
COMMENTARY

Ras-ERK signalling in endochondral ossification:
insights from neurofibromin
Aaron Schindeler1,2 and Nikita Deo1,2

1The Centre for Children’s Bone Health, Sydney Children’s Hospitals Network, Sydney, Australia. 2Paediatrics and Child
Health, University of Sydney, Camperdown, Australia.

IBMS BoneKEy 11, Article number: 488 (2014) | doi:10.1038/bonekey.2013.222; published online 22 January 2014

Commentary on: Ono K, Karolak MR, Ndong Jde, Wang W, Yang X, Elefteriou F. The Ras-GTPase activity of neurofibromin
restrains ERK-dependent FGFR signaling during endochondral bone formation. Hum Mol Genet 2013;22:3048–3062

Neurofibromatosis type 1 (NF1) is an autosomal dominant
genetic disorder with an incidence of 1:3000–3500. Neurofi-
bromatosis derives its name from the small cutaneous and
subcutaneous neurofibromas (nerve-related tumours) and
larger plexiform neurofibromas that are characteristic of the
disease. However, NF1 is also associated with a range of other
distinguishing features including specific neurocognitive
deficiencies and musculoskeletal manifestations that affect
individuals with variable penetrance.1 Skeletal defects such as
dystrophic scoliosis and congenital tibial dysplasia remain
extremely challenging to manage and have a high associated
morbidity.2

Over the past 10 years, the underlying molecular mechanisms
for NF1 affecting bone have been progressively elucidated by a
number of key studies. The NF1 gene product, neurofibromin,
has RAS-GTPase activating proteins (GAP) activity that
negatively regulates RAS activity. Moreover, a point mutation
that specifically abrogates this RAS-GAP function has been
associated with skeletal defects in one patient family.3 Cell
culture experiments have demonstrated that that the loss of NF1
increases RAS activity in a genotype- and cell type-dependent
manner.4 This may be particularly relevant to the study of focal
bone lesions, which have been reported to be associated with a
localised double inactivation of NF1.5 However, even without
loss of the second allele, bone complications in NF1 and other
RASopathies (diseases featuring increased RAS activity) have
been reported to be associated with reduced bone mineral
density and increased bone resorption.6

The signalling pathways downstream of RAS are numerous
and their relative importance is likely to be contextual to the cell/
tissue type, to rely on crosstalk from other signalling pathways
and to be dependent on the specific activating ligand(s).
RAS-mitogen-activated protein kinase kinase (MEK)-extra-
cellular signal-regulated kinase (ERK) signalling is a canonical
pathway that typically increases cell proliferation, impedes
progenitor differentiation and ameliorates apoptosis.7

However, other pathways can be activated by RAS signalling
including phosphoinositide 3-kinase (PI3K), c-Jun N-terminal
kinases (JNK), mammalian target of rapamycin (mTOR), p38

kinase and cyclic adenosine monophosphate/protein kinase A.
In the context of bone, RAS-PI3K has been linked to increased
osteoclastogenesis in NF1.8 Although other RAS effector
pathways including ERK wereupregulated in NF1 osteoclasts, a
PI3K inhibitor was able to provide a functional rescue, and was
more effective than a MEK inhibitor in effecting osteoclast
migration.8 In osteoblasts, both ERK- and JNK-dependent
signals have been shown to be upregulated.9 MEK inhibition
has been recently suggested as a strategy for the treatment of
Nf1-deficient bone repair.10

The control of ERK1/2 by RAS-dependent and RAS-inde-
pendent pathways has a potential to affect not only bone but
also cartilage. In cartilage, ERK signalling has been reported to
promote chondrocyte maturation and not proliferation,11 which
contrasts its reported role in a majority of other tissues. ERK
signalling may be important not only for cartilage formation but
also for cartilage and joint disease. In a mouse model of
rheumatoid arthritis, phospho-ERK levels were found to be
increased and clinical arthritis scores were decreased following
treatment with the specific MEK inhibitor PD184352.12

Furthermore, in osteoarthritis the signalling from chondrocytes
to the subchondral bone is dependent on an ERK signalling
pathway.13 These findings are not unexpected as pro-
inflammatory stimuli classically increase ERK activity.

