Role of Heparan sulfate in Indian Hedgehog signaling and

Glycosaminoglycan composition

Inaugural-Dissertation
zur
Erlangung des Doktorgrades
Dr. rer. nat.
der Fakultit fiir
Biologie
an der

Universitit Duisburg-Essen

vorgelegt von

Velina Dimitrova Bachvarova

aus Kardzhali, Bulgarien

im August 2017



Die der vorliegenden Arbeit zugrunde liegenden Experimente wurden am Zentrum fiir
Medizinische Biotechnologie in der Abteilung fiir Entwicklungsbiologie der Universitit
Duisburg-Essen und am Biomedizinischen Zentrum (BMC) in der Abteilung fiir

Medizinische Biochemie und Mikrobiologie der Universitit Uppsala durchgefiihrt.

1. Gutachter: Prof. Dr. Andrea Vortkamp
2. Gutachter: Prof. Dr. Daniel Hoffmann
3. Gutachter: Prof. Dr. Lena Kjellen

Vorsitzender des Priifungsausschusses: Prof. Dr. Peter Bayer

Tag der miindlichen Priifung: 16.01.18

o UNIVERSITAT
DEUS |SS£NU RG
u u I CO Offen im Dertken

universitats
ub

Duisburg-Essen Publications online bibliothek

Diese Dissertation wird via DUEPublico, dem Dokumenten- und Publikationsserver der
Universitét Duisburg-Essen, zur Verfiigung gestellt und liegt auch als Print-Version vor.

DOI: 10.17185/duepublico/45208
URN: urn:nbn:de:hbz:465-20240326-083025-7

@@@ Dieses Werk kann unter einer Creative Commons Namensnennung -
Nicht kommerziell - Keine Bearbeitungen 4.0 Lizenz (CC BY-NC-
ND 4.0) genutzt werden.

E% MC RND



https://duepublico2.uni-due.de/
https://duepublico2.uni-due.de/
https://doi.org/10.17185/duepublico/45208
https://nbn-resolving.org/urn:nbn:de:hbz:465-20240326-083025-7
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/

“Begin at the beginning," the King said, very gravely,

"and go on till you come to the end: then stop.”

Lewis Carroll, Alice in Wonderland
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Introduction

1 Introduction

The embryonic development is a complex process, during which a single-celled zygote
transforms into a multicellular embryo that eventually will develop into an adult organism.
This tremendous transformation requires a tight regulation of cell proliferation, differentiation
and tissue patterning, which is achieved by the well-orchestrated action of a handful of
signaling pathways. These include the Hedgehog (Hh), Wnt, Bone morphogenetic protein
(Bmp) and other pathways, which are activated in response to secreted signaling molecules,
acting as morphogens. The morphogens are expressed in precisely defined zones. Upon
release, they form concentration gradients over several cell diameters and induce unique
transcriptional responses in a dose-dependent manner, thereby coordinating organ growth and
patterning. Over the last decades it has become evident that the actions of the extracellular
signaling molecules are dependent on interactions with components of the extracellular matrix
(ECM), particularly with heparan sulfate (HS) proteoglycans (PGs). These interactions are
mediated by the negative charges of the highly sulfated HS chains and sequences of positively
charged amino acids, often referred to as Cardin-Weintraub (CW) motifs (Cardin and
Weintraub, 1989). Among the interacting partners of HSPGs are the members of the
conserved family of Hh proteins, which regulate a large spectrum of events from early
embryonic stages to adulthood (Kronenberg, 2003; Pak and Segal, 2016; Wuelling and
Vortkamp, 2010). In the developing bone, Indian hedgehog (Ihh) is transported over large
distances to regulate chondrocyte proliferation and differentiation. Although HSPGs have
been shown to determine Thh distribution and signaling in the tissue, the exact molecular

mechanism by which this is achieved has not been uncovered so far (Koziel et al., 2004).

1.1 Endochondral ossification

Bones of the vertebrate skeleton develop by two mechanisms: intramembranous and
endochondral ossification. These processes are initiated when mesenchymal cells condense to
form the anlagen of the future bones, which produce Collagen type I-rich ECM (Mariani and
Martin, 2003). During the process of intramembranous ossification, which is typical for the
flat bones of the skull, parts of the clavicles and the craniofacial bones, mesenchymal cells
directly differentiate into bone producing osteoblasts (Percival and Richtsmeier, 2013).

Most of the skeletal elements, however, develop by endochondral ossification—a multistep

mechanism during which the cartilaginous templates are replaced by bone (Fig. 1. 1).
1



Introduction

Initially, the cells in the core of a mesenchymal condensation differentiate into chondrocytes,
which synthesize a Collagen type II- and Aggrecan-rich ECM. In parallel, the peripherally
located cells elongate and differentiate into fibroblast-like perichondral cells, which express
Collagen type I. The chondrocytes become increasingly organized into morphologically
distinct subpopulations: at the distal ends of the anlagen they are small, round and proliferate
at a low rate, while towards the center the cells become flattened, align into parallel,
longitudinal columns and increase their proliferation rate. During this transition, the
chondrocytes alter their morphology, differentiation status and gene expression profile, while
still expressing high levels of Aggrecan and Collagen type II. The fast-proliferating, columnar
chondrocytes eventually exit the cell cycle, mature, increase their cytoplasmic volume and
differentiate into prehypertrophic-, Ihh-expressing chondrocytes (Fig. 1. 1 C, D) (Kronenberg,
2003). Once these cells have become hypertrophic, they produce a Collagen type X-rich
matrix, which will allow mineralization (Jochmann et al., 2014; Wuelling and Vortkamp,
2011). Perichondral cells flanking the hypertrophic zone differentiate into osteoblasts,
forming the periosteum and the bone collar. The hypertrophic chondrocytes express
angiogenic factors to attract blood vessels, which invade the periosteum, and subsequently the
terminal hypertrophic zone. The invasion is supported by a degradation of the ECM by the
Matrix metalloproteinase 13 (Mmpl3), which is expressed by terminal hypertrophic
chondrocytes (Ortega et al., 2004). Subsequently, these cells undergo apoptosis, osteoclasts
invade and degrade the Collagen type X-rich ECM allowing osteoblasts to form trabecular
bone (Maes et al., 2010). The region of the developing bone, which is mineralized during
embryonic development, is called primary ossification center. After birth, secondary
ossification centers are formed at the ends of the bones (Fig. 1. 1 E). They remain separated
from the primary ossification center by chondrocytes, which form the growth plate to allow
postnatal bone growth.

The process of endochondral ossification is regulated by several signaling molecules, which
act together to maintain the balance between chondrocyte proliferation and hypertrophic
differentiation (reviewed in (Long and Ornitz, 2013; Wuelling and Vortkamp, 2010)).

These include HSPG-binding growth factors such as Bmps, Fgfs and Ihh. Malfunction in their

actions can lead to mild-to-severe abnormalities in bone and skeletal development.
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Fig. 1. 1 Schematic model of the endochondral ossification process.

Mesenchymal cells condense (A), and differentiate into chondrocytes, forming the template of the
future bone (red), surrounded by perichondral cells (orange) (B). Periarticular chondrocytes (red
circles) proliferate and differentiate into fast-proliferating, columnar chondrocytes (dark orange) (C).
Columnar chondrocytes differentiate first to prehypertrophic (red) and then hypertrophic chondrocytes
(dark red). Perichondral cells, surrounding the hypertrophic zone, differentiate into osteoblasts to form
the bone collar (blue) (C, D). Blood vessels invade the periosteum and terminal hypertrophic zone,
transporting osteogenic cells (D, E). Finally, the terminally hypertrophic chondrocytes undergo
apoptosis allowing the osteoclasts and osteoblasts to replace the cartilage by bone. After birth,
secondary ossification centers are formed at the distal ends of the bone (E). Modified after (Wuelling
and Vortkamp, 2011).

1.1.1 Thh as regulator of endochondral ossification

One of the key regulators of the endochondral ossification is Thh, which belongs to the
conserved family of Hedgehog proteins. In the developing bone Ihh is expressed by
prehypertrophic chondrocytes and regulates the onset of hypertrophic differentiation,
chondrocyte proliferation and osteoblast differentiation (Fig. 1. 2) (Lanske et al., 1996; St-
Jacques et al., 1999; Vortkamp et al., 1996).

Ihh governs the onset of hypertrophic differentiation via a negative feedback mechanism
involving the secreted growth factor Parathyroid hormone related protein (Pthrp) (Lanske et

al., 1996; Vortkamp et al., 1996). In this mechanism, Thh signals to the periarticular
3
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chondrocytes to induce Pthrp expression (Koziel et al., 2004). In turn, Pthrp signals through
its receptor, the Pth/Pthrp receptor (Ppr), expressed in proliferating and prehypertrophic
chondrocytes. Signaling through Ppr inhibits the onset of hypertrophic differentiation and Thh
expression (Amizuka et al.,, 1994), thereby keeping chondrocytes in a proliferative state

(Lanske et al., 1996; St-Jacques et al., 1999)(Fig. 1. 2).
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Fig. 1. 2 Ihh regulates endochondral bone formation.

Ihh is expressed by prehypertrophic chondrocytes (orange) and diffuses through the cartilage to
induce the expression of Pthrp in periarticular chondrocytes (yellow). Pthrp signals back to prevent
hypertrophic differentiation. Thus, the negative feedback loop keeps chondrocytes in a proliferative
state and regulates the onset of hypertrophy. Ihh directly activates chondrocyte proliferation via its
receptor Ptch, expressed by columnar chondrocytes. Modified after (Koziel et al., 2004).

Ihh regulates chondrocyte proliferation by a Pthrp-independent mechanism. /hh”" mice are
characterized by an early onset of hypertrophic differentiation and severely reduced
chondrocyte proliferation. Constitutive activation of Ppr rescues the differentiation defect in
these mice but does not correct the low proliferation rate (Karp et al., 2000). This data were
supported by an increased chondrocyte proliferation upon /hh overexpression or constitutive
activation of the Ihh receptor Smoothened (Smo) in chondrocytes and the decreased
proliferation rate after deletion of Smo (Long et al., 2001; Minina et al., 2001).

The role of Thh as a regulator of osteoblast differentiation is demonstrated by the absence of
osteoblasts and bone collar found in Thh deficient mice (St-Jacques et al., 1999; Vortkamp et
al., 1996). In line with these data, Smo deficient perichondral cells fail to differentiate into

osteoblasts (Long et al., 2004).
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In summary, among the wvarious signaling molecules regulating bone growth and
development, Thh seems to play a central role, regulating diverse processes by Pthrp-

dependent and independent mechanisms.

1.2 The Hedgehog protein family

Mutations in the Hedgehog (Hh) gene were first described in a systematic screen in
Drosophila melanogaster (Nusslein-Volhard and Wieschaus, 1980). The gene encodes a
secreted protein, which directly regulates the patterning of the embryo. Soon after, the three
mammalian homologs—Sonic hedgehog (Shh), Thh and Desert hedgehog (Dhh), were
described (Echelard et al., 1993; Riddle et al., 1993). These proteins share a high degree of
identity but are expressed in different tissues, regulating a broad spectrum of developmental
processes. These include ventral neural tube patterning and digit number, which are defined
by Shh (Jessell, 2000; Riddle et al.,, 1993), while Dhh is known as a regulator of
spermatogenesis and myelin sheath formation (Bitgood et al., 1996; Parmantier et al., 1999).
Besides its role in bone development, Thh stimulates primitive hematopoiesis and
vasculogenesis during early embryogenesis (Becker et al., 1997; Dejana et al., 2017; Kelly
and Hirschi, 2009), and is required for pancreatic development, primary gut patterning and
cardiac morphogenesis (Bitgood and McMahon, 1995; Varjosalo and Taipale, 2008). In line
with these, alterations in Hh signaling during embryogenesis lead to severe developmental
defects such as failure in midline structure establishment, absence of distal limb elements,
polydactyly and others, while in adult organisms Hh signaling has been linked to a large

number of cancers (review in (Cohen, 2003; Vortkamp et al., 1991)).

1.2.1 Hedgehog signal transduction

The Hh signaling pathway is highly conserved in vertebrates and invertebrates. Hh proteins
signal through a receptor complex consisting of the 12-pass transmembrane protein Ptchl and
the 7-pass transmembrane protein Smo (Motoyama et al., 1998). In absence of a ligand, Ptch1
inhibits Smo (Murone et al., 1999). As a result, the negative regulator Suppressor of Fused
(Sufu) forms a complex with transcription factors of the Gli family. This interaction stabilizes
the full-length form of Gli (GliFL) and sequesters it in the cytoplasm. Sufu, together with the
Kinesin-2 family member Kif7, promotes phosphorylation of GIiFL and its subsequent
processing into a truncated repressor form (GIliR). GliR translocates to the nucleus and

inhibits Hh target genes (Fig. 1. 3 A) (Humke et al., 2010).
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Upon binding of Hh to Ptchl both are internalized and degraded. Ptchl no longer inhibits
Smo, which becomes phosphorylated and enters the primary cilium (Chen et al., 2011b; Pak
and Segal, 2016; Shi et al., 2014). Kif7, Sufu and GliFL accumulate at the tip of the primary
cilium, where Smo promotes dissociation of GIiIFL from the complex with Sufu. GliFL
receives additional modifications resulting in the formation of Gli activator form, which
shuttles to the nucleus to induce transcription of Hh target genes (Fig. 1. 3 B) (Goetz and
Anderson, 2010).

A

Primary
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Adenylyl

Smo Ptch1 Cyclase

Fig. 1. 3 Hedgehog signal transduction.

In absence of Hh, Ptchl inhibits Smo and its ciliary localization. Sufu forms a complex with GliFL
and together with Kif7 promotes its phosphorylation and processing to GliR (A). Binding of Hh to
Ptchl releases the inhibition of Smo. Smo translocates to the primary cilium, where it stimulates the
dissociation of GliFL from Sufu complexes. As a result, GliA is activated and translocates to the
nucleus, where it induces Hh target genes (B) (Pak and Segal, 2016).

Besides Ptchl, further receptors can interact with Hh proteins and influence the activation of
the pathway. These include the positive regulators Cell adhesion molecule-related/Down-
regulated by Oncogenes (Cdo), Brother of Cdo (Boc) and Growth arrest specific-1 (Gasl),
and the negative regulators Ptch1 and Hedgehog Interfering Protein (Hhip). The Hh activity is
additionally modulated by interactions with HSPGs, which can either promote or inhibit Hh
signaling making the pathway activation susceptible to alterations in ECM composition

(reviewed in (Beachy et al., 2010)).
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1.2.2 Hedgehog biochemistry

The Hedgehog protein is synthesized as a 45 kDa precursor, which undergoes several
posttranslational modifications. The precursor contains a signaling peptide (SS) directing
entry into the endoplasmic reticulum (ER), an N-terminal signaling domain (“Hedge” domain,
HhN), and a C-terminal autoprocessing domain (“Hog” domain, HhC) (Fig. 1. 4). The HhC
domain binds cholesterol via its sterol recognition region (SRR) and catalyzes an intein-
related autoproteolytic reaction, in which a cholesterol moiety is added to the carboxy-
terminus of the signaling domain (Porter et al., 1996; Porter et al., 1995). Subsequently, HhC
is degraded by ER-associated degradation pathways (Chen et al., 2011a).

Internal cleavage
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Fig. 1. 4 Hh processing reaction and lipid modifications.

The short signaling sequence (SS, yellow) directs Hh to the ER, where the protein undergoes
autocatalytic cleavage catalyzed by the autoprocessing domain (HhC, green). This results in covalent
coupling of cholesterol to the C-terminus of the signaling domain (HhN (red)). The second lipid
modification is catalyzed by Hhat, which attaches a palmitic acid to the N-terminal cysteine of the
signaling domain. Modified after (Varjosalo and Taipale, 2008). Abbr: HhNp—processed N-terminal
domain, SS—signaling peptide, SRR—sterol recognition region, Hint—Hh-intein domain

The cholesterol-modified signaling domain enters the secretory pathway and undergoes a
second lipid modification—a covalent attachment of palmitate (N-palmitoylation) to the
amino-terminal cysteine residue. In mammals, the reaction is catalyzed by the transmembrane
Hedgehog acyltransferase (Hhat) and requires cleavage of the signaling peptide to expose the
N-terminal cysteine (Buglino and Resh, 2008, 2012; Dennis et al., 2012). The dual-lipidated
N-terminal domain, called HhNp (p stands for processed) is transported and stays associated

with the plasma membrane until released (Fig. 1. 4). Both lipid modifications have critical,
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yet not fully understood roles in regulating the release, distribution and signaling of Hh

proteins (Chen et al., 2004; Pepinsky et al., 1998).

1.2.3 Hedgehog release and transport through the tissue

Despite the initial tight association with the plasma membrane, Hh proteins exert their
signaling activity over several cell diameters—in the developing limb bud, for example, Shh
elicits a direct response at distance up to 300 um from their source (Li et al., 2006; Wang et
al., 2000). It is, however, not clear how the dual-lipidated protein is released and transported
from the producing to the targeted cells. Several mechanisms have been proposed during the

last decades (Fig. 1. 5).

1.2.3.1 Dispatched (Disp)-Scube2 regulated release

Disp is a transmembrane protein with high sequence similarity to Ptchl. It contains a sterol-
sensing domain (SSD) shown to interact with the Hh cholesterol moiety, thereby regulating
protein release (Burke et al., 1999). Recent findings demonstrated that Disp cooperates with
the secreted protein Scube2 (Fig. 1. 5 B). Scube proteins also contain a cholesterol-interacting
domain indicating a hand-over mechanism between Disp and Scube2 to release Hh proteins

(Creanga et al., 2012; Tukachinsky et al., 2012).

1.2.3.2 HhN-oligomer formation

It has been established that Hh proteins accumulate into multimeric structures prior to their
release (Fig. 1. 5 C) (Chen et al., 2004; Dierker et al., 2009a; Farshi et al., 2011; Vyas et al.,
2008; Zeng et al., 2001). The exact mechanism of multimer assembly remains, however,
unclear. Various studies of Shh have identified several amino acids to be crucial for the
multimerization, including R33, L37, E71, R72, K74, R123, D152 and R155 (Shh, human
nomenclature) (Chang et al., 2011; Farshi et al., 2011; Ohlig et al., 2011). Further reports
have stated that sequestration of the C- and N-terminal lipids into the interior of micellous
structures is a prerequisite for multimer assembly and release (Chen et al., 2004; Goetz et al.,
2006; Zeng et al., 2001). In contrast, a recent study proposed a model of self-driven multimer
formation, supported by the law of mass action. In this setup, the fatty acid and sterol do not
play crucial role in the process, but likely augment the size of the complex by keeping the

proteins tethered to the plasma membrane, thereby increasing their local concentration
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(Koleva et al., 2015). Whether additional factors are involved in the process needs to be

further investigated.

1.2.3.3 Lipoprotein-mediated Hh release

Experiments by Panakova and colleagues indicated that in Drosophila imaginal discs Hh
associates with the lipoprotein Lipophorin (Lpp) to form complexes, which move with the
hemolymph to promote Hh long-range signaling (Fig. 1. 5 D) (Panakova et al., 2005). Later
studies, however, reported a release of two different Hh forms in the wing disc—a cholesterol-
modified, Lpp-associated form and a cholesterol- and Lpp-free form. Notably, each of these
forms was unable to activate Hh responsive genes, unless acting synergistically (Palm et al.,

2013).
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Fig. 1. 5 Models for Hh release and transport.

The cholesterol-binding protein Scube2 cooperates with HSPGs to induce sheddases-mediated Hh
release (A) or acts with Disp in a hand-over mechanism of release (B). Hh organizes in multimers,
which process is likely mediated by HSPGs prior to release (C). HSPGs recruit lipoprotein-Hh
complexes, which are later solubilized by cleavage (D). Hh is released via ESCRT dependent
exosomes either from the plasma membrane (E), or from cytonemes (F). Modified after (Lee et al.,
2016). Abbr: SS—signaling peptide, ER—endoplasmic reticulum, Hhat—Hh acyltransferase, HSPGs—
heparan sulfate proteoglycans, Hh—hedgehog, ESCRT—endosomal sorting complex required for
transport.
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1.2.3.4 Contribution of exosomes and cytonemes to Hh release and transport

A more recent model proposes that the dual-lipidated Hh molecules are released and
transported in membrane vesicles called exosomes (Fig. 1.5 E). Several studies in the
Drosophila imaginal disc point to a dependence of Hh secretion and signaling on ESCRT
(endosomal sorting complex required for transport) machinery (Gradilla et al., 2014; Matusek
et al., 2014). Additionally, exosome-associated Shh has been detected in cultured human and
primary chicken notochord cells (Vyas et al., 2014).

The exosome-dependent gradient formation of Hh might be supported by cytonemes—
filopodia-like cellular extensions (Fig. 1. 5 F) (Gradilla et al., 2014), as Hh proteins and
components of the Hh pathway have been detected on these cellular protrusions in Drosophila
wing disc and in developing chicken limb bud by in vivo imaging (Bischoff et al., 2013;
Sanders et al., 2013). Nevertheless, more extensive studies, besides in vivo imaging would be

necessary to confirm a role of cytonemes in Hh transport to the receiving cells.

1.2.3.5 HSPG-mediated release and diffusion

Several lines of evidence suggest that HSPGs regulate Hh release and transport through the
tissue and shape their concentration gradient. In Drosophila, loss of HS or HSPGs critically
impairs Hh gradient formation and signaling (Bellaiche et al., 1998; The et al., 1999). In the
developing bone, HS restricts the distribution of Ihh and low HS levels or an altered sulfation
pattern increase the propagation of the signaling molecule (Dierker et al., 2016; Koziel et al.,
2004). Although it is quite clear that HSPGs have a central function in Hh release and
distribution, the molecular mechanism by which they regulate Hh biology has not been
uncovered so far. Nonetheless, in all proposed mechanisms for Hh release and distribution
HSPGs seem to play an indispensable role. Several lines of evidence have shown that the
protein multimerization is mediated by an interaction of Hh with HSPGs (Dierker et al.,
2009a; Rubin et al., 2002). In agreement with this, most of the residues involved in the
multimerization are found in the HS-binding motifs of the protein (Farshi et al., 2011; Ohlig
et al., 2011; Rubin et al., 2002). Moreover, analysis of Hh multimerization in Drosophila
revealed a stepwise process, in which Hh monomers organize first in nanoscale clusters,
which then interact with cell surface HSPGs to form larger complexes (Vyas et al., 2008).

HSPGs have been shown to regulate A disintegrin and metalloprotease (ADAM)-mediated
shedding of Shh from its lipidated N- and C-termini, which results in solubilization of the
protein (Dierker et al., 2009b; Ohlig et al., 2011; Ohlig et al., 2012; Ortmann et al., 2015).

10



Introduction

Further development of this model implicated that Scube2 acts as an activator of sheddases,
while HSPGs provide a “platform” for binding of Shh, sheddases and their activator Scube?2,
thereby underpinning the protein release (Fig. 1. 5 A) (Jakobs et al., 2014; Jakobs et al., 2016;
Ortmann et al., 2015). Moreover, HSPGs have been described to recruit lipophorin particles
carrying Hh in a model for lipoprotein-mediated Hh transport (Fig. 1. 5 D)(Eugster et al.,
2007)

A recent study has proposed that HSPGs along with other ECM components stabilize and
steer cytonemes carrying Hh and other signaling molecules through the tissue (Huang and
Kornberg, 2016).

Taken together these findings indicate that ECM has a crucial role in regulating the
distribution and signaling activity of Hh. Further aspects of this complex regulation are yet to

be uncovered.

1.3 The extracellular matrix

The ECM is a complex and highly organized network of locally synthesized macromolecules,
which provides not only a physical scaffold for the cells, but also regulates multiple cellular
processes including cell growth, migration, differentiation, and tissue homeostasis (Clause
and Barker, 2013; Frantz et al., 2010). The ECM composition is highly variable and has
evolved to serve the unique physical and signaling requirements of each specific tissue at
particular developmental stages.

The ECM has two major components—fibrous proteins and proteoglycans (PGs). Collagens
are the major fibrous proteins in the ECM, providing elasticity, flexibility and tensile strength
to the tissue. These functions are reinforced by non-collagenous proteins like Laminins,
Fibronectins, Elastins and others (Theocharis et al., 2016).

The PGs provide hydration and compressive resistance to the tissue (Mouw et al., 2014).
Based on their subcellular localization, PGs have been divided into four groups: intracellular
PGs-represented only by serglycin, the cell surface PGs (membrane-spanning and
glycosylphosphatidylinositol (GPI)-anchored PGs), pericellular PGs and such that are
secreted into the extracellular space (Fig. 1. 6) (Bishop et al., 2007; Theocharis et al., 2016).

11
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Fig. 1. 6 Schematic representation of the major PG classes.

Based on their subcellular localization PGs are divided into four groups: extracellular,
predominantly Chondroitin sulfate (CS) carrying PGs, pericellular PGs carrying HS chains, cell
surface-bound PGs, including the membrane spanning and the GPI-anchored PGs; and Serglycin—the
only intracellular PG (Theocharis et al., 2016). Abbr: PG—proteoglycan, CS—chondroitin sulfate,
KS—keratan sulfate, DS—dermatan sulfate, GPI-glycosylphosphatidylinositol.

1.3.1 PG composition

PGs are composed of a core protein carrying one or more highly acidic and hydrated
glycosaminoglycan (GAG) chains. The chains consist of repeating disaccharide units, which
contain N-acetylated hexosamines and p/-hexuronic acid, or p-galactose (Gal) (Esko and
Selleck, 2002; Jochmann et al., 2014). Based on their structural characteristics GAGs have
been divided into two main groups. The first group consist of the galactosaminoglycans
Chondroitin Sulfate (CS) and Dermatan Sulfate (DS), which are composed of N-
acetylgalactosamine (GalNAc) and glucuronic acid (GlcA) (Fig. 1. 7 A, B). The second group
comprises the glucosaminoglycans Heparan sulfate (HS) and Heparin—a highly sulfated
version of HS, consisting of N-acetylglucosamine (GIcNAc) and GlcA, and Keratan sulfate

(KS), which contains GIcNAc and Gal (Fig. 1.7C, D). Several enzymes, mainly
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sulfotransferases, modify the GAG chains, which results in tissue- and age-specific

modification patterns of the chains (Fig. 1. 7).
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Fig. 1. 7 Chemical structures of the GAG disaccharide units.

Based on their disaccharide structure, GAGs are organized into two main groups. CS and DS belong
to the galactosaminoglycans, while HS/Heparin, and KS are glucosaminoglycans. The modifications,
specific for each GAG type are color indicated. Modified after (Bulow and Hobert, 2006). Abbr: Gal,
Galactose; GlcNAc, N-acetylglucosamine; GalNAc, N-acetylgalactosamine; GlcA, glucuronic acid,;
IdoA, iduronic acid; Ndst, N-deacetylase-N-sulfotransferase; HSS5epi, HS glucuronyl-C5-epimerase
Hs2st, HS 2-O-sulfotransferase; Hs3st, HS 3-O-sulfotransferase; Hs6st, HS 6-O-sulfotransferase;
C4st, CS 4-O-sulfotransferase; Cé6st, CS 6-O-sulfotransferase; Ust, CS/DS 2-O-sulfotransferase;
CS/DS5epi, CS/DS glucuronyl-C5-epimerase; KSGal6st, KS-galactose 6-O-sulfotransferase.

PGs can carry one or more GAG chains, which are not necessarily of the same type (Bishop et
al., 2007). CS carriers, like Versicans and the typical for the cartilage Aggrecan, are mostly
extracellular PGs, while HS carrying PGs are located at the plasma membrane or in the
pericellular space, like Glypicans and Perlecan, respectively. PGs and the fibrous ECM
proteins form a three-dimensional structure, providing binding domains for plethora of
extracellular proteins like growth factors, morphogens, chemokines and cytokines, thereby

regulating cellular physiology and homeostasis (Sarrazin et al., 2011; Theocharis et al., 2016).
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1.3.2 HS and CS biosynthesis

The assembly of HS and CS chains is initiated in the ER and completed in the Golgi
apparatus using nucleotide sugars, imported from the cytoplasm. Despite the differences in
the polysaccharide backbone, the syntheses of HS and CS share a common step. Both
processes are initiated by the addition of a tetrasaccharide linker to a specific serine residue of
the core protein (Fig. 1. 8). The linker is composed of a xylose, two Gal and GIcA residues,
which are attached to the core protein in the Golgi apparatus. The addition of the first
hexosamine commits the biosynthesis to either HS or CS. GIcNAc (a1-4) addition catalyzed
by the enzyme Exostosin like glycosyltransferase 3 (Extl3) will initiate HS chains, while the
addition of GalNAc (f1-4) catalyzed by the Chondroitin sulfate  N-
acetylgalactosaminyltransferases CSGalNActl and CSGalNAct2 will result in synthesis of
CS (Esko and Selleck, 2002; Silbert and Sugumaran, 2002).

