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ABSTRACT

Neurofibromatosis type 1 (NF1) is the most common autosomal dominant genetic
disorder occurring in 1 of every 3500 live births. NF1 is caused by loss-of-function
mutations in NF'/, the gene encoding the Ras-GAP neurofibromin. Forty percent of NF1
patients will develop orthopedic complications which often includes unilateral bowing of
the extremities, fracture, and subsequent fracture healing deficits (pseudarthrosis).
Because the molecular and cellular aspects mechanisms of fracture healing largely
recapitulate the processes of bone development, the goal of this dissertation is to
characterize the function of neurofibromin in growth plate chondrocytes and the signaling
pathways it regulates during endochondral ossification. Using conditional mouse
knockout models of NF1, we found that neurofibromin regulates growth plate
chondrocyte proliferation, hypertrophic maturation, and matrix catabolism at the
osteochondral border. Furthermore, we found that neurofibromin in prehypertrophic
chondrocytes likely attenuates FGFR1 and FGFR3 signaling to inhibit chondrocyte
proliferation, and neurofibromin in hypertrophic chondrocytes attenuates FGFR1
signaling to inhibit matrix catabolism as the osteochondral border. Finally, in a series of
pharmacological proof-of-principle experiments, we identified C-type natriuretic peptide
and the pan-FGFR inhibitor BGJ-398 as potential therapeutic agents for the treatment of
NF1 pseudarthroses via their action on NfI”~ chondrocytes. Further investigation of these

agents in NF1 fracture healing models is warranted.

xiii



CHAPTER 1

INTRODUCTION AND BACKGROUND

Overview

Neurofibromatosis type 1 (NF1)-associated skeletal dysplasia and fracture healing have
severe negative impacts on affected individuals’ quality of life (most of which are infants
and children) and has an unknown etiology with no targeted, pharmacological therapy.
Affected individuals typically exhibit unilateral tibial bowing, low bone mineral density,
asymmetry of facial bones, and development of pseudarthrosis following fracture (1, 2).
Evidence from biopsies and NF1 preclinical animal models, however, suggests that NF/
loss-of-function mutations in mesenchymal bone cells, and impaired mesenchymal stem
cell (MSC) differentiation into osteoblasts and impaired maturation of chondrocytes as

the underlying etiology for NF1 pseudarthrosis (2-8). The hypothesis I will address in

this dissertation is that the gene product of NF'I, neurofibromin, is not only necessary for

proper growth plate formation but also negatively regulates FGFR1 signaling during

endochondral bone formation. We believe the developmental findings in the growth

plate described in this dissertation may be translatable to fracture healing in NF1 patients.



As such, in the remainder of this chapter I will review critical publications regarding
bone and growth plate development, normal fracture healing, and Neurofibromatosis type
1 which will provide the clinical context for how the developmental studies presented in
the subsequent chapters are foundational to not only our understanding of basic biology
of the growth plate but also to fracture healing in NF1 patients. 1 will also provide
background as to the role of fibroblast growth factor receptor (FGFR) and MAPK
signaling in normal growth plate development. Chapter I will go on to discuss the mouse
models used to study the function of neurofibromin in bone development and fracture
healing. The chapter will close with a description of current as well as proposed
strategies in treating NF1 pseudarthroses. The proposed treatment strategies are mostly
based on recent experimental findings in new NF1 mouse models and thus set the stage

for the studies presented in Chapters II and II1.

In Chapter II, I will address the first part of my hypothesis that neurofibromin is
necessary for proper growth plate formation and present data showing that neurofibromin
regulates growth plate chondrocyte proliferation, differentiation and osteoclastogenic
differentiation both in vitro and in vivo. This chapter also explores the use C-type
natriuretic peptide (CNP) to inhibit MAPK signaling in NfI-null growth plate

chondrocytes.

Chapter III is a logical extension of the studies performed in Chapter II and focuses on
addressing the second part of my hypothesis, that neurofibromin negatively regulates

FGFRI signaling during endochondral bone formation. I will present data that shows that



neurofibromin indeed regulates FGFR1 signaling in growth plate chondrocytes. However,
this finding is mostly specific the hypertrophic subpopulation of growth plate
chondrocytes, and neurofibromin most likely also regulates both FGFR1 and FGFR3 in
prehypertrophic chondrocytes. Chapter III ends with a study exploring the use of the
pan-FGFR inhibitor BGJ-398 to antagonize all FGFR signaling in the growth plate in the

context of NfI ablation.

I will conclude with Chapter IV which begins with a broad discussion of the experimental
findings of Chapters II and III and frames them in a basic bone biology context. I will
then transition to a discussion of how my findings may be applied in the setting of NF1
pseudarthrosis, particularly in regards to the use of CNP or BGJ-398 to promote bone
union in NF1 pseudarthrosis patients. I will also discuss the need for new mouse models
of NF1, the goal of which is to test the efficacy of new drugs for NF1 pseudarthroses as
well as to test hypotheses related to the underlying etiology of the NF1 pseudarthrosis

and other NF1 bone manifestations.

Skeletal Development

Generation of a functional skeleton is a highly complex process that is essential for life in
vertebrate animals. The skeleton protects organs from the environment, provides bodily
structural support, houses the compartments necessary for hematopoiesis and respiration,
and regulates many endocrine homeostatic processes. The human skeleton is composed

of over 200 distinct bones each of which relies on the tight spatiotemporal signaling



processes between numerous cells types at many different stages of embryonic and
postnatal development (9, 10). Approximately 1 in every 4000 births is affected by some
form of skeletal abnormality highlighting the complexity of the bone development and

stressing the fact that many different genes are involved in skeletal development (10, 11).

Vertebrate skeletal development is controlled by two distinct categories of developmental
processes: skeletal patterning and skeletal cell differentiation from mesenchymal stem
cell (MSC) progenitors. Skeletal patterning results in the various skeletal shapes of
diverse skeletal elements and is influenced by the activity of skeletal morphogens such as
sonic hedgehog (SHH) and patterning genes such as those belonging to the HOX gene
family (9, 12). Errors in skeletal patterning arising from mutations in regional patterning
genes result in skeletal dysostoses where specific skeletal elements rather than the global
skeleton are affected (11, 13). Skeletal patterning relies on the precise, directional
proliferation of mesenchymal progenitors that condense and ultimately differentiate into
one of the two types of functional skeleton forming cells: osteoblasts and chondrocytes.
Defects in the generation or function of osteoblasts and chondrocytes results in global
skeletal defects called osteochondrodysplasias, osteodysplasias, or chondrodysplasias
depending on which cell types are affected (11). Osteoblasts are the cells that lay down
the type 1 collagen rich matrix that eventually mineralizes with hydroxyapatite.
Chondrocytes are cells that produce various types of cartilage with in the body. In bone,
chondrocytes produce hyaline cartilage to form the growth plates of bones residing within
the axial, craniofacial, and appendicular skeletons as well as the articular surfaces of

bones where bones meet at joints (9, 10).



A common MSC progenitor gives rise to both osteoblasts and chondrocytes. These
progenitors trace their embryonic origins to the neural crest, lateral plate mesoderm,
paraxial mesoderm, and notochord. Some neural crest and a small subset of lateral plate
mesoderm progenitor cells ultimately form the most of the craniofacial skeleton. The
majority of the lateral plate mesodermal cells that will become skeletal elements
ultimately go on to form the appendicular skeleton and some axial skeletal elements
(such as the sternum). The paraxial mesodermal cells that will become skeletal elements
ultimately form the vertebral column and ribs. The only remnant of notochord derived
tissues in the postnatal vertebrate resides within intervertebral disc as the nucleus

pulposus (9, 10).

The mechanisms by which these distinct lineages of MSC progenitor cells give rise to
mature skeletal elements can be classified as either intramembranous or endochondral
ossification. In both mechanisms, the mesenchymal cells destined to become skeletal
elements first condense into what is called the “mesenchymal condensation.” The cells
within the condensation proliferate under the influence of skeletal morphogens and
patterning transcription factors. In intramembranous ossification, the mesenchymal
progenitor cells differentiate directly into osteoblasts.  Thus, bones formed by
intramembranous formation are those that do not form with cartilaginous growth plates,
and, in general, these bones comprise most of the craniofacial skeleton as well as parts of

the axial skeleton (9, 10).



Endochondral Bone Formation and the Growth Plate

The second mechanism by which bones form in vertebrate animals is endochondral
ossification because these bones form from “within cartilage” (Figure 1). That is, the
pool of condensed MSC progenitor cells (Figure 1A) first differentiate into chondrocytes
and form a cartilaginous anlage (Figure 1B). Chondrocytes within the avascular
cartilage anlage proliferate. Chondrocytes in the center of the proliferative anlage stop
proliferating and mature to hypertrophy, that is, they enlarge in size, and express markers
characteristic of hypertrophic chondrocytes such as Coll0al, Rankl, Mmp9, Mmp13, and
Vegf (Figure 1C). This zone of chondrocytes is known as the hypertrophic zone.
Expression of VEGF promotes vascular invasion into the center of the hypertrophic zone
of chondrocytes (Figure 1D).  Simultaneously, perichondrial cells surrounding
hypertrophic zone of chondrocytes differentiate directly into osteoblasts and form a bony
structure called the bone collar which will become the bone cortex/diaphysis (Figure 1D).
Vascular invasion into the hypertrophic zone in turn facilitates the arrival osteoblast
precursors derived from the bone collar surrounding the cartilage, as well as circulating
hematopoietic stem cells and thus bringing the cells which will eventually give rise to
osteoclasts (osteoclasts are thus of the hematopoietic lineage) (Figure 1E). Osteoclasts
are responsible for resorbing the existing mineralized matrix within the bone and can be
thought of as the macrophages of bone. The cavity occupied by osteoblasts and
osteoclasts is known as the primary ossification center and separates the cartilage anlage
into proximal and distal cartilaginous ends of the bone which are henceforth called
growth plates. Chondrocytes within each growth plate continue to proliferate, thus

elongating the bone (Figure 1F). Chondrocytes at the ends of the bone also mature to
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Figure 1. Endochondral Ossification

Endochondral ossification begins when mesenchymal progenitor cells (A) condense and (B) differentiate into chondrocytes (c) to form
a cartilaginous anlage. (C) Proliferative chondrocytes mature to hypertrophy (h) and (D) promote differentiation of perichondrial cells
into bone collar osteoblasts (bc) and vascular invasion into the cartilage mold. (E) Osteoblasts and hematopoietic precursors
accompany vascular invasion to form the primary ossification center (ps) as (F) chondrocytes continue to proliferate and elongate the
bone. (G) Mature growth plates form with proliferative chondrocyte columns (col) as vasculature invades the ends of the bone to
form the secondary ossification centers (soc). A mature hematopoietic cavity (hm) also develops within the primary ossification
center. Used with permission (14).



hypertrophy and promote vascular invasion to form secondary ossification centers
(Figure 1G) (discussed more below). As this occurs, proliferating chondrocytes
transition morphologically to form orderly stacks/columns of cells, collectively called the
proliferation zone of the growth plate. Less proliferative chondrocytes at the very end of
the growth plates (abutting the secondary ossification center) form the reserve/resting
zone of the growth plate and contain a pool of chondrocytic stem-like cells which

eventually enter the cell cycle, proliferate, and mature to hypertrophy along the axis of

the growth plate (9, 10, 14, 15).

Upon vascular invasion and osteoblast arrival, the majority of, if not all, hypertrophic
chondrocytes that abut the primary ossification center (at the osteochondral border)
undergo apoptotic cell death, and the lacunae that once housed their engorged cell bodies
are invaded by osteoblasts and endothelial cells to lay down new bone matrix and
vascularize the bone. The mineralized type 10 collagen produced hypertrophic
chondrocytes provides the first matrix scaffold of the developing bone. This calcified
cartilage is used as a template for osteoblasts to lay down their type 1 collagen matrix that
also mineralizes with hydroxyapatite. The area of rapid bone formation adjacent to the
hypertrophic zone within the primary ossification center is referred to as the primary
spongiosa where new “bone” proper is laid down by osteoblasts. The collagen fibrils
initially laid down by osteoblasts in the primary spongiosa are rather disorganized with
the fibrils not oriented in the same direction (woven bone). The mineralized type 10 and
type 1 collagen matrices within the primary spongiosa are remodeled by the cyclical

action of osteoclast mediated resorption and subsequent osteoblast matrix production



which ultimately yields a mature and organized mineralized matrix made exclusively of
type 1 collagen whose fibers are oriented in the same direction (lamellar bone). The area
of mature trabecular and lamellar bone is referred to as the secondary spongiosa.
Continued growth plate chondrocyte proliferation is responsible for longitudinal skeletal
growth whereas bone collar/periosteal differentiation into and proliferation of osteoblasts
is responsible for appositional bone growth and formation of the bone diaphysis or cortex

(9, 10, 14, 15).

The final major step in endochondral ossification occurs postnatally with the vascular
invasion into core of the proximal and distal growth plates to form what is known as the
secondary ossification center. Similar to the formation of the primary ossification center,
vascular invasion into the growth plates facilitates osteoblast, vascular, and osteoclast
precursor arrival. The formation of the secondary ossification center next to the primary
ossification center gives the cartilaginous growth plates its namesake plate-like structure
which separates the vascularized, bony primary and secondary ossification centers. Upon
skeletal maturity, growth plate chondrocyte proliferation slows to a halt and the primary
and secondary ossification centers bridge the growth plate (fuse), eliminating remaining
growth plate cartilage, and hence terminating all future longitudinal bone growth (9, 10,

14, 15).

Molecular Regulation of the Growth Plate
Molecular regulation of the growth plate and its dynamics is highly complex relying on

tightly controlled spatiotemporal signaling events. As such, significant research efforts



have been devoted to the growth plate. Dysregulation of growth plate dynamics can
cause skeletal abnormalities such as gigantism on one end of the spectrum or lethal forms
of dwarfism on the other. There are many endocrine, transcriptional, and epigenetic
regulators of the growth plate dynamics, however these will not be discussed here (see
(10, 15, 16) for reviews). Instead, the focus of this section will be on growth factor
signaling important in the growth plate with a focus on those pathways that are
particularly relevant to my studies in Chapters II and III. It is important to note that the
effects of these signaling molecules are temporally dependent, that is the same signaling
molecules can have vastly different effects depending on whether the cells they are acting
on are undifferentiated mesenchymal anlage cells versus differentiated chondrocytes of
the established growth plate. The focus of my studies is on regulation of differentiated
chondrocytes within the existing growth plate and their hypertrophic maturation, not on
chondrocyte differentiation itself (chondrogenesis) from within the mesenchymal

condensation.

IHH/PTHrP Signaling in the Growth Plate

Perhaps the most well understood and studied signaling pathway involved in growth plate
dynamics is the Indian hedgehog (IHH) and parathyroid hormone related protein (PTHrP)
signaling pathway and feedback loop (Figure 2). IHH has been described as a master
regulator of the growth plate because it coordinates chondrocyte proliferation/maturation
as well as osteoblast differentiation (bone collar) in the perichondrium in a precise,
spatiotemporal manner. The IHH/PTHrP feedback loop begins with the production of

PTHrP by perichondrial cells at the ends of the primordial bone. PTHrP stimulates
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Figure 2. IHH/PTHrP Regulation of Growth Plate Dynamics

IHH/PTHrP regualtion of the growth plate begins with PTHrP secretion from the ends of
growth plates which prevents proliferating chondrocytes from matureing to hypertrophy.
IHH secreted by prehypertrophic chondrocytes directly stimulates chondrocyte
proliferation within the proliferation zone, simulates further PTHrP secretion, and
differentiation of perichondrial cells into osteoblasts. Used with permission (17).
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resting zone chondrocytes to enter the cell cycle and promotes the proliferation of
chondrocytes in the proliferation zone. As chondrocytes proliferate and move further
away from the source of PTHrP at the ends of the bone, the chondrocytes exit the cell
cycle and become prehypertrophic. Prehypertrophic chondrocytes secrete IHH which in
turn promotes further synthesis of PTHrP at the distal end of the bone as well as directly
promoting chondrocyte proliferation and inducing the differentiation of osteoblasts in the
bone collar. Disruption of PTHrP or IHH expression, or of their receptors, results in

significant defects in growth plate development (14, 18-20).

FGFs and BMPs in the Growth Plate

Also critically important in growth plate development are the bone morphogenetic
proteins (BMPs) and fibroblast growth factors (FGFs) and their cognate receptors. The
FGF and BMP pathways are generally considered to be antagonistic in function, with the
BMPs generally promoting chondrocyte proliferation, while the FGFs generally inhibit
chondrocyte proliferation and impair their maturation to hypertrophy. Because there are
a great number of individual FGFs, BMPs, and related family members, all of which bind
to their receptors in an overlapping fashion, most of our understanding of their effects
have come from gain- and loss-of-function studies of the much less numerous BMP and
FGF receptors (14). For a review of BMP signaling in the growth plate, see Pogue and

Lyons, 2006 (21).
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FGFRs in the Growth Plate and their Dysregulation

The growth plate inhibitory effects of over 22 different FGFs are mediated by 4 distinct
FGF receptors, FGFRs 1-4. Each of the FGFRs binds multiple FGFs with varying
affinities. The primary focus of research of FGFRs in the skeleton directed towards their
distinct roles in both endochondral and intramembranous ossification. For excellent
reviews regarding FGFR signaling in both intramembranous and endochondral
ossification see reviews by Ornitz (22, 23). In intramembranous ossification, FGFRs 1-3
have been studied extensively due to their role in fusion of the cranial sutures, where

gain-of-function mutations cause premature fusion of cranial sutures (craniosynostosis).

FGFR3

In endochondral ossification, however, research efforts have primarily been directed
towards FGFR3 because FGFR3 mutations cause achondroplastic dwarfism and
hypochondroplastic shortness of stature (24-26). It was later found that these FGFR3
mutations were gain-of-function, activating mutations and the degree of constitutive
receptor activation caused by these individual mutations correlated with the severity of
dwarfism, with hypochondroplasia being the most mild form, achondroplasia being the
most common form of human dwarfism, and thanatophoric dysplasia being lethal (22, 27,
28). All of these forms of dwarfism affect bones formed through endochondral
ossification and highlight the importance of FGFR3 signaling in growth plate
chondrocytes. The effects of constitutive FGFR3 activation in chondrocytes produces
short long bones, abnormal facial structure (because some bones in the skull form by

endochondral ossification), and vertebral anomalies (29). Thanatophoric dysplasia is
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lethal because ribs abnormalities prevent proper lung development and do not facilitate
sufficient inspiration (30, 31). Similar to humans, mice harboring FGFR3 gain-of-
function mutations are dwarf, and mice with mutations causing severe constitutive
activation of FGFR3 die shortly after birth, as with thanatophoric dysplasia (30, 32, 33).
Conversely, global and bone specific Fgfr3 knockout results in skeletal overgrowth

(Figure 3) (34-36).

At the molecular level, Fgfr3 is expressed in the resting, proliferation, and
prehypertrophic zones of the growth plate (37). FGFR3 signaling has been reported to
exert its effects in chondrocytes via the MAPK and STAT1 pathways (38-42). FGFR3
signaling inhibits chondrocyte proliferation directly via regulation of cell cycle proteins
such as p21, as well as indirectly by decreasing IHH and BMP expression (32, 40, 43).
Several studies have been performed to tease apart the respective roles of STAT versus
MAPK signaling in growth plate chondrocytes. These studies indicate that the direct and
indirect proliferative pathways are inhibited by STATI signaling while the MAPK
signaling pathway impairs chondrocyte maturation (44). Others, however, have shown
that MAPK signaling is capable of regulating /hh expression suggesting that MAPK may
also be important in regulating chondrocytes proliferation, and the respective roles of
MAPK and STAT1 may not be clear cut as once thought (45). Regardless of mechanism,
however, both constitutively active MEK in a STATI-null background and deletion of
Spred?2, a negative regulator of Raf in the MAPK signaling axis are sufficient to cause
dwarfism in mice thus showing that MAPK is critically important for proper growth plate

elongation (44, 46).
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Figure 3. Manifestations of FGFR3 Gain- and Loss-of-Function Mutations in
Humans and in Mice

Mutations causing varying degrees of constitutively active FGFR3 result in respective
degrees of severity of dwarfism/short stature such as (A) hypochondroplasia, a mild form
dwarfism/short stature. Note the normal physical appearance with relatively short limbs.
More severe gain-of-function mutations causing more active FGFR3 results in (B)
achondroplasia and the most severe gain-of-function mutations in FGFR3 cause the lethal
(C) thanatophoric dysplasia. In mice, gain-of-function mutations in FGFR3 with varying
degrees of severity result in (D) dwarfism (achondroplasia-like, shown at postnatal day
30) and (E) lethal dwarfism (thanatophoric dysplasia-like, shown at postnatal day 1),
similar to humans. (F) Conversely, loss-of-function mutations in FGFR3 result in
skeletal overgrowth (shown at postnatal day 12). Used with permission (30, 32, 35, 47).
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FGFRrR1

In contrast to Fgfr3, Fgfrl expression is restricted to the prehypertrophic and
hypertrophic zones of the growth plate (48, 49). Little research towards understanding
the function of FGFR1 in the growth plate has been performed because, until recently, no
long bone disorders related to FGFR1 signaling had been identified, but rather only one
craniosynostosis causing syndrome (Pfeiffer syndrome) associated with FGFR1 gain-of-
function mutation had been identified. In 2005, White and colleagues identified gain-of-
function FGFRI mutations in patients with osteoglophonic dysplasia (50). In addition to
presenting with craniosynostosis, osteoglophonic dysplasia patients are dwarf and have
many abnormalities in bones formed by endochondral ossification including non-
ossifying fibroma, bowing of longs bones, spontaneous fracture, and fracture healing
deficits (pseudarthrosis) (Figure 4) (51). A study of the function constitutively active
FGFRI in cranial sutures noted that mice harboring a globally expressed, constitutively
active Fgfrl allele in addition to having craniosynostosis, were severely dwarf (52). No
follow up studies in the longs bones were performed. In 2006 however, Jacob and
colleagues published the first and only study addressing the function of FGFR1 in the
growth plate and long bones using a conditional loss-of-function approach. This study
addressed the function of FGFRI1 in osteoblasts as well as in chondrocytes. They found
that the hypertrophic zone of the growth plate was expanded, which they concluded was
likely due to decreased osteoclastogenesis and expression of gene responsible for matrix
catabolism at the osteochondral border (49). The final downstream signaling effects of
FGFR1 in the growth plate remain to be elucidated, however, it is known that FGFR1

exerts its effects via the PI3K and MAPK cascades (53-55).
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Figure 4. Osteoglophic Dysplasia and its Radiographic Findings in Humans.
Osteoglophonic patients are (A) dwarf and have abnormal bone structure in bones formed
both by endochondral and intramembranous ossification. (B) Long bones have abnormal
shape as well as non-ossifying fribroma. (C) Bones formed by intramembranous
ossification also exhibit abnormalities including craniosynostosis. (D) Osteoglophonic
patients often have bowed long bones which (E) often spontaneously fracture and
develop into pseudarthroses (bilateral femoral fractures in this case). Used with
permission (51, 56, 57).
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FGFR2

Fgfr2 is expressed in the perichondrium and resting zone of the established growth plate
but is most widely expressed in the prechondrogenic mesenchymal condensation (48, 58).
Studies addressing the function of FGFR2 in the growth plate have shown that gain-of-
functions mutation in FGFR2 produce animals that are of short stature and have
craniosynostosis; long bone and growth plate histological analyses were not the focus of
these studies (59-61). However, loss-of-function studies of FGFR2 in the mesenchymal
condensation with the Dermol-Cre also yielded dwarf animals (62). In this study, the
authors noted that chondrocyte proliferation was normal within the established embryonic
growth plate but did not address proliferation within the mesenchymal condensation.
They also documented the impairment of osteoblast proliferation and enhanced
osteoclastogenesis at the osteochondral border suggesting that these abnormalities are
responsible for the dwarfism phenotype. More studies are necessary to clearly elucidate
the function of FGFR2 in the growth plate and mesenchymal condensation since both

gain- and loss-of-function mutations in FGFR2 cause dwarfism.

FGFr4

Fgfr4 is expressed in the resting and proliferation zones of the growth plate, however, the
function of FGFR4 in the growth plate remains unknown since global Fgfi4 knockout
mice have no overt skeletal phenotype (63, 64). Global Fgfr3 and Fgfir4 knockout mice,
however, have short stature which is opposite of global knockout of Fgfr3 alone (64).
More studies, possibly aided with the use of conditional (floxed) alleles to rule of

systemic effects of Fgfir knockout are warranted.
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Postnatal Fracture Healing Recapitulates Embryonic Bone Development

It is now well understood that many tissue regenerative processes result from the
reactivation of embryonic, developmental processes. Fracture healing is no different and
has been described as a “postnatal developmental process” (65). As such, our
understanding of endochondral ossification in the developmental setting is often able to
inform our understanding of the events occurring in and regulating the more complex

process of postnatal bone repair.

