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General intfroduction

Cartilage is an important structural component of the body; essential during walking, sports
and everyday life functioning. It is a firm tissue, but it is softer and much more flexible than
bone. It is a connective tissue found in many areas of the body including the articulating
joints between the bones (e.g. the elbows, knees, hips and ankles), the end of the ribs,
between the vertebrae in the spine, in the ears and nose and in the bronchial tubes and
tracheal. It is essential for functions such as breathing, hearing, articulation and locomotion.
The cartilage present in diarthrotic joints is hyaline articular cartilage and is present in a 2-4
mm layer on the articulating ends of the long bones. Its function is to provide a smooth,
lubricated surface for articulation that is able to withstand the enormous amount of
intensive and repetitive forces that are associated with locomotion?*, combined with low
friction. Cartilage tissue is populated by specialized cells called chondrocytes. The
chondrocytes produce large amounts of extracellular matrix (ECM) which, amongst others,
is composed of collagen fibers and proteoglycans. There are no blood vessels in cartilage to
supply the chondrocytes with nutrients. Instead, nutrients, oxygen etc. diffuse from the
synovial cavity and surrounding tissues through the cartilage to reach the chondrocytes. Due
to the lack of vascularization, cartilage is largely hampered in reparative capacity, as
compared to other tissues!. This has major implications for cartilage diseases such as
osteoarthritis (OA), the most prevalent degenerative joint disease that is characterized by

articular cartilage destruction®.



Chapter 1

1.1 Chondrogenic differentiation and osteoarthritis

1.1.1 Chondrogenic differentiation in the context of skeletal

development

Longitudinal bone growth during skeletal development and lengthening of the limbs
depends on endochondral ossification. Endochondral ossification is a multistage process in
the growth plates of developing long bones. Chondrogenic differentiation is part of the
endochondral ossification process and it encompasses the commitment and differentiation
of chondro-progenitor cells towards chondrocytes®. In vivo, during skeletal development,
chondrogenic differentiation is initiated from local mesenchymal progenitor cells that reside
in the growth plate’s resting zone®. In addition to playing an essential role in endochondral
ossification, chondrogenic differentiation also provides articulating joint surfaces with
functional cartilage during development, maintains cartilage integrity and is involved in
bone fracture healing®’. Growth plates are populated with highly proliferative
chondrocytes, which differentiate into mineralizing hypertrophic chondrocytes and
subsequently die from apoptosis or transdifferentiate into osteoblasts®10, The remaining
mineralized ECM provides a scaffold for osteoblasts and osteoclasts to adhere and remodel,
setting the stage for bone deposition and thus longitudinal bone growth and limb
development!>12 (Figure 1). In the proliferative zone of the growth plate, Sox9 drives the
expression of type Il collagen (Col2a1)'® and Aggrecan (Acan)!*. These two proteins are
major markers for this stage of chondrogenic differentiation. Transcription factors Runx2
and Mef2c drive the expression of type X collagen (Col10a1)'>® during the hypertrophic
phase of chondrogenic differentiation. Together with alkaline phosphatase (Alpl)Y’, these

proteins are major markers for the hypertrophic phase of chondrogenic differentiation.

12



General infroduction

Resting
zone

Mesenchymal progenitor

Proliferation @
zone

Mature chondrocyte

‘G r,r':__wth plate

&

New
bone

Hypertrophic
zone

Hypertrophic chondrocyte

Remodeling E:ﬂ

zone

Figure 1. Chondrogenic differentiation; the process in the growth plate through which
long bones form. Here, chondrocytes (= cartilage cells) remodel to bone. In the growth plate we
can distinguish: resting zone chondrocytes (mesenchymal progenitor cells), proliferative
chondrocytes (i.e. mature chondrocytes that appear in a structured train-like formation),
hypertrophic chondrocytes and a remodeling zone. The highly proliferative chondrocytes from the
proliferation zone differentiate into mineralizing hypertrophic chondrocytes that either die from
apoptosis or transdifferentiate into osteoblasts®1° in the remodeling zone. The remaining ECM in the
remodeling zone provides a scaffold for osteoblasts and osteoclasts to adhere and remodel, setting
the stage for bone apposition and thus longitudinal bone growth and limb development'!2, The
bone cartoon (left) was adapted from Wolpert, L.8. The H&E stained histological microphotograph is

from an 8 weeks-old mouse growth plate.
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1.1.2 Mediators of chondrogenic differentiation during skeletal

development

Sizes and shapes of bones need to be carefully coordinated to allow efficient movement.
Therefore, both autocrine and paracrine regulators, as well as hormones in the
bloodstream, control both skeletal development and bone remodeling throughout life'?.
Thus, chondrogenic differentiation, as part of the bone growing process, can be influenced
by a number of growth factors and chondrogenic mediators. Bone morphogenetic proteins
(BMPs), WNTs, transforming growth factors (TGFs), fibroblast growth factors (FGFs),
hedgehog proteins, insulin-like growth factors (IGFs) and retinoids are essential for
chondrogenic differentiation during growth plate development and bony skeletal element
formation. These locally produced factors are joined by systemic factors such as growth
hormone, thyroid hormone, estrogen, androgen, vitamin D and glucocorticoids to control

skeletal development!?19,

Hedgehog and PTHrP signaling

Indian hedgehog (IHH) is a master regulator of bone development, coordinating growth
plate chondrocyte proliferation, chondrocyte differentiation and osteoblast
differentiation?. IHH is a member of the hedgehog family of secreted ligands and is closely
related to Sonic Hedgehog (SHH). SHH is the main ligand that activates Patched-1-mediated
GLI-signaling, which is crucial in limb bud patterning during embryogenesis?. The relevance
of SHH-mediated signaling is highlighted by a mouse model where targeted disruption of
SHH leads to a holoprosencephaly (forebrain of the embryo fails to develop into two
hemispheres) phenotype and abnormal development of the spine, ribs and distal limbs?L.
IHH is synthesized by growth plate chondrocytes leaving the proliferative pool (i.e. the pre-
hypertrophic chondrocytes) and by early hypertrophic chondrocytes; and it controls
hypertrophic differentiation2. PTHrP, on the other hand, keeps chondrocytes in a
proliferative state and counteracts hypertrophic differentiation!??2, Disruption of the PTHrP
gene in mice causes skeletal dysplasia with accelerated chondrocyte maturation??, and a

constitutively active mutant PTH/PTHrP receptor has been found in Jansen-type human
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metaphyseal chondrodysplasia, a disease characterized by delayed skeletal maturation?.
Furthermore, homozygous mutations in IHH cause acrocapitofemoral dysplasia; an
autosomal recessive disorder with cone-shaped epiphyses in the hand and hips?. Together,
the balance between IHH and PTHrP is an important determinant regulating chondrogenic

differentiation (Figure 2).
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Figure 2. IHH/PTHIP negative feedback loop of chondrogenic differentiation. PTHrP is
secreted from perichondrial cells and chondrocytes at the end of long bones. 1) In the proliferative
zone, PTHrP acts on the receptors of proliferating chondrocytes to keep them in a proliferative state
and thereby, delay the production of IHH. 2) When the source of PTHrP production is sufficiently
distant, IHH is produced. IHH acts on its receptor Patched-1 to increase hypertrophic differentiation.
3) IHH has been shown to again stimulate new production of PTHrP at the end of long bones. 4) IHH
also acts to convert the cells of the hypertrophic zone into osteoblasts, for the purpose of
remodeling. Text adapted from Kronenberg et al.?, figure from Kronenberg et al.'?: copyright

clearance received

FGFs

FGF ligands are polypeptide growth factors that regulate several developmental processes
including cellular proliferation, differentiation, migration, morphogenesis and patterning?®

FGF signaling itself constitutes a large and complex form of molecular regulation and hence
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FGFs and their receptors serve many functions in the developing organism. FGF-FGFR
signaling is critical to the developing axial and craniofacial skeleton. Recent studies have
shown that FGF signaling crucially regulates chondrocyte proliferation and differentiation.
For example, FGFs have been shown to stimulate SOX9 expression? and it has been
demonstrated that basic FGF (bFGF; and also known as FGF2) is a negative regulator of
chondrocyte hypertrophic maturation?’. Humans express 18 different known FGF ligands
and four FGF receptors (FGFR)?. FGF signaling generally follows one of three transduction
pathways: RAS/MAP kinase (controls cell proliferation and differentiation?®), PI3/AKT
(regulates cell survival and fate determination3®) or PLCy (influences cell morphology,
migration and adhesion3°)3l, Each pathway likely regulates specific cellular behaviors.
Aberrant expression of FGFs and improper activation of FGFRs are associated with various
pathological conditions, unregulated growth and tumorigenesis32. In addition, aberrant FGF
signaling has been implicated in many skeletal abnormalities including achondroplasia33
(over-activation of FGFR3, caused by a gain-of-function mutation, which impairs
chondrocytes within the growth plate and results in decreased inhibition of endochondral
ossification®*) and craniosynostosis (premature fusion of the cranial sutures)®. Molecular
cross-talk between the BMP and the FGF signaling pathways has also been described (BMP-
signaling infers with FGF-induced ERK phosphorylation)337,

BMPs, GDFs, TGF-Bs and SMADs

Bone morphogenetic proteins (BMPs), growth and differentiation factors (GDFs) and
transforming growth factors (TGFs) have multiple crucial roles in chondrogenic
differentiation during skeletal development. BMPs, GDFs and TGF-Bs are members of the
TGF-B superfamily of paracrine factors that activate heterodimeric receptors with
serine/threonine kinase activity3® with major implications for the differentiated cell fate. For
example, hypertrophic differentiation during chondrogenic differentiation of progenitor
cells is stimulated by BMP-2 but suppressed by BMP-73°, GDF-5 is a BMP family member
described to induce both chondrogenic differentiation and hypertrophy*® and TGF-B
isoforms are well known to induce chondrogenesis and are imperative for cartilage

homeostasis via activation of SMAD2/3 signaling**4. In most cases, TGF-B superfamily
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signaling is initiated by ligand-induced dimerization of serine/threonine receptor kinases
and phosphorylation of the cytoplasmic signaling molecules SMAD2 and SMAD3 for the TGF-
B/activin pathway, or SMAD1/5/8 for the BMP and GDF* pathway. Carboxy-terminal
phosphorylation of SMADs by activated receptors results in their partnering with SMAD4 (a
co-SMAD) and translocation to the nucleus to facilitate target gene regulation. Activated
SMADs regulate a diversity of cell biological events by partnering with transcription factors
(such as Runx2 to induce BMP2-induced osteogenic signaling®®) resulting in cell-state
specific modulation of transcription*2. SMAD6 and SMAD7 are known as inhibitory SMADs*3,
The importance of TGF-B superfamily signaling for skeletal development and homeostasis is
further emphasized by conditions in which components of the TGF-B superfamily signaling
pathway are mutated. A review by Wang et al. indicated that knock-out of major players in
BMP-signaling, including BMPs, SMADs and BMP receptors, show severe skeletal
phenotypes?’. In addition, multiple monogenic diseases of the skeleton caused by mutations
of TGF-B and TGF-B-related genes have been identified as well, such as diaphyseal dysplasia
Camurati-Engelmann (TGF-1), Marfan syndrome (TGF-B2), Brachydactyly type A2 (BMP-2),
Grebe dysplasia (GDF5), Loeys-Dietz syndrome type C (aortic aneurysms and dissections
with early onset OA; SMAD3) and Myhre syndrome (SMAD4)*4°, In addition, Osteogenesis

Imperfecta (brittle bone disease) can also be caused by BMP-1 loss of function®%>1,

Canonical B-catenin and non-canonical Ca2* WNT signaling

WNTs comprise a family of highly conserved soluble mediators that are responsible for a
large number of important developmental and homeostatic processes®*>*. WNT proteins
generally activate one of two main signaling pathways: the canonical WNT/B-catenin
pathway or the non-canonical WNT/Ca?* pathway. The defining event in canonical WNT
signaling is the cytoplasmic accumulation of PB-catenin and its subsequent nuclear
translocation and activity. The canonical WNT/B-catenin pathway is activated by binding of
one of the canonical WNT ligands to a Frizzled family receptor and an low density
lipoporotein receptor-related protein (LRP) 5/6 co-receptor, which passes the signal via
glycogen synthase kinase 3B (GSK-3B) to inhibit the B-catenin destruction complex. This

causes accumulation of B-catenin in the cytoplasm and eventually its translocation into the



Chapter 1

nucleus®>°, This enables transcriptional coactivation with T-cell factor/lymphoid enhancing
factor (TCF/ LEF) transcription factors which are active in the transcription of WNT-target
genes, such as RUNX2°6, Once in the nucleus B-catenin can act as a transcriptional activator
or repressor of specific genes, depending on the co-factors present, highlighting the
complexity of WNT signaling and nuclear B-catenin activity®2. The canonical WNT/ B-catenin
pathway has been well-established to be associated with chondrocyte differentiation and
hypertrophy®>>7-%0, In the non-canonical WNT signaling pathway many intercellular signaling
molecules are involved, including inositol triphosphate (IP3)-intercellular calcium, MAPKs
and G-protein RhoA/Rho-associated kinase (Rock). The receptors/co-receptors that mediate
this type of WNT signaling include Frizzled, receptor tyrosin kinase (Ryk) and tyrosine-
protein kinase transmembrane receptor (Ror2)®l. The non-canonical WNT/Ca%* pathway
leads to release of intracellular Ca?*. Elevated Ca?* can activate phosphatase calcineurin,
which leads to dephosphorylation of NFAT transcription factors, their accumulation in the

nucleus and downstream non-canonical WNT target gene expression.

To highlight a few findings; WNT-3A and WNT-5A are two prominent ligands of the Wnt
signaling pathway that are crucial in chondrocyte differentiation®?. In fact, WNT signaling
was first linked to skeletal development in 1994, when WNT3A-deficient embryos were
found to exhibit axial defects®®. Later, in humans it was shown that a homozygous WNT-3
loss-of-function mutation causes defects in limb formation and craniofacial and urogenital
development®®. In addition, mutations in the WNT1 gene have been linked to Osteogenesis
Imperfecta®%®, a disease characterized by brittle bones which are easily fractured. More
broadly assessed, results from a multitude of studies reveal that B-catenin-dependent
canonical and B-catenin-independent non-canonical WNT signaling pathways have multiple
roles in regulation of cartilage development, growth and maintenance®-%>-84 For example,
canonical B-catenin-dependent WNT signaling is required for progression of endochondral
ossification and growth of axial and appendicular skeletal elements, while excessive
activation of this signaling can cause severe inhibition of initial cartilage formation and
growth plate organization and function in mice®. Mouse embryos that express a
constitutive active form of B-catenin in developing cartilage under the control of the type 2
collagen promoter/enhancer exhibit severe dwarfism and skeletal deformities. Cartilaginous

elements in this mouse present with a strongly reduced synthesis of cartilage matrix
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molecules and fail to organize growth plate structure’>7>, On the contrary, inactivation of B-
catenin signaling also induces severe skeletal deformity in mice. Conditional ablation of B-
catenin in the skeletal cells of the limb strongly impairs long bone formation with inhibition
of chondrocyte hypertrophy and osteoblast differentiation®%82, In addition, ablation of B-
catenin also revealed disturbed or delayed development of the growth plate hypertrophic
zone and calcification, associated with altered bone formation883. The results from these
studies provide clear evidence that the WNT/B-catenin pathway is an essential mediator to
control cartilage and bone development. On the other hand, non-canonical WNT signaling
has also been shown to be important in columnar organization of growth plate
chondrocytes’. In addition, WNT5a has been shown to play a critical role in embryonic
development®>. WNT5a binds to the extracellular cysteine-rich domain of ROR2 (receptor
tyrosine kinase-like orphan receptor 2)8. A close functional relationship between ROR2 and
WNT5a is consistent with the fact that mice deficient for either gene develop skeletal
phenotypes including dwarfism, facial abnormalities and shortened limbs and tails®’. There
is also evidence that WNT signaling regulates and is required for cartilage development and
growth in human. Robinow syndrome (autosomal dominant (MIM180700) and autosomal
recessive (MIM268310)) is a family of rare skeletal dysplasia syndromes associated with
WNT5A and ROR2 mutations, respectively, and it is characterized by dysmorphic features
resembling a fetal face, mesomelic limb shortening, hypoplastic external genitalia in males,
and renal and vertebral anomalies®. ROR2 mutations are also linked to Brachydactyly, Type
B1 (MIM113000), which presents itself by malformation of the distal phalanges®®. These
genetic features provide evidence that non-canonical WNT-mediated pathway is also

important in the formation and morphogenesis of cartilage skeletal elements in human.

IGF

Lastly, IGF signaling is essential for the regulation of tissue formation and remodeling, bone
growth, prenatal growth, brain development and muscle metabolism. Cellular effects of IGF
signaling are mediated through the IGF-1 receptor; a transmembrane tyrosine kinase that
phosphorylates intracellular substrates, resulting in the activation of Pi3K/AKT and

RAS/RAF/MEK/ERK intracellular signaling cascades®. The insulin-like growth factors
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including IGF-1, IGF-2 and insulin, are single-chain polypeptides that share a similar
secondary structure, with three a-helixes and three disulphide bonds®!. Despite significant
structural similarity, each ligand can result in unique signaling outcomes. For example, IGF-2
is unable to compensate for the loss of IGF-1 activity in patients with IGF-1 deficiency,
leading to severe growth and mental retardation®?*4. The main endocrine action of IGF-1 is
to mediate the growth-promoting effects of pituitary growth hormone (GH), however, IGF-
1-mediated paracrine/autocrine effects are also essential in the modulation of cellular
growth, proliferation, differentiation and survival against apoptosis. The GH/IGF-1-axis
provides the main stimulus for bone growth regulation by activating the osteoblast
differentiation program, stimulating chondrocyte proliferation in the growth plate and
modulating tubular reabsorption of phosphate and 25-hydroxyvitamin D3-1a-hydroxylase
activity in the kidney®>%. The fundamental role of IGF-1 in regulating bone formation is
demonstrated by analysis of IGF-1-deficient mice, which exhibit skeletal malformations,
delayed mineralization, reduced chondrocyte proliferation and increased chondrocyte
apoptosis®’. Furthermore, dysregulation of IGF-1 signaling due to impairment in the post-
receptor signaling machinery contributes to multiple diseases in human including

osteoporosis and reduced fetal growth in utero®.

Mediators of chondrogenic differentiation; a summary

Summarizing the effects of the above mentioned mediators of skeletal development, we can
conclude that chondrogenic differentiation can be broadly influenced by a multitude of
growth factors and other chondrogenic mediators that regulate pathways, any of which

could be affected during disease.

1.1.3 Osteoarthritis

Osteoarthritis (OA), the most prevalent degenerative joint disease, is an age-related

musculoskeletal disease and a common cause of chronic disability worldwide®. During
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ageing there is a general age-dependent reduction of functional capacity and stress
resistance, which is associated with an increased risk of morbidity and mortality. The
articular joint and its articular cartilage is particularly affected by ageing®. However, OA is
not simply a process of wear and tear, but rather an abnormal remodeling of joint tissues,
driven by katabolic mediators within the affected joint. The most important risk factors for
OA include age, sex, prior joint injury, obesity, diabetes, genetic predisposition and
mechanical factors, including malalighment and abnormal joint shapel®10l, Despite the
multi-factorial nature of OA, the macroscopic pathological changes observed in
osteoarthritic joints have common features that affect the entire joint structure, resulting in
pain, deformity and loss of joint function'®?, Figure 3 provides a schematic representation of
a healthy joint versus a joint suffering from severe OA. The pathological changes seen in OA
joints include degradation of the articular cartilage, thickening of the subchondral bone,
formation of osteophytes, variable degrees of synovitis, degeneration of ligaments and, in
the knee: the menisci, and hypertrophy of the joint capsule!®?. Changes in the periarticular
muscles, nerves, bursa, and local fat pads (e.g. Hoffa) that may contribute to OA or its
symptoms can also be observed'®2. The pathological changes observed in all of the different
joint tissues imply that OA can be considered as a disease of the joint as an “organ”, that will

result in total failure of the joint12,
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Figure 3. Schematic representation of a healthy joint (left) and a joint with severe
osteoarthritis. In a healthy joint, the ends of the bones are encased in smooth cartilage. Together,
they are protected by a joint capsule lined with a synovial membrane that produces synovial fluid.
The capsule and fluid protect the cartilage, muscles and connective tissues. In osteoarthritis, the

cartilage is being eroded and bone ends may experience friction. Spurs (osteophytes) can grow from
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the edge of the bones. Cartilage fragments may be present in the synovial fluid. The joint will often

feel stiff and painful. Picture from Medicine Net'® ©2016, WebMD, LLC. All rights reserved

The pathogenesis of OA

The pathogenesis of OA is complex and not yet well understood, but it involves the
interaction of multiple factors, ranging from genetic predisposition to mechanical, molecular
and environmental components. One of the main hallmarks of OA is articular cartilage
destruction due to an imbalance between the synthesis and degradation of the cartilage
ECM components and the earliest degenerative changes in cartilage appear at the joint
surface in areas where mechanical forces, and in particular shear stress, are greatest'%. In
adult cartilage, in a healthy homeostatic, non-stressed state, chondrocytes are relatively
quiescent and there is little turnover of the cartilage matrix. In OA, articular chondrocytes
are “activated”, which is characterized by cell proliferation, cell cluster formation and
increased production of matrix proteins and matrix-degrading enzymes%>. Matrix-degrading
enzymes in OA include aggrecanases and collagenases (i.e. members of the matrix
metalloproteinases (MMPs)), as well as several cysteine proteinasesi®. In early OA, matrix
degradation may be due to MMP-3 and ADAMTS-5, which degrade aggrecan, followed by
increased activity of collagenases (e.g. MMP-13 is highly active in degrading type Il
collagen)!®?, The inflammatory cytokines IL-1B, TNF-a, IL-17 and IL-18 act to increase
synthesis of MMPs, decrease levels of MMP enzyme inhibitors and attenuate ECM
synthesis!®, It has been suggested that, cell-biologically, this is an injury-like response,
leading to cartilage matrix remodeling, inappropriate hypertrophy-like chondrocyte
differentiation and cartilage calcification'®. Articular chondrocytes must express
appropriate genes to maintain cartilage tissue homeostasis. However, the gene expression
alterations observed in OA cartilage indicate a replay of chondrogenic differentiation as
observed during growth plate development, with the expression of a genetic program
associated with chondrocyte hypertrophy, leading to endochondral ossification and articular

cartilage destruction?’,
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Differential chondrogenic mediator signaling in OA

WNT and OA

In this respect, WNT signaling has been implicated in OA. Transgenic mouse models show
that both decreased and increased levels of B-catenin result in cartilage damage!®81%°,
Overexpression of B-catenin led to high expression of hypertrophy markers (i.e. MMP-13,
type X collagen) by articular chondrocytes, while conditional knock-out of B-catenin led to
chondrocyte apoptosis!®®1%°, Both models show cartilage destruction, but the model
showing elevated B-catenin levels and elevated hypertrophy markers demonstrated a
pattern of joint destruction more similar to spontaneous OA!°, Elevated canonical WNT
signaling drives OA development by increasing RUNX2 activity and thereby boosting
hypertrophic differentiation of chondrocytes''-113, |n addition, WNT/B-catenin signaling has
been shown to regulate initiation of chondrocyte hypertrophy by inhibiting PTHrP signaling
activity'2. It has been shown that TGF-B and BMP signaling is modulated by WNT signaling,
most probably by altering SMAD signaling'*17. Moreover, Sox9 and B-catenin interact in
their control of chondrocyte differentiation. Sox9 and B-catenin reciprocally influence other
each other’s degradation and compete in combination with TCF-LEF for promoter binding
sites associated with chondrocyte differentiation’!8, Recent genetic data linked a
polymorphism in the FrzB gene, encoding for a WNT-binding protein, to the development of
OA, suggesting that abnormal WNT signaling also contributes to OA!°, Blom et al. found
that B-catenin expression, along with other WNT-Frz-related genes, was upregulated in
cartilage and synovium during experimental OA in mice. The authors identified WISP-1
(capable of inducing cartilage-degrading enzymes such as MMPs, ADAMTS-4 and ADAMTS-
5), independently of the catabolic cytokine IL-1B, as a crucial WNT-signaling mediator!?°,
Moreover, recent studies using a transgenic OA mouse model with conditional activation of
the B-catenin gene in articular chondrocytes showed that upregulation of (-catenin
signaling is most probably responsible for the conversion of normal articular chondrocytes
into OA-like chondrocytes: chondrocyte maturation genes were activated along with the

induction of matrix degradation%:121,

23



Chapter 1

ALK, SMAD, TGF-p signaling and OA

A striking age-related change in articular cartilage is the loss of ALK-5 and SMAD2/3
phosphorylation?2. Phosphorylated SMAD3 is a known blocker of chondrocyte hypertrophy
and it is thus believed that ageing-related loss of protective SMAD phosphorylation is a
driver of chondrocyte hypertrophy in OA cartilage!!®. Furthermore it has been generally
accepted nowadays that uncontrolled synthesis and signaling of TGF-B superfamily
members by several joint tissue compartments greatly contributes to OA development and
progression'?3124, HtrA1l, a broad-substrate enzyme involved in degradation of the
pericellular matrix and expressed in early experimental OA and hypertrophic chondrocytes,
is a potent blocker of TGF-B signaling'®>-1?8, In addition, it has been shown that during late
stage OA, chondrocytes that are involved in the repair of cartilage damage, show high levels
of SMAD2/3 and SMAD1/5/8 phosphorylation?9, indicating TGF-B superfamily-mediated
activation of these cells during OA. Although BMP-2 has potent anabolic actions, BMP
activity in chondrosarcoma cells and in murine cartilage was shown to induce OA-like
changes by stimulation of MMP-13123, Lack of TGF-B signaling results in OA-like changes with
terminal differentiation of chondrocytes. As shown in genetic mouse models, TGF-
mediates this effect by binding to the ALK5 type-l TGF-B receptor and subsequent activation

of the SMAD2/3 intracellular signaling route!?%130,

Indian Hedgehog and OA

Hedgehog signaling was also described to play a role in OA. IHH levels are higher in OA
synovial fluid compared to non-AO synovial fluid and exposure of chondrocytes to IHH

induces the expression of type X collagen?3!

. Lin et al. described increased expression of
hedgehog targets in human OA samples and mouse articular cartilage after surgical OA
induction. Amplified IHH target gene expression correlated with advanced disease stages
and hedgehog proteins were described to stimulate the expression of the aggrecanase
ADAMTS-5 via the transcription factor Runx2'32, Causal evidence for a central role of IHH in
OA cartilage pathology comes from a study where cartilage-specific genetic deletion of IHH

was performed. Genetic IHH deletion protects against OA development, strongly indicating

that IHH is a critical determinant in OA-related cartilage pathology!33.
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GH, IGF-1 and OA

With respect to the GH/IGF-1 axis, it was shown in a rat model for OA that chronic GH
deficiency caused an increased severity of OA articular cartilage lesions'34. Anabolic IGF-1
signaling is antagonized by increased levels of IGF-binding proteins, which then negatively
regulate IGF-1 signaling in chondrocytes during OA'%. In contrast, patients with GH
deficiency had significantly less incidence of OA than patients of a control population®3®. This
shows that GH is a risk factor in the development of OA, but up until now its role remains a

controversy.

FGFs and OA

FGF23 provokes chondrocyte hypertrophy3?, and in line with a role in OA it has been shown
that OA chondrocytes express FGF23 to higher levels than healthy chondrocytes. On the
contrary, FGFR3 is important for inhibition of chondrocyte hypertrophy. In concert with a
positive role of FGFR3 in chondrocyte homeostasis!®®, bFGF/FGF-2, displays beneficial
effects on articular cartilage homeostasis as FGF-2-deficient mice present with increased OA
development with age as compared to wild-type mice. This is due to an increased
expression of ADAMTS-5 aggrecanase®3?, resulting in cartilage loss.

Finally, retinoids exert multiple effects relevant to the OA disease process. For example,
components of the retinoid signaling pathways were shown to be upregulated in the
tibiofemoral joints of patients with OA , and all-trans-retinoic acid treatment of human
cartilage explants led to significant increase in MMP-13 and aggrecanases expression,

enzymes that are both involved in the key proteolytic processes implicated in OA4°,

Chondrogenic mediators and OA; a summary

Taken together, many locally acting mediators playing a crucial role in the regulation of
chondrocyte proliferation and differentiation during endochondral ossification are also
involved in OA pathogenesis and cartilage disease progression'*!. Defining markers of joint

ageing and early OA may enable a prediction of the risk of onset of OA, enabling early
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intervention. In addition, OA is characterized by a non-symptomatic, pre-radiographical
phase that if identified would allow earlier diagnosis (radiographic changes are only evident

later in disease progression) and treatment, before irreversible cartilage damage has set-it.

1.2 snoRNAs

1.2.1 snoRNAs and their function

Small nucleolar (sno)RNAs are a group of non-coding (i.e. untranslated) RNA molecules of
variable length (+ 60 to 200 nt'*%143) mostly required for posttranscriptional ribosomal RNA
(rRNA) maturation!*. snoRNAs reside in the nucleolus of the cell, which is the most
prominent substructure within the nucleus of a cell (Figure 4), and the site of ribosome

assembly, rRNA transcription and RNA processing*®.

Figure 4. Visualization of the nucleoli of a cell. A) HEp-2 carcinoma cell with nucleus and

three nucleoli. B) Nucleolar staining of RPP20 nucleolar protein (red color)
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Transcription, translation and ribosomes

Cells require large numbers of ribosomes to meet the demand for protein synthesis during
proliferation, development, differentiation, homeostasis and disease#®!47, This is supported
by the observation that actively proliferating mammalian cells contain approximately 5 to 10
million ribosomes that must be replenished and synthesized each time the cell divides!*>. All
proteins are synthesized via ribosomes in the process of transcription and translation
(Figure 5A)*8, The nucleolus is a ribosome production factory, designed to fulfill the need
for large-scale production of rRNAs and assembly of the ribosomal subunits!*>. Mammalian
ribosomes contain four species of RNA, designated 5S, 5.8S, 18S and 28S rRNA and a myriad

of ribosomal proteins (Figure 5B)4%1>0,
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Figure 5. Transcription and translation; and the eukaryotic 80S ribosome. A) mRNA
carries genetic information from the DNA to the ribosome. The ribosome decodes the information
from the mRNA and as a result produces a specific amino acid chain also known as a polypeptide.
The polypeptide then folds into an active protein and performs its functions in the cell. Decoding of
information by the ribosome is facilitated by inducing the binding of complementary tRNA anticodon
sequences to the mRNA codons (three-base codes). The tRNAs carry the specific amino acids
corresponding to the mRNA codons to the ribosome®. Figure from the Talking glossary of genetic
terms: illustration freely available and may be used without special permission>2. B) Two subunits
can be distinguished within the ribosome: a 40S small ribosomal subunit, consisting of the 18S rRNA
and approximately 33 ribosomal proteins®’, and a 60S large ribosomal subunit, consisting of the 5S,
5.8S and 28S rRNAs and approximately 46 ribosomal proteins!®**°, Figure adapted from Cellular and
Molecular Biology®®**>*, the work has been released in the public domain, the author'™* grants

anyone the right to use this work for any purpose, without any conditions.

rRNA processing

Mammalian 5.8S, 18S and 28S rRNAs are transcribed as a single polycistronic unit within the
nucleolus by RNA polymerase |, yielding a 47S ribosomal precursor RNA'C. To meet the
demand for transcription of large numbers of rRNA molecules, cells contain multiple copies
of the 475 rRNA gene. The human genome contains approximately 200 copies of the 47S
gene and approximately 2000 copies of the 5S rRNA gene#>. The importance of ribosome
production is particularly evident in oocytes, in which the rRNA genes are amplified to
support the synthesis of large numbers of ribosomes required for early embryonic
development!#>148, The transcribed 47S pre-rRNA is cleaved at both ends to generate the
45S pre-rRNA™> and then, requiring a number of snoRNA-dependent actions, processed by
two complex alternative pathways to produce the mature 18S rRNA for the 40S small
ribosomal subunit and the mature 5.8S and 28S rRNAs of the 60S large ribosomal subunit>®
(Figure 6). Transcription of the 55 rRNA (a 60S subunit component) takes place outside of
the nucleolus and is catalyzed by RNA polymerase 1115157, During ribosome assembly
ribosomal proteins are imported to the nucleolus from the cytoplasm and begin to assemble
on pre-rRNA prior to its cleavage!*>'>. As the pre-rRNA is processed, additional ribosomal

proteins and 5S rRNA assemble to form pre-ribosomal particles. The final steps of
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maturation follow the export of pre-ribosomal particles to the cytoplasm, yielding the 40S

and 60S ribosomal subunits!43150,

- i85 585 a5 ers Figure é. Processing of pre-rRNA. The
’ H:ﬂ:F 47S pre-rRNA transcript contains external
*ITS transcribed spacers at both ends and
_:T:.:. internal transcribed spacers between the

_:j: sequences of 18S, 5.8S and 28S rRNAs. The

pre-rRNA is processed via a complex series

of cleavages. A simplified schematic

T U
]ﬂ,_

Mature rRNAs |:|

185 5.85

(- —/)

* ¢ overview is illustrated here for human 47S
] |$ pre-rRNA, to yield the mature rRNA species.
Figure: own work, processing adapted as
described by Henras*®: open access article under the terms of the Creative Commons Attribution
Non-commercial License, which permits use, distribution and reproduction in any medium, provided

the original work is properly cited and is not used for commercial purposes.

Ribosome function

Two important ribosome aspects that should be highlighted are the peptidyltransferase
center (PTC) and the decoding center. The PTC can be considered the catalytic heart of the
ribosome®®®. It resides in the large ribosomal subunit and catalyzes the two principal
chemical reactions of protein synthesis: peptide bond formation and peptide release®>8. The
decoding center, which is present in the small subunit, binds both mRNA and tRNAs and
mediates accurate codon-anticodon interactions and tRNA translocation?*®. The decoding
center is composed of five specific helices in 185 rRNA (i.e. helix 18, 24, 31, 34 and 44)160.161,
Specific nucleotides involved in decoding have been revealed by mutational analysis, in
which translation efficiency, fidelity, or tRNA translocation were affected'>. These findings
established the importance of the proper sequence and structure of the decoding center in

controlling tRNA selection and translocation, and ensuring efficient, accurate translation6%
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snoRNAs and their relationship with rRNA

The maturation of ribosomes involves various small nucleolar ribonucleoprotein (snoRNP)
particles that are required at specific stages'®®. SnoRNPs consist of individual snoRNAs
complexed with eight to ten proteins*®. The snoRNPS belong to two families characterized
by specific evolutionary conserved motifs in their RNA component, the so called C/D or
H/ACA boxes'®>1%,  Certain snoRNPs, including snR30/U17 and U14 function as RNA
chaperones assisting early cleavages of the pre-rRNA into 18S, 5.85 and 28S rRNA. In
addition, the most abundant nucleolar snoRNA, U3, which is present in about 200,000
copies per cell'®, is required for the initial cleavage of pre-rRNA within the 5’ external
transcribed spacer sequences'®’. U8 snoRNA is responsible for cleavage of pre-rRNA to 5.8S
and 28S rRNAs, RMRP snoRNA matures the 5" end of 5.8S rRNA by cleaving pre-rRNA in the
internal transcribed spacer 1%686% and U22 snoRNA is responsible for cleavage of pre-rRNA
to 18S rRNAM>170,

However, most box C/D and box H/ACA snoRNPs catalyze 2’O-ribose methylation and
uridine isomerization into pseudouridine (respectively) at specific positions of the rRNA
species'®®71174 - |n mammalian cells pre-RNA processing involves the 2’O-ribose
methylation of approximately a hundred ribose residues. In addition, fully maturated rRNA
species contain about a hundred pseudouridines. Together these post-transcriptional
modifications are being carried out by approximately 200 individual snoRNAs'#>150, Most of
these modifications occur during or shortly after synthesis of the pre-rRNA and only a small
number take place at later stages of pre-rRNA processing'®®. Each snoRNA base-pairs with
pre-rRNA at the vicinity of the nucleotide to be modified (target RNA sequence
complementarity), thereby guiding the enzymatic modification carried out by one of the
core proteins of the snoRNPs: the methyltransferase Nop1/fibrillarin in the box C/D snoRNP
and the pseudouridylase Cbf5p/Nap57p/Dyskerin in the H/ACA snoRNPs'** (Figure 7: box
C/D and H/ACA snoRNAs). Furthermore, there is evidence that guide snoRNA targets are not
limited to rRNAY>176 but for example can also guide chemical modifications on snRNAs and
mRNAs!”?. The modified rRNA nucleotides are mostly found in functionally important
regions of the ribosome, such as the PTC and the decoding center, and are necessary for

efficient and accurate translation!>166,

30



General infroduction

C/D box snoRNA H/ACA box snoRNA

Nop58p

Snu13p

rRNA

2'-0-Methylation

H box ACA box

Figure 7. snoRNA classes. The boxed sequences C (UGAUGA) and D (CUGA) are hallmarks of the
C/D box snoRNAs while the boxed sequences H (for: hinge region, and where N stands for any
nucleotide) and the trinucleotide ACA are hallmarks of the H/ACA box snoRNAs. These conserved
boxed sequences are important for the association with the protein components that are required
to form the functional snoRNP complexes. C/D box snoRNAs associate with several proteins,
including fibrillarin, which is the methyltransferase that is involved in the 2’-O methylation of
particular ribonucleotides. The H/ACA box snoRNAs associate with proteins such as the
pseudouridine synthase CgfSp/dyskerin. Antisense sequences within the C/D and H/ACA box
snoRNAs guide the snoRNP complex to the appropriate nucleotide within the target RNA (most often
ribosomal RNA). The eukaryotic H/ACA box snoRNAs contain two hairpin domains with
complementary regions flanking the uridine to be converted in the target rRNA. Figure adapted from
Garofalo et al.'’®, © 2013 Di Leva and Garofalo. Licensee IntechOpen, this chapter is distributed
under the terms of the Creative Commons Attribution 3.0 License, which permits unrestricted use,

distribution, and reproduction in any medium, provided the original work is properly cited.

Although normally present in the nucleolus, it has been demonstrated that snoRNAs can be
detected in serum7®-182 35 protein complexes!®® or contained within extracellular vesicles in
serum?”®, It is however not clear whether disease-associated RNAs detected in the
circulation result from local tissue disturbances and cell death, or whether they are actively

secreted via exosomes or microvesicles!83-185,
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Relevant for the musculoskeletal field, changes in the level of snoRNAs circulating in body
fluids were shown to be induced by trauma. Box C/D snoRNAs SNORD48 and SNORD38 were
found to be significantly higher in serum of patients with anterior cruciate ligament (ACL)
injury'8®. These snoRNAs could therefore be evaluated as possible biomarkers for early

diagnostics of osteoarthritis following joint injury.

