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ABSTRACT 

Osteoporosis is a disease of skeletal insufficiency that predisposes elderly individuals to bone 

fractures, affecting more than 200 million people worldwide. Heightened activity of 

osteoclasts, the cells uniquely capable of bone resorption, is a principal component in 

pathological bone loss. Therefore, understanding why and how osteoclasts are hyperactivated 

with increased age is important towards developing new therapeutics targeting osteoporosis. 

Moreover, aging was previously thought to manifest from the accumulation of reactive 

oxygen species (ROS) and oxidative damage, but it is now known that ROS play a 

physiological role in cell signaling, and notably in promoting osteoclast differentiation. 

Contributing to this emergent research, we herein describe the novel function of Regulator of 

G protein Signaling 12 (RGS12) in regulating the osteoclast redox state. 

Based on its namesake, RGS12 plays a canonical role in attenuating G protein-coupled 

receptor (GPCR) signaling by inactivating the Gα subunit. Through this action, the RGS 

family proteins have been demonstrated to control various cellular processes, including cell 

differentiation. It was previously shown that RGS12 is essential for osteoclast differentiation 

and function, and that its deletion in mice could substantially protect against pathological 

bone destruction. However, the molecular mechanism by which RGS12 promotes osteoclasts 

remains unknown. To investigate its function, we generated a conditional knockout mouse 

model wherein the RGS12 gene was selectively deleted in cells of the myeloid lineage 

(including osteoclasts) by means of the LysM promoter-driven Cre recombinase. Quantitative 

analysis of the bone architecture in RGS12-deficient mice revealed an osteopetrotic 

phenotype, in which trabecular bone—but not cortical bone—was significantly increased. 
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Osteoclast precursors isolated from these mice show reduced differentiation and resorptive 

activity. Conversely, the overexpression of RGS12 led to increased osteoclast numbers and 

size, which were dependent on its RGS and RBD (Ras-binding domain) protein domains. 

Further assessment found that RGS12-deficient cells could not form filopodia (or 

microspikes), which are important for the fusion of precursor cells to form the mature, 

multinucleated osteoclast. RGS12 overexpression on the contrary increased the number and 

length of filopodia. To better understand RGS12 function on the molecular level, we 

deployed a robust and high-throughput proteomics platform to analyze the global 

perturbations in protein levels corresponding to the deletion of RGS12 in osteoclasts. By 

analyzing 3,700+ proteins we identified that a subset of antioxidant enzymes associated with 

Nrf2 (nuclear factor (erythroid-derived 2)-like 2), the master regulator of stress response, was 

significantly upregulated in Rgs12-deficient osteoclasts. Subsequent investigations confirmed 

that Nrf2 protein levels and transcriptional activity were increased, corresponding with 

reduced ROS levels in osteoclast precursors. Additionally, we showed that RGS12 post-

translationally suppresses Nrf2 by facilitating its degradation in a proteasome-dependent 

manner. Through its inhibitory action on Nrf2, RGS12 promotes ROS that is required for the 

activation of ERK1/2 and NFκB, which are important signaling molecules during osteoclast 

differentiation. Overall, we identified RGS12 as a novel upstream regulator of Nrf2, which 

expands our understanding of osteoclast redox biology and is a step towards targeting ROS in 

the clinical context of osteoporosis. 
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INTRODUCTION 
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1.1. FUNDAMENTALS OF SKELETAL BIOLOGY 

1.1.1 Bone Remodeling 

Bone is a specialized hard tissue comprised of an inorganic matrix primarily of carbonate 

apatite interwoven with an organic matrix of predominantly type I collagen and 

glycosaminoglycans. The combination of these two components confers the necessary 

strength and flexibility to bone, which in turn provides the scaffolding for muscles and 

organs. The rigidity of the skeleton can and often gives the illusion of a static and unchanging 

object, but on the contrary, the skeleton is in a continuous state of turnover. The adult human 

skeleton is thought to completely renew itself every 20 years, so to replace fatigued bones 

weakened by the accumulation of microfractures sustained through everyday activities.1 This 

renewal process, called “bone remodeling”, is carried out by the coordinated actions of bone-

resorbing osteoclasts and bone-forming osteoblasts (Figure 1.1), which are tightly controlled 

by local and systemic factors to maintain proper bone homeostasis. 

A dysregulation of this balance leads to insufficiently or overly dense bone—neither of 

which are optimal. Athletes and gymnasts, for example, can have slightly higher than average 

bone density due to increased physical activity,2,3 but a much higher than average bone 

density usually signifies a pathological condition. For example, osteopetrosis refers to a 

heterogeneous group of rare skeletal diseases characterized by a generalized increase in bone 

density due to defective bone resorption.4 On the other hand, skeletal conditions of lower 

than average bone density are more frequently the case in the general population. Large 

epidemiological studies have shown that in both men and women, bone loss begins as early 

as the beginning of the third decade of life—immediately after attaining peak bone mass. As 
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implied, humans accrue bone mass until the third decade, reaching the maximal mass and 

after which it gradually declines. Upon reaching the fifth decade of life, bone mass 

deteriorates quickly.5 Interestingly, different types of bone experience different rates of age-

dependent bone loss. 

Two types of bone are found in the body—cortical and trabecular. Cortical bone is dense and 

compact, and forms the hard outer layer of bone. Cortical bone also accounts for 

approximately 80% of the total bone mass of an adult human skeleton and provides the 

rigidity and structural support to the body.6 The other 20% is constituted of trabecular bone, 

also known as cancellous bone, which makes up the inner layer of bone and has a spongy, 

honeycomb-like structure. Trabecular bone, while less dense than cortical bone, is more 

flexible and serves an important function to absorb shocks and to transfer mechanical loads 

from joints onto cortical bone.6 Trabecular bone is therefore typically found at the ends of 

long bones, near joints and in the interior of vertebrae; it is also found in the interior of pelvic 

bones, ribs, and the skull. In addition to their mechanical properties, an important distinction 

between cortical and trabecular bone relates to their turnover rate. Trabecular bone has a 

large surface area exposed to the bone marrow and blood flow, and the turnover is higher 

than in cortical bone.7 Coincidentally, age-induced bone loss starts with a rapid decline in 

trabecular bone mass and followed by the thinning and increasing porosity of the cortical 

bone wall.8 However, because cortical bone comprises 80% of the skeleton, the absolute 

amount of bone loss is similar to trabecular bone for the first 10 years; cortical bone loss 

represents the majority of total lost bone thereafter. Through a vicious cycle, the increased 

surface-to-volume ratio of cortical bone enhances loss from bone that has become 

trabecularized.8 Reduced bone density and loss of structural integrity are important features 
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of osteoporosis, the skeletal disorder that predisposes individuals to increased risk of bone 

fractures. 

Figure 1.1 Bone remodeling in a basic multicellular unit comprised of a team of bone-

forming osteoblasts and bone-resorbing osteoclasts. (Basso, 2015)9 

1.1.2 Osteoporosis and its Impact on Public Health 

Osteoporosis is a pervasive disorder characterized by a systemic reduction in bone mass and 

microarchitectural deterioration (Figure 1.2) that predisposes individuals to bone fractures— 

commonly of the hip, forearm, and vertebrae.10,11 Osteoporosis, the term used to define 

decreased bone mass per unit volume of anatomical bone, is not the disease, but one of the 

factors responsible for compromised bone strength in the bone fragility syndrome, but has 

become synonymous with one of the disease’s features. Notwithstanding, bone mineral 

density (BMD), the calcium and mineral content of bone used to measure bone strength, is 

the key metric currently used to diagnose osteoporosis.12 BMD test results are compared to 

the ideal or peak BMD of a healthy 30-year-old adult and assigned a T-score. A T-score of 0 

signifies a BMD equal to the norm for a healthy young adult and a score within ±1 standard 

deviation (SD) is considered normal. A T score between −1 and −2.5 SDs indicates low bone 
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density, whereas scores below this threshold are considered osteoporotic. In addition to 

BMD, other non-mass factors that can contribute to osteoporosis, including: disrupted 

architecture13, changes in bone mineral and matrix14, delayed repair of fatigue 

microdamage15, excessive turnover16, inadequate bone size17, and bone hydration. 

Many factors contribute to bone development, the quality of bone, and therefore play into the 

risk for osteoporosis, which includes diet, calcium/vitamin D intake, age, genetics, and the 

onset of menopause.18 Menopause is an inevitable milestone of aging that indicates the loss 

of ovarian reproductive function. At the onset of menopause, the cessation of menstruation 

brought about by the natural depletion of the ovarian reserve and declining female 

reproductivity is also associated with reduced estrogen production.19,20 Estrogen, a family of 

sex hormones capable of inducing estrus (state of sexual receptivity and fertility), plays a 

significant protective role in skeletal growth and homeostasis through a plethora of regulatory 

effects on the immune system, oxidative stress, and direct effects on bone cells.21 The 

importance of estrogen in maintaining bone mass has been underscored by the numerous 

studies conducted over the past 70 years building upon two seminal clinical observations that 

laid the foundation for osteoporosis research: (1) the decline of ovarian function at 

menopause leads to reduced bone mass, and (2) estrogen replacement prevents such loss.22-24 

The effect of estrogen on osteoclasts and osteoblasts has been thoroughly researched, but a 

definitive answer as to how estrogen protects against bone loss remains elusive, and the 

etiology of osteoporosis still represents an active research area. 

Due to the powerful effects of estrogen on bone health, postmenopausal women represent a 

significant risk group with higher incidences of osteoporosis, although risk factors have also 

been identified in men aged 65 years and older.11 It is worth noting that baby boomers (born 
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1946-1964) will be on average 65 years of age by 2020,25 placing a significant portion of the 

U.S. population at risk for osteoporosis. Furthermore, the disease carries a significant global 

impact that places a heavy health and economic burden on an aging society. In 2000, 

osteoporosis contributed to an estimated 9 million new fractures worldwide, bringing the 

total affected to 50 million. Despite recent advances in preventative and treatment strategies, 

all projections anticipate dramatic increases in fracture incidences, coupled with ballooning 

healthcare costs in the coming decades.26,27 In 2008, the U.S. spent an estimated $22 billion 

for osteoporosis-related healthcare.28 For comparison, the expenditures for managing 

osteoporosis is higher than the 2016 annual budget for the U.S. National Aeronautics and 

Space Administration (NASA) of $19.3 billion.29 Osteoporosis undoubtedly presents an 

urgent health problem that needs to be addressed before it becomes increasingly critical in the 

later years. This trend highlights the need for a clearer understanding osteoporosis in order to 

identify more effective treatments for this debilitating disease. 

Figure 1.2 Osteoporosis is a skeletal fragility disorder. Left: normal bone, right: osteoporotic 

bone. (International Osteoporosis Foundation, 2018)30 

6 

https://billion.29
https://healthcare.28


 

 

    
 

 

    

     

  

     

  

   

 

  

 

 

 

   

 

    

 

  

  

1.1.3 Osteoclasts & Osteoblasts 

To understand the pathogenesis of osteoporosis, it is critical to understand the cellular 

constituents of bone remodeling and how their interactions affect bone mass. The process of 

bone remodeling is a tightly orchestrated process between osteoclasts and osteoblasts by 

means of paracrine signaling between the two cell types. The two critical cytokines M-CSF 

(macrophage-stimulating factor) and RANKL (receptor activator of nuclear factor-κB ligand) 

are produced by osteoblasts and are essential and sufficient for osteoclast differentiation.31-33 

Generally speaking, M-CSF is required for osteoclast precursor survival and proliferation 

whereas RANKL triggers the signaling cascade required for osteoclast differentiation. 

Additionally, osteoblasts secrete a soluble decoy receptor osteoprotegerin (OPG) that 

competitively binds to RANK and thereby preventing osteoclast differentiation and 

activation.34,35 The balance between RANKL and OPG is therefore an important determinant 

of osteoclast formation and activity. Conversely, clastokines (cytokines produced by 

osteoclasts) can exert regulatory effects on osteoblasts.36 The balance between osteoclasts 

and osteoblasts is central to bone remodeling. 

Osteoclasts are cells of the hematopoietic lineage—originating from the bone marrow and 

migrating to sites of active bone resorption, where they become differentiated.31,37 It is 

estimated that osteoclast precursors comprise 1-4% of circulating monocyte/macrophage 

precursors.38,39 Additionally, osteoclasts are exceptionally large cells formed through the 

fusion of multiple precursor cells. As a result, mammalian osteoclasts typically contain 8-10 

nuclei, although in certain pathological conditions, more than 100 nuclei can be found in 

osteoclasts of Paget’s disease patients.40 The osteoclast’s size, which measures ~300 µm in 

diameter when cultured in vitro as compared to 10–20 µm of its precursors, allows the 
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osteoclast to cover and resorb a larger area of bone. In a study investigating the relationship 

between osteoclast size and state of resorptive activity, a greater proportion of large 

osteoclasts were active whereas non-resorbing osteoclasts were on average smaller.41 The 

size of the osteoclast therefore correlates with bone resorptive activity. Owing to their 

physical and cellular properties, osteoclasts are the cells uniquely capable of resorbing bone. 

Therefore, excessive osteoclast activity relative to osteoblast bone-forming activity 

contributes to a net bone loss. 

To engage in bone remodeling, osteoclasts and osteoblasts form a unique temporary structure 

called the basic multicellular unit (BMU). A BMU is approximately 1–2 mm long and 0.2– 

0.4 mm wide, and is comprised of a team of osteoclasts in the front, a team of osteoblasts in 

the rear, along with a central blood supply, a nerve supply, and associated connective tissue.1 

Bone remodeling is initiated by the recruitment of osteoclasts to the BMU on the bone, 

whereupon the cells polarize their membrane to form a ruffled border facing the bone 

surface. As the name suggests, the ruffled border takes the appearance of wrinkled sheets that 

serve to increase the surface area in contact with the bone surface. The ruffled border harbors 

lysosomal membrane proteins, notably the V-type H+-ATPase (ATP6V0D2), which causes 

the acidification of the resorption lacunae required to dissolve the mineral component of the 

bone matrix. Osteoclasts also secrete lysosomal hydrolases such as cathepsin K (CATK) to 

digest the organic component of the bone matrix.5 Additionally, the ruffled border is 

bordered by a sealing zone comprised of tightly condensed actin-rich podosomes that ensure 

the isolation of the resorption lacuna—an important feature to help concentrate and prevent 

the leakage of acids and catabolic enzymes. Bone degradation products are endocytosed 

through the ruffled border, transcytosed, and secreted into the extracellular space.42 This 
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excavation process is repeated as the osteoclast detaches from the matrix and relocates to a 

new resorption site or undergoes apoptosis. 

Following bone resorption, the BMU undergoes a reversal, which refers to a 1- to 2-week 

interval between completion of resorption and initiation of bone formation. Osteoblasts are 

responsible for replacing the missing tissue and thereby renewing the fatigued bone. 

Osteoblasts are cells of the mesenchymal lineage and that are primarily found in the bone 

marrow and periosteum, the membrane covering the outer surface of all bones.43 Osteoblasts 

produce osteoid, a unique combination of extracellular proteins including osteocalcin, 

alkaline phosphatase, and large amount of type I collagen which constitutes the organic 

component of the bone matrix. This matrix is subsequently mineralized through the 

accumulation of calcium phosphate in the form of hydroxyapatite, thereby integrating the 

inorganic component into the bone matrix and completing the process of bone formation.44-46 

The complete mineralization takes approximately 3–6 months. The process of bone 

remodeling is therefore a show and protracted process. 
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1.2. PREVAILING THEORIES ON THE ETIOLOGY OF 
SKELETAL AGING 

1.2.1 Loss of Estrogen and its Protective Effects 

Loss of height, Dowager’s hump, and kyphosis (hunching caused by the curvature of the 

spine) are some of the most visible signs of old age in humans. These involutional changes 

are caused by the progressive loss of trabecular bone of the axial skeleton—bones of the head 

and trunk—as well as cortical bone of the appendicular skeleton.23 These anatomical changes 

in the human skeleton are obvious, but the underlying mechanism of skeletal aging and 

osteoporosis is not as apparent. As mentioned above, estrogen deficiency has long been 

considered the seminal mechanism of osteoporosis for the past 70 years. Both men and 

women start losing bone in their 40s, but the bone loss associated with normal aging in 

women is divided into two phases: one that is due to menopause and one that is due to aging 

and affects men as well.47 Women experience a rapid phase of bone loss during the first 5–10 

years after menopause that primarily affects the trabecular compartment.48-51 In men this 

phase is obscure, since there is only a slow and progressive decline in sex steroid production; 

therefore, the loss of bone in men is linear and more gradual.52 Cortical bone loss begins to 

decline after the age of 50 in both sexes, albeit at a faster rate in women than men. The 

combined effect of estrogen deficiency and skeletal aging in women, among other reasons, 

contributes to the increased incidence of bone fractures is that is 2- to 3-times higher in 

women as compared with men.53 Furthermore, postmenopausal decline in bone mass is 

associated with an increased—albeit asymmetrical—rate of bone turnover, which is tripled in 

the years after menopause and remains elevated in older women.54 The unrestrained bone 

remodeling is characterized by an imbalance of osteoclast and osteoblast activity wherein 
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bone resorption exceeds the rate of bone formation, resulting in net bone loss.55 It is also 

thought that because bone formation is a significantly slower process than resorption, 

excessive bone turnover results in bone formation being unable to keep up with the rate of 

resorption. In a healthy adult, the lifespan of an osteoclast is approximately 2 weeks whereas 

an osteoblast perserveres for about 3 months.1 A BMU, on the other hand, persists for about 

6–9 months and needs to be resupplied by osteoclast and osteoblast progenitors from the 

bone marrow. The balance between the supply of new cells and their lifespans are key 

determinants of the number of either cell type in the BMU, which in turn defines the overall 

bone resorption or formation activity. In this manner, estrogen plays a critical role in 

balancing osteoclast and osteoblast formation. 