The polymerization of HS chains is catalyzed by a heteromeric complex of the
glycosyltransferases Exostosin (Ext) 1 and Ext 2, which adds alternating units of GIcNAc and
GlcA (Lind et al., 1998). Each enzyme posses combined f1-4 glucuronosyltransferase and
al—4 N-acetylglycosaminyltransferase activities, however, an Extl-Ext2 complex has an
augmented glycosyltransferase activity (Senay et al., 2000). In parallel to their synthesis, the
HS chains are modified by several sulfotransferases and an epimerase (Bishop et al., 2007,
Esko and Selleck, 2002; Sarrazin et al., 2011). The first modification is an N-deacetylation
and N-sulfation of GIcNAc residues, which is catalyzed by the enzymes N-deacetylase-N-
sulfotransferases (Ndst) 1-4. This process is incomplete along the chain, leading to the
formation of highly sulfated domains (NS) separated by unmodified N-acetylated (NA)
stretches. The enzyme p-glucuronyl-C5-epimerase (Glce) catalyzes the conversion of many,
but not all GIcA residues to r-iduronic acid (IdoA), most of which are sulfated at 2-O-position
by a 2-O-sulfotransferase (Hs2st). Additionally, sulfations can occur at 3-O- and 6-O-position
of GIcNACc/GIcNS residues, catalyzed by the sulfotransferases Hs3st (1-6), and Hs6st (1-3),
respectively (Esko and Lindahl, 2001; Kreuger and Kjellen, 2012).

The complexity of the HS structure is further increased by the activity of the secreted 6-O-
endosulfatases Sulfl and Sulf2, which remove sulfate groups from 6-O-position of
GIcNACc/GIcNS residues, once the chain has been transported to the cell surface (Ai et al.,
2006).
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Fig. 1. 8 CS and HS chains share a common tetrasaccharide primer.

HS and CS syntheses are initiated by the addition of a tetrasaccharide primer to a serine (Ser) residue
of the core protein. The fifth nucleotide sugar commits the synthesis to either CS or HS chains. The
synthesis and modification of these GAGs are catalyzed by distinct sets of enzymes. The chain
modifications and corresponding enzymes are indicated. Modified after (Bulow and Hobert, 2006).
Abbr Xyl, Xylose; NA, N-acetylated; NS, N-sulfated; GaINAcT, galactosaminyltransferase; XylT,
xylosyltransferase; GalT, galactosyltransferase; GIcAT, glucuronyltransferase; GIcNACT,
glucosaminyltransferase.

Different set of enzymes orchestrates the assembly and modification of the CS backbone. The
CS chain consists of alternating GalNAc and GIcA units, which are added to the growing
chain by Chondroitin sulfate synthases—Chsy 1-3 and a Chondroitin polymerization factor
(Chpf). Each of these enzymes posses combined f1-3 glucuronosyltransferase and f1-4 N-
acetylgalactosaminyltransferase activities, but cannot polymerize the chain by themselves.
The chain polymerization is achieved by the cooperative activity of at least two of the four
enzymes (Kitagawa et al., 2003; Kitagawa et al., 2001; Mikami and Kitagawa, 2013).
Multiple sulfotransferases create a unique modification pattern by adding sulfate groups at
various positions. The activity of Chondroitin 4-O-sulfotransferases (C4st) 1-3 and
Chondroitin 6-O-sulfotransferase (Co6st) results in the CS unit A (GlcA-GalNAc(4S)) and C
(GlcA-GalNACc(65)), respectively. Additional sulfation of each of these units leads to D and E
unit formation. The uronyl 2-O-sulfotransferase Ust catalyzes 2-O-sulfation of the GIcA
residue in unit C, resulting in the disulfated unit D (GIcA(2S)-GaINAc(6S)), while an activity

of the GalNAc4-sulfate-6-O-sulfotransferase (GalNAc4S-6ST) adds a sulfate group at 6-O-
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position of the unit A, modifying it to an E unit (GlcA-GalNAc(4,6S)) (Mikami and
Kitagawa, 2013). Two p-glucuronyl CS5-epimerases transform the molecule into the
stereoisomer DS, which is modified by the same set of enzymes.

The expression of the HS and CS synthesizing and modifying enzymes is tightly regulated to
generate tissue-specific levels and sulfation patterns of the GAGs, which is critical for the
activity of numerous signaling molecules, including Thh (Cortes et al., 2009; Dierker et al.,

2016; Grobe et al., 2005; Koziel et al., 2004; Li et al., 2003).

1.3.3 HS as a regulator of Ihh signaling during bone development

During the last decades, various mouse strains carrying inactivating alleles of HS synthesizing
and modifying enzymes have been developed. Besides the developmental abnormalities
affecting other organs, these mutants exhibit a large variety of skeletal defects, many of which
might be linked to an aberrant Thh signaling (reviewed in (Jochmann et al., 2014)). The low
HS level in the ExtI2¢" mouse, which carries a hypomorphic allele of Ext/ (Mitchell et al.,
2001) results in skeletal defects including short stature, shortened fore- and hindlimbs and
joint fusions (Koziel et al., 2004). Molecular analyses revealed that the reduced HS level in
these mice leads to an augmented propagation of Ihh. Consequently, chondrocyte
proliferation and Pthrp expression are increased, indicating an increased Ihh signaling.
Importantly, Ihh propagation in the cartilage seems to be specifically regulated by HS, since
CS failed to rescue the mouse phenotype in an explant culture experiment (Koziel et al.,
2004). Inactivation of Ext/ in limb mesenchyme or in joint-specific progenitors and
perichondral cells leads to a disturbed endochondral ossification, which has been linked to
alterations in Bmp signaling (Huegel et al., 2013; Matsumoto et al., 2010; Mundy et al.,
2011). Nevertheless, a conditional ablation in Gdf5-Cre;Extl”/ mutants leads to aberrant Ihh
and Wnt signaling as well (Mundy et al., 2011).

The role of HS sulfation pattern for chondrocyte differentiation has been less well examined
in vivo. The impaired mandibular and temporomandibular joint formations in Ndst/”~ mutants
have been linked to an increased Ihh diffusion (Yasuda et al., 2010). Additionally, these mice
are characterized by midline defects, impaired craniofacial and skeletal development, which
have been related to a low binding affinity of Shh and Fgf to the mutant HS (Grobe et al.,
2005; Pallerla et al., 2007). Moreover, a reduced Ihh binding to HS resulting in increased
protein distribution and Thh signaling has been demonstrated for the Glce deficient mice

(Dierker et al., 2016), while Sulf18"¢';Sulf2¢"¢' compound mutants, which carry hypomorphic
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alleles for the either enzyme, showed an accelerated hypertrophic differentiation, which
agrees with reduced Thh signaling (Ratzka et al., 2008; Ratzka et al., 2010). In summary, these

data demonstrated that Thh signaling requires specific HS levels and sulfation pattern.

1.4 Heparan sulfate—-Hedgehog protein interaction

HS interacts and modulates the activity of numerous secreted proteins, including the members
of the Hh family. Numerous studies have been performed to identify the HS-binding protein
domains and have shown that these interactions are mediated by motifs of positively charged
amino acids, called CW motifs (Cardin and Weintraub, 1989). These domains share the
characteristic signatures XBBXBX or XBBBXXBBX, where B stands for a positively
charged residue and X—for any residue. Among the first identified proteins containing a CW
motif were the Fgfs, for which XBXGXXBBG has been described as a consensus binding
sequence (Luo et al., 1998). A CW sequence has been identified in Shh (Farshi et al., 2011;
Rubin et al., 2002), which is located in the N-terminus of the protein. The motif has the
consensus sequence BBBXXBB and is highly conserved in all Hh family members. Despite
the high conservation, the motif differs between the three mammalian Hh paralogs by the
number of proline, arginine and lysine residues. Such differences are likely to affect the motif
conformation raising the question, whether the CW composition defines essential differences
in the mode of HS interaction of each paralog (Billings and Pacifici, 2015).

Other studies on the subject described an additional, discontinuous CW motif located in the
globular domain of Shh (Whalen et al., 2013). This motif is composed of the amino acids
K88, E124, R154 and R156 and K178 (Shh, human nomenclature). Both sequences were
confirmed to mediate binding of Shh to HS (Chang et al., 2011; Farshi et al., 2011; Whalen et
al., 2013).

In contrast to Shh, little is known of how Ihh interacts with HS and how this regulates the
protein propagation and signaling. Taking into account the critical role of HS and ECM
composition in Ihh signaling (Cortes et al., 2009; Koziel et al., 2004), it is important to get

deeper insight into the exact molecular mechanisms that regulate the interaction.
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2 Aim of the study

Ihh is a member of the conserved family of Hh proteins, governing large spectrum of
developmental events during embryogenesis and tissue homeostasis in adults. One of the key
functions of Thh is regulation of chondrocyte proliferation and differentiation during the
multistep process of endochondral ossifications. During this process, IThh cooperates with
several interacting partners to assure proper coordination of bone development. The
extracellular HSPGs have been identified among the binding partners of Hh proteins,
including Ihh. These interactions are mediated by positively charged amino acid sequences of
the protein and the negative charge of the highly sulfated HS chains. For the closely related
Shh, two conserved HS-binding motifs, regulating HS interaction and protein multimerization
have been recently described (Farshi et al., 2011; Rubin et al., 2002; Whalen et al., 2013),
which are present in [hh as well. Despite the numerous studies, which have shown that the HS
regulates Hh activity, the mechanisms by which this is achieved are poorly understood.

The aim of the current work is a detailed analysis of the molecular mechanisms mediating
Ihh-HS interaction and protein multimerization, and the role of HS in regulating Ihh
signaling, bone development and ECM integrity.

To answer these questions, the relevant for the HS-Ihh interaction amino acid residues will be
identified and their role in Ihh binding will be evaluated by mutation analysis and heparin/HS
affinity chromatography. Size-exclusion chromatography will be employed to study the role
of the identified motifs in protein multimerization.

Several studies have shown that Thh signaling is altered upon changes in HS sulfation pattern.
Therefore, the HS motifs, which are crucial for the binding of Hh proteins, will be analyzed
by affinity chromatography using HS of mice, which lack specific HS modifications. Whether
the multimerization process is dependent on the HS sulfation pattern will be investigated in
primary chondrocytes, lacking HS synthesizing or modifying enzymes.

Despite the high identity between Shh and Ihh, their N-terminal HS-binding domains differ,
suggesting that the paralogs may vary in their affinity to HS. The importance of these
differences for the interaction with HS and protein multimerization will be studied by
exchanging the binding motif of the proteins.

Importantly, the effect of alterations in HS levels and modification pattern on the ECM

structure, and their role in the embryonic development will be investigated by combining
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histological, immunofluorescence and structural analyses of the GAG composition in mice
with deficiency in the HS structure.

The data obtained in this study will enrich the knowledge about Ihh biochemistry, and the role
of HS in Thh biology and ECM homeostasis.
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3 Materials and Methods

3.1 Materials

All reaction buffers were prepared in MilliQ™ purified water. The pH was adjusted using

NaOH or HCI. Reaction tubes, laboratory glassware and pipette tips were steam sterilized

prior use. Bacterial media and buffers were subjected to steam sterilization or sterile filtration.

Disposable cell culture consumables were purchased as gamma sterilized products from

Corning (Amsterdam).

All chemicals used in this work were purchased from AppliChem (Darmstadt), Merck

(Darmstadt), Roth (Karlsuhe) and Sigma-Aldrich (Munich) if not indicated otherwise.

3.1.1 Chemicals

Chemical Manufacturer

4-(2-Hydroxyethyl)piperazine- 1 -ethanesulfonic acid Roth (Karlsruhe)

(HEPES)

4', 6-diamidino-2-phenylindole (DAPI) Sigma-Aldrich (Munich)

Ace Glow™-Solution Chemiluminiscence Substrate Peqlab (Erlangen)

Acetic acid VWR Chemicals (Darmstadt)

Acetone Bernd Kraft (Dusiburg)

Acrylamide 4K solution (30%), 37.5:1 Serva (Heidelberg)

Adenosine 5'-triphosphate (ATP) Thermo Scientific (Dreieich)

Agar-Agar Roth (Karlsruhe)

Agarose Serva (Heidelberg)

Albumin Factor V AppliChem (Darmstadt)

Ammonium Persulfate (APS) AppliChem (Darmstadt)

Ammonium sulfamate (NH4SO3;NH) Sigma-Aldrich (Munich)

Ampicillin Calbiochem (Bad Soden)

Bacto-Yeast Extract BD Difco (Heidelberg)

Barium nitrite monohydrate (Ba(NO>),.H>O) Sigma-Aldrich (Munich)

Blue Dextran 2000 GE Healthcare Life Sciences
(Freiburg)

Bromphenol blue sodium salt Roth (Karlsruhe)

Carbazole Sigma-Aldrich (Munich)

Coomassie brilliant blue R250 Roth (Karlsruhe)

Deoxynucleotide (ANTP) Solution Set

Thermo Scientific (Dreieich)
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Dextran sulfate

Diethanolamine

Dimethyl sulfoxide (DMSO)
DPX-Mounting Medium

Ethanol

Ethanolamine

Ethidium bromide
Ethylenediamine-tetraacetic acid (EDTA)
Glycerol

Glycin

Heparin-agarose beads, type I
Hydrogen peroxide (30%)
Isopropanol

Kanamycin

Magnesium sulfate (MgSO4)
Magnesiumchloride (MgCl»)
Methanol

Methyl green

Monopotassium phosphate (KH2PO4)
Monosodium phosphate (NaH>PO4)
Mowiol mounting medium

Nay*’SO4 (NEX 041H)

Optiphase HiSafe Scintillation cocktail
OrangeG

p-Nitrophenyl Phosphate disodium salt hexahydrate

(PNPP)
Packard *H Water

Paraffin-paraplast
Paraformaldehyde (PFA)

Pierce ECl Western Blot Substrate
Potassium acetate (CH3CO2K)
Potassium chloride (KCI)
SafraninO

Skimmed milk powder

Sodium acetate (C2H3;NaO»)
Sodium carbonate (Na,COs3)

Sigma-Aldrich (Munich)
Roth (Karlsruhe)

Acros Organics (Geel)

Fluka (Deisenhofen)

VWR (Darmstadt)

Roth (Karlsruhe)
Calbiochem (Bad Soden)
AppliChem (Darmstadt)
AppliChem (Darmstadt)
AppliChem (Darmstadt)
Sigma-Aldrich (Munich)
Bernd Kraft (Dusiburg)
VWR (Darmstadt)
Calbiochem (Bad Soden)
AppliChem (Darmstadt)
Merck-Millipore (Darmstadt)
Fischer Scientific (Schwerte)
Sigma-Aldrich (Munich)
AppliChem (Darmstadt)
Roth (Karlsruhe)
Sigma-Aldrich (Munich)
Perkin-Elmer (Waltham, USA)
PerkinElmer (Waltham, USA)
Sigma-Aldrich (Munich)
Roth (Karlsruhe)

Perkin-Elmer (Waltham, USA)
Sherwood Medical Co, (USA)
Merck (Darmstadt)

Thermo Scientific (Dreieich)
AppliChem (Darmstadt)
AppliChem (Darmstadt)

Roth (Karlsruhe)

AppliChem (Darmstadt)
Merck (Darmstadt)
AppliChem (Darmstadt)
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Sodium chloride (NaCl) Roth (Karlsruhe)

Sodium dodecyl sulfate (SDS), p.a. Sigma-Aldrich (Munich)
Sodium hydrogen carbonate (NaHCO3) Roth (Karlsruhe)

Sodium nitrite (NaNO>) Sigma-Aldrich (Munich)
Sodium tetraborate (Na;B4+O7-10H20) Roth (Karlsruhe)

Sulfuric acid (H2SO4) VWR (Darmstadt)
Tetramethylethylendiamin (TEMED) AppliChem (Darmstadt)
Trichloracetic acid (TCA) AppliChem (Darmstadt)
Tris-base AppliChem (Darmstadt)
Tris-HCI AppliChem (Darmstadt)

Triton X-100 AppliChem (Darmstadt)
Tryptone BD Difco (Detroit)

Tween-20 AppliChem (Darmstadt)

Water, HPLC grade Sigma-Aldrich (Munich)
Weigert solutions A and B Roth (Karlsruhe)

Xylene Roth (Karlsruhe)
S-Mercaptoethanol 98% AppliChem (Darmstadt)

3.1.2 Enzymes

Enzyme Concentration Manufacturer

Benzonase 29 U/ ul Merck Millipore (Darmstadt)
Chondroitinase ABC 20/ul Sigma-Aldrich (Munich)
Collagenase NB4 0.3 U/ml Serva (Heidelberg)

DNasel, RNase free 10 U/ul Roche (Mannheim)

Dream Taq Polymerase 5 U/l Thermo Scientific (Dreieich)
FastAP Thermosensitive 1 FDU/ul Thermo Scientific (Dreieich)
Alkaline Phosphatase

FastDigest Restriction enzymes 1 FDU/ul

Heparitinases (heparin lyses) I, 0.1 U/l
11, 111

Hyaloronidase 100 U/ml
KOD Hot Start DNA 2 U/ul
Polymerase

Neutral protease 1 U/ml
Pronase 10 mg/ml

Thermo Scientific (Dreieich)

IBEX Pharmaceuticals (Montreal)

Sigma-Aldrich (Munich)
Calbiochem (Bad Soden)

Serva (Heidelberg)
Sigma-Aldrich (Munich)
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Proteinase K 10 mg/ml Roche (Mannheim)

RNase 10 mg/ml Roche (Mannheim)
T4-DNA-Ligase 5U/ul Thermo Scientific (Dreieich)
Trypsin-EDTA 0.5% Life technologies (Darmstadt)
3.1.3 Kits

Kit Manufacturer

DirectPCR-Tail PeqLab (Erlangen)

Gel Filtration Calibration Kit HMW

Gel Filtration Calibration Kit LMW

jetPrime DNA Transfection Reagent

KOD Hot Start DNA Polymerase Kit

My-Budget Double Pure Kit

NucleoSpin Extract II

Pierce™ DAB Substrate Kit

QIAGEN Plasmid Midi Kit

QuikChange® II XL Site- Directed Mutagenesis Kit

TOPO-TA Cloning Kit

GE Healthcare Life Sciences (Freiburg)
GE Healthcare Life Sciences (Freiburg)
Polyplus-Transfection (Illkirch Cedex)
Calbiochem (Bad Soden)

Bio-Budget (Krefeld)

Macherey-Nagel (Diiren)

Thermo Fischer Scientific (Dreieich)
Qiagen (Hilden)

Agilent Technologies (Boblingen)

Life Technologies (Darmstadt)

3.1.4 Molecular markers

Name Distributor
1kb DNA ladder Fermentas (Dreieich)
100 bp DNA ladder Fermentas (Dreieich)

PageRuler™ Prestained Protein Ladder

Thermo Fischer Scientific (Dreieich)

3.1.5 Chromatographic media and columns

Product Method Manufacturer

Diethylaminoethyl (DEAE)™ —  Ion-Exchange Sigma-Aldrich (Munich)

Sephacel® Chromatography

HiTrap™ Heparin HP Affinity Chromatography  GE Healthcare Life Sciences
(Freiburg)
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HiTrap™ NHS-activated HP
NAP-10 columns

PD-10 columns

Phenomenex Luna Su C18(2)
100A

Superdex 200 10/300 GL

Superose 6 10/300 GL

Vivaspin® Turbo 15, 5000
MWCO, PES

Affinity Chromatography

Ion-Exchange
Chromatography

Ion-Exchange
Chromatography

Reversed-phase HPLC
column

Size-Exclusion
Chromatography

Size-Exclusion
Chromatography

Ultracentrifugation,
Ion-Exchange

GE Healthcare Life Sciences
(Freiburg)

GE Healthcare Life Sciences
(Freiburg)

GE Healthcare Life Sciences
(Freiburg)

Shimadzu (Kyoto)

GE Healthcare Life Sciences
(Freiburg)

GE Healthcare Life Sciences
(Freiburg)

Sartorius (Gottingen)

3.1.6 Antibodies

The antibodies applied in western blot analysis were diluted in 5% skimmed milk (MP) or 1%

BSA in TBS-T. When used in immunofluorescence analysis, antibodies were diluted in 1%

BSA, 10% goat serum (g.s.), or 10% horse serum (h.s.) in PBS (Table 3. 1, Table 3. 2).

Table 3. 1 Primary antibodies

Antibody

Species, dilution

Manufacturer

aChondroitin Sulfate (1B5, 2B6,

mouse, IHC; 1:5-1:10

Bruce Caterson

3B3) in g./h.s. (Cardift)

aHeparan Sulfate (F58-10E4) mouse, IHC; 1:100 Amsbio (Abingdon)
in 10% g.s.

aShh goat, WB; 1:2000 in 5% MP/TBS-T R and D Systems

(Wiesbaden)

Table 3. 2 Secondary antibodies and conjugates

Antibody Species, dilution Manufacturer

Biotinylated a-mouse IgG Horse, IF; 1:200 in h.s. Vector

Biotinylated a-mouse IgM Goat, IF; 1:200 in g.s.

Streptavidin-Alexa Fluor® 1:500, IF in h.s.

488

Laboratories (Burlingame)

Vector

Laboratories (Burlingame)
Life Technologies
(Darmstadt)
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Streptavidin-HRP

1:100, IF in g.s.

Perkin-Elmer (Waltham)

a-goat HRP Rabbit, WB; 1:10000 in 5% MP in ~ Abcam (Cambridge)
TBS-T

3.1.7 Vectors

The following vectors were used in cloning experiments.

Vector Application Manufacturer

pCR®II-TOPO Cloning Life Technologies

(Darmstadt)

pcDNA™3 1/myc-His Cloning/High level constitutive Life Technologies

(A) mammalian expression vector (Darmstadt)

List of expression vectors used in the work.

Plasmid Vector, restriction sites ~ Description

IhhNp pcDNA™3 1/myc-His (A); cDNA for wild-type murine
Hindlll, Apal Ihh

ThhNp¥k!308 pcDNA™3 1/myc-His (A); cDNA for murine Ihh,
Hindlll, Apal mutations at K'*°

ThhNpk#2!8 pcDNA™3 1/myc-His (A); cDNA for murine Ihh,
Hindlll, Apal mutations at K**!

ThhNp*81A pcDNA™3 1/myc-His (A); cDNA for murine Ihh,

IthpR75A/R76A/R77A/R8OA/K8 1A

IthpR75A/R77A

IthpR75K/P78H/R8 0K

IthpR76A/R8 0A

Hindlll, Apal

pcDNA™3 1/myc-His (A);
Hindlll, Apal

pcDNA™3 1/myc-His (A);
Hindlll, Apal

pcDNA™3 1/myc-His (A);
Hindlll, Apal

pcDNA™3 1/myc-His (A);
Hindlll, Apal

mutations at K¥!

c¢DNA for murine Thh,
mutations at R”>, R7®, R”7, R¥,
K8l R75 and K8l

c¢DNA for murine Thh,
mutations at R”>, R”’

c¢DNA for murine Thh,
mutations at R”>, P’®, R®

c¢DNA for murine Thh,
mutations at R7, R%
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ThhNp V71 G/V72F/STAARTSKIPTEHRSOK 1 - YN AT™3 1 /myc-His (A); cDNA for murine Thh,

ThhNp*“V

ShhNp

Sthp K33R/H36P/K38R

Hindlll, Apal mutations at V’!, V72, §™ R,
P’® and R®

pcDNA™3 1/myc-His (A); cDNA for murine Thh,

Hindlll, Apal deletion of CW1 motif

pcDNA™3 1/myc-His (C); cDNA for wild-type murine
Hindl, Xhol; provided by Shh

Prof. Dr. Kay Grobe,

University of Miinster

pcDNA™3 1/myc-His (C); cDNA for murine Shh,
Hindlll, Xhol mutations at K33, H¢ and K3*

3.1.8 Oligonucleotides

All oligonucleotides were purchased from Ambion (Thermofisher Scientific) and applied in

site-directed mutagenesis (Table 3. 3) of murine Ihh and Shh and genotyping (Table 3. 4).

Table 3. 3 Site-directed mutagenesis primers

Name Sequence (5°-3’)
ThhNp Notl s TCGCGCTGCCCATGGCGCGGCCGCATGGAGTCCCCAAGAG
ThhNp Notl as CTCTTGGGGACTCCATGCGGCCGCGCCATGGGCAGCGCGA

IthpKISOS S
ThhNp®!3% as

CTACAATCCCGACATCATCTTCAGCGACGAGGAGAACACGGGTG
C
GCACCCGTGTTCTCCTCGTCGCTGAAGATGATGTCGGGATTGTAG

ThhNp*#!1S §
ThhNp*#2!S as

GACTGGGTGTATTACGAGTCCAGCGCCCACGTGCATTGCTCTGTC
GACAGAGCAATGCACGTGGGCGCTGGACTCGTAATACACCCAGT
C

ThhNp*814 g
ThhNp*#!Aas

CCGCCGGAGGCCGCCTCGCGCCCTCGTGCCTCTTGCCTACAAG
CTTGTAGGCAAGAGGCACGAGGGCGCGAGGCGGCCTCCGGCGG

IthpRl665 S
ThhNpR!66S ag

CAGTGGCCTGGTGTGAAACTGAGCGTGACCGAAGGCTGGGATGA
A
TTCATCCCAGCCTTCGGTCACGCTCAGTTTCACACCAGGCCACTG

IthpRl965/Rl98S S
IthpRl965/Rl98S as

GTGGATATCACCACCTCAGACAGCGACAGCAATAAGTATGGACT
GCTGGCG
CGCCAGCAGTCCATACTTATTGCTGTCGCTGTCTGAGGTGGTGAT
ATCCAC

IthpR75A/R76A/R77A/R80A/K8 1A

S
IthpR75A/R76A/R77A/R80A/K8 1A

as

GCCGGGTGGTGGGCAGCGCCCGGGCGCCGCCTCGCGCGCTCGTG
CCTCTTGCCTAC
GTAGGCAAGAGGCACGAGCGCGCGAGGCGGCGCCCGGGCGCTGC
CCACCACCCGGC
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ThhNpR7SARTTA ¢ GGCCGGGTGGTGGGCAGCGCCCGGGCGCCGCCTCGCAAGCTCGT

IthpR75A/R77A as G
CACGAGCTTGCGAGGCGGCGCCCGGGCGCTGCCCACCACCCGGC
C

ThhNpR7SK/PTSHRSK o GTGGGCAGCAAGCGGAGGCACCCTAAGAAGCTCGTGCCTCTT

ThhNpR7SKPTSHRSOK AAGAGGCACGAGCTTCTTAGGGTGCCTCCGCTTGCTGCCCAC

ThhNpR76A/R80A ¢ GGGTGGTGGGCAGCCGCGCGAGGCCGCCTGCCAAGCTCGTGCCT

IthpR76A/R80A as

CTTGC
GCAAGAGGCACGAGCTTGGCAGGCGGCCTCGCGCGGCTGCCCAC
CACCC

IthpV7lG/V72F/S74A/R75K/P78H/

R8OK S

IthpV7lG/V72F/S74A/R75K/P78H/

R8OK as

CGGGGCTGCGGGCCGGGCCGGGGCTTCGGCAAGCGGAGGCACCC
TAAGAAGCTCG
CGAGCTTCTTAGGGTGCCTCCGCTTGCCGAAGCCCCGGCCCGGLC
CGCAGCCCCG

ThhNp*“V s
ThhNp~“Y as

GCCGGGCCGGGTGGTGGGCAGCCTCGTGCCTCTTGCCTACAAGCA
GT
ACTGCTTGTAGGCAAGAGGCACGAGGCTGCCCACCACCCGGCCC
GGC

Sthp K33R/H36P/K38R S

Sthp K33R/H36P/K38R as

GTGGGCCCGGCAGGGGGTTTGGACGCAGGCGGCCGCCCCGCAAG
CTGACCCCTTTAGCCTACAAGCAGTT
AACTGCTTGTAGGCTAAAGGGGTCAGCTTGCGGGGCGGCCGCCTG
CGTCCAAACCCCCTGCCGGGCCCAC

Table 3. 4 Primers for mouse genotyping

Strain Primer Sequence (5°-3’)

Ext]" Extl Fw CACATCAGGTGCCTCACAAC
Ext]l Rv CTCCCAGCACTTTTCCTGAC
5’pto TACATAGTTGGCAGTGTTTGGG

Glce JP46 ACTCCATGCTGCTCTGAC
P54 AGTGTTCAAAGGATAAACTACAA
LoxP1 CGAGATCAGCAGCCTCTGTTCCA

Hs2st 20st P1 GTGCGGCCGTGGGGTCC
LARI TGCCCTAGGCTCAGGCATG

Ndstl NDSTI1-16R CATCCTCTGAGGTGACCGC
NDST1-10R CCAGGGCGTCAGGGCCTCCTG
NDSTI 17F CCCAGATGGCGAGACTGAGG

Sulfl S1F1 GAGGGAACAGCGCTATCYAAATG
S1RI GAGATACACAGCAAAGGTCCG
AK30R neo CGGCTGCATACGCTTGATCCG

Sulf? S2 Fw GAATCCCATCCTCACGACAC
S2 Rev AGCTCCACATCCTGGTCATC
AK31R neo CCTGCGTGCAATCCATCTTG
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3.1.9 Consumables

The consumables, utilized in cell and bacterial culture experiments, were steam sterilized

prior use or purchased as sterile disposable products.

