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Abstract

The mammalian/mechanistic target of rapamycin (mTOR) signaling pathway plays critical roles in
skeletal development. The impact and underlying mechanisms of its dysregulation in bone
homeostasis is poorly defined. The best known and characterized mTOR signaling dysregulation
in human disease is called Tuberous Sclerosis Complex (TSC). TSC is an autosomal dominant
neurocutaneous syndrome with a high frequency (>66%) of osseous manifestations such as
sclerotic lesions in the craniofacial region. TSC is caused by mutations of TSC1 or TSC2, the
heterodimer protein inhibitor of mMTORC1 signaling. The underlying mechanism of bone lesions in
TSC is unclear. We generated a TSC mouse model with TSC1 deletion in neural crest derived
(NCD) cells, which recapitulated the sclerotic craniofacial bone lesion in TSC patients. We
demonstrated that TSC1 null NCD osteoblasts overpopulated the NCD bones and the resultant
increased bone formation is responsible for the sclerotic bone phenotype. Mechanistically,
osteoblast number increase is due to the hyperproliferation of osteoprogenitor cells at an early
postnatal stage. Noteworthy, administration of rapamycin, an mTORCL1 inhibitor at early postnatal
stage can completely rescue the excess bone acquisition, but late treatment cannot. Altogether, our
data suggested that enhanced mTORCL1 signaling in NCD cells can enlarge the osteoprogenitor
pool and lead to the excess bone acquisition, which is likely the underlying mechanism of sclerotic
bone lesion observed in TSC patients.
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The mammalian target (also known as the mechanistic target) of rapamycin (mTOR)
signaling pathway could sense and integrate intracellular and extracellular signals, such as
insulin, hormones, growth factors and nutrients to modulate cell growth, homeostasis and
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survival. The serine/threonine kinase mTOR is present in two distinct protein complexes:
MTOR complex1l (MTORC1) and mTOR complex2 (mMTORC?2). There are two critical
upstream regulators of mMTORC1: Akt signaling and a heterodimer protein inhibitor TSC1/2,
which consists of tuberous sclerosis 1 (TSC1, also known as harmatin) and TSC2 (also
known as tuberin). TSC1/TSC2 complex is upstream inhibitor of mMTORC1, and thus in the
absence of either TSC1 or TSC2, mTORCI signaling is chronically increased [11.

mTOR signaling pathway regulates many major cellular processes and is implicated in an
increasing number of pathological conditions including bone lesions in Tuberous Sclerosis
Complex (TSC) disease. TSC is an autosomal dominant neurocutaneous syndrome
characterized by the presence of benign congenital tumors in multiple organs, such as brain,
lung, liver, kidney, heart, and alimentary tract. TSC is caused by inactivating mutations of
TSC1 or TSC2 and with an estimated prevalence at 1/5800 at birth [2]. Osseous
manifestation of TSC has a high frequency (>66%) and is very diverse, including sclerotic
lesion, cyst like lesion, osteoporotic lesion [31. 40-60% TSC patients have sclerotic bone
lesions but its etiology and mechanisms are poorly defined. Sclerotic lesions vary in size,
shape and location. It can occur in cranial bone, hand, feet, vertebrae, rib and long bone with
the highest incidence in calvaria (40-50%) [4 3I. The frontal and parietal bones are most
often involved. Hyperostosis on the inner table of calvaria and sclerotic islands in the vault
diploe are commonly seen [4l. Microscopic change shows osteosclerosis [4]. Cranial sclerosis
is not seen in very young age, about half cases will present in their first decade of life [6],
Occasionally, the calvaria can be generalized sclerosis and thickening [7: 8.

Despite the high relevance to human disease, we have limited knowledge about how mTOR
signaling regulates bone metabolism in vivo. Studies using rapamycin, an mTORC1
inhibitor, have showed both positive [*-11] and negative [12-15] effects on osteogenesis in
vitro. Some recent reports demonstrated the important roles of mTOR signaling in skeletal
development [16-18] However, despite the high prevalence of bone lesions in TSC patient,
the underlying bone lesion mechanism is largely unknown, which is mainly due to the lack
of appropriate animal models of TSC bone lesions. Because TSC is caused by the loss-of-
function mutation in either TSC1 or TSC2, TSC1 or TSC2 knockout mouse models are the
logic models to investigate this disease mechanism. However, the embryonic lethality of
conventional TSC1 or TSC2 knockout mice prevented us from utilizing these models to
study the postnatal sclerotic bone lesions [19. 201,