Rodent models of menopause have been indispensable towards our understanding of the role 

of estrogen in bone health. Like women, rodents experience natural hormonal fluctuations 

that occur during middle age, but unlike a true menopause characterized by very low to 

undetectable estrogen levels, rodents transition into an estropause with low but persistent 

estrogen levels.56 The ovariectomy model reduces estrogen to undetectable levels, and 

remarkably, all major characteristics of bone loss associated with sex-steroid deficiency in 

humans can be mimicked in mice by gonadectomy.57,58 Additionally, the targeted deletion of 

estrogen receptors (ERs) in rats and mice have been used to delineate the effects of estrogen 

on osteoclasts and osteoblasts. Estrogen directly induces osteoclast apoptosis and prevents 

bone resorption, whereas the selective deletion of ERα in osteoclasts prevents the apoptotic 

effect of estrogen.59,60 Moreover, deleting ERα in osteoclasts dramatically increased the 

number of osteoclast progenitors in the bone marrow and mature osteoclasts in the trabecular 

bone, along with a decrease in trabecular bone mass.61 The protective effect of estrogen, 

however, is limited to trabecular bone and not cortical bone suggesting the involvement of 
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other cell types for the maintenance of the cortical compartment. Estrogen has also been 

demonstrated to have an antiapoptotic effect on osteoblasts, since osteoblast apoptosis is 

increased in mice with deletion of ERα in mature osteoblasts.62 Interestingly, bone mass is 

not affected in ERα-deficient osteoblasts. The same outcome was corroborated using multiple 

mouse models using different promoters to drive ERα deletion, indicating that an increase in 

osteoblast apoptosis alone is not sufficient to cause bone loss in either estrogen-sufficient or 

estrogen-deficient female mice.55 Based on these findings, the action of ERα in osteoclasts is 

thought to be the main mechanism by which estrogens protect against resorption of trabecular 

bone, while osteoblasts play a secondary role. Estrogen therefore puts a restraint on the rate 

of remodeling and bone loss, by regulating the differentiation of osteoclast and osteoblast 

precursors and the lifespan of mature osteoclasts and osteoblasts.55 

Although estrogen insufficiency is clearly responsible for post-menopausal bone loss, and 

menopause is a milestone in aging, estrogen alone is unable to explain age-dependent bone 

loss. According to the estrogen-centric paradigm of the pathogenesis of osteoporosis, bone 

mass should remain unchanged between peak bone mass and the onset of menopause in 

women, or the age of 55 in men, when sex steroids also decline. However, large 

epidemiological studies have now clearly established that in both women and men bone loss 

begins as early as the early part of the third decade—immediately after peak bone mass and 

long before any change in sex steroid production.63,64 It was also demonstrated that at the 

same BMD, a 20-year increase in age is correlated with a 4-fold increase in fracture risk.65 It 

is also important to note that despite the fact that rodents do not experience acute estrogen 

loss, a decline of BMD starting as early as 2-3 months of age has been established in several 

strains of mice66-68 and rats69. There are also age-related changes in bone itself, including loss 

of cross-linking between the component chains of type I collagen. Collagen can be damaged 
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by the accumulation of advanced glycation end-products,70 another general feature of aging. 

Since defective collagen cannot be replaced, the bone containing it must be replaced by 

remodeling. 

Unlike the accelerated bone remodeling that follows estrogen depletion in postmenopaisal 

women, age-related bone loss that affects both men and women is attributed to increased 

number of osteoclasts and a deficit of osteoblasts.71,72 Many studies demonstrate an age-

related decline in osteoblastogenic potential and increased apoptosis, but the biosynthetic 

capacity of older osteoblasts remains unchanged.23,73-78 Expression of RANKL and M-CSF 

was increased in marrow stromal cells from older animals, OPG was decreased, and 

osteoclast formation was greater when stromal/osteoblastic cells from old rather than young 

donors were used to induce osteoclastogenesis.79 OPG expression was significantly lower in 

human stromal cells obtained from subjects older than 65 years of age than from those 

younger than 55 years.80 Osteoclast progenitors from older individuals also have increased 

expression of c-Fms and RANK. Overall, the clinical evidence indicate that age-induced 

bone loss is different from estrogen insufficiency. Therefore, a revised perspective moving 

away from the estrogen-centric view needs to incorporate other factors outside of estrogen 

that can contribute to etiology of skeletal aging. 

1.2.2 Oxidative Stress and the Physiological Role of ROS 

Denham Harman’s free radical theory of aging, first introduced 62 years ago, is perhaps the 

most enduring model explaining the aging process, wherein the accumulation of damage 

inflicted by reactive oxygen species (ROS) manifests the degenerative diseases associated 
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with aging.81,82 ROS are generated in response to a variety of external stimuli, such as 

inflammatory cytokines, growth factors environmental toxins, chemotherapeutics, ultraviolet 

light, or ionizing radiation, but more importantly has been shown to be increased with age. 

ROS play important roles in the management and prevention of cancers, cardiovascular 

diseases, macular degeneration, Alzheimer’s disease, arthritis, and longevity.83,84 Excessive 

accumulation of ROS therefore contributes to age-related changes in many tissues, and the 

bone is no exception. 

At the most fundamental level, ROS very simply describe forms of molecular oxygen (O2) 

resulting from the sequential addition of electrons (reduction) that leave an unpaired electron 

(Figure 1.3).85 Recalling from the distant days of college chemistry, we might remember 

Gilbert N. Lewis’ “rule of two”, which posits that unpaired electrons tend to seek out other 

electrons to settle into energetically favorable states.86 As a result, oxygen species with 

unpaired electrons are highly unstable and chemically reactive—hence the term “reactive 

oxygen species”. The presence of ROS is inevitable as most are produced as byproducts of 

the mitochondrial electron transport chain (oxidative phosphorylation) during ATP synthesis 

or are formed as necessary intermediates in a variety of catalyzed oxidation reactions. ROS 

are also formed by NADPH oxidase (NOX), whose sole function is to produce ROS in a 

controlled and targeted manner for purposes such as the respiratory burst that is part of the 

anti-microbial function of macrophages and neutrophils. Organisms have in turn evolved a 

number of redundant defense mechanisms to detoxify ROS and maintain redox homeostasis. 

For example, leakage of electrons from the electron transport chain leads to partial reduction 

of O2 to form superoxide (O2·−), which is quickly catalyzed by superoxide dismutase (SOD) 

into hydrogen peroxide (H2O2).87 In the peroxisomes of eukaryotic cells, catalase further 

converts H2O2 into 2H2O and O2, thus completely neutralizing ROS. In addition to enzymatic 
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reactions, a variety of non-enzymatic small molecule antioxidants, also known as free radical 

scavengers, can neutralize free radicals and thus prevent them from causing damage.88,89 

Oligopeptides containing thiol groups (-SH) are particularly amenable to nucleophilic attack 

by ROS and serve as decoys to free radicals. Glutathione (GSH), a cysteine-containing 

tripeptide, is the most abundant thiol antioxidants and are essential for life in mammals.90,91 

GSH is present at concentrations of 2–10 mM and exists predominantly as the reduced-thiol 

form within the cell.92 Other thiol-containing antioxidants include: thioredoxin (TRX), 

glutaredoxin, cysteine, lipoic acid, and dihydrolipoic acid.89 Reactions with ROS reversibly 

convert GSH into its oxidized form (GSSG), but the reduced form is regenerated by GSH 

reductase to scavenge more free radicals. The ratio of the oxidized form GSSG and the 

reduced form GSH is therefore an indicator of oxidative stress in a cell.93 Vitamin C 

(ascorbic acid) is a water soluble molecule capable of reducing ROS, while vitamin E (α-

tocopherol) is a lipid soluble molecule that plays a similar role in membranes. The diverse 

and overlapping antioxidant systems buffer against ROS, but oxidative stress occurs when 

ROS clearance mechanisms are overwhelmed and unattended free radicals oxidize proteins, 

lipids, or DNA to interfere with their native structure and function.83 Cells unable to manage 

oxidative stress undergo programmed cell death. Accompanied by an age-related slowdown 

in damage repair, the gradual accumulation of cellular damage is thought to manifest the 

symptoms of old age. 
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Figure 1.3 Electron structures of common reactive oxygen species. Each structure is 

provided with its name and chemical formula. The red · designates an unpaired electron. 

(Held, 2015)85 

The association between oxidative stress and a decrease in BMD94-99 as well as a protective 

effect of antioxidants on bone resorption100,101 have been consistently observed in human 

clinical studies. Murine models of premature aging and signs of oxidative damage also 

exhibit osteoporotic features.102,103 As examples, higher oxidative stress was associated with 

reduced BMD in elderly men, which was more pronounced in individuals with low serum 

levels of vitamin E.104 Similarly, a measure of oxidative stress is significantly negatively 

correlated with BMD of the femoral neck and lumbar vertebrae in postmenopausal 

osteoporosis patients compared to healthy controls.98 Furthermore, the age-dependent decline 

of bone mass and strength are temporally linked with increased ROS levels and decreased 

GSR activity in the bone marrow,105 whereas single nucleotide polymorphisms (SNPs) in the 

catalase gene were significantly associated with higher BMD in postmenopausal women.96 

Osteoarthritis is also an age-related disorder characterized by the breakdown of joint cartilage 

and its underlying bone, and is a major cause of disability in the general population.106 

Importantly, the progression of osteoarthritis is also closely related to ROS and oxidative 
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stress, which are elevated in patients with osteoarthritis106 and associated with significantly 

more ROS-induced DNA damage in the cartilage. 107 On the contrary, antioxidant enzymes, 

such as SOD, CAT, GPX and PON1 (serum paraoxonase 1) are decreased in osteoarthritis 

patients, correlates with the role of oxidative stress in osteoarthritis pathogenesis.106 The 

strong relationship between osteoporosis/osteoarthritis and ROS and the potential positive 

effects of antioxidants on bone health indicate that these diseases at least in part is a redox 

sensitive process and that ROS is a critical determinant of bone homeostasis.108 

Updating the estrogen-centric view of bone loss, numerous lines of evidence point to the 

overlapping roles of oxidative stress and estrogen deficiency in bone loss. Antioxidant 

defenses in postmenopausal osteoporotic women and in mouse postmenopausal models are 

notably decreased, leading to increased levels of ROS and bone loss.68,109,110 Levels of GSH, 

TRX and their associated reductases dropped in the rodent bone marrow after ovariectomy.111 

This response can be rapidly reversed by exogenous 17-β estradiol and prevented by the 

antioxidants N-acetylcysteine (NAC) or ascorbate, whereas L-buthionine-(S,R)-sulfoximine, 

a specific inhibitor of GSH synthesis, caused bone loss. In a similar fashion, administering 

pegylated catalase could prevent ovariectomy-induced bone loss in mice.112 As mentioned 

above, the protective effect of estrogen on bone is primarily due to its proapoptotic effect on 

osteoclasts. Although estrogen promotes osteoblast survival, this effect is minor in the overall 

scheme. Contributing to this idea, 17-β estradiol does not appear to modulate GSH or GSH 

reductase activity in osteoblasts.111 Therefore, excess bone resorption associated with 

estrogen deficiency might be attributed to reduced antioxidant defenses in osteoclasts and/or 

other cells in the bone marrow but not osteoblasts. While the deleterious effect of ROS in 
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oxidative stress and disease is well known, more recent evidence substantiate a physiological 

role of ROS in osteoclast formation. 
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1.3. ACTIONS OF ROS IN THE OSTEOCLAST SIGNALING 
PATHWAYS 

Cells respond to ROS in different ways depending on the intensity, duration, context, and the 

cellular redox status. Initially thought to be involved in aging, physiological roles for ROS in 

regulating bone cell functions and mediating intracellular signals have emerged. Recent 

evidence have shown that ROS are produced in all cell types and at a very narrow range of 

concentrations serve as important cellular messengers in signaling cascades by causing 

reversible oxidations of the sulfhydryl group (−SH) of cysteine residues, which alter the 

activity of an enzyme if the cysteine is located in a catalytic domain or DNA-binding site. 

113,114 Because they are reversible, the oxidation/reduction of cysteine residues represents a 

mechanism akin to the phosphorylation/dephosphorylation of tyrosine, serine, or threonine 

residues. As an indirect mechanism of signaling pathways, ROS contribute to post-

translational protein modification by forming intramolecular disulfide bridges between 

cysteine residues leading to change in the structure of protein kinases and reversible 

inactivation of phosphatases.115-117 Several proteins can also become cross-linked because of 

active dityrosine formation from two tyrosine molecules by H2O2 peroxidase-dependent 

reactions.118 Through these mechanisms, the oxidation of amino acids can regulate an 

extensive list of molecules including: the protein kinases protein kinase A/C/D, mitogen-

activated protein kinases (MAPKs), jun N-terminal kinases (JNKs), phosphatidyl inositol 3 

kinase (PI3K)/Akt, Ca2+/calmodulin-independent protein kinase II (CaMKII), activator 

protein-1 (AP-1), p53, tyrosine phosphatases, proteases, molecular adaptors and chaperones, 

the Wnt/β-catenin signaling pathway, as well as the activity of transcription factors including 

nuclear factor κB (NFκB), the glucocorticoid and estrogen receptors, and hypoxia inducible 
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factor-1α (HIF-1 α).119 With such a broad effect on cell signaling, it comes as no surprise that 

ROS could play an important role in the signaling pathways of osteoclast differentiation. 

1.3.1 Activation of Osteoclast Formation 

The two cytokines M-CSF and RANKL are required and sufficient for osteoclast 

differentiation. M-CSF released by osteoblasts exerts paracrine effects on osteoclasts and 

supports the growth, differentiation, and survival of cells of the mononuclear phagocyte 

systems including monocytes/macrophages, which share a common lineage as osteoclasts 

precursors.120 M-CSF alone cannot induce osteoclast differentiation, but it commits precursor 

cells to the osteoclast lineage by inducing the expression of RANK and eventually 

downregulating it’s cognate receptor c-Fms (colony stimulating factor-1 receptor).121,122 

During osteoclast formation, M-CSF is needed for the fusion of mononuclear pre-osteoclasts 

to form the mature, multinucleated cell.123 The growth factor is also required to induce the 

reorganization of the cytoskeleton to facilitate the osteoclast precursor’s motility, cell 

spreading, and polarization required for cell-cell fusion.124 Beyond differentiation, M-CSF is 

also required for the survival of mature osteoclasts by preventing apoptosis.125 c-Fms belongs 

to the tyrosine kinase receptor superfamily and dimerizes upon activation, stimulating 

tyrosine kinase activity and inducing autophosphorylation of its cytoplasmic tail, which 

provides an anchoring point for c-Src, PI3K, and growth factor receptor bound protein 2 

(Grb2) to come together, thereby initiating the corresponding signaling transduction 

cascades. 
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Following RANK expression, pre-osteoclasts require interaction with RANKL-expressing 

osteoblasts and other pre-osteoclasts.126 RANKL is expressed mainly, but not exclusively, on 

osteoblastic stromal cells that are induced by osteotropic hormones such as 1,25-dihydroxy 

vitamin D3 (1,25(OH)2D3), parathyroid hormone, and by locally produced proinflammatory 

cytokines such as tumor necrosis factor α (TNFα).127-129 RANKL is also expressed by 

osteocytes embedded in the calcified bone matrix, bone marrow stromal cells, and B and T 

lymphocytes.130 RANKL is expressed as a membrane-bound protein on osteoblasts which is 

cleaved into its soluble form by metalloproteinases.131 It is also secreted by activated T cells 

in a primary soluble form, thus establishing a crucial link between bone metabolism and the 

immune system.132 This intersection defines the basis of autoimmune diseases like 

rheumatoid arthritis, a chronic inflammatory disorder affecting joints characterized in part by 

aberrant osteoclast formation in arthritic joints.133 RANKL not only promotes the 

differentiation of osteoclast precursor cells but also activates the bone resorbing activity of 

mature osteoclasts.134,135 

RANKL binding to its cognate receptor leads quickly to formation of a complex on the 

cytoplasmic tail of RANK. Unlike c-Fms, RANK does not possess intrinsic kinase activities 

and therefore relies on the recruitment of adaptor molecules and kinases to initiate several 

signaling casades required for osteoclast differentiation. Several members of the TRAF (TNF 

receptor associated factor) family of adaptor proteins fulfill this role.136 TRAF6 in particular 

appears to be important for osteoclast differentiation and function, as TRAF6–/– mice develop 

severe osteopetrosis with defects in bone resorption and tooth eruption.137 TRAF6 together 

with TAK1 (TGFβ-activated kinase-1) or TRAF2/3 are respectively responsible for the 

activation of the canonical and noncanonical NFκB signaling pathways. Additionally, 

TRAF6 is also responsible for activating the signaling cascades corresponding to the 
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PI3K/Akt pathway and many members of the MAPK family, including: p38 MAPKs, 

JNK1/2/3 and extracellular signal-regulated kinases (ERK) 1/2 (Figure 1.4). 

Figure 1.4 Initiation of RANK signaling is mediated by TRAF6. (Park et al., 2017)138 

In addition to the M-CSF and RANKL-dependent signaling, co-stimulatory signaling 

initiated by immunoglobulin-like receptors—namely TREM-2 (triggering receptor expressed 

in myeloid cells-2) and OSCAR (osteoclast-associated receptor)—also contribute to the 

activation of osteoclast formation and bone resorption.139 The ligands for most of these co-

stimulatory receptors remain unidentified, but OSCAR is known to be activated in osteoclast 

precursors by portions of exposed collagen fibers on the active resorption site.140 

Interestingly, the expression of OSCAR and RANKL is increased in the synovium of joints 

of patients with rheumatoid arthritis.141 Upon ligand binding, these receptors recruit adaptor 
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molecules such as the DNAX-activating protein 12 (DAP12) and Fc receptor common γ 

(FcRγ) subunits, which leads to the phosphorylation of immunoreceptor tyrosine-based 

activation motifs (ITAMs) within these adaptor proteins and activation of downstream 

signaling. Recent developments in the co-stimulatory pathway demonstrate the function of 

tyrosine kinases TEC and Bruton’s tyrosine kinase (BTK) integrates RANK and the ITAM 

signals to activate phosholipase C (PLC) and promote calcium influx.142 The stimulation of 

ITAM-associated receptors alone, without RANKL, cannot induce osteoclast differentiation, 

although ITAM-associated receptors stimulate Ca2+-NFATc1 pathway through ITAM-

harboring adaptors during osteoclastogenesis. Therefore, ITAM-mediated signals provide 

costimulatory signals to maximize RANK-induced signaling (Figure 1.5). 