In the recent study by Ono et al.,14 the researchers used an
Nf1col2

� /� knockout mouse model to examine the role of RAS-
MEK-ERK signalling in cartilage and endochondral repair. It was
hypothesised that a loss of neurofibromin in Col2a1-cre-
expressing chondrocytes would increase RAS-ERK signalling
and effect cartilage maturation. The authors reported a number
of key findings:

1. In the growth plate, neurofibromin expression was localised
to the pre-hypertrophic chondrocytes, and was absent from
proliferating and hypertrophic chondrocytes. It has been
previously reported that ERK activity remains elevated in
hypertrophic chondrocytes,11 suggesting that RAS-ERK
activity can be regulated in cells lacking neurofibromin
expression by an alternate pathway(s).
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2. In cultured chondrocytes, double inactivation of NF1 in
cultured chondrocytes resulted in decreased matrix metal-
loprotease-9 and -13 expression as well as increased Rankl/
Opg ratio. In coculture, Nf1col2

� /� chondrocytes produced
increased TRAPþ cells, particularly when supplemented
with Vitamin D. This implicates NF1 in the regulation of
cartilage breakdown in addition to its potential role in
chondrocyte maturation.

3. Double inactivation of neurofibromin in Col2a1-expressing
osteochondral progenitors resulted in growth plate disruption.
No change was seen at birth, but by weaning the hypertrophic
zone was significantly reduced. On the basis of the normal
expression of neurofibromin, it can be concluded that
decreased RAS-ERK activity in the pre-hypertrophic chon-
drocytes that normally express neurofibromin leads to reduced
chondrocyte maturity. This was consistent with previous
reports in which cultured embryonic limbs were treated
with MEK inhibitor U0126 and showed reduced hypertrophic
chondrocytes.15 However, the lack of a skeletal phenotype in
Nf1col2

� /� neonatal mice suggests regulation of RAS-ERK
signalling by alternate RAS-GAP factors during development.

4. The growth plate disruptions seen in Nf1col2
� /� mice were

hypothesised to be analogous to achondrodysplasia (dwarf-
ism) and further speculated to involve a fibroblast growth
factor (FGF)–ERK signalling axis. Consistent with this
concept, sustained ERK1/2 activation was seen in cultured
Nf1col2

� /� chondrocytes treated with basic FGF2, but not
those treated with epidermal growth factor (EGF).

5. C-type natriuretic peptide (CNP) has previously been used
in preclinical models of achondrodysplasia to antagonise
FGF receptor-3–ERK signalling. A heterozygous mutant
Fgfr3 (Y367C/þ ) mouse model treated with a CNP analog
was shown to inhibit FGF-mediated mitogen-activated
protein kinase activation and improve bone growth.16

Similarly, the authors used a stabilised CNP–Fc fusion
(NC-2) that showed superior and sustained activity in vivo to
treat the Nf1col2

� /� knockout mice. This leads to rescue of
the phenotype including significant improvements in the
columnar arrangement of chondrocytes, in the lengths of the
proliferating/hypertrophic zones and in the overall size of the
Nf1col2

� /� mice. It must be noted that CNP has been
reported to affect other signalling pathways including
the JNK pathway;17 JNK has been also found to be
upregulated and a potential point of intervention in
NF1.9,18 Although a decrease in pERK1/2 expression was
demonstrated with NC-2, it has not been conclusively shown
that this is the only pathway that mediates the Nf1col2

� /�

knockout phenotype.

Interestingly, although short stature has been reported in
NF1, this is not a consistent feature of the condition and it is not
associated with achondrodysplasia/dwarfism or growth plate
disruption. In individuals with NF1 it is possible that short stature
could be caused by NF1 haploin sufficiency;2 these individuals
do not display significant cartilage defects comparable with
those reported by Ono et al. in the Nf1col2

� /� mice. Never-
theless, these mice have been a powerful tool for demonstrating
the importance of RAS signalling in maintenance of the growth
plate and may have an impact on the management of other
conditions.

1. This work shows great promise for FGF–ERK antagonists
(including NC-2) as treatments for achondrodysplasia and
for othergenetic conditions in which growth plate defects are
associated with ERK dysregulation.

