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ABSTRACT 

 

 In this dissertation, the role of TGFβ signaling is dissected in the context of 

mechanical loading and mechanotransduction.  Using an in vivo mechanical loading 

regimen, this study is the first to show the mechanosensitive regulation of TGFβ in bone 

and specifically osteocytes.  TGFβ signaling is rapidly repressed within 5 hours of 

mechanical loading.  This was shown using three different techniques including in vivo 

luciferase Smad2/3 functional assay, immunohistochemistry, and western blotting.  

TGFβ is required for the anabolic effect of mechanotransduction in bone.  Mice with 

reduced TGFβ signaling due to a dominant negative TβRII allele expressed under the 

control of an osteoblast/osteocyte specific promoter displayed an impairment in load-

induced bone formation.  TGFβ regulates an osteocyte specific gene, SOST, to 

transduce mechanical stimulus for bone formation.  The first study in this dissertation 

establishes TGFβ as a major pathway that plays a role in load-induced bone formation. 

 The rapid response of TGFβ signaling to load begs for the question of the 

mechanistic regulation of Smad2/3 at the early time points of mechanotransduction in 

bone.  The second study in this dissertation focused on determining the mechanism of 

repression of Smad2/3 in osteocytes.  We approached this question using an in vivo 

loading regimen and an in vitro fluid flow assay to understand how TGFβ is being 

regulated.  Prostalgandins E2, or PGE2, a pathway that is upregulated within 10 min of 

mechanical stimulus in osteocytes.  We showed that the protein expression of TβRI is 

dependent on the PGE2 receptor, EP2.  Furthermore, this study is the first to show the 
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mechanosensitivity of a deubiquitinase, called CYLD, in osteocytes.  CYLD protein 

expression is reduced within 3 hours after load but not it’s mRNA levels indicating a 

posttranslational modification step.  EP2-mediated repression of TβRI is dependent on 

CYLD activity.  Understanding the signaling mechanism of load-mediated 

mechanotransduction and the TGFβ pathway in this physiological process could provide 

new targets for therapeutic intervention in low bone mass diseases such as 

osteoporosis. 
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Chapter 1 

Introduction 

 

Bone remodeling model 

 Osteoporosis, a low bone mass disease, causes about 125 million fractures a 

year (Black and Rosen, 2016).  This disease progresses from an imbalance of bone 

mineral homeostasis resulting in more calcium and phosphate ions to be lost from the 

skeleton without an adequate replenishment to maintain the skeletal strength.  Over 

time, bone mass attenuates, leaving the bone at high risk for fracture.  According to the 

NHANES 2013-2014 report, approximately 125 million people worldwide have 

osteoporosis, the majority of whom are post-menopausal women over the age of 50.  

One in three women and one in five men suffer from fractures every year.   The primary 

sites for fracture are the forearm, humerus, hip, and spine.  In addition to affecting 

quality of life, hip fractures in particular have been linked to an 21% increase in mortality 

within a year of fracture (Schnell S et al., 2010).  Therefore, therapies to prevent or 

reverse osteoporosis will have significant impact on health, longevity, and quality of life.   

Osteoporosis is a disease that results from deregulation of biological or 

mechanical homeostasis.  For example, in chronic kidney disease, elevated levels of 

FGF23 and PTH, and decreased vitamin D, disrupt bone mineral homeostasis and bone 

mass (Hill and Spiegel, 2017).  Inflammation mediators such as IL-6 and TNF induce 

bone resorption in inflammatory bowel disease, in addition to a decreased absorption of 

calcium and phosphate ions in the intestine (Bastos et al., 2017).  Astronauts traveling 

in space for 4 to 6 months experience reduced mechanical stimulation and bone loss at 
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a rate of 0.9% to 1.5%/month in bone mineral density (Lang et al., 2004).  Evidently, 

biological factors, like hormones and signaling molecules, and physical stimulation are 

critical for the balance of bone mineral circulation and bone health.  Due to the 

complexity of this process, much of the molecular mechanisms governing bone 

homeostasis remain elusive. 

 A part of the challenge to understanding bone remodeling is the multicellular 

environment at the bone surface.  Within the bone marrow, reside mesenchymal lineage 

cells, which give rise to osteoblasts, and hematopoetic lineage cells, which give rise to 

osteoclasts (Sims and Martin, 2017).  During bone modeling, these two classes of cells 

are the workhorses.  The osteoblasts and osteoclasts lay down and resorb bone, 

respectively.  Bone remodeling occurs initially with the differentiation and recruitment of 

osteoclast cells to the bone surface to be remodelled.  Mice deficient in c-fos, cathepsin 

K, v-ATPase, and RANKL have impaired osteoclast differentiation and bone resorption, 

resulting in high bone mass phenotypes (Henriksen et al., 2014).  Conversely, bones 

from mice deficient in the lineage-specific transcription factor for osteoblasts Runx2 fail 

to mineralize, due to a blockade in osteoblast differentiation (Otto F et al., 1997). 

The differentiation and function of osteoclasts and osteoblasts is tightly coupled 

to maintain bone homeostasis.  Osteoclasts regulate the differentiation of osteoblasts, 

which replenish the deficient mineral regions. The coupling mechanism can occur by 

cell-cell-contact through bidirectional signaling from ephrin B2 on osteoclast cell surface 

to EphB4 receptor on osteoblasts, or by matrix-embedded growth factors, such as IGF1, 

which is released during bone resorption (Mundy GR and Elefteriou F, 2006).   
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Another critical pathway for regulating bone formation and resorption is the Wnt 

pathway.  Wnt signaling begins with the binding of Wnt to its receptor, Frizzled, and co-

receptor, Lrp5/6.  Activation of Frizzled lead to the phosphorylation and inactivation of 

GSK3β.  This, in turn, allows for β-catenin to translocate into the nucleus and initiate 

transcription of osteogenic genes including WISP, Runx2, and OPG (Canalis E., 2013).  

Mutations in any of these proteins lead to impairment of osteoblast differentiation and 

reduced bone mass (Canalis E., 2013).  Embedded within the bone are osteocytes 

which make up 90% of bone cells (Bonewald LF, 2011).  The Wnt pathway also plays a 

critical role in osteocyte regulation of osteoblast activity.  A negative regulator of Wnt 

signaling is Sclerostin, or SOST, and acts as a decoy by binding to Lrp5/6 and prevents 

the co-receptors from binding to the Wnt receptor for activation in osteoblast.  Patients 

with Van Buchem disease have reduced SOST expression and high bone mass or 

sclerosteosis (Boudin E et al., 2016).  Osteocytes express sFRP-1 to inhibit Wnt 

signaling in osteoblasts. Coupling of osteoclasts, osteoblasts, and osteocytes require 

precise timing and signaling mechanisms.  Another important pathway for the regulation 

of skeletal homeostasis is the TGFβ pathway. 

 

TGFβ pathway 

 

 The TGFβ superfamily is subdivided into three main signaling families including 

the BMP, Activin, and TGFβ pathways.  The focus of this dissertation is the TGFβ 

pathway.  The TGFβ pathway initiates with the binding of the TGFβ ligands, TGFβ1, 

TGFβ2, or TGFβ3, to the TGFβ receptors.  Binding of the ligand to the TGFβ receptors 
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induces a heterotetramerization of the type I and type II receptors (Heldin C et al., 

2016).  The five type II receptors and seven type I receptors are serine-threonine 

receptor kinases.  TGFβ ligands classically bind to TGFβ type II receptor (TβRII) 

dimers, which are constitutively active and phosphorylated at the glycine-serine rich 

domains.  This tight binding recruits the TGFβ type I receptor (TβRI), called ALK-5, to 

the TGFβ type II receptor to be phosphorylated leading the activation of the type I 

receptor.  Smad2 and Smad3 effectors then bind to TβRI, at which point, Smad2 and 

Smad3 are phosphorylated at the C-terminal end.  Smad2 and Smad3 dimerize and 

bind to the co-Smad, Smad4, which aids in the complex translocation into the nucleus 

for initiating gene transcription (Hill C., 2016).   

 While many studies showed the direct activation of Smad2/3 by the TβRI and 

TβRII complex, effectors known to be activated by receptor tyrosine kinases are also 

activated by TβRI and TβRII.  Activation of the TGFβ receptors by phosphorylation at 

the serine/threonine residues lead to the binding of non-Smad effectors such as Erk, 

p38, and JNK, which in the downstream leads to the phosphorylation of MEK, PI3K, and 

activation of RhoA (Zhang Y., 2017). 

 Disruption of the TGFβ receptors’ expressions and activities leads to loss of 

biological homeostasis and disease in bone and in many other tissues.  At the 

molecular level, the spatial distribution of the TGFβ receptors can affect their signaling 

capability or the destruction of the complexes and recycling of these proteins to the cell 

membrane (Budi et al., 2017).  In caveolae, an adaptor protein called p52 ShcA bridges 

TβRI with caveolin-1 and diverts signal transduction to the non-Smad pathway, 

particularly to Erk MAPK and Akt (He K. et al., 2015).  In clathrin-coated pits, Dab2 
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associates TβRI with clathrin and directs the signaling towards the Smad2/3 arm 

(Muthusamy B et al., 2015).   

 Signaling amplification at the effector level allows for specificity, efficiency, and 

pronounced regulation of gene expression. Thus, misregulation of the Smads can lead 

to detrimental effects.  Smad2/3 binding to the receptors can be facilitated by SARA, 

STRAP, and TMEPAI, which localize Smad2/3 to the transmembrane or prevent 

Smad2/3 from binding to the accessory proteins (Massague J., 2012).  Interestingly, 

Smad2/3 does not directly bind to the DNA with high affinity.  Rather Smad2/3 binds to 

other high-affinity sequence specific transcription factors, after which they recruit other 

molecules to the complex to regulate transcriptional activity.  For example, Smad3 binds 

to a transcription factor, called Runx2 which is essential for osteoblast differentiation 

and bone development, and recruits Class II histone deacetylases to inhibit transcription 

of osteoblastic genes (Alliston, 2001; Kang et al., 2005). 