1.2.2 snoRNAs in cell function and disease

The different snoRNA functions described above may be implicated in the initiation and
progression of pathology and the study of snoRNA function is expected to have significant
diagnostic and therapeutic value. Changes in rRNA maturation and modification caused by
changed snoRNA levels can cause disruption of vital processes and, amongst others, can
lead to diseases and transformation of normal cells into tumor cells'8¢-188 Hence, studies
aimed at evaluating snoRNA expression levels and function in mammalian cells is expected
to deliver novel insights in snoRNA function in development and disease and underpin the
development of diagnostic approaches and the potential generation of novel therapeutic
agents.

Classically, snoRNAs have been investigated in yeast model systems and, although still quite
scarce, the majority of the work in mammalian systems comes from the oncology field. In
mammals the majority of snoRNAs are encoded within the introns of protein-coding on non-
coding genes, so called ‘host-genes’'8:1%0, Notably, many host-genes are genes encoding
ribosomal proteins. Therefore, an alteration of snoRNA expression may result from the
oncogenic processes accompanied by changes in transcriptional activity of the host-gene,
aberrations of nuclear maturation of the donor transcript or alterations in snoRNA turnover.
In such a case, cellular levels of the specific snoRNA may not play a key role in the
pathology, but the alteration itself may indicate tumor progression and reflect metastatic
potential’®. On the other hand, snoRNAs, the expression of which can be positively or
negatively correlated with tumor cell proliferation and invasion, may have considerable
impact on carcinogenesis and a number of snoRNAs could be classified as oncogenes when
their expression goes far beyond the ‘normal level’'®2. Specific increase in the expression

level of several box C/D snoRNAs was detected in murine and human breast cancer cells?3.
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The change in snoRNA expression levels was accompanied by an increase in fibrillarin
expression, the core component of the box C/D snoRNP. High levels of fibrillarin were
observed not only in breast cancer cells, but also in prostate and many other human
cancers. Targeted repression of fibrillarin and other box C/D snoRNP proteins Nop56 and
Nop58 led to a decrease in box C/D snoRNA levels and, reduced oncogenicity and enhanced
induction of tumor suppressor p53 protein’®3, The box H/ACA snoRNA SNORA42, which is
overexpressed in non-small cell lung carcinoma, was identified as a lung cancer oncogene®®?,
Ribosomal RNA biogenesis is known to be more robust in cancer cells than in normal cells'®,
Therefore, it can be envisioned that the increase in snoRNA levels is necessary for the
acceleration of rRNA maturation, ribosome assembly and protein synthesis during
tumorigenesis. It should be noted that the relationship between the deregulation of snoRNA
expression and rRNA biogenesis in diseases still remains elusive and thus further studies in
the snoRNA research area have the potential to address this knowledge gap.

SnoRNA-guided modifications are not evenly distributed over the ribosomal RNAs. Instead
they cluster in functionally important regions including the decoding and tRNA binding sites
(the A-, P- and E-sites), the PTC and the intersubunit interface!®>%, This distinctive spatial
distribution, which has been conserved throughout evolution?®% suggests that rRNA
modifications play important roles in regulating ribosome function®®®, The importance of
these clusters of modifications in translation fidelity has also been investigated and lack of
subsets of modifications in the decoding center was shown to impair stop-codon
termination and affect reading frame maintenance??, Alternations in the expression levels
of snoRNAs, or their core enzymes fibrillarin and dyskerin, may directly alter translational
regulation of major regulators of cell growth and differentiation’%20%.202, As an example,
deleting five H/ACA snoRNAs (snR10, snR34, snR37, snR42 and snR46) that guide six
pseudouridylation modifications in the PTC in yeast ribosomes, resulted in defects in protein
synthesis and growth?%® and knockdown of fibrillarin or dyskerin impacts the mode of
translation (Cap versus IRES-mediated translation)?°42%>, In addition, a study from Higa-
Nakamine et al.2% showed that knockdown of box C/D snoRNAs SNORD26, SNORD44 or
SNORD78 results in developmental defects in zebrafish. Knockdown of only one of these
specific snoRNAs caused embryonic lethality, decreased body size, underdevelopment of

the jaw, incomplete yolk sac extensions and hind brain defects.
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Mutations in dyskerin, the box H/ACA snoRNA pseudouridylase, and other telomerase

207 patients with

components, are the cause of the condition Dyskeratosis Congenita
Dyskeratosis Congenita are characterized by poor development of the teeth and nails. In
addition, they often have impaired bone marrow function and are prone to develop
pulmonary fibrosis. Patients may also have low bone mineral density?°®2%° and increased

risk for developing cancers?®.

1.2.3 RMRP snoRNA and Cartilage-hair hypoplasia

The eukaryotic ribonuclease for mitochondrial RNA processing (RNase MRP) is a small
nucleolar ribonucleoprotein particle mainly located in the nucleoli, consisting of the RMRP
snoRNA and several protein subunits (i.e. Rpp14, Rpp20, Rpp21, Rpp25, Rpp30, Rpp38,
Rpp40, hPop1, hPop4 and hPop5)?!! (Figure 8). Characterization of the RNase MRP particle
showed that it contains an RNA species that is required for its enzymatic activity?'2. RNase
MRP RNA (RMRP RNA) is nuclear encoded and classified as a snoRNA?!1, RNase MRP shares
both functional and structural features with RNase P?1%213214 RNase P is involved in the
processing of pre-tRNA. Like the RNase MRP particle, the RNase P particle contains an
essential RNA subunit, also referred to as H1 RNA. Although the sequences of both RNA
subunits are not highly conserved, they can be folded into similar secondary

structures?!>216,
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Figure 8. Model of the human RNase MRP complex. RMRP RNA associates with protein
subunits Rpp14, Rpp20, Rpp21, Rpp25, Rpp30, Rpp38, Rpp40, hPopl, hPop4 and hPop5. Figure from

Welting et al.?!*, reproduced with permission from Prof. Dr. Welting

RNase MRP belongs to a class of snoRNPs that does not 2’O-ribose methylate or
pseudouridylate specific rRNA residues. Instead, RNase MRP acts as an endoribonuclease
that cleaves several RNA substrates. The RMRP RNA can be classified as a ribozyme: RNA
molecules that are capable of catalyzing specific biochemical reactions, similar to the action
of protein-based enzymes?'’. RNase MRP has been reported to be involved in mitochondrial
DNA replication?!8, cleaves pre-rRNA in the internal transcribed spacer 1 (ITS1)'%81° (Figure
9), plays a role in cell cycle regulation by cleaving cyclin b2 mRNA2%, and is able to cleave
viperin mRNAZ%, |n addition, it has been shown that RMRP snoRNA and the telomerase-
associated reverse transcriptase (TERT) protein are able to form a complex that exerts RNA-
dependent RNA polymerase activity, which is able to generate a double stranded RMRP RNA

molecule. Via a Dicer-dependent route siRNAs are generated from this molecule, down-
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regulating cellular RMRP levels and providing a negative feedback mechanism controlling

RMRP snoRNA levels??1,

18S 5.8S 255
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ITS1 ITS2
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’ \

v l
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Figure 9. RNase MRP cleaves pre-rRNA in the internal transcribed spacer 1 (ITS1) at
the A3 site. Hereby, RNase MRP matures the 5’ end of 5.8S rRNA. Cleaving process adapted from

Welting et al.???, with permission from the author

Mutations in the RMRP gene are the cause of a severe form of dwarfism known as the
cartilage-hair hypoplasia??® (CHH: OMIM #250250) — anauxetic dysplasia??* (AAD: OMIM
#607095) spectrum of disorders?”® (Figure 10). CHH is also termed metaphyseal
chondrodysplasia, McKusick-type??®, To date, more than hundred individual CHH-pathogenic

mutations have been identified in the RMRP gene??3,
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Figure 10. Phenotypic characterization of CHH patients. Mutations in the RMRP gene are
the cause of a severe form of dwarfism known as CHH. A) Clinical phenotype of a female patient at
the age of four years with RMRP mutations 63 T>C and duplication of 195 T2%, copyright clearance
received for use of Figure. B) Radiograph of the pelvis and femur of the same patient at 2 years.
Note the short and severely bowed femur, under-ossification of the proximal tibia and increased
acetabular angles?”, copyright clearance received for use of Figure. C) Patient, aged 16 years,
showing severely short stature (height: 74 cm) with hyperlordosis (RMRP mutations: 14G—>A and
90_91AG->GC)??*, copyright clearance received for use of Figure. D) X-ray of the left arm of same
patient at age 7, showing extremely retarded carpal ossification, as well as short, broad tubular
bones?*, copyright clearance received for use of Figure. E) X-ray of the spine and pelvis at age 7,
showing decreased vertical dimension of the illia, unossified femoral necks and small, irregular
capital femoral epiphyses??*, copyright clearance received for use of Figure. F) 15 month old boy
with triangular face and mildly disproportionate short-limbed dwarfism, with pudgy hands,
diagnosed with compound heterozygous RMRP mutations -4_-23dupTACTCTGTGAAGCTGAGGAC and

146G->A%?®, Figure retrieved from the University of Zurich Open Repository and Archive. G) Lower
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extremity radiography of the boy from figure F, showing small femoral epiphysis and mild
metaphyseal irregularities in the distal femora??®, Figure retrieved from the University of Zurich
Open Repository and Archive. H) Female patient at the age of 10 years, showing severely
disproportionate short stature, with compound heterozygous RMRP mutations 195C->T and
254 263delCTCAGCGCGG?%, copyright clearance received for use of Figure. |) Patient from figure H:
the femur, tibia and fibula are short, with severe metaphyseal changes. The knee epiphyses are

small and flattened and there is mesomelic (middle parts of the limbs are disproportionately short)

shortening in the upper limbs??°

, copyright clearance received for use of Figure.

CHH mutations may lead to RMRP promoter inefficiency and RNA transcript instability?3°.
The patient depicted in Figure 10 C-E was found to have the following compound
heterozygous mutations in the RMRP gene: 14G->A and 90_91AG->GC??*, RT-qPCR revealed
a significant decrease in RMRP expression of the 14G—->A mutant allele. Since the rate of
growth depends on the synthesis of proteins, and the synthesis of proteins depends on
ribosomes, the regulation of growth must ultimately depend on the regulation of the
synthesis of new ribosomes?3!. In concert with CHH being classified as a ribosomopathy,
increased expression levels of uncleaved pre-5.8S rRNA bound to ITS-1 were observed in the
patient’s fibroblasts and lymphocytes, indicating defective rRNA processing??*. These
pathological observations could be rescued in fibroblasts by the introduction of a wild-type
RMRP??*, However it remains to be determined how CHH-pathological mutations in the
RMRP gene lead to the severe dwarfism phenotype observed in CHH. It is expected that
highly proliferative growth plates, populated with growth plate chondrocytes (refer to
Figure 1), are particularly depending and ribosomal activity and their development may thus
be pathologically hampered in CHH, leading to growth retardation. Alternatively, the
processing of other RNA substrates of the RNase MRP complex??®> may be disturbed as well,

and it cannot be excluded that these also contribute to the clinical presentation of CHH.
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1.3 Aims and outline of this thesis

The cellular processes in which snoRNAs participate are fundamental processes needed for
proper cell function, yet their roles in cell differentiation, homeostasis and disease in
general have been poorly investigated. Moreover, in the context of chondrogenic
differentiation, cartilage homeostasis and disease, snoRNAs have not been investigated so
far. In the work presented in this thesis we therefore investigated the involvement of
snoRNAs in several chondrocyte and cartilage facets.

Mutations in the RMRP-gene, encoding the snoRNA component of the RNase MRP complex,
are the cause of cartilage-hair hypoplasia??#?26, Cartilage-hair hypoplasia is associated with
severe dwarfism caused by impaired skeletal development. However, it is not clear why
mutations in RMRP snoRNA lead to skeletal dysplasia. Since chondrogenic differentiation of
the growth plate is required for development of the long bones, we hypothesized that the
RMRP snoRNA plays a pivotal role in chondrogenic differentiation. In Chapter 2 we
therefore investigated whether RMRP RNA has a role in chondrogenic differentiation, which
might explain why CHH presents with a cartilage dysplasia. RNase MRP has a number of
substrate RNAs and from most it is not clear how these substrate RNAs may influence cell
biological processes, nor is it known how these substrates may be involved in the
development of CHH or chondrogenic differentiation. One of these substrate RNAs is the
mRNA of viperin??. Viperin, an abbreviation for Virus Inhibitory Protein, Endoplasmic
Reticulum-associated, Interferon (IFN)-inducible, is a protein located in the endoplasmic
reticulum?3? and it is well described for its role as an antiviral protein?33, Viperin expression
has been shown to be increased in Cartilage-hair hypoplasia leukocytes?** and following
knockdown of RNase MRP subunits??®. However, its function down-stream of RNase MRP
and its potential involvement in the skeletal dysplasia seen in CHH have not been addressed.
In Chapter 3, we hypothesized that viperin functions as a chondrogenic regulator
downstream of RNase MRP and the RMRP snoRNA and describe our findings related to
viperin function during chondrogenic differentiation. The RMRP snoRNA is one highly
specific snoRNA belonging to a small group of non-canonical snoRNAs. The majority of the
cell’s snoRNA collection however belongs to the canonical snoRNAs involved in post-

transcriptional modification of rRNAs. Fine-tuning of the cell’s rRNA pool by snoRNA-
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mediated post-transcriptional modifications is believed to determine the modus of
ribosome activity and control ribosome translation fidelity. It is expected that this is
particularly important in translationally active cells, like growth plate chondrocytes, to
accurately and efficiently synthesize their proteins for building the cartilaginous growth
plate ECM and support their high speed of proliferation. In Chapter 4 we therefore charted
the full spectrum of snoRNAs expressed during different phases of chondrogenic
differentiation. As a result from “small RNA” RNA sequencing of samples from
chondrogenically differentiating ATDC5 cells, we now hypothesize the involvement of
specific snoRNAs in the fine-tuning of rRNAs during chondrogenic differentiating. In
osteoarthritis, like in chondrogenic differentiation, the chondrogenic phenotype is actively
changing®®. The development of effective treatments for the age-related disease
osteoarthritis and the ability to predict disease progression has been hampered by the lack
of biomarkers able to demonstrate the course of the disease. Profiling the expression
patterns of snoRNAs in joint aging and osteoarthritis may provide insight in their
contribution to joint pathology, their use as diagnostic biomarkers and potential as
therapeutic targets. In Chapter 5 we determined expression patterns of snoRNAs in murine
joint ageing and osteoarthritis and examined them as potential biomarkers. In Chapter 6
and 7 the data described in this thesis are discussed with respect to each other and with

outsight to future directions for snoRNA research in cartilaginous tissues.
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Chapter 2

Summary

Mutations in the RMRP-gene, encoding the IncRNA component of the RNase MRP complex,
are the origin of cartilage-hair hypoplasia. Cartilage-hair hypoplasia is associated with severe
dwarfism caused by impaired skeletal development. However, it is not clear why mutations
in RMRP RNA lead to skeletal dysplasia. Since chondrogenic differentiation of the growth
plate is required for development of long bones, we hypothesized that RMRP RNA plays a
pivotal role in chondrogenic differentiation. Expression of Rmrp RNA and RNase MRP
protein subunits was detected in the murine growth plate and during the course of
chondrogenic differentiation of ATDC5 cultures, where Rmrp RNA expression was found to
be correlated with chondrocyte hypertrophy. Genetic interference with Rmrp RNA
expression in ATDC5 cultures caused a deregulation of chondrogenic differentiation, with a
prominent impact on hypertrophy

and changes in pre-rRNA processing and rRNA levels. Promoter reporter studies showed
that Rmrp RNA expression responds to chondrogenic morphogens. Chondrogenic trans-
differentiation of cartilage-hair hypoplasia fibroblasts was impaired with a pronounced
impact on hypertrophic differentiation. Together, our data show that RMRP RNA expression
is regulated during different stages of chondrogenic differentiation and indicate that RMRP
RNA may play a pivotal role in chondrocyte hypertrophy, with potential consequences for

CHH pathobiology.
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RNase MRP is a small nucleolar ribonucleoprotein (snoRNP) particle, consisting of the RMRP
long non-coding RNA (IncRNA) and several protein subunits (i.e. Rpp14, Rpp20, Rpp21,
Rpp25, Rpp30, Rpp38, Rpp40, hPopl, hPop4 and hPop5'). RNase MRP is ubiquitously
present in eukaryotes and acts as an endoribonuclease which cleaves several RNA
substrates. It has been reported to be involved in mitochondrial DNA replication?, cleaves
pre-rRNA in the internal transcribed spacer 1 (ITS1)3#, plays a role in cell cycle regulation by
cleaving cyclin b2 mRNA?®, and is able to cleave viperin mRNA®. In addition, it has been
shown that RMRP RNA and the telomerase-associated reverse transcriptase (TERT) protein
are able to form a complex that exerts RNA-dependent RNA polymerase activity, which is
able to generate a double stranded RMRP RNA molecule. Via a Dicer-dependent route
siRNAs are generated from this molecule, downregulating cellular RMRP levels and
providing a negative feedback mechanism controlling RMRP RNA levels’. In addition, RMRP
RNA is the source of at least two other short RNAs designated RMRP-S1 and RMRP-S2,
which function as miRNAs and have gene-silencing activity relevant for human cartilage-hair
hypoplasia (CHH)8. Recently, RMRP RNA has been shown to interact with DDX5 and play a
role in RORyt-dependent TH17 biology®. RNase MRP is structurally and functionally related
to the RNase P endoribonuclease, which has a unique RNA component, but shares many
protein subunits with RNase MRP°, RNase P is critically involved in maturation of tRNAs by
cleaving the 5’ leader of pre-tRNA and is involved in RNA polymerase | and Il transcriptional
activity113,

Mutations in the RMRP gene are the cause of a severe form of dwarfism known as the
cartilage-hair hypoplasial* (CHH: OMIM #250250) — anauxetic dysplasial®> (AAD: OMIM
#607095) spectrum of disorders®®. CHH is also termed metaphyseal chondrodysplasia,
McKusick-type'’. To date, more than hundred individual CHH-pathogenic mutations have
been identified in the RMRP gene'®. These mutations are located either in the transcribed
region or in the proximal promoter region, often between the TATA box and the
transcription start site. Promoter mutations may result in inefficient transcription of the
RMRP gene, whereas mutations in the transcribed region are thought to influence RNase
MRP complex assembly, enzymatic activity, subcellular localization, substrate recognition or

RNA stability®4.
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One phenotypic hallmark of CHH is short-limbed dwarfism accompanied by abnormal
growth plate development. Other symptoms include sparse thin hair, anaemia,
Hirschsprung’s disease, bronchiectasis, and impaired T-cell immunity. In addition, adult
patients have a predisposition to certain cancers (i.e. squamous cell carcinoma, basal cell
carcinoma and non-Hodgkin lymphoma)!®*8, Longitudinal bone growth during skeletal
development and lengthening of the limbs depends on endochondral ossification.
Endochondral ossification is a multistage process in the growth plates of developing long
bones. Growth plates are populated by highly proliferative chondrocytes, which
differentiate into mineralizing hypertrophic chondrocytes that either die from apoptosis or
transdifferentiate into osteoblasts'®?1. The remaining mineralized extracellular matrix (ECM)
provides a scaffold for osteoblasts and osteoclasts to adhere and remodel, setting the stage
for bone apposition and thus longitudinal bone growth and limb development??23, In the
proliferative zone of the growth plate, Sox9 drives the expression of type Il collagen
(Col2al), the main marker for this stage of chondrogenic differentiation. Runx2 and Mef2c
drive the expression of type X collagen (Col10al) during the hypertrophic phase of
chondrogenic differentiation. Many skeletal abnormalities have been described that are
often caused by mutations in genes involved in growth plate development?,

Although the involvement of the RMRP RNA in the molecular pathology of CHH has been
recognized, its role in growth plate biology remains elusive. As abnormal growth plate
development is one of the radiological characteristics of CHH?®, and chondrogenic
differentiation in the growth plates is required for skeletal development?3, we hypothesized
that the RMRP IncRNA may also function as an important regulator of chondrogenic

differentiation.
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Materials and methods

In situ hybridization (ISH)

Decalcified knee epihyseal growth plates of 6-week-old C57BL/6 mice (use of mouse growth
plates was approved by the Maastricht University Animal Ethics Committee, according to
Dutch law; and methods utilized to obtain growth plates were carried out in accordance
with Maastricht University Animal Ethics Committee and Dutch law) were embedded in
paraffin and 5 um sections were cut. Sections were deparaffinized in a xylene / ethanol
series ending in PBS (136 mM NaCl (Merck Millipore, Darmstadt, Germany), 2.7 mM KCl
(Merck Millipore), 9.0 mM NayP04.H,O (Merck Millipore), 1.8 mM KH,POs (Merck
Millipore)). Antigen retrieval was performed using 20 pug/ml proteinase K (Exiqon, Vedbzek,
Denmark). Slides were washed extensively with demineralized water to remove proteinase
K. Slides were pre-hybridized with microRNA ISH buffer (Exigon; miRCURY LNA microRNA
ISH optimization kit FFPE). Hybridization was performed for 1 hour at 50°C on a heating
plate using 80 nM of Rmrp RNA double-digoxigenin (DIG)-labeled miRCURY LNA probe
(5'DIG-CTGACGGATGACGC-3'DIG; custom ordered at Exigon) or a double-DIG labeled
scrambled LNA miRNA probe (5-GTGTAACACGTCTATACGCCCA-3’; Exigon) in miRNA ISH
buffer. Slides were washed three times with 5x SSC (0.75 M NaCl, 0.075 M sodium citrate)
for 10 minutes at 50°C. Subsequently slides were blocked with blocking solution (DIG Wash
and Block buffer set; Roche, Basel, Switzerland) for 30 minutes and incubated with anti-DIG-
Alkaline Phosphatase (AP) Fab fragments (1:500; Roche) in blocking solution for 1 hour.
Endogenous AP was blocked with Levamisole solution (Vector Laboratories, Burlingame, CA,
USA) and bound anti-DIG-AP Fab fragments were detected with AP substrate (NBT/BCIP;
Roche) in demineralized water. Slides were washed in PBS-T (0.1% Tween 20; Sigma-Aldrich,
St. Louis, MO, USA), counter-stained with 0.01% FastGreen (Sigma-Aldrich), dehydrated and

mounted with Entellan (Merck Millipore).
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Immunohistochemistry (IHC)

Knee joint epiphyseal growth plates of 6-week-old C57BL/6 mice were formalin-fixed and
decalcified using 0.5 M ethylenediaminetetraacetic acid (EDTA; VWR Prolabo, Amsterdam,
the Netherlands), pH 7.8. After paraffin-embedding 5 um tissue sections were cut. Sections
were deparaffinized in a xylene / ethanol series ending in PBS. For antigen retrieval
(COL10A1 detection) sections were treated with 0.4% hyaluronidase (Sigma-Aldrich) at 37°C
for 30 minutes. Sections for detection of RNase MRP protein subunits were incubated in hot
citrate buffer (1.8 mM citric acid (Sigma-Aldrich) and 8.2 mM tri-sodium citrate (VWR
Prolabo)) for 30 minutes. Endogenous peroxidase activity was inactivated using peroxidase-
blocking solution (Dako, Troy, MI, USA). Next, slides were blocked with 10% normal sheep
serum in PBS-T. Primary antibodies were incubated for 1 hour at room temperature. Rabbit
polyclonal anti-COL10A1%® was used at a 1:1,000 dilution. Rabbit polyclonal anti-Rpp25%/,
anti-Rpp30%8, anti-Rpp3828, anti-Rpp40%° and anti-hPop13° were used at a 1:100 dilution.
Bound antibodies were detected with horseradish peroxidase (HRP)-conjugated anti-rabbit
secondary antibodies (Dako EnVision) for 30 minutes at room temperature. DAB chromogen
substrate (Dako) was used for detection. Sections were counterstained with haematoxylin
(Dako), dehydrated and mounted with histomount (Thermo Shandon, Waltham, MA, USA).

Microscopic images were acquired using a Zeiss Axioscope Al.

Cell culture and differentiation of ATDC5 and MCT cells and siRNA
transfection

ATDCS cells3! were cultured in a humidified atmosphere at 37°C, 5% CO; in proliferation
medium (DMEM/F12 (Invitrogen, Carlsbad, CA, USA), 5% FCS (PAA, Pasching, Austria), 1%
antibiotic/antimycotic (Invitrogen), 1% NEAA (Invitrogen)). To induce chondrogenic
differentiation, cells were plated at 6,400 cells/cm?. After 24 hours chondrogenic
differentiation was initiated by changing the medium to differentiation medium
(proliferation medium supplemented with 10 pg/ml insulin (Sigma-Aldrich), 10 pg/ml
transferrin (Roche), 30 nM sodium selenite (Sigma-Aldrich)). Differentiation medium was
refreshed every two days for the first 10 days, and each day after day 10. Chondrogenically

differentiating ATDC5 cells were transfected (Icafectin; Eurogentec, Seraing, Belgium) with

64



Expression of RMRP RNA is regulated in chondrocyte hypertrophy

and determines chondrogenic differentiation

100 nM siRNA duplexes (custom synthesized by Eurogentec, see Table 1) targeting Sox9,
Bapx1 or Rmrp RNA on day -1, 2, and 5 during differentiation in the presence or absence of
30 nM BMP-2 (Life Technologies, Carlsbad, CA, USA). Scrambled siRNA duplex was
purchased from Eurogentec (REF: SR-CLO00-005). Cells were harvested for RNA isolation on
day 0, 7 and 10 during differentiation (TRIzol reagent; Invitrogen) and samples were kept at
-80°C until further analysis. In addition, ATDC5 cells were differentiated for 14 days and
exposed to 5 or 50 nM PTHrP (Bachem, Bubendorf, Switzerland) from day 10 onwards
(medium with PTHrP was refreshed on day 12 during chondrogenic differentiation). MCT
cells32 were cultured in a humidified atmosphere at the permissive temperature of 32°C, 8%
CO; in proliferation medium (DMEM/F12 (Invitrogen), 10% FCS (PAA), 1%
antibiotic/antimycotic (Invitrogen), 1% NEAA (Invitrogen)). Hypertrophic differentiation was
induced in the absence or presence of 50 nM PTHrP (Bachem) by switching culture
conditions to 37°C, 5% CO, for 24 hours. Cells were harvested for RNA isolation (TRIzol
reagent; Invitrogen) and samples were kept at -80°C until further analysis. To maintain Rmrp
knockdown during an extended period of time during chondrogenic differentiation,
scrambled (Eurogentec SR-CLO00-005) and Rmrp RNA (Table 1) siRNAs were either
transfected on day 2 and 5 of ATDC5 chondrogenic differentiation for read-out at day 7 or

on day 2, 5 and 8 in chondrogenic differentiation for read-out at day 14.

Table 1. siRNA sequences

siRNA Sense Anti-sense

siSox9 GACUCACAUCUCUCCUAAUTT | AUUAGGAGAGAUGUGAGUCTT
siBapx1 CAGAGACGCAAGUGAAGAUTT | AUCUUCACUUGCGUCUCUGTT
siRmrp RNA | CAUGUUCCUUAUCCUUUCGTT | CGAAAGGAUAAGGAACAUGTT

Description of plasmids, transfection and bioluminescence
detection

Plasmid constructs were generated using traditional cloning methods and cloned inserts
were verified by DNA sequencing. The mouse 1500 nucleotide sequence upstream of the
mouse Rmrp transcription start site was amplified from ATDC5 genomic DNA and cloned

into the pGluc-Basic vector (NEB) using primer-introduced restriction sites EcoRV and Hindlll
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(pGluc-Rmrp-prom). As a transfection control the pGL4.20[luc2/Puro] (Promega,
Southampton, UK) vector was used in which the CMV promoter was cloned
(pGL4.20[luc2/Puro]-CMV). Day 5-differentiating ATDC5 cells in 12 well plates were
transfected with 500 ng pGluc-Rmrp-prom and 125 ng pGL4.20[luc2/Puro]-CMV using 1
pg/ul polyethylenimine (PEI; Polysciences, Warrington, PA, USA) transfection reagent. DNA
and PEl were complexed for 10 minutes at room temperature in DMEM/F12 (1.9 pul PEI per
625 ng construct per well) and added to the ATDC5 cells. Five hours post-transfection
medium was supplemented with BMP-2 (30 ng/ml; Life Technologies), PTHrP (100 nM;
Bachem), TGF-B3 (10 ng/ml; Life Technologies), dorsomorphin (10 uM; Santa Cruz
Biotechnology, Dallas, TX, USA), (5Z)-7-Oxozeaenol (0.5 uM; Merck Millipore), SHH (150
ng/ml; R&D systems, Minneapolis, MN, USA), IHH (150 ng/ml; R&D systems), WNT5A (15
ng/ml; R&D systems), WNT3A (15 ng/ml; Peprotech, Rocky Hill, NJ, USA), GDF-5 (100 ng/ml;
Peprotech) and bFGF (15 ng/ml; Peprotech). After 36 hours samples were harvested for
bioluminescence detection using the Dual Luciferase reporter assay system (Promega) as
described by the manufacturer and measured on a Fluostar Omega plate reader (BMG

Labtech, Ortenberg, Germany).

RT-gPCR

RNA was isolated from TRIzol samples by collecting the aqueous phase after phase
separation. RNA was precipitated with isopropanol (30 minutes, -80°C) and centrifuged for
30 minutes at 20,000 x g, 4°C. RNA pellets were washed with 80% ethanol and potential
DNA contamination was removed by DNase | (Roche) treatment (1 hour, 37°C). After
subsequent ethanol precipitation, RNA was dissolved in 15 uL DNase/RNase free water
(Eurogentec). RNA quantity and purity were determined spectrophotometrically (Biodrop,
Isogen Life Sciences, Utrecht, the Netherlands). DNA-free total RNA was reverse transcribed
using standard procedures and random hexamer priming as described previously33. Real
time quantitative PCR (RT-qPCR) was performed in 96-well optical plates. For each cDNA
sample a mix was prepared consisting of Mesagreen gPCR Mastermix Plus for SYBR Green
(Eurogentec) and 300 nM forward and reverse oligonucleotides. Serially diluted standard

curves were utilized to quantify gene expression in the samples. A Biorad CFX96 Real-Time
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PCR Detection System was used for amplification using the following protocol: denaturation

at 95°C for 10 minutes, followed by 50 cycles of amplification (15 seconds 95°C and 1

minute 60°C) followed by a dissociation curve. Data were analyzed using Biorad CFX

Manager Software version 3.1, based on the relative quantification of mRNA expression of

the target gene normalized to a housekeeping gene (ATDC5/MCT: B-actin, human

fibroblasts: GAPDH). Primer sequences are depicted in Table 2.

Table 2. RT-qPCR primer sequences

Gene Forward Reverse

B-Actin CCGAGCGCGAGATCGT TGGCCATCTCGTTCTCGAA

Aggrecan CATGAGAGAGGCGAATGGAA TGATCTCGTAGCGATCTTTCTTCT
Alpl (Mm) CCGATGGCACACCTGCTT GGAGGCATACGCCATCACAT

ALPL (Hs) CCGTGGCAACTCTATCTTTGG CAGGCCCATTGCCATACAG

Bapx1 ACCTGGCAGCTTCGCTGAA AGGTCGGCGGCCATCT

Col2al (Mm) TGGGTGTTCTATTTATTTATTGTCTTCCT | GCGTTGGACTCACACCAGTTAGT
COL2A1 (Hs) TGGGTGTTCTATTTATTTATTGTCTTCCT | GCGTTGGACTCACACCAGTTAGT
Col10al (Mm) | CATGCCTGATGGCTTCATAAA AAGCAGACACGGGCATACCT
COL10A1 (Hs) ATGATGAATACACCAAAGGCTACCT ACGCACACCTGGTCATTTTCTG

Clb2 TGCCAAGCTTTCTCTGATGCT GGGTTCTCCCTGTCCTCGTT

GAPDH (Hs) ACTTTGTGAAGCTCATTTCCTGGTA GTGGTTTGAGGGCTCTTACTCCTT
ITS1 (Mm) TGGGGGGGTGGATGTCTGGAG CGAGTGATCCACCGCTAAGAGTCGTA
ITS1 (Hs) TGTGAAACCTTCCGACCCCTCT CGAGTGATCCACCGCTAAGAGTCGTA
Mef2c GGGCCTCAATGGCTGTGA CTCAGACTCAGGGCTGTGACCTA
Osteocalcin GCGGCCCTGAGTCTGACA GCCGGAGTCTGTTCACTACCTT

Pop4 GGACACGCAGCCACAGATG TGACTGAAATAATAGCACCATGAAGAT
Pthrp (Mm) GTTCAGCAGTGGAGTGTC GATGGTGGAGGAAGAAACG

PTHrP (Hs) AAGGGCAAGTCCATCCAAGA CTCGGCGGTGTGTGGATITC

Rmrp (Mm) ATACGAGGGACATGTTCCTTATCC TTGGCGGGCTAACAGTGACT

RMRP (Hs) GAGAGTGCCACGTGCATACG ACGCTTCTTGGCGGACTTT

Rpp30 TCAAAAGACCCCCTGTTAATGTG GATAGCAGGACCATAGACAAGTTCAA
Rpp40 TGTGTCACTACTTCGATGAACCAA TGTCTGCAAAGCCTTGAACTGT
Runx2 GACGAGGCAAGAGTTTCACC GGACCGTCCACTGTCACTTT

5.8S rRNA CACTCGGCTCGTGCGTCGAT CGCTCAGACAGGCGTAGCCC

67



Chapter 2

Gene Forward Reverse

18S rRNA AGTCCCTGCCCTTTGTACACA GATCCGAGGGCCTCACTAAAC
28S rRNA GCCATGGTAATCCTGCTCAGTAC GCTCCTCAGCCAAGCACATAC
Sox9 AGTACCCGCACCTGCACAAC TACTTGTAGTCCGGGTGGTCTTTC
Viperin TGCTATCTCCTGCGACAGCTT CCTTGACCACGGCCAATC

When not specified, primer sequences were designed for Mus musculus. In table Mus musculus is

abbreviated as Mm and Homo sapiens as Hs.

Fixated cell staining protocols and assays

Crystal Violet, Alcian Blue and Alizarin Red S staining and quantification

Cells were washed two times with 0.9% NaCl and fixated with 4% paraformaldehyde in PBS
for 10 minutes at room temperature. Fixated cells were washed 6 times with distilled water
and air-dried. Dried fixated cells were incubated for 30 minutes at room temperature with
either 0.1% (m/v) Crystal Violet (Sigma-Aldrich); 1% (m/v) Alcian Blue (Acros Organics, Geel,
Belgium) in 0.1 M HCI; or 40 mM Alizarin Red S (Sigma-Aldrich), pH 4.2. Cells were washed
six times with distilled water to remove unbound stain and allowed to air dry. Pictures were
acquired with an Epson V370 flatbed scanner (Epson, Nagano, Japan). Crystal Violet was
extracted by incubation with 10% acetic acid (VWR) for 15 minutes on a plate shaker (IKA HS
260 Basic, IKA, Staufen, Germany). Alcian Blue was extracted by incubation with 6 M
Guanidine-HCI (Sigma-Aldrich) for 2 hours on a plate shaker (IKA). Alizarin Red S extraction
was initiated by incubation with 10% acetic acid (VWR Prolabo) for 30 minutes at room
temperature on a plate shaker (IKA). Cells and eluate were further collected using a cell
scraper and transferred to a microcentrifuge tube. Samples were heated at 85°C for 10
minutes and subsequently centrifuged at 20,000 x g for 15 minutes at 4°C. Ammonium
hydroxide (VWR) was added to neutralize the acetic acid until a pH of 4.4 was reached.
Extracted Crystal Violet, Alcian Blue and Alizarin Red S were quantified
spectrophotometrically at 590 nm, 645 nm or 405 nm (respectively) using a plate reader

(ThermoScientific Multiskan FC, Waltham, MA, USA).
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ALP activity assay

Enzymatic activity of Alkaline Phosphatase in ATDC5 cultures was determined in a
colorimetric assay. Cells were lysed in lysis buffer (1.5 M Tris-HCI, pH 9.0; 2% v/v Triton X-
100) and homogenized on ice by means of sonication (MSE Soniprep 150, Gemini,
Apeldoorn, the Netherlands). Insoluble material was removed by centrifugation (5 minutes,
13,000 at 4°C). Total protein concentration was determined with a BCA assay (Sigma-
Aldrich). In flat-bottom 96 wells plates containing assay buffer (1.5 M Tris-HCI, pH 9.0, 1 mM
MgCly; 7.5 mM p-nitrophenyl phosphate), ALP activity was determined by measuring ALP-
dependent enzymatic conversion of p-nitrophenyl phosphate to nitrophenyl phosphate by
spectrophotometric analysis at 405 nM. A calibration curve containing an increasing
concentration of nitrophenyl phosphate was used to determine the absolute amount of
ALP-generated nitrophenyl phosphate over time. Values were normalized to total protein

concentration and ALP activity expressed as umol nitrophenyl phosphate / gram / minute.

