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ABSTRACT

Growth and differentiation factor 5 (GDF5), a member of the bone morphogenetic protein (BMP) family, is essential for cartilage, bone,
and joint formation. Antagonists such as noggin counteract BMP signaling by covering the ligand’s BMP type | (BMPRI) and type Il
(BMPRII, ActRIl, ActRIIB) interaction sites. The mutation GDF5-594N is located within the BMPRII interaction site, the so-called knuckle
epitope, and was identified in patients suffering from multiple synostoses syndrome (SYNS). SYNS is characterized by progressive
symphalangism, carpal/tarsal fusions, deafness and mild facial dysmorphism. Here we present a novel molecular mechanism of a GDF5
mutation affecting chondrogenesis and osteogenesis. GDF5-594N exhibits impaired binding to BMPRII causing alleviated Smad and non-
Smad signaling and reduced chondrogenic differentiation of ATDCS5 cells. Surprisingly, chondrogenesis in mouse micromass cultures
was strongly enhanced by GDF5-S94N. By using quantitative techniques (SPR, reporter gene assay, ALP assay, qPCR), we uncovered that
this gain of function is caused by strongly reduced affinity of GDF5-S94N to the BMP/GDF antagonist noggin and the consequential lack
of noggin inhibition. Thus, since noggin is upregulated during chondrogenic differentiation, GDF5-S94N exceeds the GDF5 action, which
results in the phenotypic outcome of SYNS. The detailed molecular characterization of GDF5-S94N as a noggin-resistant growth factor
illustrates the potential of GDF5 mutants in applications with defined therapeutical needs. © 2012 American Society for Bone and
Mineral Research.
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Introduction

one morphogenetic proteins (BMPs) and growth and

differentiation factors (GDFs) are crucial regulators of bone
and cartilage development and homeostasis. Many bone and
cartilage diseases in humans can be traced back to mutations in
this BMP ligand family, their receptors, and/or their extracellular
antagonists.'"® GDFS5 itself is a key regulator of chondrogenic
differentiation and joint formation controlling the number and
length of limb bones."”’ At early stages of chondrogenesis GDF5
is secreted in condensing mesenchyme of the limb to stimulate

recruitment and differentiation of chondrogenic precursor cells.
Later it is expressed at sites of subsequent joint formation
(reviewed before).® GDF5 binds a set of BMP type | (BMPRIA/B)
and type Il receptors (BMP receptor type I, BMPRII, and
Activin receptor type I/ 1IB, ActRII/ActRIIB), assembled either
as preformed complex (PFC) or in the BMP-induced signaling
complex (BISC).®'® Upon ligand binding to PFCs, the constitu-
tive active BMPRIl phosphorylates and thereby activates
BMPRIA/B, which in turn phophorylates receptor regulated
Smads (R-Smads, namely, Smad 1/5/8). Activated R-Smads
form heteromeric complexes with Smad 4, translocate into the
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nucleus to bind to specific DNA sites where they induce target
gene transcription. As a second binding mode, BMP family
ligands such as GDF5 or BMP2 can bind the high-affinity type |
receptor first and recruit the low-affinity type Il receptor into
a BISC, which triggers non-Smad signaling, for example, via
the p38 mitogen activated kinase (MAPK) pathway."'? Both
signaling pathways modulate target gene expression and are
involved in the regulation of chondrogenesis.">'? Proper
chondrogenesis is required for the later onset of bone formation
via endochrondral ossification (reviewed earlier)."™ To gradually
finetune BMP signaling during endochondral ossification natural
antagonists such as noggin are expressed. Noggin interacts with
BMPs to inhibit their receptor interaction.!'®'”)

Several mutations within GDF5 are identified causing
chondrodysplasia,"®2? brachydactyly,”'>®) symphalangism
(SYM),22%%2%) or the multiple synostoses syndrome (SYNS).25-28)

The point mutation GDF5-S94N (or S475N when the
proprotein numbering is considered) is a gain of function
mutation resulting in SYNS. Patients suffer from carpal/tarsal
coalition, proximal symphalangism, humeroradial synostosis,
as well as progressive conductive deafness.”® The molecular
mechanisms leading to this progressive chondrogenic and
osteogenic phenotype are unknown so far. The mutation S94N is
located within the so-called knuckle epitope, the interaction site
of GDF5 with its BMP type Il receptors. Serine 94 is one out of the
five residues identified in the related BMP2 ligand as important
determinants for BMP type Il receptor binding.*? It is located in
the center of the hydrophobic interface between BMPs and BMP
receptor type Il and forms intermolecular H-bonds with ActRIl or
ActRIIB.2%*" We used Surface Plasmon Resonance measure-
ments (SPR) in combination with cellular assays to gain deeper
insights into the molecular mechanisms and signaling potency of
GDF5-S94N compared with wild-type GDF5 and the variant
GDF5-L60P, which has contrary in vitro binding properties to the
type | and type Il BMP receptors compared with GDF5-S94N.
GDF5-L60P (or L441P when the proprotein numbering is
considered) was previously identified as a loss-of-function
mutation located in close proximity to the wrist epitope,
important for interaction with the type | receptors BMPRIA or
IB.?? Interestingly, in contrast to GDF5-594N, the mutant GDF5-
L60P is described to cause brachydactyly type A2 (BDA2), which
is characterized by reduced chondrogenesis and attenuated
osteogenesis leading to shortened fingers because hypoplasia
of phalanges or missing phalanges.?? The same phenotype
was also identified in patients with a mutation in BMPRIB.?