Consumable

Manufacturer

15/50 ml reaction tubes

Cell culture flasks

Cell scrapers

Combitips advanced®

Cover glass

Disposable pipettes (5, 10 and 25 ml)
Falcon cell strainer, 40 pm

Filter pipette tips (10, 100, 1000 pl)
HPLC tubes

Immobilon-P, PVDF Transfer Membrane
Micro centrifuge tubes (1.5, 2, 5 ml)
Micro centrifuge tubes, 1.5 ml, RNase free
Microtome blades

Multiwell Culture plates

Nalgene® “Mr. Frosty” Freezing container
rack

Plastic Culture Dishes

Poly-Prep® empty chromatography
column

Superfrost™ Plus Microscope Slides
Whatman paper

Whatman syringe filters

Corning (Amsterdam)

Corning (Amsterdam)

Corning (Amsterdam)

Eppendorf (Hamburg)

Roth (Karlsruhe)

Corning (Amsterdam)

BD Bioscience Falcon (Heidelberg)
StarLab (Hamburg)

VWR Chemicals (Darmstadt)
Merck Millipore (Darmstadt)

Roth (Karlsruhe), Eppendorf (Hamburg)
Corning (Amsterdam)

Microm (Walldorf)

Corning (Amsterdam)

Thermo Scientific (Dreieich)

Corning (Amsterdam)

Bio-Rad (Munich)

Thermo Scientific (Dreieich)
Macherey-Nagel (Diiren)
GE Healthcare (Freiburg)

3.1.10 Technical equipment

Equipment Manufacturer
AktaFPLC GE Healthcare Life Sciences (Freiburg)
AktaPrime Plus GE Healthcare Life Sciences (Freiburg)

Analytical scale
Automatic tissue processor
Bacteria incubator

Bench centrifuge

Mettler Toledo AL54 (Giessen)
Mikrom (Walldorf)

Memmert (Schwabach)
Eppendorf (Hamburg)
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Biophotometer Genesys 6

CO; Incubators

Dry freezer Alpha 1-4 LD plus
Embedding station

Freezers (-20, -80, -152°C)

Fusion FX7 Gel Doc

Gel electrophoresis chamber (horizontal)
Gel electrophoresis chamber (vertical)
Gel imager

Hotplate for paraffin sections

HPLC system

Laboratory scale

Laminar Flow Cabinet

Laminar Flow Cabinet (HER Asafe, MSC-
Advantage)
Micropipettes

Microplate Reader (GeniosPro)
Microscope Axioplan2, Axiovert 200M
Microscope Camera Spot 23.0
Microtome Microme HM 325
Microwave oven

MilliQ Water System

Multipette Xtream®

NanoDrop spectrophotometer

PCR thermal cycler

pH-Meter

Pipette Controller (Pipetboy)

Power supply Consort EV231
Radrotator drive STR4

Rocking Platform Shaker Duomax 1030
Shaking incubator

Stereomicroscope

Stirring hotplate

Thermo block with shaker

Trans-Blot® SD Semi-Dry Transfer Cell

Tri-Carb Liquid Scintillation Counters

Thermo Fischer Scientific (Bonn)
Labotect (Gottingen)

Christ (Osterode am Harz)

Leica (Wetzlar)

Liebherr, Bosch, Thermo, Sanyo
PeqLab (Erlangen)

PeqLab (Erlangen)

PeqLab (Erlangen), bsb11 (Nottuln)
INTAS (Gottingen)

MEDAX (Neumuenster)

Merck (Sweden)

Mettler Toledo PL 3002 (Giellen)
BDK (Sonnenbiihl-Genkingen)

Thermo Fischer Scientific (Bonn)

Eppendorf (Hamburg)

Tecan (Méannedorf)

Zeiss (Gottingen)

Diagnostic Instruments (Sterling Heights)
Microm (Walldorf)

Sharp (Hamburg)

Millipore (Schwalbach)

Eppendorf (Hamburg)

PeqLab (Erlangen)

Eppendorf (Hamburg), Biometra (Gdottingen)
Mettler Toledo (Giessen)

Thermo Scientific (Dreieich)

PeqLab (Erlangen), Biometra (Gottingen)
Bibby Scientific (Staffordshire)

Heidolph (Schwabach)

HT Infors (Einsbach)

Leica (Wetzler)

IKA (Staufen)

Eppendorf (Hamburg)

Bio-Rad (Munich)

Perkin-Elmer (Waltham)
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Vacuum pump

Vortex shaker

KNF Lab, (Freiburg)

Scientific Industries (Bohemia)

Water bath GFL (Burgwedel)

Water bath for tissue sections MEDAX (Neumuenster)
3.1.11 Softwares

Software Version Manufacturer

Adobe package CS4 Extended  11.0 Adobe

ApE, A plasmid Editor 2.0.51 M. Wayne Davis
D-7000 HPLC System 4.1 Hitachi-hightechnologies
Manager (HSM)

Fusion capt 15.09 Vilber Lourmat
GraphPad Prism 5 5.04 GraphPad Software
Imajel 1.48v National Institute of Health, USA
INTAS 3.22 GDS

Jalview 2.10.1 University of Dundee and BBSRC
MetaMorph 6.3r6 Molecular devices
Microsoft® Office for Mac 14.0.0 Microsoft

ND-1000 3.2.1 Coleman Technologies
PyMol 1.7.4.5 Schrodinger, LLC

Spot Advanced 4.5.7 Diagnostic instruments
T-coffee 8.99 Notredame’s Lab (CRG)
Unicorn 5.1 GE Healthcare

3.1.12 Buffers and Solutions

Buffer/Solution Composition

Affinity Chromatography Elution Buffer 2 M NaCl

10 mM NaH,PO,, pH7
0.1% (v/v) Triton X-100

Affinity Chromatography Loading Buffer

10 mM NaH,PO,, pH7
0.1% (v/v) Triton X-100
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Alkaline Phosphatase reaction buffer

23.2% (v/v) Diethanolamine

500 uM MgCl,

0.5 mg (w/v) BSA

12 mM PNP (p-nitrophenolphosphate)

Bjerrum Buffer

48 mM Tris
29 mM Glycin
20% (v/v) Methanol

Chondroitinase digestion solution

50 mM Tris, pH 8
30- 60 mM Sodium acetate

0.02% Bovine serum albumin

Collagenase digestion solution

0.3 U/ml Collagenase NB4
5% (v/v) FCS
0.05% (v/v) Trypsin

DEAE Elution buffer

50 mM Acetate buffer, pH 4.0
2 M NaCl
0.1% Triton X-100

DEAE Washing buffer 1

50 mM Tris-HCI, pH 7.5
200 mM NacCl
0.1% Triton X-100

DEAE Washing buffer 2 50 mM Acetate buffer, pH 4.0
200 mM NacCl
0.1% Triton X-100

GAG Binding Buffer 20 mM Sodium acetate, pH 6
100 mM NaCl

GAG Elution Buffer 20 mM Sodium acetate, pH 6
1.5 M NaCl

Heparinase buffer, 2X 10 mM HEPES pH 7.0
2 mM CaCl,

Lysis buffer (primary chondrocytes) 50 mM Tris-HCI, pH 7.5
150 mM NacCl

1% Triton X-100

Methyl Green staining solution

0.5 g Methyl green
0.1 M Sodium acetate, pH 4.2
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NHS-Activated column 0.2 M NaHCO;
Coupling Buffer 0.5 M NaCl

pH 8.3
NHS-Activated column 0.5 M Ethanolamine
Buffer A 0.5 M NaCl

pH 8.3
NHS-Activated column 0.1 M Sodium acetate
Buffer B 0.5 M NaCl

pH 4
Nitrous acid treatment 1.5 pH reagent 0.5 M Ba(NO2)2.H20 in H,O

0.5 M H>SOq4
Nitrous acid treatment 3.9 pH reagent 6.8 M NaNO;

in MilliQ H>O
Orange G-Sample Buffer 300 ml/l Glycerol

2 g/l Orange G

P1 (Miniprep)

50 mM Tris-HCI, pH 8
10 mM EDTA
100 ug/ml DNase-free RNase

P2 (Miniprep)

200 mM NaOH
1% (w/v) SDS

P3 (Miniprep)

3 M Potassium acetate, pH 5.5

Paraformaldehyde (PFA)

4% (w/v) in PBS

PBT

X% Triton X-100 (v/v) in PBS

Phosphate Buffered Saline (PBS), 10x

1.37 M NaCl

26.8 M KCl

100 mM Na,HPO,4
17 mM KH,PO4
pH 7.4

Pronase Buffer

100 mM Sodium acetate
320 mM NacCl
pH 5.5
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Protease Buffer

50 mM Tris-HCI pH 8.0
1 mM CaCl,
1% Triton X-100

SafraninO solution

0.1% (w/v) SafraninO

Scott’s Buffer 83 mM MgSOq4
24 mM NaHCOs
SDS Resolving gel Buffer, 4x 1.5 M Tris, pH 8.8
0.4% (w/v) SDS
SDS Running Buffer, 10x IM Tris

3.84 M Glycin
1% (w/v) SDS

SDS Sample Buffer, 4x

200 mM Tris-HCI, pH 8.8

8% (w/v) SDS

40% (v/v) Glycerol

0.5% (v/v) p-Mercaptoethanol
0.4% (w/v) Bromophenol blue

SDS Stacking gel Buffer, 4x

0.5 M Tris, pH 6.8
0.4% (w/v) SDS

SDS-PAGE Resolving gel

X% (v/v) Acrylamide

25% SDS-Resolving gel Buffer
0.1% (w/v) APS

1:1000 TEMED

SDS-PAGE Stacking gel

4% (v/v) Acrylamide
25% Stacking gel Buffer
0.1% (w/v) APS

1:1000 TEMED

Superose 6 Separation buffer

50 mM Tris-HCI, pH 7.4
1 M NaCl
0.1% Triton X-100

TBS-T

1% Tween-20 (v/v) in TBS

TE-Buffer

10 mM Tris, pH 8.0
1 mM EDTA
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Tris-Acetate-EDTA (TAE) 40 mM Tris
1 mM EDTA
20mM Acetic acid
pH 8

Tris-buffered saline (TBS), 20x 3 M NaCl
200 mM Tris
pH 7.5

Weigert solution 1:1 mixture of Weigert solutions A and B

3.1.13 Bacterial strains and culture media

Escherichia Coli (E.coli) strains DH5a, Top10 und Machl were cultured in steam sterilized
liquid or agar Luria Bertani (LB) medium. The culture media were supplemented with 100

ug/ml Ampicillin or 50 pg/ml Kanamycin, when selection of transformants was intended.

Strain Genotype Reference

DH5a F $80dlacZAM15 A(lacZY A-argF)U169 deoR, Life Technologies
recAl endAl hsdR17(rx’ mx") phoA supE44 thi-1  (Darmstadt)
gyrA96 relAl N

Topl0 F mcrA A(mrr-hsdRMS-mcrBC) $80lacZAM15  Life Technologies
AlacX74 recAl araD139 A(ara-leu)7697 galU (Darmstadt)
galK rpsL(Str®) endA 1 nupG

Machl F $80lacZAM15 AlacX74 hsdR(rk, Life Technologies
mk )ArecA1398 endAl tonA (Darmstadt)
Medium Composition
LB-liquid Medium 1% (w/v) Tryptone
0.5% (w/v) Yeast-Extract
1% (w/v) NaCl
pH 7.0
LB-Agar 1.5% (w/v) Agar in LB medium

3.1.14 Eukaryotic cells

Established cell lines and primary chondrocytes were maintained in appropriate medium,

supplemented with Fetal Bovine Serum (FBS/FCS) and antibiotics. Differentiation was
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induced by treatment with Insulin-Transferrin-Selenium supplement, added fresh to the
medium.
The cell culture media, PBS, Penicillin/Streptomycin (P/S) used in this work were purchased

from Life Technologies (Darmstadt). FBS was purchased from PAN-Biotech (Aidenbach)

Cell line Description Reference
HEK-293Ebna Human embryonic kidneys (Graham et al., 1975)
C3H10T1/2 Murine embryonic fibroblasts  (Reznikoff et al., 1973)
Medium Composition
HEK-293Ebna complete medium DMEM-GlutaM A X™-[
10% FCS
1% P/S
Freezing medium DMEM-GlutaM A X™-[
20% FCS
10% DMSO
1% P/S
C3H10T1/2 complete medium DMEM-GlutaM A X™-[
10% FCS
1% P/S
C3H10T1/2 differentiation medium DMEM/F12
2.5% FCS
1% P/S
X% tested protein
Primary chondrocytes complete medium DMEM/F12
10% FCS
1% P/S

Primary chondrocytes differentiation medium DMEM/F12
2.5% FCS/ 1x Serum Replacement
1% ITS
1% P/S

The following agonists, antagonists and supplements were used in cell culture experiments:
— Purmorphamine—Abcam (Cambridge)

— Cyclopamine—Calbiochem (Bad Soden)
— Insulin-Transferrin-Selenium (ITS) supplement— Life Technologies (Darmstadt)

— Serum replacement 1 (50X)—Sigma-Aldrich (Munich)
— Protease Inhibitor Cocktail-Calbiochem (Bad Soden)
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3.1.15 Mouse lines

Mouse lines Genotype Reference

NMRI Wild type Harlan-Winkelmann (Borchen)
Ext]67¢! Extl Gt(pGT1.8TM)64Wcs  (Mitchell et al., 2001)

Glce™” Glce tm1Jpli (Li et al., 2003)

Hs2st” Hs2st]m!-1e (Bullock et al., 1998)

Ndstl™” Ndst]m!Grob (Grobe et al., 2005)

Sulf1878t; S/t Sulfl G{(XM190)Byg/Sulf2  (Ratzka et al., 2008)

7GY(PST111)Byg
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3.2 Methods

3.2.1 Molecular biology

3.2.1.1 PCR Methods

Polymerase chain reaction (PCR) is a rapid and versatile method used for amplification of
predefined DNA sequence. The method is usually designed to permit selective amplification
of specific DNA fragment within a heterogeneous population of DNA sequences. To permit
such selectivity oligonucleotide primers specific to the targeted sequence are designed.
Dependent on the aim of the experiment the conditions and the applied polymerase can vary.

For standard PCR the composition of the reaction mix and composition were the following:

Plasmid/ Genomic DNA 10 ng-100 ng
10X Dream Taq Buffer 2.5
DMSO 1.25 ul
dNTPs (100mM) 0.2 ul
forward primer 0.4 uM
reverse primer 0.4 uM
Dream Taq (5U/ul) 1U

ddH>O to 25 ul

PCR amplification conditions:

Step Temperature Time Number of cycles
Initial denaturation  95°C 5 1
Denaturation 95°C 307

Annealing 52-64°C 207’ 35
Extension 72°C I

Final extension 72°C 5 1

End 4°C 0

The optimal annealing temperature for each primer pair was first determined via gradient-
PCR. When the DNA amplicons were intended for cloning a high-fidelity polymerase (KOD
Hot Start DNA Polymerase (Calbiochem)) was used. High-fidelity PCR utilizes a DNA

polymerase with a low error rate and results in a high degree of accuracy in the replication of
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the DNA of interest. The PCR mix was prepared according to the guidance of the
manufacturer. Due to the 3’ to 5° exonuclease activity, KOD polymerase synthesizes PCR
products with no 3’-dA, which results in amplicons with blunt ends. Prior to TOPO-TA
cloning the 3’-dA overhangs were additionally synthesized by supplementing the PCR
product with 1U of Dream Taq polymerase followed by an incubation at 72°C for 10 min.

The resulting PCR products were analyzed by agarose-gel electrophoresis.

3.2.1.2 Agarose-gel electrophoresis

Agarose-gel electrophoresis is commonly used method for visualization of nucleic acids. It
can be used for analytic purposes and excision and purification of targeted DNA fragment
prior cloning. The agarose-gel was prepared in Tris-acetate-EDTA (TAE) buffer and in
concentration ranging between 0.8-2% agarose, depending on the expected size of the DNA
fragments. The gels were run in TAE buffer for 1hr at 120V and stained with 0.5 pg/ml
ethidium bromide supplemented to the liquid agarose. Ethidium bromide intercalates between
the base pairs in the double helix and emits light with wavelength 605 nm (orange light) as
result of excitation with ultraviolet light (300 nm and 520 nm).

When loaded on agarose-gel nucleic acid samples were supplemented with OrangeG loading
buffer and 100 bp / 1kb DNA ladder (Fermentas) was used to determine the size of the DNA

fragments.

3.2.1.3 Purification of DNA fragments

DNA fragments, obtained by PCR amplification or plasmid restriction, were separated via
agarose-gel electrophoresis and excised using sterile scalpel. The purification was performed

using NucleoSpin Extractll (Macherey-Nagel) following instructions of the manufacturer.

3.2.1.4 Enzymatic restriction of plasmid DNA

Enzymatic digestion of plasmids aimed to confirm the insert and vector backbone size. All
restriction enzymes used in this work belong to the FastDigest line of restriction enzymes by

Thermo Scientific.

3.2.1.4.1 Diagnostic restriction of plasmids

Plasmid digest was performed in 10 pl total reaction volume. The reaction mix contained 1 pl
of FastDigest Buffer (10X), 0.5 U of each restriction enzyme, 0.5 pg plasmid and X pl of
MilliQ H>O to reach 10 pl final volume. The reaction was homogenized, centrifuged and

incubated for 20 min at 37°C. The enzymes were inactivated at temperature recommended by
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the manufacturer and analyzed by agarose-gels electrophoresis.

3.2.1.4.2 Enzymatic digestion of plasmids and DNA fragments for cloning
When restriction products were used in a cloning reaction, the volume of the digestion
reaction was increased to 30 ul with scaled amount of each component and purified as

described (see section 3.2.1.3).

3.2.1.5 Ligation of DNA fragments

Ligation is a mechanism, which allows joining of two nucleic acids through the catalytic
action of an enzyme. In this reaction, the ends of DNA fragments are joined together by the
formation of phosphodiester bonds between the 3’-hydroxyl group of one DNA terminus with
the 5’-phosphoryl group of the other DNA terminus. The activity of the ligase, the enzyme
catalyzing this reaction, requires a co-factor, ATP or NAD".

In this work, ligation reactions were catalyzed by the T4-DNA-Ligase (Thermo Scientific)
following instructions of the manufacturer. The reactions were performed overnight (o/n) at

25°C.

3.2.1.6 Quantitation of nucleic acids

The accurate nucleic acid concentration was assessed by measuring the absorbance of a
sample (optical density-OD) at wavelength of 260 nm (Amax for DNA and RNA), 280nm and
230 nm using NanoDrop spectrophotometer (Peqlab). The quantification is based on a
spectrum measurement at a defined pathway of 1 mm. The reading at 260 nm allows
calculation of the concentration of nucleic acids in the sample. An OD of 1 corresponds to 50
png/ml of dsDNA, 40 pg/ml RNA and 33 pg/ml ssDNA. The ratio between the readings at
260nm/280 nm (OD260:0D2g0) and 260 nm/230 nm (OD260:0OD230) was used to estimate the
purity of the nucleic acids. Pure preparations of DNA and RNA have OD2g0:OD2go of 1.8 and
2, respectively, while OD260:0D230 should be greater than 1.5.

3.2.1.7 DNA sequencing

Sanger sequencing was performed by GATC (Cologne). The sequences were analyzed using

ApE software and compared to sequences in NCBI BLAST (http:/www.ncbi.nlm.nih.gov).
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3.2.1.8 Cloning of expression plasmids

3.2.1.8.1 Cloning of full length 744 (mus musculus)

Full length 7hh (nucleotides 1-2464, NCBI), containing the 5’ and 3’ Thh UTRs cloned in
pCMV-SPORT6 was purchased from GE Healthcare Dharmacon (MGC Mouse Thh cDNA,
Accession: BC046984 Clone ID: 6477118). Due to insufficient overexpression levels the
coding sequence (called IhhNp, 324-1673 nucleotides, accession number NM_010544.2) was
subcloned in expression vector pcDNA™3.1/myc-His(A) (Invitrogen). An additional Notl
restriction site was introduced into the 5’UTR of the Thh sequence directly upstream from the
initiation codon using site-directed mutagenesis (section 3.2.1.9) and primer pair IhhNp Notl
(Table 3. 3). The pCMV-SPORT6 containing the /44 sequences and the pcDNAT™3.1/myc-
His(A) were digested using Nofl and A4pal enzymes. The Thh pCMV-SPORT6 digestion
products were separated on an agarose-gel followed by purification of the Thh fragments
(section 3.2.1.3). The gel-purified fragments were ligated in pcDNA™3.1/myc-His(A) using
T4-DNA ligase following manufacturer instruction. 5 pl of the reaction mix was used for
transformation of chemically competent cells. Transformed cells were plated onto LB agar
plates supplemented with ampicillin as a selection marker. Plasmid DNA was purified from
several colonies. A diagnostic plasmid restriction using Notl and Apal was performed to
confirm fragment insertion (section 3.2.1.4.1). Clones with expected size of the insert and

backbone were sent for sequencing to confirm a correct insertion of the Ihh coding sequence.

3.2.1.9 Generation of mutants via site-directed mutagenesis

Site-directed mutagenesis is an in vitro method used to introduce a desired mutation into
dsDNA plasmid. One can make use of the method when interested in the relationship between
protein structure and function, protein engineering or willing to perform vector modification.
The QuickChange II XL Site-Directed Mutagenesis Kit (Agilent Technologies) was used to
generate /hh mutants. Successful mutagenesis reaction requires the design of sense and
antisense primers with the desired mutation. Extension of the primers by the PfuUltra high-
fidelity polymerase results in synthesis of mutant plasmid with nicks. DNA, purified from the
majority E.coli strains, is Dam methylated, which make it susceptible to Dpnl enzymatic
digest. The digest was performed after the synthesis of the mutant chains was completed (5 U
enzyme, 37°C for 1 hr). The endonuclease targets the parental DNA template, while the PCR
amplified DNA strands remain unaffected by this treatment. Following Dpnl digest the

reaction mix was used for transformation of XL-10 Gold Ultracompetent cells for nick repair,
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plated onto LB agar plates supplemented with antibiotic and incubated o/n at 37°C. The
mutagenesis reaction conditions were the following:

Mutagenesis reaction mix composition:

10x Reaction buffer 2.5
dNTPs mix 0.5l
Sense primer 63 ng
Antisense primer 63 ng
Quick Solution 1.5 ul
PfuUltra polymerase 1.25U
DNA template 50 ng
ddH»0 to 25 ul

Cycling parameters for site-directed mutagenesis:

Step Temperature Time Number of cycles
Initial denaturation 95°C I’ 1
Denaturation 95°C 50>
Annealing 60°C 50> 18
Extension 68°C 7
(1°/ kb plasmid length)
Final extension 68°C 7 1
End 4°C 0

3.2.1.10 Transformation of chemically competent cells

XL-10 Gold Ultracompetent cells were used for bacterial transformation with plasmids
following site-directed mutagenesis. 30 ul cells were supplemented with 1 ul DMSO and
incubated on ice for 10 min. 3 pl of Dpnl digested PCR product was added to the cells and
gently mixed for a minute. The mixture was incubated on ice for 30 min and then heat
shocked at 42°C for 30”. After additional incubation for 2 min on ice, 200 pl LB medium was
added to the reaction. The cells were incubated for 20 min at 37°C with shaking and then
plated onto LB-agar plates, supplemented with ampicillin or penicillin. After o/n incubation at
37°C, 5-10 colonies were transferred onto fresh LB-agar plates and in 5 ml liquid medium.
The cultures were grown o/n followed by plasmid purification via alkaline lysis.

DHS5a/Mach1/Topl0 cells were used for bacterial transformation with established plasmids,

products of ligation or cloning reaction. 100 pl competent cells were thawed on ice. 100 ng
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plasmid DNA or 2-4 pl ligation mixture was added to the competent cells, gently mixed for
about a minute and then incubated for 30 min on ice. After this, a heat-shock at 42°C for 30”
was performed, followed by an incubation on ice for 2 min. The transformation mix was
supplemented with 200-400 pl LB medium. The cells were incubated for 30-60 min at 37°C
dependent on the antibiotic resistance of the plasmid and then plated onto LB-agar plates,

supplemented with either ampicillin or penicillin.

3.2.1.11 Plasmid purification

Plasmids were purified via alkaline lysis (Birnboim and Doly, 1979). Qiagen Plasmid Midi
Kit was utilized for purification of a highly pure plasmid DNA, sufficient for transfection in
eukaryotic cells.

When intended for cloning, enzymatic digestion or sequencing, the plasmids were purified
using the following plasmid mini preparation protocol. Following transformation, the E.coli
cells were plated onto LB-agar plate, supplemented with an appropriate selective mark. After
an o/n incubation at 37°C, single colonies were picked and inoculated into 3 ml liquid LB
medium. Transformants were harvested after an o/n incubation via centrifugation at 13000 g
for 5 min. The supernatant was discarded and the resulting bacterial pellets-resuspended in
200 pl Buffer P1. Cells were lysed in 200 pl Buffer P2. Finally, neutralization and
precipitation of genomic DNA and proteins was attained by the addition of 200 ul Buffer P3.
The precipitates were sedimented via centrifugation at 13 000 g for 5 min at 4°C. The
supernatant, containing plasmid DNA, was transferred to a fresh 1.5 ml and precipitated by
the addition of 0.7 volumes 100% isopropanol followed by an incubation for 2 hrs at -20°C.
Following centrifuged at 13000 g for 30 min at 4°C, the supernatant was discarded and DNA
pellets were air-dried and resuspended in 50 pl TE-Buffer. The amount and purity of the
obtained plasmids were assessed using NanoDrop spectrophotometer and verified by

diagnostic restriction and sequencing.

3.2.2 Protein purification and analysis

3.2.2.1 Trichloroacetic acid (TCA) precipitation of proteins

TCA precipitation is a commonly used method for concentration of diluted protein solutions
and simultaneous removal of contaminants. Equal volumes of protein solution and 20% ice-
cold TCA were mixed and incubated on ice for 1 hr or o/n at -20°C. The samples were
centrifuged (14000 g, 20 min, 4°C) and the supernatant discarded. The protein pellets were

washed with 400 pl ice-cold acetone and incubated for 10 min at -20°C followed by a
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centrifugation (14000 g, 20 min, 4°C). The supernatants were discarded, pellets—air-dried and
stored at 4°C for further analyses (Fic et al., 2010).

3.2.2.2 Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE)

SDS-PAGE is a commonly used method for separation of protein mixtures according to their
electrophoretic mobility. In this method, discontinuous polyacrylamide (PAA) gels are used
as a support medium in combination with a protein-denaturing agent—sodium dodecyl sulfate
(SDS). As an anionic detergent, SDS disturbs the tertiary structure of the proteins, which
brings the folded proteins into a linear molecule. Additionally, SDS coats the protein with a
uniform negative charge, which masks the native charge of the protein. The PAA matrix can
be prepared in various concentrations, resulting in different pore size of the matrix and,
respectively—in variety of separation conditions. The presence of a reducing agent like
dithiotreithol (DTT) or f-mercaptoethanol, which breaks disulfide bonds, ensures that the 3D
structure of the protein is fully disturbed (Laemmli, 1970).

