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— Solch ein Ragout es muss Euch gliicken;
Leicht ist es vorgelegt, so leicht als ausgedacht,
Was hilft’s, wenn Ihr ein Ganzes dargebracht,
Das Publikum wird es Euch doch zerpfliicken.—

Goethe, Faust

Summary

1:)AX7+ MUSCLE STEM CELLS (MSCs) drive muscle growth
and repair in tetrapod muscle. A zebrafish paz7::GFP line
was generated to study teleost MSCs by intravital imaging.
This non-invasive, explorative and unbiased approach (A) al-
lows muscle stem cells and their committed progeny to be mon-
itored in their unperturbed tissue microenvironment, and (B)
allows clonal relationships amongst Pax7" myogenic progenit-
ors to be clarified by intravital imaging-based clonal analysis.
In this way it was possible to reconstruct the myogenic lineage
both qualitatively and quantitatively. This tool was further
used to isolate teleosts MSCs and perform transcriptional pro-
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filing. The data presented here show (A) that teleost MSCs
derive directly from a population of Pax7" dermomyogenic
progenitors, which form an epithelial sheet of cells - the teleost
dermomyotome - covering the maturing somite, (B) that the
niche for teleost MSCs is the vertical myoseptum, a thin sheet
of extracellular matrix connecting neighbouring somites, and
(C) that teleost MSCs contribute to the formation of their own
niche by secreting a number of ECM components.

The use of zebrafish as a model system further allowed a sys-
tematic reverse genetics screen involving more than 20 genes
equaling roughly 12,5% of the profiling candidate genes to be
performed, using morpholinos, which provide a rapid and in-
expensive way of assessing gene function. This led to the iden-
tification of muscle-related phenotypes for csf1b, wfdcl, wifl,
which encode secreted signaling molecules and modulators, for
cdon, A2CEYT, which are present on the cell surface, as well as
for fmod, thbs4b, tnw, olfml2Bb, which are extracellular matrix
components. While some of these knockdowns affect the myo-
genic lineage primarily at the level of the muscle stem cells,
others seem to impact on myoblast function or perturb the
attachment of muscle fibres to the extracellular matrix. The
AVEXIS technology was exploited to screen a library of extra-
cellular bait proteins for interaction with MSC-derived secreted
proteins, including cell surface molecules, ligands and ECM
components. The combination of functional and biochemical
data has led to a number of distinct projects, whose core ob-
servations and conclusions are briefly summarized in the fol-
lowing:

e Tenascin W (Tnw) - an MSC-derived hexameric ECM



25

component, which is abundantly expressed in human glio-
blastoma as well as tumors of the brain, breast and colon
- interacts with the Notch ligands DeltaA and B. Upon
knockdown of Tnw MSC number declines dramatically
as a result of illegitimate activation. These findings es-
tablish Tnw, one of the most specific markers of human
cancer, as an MSC-derived niche molecule, and implicate
Tnw in Notch signaling.

Csflb is one of most strongly upregulated genes in tele-
ost MSCs. csfla and csflb as well as the csfIr receptor
paralogs diverged in terms of function and expression
pattern during the course of teleost evolution. paz?7 re-
porter activity is strongly reduced in csflra mutant (pfef-
fer) xanthophores suggesting that Csf signaling regulates
Pax7 expression in the neural crest and possibly also the
myogenic lineage.

The GPI-anchored cell surface molecule A2CEY7 is a
bona fide novel, essential component of Hh signaling.

Seraf, an EGF-type orphan ligand expressed in the dermo-
myotome and later by MSCs, binds to FGFR4 receptor
constituting an autocrine feedback-loop. Apart from its
interaction with FGFR4 two further novel interactions
with the extracellular hub protein Opticin and Kon-Tiki
3/Cspgd were detected.
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— Drei Jahr ist eine kurze Zeit,

Und, Gott! das Feld ist gar zo weit,
Wenn man einen Fingerzeig nur hat,
Laésst sich’s schon eher weiter fiihlen. —

Goethe, Faust

Highlights

e First intravital imaging of muscle stem cells (MSCs)

e Reconstruction of the teleost myogenic lineage by in wvivo
clonal analysis

e Identification of teleost MSCs, CMPs and EMBs inside
the Pax7"™ MP compartment

e Estimation of mean cell cycle time for MSCs (120h) and
their committed progeny (30-40h) in a 4-5dpf zebrafish
larva

e The vertical myoseptum serves as the teleost MSC niche
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MSCs secrete candidate niche ECM components

Discovery of novel MSC-niche interactions through bio-
chemical (AVEXIS) and functional (morpholino) screen-
ing

Tenascin W is an essential MSC-derived MSC niche com-
ponent

Tenascin W interacts with Notch ligands DeltaA and B

Autocrine Csfl-FMS signaling regulates Pax7 expression



— Bescheidne Wahrheit sprech ich dir.
Wenn sich der Mensch, die kleine Narrenwelt
Gewdhnlich fiir ein Ganzes héalt -

Goethe, Faust

Zusammentassung

1:)AX7+ MUSKELSTAMMZELLEN (MSCs) erlauben das Wach-
stum und die Regeneration der Muskulatur der Tetrapoda.
Im Zuge der vorliegenden Studie ist eine paz7::GFP transgene
Zebrafischlinie erzeugt worden, die es erlaubt MSCs durch in-
travitale Mikroskopie zu untersuchen. Dieser nicht-invasive,
explorative und vorurteilsfreie Ansatz erlaubt es (A) MSCs und
ihre Progenitoren im ungestorten Gewebskontext zu verfolgen
und (B) die klonalen Beziehungen zwischen Pax7" myogenen
Progenitoren durch intravitale klonale Analyse aufzuklaren. In
dieser Weise war es moglich die myogene Linie qualitativ und
quantitativ zu rekonstruieren. Die paz7::GFP transgene Linie

29
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wurde weiterhin benutzt, um MSCs zu isolieren und im Hin-
blick auf ihre Genexpression zu analysieren. Die hier prisen-
tierten Daten zeigen (A) daf die MSCs der Knochenfische
direkt aus einer Population Pax7" dermomyogener Progen-
itoren hervorgehen, die ein epitheliales Zellblatt — das Dermo-
myotom der Knochenfische — bilden, welches den reifenden
Somiten {iberspannt, (B) daf das vertikale Myoseptum, eine
diinne Schicht extrazellularer Matrix zwischen den Somiten,
die Nische fiir MSCs in Knochenfischen bildet, und (C) daf
die MSCs der Knochenfische selbst zum Aufbau ihrer Nische
beitragen.

Die Verwendung des Zebrafischs als Modellsystem erlaubte es
im Weiteren eine systematische revers-genetische Suche durch-
zufiihren, in die mehr als 20 Gene eingeschlofen wurden, die
in etwa 12,5% der Kandidatengene des Transkriptionsprofils
entsprechen. Zu diesem Zweck wurden Morpholinos verwen-
det, die es erlauben schnell und kostengiinstig Riickschliisse auf
die Funktionen der jeweiligen Kandidatengene zu ziehen. Dies
fiihrte zur Identifizierung von muskelbezogenen Phénotypen
fiir ¢sf1b, wifl, welche sekretierte Signalmolekiile bzw. —mod-
ulatoren kodieren, fiir cdon, A2CEY7, die Zelloberflichenpro-
teine kodieren, sowie fiir fmod, thbs{b, tnw und ofiml2b, die
Komponenten der extrazelluldren Matrix (ECM) kodieren.
Waéhrend einige dieser Knockdowns die myogene Linie primér
auf der Ebene der Muskelstammzellen betreffen, scheinen an-
dere hauptséchlich die Funktion der Myoblasten oder die An-
heftung der Muskelfasern an die extrazelluldre Matrix zu be-
eintrachtigen.

Die AVEXIS Plattform wurde genutzt, um durch eine sys-
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tematische Suche neue extrazelluldre Protein-Protein-Wechsel-
wirkungen zwischen MSC-sekretierten Proteinen und Zellober-
flichenproteinen, Liganden und ECM-Komponenten zu finden.
Die Kombination von funktionellen und biochemischen Daten
fiihrte zu unterschiedlichen Projekten, deren Kernbeobachtun-
gen im Folgenden kurz umrissen werden sollen:

e Tenascin W (Tnw) — ein MSC-sekretiertes ECM-Molekiil,
welches stark in humanen Glioblastomen und anderen
Tumoren des Gehirns, der weiblichen Brust und des Dick-
darms exprimiert ist —interagiert mit den Notch-Liganden
DeltaA und B. Knockdown von Tnw fiihrt zu einem deut-
lichen Absinken der MSC-Zahl resultierend aus der ille-
gitimen Aktivierung und vorzeitigen Differenzierung von
MSCs. Diese Ergebnisse etablieren Tnw — einen der spezi-
fischsten Marker menschlicher Krebserkrankungen

als MSC-sekretiertes MSC-Nischenmolekiil und impliz-
ieren Tenascin W als Komponente des Notch-Signalwegs.

csf1b ist eines der am stérksten hochregulierten Gene in
den MSCs der Knochenfische. Die Paraloge, die Csfla
und Csflb, sowie den Csflr-Rezeptor kodieren, sind im
Verlauf der Evolution der Knochenfische in Bezug auf
ihre Expression und Funktion divergiert. Die Aktivitét
des pax7 Reporters ist stark reduziert in den Xantho-
phoren von csfira Mutanten (pfeffer), was daraufhin-
weist, dafs Csfl die Expression von Pax7 in Zellen der
Neuralleiste und moglicherweise auch in Zellen der myo-
genen Linie steuert.
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e Das GPIl-verankerte Zelloberflachenmolekiil A2CEY7 is
eine bona fide neue und essentielle Komponente des Hh-
Signalwegs.

e Seraf, ein ’orphan ligand’, der im Dermomyotom und
spater durch MSCs exprimiert wird, bindet an den FGF
Rezeptor FGFR4. Die Interaktion mit FGFR4 konstitu-
iert eine autokrine Schleife. Neben der Interaktion mit
FGFRA4 konnten zwei weitere Interaktionen mit dem ex-
trazelluldaren ’hub protein’ Opticin und dem Transmem-
branprotein Kon-Tiki 3/Cspg4 gefunden werden.
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— Schon gut! Nur mufl man sich nicht allzu dngstlich quélen
Denn eben wo Begriffe fehlen,
Da stellt ein Wort zur rechten Zeit sich ein. —

Goethe, Faust

Stem cells

EVEN UNDER physiological conditions vertebrate organs ex-
perience a continuous loss of differentiated cells due to cell
death (Biteau et al., 2011; Pellettieri and Sanchez Alvarado,
2007). While some organs, such as the blood, intestine, or skin,
loose and replace excessive amounts of cells each day other or-
gans, such as the brain, heart or skeletal muscle, show very
little tissue turnover and were thus regarded ‘postmitotic’ or-
gans for most of the 20th century. In fact the paradigm that
the human brain is essentially a fixed structure with no cap-
ability of postnatal neurogenesis was so strong that the ini-
tial demonstration that neurogenesis occurs in the mammalian
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brain by Altman in 1963 was simply neglected by the scientific
community (Altman and Das, 1965). Too strong was the im-
pression that the intricate complexity of the adult brain, which
had been characterized by Camillo Golgi and Santiago Ramoén
y Cajal (Nobel Prize in Physiology or Medicine 1906) at the
turn of the 19th century (Cajal, 1906), could allow for integ-
ration of new cells. Work of the last decades has established
that many, if not all, adult vertebrate organs including the
brain and heart show at least some degree of physiological cell
turnover. In a very elegant way tissue turnover rates have re-
cently been determined for the human brain, heart and other
organs, which exhibit very low cell turnover rates. These stud-
ies made use of the fact that nuclear bomb tests released a
significant amount (pulse) of C isotope into the atmosphere
until 1963, when the Partial Test Ban Treaty was signed, lead-
ing to a phase of exponential atmospheric 1*C decay (chase).
Annual renewal rates for human cells have been estimated for
adipocytes (10%) and cardiomyocytes (1%-0.25%), based on
the 14C-content of their genomic DNA (Bergmann et al., 2009;
Spalding et al., 2008; Spalding et al., 2005).

Interestingly, physiological cell turnover rates do not necessar-
ily mirror regenerative capacity of vertebrate organs. Skeletal
muscle for instance displays robust regenerative potential, but
only low physiological cell turnover. As such, big differences
exist regarding the self-renewal rates and regenerative capacity
amongst vertebrate organs. Likewise, for each particular organ
these properties vary considerably between different vertebrate
taxa. While the brain and heart of humans essentially do not
regenerate after injury, zebrafish or axolotl show a remarkable
capacity to regenerate these organs even after severe trauma
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(Brockes et al., 2001; Tanaka and Reddien, 2011). Independ-
ent of the extent to which different adult vertebrate organs
are capable of replacing lost or injured cells, this raises the
question of how new cells can be generated in an adult organ
and how they can functionally integrate into preexisting tissue
context.

In principle these new cells could derive from the division of
differentiated cells. Indeed hepatocytes of the liver (Fausto,
2000) or B cells of the pancreas are able to generate new cells
by duplication (Dor et al., 2004). In these cases fully differen-
tiated cells divide to generate new cells that in turn contribute
to organ growth and regeneration. The vast majority of the
more than 200 fully differentiated cell types found in adult
mammals, including neurons, muscle fibres, cardiomyocytes,
enterocytes, and so forth are, however, postmitotic cells (But-
titta and Edgar, 2007). This implies that newly generated
cells must derive from a tissue resident population of cells,
which retain the capacity to generate progenitor cells capable
of differentiating into the appropriate cell type. These cells are
known as stem cells.

5.1 A definition of the term ‘stem cell’

The term stem cell has been promiscuously used in the lit-
erature. A clear definition of the term therefore seems to be
important: stem cells should be defined as the most upstream
component of a particular cellular lineage capable of continu-
ously giving rise to committed progenitors that will ultimately
differentiate into one (i.e. unipotent) or more (i.e. oligo- or
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multipotent) differentiated cell types. The defining character-
istics of stem cells are thus ‘long-term’ self-renewal and po-
tency. The former means that stem cells are maintained over
extended periods of time, the latter that stem cells are less dif-
ferentiated than their progeny. The combination of these two
properties is referred to as stemness.

5.2 Stemness, Potency, Differentiation and
Cell Lineages

The nature of stem cells as cells being equipped with stem-
ness can only be understood involving other concepts of devel-
opmental biology, which are potency, differentiation and cell
lineages (Leychkis et al., 2009). Ultimately all cells found in
a metazoan body derive from the fertilized zygote. Soon after
fertilization the zygote starts to undergo cleavage divisions gen-
erating blastomeres leading to the formation of what is gener-
ally referred to as the blastula. Through transplantation ex-
periments in a wide variety of metazoan species it was found
that blastomeres have the potency to give rise to all cells of the
adult animal (Carlson, 2010). As development proceeds, the
potency of embryonic precursors is gradually restricted. This
means that precursors are channeled into distinct cell lineages,
which fan out into the distinct terminal cell fates or cell types
found in the adult animal. This process is referred to as differ-
entiation. Differentiation is the result of patterning processes
and inductive events, which lead initially equipotent cells to
adopt divergent fates (Wolpert, 1971; Wolpert, 2002). Each
of these distinct cell fates is associated with a distinct gene
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expression signature. The key fate choices that precede ter-
minal differentiation as well as the latter establishment of cell
type-specific gene expression signatures is guided by small sets
of transcription factors, which form gene regulatory networks
that control large numbers of target genes (Betancur et al.,
2010; Erwin and Davidson, 2009). Gene regulatory networks
may be activated by as little as just one transcription factor,
which is sufficient to activate a small set of cooperating further
transcription factors thereby ’firmly’ establishing a gene regu-
latory network, that orchestrates the activation of a large set
of target genes needed to drive terminal differentiation. These
particularly powerful transcription factors, sometimes referred
to as master regulators, have profound influence on global gene
expression patterns and hence cell fate choice. This raises the
question whether or not there is a molecular regulatory network
common to all adult stem cells. A priori this appears to be
unlikely as adult stem cells of distinct cell lineages apparently
underwent a number of critical cell fate choices, like allocation
into ecto-, endo-, or mesodermal lineages, and consequently ex-
press distinct sets of ‘master regulators’. This is illustrated by
the prominent roles of transcription factors like Sox10 in the
neural crest cell (Kelsh, 2006), Pax3/7 in the myogenic (Buck-
ingham and Relaix, 2007), Gata 1/2/3 in the hematopoietic
(Bresnick et al., 2012) and PU.1 in the myelopoietic lineage
(Burda et al., 2010). Consistent with this view it has been
argued that stemness may result from the inhibition of differ-
entiation and not from the excecution of a ’stemness program’
(Casanova, 2012; Mikkers and Frisen, 2005). In this sense
stemness is seen as the ’'default state’. In 2002 two studies
appeared reporting the identification of a molecular signature
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of stemness by comparative transcriptomics of ES cells, hema-
topoietic stem cells and neural stem cells (Ivanova et al., 2002;
Ramalho-Santos et al., 2002). A year later a similar study
was published this time involving ES cells, neural stem cells,
and retinal stem cells (Fortunel et al., 2003). To the surprise
of the authors these three ‘stemness’ gene sets had only one
gene in common encoding Integrin a6. Despite these results
comparative transcriptomic or proteomic analysis of distinct
adult vertebrate stem cell population are, in principle, suited
to address the question. Currently, however, the precision with
which adult stem cells can be defined in vertebrates does not
allow distinct stem cell populations to be isolated with suffi-
cient purity. Even for hematopoietic stem cells fluorescence
activated cell sorting (FACS) based on as many as seven dis-
tinct molecular markers does not yield populations of more
than 50% purity (Schroeder, 2010). Thus it remains an unre-
solved issue, whether or not there is a universal core regulatory
network ensuring stemness in adult stem cell populations of
distinct cellular lineages.

5.3 Existence of stem cells

The existence of stem cells was first demonstrated by bone
marrow transplantation experiments, conducted in the 1960s.
Following to the transplantation of bone marrow into lethally
irradiated mice Till and McCulloch observed the formation of
nodules in the spleen, which were later shown to derive from
single cells that were called ‘colony forming units’ (Till and Mc-
Culloch, 1961). In parallel Donall E. Thomas (Nobel Prize in
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Physiology or Medicine 1990) performed the first bone marrow
transplantation to treat a leukemia patient with a bone mar-
row transplant from a healthy identical twin (Thomas, 2005).
Likewise, George Mathé succeeded in performing the first allo-
graft of bone marrow in an attempt to rescue workers that had
received a lethal dose of radiation due to a criticality accident
(Mathé, 1959). Taken together these studies demonstrated
that bone marrow contains adult stem cells capable of long-
term reconstituting complex adult tissues, i.e. tissues such as
bone marrow and blood, which are made up of a number of dis-
tinct differentiated cell types. As such these experiments for
the first time experimentally demonstrated the two principal
traits of stem cells, the capability to self-renew (self-renewal)
and to give rise to one or multiple types of differentiating pro-
geny (potency). Cells, which are equipped with these remark-
able properties, have been identified during the past decades in
a number of invertebrate (Spradling et al., 2008) and verteb-
rate organs (Blanpain and Fuchs, 2006; Blanpain et al., 2007;
Marshman et al., 2002; Morrison and Spradling, 2008; Potten,
1981; Snippert and Clevers, 2011; Weissman, 2000; Zhao et al.,
2008). In Drosophila and Caenorhabditis elegans adult stem
cells have been identified in the germline (germline stem cells)
as well as in the soma (somatic stem cells). In these species the
possiblity to gain direct visual access to potential stem cells al-
lowed the unequivocal identification of stem cells by intravital
imaging-based clonal analysis. In mammalian vertebrates the
existence of stem cells has been shown for a number of organs
including the brain, blood, colon, intestine, skeletal muscle,
and skin (Blanpain and Fuchs, 2006; Blanpain et al., 2007;
Marshman et al., 2002; Morrison and Spradling, 2008; Potten,
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1981; Snippert and Clevers, 2011; Weissman, 2000; Zhao et al.,
2008). In light of these findings it seems reasonable to assume
that most, if not all, vertebrate organs contain adult stem cell
populations that enable life-long tissue homeostasis.

5.4 Mechanisms of self-renewal

The function of stem cells is to provide a long-term source
of multi- or oligopotent progenitor cells, which drive tissue
self-renewal and regeneration following tissue damage. This
implies that stem cells must be able to maintain themselves
(self-renew) either on the single cell or on the population level
and retain some degree of potency (Ohlstein and Spradling,
2006; Simons and Clevers, 2011; Voog and Jones, 2010). Con-
ceptually self-renewal can be achieved by at least two different
modes:

e hierarchical mode, asymmetric cell division leads to
self-renewal of the mother cell and at the same time
generates a differentiating daughter cell (Knoblich, 2008;
Morrison and Kimble, 2006).

e population asymmetry or neutral drift, in which
proliferation and differentiation rates are balanced on the
cell population level (Lopez-Garcia et al., 2010; Simons
and Clevers, 2011; Snippert et al., 2010).

It is well established that asymmetric cell division ensures the
maintenance of male and female germ line stem cells as well
as neuroblasts in Drosophila (Knoblich, 2008). These obser-
vations have fueled the general expectation that somatic stem
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cells of vertebrates, similarly, should rely on this mode of main-
tenance. Evidence for asymmetric cell division of vertebrate
stem cells, however, is scarce and without exception indirect.
Whether or not there are vertebrate stem cell populations that
rely on this mode of maintenance is currently a matter of de-
bate. In fact mathematical modeling of stem cell dynamics in
the adult mouse small intestine has shown that neutral com-
petition alone is sufficient to explain the observed cell prolif-
eration and differentiation kinetics (Lopez-Garcia et al., 2010;
Snippert et al., 2010). Recent modeling, however, suggests
that during embryonic development intestinal stem cells amp-
lify at maximal pace establishing a population of stem cells,
which then switches to asymmetric cell division to maintain
crypt homeostasis (Itzkovitz et al., 2012). Taken together this
might indicate that stem cells may employ asymmetric cell di-
visions under particular developmental or physiological circum-
stances. Further measurements of in vivo stem cell and lineage
dynamics are needed to resolve this issue. Similarly, reports
on asymmetric DNA strand segregation in satellite cells of ver-
tebrate skeletal muscle (Conboy et al., 2007; Rocheteau et al.,
2012; Shinin et al., 2009) and other stem cell populations, such
as intestinal stem cells (Potten et al., 2002) or hematopoietic
stem cells (Cairns, 1975), are subject of intense controversy
(Lansdorp, 2007). Recently, Multi-isotope imaging mass spec-
trometry (MIMS) enabled the precise quantification of N
label retention in the mouse intestine. This study showed
that intestinal cells do not segregate DNA template strands
asymmetrically refuting the ‘immortal strand hypothesis’ for
the mouse intestine (Steinhauser et al., 2012). Likewise, in-
tial claims about asymmetric template strand segregation by
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hematopoietic stem cells (Cairns, 1975) were challenged using
label-retention assays (Kiel et al., 2007). Importantly, the mere
detection of asymmetric cell division is not sufficient to invoke
this mode of cell division as the mode of maintenance. Apart
from these considerations, one has to bear in mind that asym-
metry in the fate of two daughter cells can be a consequence of
asymmetric cell division, i.e. a priori cell intrinsic asymmetry
is inherited to the daughter cells, or result from the induction
of different fates in two equal daughter cells (Knoblich, 2008).
It thus remains an open question of how vertebrate stem cells
self-renew.

5.5 The niche concept

The observation that stem cells fail to retain stemness once
isolated from their endogenous context led to the formula-
tion of the niche concept by Schofield in 1978 which invokes
a locally defined microenvironment of special physicochemical
properties generated by a support cell population (Schofield,
1978). The intrinsic propensity of stem cells to loose stemness
in absence of appropriate signals seems to be a safe-guarding
mechanism as cells with robust proliferative capacity are inher-
ently dangerous to the organism. Studies on Drosophila and
C. elegans germ line stem cells were the first to identify an
anatomical correlate to this concept and confirmed the exist-
ence of a support cell type providing key niche factors (Kimble
and White, 1981; Xie and Spradling, 1998, 2000). In verteb-
rates stem cell populations have been described in a number of
organs. Identifying vertebrate stem cell niches, however, has
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been hampered by the inability to follow single vertebrate stem
cells in the living animal with sufficient spatial resolution. This
problem has led to ambiguity in the distinction of stem cells
from more committed progenitors. As a result vertebrate stem
cell niches remain more vaguely defined in terms of their pre-
cise microanatomy, physicochemical properties, and ontogeny
(Fuchs et al., 2004; Kuang et al., 2008; Morrison and Spradling,
2008; Voog and Jones, 2010). Likewise the identity of possible
support cell types and the ways in which they interact with
the somatic stem cell populations remain largely unclear. Re-
cent evidence suggests that Paneth cells of the mouse intestine
function as a support cell type providing key Wnt signals ne-
cessary for intestinal stem cell proliferation (Sato et al., 2011).
In the following the term niche will be used for the properties
of a stem cells microenvironment that ensure the maintenance
of stemness, as it has become apparent that stem cell niches
generally seem to be spatially defined and do not reflect a mere
combination of humoral factors. This is a very stringent defini-
tion as it excludes factors, which control the activation of stem
cells, but are not needed for their self-renewal.

