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A B S T R A C T

Computational modeling can be used to investigate complex signaling networks in biology. However, most
modeling tools are not suitable for molecular cell biologists with little background in mathematics. We have built
a visual-based modeling tool for the investigation of dynamic networks. Here, we describe the development of
computational models of cartilage development and osteoarthritis, in which a panel of relevant signaling
pathways are integrated. In silico experiments give insight in the role of each of the pathway components and
reveal which perturbations may deregulate the basal healthy state of cells and tissues.

We used a previously developed computational modeling tool Analysis of Networks with Interactive Modeling
(ANIMO) to generate an activity network integrating 7 signal transduction pathways resulting in a network
containing over 50 nodes and 200 interactions. We performed in silico experiments to characterize molecular
mechanisms of cell fate decisions. The model was used to mimic biological scenarios during cell differentiation
using RNA-sequencing data of a variety of stem cell sources as input. In a case-study, we wet-lab-tested the
model-derived hypothesis that expression of DKK1 (Dickkopf-1) and FRZB (Frizzled related protein, WNT an-
tagonists) and GREM1 (gremlin 1, BMP antagonist) prevents IL1β (Interleukin 1 beta)-induced MMP (matrix
metalloproteinase) expression, thereby preventing cartilage degeneration, at least in the short term. We found
that a combination of DKK1, FRZB and GREM1 may play a role in modulating the effects of IL1β induced
inflammation in human primary chondrocytes.

1. Introduction

1.1. Cartilage development and osteoarthritis

Osteoarthritis (OA) is a degenerative disease of the articular joint
cartilage that affects 10–20% of the population over 60 years of age [1].
Currently there is no cure for OA. The cellular processes that regulate

the onset and progression of OA in healthy articular chondrocytes are
poorly understood, nor is it known whether and how the transition to
OA can be reversed. We developed a computational model of the signal
transduction network regulating the master transcription factors of the
articular chondrocyte. In silico experiments give insight in the role of
each of the pathways components and suggest perturbations that can
cause a derangement of the healthy state or enable a reversal of this
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process.
Cartilage is mainly composed of one single cell type, the chon-

drocyte, which secretes and shapes the cartilaginous matrix necessary
for its load-bearing properties. The development and maintenance of
cartilage tissue homeostasis is regulated by a number of signaling
pathways, including BMP (bone morphogenic protein) and WNT
(Wingless-Type MMTV Integration Site Family) signaling [2–10]. The
amplitude of the signaling can be fine-tuned via antagonists in the ex-
tracellular space (reviewed in [3,11]). There are two types of hyaline
cartilage that have the same developmental origin: the transient carti-
lage of the epiphyseal growth plate and permanent articular cartilage.

In the epiphyseal growth plate, chondrocytes originating from me-
senchymal stem cells (MSCs) subsequently undergo proliferation, hy-
pertrophic differentiation and apoptosis before being replaced by bone
(Fig. 1A). Thus, the cartilaginous tissue is only an intermediate state
towards bone formation and the residing cells only possess a transient
chondrocyte phenotype. In contrast, articular cartilage is a permanent
and highly resilient tissue that is normally protected against hyper-
trophic differentiation [12–14]. In a subset of OA patients, hypertrophic
differentiation and subsequent endochondral bone formation is ob-
served [10,15,16]. In addition, articular cartilage conditioned medium
is able to inhibit hypertrophic differentiation in growth plate cartilage

Fig. 1. Building ANIMO models for growth plate and articular cartilage. A. Formation of growth plate and articular cartilage from mesenchymal stem cells.
Mesenchymal stromal cells undergo chondrogenic differentiation after inducing SOX9 activity. In transient growth plate cartilage, SOX9 activity is subsequently
suppressed and followed by induction of RUNX2 activity, which facilitates hypertrophic differentiation. In permanent articular cartilage SOX9 remains active. B. The
exact mechanisms by which the most important signaling molecules in cartilage development regulate RUNX2 and SOX9 activity is unknown, and thus a black box. C.
Schematic (simplified) overview of ECHO. Node types are explained on the left. The network activity is shown as indicated by the colors of the nodes. In this case the
network is in a stable SOX9+ state. D. DKK1 and FRZB are antagonists of the WNT signaling pathway and bind to LRP5/6 and WNT respectively. GREM1 binds to
BMP, thereby inhibiting BMP signaling. Expression of DKK1, FRZB and GREM1 is repressed by β-catenin, whereas expression of DKK1 and FRZB is stimulated by
SMAD complex. DKK1, FRZB and GREM1 are highly expressed in articular chondrocytes, but the upstream transcription factors are as yet unknown. In ECHO, we
placed expression of DKK1, FRZB and GREM1 under direct transcriptional control of SOX9 instead. Node activities are depicted as in the SOX9-active state. E. Gene
expression microarray analysis of growth plate vs. articular cartilage revealed subtle but significant differences in expression levels of ERK2, GSK3β, p38γ and
SMAD3. These differences have been taken into account by adapting the strength of their downstream effects accordingly: e.g., the k-parameters of all edges exiting
from ERK2 have been multiplied by 0.87, resulting in this case in a dampening of the downstream signals. Similarly, the k-parameters of GSK3β, p38γ and SMAD3
were multiplied according to the respective rate [expression level in AC]/[expression level in GP] (denoted by “AC/GP”). The generation of the model is described in
an accompanying MethodsX manuscript.
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and chondrogenically differentiated MSCs [12–14]. We have previously
found that this is at least partially due to the presence of the natural
BMP and WNT antagonists GREM1, DKK1 and FRZB, that are promi-
nent in healthy articular cartilage, but not in OA [2,17].

Chondrogenic differentiation and hypertrophy are directly and
tightly regulated by the activity of two main transcription factors. SRY-
Box 9 (SOX9) is the master transcription factor for chondrogenic de-
velopment and a key inhibitor of hypertrophic differentiation [18].
RUNX2 (Runt-related transcription factor 2, also known as core-binding
factor subunit alpha-1 (CBF-alpha-1)) is a transcription factor that fa-
cilitates hypertrophic differentiation that occurs in the growth plate,
and a key factor for osteoblastogenesis during subsequent bone for-
mation [19,20]. The exact activity of these factors seems key in de-
termining whether permanent articular or transient growth plate car-
tilage is formed. However, the complexity of the signaling network
determining the activity of SOX9 or RUNX2 prevents a thorough un-
derstanding of the mechanisms underlying the formation of transient or
permanent cartilage (Fig. 1b). This lack of understanding hampers the
development of successful therapies for OA.

1.2. ANIMO in biology

Signaling networks are traditionally represented as static graphs.
However, in the past years it has become obvious that the temporal and
spatial information in these networks confers important dynamic be-
havior. As static networks do not allow quick modifications to test
hypotheses or to include novel findings, a more widespread use of in-
teractive exploration of biological networks and their dynamics could
cause a paradigm shift in our understanding of biological networks.

Computer models can be used to study the dynamics of biological
processes in the cell. As such, computational models enhance under-
standing of the biological systems and can be used to store data, in-
terpret experimental data, help in the design of new experiments and
even to identify possible diagnostic biomarkers or therapeutic targets.
There has been a rise of systems biology in the field of regenerative
medicine and tissue engineering [21–26]. It is important to note that
the main goal of a computational model of cellular pathways is not to
describe the biological system in the greatest detail, but to learn about
the overall functional outcomes of the cell in response to diverse bio-
logical inputs in this model. In this sense, the model merely requires a
reasonable description of the minimal number of pathways and quan-
titative parameters that accurately predict its molecular behavior and
generates plausible outcomes that are testable by experimental ob-
servation.

We developed a visual-based modeling tool, ANIMO (Analysis of
Networks with interactive Modeling), for the biological community that
have no prior modeling experience and/or a solid mathematical back-
ground. ANIMO is a powerful tool to formalize knowledge on molecular
interactions [27,28]. This formalization entails giving a precise math-
ematical (formal) description of molecular states and of interactions
between molecules. Such a model can be simulated, thereby in silico
mimicking the processes that take place in the cell.

ANIMO is a computational modeling tool that enables executable
modeling of network dynamics in order to mimic biological phenomena
in silico. ANIMO is based on the intuitive graphic interface offered by
Cytoscape [29]. In addition, ANIMO has the ability to predict biological
responses, both by manually testing hypotheses, as well as by using the
model-checking capabilities offered by the underlying formal tool UP-
PAAL [30–32].

In this manuscript, we validated an articular cartilage model (gen-
erated as described in an accompanying MethodsX article) by per-
forming straight forward experiments, such as changing the activities of
the 7 cytokine/growth factor ligands and performing in silico knock-out
and overexpression experiments and comparing this to previous data
that was not used in the model-generation. We then used the model to
investigate if DKK1, FRZB and GREM1 play a role in preventing IL1β

induced cartilage degradation, which was validated in primary human
chondrocytes.