In the study presented here we treated mesenchymal C2C12
cells, prechondroblastic ATDC5 cells, and mouse micromass
cultures with recombinant GDF5, GDF5-S94N, and GDF5-L60P.
Hereby we aimed to uncover the molecular mechanisms
responsible for the phenotypes of SYNS and BDA2. We
show that the SYNS mutation GDF5-S94N, located within
the type Il receptor binding epitope, exhibited a reduced
binding affinity to BMPRII but was nevertheless able to trigger
strongly enhanced BMP/GDF signaling and chondrogenesis
because a lack of noggin inhibition. Furthermore, we
uncovered that the BDA2 mutant GDF5-L60P failed to induce
Smad signaling and p38 MAPK activation, which impairs
chondrogenesis.

Material and Methods

Antibodies

Antibodies were obtained from the following sources: antipho-
spho p38 (1:1000) from Promega (Madison, WI, USA), anti-§ actin
(1:5000) from Sigma-Aldrich (St. Louis, MO, USA), antiphospho-
Smad 1/5/8 (1:1000), anti-Lamin A/C (1:1000), and anti-GAPDH
(1:1000) from Cell Signaling (Danvers, MA, USA). For immuno-
fluorescence staining we used anti-Smad1 (1:500) from Cell
Signaling and anti-myosin (1:500) from Sigma-Aldrich.

Cell culture

C2C12 cells (American Type Culture Collection [ATCC], Rockville,
MD, USA) were cultivated in Dulbecco’s modified eagle medium
(DMEM) supplemented with 10% fetal bovine serum (FBS),
100 U/mL penicillin, and 100 mg/mL streptomycin. ATDC5 cells
(Riken Cell Bank, Japan) were cultivated in DMEM/Ham’s
F12 supplemented with 5% FBS plus 100 U/mL penicillin and
100 mg/mL streptomycin.

Luciferase-based reporter gene assay

Cells were seeded using a 24-well plate at 1 x 10 cells per well.
After 24 hours, cells were transfected with pBRE-Luc®? or pMyg-
Luc (myogenin promoter driving firefly luciferase) and pRLTK
(Promega) using Lipofectamine 2000 (Invitrogen, Carlsbad, CA,
USA). Cells were starved for 5 hours and stimulated with ligand in
the presence of 0.5% FBS for 16 hours (BRE-Luc) or for 5 days
(Myg-Luc). Luciferase activity was measured using the Dual Glow
luciferase reporter assay system (Promega) and a Mithras LB 940
luminometer (Berthold Detection Systems, Pforzeim, Germany).

Phospho-p38 and phospho-Smad assays

C2C12 cells were seeded in a six-well plate at 1 x 10° cells per
well. After 24 hours, cells were starved for 3 hours and incubated
in the absence or presence of 10nM ligand for 30 minutes or
the indicated times. Cells were washed with PBS, lysed in SDS-
sample buffer, and applied on 10% PAA gels for Western blotting
analysis.

Cell fractionation

Cells were seeded in a six-well plate at 4 x 10° cells per well,
starved for 3 hours and stimulated with 10nM ligand for the
indicated times. Cytoplasmic and nuclear proteins were isolated
using ProteoJet Extraction Kit (Fermentas, Hanover, MD, USA)
according to manufacturer’s instruction.

Immunofluorescence

Cells (3 x 10%) were plated on glass coverslips placed in 24-well
plates. After 24 hours cells were stimulated with 10 nM ligand in
DMEM containing 0.5% FBS for the indicated times. Immuno-
fluorescence staining and microscopy were performed as
decribed previously.®®

Alkaline phosphatase (ALP) assay

Cells were seeded in 96-well plates at 1x 10* per well and
incubated with ligand (DMEM, 2% FBS) for 72hours in the
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absence or presence of increasing concentrations of noggin
(R&D Systems, Minneapolis, MN, USA). Cells were washed with
phosphate-buffered saline (PBS) and lysed in lysis buffer
(100mM glycine/Na* pH 9.6, 1mM MgCl,, 1mM ZnCl,, 1%
NP-40). Absorption at 405nm was measured using an ELISA-
plate reader (Tecan, Mannedorf, Switzerland).

Quantitative PCR (qPCR)

Total RNA was extracted using NucleoSpin RNA extraction kit
(Macherey and Nagel, Diiren, Germany) according to manufac-
turer’s instructions. cDNA was obtained by reverse transcription
of total RNA. Quantification of genes was assessed by qPCR using
the StepOne Plus and SYBR Green PCR Master Mix (Applied
Biosystems, Bedford, MA, USA). The transcript expression level
was normalized to HPRT.

Surface plasmon resonance (SPR) measurements

SPR were carried out using a Biacore 2000 system.'%?? In brief,
200 to 500 resonance units (RU) of either N-biotinylated receptor
or noggin proteins were immobilized to streptavidin coated CM5
chips. Interaction sensorgrams were recorded at a flow rate
of 10 pL/min at 25 °C. Association and dissociation times were
set to 5 minutes. After each cycle the chips were regenerated
with 4 M MgCl, and additionally with a regeneration solution
containing 1mM acetic acid, 1M NaCl, and 6 M Urea for
2 minutes. HBS500 buffer (10 mM HEPES pH 7.4, 500 mM NaCl,
3.4 mM EDTA, 0.005% surfactant P20) was used as running buffer
for all experiments.