 

TGFβ regulation of osteoblast and osteoclast activities 

 TGFβ plays a dual role in regulating osteoclast activation and inhibition.  TGFβ 

prevents monocytes from assuming the macrophage fate by inhibiting IFN-gamma and 

IFN-β signaling.  On the other hand, TGFβ induces RANKL-mediated osteoclast 

differentiation.  RANKL is a critical factor that directs osteoclastogenesis.  RANKL binds 

to the RANK receptor on monocytes, which in turn signals to the effectors NFkB and 

NFATc1 to regulate transcription of osteoclastogenic genes.  RANKL signaling is 

dampened by a decoy receptor called osteoprotegerin (OPG).  In addition, TGFβ 



6	  
 

induces the proliferation of osteoclast precursors and increases RANK and alphaV 

integrin expression in osteoclasts.  Indirectly, TGFβ restricts osteoclast activity by acting 

on osteoblasts and inducing the expression of OPG while repressing the expression of 

RANKL.  Mature osteoclasts undergo apoptosis with reduced stimulation from the 

RANK pathway (Fox S. and Lovibond A., 2005).  Regulation of osteoclast activity is 

dependent on TGFβ ligand concentration where at low-level TGFβ induces osteoclast 

formation while at high-level TGFβ inhibits osteoclast precursor differentiation (Crane JL 

and Cao X., 2014). 

 TGFβ also differentially regulate osteoblast differentiation and maturation.  TGFβ 

induces the proliferation and migration of osteoprogenitor cells to the bone.  However, 

at later stages, TGFβ suppresses osteoblast mineralization, osteoblast apoptosis, and 

differentiation of osteoblasts into osteocytes (Wu M et al., 2016).  A disease called 

Camurati-Engelmann disease is one of many human conditions that demonstrates the 

importance of TGFβ in skeletal development (Alliston T et al., 2008).  In this disease, 

TGFβ1 is overactive and the patients exhibit diaphyseal thickening making the bone stiff 

and predisposes these patients to fractures.  TGFβ2 induces the migration of osteoblast 

precursors to areas with bone fractures and stimulates osteoblast and osteoclast 

activities for bone remodeling (Takeyama K. et al., 2016).  At the receptor level, loss of 

TβRI in MSC cells causes a delay in the formation of the bony collars and trabecular 

bone corresponding to the reduced number of osteoblasts (Matsunobe et al., 2009).  

The TGFβ effector, Smad3, inhibits osteoblast differentiation by recruiting class II 

histone deacetylase 4 and 5 to the Runx2 promoter, a critical gene for determining the 

osteoblast fate, and repress transcription (Alliston T et al., 2001; Kang JS et al., 2005). 
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Osteoblast cells with overexpression of miR-23a clusters target an inhibitor of TGFβ, 

called Prdm16, and have an increase in osteocyte numbers but a decrease in bone 

mass (Zeng HC et al., 2017).  Smad4 deletion in osteoblast cells displays a phenotype 

with an increase in osteoblast and osteoclast numbers but a decrease in osteoclast 

activity.  This phenotype correlates with a decrease in osteoblast apoptosis (Moon Y et 

al., 2016).  Therefore, TGFβ plays a critical role in osteoblast differentiation and 

homeostasis. 

 

Mechanical stimulus regulates osteocytes 

 Of the three bone cell types, osteoblast, osteoclast, and osteocytes, the latter are 

the least characterized and studied so recently many efforts have been focused on 

understanding osteocyte biology and signaling.  Osteocytes make up 90% of bone cells 

in the skeleton and are positioned to mediate osteoblast and osteoclast activities in 

response to physical cues or calcium demands.  Osteocytes have a cell body with a 

multitude of long extensions called dendrites that form a cellular network that allows for 

rapid communication between cells (Bonewald L, JBMR 2011).  Initially, SOST was 

found to be the cause for Van Buchem disease (Boudin E et al., 2016).  Due to the high 

bone mass phenotype in load-bearing bones but not in nonload-bearing bones, SOST 

was hypothesized to be an osteocyte-specific gene that is mechanosensitive.  

Mechanical load on the mice ulna lead to a repression of SOST expression that is 

strain-dependent (Robling A. et al., 2007).  Since this finding, many investigators have 

found SOST to be important for fracture healing, postmenopausal osteoporosis, and 



8	  
 

glucocorticoid-induced osteoporosis (Bonewald L., JBMR 2011). 

 Following mechanical stimulation of osteocytes by fluid flow, nitric oxide (NO), 

ATP, and prostaglandins are raidly increased, implicating these molecules as early 

mediators of osteocyte mechanotransduction (Klein-Nulend et al., 1995) (Kamel et al., 

2010).  The NO level in the cell media is increased in response to osteocyte fluid flow, 

which inhibits osteoclastogenesis and stimulates osteoblastogenesis (Zaman et al., 

1999).   Released ATP binds to P2X7 to induce bone formation (Li J et al., 2005).  

PGE2 induces protein kinase A (PKA) through G-protein coupled prostaglandin 

receptors to repress SOST expression in osteocytes (Genetos D et al., 2011).  PGE2 

signals to PKA to induce β-catenin activation in response to load to inhibit 

glucocorticoid-induced apoptosis (Kitase Y. et al., 2011).   Mechanical stimulation of 

MLOY4 osteocytes in vitro induces connexin 43 expression at the cell-cell junction 

through a PGE2 and PI3K-dependent mechanism (Siller-Jackson et al., 2008) (Xia X. et 

al., 2010). 

 

Mechanoregulation of TGFβ in general and in osteocytes  

 Since TGFβ is a critical regulator of osteoblasts, osteoclasts, osteocytes, and 

their coupling in bone homeostasis, it is natural to hypothesize that mechanical stimulus 

regulates TGFβ in osteocytes and bone formation.  Many studies have demonstrated 

the mechanosensitivity of TGFβ signaling.  The TGFβ ligand in the extracellular matrix 

is one level of regulation by mechanical forces.  TGFβ ligand is stored in the ECM in a 

latent state with the TGFβ ligand encased in a matrix protein called LTBP.  Furthermore, 
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small leucine-rich proteoglycans such as decoin and biglycan help keep the TGFβ 

complex tethered to the collagen matrix (Chen XD et al., 2002; Wu et al., 2016).  Cells 

physiologically contract and pull on the ECM – lung fibroblast, epithelial cells, and 

smooth muscle cells contract during gas exchange, tissue stretching, and muscle 

contraction, respectively.  Contractile forces within the cell get transmitted through actin 

filaments to integrin receptors on the cell, which connect to RGD sites on the latent 

TGFβ binding protein (LTBP).  This results on the pulling of the LTBP leading to a 

conformational change in the latent complex to release the active TGFβ1 (Hinz B., 

2015).  The composition and characteristic of the ECM reciprocally can regulate TGFβ 

signaling in cells.  For instance, in chondrocytes, cells exhibit a non-linear response to 

TGFβ in response to substrate stiffness.  The physical features of the ECM prime TGFβ 

signaling, such that the maximal effect of TGFβ occurs on an ECM stiffiness of 0.5MPa, 

at which point TGFβ1 synergistically induces chondrogenic gene expression by 

activating p38 MAPK signaling, in addition to activating Smad-dependent pathways 

(Allen J et al., Mol Bio Cell 2012).  Disrupting chondrocytes cellular tension with a 

ROCK inhibitor prevents integrin-dependent sequestration of TβRII from binding to 

TβRI, to control capacity for Smad3 activation in response to TGFβ stimulation (Rys J et 

al., 2015).  In addition, integrin β3 binds to TβRII and induces Gli2 expression in bone 

tumor cells on ridged substrates.  This induces tumor metastasis to the bone and 

osteolysis (Page J et al., 2015).  The effect of ECM stiffness on TβRII is cell type-

dependent, where in dermal fibroblasts, reduced ECM stiffness that mimics aging skin 

reduces TβRII expression and, consequently, reduces ECM synthesis and assembly 

(Fisher G. et al., 2016). 
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While major advances in understanding the mechanoregulation of TGFβ 

signaling have been made in recent years, very little was known at the time that this 

research project began.  In particular, it was not known if TGFβ participated in the 

anabolic response of bone to load, nor the mechanisms that were required.  The aims of 

this dissertation are: (1) To establish the role of TGFβ signaling in response to 

mechanical load in bone.  At the time this study was conceived, to our knowledge there 

were no other studies demonstrating the mechanosensitivity of TGFβ signaling in bone. 

(2) Understand the mechanism of the rapid downregulation of Smad3 activity in 

osteocytes in response to mechanical stimulus.  Since our initial report of the 

mechanosensitivity of TGFβ in bone, it was replicated by Moon Y et al. who impacted 

the TGFβ effector, Smad4, in the response of bone to load.  In their study, hindlimb tail 

suspension of osteoblast-specific Smad4 knockout mice were protected from bone loss 

and decrease amount of bone porosity (Moon Y et al., 2016).  The findings that result 

from these studies extends our knowledge of osteocyte biology, specifically TGFβ-

dependent mechanism, which may prove beneficial to therapeutic development for low 

bone mass diseases. 
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Chapter 2 

Materials and Methods 

 

Transgenic Mice: 

Treatments and protocols used for the animal studies were approved by the 

University of California, San Francisco Institution Animal Care and Use Committee 

(Protocol # AN082159-03A) and were designed to minimize discomfort to the 

animals.  This study used 8-9 week-old male SBE-luciferase mice (Mohammad KS et 

al., 2009), DNTβRII mice, which express a dominant negative version of TβRII under 

control of 1.8 kb of the osteocalcin promoter (Filvarof E et al., 1999), or CYLD deficient 

mice (Massoumi R et al., 2006).  Wild type littermates were used as comparative 

controls.  

