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Abstract 
Title of Dissertation: Lysosomal Degradation Regulates Sclerostin Protein Abundance in 

Response to Mechanical Stress and Parathyroid Hormone Treatment in Osteocytes 

Nicole R. Gould, Doctor of Philosophy, 2021 

Dissertation Directed By: Joseph P. Stains, PhD 

    Professor 

    Department of Orthopaedics 

The development of low bone mass during aging and disuse increases fracture risk 

and represents an important health concern in many populations. Most current therapeutics 

slow bone loss by targeting and slowing bone resorption. Yet, they do not target a 

fundamental issue of a lack of de novo bone formation to reform lost bone. While the 

Wnt/b-catenin inhibitor, sclerostin, is critical to the activation of new bone formation, its 

precise molecular control and the molecular basis of bone mechano-sensing has remained 

elusive. We recently described an osteocyte mechano-transduction cascade that requires 

production of reactive oxygen species (ROS) by NADPH Oxidase 2 (NOX2). Subsequent 

calcium influx through transient receptor potential vanilloid 4 (TRPV4) activates 

calcium/calmodulin-dependent kinase II (CaMKII), which is necessary for rapid sclerostin 

protein loss. Here, we set out to determine how fluid shear stress (FSS) rapidly controls 

sclerostin protein abundance and if this regulation is conserved with another bone anabolic 

stimulus, parathyroid hormone (PTH). We found that both FSS and PTH regulate the rapid 

lysosomal degradation of sclerostin protein on a minutes’ timescale. Both FSS and PTH 

activate CaMKII, which regulates lysosomal activity, indicating increased lysosomal flux 

following bone anabolic stimulation. We then evaluated the physiological relevance of 

lysosomal sclerostin degradation to load-induced bone formation in vivo. Using an ulnar 



 
 

loading model, we found that lysosomal function is necessary for load-induced sclerostin 

degradation and subsequent bone formation. We found that disrupted lysosomal function 

in the lysosomal storage disorder Gaucher Disease leads to accumulation of sclerostin in 

diseased iPSCs and that this accumulation is reversed when lysosomal function is restored. 

We additionally found that NOX2 ROS are necessary for load-induced sclerostin 

degradation and bone formation in vivo, spurring the analysis of a bone-specific NOX2 

conditional deletion mouse model. While we are still evaluating the consequence of NOX2 

conditional deletion in cells of the osteoblast/osteocyte lineage to the in vivo bone 

mechano-response, we find that female mice have mild osteopenia. In total, these results 

will expand our understanding of osteocyte mechano-sensing and fill the knowledge gaps 

as to how osteocytes sense and transduce mechanical signals and regulate sclerostin 

abundance in vivo.
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Chapter 1: Introduction 
1.1 – Structure of Bone 

 The skeleton is a specialized tissue that acts as the main structural support for the 

body, providing attachments for muscles, protecting of internal organs, and participating 

in calcium homeostasis. Long bones, such as the femur, tibia, humerus, ulna, and radius, 

are comprised of two main types of bone: cortical and trabecular bone (Figure 1). Cortical 

bone, also known as compact bone, comprises 80% of bone mass and creates the tough 

outer shell of long bones (Figure 1). Trabecular bone, also known as spongy or cancellous 

bone, is found within the cortical bone. Bony trabeculae create a porous structure with 

spaces between the bone filled with bone marrow (Figure 1). Within this bone marrow, 

hematopoiesis occurs, allowing for hematopoietic stem cells to differentiate into different 

immune and blood cell types.  

 Given that bones contain many cells that need nutrients and oxygen, long bones 

contain many blood vessels, nerves, and lymphatic vessels that run through Haversian 

canals (Figure 2A, 2B). These canals run through osteons, which are the functional units 

of bone (Figure 2B). These osteons are made of layers of lamellae, which form concentric 

circles around Haversian canals. These osteons contain smaller lacunae, where bone-

embedded cells reside. These lacunae are connected to Haversian canals through smaller 

canals, which allow for the diffusion of biological and chemical signals that cells need to 

survive. The entirety of these small canals and lacunae comprises the bone lacunar-

canalicular system, which is necessary for cell survival, especially in larger animals where 

the cortical bone is thicker. Important to note, lesser rodent models, such as mice and rats, 

do not have osteonal bone. This complicates the use of rodent models to directly model  
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Figure 1: Trabecular and cortical bone.  
Trabecular bone, also known as spongy or cancellous bone, typically exists near the ends 
of long bones. Small trabeculae create a porous structure where marrow resides. Cortical 
bone, also known as compact bone, creates the hard outer shell of the bone. (Image 
source: Biorender.com) 
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Figure 2: Hierarchy of bone structure. 
A. Cortical bone is surrounded by the periosteal membrane, which is highly vascularized, 
and encases the bone marrow. These blood vessels infiltrate the cortical bone to deliver 
nutrients and oxygen to bone-embedded osteocytes. B. Cortical bone is comprised of 
many osteons, the function bone unit. Osteons are formed from concentric lamellae, 
which form around Haversian canals. These canals allow for blood vessels, lymphatic 
vessels, and nerves to pass through the cortical bone. Osteocytes are embedded within the 
concentric lamellae and connect to the Haversian canals to allow for diffusion of 
nutrients and oxygen. (Image source: Biorender.com) 
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bone properties in humans, though these models are most widely used.  

 The surfaces of bone, both the inner and outer surfaces, are wrapped with fibrous 

membranes (Figure 3). The periosteal membrane (periosteum) wraps the outside of bones, 

while the endosteal membrane (endosteum) lines the marrow cavity. The periosteal 

membrane contains many blood vessels and is highly innervated. Importantly, this 

periosteal membrane is a rich source of progenitor cells and is contiguous with tendons and 

ligaments, making it vital for musculoskeletal function. These semi-permeable membranes 

also trap interstitial fluid within the bone matrix, which is vital to the generation of fluid 

shear stress (FSS) in the bone and facilitates the mechanical response of skeletal tissue. 

The bone mechano-response and the contribution of FSS is discussed in more detail below 

(Chapter 1.6 – Bone Mechano-Sensitivity and Mechano-Transduction Pathways).  

1.2 – Cells of Bone 

Bone tissue itself contains three main types of cells that carry out different functions 

(Figure 4). First are osteoblasts, which exist on the surface of bone and are responsible for 

the deposition and mineralization of new bone matrix. Osteoblasts are differentiated from 

mesenchymal stem cells (Figure 5). In response to cues such as bone morphogenic proteins 

(BMPs) and Wnt signaling, mesenchymal stem cells produce RUNX2, which commits 

them to osteo-chondral differentiation1. RUNX2 is a transcription factor that drives the 

expression of osterix, a transcription factor that is important for the expression of many 

mature osteoblast proteins such as alkaline phosphatase (ALP) and collagen I1. These 

proteins are vital for collagen deposition and mineralization, which comprises new bone 

matrix. Mature osteoblasts secrete large amounts of Type I collagen in an organized  
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Figure 3: The periosteal and endosteal membranes line the bone matrix.  
The periosteal membrane wraps the outside of bones and contains many blood vessels 
and nerves. The endosteal membrane lines the marrow cavity, trabeculae, and inner 
surfaces of canals within the bone. (Image adapted from: 
https://open.oregonstate.education/aandp/chapter/6-3-bone-structure/).  
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Figure 4: Bone contains three main cells: bone-resorbing osteoclasts, bone-forming 
osteoblasts, and regulatory osteocytes.  
Osteoblasts are derived from mesenchymal stem cells. Osteoblasts secrete a large amount 
of Type I collagen, which they then mineralize to form new bone matrix. Osteoclasts are 
giant, multi-nucleated cells that are derived from hematopoietic stem cells. Osteoclasts 
secrete acid and proteases, which degrade the bone matrix. Osteocytes are terminally 
differentiated osteoblasts that become entombed in the bone matrix. They send long cell 
processes through the bone matrix that connect osteoblasts, osteoclasts, and other 
osteocytes in a large network. Osteocytes secrete multiple factors and signaling 
molecules that regulate the activity of osteoblasts and osteoclasts. (Image source: 
Biorender.com) 
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Figure 5: Osteoblast differentiation is characterized by different signaling cascades 
that initiate the expression of different protein markers.  
Osteoblasts are derived from mesenchymal stem cells. Bone morphogenic protein (BMP) 
and Wnt signaling activate RUNX2 expression, which initiates the differentiation of 
mesenchymal stem cells to osteoblast progenitors. RUNX2 is a transcription factor that 
drives the expression of osterix, which is important for the expression of mature 
osteoblast markers such as alkaline phosphatase (ALP) and collagen I. (Figure from2).   
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fashion. They then mineralize this collagen with hydroxyapatite crystals (Ca₁₀(PO₄)₆(OH)₂) 

formed out of calcium and phosphate. These hydroxyapatite crystals nucleate and 

mineralize the collagen in the new bone matrix. As the new bone matrix mineralizes, it 

entraps not only calcium and phosphorous, but also growth factors and cytokines. 

Second are osteoclasts, which exist on the surface of bone and are responsible for 

resorbing bone by secreting acid and proteases into the interface between the cell’s basal 

membrane and the bone surface (Figure 4). Osteoclasts are derived from hematopoietic 

stem cells that differentiate into macrophages (Figure 6A). Osteoblasts and osteocytes, 

which are discussed below, secrete macrophage colony-stimulating factor (M-CSF-1) 

binds to receptors on macrophages, which initiates CSF1/CSF1R signaling3. This results 

in the expression of receptor activator of NF-κB (RANK). Receptor activator of NF-κB 

ligand (RANKL), which is secreted by osteocytes, binds to RANK and induces expression 

of NFATc1 through MAPK and NF-kB signaling, which result in mononuclear pre-

osteoclasts3. Opposingly, osteoblasts secrete osteoprotegerin (OPG), which suppresses 

osteoclastogenesis by binding and sequestering RANKL. Therefore, the RANKL/OPG 

ratio is indicative of the resorptive state of the skeleton, with high RANKL/OPG ratio 

supporting robust osteoclastogenesis and bone resorption. 

In the presence of RANKL, multiple mononuclear pre-osteoclasts then fuse to form 

multinucleated mature osteoclasts. These osteoclasts bind to the bone surface and, using 

integrins and tight junctions, form a tight seal between the basal membrane of the osteoclast 

and the bone surface. The osteoclast then secretes lysosomes and uses proton pumps to 

create a low pH zone with many proteases (Figure 6B). This low pH and the proteases  
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Figure 6: Osteoclast differentiation is highly dependent on M-CSF and RANKL 
signaling.  
Osteoclasts are derived from hematopoietic stem cells. Macrophage colony-stimulating 
factor (M-CSF) stimulates the expression of receptor activator of NF-κB (RANK). 
RANK binds to RANKL, which is secreted by osteoblasts and osteocytes, which initiates 
NFATc1 expression through MAPK and NF-kB signaling. These mononuclear 
osteoclasts then fuse to form giant, multi-nucleated osteoclasts that resorb the bone 
matrix. (Figure from (A)4 (B) 
https://www.researchgate.net/publication/47934437_Pannus_invasion_into_cartilage_and
_bone_in_rheumatoid_arthritis).   
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breakdown the bone matrix, releasing collagen, calcium, and trapped growth factors into 

circulation. 

Osteocytes are the third type of bone cell and they function to regulate the activity 

of osteoclasts, osteoblasts, and other osteocytes. Osteocytes are terminally differentiated 

osteoblasts that become encased in the forming bone matrix. Whereas osteoblasts are large  

cuboidal cells on the bone surface, as they become encased in bone and differentiate into 

osteocytes, they morphologically change to become more dendritic, sending out long cell 

processes to connect to other osteocytes, osteoblasts, and osteoclasts to create a large, 

interconnected network (Figure 4).  

Given that osteocytes are embedded within the bone matrix, they exist within 

osteons. Osteocyte cell bodies reside in lacunae and extend their cell processes through 

fluid-filled canaliculi, thus forming the porous lacunar-canalicular system within the bone 

matrix. This system allows the transportation of nutrients and oxygen to these embedded 

cells, allowing them to survive. Interestingly, osteocytes have been found to survive for 

upwards of 50 years, with a half-life of about 25 years5,6.  

Osteocytes secrete different factors to control the differentiation and function of 

osteoclasts, osteoblasts, and osteocytes (Figure 7). Osteocytes secrete RANKL, which 

promotes osteoclastogenesis. Osteocytes also secrete the Wnt/b-catenin antagonists 

sclerostin and dickkopf-1 (DKK1), which regulate osteoblast differentiation and function, 

thereby suppressing bone formation7,8. The role of these proteins is discussed in more depth 

below (Chapter 1.5 – Sclerostin and Wnt/b-Catenin Antagonists).  
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Figure 7: Osteocytes secrete factors that regulate osteoclast and osteoblast 
differentiation and function. 
Bone-embedded osteocytes secrete M-CSF and RANKL, which promote 
osteoblastogenesis. Opposingly, osteocytes secrete OPG and nitric oxide (NO), which 
suppress osteoclastogenesis. To promote osteoblastogenesis, osteocytes secrete PGE2, 
NO, and ATP. Opposingly, osteocytes secrete sclerostin and DKK1, which suppress 
osteoblastogenesis. (Image from9).  
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1.3 – Bone Remodeling 

 In order for bone to adapt to changes in its environment and to ensure strength is 

retained, bone-building osteoblasts and bone-resorbing osteoclasts must work in unison. In 

adult bone, where they have grown to their terminal length and growth plates have  

closed, the action of osteoblasts and osteoclasts are balanced, allowing for older bone to be 

replaced by new bone when needed. Typical “wear and tear” on bones can cause micro-

cracks in the bone structure, which can trigger a remodeling response.  

 The remodeling process occurs in three main phases (Figure 8). First is resorption. 

Here, osteoclasts are recruited to the area of damage. They resorb bone, releasing cytokines 

and growth factors that were trapped within the mineralized matrix. This in turn activates 

the second phase of remodeling: reversal. In the reversal phase, the multinucleated 

osteoclasts undergo apoptosis and osteo-progenitors are recruited to the resorbed bone 

surface by the latent growth factors released from the resorbed bone. Though not much is 

known about the reversal phase, it is thought to be vital for the coupling of osteoclasts to 

osteoblasts that is necessary for proper bone remodeling. Following this, the third phase 

occurs: formation. Osteo-progenitors differentiate into osteoblasts, where they deposit 

collagen and mineralize it into new bone. A subset of these osteoblasts go on to become 

entrapped in bone, forming osteocytes, while the majority undergo apoptosis or become 

quiescent bone lining cells. This completes the remodeling process. In all, this process can 

take many months, with the longest phase being the formation phase to ensure the new 

matrix is condensed properly and structurally sound. 

  



 

 13 

 

Figure 8: Bone remodeling is the concerted action of bone-resorbing osteoclasts and 
bone-forming osteoblasts that replaces and repairs worn bone. 
Bone remodeling occurs in areas of wear and tear and in areas with microcracks. 
Osteoclasts begin the process by resorbing the damaged bone. These release stored 
growth factors and cytokines from the bone matrix. These recruit pre-osteoblasts, which 
then differentiate into osteoblasts. Osteoblasts deposit new bone matrix, which is 
mineralized and condensed into new bone. (Image adapted from10)  
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1.4 – Wnt/b-Catenin Signaling in Osteoblastogenesis 

 Canonical Wnt/b-catenin signaling is integral to the regulation of bone mass. 

Wnt/b-catenin signaling promotes the differentiation of mesenchymal stem cells into 

osteoprogenitor cells by inducing pro-osteoblastic gene expression11 (Figures 5, 9, and 10). 

Wnt ligands bind to density lipoprotein receptor-related protein 5 and 6 (LRP5/6) on 

osteoblasts, which promotes association of LRP5/6 with Frizzled. This recruits axin and 

members of the b-catenin destruction complex (adenomatosis polyposis coli (APC), Axin, 

glycogen synthase kinase 3 (GSK3) and casein kinase 1α (CK1α)) to the plasma 

membrane. The components of the destruction complex promote phosphorylation of axin, 

which binds to the cytoplasmic tail of LRP5/6. This prevents degradation of b-catenin, 

which begins to accumulate in the cytoplasm. b-catenin can then translocate into the 

nucleus, where it promotes the transcription of the pro-osteoblastic genes Runx2 and Osx11 

(Figure 5). When Wnt ligands are not present, b-catenin is targeted for ubiquitination and 

proteasomal degradation by the destruction complex comprised of axin, APC, GSK3, and 

CK1. This suppresses osteoblastogenesis, ultimately preventing bone formation. 

1.5 – Sclerostin and Wnt/b-Catenin Antagonists 

 Sclerostin, which is encoded by the Sost gene, is a secreted 27 kDa glycoprotein 

that antagonizes the Wnt/b-catenin signaling pathway to inhibit the differentiation and 

activity of osteoblasts12,13. Sclerostin inhibits osteoblast differentiation by binding to and 

antagonizing LRP5/6 receptors on osteoblasts14. This binding sequesters LRP5/6, 

preventing it from dimerizing with the Frizzled receptor when Wnt ligands are present, 

preventing the Wnt/b-catenin signaling that is necessary for osteoblastogenesis (Figure 

10)14,15.  
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Figure 9: Wnt signaling promotes osteoblastogenesis by determining lineage specificity 
and inducing osteoblast gene expression. 
Wnt binding to its receptor on mesenchymal stem cells promotes differentiation into 
osteo-progenitor cells and suppresses gene expression that would lead to differentiation 
into adipocytes (fat), myoblasts (muscle), fibroblasts (fibrous tissue), and chondrocytes 
(tendon). (Figure from16) 
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Figure 10: Wnt/b-catenin signaling controls osteogenic gene expression and is 
inhibited by sclerostin.  
In the absence of Wnt ligands, b-catenin is sequestered by its destruction complex, which 
is comprised of adenomatosis polyposis coli (APC), Axin, glycogen synthase kinase 3 
(GSK3) and casein kinase 1α (CK1α). Here, b-catenin is phosphorylated and 
ubiquitinylated and shuttled to the proteasome for degradation. When Wnt binds to 
LRP5/6, it dimerizes with Frizzled on the plasma membrane. The destruction complex is 
then recruited to the plasma membrane, allowing for b-catenin to accumulate in the 
cytoplasm. b-catenin translocates to the nucleus into the nucleus, where it, along with 
Tcf, promotes the transcription of the pro-osteoblastic genes Runx2 (encodes for 
RUNX2) and Osx (encodes for osterix). Sclerostin prevents the binding of Wnt to 
LRP5/6, promoting b-catenin degradation, which prevents osteoblastic gene expression 
and suppresses bone formation. (Figure adapted from17) 
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 While sclerostin is considered to be an osteocyte specific protein, sclerostin 

expression has been detected in multiple different tissues8,18–21. While Sost mRNA has only 

been detected in some tissues and protein abundance has not yet been assessed. Therefore, 

the functional consequence of sclerostin outside of bone is not well known and the impact 

of non-osteocytic sclerostin on bone is of unknown impact.  

The role of Sost/sclerostin was first informed by disease. Sclerosteosis is an 

autosomal recessive disease characterized by skeletal overgrowth, particularly in the skull. 

Sclerosteosis is caused by loss-of-function mutations within the Sost gene22,23. This loss-

of-function prevents sclerostin from properly regulating bone formation, resulting in an 

osteopetrotic phenotype. Sost null mice phenocopy the osteopetrotic phenotype; however, 

they do not exhibit syndactyly, which is common in sclerosteosis in humans24.  

Van Buchem disease, another rare high bone mass disease, is also caused by 

sclerostin mutations. While symptoms and high bone mass in van Buchem disease are 

similar to those of sclerosteosis, the molecular basis of disease is different. Whereas 

sclerosteosis is caused by mutations within the coding sequence of the Sost gene, van 

Buchem disease is caused by a 52-kB deletion downstream of the Sost gene25,26. Mouse 

models have informed that this deletion affects a non-coding regulatory element, causing 

decreased sclerostin expression27.  

Informed by these diseases where decreased sclerostin function or expression cause 

massive bone overgrowth, it is known that sclerostin is a powerful regulator of bone mass. 

Therefore, targeting sclerostin bioavailability and/or function has large therapeutic 

potential for increasing bone mass in many conditions of low bone mass. Indeed, targeting 

sclerostin function with a humanized monoclonal antibody, Romosozumab, is FDA 
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approved to treat osteoporosis in post-menopausal women at a high risk for fracture28,29. 

While this therapeutic approach is an encouraging first step in targeting sclerostin to 

modulate bone mass, it does have its downfalls. There is a small subset of patients that 

experience life threatening side effects, which limits its use in patients and calls for more 

therapeutic options that minimize risk while increasing therapeutic potential.  

Sost gene expression is mediated through different epigenetic control of the 

proximal promoter and through transcription factor binding to the distal enhancer region, 

ECR5. In osteoblasts, the proximal promoter is hypermethylated, which reduces Sost 

expression30. As osteoblasts differentiate into osteocytes, this proximal promoter become 

hypomethylated, allowing for gene expression, likely through increased transcription 

factor binding30,31. In addition to epigenetic control of the proximal promoter, Sost gene 

expression is also dependent on transcription factor binding to the distal enhancer, ECR5. 

ECR5 contains a myocyte enhancer factor-2 (Mef2) response element where transcription 

factor Mef2 can bind to promote Sost transcription32. Suppressing Mef2 expression in vitro 

with siRNA or in vivo by conditionally deleting Mef2c in osteoblasts and osteocytes results 

in decreased Sost expression and high bone mass, indicating that Mef2 binding to ECR5 is 

vital to regulating Sost expression32,33.  

In addition to sclerostin, DKK1 also inhibits Wnt/b-catenin signaling, which 

suppresses osteoblastogenesis and bone formation7,34,35 (Figure 10). DKK1 binds to LRP6 

and prevents the initiation of Wnt signaling36. DKK1 likely prevents the binding of Wnt 

ligands to LRP6 rather than inducing LRP6 internalization37. Increased DKK1 expression 

leads to osteopenia likely due to decreased osteoblast number and activity, indicating that 

DKK1 is a potent regulator of bone formation7. While DKK1 is expressed in both 
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osteoblasts and osteocytes7, DKK1 is also expressed in many cell types and regulates many 

Wnt/b-catenin-dependent processes38. Therefore, understanding the role of bone-derived 

DKK1 on bone and other cells types is difficult to uncover.  

1.6 – Bone Mechano-Sensitivity and Mechano-Transduction Pathways 

 Bone is a highly adaptive tissue, responding to changes in its mechanical and 

hormonal environment by shifting the rate of bone formation and resorption appropriately. 

Bone senses and adapts to changes in its mechanical environment, settling at a homeostatic 

setpoint around the “typical” loading events it experiences. Significant changes to its 

mechanical environment, such as those that happen with heavy weightlifting, push the bone 

out of its homeostatic setpoint into an anabolic zone, which spurs bone formation to adapt 

to this increase in strain. Conversely, a sustained lack of mechanical loading, such as during 

disuse, paralysis, and injury or defects in the ability to sense and transduce mechanical 

loading cues – as occurs in aging – pushes bone into a catabolic zone and resets the 

homeostatic setpoint at a lower bone mass. The resulting decrease in bone mass can lead 

to bone weakness and an increased risk of fracture.  

Bone is a fluid-filled tissue, with the lacunar-canalicular system filled with 

interstitial fluid and bounded by the semi-permeable periosteal and endosteal fibrous 

membranes. Mechanical load causes the pressurization of the interstitial fluid within the 

bone (Figure 11). Due to the semi-permeable nature of the periosteal and endosteal 

membranes, interstitial fluid cannot escape the bone. Therefore, the fluid is pushed within 

the lacunar-canalicular system where bone-embedded osteocytes reside. This causes fluid 

shear stress (FSS) across the osteocyte membrane, activating many different signaling  
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Figure 11: Mechanical load causes fluid shear stress across osteocytes in the lacunar-
canalicular system.  
Compressive force causes the pressurization of interstitial fluid, which is held within the 
bone matrix due to the periosteal and endosteal membranes. This fluid then produces 
shear stress across the osteocyte membrane. This fluid shear stress ultimately results in a 
decrease in sclerostin expression, which lifts the inhibition on osteoblastogenesis to allow 
for bone formation to occur in response to these mechanical cues. (Figure from 
Biorender.) 
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cascades that result in biological changes in response to mechanical stimuli. signaling 

cascades that result in biological changes in response to mechanical stimuli.  

However, it is important to note that FSS is not the only stimuli produced with 

mechanical stress. Mechanical load causes deformation of the bone matrix, and to a lesser 

extent the cell body, which also could elicit an osteocyte mechano-response39. The flow of 

the interstitial fluid, which is an ionic solution, could elicit electrical potentials as it flows 

past charged cell membranes and lacunar canalicular walls40. While it is important to note 

that there are many different potential mechanical stimuli that are produced in response to 

a mechanical stress, it is difficult to disentangle if one stimulus is more meaningful than 

others. Therefore, it is likely a combination of factors that elicits the full mechanical 

response in vivo, and FSS is sufficient to use as an in vitro model system.  