2. Results

2.1. Modeling articular cartilage using ANIMO

Growth plate cartilage and articular cartilage share a common
lineage in development (reviewed in [33,34]). During development, the
master transcription factor for cartilage, SOX9 is active. In en-
dochondral bone formation, a process normally found in the growth
plate, the transcription factor RUNX2 becomes active (Fig. 1A). How-
ever, the exact way signals are integrated to regulate activity of RUNX2
and/or SOX9 is still a black box (Fig. 1B). The transcription factors
SOX9 and RUNX2 are key factors in cartilage development and home-
ostasis by regulating the gene expression of chondrogenic and cartilage
hypertrophic genes, respectively (reviewed in [35]). During cartilage
development, SOX9 complexes with SOX5 and SOX6 to regulate ex-
pression of COL2A1 (collagen type II), COL1A1 (collagen type I), ACAN
(aggrecan) and PtHrP, thereby preventing hypertrophic differentiation
[36]. In contrast, RUNX2, which can complex with RUNX3, is essential
for the hypertrophic differentiation of chondrocytes and upregulates
expression of COL10A1 (collagen type X) and IHH [37].

To describe the processes regulating cell-fate in chondrocytes, we
developed a computational model, which we named the Executable
CHOndrocyte, or ECHO. ECHO consists of seven signaling pathways
known to be important in cartilage development and maintenance:
Insulin growth factor (IGF), Parathyroid Hormone Related Protein
(PTHrP), Bone Morphogenetic protein (BMP), Fibroblast growth factor
(FGF), transforming growth factor β (TGFβ), Wingless-type MMTV in-
tegration site family (WNT), Indian Hedgehog (IHH). ECHO was in-
itially based on a Boolean model of the growth plate [38,39], which we
converted to an ANIMO model as described in the accompanying
MethodsX manuscript. This resulted in a growth plate model (Fig. 1C).

The growth plate model (GP, Fig. 1C) was adapted to an articular
cartilage model (AC) based on global gene expression microarrays of
growth plate and articular cartilage, see MethodsX Section 1.3 and [2].
Specifically, we added the WNT antagonists DKK1 and FRZB and the
BMP antagonist GREM1 downstream of SOX9 and included known
cross-talk of these factors as shown in Fig. 1D. In addition, we found
that the expression of 4 genes, whose proteins were already represented
in our model: ERK2, p38γ, GSK3β and Smad3 was significantly
changed. We therefore multiplied downstream interaction parameters
with the relative expression levels to take differences between tissues
into account. For example, the microarray data show that an articular
chondrocyte expresses less p38 than a growth plate cell (Fig. X6: AC/
GP = 0.68); as a consequence, we multiplied the parameters of the
interactions downstream of p38 by 0.68 (Fig. 1E).

Because of their key roles in cartilage SOX9 and RUNX2 are im-
plemented in ECHO as outputs of the cell fate. Since SOX9 activity is
necessary for the permanent state of (articular) cartilage, and RUNX2 is
essential for cartilage hypertrophy, we assume the SOX9+ state to be an
articular cartilage phenotype while the RUNX2+ state is a hypertrophic
phenotype in our models.

2.2. Changes in activities of receptors ligands and their antagonists influence
the outcome of the network

Not all nodes in the network influence the outcome of the stable
states equally. To determine the influence of nodes on the outcome of
the network, we used Monte Carlo simulations as described in
MethodsX 1.4, in which all nodes were initially assigned a random,
uniformly distributed activity level over the entire range of possible
values (i.e. the interval [0, 100]). Each initialized model was then si-
mulated until a stable state was reached. Fig. 2A shows the 15 nodes
that have the most prominent effect on cell fate. For detailed
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description of the experiment and the roles of these nodes in cartilage,
we refer to the MethodsX article.

The top nodes from Fig. 2A are either ligands/antagonists, that can
be pro-SOX9, pro-RUNX2 or both, depending on their activity and the
cross-talk with other pathways (Fig. 2B), or they can be intracellular
signaling molecules that have a great influence on the network. The
extracellular growth factors that activate cellular signaling pathways,
together with antagonists GREM1 and FRZB (Fig. 2B), are expected to
have a great influence on the network, since the presence and activity of
these nodes initiate responses downstream of these signaling pathways,
resulting in changes in cell fate. DKK1 is also shown, but plays a lesser
role in the model, primarily because of redundancy of its effect with
respect to FRZB, in our model. Based on the results in Fig. 2A, FGF and
WNT can be classified as pro-RUNX2, whereas PTHrP, TGFβ and IGF1
have a pro-SOX9 effect. BMP and IHH have a more complex, mixed
downstream effect and activate both RUNX2 and SOX9. In addition, we
can find that a few single nodes by itself play an important role in
determining cell fate: SMAD7, MSX2, PPR (PTHrP receptor), DLX5, and
RUNX2 and SOX9.

We validated the likelihood of these findings with literature before
proceeding with the next experiments. DLX5, distal-less homeobox 5, is
a transcription factor that is not bone or cartilage specific but is ex-
pressed in the early stages of bone formation and mediates RUNX2
expression [40]. DLX5 is a positive regulator of chondrocyte maturation
(read: in GP chondrocytes) during endochondral ossification [41].
MSX2 (Msh Homeobox 2) is a transcription factor important for bone

formation, and controls IHH expression to stimulate chondrocyte ma-
turation [42]. Both MSX2 and DLX5 are regulated by BMP signaling
(reviewed in [43,44]). As such, it is clear why these factors play such an
important role in regulating the bi-stable character of our models.

The second subnetwork of nodes is a small network of transcription
factors that gives insight in the origin of ECHO's bi-stable behaviour
(Fig. 2C). In this network, SMAD3 is shown as the key signal trans-
duction molecule that promotes SOX9 activity, and the powerful role of
MSX2 is stressed by showing its role as an inhibitor of WNT expression.
It can be concluded that these nodes are key to regulating the cartilage
phenotype in our model.

2.3. The effects of extracellular ligands on cell fate are dose-dependent and
different in the growth plate and articular cartilage models

ECHO summarizes the effects of multiple pathways, allowing us to
study their cross-talk. However, the activation of each pathway depends
also on the dose of the related extracellular ligand. To investigate in
which measure the dose of ligands influences the cell fate, we per-
formed a series of in silico dosage experiments. We investigated the
dose dependency for all extracellular ligands (Fig. 3). For example, to
better understand the effects of BMP, its activity was artificially fixed at
different levels in the range 0–100, in steps of 10 levels. All other nodes
were randomly initialized and the resulting cell fate distribution was
analyzed over the course of 10,000 simulations for each BMP initial
value. This experiment, for the GP model, shows that there is an

Fig. 2. Top 15 nodes with the most prominent effect on the SOX9 and RUNX2 stable states in both GP and AC ECHO-models. A. The values in the “SOX9+” and
“RUNX2+” columns give the median initial activity for the simulations that resulted in SOX9+ and RUNX2+ cell fates, respectively. The simulation results were
divided into categories corresponding to the resulting cell fate (SOX9+ and RUNX2+), and the median initial activities of all nodes were computed. The median
initial activity of a node with no influence on a cell fate is 50, which would correspond to the node's value being randomly chosen on the interval [0,100]. Conversely,
if a node activity needs to be above/below a certain threshold in order to obtain the desired fate, the corresponding median value deviates from 50. The higher a
node's absolute deviation from 50, the more a cell fate depends on that node being active/inactive. The values for the “Influence” column were computed as the
average absolute deviation from 50 of each node. B, C. Identifying the subnetworks involving the top nodes allowed us to highlight two groups of nodes that have the
largest influence on cell fate. B. All extracellular signaling molecules in ECHO (central row) are major factors in the determination of cell fate in both the GP and AC
model. IHH exerts its effect by activating Gli2, which in turn plays a role in the regulation of WNT, BMP, PTHrP and TGFβ. DKK, FRZB and GREM are antagonists of
WNT signaling and BMP signaling respectively, and together favor the SOX9+ state. DKK1, FRZB and GREM1 are only present in the AC model C. SOX9, RUNX2,
DLX5 and MSX2 are at the core of the bi-stable behavior of ECHO. SOX9 and RUNX2 stimulate their own activity and inhibit each other. DLX5 and MSX2 also inhibit
each other and have opposite effects on RUNX2. SMAD3 is the main effector of TGFβ and acts as a strong pro-SOX9 node in this subnetwork.
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optimum dosage of BMP to reach the SOX9+ fate, with a peak at
BMP = 50. At higher BMP levels, there is an increasing tendency to-
wards RUNX2+. This dual role of BMP2 has been partially shown in
other studies. For example, knock-out of BMP2 has been shown to be
essential for both chondrocyte proliferation and chondrocyte hyper-
trophy in the growth plate [45]. In addition, overexpression of BMP2
results in osteophyte formation in an experimental model of OA [46].
These data indicate that BMP2 at low levels is necessary for chon-
drogenesis, but high BMP2 expression leads to cartilage hypertrophy
and OA. This is nicely captured in our models. However, our models
indicate that the levels at which BMP2 functions may be different be-
tween articular cartilage and growth plate cartilage, and that this may
be regulated by the activity of the IHH/Gli2 pathway.