Chondrogenic trans-differentiation of human dermal fibroblasts

Human dermal fibroblasts (passage 7-9) from 4 CHH patients and 3 healthy controls (ethical
permission was obtained from the medical ethical Institutional Review Board of Freiburg
University Hospital and methods and experimental protocols to obtain dermal fibroblasts
were carried out in accordance with the Freiburg University Hospital medical ethical
Institutional Review Board, according to German law. Informed consent was obtained from
all subjects) were hyperconfluently plated (100,000 cells/cm?) in Aggrecan-coated (Sigma-
Aldrich; 2.5 pg/cm?) wells as previously described3*. Cells were directly plated in trans-
differentiation medium which consisted of DMEM/F12+Glutamax (Invitrogen), 10% FCS
(PAA), 1% antibiotic/antimycotic (Invitrogen), 1% NEAA (Invitrogen) + 1% ITS (Insulin,
Transferrin, Selenium-Sodium Pyruvate; Life Technologies), 50 pg/ml ascorbic acid 2-
phosphate (Sigma-Aldrich) and 1 ng/ml human recombinant TGF-B3 (Life Technologies).
Trans-differentiation medium was refreshed every other day and transdifferentiated
cartilaginous nodules were harvested in TRIzol on day 3, 5 and 7 during trans-

differentiation. At plating, fibroblasts were harvested for day 0 samples as well.
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Results

Rmrp RNA and RNase MRP protein subunits are differentially
expressed in the developing growth plate

To investigate RMRP RNA expression during chondrogenic differentiation of the growth
plate, 5 um tissue sections were prepared from growth plates of 6 weeks-old mice.
Expression of Rmrp RNA was determined by in situ hybridization (Figure 1A). Resting zone
chondrocytes express Rmrp RNA and weak expression was observed in the chondrocytes of
the proliferative zone. The highest expression levels of Rmrp RNA were detected in the
hypertrophic zone. Cells in the remodeling zone of the growth plate (osteoclasts and
osteoblasts) were also positive for the expression of Rmrp RNA. Subsequently, we evaluated
the spatiotemporal expression of a number of RNase MRP protein subunits RPP25, RPP30,
RPP38, RPP40 and POP1 (Figure 1B). Expression of COL10A1 was immunohistochemically
detected to visualize the location of the hypertrophic zone (Figure 1B). Without exception,
all RNase MRP protein subunits tested displayed a spatiotemporal growth plate distribution
pattern highly similar to Rmrp RNA; resting zone chondrocytes express RNase MRP subunits,
whereas weak expression was observed in chondrocytes of the proliferative zone. Highest
RNase MRP protein subunit expression levels were detected in the hypertrophic zone of the

developing growth plate.
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Figure 1: Spatiotemporal expression of Rmrp RNA and RNase MRP subunits in the
growth plate. Five micrometer-thick formalin-fixed paraffin-embedded tissue sections were
prepared from knee joint epiphyseal growth plates of 6-weeks-old mice. A: Expression of Rmrp RNA
was detected by in situ hybridization. A scrambled probe was used as control. B: The expression of
COL10A1 and RNase MRP protein subunits RPP25, RPP30, RPP38, RPP40 and POP1 was detected
immunohistochemically. Figure shows representative images of the ISH (A) IHC (B) results from three

individual experiments each.

Rmrp RNA expression in induced during ATDC5 chondrogenic
differentiation

To study RMRP RNA expression in a model for chondrogenic differentiation we used the
ATDCS cell line3l. ATDCS cells follow a defined chondrogenic differentiation program after

stimulation with insulin, transferrin and sodium selenite. The induction of Col2al expression
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at day 7 during differentiation marks chondrogenic differentiation. At 14-21 days during
differentiation cells have acquired a predominant hypertrophic/mineralizing phenotype as
indicated by co-expression of Col10al, and at day 21 mineralization becomes evident by
expression of osteocalcin (Figure 2A). Expression of Rmrp RNA was slightly upregulated at
day 7 in chondrogenic differentiation, increased further at day 14 in differentiation and
showed highest levels at day 14 and 21 in differentiation, predominantly coinciding with
peak Col10al expression. Rmrp RNA expression decreased again at day 28 during
differentiation (Figure 2B). Expression of RNase MRP protein subunits Rpp30 and Rpp40
showed a similar pattern with the highest levels of expression at day 14 and 21 during
differentiation (Figure 2B). Together, these data show that the expression of Rmrp RNA
responds to induction of chondrogenic differentiation with highest expression levels late in

the differentiation program.
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Figure 2: Rmrp RNA and RNase MRP subunit expression responds to chondrogenic
differentiation of ATDCS5 cells. ATDCS cells were differentiated in the chondrogenic lineage for
0, 7, 14, 21 or 28 days. A: Different stages of chondrogenic differentiation were confirmed by
measuring gene expression of Col2al, Col10al and osteocalcin. B: Expression of Rmrp RNA and
RNase MRP protein subunits Rpp30 and Rpp40 is depicted as fold induction relative to t=0. Data was
normalized to B-actin and represents the average value of 3 biological replicates plus standard

deviation. For statistical evaluation an independent samples t-test was performed between each
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consecutive time point using GraphPad Prism 5. p-values are indicated. Presented graphs are

representative examples of three independent experiments.

Rmrp expression is positively correlated with the hypertrophic
phenotype of the chondrocyte

Above data indicate that RMRP RNA expression is associated with late phase/hypertrophic
chondrogenic differentiation. Therefore we next asked whether RMRP RNA expression
adapts to a changing chondrocyte hypertrophic phenotype. To drive differentiating ATDC5
cells towards a hypertrophic phenotype we reduced the expression of Sox9 or Bapxl by
targeting the corresponding mRNAs by siRNA-mediated knockdown. In line with previous
reports and work from our group333>37, knockdown of Sox9 expression (Figure 3A) resulted
in reduced expression of chondrogenic markers Bapx1 (Figure 3B), Col2al (Figure 3C) and
Aggrecan (Figure 3D) and concomitantly increased expression of hypertrophic markers
Runx2 (Figure 3E), Mef2c (Figure 3F) and Col10al (Figure 3G), which is consistent with a
prominent hypertrophic chondrocyte phenotype. As a result of Sox9 knockdown, the
expression of Rmrp RNA (Figure 3H) was increased. We previously reported® that
knockdown of the key hypertrophic repressor Bapx1 (Figure 3B) does not influence the
expression of chondrogenic factors Sox9, Col2al and Aggrecan (Figure 3A, C-D). Instead, a
selective hypertrophic chondrocyte phenotype was provoked, as evidenced by increased
expression of hypertrophic markers Runx2, Mef2c and Col10al (Figure 3E-G). Similar to
what was observed for Sox9 knockdown, preferential hypertrophic differentiation by
knockdown of Bapx1 expression led to increased expression of Rmrp RNA (Figure 3H).
Increased hypertrophy was also observed when ATDC5 cells were exposed to the
hypertrophic inducer BMP-235, as evidenced by induced expression of hypertrophic markers.

Under these conditions, the expression of Rmrp RNA was also induced (Figure 3H).
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Figure 3: Rmrp RNA expression increases with ATDC5 hypertrophic differentiation.
ATDCS cells were transfected with 100 nM siRNA duplexes targeting Sox9 or Bapx1 gene expression
on day -1, day 2, and day 5 during chondrogenic differentiation. A scrambled siRNA duplex
purchased from Eurogentec was used as control condition for both Sox9 or Bapx1 knockdown. In
addition, ATDCS cells transfected with the scrambled siRNA were exposed to 30 ng/ml BMP-2 from
the start of differentiation (cells from the BMP-2 condition were also transfected with the negative
control scrambled siRNA in order to make all three interventions (Sox9 knockdown, Bapxl
knockdown and exposure to BMP-2) technically comparable to the same control). RNA was isolated
from these cultures at day 10 in differentiation. Gene expression of Sox9 (A), Bapx1 (B), Col2al (C),
Aggrecan (D), Runx2 (E), Mef2c (F), Col10al (G) and Rmrp RNA (H) was determined by RT-qPCR.
Gene expression is depicted as fold induction relative to t=0. Data was normalized to B-actin
expression and represents the average values of 3 biological replicates plus standard deviation. For
statistical evaluation an independent samples t-test was performed relative to control using
Graphpad Prism 5. p-values are indicated. Experiment was performed three times with presented

graphs being representative examples.

To further investigate Rmrp induction by chondrocyte hypertrophy, ATDC5 cell were
differentiated for 14 days to induce a hypertrophic phenotype. To counteract hypertrophy,
cultures were exposed to PTHrP from day 10 in differentiation onwards?338, Addition of
PTHrP reduced the induction of the hypertrophic markers Runx2 (Figure 4A) and Col10al

(Figure 4B). As a result of PTHrP-mediated reduction of hypertrophy, Rmrp RNA expression
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was downregulated as well (Figure 4C). To confirm the PTHrP-mediated reduction of Rmrp
RNA expression in another hypertrophic chondrocyte model, we used MCT cells. MCT cells
are mouse chondrocytes, immortalized with a temperature-sensitive simian virus 40 large
tumor antigen. These cells proliferate at 32°C, but terminally differentiate and become
hypertrophic within 24 hours at 37°C32. As expected, culturing MCT cells at 37°C induced
hypertrophic differentiation as indicated by upregulation of Runx2 and Col10al expression
(Figure 4D/E). Rmrp RNA expression was also upregulated in this hypertrophic cell model
(Figure 4F). When the hypertrophic MCT phenotype was suppressed by PTHrP (Figure 4D/E),
Rmrp RNA expression responded similarly (Figure 4F). Overall, our data indicate a positive

correlation between Rmrp RNA expression levels and chondrocyte hypertrophy.
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Figure 4: Hypertrophy-associated Rmrp RNA expression is reduced by PTHrP. ATDC5
cells were differentiated for 14 days to create a hypertrophic phenotype and 5 or 50 nM PTHrP was
added from day 10 in chondrogenic differentiation onwards. Gene expression of Runx2 (A) and
Col10a1 (B) and Rmrp RNA (C) was analyzed by RT-gPCR. Data was normalized to 8-actin, represents
the average of value of 3 individual samples plus standard deviation and is depicted as fold induction

relative to day 0 ATDCS cells. For statistical evaluation an independent samples t-test was performed
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relative to day 14 control ATDCS cells using Graphpad Prism, where *=p<0.05. MCT cells were plated
and cultured at the permissive temperature of 32°C and hypertrophic differentiation was induced by
incubating the cells at 37°C in the absence or presence of 50 nM PTHrP. Total RNA was isolated 24
hours after the temperature shift and analyzed for Runx2 (D), Col10al (E) and Rmrp RNA (F)
expression by RT-qPCR. Data was normalized to 8-actin, represents the average value of 4 biological
replicates plus standard deviation and is depicted as fold-induction relative to the permissive
temperature of 32°C. For statistical evaluation an independent samples t-test was performed
between the permissive temperature and induction of hypertrophic differentiation and between
hypertrophic induction in the absence or presence of PTHrP using Graphpad Prism 5. p-values are

indicated. Presented graphs are representative examples of three independent experiments.

Chondrogenic morphogens alter Rmrp promoter activity

Our data described above suggested that RMRP RNA expression may be responsive to
common chondrogenic morphogens, for example via modulation of proximal promoter
activity. To acquire a broader understanding of chondrogenic pathways that may influence
RMRP RNA expression, ATDC5 cells were transfected with a Gaussia luciferase reporter,
driven by the 1500 nucleotide sequence upstream of the mouse Rmrp transcription start
site (pGluc-Rmrp-prom plasmid) and cells were exposed to different chondrogenic
mediators (Figure 5). PTHrP keeps chondrocytes in a proliferative state and counteracts
hypertrophic differentiation?33%, PTHrP decreased Rmrp promoter activity by 18%. bFGF (or
FGF2), a negative regulator of chondrocyte hypertrophic maturation®, reduced Rmrp
promoter activity by 35%. TGFpB isoforms activate SMAD signaling via SMAD2/3%. Of all
TGFB isoforms, TGFB3 was described to be able to induce matrix mineralization®. Indeed,
TGFB3 increased Rmrp promoter activity by 40%. In agreement with the TGFB3-induced
increase of Rmrp promoter activity, exposure to (52)-7-Oxozeaenol, an inhibitor of TGF-B
activated kinase-1 (TAK1)*?, decreased Rmrp promoter activity by 22%. Exposure to BMP-2
(pro-hypertrophic, see Figure 3) increased Rmrp promoter activity by 105%, whereas
dorsomorphin, an inhibitor of BMP-mediated SMAD1/5/8 phosphorylation*, decreased
Rmrp promoter activity by 76%. GDF-5 (a BMP family member described to induce both
chondrogenic differentiation and hypertrophy** did not significantly change Rmrp promoter
activity. WNT-3A and WNT-5A, two prominent ligands of the Wnt signaling pathway and

crucial in chondrocyte differentiation®, increased Rmrp promoter activity by 45% and 26%,
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respectively. Finally, Sonic Hedge Hog (SHH), the main ligand that activates Patched-1-
mediated GLI-signaling and which is crucial in limb bud patterning during embryogenesis?*,
did not significantly alter promoter activity. We thus concluded that the 1500 nucleotide
sequence upstream of the Rmrp RNA transcription start site is responsive to mediators
known to alter the chondrocyte phenotype. This indicates that, in chondrocytic cells, Rmrp
RNA levels may be controlled by transcription factors involved in chondrocyte

differentiation and hypertrophy.

Rmrp promoter activity
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Figure 5: Rmrp promoter activity is altered by chondrogenic morphogens. Rmrp
promoter responsiveness to different chondrogenic morphogens and pathways was determined by
transfection of the pGluc-Rmrp-prom reporter plasmid, comprising the 1500 nucleotide sequence
upstream of the mouse Rmrp RNA transcription start site. ATDC5 cells were transiently co-
transfected with this reporter and pGL4.20[luc2/Puro]-CMV to normalize for transfection efficiency.
Transfected cells were exposed for 24 hours to either 100 nM PTHrP, 15 ng/ml bFGF, 10 ng/ml
TGFB3, 0.5 uM (52)-7-Oxozeaenol, 30 ng/ml BMP-2, 10 uM dorsomorphin, 100 ng/ml GDF-5, 15
ng/ml WNT-3A, 15 ng/ml WNT-5A or 150 ng/ml SHH. These concentrations were chosen based on

their use as described in literature. Promoter activity is depicted as fold induction relative to control.
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Data was normalized to pGL4.20[luc2/Puro]-CMV and represents the average value of 4 biological
replicates plus standard deviation. For statistical evaluation an independent samples t-test was
performed relative to control using GraphPad Prism 5. p-values are indicated. Presented graphs are

representative examples of three independent experiments.

Rmrp RNA knockdown deregulates chondrogenic differentiation of
ATDCS cells

To investigate whether RMRP RNA regulates chondrogenic differentiation, Rmrp RNA
expression was targeted by RNAi. ATDCS cells were transfected with an siRNA duplex at day
-1, 2 and 5 during chondrogenic differentiation and gene expression was determined at day
0, 7 and 10 in differentiation. The siRNA duplex reduced the expression of Rmrp RNA
significantly (Figure 6A). To confirm that this led to a functional reduction of RNase MRP
activity, the expression of substrate RNAs for RNase MRP, i.e. C/Ib2 mRNA, Viperin mRNA and
ITS1 pre-rRNA, were measured*®. Reduced Rmrp RNA levels indeed resulted in elevated
levels of RNase MRP substrates C/b2 and Viperin mRNAs, as well as an accumulation of an
ITS1 pre-rRNA processing intermediate. (Figure 6B-D). Following Rmrp knock-down,
expression of Sox9 (Figure 6E), Col2al (Figure 6F), Runx2 (Figure 6G), Col10al (Figure 6H)
and Alpl (Figure 61) was reduced at both 7 and 10 days in differentiation. Overall, expression
of Runx2, Col10a1 and Alpl seemed to be more heavily affected than Co/2al. In accordance,
Bapxl mRNA was strongly induced (Figure 6J), which is indicative of deregulated
hypertrophic differentiation3>. These data show that reduction of Rmrp RNA levels impacts
the course of chondrogenic differentiation, with a prominent impact on the hypertrophic
differentiation program. In concordance with the observed deregulated chondrogenic
differentiation, expression of Pthrp was increased after Rmrp RNA knockdown (Figure 6K).
Since RNase MRP has been shown to be implicated in pre-rRNA processing®*, we assessed
the levels of 18S, 5.8S and 28S following Rmrp RNA knockdown and we observed reduced
levels of 18S and 5.8S, but not of 28S rRNAs at day 7 in ATDC5 chondrogenic differentiation
(Figure 6L).
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Figure é: Rmrp RNA knockdown deregulates ATDC5 chondrogenic differentiation.

ATDCS cells were transfected with 100 nM siRNA duplex targeting Rmrp RNA expression on day -1,

day 2, and day 5 during chondrogenic differentiation. A scrambled siRNA was used as control

condition. RNA was isolated from these cultures at day 7 and 10 in differentiation and at t=0 as a

reference. Expression of Rmrp (A), Clb2 (B), Viperin (C), ITS1 rRNA processing intermediate (D), Sox9

(E), Col2al (F), Runx2 (G), Col10a1 (H), Alpl (1), Bapx1 (J), PthrP (K) and Rmrp, 18S, 5.8S and 28S (L)

was determined by means of RT-qPCR. Gene expression is depicted as fold induction relative to t=0

(A-K). In Figure 6L day 7 scrambled controls are set to 1. Data was normalized to B-actin and

represents the average value of 3 (Figure 6 A-K) or 4 (Figure 6L) biological replicates plus standard

deviation. For statistical evaluation an independent samples t-test was performed relative to

scrambled control for each consecutive time point using GraphPad Prism 5. p-values are indicated.

Presented graphs are representative examples of three independent experiments.
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Rmrp RNA knockdown affects cell proliferation,
glycosaminoglycan content and mineralization of ATDCS5 cells

We next investigated whether deregulation of chondrogenic differentiation by Rmrp RNA
knockdown is accompanied by functional changes of the chondrogenic differentiation
program at different moments in differentiation. To maintain Rmrp knockdown during an
extended period of time during chondrogenic differentiation, siRNAs were either
transfected on day 2 and 5 in chondrogenic differentiation for read-out at day 7 or on day 2,
5 and 8 in chondrogenic differentiation for read-out at day 14. Rmrp RNA knockdown
resulted in reduced Rmrp RNA expression at day 7 in chondrogenic differentiation (Figure
7A). Since day 14 cells were last transfected at day 8 in chondrogenic differentiation, Rmrp
RNA expression was almost back to baseline levels in the day 14 Rmrp RNA knockdown
condition (Figure 7A). Rmrp RNA knockdown resulted in reduced cell proliferation,
quantified in Figure 7B and visually depicted in Figure 7C/D. Rmrp RNA knockdown led to a
significant reduction of GAG content at day 7 and this was still detectable at day 14 in
chondrogenic differentiation (Figure 7E). GAG content at day 14 before extraction of the
Alcian Blue dye is visualized in Figure 7F. Mineralization, quantified by Alizarin Red staining
was reduced at day 7 and day 14 in chondrogenic differentiation (Figure 7G) and visualized
in Figure 7H/I. In concert with the Alizarin Red data, ALP enzyme activity was almost absent
at day 7 in chondrogenic differentiation as a result of Rmrp knockdown and was still

significantly reduced at day 14 in chondrogenic differentiation (Figure 7J).
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Figure 7: Rmrp RNA knockdown reduces cell proliferation, glycosaminoglycan
content and mineralization. ATDC5 cells were transfected with siRNA duplex targeting Rmrp
RNA on day 2 and 5 in differentiation (30 and 100 nM, respectively) and analyzed on day 7. In
addition differentiating ATDCS5 cells were transfected with the Rmrp RNA siRNA at day 2, 5 and 8 (30
nM, 100 nM and 100 nM, respectively) and analyzed at day 14 in differentiation. A scrambled siRNA
was used as a control. Knockdown of Rmrp RNA expression was confirmed by RT-qPCR (A). Cell
proliferation was determined by extraction and spectrophotometric analysis of bound Crystal Violet
staining (B); staining before dye extraction is shown in (C) and (D). Glycosaminoglycan content was
determined by extraction of Alcian Blue staining (E); day 14 staining before dye extraction is shown

in (F). Mineralization was determined by extraction of Alizarin Red staining (G); staining before dye
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extraction is visualized in (H) and (I). ALP activity in umol/g/min, corrected for total protein was
determined in (J). Data (A, B, E, G, J) represents the average value of 4 biological replicates plus
standard deviation and scrambled control is set to 1 (A, B, E, G). In graph (J) ALP activity in
umol/g/min was corrected for total protein levels. For statistical evaluation (A, B, E, G, J) an
independent samples t-test was performed relative to scrambled control for each consecutive time
point using GraphPad Prism 5. p-values are indicated. In (C, D, F, H, 1) the upper panels show 4
biological replicates ‘Scr’ = Scrambled siRNA and the lower panels show 4 biological replicates

‘siRmrp’ = Rmrp siRNA.

Chondrogenic trans-differentiation is impaired in CHH fibroblasts

CHH is caused by mutations in RMRP RNA7, but it is unknown whether these mutations
influence chondrogenic differentiation in CHH patients. To test whether the chondrogenic
capacity of CHH cells is impaired, we employed a trans-differentiation protocol that drives
dermal fibroblasts towards a chondrocyte-like phenotype3*. High density plating of
fibroblasts on an Aggrecan-coated surface in the presence of TGFf3 induced the formation
of dense aggregates within 24 hours post-plating, resembling chondrogenic nodules. To
focus on functional chondrogenic read-out markers we measured induction of COL10A1,
COL2A1 and ALPL (alkaline phosphatase) gene expression in cultures from healthy
fibroblasts, substantiating trans-differentiation into the chondrogenic lineage (Figure 8A-C).
Induction of COL10A1 expression was more robust than COL2A1, which indicates that these
cultures display a predominant hypertrophic phenotype (Figure 8A/B). As a result of the
chondrogenic trans-differentiation RMRP RNA expression levels increased (Figure 8D).
Compared to healthy control cultures we found that CHH fibroblasts (4 CHH patients,
carrying different CHH pathogenic mutations in the RMRP gene (i.e. 127G>A and 261 C>G; 4
C>T and 77C>T; 70 A>G and 70A>G; 4 C>T and -21_-9dup CTCTGTGAAGCTG)) displayed an
impaired induction of COL10A1 and ALPL expression upon chondrogenic trans-
differentiation (Figure 8B/C). Induction of COL2A1 expression was not affected at day 3 in
trans-differentiation. At days 5 and 7 during chondrogenic trans-differentiation, COL2A1
expression appeared lower in CHH fibroblasts as compared to healthy controls (Figure 8A),
although this difference was not significant. The induction of RMRP RNA expression

observed in healthy control fibroblasts was absent in CHH cultures (Figure 8D). Moreover,
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and in concert with the observed impaired hypertrophic differentiation (Figure 8B/C), the
expression of PTHrP was increased in CHH cultures as compared to healthy control cultures
(Figure 8E). Finally, we detected a significant increase in the accumulation of the ITS1 pre-
rRNA processing intermediate* (Figure 8F). Together, data show that in CHH fibroblasts
chondrogenic trans-differentiation is impaired with a major impact on hypertrophic

development of these cultures.
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Figure 8: Impaired chondrogenic differentiation and increased ITS1 expression during
chondrogenic trans-differentiation of CHH fibroblasts. Human dermal fibroblasts from four
CHH patients (RMRP alleles of CHH patients carried the following mutations: 127G>A and 261 C>G
(circle); 4 C>T and 77C>T (square); 70 A>G and 70A>G (triangle); 4 C>T and -21_-9dup
CTCTGTGAAGCTG (diamond)) and three healthy controls (individual gene expression data points for
each healthy control and patient are indicated) were trans-differentiated into the chondrogenic
lineage by hyperconfluent plating in wells coated with Aggrecan. Total RNA was isolated at days O
(non-plated fibroblasts), 3, 5 and 7 in trans-differentiation and gene expression of COL2A1 (A),
COL10A1 (B), ALPL (C), RMRP (D), PTHrP (E) and ITS1 (F) was determined by RT-qPCR. Data was
normalized to GAPDH and represents the mean plus standard deviation; gene expression data is set
relative to day O healthy control. For statistical evaluation an independent samples t-test was
performed relative to healthy control for each individual time point using GraphPad Prism 5. p-

values are indicated. Graphs are representative examples of three independent experiments.
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Discussion

The involvement of the RMRP IncRNA in the pathophysiology of CHH has previously been
identified'’; however it is not clear why mutations in RMRP RNA lead to a severe skeletal
dysplasia phenotype. Skeletal development depends on chondrogenic differentiation in the
growth plate and therefore we hypothesized that RMRP RNA has a functional role during
chondrogenic differentiation, explaining the dwarfism that characterizes CHH patients. We
found that expression levels of RMRP RNA and RNase MRP protein subunits are induced and
spatiotemporally regulated during the course of chondrogenic differentiation. RMRP
expression levels are especially induced during the hypertrophic phase of chondrogenic
differentiation, indicating an increased demand for RMRP RNA levels during this phase of
the differentiation process. As long as the substrate(s) of RNase MRP that are involved in
the molecular mechanisms of chondrogenic differentiation has/have not been identified, we
can only speculate how induction of RMRP RNA expression is associated with chondrocyte
hypertrophy. It is remarkable that in CHH tissues with fast-dividing cell types (growth plate,
hair follicles, bone marrow etc.) seem to be the most affected ones?®, suggesting a role for
RMRP RNA in cell cycle regulation. Tight control over cell mitosis and differentiation is
paramount to controlling growth plate development*’. The proliferative zone of the growth
plate presents a high mitotic activity, while terminally differentiated chondrocytes in the
hypertrophic zone most likely lack a mitotic cycle. One of the identified activities of the
RNase MRP complex is endoribonucleolytic cleavage of the mRNA of cyclin b2 (Clb2). This B-
type cyclin activates cyclin-dependent kinase-1 (CDK1) during M-phase and anaphase-
promoting complex (APC)-dependent proteolysis of Clb2 is essential for mitotic exit*®. Low
Clb2 levels also keep CDK1 activity to a minimum during GO phase via similar APC-
dependent proteolysis®. It is likely that the strictly regulated terminal differentiation of
hypertrophic chondrocytes is orchestrated by mitotic exit or entrance into GO phase. As
RNase MRP activity has been shown to degrade the Clb2 message it is tempting to speculate
that the elevation of RNase MRP levels during chondrocyte hypertrophy serves to decrease
Clb2 protein levels by increased turnover of Clb2 mRNA to inhibit activation of CDK1.
Compelling evidence from recent work indeed shows the crucial involvement of CDK1 in
controlling chondrocyte hypertrophic differentiation®. CDK1 expression was found to be

highly expressed in proliferative chondrocytes and was greatly diminished in hypertrophic
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chondrocytes in differentiating ATDC5 cultures, as well as in mouse growth plates. In
addition genetic interference with CDK1 expression caused absence of proliferative
chondrocytes in the growth plate and a switch towards hypertrophic differentiation in
ATDCS cultures, strongly suggesting that the reduction of CDK1 levels or its decreased
activity is a prerequisite for hypertrophic differentiation. We thus speculate that in a healthy
growth plate the increased RMRP RNA levels in hypertrophic chondrocytes may lead to
decreased Clb2 levels, thereby hampering CDK1 activity and inducing an overall mitotic
arrest. Work from the same group®® shows that the proliferation-promoting and
hypertrophy-suppressive action of PTHrP is, at least in part, CDK1-dependent. In agreement
with this notion we observed that Rmrp RNA levels are down regulated upon PTHrP
exposure, presumably via decreased Rmrp promoter transcriptional activity. This may result
in elevated Clb2 levels, thereby potentially aiding in PTHrP downstream CDK1 activity. In this
respect, it is important to note that knockdown of Rmrp RNA levels during ATDC5
chondrogenic differentiation increases Clb2 and Pthrp mRNA levels and deregulates
chondrogenic differentiation in an overall hypertrophy-suppressing fashion. One of the
earliest identified roles of RNase MRP is endoribonucleolytic maturation of 5.85 rRNA by
cleaving site A3 in the internal transcribed spacer 1 (ITS1) in yeast®*. Even though there is
presently no conclusive evidence showing that specifically hypertrophic chondrocytes in the
growth plate display the highest protein synthetic capacity, an RMRP RNA/RNase MRP
mediated contribution to the synthesis of the large ribosomal subunit in the growth plate
may support the high protein synthetic activity of the growth plate to produce protein-rich
cartilaginous extracellular matrix. For long an involvement of RNase MRP in the processing
of ITS1 in human cells remained elusive®'. However, recently it has been elegantly shown
that human RMRP RNA in the RNase MRP complex indeed catalyzes the endoribonucleolytic
cleavage of ITS1, thereby contributing to pre-rRNA maturation®. Indeed our RMRP RNA
knockdown data in ATDC5 show accumulation of an ITS1 pre-rRNA processing intermediate
as well as reduced levels of mature 5.8S and 18S rRNA. In concert with these findings we
detected similar accumulation of an ITS1 processing intermediate in differentiating CHH
cells. Chondrogenic differentiation of ATDC5 and the developing growth plate is associated
with high proliferative capacity?® and increased synthesis of protein-rich ECM. It is
conceivable that this alters the cellular demand for mature rRNAs for ribosome biogenesis,

potentially explaining the changes in Rmrp RNA expression during chondrogenic
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differentiation and the phenotype observed after Rmrp RNA knockdown. Finally, RMRP RNA
has been described to associate with TERT’, the reverse transcriptase that is associated with
the telomerase holoenzyme. This RMRP RNA-containing macromolecular complex was
demonstrated to display RNA-dependent RNA polymerase activity. This activity generates a
double-stranded RMRP RNA molecule that is converted by Dicer into an siRNA that targets
RMRP RNA 7, as well as specific mRNAs2, Other RMRP RNA-derived siRNAs have been
identified as well, but it is currently unknown whether these are also generated via a similar
mechanism. The latter siRNAs, termed RMRP-S1 and RMRP-S28, seem to target genes
relevant for skeletal development like SOX4, PTCH2 and BMPR2. It remains elusive whether
this relates to increased RMRP RNA levels in hypertrophic chondrocytes, but it is
conceivable that upregulation of RMRP RNA leads to higher production of RMRP-S1 and
RMRP-S2, which in turn may change the magnitude by which RMRP-S1 and RMRP-S2 targets
are influenced.

Our observations that the expression of RNase MRP components is modulated in
differentiating cells promoted us to investigate whether RMRP RNA expression levels can be
controlled at the transcriptional level. RMRP RNA expression is driven by RNA polymerase I
(RNAPIII) and the proximal RMRP RNA promoter has been studied in the past to some
extent3, showing that the -84 bp promoter region is sufficient to drive RNAPIIl-dependent
transcription of RMRP RNA. However, to fine-tune promoter activity and to be able to
respond to alternating demands of RMRP RNA (e.g. during chondrocyte hypertrophy), it is
expected that additional transcription regulatory elements are present. Indeed, WNT-3A
was recently found to be able to drive RMRP transcription in cancer via activation of B-
catenin and YAP proteins®*. Here, we showed that the 1500 base pair sequence upstream of
the Rmrp RNA transcription start site is responsive to a series of chondrocyte morphogens
or pathways. Several of the growth factors tested increased or decreased the transcriptional
activity of the minus 1500 Rmrp promoter, indeed indicating that in chondrocytic cells
transcription of Rmrp RNA may be under transcriptional control of chondrogenic cues. In
agreement with their known role in chondrocyte hypertrophy*>, WNT-5A, WNT-3A and
BMP-2 induced Rmrp promoter activity, suggesting that increased Rmrp RNA expression in
chondrocyte hypertrophy is, at least in part, transcriptionally controlled by one or more of
these morphogens and their downstream pathways. Indeed, in silico prediction of putative

transcription factor binding sites in the minus 1500 bp Rmrp promoter sequence suggests
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the presence of CREB, MEF2, TCF/LEF and SMAD binding sites (Genomatix; data not shown)
which are transcription factors acting downstream of WNT-5A, WNT-3A and BMP-2
signaling. Dorsomorphin (a BMP / SMAD1/5/8 inhibitor) exposure greatly reduced Rmrp
promoter activity, further supporting BMP-mediated control of RMRP transcription. In
keeping with a potential feedback mechanism it is noteworthy that BMPR2 (the type Il BMP
receptor) is a potential target of RMRP-S2, the RMRP RNA-derived siRNAS,
Active control over Rmrp transcription in chondrocyte hypertrophy is further substantiated
by the observation that PTHrP and bFGF are able to reduce Rmrp promoter activity. PTHrP
and bFGF delay chondrocyte hypertrophy/terminal differentiation?3:383955, At this point we
can only speculate whether reduced Rmrp promoter activity and Rmrp expression by PTHrP
and bFGF is an indirect result of a morphogen-dependent changing chondrocyte
hypertrophic phenotype (e.g. decreased WNT or BMP signaling), or that these morphogens
directly control Rmrp abundance by downstream inhibition of Rmrp promoter activity. We
conclude that Rmrp transcription in chondrocytes is controlled by well-known chondrogenic
signaling pathways that are associated with hypertrophic differentiation. It remains to be
determined whether such transcriptional control is also present in other cell types and how
this communicates with the RNAPIII transcription machinery®®.
The clinical presentation of CHH is dominated by short stature, caused by impaired skeletal
development. Our data are consistent with a pivotal role for RMRP RNA during
chondrogenic differentiation and is especially linked to chondrocyte hypertrophic
differentiation. Genetic interference with Rmrp RNA expression in ATDC5 cells and
chondrogenic trans-differentiation of CHH fibroblasts indicates delayed chondrocyte
hypertrophy. Growth plates of CHH patients are characterized by delayed ossification and
the presence of very few hypertrophic chondrocytes?. Whether and how delayed
chondrocyte hypertrophy may influence the development of the growth plate in CHH
remains to be determined. Finally, considering our observations that the expression of
PTHrP is induced during knockdown of Rmrp RNA and in chondrogenic differentiating CHH
fibroblasts and its inhibiting action on RMRP promoter activity and RMRP RNA expression, it
is interesting to realize that disrupted PTH/PTHrP signaling is deleterious for skeletal
development by endochondral ossification®”. Considering this it is tempting to speculate

whether there are molecular connections between RMRP RNA and PTH/PTHrP in skeletal
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dysplasias like cartilage-hair hypoplasia, metaphyseal chondrodysplasia Jansen type (OMIM
#156400) 8 and Blomstrand type chondrodysplasia®®, (OMIM #215045).

In conclusion, IncRNAs involved in mesenchymal cellular differentiation processes are
scarcely known® and we found that the RMRP IncRNA is differentially expressed during
different stages of chondrogenic differentiation and displaying a prominent association with
chondrocyte hypertrophic development. Our findings shed new light on potential
pathobiological mechanisms involved in the skeletal dysplasia phenotype associated with

cartilage-hair hypoplasia.
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Abstract

Viperin (also known as radical SAM domain—containing 2, RSAD2) is an interferon-inducible
and evolutionary conserved protein that participates in the cell’s innate immune response
against a number of viruses. Viperin mRNA is a substrate for endoribonucleolytic cleavage
by RNase mitochondrial RNA processing (MRP) and mutations in the RMRP small nucleolar
RNA (snoRNA) subunit of the RNase MRP complex cause cartilage-hair hypoplasia (CHH), a
human developmental condition characterized by metaphyseal chondrodysplasia and
severe dwarfism. It is unknown how CHH-pathogenic mutations in RMRP snoRNA interfere
with skeletal development and aberrant processing of RNase MRP substrate RNAs is thought
to be involved. We hypothesized that viperin plays a role in chondrogenic differentiation.
Using immunohistochemistry, RT-gPCR, immunoblotting, ELISA, siRNA-mediated gene
silencing, plasmid-mediated gene overexpression, label-free mass-spectrometry proteomics
and promoter reporter bioluminescence assays, we discovered here that viperin is
expressed in differentiating chondrocytic cells and regulates their protein secretion and the
outcome of chondrogenic differentiation by influencing transforming growth factor B (TGF-
B)/SMAD family 2/3 (SMAD2/3) activity via C-X-C motif chemokine ligand 10 (CXCL10). Of
note, we observed disturbances in this viperin—-CXCL10-TGF-B/SMAD2/3 axis in CHH
chondrocytic cells. Our results indicate that the anti-viral protein viperin controls
chondrogenic differentiation by influencing secretion of soluble proteins and identify a
molecular route that may explain impaired chondrogenic differentiation of cells from

individuals with CHH.
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Infroduction

Viperin, also known as RSAD?2, is an interferon-inducible and evolutionary conserved protein
that participates in the cell’s innate immune response against a number of viruses. Viperin
localizes to the cytosolic face of the endoplasmic reticulum (ER), mitochondria and lipid
droplets. It is described to exert its antiviral properties via several pathways, including
inhibition of soluble protein secretion, alterations of mitochondrial energy metabolism,
inhibition of virus replication in lipid droplets and modulation of cellular signaling events®.
The mRNA of viperin was identified as a substrate for endoribonucleolytic cleavage by the
RNase MRP small nucleolar ribonucleoprotein complex?. Mutations in the RMRP gene,
which encodes the essential small nucleolar (snoRNA) subunit of the RNase MRP complex,
are known to be the cause of the human genetic disease cartilage-hair hypoplasia®* (CHH:
OMIM #250250). A major phenotypic hallmark of CHH is impaired skeletal development
characterized by metaphyseal chondrodysplasia, leading to a severe form of dwarfism>.
Growth plates are central drivers in the formation of the skeleton and their endochondral
ossification depends on a tightly orchestrated continuing process of chondrogenic
differentiation, ultimately resulting in longitudinal growth of the long bones®. Although a
number of RNase MRP substrates have been identified in man®*7, including viperin, there
is a major lack of studies investigating the role of RNase MRP substrate RNAs in
development, and in chondrogenic differentiation in particular. It is expected that insight
into the involvement of RNase MRP substrates in chondrogenic differentiation will provide
insight into the molecular mechanism leading to impaired skeletal development in CHH. In
concert with viperin mRNA as a substrate for RNase MRP cleavage, viperin expression levels
have been described to be increased after knockdown of protein components of the RNase
MRP complex in HEp-2 cells?, in leukocytes of CHH patients'® and recently we demonstrated
that viperin expression is also upregulated after knockdown of RMRP RNA in chondrogenic
differentiating ATDC5 cells!!. Since increased viperin expression as a result of interference
with RNase MRP function appears to be conserved amongst several cell types, we
hypothesized that viperin regulates the course of chondrogenic differentiation. In this study
we examined the expression of viperin, determined its role in chondrocyte protein
secretion, and investigated its crosstalk with the TGF-B/SMAD2/3 signaling pathway in

chondrogenic differentiation. We discovered that viperin is expressed in differentiating
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chondrocytic cells, regulates their protein secretion and impacts the outcome of the
chondrogenic differentiation program through influencing TGF-B/SMAD2/3 activity via
CXCL10. Our data for the first time shows that the anti-viral protein viperin regulates
chondrogenic differentiation by influencing the secretion of soluble proteins and highlights

its involvement in impaired chondrogenic differentiation in CHH patient cells.