1.6.1 – Calcium Signaling 

 One of the first biological signals that occurs after exposure to FSS is calcium influx 

into the osteocyte. Calcium signaling is necessary for many downstream responses to FSS, 

such as nitric oxide release, changes in mechano-responsive genes, Calcium/calmodulin-

dependent protein kinase II (CaMKII) activation, ATP release, and sclerostin degradation 

following fluid shear stress41–47. Of the calcium channels implicated in osteocyte mechano-

signaling, such as Transient Receptor Potential Cation Channel Subfamily V Member 4 

(TRPV4), Piezo, T-Type calcium channels, and CaV channels, blocking one family of 

calcium channels is typically insufficient to entirely block fluid shear stress-induced 

calcium influx, indicating mechanically activated calcium influx is, unsurprisingly, not 

exclusive to a single calcium channel41,48–50.  
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1.6.2 – Nitric Oxide Production 

Nitric oxide is a short-lived, water soluble, reactive radical that is produced by nitric 

oxide synthase (NOS) enzymes. Using electrons from NADPH, NOS enzymes oxidize and 

cleave the terminal nitrogen of the amino acid L-arginine, which yields nitric oxide (NO) 

and L-citrulline as a by-product (Figure 12). Three different NOS enzymes, encoded by 

three separate genes, can facilitate this reaction. Neuronal NOS (nNOS, encoded by Nos1) 

and endothelial NOS (eNOS, encoded by Nos3) are constitutively expressed and their 

activation is calcium-dependent. Calcium influx activates calmodulin, which, in turn, 

phosphorylates and activates eNOS and nNOS51. Though other kinases, such as PKA or 

Akt, can facilitate eNOS and nNOS activation. Inducible NOS (iNOS, encoded by Nos2), 

on the other hand, is only expressed in stimulated cells and is not considered to be calcium 

dependent because it binds so tightly to calmodulin51. Therefore, iNOS is highly expressed 

in immune cells, where initiation of an immune response triggers NO production52.  

 All three NOS isoforms are expressed in bone tissue53,54. Osteocytes produce nitric 

oxide in response to FSS in vitro55 and ex vivo56 and blocking nitric oxide production in 

vivo blunts load-induced bone formation rates57–59. Despite the knowledge that nitric oxide 

production occurs in response to and mediates biological changes in response to 

mechanical load, the direct biological consequence of nitric oxide in the bone mechano-

response is unknown60. It is possible that nitric oxide modulates Wnt signaling by affecting 

the expression of Wnt target genes, possibly connecting nitric oxide to the regulation of 

sclerostin61.  
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Figure 12: Nitric oxide synthase (NOS) enzymes produce nitric oxide (NO). 
Using electrons from NADPH, NOS enzymes oxidize and cleave the terminal nitrogen of 
the amino acid L-arginine, which yields NO and L-citrulline as a by-product.  
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1.6.3 – Reactive Oxygen Species 

In addition to nitric oxide, we have recently implicated reactive oxygen species, 

such as superoxide and hydrogen peroxide, are also implicated in the bone mechano-

response. While reactive oxygen species can be a byproduct of cell metabolism and 

mitochondrial dysfunction, reactive oxygen species can also be produced in a controlled 

manner as a signaling molecule. In fact, the sole role of the NADPH Oxidase (NOX) 

enzyme family is to produce controlled reactive oxygen species. NOX enzymes are integral 

membrane proteins with different intracellular regulatory proteins that assemble at the 

membrane to produce reactive oxygen species62. The catalytic subunit of NOX2, gp91phox, 

transfers electrons from NADPH to oxygen to produce reactive oxygen species (ROS), 

specifically superoxide (O2•), extracellularly. Superoxide is highly reactive and unstable, 

so it is typically converted into the less reactive hydrogen peroxide by superoxide 

dismutase (Figure 13A).  

Of the six NOX family members, NOX1, 2, and 4 are expressed in osteoblasts and 

osteoclasts63–65 and NOX2 is expressed in osteocytes41,64. NOX2 is comprised of multiple 

subunits: catalytic gp91phox, which is responsible for transferring electrons from NADPH 

to oxygen to produce extracellular superoxide, and the regulatory subunits p22phox, p47phox, 

p40phox, p67phox, and the actin regulating protein, Rac1 (Figure 13B)62. FSS elicits reactive 

oxygen production from NOX2 in osteocytes, which is necessary for the activation of a 

mechano-transduction cascade in vitro41. In vivo, global deletion of p47phox (gene name 

NCF1) causes decreased bone mass and strength partly due to decreased osteoblast 

number63. However, the contribution of NOX2-mediated reactive oxygen species to the in 

vivo mechano-response has not yet been examined.  
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Figure 13: NADPH Oxidase (NOX) enzymes produce reactive oxygen species (ROS).  
(A) NOX enzymes catalyze the production of superoxide by facilitating the movement of 
electrons from NADPH to oxygen, consuming one NADPH and 2 oxygen molecules in the 
process and producing superoxide, a proton by-product, and NADP+. (B) There are 6 
members of the NOX family of enzymes. While they share some similar co-factors and all 
produce ROS, the catalytic subunits differ and, therefore, their regulation is different. 
NOX2, specifically, is comprised of multiple subunits: catalytic gp91phox, the regulatory 
subunits p22phox, p47phox, p40phox, p67phox, and the actin regulating protein, Rac1. (Figure 
from66) 
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1.7 – Hormonal Control of Bone Mass 

 In addition to mechanical loading, parathyroid hormone (PTH) also regulates bone 

mass, in part through sclerostin. PTH is a major controller of calcium homeostasis. As 

circulating calcium decreases, the parathyroid gland releases PTH, which affects bone and 

kidney function to increase circulating calcium back to homeostatic levels. PTH can act 

directly on osteoblasts and osteocytes by binding the G-protein coupled receptor, PTH 

receptor 1 (PTHR1)67. PTH binding to PTHR1 activates Gas and Gq signaling, which 

activates adenylyl cyclase/PKA and phospholipase C/PKC signaling, respectively (Figure 

14). PKA signaling, specifically, regulates RANKL expression in osteoblasts, with 

increased PTH increasing RANKL expression to promote osteoclastogenesis68,69. This 

promotes osteoclast activity to degrade bone and release new calcium into the circulation. 

Subsequently, this bone resorption then triggers a bone remodeling cycle, where 

osteoblasts are recruited, and new bone is formed. Intermittent treatment with PTH spurs 

this bone remodeling cycle, but only with minimal bone resorption, allowing for net bone 

formation to occur. This effect has been exploited clinically in drugs such as teriparatide 

which, when administered intermittently, triggers an anabolic response leading to net bone 

accrual.  

1.8 – Sclerostin Regulation in Response to Mechanical Loading and PTH 

 When mechanical stress is applied to bone, the areas with the highest strain 

measurements have the lowest number of sclerostin-positive osteocytes and highest bone 

formation rate following bouts of loading70–72. These data support the notion that sclerostin 

is responsive to and mediates anabolic responses to mechanical loading. This has been 

attributed to a decrease in Sost gene expression examined days after load70,73–76. Decreases  
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Figure 14: PTH reduces Sost expression and induces RANKL expression in osteocytes.  
PTH binds to PTHR1, which induces cyclic AMP (cAMP) and PKA signaling. cAMP 
signaling causes HDAC5 to translocate to the nucleus, where it suppresses Mef2C-
dependent Sost expression to increase bone formation. PKA signaling induces RANKL 
expression to spur bone remodeling. (Figure modified from77) 
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in Sost mRNA ultimately leads to a decrease in sclerostin protein in loaded limbs when 

examined hours later73. Conversely, unloading increases Sost gene expression, with no 

change in the number of sclerostin positive osteocytes in the same time interval70.  

 Many studies have examined transcriptional changes of Sost in response to 

mechanical load and PTH treatment and the underlying molecular mechanisms that 

mediate this control78. In response to mechanical loading, a decrease in Sost expression is 

necessary for maximum bone formation73. Following FSS, focal adhesion kinase (FAK) 

phosphorylates histone deacetylase 5 (HDAC5), driving it into the nucleus79. There, 

HDAC5 can bind to Mef2C on a distal enhancer element known as ECR5. This binding to 

the ECR5 enhancer also recruits nuclear receptor co-repressor (NCoR) and HDAC3 to 

acetylate the chromatin, suppressing gene expression80. In addition to HDAC regulation, 

FSS also induces COX-2 activity, which produces prostaglandin E2 (PGE2) to suppress 

Sost expression thorough cyclic AMP (cAMP) and PKA signaling81,82. However, this 

PGE2-dependent downregulation of the Sost gene occurs independently of Mef2C or 

Mef2D, indicating that PGE2 does not control Sost through the distal enhancer, ECR581.  

In response to PTH, Sost expression is decreased to allow for bone formation83,84. 

Intermittent PTH in Sost null mice or mice over-expressing Sost does not elicit the same 

anabolic effect, supporting that PTH modulates bone formation through regulation of Sost 

expression85. In response to PTH treatment, HDAC5 translocates to the nucleus and 

localizes with Mef2A, C, or D, decreasing Sost expression by suppressing the distal 

enhancer ECR5 following this anabolic stimulus32,80,86. Treatment with forskolin to induce 

cAMP signaling similar to actions of PTH did not affect Sost expression when ECR5 was 
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deleted or the Mef2 binding site was mutated87, indicating that PTH regulates Sost 

expression partially through cAMP-mediated control of the distal enhancer.  

While many studies have examined the transcriptional changes in Sost that happen 

in response to mechanical stress and PTH, it is important to note that transcriptional 

changes do not always correlate to changes in protein levels. This has been found recently, 

with a mechano-transduction cascade that regulates sclerostin protein abundance on a 

minutes’ timescale, with no changes in the transcript level of Sost41,42. Therefore, it is 

important to not only consider transcriptional changes, but also post-translational control 

that regulates protein abundance. Indeed, the post-translational control of sclerostin protein 

is a major focus of this thesis.  

1.9 – Osteocyte Mechano-Transduction Cascade that Rapidly Regulates Sclerostin 

Protein Abundance 

While many studies have looked at the long-term, transcriptional regulation of the 

Sost gene in response to FSS or mechanical load, a recent study from our lab found that 

FSS rapidly regulates sclerostin protein abundance following FSS41 (Figure 15). This study 

characterized the upstream mechano-transduction cascade that regulates sclerostin protein 

abundance on a minute’s timescale. This finding was quite surprising given that prior work 

demonstrated that sclerostin expression is controlled transcriptionally on an hours’ 

timescale73. Therefore, the finding of rapid sclerostin protein regulation suggested 

unreported post-translational control.  

The rapid regulation of sclerostin protein abundance requires mechano-sensing by 

a specific subset of microtubules. Sensing of the mechanical stimuli by these modified 

microtubules, which are discussed in depth below (Chapter 1.11 – The Cytoskeleton and  
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Figure 15: Sclerostin 
protein abundance is 
rapidly controlled through 
a discreet mechano-
transduction cascade41 . 
FSS acts through a subset 
of modified microtubules, 
which activate NADPH 
Oxidase 2 (NOX2). NOX2 
produces reactive oxygen 
species (ROS), which 
sensitize TRPV4 calcium-
permeable channels on the 
cell membrane. Calcium 
influx through TRPV4 is 
sensed through the 
activation of CaMKII, 
which is necessary for the 
rapid loss of sclerostin 
protein following FSS. 
Ultimately, this decrease in 
sclerostin abundance 
would life the inhibition on 
osteoblast differentiation 
to allow for bone 
formation in response to 
these mechanical cues.  
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Connected Elements in Bone Cell Mechano-Transduction), in turn activates NOX2, which 

produces ROS. These ROS are necessary for the sensitization of TRPV4 calcium-

permeable channels on the cell membrane. Calcium influx through TRPV4 is sensed 

through the activation of CaMKII. CaMKII activation is necessary for the rapid loss of 

sclerostin protein in response to these mechanical cues. Interestingly, this rapid regulation 

of sclerostin protein abundance occurs before transcriptional changes, supporting our 

notion that this regulation is post-translational42. 

1.10 – Methods for Stimulating Mechanical Responses 

1.10.2 – In Vitro FSS 

 In order to study the mechano-response of osteocytes, controlled in vitro systems 

are necessary to mimic the fluid shear stress osteocytes experience. In the research 

described here, we use a 3D printed fluid shear tip that causes a mix of laminar and 

turbulent flow88. While this fluid shear is slightly different than the laminar flow produced 

by parallel plate systems or oscillatory flow that occurs within the lacunar canalicular 

system in vivo, it is sufficient to regulate protein phosphorylation similar to responses in 

other systems88.  

 In order to efficiently and sufficiently extract cell lysates following FSS and/or 

imaging of live cells with the same device, our lab developed a novel FSS system88 (Figure 

16). These 3D printed tips fit into an off-the-shelf 96-well plate, where cells can be plated 

into a monolayer. These 3D printed tips are attached to a peristaltic pump, where the flow 

rate can be calibrated and set. The fluid flows through the tubing in the pump and is then 

pushed onto the monolayer in the well.  
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Figure 16: FSS device used to mimic mechanical load in vitro. 
This multifunctional FSS device can be calibrated to apply a specific amount of FSS to 
cells plated in a 96-well plate. This allows for many outcome measures, such as western 
blotting, RT-qPCR, and live cell imaging. (Image modified from88).  
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This system allows for versatility in outputs that other FSS devices do not allow 

for. Because these 3D printed tips sit above the well and can fit into commercially available 

96-well plates, they can be used during fluorescent imaging. This allows for real-time 

imaging that allows for the tracking of cellular kinetics, such as calcium transients and 

ROS production41. Additionally, the cell monolayer can be used for western blotting or 

qPCR outputs, allowing for the tandem completion of multiple outputs from a single 

experiment. In addition, these 3D printed tips are attached to a peristaltic pump that is a 

closed-loop system. This allows for the collection of conditioned media, which can then be 

used to detect secreted factors or to treat other cells to determine how these factors affect 

cells. 

 Despite the multi-functionality of these tips, there are some drawbacks to this 

system. This system has not yet been used with co-culture methods, which limits the 

interpretation of the data given osteocytes are in a connected network with osteoblasts and 

osteoclasts in vivo. Additionally, collecting conditioned media does not give a real-time 

measurement of all secreted factors. Some short-lived signaling molecules such as NO and 

ROS may degrade before the experiments are complete, yielding varying responses. 

However, this system is customizable and can be used for multiple outputs, making it a 

very powerful tool for studying osteocyte mechano-responses.  

1.10.3 – In Vivo Mechanical Loading 

 Given that osteocytes in situ experience varying strains, possible different 

mechanical cues, and are in a connected system with osteoblasts, osteoclasts, blood vessels, 

and nerves, it is vital to translate in vitro findings into an in vivo setting in order to establish 

their physiological significance. These in vivo experiments allow for the application of 
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translational interventions and to more specifically understand which mechanisms are 

necessary for proper mechano-sensing and transduction. Additionally, by combining in 

vivo loading with different mouse models (i.e., conditional deletion animals), experiments 

can more directly test the necessity or role of a certain protein to the bone mechano-

response in a relatively short period of time.  

In vivo mechanical loading relies on the principle of the homeostatic set point. As 

mice exist in their normal, caged conditions, they have a low amount of mechanical stress 

from their typical movements. This results in normal bone growth and bone formation 

responses. However, applying exogenous mechanical stress mimics high levels of exercise. 

These paradigms can result in robust, controlled, measurable bone formation over a shorter 

period of time than if the mouse was ambulatory as normal.  

There are two main methods of in vivo mechanical loading: ulnar axial loading and 

tibial axial loading. Both rely on very similar biological principles and the main differences 

are in the technical set up. While these are not the only mechanical load paradigms that are 

used, they are able to apply controlled amounts of strain in the most physiologically-

relevant axis to a designated bone, leaving an unloaded contralateral limb as a vital internal 

control for all measures. Importantly, these methods are also non-invasive, allowing for 

multiple bouts of loading to be applied to the same bone in the same mouse.  

Both ulnar and tibial loading utilize the application of controlled stress to the 

respective bone to produce strain within the bone matrix. This is done through the control 

of an actuator by a load cell89. The load cell controls the force output of the actuator, which 

applies the force to the desired limb. It is important to note that stress is the force applied 

to the bone, whereas strain is the deformation or displacement of the bone matrix due to 
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the applied stress90. Strain perceived by the bone is the mechanical stimuli that elicits the 

osteocyte mechano-response91 Therefore, as bone geometries and material properties differ 

from genetic backgrounds or treatments, it is important to know what strain is being sensed 

by the bone during loading, rather than ensuring the force is matched. This is vitally 

important when evaluating the mechanical responses of different mouse strains or deletion 

models, where differences in bone material properties can drastically alter the perceived 

strain in response to the same applied force. Strain experienced by a bone can be tracked 

by applying a strain gauge to the bone of a euthanized animal, applying a series of forces 

to the bone, and determining which force generates the desired strain89. Bone anabolic 

strains are around 1000 to 2500µe, which are sufficient to produce robust bone formation92–

94.  

In order to produce robust and measurable bone formation, load is typically applied 

to the same bone multiple times per second, multiple days a week93. For example, we 

typically expose an adult mouse bone to 2Hz of loading for 90sec at 1800 µstrain for four 

consecutive days to generate robust new bone formation. Varying the loading frequency 

and the number of times a limb is loaded during the week does cause different amounts of 

bone formation; however, all produce measurable bone formation93. The areas where bone 

formation occurs are on the medial and lateral edges, with little bone formation occurring 

on the neutral axis92. This is likely due to these surfaces experiencing the highest strain 

because one will be under compression and the other under tension92. In addition, perceived 

strain varies along the length of both the ulna and the tibia95,96. Therefore, measurements 

at the same anatomical region must be performed to more accurately compare the amount 

of bone formed in the loaded versus non-loaded limbs. 
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Bone formation following loading is measured through dynamic 

histomorphometry. This technique utilizes fluorescent dyes, which bind to calcium in the 

bone matrix, to “mark” the location of the bone surface at a given point in time both during 

and after the loading paradigm. When cut in cross section, new bone formation is observed 

by the position of the two fluorescent labels, much like in the rings of a growing tree. Any 

new bone that formed during the time between the two fluorescent dye injections manifests 

as a space between the two labels. Dynamic histomorphometry gives different information 

on the number of active osteoblasts and how much new bone matrix on both the periosteal 

and endocortical surfaces osteoblasts have deposited in response to the mechanical 

stimulus (Figure 17). Mineralizing surface per bone surface (MS/BS) is the percent of the 

bone surface that has one fluorescent label of either color or both labels in the same area. 

This is an indication of how much of the bone surface is actively mineralizing. Mineral 

apposition rate (MAR) gives an indication of the rate by which osteoblasts are making 

matrix. MAR is calculated by the average distance between the two labels divided by the 

time interval in days between the two fluorescent dye injections. MS/BS and MAR are then 

integrated into another dynamic histomorphometry output: bone formation rate (BFR). 

BFR takes into account how much of the bone surface is mineralizing (MS/BS) and how 

much work osteoblasts are doing on average (MAR) to determine how much bone is being 

formed over the inter-label time period. These three measurements give an overview of the 

activation and function of osteoblasts in response to mechanical load. Changes to any of 

these parameters between different mouse strains, applied forces, or perceived strains can 

give an indication of how the osteoblasts are responding to mechanical cues and if there is 

any defective signaling occurring. With all the information that can be gleaned using in  
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Figure 17: Dynamic histomorphometry measures bone formation over time by utilizing 
calcium-binding fluorescent dyes.  
Dynamic histomorphometry is often used in conjunction with mechanical loading to 
measure load-induced bone formation. To do dynamic histomorphometry, animals are 
injected with one fluorescent calcium dye. Then, a set interval later, they are injected 
with another fluorescent dye. Dynamic histomorphometry yields much information about 
the number and activity of functional osteoblasts in both the non-loaded and loaded 
limbs. The mineralizing surface per bone surface (MS/BS) is comprised of the length of 
bone surface that has signal from one or both fluorescent labels divided by the total bone 
surface perimeter length. Mineral apposition rate (MAR) represents how much new 
matrix osteoblasts have deposited. This is calculated by dividing the average inter-label 
distance of the two fluorescent labels in areas where they both have signal by the time 
interval between the two dye injections. MS/BS and MAR then comprise the final 
measurement: bone formation rate (BFR). Multiplying MS/BS and MAR represents the 
how much bone is formed by osteoblasts on average over the time period between the 
two dye injections. (Figure from Biorender.com) 
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vivo loading and dynamic histomorphometry, they are powerful methods that can uncover 

dysfunction in mechano-transduction and how different cellular signaling proteins 

contribute to the osteocyte mechano-response.  

1.11 – The Cytoskeleton and Connected Elements in Bone Cell Mechano-Transduction97  

1.11.1 – Introduction 

Bone senses and adapts to changes in its mechanical environment, settling at a 

homeostatic setpoint around the “typical” loading events it experiences. Significant 

changes to its mechanical environment, such as those that happen with heavy weightlifting, 

push the bone out of its homeostatic setpoint into an anabolic zone, which spurs bone 

formation to adapt to this increase in strain98. Conversely, a sustained lack of mechanical 

loading, such as during disuse, paralysis, and injury or defects in the ability to sense and 

transduce mechanical loading cues - as occurs in aging –pushes bone into a catabolic zone 

and resets the homeostatic setpoint at a lower bone mass. The resulting decrease in bone 

mass can lead to an increase risk of fracture. As such, understanding how bone cells sense 

and transduce mechanical signals into biological changes is important to develop new 

therapeutic targets to address conditions of low bone mass and consequent frailty.  

Bone is a porous structure filled with interstitial fluid, bound by semi-permeable 

fibrous periosteal and endosteal membranes. Mechanical loading of bone causes 

pressurization of interstitial fluid, resulting in fluid shear stress experienced by mechano-

sensitive bone-embedded osteocytes, surface osteoblasts, and their progenitors in the 

endosteal and periosteal membranes99–101. These cells sense and respond to mechanical 

events, activating mechano-transduction cascades that translate mechanical cues into 

biological signals to regulate bone formation and remodeling. In bone cells, the initiation 

Nicole Gould, et al. Bone, 2021. DOI: 10.1016/j.bone.2021.115971 
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of mechano-transduction cascades, which invariably involves intracellular calcium 

signaling, results in the regulation of bone effector molecules such as sclerostin, nitric 

oxide, prostaglandin E2 (PGE2), insulin like growth factor 1 (IGF1), parathyroid hormone 

related protein (PTHrP), and RANKL102–104. Identification of these effectors of bone 

mechano-signaling has led to therapeutic agents that improve bone mass. For example, 

sclerostin is a fundamentally important regulator of bone formation in response to anabolic 

bone loads. Sclerostin, a glycoprotein that is secreted by bone embedded osteocytes, 

inhibits the differentiation and activity of bone forming osteoblasts by disrupting Wnt/b-

catenin signaling105. Mechanical loading decreases sclerostin, relieving the repression on 

osteoblast differentiation, and unleashing de novo bone formation. Targeting this mechano-

transduction effector has proven to be useful strategy to improve bone mass. Antagonizing 

sclerostin protein using neutralizing antibodies with the drug Romosozumab is effective at 

increasing bone mass and has been approved by the FDA to treat osteoporosis in post-

menopausal women at a high risk for fracture106,107.  

While many of the downstream effectors of osteocyte mechano-transduction are 

known, precisely how bone cells sense mechanical cues and translate them into signaling 

events that lead to mechano-activated bone formation is much less clear. Understanding 

the mechano-sensors and the downstream pathways that control this ensemble of bone 

effectors represents important, untapped therapeutic opportunities for improving bone 

mass. While targeting a single effector, such as sclerostin with Romosozumab, is effective 

at improving bone mass, better understanding the elements that are mechano-responsive in 

osteocytes will reveal new therapeutic targets that can be exploited to expand treatment 

options for conditions of low bone mass and skeletal fragility. This review will focus on 
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recent data that implicates the cellular cytoskeleton as a sensor, integrator, and transducer 

of mechanical loading signals in bone, revealing a structure that is integral to mechano-

sensing in bone that may contain druggable targets to improve bone mass and quality.  

1.11.2 – Cytoskeletal Elements in Osteocyte Mechano-Signaling 

The cellular cytoskeleton provides internal structure and support to the cell and its 

organelles. Under mechanical stress, the cytoskeleton compresses and provides an 

opposing outward force. Additionally, the cytoskeleton indirectly links with the 

extracellular matrix and other cells through adherence junctions and forms specialized cell 

projections, making it well-positioned to sense mechanical forces like fluid shear stress, 

stresses on extracellular matrix attachments, and changes in stiffness, all of which 

compress, pull, and tug on cells and their extracellular connections (Figure 18A-B). 

Therefore, the cytoskeleton has obvious potential as a mechano-sensor. 

The cytoskeleton is made of three main components – actin microfilaments, microtubule 

filaments, and intermediate filaments (Figure 18A-B). Septins and spectrins are additional 

components of the cytoskeleton, but little is known about their role in bone mechano-

transduction. Each component has its own specific makeup and specialized function, 

although the organization of cytoskeletal proteins together creates an interacting dynamic 

network that can disassemble and reassemble to adapt to changing intra- and extracellular 

cues. As a result of this integration, specifically assessing the contribution of an individual 

cytoskeletal component to mechano-signaling can prove quite challenging. 