PAA gel consists of two phases—a stacking gel with pH 6.8 and a resolving gel with pH 8.8.
For the preparation of 10 ml of 15% resolving SDS-PAA gels 0.1% (v/v) TEMED and 0.1%
(w/v) APS were added to 2.5 ml dd H20, 2.5 ml SDS resolving gel buffer, 5 ml of 30%
Acrylamide/Bis solution 37.5:1. The solution was poured between PAA gel glass plates,
covered with 100% isopropanol and allowed to polymerize. Once the gel had polymerized,
the isopropanol was removed and a 4% stacking gel mix was poured onto it, and allowed to
polymerize after positioning of the well-forming comb.

Cell lysates and protein mixtures were resolved in 15% SDS-PAGE. Samples were diluted in
SDS-PAGE sample buffer, boiled for 15 min and applied to the gel. The separation was
performed at 80 V in the stacking gel and 120 V in the resolving gel.

3.2.2.3 Western blot (Immuno blot)

Western blot is a widely used technique for identification of individual protein in complex
protein mixtures. In this method, proteins are first separated by electrophoresis and then
transferred by electric current onto a carrier membrane (polyvinylidene difluoride (PVDF) or
Nitrocellulose) where they are accessible to protein specific antibodies for immunodetection.

Bjerrum buffer was selected as a protein transfer buffer. The PVDF membrane was pre-
activated in methanol whatmann paper and the SDS-PAA gels were equilibrated in Bjerrum
buffer and assembled in a western blot transfer sandwich. Protein transfer was achieved by

semi-dry blotting (Bio-Rad) for 1hr at 5 mA/cm?.
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After protein transfer, the membranes were blocked in 5% skim milk in TBS-T for one hr in
order to avoid unspecific antibody binding. The membranes were incubated with primary
antibody (goat o-ShhN) diluted 1:2000 in 5% skim milk /TBS-T, o/n at 4°C. An
unspecifically bound antibodies were removed by washing in TBS-T buffer. A horseradish
peroxidase (HRP)-labeled secondary antibody (a-goat HRP) was applied onto the membrane
and incubated for one hr followed by membrane washing in TBS-T and developing using a
“Pierce enhanced chemiluminescence substrate” (ECL) (Thermo scientific, Dreieich) or
»AceGlowTM-Solution” (Peqlab) for detection of HRP activity. The resulting
chemiluminescence signal was detected using a Phospho-/Chemiluminescence Imager

Fusion-SL 4.2MP and quantified using ImageJ software.

3.2.2.4 Fast protein liquid chromatography (FPLC)

FPLC is a type of liquid chromatography, commonly used to analyze or purify molecules in
complex mixtures as they travel along a mobile phase (buffer) through a porous matrix
(stationary phase). The flow rate of the mobile phase is controlled and usually kept constant,
while the characteristics of the mobile and stationary phase can vary, generating a wide range

of separation conditions.

3.2.2.4.1 Size-exclusion chromatography

Size-exclusion chromatography is a technique, which allows separation of molecules, such as
proteins, peptides, polysaccharides and nuclear acids, by size as they travel through porous
matrix in form of spherical particles. Large molecules or multimers cannot enter the pores of
the matrix. Consequently, they are eluted first and leave the column with the Void volume
(Vo) as they travel with the same speed as the flow of the buffer. Smaller molecules enter the
pores of the matrix and are delayed in the column, eluting according to their size. Small
molecules, such as salts, have full access to the pores of the matrix, but do not separate from
each other and are eluted just before one total column volume of buffer (Vi) has passed
through the column.

Superdex 200 10/300 GL containing spherical composite of cross-linked agarose and dextran
as a matrix was selected for separation of Hh multimers by size-exclusion chromatography.
The medium was equilibrated with PBS at 4°C. 500 ul of medium derived from HEK-
293Ebna cells expressing wild-type or mutant Thh protein was filtered through a 0.22 um
filter and applied onto the column. Another 500 ul were subjected to heparin-agarose beads
(Sigma-Aldrich) pull-down in order to control the amount of overexpressed protein in the

input. The separation was performed at a flow rate of 0.5 ml/min. Eluted proteins were
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separated in 24 fractions with a volume of one ml, subjected to TCA precipitation (3.2.2.1)
and stored for further analyses.

Superose 6 10/300 GL (matrix: cross-linked agarose) was employed for preparative
separation of 3°S labeled proteoglycans and, subsequently, for determination of the length of
the attached GAG chains. The separation medium was equilibrated with two column volumes
of Superose 6 separation buffer. For preparative separation of PGs, the column was loaded
with two ml DEAE-purified and filtered PGs solution. The separation was performed at a
flow rate of 0.25 ml/min in 50 fractions. 20 ul of each fraction were supplemented with
HiSafe scintillation cocktail and analyzed in scintillation counter to identify the PG peak.
Analytical separations were performed on samples containing 10 000 cpms (counts per
minute) of 3°S labeled total GAGs, CS, or HS. Separation was performed in Superose 6
separation buffer at flow rate 0.25 ml/min and in 50 fractions (0.5 ml/fraction). The resulting
fractions were analyzed in scintillation counter after supplementing with HiSafe scintillation

cocktail.

3.2.2.4.2 Affinity chromatography

Affinity chromatography is a technique allowing separation of molecules using bio-
recognition. The method is based on reversible interactions between the molecule of interest
and a specific ligand, coupled to a chromatography matrix. Advantage of this method is its
high selectivity. The method is performed in four steps: equilibration of the chromatography
matrix; loading of the sample in conditions, favoring interactions with the ligand; washing off
the unbound material and elution. During the elution step the conditions are changed to
reverse the binding to the ligand. This is achieved by change of the pH, the ionic strength of
the buffer or others.

The heparin/HS affinity chromatography column (one ml) was equilibrated with three column
volumes of Affinity chromatography loading buffer. Two ml conditioned medium derived
from HEK-293Ebna cells, expressing wild-type or mutant Thh protein, was passed through
0.22 um filter and applied onto the equilibrated column. The unspecifically bound material
was washed off with five column volumes of Affinity chromatography loading buffer. The
specifically bound protein was eluted with a linear NaCl gradient ranging from 0 to 2 mol/L
NaCl concentration in loading buffer (pH7). The linear gradient was verified by continuous
conductivity measurement. The obtained fractions were subjected to TCA precipitation,

resolved on 15% SDS-PAA gel and immunoblotted, followed by immunodetection.
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3.2.2.5 Desalting with PD-10 /NAP-10 columns

PD-10/NAP-10 columns (GE Healthcare) are prepacked columns containing Sephadex G-25
resin, which can be used for separation of substances based on their molecular weight,
desalting, buffer exchange and sample clean up, were employed for desalting of samples.

The storage buffer of a PD-10 column was removed and the column was equilibrated with 25
ml of 10% ethanol or MilliQ H>O. After equilibration, the column was loaded with 2.5 ml of
the sample followed by elution with 3.5 ml of 10% ethanol/MilliQ H>O. The eluate was
subjected to freeze-drying.

NAP-10 (GE Healthcare) columns were used for desalting of samples of smaller volumes.
Columns were first equilibrated with six column volumes of 10% ethanol/MilliQ H>O. The
maximum sample volume applied was 0.9 ml, which was eluted with 1.4 ml 10%

ethanol/MilliQ H-O.

3.2.2.6 Hh bioactivity assay

The biological activity of wild-type and mutant IThh and Shh proteins was assessed by their
ability to induce osteoblast differentiation of the mesenchyme cell line C3H10T1/2. The
C3H10T1/2 cells display fibroblastic morphology when cultured under undifferentiating
condition, but are able to differentiate into osteoblasts, chondrocytes or adipocytes upon
induction (Zhao et al., 2009). This precursor cells express the Hh receptor Ptchl and an
exposure to Hh protein activates the pathway, leading to osteoblast differentiation and the
associated alkaline phosphatase expression, which can be used as a read-out of Hh protein
signaling activity (Nakamura et al., 1997).

The analyzed proteins were expressed for 48 hours in HEK-293Ebna cells. The conditioned
medium, enriched on Hh protein, was harvested and sterile-filtered. 500 pl sample was
subjected to a heparin pull-down, followed by immunoblot using Hh specific antibody. The
relative secreted Hh amount was quantified in order to assure that similar amount of the
mutant and wild-type proteins was applied in the analysis. The quantification was performed
using Imagel] Software. Protein levels were normalized to the wild-type protein, which was
set to 100%.

C3HI10T1/2 cells (5x10%well) were seeded in 12 well plates and grown for 24 hrs in complete
medium. After reaching 100% confluence, the medium was exchange with differentiation
medium, supplemented with a predefined amount of the tested protein. The assays were
performed in triplicates. C3HI10T1/2 cells treated with Cyclopamine (2 pM), a Smo

antagonist, in parallel to the tested protein were used as negative controls. As a positive
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control cells were treated with the Hh agonist Purmorphamine (2 puM). Following 5 days of
differentiation, cells were washed in PBS and lysed in 150 pl of PBS, 1% Triton X-100. The
cell lysates were mixed with 150 pl alkaline phosphatase reaction buffer and incubated for 30
min at room temperature (RT). The alkaline phosphatase activity was measured on a

microplate absorbance reader at 405 nm.

3.2.3 Glycosaminoglycan (GAG) purification and analyses

3.2.3.1 Purification of GAGs for affinity column preparation

Total embryonic heparan sulfate was purified from the following mouse strains: NMRI,

Ndstl”, Hs2st”~ and wild-type littermates.

3.2.3.1.1 Tissue digest

Mouse embryos were harvested via C-section at embryonic day E16.5 and subjected to snap
freezing in liquid N>. Small pieces of the embryonic tail were harvested for preparation of
genomic DNA, followed by genotyping. Four embryos of each genotype and their wild-type
littermates were selected for HS purification. The embryos were manually homogenized and
digested o/n at 40°C in Pronase buffer supplemented with 1mg/ml Pronase and 1mg/ml
Proteinase K. Following a complete tissue digest, the enzymes were heat inactivated at 85°C
for 20 min. The digestion product was centrifuged for 30 min at 13 000 x g, the supernatants
were filtered through 0.45 uM filter and diluted in sterile water in ration 1:3. to bring the
NaCl concentration bellow 150 mM. GAGs were purified by ion-exchange chromatography
using the cross-linked cellulose-DEAE Sephacel™ (Sigma-Aldrich) as a medium.

3.2.3.1.2 DEAE Sephacel™ purification

2.5 ml DEAE Sephacel™ was packed in a Poly-Prep® empty chromatography column. The
medium was equilibrated with 30 ml GAG-Binding buffer. The digested embryonic tissue
was applied to the column and allowed to pass through by gravity. The loaded column was
washed with 50 ml GAG-Binding buffer, followed by an elution of the GAGs with 12.5 ml
GAG-Elution buffer. The resulting eluate was desalted using PD-10 columns, freeze-dried
and reconstituted in HPLC grade water. The amount of the purified GAGs was determined by
carbazole assay (Bitter and Muir, 1962). The CS in the complex GAG mixture was digested
and the remaining HS was purified by a second round of DEAE Sephacel™ purification prior

to the generation of the affinity columns.
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3.2.3.2 Generation of HS affinity chromatography columns

Prepacked N-hydroxysuccinimide (NHS)-activated Sepharose™ (GE Helathcare) was
selected as a matrix for HS coupling. HiTrap NHS-activated HP is composed of an NHS ester
attached by epichlore-hydrine to Sepharose High Performance via a spacer arm. This type of
esterification leads to formation of activated esters, which can react with ligands containing—
NH» groups, resulting in very stable amide linkage. The usually performed reaction of f-
elimination after a GAG purification was excluded for samples intended for affinity column
preparation in order to preserve the GAG core protein as a source of amino groups.

HS (100 pg) purified from mouse embryos at E16.5 was dissolved in 1 ml of NHS-coupling
buffer. The prepacked HiTrap NHS column was activated by washing with 6 ml of ice-cold
HCI1 (ImM). The diluted HS was injected through the column, the column was sealed and
incubated o/n at 4°C. The incubation was followed by washing with Buffer A and B in the
following order: 6 ml Buffer A, 6 ml Buffer B, 6 ml Buffer A. After an incubated for 2 hr at
4°C, buffers A and B were used to wash off the unspecifically bound material in the following
order: 6 ml Buffer B, 6 ml Buffer A, 6 ml Buffer B. Finally, the column was equilibrated to
pH7 with sodium phosphate buffer. For long-term storage, the column was washed with water
and stored at 4°C in 20% ethanol. All solutions used in this procedure were passed through

0.2 uM filter prior use.

3.2.3.3 Purification of radioactively labeled GAGs for chain length analysis

Radioactive labeling of GAGs in primary chondrocytes, PG purification and the following
GAG chain length analysis were performed at Lena Kjellen research group, BMC, University
of Uppsala.

3.2.3.3.1 Radioactive labeling of primary chondrocytes

Primary chondrocytes were obtained from fore and hind limbs of E13.5 Ext1%"¢', Hs2st”- and
control mouse embryos. The cells were cultured for 24 hrs or differentiated for 5 days prior
labeling with 100 uCi/ml Na>*SOs4 (NEX 041H Perkin-Elmer). Following a 16 hours
incubation, the cells and conditioned medium were harvested. The cells were washed in PBS
and lysed in 2 ml lysis buffer supplemented with proteinase inhibitor for 1 hour on a rocking
table. After centrifugation (5 min, 13000 x g, 4°C), the supernatant was collected and the
GAGs were purified using DEAE™ (Sigma-Aldrich) ion-exchange medium.
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3.2.3.3.2 Purification of radioactively labeled GAG

0.3 ml DEAE™-Sephacel medium was packed in Poly-Prep® empty chromatography column
and equilibrated with six column volumes of DEAE wash buffer 1. Samples were loaded onto
the column followed by washing with 10 column volumes of DEAE wash buffer 1, and the
same amount of DEAE wash buffer 2. Elution was performed with 6 x 0.3 ml of DEAE
Elution buffer, resulting in six elution fractions, which were kept separately. Three pl of each
elution fraction was counted in S-counter to determine the content of labeled material. The
fractions with highest radioactivity were pooled and subjected to size-exclusion
chromatography on a Superose 6 10/300 column to separate intact PG (eluting as high
molecular weight molecules) from cell debris and lysosomes. The fractions containing PGs
were pooled. Samples counting =50 000 cpms were subjected to alkali treatment with 10M
NaOH o/n at 4°C with continuous homogenization to release the GAG chains from the core
proteins. The amount of NaOH, optimal for the reaction, was calculated by the following
formula: (Volume of the sample x 0.5)/9.5=V of NaOH in ml. Samples were neutralized with
equal amount of 10 M HCI and desalted using PD-10 desalting columns and MilliQ H»O as a
buffer. GAGs were concentrated by freeze-drying and dissolved in 100 ul MilliQ H>O. After
quantification, an aliquot counting =10 000 cmps was directly separated on a Superose 6

column or subjected to HS/CS digestion prior separation (Dagalv et al., 2015).
3.2.3.4 CS/HS digestion in complex GAG mixtures

3.2.3.4.1 CS digest by chondroitinase ABC

Chondroitinase ABC catalyzes the eliminative degradation of polysaccharides containing (1-
4)-f-p-hexosaminyl and (1-3)-f-p-glucuronosyl or (1-3)-a-L-iduronosyl linkages to
disaccharides containing 4-deoxy-f-p-gluc-4-enuronosyl groups. It acts on chondroitin 4-O-
sulfate, chondroitin 6-O-sulfate, and DS. CS in physiologically relevant GAG mixtures was
subjected to chondroitinase ABC digest when coupling of HS to a chromatography matrix or
HS chain length analysis was intended.

When aiming HS purification to generate a chromatography, ligand the sample was treated
with 0.08 U chondroitinase ABS from Proteus vulgaris (Sigma-Aldrich) in Chondroitinase
digestion solution. The digestion was performed at 37°C for 4 hrs followed by an inactivation
of the enzyme at 85°C for 15 min. To remove the digested CS chains the samples were
subjected to DEAE Sephacel purification and desalting using PD-10 columns. The CS-free
and desalted samples were freeze-dried and reconstituted in 100 ul HPLC grade water. The

amount of the purified HS was determined by carbazole assay (Bitter and Muir, 1962).
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In order to analyze the chain length of HS produced by primary chondrocytes, a desalted S
labeled GAG sample, counting ~10000 cpms was mixed with 20 pl of 5x Chondroitinase
Buffer, 1 mU chondroitinase ABC and diluted to 100 pl final volum with MilliQ water. The
sample was homogenized, centrifuged and incubated o/n at 37°C. The enzyme was

inactivated by 10 min incubation at 95°C.

3.2.3.4.2 HS cleavage by deamination with nitrous acid

Chemical depolymerization of heparin and HS was attained by deamination using nitrous acid
treatment at pH 1.5, pH 3.9 or combination of both. This method is based on the susceptibility
of N-sulfated and N-unsubstituted glucosamine residues to a deamination at pH 1.5 or pH 3.9,
respectively. N-acetylated glucosamine residues are resistant to either reaction conditions.
Susceptible glucosamine residues are converted into 2,5-anhydromannose units, along with
cleavage of the corresponding glucosaminidic linkages. Deamination of both N-sulfated and
N-unsubstituted glucosamine residues in the same polysaccharide sample is achieved by
combined pH 1.5-pH 3.9 treatment (Riesenfeld et al., 1982). 3°S labeled GAGs (10 000 cpms)
were freeze-dried and incubated with 200 pl pH 1.5 nitrous acid reagent, vortexed and
incubated at RT for 10 min. The reaction mix was supplemented with 250 pl of 6.8 M NaNO-
(final concentration 3.9 M), mixed well and incubated for 10 min at RT. The reaction was
neutralized by the addition of appropriate amount of Na,COs. Samples were filtered through

0.22 um filter and subjected to analysis.

3.2.3.5 Disaccharide analysis by reversed-phase ion-pairing (RPIP)-high performance liquid
chromatography (HPLC)

HPLC is a chromatographic method, which involves the use of high pressure to drive
analyzed components along with a mobile phase through a chromatographic column based on
their polarity. In normal-phase chromatography the stationary phase is made of
hydrophilic/polar matrix, while the mobile phase is non-polar. This organization will lead to
longer retention time in the column of polar components, which are able to interact with the
polar matrix, while non-polar molecules will pass more quickly through the column. In the
case of Reversed-phase HPLC the stationary phase is a non-polar matrix, typically a silica
modified by attachment of long hydrocarbon chains, while the mobile phase is generally
polar, leading to earlier elution of polar molecule. In RPIP-HPLC a volatile lipophilic ion-
pairing reagent is typically introduced into the mobile phase to aid formation of ion-pairs with
the targeted analyte aiming longer retention time on the hydrophobic stationary phase (Yang

et al., 2011). This characteristic makes RPIP-HPLC a popular method for disaccharide
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analysis of the polar GAGs. Structural analysis of the polydisperse and heterogeneous GAGs
involves partial or complete depolymerization of the GAGs to produce constituent
disaccharides. The commonly performed exhaustive enzymatic depolymerization using
bacterial lyases converts the polymers into disaccharides with 4,5-unsaturated uronic acid

residues at the nonreducing end, which are then separated and analyzed (Volpi et al., 2014).

3.2.3.5.1 Sample lysis and purification

The disaccharide analysis was performed by Dr. Tabea Dierker at BMC, University of
Uppsala. Samples were dissolved in Protease Buffer (1ml / 30 mg dry weight sample), boiled
for 10 min, and centrifuged. In the next step, the tissue mixture was homogenized by passing
through series of needles with descending diameters. The homogenized solution was
supplemented with Pronase (0.8 mg/ml final concentration) and incubated for 24 hrs at 55°C
with constant rotation in hybridization oven. After a tissue digest for 24 hrs, the Pronase was
inactivated by a 10 min incubation step at 95 °C followed by centrifugation at 14000 g for 10
min. A small aliquot (4ul) was stored for determination of DNA amount. Samples were
supplemented with MgCl, (final concentration 2 mM) and 38 U Benzonase per ml lysate,
incubated o/n at 37°C followed by heat inactivation of the enzymes. The salt concentration of
the lysates was adjusted to 250 mM, followed by purification by ion-exchange
chromatography using the cross-linked cellulose-DEAE Sephacel™ (Sigma-Aldrich) as a
medium. The purified GAGs were desalted using NAP-10 desalting columns (GE
Healthcare).

Following lyophilization the purified GAGs were subjected to chondroitinase ABC digest as
described. 20% of each CS digested sample was separated, brought to 100 pl final volume
with HPLC H>O and subjected to disaccharide analysis using RPIP-HPLC.

The remaining sample volume was brought to salt concentration below 100 mM NaCl and
purified by DEAE ion-exchange chromatography (200 pl bed volume). In the next step the
samples were desalted and lyophilized. The reconstituted in 100 ul HPLC H,O GAGs were
mixed with 100 ul 2x HS digestion buffer. Half of each sample was subjected to heparinase
digest by adding 0.4 mU of each—Heparinase I, II and II enzymes and incubated o/n at 37 °C.
Treated and untreated samples along with disaccharide standards were separated by RPIP-
HPLC in the same sample series to minimize changes in buffer conditions between the runs.

Data were analyzed using D-7000 HSM software.
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3.2.3.6 Quantification of GAGs by Carbazole assay

The carbazole assay is a commonly used colorimetric method for quantification of total
uronic acids in a sample. The method is based on the specific color reaction of hydrolyzed
sugar in presence of carbazole. The assay is performed in two steps: samples are first
incubated in H>SO4 at high temperature, which leads to hydrolysis of the polysaccharides and
dehydrates the sugars. In the next step samples are incubated with carbazole to generate a
chromophore.

The GAG concentration was evaluated using a standard curve generated using heparin
solutions of predefined concentrations. To estimate the GAG content in the samples of
interest 5 and 10 pl of the purified GAGs were diluted in HPLC grade water to reach 200 pl
final volume. The heparin solutions for the standard curve and the analyzed samples were
homogenized and supplemented with 20 pl of 4 M ammonium sulfamate and 1 ml of 25 uM
Sodium tetraborate in H2SOas. The reaction mix was homogenized and incubated at 100°C for
10 min. Samples were allowed to chill to RT, followed by an addition of 40 ul of 0.125%
(w/v) carbazole in absolute ethanol. The homogenized samples were incubated at 100°C for
15 min. After reaching RT the absorbance of the samples was determined at 530 nm with

spectrophotometer.

3.2.4 Cell culture experiments

All cell culture experiments were performed in safety level 1 (S1) laboratory under laminar
flow cabinet using sterile equipment and solutions. Experiments were performed using cell
lines as well as primary chondrocytes. Cells were cultured in culture flasks or multiwell plates
with appropriate surface area at 37°C, 5% CO- and 90% humidity. Cell count was determined

using a Neubauer chamber.

3.2.4.1 Freezing and thawing of cells

Upon reaching 85% confluence the cells were rinsed with PBS and dissociated from the flask
by applying 2 ml of 0.5% Trypsin-EDTA. The detached cells were resuspended in 8 ml
medium by gentle pipetting. The cell count of the suspension was determent. After
centrifugation at 1000 g for 5 min the cell pellet was resuspended in a cell culture medium to
a concentration of 1x10%ml. 500 ul cell suspension was aliquoted into cryogenic vials
followed by a drop wise addition of 500 ul freezing medium. The vials were transferred into a
cell freezing container, which provides 1°C/ minute cooling rate, and placed directly at -80°C.

After 24 hrs the frozen cells were transferred into -150°C freezer for long-term storage. Cell
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lines were stored at -150 °C in 2 ml cryogenic vials in a concentration of 5 x 10° cells.
Thawing of cells was performed via snap defrosting by a short incubation in water bath at
40°C. 1 ml cell culture medium was added to the cell suspension and homogenized. Cells
were centrifuged for 5 min at 200 g. The supernatant was discarded, the cell pellet was gently
resuspended in 500 pl fresh medium, and transferred to a cell culture flask containing an

appropriated amount of complete medium.

3.2.4.2 Maintaining and passaging of cell lines

HEK-293Ebna and C3H10T1/2 were maintained in DMEM-GlutaMAX™-I supplemented
with 10% FCS and 1% Pen/Strep. Cells were passaged upon reaching ~80% confluence. For
this purpose, the medium was removed and the residual serum was rinsed with PBS. The cells
were incubated with 2-3 ml 0.5% trypsin at 37°C for 2-3 minutes and resuspended in fresh
medium. The cell suspension was centrifuged at 1000 g for 5 min. The cell pellet was
resuspended in appropriate volume of medium to obtain predetermined cell count and seeded

in cell culture flask or multiwell plate.

3.2.4.3 Transfection of cell lines

DNA or RNA can be delivered to the nuclei of eukaryotic cells using liposome-mediated
transfection. In this method, the DNA plasmid is enclosed into a liposome and transported via
endocytosis to the cytoplasm where the nucleic acids are released. During the cell division,
the plasmid enters the nucleus by being trapped into the reassembling nuclear envelope.

All transfections in this work were transient and performed in HEK-293Ebna cells. The cells
were plated in concentration 7x10° /well in 6 well plates or 1.4x10°/25 c¢cm? cell culture flask
and cultured in DMEM GlutaMAX-I medium for 24 hours prior transfection. The
transfections were performed at maximum 80% confluence of the cell monolayer. 2 pg
plasmid DNA was diluted in 200 pl transfection buffer, homogenized and centrifuged. 4ul
JetPrime reagent was added, mixed, centrifuged and incubated for 10 min at RT, and finally
added drop-wise to the cells. The analyzed proteins were expressed for maximum 48 hours

with two medium replacements—4-5 hours post transfection and 16-19 hours before analysis.

3.2.4.4 Culturing and differentiation of primary chondrocytes

Primary chondrocyte cultures were prepared in order to analyze the multimer size of
endogenous Thh and GAG chain length using size-exclusion chromatography.
Fore- and hindlimbs of stage E13.5 mouse embryos were harvested, washed 3 times in sterile

PBS and subjected to dispase digestion (1 U/ml) for 15 min at 37°C. The limbs were rinsed 3
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times with sterile PBS to remove the digested skin, and subjected to further enzymatic
digestion in collagenase solution for 30 min at 37°C. The digested tissue was homogenized by
pipetting, passed through cell strainer (40 pm), washed with 20 ml medium and transferred to
a 175 cm? cell culture flask. Upon reaching 100% confluence the complete medium was
replaced with differentiation medium to induce differentiation. The medium was replaced
every other day and finally 16 hours before analysis. Cells and cell supernatants were
analyzed after 10 days of differentiation. For GAG chain length analysis primary
chondrocytes were cultured in complete chondrocyte medium in 25 cm? flask. Cells were
cultured for 24 hrs to reach 90% confluence and then incubated in medium supplemented with
100 pCi/ml of Na**SOs (NEX 041H Perkin-Elmer). For analysis of GAGs synthesized by
differentiated chondrocytes culture medium was exchanged with differentiation medium
followed by 5 days of differentiation and finally 33S metabolical labeling for 16 hrs prior to

analysis.

3.2.5 Transgenic mice

Mice were kept and bred according to the institutional guidelines of the University Duisburg-
Essen and the University Hospital Essen, specifically approved by the animal welfare officer

of the University Duisburg-Essen. Mouse husbandry was approved by the city of Essen.

3.2.5.1 Quick preparation of genomic DNA for mouse genotyping

Small piece of mouse tail was incubated in 100 ul DirectPCR tail (PeqlLab Biotcehnology
GmbH) supplemented with Proteinase K (0.2 mg/ml) at 55°C o/n. After enzyme inactivation
at 85°C for 45 min 2l of the lysate was used to performed genotyping PCR.
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3.2.5.2 Genotyping of mice by PCR

Genotyping of mice was performed using the following PCR protocol and primers listed in

Table 3. 4.

Protocol for genotyping of Hs2st mice:

PCR Mix

ddH,O

10 x PCR Buffer
DMSO

20stP1 (100 pM)
LART1 (100 uM)
dNTPs (100 mM)
Tag-Polymerase 5U/ ul

Template

18.7 ul

2.5ul
1.25ul
0.1l
0.1l
0.2 ul
0.2 ul

2ul

PCR program
Temperature Time Number of
cycles
94°C 5 1
94°C 25”
60°C 40~ 28
72°C 60”
4°C 0

The presence of a knock out allele is indicated by PCR product with size 360 bp, while a 870

bp band indicates a wild-type allele.