Experimental procedures

Immunohistochemistry (IHC)

Five micrometer-thick formalin-fixed paraffin-embedded tissue sections were prepared
from E15.5 NMRI mouse embryos. Use of the embryos was approved by the University of
Freiburg (number X-14/10H), according to German law; and methods utilized to obtain the
embryos were carried out in accordance with German law. Sections were deparaffinized in a
xylene / ethanol series ending in PBS (136 mM NaCl (Merck Millipore, Darmstadt, Germany),
2.7 mM KCl (Merck Millipore), 9.0 mM NazP04.H,0 (Merck Millipore), 1.8 mM KH,PO4
(Merck Millipore)). For antigen retrieval, sections were incubated in hot citrate buffer (1.8
mM citric acid (Sigma-Aldrich, St. Louis, MO, USA) and 8.2 mM tri-sodium citrate (VWR
Prolabo, Amsterdam, the Netherlands)) for 30 minutes. Endogenous peroxidase activity was
inactivated using peroxidase-blocking solution (Dako, Troy, MI, USA). Slides were blocked
with 10% normal sheep serum in PBS-T (0.1% Tween 20; Sigma-Aldrich). Primary antibody
was incubated for 2 hours at room temperature. Mouse monoclonal anti-Viperin (Merck
Millipore #MABF106) was used at a 1:200 dilution. 1gG2a (Dako) was used as an isotype
control. Bound antibodies were detected with horseradish peroxidase (HRP)-conjugated
rabbit anti-mouse secondary antibodies (Dako EnVision) for 30 minutes at room
temperature. DAB chromogen substrate (Dako) was used for detection. Sections were
counterstained with haematoxylin (Dako), dehydrated and mounted with histomount
(Thermo Shandon, Waltham, MA, USA). Microphotographs were acquired using a Zeiss

Axioscope Al.
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Cell culture and differentiation of ATDC5

ATDCS5 cells®? (RIKEN BRC, Japan) were cultured in a humidified atmosphere at 37°C, 5% CO;
in proliferation medium (DMEM/F12 (Invitrogen, Carlsbad, CA, USA), 5% fetal calf serum
(FCS) (Sigma-Aldrich), 1% antibiotic/antimycotic (Invitrogen), 1% non-essential amino acids
(NEAA) (Invitrogen)). Cells were tested negative for potential mycoplasma infection. To
induce chondrogenic differentiation, cells were plated at 6,400 cells/cm?. After 24 hours,
chondrogenic differentiation was initiated by changing the medium to differentiation
medium (proliferation medium supplemented with 10 pg/ml insulin (Sigma-Aldrich), 10
pg/ml transferrin (Roche, Basel, Switzerland), 30 nM sodium selenite (Sigma-Aldrich)).
Differentiation medium was refreshed every two days for the first 10 days, and each day
after day 10. In addition, ATDC5 cells were differentiated for 5 days and then exposed to 0.5
or 5 ng/ml recombinant murine CXCL10 (Peprotech, Rocky Hill, NJ, USA, #250-16) until day 7
in differentiation. When ATDC5 cells were differentiated using conditioned media (CM), the

CM was refreshed every other day.

Cell culture and differentiation of hBMSCs

Human bone marrow stem cells (hBMSCs) were obtained from residual iliac crest bone
marrow aspirate from young, genetically healthy, individuals undergoing spinal surgery.
Approval from the Maastricht University Medical Center Medical Ethical Committee (MEC)
for the use of this material was obtained and assigned approval ID: MEC 08-4-056. Human
BMSCs from four individual donors were isolated from the aspirate using Ficoll Paque
(Amersham). Proliferation medium consisted of DMEM high-glucose (Invitrogen), 10% FCS
(ES-grade), 1% antibiotic/antimycotic and 1% NEAA. Passage 3 cells were plated at 30,000
cells/cm? in quadruplicates and chondrogenic differentiation was initiated the next day by
changing to differentiation medium (proliferation medium supplemented with 1% ITS
(Invitrogen), 50 pg/ml L-ascorbic acid-2-phosphate (Sigma) and 1 ng/ml TGFB3 (R&D)) 3.
Medium was changed every 2 days. Human CXCL10 (Peprotech, Rocky Hill, NJ, USA) was
used at indicated concentrations (0.5, 5, 50, 200 ng/ml). Cells were harvested in TRIzol at

day 0, 2, 7, 14 and 21 in differentiation for RNA isolation.
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Real time quantitative PCR (RT-qPCR)

RNA was extracted from cells with TRIzol reagent (Invitrogen) and isolated by collecting the
aqueous phase after phase separation. RNA was precipitated with isopropanol (30 minutes,
-80°C) and centrifuged for 30 minutes at 15,000 RPM, 4°C. RNA pellets were washed with
80% ethanol and potential DNA contamination was removed by DNase | (Roche) treatment
(1 hour, 37°C). After subsequent ethanol precipitation, RNA was dissolved in 15 pL
DNase/RNase free water (Eurogentec, Seraing, Belgium). RNA quantity and purity were
determined spectrophotometrically (Biodrop, Isogen Life Sciences, Utrecht, the
Netherlands). Reverse transcription of RNA and RT-gPCR were performed as described
previously!'. Housekeeping genes were B-Actin for ATDC5 and CYCLOPHILIN for hBMSCs and

human fibroblasts. Primer sequences are provided in Table 1.

Table 1. RT-qPCR primer sequences

Gene Forward Reverse

ALPL (Hs) CCGTGGCAACTCTATCTTTGG CAGGCCCATTGCCATACAG

Alpl (Mm) CCGATGGCACACCTGCTT GGAGGCATACGCCATCACAT
B-Actin (Mm) CCGAGCGCGAGATCGT TGGCCATCTCGTTCTCGAA
COL2A1 (Hs) TGGGTGTTCTATTTATTTATTGTCTTCCT GCGTTGGACTCACACCAGTTAGT
Col2al (Mm) TGGGTGTTCTATTTATTTATTGTCTTCCT GCGTTGGACTCACACCAGTTAGT
COL10A1 (Hs) ATGATGAATACACCAAAGGCTACCT ACGCACACCTGGTCATTTTCTG
Col10a1 (Mm) CATGCCTGATGGCTTCATAAA AAGCAGACACGGGCATACCT
CYCLOPHILIN (Hs) TTCCTGCTTTCACAGAATTATTCC GCCACCAGTGCCATTATGG

PAI1 (Hs) GTCTGCTGTGCACCATCCCCCATC TTGTCATCAATCTTGAATCCCATA
Pail (Mm) ACGTCGTGGAACTGCCCTAC CAGCGATGAACATGCTGAGG

RMRP (Hs) GAGAGTGCCACGTGCATACG ACGCTTCTTGGCGGACTTT

Rmrp (Mm) ATACGAGGGACATGTTCCTTATCC TTGGCGGGCTAACAGTGACT
RUNX2 (Hs) TGATGACACTGCCACCTCTG GCACCTGCCTGGCTCTTCT

Runx2 (Mm) GACGAGGCAAGAGTTTCACC GGACCGTCCACTGTCACTTT

SMAD?7 (Hs) CCTTAGCCGACTCTGCGAACTA CCAGATAATTCGTTCCCCCTGT
Smad7 (Mm) GCAACCCCCATCACCTTAGTC GTTTGAGAAAATCCATTGGGTATCTG
SOX9 (Hs) AGTACCCGCACCTGCACAAC CGCTTCTCGCTCTCGTTCAG

Sox9 (Mm) AGTACCCGCACCTGCACAAC TACTTGTAGTCCGGGTGGTCTTTC
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Gene Forward Reverse
VIPERIN (Hs) CCAACCAGCGTCAACTATCACTT GGAAACAGAAGCCGCATTTG
Viperin (Mm) TGCTATCTCCTGCGACAGCTT CCTTGACCACGGCCAATC

Primer sequences were designed for Mus musculus (Mm) or Homo sapiens (Hs).

Immunoblotting

Cells were washed three times with 0.9% NaCl. The cells were lysed in RIPA buffer (150 mM
NacCl, 1% NP-40, 0.5% sodium deoxycholate, 0.1% SDS, 50 mM Tris pH 8.0, 5.0 mM EDTA pH
8.0, 0.5 mM dithiothreitol (DTT), 1 mM phenylmethylsulfonylfluoride (PMSF) and
phosphatase inhibitor (PhosSTOP; Roche)). Samples were homogenized by sonication
(Soniprep 150 MSE) using the following protocol: 14 cycles of 1 second sonication followed
by a 1 second interval, amplitude 10. Cell debris was removed by centrifugation. Total
protein concentration was determined with a BCA assay (Sigma-Aldrich). Samples were
separated by gel electrophoresis and transferred to nitrocellulose membranes by electro-
blotting. The following primary antibodies were used for immuno-detection: Mouse
monoclonal anti-Viperin (Merck Millipore #MABF106; 1:500 dilution) and rabbit monoclonal
anti-pSMAD2C (Cell Signaling Technologies #3108; 1:1000 dilution). As controls mouse
monoclonal anti-Histone H3 (Abcam #24834; 1:1000 dilution), mouse monoclonal anti-
alpha-Tubulin (Sigma-Aldrich #T6074; 1:10,000 dilution) and mouse monoclonal anti-GAPDH
(Fitzgerald #10R-G109b; 1:5000 dilution) were used. HRP-conjugated polyclonal rabbit anti-
mouse (Dako) or HRP-conjugated swine anti-rabbit (Dako) was applied as a secondary

antibody and the bound antibodies were detected by enhanced chemiluminescence (ECL).

Transfection of siRNAs

Chondrogenic differentiating ATDC5 cells were transfected (Pepmute; SignaGen
Laboratories, Rockville, MD, USA; according to the manufacturer’s protocol) with 100 nM
siRNA duplexes (custom synthesized by Eurogentec, see Table 2) targeting Viperin (on day 3

or day 5 of chondrogenic differentiation) or Rmrp RNA (on day -1, 2, and 5 of chondrogenic
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differentiation). Scrambled siRNA duplex was purchased from Eurogentec; REF: SR-CLO0O-
005.

Table 2. siRNA sequences

siRNA Sense Anti-sense

Viperin siRNA GGGAAGCAGAAAGAUUUCUCTIT AGAAAUCUUUCUGCUUCCCATdT

Rmrp siRNA CAUGUUCCUUAUCCUUUCGATdT CGAAAGGAUAAGGAACAUGITAT

Plasmids and transfection

The viperin coding sequence, flanked by Notl - Xbal restriction sites, was custom-made
synthesized by GeneCust (Ellange, Luxembourg) and originally cloned in pUC57 vector and
sequence verified. The insert was then sub-cloned into the p3xFLAG plasmid (Promega,
Southampton, UK) using the Notl - Xbal restriction sites, yielding the viperin overexpression
plasmid (FLAG-viperin). On day 4, 5 or 6 of ATDC5 chondrogenic differentiation, viperin
expression was further induced in 6-well plates by transfection of 625 ng FLAG-viperin
plasmid or an empty plasmid (FLAG-empty) as a control, using polyethylenimine (PEl;
Polysciences, Warrington, PA, USA) transfection reagent. DNA and PEIl were complexed for
10 minutes at room temperature in DMEM/F12 (1.88 ul PEI (1 pg/ul) per 625 ng construct
per well) and added to the ATDC5 cells. To determine protein secretion 250 ng CMV
promoter-driven secreted Gaussia luciferase plasmid (pGluc-CMV?!4) was co-transfected with
200 ng CMV promoter-driven firefly luciferase pGL4.20-CMV (control; Promega) on day 3 or
day 5 of ATDC5 chondrogenic differentiation (6-well format), using PEI transfection reagent.
Culture supernatant and cells were collected for bioluminescence analyses and Gaussia
bioluminescence was normalized to the firefly signal. Viperin levels were either reduced or
overexpressed in differentiating ATDC5S cultures from day 5 to day 7 and conditioned culture
supernatants were collected. Subsequently, proliferating ATDC5 cells were used as a
bioassay for SMAD3-dependent TGFp activity by transfection with 500 ng CAGA12-luciferase
reporter plasmid® (kind gift of Dr. Dalmay®) and 125 ng pGluc-CMV** plasmid as a
transfection control, using PEI transfection reagent. The proliferating ATDCS cells were then
exposed to the above mentioned conditioned culture supernatants for 24 hours to

determine the TGFB/SMAD3-activity, where firefly bioluminescence was normalized to the
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Gaussia signal. The action of exogenously added CXCL10 on SMAD3-dependent TGF-B
activity during chondrogenic differentiation was determined by transfecting day 5-
differentiating ATDCS cells in 6-well format with 500 ng CAGA12-luciferase reporter and 125
ng pGluc-CMV plasmid as a transfection control, using PEIl transfection reagent. Twenty-four
hours later cells were exposed to 0.5, 5, 20 or 200 ng/ml recombinant murine CXCL10
(Peprotech #250-16). At day 7 in differentiation, culture supernatant and cells were then
collected for bioluminescence analyses and firefly bioluminescence was normalized to the
Gaussia signal. pGluc-CMV (Gaussia luciferase), pGL4.20-CMV (firefly luciferase) and CAGA-
12 (firefly luciferase) samples were all harvested for bioluminescence detection using the
Dual Luciferase reporter assay system (Promega) as described by the manufacturer and

measured on a Fluostar Omega plate reader (BMG Labtech, Ortenberg, Germany).

Alcian Blue and Crystal Violet staining and quantification

Cells were washed twice with 0.9% NaCl and fixated with 4% paraformaldehyde in PBS for
10 minutes at room temperature. Fixated cells were washed 6 times with distilled water and
air-dried. Dried fixated cells were incubated for 30 minutes at room temperature with
respectively 1% (m/v) Alcian Blue (Acros Organics, Geel, Belgium) in 0.1 M HCl or 0.1% (m/v)
Crystal Violet (Sigma-Aldrich). Cells were washed six times with distilled water and allowed
to air dry. Alcian Blue was extracted by incubation with 6 M Guanidine-HCI (Sigma-Aldrich)
for 2 hours on a plate shaker (IKA HS 260 Basic, IKA, Staufen, Germany). Crystal Violet was
extracted by incubation with 10% acetic acid (VWR) for 15 minutes on a plate shaker (IKA).
Extracted Alcian Blue and Crystal Violet were quantified spectrophotometrically at 645 nm
or 590 nm respectively using a plate reader (ThermoScientific Multiskan FC, Waltham, MA,
USA). Crystal Violet (DNA content) was used as normalization for Alcian Blue

glycosaminoglycan (GAG) content.
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In-solution tryptic digestion and mass spectrometry proteomics of
media following viperin knockdown or overexpression

At day 5 in ATDC5 chondrogenic differentiation, viperin expression was either reduced by
transfection of a viperin-specific siRNA duplex or a scrambled control siRNA duplex; or
viperin expression was further induced by transfection of the FLAG-viperin plasmid or the
empty FLAG plasmid. Cells were then further differentiated until day 7 and conditioned
medium (CM) was collected. During differentiation phenol-red free DMEM-F12 (Invitrogen)
was used in order to accommodate mass spectrometry analysis. To obtain sufficient
amounts of CM, the experiment was simultaneously performed in three triplicates for each
condition. Triplicates were then pooled to obtain three times scrambled siRNA duplex, three
times viperin siRNA duplex, three times empty FLAG and three times FLAG-viperin
overexpression CM samples. Two representative triplicates from each condition were
utilized to confirm viperin knockdown and overexpression by means of immunoblotting. The
CM was centrifuged for 5 minutes at 1200 rpm, to remove dead cells, and subsequently for
5 minutes at 13,000 rpm to remove remaining debris. Then, Complete Ultra protease
inhibitors (EDTA-free; Roche) were added. Samples were stored at -80°C prior to
downstream analysis. Protein concentrations of CM were calculated using the Bradford
assay with Coomassie Plus™ protein assay reagent (Thermo Scientific, Rockford, IL, USA),
read at 660 nm. In solution tryptic digestion was undertaken as previously described 7.
Liquid chromatography tandem mass spectrometry (LC-MS/MS) analysis was performed on
trypsin digests using an Ultimate 3000 Nano system (Dionex, ThermoFisher Scientific,
Waltham, MA, USA) on line to a Q-Exactive Quadrupole-Orbitrap instrument (Thermo
Scientific) 8. Proteins were identified using Peaks® 7 PTM software (Version 7,
Bioinformatics Solutions, Waterloo, Canada), searching against the UniMouse database,
with a false discovery rate (FDR) of 1%, a minimum of two unique peptides per protein and a

confidence score > 50.

Label-free quantification of mass spectrometry proteomics data

Progenesis QI™ software (Version 4, Waters, Manchester, UK) was used to identify fold

changes in protein abundance between scrambled siRNA duplex and viperin knockdown
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siRNA duplex and between the FLAG-empty and FLAG-viperin overexpression constructs as
described previously®®. Only unique peptides were used for quantification, and with p-

values <0.05, were considered to be differentially expressed (DE).

CXCL10 ELISA

To determine CXCL10 protein concentrations in media, the mouse CXCL10/IP-10/CRG-2
DuoSet ELISA (R&D #DY466) and the human CXCL10/IP-10 Duoset ELISA (R&D #DY266) were
utilized according to the manufacturer’s protocol. Plates were colorimetrically measured on

a ThermoScientific Multiskan FC plate reader (Waltham, MA, USA).

Chondrogenic trans-differentiation of human dermal fibroblasts

Human dermal fibroblasts (passage 7-9) from 3 CHH patients (RMRP alleles of CHH patients
carried the following mutations: 127G>A and 261 C>G; 4 C>T and 77C>T; 70 A>G and
70A>G) and 3 healthy controls were hyperconfluently plated (100,000 cells/cm?) in
aggrecan-coated (Sigma-Aldrich; 2.5 pg/cm?) wells as previously described®. Cells were
directly plated in trans-differentiation medium which consisted of DMEM/F12+Glutamax
(Invitrogen), 10% FCS (PAA), 1% antibiotic/antimycotic (Invitrogen), 1% NEAA (Invitrogen) +
1% ITS (Insulin, Transferrin, Selenium-Sodium Pyruvate; Life Technologies), 50 pg/ml
ascorbic acid 2-phosphate (Sigma-Aldrich) and 1 ng/ml human recombinant TGF-B3 (Life
Technologies). Trans-differentiation medium was refreshed on day 2 and trans-
differentiated cartilaginous nodules were harvested in TRIzol on day 3 of trans-
differentiation for RNA isolation. Ethical permission was obtained from the medical ethical
Institutional Review Board of Freiburg University Hospital and methods and experimental
protocols to obtain dermal fibroblasts were carried out in accordance with the Freiburg
University Hospital medical ethical Institutional Review Board, according to German law and

abiding the Declaration of Helsinki principles.
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Gene expression, ELISA, colorimetric and bioluminescence data were statistically analyzed
using GraphPad Prism 5 (La Jolla, CA, USA). A two-tailed independent samples t-test was
performed relative to the corresponding control condition. Individual values are presented
in graphs in dot plots and the p-values and mean * SEM are indicated in the figures. The
number of biological replicates and number of repeated experiments are indicated in the

figure legends. Statistical significance was defined as p<0.05.

Data availability

The mass spectrometry proteomics data have been deposited to the ProteomeXchange
Consortium  (http://proteomecentral.proteomexchange.org) via the PRIDE partner
repository’! with the dataset identifier PXD006999 and 10.6019/PXD006999. All other

relevant data are available from the authors.
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Results

Viperin protein is expressed throughout chondrocyte
differentiation

To investigate whether viperin is expressed during early chondrogenic differentiation, tissue
sections were prepared from E15.5 mouse embryos. Expression of viperin was detected in
growth plate chondrocytes throughout the developing growth plate, with highest
expression levels in proliferating and terminally differentiating hypertrophic chondrocytes
(Figure 1A). Cells in the upper zone of the growth plate displayed dispersed viperin
positivity; viperin expression was either barely detectable in individual cells, was weakly
expressed, or was relatively high expressed in individual cells (Figure 1B).

We further interrogated potential viperin expression during chondrogenic differentiation of
the ATDC5 cell line!???2 and of primary human bone marrow stem cells (hBMSCs)®.
Chondrogenic differentiation of ATDC5 follows a well-defined cellular differentiation
program with temporally increasing Sox9 and Col2al levels (Figure 2A/B) and increasing
levels of Runx2 and Col10al (Figure 2C/D). During the first 3 days of ATDC5 chondrogenic
differentiation viperin mRNA expression was hardly detectable (Figure 2E). From day 4
through day 14 (the latest time point tested), viperin mRNA expression was induced as
compared to undifferentiated ATDC5 cells (t=0), and with a prominent peak expression at
day 5 and 6 in differentiation. Similar expression dynamics were observed for viperin
protein expression in these chondrogenic cultures (Figure 2F). During chondrogenic
differentiation of hBMSCs (COL2A1 and COL10A1 mRNA expression in Figure 2G/H), peak
induction of viperin mRNA expression was detected at day 7 of differentiation (Figure 2l),
which is in agreement with viperin expression during ATDC5 chondrogenic differentiation.
Collectively these data show that developing chondrocytes express viperin in vivo and in
vitro; with undetectable to low expression in the early differentiation phase and a

profoundly increased expression later in differentiation.
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Figure 1. Viperin expression in the developing embryonal growth plate. Five
micrometer-thick formalin-fixed paraffin-embedded tissue sections were prepared from E15.5 NMRI
mouse embryos. Spatiotemporal expression of viperin was detected immunohistochemically. 1gG2a
was used as an isotype control. Overview of a representative immunohistochemically stained growth
plate with 1gG2a negative control in the insert (A). Indicated area from (A) enlarged. Black arrow
indicates a representative cell with barely detectable viperin expression; grey arrow indicates a
representative cell with weak viperin expression; yellow arrow indicates a representative cell with

high viperin expression (B). Scale bars are indicated for magnification reference.
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Figure 2. Viperin is expressed during chondrogenic differentiation of ATDC5 and

hBMSCs. ATDCS cells were differentiated in the chondrogenic lineage for 14 days. Different stages

of chondrogenic differentiation were confirmed by measuring mRNA expression of Sox9 (A), Col2al

(B), Runx2 (C) and Col10al (D) by RT-qPCR. Expression of viperin mRNA during chondrogenic

differentiation was determined by RT-qPCR (E) and immunoblotting (F). Gene expression data (A-E)

was normalized to B-actin mRNA levels and individual normalized values are presented in dot plots.

For Viperin immunoblotting (F), Histone 3 (H3) was used as loading control. Primary human bone
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marrow mesenchymal stem cells (hBMSCs) of 4 human subjects were differentiated in the
chondrogenic lineage for 1, 2, 7, 14 and 21 days. Chondrogenic differentiation was confirmed by
measuring COL2A1 and COL10A1 mRNA expression (G/H). In same samples expression of VIPERIN
mRNA was measured (I). hBMSC gene expression data (G/H) was normalized to CYCLOPHILIN mRNA
levels. Individual data points in dot plots represent the average value of 4 biological replicates of one
hBMSC donor. The p-values are indicated and NS = not significant. Presented graphs are

representative examples of three independent experiments. Error bars represent mean + SEM.

Viperin knockdown reduces, while viperin overexpression increases
protein secretion

Previous work by Cresswell and colleagues?? showed that viperin regulates protein secretion
from the ER and it has been suggested that this is one of the mechanisms by which viperin
confers its cellular anti-viral activity. Since there is no other cell biological role identified for
viperin so far that could explain its expression in differentiating chondrocytes, we
postulated that viperin regulates protein secretion in differentiating chondrocytes. To
investigate total protein secretion in relation to viperin levels we introduced a secretable
Gaussia-luciferase (pGluc-CMV) at either day 3 or 5 in ATDC5 differentiation, followed by
transfection of either a viperin siRNA duplex or a p3xFLAG-viperin plasmid at day 4 or 6 in
differentiation, followed by sampling at day 5 or 7, respectively. Reduced expression of
viperin at day 5 or 7 in differentiation was demonstrated upon siRNA-mediated knockdown
(Figure 3A) and ectopic expression of FLAG-viperin was confirmed at same time points
(Figure 3A). Bioluminescent analyses showed that the amount of secreted Gaussia-luciferase
was reduced following viperin knockdown and increased with viperin overexpression (Figure
3B). This was the case at both day 5 and 7 of differentiation. These data indicate that overall
cellular protein secretion responds to changing viperin levels during chondrogenic

differentiation.
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Figure 3. Viperin knockdown reduces, while viperin overexpression increases overall
protein secretion. A CMV promoter-driven secreted Gaussia luciferase plasmid (pGluc-CMV) was
co-transfected with a CMV promoter-driven firefly luciferase pGL4.20-CMV on day 3 or day 5 of
ATDC5 chondrogenic differentiation. Then, on day 4 or 6, viperin expression was either reduced by
transfection of a viperin-specific siRNA duplex (Viperin siRNA) or a scrambled control siRNA duplex
(Scrambled siRNA); or viperin expression was further induced by transfection of a p3xFLAG-viperin
plasmid (FLAG-Viperin) or the empty p3xFLAG plasmid (FLAG-empty). Reduced or induced viperin
expression (normalized to B-actin) was confirmed by RT-qPCR at day 5 or day 7 in differentiation (A)
and individually presented in dot plots. Bioluminescence was assessed at day 5 or 7 in differentiation
in culture supernatant (Gaussia luciferase) and cells (firefly luciferase). Gaussia bioluminescence was
normalized to the firefly signal. Normalized relative light units (RLU) of controls were set at 1 and
condition RLUs were calculated relative to the control RLUs and individually presented in dot plots
(B). For statistical evaluation an independent samples t-test was performed relative to the
corresponding controls using GraphPad Prism 5. Data are presented of 4 biological replicates. The p-
values are indicated and error bars indicate mean + SEM. Presented graphs are examples of 3

individual experiments.
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The Vviperin-controlled secretome influences chondrogenic
differentiation

Considering the central role secreted signaling molecules play during chondrogenic
differentiating®?4, we next questioned whether the observed viperin-controlled protein
secretion plays a role in determining the chondrogenic outcome of the differentiation
process via control over the chondrocyte’s secretome. We investigated this possibility by
reducing endogenous viperin levels or overexpressing viperin in differentiating ATDC5
chondrocytes and collecting conditioned media (CM) from these donor cultures. These CM
were subsequently used to differentiate new ATDC5 cultures. Altered chondrogenic capacity
of these cultures would reveal whether reduced or increased viperin levels during
chondrogenic differentiation differentially influence the chondrocyte’s secretome with
downstream consequences for chondrogenic differentiation. Knockdown or over-expression
of viperin was confirmed in the donor cultures from which CM were obtained (Figure 4A).
Differentiation of ATDC5 cells in CM obtained from donor cultures in which viperin levels
were reduced led to an overall increase in chondrogenic capacity, evidenced by increased
expression of Sox9, Col2al, Runx2, Col10al and Alpl (Figure 4B). Reciprocally, CM obtained
from differentiating ATDC5 donor cultures in which viperin levels were over-expressed,
displayed an inhibitory effect on the chondrogenic differentiation capacity, evidenced by
reduced Sox9, Col2al, Runx2, Col10al and Alpl expression (Figure 4C). The stimulatory and
inhibitory actions of these CM on chondrogenic differentiation were further confirmed by
determination of the glycosaminoglycan (GAG) content of these cultures. Differentiation of
ATDCS5 in CM obtained from donor cultures with reduced viperin levels caused an increased
GAG content, while differentiation of ATDC5 in CM obtained from donor cultures in which
viperin was over-expressed led to a reduced GAG content (Figure 4D). These results
together indicate that alterations in viperin levels during chondrogenic differentiation

change the cell’s secretome with important functional consequences for differentiation.
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Figure 4. The viperin secretome influences chondrogenic differentiation. At day 5 in
ATDC5 chondrogenic differentiation, viperin expression was either reduced by transfection of a
viperin-specific siRNA duplex (Viperin siRNA) or a scrambled control siRNA duplex (Scrambled
siRNA); or viperin expression was further induced by transfection of a p3xFLAG-viperin plasmid
(FLAG-Viperin) or the empty p3xFLAG plasmid (FLAG-empty). Cells were then further differentiated
until day 7 and viperin expression levels were determined (A). Conditioned culture supernatant (CM)
from these donor cultures was harvested at day 7 and newly seeded ATDC5 cells were then
differentiated with the CM supernatants for 7 days. RNA was isolated and Sox9, Col2al, Runx2,
Col10al and Alpl gene expression was determined in these samples (B/C). Glycosaminoglycan
content (Alcian blue assay) was determined in ATDCS cultures differentiated in CM supernatant from

donor cultures in which viperin expression was reduced or further induced (D). RT-gPCR data was
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normalized to B-actin mRNA levels and individual normalized values are presented as dot plots.
Glycosaminoglycan content data is presented as fold change relative to the corresponding control
condition. For statistical evaluation an independent samples t-test was performed relative to the
corresponding control condition using GraphPad Prism 5. The p-values are indicated and NS = not
significant. All presented data were acquired from 4 biological replicates and error bars indicate

mean + SEM. Graphs are representative examples of 3 individual experiments.

Differential CXCL10 levels in viperin knockdown and
overexpression secretomes

Since media obtained from donor cultures with reduced or over-expressed viperin levels
enhance or inhibit chondrogenic differentiation (respectively), we postulated that this was
caused by a differential protein composition of their secretomes. To determine the
differential proteome of the conditioned culture supernatants obtained from differentiating
ATDC5 cultures with reduced or over-expressed viperin levels, we undertook a label-free
mass-spectrometry proteomics approach using liquid chromatography tandem mass
spectrometry (LC-MS/MS). When comparing the conditioned culture supernatants of
differentiating ATDC5 cultures in which a scrambled siRNA was transfected or in which
viperin levels were reduced using the viperin siRNA (Figure 5A), we identified six protein
species that were differentially expressed in the CM (Figure 5C). When comparing the
conditioned culture supernatants of differentiating ATDC5 cultures in which an empty FLAG-
vector was transfected or in which viperin levels were over-expressed using the FLAG-
viperin plasmid (Figure 5B), we identified eight differentially expressed proteins in the CM
(Figure 5C). Interestingly, CXCL10 (grey highlighted in Figure 5C) was the only protein
species that was detected in both differential secretome proteomes. CXCL10 was decreased
in CM obtained from cultures in which viperin levels were reduced and was increased in
conditioned medium obtained from cultures in which viperin levels were over-expressed.
Differential CXCL10 protein levels in these culture supernatants were independently
confirmed by ELISA (Figure 5D). Since expression of both viperin and CXCL10 are interferon-
dependent?> (supplementary Figure 1), we next verified CXCL10 secretion dynamics during
chondrogenic differentiation of ATDC5. Using an ELISA, supernatant samples from cultures

in Figure 2 were analyzed for CXCL10 protein levels and we found that CXCL10 levels in
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culture supernatant (Figure 5E) during ATDC5 chondrogenic differentiation mirrored viperin
expression dynamics (Figure 2E/F). Data together demonstrates that alterations in viperin
levels during chondrogenic differentiation lead to specific differences in the protein
composition of the chondrocyte’s secretome, with CXCL10 a shared factor between the

differential viperin-dependent secretomes.
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Figure 5A-C. The viperin secrelome and CXCL10. At day 5 in ATDC5 chondrogenic
differentiation, viperin expression was either reduced by transfection of a viperin-specific siRNA
duplex (Viperin siRNA) or a scrambled control siRNA duplex (Scrambled siRNA); or viperin expression
was further induced by transfection of a p3xFLAG-viperin plasmid (FLAG-Viperin) or the empty
p3XFLAG plasmid (FLAG-empty). Cells were then further differentiated until day 7 and viperin
expression levels were determined (A/B). Immunoblots are shown for two independent

representative examples. Culture supernatants from these day-7 cultures were collected and the
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protein secretome was determined by label-free LC-MS/MS. Differentially secreted extracellular

protein species (control versus condition) with p<0.05 are shown (C).
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Figure 5D-E. The viperin secretome and CXCL10. At day 5 in ATDC5 chondrogenic
differentiation, viperin expression was either reduced by transfection of a viperin-specific siRNA
duplex (Viperin siRNA) or a scrambled control siRNA duplex (Scrambled siRNA); or viperin expression
was further induced by transfection of a p3xFLAG-viperin plasmid (FLAG-Viperin) or the empty
p3xFLAG plasmid (FLAG-empty). In culture supernatants analyzed with LC-MS/MS, secreted CXCL10
levels were determined (D). In ATDC5 culture supernatants from Figure 2, secreted CXCL10 levels

were determined (E). The p-values are indicated and error bars indicate mean + SEM.
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Supplementary Figure 1. Inhibition of interferon signaling activity during ATDC5

chondrogenic differentiation inhibits secreted CXCL10 levels in culture supernatant
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and attenuates viperin expression. ATDC5 cells were differentiated into the chondrogenic
lineage until day 6. Downstream interferon signaling activity was then inhibited for 24 hours until
day 7. The JAK inhibitor Ruxolitinib was used at 1 uM or 10 uM. The STAT inhibitor Fludarabine was
used at 1.5 uM or 15 pM. Control was treatment with vehicle. At day 7 culture supernatant was
collected and cells were harvested for total RNA isolation, followed by cDNA synthesis. In culture
supernatants secreted CXCL10 protein levels were determined (A). Expression of viperin was
determined by RT-gPCR Sox9 (B). Secreted CXCL10 data are absolute concentrations (pg/mL) and
presented in dot plots. RT-gPCR data was normalized to B-actin mRNA levels and individual
normalized values are presented in dot plots. All data were acquired from 3 biological replicates. An
independent samples t-test was performed relative to control using GraphPad Prism 5. The p-values

are indicated and error bars represent mean + SEM.

CXCL10 inhibits chondrogenic differentiation

Conditioned culture medium obtained from differentiating ATDC5 cultures in which viperin
levels were over-expressed was found to inhibit chondrogenic differentiation. Besides a
limited number of other DE proteins, CXCL10 was the only shared protein species that was
differentially present in the viperin-dependent secretomes and was increased in viperin
over-expression culture supernatant. We therefore postulated that CXCL10 contributes to
the inhibitory action on chondrogenic differentiation of the viperin over-expression culture
supernatant (Figure 4C). To determine whether CXCL10 inhibits chondrogenic
differentiation, differentiating ATDC5 cultures were exposed to exogenously added
mCXCL10 from day 5 of differentiation until day 7 of differentiation (the main time frame in
which we observed peak expression of viperin and peak CXCL10 concentrations; Figure 2E/F
and Figure 5E). Analysis showed that exogenously added mCXCL10 attenuated chondrogenic
differentiation, evidenced by decreased expression of Sox9, Col2al, Runx2, Col10al and Alpl
(Figure 6A). To verify the inhibitory action of CXCL10 in an independent model for
chondrogenic differentiation, primary hBMSCs were differentiated into the chondrogenic
lineage and exposed to increasing concentrations hCXCL10 from day 7 (peak viperin
expression in hBMSC chondrogenic differentiation; Figure 21) in chondrogenic differentiation
onward. CXCL10 inhibited chondrogenic differentiation of hBMSCs, evidenced by a decline
of COL2A1 and COL10A1 mRNA expression (Figure 6B). These data indicate that viperin-
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dependent alterations in secreted CXCL10 levels influence chondrogenic differentiation

capacity.
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Figure 6. CXCL10 attenuates chondrogenic differentiation. ATDCS cells were differentiated
and exposed to mCXCL10 from day 5 until day 7. RNA was isolated and expression of Sox9, Col2al,
Runx2, Col10al and Alpl mRNAs was determined (A). Human bone marrow mesenchymal stem cells
(hBMSCs) were differentiated in the chondrogenic lineage for 7 days and exposed to hCXCL10 until
day 21. RNA was isolated and expression of COL2A1 and COL10A1 mRNAs was determined (B).
ATDC5 data were acquired from 4 biological replicates, normalized to B-actin mRNA levels and
individual normalized values are presented in dot plots. hBMSC gene expression data was
normalized to CYCLOPHILIN mRNA levels. Individual data points in dot plots represent the average
value of 4 biological replicates of one hBMSC donor. For statistical evaluation an independent
samples t-test was performed relative to the corresponding controls using GraphPad Prism 5. The p-
values are indicated and error bars show mean + SEM. The graphs are a representative example of 3

individual experiments.
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Viperin levels and CXCL10 change SMAD2/3-dependent TGF-3
activity during chondrogenic differentiation of ATDC5

The chondro-promotive and -inhibitory actions of CM obtained from donor cultures in which
viperin expression was altered, as well as the chondro-inhibitory action of CXCL10, leads to
an overall inhibited or increased expression of chondrogenic as well as hypertrophic marker
genes. This indicates that the activity of a basic molecular pathway responsible for
chondrogenic differentiation is altered and we therefore postulated the involvement of the
major chondrogenic TGF-B/SMAD2/3 pathway. Viperin levels were either reduced or over-
expressed in differentiating ATDC5 cultures from day 5 to day 7 (Figure 7A), and CM were
collected. Subsequently, proliferating ATDC5 cells were used as a bioassay for SMAD2/3-
dependent TGF-B activity by transfection of a CAGA12-luciferase reporter plasmid®>6, This
TGF-B/SMAD2/3 reporter bioassay was then exposed to the above CM to determine their
TGF-B/SMAD2/3-activity modulating action. We found that the CM obtained from
differentiating ATDC5 cultures in which viperin levels were reduced displayed a TGF-
B/SMAD2/3-activity promoting action (Figure 7B). In contrast, CM obtained from
differentiating ATDCS5 cultures in which viperin levels were over-expressed displayed a TGF-
B/SMAD2/3-activity attenuating action (Figure 7B). In concert with these findings Pail and
SMAD7 mRNA levels (TGF-B/SMAD2/3 target genes!>?®) were increased or decreased when
ATDC5 was differentiated in CM (same as utilized in experiments shown in Figure 4B/C)
from viperin knock-down or over-expression cultures, respectively (Figure 7C/D).
Subsequently, we determined whether differential CXCL10 levels directly alter TGF-
B/SMAD2/3 activity during chondrogenic differentiation. ATDC5 cells were transfected with
the CAGA12-luciferase reporter plasmid at day 5 in chondrogenic differentiation. Then,
starting at day 6, cells were exposed to increasing concentrations recombinant murine
CXCL10 and sampled for bioluminescent analyses 24 hours later. Data show that CXCL10
dose-dependently reduces TGF-B/SMAD2/3 reporter activity in these cultures (Figure 7E).
Immunoblotting for SMAD2 phosphorylation (pSMAD2C) further showed that CXCL10
inhibits SMAD2 phosphorylation during ATDC5 chondrogenic differentiation (Figure 7F),
which is in concert with the observed reduction of TGF-B/SMAD2/3 reporter activity.
Together these results demonstrate that alterations in viperin expression levels and CXCL10

impact SMAD2/3-dependent TGF-B activity during chondrogenic differentiation. This is in
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concert with the observed impact of these conditions on chondrogenic differentiation

capacity (Figure 4B/C/D and Figure 6).