 

In Vivo Mechanical Loading: 

Axial compressive loads equivalent to 10 times the mouse’s body weight were 

delivered by a Bose Electroforce ELF3200 desktop load frame (Bose, MN, USA) fitted 

with two custom-made hemi-spherical fixtures that gripped the mouse knee and 

ankle.  Similar methods of in vivo loading have been shown to upregulate bone 

anabolism (Fritton JC et al., 2005).  In our preliminary studies of ex vivo limb loading 

using in situ strain rosettes, these loading parameters produce maximum principal 

strains in the range of 1500-2500 µε  on the mid-diaphyseal surface of the tibiae.  For 
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each mouse, only the right hind limb was loaded, while the left hind limb was not loaded 

to serve as the contralateral control (nonloaded).  Each round of loading consisted of 

600 cycles of axial compression at 1 Hz for 10 minutes administered under general 

injectable anesthesia.  The anesthesia recovery agent, Atipamezole, was not used.  

Mice were subjected to this loading regimen once daily for either 1 day (short-term) or 

once a day for 5 days (prolonged).  Mice were euthanized at various times after load, 

ranging from 1 hr after load (short-term) to days after load (prolonged). 

 

MicroCT Analysis: 

Two days after the last session of in vivo loading of the DNTβRII mice and their 

WT littermates (n = 6), tibiae were dissected from euthanized mice, fixed in 4% 

paraformaldehyde in PBS, and serially dehydrated in graded ethanol.  The bones were 

then scanned using micro-CT to determine the relative changes in bone geometry 

(VivaCT40, Scanco Medical AG).  The micro-CT scanner was operated at the peak 

energy of 70 kVp, current of 114 µA, integration time of 381 ms, and a 10 µm voxel 

resolution.  The scans were segmented using an attenuation constant of 200, and then 

the structural parameters of bone were evaluated.  The proximal tibial trabecular bone 

was evaluated for changes in trabecular connectivity, trabecular thickness, and volume 

fraction.  The cortical bone changes were evaluated at the tibio-fibular junction for 

cortical thickness, cross-sectional area, and moment of inertia.   

 

Luciferase Imaging: 
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Five hours after a single bout of loading, the SBE-luc mice (n = 6) were 

anesthetized using isoflurane, injected with 150 mg D-luciferin (Xenogen) per kg body 

weight, and imaged using the IVIS-200 Bioluminescence system 10 minutes after 

injection (Caliper Bioscience, MA, USA) (Wipff PJ et al., 2007; Mohammad KS et al., 

2009).  Photons emitted from living mice were acquired as photons per second per cm2 

per steradian (sr) by using LIVINGIMAGE software (Xenogen) and integrated over 20 

min.  For photon quantification, a region of interest was manually selected and kept 

constant within all experiments; the signal intensity was converted into 

photons/s/cm2/sr.  The resulting quantitative measures were segmented and contoured 

at the tibiae to determine the relative levels of Smad2/3 activity between the loaded and 

non-loaded limb.  

 

Immunohistochemistry: 

The loaded and nonloaded tibiae from SBE-luciferase (n = 5), DNTβRII (n = 5), 

or WT mice (n = 5) were dissected and fixed in 2% paraformaldehyde for 24h at 4° 

C.  The bones were decalcified in 19% EDTA solution for 7-10 days and decalcification 

was confirmed with x-ray imaging.  Bones were then infiltrated with a series of 10%, 

20%, and 30% sucrose solutions (Whitlon DS et al., 2001).  After sucrose infiltration, 

each tibia was cut into three fragments, with the distal fragment being 8 mm long and 

the middle fragment being 6 mm long, to ensure that comparable sections of each 

region were analyzed for each bone.  Each fragment was embedded in OCT for frozen 

sectioning (10 µm sections).  The tissue sections were permeabilized with 0.3% Triton 
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X-100, processed for antigen retrieval with Ficin (Invitrogen 00-3007), and blocked for 

intrinsic peroxidase activity with 3% hydrogen peroxide.  For detection of luciferase, the 

sections were blocked with 1.5% normal goat serum (Vectastain) and incubated with 

anti-Luciferase primary antibodies (Abcam ab21176) at a dilution of 1:100.  For 

detection of Sclerostin, the sections were blocked in 1.5% normal rabbit serum 

(Vectastain) and incubated with anti-Sclerostin primary antibodies (R&D Systems 

AF1589) at a dilution of 1:13 with 0.05% Tween-20.  Normal rabbit IgG (Caltag Lab 

10500) and normal goat IgG (Santa Cruz sc-2028) were used at the same 

concentrations as primary luciferase and Sclerostin antibodies, respectively, to control 

for the specificity of immunostaining.  The binding of peroxidase-conjugated secondary 

antibodies was detected with a DAB kit (Vector Lab).   

 Three to five immunostained sections for each bone were analyzed 

quantitatively.  A composite of 20X images was generated for each immunostained 

section, from which all DAB-stained (brown) and unstained lacunae were counted and 

recorded using ImageJ.  The percent of osteocytes expressing luciferase or Sclerostin 

was determined by dividing the number of DAB-positive lacunae by the total number of 

lacunae for each section.  The percent change in luciferase or Sclerostin expression 

due to load was determined by subtracting the averaged percentage of luciferase or 

Sclerostin expression in the nonloaded tibia from the loaded tibia as described (Robling 

AG et al., 2007).  The paired t-test was used to evaluate the statistical significance of 

the change in luciferase or Sclerostin expression. 
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Cell Culture: 

UMR-106 cells (ATCC), a rat osteosarcoma cell line, and SAOS-2 cells (ATCC), 

a human osteosarcoma cell line, were used for the SOST in vitro studies because they 

both express Sclerostin (Leupin O et al., 2007; Sevetson B et al., 2004).  UMR-106 cells 

were grown in DMEM 50% high glucose/50% F-12 media with 10% fetal bovine serum 

supplemented with 1% nonessential amino acids.  SAOS-2 cells were grown in McCoy’s 

5A media with 15% fetal bovine serum.  

 MLOY4 cells (gift from Dr. Lynda Bonewald), a mature mouse osteocyte cell line, 

were used for the mechanical stimulus studies.  Rat-tail collagen I (BD) were coated on 

plastic petri dishes for MLOY4 cells culture. These cells are cultured in 2.5% heat-

inactivated Fetal Bovine Serum (Characterized, Hyclone) and 2.5% heat-inactivated 

Bovine Calf Serum (UCSF CCF) in alpha-MEM media containing nucleosides (UCSF 

CCF).  For cells that are used for fluid flow studies, MLOY4 cells media, without serum, 

contained 1% penicillin/streptomycin and 1% fungizone to inhibit growth of 

microorganisms.   

At 80% confluence, UMR-106, SAOS-2, or MLOY4 cells were treated with the 

following reagents in serum-free media: 5 ng/ml TGFβ1 (Peprotech, 100-36E), 10 µM 

SB431542 (TβRI inhibitor, Sigma, S4317), 5uM Indomethacin (nonselective COX 

inhibitor, Sigma), 3.2uM Butaprost (EP2 agonist, Cayman), 10uM GWX627368X (EP4 

antagonist, Cayman), 50uM MG132 (proteasome inhibitor, Sigma), 20uM AH6809 (EP2 

antagonist, Cayman), or 20uM PGE1 alcohol (EP4 agonist, Cayman) for the indicated 

times.  Cycloheximide, a translation inhibitor, (10 µg/ml, Sigma) or actinomycin D, a 
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transcription inhibitor, (1 µg/ml, Sigma) were added to cells 30 min prior to TGFβ 

treatment.   

 

In Vitro Fluid Flow: 

 MLOY4 cells were mechanically stimulated between parallel plate flow 

chambers.  Plastic cell culture dishes, 10 cm x 10 cm, were laser cut to 5cm x 5cm 

square plates and coated with rat tail collagen I (0.15 mg/mL in 0.02 N glacial acetic 

acid).  800,000 cells cultured on a square dish containing four plates were left to 

proliferate for 48 hours after seeding MLOY4 cells to allow for cells to reach 80% 

confluency and to allow for better attachment (Rosser J and Bonewald LF, 2012).  The 

cell-coated plate was sandwich between two plexiglass separated by a silicone gasket 

to create a chamber between the cells and the plexiglass with a height of 550µm.  

Serum-free alpha-mem media were flown through the chamber using a digital peristaltic 

pump (Cole Parmer Instrument) with a flow rate of 21 mL/min to generate a shear stress 

of 10 dynes/cm2 for 30 min in a 37oC and 5% O2 incubator.  In parallel, a separate 

MLOY4 cells square culture plate had the media changed to serum free media, but was 

left unstimulated as a control.  3 hours after fluid flow, the cells were harvested for RNA 

or protein assays accordingly. 

 

siRNA or shRNA Infection and Knock-down: 

For Runx2 knockdown in SAOS-2 cells, cells were transiently transfected with 50 
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µM of human Runx2 siRNA r(GGUUC AACGAUCUGAGAUU)d(TT) or AllStars negative 

control using Qiagen Hi-Perfect. For Runx2 knockdown in UMR-106 cells, cells were 

transfected with 30 nM of rat Runx2 siRNA (CCACUUACCACAGAGCUAU) and Runx2 

siRNA AS(AUAGCUCUGUGGUAAGUGG) (Sigma) or Sigma siRNA negative control 

(Sigma sic-001) using Qiagen Hi-Perfect.  Cells were treated with 5 ng/ml TGFβ1 24h 

after transfection.  All results shown are from UMR-106 cells, but they were repeated in 

SAOS-2 cells with similar but not identical conclusions. 