Micromass cultures

Primary limb mesenchymal cultures were established from E11.5
CD1 mouse embryos (mouse facility at Max Planck Institute for
Molecular Genetics) after Karamboulas et al.®* with some

A GDF5-LG0P

hGDFS 51 E PASR O T L
hGDFE 56 Brneai®loTL
hGDFT &0 P HII
hBMPZ 46 15 CE!TL
hEMP4 48 1|5 C;!TL
hBEMPE T0 e HIV
rBMPT 7O I HIV
B

N GDFS,

90°

MNSMDPES

NSVN
HLMNPEY
HFEINPET

modifications. Briefly, limb buds were dissected and ectoderm
removed after digestion in dispase/collagenase solution (3 mg/
mL Dispase/Collagenase [Roche, Indianapolis, IN, USA] in Hank’s
Balanced Salt Solution [HBSS]). Cells were isolated from limb
buds after digestion with collagenase/trypsin (0.1% collagenase
type la [Sigma-Aldrich], 0.1% trypsin [Invitrogen], 5% FBS in PBS),
filtered through a 40 wm-cell strainer (BD Falcon, Bedford, MA,
USA), resuspended in culture medium (DMEM/F12 [Invitrogen],
10% FBS) at a density of 2 x 107 cells/mL, and seeded in 10 pL
drops (2 x 10° cells). After 2 hours, cells were stimulated with
recombinant GDF5, GDF5-L60P, GDF5-S94N (proteins supplied
by Biopharm GmbH), and BMP2 (W. Sebald, Wuerzburg,
Germany) in the absence or presence of noggin (R&D Systems).
Medium was changed every 48 hours. After 6 days, micromass
cultures were fixed and stained with 1% Alcian Blue stain (Sigma-
Aldrich) pH 1.0 overnight. Staining was quantified using BIO-1D
(Vilber-Lourmat, Marne-la-Vallée, France). Three replicas for each
condition were performed in parallel.

Statistical analysis

Statistical analysis was performed using a two-tailed
Student’s t test.

Results

Mutation within GDF5 affects binding properties to
BMP receptors

In SYNS patients, the serine residue at position 94 of mature
GDF5 is exchanged by asparagine (GDF5-S94N) because of
a point mutation.?® This serine residue is highly conserved
amongst the GDF/BMP family (Fig. 1A) and located in the B-sheet
6 of the knuckle epitope (Fig. 1B). The knuckle epitope consists
of B-sheets B2-B4 of finger 1 and B6 and B7 of finger 2 forming a
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Fig. 1. Localization of the GDF5-L60P and GDF5-S94N mutation in GDF5. (A) Sequence alignments of different mature human GDF and BMP ligands.
Arrows indicate the mutation sites for GDF5-L60P and GDF5-594N. (B) Ribbon presentation of the GDF5, g dimer (surfaces shown in dark and light green).
The location of exchanged amino acids in GDF5-S94N (pink) and GDF5-L60P (green) are indicated. The ribbon model (right) is rotated around the x axis by
90° and depicts the wrist epitopes (type | receptor binding site) and the knuckle epitopes (type Il receptor binding site) of GDF5.
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convex surface (Fig. 1B). It interacts with the concave surface of
BMP type Il receptors, which is formed by three pairs of
antiparallel B-sheets.%3>3¢

We compared the signaling potency of GDF5-S94N with GDF5
and the previously published GDF5-L60P mutant causing BDA2.
The latter point mutation is located next to the wrist epitope
(Fig. 1B).?**>37) We first analyzed ligand binding to the BMP type
| receptors BMPRIA and IB as well as to BMPRII by SPR (Table 1)
using immobilized receptors. According to the phenotype of
SYNS1, which indicates a gain of function mutation we expected
an elevated binding affinity of GDF5-S94N for BMPRIIl. However,
the variant GDF5-S94N binds BMPRII (Kp ~180 nM) with about
fivefold lower affinity compared with GDF5 (Kp ~35-40nM),
whereas the affinity of GDF5-594N for BMPRIA (Kp ~20 nM) and
BMPRIB (Kp ~1 nM) was unaffected (Table 1). The variant GDF5-
L60P characterized as a loss of function mutation showed no
detectable binding affinity to BMPRIA and strongly reduced
binding to BMPRIB (K ~42,3 nM)®* (Table 1). Hence, GDF5-594N
and GDF5-L60P exhibit contrary in vitro binding properties to
BMPRIA/IB and BMPRII receptors.

The S94N mutation within the knuckle epitope of GDF5
inhibits Smad signaling

GDF5 and BMP2 are homologous on the one hand, but display
distinct binding preferences for type | receptors. GDF5 binds
more strongly to BMPRIB (Kp ~1 nM) compared with BMPRIA (Kp
~20 nM), whereas BMP2 binds BMPRIA (Kp ~1 nM) and BMPRIB
(Ko ~2-3nM) with almost similar affinities (Table 1).673®
Because GDF5 regulates the condensation of mesenchymal
cells in limbs as well as chondrogenic differentiation, we
used mesenchymal C2C12 cells, prechondroblastic ATDC5 and
micromass cells generated from mouse limb buds. Because
C2C12 cells are well characterized for BMP2 signaling, we
included BMP2 as a positive-control.

At the cell surface numerous combinations of BMP receptor
oligomers exist, even in the absence of ligands.®® Similar to
BMP2, GDF5 binds preformed BMPRIA/IB:BMPRII and induces
Smad-dependent signaling.®'%*? Therefore, we examined both
GDF5-594N and GDF5-L60P for their ability to induce Smad 1/5/8
phosphorylation, Smad translocation and Smad-dependent
target gene transcription. We found that the GDF5-S94N mutant
induced Smad 1/5/8 phosphorylation with about fivefold lower
efficiency than GDF5 and BMP2 (Fig. 2A). The GDF5-L60P mutant
was ineffective in inducing Smad phosphorylation (Fig. 2A).

Table 1. Binding Affinities of GDF5 Mutants to Immobilized
Receptors (SPR Measurement)

Ko (nM)
Ligand BMPRIA BMPRIB BMPRII Ref.
BMP2 0.8 24 45 (37,62)
GDF5 19 1.3 36
GDF5-L60P n.b. 423 319 (22,35)
GDF5-5S94N 19.5 1.2 183.7

Mean values from two experiments using at least six different analyte
concentrations.