What we would like to understand is, how stem cell niches
arise during vertebrate development. Further we would like to
know the key niche factors and their cellular sources. At this
point it will remain a challenging task to enlighten the ways
in which niche factors interact with themselves to create the
particular properties of stem cell niches and to find out how
these properties are perceived by stem cells. Eventually basic
research in this direction will provide the necessary insight,
which must precede the application of stem cells as therapeutic
agents. Specifically, a deeper knowledge of niche properties
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may allow niches to be emulated in cell culture, which in turn
may allow stem cell self-renewal in cell culture opening the way
to robust amplification of stem cells in wvitro.

5.6 Stem cell heterogeneity and landscape
models

Stem cells like other cells are complex adaptive systems, i.e.
the system’s properties emerge from the complex interactions
of the system’s components and the system is able to adapt to
the environment. They can therefore be treated as a dynam-
ical system, which can be described mathematically using rate
equations. The solutions to these equations are called ‘attract-
ors’, because of the system’s tendency to be attracted to one of
theses ‘equilibrium states’. In ‘energy landscape’ representa-
tions attractors correspond to the lowest points in local depres-
sions, while the depression itself is called a ‘basin of attraction’,
i.e. the ‘set of initial conditions from which a dynamical sys-
tem will tend to move’ towards a particular attractor (Enver
et al., 2009; Macarthur et al., 2009). It is an important corol-
lary from this view that two systems (cells) might take com-
pletely different paths finally ending up in the same ‘basin of
attraction’ (cell fate; Wang et al., 2011). Further this concept
explains, why there is only a limited number of observable ‘net-
work states’ or cell types and why transitions between different
cell types appear discrete and not continuous. Another import-
ant implication, which is illustrated by these landscape models,
is that cell fate choices are robust against noise deriving from
environmental changes and fluctuations in the number of mo-
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lecules for example. Likewise this interpretation suggests that,
while lineage progression is theoretically reversible, the ‘energy
costs’ associated with it are high and thus dedifferentiation is
unlikely to occur without strong stimuli. This explains why in
particular terminal cell fates are practically irreversible under
physiological conditions. At the same time, however, it can be
understood conceptually how particular naturally occurring or
experimentally induced situations can trigger dedifferentiation.
In this view it seems appropriate to replace the term ‘cell type’,
which was coined owing to the histological observation of ter-
minally differentiated cells, with ‘cell states’ referring to cells
of a particular cellular lineage, which are moving towards the
same attractor. In other words ‘cell states’ should be defined
as the sum of those ‘network states’ which together consti-
tute a basin of attraction. In such a nomenclature the term
‘cell type’ may be meaningfully used to refer to the termin-
ally differentiated cells of a particular cellular lineage. These
‘network theory’-based concepts, which were championed by
Conrad Hal Waddington (Slack, 2002) in his ‘The strategy of
the genes’ (Waddington, 1957) and Stuart Kauffman (Kauff-
man, 1969) and are now the research focus of system biologists,
have yet to penetrate the dominating thinking about stem cells
and differentiation (Enver et al., 2009). Currently, the expres-
sion of only few molecular markers is used to distinguish stem
cells, committed progenitors and differentiated cells. This is
problematic as stem cells, which are in a common basin of at-
traction moving towards a common attractor, i.e. stemness,
can adopt any of the ‘network states’ defining the basin of at-
traction. In other words a population of stem cells assessed
for a number of molecular markers might display considerable
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heterogeneity in the expression of these markers, despite the
fact that all of these cells move towards the same attractor and
thus constitute a homogeneous population of stem cells. For
this reason molecular markers are of limited use in assessing
the heterogeneity of stem cell populations. The question at this
point is, whether the presence or absence of a given molecular
marker has functional implication, i.e. can drive the system
to move out of the basin of attraction and to move towards
another. In fact the expression of single transcriptional master
regulators is sufficient to bring about these radical changes. A
key challenge in developmental systems biology is to define the
‘nodes’ and ‘network topologies’ of these ‘network states’, i.e.
the genes expression signatures and the molecular interactions
amongst the gene products that characterize stem cells and
progenitor populations.

5.7 Identification of stem cells and stem
cell heterogeneity

While research of the past five decades has convincingly demon-
strated the existence of stem cells in many organs of adult
invertebrate and vertebrate species, the unequivocal identific-
ation of stem cells remains a challenging task (Morrison and
Spradling, 2008; Simons and Clevers, 2011). For their ana-
tomical simplicity, and high tissue turn-over rates the ver-
tebrate skin and intestine have become powerful models to
study adult vertebrate stem cells. The general picture that
emerged from these studies is that adult stem cells comprise a
small population of tissue resident cells which are able to give
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rise to already committed, but not yet fully differentiated cells
(Potten and Loeffler, 1990). These latter cells in turn divide
more frequently as they gradually become more committed fi-
nally differentiating into the appropriate cell types. These cells
have been termed transit-amplifying (TA) cells. In this stem
cell/TA cell model, which was largely based on studies of tis-
sue homeostasis in the mammalian epidermis and intestinal
epithelium, the main proliferative load that rest upon the cel-
lular lineage is carried by the TA cell compartment (Potten
and Loeffler, 1990). This has been interpreted to be a particu-
lar feature which allows stem cells to support a cellular lineage
for extended periods of time undergoing a minimal number
of cell divisions. This might protect stem cells from replicat-
ive senescence or damages to the genetic material that may
arise during replication. While these efforts allowed a concep-
tual framework of somatic cellular lineages to be developed,
they fell short of identifying the actual stem cell population.
This failure is rooted in the expectation that stem cells di-
vide only very infrequently, a feature that is also referred to as
quiescence. Based on this assumption numerous slow-cycling
cell populations were identified as bona fide stem cells in the
last 30 years using pulse-chase paradigms based on nucleotide
analogs, such as 3H-thymidine and BrdU, or genetic labels.
In the mouse intestine so called ‘+4 cells’ residing above the
crypt-located Paneth cells were found in this way and were
thus believed to correspond to the intestinal stem cell com-
partment (Potten et al., 1997). Work of Mario R. Cappecchi’s
lab (Nobel Prize in Physiology or Medicine 2007) later showed
that ‘+4 cells’ express Bmi, a component of the Polycomb re-
pressing complex 1 (Prx1). Through genetic fate mapping it
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could be established that Bmi™ cells give rise to all intest-
inal cell fates. Moreover, ablation of Bmi" cells by inducible
expression of diphtheria toxin was sufficient to provoke a com-
plete breakdown of intestinal homeostasis and loss of intestinal
crypts (Sangiorgi and Capecchi, 2008).

Genetic lineage tracing based on the Wnt target gene and
orphan receptor Lgr5, however, suggested that crypt base colum-
nar cells correspond to the actual intestinal stem cell compart-
ment (Barker et al., 2007), as postulated before (Cheng and
Leblond, 1974). Intriguingly, ablation of Lgr5™ cells by knock-
in of diphtheria toxin receptor in the lgr5 locus does not lead to
break down of intestinal homeostasis, but expansion of Bmi™
cells, which are normally quiescent (Tian et al., 2011). This
exemplifies that, in spite of more than 40 years of intense re-
search on an anatomically simple model system, the true iden-
tity of intestinal stem cells is still a matter of debate (Yan et
al., 2012), raising the concern that current strategies used to
identify stem cells based on either cell cycle kinetics or mo-
lecular markers are limited systematically and hence will not
suffice for separating stem cells from their already committed

progeny.

In landscape models of differentiation, such as Waddington’s
‘epigenetic landscape’, stem cells (Waddington, 1957) and vari-
ous types of TA cells are represented by distinct depressions
in the landscape (’basins of attraction’; Enver et al., 2009;
Macarthur et al., 2009). An important corollary from this sys-
tems biology view on differentiation is that stem cells and their
immediate committed progeny might not be distinguishable
based on the expression of molecular markers. In fact there
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is, currently, not a single molecular marker for which it would
have been demonstrated that it reliably achieves this task. In
other words a homogenous population of stem cells, i.e. cells
in ‘network states’ constituting a single basin of attraction,
might display considerable heterogeneity in terms of gene ex-
pression patterns or network topologies. At the same time
a population of cells unanimously expressing a single or even
many given molecular markers, may actually correspond to a
heterogeneous assembly of cells in a variety distinct cell states.
In their recent review Simons and Clevers state, that ‘there is
increasing emphasis on developing novel experimental charac-
terizations of stem cell function based on phenotypic behavior
over time’ (Simons and Clevers, 2011). In fact it appears that
by monitoring complex traits such as cell morphology, mem-
brane dynamics, migratory behavior, cell division mode, cell
division patterns and above all clonal relationships (potency)
more relevant predictions about the existence and nature of
‘cell states’ can be made.
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— Wie nur dem Kopf nicht alle Hoffnung schwindet,
Der immerfort an schalem Zeuge klebt,

Mit gier’ger Hand nach Schétzen grébt,

Und froh ist, wenn er Regenwiirmer findet! —

Goethe, Faust

Muscle development and growth in
vertebrates

THE MUSCULATURE of adult vertebrates displays a remark-
able capacity to regenerate as well as to grow and shrink
in response to increases or decreases in physiological activity
(Braun and Gautel, 2011; Charge and Rudnicki, 2004; Ciciliot
and Schiaffino, 2010).The growth of skeletal muscle in ver-
tebrates seems to be primarily governed by a single signaling
pathway, which involves the extracellular TGFp family ligand
Myostatin and the cell surface Activin II B receptor. Inactiv-
ating mutations of the myostatin gene in dogs, cattle (Belgian
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Blue breed) or the myostatin knockout in mice cause gigantic
muscle growth (Lee and McPherron, 1999, 2001; McPherron
et al., 1997; McPherron and Lee, 1997). Under normal cir-
cumstances Myostatin is released by the muscle fibre system-
ically and restricts the growth of skeletal muscle (Joulia-Ekaza
and Cabello, 2006). This indicates that skeletal muscle has an
inherent propensity to grow, which normally is restricted by
Myostatin signaling. The biological function is thus to limit
otherwise boundless growth of muscle mass. While the limita-
tion of muscle growth might not seem to be a desirable trait at
first sight, it is clear that skeletal muscle is a key determinant
of total energy expenditure. Muscle mass therefore has to be
tightly adapted to the actual needs. Apart from the restrict-
ive influence of Myostatin signaling several factors positively
regulate muscle growth including IGF-1, growth hormone and
androgens (Goldspink et al., 2008; Velloso, 2008). In principle
muscle can grow by an increase in muscle fibre number (hyper-
plasia) or increase in muscle fibre size, which is accompanied
by an increase in fibre diameter, length and myonuclei number
(hypertrophy), the latter being the strongly dominating form
of postnatal muscle growth in humans. Teleosts instead display
variable shares of hyperplastic and hypertrophic muscle growth
in different areas of the body (Johnston et al., 2011). Either
way muscle growth is always connected to cell proliferation,
which generates myoblasts that ultimately form muscle fibres
de novo or fuse with existing ones thereby providing additional
myonuclei (Abmayr and Pavlath, 2012). The source for these
postnatal myoblasts enabling muscle growth and regeneration
remained elusive for most of the 20th century.
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6.1 Gene regulatory networks governing
myogenic differentiation

In 1987 Davis, Weintraub and Lassar published their landmark
paper showing that ‘expression of a single transfected cDNA
converts fibroblasts to myoblasts’ (Davis et al., 1987). The
cDNA they used in these experiments had been identified by
substractive hybridization experiments using myoblast cDNA
libraries and encodes the basic Helix-Loop-Helix (bHLH) tran-
scription factor MyoD. These findings demonstrated that cell
lineage reprogramming is indeed possible by expression of a
single factor. In the following years the molecular regulation
of myoblast specification and differentiation was intensively
investigated and additional transcription factors of the same
class were identified, which likewise are able to bring about
conversion to a myogenic fate. Altogether these transcription
factors - MyoD, Myf5, Mrf4, and Myogenin (Myog) - consti-
tute a family that is referred to as the Myogenic Regulatory
Factor (MRF) family (Berkes and Tapscott, 2005; Rudnicki et
al., 1992; Rudnicki and Jaenisch, 1995; Rudnicki et al., 1993;
Tapscott and Weintraub, 1991; Weintraub et al., 1991a; Wein-
traub et al., 1991b). These factors constitute a genetic regulat-
ory network, which can be set up by the expression of a single
factor that in turn activates the expression of the other ‘nodes’
of this subnetwork. The stability of this cell fate decision is
then likely to depend on autoregulatory loops such as the dir-
ect autoactivation of MyoD (Lun et al., 1997; Weintraub et al.,
1991b) or indirect autoactivation through more complicated
positive feedback-loops (Edmondson et al., 1992). The Mrf
family appears to have evolved from a single myoD gene, which
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underwent duplication and diversification giving rise to the Mrf
family of recent vertebrates (Zhang et al., 1999). Like other
bHLH transcription factors MRFs form homo- or heterodimers
with other bHLH transcription factors. MyoD-E protein (E12,
E47, E2A) or MyoD-HEB/Tcf12 dimerization (Parker et al.,
2006) leads to the activation of target genes containing the
cognate consensus site so called E-boxes. Amongst these tar-
get genes are MyoD (autoactivation), Myog, and Mef2, which
is a member of the Myocyte enhancer factor family of tran-
scription factors. After their activation Myog and Mef2 syner-
gize with MyoD to establish the expression of genes needed for
myogenic differentiation like troponin, a-actin, creatine kinase
(Berkes and Tapscott, 2005; Molkentin et al., 1995; Naidu et
al., 1995). It is important to note that owing to its interaction
with HEB/Tcf12, the primary downstream effector of canonical
Wt signaling in skeletal muscle, MyoD functions as an integ-
rator of Wnt signaling (Parker et al., 2006). Opposed to these
pro-myogenic Wnt signals (Anakwe et al., 2003; Borello et al.,
1999; Brack et al., 2008) seem to be inhibitory Notch signals,
which trigger the expression of Hey1, 2 and 3 (Buas et al., 2009;
Buas and Kadesch, 2010; Tsivitse, 2010). Heyl inhibits the
activation of MyoD target genes and myogenic differentiation
(Buas et al., 2010). Apparently, this does not depend on dimer-
ization with MyoD, but on cooperation with other factors and
direct DNA-binding in the promoter regions of myogenic differ-
entiation genes. Apart from Heyl other transcription factors
such as MyoR (Lu et al., 1999), Id proteins (Melnikova et al.,
1999), and Sox9 (Hernandez-Hernandez et al., 2009) are potent
repressors of myogenic differentiation.

Despite the significance of MyoD, Myf5, Mrf4, and Myog mouse
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mutants for either of these genes display only subtle defects
of developmental myogenesis pointing to considerable redund-
ancy between MRF factors (Berkes and Tapscott, 2005). In
other words, the genetic regulatory network controlling myo-
genic differentiation appears to be relatively robust to removal
of single nodes. The most severe phenotype of these mutants
is the defect of muscle regeneration seen in myod mutant mice
(Megeney et al., 1996). Interestingly, inactivating mutations
of the single myod homolog in Drosophila (nautilus) (Keller et
al., 1998) and C. elegans (hlh-1) do not abrogate muscle devel-
opment indicating that myogenic differentiation is redundantly
controlled by other transcription factors. Through a synthetic
lethal RNAi screen in C. elegans hlh-1 mutants, two loci were
identified showing genetic interaction with the hlh-1 locus. The
first of these loci - unc-120 - was identified before in screens for
‘uncontrolled movement’ and encodes the homolog to verteb-
rate Serum response factor (Srf). The second, hnd-1, encodes
the homolog of vertebrate Hand transcription factors. From
these results it was concluded that MyoD, Srf and Hand con-
stitute the core of the genetic regulatory network that controls
the formation of body wall muscles in invertebrates and the
formation of skeletal muscle in vertebrates (Fukushige et al.,
2006).

6.2 Primary myogenesis and the develop-
mental origin of satellite cells

In verebrates, myogenesis commences shortly after segment-
ation in which cells of the presomitic mesoderm become al-
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located into epithelial blocks: the somites (Christ and Scaal,
2008; Holley, 2007; Ordahl and Christ, 1997). It is well es-
tablished that in vertebrates of all major clades the transcrip-
tion factor Pax7 and its paralog Pax3 are expressed in cells
of the anterior somite (Bryson-Richardson and Currie, 2008).
These Pax7" cells then relocate to the outside as a result of
somite rotation movements, where they form the external cell
layer of Pax7" cells in anamniote species (Hollway et al., 2007;
Stellabotte et al., 2007) and the epithelial dermomyotome in
amniote species. The dermomyotome is an epithelial sheet of
cells, which forms by somite rotation from the anterior somite
half (Afonin et al., 2006; Hollway et al., 2007; Youn and Mala-
cinski, 1981) and constitutes a transient source of embryonic
Pax3" /Pax7" myogenic progenitors (MPs). In mouse and
chick, Pax3" /Pax7" cells in the dermomyotome divide and
migrate towards the epaxial and hypaxial lip, from which they
delaminate by epithelial-to-mesenchymal transition (EMT) to
populate the underlying primary myotome and limb buds. While
the former will give rise to all axial musculature, the latter pop-
ulation of Pax3™ /Pax7" MPs will give rise to the muscle of the
extremities as well as the superficial muscle of the body, such
as the M. pectoralis and M. abdominalis (Bentzinger et al.,
2012; Buckingham and Relaix, 2007).

The primary myotome corresponds to the first muscle fibres
that appear in amniote embryos directly underlying the dermo-
mytome. The process of seeding the primary embryonic muscle
masses with dermomyotome-derived Pax3" /Pax7" myogenic
progenitors is referred to as primary myogenesis in amniotes. It
continues for a species-specific time before the dermomyotome
disintegrates leaving behind the muscles with an endogenous
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progenitor population thereby setting the stage for the next
phase which accounts for postnatal muscle growth and devel-
opment and is referred to as secondary myogenesis.

The primary myotome in amniotes is thought to be derived
from dermomyotome-derived myogenic progenitors (Bucking-
ham and Vincent, 2009). In zebrafish and Xenopus it could
be clearly shown, however, that the primary myotome is gen-
erated from medial somitic cells (Devoto et al., 1996; Gaspera
et al., 2012; Weinberg et al., 1996). As the somite matures,
these medial somitic cells start to express myogenic regulat-
ory factors, such as MyoD, and differentiate directly into slow
muscle fibres, while migrating towards the outer surface of the
somite, where they form a layer of slow muscle fibres (Ingham
and Kim, 2005). This indicates that in anamniotes an initial
phase of myogenic differentation precedes ‘primary myogen-
esis’. It is possible, that this phase might likewise exist in
amniote species, but has been gone unnoticed so far as these
species do not lend themselves easily to intravital imaging. As-
suming that the aforementioned preceding phase of myogenic
differentiation is indeed a vertebrate synapomorphy it seems
plausible that this initial phase is needed to build a scaffold
of muscle fibres in a highly stereotypic fashion ensuring the
proper orientation of the primary myotome.

Secondary myogenesis in amniote species relies on a small frac-
tion of Pax3" /Pax7" myogenic progenitors, which were set
aside and kept from differenitation to become MSCs of the
adult (Relaix et al., 2005). Both Pax3" /Pax7" myogenic pro-
genitors of the embryo and adult satellite cells originate in the
dermomyotome as demonstrated by quail-chick chimeras and
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genetic lineage tracing and share important aspects of their
physiology (Ben-Yair and Kalcheim, 2005; Chevallier et al.,
1977; Christ et al., 1977; Gros et al., 2005; Lepper and Fan,
2010; Schienda et al., 2006). The singling-out of stem cells from
a homogeneous population of Pax3" /Pax7" embryonic myo-
genic progenitors, i.e. the balancing of stem cell self-renewal
with differentiation, critically depends on Notch signaling as
discussed in the following sections. The transcription factors
Pax3 and Pax7 function redundantly to confer a myogenic
identity onto these cells and at the same time orchestrate ge-
netic programs that ensure MSC maintenance and repress dif-
ferentiation (Bismuth and Relaix, 2010; Bryson-Richardson
and Currie, 2008). The expression of Pax7 in the amniote
dermomyotome as well as the teleost external cell layer has led
to the conclusion that both structures are homologous (De-
voto et al., 2006), despite the fact that neither MSCs nor their
developmental origin have been identified in fish.

6.3 Satellite cells of skeletal muscle

In 1961 electron microscopy of frog skeletal muscle led to the
discovery of small mononuclear cells underneath the basal lam-
ina, which surrounds each muscle fibre (Mauro, 1961). These
companions (latin satelles) to the gigantic muscle fibres were
named satellite cells. Since their discovery satellite cells were
regarded as the potential source of postnatal myoblasts (Collins
et al., 2005; Moss and Leblond, 1971). Definitive evidence that
the satellite cell pool contains muscle stem cells was, however,
only provided in 2008 through the transplantation of single
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satellite cells (Sacco et al., 2008). Both terms satellite cell
and muscle stem cell are used interchangeably in the literat-
ure, despite the fact that the former is anatomically defined,
while the definition of the latter is based on function. Satel-
lite cells express the transcription factor Pax7 and include the
adult muscle stem cell (MSC) population of amniote skeletal
muscle (Kuang et al., 2007; Sacco et al., 2008). Lineage tracing
studies have shown that about 10% of the satellite cell pool are
Pax7", Myf5 cells and display robust engraftment efficiency.
The remaining 90% of the satellite cell pool are Pax7™, Myf5™
cells and display only limited engraftment efficiency. These
observations indicated that only 10% of the Pax7" satellite
cells are actual MSCs, while the remaining 90% correspond to
already committed myogenic progenitors, which are also Pax7"
(Kuang et al., 2007). This observation represents a landmark
in the field as it demonstrated that the previously documented
heterogeneity inside the satellite cell compartment does not
only reflect random fluctuations in marker expression, but is
indeed functionally relevant. Further support for the notion
that only a minor fraction of satellite cells are actual muscle
stem cells is provided by a study, in which single genetically
labelled satellite cells were isolated and transplanted into adult
mouse muscle. In this study only 3 out of 72 single satellite
cell transplantations led to engraftment (Sacco et al., 2008).
Further along this line, the finding that a small fraction of
satellite cells is Pax7", Myf5, which was originally based on
lineage tracing experiments involving a myf5::Cre transgenic
line, has been corroborated by immunohistochemistry using
an oMyf5 antibody (Gayraud-Morel et al., 2012). Apart from
these findings a number of studies reported heterogeneity inside
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the satellite cell compartment with respect to the expression
of molecular markers and performance in engraftment assays
(Gayraud-Morel et al., 2012). Taken together it appears that
roughly the following percentages of satellite cells are positive
for the following markers on the protein level 100% Pax7, 95%
Myf5, 94% NCAM, 80% CXCR4, 12% Pax3, 1% Myog (Bir-
essi and Rando, 2010; Cerletti et al., 2008; Gayraud-Morel et
al., 2012; Kuang et al., 2007; Lindstrom et al., 2010; Sacco et
al., 2008). This heterogeneity is not surprising, while skeletal
muscle is a tissue with very low tissue turn over, it seems reas-
onable to assume that the myogenic lineage is made up of a
stem cell and one or more transit-amplifying compartments as
it is the case for other cellular lineages (Potten and Loeffler,
1990).

So far satellite cells have been identified in anuran amphibians
(Mauro, 1961), birds (Gros et al., 2005), and mammals (Re-
laix et al., 2005). The presence of satellite cells in the muscu-
lature of adult teleost fish is widely assumed, but has not been
demonstrated unequivocally. The fact that in adult urodele
amphibian skeletal muscle Pax7" cells are found in a supra-
laminal position, i.e. above the basal lamina, which surrounds
the muscle fibre, demonstrates that the ‘satellite location’ of
MSCs is not a universal trait amongst vertebrates (Morrison
et al., 2006).
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6.4 Notch signaling and
MSC maintenance

Owing to the problems mentioned before that relate to the un-
equivocal identification of vertebrate MSCs, few genuine niche
factors whose activity is essential for MSC maintenance have
been identified (Kuang et al., 2008). What has become appar-
ent, though, is that the Notch signaling pathway is of central
importance to vertebrate myogenesis controlling key aspects
of MSC self-renewal and myogencic differentiation (Bjornson
et al., 2012; Fukada et al., 2011; Luo et al., 2005; Mouri-
kis et al., 2012; Schuster-Gossler et al., 2007; Vasyutina et
al., 2007; Wen et al., 2012). The Notch signaling pathway is
one of a small number of highly conserved signaling pathways,
which arose with the evolution of metazoans (Gazave et al.,
2009). Notch signaling has been implicated in a broad vari-
ety of biological processes including asymmetric cell division
(e.g. asymmetric division of neuroblasts in Drosophila), cell
fate control through lateral inhibition (e.g. Drosophila sensory
organ precursor development), biological oscillators (e.g. ver-
tebrate segmentation clock), boundary formation (e.g. Droso-
phila wing and vertebrate mid-hindbrain boundary) and stem
cell maintenance (Artavanis-Tsakonas and Muskavitch, 2010;
Artavanis-Tsakonas et al., 1999). Deregulation of Notch signal-
ing has been associated with a number of human pathologies
(Louvi and Artavanis-Tsakonas, 2012) including T-cell acute
lymphoblastic leukemia, a highly aggressive cancer, which is
caused by chromosomal rearrangements that disrupt the hu-
man notchl gene (Ellisen et al., 1991). Taken together these
lines of evidence establish Notch as a tumor suppressor.