Figure 1.5 Cooperation of RANK signaling with costimulatory receptors. (Park et al., 

2017)138 
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As all roads lead to Rome, all signaling pathways converge on the activation of NFATc1 

(nuclear factor of activated T cells), a transcription factor considered to be the master 

regulator of osteoclast differentiation (Figure 1.5).143,144 Calcium influx activates the 

phosphatase calcineurin, which forms a complex with NFATc1 and dephosphorylates the 

transcription factor’s regulatory domain to expose a nuclear localization sequence, resulting 

in the translocation of active NFATc1 into the nucleus.145 The activation of NFATc1 during 

osteoclastogenesis drives further expression of NFATc1 via an autoregulatory mechanism,142 

and activates the transcription of genes required for osteoclast differentiation and bone 

resorption.146 Transcriptional profiling revealed that NFATc1 regulates two sets of RANKL-

induced genes in the developing osteoclast: (1) genes that are absolutely dependent on 

NFATc1 for expression such as calcitonin receptor (CTR), OSCAR, and integrin β3 

(ITGB3); and (2) genes that are augmented by NFATc1 but can be partially induced by 

RANKL, even in the absence of NFATc1, such as matrix metalloproteinases 9 and 14 

(MMP9/14), tartrate-resistant acid phosphatase 5 (TRAP), cathepsin K (CTSK), carbonic 

anhydrase-2 (CAR2), Chloride channel-7 (CLCN7), and NFATc1 itself.147,148 

Ultimately, these aforementioned signaling pathways have been well defined, but it is 

increasingly apparent that ROS is able to modulate these pathways, thereby introducing a 

new facet of regulation of osteoclast differentiation. 

1.3.2. ROS Generation in Osteoclasts by NAPDH Oxidases 
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ROS is an inevitable byproduct of the mitochondrial electron transport chain (oxidative 

phosphorylation) during ATP synthesis. Microscopy analyses have noted the high abundance 

of mitochondria in osteoclasts as early as 1961,149 but interest in the metabolic profile that 

supports osteoclastic differentiation has made a resurgence in recent years. As examples, we 

and others through the proteomic study of osteoclasts have reported that proteins involved in 

ATP synthesis were elevated in mature osteoclasts as compared to precursors.150,151 

Additionally, it was demonstrated that mature osteoclasts exhibit larger mitochondria, higher 

levels of enzymes of the electron transport chain, and higher oxygen consumption rates.152 

The evidence collectively point towards oxidative phosphorylation as a main bioenergetic 

source for osteoclast differentiation, and can therefore be considered an integral aspect of the 

process. As a consequence of increased mitochondrial biogenesis, ROS would also be 

elevated due to the “leakiness” of the electron transport chain, which in turn contributes to 

the ROS that promotes osteoclast differentiation. As such, an increase in ROS has been 

associated with mitochondria biogenesis in osteoclasts,153 and mitochondrial ROS is essential 

for osteoclast formation.154 

In addition to mitochondrial ROS, another major source of ROS is produced by NOX, which 

is a multicomponent enzyme system comprised of two transmembrane proteins (p22PHOX 

and gp91PHOX, also called NOX2) and four cytosolic proteins (p47phox, p67phox, 

p40phox, and a GTPase Rac1 or Rac2), which assemble at membrane sites upon activation. 

Out of five of the members of the NADPH oxidase family (NOX1-5), NOX1, -2, and -4 

participate in the formation, activity, and survival of osteoclasts.155 Inhibition of the NOX 

using inhibitors such as DPI (diphenyleneiodonium) or Ewha-18278 blocks RANKL-

dependent ROS.156,157 DPI also blocks the activation of MAPK and could reduce total 

osteoclast numbers in a dose-dependent manner.156 Similarly, inhibition of NOX isozymes 
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using the pyrazole derivative Ewha-18278 blocked RANKL-induced ROS formation, the 

activation of MAPKs and NFκB, and inhibited osteoclast differentiation. Moreover, oral 

administration of Ewha-18278 to ovariectomized mice prevented loss in bone density.157 

Rac1, the activating subunit of NOX, is also important for osteoclastogenesis. Expression of 

a dominant negative form of Rac1 in RAW264.7 cells severely impaired osteoclast 

formation.156 NOX2 is a potent producer of superoxide that is used in the innate immune 

response by macrophages to engage in the phagocytic killing of internalized microbes. 

Considering that osteoclasts are derived from monocytes/macrophages, it is not surprising 

that NOX2 is present at the highest levels in osteoclast precursors—whereas NOX1 levels are 

low and NOX3 and 4 are undetectable in precursor cells.156,158 NOX2 contributes to the 

activation of ERK1/2 in early-stage osteoclast precursor cells which controls the expression 

of RANK via activation of the transcription factors PU.1 and MITF.159 NOX2 knockout bone 

marrow macrophages (BMMs) display a significant reduction in the levels of ERK1/2 

phosphorylation following stimulation with M-CSF.160 While NOX2 plays a role in early 

osteoclastogenesis (primarily M-CSF-dependent), the RANK-dependent differentiation 

process relies on NOX isoform switching to engage NOX proteins that are functionally 

similar but produce less superoxide that is sufficient for its cellular processes. Stimulation 

with RANKL markedly attenuates NOX2 mRNA expression161 while upregulating NOX1 in 

early differentiation to promote signaling and then later NOX4, which is important in 

mediating bone resorption.158,162 NOX1 silencing greatly reduced ROS production and 

osteoclastogenesis, and deletion of NOX4 attenuates osteoclastogenesis, which is 

accompanied by impaired activation of RANKL-induced NFATc1 and c-Jun.156 163 Human 

bone obtained from patients with increased osteoclast activity exhibit increased NOX4 

expression. Additionally, women carrying a SNP positively associated with NOX4 

expression have elevated circulating markers of bone turnover and reduced bone density.163 
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1.3.3. NFATc1 and Calcium Oscillations 

NFATc1 (also known as NFAT2) in its inactive form is phosphorylated at serine residues in 

its regulatory domain and remains in the cytosol. The synergistic signaling between RANK 

and the co-stimulatory pathways lead to the activation of calcineurin, a ubiquitous serine-

threonine phosphatase that dephosphorylates and activates NFATc1. This leads to the 

translocation of NFATc1 from the cytosol into the nucleus where they regulate their target 

genes.145 RANKL activates PLCγ which in a hydrolytic reaction converts PIP2 

(phosphatidylinositol-4,5-bisphosphate) into IP3 (inositol-1,4,5-trisphosphate) and DAG 

(diacylglycerol). IP3 subsequently binds to and activates the IP3 receptor (IP3R), a Ca2+ 

channel located on the endoplasmic reticulum, thereby releasing the calcium stores within the 

organelle. The released Ca2+ binds to calmodulin, which in turn activates calcineurin;143,164 at 

this final step, calcineurin activates NFATc1. 

Activation of DAP12 and FcRγ also triggers activation of PLCγ and is needed to maintain 

intracellular calcium oscillations.165-167 Cytosolic Ca2+ concentration ([Ca2+]) is modulated by 

a dynamic balance between the influx of Ca2+ from the extracellular medium or intracellular 

stores and its efflux across the plasma membrane and sequestration into the orgnanelle 

stores.168 The dynamics of [Ca2+] can create complex patterns in the form of waves and 

oscillations with unique frequencies and duration that constitute a type of cellular digital 

signaling.145 Prolonged Ca2+ oscillations, as opposed to a transient Ca2+ mobilization, is 

required for calcineurin activation, as simply depleting ER stores to rapidly and transiently 

raise intracellular [Ca2+] using is insufficient to upregulate NFATc1 in osteoclast 

precursors.143 The various temporal patterns of Ca2+ signaling could play unique roles at 

different phases of osteoclast differentiation. For example, it was shown that Ca2+ oscillations 
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in monocytes or small osteoclasts with 2–5 nuclei after 4 days of induction were stronger 

than in large osteoclasts after 8 days of induction.169 An analysis of several Ca2+ channels in 

osteoclasts found that STIM1 (type 1A transmembrane protein stromal interacting molecule 

1) was highly expressed in early stage osteoclast while TRPV4 (transient receptor potential 

cation channel subfamily V member 4) was more high expressed in late stage osteoclasts.170 

Furthermore, RANKL could induce immediate and transient increases in [Ca2+] in isolated 

mature osteoclasts.143 Therefore, the transient upregulation of [Ca2+] may be important 

towards active bone resorption. 

In the early phase of osteoclast differentiation (<24 hours), activation pathways lead to the 

recruitment of NFATc1 to its own promoter for the robust induction of NFATc1. RANKL 

also downregulates anti-osteoclastogenic genes such as as interferon regulatory factor 8 

(IRF8), V-maf avian musculoaponeurotic fibrosarcoma oncogene homolog B (MafB), 

inhibitors of differentiation (Ids) and LIM homeobox 2 (Lhx2), which inhibit NFATc1 

expression.171 Several kinases such as glycogen synthase kinase 3β (GSK3β), casein kinase 1 

(CK1), p38, and JNK can phosphorylate the various serine-rich motifs in NFAT proteins, 

thereby preventing translocation into the nucleus or promoting nuclear export of NFAT 

proteins.171 Notably, the ectopic expression of a constitutively active GSK3β (GSK3β-S9A) 

mutant in osteoclast precursor cells inhibited RANKL-mediated NFATc1 expression and 

Ca2+ oscillations.171 NFATc1 in osteoclasts is also subject to various mechanisms of 

epigenetic regulation that will not be covered here but has been reviewed by Kim and Kim.171 

Numerous lines of evidence demonstrate crosstalk between proteins in the Ca2+ and ROS 

signaling pathways in osteoclasts and other physiological and pathological contexts. Ca2+ is 

capable in regulating redox state by regulating ROS generation and clearance, whereas ROS 
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can influence the mobilization of Ca2+ stores. Specifically, Ca2+ can modulate intracellular 

redox state by regulating multiple ROS generating enzymes including NOX and nitric oxide 

synthase (NOS).172,173 Ca2+ can also directly activate antioxidant enzymes (catalase and GSH 

reductase), and increase the level of SOD.174 Furthermore, calmodulin, the ubiquitous Ca2+-

binding protein, could activate catalases in the presence of Ca2+ and downregulate H2O2 

levels.175,176 Critically, RANKL-mediated ROS is required for the induction and maintenance 

of the long lasting Ca2+ oscillations during osteoclastogenesis.177 The global loss of the H2O2 

scavanger peroxiredoxin II (PRXII) led to a decrease in bone density due to enhanced 

osteoclast function in vivo, and BMMs from PRXII–/– mice exhibited 2.5 times higher levels 

of intracellular ROS and had spontaneous Ca2+ oscillations that were present even without 

RANKL stimulation, suggesting that oscillations are largely dependent upon ROS. 

Furthermore, mitochondrial ROS production is necessary during osteoclastogenesis as the 

expression of catalase targeted to the mitochondria leads to decreased osteoclast formation.178 

ROS influences Ca2+ signaling via oxidizing thiol groups within cysteine residues of IP3R, 

which a molecular switch that triggers Ca2+ release from the endoplasmic reticulum, and the 

ryanodine receptor (RyR), which is an intracellular Ca2+ release channel present in the 

plasma membrane of osteoclasts.179,180 In addition to these proteins, many of the regulatory 

proteins that form complex with the RyR/IP3R contain multiple reactive cysteine thiols that 

influence channel gating or assembly.175,176 Thiol oxidation of RyR/IP3R by ROS in general 

increases channel activity and thereby promotes Ca2+ efflux via enhancing intersubunit 

binding and preventing the binding of the negative regulator calmodulin to the receptor.181 

Therefore, this mechanism represents on of the many avenues by which ROS can promote 

osteoclast differentiation. However, the diverse and myriad involvement of ROS in Ca2+ 

signaling can make it difficult to delineate the crosstalk. 

29 



 

 

 

    
 

  

 

     

 

  

 

    

        

   

     

  

  

 

    

   

  

  

    

1.3.4. Nuclear Factor–Kappa B (NFκB) 

The NFκB family of heterodimeric transcription factors play key roles in osteoclast 

differentiation (Figure 1.6). The family is comprised of of five members: NFκB1 (p50), 

NFκB2 (p52), RelA (p65), RelB, and cRel (Figure 1.6).136 p50 and p52 are derived from 

larger precursor proteins, p105 and p100, respectively. Osteoclast differentiation relies on 

both the canonical (NFκB1) and noncanonical (NFκB2) pathways, which are engaged at 

different times during early differentiation process. NFκB1 is responsible for the initial 

amplification of NFATc1 within 1 hour of RANKL stimulation whereas NFκB2 is engaged 

within 3–4 hours and maintains the high level of NFATc1 expression thereafter. In the 

canonical pathway, the p50/RelA complex is bound by its inhibitory partner IκB (inhibitor of 

κB) and remains in an inactive state in the cytoplasm. Following the RANKL-dependent 

activation of TRAF6, a cascade of events occur whereby NEMO (NFκB essential modulator) 

becomes activated and leads to the phosphorylation and activation of IKKβ (IκB kinase β), 

which phosphorylates and marks IκB for degradation by the proteasome-dependent pathway, 

thereby releasing the p50/RelA complex for nuclear translocation. Additionally NFκB1 

cooperates with NFATc2 (not required for osteoclast formation) to induce the the expression 

of NFATc1. The p50/RelA heterodimer is recruited to the NFATc1 promoter by RANKL 

induction, resulting in the transient auto-amplification of NFATc1 expression.143 

Interestingly, a constitutively active IKKβ (IKKβ-SS/EE) expressed in osteoclasts induces 

their differentiation into osteoclasts in the absence of RANK or RANKL treatment182, further 

emphasizing the importance of NFκB1 signaling in early osteoclast formation. Therefore, the 
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transcriptional activity of NFκB1 and NFATc1 prevents the apoptosis of pre-osteoclasts and 

drives osteoclast differentiation.183 

Activation of the NFκB2 noncanonical pathway is slightly delayed, typically within 3–5 

hours of RANKL treatment and involves the p52/RelB complex. In contrast to the canonical 

pathway, p100 is processed to p52 only after the noncanonical pathway is stimulated, and 

relies on the activity of NIK (NFκB-inducing kinase) to facilitate the proteasomal processing 

of p100 to p52. In unstimulated cells, newly synthesized NIK is bound by and inhibited by 

TRAF3, which facilitates its continual degradation by the proteasome.184 Upon RANKL 

stimulation, a TRAF/cIAP (cellular inhibition of apoptosis protein) E3 ligase complex is 

recruited to RANK which in turn activates cIAP1/2 by TRAF2. This targets TRAF3 for 

ubiquitination and proteasomal degradation, thereby relieving NIK from inhibition. NIK is 

allowed to accumulate and activates IKKα, which in turn phosphorylates p100 and leads to 

its proteasomal processing to p52 and the subsequent translocation of the p52/RelB 

heterodimer.130 The roles of canonical and noncanonical NFκB in the regulation of 

osteoclastogenesis have been previously described in-depth by Boyce and colleagues.136 

Multiple lines of evidence highlight the interrelation between ROS and NFκB—though not 

necessarily inside the context of osteoclasts. NFκB1 is one of the first eukaryotic 

transcription factors shown to respond to ROS and oxidative stress,185 but its ROS-induced 

activation is not universal across cell types. For example, H2O2 is able to activate NFκB in 

certain subtypes of T and B cells as well as human breast MCF-7 cells, but ROS-induced 

activation is not universal across all cell types. Furthermore, a series of studies in EL4 mouse 

T lymphocytes and human myeloid KBM-5 cells demonstrate that IκBα serine/tyrosine 

residues are targeted by IKKβ-mediated phosphorylation, which can be modulated by 
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exogenous H2O2, in turn influencing the degradation of IκBα and activation of NFκB1.186-188 

The phosphorylation and degradation of IκBα is an extremely rapid and transient process, 

with the protein being completely degraded within minutes before being resynthesized to 

replenish the IκBα pool. However, in the presence of exogeneous ROS, the disappearance of 

IκBα becomes slow and sustained. Alternatively, the transcriptional activity of NFκB1 and 

NFATc1 prevents the apoptosis of pre-osteoclasts and drives osteoclast differentiation.183 

ROS can cause the oxidative inactivation of the catalytic cysteine of UBC12 (ubiquitin-

conjugating enzyme E2 M), a critical control point in the ubiquitin-proteasome system which 

could indirectly influence the degradation of IκBα and prevent NFκB1 activation.189 In the 

MCF-7 breast cancer cell line, ROS is required for the NIK-mediated phosphorylation of 

IKKα but not IKKβ, which implicates ROS in the noncanonical NFκB signaling pathway.113 

Furthermore, MEKK1 (MAPK kinase kinase 1), a kinase upstream of IKK, is a redox-

sensitive kinase that is inactivated by S-glutathionylated at cysteine-1238, which could 

potentially be a link to ROS inactivation of IKK in some cells.190 The effects of ROS on 

NFκB signaling are heterogeneous and is likely related to how NFκB signaling is “wired” 

and activated in different cell types. 

In osteoclasts, the RANKL-dependent activation of IKKβ and IκBα phosphorylation is 

prevented by the antioxidants NAC and glutathione, which also relates to the suppression the 

canonical NFκB activation.191 TNFα is a proinflammatory cytokine that can, to a lesser 

extent, induce osteoclastogenesis and activate NFκB1.136 In contrast to RANKL, the TNFα-

dependent activation of NFκB1 was not affected by antioxidants. Fitting into this 

observation, it was demonstrated that TNFα-induced osteoclast formation does not rely on 

IKKα, such that IKKα-/- osteoclast precursors that could not respond to RANKL could still 

form osteoclasts in the presence of TNFα.192 Therefore, ROS likely targets IKKβ and the 
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phosphorylation of IκBα during osteoclast differentiation, while its role in the noncanonical 

pathway is still understudied. 