CYLD knockdown was achieved using a stably expressed lentiviral pLKO.1 puro 

mouse CYLD shRNA construct (Sigma, MC5) and nontarget shRNA (Sigma, SHC002).  

Lentiviral vectors were packaged into the virus by the UCSF RNAi Core.  MLOY4 cells 

were grown to 80% confluency and infected with CYLD or nontarget lentivirus.  MLOY4 

cells with the shRNA vectors were selected with 5µM Puromycin and maintained under 

selection throughout the experiments.  We were able to achieve about a 50% 

knockdown verified through qPCR of the nontarget and CYLD shRNA transfected cells. 

 

Quantitative PCR: 

RNA from bones was extracted by first pulverizing the bones, which were snap-

frozen in liquid nitrogen, with a mortar and pestle.  Bone powder was transferred to 

Trizol (Invitrogen) and RNA was purified using the Invitrogen Purelink system according 

to the manufacturer’s instructions.  RNA was extracted from cells using the Qiagen 

RNeasy Mini Kit following the manufacturer’s instructions.  RNA concentration was 

measured using a Nanodrop ND1000 Spectrophotometer.  cDNA was generated from 



18	  
 

up to 1 µg of RNA with the iScript cDNA Synthesis kit (Bio-Rad).  Quantitative PCR was 

performed using iQ SYBR Green Supermix (Bio-Rad) with the primers on the table 

below.  Each gene was normalized against the housekeeping gene, L19.  Analysis 

using the ΔΔCT method to compare conditions, thus, the load vs nonleaded samples 

from the same animal. 

Table 2.1: Primers for QPCR of genes of interests. 

Gene Forward Sequence Reverse Sequence 

Rat L19 GCATATGGGCATAGGGAAGA CCATGAGAATCCGCTTGTTT 

Rat SOST GCACCATGCAGCTCTCATTA CATTCTTGAAGGCTTGCCAC 

Rat Runx2 ACCCAGGCGTATTTCAGATG AGTGAGGGATGAAATGCCTG 

Human L19 GGGATTTGCATTCAGAGATC
AG 

GGAAGGGCATCTCGTAAG 

Human SOST GGACTCCAGTGCCTTTTGAA CTGAATTCTGGAAGTGACCTT
G 

Human Runx2 CCCCACGACAACCGCACCAT CACTCCGGCCCACAAATC 

Mouse L19 ACGGCTTGCTGCCTTCGCAT AGGAACCTTCTCTCGTCTTCC
GGG 

Mouse TGFβ1 AGCCCGAAGCGGACTACTAT TCCCGAATGTCTGACGTATTG 

Mouse TGFβ2 GAAATACGCCCAAGATCGAA TGTCACCGTGATTTTCGTGT 

Mouse TGFβ3 TGAATGGCTGTCTTTCGATG ATTGGGCTGAAAGGTGTGAC 

Mouse TβRI TCGACGCTGTTCTATTGGTG CAACCCATGGATCAGAAGGT 

Mouse TβRII AGGACCATCCATCCACTGAA TGTCGCAAGTGGACAGTCCT 

Mouse Smad3 TGAAGCGCCTGCTGGGTTGG GCTCGTCCAACTGCCCCGTC 

Mouse CYLD GGACAGTACATCCAAGACCG GAACTGCATGCGGTTGCTC 

Mouse COX2 GTGCTGGAAAAGGTTCTTCTA
CGG 

TCAGACCAGGCACCAGACCA 

 



19	  
 

Western Blot Analysis: 

 Bone proteins were isolated from liquid nitrogen snap frozen tibia by pulverizing 

the bone using a mortar and pestle and transferring the powder to a 

radioimmunoprecipitation buffer (RIPA) containing 10mM Tris pH 8, 1mM EDTA, 1mM 

EGTA, 140mM sodium chloride, 1% sodium pyrophosphate, 100mM sodium fluoride 

500uM PMSF, and 5mg/mL eComplete Mini protease inhibitor tablet (Roche).  Lysates 

were sonicated for 10 seconds 8 times in an ice-cold water bath and centrifuged to 

separate the protein extract.  The protein supernatant was loaded onto a 10% SDS-

PAGE gel, separated, and transferred to a nitrocellulose membrane.  Similarly, MLOY4 

whole cells were collected in RIPA buffer, sonicated for 10 seconds 3 times in ice-cold 

water bath, and separation on a 10% SDS-PAGE as follows above.  Proteins in these 

studies were probed using the following antibodies: mouse anti-beta actin (Abcam), 

rabbit anti-pSmad3 (gift from Dr. E. Leof), rabbit anti-Smad3 (Abcam), rabbit anti-TβRI 

(Santa Cruz Biotech), and rabbit anti-CYLD (Sigma).  Fluorescently tagged secondary 

antibodies were used to detect the primary antibodies above and the blots were imaged 

on an Odyssey LiCor Imaging System.  The protein bands were normalized to the 

housekeeping protein, beta-actin, and the intensity was measured on the LiCor imaging 

software according to manufacture’s instructions. 

 

Statistical Analyses: 

Statistics were performed using GraphPad Prism 5. T-tests were used to 

compare the differences between groups of normally distributed data. The Mann-
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Whitney nonparametric tests were used for non-normally distributed data. Significance 

of comparisons is defined by p-values equal to or less than 0.05. 
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Chapter 3 

 

Load Regulates Bone Formation and Sclerostin Expression through a  

TGFβ-dependent Mechanism 

 

Introduction 
Osteocytes coordinate the adaptation of bone to changing physical demands on 

the skeleton (Bonewald L, 2011).  Upon sensing mechanical load through their 

canalicular processes, osteocytes initiate a series of biochemical signaling events that 

coordinate the activity of osteoblasts and osteoclasts to increase bone mass (Duncan 

R. and Turner C., 1995).  In this way, physical stimuli employ established biochemical 

pathways long known to participate in the maintenance of bone homeostasis, including 

parathyroid hormone (PTH) (Salvesen H et al., 1994), insulin growth factor - I 

(Reijinders CMA et al., 2007), and prostaglandin signaling (PGE2) (Price J. et al., 2011).  

Despite recent progress in deciphering the molecular mechanisms by which physical 

signals regulate bone homeostasis, many questions remain. 

Sclerostin, a secreted protein expressed by osteocytes, responds to mechanical 

load and antagonizes bone formation (Robling AG et al., 2007).  Loss of function 

mutations in either the sclerostin-encoding gene, SOST, or in its regulatory sequence 

cause the human syndromes known as sclerosteosis and van Buchem disease, both of 

which are characterized by high bone mass (Moester MJC et al., 2010).  Sclerostin acts 

by binding to the Wnt co-receptor Lrp5/6 on osteoblasts to inhibit Wnt-inducible 

osteogenesis (Li X et al., 2005).  Sclerostin plays a central role in the anabolic response 
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of bone to mechanical loading.  Applied mechanical loads repress Sclerostin mRNA and 

protein expression (Robling AG et al., 2007), thereby releasing the brakes on new bone 

synthesis.  Conversely, Sclerostin-antagonizing antibodies prevent bone loss due to 

unloading of the bone (Tian X et al., 2011).  Several pathways that control bone 

development and metabolism also regulate SOST expression.  The BMP pathway 

induces SOST expression during bone development (Kamiya N et al., 2008).  PTH, an 

essential regulator of mineral homeostasis, represses SOST expression (Keller H et al., 

2005).   This PTH-mediated repression of SOST requires MEF2 recruitment to a highly 

conserved regulatory region 35-kb downstream from the SOST gene (Leupin O et al., 

2007).  The rapid increase in PGE2 following mechanical load also contributes to the 

mechanosensitive repression of SOST, though the mechanism remains to be identified 

(Kitase Y et al., 2010).  The master osteoblast transcription factor Runx2 binds and 

induces transcription from a more proximal element of the SOST promoter (Sevetson B 

et al., 2004).  Although many pathways modulate SOST expression, these pathways do 

not fully explain the complexity of mechanotransduction in bone and the regulation of 

SOST expression.   

TGFβ is a critical regulator of bone homeostasis. Through its effects on 

osteoblast and osteoclast migration, proliferation, differentiation and viability, TGFβ 

couples bone formation with bone resorption (Janssens K et al, 2005; Fox SW et al., 

2005).  In this way, TGFβ maintains both bone mass and bone quality (Geiser AG et al., 

1998; Dabovic B et al., 2005).  Activated TGFβ binds to its receptors, TβRI and TβRII, 

causing their heterotetramerization and transphosphorylation.  Many intracellular 

proteins, including Smad2, Smad3 and other non-canonical effectors, are 
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phosphorylated upon recruitment to the activated TβRI/TβRII complex (Rahimi RA et 

al., 2007).  Phosphorylated Smad3 translocates to the nucleus where it can activate or 

repress the activity of sequence-specific transcription factors, such as Runx2 (Alliston T 

et al., 2001).  Through crosstalk at each the ligand, receptor and effector levels, the 

TGFβ pathway integrates signals from multiple stimuli.  For example, fluid flow induces 

TGFβ1 mRNA expression in SAOS-2 cells (Sakai K et al., 1998).  Cell-generated 

tension by myofibroblasts converts the TGFβ ligand from the latent to active form (Wipff 

PJ et al., 2007).  PTH receptors drive clustering and internalization of TβRI and TβRII, 

leading to desensitization of the pathway (Qiu T et al., 2010).  The nuclear localization 

of Smads is sensitive to other biochemical and physical cues, including Wnt signaling 

(JIan H et al., 2006), cytoskeletal tension (Wang YK et al., 2012), and extracellular 

matrix stiffness (Allen JL et al., 2012).  However, the net effect of mechanical load on 

the overall activity of the TGFβ pathway remains unknown. Therefore, we hypothesize 

that the TGFβ pathway integrates signals provided by mechanical load to maintain bone 

homeostasis, in part by regulating the expression of Sclerostin. 