Protocol for genotyping of Ndstl mice:

PCR Mix

ddH,O

10 x PCR Buffer
DMSO

NDSTI-16R (100 uM)
NDSTI-10R (100 pM)
NDSTI 17F (100 uM)
dNTPs (100 mM)
Tag-Polymerase 5 U/ ul

Template

18.6 ul

2.5ul
1.25ul
0.1l
0.1l
0.1l
0.2 ul
0.2 ul
2ul

PCR Program

Temperature Time  Number of
cycles

94°C 5 1

94°C 25”

60°C 40~ 28

72°C 60”

4°C 0

The resulting PCR products were separated on 2% agarose gel. A 500 bp PCR product

indicates a knock out allele, while the 250 bp fragments indicates a wild-type allele.
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Protocol for genotyping of Glce mice:

PCR Mix PCR Program

ddH,O 19.65 ul Temperature Time  Number of
cycles

10 x PCR Buffer 2.5ul 95°C 2’ 1

DMSO 1.25 ul 95°C 15”7

Primer JP54 (100 uM) 0.1 ul 54°C 60” 1

Primer JP46/LoxP1 (100 0.1 ul 72°C 60”

uM)

dNTPs (100 mM) 0.2 ul 4°C 0

Tag-Polymerase SU/ ul 0.2 ul

Template 2ul

The combination of the primers JP54-JP46 results in a 729 bp PCR product, indicating a wild-
type allele, while a PCR product obtained with the primer pair JP54-LoxP1 results in a 350 bp

band indicating a knock out allele.

Protocol for genotyping of Ext/8'¢ mice:

PCR Mix PCR Program

ddH,O 20 ul Temperature  Time Number of
cycles

10 x PCR Buffer 2.5ul 95°C 5 1
DMSO 1.25 ul 95°C 45~
PrimerExt1Fw (100 uM) 0.1l 54°C 45~ 32
PrimerExt1Rv (100 M) 0.1l 72°C 60”
Primer 5’pgto (100 uM) 0.2 ul 72°C 7
dNTPs (100 mM) 0.2 pl 4°C 0
Tag-Polymerase 5 U/ ul 0.2 ul
Template 2ul

The resulting 800 bp fragment indicates a transgenic allele, while the 600 bp fragments—a
wild-type allele.
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Protocol for genotyping of Sulfl1;Sulf2 compound mutants

Sulfl PCR conditions

PCR Mix

ddH,O

10 x PCR Buffer
DMSO

F1 (100 pM)

R1 (100 pM)
AK30R (100 pM)
dNTPs (100 mM)
Tag-Polymerase
SU/ul

Template

19 ul

2.5ul
1.25ul
0.1l
0.1l
0.2 ul
0.2 ul
0.2 ul

2ul

PCR Program

Temperature Time  Number of
cycles

94°C 2’ 1

94°C 15”

56°C 157 30

72°C 45”

72°C 2’ 1

4°C 0

The resulting PCR fragments are of size of 900 bp indicating a knock out allele, and 300 bp

indicating a wild-type allele.

Sulf2 PCR conditions

PCR mix

ddH,O

10 x PCR Buffer
DMSO

S2 Fw (100 pM)

S2 Rev (100 uM)
AK3I1R neo (100 uM)
dNTPs (100 mM)
Tag-Polymerase SU/ ul
Template

20 ul

2.5ul
1.25ul
0.1l
0.1l
0.2 ul
0.2 ul
0.2 ul
2ul

PCR Program

Temperature Time Number of
cycles

94°C 2’ 1

94°C 15”

54°C 15” 30

72°C 45~

72°C 2’ 1

4°C 0

The presence of knock out allele is indicated by PCR product of size 400 bp. The wild-type

allele produces a fragment corresponding to 250 bp.

3.2.5.3 Harvesting and processing of murine tissues

Murine embryos were harvested via C-section at noon of the desired embryonic day. For

timed pregnancies, noon of the day when a vaginal plug was observed was considered to be

embryonic day 0.5. Limbs were harvested, washed in PBS and fixed in 4% PFA. Tissues of
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different stage were dehydrated in ethanol solutions with stepwise increasing concentration
(Table 3. 5) followed by incubation in xylene. The processed limbs were subsequently
embedded into paraffin and sectioned on microtome at 6 um to obtain 5-6 parallel sections.
Sections were incubated in water bath, then transferred onto Superfrost microscope slides,
followed by an incubation at 60°C on a hot plate. Sections were stored at 4°C for further

analysis.

Table 3. 5 Protocol for tissue dehydration in ethanol

Stage E 14.5 E 16.5 E 18.5
Solution
70% Ethanol 10 min 30 min 90 min
80% Ethanol 10 min 30 min 90 min
95% Ethanol 10 min 30 min 90 min

100% Ethanol 3 x 10 min 3x 1 min 2 x 90 min;

1 x 60 min
Xylene 3 x 20 min 3 x 30 min 3 x 30 min
Paraffin 2 x 60 min 2 x 60 min 2 x 60 min

When intending purification of GAGs for column preparation whole embryos were subjected
to snap freezing in liquid nitrogen. For analysis of skeletal GAG composition, skeletons were

manually cleaned from skin, muscles and inner organs and frozen in liquid nitrogen.

3.2.6 Histology and immunofluorescence analysis

3.2.6.1 Safranin-Weigert staining

SafraninO is a cationic dye, which is often used to detect PGs and GAGs. Due to the high
content of these molecules, the stained cartilage can be observed in intense red color.
Additional staining with Weigert solution and Fast Green results in nuclei, stained in black on
a green background.

Sections were deparaffinized in xylene for 15 min, rehydrated by short incubations in ethanol
solutions with stepwise descending concentrations, and subsequently incubated in the
following solution: Weigert Solution (2-3 min), Scotts Buffer (2 min) and Fast green (2 min).
Following these steps, slides were rinsed in 1% glacial acid and tap water and incubated for 5

min in 0.1% SafraninO. Finally, slides were rinsed in tap water, dehydrated by short
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incubation in alcohol solution with stepwise increasing concentrations, incubated in xylene

and embedded in DPX mounting medium.

3.2.6.2 Glycosaminoglycan immunochistochemistry

Numerous antibodies are available for immunodetection of GAGs. Each of these antibodies

recognizes a specific sulfation domain, which can be native or result of enzymatic digestion.

3.2.6.2.1 Detection of N-sulfated HS with 10E4 antibody

The 10E4 antibody recognizes mixed (GIcA-GIcNS)/(GIlcA-GIcNAc) region therefore can be
used for determination of the overall distribution of HS in the tissue (David et al., 1992).
Sections were deparaffinized in xylene for 15 min, rehydrated by short incubations in ethanol
solutions with stepwise descending concentrations and finally rinsed in PBS. The following
hyaluronidase I digest (40 min with 100 U/ml enzyme) was performed at 37°C in a
humidified chamber. After the digest, samples were washed with PBS. The endogenous
peroxydase was inactivated with 3% H>O>/ PBS for 30 min at RT. The slides were rinsed in
PBS and unspecific binding was blocked by an incubation in 10% goat serum/PBS for 40
min. The primary antibody 10E4 was diluted in blocking buffer (1:100 in 10% goat serum),
applied onto the tissue and allowed to bind o/n at 4°C. During all incubations with antibodies
or enzymes the slides were covered with plastic coverslips and kept in humidified chamber.
After the o/n incubation, the slides were washed with PBS to remove unbound antibody and
then incubated for 40 min with goat biotinylated secondary antibody against mouse IgM
(1:200 in blocking solution). After washing with PBS (3X, 5 min) a Strepatvidin-HRP was
applied (1:100 in 10% goat serum) for 40 min at RT. Slides were washed 3 times for 5 min. in
1xPBS and then incubated with DAB for 5 min. Sections were then counterstained with

methyl green or directly mounted with DPX.

3.2.6.3 Detection of CS neoepitopes

The CS neoepitopes generated by chondroitinase ABC digestion were detected with
monoclonal antibodies 1B5 (O-sulphated unsaturated disaccharide ‘stubs’ (C-0-S)/AUA-
GalNAc), 2B6 (4-O-sulphated unsaturated disaccharides (C-4-S)/AUA-GalNAc4S) and 3B3
(6-O-sulphated unsaturated disaccharides (C-6-S)/AUA-GalNAc6S) (Hayes et al., 2008).

Paraffin section were deparaffinized, rehydrated and washed 3 times for 5 min in
chondroitinase digestion solution. CS was digested with 0.4 U/ml chondroitinase ABC from
Proteus vulgaris (Sigma-Aldrich) at 37°C for 1 hr in humidified chamber. After digestion the
slides were washed in PBS followed by incubation in blocking solution (10% goat serum for
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IgM primary antibodies or 10% horse serum for IgG primary antibodies) for 1 hour. The CS
antibodies were applied in an appropriate dilution (1B5 1:10, 2B6 1:5 and 3B3 1:5) onto the
slides and allowed to bind o/n at 4°C. Following the o/n incubation the slides were rinsed with
PBS and incubated for 40 min at RT with either goat biotinylated secondary antibody against
mouse IgM or horse biotinylated secondary antibody against mouse IgG (1:200 in blocking
solution). After washing with PBS, Streptavidin-Alexa 488 (1:500 in blocking solution) was
applied onto the slides and allowed to bind for 40 min at RT. The slides were washed,
permeabilized with 0.05% Triton X-100 in PBS and incubated with DAPI for 10 min to stain
the cell nuclei. After additional washing, the slides were mounted with MOWIOL.

3.2.7 Quantification and statistical analysis

3.2.7.1 Multiple sequence alignment

Multiple sequence alignment of Hh protein sequences was constructed using and Jalview

software and T-coffee algorithm.

3.2.7.2 Quantification of immunoblots

Immunoblots were quantified using a tool for gel analyses, part of the Image] software
package. Total pixels in each lane were quantified and normalized to total recovered protein,

detected on the blot.

3.2.7.3 Size-exclusion chromatography for GAG chain length analysis

The cpm values in each fraction were normalized to the value of total cpm obtained in the
separation. The results were plotted against the exact elution volume corresponding to each
measurement point. The relative GAG amount in the polymer peak and the disaccharide peak
(dp2) were quantified as a sum of the cpms normalized to the total cpms recovered in a

separation run.

3.2.7.4 Determination of relative size of protein multimers and GAG chains

Equilibration of Superdex 200 10/300 was performed using Gel Filtration Calibration Kit
HMW and LMW, following instructions of the manufacturer. Kav values were determined by
the formula Kav = (Ve —Vo)/(Vc — Vo), where Ve is elution volume of the samples, Vo—
void volume and Vc—one total column volume. Vowas determined using dextran blue.

To determine the GAG chain length Kav values were calculated according to the formula
Kav = (Ve —Vo)/(Vt — Vo), where Ve is elution volume of the samples, Vo—void volume
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and Vt-total column volume. The obtained Kav values were compared to those of known
disaccharide standards, allowing calculation of the apparent molecular size of the GAGs
(Dagalv et al., 2015; Deligny et al., 2016). Vo and V; were determined using dextran blue and
SH,0, respectively.

3.2.7.5 Quantification of fluorescence pictures using ImagelJ software

To quantify relative DAPI and GFP fluorescence signal the same region of columnar,
proliferating chondrocytes was selected using ROI Manager option in the DAPI and then in
the GFP channel. The area, integrated density and mean gray value were quantified. Based on
these values, the corrected total cell fluorescence was calculated using the formula:
CTCEF = Integrated Density — (Area of selected cell x mean fluorescence of background
readings). Background readings were calculated as average of at least 3 regions without a
fluorescence signal (McCloy et al., 2014). CTCF was calculated for the fluorescence signal in
each channel. CTCF of the desired probe was normalized to the CTCF of the nuclear DAPI

staining.

3.2.7.6 Statistical analyses

Statistical analyses were performed using unpaired, two-tailed Student’s #-test and two-way

ANOVA with Bonferroni post-test. Significance was assumed if p < 0.05

61



Results

4 Results

4.1 Analyses of Ihh interaction with HS and multimerization

4.1.1 Identification and modeling of HS-binding sites in the mouse Ihh protein

The interactions of the extracellular GAGs with secreted proteins are mediated by the high
negative charge of the GAG chains and motifs of positively charged residues within the
proteins. To identify such binding sites within the Thh protein, the amino acid sequences of
the Hh family members in human, mouse, chicken and the fruit fly were aligned. The
comparison revealed 27% overall identity in the protein sequences and 56% in the N-terminal
signaling domain. Two highly conserved motifs of basic amino acids were identified as
potential HS-binding domains of Thh (Fig. 4. 1 A, B). These motifs are present in all analyzed
Hh family members and have previously been characterized as HS-binding motifs in Shh
(Chang et al., 2011; Farshi et al., 2011; Rubin et al., 2002; Whalen et al., 2013). One of the
motifs, hereinafter referred to as CW1, is located in the extended N-terminal tail of the protein
(Fig. 4.1 A, A’). It represents a classical Cardin-Weintraub motif and is composed of five
basic amino acids with the characteristic signature BBBXXBB, where B stands for positively
charged and X for any amino acid. Differently to the CW1 motif of the closely related mouse
Shh protein, which contains three lysine (K) and two arginine (R) residues (K-R-R-H-P-K-K),
the Thh sequence (R-R-R-P-P-R-K) comprises four R and one K residues. Additionally, while
the Shh CW1 motif includes only one proline (P), an amino acid common in tight polypeptide
turns, the Thh motif contains two. These two P residues define a more pronounced and
complex “kink™ in the highly flexible Hh N-terminus, characterized by a random coil-like
conformation, compared to other family members (Billings and Pacifici, 2015).

The second binding motif, hereinafter referred to as CW2, is discontinuous and consists of
five basic amino acids, located in the globular domain of the protein (Fig. 4. 1 C) (Chang et
al., 2011; Whalen et al., 2013). It comprises the residues K130, R166, R196, R198 and K221,
which are highly conserved across different species. Crystal structure analysis (by Dr. Rocio
Rebollido-Rios) (Fig. 4. 1 C, B’) revealed that in the folded protein these amino acids position
in close proximity, forming a potential HS-binding site on the surface of the globular domain.
The two HS-binding motifs are located on the same side of the Thh molecule, albeit with some
distance. Such location might enable a simultaneous interaction with HS, either in a

monomeric or in a multimeric organization.
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Fig. 4.1 The HS-binding motifs, CW1 and CW2, are highly conserved among the
Hedgehog family members.

Multiple sequence alignment of the vertebrate N-terminal Shh, Thh and Dhh and the Drosophila Hh
domains reveals the presence of two conserved HS-binding motifs: the previously described N-
terminal motif, CW1 (A, A’) and a motif in the globular domain, CW2 (B, B’). Basic amino acids are
indicated in red. Metal ions are shown as slate (zinc) and green (calcium) spheres. The orientation of
CW1 and CW2 binding sites are revealed in a modeled murine IhhNp crystal structure
(template: pdb:3n10) (C).

4.1.2 Thh CW motifs vary in their affinity to differently sulfated HS

To evaluate the role of the Thh CW motifs in an interaction with HS, the positively charged
amino acids were stepwise mutated either to the nonpolar alanine (A) residue in the CW1
motif or to the polar amino acid serine (S) in the CW2 sequence (Fig. 4. 2 A, B). Due to the
high flexibility of the IThh N-terminal “tail” containing the CW1 domain, it is unlikely that an
alteration of the charged R and K residues to an A will greatly affect the conformation of the
region. In contrast, preserving the polarity of the CW2 motif, which overlaps with the binding
domain of the Ihh receptor Ptchl, is crucial in terms of maintaining the site topology and

protein activity (Maun et al., 2010).
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4.1.2.1 In Ihh, the CW2 rather than the CW1 motif regulates the interaction with highly
sulfated HS

To characterize the importance of the Thh CW motifs for the interaction with HS, wild-type
IhhNp and the CW mutants were overexpressed in HEK-293Ebna cells, and the binding
properties of the proteins released into the conditioned medium were examined by affinity
chromatography. The elution step in all affinity chromatography experiments was performed
using a buffer with an increasing ionic strength, applied as a linear gradient (0-2 mol/L NaCl).
The resulting protein fractions were analyzed on western blot using an o-ShhN antibody
(recognizing also the signaling domain of Ihh) and quantified using ImageJ software. The
protein amount in each fraction was normalized to the total recovered protein.

The protein affinity was initially evaluated using commercially available heparin affinity
column (Fig. 4.2 C, D, E). In heparin affinity chromatography, wild-type IhhNp eluted
between 0.5-0.9 mol/L NaCl, producing two peaks at 0.6 and =~0.8 mol/L NaCl, respectively.
The observed protein affinity was slightly higher than the previously reported data for ShhN
(non cholesterylated Shh form) (Chang et al., 2011). Alterations in the CW1 motif moderately
decreased the affinity to heparin for the majority of the mutant proteins. While compound
mutation at positions R76 and R80 (IhhNpR76AR80A) had limited effect on the ThhNp-heparin
interactions, a substitution of R75 and R77 with A residues in IThhNpR73AR77A" or K81 in
ThhNpX8!4 resulted in decreased affinities to the ligand, demarcated by an elution at lower salt
concentration (between 0.4-0.7 mol/L NaCl, elution peak at 0.5 mol/L NaCl). Mutating all
five CW1 residues to alanine (ThhNpR7PARTOARTTARBOAKSIA)Y or g deleting the complete
sequence (IhhNpAY) did not further decrease the protein affinity to heparin (Fig. 4. 2 C).
Interestingly, analysis of the Thh CW2 mutants revealed a more pronounced effect of the
motif on the interaction with heparin. Mutation of the residue K130 (Ihh®'3%8) or K221
(ThhNp®22!1S) decreased the protein affinity to the same degree as the complete substitution
with A (ThhNpR7ARTOARTIARSOAKSIAY - or  deletion (IhhNp W) of the CWI1 motif
(Fig. 4.2 C, D). A similar effect was observed for the ThhNpR!1665K221S mytant. More severe
perturbation of the heparin binding was observed if three or more positively charged residues
within the motif were mutated, leading to an elution of the mutants ThhNpK!30S/RIG6SRI96S
ThhNpK!30SRIGSSRIS6SRI9S 4y q [hRNpKI3OSRIGSSRINSRIBSK22IS 4¢ 0 4 mol/L NaCl (Fig. 4. 2 E).
In contrast to all other CW2 mutant proteins, ThhNpX!30SR166S jnteracted with higher affinity

with heparin compared to the wild-type IhhNp.
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Fig. 4. 2 In Thh, the CW2 rather than the CW1 motif regulates the interaction with the
highly sulfated heparin.

Wild-type IhhNp was used as a template to generate the CW mutants depicted in A (CW1 mutants)
and B (CW2 mutants). The wild-type and mutant proteins were expressed in HEK-293Ebna cells. The
affinity of the conditioned medium-derived proteins to heparin was evaluated using affinity
chromatography. Wild-type IThhNp eluted between 0.5-0.9 mol/L NaCl (C, D). CW1 mutants showed a
moderately decreased affinity to heparin, eluting between 0.4-0.7 mol/L NaCl (C), while mutations in
CW2 motif resulted in elution between 0.3-0.7 mol/L NaCl, indicating a stronger perturbation in
heparin binding (D, E). The experiments were performed in duplicates. Protein levels were quantified
using Imagel software and are given as (%) relative to the total recovered protein. Chromatograms

represent mean values of two independent experiments. Western blots show one representative
experiment. IN=20% of the input.
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4.1.2.2 The ThhNp CW1 motif defines the IhhNp interaction with HS

In biological systems, heparin is exclusively produced by mast cells (Carlsson and Kjellen,
2012), whereas other tissues synthesize the less sulfated HS (Bishop et al., 2007; Esko and
Lindahl, 2001; Sarrazin et al., 2011). To elucidate the importance of CW1 and CW2 motifs
for the IhhNp interaction with HS, embryonic HS was purified from E16.5 NMRI mice and
coupled to a HiTrap NHS-activated HP column. The HS column was employed in affinity
chromatography experiments, performed and analyzed as described for the heparin affinity
chromatography experiment (section 4.1.2.1).

The wild-type ThhNp bound with lower affinity to embryonic HS compared to heparin and
eluted between 0.3-0.6 mol/L NaCl with an elution peak at 0.4 mol/L NaCl. Importantly, all
IhhNp CW1 mutants exhibited a reduced affinity to HS as shown by the onset of elution at
salt concentrations at and below 0.2 mol/L NaCl (Fig. 4. 3 A, B). The most pronounced
reduction in HS affinity was observed for the CW1 deletion mutant (Ihh*“Y) demarcated by a
shift in the elution profile by 0.2 mol/L NaCl compared to the wild-type protein (Fig. 4. 3 B).
In contrast to the strong influence of the CW2 motif on the interaction with heparin, the motif
does not seem to be the main contact region for the lower sulfated HS (Fig. 4. 3 C, D). A
slightly decreased affinity to HS was detected for ThhNpR1665K221S and ThhNpK130S/RI6SRI98S
protein, as shown by the shift in the elution profile by 0.1 mol/L lower salt concentration.
Introducing an additional mutation at position R198 (IhhNpK!30SRI66SRIGSRINS) and K221
(ThhNpK130S/RI66SRIS6SRIBS/K221S) regqulted in a severely reduced recovery of the proteins,
although each was expressed at similar levels as the other analyzed mutants. Nevertheless, the

elution profile of the recovered ThhNpK130S/RI66S/RIS6S/RI98S

protein showed binding to HS with
an affinity similar to that of wild-type IhhNp (Fig. 4. 3 D).

Taken together, these data demonstrate that the interaction of Ihh with HS is mediated by both
CW domains of positively charged amino acids. Moreover, each motif seems to have distinct
preference of binding to low and highly sulfated HS (heparin/HS) underlining a specificity of

the interaction.
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Fig. 4. 3 The binding of IhhNp to HS is mainly determined by the CW1 sequence.

Recombinant full-length wild-type and CW-mutant IhhNp proteins were expressed in HEK-293Ebna
cells. The affinity of the conditioned medium-derived proteins to HS, purified from E16.5 embryos
was analyzed by affinity chromatography. Wild-type ThhNp eluted between 0.3—0.7 mol/L NaCl
(blue). Mutations in the CW1 motif significantly reduced the protein affinity, demarcated by a shift in
the elution peaks (A, B). The effect of CW2 motif on the interaction with HS was less prominent (C,
D) and a decreased affinity was only observed for the mutant ThhNpX!30SRICOSRINS (yypple) (D).
Mutating the complete CW2 sequence caused a severe decrease of the recovered protein (brown,
western blot, D). IN contains 20% of protein amount applied on the column. Protein levels, quantified
using Imagel software, are expressed as (%) relative to the total recovered protein. Chromatograms
represent mean values + s.e.m. The levels of the mutant proteins at each data point were compared to
these of the wild-type protein. Unpaired, two-tailed Student’s f-test was performed to calculate
significance. p -values <0.05 were considered significant. * p <0.05, ** p <0.01. n>4. For the mutants
IthpR75A/R76A/R77A/R80AK81A’ IthpRlﬁﬁs/K221S’ IthpK130S/R166S and IthpK130S/R166S/R196S/R198S n:2‘

Western blot analysis shows one representative experiment.
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4.1.3 The HS-binding motifs mediate the protein multimerization

A key characteristic of Hh proteins is their ability to form large multimers (Chen et al., 2004;
Goetz et al., 2006), which have been detected on the cell surface of the producing cells and
upon release in the extracellular space. HS have been implicated as mediators of the
multimerization process (Dierker et al., 2009a; Vyas et al., 2008).

To investigate the role of the HS-binding motifs in the multimerization of IhhNp, the CW1
and CW2 mutants were expressed in HEK-293Ebna cells and analyzed by size-exclusion
chromatography using a Superdex 200 column. The recovered proteins were immunoblotted
and quantified using ImageJ software.

Wild-type ThhNp formed mainly large multimers of more than 660 kDa (Fig. 4. 4), which
were observed in all experiments, while only in two out of eleven experiments a monomeric
(19 kDa) protein was detected. In contrast, all CW1 mutants formed a variety of smaller
clusters beside the large multimers (Fig. 4.4 A, B), indicating that the CW1 domain is
important for the organization of Ihh into multimers. Interestingly, a single amino acid
substitution at position K81 (IhhNpX®8'4) by alanine resulted in the formation of mainly =300
and ~600 kDa multimers, while the multimers of the compound mutants ThhNpR73AR77A and
ThhNpR76AR80A ranged between >660 kDa to 100 kDa (Fig. 4. 4 A). Surprisingly, the complete
deletion of the CW1 sequence (IhhNp*“W) restored the formation of predominantly large
multimers (Fig. 4. 4 B).

The capacity of ThhNp to form large multimers was affected in a different manner by
mutations in the CW2 motif. Alteration of two amino acids in the motif (IhhNpK!30SR166S and
ThhNpR1665K2218) did not affect the protein multimerization (Fig. 4. 4 C), whereas alterations
of three or more residues reduced the formation of multimers >660 kDa (mutants
ThhNpK!30SRIG6S/RI96S ThhNpK!30S/RI66SRI9GS/R198S, ThhNpK!30S/RIG6SRI96S/R1985/K2215)
(Fig. 4. 4 D). Interestingly, these mutants exhibited a lower affinity to embryonic HS as well
(Fig. 4. 3 D). Nevertheless, except for the IThhNpKI30SRIG6SRIGSRINS 1 decrease in multimer
size below 350 kDa was observed.

These data show that the HS-binding domains, and likely an interaction with HS, are crucial

for the formation of IThh multimers.
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Fig. 4. 4 CW1 and CW2 motif integrity is required for Ihh multimerization in vitro.

Recombinant ThhNp CW1 (A) and CW2 (B) mutant and wild-type proteins were expressed in HEK-
293Ebna cells and analyzed by size-exclusion chromatography, followed by immunoblotting. The
wild-type IhhNp multimers had a size of >660 kDa. Substitution of amino acids in the CW1 domain
resulted in multimer size ranging between 660-100 kDa (A). Mutations in the CW2 motif had distinct
influence on protein multimerization. Mutants with three or more amino acid exchanges formed
multimers mostly of =550 kDa size (B). The sizes of molecular weight standards are indicated.
Chromatograms represent mean values + s.e.m. The levels of mutant and wild-type proteins of each
molecular size were compared. Statistical analyses were carried out using two-tailed, unpaired
Student’s #-test, * p < 0.05. In (A) * indicates significant difference in the amount of large multimers

for ThhNpR7>AR77A ThhNpR7eAREA ThhNp*®'4 and in (D) for ThhNp*!30S/RIG6SRINS compared to ThhNp.
n Z 3 For IthpRlﬁﬁs/KZZIS’ IthpKl?)OS/RlﬁﬁS, IthpR75A/R76A/R77A/R80A/K81A, n:2‘

4.1.4 Homolog-specific variations in the CW1 sequence define distinct HS-binding

affinities and multimer sizes

Despite the 88% identity of the N-terminal signaling domains of Shh and Ihh they share only
four identical amino acids in the CW1 motif. As outlined above, the Shh CW1 motif is
composed of K-R-R-H-P-K-K, while the Thh sequence (R-R-R-P-P-R-K) is predominated by
R and contains only one K residue. Additionally, the Thh CW1 motif includes two proline
residues instead of the H-P combination found in Shh (Fig. 4. 5 A). Further differences are
observed in the sequence upstream of the CW1 motif, which in IThh comprises the residues V-
V-G-S, while in Shh it consists of G-F-G-, lacking the residue at the last position. It is
conceivable that such relatively high concentration of amino acid variation in a conserved
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binding motif determines differences in HS interaction and multimerization between the
paralogs. To test this possibility, the affinity to HS and the multimer size of ShhNp and IhhNp
expressed in HEK-293Ebna cells were compared by affinity and size-exclusion

chromatography.