It is interesting to note that some ligands have an effect that is
dosage-dependent: for example, the highest chance of obtaining a
SOX9+ fate is achieved when the initial dosage of BMP is at inter-
mediate levels. In most other cases, the percentage of cell fates linearly
depend on the dosage of the ligands: for example, higher initial activ-
ities of PTHrP always lead to more SOX9+, while lower activity of TGFβ
give more RUNX2+. Higher activity of TGFβ and of IHH elicits a strong
power to induce the SOX9+ fate, most notably in the AC model. Only at
high IGF1 activity did we observe a stable SOX9+ state, while lower
activity results in a Null state. Interestingly, most labs use ITS-Premix
(insulin-transferrin-selenous acid-Premix) as a supplement in the
chondrogenic differentiation medium. The insulin content is 100-fold
above physiologic concentrations and, as compared to IGF1, has a two
order of magnitude lower affinity for the IGF1R. This possibly results in
non-specific activation of the IGF1 signaling pathway [47]. It has been
shown that IGF1 activation is additive to TGFβ in chondrogenically
differentiating MSCs [47]. The authors showed that IGF1 modulated
chondrogenesis of MSCs by stimulating proliferation, inducing expres-
sion of chondrogenic markers and regulating apoptosis. This stimula-
tory role of IGF1 in cartilage is reflected in our model.

2.4. Combinatorial dosage experiments give insight in the effect of
competing extracellular ligands

To study the effects of cross-talk between the pathways in ECHO, we
selected two extracellular ligands with opposite effects and performed a
series of in silico combinatorial dosage experiments. The results for a
selection of this experiment are shown in Fig. 4. Other tested combi-
nations did not show a clear difference in response between the GP and
AC model.

Again, we note that, particularly in the GP model, intermediate le-
vels of BMP give the best chances of obtaining a SOX9+ cell fate. When
the level of BMP is too low, the intrinsic predisposition of ECHO models
to reach a Null fate can sometimes be counterbalanced by high levels of

TGFβ, IHH or IGF1, especially in the AC model (Fig. 4, left panel). For
comparison, when the initial BMP activity is higher, the chance to en-
counter RUNX2+ cell fate rises. In all cases, the differences between GP
and AC models are significant, with a much higher likelihood to reach
the SOX9+ state in the AC model. The comparison between WNT and
BMP again highlights the importance of intermediate BMP levels to
reach SOX9 positivity.

Clear opposite effects are shown by WNT and TGFβ: only when one
is low and the other high can the model reach a non-Null fate, with
WNT forcing equilibria towards RUNX2+ states and TGFβ favoring
SOX9+ states. In general, we note that only relatively high levels of
WNT can lead the model towards a RUNX2+ cell fate in the presence of
pro-SOX9 ligands. We also note that different pro-SOX9 ligands can
counteract the effect of high levels of BMP to different degrees (Fig. 4).
IGF1 is less powerful than IHH, which in turn is less powerful than
TGFβ in preventing the RUNX2+ fate resulting from high levels of BMP
in the GP model. In line with the previous results, the AC model shows
an increased dominance of the SOX9+ cell fate.

2.5. Changing cell fate through perturbations of extracellular ligands

There is evidence that hypertrophy-like changes in chondrocyte
terminal differentiation are also found in OA (reviewed in [16]).
Therefore, we hypothesized that the switch from a SOX9+ to a
RUNX2+ cell state would be easier than a switch from RUNX2+ to a
SOX9+ stable state, and that the GP model would be more prone to the
RUNX2 state than the AC model. We performed experiments to test
transitions of cell states in silico to aid in our understanding of the
reversibility of growth plate and articular cartilage tissue development.
These studies essentially model cell programming (i.e., trans-differ-
entiation) that could permit deliberate switching of cellular states in
tissue engineering applications.

For this experiment, the starting situation was either the RUNX2+

or the SOX9+ stable state. Each combination of two extracellular li-
gands was perturbed from their steady state values by changing their
activity levels to fixed levels over the complete range [0,100]. The
model behavior is then evaluated until a stable state is reached and the
resulting state is recorded (Fig. 5). The figure shows the nonlinear range
of activity levels that results in each cell fate. Perturbations of one or
two ligands reprograms a RUNX2+ state to switch into a SOX9+ state in
both the GP and the AC models. Note that in the AC model it is possible
to have a switch from RUNX2+ to SOX9+ using high levels of TGFβ
alone: this can be seen in the first row of the table, where the effect of
TGFβ dosage is plotted in vertical stripes (Fig. 5A). Some combinations
lead to a SOX9+ state only with extreme values: for example, the
combination BMP and TGFβ leads to a SOX9+ state only with 0 BMP
and 100 TGFβ, indicated in row 4 of the table as BMP (−) and TGFb

Fig. 3. Dosage-dependent effects of extra-cellular ligands. The initial activity level of each extra-cellular ligand was set at a fixed level between 0 and 100 with
increments of 10 (0, 10, 20, … 100), while all other nodes were randomly initialized. After 10,000 simulations, the percentage of cell fate was recorded.
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(+).
Perturbations of one or two ligands can make a SOX9+ state switch

to a RUNX2+ state in both GP and AC models (Fig. 4B). Note that BMP
and WNT can be used alone (first two rows) to cause a switch from
SOX9+ to RUNX2+ if their activity is set at high enough levels in the GP
model, while this does not hold in the AC model. Also, starting from the
stable SOX9+ state in row 4, increasing BMP activity (X-axis) with
decreasing PTHrP activity (Y-axis) causes a switch to the RUNX2+

state, indicated by BMP (+) and PTHrP (−) (Fig. 5B). In this example,
we also note that intermediate values of BMP favor the SOX9+ state. It
can be seen that activation of the WNT or FGF signaling pathways re-
sults in a switch from SOX9+ to RUNX2+ (Fig. 5A). This can be ex-
plained as both WNT and FGF signaling have been related to induction
of hypertrophy in cartilage (reviewed in [10]).

In general, the number of ways to reprogram cells to achieve a
SOX9+ ➔ RUNX2+ switch decreases from the GP model to the AC
model, while the reverse switch becomes more accessible (cf. the
number of “No switch” between the two models). These observations
are in line with our hypothesis and indicates that the AC model de-
scribes the fate of a stable articular chondrocyte. In particular, the
changes from the GP to the AC model increase SOX9+ stability to the
expense of RUNX2+. Moreover, the range of activity levels that cause a
switch to SOX9+ is broader in the AC model than in the GP model.

2.6. Modeling cartilage development: not all stem cells have the same
chondrogenic capacity

Our previous models captured events representing growth plate and
articular cartilage. To enable research into potential combinatorial
treatments for OA, it is necessary to capture the different steps of
chondrogenesis in our models. To investigate the chondrogenic capa-
city of various stem cells, we performed in silico stem cell differentia-
tion experiments in ECHO based on RNASeq data from embryonic stem
cells, mesenchymal stem cells and articular chondrocytes. From a tissue
engineering perspective, it is necessary to define the exact circum-
stances that dictate cell fate decision. We initialized the top 15 most
important nodes (from Fig. 2) in ECHO with different configurations,
based on RNASeq data of articular cartilage, bone marrow Mesench-
ymal Stem Cells (BMSC), Adipose-derived mesenchymal stem cells
(AMSC) or human embryonic stem cells (ESC) (data sets: [48–50],

MethodsX table X5), then used the model to simulate the reaction of the
cell to a differentiation stimulus. The stimuli were chosen based on
BMSC chondrogenic differentiation protocols commonly used in our lab
[8,9,51]. At the end of each experiment, the resulting cell state was
recorded. The differentiation stimuli used for the different cell types
and the resulting cell fate percentages after the simulations are shown
in Fig. 6.

We observe differences in chondrogenic capacity between the dif-
ferent cell types, as also observed in literature. In silico chondrogenesis
of the AC model yields efficiencies that are between articular chon-
drocytes and BMSCs under the same stimuli, indicating that our AC
model may be more representative for an early articular chondrocyte
rather than a mature articular chondrocyte.