Fracture healing begins immediately following fracture when mesenchymal progenitors
are recruited to the site of injury. It is widely believed that these progenitor cells are
recruited from and are daughters of cells residing within the periosteum. A mix of both
endochondral and intramembranous ossification occur which is believed to depend on
proximity to the vascular supply at the site of injury. Immediately adjacent to the bone
fragment at site of injury, and thus close to vascular supply, mesenchymal progenitors
differentiation directly into osteoblasts and recruited mesenchymal progenitors located
more distally to bone fragment, and thus with limited vascular supply and oxygen tension,
differentiate into chondrocytes. The chondrocytes initially proliferate, bridge the broken
bone, and connect the two bone fragments including the new bone formed via
intramembranous ossification. As the vasculature from within the newly formed
intramembranous bone invades into the soft, cartilaginous callus, the soft callus,
proliferative chondrocytes mature to hypertrophy. Osteoblasts also invade as callus
hypertrophic chondrocytes undergo apoptotic cell death. This process is an orderly

transition from a cartilage dominated soft callus to a mineralized, bone dominated hard
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callus which is subsequently remodeled by osteoclasts until it is fully resorbed and only
bridged cortical bone remains (65-68). The fracture healing cascade is shown in Figure

S.

As in endochondral bone formation, FGFRs 1 and 3 have been suggested to play a role in
fracture repair, although many reports primarily remain limited to the description of
individual FGF expression and function or receptor expression during bone healing (69-
72). From these reports, it seems that some FGFs stimulate cartilage formation during
fracture healing by enhancing periosteal MSC proliferation (71, 72). FGFR1 and FGFR3
expression in soft callus chondrocytes is high during fracture healing (69, 73, 74) and one
study suggested that activation of FGFR3 has deleterious effects on soft callus formation
and maturation (73). No data about the role of FGFR1 during bone repair has been

published.

Neurofibromin and Neurofibromatosis Type 1

An indirect regulator of ERK signaling is the Ras-GTPase activating protein (Ras-GAP)
neurofibromin. Loss-of-function mutations in the NF/ gene locus encoding the protein
neurofibromin result in the rasopathy known as neurofibromatosis type 1 (NF1) (75-78).
NF1 is the most common autosomal dominant genetic disorder occurring in 1 of every
3500 live births (79). NF1 morbidity ranges the spectrum from minor to severe, from
occasional café au lait spots and Lisch nodules to widespread cutaneous and plexiform

neurofibromas, optic nerve gliomas, malignant peripheral nerve sheath tumors,
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Figure 5. The Fracture Healing Cascade

Fracture healing begins immediately following injury at DO with the recruitment of inflammatory cells mesenchymal precursors to the
site of injury. Arrow indicates site of fracture. At day 7 post-fracture D7 early endochondral chondrogenic differentiation is visible
(thick arrow) in the primordial fracture callus while intramembranous osteoblast differentiation is seen adjacent to the fracture site
(thin arrow). At D14 a robust cartilaginous response is seen in the callus center (soft callus) with a calcified cartilage front meeting
osteoblasts formed by intramembranous differentiation (arrow). By D21 post-fracture osteoblasts form the majority of the callus (hard
callus) due to their replacement hypertrophic, calcified chondrocytes at the osteochondral front. The hard callus is continuously
remodeled by osteoclasts and osteoblast until no remnants of the fracture site or callus can be seen between D28-35. Used with
permission (66).
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pheochromocytomas, cognitive deficits and skeletal dysplasias (80). Despite being
nearly 100% penetrant (81), NF1 is a highly pleotropic disease, and the heterogeneity of
the disease adds complexity to studying the mechanisms of NF1 pathogenesis (80). One
prevailing theory of NF1 pathogenesis is that while patients are typically globally
heterozygous null for NFI, only those cells and their progeny that experience complete
inactivation of NF'/ are pathological, thus giving rise to a highly variable and often focal
disease (5, 82, 83). Germline, homozygous NF'/ loss of function is thought to be
embryonically lethal because no patients have been seen with this mutation pattern and

because NfI " mice die in utero (84).

The NFI gene locus was first identified in the late 1980s through linkage analysis in
families with NF1 (75-78). A series of papers in the following few years further
identified chromosomal translocations and gene mutations at the NF'/ locus as causal for
NF1 (85-90). Simultaneous studies showed that the gene product of the NF/ locus
encoded a Ras GTPase activating protein (Ras GAP) that had an unusually large open
reading frame of over 7.7kb encoding a ~250kD protein (91-97). These landmark papers
dating back to the late 1980s and early 1990s opened the field for studies for the etiology
of NF1. It has since been shown that neurofibromin’s expression is widespread and is
expressed in the cardiovascular system, adrenal glands, central and peripheral nervous
systems, as well as in both muscle and bone (95, 98, 99). Research related to
neurofibromin’s function in disease to has primarily focused on its function as a Ras-
GAP and effectors in the MAPK and PI3K pathways. Others have, however,

hypothesized and studied non-Ras-GAP related functions of neurofibromin including its
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role as a regulator of andenylyl cyclase and as a microtubule associated protein in

neurons (Figure 6) (100-106).

Bone Manifestations

Of particular importance to my studies are the skeletal manifestations of NF1. These
abnormal pediatric skeletal maladies are both global and focal. The global maladies
include short stature and low bone mineral density while the focal maladies can include
idiopathic or dystrophic scoliosis, kyphosis, chest wall abnormalities, asymmetry of
facial bones (sphenoid bone), non-ossifying fibromas, unilateral, anterolateral tibial
bowing, and pseudarthrosis (Figure 7) (1, 107-111). Approximately 40% of NF1
patients display focal skeletal pathologies (112, 113). Children with NF1 typically have
elevated fracture risk and exhibit impaired fracture healing stemming from suspected pre-
existing defects in bone formation (112, 113). Fracture and development of
pseudarthrosis has significant patient morbidity as development of pseudarthrosis
frequently requires multiple surgical interventions that often fail to promote bone union,
and can require limb amputation (114-116). Biopsies from children with tibial NF1
pseudarthrosis are characterized by a hyperplastic hamartoma composed of poorly
differentiated vimentin-positive mesenchymal cells and cartilaginous remnants,
suggesting that the differentiation, maturation, and/or clearance of NfI-deficient
osteochondroprogenitors and progeny is severely impaired, leading to the accumulation
of this abnormal tissue in bone and poor healing (5, 8). Pseudarthrotic sites are also
characterized by the presence of an excessive amount of unmineralized type 1 collagen

(osteoid) and an increased number osteoclasts (118).
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Figure 6. The Functions of Neurofibromin
Neurofibromin’s canonical function is to accelerate the hydrolysis of Ras-GTP to Ras-GDP and thus inactivating Ras. Active Ras is
known to activate both the MAPK and PI3K signaling pathways. Some known non-canonical roles of neurofibromin include

simulating adenylyl cyclase activity in its conversion of ATP to cAMP as well as associating with microtubules in neurons. Modified
and used with permission (117).
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Figure 7. Focal NF1 Bone Manifestations

Focal NF1 bone manifestations include: (A) sphenoid wing dysplasia with the left side of
the bone (arrowheads) showing abnormal structure compared to the contralateral side
(arrow), (B) pectus excavatum, (C) scoliosis (both non-dystrophic, shown, and
dystrophic) and kyphosis (not shown), (D) anterolateral bowing of the tibia (note
presence of non-ossifying fibroma in the proximal tibia in the third panel), and (E)
pseudarthrosis (radiograph, left, and physical appearance, right). Used with permission

(1).
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Mouse Models of the Role of Neurofibromin in Bone

In the pursuit of understanding the role of neurofibromin in bone, several approaches
have been taken ranging from in vitro studies of human derived cells harvested from
pseudarthrotic tissues to the development of mouse models to study neurofibromin in
vivo as well as in vitro. Studies using human cells have been hindered by difficulty of
obtaining pseudarthrotic tissues as well as isolating/culturing NfI-null cells from
pseudarthrotic tissue. Thus, most of our understanding of NF1’s function in bone has
been derived from mouse studies where genetic manipulation and availability of tissues is
ethically feasible and much easier. Because most of these studies require homozygous
deletion of NfI, their findings must be taken with caution (since patients are
heterozygous), however this observation itself has informed our understanding of NF1
bone etiology. While reading the following sections, it is important to note that Nf7 is
expression in developing and healing bone is restricted to osteoblasts of all differentiation
stages, osteoclasts, and to prehypertrophic and hypertrophic growth plate chondrocytes
(99, 119) and that the use of tissue and temporally specific cre recombinases to ablate Nf7
is a powerful approach to elucidating the function of neurofibromin in each bone cell type
and at a particular stages of differentiation/maturation (Figure 8). Furthermore,
Elefteriou and Yang recently reviewed bone specific cre recombinase activity and
specificity and the strengths/weaknesses associated with conditional knockout approaches

(120).
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Figure 8. Cre Specificity in Skeletal Cells and Their Precursors

Promoters specific for various skeletal cell types have been used to conditionally drive
cre recombinase expression to delete the floxed Nf7 allele in mice. Shown here are the
specific lineages and skeletal cell types that have been targeted for NfI deletion in bone.
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NfI'"" Mice

The function of neurofibromin was first studied in vivo in mice in 1994 when two groups
published the embryonic lethality at E14 with global Nf/ deletion due to cardiac
malformation (84, 121). Interesting, NfI heterozygous mice have an elevated
predisposition to various types of neoplasia as well other nonmalignant conditions
observed in NF1 but display mostly normal bone development in vivo (121-124). NfI'*"
osteoblasts and osteoclasts have shown some minor molecular abnormalities that seem
relevant to the NF1 pseudarthrosis, however, NfI”~ mice have only a slightly impaired
fracture healing phenotype (123-127). Delayed fracture healing in Nf]+/' mice was
dependent on the fracture location within the bone; mid-shaft tibial fractures healed
normally in both NfI*~ and WT while distally fractured tibiae, as often occurs in patients,
exhibit impaired healing versus WT (which were also delayed compared with their mid-

shaft fracture, WT counterparts) (127).

Because NfI™" mice mostly did not exhibit phenotypes similar to those seen in NFI
patients and because NfI”~ mice are not viable, conditional NfI alleles were generated to
enable the study of neurofibromin loss-of-function in specific tissues. The conditional
NfI allele has the sequence encoding neurofibromin’s GAP domain flanked with /oxP
sequences targeting it for cre recombinase mediated deletion (128). It is unclear whether
the non-GAP domain portions of the protein are translated in cre recombinase expressing
tissues and progeny. Studies of tissue targeted NfI deletion have revealed that, in some
tissues, NF1 pathology requires an NfI heterozygous genetic background (NfI™") to

develop NF1 pathologies (129-132). In bone, however, most studies have shown that Nf7
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loss-of-function in osteochondral progenitor cells leads to pathologies analogous to what
is seen in NfI pseudarthrotic tissues suggesting that a second-hit inactivation alone is
sufficient for NF1 skeletal pathology (4, 133, 134). The role of the NFI™
microenvironment and its contribution to focal NF1 skeletal dysplasia is, however, an

active area of research.

Nf1 cot”” Mice

The first study using conditional knockout strategies to address the function of
neurofibromin in bone was published in 2006 by Elefteriou and colleagues (135). These
studies used the 2.3kb Col//-Cre recombinase under the control of an osteoblast specific
enhancer of the Collal promoter making NfI deletion specific to mature osteoblasts
(136). Interestingly, these studies found that Nflc,;”” mice had a high bone mass
phenotype, as opposed to a low bone mass phenotype observed in NFI1 patients.
However, it was found that NfI”~ mature osteoblasts produced copious amounts of
unmineralized type 1 collagen (osteoid) which mirrored osteoidosis seen in NF1
pseudarthrotic biopsies (118, 135). NfIcon” mice also had increased osteoclastogenesis

that was dependent on osteoblast derived Rankl (135).

Following the initial in vivo and in vitro characterization of NfI 0011_/ " bones and
osteoblasts, Wang and colleagues further characterized the function of neurofibromin in
fracture callus mature osteoblasts (137). These studies found that Nf7 o™ calluses were
significantly larger than WT calluses and lacked osteoclast mediated remodeling due to

the presence of excessive osteoid (though osteoclastogenesis is enhanced in NfIcon™”
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mice, osteoclasts cannot resorb osteoid). Lack of callus remodeling led to a delay of
fracture union/healing in Nflc,;”” mice. Together, the two studies in NfIco;” mice
revealed important functions of neurofibromin in mature osteoblasts, however, the
phenotypes of these mice indicated that the human NF1 pseudarthrotic phenotype is most

likely not predominantly attributable to mature Collal-positive osteoblasts.

NF":Nfl corr”™ and NFF";Nfl peri”™ Mice

Recently however, researchers in Dr. Feng-Chun Yang’s laboratory generated NfI coi”
and Nflp,;” mice on an NfI"" background to investigate the effects of the NfI
heterozygous background on skeletal development and fracture healing. The Periostin
driven cre recombinase is a relatively uncharacterized cre that is not commonly used but
recombines to some extent in MSC progenitors residing in the periosteum only after 4
weeks of age (129); this cre recombinase was used in an attempt to address the function
of NfI in an MSC rich bone compartment and elucidate the function of neurofibromin in
bone MSCs rather than in mature osteoblasts. No studies on NfJp.,;” mice with an NfI™*
background have been published. These studies showed that both the Nf¥" ;NfIco;” and
Nf";Nflperi” mouse models of NF1 exhibited a low bone mass phenotype, fracture
healing deficits and skeletal abnormalities including scoliosis and vertebral body
shortness (129, 138, 139), similar to what has been observed in NF1 patients.
Interestingly, however, these studies also showed that NfI o, mice with an Nf/I™* (WT)
background had no changes in bone mass or fracture healing contradicting studies by

Elefteriou, et al. (135, 137). No explanations were offered for these important

contradictions. These studies, however, suggest a role for the haploinsufficient bone
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microenvironment of NF1 patients and its non-cell-autonomous effects on bone
development and Nf7-null bone cells. Further confirmation of the importance of the Nf7
heterozygous genetic background is necessary, however, as our laboratory has been
unable to demonstrate the importance of the NfI ™ background in vitro, in Nfl c,;;”” mice,
or in studies using other cre drivers of recombination (unpublished data). Finally, our
laboratory and others have demonstrated that an NfI haploinsufficient genetic
background is not necessary to develop NF1 characteristic orthopedic defects in mice
(see below) and therefore, that neurofibromin can function in a cell-autonomous fashion

to this end.

Nf1 e’ Mice

The Prx-Cre transgene was used to address the function of neurofibromin in
osteochondroprogenitor cells because the bone phenotypes of Nflc,;” mice did not
accurately model human NF1 orthopedic manifestations. The Prx-Cre transgene is active
in limb bud mesenchymal cells that give rise to chondrocytes, osteoblasts, endothelial
cells, and muscle in the appendicular skeleton. Bone development in Nflp.'~ mice was
severely impaired. NfIp, mice were shorter than WT littermates, had growth plate
abnormalities including shortened proliferation and hypertrophic zones, as well as
enhanced osteoclastogenesis at the osteochondral border. Furthermore, these mice

developed tibial bowing and cortical porosity (133).

Bone healing studies in NfIp.” mice were also performed using two models of bone

repair: a cortical defect of the tibia model and closed femoral fracture (3, 140). In both
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models, bone repair was severely impaired in these mice and showed signs of the fibrous,
hyperplastic hamartoma seen in human NF1 pseudarthroses (3, 140). The Nflp." mouse
seems to be a better model of NF1 skeletal dysplasia over the NfI¢,;”~ model, however
several shortcomings of this model include the fact that the Prx transgene is active in
cells that give rise to skeletal muscle making it difficult to exclude the role of Nf7-null
muscles in the Nflp.."~ phenotype, especially given that NfI deficient muscle has its own
distinct phenotype and skeletal loading and disuse have important effects on the skeleton
(141, 142). Also, fracture studies in animals that have significantly different statures are
difficult to interpret given the intrinsic variances of bone loading. Finally, the
appendicular specificity of Prx-Cre to the appendicular skeleton only did not allow
studies related to role of neurofibromin in the axial skeleton, where abnormalities such as

sphenoid wing dysplasia and scoliosis have been observed.

Nf1 cor2”” Mice

To further study the role of neurofibromin in osteochondral progenitor cells, Wang and
colleagues turned to the Col2al driven cre recombinase (4). These studies benefit from
the fact that the Col/2-Cre is active in the axial skeleton in addition to the appendicular
skeleton, but not active in muscle progenitor cells, and thus, only recombines floxed
sequences in osteochondral progenitors that give rise to the chondrocytes and osteoblasts

of bones formed by endochondral ossification (4, 143).

Nf1 corz’” mice exhibit many phenotypes observed in NF1 skeletal dysplasia, especially

those observed in the axial skeleton not previously observed in Nflp." mice. Nflcon"
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mice exhibit progressive, dystrophic scoliosis and sternal abnormalities possibly
analogous to the pectus excavatum seen in NF1 patients. NfI cor2’” mice also display
abnormal nucleus pulposus structure; this has not been studied in patients but is
potentially related to the progressive scoliosis seen in NF1 populations. NfIc,;”™ mice
also exhibited craniofacial abnormalities most likely caused by defective elongation of
cranial bones that form by endochondral ossification; this is possibly relevant to the
macrocephaly and sphenoid wing dysplasia skeletal manifestations sometimes observed

in NF1 patients.

The findings in the NfI¢o2”" appendicular skeleton were similar to those found in Nflp.""
appendicular bones. Wang and colleagues found tibial bowing, osteoidosis, and cortical
porosity in NfIc,2”” bones. Furthermore, they were the first to demonstrate that NF1
patients can also have increased cortical porosity as opposed to unaffected individuals (4).
In vitro studies of NfIco;”™ bone marrow derived osteoblasts also showed that NfI loss-
of-function in osteoprogenitors impaired their differentiation into mature osteoblasts and
lead to aberrant expression of genes promoting to formation of pyrophosphate, a known
inhibitor of matrix mineralization (134). Of note, it was also found that NfI oz’ mice
were severely dwarf and died shortly after weaning, thus limiting their usefulness in

preclinical fracture healing studies (4).

The Nflco;”” model of NF1 skeletal dysplasia, though not ideal for preclinical fracture
studies, is still extremely useful for developmental studies of neurofibromin’s function

during endochondral ossification due to the specificity and efficiency of the type 2
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collagen cre driver. Characterization of the growth plate in NfI cor2’” mice is the subject
of Chapters II and III of this dissertation. Application of these findings in a more suitable,
non Col2-Cre preclinical model of NF1 fracture healing/pseudarthrosis is currently being

performed and will be discussed in Chapter IV.

Nf1 Osx-/_ Mice

A new preclinical model of NF1 pseudarthrosis using the inducible Osx-Cre transgenic
mouse was recently published by our group (134, 144). The inducible Osx-Cre mouse
uses a Tet-off system to induce cre recombinase transcription. In other words, upon
withdrawal of tetracycline or its derivatives, genetic recombination of /oxP-flanked
sequences is initiated. This Osx-Cre is active in osteoprogenitors in bones formed both
by intramembranous and endochondral ossification, as well as in the periosteum and
hypertrophic chondrocytes (145). Because it is inducible and specific to osteoprogenitors,
it is also useful for the study of neurofibromin function in osteoprogenitors during

fracture healing.

N’Dong and colleagues were the first to use this cre deleter mouse to ablate Nf7 in vivo in
adult mice. Adult induced Nf7 osc” mice were of normal size, but their bones exhibited
poor biomechanical properties and had elevated cortical porosity. Furthermore, Nff g™
bone marrow derived osteoblasts failed to properly differentiate and mineralize in vitro,
highlighting the necessity of neurofibromin in osteoprogenitor to promote differentiation

into mature, functional osteoblasts (134, 146).
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N’Dong and colleagues went on to use Nf/o, mice in a preclinical fracture study and
locally administered the MEK inhibitor trametinib in combination with BMP-2 to
promote bone union (146). They found that combination treatment promoted healing in
Nf1 Osx-/- calluses better than individual treatment with trametinib or BMP-2 alone. This
combination treatment was also found to be effective in promoting the differentiation of
NfI”" bone marrow derived osteoblasts. These in vivo studies, while promising, did not
analyze callus histology or address the efficacy of trametinib or BMP-2 on chondrocytic,
soft callus formation or its structure. Also, because the Osx-transgene is active in
hypertrophic chondrocytes (145, 147), and if used to inactivate NfI early in development
yields short mice (unpublished data), it remains to be addressed whether the Osx-Cre
transgene recombines in osteochondroprogenitors or only osteoprogenitors contributing
to the fracture callus. Periosteal expression of the Osx-Cre transgene and the short stature
of perinatally induced NfI 0s” mice suggests the former and emphasizes the preclinical
applicability of this cre recombinase for NF1 fracture healing studies. It also remains to
be investigated, whether NfI osc” mice with recombination induced perinatally develop

profound axial and craniofacial skeletal phenotypes as observed in NfIco;”” mice.

Nfl 1rqy”” Mice

Because Nf1"" osteoclast precursors were previously shown to exhibit hypersensitivity to
pro-osteoclastogenic signals (M-CSF and RANKL) (124, 126), the Trap-Cre transgene
was used to ablate Nf7 in osteoclasts (148). NfI Tmp'/ " had only a mild bone phenotype,
with some areas of enhanced resorptive activity but did not exhibit a low bone mass

phenotype. In vitro analysis of Nf]Tmp'/' osteoclasts, however, showed enhanced

35



resorption on bone slices (148). The authors do, however, suggest that though NfI Tmp'/ )
mice only had a mild phenotype, further studies of Nf7 Tmp'/ " mice with a global NfI -
background are necessary to conclusively evaluate the relative contribution of Nf7-null
osteoclast to NF1 bone pathology. However, further investigation of the function of
neurofibromin in osteoclasts should carefully reconcile the relative contribution of its
findings with the clearly demonstrated, osteoblast-dependent, pro-osteoclastogenic
phenotypes already reported in the NfIc,;;”™ and NfIp," models which have significant

relevance to NF1 bone manifestations found in patients (133, 135).

NF1 Pseudarthrosis Treatment and Prevention

Understanding the etiology of NF1 pseudarthrosis in pursuit of identifying new
pharmacological targets in its treatment is the ultimate goal of this dissertation. As such,
it is necessary to review the current standard-of-care for NF1 pseudarthrosis and highlight
its shortcomings in order to adequately frame the discussion of proposed therapeutic
strategies. In general, the goal of treating NF1 pseudarthrosis is to not only promote
fracture healing but also to prevent its recurrence by improving bone health and function.
Recent research, from our laboratory and others, has also set the stage for the repurposing
of current drugs on the market or in trials for use in NF1 pseudarthroses. I will close this
chapter with a discussion of these theoretical treatments, their supporting preclinical data

from NF1 mouse models and also potential pitfalls associated with their use.
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Current Strategies

Current strategies to treat NF1 pseudarthrosis are multi-factorial and in general aim to (i)
prevent facture fracture from occurring, (ii) promote healing via surgical intervention,
and (iii) promote healing via pharmaceutical intervention at the time of fracture and

during surgery.

Prevention

The current strategies in treating NF1 pseudarthrosis begin even before skeletal fracture
occurs. Prevention of fracture by bracing of bowed limbs may be best strategy in
avoiding the significant morbidity associated with the NF1 pseudarthrosis. However,
patient compliance remains an issue with long-term bracing and no prospective studies

for its effectiveness have been conducted (149-151).

Surgical Intervention

If fracture does occur, surgical intervention is required to promote bone union and
prevent refracture. However, there is little consensus as to the best surgical approach,
and studies of appropriate statistical power remain difficult to conduct due to the relative
rarity of NF1 pseudarthrosis in the general population. In general, there are two distinct
components to successful treatment of NF1 pseudarthrosis, both of which are non-
targeted and non-pharmacological in nature. These two components include: (i) surgical
removal of fibrotic hamartomatous tissues surrounding the fracture site (including visibly
thickened/diseased periosteum) and excision of diseased stumps of the fracture bone and

(i1) rigid fixation of the fracture site (2, 114, 152-157). Though these surgical strategies
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are generally agreed upon, the particulars of these treatments remain unstandardized and
debated within the orthopedic community (2, 157). For example, the amount of normal
appearing bone adjacent to the non-union site to be to surgically debrided remains
unclear as does the type of rigid fixation type (Ilizarov external versus intramedullary, or
use of both types) and whether rigid fixation should involve any of the numerous types of
autogenous bone grafts (cancellous versus cortical versus vascularized free fibular/rib
transfers and with or without the use of periosteal grafts) into the fracture site remains
debated. Finally, the timing of when surgeries are performed is controversial, as some
surgeons have claimed that surgical intervention before the age of 5 is associated with

higher rates of healing failure and refracture (see (157) for review).