64

The discovery of this pathway began in 1914 when John S. Dex-
ter found fruit flies that had notches at their wings. Only three
years later Thomas Hunt Morgan (Nobel Prize in Physiology
or Medicine 1933) identified alleles of the Notch locus. He
went on to demonstrate that the serration of wings found in
Notch mutants is a sex-linked dominant phenotype, whereas
the homozygous condition causes lethality (Morgan, 1917).
The analysis of homozygous Notch Drosophila mutants re-
vealed a strong increase of the neural fate at the expense of
the alternative epidermal fate in the neurogenic region of the
ectoderm (Poulson, 1937, 1940). For this reason the mutation
of Notch is said to be a 'neurogenic mutation’. This nomen-
clature is somewhat misleading as the function of Notch sig-
naling in this context is to promote the epidermal fate. Chris
Doe and Corey Goodman studying neurogenesis in grasshopers
performed elegant laser ablation experiments, which suggested
that ‘lateral inhibition’ ensures the development of ‘a highly
stereotyped pattern’ of neuroblasts in the neurogenic region
(Doe and Goodman, 1985). Additional zygotic neurogenic loci
including Delta (DI), Enhancer of split [E(spl)], mastermind
(mam), big brain (bib), and neuralized (neu) were later dis-
covered through forward genetic screens in Drosophila (Jiir-
gens, 1984; Niisslein-Volhard, 1984; Wieschaus, 1984). Only
a year later the molecular sequence of the Notch locus was
published (Wharton et al., 1985). Notch 1 is type I transmem-
brane protein with extracellular domain (ECD) constituted by
36 EGF-type repeats followed by a negative regulatory region
and a Notch intracellular domain (NICD, Chillakuri et al.,
2012). Maturation of the Notch receptor involves proteolytic
cleavage at the S1 cleavage site and subsequent heterodimer-
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ization. In flies two ligands namely Delta and Serrate were
shown to bind the Notch receptor (Rebay et al., 1991). The
vertebrate homologs to these genes are referred to as Delta-
like and Jagged. Like their receptor, Delta/Delta-like and
Serrate/Jagged are single pass-transmembrane proteins, sug-
gesting that the generic mode of Notch signaling activation
involves direct contact between the signal-sending and signal-
receiving cell (juxtacrine signaling). It is important to bear
in mind, however, that cells may extend long filopodia allow-
ing them to contact cells, which are multiple cell diameters
apart. Such ‘long-range’ Notch signaling through filopodia has
indeed been described (De Joussineau et al., 2003) and appears
to be important for the robustness of patterning (Cohen et al.,
2010). Upon binding to one of its ligands, Notch is cleaved by
ADAM metalloproteases at the S2 cleavage site, liberating the
extracellular domain. This allows the y-secretase complex to
cleave Notch at the S3 cleavage site releasing NICD (Chillakuri
et al.,, 2012). In turn NICD is free to move into the nucleus
and associate with a transcriptional repressor - referred to as
SUH in flies or CBF-1/RBPJ in vertebrates - turning it into
a transcriptional activator (Fortini and Artavanis-Tsakonas,
1994; Jarriault et al., 1995). The involvement of y-secretase
in the proteolytic processing and activation of Notch signaling
explains why y-secretase inhibitors can be used to block Notch
signaling. It is important to note at this point that while lig-
and binding in trans leads to Notch receptor activation, cis
interaction is known to inhibit receptor activation (Yaron and
Sprinzak, 2012).

Notch signaling leads to the activation of generic Notch tar-
get genes, such as the Hey transcription factors (Leimeister et
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al., 1999; Sasai et al., 1992), as well as tissue-specific Notch
target genes. While there is only one Notch gene in Droso-
phila, mammalian genomes contain four notch genes encoding
Notchl, 2, 3, and 4 receptors , which display divergent expres-
sion patterns and functions. In teleost species, paralogs of some
of these genes are found owing to the teleost-specific genome
duplication. Likewise, gene duplication led to the presence
of more than one Delta-like or Jagged paralog in vertebrate
genomes. Three Delta-like ligands, DII1, DII3, DIl4, and two
Jagged ligands, Jagl and Jag2, are encoded by mammalian
genomes. Zebrafish Delta ligands are referred to as Dla, Dlb,
Dlc, DIld and Dll4. It is important to note that dla and did
arose from gene duplication of the dll! gene, similarly dib and
dlc diverged from a single dIl3 gene. Interestingly the dll4
gene is only present as one copy in the zebrafish genome (Ga-
zave et al., 2009). In the context of neurogenesis and myo-
genesis in flies and vertebrates Notch signaling is long known
to repress differentiation (Kopan et al., 1994; Nye et al., 1994;
Sasai et al., 1992). Overexpression of Delta-likel in cell culture
of myogenic cells or in vivo in the chick limb suppresses the
activation of MyoD and commitment to myogenic differenti-
ation. Further to this point Notch signaling positively regu-
lates pax7 expression in C2C12 myoblasts and in satellite cells
in vivo (Sun et al., 2008; Wen et al., 2012). The capability of
Notch signaling to repress myogenic differentiation and activ-
ate paz7 might explain why Notch signaling is infact essential
for the maintenance of embryonic Pax7" myogenic progenitors
and adult MSCs (Mourikis et al., 2012). Severe muscle growth
defects in the fetal phase resulting from premature differen-
tiation of the embryonic Pax3"/ Pax7" myogenic progenitor
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population are observed in Delta-likel hypomorphic mutants
and after conditional inactivation of the Notch downstream ef-
fector RBP-J (Schuster-Gossler et al., 2007; Vasyutina et al.,
2007). Downstream of RBP-J two generic Notch target genes
hey1/hesrl and heyl/hesr3 encoding the transcription factors,
Hey1l and Hey3, seem to be particular important for MSC self-
renewal as in hesr1/hesr3 double knockout mice satellite cells
fail to establish a population of quiescent MSCs and eventu-
ally decline in number during postnatal development (Fukada
et al., 2011). Interestingly, 10% of the satellite cell pool which
are Pax7", Myf5 and display robust engraftment efficiency
are notchl ™, notch3™, delta-likel”, whereas 90% are Pax7T,
Myf5" and notchl™, notch3~, delta-likel ™ and display only
limited engraftment efficiency (Kuang et al., 2007). A number
of open questions regarding the role(s) of Notch signaling in
myogenesis remain to be addressed. So far studies have largely
focussed on Delta-like 1 and Notchl. As mentioned before,
the Notch 3 receptor appears to be specifically expressed in
Pax7", Myf5" MSCs. Regarding the role of Notch signaling in
this process, a number of questions remain unresolved. These
pertain to possible divergent functions of Notchl and 3 in this
context as well as to the roles of distinct Delta-like and Jagged
ligands.

6.5 Evidence for a possible role of Numb
in asymmetric self-renewal of MISCs

Numb is an endogenous cytoplasmic inhibitor of Notch sig-
naling that was dicovered in a forward genetic ‘bristle’ screen
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for sensory organ development in Drosophila (Uemura et al.,
1989). Binding of Numb to the intracellular domain of the
Notch receptor triggers ubiquitination leading to receptor en-
docytosis and degradation (Gulino et al., 2010). Numb has a
key role in asymmetric cell divisions in invertebrates (Knob-
lich, 2008). A classic example of this is the asymmetric dis-
tribution of Numb in Drosophila neuroblasts, which represses
Notch signaling in one daughter cell, destined to differentiate
into a ganglion mother cell, while leaving Notch signaling active
in the other that self-renews the neuroblast fate. Of the three
vertebrate Notch receptors Numb binds only to Notchl and 2
targeting them for endocytosis and degradation leaving Notch3
unaffected (Beres et al., 2011). This is an important observa-
tion, as Notch3 is specifically expressed in Pax7™, Myf5~ MSCs.
This might mean that previously reported asymmetric distri-
bution of Numb in isolated adult satellite cells (Shinin et al.,
2009) may not pertain to the actual stem cells, but to a down-
stream committed progenitor compartment. As stated before
it remains to be seen whether asymmetric cell division of adult
satellite cells occurs in vivo and if so whether this is essential
to MSC self-renewal. If this would indeed be the case, it still
would remain a matter of debate whether asymmetric inhibi-
tion of Notch signaling by Numb is key to MSC self-renewal.
Currently, the direct transfer of concepts derived from the self-
renewal of invertebrate stem cells to vertebrate stem cells re-
mains problematic due to the lack of unequivocal identification
of MSCs and the lack of direct evidence for asymmetric segreg-
ation of Numb by satellite cells in vivo.



— Wie schwer sind nicht die Mittel zu erwerben,
Durch die man zu den Quellen steigt!

Und eh man nur den halben Weg erreicht,

Mufs wohl ein armer Teufel sterben. —

Goethe, Faust

Experimental strategy

MOST OF WHAT we know about developmental biology in
general and stem cells in particular has been derived from
work with a small number of model systems including Dro-
sophila, Caenorhabditis elegans, Xenopus, chick, and mouse.
More recently, the zebrafish has joined this company. As ex-
perimental model systems each of these species offers a set of
specific advantages and drawbacks. Mouse as a model sys-
tem, for instance, offers the possibility to make changes to the
genome at precise positions making use of homologous recom-
bination and ES cell technology. This possibility represents a
dedicate advantage for stem cell research mainly for two reas-
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ons: (A) gene function can be analysed by generating knock-
out mice and (B) the fate of cells expressing certain markers
can be analysed by lineage tracing making use of the Cre-loxP
system (Kretzschmar and Watt, 2012; Pittet and Weissleder,
2011). Most importantly, mouse embryos develop inside the
mother and exhibit considerable growth during embryonic de-
velopment, whereas zebrafish embryos develop externally in the
egg and grow only modestly during embryonic development. A
significant problem of the mouse as a model system is thus the
difficulty to perform intravital imaging (Pittet and Weissleder,
2011). This is the reason why most intravital studies performed
in mice deal with cell populations. This means that differences
between individual clones are blended into a population aver-
age, which represents a significant problem for vertebrate stem
cell research, as stem cells are rare and molecular markers that
would reliably distinguish them from their committed progeny
are not available. The zebrafish offers a set of unique advant-
ages over traditional vertebrate model systems. Zebrafish are
easily maintained and breed throughout the year. A typical
clutch size ranges from 200-300 eggs. The large number of
offspring, which can be obtained from a single cross, is a spe-
cific advantage for a variety of experiments that rely on the
analysis of large numbers of individuals, such as forward or
reverse genetic screens as well as screening of chemical com-
pound libraries. Apart from this the transparency of embryo
and larva allows direct visual access to development. The com-
bination of these features enables minute changes to the an-
imal’s morphology to be easily detected by stereomicroscopy
many times without requiring special staining or contrasting
methods, substantially reducing the time, effort and cost of re-
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verse or forward genetic screens (Dooley and Zon, 2000; Kari
et al., 2007). Another key advantage of the zebrafish, as op-
posed to the mouse, is the availability of morpholinos, which
are ribonucleotide-analog based knockdown reagents (Summer-
ton et al., 1997; Summerton and Weller, 1997). Morpholinos
can be injected into zebrafish zygotes to block either the trans-
lation or splicing of particular mRNAs. They provide the op-
portunity to perform whole organism reverse genetic screens
involving a large number of genes at a pace and cost which is
unparalleled by any other vertebrate model (Bill et al., 2009;
Eisen and Smith, 2008). Most importantly for this project,
which aimed at the unequivocal identification of stem cells by
intravital imaging, are the particular features of the zebrafish
that render it so amenable to this direct and unbiased way of
observation and set the zebrafish apart from all other verteb-
rate model organisms, in which true in vivo imaging is very
difficult or impossible to achieve.

The rapid external development and comparably low number
of cells with respect to other vertebrate embryos greatly facil-
itate the analysis of morphogenetic processes and organ devel-
opment, as the number of cells, their clonal relationship and
their location can be precisely tracked by intravital microscopy.
This offers the remarkable opportunity to study stem cells and
cell lineage dynamics in qualitative and quantitative terms.
Specifically, parameters such as cell number, cell division rate,
cell cycle phase, clonal relationships, migratory behavior, and
differentiation rate can be directly read out by the intravital
imaging of suitable transgenic reporter lines. These transgenic
reporter lines as well as other transgenic tools are easily ob-
tained using Tol2-mediated or BAC transgenesis (Suster et al.,
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2011; Suster et al., 2009).

In spite of these undisputed advantages, working with zebrafish
is connected to certain drawbacks. Two of these seem to be
particularly important obstacles to a more widespread use of
the zebrafish as model for vertebrate specific biological ques-
tions. First, the lack of zebrafish ES cells and/or homologous
recombination technology precludes gene targeting and thus
the establishment of conditional knockout strains. For this
reason gene function can many times not be assessed in a
tissue- or time-specific fashion. Second, the considerable diver-
gence between teleost and mammalian, i.e. mouse and human,
proteins renders the vast majority of commercially available
antibodies useless, which hinders the analysis of cell popula-
tions based on molecular markers and likewise aggravates cell
biological studies.

The use of zebrafish as a model system raises the question of
how extendable conclusions derived from work with model or-
ganisms are to human biology or pathophysiology. In other
words, what are the aspects of human biology, which are con-
served since the last common ancestor of humans and zebrafish,
which lived around 350 million years ago? Despite this long
time, however, the genetic makeup of vertebrates is largely
identical, i.e. orthologs for the vast majority of human genes
can readily be identified in other vertebrates including teleost
fish and wvice versa. For example out of 29 genes, which are
associated with muscular dystrophy in humans, 28 zebrafish
orthologs have been identified (Steffen et al., 2007). Muta-
tions in the zebrafish dystrophin gene (sapje mutant) or mdz
mice lead to muscle fibre attachment defects and muscle de-
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generation similar to the situation in humans. The devastating
course of human Duchenne Muscular Dystrophy is, however,
not reflected by zebrafish sapje mutants (Bassett et al., 2003)
or the mdzr mouse (Im et al., 1996; Sacco et al., 2010). The
reason for this discrepancy seems to be the vastly different life
spans of zebrafish, mice and humans. In the former two, life
span might simply be too short to allow MSCs to undergo pro-
liferative exhaustion, which is likely to be a key factor of the
pathology of Duchenne and other Muscular Dystrophies (Sacco
et al., 2010). Likewise, the vast difference in body size might
limit the predictive power of small model organisms in cer-
tain context. Summing up it seems fair to say that the use of
model systems has revolutionized modern biology and contrib-
uted most of what we know about the development, physiology
and diseases of humans. Nevertheless, one has to be careful,
when extrapolating experimental data derived from model sys-
tem to human biology. For this project, it appears justified to
use the zebrafish to find general principles and factors under-
lying the maintenance of MSCs in teleosts and humans. In
particular this study will enable cross-phylogenetic comparis-
ons between teleost and mammalian MSCs and their respective
niches to be made, which is likely to reveal further features that
are conserved between fish and man.
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— Der Geist der Medizin ist leicht zu fassen;
Ihr durchstudiert die grof8, und kleine Welt,
Um es am Ende gehn zu lassen,

Wie’s Gott gefallt.—

Goethe, Faust

Aim of this work

THIS WORK’S INTENT is to contribute to our understanding
of stem cells and their niche regarding their ontogeny and
the molecular interactions between the two entities that un-
derly the maintenance of stemness. It is the aim to exploit
the particular aptitude of the zebrafish to (A) unequivocally
identify teleost MSCs and their niche, (B) study stem cell dy-
namics in the living animal and (C) identify novel niche factors
and cell surface molecules, which are essential for MSC main-
tenance. To this end a suitable reporter line labeling MSCs
was generated and a combination of explorative approaches
was undertaken. As a first step a qualitative description of
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the myogenic lineage was derived from a significant body of
intravital imaging data. In the following intravital imaging-
based clonal analysis led to the identification of the actual
teleost MSC compartment, the clear separation from already
committed progenitors and strongly suggested that the ver-
tical myoseptum functions as the teleost MSC niche. These
embryological studies were then complemented by transcrip-
tional profiling yielding a ‘teleost MSC’ dataset containing can-
didate genes with very specific expression in MSCs/MPs. By
morpholino-mediated reverse genetics screening these candid-
ates were then scrutinized for a possible function in the main-
tenance of stemness. In parallel the first systematic survey
for extracellular protein-protein interactions was conducted by
screening these candidates against a library of extracellular
proteins taking advantage of the AVEXIS assay. This method
stands out from other protein-protein interaction assays, in
that it allows the high-throughput screening for extracellular
protein-protein interactions, which are not accessible to stand-
ard high throuhput protein-protein interaction methods, such
as yeast-two-hybrid. The combination of gene expression, func-
tional and protein-protein interaction data then formed an ob-
jective base to prioritize candidate genes and suggested that a
number of MSC-derived proteins are in fact components of the
MSC niche.

Gaining deeper insight into the molecular underpinnings of
stemness is not only a fascinating basic science endeavor, but
has to precede application of stem cells as therapeutic agents.
The motivation for MSC research in general and this project
in particular is therefore multifold. The existence of MSCs
has fueled the hope that cytotherapies for several devastat-
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ing hereditary diseases of human skeletal muscle can be de-
veloped. A number of loci have been associated with these hu-
man muscular dystrophies. The most prominent forms of mus-
cular dystrophies (MD), such as Duchenne MD, Limb-girdle
MDs, Fukuyama MD are caused by mutations in genes that
directly or indirectly affect the function of the Dystrophin-
Dystroglycan-Complex, which transmits the force from the in-
tracellular actin cytoskeleton to the extracellular basal lam-
ina (Bertini et al., 2011). A small number of genes encoding
cytoplasmic proteins, e.g. nuclear lamins, or membrane pro-
teins, e.g. Dysferlin, have been associated with other forms of
muscular dystrophies (Han and Campbell, 2007). Despite the
complex human genetics of these diseases, all of them appear
to be accessible to the same therapeutic rationale (Meregalli
et al., 2012; Vilquin et al., 2011). In simple terms it is the idea
to use autologous genetically ill MSCs, isolate, expand and
genetically correct them in cell culture and then transplant
them back into the patient, where they will establish a long
lasting source of genetically healthy myoblasts. This strategy,
which was conceived in the early 1970s (Friedmann and Rob-
lin, 1972), therefore is a combination gene and cell therapy
and has been employed to treat hereditary immunological dis-
orders (Cavazzana-Calvo et al., 2000). In these cases hema-
topoietic stem cells were transfected using retrovirus carrying
a ’healthy’ copy of the defect causing gene. A fundamental
problem with gene or combined gene/cell therapy using viral
vectors is the inherent danger that viral integration itself may
cause oncogenic transformation through transactivation of on-
cogenes or disruption of tumor suppressor genes (Hacein-Bey-
Abina et al., 2003). In fact four out of nine patients, which re-
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ceived gene/cell therapy for severe combined immunodeficiency
(SCID)-X1 in course of the 'Paris’ trial run by Alain Fischer
and colleagues, developed T-cell acute lymphoblastic leukemia
(T-ALL; Hacein-Bey-Abina et al., 2008). Stable genetic cor-
rection should thus be achieved using homologous recombina-
tion protocols, which allow precise changes to the genome to
be made. The most basic problem in proceeding along this
avenue is the fact that MSCs do not retain stemness in cell
culture (Montarras et al., 2005). The reason for this failure is
that essential endogenous niche factors are currently unknown
and hence cannot be added to the cell culture medium. The
simplicity of the embryonic axial musculature of the zebrafish
and a variety of specific further advantages have raised the
hope, that the zebrafish might be a particularly suitable model
to study the ontogeny and chemical composition of the MSC
niche. It is the hope of the author that the results of these
efforts may be useful in the development of therapeutics for
human disease.



Part 11

Results
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— Der Worte sind genug gewechselt,
Lafst mich auch endlich Taten sehn!
Indes ihr Komplimente drechselt,

Kann etwas Niitzliches geschehn. —

Goethe, Faust

Intravital imaging-based
reconstruction of the teleost
myogenic lineage

THE UNEQUIVOCAL IDENTIFICATION of stem cells remains a
key problem in stem cell research. Zebrafish offers the
fascinating opportunity to directly monitor MSCs and their
progeny in their unperturbed endogenous context by intravital
confocal microscopy. In mouse, chicken, and zebrafish, Pax7 is
expressed in the central nervous system, neural crest cells and
myogenic progenitors (Mansouri and Gruss, 1998; Mansouri
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Figure 9.1: Schematic of the zebrafish paz7a locus, BAC recombin-
ation (A) and overview of transgene expression in a 4day-old trans-
genic zebrafish larva (B). MB - midbrain, HB - hindbrain, Xph -
xanthophore, ComN - commissural neurons.

et al., 1996; Otto et al., 2006). As detailed in the introduc-
tion Pax7 is a paired-box transcription factor with key roles in
myogenic lineage specification and muscle stem cell mainten-
ance. Despite its expression in non-myogenic cell types Pax7
remains the most specific marker for vertebrate embryonic and
adult MSCs known so far. Based on these grounds pax7 was
chosen to attempt the generation of transgenic GFP reporter
line that would label teleost MSCs. The zebrafish genome con-
tains two pax7 genes - par7a and b - a fact that was unknown,
when this project was undertaken, and only became apparent
with the latest assembly of the zebrafish genome.
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9.1 Generation of a zebrafish pax7::GFP
BAC transgenic line

To this end a BAC library screen was performed with a probe
for paz7. The identified BAC CH211-287M7, which is now
known to span approx. -30kb to +90kb of the pazx7a locus,
was then modified using BAC recombination as to replace the
proteogenic part of exonl with a GFP-SV40 polyA-tail cas-
sette (Figure 9.1A) and used to generate a zebrafish paz7::GFP
BAC transgenic line which reports the expression of paz7 con-
sistent with published expression data (Figure 9.1B; Seo et
al., 1998). In contrast to a previously published line (Seger
et al., 2011), this line drives robust GFP expression and al-
lows Pax7" MPs to be followed over several days by intravital
imaging. In order to reduce the prominent GFP expression in
neural crest derived xanthophores, most imaging experiments
were performed in pfeffer (pfe) mutants, which carry a muta-
tion in esfirA/fmsA, one of two paralogs of the Csfl receptor
in teleosts. Pfe mutants display an almost complete absence
of xanthophores, but are otherwise indistinguishable from wild
type (Odenthal et al., 1996; Parichy et al., 2000).

9.2 Non-invasive intravital imaging of
primary myogenesis in zebrafish

The axial musculature of teleosts is divided into myotomes
or myomeres, which correspond to individual somites and are
separated from each other by vertical myosepta and cut into
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a dorsal and ventral half by the horizontal myoseptum (John-
ston, 2000). Myosepta are thin sheets of extracellular matrix
and essential for proper force transmission (Figure 9.2). Based
on the observations presented in the following, zebrafish muscle
development may be divided into primary and secondary myo-
genesis, two phases that are connected by a transition phase
(Figure 9.3). It is important to note at this point, that primary
myogenesis is preceded by an initial wave of myogenesis during
which the most medial somitic cells directly start to express
MyoD and undergo differentiation into muscle fibres.

Within the myogenic lineage GFP

expression commences in somitic 4 -
cells around 20hpf (Figure 9.4A, oseptum
Movie S1). As a result of somite

rotation these Pax7" somitic cells /7 //7
come to lie on the outer surface of

the somite (Hollway et al., 2007; \_ _\
Stellabotte et al., 2007), where they
form a transient epithelial layer of
cuboidal cells (Figure 9.4A, Movie ‘
S1). These cells adhere to the ver- f:iltlzfeg.ozf: g;ii;?aisml;i
tical myosepta on both sides. Soon ganized into chevron-shaped
after its emergence this epithelial myotomes, which are separ-
sheet of cells disintegrates and cells ated from each other by ver-
in the layer divide and get dragged tical myosepta.

apart as the growth of the myotome

enlarges the distance between the myosepta (Figure 9.4A, right
panel, Movie S1).
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The vast majority of their descendants leave their superficial
position, migrate into the underlying myotome and differen-
tiate into myoblasts that give rise to muscle fibres directly
(Figure 9.4B, Movie S2). Importantly, during this phase no
fusion events between myoblasts and myofibers were observed.
A small fraction of Pax7" cells, however, is kept from differ-
entiation. These cells stay in their superficial position and
remain attached to the vertical myosepta (Figure 9.4A, right
panel, 36hpf). In the following these cells will be referred to as
dermomyogenic progenitors (DMPs). By the end of primary
myogenesis around 26hpf the differentiation of the first wave
of Pax7™ myoblasts leads to the clearance of Pax7™ cells from
the myotome.
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Figure 9.4: Live imaging of the medial trunk of paz7::GFP trans-
genic embryos during primary myogenesis and transition phase. (A)
Selected scenes of Movie S1 showing the onset of reporter expres-
sion in somitic cells (20hpf) and dorsal neural crest cells (NCCs),
the formation of a Pax7" epithelial layer on top of the myotome
(23hpf), the cell divisions in this layer (24hpf) as well as its disin-
tegration until 36hpf. (B) Isosurface rendering showing a DMP cell
(green, 19hpf) undergoing EMT (21hpf), migration into the under-
lying myotome and differentiation into a myoblast (orange), which
ultimately gives rise to a muscle fibre (Movie S2). (C) Live imaging
of a DMP cell clone located in a ventral myotome from 35-74hpf.
(D) Live imaging of a group of DMP cells (green isosurfaces) start-
ing at 45hpf, which shows that the first Pax7™ MPs (yellow and
orange isosurfaces) that reappear inside the myotome at the onset of
secondary myogenesis are descendants of DMP cells (see also Figure
9.5). EMT - epithelial-to-mesenchymal transition.
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Consequently, DMPs are the only remaining Pax7" cells of
the myogenic lineage between approximately 30-65hpf (Figure
9.4C). During this transition phase (Figure 9.3) the number of
DMPs per somite approximately doubles from 20 (24hpf) to
40 (48hpf). DMPs continue to divide until approximately 3dpf
at a rate of 1 division/day (Figure 9.4C, Figure 9.5, Movie
S3). Notably the external cell layer, which has been described
before, corresponds to this DMP cell pool. Intravital imaging,
however, shows that the external cell layer of DMPs is no longer
an epithelium during these development stages.

