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General Introduction

Introduction

Growth is the key characteristic that distinguishes children from adults. Growth of the long
bones occurs at the growth plates, which are located at the distal ends of the bones, by a
process called endochondral bone formation. This process is governed by a complex network
of hormones. The mechanisms by which these hormones affect endochondral bone formation
in the growth plate are not completely understood. One of the mechanisms could be by
influencing the activity of locally produced growth factors. In this thesis we focus on the role
of one of these growth factors, Parathyroid Hormone (PTH) related Peptide (PTHrP) and
its receptor, the type I PTH/PTHTrP receptor (PTHR1). The main objective of this study is to
turther elucidate the mechanisms of action of PTHrP and PTHR1 signalling in chondrocyte
proliferation and differentiation in the epiphyseal growth plate.

In the following chapter a short overview will be given about the formation of the growth
plate and the process of endochondral bone formation. In addition, the involvement in this
process of transcription factors is described. Subsequently, the regulation of endocrine and
paracrine factors in endochondral bone formation is discussed, followed by a summary about
PTHRI signalling in chondrocytes. Finally, the outline of this thesis will be described.

The growth plate

In the following section the formation and structure of the growth plate is described (fig. 1).
During embryogenesis mesenchymal precursor cells reduce in size, become densely packed
into condensations and differentiate into chondrocytes”. Chondrocytes located at the ends
of anlagen will eventually form the cartilage that covers the articular surface of the bone. In
contrast, the chondrocytes beneath this zone of resting cells progress through a coordinated
program of proliferation, differentiation, maturation and eventually apoptosis. The cartilage
matrix is calcified, resorbed, and finally replaced by bone. This process is called endochondral
bone formation and takes place in the primary ossification centre (fig. 1A). The primary
ossification centre spreads outwards to the ends of the bone. Around birth, a secondary
ossification centre is formed in the epiphyseal cartilage at the ends of the bone. The primary
and secondary ossification centres remain separated by a layer of cartilage, the epiphyseal
growth plate. Within the growth plate, chondrocyte proliferation, hypertrophy and matrix
synthesis altogether contribute to longitudinal bone growth. The growth plate can be divided
into four anatomic zones, the resting, proliferative, transition, and hypertrophic zone, that go
through unique morphological and biochemical stages during the process of endochondral
ossification (fig. 1B).

Resting zone

The resting zone is located at the distal end of the growth plate and is characterized by a high
ratio of extracellular matrix to cell volume. The resting cells are small, lie as single cells or in
clusters, and are in a relatively quiescent state. The cells act as committed progenitor cells that
are responsible for the generation of proliferating chondrocytes. This was shown by removal
of the growth plate in vivo in rabbits, leaving only the resting zone, resulting in a complete
regeneration of the growth plate®. In addition, the same study showed that the resting zone
directs the alignment of chondrocyte columns parallel to the long axis of the bone. Replacing
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Chapter 1

of the resting zone ectopically alongside the proliferative zone induced a 90-degree shift in the
orientation of the nearby proliferating chondrocytes®. Furthermore, the resting cells probably
produce a morphogen that inhibits hypertrophy of nearby proliferating cells. In this way the
resting zone may be partially responsible for the organization of the growth plate into distinct
zones of chondrocyte proliferation and differentiation®.

Paracrine regulation Endocrine regulation
1A
|
[
Foetal Around birth  Childhood  End of puberty
Adult
1B

Figure 1. The formation and structure of the growth plate.

A) During foetal development endochondral bone formation takes place in the primary ossification centre (P). Around birth a secon-
dary ossification centre (S) is formed. During childhood longitudinal bone growth increases and the growth plate decreases in size.
At the end of puberty growth ceases, due to growth plate fusion. The early development is driven by locally produced growth factors
(paracrine regulation). Around birth, when the secondary ossification centre is formed, the regulation switches in favour of endocrine
regulation. B) The growth plate is divided into several zones, which are distinguished by biochemical and morphological differences.
The resting zone contains stem cell-like chondrocytes. When these chondrocytes start proliferating they enter the proliferative zone.
At a certain point, the chondrocyte stop proliferating and start to differentiate in the transition zone. They increase further in size
in the hypertrophic zone. Finally, the fully mature chondrocytes go into apoptosis, leaving a scaffold for bone formation. Figure is
adapted from the Primer on the Metabolic Bone Diseases and Disorders of Mineral Metabolism, chapter 1, figure 9.
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General Introduction

Proliferative zone

Upon an unknown trigger the resting chondrocytes enter into the proliferative zone. The
proliferating chondrocytes display flattened shapes, divide, and become organized into
longitudinal columns, a characteristic feature of the growth plate. The number of proliferating
chondrocytes and thereby the length of the columns contributes to the increase in longitudinal
bone growth®.

Transition zone
After a certain number of cell divisions the chondrocytes stop to divide and start to differentiate
into pre-hypertrophic chondrocytes, thereby increasing in size. Both late-proliferative and
pre-hypertrophic chondrocytes belong to the transition zone, also referred to as the pre-
hypertrophic zone.

Hypertrophic zone

The pre-hypertrophic cells further increase in size to an enlargement of five to ten fold,
which contributes to the increase of longitudinal bone growth®. The longitudinal septa of
cartilage matrix between the columns of hypertrophic chondrocytes eventually become
calcified. The terminal differentiated chondrocytes go into apoptosis, leaving a scaffold for
bone formation™. Together with the invasion of blood vessels from the underlying primary
spongiosum, osteoclasts enter and resorb the calcified cartilage matrix. At the same time,
osteoblasts enter into the area and produce new metaphyseal trabecular bone.

Extracellular matrix

Within the zones of the growth plate the chondrocytes are embedded in an extracellular matrix,
consisting predominantly of collagens and proteoglycans as well as other non-collageneous
proteins, most of which are glycoproteins and phosphoproteins (reviewed in®). The primary
collagen in the growth plate is collagen type 2, which represents 80 to 90% of the total collagen
content and is predominantly expressed in the proliferative zone. Other collagens present
in relatively small amounts in the cartilage matrix are collagen type 9, type 10 and type 11.
Collagen type 9 and type 10 are specifically expressed by pre-hypertrophic and hypertrophic
chondrocytes, respectively.

The other major cartilage matrix molecules, the proteoglycans, consist of a core protein to
which glycosaminoglycans (GAG) side chains are attached®. The GAG group in cartilage
consists of chondroitin sulphate, dermatan sulphate, heparan sulphate, keratan sulphate, and
hyaluronic acid. Five specific proteoglycans in cartilage are formed with the combinations
of the different GAGs: aggrecan, decorin, biglycan, fibromodulin, and collagen type 9. The
largest proteoglycan in size and most abundant by weight is aggrecan, a proteoglycan that
possesses over 100 chondroitin sulfate and keratan sulfate chains®. Together with collagen
type 2, aggrecan makes up 90% of the organic matrix.

Degradation and remodelling of the cartilage matrix during endochondral bone formation
is regulated by a group of remodelling enzymes, known as matrix metalloproteinases
(MMPs) and their inhibitors (TIMPs) (reviewed in®). For instance, MMP13, expressed by
hypertrophic chondrocytes, degrades preferentially collagen type 2. Furthermore, knockout
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Chapter 1

models emphasized the important role of MMPs in endochondral bone formation®?.

Transcriptional control of growth plate formation and

endochondral bone formation

A complete overview of the transcriptional control of growth plate formation and chondrocyte
development in the growth plate has recently been reviewed'". Here, the actions of members
of the Sox family and the runt related transcription factor (Runx) family on growth plate
formation and chondrocyte development are discussed in more detail.

The master transcription factor for chondrocyte development is Sox9, a member of the
high-mobility-group (HMG)-box DNA-binding domain containing proteins. In the growth
plate of long bones, Sox9 is expressed by proliferating chondrocytes, but its expression is
completely shut off in hypertrophic chondrocytes. Its essential role in successive steps of the
chondrocyte developmental pathway has been emphasized by several approaches in transgenic
mouse, including gain as well as loss of function studies. These studies demonstrated that
Sox9 positively regulates chondrocyte proliferation and negatively regulates chondrocyte
hypertrophy"*'%. Inactivation of Sox9 in limb buds before mesenchymal condensations in
the mouse embryo results in a complete absence of both cartilage and bone?. In addition,
inactivation of Sox9 after mesenchymal condensation in the mouse embryo results in arrest
of condensed mesenchymal cells"?. In human, heterozygous missense mutations in the Sox9
gene cause campomelic dysplasia, a rare disorder of skeletal development that results in
deformities of most of the bones of the body'?. These malformations are comparable in mice
with a haploinsufficiency of the Sox9 gene™. Taken together, these data suggest that Sox9
is the first transcription factor that is essential for chondrocyte development and cartilage
formation.

Two other members of the Sox family, Sox5 and Sox6, are required for chondrocyte development
as well. Both transcription factors are co-expressed with Sox9 during chondrogenesis. In
addition, they are absent in limb buds with Sox9 inactivation, indicating that Sox9 is needed
for Sox5 and Sox6 expression!’?. Furthermore, like the expression of Sox9, the expression of
Sox5 and Sox6 is excluded from hypertrophic chondrocytes. Although individual Sox5 and
Sox6 knockout mice are born with mild skeletal abnormalities, double knockouts develop a
severe, generalized chondrodysplasia, characterized by a virtual absence of cartilage, due to a
defect in chondrocyte proliferation and impairment of cartilage matrix production®. These
data suggest that, similar to Sox9, Sox5 and Sox6 regulate sequential steps of chondrocyte
development in the growth plate.

Other transcription factors regulating chondrogenesis are members of the family of the
runt related transcription factors, Runx2 and Runx3. Both factors are expressed by pre-
hypertrophicand hypertrophic chondrocytes?”'®. Beside a transcription factor in chondrocyte
hypertrophy, Runx2 is the key transcription factor in osteoblast differentiation. Runx2
knockout mice show a complete arrest in osteoblast differentiation resulting in a total absence
of skeletal ossification™?”. Homozygous Runx2 mutants and Runx3 mutants as well, show
disturbed chondrocyte maturation”'¥. Analysis of Runx2 and Runx3 double knockout mice
demonstrated a complete lack of pre-hypertrophic and hypertrophic chondrocytes®”. This
suggests that Runx2 and Runx3 play an essential role in terminal chondrocyte differentiation.
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Furthermore, they partly compensate each other’s function in chondrogenesis.

Taken together, 2 families of transcription factors are most important in chondrogenesis. The
Sox family of transcription factors regulates the formation of the growth plate and is involved
in chondrocyte proliferation, whereas the Runt related family of transcription factors controls
chondrocyte hypertrophy.

Endocrine regulation of endochondral bone formation

In contrast to foetal bone growth, which is predominantly regulated by locally produced
growth factors and relatively independent of systemic hormones, postnatal bone growth
is tightly regulated by systemic hormones (fig 1A), for instance Growth Hormone (GH),
Insulin-like Growth Factor-1 (IGF-1), glucocorticoid, Thyroid Hormone, estrogen, androgen,
vitamin D, and leptin (reviewed in®"). From these hormones, GH is the dominant regulator.
In addition, estrogen plays a crucial role during puberty. Therefore, the influence of these
hormones in endochondral bone formation is discussed in more detail.

Growth hormone and Insulin-like Growth Factor-1

GH is the most essential modulator of longitudinal bone growth after birth, whereas IGF-1 is
important in the prenatal growth plate as well. Both are potent stimulators of endochondral
bone formation, as shown by several human knockouts. For instance, GH insensitivity due to
GH receptor mutations or defects in the GH receptor signalling pathway impairs postnatal
growth®2), Severe postnatal growth retardation and delayed bone development are also
found in GH knock out mice®9.

Homozygous mutations in the human IGF-1 gene or heterozygous mutations in the human
IGF-1 receptor gene cause impaired growth in both the pre- and postnatal situation® 2.
In mice with IGF-1 deficiency, severe pre- and postnatal growth retardation is observed as
well®. A more severe phenotype is displayed by IGF-1 receptor knockout mice and these
mice die early postnatally®®.

Many of GH’s actions on the growth plate are likely to be mediated through IGF-1¢Y. Systemic
IGF-1, as well as locally produced IGF-1, contributes to longitudinal bone growth. However,
locally produced IGF-1 has been argued to be of greater importance in the regulation of
chondrocyte development than systemic levels of IGF-1¢2. The so-called dual effector
hypothesis states that GH acts locally on the growth plate to recruit resting chondrocytes into a
proliferative state and thereby inducing the local production of IGF-1, which then stimulates
proliferation of proliferating chondrocytes®*?. The induction of IGF-1 after GH stimulation
is mediated via the activation of signal transducer and activator of transcription 5b (Stat5b).
Mutations in the Stat5b gene cause GH insensitivity and failure of IGF-1 production®?.
Also other members of the Stat family, as Stat1, Stat3 and Stat5a, play a role in GH actions, but
cannot compensate for lack of Stat5b (reviewed in®4%9),

Estrogen

Estrogen is especially important in endochondral bone formation during puberty. The
identification of an inactivating mutation in the estrogen receptor alpha (ERa) of a male
patient revealed crucial insight in the role of estrogen during growth®®. This patient lacked
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a growth spurt and growth plate fusion did not occur at the end of puberty. An almost
identical phenotype was found in two male patients with a mutation in the gene coding for
p450 aromatase, which is responsible for the conversion of androgen into estrogen®+. It
is believed that low levels of estrogen initiate the pubertal growth spurt and high levels of
estrogen causes growth plate fusion at the end of puberty®. However, the mechanism of
estrogen acting on growth plate chondrocytes remains largely unknown.

Thus, GH regulates the expression of IGF-1 in the growth plate. It is likely, that GH also
controls the expression of other locally produced growth factors, for instance components of
the growth restraining Indian Hedgehog (IHh)/PTHrP feedback loop (discussed later). Since
estrogen receptors are expressed in zones of the growth plate that also express components of
the IHh/PTHrP feedback loop and since it has been shown that estrogen affects the expression
of PTHrP and its receptor in the rat uterus, it seems possible that the expression of these genes

40;41)

may be regulated by estrogen®!".

Paracrine regulation of endochondral bone formation
Endochondral bone formation is not only regulated by endocrine factors, but is also controlled
by locally produced growth factors. It is believed that prenatal growth is predominantly
regulated by these locally produced growth factors and that it is relatively independent from
systemic hormones (fig. 1A). Of the paracrine mechanisms, the IHh/PTHrP negative feedback
loop is best studied. Beside this feedback loop other growth factors, like IGFs (discussed in the
previous section), Fibroblast Growth Factors (FGFs), Bone Morphogenetic Proteins (BMPs),
and members of the Wnt-family play important roles in chondrocyte proliferation and
differentiation. Part of these growth factors interact with the IHh/PTHrP negative feedback
loop, but can act independently of the feedback loop as well. First, PTHrP and the IHh/PTHrP
negative feedback loop will be discussed, which will be followed by a short overview of the
actions of other growth factors.

Parathyroid Hormone related Peptide

PTHrP was originally identified as the causative factor for Humoral Hypercalcemia of
Malignancy“?. It shares significant homology with the calcium regulating Parathyroid
Hormone (PTH). PTHrP and PTH act through a common receptor, the type 1 PTH/PTHrP
receptor (PTHR1). PTHRI1 signalling is involved in various phases of embryonic development,
such as in the formation of the extra-embryonic endoderm of the parietal and visceral yolk
sac, in skin and mammary duct development, in calcium homeostasis and in formation of the
skeleton, including osteogenesis and chondrogenesis!**4*).

The crucial role for PTHrP in endochondral bone formation is underlined by a number of
studies. Four human conditions exist, in which PTHRI signalling is disturbed. Two arise
from dominant mutations and two arise from recessive mutations in the PTHR1 gene.
Dominant mutations have been found in Jansen’s type metaphyseal chondrodysplasia (JMC)
and in enchondromatosis. Recessive mutations have been described in Eiken syndrome and
Blomstrand lethal osteochondrodysplasia (BOCD)“¢*». BOCD is a lethal skeletal dysplasia
and is characterized by skeletal malformations, leading to dwarfism®>®). Patients with
JMC and Eiken syndrome are viable and these diseases are also characterized by skeletal
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malformations resulting in impaired growth®*®). Ollier disease is one of the best known
enchondromatosis syndromes and is characterized by multiple enchondromas, which are rare
benign neoplasms©?.

In JMC, four heterozygous mutations have been identified, causing a constitutively
activated PTHRI, resulting in decelerated chondrocyte differentiation, finally leading
to dwarfism“%%6%)_ In addition, a heterozygous mutation has been identified in 2 out of
6 patients with enchondromatosis in one study®. The mutation is thought to result in
upregulation of the IHh/PTHrP pathway. However, in another study with a larger panel of
patients, no mutations were identified in the PTHR1 gene, indicating that the PTHRI gene is
not the main culprit for enchondromatosis®.

The homozygous mutation identified in a unique family with Eiken syndrome results in a
truncated PTHRI, causing abnormal PTHRI1 signalling and retarded ossification®). A similar
phenotype has been identified in mice with a mutation in the C-terminal part of the PTHR1
gene, which is responsible for the activation of the phospholipase C beta (PLCP) / protein
kinase C (PKC) signalling pathway®”. Finally, BOCD is a lethal skeletal dysplasia, which is
caused by an inactivating mutation in the PTHR1 gene, resulting in accelerated chondrocyte
maturation“s**%?, In comparison with BOCD, striking similarities are found in PTHRI1
knockout mice. These mice die around birth and show accelerated chondrocyte maturation?.
A similar, although less severe, phenotype, perhaps because of the effects of maternal PTHrP
or maternal or foetal PTH, is found in mice with homozygous ablation of the PTHrP gene.
This also results in accelerated chondrocyte differentiation leading to dwarfism®. In addition,
ectopic expression of PTHrP causes a delay of chondrocytes differentiation, leading to a
smaller cartilaginous skeleton®. Until today, no humans lacking PTHrP production have
been identified.

Taken together, these data underline the essential role of PTHrP in chondrocyte proliferation
and differentiation. An excess of PTHrP, but also a deficiency of PTHrP result in growth
plate abnormalities. Therefore, PTHrP expression must be tightly controlled. The protein
regulating PTHrP expressing in the growth plate is IHh, together they form the IHh/PTHrP
negative feedback loop.

IHh/PTHTrP negative feedback loop

The pace of chondrocyte differentiation is regulated by a locally acting growth restraining
feedback loop (fig. 2), consisting of IHh and PTHrP, which was first described in 1996, by
studying bone explants of PTHrP and PTHR1 knockout mice®*””. In the mouse embryonic
growth plate pre-hypertrophic chondrocytes express IHh. The IHh signal acts on the
perichondrium adjacent to the transition zone where it binds to its receptor complex,
consisting of the membrane protein patched 1 (Ptch) and smoothened (Smo), and induces
the expression of PTHrP in perichondrial cells and in round chondrocytes at the ends of the
bones”". PTHrP then binds to its receptor on the late-proliferating and pre-hypertrophic
chondrocytes, preventing the transition from proliferating into hypertrophic chondrocytes,
and thereby decreasing IHh expression. Further studies revealed that chondrocytes express
PTHRI before differentiating into IHh expressing cell type™. The differentiation block induced
by IHh appears to occur upstream of IHh expression, which is precisely the target cell type for
the IHh/PTHrP negative feedback loop. Taken together, the IHh\PTHrP negative feedback
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loop controls the transition of proliferating chondrocytes into hypertrophic chondrocytes.
For many years it has been uncertain how IHh signal reaches the region in which it induces
PTHrP expression. Initially it was thought that secondary factors, like Ext, BMPs or TGFp,
mediate the IHh signal. However, recent observations strongly support a model in which
IHh acts as a long-range morphogen, directly inducing the expression of PTHrP"?. Recently,
it has been shown that IHh induces PTHrP expression via alleviating the repression of the
transcription factor Gli37?).

After the identification of the IHh/PTHrP negative feedback loop, other growth factors, like
BMPs and FGFs, have been implicated as interactors of this feedback loop (fig. 2). IHh induces
BMP expression in the perichondrium and in proliferating chondrocytes”. In addition,
BMP signalling has been shown to regulate chondrocyte proliferation in parallel to IHh.
Furthermore, BMPs induce IHh expression in cells that are released from the range of the
PTHrP signal and BMPs delay the differentiation of terminal hypertrophic chondrocytes”.
Another study showed that FGF signalling seems to regulate the same phases of chondrocyte
development as BMP signalling, however, with opposite effects”. Therefore, it has been stated
that BMPs and FGFs act in independent pathways having antagonistic effects on chondrocyte
proliferation, IHh expression and chondrocyte hypertrophy747>. By simultaneously regulating
proliferation, IHh expression, and terminal differentiation of chondrocytes, the balance of
FGF and BMP signalling seem to adjust the process of hypertrophic differentiation to the
proliferation rate.

Based on the expression of Ptch, it is believed that in the earlier stages of endochondral bone

Proliferation \

1 ,

BMPs Y

.-

FGFs _I IHh f BMPS

Transmon zone

Bone formation

Figure 2. Interactions between growth factors with the IHh/PTHrP negative feedback loop in the embryonic growth plate.
For details, see text.
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Figure 3. The IHh/PTHrP negative feedback loop in the postnatal growth plate.
For details, see text.

formation the IHh/PTHTrP negative feedback loop requires the presence of the perichondrium.
During later stages, Ptch is expressed in chondrocytes themselves as well. Thus, in these
stages no intermediate perichondrium is required. This is further emphasized in the postnatal
growth plate, in which the IHh/PTHrP feedback loop is confined to the growth plate itself
(fig. 3). Evidence for this hypothesis is found in the rat growth plate, where all members of the
feedback loop are expressed in the transition zone, as well as in the stem cell zone®. These
data suggest the existence of a second PTHrP/IHh feedback loop in the postnatal growth
plate. Beside the PTHrP/IHh negative feedback loop in the transition zone, another loop may
be confined to the stem cell zone. It seems feasible that cross talks may occur between the two
loops.

Indian Hegdehog

IHh is one of the key regulators of endochondral bone formation controlling at least three
different steps. First, IHh regulates the onset of chondrocyte maturation by controlling
the expression of PTHrP, which is described above. Second, IHh regulates chondrocyte
proliferation by inducing proliferation of resting chondrocytes, which is independent from
PTHrPY%7". Third, IHh expression is essential for osteoblast development””. This essential
stimulatory role of IHh in endochondral bone formation is underscored by abnormalities
arising from mutation in the mouse and human IHh gene and Gli genes, the downstream
mediators of the Hh pathway”#%. For instance, homozygous mutations in the IHh gene
in mice result in severely reduced chondrocyte proliferation and accelerated chondrocyte
differentiation”’*%). In addition, no bone collar is formed and no cortical and trabecular bone
are detected in IHh mutants, indicating the absence of mature osteoblasts”.
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In the growth plate IHh is predominantly produced by pre-hypertrophic and hypertrophic
chondrocytes. It binds to its receptor, Ptch, which suppresses the activity of Smo in the absence
of IHh. Upon binding to Ptch, the inhibition on Smo is alleviated, resulting in activation of
the IHh signalling pathway. Furthermore, IHh signalling is in vertebrates mediated through
transcription regulation by the zinc-finger transcription factors, Glil, Gli2 and Gli3.

Fibroblast Growth Factors

The first functional link between FGF signalling and chondrocyte development was identified
with the discovery that achondrodysplasia (ACH), the most common form of skeletal
dwarfism in humans, was caused by a missense mutation in FGF receptor 3 (FGFR3)®®. This
mutation resulted in constitutively activation of the FGFR3. Following this initial discovery
hypochondrodysplasia (HCH), a milder form of dwarfism, and thanatophoric dysplasia (TD),
a more severe form of dwarfism, were also found to result from mutations in FGFR3®7#),
Beside the chondrodysplasia syndromes, many other human skeletal dysplasias have been
attributed to mutations in the three different FGF receptors, FGFR1, 2 and 3¢V,
FGFR3and FGFR1areexpressedbyproliferatingchondrocytes. Pre-hypertrophicchondrocytes
express FGFR3 and hypertrophic chondrocytes express FGFR1¢?. FGFR1 and FGFR2 are
both expressed by osteoblasts in the underlying trabeculae®?. Several FGFs are involved in
chondrocyte differentiation, of which the role of FGF18, expressed in the perichondrium, is
most clear. The phenotype of FGF18 knockout mice resembles that of FGFR3 knockout mice,
indicating that FGFR3 acts as a receptor to FGF18 in chondrocyte differentiation®?.

Two pathways are activated by FGFR signalling, the signal transducer and activator of
transcription (STAT) pathway and the extracellular signal regulated kinase (ERK) pathway®+*).
The strong inhibition of chondrocyte proliferation and to a lesser extent the inhibition of
chondrocyte differentiation is mediated via Statl and probably via other members of the Stat
family of transcription factors. Activation of Statl leads to the upregulation of the cell cycle
inhibitor p21*%/<*!, thereby inhibiting chondrocyte proliferation”***”). It has been postulated
that the balance between ERK and Stat signalling after FGFR activation regulates the effect of
FGF in chondrogenesis®®.

Bone Morphogenetic Proteins

The Bone Morphogenetic Proteins are a group of at least 15 proteins and are part of the
TGFp superfamily. They were originally identified as inducers of ectopic bone formation®.
Nowadays, BMPs are recognized as important regulators of the development of a variety
of tissues®. Several BMPs and their receptors are expressed in the perichondrium and by
chondrocytes in different zones of the growth plate?41°119) They regulate several aspects of
chondrocyte development, like inducing chondrogenesis by promoting cell-cell interactions"?.
Furthermore, continuous BMP signalling is required for chondrogenesis by maintaining Sox9
expression*1%_ In addition, they promote chondrocyte proliferation?41%1%) and terminal
chondrocyte differentiation*”1%112_ By binding to their cell surface receptors, BMPs activate
SMAD proteins, which transmit the signal from the membrane to the nucleus.
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Wnt-family

The Wnt-signalling pathway is a complex network of signalling molecules, receptors and
downstream mediators, which has been described in detail elsewhere*!'9. In short, after
binding of Wnt to its receptor, Frizzled, and its co-receptor, low-density lipoprotein receptor-
related proteins 5 (LRP5) and LRP6, the f-catenin pathway (canonical pathway) and the calcium
pathway (non-canonical pathway) are activated. Activation of the canonical pathway leads to
the release of B-catenin from a complex of proteins, including Adenomatous Polyposis Coli
(APC), Glycogen Synthase Kinase 3p (GSK3f), and Axin. Stabilized -catenin translocates to
the nucleus where it forms a complex with transcription factors of the T-cell factor (TCF) /
Leukocyte Enhancer Factor (LEF) family to activate transcription of target genes. Signalling
via the non-canonical pathway results in activation of PLC( and PKC (discussed later).
Wntsignallingisinvolved in all stages of chondrocyte development (reviewed in®'*)). Activation
of the canonical pathway prevents the differentiation of progenitor cells into chondrocytes,
it inhibits chondrocyte proliferation, but it induces the differentiation of progenitor cells
into osteoblasts"*!19. Furthermore, the canonical pathway is not active in differentiated
chondrocytes in vitro. Therefore it has been hypothesized that the non-canonical pathway is
the predominant pathway active during chondrocyte differentiation*!"”. Wnt5a and Wnt5b
have been shown to control the pace of transition between different growth plate zones
independently of the IHh/PTHrP negative feedback loop™'®. Whether other Wnts influence
chondrocyte proliferation and differentiation in association with the IHh/PTHrP negative
feedback loop is unclear.

Neoplastic growth

Chondrocyte proliferation and differentiation in the normal growth plate is tightly regulated
by several growth factors. Growth disorders, like various chondrodysplasias, are caused by
disturbed signalling of these growth factors as described in the previous section. In addition,
altered growth factor signalling is also considered to be the cause in neoplastic growth, like
in chondrosarcomas and enchondromas. The parallels of growth factor signalling between
chondrocyte proliferation and differentiation in the normal growth plate and in tumours have
become obvious by the identification of various growth factors and their signalling pathways in
normal as well as in neoplastic growth, like PTHrP and FGF and mediators of their signalling
pathways*12), The elucidation of cartilaginous tumorigenesis requires understanding of the
normal regulation of chondrocyte proliferation and differentiation. Vice versa, investigation
of cartilaginous tumours could also provide insights into the biology of normal growth plate
development??. Since cartilaginous tumorigenesis is not the main subject of this thesis, it
will not further be discussed.

Species differences

Many animal models are used to study the modulation and modification of endocrine and
paracrine factors and the actions of these factors in several processes during development. The
most studied organism in genetic and developmental biology is the drosophila melanogaster,
for instance the actions of the Hh-, FGF-, TGFf- and Wnt-signalling have extensively been
studied in this model"12%, Similarities, but also some differences have been identified
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between the actions of these factors in invertebrate and vertebrate models"*"'?. To study the
role of endocrine and paracrine factors in the regulation of chondrocyte proliferation and
differentiation in the growth plate, many mouse models for these factors have been developed.
Among them are mouse models to study the actions of PTHrP in chondrocyte proliferation
and differentiation as described earlier in this chapter. Whereas in humans at the beginning of
puberty an obvious growth spurt occurs and at the end of puberty growth plate fusion, mice
do not clearly demonstrate these sexually maturating phenomena. Rabbits are a useful model
for studying the actions of endocrine and paracrine factors in chondrocyte proliferation and
differentiation in the growth plate, because rabbits demonstrate growth plate closure!?13%,
Practical limitations, however, makes this specie less suitable.

PTHRI signalling

The main topic of this thesis is the actions of PTHrP in chondrogenesis. Therefore, the
characteristics of its receptor, the PTHR1, and the most important PTHRI signalling pathways
in chondrogenesis will be described in this section. The PTHRI belongs to a distinct group
of G protein-coupled receptors termed family B"*V. The typical structure of these receptors is
characterized by a relatively long extracellular N-terminus (approximately 160 amino acids),
a seven membrane-spanning domain, and an intracellular C-terminus. About 45 amino
acid residues, which are distributed throughout the transmembrane domains and in the N-
terminal extracellular domain, are conserved in all members of this receptor family, and are
likely to have important functions in ligand binding, signal transduction, or both. The human
PTHRI consists of 593 amino acids, including a signal peptide of 25 amino acids, and is
encoded by 14 exons (fig. 4)**V. It binds PTH and PTHrP with equal affinity.

Extracellular

Figure 4. Schematic representation of the structure of the PTHR1.
The PTHRI consists of 593 amino acids and is encoded by 14 exons. S = signal peptide. E1-4 = extra cellular domain. M1-7 transmem-
brane domains. EL2: Extracellular domain. I = intracellular domain(109).
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Upon binding of PTHrP or PTH, the receptor can activate adenylate cyclase (AC) through
Gas (fig. 5)13?. Subsequently, cyclic adenosine monophospate (cAMP) is produced by AC and
adenosine triphosphate (ATP). cAMP binds then to the regulatory (R) subunits of the inactive
protein kinase A (PKA), thereby releasing the catalytic (C) subunits. The free catalytic subunits
of PKA can phosphorylate serine and threonine residues of transcription factors.

The PTHRI can also activate the PLCB/PKC pathway via Gagq, although this signalling
response is generally not as sensitive as the AC/PKA pathway (fig. 4). Activated Gaq stimulates
PLCP, which in turn cleaves phosphoinositol-4,5-biphosphate (PIP2) into inositol-1,4,5-
triphosphate (IP3) and diacylglycerol (DAG). Subsequently, IP3 leaves the plasma membrane
and diffuses rapidly through the cytosol, to release Ca(2+) from the endoplasmatic reticulum
and DAG activates PKC.

Whilethe AC/PKA pathwayafter PTHR1 signallingisthe dominant pathwayin chondrogenesis,
cells have a mechanism to redirect the PTHRI signalling to the PLCB\PKC pathway. This is
achieved by direct binding of a scaffold protein, the Na+/H+ exchanger regulatory factor
(Nherf), to the PTHR1, at least in kidney cells"***. Two Nherf proteins have been identified,
Nherfl and Nherf2. Binding of Nherf to the PTHR1 switches PTHRI signalling from Gas to
Gag, through a psd95, discs large protein, ZO1 (PDZ) domain interaction and by binding of
Nherf through another PDZ domain interaction to PLCB***!3%. Nherf proteins have also been
identified to play a role in the regulation of sodium-hydrogen exchange, and phosphate and
calcium transport in kidney cells®**137).