Pharmaceuticals: BMPs and Bisphosphonates

There is current anecdotal evidence for the off-label use of local BMP-2/BMP-7 soaked
sponges and/or systemic bisphosphonates as pharmacological adjuvants in NF1
pseudarthrosis treatment supported by one preclinical mouse study (153, 158, 159).
Nitrogenous bisphosphonates hypothetically should target not only osteoclasts within
pseudarthrotic tissues, but could also possibly act on other, non-osteoclast, NFI1™" cells in
the fracture site because of their activity in preventing post-translational modifications
required for Ras activity (2, 160). The rationale behind the use of BMPs in
pseudarthrotic tissue lies in BMPs osteoinductive properties and the fibrotic,
hamartomatous tissue present in pseudarthroses (suggestive of a lack of osteochondral
differentiation). It is important to note, however, that studies using BMP-7 for NF1

pseudarthrosis treatment have not observed statistically significant improvements in bone
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union over the lack of their use in the long term mostly because refracture remained a
persistent problem (159, 161). Similar results have been obtained in studies addressing
combined used of BMP-2 with bisphosphonates where even combined treatment did not
improve bone union or union maintenance over their lack of use (162-165). However,
interpretation of these studies is difficult because non-pharmacological, surgical
interventions were not standardized, and varied between many of the patients in these

studies.

There are other potential pitfalls/caveats to the use of bisphosphonates aside from their
potential lack of efficacy. As for bisphosphonates, it is unclear whether their use in
skeletally immature children has negative effects on skeletal growth as has been
demonstrated in rats (166, 167) (though not in mice (168)) and especially in a population
already prone to short stature. As for use of BMPs, high-dose BMP therapy in a
population prone to neoplasia may be contraindicated for bone-union as there are reports
of at least two patients developing neoplasia following treatment with BMP-2 for NF1

pseudarthrosis though these reports remain limited to anecdotal case reports (169, 170).

Even with modern surgical and therapeutic interventions to promote healing in NF1
pseudarthroses, fracture healing failure and persistent pseudarthrosis still occur and are
often only ameliorated by repeated surgical interventions or amputation (2). Thus,
recalcitrant NF1 fracture healing necessitates the development of new therapies and

techniques to prevent and treat existing NF1 pseudarthrosis.
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Proposed Therapeutic Strategies

In the pursuit of new, targeted pharmacological therapies to promote bone union in NF1
pseudarthrosis, our laboratory and others have focused on not only understanding the
molecular etiology of recalcitrant bone healing in NF1, but also on novel ways to deliver
agents to bone that could have deleterious effects in pediatric populations if administered

systemically.

Asfotase-a

Because human NF1 pseudarthrotic tissues are hypomineralized (osteoidosis) (118), and
because several different mouse models are also osteoidotic (Nfl ¢, including fracture
calluses, Nﬂcgzz'/', and NfI p,x'/') (4, 133, 135, 137), our laboratory hypothesized that
pyrophosphate (PPi), a potent inhibitor of mineralization, and its accumulation may be
the cause of osteoidosis seen in NF1 mouse models and NF1 pseudarthrotic tissues. We
showed that genes regulating PPi production and extracellular localization are indeed
dysregulated in NfI™" osteochondroprogenitors in mice and in tissues from human NF1
pseudarthroses (134). Furthermore, treatment of NfI cor” and NfI o mice with a
recombinant, soluble, and bone localizing form of alkaline phosphatase (asfotase-a (171))
dramatically improved biomechanical properties in these mouse models (134). We
therefore believe that improving mineralization may be a useful therapeutic strategy in
preventing fracture in NF1 patients by improving mineralization and possibly preventing
tibial bowing (134). It remains to be confirmed whether tibial bowing or cortical porosity
in NF1 patients is caused by excessive production and accumulation of pyrophosphate.

Because matrix composition, rigidity and stiffness have all been shown to influence
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osteoprogenitor and mesenchymal progenitor cell differentiation into mature osteoblasts
(172-174), the effects of asfotase-a on osteoprogenitor differentiation are also of interest
since administration of exogenous alkaline phosphatase “artificially” promotes the
mineralization of the collagen matrix laid down by osteoprogenitors that possess inherent
difficulties in differentiation. Whether the mineralized matrix can promote cellular
differentiation of NfI-null osteoprogenitors is an intriguing question to be experimentally
addressed. Finally, the use of asfotase-a in fracture healing setting also warrants further
investigation as preventative use of asfotase-o may not be possible in all circumstances
and especially because some clinicians may be weary using the drug prior to fracture due
to the possibility of developing ectopic calcification (even though this side effect of
asfotase-a has not been observed in its clinical trials for fatal, familial hypophosphatasia

(175)).

Tegf-B Signaling Inhibitors

Many of the defects our group and others have seen in osteochondroprogenitors suggest
that aberrant TGF-f signaling could be responsible for the bone phenotypes observed in
NF1 patients and mouse models. TGF-f signaling is highly complex in bone residing
cells, often having differing effects depending on cell type and cell differentiation status
(176). The current understanding of TGF-B signaling in bone mesenchymal cells
(BMCs) suggests that TGF-B promotes BMC proliferation and migration while inhibiting
their differentiation into osteoblasts and other functional bone cells (177). Furthermore,
TGF-f promotes osteoclastogenesis via diverse mechanisms (178-181). Because NF1

pseudarthrotic tissues are believed to exhibit impaired osteoblast differentiation, have
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excessive osteoclast presence and have shared phenotypic manifestations with other
orthopedic disorders with known TGF- dysregulation, Rhodes and colleagues
hypothesized that TGF-f signaling was also dysregulated in NF1 pseudarthroses and
affected bone tissues (182). Using the Nflc,;;”” mouse model, they found that TGF-p was
overexpressed in vitro and in vivo and its respective signaling pathways were overactive.
They also showed that the fracture healing deficits of NfI¢,;;”™ mice could be improved

with the TGF-f receptor 1 small molecule inhibitor SD-208 (182).

The use of drugs and biologics (such as the anti-TGF-f antibody 1D11) to block TGF-f
signaling is controversial however because of TGF-B’s anti-tumor and anti-metastatic
properties and especially given that individuals with NF1 are already prone to various
forms of neoplastic transformation (183). Local delivery and retention of TGF-
inhibitors would therefore be extremely critical to moving forward with this approach.
Equally important however, it remains to be determined whether TGF-f3 signaling is also
dysregulated in osteochondroprogenitors as it is this population of cells (and not mature
osteoblasts targeted in the Nflc,;”~ model) that seems most relevant to human NF1I

orthopedic pathology.

Statins

As discussed above relating to the use of bisphosphonates in NF1 pseudarthrosis,
targeting post-translational modification pathways that are necessary for Ras activity is a
potential strategy for treating NF1 pseudarthroses. This strategy directly targets the root

pathway dysregulated in NF1 as opposed to downstream effects of aberrant Ras signaling.
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Statins are a class of drug commonly used to inhibit the synthesis of cholesterol via
inhibition of HMG-CoA reductase. This same pathway is necessary to produce farnesyl
lipid groups that are post-translationally added to Ras to target it to the inner leaf of the
cell surface membrane and allow interaction with the intracellular domains of cell-surface
receptors. Use of statins in Nf/ " mice has shown some promise in correcting cognitive
defects observed in this model (184). With regards to bone, statins have been shown to
have pro-anabolic properties in WT animals and have been theorized to have anti-
osteoclastogenic properties via a mechanism similar to that of nitrogen containing
bisphosphonates (185-188). As such, statins have been tested in two mouse models of

NF1 to inhibit Ras activity in the context of bone healing (137, 140).

In the first study, Kolanczyk, et al. used systemic, high dose lovastatin to promote bone
healing in a cortical defect model of bone repair in Nflp.' mice (140). Because
lovastatin was primarily developed to inhibit cholesterol synthesis, a process primarily
occurring in the liver, lovastatin’s high first-pass metabolic profile necessitated high
systemic doses in order to have a beneficial effect on bone healing. High dose lovastatin
treatment and its potential negative effects in children precipitated the studies by Wang,
et al., in which a local, sustained delivery method was used to administer low doses of
lovastatin to the fracture site in Nflc,;”” mice. Though this mouse model does not
provide a good clinical representation of the NF1 pseudarthrosis, fracture healing delays
in the model were improved with local, low-dose lovastatin versus vehicle treatment
(137).  Importantly, these studies and others were able to show that ERKI1/2

phosphorylation was decreased in bone marrow and calvarial derived osteoblasts in vitro
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as well as in calvaria in vivo following systemic lovastatin treatment (4, 137, 140).
Future studies utilizing local, low-dose lovastatin in a more relevant preclinical mouse
model of fracture healing in NF1 are warranted as are studies with other drugs targeting
required post-translational modifications of Ras such as farnesyltransferase or geranyl

geranyltransferase inhibitors.

MEK1/2 Inhibitors

Another proposed strategy for treating NF1 pseudarthrosis has been to target the Ras-Raf-
MEK-ERK signaling axis. The majority of the studies on the function of neurofibromin
in bone and cartilage have focused on this axis as opposed to other Ras effectors such as
PI3K. Targeting this axis has been the subject of intense investigation in cancer biology
and cancer drug discovery. Until very recently, no ERKI1/2 inhibitors had been
developed and only drugs targeting Raf and MEK1/2 were available to target the MAPK
axis. To date, no Ras targeting therapeutics have been successfully developed. Our
laboratory and others hypothesized that the use of MEK inhibitors in the setting of NF1
pseudarthrosis may be beneficial given the dysregulation of this pathway demonstrated in
osteoblasts and osteochondroprogenitors (4, 133, 135). One benefit of targeting MEK
rather than Raf is that the MEK inhibitors our laboratory and others have studied are
currently in clinical trials for their efficacy against the malignant manifestations of NF1
in pediatric populations. Also, targeting Raf with small molecules has been plagued by
these drugs’ paradoxical activation of ERK signaling aside from their inhibition of Raf.
Finally, most research with Raf inhibitors has focused on inhibition of mutated,

constitutively active Raf variants with limited activity on WT Raf (reviewed in (189)).
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Fracture healing studies in two different mouse models of fracture healing in NF1
(Nflos” and locally injected cre expression vector harboring adenoviral particles into
NfI" fractures) showed that combination therapy of MEK inhibitors and recombinant
BMP-2 promoted healing over vehicle or single agent therapy (146, 190). N’Dong and
colleagues showed the rescue of bone marrow derived osteoblast differentiation and
molecular parameters in vitro and significant improvements in callus biomechanical
properties over Nflo." vehicle or single agent treated calluses (146). Importantly, given
the negative side effects of systemically administered MEK inhibitors (if neoplasia are
not present) and possible neoplastic promoting properties of systemically administered
BMP-2, N’Dong, et al., administered both BMP-2 and MEK inhibitor in a locally
contained, sustained release formulation (146). Both of these studies highlight the
possibility of using MEK inhibitors to treat NF1 pseudarthrosis in combination with
BMP-2.  Further studies to investigate the mechanism behind the necessity of
administering BMP-2 and MEK inhibitors together remain to be performed. Furthermore,
the action of MEK inhibitors in combination with BMP-2 on Nf7 " chondrocytes has not
been explored and no histology on the Nflos” calluses was performed to assess
differences in cartilage formation, hypertrophy, or transition to the hard callus. These
studies would be informative for the possible beneficial effects of BMP-2 plus MEK

inhibitor treatment on soft callus dynamics in NF1 pseudarthrosis.

CNP
Because MEK inhibition has the possibility of significant side effects (especially if

systemically administered), our laboratory has recently become interested in the
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possibility of targeting the Ras-Raf-MEK-ERK axis with C-type natriuretic peptide
(CNP). CNP overexpression causes bone overgrowth in humans, and in mice, its deletion
causes dwarfism similar to achondroplasia and early death (191-194). Likewise, deletion
of the CNP receptor, natriuretic peptide receptor B (NPR-B), causes dwarfism in humans
and in mice (195, 196). Mechanistically, it has been shown that CNP inhibition of Raf
activity is mediated via the second messenger cyclic GMP (197). Others have previously
shown that CNP activates NPR-B which in turn stimulates guanylyl cyclase to convert
guanosine monophosphate to cyclic guanosine monophosphate (cGMP) in chondrocytes
and via this mechanism, CNP regulated chondrocyte proliferation (198, 199). It wasn’t
until 2005 when Krejci, et al., showed that cGMP activates protein kinase G (PKG)
whose phosphorylation of Raf inactivates it, thus preventing terminal activation of ERK
(197). Importantly, no studies have been published showing that Raf inactivation by
CNP produces paradoxical ERK activation as with small molecule Raf inhibitors,
suggesting that this strategy to target the Ras-Raf-MEK-ERK axis may be effective in
treating NF1 pseudarthrosis. Pharmacokinetically stable CNP analogs are currently in
clinical trials for treatment of achondroplasia in children because it has shown activity in
mice with achondroplasia causing FGFR3 mutations (200). Because CNP’s activity is
restricted to cells expressing NPR-B (within the brain, cardiovascular system, and bone
(200, 201)) and because there are no other known receptors of CNP, therapeutic CNP
administration is it likely to have a favorable side effect profile compared to systemically
administered MEK inhibitors. Since CNP was previously studied in the context of
chondrocytes, my studies, described in Chapter II, also look at CNP in chondrocytes but

in the context of NfI loss-of-function. As will be discussed in Chapter IV, my current
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work is focused on determining the function and therapeutic potential of CNP in Nf7-null

osteoblasts.

FGFR Inhibitors

Though many downstream Ras effectors are known and their function in chondrocytes is
becoming clearer, much remains to be elucidated and the upstream activators of
neurofibromin-regulated Ras remain largely unknown. A hypothetical avenue of treating
NF1 pseudarthrosis that has not been explored is to inhibit a cell surface receptor or a
group of receptors that are primarily responsible for activating the Ras-Raf-MEK-ERK
axis which neurofibromin regulates. To this end, I focused my research efforts, detailed
in Chapter III, on identifying such a receptor(s) in chondrocytes. I identified FGFR1 as a
potential receptor that provides a significant input into the neurofibromin regulated Ras-
Raf-MEK-ERK axis in growth plate chondrocytes after an extensive literature review and
after comparing human and mouse phenotypes with genetic gain- and loss-of-function
mutations in various receptors. The studies in Chapter III detail the nature of the
relationship between FGFR1 and neurofibromin in hypertrophic growth plate
chondrocytes, speculate a possible role of neurofibromin in regulating the Ras-Raf-MEK-
ERK signaling cascades emanating from both FGFR1 and 3 in the prehypertrophic
growth plate chondrocytes, and provide proof-of-concept, in vivo evidence supporting the
need for further studies to assess the potential use of the pan-FGFR inhibitor, BGJ-398, in
treating NF1 pseudarthroses as a means to promote chondrocyte proliferation,

hypertrophic maturation, and transition to the hard callus.
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The mechanisms of action of the current and proposed pharmacological therapies and

their caveats are summarized in Table 1.
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Table 1. Current and Proposed NF1 Pseudarthrosis Therapies

Bisphosphonates

BMP-2/7

Asfotase-a
(bone targeted alkaline phosphatase)

TGF-B Signaling Inhibitors

Statins

MEK Inhibitors

C-Type Natriuretic Peptide Analogues

(CNP)

FGFR Inhibitors

(i) Osteoclasts

(ii) Ras
(post-translaticnal modifications,
only nitrogenous bisphosphonates)

Osteoblast progenitor
differentiation

PPi (Mineralization Inhibitors)

TGF-B Ligands and Receptors

Ras
(post-translational modifications,

only nitrogenous bisphosphonates)

MEK activation

Raf inhibition via NPR-B receptor
agonism

FGF Receptors

(i)

Osteoblast progenitors have a differentiation
defect and BMP2 and 7 promote osteoblast

Overabundance of osteoclasts in
pseudarthrotic tissues

Overactive Ras is the immediate target

of NF1 loss-of-function mutation

differentiation

Promotes the clearance of mineralization

inhibiting PPi shown to be involved in
osteoidosis phenotype in NF1 mouse
models and suggested in humans

TGF- signaling demonstrated to be
dysregulated in an NF1 mouse model
targeting mature osteoblasts

Overactive Ras is the immediate target of

NF1 loss-of-function mutation

MAPK signaling known to be overactive in

Nf1"chondrocytes, osteoblasts, and
osteoprogenitors

(@
(i)
@

(i)

Targets MAPK signaling indirectly via a
receptor with limited tissue expression
Efficacy in WT and Nf1-- chondrocytes

in vivo

Phenotypic similarity between bone

manifestations of FGFR activating
mutations and NF1

Efficacy in WT and Nf1** chondrocytes

in vivo
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(i)

0

(ii)
(iif)

0]
(ii)

(ii)

0]
(ii)

0
(ii)

0
(i)

Bisphosphonate use in children with active growth
plates may be problematic.

Not shown to be effective for NF1 pseudarthrosis
alone or in combination to BMP

No statistically powered, controlied clinical trials
showing promotion of healing or prevention of
refracture

Possible contraindication in populations prone to
neoplasia

Requires local administration at time of surgery

Ectopic calcification has not been shown but is a
concern with systemic administration
Unknown efficacy in fracture healing context

Unknown whether TGF-B signaling is
dysregulated in osteoprogenitors
Contraindicated in populations prone to neoplasia

High first pass metabolism requires high systemic
dosing which may be undesirable
Local administration at time of surgery

Systemic administration has multiple side effects
May not be effective alone

No demonstrated efficacy in WT or Nf1+
osteoblasts

No demonstrated efficacy in in a fracture healing
context

No demonstrated efficacy in in a fracture healing
context
Systemic administration may have side effects



CHAPTER 11

THE RAS-GTPASE ACTIVITY OF NEUROFIBROMIN RESTRAINS ERK-
DEPENDENT FGFR SIGNALING DURING ENDOCHONDRAL BONE
FORMATION

This is a pre-copyedited, author-produced, adapted version of an article accepted for
publication in Human Molecular Genetics following peer review. The version of record
is: Ono, K., Karolak, M.R., N’Dong, J.D.L.C., Wang, W., Yang, X. and Elefteriou, F.
(2013) The Ras-GTPase activity of neurofibromin restrains ERK-dependent FGFR
signaling during endochondral bone formation. Hum. Mol. Gen., 22, 3048-3062.

Introduction

As discussed in Chapter I, vertebrate long bones are formed through endochondral
ossification, a highly coordinated process regulated by paracrine and hormonal factors
and gives long bones their shape and structure, with two distal cartilaginous growth plates
at the epiphyses and a bony region (diaphysis) extending in between, until growth plate
closure (14, 202, 203). The fibroblast growth factors (FGFs) and their receptors (FGFRs)
play an important role during skeletal development. Activating mutations in FGFRI and
FGFR?2 cause syndromes characterized by craniosynostosis (Pfieffer, Crouzon, and Apert
syndromes) (204-206), whereas FGFR3 activating mutations are typically associated with

achondroplastic (thanatophoric dysplasia) and hypochondroplastic dwarfism (24, 25, 207).
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Because FGFRI-activating mutation (P252R) causes craniosynostosis, FGFR1 function
has been associated primarily with flat bone growth and skull formation. However,
FGFR1 is expressed in the growth plate during development and displays a distinct
spatial distribution with FGFR3. Activating missense mutations in FGFR1 cause
Osteoglophonic dysplasia (OD), a “crossover” disorder that has skeletal phenotypes
associated with FGFRI, FGFR2 and FGFR3 mutations, including dwarfism (50). FGFR1
may thus contribute to endochondral bone formation; however, this has been very little

explored.

Loss of NFI function is associated with constitutive activation of Ras and downstream
signaling, including ERK1/2. We have shown previously that neurofibromin is expressed
in growth plate chondrocytes and that conditional mutant mice lacking NfI in
chondrocytes (NfI¢,;”" mice) have a reduced stature postnatally (4). The observations
that FGFRs signal through ERK /2, that neurofibromin negatively regulates ERK1/2, and
that mice with constitutive activation of FGFR1 or FGFR3 share a number of
endochondral bone formation phenotypes with Nf7 Colg‘/ " mice (27, 30, 40, 43, 52, 208,
209), led us to hypothesize that neurofibromin may be an important regulator of FGFR
signaling, controlling the dynamics of growth plate elongation, maturation and
catabolism during development. We show here that neurofibromin is required for
multiple steps of endochondral bone formation during limb development, and provide
evidence that the GTPase activity of neurofibromin restrains FGFR-Ras-ERK1/2
signaling in postmitotic differentiated chondrocytes to allow proper chondrocyte

proliferation, maturation and growth plate catabolism.
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Materials and Methods

Animals and Drugs

All procedures were approved by the Institutional Animal Care and Use Committee
(IACUC) at Vanderbilt University Medical Center. WT and NfIc.»”~ were generated by
crossing NfI™™* mice and NfI"™* mice; al(ll) collagen-Cre mice (128, 143).
NF™1°* mice and NfI™¥"°* mice; al(1l) collagen-Cre mice were used as WT and cKO,
respectively. NC-2 (100 or 300 mg/kg) or PBS (phosphate buffer saline vehicle) was
injected daily and subcutaneously from birth for 18 days. NC-2 is composed of the
human CNP22 sequence, preceded by six amino acids from the propeptide, fused to the
C-terminus of the Fc domain of human IgG1 by using an intervening glycine-rich linker
(GGGGS),. The compound binds specifically to the NPR-B receptor and stimulates

intracellular production of cGMP with a 60nM ECs, (Alexion, private communication).

Cell Culture

Primary chondrocytes were extracted from the rib cages of PO (newborn) mice. The
cartilaginous part of the rib was dissected and the soft tissue was removed, then digested
by collagenase D (3 mg/ml, Roche, Nutley, New Jersey, USA) and
trypsin/ethylenediamine-tetraacetic acid (EDTA) (0.625x10°%, GIBCO, Grand Island,
NY, USA) in serum free DMEM medium (Invitrogen, Grand Island, NY, USA) for 1h.
Digestion medium was then discarded and samples were further digested overnight at
37 °C (210). The extracted cells were filtered through 40mm nylon mesh (BD Bioscience,

Bedford, MA, USA), collected by centrifugation and used as primary chondrocytes.
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Primary chondrocyte cell cultures were maintained in DMEM+/+, DMEM supplemented
with 10% FBS, 100 L.U./mL penicillin, and 100pg/mL streptomycin (Cellgro, Manassas,
VA, USA) in a humidified, 5% CO, incubator at 37°C. After reaching confluence,
primary chondrocytes were lifted using 0.25 % trypsin (Invitrogen, Grand Island, NY,
USA), and replated into experimental wells. To induce differentiation, cells were treated
50 mg/mL ascorbic acid (Sigma, St. Louis, MO, USA) and 5 mM B -glycerophosphate
(Sigma, St. Louis, MO, USA). For micromass culture, 15 ml of concentrated (2)(107
cells/ml) cells were plated on 6-well (211). After 4 hours of incubation, 2mL of
DMEM-+/+ was slowly added. FGF2 (10 ng/ml, R&D systems, Minneapolis, MN, USA)
and EGF (100 ng/ml, R&D systems, Minneapolis, MN, USA) were used to stimulate
primary chondrocytes. Osteoclastogenesis assays were performed with spleen-derived
osteoclast precursors co-cultured with rib-derived primary chondrocytes. Osteoclast
precursor cells were separated from the single-cell suspension of whole spleens by a
ficoll gradient (LSM, MP Biomedicals, Solon, OH, USA) and plated (5x10° cells/ml) on
confluent primary chondrocytes in DMEM+/+ (212). Osteoclastogenesis was induced
following treatment with 10 M of 1,25(0H), vitamin D5 (Sigma, St. Louis, MO, USA)

(213).