Using a combination of genetically modified mouse models and in vitro 

approaches, we investigated the effect of mechanical load on TGFβ activity, the role of 

TGFβ in load-induced bone formation, and the regulatory relationship between TGFβ 

and Sclerostin. Taken together, our results suggest that TGFβ plays a critical role in the 

mechanosensitive regulation of Sclerostin and is required for the anabolic response of 

bone to mechanical load.  

Results 
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Load represses TGFβ signaling through Smad2/3 

We used the murine one-limb loading model (Fritton JC et al., 2005) to evaluate 

the role of TGFβ in load-induced bone formation. Mechanical stimulation was applied to 

one tibia of anesthetized SBE-Luc transgenic mice, which express luciferase under 

control of a Smad2/3-responsive synthetic promoter (Mohammad KS et al., 2009; van 

der Meulen MCH et al., 2009). By assessing the functional outcome of Smad2/3 activity, 

this approach evaluates the net effect of mechanical load on canonical TGFβ signaling 

– whether those effects occur at the ligand, receptor, or effector levels. Five hours after 

loading, in vivo bioluminescent imaging revealed that Smad2/3 reporter activity was 

consistently reduced in the loaded limb relative to the nonloaded limb of the same 

mouse (Figure 1A). Loading significantly repressed TGFβ-mediated Smad2/3 reporter 

activity by an average of 40% (Figure 1B). Immunolocalization of luciferase expression 

confirms that the load-mediated repression of Smad2/3 activity occurs in osteocytes 

within the cortical bone. In addition to generalized reduction in luciferase staining of 

cortical bone (Figure 1C), the number of luciferase positive osteocyte lacunae was 

significantly reduced in response to mechanical loading (Figure 1D). To further examine 

the mechanism by which load represses Smad2/3-mediated transactivation, we 

compared the effect of in vivo mechanical loading to the effect of in vitro TGFβ 

stimulation or inhibition on Smad3 phosphorylation. The level of phosphorylated Smad3 

in the loaded cortical bone was consistently reduced relative to that in the nonloaded 

bone of the same animal (Figure 1E, lower panel). The magnitude of this load-

dependent effect is comparable to that achieved in UMR-106 cells treated with an 

inhibitor of the TGFβ type I receptor (Figure 1E, upper panel). Therefore, the 
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phosphorylation and activity of the key TGFβ effector, Smad3, is rapidly and 

significantly reduced in osteocytes following mechanical loading of the limb. 

 

The anabolic response of bone to mechanical load requires TGFβ signaling 

We next examined whether the mechanosensitive regulation of TGFβ is 

necessary for load-induced bone formation. Mechanical load was applied to one limb of 

DNTβRII mice that have impaired TGFβ signaling due to expression of a dominant 

negative TGFβ type II receptor under control of the osteocalcin promoter (Filvaroff E et 

al., 1999). In wild-type littermates, 5 days of mechanical loading stimulates a 19% 

increase in trabecular bone volume fraction (BV/TV) relative to the nonloaded limb 

(Table 1), similar to other studies (Li X et al., 2008; Balooch G et al., 2005). However, 

mechanical stimulation in DNTβRII mice only increases bone formation by 9%. 

Mechanical load also failed to stimulate the same magnitude of increase in DNTβRII 

trabecular connectivity (Tb. Conn), cortical thickness (Cort. Th.), and moment of inertia 

(MOI) compared to wild-type animals (Figure 2A, Table 1). Impaired TGFβ signaling in 

DNTβRII mice compromises load-induced bone formation at both the periosteal and 

endosteal surfaces, as determined by the reduced fluorochrome intensity in the loaded 

DNTβRII bone compared to the loaded WT bone (Figure 2B). Despite a slightly 

increased basal mineral apposition rate (MAR) in DNTβRII mice, relative to WT, 

mechanical load was unable to further stimulate a significant increase in the DNTβRII 

MAR. In contrast, mechanical load stimulated large (>40%) and significant increases in 

WT MAR relative to the nonloaded WT limb (Figure 2C). These results demonstrate that 
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the anabolic effect of mechanical load on bone formation requires an active TβRII-

dependent signaling pathway. 

 

 TGFβ sensitivity is required for regulation of Sclerostin by mechanical load 

Since the repression of SOST/Sclerostin by mechanical load is a key event in 

bone anabolism (Robling AG et al., 2008; Raab-Cullen DM et al., 1994), we sought to 

determine if SOST regulation requires an intact TGFβ signaling pathway. We evaluated 

the effect of mechanical load on Sclerostin expression in DNTβRII mice. Following 5 

days of loading, Sclerostin expression in wild-type cortical bone is reduced (Figure 3A). 

Specifically, the percentage of Sclerostin positive lacunae decreases by 9% following 

mechanical loading of the tibia (Figure 3B). However, in DNTβRII bone, the application 

of mechanical load produced no distinguishable difference in Sclerostin expression 

between the loaded and control limbs (Figures 3A, 3B), suggesting that the load-

mediated regulation of Sclerostin requires sensitivity to TGFβ. 

 

TGFβ signaling through Smad3 induces SOST expression  

To examine mechanisms by which TGFβ sensitivity is required to regulate SOST, 

we first evaluated the effect of TGFβ on SOST mRNA levels in UMR-106 osteosarcoma 

cells.  TGFβ rapidly induces SOST mRNA expression, with maximal induction following 

8h of treatment (Figure 4A).  Conversely, SOST mRNA expression is repressed by a 

specific inhibitor of the TGFβ type I receptor (TβRI, Alk5) inhibitor SB431542 (Figures 



27	  
 

4A). Consequently, TGFβ rapidly induces SOST expression in vitro.   

Since mechanical load represses TGFβ signaling through Smad2/3 (Figure 1), as 

well as SOST expression (Robling AG et al., 2008), we hypothesized that TGFβ 

induction of SOST is Smad2/3-dependent.  Even without exogenous TGFβ, 

cotransfected Smad3 was sufficient to activate a promoter-reporter construct that 

expresses luciferase under control of the human SOST promoter and 3 copies of a 

previously identified SOST-regulatory enhancer sequence (ECR5) (Figure 4B).  

Cotransfected Smad3 further enhanced the TGFβ-inducibility of this construct.   

 

TGFβ/Smad3 induction of SOST is indirect and Runx2-independent  

Though Smad3 increases SOST-reporter activity, these effects are indirect. As 

expected, incubation of UMR-106 cells with actinomycin D, an inhibitor of transcription, 

blocks TGFβ-inducible SOSTmRNA expression (Figure 4C). However, TGFβ-

inducible SOST mRNA expression is also completely abrogated in the presence of 

cycloheximide, an inhibitor of translation, even at the earliest 2 h time point (Figure 4C). 

These data suggest that TGFβ-inducible SOST expression occurs through an indirect 

Smad3-mediated pathway. 

TGFβ and Smad3 regulate the expression and activity of the osteoblast 

transcription factor Runx2 (Alliston T et al., 2001). Since SOST is a Runx2-target 

gene (Sevetson B et al., 2004), we sought to determine if Runx2 was required for the 

indirect TGFβ/Smad3-dependent regulation of SOST expression. Runx2-targetting 

siRNA yielded a 35–80% decrease in Runx2 mRNA levels in UMR-106 and SAOS cells 
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(not shown), with a corresponding reduction in Runx2 protein expression (Figure 4D). 

This treatment was sufficient to reduce the expression of Runx2-inducible RANKL by 

35% (not shown). However, even with reduced levels of Runx2, the TGFβ-mediated 

induction of SOST mRNA was intact (Figure 4D), demonstrating that TGFβ-mediated 

induction of SOST is insensitive to the level of Runx2 activity. Together these findings 

show that TGFβ regulates SOST mRNA expression indirectly through a Smad3-

dependent, Runx2-insensitive mechanism. 

 

 Discussion 

Here, we report that mechanical load represses TGFβ activity, which is required 

for load-induced bone formation and the regulation of Sclerostin, an inhibitor of bone 

anabolism (Figure 5). Loading of mice tibiae rapidly inhibits phosphorylation of Smad3, 

a TGFβ effector, and consequently represses Smad3 activity in osteocytes. TGFβ 

signals through Smad3 to indirectly stimulate SOSTmRNA expression. Furthermore, 

intact TGFβ signaling is required for load to repress Sclerostin expression and induce 

bone formation. Taken together, our results demonstrate that TGFβ plays a critical role 

in the mechanosensitive regulation of Sclerostin and is required for the anabolic 

response of bone to mechanical load. 

 Several lines of evidence implicate TGFβ as a regulator of bone homeostasis.  