Recently, chondrocyte specific knockout mice were generated, carrying a mutation in the
Gas™®, These mice displayed a phenotype comparable to the PTHrP knockout mice, like severe
growth plate defects with shortening of the proliferative zone and accelerated chondrocyte
differentiation®. The opposite was found in mice carrying a mutant form of the PTHRI,
which specifically interrupts signalling via the Gaq and signals normally via the Gas®”. These
mice showed an increase in chondrocyte proliferation and a delay in chondrocyte maturation.
Taken together, this indicates that the two pathways have opposite effects on chondrocyte
proliferation and differentiation. In addition, these results show that Gas activation negatively
regulates chondrocyte differentiation and that the critical signalling pathway of PTHRI in
growth plate chondrocytes is the AC/PKA pathway.

Known targets of PKA after PTHRI activation are the transcription factors cAMP responsive
element binding protein (CREB) and AP-1, which is a complex formed through interactions
between Fos and Jun family members (fig. 5)"*?. CREB is rapidly activated via PKA and it
subsequently activates or inhibits the transcription of PTHrP target genes!**!**42. One of
these targets is c-Fos, thereby enhancing the AP-1 signal®*'%2), The direct activation of CREB
and the activation of AP-1 thereafter were established by using dominant negative CREB and
dominant negative c-Fos™*?. Since transgenic mice with a dominant negative CREB display
a different phenotype compared to PTHrP knockout mice, it is likely that not all the effects
of PTHRI signalling in chondrogenesis are mediated via CREB. PTHRI signalling probably
results in activation of other transcription factors as well. One of these candidates could be
the master transcription factor for chondrocyte development, Sox9, which is phosporylated
by PKA upon PTHRI activation*. Since Sox9 stimulates chondrocyte proliferation and
delays chondrocyte differentiation, Sox9 phosphorylation probably contributes to the actions
of PTHrP.
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Figure 5. Schematic representation of the PTHRI1 signalling pathway.

Upon ligand binding Gas activates AC, which in turn generates cAMP from ATP. cAMP releases the catalytic subunits (C) from inac-
tive PKA. These catalytic subunits stimulate CREB, which is required for the transcription of c-Fos and c-Jun. These proteins form a
complex, AP-1, which activates the transcription of more PTHrP target genes. PLCP is activated via Gaq and it cleaves PIP2 into DAG
and IP3. Subsequently, DAG stimulates PKC and IP3 releases Ca2+ ions from the endoplasmatic reticulum (ER). The combination of
the activation of these pathways results in genomic responses.
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Upon PTHrP binding, PTHRI signalling leads to the induction or suppression of mRNA
expression of PTHrP target genes, together regulating the biological response to PTHrP. For
instance, it has been shown that p57, a member of the CIP/KIP family of inhibitors of cyclin-
dependent kinases, is a target gene of PTHrP". Knockout studies with p57 null mice and
studies with mice missing both the PTHrP and the p57 gene indicated that suppression of
P57 expression is a major mechanism used by PTHrP to maintain chondrocyte proliferation
and delay chondrocyte differentiation***). In addition, PTHrP inhibits the synthesis of the
transcription factor Runx2 in chondrocytes"*). Since Runx2 is a stimulator of chondrocyte
differentiation, the suppression of Runx2 mRNA production by PTHrP probably contributes
to the delayed differentiation of chondrocytes.

In vitro studies

In this study two in vitro models representing endochondral bone formation were used,
namely the mouse pre-chondrogenic ATDC5 cell line and the mouse mesenchymal KS483
cell line. ATDC cells are derived from a differentiating culture of the AT805 teratocarcinoma
cells!®. During monolayer culture the cells reproducibly differentiate into chondrocytes
in four weeks and they start to produce chondrocyte markers, like collagen type 2, type 9
and type 1097, In addition, ATDCS5 cells express the PTHR1, however the responsiveness
during the first week of culture is low. During differentiation the responsiveness to PTHrP
increases™*®). Furthermore, in agreement with in vivo studies PTHrP inhibits hypertrophic
chondrocyte differentiation®®.

The mesenchymal stem cell line KS483 is a subclone of the KS4 cell line, which is derived
from mouse calvariae"*). Depending on the right culture conditions, the KS483 cells can
differentiate into mineralizing osteoblasts, lipid droplets containing adipocytes and into
chondrocytes depositing a cartilaginous matrix*”. The PTHRI becomes expressed during
KS483 osteoblast differentiation. In addition, PTHrP treatment results in inhibition of early
and late osteoblast differentiation markers, which is in agreement with in vivo studies®*".

Aim and outline of this thesis

The regulation of the development from early chondrocytes into mature chondrocytes has
not been fully understood yet. For a complete understanding of the complex regulation of
this process, more information is needed on the actions and interactions of endocrine and
paracrine regulators. Since PTHrP and its receptor, PTHR1, are key regulators of chondrocyte
differentiation, we have focused on the actions of PTHRI signalling during endochondral
bone formation. Therefore, in this thesis the consequences of disturbed PTHR1 signalling were
investigated. In addition, to study how PTHrP exert its effect on chondrocyte proliferation
and differentiation, in vitro models representing endochondral bone formation were used.

In chapter 2 the underlying causative factors for the heterogeneity in the clinical presentation
of BOCD is addressed. The aim of chapter 3 was first to investigate whether Nherfl and
Nherf2 are expressed during endochondral bone formation, second to elucidate whether
Nherfl or Nherf2 overexpression affects chondrocyte and osteoblast differentiation, and
third whether Nherfl or Nherf2 overexpression influence the effect of PTHRI1 signalling
in chondrocyte and osteoblasts differentiation. To identify PTHrP early and late response
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genes in chondrocytes and to recognize interactions with other regulatory factors, we used
the ATDCS5 cell line and performed microarray analysis in chapters 4 and 5. To calculate p-
values and confidence bands in data derived from qPCR analysis, when using many samples,
we developed the Double Delta Model (DDM), described in Chapter 6. Finally, general
conclusions and discussions are described in chapter 7.

Reference list

1. Thorogood PV, Hinchliffe JR 1975 An analysis of the condensation process during chondrogenesis in
the embryonic chick hind limb. ] Embryol Exp Morphol 33:581-606

2. Abad V, Meyers JL, Weise M, Gafni RI, Barnes KM, Nilsson O, Bacher JD, Baron ] 2002 The role of the
resting zone in growth plate chondrogenesis. Endocrinology 143:1851-1857

3. Hunziker EB 1994 Mechanism of longitudinal bone growth and its regulation by growth plate
chondrocytes. Microsc Res Tech 28:505-519

4. Horton WE, Jr., Feng L, Adams C 1998 Chondrocyte apoptosis in development, aging and disease.
Matrix Biol 17:107-115

5. Forriol E, Shapiro F 2005 Bone development: interaction of molecular components and biophysical
forces. Clin Orthop Relat Res14-33

6. Roughley PJ, Lee ER 1994 Cartilage proteoglycans: structure and potential functions. Microsc Res
Tech 28:385-397

7. Ortega N, Behonick DJ, Werb Z 2004 Matrix remodeling during endochondral ossification. Trends
Cell Biol 14:86-93

8. Inada M, Wang Y, Byrne MH, Rahman MU, Miyaura C, Lopez-Otin C, Krane SM 2004 Critical roles
for collagenase-3 (Mmp13) in development of growth plate cartilage and in endochondral ossification.
Proc Natl Acad Sci U S A 101:17192-17197

9. Stickens D, Behonick DJ, Ortega N, Heyer B, Hartenstein B, Yu Y, Fosang AJ, Schorpp-Kistner M,
Angel P, Werb Z 2004 Altered endochondral bone development in matrix metalloproteinase 13-deficient
mice. Development 131:5883-5895

10. Vu TH, Shipley JM, Bergers G, Berger JE, Helms JA, Hanahan D, Shapiro SD, Senior RM, Werb Z
1998 MMP-9/gelatinase B is a key regulator of growth plate angiogenesis and apoptosis of hypertrophic
chondrocytes. Cell 93:411-422

11. Lefebvre V, Smits P 2005 Transcriptional control of chondrocyte fate and differentiation. Birth
Defects Res C Embryo Today 75:200-212

12. Akiyama H, Chaboissier MC, Martin JE Schedl A, de Crombrugghe B 2002 The transcription factor
Sox9 has essential roles in successive steps of the chondrocyte differentiation pathway and is required
for expression of Sox5 and Sox6. Genes Dev 16:2813-2828

13. Akiyama H, Lyons JP, Mori-Akiyama Y, Yang X, Zhang R, Zhang Z, Deng JM, Taketo MM, Nakamura
T, Behringer RR, McCrea PD, de Crombrugghe B 2004 Interactions between Sox9 and beta-catenin
control chondrocyte differentiation. Genes Dev 18:1072-1087

14. Bi W, Huang W, Whitworth D], Deng JM, Zhang Z, Behringer RR, de Crombrugghe B 2001
Haploinsufficiency of Sox9 results in defective cartilage primordia and premature skeletal mineralization.
Proc Natl Acad Sci U S A 98:6698-6703

15. Giordano J, Prior HM, Bamforth JS, Walter MA 2001 Genetic study of SOX9 in a case of campomelic
dysplasia. Am ] Med Genet 98:176-181

16. Smits P, Li P, Mandel J, Zhang Z, Deng JM, Behringer RR, de Crombrugghe B, Lefebvre V 2001 The
transcription factors L-Sox5 and Sox6 are essential for cartilage formation. Dev Cell 1:277-290

17. Yoshida CA, Yamamoto H, Fujita T, Furuichi T, Ito K, Inoue K, Yamana K, Zanma A, Takada K, Ito
Y, Komori T 2004 Runx2 and Runx3 are essential for chondrocyte maturation, and Runx2 regulates limb
growth through induction of Indian hedgehog. Genes Dev 18:952-963

26



General Introduction

18. Kim IS, Otto E, Zabel B, Mundlos S 1999 Regulation of chondrocyte differentiation by Cbfal. Mech
Dev 80:159-170

19. Komori T, Yagi H, Nomura S, Yamaguchi A, Sasaki K, Deguchi K, Shimizu Y, Bronson RT, Gao YH,
Inada M, Sato M, Okamoto R, Kitamura Y, Yoshiki S, Kishimoto T 1997 Targeted disruption of Cbfal
results in a complete lack of bone formation owing to maturational arrest of osteoblasts. Cell 89:755-
764

20. Otto F, Thornell AP, Crompton T, Denzel A, Gilmour KC, Rosewell IR, Stamp GW, Beddington
RS, Mundlos S, Olsen BR, Selby PB, Owen MJ 1997 Cbfal, a candidate gene for cleidocranial dysplasia
syndrome, is essential for osteoblast differentiation and bone development. Cell 89:765-771

21. Nilsson O, Marino R, De Luca F, Phillip M, Baron J 2005 Endocrine regulation of the growth plate.
Horm Res 64:157-165

22. Rosenfeld RG, Kofoed E, Little B, Woods K, Buckway C, Pratt K, Hwa V 2004 Growth hormone
insensitivity resulting from post-GH receptor defects. Growth Horm IGF Res 14 Suppl A:S35-8.:S35-
S38

23. Kofoed EM, Hwa V, Little B, Woods KA, Buckway CK, Tsubaki J, Pratt KL, Bezrodnik L, Jasper H,
Tepper A, Heinrich JJ, Rosenfeld RG 2003 Growth hormone insensitivity associated with a STAT5b
mutation. N Engl ] Med 349:1139-1147

24. Rosenfeld RG, Kofoed E, Buckway C, Little B, Woods KA, Tsubaki J, Pratt KA, Bezrodnik L, Jasper
H, Tepper A, Heinrich JJ, Hwa V 2005 Identification of the first patient with a confirmed mutation of the
JAK-STAT system. Pediatr Nephrol 20:303-305

25. Ohlsson C, Bengtsson BA, Isaksson OG, Andreassen TT, Slootweg MC 1998 Growth hormone and
bone. Endocr Rev 19:55-79

26. Zhou Y, Xu BC, Maheshwari HG, He L, Reed M, Lozykowski M, Okada S, Cataldo L, Coschigamo
K, Wagner TE, Baumann G, Kopchick JJ 1997 A mammalian model for Laron syndrome produced by
targeted disruption of the mouse growth hormone receptor/binding protein gene (the Laron mouse).
Proc Natl Acad Sci U S A 94:13215-13220

27. Woods KA, Camacho-Hubner C, Savage MO, Clark AJ 1996 Intrauterine growth retardation and
postnatal growth failure associated with deletion of the insulin-like growth factor I gene. N Engl ] Med
335:1363-1367

28. Abuzzahab M], Schneider A, Goddard A, Grigorescu F, Lautier C, Keller E, Kiess W, Klammt
J, Kratzsch ], Osgood D, Pfaffle R, Raile K, Seidel B, Smith R], Chernausek SD 2003 IGF-I receptor
mutations resulting in intrauterine and postnatal growth retardation. N Engl ] Med 349:2211-2222

29. Walenkamp M]J, Karperien M, Pereira AM, Hilhorst-Hofstee Y, van Doorn ], Chen JW, Mohan S,
Denley A, Forbes B, van Duyvenvoorde HA, van Thiel SW, Sluimers CA, Bax JJ, de Laat JA, Breuning
MB, Romijn JA, Wit JM 2005 Homozygous and heterozygous expression of a novel insulin-like growth
factor-I mutation. J Clin Endocrinol Metab 90:2855-2864

30. Liu JP, Baker J, Perkins AS, Robertson EJ, Efstratiadis A 1993 Mice carrying null mutations of the
genes encoding insulin-like growth factor I (Igf-1) and type 1 IGF receptor (Igflr). Cell 75:59-72

31. Ohlsson C, Nilsson A, Isaksson O, Lindahl A 1992 Growth hormone induces multiplication of the
slowly cycling germinal cells of the rat tibial growth plate. Proc Natl Acad Sci U S A 89:9826-9830

32. Sjogren K, Sheng M, Moverare S, Liu JL, Wallenius K, Tornell J, Isaksson O, Jansson JO, Mohan §,
Ohlsson C 2002 Effects of liver-derived insulin-like growth factor I on bone metabolism in mice. ] Bone
Miner Res 17:1977-1987

33. Schlechter NL, Russell SM, Spencer EM, Nicoll CS 1986 Evidence suggesting that the direct
growth-promoting effect of growth hormone on cartilage in vivo is mediated by local production of
somatomedin. Proc Natl Acad Sci U S A 83:7932-7934

34. Herrington J, Smit LS, Schwartz J, Carter-Su C 2000 The role of STAT proteins in growth hormone
signaling. Oncogene 19:2585-2597

35. Behera AK, Thorpe CM, Kidder JM, Smith W, Hildebrand E, Hu LT 2004 Borrelia burgdorferi-

27



Chapter 1

induced expression of matrix metalloproteinases from human chondrocytes requires mitogen-activated
protein kinase and Janus kinase/signal transducer and activator of transcription signaling pathways.
Infect Immun 72:2864-2871

36. Smith EP, Boyd J, Frank GR, Takahashi H, Cohen RM, Specker B, Williams TC, Lubahn DB, Korach
KS 1994 Estrogen resistance caused by a mutation in the estrogen-receptor gene in a man. N Engl ] Med
%20;331:1056-1061

37. Carani C, Qin K, Simoni M, Faustini-Fustini M, Serpente S, Boyd ], Korach KS, Simpson ER 1997
Effect of testosterone and estradiol in a man with aromatase deficiency. N Engl ] Med 337:91-95

38. Morishima A, Grumbach MM, Simpson ER, Fisher C, Qin K 1995 Aromatase deficiency in male and
female siblings caused by a novel mutation and the physiological role of estrogens. J Clin Endocrinol
Metab 80:3689-3698

39. Van der Eerden BC, Karperien M, Wit JM 2001 The estrogen receptor in the growth plate: implications
for pubertal growth. J Pediatr Endocrinol Metab 14 Suppl 6:1527-33.:1527-1533

40. Van der Eerden BC, Karperien M, Wit JM 2003 Systemic and local regulation of the growth plate.
Endocr Rev 24:782-801

41. Paspaliaris V, Petersen DN, Thiede MA 1995 Steroid regulation of parathyroid hormone-related
protein expression and action in the rat uterus. J Steroid Biochem Mol Biol 53:259-265

42. Suva L], Winslow GA, Wettenhall RE, Hammonds RG, Moseley JM, Diefenbach-Jagger H, Rodda
CP, Kemp BE, Rodriguez H, Chen EY, . 1987 A parathyroid hormone-related protein implicated in
malignant hypercalcemia: cloning and expression. Science 237:893-896

43. Lanske B, Karaplis AC, Lee K, Luz A, Vortkamp A, Pirro A, Karperien M, Defize LH, Ho C, Mulligan
RC, Abou-Samra AB, Juppner H, Segre GV, Kronenberg HM 1996 PTH/PTHrP receptor in early
development and Indian hedgehog-regulated bone growth. Science 273:663-666

44. Wysolmerski JJ, McCaughern-Carucci JF Daifotis AG, Broadus AE, Philbrick WM 1995
Overexpression of parathyroid hormone-related protein or parathyroid hormone in transgenic mice
impairs branching morphogenesis during mammary gland development. Development 121:3539-3547
45. Wysolmerski JJ, Broadus AE, Zhou J, Fuchs E, Milstone LM, Philbrick WM 1994 Overexpression
of parathyroid hormone-related protein in the skin of transgenic mice interferes with hair follicle
development. Proc Natl Acad Sci U S A 91:1133-1137

46. Karperien M, van der Harten HJ, van Schooten R, Farih-Sips H, den Hollander NS, Kneppers SL,
Nijweide P, Papapoulos SE, Lowik CW 1999 A frame-shift mutation in the type I parathyroid hormone
(PTH)/PTH-related peptide receptor causing Blomstrand lethal osteochondrodysplasia. J Clin
Endocrinol Metab 84:3713-3720

47. Schipani E, Kruse K, Juppner H 1995 A constitutively active mutant PTH-PTHTrP receptor in Jansen-
type metaphyseal chondrodysplasia. Science 268:98-100

48. Duchatelet S, Ostergaard E, Cortes D, Lemainque A, Julier C 2005 Recessive mutations in PTHR1
cause contrasting skeletal dysplasias in Eiken and Blomstrand syndromes. Hum Mol Genet 14:1-5

49. Schipani E, Langman C, Hunzelman J, Le Merrer M, Loke KY, Dillon M], Silve C, Juppner H 1999
A novel parathyroid hormone (PTH)/PTH-related peptide receptor mutation in Jansen’s metaphyseal
chondrodysplasia. ] Clin Endocrinol Metab 84:3052-3057

50. Karaplis AC, He B, Nguyen MT, Young ID, Semeraro D, Ozawa H, Amizuka N 1998 Inactivating
mutation in the human parathyroid hormone receptor type 1 gene in Blomstrand chondrodysplasia.
Endocrinology 139:5255-5258

51.ZhangP, Jobert AS, Couvineau A, Silve C 1998 A homozygous inactivating mutation in the parathyroid
hormone/parathyroid hormone-related peptide receptor causing Blomstrand chondrodysplasia. J Clin
Endocrinol Metab 83:3365-3368

52. Jobert AS, Zhang P, Couvineau A, Bonaventure J, Roume J, Le Merrer M, Silve C 1998 Absence of
functional receptors for parathyroid hormone and parathyroid hormone-related peptide in Blomstrand
chondrodysplasia. J Clin Invest 102:34-40

28



General Introduction

53. Hopyan S, Gokgoz N, Poon R, Gensure RC, Yu C, Cole WG, Bell RS, Juppner H, Andrulis IL, Wunder
JS, Alman BA 2002 A mutant PTH/PTHTP type I receptor in enchondromatosis. Nat Genet 30:306-310
54. Schipani E, Langman CB, Parfitt AM, Jensen GS, Kikuchi S, Kooh SW, Cole WG, Juppner H 1996
Constitutively activated receptors for parathyroid hormone and parathyroid hormone-related peptide
in Jansen’s metaphyseal chondrodysplasia. N Engl ] Med 335:708-714

55. Oostra R], van der Harten JJ, Rijnders WP, Scott RJ, Young MP, Trump D 2000 Blomstrand
osteochondrodysplasia: three novel cases and histological evidence for heterogeneity. Virchows Arch
436:28-35

56. den Hollander NS, van der Harten HJ, Vermeij-Keers C, Niermeijer ME, Wladimiroff JW 1997 First-
trimester diagnosis of Blomstrand lethal osteochondrodysplasia. Am ] Med Genet %19;73:345-350

57. Blomstrand S, Claesson I, Save-Soderbergh ] 1985 A case of lethal congenital dwarfism with
accelerated skeletal maturation. Pediatr Radiol 15:141-143

58. Leroy JG, Keersmaeckers G, Coppens M, Dumon JE, Roels H 1996 Blomstrand lethal
osteochondrodysplasia. Am ] Med Genet 63:84-89

59. Loshkajian A, Roume J, Stanescu V, Delezoide AL, Stampf F, Maroteaux P 1997 Familial Blomstrand
chondrodysplasia with advanced skeletal maturation: further delineation. Am ] Med Genet 71:283-288
60. Spranger J, Maroteaux P 1990 The lethal osteochondrodysplasias. Adv Hum Genet 19:1-103, 331-
2.:1-2

61. Galera MF, Silva Patricio FR, Lederman HM, Porciuncula CG, Lopes M, I, Brunoni D 1999
Blomstrand chondrodysplasia: a lethal sclerosing skeletal dysplasia. Case report and review. Pediatr
Radiol 29:842-845

62. Campbell JB, Kozlowski K, Lejman T, Sulko J 2000 Jansen type of spondylometaphyseal dysplasia.
Skeletal Radiol 29:239-242

63. Eiken M, Prag J, Petersen KE, Kaufmann HJ 1984 A new familial skeletal dysplasia with severely
retarded ossification and abnormal modeling of bones especially of the epiphyses, the hands, and feet.
Eur J Pediatr 141:231-235

64. Spranger J, Kemperdieck H, Bakowski H, Opitz JM 1978 Two peculiar types of enchondromatosis.
Pediatr Radiol 7:215-219

65. Bastepe M, Raas-Rothschild A, Silver ], Weissman I, Wientroub S, Juppner H, Gillis D 2004 A form
of Jansen’s metaphyseal chondrodysplasia with limited metabolic and skeletal abnormalities is caused
by a novel activating parathyroid hormone (PTH)/PTH-related peptide receptor mutation. J Clin
Endocrinol Metab 89:3595-3600

66. Rozeman LB, Sangiorgi L, Briaire-de Bruijn IH, Mainil-Varlet P, Bertoni F, Cleton-Jansen AM,
Hogendoorn PC, Bovee JV 2004 Enchondromatosis (Ollier disease, Maffucci syndrome) is not caused
by the PTHR1 mutation p.R150C. Hum Mutat 24:466-473

67. Guo J, Chung Ul, Kondo H, Bringhurst FR, Kronenberg HM 2002 The PTH/PTHTrP receptor can
delay chondrocyte hypertrophy in vivo without activating phospholipase C. Dev Cell 3:183-194

68. Karaplis AC, Luz A, Glowacki J, Bronson RT, Tybulewicz VL, Kronenberg HM, Mulligan RC 1994
Lethal skeletal dysplasia from targeted disruption of the parathyroid hormone-related peptide gene.
Genes Dev 8:277-289

69. Weir EC, Philbrick WM, Amling M, Neft LA, Baron R, Broadus AE 1996 Targeted overexpression
of parathyroid hormone-related peptide in chondrocytes causes chondrodysplasia and delayed
endochondral bone formation. Proc Natl Acad Sci U S A 93:10240-10245

70. Vortkamp A, Lee K, Lanske B, Segre GV, Kronenberg HM, Tabin CJ 1996 Regulation of rate of
cartilage differentiation by Indian hedgehog and PTH-related protein. Science 273:613-622

71. Kobayashi T, Soegiarto DW, Yang Y, Lanske B, Schipani E, McMahon AP, Kronenberg HM 2005
Indian hedgehog stimulates periarticular chondrocyte differentiation to regulate growth plate length
independently of PTHrP. J Clin Invest .:

72. Koziel L, Wuelling M, Schneider S, Vortkamp A 2005 Gli3 acts as a repressor downstream of Ihh in

29



Chapter 1

regulating two distinct steps of chondrocyte differentiation. Development 132:5249-5260

73. Hilton M]J, Tu X, Cook J, Hu H, Long F 2005 Thh controls cartilage development by antagonizing
Gli3, but requires additional effectors to regulate osteoblast and vascular development. Development
132:4339-4351

74. Minina E, Wenzel HM, Kreschel C, Karp S, Gaffield W, McMahon AP, Vortkamp A 2001 BMP and
Ihh/PTHrP signaling interact to coordinate chondrocyte proliferation and differentiation. Development
128:4523-4534

75. Minina E, Kreschel C, Naski M, Ornitz D, Vortkamp A 2002 Interaction of FGF, Thh/Pthlh, and BMP
Signaling Integrates Chondrocyte Proliferation and Hypertrophic Differentiation. Dev Cell 3:439

76. Van der Eerden BC, Karperien M, Gevers EF, Lowik CW, Wit JM 2000 Expression of Indian
hedgehog, parathyroid hormone-related protein, and their receptors in the postnatal growth plate of
the rat: evidence for a locally acting growth restraining feedback loop after birth. ] Bone Miner Res
15:1045-1055

77. St Jacques B, Hammerschmidt M, McMahon AP 1999 Indian hedgehog signaling regulates
proliferation and differentiation of chondrocytes and is essential for bone formation. Genes Dev
13:2072-2086

78. Hill TP, Spater D, Taketo MM, Birchmeier W, Hartmann C 2005 Canonical Wnt/beta-catenin
signaling prevents osteoblasts from differentiating into chondrocytes. Dev Cell 8:727-738

79. Gao B, Guo ], She C, Shu A, Yang M, Tan Z, Yang X, Guo S, Feng G, He L 2001 Mutations in THH,
encoding Indian hedgehog, cause brachydactyly type A-1. Nat Genet 28:386-388

80. Wallis DE, Muenke M 1999 Molecular mechanisms of holoprosencephaly. Mol Genet Metab 68:126-
138

81. Hui CC, Joyner AL 1993 A mouse model of greig cephalopolysyndactyly syndrome: the extra-toes]
mutation contains an intragenic deletion of the Gli3 gene. Nat Genet 3:241-246

82. Vortkamp A, Gessler M, Grzeschik KH 1991 GLI3 zinc-finger gene interrupted by translocations in
Greig syndrome families. Nature 352:539-540

83. Mo R, Freer AM, Zinyk DL, Crackower MA, Michaud J, Heng HH, Chik KW, Shi XM, Tsui LC,
Cheng SH, Joyner AL, Hui C 1997 Specific and redundant functions of Gli2 and Gli3 zinc finger genes
in skeletal patterning and development. Development 124:113-123

84. McCready ME, Sweeney E, Fryer AE, Donnai D, Baig A, Racacho L, Warman ML, Hunter AG,
Bulman DE 2002 A novel mutation in the IHH gene causes brachydactyly type Al: a 95-year-old mystery
resolved. Hum Genet 111:368-375

85. Chung UI, Schipani E, McMahon AP, Kronenberg HM 2001 Indian hedgehog couples chondrogenesis
to osteogenesis in endochondral bone development. J Clin Invest 107:295-304

86. Horton WA, Lunstrum GP 2002 Fibroblast growth factor receptor 3 mutations in achondroplasia
and related forms of dwarfism. Rev Endocr Metab Disord 3:381-385

87. Bellus GA, McIntosh I, Smith EA, Aylsworth AS, Kaitila I, Horton WA, Greenhaw GA, Hecht JT,
Francomano CA 1995 A recurrent mutation in the tyrosine kinase domain of fibroblast growth factor
receptor 3 causes hypochondroplasia. Nat Genet 10:357-359

88. Winterpacht A, Hilbert K, Stelzer C, Schweikardt T, Decker H, Segerer H, Spranger ], Zabel B 2000
A novel mutation in FGFR-3 disrupts a putative N-glycosylation site and results in hypochondroplasia.
Physiol Genomics 2:9-12

89. Ornitz DM, Marie PJ 2002 FGF signaling pathways in endochondral and intramembranous bone
development and human genetic disease. Genes Dev 16:1446-1465

90. Muenke M, Schell U 1995 Fibroblast-growth-factor receptor mutations in human skeletal disorders.
Trends Genet 11:308-313

91. Naski MC, Ornitz DM 1998 FGF signaling in skeletal development. Front Biosci 3:d781-94.:d781-
d794

92. Peters K, Ornitz D, Werner S, Williams L 1993 Unique expression pattern of the FGF receptor 3 gene

30



General Introduction

during mouse organogenesis. Dev Biol 155:423-430

93. Liu Z, Xu J, Colvin JS, Ornitz DM 2002 Coordination of chondrogenesis and osteogenesis by
fibroblast growth factor 18. Genes Dev 16:859-869

94. Ebong S, Yu CR, Carper DA, Chepelinsky AB, Egwuagu CE 2004 Activation of STAT signaling
pathways and induction of suppressors of cytokine signaling (SOCS) proteins in mammalian lens by
growth factors. Invest Ophthalmol Vis Sci 45:872-878

95. Kanai M, Goke M, Tsunekawa S, Podolsky DK 1997 Signal transduction pathway of human fibroblast
growth factor receptor 3. Identification of a novel 66-kDa phosphoprotein. ] Biol Chem 272:6621-6628
96. Sahni M, Ambrosetti DC, Mansukhani A, Gertner R, Levy D, Basilico C 1999 FGF signaling inhibits
chondrocyte proliferation and regulates bone development through the STAT-1 pathway. Genes Dev
13:1361-1366

97. Sahni M, Raz R, Coffin JD, Levy D, Basilico C 2001 STAT1 mediates the increased apoptosis and
reduced chondrocyte proliferation in mice overexpressing FGF2. Development 128:2119-2129

98. Ozasa A, Komatsu Y, Yasoda A, Miura M, Sakuma Y, Nakatsuru Y, Arai H, Itoh N, Nakao K 2005
Complementary antagonistic actions between C-type natriuretic peptide and the MAPK pathway
through FGFR-3 in ATDCS5 cells. Bone 36:1056-1064

99. Wozney JM 1989 Bone morphogenetic proteins. Prog Growth Factor Res 1:267-280

100. Reddi AH 2001 Bone morphogenetic proteins: from basic science to clinical applications. ] Bone
Joint Surg Am 83-A Suppl 1:51-S6

101. Funaba M, Ogawa K, Abe M 2001 Expression and localization of activin receptors during
endochondral bone development. Eur ] Endocrinol 144:63-71

102. Anderson HC, Hodges PT, Aguilera XM, Missana L, Moylan PE 2000 Bone morphogenetic protein
(BMP) localization in developing human and rat growth plate, metaphysis, epiphysis, and articular
cartilage. ] Histochem Cytochem 48:1493-1502

103. Haas AR, Tuan RS 1999 Chondrogenic differentiation of murine C3H10T1/2 multipotential
mesenchymal cells: II. Stimulation by bone morphogenetic protein-2 requires modulation of N-cadherin
expression and function. Differentiation 64:77-89

104. Zehentner BK, Dony C, Burtscher H 1999 The transcription factor Sox9 is involved in BMP-2
signaling. ] Bone Miner Res 14:1734-1741

105. Fernandez-Lloris R, Vinals E Lopez-Rovira T, Harley V, Bartrons R, Rosa JL, Ventura F 2003
Induction of the Sry-related factor SOX6 contributes to bone morphogenetic protein-2-induced
chondroblastic differentiation of C3H10T1/2 cells. Mol Endocrinol 17:1332-1343

106. Brunet L], McMahon JA, McMahon AP, Harland RM 1998 Noggin, cartilage morphogenesis, and
joint formation in the mammalian skeleton. Science 280:1455-1457

107. De Luca E Barnes KM, Uyeda JA, De Levi S, Abad V, Palese T, Mericq V, Baron ] 2001 Regulation of
growth plate chondrogenesis by bone morphogenetic protein-2. Endocrinology 142:430-436

108. Pathi S, Rutenberg JB, Johnson RL, Vortkamp A 1999 Interaction of Ihh and BMP/Noggin signaling
during cartilage differentiation. Dev Biol 209:239-253