Around 72hpf two key events mark the transition to secondary
myogenesis:

e DMPs cease to proliferate and become mitotically quies-
cent (Movie S3);

e Pax7" MPs reappear inside the myotome. Live imaging
shows that these cells derive from a small fraction of
DMPs that leave their superficial position (Figure 9.4D,
Figure 9.5D, Movie S3).

Following DMPs with single cell resolution allows migratory
behavior and clonal relationships to be monitored (Figure 9.5
and Movie S3). Clone 1 shows that DMPs are able to divide
symmetrically. Clone 2 indicates that following symmetric di-
vision (61hpf) one of daughter cells remains in the DMP state,
whereas the other leave the superficial position (69hpf) and
differentiates into an EMB. This EMB divides again (79hpf)
and finally both EMB daughter cells differentiate into fusion-
competent myoblasts (FcMB), that ultimately fuse with pre-
existing muscle fibres (MF, 84hpf) as evidenced by the spread
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of GFP in receiving fibres. Clone 2 and similar clones ob-
tained during transition phase and during secondary myogen-
esis demonstrate that EMBs derive from DMPs.



Supplemental Movie 3
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Tansiion Phase L secondary yogenesis

24 3% 48 60 72 8 9% 108 120 132 144 hpf
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Transition Phase

Transition Phase
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DMP Daughter EMB Mitosis Fusion-competent
Differentiates Myoblasts (FcMBs)
into EMB Fuse with MF

Figure 9.5: Intravital imaging of paz7::GFP; pfe/pfe embryos during transition phase. (A-D) Live
imaging of the medial trunk of a paz7::GFP; pfe/pfe transgenic embryo from 48-84hpf Movie S3.
(A) Start and end timepoint of Movie S3. (C-D) Clonal analysis of DMPs during transition phase.
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9.3 Three types of Pax7" MPs during
secondary myogenesis

In 4-7 day-old larvae, corresponding to the first days of second-
ary myogenesis, Pax7" MPs can be subdivided based on ana-
tomical and morphological criteria into the following classes
(Figure 9.6A-D):

e Dermomyogenic progenitors (DMPs). DMPs are
associated with the vertical myosepta (Figure 9.6B) ly-
ing above the slow muscle fibre layer. They have large
kidney-shaped nuclei and extend long digitated cytoplas-
mic processes that bestow these cells a stellate morpho-
logy (Figure 9.6A-D, Animation S1).

e Committed Myogenic Progenitors (CMPs). CMPs
adhere to the vertical myosepta, but in contrast to DMPs
are located underneath the slow muscle fibre layer. They
have spindle-shaped cell bodies and nuclei (Figure 9.6A-
D, Animation S1). CMPs display varying degrees of po-
larization towards the vertical myoseptum. Depending
on the angle between the vertical myoseptum and mi-
totic spindle CMPs undergo symmetric (SCD, Figure 9.8
and Movie S4) or asymmetric cell division (ACD, Figures
9.8B and 9.9). While symmetric cell division leads to an
increase in CMP number, following asymmetric division
one daughter cell loses contact with the myoseptum and
enters the myotome (Animation S2).

e Early Myoblast (EMB). EMBs are freely moving in-
side the myotome. Their cell morphology is flexible and
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My - Myotome

Nt - Notochord

Sc - Spinal Cord

VM/HM - Vertical/Horizontal
Myoseptum

Trunk Schematic
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Commissural Neurons (ComN)

and are Found Inside the Myotome

Figure 9.6: Anatomical and cell morphological classification of
Pax7" MPs during secondary myogenesis. (A-D) Selected scenes
(Animation S1) showing the dorsomedial trunk of a 4dpf paz7::GFP;
pfe/pfe larva. (A) Maximum intensity projection of the whole
volume. (B) Volume with orthoslicer to display the lateral cells in-
cluding DMPs (central soma -green isosurfaces) and xanthophores,
which are present in pfeffer mutants in very low numbers compared
to wt (central soma - blue isosurfaces). Note the thin processes of
DMP cells, which are not rendered. (C-D) Lateral and transverse
view of (A) including isosurfaces. EMBs (orange) are found inside
the myotome, while CMPs (light green) still adhere to the vertical
myoseptum. Note that CMPs are deeper in the tissue in comparison
to the superficial DMPs (dark green).
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Tracking larval DMP clones (n=203) for 10h

Differentiating

0
DMP DMP DMP DMP

time [h]

MP EMB
n=203

Figure 9.7: Intravital imaging-based clonal analysis identifies
DMPs as the actual MSCs in teleosts. For details see text.

highly dynamic (Figures 9.6, 9.8C, 9.11A, and Movie S4).
Note that Figures 9.8C and 9.11 display the same EMB
cell at slightly different timepoints and altered display
adjustment to enhance the visibility of thin cytoplasmic
protrusions. EMBs divide symmetrically (Figure 9.8C)
and are able to give rise to fusion-competent (Figure
9.10) or fibre-forming myoblasts (Figure 9.11C-D).

9.4 DMPs give rise to the quiescent MSCs
of secondary myogenesis

To resolve whether these three classes correspond to function-
ally distinct progenitor compartments of the teleost myogenic
lineage, more than 200 DMPs in 4-6dpf zebrafish larvae (sec-
ondary myogenesis) were tracked by intravital imaging for at
least 10h and analyzed for migratory behavior, cell division



94

patterns and differentiation. As depicted in Figure 9.7 91%
of DMP cells observed, did not divide, migrate or differentiate
indicating that these cells turn to quiescence at this stage. 7%
of DMP cells showed no migratory activity but divided sym-
metrically thereby generating two DMP daughter cells, while
only 2% were found to leave their superficial position, enter
the myotome through the vertical myoseptum and differenti-
ate into either CMP or EMB.
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4D Normal Shading Projection—{gg-
(medio-lateral view)

posterior

30um

5) Symmetric Cell Division
5) Asymmetric Cell Division

anterior

Animation S2

Figure 9.9: 4dpf dorsomedial trunk in inside-to-outside view and
normal shading projection. Selected scene from Animation S2; show-
ing CMP cells located at the vertical myosepta undergoing symmetric

and asymmetric cell division.

By following CMP clones it turned
out that CMPs give rise to EMBs
either by direct differentiation or
through asymmetric cell division
(Figure 9.9 and Animation S2). The
analysis of EMB clones showed that
these cells are capable to become
fusion-competent myoblasts or give
rise to new myotubes directly. Im-
portantly, no EMB giving rise to a
CMP or DMP, nor a CMP giving rise
to a DMP, was observed indicating

Figure 9.10: Early myo-
blasts (EMBs) give rise to
fusion-competent myoblasts
(FcMBs).

that DMPs, CMPs, and EMBs form hierarchically connected
Pax7" MP classes. Based on the assumption that cell divisions
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Table 9.1: Estimated cell cycle duration for DMPs, CMPs, and
EMBs in 4-6dpf zebrafish larvae

DMP CMP EMB

n= 173 22 51
Standard Deviation 17 3 6
Mean duration [h] 127 37 29

of MPs are asynchronous the mean cell cycle times for these
distinct progenitor types at 4-6dpf can be estimated (Table
9.1).

These results show that DMPs enter quiescence at the on-
set of secondary myogenesis (Movie S5) and demonstrate that
DMPs form the most upstream MP compartment in larval
teleosts. For this reason these cells will be henceforth re-
ferred to as muscle stem cells (MSCs). Further these obser-
vations show that CMPs and EMBs form intermediate transit-
amplifying progenitor compartments, which exhibit consider-
ably higher cell division rates and thus carry the bulk prolifer-
ative load, which rests on the myogenic lineage during phases
of intense muscle growth or regeneration. Importantly, clonal
analysis shows that, downstream of the EMB compartment the
myogenic lineage bifurcates into fusion-competent and fibre-
forming myoblasts (Figure 9.10 and 9.11C,D).
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Cell Membrane Dynamics
4dpf pax7::GFP Supplemental Movie 5
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Figure 9.11: Intravital imaging and clonal analysis of early myo-
blasts (EMBs) indicate that this compartment serves as a transit-
amplifying progenitor compartment. (A) Additional selected scenes
of Movie S4 showing the same EMB as in Figure 9.8C depicting the
highly flexible cell morphology of an EMB during migration. (B)
Examples of EMB clones observed in 4-5dpf zebrafish larvae. (C) De
novo muscle fibre formation by a fibre-forming myoblasts (FfMB) at
4dpf. (D) Clonal analysis indicates that EMBs amplify in a number
by symmetric cell division (SCD) and are able to give rise to fusion-
competent myoblasts (FcMB, Figure 9.10) or fibre-forming myoblasts
(FfMB Figure 9.11C,D).
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Direct isolation and transcriptional
profiling of teleost Pax7" MPs

OF CONSIDERABLE interest to vertebrate stem cell research
in general and muscle stem cell research in particular is
the identification of a transcriptional signature that charac-
terizes vertebrate muscle stem cells. Appropriate cell surface
markers or transgenic lines, that would allow the isolation of
vertebrate MSCs were not available when this project was star-
ted. Therefore it seemed prudent to directly isolate Pax7"
MPs from zebrafish larval tissue (4dpf). This timepoint right
after the onset of secondary myogenesis was chosen, because

99
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MSCs already started to become quiescent at this point, but
downstream committed progenitors did not yet have the time
to expand strongly in number. Based on the quantification of
imaging data from 4dpf, it can be expected that DMPs/MSCs
account for 57% and that CMPs/EMBs account for 43% of
the sorted GFP™ population, which is a very favorable ratio of

stem cells to committed progeny.

Cells were purified from decap-
itated and partially dissociated
larvae to reduce contamination
with Pax7" neurons. Small cells
with low granularity (gate P1),
which excludes Pax7" xantho-
phores, were sorted by fluores-
cence activated cell sorting (Fig-
ure 10.1). Gated cells (P1) were
split into GFP' (P2) and GFP-
(P4) cell populations as evid-
ent from the histogram in Fig-
ure 10.1. GFP~ cells from out-
side P1 (P3) were unified with
P4 and served as the GFP refer-
ence population (P3+P4), which
was compared with P2. This
means, that the fraction contain-
ing GFP"™ MPs was compared
(Figure 10.1; P2) with GFP cells
from inside and outside P1, which
includes GFP~ cells not only from
musculature but all other trunk

4dpf pax7::GFP Trunk

(x1,000)

SSC-A

50 100 150 200 250

50 100 150 200 250
FSC-A (x1,000)

Cell Count
0 25 50 75100125

102 10° 10 10°
FITC-A (GFP Channel)
Fluorescence Intensity [AU]

Figure 10.1: Direct isolation
of zebrafish Pax7" MSCs/MPs.
Upper panel: FSC-A/SSC-A
gating. Lower panel: Fluores-
cence gating.
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tissues. This experimental design was chosen to find genes,
which are specifically expressed by Pax7 " MPs, as it compares
Pax7" cells of the myogenic lineage with all other cells present
in the trunk of the animal, including cells deriving from the
skin, muscle tissue, inner organs and blood.

By transcriptional profiling, which was performed in collabora-
tion with Dr. Mitchell Paul Levesque, who conducted the stat-
istical analysis of the microarray data, 152 unique genes were
found to be significantly upregulated in Pax7" MPs (Table
22.3). Based on False Discovery Rate statistics the dataset is
expected to contain less than one false-positive. The Top 30
genes of this ‘teleost MSC profiling’ are shown in Figure 9.2.
Amongst these Top 30 roughly 60% have been implicated in
the muscle development before.

These genes include myog (23,0x, rank 1), paxz7 (11,1x, rank 3),
myf5 (8,3x, rank 7), meoz! (6,0x, rank 13), and paz3 (5,6x,
rank 15), which encode well established transcriptional reg-
ulators of myogenesis (Bryson-Richardson and Currie, 2008;
Mankoo et al., 2003). Strikingly, 85% of the transcription
factors that were found have been implicated in myogenesis
before. In addition to the transcriptional regulators that were
identified potent transcriptional repressors of myogenic differ-
entiation including the Notch signaling mediator hey! and hey2
(Buas et al., 2010; Fukada et al., 2011) as well as soz9a are
contained in the dataset (Hernandez-Hernandez et al., 2009).
Consistent with this observation, the dataset is basically devoid
of genes characteristic of muscle fibre differentiation, e.g. al-
pha actinin, troponin, or creatine kinase (Gautel, 2011; Tai
et al., 2011). The large share of genes specifically involved
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Figure 10.2: Transcriptional profiling of Pax7"™ MSCs/MPs.
Top 30 of 152 unique genes upregulated in zebrafish MSCs/MPs
based on a false-discovery rate of less than 1. All data will
be made available through the ArrayExpress expression repository
http://www.ebi.ac.uk/arrayexpress/.
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in muscle development but not muscle differentiation confirms
the strong enrichment of MSCs/MPs in the sorted Pax7" pop-
ulation. This ‘teleost MSC profiling’ dataset can therefore be
expected to contain a significant share of genes, whose function
is essential for the regulation of a number of different aspects
of MSC physiology such as the maintenance of stemness as well
as the regulation of their activation and differentiation.

Teleost Pax7™ MPs secrete candidate niche compon-
ents This study focussed on secreted proteins, which are very
specifically expressed by teleost MSCs. A number of such
genes, corresponding to roughly 10% of the dataset, encoding
for secreted proteins were identified and are listed in Figure
10.3 containing also schematic representations of the respect-
ive PFAM domain structure as well as a summary of known
protein-protein interaction partners, which are listed in the
String 8.3 database. These include growth factors such as
Csf1b, the orphan ligands Seraf, Hfrep /Hepassocin and Widcl,
as well as Wnt inhibitory factor 1 (Wifl). Interestingly, a num-
ber of non-collagenous extracellular matrix (ECM) components
such as Thrombospondin 4b (Thbs4b), Kalman 1b/Anosmin-b
(Kallb), Fibromodulin (Fmod), Lumican (Lum), Olfactomedin-
like 2Bb/Photomedin 2b (Olfml2Bb), and Tenascin W (Taw)
were found to be upregulated in teleost MSCs/MPs. In addi-
tion three collagens Colba, Col6a and Col18al are contained in
the ‘teleost MSC profiling’ dataset (Figure 10.2, 10.3 and Table
22.3). Many of these secreted proteins have already been im-
plicated in myogenesis and/or tendon formation. Taking into
account that MSCs and MPs are associated with the vertical
myoseptum, these findings suggest that these ECM molecules
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Figure 10.3: Pax7" MSCs/MPs secrete candidate niche compon-
ents. (A) Non-collagenous ECM components and (B) extracellular
signaling molecules and signaling modulators, which were identified
to be significantly upregulated in teleost MSCs/MPs. A schematic
of domain organisation according to domains annotated in PFAM
database as well as known protein interactions listed in String 8.3
database were included in the figure. FC - Fold change
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are components of the vertical myoseptum. As the vertical my-
oseptum functions as the MSC niche in embryonic and larval
teleosts, it seemed reasonable to assume that atleast some of
these candidates are genuine niche components. As the molecu-
lar composition of vertebrate stem cell niches remains largely
enigmatic, it was the focus of this work to assess these MSC-
secreted proteins for a possible function as niche molecules.
Working with zebrafish offers the dedicated advantage to pri-
oritize the candidates in an unbiased way by systematic reverse
genetics screening using morpholino-mediated knockdown (see
Chapter 11). Concomitantly, these MSC-derived extracellu-
lar proteins were included in the ‘Tiibingen AVEXIS’ screen
for extracellular protein-protein interactions (see Chapter 12),
as part of a collaboration with Dr. Christian Sollner (MPI
fiir Entwicklungsbiologie, Tiibingen). This allowed candidate
genes to be prioritized based on the phenotypes elicited by
their knockdown and protein interaction partners.
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— Wie gliicklich wiirde sich der Affe schétzen,
Konnte er nur auch ins Lotto setzen! —

Goethe, Faust

11

Morpholino screen

THE PRIORITISATION of candidate genes is a key step in
every profiling experiment and is typically based on prior
knowledge and fold change. While fold change is a poor in-
dicator of the relevance of a particular gene, prior knowledge
allows educated guesses about the function of a particular gene
to be made, which increases the odds of picking a gene, whose
functional perturbation leads to a relevant phenotype. By ne-
cessity this way of picking reduces novelty. The use of zebrafish
as a model system offers the strong advantage at this point
to go the other way round, i.e. prioritize candidate genes by
the phenotypes, which are elicited by their knockdown. This
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possibility was exploited to systematically screen candidates,
which were identified by the ‘teleost MSC profiling’ described
in Chapter 10. The focus of the MO screen was on secreted
proteins, including candidate niche components, i.e secreted
non-collagenous ECM components (Figure 10.3A) as well as
signaling molecules/modulators (Figure 10.3B), and cell sur-
face molecules, which were upregulated in teleost MSCs such

as Prtga, Rgmb, Cdon, Gaslb, A2CEY7, and CD81.

From the profiling dataset a subset of genes were selected,
and MO translation (MOATS) or splice blocking MOs (MOGT)
were designed and then injected directly into the zygote using
the doses indicated in Table 22.2. The effective dose range
was determined for each morpholino in pilot experiments. It
is important to note that the use of translation blocking MOs
is connected to the problem, that the knockdown efficacy can
only be controlled directly on the protein level which neces-
sitates the use of appropriate antibodies. Such antibodies are,
however, typically not commercially available for zebrafish pro-
teins. In a first step all morphants were inspected in the stereo-
microscope during 16-18hpf, 24hpf, 48hpf, 72hpf, and 4dpf. In
this way a small number of early embryonic lethal phenotypes
as well as morphological phenotypes arising later during devel-
opment were identified. A selection of interesting examples is
presented in this chapter.

As evident from Figure 11.1 several candidate gene morphants
display clearly visible morphological defects already during mid-
segmentation. With few exceptions these phenotypes are relat-
ively mild and the corresponding morphants are viable and can
thus be analyzed also for possible phenotypes during second-
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Figure 11.1: Morphology of ATG MO-injected embryos during seg-
mentation phase (14-16 somite stage). A small number of candidate
gene morphants displays severe early embryonic phenotypes. For a
summary see Table 11.1 (Note that the thbs{b ATG morphant is
hypomorphic. Compare Figure 18.1).
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Table 11.1: Morpholino screen summary.

Morpholino Morphant Phenotype

A2CEY7ATG 16s: blocky somites, cranial development severely retarted,
cranial necrosis (see Chapter 11)

A2CEY7CT 2dpf: somites with absent horizontal myoseptum, strong
hypomorphants display blocky somites (see Chapter 19)

CcD8§1ATG 16s: blocky somites, cranial development severely retarted,
cranial necrosis, cluster of cells above midbrain (see Chapter 19)

gasl1 pATG 16s: blocky somites, cranial necrosis, abnormal somite shape (see
Chapter 11)

cdon TG 1dpf: cranial phenotype; 2dpf: blocky somites,
absent horizontal myoseptum, reduced MSC number (see Chapter 19)

wifl ATG 1dpf: blocky somites, dysmorphic cranium, somite patterning defects,
curly tail, absent horizontal myoseptum, (see Chapter 19)

wifl GT1&2 no phenotype detected (see Chapter 19)

csfl pATG early embryonic lethal

csf1 pGT 2dpf: xanthophore apoptosis very similar to csflIra mutant (pfeffer)

csf1 aCGT 2dpf: xanthophores cluster on the dorsal hemisegment and fail to
cross the horizontal myoseptum

hf'rﬁpATG no phenotype detected

serafATG no phenotype detected

serafGT no phenotype detected

rgmbGT 2dpf: primary motor axon guidance defective; 4dpf: ca.1-5% of
morphants develop focal dystrophic lesions, which are
characterized by very low number of Pax7t MSCs/MPs

rgchTG 1dpf: dysmorphic cranium and trunk

thgaATG 1dpf: shortened myotomes, possibly reduced myonuclei number

kal1bATG 1dpf: aberrant somite formation

olfml2b GT

FmodATG

swiprosinATG

thbs4bATG
welil

tn

wfdcl ATG

2dpf: overall normal morphology, histology reveals occasional muscle
detachment;

3dpf: severe muscular dystrophy, caused by muscle fibre attachment
defect

1dpf: shortened myotomes, possibly reduced myonuclei number
no phenotype detected

early embryonic lethal; hypomorphant 4dpf: severe muscular
dystrophy, for further information (see Chapter 18)

1dpf: strongly reduced MSC number, 2pdf: myosepta defective,
angiogenesis defects, Notch reporter activity downregulated;
4dpf: muscular dystrophy, illegitimate activation of MSCs

(see Chapter 13)

2dpf: slighty irregular vertical myosepta




Morpholino screen 111

ary myogenesis. For candidate genes whose knockdown elicits
strong early embryonic phenotypes such as A2CEY7, thbs4b,
CD81, and gas1b either injection of sublethal morpholino doses
or splice blocking morpholinos were used, which allow for ma-
ternal rescue, to analyze later phenotypes. In the following
these will be referred to as hypomorphic morphants. A se-
lection of non-embryonic lethal morphants was assessed for
obvious changes in MSC number at 48hpf and muscle mor-
phology using whole mount immunofluorescence for Pax7 and
Myosin light chain (Figure 19.5). The results of the morpholino
screen are summarized in Table 11.1. Particularly interesting
phenotypes that were discovered in the screen are discussed in
Chapters 13, 18, 19, and 20.
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— Ich bin zu alt, um nur zu spielen,
Zu jung, um ohne Wunsch zu sein.—

Goethe, Faust

12

Systematic screening for novel
extracellular MSC-niche
protein-protein interactions

As MENTIONED before the scarcity of intravital imaging data
has led to ambiguity in the identification of vertebrate
stem cells and consequently also their niches. The chemical
composition of stem cell niches is therefore largely unknown.
Even more enigmatic remain the interactions of niche molecules
with other components of the extracellular matrix or receptors,
coreceptors and adhesion molecules, which are present on the
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cell surface of the stem cell of interest and/or possible support
cell populations. This stem cell-niche interaction space is basic-
ally unexplored. The identification of interaction partners for
the MSC-secreted molecules, however, appears to be a prom-
ising avenue to find novel MSC niche components. The de-
tection of interactions amongst extracellular proteins-proteins
is, however, no mean feat as these interactions are typically
transient, i.e. of low affinity, and hence difficult to access by
classical protein-protein interaction assays. This is particu-
larly true for protein-protein interaction assays, which are com-
monly used for high throughput screening such as yeast-two-
hybrid. The recent development of the AVEXIS technology,
an ELISA-style assay, which relies on the artificial oligomeriz-
ation of prey proteins through fusion with the pentamerization
domain of Thrombospondin 5, also known as Comp, allowed
screening for molecular interaction partners of MSC-secreted
proteins in a high throughput fashion. The oligomerization
of prey proteins leads to an increase in avidity and renders
even low affinity interactions detectable (Bushell et al., 2008).
The AVEXIS assay is therefore a key advance in the field of
extracellular matrix biology. In collaboration with Dr. Chris-
tian Sollner the recently developed AVEXIS assay has been ex-
ploited to screen for extracellular protein-protein interactions
in a high-throughput fashion (Bushell et al., 2008). To this
end 25 MSC-secreted proteins identified by the teleost MSC
profiling were screened against a library of more than 200 ex-
tracellular proteins. 16 of these were newly added to the lib-
rary. Thus far this represents the largest systematic screen for
vertebrate stem cell-niche protein-protein interactions. In this
way 4 high-confidence interactions were found. These interac-
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tions are rated ’high confidence’, because they are 3o above
the average of all bait proteins tested and were found in both
orientations. This appears to be a comparably low number.
The current AVEXIS library size of around 200 proteins, how-
ever, corresponds to less than 10% of the secretome. Apart
from this it could be argued that the threshold is to conser-
vative. Likewise, requiring bi-directionality of the interaction
is problematic as proteins which interact homotypically might
display strongly reduced function as prey proteins. While these
latter restraints exist, the major limiting factor right now is the
small library size. An increase in library size though possible
will, however, necessitate a miniaturization of the assay as the
number of tests increase with n!. The data are therefore insuffi-
cient to construct extended interaction networks, which would
allow the analysis of MSC-niche network motifs. Despite these
limitations the efforts made led to the identification of a num-
ber of novel interactions, which might turn out to be of key
importance to stem cell biology and human cancer.

e Tenascin W an hexameric ECM glycoprotein binds to
Notch ligands DeltaA and B (described in Chapter 13;
Figure 13.8)

e Seraf/Vdwe an EGF-type ligand secreted by teleost MSCs,
binds to FGFR4 and Kon-Tiki 3/Cspg4 (Figure 12.1A)

e Nlrrl/Lrrnl, the vertebrate homolog of Drosophila Ca-
pricious binds to Notch ligands, DeltaA, B and C (Figure
12.1B)

e Widcl, an orphan ligand, binds to Ephrin kinase 1 (Fig-
ure 12.2)
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— Man sieht sich leicht an Wald und Feldern satt;
Des Vogels Fittich werd ich nie beneiden.