Interestingly, the model predicts that it is possible to generate
SOX9+ cells from ESC by using a ‘standard’ MSC differentiating
medium containing 40 TGF and 80 BMP. However, we know from
biological experiments that multiple stages of differentiation, each
containing different stimuli, are necessary to obtain cartilage [52,53].

Another observation from our in silico experiments is that BMSC
and AMSC respond similarly to the stimuli, with a slightly better
chondrogenic capacity of the AMSC. This corresponds to previous re-
ports that state that BMSC and AMSC are equally effective in cartilage
formation in co- culture conditions with articular chondrocytes [51,54],
and that AMSC may have a slightly better chondrogenic capacity, at
least in OA conditions [55]. When BMP and WNT are both active in our
model, RUNX2+ or Null states are reached in all models, except in the
AC model, where DKK1, FRZB and GREM1 function as BMP and WNT
antagonists in at least a percentage of the simulations. This also cor-
responds to experimental data, showing that both WNT and BMP ac-
tivity leads to cartilage hypertrophy and RUNX2 activation [10,56].

2.7. Case- study: using ECHO to predict the effect of IL1β on the activity of
SOX9 and RUNX2 in primary human chondrocytes

Our studies on switching cell fates from SOX9+ to RUNX2+ iden-
tified the GP model, especially in the RUNX2+ state, as the model
closely describing a hypertrophic phenotype. However, a switch from a
SOX9+ state to a RUNX2+ state in the AC model can be obtained by
changing inputs, leading to an (in silico) hypertrophic state. As de-
scribed before, hypertrophy is seen in some patients with OA, and this

Fig. 4. Dose-dependent effects of combinations of two extra-cellular ligands. The initial activity level of pairs of extra-cellular ligands was set independently at a fixed
level between 0 and 100 with increments of 10, while all other nodes were randomly initialized. After 10,000 simulations, the percentage of cell fates was recorded.
Left panel: BMP activity combined with TGFβ, IHH, or IGF1. Right panel: WNT activity combined with TGFβ, FGF or BMP.
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hypertrophy is thought to contribute to the development of osteophytes
[15]. One of the biggest challenges in validating our model generated
hypotheses, is that work on human cartilage development and OA is
performed in vitro in primary cells. These primary cells are often iso-
lated from patients undergoing total joint replacement therapy for OA
management. We have observed that the cartilage in the OA joints is
not homogeneously damaged throughout the joint (non-published ob-
servations and [57]). Much of the research in primary chondrocytes
with regards to the response of cells to external stimuli has been per-
formed in cells isolated from an OA joint. There is evidence that the
overall inflammation status affects all tissues in the joint, including
cartilage [58].

We have previously shown that there is a difference in the amount
of IL1β expression in healthy looking cartilage from an OA joint and its
OA paired sample [59]. There is a positive feedback loop between IL1β
and its gene, suggesting that once the cells are exposed to IL1β, joint
inflammation is imminent. We hypothesized that OA and healthy
chondrocytes respond differently to exposure to IL1β signaling, and in
particular that healthy cells are somehow protected against in-
flammatory signals such as IL1β.

IL1β signaling was not initially included in our GP and AC models,
so we started by adding this pathway to our model (Fig. 7A,

Supplemental Fig. 1). We have previously generated a computational
model of IL1β signaling in cartilage [59]. Using this model, we iden-
tified that WNT activity is upregulated in human OA chondrocytes by
reducing the expression of the WNT antagonists DKK1 and FRZB via
iNOS [59].

With the addition of the IL1b pathway to the AC model, we want to
investigate the influence of that important pathway on healthy AC cells.
Because of the robustness of the healthy AC cell (represented by the AC
model in its SOX9+ state), simply setting IL1β to its maximum activity
with no inhibition (i.e. setting the activity of the IL1b node to 100% and
disabling the IL1b –| IL1b interaction) would not be enough to switch
from SOX9+ to RUNX2+. In Fig. 7A, B we show the result of this at-
tempt: 7A is the initial state of the simulation, and 7B is the final state.
The numerical activity values for some nodes in the network in the final
state of the simulation are shown also in the first row in Fig. 8B.

Based on the finding that IL1β induces cartilage degradation [60],
we assumed that addition of IL1β would reinforce the RUNX2+ phe-
notype and weaken the SOX9+ one. We tested this by setting the initial
activity of IL1β to 100%, disabling its self-inhibition (to keep it artifi-
cially high) and performing two simulation runs in the AC version of
ECHO, one using the RUNX2+ initial activity configuration and the
other using SOX9+ as initial condition.

The activity of the RUNX2 and SOX9 nodes does not change in ei-
ther simulation, but the simulation starting from SOX9+ ends in a state
where some nodes have significantly changed their activities (see
Fig. 7B). Interestingly, production of RUNX2 is observed (node “Runx2
prot” activity at 40%); however, the transcription factor seems to lack
the needed post-translational modifications (node “Runx2 PTM” ac-
tivity at 0), which makes the overall state of the network “quasi-
SOX9+”.

2.8. Validation of ECHO predictions with wet-lab experiments

In ECHO, we initially try to investigate general mechanisms, which
can be highly influenced by donor variation, disease state [57], and
time of cells in culture [4]. Testing our hypotheses without the use of
computational models requires (too) many cells, which is especially
hard when using primary cells and tissues. As described in the accom-
panying MethodsX paper, ECHO was generated based on literature data
of cartilage development in a variety of species. In addition, ECHO was
built based on a variety of inputs: gene expression, data on protein
interaction and signal transduction pathways, as well as protein activity
data are incorporated into this large network. Most of what we know
about cell's responses comes from gene expression (qPCR) data. To
validate ECHO predictions, we need to look at the influence of IL1β on
the activity of SOX9 and RUNX.

2.8.1. IL1β affects SOX9 and RUNX2 activity
In ECHO, addition of IL1β resulted in a quasi-SOX9+ network state,

where the steady states did not change from SOX9+ to RUNX2+, but
the downstream effects changed. For validation of our model-predic-
tions, we want to both investigate the effect of network changes on the
activity of SOX9 and RUNX2, as well as on downstream effects. To
investigate the direct effect of IL1β on the activity of SOX9 and RUNX2,
we performed transcription factor – fluorescent recovery after photo-
bleaching (TF-FRAP) [61]. We have previously shown that TF-FRAP is a
very fast method that shows the direct effect of external influences on
transcription factors [61]. We have shown that the mobility of SOX9

Fig. 5. Switching cell fate through perturbations of extra-cellular ligands. The initial activity level of pairs of extra-cellular ligands was set independently at fixed
levels between 0 and 100 with increments of 1 (0, 1, 2, … 100), while all other nodes were initialized as in a RUNX2+ state (A), or a SOX9+ state (B). After one
simulation, the resulting stable state was recorded. The X-axis of all graphs corresponds to the first perturbed node, and the Y-axis to the second. For example, in B4,
the X-axis indicates BMP, the Y-axis PTHrP activities. The ‘+’ sign means addition of the factor is necessary to obtain a switch in cell fate, ‘-‘means absence of this
factor is a requirement to obtain a switch. A. Perturbations of one or two ligands that can make a RUNX2+ state switch to a SOX9+ state in GP and AC. B.
Perturbations of one or two ligands that can make a SOX9+ state switch to a RUNX2+ state in the GP and AC models.