109. Ito H, Akiyama H, Shigeno C, Nakamura T 1999 Bone morphogenetic protein-6 and parathyroid
hormone-related protein coordinately regulate the hypertrophic conversion in mouse clonal
chondrogenic EC cells, ATDCS5. Biochim Biophys Acta 1451:263-270

110. Shukunami C, Ohta Y, Sakuda M, Hiraki Y 1998 Sequential progression of the differentiation
program by bone morphogenetic protein-2 in chondrogenic cell line ATDCS. Exp Cell Res 241:1-11
111. Volk SW, LuValle P, Leask T, Leboy PS 1998 A BMP responsive transcriptional region in the chicken
type X collagen gene. ] Bone Miner Res 13:1521-1529

112. Grimsrud CD, Romano PR, D’Souza M, Puzas JE, Reynolds PR, Rosier RN, O’Keefe R] 1999 BMP-
6 is an autocrine stimulator of chondrocyte differentiation. ] Bone Miner Res 14:475-482

113. Westendorf JJ, Kahler RA, Schroeder TM 2004 Wnt signaling in osteoblasts and bone diseases.
Gene 341:19-39.:19-39

31



Chapter 1

114. Seto ES, Bellen HJ 2004 The ins and outs of Wingless signaling. Trends Cell Biol 14:45-53

115. Yates KE, Shortkroff S, Reish RG 2005 Wnt influence on chondrocyte differentiation and cartilage
function. DNA Cell Biol 24:446-457

116. Hill TP, Spater D, Taketo MM, Birchmeier W, Hartmann C 2005 Canonical Wnt/beta-catenin
signaling prevents osteoblasts from differentiating into chondrocytes. Dev Cell 8:727-738

117. Guo X, Day TE, Jiang X, Garrett-Beal L, Topol L, Yang Y 2004 Wnt/beta-catenin signaling is
sufficient and necessary for synovial joint formation. Genes Dev 18:2404-2417

118. Yang Y, Topol L, Lee H, Wu ] 2003 Wnt5a and Wnt5b exhibit distinct activities in coordinating
chondrocyte proliferation and differentiation. Development 130:1003-1015

119. Rozeman LB, Hogendoorn PC, Bovee JV 2002 Diagnosis and prognosis of chondrosarcoma of
bone. Expert Rev Mol Diagn 2:461-472

120. Bovee JV, van den Broek L], Cleton-Jansen AM, Hogendoorn PC 2000 Up-regulation of PTHrP and
Bcl-2 expression characterizes the progression of osteochondroma towards peripheral chondrosarcoma
and is a late event in central chondrosarcoma. Lab Invest 80:1925-1934

121. Bovee JV, Cleton-Jansen AM, Wuyts W, Caethoven G, Taminiau AH, Bakker E, Van Hul W,
Cornelisse CJ, Hogendoorn PC 1999 EXT-mutation analysis and loss of heterozygosity in sporadic and
hereditary osteochondromas and secondary chondrosarcomas. Am J] Hum Genet 65:689-698

122. Bovee JV, Cleton-Jansen AM, Taminiau AH, Hogendoorn PC 2005 Emerging pathways in the
development of chondrosarcoma of bone and implications for targeted treatment. Lancet Oncol 6:599-
607

123. Ingham PW, McMahon AP 2001 Hedgehog signaling in animal development: paradigms and
principles. Genes Dev 15:3059-3087

124. Wodarz A, Nusse R 1998 Mechanisms of Wnt signaling in development. Annu Rev Cell Dev Biol
14:59-88.:59-88

125. Szebenyi G, Fallon JF 1999 Fibroblast growth factors as multifunctional signaling factors. Int Rev
Cytol 185:45-106.:45-106

126. Massague J, Chen YG 2000 Controlling TGF-beta signaling. Genes Dev 14:627-644

127. Li Y, Zhang H, Litingtung Y, Chiang C 2006 Cholesterol modification restricts the spread of Shh
gradient in the limb bud. Proc Natl Acad Sci U S A 103:6548-6553

128. Trainor P, Krumlauf R 2002 Development. Riding the crest of the Wnt signaling wave. Science
297:781-783

129. Gafni RI, Weise M, Robrecht DT, Meyers JL, Barnes KM, De Levi S, Baron ] 2001 Catch-up growth
is associated with delayed senescence of the growth plate in rabbits. Pediatr Res 50:618-623

130. Ross TK, Zionts LE 1997 Comparison of different methods used to inhibit physeal growth in a
rabbit model. Clin Orthop Relat Res236-243

131. Gardella T, Juppner H 2001 Molecular properties of the PTH/PTHrP receptor. Trends Endocrinol
Metab 12:210-217

132. Ionescu AM, Schwarz EM, Vinson C, Puzas JE, Rosier R, Reynolds PR, O’Keefe RJ 2001 PTHrP
modulates chondrocyte differentiation through AP-1 and CREB signaling. J Biol Chem 276:11639-
11647

133. Mahon M]J, Donowitz M, Yun CC, Segre GV 2002 Na(+)/H(+ ) exchanger regulatory factor 2
directs parathyroid hormone 1 receptor signalling. Nature %20;417:858-861

134. Mahon MJ, Segre GV 2004 Stimulation by parathyroid hormone of a NHERF-1-assembled complex
consisting of the parathyroid hormone I receptor, phospholipase Cbeta, and actin increases intracellular
calcium in opossum kidney cells. ] Biol Chem 279:23550-23558

135. Mahon M]J, Cole JA, Lederer ED, Segre GV 2003 Na+/H+ exchanger-regulatory factor 1 mediates
inhibition of phosphate transport by parathyroid hormone and second messengers by acting at multiple
sites in opossum kidney cells. Mol Endocrinol 17:2355-2364

136. Weinman EJ, Steplock D, Wang Y, Shenolikar S 1995 Characterization of a protein cofactor that

32



General Introduction

mediates protein kinase A regulation of the renal brush border membrane Na(+)-H+ exchanger. ] Clin
Invest 95:2143-2149

137. Palmada M, Poppendieck S, Embark HM, van de Graaf SE Boehmer C, Bindels R], Lang F 2005
Requirement of PDZ domains for the stimulation of the epithelial Ca2+ channel TRPV5 by the NHE
regulating factor NHERF2 and the serum and glucocorticoid inducible kinase SGK1. Cell Physiol
Biochem 15:175-182

138. Sakamoto A, Chen M, Kobayashi T, Kronenberg HM, Weinstein LS 2005 Chondrocyte-specific
knockout of the G protein G(s)alpha leads to epiphyseal and growth plate abnormalities and ectopic
chondrocyte formation. ] Bone Miner Res 20:663-671

139. Beier F, Ali Z, Mok D, Taylor AC, Leask T, Albanese C, Pestell RG, LuValle P 2001 TGFbeta and
PTHrP Control Chondrocyte Proliferation by Activating Cyclin D1 Expression. Mol Biol Cell 12:3852-
3863

140. Beier E LuValle P 2002 The cyclin D1 and cyclin A genes are targets of activated PTH/PTHrP
receptors in Jansen’s metaphyseal chondrodysplasia. Mol Endocrinol 16:2163-2173

141. Li TE, Dong Y, Ionescu AM, Rosier RN, Zuscik MJ, Schwarz EM, O’Keefe R], Drissi H 2004
Parathyroid hormone-related peptide (PTHrP) inhibits Runx2 expression through the PKA signaling
pathway. Exp Cell Res 299:128-136

142. McCauley LK, Koh AJ, Beecher CA, Rosol TJ 1997 Proto-oncogene c-fos is transcriptionally
regulated by parathyroid hormone (PTH) and PTH-related protein in a cyclicadenosine monophosphate-
dependent manner in osteoblastic cells. Endocrinology 138:5427-5433

143. Huang W, Chung UI, Kronenberg HM, de Crombrugghe B 2001 The chondrogenic transcription
factor Sox9 is a target of signaling by the parathyroid hormone-related peptide in the growth plate of
endochondral bones. Proc Natl Acad Sci U S A 98:160-165

144. MacLean HE, Guo J, Knight MC, Zhang P, Cobrinik D, Kronenberg HM 2004 The cyclin-dependent
kinase inhibitor p57(Kip2) mediates proliferative actions of PTHrP in chondrocytes. J Clin Invest
113:1334-1343

145. Zhang P, Liegeois NJ, Wong C, Finegold M, Hou H, Thompson JC, Silverman A, Harper JW,
DePinho RA, Elledge SJ 1997 Altered cell differentiation and proliferation in mice lacking p57KIP2
indicates a role in Beckwith-Wiedemann syndrome. Nature 387:151-158

146. Atsumi T, Miwa Y, Kimata K, Ikawa Y 1990 A chondrogenic cell line derived from a differentiating
culture of AT805 teratocarcinoma cells. Cell Differ Dev 30:109-116

147. Shukunami C, Ishizeki K, Atsumi T, Ohta Y, Suzuki E, Hiraki Y 1997 Cellular hypertrophy and
calcification of embryonal carcinoma-derived chondrogenic cell line ATDCS5 in vitro. ] Bone Miner Res
12:1174-1188

148. Shukunami C, Shigeno C, Atsumi T, Ishizeki K, Suzuki F, Hiraki Y 1996 Chondrogenic differentiation
of clonal mouse embryonic cell line ATDCS5 in vitro: differentiation-dependent gene expression of
parathyroid hormone (PTH)/PTH-related peptide receptor. J Cell Biol 133:457-468

149. Yamashita T, Ishii H, Shimoda K, Sampath TK, Katagiri T, Wada M, Osawa T, Suda T 1996
Subcloning of three osteoblastic cell lines with distinct differentiation phenotypes from the mouse
osteoblastic cell line KS-4. Bone 19:429-436

150. Van der Horst G, Farih-Sips H, Lowik CW, Karperien M 2003 Hedgehog stimulates only osteoblastic
differentiation of undifferentiated KS483 cells. Bone 33:899-910

151. Van der Horst G, Farih-Sips H, Lowik CW, Karperien M 2005 Multiple mechanisms are involved in
inhibition of osteoblast differentiation by PTHrP and PTH in KS483 Cells. ] Bone Miner Res 20:2233-
2244

33






Novel mutations in the PTHR1
causing Blomstrand
Osteochondrodysplasia
type I and II

Jakomijn Hoogendam', Hetty Farih-Sips?, Liliane C. Wynaendts®, Clemens
W.G.M Lowik?, Jan M. Wit', Marcel Karperien'?

'Department of Pediatrics, Leiden University Medical Center, Leiden, The Netherlands
*Department of Endocrinology and Metabolic Diseases, Leiden University Medical Center,
Leiden, The Netherlands
*Department of Pathology, Free University Amsterdam, Amsterdam, The Netherlands

JCEM, provisionally accepted






Blomstrand Osteochondrodysplasia

Abstract

Context: The parathyroid hormone (PTH)/PTH-related peptide (PTHrP) receptor type
1 (PTHR1) plays a key role in endochondral ossification, which is emphasized by diseases
resulting from mutations in the PTHR1 gene. Among these diseases is the human variant of
the PTHR1 knockout mice, Blomstrand osteochondrodysplasia (BOCD).

Objective: BOCD can be divided into two types, depending on the severity of the skeletal
abnormalities. The molecular basis for this heterogenic presentation is unknown.

Design and patients: We performed mutation analysis in 2 families with type I BOCD and in
3 families with the less severe form, type II BOCD. The latter include 1 case that has not been
described before.

Results: In one of the type I BOCD cases a nonsense mutation (R104X) was found, resulting
in a truncated PTHRI, while in the second type I BOCD case no receptor mutation was
identified. A splicing defect (intronM4+27C>T) was demonstrated in one of the type I BOCD
cases. The use of the aberrant splice site resulted in a truncated protein. Although at low
levels, the wild type transcript remained present. In the other 2 families with type Il BOCD a
previously identified missense P132L mutation was found. Functional analysis demonstrated
a near complete inactivation of the PTHR1 with low residual activity.

Conclusions: In combination with data presented in literature, we conclude that type IBOCD
is caused by a complete inactivation of the PTHR1, whereas low levels of residual activity due
to a near complete inactivation of the PTHRI result in the relatively milder presentation of
type I BOCD.

Introduction

The parathyroid hormone (PTH)/PTH-related peptide (PTHrP) receptor type 1 (PTHRI)
is a member of a subclass of the G-protein-coupled receptor family. The typical structure
of these receptors is characterized by an extracellular N-terminus for ligand binding, a
seven-transmembrane domain, and an intracellular C-terminus. The intracellular parts of
the transmembrane domains and the C-terminus are responsible for the activation of the
two dominant signalling cascades, the adenylate (AC) / protein kinase A (PKA) and the
phospholipase C beta (PLCP) / protein kinase C (PKC) pathways.

Signalling through the PTHR1 plays a key role in calcium and phosphorus homeostasis in
foetal and adult life®. Recent studies have demonstrated the essential role of PTHR1 signalling
in cartilage and bone development in mice. Mice lacking the PTHrP gene die perinatally
and show accelerated chondrocyte differentiation, leading to dwarfism®. A more severe bone
phenotype is caused by loss of the PTHR1 gene. Depending on the genetic background these
mice die at various embryonic ages®.

The essential role for PTHRI signalling in bone and cartilage development has also been
shown in human diseases. Mutations in the PTHR1 can be divided into dominant and recessive
mutations. Dominant mutations are found in Jansen’s metaphyseal chondrodysplasia (JMC)
and Ollier disease™®. Four different heterozygous mutations have been identified in JMC
patients, causing a constitutively activation of the PTHRI, leading to skeletal malformations
and dwarfism“®®. In a paper by Hopyan et al. in two out of 6 patients with enchondromatosis
(Ollier and Maffucci diseases), which are common benign tumours of cartilage and bone, a
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heterozygous mutation in the PTHR1 gene was identified®. The mutation is thought to result
in upregulation of the Indian Hedgehog/PTHrP pathway®. However, in another study with a
larger panel of patients, no mutations were identified in the PTHR1 gene, suggesting that the
PTHRI gene is not the main culprit for enchondromatosis®.

Recessive mutations have been identified in Eiken syndrome and in Blomstrand
osteochondrodysplasia (BOCD)“*'¥. Eiken syndrome, an extremely rare syndrome presently
reported in only 1 family, is caused by a homozygous nonsense mutation. This mutation
resulted in a truncated protein, only missing a small part of the C-terminus, possibly
leading to a disbalance between the activation of the AC/PKA and the PLCB/PKC signalling
pathways%, BOCD is a rare autosomal recessive disorder characterized by advanced skeletal
maturation and premature ossification. In addition, BOCD is also characterized by extra-
skeletal manifestations, like hypoplastic lungs, tooth abnormalities, aortic coarctation, and
absence of breast development'%!”). The skeletal and extra-skeletal abnormalities resemble
the defects observed in PTHR1 knockout mice®!¥. It has been proposed, that BOCD presents
in two forms, type I and type 1119, Type I BOCD is the classical and most severe form,
characterized by extremely short and malformed bones. Although also lethal, the skeletal
manifestations in type II BOCD are less severe compared to type L.

The first case of BOCD was described by Blomstrand et al. in 19859, Until now, 10 other
families have been described with the same disorder®*29. In the majority of the cases
parental consanguinity was noted. Only 2 reports have been published in which the affected
foetuses were born to non-consanguineous parents'®?®. In three BOCD cases a mutation
in the PTHRI1 gene has been described. Jobert et al. reported in 1998 for the first time an
inactivating mutation in the PTHR1 gene®. In the same year a missense mutation in another
BOCD case was reported'?. Thereafter, another study revealed that a frame shift mutation
in the PTHR1 gene, resulting in a truncated protein, was the cause of BOCD in the case
described by Den Hollander et al.1*2".

In this study, we address the molecular basis for the heterogenic presentation of BOCD by
performing mutation analysis in 2 type I and 3 type II BOCD cases.

Materials and Methods

Cases included in this study

Case 1 is a type I BOCD and was the first reported case of BOCD described in detail by
Blomstrand et al.". The female foetus was born after 29 weeks of gestation to consanguineous
parents. The second case, a female foetus born to consanguineous Caucasian parents at 32
weeks of gestation, is described in detail elsewhere and is classified as type I BOCD (case
I in"9). Case 3, classified as a type II BOCD, is described for the first time in the present
study (for detailed description see next paragraph). Case 4 is one of the three affected siblings
born to Asian parents who where first-degree cousins and who had no family history of
skeletal dysplasia (case II in?). The first two foetuses were described in detail before.
Another pregnancy of the same parents resulted in a third affected foetus, showing the same
characteristics as its sibs. All three foetuses were classified as type II BOCD. In the fifth case
the foetus was obtained from a terminated pregnancy at 26 weeks of gestation (case III in®®).
The Asian parents were non-consanguineous. Post-mortem radiography and osteochondral
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histopathology classified the skeletal dysplasia as type Il BOCD. Parental consent was obtained
for this study.

Case 3 Clinical report and family history

Case 3 was a male infant whose mother presented with polyhydramnion at 32 weeks. Foetal
ultrasound at 32 weeks revealed furthermore a relatively large head, a small thorax, lung
hypoplasia and very short dense tubular bones. Because of the gross polyhydramnion and the
probable lethal prognosis labour was initiated. At birth the infant did not breathe and died
within minutes. Birth weight was 1800 gram. The boy showed a short stature (Crown-Rump
Length (CRL) 28.5 cm), a large head (Head Circumference (HC) 32 cm) and a hypoplastic
viscerocranium (fig. 1A). The face showed typical abnormalities: severe micrognathia with
a protruding tongue, a hypoplastic nose, and low-set ears were noted. The infant also had a
narrow thorax and no nipples. The limbs were symmetrically shortened. Autopsy revealed
hypoplastic lungs and a pre-ductal aortic coarctation. Abdominal and pelvic organs showed
no abnormalities. Radiography showed generalised osteosclerosis and advanced skeletal
maturation, a small viscerocranium, short ribs, ossification of laryngeal cartilage and patella
(fig. 1A). The tubular bones were short with metaphyseal broadening. Most carpal and
tarsal bones were ossified. Histology of tubular bones showed a reduction of the resting and
proliferative zone of the growth plates (fig.1B). The epiphysis showed irregular columnization
of the hypertrophic chondrocytes. The overall picture resembles the clinical manifestations of
BOCD. Given the relatively well-developed long bones, a recognizable epiphysis and a normal
diaphyseal bone marrow space this case was classified as type II BOCD.

The parents both originated from a 250-person village in Turkey, but they deny any
consanguinity. This foetus was the 7th pregnancy of these parents. Two sons are healthy, one
child died one week old of unknown cause, one child had been healthy until the age of death
at 11 months of unknown cause, one earlier pregnancy had ended in the birth of a stillborn
boy at 28 weeks pregnancy and one pregnancy ended in a spontaneous miscarriage at 12
weeks. No medical information on these deceased children is available.

Sequence analysis and site-directed mutagenesis

From cases 1 and 2 only tissue blocks embedded in paraffin were present. Sections from
these blocks were deparaffined and hydrated through graded ethanols. Subsequently, DNA
was extracted by proteinase K (Invitrogen) digestion and ethanol precipitation. From cases
3, 4 and 5 genomic DNA was isolated from cultured fibroblasts by sequential proteinase K
treatment and high salt precipitation.

Primer sets used for the amplification of the coding exons of hPTHRI were previously
described™?”. PCR products were sequence verified using an ABI thermal sequencer (PE
Applied Biosystems, Foster City, CA, USA).

A mutant PTHRI1 receptor cDNA was created by PCR based site directed mutagenesis, using
the wild type receptor as a template. The mutant construct was sequence verified and cloned
in the pcDNA3.1 expression vector. Primer sets to check for the expression of wild type and
mutant PTHR1 transcripts in case 3 are indicated in table 1.
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Cell culture, transient transfection assays and cAMP production

At autopsy of cases 3, 4, and 5 a skin biopsy was taken and dermal fibroblast were cultured
in aMEM, containing 100 U/ml penicillin (Invitrogen, Breda, The Netherlands), 100 U/
ml streptomycin (Invitrogen), and 10 % fetal calf serum (FCS; Integro BV, Zaandam, The
Netherlands). Cells were seeded at a density of 15000 cells/cm? in a 24-wells tissue culture
plate. After 4 days cells were used for intracellular cAMP determination after a challenge with

1A

1B

Figure 1. Case 3: phenotypic presentation of type Il BOCD.

A) Left panel: external view of a foetus delivered 32 week after gestation, showing short stature and micromelia. Right panel: whole
body radiograph, showing advanced skeletal maturation, a small viscerocranium, short ribs, ossification of laryngeal cartilage and
patella. The tubular bones are short with metaphyseal broadening. Most carpal and tarsal bones are ossified. B) Histology of a femoral
head, showing a reduction in size of the epiphysis. High magnification shows a decrease in resting chondrocytes (R) and a near com-
plete absence of column-wise orientated proliferating chondrocytes (P). Note the irregular border between the growth plate and the
primary spongiosum. H: Hypertrophic zone.

40



Blomstrand Osteochondrodysplasia

Name Sequence

S8 TGTGGGGCTTCACAGTCTTCG
AS8 AAGTCCCAGCACCCGGTG

AS9 GGATGAAGTTGAGCACAATGG

Table 1: Primer sets used for PCR analysis in case 3.

hPTHrP(1-34) or bNIe®**PTH(1-34) (Bachum Holding AG, Bubendorf, Switzerland), using
an enzymimmunoassay (Amersham, Freiburg, Germany), according to the manufacturers
protocol, as described before™. COS-7 cells were cultured in bicarbonate-buffered DMEM,
containing 7.5 % FCS, 100 U/ml penicillin, and 100 U/ml streptomycin. For transient
transfection assays, cells were seeded in a 75 cm?-disk. At 80 % confluence, cells were overnight
transfected with 6 ug of the pcDNA3.1 expression vector (Invitrogen), containing either the
wild type or mutant human PTHR1 ¢DNA or no insert (mock) using Fugene-6 (Roche,
Indianapolis, IN). The following day, cells were trypsinized and seeded at a density of 15000
cells/cm? in a 24-wells tissue culture plate. After 2 days cells were used for determination of
intracellular cAMP as described before!.

RT-PCR analysis

Dermal fibroblasts were cultured as described above. Cells were seeded at a density of 15000
cells/cm? in a 56 cm? tissue culture disk. After confluence, total RNA was isolated according
to the method of Chomczinksy and Sacchi®. Next, total RNA was reverse transcribed into
cDNA using random hexamer primers (Amersham, Freiburg, Germany). To correct for
variations in RNA content and cDNA synthesis between the different samples, cDNAs were
equalized on the basis of their content of the housekeeping gene beta-2-microglobulin as
described in detail elsewhere®. Semi-quantitative PCR was performed for the PTHR1 or for
various parts of the PTHR1 under the following conditions: cDNA was denatured at 94°C for
5 minutes, followed by cycles of 30 s at 94°C, 30 s at 56°C, and 30 s at 72°C, and final extension
at 72°C for 10 minutes.

Results

Case 1

Sequence analysis of the coding exons and the flanking exon-intron boundaries of the PTHR1
gene revealed a homozygous point mutation (338C>T), causing a premature stop codon at
position 104 (R104X) (fig. 2A). The presence of the mutation was verified by restriction
fragment length analysis (fig. 2B). DNA corresponding to exon 1 from the foetus was amplified
by PCR and was, as expected, resistant to Kpnl restriction. Due to the substitution a truncated
protein was formed, only consisting of the signal peptide and the first 79 amino acids. This
mutant protein lacks all functional domains of the PTHRI, including a large part of the
extracellular N-terminus, the transmembrane domains and the intracellular C-terminus, and
is, therefore, completely inactivating.
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Case 2
Sequence analysis of the PTHRI gene did not reveal a mutation in the coding exons and
flanking exon-intron boundaries (data not shown).

Case 3

The dermal fibroblast of the affected foetus showed no cAMP accumulation after a challenge
with a high dose of PTH or PTHrP (fig. 3A). To establish whether the abnormalities were
indeed caused by a mutation in the PTHRI, all coding exons and flanking exon-intron
boundaries of the PTHR1 gene were sequenced. In none of the coding exons a mutation was
found. However, a homozygous point mutation was identified in the intron between exon M4
and exon EL2 (intronM4+27C>T) (fig. 3B). This mutation creates a perfect match with the
consensus sequence of an exon-intron boundary with higher homology than the native splice
site. RT-PCR analysis of the PTHR1 gene revealed decreased expression and a larger transcript
in the fibroblasts from the patient compared to control samples (fig. 3C). To test whether or
not the splicing machinery can still use the native splice site, RT-PCR was performed using
a reverse primer, spanning the wild type exon M4 and EL2 splice site. This primer can only
result in amplification of wild type, but not in mutant transcripts. As shown in figure 3D
still a small amount of wild type PTHR1 mRNA was expressed in fibroblasts of the patient
compared to control samples, indicating the preferential but not exclusive use of the aberrant
splice site. The formation of an aberrant splice site and subsequently the extension of exon M4
resulted in a premature stop codon, thereby creating a truncated protein, lacking the 5%, 6%,
and 7" transmembrane domains, the intervening intra- and extracellular domains, as well as
the cytoplasmatic tail (fig. 3E).

2A 2B

Pro Thr Gly Ser Arg Tyr Arg Gly Arg Blomstrand Control
wt ccc act ggcagcagg tac cga ggt acg kpnl - - + + - - + +
mt ccc act ggcageagg tac Tga ggt acg
Pro Thr Gly Ser Arg Tyr STP
N~ ~

-~
S __NH

2

COOH

Figure 2. Case 1: premature stopcodon in PTHR1.

A) Comparison of the DNA and amino acid sequences of the wild type (wt) and the mutant (mt) receptors. Sequence analysis of
PTHRI gene revealed a 338C>T substitution (capital and bold), resulting in a premature stop codon in the extracellular part of the
receptor. The position of the mutation is shown in a schematic representation of the structure of the PTHR1. B) Exon E2 was amplified
and subjected to restriction enzyme analysis. The PCR product of the patient but not of a control was resistant to Kpnl restriction.
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3D

Controls
M Case 3
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Gly STP
~ 7~

~ - NH2 e

COOH

Figure 3. Case 3: Introduction of a novel splice site.

A) Dermal fibroblast of the affected foetus and control dermal fibroblasts were treated with a high dose (10-7 M) PTH(1-34) or
PTHrP(1-34) and cAMP accumulation was measured. In contrast to control, dermal fibroblasts of the affected foetus showed no
cAMP accumulation. B) A homozygous point mutation was identified 27 bp downstream of exon M4 (intronM4+27C>T), creating
a new exon-intron boundary with higher homology to the consensus sequence than the wild type splice site. Native and mutated
exon/intron boundaries are underlined. C) RT-PCR of the PTHRI1 using a sense primer (S8) located in exon M4 and an antisense
primer (AS9) located in the downstream exon EL2 revealed a bigger transcript in case 3 compared to control samples, which is indi-
cative for aberrant splicing. M is marker. D) RT-PCR was performed with a sense primer (S8) specific for exon M4 and an antisense
primer (AS8) overlapping the wild type exon-exon boundary of exon M4 and EL2. Only in the case of wild type mRNA this primer
combination results in an amplicon. A small amount of wild type PTHR1 mRNA was expressed in the affected sample compared to
control samples, indicating the preferential but not exclusive use of the aberrant splice site. E) Comparison of the DNA and amino
acid sequences of the wild type (wt) and the mutant (mt) receptors. When the alternative splice site is used, the last amino acid of
exon M4 will be followed by a stop codon. This results in a truncated protein, lacking the transmembrane domains 5, 6 and 7 and the
cytoplasmatic C-terminus. STP: stop codon.
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Case 4

Dermal fibroblasts of case 4 showed no cAMP accumulation after a challenge with a high
dose of PTH or PTHrP (fig. 4A), indicating abrogated PTHR1 signalling. We subsequently
sequenced the coding exons and flanking exon-intron boundaries of the PTHRI gene. A
homozygous point mutation (423C>T) in exon E3 was identified, resulting in a missense
mutation at position 132 (P132L) (fig. 4B). The presence of the mutation was verified by
restriction fragment length analysis (fig. 4C). DNA corresponding to exon 3 from the foetus
was amplified by PCR and was, as expected, resistant to Mspl enzymatic activity. The same
mutation was identified in the two other sibs with BOCD. Functional analysis by transient
transfections of wild type and mutant receptors in COS-7 cells revealed that the mutant
receptor could still accumulate cAMP after receptor activation, although to a lesser extent
compared to the wild type receptor (fig. 4D).
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Figure 4. Case 4 and 5: P132L missense mutation.

A) Dermal fibroblast of case 4 and control dermal fibroblasts were treated with a high dose (10-7 M) PTH(1-34) or PTHrP(1-34)
and cAMP accumulation was measured. Dermal fibroblasts of the affected foetus showed no cAMP accumulation, whereas in control
fibroblasts cAMP accumulation was induced. B) Comparison of the DNA and amino acid sequences of the wild type (wt) and the
mutant (mt) receptors. Sequence analysis of PTHR1 gene revealed a homozygous 423C>T substitution (capital and bold), resulting in
an amino acid change in the extracellular part of the receptor (P132L). The position of the mutation is shown in a schematic represen-
tation of the PTHRI1. C) Exon E3 was PCR amplified and subjected to restriction enzyme analysis. The mutation resulted in a loss of
an MsplI restriction site in case 4 and 5. M is marker. D) COS-7 cells were transiently transfected with an expression vector encoding
wild type PTHR1 (wt), mutant P132L PTHRI or an empty expression vector (mock). Subsequently, cells were treated with a dose
range of PTH(1-34) and cAMP accumulation was measured.
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Case 5

Sequence analysis also revealed the homozygous mutation 423C>T in the PTHRI gene as
described for case 4, resulting in a P132L substitution. The presence of the mutation was
verified by restriction fragment length analysis (fig 4C).

Discussion

In the present study we have performed mutation and functional analysis in 5 cases with
BOCD. The presence of inactivating mutations in 4 out of 5 cases further confirms the causative
role of the PTHR in BOCD. In one patient (case 2 in this study) we did not identify a mutation
in the coding exons and flanking exon-intron boundaries of the PTHR1 gene. Possibly, a
mutation is present in an intron or in the promoter region, which inhibits the expression
of the PTHRI1 gene. Such a mutation probably also underlies the absence of expression of
the paternal allele in the case described by Jobert et al."®. Another explanation could be the
presence of a mutation in another gene, like PTHrP. Unfortunately, we were unable to test this
hypothesis, since only a small amount of DNA of poor quality could be isolated from a limited
number of paraffin blocks.

Including this study, 5 different mutations have been described in the PTHRI1 causing
BOCDU! ! thisstudy) Each family had its own mutation, with exception of the P132L. This data
suggests that this conserved proline residue serves as a hotspot for mutations. Hotspots have
already been described in other chondrodysplasias, like the H223R mutation in the PTHR1
causing JMC, and the A380G mutation in the FGFR3 causing achondrodysplasia ¢**. Another
explanation for the relatively high frequency of the P132L mutation could be that the patients
originate from the same ancestor. Pedigree analysis revealed no indications for this. However,
since the 3 families with P132L live in the same region of England and originate from the
same ethnic population, such a founder effect cannot be ruled out.

The topic we addressed was the difference between type I and type II BOCD. Oostra et al.
postulated that type I BOCD is caused by a completely inactivating mutation in the PTHR1
gene'?, while the less severe abnormalities in type II BOCD are caused by incomplete
inactivation of the PTHR1. We present evidence in concordance with this hypothesis. The
mutations in the type I BOCD cases described in this study and in previous studies are all
completely inactivating mutations*'¥. In the three families classified by Oostra et al. as
type II BOCD, the P132L mutation was found %16 thisstudy) Functional analysis of the P132L
mutation, after transient transfections in COS-7 cells, revealed residual activity. Also in the
study of Zhang et al. some residual activity was present with respect to activation of the
cAMP/PKA pathway, but not to activation of the PLCB/PKC pathway!?.