Similar results were obtained by analyzing Smad nuclear
translocation (Fig. 2B). To support our data we further examined
the immediate effects of ligand stimulation using cell fraction-
ation. Our experiments revealed a delayed phospho-Smad
nuclear translocation in GDF5-S94N and GDF5-L60P treated cells
in comparison to GDF5 (Fig. 2Q). In detail, stimulation with GDF5-
S94N for 30 minutes resulted in strong Smad 1/5/8 phosphory-
lation in the cytoplasm, but compared with GDF5 less phospho-
Smad accumulated in the nucleus (Fig. 2C, upper panel, compare
lanes 1, 3, 5, and 6, 8, 10). Upon 45 minutes or 60 minutes
stimulation with the GDF5-S94N mutant the amount of nuclear
phospho-Smad 1/5/8 adjusted more to the nuclear phospho-
Smad 1/5/8 levels induced by GDF5 (Fig. 2C, lower panels,
compare lanes 6, 8, and 10). In contrast to that, GDF5-L60P did
not stimulate Smad 1/5/8 nuclear translocation after 30 and
45 minutes. Only after 60 minutes of treatment with GDF5-L60P
we could detect nuclear Smads, which might be caused by
indirect mechanisms (Fig. 2C, compare lanes 6, 8, and 9).
We next investigated the effects of these GDF5 mutants on
Smad-dependent target gene expression using BMP responsive
element (BRE) gene construct driving a luciferase reporter
(BRE-Luc).®? The GDF5-594N mutant displayed strongly reduced
reporter gene activity compared with GDF5, whereas the GDF5-
L60P mutant did not show any ability to induce the BRE reporter
(Fig. 2D).

Hence, the lower BMPRII affinity of the SYNS associated GDF5-
S94N mutant results in decreased Smad phosphorylation,
delayed Smad nuclear translocation and weaker Smad-depen-
dent transcriptional activity. GDF5-L60P is deficient in immediate
Smad activation and nuclear translocation as well as reporter
gene activation caused by severely impaired type | receptor
binding.

GDF5-594N shows a delay in MAPK activation

GDF5 and BMP2 bind type | and type Il receptor subsequentially
and activate the p38 MAPK pathway."'%""""® To test, whether
GDF5-S94N signals via BISCs and activates p38, we investigated
p38 phosphorylation at different time points. GDF5 and BMP2,
as well as GDF5-594N, induced p38 phosphorylation (Fig. 3),
however, with distinct signaling dynamics. In detail, BMP2
and GDF5 induced p38 phosphorylation after 30 minutes and
the signal sustained until 60 minutes. The GDF-S94N variant
displayed no immediate signaling (30 minutes), but a delayed
p38 phosphorylation culminating at 45 minutes (Fig. 3). In
contrast, GDF5-L60P completely failed to induce p38 phosphor-
ylation. Thus, proper binding to the type | receptors is crucial for
phosphorylation of p38 MAPK. As our data suggest, an efficient
interaction of the ligand with BMPRII might be necessary for
rapid signal propagation.

The GDF5 variant S94N is less potent in myoblast/
osteoblast conversion of C2C12 and chondrogenic
maturation of ATDC5 cells

The BMP/GDF dependent activation of both the Smad- and non-
Smad pathways is necessary to potently induce osteogenic
differentiation of C2C12 cells.*'*? If C2C12 cells are not directed
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Fig. 2. GDF5-S94N and GDF5-L60P show decreased and delayed Smad signaling. (A) C2C12 cells were stimulated with BMP2, GDF5, GDF5-S94N (G-S94N),
and GDF5-L60P (G-L60P) for 30 minutes and analyzed for Smad 1/5/8 phosphorylation. B-Actin serves as a loading control. (B) Immunofluorescent staining

of Smad 1 nuclear translocation upon incubation for 30 minutes with indicated

ligands. Nuclei were stained using DAPI. (C) C2C12 cells were exposed to

BMP2, GDF5, GDF5-594N (G-S94N) and GDF5-L60P (G-L60P) for the indicated times. After cell fractionation, the lysates were analyzed using a phospho-
Smad 1/5/8 specific antibody. Anti-GAPDH and anti-Lamin A/C immunoblotting was used as control. (D) BRE-dependent reporter gene activity was
examined in C2C12 cells after transfection with vectors encoding for the reporter genes and stimulation with BMP2, GDF5, GDF5-594N, and GDF5-L60P.
The results are shown as relative light activity (RLA) and represented as mean 4 SD of triplicate measurements in one out of three independent

experiments.

toward an osteogenic cell fate by BMP or GDF stimulation,**4%

they undergo myogenic differentiation upon serum deprivation.
These two processes counteract each other.4*® To investigate
the effect of GDF5-S94N on C2C12 differentiation, we examined
myogenesis by visualizing myotube formation. The myogenic
marker protein myosin heavy chain (MyosinHC) was stained
using a specific antibody. As expected, C2C12 cells underwent
myogenic differentiation in ligand-free medium (Fig. 4A).
However, a 5-day exposure to BMP2 and GDF5 prevented
myogenic differentiation indicated by the lack of MyosinHC
staining (Fig. 4A). Similar to the variant GDF5-L60P,'*® GDF5-
S94N induced the formation of myotubes (Fig. 4A). These results
were further confirmed by a luciferase reporter gene assay with
a myogenin promoter (Fig. S1). We next performed qPCR
investigating C2C12 differentiation by measuring mRNA levels of
myogenin (Myog), a marker gene for myogenesis, as well as
of inhibitor of differentiation 1 (Id1) and Runx2 (Fig. 4B-D).
Analogous to the myotube formation experiment (Fig. 4A), both
GDF5 mutants induced Myog mRNA comparable or even higher
to nonstimulated cells 5 days after ligand treatment (Fig. 4B).
The Id proteins prevent MyoD-dependent muscle-specific gene

(45)

transcription.*> Expression of 1d1%? as well as Runx2,“® the
master gene of osteoblastic differentiation, are induced by
activated Smads and responsible for osteogenic differentiation
of C2C12 cells. In our studies, Id7 and Runx2 mRNA levels were
moderately increased upon stimulation with BMP2 and GDFS5,
but were decreased upon exposure to either GDF5-S94N or
GDF5-L60P compared with GDF5 (Fig. 4C, D).