Meanwhile, in yet another dimension of regulation, the NFκB pathway also can influence the 

ROS levels by increasing expression of antioxidant proteins such as SOD1,193 SOD2,194 

TRX1/2,194 GSH peroxidase, GSH S-transferase),195 MT3 (metallothionein-3),196 NQO1 

(NADPH dehydrogenase [quinone] 1)197, HO-1 (heme oxygenase-1)198, and FHC (ferritin 

heavy chain)189. The list of antioxidant genes targeted by NFκB is very extensive and has 

been summaralily reviewed by Morgan and Liu.199 

Figure 1.6 Canonical and non-canonical NFκB signaling induced by RANKL and TNF 

(Boyce et al., 2015)136 
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1.3.5. Mitogen-Activated Protein Kinases 

The MAPK family consists of ERK1/2 (extracellular signal-related kinases 1 and 2), JNK (c-

Jun N-terminal kinase), p38 (p38 kinase), and ERK5.174 MAPK pathways are organized into 

three-tiered phosphorylation cascades consisting of three molecules: MAPK, MAPK kinase 

(MAPKK or MEK), and MAPKK kinase (MAPKKK or MEKK) (Figure 1.7) In this 

phosphorelay chain, MEKK initiates by phosphorylating and activating MEK, which in turn 

dually phosphorylating the serine and threonine residues of the conserved TXY motif present 

in MAPKs, including ERK, JNK, and p38.200 Conversely, the activity of MAPKs are 

countered by dual-specificity phosphatases (DUSPs) that dephosphorylate TXY motifs.201 

Generally speaking, MAPK signaling activated by M-CSF is mainly involved in the 

regulation of osteoclast precursor proliferation, whereas RANKL-dependent MAPK 

signaling mediates osteoclast differentiation.202 The activation of MAPKs by M-CSF or 

RANKL differ in the extent and duration of ERK, p38, and JNK phosphorylation. M-CSF 

triggers a monophasic response whereas RANKL can induce a second wave of MAPK 

activation that coincides with the onset of osteoclast differentiation.203 This evidence points 

to a selective control of MAPKs in mediating proliferation versus differentiation decisions in 

osteoclast precursors. These MAPK cascades induce the activation of downstream targets 

such as CREB (cAMP response element-binding protein), c-Fos, AP-1 (activator protein-1), 

and MITF (microphthalmia-associated transcription factor) to initiate the trancriptional 

program for osteoclast differentiation.204 
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In the initiation of RANKL-dependent signaling, TRAF6 is recruited to RANK and forms a 

signaling complex containing TAK1 (TGF-β-activated kinase 1) and TAB (TAK1-binding 

protein) to activate three MAPK pathways that involve ERK, JNK, and p38.205 M-CSF can 

also activate MAPK signaling. The c-Fms cytoplasmic tail becomes autophosphorylated and 

interacts with Grb2, activating the Ras/Raf pathway. The GDP bound Ras is converted to 

GTP that in turn activates Ras which recruits cytoplasmic Raf (MEKK) to the cell membrane 

for activation. Activated Raf phosphorylates MEK1/2, which then phosphorylates ERK1/2 

that translocate to the nucleus to activate its target transcription factors.206 In osteoclast 

precursors, two ERK forms, ERK1/2, and three JNK isoforms, JNK1/2/3, are mainly 

involved in osteoclast precursor proliferation and osteoclast apoptosis, respectively.202 

Although ERK5 remains relatively understudied, recent studies show that M-CSF, but not 

RANKL, can induce the MEK5/ERK5 pathway to mediate osteoclast differentiation.207 

Additionally, the targeted deletion of ERK5 in mouse prostate is associated with increased 

osteoclast activity, trabecular bone loss, and spinal deformities.208 Being that bone is the most 

common site of prostate cancer metastasis and is associated with significantly higher 

mortality rates,209 advancements in ERK5 function should be closely monitored. Among the 

four isoforms of p38 (α, β, γ, and δ), p38α is highly expressed in osteoclasts.210 As a notable 

example, p38α was recently found to regulate proliferation and differentiation of osteoclast 

progenitors in an age-dependent manner.211 In low cell density cultures, p38α deficiency 

promotes osteoclast differentiation, whereas in high cell density cultures, p38α deficiency 

mildly inhibits osteoclast differentiation. Furthermore, the MAPK is highly activated in 

monocytes of older mice (6 months) as compared to young mice (2.5 months) and p38α 

deficiency resulted in the expansion of bone marrow monocyte pool that was more 

pronounced in older mice. The many branches of MAPK signaling therefore regulate diverse 
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aspects of osteoclast differentiation and have vital roles in physiological and pathological 

bone remodeling. 

Aside from the physiological activators of osteoclast differentiation, MAPKs integrate a wide 

variety of extracellular stimuli and serve as signaling hubs in eukaryotics cells.212 

Subsequently, factors that can stimulate MAPK signaling, which include include growth 

factors, inflammatory cytokines, and toll-like receptor agonists typically augment osteoclast 

formation and play a role in pathogenic bone loss. As examples, ERK activation by 

inflammatory cytokines (e.g. IL-1, -6, and -34) positively regulates osteoclastogenesis.202 and 

plays a role in pathogenic bone loss. MIP-1α (macrophage inflammatory protein-1α) secreted 

by multiple myeloma cells induces osteoclast differentiation by activating the MEK/ERK/c-

Fos pathway.213 Lipopolysaccharide (LPS), a prominent pathogenic factor in inflammatory 

bone disease, induces osteoclast formation by activating the JNK/STAT3/NFATc1 pathway 

via the generation of ROS as second messengers.214 

The MAPK species JNK, ERK, and p38 have been shown to be redox regulated in several 

tissues and cell types. For example, JNK and p38 can be by activated by H2O2 in perfused rat 

hearts and ERK was activated by superoxide in vascular smooth muscle.215 In professional 

secretory cells such as the endocrine pancreas, NOX enzymes are involved in stimulated 

insulin secretion and excess ROS increases oxidative stress and loss of function.216 ROS and 

p38 MAPK mediate LPS-induced cleavage of membrane TNF to its soluble form on primary 

human monocytes.217 In osteoclasts, precursors pretreated with antioxidants then induced 

with RANKL had decreased phosphorylated forms of MAPK.156,191 Conversely, exogenous 

H2O2 alone was able to activate the MAPK in a dose-dependent manner and NOX1-mediated 

ROS production is essential for RANKL-dependent activation of JNK and p38α, but not 
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ERK1/2.156 Although the ROS is clearly required for MAPK signaling in osteoclasts, the 

precise mechanism is undetermined. In the context of tissue injury and inflammation, ASK1 

(apoptosis signal-regulating kinase 1) is a member of the MEKK family and activates the 

MEK4/MEK7-JNK and MEK3/6-p38 pathways in response to various stressor stimuli 

including oxidative stress, TNFα, and LPS.218 Interestingly, it was demonstrated that ASK1 is 

directly bound by thioredoxin, an antioxidant protein, which inhibits the ASK1 kinase 

activity in unstimumated cells. Owing to its ROS-sensitive cysteine residues, oxidative 

conditions induce conformational changes in thioredoxin that causes the release of ASK1, 

which then becomes active.219 Based on this mechanism, it should be expected that deleting 

ASK1 in osteoclasts would inhibit JNK and p38 activation, thereby inhibiting 

osteoclastogenesis. However, histological analysis of femurs from ASK1 knockout mice 

show significantly increased osteoclast numbers.220 Additionally, since thioredoxin is an 

inhibitor of ASK1, then it should be expected that thioredoxin activity would be reduced 

during osteoclastogenesis. In contrast, previous studies have found that thioredoxin 

expression was upregulated in osteoclasts treated with M-CSF and RANKL.221,222 

Interestingly thioredoxin, contrary to its function as an antioxidant, promotes osteoclastic 

differentiation whereas other antioxidants such as glutathione peroxidase-1 or peroxiredoxin-

1 are inhibitory.222 Whether the thioredoxin/ASK1 mechanism is involved in inflammation-

induced and pathological bone loss remains to be seen. In any case, studies of thioredoxin 

and ASK1 in osteoclast differentiation thus far do not follow the mechanism of MAPK 

activation in tissue injury and inflammation, indicating other redox-related mechanisms. 

As mentioned above, DUSPs target and inactivate kinases in the MAPK phosphorelay chain 

to regulate its signaling. Importantly, the oxidation of the catalytic cysteine of protein 

tyrosine phosphatases (PTPs) leads to their reversible inactivation, and is a signficant 
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regulatory mechanism integrating phosphorylative and ROS signaling. PTPs can serve as 

oxidation sensors owing to the unique environment surrounding the catalytic pocket, wherein 

the invariant active site cysteine residue has a low pKa and is therefore highly susceptible to 

the oxidation. For the most part, this redox-mediated regulation is limited to PTPs and not 

observed in protein tyrosine kinases (PTKs). For example, this mechanism has been 

demonstrated in cancer, such that endogenous PTP1B is inactivated through reversible and 

irreversible oxidation of its catalytic cysteine in HepG2 and A431 human cancer cells, in 

which ROS are produced constitutively.223 Inhibition of NOX enzymes resulted in 

suppression of PTP1B oxidation, decrease tyrosine phosphorylation of cellular proteins, and 

inhibition of anchorage-independent cell growth.223 Therefore, ROS-dependent inactivation 

of MAPK phosphatases may be a means to enhance MAPK signaling, but research in this 

area is still quite limited. In a study, stimulation of HEK293T cells with H2O2 led to inducible 

expression of several DUSPs that were essential for determining the appropriate magnitude 

of JNK activation in response to oxidative stress.224 However, direct evidence of cysteine 

oxidation in mammalian DUSPs has not been shown. MAPKs are among the most ancient 

signaling pathways and its mechanism has been largely evolutionarily conserved in 

eukaryotes, which range from yeast, flies, plants, to mammals.225,226 Therefore, research in 

other kingdoms provide an invaluable insight to whether MAPK phosphatases are directly 

modulated by ROS. Arabidosis thaliana MAPK phosphatase (AtMKP) 2, 4, and 7 undergo 

H2O2-dependent oxidation; in AtMKP4 particularly, cysteine oxidation leads to its 

inactivation of phosphatase activity.227 Similarly, BnMPK4, the orthologue of AtMPK4 in 

Brassica napus, has been shown to be activated by H2O2, and was dependent on the cysteine-

232.228 If these findings in plants are applicable to mammalian cells, then it is very likely that 

MAPK phosphatases undergo ROS-dependent inactivation. Consequently, the relationship 
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between ROS and MAPK phosphatases points to an important regulatory mechanism in 

osteoclasts that needs to be verified. 

Figure 1.7 MAPK signaling downstream of RANK activation (Soysa et al., 2012)229 

1.3.6. Nrf2 and the Antioxidant Response Element Pathway 

Nrf2 (Nuclear factor (erythroid-derived 2)-like 2) is a transcription factor that regulates the 

cellular response to oxidative and toxic insults.230 Nrf2 binds to the cis-acting enhancer 

sequence called the antioxidant response element (ARE) and initiates transcription of a 

battery of antioxidant and phase II detoxification enzymes. Phase II enzymes catalyze the 
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metabolism and detoxification of xenobiotics, through their ability to conjugate hydrophilic 

molecules (e.g. glucoronic acid, sulfate, glycine) and increase the solubility of toxins and 

facilitate its excretion. Antioxidant and phase II detoxification enzymes under the control by 

AREs include: GSH S-transferase, NQO1, γ-glutamylcysteine synthetase, HO-1, SOD2, GSH 

reductase 1, GSH peroxidases 2 and 3, PRX I and VI, TRX, TRX reductase 1, and 

sulfiredoxin.231-233 Given the large number of cytoprotective genes governed by the Nrf2-

ARE pathway, Nrf2 is often regarded as the master regulator of stress response. 

Consequently, Nrf2 knockout mice are exceptionally vulnerable to acute and chronic 

chemical and environmental stressors, leading to oxidative damage in multiple types of 

organs which include the liver, lungs, stomach, and brain.232 Nrf2 also has important 

implications in the context of cancer, inflammation, and aging. 

Under basal conditions, Nrf2 is sequestered to the cytoplasm by its binding partner Keap1 

(Kelch-like ECH-associated protein 1). Keap1 is a cysteine-rich cytoplasmic protein that 

functions as an adaptor molecule for the Cullin-3–based ubiquitin E3 ligase, which targets 

Nrf2 for degradation by the 26S proteasome.234 As a result, Nrf2 experiences a high turnover 

rate with an approximate half-life of 10–20 minutes.235,236 It is the interaction with the 

Keap1/Cullin3 complex that maintains Nrf2 at low levels to prevent the constitutive 

activation of the stress response pathway. However, under oxidizing conditions, the increased 

level of intracellular ROS promotes the dissociation of Nrf2 and Keap1, either through 

modifications of key reactive cysteine residues on Keap1 or by kinases that phosphorylate 

Nrf2.237-240 For example, tert-butylhydroquinone (tBHQ) is the metabolic product of a 

synthesis phenolic antioxidant and covalently modifies cysteine residues on Keap1 to inhibit 

its activity.241 Additionally, kinases such as protein kinase C (PKC) and MAPKs that directly 

phosphorylate Nrf2 could promote its transcriptional activity.242,243 The release of Nrf2 from 
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proteasomal degradation allows the protein to accumulate and translocate into the nucleus, 

wherein it dimerizes with transcriptional co-factors such as small Maf proteins and CBP 

(CREB-binding protein) and bind to ARE sequences to initiate the expression of 

cytoprotective genes.230 The Keap1-mediated degradation is the primary mode of Nrf2 

regulation, but the transcription factor can also be regulated by phosphorylation, autophagy, 

an alternative catabolic pathway, transcriptional co-factors, and nuclear retention/trafficking 

mechanisms.230,244,245 Consequently, the overlapping layers of Nrf2 regulation presents an 

exceptionally dense thicket of signaling crosstalk that can be difficult to navigate. The 

mechanism of Nrf2 regulation seems to be highly dependent on cell type, and therefore 

should be carefully considered under different physiological contexts. 

In osteoclasts, ROS is conducive towards its formation and bone resorption whereas 

antioxidants are inhibitory. Therefore, it should be expected that elevated Nrf2 activity and 

increased expression of antioxidant enzymes would suppress osteoclast differentiation, and 

vice versa. In keeping with this concept, global Nrf2 knockout mice showed increased 

osteoclast numbers in distal femurs and increased osteoclast surface in lumbar vertebrae.246 

Moverover, Nrf2 deficiency promotes the RANKL-induced activation of MAPKs, c-Fos, and 

the consequent induction of NFATc1.247 Interestingly, the same study found that RANKL-

induced NFκB activation by ways of IκBα phosphorylation and degraded was unaffected by 

Nrf2 deletion. This finding contrasts Nrf2–/–mouse embryonic fibroblasts, which showed 

enhanced IKKβ activity, IκBα phosphorylation and its subsequent degradation.248 It may be 

possible that Nrf2 directly inhibits the transcriptional activity of NFκB instead of targeting its 

upstream signaling. Nrf2–/– mice with global deficiencies show reduced trabecular and 

cortical bone, along with a reduction in skeletal mechanical, although this is more likely 

attributed to reduced bone mineralization and formation by osteoblasts.246,249,250 Nrf2–/– 
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osteoblasts also have increased RANKL expression, thereby indirectly promoting osteoclast 

formation in Nrf2 global knockout mice.251 RANKL stimulation of RAW264.7 cells lowers 

their Nrf2/Keap1 ratio and leads to a decrease in the expression of ARE genes, whereas Nrf2 

overexpression elevates antioxidant expression and suppresses osteoclast 

differentiation.247,252,253 Phytochemicals such as sulforaphane, rich in broccoli sprouts, and 

curcumin, a pigment derived from turmeric, are known to activate Nrf2.254 Subtoxic levels of 

these compounds substantially activate Nrf2 and inhibits osteoclast differentiation, which 

could be rescued by the ectopic expression of a constitutively active NFATc1.247 Moreover, 

Nrf2-deficient mice are more susceptible to radiation-induced bone loss251 and in a 

rheumatoid arthritis model exhibit severe cartilage injury255. Although Nrf2 has direct and 

indirect effects on osteoclasts, it is clear that Nrf2 deficiency in vivo contributes to 

heightened osteoclastic formation and a net bone loss phenotype.246,251 

Since Keap1 has an antagonistic effect on Nrf2, it should be expected that Keap1-deficient 

conditions would lead to constitutive Nrf2 activation and inhibition of osteoclast 

differentiation. Accordingly, Keap1-deficient mice demonstrate reduced osteoclasts numbers 

in vivo but no skeletal abnormalities were observed.256 Additionally, Keap1-deficient 

monocytes/macrophages fail to upregulate NFATc1 in response to RANKL and form 

osteoclasts. The molecular mechanism of Keap1 has been validated in osteoclasts. Keap1 is 

known to directly interact with two motifs (DLG and ETGE) within a highly conserved N-

terminus domain in Nrf2.257 Therefore, ETGE peptides represent a strategy to compete with 

and block Keap1 binding.258 Interestingly, the transduction of osteoclast precursors using a 

cell-permeable ETGE petide (7R-ETGE) dose-dependently induced Nrf2 nuclear 

translocation, which led to upregulated antioxidant expression.252 7R-ETGE concomitantly 

attenuated ROS induction by RANKL and osteoclastogenesis, and the local injection of 7R-
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ETGE could ameliorate LPS-mediated bone destruction.252 The collective evidence clearly 

demonstrate the importance of the Nrf2-Keap1 axis in osteoclasts, and that RANKL-

mediated suppression of Nrf2 acts through both a transcriptional mechanism and post-

translational mechanism that is accomplished via Keap1. Although the downregulation of 

Nrf2 mRNA is consistently observed, the mechanism of its transcriptional suppression is 

unknown. 

More than 30 human genes have been validated to be dependent on Nrf2, and chromatin 

immunoprecipitation (ChIP)-seq studies have identified up to 242 Nrf2-bound genomic 

regions, the majority of which contain ARE sites.259 The transcriptional regulation of ARE-

dependent genes is well characterized, but the understanding of how Nrf2 itself is 

transcriptionally regulated is paltry by comparison. It was demonstrated that Nrf2 could 

engage in autoregulation by directly binding ARE-like sequences in its own promoter in 

response to chemopreventive agents.260 Additionally, the Nrf2 promoter was found to contain 

several xenobiotic response element (XRE)-like elements.261 Aryl hydrocarbon receptor 

(AhR) is a ligand-activated transcription factor that binds to XREs to transactivate the 

expression of Phase I and II metabolizing enzymes consisting of CYP (cytochrome p450) 

1A1, CYP1A2, CYP1B1, NQO1, ALDH3A1 (aldehyde dehydrogenase 3A1), UGT1A2 

(UDP-glucoronyltransferase 1A2) and GSTA1.262,263 The presence of XRE-like sequences in 

the Nrf2 promoter and an overlapping set of target genes supports the cooperative role 

between AhR and Nrf2 in response to xenobiotic stress. However, a comparison of the 

osteoclast and skeletal phenotype in AhR–/– and Nrf2–/– show diametrically opposed 

outcomes. AhR–/– mice with systemic or osteoclast-specific deficiencies in AhR expression 

exhibit increased bone mass with decreased bone resorption.264-266 Furthermore, AhR 

expression is upregulated by RANKL, which precedes the expression of signature osteoclast 
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genes such as CATK and NFATc1.267 Additionally, osteoclast precursors derived from AhR– 

/– mice show impaired RANKL-dependent phosphorylation of Akt, MAPK, and NFκB. and 

increased bone resorption in mice overexpressing constitutively activated AhR.268 It is not 

known whether AhR plays a similar role in regulating intracellular ROS, but it is clear that 

Nrf2 and AhR have divergent roles in osteoclast differentiation and skeletal homeostasis. 

Therefore, despite the presence of XRE-like elements in Nrf2, the transcriptional regulation 

of the factor is unlikely to rely on AhR action. At the present, the mechanism of Nrf2 

transcriptional suppression is a significant gap in knowledge, even though it represents an 

important mechanism in osteoclastogenesis. 