4.1.4.1 Variations in CW1 sequence of Shh and Thh determines difference in their affinity to
HS

Wild-type ShhNp and ThhNp were bound with rather similar strength to HS and eluted
between 0.3-0.6 mol/L NaCl. However, in comparison to IThhNp, larger amounts of ShhNp
were eluted with lower salt concentration (0.3 mol/L NaCl) indicating slightly weaker binding
to HS (Fig. 4. 5 B). To confirm that this difference is due to the variation in the Hh N-
terminal HS-binding sequence, the following mutants were generated and analyzed: ThhNp
bearing the Shh CW1 (sCW1) motif (IhhNpR75KP78HR0K) "9 ThhNp containing the extended
Shh N-terminal CW1 sequence (IhhNpYZIGV7ZESTAARTSK/PTEHRSOK)  and a ShhNp mutant
carrying the Thh CW1 (iCW1) sequence (ShhNpK33RH36PK3I8R) (Fig 4 5 A). An exchange of
ThhNp CW1 with the sSCW1 sequence (IhhNpR7SKPT8HRE0KY regyted in a HS affinity similar to
Shh, demarcated by the elevated protein elution at 0.3 mol/L NaCl, (Fig. 4. 5 B (green)). The
IhhNp mutant with the extended sCW1 motif (IhhNpYZIGVI2ESTAARTSK/PTSHRE0KY  yyag
characterized by a decreased protein elution at higher salt concentration (0.5-0.6 mol/L NaCl),
exhibiting an even more similar elution profile to ShhNp. According to this result, the amino
acid sequence located upstream of the iCW1 motif seems to contribute to the Ihh/HS
interaction. Unexpectedly, ShhNpK33RHOPKIER carrying the iCW motif did not reproduce the
IhhNp elution profile, but was characterized by weaker and stronger binding affinity
compared to both wild-type proteins (Fig. 4. 5 C). This further supports the hypothesis that
the environment of the CW1 motif contributes to the HS binding.
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Fig. 4. 5 The R-rich CW1 sequence of Ihh determines a higher affinity to HS compared
to Shh.

Shh and Ihh differ in their CW1 sequences (A). HS affinity chromatography of IhhNp and ShhNp
expressed in HEK-293Ebna cells showed a mild difference in their HS affinity, with Shh binding
weaker (B, C). IhhNp protein mutants containing a partial or complete SCW1, as well as Shh with an
iICW1 motif were generated (A). An increase of CW1 motif similarity to the paralogous protein
resulted in a HS interaction resembling the protein of the CWI1 sequence origin (B and C).
Chromatograms represent mean values + s.e.m. The protein amounts were quantified using ImagelJ
software and are given as (%) relative to total recovered protein. Western blots show one
representative experiment. n=4, ShhNp*>RHIPKIER 3

4.1.4.2 Variations in the CW1 sequence composition determine paralog-specific multimer

sizes

To elucidate whether the differences between the Shh and Thh CW1 sequences affect the size
of their multimers the wild-type proteins and the CW1-exchange mutants were analyzed by
size-exclusion chromatography (Fig. 4. 6, Table 9. 1). Similar to previous studies (Farshi et
al., 2011; Ohlig et al., 2011), the size of ShhNp multimers ranged between >660 kDa and less
than 200 kDa. In contrast, [hhNp formed solely multimers of >660 kDa. Substitution of the
motif with the sSCW1 sequence in ThhNpR7>KPBHRS0K jncreased the size range of the protein
clusters, which, similar to ShhNp were observed from >660 to >550 kDa. Interestingly,
introducing the extended ShhNp CW1 in ThhNpV7!G/V72FSTAARTSKPTEHRIOK  regtricted the

variety of the multimers, which were detected between =660 and >550 kDa. Contrariwise, the
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ShhNpK33RHIOPKIER - carrying the iCW1 motif, phenocopied the ThhNp protein and formed
mostly multimers of >660 kDa.
Together, these data show that the sequence of the extended Hh CW1 domain defines

paralog-specific HS affinity and multimer size.

W
[hhNp - -—
ShhNp o - -
ThhNpR7SK/PTSHRS0K N -
[hhNp - -
ShhNpK33R/H3P/K3IER - e -
N & S P ° w kDa

Fig. 4. 6 The composition of the CW1 motif determines a paralog-specific multimer size.
Size-exclusion chromatography of conditioned medium derived from HEK-293Ebna cells expressing
wild-type ShhNp and ThhNp, and CW1-exchange mutant proteins. The ThhNpR7>*PHRSK nyytant (dark
green) carrying the sSCW1 motif formed clusters with similar size distribution to ShhNp, while the
variety of IhnhNpV7!¢/V72FSTHARTSKPTSHRSOK (arange) multimers was restricted. Conversely, introducing the
iICW1 motif into ShhNp resulted in multimer sizes similar to IhhNp. The levels of the mutant proteins
and ShhNp at each molecular size were compared to IhhNp. Statistical analyses were carried out using
two-tailed, unpaired Student’s #-test, * p < 0.05. The sizes of molecular weight standards and V, are
indicated. One representative experiment is shown. n>3.

4.1.5 HS-binding motifs are required for Ihh signaling activity

Previous studies of Shh have implicated that the CW1 motif integrity influences the signaling
activity of the protein (Farshi et al., 2011). For this reason, the biological activity of Hh
mutant proteins was assessed using the Hh-dependent osteoblast differentiation of
C3H10T1/2 cells (Fig. 4. 7). The osteoblast precursor cells were cultured for five days in
medium supplemented with equal amounts of the analyzed proteins. The activity of the
alkaline phosphatase (AP), which is upregulated during osteoblast differentiation, was used as
a read-out for the Hh induced differentiation of C3H10T1/2 cells, and hence for the biological
activity of the mutant proteins (Nakamura et al., 1997). Treatment with purmorphamine (PA),
a Hh agonist, was used as a positive control, while cyclopamine (CA), given in parallel to the
analyzed protein, was used to block the Hh pathway and served as a negative control, together

with medium from mock-transfected cells.
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Fig. 4. 7 The CW motifs are required for the signaling activity of Hh proteins.

C3H10T1/2 osteoblast precursor cells were incubated for five days with equal amounts of wild-type
and mutant Hh proteins expressed in HEK-293Ebna cells. The Hh-induced AP activity was used as a
read-out for C3H10T1/2 differentiation and, hence for biological activity of wild-type and mutant Hh
proteins. Cyclopamine (CA) treatment and medium from mock-transfected cells were used as a
negative control; purmorphamine (PA) treatment served as a positive control. The analysis showed
preserved biological activity for most of the CW1 mutants, while any mutation in CW2 motif resulted
in loss of signaling activity of the mutant proteins. Values are mean =+ s.e.m, n=4. Statistical analysis
was performed using two-way ANOVA with Bonferroni post-test. * p <0 .05, *** p <0.001.

The majority of the ThhNp and ShhNp CW1 mutants preserved their biological activity and
induced significantly more AP activity compared to the control or CA treated cells. Loss of
IhhNp signaling activity was observed when the complete CW1 motif was deleted or mutated
to alanine (IhhNpA®Y and ThhNpR7SART6ARTIARSOAKSIAY (Fig 4. 7). Importantly, all IThh CW2
mutants failed to induce osteoblast differentiation of C3H10T1/2 cells, further underlining the

importance of the HS-binding motifs for Ihh signaling.

4.1.6 Loss of N- and 2-0O-sulfation enhances the binding of IhhNp and ShhINp to HS

Another important question concerning the Hh interaction with HS is if and how the HS
sulfation pattern impacts protein binding. To address this question, the role of N- and 2-O
sulfation catalyzed by the enzymes Ndstl and Hs2st, respectively, was investigated. To
confirm a skeletal phenotype, the cartilage morphology of E16.5 Ndst1”-, Hs2st”- and control
mice was analyzed on Safranin-Weigert stained forelimb sections. While wild-type forelimb

cartilage displayed well-organized zones of proliferating and hypertrophic chondrocytes
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(Fig. 4. 8 A, B), the NdstI”~ and Hs2st’- mutants were characterized by an increased zone of

proliferating chondrocytes indicating upregulated Thh signaling (Fig. 4. 8 A’, B).

Ndst1*"- NdstI" Hs2stt+ Hs2st” Glcet ;Hs2st"-  Glce”-;Hs2st"

Fig. 4. 8 Mouse mutants of HS modifying enzymes are characterized by mild bone
phenotypes.

Limb sections of E16.5 NdstI” (A), Hs2st” (B) and E14.5 Glce” ;Hs2st” (C) mutants and control
littermates (A’, B, C’) were stained with Safranin-Weigert. NdstI” and Hs2st” limbs were
characterized by elongated zones of proliferating chondrocytes (green lines) compared to wild-type
limbs (blue lines). Analysis of Glce”;Hs2st” cartilage showed an irregular chondrocyte organization
(see section 4.1.7). Scale bars = 100 um.

To investigate whether N- and 2-O-sulfate deficient HS exhibits an altered affinity to Hh
proteins, HS purified form E16.5 NdstI”- and Hs2st”- and control embryos was coupled to
chromatography columns and employed in affinity chromatography experiments.

IhhNp and ShhNp expressed in HEK-293Ebna cells bound in a similar manner to HS purified
from Ndstl and Hs2st wild-type littermates, eluting between 0.2-0.5 mol/L NaCl. The
difference in the elution profiles between the wild-type HS columns (Fig. 4. 9) is most likely
an effect of small variations in the composition of the HS, which was purified from different
mouse lines.

Unexpectedly, loss of Ndstl did not decrease the affinity of the mutant HS to IhhNp and
ShhNp. Instead, a second peak of high affinity binding protein (at 0.5-0.6 mol/L NaCl) was
observed in addition to the bulk protein, which interacted with similar affinity with the wild-
type HS (between 0.2-0.5 mol/L NaCl). This shows that the NdstI”~ embryo-derived HS binds
ShhNp and [hhNp with higher affinity compared to wild-type HS (Fig. 4. 9 A, B).

In contrast, no difference was observed when the affinity of Ihh to 2-O-sulfate deficient HS
was analyzed, demarcated by the protein elution between 0.2-0.6 mol/L NaCl for both, mutant
and control HS (Fig. 4. 9 D). Interestingly, the affinity of ShhNp to HS deficient on 2-O-
sulfation was increased, as shown by the protein recovery at 0.5-0.6 mol/L NaCl (Fig. 4. 9 C).
Taken together this data strongly support the idea that both—the CW motifs on the protein and

the HS sulfation pattern, determine the Hh-HS interaction.
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Fig. 4. 9 Distinct alterations in HS sulfation pattern alter Ihh and Shh binding.

HS purified from E16.5 NdstI”", Hs2st” and wild-type mouse embryos were coupled to affinity
matrix, and applied in affinity chromatography experiments with ShhNp or IhhNp expressed in HEK-
293Ebna cells. Loss of N-sulfation (NdstI”) slightly increased the affinity of ShhNp and ThhNp
(A, B). ThhNp interaction with HS deficient on 2-O-sulfates HS (Hs2st”") did not differ from the
control. In contrast, Shh bound stronger to HS purified from Hs2st” embryos then to the wild-type.
Protein amounts are given as (%) relative to total recovered protein. Chromatograms represent mean

values + s.e.m. n=3.

4.1.7 An altered HS level or sulfation pattern does not affect the size of Thh multimers

in primary chondrocytes

The data obtained so far indicate that the HS-binding motifs in Ihh, and likely their interaction
with HS, regulates the multimerization of Thh expressed in HEK-293Ebna cells. To
investigate how the HS of chondrocytes affects the process of endogenous Ihh
multimerization, primary chondrocytes were isolated from E13.5 embryos and differentiated.
The size of the endogenous Thh multimers released into the medium was analyzed by size-
exclusion chromatography. To evaluate the role of HS levels and sulfation in the
multimerization, Thh expressed in primary chondrocytes of two HS mutant strains were
analyzed in parallel. These include the Ext/¢"¢ mice, producing about 18% of the wild-type
HS (Koziel et al., 2004) and the Glce”";Hs2st” mice, which lack C5-epimerase and Hs2st, and

therefore synthesize HS with altered modification pattern.
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To evaluate the role of these modification during bone development, a morphological analysis
on E14.5 Glce”;Hs2st”- and wild-type mouse forelimb sections following Safranin-Weigert
staining was performed (Fig. 4. 8). While in the control forelimbs the zones of hypertrophic
and proliferating chondrocytes were well organized, in the mutant limbs the proliferating
chondrocytes appeared round and their columnar organization was disturbed, indicating an
altered Ihh signaling (Fig. 4. 8 C, C’).

The analysis of Thh multimer size in primary chondrocytes gave several surprising results.
First, size analysis showed that the Ihh complexes produced in primary chondrocyte were
remarkably smaller than those of HEK-293Ebna cells overexpressing ThhNp. While the
recombinant ThhNp protein had a molecular size of >660 kDa (Fig. 4. 4), endogenously
formed multimers were of size between 200-550 kDa (Fig. 4. 10) Moreover, immunoblot
analysis of the protein fraction obtained after size-exclusion chromatography indicated the
presence of a =40 kDa protein complex (red arrow), representing most likely Ihh dimers, in
addition to the 19 kDa Ihh monomers (blue arrow). These complexes were not denatured
under the reducing conditions of SDS-PAGE indicating an increased stability
(Fig. 4. 10 A, B). Thus, primary chondrocytes synthesize [hh, which forms very stable, small

complexes of =40 kDa, organized in larger clusters, which however do not exceed 550 kDa.
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Fig. 4. 10 HS level and sulfation pattern do not determine the multimer size of Thh in
differentiated chondrocytes.

Primary chondrocytes were isolated from fore- and hindlimbs of E13.5 Ext/¢"¢ Glce” ;Hs2st” and
control embryos. The cells were differentiated for ten days. The size of the Ihh multimers, secreted
into the conditioned medium, was determined by size-exclusion chromatography. Ihh formed clusters
between 200 and 550 kDa. The multimer size was not altered in the mutant cells. A stable Ihh
multimer, likely a dimer was observed at ~40 kDa (red arrow). Blue arrow indicates Thh monomer.
Glce” ;Hs2st”", n=2; ExtI¢"¢, n=3. M-protein marker, IN=20% of the input. One representative
experiment is shown.
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Surprisingly, the chondrocytes of both HS mutants produced the same stable clusters of =40
kDa size and larger multimers of similar molecular weight as the control cells, indicating that
the size of Thh multimers produced in chondrocytes is not determined by the HS level or

sulfation pattern.

4.2 CS levels are enriched in embryos with reduced or altered HS biosynthesis

The previous experiments showed that although the Thh-HS interaction seems to be critical in
determining the multimer size of [ThhNp expressed in HEK-293Ebna cells, neither the HS
level nor the sulfation pattern affected the protein multimerization in chondrocytes
(Fig. 4. 10). This could mean that either HS binding is not critical for the formation of
multimers in general or that chondrocytes compensate for the altered HS structure. It is
important to note, that HS mutants are characterized by relatively mild bone phenotypes
(Fig. 4. 8 and (Dierker et al., 2016; Koziel et al., 2004)), while other organs are severely
affected by the altered HS structure (Bullock et al., 1998; Grobe et al., 2005; Li et al., 2003).
This supports the hypothesis that in chondrocytes unknown mechanisms compensate for the
impaired HS functions. In contrast to other tissues, chondrocytes are specifically rich in CS,
which has similar biochemical properties as HS. To test if CS might compensate for HS in the

developing skeleton, the GAG composition was analyzed in HS mutants.

4.2.1 Increased CS levels in chondrocytes producing decreased HS levels

4.2.1.1 The ECM of ExtI¢”8 mutants is enriched in CS

To test whether the HS deficiency is compensated by CS in cartilage, the CS levels were
initially analyzed on E15.5 ExtI¢”¢" and wild-type limb sections by immunofluorescence
analysis using antibodies against CS neoepitopes generated upon chondroitinase ABC
digestion. These antibodies recognize an unsaturated GIcA residue at the non-reducing end,
adjacent to a GalNAc residue, which can be either unsulfated (C-0-S, 1B5 antibody), 4-O-
sulfated (C-4-S, 2B6 antibody) or 6-O-sulfated (C-6-S, 3B3 antibody) (Caterson, 2012; Hayes
et al., 2008).

In wild-type cartilage, the unsulfated and sulfated CS neoepitopes were ubiquitously
expressed throughout the tissue producing a strong signal in the extracellular matrix
(Fig. 4. 11 A, B, C). In line with the hypothesis mentioned above, E15.5 Ext1$"¢ cartilage
displayed an increased staining for all three antibodies compared to wild-type littermates
(Fig. 4. 11 A’, B’, C°). To quantify the intensity of the fluorescence staining produced by the

CS-specific antibodies, the fluorescence signal was measured in the zone of columnar
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chondrocytes using Image]J software and was normalized to the nuclear DAPI signal of the
same region. The quantification of the relative fluorescence signal confirmed increased levels
for the unsulfated, 4-O- and 6-O-sulfated neoepitopes (Fig. 4. 11 D). This indicates that the
HS deficiency is compensated by an enrichment of the cartilage ECM with CS.
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Fig. 4. 11 Increased CS levels in Ext157¢' embryonic cartilage.

Immunofluorescence staining of E15.5 Ext/¢”¢' (A’-C’) and control littermates (A-C) limb sections
showed an increased level of sulfated (B, B’, C, C”) and unsulfated (A, A’) neoepitopes in the mutant
mice. Quantification of the fluorescence signal, normalized against the nuclear DAPI (D). Data are
mean values =+ s.e.m., relative to the control sample set as 1. Scale bar = 100 um. n=3.

4.2.1.2 The reduced HS levels of Ext1%"¢ chondrocytes are compensated by an increased CS

amount

In the previous experiment, the alterations in CS levels and sulfation in HS deficient mutant
were detected by an antibody staining, a method, which is characterized by a relatively high
experimental variability. To verify an alteration in GAG levels, HS and CS purified from
E15.5 Extl2’e" and control skeletons were subjected to disaccharide analysis by Reversed-
phase ion-pairing high-performance liquid chromatography (RPIP-HPLC) and compared to
control littermates. This analysis was performed in collaboration with Dr. Tabea Dierker and
Prof. Dr. Lena Kjellen, University of Uppsala.

In agreement with earlier studies, the disaccharide analysis showed that the Ex#”¢’ skeletons
contain 20% of the HS detected in control littermates (Mitchell et al., 2001)
(Fig. 4. 12 A, Table 9. 2).
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Fig. 4. 12 Increased CS levels in ExtI5%%' cartilage.

The disaccharide composition of HS and CS, purified from E15.5 Ext/¢"¢'and control skeletons, was
analyzed by RPIP-HPLC. The HS in the mutant was reduced to 20% of the wild-type levels (A), but
maintained normal total sulfation levels (A, B). Disaccharide analysis (C) showed reduced levels of
AUA-GIcNS, but no other significant alterations in disaccharide distribution. CS structure analysis
revealed a 70% elevated CS amount in Ex/"¢ mutants (D), while the sulfation levels and disaccharide
composition were not altered (E, F). Values in (B, C, E, F) are given in (%) of total disaccharides and
are the mean + s.e.m. Total amounts (A, D) are given as pmol/ug/ml DNA of the starting material
Statistical significance was calculated by two-way ANOVA with Bonferroni post-test. * p <0.05, **
p <0.01, *** p <0.001, n=6.

Analysis of the HS sulfation revealed that the wild-type HS was predominated by similar
levels of N-sulfated and unsulfated species, followed by sulfation at 2-O- and 6-O- positions,
which were equally represented. Except for the significantly increased 6-O-sulfation in
Ext18”¢" mice, no other alterations were observed (Fig. 4. 12 B, and Table 9. 2). A detailed
disaccharide analysis (expressed as disaccharide species per 100) revealed that in the control
littermates the unsulfated disaccharides were the largest group (=44%), followed by tri-
sulfated disaccharides, which remained unaltered in the mutants. Significantly decreased in
the mutants were only the monosulfated AUA-GIcNS disaccharides (Fig. 4. 12 C).

In line with the immunofluorescence analysis, the quantification of CS levels showed that
wild-type skeletons contained 2011 + 208.7 pmol/pg/ml DNA CS against 3423.1 + 773
pmol/ug/ml DNA in Ext18”¢' samples, indicating an increase in CS amount by 70% in the

mutant skeletons (Fig. 4. 12 D, Table 9. 3). Evaluation of the relative CS sulfation levels
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showed that in the controls the most common modification was 4-O-sulfation followed by
unsulfated, and 6-O and 2-O sulfated species (Fig. 4. 12 E). This distribution was similar in
the mutants. In addition, detailed analysis of the disaccharide composition showed no shift in
the disaccharide species, indicating that upon HS depletion mutant chondrocytes synthesize
more CS, which retains a normal sulfation status (Fig. 4. 12 E, F). Nevertheless, due to the
massive increase in CS levels the total 4-O-sulfated disaccharides were enriched in the
mutants (Table 9. 4). Taken together, these data demonstrate that embryonic chondrocytes
respond to reduced HS amounts with an increase in HS 6-O-sulfation and a substantial

enrichment in CS levels, which maintains a normal sulfation status.

4.2.2 Chondrocytes respond to changes in HS pattern by alteration in CS levels and

structure

4.2.2.1 Increased propagation of CS neoepitopes in HS sulfation mutants

The increased CS levels observed in the Ext/2’¢' mice lead to the question whether
chondrocytes respond with alterations in CS levels not only to HS deficiency, but also to
changes in HS sulfation pattern. To test this, E16.5 forelimb sections of Ndst/”~ and Hs2st”
mice were subjected to immunofluorescence analysis using antibodies against the CS
neoepitopes. Strong and ubiquitous CS neoepitope expression throughout the tissue was
observed in the control littermates (Fig. 4. 13 A-C, E-G). Similar to the Ext/2”¢' mice, the HS
sulfation mutants were characterized by an increase in the relative fluorescence intensity for
the three antibodies, revealing augmented CS neoepitope levels in the tissue (Fig. 4. 13 A’-C’,
E’-G’, D, H). The immunofluorescence signal was particularly stronger and consistently
increased for the C-4-S and C-6-S neoepitopes in both Ndst/”~ and Hs2st”- mice. Nonetheless,
these data indicate that, similar to the Ext/¢”¢ mice, the CS level rather than CS sulfation

pattern were altered in the HS modification mutants.
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Fig. 4. 13 Increased CS levels in mutants with altered HS sulfation pattern.
Immunofluorescence analysis of embryonic limb sections of E16.5 NdstI”~ (A’-C”), Hs2st” (E’-G”)
and control littermates (A-C, E-G) revealed increased CS neoepitopes levels in both HS mutant
strains (D, H). Quantification of the fluorescence signal, normalized against the nuclear DAPI (D, H).
Data are mean values + s.e.m relative to the control sample, set as 1. Scale bar = 100 pum. n=3.

4.2.2.2 Hs2st skeletons are characterized by an undersulfated HS and augmented CS levels

In order to verify the results obtained by immunofluorescence analyses, the disaccharide
composition of CS and HS purified from E15.5 Hs2st”~ and control skeletons was analyzed by
RPIP-HPLC. In contrast to the Ext$“%’ cartilage, the Hs2st deficient mice did not show
alterations in the amount of HS (Fig. 4. 14 A, Table 9. 2). Analysis of the sulfation, however,
revealed reduced total HS sulfation levels in the Hs2st”~ mice. Surprisingly, besides the
expected depletion on 2-O-sulfation in Hs2st’" mice, 6-O-sulfation was also decreased by

42% (Fig. 4. 14 B, Table 9. 2).
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Fig. 4. 14 Hs2st deficiency in chondrocytes leads to an alteration in HS sulfation pattern

and increased CS levels.

Structural analysis of HS purified from E15.5 Hs2st”" and control cartilage by RPIP-HPLC indicated
similar HS levels as in wild-type controls (A). Hs2st”~ HS was characterized by significantly reduced
2-0, 6-0 and total HS sulfation (B) Mono-sulfated disaccharides carrying N and 6-O sulfation were
increased in the mutant, while three-sulfated disaccharides were reduced (C). Analysis of CS structure
revealed that Hs2st” skeletons contain 35% more CS compared to the controls (D), while CS sulfation
and disaccharide composition were unaltered (E, F). Values in (B, C, E, F) are given in % of total
disaccharides and are the mean + s.e.m. The degree and type of sulfation are calculated from
disaccharides species. Total amounts (A, D) are given as pmol/ug/ml DNA of the starting material
Statistical significance was calculated by two-way ANOVA with Bonferroni post-test. * p < 0.05,
** p<0.01, *** p<0.001, n=3.

In line with this, the tri-sulfated disaccharides containing 2-O and 6-O sulfation (AUA2S-
GIcNS6S) were lost in the mutant samples, while the amount of mono and di-sulfated
disaccharides carrying N-sulfation (AUA-GIcNS and AUA-GIcNS6S) were higher, partially
compensating for the low 2-O and 6-0 sulfation (Fig. 4. 14 C).

In addition to the altered HS sulfation pattern, the Hs2st”~ cartilage was characterized by 31%
elevated CS amount (Fig. 4. 14 D). Similar to the Ext/2”¢' mice, the degree of CS sulfation
and the disaccharide distribution showed no apparent alterations (Fig. 4. 14 E, F), indicating
that Hs2st” mutants synthesize more CS, which maintains a wild-type sulfation pattern.
Importantly, due to the higher CS levels in the mutant cartilage, the total amount of AUA-
GalNAc4S disaccharides was also increased, correlating with the augmented C-4-S

neoepitope levels detected via immunofluorescence analysis (Table 9. 4).
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These data show for first time that cells, and specifically chondrocytes react not only to
quantitative, but also to qualitative alteration in the HS structure by increased the levels of

CS.

4.2.2.3 High HS 6-O-sulfation is compensated by a reduction in CS levels and sulfation

As the data obtained so far support an interplay between HS and CS synthesis I asked whether
high HS sulfation would be balanced by a reduction in CS level as well. To test this
possibility, Sulf1%78;Sulf2¢”¢' mice, which carry hypomorphic alleles for the HS 6-O-
endosulfatase 1 and 2, and therefore produce HS with increased 6-O-sulfation levels
(Lamanna et al., 2008) were included in the study.

Analysis of the E16.5 cartilage morphology after Safranin-Weigert staining showed that
Sulf18"¢':Sulf2¢"¢" mutants are characterized by accelerated hypertrophic differentiation and
reduced chondrocyte proliferation, demarcated by the shorter zones of columnar and
hypertrophic chondrocytes in the mutant mice (Fig. 4. 15 E, E’) (Ratzka et al., 2008). An
antibody staining for the CS neoepitopes and a quantification of the fluorescence signals
showed decreased levels of C-4-S epitopes in the compound Sulf187%':Sulf2¢"¢" mice
(Fig. 4. 15 B, B’, D), while the C-6-S epitope expression remained similar to the control
(Fig. 4. 15 C, C’, D). Interestingly, in Sulf18"¢';Sulf2¢"¢" limb sections an increased degree of
unsulfated CS neoepitope (C-0-S) was detected (Fig. 4. 15 A, A’) suggesting that the high HS
6-O-sulfation levels in these mice are compensated by an alternative mechanism, involving an

alteration of CS sulfation rather than a reduction of the total CS amount.
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Fig. 4. 15 Increased HS 6-O-sulfation in Sulf157¢;Sulf2 7% mice results in the synthesis of
lower sulfated CS.

Immunofluorescence staining for CS neoepitopes of E16.5 Sulf15"¢':Sulf2 ¢"¢' (A’-C’) and control (A-
C) limb sections revealed an increased level of unsulfated C-0-S CS neopitopes in the mutants, while
the amount of the 4-O- (B, B’) and 6-O- (C, C’) sulfated CS neoepitope were decreased or unaltered,
respectively. Quantification of the fluorescence signal normalized to the nuclear DAPI (D). Limb
section of E16.5 Sulf1¢"¢';Sulf2¢"¢' (E’) and control littermates were stained with Safranin-Weigert.
The mutant limbs were characterized by a shortened zone of proliferating chondrocytes (green line)
and hypertrophic chondrocytes (double green line) compared to the control (blue lines) mice. Data are
presented as mean values + s.e.m., relative to the control sample, set as 1. n=3 for C-0-S and C-4-S,
n=1 for C-6-S. Scale bar = 100 um.
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4.2.3 CS chains length is altered in ExtI and Hs2st mutants

The increased CS level identified in HS mutants could be attained by synthesis of either more
or longer CS chains, or a combination of both. To test whether the length of the CS chains
was altered, S labeled GAGs, produced by primary chondrocytes were analyzed using size-
exclusions chromatography.