To investigate chondrogenic differentiation driven by the key
regulator GDF5 (7) or GDF5 mutants we analyzed the expression
of chondrogenic marker genes by gPCR. As mRNA levels of Sox9,
Col2a1, and Opn revealed, the chondrogenic character of ATDC5
cells was not affected by GDF5 mutants compared with GDF5
(Fig. 4E-G). Interestingly, mRNA level of Runx2 (3.2-fold),
ALP (10.4-fold), and Col10al (16-fold), markers of mature or
hypertrophic chondrocytes,*’=>® were upregulated upon stim-
ulation with GDF5 (Fig. 4H-J) and much less upon GDF5-S94N
and GDF5-L60P treatment (Fig. 4H-J). These results provide
strong evidence for a reduced potential of GDF5 mutants
to trigger chondrogenic maturation. Considering the altered
binding affinities of mutants we conclude from this that proper
GDF5 binding to both BMPRIA/IB and BMPRII is essential for the

Journal of Bone and Mineral Research

SYNS MUTANT GDF5-594N IS NOGGIN-RESISTANT 433 W



N

Vo & F
Q & o5

15min| &° |& |F |¢” [¢° [10nMiigand

35 kDa—! — — — — — p-p38

55 kDa-+
T ——— — [j.ac“n

Q =
Q H @ of*

30 min | &° |Q§‘!'\ |C90 |£':>'\' |G>Eg _|10nMIigand

35 (Do | — A — e D-D38

55 kDa—+
" T T W T (-actin

15 ) QQ bf‘
g ¢ S of
asmin| &° |<b‘3‘ & ¥ _lE"i[m”M ligand
wkpal e NN & ” p-p38
55 kDa--
P——— e R 1
R =
v P &
60 min| <° I?‘R' & | | |10 M ligand

35 kDA e . PrpaR
55 kDa—L
i — - Tt

Fig. 3. GDF5-S94N induces delayed p38 MAPK signaling. C2C12 cells
were treated with BMP2, GDF5, GDF5-S94N (G-S94N), and GDF5-L60P
(G-L60P) for the indicated times and analyzed for p38 MAPK phosphory-
lation. Anti-B-actin immunoblotting was used as a loading control.

conversion of C2C12 myoblasts to osteoblast lineage, but more
importantly for the chondrogenic maturation.

GDF5-594N potently induces chondrogenesis in mouse
micromass cultures

In the limb buds GDF5 is expressed throughout the phase of
condensation of mesenchymal cells differentiating to chondro-
cytes and osteoblasts.®" Therefore, we suggested that SYNS is
a result of strongly enhanced GDF5 signaling. We found that
GDF5-S94N, which is mutated within the knuckle epitope, can
still activate the Smad 1/5/8 and the p38 MAPK pathway.
However, the residual activity is not sufficient to promote
chondrogenic differentiation. These data contradict the pheno-
type of SYNS as characterized by increased bone formation and
joint fusion.

To clarify these results, we next examined the effect of GDF5-
S94N on chondrogenic differentiation using mouse micromass
cultures. The micromass culture model mimics the developmen-
tal process of endochondral ossification in vitro using isolated
primary precursor cells and dense culture conditions. Pre-
cartilage limb bud cells were seeded in high density and
differentiated along a chondrocyte pathway when stimulated

with GDF5. The extracellular matrix (ECM) production can be
detected using Alcian Blue staining.®” We analyzed mouse
micromass cultures exposed to GDF5 and GDF5 mutants for
6 days in a dose-response experiment. Surprisingly, treatment of
micromass cultures with more than 0.1 nM GDF5-S94N caused
significantly enhanced cartilaginous matrix production com-
pared with GDF5 (Fig. 5A, B). As published recently, the
variant GDF5-L60P showed only moderate chondrogenic
differentiation®? (Fig. 54, B).

To gain further insights into the mechanism we analyzed
the mRNA levels of different chondrogenic and osteogenic
marker genes. Upon GDF5-L60P treatment the expression of the
chondrogenic as well as osteogenic marker genes was reduced
when compared with GDF5 (Fig. 5C-/). However, the transcrip-
tion of the chondrogenic marker Sox9, Col2al, and Opn were not
affected by incubation with GDF5-S94N compared with GDF5
(FigS. 5C, D, S2A). Col10a1 mRNA, expressed in chondrocytes, was
reduced upon incubation with GDF5-S94N (Fig. 5E), reflecting
the results in ATDCS5 cells (Fig. 4E, F, G, J). Interestingly, in contrast
to the ATDC5 cells, the expression of Runx2, ALP as well as the
osteoblast-specific markers Osterix (Sp7) and Ocn were enhanced
in GDF5-S94N-treated micromass cultures when compared with
GDF5 (Fig. 5F-/). We excluded that this effect is caused by
upregulation or missing inhibition of canonical Wnt signaling as
it was observed in the BMPRIA conditional knock out mice.®?
SOST, LRP5 (Fig. 5J, K), as well as Dkk1 and RANKL (Fig. S2B, C),
were not diminished by exposure to GDF5-594N compared with
GDFS5.