Fig. 6. In silico (stem) cell differentiation for Adipose mesenchymal stem cells
(AMSC), Bone marrow mesenchymal stem cells (BMSC), Articular Cartilage,
and Embryonic stem cells (ESC) was performed under different stimuli, as in-
dicated in the first column. The same experiments were also performed for the
AC configuration of ECHO. The numbers indicate the level of starting activity
for each factor, e.g. 30 TGFβ is 30 activity levels of 100 total levels. The plots
indicate the number of simulations resulting in the indicated steady state, Grey
is Null, Red is RUNX2+ and Green is SOX9+. For each experiment 100,000
simulations were performed as described in the methods. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web
version of this article.)
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Fig. 7. Healthy and OA chondrocytes respond differently to IL1β. A. Addition of IL1β to a SOX9-positive initial state. B. After simulating the evolution of the AC
model, the cell state remains for the most part identical to SOX9+, with sustained collagen 2 expression. Noticeably, MMP13 expression is increased through direct
activation of the IL1β pathway. Moreover, the node representing RUNX2 protein is activated: this suggests that other factors may be needed in order to obtain a full
switch to a RUNX2+ state. C. Representative nuclei expressing SOX9-mGFP (top panel) or RUNX2-eGFP (bottom panel). Images are taken from the at the indicated
times. The red circle indicates the bleach spot. D. Average fluorescence recovery curves of healthy-looking cells and OA cells. Dark grey squares are the untreated
controls, red dots are the IL1β treated cells. The corresponding (grey, red) shaded regions indicate the standard deviation. E. F. Violin plots of the Immobile fraction
and t½ of SOX9 (E) and RUNX2 (F). Each dot is a single cell measurement. The average (white dot) and standard deviation (black vertical bar) are indicated in the
violin plot; G. qPCR analysis of healthy (HL) and osteoarthritic (OA) cells with and without exposure to IL1β. In HL cells, there is no significant loss of COL2A1 and
ACAN, while there is a small, but significant increase in MMP1, 3 and 13 expression. In contrast, IL1β treatment of OA cells leads to a significant loss of COL2A1 and
ACAN, and a large and significant increase in expression of MMP1, 3 and 13. *p < .05, **p < .01, ***p < .005. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)
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Fig. 8. DKK1, FRZB and GREM1 prevent IL1β induced loss of matrix proteins. A. Modulation of DKK1, FRZB and GREM1 activity in a network starting in the
RUNX2+ state does not change cell fate in the presence of IL1β; B. Modulation of DKK1, FRZB and GREM1 activity in an initially SOX9+ network results in changes of
the cell fate in the presence of IL1β. When FRZB, alone or in combination with DKK1 and GREM1, is not initially active in the model, the SOX9+ state shifts to a
RUNX2+ state. This indicates that FRZB is the factor modulating IL1β induced loss of matrix gene expression in the AC model; C. Gene expression analysis of
COL2A1, ACAN, and GREM1 from cells treated with IL1β in presence or absence of DKK1, FRZB, GREM1. D. Gene expression analysis in presence of DKK1, FRZB,
GREM1 in presence or absence of IL1β on IL1B and MMP3, expression. HL = Healthy Looking donor 144, OA = Osteoarthritis, D114 and D143 indicate the donor
numbers of these OA donors. A large variation in gene expression is observed between donors. E. We observed a decrease in the number of apoptotic cells (arrows)
when DKK1, FRZB and GREM1 (200 ng/ml each) were present as compared to treatment with IL1β (10 ng/ml) for 48 h (DeadEnd colorimetric TUNEL assay).
Apoptotic nuclei were stained dark brown. Images were taken using a Hamamatsu Nanozoomer. Scale bars are 100 μm. (For interpretation of the references to colour
in this figure legend, the reader is referred to the web version of this article.)
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correlates to its transcriptional activity. The higher protein mobility
correlated to a loss of DNA binding and a lower gene expression of its
target genes COL2A1 and ACAN [61]. TF-FRAP is a single cell method,
enabling us to investigate the range of responses in the heterogeneous
population. Parameters give information on the mobility of the protein
and are measured in terms of half-time of recovery (t ½, indicative of
the diffusion rate of the protein) and immobile fraction (IF, indicative of
the amount of protein that is tightly bound to DNA), see methods and
[61].

We used primary chondrocytes from donors undergoing total joint
replacement therapy due to OA. From these donors, chondrocytes were
isolated from the affected area (OA chondrocytes) as well as from the
macroscopically healthy site (Healthy looking/HL chondrocytes). The
cells were transfected with either SOX9-mGFP or RUNX2-eGFP
(Fig. 7C) and treated with 10 ng/ml IL1β for 20 min before performing
TF-FRAP (Fig. 7D,E,F). The changes in mobility are compared to un-
treated control cells (Supplemental Fig. 1). SOX9 in OA cells shows a
lower Immobile Fraction (45%) than in the HL cells (49%), indicating
that SOX9 is more active in the HL cells. The HL cells display a larger
change in Immobile Fraction in the presence of IL1β than the OA cells,
albeit not significant due to the large heterogeneity. The recovery t ½ of
SOX9 after IL1 treatment in both HL (12.8 s vs 13.4 s in the control) and
OA (12.6 s vs 13.6 s in the control) cells is significantly lower, in-
dicating a lower residence time of SOX9 on the DNA. In both HL and OA
chondrocytes cells we observe little binding of RUNX2, as indicated by
the low immobile fraction (< 30%). There is a significant increase in
RUNX2 IF in chondrocytes treated with IL1β as compared to the con-
trol, although the IF is slightly increased in the OA cells after IL1
treatment, and the recovery t ½ is higher in the HL cells after treatment,
indicating a longer residence time of RUNX2 on the DNA (Fig. 7F,
Supplemental Fig. 1).

To show that treatment of cells can change the SOX9 mobility, we
performed a positive control where we treated the cells with 100 ng
BMP7 and performed SOX9-FRAP. This resulted in a significant increase
in the immobile fraction (52% for HL, 50% for OA) and in the half-time
of recovery (14.4 s for HL, 15.5 s for OA), indicating that SOX9 is more
active (Supplemental Fig. 1). This corresponds to the ECHO prediction
on the influence of BMP on SOX9 in Fig. 3. Together, these data indicate
that the effects of IL1β treatment on SOX9 and RUNX2 activity result in
only small effects at the level of transcription factor activity. This cor-
responds to what we observe in ECHO: a quasi SOX9+ state is obtained.

2.8.2. IL1β treatment reduces expression of SOX9 targets and increases
expression of MMP

To test the effects of IL1β treatment on gene expression of SOX9
target genes and MMP expression, HL and OA cells were treated with
10 ng/ml IL1β for 24 h and the expression of COL2A1, ACAN, and
MMP1, MMP3 and MMP13 was tested and compared to untreated
controls (Fig. 7G). Expression of COL2A1 and ACAN was decreased in
OA cells when compared to the healthy cells (Fig. 7G). The expression
ofMMP1, 3 and 13 is significantly increased in both cell types after IL1β
treatment (Figure7G). Moreover, the expression of all MMPs was sig-
nificantly higher in OA cells treated with IL1β as compared to the ex-
pression in healthy cells. The opposite was true for ACAN and COL2A1
expression, which was significantly decreased in the OA cells, but not in
the healthy cells. It appeared that loss of expression of the matrix
proteins ACAN and COL2A1 is partially prevented in healthy cells,
whereas in OA cells the presence of IL1β results in an even higher loss
of matrix.

2.8.3. DKK1, FRZB and GREM1 may play a role in protecting healthy
cartilage from IL1β

To elucidate a possible mechanism by which healthy cells are, at
least partially, protected against IL1β, we turned to our AC-model +
IL1 ECHO model. We repeated the simulation starting from SOX9+

disabling each one of DKK1, FRZB and GREM1 in turn: this resulted in a

RUNX2+ final state only when FRZB was disabled, while the two other
cases resulted in “quasi-SOX9+”, with a relatively high amount of
RUNX2-protein activity. This did not lead to a shift in cell state from
SOX9+ to RUNX2+. In addition, we observed an increase in MMP ac-
tivity in our model, since the expression of MMP was directly down-
stream of iNOS [59]. We note that disabling GREM1 allowed the BMP
pathway to become active, but this was not enough to change the global
network state. Indeed, these nodes were identified as the most sig-
nificantly different in expression between GP and AC cartilage and the
expression of DKK1 and FRZB is lost in OA [2,17,57,62]. If we reduce
the activities of FRZB, and to a lesser extent DKK1 and GREM1, in the
AC model when it is in the SOX9+ state, and we then add IL1β, we
observe a large increase in MMP expression and a rescue of the IL1β
induced loss in collagen 2 expression (Fig. 8A,B).

Since ECHO predicts that a variety of combinations of DKK1, FRZB
and GREM1 affect Collagen 2 and MMP expression, we only tested the
combination of DKK1, FRZB and GREM1 in presence or absence of IL1β
in OA cells by TF-FRAP. All treatment conditions lowered the immobile
fraction of SOX9, but only addition of DKK1, FRZB and GREM1 to the
cells in presence of IL1β slightly, but significantly, lowered the im-
mobile fraction of SOX9 compared to the control, but not compared to
the other conditions. The t ½ of A2 was not significantly changed
(Supplemental Fig. 2), indicating that the residence time of SOX9 on the
DNA is unaltered. Together, these data show that a possible influence of
IL1β + DKK1, FRZB, and GREM1 is not detectable at the level of SOX9
activity.

All treatments increased the IF of RUNX2, but only IL1β treatment
resulted in a significant increase in IF, indicating that in OA cells
RUNX2 becomes more active in the presence of IL1β. The residence
time on the DNA for RUNX2 was decreased in presence of DKK1, FRZB
and GREM1, as indicated by a significant decrease in t ½ (Supplemental
Fig. 2). Treatment with IL1 increased the recovery half-time, while co-
treatment of IL1β with DKK1, FRZB and GREM1 brought the halftime
back to control values (Supplemental Fig. 2). This indicates that IL1β
slightly increases RUNX2 activity in OA chondrocytes and that addition
of DKK1, FRZB and GREM1 may be able to modulate this effect.
However, the heterogeneity of the cell response is too large to get a
clear image of how DKK1, FRZB and GREM1 may modulate SOX9 and
RUNX2 at the level of transcription factor activity using FRAP.