The residual activity of the P132L mutation in COS-7 cells contrasts our observation in dermal
fibroblasts of case 4, in which no cAMP accumulation was found after stimulation with PTH
or PTHrP (not shown). This discrepancy is most likely explained by a substantial difference in
the number of receptors present in dermal fibroblasts and transiently transfected COS-7 cells.
Only in the presence of high receptor numbers residual activity might become evident. Since
chondrocytes and osteoblasts express higher levels of PTHR1 mRNA and, therefore, are more
responsive than dermal fibroblasts, the residual activity of the P132L mutation in vivo may
only become evident in the developing skeleton, resulting in a milder clinical presentation.
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An alternative explanation is that the milder phenotype in the three type II BOCD cases is
associated with the same ethnic background. It has been described that the phenotype of
PTHRI1 knock out mice strongly depends on this genetic composition®. This latter explanation
seems, however, unlikely, since we have identified in this study a new type II BOCD case of
distinct ethnic background, caused by a novel mutation (intronM4+27C>T). Like in case 4,
dermal fibroblasts of this patient did not reveal any responsiveness to PTH or PTHrP, using
intracellular cAMP accumulation as a read out. However, by sensitive RT-PCR we show that
the native splice site is also used, although at very low levels. This will result in the presence of
low levels of wild type mRNAs. Apparently, in dermal fibroblasts, a cell type with low levels of
PTHRI transcripts, this expression is too low to result in a measurable functional response.
In skeletal cells with high levels of mRNA and high responsiveness, low residual activity due
to native splicing may become evident, resulting in the milder skeletal manifestations. Taken
together, the relatively milder presentation of BOCD type II, particularly in the skeleton, is
most likely caused by a partial inactivating mutation of the PTHR1 gene, resulting in low
amounts of residual activity during endochondral bone formation.

The heterogeneity in clinical manifestations, depending on the kind of mutation, is not
only shown by differences in skeletal abnormalities, but also by differences in extra-skeletal
abnormalities. A characteristic of PTHR1 knockout mice is the absence of breast and nipple
formation®. This finding is confirmed in a patient with BOCD"”. Also in case 3 reported in
this study, absence of nipple formation was noted during obduction. However, in one case
(specimen M684 in the study by Oostra et al.), having the typical skeletal characteristics of
BOCD, nipple formation is clearly visible (see figure 4 in®”). We postulate that the presence
or absence of nipple formation may also depend on the nature of the mutation in the PTHRI,
affecting skeletal development but not nipple formation. Unfortunately, because of long-term
preservation (over 100 years in formalin), DNA isolation from this case for sequence analysis
was not possible to test this hypothesis.

Heterogeneity in clinical manifestations due to the nature of the mutation in the PTHRI is
not only shown in BOCD families, but also in JMC families. Two missense mutations at the
same amino acid position in the PTHR1 (T140P and T140R) have distinct effects on receptor
activity. Compared to T140P, the T140R substitution resulted in a less severe form of ligand
dependent activation of the AC/PKA pathway™. This became clinically evident in a less severe
presentation of JMC®. The impact of a mutation on receptor function critically determines
the clinical presentation.

The mutations in the PTHR1 gene identified in this study and in previous studies are shown in
table 2. It summarizes the type and position of the mutations identified in 4 disorders, caused
by defective PTHRI signalling. They are divided into dominant and recessive disorders. Not
only the type of the mutation, but also the position of the mutation influences the kind and the
severity of the disease. The mutations are evenly distributed over the open reading frame. The
striking differences in clinical presentations caused by distinct mutations further underscores
the critical role of the PTHRI in normal endochondral bone formation. Multiple signalling
pathways are activated by the PTHRI. It seems feasible that distinct mutations affect only
subsets of these pathways, resulting in differences in signalling properties and hence in clinical
manifestations. Detailed functional analysis of mutations in the PTHR1 identified in human
patients may, therefore, provide novel insights in the role of each of these signalling pathways
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in the biological effects of PTHRI.
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Nherfl and Nherf2 overexpression

Abstract

The PDZ domain containing proteins Na+/H+ exchanger regulatory factor 1 (Nherfl) and
Nherf2 redirect type 1 Parathyroid Hormone (PTH)/PTH related Peptide (PTHrP) receptor
(PTHRI1) signalling in renal tubuli. Whether Nherfl and Nherf2 are also expressed during
endochondral bone formation and whether they play a role in osteoblast and chondrocyte
differentiation is not known. Furthermore, it is not known whether they modulate PTHR1
signalling in these cells.

We showed that Nherfl and Nherf2 are expressed by growth plate chondrocytes and by
osteoblasts in the bone collar using in situ hybridization. In addition, overexpression of Nherf1l
and Nherf2 in KS483 mesenchymal progenitor cells resulted in opposite effects on terminal
osteoblast differentiation. Nherfl overexpression inhibited, while Nherf2 overexpression
stimulated matrix mineralization. Cartilage matrix mineralization was increased in the
Nherf2, but not in the Nherfl overexpressing cell line. Overexpression of Nherfl or Nherf2
had no effect on the production of the early chondrocyte marker, the glycosaminoglycans.
PTHrP inhibited osteoblastic matrix mineralization and GAG production in chondrocytes.
Overexpression of Nherfl or Nherf2 did not change the effect of PTHrP treatment on
osteoblast and chondrocyte differentiation.

The distinct actions of Nherfl and Nherf2 are probably due to the recruitment of different
target molecules, like transcription factors, receptors and signalling molecules.

Introduction

The Na+/H+ exchanger regulatory factor 1 (Nherfl) and Nherf2 form a family of adaptor
proteins and are characterized by the presence of two tandem psd95, discs large protein,
Z0O1 (PDZ) protein interaction domains. They were first found in the apical membranes of
renal epithelial cells, where they are involved in regulating the sodium-hydrogen exchange®.
Other studies revealed that Nherf proteins also play a role in the regulation of phosphate and
calcium transport in kidney cells®?. Beside interaction with ion channels, Nherfl and Nherf2
also cooperate with transcription factors, signalling proteins, structural proteins, and with
G-protein coupled receptors, including the type 1 Parathyroid Hormone (PTH)/PTH related
Peptide (PTHrP) receptor (PTHR1)®%),

The interactions of Nherfl and Nherf2 with the PTHRI are best studied in kidney cells.
Immunohistochemical analysis suggests that the PTHR1 co-localizes with Nherfl and Nherf2
in the tubuli. Binding of PTHR1 to Nherfl occurs through the PDZ1 domain and binding
to Nherf2 through the PDZ2 domain“®”. Both adaptor proteins bind, beside to the PTHR1,
also to the intracellular signalling mediator phospholipase C beta (PLCP), which results in a
switch of PTHR1 signalling from the adenylate cyclase (AC)/protein kinase A (PKA) pathway
to the PLCp/protein kinase C (PKC) pathway“®. It is unclear whether Nherfl or Nherf2 are
also expressed in osteoblasts and chondrocytes, the other main targets of PTH and PTHrP
signalling, and whether they play a comparable role in redirecting PTHR1 signalling in these
cells.

In chondrocytes and osteoblasts PTHR1 signalling results in the activation of two main
pathways, the AC/PKA pathway via the Gas-protein and PLCB/ PKC pathway via the Gag-
protein. Activation of the Gas-protein results in phosphorylation of the plasma membrane
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bound enzyme AC, which synthesizes cyclic AMP (cAMP) from ATP. Subsequently, cAMP
exerts its effects by activating the enzyme PKA, which finally leads to the activation of
cAMP response element binding protein (CREB). In addition, Gaq-protein activates PLCp,
which in turn cleaves phosphatidylinositol 4,5-biphosphate (PIP2) to generate two products:
diacylglycerol (DAG) and inositol 1,4,5-triphosphate 3 (IP3). At this step the signalling pathway
splits in two branches. First, IP3 leaves the plasma membrane and diffuses rapidly through
the cytosol, to release Ca(2+) from the endoplasmatic reticulum. Second, DAG activates PKC,
which in turn activates downstream mediators, resulting in genomic responses.

Both pathways are essential in the regulation of chondrocyte proliferation and differentiation.
This can be deduced from comparing the bone phenotypes of transgenic mice. PTHRI1
knockout mice show a severe inhibition of chondrocyte proliferation and premature
maturation of chondrocytes®. A similar, but less severe phenotype is observed in PTHrP
knockout mice®. Chondrocyte specific knockout mice, carrying a mutation in the Gas-
protein, leading to disruption of the AC/PKA pathway, displayed a comparable phenotype
to the growth plate phenotype observed in PTHrP knockout mice®'?. The opposite was
found in mice carrying a mutant form of the PTHRI1, which specifically interrupts signalling
via the PLCB/PKC pathway and signals normally via the AC/PKA pathway!'". These mice
showed an increase in chondrocyte proliferation and a delay in chondrocyte hypertrophy and
vascular invasion. These data indicate that the PLCB/PKC pathway regulates the transition
from proliferating into hypertrophic chondrocytes. In addition, it suggest that the AC/PKA
pathway is the dominant pathway after PTHRI1 signalling in chondrogenesis and that PLCB/
PKC signalling opposes the effects of the AC/PKA pathway!".

Whether Nherfl and Nherf2 are involved in directing PTHR1 signalling towards the PLCp/
PKC pathway in chondrocytes and osteoblasts is unclear. Therefore, in this study we first
addressed whether Nherfl and Nherf2 are expressed during endochondral bone formation
in vivo. In addition, the actions of Nherfl and Nherf2 overexpression on chondrocyte and
osteoblast differentiation in vitro were examined. Finally, the influence of Nherfl and Nherf2
overexpression on the effect of PTHRI signalling in vitro was investigated.

Materials and Methods

In situ hybridization

Nherfl and Nherf2 full-length cDNA were obtained from Image Consortium and they were
sequence verified. For in situ hybridizations, plasmids were linearized with the appropriate
restriction enzymes and antisense and sense cRNA probes were generated using T7 or
Sp6 RNA polymerase, respectively. The probes were labelled and in situ hybridization was
performed as previously described?.

Generation of stable cell lines

Stable cell lines were generated using the Flp-In system (Invitrogen) according to the
manufacturer’s protocol. In short, first a KS483 Flp-in host cell line was generated by stable
introduction of a single copy of an Flp-Recombinase target (FRT) site as an integral part of
an antibiotic resistancy gene in the genome of KS483. One clone, KSfrt 4D3, was selected
that was comparable to the parental KS483 cells in differentiation characteristics and retained
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full capacity to differentiate into osteoblasts and chondrocytes. This clone was used for the
generation of isogenic stable cell lines by transient co-transfection of an FRT-targeting vector
and an Flp-recombinase expression vector. FRT-targeting vectors were a derivation of the
pEF5/FRT/V5-DEST vector (Invitrogen), containing either luciferase cDNA as a control or
full length human Nherfl or human Nherf2 cDNAs, under the control of the EF1a promoter.
Due to Flp-mediated recombination at the genomic FRT-site, this targeting vector was
incorporated in the genome. Simultaneously, a shift in antibiotic resistancy was introduced
allowing positive selection for integrants in the genomic FRT-site only and negative selection
for random integrants in one single step. This method allows the generation of isogenic stable
cell lines after a single transfection by eliminating variability of multiple integrated copies and
results in consistent long-term stable expression of the transgene!?.

Cell culture

For osteoblast differentiation KS483 cells were seeded at a density of 12000 cells/cm?* as
described previously!”. Medium was changed every 3 to 4 days. At confluence (from day 4 of
culture onward), ascorbic acid (50 pg/ml. Merck Inc., NY, USA) and when nodules appeared
(from day 11 of culture onward) B-glycerol phosphate (5mM, Sigma Chemical Co., St Louis,
MO, USA) were added. From day 11 the cells were cultured in the absence or presence of
107 M PTHrP (1-34) (Bachem, PA, USA), stained at day 18 for matrix mineralization with
alizarin and alizarin was subsequently measured as described before?.

For chondrocyte differentiation KS483 cells were cultured as pellets. For this, 300000 cells were
seeded in a 96 wells plate (Greiner, Alphen a/d Rijn, The Netherlands) in high glucose DMEM
(Invitrogen, Breda, The Netherlands), containing 40 pg/ml proline (Sigma, Zwijndrecht, The
Netherlands), 100 pg/ml pyruvate (Sigma), 50 mg/ml ITS + premix (BD Biosciences, San
Jose, USA), and 50 pg/ml ascorbic acid and centrifuged for 5 min at 1238 rpm. Medium
was changed every 3 to 4 days. From day 1 to 14 medium was supplemented with 107 M
dexamethasone (Sigma), and 10 ng/ml TGFB3 (R&D systems, Minneapolis, USA). From day
14 to 28 medium was supplemented with 5mM B-glycerol phosphate and 500 ng/ml BMP6
(kindly provided by dr. S. Vukicevic, University of Zagreb, Croatia). At day 28 pellets were
used for glycosaminoglycan (GAG) analysis or used for histology.

Glycosaminoglycan assay

After 28 days 3 to 4 pellets were washed with PBS and incubated overnight in 0.1 mM EDTA,
containing 40 pg/ml proteinase K (Invitrogen) at 56°C. From each sample 50 ul was used for
GAG analysis and 10 pl was used for DNA measurements. For GAG analysis, 50 pl sample was
calibrated against a GAG standard (0,1,2,3, and 5 pg) using the Blyscan sulphated GAG assay
(Biocolor, Krimpen a/d IJssel, The Netherlands) according to the manufacturers protocol,
with small modifications. In short, each sample was diluted 1:1 in 0.1 mM EDTA/40 ug/ml
proteinase K and 500 pl Blyscan dye reagent was added. Next, the samples were mixed for 30
minutes and centrifuged for 10 minutes at 13000 rpm. Then, pellets were dissolved in 200 pl
dye dissociation reagent and mixed for 15 minutes. Absorbance was measured at 650 nm. For
DNA measurements, 10 pl sample was calibrated against a DNA standard (0.5 - 10 pg) as
described before™.
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Von Kossa staining

At day 28, two pellets were fixed in 10% formalin for 1 hour and embedded in paraffin. Section
of 5 um were deparaffined and hydrated through graded ethanol steps and rinsed with bidest.
Subsequently, they were incubated in 1% AgNO, for 30 seconds and rinsed with bidest. Next,
sections were treated for 3 minutes in 0.01% pyrogallol and rinsed with bidest. Then, they
were incubated in 5% Nathiosulfate and rinsed with bidest. Sections were counterstained with
light green and afterwards rinsed three times with bidest. Finally, the sections were air dried
and embedded in histomount-diluted 1:1 in xylene.

RNA isolation

Cells were cultured under osteoblastic conditions as described before™¥, for 4, 7, 11, 14, 18
days and RNA was isolated using Trizol LS reagent (Invitrogen) and reverse transcribed into
cDNA using random hexamer primers (Amersham).

Quantitative PCR

Quantitative PCR (qPCR) was performed using the BioRad iCycler (Biorad, Veenendaal, The
Netherlands). For each gene a set of primers was designed (table 1), which spanned at least
1 intron-exon boundary and had an optimal annealing temperature of 60°C, using Beacon
designer (United Bioinformatica Inc., Calgary, Canada). cDNA (5 ng) wasamplified in triplicate
using the qPCR core kit for SYBR green 1 (Eurogentec, Maastricht, The Netherlands), under
the following conditions: cDNA was denatured for 10 minutes at 95°C, followed by 40 cycles,
consisting of 15 s at 95°C, 20 s at 60°C, and 40 s at 72°C. From each sample a melting curve
was generated to test for the absence of primer dimer formation and DNA contamination.
Each reaction contained 5 pl cDNA (1 ng/pl), 10x reaction buffer, 3 or 4 mM MgCl, (table 1),
40 uM dNTP's, 300 nM primer, 0,75 ul SYBR green, and 0,1 ul HotGoldStar polymerase in a
total volume of 25 pl. Fold changes, adjusted for the expression of f2m, were calculated and
log transformed using the comparative method®. Significant changes were calculated using
the Double Delta Model (DDM) (J. Hoogendam et al., Chapter 6).

Name F/R Primer MgCl

B2u F CACTGACCGGCCTGTATGC 3 mM
R GAATTCAGTGTGAGCCAGGATATAGA

mouse nherfl F CCAGCGATACCAGTGAGGAGC 3 mM
R GAGGAGGAGGAGGAGGTAGATGAG

mouse nherf2 F GCTCTCCTGCTTCTCACTCTGG 3 mM
R TCGTCCTCCTGTGCCTTGATTC

human nherfl F TACAGAAGGAGAACAGTCGTGAAGC 4 mM
R GCCAGGGAGATGTTGAAGTCTAGG

human nherf2 F CCGACAAGGACACTGAGGATGG 4 mM
R CGCTTGTTGACTCGCATGGC

Table 1: quantitative PCR primer sets.
F: forward primer, R: reverse primer.
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Statistics

Values represent mean + SEM. Differences were examined by analysis of variance (ANOVA)
followed by the post-hoc least significant difference test (LSD). Results were considered
significant at p<0.05.

Results

Nherfl and Nherf2 mRNA expression during endochondral bone formation
in vivo

In order to establish whether Nherfl and Nherf2 mRNAs are expressed by chondrocytes and
osteoblasts during endochondral bone formation, in situ hybridizations were performed on
18-days old mouse embryos and on hind paws of 17-days old mouse embryos. Nherfl (fig.
1 A-D) and Nherf2 (fig. 1 E-H) showed a similar expression pattern in kidney, vertebrae, as
well as in metatarsals. The negative controls are shown in figure 1A (Nherfl) and 1E (Nherf2).
In kidney Nherfl and Nherf2 mRNAs were expressed in the tubuli, whereas no expression
was found in the glomeruli (fig. 1B and 1F). Nherfl and Nherf2 mRNAs were expressed
by chondrocytes throughout the growth plate and by the osteoblasts in the bone collar (fig.
1C and 1G). In addition, the chondrocytes in vertebrae showed Nherfl and Nherf2 mRNA
expression as well (fig. 1D and 1H). Remarkably, the pre-chondrocytes in the intervertebrae
region and the pre-osteoblasts in the perichondrium showed no Nherfl and Nherf2 mRNA
expression. Taken together, Nherfl and Nherf2 mRNAs are co-expressed by chondrocytes
and osteoblasts during endochondral bone formation.

The effect of Nherfl and Nherf2 overexpression on chondrocyte and osteoblast

differentiation in vitro

Wesubsequentlystudied Nherfl and Nherf2mRNA expression duringosteoblast differentiation
in vitro using KS483 cells. In agreement with the results of the in situ hybridization, we found
stable Nherfl (fig. 2A) and Nherf2 (fig. 2B) mRNA expression during KS483 osteoblast
differentiation. In order to investigate the role of Nherfl and Nherf2 in osteoblast and
chondrocyte differentiation, we generated human Nherfl and Nherf2 overexpressing KS483
cell lines using the Flp-In system. As a control cell line, cells were stably transfected with the
luciferase gene.

The Nherfl and Nherf2 overexpressing cell lines showed stable overexpression of about 10-
fold of human Nherfl and human Nherf2 mRNA compared to endogenous (mouse) Nherfl
and endogenous (mouse) Nherf2 mRNA (fig. 3). In addition, the expression of endogenous
Nherfl and Nherf2 mRNA at the end of culture (day 18) was not different from the expression
at the beginning of culture (day 4) in both overexpressing cell lines, which is comparable to
Nherfl and Nherf2 mRNA expression in the control cell line.

To establish whether Nherfl and Nherf2 overexpression influences osteoblast differentiation
of KS483 cells, the cells were cultured in monolayer for 18 days under osteoblastic conditions.
At the end of culture the mineralized osteoblastic matrix was stained with alizarin red
(fig. 4A) and alizarin red was quantified (fig. 4B). Nherf2 overexpression stimulated the
production of a mineralized osteoblastic matrix. This result was in contrast to the production
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Nherf1
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Figure 1: Nherf 1 and Nherf2 mRNA expression in mouse embryo

Nherfl and Nherf2 mRNA expression were established by performing in situ hybridizations on parasagital sections of 18-days

old mouse embryos and on hind paws of 17-days old mouse embryos. A) The negative control (sense probe) for Nherfl and E)

the control for Nherf2 were not stained. In the kidney B) Nherfl and F) Nherf2 mRNA were expressed in tubuli (t), but not in

the glomeruli (g). In the growth plate C) Nherfl and G) Nherf2 mRNA was expressed throughout the growth plate by resting (r),
proliferating (pr), and hypertrophic (h) chondrocytes. Both mRNAs were also expressed by osteoblasts in the bone collar (b) but
not by pre-osteoblasts in the perichondrium (p). In vertebrae D) Nherfl and H) Nherf2 were expressed throughout the growth
plate as well. Pre-chondrocytes (pc) in the intervertebrae did not express both Nherf mRNAs. r = Resting, pr = proliferating, and h
= hypertrophic chondrocytes.
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Figure 2: Expression Nherfl and Nherf2 during KS483 osteoblast differentiation

The mRNA expression of Nherfl and Nherf2 during KS483 osteoblast differentiation was established using qPCR analysis. Both
mRNAs were highly and continuously expressed during osteoblast differentiation. Ct-value B2j1: 29.4; Ct-value Nherfl: 28.5; Ct-value
Nherf2: 30.9.
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Figure 3: Overexpression of Nherfl and Nherf2 in KS483 cells

Full length human Nherfl and human Nherf2 cDNAs were stably transfected in the KS483 cell line. Using qPCR, the mRNA expres-
sions of mouse and human were measured at day 4 and day 18 of osteoblast culture. Mouse mRNAs were continuously expressed
during culture. Both human mRNAs showed a stable overexpression of about 10 fold compared to the mouse mRNA expression
during differentiation.
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of the mineralized matrix by Nherfl overexpressing cell line, in which the mineralization was
decreased, compared to the control cell line.

To examine whether Nherfl or Nherf2 overexpression affected chondrocyte differentiation
as well, cells were cultured as pellets for 4 weeks under chondrogenic conditions. At the end
of culture the GAG production was measured (fig. 5) and the mineralized cartilage matrix
was stained with von Kossa (fig. 6). While the production of GAGs in the Nherfl and Nherf2
overexpressing cell lines was comparable to the GAG production in the control cell line (fig. 5),
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Figure 4: The effects of Nherf overexpression and PTHrP treatment on osteoblastic matrix mineralization

Cells were cultured under osteoblastic conditions for 18 days. From day 11-18, cells were treated with a dose range of PTHrP (10-11,
10-9, 10-7 M). After 18 days the mineralized osteoblastic matrix was stained with alizarin Red (A) and the amount of alizarin Red
was measured (B). Nherfl overexpression inhibited, while Nherf2 overexpression stimulated matrix mineralization. In the control
cell line, PTHrP dose dependently inhibited matrix mineralization. The highest dose completely inhibited mineralization. In ad-
dition, the highest dose of PTHrP also completely inhibited mineralization of the Nherfl overexpressing cell line, this was, however,
not significant. Matrix mineralization of the Nherf2 cell line was inhibited, although not completely by 10-7 M PTHrP. *Significant
p<0.05 compared to untreated cultures.
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mineralization of the cartilage matrix was not similar (fig. 6). Nherf2 induced mineralization
of the cartilage matrix, whereas the Nherfl overexpressing cell line, like the control cell line,
had not produced a mineralized cartilage matrix.

Thus, Nherfl and Nherf2 overexpression have distinct effects on terminal chondrocyte and
osteoblast differentiation of KS483 cells.

The effect of PTHrP treatment in Nherfl and Nherf2 overexpressing cell

lines

In order to investigate whether Nherfl and Nherf2 overexpression changed the biological
response to PTHrP treatment in osteoblast differentiation, monolayer cultures were treated
with a dose range of PTHrP from day 11-18. The osteoblastic matrix was stained with alizarin
red (fig. 4A) and afterwardsalizarin red was measured (fig. 4B). PTHrP inhibited the production
of a mineralized matrix in the control cell line dose dependently. Nherf2 overexpression
partly reversed this inhibition. Only the highest concentration (107 M) inhibited matrix
mineralization in the Nherf2 overexpressing cell line, whereas all doses of PTHrP inhibited in
the control cell line. Treatment with the highest dose of PTHrP also inhibited mineralization
of the Nherfl cell line (fig. 4A), this was however not significant (fig. 4B).
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Figure 5: The effects of Nherf overexpression and PTHrP treatment on GAG production

Cells were cultured as pellets, to stimulate chondrocyte differentiation. Pellets were treated from week 2 to 4 with a dose range of
PTHrP (10-11, 10-9, 10-7 M). After 4 weeks the GAG production corrected for DNA was determined. The GAG production was
not affected by Nherf overexpression. In all cell lines PTHrP inhibited dose dependently the GAG production. *Significant p<0.05
compared to untreated pellets.
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To examine whether Nherfl and Nherf2 overexpression altered the biological response to
PTHrP treatment in chondrocyte differentiation, pellets were treated with a dose range
of PTHrP from week 2-4. After 4 weeks, the GAG production was measured and the
mineralized cartilage matrix was stained with von Kossa. In all cell lines, PTHrP treatment
resulted in a dose dependent decrease of GAG production (fig. 5). In the control and Nherfl
overexpressing cell lines, a dose of 10° M PTHrP inhibited GAG production, while in the
Nherf2 overexpressing cell line a dose of 10! M PTHrP already inhibited GAG production.
Only the Nherf2 overexpressing cell line had produced a mineralized cartilage matrix and the
highest dose of PTHrP (107 M) inhibited the production of mineral (fig. 6).

Thus, overexpression of Nherfl or Nherf2 had only minor consequences for the biological
actions of PTHrP.
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Figure 6: The effects of Nherf overexpression and PTHrP treatment on cartilage matrix mineralization

Cells were cultured as pellets, to stimulate chondrocyte differentiation. Pellets were treated from week 2 to 4 with a dose range of
PTHrP (10-11, 10-9, 10-7 M). After 4 weeks the matrix was coloured with von Kossa to stain the mineralized matrix. The control
and Nherfl overexpressing cell line had not produced a mineralized cartilage matrix after 4 weeks. Nherf2 overexpression induced
mineralization of the cartilage matrix. The highest dose of PTHrP inhibited the mineralization.

Discussion

Nherf has first been found in renal tubular cells as a regulator of the Na+/H+ exchanger®. The
two isoforms of Nherf, Nherfl and Nherf2, have not only been associated with the regulation
of ion channels, but they also bind to other proteins, like transcription factors, signalling
molecules and receptors, including the PTHR1“*. The interactions of the Nherf proteins
and PTHR1 are best studied in renal tubuli, where they redirect signalling from the AC/PKA
pathway to the PLCB/PKC pathway™. In this study we examined whether Nherf1 and Nherf2
mRNAs are also expressed by chondrocytes and osteoblasts i vivo. In addition, we investigated
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the effects of Nherfl and Nherf2 overexpression on chondrocyte and osteoblast differentiation
in vitro. Furthermore, we examined whether Nherfl and Nherf2 overexpression alters the
biological response to PTHR1 signalling in chondrocyte and osteoblast differentiation.

To address the first question, whether Nherfl and Nherf2 are expressed during endochondral
bone formation, we performed in situ hybridizations for Nherfl and Nherf2 on 18-days
old mouse embryos and hind paws of 17-days old mouse embryos. We found a widespread
expression of Nherf mRNAs, including expression in renal tubuli, which is line with other
studies"®!”. During endochondral bone formation, both Nherfl and Nherf2 mRNAs were
expressed by chondrocytes and by osteoblasts in the bone collar. However, no expression
was found in pre-chondrocytes and pre-osteoblasts, suggesting that Nherfl and Nherf2 exert
their actions during later stages of chondrocyte and osteoblast differentiation and have no
effect on progenitor cells. In line with the in vivo data, we detected Nherfl and Nherf2 mRNA
expression during osteoblast differentiation in vitro using KS483 progenitor cells.

The second question we addressed was whether Nherfl and Nherf2 overexpression altered
chondrocyte and osteoblast differentiation of KS483 progenitor cells. Generation of Nherfl
and Nherf2 overexpressing cell lines resulted in stable overexpression of Nherfl and Nherf2
mRNA of about 10 fold during culture. No data about overexpression of Nherfl and Nherf2
protein have been collected. Since overexpression of Nherfl and Nherf2 resulted in biological
responses, it is likely that Nherfl and Nherf2 protein are overexpressed as well. This needs to
be confirmed.

Overexpression of Nherfl and Nherf2 had distinct effects on osteoblast differentiation.
Overexpression of Nherf2 resulted in an increase in matrix mineralization. Probably,
Nherf2 overexpression results in the recruitment of signalling mediators, as receptors and
signalling molecules, involved in mineralization and thereby inducing the mineralization of
the osteoblastic matrix. Since Nherf2 overexpression induced cartilage matrix mineralization
as well, this mechanism is perhaps also operational in chondrocyte differentiation. In
contrast to overexpression of Nherf2, overexpression of Nherfl inhibited osteoblastic matrix
mineralization. The negative effect of Nherfl in bone formation has been demonstrated
before in Nherfl knockout mice”. Some, but not all female Nherfl knockout mice, showed
dwarfism and displayed severe osteoporosis and bone fractures. This is presumably a secondary
effect of the mild hypophosphatemia due to ablation of Nherfl, since Nherfl regulates the
phosphate transport by binding to the sodium/phosphate co-transporter type Ila (Npt2a).
However, our data suggests that the bone phenotype may also be explained partly by direct
effects on osteoblastic matrix mineralization. The effect of Nherfl overexpression on cartilage
matrix mineralization was less clear. However, the control cell line had not yet produced a
mineralized cartilage matrix after a culture period of 4 weeks as well.

Distinct functions for Nherfl and Nherf2 have been reported in the kidney, in the regulation
of ion channels"?. Our results also suggest diverse functions in osteoblast and chondrocyte
differentiation for Nherfl and Nherf2. This might be explained by their distinct construction,
which consists of several functional domains. Therefore, Nherfl and Nherf2 may have a
preference for binding to different sets of other PDZ proteins, like receptors, ion channels,
signalling proteins, transcription factors and cellular structural proteins®*!620),

The third aim was whether Nherf overexpression alters the biological effect of PTHR1 signalling
on osteoblast and chondrocyte differentiation. We have shown earlier that the PTHRI is
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expressed during KS483 osteoblastic differentiation and that PTHRI signalling inhibits the
mineralization of the osteoblastic matrix via various mechanisms?. Despite overexpression of
Nherfl and Nherf2, the highest dose of PTHrP inhibited matrix mineralization. Thus, Nherfl
and Nherf2 had only minor effects on the biological effects of PTHrP in this cell model.
Remarkably, while the lowest dose of PTHrP already inhibited osteoblastic matrix
mineralization in the control cell line, only a high dose of PTHrP inhibited osteoblastic
mineralization in Nherf2 overexpressing cell line. This discrepancy could be a direct effect of
Nherf2, but we hypothesize that it is an indirect effect, through the presumably larger amount
of mineralization at the time point of PTHrP treatment compared to the control cell line. For
complete inhibition of the mineralization of the osteoblastic matrix, PTHrP treatment should
start earlier during differentiation. Comparable to the control cell line, PTHrP treatment
completely inhibited osteoblastic matrix mineralization in the Nherfl overexpressing cell
line. This inhibition was, however, not significant, because of the already low amount of
mineralization in the untreated cells.

The effects of PTHrP on chondrocyte proliferation and differentiation in the growth plate
have been studied extensively®???. In agreement with these studies, we found an inhibition
of PTHrP treatment on cartilage matrix mineralization in the Nherf2 overexpressing cell line.
The effects of PTHrP treatment on cartilage matrix mineralization in the control and Nherfl
cell lines were less clear, due to the lack of mineralization in these pellets. Nherfl and Nherf2
overexpression did not alter the effect of PTHrP treatment on GAG production. PTHrP dose
dependently inhibited GAG production with only small differences, irrespective of Nherf
overexpression.

Despite overexpression of Nherfl or Nherf2 mRNA, overexpression did not result in major
changes on biological actions of PTHrP. This may be explained by a lack of translation from
Nherf mRNA into protein. However, it is likely that Nherf2 protein is overexpressed, since the
Nherf2 overexpressing cell line induced biological responses in osteoblast and chondrocyte
differentiation. In addition, the Nherfl overexpressing cell line altered the biological response
in osteoblast differentiation, indicating that Nherfl protein is overexpressed as well. Another
explanation could be the inefficient coupling of Nherfl and Nherf2 to the PTHRI in osteoblasts
and chondrocytes, in contrast to renal kidney cells. In addition, levels of PLCp could be too
low to affect the dominant AC/PKA pathway. The measurements of the activation of the AC/
PKA pathway and the PLCP/PKC pathway are currently underway.