A

122

Viperin
p<0.0001
S 3 .3
2 . =
5
3 14 <0.0001
p<0.
2
S 0207
g 0.15- —owe- =
s 0.104
£ 005
Z  0.00 T T T T
\ot \g &
§ f§§ Q/&Q A\Q@
> & o &
R B\
R R N
%()
Pail D
§ 1559 p=0.0024 p=0.0001
[73
g —owe— o
5 10 -
i [<]
o
ﬁ 0.5 —%—
[
£
S
=z 0.0 T T T T
N & ™
e?‘ e?“ S 0‘\\(\
bég £ & N
\& & O o
@@’0 Q'\Qe Q\y Q\y
%O
TGF-B/SMAD2/3 activity
494 p=0.0469
: p=0.0039
p=0.1725
Q’Q
1.0 =
) p=0.0246 =0 0205
2 08 Soet  oged p=00101
- 00352
.
0.6 =
0.4 T T T T T
> Q Q Q Q
& 0SS gt
& & &
Q Q Q Q
© N N
& @ & ®
° % o o
I\ ) N

RLU

Normalized gene expression

TGF-B/SMAD2/3 activity

. p=0.0003
41 o
3 —:.Il:—
2
1.5 p=0.0328
1.0{ S e —
—ever
0.5
0.0 T T T T
0Q O* OQ O‘“
e?‘ e‘?‘ Q\S 2;‘\0
£ £ & N
& & 5 ¥
K\ < QM
Smad7
1.57 p=0.0291 p<0.0001
o
1.01 e e
— e
0.5
-5
0.0 T T T T
& s & &
e?’ év 6& Q}(\Q
& £ & N
\@b e"\(\ ‘?‘0 ‘?*O’
N L e

pSMAD2C (60 kDa)

}» GAPDH (36 kDa)




The anti-viral protein viperin regulates chondrogenic differentiation
via CXCL10 protein secretion

Figure 7. TGF-B/SMAD2/3 activity is controlled by the viperin secretome and CXCL10.
At day 5 in ATDC5 chondrogenic differentiation, viperin expression was either reduced by
transfection of a viperin-specific siRNA duplex (Viperin siRNA) or a scrambled control siRNA duplex
(Scrambled siRNA); or viperin expression was further induced by transfection of a p3xFLAG-viperin
plasmid (FLAG-Viperin) or the empty p3xFLAG plasmid (FLAG-empty). Cells were then further
differentiated until day 7 and viperin expression levels were determined (A). Conditioned culture
supernatants (CM) from these day-7 cultures were collected. Proliferating ATDC5 were used as a
TGF-B/SMAD2/3 bioassay by co-transfecting a CAGA-12 firefly luciferase TGF-B/SMADS3 reporter and
pGluc-CMV plasmid. The TGF-B/SMAD2/3 bioassay was then exposed to the CM supernatants for 24
hours and supernatant and cells were collected for bioluminescence analyses. Firefly
bioluminescence was normalized to the Gaussia signal (B). Gene expression of downstream TGF-B
target genes Pail and Smad7 was determined on samples from Figure 4B/C (C/D). ATDC5 cells were
differentiated and co-transfected with a CAGA-12 firefly luciferase TGF-B/SMAD3 reporter and
pGluc-CMV plasmid on day 5 in chondrogenic differentiation. At day 6 in differentiation cells were
exposed to 0.5, 5, 50 or 200 ng/ml recombinant mouse CXCL10 for 24 hours until day 7. Culture
supernatant and cells were collected for bioluminescence analyses. Firefly bioluminescence was
normalized to the Gaussia signal (E). ATDC5 cells were differentiated until day 5 and then exposed to
0.5, 5, 50 or 200 ng/ml mouse CXCL10 until day 7. Protein extracts were separated by SDS-PAGE and
electro-blotted on membranes, followed by pSMAD2C immuno detection. GAPDH was used as a
loading control (F). All quantitative data were acquired from 4 biological replicates. RT-qPCR data
were normalized to B-actin mRNA levels and individual normalized values are presented in dot plots.
Bioluminescence data are presented as normalized RLUs. RLUs of controls were set at 1 and RLUs of
conditions were calculated relative to the control RLUs. For statistical evaluation an independent
samples t-test was performed relative to the corresponding controls using GraphPad Prism 5. The p-
values are indicated and error bars represent mean + SEM. Graphs are representative examples of 3

individual experiments.
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Impaired chondrogenic trans-differentiation of fibroblasts from
CHH patients is associated with increased viperin and CXCL10
levels

Mutations in the RMRP gene, encoding the essential RMRP snoRNA present in the RNase
MRP macromolecular protein-RNA complex?, are the cause of cartilage-hair hypoplasia-type
human skeletal dysplasias®®. Viperin mRNA is a substrate for endoribonucleolytic
degradation by RNase MRP2. Taking into account the here identified chondrogenic
regulatory role of a viperin-CXCL10-TGF-B/SMAD2/3 axis, we postulated that a similar
mechanism is active during the impaired chondrogenic trans-differentiation that we recently
discovered in CHH fibroblasts!!. In ATDCS5, reduction of RMRP snoRNA levels by transfection
of an RMRP-specific siRNA (Figure 8A) indeed led to the induction of viperin expression (!
and Figure 8B), recapitulating the endoribonucleolytic relationship between RNase MRP and
its viperin mRNA substrate. A trans-differentiation protocol was used that drives dermal
fibroblasts toward a chondrocyte-like phenotype?®. As described before!!, RMRP expression
and chondrocytic trans-differentiation of CHH fibroblasts was impaired, as evidenced by
inhibited expression of RMRP, SOX9, COL2A1, RUNX2, COL10A1 and ALPL (Figure 8C). In
concert with a CHH-associated pathological defective RNase MRP endoribonucleolytic
activity, we found that viperin expression in chondrogenic trans-differentiated CHH
fibroblasts was increased (Figure 8D). This was accompanied with increased levels of
secreted CXCL10 protein in these culture supernatants (Figure 8E) and decreased expression
of the TGF-B target genes PAI1 and SMAD7 (Figure 8F). These data suggest that defective
chondrogenic trans-differentiation of CHH fibroblasts is caused by changes in TGF-B activity,

induced by alterations in the viperin-CXCL10-TGF-B/SMAD2/3 axis.
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Figure 8. The viperin-CXCL10-TGF-B/SMAD2/3 axis is deregulated in chondrocytic
CHH cells. Rmrp RNA expression was reduced in ATDC5 cells by transfection of a specific siRNA
duplex on day -1, day 2, and day 5 during chondrogenic differentiation. A scrambled siRNA was used
as control. Samples were harvested for RT-qPCR analysis at day 0, 7 or 10 in differentiation.
Expression of Rmrp (A) and viperin (B) was determined at indicated time points. Data was
normalized to B-actin mRNA levels and individual normalized values are presented in dot plots. Data
were acquired from 3 biological replicates. An independent samples t-test was performed relative to
scrambled control using GraphPad Prism 5. The p-values are indicated and error bars represent
mean + SEM. Human dermal fibroblasts from three CHH patients (RMRP alleles of CHH patients
carried following mutations: 127G>A and 261 C>G; 4 C>T and 77C>T; 70 A>G and 70A>G) and three
healthy controls were trans-differentiated into the chondrogenic lineage by hyperconfluent plating

in wells coated with Aggrecan?*. RNA was isolated at day 3 of trans-differentiation and gene
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expression of RMRP, SOX9, COL2A1, RUNX2, COL10A1 and ALPL mRNAs was determined (C). Gene
expression of VIPERIN (D) and of PAI1 and SMAD7 (F) was determined in samples from (C).
Supernatants were collected from these cultures and secreted CXCL10 protein was determined with
ELISA (E). Gene expression data from trans-differentiated fibroblasts was normalized to CYCLOPHILIN
mRNA levels and individual normalized values are presented in dot plots. Secreted CXCL10 data are
absolute concentrations (pg/mL) and presented in dot plots. For statistical evaluation independent
samples t-tests were performed relative to healthy controls using GraphPad Prism 5. The p-values
are indicated. Error bars are mean + SEM. Graphs are representative examples of three independent

experiments.

Discussion

Viperin expression was detectable early in ATDC5 and hBMSC chondrogenic differentiation
and was highly induced at day 5-6-7 of differentiation. In the majority of embryonal growth
plate resting zone progenitor cells viperin expression was weak, representing the first days
of in vitro chondrogenic differentiation. Interestingly, a sub-population of resting zone cells
displayed high levels of viperin expression. Chondrogenic differentiation is synchronously
initiated in cell culture, while this is not expected to be synchronous in the growth plate’s
resting zone. We speculate that high viperin-expressing cells in the resting zone are a
representation of asynchronous initiation of chondrogenic differentiation and that these
cells are in a similar differentiation phase as ATDC5 and hBMSC cells during their early
differentiation, when peak expression of viperin was observed. At later stages in
chondrogenic differentiation viperin expression remained increased. This was also observed
in growth plates, where proliferating and pre-hypertrophic chondrocytes are positive for
viperin expression. Viperin expression is remarkably high in terminally differentiating growth
plate chondrocytes. This was not observed in late ATDC5 and hBMSC differentiation time
points tested. ATDC5 and hBMSCs are excellent in vitro models for chondrogenic
differentiation??. However these models do not enter apoptosis to fully terminally
differentiate, as hypertrophic chondrocytes in the growth plate do. The spatiotemporal
orchestration of cell differentiation in growth plates and the lack of such spatiotemporal

cues in vitro may lead to the absence of this differentiation phase in in vitro chondrogenesis
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models and explain the observed difference in viperin expression compared to growth
plates.
Viperin was originally discovered as an interferon-inducible protein, suggesting that
induction of viperin expression during chondrogenic differentiation may be driven by an
intrinsic interferon-related signaling activity (further supported by data in supplementary
Figure 1). Interferon-related signaling during chondrogenic differentiation is almost
unexplored. Interferon-inducible proteins p202%7, p20428 and PKR?® have been described to
be important in chondrogenic differentiation. Inhibition of JAK rescues chondrogenic
differentiation in osteoarthritis-like conditions3® and IFN-y has been demonstrated to inhibit
transcription of the COL2A1 gene33? in mature chondrocytes. STAT1 expression was
previously found specifically induced at day 7 in ATDC5 chondrogenic differentiation?,
supporting an intrinsically activated interferon signaling response as explanation for viperin
induction at day 5-6-7. Different potential mechanisms to explain viperin’s antiviral actions
include an Fe-S cluster-dependent virus inhibitory action on lipid droplets?333, the inhibition
of farnesyl diphosphate synthase leading to important changes in plasma membrane
fluidity34, the induction of a crystalloid ER?3, and the inhibition of protein secretion from the
ER?3, Viperin has been shown to recruit IRAK1 and TRAF6 to lipid droplets in pDCs, leading to
nuclear translocation of IRF7 and the production of type | interferons®®. These actions are
specifically activated in response to viral infection and it is therefore surprising to find that
in a non-viral context viperin is active as a regulator of cellular differentiation. Previously,
alterations in viperin expression have been detected during adipogenic differentiation3® and
podocyte differentiation®’. Middle zone articular cartilage chondrocytes express higher
amounts of viperin as compared to superficial zone chondrocytes3® and viperin expression
has been described in osteocytes®. It is therefore likely that the consequences of viperin
expression are not limited to differentiating chondrocytes. Until now it remained
unexplored whether alterations in viperin levels could influence cellular differentiation
processes. Following the findings by Cresswell and colleagues that viperin overexpression
inhibits protein secretion from the ER in HepG2 and 293T cells?3, we examined whether this
was also the case during chondrogenic differentiation. We found that also in chondrogenic
differentiation viperin influences the rate of protein secretion, however in the opposite
direction as compared to the findings reported by the Cresswell group. We speculate that

due to different cell lineages, differentiation stages and the non-viral context, important
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differences occur in the viperin interactome® that change the manner by which viperin
regulates protein secretion from the ER.

We observed that total protein secretion alters in response to viperin levels, and until now
no specificity has been reported for viperin-regulated protein secretion. Therefore we
expect that the protein species that we found differentially secreted following manipulation
of viperin levels are either relatively unstable and inhibition of cellular protein secretion
would thus cause a rapid decrease in the level of this species within the secretome, or are
secreted in low abundance and increased protein secretion would rapidly lead to detectable
differences in the level of this protein species in the secretome. In line with a viperin-
mediated intrinsic interferon response during chondrogenic differentiation, the CXCL10 we
detected in our LC-MS/MS analyses is an interferon-inducible chemokine (IP-10).
Interestingly, platelet-derived growth factor subunit A (PDGFA) was also found differentially
expressed in the viperin over-expression secretome and PDGF has been described to
synergistically act with IFN-y to induce CXCL10 expression in blood-derived macrophages?®.
CXCL10 has previously been described to be expressed during ATDC5 chondrogenic
differentiation?®, as well as during hBMSC chondrogenic differentiation*’. Our data
demonstrate that CXCL10 inhibits chondrogenic differentiation and TGF- signaling, which is
fully in line with the inhibitory action of viperin-overexpression CM on chondrogenic
differentiation.

Since we utilized conditioned media as a means to study the secretomic consequences of
alterations in viperin expression during chondrogenic differentiation, we cannot distinguish
paracrine from autocrine secreted signals. However, it is currently not clear why
chondrogenic differentiation is regulated via viperin. Control over the activity of
differentiation signals in the early differentiation phase may be required to enable the cell
to undertake chromatin remodeling and coordinated transcriptomic reprogramming, before
it can adopt a fully differentiated phenotype. We expect that temporal para- and/or
autocrine viperin-dependent CXCL10 secretion may aid in this by antagonizing TGF-B
signaling and pacing cellular differentiation. Binding of CXCL10 with its CXCR3 receptor is
known to activate PI3K in human airway epithelial cells*? and recently, PI3K activity has been
shown to be involved in attenuation of SMAD2/3 activity®®. Indeed we observed that CXCL10
inhibits phosphorylation of SMAD2, providing a potential mechanistic link between viperin-

dependent CXCL10 secretion and TGF-B-driven chondrogenic differentiation. Alternatively,
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crosstalk has been identified between IFN-y and TGF-B signaling in which IFN-y-dependent
STAT1 activity antagonizes SMAD3-dependent TGF-B signaling®.
With a number of varying RNase MRP substrate RNAs it would not be likely that all aspects
of CHH pathobiology are caused by defective processing of one specific substrate. Instead,
defective processing of one or the other specific RNase MRP substrate RNA will have
different implications for different tissue/cell types. CHH-related defective processing of
viperin mRNA leads to aberrant viperin levels in chondrocytic cells as shown in this study.
Viperin responses® and CXCL10% have been implicated in T cell function and in a microarray
mRNA profiling it was found that viperin was one of the highest differentially expressed
genes upregulated in CHH leukocytes'®, together with an enrichment of other interferon-
related genes. Since CHH also presents with defective immunity caused by T-cell deficiency*’
and together with our findings that viperin and CXCL10 regulate chondrogenic
differentiation, is thus tempting to speculate that interferon-related signaling through
viperin, and via CXCL10, is an important aspect of the molecular mechanism leading to
growth plate and T-cell defects observed in CHH.
In conclusion our data link the antiviral protein viperin to chondrogenic development via a
viperin-CXCL10-TGF-B/SMAD2/3 axis (Figure 9), and show that a similar molecular
mechanism is deregulated in CHH chondrocytic cells. For the first time we identified a

molecular route that may clarify impaired chondrogenic differentiation of CHH patient cells.
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Figure 9. Model of the interactions between viperin and chondrogenic differentiation.
A schematic model of the interactions between viperin and chondrogenic differentiation, suggested
by our results. Viperin regulates protein secretion and controls the level of secreted CXCL10. CXCL10

inhibits TGF-B/SMAD2/3 activity, which in turn controls the level of chondrogenic differentiation.
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Chapter 4
Summary

Ribosomes are universally responsible for translating mRNAs into protein. Ribosome
synthesis is integrated with many cellular processes including proliferation, differentiation
and oncogenic events. Chondrogenic progenitor cell proliferation and differentiation require
a high cellular translational capacity to facilitate cartilaginous extracellular matrix
production. However, how ribosome biogenesis is integrated in chondrogenic differentiation
remains to be determined. In this study we investigated whether ribosome biogenesis is

altered during the course of chondrogenic differentiation.
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Infroduction

Ribosome biogenesis is a central cellular process required for production of ribosome
subunits to translate proteins from mRNAs. From a number of genetic diseases it has
become apparent that mutations in genes encoding key components of the ribosome
biogenesis machinery (e.g. RMRP and cartilage hair hypoplasia!, Dyskerin and Dyskeratosis
Congenita?, TCOF1 and Treacher-Collins syndrome3) or components of the mature ribosome
(RPS14 and 5g syndrome®, RPS19 and Diamond Blackfan Anemia®, SBDS and Schwachmann-
Diamond syndrome®), interfere with cell function and are causative for developmental
disorders and associated malignant conditions. The molecular dissection of these so-called
ribosomopathies has unveiled many unprecedented molecular mechanisms and cell type
specific effects of ribosome biogenesis and functions that dictate the capacity to synthesize
proteins and support developmental processes and tissue homeostasis.

The majority of ribosomopathies is associated with disturbances of the development of the
skeleton, leading to malformations and dwarfisms’. Skeletal development depends on
endochondral ossification in the growth plates of the developing skeleton. This complex
spatiotemporal cellular process encompasses the chondrocytic commitment of progenitor
cells in the resting zone of the growth plate, followed by a proliferative burst of
chondrocytes in the proliferative zone of the growth plate. Proliferative chondrocytes then
terminally differentiate into hypertrophic chondrocytes. The extracellular matrix left behind
by terminally differentiated hypertrophic chondrocytes is required for mineralization and
ossification, enabling skeletal development?®.

To accommodate the proliferative burst in the proliferative zone and the production of the
cartilaginous extracellular matrix, a great amount of de novo synthesized proteins is needed,
while the terminal hypertrophic differentiation calls for a major cellular proteomic change.
We therefore expect that the cartilaginous phase of the endochondral ossification process is
demanding for the growth plate chondrocyte’s protein translation apparatus. Although a
number of genes involved in ribosomopathies and their disease-causing mutations have
been identified, the role of the ribosome biogenesis process and protein translation in
general in the field of skeletal development remains to be elucidated.

It has been shown that small nucleolar RNA (snoRNAs), which guide post-transcriptional

modification of ribosomal RNA (rRNA), are dynamically regulated upon murine embryonic
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stem cell differentiation®. In yeast and human cells, these rRNA modifications are required
for ribosome translational fidelity'°. As such, many aspects of small non-coding RNA function
in development and disease remains to be elucidated'*'2. Increasing amounts of evidence
support the ribosome heterogeneity hypothesis'3. One strong example is the Hox expression
regulation by the large ribosomal protein subunit 38 in vertebrate tissue patterning!®. We
have previously shown that the ribosome biogenesis factor RMRP RNA is dynamically
regulated during in vitro chondrogenic differentiation®®. In addition, we demonstrated
differential expression of snoRNAs in murine, equine and human cartilage disease
(osteoarthritis)'®. Further elucidation of ribosome biogenesis dynamics in developmental
models, will lead to better understanding of ribosome function changes during cell
commitment and their role in human disease.

To identify the potential involvement of ribosome biogenesis during chondrogenic
differentiation, we investigated the expression dynamics of factors involved in ribosome
biogenesis during chondrogenic differentiation and determined whether protein translation
capacity differs between phases of chondrogenic differentiation in vitro.

Our data demonstrate differential expression of factors involved in rDNA transcription and
post-transcriptional modification of rRNAs, as well dynamics of rRNA expression levels and
protein translation, as a function of the course of ATDC5 chondrogenic differentiation. These
data will aid in elucidating the dynamics of tuning the translational properties in cell

differentiation.

Materials and methods

Chondrogenic differentiation of ATDCS5 cells

ATDCS cells'” (RIKEN BRC, Japan) were cultured in a humidified atmosphere at 37°C, 5% CO>
in proliferation medium (DMEM/F12 (Invitrogen, Carlsbad, CA, USA), 5% FCS (Sigma-Aldrich,
St. Louis, MO, USA) and 1% antibiotic/antimycotic (Invitrogen). Cells were plated at 6,400
cells/cm?. After 24 hours chondrogenic differentiation was initiated by changing the medium
to differentiation medium (proliferation medium supplemented with 10 pg/ml insulin

(Sigma-Aldrich), 10 pg/ml transferrin (Roche, Basel, Switzerland) and 30 nM sodium selenite
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(Sigma-Aldrich)). Differentiation medium was refreshed every two days for the first 10 days,

and each day after day 10, until cells were harvested at indicated time points.

Real-time quantative PCR (RT-qPCR)

Cells were harvested for RNA isolation with TRIzol reagent (Invitrogen). RNA was isolated
from the TRIzol samples by collecting the aqueous phase after phase separation. RNA was
precipitated with isopropanol (30 minutes, -80°C) and centrifuged for 30 minutes at 20,000 x
g, 4°C. RNA pellets were washed with 80% ethanol and potential DNA contamination was
removed by DNase | (Roche) treatment (1 hour, 37°C). After subsequent ethanol
precipitation, RNA was dissolved in 15 uL DNase/RNase free water (Eurogentec, Seraing,
Belgium). RNA quantity and purity were determined spectrophotometrically (Biodrop,
Isogen Life Sciences, Utrecht, the Netherlands). DNA-free total RNA was reverse transcribed
using standard procedures and random hexamer priming as described previously!®. RT-qPCR
was performed in 96-well optical plates. For each cDNA sample a mix was prepared
consisting of Mesagreen qPCR Mastermix Plus for SYBR Green (Eurogentec) and 300 nM
forward and reverse oligonucleotides. Serially diluted standard curves were utilized to
quantify gene expression in the samples. A Biorad CFX96 Real-Time PCR Detection System
was used for amplification using the following protocol: denaturation at 95°C for 5 minutes,
followed by 50 cycles of amplification (15 seconds 95°C and 45 seconds 60°C) followed by a
dissociation curve. Data were analyzed using Biorad CFX Manager Software version 3.1,
based on the relative quantification of the expression of the target gene normalized to B-

Actin housekeeping gene. Primer sequences are provided in Table 1.

Table 1. RT-qPCR primer sequences

Gene Symbol | Forward Reverse

Actb CCGAGCGCGAGATCGT TGGCCATCTCGTTCTCGAA
Col2a1 TGGGTGTTCTATTTATTTATTGTCTTCCT | GCGTTGGACTCACACCAGTTAGT
Col10a1 CATGCCTGATGGCTTCATAAA AAGCAGACACGGGCATACCT
Dkc1 CCACTCGTTTGGTGAAATCACA AGCCGGACAATTCCAACATACT
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Gene Symbol | Forward Reverse

Fbl TGGAGCCGCATCGTCAT CAAGGGCATCCTCCTTTCC

Runx2 GACGAGGCAAGAGTTTCACC GGACCGTCCACTGTCACTTT

5.85 rRNA CACTCGGCTCGTGCGTCGAT CGCTCAGACAGGCGTAGCCC
18S rRNA AGTCCCTGCCCTTTGTACACA GATCCGAGGGCCTCACTAAAC
28S rRNA GCCATGGTAATCCTGCTCAGTAC GCTCCTCAGCCAAGCACATAC
Sox9 AGTACCCGCACCTGCACAAC TACTTGTAGTCCGGGTGGTCTTTC
Ubf-1 CAGGACCGTGCAGCATATAAAG GCCTCGCAGCTTGGTCAT

Immunoblotting

Cells were washed three times with 0.9% NaCl. The cells were lysed in RIPA buffer (150 mM
NaCl, 1% NP-40, 0.5% sodium deoxycholate, 0.1% SDS, 50 mM Tris pH 8.0, 5.0 mM EDTA pH
8.0, 0.5 mM dithiothreitol (DTT) and 1 mM phenylmethylsulfonylfluoride (PMSF)). Samples
were homogenized by sonication (Soniprep 150 MSE) on ice using the following protocol: 14
cycles of 1 second sonication followed by a 1 second interval, amplitude 10. Cell debris was
removed by means of centrifugation at 15,000 RPM for 10 minutes on 4°C. Total protein
concentration was determined with a BCA assay (Sigma-Aldrich). Samples were separated by
gel electrophoresis and transferred to nitrocellulose membranes by electro blotting. The
following primary antibodies were used for immunodetection:

Mouse monoclonal anti-Dyskerin (C-11, Santa Cruz, Dallas, TX, USA, #SC-365731; 1:200
dilution), rabbit monoclonal anti-Fibrillarin (EPR10822(B), Abcam, Cambridge, UK,
#AB154806; 1:1000 dilution), mouse monoclonal anti-UBF1 (F-9, Santa Cruz #SC-13125;
1:250 dilution), rabbit polyclonal anti-Sox9 (Abcam #AB3697; 1:100 dilution) and mouse
monoclonal anti-Puromycin (12D10, Merck Millipore, Billerica, MA, USA, #MABE343; 1:1000
dilution). As a control mouse monoclonal anti-Histone H3 (Abcam #24834; 1:1000 dilution)
or mouse monoclonal anti-a-Tubulin (B-5-1-2, Sigma-Aldrich #T6074; 1:10,000 dilution) were

used. HRP-conjugated polyclonal rabbit anti-mouse or swine anti-rabbit (Dako) were applied
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as a secondary antibody and the bound antibodies were detected by enhanced

chemiluminescence (ECL) (Bio-Rad Chemidoc XRS+).

SYBR Green assay for DNA content quantification

Ribosomal RNA content per cell was quantified by calculating 18S, 5.8S and 28S rRNA RT-
gPCR signals in six biological replicates (equal volumes of aqueous phase RNA were isolated
and equal volumes of RNA were reverse transcribed to cDNA) relative to the DNA content in
six biological replicates. DNA concentrations in equal volumes of papaine digestion buffer
(100 mM phosphate buffer (NaH,PO4 (VWR, Amsterdam, the Netherlands) and Na;HPO, *
2H,0 (VWR), pH 6.5), 5 mM L-cysteine*HCl (Sigma-Aldrich), 5 mM EDTA (VWR), 33.33 pg/ul
papaine (Sigma-Aldrich)) were determined in samples from day 0, 7 and 14 of ATDC5
chondrogenic differentiation using the SYBR Green assay (Invitrogen). Prior to measurement,
samples were diluted in TE buffer (10 mM Tris/HCl pH 8 and 1 mM EDTA; day 0; 1:100
dilution, day 7 and day 14; 1:1000 dilution). A serially diluted standard curve of calf thymus
genomic control DNA (Invitrogen) in TE buffer was included to quantify the DNA
concentration in the samples. Standards were prepared to contain the same amount of
papaine digestion buffer as the samples. SYBR Green was diluted 10,000 times in TE buffer
and 100 pl was added to 100 pl of the above prepared samples and standards. After 10
minutes incubation fluorescence was determined using a Spectramax M2E (Molecular
Devices, Sunnyvale, CA, USA) microplate reader with an excitation of 488 nm and an

emission of 522 nm and DNA concentration was calculated using the standard curve.

Determination of active translation by puromycin incorporation

Prior to harvesting at day 0, 3, 7, 10 and 14, ATDC5 cells were incubated with 10 pg/ml
puromycin (Sigma-Aldrich) in normal proliferation (day 0) or differentiation medium (day 3,
7, 10 and 14) for 15 minutes at 37°C, 5% CO; in a humidified atmosphere. After puromycin
was incorporated for exactly 15 minutes, cells were washed twice with 0.9% NaCl and
harvested for Western blotting with RIPA lysis buffer (see section Immunoblotting). The

western blot whole lane puromycin signal (volume intensity; vol. INT) was quantified for

143



Chapter 4

each sample and corrected for the quantified anti-a-TUBULIN signal (housekeeper) using

Bio-Rad Image Lab Software 5.2.1.

snoRNA sequencing

SnoRNA expression during ATDC5 differentiation was analyzed by small RNA Next
Generation Sequencing (NGS) of samples acquired from day O (progenitor stage), day 7
(chondrogenic stage) and day 14 (hypertrophic stage). Total RNA was isolated and after
library preparation (NEBNext library generation kit, New England Biolabs (NEB), Ipswich, MA,
USA) inserts <200 nt were selected using an automated gel cutter. One pg of total RNA was
converted into NGS libraries using the NEBNext library generation kit (NEB), using a protocol
(Exigon, Vedbzk, Denmark) to increase the 5’ and 3’ ligation of modified small RNA ends.
Each individual RNA sample had adapters ligated to its 3’ and 5’ ends and was converted to
cDNA. Then, the cDNA was pre-amplified with specific primers containing sample specific
indexes (Exiqon). After a 15 cycle pre-PCR the libraries were purified on QiaQuick column
(Qiagen, Hilden, Germany) and the insert efficiency was evaluated on a Bioanalyzer 2100
instrument (Agilent, Santa Clara, CA, USA) on a high sensitivity DNA chip (Agilent). The cDNA
libraries were size fractioned on a LabChip XT (Caliper Life Sciences, Waltham, MA, USA) and
15-200 bp inserts were excised according to the manufacturer’s protocol (Caliper). Samples
were then quantified using qPCR and a concentration standard. Based on the quality of the
inserts and the concentration measurements the libraries were pooled in equimolar
concentrations. The library pool was quantified with qPCR and an optimal concentration of
the library pool (Illumina) was used to generate the clusters on the surface of a flow cell
before sequencing (using v3 sequencing methodology according to the manufacturer’s
instructions). Libraries were then sequenced on the Illumina platform. After filtering and
normalization, using the trimmed mean of the M-values method, based on log-fold and
absolute gene wise changes in expression levels between samples'®, reads that mapped to

snoRNAs were analyzed for differential expression.
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Polysome fractionation

Polyosome fractionation was carried out essentially as described previously?°. Three 15 cm
plates with ATDC5 cells were used to generate a single sample at day O, two plates at day 7
and one plate at day 14. At the day of sample collection, cells were pre-treated for 5 minutes
with 100 pg/ml Cycloheximide (Sigma), washed twice in 0.9% NaCl with cycloheximide and
collected by scraping with a rubber policeman in cold 0.9% NaCl. Pelleted cells were lysed for
10 minutes in 1.8 ml polysome extraction buffer (20 mM Tris-HCl (pH7.5), 100 mM KCl, 5
mM MgCI2, 0.5% Nonidet P-40, 100 pg/ml Cycloheximide, complete protease inhibitor
cocktail (Roche) and RNasin (Promega, 40U/ml)) on ice. Nuclei and cellular debris were
removed by centrifugation at 12.000x g for 10 minutes at 4°C and 9/10% of the total volume
was transferred to fresh tubes and measured spectrophotometrically. Ten percent input was
set aside and stored at -80°C. Linear 10-50% sucrose gradients were made using the
Gradient Master (BioComp) in SW41 ultracentrifuge tubes (Seton). A fixed amount of 160 ug
cytoplasmic extract was loaded to each gradient, for each sample in the same volume.
Gradients were run on a Beckman L60 ultra-centrifuge at 39.000 rpm for 1.5 hours at 4°C
with max acceleration and deceleration 9. Samples were fractionated into 24 x 0.5 ml
fractions using a Piston Gradient fractionator (BioComp) and fraction collector (Gilson

FC203B) with continuous A260 monitoring (Triax FC-1).

Results

Differential expression of snoRNAs during ATDC5 chondrogenic
differentiation

Previously we have shown that the snoRNA RMRP is differentially expressed during
chondrogenic differentiation'® and interference with its function led to important changes in
the outcome of chondrogenic differentiation with consequences for ribosomal RNA levels
and human disease. To identify additional snoRNAs that may play a role in chondrogenic
differentiation, we now performed small RNA sequencing (<200 nt) in ATDC5 chondrogenic

differentiation at day 0, 7 and 14. Expression of at least 228 different snoRNA species was
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detected (Figure 1). We found 21 different snoRNAs differentially expressed between day 0
and day 7 in differentiation (Figure 1; At0-t7) of which 14 were box C/D snoRNAs and 7 were
box H/ACA snoRNAs. Differential expression of 23 snoRNAs was detected between day 7 and
14 (Figure 1; At7-t14) of which 16 were box C/D snoRNAs and 7 box H/ACA snoRNAs. Finally,
differential expression of 43 snoRNAs was found when comparing day 0 with day 14 data
(Figure 1; At0-t14), with 33 of which were box C/D snoRNAs and 10 were box H/ACA
snoRNAs. A full overview of the differentially expressed snoRNAs and their putative
ribosomal RNA (rRNA) targets (2'O-ribose methylation or pseudouridylation of specific rRNA

nucleotides) is presented in Table 2.

A RNA sequencing of RNA species < 200 nt B RNA sequencing of RNA species < 200 nt

Ato—t7 "~ Ato_t7 -]14 - -
arrd ” i -
160 200 240

k T T T T T 1
0 40 80 120 160 200 240 0 40 80 120

I Number of snoRNAs FDR adj. p < 0.05 [ Number of box C/D snoRNAs FDR adj. p < 0.05
[ Number of snoRNAs FDR adj. p > 0.05 I Number of box H/ACA snoRNAs FDR adj. p > 0.05

[ Number of box C/D snoRNAs FDR adj. p < 0.05
B Number of box H/ACA snoRNAs FDR adj. p > 0.05

Figure 1. Differential expression of snoRNAs during different phases of chondrogenic
differentiation. ATDCS cells were differentiated in the chondrogenic lineage for 0, 7 or 14 days and
RNA-Seq of RNA species <200 nt was performed. A) The number of snoRNAs and differentially
expressed (FDR adjusted p-value <0.05, logFC > 1 or < -1) snoRNAs identified with RNA-Seq between
day 0 and day 7 (initiation of chondrogenic differentiation), day 7 and day 14 (hypertrophic
differentiation) and day 0 and day 14 (progenitor versus hypertrophic chondrocyte). B) Subdivision
between box C/D versus box H/ACA snoRNAs in differentially and non-differentially expressed

snoRNAs as identified by RNA-sequencing.
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Table 2. Differentially expressed snoRNAs during different phases of ATDC5
chondrogenic differentiation. The ATDC5 differentiation phase dependent significantly
differentially expressed snoRNAs are indicated per contrast (AtO-t7, At7-t14, At0-t14). For each
snoRNA the RNA target is indicated, as well as the counts, fold-differences and significance. RNA

target information was acquired from snoRNABase?.