Wie anders tragen uns die Geistesfreuden

Von Buch zu Buch, von Blatt zu Blatt! —

Goethe, Faust

13

Niche extracellular matrix
component Tenascin W regulates
muscle stem cell self-renewal

OWING TO THE results of these pilot experiments, Tenascin

(Tnw), which belongs to a family of hexameric ECM
glycoprotems, seemed to be a particularly promising candidate
for being a MSC-derived MSC niche component. Its paralog
Tenascin C (Tnc), was originally identified as a myotendinous
antigen (Chiquet and Fambrough, 1984a, b).
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Myoseptum Horizontal .
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e

4dpf alb
tenascin w (tnw) ISH

Figure 13.1: Domain structure of Tenascin W and transcript ex-
pression at 4dpf. (A) An N-terminal oligomerization domain me-
diates dimerization of Tnw trimers. This domain is followed by
3,5 EGF-type repeats (EGF), 5 fibronectin repeats (Fn) and a C-
terminal fibrinogen domain (FG). (B) tnw in situ hybridization show-
ing expression in cells, which are located at the vertical myoseptum
(ISH performed by Dr. Jana Krauss, MPI fiir Entwicklungsbiologie,
Tiibingen).

13.1 Tenascin W is required for MSC
maintenance

Tenascin W (Tnw) and Tenascin C (Tnc) share common do-
main architectures. An N-terminal domain mediating the di-
merization of homotrimers is followed by epidermal growth
factor-like (EGF) repeats, fibronectin (FN III) type III do-
mains, and a C-terminal globular fibrinogen (FG) domain (Fig-
ure 13.1A).

Consistent with published results (Weber et al., 1998), tnw is
transcribed in cells located at the vertical myoseptum at 48hpf
and 4dpf (Figure 13.1B, provided by Dr. Jana Krauss, MPI
fiir Entwicklungsbiologie, Tiibingen). In conjunction with the
profiling results this strongly suggests that tnw is indeed ex-
pressed by zebrafish MSCs. tnw knockdown experiments were
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Figure 13.2: Tnw is essential for MSC maintenance. (A) tnw exon-
intron structure indicating the placing of morpholinos and primers
used. (B) semiquantitative RT-PCR showing the absence of detect-
able tnw message in response to tnw MO injection. (C) Repres-
entative examples of whole-mount Pax7 antibody stainings of 24hpf
tnw morphants and 5 mismatch morpholino (5MM)-injected controls
used for quantification of DMPs (compare Figure 13-3). Note that
DMPs express Pax7 at much lower level than xanthophores.
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Figure 13.3: Quantification of Pax7" DMP cells in tnw morphants
vs. 5 mismatch morpholino (5MM)-injected controls.

performed using morpholinos (MOs) that target the exonl-
intronl (tnw®' MO), exon2-intron2 (tnw®*? MO) or exon3-
intron3 (tnw®3® MO) splice donor site (Figure 13.2A). All MOs
effectively block splicing and exhibit negligible toxicity. Differ-
ent splicing defects such as intron retention, exon skipping,
activation of a cryptic splice or multiple splice defects can
be triggered by the use of a MO. A number of primers were
placed in the tnw locus (Figure 13.2A) to directly observe the
consequences of tnw MOs on tnw mRNA by semiquantitative
RT-PCR. It was found that in tnw morphants irrespective of
the actual MO used tnw mRNA is virtually absent (Figure
13.2B).

To assess the possible effect of Tnw’s depletion on MSC main-
tenance the number of DMPs at the end of primary myogen-
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esis (24hpf) and during the transition phase (48hpf) was de-
termined by whole mount immunofluorescence (Figures 13.2C
and 13.3) using a Pax7 antibody, which was raised against the
zebrafish Pax7c¢ C-terminus with the help of Dr. Heinz Schwarz
(MPT fiir Entwicklungsbiologie, Tiibingen).  Strikingly, tnw
morphants show a 50% reduction in DMP number as early as
24hpf, in the absence of morphological defects (Figure 13.3).
This pronounced reduction is also evident at 48hpf and later
developmental stages, when morphological defects in the cra-
nium (Figure 13.4A) as well as histological defects in the trunk
musculature (Figure 13.4B) and vascularisation (Figure 13.5A)
become apparent in tnw morphants. These abnormalities are
accompanied by impaired force muscular transmission, as evid-
ent from the aberrant swimming motions of tnw morphants. As
development proceeds, these defects become more prominent
leading to the clearly visible phenotype of tnw morphants at
4dpf, which display severely reduced myotome growth, muscle
fibre disorganization, defects of the vertical and horizontal my-
osepta, (Figure 13.5B), defects of the vasculature as well as
dysgenesis in the cranium.

The response of myogenic lineage dynamics to the depletion
of Tnw was monitored by intravital imaging of 4day old tnw
morphant larvae. These imaging experiment demonstrated
that the strong reduction of MPs is not caused by cell death,
but by altered cell cycle and differentiation kinetics. In re-
sponse to tnw knockdown, quiescent MSCs lose their normal
digitated cell morphology (Figure 13.6), become mitotically
active, and differentiate into CMPs or EMBs, which in turn
frequently divide again (Figure 13.7 and Movie S6). Based on
clonal analysis the mean cell cycle duration of MSCs in tnw
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Figure 13.4: Morphological and histological defects in tnw
morphants at day 2. (A) Morphological defects including shortening
of the trunk, generally reduced growth and cranial defects are seen
in 2day-old tnw morphants. (B) Transverse GIEMSA-stained plastic
sections showing muscle fibre disorganization and reduced ECM de-
position at the vertical and horizontal mysoseptum.
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Vasculogenesis Defects

tnwe"" MO tnwe' SMM
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tnwe'" MO

Figure 13.5: Muscle growth and vasculogenesis defects in tnw
morphants. (A) Knockdown of tnw leads to defective vasculogenesis
as evidenced by injection of tnw MOs in a flk1::GFP background.
(B) Growth defects and muscle fibre disorganization are also easily
visualized using Nomarski optics in 4-day old tnw morphants.
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Figure 13.6: Aberrant cell morphology of DMPs in 4day-old
paz7::GFP tnw morphants. In response to Tnw’s depletion, DMPs
loose their digitated cell morphology.

morphants can be estimated to be around 30h as compared to
more than 120h in uninjected controls (Table 9.1). The strong
reduction of MSC number suggests that MSC proliferation in
tnw morphants fails to compensate for the loss of MSCs due
to illegitimate differentiation. These results indicate that Tnw,
secreted by the MSCs, is an essential niche component needed
to ensure MSC maintenance.

13.2 Tenascin W interacts with Notch
ligands DeltaA and B

The finding that Tnw is an MSC-derived MSC niche compon-
ent as well as the strong biomedical interest in Tenascins raised
the interest in the interactions that Tnw might have with other
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Figure 13.7: Intravital imaging-based clonal analysis of DMPs in a
4day-old tnw morphant shows illegitimate activation of the quiescent
MSC compartment.

collagenous and non-collagenous ECM, signaling molecules as
well as proteins present on the MSC’s cell surface. In collab-
oration with Dr. Christian Sollner (MPI fiir Entwicklungs-
biologie, Tiibingen) the AVEXIS technology was exploited to
screen a Tnw deletion construct lacking the N-terminal oligo-
merization domain as well as the EGF-type repeats against
a library of more than 120 bait extracellular proteins. The
screen was performed with a truncated form of Tnw as the ex-
pression levels of the full-length form were not sufficient for a
complete library screen. Future efforts might circumvent this
limitation and uncover more interaction partners, whose inter-
action with Tnw is mediated by the EGF-type repeats. While
more interaction partners remain to be identified, the small
set of interacting proteins found in this screen includes a num-
ber of interesting interactions. Most importantly, this screen
detected interactions of Tnw with DeltaA and B, which are lig-
ands of the Notch receptor (Figure 13.8A, Table 22.4). These
results establish a direct link between the extracellular mat-
rix glycoprotein, Tnw, and Notch signaling. By rescreening
a panel of Tnw deletion constructs against zebrafish DeltaA,
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Figure 13.8: AVEXIS screen of a Tnw deletion construct for extra-
cellular protein-protein interaction partners identifies Notch ligands
DeltaA and B. (A) Primary AVEXIS screen of Tnw deletion construct
against a library of more than 120 bait proteins (see also Table 22.4)
identifies a very small set of interaction partners including Delta A
and B, which are ligands of the Notch receptor. (B) AVEXIS-rescreen
of Tnw deletion constructs against a panel of Delta ligands including
human Delta-like 1 (DI11) reconfirms the hit in the primary screen
and maps the interaction to the Fn type 3 repeats in Tnw. Bovine
serum albumin (BSA) serves as negative control.
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B, C as well as Delta-like 1 (DLL1), the human homolog of
DeltaA, the screening result was validated and the interaction
was mapped to the Fibronectin-repeats in Tnw (Figure 13.8B).
These observations indicate that Tnw, an MSC-derived MSC
niche component, which is essential for MSC self-renewal in-
teracts with Delta ligands of the Notch pathway and strongly
suggest that Tnw’s function as a niche molecule lies in the
regulation of Notch signaling. Apart from the DeltaA and B
a number of further interaction partners for Tnw were iden-
tified by the AVEXIS screen. According to the ’behavior’ of
these proteins in the AVEXIS screen (unpublished observa-
tion of Dr. Christian Sollner, MPI fiir Entwicklungsbiologie)
these proteins are classified as ’'frequent binders’, i.e. they were
found to interact with a large number of proteins in the screen.
This raised the concern that the interactions detected involving
these proteins might be false-positives. For this reason these
proteins were not subject to further analysis.
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— O! gliicklich! wer noch hoffen kann.

Aus diesem Meer des Irrthums aufzutauchen.
Was man nicht weifs das eben brauchte man,
Und was man weifs kann man nicht brauchen. —

Goethe, Faust

14

Identification of teleost MSCs and
their origin in the teleost
dermomyotome

THE UNEQUIVOCAL IDENTIFICATION of stem cells remains a
key problem in stem cell research (Morrison and Spra-
dling, 2008). While lineage tracing allows the self-renewal
and multi- /unipotency of small cell populations to be assessed
in vivo, it does not allow stem cells to be discerned from
their committed progeny, as there are no molecular mark-
ers whose expression would distinguish the two (Snippert and
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Clevers, 2011). Using zebrafish as a model system provides
the unique possibility to monitor progenitors with single cell
resolution in the living animal by intravital imaging. From a
significant number of such progenitor clones a particular cel-
lular lineage can be reconstructed, which allows the actual
stem cells to be identified based on their position in the lin-
eage. This paradigm was exploited to reconstruct the myo-
genic lineage in teleost larvae (Chapter 9) and to obtain a
fine-grained sub-classification of the Pax7" MP compartment
into DMPs, CMPs and EMBs based on differences in their
anatomical position, cell morphology (Figure 9.6 and Anima-
tion S1), migratory behavior (Figure 9.8 and Movie S4), mode
of cell division (Figures 9.8, 9.9, Movie S4, and Animation
S2), mean cell cycle time (Table 9.1) and clonal relationship
(Figures 9.5, 9.7, 9.11). Their close association with the ver-
tical myoseptum and the fact that MSC maintenance relies on
self-secreted myoseptal components (Chapter 10), such as Tow
(Chapter 13), indicates that the vertical myoseptum serves as
the teleost MSC niche. Teleost MSCs are able to self-renew by
symmetric cell division generating a pool of equipotent MSCs
from which a small fraction is singled out. In this way it could
be shown that DMPs correspond to the most upstream MP
of the teleost myogenic lineage. They derive directly from an-
terior/medial somitic cells, which start to express Pax7 prior
to somite rotation (Figure 9.4A) and form a highly transient
epithelial cover - the teleost dermomyotome - on top of the
myotome around 23hpf. Soon after this the DMP cell division
and the growth of the myotome leads to a disintegration of
the teleost dermomyotome (24-30hpf) leaving behind a pool
of DMP cells, from which the majority will differentiate into
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myoblasts driving primary myogenesis, while a fraction will
remain undifferentiated and associated with the vertical my-
oseptum. These cells will then undergo strong amplification
during the consequent transition phase, which lasts approx-
imately until 3dpf (Figures 9.3, 9.4 and 9.5). At the end of
transition phase the majority of DMPs become progressively
quiescent, while a small fraction leaves their superficial position
and enter the myotome thereby giving rise to either CMPs or
EMBs, which correspond to two transit-amplifying progenitor
compartments (Figure 14.1). While EMBs are freely moving
inside the myotome, CMPs still adhere to the vertical myo-
septum (Figures 9.8 and 9.9). CMPs are able to divide sym-
metrically or asymmetrically (Figures 9.8, 9.9, Movie S4, and
Animation S2). The latter mode allows CMPs to renew them-
selves and at the same time to generate an EMB (indirect
myotome entry). Alternatively CMPs can directly lose their
adhesivity towards the vertical myoseptum, enter the myotome
and differentiate into an EMB (direct myotome entry). EMBs
amplify in number by SCD and are able to differentiate into
either fibre-forming myoblasts or fusion-competent myoblasts
(Figures 9.10 and 9.11C,D). Importantly, none of the observed
early embryonic Pax7" DMP cells undergoing differentiation
during primary myogenesis underwent myoblast fusion. In-
stead these cells exclusively formed muscle fibres de novo (com-
pare Movies S1 and S2). The lack of fusion-competent myo-
blasts during primary myogenesis is an important difference
in the topology of the myogenic lineage during primary and
secondary myogenesis. The fact that DMPs derive from the
teleost dermomyotome, are the topmost myogenic progenitor
of the teleost myogenic lineage, become quiescent with the on-
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Figure 14.1: Working model of the myogenic lineage in teleosts.
FcMB - fusion-competent myoblast. FfMB - fibre-forming myoblast,
id/dME - in-/direct myotome entry, SCD - symmetric cell division,
ACD - asymmetric cell division. For further explanation see text.

set of secondary myogenesis around 3dpf, and serve as a con-
tinuous source for Pax7" transit-amplifying cells (i.e. CMPs,
EMBs), that will ultimately differentiate into fusion-competent
or muscle fibre-forming myoblasts identifies the DMPs as the
actual MSCs in teleost embryos and larvae (Figures 9.7, 14.1,
and Table 9.1).

The developmental origin of DMPs in the Pax7" epithelial
layer, which covers the myotome around 23hpf (Figure 9.4A),
indicates that this somitic compartment is homologous to the
dermomyotome of amniotes, as proposed before (Devoto et al.,
2006; Hammond et al., 2007; Hollway et al., 2007; Marschallinger
et al., 2009; Steinbacher et al., 2006; Stellabotte et al., 2007).
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This indicates that the dermomyotome arose before the split
of the teleost and amniote lineages and strengthens the notion
that the principles governing MSC physiology are highly con-
served within the vertebrate subphylum. Although the intra-
vital imaging analysis performed for these earlier stages was
not extended to adult teleosts, it can be expected that the
model of the myogenic lineage provided here also applies to
juvenile and adult teleost myogenesis (see Chapter 15). In
conjunction with this, it can be hypothesized that also during
secondary myogenesis teleost MSCs do not adopt a satellite loc-
ation, but rather stay associated with the vertical myosepta,
which would represent a clear difference between teleost and
amniote MSC niches.

14.1 Teleost MSC maintenance may be
governed by symmetric cell division
and stochastic differentiation

Self-renewal and multi- /unipotency are the defining character-
istics of stemness. Self-renewal can be achieved on the single
cell-level through asymmetric cell division, which generates a
stem cell and a differentiating progenitor daughter cell, or on
the population level by stochastic singling out from a pool of
equipotent stem cells. While adult mouse satellite cells have
been shown to undergo asymmetric cell division in in wvitro
muscle fibre explant assays (Kuang et al., 2007) it is not clear
whether mammalian MSC maintenance relies on this hierarch-
ical mode of self-renewal and differentiation in vivo. Recently,
elegant fate mapping experiments suggested that the stem cell
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maintenance in the mouse intestine relies on neutral competi-
tion between symmetrically dividing stem cells (Lopez-Garcia
et al., 2010; Snippert et al., 2010). Along this line in vivo clonal
analysis of radial glia-like neural stem cells demonstrated that
these stem cells are able to self-renew by asymmetric or sym-
metric cell division (Bonaguidi et al., 2011).

Clonal analysis suggests that self-renewal and maintenance of
teleost MSCs, similarly, does not rely on asymmetric cell di-
vision. Rather it appears that teleost MSCs amplify symmet-
rically to generate a pool of MSCs from which a small frac-
tion is singled out stochastically to undergo differentiation. In
fact no differentiation event was observed being directly re-
lated to prior cell division (Figure 9.7). While this does not
rule that previous asymmetric cell divisions deems a subfrac-
tion of MSCs prone to differentiation, the simpler explanation
remains that MSCs self-renewal is ensured on the population-
level.



— Wer will was Lebendigs erkennen und beschreiben,
Sucht erst den Geist heraus zu treiben,

Dann hat er die Teile in seiner Hand,

Fehlt leider! nur das geistige Band. —

Goethe, Faust

15

The vertical myoseptum functions
as the MSC niche in teleosts

THE OBSERVATION that (A) quiescent MSCs display a strong
association with the vertical myoseptum and (B) Tow,
which is secreted by MSCs, is both a component of the ver-
tical myoseptum as well as an essential niche factor necessary
for MSC maintenance, led to the conclusion that the vertical
myoseptum is not merely a myotendinous junction connecting
neighbouring myotomes, but also serves as the niche for MSCs
in teleost larvae and possibly also in juveniles and adults. Im-
portantly, Tnw is not the sole MSC-derived component of the
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Figure 15.1: Presence of Pax7" MSCs at the vertical myoseptum
in juvenile wild type (A) and pfeffer mutant (B) zebrafish.

vertical myoseptum evidently connected to key signaling func-
tions pertaining to the regulation of MSC physiology. The
soluble factor Wnt inhibitory factor 1 - the vertebrate homolog
of Drosophila shifted (Glise et al., 2005; Gorfinkiel et al., 2005)
- was likewise found to be strongly upregulated in MSCs and
by immunofluorescence could be shown to be anchored to the
vertical myoseptum (Figure 19.1). Preliminary functional data
from the morpholino screen and prior knowlegde about the im-
plication of Wifl in facilitating the mobility of lipid-modified
morphogens of the Wnt and Hh families (Glise et al., 2005;
Gorfinkiel et al., 2005) suggest that MSC-derived Wifl might
be required to facilitate the mobility of notochord derived Hh
signals along the vertical myoseptum and thereby influence
somite patterning (see Chapter 19). The view that the ver-
tical myoseptum in addition to its importance for force trans-
mission functions as the MSC niche in teleosts is supported by
the preliminary observation, that in juvenile zebrafish MSCs
are found at the vertical myoseptum (Figure 15.1). It is im-
portant to note at this point that the presence of these Pax7™"
cells in pfeffer mutants which lack xanthophores strongly sug-
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gests that these cells are indeed MSCs. Thus the picture of
the myogenic lineage provided here for larval teleosts may well
hold true in qualitative terms for juveniles and adults as well.
In quantitative terms it appears

e that the number of MSCs and EMBs increases propor-
tional to the increase in muscle fibre number and

e that the mean cell cycle time of MSCs in juveniles and
adults may exceed the time that was derived for 4-6dpf
larvae.
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15.1 On the evolution and ontogeny of the
vertical myoseptum

Myosepta are the evolutionary predecessors of tendons and
other types of myotendinous junctions. They are found in
the cephalochordate Amphiozus (Branchiostoma), whose axial
musculature is organized into myomeres (Summers and Koob,
2002). While it is unclear whether Amphiozus has MSCs, sev-
eral lines of evidence point to this possibility: (A) the Amphi-
ozus genome contains single pax3/7, sixl/2, siz/5 and dach
genes (Holland et al., 1999; Kozmik et al., 2007, (B) these
homologues to key regulators of vertebrate myogenesis are ex-
pressed in the presumptive somites of Amphiozus, (C) prolifer-
ating cells have been found on top of the somite in Amphiozus
larva (Holland and Holland, 2006), (D) muscle growth contin-
ues throughout life.

The evolutionary origin of the dermomyotome and/or MSCs
and the acquisition of MSC niche function by the myoseptum
might therefore predate the split of the cephalochordate from
the vertebrate lineage. As such the myoseptal MSC niche
of zebrafish would reflect a more ancestral state of the MSC
niche. In this regard it is very interesting to see that a number
of myoseptal components including thbs/, fmod, lumican, and
olfml2B, which were found to be strongly expressed by larval
zebrafish MSCs (see Chapter 10), were recently also shown to
be highly upregulated in quiescent vs. activated Pax7" mouse
MSCs (Fukada et al., 2007). Taken together these findings
suggest that MSCs play a pivotal role in the ontogeny of the
vertical myoseptum. Likewise these findings indicate that the
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vertical myoseptum, which functions as the MSC niche in tele-
osts, shares a number of components with the niche of adult
mammalian MSCs. This is an important point as it indicates
that principles derived from the study of teleost MSCs and
their niche can be extrapolated to mammals.

15.2 Muscle stem cells construct
their own niche

Recent work indicates that somatic support cells might not be
a general property of stem cell niches. Intestinal stem cells in
Drosophila for instance do not seem to rely on a niche that
is provided by support cells (Ohlstein and Spradling, 2006).
Similarly, in adult vertebrate skeletal muscle MSCs are found
dispersed throughout the tissue with no apparent regularity.
A prepatterned microanatomical site does not seem to exist
for the MSCs of adult vertebrate muscle, which contrasts with
other vertebrate organs in which stem cells are found in par-
ticular locations.