RT-PCR, Genomic PCR and gPCR

Total RNA was extracted using TRIzol (Invitrogen, Grand Island, NY, USA), and
cDNAs were synthesized following DNase I treatment using the high-capacity cDNA
reverse-transcription kit (Applied Biosystems, USA). Quantitative PCR (qPCR) was

performed by using TagMan gene expression assays or SYBR green qPCR. The probe
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and primer sets for Rankl (MmO00441908 ml), Opg (Mm00441906 ml), [Ihh
(Mm00439613 ml), Runx2 (MmO00501578 ml), Tnsap (MmO00475834 ml), Fgfrl
(MmO00438930 ml), Fgfr3 (Mm00433294 ml) and the normalizer Hprt
(MmO00446968 m1) were obtained from Applied Biosystems (Foster City, CA, USA).
The primers were: Mmp9 (forward, GCCCTACAGCGCCCCCTACT, reverse;

AGACACGCCCCTTGCTGAACA), Opn (forward; CTCCTTGCGCCACAGAATG,

reverse; TGGGCAACAGGGATGACA), Coll0Oal (forward;
GGCAGCAGCATTACGACCCAAGAT, reverse;
GAATAACAGACACCACCCCCTCAQ), Nf1 (forward;

GTATTGAATTGAAGCACCTTTGTTTGG, reverse; CTGCCCAAGGCTCCCCCAG).
The primers were; Npr-b (forward, TGTACCATGACCCCGACCTT, reverse;
CCCGTTGGCTCTGATGAAGT), Gapdh (forward; ACCACAGTCCATGCCATCAC,
reverse; TCCACCACCCTGTTGCTGTA). Specificity of amplification was verified by
the presence of a single peak on the dissociation curve. Specific amplification conditions
are available upon request. For genotyping, genomic DNA was isolated from tail tips by
sodium hydroxide digestion, and PCR was performed using primers P1, P2 and P4, as
described by Zhu et al, (128), resulting in a 280bp Cre-mediated recombination band and
a 350bp non-recombined band. The al(Il) collagen-Cre transgene was detected using the
forward primer: GAGTTGATA GCTGGCTGGTGGCAGATG and reverse:

TCCTCCTGCTCCTAGGGCCTCCTGCAT to generate a 700bp band.
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Histology

Paraformaldehyde-fixed samples were decalcified in 0.5 M EDTA (pH 8.0) overnight or
up to one week, depending on the age of the mice, and then dehydrated in graded series
of ethanol, cleared in xylenes and embedded in paraffin. 5 mm sagittal sections were cut
and stained with hematoxylin and eosin. Immunohistochemistry was performed
according to standard protocols using an antibody against Neurofibromin (sc-67, Santa
Cruz, Santa Cruz, CA, USA), Phospho-p44/42 MAPK (Erkl/2, Thr202/Tyr204, E10
mouse mAb #9106, Cell Signaling, Boston, MA, USA), MMP9 (ab38898, Abcam,
Cambridge, MA, USA) or a non-immune IgG antibody, followed by horseradish
peroxidase detection of the secondary antibody. In vivo proliferation assays were
performed following intraperitoneal (IP) injection with BrdU (0.1mg/g) 2 hours prior to
sacrifice. Embryos were then harvested and processed for embedding and sectioning.
BrdU was detected with a BrdU staining kit (Invitrogen, Grand Island, NY, USA)
following the manufacturer’s instructions. TRAP staining was performed by using the
leukocyte acid phosphatase staining kit (Sigma, St. Louis, MO, USA).
Histomorphometric measurements were performed using the Bioquant Analysis System
(BIOQUANT image analysis corporation, Nashville, TN, USA). Fgfrl/ in situ
hybridization was performed on 5 mm sagittal paraffin sections. Sections were stored at
4°C until hybridization. The Fgfil probe used is a 706bp fragment of the 3* Fgfir/ UTR
(sequence available upon request). Anti-sense [*>S]-uridine triphosphate (Perkin Elmer,

Waltham, MA, USA) probes were synthesized for hybridization.
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Western Blotting

Lysate from primary chondrocytes were prepared in RIPA buffer containing protease and
phosphatase inhibitors (Roche, Nutley, New Jersey, USA). Proteins were separated by
reducing sodium dodecyl sulfate-polyacrylamide gel electrophoresis and transferred to
nitrocellulose membrane. The membranes were then immunoblotted with indicated
primary antibodies, followed by incubation with a horseradish peroxidase-coupled anti-
rabbit IgG antibody (sc-2004, Santa Cruz, Santa Cruz, CA, USA). Protein bands were
visualized via chemiluminescence. Primary antibodies used for immunoblotting were
ERK1/2 (#9102), phospho Erk1/2 (#9101), p70S6K (#9202), phospho p70S6K (#9205)

and Caspase-9 antibodies (#9504, Cell Signaling, Boston, MA, USA).

Results

Neurofibromin Expression Is Enriched in Differentiated Chondrocytes

We have previously reported the expression of neurofibromin in the bone mesenchymal
lineage, including mesenchymal osteochondroprogenitor cells, osteoblasts and
chondrocytes (4). To further delineate neurofibromin expression within the growth plate
and in the context of chondrocyte differentiation, the expression pattern of neurofibromin
was investigated on tissue sections by immunocytochemistry and in differentiating
primary chondrocytes in vitro by quantitative RT-PCR. Examination of neurofibromin
immunoreactivity in the femoral growth plate of newborn mice (PO) indicated that
neurofibromin is not expressed in resting and proliferating chondrocytes, whereas it is

highly expressed in prehypertrophic and hypertrophic chondrocytes (Figure 9A), where
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FGFR3 (34, 37, 48, 58) and FGFR1 are expressed (Figure 9B). In order to examine the
dynamics of NfI expression during chondrocyte differentiation, primary rib chondrocytes
were extracted by sequential digestions, cultured in high-density micromass conditions,
differentiated using ascorbic acid (211) and RNAs were collected at different time points
following ascorbic acid induction. Quantitative RT-PCR analyses showed that the
expression of CollOal, a marker gene expressed by differentiated chondrocytes,
increased with time, thus attesting for proper in vitro chondrocyte differentiation (Figure
10A). NfI mRNA expression increased during chondrocyte differentiation (Figure 10B),
with a pattern similar to the one of Fgfir/ expression (Figure 10C) In contrast, Fgfi3
expression was rather decreased during chondrocyte differentiation (Figure 10D). Nf7 is
thus expressed at late stages of chondrocyte differentiation, suggesting a role of

neurofibromin in chondrocyte maturation and hypertrophy.

Neurofibromin Restrains ERK1/2 Signaling in Chondrocytes

Stimulation of FGFR signaling by FGF ligands or following activating mutation in
FGFR3 leads to RAS-ERK pathway activation in chondrocytes (44, 191, 214, 215).
Similarly, as neurofibromin is a negative regulator of RAS activity, inactivating
mutations in NfI lead to constitutive RAS-ERK activation in multiple cell types (216-
218); however, such activation and its functional consequence have not been investigated
in chondrocytes. To determine whether neurofibromin activity regulates ERK1/2 activity
in chondrocytes, we used mice lacking NfI specifically in this lineage, generated by
crossing transgenic Col2al-Cre deleter mice with N/F™/ mice (4, 128). Long bone

epiphyses extracted from newborn NfIc,;” mice showed a 80% reduction in Nf/ mRNA
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Figure 9. Neurofibromin and Fgfrl Are Expressed in Differentiated Growth Plate Chondrocytes
(A) Neurofibromin immunoreactivity in PO mouse tibiae prehypertrophic and hypertrophic chondrocytes (left: control isotype IgG,
right: anti-neurofibromin antibody). Scale bar: 100 um. (B) In situ hybridization for Fgfrl (red signal) and Hoechst nuclear staining

(blue signal). Scale bar: 100 um. Arrow points to hypertrophic Fgfil-positive chondrocytes.
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Figure 10. Gene Expression Patterns of Differntiating Chondrocytes In Vitro Mimic In Vivo Expression Patterns
(A-D) mRNA expression level of Coll0al (A), NfI (B), Fgfrl (C) and Fgfr3 (D) in primary chondrocytes high density pellets during
differentiation in vitro, measured by qPCR (*:P<0.01, n=3).
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expression compared to WT littermates (Figure 11A), despite the presence of
contaminating Col2al-negative tissues/cells in tissue preparations from mutant Nf7c,;,”
(NfP"*"°*.Col2al-Cre) pups. Primary rib chondrocytes extracted from four day-old WT
and mutant NfIc,;”" pups were then prepared, cultured for 3 days in the presence of
ascorbic acid, and assessed for ERK1/2 phosphorylation by Western blot analyses. As
observed in other lineages, a marked increase in ERK1/2 phosphorylation was detected in
Nfl-deficient chondrocyte cultures compared to WT chondrocytes cultures, whereas
p70S6K phosphorylation was not affected (Figure 11B). Increased phospho-ERK
immunoreactivity was also observed in prehypertrophic and hypertrophic chondrocytes
from 10 day-old Nflc,,” mice compared to WT littermates (see Figure 25A). These
results confirm efficient recombination of the floxed NfI allele by the mouse Co/2al-Cre
transgene in vivo and in vitro, and show that it leads to reduced NfI expression and

ERK /2 activation in NfI”~ chondrocytes.

Nf1 in Prehypertrophic Chondrocytes Is Required for Proper Chondrocyte Proliferation

The activation of ERK1/2 in Nﬂ‘/ " chondrocytes and in chondrocytes expressing an
activated form of FGFR3, along with the overlapping growth plate expression of
neurofibromin, FGFR1 and FGFR3 during endochondral bone formation, led us to
hypothesize that neurofibromin is a negative regulator of FGFR signaling in mature
chondrocytes. In order to test this hypothesis, we analyzed in detail the progression of
bone growth in Nflc,;” mice during embryonic and postnatal development, and then
related the observed phenotypes to known developmental and molecular defects

associated with FGFR mutant mice.
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Figure 11. NfI Deletion by the Col2-Cre Deleter Is Efficient and Leads to ERK1/2
Activation

(A) NfI mRNA expression is reduced in the cartilage of Nflc,;” mice (*:P<0.01, qPCR,

n=3). (B) ERK1/2 activation, assessed by Western blot analysis, is increased in primary

chondrocytes extracted from Nflc,;” mice compared to WT mice, whereas

phosphorylated-p70S6K is not changed (n=2-3).
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We have previously shown that Nflc,,” mice, at birth, are morphologically
indistinguishable from WT littermates and have comparable body weight. However, size
difference appears and become significant 5 days after birth and increases progressively
thereafter (4). H&E staining and subsequent growth plate histological analyses at E14
and E15 did not reveal significant difference in the formation of primary ossification
centers between WT and NfIc,;” embryos (Figure 12A), as observed in mice lacking
Fgfrl in chondrocytes (49) and despite growth plate expression of neurofibromin at this
developmental stage (99). No obvious difference in vascular invasion between genotypes
could be detected either upon CD31 staining of E16.5 tibiae (Figure 12B). However,
starting at PO, the length of both proliferating and hypertrophic zones was significantly
shorter in NfIco;” mice compared to WT mice, although gross body size differences
could not be detected. Shortening of the proliferating zone worsened with time and was
most pronounced at 3 weeks of age, at which time point the proliferating zone of Nfl co2”
mice was less than 60% of WT mice (Figure 13A,B). The shortening of the hypertrophic
zone, in contrast, was most severe at PO (Figure 13A,C). The formation of secondary
ossification centers (SOC), initiated with vascular invasion into hypertrophic
chondrocytes in the middle of the distal epiphyses, was delayed in NfIco»” mice. At
Iweek of age, SOCs were not detected in the proximal tibiae of NfJc¢,;” mice, whereas
they were already present in WT tibiae, as evidenced by the presence of hypertrophic
chondrocytes and red blood cells (Figure 13A). Similar phenotypes and delay in the
formation of SOCs were also observed in mice with FGFR3 activating mutations (33,
219). Ablation of NfI in chondrocytes thus causes dysregulation of endochondral

ossification and results in postnatal growth retardation.
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Figure 12. Embryonic Stages of Endochondral Ossfiication Are Unaffected by NfI
Loss-of-Function

(A) No significant difference in the formation of the primary ossification center are

observed between WT and NfI¢,;;” tibial growth plates at E14 and E15. Scale bar: 100

um, H&E staining. (B) No siginificant difference in vascular invasion was detected in

tibial primary spongiosae from NfIc,;” and WT mice at E16, as measured by CD31

immunohistochemistry (blood vessels, brown staining). Scale bar: 200 um.

63



B o e Hypertrophic zone
= 600 - = i yp P
= =
§ 400 - OWT § 400 - OWT
N' -/- N -
n&-' 200 | -Nf1c°,2 %. 200 | -~f1colz'/
5 I
2 o
< 0 - > 0 -
E1550 1 2 3 (wks) < E1550 1 2 3 (wks)

Figure 13. Postnatal Endochondral Bone Formation Is Defective in Nf1 c,,,g'/ " Mice

(A) Sections of tibial growth plates at birth and at weekly intervals thereafter. The length of the proliferating zone is shown by the
vertical black lines. Scale bar: 100 um, H&E staining. (B, C) Length quantification of the proliferating (B) and hypertrophic (C) zones
at E15.5, PO, 1, 2 and 3 weeks of age (*:P<0.01, n=3). The length of proliferating and hypertrophic zones was significantly shorter in

Nf1 cglg’/ “mice compared to WT mice from birth.
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The progressive postnatal reduction in size of the proliferating zone in NfIc,;” mice
suggested that neurofibromin regulates chondrocyte proliferation. To address this
hypothesis, the effect of NfI deficiency on chondrocyte proliferation was assessed by in
vivo BrdU labeling. At PO, no significant difference was observed in the labeling index of
tibial proliferative chondrocytes between NfIco;” mice and WT littermates (Figure 14A).
In contrast, chondrocyte proliferation was significantly decreased postnatally at P14 in
the tibiae from Nflco;”” mice compared to WT littermates (Figure 14B). Since
neurofibromin is not detected in proliferative chondrocytes (Figure 9A), we reasoned
that a factor(s) released by postmitotic NfI - prehypertrophic and/or hypertrophic
chondrocytes may indirectly affect the proliferative activity of adjacent NfI/-negative
chondrocytes, in a paracrine manner. In addition, since activation of FGFR3 represses
chondrocyte proliferation through its inhibition of IHH signaling (23, 32, 43), we
reasoned that NfI deficiency in prehypertrophic chondrocytes may reduce 7hh expression,
thus possibly leading to the observed reduced chondrocyte proliferation. To address this
hypothesis, gene expression studies were performed using long bone cartilage tissues
excised from Nflc,,” and WT littermates, and high cell density micromass cultures of
primary chondrocytes prepared from WT and Nflc,,” ribs, differentiated or not in vitro
with ascorbic acid (220-222). In agreement with the reduced proliferative index observed
in the growth plates of Nflc.»”” mice in vivo, Ihh expression was significantly decreased
in growth plate cartilage from Nflc,;;”” mice compared to WT littermates (Figure 15A).
In micromass cultures, /hh expression was strongly decreased as well, in both immature
and differentiated cultures (Figure 15B). Pthrp expression was very low in both

chondrocyte cultures and cartilage of both WT and mutant mice (beyond limits of
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Figure 14. Decreased Postnatal Chondrocyte Proliferation in NfI,;” Mice
(A, B) Tibial proximal growth plate BrdU immunohistochemistry and quantification of the proliferative index at PO (A) and P14 (B)
(PZ: Proliferating zone, scale bar: 50 um, *:P<0.01, n=5), showed reduced chondrocyte proliferation at postnatal stage only (Scale

bar: 50 pm, *:P<0.01, n=5).
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Figure 15. NfI Loss-of-Function Causes Reduced Chondrocytic Ihh Expression In
Vitro and In Vivo

(A, B) Ihh mRNA expression measured in long bone epiphyseal cartilage from PO WT or

Nflcoy” mice (A, *:P<0.01, qPCR, n=4) and in micromass cultured primary

chondrocytes at the proliferative (d0) and differentiated (D15, following ascorbic acid

treatment) stages. (B, *:P<0.01, gPCR, n=3). Ihh expression is decreased, in the cartilage

and chondrocyte cultures from NfJ¢,;;”” mice compared to WT littermates.

67



detection and thus not shown). These data suggest that suboptimal IHH levels in the
growth plates of NfI¢,” mice may contribute to the observed reduction in chondrocyte
proliferation. This phenotype is also in agreement with the increase in chondrocyte
proliferation, differentiation, and IHH signaling observed in mice deficient for FGFR3 or
FGF18 (223), and with the decrease in /hh observed upon constitutive activation of
FGFR3 (43). Despite this supporting evidence, a genetic IHH gain-of-function
experiment in Nflc,;”” mice will be necessary to definitively prove the contribution of

reduced Thh signaling to the chondrocyte proliferation phenotype of NfI¢,;” mice.

Nf1 Is Required for Proper Chondrocyte Hypertrophy and Apoptosis

The shortening of the hypertrophic zone observed in NfIc,;” mice can conceivably be
caused by a decreased pool of proliferating chondrocytes, defective or premature
chondrocyte differentiation, an increase in chondrocyte apoptosis, or by premature/overt
catabolism of growth plate cartilage. The results of our gene expression studies indicated
that Opn expression was increased in differentiated (Coll0Oal-positive) mutant
chondrocyte cultures and growth plates (Figure 16A,B), as observed in chondrocytes
treated with FGF9 (224) or in mice with FGFR3 activating mutations (33, 225). Coll0al
expression, however, was decreased in chondrocyte cultures and growth plates from
Nflcoy” pups compared to WT littermates (Figure 17A,B), as observed in mice with
constitutive FGFR3 activation (43, 225), but converse to FGF18” and FGFR3"" mice
(223). The decreased expression of /hh and Coll0Oal observed in absence of NfI is thus

suggestive of impaired or delayed differentiation.
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Figure 16. NfI Loss-of-Function Causes Increased Chondrocytic Opn Expression In
Vitro and In Vivo

(A, B) Opn mRNA expression measured in long bone epiphyseal cartilage from PO WT

or NfI cor2’” mice (A, *:P<0.01, qPCR, n=4) and in micromass cultured primary

chondrocytes at the proliferative (d0) and differentiated (D15, following ascorbic acid

treatment) stages. (B, *:P<0.01, qPCR, n=3). Opn expression is increased, in the cartilage

and chondrocyte cultures from Nf7¢,;”” mice compared to WT littermates.
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Figure 17. NfI Loss-of-Function Causes Reduced Chondrocytic Coll0al Expression
In Vitro and In Vivo

(A, B) Coll0al mRNA expression measured in long bone epiphyseal cartilage from PO

WT or Nﬂcgzg‘/’ mice (A, *:P<0.01, gPCR, n=4) and in micromass cultured primary

chondrocytes at the proliferative (d0) and differentiated (D15, following ascorbic acid

treatment) stages. (B, *:P<0.01, qPCR, n=3). CollOal expression is decreased, in the

cartilage and chondrocyte cultures from NfI o mice compared to WT littermates.
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Both FGFR3 activation (41) and phosphate (221) trigger hypertrophic chondrocyte
apoptosis via the activation of ERK. Therefore, we hypothesized that lack of NfI in
hypertrophic chondrocytes, by inducing ERK activation, may promote apoptosis and
explain, in part, the shortening of the hypertrophic zone observed in NfIco” pups. Since
chondrocyte apoptosis is activated by a caspase-9 mediated mitochondrial pathway (221),
we measured caspase-9 activation by Western blotting, using high cell density primary
chondrocytes micromass cultures from WT and Nflc,;” mice. Treatment of ascorbic
acid-differentiated chondrocytes with 25 mM phosphate for 2 hours did not affect
cleavage of caspase-9 in WT cells but clearly induced caspase-9 cleavage into its active
form in NfI " chondrocytes (Figure 18). These results indicate that loss of Nf7 function in

hypertrophic chondrocytes promotes their sensitivity to apoptosis.

Nf1 Is Required for Proper Growth Plate Catabolism

MMP9 and 13 are expressed by hypertrophic chondrocytes and work synergistically to
degrade type I and II collagens (226). In addition, the expression of these two genes in
chondrocytes is increased by FGF2 treatment (197, 227). We thus examined Mmp9 and
Mmpl3 expression in chondrocyte cultures from WT and NfIc.;” mice to address
whether shortening of the hypertrophic zone in NfI o2’ mice could stem from an MMP-
dependent increase or premature growth plate catabolism caused by unrestrained FGFR
signaling. In agreement with the aforementioned observations, we detected a significant
increase in the expression of both genes in ascorbic acid-differentiated NfI™
chondrocytes compared to WT controls (Figure 19A,B). These results are also in

agreement with the immunoreactivity of MMP9 in the last row of hypertrophic
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Figure 18. Increased Sensitivity to Apoptosis in NfI¢,;” Chondrocytes

Total and cleaved caspase-9 in differentiated primary chondrocytes from WT or Nfl cor2””
mice (n=2, Western blotting). NfI”~ chondrocytes are more sensitive to apoptosis than
WT chondrocytes upon phosphate treatment.
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Figure 19. MMPs 9 and 13 Are Dysregulated in NfI”" Chondrocytes

(A, B) Reduced expression of Mmp9 (A) and Mmp13 (B) mRNA expression in NfI™"
primary chondrocytes in vitro compared to WT chondrocytes (*:P<0.05, n=5). (C)
MMP9 immunoreactivity (brown staining) n 5pum sections from WT and NfI 2" mice,
counterstained with Alcian blue (P0). Dotted white lines demark the last rows of
hypertrophic chondrocytes.
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chondrocytes (Figure 19C and (226, 228)), with the decrease in Mmp9 expression
observed in mice lacking Fgfr/ in chondrocytes (49), with the increased hypertrophic
chondrocyte zone in Mmp9 and 13-deficient mice (226), and suggest that neurofibromin,
by limiting the expression of Mmp9 and /3, inhibits growth plate extracellular matrix

degradation.

Replacement of growth plate cartilage by bone matrix is also dependent on matrix
degradation by osteoclasts/chondroclasts, as demonstrated by the elongation of the
hypertrophic zone and the presence of cartilaginous remnants in mice treated with
pharmacological inhibitors of osteoclast activity (bisphosphonates) and in osteopetrotic
mutant mice that lack osteoclasts (229). Osteoclast differentiation is dependent on
osteoclastogenic cytokines, including RANKL and osteoprotegerin (OPG), produced by
bone cells, including osteoblasts and osteocytes. The contribution of chondrocytes to
osteoclastogenesis has been less investigated, but recent evidence indicates that matrix
embedded cells, including chondrocytes and osteocytes, are essential sources of RANKL
in bones (230, 231). We have shown that lack of NfI in both immature and mature
osteoblasts promotes Rankl expression and thus osteoclastogenesis (4, 135), and other
have reported that ERK1/2 inactivation in chondrocytes and osteoblasts decreases Rankl
expression and osteoclastogenesis (232). Thus, as ERK1/2 is constitutively active in NfI™"
chondrocytes, we reasoned that increased Rankl expression and enhanced osteoclast
formation and activity could cause excessive resorption and shortening of the
hypertrophic zone in NfIco;” pups. To address this hypothesis, mature osteoclasts were

identified by TRAP staining in bone of newborn WT and NfI c,;>” mice and their number
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was quantified at the chondro-osseous border. A clear increase in the number of TRAP-
positive multinuclear mature osteoclasts was observed in the tibial chondro-osseous area
of Nflco;” mice compared to WT pups (Figure 20A), similarly to what has been
observed in mice characterized by FGFR3 activating mutation (33). In agreement with
this phenotype, Rankl and Opn expression was significantly increased in differentiated
NfI”" primary chondrocytes compared to WT controls, and this increase could be
prevented by short term pre-treatment of the cultures with the ERK1/2 inhibitor U0126
(Figure 20B). In contrast, chondrocytic Opg expression was not affected by NfI loss-of-
function (Figure 20C). Opn expression was also increased in NfI”~ chondrocytes (Figure
20D), possibly contributing to the enhanced osteoclastogenesis observed in NfIco;” mice

(233, 234).

To address whether the increased osteoclastogenesis and cartilage resorption observed in
Nflcoi2” mice had a chondrocytic origin, an ex vivo chondrocyte-monocyte in vitro co-
culture system was used. Primary chondrocyte cultures from WT and NfIc,2”” pups were
prepared and WT spleen monocytes (used as osteoclast progenitors) were purified and
plated on the top of the chondrocyte cultures, in the presence or absence of 1,25 OH-
vitamin D3. As shown in Figure 21A,B, osteoclast area, measured as readout of the
osteoclastogenic potential of WT and NfI”~ chondrocytes, was significantly increased in
co-cultures containing NfI™~ chondrocytes following 5 days of differentiation, even in the
absence of vitamin D, compared to cultures containing WT chondrocytes (Figure 21A,B).
Consistent with the increase in osteoclastogenesis observed in Nfl ¢, pups, the amount

of calcified bone in the primary spongiosa of newborn Nflc,;;”” pups was significantly
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Figure 20. Enhanced Growth Plate Catabolism in Nf1 C,,,z'/ “Mice

(A) TRAP staining and quantification of the number of TRAP-positive (red) osteoclasts
per osteochondral surface in the proximal tibiae in WT and NfI co;;” mice at PO (*:P<0.01,
n=5). Scale bar: 100 um. The number of osteoclasts is increased in the chondro-osseous
area of NfI o2’ pups compared to WT. (B-D) Rankl (B) Opg (C) and Opn (D) mRNA
expression in differentiated primary chondrocytes with or without MEK inhibitor (U0126,
10 uM, 6h) (*:P<0.01, n=3). Rankl and Opn expression are significantly increased in
primary chondrocytes from Nflc,;”" mice compared to WT mice, and this increase is
attenuated by U0126; Opg expression is unaffected by Nf7 loss-of-function.
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Figure 21. NfI-Null Chondrocytes Have Increased Osteoclastogenic Potential In
Vitro

(A) Representative pictures of TRAP-stained chondrocyte-monocyte co-cultures using

WT splenocytes and primary chondrocytes from WT and Nflc,;” mice and (B)

quantification of osteoclast area per plate in these co-cultures (*:P<0.01, n=4).