The cytoskeleton is a well characterized mechano-transducer in many different cell 

types, serving as a signaling hub via interactions with mechanically activated calcium 

channels, ion channels, kinases, and G-protein coupled receptors (GPCRs) to initiate 
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Figure 18: The cytoskeleton comprises an interconnected mechano-sensor that 
transduces mechanical signals into biological changes affecting bone cell function.  
A. Immunofluorescent staining of a-tubulin and actin microfilaments shows their 
localization throughout the cell body and cell processes of Ocy454 cells. B. The three 
cytoskeletal elements – actin, microtubules, and intermediate filaments – form a highly 
interconnected network, as well as specialized structures, that sense and transduce 
mechanical signals in response to external forces, including fluid shear stress, substrate 
stiffness, and cell deformation. For example, a subset of post-translationally modified 
microtubules, the microtubule-based primary cilia, actin microfilaments, and actin-based 
structures such as lamellipodia, filipodia, stress fibers, and focal adhesions, have been 
implicated as bone mechano-sensors. Actin dynamics are regulated by Rac1, Cdc42, and 
RhoA, respectively. In addition, the cytoskeleton is linked to other mechano-sensors and 
transducers such as NOX2, calcium channels, integrins, and focal adhesions, which 
transduce changes in the extracellular matrix (ECM) to the intracellular cytoskeleton. C. 
Mechanical cues are sensed through multiple cytoskeletal mechano-sensors, which, in 
turn, activate many mechano-transducers including reactive oxygen species production, 
nitric oxide production, and calcium influx. These signaling molecules activate signal 
transduction cascades through CaMKII, MAPK, and FAK. Ultimately, these signaling 
pathways affect bone cell function through changes in sclerostin protein and gene 
expression, PGE2 release, and RANKL abundance. (Figure from97) 
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mechano-to-chemo signaling events essential to mechano-transduction108–110. In bone, 

microtubules, actin, primary cilia, integrins, and focal adhesions have all been linked to 

mechanically-induced bone responses. These cytoskeletal elements transduce mechanical 

signals to many different classes of mechano-transducers - such as calcium channels (i.e. 

Piezo111–115, transient receptor potential (TRP)41,42,116,117, and voltage-gated calcium 

(CaV)48,118 channels), Nitric Oxide Synthases (NOS)119,120, NADPH Oxidase 2 

(NOX2)41,63,119, purinergic signaling42,121–123, and connexin43124 - to drive changes in bone 

cell function. These changes in cell function arise from changes in important effectors such 

as sclerostin, nitric oxide, PGE2, and the expression of osteoblast genes (Figure 18B-C).  

Depending on the specific make up, modification, and cross-linking of the 

individual cytoskeletal components, the integrated cytoskeleton can vary drastically in its 

stiffness and in its with association with signaling proteins like ion channels, enzymes, and 

kinases. This property allows the cytoskeleton to be an adaptive mechano-sensor that can 

vary depending on the its current mechanical environment – which becomes its 

homeostatic setpoint. Changes from this homeostatic reference then elicit changes in 

osteocyte function. Additionally, sustained changes in the mechanical environment can 

cause a remodeling and adaptation of the cytoskeleton to establish a new homeostatic 

setpoint.  

Here, we will expand on these cytoskeletal elements and their interactions to 

present a unified vision of how numerous mechano-sensors can integrate through the 

cytoskeleton to regulate bone cell homeostasis. Given the interconnectedness of and 

crosstalk between individual elements of the cytoskeleton, the cytoskeleton serves as a 

central hub of mechano-signaling in bone. As such, understanding how cytoskeletal 
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components sense and transduce mechanical signals, individually and in unison, may 

ultimately reveal therapeutic targets that can be exploited to mimic mechanical stress and 

modulate bone formation. 

1.11.3 – Microtubule Structure and Dynamics 

Microtubules are dynamic cytoskeletal filaments composed of a-tubulin and b-

tubulin dimers that provide structural support to cells, work in conjunction with dynein and 

kinesin motors to facilitate vesicular and organellar transport, and are critical to cell 

division. Globular a-tubulin and b-tubulin dimers bound to GTP are incorporated into 

growing 25 nm diameter hollow filaments that originate at microtubule organizing centers 

(MTOCs) and extend to the periphery of the cell. Hydrolysis of bound GTP to GDP lowers 

the affinity for adjacent dimers, favoring depolymerization of microtubules (Figure 19A). 

It is this intrinsic dynamic instability and constant turn over that allows microtubules to 

readily adapt to changes in cellular dynamics125.  

Specific post-translational modifications to the a/b-tubulin dimers can alter the 

stability, biophysical properties, protein-protein interactions, and functions of 

microtubules126. These diverse tubulin post-translational modifications, such as 

detyrosination, acetylation, methylation, polyglutamylation, glycylation, polyamination, 

phosphorylation, ubiquitinylation, sumoylation, and palmitoylation, are referred to as the 

tubulin code126,127. This tubulin code is critical as it confers specific functions to a subset 

of microtubules, allowing for the same base protein (a/b-tubulin) to carry out multiple 

functions depending on how they are modified.  

With respect to mechano-transduction, two of these microtubule post-translational 

modifications – acetylation and detyrosination – are particularly important. Acetylation 
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Figure 19: Microtubules are a dynamic structure that become post-translationally 
modified and are found in osteocytic cell bodies and cell processes.  
A. GTP-bound microtubule a/b-tubulin dimers are incorporated into growing filaments. 
Intrinsic GTP-ase activity of the tubulin dimers cleaves GTP to GDP, promoting 
disassembly of microtubule filaments, while GTP exchange factors facilitate the 
transition from GDP- to GTP-bound dimers to promote reassembly of microtubules. 
VASH1/2 in complex with SVBP removes the terminal tyrosine on a-tubulin in stable 
microtubules, producing detyrosinated microtubules. This detyrosination can be reversed 
by TTL, which acts on released a/b-tubulin dimers to ligate the terminal tyrosine onto the 
a-tubulin tail. B. Immunofluorescent staining of acetylated tubulin and actin 
microfilaments shows their localization to both the cell body, primary cilia (white arrow) 
and the dendrite-like osteocyte cell processes (yellow arrow) of Ocy454 cells. C. 
Immunofluorescent staining of detyrosinated tubulin and actin microfilaments shows 
their localization to the cell body, primary cilia (white arrow) and the dendrite-like 
osteocyte cell processes (yellow arrow) of Ocy454 cells. (Figure from97) 
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occurs within the lumen of the hollow microtubule filament where a-tubulin acetyl 

transferase (aTAT) transfers acetyl groups from acetyl-CoA to the lysine 40 residue on a-

tubulin128. Acetylated microtubules are more stable and flexible, which makes them more 

resistant to snapping under mechanical stress129,130 (Figure 19B). This enhanced stability 

then allows for the opportunity for an additional post-translational modification to occur: 

detyrosination. Microtubule filaments become detyrosinated when the terminal tyrosine 

residue of the C-terminal tail of a-tubulin is cleaved by vasohibin 1 (VASH1) or vasohibin 

2 (VASH2) in complex with small vasohibin binding protein (SVBP), revealing a 

glutamate residue131–134. Following microtubule depolymerization, tubulin tyrosine ligase 

(TTL) then acts on the a-tubulin tail, reattaching the terminal tyrosine to reverse this 

detyrosination. Similar to acetylation, microtubule detyrosination enhances the 

microtubule’s ability to withstand mechanical load, allowing it to bend and buckle, without 

breaking, under mechanical stress135 (Figure 19C). Accordingly, this subset of acetylated 

and detyrosinated microtubules display increased flexibility and resistance to breakage that 

may be ideal for mechano-sensing and, importantly, are distinct from the dynamic pool of 

microtubules involved in cell division and organellar trafficking. These properties make 

this subset of mechano-responsive microtubule filaments an intriguing druggable target. 

These detyrosinated and acetylated microtubules are enriched in the long, dendrite-like 

cellular processes that extend from osteocytes, as well as in the primary cilia that extends 

from the cell body41,136–140 (Figure 19B-C, arrows). This is relevant because both the 

osteocyte dendritic processes and primary cilia have been implicated in bone mechano-

signaling141–144.  
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1.11.4 – Microtubules in Bone Mechano-Transduction 

Interest in microtubules as mechano-transducers in osteocytes is supported by 

parallel analyses of the dual role of microtubules in both the cytoskeleton as a whole and 

in the primary cilia. Several important studies laid the groundwork for microtubules as 

mechano-transducers in bone. In osteocytes, microtubules rearrange and increase their 

density in response to fluid shear stress145. Interestingly, the rearrangement of the 

microtubule cytoskeleton does not seem to occur in osteoblasts, which are believed to be 

less mechano-responsive than osteocytes146,147. Disrupting microtubules impairs mechano-

transduction in bone cells, preventing fluid shear stress-induced calcium influx, down 

regulation of sclerostin protein, changes in Col1a1 and Mmp1 gene expression, and blunts 

the phosphorylation of various signaling kinases, including calcium/calmodulin kinase II 

(CaMKII), extracellular signal-regulated kinases 1/2 (ERK1/2), and focal adhesion kinase 

(FAK)41,148,149. 

Recent work from our lab has revealed a signaling cascade, which is dependent 

upon a subset of detyrosinated microtubules, that links the fluid shear response of 

osteocytes to the loss of sclerostin protein (Figure 20A). Briefly, the application of fluid 

shear stress to cultured osteocytes initiates the production of reactive oxygen species from 

NOX2, the opening of TRPV4 cation channels, which leads to calcium influx, the 

activation of CaMKII, and the stimulation of lysosomes that rapidly degraded sclerostin 

protein41,42,119. 

Integral to the activation of this pathway is a subset of detyrosinated microtubules 

and their effect on cytoskeletal stiffness41. As osteocyte microtubule detyrosination 

increases, cytoskeletal stiffness also increases. The degree of detyrosination and, by  
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Figure 20: Mechano-sensing in Ocy454 cells through detyrosinated microtubules 
contributes to the regulated degradation of sclerostin protein and reveals a tunable 
mechano-sensor by contributing to changes in cytoskeletal stiffness.  
A. Fluid shear stress is sensed through a pool of detyrosinated microtubules, which 
activate NOX2 to produce reactive oxygen species. This reactive oxygen species 
sensitizes TRPV4 calcium-permeable channels on the cell membrane to allow for 
calcium influx. Calcium influx activates CaMKII, which activates the rapid degradation 
of sclerostin protein by the lysosome41,119. B. The level of microtubule detyrosination 
affects the overall stiffness of the cytoskeleton. Based off in vitro studies in Ocy454 cells, 
there is a “Goldilocks” level of detyrosination and, in turn, cytoskeletal stiffness, that 
permits osteocyte mechano-responsiveness, allowing for fluid shear stress to degrade 
sclerostin protein to reduce its abundance. If detyrosination and cytoskeletal stiffness are 
above or below this Goldilocks zone, osteocytes are no longer mechano-responsive and 
sclerostin abundance is unchanged with fluid shear stress41. (Figure from97) 
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extension, the degree of cytoskeletal stiffness, tunes the ability of the cells to respond to a 

specific fluid shear force to elicit calcium influx into the cell (Figure 20B). High levels of 

microtubule detyrosination make the cytoskeleton stiffer and resistant to fluid shear stress-

induced calcium influx, activation of CaMKII, and loss of sclerostin protein. Low levels of 

microtubule detyrosination make the cytoskeleton too compliant and also prevents the 

mechano-response. However, a moderate level of detyrosination creates a “Goldilocks 

zone” of cytoskeletal stiffness that permits robust mechano-responsiveness, initiating the a 

cascade of NOX2-dependent reactive oxygen species, TRPV4 activation, calcium influx, 

CaMKII phosphorylation, and the degradation of sclerostin by the lysosome41,119. The 

finding that stiffness of the cytoskeleton can be tuned by the level of microtubule 

detyrosination parallels work in skeletal and cardiac muscle, where detyrosination affects 

mechano-sensitivity, NOX2 activation, and calcium signaling, indicating a conserved 

mechanism of mechano-transduction through detyrosinated microtubules across various 

cell types150.  

While we have not yet shown that targeting detyrosinated microtubules in vivo 

alters the bone mechano-response, we have observed that the mechano-transduction 

pathway (Figure 20A) beginning with microtubules and ending in the degradation of 

sclerostin protein is necessary for the in vivo activation of bone formation in response to 

mechanical loading119. In vitro, microtubules are necessary for sensing fluid shear stress 

and subsequent activation of NOX2 that ultimately leads to the lysosomal degradation of 

sclerostin to permit bone formation41,119. In support of the relevance of this microtubule-

dependent mechano-transduction pathway in vivo, inhibiting NOX2 pharmacologically 

prevents load-induced bone formation119. Similarly, blocking lysosomal function, which is 
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responsible for the mechano-activated degradation of sclerostin protein, also prevents load-

induced bone formation in vivo119. While these findings indirectly support a role for 

microtubules in the in vivo bone mechano-response, NOX2 activation and the lysosomal 

degradation of sclerostin originate at the level of mechano-sensing through the microtubule 

cytoskeleton.  

Not only are detyrosinated microtubules involved in mechano-sensing and the 

activation of NOX2-ROS early in this pathway, detyrosinated microtubules may also be 

involved in sclerostin degradation at the terminus of this pathway. Detyrosinated 

microtubules are integral for the localization of lysosomes throughout the cell, with 

lysosomes accumulating on detyrosinated microtubules. Low detyrosination is associated 

with decreased lysosome abundance and the fusion of autophagosomes with lysosomes, 

which likely disrupts protein turnover151. This suggests the role of detyrosinated tubulin in 

bone cell mechano-signaling and mechano-responsiveness may be unsurprisingly 

multifactorial. 

The issue of where these microtubules are acting to initiate these signaling events 

is less clear. Does fluid shear stress act through microtubules at extracellular matrix (ECM) 

attachment sites, where microtubules and actin interact with focal adhesions, at sites of 

cell-cell adhesions where the cytoskeleton links to cadherin junctions, or does the 

mechano-sensing occur throughout the cytoplasm? Another possibility is that mechano-

sensing happens in the microtubule-based primary cilium. 

There has been long-standing interest in the role of the primary cilium, a 

microtubule-based structure, in bone homeostasis and mechano-sensing. The non-motile 

primary cilium consists of nine circumferentially arranged microtubule doublets, named 
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the axoneme, that extend outward from the MTOC into the extracellular space on the apical 

cell surface152. Like other microtubule mechano-sensors, microtubules of the primary 

cilium are heavily post-translationally modified by acetylation and detyrosination (Figure 

19B-C, arrows). This microtubule-based antenna, once considered a vestigial organelle, 

has been implicated as a mechano-sensor in liver and kidney epithelial cells, spurring 

studies examining its role in osteocyte mechano-sensing153. The role of the primary cilium 

in osteocyte mechano-transduction has been widely reviewed142,143,154,155. Here, we 

highlight those findings that support the primary cilium’s role in mechanical load-induced 

bone formation, as studied in vitro and in vivo. 

Genetic disruption of components of the primary cilium supports its role as a 

mechano-sensing organelle in vivo. Conditional deletion of Pkd1, which encodes 

polycystin-1, a putative mechano-sensor enriched in primary cilia156,157, or Kif3a, a subunit 

of a kinesin motor complex that is integral for intraflagellar transport of microtubule 

subunits and other axoneme proteins to primary cilia, in osteoblasts or osteocytes reduces 

load-induced bone formation and bone quality158–160. Similarly, disrupting intraflagellar 

transport in vitro prevents fluid shear stress-induced remodeling of microtubules and the 

upregulation of osteogenic genes145,161,162. The effects of targeting intraflagellar transport 

may also be due to alterations in the length of the primary cilium. Under fluid shear stress, 

the primary cilium amplifies applied strain, which is highly dependent on the length of the 

primary cilium, with longer cilium experiencing more tip deflection and, therefore, higher 

strain163–165. The opposite is also true, with shorter cilium being less mechano-

responsive144,164,165. This strain amplification and deflection of the primary cilium is likely 

integral for activating mechano-transduction cascades in osteocytes. Mechanical 
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stimulation of the primary cilia is associated with calcium influx through TRPV4 calcium-

permeable ion channels43 and activation of adenylyl cyclase 6166,167. The adenylyl cyclase 

6-dependent production of cyclic-AMP is necessary for fluid shear stress-induced gene 

expression changes in vitro and load-induced bone formation in vivo166,167.  

Whether the calcium influx through TRPV4 happens through channels actually on 

the primary cilium or are activated near the primary cilium is less clear144,168; studies that 

show calcium influx is activated by the primary cilium may be measuring calcium influx 

due to stress on the microtubule cytoskeleton as a whole. Indeed, it is very difficult to 

separate changes in the microtubule cytoskeleton as a whole and those in the primary cilia 

as they are functionally interconnected and difficult to independently target. Indeed, a 

recent study has highlighted this controversy in finding that stimulating the primary cilium 

directly does not cause calcium influx into the primary cilium168. This could mean that the 

subsequent calcium signaling typically observed after primary cilium activation is due to 

indirect activation of other cytoskeletal or plasma membrane-associated components or the 

primary cilium activates other, non-calcium effectors in response to mechanical events. 

Despite this controversy, interfering with cilium structure, length, or function does impact 

osteocyte mechano-responsiveness, supporting that this microtubule-based structure 

contributes to the osteocyte mechano-response directly or indirectly.  

While all the studies above implicate both the microtubule cytoskeleton and the 

primary cilium as mechano-sensors in osteocytes, it is important to reiterate that it is 

challenging to discriminate the effect targeting microtubules has on the cell body 

microtubule cytoskeleton and on the primary cilium. Given that the primary cilium is a 

microtubule-based structure that originates from the same MTOC that anchors the cell 
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body microtubule cytoskeleton and shares many of the same post-translational 

modifications, disrupting microtubules or the primary cilia likely has effects on the 

cytosolic microtubule cytoskeleton and vice versa145. Furthermore, the microtubules 

themselves directly and indirectly interact with other cytoskeletal components, like actin, 

actin binding proteins, and the large class of intermediate filaments, that each have also 

been linked to mechano-signaling. 

1.11.5 – Actin Filament Structure and Dynamics  

  Actin microfilaments are polymers of individual globular actin monomers (G-actin) 

that assemble together, along with a number of co-factor and regulatory proteins, to form 

stabilized filaments (F-actin) of about 6 nm diameter. These thin and semi-flexible 

filaments allow for mechanical support and maintenance of cell shape but are also integral 

to cellular movement and locomotion169,170. Actin exists in a state of constant remodeling, 

where filaments grow at the positive end and depolymerize at the minus end. ATP-bound 

G-actin can be incorporated into the growing actin filament. Actin has intrinsic ATPase 

activity, which cleaves the ATP to ADP, thus favoring disassembly into G-actin monomers 

(Figure 21A). As the state of the cell changes, the equilibrium can be pushed to favor G-

actin or F-actin depending on the co-factors and binding proteins present on each actin 

type. 

  In non-contractile cells, actin is organized into many different structures, such as 

stress fibers, lamellipodia, and filipodia, which help with cell anchoring and aid with 

outside-in signaling (Figure 21B). The Rho family of small GTPases is integral to 

controlling actin dynamics to create these specialized structures. Members of the Rho 

family are activated downstream of G-protein coupled receptors, receptor tyrosine kinases,  
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Figure 21: Actin microfilaments are dynamic and assemble into different structures in 
osteocytes.  
A. Globular actin monomers bound to ATP are assembled into actin microfilaments (F-
actin) on the plus end. Intrinsic ATP-ase activity of actin microfilaments facilitates the 
cleavage of ATP to ADP, which favors disassembly on the minus end. ADP-bound G-
actin exchanges ADP for ATP, again promoting polymerization. B. Fluorescent staining 
(phalloidin) of Ocy454 cells shows different actin-based structures. Lamellipodia contain 
branched actin filaments and show ruffled membrane edges. Stress fibers contain bundles 
of actin filaments that feed into filipodia. Filipodia facilitate the formation of focal 
adhesions, attaching the cellular cytoskeleton to the extracellular matrix. (Figure from97) 
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integrins, and other macromolecular structures that link the extracellular environment to 

affect intracellular changes. While there are 20 members of the Rho family171, focus has 

remained on three specific members in bone: RhoA, Rac1, and Cdc42 (Figure 18B and 

Figure 21B). RhoA stimulates actin polymerization and the formation of stress fibers 

through its effector proteins Rho-associated protein kinase (ROCK) and the formin 

mDia1172–176. ROCK, through LIM domain kinase (LIMK) proteins177–179, inactivates 

cofilin to promote actin stability by preventing cofilin from binding to ADP-bound 

monomers in F-actin and severing the filaments, which would create free ends to allow for 

the release of actin monomers178,179. Rac1 contributes to the formation of lamellipodia, 

which are cell membrane ruffles containing branched actin fibers and are important for cell 

motility180,181. Cdc42 regulates the formation of filipodia, which contains linear actin fibers 

and are important for the anchoring of cells through focal adhesions180,181.  

  Focal adhesions contain actin stress fibers and, along with actin binding proteins 

such as a-actinin, talin, and vinculin, as well as integrins, form an attachment to the ECM 

to facilitate anchoring of the cell and its cytoskeleton to its substrate182–184. These focal 

adhesions are also rich with signaling molecules like FAK and Rho-family kinases, which 

uniquely positions focal adhesions as a signaling hub that can transduce changes in the 

extracellular environment, such as changes in mechanical stress, to the cytoskeleton, and 

to other nearby structures to influence cell function.  

1.11.6 – Actin Microfilaments in Bone Mechano-Transduction 

Actin filaments are enriched in the mechano-sensitive dendrite-like cell processes 

of osteocytes, similar to detyrosinated and acetylated microtubules30,31,79–81 (Figure 18A, 

21B-C). Likewise, in response to fluid shear stress, actin stress fibers rearrange forming 
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dense stress fibers oriented parallel to the direction of fluid shear stress147,188–197. These 

stress fibers can form as early as 15-minutes post-fluid shear stress148. This actin 

rearrangement is necessary for the activation of downstream signaling events following 

fluid shear stress stimulation. Disrupting actin and actin rearrangement prevents fluid shear 

stress-induced PGE2 production and prevents changes in Ptgs2/COX-2 mRNA and protein 

expression147,191,194,197,197–201. Similar to detyrosinated microtubules, actin stress fibers also 

increase cell stiffness, which may allow them to adapt the set point for mechano-sensitivity. 

In line with this concept, suppressing actin reorganization by silencing LIMK2 exacerbates 

the fluid shear stress-induced increase in COX-2 protein expression196, possibly due to a 

decrease in cellular stiffness, therefore increasing cell mechano-sensitivity202.  

Studies focusing on mammalian target of rapamycin complex 2 (mTORc2) show 

that actin remodeling contributes to bone maintenance and the bone mechano-response. 

mTORc2 which contributes to cell spreading, actin polymerization, and strain-induced 

stress fiber formation, is a complex that is distinct from the nutrient, energy, and redox 

sensor mTORc1203,204. Their differential functions are associated with their composition - 

mTORc2 contains Rictor, whereas mTORc1 contains Raptor205,206. Conditionally deleting 

Rictor in osteochondroprogenitors, early or late osteoblasts, or osteocytes all produce bone 

phenotypes207–210. Though there are some sex-specific effects, all models generally have 

decreased bone mass, especially in cortical parameters, and decreased mineralization101–

104. These phenotypes may be due to mesenchymal stem cells being pushed towards 

adipogenic differentiation, rather than osteogenic differentiation203. In strain matched 

loading experiments, deletion of Rictor in osteochondroprogenitors or osteocytes causes 

decreased periosteal mineral apposition rates (MAR) and bone formation rates (BFR) 
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compared to control animals207,209. Rictor deletion also decreases the length and number of 

the mechano-sensitive osteocyte cell dendrite-like processes, which may explain the 

deficits in the loading response in conditional deletion animals209.  

mTORc2 controls actin dynamics possibly through interacting with Rac and RhoA 

GTPases203,204. The small GTPases RhoA, Rac1, and Cdc42 can directly or indirectly 

regulate local actin filament assembly and disassembly. Fluid shear stress activates these 

small GTPases, which are necessary for b-catenin-dependent TCF/LEF activation to allow 

for the induction of Wnt target genes such as Ptgs2, Spp1, and Runx2188,193,200,211. At a 

protein regulation level, RhoA, through its effector proteins ROCK and LIMK, allows for 

fluid shear stress-induced stress fiber formation and the activation of ERK1/2, p38, c-FOS, 

and COX-2195,196,200. Supporting a role of these small GTPases in vivo, deletion of Cdc42 

in chondrocytes decreases calcification and decreases trabecular bone mineralization212. 

Similarly, Rac1 conditional deletion in osteoblasts and osteocytes causes a decrease in 

trabecular and cortical bone parameters, indicating that these small GTPases contribute to 

proper bone development213.  