In short, the cell surface associated and secreted in the conditioned medium PGs of E13.5
primary chondrocytes were labeled metabolically with *3S in culture and purified via ion-
exchange chromatography. The purified, labeled material was separated by size-exclusion
chromatography on a Superose 6 column to identify the high molecular weight PG population
and purify it from heparanase degradation products (preparative separation). Following an
alkali treatment to remove the core proteins, total GAGs, HS or CS were separated by size
using size-exclusion chromatography. An enzymatic digest of the total GAGs by
chondroitinase ABC was performed when HS chain length comparison was intended. HS is
expected to elute in a broad polymer peak, while the susceptible to the enzymatic activity CS
are observed in an elution peak (disaccharide (dp2)) before V: (total column volume). To
compare the length of the CS chains, the HS in a GAG mixture was cleaved using nitrous acid
treatment, which results in CS elution as large polymers, while HS degradation products will
be detected in a dp2 peak (Dagalv et al., 2015).

In line with the fact that distinct members of the PG family are found in the cell surface-
associated and in the secreted PG population, differences in the elution profiles of these two
fractions were already detected during the preparative PGs separation (Fig. 4. 16). While the
cell surface-bound PGs eluted in a single peak (red square), the secreted PG population was
divided into two distinct populations (yellow and green square), both corresponding to high

molecular weight molecules. Each PG fraction was analyzed separately.
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Fig. 4. 16 The PGs associated with plasma membrane and secreted in the ECM differ in
their size.

35S labeled PGs were purified from cell lysate and conditioned medium of ExtI¢”¢' and control
chondrocytes, and separated by size-exclusion chromatography on Superose 6 column. Secreted PGs
were detected between 7-11.5 ml elution volume, forming two fractions (orange and green
rectangles), which correspond to high molecular weight molecules. Cells lysate PGs eluted in a single
fraction between 8-11.5 ml elution volume (red rectangle). Values are given as absolute cpms. CL—
cell lysates, CM—conditioned medium.

4.2.3.1 ExtI8”¢" chondrocytes produce more cell surface-associated CS chains with lower

molecular weight

Total GAGs, HS and CS purified from Ext/%"¢" and wild-type differentiated chondrocyte were
separated by size-exclusion chromatography. The wild-type GAGs eluted in a broad peak and
had a molecular weight between 70 and 15 kDa, predominated by GAG chains of =33 kDa. A
HS digest with nitrous acid allowed to determine the CS chains length, which corresponded to
~33 kDa, while the HS chains (CSaseABC) appeared shorter and had a molecular weight of
~24 kDa (Fig. 4. 17 A). In contrast, in Ext/”8' chondrocytes the total GAGs chains had an
average size of =25 kDa (Fig. 4. 17 B). Moreover, a direct comparison of the chromatograms
of Ext1%"¢" and wild-type total GAGs size demonstrated increased levels of shorter chains in
the mutant (=15 kDa), while fewer chains corresponding to =33 kDa were detected
(Fig. 4. 17 C). These data indicate that Exz/”¢" chondrocytes produce GAGs of a reduced
length compared to the wild-type cells.

A quantification of HS and CS recovered in size-exclusion experiments (expressed as (%)
relative to the total PGs in the high molecular weight fraction) showed that Ext/%"%!
chondrocytes contained ~38% less cell surface-associated HS, which had a molecular weight

of =20 kDa (Fig. 4. 17 E, Table 9. 5).
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Importantly, a quantification of the CS levels revealed an elevation by =42% in the mutant
cells (Table 9. 5). Interestingly, a direct comparison of the chromatograms of wild-type and
mutant chondrocyte-derived CS demonstrated the presence of more, but shorter CS chains,
ranging between 18 kDa to 33 kDa in the mutant samples (Fig. 4. 17 D). Moreover, while in
the wild-type cells the membrane associated HS and CS chains were detected in similar
proportions, the vast majority of GAGs in Ext1%"% cells were CS (Fig. 4. 17 A, B; Table 9. 5).
This indicates that Ext18"¢ cells compensate for the low HS levels by carrying more CS

chains on cell surface bound PGs.
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Fig. 4. 17 Ext157¢' chondrocytes produce more, but shorter CS chains.

The chain length of **S metabolically labeled total GAGs, HS (CSase ABC) and CS (HNO»), purified
from primary differentiated Ext/¢”¢' (A) and control chondrocytes (B), was compared by size-
exclusion chromatography. While in wild-type chondrocytes HS and CS are represented in
comparable amounts in the cell lysates (A), CS chains were the major GAGs in Ext/¢"¢' cells (B).
Direct comparison by size of wild-type and mutant GAGs revealed an increased fraction of short CS
chains in the Ext/ mutant cells (D). Data are presented as % cpm relative to the input. n=3. One
representative experiment is shown. dp2—disaccharides, Vo—void volume, Vitotal column volume.
The sizes of molecular weight standards are indicated.

A quantification of the GAGs secreted into the conditioned medium revealed that in wild-type
cells =9% of the total GAGs were HS chains, while the HS amount was further decreased to
~4% in Extl¢”¢' chondrocytes. Moreover, in Ext15"¢' chondrocytes CS levels were additionally

increased compared to wild-type cells, specifically in fraction one of secreted PGs

(Table 9. 5).
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A direct comparison of the total GAG and CS chains length revealed small difference
between the sizes of the wild-type chains identified in each PG fraction. While the GAG and
the CS chains of fraction 1 had a molecular size of =43 kDa, their average size was reduced to
~35 kDa in fraction 2 (Fig. 4. 18 A, C; Fig. 9. 1).

Similar to the cell lysate, the secreted Ext/%”8" CS chains of Fraction 1 were shorter compared
to the controls and were characterized by an increased proportion of chains with molecular
weight of =30 kDa. No alteration in the secreted Ext/%”8 chains was observed when analyzing

the GAGs detected in fraction 2 (Fig. 4. 18 B, D).
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Fig. 4. 18 Secreted PGs of Ext157¢' and control chondrocytes carry mostly CS.

35S labeled total GAGs (A, C) and CS (HNO;) (B, D) chains of Ext/¢"¢" and wild-type chondrocytes,
recovered in the secreted PG fractions were separated by size-exclusion chromatography. Size
determination showed a decreased length of the mutant chains in fraction 1 (A, B), while no alteration
in the size of fraction 2 GAG/CS were observed (C, D). Data are shown as % cpm relative to the input.
n=3. One representative experiment is shown. Vo—void volume, Vi—total column volume. The sizes of
molecular weight standards are indicated.

4.2.3.2 Alteration in HS and CS chain length during chondrocyte differentiation

To evaluate whether the changes in HS and CS chain length are specific for differentiated
chondrocytes, the GAGs produced by primary undifferentiated Ex#“¢’ and control
chondrocytes were analyzed by size-exclusion chromatography. Wild-type total GAGs in
these cells had a molecular weight of =40 kDa-slightly larger than the GAGs purified from
differentiated chondrocytes (Fig. 4. 17 A, Fig. 4. 19 A). Interestingly, analysis of HS chains,
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following chondroitinase ABC digest, showed that in undifferentiated control cells the cell
surface PGs carried mainly chains with a molecular weight of =35 kDa—larger than the HS
molecules identified in differentiated chondrocytes (Fig. 4. 19 C). CS was detected at low
levels, as indicated by the relatively low dp2 peak observed after chondroitinase ABC digest
(Fig. 4. 19 C). The flat CS polymer elution profile upon HS degradation confirmed these
observations (Fig. 4. 19 B).

In line with the data obtained for differentiated chondrocytes, comparison of the total wild-
type and Ext¢”¢" GAGs revealed an increase of small molecular weight chains in Exz5"¢ cells
(Fig. 4. 19 A). Remarkably, in the mutant cells, the cell surface-associated GAGs contained
very low amounts of HS, but were enriched on CS, which comprised almost the complete
GAG population (Fig. 4. 19 B, C and Fig. 9. 2 B).

Taken together, these data demonstrate that an augmentation of CS levels due to HS depletion

is not specific to differentiated chondrocytes, but is initiated during early stages of

chondrocytes differentiation.
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Fig. 4. 19 Primary undifferentiated Ext157¢’ chondrocytes upregulate CS.

The chain length of *°S labeled total GAG (A), CS (HNO;(B)) and HS (CSase ABC (C)) of primary
undifferentiated Ext/¢”¢'and control chondrocytes was compared by size-exclusion chromatography.
The size of the total GAG and HS chains were decreased in Ext/"¢' cells compared to the control
samples (A, C). Comparison of the CS chain length showed increased levels of CS the Ext]8%¢
chondrocytes, but no alteration in chain length (B). Data are given as (%) cpm relative to the input.
n=2. One representative experiment is shown. V¢—void volume, Vi—total column volume. The sizes of

molecular weight standards are indicated.

4.2.3.3 Secreted CS chains of Hs2st” chondrocytes are elongated

To investigate whether an alteration of the HS sulfation pattern is compensated by changes in
GAG chain length, 3°S labeled total GAGs, HS and CS produced by primary differentiated
Hs2st”" and control chondrocytes were analyzed by size-exclusion chromatography. In wild-

type cells the total GAGs, CS and HS were of similar size as described in section 4.2.3.1.
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Importantly, the total cell surface GAGs comprised equal portions HS and CS (Table 9. 6). In
contrast to the Ext/7¢ cells, direct comparison of the total GAG elution profiles showed an
increased amount of high molecular weight chains with a size of =43 kDa in the mutants
(Fig. 4. 20 A). Moreover, different to Extl deficient cells, in Hs2st”- chondrocytes the cell
surface-associated HS was increased by =~34%, as shown by the higher HS polymer peak
observed after CSase ABC digestion (Fig. 4. 20 C, Fig. 9. 3, Table 9. 6). Importantly, chain

length analysis did not show any alterations for CS or HS size produced by the mutant cells.
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Fig. 4.20 Hs2st” chondrocytes upregulate cell surface-associated HS and length of

secreted CS chains.

Cell surface-associated (A, B, C) and secreted GAGs (D, E, F) of primary differentiated Hs2s¢” and
control chondrocytes were metabolically labeled with *°S, and analyzed by size-exclusion
chromatography. Hs2st” chondrocytes contained longer GAG chains (A), more HS (C) and less CS
(B) compared to wild-type cells. In the secreted fractions CS was the predominant sulfated GAG (E,
F). The length of the secreted GAG (D) and CS ((E) HNO: digest) chains was moderate elongation in
the mutant. Data are shown as (%) cpm relative to the input. n=3. One representative experiment is
shown. Vo—void volume, V—total column volume.

Analysis of the secreted PGs of fraction 1 indicated a molecular weight of =45 kDa for the
total GAGs, while the size of CS was =40 kDa for both, wild-type and mutant cells (Fig. 9. 4).
Nevertheless, a slight elongation of the chain length of the GAGs purified from Hs2st”" was
observed in fraction 2 of the extracellular PGs (Fig. 4. 20 D). Individual analyses of CS and

HS revealed a slightly increased molecular weight of CS, but no alterations of the HS
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polymer size (Fig. 4. 20 E). Nevertheless, this difference was quite small and estimated as =5
kDa larger CS chains in the mutant cells.

In summary, the obtained data show that chondrocytes compensate for the altered HS
structure not only by increasing CS levels, but also by distinct alterations in HS amount and
modification. Importantly, this compensatory mechanism affects both, the cell surface-

associated and the secreted PG populations, which moreover are affected in a distinct manner.
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5 Discussion

The secreted protein Ihh is one of the main regulators of endochondral ossification,
controlling the proliferation and differentiation of chondrocytes and osteoblast differentiation.
It has been established that Ihh activity is dependent on the composition of the ECM in the
tissue and that alterations cause deregulation of the signaling pathway and bone development.
In this context HSPGs, a major component of the ECM, have been shown to modulate the
multimerization of Shh (Dierker et al., 2009a; Farshi et al., 2011; Vyas et al., 2014), its
distribution and signaling activity. Despite the extensive research, the precise molecular
mechanisms, by which HSPGs and other ECM molecules regulate this wide spectrum of
events, are not fully understood.

The current work characterizes two conserved HS-binding motifs in the Thh molecule and
demonstrates an interaction with HS via each motif. Importantly, these binding sites differ in
their affinity to HS, indicating that an interaction via each motif mediates binding to
specifically sulfated HS, and perhaps regulates distinct aspect of Ihh biology. Additionally,
the data reported here show that functional CW motifs, and possibly an interaction with HS,
are necessary for [hh multimerization in HEK-293Ebna cells. Despite this, analysis of the
endogenous Thh, produced by Ext/27¢" and Glce”";Hs2st”- chondrocytes showed no differences
in the multimer size compared to the Ihh produced by wild-type cells, indicating that either: 1)
GAGs do not play a crucial role in the multimerization, 2) another GAG drives the multimeric
organization or 3) HS cooperates with another GAG, which compensates for the hindered HS
functions in this process. In line with the later hypothesis an upregulation of CS was observed
in embryonic cartilage of several mouse strains with impaired HS synthesis. These data
combined with the mild bone phenotype of HS mutants and an altered Thh signaling observed
in various CS mutants (Cortes et al., 2009; Kluppel et al., 2005) indicate that both GAGs are
involved in the regulation of Ihh multimerization, distribution and signaling, likely controlling

different aspects of these events, but able in part to substitute for each others functions.

5.1 TIhh motifs involved in interaction with HS

5.1.1 The CW1 motif defines the interaction of Ihh with HS

A role of HSPGs in Ihh distribution has been proposed for the first time with the
identification of Tout-velu, the homolog of Extl in Drosophila (Bellaiche et al., 1998; The et
al., 1999). In these studies, the Drosophila Hh could activate target genes in clones of HS

deficient cells flanking the Hh expression domain, but not in cells located several cell
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diameters away from the Hh source. In line with this, an altered Hh diffusion has been
observed in mutants with loss of function of other genes involved in the synthesis of HS (Han
et al., 2004a; Takei et al., 2004) or the HSPG core protein (Ayers et al., 2010; Han et al.,
2004b; Takeo et al., 2005; Williams et al., 2010). An evidence for a direct interaction with HS
has been acquired with the identification of a HS-binding domain, a CW motif, within the N-
terminal extended tail of Shh (Rubin et al., 2002). Mutation of two positively charged
residues (K34 and K38) to alanine in this motif was shown to impair the HS interaction
in vitro. Surprisingly, a mouse mutant, the Shh*”* mouse, bearing the same mutation did not
exhibit patterning defects, but a reduced proliferation and apoptosis (Chan et al., 2009). A
more detailed analysis of the Shh CW sequence, performed by Farshi and colleagues,
proposed that each CW residue contributes in distinct manner to the interactions with HS
(Farshi et al., 2011). According to this work, the residues within the motif are organized into
two groups, which are oriented to opposite directions in the N-terminal peptide, contributing
either to the interaction with the adjacent molecule to form a multimer or mediating an
interaction with HS. Thus, the residues K34 and K38 (mutated in the Shh** mouse) were
shown to mediate protein multimerization, while the residues K33, R35 and K39 were
described to facilitate an interaction with HS (Farshi et al., 2011). Nevertheless, it is unlikely
that such flexible, random coil-like structure as the N-terminal Hh peptide can maintain a
strict orientation under physiological condition. In contrast to the findings for Shh, the current
study shows that in Thh, comparable groups of CW residues—R76/R80; R75/R77 and K81,
reduced the affinity of Thh to HS to a similar degree, indicating an equal contribution to HS
binding (section 4.1.2.2). Another discrepancy with the results reported in Farshi et al., is the
fully abolished interaction of Shh with HS observed after deletion of the CW motif or
mutation of all residues to alanine. As reported here, the corresponding Ihh mutants
(ThhNpACW, ThhNpR73A/RT6ARTIARSOA/KSIA) were still able to bind to embryonic HS, although
with lower affinity than the wild-type protein. It is worth noting that the experiments in both
studies were performed using HS purified from mouse embryos, which is highly diverse and
changes its composition during development. Thus, small differences in the composition of
HS used in each study might be age-related, thereby leading to the observed differences in
protein binding. This, together with the variations in the CWI1 motifs of the studied
paralogous proteins is a possible explanation for the apparent discrepancies in this study and
the previously reported data by Farshi and colleagues. Nevertheless, the preserved HS binding
of the Thh CW1 deletion mutant (IhhNp*“V) indicates a contribution of more residues, beside

those of the CW1 motif, to the interaction with HS.
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5.1.2 Role of the CW2 motif in the interaction with HS

This work demonstrated for first time an interaction of Ihh with HS via a second CW site—the
CW2 motif, which further challenges the previously described loss of HS interaction due to a
deletion of the CW1 motif in Shh (Farshi et al., 2011). This motif is non-linear and less
critical in determining the binding of the protein to HS than the CW1 motif. A perturbed HS-
Ihh interaction was observed when at least three CW2 residues were mutated. Importantly,
mutating the entire CW2 sequence in the ThhNp!30SRI66SRI6SRIIBSK221S mytant resulted in a
dramatic decrease in the detected Ihh levels after an interaction with HS. Nevertheless, this
effect is possibly due to a decreased protein stability, suggesting that an interaction with HS
through the CW2 domain is likely required for protein stabilization.

The identification of an additional HS binding residue in Shh—K178 (corresponding to K221
in murine Thh) is in agreement with the findings reported here and reinforces the idea that Hh
proteins interact with HS via more than one binding domain (Chang et al., 2011). In the later
work, loss of positive charge at K178, K37 and K38 in Shh abolished the interaction with
heparin. It is worth noting that the recombinant Shh protein, analyzed in this study, was a
bacterially produced monomeric form, which does not carry lipid modifications and has
previously been shown to bind HS with different affinity compared to dual-lipidated,
multimeric Shh (Chang et al., 2011; Farshi et al., 2011). This likely contributes to the
prominent destabilization of the heparin interaction caused by the loss of only three positively
charged residues. Further research on the subject identified four additional HS interacting
residues in the globular domain of Shh, which together with K178 form a second HS-binding
site—the CW2 motif (Whalen et al., 2013). Notably, the CW2 motif overlaps with the binding
sites of the Hh receptor Ptchl and other co-receptors, indicating a direct role of HS in
regulating the Hh interaction with these proteins. This hypothesis is supported by the loss of
biological activity of all analyzed Thh CW2 mutants.

According to the findings reported here and in studies of Shh (Chang et al., 2011; Whalen et
al., 2013), the HS interaction of mammalian Hh proteins is mediated by at least two clusters

of positively charged residues.

5.1.3 Distinct roles of the CW1 and CW2 motifs in Ihh biology

The current work shows that Thh binding to HS is mediated by the CW1 and CW2 motifs. An
exciting finding described for first time in this work is that each Thh CW motif binds
preferably to particularly sulfated HS. While alterations in the CW1 motif showed greater
influence on the interactions with HS, a perturbation in CW2 had only a moderate effect on
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HS binding, but a stronger impact on the interactions with heparin. This may suggest that
distinct aspects of Hh signaling are regulated by each HS-binding domain. Such possibility is
supported by a study in Drosophila describing a requirement for particular HS sulfation
patterns in the producing and receiving cells (Wojcinski et al., 2011). In that study, loss of
function of the extracellular 6-O-endosulfatase DSulf, leading to higher HS 6-O-sulfation in
producing and responding cells, had opposite effect on Hh signaling. While loss of function
of DSulf in the responding cells promoted Ihh signaling, the same mutation in producing cells
inhibited the signaling. It is possible that low sulfated HS interacts preferably with the CW1
motif in the producing cells to promote protein release, while high sulfated HS, interacting
with CW2 domain, is required at the responding compartment to bind and restrict the protein,
or promote an interaction with Ptchl. This hypothesis is further supported by the low N-
sulfation, observed in prehypertrophic, Thh producing chondrocytes (Fig. 9. 5). Finally, a
scenario in which HS regulates different aspects of Hh signaling by interacting with one or

the other binding motif could explain the mild phenotype of the ShhA"® mouse.

5.2 HS-binding motifs define Ihh multimerization in vitro

The organization of Hh proteins in high order structure has been observed in vivo (Vyas et al.,
2008) and implemented as a possible mechanism for protein distribution in the tissue. More
importantly, it has been stated that an interaction with HS is a prerequisite for multimerization
(Chang et al., 2011; Farshi et al., 2011; Vyas et al., 2008). Therefore, the capacity of Ihh CW1
and CW2 mutants to form multimers was investigated. The data presented here indicate that
in HEK-293Ebna cells each site is required for [hhNp multimer formation to a certain degree,
which correlates with their respective influence on HS binding. The CW1 motif, which has a
strong effect on the interaction with HS, has a more pronounced impact on the diversification
of the ThhNp cluster sizes than the CW2 domain. This indicates that HS interaction and
protein multimerization are linked. In contrast to Shh (Farshi et al., 2011), the CW1 mutants
ThhNpR7SARTTA and ThhNpR76ARSA had a similar effect on protein multimerization. This
further questions the previously suggested special orientation of the CW1 residues to support
either multimerization or HS binding, and argues for a role of each residue in both processes.
Interestingly, ThhNp*“WV formed multimers of similar size as the wild-type protein. This could
be a result of other positively charged residues that alter their orientation and become
available for an interaction if the CW1 motif is not present.

In agreement with its limited role in HS interaction the CW2 motif had a moderate effect on

protein multimerization. Importantly only mutants with decreased affinity to HS formed
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clusters of reduced size. Additionally, only a substitution of four CW2 residues to serine
reduced the size of the multimers below 350 kDa. These data further support a crucial role of
HS in the formation of multimers. Whether HS is a component of the multimer, how the
monomers are organized in the clusters, and whether each CW motif has a different function

in the process needs to be further analyzed.

5.3 The HS pattern has limited effect on Ihh binding and multimerization

5.3.1 Alterations in Hh sulfation pattern have diverse effects on the affinity of Hh

proteins

Previous analyses of Glce”” mice have shown that loss of C5-epimerization and subsequently
reduced 2-O-sulfation results in decreased binding of IhhNp to the mutant HS. In these mice,
the total HS sulfation remains unaltered due to an increased N- and 6-O-sulfation, but the HS
disaccharide distribution is altered. Moreover, the loss of IdoA creates a chain with restricted
flexibility, which may limit the domains accessible for [hh binding (Dierker et al., 2016). An
earlier study reported that HS purified from Ndst/”~ mice had an unaltered affinity, but a
decreased binding capacity to a monomeric recombinant Shh protein in comparison to wild-
type HS (Grobe et al., 2005). Differently to this, the analysis of dual-lipidated multimeric Shh
and Thh showed an increased affinity to Ndst/”- HS compared to the control (section 4.1.6),
supporting previous reports that multimeric and monomeric Shh forms differ in their
interaction with HS (Farshi et al., 2011). It is possible that loss of N-sulfation is compensated
by an increase in 6-O-sulfation, which may generate alternative binding domains mediating
altered, but not decreased Hh binding to HS. Additionally, the HS used in these experiments
was purified from whole mouse embryos. Four mouse Ndst genes with wide tissue expression
during embryonic development have been described. The mouse mutants with loss of function
in the other three Ndst genes have mild phenotypes, limited to undersulfated heparin in mast
cells (Ndst2”7"), hematological and behavior abnormalities (Ndst3”-) or colon defects (Ndst4”)
(Dagalv et al., 2011; Jao et al., 2016; Pallerla et al., 2008). Nevertheless, it is possible that
Ndstl1 loss in mice could be at least partly compensated by the activity of the other three Ndst
enzymes, resulting in a pool of relatively normal or even high sulfated HS chains.

Similarly, the unaltered Ihh affinity to HS deficient in 2-O-sulfation might be a result of an
increased N-sulfation, generating compensatory binding motifs, which could interact with Thh.

In agreement with a previous study of Shh (Witt et al., 2013), loss of 2-O-sulfation altered the
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affinity of Shh to a certain extent. Such effect was not observed for Thh, suggesting that

different sulfation motifs might be preferred as a binding platform for each paralog.

5.3.2 ECM composition defines the size of Ihh multimers

A surprising finding of this study is that the [hh multimers produced in HEK-293Ebna cells
and primary chondrocytes differ dramatically in their size. While Ihh overexpressed in HEK-
293Ebna cells produced clusters of >660 kDa, the endogenous multimers of the ECM-rich
chondrocytes did not exceed 550 kDa indicating that the ECM composition regulates the size
of the Thh complexes. Moreover, the multimers formed by chondrocytes were characterized
by an increased stability (Fig. 4.7 1). Such stable multimers, produced by primary
chondrocytes have been reported before (Dierker et al., 2009a). Interestingly, in that study
lower sulfated HS was shown to mediate the formation of stable multimers more efficiently
than a higher sulfated HS in vitro (Dierker et al., 2009a). This, together with the requirement
of low 6-O-sulfated HS in the Hh producing cells reported in (Wojcinski et al., 2011) suggests
that low sulfated HS might be necessary for the formation of multimers in vitro. The process
might be dependent on interaction of HS via the CW1 sequence, which, in the current work,
was found to bind the relatively low sulfated HS more efficiently than heparin.

Surprisingly, the Thh multimer size in chondrocytes was unaffected by alteration of the HS
levels (Ext1%7¢") and pattern of sulfation (Glce”";Hs2st”"). This might mean that the sulfation
and amount of HS produced by these mutant cells were sufficient to meet the requirements for
multimer organization. Alternatively, the upregulated CS in Ext/2’%’ mutants might
compensate for the low HS levels and support the formation of multimers. Independent on the
mechanism by which the multimers are formed, these data indicated that the extended Ihh
propagation in the Ext/2¢" and Glce”";Hs2st” ((Koziel et al., 2004) and data not shown)
mouse mutants is a result of a disturbed interaction of correctly formed multimers with the
altered ECM. Moreover, the fact that CS upregulation is not sufficient to compensate for HS
strongly support overlapping, but distinct functions of the two GAGs in regulating Ihh

signaling.

5.4 Thh and Shh differ in their interaction with HS and multimer size

The vertebrate Hh genes emerged as a result of the two Whole-Genome Duplications that
took place prior to the development of chordates. The current hypothesis is that the first
duplication of the Hh gene led to the ancestral Thh/Shh and Dhh genes, that likely evolved

independently prior the second genome duplication, which generated the three paralogs and a
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fourth gene that was quickly lost. Comparative analyses have shown that Dhh is closer to the
Drosophila Hh, while Shh and Thh are more closely related to each other and share a high
percentage of identity in their N-terminal signaling domain (Ingham and McMahon, 2001;
Pereira et al., 2014). Strikingly, Shh and Ihh differ in their N-terminal CW1 motif by the
higher total number of R residues in the Thh sequence, which may lead to a stronger affinity to
HS. Due to the geometric structure of the R residue such composition would provide more
stability to the Thh CW1 sequence. In addition, the guanidinium group of R allows the
formation of more electrostatic interactions and hydrogen bonds compared to the basic
functional group of K residue (Borders et al., 1994). This effect is partly balanced by the
presence of P instead of the positively charged H residue found in Shh. Consequently,
introducing the Shh CW1 motif into Thh (IhhNpR73KP78HR80K) reqylted in a decreased affinity
of the mutant protein to HS mimicking that of ShhNp. It can thus be concluded that the
residues in the CW1 domain shape the HS interaction of each paralog. Interestingly, the Ihh
V7!, V72 and S7*seem to contribute to the higher affinity of Ihh to HS, although it is highly
unlikely that this effect is direct. The only partially reproduced Ihh elution profile by Shh
bearing the iCW motif is somewhat surprising. Nevertheless, the number of total R residues
in the sequence led to an extended elution profile and an increased affinity, partly reproducing
the Ihh elution profile.

Shh and Ihh differ more significantly in their multimer size. Importantly, the paralog-specific
multimer size-range can be successfully inverted by switching the CW motifs of the two
proteins. Interestingly, ThhNpV71GV72FST4ARTSKPT8HRS0K ' carrying the extended Shh N-terminus
formed multimers of similar size as Ihh. It is possible that the residues at position 71-74 in the
mutant Thh protein come in contacts with hydrophobic pockets of other components of the
cluster, which supports multimer formation.

As shown by the distinct affinities of Shh and Ihh to 2-O-sulfate deficient HS, the binding of
each paralog is further defined by the tissue-specific HS sulfation pattern. Interestingly Ihh,
which operates in a tissue dominated by CS, contains the largest number of R residues in the
CWI1 motif, while the Drosophila Hh has only three out of the seven CW1 residues and
interacts with highly sulfated HS, resembling heparin by its structure (Kusche-Gullberg et al.,
2012). Thus, the Hh CW1 motifs most likely have evolved to secure an appropriated binding
with the corresponding extracellular components for optimal release, transport and signaling.
In contrast to the variation in CW1, the CW2 domain is much more conserved, which is

consistent with the overlap of this motif with the binding domain of the receptor Ptchl.
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5.5 Low levels of HS or an altered sulfation is compensated by an increase in CS

level

CS and HS have a common tetrasaccharide primer, which raises the question whether
interplay between their syntheses is possible. The current work provides strong in vivo
evidence that reduced HS levels lead to an upregulation of CS in vertebrates. Several lines of
evidence support this data. In zebrafish, for instance, loss of Extl3, which initiates assembly
of HS chains, results in upregulation of CS synthesis, while inhibition of CSgalnact 1 and 2,
necessary for CS chain initiation, boosts the synthesis of HS (Holmborn et al., 2012). Similar
to this, loss of HS in ExtI”- embryoid bodies results in increased CS levels, which
compensates for the loss of HS and supports Vegf in induction of sprouting angiogenesis (Le
Jan et al., 2012).