Osteoclastogenic activity is significantly increased in co-cultures containing NfI™"

chondrocytes compared to WT chondrocytes.
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reduced compared to WT littermates (Figure 22). These findings indicate that
neurofibromin in differentiated chondrocytes restrains osteoclastogenesis and cartilage

matrix degradation in an ERK, MMPY9/13 and RANKL-dependent manner.

Neurofibromin Restrains ERK1/2 Signaling Downstream of FGFR

The phenotypic and gene expression similarities reported above, between mice
characterized by FGFR activation in chondrocytes and NfI¢,;;” mice, support the notion
that neurofibromin acts as a brake on FGFR signaling in chondrocytes. In such case, we
reasoned that ERK1/2 activation upon FGFR stimulation in WT chondrocytes should be
controlled and limited in time, whereas it should be prolonged in Nf7-deficient
chondrocytes. To address this question, primary chondrocytes extracted from P4 WT and
mutant Nflc,;” pups were prepared, cultured for 7 days and assessed by Western
analyses for their response to FGF2 pulse-stimulation. Upon FGF2 treatment (10 ng/ml, 5
min), maximal ERK1/2 activation was observed after 5 min of treatment in WT
chondrocytes, and activation was progressively dampened at later time points to return
close to baseline within 30 min (Figure 23A). In contrast, in NfI”~ chondrocytes, ERK
activation was detectable in non-treated cultures and remained sustained at the 10 and 30
min time points. As a control, ERK1/2 activation in response to epithelial growth factor
(EGF, 100 ng/ml) was similar between WT and NfI”" chondrocytes (Figure 23B). These
results thus indicate that neurofibromin is a negative regulator of ERK1/2 activation

downstream of FGFR signaling in differentiated chondrocytes.
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Figure 22. Newborn Nf1 corz”- Mice Have a Lower BV/TV Ratio

Von Kossa/Van Gieson staining for mineralized and unmineralized bone revealed a
decreased tibial trabecular bone volume to total volume ratio (BV/TV, *:P<0.01, n=5) in
PO Nf1co2” pups compared to WT littermates in the primary spongiosa.
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Figure 23. Neurofibromin Restrains ERK-Dependent FGFR Signaling

Chondrocytes
(A, B) Confluent primary chondrocytes from WT or NfIco;” mi

pulse treatment. Cells were collected at indicated periods of time a

observed following EGF treatment.
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The CNP Analog NC-2K Increases Bone Growth in Nfl o2 Mice

Recombinant forms of CNP have shown promising beneficial effects in preclinical
models of dwarfism characterized by FGFR3 activation (191, 200). CNP is a member of
the natriuretic peptide family encoded by MNppc, which, through activating
cyclic guanosine monophosphate (¢cGMP) and PKG, blocks activation of the ERK
pathway by inhibiting Rafl (197, 235). If ERK1/2 constitutive activation in Nf]'/'
chondrocytes contributes to the observed abnormalities in endochondral bone formation
observed in Nflco;” mice, we thus reasoned that restraining ERK activation by CNP
should correct these defects. To address this hypothesis, we first verified the expression
of Npr-b, the receptor for CNP, in differentiating primary chondrocytes from WT and
Nflco” chondrocyte cultures. Chondrocytes from both WT and NfIco,” mice showed
clear expression of Npr-b throughout chondrogenic differentiation (Figure 24A), as
previously described by in sifu hybridization (192, 200, 236). Npr-b expression was
detected at every differentiation stages, with a more pronounced expression level in
differentiated chondrocytes (2 weeks post-induction). Importantly, Nf7 deficiency did not
significantly alter the level of expression of Npr-b. Next, ERK1/2 activation was assessed
in WT and NfI”" primary chondrocytes treated with increasing doses of NC-2, a stable
recombinant form of CNP (see Material and Methods). At the three different doses tested,
NC-2 strongly suppressed the enhanced ERK1/2 phosphorylation typical of NfI”"

chondrocytes in vitro (Figure 24B).

Unlike CNP, which has a half-life of around 3 min, the circulating half-life of NC-2 is

~20h when injected subcutaneously in mice, making it very useful for in vivo studies.
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Figure 24. Treatment with the CNP Analog NC-2 Reduces ERK Activation in NfI-
Null Chondrocytes

(A) Expression of the CNP receptor Npr-b was measured by RT-PCR throughout
chondrogenic differentiation in primary rib chondrocyte cultrues from both WT and
Nflcoy” mice (WT chondrocytes, KO; NfI”° chondrocytes). Npr-b is expressed
throughout chondrogenic differentiation in primary chondrocytes from WT and Nflco,”
mice. (B) Decreased phospho-ERK1/2 status in serum-starved chondrocytes from
Nflcory”” mice following NC-2 treatment for 30 min, measured by Western blot analysis
(n=2).
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Based on our in vitro proof-of-concept data, NfIc,;”" mice were treated subcutaneously
and daily with vehicle or two doses of NC-2 (100 and 300 mg/kg) during their early
postnatal growth period (from birth to 18 days of age). As observed in vitro, NC-2
treatment (300mg/kg) for 10 days was able to substantially attenuate p-ERK
immunoreactivity in the growth plates of NfI¢,;” mice, although the effect of treatment
on growth plate structure was not yet very visible, except for a striking improvement in
the formation of the proliferating chondrocyte columns (Figure 25A). In agreement with
our previous analyses at an earlier age (4), NfIco2” mice displayed, following 18 days of
vehicle treatment, a 40% reduction in naso-anal length at time of sacrifice compared to
WT littermates, whereas Nflc,,” mice treated with NC-2 displayed a significantly
increased body size at both dose concentrations tested compared to vehicle-treated
Nflcoiy” mice (Figure 25B). At endpoint, the difference in body length between vehicle
and NC-2-treated Nfl ¢, mice was reduced from 40% to 15%. Growth plate histological
analyses indicated that the shortening of the proliferating and hypertrophic zones
observed in Nflc,;”” mice were significantly corrected following daily NC-2 treatment,
reaching sizes not significantly different from WT littermates (as quantified in Figure
26A-C). The columnar disorganization of proliferating chondrocytes notable in Nflc,,”
mice was also corrected following NC-2 treatment (Figure 25A and 26A). These results
support the notion that NfI controls postnatal endochondral bone formation in an ERK-

dependent fashion.
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Figure 25. NC-2 Reduces ERK Activation and Improves Body Length in NfI¢,,”
Mice

(A) Reduced in vivo p-ERK immunoreactivity in the tibial growth plate of NfI o’ mice
(P10) following daily treatment with NC-2 (300mg/kg) compared with NfIco;” mice
treated with vehicle (n=2). Gray arrows show the changes in the formation of
proliferative columns. White arrows show the immunoreactivity (brown) for p-ERK1/2.
(B) NC-2 treatment corrects the growth retardation of NfIc.»”” mice as shown by
increased naso-anal length (mm) of Nflc,;”” mice treated with increasing doses of NC-2
(*:P <0.01, n=7).
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Figure 26. NC-2 Treatment Improves Growth Plate Elongation in NfIc,;” Mice

(A) Representative images of Von Kossa/Van Gieson stained, undecalcified femur
sections from 18 day-old WT and Nflc.;” mice treated with NC-2 (300mg/kg) or
vehicle. Scale bar; 50 um. Proliferative (PZ) and hypertrophic (HZ) zones are depicted by
orange and yellow bars respecively, and appear more organized and longer with NC-2
treatment in NfI Co[g_/_ mice compared with vehicle treated NfI cglg‘/ " mice. (B, C) NC-2
treatment improved the shortened proliferating (B) and hypertrophic (C) zone lengths
typical of Nfl o’ mice (*:P <0.01, n=7) versus vehicle treated Nfl ;" mice
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Discussion

FGFRs play a critical role during bone development, as best demonstrated by the various
forms of skeletal dysplasias associated with mutations in Fgfr/ and Fgfr3 in mice and
humans (see (237) for review). Over the last 10 years, genetic mouse models have been
instrumental to the characterization of FGFR downstream signaling pathways, amongst
which the kinases MEK 1 and STAT] play a predominant role (30, 40, 44, 208, 238-240).
In this study, we provide evidence that the Ras-GTPase activity of neurofibromin is
required for proper chondrocyte proliferation, hypertrophy and growth plate catabolism,

and regulates ERK1/2-dependent FGFR signaling in differentiated chondrocytes.

Loss of NfI function in postmitotic chondrocytes led to the inhibition of chondrocyte
proliferation. Both Fgfr3 and I[hh are important genes controlling chondrocyte
proliferation during embryonic and postnatal growth (241-243). IHH promotes
chondrocyte proliferation (244-246) and activation of FGFR3 represses chondrocyte
proliferation through its inhibition of IHH signaling (23, 32) as well as IHH-independent
pathway(s) (19). Because neurofibromin is not detected in proliferative chondrocytes (99)
but rather expressed in prehypertrophic chondrocytes (where both FGFR1 and FGFR3
are expressed) and hypertrophic chondrocytes (where FGFR1 is expressed) (32, 49), we
reasoned that the reduced chondrocyte proliferation observed in Nflc¢,;”” mice must stem
from alteration in the secretion of paracrine factor(s) by prehypertrophic or hypertrophic
NfI"" chondrocytes. The strongly reduced expression of Ikh in NfI™~ chondrocyte cultures

and growth plates, as well as the common phenotypic growth plate features between
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Nf1 corz’” mice and mice lacking 7hh in type II collagen-expressing chondrocytes (247)
lead us to propose that neurofibromin is an important regulator of /hh expression in
prehypertrophic chondrocytes. Whether neurofibromin regulates /Ihh expression
downstream of FGFR3 or FGFRI1, or both, in prehypertrophic chondrocytes, and the
nature of the signaling pathway between Ras and /A4 transcriptional activation remains to

be determined.

The distinct expression patterns of FGFR1 and FGFR3 in the growth plate and the
overlapping localization of neurofibromin and FGFR1 in hypertrophic chondrocytes, as
well as in the perichondrium (48, 49, 58, 219, 248), suggest that neurofibromin controls
FGFRI1 signaling in hypertrophic chondrocytes. This hypothesis is supported by the
strikingly similar phenotypes shared by NfIc.»”” mice and mice overexpressing a
chimeric FGFR containing the extracellular domain of FGFR3,. replaced with the
intracellular domain of FGFR1, under the control of the Co/2al-cre promoter (219).
Conversely, mice with Col2al-cre-driven chondrocyte-specific inactivation of Fgfirl
exhibit phenotypes opposite to NfI cor2”” mice, including expansion of their hypertrophic
type 10 collagen-positive zone, reduced Opn and Mmp9 expression and decreased
number of TRAP-positive osteoclasts at the chondro-osseous junction at embryonic
stages (49). Despite this collection of concordant indirect evidence, genetic crosses
between Fgfr and Nfl mutant mice will be required to further dissect the intricate

regulatory mechanisms linking neurofibromin and FGFR signaling in chondrocytes.
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The role of neurofibromin in growth plate development appears to be particularly
important during postnatal growth, as NfI ¢, mice are dwarf postnatally but born with a
size similar to WT littermates. This suggests that neurofibromin plays a non-redundant
and necessary role during the embryonic to postnatal transition period, but does not
exclude that its activity is required during embryonic growth plate development and
osteogenesis, as supported by the shortening of the hypertrophic zone, the reduced
osteogenesis and increased cortical bone porosity that are measurable at birth already.
The alterations in gene expression and the length reduction of the hypertrophic zone in
Nflcory”” embryos are indicative of altered chondrocyte maturation in absence of NfI. The
similar in situ staining pattern for /hh expression between WT and NfIcon” pups (4)
suggests that the reduced expression of /4% observed in NfI7~ chondrocyte cultures and in
the growth plates of Nflc,;;” mice is due to suppression of Ihh gene expression/protein
synthesis rather than a reduction in the number of cells expressing /44. On the other hand,
increased osteoclastogenesis in transgenic mice expressing the Fgfir3 (G369C/+)
activating mutation has been reported, and the phenotype was attributed to a direct effect
of FGFR3 activation in osteoclasts (249). Our gene expression and
chondrocyte/monocyte co-culture data point to chondrocyte-derived RANKL, MMP9 and
13, and possibly OPN as alternative or additional cause(s) of increased osteoclastogenesis
and premature cartilage removal in this mouse model and possibly in patients with
chondrodysplasia (224, 250-253). In addition, the increase in Mmp9 and Mmpl3
expression in NfI”~ chondrocytes, and shortening of the hypertrophic zone in NfIcon”
embryos, are in agreement with previous reports indicating that FGF2 stimulates Mmp9

and Mmp13 expression in chondrocytes (227), and with the elongated hypertrophic zone
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observed in mice lacking MMP9 and 13 (226). It is also noteworthy that the MMP9
immunoreactivity pattern was distinct from the distribution of osteo/chondroclasts at the
osteochondral border, indicating that increased MMP9 activity from both mature
osteoclasts and hypertrophic chondrocytes may contribute to the promotion of growth
plate catabolism in NfI cor2’” mice. These data together thus indicate that neurofibromin
activity in hypertrophic chondrocytes is necessary during embryonic development to limit
cartilage matrix degradation at the ossification front. It is noteworthy that Rank/ and Opn
appear both to be direct targets of neurofibromin signaling in chondrocytes, as their
expression is reduced upon short-term ERK inhibition. This observation suggests that
because of unrestrained ERK1/2 activity, both genes are ectopically expressed by NfI”"
hypertrophic chondrocytes in vivo, hence explaining the increase in genes commonly
considered as hypertrophic chondrocyte markers, in the setting of reduced expression of

Ihh and Coll0al.

It is at this point still unclear if the shortening of the hypertrophic zone observed in
Nflcoy”” mice is predominantly caused by altered differentiation of NfI”~ chondrocytes,
their increased sensitivity to apoptosis, or by premature or enhanced growth plate
cartilage resorption. Since the mineralized cartilage matrix serves as a template for bone
formation and since osteogenesis is coupled to chondrogenesis (254-256), it is also
possible that the increased growth plate catabolism observed in NfI ¢, mice contributes,
along with the low level of chondrocyte-derived THH, to the reduced osteogenesis and
increased cortical bone porosity measured in these mice (4). The fact that the type II

collagen-cre transgene inactivates the floxed NfI gene not only in chondrocytes, but also
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in embryonic osteochondroprogenitors (4, 49) giving rise to bone marrow osteoblasts in
this particular mouse model, however, did not allow us to tease apart the relative
contribution of NfI in type II collagen-expressing cells to growth plate development
versus bone formation. The signaling mechanism whereby neurofibromin controls Rankl,
Mmp9 and Mmp13 expression also remains to be identified. Regardless of the respective
contribution of NfI in osteoblasts and chondrocytes, these data identify NfI as a
necessary component for normal growth plate homeostasis during development,
regulating chondrocyte proliferation, differentiation, apoptosis and growth plate

catabolism (Figure 27).

Mutations in NFI in patients with neurofibromatosis type I cause various bone
abnormalities, of which two of the more severe are tibial pseudarthrosis (non-union
following fracture) and dystrophic scoliosis. NF1 patients are haploinsufficient for NF'/
and, as observed in NfI™" mice, do not present with a significant reduction in size,
although they are on average slightly shorter (see (1) for review). The clinical
presentation of the NF1 focal dysplasias and results from genetic mouse models support a
model whereby somatic NFI loss of heterozygosity in a subset of bone marrow
osteochondroprogenitors causes the focal and dystrophic skeletal maladies in NF1 (4, 5,
129, 133). The severity of the bone growth phenotype in Nf]cOlg'/‘ mice contrasts,
however, with the nearly normal body size of NF1 patients and suggests that NF'/ loss-of-
function in chondroprogenitors or chondrocytes during early development is not the
cause of the moderate size reduction seen in NF1 patients. Our results suggest, however,

that loss of neurofibromin function in growth plate osteochondroprogenitors might
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Figure 27. Model Summarizing the Role of Neurofibromin During Growth Plate
Development

Neurofibromin, expressed in prehypertrophic and hypertrophic chondrocytes, restrains

Ras-ERK1/2-dependent FGFR signaling, thereby promoting chondrocyte proliferation

and maturation, and inhibiting growth plate catabolism to maintain proper growth plate

homestasis.
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contribute to the severe delay of fracture healing observed in some of these patients, as
bone repair requires the timely transition through endochondral bone formation steps,
where developmental genes are reactivated in adults. If this is verified, the ability of the
NPR-B agonist NC-2 to blunt ERK chronic activation typical of NfI”~ chondrocytes and
to reverse the chondrocyte phenotypes of NfIco;”” mice might translate to beneficial
outcomes in the treatment of NF1 pseudarthrosis. Lastly, although the majority of known
cases of chondrodysplasias are caused by mutations in FGFRI or FGFR3, this study
raises the possibility that some of the ACH cases with no mutation detected in these two

receptors could stem from somatic inactivating mutations of NF1.

Summary

The severe defects in growth plate development caused by chondrocyte ERK1/2 gain or
loss-of-function suggest that tight spatial and temporal regulation of MAPK signaling is
necessary to achieve harmonious growth plate elongation and structure. We provide here
evidence that neurofibromin, via its Ras GTPase-activating activity, controls ERK1/2-
dependent FGFR signaling in chondrocytes. We show first that neurofibromin is
expressed in FGFR-positive prehypertrophic and hypertrophic chondrocytes during
growth plate endochondral ossification. Using mice lacking Nf7 in type II collagen-
expressing cells, (NfI oz’ mutant mice), we then show that lack of neurofibromin in
postmitotic chondrocytes triggers a number of phenotypes reminiscent of the ones
observed in mice characterized by FGFR gain-of-function mutations. Those include

dwarfism, constitutive ERK1/2 activation, strongly reduced /44 expression and decreased
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chondrocyte proliferation and maturation, increased chondrocytic expression of Rankl,
Mmp9 and Mmp13 and enhanced growth plate osteoclastogenesis, as well as increased
sensitivity to caspase-9 mediated apoptosis. Using wild type (WT) and NfI”~ chondrocyte
cultures in vitro, we show that FGF2 pulse-stimulation triggers rapid ERKI1/2
phosphorylation in both genotypes, but that returns to basal level is delayed in NfI”"
chondrocytes. Importantly, in vivo ERK1/2 inhibition by daily injection of a recombinant
form of C-type natriuretic peptide (CNP) to postnatal pups for 18 days was able to correct
the short stature of NfIc¢,»”~ mice. Together, these results underscore the requirement of
neurofibromin and ERK1/2 for normal endochondral bone formation and support the
notion that neurofibromin, by restraining RAS-ERK1/2 signaling, is a negative regulator

of FGFR signaling in differentiating chondrocytes.

93



CHAPTER I1I

FGFR1 SIGNALING IN HYPERTROPHIC CHONDROCYTES IS
ATTENUATED BY THE RAS-GAP NEUROFIBROMIN DURING
ENDOCHONDRAL BONE FORMATION

This is a pre-copyedited, author-produced, adapted version of an article accepted for
publication in Human Molecular Genetics following peer review. The version of record
is: Karolak, M.R., Yang, X. and Elefteriou, F. (2015) FGFR1 signaling in hypertrophic
chondrocytes is attenuated by the Ras-GAP neurofibromin during endochondral bone
formation. Hum. Mol. Gen., 24,2252-2264.

Introduction

As discussed in Chapter I, endochondral bone formation is a complex, highly regulated
and orderly multi-step process by which long bones elongate during development and
heal following fracture. Failure or dysregulation of any of these steps during development
typically leads to shortened stature or dwarfism, structural bone abnormalities (11),
whereas failure during fracture healing in adults leads to fracture non-union

(pseudarthrosis) (257).

In Chapter II, I explored the function of neurofibromin in growth plate chondrocytes both

in vitro and in vivo. These studies suggested a role for neurofibromin in attenuating

94



FGFR signaling in growth plate chondrocytes. Fibroblast growth factor (FGF) signaling
during endochondral bone formation has been the subject of intense scientific inquiry.
As discussed in Chapters I and II, FGFRs 1 and 3 were shown to be expressed in distinct
zones: FGFR3 in proliferating chondrocyte columns and FGFR1 in hypertrophic
chondrocytes (Figure 9B and (34, 37, 48, 49, 58)). The non-overlapping expression
patterns of FGFR1-FGFR3 suggest that these receptors have unique functions, mediated
by differences in their ligand-binding specificity and/or downstream signaling. In
addition, human cases indicate that FGFR1 signaling is crucially important for
endochondral ossification as activating mutations in FGFRI cause osteoglophonic

dysplasia (50, 258).

Loss-of-function mutations in NF/ cause chronic and unregulated Ras and ERK1/2
activity and results in neurofibromatosis type-1 (NF1). Interestingly, NF1 skeletal
pathologies, including non-ossifying bone lesions, pseudarthrosis, shortened stature,
idiopathic or dystrophic scoliosis, asymmetry of facial bones, osteosclerosis, tibial
bowing, hypertelorism, pectus excavatum and low bone mineral density (1, 107-110), are
highly reminiscent of the bone manifestations observed in individuals with
osteoglophonic dysplasia, although more focal and heterogeneous than the latter. Our
previous studies have shown that NfI deletion in Col2al-positive murine chondrocytes
leads to Ras-ERK1/2 chronic activation, to a reduction in the proliferation and
hypertrophic zones of the growth plate and to dwarfism compared with wild-type (WT)
littermates ((4) and Figures 11, 13, 23, 25). In addition, these mice display an increased

number of osteoclasts at the osteochondral border, and NfI-deficient chondrocytes
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favored osteoclastogenesis ex vivo, suggesting that in chondrocytes, neurofibromin serves

to limit osteoclastogenesis and growth plate catabolism during development.

Genetic mouse models with NfI deficiency or Fgfrrl gain- or loss-of-function mutations
support a negative association between FGFRI1 signaling and neurofibromin activity.
First, we found that the activation of ERK1/2 by FGF2 treatment is dampened to baseline
activity within 30 min in WT chondrocytes, whereas it lasts more than 1h in Nf7-deficient
chondrocytes. These findings suggested that neurofibromin acts as a brake on FGFR
signaling in chondrocytes (Figure 23). Second, the hypertrophic zone of Fgfi-1 <??<¢
mice, in which Fgfil is ablated in Col2al-positive chondrocytes, is longer than in WT

littermates, in contrast to the shortened hypertrophic zones of the NfJ ¢

mice, which
lack NfI in the same Col2al-positive cells ((49) and Figure 13). Third, Fefi-1"**%"¢
mice, harboring a constitutively active Fgfi-1""°*’""¢ allele at the endogenous Fgfi-I locus,
are dwarfed as are NfI Col2¢KO mice (4, 52). Lastly, at the molecular level, the growth plate
expression of matrix metalloproteinase 9 (Mmp9) and osteopontin (Opn), two proteins
contributing to growth plate catabolism and osteoclastogenesis at the osteochondral front,
are downregulated in Fgfi-1“°?*° mice while they are upregulated in NfI<°“*° mice
((49) and Figures 16, 19, 20). Therefore, constitutive activation of FGFRI1 in
Fgfir1"°7%¢ mice leads to similar phenotypes to the ones observed in NfI<°?““° mice
lacking NfI in chondrocytes, whereas loss of FGFRI in Fgfi-i“?*° mice triggers

phenotypes that are mostly opposite to the ones observed in Nf/ Col2eKO

mice. Collectively,
these observations led us to hypothesize that neurofibromin acts as a brake on FGFR1

signaling in the developing growth plate. In this study, we generated double mutant mice
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lacking both NfI and Fgfrl in Col2al-positive chondrocytes to ask whether loss of
activity of neurofibromin and thus activation of Ras-ERK1/2 signaling reverses the
aberrant hypertrophic zone length and decreased osteoclastogenesis caused by lack of
FGFR1 signaling in Fgfir1“°?**° mice (see Figure 30). Our results support a model
whereby neurofibromin controls: (i) the cartilage catabolism-promoting function of
FGFR1 signaling in hypertrophic chondrocytes and (ii) the organization and extension of
proliferative chondrocyte columns, via regulation of FGFR3 (and possibly FGFRI1)

signaling in prehypertrophic chondrocytes.