Here we show for the first time, that despite defective BMPRII
binding and early signaling defects, a mutation in the GDF5
knuckle epitope promotes chondrogenic differentiation and is
responsible for the SYNS phenotype. Furthermore, our data
suggest that the SYNS mutant GDF5-S94N affects other
mechanisms than BMP receptor binding and canonical Wnt
signaling leading to enhanced chondrogenesis.

GDF5-594N is resistant to noggin inhibition

BMP/GDF signaling is stringently regulated by extracellular
modulator proteins, such as noggin and chordin (reviewed
before).'’”¥ SYNS was initially identified in patients with
heterozygous noggin mutations.”” In response to BMPs noggin
is secreted in condensing cartilage and future joint spaces and
prevents excessive exposure in a negative feedback loop.!6%?
The homodimeric antagonist interacts with both the wrist and
the knuckle epitopes of BMP ligand members in a clamp-like
fashion (Fig. 64).°? Hereby a large part of the convex wrist
epitope is covered by the N-terminal clip domain (leucine 31 to
serine 38) of the antagonist (Fig. 6A, B). Furthermore, the knuckle
epitope of GDF5 is covered by the two pairs of B-strands forming
finger 1 and 2 and the C-terminal half of the clip segment
(leucine 43 to glutamic acid 48) of noggin (Fig. 6A, C). Thus,
noggin blocks the interaction of BMPs/GDFs with both
designated type | and type Il receptors.®?

The mutation S94N in GDF5 is located in the putative contact
area with the C-terminal clip region of noggin (Fig. 6C). However,
modeling of the interaction of this GDF5 variant with noggin
suggests that the exchange of serine 94 to asparagine in GDF5
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would not impair the GDF5-noggin interaction because of steric
hindrance. Despite this, SPR measurements revealed that GDF5-
S94N binding to noggin (Kp ~3-4 nM) was nevertheless fourfold
decreased compared with GDF5 (Kp ~1 nM) (Table 2). In contrast,
the binding affinity of noggin to GDF5-L60P was not affected by
the mutation in the wrist epitope of GDF5.%?

To validate these in vitro results we exposed mouse
prechondroblastic ATDC5 cells to GDF5-S94N and noggin and
analyzed ALP expression, a marker gene expressed in both
chondrocytes and osteoblasts (reviewed earlier).®> An enzy-
matic ALP assay revealed that GDF5 and GDF5-594N induced
ALP activity (Fig. 6D). Corresponding to ALP mRNA level (Fig. 4/)
ALP activity was slightly reduced in GDF5-S94N-treated cells.
However, increasing amounts of noggin strongly inhibited the
activity of GDF5, whereas variant GDF5-S94N was only minor
affected (Fig. 6D). In consequence, when higher noggin
concentrations were present, the increased signaling capacity
of GDF5-S94N over GDF5 became obvious (Fig. 6D, 2.2-fold
higher ALP activity compared with GDF5 in the presence of
50 nM noggin). This was even more pronounced by measuring
the Smad-dependent reporter gene activity (Fig. 6E). Although in
the absence of noggin GDF5-S94N showed less activity, the
application of 5-20 nM noggin to either GDF5-S94N or GDF5
increased the signaling activity of GDF5-S94N over GDF5 by
1.5-fold to 3.6-fold, respectively (Fig. 6F).

To confirm these data we incubated mouse micromass
cultures with 1nM GDF5 or GDF5 mutants together with
increasing concentrations of noggin. As expected, we observed
strong antagonistic effects of noggin on the chondrogenesis
induced by GDF5 (Fig. 6F, G). However, the cartilaginous matrix
production induced by the variant GDF5-S94N was only
marginally affected by noggin (Fig. 6F, G), although the
endogenous noggin expression was even higher in those cells
(Fig. 6H). In accordance with the SPR measurements, the weak
chondrogenic activity of GDF5-L60P was antagonized by noggin
already at low concentrations (0.25 nM noggin) (Fig. 6F, G).

To finally explain the different findings of GDF5 versus GDF5-
S94N signaling capacity we investigated the endogenous
expression of noggin in ATDC5 cells, C2C12 cells and micromass
cultures. Figure 6/ demonstrates that micromass cultures
expressed 10°fold more noggin compared with ATDC5 and
C2C12 cells.

In summary we could show for the first time that serine 94 is a
key residue in the GDF5 knuckle epitope, which interacts with
the C-terminal clip region of noggin. The mutation GDF5-S94N
causes resistance to ligand inhibition by noggin. Because the
noggin-mediated negative feedback mechanism is impaired
with GDF5-S94N, chondrogenic differentiation may not be
limited in patients carrying this mutation. This observation is
indeed reflected by the gain of function phenotype in SYNS.

Discussion

Mutations in GDF5 are involved in a variety of genetic
disorders, including chondrodysplasia, brachydactyly, SYM,
and SYNS.(18222728) \ost often these disorders are characterized
by a frame shift mutation or an amino acid exchange located

within the type | receptor interaction site of GDF5, known as wrist
epitope.'®?? Previously described mutations in GDF5 and
BMPRIB"**® suggest that signaling through BMPRIB is essential
for chondrogenesis and osteogenesis, whereas GDF5-dependent
signaling specifically through the low affinity receptor BMPRII
has not been analyzed in detail.

This is the first study characterizing a GDF5 point mutation in
the highly conserved knuckle epitope, which is the interaction
site for BMPRII (Fig. 1). The mutation S94N in GDF5 was identified
in patients suffering from SYNS.?® Our study revealed that the
variant GDF5-594N exhibits a fivefold reduced binding affinity to
BMPRII (Table 1). Because the phenotype indicates enhanced
bone formation, we analyzed how a weaker binding of GDF5-
S94N to BMPRII promotes rather than attenuates GDF5 signaling.