Figure 1.8 Nrf2 degradation through the Keap1-proteasome and autophagy pathways. 

1.4. REGULATOR OF G PROTEIN SIGNALING 12 
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G-protein-coupled receptors (GPCRs) represent one of the largest and most diverse groups of 

proteins in the genome.269 GPCRs represent an exceedingly important class of druggable 

targets, so much so that an estimated 40% of therapeutics on the market today target GPCRs. 

In recognition of its the significance, the discovery of our understanding of GPCRs has been 

the subject of the 2012 Nobel Prize in Chemistry awarded to Professors Robert Lefkowitz 

and Brian Kobilka.270 GPCRs regulate all aspects of cell and organ physiology by sensing 

extracellular stimuli that include, but is not limited to: growth factors, cytokines, hormones, 

neutransmitters, light, and phospholipids.271-273 When activated, GPCRs activate the 

heterotrimeric G proteins (Gαβγ) to initiate downstream signaling events, thereby 

transmitting extracellular stimuli into intracellular signaling.269 At rest, the Gαβγ complex is 

coupled to the cytoplasmic tail of cell surface receptors and in the inactive state, the Gα 

subunit is GDP-bound. Upon ligand binding, receptors activate and catalyze the GTP–GDP 

exchange on the Gα subunit. The active Gα-GTP has reduced affinity for the receptor and 

Gβγ; consequently, Gα-GTP and Gβγ dissociates to interact with effector proteins for 

signaling transduction. The duration of signaling by heterotrimer proteins is governed by the 

intrinsic GTPase activity of the Gα subunit. Upon hydrolysis of GTP to GDP, Gα-GDP 

reassociates with Gβγ to terminate signaling and reset GPCRs for future activations. 

Therefore, heterotrimeric G proteins are considered the molecular “on-off” switches in 

signaling transduction pathways mediated by GPCRs. 

Gα protein signaling is self-limiting due to their intrinsic GTP hydrolysis activity, but it was 

noted that the rate of GTP hydrolysis by purified Gα proteins in vitro was significantly 

slower than in cells, hinting the requirement of co-factors that catalyze this reaction.274,275 

RGS (regulator of G protein signaling) proteins fill in this missing piece of the puzzle. As 

implied in their names, RGS proteins control the off rate of G protein signaling by 
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functioning as GTPase-activating proteins (GAPs) for Gα subunits.269 Therefore, RGS 

proteins are important in their ability to regulate the lifetime of GPCR signaling events. 

The RGS family is comprised of 20 canonical RGS proteins (Figure 1.9) catageoried into 

four subfamilies (R7, R12, RZ, and R4), and 19 RGS-like proteins that are placed into 

another five subfamilies (RA, GEF, GRK, SNX, and D-AKAP2).272,276-278 All canonical RGS 

proteins share a conserved RGS domain which enhances the GTPase activity of Gα 

proteins.279 However, it has recently brought to attention that certain RGS proteins, notably 

those in the R7 and R12 family (Figure 1.9), possess accessory domains that engage in a wide 

diversity of signaling pathways, thereby introducing noncanonical roles of RGS proteins.276 

In particular, RGS12 is the largest protein in the RGS family and is comprised of six 

domains. In addition to its canonical RGS domain, RGS12 contains accessory domains which 

include: PDZ (PSD-95/Dlg/ZO1); PTB (phosphotyrosine-binding); two tandem RBDs (Ras-

binding domains); and a GoLoco motif (Figure 1.10).272,276 Its large and multidomain 

structure is indicative of its function as a scaffolding protein that can integrate the signaling 

of multiple pathways, which is discussed below. 
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Figure 1.9 Phylogenic tree of the human RGS protein family. Protein domains are indicated 

by color: blue RGS are regulator of G protein signaling domains; green DEP are disheveled 

EGL10-Pleckstrin homology domains; yellow GGL are G protein γ subunit-like domains; 

pink R1 and R2 are Ras/Rap-binding domains; orange G are G protein regulator motifs; and 

lavender PTB is phosphotyrosine binding domain  (Squires et al., 2018)276 
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Figure 1.10 Protein structure of RGS12. Numbers below denote the range of amino acids 

that correspond to each domain. Not drawn to scale. PDZ, PSD-95/Dlg/ZO1; PTB, 

phosphotyrosine-binding; RGS, regulator of G protein signaling; RBD, Ras-binding domain. 

The discovery of RGS12 more than 20 years ago can be credited to Professor David P. 

Siderovski, whose initial studies found that rodent RGS12 transcript levels were abundant in 

the brain and lung, and have lower levels in the testis, heart, and spleen.281 A follow-up study 

of human RGS12 transcripts revealed four splice variants—two large isoforms (6.3 and 5.7 

kb) and two small isoforms (3.7 and 3.1 kb)—that are specific to various tissues.280 The large 

isoforms are most highly expressed in the testis, ovary, spleen, cerebellum, and caudate 

nucleus; whereas the smaller isoforms were more abudant in the brain, kidney, thymus, and 

prostate. To complicate matters further, another group later identified up to 12 human RGS12 

isoforms that arise from alternative splicing.281 Our own work has also identified three 

putative RGS12 proteaforms that arise from the proteolytic cleavage of the full-length protein 

(unpublished data). For simplicity’s sake, RGS12 in this review refers to the full-length 

isoform unless noted otherwise. Since its initial discovery, RGS12 expression has also been 

identified to be in the human placenta281, elevated in pathological cardiac hypertrophy282, and 

upregulated during the differentiation of osteoclasts283 and osteoblasts284. Furthermore, 

RGS12 plays significant roles in a variety of human diseases. In the context of cancer, a 

single nucleotide polymorphism in the RGS12 gene has been linked with the survival of non-

small cell lung cancer patients.285 Additionally, RGS12 has been identified as one in a set of 

five biomarkers predictive of breast cancer risk.286 RGS12 may also have a role in tumor 

suppression of African American prostate cancer, since lower gene expression is associated 

with higher incidences of cancer.287 In other pathological conditions, RGS12, through 

activation of MEK/ERK signaling, plays a pivotal role in pathological cardiac hypertrophy 
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and heart failure.282 Additionally, genome-wide association studies identified an RGS12 loci 

associated with tuberculosis susceptibility.288 In the context of drug addiction, RGS12 can 

regulate psychostimulant-induced increases in dopamine levels in the brain.289 And last but 

not least, based on the essential role of RGS12 in osteoclasts and osteoblasts, the gene is 

likely involved in diseases of pathological bone loss and skeletal aging. Therefore, RGS12 is 

an exceptionally complex gene with seemingly innumerable isoforms and diverse tissue 

specificity that no doubt contributes to its pleiotrophic nature. 

Similar to the RGS domain, the GoLoco motif is another Gα-regulatory domain. GoLoco 

cooperates with the RGS domain to inhibit Gα signaling but through a slightly different 

mechanism. While RGS binds active Gα-GTP, the GoLoco motif binds inactive Gα-GDP and 

through its guanine dissociation inhibitor (GDI) activity prevents GDP release, thereby 

suppressing Gα activation.290 Interestingly, the GoLoco motif also participiates in a 

noncanonical function to regulate subcellular localization and membrane attachment of 

RGS14 in epithelial and neuronal cells.291,292 Similarly, certain splice variants of human 

RGS12 exhibit selective subcellular and subnuclear distribution, though it is unclear whether 

GoLoco is responsible.281 It should be noted that RGS14 shares the most homology with 

RGS12 within the RGS family, and is a large protein that includes the tandem RBD1/2 and 

the GoLoco motif. However, RGS14 has not been reported to play a role in the skeleton, 

likely because its tissue expression may be restricted to the brain, lung, and spleen.293 

Among the RGS12 splice variants, the longest of which (called trans-spliced, RGS12-TS) 

contains the N-terminal segment with the PDZ and PTB domains.281 PDZ domains represent 

the most common protein-protein interaction domains and are typically found in scaffold 

proteins, which through their multitude of domains allows them to interact and hold structural 
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and signaling proteins in close proximity.294 It is thought that the 3D structure of the PDZ 

domain is especially suited for binding to the distal regions of receptor C-terminal tails, 

notably those of GPCRs and ion channels.294-296 The RGS12 PDZ domain has been 

demonstrated to interact with the interleukin-8 receptor (CXCR2) tail and the RGS12 C-

terminus in vitro.280 Therefore, it seems that the RGS12 PDZ domain is no exception to the 

behavior of other PDZ-containing proteins, although the functional significance of these 

particular interactions is not known. 

The PTB domain binds phosphotyrosines, and one report demonstrated that the PTB domain 

of RGS12 was shown to attenuate platelet-derived growth factor (PDGF)–induced 

phosphorylation of ERK.297 In another report, RGS12 is recruited to the tyrosine-

phosphorylated N-type Ca2+ channel (CaV2.2) in neurons, and that recombinant proteins 

containing the PTB domain alone could modulate channel activity.298,299 Similarly, our 

previous work in osteoclasts show that RGS12 could interact with the N-type Ca2+ channel 

through its PTB domain and modulate Ca2+ influx and RANKL-induced Ca2+ oscillations.283 

It should be noted that RGS10 and RGS12 are prominently induced by RANKL and are both 

expressed in osteoclasts.283,300 RGS10 is a small, simple RGS protein that lacks all the the 

accessory domains in RGS12, and without a PTB domain, does not interact with N-type Ca2+ 

channels.283 However, the loss of RGS10 in osteoclast precursors could still impair Ca2+ 

oscillations and differentiation.283 RGS2 and RGS3 are other small RGS proteins; RGS12 

simply contains an RGS domain, whereas RGS3 also contains a membrane-targeting C3 

domain and a PDZ domain.301 However, RGS2–/– mice show increased frequency of Ca2+ 

oscilliations in the pancreatic acinar cells.283,300 Likewise, RGS3 promotes Ca2+ oscillatory 

behavior during muscarininc acetylcholine receptor 3 activation.302-306 Therefore, the 

evidence collectively indicate that RGS12 regulates osteoclast differentiation through the 
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activation of PLCγ, Ca2+-oscillations, and NFATc1,283,307,308 but whether its interaction with 

the CaV2.2 channel is essential needs to be confirmed. Thus far, the common denominator 

between RGS2, RGS3, RGS10, and RGS12 in their ability to regulate Ca2+ oscillations is the 

RGS domain. 

Like PDZ and PTB, the RBD domain also participates in protein-protein interactions. In the 

nerve growth factor (NGF)-induced differentiation signaling of glial cells, RGS12 serves as a 

scaffolding protein for a downstream signaling complex.309 Specifically, RGS12 through its 

tandem RBD domains interacts with H-Ras and is required to organize a signaling complex 

of TrkA, H-Ras, B-Raf, MEK, and ERK to prolong MAPK signaling. Interestingly, the 

RGS12 paralogue RGS14 is reported to interact with Rap GTPase isoforms to regulate 

MAPK signaling,310-312 but no interaction of RGS12 with Rap1A, Rap1B, or Rap2B was 

observed.309 Continuing along the lines of MAPK signaling, our recent work identified that 

the loss of RGS12 in osteoblast precursors inhibited ERK phosphorylation and prevented 

osteoblast differentiation.284 Taken together, previous studies indicate that it may be possible 

for RGS12 to regulate MAPK signaling through upstream signaling complexes. 

In keeping with the theme of this review, in that ROS hold a critical role in osteoclasts, RGS 

proteins have been demonstrated to regulate ROS, and vice versa. Of note, RGS6 functions 

canonically to negatively regulate Gαi/o proteins, but has also been recently shown to promote 

ROS generation through noncanonical functions. RGS6 is involved in ROS-dependent 

cardiomyopathy induced by the chemotherapy drug doxorubicin313 and promotes ROS 

generation and ROS-mediated apoptosis in cancer cells314. Interestingly, RGS6-induced 

apoptosis does not require its GAP activity toward G proteins.314 Moreover, RGS6 has been 

demonstrated to exacerbate alcohol-mediated toxicity in the heart, liver, and gastrointestinal 
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tract.315 An examination of the RGS6 structure shows that, in addition to the conserved RGS 

domain, the protein contains a DEG (disheveled EGL10-pleckstrin homology domain) and a 

GGL (G protein γ subunit-like) domain (Figure 1.9), which may be responsible for its 

noncanonical function. Supporting the role of RGS6 in promoting ROS, other studies have 

found that RGS6 deletion was associated with reduced Nrf2 mRNA levels, hinting that 

RGS6-dependent regulation of ROS may rely on the transcriptional suppression of Nrf2.316 In 

a separate line of evidence, G proteins also demonstrate the ability to regulate Nrf2. The Gα12 

and Gα13 subunits (not targeted by RGS6) could function as conditional switches to regulate 

Nrf2 phosphorylation and protein stability in embryo fibroblasts.243 Specifically, Gα12/13 is 

required for the JNK-dependent ubiquitination of Nrf2, a prerequisite for its degradation via 

the 26S proteasome. Additionally, PKCδ is responsible for Nrf2 phosphorylation at its serine 

residue, which is required for Nrf2 activation.317 In this manner, Gα13 promotes PKCδ 

243 Aactivation and the phosphorylation of Nrf2, which is negatively balanced by Gα12. 

significant mechanistic overlap is observed in cardiac fibroblasts, wherein angiotensin II 

stimulates the nuclear translocation and activation of NFAT4 by integrating the activation of 

Gα12/13, Rac, NADPH oxidase, and JNK.242 Importantly, the Gα12/13-mediated ROS 

production is essential for NFAT4 transcriptional activation, but whether Nrf2 is involved in 

this process was not covered in the study. Lastly, current literature also supports the effect of 

ROS on the Gα-RGS axis. RGS2, which may be associated with anxiety and panic disorders 

in mice and humans,318-320 was found to be elevated by H2O2 treatment in neuronal cells.321 

Interestingly, the same study detected RGS12 expression in neuronal cells, although it was 

not responsive to ROS treatment. And what is more, exposure of purified Gαo to H2O2 causes 

enhanced binding of a GTP analog and subunit dissociation in a manner not reversible by the 

antioxidant NAC.322 Ultimately, RGS and G proteins have an exceptionally compelling case 
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for their roles in regulating ROS. Granted the significant intersection between RGS12 and 

ROS in osteoclast signaling, our investigation focused on uncovering their relationship. 
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1.5 HYPOTHESIS, RATIONALE, AND SPECIFIC AIMS 

Main Hypothesis: RGS12 regulates osteoclast formation by promoting RANKL-dependent 

ROS and its associated signaling pathways. 

AIM 1: Determine the fidelity between the BMM and RAW264.7 cell models of osteoclast 

differentiation through a quantitative comparison of their proteomes. 

Sub-Hypothesis: The vastly different origins of BMMs and RAW264.7 cells contribute to 

functional differences as osteoclasts. 

Rationale: RAW264.7 is an immortalized macrophage-like cell line that can form osteoclasts 

in the presence of RANKL.323 This established cell line has been instrumental in osteoclast 

research by overcoming various inherent limitations of primary BMMS, such as the fact that 

primary osteoclasts are notoriously impermeable to transfection or transduction of retroviral 

vectors.324 Despite the extensive use of RAW264.7 cells over the past 40+ years in 

macrophage/osteoclast research, surprisingly few studies have sought to characterize and 

compare them to the primary BMMs. A key trait that distinguishes RAW264.7 cells from its 

primary cell counterpart is its lack of a requirement for M-CSF to survive and proliferate, and 

form osteoclasts.325-328 Fundamental differences clearly exist, but its functional significance 

remains unclear. Therefore, it is not known whether osteoclasts derived from RAW264.7 

cells can wholly replicate the behavior of the primary BMMs. To address this important gap 

in knowledge, we deployed a proteomics approach to characterize the global protein changes 

during osteoclast differentiation. 
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Aim 1.1: Analyze and compare the proteomes of osteoclasts derived from RAW264.7 cells 

and primary BMMS. The proteomes of osteoclasts from RAW264.7 cells and BMMs were 

analyzed at 0, 1, 3, and 5 days of differentiation, which quantified 3,148 proteins shared 

between both datasets and at all time-points, thereby allowing direct comparisons of protein 

levels. Within the shared dataset, ~850 unique proteins were up- or downregulated as part of 

the functional reprogramming during osteoclast differentiation. RANK-dependent signaling 

was deemed intact between the two osteoclast models, evidenced by positive correlation of 

proteins involved in canonical osteoclast signaling. However, a comparison of the overall 

proteomes demonstrated low concordance between the two cell models. 

Aim 1.2: Identify functional differences between the two osteoclast models through gene 

ontology and bioinformatics analysis. The proteomics data was analyzed the unsupervised 

fuzzy c-means clustering analysis to highlight temporal patterns of protein expression. The 

clusters were further analyzed by gene ontology analysis to determine the biological 

functions associated with the trends of expression. It was found that proteins associated with 

RANK-dependent signaling were intact between BMMs and RAW264.7 cells; however, 

biological processes known to be dependent on M-CSF were significantly divergent, 

including cell cycle control, cytoskeletal organization, and apoptosis. 

Aim 1.3: Characterize and compare cell apoptosis and M-CSF-dependent signaling in 

osteoclasts derived from BMMs versus RAW264.7 cells. The rate of osteoclast formation 

were comparable between the two osteoclast models, but BMMs supported a disportionately 

higher number of large (≥10 nuclei) osteoclasts at the terminal phase of differentiation. 

RAW264.7 osteoclasts showed extended lifespans as compared to its BMM counterpart in 

vitro. RAW264.7 cells were more resistant to apoptosis induced by the removal of M-CSF 
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and RANKL, demonstrated by more viable osteoclasts and significantly lower percentage of 

TUNEL+ nuclei. RAW264.7 cells exhibited constitute phosphorylation of Akt and Erk1/2. 

BMMs and RAW264.7 cells demonstrate different timings and intensities of Akt and Erk1/2 

activation in response to M-CSF/RANKL. 

Result: RANK-dependent signaling is intact in RAW264.7 cells, but profound discrepancies 

were observed in c-Fms-dependent signaling which is important for osteoclast survival and 

cytoskeletal reorganization. 

AIM 2: Elucidate the role and mechanism by which RGS12 regulates osteoclast 

differentiation. 

Sub-Hypothesis: RGS12 promotes osteoclast differentiation by regulating the Nrf2-ROS 

pathway. 