The fact that satellite cells are closely associated with the
muscle fibre has led to the interpretation that the muscle fibre
represents the niche support cell (Gopinath and Rando, 2008).
While muscle fibres influence the activation of MSCs, it is not
clear whether they provide signals that in a strict sense can be
seen as niche signals, i.e. signals necessary for the maintenance
of MSC stemness. Strikingly, isolated mouse satellite cells do
not lose engraftment efficiency when cultured on a substrate
that mimics the matrix elasticity of skeletal muscle (Gilbert
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et al., 2010). It seems unlikely however, that matrix elasticity
alone is sufficient to instruct MSC self-renewal. In conjunction
with the results presented here and the profiling data of Pax7™"
mouse MSCs/MPs (Fukada et al., 2007; Pallafacchina et al.,
2010), it seems reasonable to assume that adjusting this phys-
ical parameter renders the substrate permissive for MSCs to
produce niche factors in vitro, which in turn allows for a higher
rate of MSCs self-renewal. Most molecules known to regu-
late MSC quiescence, inhibition of differentiation or mainten-
ance are MSC-derived (e.g. bFGF, Myostatin, BDNF, Delta-
1, BMP4; Fukada et al., 2007; Kuang et al., 2008) Taken to-
gether, these and the results presented here show that MSCs in
mouse and zebrafish produce niche factors themselves. While
signals from the muscle fibres (e.g. nitric oxide, Hepatocyte
growth factor), macrophages, the vasculature and the motor
nerve guide the activation of MSCs, in particular during re-
generative myogenesis (Boonen and Post, 2008), neither of
these cell populations seem to function as a support cell sim-
ilar to the niche forming somatic support cell in the Drosophila
germarium (Xie and Spradling, 1998, 2000). Apart from Tenas-
cin W, which was found to be an MSC-derived MSC niche com-
ponent (see Chapter 13), other MSC-secreted candidate genes
are very likely to be niche factors as well. These include Fibro-
modulin, which is known to bind Myostatin, the most potent
suppressor of muscle growth (Miura et al., 2010).
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15.3 Tenascin W, a niche molecule and
novel regulator of Notch signaling

Tenascins comprise a small family of extracellular matrix (ECM)
glycoproteins (Chiquet-Ehrismann and Tucker, 2004). The
most intensively studied member of the Tenascin family is
Tenascin C (Tnc). Both Tnc and Tow are expressed in a wide
variety of tissues with a large overlap in the expression do-
mains of both molecules (Scherberich et al., 2004). Similar to
its paralog tnc, thw was found to be expressed in the major-
ity of human breast tumors, colon carcinoma as well as oligo-
dendroglioma, astrocytoma and glioblastoma, which contrasts
with the absence of Tnw from healthy breast, colon or brain
tissue (Martina et al., 2010). The expression of ¢nc has been
shown to correlate with poor prognosis in a variety of human
cancers. Tenascin C is expressed in the SVZ, the hair bulge,
by stromal cells in the bone marrow, the presumptive niches
of neural stem cells, hair follicle stem cells, and hematopoietic
stem cells (von Holst, 2008). In light of the finding that MSC-
secreted Tenascin W constitutes a key component of the MSC
niche in zebrafish (see Chapter 13) it is very interesting that
the source of Tenascin C expression in the hair bulge are hair
follicle stem cells (Tumbar et al., 2004). The molecular func-
tion of Tenascin molecules is only beginning to be understood.
Both Tenascin C and W share the same general domain archi-
tecture with variations in the number of EGF and fibronectin
repeats. The overall weak phenotype of tnc knockout mice,
as well as the still moderate phenotype of tnw morphants in
zebrafish, might hence be attributable to redundancy between
the two homologues. Molecules known to bind Tenascin C
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include the EGF receptor, Fibronectin, Heparin, several In-
tegrins, Nidogen, and Smoc-1. Strikingly, Tenascin C induced
the expression of myogenesis-related transcriptional regulators
Id2, Heyl and Tcfl2 in T98G cells (Ruiz et al., 2004). Id2
is a potent inhibitor of myogenic differentiation, which binds
to myogenic regulatory factors such as Myf-5, Mgn, MyoD as
well as to Tef12 (Langlands et al., 1997) thereby suppressing
their myogenic activity (Benezra et al., 1990; Jen et al., 1992),
and is a known transcriptional target of Pax7 (McKinnell et
al., 2008). In this regard it is important to know that aside
from Tenascin W also Tenascin C is a component of the ver-
tical myoseptum in zebrafish. Therefore it seems reasonable
to assume that both Tenascin C and Tenascin W induce the
expression of Id proteins in MSCs thereby regulating their qui-
escence. Furthermore the induction of Heyl and Tcfl2 (Ruiz
et al., 2004) points to a possible involvement of Tenascin C
in Notch and Wnt signaling, whose balance is known to regu-
late MSC self-renewal (Brack et al., 2008; Brack et al., 2007;
Kuang et al., 2007; Schuster-Gossler et al., 2007; Vasyutina
et al., 2007). In this regard it is important to note that both
Heyl (5,1x up) and Tcf12 (2,5x) were found to be strongly up-
regulated in zebrafish MSCs/MPs. Moreover, the interaction
that was detected between Tenascin W and Delta ligands sug-
gests that the positive regulation of Notch signaling is a key
function of Tenascin W and possibly other Tenascins as niche
molecules. In this regard it is interesting to know that mouse
MSCs are able to shed DII1 (Sun et al., 2008). The clustering
of shed Delta ligands on hexameric Tenascin W offers an at-
tractive explanation for its function as a niche molecule. In this
scenario Tenascin would positively regulate Notch signaling by
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creating microenvironments of high Delta ligand concentration
and /or increasing the avidity of Delta ligands by multimeriza-
tion. Alternatively, Tenascin W might elevate Notch signaling
by binding to membrane-bound Delta ligands thereby atten-
uating ces-inhibition between Delta and Notch. Importantly,
since Tenascin W is a tumour stroma marker expressed in a
wide variety of human cancers it seems reasonable to assume
that also in this context Tenascin W functions as a niche mo-
lecule for cancer stem cells possibly by enhancing their Notch
signaling activity (Martina et al., 2010). Along this line it
has been reported recently that breast cancer cells rely on Tnc
expression to be able to colonize lung tissue and that this de-
pendency could be circumvented by up regulation of Notch
signaling (Oskarsson et al., 2011). This suggests that apart
from Tnw, Tnc also interacts with Delta-Ligands of the Notch
receptor and that these protein-protein interactions represent
promising novel drug targets for cancers of various origins in-
cluding glioblastoma multiforme.
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— Drei Jahr ist eine kurze Zeit,

Und, Gott! das Feld ist gar zo weit,
Wenn man einen Fingerzeig nur hat,
Laésst sich’s schon eher weiter fiihlen. —

Goethe, Faust

16

MSC/MP-secreted proteins with

auto-/paracrine signaling function

THROUGH TRANSCRIPTIONAL PROFILING a number of sig-
naling molecules were shown to be secreted by teleost
MSCs/MPs. These include the cytokine Csflb, the EGF-repeat
containing ligand Seraf, and the WAP-disulfide core-containing
protein Wfdc1/ps20. While the former is known to be the pro-
totypical ligand for the FMS receptor tyrosine kinase (Pixley
and Stanley, 2004), the latter were thus far orphan ligands
(Wakamatsu et al., 2004). Using the AVEXIS screening plat-
form these ligands could be deorphanized identifying an in-
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teraction between Seraf and FGFR4 as well as Wfdcl/ps20
with Ephrin-Kinase 1 (Figures 12.1A and 12.2). These data
suggest that MSC-derived Seraf binds to the FGFR4 receptor,
which likewise was found to be strongly upregulated in teleost
MSCs/MPs (Table 22.3). Taken together this indicates that
Seraf-FGFR4 interaction is part of an autocrine feedback-loop.
In light of these findings it is interesting to note that Seraf
also interacts with Kon-Tiki 3, a type I transmembrane pro-
tein, which is also known as Cspgd (Figure 12.1A). Whether
Kon-Tiki 3/Cspg4 has a signaling function on its own or oper-
ates as a Seraf coreceptor facilitating Seraf-mediated FGFR4
signaling is currently not clear. A role for Seraf in FGFR4 sig-
naling is, however, consistent with published expression data
for seraf, which found expression of this ligand in the pre-
sumptive dermomyotome in rainbow trout (Dumont et al.,
2008), as well as with the demonstration that Seraf-AP fusion
protein binds to an unidentified receptor expressed in the chick
primary myotome - a site of FGFR4 expression (Wakamatsu et
al., 2004). Apart from this Wfcd1’s interaction with Ephrin-
Kinase 1(Figure 12.2), which is primarily expressed in neurons
of the CNS (Thisse et al., 2004), suggests that MSC-derived
Wifdcl has a paracrine function. It seems possible that via
Widcl teleost MSCs/MPs communicate with motor neurons,
whose axons follow the vertical myosepta and thus are in close
proximity to teleost MSCs. While in contrast to these novel in-
teractions, the binding of Csflb to FMS was known before, it is
an important observation of this study that Csflb is infact ex-
pressed in cells of the myogenic lineage in vivo. Moreover, the
demonstration that Csfl-FMSa signaling regulates paz7 ex-
pression in xanthophores is a key finding of this study as it
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suggests that Csfl-FMSa/b signaling likewise regulates paz?7
expression in the myogenic lineage constituting an autocrine
feedback-loop. The fact that Csfl was also found to be upreg-
ulated in satellite cells of adult mice further strengthens the
view that Csfl signaling is of essential importance for MSC
physiology in teleosts and mammals (Table 17.1).
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— Vergebens dass Ihr ringsum wissenschaftlich schweift,
Ein jeder lernt nur, was er lernen kann;

Doch der den Augenblick ergreift,

Das ist der rechte Mann.—

Goethe, Faust

Approaching a MSC gene
expression signature conserved
across the vertebrate subphylum

HE GENETICS of myogenic commitment (Baugh and Hunter,
T 2006; Seipel and Schmid, 2005), fusion (Rochlin et al.,
2010), and muscle fibre differentiation (Cleto et al., 2003; Shaf-
fer and Gillis, 2010; Vandekerckhove and Weber, 1984) are
highly conserved. It is not known, however, how far the ge-
netics of MSC physiology are conserved inside the vertebrate
subphylum. Several experiments have interrogated the gene
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expression signatures of mouse satellite cells, which comprise
a heterogeneous mixture of MSCs and committed MPs. These
experiments compared quiescent (i.e. directly isolated from
healthy muscle), with activated satellite cells. The latter ac-
tivated satellite cells in these studies were either isolated from
dystrophic muscle (i.e. mdz mice) or satellite cells that were
taken into cell culture (Fukada et al., 2007; Pallafacchina et al.,
2010). This experimental setup hence uncovers genes that un-
dergo differential regulation during the course of satellite cell
activation, but does not select for genes whose expression is
very specific to satellite cells.

In contrast to these existent profiling experiments, which aim
at the characterization of the satellite cell’s transcriptome in
different development stages or physiological conditions, the
approach chosen here was designed to detect the genes that
are very specifically upregulated in MSCs. The rationale be-
hind this decision was that genes, which are more strongly
expressed in muscle stem cells than in other parts of the body
are more likely to have muscle stem cell specific functions.
Apart from this it is important to keep in mind that ’satel-
lite cell’ is an anatomically defined term, and that the satellite
cell compartment contains only about 10% muscle stem cells
and 90% commited myogenic progenitors/myoblasts (Kuang
et al., 2007). Consequently, mouse satellite cell profiling data-
sets are strongly biased for already committed progenitors and
have little contribution of the actual stem cell compartment.
For the ‘teleost MSC profiling’ performed at 4dpf, however, it
appears from simple counting that MSCs account for 57% of
Pax7" MPs. For this reason the ’teleost MSC dataset’ can
be expected to contain a strong MSC signature. With this
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Table 17.1:

Molecular signature

throughout vertebrate evolution.

155

of quiescent MSCs conserved

Comment

Gene Compartment
pax? Nucleus
eyal Nucleus
myf5 Nucleus
hey1 Nucleus
memd Nucleus
Imnb1 Nucleus
asf1b Cytoplasm
Ipl Cytoplasm
lrig Cell Surface
fafr4 Cell Surface
jamb Cell Surface

csf1 Cell Surface
Cell Surface
Cell Surface
Cell Surface

rgmb
gaslb
tspanl3d
thbsy
olfml2b
fmod

lumican

ECM
ECM
ECM
ECM

Transcription factor
Transcription factor
Transcription factor
Transcription factor
DNA replication
Nuclear lamina
Histone chaperone

Enzymatic activity

Transmembrane protein
Transmembrane protein
Transmembrane protein

Transmembrane protein/possible shedding

GPI-anchored protein
GPI-anchored protein

Multipass-Transmembrane protein

Non-collagenous ECM
Non-collagenous ECM
Non-collagenous ECM
Non-collagenous ECM
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dataset, inter-class comparisons (e.g. osteichthyes to mam-
malia) within the vertebrate subphylum have become feasible.
While a large intersection cannot be expected due to differ-
ences in the experimental designs, it can be expected that the
identified conserved signature of vertebrate MSCs comprises
a small list of genes (Table 17.1), whose expression in MSCs
has been conserved over more than 300 million years of verteb-
rate evolution, because of their particular importance for MSC

physiology.



Part IV

Further Findings and
Projects
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— Dass sollt Ihr mir nicht zweimal sagen!
Ich denke mir wieviel es niitzt;

Denn, was man Schwarz auf weifs besitzt,
Kann man getrost nach Hause tragen.—

Goethe, Faust

18

thrombospondin 4B morphants
develop severe muscular dystrophy

THROMBOSPONDIN 4B is one the non-collagenous ECM com-
ponents secreted by MSCs and was included in the MO
screen. thrombospondin 4B (thbs4b/tsp4b) and tnw morphants
(Chapter 13) both developed severe even though distinct forms
of muscular dystrophy. Thbs4b is one of two paralogs of the
thbs4/tsp4 gene in teleosts and belongs to the B subgroup of
Thrombospondins, which form pentamers. Beststudied mem-
ber of the family is Tspl, which belongs to the A subgroup of
trimeric Thrombospondins (Adams and Lawler, 2011; Bent-
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Figure 18.1: Morphology of thsb4b ATG MO-injected embryos dur-
ing segmentation phase.

ley and Adams, 2010; Mosher and Adams, 2012). Know-
ledge about Tsp4’s biological function and molecular inter-
action partners is scarce. Studies in mice have shown that
Tspl and more weakly also Tsp4 serve as a adhesive sub-
strate for skeletal myoblasts in cell culture (Adams and Lawler,
1994). The expression of thbs/b, initially widespread in the
early somite during segmentation stage, soon begins to dis-
appear from the center of myotome around 24hpf and be-
comes restricted to the vertical myoseptum and the dorsal
and ventral muscle growth zones between 36-48hpf (Thisse,
2004). Upon knockdown using an ATG morpholino, thbs4b
morphants display a very strong early embryonic lethal phen-
otype (Figure 18.1) indicating that Thbs4b is required early
during development. Polarization contrast imaging shows that
the 'partial knockdown’ (hypomorphic)-thbs4b morphants have
reduced muscle growth, disorganized muscle fibres and develop
severe muscular dystrophy during larval development (Figure
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18.1A and B). As evident from differential interference contrast
images, the musculature of 7dpf thbs4b morphants is character-
ized by void spaces (Figure 18.2 C and D). These defects do not
seem to be caused by muscle fibre detachment, as no detaching
muscle fibres could be observed in living thbs4b morphants. It
seems possible that in the context of muscle development and
growth Thrombospondin 4, in agreement with its predomin-
ant expression in the dorsal and ventral muscle growth zones,
facilitates myoblast proliferation, motility and/or fusion. This
interpretation is supported by the observation that Thbhsl and
more weakly also Thbs4 facilitate the adhesion of C2C12 my-
oblasts in cell culture (Adams and Lawler, 1994). AVEXIS
screening of Thbs4 might contribute to our understanding of
Thrombospondin function in this and other contexts.
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Figure 18.2: Hypomorphic thsb4/b ATG morphant larvae display
severe muscular dystrophy. (A, B) Polarisation contrast imaging
shows reduced muscle mass and muscle disorganization in 4dpf thsb4b
ATG morphant larvae. (C, D) Differential interference contrast ima-
ging highlights the 'void spaces’ in the musculature of 7dpf thsb4b
ATG morphant larvae.



— Geheimnisvoll am lichten Tag

Léfst sich Natur des Schleiers nicht berauben,

Und was sie deinem Geist nicht offenbaren mag,

Das zwingst du ihr nicht ab mit Hebeln und mit Schrauben.—

Goethe, Faust

19

Teleost MSCs secrete known and
bona fide novel components of the
Hh signaling pathway

THE ‘TELEOST MSC DATASET’ contains a number of genes
with known implication in vertebrate Hh signaling gasIb
(Martinelli and Fan, 2007a, b), cdon (Sanchez-Arrones et al.,
2012) and wif! (Glise et al., 2005; Gorfinkiel et al., 2005). This
finding raised the interesting possibility that the specification,
maintenance or activation of MSCs might depend on Hh sig-
naling. The importance of Hh signaling for somite patterning,
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i.e. the coordinated development of distinct muscle fibre types
such as medial fast, fast and slow muscle fibres, and the form-
ation of the horizontal myoseptum, is well established and has
been recently reviewed (Ingham and Kim, 2005). Defects in
Hh signaling are therefore associated with somite patterning
and horizontal myoseptum defects.

19.1 Wnt inhibitory factor 1(Wifl) depos-
ited at the vertical myoseptum is es-
sential for correct somite patterning

Wnt inhibitory factor 1 (Wifl), the vertebrate homolog of Dro-
sophila shifted, is an EGF-repeat and WIF domain containing
extracellular matrix component. Wifl has been identified in
Xenopus as a soluble inhibitor of Wnt signaling (Hsieh et al.,
1999). Structural studies further revealed that Wifl’s WIF
domain is able to accommodate acyl chains in a deep bind-
ing pocket as predicted previously by docking and the analysis
of Wifl’s NMR structure (Liepinsh et al., 2006; Malinauskas,
2008; Malinauskas et al., 2011). Interaction with Wnt ligands
seems to be further enhanced by EGF repeats, which likewise
contain a heparan-sulfate proteoglycan (HSPG)-binding site
(Malinauskas et al., 2011).

Elegant experiments using the fly unveiled that wif!/shifted
is not a mere inhibitor of Wnt signaling, but also involved in
facilitating the mobility of lipid-modified morphogens such as
Wnt and Hh ligands (Glise et al., 2005; Gorfinkiel et al., 2005).

This observation is explained by the fact that lipid moieties on
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Figure 19.1: Wnt inhibitory factor 1 (Wifl) is immobilized at the
vertical myoseptum.

Wnt or Hh ligands strongly favor their association with the cell
membrane, as the extracellular milieu is hydrophobic. Through
association with large multimeric assemblies or through inter-
action with Wifl the lipid moiety can be shielded allowing
lipid-modified morphogens to travel through a hydrophilic en-
vironment. This view is corroborated by the finding that in
shifted mutants Hh gradients in the wing are steeper than nor-
mal (Glise et al., 2005; Gorfinkiel et al., 2005). In Xenopus
wifl RNA was found to be strongly expressed in maturing
somites (Hsieh et al., 1999). Whole-mount antibody staining
of 48hpf zebrafish embryos, however, showed that Wifl protein
is deposited along the full medial-lateral extent of the vertical
myoseptum (Figure 19.1).

Interestingly, wif1 is one of the genes upregulated by MSCs/MPs
at 4dpf (Figure 10.3B). It seems reasonable to assume that
Wifl is derived from MSCs and possibly other sources dur-
ing larval development and becomes immobilized by an as yet
unidentified interaction with a component of the vertical my-
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oseptum and renders this structure a zone of suppressed Wnt
signaling activity. In line with this hypothesis intravital ima-
ging of a transcriptional Wnt reporter line in pazx7::GFP back-
ground shows that the vertical myoseptum is indeed a zone of
low canonical Wnt signaling activity (Figure 19.2). This ob-
servation is consistent with the general view of canonical Wnt
signaling during myogenesis. Furthermore this shows that dur-
ing primary myogenesis Pax7" MPs which leave the vertical
myoseptum display strong Wnt signaling activity. During sec-
ondary myogenesis, however, Wnt signaling reporter activity
is barely detectable in either DMPs, CMPs, or EMBs. The
upregulation of Wnt signaling during the course of myogenic
regulation is a well-documented phenomenon and leads to the
activation of downstream transcription factor tcf12/heb, which
dimerizes with MRF transcription factors leading to the activ-
ation of myogenic differentiation genes (Parker et al., 2006).
The rapid differentiation of FfIMBs during primary myogenesis
might thus explain the observed colocalization of pax7 and Wnt
signaling reporter activity. The very low activity of the Wnt
signaling reporter in DMPs, CMPs, and EMBs of secondary
myogenesis speaks for the fact that these MPs are not under-
going myogenic differentiation.

For this reason Wifl seemed to be an interesting candidate for
an MSC-derived MSC niche molecule. The functional analysis
of Wifl as a potential MSC niche component using morpholino-
mediated knockdown is, however, complicated by a very strong
phenotype that develops between 1-2dpf in wif! TG morphants
(Figure 19.3). While these morphants display only moder-
ate irregularities in the head and somites during somitogen-
esis, somite patterning and notochord development defects lead



MSCs and Hh signaling 167

"EFPe, Wit

Late MB <

C FfMB/

Muscle Fibre FcMB EMB
— /‘_y
U
Whnt Activity,
MyoD Pax7

Figure 19.2: The vertical myoseptum is a zone of low canonical
Wnt signaling acitivity. Intravital imaging of a transcriptional Wnt
signaling reporter (7ztcf::NLS-mCherry; A kind gift from Dr. En-
rico Moro, University of Padova, Italy) in paz7::GFP background
shows that the vertical myoseptum is a zone of low canonical Wnt
signaling activity during embryonic stages (A) as well as in the larva
(B). Interestingly, not only DMP and CMPs display low canonical
Wnt signaling activity, but also EMBs, which are found inside the
myotome. The differentiation of DMPs to fibre-forming myoblasts
(FMB) during embryonic stages is accompanied by a rapid upregu-
lation of Wnt signaling activity and a coinciding down-regulation of
Pax7. These data suggest that the general view on the role of Wnt
signaling in amniote myogenesis can be extended to teleost muscle
development.
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Figure 19.3: Morphology of wifi ATG morphants at mid-
segmentation stage and 48hpf. In comparison to uninjected con-
trol (A) embryos, wiff *T¢ MO injected embryos (B) exhibit slightly
irregular somites during midsegmentation stage. At 48hpf severe
somite patterning defects are observed in wifl AT¢ morphants (D),
which are not seen in uninjected control embryos (C).
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to the severe phenotype of the axial musculature in 2day-old
wif! ATG morphants (Figures 19.3 and 19.4). Likewise, the
subtle cranial defects apparent during early embryogenesis are
now very prominent. Interestingly, splice-blocking morpholi-
nos, whose effectivity was assessed on cDNA-level, did not elicit
a detectable phenotype. This is most likely attributable to re-
sidual maternal message. For this reason, further analysis was
based on wiff TS hypomorphic morphants. These are char-
acterized by blocky somites, which fail to acquire the typical
chevron-shaped morphology, absent or defective horizontal my-
oseptum, as well as irregular vertical myosepta (Figure 19.4).
These traits are indicative of defects in Hh signaling. It is con-
ceivable that Wifl deposited at the vertical myoseptum serves
two major functions:

e suppression of Wnt signaling

e facilitating the mobility of lipid-modified Wnt and Hh lig-
ands along the extent of the vertical myoseptum The lat-
ter might allow notochord-derived Hh ligands (shh, ehh)
to reach the distantly located MSCs.

The strong phenotype of the wifi ATG morphants contrasts
with the effect of splice blocking wif! morpholinos, which was
reported previously, but also reattempted as part of this work
(Yin et al., 2012). A previous study using splice-blocking wif!
MOs did not detect any phenotype similar to the observa-
tions described here, but described defects in swim bladder
formation in succession to wif! knockdown (Yin et al., 2012).
Further experiments will be needed to address this issue. As
a wifl TILLING allele has been identified, but will not be-
come available until 2013, efforts in the near future will thus
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Figure 19.4: Somite patterning defects in 24hpf wiff ATG
morphants. MO was injected in pax7::GFP;myoD::NLS-mCherry
transgenic embryos. (A) Control, (B) hypomorphic and (C) regular
wift TS morphants exhibit mild and severe somite patterning de-
fects. The myoD::NLS-mCherry BAC transgenic line was generated
by Dr. Jana Krauss (MPI fiir Entwicklungsbiologie, Tiibingen)
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largely depend on the wiff TG MO, whose effectivity should
be more stringently assessed using the Wifl antibody. While
the absence of a phenotype in wifl-/- mice does not answer
the question of whether or not Wifl’s function is redundant,
it indicates that its role in adult physiology is secondary at
best. In part this might be explained by the presence of other
soluble Wnt inhibitors of the sFRP class (Surmann-Schmitt et
al., 2009).
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19.2 A2CEY7T is a novel candidate com-
ponent of the Hedgehog signaling path-
way

In order to assess the possible importance of Gaslb during
myogenesis, a gas1b*TG MO was injected into zebrafish em-
bryos. As depicted in Figure 11.1 gas!b morphants exibit a
very strong early embryonic phenotype (16-18hpf), that in-
cludes strong reduction of cranial tissue, accumulation of spher-
oid cells on top of hindbrain, necrosis in the head and an-
terior trunk as well as a dysmorphic trunk with blocky somites.
This phenotype is unlike the relatively mild phenotype of cdon
morphants, which primarily affects the head and eyes at this
stage (Figure 11.1). Strikingly, A2CEY7 and CD81/tspan28
morphants, display phenotypes, which closely resemble the one
of gas1b morphants (Figure 11.1). As Gasl is a well estab-
lished component of the Hh signaling pathway (Allen et al.,
2007; Martinelli and Fan, 2007a, b), it seemed reasonable to
assume that also A2CEY7 and CD81 may operate in this path-
way. A2CEY7 is an as yet uncharacterized protein containing
a Reeler domain, which spans most of the protein. Several
prediction methods unanimously predicted a highly probable
GPI-anchor site. While regular BLAST against the Uniprot
database did not retrieve amniote homologs, sensitive remote
homology detection using HHpred (MPI toolkit, Biegert et al.,
2006) identified a weak homology to human Stromal Cell De-
rived Factor Receptor 2 (Acc. NP001013682).