Recently, we generated a viable TS bone lesion mouse model by deleting TSC1, the
negative regulator of MTORC1, with PO-Cre, which specifically targets neural crest derived
cells2]. Tsc1flox/flox:po.Cre mice (CKO) had dramatically increased thickness of neural
crest derived frontal bone but not of mesoderm derived parietal bones. Of note, the frontal
bone thickness of TSC119¥/*: P0-Cre mice (cHet) mice is comparable to control
(TSC1flox/floxy Besides the sclerotic alteration in bones formed by intramembranous
ossification, cranial base bones with neural crest origin (presphenoid and basisphenoid bone)
formed by endochondral ossification also had increased bone mass (Xiaoxi Wei and Fei Liu,
unpublished). Interestingly, mutant bones had not only increased mass but also increased
tissue mineral density (Xiaoxi Wei and Fei Liu, unpublished). Interestingly, TSC2 deletion
in mature osteoblasts also leads to increased calvaria thickness [16]. However, the
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disorganized bone structure was reported in that study, which is clearly different from the
highly mineralized bone in our model. TSC patients are often reported to have sclerotic
calvaria island, which is more similar to the sclerotic bone phenotype in our mouse model.

Histomorphometry analysis of one-month-old CKO and control mice demonstrated
enhanced bone formation rate on both extracranial and intracranial surfaces of frontal bone
in CKO mice. TRAP staining showed similar osteoclast number and surface on frontal bone
of CTR and CKO mice, indicating that increased bone mass in CKO mice is due to
increased osteoblast bone formation but not altered osteoclastogenesis. To determine the
effect of TSC1 deletion on osteoblast differentiation, we examined the osteoblast
differentiation marker gene expression. The only difference we observed is slightly
increased expression of Osteocalcin, whose inactivation or over-expression does not affect
extracellular matrix mineralization [22. 23],

The relatively low PO-Cre activity (<30%) revealed by reporter mice analysis and high
TSC1 deletion efficiency (60%—90%) shown by western blot prompted us to hypothesize
that TSC1 null cell may overpopulate the mutant bone. To test this hypothesis, we
performed lineage tracing experiment. We found significantly increased PO-Cre targeted
cells in neural crest derived frontal bones in one-week-old skulls of CKO mice compared to
cHet mice. This strongly supported the notion that TSC1 null neural crest derived cells
overpopulated neural crest derived bones. Using the anti-osterix (an osteoblast marker
protein) antibody, we found significantly increased osterix positive osteoblast in the
periosteum of CKO frontal bone. In addition, we found an increase in osteocyte density in
CKO frontal bone. All these data suggested that TSC1 deletion by PO-Cre leads to increased
osteoblast lineage cells. To account for the increased osteoblasts in CKO, we found a
striking increase of proliferation in frontal bone periosteum of CKO mice at one week old
but not at one month old. The mechanism of increased proliferation in CKO osteoblast
progenitor cells is under further investigation. Altogether, these data indicated that the
excess bone acquisition in CKO mice is due to increased osteoblast progenitor proliferation.

Interestingly, when we treated CTR and CKO mice with rapamycin, an mTORCL1 inhibitor,
from one-week-old to two-month-old, the increased calvaria thickness phenotype was
completely rescued in CKO mice. However, when rapamycin was delivered after one-
month-old, the high bone mass bone phenotype in CKO mice cannot be rescued, suggesting
that the causative change of sclerotic bone phenotype has already occurred at one month of
age. This prompted us to hypothesize that up-regulated mTORC1 signaling in neural crest
cells can enlarge the osteogenic stem cell number during early postnatal stage. The enlarged
osteogenic stem cell pool is responsible for the subsequently increased osteoblast lineage
cells and increased bone mass acquisition. To support this notion, we observed increased
proliferation in cranial periosteum (rich in osteoprogenitors) in CKO mice at early (one
week) but not late (one month) postnatal stage. We are currently using mouse models with
TSC1 deletion in cranial osteogenic stem cells to further test this hypothesis.

In summary, we established the first mouse model recapitulating the craniofacial sclerotic
bone lesions in TSC patients. Mechanistically, enhanced mTORCL signaling in neural crest
cells can promote the expansion of osteoprogenitor pool at an early stage, which is likely the
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underlying mechanism of the sclerotic bone lesion observed in TSC patients. The molecular
mechanisms of osteoprogenitor cell proliferation regulation by TSC1/mTOR remains to be
determined.
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