Materials and Methods

Animals and Drugs
The Vanderbilt University Institutional Animal Care and Use Committee (IACUC)

12¢K .
1929 mice, we employed a two-armed

approved all animal procedures. To generate Db
breeding scheme (Figure 28). In arm one, we bred Col2al-Cre;Fgfir """ NfI""** males
with Fgfi- "% NfI"™"" females to generate WT (cre-negative), Fgfi-l““**C (Col2al-
Cre;Fgfi "7 Nf1""";) and Dbl“?*C (Col2al-Cre;Fgfir """ NfF"**/*) mice (55, 128,
143). In arm two, we bred Col2al-Cre;Fgfi- ™" ;NfF"™™"" males with Fgfi- /", Nfp" /o
females to generate WT (cre-negative), Nf1°?C (Col2al-Cre;Fgfi-1™*:NfI"**;) and
Dbl“?k0  (Col2al-Cre; Fgfr " ;NfI"°) mice. Arm two used Col2al-
Cre;Fgfir "™ ;NfI"™" males rather than Col2al-Cre;Fgfir "**:NfI""**/** males because

Col2al-Cre;:NfF"* mice are infertile. Progenies were obtained at a Mendelian ratio
g

(~12.5% Fgfir1“?*%C ~6.25% Nf1<?%° and ~12.5% or ~6.25% Dbl“**°, depending

97



Arm 1

EoDIx

Col2-Cre;Fgfr1™t;Nf17* Fgfr1?;Nf17*

7T N\

Col2-Cre;Fgfr1?,Nf1% Cre negative  Col2-Cre;Fgfr1™,Nf1**
“Dbl Col2cKO” “WT” L Fgfr1 Col2cKO»
12.5% 50% 12.5%

SoDIx

Col2-Cre;Fgfr17*;Nf1"* Fgfr17*;Nf1%

7 T N\

Col2-Cre;Fgfr1”,Nf1”*  Cre negative  Col2-Cre;Fgfr1**;Nf1"
«pp|Col2cK0” CWT” « NJf{Col2cKOn
6.25% 50% 6.25%

Arm 2

Figure 28. Breeding Scheme Generating Littermate WT, Fgfi-1“"**° Nf1°°?“*° and

Db1°%K0 Mice

Arm 1 generated WT (50%), Fgfir1“?*° (12.5%) and Dbl““*° (12.5%) mice
littermates. Arm 2 generated WT (50%), NfI1<**? (6.25%) and Dbl“**? (6.25%) mice.
“Cre negative” pups were used as WT mice. Arm 2 used Col2-Cre;Fgfil”" ;NfI"*
breeders because Col2-Cre; FgfrI”":NfF" mice are not fertile. f: flox, +: non-floxed, WT

allele.
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on breeding arm), indicating the absence of embryonic lethality.

NfI°"%50 and WT littermate mice were obtained by breeding ColI0-Cre;NfI"*/"** males
with NP females (128, 259). Coll0-Cre;Rosa26:lacZ mice were obtained by
breeding homozygous Coll0-Cre mice with homozygous ROSA26 reporter mice (260).
WT and NfI°““¥© littermate mice for drug studies were obtained by breeding Col2-
Cre;NfF"™* males with Nf"/°* females (128, 143). Fgfrl (B6.129S4-Fgfi-1tm5.1Sor/J)
and Nf1 (STOCK Nfltm1Par/J) floxed mice were obtained from The Jackson Laboratory
(Bar Harbor, ME, USA). Col2-Cre mice were originally obtained from Dr. Gerard
Karsenty (Columbia University). Coll0-Cre;Rosa26:lacZ mice were a gracious gift from
Dr. Douglas Mortlock (Vanderbilt University, Nashville, TN, USA). Col/l0-Cre mice
were originally generated by Dr. K. von der Mark (University of Erlangen-Nuremberg,

Germany).

Tissues were harvested at the indicated times and fixed at 4°C for 24h in freshly prepared
4% paraformaldehyde (Sigma, St. Louis, MO, USA). Body and tibia lengths were
assessed by caliper and postmortem Faxitron X-Ray (Tucson, AZ, USA), respectively.
Body length was measured while animals were in the prone position and taken from the
tip of the nose to the anus with a digital caliper. BGJ-398 (Selleckchem, Houston, TX,
USA) or vehicle (PEG300/D5W, 2:1, v/v) was injected subcutaneously daily from birth
and for 18 days. BGJ-398 is most potent at FGFRs 1-3 with in vitro 1C50s of 0.9nM-
1.4nM but has off-target, sub-optimal activity at other non-FGFRs at IC50 concentrations

of 180nM or greater (261).
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Histology

Fixed tissues were decalcified for up to 1 week (depending on age) in 20% EDTA at 4°C,
followed by dehydration by graded ethanol series, cleared in xylenes (or Histo-Clear for
B-galactosidase staining, National Diagnostics, Atlanta, GA, USA) and embedded in
paraffin. Serial, 5-micron sagittal sections were cut, Histo-Clear deparaffinized and
rehydrated by graded ethanol series. Sections were then stained with hematoxylin and
eosin using standard protocols. For osteoclast analyses, sections were TRAP-stained
using standard protocols. For 3 -galactosidase staining, tissues were stained prior to
fixation using standard protocols. Briefly, tissues were washed with phosphate buffered
0.02% NP-40, 0.01% deoxycholate and 2mM MgCl, followed by overnight incubation in
B-galactosidase staining solution (phosphate buffered 0.02% NP-40, 0.01% deoxycholate,
2 mM MgCl,, 5 mM potassium ferricyanide, 5 mM potassium ferrocyanide and 1 mg/mL
X-Gal) at room temperature. Tissues were then fixed, decalcified, processed and

sectioned as described earlier. Sections were counterstained with nuclear fast red.

Histomorphometric Analyses

Histomorphometric measurements were performed using the Bioquant Analysis System
(BIOQUANT Image Analysis Corporation, Nashville, TN, USA). To determine the
width of the proliferation and hypertrophic zones of the growth plate, we used the
BIOQUANT software to employ a direct measurement technique. Specifically, the border
of a zone and the border which constitutes the interface between adjacent zones were
identified manually by blinded, properly trained laboratory members. The border between

resting chondrocytes and the proliferation zone was defined by the appearance of a
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proliferative column of four or more chondrocytes of flattened morphology. The interface
between the proliferation zone and hypertrophic zones was defined by the appearance of
cells of larger size (hypertrophy) at the distal end of proliferative columns. The
termination of the hypertrophic zone was defined as the interface between hypertrophic
chondrocytes and the primary spongiosa. Along each defined border, BIOQUANT
software selected a set of systematically random points with a fixed interval set by the
laboratory member. For the neighborhood around each of these points, BIOQUANT
computed a vector orthogonal to the interface. Each vector was extended across each
respective zone until it intersected the opposite border; the length of each vector was
recorded. The width of the zone was then reported as the mean of all such vectors. The
width measured by this technique does not attempt to compensate for oblique sectioning,
however, all sections included for measurement were orthogonally sectioned and at a
similar position within each bone. The osteochondral border surface used for osteoclast
measurements was manually defined by blinded, properly trained laboratory members as
the interface between the hypertrophic chondrocyte and primary spongiosa compartments,
across the entire bone element. Once the interface between these two zones was defined,
BIOQUANT computed the length of the interface using standard 2-dimensional distance
computations to generate a surface measurement. TRAP-positive osteoclasts in contact

with this osteochondral border were counted for analyses.

In Situ Hybridization (ISH)
Tissues were fixed, decalcified, processed and sectioned as described earlier. Sections

were stored at 4 degrees centigrade until use. ISH was performed by standard protocols.
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Fgfrl, Fgfr3, Ihh ISH was performed using probes to the respective 3° UTRs (Fgfr/ and
Fgfr3 sequences available upon request, /44 as previously published (262)). NfI ISH was
performed using a probe to the 5’ translated region of the mRNA (99). Sense and anti-
sense [35S]-uridine triphosphate (Perkin Elmer, Waltham, MA, USA) probes were
synthesized for hybridization as described previously (262, 263). Sections were stained
with Hoechst 33258 to identify nuclei. Images were processed using Adobe Photoshop

(San Jose, CA, USA).

Immunohistochemistry

Tissues were fixed, decalcified, processed and sectioned as described earlier. Antigens
were retrieved on graded ethanol rehydrated sections using DeCal Retrieval Solution per
manufacturer’s instructions (Biogenex, Fremont, CA, USA). Immunostaining was
performed using standard protocols with anti-phospho-p44/42 MAPK (Erkl/2,
Thr202/Tyr204, E10 mouse mAb #9106, Cell Signaling, Boston, MA, USA) antibodies
or non-immune IgG1 antibodies, followed by InmPACT NovaRED (Vector Laboratories,
Burlingame, CA, USA) horseradish peroxidase detection of the secondary antibody.

Immunostained sections were counterstained with hematoxylin.

X-Ray Imaging

Radiographs were obtained using a digital cabinet X-ray system (LX-60, Faxitron X-Ray,

USA) at 35kV and exposed for 4 seconds.
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Genomic PCR, RT-PCR and qPCR

For genotyping, genomic DNA was isolated from tail biopsies by sodium hydroxide
digestion and PCR was performed using appropriate primers. The NfI floxed allele was
detected with primers P1, P3 and P4, as previously described (128). The Fgfrl floxed
allele was detected with primers intr5.53 and intr5.53 to generate a 750bp band for the
floxed allele and a 564bp band for the WT allele, as previously described (55). The Col2-
Cre transgene was detected using the forward primer:
GAGTTGATAGCTGGCTGGTGGCAGATG and reverse:
TCCTCCTGCTCCTAGGGCCTCCTGCAT to generate a 700bp band (143). The Coll0-
Cre transgene was detected using the P1 and P5 primers to generate a 305bp band, as
previously described (259). Total RNA was extracted from snap-frozen P5 (to avoid the
presence of the secondary ossification center) murine growth plates (1 distal femoral
epiphysis and 1 proximal tibial epiphysis per sample) using TRIzol (Life Technologies,
Grand Island, NY, USA), and cDNAs were synthesized from 1 microgram RNAs
following DNase I treatment using the high-capacity cDNA reverse-transcription kit
(Applied Biosystems, Foster City, CA, USA). Quantitative PCR (qPCR) were performed
using TagMan gene expression assays. The probe and primer sets for Rankl
(Mm00441908 ml), Opg (Mm00435462 ml), Fgfrl (MmO00438924 ml), Fgfr3
(MmO00433294 ml) and the normalizer Hprt (Mm00446968 m1) were obtained from
Life Technologies. Normalized fold expression values for Rankl, Opg, Fgfrl and Fgfi3
were calculated using relative starting quantity values obtained using standard curve
gqPCR and normalized by relative starting quantity values obtained from standard curve

Hprt qPCR.
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Statistical Analysis

All experimental values were analyzed using GraphPad PRISM (v6.0, La Jolla, CA).
When experimental conditions involved two groups, an unpaired t-test was used to
determine differences between groups with significance determined by obtaining a P-
value of <0.05. When experimental conditions involved three or more groups, one-way
ANOVA was used to determine differences between groups. If differences were detected
by ANOVA (P<0.05), post hoc significance was calculated by Holm-Sidak’s method
correcting for multiple comparisons with significance determined by obtaining an
adjusted p value of <0.05. For analyses tracking body length and weight, repeated
measure two-way ANOVA was used; post hoc calculated significance, if any, is graphed
only for the terminal time point (P18). Graphs of growth plate zone lengths were graphed
as grouped analyses for space saving purposes but were analyzed by one-way ANOVA at

each time point specified. Data are presented as mean + SEM.

Results

Fgfrl, Fgfr3 and Nfl Expression Is Localized to Distinct Zones in the Growth Plate

A first requirement for neurofibromin to control FGFR1 signaling is for the two proteins
to be expressed in the same chondrocyte population. To address this question, we
performed in situ hybridization (ISH) on serial paraffin sections on postnatal (P) WT long
bone growth plates, using Indian hedgehog (//44) as a marker of the prehypertrophic zone.
At both PO and P7, Fgfrl and NfI transcripts were both detected in the hypertrophic zone,

with minimal detectable expression in the proliferation zone, where Fgfi3 was localized
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primarily. Both Fgfir/ and NfI transcripts had weaker expression detectable in the
prehypertrophic zone (Figure 29). Thus Fgfrrl expression overlapped with NfI
expression in the prehypertrophic, hypertrophic and perichondrium areas, while Fgfi3
expression only overlapped with NfI expression in prehypertrophic chondrocytes at both
PO and P7. Although co-expression does not prove functional interaction, these results
suggest that neurofibromin may regulate FGFR1 signaling rather than FGFR3 signaling

in hypertrophic growth plate chondrocytes.

Nf1 Ablation in Fgfri-Deficient Chondrocytes Reverses the Alterations in Growth Plate
Maturation/Hypertrophy Observed in Fgfr1“°**° Mice
The overlap in Fgfr] and NfI expression in postmitotic prehypertrophic and hypertrophic
chondrocytes (Figures 9, 29) (34, 48, 49, 99), the largely opposite growth plate
phenotypes between Fgfi- ”?“*? and Nf1°?*° mice ((4, 49) and Chapter IT) and the
fact that FGFR activation and NfI mutation/ablation both trigger Ras-Raf-MEK-ERK
activation in chondrocytes (Figure 23), led us to the hypothesis that neurofibromin
inhibits, among the many receptor tyrosine kinases (RTKs) expressed in the growth plate,
the signaling of FGFR1 in mature chondrocytes (Figure 30). This hypothesis is not
functionally testable in vitro due to the dynamic nature of growth plate development and
challenges in generating maturing chondrocytes in vitro, and can be best addressed
genetically and in vivo, by either overexpressing neurofibromin in chondrocytes to rescue
the phenotypes of cells with activation of FGFR1, or by reducing neurofibromin activity
in cells lacking FGFR1 to artificially reactivate Ras-ERK1/2 signaling in these cells. In

the latter option, we reasoned that lack of neurofibromin, leading to Ras-ERK1/2
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Fgfr1 Nf1 Fgfr3 Ihh

Figure 29. Fgfrl, Fgfr3 and NfI Expression Is Localized to Distinct Zones of the Growth Plate Across Early Postnatal
Development

In situ hybridization (red signal) on serial distal femur sections shows that Fgfi/ localizes to prehypertrophic and hypertrophic

chondrocytes at PO (top row) and P7 (bottom row). NfI is expressed in prehypertrophic and hypertrophic chondrocytes at PO and P7.

Fgfr3 localizes in the proliferation and prehypertrophic zones at PO and P7. [hh marks the prehypertrophic zone. Hoechst stained

nuclei appear in blue. White boxes denote hypertrophic zones. Scale bar: 100 pm.
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Figure 30. Schematic of FGFR1 Signaling in Hypertrophic Chondrocytes
We hypothesized that FGFR1 is a major Ras/ERK activator in hypertrophic chondrocytes
that is tempered by the Ras-GAP activity of neurofibromin.
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pathway activation (Figures 11, 31, bottom left and right), in Fgfr/-deficient
chondrocytes (in which Ras-ERK1/2 signaling is reduced, Figure 31, top right), should

reverse the growth plate phenotypes of Fgfrl Col2¢KO

mice. We thus generated double
mutant mice lacking both NfI and Fgfi-l in Col2al-expressing chondrocytes (Dbl<??<¢
mice) and compared their skeletal phenotypes to single knockout, Fgfrl Col2¢K0 and
NfI€°?KO Jittermates. Gross examination over the period of rapid growth before weaning
indicated that both body length (Figure 32A) and body weight (Figure 32B) were
reduced in both Nf1°“?*° and Dbl“°”“° mice compared with WT littermates and
Fgfir1 %9 mice. Similarly, both genotypes had significantly shorter bones than WT and
Fgfir1“?*C mice at P18 (Figure 32C). Fgfir1“°?**° mice also had reduced stature (by
P4), body weight (by P9) and tibial length (P18) compared with WT littermates, despite
the increased size of their hypertrophic zone (Figure 33B) (49). Body length, body
Col2eKO o 4 Dyp]C02eKO

weight and tibia length were not significantly different between Nf7

mice.

To assess changes in growth plate structure between WT, single mutant Fgfi-1 “**© and
NfI??K0 and Dbl“*®° mice, growth plate histomorphometry was performed, analyzing
the FGFR3-rich proliferation and FGFR1-rich hypertrophic zones longitudinally at PO, 7
and 14 days of age. The proliferation zones of all four groups of mice were not
significantly different until P14, at which time the proliferation zones of Nf1<**° and
Dbl“°?“K° were significantly shorter than that of WT and Fgfi-/““?*° mice, although
they were not statistically different from each other (Figure 33A). In contrast, the

hypertrophic zone across all three postnatal time points was elongated by inactivation of
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Figure 32. Ablation of NfI in Chondrocytes Reduces Body Size and Long Bone Length in WT and Fgfir1“***° Mice
(A, B) Body length (A) and weight (B) was not significantly different between NfI<”?**? and Db1“°***° mice, but both genotypes had

body lengths and weights significantly less than WT and Fgfi-/ “***¢

mice (*:P<0.05 versus WT unless indicated, n=4 per group,

repeated measure two-way ANOVA). (C) P18 tibial length of WT, Fgfi-1°?*k° Nf1<°?*k0 and Dbl“”?*° mice. Tibial length was not

significantly different between NfI<**“*©
mice (*:P<0.05 versus WT unless indicated, n=7 per group, one-way ANOVA).
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Figure 33. NflI Ablation in FgfrI“?*° Mice Reverses their Growth Plate
Hypertrophic Zone Expansion

(A, B) Length quantification of proximal tibial proliferation (A) and hypertrophic (B)

zones of PO, 7 and 14 WT, Fgfi-1“°?*°, Nf1°°?**° and Dbl“?**° mice (*:P<0.05 versus

WT unless indicated, n=4 per group, two-way ANOVA). The length of the proliferation

zones in NfI“?*C and Dbl““®° mice were significantly shorter than WT but not

significantly different from each other at P14. The same was true of the hypertrophic
zone, but at PO, 7 and 14.
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Fgfrl in Col2al-expressing chondrocytes (Figure 33B), in agreement with previous
studies (49). Ablation of NfI in double mutant Dbl“”?** mice reduced the size of this
zone compared with WT and Fgfir1“°?*© littermate mice at PO, 7 and 14, to values
similar to the ones observed in Nf7°?“*? mice (the hypertrophic zones of NfI”?**° and
Dbl1“°?“k© mice were not statistically different from each other). In addition, lack of NfI
in Fgfrl-deficient hypertrophic chondrocytes led to disturbances in the orderly stacking

of the proliferative columns observed in WT and Fgfi-]<”?*

mice (Figure 34).
Increased phospho-ERK1/2 immunostaining in the growth plate prehypertrophic and
hypertrophic regions in Dbl“’?**? mice compared with Fgfi-1“’?**° mice (Figure 31,
bottom right) confirmed reactivation of the Ras-ERK1/2 pathway upon NfI ablation in
these mice. In addition, in situ hybridization and quantitative RT-PCR (qPCR) verified
efficient Fgfi-/ deletion in the growth plate of Fgfi-1“°?“*° mice and that Fgfi-/ expression
was not affected with regard to level of expression or growth plate localization upon Nf7
ablation (see Figures 43 and 44B) Thus, NfI ablation in Fgfi/-deficient chondrocytes

12¢K .
192K mice,

reverses the increase in growth plate hypertrophic zone observed in Fgfr
and has a deleterious effect on the stacking of the proliferative chondrocyte columns,

which was not affected in mice lacking Fgfi/ only.

Lack of Nfl in Fgfri-Deficient Chondrocytes Reverses the Reduction in Osteochondral
Osteoclast Number Observed in Fgfi1“”?*° Mice
Osteoclast number at the chondro-osseous junction (the bone marrow zone immediately

]COIZCKO

adjacent to the growth plate) was shown to be reduced in Fgfr mice, and Mmp9

and Opn expression were lower in Fgfrl null chondrocytes compared with WT
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Figure 34. NfI Ablation in Fgfir1“*“*° Mice Causes Growth Plate Disorganization
H&E staining of proximal tibial growth plates of WT, Fgfi-1“??%0 Nf1<°?0 and
Dbl“?%9 mice at PO, 7 and 14 and high magnification of the proliferation zone (PZ) at
P14 reveals abnormalities in Fgfi-] °?“*C Dbl“?,© and Nf1°***© growth plates. Arrows
indicate disorganized proliferative columns. Scale bar: 100 um.
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chondrocytes (49). In contrast, NfI“**“° mice display an increase in osteoclast number
at the osteochondral border, and Nf7 null chondrocytes have elevated expression of Rankl,
Opn, Mmp9 and Mmpl3, all of which are important for extracellular bone matrix
catabolism ((4, 134) and Figures 16, 19, 20). These observations suggested that FGFR1
and neurofibromin were both involved, in an antagonistic fashion, in the mechanism by
which mature chondrocytes stimulate growth plate catabolism. To determine whether the

12¢cK .
1€°2K0 mice could be

reduced osteoclast density at the osteochondral border in Fgfr
rescued by concurrent deletion of NfI in growth plate chondrocytes, we quantified
osteoclast number in TRAP-stained thin bone sections from WT, NfI°“XC, Fgfj1 <%0
and Dbl“°?“®° mice. When Fgfir/ was deleted in Col2al-expressing chondrocytes of
newborn and P14 mice, osteoclast number at the chondro-osseous junction was reduced
(Figure 35A-C), in line with previous studies in Fgfi-1“**° embryos (49). Upon NfI
deletion, a clear increase in the number of TRAP-positive multinucleated osteoclasts was
observed in Dbl“?° growth plates versus WT mice. Osteoclast number was not
significantly different between Dbl“?*? andNf1“"?*° growth plates at PO and P14
(Figure 35A-C). Consistently, we found that Rankl expression was elevated in NfI“?<¢
and Dbl“”?“*9 growth plates, yet decreased in Fgfi-1“°“*° growth plates taken from five-
day-old pups, compared with WT animals (Figure 36A). Opg expression was unchanged
in all four genotypes (Figure 36B). These findings suggest that neurofibromin attenuates

FGFR1 signaling in hypertrophic growth plate chondrocytes to limit their

osteoclastogenic-promoting function.
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Figure 35. NfI Ablation in Fgfr1“?*° Mice Reverses their Decrease in

Osteoclastogenesis at the Osteochondral Junction
(A) TRAP staining in distal femora from PO pups and (B, C) quantification of the number
of TRAP-positive (red) osteoclasts per osteochondral border surface (BS) in PO (B) and
P14 (C) distal femur sections showed that the number of osteoclasts at the chondro-
osseous junction in Fgfi- “°?“*° mice is reduced compared with WT littermates, and that
NfI deletion in Dbl“?®° mice leads to higher number of osteoclasts compared with
Fgfir1 %9 mice. Osteoclast number in Nf7<?*° and Dbl“’?**? was not significantly
different from each other. The osteochondral border surface is indicated by a dotted line
(*:P<0.05 versus WT unless indicated, n=4 per group, one-way ANOVA, Scale bar: 100
pum).
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Figure 36. NfI Ablation in Fgfr1““*“© Mice Reverses their Reduction in Pro-
Osteoclastogenic Rankl Expression

(A) Rankl expression is increased in P5 long bone growth plate cartilage from Nf7<?<¢

and Dbl“?*° mice and decreased in Fgfi-]“”?*° P5 growth plate cartilage when

compared with WT (*:P<0.05 versus WT unless indicated, n=4 per group, one-way

ANOVA, gPCR). (B) Opg expression is not affected across the four genotypes (n=4 per

group, one-way ANOVA, qPCR).
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Nf1 Ablation in CollOal-Positive Hypertrophic Chondrocytes Reduces Hypertrophic
Zone Width but Does Not Impair Bone Elongation

The results above suggest a predominant role of neurofibromin, downstream of FGFR1,

in hypertrophic chondrocytes, however, neurofibromin 1is also expressed in

prehypertrophic chondrocytes (Figures 9, 29) and osteoblasts (4, 99). In an effort to

determine the function of neurofibromin more specifically in hypertrophic growth plate

chondrocytes, we generated NfI</*K¢

mice lacking NfI in Coll0al-positive cells, using
the Coll0-Cre driver transgenic mice (259). We first used these mice bred with
Rosa26:lacZ reporter mice (260) to examine the activity of the Coll0-Cre transgene
specifically during the active phase of postnatal bone elongation at PO, P7 and P14, since
prior studies only reported activity embryonically and shortly after birth (P1, P3) or 5
weeks after birth (230, 259, 264). We found, at all ages analyzed, that the Coll0-Cre
transgene is active in hypertrophic chondrocytes, as demonstrated by positive -
galactosidase staining in this area of the growth plate, but not in proliferative columns or
prehypertrophic cells (Figure 37A). [ -galactosidase activity was also observed in
osteoblast-like cells in the primary spongiosa and embedded osteocyte-like cells (Figure
37B,C). NfI™"* mice were then bred to Coll0-Cre mice to generate, through two
rounds of breeding, Nf1°/**° mice and WT littermates. Unexpectedly, NfI<”""**? mice
had a normal stature, body weight, physical appearance and gross bone structure at all
time points analyzed (from PO to P18) compared with WT littermates (Figures 38, 39).