2.8.4. OA cells respond differently to IL1β stimulation than healthy
chondrocytes due to the absence of DKK1, FRZB and GREM1

To investigate the possible role of DKK1, FRZB and GREM1 in
modulating the response of cells to IL1β, we performed qPCR in HL and
OA chondrocytes, which we supplemented with recombinant DKK1,
FRZB, and GREM1, in presence or absence of IL1β. We observed a
slightly higher expression of the SOX9 target genes COL2A1 and ACAN
in the presence of IL1, DKK1, FRZB and GREM1 as compared to the cells
treated with IL1β alone. This effect was seen in all 3 donors tested,
although the effect is most prominent in the OA donors (Fig. 8C). Due to
the large donor variation and the limited number of donors tested, we
did not perform statistical analysis. We observed that the combination
of DKK1, FRZB and GREM1 was not able to prevent IL1β induced MMP
expression (Fig. 8D). These data are in accordance with the predictions
of ECHO, where 100% activity ofMMP expression and lower expression
of COL2A1 are predicted. In addition, we observe a reduction in the
number of apoptotic cells in the presence of IL1β with DKK1, FRZB and
GREM1, as compared to IL1β alone (Fig. 8E). These data confirm our
ECHO generated hypothesis that DKK1, FRZB and GREM1 play a small
role in preventing IL1β induced cartilage damage in healthy cartilage.
This has not been shown before.

Together, this data shows that ECHO, our executable chondrocyte
model, is excellently suited for storing data. It enables the dynamic and
time-dependent visualisation of molecular mechanisms involved in the
gradual transformation of a healthy chondrocyte in an osteoarthritic
cell. Executable models can furthermore be used to predict new
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mechanisms for cellular responses in cartilage health and disease. This
information can be used for the rational design of the most promising
new wet-lab experiments with respect to the desired outcome. We be-
lieve that executable computer models of molecular mechanisms of
disease may become a valuable asset in the development of new
treatments.

3. Discussion

We successfully used ANIMO to generate models of growth plate
and articular cartilage based on an earlier model of the growth plate
[39,63] and microarray data of articular cartilage [2]. These models
were used to obtain insight into the signaling network regulating car-
tilage development and OA. We found a possible mechanism by which
healthy cartilage is protected against low levels of inflammatory sig-
nals, via suppression of the WNT and BMP pathways.

Both the BMP and the WNT pathways are implicated in cartilage
hypertrophy and OA (reviewed by [10,64]). In ECHO, BMP is a node
with much influence on the determination of cell fate in the AC and GP
models. Much research in in vitro and in animal models has shown that
BMP2 is involved in cartilage development and endochondral ossifi-
cation by regulating both SOX9 and RUNX2 [43]. In addition, SOX9,
ACAN, collagen type II were reduced at the mRNA levels in BMP2/4
double KO embryos or BMP2 conditional KO mice, while RUNX2 ex-
pression was reduced at the protein level in the proliferating and pre-
hypertrophic areas BMP2/4 double KO embryos [45]. Moreover, BMP2
induced RUNX2 expression at both transcriptional and post-transcrip-
tional levels through inhibition of CDK4 and prevented RUNX2 de-
gradation [45].

ECHO shows that the BMP concentration has to be tightly controlled
in order to induce a SOX9+ cell state in the GP model, so that little BMP
is not enough to induce any differentiation, but too much BMP leads to
RUNX2 activity and thus hypertrophy and collagen 10 expression. This
is verified in ECHO by both the co-activity experiment in Fig. 4 and by
the perturbation experiment in Fig. 5B (SOX9 > RUNX2) in which
constitutive activation of BMP in combination with the absence or KO
of FGF, IGF, TGFβ or IHH never yields a SOX9+ state in both the GP and
AC model. This is corroborated by the fact that different BMP antago-
nists, such as GREM1 and Noggin, are expressed in specific layers of the
articular and growth plate cartilage [2,17,65].

Other research highlights the importance of BMP in the cartilage
network: for example, it has been shown that the lack of BMPR1A leads
to significant chondrodysplasia and almost eliminated the chondrocyte
phenotype with decreased SOX9, collagen II, and proteoglycan ex-
pression in conditional BMPR1a KO mice [66–68].

The WNT signaling pathways, and specifically the WNT/beta-ca-
tenin canonical pathway, has been described to be important for both
correct cartilage development and hypertrophy (reviewed in [10,64]).
We have previously found the WNT antagonists DKK1 and FRZB to be
important for the prevention of hypertrophy and we found that the
expression of DKK1 and FRZB was reduced in OA [2,57,17,69]. In ad-
dition, we found that IL1β was able to reduce DKK1 and FRZB ex-
pression in human chondrocytes that were isolated from healthy
looking cartilage regions in an OA knee via upregulation of iNOS [59].
These relatively healthy cells had a basal level of DKK1 and FRZB ex-
pression and had a reduced IL1β and MMP expression as compared to
the OA cells from the same joint [59]. Prolonged exposure to in-
flammatory factors, such as IL1β, has been implicated in the hyper-
trophic differentiation via both NFκB and MAPK signaling [70,71], and
our data suggest that the loss of DKK1, FRZB and GREM1 plays a role in
the loss of the protective properties of healthy cells against IL1β ex-
posure. This is, to our knowledge, a new finding.

Another important player in ECHO is IGF1. KO of IGF1 in both GP
and AC models reduced the percentage of SOX9+ cell fates, while
overexpression increased the percentage of SOX9+ cell fates, see Fig.
X7 in the accompanying MethodsX manuscript. In contrast, the

percentage of RUNX2+ cell fates were increased in the GP model when
IGF1 was absent. This is not surprising as IGF or insulin are used in most
standard protocols for MSC chondrogenesis [72,73].

Both GP and AC model indicate an important role of TGFβ in the
development of SOX9+ state. This is supported by literature: Loss of
TGFβ expression has been correlated with OA in mouse models [74]. In
addition, the correlation between genetic alterations of TGFβ and OA
have been reviewed in [75]. For example, it has been shown that im-
paired chondrocyte terminal differentiation was observed in ERK1 and
ERK2 KO mice [76]. This is also observed in our model: ERK1/2
knockout prevents a transition from a SOX9+ to a RUNX2+ state,
whereas overexpression induces a RUNX2+ state (see Fig. X7). In the
GP model, ERK1/2 knock-out results in a transition to a Null-state,
indicating the importance of ERK1/2 in the regulation of hypertrophy
and endochondral ossification via RUNX2. This is corroborated by lit-
erature [76–78].

We determined the top 15 nodes with the most prominent effect on
the SOX9+ and RUNX2+ stable states in ECHO. We showed how
computational models can aid in predicting the chondrogenic differ-
entiation capacity based on RNASeq data of only these 15 genes. In
addition, these experiments predict the cellular response on a variety of
external signals that are commonly used in differentiation experiments.
In our top 15 most important nodes, we also identified PTHrP, IHH and
GLI2/3. The roles of IHH and PTHrP in regulating bone and cartilage
formation have been well established [79]. In ECHO, we find that both
overexpression and KO of PTHrP or IHH leads to a transition from SOX9
to RUNX2 to Null (data not shown). Expression of SOX9 and RUNX2 as
well as PTHrP was low and growth was inhibited in tempor-
omandibular joint in IHH KO mice, indicating that IHH is indispensable
for proliferation and expression of transcriptional regulators such as
RUNX2 and SOX9, however, these defects were partially restored in
double IHH/Gli3 mutants, suggesting that IHH function is modulated
and restricted by Gli3 and Gli3(R) [80,81]. Growth inhibition and less
expression of RUNX2, RANKL (Receptor Activator Of Nuclear Factor
Kappa B Ligand), and MMP13 was found in TGFα (Transforming
Growth Factor Alpha) KO mice [82]. PTHrP dependent and in-
dependent effect were observed in TGFβRII KO mice [83]. The ex-
pression of collagen type X, MMP13, ADAMTS4 and ADAMTS5 (A
Disintegrin-Like And Metalloprotease (Reprolysin Type) With Throm-
bospondin Type 1 Motif, 5 (Aggrecanase-2)) was up-regulated in
TGFβRII (Transforming Growth Factor Beta Receptor 2) KO mice, in-
dicating cell differentiation process was accelerated and matrix de-
gradation activated. PTHrP KO mice show increased endochondral
bone formation [83]. Limb explant treated with PTHrP showed in-
hibition of collagen type X expression and enhanced chondrocyte pro-
liferation. This effect was potentiated in GLI2 KO limbs, while it was
blocked in GLI3 KO limbs and was only partially inhibited by hedgehog
ligand blockade. PTHrP negatively regulated Gli mediated transcription
in cell cultures and regulated the level of the repressor form of Gli3 in a
PKA dependent manner. These results show that PTHrP regulates
growth plate chondrocyte proliferation and differentiation in part
through the activity of Gli3, suggesting a crucial role for Gli3 in growth
plate chondrocyte development [84].