In order to circumvent the very strong and early phenotype of
A2CEY7 ATG morphants both a splice blocking morpholino,
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Figure 19.5: Anti-Pax7, Anti-MF20 immunohistochemistry reveals
changes in MSC number and overall muscle histology in selected
2dpf morphants. olfml2Bb*T¢ morphants do not show an obvious
change in the number of Pax7™ MSCs or of gross muscle morpho-
logy. Small lesions to the musculature can, however, be observed
in these morphants at this stage. No deviation from the uninjected
control situation could be detected in response to kal1b*T¢ MO in-
jection. A prominent phenotype consisting mainly of blocky somites,
absence of horizontal myoseptum and a strong reduction in Pax7™"
MSC is caused by knockdown of the Hh coreceptor Cdon. These
defects are accompanied by cranial defects. Similarly, very weak hy-
pomorphic A2CEY7 morphants display partial absence of horizontal
myoseptum, which points to a possible role in Hh signaling.
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which leaves the maternal mRNA intact, and subeffective doses
of ATG morpholino were employed. The corresponding hy-
pomorphic morphants did not show an early phenotype and
developed with no detectable change in the number of Pax7"
MSC at 2pdf, however, the horizontal myoseptum was miss-
ing in many segments of hypomorphic A2CEY"7 morphants in-
dicating defective Hh signaling (Figure 19.5). Similarly, cdon
ATG morphants display defective formation of the horizontal
myoseptum at 2dpf, blocky somites, severe growth defects, dis-
organized muscle fibres and curved trunk apart from defects
in the cranium. Importantly, the number of Pax7" MSCs in
48hpf cdon morphants seems to be strongly reduced (Figure
19.5).  Whether this apparent reduction is a primary con-
sequenc of the knockdown of cdon or a secondary effect of
the somite patterning defects that arise in cdon morphants re-
mains to be elucidated. Taken together these findings may
suggest

e that MSC express a number of cell surface and secreted
proteins, which are known regulators of Hh signaling, e.g.
cdon, gaslb, wifl.

e that secreted, GPI-anchored A2CEY7 and possibly also
the tetraspanin CD81 might be novel and essential com-
ponents of the Hh pathway.

e that the Hh coreceptor, Cdon, is required for proper pat-
terning of the myotome and the development of the ho-
rizontal myoseptum.

e that Cdon might be required cell autonomously to regu-
late muscle stem cell number.



— Wenn du, als Jiingling, deinen Vater ehrst,
So wirst du gern von ihm empfangen;

Wenn du, als Mann, die Wissenschaft vermehrst,
So kann dein Sohn, zu héh’rem Ziel gelangen.—

Goethe, Faust

Auto- and paracrine Csf1-FMS
signaling regulates pax7 expression
during teleost neural crest and
muscle development

OLONY STIMULATING FACTOR 1 (Csfl, M-Csf) is the pro-
totypical ligand for c-FMS /Csflr receptor tyrosine kinase,
the product of the c¢-fms oncogene. Different Csfl isoforms —
a cell surface-bound, a soluble glycoprotein and soluble pro-
teoglycan isoform — are derived from a full-length precursor
by proteolytic processing (Douglass et al., 2008; Pixley and
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Stanley, 2004). Elegant experiments, which restored a partic-
ular isoform in ¢sf1-/- mice, clearly demonstrated that these
disctinct isoforms serve different purposes. Apart from be-
ing a classical cytokine governing proliferation, survival, and
differentiation of mononculear phagocytes (Pixley and Stan-
ley, 2004), Csfl has been implicated in a variety of biological
phenomena, including chemotaxis (Cammer et al., 2009), Pan-
eth cell specification (Huynh et al., 2009), and spermatogonial
stem cell self-renewal (Oatley et al., 2009). Both the csf! and
fms/csfir genes, which encode the Csfl-Fms ligand-receptor
pair, underwent duplication at the base of teleost evolution
(Wang et al., 2008). One of the csf! ligands, csf1b, turned out
be the second most strongly upregulated gene in the ‘teleost
MSC profiling’. This raised the question whether this reflects
csf1b expression in MSCs/MPs or whether csf1b is infact ex-
pressed by Pax7" xanthophores, which might be present as
a contamination in the sorted Pax7"™ MSC/MP cell popula-
tion that was used for the ‘teleost MSC profiling’. Csfl is
secreted by rat myoblasts in cell culture (Borycki et al., 1995b).
Moreover, knockdown of csflr in L6a rat myoblasts induces
G1l-growth arrest supporting a role for this cytokine in the
myogenic context (Borycki et al., 1995a).

Forward genetic screens have identified several pfeffer/panther
alleles, which carry molecular lesions in the csflra/fmsA gene.
In pfeffer mutants xanthophore precursors, which are marked
by strong expression of paz7, csfira/fmsa,and gch2, apoptose
during their migration (Minchin and Hughes, 2008; Odenthal
et al., 1996; Parichy et al., 2000). This leads to an almost
complete disappearance of xanthophores in pfeffer mutants.
Whether the apparent reduction in melanophore number in
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adult pfeffer mutants is a direct consequence of csflra muta-
tion or a secondary effect is currently unclear. While it is
conceivable that xanthophores derived signals might positively
regulate melanophore differentiation and/or survival, the reg-
ulation of Mitf by Csf1-Csflr signaling in mice (Weilbaecher et
al., 2001) suggests that in teleosts Csfl-Csflr signaling might
regulate Mitfa, which is a master regulator of melanophore
differentiation (Lister et al., 1999). Apart from the defect in
xanthophore development, only slight changes in bone devel-
opment have been reported for pfeffer mutants (Chatani et
al., 2011). The close spatial correlation between MSCs, which
are located at the vertical myosepta, and xanthophores, which
likewise cluster along this structure, might be related to the se-
cretion of Csflb by MSCs. In this scenario MSC-derived Csflb
would act in an autocrine fashion on MSCs and in a paracrine
fashion as a chemoattractant on xanthophores.

20.1 Functional and topological divergence
of Csf1-FMS ligand-receptor genes

The analysis of csfla and csflb expression is difficult as the
mRNA encoding both ligands is expressed at very low levels
(Figure 20.1). What can be safely said is that both ligands
are expressed in at least partially overlapping domains in the
cranium and CNS at 48hpf. In the trunk, however, expression
patterns diverged as evident from Figure 20.1 (in situ hybrid-
ization of csfla/b was performed by Dr. Katrin Henke, MPI
fiir Entwicklungsbiologie, Tiibingen). csfla is expressed in a
dorsal and ventral stripe as well as along the length of the ho-
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Figure 20.1: Divergent expression patterns of teleost csfl para-
logs. 24hpf alb in situ hybridisation for csfla (A) and csflb (B)
shows that apart from shared expression domains in the CNS ex-
pression patterns in the trunk diverged considerably. While csfla
in the trunk is expressed in mainly dorsally, ventrally and medially
along the horizontal myoseptum, csf1b is expressed in the somite and
most prominently in the posterior younger somites. The in situ hy-
bridisation for csfla and csf1b was performed by Katrin Henke (MPI
fiir Entwicklungsbiologie).

rizontal myoseptum, whereas csf1b seems to be expressed in
dorsal myotomes of newly formed somites. Despite their di-
vergent expression patterns both ligands are able to bind the
FMSa/CsflrA receptor (unpublished observation of Alessandro
Mongera and Dr. Christian Séllner, MPI fiir Entwicklungsbio-
logie, Tiibingen). It was therefore surprising to find that in
the context of xanthogenesis both ligands diverged not only to-
pologically but also functionally. Upon morpholino-mediated
knockdown of csfla xanthophores, which are normally found
to be distributed in a dorsal to ventral gradient (Figure 20.2 A
and D), form a dense stripe of xanthophores, that covers the
dorsal hemisegment (Figure 20.2 B and E). It is not clear, at
present, how depletion of Csfla leads to the development of
this phenotype. Two alternative explanations might account
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uninjected Control

uninjected Control Csfia GTMO csfib GT MO

Figure 20.2: Functional divergence of Csfl ligand paralogs in tele-
ost fish. Morpholinos targeting the splicing of csfla and csf1b were
injected into paxz7::GFP transgenic embryos. (A,D) Uninjected con-
trol. (B,E) ¢sf1a®T morphants exhibit xanthophore migration defect
and cluster exclusively on the dorsal hemisegment and do not cross
the horizontal myoseptum (C,F) csf1 bST morphants are early em-
bryonic lethal (not shown) their hypomorphic counterparts, which
were obtained by injecting a subeffective dose of MO, exhibit strong
reduction in xanthophore number and reduced myotome growth.
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for this defect. First, in absence of Csfla xanthophores might
be unable to cross the horizontal myoseptum. In this scenario
Csfla would provide positional information and the phenotype
would be caused by a migration defect. Second, Csfla-FMS
signaling might regulate the spacing between xanthophores by
mediating contact-inhibition. In this scenario, lack of Csfla
would lead xanthophores to cluster. In contrast to this pattern-
ing or migration defect, csf1b knockdown using an ATG or GT
morpholino leads to a severe early embryonic lethal phenotype.
Hypomorphic ¢sf1bST morphants show a strong reduction in
the number of xanthophores with no apparent deficit in migra-
tion or patterning (Figure 20.2C and F). As such hypomorphic
csf1b morphants phenocopy pfeffer mutant embryos.

20.2 Csf1-FMS signaling regulates Pax7
expression

The expression of Csfl by teleost and mammalian MSCs points
to an important function of MSC-derived Csfl (Figures 10.2,
10.3, and Table 17.1). At this point the paz7::GFP transgenic
line does not only provide a read out for the number of distinct
Pax7" cells, but also allows the strength of paz7 expression to
assessed in these distinct cell types. To this end the central cell
body of xanthophores or other Pax7™" cells can be segmented by
isosurface rendering. Various traits of this isosurface including
mean intensity can then be read out.

In this way the mean strength of pax7::GFP reporter expres-
sion was read out for xanthophores and MSCs in 4dpf trans-
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Figure 20.3: Csfl-Csflr signaling regulates Pax7 expression. The
relative strength of Pax7 expression was assessed using paz7::GFP
transgenic embryos in wt (A) or csira -/- background (B, pfeffer
mutant). For this purpose isosurfaces were rendered including the
central somata of xanthophores (light blue isosurfaces) and MSCs
(light green isosurfaces). An approximately 4-fold reduction of Pax7
expression was observed in neural crest derived xanthophores (C)
but not in cells of the myogenic lineage. This strongly suggests that
Csfl1-Csflr signaling via Csflra/FMSa, which is known to be strongly
expressed in xanthophores, regulates Pax7 expression in these cells.
It is conceivable that likewise Csfl-Csflrb/FMSb or both receptors
in parallel regulate Pax7 expression in the myogenic lineage.
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genic wt and pfeffer larvae (Figure 20.3 A and B). In abscence
of FMSa, the mean paz7::GFP reporter strength in the re-
maining xanthophores turned out to be reduced by a factor
of 3-4 (Figure 20.3 C). Taken together with the observation
that Csflb depletion phenocopies the pfeffer phenotype, this
indicates that Csflb-FMSa signaling regulates pax7 expres-
sion in xanthophores. No significant difference of pax7 expres-
sion strength was observed between wt and pfeffer mutants
in MSCs. This might indicate that Csf1-FMS signaling does
not influence pazx7 in the myogenic lineage. In light of the
conserved expression of Csfl by teleost and mammalian MSCs
(Table 17.1), it seems reasonable to assume that Csf1-FMS sig-
naling regulates paz7 expression also in the myogenic lineage.
In this case Csflb-FMSa and/or Csf1b-FMSb might regulate
pax’7? expression in teleost MSCs. These observations can be
summarized as follows. As a result of genome duplication the
Csf1-FMS ligand-receptor pair is present in duplicate in the
teleost genome.

Through the use of morpholinos, mutants and inhibitors it
is possible to block distinct aspects of Csfl-FMS signaling.
The pfeffer mutant for instance, which is a null mutant for
csflra/fmsA, displays a selective loss of Csf1b-FMSa and Csfla-
FMSa, but leaves signaling via FMSb intact. Interestingly,
the knockdown of csfla and csf1b elicits very different pheno-
types. The knockdown of ¢sf1b phenocopies the pfeffer mutant
phenotype indicating that Csflb-FMSa and not Csfla-FMSa
signaling is essential for xanthophore differentiation and sur-
vival. Apart from this ¢sf1b morphants exhibit reduced length
and height of the trunk (Figure 20.2 C and F), which may be
caused by reduced growth of the axial musculature. These de-
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fects are less pronounced in csffa morphants (Figure 20.2 B
and E).

These observations may be tent-
atively put together into a work- Csfib Signaling
ing model of autocrine and parac- Paracrine  Autocrine
rine Csfl-FMS signaling between g e
cells of the myogenic and neural
crest cell lineage (Figure 20.4). In
this model MSC-derived Csflb reg-
ulates Pax7 expression via FMSa Figure 20.4: Working model
and/or FMSb in MSCs (autocrine of the autocrine and paracrine
signaling). It is conceivable that CSfI-FMS signaling cross-talk
. . between MSCs and xantho-
Csflb is a Pax7 target gene, which phores.
would mean that they are part of
an autocrine feedback-loop. Apart
from this autocrine signaling, Csflb binds to the FMSa re-
ceptor on xanthophores (paracrine signaling) and likewise pos-
itively regulates Pax7 expression. The strong reduction of Pax7
expression in xanthophores in pfeffer mutants suggests that
FMSD is not expressed in xanthophores. In light of this, it is in-
teresting to note the very prominent clustering phenotype that
xanthophores display in absence of Csfla. It seems possible,
that Csfla and FMSa are both present on the xanthophore
cell surface. Csfla-FMSa might as such well mediate contact
inhibition between xanthophores and thereby regulate the spa-
cing between xanthophores. In absence of Csfla this contact
inhibition is lost and xanthophores cluster on the dorsal aspect
forming a tight stripe of xanthophores. Future analysis will be
needed to test predictions derived from this model.

Csf1a Signaling
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— FEin schéner Traum, indessen sie entweicht.
Ach! zu des Geistes Fliigeln wird so leicht
Kein kérperlicher Fliigel sich gesellen.—

Goethe, Faust

21

Concluding Remarks

THE WORK presented here shows, that the zebrafish’s unique
advantages as a vertebrate model system can be harnessed
to study the muscle stem cells as well as the cellular dynamics
and molecular regulation of myogenesis in the living animal.
Despite the fact that more than 300 million years have past
since the divergence of the teleost and amniote lineage key as-
pects of myogenesis such as the genetic regulatory networks
governing myogenic commitment or myoblast fusion have been
conserved throughout vertebrate evolution (Baugh and Hunter,
2006; Bryson-Richardson and Currie, 2008; Cleto et al., 2003;
Rochlin et al., 2010; Seipel and Schmid, 2005; Shaffer and
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Gillis, 2010; Vandekerckhove and Weber, 1984). Thus far it
remained uncertain, however, whether the dermomyotomal ori-
gin of amniote MSCs represents an evolutionary novelty or an
ancient vertebrate trait. The observation that teleost MSCs
originate in a Pax7" epithelial layer that covers the teleost
myotome early during embryogenesis now resolves this issue
showing that this structure is indeed homologous to the am-
niote dermomyotome. The presence of a dermomyotome in
teleosts and amniotes suggests that the dermomyotome is a
vertebrate synapomorphy, as hypothesized before (Devoto et
al., 2006; Feng et al., 2006). Likewise, transcriptional profil-
ing of teleost MSCs unearthed a number of cytoplasmic and
secreted proteins, whose expression characterizes teleost and
mammalian MSCs. These observations imply that not only
the genetics of myogenic commitment, but also the ontogeny
of muscle stem cells and the mechanisms ensuring their main-
tenance are highly conserved inside the vertebrate subphylum.
This indicates that the zebrafish can be used as a model sys-
tem for the study of principles relating to the self-renewal and
commitment of human MSCs.

The generation and characterisation of a paz7::GFP transgenic
line, which drives robust GFP expression in Pax7" cells, thus
establishes a new model system for the analysis of vertebrate
myogenesis in general and MSCs in particular. Using this tool,
MSCs and their progeny can now be accessed in the living an-
imal by intravital confocal microscopy. In this way myogenesis
can be studied at the single cell level with a spatial resolution
in the submicron range and a temporal resolution of seconds to
minutes. The paz7::GFP transgenic line is an excellent tool to
study diverse aspects of myogenesis such as MSC self-renewal,
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myoblast migration and fusion, and muscle regeneration. Like-
wise, it will enable chemical biology screening efforts, which
aim at the identification of small molecule compounds that
modulate MSC self-renewal or commitment. Such molecules
are sought after for their possible use in the treatment of seri-
ous human illness such as muscular dystrophies or other muscle
wasting diseases such as Cachexia which is a comorbidity of
cancer, HIV, tuberculosis, and other pathologies.

The inability to clearly differentiate stem cells from their com-
mitted progenitors based on molecular markers is a major gen-
eral limitation in stem cell research. While the present study
achieved the distinction of MSC from their committed pro-
geny based on a large number of ‘complex criteria’, such as
developmental origin, clonal relationship, anatomical location,
cell morphology, cell migration behavior, and cell membrane
dynamics, it fell short of showing that these distinct popula-
tions express different molecular markers. Owing to the lack
of antibodies recognizing well established or newly identified
markers the question of whether or not there are molecular
makers distinguishing MSCs, CMPs, EMBs could simply not
be addressed. As a number of new antibodies raised against
zebrafish proteins became available recently, this point is likely
to be resolved in the near future.

The identification of the actual MSC compartment in teleost
embryos and larva in turn allowed the dynamics under distinct
experimental conditions to be investigated. In the course of
the main project this paradigm has been exploited to show
an essential function for Tnw as an MSC-derived MSC niche
component. Several other candidate genes have, however, been
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identified in the ‘teleost MSC profiling’. As Pax7™ MPs com-
prise a heterogenous population of myogenic progenitors in-
cluding MSCs and at least two downstream committed pro-
genitor compartments it is expected that the dataset not only
contains genes implicated in MSC stemness but also other as-
pects of myogenesis, such as myogenic commitment and differ-
entiation, myoblast survival and fusion, or muscle fibre attach-
ment. Thus it came as no surprise that the functional analysis
of a significant share of MSC-secreted molecules tentatively
implicated a number of candidate genes in these different con-
texts. This initial characterization forms a solid base for future
projects.

Notably, several candidate genes appear to be involved in more
than just one aspect of myogenesis. The knockdown of Tnw
for instance indicated that MSC-secreted Tnw functions as an
MSC-derived niche component. A function that is likely at-
tributable to its interaction with ligands of the Notch signal-
ing pathway, whose importance for MSC self-renewal is well
documented in mammals. At the same time, however, severe
defects of the vertical myosepta are a consequence of Tnw’s
depletion. Whether this is a genuine primary effect of the de-
pletion of Tnw or results from the reduction in MSC number,
which by necessity will be associated with reduced synthesis
of other MSC-derived ECM components, is current not clear.
It is conceivable, however, that Tnw and other MSC-derived
components of the ECM serve multiple functions.

The complexity of these interactions questions the suitability
of the ‘top-down’ single gene approach to study the relation-
ship between stem cells and their niche. An exciting part of
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this project are therefore the first steps towards a ‘systems
level” analysis of the extracellular protein-protein interactions
between MSCs and their niche. As discussed in Chapter 11,
the current AVEXIS library size is too small, to construct net-
works, which can be studied using network theory concepts.
Future efforts will be needed to arrive at this point. Never-
theless, the AVEXIS screen is a key part of this project as
it identified a number of novel interactions, which are likely
to be of pivotal importance to MSC self-renewal. Apart from
this some of the interactions identified such as the interaction
between Tnw and Delta ligands represent novel attractive tar-
gets for the therapy of human cancer. The extracellular nature
of these targets is a particular advantage as it renders them ac-
cessible to therapeutic antibodies or aptamers.
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— Wie konnt IThr Euch darum betriiben!
Tut nicht ein braver Mann genug,

Die Kunst, die man ihm iibertrug,
Gewissenhaft und piinktlich auszuiiben? —

Goethe, Faust

Experimental Procedures

22.1 Fish strains

Fish were kept in 10h dark, 14h light cycle at 29°C. The fol-
lowing strains were used as wild type: Tibingen (Ti), TE,
WIK. The mutants pfeffer(t™236) and albino (alb) were used.
Apart from the Tg(paz7:EGFP)%* BAC transgenic line. Fur-
ther transgenic lines were used in this study.

The Tg(fik1:EGFP)%43 line (Jin et al., 2005) labels the vascu-
lature. Dr. Enrico Moro (University of Padova, Italy) kindly
provided the Tg(7ztcf::NLS-Cherry) transgenic line, which was
used as a transcriptional reporter for canonical Wnt signal-
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ing. The Tg(myoD::NLS-Cherry) BAC transgenic line was
generated by Dr. Jana Krauss (MPI fiir Entwicklungsbiolo-
gie, Tiibingen) and used to visualize slow muscle fibres.

22.2 Generation of Tg(pax7:EGFP)** BAC
transgenic line

CH211-287M7 was identified by screening the CHORI BAC
library with probe for paz7a. This BAC was modified using
the Genebridges GmbH (Dresden, Germany) protocol and in-
serted a GFP-SV40polyA-FRT-KanR-FRT cassette replacing
the proteogenic part of exonl. The BAC DNA was dialyzed
O/N at 4°C against 21 TE using 3,5K MWCO Slide-A-Lyzer
dialysis cassettes (Thermo Scientific, Waltham, MA) and di-
gested with NotI O/N before injection at a concentration of
10ng/ul. One transgenic founder was identified. In the main
text of the manuscript and figures this line is referred to as
pax7::GFP.

22.3 Non-invasive intravital 4D imaging

Imaging was performed on a LSM510 Meta Axioplan2.0 (Carl
Zeiss, Jena, Germany) at RT and on a LSM5 Live Axioob-
server2.1 (Carl Zeiss, Jena, Germany) equipped with incub-
ation set to 29°C. The LD C-Apochromat 40x/1,20 W Korr
or LD LCI Plan-Apochromat 25x/0,8 Imm Korr DIC M27
multi immersion lens in combination with Immersol W (Carl
Zeiss, Jena, Germany) was used for intravital imaging. Live
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samples were mounted in glass bottom culture dishes (MatTek,
No.1) using 0.75% low melting agarose in E2 containing 0.04%
Mesab (3-amino benzoic ethyl ester methanesulfonate). Ac-
quired imaging data were processed and analyzed using Imaris
(Bitplane, Ziirich, Switzerland). Details of particular imaging
experiments are summarized in Table 22.1.

22.4 Direct Isolation of Pax7" MSCs/MPs
by FAC-sorting

For each replicate about 1,000 pax7::GFP transgenic larvae
were consecutively (in groups of about 50) deeply anesthesized
with Mesab (3-amino benzoic ethyl ester methanesulfonate),
decapitated and put on ice until the whole cohort was pro-
cessed. The larval trunks were then dissociated using 15ml
Accumaxx (Millipore, Billerica, MA) for 45-60min in a 50ml
Falcon tube (BD Biosciences, Heidelberg, Germany). The
resulting suspension was filtered through 100um sieves (BD
Biosciences, Heidelberg, Germany) spun down at 1,000x g at
4°C using a swing-out rotor, carefully resuspended in 1mM
EDTA /PBS and again filtered through 40um sieves (BD Bios-
ciences, Heidelberg, Germany). Cytometry and FACS was per-
formed on a BD FACSaria using FSC-A, SSC-A gating fol-
lowed by gating according to GFP expression (488nm excita-
tion, FITC emission). Each population was subject to further
gating as to remove debris and aggregates.
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Table 22.1: Supplemental movies.

Movie, related to Fig. Stage Duration Interval Comment

Movie S1, 9-4A 19hpf 13h:40min 5min Primary myogenesis: formation of the teleost dermomyotome

Movie S2, 9-4B 19hpf 2h:40min 5min Primary myogenesis: DMP cell undergoing differentiation

Movie S3, 9-5 48hpf 35h:40min 20min Transition phase: amplification of DMP cell pool

Movie S4, 9-8 4dpf 14h20min 15min Secondary myogenesis: CMPs and EMBs

Movie S5, 9-7 4dpf 22h40min 10min Secondary myogenesis: quiescence of DMPs

Movie S6, 13-7 4dpf 13h30min 10min Secondary myogenesis: loss of quiescence of DMPs in tnw morphants
Animation S1, 9-6 4dpf - - Secondary myogenesis: dorsal hemisegment including isosurfaces.
Animation S2, 9-9 4dpf - - Secondary myogenesis: CMPs and EMBs in normal shading projection
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22.5 Microarray Profiling

Cell pellets from the FAC-sorting were used for extracting RNA
with TRIzol Reagent (Invitrogen, Darmstadt, Germany) fol-
lowing the manufacturer’s instructions. The RNA was then
used as a template for cDNA synthesis and cRNA dye labeling
using the Agilent Low Input Quick Amp Labeling Kit (Agilent
Technologies, Waldbronn, Germany). Cy-3 and Cy-5 labeled
cRNA was hybridized to the Agilent Zebrafish V2 microar-
ray containing 44,000 probes to 22,000 genes, according to the
manufacturer’s protocol. Four biological replicates were con-
ducted comparing GFP-positive to GFP-negative cells from
the FACS experiment. The slides were scanned with a Ge-
nePix 4000b scanner (Axon Instruments, Hamburg, Germany).
All data were processed and analyzed as in (Reischauer et al.,
2009) with the R environment and the Limma microarray ana-
lysis module in Bioconductor (Gentleman et al., 2004; Smyth,
2004). The false discovery rate (FDR) method was used to con-
trol for multiple hypothesis testing (Benjamini and Hochberg,
1995). All data will be made available through the ArrayEx-
press expression repository http://www.ebi.ac.uk/arrayexpress/ .