A key way that the actin cytoskeleton integrates with its mechanical environment 

is via focal adhesions. Focal adhesions are multi-protein complexes that create a physical 

linkage between the cytoskeleton and the ECM through integrins and facilitate in outside-

in signaling, allowing cells to adapt to extracellular changes, including changing 

mechanical forces. Integrins are transmembrane, heterodimeric proteins made of an alpha 

subunit, of which there are 18, and a beta subunit, of which there are 8, that associate to 

form 24 unique heterodimeric integrins214. They are able to bind directly to components of 

the ECM, such as laminin, collagens, and fibronectin, through their extracellular domains. 
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Intracellularly, integrins interact with the actin cytoskeleton, actin binding proteins like 

talin, a-actinin, filamin, vinculin, and the microtubule network via KANK to create a tether 

between the ECM and the cytoskeleton. It is through interaction with numerous 

cytoskeletal-binding proteins that integrins can activate many signal transduction cascades, 

such as FAK signaling, PI3K signaling, and integrin-linked kinase (ILK) signaling.  

In situ, osteocytes have discrete structures that contain b3 integrins and resemble 

focal adhesions. These structures connect the osteocyte cell processes to the canalicular 

wall and amplify small strains, allowing for the transduction of mechanical signals into 

biological changes215–217. Stimulating focal adhesions in osteocytic cell processes amplifies 

applied strains and initiates a stronger calcium signal than stimulating the cell body or areas 

without firm attachment to the substrate48,141,165,217,218. Opposingly, disrupting b3 integrin 

attachment prevents calcium influx, blunts PGE2 release, BMP2 secretion and gene 

expression changes, and Alp, Ptgs2, and Spp1 gene expression changes after fluid shear 

stress189,197,198,219–221. Blocking av, a2, a5, b3 or b1 integrins by preincubation with 

antibodies, disrupting expression with siRNA, or plating cells on a substrate that does not 

allow integrin attachment prevents fluid shear stress-induced increases in pERK, pJNK, 

and p-P38, which regulate gene expression of Ptgs2 and Spp1221,222.  

In vivo, knocking out b1 integrins in mesenchymal cells with Twist2-Cre causes 

hypomineralization of E19.5 mouse embryos and results in poor survival after birth223. 

Deletion of b1 integrins in pre-osteoblasts using the Osterix-Cre mouse strain causes 

lagging skull mineralization and decreased cortical bone mineral density; however, 

deletion of b1 integrins or transgenic expression of a dominant negative b1 integrin 

construct in mature osteoblasts and osteocytes using the Osteocalcin-Cre mice has very 
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little effect on bone mineralization223,224. In contrast to its role in late osteoblasts and 

osteocytes, knocking out b1 integrins in early osteoblasts with the Col1a1-Cre mice blunts 

the accrual of load-induced bone formation, indicating that, similar to in vitro results, b1 

integrins are important for bone mechano-transduction in vivo.  

FAK, a non-receptor tyrosine kinase, associates with the cytoskeleton through 

integrins, talin, and paxillin at focal adhesions. In bone cells, specifically, FAK colocalizes 

with integrins, whose attachment contributes to the phosphorylation and activation of FAK, 

and plays a role in mechano-transduction and the regulation of mechano-responsive genes 

and proteins225,226. Similar to targeting integrins, disrupting FAK signaling blunts Akt 

activation, b-catenin stabilization, and fluid shear stress-induced changes in C-fos227. FAK 

also regulates the expression of the sclerostin encoding gene, Sost, with FAK inhibition 

leading to decreased Sost gene expression and blunted fluid shear stress-induced decreases 

in Sost225. Deleting FAK in osteoblasts with a Col2.3-Cre blunts load-induced bone 

formation, but conditional knockout animals have the same relative increase in bone 

formation rate in loaded limbs compared to non-loaded limbs as control animals, indicating 

that, while FAK is important for bone mechano-transduction both in vitro and in vivo, a 

compensatory mechanism may exist in vivo that is absent in vitro228. In aggregate, actin 

and its many regulators play a large role in bone cell mechano-transduction and the 

development of bone with or without mechanical perturbations.  

1.11.7 – Intermediate Filaments in Osteoblasts and Osteocytes 

  Intermediate filaments, dubbed “intermediate” due to their diameter being between 

the small actin microfilaments and larger microtubules, comprise the third class of 

cytoskeletal proteins. Approximately 70 genes code for intermediate filament proteins of 
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6 different classes229–231. These include the keratins (types I and II); desmin, vimentin and 

glial fibrillar acidic protein (type III); neurofilament proteins, internexin and synemin (type 

IV); the nuclear lamins (type V); and other, tissue-specific filament proteins (e.g., phakinin, 

filensin, and nexin (type VI)). When purified, some form homopolymers (vimentin, 

desmin, GFAP: type III) or stoichiometric heteropolymers (keratins: types I and II)230,232–

234. 

  Despite the classification into one of the six subgroups, all intermediate filaments 

have a similar secondary structure235 (Figure 22). Two a-helical rod monomers twist 

around each other to form a very stable coiled-coil dimer. Two dimers then associate in an 

anti-parallel orientation to form a tetramer. Eight tetramers then coil around each other to 

form a unit-length filament (ULF) that is equivalent on both ends due to the anti-parallel 

nature of the dimer building blocks. This apolarity is distinct from both actin filaments and 

microtubules, which both have distinct positive and negative ends. ULFs can then anneal 

longitudinally to form long intermediate filaments. While the overall secondary structure 

is conserved, the N- and C-termini of intermediate filaments vary widely, likely 

contributing to the variance in function across the subtypes.  

In addition to their self-assembly, intermediate filament bundles are also made and 

stabilized with accessory proteins. Not only do these accessory proteins help bundle 

intermediate filaments, they can also facilitate the interaction of intermediate filaments 

with other components of the cytoskeleton. For example, plectin is integral to bundling 

intermediate filaments236–239 but it also links intermediate filaments to actin filaments and 

microtubules, Creating a large, interconnected cytoskeleton240,241. Intermediate filaments 

also direct the assembly of microtubules242–244 thereby modulating many cellular functions,  
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Figure 22: Most intermediate filaments assemble into a similar secondary structure.  
The basic unit of an intermediate filament is an a-helical monomer. Two monomers coil 
together to formed a coiled-coil dimer. Two coiled-coil dimers assemble in an anti-
parallel fashion to form a tetramer that is apolar and is symmetrical on both ends. Eight 
tetramers then coil together to form a unit-length filament (ULF). ULFs can then anneal 
longitudinally to form long intermediate filaments. (Figure from97) 
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including motility, trafficking of cargo, migration, and mechano- transduction245–249. The 

scaffolding functions of intermediate filaments can have profound effects on cellular 

behavior, including changes in cellular gene expression250–257. These properties of 

intermediate filaments also underscore the inherent challenges of trying to ascribe 

mechano-transduction roles exclusively to a subset of the cytoskeleton, as these 

components are all interconnected and interdependent. 

Though the literature examining the role of intermediate filaments in bone mechano-

transduction has been relatively sparse, intermediate filaments have properties that likely 

place them in a position to sense and transduce mechanical signals. Due to their coiled-coil 

structure, intermediate filaments can convert from an a-helical structure to a b-sheet 

structure, allowing for a deformation of up to 300% without breaking258,259. Where type I-

IV and VI intermediate filaments are cytoplasmic, type V lamins are nuclear proteins that 

help to support to structure of the nucleus. Similar to cytoplasmic intermediate filaments, 

lamins are important for the mechanical properties of the nucleus. Lamins A and B 

modulate the viscoelasticity and “shock absorber” properties of the nucleus, allowing for 

transduction of stretching and compressive forces, respectively260,261. Given that 

intermediate filaments are poised to act as mechano-sensors in both the cytoplasm and the 

nucleus, combined with their attachment to other cytoskeletal elements, intermediate 

filaments are likely able to resist cell deformation and transduce mechanical signals 

throughout the entire cytoskeleton, activating many downstream signaling cascades to 

influence bone cell function. 

  While little direct evidence demonstrates specific roles for intermediate filaments 

in osteocyte mechano-transduction, several studies demonstrate a role of intermediate 
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filaments in bone development. Osteoblasts express the cytoplasmic intermediate filament 

proteins: vimentin, keratins, and synemin140,262–266. Global deletion of synemin results in 

osteopenia in male mice, with decreased trabecular bone, reduced cross-sectional 

thickness, and decreased osteoblast number despite an increased osteogenic capacity262. 

Unlike most intermediate filaments, synemin does not homopolymerize267 or form 1:1 

heteropolymers with other subunits. Rather, it co-assembles into desmin or vimentin 

filaments268–270 and associates with keratin filaments269 as well as with other proteins271. 

Furthermore, synemin is not only an intermediate filament, it is also an A-kinase anchoring 

protein (AKAP) with the ability to regulate phosphorylation of other proteins in its 

vicinity272,273. AKAPs organize distinct signaling compartments by tethering Protein 

Kinase A (PKA) to specific sub-cellular domains. Thus, AKAPs can permit diverse 

biologic responses to similar cues that converge on cyclic-AMP-PKA-dependent 

pathways. Understanding how AKAPs spatially control signaling domains in cells has 

provided unique insights into how diverse biological outputs can occur in response to 

similar stimuli274–277. This is important in bone, where cyclic-AMP-activating hormones 

like prostaglandins, PTH, and PTHrP are not only potent bone anabolic agents when 

administered therapeutically, but also play an important role in calcium homeostasis and 

skeletal development. While the absence of synemin in skeletal and cardiac muscle results 

in subtle phenotypes278,279, the skeletal phenotype is comparatively quite severe262.  

Other intermediate filaments, such as keratin and lamin A/C, are also implicated in 

bone development. Acidic keratins and basic keratins comprise type I and II intermediate 

filaments, respectively, and they heterodimerize to form keratin filaments. Deletion of 

keratin 14 decreases osteoblast mineralization, likely due to decrease osteoblastogenesis280. 
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Oppositely, deletion of keratin 8 improves bone mass in a mouse model of cystic fibrosis, 

indicating a repressor role of keratin 8 in bone development263. Keratins regulate the 

activation of mTOR and Akt, important regulators of osteoblast energetics and actin 

dynamics, possibly indicating crosstalk between keratins and actin to control bone 

development and cell function136.  

In addition to cytoplasmic keratins, nuclear lamin A/C also affects bone 

development and is implicated in bone diseases. Lamins are segregated into Type A lamins, 

which contains two lamins (Lamins A and C) produced due to splice variation of the Lmna 

gene, and Type B lamins produced from the genes Lmnb1 and Lmnb2. Lamin A/C can 

direct cell differentiation, with high levels of Lamin A associated with enhanced osteogenic 

differentiation281, expression decreases with age282, and mutations in the gene encoding 

Lamin A/C, Lmna, is a common genetic cause of Hutchinson Gilford Progeria Syndrome 

(HGPS), a disease that is grouped into “early aging” diseases. Knocking out Lamin A/C 

systemically, mutating residue L530P, or overexpressing the common HGPS mutations 

C1824T in osteoblasts all cause a progeroid phenotype with decreased body weight and 

decreased bone mineral density due to decreased osteoblast differentiation and activity 

because of decreased b-catenin activation and translocation to the nucleus283–288. Similarly, 

Zmpste24 is a metalloprotease that processes pro-lamin into the functional version of lamin 

A/C289,290. Knocking out Zmpste24 results in a similar phenotype as the HPGS moues 

models, resulting in decreased body weight and bone mass, resulting in the development 

of spontaneous rib fractures283,289. Reflecting the deficits in b-catenin activation found in 

vitro and in vivo, activating Wnt/b-catenin signaling in osteoblasts by targeting the 
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osteocyte-derived Wnt antagonist sclerostin with neutralizing antibodies rescues the 

decreased trabecular parameters in Zmpste24 knockout animals283. 

Evidence from in vitro and in vivo studies supports a role of intermediate filaments; 

however, the contribution of these intermediate filaments to the bone mechano-response 

has yet to be fully explored. It is expected that, due to the deficits in b-catenin signaling 

and osteoblastogenesis, intermediate filaments are necessary for the mechano-response and 

mutations or knockouts of these proteins will lead to decreased bone formation in response 

to mechanical load. However, these studies will have to be completed to fully examine this 

hypothesis. 

1.11.8 – Spectrin and Septins: Other Cytoskeletal Elements 

Despite not being categorized into a specific type of cytoskeletal element, spectrin 

and septins interact with other components of the cytoskeleton to help stabilize the 

cytoskeleton. Spectrin colocalizes along actin microfilaments in the osteocyte cell 

process186. GWAS studies have associated single nucleotide polymorphisms (SNPs) in the 

SPTBN1, the gene that encodes for spectrin B1, with increased risk of fracture147–150. 

Spectrin contributes to the cellular distribution of endothelial NOS (eNOS) and nitric oxide 

production, which contributes to fluid shear stress-induced regulation of sclerostin 

abundance in osteocytes119,120. Disrupting spectrin also increases ATP in osteocytes, which 

contributes to mechanically-induced calcium oscillations42,291. Septins, another 

filamentous component of the cytoskeleton, are necessary for osteoclastic bone 

formation292. However, they have not yet been implicated in osteocyte mechano-

transduction. Interestingly, septins localize to the base of the primary cilia, placing them 

near a mechano-sensitive structure293. While not yet explored, both spectrins and septins 
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aid in vesicle transport along microtubules294,295, which may have large implications in 

osteocyte mechano-transduction given the necessity of microtubules and lysosomal 

degradation in the regulation of sclerostin protein abundance following fluid shear stress 

and mechanical load41,119. 

1.11.9 – The Cytoskeleton Links to the Nucleoskeleton  

One way that the cytoskeleton influences cell behavior is through direct 

transmission of mechanical forces to the nucleus. Through connections with the 

cytoskeleton, nuclear dynamics change in response to mechanical cues, allowing for 

changes in gene expression and cell function296. The Linker of Nucleus and Cytoskeleton 

(LINC) complex on the nuclear envelope interacts with microtubules, actin, and 

intermediate filaments, which transduce mechanical signals to the nucleus297. For example, 

disrupting the LINC complex impairs intracellular force transduction, resulting in 

dysregulated b-catenin translocation into the nucleus298, which ultimately affects 

osteogenic differentiation. Indicating a reciprocal regulation between nuclear and 

cytoskeletal dynamics, disrupting the LINC complex affects cytoskeletal architecture and 

disrupting the actin cytoskeleton changes the morphology of the nucleus, partially due to 

disconnected LINC complexes299,300. Additionally, the stiffness of the extracellular matrix 

and the polymerization state of the actin cytoskeleton can influence the lineage allocation 

of mesenchymal stem cells203,301. Interestingly, disrupting the actin cytoskeleton causes 

translocation of G-actin monomers into the nucleus, where they can form actin filaments, 

increasing osteogenic differentiation and bone formation299,302,303. From this, it is clear that 

the cytoskeleton and the nucleus interact in a complex way, with one affecting the other, 

which will have large effects on cellular function and regulation. It is important to take 
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nuclear dynamics into account when disrupting any aspect of the cytoskeleton, since the 

LINC complex can interact with all cytoskeletal components.  

1.11.10 – Conclusions 

In all, it is clear that the cytoskeleton is central to bone cell mechano-transduction 

and that the role of the cytoskeleton in this process is not clear cut. All three cytoskeletal 

elements – actin, microtubules, and intermediate filaments – affect mechano-transduction 

individually; however, given the high level of interconnectedness between the three 

elements and other cellular structures, it raises multiple questions about these mechano-

sensitive elements: do these cytoskeletal elements act independently or, due to the 

interconnectedness, are all studies indirectly querying the same sensor (i.e., the integrated 

cytoskeleton), with disruption of one element causing a collapse of the entire mechano-

sensitive cytoskeleton? Alternatively, do these individual cytoskeletal elements act in 

series, with certain cytoskeletal elements detecting different magnitudes or types of strain 

to activate different downstream pathways with distinct biological effectors? While much 

is known about the cytoskeleton in mechano-signaling, future work should focus on 

continuing to tease apart these nuanced, yet critically important, molecular mechanisms.  

Additionally, not only is there tremendous interconnectedness within the 

cytoskeleton itself, the cytoskeleton also creates discrete cellular structures. Structures such 

as the primary cilia and focal adhesions, distinct subpopulations of post-translationally 

modified components, attachments to other cellular signaling components such as calcium 

channels and NOX2, and the control the cytoskeleton has on lysosome localization, all 

affect osteocyte mechano-transduction (Figure 18B). Understanding this interconnected 

network is fundamental to grasping the complexities of how cells experience and respond 
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to their environment. Regardless, many sources of evidence now point to the cytoskeleton 

as a mechano-sensor in bone. As we expand the molecular details of how, where, and when 

the cytoskeleton responds to mechanical cues, we will expand the arsenal of druggable 

targets to impact disease of skeletal fragility. 

1.12 – Present Objectives and Hypotheses 

The overall objective of this thesis is to determine how sclerostin protein abundance is 

rapidly controlled in response to FSS, if this mechanism is conserved in respect to other 

bone anabolic stimuli, and if the mechano-transduction cascade that rapidly regulates 

sclerostin protein abundance is conserved and consequential to bone physiology.  

 

Hypothesis 1:   Sclerostin is rapidly degraded by the lysosome following FSS. 

Hypothesis 2:  PTH, similar to FSS, rapidly controls sclerostin abundance by 

regulating its degradation by the lysosome. 

Hypothesis 3:  The mechano-transduction pathway controlling sclerostin in vitro is 

conserved in vivo and disrupting NOX2-dependent ROS production, 

an early step in this cascade, will affect bone homeostasis.  

 

Testing these hypotheses will fill in many knowledge gaps as to how bone anabolic stimuli 

control sclerostin abundance, possibly uncovering new therapeutic targets that can be 

exploited to mimic loading in populations where bone cannot be traditionally loaded, such 

as the elderly, paralyzed, bedridden, sedentary, and astronauts in microgravity 

environments. Additionally, by translating previously described in vitro mechanisms into 
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in vivo models, we can more specifically understand the contribution of rapid sclerostin 

protein control to load-induced bone formation in a more comprehensive biological system.  
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Chapter 2: Materials and Methods 
2.1 – Chemicals and Reagents 

Bafilomycin A1 (in vitro studies, #54645), MG-132 (#2194), Brefeldin-A (#9972) 

Cycloheximide (#2112), and antibodies against Thr 286 pCaMKII (#12716S), total 

CaMKII (3362S), p62/sequestosome-1 (#23214), LC3B (#2775), Rab27a (#69295), and 

Prolong Gold Antifade Reagent with DAPI (#8961S) were from Cell Signaling 

Technologies. REVERT® Total Protein Stain (827-15733) was from Licor. Anti-sclerostin 

antibodies (#AF1589) were purchased from R&D Systems. Bafilomycin A1 (in 

vivo studies, #88899-55-2) was from Research Products International. Leupeptin 

(#EI8), Nω-Nitro-L-arginine methyl ester hydrochloride (L-NAME, N5751), and GAPDH 

(MAB374) were from Millipore. Parathyroid Hormone (1-34, #P3109-24D) (PTH) was 

from US Biological Life Sciences. Alizarin red (#A3882), calcein (#C0875), 

Apocynin (178385), S-Nitroso-N-acetyl-DL-penicillamine (SNAP, N3398), and 

antibodies against b-Actin (A1978), a-Tubulin (T9026), Pro-Collagen Type I, A1 

(Col1a1) (ABT257), Magic Red Cathepsin B Detection Assay Kit (CS0370), KN-93 

(K1385), and TRIzol (T9424) were from Sigma. siR-Lysosome (CY-SC016) was 

from Spirochrome. GFP-tagged human sclerostin (#RG217648)- and myc-tagged mouse 

sclerostin (#MR222588) were purchased from Origene. KillerRed plasmid (FP966) was 

purchased from Evrogen. CaMKII T286A dominant negative construct was 

from Addgene (#29430). Recombinant human GCase (rGCase) (Cerezyme®) was 

obtained from patient infusion remnants. 2',7'-dichlorofluorescein (DCF, D399) was 

purchased from Invitrogen. Halt™ Protease and Phosphatase Inhibitor Cocktail (EDTA-

free) (78440), Lysotracker (L7528), SuperBlockPBS (37515), Donkey anti-Goat IgG 

Alexa Fluor 546 (A-11056), Chicken anti-Rabbit Alexa Fluor 488 (A-21441), High-
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Capacity RNA-to-cDNA™ Kit (4388950), and Maxima SYBR Green/ROX qPCR Master 

Mix (FERK0221) were from Thermo Fisher Scientific. JetPrime Transfection kit (114-

75) was from PolyPlus Transfection. Modified RIPA lysis buffer contained 50 mMTris-

HCl pH 8.0, 150 mM NaCl, 1.0% NP-40, 0.5% sodium deoxycholate, 0.1% SDS, 10 mM 

Na4P2O7, 10 mM 2-glycerolphosphate, 10 mM NaF, 10 mM EDTA, 1 mM EGTA, 1× 

HALT phosphatase and protease inhibitor cocktail.  

2.2 – Cell Culture 

 UMR106 cells (purchased from ATCC, CRL-1661) were cultured in Dulbecco’s 

modified essential medium (DMEM) supplemented with 10% fetal bovine serum (FBS), 

and maintained at 37℃ and 5% CO2, as described304. Ocy454 cells (provided by P. Divieti-

Pajevic, Boston University) were cultured on type I rat-tail collagen coated plates in α-

minimal essential medium (αMEM) supplemented with 10% FBS and maintained at 

33℃ and 5% CO2305,306. Prior to experimentation, cells were seeded into tissue-culture-

treated vessels and maintained overnight at 37℃ and 5% CO2. The iPSC from a patient 

with type 2 Gaucher disease and a control subject used in this study have been previously 

described307. Their genotypes are: W184R/D409H and WT/WT (Control MJ). Control and 

Gaucher disease iPSC were differentiated to osteoblasts as described307. Briefly, embryoid 

bodies from WT and Gaucher iPSCs were transferred to 0.1% (w/v) gelatin-coated plates 

and cultured in MSC medium [high glucose DMEM (Invitrogen), 20% FBS (Hyclone), 1 

mM l-glutamine and 100 U/ml Pen/Strep (Invitrogen)] to generate mesenchymal stem cells 

(MSCs). To generate osteoblasts, the WT and Gaucher MSCs were plated at a density of 2 

×104 cells/cm2 and were cultured in osteoblast differentiation media [MSC media 

supplemented with 10 mM beta-glycerophosphate (Sigma), 100 µM dexamethasone 
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(Sigma) and 50 μg/ml ascorbic acid (Sigma)] for 3-4 weeks. 

Recombinant glucocerebrosidase (rGCase, 0.24 U/ml) was added to the cultures with each 

media change.  

2.3 – Fluid Flow 

 Ocy454 and UMR106 cells were exposed to fluid flow using a custom FSS 

device (18, 60). Media was removed, cells were rinsed in a Hepes-buffered Ringer solution 

containing 10 mM Hepes (pH 7.3), 140mM NaCl, 4mM KCl, 1mM MgSO4, 5mM 

NaHCO3, 10 mM glucose, and 1.8 mM CaCl2. Ringer solution was also used as fluid flow 

buffer. Cells were exposed to 1-5 minutes of FSS (4 dynes/cm2), as indicated, and lysed in 

a modified RIPA buffer plus HALT protease and phosphatase inhibitors at the time 

indicated in each experiment.  

2.4 – Cell Treatments 

 To block cellular degradation pathways, cells were pre-treated with Bafilomycin 

A1 (100nM, 30 min or 4 hours, as indicated), Brefeldin A (2µM, 4 hours), MG-132 (10µM, 

4 hours), Leupeptin (200µM, 6 hours), or DMSO (0.1%, 30min or 4 hours, as indicated) in 

Ringer solution. For PTH treatment, cells were treated with PTH (1-34) (10nM) in Ringer 

solution for up to 30 minutes. For SNAP treatment, cells remained in the media they were 

plated in and SNAP dissolved in sterile water was added to a final concentration of 

10µM. To block the lysosomal function before SNAP treatment, cells were treated with 

Bafilomycin A1 (100nM) for 30 minutes prior to the addition of SNAP. Cells were lysed 

5 minutes after addition of SNAP. For L-NAME treatment, L-NAME was dissolved in 

sterile water, then diluted into Ringer solution (1mM). UMR106 cells were pre-treated 

with L-NAME or vehicle control 1 hour prior to FSS, then exposed to 5 minutes of 
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FSS, and lysed immediately after. Ocy454 cells were treated with 10µM KN-93 for 1 hour 

prior to the addition of PTH (1-34) (10nM) for an additional 10 minutes. To assess PTH 

effects on Sost mRNA, Ocy454 cells were sera starved in aMEM supplemented with 0.1% 

FBS overnight and were then treated with PTH (1-34) (10nM) or vehicle for 30 minutes 

diluted in aMEM supplemented with 0.1% FBS at 37℃, 5% CO2. Media was then 

switched for fresh in aMEM supplemented with 0.1% FBS and cells were lysed 

in TRIzol 5.5 hours after.  