2. In the context of osteoarthritis, which also features ERK
upregulation, NC-2 may be an effective intervention.
Furthermore, a recent report has suggested beneficial
outcomes when using a combination of hyaluronic acid
and ERK inhibitor for osteoarthritis.19

Conflict of Interest

The authors declare no conflict of interest.

Acknowledgements

Drs Schindeler and his colleagues have received research
funding support from Celgene, Novartis, Amgen and N8 Medical.

References

1. Friedman JM. Neurofibromatosis 1: clinical manifestations and diagnostic criteria. J Child
Neurol 2002;17:548–554.

2. Schindeler A, Little DG. Recent insights into bone development, homeostasis, and repair in type
1 neurofibromatosis (NF1). Bone 2008;42:616–622.

3. Klose A, Ahmadian MR, Schuelke M, Scheffzek K, Hoffmeyer S, Gewies A et al. Selective
disactivation of neurofibromin GAP activity in neurofibromatosis type 1. Hum Mol Genet
1998;7:1261–1268.

4. Sherman LS, Atit R, Rosenbaum T, Cox AD, Ratner N. Single cell Ras-GTP analysis reveals
altered Ras activity in a subpopulation of neurofibroma Schwann cells but not fibroblasts. J Biol
Chem 2000;275:30740–30745.

5. Stevenson DA, Zhou H, Ashrafi S, Messiaen LM, Carey JC, D’Astous JL et al. Double
inactivation of NF1 in tibial pseudarthrosis. Am J Hum Genet 2006;79:143–148.

6. Stevenson DA, Schwarz EL, Carey JC, Viskochil DH, Hanson H, Bauer S et al. Bone resorption
in syndromes of the Ras/MAPK pathway. Clin Genet 2011;80:566–573.

7. Schindeler A, Little DG. Ras-MAPK signaling in osteogenic differentiation: friend or foe? J Bone
Miner Res 2006;21:1331–1338.

8. Yang FC, Chen S, Robling AG, Yu X, Nebesio TD, Yan J et al. Hyperactivation of p21ras and
PI3K cooperate to alter murine and human neurofibromatosis type 1-haploinsufficient
osteoclast functions. J Clin Invest 2006;116:2880–2891.

9. Sullivan K, El-Hoss J, Little DG, Schindeler A. JNK inhibitors increase osteogenesis in
Nf1-deficient cells. Bone 2011;49:1311–1316.

10. Sharma R, Wu X, Rhodes SD, Chen S, He Y, Yuan J et al. Hyperactive Ras/MAPK signaling is
critical for tibial nonunion fracture in neurofibromin-deficient mice. Hum Mol Genet
2013;22:4818–4828.

11. Provot S, Nachtrab G, Paruch J, Chen AP, Silva A, Kronenberg HM. A-raf and B-raf are
dispensable for normal endochondral bone development, and parathyroid hormone-related
peptide suppresses extracellular signal-regulated kinase activation in hypertrophic chon-
drocytes. Mol Cell Biol 2008;28:344–357.

12. Thiel MJ, Schaefer CJ, Lesch ME, Mobley JL, Dudley DT, Tecle H et al. Central role of the MEK/
ERK MAP kinase pathway in a mouse model of rheumatoid arthritis: potential proinflammatory
mechanisms. Arthritis Rheum 2007;56:3347–3357.

13. Prasadam I, Friis T, Shi W, van Gennip S, Crawford R, Xiao Y. Osteoarthritic cartilage
chondrocytes alter subchondral bone osteoblast differentiation via MAPK signalling pathway
involving ERK1/2. Bone 2010;46:226–235.

14. Ono K, Karolak MR, Ndong Jde, Wang W, Yang X, Elefteriou F. The Ras-GTPase activity of
neurofibromin restrains ERK-dependent FGFR signaling during endochondral bone formation.
Hum Mol Genet 2013;22:3048–3062.

15. Bobick BE, Kulyk WM. The MEK-ERK signaling pathway is a negative regulator of cartilage-
specific gene expression in embryonic limb mesenchyme. J Biol Chem 2004;279:4588–4595.

16. Lorget F, Kaci N, Peng J, Benoist-Lasselin C, Mugniery E, Oppeneer T et al. Evaluation of the
therapeutic potential of a CNP analog in a Fgfr3 mouse model recapitulating achondroplasia.
Am J Hum Genet 2012;91:1108–1114.
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