In addition, the current work provides for first time evidence for an alteration of CS levels not
only due to decreased HS amount, but also as a result of an altered HS sulfation pattern. Such
effect was observed for several HS mutant strains—Hs2st”", Ndstl” and Sulf18/%!:Sulf2"¢!,
Notably, while in mutants characterized by decreased levels or sulfation of HS, CS was
upregulated, in Sulf187¢':Sulf2¢"¢" mutants, characterized by high HS 6-O-sulfation, the levels
of sulfated CS were decreased. This indicates a mechanism, which monitors and regulates the
levels and quality of the HS chains. Analysis of the GAG composition in Ext/¢”8'and Hs2st”
cartilage confirmed an increase in CS levels, however, no alterations in CS sulfation were
observed, which shows that mutant chondrocytes synthesize more chains with a normal
sulfation pattern. Thus, the increased staining of CS neoepitopes is due to the presence of
more CS chains and, consequently, more sulfated and unsulfated “stubs”. In agreement with
this, chain length analysis in Ext/%”% cells showed that the HS deficiency was compensated by
synthesis of more, but shorter CS chains, carried by cell surface-associated and secreted PGs.
Importantly, this effect is not restricted to differentiated cells and CS enrichment was
observed in primary undifferentiated chondrocytes as well. An interesting observation was
made when the HS and CS levels in primary, undifferentiated and differentiated cells were
compared. The cell surface PGs in undifferentiated cells contained predominantly HS, while
CS was poorly represented. At later stage, however, CS levels are increased and both GAGs
are equally represented on the cell surface indicating that each GAG is required at distinct
levels in a particular chondrocyte population. Nevertheless, the HS functions in Ext/%/%!
chondrocytes seem to be in part compensated by CS, which reaches levels comparable to

those of HS in wild-type cells. Importantly, the length of the CS chains in undifferentiated
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cells was also not increased, indicating that at both cell differentiation stages the augmented
CS levels are attained by the synthesis of more, but shorter chains.

Differently to the Ext/2”¢' mutants, the increased CS of the Hs2st”- mutants resulted in slightly
longer CS chains, which were detected in the secreted PG population. Interestingly, these
mutants also produced more HS on the cell surface, indicating that the sulfation insufficiency

in Hs2st” cells is compensated by an increase in both, HS and CS syntheses.

5.5.3 CS as a regulator of bone development

HS has been shown to play crucial roles in embryonic bone development (reviewed in
(Jochmann et al., 2014). In addition, the importance of CS levels in this process has been
demonstrated in number of studies. In CSgalnactl and ChSyl mutant mice, the reduced CS
levels caused skeletal abnormalities including short stature, disorganized growth plate, digit-
patterning deffects, reduced bone density, combined with disturbed Ihh distribution and
reception (Sato et al., 2011; Watanabe et al., 2010; Wilson et al., 2012).

Moreover, analyses of the brachymorphic (bm) mouse underlined the importance of CS
sulfation for Thh signaling and bone growth. The bm mouse bears a mutation in the PAPS
synthetase 2 (Papss2) gene, which encodes an enzyme responsible for the synthesis of 3'-
phosphoadenosine 5'-phosphosulfate (PAPS)—the sulfate donor for HS and CS (Cortes et al.,
2009; Sugahara and Schwartz, 1979). While HS levels and sulfation in these mice appear
normal, CS is severely undersulfated, causing decreased Ihh expression and restricted
distribution. In line with this, CS undersulfation in the mouse model for Diastrophic dysplasia
(dtd mouse) results in skeletal defects, which were linked to a reduced Ihh diffusion through
the tissue (Gualeni et al., 2013; Gualeni et al., 2010). Nevertheless, this mouse carries a
mutation in the diastrophic dysplasia sulfate transporter (SLC26A2) and an alteration of HS
sulfation were not excluded as possible cause of the phenotype.

In agreement with the studies in mutant mice, loss of function mutations in genes encoding
CS synthesizing enzymes were identified in number of human syndromes as adducted thumb-
clubfoot syndrome (ATCS), EDS Koshotype (EDSKT) syndromes and a subset of
kyphoscoliosis type EDS without lysyl hydroxylase deficiency (EDS VIB) (Dundar et al.,
2009; Malfait et al., 2010; Miyake et al., 2010). Thus, levels and accurate sulfation pattern of
CS in the cartilage have an essential role for proper activity of the regulators of bone
development, including Thh. Whether HS and CS have overlapping functions or regulate
different aspects of Ihh pathway activation needs to be further analyzed. Yet, the possibility of
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functional overlap between HS and CS in Ihh signaling is supported by the identification of a

putative CS binding site in Shh, which overlaps with the CW2 motif (Whalen et al., 2013).

5.5.4 Balancing the CS and HS levels during development

The dynamic balance between CS and HS levels reported here raises the question of how the
synthesis is directed to either HS or CS chains, and how their levels of sulfation are
controlled. It has been shown that specific domains of the PG core protein define which type
of GAG chain will be attached and how it will be sulfated. The N-terminal globular domain of
Glypicans, for instance, promotes attachment of HS chains via a mechanism involving the
inhibition of CS chain assembly (Chen and Lander, 2001). Additionally, HS synthesis is
promoted by clustering of acidic residues and adjacent tryptophan residues near the chain
attachment site (Zhang and Esko, 1994). Nonetheless, it remains unclear how this information
is transmitted from the core protein to the GAG synthesizing enzymes.

Another study suggests that phosphorylation and sulfation of the units of the tetrasaccharide
primer are involved in this regulation (Gulberti et al., 2012; Gulberti et al., 2005). Thus, the
increased synthesis of CS may be achieved by modifications in the linker, which will promote
assembly of CS over HS. This could be the case for the Ext/%”¢ mutants, for which =40%
more CS was observed on the cell surface of mutant chondrocytes. An altered expression of
specific GAG carriers may also be involved in this regulatory mechanism, which likely is the
case for both, Hs2st”" and Ext1”¢' mutants.

A critical role for the regulation of the GAG synthesis and sulfation pattern has the transport
of nucleotide sugars and the universal sulfate donor PAPS. Thus, the decreased HS synthesis
and sulfation might lead to larger pools of available PAPS and UDP-sugars that are directed
to the synthesis of CS.

A striking effect was observed for the Sulf12"#;Sulf2¢"¢' mutants, which have reduced CS
sulfation and, possibly, amount. Since the Sulf enzymes operate extracellularly, but affect the
CS pattern, these results strongly indicate a feed back mechanism, which monitors the quality
of the extracellular GAG chains and induces intracellular compensatory mechanism. Further
analyses have to be conducted to identify the factors and mechanisms, which fine-tune the

composition of GAGs in the individual tissues.
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6 Summary

Indian hedgehog (Ihh), which belongs to the conserved family of Hedgehog proteins, is one
of the key regulators of embryonic bone development. Several lines of evidence indicate that
the distribution and activity of Thh in the cartilage tissue are dependent on the extracellular
matrix (ECM) composition and, particularly, on the level and sulfation pattern of Heparan
sulfate (HS) (Dierker et al., 2016; Koziel et al., 2004; Ratzka et al., 2008; Yasuda et al.,
2010).

This work investigates the properties of the HS-Ihh interaction and the role of HS in the
multimerization of Thh. Moreover, the changes in GAG composition of mice with an altered
HS structure were analyzed.

In the closely related Sonic Hedgehog (Shh), two conserved HS-binding sequences, called
Cardin-Weintraub (CW) motifs, which support a direct interaction with HS, have been
proposed. (Chang et al., 2011; Farshi et al., 2011; Ohlig et al., 2011; Whalen et al., 2013). The
current work demonstrates that Ihh, like Shh, also contains two CW motifs (CW1 and CW2).
Both domains are highly conserved, but the CW1 sequence is not identical between Shh and
Ihh.

Mutation analysis revealed that the binding of Thh, expressed in HEK-293Ebna cells to HS is
mediated by both motifs, which, however, interact to specifically sulfated HS in distinct
manners. Moreover, analysis of the Thh multimerization showed that the CW1 and CW2
domains are essential, but—correlating with their HS affinity—distinctly important for multimer
formation.

Surprisingly, analysis of the role of the HS modification pattern on the binding affinity of Shh
and Ihh showed that loss of N-sulfation leads to an increased affinity of both proteins. 2-O-
sulfate deficient HS bound Ihh with similar, but Shh with higher affinity than wild type HS.
To better understand how the differences between the Shh and Thh CW1 sequences impact
their HS binding, the affinities of the two paralogs to HS were compared. By exchanging the
HS-interacting regions, this work demonstrates that these variations result in distinct affinities
to HS and multimer size of the paralogous proteins.

Although the interaction with HS seems to mediate the IThh multimerization in HEK-293Ebna
cells, no alterations in multimer size were observed for Thh expressed in primary chondrocyte
of mouse mutants with an altered HS structure. This indicates that another cartilage
glycosaminoglycan partly compensates for the HS functions. In line with this, analysis of

E16.5 cartilage by immunofluorescence staining indicated that in mice, deficient in HS
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synthesizing (Ext187¢") or modifying enzymes (Ndstl”-; Hs2st” and Sulf18"%':Sulf28"¢"), the
altered HS was compensated by changes in the levels of Chondroitin sulfate (CS), the main
sulfated glycosaminoglycans in chondrocytes. This finding was confirmed by disaccharide
analysis of HS and CS purified from Ext/%"¢and Hs2st” embryonic skeletons. Moreover,
evaluating the chain length of GAGs, produced by primary chondrocytes revealed that the
decreased HS levels in Ext/%”8' mice resulted in more, but shorter CS chains, while Hs2st”
cells compensated the altered HS sulfation pattern by an increase of cell surface-associated
HS and an elongation of CS chains carried by secreted proteoglycans.

Taken together, these data indicate that the interactions of IThh with HS are determined by two
motifs of positively charged residues. Each motif likely interacts with specifically sulfated
HS, and possibly with CS. In addition, these data demonstrate for the first time that not only
reduced levels, but also an altered HS structure leads to an increase in CS levels. This
underlines the highly adaptable nature of ECM and strongly points to a functional overlap

between HS and CS in regulating signaling molecules during bone development.
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7 Zusammenfassung

Indian Hedgehog (Ihh), welches zur konservierten Familie der Hedgehog Proteine gehort, ist
einer der Hauptregulatoren der embryonalen Knochenentwicklung. Zahlreiche Studien haben
gezeigt, dass die Verteilung und Aktivitit von Ihh von der Zusammensetzung der
extrazelluliren Matrix (ECM), insbesondere von der Menge und dem Sulfatierungsmuster
von Herparansulfaten (HS) reguliert wird (Dierker et al., 2016; Koziel et al., 2004; Ratzka et
al., 2008; Yasuda et al., 2010).

In dieser Arbeit wurden die HS-IThh Wechselwirkungen und der Einfluss von HS auf die
Multimerisierung von Ihh untersucht. Auflerdem wurde anhand von Maus-Mutanten, bei
denen verminderte HS-Level oder Sulfatierungstufen vorlagen, ein potenzieller Effekt auf die
Zusammensetzung der ECM analysiert.

Bei dem Ihh Paralog Sonic Hedgehog (Shh) wurden zwei konservierte HS-Bindungsdoménen
beschrieben, die sogenannten Cardin-Weintraub (CW) Motive, die eine direkte Interaktion
mit HS vermitteln. In der vorliegenden Arbeit konnte gezeigt werden, dass das Ihh Protein
beide Motive (CW1 und CW2) aufweist. Diese Motive sind hoch konserviert, trotzdem gibt
es Unterschiede zwischen den CW1 Sequenzen von Shh und Ihh.

Mittels Mutationsanalysen wurde gezeigt, dass Ihh, welches in HEK-293Ebna Zellen
exprimiert wurde, iiber die beiden CW-Motive mit HS interagiert. Dabei interagiert jedes
Motiv mit spezifisch sulfatiertem HS mit unterschiedlicher Affinitdt. Darliber hinaus zeigten
weitere Analysen, dass die CW1 und CW2 Dominen essentiell fiir die [hh Multimerisierung
sind und diese von der HS-Affinitit abhangt.

In weiteren Analysen wurde die Bedeutung des HS-Sulfatierungsmusters fiir die HS-Hh
Interaktion untersucht. Interessanterweise zeigte HS mit verringerter N-Sulfatierung im
Vergleich zur Kontrolle eine erhdhte Affinitdt zu Thh und Shh. 2-O-Sulfat defizientes HS
weist hingegen eine erhohte Affinitit zu Shh, aber eine unverdnderte Affinitit zu Ihh auf. Um
die Unterschiede in den CWI1-Sequenzen von Shh und Ihh und deren Einfluss auf die
Interaktion mit HS besser verstehen zu konnen, wurde deren Affinitit zu HS untersucht.
Durch den Austausch ihrer CW1 Motive konnte gezeigt werden, dass die Protein-spezifische
HS-Affinitdt und die Multimergroe durch dieses Motiv bestimmt wird.

Obwohl die Interaktion mit HS die Bildung von Ihh-Multimeren in HEK-293Ebna-Zellen
vermittelt, konnte in primidren Chondrozyzen aus Maus-Mutanten mit verdnderter HS-
Struktur kein Einfluss auf die Multimergrofe festgestellt werden. Diese Ergebnisse deuten

drauf hin, dass ein anderes Glykosaminoglykan die Funktion von HS im Knorpel teilweise
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kompensieren kann. Einen ersten Hinweis darauf lieferten Immunfluoreszenz-Analysen von
E16.5 GliedmaBlen von Maus-Mutanten mit einer Defizienz fiir Enzyme, die an der HS-
Synthese (Ext18"¢") oder Modifikation (NdstI”~; Hs2st”- und Sulf1%"%';Sulf2¢"¢") beteiligt sind.
Die resultierenden HS-Verdnderungen wurden durch ein erhohtes Level an Chondroitinsulfat
(CS) kompensiert. Diese Ergebnisse konnten mittels Disaccharid-Analysen von HS und CS
aus embryonalen Skeletten von Ext/2”8und Hs2st’- Mutanten bestitigt werden.

Eine Analyse der GAG-Kettenlidnge zeigte, dass in primiren Chondrozyten von Ext[$"&
Maiusen das verminderte HS Level in einer erhdhten Menge an kiirzeren CS Ketten resultiert.
Bei Hs2st-defizienten Zellen wurde dagegen das verdnderte HS-Sulfatierungsmuster durch
eine gesteigerte Menge von Zelloberflichen-assoziiertem HS, sowie einer Verldngerung der
in die ECM sezernierten CS-Ketten kompensiert.

Zusammenfassend zeigen die Daten, dass die Interaktion von Ihh mit HS {iber die positiv
geladenen Aminosduren in den zwei konservierten Bindungsdoménen vermittelt wird. Jede
Bindungsdoméne interagiert dabei mit unterschiedlicher Affinitidt mit spezifisch sulfatiertem
HS und moglicherweise auch mit CS. Dartiber hinaus zeigt diese Arbeit zum ersten Mal, dass
nicht nur verringerte HS-Level, sondern auch ein verdndertes Sulfatierungsmuster zu einer
gesteigerten Menge an CS fithren kann. Diese Beobachtung unterstreicht die hohe
Kompensationsfahigkeit der Knorpel-ECM hinsichtlich der Zusammensetzung der GAGs und
weist auf funktionale Wechselwirkungen zwischen HS und CS in der Regulation von

Signalmolekiilen wéhrend der Knochenentwicklung hin.
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9 Supplementary figures

9.1 Relative amount of multimers of IhhNp, ShhNp and CWI1-exchange

mutants, separated by size.

Table 9. 1 Quantification of the relative levels of IThhNp, ShhNp and CW1-exchange

mutant multimers.

Hh proteins were expressed in HEK-293Ebna cells and analyzed by size-exclusion
chromatography, immunoblotted and quantified using Imagel software. Protein amounts for
each data point were normalized to the total recovered protein and are mean values + s.e.m.,
n>3. The protein amount at each data point was compared to these of wild-type ThhNp
protein. Statistical analysis was carried out using two-tailed, unpaired Student’s ¢-test.
*p<0.05. (see Fig. 4. 6).

Relative protein (%) recovered in size-exclusion chromatography

ThhNp ShhNp ThhNpR/ KPR | [y N p V2V 30T | Gy N p K3 RIS6PK
molecular 80K 4A/RT5K/P78H/R80K 38R
weight (kDa)

> 660 [41.67+4.2 8.7+4%* 3310 49.1+22 3011
22.35+4.6 85+3.3 15.7+4.6 18.9+8 10.3+4.6
459+1.3 122+43 126+ 7.8 13.7+9.7 21+13

550]7.87+2.6 93+24 14.1+3.7 4+34 8.8+0.7
340(10.6+3 129+4.7 9.4+3.6 72422 7.6+3.1
250(1.84+0.4 51+1.7 37+1.6 19+1.1 15+0.6
120[1+0.4 41+2.1 1.9+0.6 0.3+0.1 0.5+0.1
7510.98+0.4 38£2.6 14+ 05 0.3+0.2 0.4+0.1
4510.97+0.4 2441 13+06 03+0.2 1+04
27(0.97+0.4 3.5+0.7 1.1+0.7 0.340.2 10+4
171.8+1 45+1.6 1.1+£0.7 04+03 6+2
0.97+0.4 74+1.7 1.1+0.7 0.3+0.2 1+£0.3
0.97+0.4 59+33 0.9+0.5 0.1£0.2 0.6+0.1
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9.2 Disaccharide analysis of GAGs purified from Ext] and Hs2st mutants and wild-type skeletons

Table 9. 2 HS disaccharides obtained from Hs2st”*, Ext15”¢' and control mouse skeletons by exhaustive heparin lyase cleavage.

Disaccharides were generated by cleavage with heparin lyases mixture and analyzed by RPIP-HPLC. Values are given in mol (%) of total disaccharides and
are the mean + s.e.m. of six (Ext/) and three samples (Hs2st). The degree and type of sulfation are calculated from disaccharides species. Total amounts are
given as pmol/ug/ml DNA starting material as calculated from peak areas relative to known amounts of standard disaccharides. Statistical significance was
calculated by two-way ANOVA with Bonferroni post-test, * p < 0.05, ** p <0.01, *** p <0.001 (see section 4.2.1.2 and 4.2.2.2).

HS disaccharide composition (%)

Sulfates per 100 disaccharides

AUA-GIcNAc ~ AUA-GIcNS Glfgﬁc'6s é‘lﬁfz AUA-GIcNS6S  AUA2S-GIeNS Gﬁg\l‘fcsés (A}E{\?ézs 08 NS 68 28 total S (I:igﬁgﬁu
Hs2st™ 429+08 1944 0.4 38416 28+0.12 29+0.17 55+1.6 33221 19421 429408 4721 294406 311424 1077+25 | 28848
Hs2st" 45342 34.7423%%% 28412 24+02 129 +£2.1%+  073£02 L1+11 rx 454+2 483203  169441%F  A3LIFF 60545k | 304444
Extl** 4433£24  2157+13 34407 24+03 35407 51+12 2£16 17.6+24 443+24 479+28 26632 272436 101748 1845
Ext12% 45.7+4 12,5+ 1.2% 5409 0 9.8+ 1.3 24+1.1 31431 214437 45744 46.1+3.5 39.4+37% 269+4 11234103 | 3.6+13*

Table 9. 3 CS disaccharides obtained from Hs2st”~, Ext1¢”¢' and control mouse skeletons by exhaustive chondroitinase ABC cleavage.
Disaccharides were generated by cleavage with chondroitinase ABC and analyzed by RPIP-HPLC. Values are given in mol (%) of total disaccharides and are
the mean + s.e.m. of six (Ext/) and three samples (Hs2st). The degree and type of sulfation are calculated from the disaccharide species. Total amounts are
given as pmol/ug/ml DNA starting material as calculated from peak areas relative to known amounts of standard disaccharides
calculated by two-way ANOVA with Bonferroni post-test * p <0.05, ** p <0.01, *** p <0.001 (see section 4.2.1.2 and 4.2.2.2).

CS disaccharide composition (%)

Sulfates per 100 disaccharides

. Statistical significance was

CS amount
AUA- AUA- AUA- AUA2S-
AUA-GaINAC  INAc#S  GalNAc6S  GalNAc4S6S  GalNAC6S 08 28 68 45 total S (pm[;l\%/ ml
Hs2st™ 2233£0433  6857+0367  083£0.03  0.67:0.167  7.6+036 | 22331043  7.63£034  923£054 69303  86.1+09 | 34859+ 194
Hs2st" 21674057 68.7+0.3 0.7+ 0.06 0.8+ 0.06 8+0.43 2167£0.6  8.13+04 9.6+044  69.634024 87409 | 4570.8+ 150 *
Extl”" 23424034 71924143 0924009  0267+0.13  35+144 | 2344034 3515 4715 722413 8034=17 | 2011.4=208
Extl®* 23524207 71.6+13 0.8 +0.06 0.35+0.2 372416 235+2.1 3.8+ 16 49418 72413 80.6 +3.6 3423 + 773
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Table 9. 4 CS disaccharide composition of Hs2st”- and Ext157¢' and control cartilage analyzed by RPIP-HPLC.
CS disaccharide composition was analyzed by RPIP-HPLC. Values are given as pmol/pug/ml DNA starting material and are mean + s.e.m. of six (Ext/) and
three (Hs2st) samples. Statistical significance was calculated by two-way ANOVA . * p <0.05, ** p <0.01, *** p <0.001 (see section 4.2.1.2 and 4.2.2.2).

CS disaccharide composition (pmol/ug/ml DNA)

AUA-GalNAc AUA- AUA- AUA- AUA2S- AUA2S-
GalNAc4S GalNACc6S GalNAc4S6S GalNACc6S GalNAc4S6S
Hs2st+/+ 778.5 £ 54 2389.3+ 123 28.6+£1.2 229455 2643+ 19 2.27+0.13
Hs2st-/- 9929+ 60  3138.8 £ 95%** 31.8+2 37.2+3 364.1 £10.2 6.1+2.13
Extl+/+ 469 + 45 1433+ 124 179+ 1.7 58+33 84.6 +£36.8 0.72+04
Extlgt/gt 832.5+206 * 2423.44+526* 25.6+4.2 89146 131 £62.6 1.6+14
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9.3 Analysis of the chain length of total GAGs, HS and CS, purified from E13.5

Ext187¢', Hs2st”" and control chondrocytes

A B
20 ~ Ext]*/* CM Fraction 1 (GAGs) 20 -~ Extl€/st CM Fraction 1 (GAGs)
~43 kDa 1 Ext]** CM Fraction 1 (HNO,) ~40kDa{ .. Ext/¢’¢’ CM Fraction 1 (HNO,)
15 15
= <
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Fig. 9. 1 CS predominates the ECM of chondrocytes.

35S labeled total GAGs and CS secrted by Ext/¢”%" and control chondrocytes were analyzed by size-
exclusion chromatography. Both fractions of secreted GAGs were predominated by CS. Minor
difference was observed between the sizes of the wild-type chains in fraction 1 and 2 of secreted PGs
(A, C). In fraction 1, the mutant GAGs were slightly shorter than the wild-type chains (A, B). No
difference was observed in their size in fraction 2 of secreted GAGs (C, D). Data are given as (%) cpm
relative to the input. dp2—disaccharide peak, Vo—void volume, Vi—total column volume. The sizes of
molecular weight standards are indicated. n=3, one representative experiment is shown. (see section

4.2.3.1)
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A B
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Fig. 9. 2 Primary undifferentiated Ext15”¢' chondrocytes upregalate CS.

The chain length of S labeled primary undifferentiated Exz/¢"¢'(B) and control chondrocytes (A) was
compared by size. Wild-type cells contained limited CS amount (A), while in mutant cells CS was
strongly enriched (B). Values are given as (%) cpm relative to the input. n=2. One representative
experiment is shown. Vo—void volume, Vtotal column volume. The sizes of molecular weight
standards are indicated. (see section 4.2.3.2)

A B
25 |+ Hy2st* (GAGs) 257~ Heost” (GAGS)
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Fig. 9. 3 Hs2st deficient chondrocytes are characterized by elevated HS levels in their
cell surface GAG fraction.

Chain length of **S labeled total GAGs, CS (HNO,) and HS (CSase ABC) of primary Hs2st (B) and
control (A) chondrocytes were compared by size. In the wild-type, the cell-surface GAG population
contain equal levels of CS and HS (A), while more HS was detected in the mutant cells (B). No
alterations in GAG chain length were observed. Values are given as (%) cpm relative to the input.
dp2—disaccharide peak, Vo—void volume, Vtotal column volume. The sizes of molecular weight
standards are indicated. n=3, one representative experiment is shown. (see section 4.2.3.3)
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Fig. 9. 4 GAGs of the secreted Fraction 1 of Hs2st”- chondrocytes retain wild-type chain
length.

The chain length of the secreted total GAGs (C), CS (D) and HS (E) recovered in Fraction 1 of Hs2st”"
and control chondrocytes was analyzed by size-exclusion chromatography. No alterations were
observed between the levels or length of the wild-type and mutant secreted GAGs. Data are given as
(%) cpm, relative to the input. dp2—disaccharide peak, Vo—void volume, Vtotal column volume. The
sizes of molecular weight standards are indicated. n=3, one representative experiment is shown (see
section 4.2.3.3).
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Table 9. 5 Relative amount of HS and CS of ExtI*”¢’ and control chondrocytes,
recovered in size-exclusion chromatography.

The relative CS and HS amount of Ext/¢"¢' and wild-type chondrocytes recovered from the cell surface
and secreted GAG fractions were estimated following size-exclusion chromatography. Values are
given as (%) cpms detected in CS or HS polymer and dp2 peaks, normalized to the total PGs,

recovered in a preparative separation. The data are presented as mean velues + s.e.m. n=3. (see section
4.2.3.1)

HS levels (%) CS levels (%)
Ext1™* Ext1&/ Extl™ Ext]&/
Cell Lysates 47.1+4.1 |29+5 43 +8.3 61+10
Conditioned
medium, Fraction1 [|9+2 4+1.5 88+24 93+ 1.7
Conditioned
medium, Fraction2 |9+5.3 4+1.5 89+54 92 +1.7

Table 9. 6 Relative amount of HS and CS of Hs2st”- and control chondrocytes, recovered
in size-exclusion chromatography.

The relative CS and HS amount of Hs2s¢” and wild-type chondrocytes recovered from the cell surface
and secreted GAG fractions were estimated following size-exclusion chromatography. Values are
given as (%) cpms detected in GAGs polymer and dp2 peaks, normalized to the total PGs level,
recovered in a preparative separation. The data are presented as mean velues + s.e.m. n=3. Statistical
significance was calculated by two-tailed, unpaired Student’s z-test, * p < 0.05. (see section 4.2.3.3)

HS levels (%) CS levels (%)
Hs2st™ Hs2st” Hs2st™ Hs2st”
Cell Lysates 44 £2 59+3* 47+ 6 34+ 5

Conditioned
medium, Fraction1 [9+ 1.6 8.3+0.1 83+7.8 86+4

Conditioned
medium, Fraction2 |7+ 0.8 8+1.76 88 +0.8 88+ 1.75
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9.4 Low levels of N-sulfated HS domains in prehypertrophic chondrocytes

Safranin-Weigert 10E4

columnar
chondrocytes

¢ hypertrophic
3+ chondrocytes

Fig. 9. 5 Prehypertrophic chondrocytes express low levels of NV-sulfated HS domains.
E16.5 wild-type limb sections were stained with Safranin-Weigert (A) and 10E4 antibody (B),
recognizing mixed (GlcA-GlcNS)/(GlcA-GlcNAc) epitopes in HS. The antibody stained strong in the
zone columnar chondrocytes, while lower levels of the mixed epitope were observed in
prehypertrophic Thh producing cells. The chondrocyte populations are indicated on the schematic
representation of the bone (C). Scale bar = 200 pm. (see section 5.1.3).
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