From a therapeutic standpoint, it is interesting to know if and how it
is possible to switch cell fate through perturbation of the network by
extracellular ligands. Indeed, it was possible in ECHO to define various
factors and especially combinations of factors able to switch cell fate
(Fig. 5). It is experimentally challenging to test these predictions in
human primary cells. This is especially the case for the switch of a
RUNX2+ to SOX9+ cell fate, since epigenetic regulation has likely oc-
curred in the process of osteoarthritis (reviewed in [85]). The resulting
methylation of cartilage specific genes, such as SOX9, will therefore
prevent the actual switch from a RUNX2+ to a SOX9+ phenotype in OA
cells. However, this strengthens the argument of using computational
modeling, since it allows us to simulate osteoarthritis development, and
as such provides insight into the molecular boundaries that define
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therapeutic efficacy. In addition, the combination of factors tested in
our in silico experiments have individually been described to have a
role in cartilage development and in OA. However, the combined effects
of these factors have not yet been conclusively shown. It is therefore
likely that when designing therapies for treatment of cartilage defects
multiple factors will have to be targeted in order to get the desired
response. Computational modeling is very well suited to investigate
combinatorial treatments for disease.

Our case-study shows that ECHO can be used to investigate cellular
responses to changes in network activities, both by manipulating nodes
in so-called knock-down and overexpression experiments, as well by
changing activities of extracellular ligands. In our case-study, we
prioritized the experiments to be performed, thereby limiting the
number of experimental conditions from 9 to 4 conditions.

Our study shows a possible role of DKK1, FRZB and GREM1 in
protecting healthy cartilage from the effects of inflammation and in-
dicates that this protective effect is only partially dependent on the
transcriptional activity of SOX9 and RUNX2. However, the exact me-
chanism by which this happens in healthy chondrocytes needs to be
investigated further both by adapting ECHO and by extensive testing in
many completely healthy chondrocytes from various donors. This is
outside the scope of this paper.

In this manuscript, we present the application of GP and AC models,
with adaptation to an model in which IL1β is active, which may re-
present OA-like states. In these models we are able to investigate the
network response to changes in the cellular environment or changes in
the intracellular signaling network. We used these models to obtain
insight into the mechanisms of stem cell differentiation and cell fate
determination in disease. We validated our model topology and activity
by using RNASeq data as well as by performing FRAP and qPCR ana-
lysis. The model hypothesis that DKK1, FRZB and GREM1 could func-
tion as the gate-keepers of cartilage homeostasis has been validated in a
wet-lab experiment that showed that the IL1β induced loss of Collagen
2 and Aggrecan expression was partially prevented by, and apoptosis
was reduced in the presence of DKK1, FRZB and GREM1 in human
chondrocytes.

4. Methods

4.1. Computational cluster

The in silico experiments on ECHO were executed as computational
jobs on a cluster composed of 32 Hadoop/HPC 16-core compute nodes
and managed with SLURM (Simple Linux Utility for Resource
Management). Scripts used for parallelization of simulations are pro-
vided as Supplementary Material ‘scripts’. The scripts are organized in
subfolders with number corresponding to the images in the manuscript,
that are the results of the scripts.

As each of the simulations in an in silico experiment is independent
from the others, these experiments belong to the so-called group of
embarrassingly parallel problems [19]. In this setting, the absence of
inter-process communications allows for an arbitrary division of the
jobs among computational units (i.e. CPU cores), gaining a performance
boost linear with the number of computational units. This means that
all available computational units could be exploited optimally: for ex-
ample, if 512 cores are available, 512 simulations could be run in
parallel at the same time. In practice, this significantly increases the
feasibility of large in silico experiments: using 512 cores to perform the
experiment on which Table X2 and Fig. 2A are based took about 17 h;
the same experiment would have taken about one year if all its simu-
lations would have been executed sequentially on a single core.

4.2. In silico experiments

In silico experiments described in this paper are based on simula-
tions performed on ECHO. The typical experiment performed on ECHO

consisted in making minor changes to the configuration of the network,
for example setting the initial activity of some nodes to fixed values in a
given range, then simulating the evolution of the resulting system on a
period sufficiently long to have the network stabilize at a final state.
The activity levels of all nodes in the final state were then collected in
tables and analyzed in accordance to the aim of the experiment. In some
cases, the final state could not be directly recognized as one of the three
possible stable states (SOX9+, RUNX2+, Null): that happens because
keeping one or more nodes fixed at a certain value may block the
evolution of the network in case those nodes need to change before
proceeding towards a stable state. In order to resolve those un-
determined cases, an additional analysis was performed on the results
of the stalled simulations: the nodes artificially held fixed to the given
value were let evolve normally (i.e. the artificial block was removed)
and an additional simulation was computed starting from the final state
of the undetermined simulation. This always led to one of the three
possible final states SOX9+, RUNX2+, Null, allowing us to classify the
outcome of the given modification.

4.3. In silico cell differentiation

The in-silico experiments consisted of four main steps:

1. set the initial activity of nodes in ECHO to represent a given cell
type, based on our RNASeq data,

2. add the proper factors to represent known differentiation stimuli,
based on the protocols that were previously established in our lab
(see main manuscript).

3. simulate the model until a steady state is reached,
4. compare the resulting cell type represented by the model with

known differentiation results.

The initial configurations we chose represent four cell types: adi-
pose-derived stem cells (AMSC), bone marrow-derived stem cells
(BMSC), healthy cartilage and embryonic cells. RNAseq data collected
in laboratory experiments on these four cell types were used to define
the initial configurations of ECHO. In particular, from the RNAseq data
we derived the activity levels of nodes in ECHO. As the expression of
different genes can have extreme quantitative differences (up to an
order of 100,000), the average RNAseq value for each node was
translated into activity levels by first normalizing it on a logarithmic
scale, and then mapping the resulting values to a [0, 100] linear scale.
This was used to represent gene expression values as activity levels in
ECHO. According to the in silico experiments previously described in
this paper, choosing the activity for the 15 most influential nodes (the
“Top 15 nodes”, see Fig. 2) in ECHO should be enough to determine the
cell fate. We restricted the initialization step of ECHO to only the Top
15 nodes, identified in the experiment for Fig. 2.

For each of the four considered cell types (AMSC, BMSC, cartilage,
embryonic), we performed 100,000 random initialization experiments
(thus 400,000 experiments in total) with the following initialization
settings:

- all nodes in ECHO apart from the Top 15 start at a random initial
activity and are free to change their value according to the inter-
actions present in ECHO;

- the initial activity of the Top 15 nodes is set to the corresponding
values derived from the RNAseq data for the chosen cell type.

In each of the 100,000 simulations per cell type, the evolution of the
network was simulated in three stages:

1. keep the activity level of the Top 15 nodes fixed at their initial value
and perform a simulation starting from the initial configuration for
an amount of time, T, sufficient for all interactions to exert their full
effect;
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2. set a new value for the activity of specific nodes in order to simulate
a differentiation stimulus and keep their value fixed, while letting all
other nodes (including the Top 15) free to change their value, then
continue the simulation for T more time units;

3. let every node in the network free to change its value according to
the interactions influencing it and compute the simulation results
after T more time units.

Each experiment simulated the network evolution for 3 T time units.

4.4. Interleukin addition to the AC model

Using the topology presented in [59], we extended ECHO with the
nodes and interactions listed in MethodsX Supplementary table 6. The
k-values representing the interaction speeds were determined using the
rules already adopted for the rest of the interactions in ECHO: “slow”
reactions such as gene expression have a k-value of 0.1, while “fast”
reactions such as phosphorylation have a k-value of 1.0. Note that the
interactions iNOS –| DKK1 and iNOS –| GREM occur via gene expres-
sion (with iNOS inhibiting mRNA for both targets): for this reason, their
k-value is 0.1.

For each of 1 million simulations, we randomly initialized all nodes
in the network and simulated the model until it reached a stable state.
After all simulations were done, we computed the percentage of cell
fates (see Section 1.4 and Table X2 in MethodsX). Table 1, below, shows
the comparison of cell fate percentages between the AC model and the
same model after the addition of the IL1β pathway.