To gain further insights into the role of the knuckle epitope in
GDFS5 signaling, we compared GDF5-594N not only to GDF5, but
also to the variant GDF5-L60P,*? which carries a point mutation
close to the wrist epitope and is defective in type | receptor
binding. The serine residue at position 94 is highly conserved
within the BMP/GDF family (Fig. 1A) and homologous to serine
88 (588) in BMP2. Interestingly, in the structures of the ternary
complexes of BMP2 bound to BMPRIA and ActRIl/IIB two H-bonds
exists between BMP2-S88 and ActRII/IIB-L61 and BMP2-E109 and
ActRII/IIB-K37.4%3" Direct structural data for the GDF5-BMPRII
interaction are not yet available. However, according to our SPR
measurements we suggest that the exchange of serine 94 to
asparagine (S94N) in GDF5 affects H-bond formation to BMP type
Il receptors thereby causing a lower ligand binding affinity
toward BMPRII and other type Il receptors (ActRIl and ActRIIB). In
vitro this lower GDF5/BMPRII binding strength results in
decreased and delayed Smad and non-Smad signaling and
reduced transcriptional activity. These data therefore imply that
despite of the lower BMPRII affinity, GDF5-S94N is still sufficient
to induce BMPRI activation within the PFCs and/or recruitment of
the type Il receptor into the BISC. From this we speculate that
ligand binding to BMPRII with a minimum affinity is required for
the recruitment of cofactors, which are prerequisite for efficient
signaling.®3>”

The attenuated early Smad and non-Smad signaling contra-
dicts the GDF5-594N associated phenotype SYNS, characterized
by enhanced chondrogenesis and osteogenesis through
augmented GDF5 signaling. Therefore, we assumed that other
pathways or cofactors might be involved promoting GDF5-
induced signaling and chondrogenesis. Because GDF5 is
required for limb mesenchymal cell condensation and enhanced
chondrocyte hypertrophy and maturation,®® we analyzed the
effect of GDF5-S94N on mouse micromass cultures. These cells
were directly obtained from limb buds.** When the endoge-
nous expression levels of BMP receptors and antagonists shall be
considered, micromass cultures more likely mimic the in vivo
situation. In accordance with the SYNS phenotype, the mouse
micromass assay revealed that GDF5-S94N accelerated chon-
drogenic matrix production compared with GDF5.

The first SYNS patients characterized, carried heterozygous
mutations in the noggin gene.*” Thus, we examined the binding
affinity of the GDF5 mutants to noggin and the effects of noggin
on GDF5 and GDF5 mutants in ATDC5 cells and in mouse
micromass cultures. Our SPR measurements revealed that the
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GDF5-S94N mutation reduces the affinity to noggin about
fourfold compared with GDF5 (Table 2). Furthermore, in ATDC5
cells and in micromass cultures treated with increasing
concentrations of noggin biological activity of GDF5-S94N was
only marginally affected by noggin. This indicates that the amino
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acid exchange of the highly conserved serine 94 to asparagine
is sufficient to cause resistance to noggin inhibition. Most
intriguingly, GDF5-S94N exceeded the GDF5 action only when
noggin was present (Fig. 6). We observed this effect in ATDC5
and even stronger in micromass cultures by measuring ALP
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Table 2. Binding Affinities of GDF5 Mutants to Immobilized
Noggin (SPR Measurement)

Ko (nM)
Ligand noggin Ref.
BMP2 1.9
GDF5 0.97
GDF5-L60P 1.5 (22)
GDF5-594N 36

Mean values from two experiments using at least six different analyte
concentrations.

activity (Fig. 6D; 2.2-fold higher activity of GDF5-S94N over GDF5
in the presence of 50 nM noggin), Smad-dependent reporter
gene activity (Fig. 6E; 3.6-fold higher activity of GDF5-S94N over
GDF5 in the presence of 20 nM noggin), and ECM production
(Fig. 6F, G; 52-fold higher activity of GDF5-S94N over GDF5 in
the presence of 2nM noggin).

The reduced signaling observed in C2C12 and ATDC5 cells
in the absence of recombinant noggin was not affected by
endogenous noggin, because it was not expressed (Fig. 6).
Interestingly, in mouse micromass noggin expression was
induced by both GDF5 and even stronger by GDF5-S94N
(Fig. 6H). This negative feedback mechanism is converted to a
feedforward situation in the mutant.

Resistance to noggin inhibition caused by a mutation within
the knuckle epitope of GDF5 has not been described so far.
Several mutations in the fingers 1 and 2 of noggin result in SYM
and carpal/tarsal fusions;®*™® these data already indicated that
the interaction between noggin and the knuckle epitope of
GDF5 is crucial for bone and joint formation. However, the
dynamics of the noggin—-BMP/GDF interaction are not well
understood. Looking at the structural features of noggin
including the flexible N-terminal clip, we propose that small
alterations in the interaction between GDF5 and the C-terminal
half of noggin’s clip segment results in resistance to noggin
inhibition. Furthermore, it might be that the BMP/GDF5-noggin
interaction is also affected by other cofactors.

GDF5-N64K/T (N445K/T when the proprotein numbering is
considered) was also described as a mutant resistant to noggin
inhibition causing SYNS.?”? In contrast to GDF5-S94N, the
exchange of asparagine 64 to lysine/threonine (N64K/T) is

located outside the wrist epitope of GDF5” and showed no
changes in binding affinity to BMPRIA/IB?” or noggin when
compared with GDF5. However, GDF5-N64T induced a higher
ALP activity in C2C12 cells and an enhanced cartilage production
in micromass cultures, even in the presence of noggin.? Lysine
64 (K64) of GDFS5 is conserved also in BMP9 and BMP10; both are
insensitive to noggin.?”” Moreover, lysine 60 (K60) in BMP6 has
been described as a key residue for BMP6’-specific resistance to
noggin inhibition.®® Surprisingly, the identified key residues for
noggin resistance GDF5-K64 or BMP6-K60 do not directly interact
with noggin.®*% From this we conclude that the mechanism by
which noggin antagonizes BMP and GDF5 ligands is yet not fully
understood and might include other determinants or indirect
mechanism as we proposed for GDF5-L60P.