Rationale: RGS12 was previously demonstrated to promote osteoclastogenesis in bone 

remodeling and pathological bone loss, such that its deletion protected against ovariectomy 

and LPS-induced bone loss in mice.283,307,308 Additionally, RGS12 mediates the RANKL 

activation of PLCγ and Ca2+ oscillations, which leads to induction of NFATc1, the master 

regulator of osteoclast differentiation.283,308 As such, the ectopic expression of NFATc1 in 

RGS12–/– osteoclasts could rescue defective osteoclastogenesis.308 Provided the evidence 

outlined in Section 1.3.7 (Regulator of G protein signaling 12), certain proteins within the 

Gα-RGS regulatory axis have established roles in modulating ROS—and particularly Nrf2, 

the master regulator of stress response. Furthermore, ROS plays an important role in 

physiological signaling of osteoclasts and has significant contributions to disorders of 
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skeletal insufficiency, such as osteoporosis that is induced by estrogen deficiency or natural 

(estrogen-intact) aging. We therefore explored this critical intersection of Gα-RGS signaling 

and ROS in osteoclasts through a robust proteomics approach followed by characterizing a 

novel role of RGS12 in the regulation of Nrf2. 

Aim 2.1: Determine the role and mechanism of RGS12 using RGS12-deletion and 

-overexpression osteoclast models. The Cre-lox-mediated deletion of RGS12 was targeted to 

cells of the myeloid lineage (e.g. monocytes, mature macrophages, and granulocytes) via the 

lysozyme 2 gene (LysM) promoter-driven Cre recombinase expression. Conversely, RGS12 

was overexpressed in RAW264.7 cells that were stably transfected with a vector encoding the 

full-length gene. Loss of RGS12 in mice led to increased trabecular bone mass, which was 

associated with impaired osteoclast formation. RGS12 overexpression increased osteoclast 

formation and promoted cell-cell fusion, resulting in larger osteoclasts. Expression of 

dominant negative mutants of RGS12 missing either the RGS, RBD1, or RBD2 domains 

inhibited osteoclastic differentiation in RAW264.7 cells. Assessment of M-CSF-induced 

actin cytoskeletal reorganization by fluorescence imaging revealed reduced filopodia 

formation, but not lamellipodia, in RGS12–/– osteoclast precursors, whereas RGS12-

overexpressing cells exhibited increased numbers of filopodia. 

Aim 2.2: Analyze the temporal proteome changes associated with RGS12 deletion in the 

differentiation of primary osteoclasts. Proteomics analysis using the IonStar pipeline 

identified and quantified ~3,700 proteins in osteoclasts, of which 144 were significantly up-

or downregulated in RGS12–/– cells. Gene ontology analysis enriched for biological processes 

corresponding to downregulated RANK signaling and ROS production, and upregulated 

Nrf2-mediated stress response in RGS12–/– cells. Closer inspection of the proteomics data 

57 



 

 

 

 

 

  

   

  

  

  

 

 

    

  

     

   

 

    

 

   

   

identified significantly increased expression of numerous antioxidant and Phase II 

detoxification enzymes governed by Nrf2. 

Aim 2.3: Identification of RGS12 in Nrf2 activity and related signaling in osteoclasts during 

proteomics analysis. Proteomics findings were confirmed by western blotting, which showed 

elevated Nrf2 protein levels in RGS12–/– precursors. Immunofluorescence imaging 

demonstrated that loss of RGS12 led to increased Nrf2 nuclear translocation. RANKL-

induced ROS formation was abrogated in Nrf2-deficient osteoclast precursors. RANKL-

induced phosphorylation of ERK1/2 and NFκB was enhanced by RGS12 overexpression, 

which was abrogated by NAC. 

Aim 2.4: Determine the mechanism by which RGS12 suppresses Nrf2 in osteoclasts. RGS12 

function in suppressing Nrf2 protein levels was investigated by inhibiting Keap1 and the 26S 

proteasome in the canonical Nrf2 regulation pathway. Inhibition of either Keap1 or the 

proteasome using tBHQ and MG-132, respectively, prevented Nrf2 degradation and caused 

the protein to accumulate. RGS12 could suppress Nrf2 proteins levels induced by tBHQ, but 

not MG-132. Transcriptional regulation of Nrf2 was excluded based on the qPCR analysis 

showing that Nrf2 and Keap1 transcript levels were unaffected by RGS12 overexpression. 

Result: RGS12 supports osteoclast differentiation and ROS formation through the 

suppression of Nrf2 and its target antioxidant proteins. 

58 



 

 

 

 

 

 

 

 

 

 

 
    

     
  

                                                   

  
 

 
 

                  

        

CHAPTER 2 
PROTEOMIC COMPARISON OF OSTEOCLASTS 

DERIVED FROM MURINE BMMS AND RAW264.7 CELLS1 

1 Ng A, Tu C, Shen S, Xu D, Oursler MJ, Qu J, Yang S. 
“Comparative characterization of osteoclasts derived from murine bone marrow macrophages 
and RAW264.7 cells using quantitative proteomics”. 
Journal of Bone Mineral Research Plus. Published May 11, 2018. Open Access Journal.151 

Ng, A. Y. et al. Comparative Characterization of Osteoclasts Derived From Murine Bone Marrow Macrophages and RAW 264.7 

Cells Using Quantitative Proteomics. JBMR Plus 2, 328-340, doi:10.1002/jbm4.10058 (2018). 
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2.1 INTRODUCTION 

Osteoclasts are bone-resorbing cells differentiated from macrophage/monocyte precursors in 

response to M-CSF and RANKL. In vitro models are principally based on primary bone 

marrow macrophages (BMMs), but RAW264.7 cells are frequently used because they are 

widely available, easy to culture, and more amenable to genetic manipulation than primary 

cells. However, increasing evidence has shown that the vastly different origins of these two 

cell types may have important effects on cell behavior. In particular, M-CSF is prerequisite 

for the differentiation of BMMs, by promoting survival and proliferation, and priming the 

cells for RANKL induction. RAW264.7 cells readily form osteoclasts in the presence of 

RANKL, but M-CSF is not required. Based on these key differences, we sought to 

understand their functional implications and how it might affect osteoclast differentiation and 

related signaling pathways. Using a robust and high-throughput proteomics strategy, we 

quantified the global protein changes in osteoclasts derived from BMMs and RAW 264.7 

cells at 1, 3, and 5 days of differentiation. Correlation analysis of the proteomes demonstrated 

low concordance between the two cell types (R2 ≈ 0.13). Bioinformatics analysis indicate that 

RANKL-dependent signaling was intact in RAW 264.7 cells, but biological processes known 

to be dependent on M-CSF were significantly different; including cell cycle control, 

cytoskeletal organization, and apoptosis. RAW 264.7 cells exhibited constitutive activation 

of Erk and Akt that was dependent on the activity of Abelson tyrosine kinase, and the timing 

of Erk and Akt activation was significantly different between BMMs and RAW 264.7 cells. 

Our findings provide the first evidence for major differences between BMMs and RAW 

264.7 cells, indicating that careful consideration is needed when using the RAW 264.7 cell 

line when studying M-CSF-dependent signaling and functions. 
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The quality of research is founded upon the integrity of its models; and this principle is 

highlighted by the most infamous example wherein HeLa contaminations led to the 

invalidation of an estimated 30,000 research papers published over the decades.329 As a 

fallout from this event, the integrity of immortalized cell lines are under ever more scrutinity; 

misidentification, genetic and phenotypic shift, or Mycoplasma contamination are legitimate 

concerns raised by publishers and scientists alike. The phenotypic and functional stability of 

RAW264.7 cells is frequently discussed in literature or at various scientific discussion 

forums (e.g. ResearchGate).330 Since the population of RAW264.7 cells are genetically 

heterogeneous, they are especially susceptible to genetic drift.331-333 Certain subclones of 

RAW264.7 cells with higher osteoclastogenic potential have been identified,334,335 whereas 

some others fail to develop osteoclasts336. It was previously reported that RAW264.7 cells 

perform better after 4 passages from the time they were received from the American Type 

Culture Collection (ATCC), and lose osteoclastogenic potential at 18–20 passages.337 

Interestingly, a study of RAW264.7 stability over the course of 50 passages found that the 

expression of the transcription factors MafB and IRF8, which are known to inhibit 

osteoclastic differentiation, were elevated at passage 20.330 Lastly, unintended exposure to 

various inflammatory stimuli such as LPS or TNFα can polarize macrophages in vitro, and 

drive RAW264.7 cells to commit to the macrophage lineage and preclude osteoclast 

differentiation.338 However,  differentiated macrophages are easily distinguished by 

morphological features such as increased size and enhanced granularity.339,340 Although 

genetic drift is a common attribute in RAW264.7 cells, this problem can be easily avoided by 

thawing out new batches of cell lines before passage 18–20. More importantly, the inherent 

differences between RAW264.7 cells and BMMs is an unavoidable fact, which demands in-

depth characterization. 
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Both BMMs and RAW264.7 cells have the potential to differentiate into osteoclasts, but the 

vastly different origins of these two cell types may have profound effects on cell signaling 

and behavior. While BMMs are primary cells most frequently isolated from the marrow 

cavity of rodent long bones,341 RAW264.7 cells are a transformed macrophage-like cell line 

derived from the lymphoma of a male BALB/c mouse infected by the Abelson Murine 

Leukemia Virus (A-muLV).342,343 The retrovirus encodes an oncogenic form of the Abelson 

kinase, v-Abl, which is a fusion protein where portions of the retroviral Gag proteins 

substitute regions of the SH3 domain of c-Abl, rendering the tyrosine kinase constitutively 

active.344-348 Studies have shown that the expression of v-Abl leads to the constitutive 

activation of mitogenic signaling pathways (e.g. Ras, Jak-Stat, JNK, and PI3K), resulting in 

uncontrolled cell proliferation—a key feature of cell transformation.347 In human patients, the 

fusion protein comprised of the breakpoint cluster region (BCR) and ABL1 (BCR-ABL) 

causes chronic myeloid leukemia.349 Patients receiving inhibitors to c-Abl often show 

reduced bone turnover due to impaired osteoblast and osteoclast function.350 These inhibitors 

can directly suppress osteoclast formation and bone resorption through various mechanisms, 

including preventing M-CSF-induced phosphorylation of c-Fms.351,352 Additionally, BMMs 

prepared from c-Abl null mice show impaired osteoclast differentiation and reduced TRAP 

activity.353 c-Abl undoubtedly plays an important role in osteoclasts, but how the constitutive 

activity of v-Abl affects the behavior of osteoclasts derived from RAW264.7 cells is unclear. 

The osteoclastogenic potential of RAW264.7 cells was first demonstrated by Hsu and 

colleagues, 323 who found that RAW264.7 cells expressed RANK and could readily generate 

large, TRAP+ cells capable of resorbing bone in the presence of RANKL. RAW264.7 cells 

have since been an important cell line for bone research, due to their widespread availability, 

homogeneous nature of pre-osteoclast population (devoid of osteoblasts, lymphocytes, 
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stroma, etc.), and ease of culture and transfection for genetic manipulation.354 The 

significance of RAW264.7 cells is evidenced by the >530 publications to date that have 

employed this cell model in osteoclast studies (PubMed). Some among these studies sought 

to characterize the osteoclasts derived from RAW264.7 cells and have largely determined 

that these osteoclasts do indeed mimic their BM-derived counterpart, although some 

irregularities have raised awareness of fundamental problems that have yet to be 

rectified.331,355 Notably, multiple reports have documented that RAW264.7 cells can 

proliferate and undergo osteoclast differentiation independently of M-CSF.325-328 One study 

in particular demonstrated that RANKL augments M-CSF production in RAW264.7 cells, 

which helps to explain why exogenous M-CSF is not needed.355 Following these findings, we 

further investigated the functional differences between RAW264.7 cells and BMMs in 

osteoclast differentiation and its related signaling pathways. 

Proteomics is a powerful tool that has led to numerous discoveries of proteins and biological 

processes that drive osteoclast differentiation.356 Notably, this technique was recently used to 

map the podosome proteome and helped to advance our understanding of determinants in the 

macrophage multinucleation process.357,358 In other examples, proteomics analysis identified 

changes in the expression of proteins involved in metabolism and redirection of energy flow 

towards bone resorption in osteoclasts.150 Proteomics can therefore provide a broad yet 

informative overview of the systemic changes in the differentiating osteoclast. We employed 

a robust and high-throughput liquid-chromatography mass spectrometry (LC-MS)-based 

proteomics approach to characterize the global protein changes of osteoclasts at different 

stages of the reprogramming process. Our findings provide the first evidence that BMMs and 

RAW264.7 cells are significantly different; especially in processes related to cell cycle 
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control, cytoskeletal organization, and apoptosis. These results warrant careful consideration 

when using the RAW264.7 cell line for studying M-CSF-dependent signaling and functions. 

2.2 METHODS 

Materials 

The pGEX-4T-1-rRANKL vector was a generous gift from Dr. Steven Teitelbaum that 

encodes the GST fusion construct containing the biologically active extracellular domain of 

RANKL (GST-RANKL).359,360 The plasmid was transformed into and expressed in a 

modified E. Coli strain Origami B(DE3) cells (EMD Millipore, Billercica, MA, USA) that 

co-expresses chaperone proteins and was generously provided by Dr. Ding Xu. The GST-

RANKL fusion protein was purified using a BioScale Mini Profinity GST cartridge (Bio-

Rad, Hercules, CA, USA) and a subsequent size-exclusion chromatography step. Endotoxins 

were removed using the Pierce High Capacity Endotoxin Removal Resin (Thermo Fisher 

Scientific, Waltham, MA, USA). GNF-2 was obtained from Selleck Chemicals (Houston, 

TX, USA). 

Isolation of Primary Bone Marrow Cells 

Bone marrow cells were obtained from the tibia and femur of 8-week-old C57BL/6J mice as 

described previously.283 All studies and procedures performed on mice were approved by the 

University at Buffalo Institutional Animal Care and Use Committee. 
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Cell Culture & Osteoclast Differentiation 

The RAW 264.7 cell line was obtained from the American Type Culture Collection (ATCC). 

RAW 264.7 cells and BMMs were cultured in αMEM containing 10% fetal bovine. BMMs 

and RAW 264.7 cells were treated with M-CSF and RANKL for 0, 1, 3, and 5 days. The 

method for generating osteoclasts in vitro from BMMs was described previously.341 

Reverse Transcription and Quantitative PCR 

Total RNA was isolated from cells using Trizol reagent (Invitrogen) following 

manufacturer’s instructions. cDNA was reverse transcribed from 1 µg total RNA using the 

RNA to cDNA EcoDry Premix kit (Clontech, Palo Alto, CA, USA). Primer sequences were 

designed using Primer BLAST 361 and purchased from Integrated DNA Technologies (San 

Diego, CA, USA). The primer sequences are listed in Supplemental Table 1. All PCR 

reactions were normalized to the housekeeping gene Hprt.362 qPCR analysis was performed 

using the 2x SYBR Green qPCR Master Mix (Bimake, Houston, TX, USA) according to 

manufacturer’s instructions. Data analysis of gene expression was performed using the CFX 

Maestro software (Bio-Rad). 
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Table 2.1. Primers used for the detection of v-Abl by RT-PCR in Chapter 1. 

Protein Extraction and Precipitation/ On-Pellet Digestion 

Cells were harvested using ice-cold lysis buffer (50 mM Tris-formic acid, 150 mM NaCl, 

0.5% sodium deoxycholate, 1% SDS, 2% NP-40, pH 8.0) with protease inhibitor (cOmplete, 

Mini, EDTA-free; Roche, Mannheim, Germany). Samples were prepared for MS analysis 

using a previously established method.363 

Liquid Chromatography-Tandem Mass Spectrometry Analysis 

The “IonStar” LC-MS experimental pipeline was developed and optimized in a previous 

study.363 Details can be found in the Supplemental Methods. 
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Protein Identification and Quantification 

A stringent set of criteria including a low peptide and protein false discovery rate (FDR) of < 

1% and ≥2 peptides per protein was used for protein identification. An ion current-based 

quantification method (IonStar processing pipeline) was described previously.363 

Bioinformatics Analysis 

Ingenuity Pathway Analysis (Qiagen, Redwood City, CA, USA) and InnateDB 364 was used 

to perform gene ontology (GO) term analysis. Hierarchical clustering analysis and heat map 

visualization were performed using the heatplot function in R Package made4. Fuzzy C-

means clustering was performed using the cmeans function in R Package e1071, and the 

results were visualized using the R package ggplot2 and viridis color palette. 

Western Blot 

Cells were cultured in 6-well plates in complete medium and pretreated with GNF-2 in 

serum-free medium for 3 hours before induction with either M-CSF (100 ng/mL) or RANKL 

(200 ng/mL) for the indicated times. BMMs and RAW 264.7 cells were treated with 2 µM 

and 5 µM GNF-2, respectively. Western blot was performed as described previously.365 The 

primary antibodies used in this study were as follows: rabbit polyclonal phosphorylated Akt 

(Thr308) (1:1000, Cell Signaling Technology), rabbit monoclonal Akt (pan) (1:1000, CST), 

rabbit polyclonal Erk1 (Thr202/Tyr204) + Erk2 (Thr186/Tyr187) (1:100, Abcam), rabbit 

polyclonal Erk1/2 (1:1000, CST), and rabbit monoclonal Gapdh (1:2000, CST). 

Statistical Analysis 

The proteomics data are representative of three biological replicates (mice) for BMMs and 

five replicates for RAW 264.7 cells, for each time-point of osteoclast differentiation (Days 0, 
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1, 3, and 5). Fold-change values at each time-point were normalized to Day 0 (un-induced) 

and analyzed by two-tailed Student’s t test. Proteins demonstrating >0.5 log2(fold-change) 

and p-values <0.05 were considered statistically significant. Quantitative data are presented 

as means ± SD from at least three independent experiments and were analyzed using two-

tailed Student’s t-test. A p-value of <0.05 was considered statistically significant. 

2.3 RESULTS 

Characterization of the temporal proteome during osteoclast differentiation 

Proteomics analysis identified 3,498 and 5,566 quantifiable proteins in the BM- and 

RAW264.7-derived osteoclasts, respectively, with no missing data at all time-points (1, 3 and 

5 days after RANKL induction) (Figure 2.1A). 3,148 proteins were shared between both 

datasets, thereby allowing direct comparison of the protein expression levels (Figure 2.1B). 

Within this shared dataset of proteins, we identified 1,614 unique (non-redundant) proteins 

that were significantly altered by M-CSF/RANKL in at least one time-point relative to Day 0. 

Proteins are considered significantly altered if they exceed the thresholds set at p-value <0.05 

and >0.5 log2-transformed ratio (Figure 2.1C). To determine whether the total protein 

quantities across the time-points were equivalent, we assessed the relative abundance of 

housekeeping proteins traditionally used as western blotting internal controls (Figure 2.1D). 