In summary, we showed that Nherfl and Nherf2 are expressed during endochondral
bone formation by chondrocytes and osteoblasts. In addition, our data suggest that Nherf
predominantly alters the matrix mineralization of KS483 osteoblasts and chondrocytes.
Finally, in our study Nherf overexpressing did not alter the biological response to PTHR1
signalling.
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Early PTHrP target genes

Abstract

We have performed microarray analysis to identify PTHrP target genes in chondrocytes.
ATDCS5 cells were cultured as micromasses to induce chondrocyte differentiation. At day 8 of
culture the cells had a pre-hypertrophic appearance. This time point was chosen for isolation
of RNA at Oh, 1h, 2h, and 4h after a challenge with 107 M PTHrP. Samples were subjected to
a cDNA microarray using competition hybridization.

A list of 12 genes (p< 107), of which the expression regulation by PTHrP was confirmed by
qPCR analysis, was generated. This included 7 upregulated and 5 downregulated genes. Three
genes were known to be involved in PTHrP regulation and 6 were previously found in growth
plate chondrocytes. Most of the genes (10 out of 12) were implicated in signal transduction and
regulation. PTHrP also induced the expression of the upregulated genes in KS483 osteoblasts,
suggesting involvement in a more generalized response to PTHrP. The vast majority of the
upregulated genes (6 out of 7) contained CREB and/or AP-1 transcription factor binding
sites in their promoter regions. Remarkably, a number of PTHrP regulated genes contained
Stat transcription factor binding sites in their promoters. In transient transfection assays we
show that PTHrP is able to positively regulate the activity of Stat3- and negatively regulate
the activity of Stat5-specific promoter-reporter constructs in ATDC5 and UMRI106 cells.
In combination with the expression regulation of genes involved in Jak/Stat signalling, this
data is suggestive for a previously not recognized interaction between PTHrP and Jak/Stat
signalling.

Introduction

Longitudinal growth results from chondrocyte proliferation and subsequent differentiation
in the epiphyseal growth plate, by a process called endochondral ossification. During this
process resting chondrocytes in the stem cell zone enter the proliferative zone, start dividing
and arrange in typical columns. These cells are characterized by secreting high amounts
of collagen II. Subsequently, cells stop proliferating and start to differentiate into pre-
hypertrophic chondrocytes, secreting collagen IX. Pre-hypertrophic cells further increase in
size and become hypertrophic chondrocytes, which secrete high amounts of collagen X. The
extracellular matrix becomes calcified and finally, mature chondrocytes undergo apoptosis,
leaving a scaffold for bone formation.

Systemic hormones regulate longitudinal growth, partly via direct actions on growth
plate chondrocytes through their receptors!. The direct and indirect actions of systemic
hormones on growth plate chondrocytes were recently reviewed by Van der Eerden et al..
The mechanism of action of the various factors involved in regulating the proliferation and
differentiation of chondrocytes within the growth plate is still largely unknown. Systemic
hormones probably interact with locally acting growth factors present in the growth plate,
such as the Fibroblast Growth Factors (FGFs) or the members of the Indian Hedgehog (IHh)/
Parathyroid Hormone related Peptide (PTHrP) negative feedback loop, which is described to
control the pace of chondrocyte differentiation®.

In this study we have focused on the actions of PTHrP on growth plate chondrocytes. PTHrP
plays a crucial role in controlling the pace of chondrocyte proliferation and differentiation
in the growth plate, which is recognized by a number of studies. Knockout mice for PTHrP
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show accelerated chondrocyte differentiation leading to dwarfism®, while ectopic expression
of PTHrP in chondrocytes inhibited their differentiation leading to a smaller cartilaginous
skeleton®. In addition, PTHrP, the expression of which is tightly controlled by IHh®), regulates
both the rate and extent of chondrocyte proliferation by directly regulating the cell cycle
machinery, partly by down regulation of the cyclin-dependent kinase inhibitor p57X#2®).,
PTHrP signals through the PTH/PTHrP Receptor 1 (PTHRI1), which is predominantly
expressed in pre-hypertrophic chondrocytes in the transition zone of the growth plate®.
Binding of PTHrP to its receptor activates various signal transduction pathways. The
dominant pathways result in activation of adenylate cyclase/protein kinase A (AC/PKA) and
phospholipase C/protein kinase C (PLC/PKC)"V. Downstream targets of PTH-signalling
include the transcription factors cAMP response element-binding protein (CREB) and
members of the AP-1 family, which are responsible, at least partly, for the genomic response.
Indeed various PTH response genes have binding sites for these transcription factors in their
promoters*!>. Recently, early response genes of Parathyroid Hormone (PTH) in osteoblasts
were identified by microarray analysis®®.

In this study the chondrogenic ATDCS cell line was used to identify PTHrP target genes in pre
hypertrophic-like chondrocytes®. ATDC5 cells reproducibly differentiate into chondrocytes
in four weeks in a monolayer culture®. This cell line is a representative model for studying
the actions of PTHrP on chondrogenesis. During this process cells become responsive to
PTHrP and in agreement with in vivo studies PTHrP inhibits hypertrophic chondrocyte
differentiation”%),

We selected this cell line for the identification of early response genes of PTHrP. Using cDNA
microarray analysis we identified 12 early response genes and confirmed their regulation by
PTHrP using quantitative PCR in different cell culture models. Bio-informatic and functional
analysis of a subset of these response genes, using transient transfection assays, revealed a
previously not recognized level of interaction between PTHrP and Jak/Stat signalling.

Materials and Methods

Cell culture

ATDCS5 cells were grown in Dulbeccos modified Eagles medium /F-12 (DMEM/F12)
(Invitrogen, Breda, The Netherlands) containing 100 U/ml penicillin (Invitrogen), 100 U/
ml streptomycin (Invitrogen), 10% charcoal stripped foetal calf serum (FCS; Integro BV,
Zaandam, The Netherlands), 10 pg/ml insulin (Sigma Chemical Co., St Louis, MO, USA), 10
pg/ml bovine transferrin (Roche, Almere, The Netherlands), and 3 x 10® M sodium selenite
(Roche), in a humidified atmosphere of 5% CO, and 95% O, at 37°C. The micromass culture
technique was modified from Ahrens et al."”. Trypsinized cells were resuspended in medium
at a concentration of 2 x 107 cells/ml, and 3 drops of 10 pl of this cell suspension were placed
in a well of a standard 12 wells culture plate. The cells were allowed to adhere for 2 hours at
37°Cand 5% CO,, and then 1 ml medium was added to each well. The medium was replaced
every other day. KS483 mesenchymal progenitor cells were differentiated into osteoblasts as
described previously®”. UMR106 cells were cultured in DMEM (Invitrogen) containing 100
U/ml penicillin (Invitrogen), 100 U/ml streptomycin (Invitrogen), 10% FCS (Integro BV).
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cAMP enzymimmunoassay

To establish the responsiveness of ATDC5 cells to PTHrP, intracellular cAMP accumulation
was measured as previously described®, using an enzymimmunoassay (Amersham, Freiburg,
Germany), according to the manufacturers protocol. For this purpose, ATDC5 micromasses
were challenged with a dose range of PTHrP(1-34) at day 7 and 14 of culture.

RNA isolation and amplification

Medium was refreshed after 7 days and the ATDC5 micromasses were challenged with 107
M PTHrP(1-34) at day 8 of culture (time point Oh) and total RNA was extracted at different
time points in triplicate by using Trizol LS Reagent (Invitrogen), followed by RNA cleanup
with RNeasy mini kit (Qiagen, Maryland, USA). RNA concentrations were determined by
measuring the absorbance at 260 nm. Next, RNA samples were pooled and time point Oh was
chosen as reference sample. Total RNA (3 pg/reaction) was amplified as described before®?,
with slight modifications. In short, first strand cDNA was synthesized by adding 500 ng T7-
oligodT primer (5-TCTAGTCGACGGCCAGTGAATTGTAATACGACTCACTATAGGGC
G(T),,-3") to 10 ul RNA sample. Samples were incubated for 10 minutes at 70°C, followed by
60 minutes at 42°C in a total volume of 20 ul, containing 5x first strand buffer, 10 mM DTT,
0.5 mM dNTPs, 2U Rnasin (Promega, Leiden, The Netherlands), and 200U Superscript II RT
(Invitrogen). Next, second strand cDNA was synthesized for 2 hours at 16°C in a total volume
of 150 yl, containing 5x second strand buffer, 0.2 mM dNTP's, 10U DNA Ligase (Invitrogen),
40U DNA polymerase I (Invitrogen), and 2U Rnase H (Invitrogen). This was followed by
addition 2 pl T4 polymerase (5 U/ul) (Invitrogen) and incubation for 5 minutes at 16°C.
The double-stranded cDNA reaction was stopped and the remaining RNA in the mixture
was degraded by addition of 7.5 pl of 1 M NaOH, 2 mM EDTA by incubation at 65°C for 10
minutes. Samples were purified by phenol/chloroform/isoamylalcohol (25:24:1) extraction.
The volume of the aqueous phase was increased to 450 ul using H,O. For further purification,
samples were transferred to a Centricon-100 microconcentrator column (Millipore,
Amsterdam, The Netherlands) (pre-spinned with 450 ul H,0O) and centrifuged for 12 minutes
at 2500 rpm. After 3 wash steps with 450 pl H,O, cDNA was collected in a total volume of 7 pl
by inverting the column and by centrifuging for 30 s at 13000 rpm. Subsequently, cDNA was
transcribed into cRNA using the T7 high yield transcription kit (Epicentre, Madison, USA).
The cDNA solution was incubated at 42°C for 3 hours in a total volume of 20 pl, containing
10x T7 reaction buffer, 7.5 mM ATP, CTP, GTP, and UTP, 10 mM DTT, 2U Rnasin, and 2
ul Ampliscribe T7 enzyme solution, followed by sample concentration using centricon-100
microconcentrator columns. This method was based on the original protocol of Van Gelder et
al.?%, Finally, cRNA concentration was determined by measuring the absorbance at 260 nm.

Probe labelling

cRNA (1.2 pg) was reverse transcribed with random hexamer primers, and labelled by
incorporation of cyanine 5-dUTP (Cy5) or cyanine 3-dUTP (Cy3) (NEN, Boston, USA)
according to the protocols of Ross et al.??, with slight modifications. In short, cRNA and
8 pg random primers (Roche) in a total volume of 15 pl was incubated for 10 minutes at
70°C. Subsequently, 6 pl 5x first strand buffer, 3 ul 0.1 M DTT, 0.6 ul low-T dNTPs, 3 pl Cy3
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dUTP (time point Oh) or Cy5-dUTP (other time points), and 1 ul Superscript II RT (200
U/ul) were added, incubated for 10 minutes at room temperature, followed by incubation at
42°C for 90 minutes. After 60 minutes fresh Superscript II RT (1 pl) was added. Next, RNA
was degraded, by addition of 15 ul 0.1 M NaOH and incubation for 10 minutes at 70°C, after
which the solution was neutralized by addition of 15 pl 0.1 M HCIL. The labelled samples,
supplemented with 180 pl 10 mM Tris, ImM EDTA, pH 8 (TE) and 10 ul mouse Cot-1 DNA
(10 mg/ml) (Invitrogen), were pooled and purified using a centricon-30 microconcentrator
column (Millipore) (pre-spinned with 450 ul TE for 8 minutes at 13.000 rpm). PolyA RNA
(20 pg) (Amersham) and yeast tRNA (20 pg) (Invitrogen) were added to 450 ul TE during
the second wash step. The purified product was collected, by inverting the column and by
centrifuging for 1 minutes at 13000 rpm, and finally, resuspended in a total volume of 45 ul
hybridization solution, containing 7.65 ul 20x SSC and 1.35 pl 10% SDS.

(Pre-) hybridization

For the hybridization experiments microarrays, on which the NIA 15k mouse cDNA clone
set® was spotted, were purchased from the Leiden Genome Technology Center (LGTC).
DNA was crosslinked by UV irradiation at 65 mJ/cm? (Stratalinker mode 1800 UV
[luminator, Stratagene). To prevent non-specific hybridization, the slides were incubated
in 45 pl hybridization solution (400 ng/pl yeast tRNA, 400 ng/ul poly(A) RNA, 400 ng/ul
herring sperm DNA (Invitrogen), 100 ng/pl mouse Cotl DNA, 5x Denhardt's solution, 3.2x
SSC and 0.4% SDS) at 65°C for 30 minutes. Prior to hybridization, the slides containing the
pre-hybridization mixture were incubated for 2 minutes at 80°C to denature the spotted
DNA. After pre-hybridization, the slides were washed twice in 2x SSC for 5 minutes at room
temperature and dehydrated with subsequent steps of 5 x 5 minutes 70%, 5 minutes 90%
and 5 minutes 100% ethanol. For hybridization, the probes were denatured by heating for 2
minutes at 100°C, left at room temperature for 15 minutes, centrifuged for 10 minutes, and
placed under a 24 mm x 60 mm glass coverslip. The slides were incubated overnight at 65°C in
a hybridization chamber (Corning, Amsterdam, The Netherlands) and washed the next day in
2x SSC for 5 minutes at room temperature and dehydrated using graded ethanols.

Microarray design and statistical analysis

The reference array experiments, Oh vs Oh, were hybridized in duplicate, 1h vs Oh and 2h vs Oh
in triplicate, and 4h vs Oh in quadruplicate. Following hybridization, slides were scanned in
the Agilent DNA Microarray scanner (Agilent Technologies, Amstelveen, The Netherlands).
Genepix 3.0 software (Axon Instruments Inc.) was used to quantify the resulting images.
Subsequently, normalization and gene expression analysis were performed with Rosetta
Resolver (Rosetta Biosoftware). Due to the overall poor quality of the cDNA spots on the
microarray, stringent selection criteria were used for inclusion of spots, to minimize the risk
of false positive signals. A spot was only included if the spot settles the selection criteria in
all time points. Spots showing an absolute fold change of 2 or spots showing significantly
regulation (p<0.01) in the reference array, and flagged spots in all arrays were excluded from
analysis. For further analysis, spots were selected from the remaining list if the signal intensity
of Cy3 or Cy5 was above a cut off level (0.05), and the absolute fold change was under 50.
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Analysis of variance (ANOVA) was performed between the remaining spots of the 4 different
hybridizations. Spots showing significant (p<0.001) differential expression regulation, with
intensity value above background value, and with a fold change >1.8, for upregulated genes,
and <0.55, for downregulated genes, were selected for further analysis. To identify the selected
spots, the PCR-amplified cDNA of each spot (500 ng) was sequenced by the LGTC using 12
pmol M13 primers in a total volume of 24 pl.

Reverse Transcription-Polymerase Chain Reaction (RT-PCR)

RNA was isolated from ATDCS5 micromasses, cultured for 7 and 14 days, using Trizol LS
Reagent (Invitrogen), and reverse transcribed into cDNA, using random hexamer primers
(Amersham). Semiquantitative PCR was performed for beta-2 microglobulin (f2m), collagen
I1, collagen IX, collagen X, and PTHR1 under the following conditions: cDNA was denatured
at 94°C for 5 minutes, followed by cycles of 30 s at 94°C, 30 s at 56°C, and 30 s at 72°C, and
final extension at 72°C for 10 minutes (table 1).

Name F/R Primer cycli
B2 F TGACCGGCTTGTATGCTATC 25
R CAGTGTGAGCCAGGATATAG
PTHRI1 F TGCTTGCCACTAAGCTTCG 30
R TCCTAATCTCTGCCTGCACC
Collagen IT F GCCAAGACCTGAAACTCTGG 27
R GCGATGCTGTTCTTACAGTGG

Collagen IX F CTGTGTGTGCAGTTGTCTGG 27
R CCAGTGCTTTTCAAGTGTGC

Collagen X F GCCTCGAGCCCAAAAGGCGTCTCATATTT 35
R GGCTCGAGCCCAGGAGCAGTGGATAATG

Table 1: RT-PCR primer sets
F: forward primer, R: reverse primer

RNA isolation from KS483 osteoblasts

After 11 day of culture, KS483 cells have formed bone nodules and the cells within the
nodules start to mineralize the extracellular matrix. This time point was chosen to stimulate
the cells with 107 M PTHrP(1-34). RNA was isolated after 1, 3, and 6 hours using Trizol
LS Reagent (Invitrogen) and reverse transcribed into cDNA using random hexamer primers
(Amersham).

Quantitative PCR (qPCR)

To validate the expression patterns of PTHrP target genes, quantitative PCR was performed
using the BioRad iCycler (Biorad, Veenendaal, The Netherlands). For each gene a set of
primers was designed (table 2), which spanned at least 1 intron-exon boundary and had an
optimal annealing temperature of 60°C, using the Applied Biosystems software program
Primer Express. cDNA (5 ng) was amplified in triplicate using the qPCR core kit for SYBR
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green 1 (Eurogentec, Maastricht, The Netherlands), under the following conditions: cDNA
was denatured for 10 minutes at 95°C, followed by 40 cycles, consisting of 30 s at 95°C, 20
s at 60°C, and 40 s at 72°C. From each sample a melting curve was generated to test for the
absence of primer dimer formation and DNA contamination. Each reaction contained 5 ul
cDNA (1 ng/ul), 10x reaction buffer, 3 or 4 mM MgCl, (table 2), 40 uM dNTP's, 300 nM
primer, 0.75 pl SYBR green, and 0.1 pl HotGoldStar polymerase in a total volume of 25 pl.
Fold changes, adjusted for the expression of 32m, were calculated and log transformed using
the comparative method®®.

Name F/R Forward primer MeCl

B2u F CACTGACCGGCCTGTATGC 3 mM
R GAATTCAGTGTGAGCCAGGATATAGA

RGS2 F GGAAGCCCAAAACTGGCAA 3 mM
R CTGCCCAGAGCTGCGCT

SGK F CTCCTCCGCCAAGTCCCT 3 mM
R TGCCTAGCCAGAAGAACCTTTC

Ptp4al F CCTTGGCAGAGCTCCGGT 3 mM
R GGAGCCGCATTTTCGGAC

Upar F CAATGGTGGCCCAGTTCTG 3 mM
R TCCCAGCACATCTAAGCCTGT

1IER3 F CTCTACCCTCGAGTGGTCCG 4 mM
R CTCAGGTGTCACGGCGC

Stat3 F AGCCCCGGAGACAGTCGA 3 mM
R AAACACCAACGTGGCATGTG

Csrp2  F CCACTCGGAATGCCTGTCTG 3 mM
R GCCACTGTTGTGCTGTCTAAATTTT

Sf3a2 F CATCAGACTAACTTGGCCCGG 3 mM
R TCTCAGGGTAGTCAATCTGGAACAG

Acvr2b F GACGGGCCTGTCGATGAGTA 3 mM
R TCATGGTCCCAGCACTCCTC

Gabl F GACAGAAAAGTCAAGCCGGC 3 mM
R GGACATGGGAAACCTAGAGGAGT

LamRI F CAACAACAAGGGAGCTCACTCA 4 mM
R TCTCAATCTCCTCTGGGTCTCTG

Dym F AAAGTCCCCCGGCAGCTA 3 mM
R TGGGCCTTGCATCAGGTACT

Arpc4  F CGCGATGACTGCCACTCTC 3 mM
R CAATTTCATCGGCCTGCTTC

Aurkb F GGACTGCCACGATCATGGA 4 mM
R CGCACATGGTCTTCCTCCTC

Uchl5 F TTTTTGCCAAGCAGGTAATTAATAATG 4 mM
R GCCCCTTCATAGCTGCATCA

Akrlb8 F CACCTGGAAGTCTCCCCCA 3 mM
R AATGAAGAGGTCCTCCCGCT

Table 2 : qQPCR primer sets.
F: forward primer, R: reverse primer
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Identification of transcription factor binding sites

To find evolutionary conserved transcription factor binding sites in promoters of target
genes, sequences surrounding the transcription start site, from -1000 bp to +100 bp, were
extracted from the NCBI database and were aligned to either the human or rat genome
using the evolutionary conserved regions (ECR) browser®”. rVista 2.0 was used to predict
conserved regulatory elements and define transcription factor binding sites, with similarity
predefined as 0.85 (complete match has a value of 1)@®. Consensus binding sequences, which
were predicted in 4 or more promoters, were selected.

Transient transfection

ATDCS5 cells were seeded at a density of 10000 cells/cm* and UMR106 cells were seeded at a
density of 30000 cells/cm?”in a 24-wells plate. The cells were kept in a humidified atmosphere of
5% CO,and 95% O, at 37°C. The second day the cells were transiently co-transfected with 1 pg
of the reporter construct and with either 100 ng HA-Stat3 expression vector (kindly provided
by T. Hirano, Department of Molecular Oncology, Osaka university, Japan®), 100 ng Stat5a,
100 ng Stat5b expression vector (kindly provided by Warren J. Leonard, National Institutes of
Health, Bethesda, Maryland, USA®?) or 100 ng pcDNA3.1 expression construct using Fugene
6 transfection reagent (Roche, Basel, Switzerland), according to the manufacturers protocol.
The following reporter constructs were used: a Stat3 specific reporter promoter construct
(kindly provided by Dr. 1. Touw, Erasmus Medical Center, Rotterdam, The Netherlands®?),
and a Stat5 specific reporter promoter construct (kindly provided by Peter Storz, University
of Stuttgart, Stuttgart, Germany®?). To correct for transfection efficiency, 25 ng CMV renilla
was included in all transfection experiments. The next morning the medium was changed and
at the end of the day cells were treated with a dose range of PTHrP(1-34) (10°, 10°® and 107
M). After 20 hours luciferase assays were performed using the Dual-Luciferase Reporter assay
system (Promega) according to the manufacturers protocol. Luciferase activity was measured
using the Wallac 1450 Microbeta Trilux luminescence counter (Perkin-Elmer, Boston, MA,
USA). Firefly luciferase activity was corrected for renilla luciferase activity.

Statistics

Values represent mean + SEM. Differences were examined by analysis of variance (ANOVA)
followed by the post-hoc least significant difference test (LSD). Results were considered
significant at p<0.05.

Results

Characterization of ATDC5 micromass cultures

To induce chondrocyte differentiation, ATDC5 cells were cultured as micromasses. Already
after 7 days a homogeneous cell pellet was formed, containing an alcian blue positive cartilage
matrix. Both the size of the micromasses and the intensity of the alcian blue staining increased
further after 14 days of culture (fig. 1A). Histological analysis at 7 days showed rounded
chondrocytes embedded in an alcian blue positive extracellular matrix (fig.1B). RNA was
isolated and used for PCR analysis to study the expression of typical cartilage markers (fig.
1C). Collagen II was expressed at 7 days and tended to decline at 14 days. Markers for pre-
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hypertrophic (collagen IX) and for hypertrophic chondrocytes (collagen X) were present at
7 days and were increased at 14 days. PTHR1 mRNA did not change in the differentiation
process (fig. 1C), but the responsiveness of the ATDC5 cells to PTHrP increased with
differentiation (fig. 2).

Taken together, culturing the ATDC5 cells as micromasses efficiently induced chondrocyte
differentiation. After 1 week of culture, the cells responded to PTHrP and expressed markers
of pre-hypertrophic chondrocytes, which are the main target cells for PTHrP in the growth
plate. For this reason, this time point was chosen for identification of PTHrP target genes.

1A 7 days of culture 14 days of culture
1B
D S
-
-:‘i(ﬂ ) = 5 = e
[ e e b - 8 .
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“‘Y‘ T g—-—f o o=, & _4,_,,.;?
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Coll I _ 27 cycles
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Figure 1: Phenotypic characterization of ATDC5 micromass cultures.

(A) ATDC5 micromass cultures were cultured for 7 and 14 days and stained for alcian blue. (B) Section of an ATDC5 micromass,
cultured for 9 days, and stained for alcian blue (C) Expression pattern of coll II, coll IX, coll X, PTHR1, and B2jt mRNAs at day 7 and
14 of ATDC5 micromass differentiation.
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Figure 2: Responsiveness of ATDCS5 cells to PTHrP during differentiation.
Intracellular cAMP concentration corrected for protein was measured at day 7 and 14 of culture, following stimulation with a dose
range of PTHrP.

Identification and selection of PTHrP target genes

ATDCS5 cells were cultured as micromasses and stimulated at day 8 with 107 M PTHrP for
1, 2, and 4 hours and cDNA microarray analysis was performed. After applying stringent
selection criteria, 7843 out of the 15442 spots were taken in the analysis. A list of 31 spots,
which exhibited significant (p<0.001) differential expression after 1, 2 or 4 hours following
PTHrP stimulation, was generated. Sequence analysis revealed that 3 genes were present
in two different spots and 1 gene in 3 spots. The expression patterns for the duplicate and
triplicate spots were identical. This reduces the number of response genes to 26 (table 3). From
this list 16 genes were chosen for validation experiments in ATDC5 cells. Exclusion criteria
were insufficient information on gene identity, for example ESTs, and insufficient information
for the design of qPCR primer sets, which span intron-exon boundaries.

The expression patterns of the selected genes were first validated by studying expression
profiles using qPCR on the same RNA samples subjected to microarray analysis (fig. 3B, D,
and F). As internal standard B2y, which was not regulated by PTHrP in microarray analysis
(data not shown), was used. Four out of 16 genes could not be validated and were discarded
from further study, leaving 12 genes for more detailed analysis (table 4). In gPCR experiments
RGS2, Stat3, Csrp2, Upar, and IER3 showed the same expression profile compared to the data
from microarray analysis (fig. 3B and D). The expression pattern of early upregulated target
genes SGK and Ptp4al were slightly different. SGK was only upregulated after 1 hour and
Ptp4al after 2 and 4 hours, instead of continuously up regulation of both target genes revealed
by microarray analysis. The downregulated target genes, Sf3a2, Acvr2b, Gabl, LamRI, and
DYM showed in the qPCR data down regulation at all time points, instead of transient down-
regulation at 1 hour after PTHrP stimulation found by microarray analysis (fig. 3F). The
expression patterns were confirmed in RNA samples from ATDC5 cells isolated in a new
independent experiment (data not shown).
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Figure 3: expression profiles of PTHrP target genes in ATDC5 chondrocytes revealed by microarray analysis and qPCR analy-
sis.

RNA was isolated from ATDC5 micromass cultures at Oh, 1h, 2h and 4h after PTHrP stimulation, amplified and labelled as described.
Samples were hybridized against Oh. Based on the expression profiles revealed by microarray analysis, the genes were divided over
3 clusters. (A) Cluster 1 contained 5 immediate early upregulated genes, i.e. RGS2, SGK, Ptp4al, UPAR, and IER3. The expression
pattern revealed by qPCR is shown in (B). (C) Cluster 2 contained 2 immediate early upregulated genes, i.e. STAT3 and Csrp2. The
expression pattern revealed by qPCR is shown in (D). (E) Cluster 3 contained 5 immediate downregulated genes, i.e. Sf3a2, Acvr2b,
Gab1, LamRI, and DYM. The expression pattern revealed by qPCR is shown in (F).
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Validation of PTHrP target genes by qPCR

Among these 12 identified PTHrP target genes (table 3) 7 genes were upregulated and 5
genes were downregulated. Most of the genes were implicated in signal transduction and
regulation and were intracellular mediators or receptors. Three genes were already known
target genes of PTHrP in osteoblasts and 6 genes have previously been found in growth plate
chondrocytes. Based on the expression patterns, the genes were divided into 3 groups, 2
groups for upregulated genes and 1 group for downregulated genes (fig. 3A, C, and E). Genes
in expression pattern 1 were upregulated after 1 hour and genes in expression pattern 2 were
upregulated after 2 and 4 hours. The genes in expression pattern 3 were downregulated after
1 hour. Expression pattern 1 contained RGS2, SGK, Upar, IER3, and Ptp4al; Stat3 and Csrp2
formed expression pattern 2; and expression pattern 3 contained Sf3a2, Gab1l, DYM, LamRI
and Acvr2b.

To test whether the response of these target genes was restricted to chondrocytes or whether
it was part of a more generalised response to PTHrP, the expression patterns were analysed in
differentiated KS483 osteoblasts using qPCR (fig. 4). For this purpose, RNA was isolated after
0, 1, 3, and 6 hours after a challenge with PTHrP. The expression patterns of all upregulated
genes were comparable with the expression patterns found in chondrocytes. The expression
patterns of the downregulated genes in KS483 osteoblasts were less clear. All genes responded
to PTHrP. Only Gabl was downregulated, although this regulation was transiently instead
of continuously as in ATDCS5 cells. Remarkably, Sf3a2 and Dym were upregulated instead of
downregulated. No consistent pattern of regulation was found for Acvr2b and LamRI
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Figure 4: Expression patterns of PTHrP target genes in KS483 osteoblasts.

The genes were grouped according to expression profiles revealed by microarray analysis in chondrocytes as described in fig. 3. RNA
was isolated from KS483 osteoblasts, stimulated with PTHrP at day 11, after Oh, 1h, 3h and 6h and qPCR was performed. The expres-
sion of the genes in expression pattern 1 in chondrocytes (A), in expression pattern 2 in chondrocytes (B), and in expression pattern
3 in chondrocytes (C) were determined by qPCR.

Transcription factor binding sites

We subsequently analyzed promoter regions (sequences from -1000 bp to + 100 bp from
the transcription start site) of target genes to identify common regulatory elements involved
in their expression regulation. To decrease the number of false positive results, we searched
for transcription factor binding sites that were conserved in human and rat genomes. The
promoter regions of RGS2, SGK, Ptp4al, Stat3, Acvr2b, Gabl, and LamRI were aligned to
the human genome and the promoter regions of IER3, Upar and Csrp2 to the rat genome.
Insufficient information was available in the database to align the promoter regions of Sf3a2
and Dym with the human and the rat genomes, preventing the selection of evolutionary
conserved binding elements in these genes. Table 5 shows transcription factors of which
binding sequences have been found in 4 or more promoters of the identified PTHrP target
genes.

ATF/CREB binding sites were predicted in the promoter regions of 6 out of 7 upregulated
genes, 4 times in combination with an AP-1 binding site. ATF/CREB binding sites were
also predicted in 2 downregulated genes, but never in combination with an AP-1 binding
site. Remarkably, 1 of these genes was Dym, which was upregulated in KS483 osteoblasts.
Another interesting finding was the identification of Stat transcription factor binding sites,
predominantly in the promoter regions of upregulated PTHrP target genes. Binding sites for
the transcription factor ELK1, which is, like ATF/CREB, AP-1, and Stat, involved in immediate
early responses, were predicted in 7 promoter regions. Binding sites for transcription factor
E2F and SP1, both of which are facilitating factors involved in gene transcription, were
distributed over up and downregulated target genes and were predicted in 10 out of 12 and 6
out of 12 promoter regions, respectively.
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Reg.' Name ATF/ AP1 E2F* SP1* ELK1*  Statl® Stat3? Stat6?
CREB?

up RGS2 X X X X

up SGK X X X X X X X

up Ptp4al X(3) X X(2)

up Upar X X X X

up IER3 X(2) X(2) X(2) X X X(2)

up Stat3 X(2) X X(2) X(2) X X

up Csrp2 X X(4) X X(2) X(3) X(2)

down Sf3a2 X(3) X X(2) X(2) X

down Acvr2b X(2) X(4)

down Gab1 X

down LamRI X X X

down Dym X(2) X(4) X(2) X(2) X

Table 5: Transcription factor binding sites.

Conserved transcription factor binding sites predicted 4 times or more in the promoter regions of the PTHrP target genes. X:
transcription factor binding site is present in promoter region. ') Reg.: Regulation ?) In case more than 1 site is present in the
promoter regions the number of hits is indicated between brackets.

Stat regulation by PTHrP

In order to investigate the biological significance of the interactions between PTHrP and Stat
signalling, transient transfection experiments were performed. In contrast to undifferentiated
cells, differentiated ATDC5 (and KS483) cells could not be transfected. Since undifferentiated
ATDCS5 cells express very low amounts of the PTHRI1, experiments were also performed in
UMRI106 cells, which can easily be tranfected and have higher PTHR1 expression levels.

In line with the upregulation of Stat3 mRNA revealed by microarray analysis, PTHrP induced
activity of a Stat3 reporter in both cell types dose dependently with a maximal fold induction
of 1.4 in ATDCS5 cells (fig. 5A) and 2.5 in UMRI106 cells (fig. 5B). In the presence of Stat3
expression vector, luciferase activity of the Stat3 reporter was enhanced in ATDCS5 cell, but
not in UMRI106 cells (fig. 5A and B). PTHrP also further increased Stat3 reporter activity in
the presence of Stat3 expression vector in both cell lines.