Aday0-7 Box RNA target Count Count LogFC | FDR
snoRNA day 0 day 7 adjusted
p-value
SNORA24 H/ACA | 18S rRNA U863 + U609 45 7 -2.84 | 0.001
SNORD1C Cc/D 28S rRNA G4362 29 7 -2.27 | 0.001
SNORD101 Cc/D Unknown / orphan 1365 584 -1.51 | 0.006
SNORD1A Cc/D 28S rRNA G4362 14 3 -2.20 | 0.007
SNORD1B Cc/D 28S rRNA G4362 34 12 -1.68 | 0.007
SNORD8&0 Cc/D 28S rRNA A1521 + G1612 6 1 -2.77 | 0.010
SNORAG66 H/ACA | 18S rRNA U119 32 13 -1.53 | 0.013
SNORA12 H/ACA U6 snRNA U40 185 73 -1.53 | 0.013
SNORD23 Cc/D Unknown / orphan 25 6 -2.27 | 0.013
18S rRNA U218 + 28S
SNORA31 H/ACA | rRNA U3713 40 128 1.51 0.014
SNORA2 H/ACA | 28S rRNA U4263 + U4282 12 4 -1.71 | 0.023
SNORD46 C/D 28S rRNA A3739 16913 8541 -1.45 | 0.024
SNORD100 Cc/D 18S rRNA G436 47 23 -1.30 | 0.026
SNORD61 Cc/D 18S rRNA U1442 1724 4729 1.18 0.031
SNORD1 Cc/D 28S rRNA G4362 1870 875 -1.70 | 0.034
18S rRNA A668 + 28S rRNA
SNORD36 Cc/D A3703 1033 593 -1.17 | 0.036
SNORA73 H/ACA | Unknown / orphan 54 24 -1.53 | 0.039
SNORD53 C/D 28S rRNA C3848 1952 1124 -1.11 | 0.040
SNORD50B Cc/D Unknown / orphan 4440 14264 1.36 0.042
SNORD30 Cc/D 28S rRNA A3804 22986 58998 1.17 0.045
SNORA46 H/ACA | 18S rRNA U649 190 101 -1.23 | 0.049
Aday7-14 | Box RNA target Count Count LogFC | FDR
snoRNA day 7 day 14 adjusted
p-value
SNORD103 C/D 18S rRNA G601 355 73 -2.14 | 0.001
SNORD30 Cc/D 28S rRNA A3804 58998 13859 -2.03 | 0.001
SNORD99 Cc/D 28S rRNA A2774 155 34 -2.00 | 0.001
18S rRNA A668 + 28S rRNA
SNORD36 Cc/D A3703 593 144 -1.98 | 0.001
SNORD55 Cc/D 28S rRNA C2791 554 132 -1.92 | 0.001
SNORD52 Cc/D 28S rRNA U3904 20290 5365 -1.81 | 0.002
SNORD66 Cc/D 18S rRNA C1272 7071 1833 -1.88 | 0.006
SNORD21 Cc/D 28S rRNA G1303 14514 4580 -1.56 | 0.006
SNORA28 H/ACA | 18S rRNA U815 + U866 151 401 1.48 0.009
18S rRNA U1174 + 28S
SNORA40 H/ACA | rRNA U4546 14 43 1.72 0.010
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SNORDS88 C/D 28S rRNA C3680 11 2 -2.26 | 0.011
SNORD42B C/D 18S rRNA U116 117 34 -1.60 | 0.012
SNORD24 C/D 28S rRNA C2338 + C2352 27793 7902 -1.67 | 0.014
SNORA62 H/ACA | 285 rRNA U3830 + U3832 | 13 38 1.61 | 0.020
SNORD3 C/D Unknown / orphan 1218 220 -2.20 | 0.020
SNORD59 C/D 18S rRNA A1031 191 69 -1.33 | 0.028
SCARNA3B H/ACA | U6 snRNA U40 2 8 2.07 | 0.030
SNORA30 H/ACA | 28S rRNA U4643 18 49 1.43 | 0.033
SNORD85 C/D 18S rRNA G601 44 16 -1.32 | 0.038
SNORD18 C/D 28S rRNA A1313 4634 1853 -1.27 | 0.039
SNORA36 H/ACA 18S rRNA U105 + U1244 44 99 1.26 0.044
SNORA26 H/ACA | 28S rRNA U4522 6 1 -1.87 | 0.044
SNORD45 C/D 18S rRNA A159 + U172 89488 39837 -1.09 | 0.049
Aday0-14 | Box RNA target Count Count LogFC | FDR
snoRNA day 0 day 14 adjusted
p-value
18S rRNA A668 + 28S rRNA
SNORD36 C/D A3703 1033 144 -3.18 | 4.79E-07
SNORA24 H/ACA | 18S rRNA U609 + U863 45 5 -3.50 | 2.85E-06
SNORD101 Cc/D Unknown / orphan 1365 312 -2.36 | 3.39E-05
SNORD1C C/D 28S rRNA G4362 29 3 -3.25 | 5.93E-05
SNORD55 C/D 28S rRNA C2791 472 132 -2.08 | 2.69E-04
SNORA30 H/ACA | 28S rRNA U4643 7 49 2.45 | 2.99E-04
SNORD1B C/D 28S rRNA G4362 34 7 -2.49 0.001
SNORD53 C/D 28S rRNA C3848 1952 643 -1.87 0.001
SNORD42A C/D 18SrRNA U116 834 274 -1.80 0.002
SNORD?2 C/D 28S rRNA G1509 22228 6971 -1.86 0.002
SNORD42B C/D 18SrRNA U116 134 34 -2.09 0.002
SNORDS81 C/D 28S rRNA A391 14 2 -2.54 0.002
SNORD82 Cc/D 18S rRNA A1678 41432 15120 -1.76 0.003
SNORD99 C/D 28S rRNA A2774 105 34 -1.80 0.003
SNORD100 C/D 18S rRNA G436 47 15 -1.83 0.003
SNORA47 H/ACA | 28S rRNA U1766 7 35 1.98 0.004
SNORD31 C/D 28S rRNA A4166 758 291 -1.58 0.005
SNORD3B2 Cc/D Unknown / orphan 1324 344 -2.03 0.005
SNORD46 C/D 28S rRNA A3739 16913 6417 -1.80 0.005
SNORD96A C/D 5.85 rRNA G75 293 109 -1.61 0.005
SNORD102 C/D 28S rRNA G4020 12662 4647 -1.67 0.005
SNORD21 C/D 28S rRNA G1303 10972 4580 -1.61 0.006
SNORD1A C/D 28S rRNA G4362 14 2 -2.47 0.006
SNORD59 C/D 18S rRNA A1031 191 69 -1.63 0.007
SNORA57 H/ACA | U5snRNA U43 22 76 1.59 0.009
SNORD1 C/D 28S rRNA G4362 1870 629 -2.11 0.014
SNORA54 H/ACA | 285 rRNA U3801 + U4539 | 10 38 1.75 0.016
U6 snRNA C77 + 28S rRNA

SNORD10 C/D C3787 1612 5003 1.36 0.017
SNORD79 C/D 28S rRNA A3809 54 25 -1.43 0.020
SNORA26 H/ACA | U2 snRNA U39 + U41 14 48 1.52 0.021
SNORD4A C/D 18SrRNA U121 67 19 -1.83 0.021
SNORD28 C/D 18S rRNA C1391 6570 2962 -1.35 0.021
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SNORA28 H/ACA 18S rRNA U815 + U866 131 401 1.36 0.023
SNORDA45 Cc/D 18S rRNA A159 + U172 76766 39837 -1.20 0.028
SNORD33 Cc/D 18S rRNA U1326 4316 2211 -1.22 0.029
ScaRNA14 H/ACA U2 snRNA U7 2 11 1.87 0.031
SNORD24 Cc/D 28S rRNA C2338 + C2352 8268 4279 -1.20 0.032
SNORA36 H/ACA 18S rRNA U105 + U1244 34 99 1.32 0.035
SNORD52 Cc/D 28S rRNA U3904 10449 5365 -1.17 0.041
SNORDS86 Cc/D Unknown / orphan 217 104 -1.23 0.044
SNORD94 Cc/D U6 snRNA C62 220 569 1.15 0.046
SNORD80 Cc/D 28S rRNA A1521 + G1612 6 2 -1.90 0.048
18S rRNA U218 + 28S
SNORA31 H/ACA rRNA U3713 40 109 1.30 0.049

The majority of snoRNAs is involved in the post-transcriptional modification of rRNAs, and to
map which rRNA domains are putative targets of the differentially expressed snoRNAs found
in our RNAseq analysis, we plotted the rRNA targets of the differentially expressed snoRNAs
in the 2D rRNA structure of 18S (Figure 2A), 5.8S5 and 28S rRNAs (Figure 2B). Target sites of
differentially expressed snoRNAs between day 0 and 7 are visualized in pink; A day 7 — 14 in
green and A day 0 — 14 in blue. This revealed that differentially expressed snoRNAs, amongst
others, target post-transcriptional modifications of the 18S rRNA decoding center (DC; Figure
2A, open black circles indicate the 5 helices of the 185 DC) and of the 28S rRNA peptidyl

transferase center (PTC; Figure 2B, open black circles indicate the helices of the 28S PTC).
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Figure 2A. Target sites of differentially expressed snoRNAs in the 18S small ribosomal

subunit. Target sites of differentially expressed snoRNAs between day 0 and 7 are visualized in pink;

A day 7 — 14 in green and A day 0 — 14 in blue. Specific snoRNAs are indicated (m = 2’-O ribose

methylation, W = pseudouridylation). Open black circles indicate the 5 helices of the 18S decoding

centre. SNORA4O0 in helix 27 is indicated by the black box. 2-D rRNA structure was adapted from

Apollo Chemistry Gatech Ribovision Ribosome Visualization Suite??.
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Figure 2B. Target sites of differentially expressed snoRNAs in the large ribosomal
subunit (58, 5.8S and 28S). Target sites of differentially expressed snoRNAs between day 0 and 7
are visualized in pink; A day 7-14 in green and A day 0—14 in blue. Specific snoRNAs are indicated (m

= 2’-0 ribose methylation, W = pseudouridylation). Open black circles indicate the helices of the 28S
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peptidyl transferase center. 2-D rRNA structure was adapted from Apollo Chemistry Gatech

Ribovision Ribosome Visualization Suite?2.

SnoRNAs site-directionally guide the modification of their rRNA targets by sequence
complementarity. However, the 2’O-ribose methylase and pseudouridylase activity that
ultimately leads to the rRNA post-transcriptional modifications is carried out by fibrillarin
and dyskerin, respectively. With fibrillarin being a core component of Box C/D snoRNPs and
dyskerin of Box H/ACA snoRNPs. Since we found differential expression of specific snoRNAs
in different phases of ATDC5 chondrogenic differentiation, we asked whether the expression
of their enzymatic core proteins also alters as a function of chondrogenic differentiation.
ATDCS5 were differentiated into the chondrogenic lineage and expression of chondrogenic
markers was first measured to confirm chondrogenic commitment (Figure 3). The mRNA
expression of Sox9, Col2al, Runx2 and Coll10al (Figure 3A-D) was induced over a course of
14 days, with chondrogenic differentiation represented by induction of Sox9 and Col2al
expression and becoming apparent from day 5-6-7 onward. This was further confirmed by
Sox9 immunoblotting (Figure 3H), showing elevated Sox9 levels from day 6 onward. Gene
expression of fibrillarin and dyskerin was measured in these samples. We detected a steady
increase over-time of the mRNA expression of both fibrillarin and dyskerin, with a marked
peak-expression at day 5 and 6 in differentiation, followed by maintenance of elevated
fibrillarin and dyskerin expression as compared to non-differentiated (t=0) ATDC5 (Figure
3E/F). The steady increase of fibrillarin and dyskerin expression was also detected at the
protein level, albeit more evident for fibrillarin (Figure 3H). These data indicate that during
the course of chondrogenic differentiation, the snoRNA-guided 2’0O-ribose methylation and
pseudouridylation capacity is adapting through regulation of fibrillarin and dyskerin
expression, with their pronounced peak-expression coinciding with the detectable start of

chondrogenic differentiation (Sox9 and Col2al induction).
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Figure 3. Fibrillarin, Dyskerin and UBF-1 expression adapts to the differentiation status
of ATDCS5 cells. ATDC5 cells were differentiated in the chondrogenic lineage for 14 days. A-D)
Different stages of chondrogenic differentiation were confirmed by measuring gene expression of
Sox9, Col2al, Runx2 and Col10al. H / SOX9) SOX9 protein expression was also determined. E-G)
Gene expression of Fibrillarin, Dyskerin and UBF-1 was determined. Data (A-G) is depicted as fold
induction relative to t=0. Data was normalized to B-actin and represents the average value of 4
biological replicates plus standard deviation. H) Protein expression of FIBRILLARIN, DYSKERIN and

UBF-1 was detected on the same blot. HISTONE 3 was used as a housekeeper.

Taking furthermore into consideration that cartilaginous (collagenous) extra-cellular matrix
synthesis becomes apparent in this timeframe in ATDC5'>23, we questioned whether cellular
protein translation capacity is regulated over-time in ATDC5 chondrogenic differentiation, to

meet an increasing demand of extra-cellular matrix synthesis. Therefore we determined
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whether rRNA levels are co-regulated during ATDC5 chondrogenic differentiation by
measuring the expression of 18S rRNA, 5.8S rRNA and 28S rRNA at 0, 7 and 14 days in
differentiation. Data show that the expression of these rRNAs changes over-time, with
significantly elevated levels specifically at day 7, but not at day 14 in differentiation (Figure

4), compared to undifferentiated (t=0) ATDCS5.

A 18S rRNA B 5.85 rRNA C 28S rRNA
=0.0002 =0,0056 =0.0013

2. P p=0.0006 2. — P p=0.0003 2. P p=0.0002
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Figure 4. 18S, 5.8S and 28S rRNA content per cell adapts to the differentiation status of
ATDCS5 cells. ATDCS cells were differentiated in the chondrogenic lineage for 0, 7 or 14 days. A-C)
18S, 5.8S and 28S rRNA content per cell was quantified by calculating 18S, 5.8S and 28S rRNA RT-
gPCR signals in six biological replicates (equal volumes of aqueous phase RNA were isolated and
equal volumes of RNA were reverse transcribed to cDNA) relative to the DNA content in six biological
replicates as quantified by SYBR green assay. Data (mean + standard deviation) is depicted as fold
change relative to t=0. For statistical evaluation an independent samples t-test was performed

between each consecutive time point using GraphPad Prism 5. p-values are indicated.

Total protein translation capacity was subsequently determined during the course of ATDC5
chondrogenic differentiation and we found that the protein translation capacity increased
over-time during the course of ATDC5 chondrogenic differentiation, reaching its peak activity
at day 7 in differentiation (Figure 5). At later time points in differentiation ATDC5 protein

translation capacity remained induced, albeit at lower activity than at day 7.
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Figure 5. Active translation differs according to the differentiation status of ATDC5
cells. To determine active protein synthesis, ATDC5 cells were labeled with puromycin 15 minutes
prior to harvesting. Proteins were separated by gel electrophoresis and puromycin was detected. The
experiment was performed with six biological replicates per time point. Here, three representative
biological replicates per time point are shown (i.e. one of two Western blots). A) Whole lane
puromycin signal (volume intensity; vol. INT) was quantified in all six biological replicates per time
point and corrected for the quantified anti-a-TUBULIN signal (housekeeper) (B) using Bio-Rad Image
Lab Software 5.2.1. Data (mean + standard deviation) is depicted as fold change relative to t=0. For
statistical evaluation an independent samples t-test was performed between each consecutive time

point using GraphPad Prism 5. p-values are indicated.

The protein translation activity of differentiating ATDC5 was further investigated by
polysome profiling. Sucrose gradient polysome profiling of cytoplasmic extracts of
undifferentiated (day 0), and day 7 or day 14 differentiating ATDC5 revealed a strong
increase in the monosomal ribosome fraction at day 7 in differentiation when compared to
undifferentiated ATDCS5 cells, while the polysomal distribution was largely unaltered. When
progressing further into differentiation to day 14, the increased monosomal fraction
observed at day 7 was reduced to a level that was still greater when compared to day 0
(Figure 6A). The polysomal fraction was again not altered, although a reduction in peak
height can be observed between day 7 and 14 in differentiation. These dynamics observed in
the monosomal fractions are in concert with the dynamics observed in total protein

translation capacity over the course of differentiation (Figure 5).
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Figure é. Polysome fractionation of differentiating ATDCS5 cells. Cytoplasmic extracts were
generated at day 0, 7 and 14 of ATDC5 differentiation and equal amounts were ran on freshly
prepared 10-50% sucrose gradients (n=4/time point). After ultracentrifugation, sucrose gradients
were fractionated with continuous recording of A260. Position (mm) indicates the position (depth) in
the centrifugation tube with “0” representing the top and “80” the bottom of the centrifugation

tube.

Discussion

Cell differentiation requires major changes in the cellular proteome to accommodate the cell
specialization process?*. Specifically, in the case of chondrogenic differentiation we expect
that the de novo formation of the cartilaginous extracellular matrix demands a major
proteomic effort. Consequently, ribosome biogenesis was expected to play an important role
in chondrogenic differentiation. In keeping with this notion, rRNA levels were found to
depend on the stage of chondrogenic differentiation. Specifically at day 7 in ATDCS
chondrogenic differentiation the rRNA expression levels were significantly higher, while
rRNA levels were decreased again at day 14. This corresponded with increased protein
translation and highest monosomal peaks in polysome profiling at day 7. These timings
represent separate chondrogenic differentiation stages, with day 7 being early, highly
proliferative?®, and predominantly associated with extra-cellular matrix production, rich in
type Il collagen and aggrecan'>?. On the other hand, day 14 represents end-stage
differentiation with expression of terminal differentiation markers like type X collagen and
ALPL. One of the central transcription factors of RNA polymerase I-driven (RNAPI) 47S rDNA
transcription is UBF-1. And, although RNAPI activity is regulated via UBF-1 at the post-

translational level (phosphorylation of UBF-1), the here observed dynamics in UBF-1
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expression during the course of chondrogenic differentiation strongly indicate that the
increased rRNA levels at day 7 are, at least in part, the result of an increased transcription of
the 47S rDNA gene. In concert with the peak rRNA expression observed at day 7 in ATDC5
differentiation, total cellular translation capacity also reached its highest level at day 7 in
differentiation, emphasizing that rRNA levels and translational capacity are functionally
connected in the chondrogenic differentiation program. Chondrogenic differentiation in vivo
and in vitro®® largely depends on IGF-1 signaling and indeed in vitro ATDC5 chondrogenic
differentiation is also stimulated by insulin’. Insulin is one of the best-studied drivers of 475
rDNA transcription and acts via UBF-1 dependent activation of the RNAPI machinery?’. In
addition, mTOR and 4E-BP activity are also induced by insulin and determine ribosome
translational activity?®. Together we therefore expect that during chondrogenic
differentiation rRNA levels and protein translational activity are regulated by insulin signaling
to meet the increased demand for cartilaginous extracellular matrix production and enabling
the developing chondrocyte to translationally adapt to the cell specialization process.

Translational activity of the ribosome depends on many factors, with post-transcriptional
modification of the rRNAs being pivotal in the basic biogenesis of the ribosome, supporting
rRNA structural stability, ribosomal protein association and maturation of crucial ribosome
functional regions, like the peptidyl transferase center (PTC) and the decoding center!??,
While hundreds of different rRNA post-transcriptional modifications are being guided by a
great number of site-specific snoRNAs®, the core enzymatic activities responsible for these
post-transcriptional modifications are fibrillarin3! (for 2’O-ribose methylation) and dyskerin
(for pseudouridylation)3?. Simultaneously with elevated rRNA levels at day 7 in ATDC5
chondrogenic differentiation, the expression of fibrillarin and dyskerin synchronously
reached their highest levels as well. This observation may be explained by an increased de
novo synthesized rRNA pool that requires modification. In addition, alterations in fibrillarin
or dyskerin expression have been shown to provoke changes in ribosome translational
characteristics. Knockdown of fibrillarin caused a reduction in global protein translation, with
a specific reduction in IRES-dependent protein translation3!, and p53-dependent expression
of fibrillarin has been shown to regulate IRES-dependent translation and translational
fidelity®3. Reduction of dyskerin levels also altered IRES-dependent translation, but with
IRES-specific effects®34. It is unknown whether these alterations in fibrillarin and dyskerin

levels change translational characteristics via snoRNA-specific actions. Apart from the
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apparent global increased need for rRNA post-transcriptional modification capacity, we
established that the snoRNA expression landscape during ATDC5 chondrogenic
differentiation changes, depending of the differentiation stage. This indicates that apart
from the post-transcriptional maturation of a larger cellular rRNA pool, also the position of
various rRNA post-transcriptional modifications may be adapting to the differentiation stage.
There is limited literature reporting on the differential expression of snoRNAs in models for
cell differentiation. In neural differentiation from embryonic stem cells, specific snoRNA
species were found to be differentially expressed, depending on the differentiation stage®. In
hematopoietic development, a great number of snoRNA was differentially expressed in a
lineage specific pattern®. SnoRNA species were also expressed in a differentiation stage-
dependent manner during hepatic differentiation of induced pluripotent stem cells3®. Apart
from a number of non-canonical snoRNAs (like SNORD101, SNORD23, SNORA73 and others)
that are involved in processes not involving rRNA post-transcriptional modification, the
differentiation stage-depend dynamics in canonical snoRNA expression predicts a significant
degree of rRNA post-transcriptional modification regulation during cell differentiation. A
large number of snoRNAs with differentiation stage-dependent expression dynamics in
snoRNA expression during ATDC5 chondrogenic differentiation are guiding post-
transcriptional modification (PTM) of rRNA sites in the critical ribosome regions like the
decoding center, the peptidyl transferase center and E-site. For example, SNORA40
(modifying helix 27 in the 18S rRNA decoding center in yeast3’), SNORD46 (modifying helix
69 in 28S rRNA383%) gnd SNORD36C and SNORA31 (modifying helix 68 in the 285 rRNA
ribosome’s E-site?®). A recent seminal work showed regulation of rRNA 2’O-ribose
methylation during mouse development and accompanying guide snoRNAs and highlights
the relevance of ribosome heterogeneity during cell development*. In our ATDC5
chondrogenic differentiation model it remains to be determined whether the rRNA target
sites of the differentially expressed snoRNAs are actually post-transcriptionally modified in a
differentiation stage specific manner. With emerging technologies able to map rRNA post-
transcriptional modifications*>#3, we will be able to unveil the snoRNA-driven chondrogenic
differentiation stage-specific post-transcriptional modification of rRNAs. Following
identification of such differentiation stage-specific rRNA PTM-based ribosome
heterogeneity, functional ribosome analyses (translational capacity, cap/IRES translation

modus, stop-codon read-through activity, fidelity etc.) should be able to shed light on the
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role of these rRNA post-transcriptional modifications!? for the chondrogenic differentiation
process.

In conclusion, our data show that chondrogenic differentiation is associated with significant
regulation of mechanisms involving ribosome biogenesis and translation activity.
Differentiation-phase specific expression of snoRNAs suggests that specific sSnoRNAs may
modulate the chondrocyte’s developing phenotype via an rRNA PTM-based ribosome
heterogeneity mechanism, thereby potentially facilitating the observed dynamics in
translational activity impacting the course of chondrogenic differentiation. Future work is
expected to uncover the extent of ribosome heterogeneity and regulation in cellular

differentiation and its potential implications for human disease.
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Abstract

The development of effective treatments for the age-related disease osteoarthritis and the
ability to predict disease progression has been hampered by the lack of biomarkers able to
demonstrate the course of the disease. Profiling the expression patterns of small nucleolar
RNAs (snoRNAs) in joint ageing and OA may provide diagnostic biomarkers and therapeutic
targets. This study determined expression patterns of snoRNAs in joint ageing and OA and
examined them as potential biomarkers. Using SnoRNASeq and real-time quantitative PCR
(qRT-PCR) we demonstrate snoRNA expression levels in murine ageing and OA joints and
serum for the first time. SnoRNASeq identified differential expression (DE) of 6 snoRNAs in
young versus old joints and 5 snoRNAs in old sham versus old experimental osteoarthritic
joints. In serum we found differential presence of 27 snoRNAs in young versus old serum
and 18 snoRNAs in old sham versus old experimental osteoarthritic serum. Confirmatory
gRT-PCR analysis demonstrated good correlation with SnoRNASeq findings. Profiling the
expression patterns of snoRNAs is the initial step in determining their functional significance
in ageing and osteoarthritis, and provides potential diagnostic biomarkers and therapeutic
targets. Our results establish snoRNAs as novel markers of musculoskeletal ageing and

osteoarthritis.
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Infroduction

Osteoarthritis (OA) is an age-related musculoskeletal disease and a common cause of
chronic disability worldwide®. In addition it is a significant contributor to both individual and
socioeconomic burden and the number of disability adapted life years globally?. If the
deterioration in musculoskeletal health and development of OA can be identified and
treated early serious life impairment may be abrogated. Ageing is the time-dependent
reduction of functional capacity and stress resistance, associated with an increased risk of
morbidity and mortality. The joint and its articular cartilage is particularly affected by
ageing®. There is evidence that the rate of ageing, that is the ‘biological age’, differs
significantly between individuals’ actual age in years (i.e. the ‘chronological age’). Defining
markers of joint ageing may enable a prediction of the risk of onset of OA, enabling early
intervention. OA is characterised by a non-symptomatic, pre-radiographical phase that if
identified would allow earlier diagnosis. However radiographic changes are only evident
later in disease progression. Magnetic resonance imaging techniques have been developed
for early-stage evaluation of cartilage damage in OA but are expensive and contraindicated

in some individuals.

The development of effective treatments for OA and the ability to predict disease
progression has been hampered by the lack of substantive biomarkers, able to demonstrate
pathological disturbances preceding identifiable tissue alterations. Others have attempted
to identify products of tissue turnover in serum and synovial fluid (reviewed?). This has been
challenging due to patient and disease heterogeneity and dilution effects either by tissue
fluids or with similar products from other joints or diseases. In addition, the variability of

antibody assays has been problematic.

SnoRNAs are a class of evolutionary conserved non-coding small guide RNAs of which the
majority direct the chemical modification of other RNA substrates, including ribosomal RNAs
and spliceosomal RNAs. In addition, some snoRNAs are involved in the regulation of

alternative splicing and post-transcriptional modification of mRNA, whilst others exhibit
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miR-like activity®. Aberrant expression of snoRNAs has been associated with disease

development® such as lung tumorigenesis®.

Emerging evidence shows that there is an increased level of circulating RNAs in the serum of
cancer patients’. Circulating microRNAs (miRs) have been extensively described as
biomarkers for diseases like pancreatic/breast cancer®?, Alzheimer’s disease!® and
inflammatory diseases like asthma, inflammatory bowel disease and rheumatoid arthiritis'?,
but with the recent discovery of stable!? snoRNAs in serum, interest in their potential as
circulating biomarkers of cancers (reviewed®) has been stimulated. We have previously
identified dysregulation of a defined set of snoRNAs in cartilage®® and tendon'* ageing and
OA™ and in man, snoRNA SNORD38 and SNORD48 were identified as potential non-age-

dependant serum biomarkers for OA progression following cruciate ligament injury!?.

Expression profiling of snoRNAs in ageing and OA may help in determining their functional
significance in the development and progression of disease and provide much needed
diagnostic biomarkers for ageing and OA development. This study compared serum and
joint snoRNA expression in ageing and OA from knee joint tissues from young and old adult
mice and old mice using a traumatic in vivo model of OA. Because OA involves the whole
joint as an organ; we undertook our analysis on whole mouse joints, which included

cartilage, meniscus, subchondral bone, and joint capsule with synovium.

Materials and Methods

All reagents were from Thermo-Fisher-Scientific, unless stated.

Animals

C57BL6/J male mice were used for the study. For SnoRNASeq old mice were 18 months old
(n=6), young 8 months old (n=6)® and mice used for destabilisation of the medial meniscus
(DMM) 24 months old (sham n=3; DMM n=6). Mice were group housed in individually

ventilated cages at a 12 hour light/dark cycle, with ad libitum access to food and water.
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Experimental animal protocols were performed in accordance with the guidelines of the
Animals (Scientific Procedures) Act 1986 following ethical review. Animal usage and
protocols for this study was approved by the University of Liverpool Animal Welfare

Committee.

Surgical induction of OA by DMM in mice

DMM surgery was perform as previously reported?’. Briefly, under anaesthesia a 3 mm skin
incision was made over the medial aspect of the patellar ligament through the joint capsule
into the femorotibial joint of the left knee. The medial meniscotibial ligament was
transected to destabilise the cranial pole of the medial meniscus from the anterior tibial
plateau. In sham operated mice the medial meniscotibial ligament was visualised but not

transected. Mice were sacrificed 8 weeks post-surgery.

Joint and serum collection for SnoRNASeq

Following euthanasia, knee joints were collected from young, old, DMM (n=6 each group)
and sham n=3 for SnoRNASeq. Joints were harvested free of soft tissues at 7 mm from the
joint into RNALater. Serum was collected using cardiac puncture. One old serum sample was

not processed further due to extensive haemolysis.

OARSI scoring of histological sections of mouse knee joints

For histology, as the total knee joint was used in the study for RNA extraction, joints were
collected (into 4% paraformaldehyde) from additional equivalent aged and treated young
(n=8), old (n=4); sham (n=5); and DMM (n=6) mice in order to evaluate the extent of OA.
The procedure, surgeon and duration of the studies were identical. Knees were decalcified
in 0.5 M ethylenediaminetetraacetic acid (pH 7.4) for 4 weeks at 4°C and coronally
embedded in paraffin. Sectioning, Safranin-O Fast-Green staining and histological scoring

(defined as the severity and extent of OA) was undertaken on a scale from 1 to 6 by two
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blinded independent observers using the OARSI histopathology initiative!®. All four
quadrants of the section (medial tibial plateau, lateral tibial plateau, medial femoral
condyle, lateral femoral condyle) were scored individually and added for each histological
section. For statistical analyses mean summed score values of joints of 3—5 section per knee
joint at 4 depths throughout the joint was determined (thus a maximum score of 24 was
possible). Inter-observer variability was calculated using Cohen’s Kappa statistics using an

online software tool: (http://www.statstodo.com/CohenKappa).

RNA isolation, RNA-Seq analysis, cDNA library preparation and

sequencing

Total RNA was isolated from equal weights of joints and 500 pl serum using miRNeasy or
RNeasy Serum kits respectively with DNase treatment (all Qiagen, Crawley, UK) to remove
residual gDNA. Total RNA integrity (RIN) was confirmed using the Agilent 2100 Bioanalyzer
(Agilent Technologies, Santa Clara, USA). Ribosomal RNA was depleted using the Ribo-Zero™
rRNA Removal Kit (Epicentre, Madison, USA). From 41 samples 100 ng of rRNA-depleted
RNA was submitted for library preparation using NEB small RNA library kit (New England
Biolabs (NEB), Ipswich, USA). To reduce workflow bias we used tobacco acid
pyrophosphatase (Epicentre, Madison, USA) to remove potential 5° caps found on some
snoRNAs. Samples were amplified for 15 cycles, mixed into 3 pools, and size selected. The
size-selected material was purified with Ampure beads (Agencourt, Beckman-Coulter, High-
Wycombe, UK). SnoRNA sequencing was undertaken on the Illumina HiSeq 2000 platform

(Hlumina, San Diego, USA) using 100 base paired-end reads.

SnoRNASeq data analysis

Sequence data measured from 5 lanes of an Illumina HiSeq2000 were processed through a
number of steps to obtain snoRNA expression values. The processes include basecalling and
de-multiplexing of indexed reads using CASAVA version 1.8.2%°; adapter and quality
trimming using Cutadapt version 1.2.1%° and Sickle version 1.200 to obtain fastq files of

trimmed reads; aligning reads to Ensembl GRCm38.77 mouse genome reference sequences
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which contains 1,555 annotated snoRNA features using Bowtie22! version 2.0.10 with option
“very-sensitive-local”; counting aligned reads against snoRNA features using THSeq-count.

The count values were used as snoRNA expression measurements for the DE analysis.

DE analysis was performed in R environment using package edgeR??. The processes and
technical details of the analysis include: assessing data variation and detecting outlier
samples through comparing variations of within and between sample groups using principle
component analysis (PCA; 3-D PCA plots were generated using R function in package plot3D)
and correlation analysis; handling library size variation respectively for joint samples and
serum samples through data normalisation; formulating data variation using negative
binomial distributions; modelling data using a generalised linear model; computing log; Fold
Change (logFC) values for required contrasts based on model fitting results through contrast
fitting approach, assigning P-values to logFC values by LR? testing; dealing with the effects
of multiple tests using FDR approach to obtain FDR adjusted P-values; and defining
significantly DE snoRNAs as those with FDR-adjusted p-value < 5%. Sequence data have
been submitted to National Centre for Biotechnology Information Gene Expression Omnibus

(NCBI GEO); E-MTAB-4878.

RNA isolation, poly(A) cDNA synthesis and snoRNA gRT-PCR

gRT-PCR of snoRNAs was performed?*. Total RNA was isolated using the mirVana kit.
Isolated RNA samples were polyadenylated at 37°C for 60 minutes in a 50 plL reaction
volume containing 1 ug RNA and 1.5 U poly(A) polymerase (NEB, Ipswich, USA). 500 uL lysis
binding buffer was added. Then, an equal volume of acid-phenol:chloroform was added,
vortexed and samples were centrifuged for 10 minutes and the aqueous phase removed.
The poly(A)-tailed total RNA was extracted using the filter cartridge provided by the mirVana
kit. To generate poly(A) cDNA, 500 ng poly(A)-tailed RNA and 250 ng RTQ primer
(Eurogentec, Seraing, Belgium) (Table 1) were mixed in a 26 pL reaction volume, incubated
at 65°C for 10 minutes and annealed at 4°C for 20 minutes. Reverse transcription was
performed with 200 U M-MLV reverse transcriptase, 20 U RNAsin (both Promega,
Southampton, UK), 2 uL dNTP mix (10 mM each; Eurogentec, Seraing, Belgium) and 8 pL 5x
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M-MLV buffer (Promega, Sothampton, USA) in a total reaction volume of 40 pL at 50°C for
60 minutes. The reverse transcriptase was inactivated at 70°C for 15 minutes. Finally, 1.5 U
of RNAse H (NEB, Ipswich, USA) was added to remove small RNAs. A snoRNA-specific
forward primer and a universal reverse primer (RTQ-UNIr, matched to the Tm of each
individual snoRNA) were used for the amplification of each snoRNA target (all Eurogentec,
Seraing, Belgium) (Table 1). For each cDNA sample a mix was prepared with Mesagreen
gPCR Mastermix Plus for SYBR Green (Eurogentec, Seraing, Belgium) and 300 nM forward
and reverse oligonucleotides. An ABI-7300 Detection System was used for amplification
using the following protocol: denaturation at 95°C for 5 minutes, followed by 50 cycles of
DNA amplification (15 seconds 95°C and 45 seconds annealing at 62-68°C). The annealing
temperature was optimized for each snoRNAs target. Serially diluted standard curves were
utilized to quantify snoRNA expression and data was normalized to a validated
housekeeping snoRNA (joint: U2, young-old serum: SNORDS85, old sham-old DMM serum

and equine serum: U6).

Table 1. Oligonucleotides sequences used in qRT-PCR

Name Sequence (5’-3’) Tm (°C)
RTQ primer poly(A) | CGAATTCTAGAGCTCGAGGCAGGCGACATGGCT 75
cDNA synthesis GGCTAGTTAAGCTTGGTACCGAGCTCGGATCCA
CTAGTCCTTTTTTTITITTTITTITTTITITITITTITVN

Snora28 CATGAGACAAGCCGTTATATAGGC 50
Snora30 TGTACCAGTGGCAGCTGTTACTC 50
Snora31 CTTTGTGGCAGTTCAGATTGAATTAG 50
Snora64 GTGGCCTCTCTTGCCTAGAG 65
Snora73 ACAGTGACTGAGGAGGCAAAC 50
Snord46 AATGCAAGGACTTGTCATAGTTACAC 50
Snord85 TTAGACCAGAGGTCGATGATGAG 50
Snord88 ACCTTTGACACCTGGAGATCTGA 50
Snord116 TGTACCGCCACTCTCATCGG 65
u2 TGGTATTGCAGTACCTCCAGGAACG 55
u3 AGTGAGAGGGAGAGAACGCGGTC 55
U6 GATGACACGCAAATTCGTGAAGCGTTC 55
RTQ-UNIr-50 AATTCTAGAGCTCGAGGCAGG 50
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Name Sequence (5’-3’) Tm (°C)
RTQ-UNIr-55 CGAATTCTAGAGCTCGAGGCAGG 55
RTQ-UNIr-65 CTAGAGCTCGAGGCAGGCGACATGGCTGGC 65

Validation of SNORD116 as a marker of OA in equine serum

We determined the reproducibility of the expression of SNORD116 in OA serum of another
species. There are well-published studies on the application of metacarpophalangeal (MCP)
joint OA changes in the horse, a joint with similarities to the human knee joint?®>. We studied
equine serum from normal and MCP OA horses collected from eight normal (mean age +
standard deviation 5.3 + 2.1 years) and four OA (7.5 + 1.0 years) castrated male
thoroughbred horses at post-mortem. Samples were collected under the regulations of the
Hong Kong Jockey Club with owner consent and stored at -80°C. OA diagnosis was based on

histological (modified Mankin)?® and synovitis scoring?’ of MCP joint tissues.

Statistical analysis

For statistical evaluation of histological scoring non-parametric Mann-Whitney-U test was
used. Inter-observer agreement of histological scoring systems was calculated using Cohen’s
kappa coefficient (www.statstodo.com/CohenKappa_Pgm.phpl). gRT-PCR data was log-
transformed prior to statistical evaluation with an independent samples t-test. Statistical
evaluation was performed between young and old or old sham versus old DMM using

GraphPad Prism 5 (San Diego); p-values are indicated.
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Results

OARSI scoring of joints

OARSI scoring of joints (mean + 95%Cl) for young and old were 0.5+0.3 and 2.8+2.7 (p=0.01),
and old sham and old DMM were 1.25+1.1 and 6.5+0.7 (p<0.001), respectively. Mice
exhibited typical histological features of OA in the DMM knees. Cohen’s Kappa statistic was

0.4 indicating a fair agreement. Representative histological images and OARSI scoring are in

Fig. 1.
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Figure 1. Histological changes of in the mouse knee showing the medial femoral
condyle (above) and medial tibial plateau (below). A. Safranin O with Fast-Green
counterstain. Scale bar, 100 um. Red indicates proteoglycan. B/C. Assessment of osteoarthritis
development was evaluated by OARSI scores; young (n=8) vs. old (n=4) (B); sham (n=5) vs. DMM
(n=6) (C). Data represents the mean + 95% confidence interval (Cl) for each scorer. For statistical
evaluation an independent samples t-test was performed using GraphPad Prism 5 (San Diego); p-

values are indicated.
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Preliminary analysis SnoRNASeq

To identify DE of snoRNAs in mouse joints and serum in response to age and OA 41 cDNA
libraries representing old and young joints (old=HJO; young=HJY) and serum (old=HSO;
young =HSY), and old sham and old DMM joints and serum (sham joint=DJC, DMM
joint=DJM, sham serum=DSC and DMM serum=DSM) were constructed and subjected to
Illumina deep sequencing. Summaries of raw, trimmed reads and sequencing alignment to
mouse snoRNAs are in Supplementary files 1 and 2 respectively. Reads mapping
percentages for joint libraries were between 12 ~ 29%, and for serum libraries 0.03 ~ 0.9%.
Between 42 ~ 53% of the 1555 mouse snoRNA reference sequences were aligned for joints

and 16~26% for serum.

Identification of DE snoRNAs using SnoRNASeq

The 3-D PCA plot (Fig. 2A) shows that the joint samples and serum samples are clearly
separated by the 1st component, which explains 93.02% of the data variation. For serum
samples, the group sham and the group DMM scatter separately on the 2nd component,
furthermore, based on the 3rd component a clear separation between serum samples of
young-healthy and samples of old-healthy exists. For joint samples, there is also a
separation between DMM and sham samples, though the separation is not as clear as
shown for serum samples. In addition, 5 DMM joint samples scatter far away from other
joint samples on the 3rd component. Therefore, it can be expected that disease response
small RNA can be detected from this data set. The heat map of hierarchical clusters of
correlations among samples (Fig. 2B) depicts that the joint and serum groups of samples are
very different in snoRNA expression. In addition, joint samples correlated to each other
much more closely than serum samples confirming the phenomena revealed by the PCA
analysis shown in Fig. 2A. This indicates that major disease responses in the data were
contributed from serum samples. A read length distribution graph was generated to
highlight the constitutional difference of non-coding RNAs in joint and serum samples at 100
bp or below (Fig. 2C). For this one serum and one joint sample with approximately the same

library size were chosen. The plots of the read length distribution for joint and serum
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samples reveal that a peak value of frequency for read length in joint samples is 22 bp
(vertical, dotted black line). Therefore the corresponding reads are generally well annotated
miRNAs. Another peak is noted at around 100 bp, which is consistent with non-coding RNAs
whose length is a hundred bp and over. In contrast, a peak is presented at 30 bp long for
serum samples (vertical, dotted red line). More than 50% of the reads are 30 bp long in the
serum library (data not shown). In contrast, the joint library has just 1.14% of reads that are
30 bp long (data not shown). Such reads may come from piwi-interacting RNAs (piRNAs).
There were 498-646 snoRNAs expressed in serum samples and 1068-1286 in joint samples.
The DE snoRNAs between contrasts are in Table 2. These included 6 snoRNAs in young
versus old joints, 5 snoRNAs in old sham versus old DMM joints. In serum we identified DE
of 27 snoRNAs in young versus old serum and 18 snoRNAs in old sham versus old DMM

serum.
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Figure 2. Variation data between the expressions for 41 samples. A. A 3-D PCA plot of the
first three components from principal component analysis of logarithm-transformed small RNA
abundance data. Variance (%) associated with each principle component is depicted on the
respective axis. Abbreviations; Joint: young healthy (HJY; black), old healthy (HJO; red), old sham
(DJC; magenta), old DMM (DJM; light blue). Serum: young healthy (HSY; green), old healthy (HSO;
dark blue), old sham (DSC; grey), old DMM (DSM; yellow). B. The heat map of hierarchical clusters of
correlations among samples. Pearson’s correlation coefficients were computed using logarithm
transformed small RNA expression data from all known snoRNAs that were detected. C. The plots of

read length distribution for two representative joint and serum samples.
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Validation of SnoRNASeq data using qRT-PCR

Very little is known about the roles of snoRNAs as biomarker for disease or about the
functional roles of snoRNAs in mammalian cell biology. We thus could not define functional
criteria to select snoRNAs for validation based on prior knowledge. To stay unbiased we thus
selected snoRNAs from the RNAseq data that displayed a moderate fold significant
expression difference, higher fold significant expression difference, non-significant
expression difference and selected box H/ACA (SNORAs) as well as box C/D (SNORDs)
snoRNAs for validation. Levels of candidate snoRNAs for further gRT-gPCR analysis were
determined using the original RNA from all donors used to perform the SnoRNASeq
experiment. There was good concordance between SnoRNASeq and gRT-PCR platforms
(Table 2 and Fig. 3). SNORD88 was significantly decreased in young versus old joint (Fig. 3A),
while SNORA73 was validated to be increased in young versus old joint (Fig. 3A). In
agreement with its absence in the DE group (table 2), SNORA30 was not differentially
expressed in young versus old joint (Fig. 3A) and SNORD88 was not differentially expressed
in sham versus DMM joint (Fig. 3A). SNORA31, SNORA28, SNORD23 and SNORA73 were
confirmed to be significantly increased in young versus old serum (Fig. 3B) and SNORD116,
SNORA64 and U3 were significantly increased in sham versus DMM serum (Fig. 3C).
SNORD46 was confirmed to be significantly decreased in DMM serum as compared to sham

serum (Fig. 3C).
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Figure 3. SnoRNA expression from SnoRNASeq was validated with qRT-PCR. A. Gene
expression patterns of SNORD88, SNORA73 and SNORA30 were confirmed in young and old joint.
SNORDS88 expression was verified in sham and DMM joint. B. SNORA31, SNORA28, SNORD23 and
SNORA73 were confirmed to be increased in old serum. C. Gene expression patterns of SNORD116,
SNORAG64, U3 and SNORD46 were validated in sham and DMM serum. Gene expression is depicted
as fold induction relative to control (i.e. young or sham). Data represents the mean + 95% Cl. For
statistical evaluation an independent samples t-test was performed using GraphPad Prism 5 (San

Diego) on log-transformed data; p-values are indicated.