Many mouse models with mutations in components of the TGFβ pathway have altered 

bone mass and bone matrix material properties, resulting from disruption of the tightly 

controlled balance between osteoblast and osteoclast activity.  For example, reducing 
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TGFβ signaling in mice by expression of a dominant negative TβRII allele in the 

osteoblast lineage increased bone mass by indirect reduction in osteoclast activity 

(Filvaroff E et al., 1999).  In addition, mice deficient in Smad3 have lower bone mass but 

an increased bone matrix elastic modulus indicating the importance of TGFβ in the 

maintenance of bone mass and bone quality (Balooch G et al., 2005).  Furthermore, 

inhibiting TGFβ signaling with a chemical inhibitor of TβRI disrupts postnatal bone 

formation and bone quality (Mohammad KS et al., 2009).  Stimuli that shift bone 

metabolism, including mechanical load, exert their effects by acting on pathways that 

normally maintain homeostasis.  The extent to which TGFβ mediates the anabolic effect 

of mechanical load on bone has not previously been shown.  Here, we show that 

disrupting TGFβ sensitivity in osteoblasts prevents mechanical load from inducing bone 

formation.  This suggests that mice with mutations in the TGFβ pathway uncouple the 

normal regulation of bone mass from stimuli such as mechanical load; likely contributing 

to the high or low bone mass phenotypes observed in a several mouse models and 

human diseases in which TGFβ signaling is deregulated. 

Mechanical load regulates TGFβ signaling at multiple levels.  Cell-generated 

tensile stress induces the activation of the latent TGFβ ligand by myocytes (Wipff PJ et 

al., 2007).  In vitro fluid flow stimulates the expression of TGFβ1 mRNA in osteoblast 

cells (Sakai K et al., 1998).  Also, loading of the rat ulna induces TGFβ1 mRNA 

expression in the periosteal bone within 4hrs (Raab-Cullen DM et al., 1994).  Still 

unclear, however, is the net functional effect of these mechanosensitive changes at 

multiple hierarchical levels of the TGFβ pathway.  Unexpectedly, our results show that 

mechanical load rapidly represses the activity of key TGFβ effectors, Smad2 and 
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Smad3.  Therefore, mechanical stimulation regulates the TGFβ pathway at the 

transcriptional level, as described above, as well as through post-transcriptional 

regulation of Smad2/3 activity.   

TGFβ can be added to the list of pathways found to be mechanosensitive in bone 

that also regulate Sclerostin. PGE2 regulates both osteoblast and osteoclast activities 

and is produced within 5 mins of mechanical stimulation (Ajubi NE et al., 1996).  Once 

mechanically stimulated, PGE2 signals through the EP4 receptor to repress SOST 

transcription in osteoblast cells (Galea GL et al., 2011).  Several lines of evidence 

implicate PTH in load regulation of SOST activity.  First, PTH levels are elevated in 

serum during high impact exercises such as running (Salvesen H et al., 1994). Second, 

SOST overexpression desensitizes mice to PTH-induced bone formation, suggesting 

that SOST acts as a downstream target of PTH (Kramer I et al., 2010; Rhee Y et al., 

2011).  Third, PTH represses SOST expression by inhibiting MEF2 transcriptional 

activity at the SOST enhancer (Leupin O et al., 2007; Keller H et al., 2005).  Some gaps 

in the connection between load, PGE2 and PTH, and SOST remains to be filled.  Here 

we find that load fails to repress Sclerostin expression or new bone formation in the tibia 

of DNTβRII mice. Along with the mechanosensitive regulation of Smad2/3 function, 

these findings establish a clear link between mechanical load, TGFβ signaling, SOST 

levels, and new bone formation. It is important to note that modest bone formation was 

detected in the loaded tibia of DNTβRII mice (3-9%).  Clearly, multiple other pathways in 

addition to TGFβ cooperate to regulate bone anabolism following mechanical load.  

Since the PTH and TGFβ pathways induce desensitization of one another via receptor 

internalization (Qiu T et al., 2010), some of the PTH-dependent effects may occur 
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through TGFβ-dependent mechanisms.  SOST may be a target of crosstalk between 

the PTH and TGFβ pathways.  For example, the SOST regulatory transcription factor, 

MEF2, is repressed by PTH in osteoblasts (Leupin O et al., 2007) as well as by 

TGFβ/Smad3 in myocytes (Liu D et al., 2004). Furthermore, MEF2 is required for the 

activation of SOST transcription by TGFβ in osteogenic cells (Loots GG et al., 2011).  

Thus, MEF2 may be a common target of both PTH and TGFβ and a point of 

convergence in their regulation of SOST and load-induced bone formation.   

In conclusion, we find that load signals through the TGFβ pathway to maintain 

bone homeostasis.  TGFβ indirectly induces SOST expression, which is mediated by 

Smad3.  Although Runx2 was previously shown to regulate SOST expression 

(Sevetson B et al., 2004), the TGFβ and Smad3-dependent induction of SOST does not 

require Runx2.  Finally, our data reveal a novel mechanism in load regulation of bone 

formation, which could provide insights for treating bone diseases such as osteoporosis. 
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Figures and Table 

 

 

Figure 3.1.  Mechanical load represses transactivation by Smad2/3 in tibial 
osteocytes.  Images of luciferase activity in three individual SBE-luciferase mice 5h 
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after in vivo loading reveals less Smad2/3-mediated transactivation in the loaded tibiae 
compared to nonloaded tibiae. Bioluminescence imaging and quantitation (A, B) show 
consistent reductions in luminescence in the loaded tibiae as opposed to the nonloaded 
tibiae. Radiance measurements from the nonloaded and loaded limb of the same 
animal are denoted by a line connecting the dots; black bars indicate the average 
radiance from nonloaded and loaded tibiae of 6 mice. Immunostaining for luciferase (C) 
in sections of tibial cortical bone and quantitation of luciferase-expressing osteocytes 
(D) reveal a decrease in luciferase-positive osteocytes in the loaded tibiae compared to 
the nonloaded control. UMR-106 whole cell lysates (E, upper panel) and tibial cortical 
bone lysates (E, lower panel) were evaluated for the level of phosphorylated Smad3, 
total Smad3, and β-actin by Western analysis. UMR-106 cells were harvested 2 h after 
treatment with vehicle (DMSO), TGFβ1 (5 ng/ml), or an inhibitor of the TGFβ type 1 
receptor, Alk5 (TβRI-I, SB431542). Tibiae were harvested 3h after loading (n = 4 mice). 
Loaded tibiae (L) were compared to the nonloaded tibiae (NL) from the same mouse. (* 
p<0.05). 

 

Table 3.1: Quantitative measures of micro-computed tomography analysis. 

Parameters WT   DNTβRII   

 Nonloaded Loaded % 
Change 

Nonloaded Loaded % Change 

BV/TV 0.180+/−0.
082 

0.215+/−0.1
3* 

19.4+/−5.
5% 

0.280+/−0.
062 

0.303+/−0.0
91* 

8.92+/−6.6
% 

Tb. Conn. 
[1/mm3] 

30.5+/−5.5 33.3+/−6.7* 9.20+/−7.
3% 

36.8+/−6.5 37.8+/−8.7 2.90+/−3.1
% 

Cort. Th. 
[mm] 

0.218+/−0.
11 

0.249+/−0.0
96* 

14.0+/−4.
6% 

0.265+/−0.
13 

0.287+/−0.1
5* 

8.30+/−3.4
% 

MOI 
[1/mm4] 

0.0530+/−0
.022 

0.0640+/−0.
024* 

12.0+/−4.
3% 

0.0665+/−0
.014 

0.0731+/−0.
019* 

9.00+/−3.2
% 
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Figure 3.2. TGFβ signaling is required for load-induced bone formation.  Micro-
computed tomography images of loaded and nonloaded WT and DNTβRII tibiae (A) 
show that loading increases cortical bone thickness of WT bone more than DNTβRII 
bone. The overall fluorochrome intake was reduced in the DNTβRII mice despite a 
slightly increased basal mineral apposition rate in DNTβRII mice relative to WT (B). 
Results of dynamic bone histomorphometry are consistent with micro-CT, showing that 
the relative load-mediated increase in bone mineral apposition rate is significantly lower 
in DNTβRII tibiae than in WT (C) (* p,0.05). 
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Figure 3.3. Load-sensitive Sclerostin regulation requires TGFβ signaling. 
Immunohistochemistry shows reduced Sclerostin expression between the loaded and 
nonloaded tibiae of WT mice, but no difference in Sclerostin expression in tibiae of 
DNTβRII mice (A).  Control IgG used in the primary step of immunohistochemistry 
verifies the specificity of the SOST staining.  Quantitation of Sclerostin-positive 
osteocytes in the tibiae confirm an 8% reduction in Sclerostin expression in loaded WT, 
but not in DNTβRII tibiae (B). (* p<0.05)  
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Figure 3.4. TGFβ induces SOST expression through Smad3. Treating UMR-106 
cells with TGFβ1 (5 ng/ml) for 2, 8, or 24 h results in an increase in SOST mRNA, while 
inhibiting TGFβ signaling with SB431542 results in a decrease in SOST expression (A). 
Smad3 overexpression with pRK5-Smad3 induces the SOST promoter-reporter 
construct, 3XECR-hSOSTpLuc, in a TGFβ dose-dependent manner within 24 h of TGFβ 
treatment (B). Blocking translation with cycloheximide (CHX) or transcription with 
actinomycin-D (ActD) for 2 h prevents TGFβ (5 ng/ml) induction of SOST expression 
(C). siRNA mediated knockdown of Runx2 did not prevent TGFβ (5 ng/ml) induction of 
SOST expression (D). (For panel C, * represents p,0.05 computed by comparing 
samples with added TGFβ to samples without added TGFβ in each treatment group; for 
all other panels, * p,0.05 computed by comparing samples to untreated cells). 
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Figure 3.5. The role of TGFβ signaling in load-induced bone formation. Load 
represses TGFβ signaling through Smad2/3 in osteocytes, which is required for the 
activation of SOST expression through an indirect, Runx2-independent mechanism. 
Loss of function mutations in the TGFβ type II receptor impair load-mediated repression 
of SOST and new bone formation. 
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Chapter 4 

TGFβ  and CYLD, a Deubiquitinase, are Mechanosensitive in Osteocytes 

 

Introduction 

Mechanical stimulus on bone is important for the maintenance of bone mass and 

bone health.  Lack of mechanical stimulus on bone leads to bone loss in astronauts, 

sedentary adolescents, and mice with hindlimb unloading (Lang et al., 2004; Gabel L. et 

al., 2017; Lescale C et al., 2015).  The interconnected osteocytes within the bone are 

central to modulating bone remodeling in response to mechanical load (Bonewald, L., 

2011).  Mice with their hindlimbs suspended to mimic unloading effects on bone show 

evidence of osteocytes apoptosis and bone loss (Cabahug-Zuckerman P. et al., 2016).  