To investigate whether the regulation of Stat proteins by PTHrP is part of a more generalized
interaction between PTHrP and Jak/Stat signalling, we subsequently studied the regulation
of Stat5a and Stat5b by PTHrP. Comparable to Stat3, the mRNA expression of Stat5a (fig. 6A)
and Stat5b (fig. 6B) was upregulated after 4 hours of PTHrP treatment in ATDCS5 cells by
qPCR. Transient transfection experiments were performed in ATDCS5 cells and in UMR106
cells, using a Stat5 promoter-reporter construct in the absence of Stat5 expression vector.
PTHrP inhibited luciferase activity of the Stat5 reporter, with a maximal fold change of 0.5,
in UMR106 cells (fig. 6D), but had no effect in ATDCS5 cells (fig. 6C). This observation is in
contrast to the increase in mRNA expression of Stat5a and Stat5b. Addition of Stat5a or Stat5b
enhanced the reporter activity in ATDC5 and in UMR106 cells. In both cell lines, PTHrP
inhibited Stat5 reporter activity in the presence of Stat5b expression vector, whereas in the
presence of Stat5a expression vector reporter activity was inhibited in UMR106 cells only.

86



Early PTHrP target genes

SA ATDCS5 cells

41 moO-90-80-7

3,61

2,5 * *

H x

1,5 1

Fold induction
N
H*
H
HH

0,5

PcDNA3.1 ‘ Stat3

5B UMRI106 cells
4 7 *

3.5 1 “

3 *
_l_
2,5 T *
* T J_

=

Fold induction
(3]

PcDNA3.1 Stat3

Figure 5: Regulation of the activity of Stat3 protein by PTHrP.

A) ATDCS cells and B) UMR106 cells were transiently transfected with the stat3 specific promoter-reporter construct and co-trans-
fected with 100 ng pcDNA3.1 or 100 ng stat3 expression vectors and treated with a dose range of PTHrP (0, 10-9, 10-8, 10-7 M).
Data are expressed as fold induction compared to control after correction for transfection efficiency. Experiments were performed
in quadruplicate and repeated at least twice. *Significant p<0.05 compared to vehicle stimulation. #Significant p<0.05 compared to
vehicle stimulation in pcDNA3.1 co-transfections.

Discussion

In the present study, we have identified early response genes of PTHrP in chondrocytes using
the chondrogenic ATDCS5 cell line. Disadvantages of the ATDC5 cell line differentiated under
standard conditionsin monolayerare the formation ofaheterogeneous culture and the necessity
for prolonged culture periods of at least 28 days". In monolayer cultures chondrogenesis
is initiated when multi cell layers appear, suggesting that cell-cell contacts are crucial for
chondrocyte differentiation. These cell-cell contacts are the initial trigger for mesenchymal
stem cells (MSCs) to form chondrocytes in embryogenesis. To accelerate the formation of
cell-cell contacts, we used the micromass culture technique, resembling the condensation of
MSCs in vivo by formation of a three-dimensional spheroid structure®®*?. Aggregation of
ATDCS5 cells resulted in more homogeneous cultures. Already after 7 days type II collagen
was abundantly expressed compared to expression after 14 days in monolayer culture®. Type
IX and type X collagen were expressed at low levels after 7 days compared to expression after
14 and 21 days, respectively, in monolayer culture®®. In both cultures the responsiveness of
the ATDCS5 cells to PTHrP increased during differentiation®®. We decided to stimulate the
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micromasses at day 8 with PTHrP. At this time point, the chondrocytes respond to PTHrP
and have pre-hypertrophic characteristics as demonstrated by the expression of collagen type
IX. Late-proliferating and pre-hypertrophic cells are the main target cells of PTHrP in the
growth plate®?. The higher levels of collagen X expression at day 14 of culture suggested that
more cells have already undergone chondrocyte hypertrophy at this time point.

To identify early response genes of PTHrP the NIA 15k mouse cDNA bank was used. This bank
was amplified and spotted by the Leiden Genome Technology Center. The quality control of
custom-made cDNA microarray, compared to commercially available microarrays, is a well-
known problem. The quality of the spots of the microarray used in this study was low, due to
heterogeneous spot morphologies (“doughnuts”), deposition inconsistencies, and oversized
spots®. In addition, identification of the spots was only possible by direct sequencing the
cDNAs used in the spotting process, because of contamination. This contamination is most
likely introduced during multiple rounds of replication of the bank by PCR, as previously
suggested®®. Because of the uncertainty of the identity of the spots, our results could not be
used for pathway screening or genome wide analysis. By applying very stringent selection
criteria, the microarray could still be used to identify a subset of PTHrP target genes. The
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Figure 6: Regulation of Stat5 mRNA expression and Stat5 protein activity by PTHrP.

RNA was isolated at day 11 from ATDC5 micromass cultures at Oh, 1h, 2h and 4h after PTHrP stimulation and qPCR was performed
for A) Stat5a and B) Stat5b. C) ATDC5 cells and D) UMRI106 cells were transiently transfected with the stat5 specific promoter-re-
porter construct and co-transfected with 100 ng pcDNA3.1, 100 ng Stat5a or 100 ng Stat5b expression vectors and treated with a dose
range of PTHrP (0, 10-9, 10-8, 10-7 M). Data are expressed as fold induction compared to control after correction for transfection
efficiency. Experiments were performed in quadruplicate and repeated at least twice. *Significant p<0.05 compared to vehicle stimu-
lation. #Significant p<0.05 compared to vehicle stimulation in pcDNA3.1 co-transfections.

validity of this approach was subsequently shown by qPCR in different cell models and by
bio-informatics analysis. We were able to classify 12 out of 16 genes as bonafide target genes
of PTHrP. qPCR analysis is an established method for validation of microarray data. However,
due to the distinct methodologies and in our case also the relative poor quality of the custom
made arrays, the overlap was not 100%. Others have also reported this, particularly with
respect to the fold changes®”.

Bio-informatic analysis revealed that RGS2, Upar, and SGK were already identified as PTH
target genes in osteoblasts"#***), Indeed, in this study RGS2, Upar and SGK were also induced
in osteoblasts as well as in chondrocytes by PTHrP. Six out of 12 target genes have not been
demonstrated in growth plate chondrocytes before. The majority of the identified PTHrP
target genes (10 out of 12) were involved in signal transduction pathways and modulation
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of these pathways. These include RGS2, SGK, Ptp4al, ler3, Stat3, Csrp2, and Gabl. These
factors are involved in various signal transduction pathways, like AC/PKA, ERK, Jak/Stat and
PI3-kinase/AKT pathways, suggesting that PTHrP signalling could influence these signalling
cascades®. In addition, PTHrP could also influence other pathways via regulation of
expression of receptors, like Upar, Acvr2b, and LamRI.

Quantitative PCR resulted in validation of the upregulated PTHrP target genes identified
by microarray analysis, in chondrocytes as well in osteoblasts. These data suggest that the
upregulated genes are part of a more generalized response to PTHrP, which is not restricted
to chondrocytes. Verification of the downregulated target genes revealed a more cell type
dependent picture. For instance, two genes, Dym and Sf3a2, were downregulated in
chondrocytes, but upregulated in osteoblasts.

The dominant pathway activated by PTHrP is the AC/PKA pathway, which results in
activation of the transcription factors CREB and/or AP-1¢7. Indeed, in various early
response genes of PTH or PTHrP functional CREB and AP-1 response elements have been
identified“?). In line with this, promoter analysis revealed CREB transcription factor binding
sites predominantly in the upregulated genes (6 out of 7), 4 times in combination with an
AP-1 site. A less consistent picture was found for the downregulated genes. In the promoter
regions of 2 downregulated genes (LamRI and Dym) CREB transcription factor binding sites
were predicted. Remarkably, Dym was induced by PTHrP in KS483 osteoblasts. In addition,
the presence of SP1, E2F and ELK1 were predicted in both up- and downregulated genes.
Recently, Qin et al used a statistical approach to identify transcription factor binding sites
used by PTH-signalling in osteoblasts"” instead of enrichment for evolutionary conserved
binding sites applied in this paper. Comparable to our study were the predictions of CREB
and AP-1 transcription factor binding sites predominantly in upregulated genes. Also the
presence of Sp1 sites in up- and downregulated genes were predicted by both methods. The
validity of our approach was furthermore underscored by previous data showing the presence
of a CREB transcription factor binding site in the Stat3 promoter®. Furthermore, RGS2 is
induced by cAMP, suggesting a CREB transcription factor binding site in its promoter®”. In
addition, SP1 binding sites have been described before in the promoter regions of IER3 and
Csrp26192),

A remarkable finding in our study was the expression regulation of proteins involved in the
Jak/Stat signalling cascade, like Stat3 and Csrp2. Csrp2 is a binding partner of Piasl, which
is an inhibitor of Stat1“?. In addition, a novel observation was the prediction of several Stat
transcription factor binding sites in the promoter regions of genes induced by PTHrP (6 out
of 7), often in combination with CREB and AP1 sites. These observations were of biological
significance, since we also observed that PTHrP induced the activity of a Stat3 reporter
construct, either in the presence or absence of extra Stat3. This result is comparable with
another study, in which Stat3 reporter activity was induced by activation of the AC/PKA
pathway, by increasing the posttranslational activation of Stat3 proteins in rat thyroid cells®?.
In addition, we showed that the regulation of Stat proteins by PTHrP was not only restricted
to Stat3, but also included other members of the Jak/Stat family, like Stat5a and Stat5b. Despite
the induction of Stat5a and Stat5b mRNA, PTHrP inhibited Stat5 reporter activity in the
absence and presence of exogenous Stat5a and Stat5b. This observation is most likely explained
by an effect of PTHrP on the posttranslational actions of Stat5a and Stat5b, mediated by the
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AC/PKA pathway. Indeed, the inhibiting effect on Stat5 activity after activation of the AC/
PKA pathway has been described before in T lymphocytes®®. It was shown that AC/PKA
signalling inhibited tyrosine phosphorylation of Stat5a and Stat5b, thereby preventing their
activation. Our results suggest that this mechanism may also be operation in chondrocytes
and osteoblasts after activation of PTHR1 signalling.

The effects of PTHrP on Stat3 and Stat5 reporters were observed in ATDC5 and UMR106 cells
with only slight differences. Generally, the responses in ATDC5 cells were lower than observed
in UMR cells. This is most likely explained by low PTHRI1 responses of the undifferentiated
ATDCS cells. Due to the excessive formation of cartilage matrix, which prevented efficient
transfections, the transfection experiment could not be repeated in differentiated ATDC5
cells and KS483 cells, which express higher levels of PTHRI1. The data suggest, however, that
a crosstalk between PTHRI and Jak/Stat signalling is a more generalized mechanism. Taken
together, we provide evidence for interactions between PTHrP and Jak/Stat signalling, not
only at the level of mRNA expression regulation, but also at the level of posttranslational
modification, resulting in either activation of Stat3 or repression of Stat5a and Stat5b mediated
gene transcription.

The involvement of Jak/Stat proteins in signalling cascades of other growth factors in
chondrocyte differentiation has been described before. Statl and Stat3 are involved in the
effects of fibroblast growth factor (FGF) on chondrocyte proliferation within the growth
plate®. In addition, the Jak/Stat cascade is involved in growth hormone (GH) signalling.
Stat5b is the most important Stat protein with respect to the actions of GH on growth and
is responsible for the induction of insulin-like growth factor-1 (IGF-1)©%. Since Jak/Stat
signalling plays an important role in chondrocyte proliferation, modulation of this pathway
by PTHrP might be an essential mechanism involved in the actions of PTHrP in keeping the
growth plate chondrocytes in a proliferation competent state.

In summary, we have applied new culture conditions to induce chondrogenic differentiation
of ATDCS5 cells. In addition, we have identified 12 PTHrP target genes. Among them were
several genes involved in distinct signalling pathways operational within the growth plate,
suggesting the presence of a crosstalk with PTHrP signalling. In addition, we report for the
first time the presence of a previously not recognized interaction between PTHrP and Jak/Stat
signalling.
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Late PTHrP target genes

Abstract

To gain more insight into the downstream effectors of PTHrP signalling in chondrocytes, we
performed microarray analysis to identify late PTHrP response genes using the chondrogenic
ATDCS5 cell line. At day 8 of micromass culture ATDC5 cells have pre-hypertrophic-like
characteristics and at this time point the cells were stimulated with 107 M PTHrP for 24h
and 72h and RNA was isolated. PTHrP treatment inhibited the outgrowth of cartilage matrix
and decreased the expression of Col10al mRNA, which is in line with the inhibitory effects of
PTHrP on chondrocyte differentiation.

Using ¢cDNA microarray analysis, a list of 9 genes (p< 10°) was generated, including 3
upregulated (IGFBP4, Csrp2, and Ecm1) and 6 downregulated (Col9al, Col2al, Agc, Hmgn2,
Calm1, and Mxd4) response genes. Four out of 9 genes (Ecm1, Calm1, Hmgn2, and Mxd4) are
novel PTHrP response genes and 2 out of 9 (Calm1 and Hmgn2) have not yet been identified
in cartilage. Four out of 9 (Ecm1, Col2al, Col9al, and Agc) genes are components of the extra
cellular matrix and the remaining genes are involved in signal transduction and transcription
regulation.

The response to PTHrP was validated by quantitative PCR, using the same RNA samples as
labelled in the microarray experiments and RNA samples isolated from a new experiment. In
addition, we examined whether these genes also reacted to PTHrP in other PTHrP responsive
models, like KS483 osteoblasts and explanted metatarsals. The expression of late PTHrP
response genes varied between ATDCS5 chondrocytes, KS483 osteoblasts and metatarsals,
suggesting that the expression of late response genes is dependent on the cellular context of
the PTHrP responsive cells.

Introduction

Parathyroid hormone (PTH) related peptide (PTHrP) regulates the pace of chondrocyte
differentiation during endochondral bone formation?. In the growth plate the main target
cells for PTHrP are late-proliferating and pre-hypertrophic chondrocytes, which express the
PTH/PTHrP receptor (PTHR1)¥. Since both decreased and increased PTHrP signalling lead
to severe growth plate abnormalities, the expression of PTHrP must be tightly controlled“”.
The protein controlling PTHrP expression in the growth plate is the growth factor Indian
Hegdehog (IHh), which is expressed by pre-hypertrophic chondrocytes. Vice versa, PTHrP
regulates the expression of IHh by inhibiting the transition from proliferating chondrocytes
into hypertrophic chondrocytes, thereby delaying IHh production, which completes the
negative feedback loop.

PTHTrP not only controls the pace of chondrocyte differentiation in the growth plate, but is
required for keeping the chondrocytes in the proliferative competent stage as well®. The effect
of PTHrP on proliferation is mediated by controlling the expression of cell cycle regulators,
like cyclin dependent kinase inhibitor p57kip2, as described recently®.

Two major pathways are involved in PTHRI transduction, namely the adenylate cyclase
(AC)/ protein kinase A (PKA) and the phopholipase C (PLC)/ protein kinase C (PKC)
pathway. Recently it was shown that the AC/PKA pathway is sufficient for the effects of
PTHrP on chondrocyte differentiation, suggesting only a minor role for the PLC/PKC
pathway?. Signalling via AC/PKA leads to the activation of the transcription factors, cAMP
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response-element binding protein (CREB) and members of the AP-1 family. These two
classes of transcription factors are largely responsible for the biological response to PTHrP. In
concordance with this, a majority of the early target genes of PTHrP contain binding sites for
CREB and/or AP-1 in their promoters'?). Furthermore, phosphorylation by PKA regulates
the activity of one of the master transcription factors in cartilage formation, Sox9%. This is
another illustration that PTHrP can influence chondrocyte differentiation via the AC/PKA
pathway.

Despite the critical role of PTHrP in endochondral bone formation, downstream targets
of PTHrP, which transduce its effect on chondrocyte differentiation, are largely unknown.
For this reason, we have started microarray experiments with the chondrogenic ATDC5
cell line™. This cell line is a representative model for studying the actions of PTHrP on
chondrogenesis. The cells reproducibly differentiate into chondrocytes in 7 days in micromass
culture. In addition, during this process cells become responsive to PTHrP and in agreement
with in vivo studies PTHrP inhibits hypertrophic chondrocyte differentiation®'”. Previously,
we have identified novel early response genes of PTHrP®. In this study we focus on the
identification of late PTHrP response genes, regulated 24 or 72 hours after PTHrP treatment.
Comparison of the expression patterns of these response genes in osteoblasts and explanted
metatarsals with ATDC5 cells, demonstrates that the regulation of these genes by PTHrP is
cell type specific and dependent on the cellular context of the PTHrP responsive cells.

Materials and Methods

Cell culture

ATDCS5 cells were grown in Dulbeccos modified Eagles medium /F-12 (DMEM/F12)
(Invitrogen, Breda, The Netherlands) containing 100 U/ml penicillin (Invitrogen), 100 U/
ml streptomycin (Invitrogen), 10% charcoal stripped foetal calf serum (FCS; Integro BV,
Zaandam, The Netherlands), 10 pg/ml insulin (Sigma Chemical Co., St Louis, MO, USA), 10
ug/ml bovine transferrin (Roche, Almere, The Netherlands), and 3 x 10® M sodium selenite
(Roche), in a humidified atmosphere of 5% CO, and 95% O, at 37°C. The micromass culture
technique was modified from Ahrens et al.". Trypsinized cells were resuspended in medium
at a concentration of 2 x 107 cells/ml, and 3 drops of 10 pl of this cell suspension were placed
in a well of a standard 12 wells culture plate. The cells were allowed to adhere for 2 hours at
37°Cand 5% CO,, and then 1 ml medium was added to each well. The medium was replaced
every other day.

RNA isolation and amplification

Medium was refreshed after 7 days and the ATDC5 micromasses were challenged with 107 M
PTHrP or vehicle at day 8 of culture (time point Oh) and total RNA was extracted at different
time points in triplicate using Trizol LS Reagent (Invitrogen), followed by RNA cleanup
with RNeasy mini kit (Qiagen, Maryland, USA). RNA concentrations were determined by
measuring the absorbance at 260 nm. Next, RNA samples were pooled and time point Oh was
chosen as reference sample. Total RNA (3 pg/reaction) was amplified as described before®,
with slight modifications. In short, first strand cDNA was synthesized by adding 500 ng T7-
oligodT primer (5-TCTAGTCGACGGCCAGTGAATTGTAATACGACTCACTATAGGGC
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G(T),,-3") to 10 ul RNA sample. Samples were incubated for 10 minutes at 70°C, followed by
60 minutes at 42°C in a total volume of 20 ul, containing 5x first strand buffer, 10 mM DTT,
0.5 mM dNTPs, 2U Rnasin (Promega, Leiden, The Netherlands), and 200U Superscript II RT
(Invitrogen). Next, second strand cDNA was synthesized for 2 hours at 16°C in a total volume
of 150 pl, containing 5x second strand buffer, 0.2 mM dNTPs, 10U DNA Ligase (Invitrogen),
40U DNA polymerase I (Invitrogen), and 2U Rnase H (Invitrogen). This was followed by
addition of 2 ul T4 polymerase (5 U/ul) (Invitrogen) and incubation for 5 minutes at 16°C.
The double-stranded cDNA reaction was stopped and the remaining RNA in the mixture was
degraded by addition of 7.5 pl of 1 M NaOH, 2 mM EDTA followed by incubation at 65°C for
10 minutes. Samples were purified by phenol/chloroform/isoamylalcohol (25:24:1) extraction.
The volume of the aqueous phase was increased to 450 ul using H,O. For further purification,
samples were transferred to a Centricon-100 microconcentrator column (Millipore,
Amsterdam, The Netherlands) (pre-spinned with 450 ul H,0O) and centrifuged for 12 minutes
at 2500 rpm. After 3 wash steps with 450 pl H,O, cDNA was collected in a total volume of 7 pl
by inverting the column and by centrifuging for 30 s at 13000 rpm. Subsequently, cDNA was
transcribed into cRNA using the T7 high yield transcription kit (Epicentre, Madison, USA).
The ¢cDNA solution was incubated at 42°C for 3 hours in a total volume of 20 ul, containing
10x T7 reaction buffer, 7.5 mM ATP, CTP, GTP, and UTP, 10 mM DTT, 2 U Rnasin, and 2
ul Ampliscribe T7 enzyme solution, followed by sample concentration using centricon-100
microconcentrator columns. This method was based on the original protocol of Van Gelder et
al.?". Finally, cRNA concentration was determined by measuring the absorbance at 260 nm.

Probe labelling

cRNA (1.2 pg) was reverse transcribed with random hexamer primers, and labelled by
incorporation of cyanine 5-dUTP (Cy5) or cyanine 3-dUTP (Cy3) (NEN, Boston, USA)
according to the protocols of Ross et al.?? with slight modifications. In short, cRNA and 8
pg random primers (Roche) in a total volume of 15 ul was incubated for 10 minutes at 70°C.
Subsequently, 6 ul 5x first strand buffer, 3 ul 0.1 M DT'T, 0.6 pl low-T dNTPs, 3 ul Cy3 dUTP
(time point Oh) or Cy5-dUTP (other time points), and 1 ul Superscript II RT (200 U/ul) were
added, incubated for 10 minutes at room temperature, followed by incubation at 42°C for 90
minutes. After 60 minutes fresh Superscript II RT (1 pl) was added. Next, RNA was degraded,
by addition of 15 pl 0.1 M NaOH and incubation for 10 minutes at 70°C, after which the
solution was neutralized by addition of 15 pl 0.1 M HCI. The labelled samples, supplemented
with 180 ul 10 mM Tris, ImM EDTA, pH 8 (TE) and 10 ul mouse Cot-1 DNA (10 mg/ml)
(Invitrogen), were pooled and purified using a centricon-30 microconcentrator column
(Millipore) (pre-spinned with 450 pl TE for 8 minutes at 13000 rpm). PolyA RNA (20 pg)
(Amersham) and yeast tRNA (20 ug) (Invitrogen) were added to 450 ul TE during the second
wash step. The purified product was collected, by inverting the column and by centrifuging
for 1 minutes at 13000 rpm, and finally, resuspended in a total volume of 45 ul hybridization
solution, containing 7.65 pl 20x SSC and 1.35 ul 10% SDS.

(Pre-) hybridization

For the hybridization experiments microarrays, on which the NIA 15k mouse cDNA clone
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set® was spotted, were purchased from the Leiden Genome Technology Center (LGTC).
DNA was crosslinked by UV irradiation at 65 mJ/cm? (Stratalinker mode 1800 UV
[luminator, Stratagene). To prevent non-specific hybridization, the slides were incubated
in 45 pl hybridization solution (400 ng/pl yeast tRNA, 400 ng/ul poly(A) RNA, 400 ng/ul
herring sperm DNA (Invitrogen), 100 ng/pl mouse Cotl DNA, 5x Denhardt's solution, 3.2x
SSC and 0.4% SDS) at 65°C for 30 minutes. Prior to hybridization, the slides containing the
pre-hybridization mixture were incubated for 2 minutes at 80°C to denature the spotted
DNA. After pre-hybridization, the slides were washed twice in 2x SSC for 5 minutes at room
temperature and dehydrated with subsequent steps of 5 x 5 minutes 70%, 5 minutes 90%
and 5 minutes 100% ethanol. For hybridization, the probes were denatured by heating for 2
minutes at 100°C, left at room temperature for 15 minutes, centrifuged for 10 minutes, and
placed under a 24 mm x 60 mm glass coverslip. The slides were incubated overnight at 65°C in
a hybridization chamber (Corning, Amsterdam, The Netherlands) and washed the next day in
2x SSC for 5 minutes at room temperature and dehydrated using graded ethanols.

Microarray design and statistical analysis

The reference array experiment, Oh vs Oh, was hybridized in duplicate, 24h vs Oh and 72h vs Oh
for PTHrP and vehicle treated samples were hybridized in triplicate. Following hybridization,
slideswerescannedin the Agilent DNA Microarrayscanner (Agilent Technologies, Amstelveen,
The Netherlands). Genepix 3.0 software (Axon Instruments Inc.) was used to quantify the
resulting images. Subsequently, normalization and gene expression analysis were performed
with Rosetta Resolver (Rosetta Biosoftware, seattle, USA). Due to the overall poor quality
of the cDNA spots on the microarray, stringent selection criteria were used for inclusion of
spots, to minimize the risk of false positive signals. A spot was only included in the analysis
it it passed all of the following selection criteria. 1) Spots should have an absolute fold change
of less than 2 in the reference array. 2) Spots should show no significantly regulation (p<0.01)
in the reference array. 3) Only non-flagged spots in any of the arrays were included. 4) The
signal intensity of Cy3 or Cy5 of the spots should be above a cut off level (0.05). 5) Spots
should show an absolute fold change less than 50. Next, analysis of variance (ANOVA) was
performed between the remaining spots of the reference and PTHrP treated hybridizations.
6) Spots should show significant (p<0.001) differential expression regulation, with intensity
value above background value. 7) Spots should not be differentially expressed (p<0.01) during
time in the vehicle treated cultures. To identify the selected spots, the PCR-amplified cDNA of
each spot (500 ng) was sequenced by the LGTC using 12 pmol M13 primers in a total volume
of 24 ul.

Histology

Micromasses were fixed for 10 minutes in 10% formalin, subsequently dehydrated using
graded ethanols, and embedded in paraffin. Sections of 5 micron were deparaffined with
Paraclear (EarthSafe Technologies Inc, Belle Mead, NJ, USA) and hydrated using graded
ethanols. Subsequently, the sections were treated for 3 minutes with 3% acetic acid, stained
with 1% Alcian Blue for 30 minutes, rinsed first with 3% acetic acid and then with bidest.
Hereafter, the sections were immersed in Nuclear Fast Red for 5 minutes and then rinsed with
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bidest. Next, the sections were dehydrated using graded ethanols. Finally, the sections were
embedded in histomount-diluted 1:1 xylene.

RNA isolation from mouse bone explants

Metatarsalsia were isolated from 15-days old Swiss Albino mouse embryos. The mice were
kept in a light and temperature controlled room (12 hours light, 20-22°C) with food and
water available ad libitum. Experiments were approved by the local ethical committee for
animal experiments. The bone explants were cultured in aMEM with 10% FCS and the next
day metatarsals were challenged with 107 M PTHrP or vehicle in aMEM containing 1% BSA.
RNA was isolated after 24 and 72 hours from metatarsals, using Trizol LS Reagent (Invitrogen)
and reverse transcribed into cDNA using random hexamer primers (Amersham).

RNA isolation from KS483 osteoblasts

KS483 mesenchymal progenitor cells were differentiated into osteoblasts as described
previously®). Atday 11, KS483 cells have formed bone nodules and the cells within the nodules
start to mineralize the extracellular matrix. This time point was chosen to treat the cells with
107 M PTHrP. RNA was isolated after 24 and 72 hours using Trizol LS Reagent (Invitrogen)
and reverse transcribed into cDNA using random hexamer primers (Amersham).

Quantitative PCR (qPCR)

To validate the expression patterns of PTHrP response genes, quantitative PCR was performed
using the BioRad iCycler (Biorad, Veenendaal, The Netherlands). For each gene a set of
primers was designed (table 1), which spanned at least 1 intron-exon boundary and had an
optimal annealing temperature of 60°C, using Beacon designer (United Bioinformatica Inc.,
Calgary, Canada). cDNA (5 ng) was amplified in triplicate using the qPCR core kit for SYBR
green 1 (Eurogentec, Maastricht, The Netherlands), under the following conditions: cDNA
was denatured for 10 minutes at 95°C, followed by 40 cycles, consisting of 15 s at 95°C, 20
s at 60°C, and 40 s at 72°C. From each sample a melting curve was generated to test for
the absence of primer dimer formation and DNA contamination. Each reaction contained
5 pl cDNA (1 ng/ul), 10x reaction buffer, 3 or 4 mM MgCl, (table 1), 40 uM dNTP's, 300
nM primer, 0.75 pl SYBR green, and 0.1 pl HotGoldStar polymerase in a total volume of 25
pl. Fold changes, adjusted for the expression of f2m, were calculated and log transformed
using the comparative method®. Significant changes were calculated using the Double Delta
Model (DDM) (Chapter 6).
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Name F/R Forward primer MgCl

B2u F CACTGACCGGCCTGTATGC 3 mM
R GAATTCAGTGTGAGCCAGGATATAGA

IGFBP4 F AACTGTGACCGCAACGGC 4mM
R ACGCTGTCCGTCCAGGG

Csrp2 F CCACTCGGAATGCCTGTCTG 3 mM
R GCCACTGTTGTGCTGTCTAAATTTT

Ecml F TCGCCCACCTAGCTCCCTATC 4mM
R AGCAGCGGACGGTCATATTCTG

Col2al F CTTCGGAGAGTGCTGTCCCATC 4mM
R CCCTTGTCACCACGATCACCTC

Col9al F CACTGGGCTGCCTGGTATCC 4mM
R GGCTCCTGTGTCTGGTCTCTTG

Agc F CGAATGGAACGACGTCCC 3 mM
R CTGATCTCGTAGCGATCTTTCTTCT

Calm1 F GTGTCCGTGGTGCCGTTACTC 3 mM
R TGCGAGCGAAGGAAGGAAGAAC

Hmgn2 F TCCAAAGCCAGAGCCCAAACC 4mM
R GGCATCTCCAGCACCTTCAGC

Mxd4 F CCCGAACAACAGGTCTTCACAC 4 mM
R GCACGCTTCAGAAGGCTCAG

Ap3d F AATGCGGAGGCGGTGAAGTC 4mM
R GGGTGGTGGACAGCCAGAAGC

Brd4 F GGCTCGAAAACTCCAGGATGTG 4 mM
R TGTCGCTGCTGCTGTCACTAG

Nmel F CAGGCAGGGGACCAGCAAC 4mM
R GCCTGAAGGAGGTAAGGAATGC

Nsd1 F CACACAGAACAAGGGCTTCAGG 3 mM
R CCACAGGACAGCGGACACAG

TgfBli4 F CTCCCTCCCGCCCTCTCTC 4mM
R GGTTCCCAGCAAAGACGACAAG

Table 1 : qPCR primer sets

Results

Effect of PTHrP treatment on ATDC5 micromass cultures

ATDCS cells were cultured as micromasses for 8 days to stimulate chondrocyte differentiation.
Previously we have shown that the cells have a pre-hypertrophic phenotype at this stage of
culture®™. PTHrP treatment at day 8 resulted in inhibition of the outgrowth of cartilage
matrix 72 hours later (fig. 1A). Histological analysis of the micromasses showed rounded
chondrocytes embedded in an alcian blue positive extracellular matrix (fig.1B). Treatment
with PTHrP for 24 and 72 hours did not change the cell structure or the intensity of the alcian
blue staining in the micromasses. RNA was isolated 24 and 72 hours after PTHrP treatment
and used for qPCR analysis to study the expression of collagen 10 (Coll0al), a marker for
hypertrophic chondrocytes. PTHrP decreased Coll0al mRNA expression after 72 hours of
treatment (fig. 1C).

Taken together PTHrP treatment at day 8 of culture inhibited new formation of cartilage
and inhibited the differentiation into hypertrophic Col10al expressing chondrocytes. For this
reason, this time point was chosen for identification of PTHrP response genes.
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Figure 1: characterization of ATDC5 micromass cultures.

(A) ATDC5 micromass cultures were cultured for 8 days and then treated with vehicle or 10-7 M PTHrP for 0, 24 and 72 hours.
Cultures were stained with alcian blue. (B) Alcian blue stained sections of ATDC5 micromasses, cultured for 8 days and then treated
with vehicle or 10-7 M PTHrP for 24 and 72 hours. (C) gPCR analysis of col10al mRNA in micromasses cultured for 8 days and then
treated with 10-7 M PTHrP for 24 and 72 hours. Expression in PTHrP treated cultures was compared to vehicle treated cultures and
expressed as log fold change. * Significant vs vehicle treated samples (p<0.05).
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Late PTHrP target genes

Selection of PTHrP response genes

ATDCS cells were cultured as micromasses and treated at day 8 with 107 M PTHrP for 24 and
72 hours and cDNA microarray analysis was performed. After applying stringent selection
criteria, 8319 out of the 15442 spots were taken in the analysis. A list of 31 spots, which
exhibited significant (p<0.001) differential expression after 24 or 72 hours following PTHrP
treatment and did not change in the vehicle treated cultures, was generated (table 2). From
this list 14 genes were chosen for validation experiments in ATDCS5 cells. Exclusion criteria
were insufficient information on gene identity, for example ESTs, or insufficient information
for the design of qPCR primer sets, which span intron-exon boundaries.