SNORD1146 in equine serum in OA

To confirm increased SNORD116 in OA serum levels in a different species using qRT-PCR, we
measured SNORD116 in equine serum samples. Normal equine donors had a Mankin's score
1.25 + 0.9 (mean = 95%Cl) and OA donors 7.75 * 7.6. Synovial membrane from normal
donors had a synovitis score?” of 3.25 + 2.3 and OA donors 3.25 + 3.2. There was a
significant increase in serum expression of SNORD116 in OA compared to normal donors

(p=0.0010) (Fig. 4).
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Figure 4. Increased gene expression of SNORD116 in equine OA serum as compared
to serum from normal donors. Data represents the mean + 95% Cl. For statistical evaluation an
independent samples t-test was performed using GraphPad Prism 5 (San Diego) on log-transformed

data; p=0.0010.

Discussion

SnoRNAs are emerging as important regulators of cell functions, such as alternative
splicing?®, metabolic stress?® and development of disease; in cancer®, Prader-Willi Syndrome
and autism®. Through expression profiling of snoRNAs using deep-sequencing we reveal

novel molecular features relating to joint ageing and OA.

Whilst gene expression has been evaluated in animal models of OA, including the rat
anterior cruciate transection3 and meniscal tear models3!, and mouse DMM model3? these
were primarily interrogating protein-coding genes. Furthermore, apart from the final study
these experiments evaluated a single tissue, primarily articular cartilage. In musculoskeletal
ageing single tissues have been investigated'®4. OA is a process that involves the whole
joint as an organ; therefore we undertook our analysis on whole mouse joints, which

included cartilage, meniscus, subchondral bone, and joint capsule with synovium.
Mice are considered skeletally mature at around 3-months-old (approximate equivalent of a
teenaged human) while a 12-month-old mouse would signify a 40 to 50 year human33, Thus,

to investigate the effects of joint age we used 8-month-old equivalent to 25 to 28 year
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human (referred to as young) and 24-month-old mice (referred to as old). To study the
development of post-traumatic OA we measured OA severity histologically and analysed
snoRNAs expression in joints and serum from 24-month-old mice following DMM.
Limitations of this study were that we did not additionally undertake the DMM model in
young mice. Additionally the ‘old’ age in young versus old contrast was not the same age as
‘old’ age in sham versus DMM. OARSI scores that were observed in the sham group (DMM
surgery cohort; 24 months old) were lower than the old group (young versus old cohort; 18
months old). At this moment we cannot explain this difference, but different housing and
environments of the two cohorts may have influenced this. The DMM model is a post-injury
model in which the histological lesions within the affected joint are similar to those
observed in human OAY. Mild OA-like pathology was present in the old and sham mice
implying that mice at this age are in the early stages of acquiring naturally occurring OA
comparable to studies of human knees at the equivalent age of approximately 40 years-

old**. However the effect of the DMM model exacerbated these changes.

Detection of snoRNAs in serum has previously been demonstrated!?3>3¢, SnoRNAs are
serum stable, and although normally resident in the nucleolus it is thought in serum they
are present as unidentified protein complexes'?. It is however not clear whether disease-
associated RNAs detected in the circulation result from local tissue disturbances and cell
death, or whether they are actively locally secreted via exosomes or microvesicles or are a
systemic response upon local tissue damage®3728, This may even depend on the specific
pathology or specific RNA species. Determining the average read-length distribution of
representative joint and serum samples (Figure 2C) revealed an unexpected finding. When
looking at the read-length distribution the serum reads specifically contain a large peak of
RNAs with a length of approximately 30 nt. The combined realisation that quite a large
portion of the reads could not be mapped back to the used genome database, that a large
portion of the piRNA class of non-coding RNAs lacks annotation in the used genome
database and that piRNAs are typically 30 nt long, makes it is reasonable to think that this
explains the presence of the large 30 nt peak specifically in serum. Only recently the
presence of piRNAs in human blood has been described® and this significant difference in
the constitution of small RNAs for joint and serum samples is a phenomenon calling for

further investigation.
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In the young versus old serum (27 snoRNAs) more snoRNAs were significantly up-regulated
compared to the old sham versus old DMM serum (18 snoRNAs) indicating ageing per se had
a greater effect on differential snoRNA presence in serum than OA. This could be due to
different ‘old’ ages in the comparisons, but also maybe expected as in ageing serum
snoRNAs will be from many tissues whereas in the DMM model we are most likely
highlighting primarily OA joint-related snoRNAs. As we were studying the whole joint this
may be due to varying expression of snoRNAs in joint tissues, as it is known that there is
tissue-specific snoRNAs expression?®, We are unable to determine the amount each tissue
type contributed to overall expression of snoRNAs. Each tissue will vary in its cellularity and
hence RNA and snoRNAs content. Thus whilst a novel aspect of this study was that snoRNAs
were extracted from the multiple tissues that form the joint, our approach may be less
sensitive in detecting snoRNAs that change in a single tissue. However it has the advantage
of determining snoRNAs that could be more globally implicated in OA. Despite the potential

limitations, we identified a number of potentially interesting snoRNAs for future studies.

SNORA73 was increased in old joint and serum (table 2, Fig. 3) and represents a potential
joint ‘biological ageing’ marker. A reliable measurement of the state of ageing and a
prediction of the risk of the onset of morbidity for chronic age-related diseases such as OA
would be beneficial. Such a strategy could serve as a measure of ‘biological’ age and predict
an age-related biological response more accurately than chronological age. SNORA64 was
increased and SNORD46 was decreased in DMM serum, but both were not DE in young
versus old serum, indicating these snoRNAs as possible OA markers. SNORD18 was
increased in serum both in ageing and following DMM (table 2) signifying that they are
affected in ageing and also OA. It is difficult to speculate how much this snoRNA changes in
age-related OA versus age from this study. Histology identified mild increase in OARSI score
with age and the level of OA changes in the DMM model was mild. It would be beneficial to

investigate this snoRNAs further in tissues and serum in more severe OA.

An interesting finding was an increase in SNORD38 in ageing joint. Zhang et al.??
demonstrated a strong association between serum levels of SNORD38 and severe cartilage

damage, in anterior cruciate ligament (ACL) injury, enabling distinction between ACL injury
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patients from normal donors. They were unable to determine age effect of SNORD38 in
serum from normal donors as it was undetectable. One year post-surgery there was no
relationship between donor age and serum SNORD38. Our study demonstrated an increase
in SNORD38 in mouse joints (but not serum) with age. The human study did not assess
tissue snoRNAs and the serum samples were primarily from middle-aged donors. Our old
mice group represents an equivalent older age than that in the human study, which could

contribute to this disparity.

The most DE snoRNA in DMM serum was SNORD116. Additionally we demonstrated an
increase in serum SNORD116 in horses with MCP OA. We have previously identified
SNORD116 as increased in OA compared to normal human cartilage in an array study®>. A
loss of SNORD116 is a significant contribution to the aetiology of the neurodegenerative
genetic condition Prader-Willi syndrome (PWS)*L. This paternally imprinted disorder results
in developmental delay and genetic obesity due to hyperphagia®?. Clinical signs include short
stature and low bone mineral density®. In a recent mouse transgenic study the loss of PWS
critical region (including SNORD116) resulted in reduced bone mineral density (BMD),
delayed skeletal development and reduced bone size and osteoblastic suppression®t.
Humans with OA have an increased BMD in affected joints*. Thus our findings not only
elucidate a potential marker of OA but a snoRNA with a potential role in the pathogenesis of

OA.

Previously we have identified DE snoRNAs in ageing cartilage'® and tendon'* and together
with results in this study we propose that in musculoskeletal tissues snoRNAs potentially
modulate the ageing process as previously described*. While determining the
transcriptomic signature of ageing equine cartilage® we found the differential expression of
a number of snoRNAs associated with ageing. When comparing the differentially expressed
snoRNAs between the equine and this mouse study it is important to realize that in our
previous equine study we did not analyse serum or the whole joint, but specifically the
articular cartilage. Overlapping differential snoRNA expression between studies was
identified for SNORD113, SNORA53, SNORA48 and SNORAS5. SNORA53 was decreased in old
equine cartilage, but increased in old mouse serum. SNORA48 was decreased in old equine

cartilage, and decreased in old DMM mouse serum. SNORAS5 was increased in old equine
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cartilage and increased in old mouse serum. Possibly the best consistency was found for
SNORD113, which was decreased in old mouse joint (and old DMM mouse joint) and equine
cartilage. The apparent cross-species conservations of differentially expressed snoRNAs in
ageing and OA strengthen our belief that snoRNAs could indeed be used as biomarkers.
Further analysis of snoRNA expression profiles and detailed genetic studies will give new
insights into novel molecular networks in musculoskeletal ageing and common mechanisms

in ageing and age-related diseases such as OA.

In mammalians the majority of snoRNAs are encoded within the introns of protein coding or
non-coding genes; host-genes*’. There is evidence that genes which host snoRNAs might
contribute to the aetiology of cancer through regulation of cell homeostasis and cancer
biology (reviewed?®). Potentially both the host-gene and the snoRNAs encoded within them
may be important in different situations. For example growth-arrest-specific-5 (GAS-5)
(hosts ten C/D box snoRNAs*®), a non-coding RNA which accumulates in growth arrested
cells, regulates cell death and proliferation by acting as a decoy hormone response element
for glucocorticoid receptors thereby inhibiting gene upregulation by activated
glucocorticoid receptors®. Interesting snoRNA host-genes were identified in this study
including transforming growth factor B regulated gene 4, sorting nexin 5 and collagen type 1
(with roles in joint homeostasis). Therefore, an alteration of snoRNA expression may result
from changes in transcriptional activity of the host-gene related to joint homeostasis or

disease.

Conclusion

Our results implicate specific changes in snoRNA abundance in joint ageing (SNORD88 and
SNORD38 were respectively decreased and increased) and OA suggesting the potential use
of snoRNAs such as SNORA73 and SNORD23 as a novel biomarker for joint ageing, SNORA64,
SNORD46 and SNORD116 for OA, SNORD18 for ageing and OA.
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Supplementary file 1. Raw reads. Summaries of raw and trimmed reads.

#Sample BC # of Raw Read # of Trimmed Read (% of raw) # of R1/R2 # of RO (% oftimmed reads)
Sample_24-DMM1_joint GATCAG 23782170 22715170 (95.51)  11.042.905 629,360 (2.77)
Sample_25-DMM2_joint TAGCTT 21.854.482 20,833,718 (95.33)  10.104.436 624,846 (3.00)
Sample_26-DMM3_joint GGCTAC 17.865.238 16,897,771 (94.58) 8.149.593 598,585 (3.54)
Sample_27-DMM4_joint GATCAG 22.398.708 21,080,467 (94.11)  10.171.809 736,849 (3.50)
Sample_28-DMM5_joint TAGCTT 28.684.964 27,200,017 (94.82)  13.203.107 793,803 (2.92)
Sample_29-DMME_joint GGCTAC 22.312.038 20,883,289 (93.60)  10.064.250 754,789 (3.61)
Sample_30-Sham1_joint ACTTGA 21.967.478 20,340,819 (92.60) 9.726.059 888,701 (4.37)
Sample_31-Sham2_joint GATCAG 24 467 412 22913228 (93.65) 11123732 665,764 (2.91)
Sample_32-Sham3_joint TAGCTT 24033750 22542043 (93.79) 10.847.687 846,669 (3.76)
Sample_33-DMM1_serum  CTTGTA 21.365.546 20,222,190 (94.65) 9.860.582 501,026 (2.48)
Sample_34-DMM2_serum  AGTCAA 22293396 21429767 (96.13)  10511.204 407,359 (1.90)
Sample_35-DMM3_serum  AGTTCC 22.539.880 21,591,483 (9579) 10.596.322 398,839 (1.85)
Sample_36-DMM4_serum  CTTGTA 23275974 21,841,826 (93.84) 10710036 421,754 (1.93)
Sample_37-DMM5_serum  AGTCAA 25.526.080 23,953,737 (93.84) 11.741.359 471,019 (1.97)
Sample_38-DMM6_serum  AGTTCC 21.568.244 20,364,282 (94.42) 9.985.206 393,870 (1.93)
Sample_39-Sham1_serum GGCTAC 21.641.998 20,234,385 (93.50) 9.938.472 357,441 (1.77)
Sample_40-Sham2_serum CTTGTA 20.457.350 19,252,436 (94.11) 9.445.278 361,880 (1.88)
Sample_41-Sham3_serum AGTCAA 22.631.824 21,646,393 (95.65)  10.657.755 330,883 (1.53)
Sample_7-94_old_joint TTAGGC 25.449.962 24,069,261 (94.57)  11.674.995 719,271(2.99)
Sample_8-95_old_joint TGACCA 26.136.496 24,981,407 (95.58)  12.182.606 616,195 (2.47)
Sample_9-96_old_joint ATCACG 24812536 23,680,611(9544) 11594217 492177 (2.08)
Sample_10-97_old_joint CGATGT 25.469.668 23,967,220 (94.10)  11.618.236 730,748 (3.05)
Sample_1-106_old_joint ATCACG 24.709.064 23797278 (96.31)  11.612.999 571,280 (2.40)
Sample_11-98_old_joint TTAGGC 26.961.846 24,359,756 (90.35)  11.312.655 1,734,446 (7.12)
Sample_12-99_old_joint TGACCA 26.503.992 25035419 (94.46) 12144470 746,479 (2.98)
Sample_19-94_old_serum CAGATC 24 453.146 22591704 (92.39)  10.895.811 800,082 (3.54)
Sample_20-95_old_serum ACTTGA 25385730 23483541(9251)  11.395.156 693,220 (2.95)
Sample_2-107_old_joint CGATGT 19.992 458 19,261,359 (96.34) 9.402.499 456,361 (2.37)
Sample_21-96_old_serum ACAGTG 21.474502 19,955,318 (92.93) 9.725.699 503,920 (2.53)
Sample_22-97_old_serum  GCCAAT 25.188.282 23515257 (93.36)  11.508.820 497 617 (2.12)
Sample_23-98_pld_serum  CAGATC 25737.064 23941043(93.02) 11.731.780 477,483 (1.99)
Sample_3-108_old_joint TTAGGC 26.680.444 25,712,825 (96.37)  12.567.907 577,011 (2.24)
Sample_4-109_old_joint TGACCA 23.528.796 22718,211(96.55)  11.119.890 478,431(2.11)
Sample_5-110_old_joint ATCACG 21.862.890 20,853,075 (95.38)  10.173.805 505,465 (2.42)
Sample_6-111_old_joint CGATGT 26.489.526 25143207 (94.92) 12244533 654,141 (2.60)
Sample_13-106_old_serum ACAGTG 22.167.284 21,348,062 (96.30)  10.482.680 382,702 (1.79)
Sample_14-107_old_serum GCCAAT 24214362 22,603,964 (93.35) 11.078.395 447 174 (1.98)
Sample_15-108_old_serum CAGATC 22,697 452 21,302,562 (93.85) 10.441.322 419,918 (1.97)
Sample_16-109_old_serum ACTTGA 21.958.590 20,571,219 (93.68)  10.079.860 411,499 (2.00)
Sample_17-110_old_serum ACAGTG 21.976.864 20,608,191 (93.77)  10.108.567 391,057 (1.90)
Sample_18-111_old_serum GCCAAT 22578.298 21415267 (94.85)  10.493.200 428,867 (2.00)
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Supplementary file 2. Mapped reads. Summaries of sequencing alignment to mouse snoRNAs.

Samples

#ReadsToAlign MumberAlignedReads %ofAlignment #snoRNAhit %snoRMNARit

Sample_1-106_old_joint
Sample_2-107_old_joint
Sample_3-108_old_joint
Sample_4-109_old_joint
Sample_5-110_old_joint
Sample_&-111_old_joint
Sample_7-94_old_joint
Sample_8-95_old_joint
Sample_9-96_old_joint
Sample_10-97_old_joint
Sample_11-98_old_joint
Sample_12-99_old_joint
Sample_13-106_old_serum
Sample_14-107_old_serum
Sample_15-108_old_serum
Sample_16-109_old_serum
Sample_17-110_old_serum
Sample_18-111_old_serum
Sample_19-94_old_serum
Sample_20-95_old_serum
Sample_21-96_old_serum
Sample_22-97_old_serum
Sample_23-98_old_serum
Sample_24-DMM1_joint
Sample_25-DMMZ_joint
Sample_26-DMM3_joint
Sample_27-DMM4_joint
Sample_28-DMM5_joint
Sample_29-DMM6G_joint
Sample_30-Sham1_joint
Sample_31-Sham2_joint
Sample_32-Sham3_joint
Sample_33-DMM1_serum
Sample_34-DMM2_serum
Sample_35-DMM3_serum
Sample_36-DMM4_serum
Sample_37-DMM5_serum
Sample_38-DMME_serum
Sample_39-Sham1_serum
Sample_40-Sham2Z_serum
Sample_41-Sham3_serum

11.612.999

9.402.499
12.567.907
11.119.890
10.173.805
12.244 533
11.674.995
12.182.606
11.5694.217

11618236
11.312.655
12.144.470
10.482.680
11.078.395
10.441.322
10.079.860
10.108.567
10.493.200
10.895.811

11395156

9.725.699
11.508.820
11.731.780
11.042.905
10.104.436

8.148.593
10.171.809
13.203.107
10.064.250

9.726.059
11.123.732
10.847.687

9.860.582
10.511.204
10.596.322
10.710.036
11.741.359

9.985.206

9.938.472

9.445 278
10.657.755

2.369.475
2.090.100
3.669.200
2.567.057
2029817
2.461.834
2.029.233
2273304
3.148.773
2649996
2.389.431
1.887.034
3.441
5.350
5785
5267
6.756
4422
97.983
50234
3618
19.327
6.316
1.410.182
1.674.606
1.414.854
1.865.187
1.587.933
1.199.565
1.434.498
1.955.315
1.335.491
12734
3325
3.032
5.664
11.980
10.162
6.476
10.939
58.724

20,40
2223
29,20
23,09
19,95
20,11
17,38
18,66
27,16
22,8089
21,12
15,54
0,03
0,05
0,06
0,05
0,07
0,04
0,90
0,440836
0,04
017
0,05
1277
16,57
17,36
18,34
12,03
11,92
14,75
17,58
12,31
0,13
0,03
0,03
0,08
0,10
0,10
0,07
012
0,55

738
648
672
729
7585
808
779
807
753
821
793
827
273
295
307
299
295
332
403
334
296
337
368
740
701
648
775
851
724
749
760
814
326
257
249
296
366
353
303
325
364

4746
4167
4322
46,38
4855
51,96
50,10
51,90
4342

52,7974
51,00
53,18
17,56
18,97
19,74
19,23
18,97
21,35
2592

21,4791
19,04
21,67
2367
4759
4508
4167
4984
5473
46,56
48,17
4887
52,35
20,96
16,53
16,01
19,04
2354
22,70
19,49
20,90
23,41
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General discussion

Targets of snoRNAs and their effect on cell function,

chondrogenic development and cartilage pathology

The cellular processes in which snoRNAs participate are fundamental processes needed for
proper cell function, yet their roles in cell differentiation, homeostasis and disease in
general have been poorly investigated. Moreover, in the context of chondrogenic
differentiation, cartilage homeostasis and disease, snoRNAs have not been investigated so
far. In this thesis we therefore investigated the involvement of snoRNAs in several
chondrocytic / cartilage facets and linked them to development and disease. As becomes
clear from the previous chapters, snoRNAs exert their effects upon a broad array of
functionally different targets, which consequently influences cell function in different ways.
Canonical snoRNAs such as the box C/D and box H/ACA snoRNAs, function in the post-
transcriptional modification of target RNAs. Non-canonical snoRNAs, such as RMRP
snoRNA2 or U3 snoRNA3, perform endoribonucleolytic cleavage of their targets'3. In the
following paragraphs we will discuss different targets of snoRNAs and their effect on cell
function, chondrogenic development and cartilage pathologies such as Cartilage-Hair
Hypoplasia (CHH) and osteoarthritis (OA). With regard to cartilage pathologies it will also be
discussed how snoRNAs could potentially be utilized as biomarkers for osteoarthritis (Figure
1). In this general discussion we will specifically focus on mRNA and rRNA targets of
snoRNAs. As briefly noted in the general introduction, snoRNA can also chemically modify

snRNAs*®, however this aspect will not be discussed here.
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Targets of snoRNAs

snoRNAsas
| mRNAs || rRNAs | ‘ mMRNAs || rRNAs| biomarkers
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Figure 1. Overview of discussion subjects addressed in this thesis. snoRNA targets and
their effect on cell function in chondrogenic development and cartilage pathology. The role of
snoRNAs as biomarkers for cartilage pathology, and osteoarthritis in particular, will also be

discussed.

6.1 MRNA targets of RMRP snoRNA and their roles in

chondrogenic development and disease

In chapter 2 we have seen that the RNase MRP complex, a small nucleolar
ribonucleoprotein particle consisting of the RMRP snoRNA and several protein subunits’,
fulfills many functions. The complex has been reported to be involved in mitochondrial DNA
replication®, cleaves pre-rRNA in the internal transcribed spacer 1 (ITS1)%?, plays a role in
cell cycle regulation by cleaving cyclin B2 (C/b2) mRNA®, and is able to cleave viperin
mRNAZ, Cyclin B2 cleavage and viperin mRNA cleavage are clear examples of how a non-
canonical snoRNA, in this case RMRP snoRNA, performs endoribonucleolytic cleavage of
mRNA targets and in chapter 3, we explored how this influences chondrogenic
differentiation. In CHH, RMRP is mutated and its expression levels are reduced, resulting in
reduced substrate cleavage and consequently an increased expression of viperin mRNA1%11,
Our results indicate that the antiviral protein viperin controls chondrodrogenic
differentiation by influencing secretion of soluble proteins and we identified a viperin-
CXCL10-TGF-B/SMAD2/3 regulatory axis controlling chondrogenic differentiation, which is

deregulated in chondrocytic CHH cells (chapter 3)'2. This clearly demonstrates that
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downstream RNase MRP mRNA targets have important roles in cellular function and
development. However at this point it remains largely unexplored how RNase MRP-

mediated cleavage of mRNAs is controlled.

6.1.1 Transcriptional control of RMRP snoRNA by chondrogenic
mediators

Our observations that expression of RNase MRP components is modulated in differentiating
cells prompted us to investigate whether RMRP snoRNA expression levels can be controlled
at the transcription level. In one of our studies (chapter 2) we found that expression of
RMRP snoRNA indeed responds to different extracellular morphogens!!. PTHrP, which keeps
chondrocytes in a proliferative state'®!4, decreased the Rmrp promoter activity. In addition,
bFGF/FGF2, a negative regulator of chondrocyte hypertrophic maturation®®, reduced Rmrp
promoter activity. It remains to be determined whether reduced Rmrp promoter activity
and RMRP snoRNA expression by PTHrP and bFGF is an indirect result of these morphogens
altering the general chondrocyte phenotype (for example by modulating WNT / BMP
signaling) or that PTHrP and bFGF signaling are able to directly control Rmrp expression by
inhibition of Rmrp promoter activity. TGF-B3, described to be able to induce matrix
mineralization, but which was also shown to have an important role in chondrogenic
differenctiation'®18, increased Rmrp promoter activity. In agreement with the TGF-B3-
induced increase of Rmrp promoter activity, exposure to (52)-7-Oxozeaenol, an inhibitor of
TGF-B activated kinase-1'°, decreased Rmrp promoter activity. Likewise, exposure to the
pro-hypertrophic BMP-2%° increased Rmrp promoter activity, whereas dorsomorphin, an
inhibitor of BMP-mediated SMAD1/5/8 phosphorylation?!, decreased Rmrp promoter
activity. Finally, WNT-3A and WNT-5A, two prominent ligands of the Wnt signaling pathway
and crucial in chondrocyte differentiation??, increased Rmrp promoter activity. RMRP RNA
expression is driven by RNA polymerase 11123, However, transcriptional regulation by RNA
polymerase Ill is poorly understood. To regulate promoter activity and to be able to respond
to an altering demand for RMRP snoRNA during for example chondrocyte hypertrophy, it is
expected that additional transcription regulatory elements are required. In an example from
the cancer research field, it has been shown that RMRP transcription in colon cancer is

driven by WNT-3A, via activation of B-catenin and YAP proteins®*. The responsiveness to
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chondrocyte morphogens described in this thesis corroborates the theory that the 1500
base pair sequence upstream of the RMRP transcription start site is under transcriptional
control of chondrogenic cues that are associated with chondrocyte differentiation.
Following this theory, these chondrogenic mediators could potentially stabilize or
destabilize  mRNA transcripts by influencing RMRP levels and thus RNase MRP
endoribonucleolytic capacity during chondrogenic development and cartilage disease. In
CHH, promoter mutations may result in inefficient transcription of the RMRP gene, whereas
mutations in the transcribed region are thought to influence RNase MRP complex assembly,
enzymatic activity, sub cellular localization, substrate recognition or RNA stability?>.
However, for cell function in general it remains to be determined whether transcriptional
control of RMRP transcription by (chondrogenic) morphogens is also present in other cells

types and how this communicates with the RNA polymerase Ill transcription machinery?.

6.1.2 Cyclin b2, an RNase MRP mRNA target, and its link to the
chondrogenic mediator PTHrP

One of the identified activities of the RNase MRP complex is endoribonucleolytic cleavage of
the mRNA of C/b2. Clb2 activates cyclin-dependent kinase-1 (CDK1) during M-phase (mitotic
phase / nuclear cell division)?’. In addition, anaphase-promoting complex (APC)-dependent
proteolysis of Clb2 is essential for mitotic exit?®. Consequently, low CIb2 levels keep CDK1
activity to a minimum during GO phase (quiescence / resting phase) via APC-dependent
proteolysis®®. It is thought that the terminal differentiation of hypertrophic chondrocytes is
achieved via mitotic exit or entrance into GO phase3°. As RNase MRP activity has been
shown to regulate Clb2 expression, it is tempting to speculate that the increase in RMRP
snoRNA levels during chondrocyte hypertrophy serves to decrease Clb2 protein levels by
increasing the turnover of Clb2 mRNA and consequently inhibiting activation of CDK1. This
hypothesis is substantiated by the observation by Saito and co-workers that CDK1
expression was found to be highly expressed in proliferative chondrocytes and was greatly
diminished in hypertrophic chondrocytes in differentiating ATDC5 cultures and mouse
growth plates3l. In chapter 2 we therefore speculated that in a healthy growth plate,
increased RMRP RNA levels in the hypertrophic zone may lead to reduced Clb2 levels,

thereby hampering CDK1 activity and inducing mitotic arrest. Interestingly, in the same
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paper, Saito et al.3! also showed that the proliferation-promoting and hypertrophy-
suppressive action of PTHrP is CDK1-dependent. In agreement with this observation, in
chapter 2, we show that Rmrp RNA levels are down regulated upon PTHrP exposure,
presumably via decreased Rmrp promoter transcriptional activity!’. This may lead to
elevated Clb2 levels, thereby potentially aiding downstream CDK1 activity. This is further
substantiated by our observation that knockdown of Rmrp RNA levels during ATDC5
chondrogenic differentiation increases Clb2 and Pthrp mRNA levels and deregulates
chondrogenic differentiation in an overall hypertrophy-suppressing fashion!!. Lastly,
considering our observations that the expression of PTHrP is induced during knockdown of
Rmrp RNA and during chondrogenic differentiation of CHH fibroblasts, and taking into
account the inhibiting action of PTHrP on RMRP promoter activity and RMRP RNA
expression; it is noteworthy that disrupted PTH/PTHrP signaling has shown to inhibit proper
skeletal development by impacting endochondral ossification®2. Recently it has been shown
that CHH fibroblasts have defects in cell cycle progression at G233. Consequently, it is
tempting to speculate on a role for RMRP RNA in cell cycle control via a PTH/PTHrP-
dependent mechanism and it would be worthwhile to consider potential molecular
interactions between RMRP RNA and PTH/PTHTrP in skeletal dysplasias such as cartilage-hair
hypoplasia, metaphyseal chondrodysplasia Jansen type (OMIM #156400)3* and Blomstrand
type chondrodysplasia (OMIM #215045)3>,

6.1.3 RNase MRP mRNA target viperin

In Chapter 3 we elucidated that the mRNA expression of RNase MRP / RMRP snoRNA target
viperin was detectable early in ATDC5 and hBMSC chondrogenic differentiation and was
highly induced at days 5-7 of differentiation2. In embryonal growth plates, various levels of
viperin expression could be observed, depending of the spatiotemporal location in the
growth plate. Viperin was originally discovered as an interferon-inducible protein,
suggesting that induction of viperin expression during chondrogenic differentiation may be
driven by interferon-related signaling activity, a relatively unexplored area of research. IFN-y
has been demonstrated to inhibit transcription of the COL2A1 gene3®37 in mature

chondrocytes and STAT1 expression was previously found specifically induced at day 7 in
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ATDC5 chondrogenic differentiation3®, which would support the theory of an interferon
signaling response as explanation for viperin induction at days 5-7. Until now it remained
unexplored whether alterations in viperin levels could influence cellular differentiation
processes. We found that in chondrogenic differentiation viperin stimulates the rate of
protein secretion and of CXCL10 in particular. In line with a viperin-mediated interferon
response during chondrogenic differentiation, the CXCL10 we detected in our LC-MS/MS
analyses is an interferon-inducible chemokine. Interestingly, platelet-derived growth factor
subunit A was also found differentially expressed in the viperin overexpression secretome
and platelet-derived growth factor has been described to synergistically act with IFN-y to
induce CXCL10 expression in blood-derived macrophages3®. Our data demonstrated that
CXCL10 inhibits chondrogenic differentiation and TGF-B signaling, which is in line with the
inhibitory action of viperin-overexpression conditioned medium on chondrogenic
differentiation.

It remains to be investigated why chondrogenic differentiation is regulated via viperin and
how this, in turn, is regulated by RNase MRP / RMRP snoRNA. We hypothesized that control
over the differentiation signals required for the early differentiation phase may be
necessary to enable chromatin remodeling and coordinated transcriptomic reprogramming
of the cell, before it can adopt a fully differentiated phenotype. We expect that viperin-
dependent CXCL10 secretion may aid in this by antagonizing TGF-B signaling. In that regard,
we observed that CXCL10 inhibits phosphorylation of SMAD2/3, providing a potential
mechanistic link between viperin-dependent CXCL10 secretion and TGF-B—driven
chondrogenic differentiation. In addition, cross-talk between IFN-y and TGF-B signaling,
where IFN-y-dependent STAT1 activity antagonizes SMAD3-dependent TGF-f signaling, has
been identified as well*?. With the increasing number of identified RNase MRP targets and
their general importance for the process of chondrogenic differentiation, dissecting their
individual RNase MRP-driven regulation will prove to be an interesting challenge. In
addition, it is not likely that all aspects of CHH pathobiology are caused by defective
processing of one specific substrate. Instead, we believe that defective processing of one or
the other specific RNase MRP substrate RNA will have different implications for different
tissue/cell types. CHH-related defective processing of viperin mRNA leads to aberrant
viperin levels in chondrocytic cells as shown Chapter 32, Viperin*! and CXCL10*? have been

implicated in T-cell function, and in a microarray mRNA profiling study viperin was identified
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as one of the highest differentially expressed genes up-regulated in CHH leukocytes®,
together with an increase of other interferon-related genes. Because CHH also presents with
defective immunity caused by T-cell deficiency*, it is tempting to speculate that interferon-
related signaling through viperin and via CXCL10 is an important aspect of the molecular

mechanism leading to growth plate and T-cell defects observed in CHH.

6.1.4 Yet unexplored RNase MRP mRNA targets?

Thus far, we have observed that RMRP snoRNA levels are decreased in CHH, which is
accompanied by increased levels of viperin mRNA. In the previous paragraphs we were able
to further elucidate the molecular mechanisms behind these observations. We hypothesize
that by controlling the cellular RNase MRP levels, the cell has control over viperin and
maybe other relevant target mRNA levels. There are indications that there may be
additional protein subunits that interact with the protein subunits of the RNase MRP
complex®. These may be involved in tuning the enzymatic activity of RNase MRP or recruit
specific mMRNAs, potentially controlling the RNase MRP’s mRNA cleaving activity. There is
evidence that RMRP RNA and the telomerase-associated reverse transcriptase (TERT)
protein are able to form a complex that exerts RNA-dependent RNA polymerase activity,
which is able to generate a double stranded RMRP RNA molecule®. Via a Dicer-dependent
route siRNAs are generated from this molecule, which down-regulate cellular RMRP levels,
as well as specific mRNAs*’. RMRP RNA is the source of at least two other short RNAs
designated RMRP-S1 and RMRP-S2, which function as miRNAs and have gene-silencing
activity relevant for human cartilage-hair hypoplasia (CHH)*8. They potentially target genes
relevant for skeletal development like SOX4, PTCH2 and BMPR2 and are thus expected to
influence the process of chondrogenic differentiation that is affected in CHH. In addition,
there are indications that RMRP RNA could be involved in yet unexplored mRNA cleavage
events. In the study by Mattijssen et al.}°, where viperin mRNA was identified as a novel
target of RNase MRP, a whole series of other mRNAs potentially under control of RNase
MRP were identified as well. These include SYPL1 (involved in transport / synaptic
transmission), ARPCla (involved in actin cytoskeleton organization), CASP7 (caspase-7

precursor), H3F3A (involved in nucleosome assembly), DDT (D-dopachrome decarboxylase),
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CAPNS1 (postitive regulator of cell proliferation), NQO1 (NAD(P)H dehydrogenase 1),
HMOX1 (involved in heme oxidation), IL8 (negative regulator of cell proliferation and
involved in chondrocyte hypertrophy) and GCLM (negative regulator of apoptosis).
Furthermore, potential RNase MRP mRNA targets were also identified by Hermanns et al.*3,
who found mRNAs that were up-regulated in the leukocytes of four CHH patients as
compared to healthy controls in two independent microarray studies*. The mRNAs, which
were more than two-fold up-regulated in CHH patients, played a role in the immune system,
cell cycle regulation (either via cell growth or apoptosis) and signal transduction. It should
be noted that the effect of the reduced RMRP snoRNA levels observed in CHH on the
patients’ leukocyte mRNA expression could still be an indirect effect, which would need to
be verified in biochemical assays similar to the work performed by Mattijssen et al.l° for
viperin mRNA. It would be of interest to explore the above-mentioned mRNAs as potential
novel downstream RNase MRP mRNA targets and to further elucidate their role in cell
(chondrocyte) function, homeostasis, and more specifically the relationships between the

diverse functions of RMRP RNA and their relevance for CHH.

6.2 mRNA targets of box C/D and box H/ACA snoRNAs

Originally identified as guide RNAs for rRNA post-transcriptional modification, some
canonical snoRNAs have been identified that modify mRNAs®*°. For example, candidate
guide snoRNAs have been discovered that are predicted to 2’O-ribose methylate mRNAs in
the human brain®C. Brain-specific snoRNAs SNORD115 and SNORD116 have been shown to
be processed into smaller RNAs that can affect the outcome of alternative splicing of various
pre-mRNAs, by preventing the formation of particular pre-mRNA splicing variants®®.
Deficiency in paternal gene expression of these snoRNAs is implicated in the neurogenetic
disease Prader-Willi syndrome>. SNORD115 is also involved in the regulation of serotonin
receptor 5-HT2CR mRNA levels in brain cells, through alternative splicing and control of
posttranscriptional nucleotide modification (adenosine-to-inosine editing®?) of the target
mRNA>3>%, High-throughput sequencing showed that SNORD115 and SNORD116, along with
a number of other human snoRNAs, are able to generate smaller fragments>~’. Short

fragments derived from SNORD88C were shown to have complementarity to fibroblast
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growth receptor-3 (FGFR-3) pre-mRNA, and were capable of suppressing FGFR-3 expression
and translation through base pairing with pre-mRNA regulatory elements®®>°, Processing of
box H/ACA and box C/D snoRNAs generates fragments which are termed snoRNA-derived
RNAs (sdRNAs). Several of these sdRNAs were found to interact with Ago family proteins,
the key components of RNA-induced silencing complexes (RISC)®%6! and it was shown that a
number of box C/D RNA-derived fragments exhibit miRNA-like activity®2. This would explain
a potential mechanism by which snoRNAs can serve as a source of short regulatory RNA
species involved in the control of processing and translation of various mRNAs. A putative
mRNA-specific pseudouridylation guide for trypanosome mRNAs has also been found®? and
transcriptome-wide mapping has revealed widespread dynamic regulation of
pseudouridylation of mRNA®. The latter study discovered hundreds of novel
pseudouridylation sites in human and yeast mRNAs®4. It was uncovered which pertubing
pseudouridine synthases (PUSs) modify each site. PUS target sequence features were
identified with mRNA pseudouridylation depending on snoRNA-guided PUSs as well as
snoRNA-independent PUS activity®*. The evidence above implies that canonical box C/D and
H/ACA snoRNAs could also exert actions during chondrogenic differentiation via post-
transcriptional modification and processing of relevant mRNAs.