Deletion of the osteocyte mechanosensitive gene SOST protects the bone from 

unloading-induced bone loss (Morse A et al., 2014).  Previously, we found that mice 

with reduced TGFβ signaling in osteocytes cannot relay the load-mediated repression of 

SOST expression and, consequently, have reduced load-induced bone formation 

(Nguyen J. et al., 2013).  Although we have shown that TGFβ is required for load-

induced bone formation, the mechanism by which mechanical load regulates TGFβ 

signaling in osteocytes remains unclear. 

Prostaglandins E2, or PGE2, is one of the early responses to mechanical 

stimulus in osteocytes and elicit signal transduction in these cells for cell-cell 

communication and ultimately transcription of genes that elicit bone formation.  PGE2 

facilitates cell-cell communication by moving between cells through gap channels, like 



39	  
 

connexin43.  Fluid flow on osteocytes induces connexin43 translocation to the cell 

membrane allowing for PGE2 to move into the adjacent cell (Siller-Jackson AJ et al., 

2008).  The Wnt pathway is a critical pathway, which regulates osteoblast and osteocyte 

functions, that is regulated by PGE2.  PGE2 can also act on the extracellular side and 

bind to the EP2 receptor leading to the activation of effectors PKA and PI3K to repress 

GSK3β, a Wnt effector, in osteocytes (Xia X et al., 2010).  Another Wnt pathway 

molecule, SOST, is repressed by PGE2 in cultured osteoblasts (Galea G et al., 2011).  

In addition, PGE2 produced from mechanically stimulated osteocytes protects 

osteocytes from glucocorticoid-induced apoptosis (Kitase Y et al., 2010).  Clearly, PGE2 

has a pleiotrophic effect on many pathways that maintain osteocyte viability and 

function. 

Although crosstalk between PGE2 and TGFβ signaling is not defined in 

osteocytes, in other tissues PGE2 plays an important role in matrix deposition and 

TGEbeta signaling.  For example, PGE2 represses TGFβ through an EP2/PKA 

mechanism to induce fibroblast activity (Penke L et al., 2014).  PGE2-activated EP4 

signaling in prostate cancer cells is dependent on TGFβ to allow for migration and 

metastasis of these cancer cells (Vo B et al., 2013).  PGE2-activated EP2 regulates 

TGFβ -induced mammary fibrosis and onocogenesis (Tian M and Schiemann W, 2010).  

Since TGFβ mediates PGE2 effects in multiple biological systems, we hypothesized that 

PGE2 regulates TGFβ signaling in osteocytes during mechanical stimulus. 

The rapid load-mediated downregulation of Smad3 phosphorylation in bone 

suggests a posttranslational mechanism that reduces TGFβ signaling in osteocytes.  

Protein degradation by ubiquitin-dependent proteasomal degradation is one method to 
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rapidly reduce levels of signaling molecules.  Furthermore, ubiquitin has previously 

been implicated as a mechanosensitive mechanism in other cell types.  For example, in 

muscle cells, the ubiquitin ligase, CHIP, marks damaged proteins for degradation when 

cells are subjected to tensional pull (Ubricht A et al., 2013).  C. elegans utilizes the E3 

ubiquitin ligase, MTB1, to degrade a mechanosensitive channel called MEC4 allowing 

for the organism to sense touch (Chen X and Chalfie M, 2015).  Mechanosensitive 

control of ubiquitin in osteocyte has not been evaluated. 

Ubiquitin is also an important regulatory mechanism in TGFβ signaling and bone 

homeostasis.  In particular, CYLD is a deubiquitinase that indirectly targets Smad3 for 

degradation in lung cells to regulate matrix deposition and fibrosis (Lim JH et al., 2012).  

In addition to regulating the TGFβ pathway, CYLD targets NEMO, a subunit of IKK, and 

represses NF-kB signaling (Sun SC, 2010).  The NF-kB pathway is important for 

regulating RANK signaling for osteoclastogenesis.  CYLD deficient mice have increased 

osteoclast numbers and activities and, consequently, low bone mass (Jin W. et al., 

2008).  Since Smad3 is rapidly downregulated in mechanically stimulated bone, we 

hypothesized that CYLD participates in load-mediated repression of TGFβ signaling in 

osteocytes. 

 Although the importance of TGFβ and PGE2 in osteocyte mechanotransduction 

is established, the mechanism of TGFβ signaling in mechanosensitive bone remain to 

be determined, which may involve crosstalk with the PGE2 pathway.  Signaling 

complexes turnover is essential to control signal transduction and cellular activities.  

However, the mechanisms of ubiquitin and protein turnover in osteocyte 

mechanotransduction are not well-studied.  Therefore, examining the role of CYLD in 
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controlling PGE2 and TGFβ pathways in osteocyte mechanotransduction will add 

another layer of knowledge to signaling mechanisms that act rapidly in osteocyte 

mechanotrandusction. 

 

Results 

TGFβ pathway proteins are reduced in loaded bones 

In the previous study, we found that TGFβ -activated Smad3 is reduced within 5 

hr after loading (Nguyen J et al., 2013).  This led us to question the extent of 

mechanical loading effects on the TGFβ pathway components.  To determine the effect 

of load on the TGFβ pathway, we conducted a timecourse experiment evaluating the 

expression of the genes and proteins in the canonical TGFβ pathway.  The TGFβ 

ligands, TGFβ1 and TGFβ2, mRNA expressions are significantly reduced at 1 hr after 

loading but recover at 3 hr.  TGFβ3, however, did not respond to mechanical stimulation 

in bone.  On the other hand, TβRI mRNA expression is increased at 1 hr while TβRI and 

Smad3 mRNA expression remains relatively unchanged.  Interestingly, protein levels of 

TβRI, Smad3, and pSmad3 are reduced at 1 hr and 3 hr after loading in the tibia 

suggesting a posttranslational mechanism is active in the mechanosensitive regulation 

of TGFβ signaling (Figure 1). 

 

TGFβ  proteins are mechanosensitive in osteocytes 

 To evaluate the effect of mechanical stimulation on osteocytes, we applied fluid 
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flow shear stress to MLOY4 osteocyte-like cells.  MLOY4 cells sandwiched in a laminar 

flow chamber were exposed to a 10dynes/cm^2 shear stress for 30 min.  The cells were 

allowed to remain unstimulated for 1 hr or 3 hr after fluid flow and lysates were collected 

for mRNA or protein analysis.  TβRI mRNA expression was induced at 1 hr after fluid 

flow but were not affected at 3 hr after fluid flow like several other TGFβ pathway genes.  

Protein levels of TβRI at 3 hr after fluid flow, however, remained suppressed in 

mechanically stimulated cells.  These results in MLOY4 cells mimic the reduced level of 

protein expression following load of TβRI in the tibia.  Since mechanical stimulus has a 

differential effect on TβRI mRNA and protein, these results suggests the involvement of 

a posttranslational level of regulation on TβRI and Smad3 (Figure 2). 

 

CYLD is a mechanosensitive in bone and osteocytes 

 CYLD, a deubiquitinase, regulates Smad3 stability in lung cells through an AKT-

mediated mechanism (Lim JH et al., 2012).  Since CYLD regulates factors that are 

known to be mechanosensitive in osteocytes, such as AKT and GSK3β, and is involved 

in osteoclastogenesis, we hypothesized that CYLD participates in load-mediated 

regulation of the TGFβ pathway.  We examined CYLD expression in mechanically 

stimulated tibia and MLOY4 cells.  CYLD mRNA levels are not altered in loaded tibia or 

fluid flow-stimulated MLOY4 cells.  However, CYLD protein levels are reduced at 1 hr 

and 3 hr after mechanical stimulation in tibia and MLOY4 cells (Figure 3).  This is the 

first demonstration of mechanosensitivity of CYLD in any cell types. 
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CYLD is required for PGE2/EP2-mediated repression of TβRI  

 PGE2 is one of the early mediators of mechanical stimulus in osteocytes in 

response to fluid flow (Xia X et al., 2010).  We sought to determine if PGE2 participates 

in the rapid mechanosensitive repression of TGFβ signaling, and further to determine if 

this effect is CYLD-dependent.  First, to determine whether PGE2 receptor, EP2, 

regulates TβRI, we treated MLOY4 cells with the EP2 agonist, Butaprost, for 3 hr and 

analyzed the lysates for the expression of TβRI.  Even in the absence of load, EP2 

agonist is sufficient to repress TβRI protein levels.  This suggests that load-induced 

PGE2 signaling through EP2 can repress TβRI levels.  To determine if PGE2 regulate 

TβRI in a CYLD-dependent manner, we knockdown CYLD by shRNA in MLOY4 cells 

and found that reduced CYLD activity prevented EP2-mediated repression of TβRI.  

Therefore, PGE2 repression of TβRI is CYLD dependent, although additional studies 

are needed to confirm this finding (Figure 4). 