Validation of PTHrP response genes in ATDCS5 cells by qPCR

The expression patterns of the selected genes were first validated by studying expression
profiles using qPCR in the same RNA samples subjected to microarray analysis (fig. 2B, D,
F and H) and in RNA samples from ATDCS5 cells isolated in a new independent experiment
(data not shown). Beta-2-microglobulin (B2y) was used as internal standard, as it was not
regulated by PTHrP in microarray analysis (data not shown). Five out of 14 genes could not
be validated in the second RNA panel and were discarded from further study, leaving 9 genes
for more detailed analysis (table 3). Among these 9 identified PTHrP response genes, 3 genes
were upregulated and 6 genes were downregulated. Five genes were already known response
genes of PTHrP and 7 genes have previously been found in growth plate chondrocytes (table
3). Four out of 9 response genes were extracellular matrix proteins, namely Ecml, Col2al,
Col9al and Agc. The other response genes were implicated in protein binding and were
involved in the regulation of signalling and transcription.

Based on the expression patterns, the genes were divided into 4 groups, 2 groups for
upregulated genes and 2 groups for downregulated genes (fig. 2A, C, E and G). The expression
of the genes in expression pattern 1 peaked at 24 hours while the gene in expression pattern 2
was continuously upregulated. The gene in expression pattern 3 was only downregulated after
72 hours. In expression pattern 4 the genes were continuously downregulated. Expression

Reg.! Abbr?  Name Function rp’ gp*
up IGFBP4 Insulin-like growth factor
binding protein 4 Negative modulator of IGF-1 activity yes yes
up Csrp2 Cystein and glycine-rich protein 2 Binding partner of protein inhibitor
of activated STAT1 (PIAS1) yes yes
up Ecml Extracellular matrix protein 1 Negative regulator of endochondral
bone formation no yes
down Col9al  Collagen, type IX, alpha 1 Extracellular matrix protein yes yes
down Col2al ~ Collagen, type II, alpha 1 Extracellular matrix protein yes yes
down Agc Aggrecan Extracellular matrix protein yes yes
down Calm1 Calmodulin 1 Principal mediator of the calcium signal ~ no no
down Hmgn2  High mobility group nucleosome
binding protein 2 Nucleosome binding protein no no
down Mxd4 Max dimerization protein 4 Member of Myc/Max/Mad network no_yes

Table 3 : List of validated PTHrP target genes.

') Reg. = regulation

2) Abbr. = abbreviation

*) rp = previously been implicated in PTHrP signaling

*) gp = previously been found in growth plate chondrocytes
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pattern 1 contained Csrp2 and IGFBP4 and expression pattern 2 contained Ecm1. Col9al
formed expression pattern 3. In expression pattern 4 were Col2al, Agc, Calm1, Hmgn2, and
Mxd4.

In qPCR experiments all genes, except for Ecm1, showed the same expression profile compared
to the data from microarray analysis (fig. 2). Ecm1 showed the same expression pattern as the
genes in expression profile 1 (fig. 2B and D), upregulation at 24 hours followed by a slight
decrease of mRNA expression after 72 hours, instead of continuously upregulation revealed
by microarray analysis.

Validation of PTHrP response genes in metatarsals by qPCR

To test whether the identified response genes also respond to PTHrP in chondrocytes ex vivo,
metatarsals from 15-day old mouse embryos were treated with 107 M PTHrP for 24 and
72 hours and qPCR analysis was performed. Metatarsals from 15-day old mouse embryos
consist of undifferentiated cartilage surrounded by a perichondrium in which osteoblast and
osteoclast precursors are present. They differentiate normally during a 1 week culture period
into a mineralized bone explant®. In response to PTHrP the expression of Col10al decreased
after 24 hours, indicating a biological response to PTHrP (fig. 3A). All genes except 1, Calm1,
responded to PTHrP in the metatarsal model. However, there were remarkable differences,
both in the temporal regulation and in the direction of regulation, in the response to PTHrP
when compared to the response in ATDCS5 cells (compare fig. 3 with fig. 2). For instance, all
downregulated genes in the ATDC5 cultures were upregulated in the metatarsal model. In
addition, the peak in expression of the upregulated genes, IGFBP4, Csrp2, and Ecm1 differed
between the two models. In metatarsals the peak expression of IGFBP4, Csrp2, and Ecm1 was
after 72 hours compared to the peak expression in ATDCS5 cells after 24 hours.

Validation of PTHrP response genes in KS483 osteoblasts by qPCR

To test whether the response of the response genes were restricted to chondrocytes or whether
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Figure2: expression profiles of PTHrP response genes in ATDC5 chondrocytes revealed by microarray analysis and qPCR ana-
lysis.

RNA was isolated from ATDC5 micromass cultures, at 0, 24 and 72 hours after PTHrP (10-7 M) stimulation, amplified and labelled
as described. Samples were hybridized against 0 hours in duplicate or triplicate (for details see materials and methods). In the left
panel the expression profiles revealed by microarray analysis are shown (A, C, E, and G). In the right panel the corresponding patterns
revealed by qPCR are shown (B, D, F, and H). Every sample was run in triplicate.

(A and B) Expression profile 1 contained 2 upregulated genes, i.e. IGFBP4 and Csrp2. (C and D) Expression profile 2 contained 1
upregulated gene, i.e. Ecm1. (E and F) Expression profile 3 contained 1 downregulated gene, i.e. Col9al. (G and H) Expression profile
4 contained 5 downregulated genes, i.e. Col2al, Agc, Calm1, Hmgn2, and Mxd4. Expression in PTHrP treated cultures was compared
to vehicle treated cultures and expressed as log fold change. *Significant vs Oh (p<0.05).

they were part of a more generalised response to PTHrP, the expression patterns were analysed
in differentiated KS483 osteoblasts using qPCR (fig. 4). For this purpose, RNA was isolated
after 24 and 72 hours after a challenge with 107 M PTHrP. The expression patterns of the
typical chondrocyte markers Agc, Col2al and Col9al were not established in this osteoblast
culture system. The expression of 3 out of 6 response genes changed after PTHrP treatment in
the KS483 culture system, including IGFBP4, Ecm1, and Mxd4. The expression regulation of
IGFBP4 and Ecm1 was comparable to the regulation in metatarsals and was different in peak
expression compared to the ATDC5 cells. Mxd4 mRNA expression increased in response to
PTHrP in osteoblasts, instead of a decrease in expression in ATDC5 chondrocytes, however
the expression was comparable to the PTHrP response in metatarsals. Csrp2, Calml, and
Hmgn?2 were not significantly regulated by PTHrP in KS483 osteoblasts.

Discussion

In the present study, we have identified late response genes of PTHrP in chondrocytes using
the chondrogenic ATDC5 cell line. ATDC5 cells were cultured as micromasses to induce
chondrocyte differentiation. After 1 week this resulted in a homogeneously differentiated cell
culture, which contained chondrocytes with pre-hypertrophic-like characteristics. Previously,
we have shown high expression of PTHRI in these cells"®. Because late-proliferating and
pre-hypertrophic cells are the main target cells of PTHrP in the growth plate®, we decided to
stimulate the micromasses at day 8 with PTHrP for 24 and 72 hours, to identify late PTHrP
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Figure 3: expression patterns of PTHrP response genes in 15-day old metatarsals.

RNA was isolated from 15-day old metatarsals and treated with 10-7 M PTHrP for 24 and 72 hours, and qPCR was performed. Every
sample was run in triplicate. (A) PTHrP treatment decreased Coll0al mRNA expression as expected. (B) Expression regulation of
genes from expression pattern 1, as revealed by microarray analysis in ATDCS5 cells, in explanted metatarsals. (C) Expression regula-
tion of genes from expression pattern 2, as revealed by microarray analysis in ATDCS5 cells, in explanted metatarsals. (D) Expression
regulation of genes from expression pattern 3, as revealed by microarray analysis in ATDCS5 cells, in explanted metatarsals. (E) Ex-
pression regulation of genes from expression pattern 4, as revealed by microarray analysis in ATDC5 cells, in explanted metatarsals.
Expression in PTHrP treated cultures was compared to vehicle treated cultures and expressed as log fold change. *Significant vs
vehicle treated samples (p<0.05).

response genes. A challenge with PTHrP resulted in a biological response at 72 hours, as shown
by downregulation of the hypertrophic marker Col10al and inhibition of the outgrowth of the
cartilage matrix, but did not result in a change of cell structure within the micromasses. This is
in agreement with current evidence that PTHrP does not inhibit formation of chondrocytes
per se, but inhibits their differentiation into hypertrophic cells.

To identify late response genes of PTHrP we used the NIA 15k mouse cDNA bank, which was
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amplified and spotted by the Leiden Genome Technology Center. Compared to commercially
available microarrays, the quality control of custom made cDNA microarray is a well known
problem. The quality of the spots of the microarray used in this study was low, due to
heterogeneous spot morphologies (“doughnuts”), deposition inconsistencies, and oversized
spots as described previously’®*). In addition, identification of the spots was only possible
by direct sequencing the cDNAs used in the spotting process, because of contamination. This
contamination is most likely introduced during multiple rounds of replication of the bank
by PCR, as previously suggested®. Pathway screening or genome wide analysis could not
be used in this study, because of the uncertainty of the identity of the spots. However, the
microarray could still be used to identify PTHrP response genes by applying very stringent
selection criteria. Using qPCR in different cell models and bio-informatics analysis we showed
the validity of this approach. We were able to classify 9 out of 14 genes as bonafide response
genes of PTHrP. However, due to the distinct methodologies and in our case also the relative
poor quality of the custom made arrays, the overlap was not 100%. Others have also reported
this, particularly with respect to the fold changes®-V.

Bio-informatic analysis revealed that 4 genes, Ecm1, Calml, Hmgn2 and Mxd4, have not
yet been described as response genes of PTHrP. IGFBP4 was already identified as PTHrP
response gene in osteoblasts®? and the typical chondrocyte markers, Agc, Col2al, and
Col9al, in chondrocytes"”. In addition, Csrp2 has previously been identified as an early
target gene of PTHrP in chondrocytes as well as in osteoblasts in our previous study!'®. Two
out of 9 late response genes, Calm1 and Hmgn2, have not been demonstrated in growth plate
chondrocytes before. Furthermore, 4 out 9 genes (Ecml, Col2al, Col9al, and Agc) were
matrix proteins compared to 0 out of 12 genes among the early response genes. In addition,
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4 out of 9 late response genes (Csrp2, Hmgn2, Calml and Mxd4) were involved in signal
transduction and regulation, compared to 10 out of 12 early response genes®. Although we
had only a small list of response genes, this is in agreement with the notion that the majority
of early target genes are implicated in signal transduction and regulation and that the majority
of late response genes code for structural proteins belonging to the extracellular matrix®3%.
The remaining late response gene, IGFBP4, is involved in protein binding and modulation of
signal transduction.

Detailed analysis on the role of some of our targets in chondrocyte differentiation is currently
lacking. For example, an interesting feature of the transcription factor Hmgn2 is the presence
of a HMG domain. Remarkably, the three major transcription factors involved in chondrocyte
differentiation, Sox9, Sox6, and L-Sox5, contain a HMG box. The HMG domain containing
protein family can be divided in two subfamilies, the first one containing the subclass of
Sox proteins and Hmgn2 belongs to the second subfamily®’. Together with other as yet
unidentified HMG-box containing proteins, the Sox transcription factors form a complex,
which binds to several consensus HMG binding sites in the collagen 2 promoter®>*®. Hmgn2
may be one of these unknown binding proteins. Thus besides regulation of Sox9 activity by
phosphorylation, PTHrP may also influence the expression of putative binding partners of
Sox9. Remarkably, Hmgn2 is downregulated in ATDC5 and upregulated in metatarsals, but
not regulated in osteoblasts, suggesting chondrocyte specific regulation of Hmgn2 expression
by PTHrP.

Another response gene of PTHrP involved in protein binding and transcription regulation
was Mxd4, a member of the Mad gene family. Mxd4 heterodimerizes with Max forming a
transcriptional repression complex. Mxd4 competes for Max binding with Myc, which
heterodimerizes with Max forming a transcriptional activation complex. Through regulation
of Mxd4 expression, PTHrP could influence the activity of c-Myc, which plays an important
role in cell proliferation and prevents the differentiation of cultured chondrocytes into
hypertrophic chondrocytes®”*®. Regulation of c-Myc activity might be one of the mechanisms
by which PTHrP keeps the chondrocytes in a proliferative competent stage.

The remaining proteins involved in protein binding and signalling regulation were IGFBP4,
Csrp2, and Calm1. PTHrP may play a role in changing intracellular Ca2+ levels by regulating
Calm1 expression, which appears to be limited to the ATDC5 cells®”. The expression
regulation of Csrp2, a binding partner of Piasl, which inhibits Statl, could indicate a
possible crosstalk between PTHrP signalling and FGF or Growth Hormone (GH) signalling
cascades as mentioned before™®!?. Both factors use Jak/Stat signalling to exert their effects
on chondrocyte proliferation and differentiation. In addition, our data indicates a crosstalk
between PTHrP and the IGF signalling cascade as well. IGFBP4 is shown to exert inhibitory
effects on IGF1-promoted growth“?. Via upregulation of IGFBP4, PTHrP might be able to
counteract IGF1-activity.

A remarkable finding in this study was the decrease of Agc mRNA expression in ATDC5
chondrocytes and an increase of Agc mRNA expression in explanted metatarsals after PTHrP
treatment. In contrast to the metatarsals, which contain chondrocytes at various stages of
differentiation as well as other cell types like osteoblasts and —clasts, the cultures of the ATDC5
cells are more homogenous. It may well be that regulation of Agc by PTHrP is dependent
on the developmental and differentiation stage of the chondrocyte. This is supported by
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observations in rat costal chondrocytes in which PTHrP either induced, slightly repressed or
had no effect on Agc mRNA expression depending on the gestational age of the cells*).
Previously we have shown that the majority of early PTHrP effects were part of a more
generalised response, not only restricted to chondrocytes!'®. To address whether this was also
the case for late PTHrP responses, the expression regulation of these genes by PTHrP were
also established in KS483 osteoblasts and in explanted metatarsals, which consist of different
cell types, like chondrocytes and osteoblast and osteoclast precursors in the perichondrium.
In both systems differences were found in gene expression compared to the expression in
ATDCS5 chondrocytes in response to PTHrP. Most of the upregulated genes showed a
temporal change in expression in metatarsals and osteoblasts. In addition, the direction of
the expression of downregulated genes was changed or the expression was not regulated in
osteoblasts and metatarsals. This suggest that between early and late effects mechanisms must
be operational that translate the PTHrP responses from a more generalised effect, as seen in
the immediate early response, into a cell type and cellular context dependent effect, as seen
in the late response. Results of other studies also indicate such a mechanism®#. The factors
involved in this process are not known.

In summary, we have identified 9 late PTHrP response genes, including 4 novel target genes,
Ecml, Calml, Hmgn2, and Mxd4. Among them were structural proteins, binding proteins
and regulators of signalling. The expression of the late PTHrP response genes varied between
cell types, suggesting a functional mechanism, translating the PTHrP responses from a more
generalised early response, into a cell type and cellular context dependent late response.
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Double Delta Model

Abstract

Background

Several mathematical models exist to calculate data derived from qPCR analysis. However,
a model providing computations for expression ratios and p-values in experiments in which
all samples are run in triplicate in a single qPCR experiment, well organized in a single
spreadsheet, is not available.

Results

We have developed the double delta model (DDM) to calculate p-values and confidence
bands in single qPCR experiments in which reference and target samples are run in
triplicate. In this model, which is derived from the 2-*4“ method, the variances of the gene
of interest as well as the variances of the reference are taken into account.

Conclusions

This model is particularly useful when working with many samples, because the calculations
of the ratios and the calculations of the p-values are well organized in a single spreadsheet.
Because the DDM does not include corrections for qPCR efficiency, it can only be used
when the amplification efficiencies of the target and reference gene are close to 1. The DDM
may also be applied to other data sets, in which experimental values are correlated with
reference values.

Background

The quantitative Polymerase Chain Reaction (qQPCR) is a powerful method to quantify

gene expression (for review see"). Two different methods to analyze qPCR data are mainly
used. The standard curve method is performed in circumstances where it is necessary

to determine the absolute transcript copy number®. This method is also called absolute
quantification and is usually performed by relating the PCR signal to a standard curve. In
most situations, however, relative quantification will suffice. This is for example the case in
experimental designs in which one would like to examine the effect of a drug or treatment
on the expression of a given gene. Many mathematical models exist to calculate the mean
normalized gene expression®®. In these methods, the expression of the gene of interest is
determined in control and treated samples and related to the expression of a reference gene,
which is measured in the same samples. This reference gene is often a house-keeping gene,
of which the expression is presumed not to be affected by the treatment.

An appropriate method for calculating expression ratios in data derived from a single qPCR
experiment, in which the samples of the gene of interest and the reference gene are run

in triplicate, is the 22 method. The derivations and assumptions have been described
elsewhere®. Since different efficiencies will generate errors when using this method, the
amplification efficiencies of the target and reference gene must be close to 1. This is often
the case for amplicons designed to be less than 150 bp and for which the PCR conditions
are properly optimized. However, this method does not include calculations of p-values and
confidence bands.

A suitable model for calculating expression ratios and p-values in a single qPCR experiment,
in which all samples are run in triplicate, is the relative expression software tool (REST).
This tool is based on the correction for PCR efficiencies and the mean Ct-value deviation
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between sample and control group®. In addition, REST also includes statistical analysis by
using the pair-wise fixed reallocation randomization test. However, a disadvantage of the
REST tool is the requirement of a new spreadsheet for the calculations of each sample in
experiments in which the expression of 1 gene is determined in many different samples. This
is a lot of work and could be confusing. Examples of such experiments are time series, dose
range series or series using different stimuli.

In this letter we propose a novel statistical model, the double delta model (DDM). For
calculations of expression ratios, p-values and confidence intervals, using qPCR data
derived from a single qPCR experiment in which all samples are run in triplicate. This
model is based on the 244 method®. Like the 22t method, the variances of the Ct-values
of the gene of interest as well as the variances of the Ct-values of the reference gene are
taken into account. This model does not include corrections for amplification efficiencies,
so we want to emphasize that this model can only be used when these values are close to 1.
This model is especially useful for calculating differences in gene expression in experiments
with many samples. The computations of the ratios and p-values can be calculated in a
single spreadsheet, making it well organized and easy to produce graphs.

Implementation

Here, we present a short derivation of the required formulas and show how to implement
them as an Excel spreadsheet (table 1). Let ypcr be a probe concentration, where p indicates
the type of probe (reference or not), ¢ indicates the condition, and r indicates a repetition.
LetX =log,Y . Weassume that x is approximately normally distributed. This is more
realistic than assuming a normal distribution for the concentrations, which are inherently
positive and can vary over an enormous range. We also assume that the normal distribution
has the same variance for all combinations of p and c.

The mean of all X, for any combination of p and ¢ will be indicated by

mpc zz chr/npc’

r
where npc is the number of observations. The DDM computes the contrast
d= (mzz_mﬂ)_(mu_mu) = Mgy My My + My,

For explanation of symbols, see result section and table 1. The variance in each group can be
estimated as

=2 X, -m ) /n-1.
r

These can be combined to estimate the pooled variance as

VZZZ vPC/DF,
p ¢
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where

DF =Z Z npc—l
p c

Let se, indicate the standard error of m . It is given by sepc =4/ v/n__ . In other words: the
variance of m__is v/n_. From elementary mathematical statistics it shows that the variance

of a sum or difference of independent variables is equal to the sum of the variances. We thus
find:

var(d) =v(1/n, + 1/n,+ I/n, + 1/n,),

and

se(d) = \/ v(1/nll + 1/n12 + 1/n21 + 1/n22)

Under the assumption of normality, d/+/se(d) has a t-distribution with degrees of freedom
(DF). This allows the computation of confidence bands and p-values. The confidence limits
(CL) are computed as: d + #(0.05;DF)*se(d), where 1(0.05;DF) is the critical value of the -
distribution with DF degrees of freedom at the 0.05 confidence level.
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Example of the double delta model (DDM).

Table 1

degrees of free-

1) ref. = reference and GOI = gene of interest. 2) Stim. = stimulation. *) var = variance. SSQ = sum of squares. DF

dom. SE = standard error. CL = confidence limit. *) Symbols used in the mathematical equations and corresponding with the name

in column C. xabc = Ct-value of group (a), stimulation (b), and type (c). mab/vab/nab

stimulation (b).

mean/variance/counts of group (a) and
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Results

We want to illustrate this model with an example in which the effect of treatment with

a drug is examined on the expression of a particular gene at several time points. RNA is
isolated from untreated (time point of stimulation) and treated specimens and prepared for
qPCR analysis. Samples are run in triplicate in a single QPCR experiment and Ct-values are
calculated for the gene of interest and the reference gene (see column E, E G, and H table 1).
Using the DDM we show that the drug has a significant effect on gene expression after 1 (p =
0.002) and after 2 hours (p = 0.002) (table 1 and fig. 1).

The computations can conveniently be organized as an Excel spreadsheet, as shown in table
1. The numbers in one data set are contained in one column (here columns E, F, G, and H).
The upper rows (2- 13) hold the individual measurements (Ct-values). Samples (groups) are
indicated in column A. Stimulation, where appropriate, is indicated in column B. Column

C gives a name to each number in columns E, E G, and H, while column D shows the
correspondence with symbols in the mathematical equations. Column I shows the Excel
formulas. This is done here for illustration purposes; in practical use this column (and
perhaps also the fourth, containing the symbols) could probably be deleted. The middle
rows (15-26) contain the calculations of mean, variance and sample size for each of the four
groups. The lower block (rows 28-38) contains the pooled results and the final statistics,
labelled as “contrast”. The present spreadsheet assumes a maximum group size of 3. It is

not difficult to add extra rows for larger sizes. Smaller group sizes or missing data are no
problem: one simply leaves spreadsheet cells empty; the calculations are organized in such a
way that they automatically handle missing data. In addition, it is not difficult to add extra
columns for additional data sets. Figure 1 shows the graph with the mean expression of a
gene of interest (GOI) at 0 (datal), 1 (data2), 2 (data3) and 4 (data4) hours after stimulation,
compared to the mean expression at time point 0, described in table 1.

-
|
1,5 l l

1,

SN T

-1

2log fold change compared to 0

Figure 1. Expression of gene of interest.
The mean expression of the gene of interest (GOI) is shown as 2log fold change compared to 0, time point of stimulation (datal,
table 1) at 1 (data2, table 1), 2 (data3, table 1) and 4 (data4, table 1) hours after stimulation. *Significant p<0.05.
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Conclusions

Several mathematical methods exist to calculate data derived from qPCR analysis®®.
However, a model providing calculations for expression ratios and p-values in experiments
in which all samples are run in triplicate in a single QPCR experiment, well organized in

1 spreadsheet, is not available. Therefore, we have developed a novel statistical model, the
double delta model (DDM) to calculate p-values and confidence bands using data derived
from a single qPCR experiment. The DDM is particularly useful when working with many
samples. In addition, the DDM is also applicable to other data sets, in which experimental
values are correlated with reference values. Examples are experiments, in which enzymatic
activity is corrected for cell number or DNA concentration and transient transfection assays,
in which luciferase activity is corrected for the transfection efficiency.

Availability

The double delta model is freely available on request from the corresponding author.
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Introduction

A network of endocrine and paracrine factors regulates the process of chondrocyte proliferation
and differentiation in the growth plate. One of the key regulators involved in this process is
Parathyroid Hormone (PTH) related peptide (PTHrP). This has been underlined by several
studies, in human and mice, in which type 1 PTH/PTHrP receptor (PTHR1) signalling is
interrupted or augmented"!'V. The exact working mechanism of PTHrP signalling, alone
or in combination with other growth factors or systemic hormones, in endochondral bone
formation is not completely understood. In this thesis, we further addressed the actions of
PTHrP in the complex network of endocrine and paracrine regulation of endochondral bone
formation.

The first major result described in this thesis was that the heterogeneity of Blomstrand
Osteochondrodysplasia (BOCD) is caused by the impact of a mutation in the PTHR1 gene on
the receptor function. In addition, we demonstrated that the PTHR1 adaptor proteins, Na+/
H+ exchanger regulatory factor 1 (Nherfl) and Nherf2, are expressed during endochondral
bone formation and that they may play a role in matrix mineralization during osteoblast and
chondrocyte differentiation. Furthermore, we identified novel early and late PTHrP target
genes using cDNA microarray and quantitative PCR (qPCR) analysis. Finally, we showed for
the first time interaction between PTHrP and the janus kinase (Jak)/signal transducer and
activator of transcription (Stat) pathway.

In this chapter, these major findings will be summarized and critically reviewed.

Genotype-phenotype correlation in Blomstrand
Osteochondrodysplasia

BOCD is a lethal osteochondrodysplasia characterized by severe skeletal malformations,
due to accelerated endochondral bone formation*'. It is caused by disruption of PTHR1
signalling®. BOCD can be divided into two types, type I and type II, depending on the
severity of the skeletal abnormalities, with type I as the most severe phenotype!’?. The
molecular basis for this heterogenic clinical presentation is unknown and, therefore, we have
addressed the underlying causative factors in chapter 2. For this purpose, we performed
mutation analysis in 2 families with type I BOCD and in 3 families with the less severe form,
type I BOCD. The latter included 1 case that has not been described before.

Theoretically, there are two possible explanations of the variation in severity of the skeletal
abnormalities. First, it is possible that the milder presentation of type II BOCD patients is
caused by the genetic background. Support for this explanation comes from two sources. We
have identified in two of the type II BOCD families the P132L mutation, which has already
been found before in another family with type II BOCD. These families lived in the same
region of England and originated from the same ethnic population”. In addition, it has
been shown that the presentation of the phenotype of PTHR1 knockout mice depends on the
genetic background®. For example, C57BL/6 mice die at mid-gestation, while Black Swiss
mice die perinatally.

An alternative explanation is that the clinical severity depends on the degree of inactivation
of the PTHRI1. We have presented a novel family of different genetic origin, with another
PTHR1 mutation causing type II BOCD, providing evidence that type II BOCD does not
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depend on the genetic composition. Both mutations resulted in partial inactivation of the
receptor with some residual activity. This is in contrast with the mutations identified in type I
BOCD. These mutations, including the R104X described in chapter 2, resulted in a complete
inactivation of the PTHR1®?. Therefore, we concluded that type I BOCD resulted from a
complete inactivation of the PTHRI, whereas a near complete inactivation of the PTHRI,
resulting in low levels of residual activity, caused the relatively milder presentation observed
in type I BOCD.

This phenomenon is not unique for BOCD. Gradations in the severity of a disease are
also found in another syndrome arising from mutations in the PTHR1, namely Jansen’s
metaphyseal chondrodysplasia (JMC)®. This type of osteochondrodysplasia is caused by a
constitutively activating mutation in the PTHR1 gene®%!2D. The T140P mutation caused the
classical form of JMC"Y, Another mutation at the same amino acid position, T140R, resulted
in ligand independent cAMP formation, which was less pronounced than observed with the
T140P mutations®". This became clinically evident in a less severe presentation of JMC®V.
Heterogeneity in clinical manifestations due to the nature of the mutation is not only found
in diseases arising from the PTHRI1 gene. Several types of chondrodysplasia, including
hypochondroplasia, achondrodysplasia and thanatophoric dysplasia (from less severe to most
severe phenotype) arise from heterozygous mutations in the same gene, namely the Fibroblast
Growth Factor (FGF) Receptor 3 (FGFR3)?. In these diseases a strong correlation between
genotype and phenotype has been found®.

Genotype-phenotype correlations have also been reported for campomelic dysplasia, a disease
characterized by skeletal and also extra-skeletal abnormalities®. This disease is caused by
mutations in the Sox9 gene, the main transcription factor for chondrocyte development.
Both homozygous and heterozygous mutations have been described®*. It has been stated
that mutations, resulting in residual transactivation capacity of the transcription factor, may
account for a milder phenotype and longer survival of patients®.

Taken together, these data indicate that the impact of a mutation on the capacity of the receptor
to activate downstream signalling pathways, critically determines the clinical presentation.

Regulation of PTHR1 signalling

In chapter 2 we showed that either the type or position of mutations in the PTHR1 resulted
in distinct clinical features, due to complete or partial inactivation of the PTHRI1. Partial
inactivation resulted in residual activity of the PTHRI and depending on the impact of
the mutations, this residual activity could vary. This is also pronounced in patients with an
activating mutation in the FGFR3, which can cause hypochondroplasia, achondrodysplasia
and thanatophoric dysplasia®'??).

Two pathways are activated by FGFR signalling in chondrocytes, the Jak/Stat pathway and
the extracellular signal regulated kinase (ERK) pathway®®). EGF is a potent inhibitor
of chondrocyte proliferation and hypertrophic differentiation®. The dominant pathway
after FGFR signalling influencing chondrocyte proliferation is the Jak/Stat pathway. FGFR
signalling results in the activation of Statl. Subsequently, Stat1 induces the expression of the
cell cycle inhibitor p21%/#r, thereby inhibiting chondrocyte proliferation®-".

The ERK pathway appears to be more important in the inhibition of hypertrophic
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differentiation. Transgenic mice that express a constitutively active mutant of ERK kinase
(Mek1) in chondrocytes, displayed incomplete hypertrophy of chondrocytes, but showed
no effect on chondrocyte proliferation®. Therefore, it has been hypothesized that FGFR
signalling inhibits chondrocyte differentiation through the ERK pathway. Thus, the balance
between the Jak/Stat pathway and the ERK pathway may adjust the effects of FGFR signalling
on chondrocyte proliferation and differentiation®. Diverse mutations in the FGFR3 may
have distinct impacts on the activity of the two main signalling pathways, which may result in
the heterogeneity of the clinical presentation of chondrodysplasia.

Signalling through two pathways is also important in PTHR1 signalling®*¥. Mouse knockout
models have been generated to identify the functions of the two pathways that are activated by
PTHRI signalling in chondrocyte proliferation and differentiation. The two pathways are the
adenylate (AC)/protein kinase A (PKA) and the phospholipase Cbeta (PLCP)/protein kinase C
(PKC) signalling pathway®*%. Recently, it has been shown that chondrocyte specific knockout
mice, carrying a mutation in the Gas and thereby disrupting AC/PKA signalling, displayed a
phenotype comparable to the PTHrP knockout mice®**9. These mice had severe growth plate
defects with reduction of the proliferative zone and accelerated chondrocyte differentiation.
The opposite was demonstrated in mice carrying a mutant form of the PTHR1 (DSEL mice),
which specifically interrupted signalling via the PLCB/PKC pathway and signalled normally
via the AC/PKA pathway®. These mice showed an increase in chondrocyte proliferation
and a decrease in chondrocyte differentiation. These results indicated that the AC/PKA is
the dominant pathway after PTHR1 signalling in stimulating chondrocyte proliferation and
inhibiting chondrocyte differentiation. In addition, these results showed that chondrocyte
differentiation is stimulated by the activation of the PLCB/PKC pathway. Thus, the two
pathways had opposite effects on chondrocyte proliferation and differentiation. In addition,
these results showed that a disbalance between these pathways after PTHRI activation can
result in altered chondrocyte proliferation and differentiation and can cause heterogeneity of
diseases, which are caused by mutations in the PTHRI.

The phenotype of the DSEL mice, in which PTHRI signalling via the PLCB/PKC pathway
was specifically interrupted, was remarkably similar to the phenotype displayed by a
consanguineous family with a rare growth disorder, the Eiken syndrome®*®. Eiken syndrome
is caused by a homozygous mutation in the PTHRI1 gene, resulting in a truncated PTHR1®.
The truncated protein only missed a small part of the C-terminus. Because of the comparable
phenotype of the mice model, it is hypothesized that PTHR1 signalling through the PLCpB/
PKC pathway is disrupted. Eiken patients were considered normal at birth, but after a few
months they developed a skeletal dysplasia, characterized by delayed ossification, principally
of the epiphyses, the pelvis, the hands and the feet. Taken together, this indicates that the
role of the PLCP/PKC pathway becomes more pronounced after birth, while the AC/PKA
pathway is the dominant pathway during prenatal growth, which has also been suggested
previously®3%.