2.5 – RT-qPCR 

 Cells lysed with TRIzol were processed using Direct-zol RNA Kit to isolate RNA 

according to manufacturer’s instructions. RNA was reverse transcribed using High-

Capacity RNA-to-cDNA™ Kit according to manufacturer’s instructions. cDNA was used 

for RT-qPCR using Thermo Scientific™ Maxima SYBR Green/ROX qPCR 

Master Mix. The level of the Sost was simultaneously normalized to expression levels 

for Gapdh, Rpl13 and Hprt. PCR primers used are: Sost: GGA ATG ATG CCA CAG 

AGG TCA T and CCC GGT TCA TGG TCT GGT T; Rpl13: CGA AAC AAG TCC ACG 

GAG TCA and GAG CTT GGA GCG GTA CTC CTT; Gapdh: CGT GTT CCT ACC 

CCC AAT GT and TGT CAT CAT ACT TGG CAG GTT TCT; and Hprt: AGC AGT 

ACA GCC CCA AAA TGG and AAC AAA GTC TGG CCT GTA TCC AA.  

2.6 – Sequence Alignment 

 Amino acid sequences were acquired from the National Center for Biotechnology 

Information’s (NCBI) protein database. Accession numbers are as follows: mouse 

(AAK13455); human (AAK16158.1); rat (EDM06161.1); cow (NP_001159986.1); 

chicken (XP_024999845.1). Sequence alignment was done using NCBI’s Constraint-based 
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Multiple Alignment Tool (COBALT). Lysosomal signal sequences308 and the secretory 

signal peptide were annotated manually.  

2.7 – Degradation Assays 

 Ocy454 cells were treated with Cycloheximide (CHX, 150µg/mL) and either 

DMSO (0.1%), Bafilomycin A1 (100nM), Brefeldin A (2µM), or MG-132 (10µM) diluted 

in supplemented aMEM for 4 hours or with Leupeptin 200µM for 6 hours at 37℃ and 5% 

CO2. Cells were then exposed to 5 minutes of FSS as described above in Ringer containing 

the appropriate treatment with CHX. Cells were lysed in a modified RIPA buffer + HALT 

protease and phosphatase inhibitors and collected for western blotting at 5- and 30-

minutes post-flow. For basal degradation assays, UMR106 cells were treated with 

150µg/mL CHX for 0, 1, 2, or 4 hours and lysed. A best fit linear line was constrained 

through y=1 to determine protein half-life.  

2.8 – Transient Transfections 

 Ocy454 cells were seeded in 96-well plates at a density of 20,000 cells/well and 

incubated at 37℃ for 24 hours. Transient transfections were performed using 0.025 

µg/well GFP-tagged sclerostin, 0.05 µg/well Myc-tagged sclerostin, or 0.1 µg/well 

CaMKII T286A DNA mixed with 5uL/well JetPrime buffer and 0.1 

µl/well JetPrime reagent, as described41. After 16 hours of incubation at 37℃, the 

transfection medium was replaced with complete aMEM. The cells were incubated an 

additional 24 hours at 37℃ prior to experiments. UMR106 cells for KillerRed experiments 

were plated on glass bottom 10mm dishes at a density of 50,000 cells/dish. Transient 

transfections were performed using 2 µg/well KillerRed and 4 or 8 
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µl/well Jetprime reagent. 16 hours after incubation, transfection medium was replaced with 

complete DMEM and were incubated an additional 37℃ prior to experiments.  

2.9 – Fluorescence Co-Localization 

 Ocy454 cells were seeded at 10,000 cells/well and grown on a glass-bottom 96-

well plate. Cells were transfected with GFP-Sclerostin as described above, where 

indicated. For immunofluorescence staining, cells were fixed with 

1% paraformaldehyde, permeabilized with 0.1% Triton-X in PBS, 

and blocked with SuperBlockPBS for 1 hour, as described150. Primaries diluted 

in SuperBlockPBS against p62/sequestosome-1, Rab27a, and sclerostin were used 

at 1:250 and incubated overnight at 4C. Chicken anti-Rabbit 488 and Donkey anti-

Goat 546 diluted in SuperBlockPBS were used at 1:100 and incubated for 3 hours at room 

temperature. Cells were mounted with ProLong Gold Antifade with DAPI and imaged 

with a Nikon Ti2 microscope with a SpectraX Light Engine and a ds-Qi2 Monochrome 

camera. For live cell imaging, Ocy454 cells were transfected with GFP-Sclerostin as 

described above. Lysosomes were labeled Lysotracker (1μM) for 1 hour, then imaged with 

a Nikon C2 confocal microscope. For co-localization quantification, Ocy454 cells 

transfected with GFP-sclerostin were treated with siR-Lysosome (1μM) for 4.5 hours at 

37oC to label lysosomes. Cells were imaged on a Nikon C2 confocal microscope and Z-

stacks with 0.5µm steps were obtained in each well. These Z-stacks were then denoised 

using Nikon Denoise aI (NIS Elements 5.2). Co-localization in the denoised Z-stacks using 

the Mander’s Coefficients was measured using the FIJI plugin, JaCOP (62).  
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2.10 – Magic Red Cathepsin B Activity Assay 

 UMR106 cells were exposed to FSS at 4 dynes/cm2 for 5 minutes. Magic Red and 

Hoechst (1x) reagent were then was added to all wells for 10 minutes. Cells were washed 

three times with warm 1X PBS and then fixed for 10 minutes with 1% 

paraformaldehyde. Cells were washed one time with 1X PBS and imaged at 20x 

with a Nikon Ti2 microscope with a SpectraX Light Engine and a ds-Qi2 Monochrome 

camera. Average Magic Red intensity from 3 images from 3 wells was measured by 

subtracting a mask image of the nuclei from the Magic Red signal. Magic Red signal was 

then measured on a per pixel basis and average intensities were calculated.  

2.11 – KillerRed Imaging and Protein Isolation 

 For imaging, UMR106 cells transfected with KillerRed were loaded with DCF 

(10µM, 30 min, 37oC) diluted in Ringer solution to track ROS production. After loading, 

cells were washed with fresh Ringer solution. Cells were stimulated with LED light for 40 

seconds. DCF and KillerRed signals were imaged before and after exposure to LED light 

in the same cells. For western blotting, cells transfected with KillerRed were stimulated 

with LED light for 5 minutes and were lysed 5 minutes after the end of light exposure. No 

light controls were treated the same but not exposed to light.  

2.12 – Animals 

 Male and female, age matched C57BL/6 mice were purchased from Jackson 

Laboratory. Mice were group housed in micro‐isolator cages, and food (standard rodent 

chow) and water were available ad libitum. Mice were maintained on a 12-h-light–12-h-

dark cycle. Experiments were conducted on 13-16 week old mice, as indicated. All animal 
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protocols were approved by the Animal care and Use Committee at the University of 

Maryland School of Medicine.  

2.12.1 – Conditional deletion animal breeding 

hOCN-Cre mice309 were crossed with Cybbflox/flox (generated by Ajay Shah310 and 

provided to us by Lev Becker311) mice and the resultant Cybb+/flox;hOCN-Cre mice were 

crossed into Cybbflox/flox mice to generate Cybbflox/flox;hOCN-Cre (Cybb cKO) mice. This 

conditionally deletes the catalytic subunit of NOX2 in late osteoblasts/osteocytes. 

Cybb+/flox, Cybbflox/flox mice that lack the Cre allele, and hOCN-Cre mice were used as 

controls to which all parameters were compared. To examine the effect of NOX2 

conditoinal deletion throughout skeletal maturation, 8-week, 18-week, and 6-month old 

mice were examined for their basal bone properties. 16-week mice were used for ulnar 

loading, as described below. These mice were euthanized at 18 weeks of age to constitute 

the 18-week-old time point. All mice were in a C57Bl/6 strain background.  

2.12.2 – Ex vivo Treatments 

 Ulnae, radii, or tibiae were dissected from surrounding soft tissues, epiphyses were 

cut, and marrow was flushed with Ringers solution. Bones were acclimated in 

complete aMEM at 37℃ and 5% CO2 for at least 20 minutes before moving them 

into Ringers solution with appropriate treatments. For hydrogen peroxide experiments, 

bones were moved into Ringers solution containing vehicle control or 100µM hydrogen 

peroxide for 5 minutes at 37℃. For PTH experiments, bones were moved 

into Ringers solution containing vehicle or 10nM PTH(1-34) for 30 minutes. Bones were 

then removed from the Ringers solution and were homogenized in RIPA buffer + HALT 

protease and phosphatase inhibitor cocktail using a Bullet Blender (Next Advance), as 
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described312,313. Extracts were subsequently used for western blotting analysis, as described 

below.  

2.12.3 – In situ Strain Gauging 

 Bone strains generated by ulnar loading were calculated using a strain gauge (Micro 

Measurements #EA-06-015DJ-120) affixed with cyanoacrylate to the lateral, mid-

diaphyseal aspect of ulnae of age and sex matched C57BL/6 mice. The upper limbs of 

euthanized mice were placed in a horizontal orientation in a uniaxial load device (Aurora 

Scientific, 305C-FP). Load was applied in a slow ramp at 0.05 N/sec, then load versus 

strain plots calculated and used to determine strains at a given load, as described89. The 

forces needed to generate 2000me were measured in male and female Cybbfl/fl, hOCN-Cre, 

and Cybb cKO mice to compensate for any material property differences between the 

mouse models.  

2.12.4 – In vivo Loading 

 For acute isolation of protein, 14- to 17-week-old male and female C57BL/6 mice 

were subjected to a single, acute bout of ulnar loading. Briefly, animals were either 

untreated (Figure 23D) or were treated with vehicle (saline with 4% DMSO, 

Figure 33E and 34D), apocynin (3 mg/kg dissolved in saline, Figure 33), or Bafilomycin 

A1 (1 mg/kg, 4% DMSO in saline, Figure 34) intraperitoneally 2 hours prior to ulnar 

loading. Mice were anesthetized (isoflurane) and their left upper limb was placed in a 

horizontal orientation in a uniaxial load device (Aurora Scientific, 305C-FP). A small pre-

load was applied (0.4N) and then the forearm was cyclically loaded with a sinusoidal wave 

at 2Hz and a peak strain between 1800 and 2000µe, as specified, for 90sec, as 

described314,315. Five minutes following load, loaded and contralateral non-loaded (control) 
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ulnae and radii were dissected from surrounding soft tissue, epiphyses removed, flushed of 

marrow, and homogenized in RIPA buffer + HALT protease and phosphatase inhibitor 

cocktail using a Bullet Blender (Next Advance), as described312,313. Extracts were 

subsequently used for western blotting analysis, as described below. For sclerostin 

immunofluorescence, ulnae were fixed in warm 10% buffered formalin overnight, sucrose 

embedded in 30% sucrose overnight at 4C, and cryosectioned using the Kawamoto tape 

transfer method at 5µm thickness316. Sections contained both the non-loaded and loaded 

limbs. Sections were permeabilized and blocked in 0.04% Saponin in SuperBlockPBS for 

1 hour. 1:250 sclerostin primary was diluted in 1x PBS with 0.04% Saponin for 36 hours. 

1:200 Donkey anti-Goat 546 was incubated for 2 hours at room temperature before sections 

were mounted with ProLong Gold Antifade with DAPI and imaged with a Nikon Ti2 

microscope with a SpectraX Light Engine and a ds-Qi2 Monochrome camera. All sections 

were imaged with the same laser strength and exposure time to ensure proper comparisons 

between sections. Sclerostin-positive osteocytes were counted using the Cell Counter 

plugin in FIJI and reported as a proportion of total osteocytes in a defined ROI.  

For dynamic histomorphometry following mechanical stimulation, 13-week 

(Apocynin experiments) or 15-week old (Bafilomycin A1 experiments) male C57BL/6 

mice were subjected to four consecutive days (days 1 – 4) of forearm loading 

at 1800µe (Apocynin experiments) or 2000µe (Bafilomycin A1 experiments) at 2Hz for 

90sec, as described above. For Apocynin experiments, Apocynin (3 mg/kg dissolved in 

saline) or vehicle control (saline) were injected intraperitoneally 2 hours prior to each bout 

of ulnar loading. The contralateral limb served as a non-loaded control in all loading 

experiments. Following loading, mice were returned to their cages for unrestricted 
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activity. For Bafilomycin A1 experiments, Bafilomycin A1 (1 mg/kg, 4% DMSO in saline) 

or vehicle control (saline with 4% DMSO) was injected intraperitoneally 24 hours before 

the first bout of loading (day 0) and 4 hours prior to each bout of loading. For both 

inhibitors, treatment occurred only during the loading phase and not during the subsequent 

monitoring of bone formation by dynamic histomorphometry.  

To assess cortical bone formation rate during the post-load period, animals were 

injected intraperitoneally with alizarin red (30mg/kg) after the final bout of loading (day 

4) and injected intraperitoneally with calcein (30mg/kg) on day 11. Three days later (day 

14), animals were euthanized, loaded and contralateral non-loaded ulnae and radii were 

dissected from surrounding soft tissue and stored in 100% ethanol. Bones were then placed 

in 30% sucrose in PBS at 4oC overnight. Bones were embedded in optimal cutting 

temperature compound (OCT) and sectioned at 5µm thickness using the Kawamoto Film 

Method (68). Three sections were collected for each ulna and averaged to obtain a single 

value for each parameter in each animal. Fluorescent labels were visualized with a Nikon 

Ti2 microscope at 20x using a Nikon Ri2 monochrome camera and cortical 

bone parameters were quantified using BioQuant 2019 Software. Parameters 

included: periosteal mineral apposition rate (Ps.MAR) and periosteal bone formation rate 

(Ps.BFR), as defined by the ASBMR nomenclature guidelines317.  

2.13 – Microcomputed Tomography 

 Femurs were dissected from 8-week, 16-week, and 6-month-old male and female 

Cybb cKO, Cybb+/flox, Cybbflox/flox mice that lack the Cre allele, and hOCN-Cre mice. Femurs 

were fixed in 10% buffered formalin overnight then transferred into 1X PBS with 0.02% 

sodium azide for storage. Three-dimensional microCT was performed on the femurs of 
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each genotype using SkyScan 1172 (Bruker, Kontich, Belgium). The skeletal parameters 

assessed by microCT followed published nomenclature guidelines (Bouxsein et al., 2010). 

Bone morphology and microstructure were assessed at the mid-diaphysis for cortical 

parameters, including cortical bone volume (Ct.TV), periosteal perimeter (Ct.Peri.Pm), 

endosteal perimeter (Ct.Endo.Pm), cortical thickness (Ct.Th), and mean polar moment of 

inertia (pMMI). Trabecular parameters were assessed at the distal femoral metaphysis for 

trabecular parameters, including the trabecular bone volume fraction (BV/TV), trabecular 

bone thickness (Tb.Th), trabecular number (Tb.N) and trabecular separation (Tb.Sp). 

Femurs were scanned with 2K resolution, a 10 μm3 voxel size, and 0.5 mm Al filter at 55 

kV. Trabecular bone was delineated manually in a region of interest 0.25mm proximal to 

the distal femoral growth plate and extended 1mm proximally. For cortical bone 

parameters, transverse microCT scans were performed at the femoral diaphysis beginning 

at 56% of the femoral length (measured from the head of the femur) extending 0.5 mm 

distally. 

2.14 – Western Blotting 

Western blotting of whole cell extracts following appropriate treatments or extracts 

isolated from murine long bone was done as previously described313. Briefly, equal 

amounts of protein were loaded on SDS-PAGE gels, electrophoresed, and transferred to 

PVDF membranes. Membranes were blocked in 5% nonfat dry milk and 3% BSA in 

phosphate buffered saline with 0.1% Tween-20 for all sclerostin blots. All other blots were 

blocked in 5% nonfat dry milk in phosphate buffered saline with 0.1% Tween-20. Primary 

antibodies dilutions were: Sclerostin (1:500); GAPDH (1:2500); β-Actin (1:5000), a-

Tubulin (1:2000); pro-collagen type 1 (Col1a1) (1:1000); pCaMKII (1:1000), total 
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CaMKII (1:1000), p62/sequestosome-1 (1:500), and LC3B (1:500). Antibodies were 

detected using horseradish peroxidase-conjugated secondary antibody (1:1000-5000) (Cell 

Signaling Technology) and visualized with enhanced chemiluminescence reagent (Bio-

Rad) and analyzed with ImageLab software (Bio-Rad) or fluorescent Licor secondary 

antibodies (1:20,000) were used and visualized with Licor Oddysey CLx and analyzed 

using Image Studio v5.  

2.15 – Statistical Analysis 

Experiments were repeated a minimum of three times with triplicate samples unless 

indicated otherwise. For dynamic histomorphometry experiments, animals were 

randomized into groups by weight. Mice were assigned a random number, and the 

experimenters were blinded to animal treatment and experimental group during collection 

and analysis period. Graphs show means, with error bars indicating SD or SEM, as 

indicated. All statistical test applied to experimental data were carried out in GraphPad 

Prism 8.0. Data were compared with two-tailed unpaired t-tests, with a two-way ANOVA 

with Holm-Sidak post-hoc correction, or Kruskal-Wallis with Dunn’s post-hoc test, as 

indicated. A p value of <0.05 was used as a threshold for statistical significance. 
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Chapter 3: Disparate Bone Anabolic Cues Activate Bone Formation by Regulating 
the Rapid Lysosomal Degradation of Sclerostin Protein 

3.1 – Introduction 

The osteocyte derived protein, sclerostin, is a fundamentally important inhibitor of 

bone formation, with decreases in abundance mediating mechanically- and hormonally-

induced bone formation. Sclerostin (gene name Sost) is a secreted 27 kDa glycoprotein that 

inhibits the differentiation and activity of bone-forming osteoblasts by antagonizing the 

Wnt/b-catenin signaling pathway12,13. Genetic deletion of the Sost gene in mice results in 

extraordinarily high bone mass24. In humans, mutations in the SOST gene underlie high 

bone mass and bone overgrowth in patients with sclerosteosis and van Buchem 

disease22,25,318. Accordingly, regulating sclerostin bioavailability has tremendous 

therapeutic potential for conditions of low bone mass, such as osteoporosis. Indeed, 

targeting sclerostin protein with neutralizing antibodies is incredibly effective at increasing 

bone mass, and Romosozumab, a humanized monoclonal antibody targeting sclerostin, has 

been FDA approved to treat osteoporosis in post-menopausal women at a high risk for 

fracture28,29. Despite this critical role for sclerostin in skeletal homeostasis and its 

therapeutic potential, there are substantial gaps with respect to the molecular control of this 

key regulatory protein.  

In response to bone mechanical loading, osteocytes sense and respond to fluid shear 

stress (FSS) in the lacunar canalicular network by ultimately decreasing sclerostin protein 

abundance, de-repressing Wnt/b-catenin signaling, unleashing osteoblast differentiation 

and bone formation. When administered intermittently, parathyroid hormone (PTH) causes 

net bone formation in part by decreasing sclerostin83,84. This has been exploited in the clinic 

through the established osteoanabolic drug, teriparatide (PTH, amino acids 1-34). Despite 
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their clinical application, little is known about how mechanical load and PTH, two 

disparate bone anabolic signals, directly regulate sclerostin protein. To date, the regulation 

of sclerostin protein abundance has been attributed to the transcriptional downregulation 

of the Sost gene that occurs on an hours timescale after mechanical load or PTH 

exposure72,75,77,78,319.  

Using a recently established osteocyte-like cell line, Ocy454 cells, which is one of 

the few cell lines that reliably express detectable sclerostin protein305,306, we previously 

described a mechano-transduction pathway that regulates osteocyte sclerostin protein 

abundance in response to FSS in vitro (Figure 23A)41,42. Using this in vitro model, we 

found that osteocyte mechano-signaling required a subset of detyrosinated microtubules, 

which transduce load signals to activate NADPH Oxidase 2 (NOX2), which produces 

reactive oxygen species (ROS) signals. These ROS signals then elicit a Transient Receptor 

Potential Vanilloid 4 (TRPV4)-dependent primary calcium (Ca2+) influx. 

Calcium/calmodulin-dependent kinase II (CaMKII) is activated in response to this primary 

Ca2+ influx and is required for reduction of osteocyte sclerostin protein abundance (Figure 

23A). While these discoveries integrated with and extended several established models of 

the osteocyte mechanical response103,218,320,321, we found the loss of sclerostin protein was 

surprisingly rapid (minutes scale) and was likely wholly distinct from the well-

characterized transcriptional regulation of the Sost gene, which occurs on the hours 

timescale72,75,77,78,319. Despite its physiologic significance, little is known about the post-

translational control of sclerostin protein. Additionally, given the in vitro nature of our 

prior work on this pathway, the contribution of this mechano-transduction pathway to in 
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Figure 23. Sclerostin protein is rapidly degraded after mechanical stimulus in vitro and 
in vivo.  
(A) FSS causes the rapid loss of sclerostin protein through a number of molecular 
mediators. (B) Ocy454 cells (n=3-4) or (C) UMR106 cells (n=3) were exposed to one 
minute of FSS at 4 dynes/cm2 and lysed five minutes post-flow. Western blots were 
probed for sclerostin, GAPDH, pCaMKII, and total CaMKII. (D) 16-week old female 
C57Bl/6 mice were ulnar loaded (1800µe, 90sec, 2Hz), cortical osteocyte enriched 
lysates isolated 5 minutes post-load, and western blots probed for sclerostin (n=10 mice), 
pCaMKII, and total CaMKII (n=5 mice). Sclerostin abundance relative to the loading 
control or pCaMKII relative to total CaMKII was quantified. (E) Ocy454 cells with 
endogenous sclerostin (n=2), (F) UMR106 cells with endogenous sclerostin (n=4) or, (G) 
Ocy454 cells transfected with Myc-tagged sclerostin (n=1) were subjected to five 
minutes of FSS at 4 dynes/cm2 and lysed at the indicated times post-flow. Western blots 
were probed for sclerostin and b-actin. A representative time course is shown for each. 
Sclerostin abundance relative to the loading control was quantified. For each antibody, 
western blots are from a single gel and exposure; a vertical black line indicates removal 
of irrelevant lanes. Graphs depict mean ± SD. *p<0.05, **p<0.01 by unpaired two-tailed 
t-tests (A-D). (Figure from322) 
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 vivo bone mechano-responsiveness remained unresolved. Here, we examined the kinetics 

of sclerostin protein degradation in vitro and in vivo, the mechanism regulating the rapid 

decline in osteocyte sclerostin protein, its relevance in vivo in bone physiology during ulnar 

load, and its dysfunction in skeletal disease. We also extended the observation of the FSS-

induced rapid degradation of sclerostin protein to PTH, another clinically relevant bone 

anabolic signal.  

3.2 – Results 

3.2.1 – Sclerostin protein is rapidly lost after mechanical load in vitro and in vivo  

Our prior work showed sclerostin protein disappearance on a minutes time scale 

following FSS in Ocy454 cells, an effect that required activation of CaMKII (Figure 

23A)41,42. To more precisely characterize the dynamics of mechanically stimulated 

sclerostin protein loss in osteocytes, we examined two sclerostin expressing cell lines, 

Ocy454 osteocytes and UMR106 osteosarcoma cells. Consistent with our previous work, 

we observed the mechano-activated increase in CaMKII phosphorylation and decrease in 

sclerostin protein abundance in both Ocy454 osteocytes (Figure 23B) and UMR106 

osteosarcoma cells (Figure 23C) within 5 minutes of the acute application of FSS. To 

establish the relevance of a load-induced loss of sclerostin protein in vivo, we examined if 

this rapid loss of sclerostin abundance, as determined by western blot or sclerostin 

immunofluorescence in sectioned bone, occurred following an acute bout of ulnar loading. 

Sclerostin protein abundance was assessed in 16-week-old female or 17-week-old male 

mice subjected to a single bout of ulnar load. Ulnae were harvested 5 minutes post-load, a 

time frame consistent with in vitro observations, and osteocyte-enriched cortical bone 

lysates were profiled by western blotting or ulnae were sectioned to evaluate sclerostin-
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positive osteocytes by immunofluorescence. As occurred in vitro, sclerostin protein 

abundance was rapidly reduced and CaMKII activated in loaded versus contralateral non-

loaded limbs (Figure 23D), and the percent of sclerostin positive osteocytes was decreased 

in loaded limbs versus contralateral non-loaded limbs (Figure 24A), establishing that rapid 

sclerostin protein loss also occurs in vivo following a single bout of mechanical stimulus.  

A temporal assessment of sclerostin protein abundance following FSS in Ocy454 

cells (Figure 23E) and UMR106 cells (Figure 23F) revealed a decrease in sclerostin protein 

as early as 1-minute post FSS, with the nadir of protein expression occurring at 10 minutes, 

followed by a subsequent rebound. This rapid regulation strongly suggested post-

translational control of sclerostin abundance. Consistent with the possibility of post-

translational control of sclerostin, we recently reported that a single 5-minute bout of FSS, 

as used here, does not decrease Sost mRNA levels despite a decrease in sclerostin protein42. 