A previous study by Stephens et al., examined the stability of a set of housekeeping genes, 

including β-actin (Actb), glyceraldehyde 3-phosphate dehydrogenase (Gapdh), β2-

microglobulin (B2m), and hypoxanthine-guanine phosphoribosyltrasnferase (Hprt) by qRT-

PCR. They determined that B2m showed the least variability while Gapdh showed the 

highest variability in BM-derived osteoclasts.362 When using the same criteria for 
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determining significantly altered proteins in the full dataset, we found that no housekeeping 

proteins with the exception to B2m and Hprt were significantly altered relative to Day 0. In 

BMMs, B2m was transiently upregulated while Hprt was downregulated during osteoclast 

differentiation; none of these proteins, however, were significantly altered in RAW264.7 

cells. Because numerous studies have identified major discrepancies in the correlation 

between mRNA and protein expression levels,150,366,367 we were interested in whether 

housekeeping proteins exhibited any differences in osteoclasts. In contrast to the findings by 

Stephens et al., we observed that Gapdh levels were consistent throughout osteoclast 

differentiation in BMMs, whereas B2m and Hprt were not, indicating that these two proteins 

may not be reliable internal controls for protein samples. In any case, the stability of common 

housekeeping proteins such as Actb, Gapdh, α- (Tuba1c), β- (Tubb4a and Tubb4b), and γ-

tubulins (Tubg1) in our dataset indicating low intergroup variation reinforces the reliability of 

the proteomics data. 

To validate the biological relevance of our proteomics data, we focused on proteins 

belonging to the canonical signaling pathways induced by RANKL and M-CSF, including 

the MAPK, NFκB, PI3K, calcium signaling, and co-stimulatory pathways (Figure 2.1E and 

F). osteoclast marker proteins, including Cathepsin K (Ctsk), ATPase H+ transporting V0 

subunit D2 (Atp6v0d2), metalloproteinase 9 (Mmp9), tartrate-resistant acid phosphatase 

(Trap), carbonic anhydrase (Cah), and integrin β3 (Itgb3) were dramatically upregulated. The 

intensities of protein expression were comparable between osteoclasts derived from BMMs 

and RAW264.7 cells, with the exception of Mmp9, which was more strongly induced in 

RAW264.7 cells. NFATc1, the master regulator of osteoclast differentiation, was also 

strongly upregulated, however, BMMs and RAW264.7 cells demonstrated slightly different 

kinetics of the protein’s expression. In BMMs, NFATc1 upregulation was only significantly 
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starting at Day 3, which was maintained through Day 5 (+1.8 and +1.8, respectively). In 

RAW264.7 cells, the peak of NFATc1 expression was at Day 1 (+2.2) which gradually 

decreased at Day 3 and Day 5 (+1.6 and +1.2, respectively). Interestingly, the different 

patterns of NFATc1 expression did not affect the expression pattern of the osteoclast marker 

proteins, which were very similar between the two cell types. In addition to NFATc1, 

RANKL activates other transcription factors important for osteoclast differentiation, 

including PU.1, c-Fos, NFκB1 (canonical NFκB) and PPARγ, which are known to be 

activated during the early phase of osteoclast differentiation 368. The proteomics data showed 

that c-Fos expression was upregulated (+1.0) at Day 1 but not at Days 3 and 5. The other 

early factors, PU.1 and NFκB1, did not show any upregulation at any of the time-points 

(Figure 2.1F). This observation outlines a constraint in our experimental design, such that our 

data does not cover the early phase response (<24 hours). On the other hand, NFATc1, 

MITF, and NFκB2 (non-canonical NFκB), which are known to function during the later 

phase of osteoclast differentiation, were strongly upregulated at the time-points captured in 

our experiment (Figure 2.1E and F). Therefore, our proteomics data provide an excellent 

coverage of signaling pathways important for osteoclast differentiation. 
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Figure 2.1. High-throughput proteomics analysis accurately maps the global protein changes 
during osteoclast differentiation. (A) Proteomics experimental design. The proteomics data 
are representative of n = 3 biological replicates (mice) for BMMs and n = 5 replicates for 
RAW264.7 cells. (B) Venn diagram summarizing the proteins that overlap between the 
RAW264.7 and BMM datasets. (C) Protein expression changes in RAW264.7 cells and 
BMMs during osteoclast development relative to Day 0. Cutoffs using p-value < 0.05 and 
log2-transformed ratio of > 0.5 were applied to determine significantly altered proteins. 
Numbers in the corners of each quadrant indicate the number of proteins that were 
upregulated (red) or downregulated (green). (D) Relative quantification of common internal 
control proteins at different time-points of osteoclast differentiation to demonstrate 
equivalence of protein amounts in each group. (E) The expression of osteoclast marker 
proteins relative to Day 0. (F) Summary of canonical pathways activated during osteoclast 
differentiation. Data are means ± SD. Statistical analysis was performed using Student’s t-test 
for each time-point against Day 0 (*p < 0.05). GO, gene ontology. 

Unsupervised clustering and correlation analysis reveals major differences in the proteomes 

of BMMs and RAW264.7 cells in the later phases of osteoclastogenesis 

To analyze the concordance between the proteome of osteoclasts derived from BMMs or 

RAW264.7 cells, hierarchical clustering analysis was performed on all proteins shared 

between both datasets (n = 3,148) (Figure 2.2A). In general, proteins that were significantly 

altered at Day 3 maintained the same direction of change (up- or downregulation) into Day 5, 

but the changes tend to become more pronounced at Day 5. This observation indicates that 

the osteoclast progenitors were fully committed by Day 3, and that the same transcriptional 

program was maintained for the remainder of the differentiation process. When assessing 

how the proteomes of RAW264.7 cells and BMMs are related, the predominant clustering 

pattern was based on cell type, followed by the timing of osteoclast differentiation (Figure 

2.2A). The expression profiles for Day 1 BMMs and RAW264.7 cells showed a moderate 

degree of similarity, demonstrated by their proximity in the left dendrogram and concordance 

in the heat map. At Days 3 and 5, however, the expression profiles for BMMs and 

RAW264.7 cells significantly diverged. A subset of proteins at Days 3 and 5 exhibited a high 
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degree of concordance (Figure 2A, black bar), but surprisingly, most proteins showed a weak 

relationship between the two cell types. Overall, our observations suggest that RAW264.7 

cells and BMMs undergo similar processes during early osteoclast differentiation but may 

have functional differences during the later phases of osteoclast differentiation. 

We performed a correlation analysis to mathematically determine the similarity between the 

expression profiles of BMMs and RAW264.7 cells during osteoclast differentiation. To 

establish the experimental “upper-limit” for which the highest correlation could be achieved, 

we selected twenty osteoclast markers for correlation analysis that included proteins 

indispensable for osteoclast formation, including nuclear NFATc1, Mmp9, Atp6v0d2, etc. 

(Figure 2.2B). Given that both BMMs and RAW264.7 cells readily differentiate into 

osteoclasts, we expected osteoclast markers to be induced similarly despite any potential 

differences between these two cell types. As expected, the expression of osteoclast markers 

was generally proportionate in both cell types, with the exception to Mmp9 and Src. Mmp9 

had a more prominent increase in RAW264.7 cells (+5.6) as compared to BM cells (+3.8) at 

Days 3 and 5. On the other hand, Src in RAW264.7 cells only showed a moderate induction 

(+1.0) as compared to BM-derived osteoclasts (+2.4). Correlation coefficients (R2) calculated 

using the Pearson method showed an increasing correlation strength with time, as evidenced 

by strong positive values of R2 = 0.7637 and 0.8155 at Days 3 and 5, respectively. When the 

same analysis was applied to all proteins shared between these two cell types (n = 3148), the 

correlations only demonstrated a weakly positive (R2 ≈ 0.13) relationship, indicating 

significant differences in the proteomes of osteoclasts differentiated from RAW264.7 or 

BMM cells, as observed in the hierarchical clustering analysis (Figure 2.2C). 
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Figure 2.2 Unsupervised hierarchical clustering and correlation analysis reveals major 
differences in the proteomes of BMMs and RAW264.7 cells. (A) Protein expression changes 
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in BMMs and RAW264.7 cells differentiated using M-CSF and RANKL for 1, 3, or 5 days. 
Heat map of all identified proteins (n = 3,148) analyzed by hierarchical clustering analysis. 
(B) Pearson correlation analysis of osteoclast differentiation marker protein expression (n = 
20) in RAW264.7- and BMM-derived osteoclasts show a strong positive correlation between 
the two cell models. (C) The same analysis applied to the entire dataset (n = 3,148), however, 
revealed a relatively poor correlation (R2 ≈ 1.3). Expression values are log2-transformed 
ratios relative to Day 0. 

Cell cycle signaling, cytoskeletal organization, and apoptosis were significantly 

altered in RAW264.7 cells compared to BMMs 

Given the weak correlation between the proteomes of osteoclasts derived from RAW264.7 

cells and BMMs, we sought to identify the biological processes that were differentially 

regulated. We first characterized the temporal dynamics of the osteoclast proteome, through 

examining the significantly altered proteins by fuzzy c-means clustering (Figure. 2.3A). The 

analysis revealed eight distinct patterns of protein expression, which were generally similar 

between RAW264.7 cells and BMMs.  The expression of these proteins was increased in 

clusters 1, 2, and 3; transiently increased in cluster 4; or decreased in clusters 5, 6, and 8. 

Although clusters 1, 2, and 3 all contained proteins with increased expression, the different 

clusters corresponded to different intensities of change. Cluster 1 encompassed proteins that 

were dramatically increased (2-4 fold-change), while cluster 2 contained proteins with 

moderate increases (~1 fold-change), and cluster 3 with proteins that were slightly increased 

(~0.5 fold-change). The same was observed for the downregulated clusters, where cluster 6 

(and BMM cluster 7) represented slightly decreased proteins (~0.7 fold-change), cluster 5 for 

moderately decreased proteins (~1 fold-change), and cluster 8 for intensely decreased 

proteins (~2 fold-change). In this analysis, we paired the clusters based on their direction and 

magnitude of change, but we identified a group of proteins in RAW264.7 cells (cluster 7) 

whose temporal profile did not have a “mirror” in BMMs. These proteins were transiently 
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decreased at Day 1 but became slightly increased by Days 3 and 5. Furthermore, while 

clusters 5, 6, and 8 in BMMs demonstrated a steady decline in protein expression at the later 

time-points, the downregulated proteins in RAW264.7 were transiently decreased at Days 1 

and 3 then slightly increased at Day 5 (Figure 2.3A). We next performed GO term analysis to 

determine the biological processes associated with these temporal patterns (Figure 2.3B). 

Interestingly, clusters with similar trends and magnitudes of expression were involved in 

specific biological functions across both cell types. Cluster 1, for example, representing 

proteins that were strongly upregulated, was most closely involved in “RANK signaling in 

osteoclasts”. Cluster 2, representing the moderately upregulated proteins, was enriched in 

“energy metabolism” for both RAW264.7 cells and BMMs. These observations indicate that 

the cellular abundance of proteins is tightly regulated during osteoclast differentiation and 

may be characteristic of particular biological processes. The analysis also revealed several 

functional differences between the two cell types. First, proteins involved in cell cycle 

control was significantly overrepresented in BMMs (cluster 7, moderately decreased), but not 

in RAW264.7 cells. Correlation analysis of protein expression related to cell cycle control (n 

= 162) indicated a weak but significant negative correlation between RAW264.7 cells and 

BMMs at Day 5 (R2 = 0.0938) (Figure 2.3C). Closer inspection of these proteins showed that 

multiple components of the DNA replication complex, notably the members of DNA helicase 

complex (Mcm2-6), family B DNA polymerases (Polδ1, and ϵ3), ssDNA-stabilizing proteins 

(Rpa1/3), proliferating cell nuclear antigen (Pcna), and topoisomerases were downregulated 

to varying degrees in BMMs at Day 3 and Day 5 (Figure 2.3D, Figure 2.3— 

supplemental data 1). In contrast, these proteins were either unchanged or upregulated in 

RAW264.7 cells. Moreover, cell division protein kinase 6 (Cdk6), an important regulator of 

G1 phase progression and G1/S transition of the cell cycle, was intensely upregulated at all 

time-points of osteoclast differentiation in RAW264.7. In BMMs, Cdk6 was slightly 
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increased at Day 1 but was not significantly changed at Days 3 or 5. Our data indicates that 

BMMs cease proliferation after the precursor cells have committed to osteoclast 

differentiation by Day 3. In comparison, RAW264.7 cells actively proliferate even at the later 

stages of osteoclast differentiation. This distinction was not unexpected, since uncontrolled 

proliferation is a hallmark feature of transformed cells such as RAW264.7 cell line. 

osteoclasts derived from BMMs and RAW264.7 cells are capable of resorbing ivory or 

hydroxyapatite wafers in vitro, but we were interested in whether proteins related to the bone 

resorption process might be differentially regulated between the two cell types. The GO 

enrichment analysis revealed a significantly overrepresentation of proteins involved in actin 

cytoskeleton signaling in RAW264.7 cells in clusters 6 and 7, respectively (Figure 2.3B), 

indicating that these processes were downregulated in RAW264.7 cells during osteoclast 

differentiation. In comparison, the same processes were not as strongly enriched in clusters 5-

8 in BMMs. Closer inspection of these proteins revealed numerous inconsistencies in their 

expression patterns between these two cell types (Figure 2.3D, Supplemental Figure 2). 

Correlation analysis of these proteins (n = 66) showed a poor correlation at Days 5 (R2 = 

0.0145)—coefficients that are significantly lower than the global comparisons (R2 ≈ 0.13) 

(Figure 2.4C). Notably, the proteins (c-Src, α-actinin, paxillin, cofilin-2) that facilitate the 

formation of podosomes—actin-rich, adhesive structures that form the sealing zone—were 

upregulated in BMMs during osteoclast differentiation. These proteins, however, were not 

induced during osteoclast differentiation in RAW264.7 cells (Figure 2.3D, Figure 2.3— 

supplemental data 2). The data indicate a lower level expression of adhesion related proteins 

that might influence bone resorption in RAW264.7 cells. 
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Because mature osteoclasts are short-lived, we asked whether osteoclasts derived from 

RAW264.7 cells, an immortalized cell line, have an extended life span. We therefore focused 

on this aspect in our analysis, and found that apoptosis signaling was upregulated in BMMs 

(cluster 3), which was not observed in RAW264.7 cells (Figure 2.3B, Figure 2.3— 

supplemental data 3). On the contrary, proteins related to “Myc-mediated apoptosis” was 

downregulated in RAW264.7 cells (cluster 6). Correlation analysis of these proteins revealed 

no correlation in the expression levels between RAW264.7 cells and BMMs at Day 5 (R2 = 

0.0056, p = 0.5500) (Figure 2.3C). In BMMs, the pro-apoptotic factors, BH3 interacting-

domain death agonist (Bid), caspase recruitment domain-containing protein 9 (Card9), and 

caspase-6 and -8 (Casp6/8) were slightly upregulated at Day 3 and sustained into Day 5 

(Figure 2.3D), suggesting that apoptosis signaling was initiated as early as Day 3 of 

osteoclast differentiation in BMMs. In contrast, the pro-apoptotic regulators such as 

apoptosis protease activating factor 1 (Apaf1), Card9, and caspase-7 (Casp7) were 

downregulated in RAW264.7 cells during later phase osteoclast differentiation. As such, our 

proteomics data suggest that apoptosis signaling is altered in osteoclasts derived from the 

immortalized RAW264.7 cell line compared to BMMs. 
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Figure 2.3 Comparative analysis of temporal expression profiles identified diverse biological 
processes significantly different between RAW264.7 cells and BMMs. (A) Fuzzy c-means 
clustering of significantly altered proteins to determine the temporal patterns that characterize 
the osteoclast proteome. Membership scores indicate the degree to which proteins belong in 
each cluster. The number of proteins belonging to each cluster is indicated in the table below. 
(B) Gene ontology term analysis for biological processes that represents the proteins in each 
fuzzy c-means cluster. Red bolded terms indicate biological processes that were strongly 
enriched and/or strongly contrasted between RAW264.7 cells and BMMs. (C) Pearson 
correlation analysis applied to proteins involved in cell cycle signaling, cytoskeletal 
organization, and apoptosis signaling at Day 5 of osteoclast differentiation. (D) Table of key 
proteins found to be poorly or negatively correlated between RAW264.7 cells and BMMs. 

Osteoclasts derived from RAW264.7 cells have extended lifespans as compared to BMMs 

To further confirm the above finding regarding apoptosis, we compared the lifespans of 

osteoclasts differentiated from RAW264.7 cells and BMMs in vitro (Figure 2.4A and B). At 

the peak of osteoclast differentiation (Day 5), approximately 9.2 ± 3.8% of osteoclasts have 

undergone apoptosis in both RAW264.7 cells and BMMs. When the osteoclasts were 

maintained for an additional 16 hours, 77.8 ± 11.4% osteoclasts have undergone apoptosis in 

BMMs, as compared to the 42.2 ± 9.5% in RAW264.7 cells. When the osteoclasts were 

swapped into media without M-CSF/RANKL and cultured for an additional 16 hours, almost 

all osteoclasts from BMMs have undergone apoptosis (98.9 ± 2.3%) but 78.0 ± 3.0% of 

osteoclasts differentiated from RAW264.7 showed apoptotic morphology (Figure 2.4C and 

D). In either condition where M-CSF/RANKL were maintained or removed, significantly 

more osteoclasts derived from RAW264.7 cells remained after 16 hours. Similar results were 

obtained when assessing the number of TUNEL+ nuclei in cells depleted of M-CSF/RANKL 

(Figure 2.4E).  This finding demonstrates that osteoclasts from RAW264.7 cells have an 

extended lifespan or are more resilient to apoptosis as compared to osteoclasts derived from 

BMMs. 
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Figure 2.4 Osteoclasts derived from RAW264.7 cells have extended lifespans as compared 
to BMMs. (A) TRAP staining of osteoclasts derived from RAW264.7 cells and BMMs 
induced with M-CSF and RANKL for 2-6 days. (B) The number of dead osteoclasts were 
quantified and presented as a percentage of the total number of osteoclasts. (C, D) TRAP 
staining of mature osteoclasts depleted of M-CSF and RANKL for 16 hours. (E). Percentage 
of TUNEL+ nuclei in mature osteoclasts depleted of M-CSF and RANKL for 16 hours. Scale 
bar = 1 mm. Data are means ± SD. Statistical analysis was performed using Student’s t-test 
(*p < 0.05, ***p < 0.001). 

Abl is expressed in BMMs and RAW264.7 cells and is required for osteoclastogenesis 

We next sought to reconcile the observed functional differences with the fundamental 

property of RAW264.7 cells—a cell line immortalized by the transforming activity of v-Abl. 