Histologically, the proliferation zone length of Nf1¢°/%*¢

growth plates was not
significantly shorter than WT at PO or P18 (Figure 40A). The hypertrophic zone of

Nf1 Coll0ckO growth plates was, however, significantly shorter than WT at PO and P18
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Figure 37. The Coll10-Cre Transgene Is Active in Hypertrophic Chondrocytes During Early Postnatal Development
(A) B-galactosidase staining (blue) in PO, 7 and 14 proximal, Coll0-Cre;Rosa26:lacZ tibiae show Coll(0-Cre transgene activity in
hypertrophic chondrocytes, but not in prehypertrophic chondrocytes. (B,C) The transgene was also active in osteocyte-like cells of the

cortex (B) and primary spongiosa osteoblasts (C). Sections were counterstained with nuclear fast red. Black dotted lines delineate
prehypertrophic and hypertrophic zones. Scale bar: 50 pm.

118



A B
Body Length Body Weight

n.s.
_ B s a
£ 60 n.s. —
E |ns EO ~ r
_5 40 m -8’4
— n.s.
2 20 [l 2 M
3 N
o -~ Wl B 0
PO P9 P18 PO P9 P18

Figure 38. NfI Ablation in Hypertrophic Chondrocytes Does Not Affect Body Size
(A, B) The body length (A) and weight (B) of NfI“/"*° versus WT mice is not
significantly different at PO, 9, or 18 (*:P<0.05 versus WT, n=5 per group, repeated
measure two-way ANOVA).
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Figure 39. NﬂC"’MCKO Mice Have Normal Physical Appearance and Gross Bone

Sturcture
(A) Visual assessment of WT and NfI““’%%? mice revearled no overt differneces
between the mice. (B) Radiographic assement of gross bone strucuture also revealed no

overt differneces between WT and Nf1<%%? mice. Scale bar: 1.5mm.
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Figure 40. NfI1¢°"*© Mice Have Short Growth Plate Hypertrophic Zones

(A, B) Length quantification of proximal tibial proliferation (A) and hypertrophic (B)
zones of PO and 18 WT and NfI<°’"*© mice (*:P<0.05 versus WT, n=5 per group,
unpaired t-test). The length of the proliferation and hypertrophic zones between WT and
NfI"%KO mice were not significantly different at PO or P18.
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(Figure 40B). We also found that the number of osteoclasts at the chondro-osseous

]Col]()cKO

border was significantly higher in Nf. compared with WT mice (Figure 41). The

growth plates of Nf1<*%K¢

mice appeared normal with orderly proliferative chondrocyte
columns as opposed to the disorganized columns seen in Nf1““?*° growth plates, in
which NfI is ablated in prehypertrophic and hypertrophic cells (Figure 42). Collectively,
these results suggests that NfI loss-of-function in prehypertrophic chondrocytes, where
Nf1 expression overlaps with both Fgfr3 and Fgfrl, is responsible for the size and growth

plate columnar defects observed in NfI<°“““° mice, whereas NfI in hypertrophic
yYp P

chondrocytes primarily regulates osteoclastogenesis in the primary spongiosa.

Fgfr3 Expression Is Not Altered upon Fgfrl Ablation in Col2al-Positive Chondrocytes

Our analyses suggest that lack of NfI in prehypertrophic chondrocytes causes alterations
in the size and organization of NfI and Fgfrl-negative, but Fgfr3-positive, proliferative
chondrocyte columns. Ectopic Fgfr3 upregulation was previously observed in Fgfri-
deficient osteoblasts (49), and it has been shown that chondrocytic FGFR and ERK1/2
signaling in general are inhibitory to chondrocyte proliferation/differentiation (although
these effects were not attributed to an individual or specific FGF receptor) (44, 219).
These observations prompted us to question whether NfI or Fgfirl deficiency altered
growth plate Fgfrr3 expression level or tissue localization, thus potentially causing some
of the observed changes in proliferation and hypertrophic zones. Hence, we assessed
Fgfr3 expression by in situ hybridization and qPCR analyses in the growth plates of
NfI?KO and DbI“?*° mice. We found that Fgfi-3 expression was not mislocalized

when NfI was deleted alone or in combination with Fgfi/, and remained primarily in the
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Figure 41. NfI Ablation in Hypertrophic Chondrocytes Increasaes
Osteoclastogenesis at the Osteochondral Border

(A, B) TRAP quantification of the number of TRAP-positive (red) osteoclasts per

osteochondral border surface in PO (A) and P18 (B) proximal tibial sections showed that

the number of osteoclasts at the chondro-osseous junction in NfI<“’*%° mice was

significantly greater than WT (*:P<0.05 versus WT, n=5 per group, unpaired t-test, scale

bar: 100 um).
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100 um.

g of proximal tibial growth plates of WT (left column) and Nf7<”"*° (middle column) littermates at PO and 18.

NfI??KO proximal tibial growth plates (right column) are shown for comparison, with arrows highlighting disorganized proliferative

columns and black dotted lines delineating the hypertrophic zones. Scale bar
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proliferation zone of the growth plate with some expression in the prehypertrophic zone
at PO (Figure 43). Furthermore, quantitative assessment by qPCR showed no significant
differences in Fgfi-3 expression in Fgfi-] 20, Nf1<°?° and Db1“?*9 growth plates

versus WT growth plates 5 days after birth (Figure 44A).

We also sought to confirm whether expression levels and localization of Fgfirl were
altered by NfI deletion in Nf1°?®° growth plates, and the efficiency of Fgfil deletion
with the Col2-Cre driver. We found that Fgfir] was normally localized in Nf7<°?¢
growth plates and that Fgfi-/ expression was, as expected, reduced in Dbl“°““*© growth
plates (Figure 43, left column). Quantitatively, Fgfrl expression was efficiently lowered
using the Col2-Cre driver as assessed by qPCR on P5 growth plates and was not reduced
in Nf1°°?%0 growth plates (Figure 44B). Together, these results confirm efficient Fgfi-/

12¢K 12¢K
Col2cKO al’ld DblCo cKO

recombination in Fgfrl mutant mice, and indicate that Fgfi3

expression is not upregulated in response to Fgfr/ ablation in these two models.

Pan-FGFR Inhibition with BGJ-398 Enhances Bone Growth in NfI<°?*° Mice

The difference in bone size between Nf1<?*© and Nf1°""*° mice and the overlap of
expression between NfI, Fgfrl and Fgfr3 in the prehypertrophic zone suggested that
neurofibromin in prehypertrophic chondrocytes may control either FGFR3 or FGFR1
signaling and the mechanism by which these cells inhibit chondrocyte proliferation and
column stacking. To address this question and because of the difficulties in generating
triple conditional knockout mice lacking Fgfrl, Fgfr3 and NfI with proper littermate

controls, we chose to administer the pan-FGFR inhibitor BGJ-398 (261) or vehicle
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Dbl Col2cKO

Figure 43. NfI Loss-of-Function Does Not Cause Mislocalization of Fgfrl or Fgfir3
Expression

Fgfr3 expression is not altered upon Fgfr/ ablation in Col2al-positive chondrocytes. In
situ hybridization (red signal) in PO distal femora shows that Fgfir/ expression (left
column) remains localized to hypertrophic chondrocytes in Nf7-null chondrocytes and
has a less intense signal in Db “0#eK0 growth plates (bottom left). Fgfr3 expression (right
column) remains restricted to the proliferation and prehypertrophic zones in NfI<?<¢
(upper right) and Dbl“”?**? (lower right) growth plates. Hoechst stained nuclei appear in
blue. White boxes denote hypertrophic zones. Scale bar: 100 um.
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Figure 44. Genetic Compensation for the Loss of Fgfirl and/or NfI Expression Does
Not Occur In Vivo

(A) Fgfr3 expression is not significantly different in P5 long bone growth plate cartilage
between WT, Fgfi-1“°?*°  DbI“?*% and NfI“°’**° mice (one-way ANOVA, n=4 per
group, qPCR). (B) Fgfrl expression is reduced in P5 long bone growth plate cartilage
from Fgfir-1““?* and Dbl“?®° mice when compared with WT, while there is no
significant difference in Fgfi-l expression between NfI<°?®° and WT mice (*:P<0.05
versus WT unless indicated, n=4 per group, one-way ANOVA, qPCR).
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subcutaneously and daily to WT and NfI“?“° newborns. We assessed body weight,
body length, tibial length and growth plate parameters at the termination of the
experiment 18 days later. Pan-FGFR inhibition by this dose of BGJ-398 reduced ERK1/2
activation in both prehypertrophic and hypertrophic chondrocytes in Nf1<“?*° mice
when compared with vehicle-treated animals (Figure 45), confirming that the drug was
active and acting, at least in part, directly on growth plate chondrocytes. BGJ-398
significantly improved tibial length and the lengths of the proliferation and hypertrophic
zones in the growth plates of Nf1<”?*° mice (Figure 46), whereas it did not impact bone
growth in WT mice. Body length and weight in Nf1<°**° mice treated by BGJ-398 were
improved compared with vehicle control, but the differences did not reach statistical
significance for these two parameters (Figure 47). Noticeably, BGJ-398 treatment
improved the columnar organization of the proliferation zone (Figure 48). Since the

Col2cKO

proliferation zone in Fgfrl mice is normal in terms of width and organization, and

since NfI is not detectable in this zone, this effect of pan-FGFR inhibition on the width

and organization of the proliferation zone in NfI Col2eKO

mice suggests that neurofibromin
in prehypertrophic chondrocytes, and downstream of FGFR3 mainly, is required for

normal chondrocyte proliferation and column stacking.

Discussion

The respective role of FGFs and FGFRs in the growth plate, the intracellular machinery
mediating their activity, and in particular the potential contribution of Ras-GAP proteins

to these activities remain incompletely characterized, in part because of the dynamic and
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Figure 45. FGFR Inhibition with BGJ-398 Reduces ERK Activation in Growth
Plate Chondrocytes In Vivo.

Immunohistochemistry for phospho-ERK in proximal tibial growth plates P18 WT,
vehicle-treated and Nf7<°?*° mice treated with vehicle or 10mg/kg BGJ-398. Basal
staining is observed in WT, vehicle-treated mice. Staining intensity was high in
NfI**0 | yehicle-treated mice and comparatively reduced in NfI<°?*°, BGJ-treated
prehypertrophic and hypertrophic chondrocytes. Brown signal indicates phospho-ERK;
sections are counterstained with hematoxylin. Scale Bar: 100 pm.
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Figure 46. FGFR Inhibition with BGJ-398 Enhances Bone Growth in NfI1<"?X¢
Mice

(A) P18 tibial length of NfI”?“*° mice treated daily with 10mg/kg BGJ-398 for 18 days
after birth were improved compared with Nf7“”?**° mice treated with vehicle, while there
was no difference between WT animals treated with vehicle or BGJ-398 (*:P<0.05
versus WT, vehicle unless indicated, n=6 per group, one-way ANOVA). (B, C) Length
quantification of proliferation (B) and hypertrophic (C) zone lengths at P18 in WT and
NfI??KO Jittermates treated daily with BGJ-398 or vehicle. BGJ-398 treatment
significantly improved both proliferation and hypertrophic zone width in Nf1“**° mice
but not in WT mice (*:P<0.05 versus WT, vehicle unless indicated, n=6 per group, one-
way ANOVA).
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Figure 47. FGFR Inhibition with BGJ-398 Slightly Improves Body Size of NfI1<*¢
Mice

(A, B) P18 body length (A) and weight (B) of NfI“**° mice treated with BGJ-398 for

18 days after birth trended towards improvement compared with Nf7<”?*° mice treated

with vehicle, while there was no difference between WT animals treated with vehicle or

BGJ-398. (*:P<0.05 versus WT, vehicle unless indicated, n=6 per group, one-way
ANOVA).
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Figure 48. FGFR Inhibition with BGJ-398 Improves Growth Plate Columnar Organization and Zone Length in Nﬂc"”dm
Mice

H&E staining of P18 distal femora growth plates of WT, vehicle-treated (left), Nf1<??*©, vehicle-treated (middle) and NfI<%<°,

BGJ-398-treated (right) littermates showing improved columnar structure and zone lengths in NfI“°““*°, BGJ-398-treated mice versus

NfI°*%9 yehicle-treated growth plates. Arrows indicate disorganized proliferative columns. Scale bar: 100 pm.
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complex nature of the process of endochondral bone formation and the overlap in
expression and signaling pathways downstream of FGFRs. This study provides the first
comprehensive experimental and genetic evidence indicating that the Ras-GAP activity
of neurofibromin is required in prehypertrophic chondrocytes for normal growth plate
elongation and proliferative column organization, and is required in hypertrophic
chondrocytes, downstream of FGFRI1, to attenuate the osteoclastogenic properties of
these cells in contact with the bone marrow environment, and thus the coupling between

chondrogenesis and bone modeling during development.

A number of signaling proteins are phosphorylated in response to chondrocyte FGF
stimulation, including Shc, PLCy, STATI, Gabl and FRS2a (39, 265, 266). These
signaling events lead to the activation of intracellular signaling pathways that control cell
shape, proliferation, differentiation, migration and survival. In particular, the docking
proteins FRS2a and FRS2B are major mediators of the Ras/MAPK and PI3K/AKT
signaling pathways that fine-tune the signal initiated by FGFR stimulation by negative
feedback mechanisms. This study identifies the Ras-GAP neurofibromin as one critical
intracellular components controlling FGFR signaling, specifically in postmitotic growth
plate chondrocytes, and further supports the notion that the intensity or duration of FGFR
signals during endochondral bone formation must be tightly controlled for harmonious

development of the growth plate.

Dwarfism in humans is primarily attributed to FGFR3-activating mutations and the

resulting lack of extension of the growth plate proliferating zone (24, 25, 27, 267), where
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FGFR3 is highly expressed. FGFR3 activation affects chondrocyte proliferation in a cell-
autonomous fashion but also indirectly via repression of IHH signaling (32). Global
knockout of Fgfr3 on the other hand produces mice with a bone overgrowth phenotype
including expanded proliferation and hypertrophic zones, enhanced osteoblast
differentiation and enhanced osteoclastogenesis (34, 35). In contrast to Fgfr3'/ " mice,
chondrocyte proliferation is reduced in NfI Col2¢K0 mice (Figure 14), but the width of the
proliferation zone is not affected in NfI““°*° mice. Because NfI is expressed in
prehypertrophic and hypertrophic chondrocytes, but not detectable in proliferating
chondrocytes, these results suggest that neurofibromin is required in prehypertrophic
chondrocytes to indirectly control the extension and organization of proliferative
chondrocyte columns. This conclusion is further supported by the beneficial effect of
pan-FGFR inhibition on bone size, proliferation zone width and columnar organization in

growing NfI Col2¢KO

mice (although other systemic or indirect effects of the drug cannot be
excluded). These results, along with the fact that Fgfi-1 “°“““° mice have no proliferation
zone size phenotype and that Fgfrr/-null prehypertrophic chondrocytes still are positive
for phospho-ERK (Figure 31), suggest that in prehypertrophic chondrocytes,
neurofibromin controls FGFR3 signaling to regulate, in an indirect, paracrine fashion,
chondrocyte proliferation zone length and their typical columnar organization. This does
not rule out a role of FGFRI signaling in prehypertrophic chondrocytes, based on the

severe dwarfism of individuals with osteoglophonic dysplasia and mice with Fgfri-

activating mutations.
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Concurrent ablation of Nf7 and Fgfrl in the same Col2al-expressing cell population and
at the same time during development reversed the increase in hypertrophic zone width
observed in Fgfir1“°?“*° mice. These findings suggest that reactivation of the Ras-Raf-
MEK-ERK1/2 pathway by NfI deletion in Fgfi/-deficient hypertrophic chondrocytes
functionally compensated for the reduced FGFRI1 signaling in these cells in vivo. We
have shown in a previous study that neurofibromin controls Rankl expression and
osteoclastogenesis in mature chondrocytes, and thus that increased growth plate
catabolism likely contributes to the reduction in hypertrophic width observed in
NfI°?K% mice (Figures 20, 21). The observation that chondrocytic ablation of NfI

] Col2cKO

reverses the reduction in osteoclast number observed in Fgfr mice, and the fact

that the hypertrophic zone width in Nf1<*"/%K¢

mice is shorter (while being longer in
Fgfrl Col2¢K0 mice) compared with WT mice, suggests that neurofibromin, in hypertrophic
chondrocytes, inhibits the pro-osteoclastogenic signals from FGFR1 in the chondrocytic
lineage. It remains to be determined if activation of the transcription factor ATF4,
resulting from the lack of NfI, contributes to the observed increase in Rankl expression,
as was previously shown in mature osteoblasts (135). Though RANKL and OPG are
obvious candidates to mediate changes in osteoclastogenesis at the osteochondral border,
and though we indeed observed significant changes in Rankl expression in vivo, we
cannot rule out the possibility that other pro- or anti-osteoclastogenic molecules are
differentially regulated in the presence/absence of neurofibromin or FGFR1. It must also
be emphasized that the relatively modest increase in Rankl expression in the growth

plates of Nf1<°?*° mice is to be expected based on the nature of the cells expressing this

cytokine in the growth plate, i.e. hypertrophic chondrocytes. This area of the growth plate
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indeed represents a small volume of the growth plate, is under constant catabolism, and
contains cells that are hypertrophic (hence less cell number per volume) and rapidly
eliminated. These characteristics are even more pronounced in the shortened growth
plates of NfI<°?**? mice, hence the increase in Rankl expression in this transient area

cannot be of high amplitude.

The width of the hypertrophic zone depends on multiple factors, including growth plate
maturation, catabolism but also chondrocyte apoptosis. However, no difference in
chondrocyte apoptosis has been detected between WT mice and mice lacking FGFR1
(Fgfr1“°?%9) (49) or B-Raf (268) or ERK1/2 (269) in Col2al-expressing chondrocytes.
On the other hand, we have shown in previous studies that Nf7-null chondrocytes have
enhanced sensitivity to phosphate-mediated apoptosis in vitro, although we failed to

C0l2¢K0 mice (Figure 18).

detect increased in vivo apoptosis in the growth plate of NfI
Chondrocyte forced expression of Spryl, which leads to ERK activation, as well as an
FGFR3-activating mutation, did result in premature chondrocyte apoptosis in vivo (41,
270), although constitutive activation of MEKI in these cells did not affect apoptosis (44).
Therefore, Fgfrrl loss-of-function does not alter the rate of chondrocyte apoptosis, but

ERK constitutive activation promotes it, via mechanism(s) that remains to be

characterized.

Recalcitrant bone healing (pseudarthrosis) affects about 5% of children with NF1. In this
condition, tibial bowing is followed by fracture and absence of repair, accumulation of

myofibroblasts, non-mineralized matrix and hyaline cartilage, suggesting that the early
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stages of endochondral bone repair are blocked (2). The developmental phenotypes
observed in this study suggest that pan-FGFR inhibition might have a beneficial effect in
the setting of NF1 pseudarthrosis on the formation of the cartilaginous callus and its
transition to a calcified callus required for bone union following fracture, as bone
development recapitulates the main stages of adult bone repair. Although very
speculative, this hypothesis can be addressed in preclinical models of NF1 pseudarthrosis,
particularly if treatment can be applied locally to avoid undesirable effects on other

tissues.

Collectively, our findings thus indicate that neurofibromin in postmitotic growth plate
chondrocytes plays an integral part in the Ras-ERK-dependent regulatory mechanisms
that allow these cells to integrate and balance signaling from various growth factors via
RTKs like FGFRs. These findings are relevant to genetic diseases affecting embryonic
development of the skeleton like chondrodysplasias, but also to genetic conditions
impacting bone healing in adults, like neurofibromatosis type 1 and RASopathies in

general.

Summary

Aberrant Fibroblast Growth Factor Receptor 3 (FGFR3) signaling disrupts chondrocyte
proliferation and growth plate size and architecture, leading to various chondrodysplasias
or bone overgrowth. These observations suggest that the duration, intensity and cellular

context of FGFR signaling during growth plate chondrocyte maturation require tight,
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regulated control for proper bone elongation. However, the machinery fine-tuning FGFR
signaling in chondrocytes is incompletely defined. We report here that neurofibromin, a
Ras-GAP encoded by NfI, has an overlapping expression pattern with FGFR1 and
FGFR3 in prehypertrophic chondrocytes, and with FGFR1 in hypertrophic chondrocytes
during endochondral ossification. Based on previous evidence that neurofibromin inhibits
Ras-ERK signaling in chondrocytes and phenotypic analogies between mice with
constitutive FGFR1 activation and NfI deficiency in Col2al-positive chondrocytes, we
asked whether neurofibromin is required to control FGFR1-Ras-ERK signaling in
maturing chondrocytes in vivo. Genetic NfI ablation in Fgfirl/-deficient chondrocytes
reactivated Ras-ERK1/2 signaling in hypertrophic chondrocytes and reversed the
expansion of the hypertrophic zone observed in mice lacking Fgfil in Col2al-positive
chondrocytes. Histomorphometric and gene expression analyses suggested that
neurofibromin, by inhibiting Rankl expression, attenuates pro-osteoclastogenic FGFR1
signaling in hypertrophic chondrocytes. We also provide evidence suggesting that
neurofibromin in prehypertrophic chondrocytes, downstream of FGFRs and via an
indirect mechanism, is required for normal extension and organization of proliferative
columns. Collectively, this study indicates that FGFR signaling provides an important
input into the Ras-Raf-MEK-ERK1/2 signaling axis in chondrocytes, and that this input
is differentially regulated during chondrocyte maturation by a complex intracellular

machinery, of which neurofibromin is a critical component.
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CHAPTER 1V

DISCUSSION, FUTURE DIRECTIONS AND CONCLUSION

Part I: General Discussion — Basic Science

In an effort to study the function of neurofibromin in osteoprogenitors as opposed to
mature osteoblasts, we conditionally deleted NfI in osteochondroprogenitors using the
Collagen Type 2 cre recombinase (Nf]c(,]z_/_) (4). In addition to defects in Nf]'/‘
osteoprogenitors, we found that NfJc,;”” mice are dwarf suggesting a major function of

neurofibromin in growth plate chondrocytes.

The hypothesis guiding this dissertation was that the gene product of NF'/, neurofibromin,
is not only necessary for proper growth plate formation but also negatively regulates
FGFR1 signaling during endochondral bone formation. In Chapter II, I addressed the
general function of neurofibromin in growth plate chondrocytes, and in Chapter III, I
refined the model of neurofibromin’s function and the signaling it regulates in growth
plate chondrocytes during endochondral ossification. Furthermore, both of these studies
have significant implications for the clinical treatment of NF1 pseudarthrosis. In
combination with other studies from our laboratory of the function of neurofibromin in

osteoblasts and their progenitors, my studies set the stage for a series of preclinical in
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vitro and in vivo fracture healing studies in mouse models of NF1 fracture healing; these

will be discussed in Part II of this chapter.

Neurofibromin Regulates Chondrocyte Proliferation Indirectly

Neurofibromin was found by immunohistochemistry to be expressed in prehypertrophic
and hypertrophic chondrocytes (Figure 9). As such, we examined all aspects of growth
plate chondrocytes’ proliferation and maturation, rather than chondrogenesis due to this
expression pattern and as NflcOlg‘/ " mice did not seem to have overt problems with

chondrogenesis.

We found that though NfI is not expressed in proliferative chondrocytes, NfI”~ growth
plates had significantly shorter proliferation zones versus littermate, WT growth plates
(Figure 13). Furthermore, NfI”~ chondrocytes in the proliferation zone of the growth
plate were significantly less proliferative than their WT counterparts (Figure 14). We
found that NfI”" chondrocytes expressed significantly lower levels of Ihh, a critical
paracrine factor promoting chondrocyte proliferation, both in vitro and in vivo (Figure
15). This suggests a potential mechanism whereby NfI”" prehypertrophic chondrocytes,
via impaired synthesis of Ihh, negatively influence chondrocyte proliferation in the
proliferation zone, in a non-cell-autonomous, paracrine fashion. These findings agree
with others’ findings that MAPK signaling is an important regulator of /hh gene
transcription (45). In vivo Smoothened agonism (with purmorphamine) or expression of
a Col2al driven Ihh transgene would be necessary to demonstrate conclusively that IHH

is responsible for the defects in chondrocyte proliferation in NfIc.;”~ growth plates.
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Neurofibromin Regulates Chondrocyte Hypertrophic Maturation

The hypertrophic zone of growth plates from NfI cor2’” mice was also shorter than in WT
littermates (Figure 13). To test whether Nf/”~ chondrocytes had an inherent deficit in
maturing to hypertrophy rather than this being secondary to defective proliferation or
excessive osteoclast mediated removal of hypertrophic chondrocytes, we assessed the
maturation of WT and NfI”" chondrocytes in vitro by relative Coll0Oal expression, a
marker of hypertrophic chondrocytes. We found that NfI”~ chondrocytes do not mature
to hypertrophy as shown by decreased Coll0Oal expression compared to WT
chondrocytes in vitro (Figure 17). These results agree with others’ findings that

excessive MEK activity impairs chondrocytes’ hypertrophic maturation (44).