To confirm the post-translational control of sclerostin, Ocy454 cells were transfected with 

either a myc- or GFP-tagged sclerostin expression vector under control of a CMV 

promoter, which is not controlled by the same transcriptional elements that regulate Sost 

transcription. Like endogenous sclerostin, overexpressed sclerostin protein was rapidly and 

transiently decreased by FSS (Figure 23G and 24B). The regulated degradation did not 

extend to all proteins as pro-collagen type 1a1 abundance was unchanged following FSS 

in Ocy454 cells (Figure 24C), supporting some level of specificity for the regulated 

degradation of sclerostin.  

3.2.2 – PTH1-34 treatment also causes rapid sclerostin protein loss  

Like mechanical loading, intermittent administration of PTH stimulates bone 

remodeling and results in net bone formation323. Both chronic and intermittent PTH  
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Figure 24. Rapid loss of sclerostin protein occurs in osteocytes in vivo and in vitro.  
(A) 17-week-old male mice were subjected to a single bout of ulnar loading (1800µe), 
and ulnae were fixed in warm formalin 5 minutes after loading. Cryosections were 
stained for sclerostin to identify sclerostin-positive osteocytes, which were counted and 
presented as a proportion of total osteocytes in a selected ROI (n=6). Yellow arrows 
indicate sclerostin-negative osteocytes, defined by the presence of DAPI staining but 
without detectable sclerostin. Yellow asterisks indicate non-specific staining. (B) Ocy454 
cells transfected with GFP-sclerostin were subjected to five minutes of FSS at 4 
dynes/cm2 and lysed immediately post-flow. Western blots were probed for sclerostin and 
b-Actin. (C) Ocy454 cells were subjected to five minutes of FSS at 4 dynes/cm2 and 
lysed immediately post-flow. Western blots were probed for pro-collagen type 1a1 and 
b-Actin. (D and E) Ocy454 cells were treated with PTH (10nM) for 30 minutes and 
lysed. Western blots were probed for sclerostin, b-Actin, pro-collagen type 1a1, and a-
Tubulin. (Figure from322) 
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treatment decrease osteocyte Sost gene expression and protein abundance hours after 

exposure78; however, rapid loss of sclerostin protein has not been reported. In Ocy454 cells, 

sclerostin protein abundance decreased after 30 minutes of PTH treatment (Figure 24D) 

with no change in pro-collagen type 1a1 (Figure 24E). Examining the post-translational 

regulation of sclerostin protein abundance in GFP-sclerostin transfected Ocy454 cells, we 

show PTH treatment caused sclerostin loss over a 30-minute time period (Figure 25A), 

with no change in Sost mRNA levels after this 30-minute treatment (Figure 26). To confirm 

this rapid regulation occurs in an intact bone with endogenous sclerostin, dissected tibiae 

were treated with PTH ex vivo, which decreased sclerostin protein abundance in the same 

minutes scale timeframe (Figure 25B).  

Given that both FSS and PTH treatment rapidly and post-translationally regulate 

sclerostin abundance, we next wanted to examine common signal transducers between the 

two stimuli. Like FSS, PTH may also regulate CaMKII activation in bone cells324,325. As 

with FSS41,42, PTH exposure increased phospho-CaMKII abundance (Figure 25C), 

representing a possible intersection point in the signaling cascades used by these two 

anabolic stimuli.  

In total, while the kinetics sclerostin downregulation following PTH treatment were 

slower than FSS, the loss of sclerostin protein was still relatively rapid and occurred with 

overexpressed protein, supporting that both mechanical load and PTH regulates post-

translational control of sclerostin, possibly through CaMKII activation.  
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Figure 25. Sclerostin protein is rapidly degraded after PTH exposure in vitro and ex 
vivo.  
(A) Ocy454 cells transfected with GFP-sclerostin were treated with vehicle or PTH (1-
34) (10nM) for the indicated time and were lysed. Western blots were probed for 
sclerostin and b-actin (n=2-3). (B) Dissected tibiae flushed of marrow were treated with 
vehicle or PTH (1-34) (10nM) for 30 minutes ex vivo and homogenized. Western blots 
were probed for sclerostin and b-actin (n=6 mice). (C) Ocy454 cells were treated with 
vehicle or PTH (1-34) (10nM) for the indicated time and were lysed. Western blots were 
probed for pCaMKII and total CaMKII (n=6-8). Graphs depict mean ± SD. *p<0.05, 
**p<0.01 by two-way ANOVA with Holm-Sidak post-hoc correction (A and C) or 
unpaired two-tailed t-test (B). (Figure from322) 
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Figure 26. Acute treatment with PTH does not affect Sost mRNA hours later.  
Ocy454 cells were treated with PTH (10nM) for 30 minutes then collected 5.5hours after 
treatment to examine Sost mRNA levels as normalized to Gapdh, Rpl13, Hprt by RT-
qPCR (n=6). (Figure from322) 
  



 

 91 

3.2.3 – Sclerostin is degraded through the lysosome after exposure to bone anabolic 

stimuli  

Next, we examined the mechanism by which sclerostin protein was so rapidly 

reduced. The post-translational loss of sclerostin protein shortly after exposure to a bone 

anabolic stimulus likely occurs through either rapid protein degradation or protein 

secretion. Accordingly, we interrogated the route of rapid sclerostin loss after anabolic 

stimuli by blocking protein degradation or protein secretion pathways using different 

pharmacological inhibitors. In these degradation assays, cells were treated with 

cycloheximide to prevent de novo protein synthesis, as well as either the lysosome 

inhibitor, Bafilomycin A1, the proteasome inhibitor, MG-132, or the secretion inhibitor, 

Brefeldin A. Subsequently, the cells were exposed to 5 minutes of FSS or 30 minutes of 

PTH, and sclerostin protein abundance monitored by western blot. In Ocy454 cells 

transfected with GFP-sclerostin, inhibition of lysosomal function with Bafilomycin A1 

prevented both FSS- and PTH-induced degradation of sclerostin protein (Figure 27A and 

27B), whereas inhibition of proteasomal degradation with MG-132 or secretion with 

Brefeldin A had no effect on the FSS-induced decrease in sclerostin (Figure 27A). 

Likewise, inhibition of lysosomal activity with Bafilomycin A1 or leupeptin prevented 

FSS-induced sclerostin degradation in UMR106 osteosarcoma cells (Figure 28A). Notably, 

in the absence of a stimulus, the half-life of sclerostin protein is about 3 hours (Figure 28B). 

This is in stark contrast to the minutes scale degradation observed after stimulation with 

FSS or PTH, confirming that the kinetics of sclerostin degradation are altered in response 

to bone anabolic cues.  
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Figure 27. Sclerostin is rapidly degraded by the lysosome following bone anabolic 
stimuli.  
(A) Ocy454 cells transfected with GFP-sclerostin were treated with cycloheximide 
(150µg/mL) to prevent new protein synthesis and either DMSO (0.1%), Bafilomycin A1 
(100nM) to inhibit lysosomal degradation, Brefeldin A (2μm) to inhibit secretion, or MG-
132 (10μm) to inhibit the proteasome 4 hours prior to FSS. Cells were subjected to 5 
minutes of FSS at 4 dynes/cm2 and lysed immediately after the end of FSS or 30 minutes 
after the conclusion of FSS. Western blots were probed for sclerostin and b-actin. Time 
courses show mean ± SEM (n=3-6 independent experiments/group). (B) Ocy454 cells 
transfected with GFP-sclerostin were pre-treated with DMSO (0.1%) or Bafilomycin A1 
(100nM) to inhibit lysosomal degradation for 30 minutes prior to the addition of vehicle 
or PTH (1-34) (10nM) for an additional 30 minutes (n=3). Sclerostin abundance relative 
to the loading control was quantified. Graph depicts mean ± SD. *p<0.05, **p<0.01, 
****p<0.0001 by two-way ANOVA with Holm-Sidak post-hoc correction. (C) Amino 
acid sequences for sclerostin from mouse, human, rat, cow, and chicken were aligned 
using NCBI COBALT. Abbreviated sequences are shown and are annotated for putative 
lysosomal signal sequences. Full sequences are presented in Figure 28.  
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Figure 28. Sclerostin is rapidly degraded by the lysosome.  
(A) UMR106 cells were treated with cycloheximide (150µg/mL) and either DMSO 
(0.1%), Bafilomycin A1 (100nM) for 6 hours, or Leupeptin (200µM) for 4 hours prior to 
FSS. Cells were subjected to 1 minute of FSS at 4 dynes/cm2 and were lysed 5 or 10 
minutes after the conclusion of FSS. Western blots were probed for sclerostin. Sclerostin 
abundance relative to total protein was quantified. For each antibody, blots are from a 
single gel and exposure; a vertical black line indicates removal of irrelevant lanes. (B) 
UMR106 cells were treated with cycloheximide (150µg/mL) and lysates were collected 
at 0, 1, 2, and 4 hours after treatment in the absence of stimuli. Whole cell lysates were 
western blotted for sclerostin abundance (n=2). Sclerostin abundance relative to the total 
protein was quantified. Graph shows mean ± SD and best fit linear regression constrained 
through y=1. (C) Full amino acid sequences for sclerostin from mouse, human, rat, cow, 
and chicken were aligned using NCBI COBALT. Putative lysosomal signal sequences are 
annotated. The secretory signal peptide is annotated for amino acids 1-23. (Figure 
from322) 
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In support of this notion of lysosomal degradation of sclerostin, many secreted N-

linked mannose-6-phosphate and GlcNAC modified glycoproteins, like sclerostin326, are 

targeted to the lysosome to regulate abundance308. Typically, these proteins contain 

conserved lysosomal signal sequences, particularly the Asn-X-Ser/Thr sites that are 

subjected to N-linked glycosylation308. In silico analysis of the sclerostin protein amino 

acid sequence identified at least two putative sites for N-linked glycosylation (Asn-X-

Ser/Thr) and three Tyr-X-X-F lysosome targeting motifs that are conserved across species 

(Figure 27C, Figure 28C).  

3.2.4 – Sclerostin protein co-localizes with lysosomal markers  

To validate that sclerostin can be targeted to the lysosome, we examined the sub-

cellular distribution of sclerostin and lysosomes in cultured Ocy454 cells. Both endogenous 

and exogenous sclerostin were found in distinct puncta in Ocy454 cells (Figure 29A). In 

live Ocy454 cells, GFP-sclerostin was co-localized with acidic vesicles identified by 

LysoTracker and co-localized with lysosomes labeled by siR-lysosome (Figure 29B) In 3D 

projections of Z-stacks, it is clear that sclerostin co-localizes with lysosomes identified by 

siR-lysosome, but not all sclerostin is contained in lysosomes and not all lysosomes contain 

sclerostin (Figure 30). In fixed cells, endogenous sclerostin co-localized with 

p62/sequestosome-1 protein, an autophagy cargo adapter protein that shuttles proteins for 

lysosomal degradation (Figure 29C). That sclerostin is found localized with lysosomal 

adapter proteins and is degraded by the lysosome is consistent with the recent finding that 

sclerostin is found in extracellular vesicles positive for the lysosome associated protein 

LAMP1327. Interestingly, sclerostin was also co-detected with Rab27a in Ocy454 cells 

(Figure 29C). Rab27a is a small GTPase that is a master regulator of the trafficking,  
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Figure 29. Sclerostin co-localizes with lysosomal markers, and both FSS and PTH 
induce lysosome activation through CaMKII.  
(A) Endogenous sclerostin (top) and GFP-tagged sclerostin (bottom) both form disCrete 
puncta in Ocy454 cells. (B) Ocy454 cells were transfected with GFP-sclerostin and 
lysosomes were visualized with Lysotracker (1mM, 1 hour) or siR-Lysosome (1μM, 4 
hours). Scale bar represents 10µm. (C) Ocy454 cells were stained for endogenous 
sclerostin and either p62/sequestosome-1 or Rab27a to evaluate co-localization with these 
lysosome-associated proteins. (D) Ocy454 cells were exposed to 1 minute of FSS at 
4dynes/cm2, lysed immediately post-flow, and western blotted for p62/sequestosome-1, 
b-actin, and LC3 (n=4). (E) Ocy454 cells were treated with PTH (1-34) (10nM) for 5 
minutes, lysed, and western blotted for p62/sequestosome-1 and b-actin (n=4) and LC3 
(n=8). (F) UMR106 cells were subjected to FSS for 5 minutes, then Magic Red 
Cathepsin-B was applied for 10 minutes, fixed, and imaged to assess lysosome activity 
(n=9). (G) Ocy454 cells were treated with DMSO or KN-93 (10�M) to inhibit CaMKII 
for 1 hour prior to FSS at 4dynes/cm2 for 5 minutes before lysing immediately after FSS. 
Western blots were probed for p62/sequestosome-1 and b-actin (n=3). (H) Ocy454 cells 
were transfected with a plasmid expressing either GFP or dominant negative CaMKII 
T286A prior to treatment with PTH (1-34) (10nM) for 30 minutes. Western blots were 
probed for p62/sequestosome-1 and b-actin (n=3). Graphs depict mean ± SD. *p<0.05, 
**p<0.01 by unpaired two-tailed t-test (D-F) or by two-way ANOVA with Holm-Sidak 
post-hoc correction (G and H). (Figure from322) 
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Figure 30. Co-localization of sclerostin with lysosomes.  
GFP-Sclerostin transfected and siR-lysosome stained Ocy454 cells were imaged in Z-
stacks with 0.5µm steps and reconstructed into 3D images. Nikon general analysis was 
programmed to identify lysosomes containing sclerostin. GFP-sclerostin is pseudocolored 
in pink, siR-lysosome in yellow, and lysosomes containing sclerostin in cyan. Z-stack 
images from GFP-sclerostin and siR-lysosome labeled cells were analyzed for co-
localization coefficients. M1 represents the overlap of sclerostin with siR-lysosome; M2 
represents the overlap of siR-lysosome with sclerostin (n=3). (Figure from322) 
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docking, and fusion of secretory vesicles, directs vesicles to lysosomes, and controls 

secretory granules in insulin-secreting beta-cells328,329. This lysosome-associated Rab27a 

secretory pathway also regulates RANKL secretion in osteoblasts330, suggesting the 

presence of a common mechanism in osteoblast-lineage cells for controlling the abundance 

of secreted proteins that control bone remodeling.  

3.2.5 – Lysosome activity is regulated by bone anabolic stimuli  

Next, we examined if FSS or PTH altered lysosomal activity. Both FSS and 

exposure to PTH increased p62/sequestosome-1 protein abundance and increased LC3-

II/LC3-I ratio, consistent with enhanced lysosomal delivery of autophagy cargo (Figure 

29D and 29E). Similarly, FSS induced an increase in lysosome activity, as determined 

using Magic Red Cathepsin-B activity assay (Figure 29F). CaMKII activation regulates 

lysosomal activity and protein degradation in other tissues331–334. Given that both FSS and 

PTH activate CaMKII in osteocytes41,324,325, we examined if FSS and PTH converge on 

CaMKII as a common integrator regulating lysosome activation. To do this, Ocy454 cells 

were treated with KN-93 to inhibit CaMKII or were transfected with a dominant negative 

CaMKII construct (T286A), and then exposed to FSS or PTH, respectively. In both 

CaMKII-disrupted cell populations, FSS and PTH failed to increase p62/sequestosome-1 

protein abundance (Figure 29G and 29H), supporting that CaMKII activation following 

anabolic stimuli is necessary for lysosome activation. Together, these data support that 

osteocytes increase their lysosomal following bone anabolic stimuli and that CaMKII is 

likely a converging point between the FSS and PTH with respect to lysosomal activation.  
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3.2.6 – Nitric oxide is necessary and sufficient for rapid sclerostin degradation following 

FSS  

This regulated lysosomal degradation of sclerostin following FSS or PTH treatment 

is reminiscent of a relatively obscure autophagy pathway known as crinophagy, which is 

utilized by peptide secreting cells, such as pancreatic beta cells, to route secretory vesicles 

to the lysosome rather than being delivered to the membrane for exocytosis335,336. 

Interestingly, crinophagy is regulated by nitric oxide334. In osteocytes, nitric oxide 

production following mechanical cues is a canonical response56,102,337–339; however, the 

direct biological consequence of nitric oxide on the potent activation of osteoblasts and 

bone formation has remained incomplete, though a link between Sost mRNA and sclerostin 

protein abundance and nitric oxide has been suggested, albeit on a 24-hour timescale76. 

Accordingly, we examined if nitric oxide could also contribute to this crinophagy-like, 

rapid degradation of sclerostin protein in osteocytes.  

Indeed, activation of nitric oxide signaling in Ocy454 cells with SNAP, a nitric 

oxide donor, induced a rapid decrease in sclerostin protein (Figure 31A). This rapid 

reduction of sclerostin protein occurred without increased CaMKII phosphorylation 

(Figure 31A), suggesting that activation of nitric oxide production may be downstream of 

CaMKII phosphorylation. When Ocy454 cells transfected with myc-sclerostin were treated 

with SNAP, a nitric oxide donor, in the presence of the lysosome inhibitor Bafilomycin 

A1, sclerostin degradation was prevented (Figure 31B), confirming that nitric oxide is 

sufficient to drive the lysosomal degradation of sclerostin. Additionally, blocking nitric 

oxide production with L-NAME prevented the FSS-activated degradation of sclerostin 

protein at 5 minutes, as well as the FSS-induced increase in p62/sequestosome-1 (Figure 
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Figure 31. Nitric oxide, known mechanical load effector in bone and a molecular 
controller of crinophagy, contributes to sclerostin degradation.  
(A) Ocy454 cells transfected with GFP-sclerostin were treated with vehicle (water) or 
10µM SNAP, a nitric oxide donor, and lysed after 5 minutes. Western blots were probed 
for sclerostin, a-tubulin, pCaMKII, and total CaMKII (n=3). For each antibody, blots are 
from a single gel and exposure; a vertical black line indicates removal of irrelevant lanes. 
(B) Ocy454 cells transfected with myc-tagged sclerostin were treated with DMSO or 
Bafilomycin A1 (100nM) to inhibit lysosomal degradation, for 30 minutes, then treated 
with SNAP, a nitric oxide donor, for 5 minutes and lysed. Western blots were probed for 
sclerostin and a-tubulin (n=2-3). (C) UMR106 cells were treated with vehicle or L-
NAME (1mM) to inhibit nitric oxide synthases (NOSs) for 1 hour then exposed to 1 or 5 
minutes of FSS. Lysates from cells exposed to 1 minute of FSS were probed for 
p62/sequestosome-1 and a-tubulin abundance and lysates from cells exposed to 5 
minutes of sclerostin were probed for sclerostin and a-tubulin abundance (n=3). Graphs 
depict mean ± SD. *p<0.05, **p<0.01, ***p<0.001 by unpaired two-tailed t-test (A) or 
two-way ANOVA with Holm Sidak post-hoc test (B & C). (Figure from322) 
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31C), supporting a role of nitric oxide in the activation of the lysosome and degradation of 

sclerostin, likely upstream of the lysosome and downstream of CaMKII. In total, these data 

support that sclerostin is directed through a defined secretory pathway unless directed to 

the lysosome by mechano-transduction or PTH-initiated signaling.  

3.2.7 – NOX2 ROS and lysosome activity are necessary for sclerostin degradation and 

bone formation following mechanical stress in vivo  

To translate our findings to in vivo models, we examined the contribution of both 

the upstream mechano-transduction cascade originally described in vitro41 and the 

lysosome to load-induced sclerostin degradation and bone formation. First, we tested the 

effects of targeting the upstream mechano-transduction pathway that converges on 

sclerostin degradation on in vivo bone formation following mechanical load. Our prior 

work revealed that NOX2-derived ROS is an essential early step in the mechano-

transduction pathway converging on sclerostin protein loss41. Both hydrogen peroxide41 or 

ROS generated by a genetically encoded photoactivatable protein, KillerRed, were 

sufficient to activate CaMKII and decrease sclerostin protein abundance in Ocy454 and 

UMR106 cells, respectively (Figure 32A and 32B). To validate the fidelity and 

conservation of this ROS-mediated sclerostin degradation in an intact bone, we treated 

tibiae with hydrogen peroxide ex vivo to mimic mechanical stress. Like results found in 

vitro, sclerostin protein was rapidly decreased in tibiae treated with hydrogen peroxide, 

supporting a role of ROS in the control of sclerostin abundance in intact bone (Figure 33A).  

We next examined how NOX2 contributes to load-induced bone formation in vivo. 

We performed ulnar loading on 13-week-old male mice pre-treated with vehicle or the 

NOX2 inhibitor apocynin 2 hours prior to load (Fig 33B). Apocynin pretreatment and ulnar 
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Figure 32. ROS is sufficient to drive CaMKII activation and loss of sclerostin protein.  
(A) UMR106 cells transfected with KillerRed imaged before and after stimulation with 
LED light. DCF was used to track ROS production. (B) UMR106 cells transfected with 
KillerRed were stimulated with LED light for 5 minutes and lysed 5 minutes after. 
Westerns were probed for sclerostin, GAPDH, pCaMKII, and total CaMKII. (Figure 
from322) 
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Figure 33. NOX2-dependent 
ROS are necessary for load-
induced sclerostin degradation 
and bone formation in vivo.  
(A) Dissected ulnae and radii 
flushed of marrow were treated 
with hydrogen peroxide 
(100µM) as a source of ROS for 
5 minutes before 
homogenization. Western blots 
were probed with sclerostin and 
b-actin (n=6 mice). (B) 13-
week-old male C57Bl/6 mice 
treated with vehicle (saline, 
n=10 mice) or Apocynin (3 
mg/kg, n=8 mice) to inhibit 
NOX2 were forearm loaded 
(1800µe, 90sec, 2Hz) and 
labeled with calcein and alizarin 
red at the indicated times for 
dynamic histomorphometry. 
Representative periosteal double 
labeling are shown. (C) 
Periosteal bone formation rate 
(Ps.BFR) and (D) periosteal 
mineral apposition rate 
(Ps.MAR) were calculated. (E) 
14- to 17-week-old male and 
female C57Bl/6 mice treated 
with vehicle (saline + 4% 
DMSO, i.p., n=14) or Apocynin 
(3 mg/kg in saline, i.p., n=12 
mice) to inhibit NOX2 were 
treated 2 hours prior to ulnar 
loading (2000µe, 90sec, 2Hz). 
Non-loaded and loaded limbs 
were isolated 5 minutes post-
load and western blots were 
probed for sclerostin and b-actin. 

Vehicle data is duplicated in Fig. 7D as all animals were run and processed together. 
Graphs depict mean ± SD. *p<0.05, **p<0.01 by unpaired two-tailed t-test (A), two-way 
ANOVA with Holm-Sidak post-hoc correction (C and D), or Kruskal-Wallis with Dunn’s 
post-hoc correction (E). (Figure from322)  



 

 104 

 loading were repeated once a day for four consecutive days. After the final day of loading 

(day 4), inhibitor treatments were ceased, the bone surfaces were subsequently labeled with 

alizarin red (day 4) and calcein (day 11), and dynamic histomorphometry was performed 

to assess de novo bone formation. Acute administration of apocynin 2 hours prior each bout  

of ulnar loading blocked the subsequent load-induced increase in periosteal bone formation 

rate (Ps.BFR) (Figure 33B and 33C) and mineral apposition rate (Ps.MAR) (Figure 33B 

and 33D) observed 14 days after the initiation of the experiment. To confirm that in 

apocynin treated animals failed to degrade sclerostin following ulnar loading, sclerostin 

protein abundance was assessed in 14 to 17-week-old male and female mice pretreated 

with vehicle or apocynin to inhibit NOX2 subjected to a single bout of ulnar load. Ulnae 

were harvested 5 minutes post-load, a time frame consistent with in vitro and in vivo 

observations, and osteocyte-enriched cortical bone lysates were profiled by western 

blotting. Inhibition of NOX2 with apocynin blunted the rapid degradation of sclerostin 

protein in vivo (Figure 33E), supporting that NOX2 ROS is necessary for sclerostin 

degradation.  