In the light of our ATDC5 small RNA sequencing data (Chapter 4), it is noteworthy that
several orphan snoRNAs were identified (Table 1). So-called “orphan RNAs” lack
complementarity to known RNA species®™®®, It is conceivable that some orphan snoRNAs
function in cellular processes other than RNA post-transcriptional modification. The latter
could be identified by using prediction tools such as RNAsnoop®. In this respect it will be
worthwhile to further investigate the relevance of the orphan snoRNA that were
differentially expressed in our ATDC5 RNA sequencing data sets (Table 1 / Chapter 4).
Identification of snoRNA-mediated control of mRNA post-transcriptional modification would
add a novel level of mMRNA post-transcriptional regulation complexity as function of a
cellular differentiation processes and improve the overall knowledge of the targets of the

increasing number of orphan snoRNAs®7-8,
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Aday0-7
SNORD101 | C/D Unknown / orphan | -1.51 0.006
SNORD23 Cc/D Unknown / orphan | -2.27 0.013
SNORA73 H/ACA Unknown / orphan | -1.53 0.039
SNORD50B | C/D Unknown / orphan | 1.36 0.042
Aday7-14
SNORD3 [ ¢/D | Unknown / orphan [ -2.20 [ 0.020
Aday0-14
SNORD101 | C/D Unknown / orphan | -2.36 3.39E-05
SNORD3B2 | C/D Unknown / orphan | -2.03 0.005
SNORDS86 C/D Unknown / orphan | -1.23 0.044

Table 1. Differentially expressed orphan snoRNAs discovered during RNA sequencing
of chondrogenic ATDCS5 differentiation. Differentially expressed snoRNAs between three
distinct phases of ATDCS chondrogenic differentiation, where day 0 reflects progenitor cells, day 7
reflects chondrogenic cells and day 14 reflects hypertrophic / mineralizing cells. Only the
differentially expressed data from Chapter 4 is shown for snoRNAs with unknown RNA targets, the

so called orphan snoRNAs.

6.3 rRNA targets of box C/D and box H/ACA snoRNAs and

their role in chondrogenic development

The cell differentiation process requires major changes in the cellular proteome to
accommodate the desired cell specialization, for example by fine-tuning ribosome
production and function, to meet the demand for protein synthesis during proliferation,
development, differentiation, homeostasis and disease®7°, It is therefore hypothesized that
the formation of the cartilaginous extracellular matrix during chondrogenic differentiation
would also demand an additional proteomic effort. It was thus expected that the regulation
of protein translation plays an important role in chondrogenic differentiation. In Chapter 4,
for the first time we identified that rRNA levels differ according to the stage of chondrogenic
differentiation. Specifically at day 7 in ATDC5 chondrogenic differentiation (the
chondrogenic phase which is predominantly associated with extracellular matrix

production®71) the rRNA expression levels were significantly increased. Moreover, total
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cellular translation capacity was also shown to reach its highest levels at day 7 in
differentiation. Post-transcriptional modification of rRNAs is essential for the basic
biogenesis and translational activity of the ribosome’?73, and was shown to support rRNA
structural stability’*7>, ribosomal protein association’®’” and maturation of crucial ribosome
functional regions like the peptidyl transferase center (PTC)’® and the decoding center’®.
The recent identification of sites of sub-stoichiometric 2’-O-methylation and
pseudouridylation® has overturned the long-standing dogma that all rRNA modifications are
constitutively present on ribosomes and highlights rRNA nucleotide modifications as an
important source of ribosomal heterogeneity. This implies that not all positions are fully
modified at all times. While the mechanisms regulating partial modification are largely
unknown, changes in the rRNA modification pattern have been observed in response to
environmental changes, during development®!, and in disease’>’3. For example, in yeast,
only 68% of ribosomes are methylated at position A100 of the 18S rRNA under standard
laboratory growth conditions’?. Together, this suggests that rRNA modifications may
contribute to the cellular translational control.

While the currently known >200 unique rRNA post-transcriptional modifications are guided
by an almost equal number of site-specific snoRNAs2%8283, the core enzymatic activities that
are required to perform these post-transcriptional modifications are carried out by fibrillarin
(the methyltransferase) and dyskerin (the pseudouridylase)®3. Simultaneously with the
elevated rRNA levels at day 7 in ATDC5 chondrogenic differentiation, expression of fibrillarin
and dyskerin reached their peak levels as well. Interestingly, alterations in fibrillarin and
dyskerin expression have been demonstrated to provoke changes in ribosome translational
characteristics. There is evidence for rRNA 2’0O-methylation plasticity, where knockdown of
fibrillarin caused a reduction in global protein translation, with a specific reduction in IRES-
dependent protein translation®. Similarly, ribosomes purified from dyskerin-depleted cells
also showed altered translational fidelity and IRES-mediated translation®>8¢, Our
observation that fibrillarin and dyskerin expression alters as a function of ATDCS5
chondrogenic differentiation might be explained by an increased demand of global rRNA
post-transcriptional modification capacity for the maturation of the newly synthesized rRNA
pool required during ATDC5 chondrogenic differentiation. This hypothesis, and its impact for

chondrogenic development, needs further experimentation in future work.
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In Chapter 4 we also established that, depending on the differentiation stage, the snoRNA
expression landscape changes during ATDC5 chondrogenic differentiation. This indicates
that the position of various rRNA post-transcriptional modifications may be adapting to the
differentiation stage. There is limited literature reporting on the differential expression of
snoRNAs in models for cell differentiation, and no known literature in the context of
chondrogenic differentiation. In neural differentiation of embryonic stem cells, specific
snoRNA species were found to be differentially expressed depending on the differentiation
stage®’. In hematopoietic development, snoRNAs were differentially expressed in a lineage
specific pattern®. SnoRNA species were also expressed in a differentiation stage-dependent
manner during hepatic differentiation of induced pluripotent stem cells®®. The role of
individual snoRNAs in increasingly recognized and should be investigated into further detail.
For example, a study from Higa-Nakamine et al.®® showed that knockdown of box C/D
snoRNAs SNORD26, SNORD44 or SNORD78 results in developmental defects in zebrafish.
Knockdown of only one of these specific sSnoRNAs caused embryonic lethality, decreased
body size, underdevelopment of the jaw, incomplete yolk sac extensions and hind brain
defects. In Chapter 4, apart from a number of differentially expressed non-canonical
snoRNAs (like SNORD101, SNORD23, SNORA73, SNORD50B, SNORD3, SNORD86 and others)
that are involved in processes not involving rRNA post-transcriptional modification, the
differentiation stage-depend dynamics in canonical snoRNA expression predicts a significant
degree of rRNA post-transcriptional modification regulation during cell differentiation. A
large number of snoRNAs with differentiation stage-dependent expression dynamics in
snoRNA expression during ATDC5 chondrogenic differentiation are guiding post-
transcriptional modification of rRNA sites in critical ribosome regions like the decoding
center, the peptidyl transferase center and E-site. For example, SNORA40 (modifying helix
27 in the 18S rRNA decoding center in yeast®), SNORD46 (modifying helix 69 in 28S
rRNA%2%3) and SNORD36C and SNORA31 (modifying helix 68 in the 285 rRNA ribosome’s E-
site®). A recent study from Hebras®! indicated regulation of rRNA 2’O-ribose methylation
and accompanying guide snoRNAs during mouse development and highlights the potential
relevance of ribosome heterogeneity during cell development. In our ATDC5 chondrogenic
differentiation model it remains to be determined whether the rRNA target sites of the
differentially expressed snoRNAs are actually post-transcriptionally modified in a

differentiation stage specific manner. With emerging technologies such as RiboMethSeq®
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and PSI-Seq®® to map dynamics in rRNA post-transcriptional modifications®®°, we will be
able to unveil the snoRNA-driven chondrogenic differentiation stage-specific post-
transcriptional modification of rRNAs. Identification of such differentiation stage-specific
rRNA post-transcriptional modification-based ribosome heterogeneity can then be followed-
up by functional ribosome analyses to determine the cellular impact of these modifications.
Determination of translational capacity, translation modus (IRES/cap®®), stop-codon read-
through activity, fidelity etc., should be able to shed light on the role of these rRNA post-
transcriptional modifications for the chondrogenic differentiation process.

In conclusion, the work in this thesis shows that chondrogenic differentiation is associated
with regulation of mechanisms involved in ribosome biogenesis and translation activity.
Differentiation-phase specific expression of snoRNAs suggests that specific snoRNAs may
modulate the chondrocyte’s developing phenotype via an rRNA post-transcriptional
modification-based ribosome heterogeneity mechanism. This potentially facilitates the
observed dynamics in translational activity. Because alterations in the chondrocyte’s cellular
phenotype are considered one of the fundamental pathological processes observed in
ageing and in osteoarthritis®’1%, it is expected that canonical box C/D and box H/ACA
snoRNAs could also be of interest in the light of osteoarthritis. Indeed in Chapter 5 we
observed differential expression of snoRNAs in ageing and osteoarthritis and this will be

further discussed in section 6.5 of this general discussion.

6.4 Processing of pre-rRNAs targets by non-canonical
snoRNAs RMRP snoRNA and U3 in chondrogenic

development and disease

One of the earliest identified roles of the RNase MRP complex is endoribonucleolytic
maturation of 5.8S rRNA by cleaving the 47S pre-rRNA internal transcribed spacer 1 (ITS1) at
the A3 site™2. It is tempting to speculate that the RMRP snoRNA/RNase MRP-mediated
contribution to the synthesis of the large ribosomal subunit in the growth plate may support
the protein synthetic activity of the growth plate to produce protein-rich cartilaginous
extracellular matrix. In support of data from Goldfarb which indicates that
endoribonucleolytic cleavage of ITS1 contributes to pre-RNA maturation?, our RMRP

snoRNA knockdown data from Chapter 2 show accumulation of an ITS1 pre-rRNA processing
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intermediate, as well as reduced levels of mature 5.8S and 18S rRNA in ATDC5. Moreover,
similar accumulation of an ITS1 processing intermediate was observed in differentiating CHH
cells with pathological mutations in the RMRP snoRNA. Because chondrogenic
differentiation of ATDC5 and the developing growth plate are associated with high
proliferative capacity'® and increased synthesis of protein-rich ECM, it is conceivable that
this alters the cellular demand for mature rRNAs required for ribosome biogenesis. This
could potentially explain the changes in Rmrp RNA expression that are observed during
chondrogenic differentiation and the altered chondrocyte phenotype that is observed
following Rmrp RNA knockdown. This implies for the first time, that the developing
chondrocyte regulates its pre-rRNA processing via RMRP and ITS1 processing.

We have shown that during chondrogenic development and disease the processing of pre-
rRNAs can be influenced by the non-canonical RMRP snoRNA. Therefore, it was expected
that rRNA targets can also be influenced by other non-canonical snoRNAs in cartilage
diseases that are not directly related to development or that are non-congenital, such as the
age-related development of osteoarthritis (OA). Chondrocytes in the articular cartilage must
express appropriate genes to maintain cartilage tissue homeostasis. This has shown to be
altered in osteoarthritis!?2, One facet of the aberrant gene expression in osteoarthritis is the
replay of chondrogenic differentiation with the expression of genes associated with
chondrocyte hypertrophy and thus leading to pathological endochondral ossification (i.e.
matrix breakdown and mineralization)'%?, Supporting a potential role for other non-
canonical snoRNAs in this process, we have generated preliminary data showing that non-
OA human articular chondrocytes (HAC), when exposed to IL-1B to mimic osteoarthritis,
show reduced levels of 18S and 5.8S rRNA and increased levels of the ITS1 rRNA processing
intermediate (pre-5.8S). This is accompanied by reduced levels the non-canonical snoRNAs
RMRP and U3 (Figure 2). The observed increase in pre-18S rRNA is associated with a
reduction in U3 snoRNA, the primary snoRNA involved in the processing of pre-18S rRNA.
The increased pre-5.8S rRNA levels are in concert with a reduction of RMRP snoRNA
expression. Similar observations were made in non-OA versus OA human articular
chondrocytes (data not shown). For the first time this implicates the non-canonical snoRNAs
U3 (which is required for 18S rRNA processing) and RMRP snoRNA (which is required for
ITS1 processing and maturation of 5.8S rRNA) in osteoarthritis. From observations made in

the work described in this thesis (Chapter 2) we already know that transcriptional activity of
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the RMRP gene is influenced by factors also involved in OA development!!. This indicates
that regulation of RMRP and U3 levels in osteoarthritis may be an active process
contributing to the chondrocyte phenotype observed in osteoarthritis. This would be an

exciting area for further investigation.

Non-OA HAC t=14 days

1 Control
Bl IL-1B (1 ng/ml)

Gene expression (relative to f-Actin)

FEIFIIFT RPN
6@“6@‘6&“%@ N °O<,13‘ §"
NN S
& (OQ&’

Figure 2. The role of non-canonical snoRNAs in osteoarthritis. Triplicate healthy human
articular chondrocyte isolates were exposed to 1 ng/ml human IL-1B for 14 days. Medium was
refreshed every other day, and real-time qPCR was performed on the indicated RNA species. Pre-18S
rRNA corresponds to 5’ETS cleavage site 1 and pre-5.8S corresponds to ITS-1 cleavage site 2%,
COL2A1 reduction (reduced chondrogenic capacity of HACs) and MMP13 increase (increased
collagen matrix degradation of HACs) are indicative of the altered chondrogenic phenotype upon IL-
1B stimulation. Expression of healthy HACs was set to 1 and compared to IL-1B-treated HACs using a

two-way ANOVA with Bonferroni post-hoc correction, where * indicated p<0.05

6.5 SnoRNAs as biomarkers for ageing and disease

Previous studies have identified differentially expressed snoRNAs in cartilage'® and
tendon'% ageing, and recently snoRNAs are emerging as novel non-invasive biomarkers for

the diagnosis and prognosis of renal clear cell carcinoma®, However, in the context of
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cartilage diseases, this has not yet been explored. During different stages of chondrogenic
differentiation, snoRNAs are differentially expressed (Chapter 4). Like chondrogenic
differentiation, osteoarthritis is characterized by different cartilage developmental
stages'®”108 Therefore, it would be logical to investigate whether snoRNAs could be utilized
as biomarkers for osteoarthritis. Through expression profiling of snoRNAs using deep-
sequencing we have revealed novel molecular features relating to joint ageing and
osteoarthritis (Chapter 5)'%7. Whilst gene expression has been evaluated in animal models
of osteoarthritis!®®11  these were primarily investigating protein-coding genes.
Furthermore, apart from the study conducted by Loeser et al.l!l, these experiments
evaluated a single tissue, namely the articular cartilage. However, osteoarthritis is a
pathology that involves the whole joint “as an organ” and diagnostics would preferably be
based on non-invasive blood tests. Therefore we undertook our analyses on serum and on
mouse joints as a whole (including cartilage, meniscus, subchondral bone and the joint
capsule with synovium). To investigate the effects of joint ageing on snoRNA expression we
used 8 month-old mice, which is equivalent to 25 to 28 years in humans and considered to
be “young” and compared this with 24 month-old mice, which represented an “old”
group?. To study the effect of post-traumatic osteoarthritis we measured snoRNAs
expression in whole joints and in serum from 24 month-old mice following DMM (mouse
model of osteoarthritis, achieved by destabilization of the medial meniscus*3). SnoRNAs
were previously identified in serum?'#116 and are serum-stable in protein complexes!'* or
contained within extracellular vesicles in serum!%’. However, it should be considered that it
is not yet clear whether disease-associated RNAs detected in the circulation result from
local tissue disturbances and associated cell death by active local secretion via exosomes or
microvesicles, or are a systemic response upon local tissue damage”-11°, This may depend
on the specific pathology and/or specific RNA species detected.

In the young versus old serum, more snoRNAs (27 snoRNAs) were significantly up-regulated
compared to the old sham versus old DMM serum (18 snoRNAs). This indicated that ageing
had a greater effect on differential snoRNA presence in serum compared to traumatic
osteoarthritis. As we were studying the whole joint we were unable to determine the
amount each tissue type within the joint contributed to the differential expression of
snoRNAs. Each tissue will vary with regards to its cellularity and hence its RNA and snoRNAs

content. Thus whilst a novel aspect of this study was that snoRNAs were extracted from the
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multiple tissues that form the joint, our approach may have been less sensitive in detecting
snoRNAs changes related to a single tissue (or with a low cellularity). However, our
approach did have the advantage of determining snoRNAs that could be more generally
implicated in osteoarthritis and could thus serve as a biomarker. Despite these potential
limitations, we identified a number of potentially interesting snoRNAs for future studies. For
example, SNORA73 was increased in old joint and old serum and represents a potential joint
‘biological ageing’ marker'®. A reliable measurement of the “state of ageing” and a
prediction of the risk of the onset of age-related diseases such as osteoarthritis would be
beneficial. Such a strategy could serve as a measure of an individual’s “joint biological age”
and potentially predict an age-related biological response more accurately than the person’s
chronological age. SNORA64 was increased and SNORD46 was decreased in DMM serum,
but both were not differentially expressed in young versus old serum, highlighting these
snoRNAs as potential osteoarthritis markersi®”. An interesting finding was an increase in
SNORD38 in the ageing joint, considering that Zhang et al.!'* demonstrated a strong
association between serum levels of SNORD38 and severe cartilage damage following
anterior cruciate ligament (ACL) injury*?°, The most differentially expressed snoRNA in DMM
serum was SNORD116. An increase that could also be confirmed in serum of horses with
metacarpophalangeal'®! osteoarthritis. Peffers et al.'?? previously identified SNORD116 as
increased in osteoarthritis compared to normal human cartilage in a micro-array study. A
loss of SNORD116 entails a significant contribution to the etiology of the neurodegenerative
genetic disease Prader-Willi syndrome'?3, a disorder resulting in developmental delay and
obesity due to hyperphagia'?*. However, the clinical presentation also includes short stature
and low bone mineral density'?. Loss of the Prader-Willi syndrome critical genomic region
(which includes SNORD116) in transgenic mice resulted in reduced bone mineral density,
delayed skeletal development, reduced bone size and inhibition of osteoblast function2®,
Humans with osteoarthritis have an increased bone mineral density in the affected joints'?’.
Thus our findings were able to elucidate a snoRNA serum biomarker with a potential role in
the pathogenesis of osteoarthritis.

Overall, the results of our biomarker study implicate that snoRNAs in the future may be
utilized as a biomarker to assess the condition of the articular joint. However additional
investigations are needed to answer questions like: “Do snoRNAs in serum indeed reside in

extracellular vesicles?". This is important because it would implicate that snoRNAs are
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secreted as part of an active process. To further assess the prognostic value of the snoRNAs
identified above, it would also be relevant to address whether these snoRNAs can be

detected in human subjects with varying degrees of osteoarthritis.
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An overview of proposed molecular interactions from this

thesis

Throughout this thesis we have explored snoRNAs in the context of chondrogenic
differentiation, CHH and osteoarthritis. In order to provide a comprehensive overview of the
molecular interactions of snoRNAs in chondrogenic development and disease identified in
this thesis, a scheme was generated which is presented in Figure 3. In bold the molecular

interactions can be found that were newly identified as part of this thesis.
7.1 ITS-1 pathway

Recently it has been shown that human RMRP RNA catalyzes the endoribonucleolytic
cleavage of ITS1, thereby contributing to pre-rRNA maturation? (Figure 3 orange pathway).
Indeed our ATDC5 Rmrp RNA knockdown data (Chapter 2) show accumulation of an ITS1
pre-rRNA processing intermediate as well as reduced levels of mature 5.85 and 18S rRNAL,
A similar accumulation of an ITS1 processing intermediate was observed in differentiating
chondrocytic CHH cells (Chapter 2)!'. Chondrogenic differentiation of ATDC5 as well as
growth plate development is associated with high proliferative capacity!®® and increased
synthesis of protein-rich extracellular matrix. This may alter the cellular demand for mature
rRNAs required for ribosome biogenesis during chondrogenic differentiation and possibly

explaining the dwarfism phenotype of CHH patients (Chapter 2)'*.

7.2 RMRP miRNA pathway

RMRP RNA is the source of at least two miRNAs designated RMRP-S1 and RMRP-S2, that
were shown to possess gene-silencing activity relevant for human cartilage-hair
hypoplasia (CHH)*® (Figure 3 pink pathway). These miRNAs have been predicted to
target genes relevant for skeletal development like SOX4, PTCH2 and BMPR2 and are thus
interesting candidates for further investigation in the context of chondrogenic

differentiation in CHH.
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7.3 Cyclin b2 pathway

Tissues with fast-dividing cell types such as growth plates, hair follicles and bone marrow
seem to be the most affected in CHH?8, suggesting a role for RMRP RNA in cell cycle
regulation. One of the identified activities of the RMRP RNA is endoribonucleolytic cleavage
of the mRNA of cyclin b2 (Clb2)° (Figure 3 purple pathway). As explained in section 6.1.2,
this B-type cyclin activates CDK1 during mitotic phase; and APC-dependent proteolysis of
Clb2 is essential for mitotic exit?®. In addition, low C/b2 levels keep CDK1 activity to a
minimum during GO (quiescence / resting) phase via similar APC-dependent proteolysis®. It
is likely that the strictly regulated terminal differentiation of hypertrophic chondrocytes is
achieved by mitotic exit or entrance into GO phase. As RMRP RNA activity has been shown
to degrade the C/b2 message, we speculated in Chapter 2 that the increase of RMRP RNA
levels during chondrocyte hypertrophy serves to decrease Clb2 protein levels by increasing
the turnover of C/b2 mRNA and thus inhibiting activation of CDK1'!, Interestingly, the pro-
proliferative, hypertrophy-suppressing actions of PTHrP were shown to be, at least in part,
CDK1-dependent. Indeed, in Chapter 2 we observed that Rmrp RNA levels are down
regulated upon PTHrP exposure, presumably via decreased Rmrp promoter transcriptional
activity!*. This may result in elevated C/b2 levels, thereby potentially supporting

downstream PTHrP and CDK1 activity.

7.4 Chondrogenic mediators

In Chapter 2 we also found that bFGF, which, like PHTrP, delays chondrocyte hypertrophy
and terminal differentiation?3-1>12°, downregulates Rmrp promoter transcriptional activity®!
(Figure 3, blue pathway). Moreover, exposure of ATDC5 cells to dorsomorphin, an inhibitor
of BMP-mediated SMAD1/5/8 phosphorylation?!, greatly reduced Rmrp promoter activity,
further supporting a potentially BMP-mediated control of RMRP transcription. In line with a
potential feedback mechanism it is notable that BMPR2 (the type Il BMP receptor) is a
potential target of RMRP-S2, the RMRP RNA-derived siRNA*® (link from blue to pink

pathway, Figure 3).
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7.5 Viperin pathway

RNase MRP is able to cleave viperin mRNA, In CHH, RMRP levels are reduced, resulting in
increased expression of viperin mRNA (Figure 3 green pathway). In Chapter 3, we show that
in ATDC5 cells viperin overexpression increases overall protein secretion?? and CXCL10 in
particular. We also show that during overexpression of viperin TGF-B/SMAD2/3 activity is
reduced and that this TGF-B/SMAD3 activity is controlled by the viperin secretome and
CXCL10*2. Moreover, viperin overexpression reduces overall chondrogenic differentiation.
Lastly, we showed that the viperin-CXCL10-TGF-B/SMAD2/3 axis is deregulated in
chondrocytic CHH cells, possibly explaining the CHH phenotype. Interestingly, both Chapter
2 and Chapter 3 point towards a role for TGF-B/SMAD signaling in the pathobiology of CHH.

7.6 What about other snoRNAs?

RMRP RNA is just one of approximately 200 snoRNAs®2. The majority of snoRNAs can be
subdivided into two classes with distinctive, evolutionary conserved sequence elements: the
box C/D and box H/ACA snoRNAs. Based on sequence complementarity with their target
rRNA, these classes guide the post-transcriptional 2’O-ribose methylation and
pseudouridylation (respectively) of specific rRNA nucleotides!3%'3!, In Chapter 4 we show
that there is differential expression of snoRNAs during distinct phases of ATDC5
chondrogenic differentiation (see Figure 3 grey pathway). Since these snoRNAs are involved
in fine-tuning ribosome translational activity and characteristics, we speculate that these
snoRNAs facilitate cellular translational activities that are key for the chondrogenic
differentiation process, but also for osteoarthritis development. In Chapter 5 we show that
snoRNAs are differentially expressed during ageing and in the osteoarthritic joint?’. In
addition we show that serum snoRNAs could be considered as potential biomarkers for joint

ageing and post-traumatic osteoarthritis.
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Potential biomarkers . Differential expression box C/D rRNAs
joint ageing and OA and box H/ACA snoRNAs — modifications

RMRP
snoRNA !

_{

Figure 3. Proposed scheme of how RMRP snoRNA-derived functions and box C/D and H/ACA
snoRNA functions can be linked to chondrogenic differentiation, CHH and osteoarthritis, with in bold

the interactions that were newly identified as part of this thesis. See section 7.1 to 7.6 for a more

elaborate description.
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Concluding words

The work presented in this thesis provides directions for pathways in which snoRNAs
function in chondrocyte development and disease, and | hope the results from this thesis
will inspire other researchers to follow them up and extrapolate and expand these findings

to different cell types, tissues and developmental contexts.
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snoRNA biomarkers in osteoarthritis and ageing

Cartilage is an important structural component of the body; essential during walking, sports
and everyday life functioning. Due to the lack of vascularization, cartilage is largely
hampered in its reparative capacity®. This has major implications for cartilage diseases such
as osteoarthritis (OA), the most prevalent age-related degenerative joint disease?3. OA
affects over 300 million people globally* and is a common cause of chronic disability
worldwide?. In addition it is a significant contributor to both individual and socioeconomic
burden and the number of disability adapted life years globally®. If the deterioration in
musculoskeletal health and development of OA can be identified and treated early, serious
life impairment may be abrogated. The development of effective treatments for OA and the
ability to predict disease progression has been hampered by the lack of biomarkers able to
demonstrate pathological disturbances preceding identifiable tissue alterations. Chapter 5 of
this thesis has contributed to expanding this knowledge by the identification of snoRNA-
based biomarkers that are indicative for ageing and/or for OA. For example, SNORA73 was
increased in old joint and serum and thus represents a potential joint ‘biological ageing’
marker®., SNORA64 was increased and SNORD46 was decreased in serum in a mouse OA
model, where OA was established by destabilization of the medial meniscus (DMM), but
both were not differentially expressed in young versus old serum, highlighting these
snoRNAs as possible OA markers®. SNORD18 was increased in serum both in ageing and
following DMM, suggesting that it is affected in both ageing and OA. The most differentially
expressed snoRNA in mouse DMM serum was SNORD116°. This increase was confirmed in
serum of horses with metacarpophalangeal (MCP; joint with similarities to the human knee
joint’) OA. Additionally, SNORD116 has previously been identified as increased in OA
compared to normal human cartilage in a micro-array study®, indicating that SNORD116
function might be conserved between species. Ideally, biomarkers should be assessable via
low-invasive methods and serum is thus a good source for biomarker measurement. The
snoRNA biomarkers identified in our work represent a class of bio-molecules for which
quantitative assays can be set-up with relative ease. Following our findings it would thus be

a possibility that snoRNAs could add to a diagnostic set of serum-based bio-molecules
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indicative for biological age and OA status of the patient. Given the fact that we used a
mouse model, effort should be put in the validation of our findings for the human situation,
as well as the set-up of large cohort studies, where OA is well-defined and a relation
between the disease stage and the specific snoRNA in the serum may be deduced. In
addition, the snoRNAs’ specificity should be investigated further to determine whether the
situation in the joint is represented in the serum and for example how to extrapolate the

results in case of co-morbidities.

snoRNAs in chondrogenic development and Cartilage Hair Hypoplasia

Mutations in the RMRP gene are the cause of a severe form of dwarfism known as cartilage-
hair hypoplasia® (CHH, McKusick-type metaphyseal chondrodysplasial®), which is part of the
anauxetic dysplasia spectrum of disorders'*'2, To date, more than hundred individual CHH-
pathogenic mutations have been identified in the RMRP gene®. Although relatively rare in
the general population, the disease prevalence is exceptionally high among the Amish and
Finnish populations!. Moreover, the disease consequences for those identified with the
disease can be considered severe; one predominant phenotypic hallmark of CHH is short-
limbed dwarfism caused by abnormal growth plate development. Other symptoms include
sparse thin hair, anaemia, Hirschsprung’s disease, bronchiectasis, and impaired T-cell
immunity. In addition, adult patients have a predisposition to certain cancers (i.e. squamous
cell carcinoma, basal cell carcinoma and non-Hodgkin lymphoma)'?14. The data and insight
generated through investigation of this human disease model may provide further insight in
the role of RMRP RNA, RNase MRP functions and rRNA processing in chondrocyte cell
development and function (Chapter 2). Our data showed that RMRP RNA expression is
regulated during different stages of chondrogenic differentiation and indicate that RMRP
RNA plays a pivotal role in chondrocyte hypertrophy, with consequences for CHH
pathobiology®. Interestingly, the gene expression alterations observed in OA cartilage also
indicate a replay of chondrogenic differentiation towards chondrocyte hypertrophy!®. This
holds promise that by investigating this rare disease model we could additionally generate
findings that contribute to the understanding of the complex etiology of a highly prevalent
disease such as OA. However, for CHH patients, a multi-causal approach will most-probably

be required when selecting novel therapeutic targets. Considering the many functions RMRP
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RNA and the RNase MRP complex are involved in, a one-fit-for-all therapy should not be
expected, but rather a personalized therapy based on the molecular effects of the diverse
RMRP mutations and the overall disease phenotype. Treatment of CHH with growth
hormone to support skeletal growth has been reported?’, but efficacy and safety are under
debate. Recently CRISPR genome editing is being put forward for treatment of cystic
fibrosis!8. Considering the isolated genomic nature of RMRP mutations leading to CHH, this
disease might represent a good candidate for CRISPR genome editing, and recent
advancements in CRISPR genome editing may shed light on the future treatment options for
CHH. However, the tissue delivery of such genome editing tools are expected to be
challenging in CHH and in particular in the case of targeting developing cartilage. In relation
to this notion it will therefore be important to additionally investigate the deregulated
molecular networks downstream of RMRP in tissues with a high CHH-burden. This will
potentially allow counteracting of the pathological molecular aberrations caused by
mutations in RMRP in a downstream (symptomatic) manner. Our finding that viperin
regulates a CXCL10-TGF-B/SMAD2/3 axis during chondrogenic differentiation, which is
deregulated in CHH due to abnormal expression of viperin (Chapter 3)°, might provide a
starting point for such an approach. For example by targeting factors downstream of viperin,
such as CXCL10 and investigating the possibility of an interferon-related therapy. In Chapter
4, snoRNAs were found to be differentially expressed during ATDC5 chondrogenic
differentiation, with impact on the translational capacity of the cell. Even though here we
have not yet identified isolated snoRNAs and their specific function, they appear to be vital
for the overall outcome of chondrogenesis. Understanding and influencing chondrogenesis
will be key for cartilage regenerative therapies (e.g. cartilage tissue engineering using MSCs)
in the context of, for example, OA. Our data indicate that snoRNAs might be good candidates
to target and influence the course of chondrogenesis. In this respect antisense
oligonucleotides (ASOs) may proof a valuable means in targeting these snoRNAs in the
future?°. A wide range of modifications to ASOs have already been investigated to improve
their stability, influence their mechanism of action or steer their delivery?®. ASOs have been
investigated in preclinical studies such as in vitro and small animal in vivo studies and several
formulations were already regulatory (FDA / EMA) approved for use in the clinic2®23, Our
group has recently been successfully using second generation ASOs for targeting snoRNA

expression levels in chondrocytes?®?®>, These ASOs are designed in a 5-10-5 gapmer
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configuration and have a phosphorotioate backbone, containing a core of 10 DNA
nucleotides, flanked on both sides by modified (2'0-ribose methyl) RNA nucleotides. These
ASOs are RNase H1 dependent and effective in targeting snoRNAs?®. Therefore, using ASOs
to target snoRNAs in the context of chondrogenic development would be a promising
perspective for future OA therapies as well. However, before we can enter this stage,
functional studies will be needed to investigate the function of specific snoRNAs in the

context of chondrogenesis to select promising snoRNA targets.
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The cellular processes in which snoRNAs participate are fundamental processes needed for
proper cell function, yet their roles in cell differentiation, homeostasis and disease in general
have been poorly investigated. Moreover, in the context of chondrogenic differentiation,
cartilage homeostasis and disease, snoRNAs have not been investigated so far. In the work
presented in this thesis we therefore investigated the involvement of snoRNAs in several

chondrocyte and cartilage facets.

Chapter 2 Expression of RMRP RNA is regulated in chondrocyte

hyperirophy and determines chondrogenic differentiation

Mutations in the RMRP-gene, encoding the snoRNA component of the RNase MRP complex,
are the cause of cartilage-hair hypoplasia (CHH)>2. CHH is associated with severe dwarfism
caused by impaired skeletal development. However, it is not clear why mutations in RMRP
snoRNA lead to skeletal dysplasia. Since chondrogenic differentiation of the growth plate is
required for development of the long bones, we hypothesized that the RMRP snoRNA plays
a pivotal role in chondrogenic differentiation. Expression of Rmrp RNA and RNase MRP
protein subunits was detected in the murine growth plate and during the course of
chondrogenic differentiation of ATDC5 cells, where Rmrp RNA expression was found to be
correlated with chondrocyte hypertrophy. Genetic interference with Rmrp RNA expression in
ATDCS cells caused a deregulation of chondrogenic differentiation, with a prominent impact
on hypertrophy and changes in pre-rRNA processing and rRNA levels (reduced levels of 18S
and 5.8S5 rRNA). Promoter reporter studies showed that Rmrp RNA expression responds to
chondrogenic morphogens such as PTHrP and bFGF (reduced promoter activity) and TGFB3,
BMP-2, WNT-3A and WNT-5A (increased promoter activity). Chondrogenic trans-
differentiation of CHH fibroblasts was impaired with a pronounced impact on hypertrophic
differentiation, increased levels of PTHrP and accumulation of the ITS-1 pre-rRNA processing
intermediate. Together, our data show that RMRP RNA expression is regulated during
different stages of chondrogenic differentiation and indicate that RMRP RNA may play a
pivotal role in chondrocyte hypertrophy, with potential consequences for CHH

pathobiology3.
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Chapter 3 The anti-viral protein viperin regulates chondrogenic

differentiation via CXCL10 protein secretion

RNase MRP has a number of substrate RNAs and from most it is not clear how these
substrate RNAs may influence cell biological processes, nor is it known how these substrates
may be involved in the development of CHH or chondrogenic differentiation. One of these
substrate RNAs is the mRNA of viperin®. Viperin, an abbreviation for Virus Inhibitory Protein,
Endoplasmic Reticulum-associated, Interferon (IFN)-inducible, is a protein located in the
endoplasmic reticulum® and it is well described for its role as an antiviral protein®. Viperin
expression has been shown to be increased in CHH leukocytes’ and following knockdown of
RNase MRP subunits®. We discovered that viperin is expressed in differentiating
chondrocytic cells and regulates their protein secretion and the outcome of chondrogenic
differentiation by influencing TGF-B/SMAD2/3 activity via CXCL10, where CXCL10 inhibits
chondrogenic differentiation. Moreover, we observed disturbances in this viperin—-CXCL10—
TGF-B/SMAD2/3 axis in CHH chondrocytic cells. Our results indicate that the anti-viral
protein viperin controls chondrogenic differentiation by influencing secretion of soluble
proteins and we identified a molecular route that may explain impaired chondrogenic

differentiation of cells from individuals with CHHS.

Chapter 4 Adaptation of protein translational apparatus during ATDC5

chondrogenic differentiation

The RMRP snoRNA is one highly specific snoRNA belonging to a small group of non-canonical
snoRNAs. The majority of the cell’s snoRNAs however belong to a group of canonical
snoRNAs involved in the post-transcriptional modification of rRNAs. Fine-tuning of the cell’s
rRNA pool by snoRNA-mediated post-transcriptional modifications is believed to determine
ribosome activity and control ribosome translation fidelity. It is expected that this is
particularly important in translationally active cells, like growth plate chondrocytes, in order
to accurately and efficiently synthesize the proteins required for building the cartilaginous
growth plate extracellular matrix and support their high speed of proliferation. We therefore
charted the full spectrum of snoRNAs expressed during different phases of chondrogenic

differentiation. snoRNAs were found to be differentially expressed during ATDC5
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chondrogenic differentiation. In addition, rRNA post-transcriptional modifiers, the 2’O-ribose
methylase fibrillarin and the pseudouridylase dyskerin, as well as UBF-1 (involved in rDNA
transcription) expression and 18S, 5.85 and 28S rRNA content per cell adapted to the
differentiation status of ATDC5 cells. Overall an impact on the translational capacity of the
cell, depending on the differentiation status of the ATDC5 cells, was demonstrated. Thus, our
data showed that chondrogenic differentiation is associated with significant regulation of
mechanisms involving ribosome biogenesis and translation activity. Differentiation-phase
specific expression of snoRNAs suggests that specific snoRNAs may modulate the
chondrocyte’s developing phenotype via an rRNA post-transcriptional modification-based
ribosome heterogeneity mechanism, thereby potentially facilitating the observed dynamics
in translational activity impacting the course of chondrogenic differentiation. Future work is
expected to uncover the extent of ribosome heterogeneity and regulation in cellular

differentiation and its potential implications for human disease.

Chapter 5 Serum snoRNAs as biomarkers for joint ageing and post-

traumatic osteoarthritis

In osteoarthritis, like in chondrogenic differentiation, the chondrogenic phenotype is actively
changing®. The development of effective treatments for the age-related disease
osteoarthritis and the ability to predict disease progression has been hampered by the lack
of biomarkers able to demonstrate the course of the disease. Profiling the expression
patterns of snoRNAs in murine joint ageing and osteoarthritis may provide insight in their
contribution to joint pathology, their use as diagnostic biomarkers and potential as
therapeutic targets. SnoRNASeq identified differential expression of 6 snoRNAs in young
versus old joints and 5 snoRNAs in old sham versus old experimental osteoarthritic joints. In
serum we found differential presence of 27 snoRNAs in young versus old serum and 18
snoRNAs in old sham versus old experimental osteoarthritic serum. Profiling the expression
patterns of snoRNAs is the initial step in determining their functional significance in ageing
and osteoarthritis, and provides potential diagnostic biomarkers and therapeutic targets.
Our results established snoRNAs as novel markers of musculoskeletal ageing and
osteoarthritis and implicate specific changes in snoRNA abundance in joint ageing (SNORD88

and SNORD38 were respectively decreased and increased) and OA, suggesting the potential

251



Chapter 9

use of snoRNAs such as SNORA73 and SNORD23 as a novel biomarker for joint ageing,
SNORAG64, SNORD46 and SNORD116 for OA, SNORD18 for ageing and OA°,

Conclusions

In the general discussion the data described in this thesis were discussed with respect to
each other and with outsight to future directions for snoRNA research in cartilaginous
tissues. In addition, we provided an overview of the molecular interactions identified from
this thesis. Overall, the work presented in this thesis provides directions for pathways in

which snoRNAs function in chondrocyte development and disease.
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