Chondrocytic Neurofibromin Regulates Matrix Catabolism at the Osteochondral Border

Because the hypertrophic zone of Nflc,;”” growth plates was short compared to WT
littermates, we assessed whether matrix catabolism and osteoclastogenesis at the
chondro-osseous junction was dysregulated. We found that there was increased
osteoclast number at the osteochondral border in Nflc,,” mice compared to WT
littermates (Figure 20) and furthermore, that NfI”~ chondrocytes in vitro were capable of
stimulating osteoclastogenesis more so than WT chondrocytes (Figure 21). Finally, we
also found that NfI” chondrocytes synthesize more Mmp9/13 and Opn than WT
chondrocytes (Figures 16, 19, 20), which could further contribute to the excessive
cartilage matrix catabolic phenotype (due to enhanced osteoclastogenesis) in NfIcon”

mice.

141



The relative contribution of NfI-null osteoblasts versus chondrocytes to this dysregulated
matrix catabolic phenotype remains unknown. [In vitro evidence from chondrocytes
suggests that chondrocytes are sufficient to mediate this phenotype (Figure 21).
However, because my in vivo studies used the Col2al and CollOla driven cre
recombinases which target both chondrocytes and some subpopulations of osteoblasts
((4) and Figure 37), it cannot be concluded whether the phenotype in vivo is primarily
attributable to chondrocytes or osteoblasts or whether chondrocytes are sufficient to
mediate this phenotype in vivo. There are currently no available Cre-transgenes that are
specific to chondrocytes (or hypertrophic chondrocytes) without also targeting a
subpopulation of osteoblasts, making this question difficult to address. The lack of
chondrocyte specific promoters, however, may support the rather provocative hypothesis
that some hypertrophic chondrocytes do not undergo apoptotic cell death at the

osteochondral border, but instead persist and transdifferentiate into osteoblasts.

Finally, these data regarding Nf7-null chondrocyte maturation deficits in combination
with enhanced matrix catabolic properties suggest that perhaps Nf7-null chondrocytes
may not necessarily posses an inherent inability to mature to hypertrophy, but rather
follow an accelerated “maturation” program or may skip conventional hypertrophy
(marked by CollOal expression) altogether. More precise longitudinal in vitro
characterization of WT versus NfI”~ chondrocyte gene expression is required to

adequately address this unknown.
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Neurofbromin Attenuates FGFRI Signaling in Hypertrophic Chondrocytes

To elucidate the function of neurofibromin in specific zones of the growth plate
(prehypertrophic and hypertrophic) and whether neurofibromin attenuated FGFRI in
these zones, I generated double conditional knockout mice (Fgfi-con” ;Nflcon” or
Dbl““?%9) to determine whether the phenotypes of Fgfi-1“***° mice were reversed and

thus indicating that neurofibromin indeed regulates FGFR1 signaling in growth plate

[2¢K 12¢K .
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chondrocytes. I found that Db mice had opposite phenotypes of Fgfr
respect to the length of the hypertrophic zone and osteoclastogenesis at the osteochondral
border (Figures 33, 35). Furthermore, conditional deletion of NfI in hypertrophic

chondrocytes alone, led to no overt body size abnormalities of NfI</**°

mice (Figures
38, 39), though they did exhibit dysregulated osteoclastogenesis and shorter hypertrophic

zones (Figures 40-42).

Taken together, these results indicate that FGFR1 signaling is attenuated neurofibromin
in the hypertrophic zone and that FGFR1 signaling in the hypertrophic zone is important
in regulating hypertrophic zone length and matrix catabolism at the osteochondral border.
These results also suggest that NI~ hypertrophic chondrocytes play a relatively minor

role in the bone length defect of Nf7 cglg’/ " mice.

Neurofibromin Likely Attenuates Both FGFRs I and 3 in Prehypertrophic Chondrocytes
Finally, these studies indicate that neurofibromin likely attenuates both FGFRI and
FGFR3 signaling in prehypertrophic growth plate chondrocytes. We come to this

conclusion based on the cumulative weight of four distinct lines of evidence. First,
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because NfI<"%K° mice were not dwarf but NfI“?*° were, we concluded that the
function of neurofibromin in prehypertrophic chondrocytes is crucial to overall length of
long bones, and that this is possibly due to indirect regulation of chondrocytes
proliferation regulated by IHH produced by prehypertrophic chondrocytes. When we
treated Nfco,” mice with the pan-FGFR inhibitor BGJ-398 we found that both
proliferation and hypertrophic zone lengths were significantly improved and body length
also improved. Because both Fgfir/ and Fgfr3 are expressed in the prehypertrophic zone
(Figure 29), these results suggest that FGFRs 1 and 3 in the prehypertrophic zone were
inhibited to improve proliferation zone length; indeed, we showed that ERK activation
was decreased by immunohistochemistry following BGJ-398 administration (Figure 45).
Secondly, this conclusion is supported by the fact that FGFR1 constitutive activation in
osteoglophonic dysplasia patients is sufficient to cause dwarfism (50, 258), and FGFR3
constitutive activation is also sufficient to cause dwarfism (27, 28) (though this is effect
is both direct as FGFR3 is expressed in proliferative chondrocytes and indirect via IHH
mediated effects in prehypertrophic chondrocytes (32, 38-43)). Third, because our BGJ-
398 treatment had no effect on body length or growth plate zone lengths in WT animals
but was effective in NfIco»” (Figures 46, 47), this suggests that the effect of the BGJ-
398, a pan-FGFR inhibitor, was specific to the NfIc,;”" phenotype, and as discussed
above, prehypertrophic chondrocytes are responsible for bone/body length in Nf7con”
animals. Finally, because Fgfi-/ inactivation in NfI”" chondrocytes did not rescue
Nflcoy” induced dwarfism (Figure 32) and ERK activity was still dysregulated with
Fgfrl ablation in NfI-null chondrocytes (Figure 31), we hypothesize that another

dysregulated receptor(s), most likely FGFR3 based on established precedent, is sufficient
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to cause a dwarfism phenotype. An informative but technically challenging experiment
to study this genetic interaction further would be the generation of triple conditional
Fgfrl, Fgfr3, Nfl knockout mice. The refinement of the role of neurofibromin in growth

plate chondrocytes is shown in Figure 49.

Part II: Clinically Oriented Discussion — Future Directions

The goal of these studies, in addition to the pursuit of determining the function of
neurofibromin in growth plate chondrocytes, is to inform clinically relevant studies of
neurofibromin’s function in chondrocytes during fracture healing and the ways in which

NF1 pseudarthroses can be treated given these findings.

New Pharmacological Strategies for Treating NF1 Pseudarthrosis
These studies highlight several pharmacological targets that may be targeted during
fracture healing in NF1. These include modulation of IHH signaling, the MAPK cascade

directly, and FGFR inhibition.

Purmorphamine

My studies showed that 7k expression was decreased in NfI”~ chondrocytes. Though not
performed, it remains to be explored whether agonism of the hedgehog pathway with the
smoothened agonist purmorphamine in vivo would improve the body size of Nflcon”
mice via stimulation of chondrocyte proliferation or whether purmorphamine would

enhance differentiation of NfI”~ osteoprogenitors into functional osteoblasts in vitro or in
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Figure 49. Model of the Role of Neurofibromin in Growth Place Chondrocytes Considering Spatial Expression of Nf1, Fgfrl,
and Fgfir3

In hypertrophic chondrocytes, neurofibromin attenuates FGFR1 signaling to regulate width of the growth plate hypertrophic zone and

matrix catabolism at the osteochondral border. In prehypertrophic chondrocytes, neurofibromin attenuates both FGFR1 and FGFR3

signaling to regulate body/long bone length and width/organization of the growth plate proliferation zone.
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vivo. If purmorphamine proved to be effective on these developmental parameters in
mice, it may also be useful in the setting of NF1 pseudarthrosis as chondrocyte function
is hypothesized to also be impaired in fracture healing and others in our group have
showed that osteoprogenitor/osteoblast differentiation and function are also impaired
with NfI loss-of-function (134, 144). There are potential caveats to this approach
however. Given that we observed non-/hh dependent effects of NfI loss-of-function,
namely defects in chondrocytic matrix catabolism (Figures 16, 19-21) and excessive
production of pyrophosphate in osteoblasts and chondrocytes (134), we hypothesize that
purmorphamine treatment would not correct these defects in  matrix

catabolism/mineralization.

CNP

My studies showed the efficacy of C-type natriuretic peptide to improves body length and
proliferation/hypertrophic zone lengths in NfI”~ growth plate chondrocytes (Figures 25,
26) and that ERK activation in chondrocytes was decreased with treatment (Figures 24,
25). These studies, performed in the developmental context suggest that CNP may also
be useful in chondrocytes in the fracture healing setting. Furthermore, molecular
confirmation of rescue of aberrant gene expression and function in chondrocytes with

CNP treatment (such as 7hh, Coll0al, and Rankl) is warranted.

Of note, our laboratory recently published studies showing the efficacy of dual treatment
of NfI”" osteoprogenitors with the MEK inhibitor trametinib and BMP-2 in promoting

osteoprogenitor differentiation into osteoblasts and improving fracture healing in Nf7os ™"
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mice (144). Because WT and NfI”" bone marrow osteoprogenitors also express the CNP
receptor Npr-b, regardless of their differentiation stage (Figure 50), we hypothesize that
treating NfI”~ osteoprogenitors with CNP and BMP-2 together may prove to be as equally
efficacious as trametinib and BMP-2 treatment since CNP, like trametinib, inhibits the
MAPK cascade, though via indirect Raf inhibition, not MEK inhibition (197). These
studies are in the very preliminary in vitro stages, but are ongoing. Use of CNP as
opposed to trametinib in osteoblasts may be advantageous for several reasons. First, if
CNP is also effective in normalizing NfI”" callus chondrocyte function as well as being
effective in promoting callus osteoblast differentiation and function, simplification of the
treatment paradigm from three drugs, CNP (to target chondrocytes), trametinib and BMP-
2 (to target osteoblasts/progenitors), to only two drugs, CNP (to target both chondrocytes
and osteoblasts/progenitors) and BMP-2 (to target osteoblasts/progenitors), would be
possible and desirable. Secondly, CNP can be administered systemically with limited
adverse effects as opposed to trametinib whose target (MEK) is ubiquitously expressed.
CNP’s receptor, NPR-B, has a much more limited expression pattern. This is known
because CNP is in currently in clinical trials for achondroplasia in children and thus has

known safety, pharmacokinetic and dosing profiles in children with bone abnormalities.

BGJ-398

I also addressed the effects of FGFR inhibition during endochondral bone formation in
my studies. [ found that the pan-FGFR inhibitor BGJ-398 significantly improved bone
length and growth plate zone length parameters in Nflc,;”” mice and in a manner that

suggested it was specific to the defects caused by NfI deficiency (Figures 46-48). Use of
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Figure 50. Npr-b Expression in WT and NfI”" Bone Marrow Derived Osteoblasts
RT-PCR for Npr-b shows that Npr-b is expressed in WT and NfI” osteoblasts and progenitors throughout their differentiation in
osteogenic media and does not depend on the mutation status of Nf7.
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BGJ-398 in a fracture healing setting in a NF1 mouse model to target chondrocytes is an
attractive thought to address whether BGJ-398 would improve the function of NfI™
chondrocytes in this setting as well and whether this significantly improves bone
union/fracture healing callus parameters that are defective in NF1 fracture healing mouse

models.

We hypothesize that inhibition of FGFRs may be beneficial for NfI”~ chondrocyte
function and maturation in the soft callus of NF1 patients, however the therapeutic
potential of FGFR inhibition in other cells types contributing to fracture healing (MSCs
and osteoblasts/progenitors) remains unclear as does whether neurofibromin attenuates
FGFRs in these cell populations. Regardless of whether neurofibromin attenuates FGFRs
in MSCs, FGFRs have been implicated in MSC proliferation during fracture healing (71,
72). Therefore, it is possible that FGFR inhibition could prevent MSC proliferation
necessary for callus formation resulting in an atrophic callus, or, on the opposite end of
the spectrum, that FGFR inhibition could prevent aberrant proliferation of NfI™"
progenitors that may contribute to the hamartomatous accumulation of cells at the NF

pseudarthrosis site.

FGFR1 and FGFR3 signaling in osteoblasts/progenitors during development and fracture
healing remains poorly understood in addition to whether neurofibromin regulates these
signaling molecules in these contexts. Both gain- and loss-of-function mutations in Fgfi3
in mice cause a low bone mass phenotype (225, 271-273). Fgfrl conditional knockout

studies indicated that the effects of FGFRI1 signaling in osteoblast/progenitors was
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dependent on the stage of differentiation (49). Therefore, the effect of FGFR inhibition

in osteoblasts/progenitors during fracture healing also remains difficult to predict.

Thus, the effect of FGFR inhibition during fracture healing may have diverging effects at
different stages of fracture healing, the worst case scenario being that BGJ-398 has
negative effects on MSCs, positive effects on chondrocytes, and negative effects on
osteoblasts/progenitors. For these reasons, we believe that FGFR inhibition therapy for
NF1 pseudarthrosis may only target soft callus formation and its transition to the hard
callus. This would make the timing of BGJ-398 delivery crucial to its potential as an
NF1 pseudarthrosis therapy. It may also be necessary to deliver BGJ-398 locally in
children to avoid off-target effects of systemic FGFR inhibition. The timing of delivery
and delivery formation are both parameters that can be addressed in NF1 fracture healing
mouse models. Finally, identification of the NF1 pseudarthrosis cell of origin, and thus
knowing which cells to target, would lend insight into these significant unknowns; this

will be discussed below.

Is Proper Chondrocyte Function Necessary for NF1 Fracture Healing?

Fracture healing is a regenerative process that resembles both endochondral and
intramembranous bone formation processes at its core with intramembranous ossification
occurring distal to the fracture site (adjacent to the vascularized bone) and endochondral
ossification occurring distal to the bone fragments (the avascular zone) (65-68). One
thought experiment that should be undertaken in the case of the NF1 pseudarthrosis and

these proposed therapies is whether fractures can heal via intramembranous bone repair

151



alone. If intramembranous bone repair can be sufficient for bone healing, therapies that
sufficiently targeted the NF1 pseudarthrosis cell of origin to differentiate into a functional
osteoblast, not a functional chondrocyte, may be sufficient to promote fracture healing in

NF1 patients.

Lessons from achondroplasia patients electing to undergo limb-lengthening surgeries
may be informative to this question. Limb-lengthening surgeries involve surgically
induced fracture (osteomy) followed by Ilizarov distraction osteogenesis (274). One
study compared the limb-lengthening bone healing times in patients with syndromic short
stature (such as achondroplasia) versus non-syndromic patients with limb length
discrepancy (due to physeal trauma, etc.) found that the bone healing index (days to bone
consolidation per cm lengthened) was no different in non-syndromic patients versus
achondroplasia patients (275). Similarly, there were no significant differences in the
complication rate between these two populations. Because it remains debated whether
Ilizarov distraction osteogenesis promotes bone healings via both intramembranous and
endochondral bone repair or solely intramembranous bone repair (276-281), two slightly
different interpretations can be drawn from this study. If intramembranous ossification is
solely responsible for the repair, this suggests that patients with chondrocyte defects can
repair bone solely via intramembranous repair mechanisms, without chondrocytes. If
both endochondral and intramembranous bone repair are at work in Ilizarov distraction
osteogenesis, the lack of healing index differences between non-syndromic patients
versus achondroplasia patients suggests that functionally impaired chondrocytes, at least

in achondroplasia patients, do not negatively affect fracture repair. It must be noted that
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mouse models of achondroplasia suggest that chondrocyte proliferation and maturation to
hypertrophy are severely affected (30, 32, 33). There is limited evidence for defects in
matrix catabolic defects (some reported increased osteoclastogenesis dependent on
FGFR3 activity in osteoblast precursors (33)) at the osteochondral border in Fgfi-3*“"
mice as there are in NfIco;” mice. This zone is critical in coordinating the transition
from cartilage to bone at the osteochondral border during development and suspected to
be equally critical during fracture healing (68, 282-284). Functional defects in
hypertrophic chondrocytes may therefore not be completely addressed by fracture studies

in achondroplasia patients and thus may not speak to the necessity of hypertrophic

chondrocytes for successful fracture healing.

Studies from our laboratory indicate that NfI”~ osteoprogenitor function and
differentiation can be rescued via combined MEK inhibitor and BMP-2 treatment in vitro
and in the NfI osc" model of fracture repair (144). Though it remains unknown whether
the Nflos” model of fracture healing has defects in callus chondrocytes (the transgene is
developmentally active in hypertrophic chondrocytes (145)), it is clear that the
osteoprogenitor is severely affected in this model and fracture healing is similarly
impaired (134, 144). Therefore, if targeting NfI”~ osteoprogenitors/osteoblasts was
sufficient to promote bone healing in these NfI os~ fracture studies and the NF1 cell of
origin in humans were not ontogenetically prior to the osteoprogenitors genetically
targeted in the Osx-Cre model or even if therapies could promote an ontogenetically
earlier cell of origin to differentiate into an NfI”~ osteoprogenitor that could then be

treated with MEK inhibitors and BMP-2 dual treatment, therapies that exclusively
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targeted chondrocytes may be irrelevant. In this scenario, it should be noted, that
therapies targeting NfI”~ chondrocytes during fracture healing, such as BGJ-398, would
not necessarily be detrimental to fracture healing, but may not be critical to promoting

bone union.

Modeling NF'1 Skeletal Dysplasia: The Search for the Cell of Origin

This discussion leads to a central question that remains unanswered in the field of NF1
skeletal manifestations: what is the cell of origin of the disease and is it the same for all
of the skeletal manifestations? Many genetic mouse models of NF1 skeletal dysplasia
have been developed which have greatly helped us understand the function of
neurofibromin in various skeletal cell types and have improved our understanding of the
etiology/pathogenesis of the NF1 pseudarthrosis and other skeletal manifestations. Each
of the current models, however, is not without shortcoming. For example the Nfl ¢,
mouse model showed that mature osteoblasts are not responsible for the majority of the
NF1 skeletal pathologies since the bone phenotypes of this mouse deviated significantly
from patients (135). However, studies in this mouse model revealed several important
functions of neurofibromin in mature osteoblasts and as a result, this was model was still
useful in a proof-of-concept study using nanoparticles encapsulating statins to target Ras

activity in the fracture callus osteoblasts (137).

Generation of new mouse models that more closely recapitulate fracture healing, skeletal
development, and the genetic context as in NF1 patients will, however, help more fully

understand the NF1 skeletal etiology/pathogenesis as well as aid in the development of
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novel therapies. New mouse models of NF1 skeletal dysplasia that further elucidate and
model the cell of origin for each skeletal manifestation and how it contributes to these
disease manifestations will significantly progress the field. One of the current limitations
of the existing mouse models of NF1 skeletal dysplasia using Cre/loxP conditional
knockout technologies is that enormous populations of cells and their progeny are
targeted for genetic NfI ablation. In NF1 patients however, it is hypothesized that focal
bone manifestations arise via the local loss of NFI heterozygosity in a small number of
cells, presumably arising from a single cell (5-7). Thus, in NF1 patients not all skeletal
cells are NFI-null, but in the NfI cor2’” model, almost all long bone skeletal cells are NfI .
This results in mouse skeletal phenotypes that are much stronger and different than in
NF1 patients (i.e. dwarfism via targeting growth plate chondrocytes, and NfI deficiency
in all long bones), and though this is useful in studying the pathology of NF1 skeletal
manifestations because finding a phenotype is relatively simple, it is not always clinically

relevant.

NﬁperRT'/ " Mouse Model Development

We have begun some preliminary work to generate a new mouse model of NF1 skeletal
dysplasia that we hope will ameliorate many of the shortcomings of the existing mouse
models of NF1 skeletal dysplasia. This entails using mice harboring a tamoxifen
inducible Prx-Cre transgene to target NfI for deletion. The expression of this cre-
transgene in adult mice is limited to the periosteum, where it is believed the
osteochondroprogenitors responsible for both intramembranous and endochondral bone

repair following fracture reside (285). Initial characterization of this transgenic cre line
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by cell lineage tracing experiments show that the periosteal cells expressing Prx in adult
life give rise to both osteoblasts and chondrocytes within the fracture callus (285). We
believe given this tracing pattern, that adult Prx expressing cells within the periosteum

may be the cell of origin of the NF1 pseudarthrosis and other skeletal phenotypes.

Furthermore, to address the hypothesis that a small number of cells within the periosteum
loose NF'1 heterozygosity, we are experimenting with injecting the active tamoxifen
metabolite, 4-OH tamoxifen in a local fashion, against the periosteum with the goal of
recombining only a small number of Prx expressing, NfI/"/ cells within the periosteum.
We will then fracture these locally recombined mice and assess whether fracture healing
delays manifest. These mice can also be bred onto an NfI " global genetic background to
assess the role of the NfI™" microenvironment in developing NF1 pseudarthrosis. This
model could recapitulate what occurs in NF1 pseudarthrosis patients and identify the cell

of origin as a periosteal residing, Prx expressing Nf1”~ cell.

Other possible applications of this model could include the study of NF1 related scoliosis
and tibial bowing. Potential experiments could include local injection of 4-OH tamoxifen
against the periosteum during early postnatal development to study whether NfI™
periosteal cells expand aggressively (similar to cancer cells) and are capable of inducing
bone bowing or cortical porosity leading to bone fragility and spontaneous fracture.
Likewise, local injection of 4-OH tamoxifen adjacent to spinal vertebral periosteum
during development and subsequent assessment of whether scoliosis develops is another

possible use of this model. These studies would require confirmation of axial skeletal
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expression of the Prx transgene in the periosteum since Prx is not expressed the axial

skeleton during embryonic development (286).

Identifying an NF1 Skeletal Cell Surface Marker or Secreted Factor

A provocative way of thinking of the NF1 pseudarthrosis, its treatment, and identifying
its cell of origin is to think of NF1 focal manifestations as a neoplasm. Initially, cells that
have lost NFI heterozygosity most likely represents a very small portion of the total
populations of NFI*” cells in bone. These cells, however, can have a profound effect on
the bone and contribute to significant skeletal morbidity. Two approaches that have been
employed in the pursuit against cancer have been to (i) identify cancer cell derived
biomarkers in bodily fluids that are diagnostic, predictive, and informative of disease
course as well as to (ii) identify unique cell surface markers on cancer cells that can be

exploited either by small molecules or biologics to eliminate these cells.

Approaching the NF1 cell of origin as a cancer cell and thus targeting it by similar
approaches may prove fruitful. Existing mouse models of NF1 skeletal dysplasia that
target large numbers of cells may be used in combination with novel proteomic or
metabolomic approaches with bodily fluids to initially identify secreted factors unique to
NfI”" skeletal cells and comparison between models may be helpful to identify cell type
specific markers. If the NfIpnzrr” model proves useful, this model could also be used to
refine such markers and determine whether such biomarkers exist in Nf7 " periosteal
progenitor cells and can be detected when only a small number of NfI”" cells are present

after local recombination. These searches can also be performed and/or refined using
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bodily fluids from NF1 patients with or without obvious skeletal disease. Identification
of cell surface markers can theoretically be pursued in a similar manner via proteomic

approaches with mouse and human NF/-null cells

Conservation of Neurofibromin Function: From Mice to Humans

To date, most studies of the function of neurofibromin in bone have been performed in
mice and in cells derived from the mouse. Questions related to the conservation of the
function of neurofibromin in mouse bone cells versus human bone cells remain largely
unaddressed. This gap in knowledge has primarily arisen due to the difficulty of isolating
NFI”" bone cells from pseudarthrotic sites. It was not until recently where NFI loss of
heterozygosity was identified in a significant number of pseudarthrotic sites in NF1
patients (6, 7). This discovery was made in large part due to the use of novel sequencing
approaches (whole exome sequencing). Similar to efforts in identifying NFI” cells in
pseudarthrotic sites, efforts to culture and study NFI”" bone cells have been hindered by
isolating NF'I " pseudarthrosis cells and furthermore by getting the NF'/ ” pseudarthrosis
cells to thrive in culture for experimentation. Use of iPS technologies are currently being
explored by our collaborators to take NFI” cells from non-pseudarthrotic sites that may
grow better than NFI” pseudarthrosis cells (i.e. neurofibroma, etc.) as well as using
NFI"" skin cells transformed into NFI”" by genome editing Crispr/Cas9 technologies.
NFI”" iPS cells along with autogenous NF/ “iPS cells (generated from other anatomical
sites within the same patient) could then theoretically be grown in osteogenic media to

study to function of neurofibromin in human bone cells with identical genetic
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backgrounds. These studies will be informative of the function of neurofibromin in

human cells and whether knowledge gained from the mouse is conserved across species.

Conclusion

In closing, the research described in this dissertation has shown several critical functions
of neurofibromin and cell surface receptors that it regulates in the developing mouse
growth plate and in chondrocytes. This research lays the groundwork for numerous
preclinical applications and future research directions towards the goal of treating the

NF1 skeletal dysplasia and particularly NF1 pseudarthrosis.
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