22.6 Raising and Affinity Purification
of Zebrafish Pax7 Antibody

Recombinant zebrafish Pax7 C-terminus immunogen corres-
ponding (aa300-469; Uniprot Accession O57418) was expressed
in F. coli DE3RIPL strain using pET28a vector and purified
under denaturing condition by FPLC using Ni-NTA Super-
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flow resin (QIAGEN, Hilden, Germany). A rabbit was immun-
ized two times with 0.5mg recombinant protein using 4 subcu-
taneous and 2 intramuscular (M. femoris) injections. Bleeding
was started two weeks after a second booster immunization re-
spectively. The Pax7 C-terminus antibody (aPax7MPIEB) was
affinity purified from crude serum using immunogen, which
was purified under native conditions by FPLC using Ni-NTA
Superflow resin (QIAGEN, Hilden, Germany) and coupled to
HiTrapTM NHS-activated columns following manufacturers in-
structions (GE Healthcare, Miinchen, Germany).

22.7 Antibody Staining

Embryo or larva were fixed for 1h at RT in 4% PFA, 0.1%
Tween-20 in PBS, rinsed twice with PBS, washed with 1%
Triton-X100, 1%DMSO in PBS (PDT) for 15min at RT, quench-
ing of free aldehyde groups was performed with 100mM glycine
in PDT for 15min RT, samples were washed once again with
PDT, and then subject to blocking in 1% bovine serum albu-
mine, 10% normal goat serum in PDT for 1h at RT or overnight
at 4°C. Embryos older than 24hpf were treated with ice-cold
acetone for 5-20min depending on developmental stage (48-
96hpf). Primary rabbit aPax7MPIEB antibody raised against
the Pax7 C-terminus was used at a concentration of 0.1ug/ml
in blocking buffer. After incubation with the primary anti-
body samples were rinsed twice with PBS, washed four times
15min each at RT with PDT. Secondary antibodies were used
according to manufacturer’s instructions.
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22.8 Histology

GIEMSA-stained transverse sections were prepared as described
before (Sonawane et al., 2005).

22.9 n situ Hybridization

in situ hybridization was performed as described before with
minor modifications (Niisslein-Volhard, 2002).

22.10 Morpholino Injections

MOs were resuspended in water at 65°C for 10min, then spun
in microcentrifuge at full speed to pellet non-dissolved aggreg-
ates and stored in screw cap tubes at room temperature in
the dark. MO concentration was measured by determining the
absorption at 265nm of 1:50 dilution of MO in 0.1M HCI us-
ing NanoDrop ND-1000 spectrophotometer (Thermo Scientific,
Wilmington, USA). Injection needles (BM120IF-10) were pur-
chased from BioMedical Instruments (Zo6llnitz, Germany) and
average injection volume was determined to be 1.10 +/-0.10 nl
(n=20) by measuring bolus diameter after injection of water
droplets into immersion oil (Immersol F, Carl Zeiss, Jena, Ger-
many). MOs were diluted in 0.025% Phenol red in water and.
Morpholinos (MO) and 5 mismatch morpholinos (5MM) listed
in Table 22.2 were used in this study.The MOs and correspond-
ing 5 mismatch MOs (5MM) were injected using air pressure
microinjection setups directly into zebrafish zygotes using the
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indicated doses. The most stringent control for a particular
MO is considered to be a MO of the same sequence carrying 5
mismatches (5MM). The inclusion of 5MM controls, however,
doubles the cost of the MO screen. As the injection of 0,025%
phenol red /water, in which all other MOs were diluted, did not
yield any detectable phenotype uninjected embryos were used
as a reference for the MO screen.

22.11 Extracellular protein-protein inter-
action screen (AVEXIS)

The AVEXIS assay (Bushell et al. 2008) has been used to
identify binding partners for Tnw and other MSC-secreted pro-
teins. Recombinant bait and prey proteins have been pro-
duced by using the HEK293 large scale transient expression
system (NRC Technology). Table 22.4 lists all of the pro-
tein constructs used in the screen. The tissue culture su-
pernatants containing the secreted recombinant proteins were
harvested at day 6, quantified and normalized as described
(Bushell et al., 2008). The AVEXIS screen was performed
by binding mono-biotinylated bait proteins to activated strep-
tavidin coated 96-well micro titer plates (Nunc, Denmark) fol-
lowed by one-hour incubation at room temperature. After
three HBS (adipo washes the bait proteins were incubated
for one hour with normalized beta-lactamase tagged prey pro-
teins. Non-bound prey proteins have been removed by two
HBST (HBS containing 0,05% Tween-20) followed by two HBS
washes. 50ul of nitrocefin (100g/ml) have been added to each
well and the absorbance has been measured at 486nm after
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Table 22.2: Morpholinos used in this study.

Target Dose [ng] Sequence

tnw®ll MO 0.8-1.6 TGCAGATGCCTTACCCCAGAATATT
tnwelil 5MM 0.8-1.6 TGgAcATGCgTTACCCgAcAATATT
tnw®?2 MO 1.6-2.4 CTTCATGTTTGGACTACTACCTGCC
tnw®?12 5MM 1.6-2.4 CTTgATcTTTcGACTACTACgTcCC
tnw®33 MO 2.4-3.2 TCACACAGAAGTCATTCTTACCCAT
tnw®313 5MM 2.4-3.2 TCACAgAcAACTCATTgTTAgCCAT
thbs4bATG MO 0.4-1.2 CCGGCCATCCTTCAATCACAACCTT
thbs4b'il MO 0.4-1.2 GAAACTTCGTGTGTACTCACCGATT
kal1b4TG MO 1.0-3.2 AGCAGAGATTCCTCAAAAGCAGCAT
fmodATG MO 1.6-2.4 AAAGCAGGAGAGCAATTAGCCGCAT
olfmi2bbATG MO 2.4-3.2 ATGAAGATTCCTCAAGAAGAGCTGC
wif1 ATG Mo 2.4-3.2 GCGTCCTGAAAGCCATCCTTTGGTT
wiff GT MO 2.4-3.2 GAAACTACGCAAACTATTACCAATT
wifi GT MO 2.4-3.2 AAGAATAAAAGCGCACCAGATGCTT
seraf/vdweTS MO 2.4-3.2 TACAGCAAAGCCCTGCCATTTTCAT
seraf/vdwe®l MO 2.4-3.2 TGCAATGCAGAACAACTCACCAAAT
seraf/vdwe MO 2.4-3.2 AGTTTGCTGAAATGAACACATGAAT
seraf/vdwe®?2 MO 2.4-3.2 TGTGATTAAAAAGTTACCTCTGTGA
wfdc1ATG MO 2.4-3.2 GACAGCCCTGCATGATCCCGCTCAT
HFREP-1¢T MO 2.4-3.2 TTATGTGGCGCATTACCTTTATCGT
HFREP-14TG MO 2.4-3.2 TGGCATGACCTGGTAATAGTAGAAC
csf1aATG MO 1.6-2.4 GTTCATCTGGCTGACCTGAACAAAT
csf1a®TCG sMM 1.6-2.4 GTTgATgTGcCTcACCTcAACAAAT
esf1aST MO 1.6-2.4 AGATGGACTTTGTTACCTCAATCTC
esf16ST MO 1.6-2.4 ATTGTGATTGGACTTCTCACCAGTT
csf16ATG MO 0.8-1.6 TGTAGGGTTGTTCATCTGGCTCACC
esf1bATG sMM 0.8-1.6 TGaAcGGTTcTTCATgTcGCTCACC
csf1ra®TG MO 2.4-3.2 AAGAGCGCGAAGAACATCTCAGAGC
csf1ra®TCG 5MM 2.4-3.2 AAcAcCGCcAACAACATCTCACAGC
prtga®TCG MO 2.4-3.2 AAAGACGCCATTTACTCTGTTACTC
cdon®TG MO 2.4-3.2 ATAATCTCAGGCCACCGTCCTCCAT
cp814TG MO 1.6-2.4 TGCAGCCTTCCACGCCCACGCCCAT
gas1b8TG MO 1.6-2.4 TTGCCATTCCTTCATGTGCCCGCAT
A2CEY7ATG MO 1.6-2.4 ACACAGTCTTCATCATTCCTGCTAC
A2CEY7ST MO 1.6-2.4 TCATCCAGATCATCTCCTACCTGTT
rgmbATE MO 1.6-2.4 GCCACCATGGGTATGGGGAGAGCAG
rgmbST MO 1.6-2.4 AAGTGTAAGAGCGTGTTTACCTATG

swiprosin2®TCG MO 1.6-2.4 GTTCAGAGGTTGTGTCGTCGCTCAT
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one and three hours of incubation at room temperature using
a Quant plate reader (BIO-TEK Instruments, INC.). Inter-
actions correspond to wells showing an absorbance reading of
0.1 after one-hour incubation, these are wells in which the sub-
strate turnover led to a color change from yellow to red. The in-
teracting proteins have been re-expressed and the interactions
have been retested and confirmed in a validation screen (Figure
13.8B). Interactions between Tnw and Delta ligands could only
be detected in one orientation, an observation, which is congru-
ent with the fact that the only further interaction found in the
AVEXIS screen involving Delta ligands is likewise only detect-
able in one orientation, in which Delta ligands are presented
as monomeric bait proteins (unpublished results). The most
likely explanation for this phenomenon seems to be homotypic
binding amongst Delta ligands, which has been reported be-
fore (Wright et al., 2011), and is likely to compete with binding
to other proteins. While the generation of bait and prey pro-
tein constructs was performed by the author, the expression in
HEK?293 cells and screening against the AVEXIS library was
performed by Dr. Christian Sollner.
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Table 22.3: ‘Teleost MSC microarray profiling’ dataset

ID logFC adj. p-value Gene symbol
A 15 P108902 -4.5 0.0022 myog

A 15 P140551 -4.2 0.0022 myog

A 15 P161511 -3.5 0.0022 2gc:158436
A 15 P335870 -3.5 0.0022 2gc:158436
A 15 P416575 -3.5 0.0022 pazx7?

A 15 P119443 -3.4 0.0022 tmsb

A 15 P105522 -3.2 0.0022 thbs

A 15 P584917 -3.1 0.0022 sb:cb560
A_15_P151411 -3.1 0.0015 myf5

A 15 P209871 -3.0 0.0022 wu:fj19b07
A 15 P157711 -3.0 0.0022 LOC563523
A 15 P172406 -3.0 0.0022 gch?2

A 15 P151221 -2.8 0.0022 thbs4

A 15 P102035 -2.7 0.0022 Imnb1

A 15 P107372 -2.7 0.0018 wu:fj19b07
A_15_P108946 2.6 0.0023 kallb

A 15 P105497 -2.6 0.0022 2gc:92343
A 15 P107369 -2.5 0.0022 zgc:113456
A 15 P212091 -2.5 0.0023 paz3

A 15 P186046 -2.4 0.0022 rbp7b

A 15 P103020 -2.4 0.0022 zgc:153112
A_15_P117410 2.4 0.0024 her2

A 15 P161696 -2.4 0.0022 uncz4.1

A 15 P102602 -2.3 0.0022 heyl

A 15 P186541 -2.3 0.0022 LOC562554
A 15 P101384 -2.3 0.0023 2gc:92518
A 15 P102590 -2.3 0.0022 hsp90a.1
A 15 P101831 -2.3 0.0022 paz3

A 15 P193566 -2.3 0.0022 LOC100005261
A_15_P152741 2.2 0.0023 hey?2

A 15 P208781 -2.2 0.0023 2gc:158671
A 15 P144471 -2.1 0.0022 cilp

A 15 P210071 -2.1 0.0022 tuba8l3

A 15 P102236 -2.1 0.0022 pax?

A 15 P132386 -2.0 0.0022 Imnb1
A_15_P116030 -2.0 0.0022 myf5

A 15 P410100 -2.0 0.0022 2gc:158482
A 15 P120710 -2.0 0.0024

A_15_P152231 -1.9 0.0022 dut

A 15 P168776 -1.9 0.0024 2gc:118499

Continued on following page.
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ID logFC adj. p-value Gene symbol
A 15 P147706 -1.9 0.0023 LOC562682
A 15 P205971 -1.8 0.0022 zicl

A 15 P120190 -1.8 0.0024 apexl

A 15 P307466 -1.8 0.0024

A 15 P116526 -1.8 0.0024 kbtbd10

A 15 P471265 -1.8 0.0022

A 15 P198921 -1.7 0.0023 tnw

A 15 P419550 -1.7 0.0022 gch2

A 15 P269301 -1.7 0.0024 LOC792773
A 15 P529807 -1.7 0.0022 GRIP2

A 15 P120512 -1.7 0.0022 oep

A 15 P134851 -1.7 0.0023

A 15 P110305 -1.7 0.0023 zicl

A 15 P207866 -1.7 0.0023 2gc:158623
A 15 P151491 -1.6 0.0024 mem2

A 15 P109152 -1.6 0.0022 nr2f1l

A 15 P200931 -1.6 0.0022 LOC795902
A 15 P104490 -1.6 0.0024 wifl

A 15 P103444 -1.6 0.0022 mem4

A 15 P172956 -1.6 0.0022 MGC162334
A 15 P445060 -1.6 0.0022

A 15 P109736 -1.6 0.0022

A 15 P110500 -1.6 0.0022 rgmb

A 15 P151891 -1.6 0.0023 2gc:113307
A 15 P103323 -1.6 0.0022 Ipl

A 15 P173576 -1.5 0.0022 2gc:85677
A 15 P187936 -1.5 0.0024 LOC798510
A 15 P153176 -1.5 0.0024 5205081

A 15 P100639 -1.5 0.0024 asf1b

A 15 P169966 -1.5 0.0023 memd

A 15 P460655 -1.5 0.0024

A 15 P121188 -1.5 0.0023 zgc:56121
A 15 P109939 -1.5 0.0023 2gc:65780
A 15 P195676 -1.5 0.0023 entpd1

A 15 P116435 -1.5 0.0023 fafr4

A 15 P335349 -1.5 0.0023

A 15 P102773 -1.5 0.0022 recl

A 15 P105141 -14 0.0024 2gc:110092
A 15 P104275 -1.4 0.0023 nhp2l1

A 15 P208956 -1.4 0.0022 fabp3

A 15 P476650 -1.4 0.0022

A 15 P209511 -1.4 0.0023

Continued on following page.
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ID logFC adj. p-value Gene symbol
A 15 P213871 -1.4 0.0022 2gc:85677
A 15 P101988 -1.4 0.0024 2gc:56699
A 15 P169321 -1.4 0.0024 tspanl8

A 15 P296106 -1.4 0.0023 205081

A 15 P184561 -1.4 0.0023

A 15 P349300 -1.4 0.0023 LOC564151
A 15 P109391 -1.4 0.0022 mem3

A 15 P219226 -1.4 0.0022 2gc:118499
A 15 P116513 -1.4 0.0025 rpa2

A 15 P154211 -1.4 0.0024 rrm2

A 15 P103048 -1.4 0.0023 rac3

A 15 P140167 -1.4 0.0025 ddz52

A 15 P537237 -1.4 0.0023 nolba

A 15 P544287 -1.4 0.0025 z2gc:158623
A 15 P168986 -1.4 0.0024 rnaseh2a

A 15 P194016 -1.4 0.0025 cdon

A 15 P304326 -1.3 0.0022 uhrfl

A 15 P117020 -1.3 0.0022 tcf12

A 15 P107014 -1.3 0.0022 snrpdl

A 15 P114974 -1.3 0.0023 sic4. 1

A 15 P118554 -1.3 0.0023

A 15 P120199 -1.3 0.0023

A 15 _P176781 -1.3 0.0024 mybbpla

A 15 P596817 -1.3 0.0023

A 15 P204261 -1.3 0.0024 mef2d

A 15 P117621 -1.3 0.0023 2gc:110727
A 15 P272131 -1.3 0.0022

A 15 P111496 -1.3 0.0022 surf6l

A 15 P179111 -1.3 0.0023 LOCT792773
A 15 P180791 -1.3 0.0024

A 15 P149131 -1.3 0.0025 2gc:153991
A 15 P351050 -1.3 0.0023

A 15 P114679 -1.3 0.0024 rfc3

A 15 P169246 -1.3 0.0023 mfge8

A 15 P281466 -1.3 0.0023

A 15 P496837 -1.3 0.0023

A 15 P276521 -1.3 0.0024 2gc:153707
A 15 P190106 -1.3 0.0025 LOC571720
A 15 P143526 -1.3 0.0024 MGC158750
A 15 P104404 -1.3 0.0023 tef12

A 15 P133676 -1.3 0.0024 eftud?2

A 15 P147966 -1.2 0.0024 zgc:112501

Continued on following page.
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ID logFC adj. p-value Gene symbol
A 15 P207476 -1.2 0.0023 dpysl5b

A 15 P119868 -1.2 0.0024

A 15 P367640 -1.2 0.0023 eftud?2

A 15 P111895 -1.2 0.0023 eyal

A 15 P181008 -1.2 0.0024 nola2

A 15 P105109 -1.2 0.0023 cd81

A 15 P118954 -1.2 0.0024 sf3b3

A 15 P590617 -1.2 0.0024

A 15 P120275 -1.2 0.0023 ssb

A 15 P114882 -1.2 0.0024 myca

A 15 P104158 -1.2 0.0023 fabp3

A 15 P349525 -1.2 0.0024 si:dkey-15j16.4
A 15 P209306 -1.2 0.0024 2gc:56486
A 15 P169436 -1.2 0.0023 2gc:153534
A 15 P198926 -1.2 0.0024

A 15 P118844 -1.2 0.0023 tomm40l

A 15 P195931 -1.2 0.0025 alcam

A 15 P109049 -1.2 0.0024

A 15 P113995 -1.2 0.0024 her8a

A 15 P175756 -1.2 0.0023 assl

A 15 P435930 -1.1 0.0023

A 15 P208706 -1.1 0.0024 zgc:158231
A 15 P116794 -1.1 0.0023

A 15 P423665 -1.1 0.0023 fabp3

A 15 P103700 -1.1 0.0024 six4.2

A 15 P570327 -1.1 0.0023 zgc:158231
A 15 P116482 -1.1 0.0023 si:ch211-152m4. 1
A 15 P164056 -1.1 0.0024 zgc:110551
A 15 P117142 -1.1 0.0025 snrpb

A 15 P201966 -1.1 0.0024 col5a2

A 15 P120511 -1.1 0.0024 snrpfl

A 15 P424610 -1.1 0.0024

A 15 P133996 -1.1 0.0024 ppig

A 15 P161736 -1.1 0.0025 gas1b

A 15 P102607 -1.1 0.0024 rbb4l

A 15 P194611 -1.1 0.0024 dlc

A 15 P174396 -1.1 0.0024 top2a

A 15 P149541 -1.1 0.0025 ipl

A 15 P192911 -1.1 0.0024 prtga

A 15 P158891 -1.1 0.0024 LOCT97547
A 15 P546122 -1.1 0.0024 LOC100002019
A 15 P121213 -1.1 0.0024 uck2b

Continued on following page.
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ID logFC adj. p-value Gene symbol
A 15 P109021 -1.1 0.0024 nol6

A 15 P149381 -1.1 0.0024 zgc:112254
A 15 P432875 -1.1 0.0024 colba

A 15 P100792 -1.0 0.0024 prmts

A 15 P420895 -1.0 0.0024

A 15 P120915 -1.0 0.0025 cirhla

A 15 P495557 -1.0 0.0024 colba

A 15 P134301 -1.0 0.0024 rigl

A 15 P104470 -1.0 0.0024 cxzch

A 15 P103456 -1.0 0.0024 LOC570288
A 15 P212376 -1.0 0.0024 LOC553478
A 15 P178446 -1.0 0.0024 LOC558911
A 15 P118913 -1.0 0.0025 def

A 15 P102810 -1.0 0.0025 LOC561131
A 15 P210696 -1.0 0.0025 dtiplal10l
A 15 _P106777 -1.0 0.0024 soz9a

Continued on following page.
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Table 22.4: AVEXIS screen of Tnw(5xFn-FG) deletion construct
vs. bait protein library.

Bait protein AU

Islr2 0.065
Pleiotrophin 0.077
Fgf3 0.067
Calreticulin like 0.064
DeltaC 0.066
Ret1 receptor tyrosine kinase 0.066
Transmembrane protein 59-like 0.067
Hemochromatosis type 2 0.070
RGM domain family member A 0.063
Protocadherin 18a 0.071
Midkine-related growth factor a 0.076
Midkine-related growth factor b 0.069
Spondin 2a extracellular matrix protein 0.069
Calumenin a 0.072
Protogenin homolog b 0.073
Prion protein related sequence 1 0.070
Eph-like receptor tyrosine kinase 8 0.099
Otoconin 90 0.072
Frizzled-related protein 0.074
Semaphorin 3d 0.068
Neuropilin 1b 0.067
Vasorin (TILLING allele) 0.070
Lrigl 0.071
si:ch211-170d8.2 0.068
Eph receptor B4a 0.070
Neuropeptide B 0.060
Vasorin like 0.067
Protocadherin 17 0.069
Cspg4 0.072
zgc:113574 0.068
Cxcl12b 0.068
Follistatin a 0.075
Nerve growth factor receptor/p75 0.071
Transiently expressed axonal glycoprotein 0.065
Protocadherin 10b 0.070
Meteorin glial cell differentiation regulator-like 0.095
Secreted frizzled-related protein la 0.070
Hyaluronan proteoglycan link protein 1 0.068

Wingless-type MMTYV integration site family member 11 related  0.067

Continued on following page.
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Protein AU

Eph-like kinase 3 0.072
Secreted acidic cysteine rich glycoprotein 0.063
Tumor necrosis factor receptor superfamily member 21 0.066
Draxin 0.067
Arginine-rich mutated in early stage tumors 0.068
Draxin V2 0.066
zgc:110088 0.064
Kallmann syndrome la sequence 0.084
Cysteine-rich with EGF-like domains 2 0.060
Neuropilin 2b 0.066
Ek1 0.169
Wingless-type MMTYV integration site family member 1 0.069
Eph receptor Ada 0.088
Cadherin 2neuronal 0.060
Eph receptor A7 0.066
Ephrin A2 0.078
Protein tyrosine phosphatase receptor type A 0.067
Ephrin A3b 0.087
Ephrin A5b 0.069
Ephrin B2a 0.063
Ephrin B3 0.062
Calreticulin 0.065
Jam2 0.070
Cadm?2a 0.076
Galanin V2 0.073
Alcam 0.060
Mpz 0.060
Lrit2 0.061
Neol 0.063
Uncb5b 0.073
Fgfr2 0.069
Rorl 0.065
Wntll 0.065
Ryk 0.061
Csflb 0.065
Wnt4b 0.069
Gaslb 0.072
Transmembrane glycoprotein A33 0.064
Fgfrd 0.072
Csflra 0.068
Lumican 0.068
Seraf 0.096

Continued on following page.
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Protein AU

Dkk1 0.065
Nlrrl 0.065
Elfn2 0.065
Ngl2 0.062
Cntnla 0.064
DeltaA 0.114
DeltaB 0.159
Lrrcdc 0.063
Mpzl 0.058
Cadm4 0.062
Follistatin-like la 0.069
Prepro-urotensin 0.062
A2CEY7 0.066
Fgf3 0.069
zgc:110239 0.066
Nenf 0.061
LOC797163 0.068
Galanin 0.063
Pituitary tumor-transforming 1 interacting protein 0.062
Gremlin2 0.068
Cocaine- and amphetamine-regulated transcript 0.068
Clusterin 0.061
Defensin beta-like 1 0.07

loc793120 0.071
Cxcl12a 0.101
Igfbpla 0.072
zgcl161979 0.067
Lndcl 0.089
CD59 0.067
Ccbel 0.073
Widcl 0.113
Olfml2b 0.063
Csfla 0.07

Cd59-like 0.066
Slc22a7a 0.069
Chromogranin 0.064
Bmper 0.092
Edn3b 0.077
Edn3 0.066
Ramp2 0.070
Igfbp7 0.110
Neurotrimin 0.066

Continued on following page.
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Protein AU

Biglycan b 0.077
Bcan 0.079
Mxra8a 0.075
Nlrrl 0.069
Tnw (FG) 0.064
Tnw (3.5xEGF-5xFn-FG) 0.089
Tnw (5xFn-FG) 0.069
Matrilin 4sv 0.235

Continued on following page.
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— Den Gottern gleich ich nicht! Zu tief ist es gefiihlt;
Dem Wurme gleich ich, der den Staub durchwiihlt;
Den, wie er sich im Staube ndhrend lebt,

Des Wandrers Tritt vernichtet und begriabt. —

Goethe, Faust

Author contributions

The work presented here was carried out in the lab of Prof.
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ments were planned, conducted and analyzed by the author un-
less explicitly stated otherwise in the main text. Collaborations
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— O séahst du, voller Mondenschein
zum letzten Mal auf meine Pein,
Den ich so manche Mitternacht

an diesem Pult herangewacht: —

Goethe, Faust
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