Second, to compliment the NOX2 targeting data in vivo, we next wanted to examine 

the impact of targeting lysosomal degradation on load-induced bone formation and 

sclerostin degradation in vivo. Ulnar loading was performed on 15-week-old male mice 

treated with vehicle or the lysosome inhibitor Bafilomycin A1 once a day for four 

consecutive days (Figure 34A). After the final day of loading, inhibitor treatment was 

ceased, the bone surfaces were labeled with alizarin red and calcein, and dynamic 

histomorphometry was performed to assess de novo bone formation. As for apocynin, 

Bafilomycin A1 was not administered during the inter-label period when bone formation 



 

 105 

Figure 34: Lysosomal function is necessary for load-induced sclerostin degradation 
and subsequent bone formation and is implicated in human disease.  
(A) 15-week old male C57Bl/6 mice treated with vehicle (saline + 4% DMSO, n=7 mice) 
or Bafilomycin A1 (1mg/kg, n=7 mice) to inhibit lysosomal degradation were forearm 
loaded (2000µe, 90sec, 2Hz) and labeled with calcein and alizarin red at the indicated 
times for dynamic histomorphometry. Representative periosteal double labeling are 
shown. (B) Periosteal bone formation rate (Ps.BFR) and (C) periosteal mineral apposition 
rate (Ps.MAR) were calculated. (D) 14- to 17-week old male and female C57Bl/6 mice 
treated with vehicle (saline + 4% DMSO, i.p., n=14) or Bafilomycin A1 (1 mg/kg in 
saline + 4% DMSO, i.p., n=12 mice) to inhibit lysosomal degradation were treated 2 
hours prior to ulnar loading (2000µe, 90sec, 2Hz). Non-loaded and loaded limbs were 
isolated 5 minutes post-load and western blots were probed for sclerostin and b-actin. 
Vehicle data is duplicated in Fig. 6E as all animals were run and processed together. (E) 
Human iPSCs-derived osteoblasts from either control (non-diseased) or Gaucher disease 
patients were treated with vehicle or recombinant glucocerebrosidase (rGCase, 
0.24U/mL) for 5 days, then lysed for western blotting. Western blots were probed for 
sclerostin and GAPDH (n=3 independent patient-derived iPSC lines/group). Graphs 
depict mean ± SD. *p<0.05, **p<0.01 by two-way ANOVA with Holm-Sidak post-hoc 
correction (B, C, and E) or Kruskal-Wallis with Dunn’s post-hoc correction (D). (F) FSS 
causes the rapid degradation of sclerostin protein by the lysosome through a number of 
molecular mediators. PTH, converging with this FSS mechano-transduction pathway at 
CaMKII, also mediates the lysosomal degradation of sclerostin protein. Icons outlined 
red are molecular mechanisms controlling sclerostin abundance that have been described 
within this manuscript that integrate into our previously described mechano-transduction 
cascade. Osteoanabolic stimuli, working through reactive oxygen (ROS) and reactive 
nitrogen species (RNS), direct sclerostin to the lysosome for degradation. This results in 
reduced sclerostin to allow for bone formation. PM: Plasma membrane; ROS: Reactive 
Oxygen Species; NO: Nitric Oxide. (Figure from322) 
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was monitored. Acute administration of Bafilomycin A1 4 hours prior to each bout of ulnar 

load reduced the subsequent load-induced increase in periosteal bone formation rate 

(Ps.BFR) (Figure 34A and 34B) and mineral apposition rate (Ps.MAR) (Figure 34A and 

34C) observed 14 days after the initiation of the experiment. In contrast, the administration 

of Bafilomycin A1 during the first four days of the experiment had no effect on the Ps.BFR 

or Ps.MAR in the contralateral non-loaded limb. To validate the effect of lysosomal 

inhibition on sclerostin degradation, we treated animals acutely with Bafilomycin A1 prior 

to a single bout of ulnar loading to examine sclerostin protein abundance. Ulnae were 

harvested 5 minutes post-load, a time frame consistent with in vitro and in vivo 

observations, and osteocyte-enriched cortical bone lysates were profiled by western 

blotting. Inhibition of lysosomal degradation with Bafilomycin A1 blunted the rapid 

degradation of sclerostin protein in vivo (Figure 34D), supporting that lysosomal function 

is necessary for the rapid degradation of sclerostin.  

When interpreted together, these results demonstrate that blocking the upstream 

mechano-pathway by targeting NOX2 with apocynin or targeting the final lysosomal 

degradation of sclerostin with Bafilomycin A1 both prevented load-induced sclerostin 

degradation and subsequent bone formation. These data strongly support the relevance of 

post-translational control of sclerostin to skeletal physiology and adaptation to mechanical 

loading in vivo.  

3.2.8 – Disrupted lysosomal function in Gaucher Disease leads to sclerostin 

dysregulation.  

Having defined sclerostin regulation by the lysosome, we probed the clinical 

relevance using induced pluripotent stem cell (iPSC)-derived osteoblasts from Gaucher 
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disease, a lysosomal storage disorder in which patients lack the lysosomal hydrolase 

glucocerbrosidase (GCase). As with many lysosomal storage disorders, patients with 

Gaucher disease exhibit skeletal dysplasias and low bone mass340. Gaucher disease iPSC-

derived osteoblasts display defective osteoblast differentiation and mineralization caused 

by defects in Wnt/b-catenin signaling, an effect that is reversed by treatment with 

recombinant GCase307. We speculated that this suppression of b-catenin signaling, 

osteoblast differentiation, and osteoblast function may be a consequence of defects in 

sclerostin control, as sclerostin inhibits these processes. Consistent with lysosomal 

degradation of sclerostin, we observed that iPSC-derived osteoblasts from Gaucher 

patients had significantly increased levels of sclerostin compared to iPSC-derived 

osteoblasts from healthy patients without Gaucher disease (Figure 34E). Further, treating 

Gaucher iPSCs-derived osteoblasts with recombinant GCase, which restores lysosomal 

function, b-catenin signaling, and osteoblast differentiation307, also restored sclerostin 

abundance to control levels (Figure 34E). Since sclerostin acts as an inhibitor of Wnt/b-

catenin signaling, these data suggest sclerostin as a therapeutic target for bone loss in 

Gaucher disease.  

3.3 – Discussion 

Our data show that osteocytes respond to distinct osteoanabolic cues, mechanical 

load and PTH, by redirecting sclerostin from a secretory pathway to the lysosome for rapid 

degradation (Figure 34F). In response to mechanical load, this signaling event is mediated 

by activation of ROS and nitric oxide signaling, a CaMKII-dependent increase in 

lysosomal activity, and the post-translational degradation of sclerostin by the lysosome. 

For PTH, CaMKII is likely a common integrator upstream of lysosomal degradation of 
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sclerostin protein. Further, we demonstrate that both lysosomal activity and activation of 

the upstream of mechano-signaling pathway are required for mechanically-induced 

decreases in sclerostin protein and bone formation in vivo. These findings inform a new 

model of osteocyte mechano-transduction and shuttling of sclerostin to lysosomes that 

integrates many of the molecular effectors of the osteocyte mechano-response, including 

calcium, the cytoskeleton, nitric oxide, and sclerostin103,218,320,321 and unifies many 

important discoveries related to osteoanabolic signals that act through sclerostin. These 

findings also describe a role of nitric oxide production, a canonical response to mechanical 

load in bone of previously unclear functional consequence, in the regulated degradation of 

sclerostin protein. Finally, we link sclerostin degradation not only to skeletal physiology 

in mice but also to human disease using Gaucher disease iPSCs.  

These data do not preclude a transcriptional control of the Sost gene by 

osteoanabolic stimuli225,341. Rather, they add an important downstream check point for 

regulating sclerostin protein bioavailability with remarkable temporal control. It may be 

that post-translational control is the first line response to a bone anabolic stimulus, whereas 

long term stimulation leads to genome level transcriptional control of the Sost gene. Indeed, 

longer periods of loading are required to observe Sost mRNA decreases than are required 

for loss of protein described here. Our brief, 5-minute FSS42 and short, 30-minute duration 

PTH exposure (Figure 26) are insufficient to decrease Sost mRNA abundance hours after 

the stimulus. However, the contribution of longer duration stimulation of this NOX2-Ca2+-

CaMKII pathway to Sost mRNA is not yet known.  

In isolation, the effects of inhibiting either NOX2-dependent ROS or lysosomal 

function on load-induced bone formation and sclerostin abundance could be influenced by 
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the broad pharmacological impact of these drugs. However, that two distinct 

pharmacological inhibitors targeting different steps in the pathway controlling sclerostin 

yielded a similar effect on bone formation and sclerostin protein abundance following load 

supports our conclusions. This conclusion is strengthened by two other important 

considerations: firstly, there was also no statistical effect of either apocynin or Bafilomycin 

A1 on bone formation rate or mineral apposition rate in the contralateral, non-loaded limb. 

Secondly, the inhibitors were only present for each bout of ulnar load but were absent 

during the seven-day bone forming period, indicating that disruption of the acute 

downstream response to the mechanical cue, not the ability of the osteoblasts to build bone, 

caused the reductions in bone formation.  

The rapid, controlled degradation of osteocyte sclerostin has intriguing parallels to 

crinophagy, a specialized autophagic process in peptide-secreting cells in which cellular 

cues elicit the re-routing of secretory proteins to the lysosome335. Crinophagy is well 

described in pancreatic beta-cells, in which Rab27a-positive, insulin-filled secretory 

vesicles can be shuttled to the lysosome for degradation when not needed, an effect 

triggered by nitric oxide328,334.  Rab27a is associated with secretory granules and other 

lysosome associated vesicles329,342, and, given the localization of nearly all the endogenous 

sclerostin with Rab27a, suggests sclerostin is packaged in vesicles. Thus, analogous to 

crinophagy, our data support that sclerostin is directed through a Rab27a-positive secretory 

pathway for exocytosis or is trafficked to the lysosome for degradation, an effect that can 

be regulated by CaMKII and mechano-activated nitric oxide. Notably, this Rab27a-

associated secretory pathway functions in osteoblasts to control RANKL secretion330. 

Whether this mechano-pathway and regulated degradation extends to osteocyte derived 
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RANKL was not analyzed in the present study, but may be physiologically significant as 

osteocytes are the primary source of bioactive RANKL directing bone resorption in 

response to physiologic cues343,344.  

Using Gaucher disease as a model system, this work links lysosomal function to 

sclerostin regulation in disease. Gaucher patients experience many skeletal dysplasias, 

including low bone mass and osteoporosis. Though this cell autonomous defect in Gaucher 

osteoblasts has previously been linked to dysregulated b-catenin that impaired osteogenic 

differentiation and mineralization capacity307, the present findings reveal a possible 

mechanism by which b-catenin is suppressed. Sclerostin is a canonical Wnt/b-catenin 

antagonist; therefore, the increased sclerostin levels observed here in Gaucher disease 

iPSCs are likely to lead to the previously reported decrease in b-catenin activation and 

osteoblast differentiation307. Likewise, we showed that restoring expression of the missing 

hydrolase, glucocerebrosidase, in Gaucher disease iPSCs lowers sclerostin abundance, 

which could explain the rescue in b-catenin activation and osteoblast differentiation 

reported previously307. Our data support the exploration of therapeutics that target 

sclerostin to treat low bone mass symptoms in patients with lysosomal storage disorders.  

That sclerostin protein abundance is post translationally controlled may have 

important implications in age-related osteoporosis and the reduced sensitivity of osteocytes 

to mechanical cues with aging345,346. Lysosome activity is diminished with age347,348, 

including in the osteocyte during age-related bone loss349, an effect that could impair 

sclerostin degradation and new bone formation even in the face of osteoanabolic signals. 

While undoubtedly multifaceted in its impacts, targeting autophagy and lysosome activity 
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to improve bone mass in aging has been proposed350,351, and these data suggest that impacts 

on sclerostin bioavailability might contribute mechanistically to its efficacy.  

Together, these discoveries provide key insights into the unexpected, rapid 

regulation of osteocyte sclerostin protein by the lysosome and reveal new therapeutic 

targets that can be exploited to improve bone mass in conditions such as osteoporosis. 

Additionally, targeting sclerostin may be important to interventions to improve bone mass 

in lysosomal storage disorders, like Gaucher disease. 
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Chapter 4: The Contribution of NADPH Oxidase 2-Mediated ROS to the Osteocyte 
Mechano-Response 

4.1 – Introduction 

Approximately 200 million adults worldwide had osteoporosis or low bone mass in 

2016352. While there are multiple treatments for osteoporosis, many have limited 

effectiveness, fail to restore lost bone, and can have devastating side effects. The most 

common treatment for osteoporosis is bisphosphonates, which work to increase bone mass 

by preventing bone resorption353. Bisphosphonates are more likely to prevent hip fracture 

compared to placebo354. However, dramatic side effects, though rare, do occur including 

osteonecrosis of the jaw355–357 and atypical femoral fractures358,359. Due to these side 

effects, patients have to take “drug holidays”, making continual use impossible355–357.  

 Development of osteoanabolic therapies that stimulate de novo bone formation have, 

therefore, become a therapeutic focus. Bone formation is controlled by osteoblasts, whose 

bone forming activity is regulated by the glyco-protein, sclerostin. Sclerostin is 

constitutively secreted by bone-embedded osteocytes. Sclerostin inhibits Wnt/b-catenin 

signaling in osteoblasts, preventing their differentiation and activity and, ultimately, 

preventing bone formation360–363. In response to osteogenic cues, such as mechanical load, 

sclerostin is degraded to “de-repress” osteoblasts to allow for bone formation360,361,364–367. 

In conditions such as sclerosteosis and van Buchem disease, mutations that affect 

sclerostin’s function or transcription result in high bone mass, further reinforcing the 

negative regulator role sclerostin plays368,369. Due to sclerostin’s ability to directly affect 

bone formation, targeting sclerostin bioavailability is now a strategy to treat conditions of 

low bone mass. The anti-sclerostin antibody Romosozumab is now FDA approved, as it 

causes a significant decrease in the incidence of vertebral fracture and increased bone 
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mineral density370. However, Romosozumab has an increased incidence of serious 

cardiovascular events in comparison to placebo, indicating that, though it is an effective 

therapy, it does not come without risk370. Therefore, it is important to identify new 

therapeutic targets that can be exploited to increase bone mass in at-risk populations. 

 Using an established osteocyte-like cell line that reliably expresses sclerostin, our lab 

described an osteocyte mechano-transduction cascade that regulates sclerostin protein 

abundance41. This mechano-transduction cascade relies on activation of NADPH Oxidase 

2 (NOX2), which is a required early step of the mechano-transduction cascade. Reactive 

oxygen species produced by NOX2 set off this mechano-transduction cascade, which 

involves calcium influx through TRPV4 calcium-permeable channels, the activation of 

CaMKII, and the rapid loss of sclerostin protein. Additionally, a mouse model with a global 

deletion of an organizing subunit of NOX2 has low bone mass, in part due to decreased 

osteoblast number63. However, given that NOX2 is expressed in immune cells, osteoblasts, 

osteoclasts, and osteocytes, it is difficult to determine if this reduction in bone mass is due 

to dysregulated sclerostin or other osteocyte-dependent mechanism. Therefore, we have 

generated a mouse model where the catalytic subunit (Cybb) is conditionally deleted in late 

osteoblasts/osteocytes to better understand the role of NOX2 in skeletal maturation and 

bone mechano-responsiveness.  

 

4.2 – Results 

4.2.1 – Cybb conditional deletion does not cause an overt body phenotype 

 Given the in vitro data that NOX2 ROS are a necessary early step in osteocyte 

mechano-transduction and that inhibiting NOX2 in vivo prevents load-induced sclerostin 
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degradation and bone formation, we conditionally deleted the catalytic subunit of NOX2 

in late osteoblasts/osteocytes using the hOCN-Cre mouse strain (Cybb cKO) to first 

examine the consequence NOX2 ROS has on skeletal maturation in unstimulated mice. 

Additionally, we begin to test these mice in the context of mechanical load. For the basal 

skeletal characterization, Cybb cKO mice were compared to the hOCN-Cre mouse strain 

(Cre) and to Cybbfl/fl mice that lack the hOCN-Cre (WT) allele as controls. Cybb+/fl-hOCN-

Cre mice, where one Cybb allele would be able to undergo Cre-recombinase 

recombination, were also included in the female analysis (het). X-rays of both male and 

female 18-week-old control and Cybb cKO mice show now overt skeletal phenotype 

(Figure 35A). Furthermore, there were no significant differences in body length in male 

(Figure 35B, 35C) or female (Figure 35B, 35D) between Cre, control, or Cybb cKO mice. 

4.2.2 –Cybb conditional deletion in male mice slightly decreases weight but does not affect 

any other tissues 

 In examining the body weights of Cre, WT, and Cybb cKO male mice, Cybb cKO 

mice weighed significantly less than Cre mice early in their lifespan (Figure 36A-B). 

However, Cybb cKO male mice’s weight did not differ from WT mice and Cre mice did 

not differ from WT (Figure 36A-E). By 12 weeks of age and beyond, no group weighed 

significantly differently than the other groups (Figure 36D-F). In examining the effect of 

bone-specific deletion of the catalytic subunit of NOX2 on other tissues in the body of male  
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Figure 35: Cybb conditional deletion does cause an overt phenotype. 
(A) X-ray images of male and female control and Cybb cKO mice showing no overt 
skeletal phenotype. (B) Body length measurements of male and female control and Cybb 
cKO mice showing no significant changes between genotypes. (C and D) Analysis of the 
body length of male Cre only, WT, and Cybb cKO mice and female Cre only, WT, 
Cybb+/Fl-Cre (Het) and Cybb cKO mice showing no significant changes in body length 
between genotypes. Graphs depict mean ± SD. No significant differences by one-way 
ANOVA with Holm-Sidak post-hoc test (C, D).  
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Figure 36: Cybb cKO deletion in male mice causes transiently smaller mice compared 
to Cre-only mice.  
(A-F) The body weights of Cre only, WT, and Cybb cKO mice were tracked over time. 
Cybb cKO mice weigh significantly less than Cre-only mice at 6 and 8 weeks, with 
weights becoming not significantly different by 10 weeks of age. Graphs depict mean ± 
SD. *p<0.05 by one-way ANOVA with Holm-Sidak post-hoc test (A-E) or two-tailed t-
test (F).  
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mice (Figure 37A-E), no other tissue but the lung weight per body weight were altered with 

Cybb deletion (Figure 37F). While there is no well-known connection between 

osteoblast/osteocyte function and lung development, this may indicate some unknown 

crosstalk.  

4.2.3 – Cybb conditional deletion does not affect weight in female mice but may lead to fat 

accumulation 

 In contrast to male mice, the weight of female Cybb cKO mice did not differ 

significantly from any other genotype at any point in time (Figure 38A-F). In examining 

the effect of bone-specific deletion of the catalytic subunit of NOX2 on other tissues in the 

body of female mice, Cybb cKO mice had significantly more inguinal fat and brown fat 

per body weight compared to Cre-only mice (Figure 39A, B). This is interesting because 

sclerostin regulates metabolism and fat pad mass, with sclerostin knockout mice having 

less fat mass compared to control mice371. Therefore, this may indicate that these female 

Cybb cKO mice have increased sclerostin compared to Cre mice, causing this accumulation 

of fat. Serum ELISAs to evaluate circulating sclerostin levels will be conducted to test this 

hypothesis. Additionally, Cybb cKO and WT mice have decreased kidney mass per body 

mass compared to Cre only mice, possibly indicating a new axis of crosstalk (Figure 39D). 

However, no other tissue differs significantly in weight between genotypes (Figures 39C, 

E, F).  

4.2.4 – 8-week-old Male and Female Cybb cKO mice may have a mild skeletal phenotype 

in the trabecular compartment. 

To determine if NOX2 ROS contribute to skeletal maturation, we first examined 

the skeletal phenotype of 8-week-old male and female mice. At 8 weeks old, these mice  
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Figure 37: Cybb conditional deletion does not affect other body tissues. 
(A-F) The percent body weight of each tissue collected was analyzed to determine 
possible off-target effects of Cybb conditional deletion or possibly uncover unknown 
crosstalk. Graphs depict mean ± SD. *p<0.05, **p<0.01 by one-way ANOVA with 
Holm-Sidak post-hoc test (A-F). 
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Figure 38: Cybb conditional deletion does not affect weight in female mice.  
(A-F) The body weights of Cre only, WT, Cybb+/fl-Cre (Het), and Cybb cKO female mice 
were tracked over time. Graphs depict mean ± SD. No significant differences by one-way 
ANOVA with Holm-Sidak post-hoc test (A-E) or two-tailed t-test (F).  
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Figure 39: Cybb conditional deletion causes an accumulation of fat in female mice. 
(A-F) The percent body weight of each tissue collected was analyzed to determine 
possible off-target effects of Cybb conditional deletion or possibly uncover unknown 
crosstalk. Graphs depict mean ± SD. *p<0.05, **p<0.01 by one-way ANOVA with 
Holm-Sidak post-hoc test. 
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are before skeletal maturity. Therefore, examining this age will give an indication of how 

NOX2 ROS contribute to early skeletal growth. However, this timepoint is underpowered 

as of now, making it difficult to draw conclusions. 

 In 8-week-old male mice, there were no apparent changes in cortical parameters 

between WT and Cybb cKO mice (Figure 40A-D). In the trabecular compartment, there 

seems to be a trend with Cybb cKO male mice having more trabecular bone volume (Figure 

40E-H). This is reflected in an increase in trabecular thickness and number and a decrease 

in trabecular separation (Figure 40F, G). Similarly, 8-week-old female Cybb cKO mice 

have no apparent change in cortical parameters compared to WT mice (Figure 41A-D). In 

their trabecular compartment (Figure 41E-H), there may be a slight decreased in bone 

volume (Figure 41E), which is reflected in a decrease in trabecular number and increased 

separation (Figure 41G, H). While these studies are underpowered, finishing this cohort 

will give insight into how NOX2 ROS contributes to early skeletal growth. 

4.2.5 – Cybb conditional deletion causes mild osteopenia in 18-week-old female Cybb cKO 

mice but not in male Cybb cKO mice 

To examine the contribution NOX2 ROS has to the development of peak bone mass 

in mice, 18-week-old male and female mice were analyzed by micro-CT to examine bone 

parameters in both the cortical and trabecular compartments. In 18-week-old male Cybb 

cKO mice, there were not significant differences in cortical or trabecular parameters 

(Figure 42A-H). However, female 18-week-old Cybb cKO mice have thinner cortical 

thickness compared to Cre only mice (Figure 43A), though no other cortical parameters 

are significantly different (Figures 43B-D). Additionally, female Cybb cKO mice have 

decreased trabecular bone volume compared to Cre only mice (Figures 43E-H), which  
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Figure 40: 
Preliminary data 
indicate that skeletally 
immature male Cybb 
cKO mice may have 
increased trabecular 
bone.  
The skeletal phenotype 
of 8-week-old male 
WT and Cybb cKO 
mice was examined by 
micro-CT. Both the 
cortical (A-D) and 
trabecular (E-H) 
compartments were 
analyzed. (A-D) Male 
Cybb cKO mice have 
no cortical phenotype 
compared to WT mice. 
(E-H) Male Cybb cKO 
may have increased 
trabecular bone mass, 
as reflected by an 
increase in trabecular 
thickness (F) and 
trabecular number (G) 
and a decrease in 
trabecular separation 
(H). However, more 
animals need to be 
examined to properly 
power this analysis. 
Graphs depict mean ± 
SD. No statistical 
differences by two-
tailed t-test.  
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Figure 41: 
Preliminary data 
indicate that 
skeletally immature 
female Cybb cKO 
mice may have 
decreased 
trabecular bone.  
The skeletal 
phenotype of 8-
week-old female 
WT and Cybb cKO 
mice was examined 
by micro-CT. Both 
the cortical (A-D) 
and trabecular (E-H) 
compartments were 
analyzed. (A-D) 
Female Cybb cKO 
mice have no 
cortical phenotype 
compared to WT 
mice. (E-H) Female 
Cybb cKO may have 
decreased trabecular 
bone mass, as 
reflected by a 
decrease in 
trabecular number 
(G) and an increase 
in trabecular 
separation (H). 
However, more 
animals need to be 
examined to 
properly power this 
analysis. Graphs 
depict mean ± SD. 
No statistical 
differences by two-
tailed t-test.  
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Figure 42: Skeletally mature 18-week-old male Cybb cKO mice have no skeletal 
phenotype. 
The skeletal phenotype of 18-week-old male Cre-only, WT, and Cybb cKO mice was 
examined by micro-CT. Both the cortical (A-D) and trabecular (E-H) compartments were 
analyzed. (A-D) Male Cybb cKO mice have no cortical phenotype compared to WT 
mice. (E-H) Male Cybb cKO have no trabecular phenotype compared to WT mice. 
Graphs depict mean ± SD. No statistical differences by one-way ANOVA with Holm-
Sidak post-hoc test.  
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Figure 43: Skeletally mature 18-week-old female Cybb cKO mice have mild osteopenia. 
The skeletal phenotype of 18-week-old female Cre-only, WT, Cybb+/fl-Cre (Het), and 
Cybb cKO mice was examined by micro-CT. Both the cortical (A-D) and trabecular (E-
H) compartments were analyzed. (A-D) Female Cybb cKO mice have decreased cortical 
cross-sectional thickness (A), but no other changes in the cortical compartment (B-D). 
(E-H) Female Cybb cKO have decreased trabecular bone mass compared to Cre-only 
mice (E) due to decreases in trabecular number (G) and increased trabecular separation 
(H). Graphs depict mean ± SD. *p<0.05, **p<0.01, ***p<0.001 by one-way ANOVA 
with Holm-Sidak post-hoc test.   
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manifests from a decrease in trabecular number and increased trabecular separation (Figure 

43G, H). Trabecular separation is also increased in Cybb cKO mice compared to WT mice, 

in addition to being increased compared to Cre only mice (Figure 43H). This indicates that 

preliminary data showing a possible decrease in trabecular bone volume in 8-week-old 

female Cybb cKO mice (Figure 42) persists and worsens at skeletal maturity.  