4.5. Microarray and RNASeq assays

The microarray assays of growth plate and articular cartilage were
performed previously [2]. In these microarray experiments, we used
paired growth plate (5 samples in total) and articular cartilage (8
samples) from 4 patients. Raw and normalized data were deposited in
the Gene Expression Omnibus (GSE-32398).

RNASeq data of articular cartilage, bone marrow Mesenchymal
Stem Cells (BMSC), Adipose-derived mesenchymal stem cells (AMSC) or
human embryonic stem cells (ESC), were previously performed in the
lab of Prof. van Wijnen and the data sets are found here: [48–50].

4.6. Cell culture and expansion

Human primary chondrocytes (hChs) were obtained from OA re-
gions or relatively healthy looking full thickness cartilage, dissected
from knee or hip biopsies of eight patients undergoing total joint re-
placement (for qPCR: OA: donor # 103 OA knee male-72yo, and donor
# 104 OA hip female-73yo; healthy: donor # 105 HL knee male-62, and
donor # 44 HL knee female-57yo; for TF-FRAP: OA donor #143 OA
female 72yo, #114 female 65yo, HL donor #144 Male of unknown age)
according to a previously published method [86]. To isolate cells, the
cartilage was digested in chondrocyte proliferation medium containing
collagenase type II (0.15% Worthington, NJ, US) for 20–22 h. Subse-
quently the hChs were expanded at a density of 3000 cells/cm2 in
chondrocyte proliferation medium until the monolayer reached 80%
confluency. The chondrocyte proliferation medium consisted of DMEM
supplemented with 10% fetal bovine serum (FBS), 1 × non-essential
amino acids, 0.2 mM ascorbic acid 2-phosphate (AsAP), 0.4 mM

proline, 100 U/ml penicillin and 100 μg/ml streptomycin.

4.7. Transcription factor – fluorescence recovery after photobleaching (TF-
FRAP)

Cells were cultured on glass coverslips and transfected a day before
FRAP measurements with either SOX9-mGFP [61] or RUNX2-eGFP [87]
using Lipofectamine LTX with Plus Reagent (Invitrogen, USA) ac-
cording to the manufacturer's protocol. Cytokine treatment and imaging
was performed in Tyrode's buffer with freshly added 20 mM glucose
(GIBCO) and 0.1% BSA (Sigma) as published before [88]. Tyrode's
buffer is composed of 135 mM NaCl (Sigma), 10 mM KCl (Sigma),
0.4 mM MgCl2 (Sigma), 1 mM CaCl2 (Sigma), 10 mM HEPES (Acros
organics), pH adjusted to 7.2, filter sterilized and stored at −20 °C.

Cells were washed with Imaging buffer, and IL1β (R&D systems,
USA or PeproTech, USA) was supplemented to the imaging buffer at a
final concentration of 10 ng/ml, unless otherwise noted. FRAP was
performed starting from 20 min after treatment, unless otherwise
noted. DKK1, FRZB and GREM1 (100 ng/ml each, R&D Systems,
Minneapolis, USA) were added 40 min before IL1β addition and the
combination was incubated at 37 °C for 1 h. In the treated cells, IL1β
(10 ng/ml in single treatment, 5 ng/ml in the co-treatments) and/or
DKK1, FRZB and GREM1 (100 ng/ml each) were present in the imaging
buffer during the FRAP measurement.

The FRAP measurement were performed as described before [61].
In short: FRAP measurement was performed in Nikon A1 laser scanning
confocal microscope with 60×/1.2 NA water immersion objective,
488 nm laser at 0.35% (0.12 μW at the objective) laser power. Tem-
perature was maintained at 37 °C with an OkaLab temperature con-
troller. FRAP settings: frame size of 256 × 256 pixels, scan speed: 4 fps,
scan time: 60 s for SOX9-mGFP and 45 s for eGFP-RUNX2 (post-bleach),
pixel size: 0.12 μm, zoom size: 7.09. A representative circular region of
2.9 μm diameter was bleached with one iteration (60 ms) of 50%
(34.3 μW) laser power. Ten pre-bleach images were taken and the
fluorescence intensity values were averaged to normalize the FRAP
curve. We measured n ≥ 35 cells per donor, per condition. Matlab™
was used to analyze the FRAP data and the script is available upon
request. A diffusion uncoupled, two-component method was used to
interpret our FRAP data as described previously [61]. Individual FRAP
measurement curves were averaged to get a single FRAP curve. To as-
sess the statistical significance between the conditions Mann-Whitney U
tests were applied using Origin software (OriginLab ®).

FRAP rates were calculated using:

= + −
−F t y A eSingle component fit: ( ) 0 (1 )t τ

1
/ (1)

where F0 is the value of the fluorescent intensity at the first post-bleach
frame, A1 is the amplitude of the fast diffusing population and τ is the
time constant.

− = + − + −
− −F t y A e A eTwo component fit: ( ) 0 (1 ) (1 )t τ t τ

1
/ 1

2
/ 2 (2)

where A2 is the amplitude of slow diffusing population, τ1 and τ2 are
the time constants of A1 and A2 respectively.

− = ∗t τHalf time to recover: ln(2)½ (3)

= −IF F FImmobile fraction: I E (4)

where FI is the initial intensity and FE is the end value of the recovered
intensity.

Table 1
Cell fate percentage of the steady states in the AC model and in the AC model after addition of IL1β after one million simulations with random initialization of all
nodes in the model.

Model SOX9+ (%) RUNX2+ (%) Null (%) SOX9+/RUNX2+

AC 0.61 ± 0.02 0.012 ± 0.003 99.37 ± 0.02 50 ± 13
AC + IL1β 0.58 ± 0.02 0.087 ± 0.008 99.34 ± 0.02 6.66 ± 0.8
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4.8. RNA isolation and qPCR

The hChs were used in passage two unless otherwise stated. When
the monolayer reached 60% confluency, IL1β (BioLegend, USA or R&D
system, USA) was added at a final concentration of 10 ng/ml for 24 h in
the presence of normal expansion medium (DMEM with 10% FBS).
DKK1, FRZB and GREM1 (R&D systems) were supplied at a con-
centration of 200 ng/ml for 24 h, simultaneous with the IL1β). Total
RNA was isolated from cells using the NucleoSpin RNA II kit
(Macherey-Nagel), according to the manufacturers protocol. The pre-
cipitated RNA was dissolved in RNase-free water and subsequently
treated with RNase-free DNase I (Invitrogen life technologies, USA).
cDNA was obtained from 1 μg of RNA (determined using Nanodrop
2000) with a cDNA synthesis kit (BIO-RAD, Hercules, CA). QPCR was
performed using SYBR Green sensimix (Bioline, London, UK) in the Bio-
Rad CFX96 (Bio-Rad, Hercules, CA). For each reaction a melting curve
was generated to test primer dimer formation and non-specific priming.
GAPDH was used for gene expression normalization. All qPCRs were
performed in technical triplicates and in 2 patients for each condition.
Statistical analysis was performed using student's t-test or one-way
ANOVA with Tukey's post-hoc. p < .05 was considered statistically
significant. Primer sequences are listed below.

Primers used for qPCR.

Gene
name

Primer sequence Product
size

Annealing tempera-
ture

GAPDH F: 5’CGCTCTCTGCTCCTCCTGTT 3’ 81 60
R:5’CCATGGTGTCTGAGCGATGT3’

ACAN F: 5’ TTCCCATCGTGCCTTTCCA3’ 121 60
R: 5’AACCAACGATTGCACTGCT
CTT 3’

COL2A1 F: 5’ GGCGGGGAGAAGACGCAGAG
3’

129 60

R: 5’ CGCAGCGAAACGGCAGGA 3’
MMP1 F:5’ GGGAGATCATCGGGACAACTC

3’
72 60

R:5’ GGGCCTGGTTGAAAAGCAT 3’
MMP3 F:5’ TGGCATTCAGTCCCTCTATGG

3’
116 60

R:5’ AGGACAAAGCAGGATCACA
GTT 3’

MMP13 F:5’ AAGGAGCATGGCGACTTCT 3’ 72 60
R:5’ TGGCCCAGGAGGAAAAGC 3’

RPL13 F:5’-AAAAAGCGGATGGTGGTTC 168 60
R:5’- CTTCCGGTAGTGGATCTTGG

GREM1 F:5’ GTCACACTCAACTGCCCTGA3’ 375 60
R:5’ GGTGAGGTGGGTTTCTG
GTA3’

IL1β F:5’ TCCCCAGCCCTTTTGTTGA 3’ 91 60
R:5’ TTAGAACCAAATGTGGCCGTG
3’

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.cellsig.2019.109471.
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