Leucine 60 (L60) is almost completely buried in the core of
GDF5 but has hydrophobic contacts with residue L56 in the
prehelix loop of GDF5 (Fig. 6B). Therefore, the mutation GDF5-
L60P might result in a conformational change of the prehelix
loop, which in turn affects and destroys the interaction with
BMPRIB.®> The missing interaction of GDF5-L60P with BMPRIA/
IB resulted in a lack of Smad signaling and/or p38 MAPK
activation (Figs. 2, 3), which are important for cartilage
formation."*'*6" This was reflected in micromass cultures. Less
than 1nM GDF5-L60P caused a reduced ECM production and
expression of chondrocyte and osteoblast marker (Fig. 54, B, F-J).
However, incubation of micromass cultures with more than 1 nM
GDF5-L60P showed a slight induction of cartilage production.
This can be traced back to the higher expression of BMPRIB
in limb bud cells,*® which rescues the missing interaction with
BMPRIB. The same effect could be observed in C2C12 cells
overexpressing BMPRIB; here GDF5-L60P induced both BRE-
dependent reporter gene and ALP activity (Fig. S3).

Signaling induced by GDF5-L60P appeared to be more
sensitive toward noggin inhibition in micromass cultures,
whereas SPR measurements demonstrated that the binding
affinity to noggin was not altered for GDF5-L60P.*? However, we
cannot exclude that the mutation GDF5-L60P might result in a
conformational change of the prehelix loop making the wrist
epitope more accessible to proline 35 (P35) within the N-terminal
noggin clip region. This facilitates the hydrophobic knob-into-
hole interaction in the center of the wrist epitope (Fig. 68).%°
Therefore, the temporal and spatial expression of GDF5-L60P,
BMPRIB, and noggin regulates the development of the
phalanges and results in BDA2 characterized by missing middle

Fig. 6. GDF5-S94N mutant is resistant to noggin inhibition. (A) A homology model of the GDF5-noggin complex. The GDF54 g dimer is shown in light and
dark green, the noggin clamp is indicated in ochre. GDF5 mutations are indicated: GDF5-594N (pink) and GDF5-L60P (yellow). (B) Surface of the GDF5 wrist
epitope and the N-terminal noggin clip. Ligand-interacting residues of noggin are indicated in orange. L56 (gray) and L60 (yellow) of GDF5 are labeled.
(C) Zoom into the GDF5 knuckle epitope (green) and the C-terminal part of the noggin clip (orange). Ligand-interacting residues of noggin are shown in
orange. GDF5-S94N is depicted in pink. (D) ATDC5 cells were incubated with 5nM GDF5, GDF5-S94N, or GDF5-L60P and with increasing amounts of
noggin. ALP activity was normalized to ALP activity induced by 5 nM GDF5 (100%). The results are depicted as means 4 SD of triplicate measurements and
represent one out of three independent experiments. (E) ATDC5 cells were used for BRE-Luc reporter gene assay and incubated with 5 nM wtGDF5, GDF5-
S94N, or GDF5-L60P and with increasing amounts of noggin. The relative luciferase activity was normalized to the relative luciferase activity induced by
5nM wtGDF5 (100%). It is depicted as means 4= SD of triplicate measurements and represents one out of two independent experiments. (F) Mouse
micromass cells were incubated with 1 nM GDF5, GDF5-S94N (G-S94N), and GDF5-L60P (G-L60P) and increasing concentrations of noggin. Cartilaginous
production was detected after Alcian Blue staining. (G) OD was normalized to OD induced by 1 nM GDF5 (100%). (H) Mouse micromass cells were
stimulated with indicated ligands for 6 days and analyzed for expression of noggin mRNA by qPCR. Results are shown as mean £ SD of triplicate
measurements of one biological sample. (/) Expression of noggin mRNA in C2C12 cells, ATDC5 cells, and micromass cultures are compared. mRNA levels
are normalized to unstimulated ATDC5 cells (*p < 0.02; **p < 0.002; ***p < 0.0002; n = 3).
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phalanges in finger Il and hypoplasia of the middle phalanges
in finger v.??

Taken together, we have identified serine 94 (S94) as a specific
residue within the GDF5 knuckle epitope, which is important for
rapid signal propagation and interaction with the C-terminal part
of the clip region of noggin. The mutation S94N results in lower
affinity to BMPRIl. GDF5-S94N therefore shows reduced signaling
via the Smad pathway and non-Smad pathways, both important
for chondrogenesis. Furthermore, the mutation S94N results in
a lower affinity of the mutant to noggin and prevents the
inhibition by noggin in a negative feedback loop as it is observed
for GDF5. Consequently, the simultanous expression of GDF5-
S94N and noggin in limb buds allows that the residual activity of
GDF5-S94N potently induces chondrogenesis, which is not
counterbalanced by noggin. This accounts for accelerated
endochondral ossification as it becomes visible in patients
suffering from SYNS (Fig. 7). In the study presented here we
uncovered the molecular mechanism by which GDF5-S94N

GDF5-S94N
A Limb buds

|| |

ﬂ mesenchymal cells

‘ ‘ condensation

mutation causes SYNS. We highlight the potential of GDF5
knuckle epitope mutants to be attractive candidates for
therapeutical applications in the field of regenerative medicine.
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