4.2.6 – Cybb cKO 6-month-old male and female mice have no overt skeletal phenotype 

 In order to examine the contribution NOX2 ROS to skeletal aging, 6-month-old 

male and female Cybb cKO mice were analyzed by micro-CT to determine if Cybb deletion 

affects bone mass. While 6 months old is not significantly aged, this time point represents 

a mature adult age. Similar to data collected from 8-week-old male and female Cybb cKO 

mice, the skeletal phenotype of 6-month-old is still preliminary. Therefore, any conclusions 

drawn are inferences from trends in data. Given that there is only one WT 6-month-old 

male mouse, it is very difficult to try to draw conclusions (Figure 44A-H). This data needs 

to be added to before inferences can be made.  

 In female 6-month-old mice, there are no apparent changes in cortical parameters 

between WT and Cybb cKO mice (Figure 45A-D). However, similar to the 8-week and 18-

week time points, there seems to be a preliminary decrease in trabecular bone volume 

(Figure 45E-H), accompanied by decreased trabecular thickness and number and increased 

trabecular separation (Figure 45F-H). This supports the possibility that Cybb conditional 

deletion in female mice leads to decreased trabecular bone mass across the three timepoints 

examined (Figures 41, 43, 45). However, the sample number for both the 8-week and 6-

month-old timepoints must be bolstered before this conclusion can be drawn conclusively. 
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Figure 44: Skeletally mature 6-month-old male Cybb cKO mice have no skeletal 
phenotype. 
The skeletal phenotype of 6-month-old male WT and Cybb cKO mice was examined by 
micro-CT. Both the cortical (A-D) and trabecular (E-H) compartments were analyzed. 
More animals need to be examined to properly power this analysis. Graphs depict mean ± 
SD.  
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Figure 45: 
Preliminary data 
indicate that 
skeletally mature 6-
month-old female 
Cybb cKO mice 
may have 
decreased 
trabecular bone. 
The skeletal 
phenotype of 6-
month-old female 
WT and Cybb cKO 
mice was examined 
by micro-CT. Both 
the cortical (A-D) 
and trabecular (E-
H) compartments 
were analyzed. (A-
D) Female Cybb 
cKO mice have no 
cortical phenotype 
compared to WT 
mice. (E-H) Female 
Cybb cKO may 
have decreased 
trabecular bone 
mass, as reflected 
by a decrease in 
trabecular thickness 
(F), trabecular 
number (G), and an 
increase in 
trabecular 
separation (H). 
However, more 
animals need to be 
examined to 
properly power this 
analysis. Graphs 
depict mean ± SD. 
No statistical 
differences by two-
tailed t-test.   
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4.2.7 – Cybb cKO male and female mice may have defective mechano-transduction and 

bone formation in response to mechanical load 

 Previous data has shown that NOX2 ROS are necessary for the FSS-induced 

degradation of sclerostin protein in vitro41 and are necessary for load-induced sclerostin 

degradation and bone formation in vivo322. However, these experiments used 

pharmacological approaches, which may have unknown off-target effects that lead to this 

outcome. Therefore, we performed ulnar loading in WT and Cybb cKO male and female 

mice to more directly examine the role osteocyte NOX2 ROS has on the osteocyte 

mechano-response in vivo.  

In order to first screen for any material property changes in male and female Cybb 

cKO mice, we performed ulnar loading and strain gauging. This ensures that, independent 

of skeletal property or architecture changes, all sexes and genotypes receive 2000µ-strain. 

To do this, the force applied is varied and the output strain is recorded. The force that 

produces 2000µ-strain is then used in subsequent ulnar loading experiments.  

 Strain gauging in 18-week-old male Cybb cKO mice showed that male cKO mice 

require about 0.3N more force to achieve 2000µ-strain than it takes in male WT mice 

(Figure 46A, black and green traces). This was somewhat surprising, given that mice at 

this age have no detectable change in microarchitecture by micro-CT (Figure 42). 

However, micro-CT does not preclude a material property phenotype. Moreover, Cre only 

male mice seemed to differ drastically from control mice in the strain generated across 

forces (Figure 46, black traces to light and dark blue traces). This may represent an 

unexpected change in skeletal properties or architecture of these Cre mice that have not yet  
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Figure 46: Cybb conditional deletion may impair load-induced bone formation. 
(A) Male and female Cre-only, WT, and Cybb cKO mice were affixed with a strain gauge 
to determine the strain sensed by the bone surface across different applied forces to 
determine the force needed to generate 2000 µ-strain. (B-C) 16-week old male and 
female WT and Cybb cKO mice were ulnar loaded to 2000 m-strain once a day for four 
consecutive days and dynamic histomorphometry was performed to measure load-
induced bone formation. (B) Periosteal mineral apposition rate (Ps.MAR) and periosteal 
bone formation rate (Ps.BFR) (C) were calculated. 
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been reported. Therefore, subjecting Cre only mice to ulnar loading and examining their 

anabolic response may represent an interesting line of experimentation. Strain gauging 

female Cybb cKO mice found that cKO mice require 0.1N more force to generate 2000µ-

strain than WT mice (Figure 46, pink and orange traces), even though they have mild 

osteopenia at this age (Figure 43).  

 To measure load-induced bone formation, mice were loaded to 2000µ-strain for 90 

seconds at a rate of 2Hz once a day for four consecutive days. Mice were then given 

intraperitoneal alizarin red. One week later, were given intraperitoneal calcein. From these 

fluorescent calcium dyes, we can measure the amount of bone that formed during that one-

week period between the injection of the two calcium dyes. Given that all animals, 

regardless of sex or genotype, were loaded at forces that generated 2000µ-strain, data has 

been aggregated by sex and segregated by genotype.  

 In WT male and female animals, ulnar loading induced a significant increase in 

periosteal mineral apposition rate (Ps.MAR) and periosteal bone formation (Ps.BFR) in the 

loaded limb compared to the non-loaded limb (Figure 46B, C). However, loading failed to 

significantly increase Ps.MAR and Ps.BFR in Cybb cKO mice, even though they 

experienced the same strain amount (Figure 46B, C). It is important to note that the sample 

size in the Cybb cKO mice is much too small to draw conclusions. However, these data 

suggest that the loading protocol used is sufficient to elicit load-induced bone formation, 

allowing for meaningful conclusions to be drawn once the sample size in the Cybb cKO 

mice is increased.  
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4.3 – Discussion 

 Our data show that NOX2 ROS are minimally important for the maintenance of 

bone mass in unstimulated female mice, where NOX2 ROS does not impact the 

maintenance of bone mass in unstimulated male mice. Despite this sex-specific role of 

NOX2 in unstimulated animals, early evidence suggests that both NOX2 ROS are 

necessary for the ability of bone to respond to mechanical stimuli in both male and female 

mice. However, this data set needs to be expanded to ensure the conservation of the 

phenotype.  

 Finding that NOX2 conditional deletion in the osteoblast/osteocyte lineage results 

in decreased trabecular bone mass in skeletally mature 16-week-old female mice and that 

female mice of the same age have increased fat mass may indicate that NOX2 conditional 

deletion affects sclerostin abundance. Sclerostin regulates fat mass, with decreased 

sclerostin decreasing white adipose tissue371. Therefore, the decrease in bone mass and 

increase in fat mass indicates that these female NOX2 conditional deletion mice may have 

increased sclerostin protein abundance due to osteocyte dysregulation. This warrants 

further exploration, and these experiments to asses circulating sclerostin are in progress, to 

determine if female NOX2 conditional deletion mice have dysregulated sclerostin gene 

expression or protein abundance and if this persists in male mice even though they do not 

have an unstimulated bone phenotype.  

However, the finding that conditionally deleting NOX2 in late osteoblasts and 

osteocytes does not affect unstimulated bone mass significantly is not unsurprising. 

Previous in vitro and in vivo data support that NOX2 ROS are necessary for load-induced 

bone formation only41,322. There has been no evidence that osteocyte-derived NOX2 ROS 
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are necessary for the maintenance of bone mass in an unchallenged scenario, and cage-

housed mice are relatively sedentary. While micro-CT data reveal that bone mass is 

unaffected in male mice and that bone mass is mildly reduced in female mice with Cybb 

conditional deletion, there is still much we can interrogate to ensure the balance between 

bone resorption and bone formation is actually affected. Examining sera markers for bone 

formation (P1NP), bone resorption (CTX), and sclerostin can uncover any imbalances 

between bone formation and bone resorption to determine if osteocyte-specific knockout 

of NOX2 affects the other cell types. Such changes may result in a low or high bone 

turnover phenotypes which may have little consequence for bone microarchteture but may 

explain the likely material property defects observed in this conditional deletion model. 

Thus, more molecular and cell autonomous effects of this deletion may yet be uncovered 

with more in-depth analysis. 

 Interestingly, even though male conditional deletion mice have no phenotype at 18 

weeks of age, strain gauging revealed that male cKO mice require more force to generate 

the bone anabolic 2000 µ-strain. Furthermore, though female cKO mice have decreased 

trabecular bone mass at this age, they also require more force to generate the bone anabolic 

2000 µ-strain. This indicates that, while the skeletal phenotype is not drastically affected 

by NOX2 conditional deletion, there may be a material property change that is not detected 

by micro-CT. This can be assessed using four-point bending to more directly examine 

material properties and how any changes affect bone strength. While these data are 

encouraging that NOX2 is necessary for load-induced bone formation, but that NOX2 does 

not largely impact bone mass maintenance, this model must be characterized more 

completely.  
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Chapter 5: Further Discussion and Future Directions 
5.1 – Further Discussion 

5.1.1 – Summary 

 Despite the knowledge that osteocyte mechano-transduction and sclerostin 

regulation are vitally important for controlling bone mass in response to mechanical and 

hormonal cues24,83,306,318, and that targeting sclerostin bioavailability with neutralizing 

antibodies significantly increases bone mass in at-risk populations28,29,106,107, little was 

known about how mechanical and hormonal cues regulate sclerostin protein abundance. 

Here, we have presented compelling evidence finding stark parallels between the 

mechanical and hormonal regulation of sclerostin protein abundance and have started to 

interrogate the role of NOX2-dependent ROS in osteocyte mechano-transduction. Between 

these two projects, we now better understand how osteocytes respond to mechanical load 

and have uncovered a new pathway by which sclerostin is controlled following mechanical 

and hormonal stimulus. 

We have found that both FSS and PTH cause the loss of sclerostin protein. While 

they are on different timescales, with FSS taking 10 minutes and PTH taking 30 minutes 

to cause significant reduction of sclerostin protein abundance, both are faster than 

previously proposed hours-long transcriptional control. Additionally, this is in contrast to 

the 3-hour half-life of sclerostin in unstimulated cells and occurs before the Sost gene is 

regulated at a transcriptional level42,322, representing a controlled loss of sclerostin protein 

following bone anabolic stimulus. Both FSS41 and PTH activate CaMKII, possibly 

representing an intersection point between these two bone anabolic stimuli.  

 



 

 136 

In interrogating the route of sclerostin reduction, we found that FSS and PTH both 

drive the lysosomal degradation of sclerostin protein. Sclerostin also co-localizes with 

acidic vesicles and lysosomes, reflecting that the conservation of lysosomal signal 

sequences across species can shuttle sclerostin to the lysosome. Both FSS and PTH activate 

lysosomal degradation, as reflected as an increase in lysosomal activity, the conversion of 

LC3B into its active lipidated form, and the accumulation of the cargo protein 

p62/sequestosome-1. Interestingly, this accumulation of p62/sequestosome-1 is CaMKII-

dependent in response to both FSS and PTH. While we have yet to connect the activation 

of p62 directly to sclerostin degradation, CaMKII activation is necessary for sclerostin 

degradation in response to FSS41. Therefore, it is possible that p62 activation downstream 

of CaMKII mediates this effect.  

In addition to our in vitro data supporting the lysosomal degradation of sclerostin 

protein, lysosomal degradation of sclerostin is necessary for load-induced bone formation 

in vivo, supporting that the effects we see in vitro have physiological consequence in vivo. 

We then examined the consequence of disrupted lysosomal function in disease on the basal 

levels of sclerostin protein. Using Gaucher disease iPSCs as a model, we found that 

disrupted lysosomal function causes the accumulation of sclerostin protein. This 

accumulation of sclerostin can be rescued back to physiological levels when recombinant 

glucocerebrosidase, the glycoside hydrolase that is less expressed in Gaucher’s disease, is 

restored. Interestingly, Gaucher disease iPSCs also have dysregulated b-catenin activation, 

with disrupted lysosomal function leading to less active b-catenin307. Additionally, 

Gaucher iPSCs differentiated into osteoblasts do not differentiate or mineralize to the same 

degree that non-Gaucher disease iPSCs do307, indicating that this disrupted b-catenin 
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signaling has physiological consequences. Given that sclerostin is a Wnt/b-catenin 

antagonist, the elevated levels of sclerostin likely impacts b-catenin signaling, osteoblast 

differentiation, and function. Therefore, restoring lysosomal function likely restores 

sclerostin abundance, allowing for proper b-catenin signaling, osteoblast differentiation, 

and mineralization.  

We have also implicated nitric oxide as a key regulator of FSS-induced sclerostin 

degradation. Nitric oxide production, while a canonical response to FSS in osteocytes, was 

never firmly connected to a discreet biological function. Now, we support that nitric oxide 

is necessary for the regulated, lysosomal degradation of sclerostin protein. This is similar 

to the role of nitric oxide in pancreatic beta-cells, where nitric oxide is necessary for the 

lysosomal degradation of insulin when glucose is not present. In addition to nitric oxide, 

there are many similarities between beta-cell insulin regulation and the possibility of other 

bone proteins being regulated through a similar process. Beta-cell crinophagy, the 

regulated degradation of insulin granules, also requires COX2 activation. COX2 is 

canonically activated by FSS in osteocytes, again reflecting a stark similarity.  

 We have also found that, pharmacologically, NOX2 ROS are necessary for load-

induced sclerostin degradation and bone formation. We, therefore, have developed a 

conditional deletion model where the catalytic subunit of NOX2, Cybb, is deleted in late 

osteoblasts and osteocytes, to uncover the role of osteocytic NOX2 ROS in bone mass 

maintenance and load-induced bone formation. This model will circumvent any off-target 

effects of using a pharmacological inhibitor or a global null, allowing us to better 

interrogate only osteocytic NOX2 ROS. Interestingly, conditionally deleting NOX2 in late 

osteoblasts and osteocytes has no effect on bone mass accrual in male mice and causes 
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mild osteopenia in female mice. Despite these small changes in bone mass in unstimulated 

animals, preliminary data supports that NOX2 ROS are required for load-induced bone 

formation, with conditional deletion animals failing to increase bone mass following 

mechanical stimulus. This is in alignment with previous pharmacological data.  

5.1.2 – Implications for Translational Approaches 

 While Romosozumab was a significant advancement in our ability to treat 

osteoporosis, the occurrence of rare and serious side effects has limited it use28,29,106,107. 

Therefore, the identification of other therapeutic targets that can be exploited clinically to 

increase bone mass are needed. It is known that mechanical load is a potent stimulator of 

bone formation, but the amount of mechanical stimulus needed to induce bone formation 

cannot be generated in all patients or in all situations. For example, elderly patients are 

typically less mobile, leading to decreased mechanical stress on the skeleton. Additionally, 

aged bone is considered as less mechano-responsive; therefore, the same mechanical strain 

that elicits a response in younger bone will not elicit a response in aged bone. Therefore, 

understanding how we can better mimic mechanical load in patients that are less mobile 

has large implications.  

 Teriparatide, a PTH-based hormonal therapy, is used as a typical treatment for 

osteoporosis. Teriparatide utilizes the remodeling stimulatory action of PTH to induced 

bone remodeling and net bone gain372. While it is known that this is in part through 

regulation of sclerostin, many studies have only examined the transcriptional control of 

sclerostin. Our data reveal that both mechanical load and PTH regulate sclerostin protein 

abundance. Therefore, it is interesting to speculate if encouraging patients on teriparatide 
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to adhere to an exercise to synergize the effects of mechanical load and PTH treatment to 

further increase bone mass.  

 Additionally, our data supporting the lysosomal degradation of sclerostin protein 

reveals an interesting therapeutic target. With aging, autophagic flux decreases373, possibly 

being one of many reasons bone mechano-responsiveness decreases with age. If osteocytes 

cannot efficiently degrade their sclerostin in response to mechanical stress, the osteoblasts 

cannot become de-repressed, diminishing load-induced bone formation responses. 

Therefore, restoring autophagic flux and restoring this mechano-responsiveness is one 

avenue that could be exploited to treat conditions of low bone mass.  

 Another interesting avenue of research into therapeutics would be to examine 

synergistic overlap between enhancing autophagic flux and lysosomal degradation with 

existing therapies such as PTH. Indeed, in aging autophagic flux decreases and the effects 

of PTH can be diminished in the absence of mechanical load. It is intriguing to think that 

restoring autophagic flux might enhance sclerostin degradation and restore mechano-

responsiveness and bone mass in aged populations. 

 While many of these therapeutic potentials are encouraging, there is much to learn 

before our results can directly inform the development of therapeutics. In the next section, 

future directions that this work informs are discussed.  

5.2 – Future Directions 

5.2.1 – The Lysosomal Regulation of Other Proteins 

 Finding that sclerostin, a protein that is secreted to exert its action, is rapidly 

degraded by the lysosome in response to bone anabolic stimuli encourages the examination 

of the regulation of other bone-related proteins Additionally, RANKL, an important 
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osteocyte secreted factor is regulated by Rab27a and Rab27b330, which parallels the 

secretory and degradation route that we found in osteocytes in terms of sclerostin. 

Therefore, examining if this regulated secretion and degradation expands to osteocytic 

RANKL, OPG, or FGF23, as these secreted factors are vital for proper bone homeostasis.  

 We have also linked sclerostin regulation to crinophagy, a distinct form of 

autophagy. Crinophagy is a process exclusive to peptide hormone secreting cells. Its 

presence in osteocytes would bolster the notion that osteocytes are enodcorine cells that 

regulate distal organismal functions (e.g., serum phosphate, insulin, spermatogenesis, and 

fat depots). While we found sclerostin co-localizes with Rab27a, there are many other 

cellular markers and proteins that need to be evaluated. In Drosophila, the fusion of 

secretory granules with lysosomes requires the HOPS complex374. This complex is 

comprised of Rab7, VPS41, VPS18, VPS39, VPS11, VPS16, and VPS33. This HOPS 

complex controls vesicle trafficking to lysosomes and may even link endosomes to the 

cytoskeleton375. Given that our pathway that rapidly induces lysosomal sclerostin 

degradation requires an intact microtubule cytoskeleton, examining the role of the HOPS 

complex in sclerostin regulation is an important set of experiments. This can first be 

accomplished by profiling HOPS protein expression in osteocytes and in bone, then 

determining if these members co-localize with sclerostin protein. Knockdown experiments 

in tandem with FSS or PTH treatment will then uncover if the HOPS complex does 

contribute to sclerostin regulation in response to bone anabolic stimuli.  

 In beta-cells, crinophagy is also regulated by nitric oxide. We have now shown that 

FSS-induced nitric oxide is necessary for the rapid lysosomal degradation of sclerostin 

protein. However, we have yet to set nitric oxide within the hierarchy of our mechano-
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transduction pathway. We found that nitric oxide alone is not sufficient to activate CaMKII, 

leading us to conclude that nitric oxide acts downstream of CaMKII. However, there is 

reciprocal regulation of nitric oxide synthase (NOS) and CaMKII. Therefore, 

understanding how NOS and CaMKII work together to control sclerostin protein 

abundance is critical. Additionally, identifying the source of nitric oxide, whether from 

eNOS, nNOS, or iNOS will be critical to better understanding the role of nitric oxide in 

bone homeostasis and mechano-transduction.  

 In addition to the regulation of nitric oxide, understanding the direct role of CaMKII 

in osteocyte mechano-transduction is important to understanding the entire mechano-

transduction pathway. Previous data from our lab found that CaMKII is activate by FSS41 

and we now show that PTH activates CaMKII. Further, CaMKII is necessary for the 

activation of p62/sequestosome-1 following FSS or PTH stimulation, indicating that 

CaMKII may play a large regulatory part in osteocyte mechano-transduction. Therefore, 

better understanding how CaMKII regulates lysosomal activation and sclerostin 

degradation is important. We have found that of the four CaMKII isotypes (CaMKIIa, 

CaMKIIb, CaMKIId, and CaMKIIg), CaMKIId and CaMKIIg are expressed in Ocy454 

cells and CaMKIId is enriched in bone extracts. Based off this in vitro data, we have 

developed a CaMKIId /CaMKIIg conditional deletion mouse model to better understand 

the role of CaMKII in bone maintenance and osteocyte mechano-transduction. Preliminary 

data shows that CaMKII is vital for bone mass maintenance. This mouse model can be 

subjected to ulnar loading to determine if the in vitro data that CaMKII is necessary for 

FSS-induced sclerostin degradation is conserved in vivo. We can also utilize primary cells 
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from these mice to more directly understand what CaMKII regulates downstream of FSS 

and PTH to mediate lysosomal sclerostin degradation.  

5.2.2 – The Role of NOX2 in Osteocyte Mechano-Transduction 

 Based on in vitro and in vivo pharmacological data, we have developed a 

conditional deletion mouse model where the catalytic subunit of NOX2 is deleted in late 

osteoblasts and osteocytes. We found that conditional deletion minimally affects bone mass 

maintenance in female mice, but not male mice. However, preliminary data shows that 

conditional deletion mice of both sexes fail to properly respond to ulnar loading. Therefore, 

this model is particularly powerful to interrogate the role of NOX2 in osteocyte mechano-

transduction and load-induced bone formation.  

  Bolstering the preliminary data that NOX2 conditional deletion mice cannot 

properly respond to ulnar loading is vital for this project. This will most directly test the 

role of osteocytic NOX2 to the in vivo mechanical load response. We can also subject mice 

to a single bout of ulnar loading to determine if load-induced bone formation impairment 

is due to dysregulated sclerostin protein control.  

Additionally, to better understand the cell autonomous role of osteocyte NOX2 in 

mechano-transduction and the mechano-response, we can isolate primary osteocytes, 

deleted NOX2 with adenovirus expressing Cre recombinase, and subject these cells to FSS 

to evaluate many different outcomes. We will evaluate ROS production to ensure that FSS-

induced ROS production is indeed from NOX2. We will also evaluate calcium influx to 

better understand how NOX2 ROS stimulates FSS-induced calcium influx. We will then 

use cell lysates to evaluate CaMKII activation, the activation of lysosomal markers, and 

the degradation of sclerostin protein. Using this genetic model will bolster our 
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pharmacological results41, ensuring that NOX2 is the source of ROS that mediates these 

effects.  

Though there is only a mild osteopenia in female conditional deletion animals, 

understanding which cell type contributes to this phenotype may uncover some unknown 

regulatory function of NOX2 ROS on osteocyte, osteoblast, or osteoclast function. We can 

start by evaluating sera markers like P1NP to evaluate bone formation, CTX to evaluate 

bone resorption, and sclerostin to evaluate the contribution of osteocytes to any changes. 

This will uncover if there are under-function osteoblasts or over-function osteoclasts that 

contribute to this decrease in bone mass. We predict that, because trabecular thickness is 

unchanged, it is likely an osteoblast defect. These experiments can then be followed up 

with static histomorphometry to evaluate if osteoblastogenesis or osteoclastogenesis are 

affected by osteocytic NOX2 conditional deletion. We can also do dynamic 

histomorphometry to evaluate osteoblast function directly.  

These experiments are vital for understanding how NOX2 ROS contributes to 

osteocyte homeostasis, osteocyte mechano-transduction, the control of sclerostin protein, 

and load-induced bone formation. They will inform if targeting osteocytic NOX2 may be 

able to restore mechano-responsiveness or be a therapeutic target that could be used to 

mimic mechanical loading to induce bone formation.  

5.3 – Conclusions 

 Developing new effective and safe therapeutics to prevent and treat osteoporosis 

and other conditions of low bone mass has the potential to impact a large public health 

burden. However, new therapeutic targets need to be identified to begin the development 

of these interventions. While targeting sclerostin bioavailability is a powerful therapeutic, 
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off-target and severe side effects limits its widespread use. Therefore, understanding the 

molecular mechanisms that control sclerostin protein abundance in response to mechanical 

stress and parathyroid hormone treatment may reveal signaling mechanisms that can be 

targeted to mimic these stimuli to induce robust bone formation. We have found that both 

anabolic stimuli drive the lysosomal degradation of sclerostin protein. From this, it is 

possible that stimulating lysosomal clearance may increase sclerostin degradation, 

allowing for bone formation to better occur. In addition, we are characterizing the 

contribution of NOX2 ROS to the control of sclerostin protein in response to mechanical 

stress, representing yet another druggable target that can be stimulated to mimic 

mechanical load to drive bone formation. New therapeutics have the ability to treat and 

prevent low bone mass in elderly or non-motile patients or even prevent bone mass loss 

following recovery where mobility is limited for some time or for astronauts in 

microgravity environments.  
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