 

Discussion 

 In summary, we found that TGFβ signaling is mechanoregulated as early as 1 hr 

after load.  This regulation interestingly has a differential effect on multiple components 

of the TGFβ signaling pathway.  For example, TβRI where the mRNA level is increased 

at 1 hr post load but the protein level is reduced in the tibia and in fluid flowed MLOY4 

cells.  Several pieces of evidence support the importance of posttranscriptional 

regulation.  The reduction of TβRI at 1 hr and 3 hr indicates a posttranslational level of 

regulation and protein degradation.  We find that CYLD, previously implicated in the 
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posttranslational regulation of TGFβ signaling, is mechanosensitive at 1 hr and 3 hr in 

bone and osteocytes.  Furthermore, the early mediator of mechanical stimulus in 

osteocytes, PGE2, represses TβRI  and TGFβ signaling through a CYLD-dependent 

mechanism (Figure 5). 

 The downregulation of TGFβ ligands, the upregulation of TβRI mRNA, and 

reduction of TβRI and Smad3 proteins with mechanical stimulus show a multilevel 

regulation of TGFβ pathway by load.  In this study, we examined the canonical TGFβ 

signaling, but load has an effect on the effectors of the non-canonical pathway such as 

AKT and MAPK (Baltra N et al., 2014; Riquelme MA et al., 2015).  Evaluating the 

expression and activity of the non-canonical pathway can elucidate the role of TGFβ in 

the canonical and non-canonical TGFβ pathways in regulating load-induced osteoblast 

and osteoclast activities for bone formation.  Furthermore, the reduction of TβRI 

proteins but increase in TβRI mRNA suggests not only a protein degradation 

mechanism but also suggests a possibility of a negative feedback mechanism involving 

translocation and recycling of the TβRI.  Further investigation of the effect of load on 

each level of the TGFβ pathway in response to load will, undoubtedly, unveil an intricate 

coordination of the ligands and effectors to regulate osteocyte activity and bone 

formation. 

 CYLD mechanosensitivity in osteocytes and bone provides another mechanistic 

regulation of signaling in osteocytes in response to load.  While we uncover the role of 

CYLD in regulating TGFβ signaling in mechanically stimulated osteocytes, CYLD 

regulates effectors of other pathways such as the Wnt pathway.  In addition, PGE2 

regulates CYLD for mechanotransduction in osteocytes.  Studying how CYLD intersects 
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with other mechanosensitive pathways can uncover how signaling is dampened and 

controlled for proper homeostasis. 

Figures 

 

 

Figure 4.1: TGFβ pathway is mechanosensitive in bone.  Loaded tibia from wildtype 
mice at 1 hr and 3 hr after loading were used for mRNA analysis.  TGFβ1 and TGFβ2 
ligand expression was repressed at 1 hr but recover by 3hr postload while TGFβ3 
expression was not affected by load (n = 5) (A-C). TβRI mRNA expression increases by 
two fold 1 hr after load and recovered by 3 hr, while TβRI I and Smad3 mRNA remain 
relatively unchanged (n = 4)  (D-F).  Protein levels of TβRI, Smad3, and pSmad3 are 
reduced 1 hr and 3 hr after loading (n = 4) (G-I). 
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Figure 4.2: TGFβ pathway is mechanosensitive in osteocytes. Like the TβRI  mRNA 
expression pattern in the tibia, TβRI  mRNA is significantly induced at 1 hr after fluid 
flow along with the control gene COX2 (n=3) (A).  TβRI mRNA exrepssion reaches 
close to baseline at 3 hr after fluid flow and significantly reduced from 1 hr TβRI  mRNA 
expression (n=3) (B).  However, TβRI protein expression is reduced at 3 hr after fluid 
flow in MLOY4 cells (n=4) (C).  

 

 

Figure 4.3: Load represses CYLD expression in bone and osteocytes.  CYLD 
mRNA is not mechanosensitive at 1 hr or 3 hr postload in the tibia (A).  However, 
protein expression of CYLD is negatively regulated at 1 hr and 3 hr postload in the tibia 
(n=4) (B).  In MLOY4 cells 3 hr post fluid flow, CYLD mRNA is not changed (n=3) (C) 
while CYLD protein is markedly reduced (n=4) (D) similarly to the expression pattern in 
the tibia. 
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Figure 4.4: EP2 repression of TGFβ is CYLD-dependent.  MLOY4 cells treated with 
the EP2 receptor agonist, Butaprost, showed reduced TβRI expression.  However, in 
CYLD knockdown cells, EP2-mediated repression ofTβRI is lost (n=2). 

 

Figure 4.5: Attenuation of TGFβ signaling in osteocytes is through a PGE2 and 
CYLD-dependent mechanism.  Load is well known to induce PGE2 production by 
osteocytes.  We found that PGE2 negatively regulates TβRI  protein by a CYLD-
mediated mechanism.  CYLD is mechanosensitive in both osteocytes and bone. 
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Chapter 5 

Summary and Future Directions 

 

 In summary, the findings in this dissertation established the mechanosensitivity 

of TGFβ signaling in bone and osteocytes.  Physiological loading maintains bone health 

in humans and prevents further damage by disuse-induced bone loss (Gabel L. et al., 

2017).  In mice, a physiological load of 3-4N applied at 1Hz for 600 cycles corresponds 

to a load experienced by jumping mice (Fritton JC et al., 2005).  Mechanical stimulation 

on a hindlimb of wild type mice with physiological load leads to a 10-19% increase in 

bone formation, while the same regimen on a hindlimb of the dominant-negative TβRI 

mice failed to induce the same magnitude of bone formation.  Therefore, TGFβ 

signaling is required for load-induced bone formation.  At the mechanistic level, loading 

represses TGFβ signaling in bone and, specifically, osteocytes. The Smad2/3-luciferase 

reporter mice showed a decrease in luciferase expression with load within 5 hours of 

mechanical stimulation on a hindlimb.  In support, luciferase immunohistochemistry of 

the tibia and western blot of phospho-Smad3 with tibia bone lysates also showed 

reduction with load.  TGFβ induces SOST, a mechanosensitive gene in osteocytes, 

expression through a Smad3-dependent mechanism.  In addition, TGFβ is required for 

load-mediated repression of SOST expression.  We further examined the rapid 

repression of TGFβ signaling with load in osteocytes and found the TGFβ pathway 

proteins are repressed within 3 hr.  In particulat, TβRI mRNA increases at 1 hr after 

loading and returns to baseline at 3 hr, while TβRI protein expression is reduced after 
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loading at both time points suggesting a posttranslational mechanism.  CYLD is a 

deubiquitinase known to regulate TGFβ signaling (Lim JH et al., 2012) and CYLD 

protein expression is reduced in osteocytes within 3 hr after loading.  To our knowledge, 

this is the first study to show CYLD mechanosensitivity and a load-regulated ubiquitin 

pathway component.  CYLD mediates the crosstalk of PGE2 and TGFβ signaling 

pathways in osteocytes.  Together, we uncovered a novel mechanism of 

mechanoregulation of osteocytes and, in particular, TGFβ signaling. 

 The studies in this dissertation establish the role of TGFβ in mechanotranduction 

in bone and osteocytes, but further investigation is needed to dissect the mechanism of 

CYLD-mediated PGE2 repression of TβRI and the physiological impact of CYLD in 

loaded bone.  In chapter 4, the PGE2 receptor, EP2, represses TβRI by a CYLD-

dependent function (Figure 4.4), but whether CYLD directly or indirectly targets TβRI 

needs to be evaluated.  Furthermore, CYLD knockdown alone does not result in a 

reduction of TβRI indicating CYLD is necessary but not sufficient for EP2-induced TβRI 

instability and other signaling factors are involved.  In lung cells, CYLD indirectly 

regulates Smad3 stability by deubiquitinating and destabilizing phospho-AKT, which 

allow GSK3b to promote Smad3 degradation (Lim JH et al., 2012).  In addition, AKT 

participates in stabilizing TβRI in mammary cells by phosphorylating USP4, a 

deubiquitinase.  Activated USP4 binds to TβRI and deubiquitinates TβRI to promote 

TβRI stability (Zhang L et al., 2012).  Therefore, one mechanism by which CYLD can 

utilize to regulate TβRI protein expression is by regulating AKT-USP4 pathway.  PGE2 

regulation of TβRI recycling and degradation is novel and further work in this area may 

reveal a mechanism that is important not only in PGE2 regulation of osteocytes and 



50	  
 

bone homeostasis but also progression of inflammatory diseases. 

 We and other investigators (Moon YJ et al., 2016) have identified the TGFβ 

pathway as a critical regulator of mechanotransduction in bone and osteocytes.  

However, much of the regulatory mechanism and physiological role of each component 

of the TGFβ pathway are unknown in the context of bone loading.  While this study has 

elucidated the mechanosensitivity of CYLD, further studies need to be done to 

determine its role in physiological loading and whether TGFβ is involved.  CYLD inhibits 

RANKL signaling in preosteoclast cells, but once osteoclastogenesis starts RANKL 

signaling induces CYLD mRNA expression as a feedback mechanism (Jin W et al., 

2008).  Therefore, CYLD inhibits osteoclastogenesis and CYLD deficient mice display a 

low bone mass phenotype (Jin W et al., 2008).  It would be interesting to load hindlimbs 

of CYLD deficient mice and determine whether load-induced bone formation is affected 

in these mice and whether osteoblast or osteoclast activity could be affected. 

   Bone homeostasis is a fine balance of the activities by the three bone cells, 

osteoblast, osteoclast, and osteocytes.  Wnt, PGE2, and TGFβ are some of the major 

pathways that participate in the signaling complexity of osteocyte biology.  Additional 

studies to dissect the specific signaling mechanisms by each pathway and the crosstalk 

signaling mechanisms among these pathways will provide a more detailed map of 

signaling cascades in osteocytes.  Utilizing this information as a tool, therapy can be 

fine-tuned to improve treatments of low bone mass diseases. 
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