Normal development of the growth plate requires a balanced signalling between the two main
signalling pathways of PTHR1. This balance could be influenced by adapter proteins, like the
PDZ domains containing proteins, Nherfl and Nherf2. Nherfl and Nherf2 were first found
in renal tubuli as regulators of ion channels®”. Further experiments revealed that the Nherf
proteins not only bind to ion channels, but also to transcription factors, signalling molecules,
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structural proteins and receptors®***. The binding of Nherfl and Nherf2 to the PTHR1 and
PLC is best studied in renal tubuli®®.

In chapter 3 we showed that both Nherfl and Nherf2 mRNAs were expressed in several organs
usinginsituhybridizations, whichisinline with other studies“**". Inaddition, we demonstrated
Nherfl and Nherf2 mRNA expression during endochondral bone formation by growth plate
chondrocytes and osteoblasts in the bone collar. To establish whether Nherfl and Nherf2
play a role in osteoblast and chondrocyte differentiation, Nherfl and Nherf2 overexpressing
KS483 cell lines were generated. Nherfl and Nherf2 overexpression had distinct effects on
the differentiation of osteoblasts and chondrocytes. While Nherfl overexpression inhibited
terminal osteoblast differentiation, Nherf2 overexpression stimulated terminal osteoblast and
chondrocyte differentiation using matrix mineralization as a read out. The negative actions
of Nherfl in bone formation have been shown before in Nherfl knockout mice?. Some, but
not all female Nherfl knockout mice were dwarfs and they displayed severe osteoporosis and
bone fractures. This is most likely a secondary effect. Nherf1 regulates phosphate transport by
binding to the sodium/phosphate co-transporter type ITa (Npt2a)“). In addition, Nherfl null
mice showed mild hypophosphatemia, which probably affected bone formation. However,
our data suggests that the bone phenotype may also be explained partly by direct effects on
osteoblastic matrix mineralization. Others have reported distinct functions for Nherfl and
Nherf2 in renal tubuli in the regulation of the Npt2*!“*®). The different functions for Nherfl
and Nherf2 might be explained by the recruitment of different molecules to form a membrane/
submembrane bound complex, displaying diverse actions%#-19),

In chapter 3 we also showed that Nherfl and Nherf2 overexpression did not change the
actions of PTHRI signalling on osteoblast en chondrocyte differentiation. We demonstrated,
however, overexpression of Nherfl and Nherf2 mRNA and it is likely that the Nherfl and
Nherf2 proteins are overexpressed as well, because both overexpressing cell lines displayed
altered biological responses on osteoblast differentiation. Functional overexpression will
probably induce a shift in the balance of PTHRI signalling, since it has previously been
shown that Nherf redirects PTHRI signalling from the AC/PKA to PLCB/PKC pathway in
renal tubuli®®. An explanation for the fact that we did not demonstrate an effect of Nherf1l
or Nherf2 overexpression on PTHRI signalling, could be inefficient coupling of Nherfl and
Nherf2 to the PTHRI in osteoblasts and chondrocytes, in contrast to renal kidney cells.
In addition, levels of PLCP could be too low to affect the dominant AC/PKA pathway. The
measurements of the activation of the AC/PKA pathway and the PLCB/PKC pathway are
currently underway.

Microarray and qPCR analysis

In chapter 4 and 5 we identified PTHrP target genes by performing microarray analysis. The
microarrays, on which the NIA 15k mouse cDNA clone set” was spotted, were custom-
made. The quality of the spots of the cDNA microarray was low, due to heterogeneous spot
morphologies (“doughnuts”), deposition inconsistencies, and oversized spots. In addition, the
quality control of cDNA microarrays is a well-known problem%),

Halgren etal. reported a very high error rate of nearly 38% in the spots on cDNA microarrays®”.

The spots did not contain the cDNAs expected, because of contamination. Also in our study,
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all spots containing the regulated cDNAs were sequenced and even a larger error rate was
found. Approximately 55% of the cDNAs were not the cDNAs expected (unpublished data).
The contamination is most likely introduced during multiple rounds of replication of the
bank by PCR, as previously suggested®**"). Because of the uncertainty of the identity of the
spots cDNA microarray analysis is not the ideal technique for pathway screening or genome
wide analysis. For this purpose, commercially available oligonucleotide microarrays are much
more reliable. cDNA microarray analysis is, however, a suitable technique for the identification
of a subset of target genes, but only by applying very stringent selection criteria, by sequencing
the regulated cDNAs, and by validation of regulated genes.

Since the cDNA microarray is used extensively in nearly all areas of biomedical research,
investigators should always be aware of any indications that there may be serious unreliability
in the microarray data. In addition, a major focus of microarray data appears to be centred
on the statistical treatment of microarray data, such as image analysis, normalization, and
background subtraction. However, more attention should be given to artefacts generated by
amplification of the cDNAs and investigators should be especially cautious when interpreting
data obtained from cDNA microarrays.

Microarray data, especially derived from cDNA microarrays, should be validated before
jumping to conclusions. Bio-informatic analysis and techniques like Northern blot and qPCR
analysis are mainly used for this purpose®>*. In our study we used bio-informatic analysis
and qPCR analysis in different cell models and we thereby showed the validity of a part of the
microarray data. However, due to the distinct methodologies and the relative poor quality of
the custom cDNA microarrays, the overlap was not 100%, which is in line with other studies®*
59, In our study the overlap in expression pattern between microarray and qPCR analysis was
57%. The expression pattern of the remaining genes differed only slightly between microarray
analysis and qPCR analysis. In contrast to the expression patterns between microarray and
qPCR analysis, which were comparable, the fold changes were dissimilar. A decrease, as well
as an increase in fold change were demonstrated, which has also been reported by others®**?.
cDNA microarray analysis is not a quantitative method in contrast to qPCR and Northern
blot. Therefore, direction of changes, but not fold changes, can be determined with cDNA
microarray analysis.

While the technical approach of qPCR is straightforward, the statistical analysis of qPCR
data is less clear. A model providing computations for expression ratios and p-values in
experiments in which all samples are run in triplicate in a single qPCR experiment, well
organized in a single spreadsheet, is not available. For this purpose, we generated the double
delta model (DDM), which is described in chapter 6. This model is derived from the 244
method and the variance of the gene of interest as well as the variance of the reference is taken
into account®. The DDM is particularly useful when working with many samples, because
the calculations of the ratios and the calculations of the p-values are well organized in a single
spreadsheet. Because the DDM does not include corrections for gPCR efficiency, it can only
be used when the amplification efficiencies of the target and reference gene are close to 1. The
DDM may also be applied to other data sets, in which experimental values are correlated with
reference values.
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PTHrP target genes

To unravel how PTHrP exerts its effects on growth plate chondrocytes, we have identified
early and late PTHrP target genes, using cDNA microarray analysis. By applying very
stringent criteria for data generation and by performing validation studies we have produced
a small list of early (12) and late (9) PTHrP response genes. The list of early PTHrP response
genes included 7 upregulated (RGS2, SGK, Upar, IER3, Ptp4al, Stat3, and Csrp2) and 5
downregulated (Sf3a2, Gabl, DYM, LamRI and Acvr2b) genes and the list of late response
genes included 3 upregulated (IGFBP4, Csrp2, and Ecml) and 6 downregulated (Col9al,
Col2al, Agc, Hmgn2, Calml, and Mxd4) genes. The majority of the early PTHrP response
genes, 83%, were involved in signal transduction and regulation, compared to only 44% of the
late PTHrP target genes. In addition, none of the early PTHrP response genes were structural
proteins, compared to 44% of the late target genes. This is in agreement with the notion that
the majority of early target genes are implicated in signal transduction and regulation and
that most of late response genes code for structural proteins belonging to the extracellular
matrix©®4%),

In chapter 4 we showed that the majority of early PTHrP effects were part of a more generalized
response, not only restricted to chondrocytes, but also present in osteoblasts. In chapter 5 we
demonstrated that the expression of most of the late response genes showed temporal and
directional changes between the different cell models. This indicates that for studying the
actions of PTHrDP, the early response genes are most relevant. The late targets of PTHrP are
not only manipulated by PTHrP treatment, but have also endured other influences, which
are dependent of the cell type and environmental effects. This suggest that between early and
late effects mechanisms must be operational that translate the PTHrP responses from a more
generalized effect into a cell type and cellular context dependent effect. Results of other studies
also indicate such a mechanism®%*%, The factors involved in this process are not known.

Transcription factor binding sites in promoters of PTHrP target

€nes

"%0 identify common conserved regulatory elements involved in the expression regulation of
early PTHrP target genes, we analyzed their promoter regions. We found several conserved
transcription factor binding sites in various early target genes. Among these transcription
factor binding sites were cAMP response elements (CRE) and AP-1 response elements. CREs
can be bound by CRE binding proteins (CREB). CREB and AP-1 are the main transcription
factors activated by the AC/PKA pathway after PTHR1 signalling®*”). Remarkably, 6 out 7 of
the upregulated genes in chondrocytes contained CREB transcription factor binding sites, 4
times in combination with an AP-1 response element, and only 2 out of 5 of the down regulated
genes in chondrocytes contained CREB transcription factor binding sites. In addition, these
2 downregulated target genes were upregulated in osteoblasts. Comparable to our study
were the predictions of CREB and AP-1 transcription factor binding sites predominantly
in upregulated genes in a study by Qin et al.*®. They used a statistical approach to identify
transcription factor binding sites used by PTH-signalling in osteoblasts instead of enrichment
for evolutionary conserved binding sites applied in this paper. This suggests that CREB and
AP-1 are predominantly involved in upregulation of transcription of PTHrP target genes.
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Among downregulated genes by CREB after PTHRI signalling is the transcription factor
for osteoblast differentiation and hypertrophic chondrocyte differentiation, the runt related
transcription factor 2 (Runx2)®. The suppression of Runx2 transcription is primarily
regulated through the AC/PKA signalling pathway®V. This effect is only partially mediated via
CREB, suggesting that other transcription factors are involved in the negative regulation of
Runx2 transcription and probably also in the transcription of other downregulated genes®".

PTHrP and the interactions with other paracrine and endocrine

signals

Endochondral bone formation is under the control of endocrine (systemic hormones)
and paracrine (growth factors) factors® Y. From the systemic hormones, the dominant
regulator of endochondral bone formation is Growth Hormone (GH)“Y. GH can act directly
on the growth plate, via its receptor, which is expressed by growth plate chondrocytes®®.
In addition, GH influences chondrocyte proliferation and differentiation indirectly via the
induction of Insulin-like Growth Factor 1 (IGF-1)©"). It is likely that GH also controls the
expression of other locally produced growth factors, for instance components of the Indian
Hedgehog (IHh)/PTHrP negative feedback loop®?. In this thesis we provide evidence for the
opposite, namely, the regulation of GH actions by PTHrP. Thus, the interaction between GH
and PTHrP might be reciprocal.

Besides GH, another important regulator of chondrocyte differentiation in the postnatal
growth plate is estrogen. Its main actions are inducing the growth spurt at the beginning
of puberty and stimulation of growth plate fusion at the end of puberty””). While we
demonstrated possible interactions between PTHrP and GH, no indications for interactions
between PTHrP and estrogens were found in our limited data set.

In chapter 4 we demonstrated for the first time a crosstalk between PTHrP and members of
the Jak/Stat family. PTHrP induced the mRNA expression of Stat3, Stat5a, Stat5b, and Csrp2.
Csrp2 is a binding partner of PIAS1, which is an inhibitor of Stat1??. In addition, several
conserved Stat transcription factor binding sites were predicted in the early PTHrP response
genes. Furthermore, PTHrP influenced posttranslational activation of Stat3, Stat5a, and Stat5b.
Interestingly, activation of Stat3 was increased, while the activation of Stat5a and Stat5b was
decreased. Both the increased activity of Stat3 and the decreased activity of Stat5a and Stat5b
after AC\PKA signalling have already been demonstrated before in other cell types”*7%.
Stat5b is the most important Stat protein in GH signalling, with respect to longitudinal
growth™79. GH induces IGF-1 expression through Stat5b and IGF-1 stimulates chondrocyte
proliferation and differentiation®””. By inhibiting Stat5b activity, PTHrP may diminish the
positive actions of GH on chondrocyte proliferation and differentiation. Thus, we found that
paracrine factors, in our study PTHrP, may influence the actions of endocrine signals, in
our study GH. Our experiments were not set up to investigate whether endocrine signals
influenced the actions of paracrine factors. This suggests that if indeed endocrine signals exert
their effects by modulating paracrine factors, like PTHrP, it is not a one-way direction, but a
reciprocal interaction.

Most Stat proteins are also involved in FGFR signalling. The negative regulation of
chondrocyte proliferation by FGFR signalling is mediated through Statl, by inducing the
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expression of cell cycle inhibitor p21w/9r13%3D Stat] activation is inhibited by PIAS1, which
is a binding partner of Csrp2”?. By inducing the expression of Csrp2 (chapter 4 and 5),
PTHrP could alleviate the inhibitory actions of PIAS1 on Statl and thereby increasing the
negative regulation of chondrocyte proliferation. The inhibitory actions of FGFR signalling
on chondrocyte differentiation is mediated through the ERK pathway®?. No indications for
interactions between PTHrP and the ERK pathway were found in our limited data set.

The role of PTHrP in the growth plate is regulating the transition of proliferating into
hypertrophic chondrocytes and thereby keeping the chondrocytes in a proliferative competent
stage”. It has been shown that p57, a member of the CIP/KIP family of inhibitors of cyclin-
dependent kinases, is one of the major mechanism used by PTHrP to maintain chondrocyte
proliferating and delay their differentiation”™*”. Studies with transgenic mice demonstrated
that the level of PTHrP is very important in normal endochondral bone formation. Both mice
with ablation of the PTHrP gene or ectopic expression of PTHrP showed severe dwarfism©®5#V.
The expression of PTHIP is tightly controlled. This is accomplished by IHh®?,

In this study we provide evidence that the biological actions of PTHrP might also be controlled
by other regulators of endochondral bone formation. PTHrP may influence the signalling
pathways of FGF and GH, thereby probably counteracting its positive effect on chondrocyte
proliferation, but possibly enhancing its negative effect on chondrocyte differentiation (fig.
1). PTHrP might affect the actions of FGF signalling on chondrocyte proliferation and the
actions of GH signalling on both chondrocyte proliferation and differentiation, through
influencing Jak/Stat signalling. Through inhibition of the activity of Stat5b by PTHrP, IGF-1
expression may be diminished, presumably resulting in a decrease of chondrocyte proliferation
and differentiation. In addition, by inducing Csrp2 expression, PTHrP is potentially able to
alleviate the inhibition of PIAS1 on Stat1 activity. This may result in a decrease of chondrocyte
proliferation. Experiments to establish whether Stat1 is directly activated by PTHRI1 signalling
are currently underway. In addition, conflicting data have been reported about Stat3
phosphorylation after FGF activation. Hart et al. found that FGFR signalling could activate
Stat3 in the fibroblast cell line NIH3T3, however, another study using rat chondrosarcoma cells
(RCS), revealed that FGF treatment had no effect on Stat3 phosphorylation®**?. Therefore,
the role of Stat3 after FGF activation in this model is unclear.

The transition of proliferating chondrocytes into hypertrophic chondrocytes is under the
control of the IHh/PTHTrP negative feedback loop®?. It has been proposed that FGF and BMP
signalling affects the negative feedback loop. They show opposite effects on the expression
of IHh, on chondrocyte proliferation and on terminal differentiation®>*®. These actions are
believed to be independent of the IHh/PTHrP pathway®?. By showing that PTHrP influenced
the Jak/Stat pathway, which signalling molecules are intracellular mediators of FGF signalling,
we provide evidence that a cross talk between PTHrP and FGF signalling may exist.

Final remarks

PTHrP is an essential growth factor in the regulation of growth plate chondrocyte development.
It works, however, in a complex environment of other growth factors and endocrine signals,
which can influence either their own or each others expression and activity. Thus, the overall
effect of the actions of systemic hormones and locally acting growth factors on chondrocyte
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Figure 1: positive and negative actions of PTHrP on chondrocyte proliferation and differentiation.

PTHIrP exerts its positive effects on chondrocyte proliferation through the suppression of p57 expression. We hypothesize that PTHrP
may also have negative effects on chondrocyte proliferation, through influencing the signalling pathways of FGF and GH and may
enhance its negative effect on chondrocyte differentiation, through influencing the GH signalling pathway. PTHrP is potentially able
to alleviate the inhibition of PIAS1 on Stat1 activity by inducing the expression of Csrp2. The negative actions of Stat1 on chondrocyte
proliferation after FGF activation may be enhanced through inhibition of p21. GH induces IGF-1 expression through Stat5b activa-
tion. PTHrP decreases posttranslational activation of Stat5b, thereby probably inhibiting the positive actions of IGF-1 on chondrocyte
proliferation and differentiation.

proliferation and differentiation is the result of the activation of signalling pathways and the
interactions between them. The occurrence and intensity of specific signalling responses
depend upon many factors that may be controlled directly or indirectly by the environment
of the chondrocyte. These may include the level of receptor expression, the abundance
of adaptor or scaffolding proteins, for instance Nherf, or the expression and activity of
downstream kinases and their substrates. In addition, interactions with adjacent cells or with
the extracellular matrix could also influence the response to systemic hormones or growth
factors.

In the past, most studies have focussed on the actions of a single gene. With the rapid
advancements in technology, a growing number of studies are using techniques to determine
a wide range of target genes. Among these techniques is genome wide analysis, but another
increasing field of interest is the field of bioinformatics and the use of computer models. By
using these techniques, the connections between the target genes will lead to new insights.
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Summary

Longitudinal growth is the key characteristic that distinguishes children from adults. Growth
is regulated in the growth plates, which are layers of cartilage located at the ends of the long
bones. The cartilage cells are called chondrocytes and go through a coordinated program
of proliferation, maturation, hypertrophic differentiation, apoptosis and replacement by
bone. This process is called endochondral bone formation. A complex network of hormones
(endocrine regulators) is involved in this process. The mechanism of actions of these hormones
is not completely understood. A possible mechanism of action is the interaction of systemic
hormones with locally produced growth factors (paracrine regulators), like the Parathyroid
Hormone (PTH) related Peptide (PTHrP) and its receptor, the type 1 PTH/PTHrP receptor
(PTHRI1). PTHrP and PTHRI are among the key regulators in the process of endochondral
bone formation. The working mechanism of PTHrP signalling, alone or in combination with
other growth factors or systemic hormones, in endochondral bone formation is not completely
understood. In this thesis, we have further addressed the actions of PTHrP in the complex
network of endocrine and paracrine regulation of endochondral bone formation.

Disruption of PTHRI signalling, caused by a loss of function mutation in the PTHR1 gene,
results in the human in Blomstrand Osteochondrodysplasia (BOCD). BOCD can be divided
into two types, depending on the severity of the skeletal abnormalities, with type 1 as the most
severe form. The molecular basis for the heterogenic presentation is unknown. In chapter
2 the underlying causative factor of this heterogeneity in clinical presentation of BOCD is
addressed. We performed mutation analysis in 2 families with type I BOCD and in 3 families
with the less severe form, type II BOCD. The latter group includes 1 case that has not been
described before. In one of the type I BOCD cases a nonsense mutation (R104X) was found,
resulting in a truncated PTHRI, while in the second type I BOCD case no receptor mutation
was identified. A splicing defect (intronM4+27C>T) was demonstrated in one of the type II
BOCD cases. In the other 2 families with type Il BOCD a previously identified missense P132L
mutation was found. Functional analysis demonstrated a near complete inactivation of the
PTHRI1 with low residual activity in the type Il BOCD cases. In combination with published
data , we concluded that a complete inactivation of the PTHR1 causes type I BOCD, whereas
the relatively milder presentation of type II BOCD is caused by low levels of residual activity
due to a near complete inactivation of the PTHRI.

In chapter 3 we investigated the role of the adaptor proteins for the PTHRI, the PDZ
domain containing proteins Na+/H+ exchanger regulatory factor 1 (Nherfl) and Nherf2,
in endochondral bone formation and PTHRI1 signalling. Using in situ hybridization we
showed that Nherfl and Nherf2 mRNAs are expressed during endochondral bone formation
by osteoblasts in the bone collar and by chondrocytes in the growth plate. In addition,
overexpression of Nherfl and Nherf2 in KS483 mesenchymal progenitor cells resulted in
opposite effects on terminal osteoblast differentiation. Nherf1 overexpression inhibited, while
Nherf2 overexpression stimulated matrix mineralization. Cartilage matrix mineralization
was increased in the Nherf2, but not in the Nherfl overexpressing cell line. Overexpression
of Nherfl or Nherf2 had no effect on the production of early chondrocyte markers, the
glycosaminoglycans (GAGs). PTHrP inhibited osteoblastic matrix mineralization and GAG
production in chondrocytes. Overexpression of Nherfl or Nherf2 did not change the effect
of PTHrP treatment on osteoblast and chondrocyte differentiation. We concluded that the
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distinct actions of Nherfl and Nherf2 are probably due to the recruitment of different target
molecules, like transcription factors, receptors and signalling molecules.

We used the chondrogenic ATDCS5 cell line and performed ¢cDNA microarray analysis to
identify early PTHrP response genes in chondrocytes and to recognize interactions with other
regulatory factors in chapter 4. For this purpose, ATDC5 cells were treated for 1, 2, and 4
hours with PTHrP. By applying very stringent criteria for data generation and by performing
validation studies we have produced a small list of early PTHrP response genes, including 7
upregulated (RGS2, SGK, Upar, IER3, Ptp4al, Stat3, and Csrp2) and 5 downregulated (Sf3a2,
Gabl, DYM, LamRI and Acvr2b) genes. The majority of these genes were implicated in signal
transduction and regulation. The early response genes were part of a generalized response to
PTHrP, since they were also identified as PTHrP response genes in osteoblasts. The majority of
the upregulated early response genes contained CREB and AP-1 transcription factor binding
sites in their promoter regions, suggesting that CREB and AP-1 are predominantly involved
in upregulation of transcription of PTHrP target genes. Among the early response genes
were mediators of the Janus Kinase (Jak)/Signal transducer and activator of transcription
(Stat) pathway. In addition, several Stat transcription factor binding sites were predicted
in the promoter regions of the early response genes. Furthermore, in transient transfection
assays we showed that PTHrP positively regulated the posttranslational activity of Stat3 and
negatively regulated the posttranslational activity of Stat5a and Stat5b. This data is suggestive
for a previously not recognized interaction between PTHrP and Jak/Stat signalling.

In chapter 5 the identification of late PTHrP target genes using the ATDC5 cell line and
cDNA microarray analysis is described. For the identification of late PTHrP target genes the
ATDCS cells were treated for 24 and 72 hours with PTHrP. By applying very stringent criteria
for data generation and by performing validation studies we have produced a small list of
late PTHrP target genes. The list of late response genes included 3 upregulated (IGFBP4,
Csrp2, and Ecm1) and 6 downregulated (Col9al, Col2al, Agc, Hmgn2, Calm1, and Mxd4)
genes. The majority of the late response genes code for structural proteins belonging to the
extracellular matrix. The expression of late PTHrP response genes varied between different
cell types, suggesting that the expression of late response genes is dependent on the cellular
context of the PTHrP responsive cells.

The early and late response genes were validated by quantitative PCR (qPCR) analysis. While
the technical approach of qPCR is straightforward, the statistical analysis of qPCR data is less
clear. We developed the Double Delta Model (DDM) to calculate p-values and confidence
bands in data derived from qPCR analysis, which is described in chapter 6.

In chapter 7 the major findings of this thesis are summarized and critically reviewed in relation
to current literature. These findings include the discussion of the quality of cDNA microarrays
and the interactions of PTHrP with other regulators of endochondral bone formation.

Samenvatting (Summary in Dutch)

Lengtegroei is één van de belangrijkste verschillen tussen kinderen en volwassenen. De
groei wordt gereguleerd in de groeischijven. De groeischijven bevinden zich aan de distale
uiteinden van de pijpbeenderen en bestaan uit kraakbeen. De cellen in de groeischijf worden
kraakbeencellen of chondrocyten genoemd. Deze chondrocyten doorlopen een gecontroleerd
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programma van celdeling (proliferatie), maturatie, differentiatie en geprogrammeerde celdood
(apoptose). Dit proces eindigt met de vervanging van het kraakbeen door bot en wordt
endochondrale botvorming genoemd. Een complex netwerk van hormonen (endocriene
regulatoren) is betrokken bij de regulatie van dit proces. Hoe deze regulatie precies verloopt
is nog niet helemaal duidelijk. Een mogelijk mechanisme zou kunnen zijn, dat hormonen
de activiteit van locaal geproduceerde groeifactoren (paracriene regulatoren) beinvloeden,
bijvoorbeeld door het reguleren van het “Parathyroid Hormone (PTH) related Peptide”
(PTHrP) en de bijbehorende type 1 PTH/PTHrP receptor (PTHR1). PTHrP and PTHR1
behoren tot de groep van belangrijkste regulatoren binnen het proces van de endochondrale
botvorming. Het mechanisme waarmee PTHrP endochondrale botvorming reguleert, alleen
of in combinatie met hormonen, is nog niet helemaal duidelijk. In dit proefschrift hebben we
de werking van PTHrP binnen het complexe netwerk van endocriene en paracriene regulatie
van de endochondrale botvorming verder uitgediept.

Eenhomozygote inactiverende mutatie in het PTHR1 gen, waardoor een onderbreking ontstaat
in de signaalroute van de PTHRI, leidt in de mens tot Blomstrand Osteochondrodysplasia
(BOCD). Afhankelijk van de ernst van de afwijkingen in het skelet wordt deze ziekte in
twee types verdeeld, waarbij type I de meest ernstige vorm is. De moleculaire basis voor
deze heterogene presentatie is niet bekend. In hoofdstuk 2 hebben we dit onderzocht met
behulp van mutatie analyse in 2 families met type I BOCD en in 3 families met de minder
ernstige vorm, type II BOCD. Deze laatste groep bevat een familie, die in hoofdstuk 2 voor
het eerst wordt beschreven. In één van de type I BOCD families werd een nonsense mutatie
(R104X) gevonden, wat resulteerde in een “getrunkeerd” PTHRI eiwit. In de tweede type
I BOCD familie werd geen mutatie in het PTHR1 gen geidentificeerd. Een splicingsfout
(intronM4+27C>T) werd gevonden in één van de type II BOCD families. De andere twee
families met type II BOCD hadden de P132L missense mutatie in het PTHR1 gen. Deze
mutatie is al eerder beschreven. Functionele analyse liet in de type II BOCD families een
bijna complete inactivatie van de PTHR1 met lage restactiviteit zien. In combinatie met reeds
gepubliceerde data hebben we geconcludeerd dat een complete inactivatie van de PTHR1
leidt tot type I BOCD en dat type II BOCD veroorzaakt wordt door een lage restactiviteit van
de receptor, wat komt door een niet geheel complete inactivatie van de PTHRI.

In hoofdstuk 3 hebben we de rol van de adaptor eiwitten voor de PTHR1, de PDZ domein
bevattende eiwitten “Na+/H+ exchanger regulatory factor 17 (Nherfl) en Nherf2, in
endochondrale botvorming en in PTHRI signalering onderzocht. Met behulp van in situ
hybridisatie hebben we laten zien dat de Nherfl en Nherf2 mRNAs tot expressie worden
gebracht gedurende endochondrale botvorming, in de bot aanmakende cellen (osteoblasten)
in de botkoker en in de chondrocyten in de groeischijf. Daarnaast hebben we laten zien dat
overexpressie van Nherfl en Nherf2 in KS483 mesenchymale voorlopercellen resulteerde in
tegenovergestelde effecten in terminale osteoblast differentiatie. Nherfl overexpressie remde
de matrix mineralisatie, terwijl Nherf2 overexpressie deze stimuleerde. De mineralisatie van
de kraakbeenmatrix was eveneens toegenomen door overexpressie van Nherf2, maar niet
door overexpressie van Nherfl. Overexpressie van Nherfl of Nherf2 veranderde de productie
van de vroege chondrocyte markers, de glycosaminoglycanen (GAGs), niet. PTHrP remde de
mineralisatie van de botmatrix en remde de GAG productie door chondrocyten. Overexpressie
van Nherfl of Nherf2 veranderde dit effect van PTHrP op osteoblast en chondrocyte
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differentiatie niet. De afwijkende effecten van Nherf1l en Nherf2 worden mogelijk veroorzaakt
door de interactie met verschillende target moleculen, zoals transcriptie factoren, receptoren
en signaal moleculen.

In hoofdstuk 4 hebben we gebruikt gemaakt van ATDCS5 cellen, die te beschouwen zijn als
voorlopercellen van chondrocyten, en cDNA microarray analyse om vroege PTHrP respons
genen in chondrocyten te identificeren en om interacties met andere regulatiefactoren
te vinden. Voor het identificeren van vroege PTHrP respons genen, zijn de ATDC5 cellen
voor 1, 2 en 4 uur gestimuleerd met PTHrP. Door gebruik te maken van zeer strenge selectie
criteria en door het doen van validatie studies hebben we een kleine lijst met vroege PTHrP
respons genen kunnen maken. Deze lijst bestond uit 7 opgereguleerde (RGS2, SGK, Upar,
IER3, Ptp4al, Stat3 en Csrpe) en 5 downgereguleerde (Sf3a2, Gabl, DYM, LamRI en Acvr2b)
genen. Het grootste deel van deze genen is betrokken bij de regulatie van signaaltransductie.
De vroege respons genen maken deel uit van een meer algemene PTHrP respons, omdat deze
genen ook in osteoblasten zijn gevonden als vroege PTHrP respons genen. In de promoter
regionen van de meeste opgereguleerde vroege PTHrP respons genen hebben we CREB en
AP-1 transcriptiefactor bindingsplaatsen gevonden. Dit suggereert dat CREB en AP-1 bovenal
betrokken zijn bij de opregulatie van transcriptie van PTHrP respons genen. De groep
van vroege respons genen bevatte eveneens genen die betrokken zijn bij de “Janus Kinase”
(Jak)/”Signal transducer and activator of transcription” (Stat) signaalroute. Ook werden
verschillende Stat transcriptie factor bindings domeinen voorspeld in de promoter regionen
van de vroege respons genen. Daarnaast hebben we laten zien, door gebruik te maken van
transiente transfectie analyses, dat PTHrP de posttranslationele activiteit van Stat3 positief
beinvloedde en dat PTHrP de posttranslationele activiteit van Stat5a en Stat5b negatief
beinvloedde. Deze bevindingen zijn suggestief voor een niet eerder gevonden interactie
tussen PTHrP en Jak/Stat signalering.

In hoofdstuk 5 hebben we late PTHrP respons genen geidentificeerd, door gebruik te maken
van ATDC5 chondrocyte voorlopercellen en cDNA microarray analyse. Om late PTHrP
respons genen te identificeren, zijn de ATDC5 cellen voor 24 en 72 uur gestimuleerd met
PTHrP. Door gebruik te maken van zeer strenge selectie criteria en door het doen van validatie
studies hebben we een kleine lijst met late PTHrP respons genen kunnen maken. Deze lijst
bestond uit 3 opgereguleerde (IGFBP4, Csrp2 en Ecml) en 6 downgereguleerde (Col9al,
Col2al, Agc, Hmgn2, Calm1l en Mxd4) genen. Het grootste deel van de late repons genen
codeerde voor structurele eiwitten behorende tot de extracellulaire matrix. De expressie van
de late PTHrP respons genen verschilde tussen celtypes, wat suggereerde dat de expressie van
late response genen athankelijk is van de cellulaire context van de PTHrP responsieve cellen.
De vroege en late PTHrP repons genen zijn gevalideerd met behulp van kwantitative PCR
(qPCR) analyse. De technische procedure van qPCR is duidelijk. De statistische analyse van
qPCR data daarentegen is minder duidelijk. Om p-waarden en betrouwbaarheids intervallen
te berekenen in data van qPCR analyse, hebben we het “Double Delta Model” (DDM)
ontwikkeld. Dit is beschreven in hoofdstuk 6.

Tenslotte zijn in hoofdstuk 7 de belangrijkste bevinden van dit proefschrift samengevat en
bediscussieerd in het licht van de bestaande literatuur. Deze bevindingen omvatten onder
andere de discussie over de kwaliteit van de cDNA microarrays en de interacties van PTHrP
met andere regulatoren van endochondral botvorming.
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