Although the transforming activity of v-Abl has been well characterized, it is not known how 

this constitutively activated tyrosine kinase affects osteoclast differentiation and function. A 

previous study showed that GNF-2, a selective inhibitor of Abl kinase activity, dose-
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dependently inhibited the proliferation of osteoclast precursors through the suppression of c-

Fms-dependent signaling. GNF-2 also accelerated osteoclast apoptosis by inducing caspase-3 

and Bcl-2-like protein 11 (Bim) expression, interfered with actin cytoskeletal organization, 

and blocked the bone-resorbing activity of mature osteoclasts.369 Based on the consistency of 

our proteomics data to these findings, we predicted that altered Abl activity was likely 

responsible for the functional differences observed in RAW264.7 cells. To test this 

hypothesis, we investigated whether the signaling downstream of Abl was regulated 

differently between these two cell types. RT-PCR analysis using primers annealing to 

multiple regions of the a-MuLV transcript confirmed that the viral transgene, v-Abl, was 

specifically expressed in RAW264.7 cells and not present in primary BMMs (Figure 2.5A 

and B). We also performed qPCR analysis to determine the relative expression of v- and c-

Abl. Primers that span the Gag and Abl domains are specific for v-Abl. As was demonstrated 

by the RT-PCR analysis, v-Abl was only expressed in RAW264.7 cells (Figure 5C). c-Abl on 

the other hand was expressed in both cell types and was significantly upregulated by M-CSF 

and RANKL. (Figure 2.5C). In agreement with previous findings, GNF-2 was a potent 

inhibitor of osteoclast differentiation in both RAW264.7 cells and BMMs, demonstrating that 

Abl is required for osteoclastogenesis (Figure 2.5D and E). 
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Figure 2.5 The viral oncogene v-Abl is expressed in RAW264.7 cells and Abl is required for 
osteoclastogenesis. (A) Diagram illustrating the structure of the integrated Abelson murine 
leukemia virus (a-MuLV) genome and the relative regions amplified by RT-PCR (black 
bars). LTR, long terminal repeats; MMLVΨ, Moloney murine leukemia virus Psi packaging 
element; Gag, group-specific antigen; Abl, Abelson tyrosine kinase. (B) RT-PCR was used to 
detect the various components of the a-MuLV genome in RAW264.7 and BMMs treated with 
or without M-CSF/RANKL for 48 hours. (C) The relative expression of  v- and c-Abl were 
determined by qPCR and signals were normalized to Hprt. (D) TRAP staining of osteoclasts 
treated with DMSO (vehicle) or the Abl inhibitor GNF-2 (2 µM). (E) The number of TRAP+, 
multinucleated (>10 nuclei) cells were counted. Scale bar = 1 mm. Data are means ± SD. 
Statistical analysis was performed using Student’s t-test (*p < 0.05, **p <0.01, ***p < 
0.001). 

Constitutive activation of Akt and Erk in RAW264.7 cells are dependent on Abl 

Since Abl was previously shown to regulate c-Fms phosphorylation, we investigated whether 

M-CSF-dependent activation of Akt and Erk1/2 was altered in RAW264.7 cells. BMMs and 
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RAW264.7 cells were serum-starved and pretreated with GNF-2 for 2 hours then induced 

with M-CSF for the indicated times (Figure 2.6A and B). Consistent with previous reports, 

M-CSF treatment induced a potent and transient activation of Akt and Erk1/2 in BMMs 

(Figure 2.6A and B).370 In RAW264.7 cells, Erk1/2 was phosphorylated even in the absence 

of M-CSF, and the basal activation was sustained throughout the duration of experiment. 

GNF-2 inhibited the basal and induced phosphorylation of Erk1/2 (Figure 2.6A and B), 

suggesting that v-Abl was responsible for the constitutive activation of Akt and Erk1/2 in 

RAW264.7 cells. Interestingly, GNF-2 treatment reduced the total abundance of Akt in 

BMMs but not in RAW264.7 cells. Given that M-CSF-dependent signaling was regulated 

differently between RAW264.7 cells and BMMs, we next determined how these cells 

respond to RANKL (Figure 2.6C and D). As before, the basal p-Akt level in RAW264.7 cells 

was relatively higher than that observed in BMMs. In response to RANKL, BMMs showed a 

gradual increase in Akt phosphorylation over time whereas in RAW264.7 cells, it was 

transiently decreased and reverted to original levels by 2 hours of induction (Figure 2.6C and 

D).  Additionally, p-Erk1/2 was sharply induced at 15 minutes of RANKL treatment but 

reverted to basal levels at 30 minutes and onwards in BMMs. In contract, RAW264.7 cells 

demonstrated a gradual induction of p-Erk1/2 that reached its maximum at 30 minutes of 

RANKL treatment that slowly declined afterwards; and the rate of p-Erk1/2 induction 

coincided with the decline of p-Akt. Overall, the data indicated that the M-CSF- and 

RANKL-dependent phosphorylation of Akt and Erk1/2, effector molecules downstream of 

Abl, were differentially regulated between BMMs and RAW264.7 cells (Figure 2.6E). 
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Figure 2.6. Constitutive activation of Akt and Erk1/2 in RAW264.7 cells are dependent on 
Abl. (A, B) M-CSF-dependent phosphorylation of Akt and Erk1/2 in osteoclast progenitor 
cells starved and pre-treated with DMSO (vehicle) or GNF-2 in serum-free medium for 2 
hours. Cells were treated with 100 ng/mL M-CSF for the indicated times and analyzed by 
western blotting. (C, D) Time-course of RANKL-dependent phosphorylation of Akt and 
Erk1/2 in BMMs and RAW264.7 cells serum-starved and pre-treated with DMSO or GNF-2 
for 2 hours and stimulated using 200 ng/mL RANKL for the indicated times. (E) Model of 
Abl-dependent signaling pathway in osteoclasts. Densitomety analysis was performed using 
ImageJ and normalized to the Gapdh intensity. Relative phosphorylation of Akt and Erk was 
presented as the ratio between the phosphorylated normalized to the non-phosphorylated/total 
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protein. Data are means ± SD. Statistical analysis was performed using Student’s t-test (*p < 
0.05, **p < 0.01 ***p < 0.001) 

2.4 DISCUSSION 

The RAW264.7 cell line has undoubtedly been an important research tool in the study of 

osteoclasts, in part because they are easy to handle and manipulated, unlike BMMs, which 

can often be inconsistent in differentiation efficiency. Despite the extensive use of 

RAW264.7 cells in our community over the past 18 years, surprisingly few studies have 

sought to characterize and compare them to the primary BMMs, to which they are supposed 

to model. This concern is especially disconcerting given that fundamental differences clearly 

exist, but no clear mechanism delineates the two cell models, and therefore it is not known 

whether osteoclasts derived from RAW264.7 cells can wholly replicate the behavior of the 

primary BMMs. 

We employed a cutting-edge proteomics strategy that pushes the boundaries of protein 

identification and quantification363; consequently, our study provides the most comprehensive 

coverage of the osteoclast proteome to date. In two most recent proteomics studies of 

osteoclast differentiation from RAW264.7 cells, one study identified 2,068 non-redundant 

proteins150 (defined as ≥2 peptides per protein for identification with a 5% FDR) and the 

other identified 3,729 unique proteins371 (≥2 peptides/protein and 1% FDR). In comparison, 

our study reliably identified 5,566 unique proteins, a 49.2% increase in coverage, in 

RAW264.7 cells using a similarly stringent criteria of ≥2 peptides per protein for 

identification with a 5% FDR (Figure 2.1A). Moreover, the majority of osteoclast proteome 

studies have been confined to RAW264.7 cells.356 To the best of our knowledge, our study is 
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the first to investigate the proteome of osteoclasts differentiated from BMMs 356,372, which is 

often regarded to be more faithful to the mouse in vivo system as compared to RAW264.7 

cells. Our proteomics analysis identified a total of 3,498 unique proteins for BMMs. The 

lower number of proteins identified may be attributed to the heterogeneous nature of total 

bone marrow, which could result in fewer proteins that meet the peptides per protein 

identification criterion. Nonetheless, the proteomics data produced in this study will prove to 

be useful by updating the current osteoclast proteome database with a substantially more 

comprehensive dataset. Furthermore, the BMM-based osteoclast dataset represents a rich 

trove of information for future data-mining endeavors. 

More importantly, this study outlines the first targeted and in-depth analysis of differences 

between two prominent osteoclast cell models from a molecular standpoint. A previous study 

compared the gene expression profiles of osteoclasts derived from RAW264.7 cells to that of 

primary cells, and found that amongst the 405 genes used for the analysis, the two cell types 

expressed largely the same complement of genes (R2 = 0.7599).331 In comparison, our 

correlation analysis determined a substantially lower correlation coefficient of R2 = 0.1365 

(Day 5) (Figure 2.2C). Several plausible reasons might account this large discrepancy. First, 

the previous study used clonal populations of RAW264.7 cells deemed to possess high 

osteoclastogenic potential; using purified precursor cells could enrich for genes related to 

osteoclast differentiation. Second, numerous studies have consistently shown that gene 

expression levels do not correlate well with protein abundance; this phenomenon could 

therefore contribute to the discrepancy between the correlation analyses based on cDNA 

levels versus protein levels.150,366,367 In line with this thought, we assessed the protein levels 

of housekeeping genes reported to be stable at the transcript level in osteoclasts, and found 

that transcript and protein levels for some of these genes to be inconsistent (Figure 2.1D).362 
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Third, the correlation analysis in the previous study observed only the proteins strongly 

induced during osteoclast differentiation, potentially imparting selection bias to the results, 

whereas our analysis included the entire set of proteins identified. This phenomenon can be 

observed in the fuzzy c-means clustering analysis, which showed that the most strongly 

upregulated proteins were strongly correlated between RAW264.7 cells and BMMs, as these 

proteins were frequently involved in fundamental aspects of osteoclast differentiation 

(Figures 2.3A and B). Similarly, when we performed the correlation analysis on proteins 

involved in the canonical signaling pathways of osteoclast differentiation, which incidentally 

had the highest expression levels, the correlation coefficient reached as high as R2 = 0.8155, 

bringing the score closer to that in the previous study (Figure 2.2B). Therefore, correlation 

analyses performed on a filtered subset of proteins could inadvertently produce skewed 

results, which is why we chose to perform the analysis on an unfiltered dataset. Overall, our 

correlation analysis indicates that substantial inconsistencies exist within the proteomes of 

osteoclasts derived from RAW264.7 cells and BMMs. 

Our comparative study unveiled a diverse set of biological processes that were differentially 

regulated between RAW264.7 cells and BMMs during osteoclast differentiation. Specifically, 

the regulation of proteins involved in cell cycle control, cytoskeleton reorganization, and 

apoptosis were significantly dissimilar. The coordinated actions of cell cycle withdrawal, 

initiation of differentiation-associated gene expression, and cellular reorganization are key 

steps in the terminal differentiation of cells 373. In fact, studies have shown that osteoclast 

progenitors withdraw from the cell cycle and are post-mitotic at the time of fusion and 

terminal differentiation.123,374 Consistent with previous findings, our results show that BMMs 

downregulated proteins involved with cell cycle control and chromosomal replication at Days 

3 and 5 of differentiation; RAW264.7 cells, however, exhibited an opposite trend (Figure 
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2.3C). Notably, Cdk6 and Pcna were among the most highly upregulated proteins related to 

cell cycle control in RAW264.7 cells. This observation does not, however, necessarily 

indicate that osteoclasts from RAW264.7 cells are actively proliferating at the terminal stages 

of differentiation. A previous study demonstrated that RANKL could dose-dependently 

suppress proliferation in RAW264.7 cells, likely due to cell cycle arrest caused by the 

downregulation of cyclin D1, D3, and E.375 Consistent with previous findings, our proteomics 

analysis found that cyclin D1 to be strongly downregulated in RAW264.7 cells during the 

course of osteoclast differentiation (Figure 2.3D, Figure 2.3—supplemental data 1). 

It has been reported that Abl plays prominent roles in regulating cytoskeletal rearrangement. 

Abl can coordinate changes to the cytoskeletal structure by regulating the activity of Rho 

family GTPases, stimulating the assembly of protein complexes that facilitate actin 

nucleation, or directly interacting with F-actin and microtubules.376 Moreover, the 

constitutive activation of Abl was shown to reduce paxillin phosphorylation and in turn 

reduce cell adhesion in murine fibroblasts.377 Interestingly, our result showed that a set of 

proteins involved in cell adhesion were upregulated in BMMs but not RAW264.7 cells 

(Figure 2.3D, Supplemental Figure 2). Additionally, paxillin expression was slightly 

downregulated in RAW264.7 cells and upregulated in BMMs (Figure 2.3D). Therefore, our 

proteomics data indicate that RAW264.7 cells have reduced expression of proteins involved 

in focal adhesion assembly and sealing zone formation. 

Previous work has demonstrated a role for Abl in osteoclast formation by regulating the 

phosphorylation of c-Fms and the downstream effector molecules Erk and Akt.378-380 

Conversely, GNF-2, an inhibitor of Abl, suppressed M-CSF-dependent activation of Erk and 

Akt, inhibited the proliferation and differentiation of osteoclasts, interfered with actin 
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cytoskeletal organization, and accelerated apoptosis of mature osteoclasts.369 Consistent with 

these reports, we found the aforementioned biological processes to be significantly altered in 

RAW264.7 cells as compared to BMMs (Figure 2.5A). Building on this hypothesis, we found 

that Abl-related signaling through Erk and Akt showed a low yet constitutive activation in 

RAW264.7 cells, and the temporal patterns of activation in response to M-CSF and RANKL 

were distinct between these two cell types (Figure 2.6A and B). Despite the differences in 

Erk and Akt signaling in RAW264.7 cells, our analysis demonstrated an exceptionally 

positive and linear correlation in the expression of RANKL-dependent proteins (Figure 

2.2C), indicating that RANKL-dependent signaling was intact in RAW264.7 cells. A recent 

study demonstrated that M-CSF induced an immediate effect (5 to 20 min) on Erk 

phosphorylation whereas RANKL triggered a biphasic activation—an immediate activation 

(5 to 20 min) and a delayed activation (8 to 24 hours). The second wave of Erk activation 

coincided with the onset of osteoclast differentiation, indicated by the presence of TRAP+ 

mononuclear cells and the expression of marker proteins.203 Because we did not assess this 

aspect in our study, it is possible that the delayed activation was unaffected in RAW264.7 

cells, and therefore the cell line can still form osteoclasts normally. The evidence from our 

study collectively indicate that the effects of v-Abl in RAW264.7 cells were limited to M-

CSF-related signaling pathways. Therefore, our data suggest cautious consideration when 

using RAW264.7 cells in future studies investigating signaling and processes downstream of 

M-CSF. 

Irregularities in RAW264.7 cells such as its independence from M-CSF is a well-known 

phenomenon, but its effects on the practicality of the cell line as a model remained an 

important gap in knowledge. Our study indicates that the physiological effects of the 

transformed state on RAW264.7 cells may be more significant than previously anticipated. 
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Functions related to cell cycle control, cytoskeletal reorganization, and apoptosis signaling 

are likely affected in RAW264.7 cells. Given the involvement of v-Abl, other processes 

downstream of M-CSF may also be implicated. In light of this, our proteomics data can be a 

valuable resource to other investigators to avoid potential pitfalls associated with RAW264.7 

cells. 
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CHAPTER 3 
RGS12 ENHANCES OSTEOSTEOCLASTOGENESIS BY 

SUPPRESSING NRF2 ACTIVITY AND PROMOTING 
ROS FORMATION2 

2 Ng AY, Li Z, Jones MJ, Tu C, Oursler MJ, Qu J, Yang S. 
“RGS12 enhances osteoclastogenesis by suppressing Nrf2 activity and promoting reactive 
oxygen species formation”. 

Submitted to eLife, November 13, 2018. Under revision. 
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3.1. INTRODUCTION 

The Regulator of G-protein Signaling 12 (RGS12) is important for osteoclast differentiation, 

and its deletion in vivo protected mice against pathological bone loss. To characterize its 

mechanism in osteoclastogenesis, we selectively deleted RGS12 in osteoclast precursors 

using the LysM-Cre transgenic line or overexpressed the gene in RAW264.7 cells. RGS12 

deletion led to increased bone mass with decreased osteoclast numbers, whereas its 

overexpression increased osteoclast number and size. Proteomics analysis of RGS12-

deficient osteoclasts identified an upregulation of antioxidant enzymes under the 

transcriptional regulation of Nrf2, the master regulator of oxidative stress. We confirmed an 

increase of Nrf2 activity and impaired production in RGS12-deficient cells. Conversely, 

RGS12 overexpression suppressed Nrf2 through a mechanism dependent on the 26S 

proteasome, and promoted RANKL-induced phosphorylation of ERK1/2 and NFκB, which 

was abrogated by antioxidant treatment. We therefore identified a novel role of RGS12 in 

regulating Nrf2, thereby controlling cellular redox state and osteoclast differentiation. 

RGS12 is important for osteoclast differentiation, and its deletion in vivo protected mice 

against pathological bone loss. To characterize its mechanism in osteoclastogenesis, we 

selectively deleted RGS12 in osteoclast precursors using the LysM-Cre transgenic line or 

overexpressed the gene in RAW264.7 cells. RGS12 deletion led to increased bone mass with 

decreased osteoclast numbers, whereas its overexpression increased osteoclast number and 

size. Proteomics analysis of RGS12-deficient osteoclasts identified an upregulation of 

antioxidant enzymes under the transcriptional regulation of Nrf2, the master regulator of 

oxidative stress. We confirmed an increase of Nrf2 activity and impaired production in 

RGS12-deficient cells. Conversely, RGS12 overexpression suppressed Nrf2 through a 
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mechanism dependent on the 26S proteasome, and promoted RANKL-induced 

phosphorylation of ERK1/2 and NFκB, which was abrogated by antioxidant treatment. We 

therefore identified a novel role of RGS12 in regulating Nrf2, thereby controlling cellular 

redox state and osteoclast differentiation. 

Regulators of G-protein Signaling (RGS) are a family of proteins comprised of more than 30 

proteins that share a conserved RGS domain and play a classical role in attenuating G 

protein-coupled receptor (GPCR) signaling through its GTPase-accelerating protein (GAP) 

activity to inactivate the Gα subunit 272,381. The RGS proteins are multifunctional proteins 

which hold vital cellular processes, including cell differentiation. RGS12 is unique in that it 

is the largest protein in its family. In addition to the RGS domain, contains a PSD-

95/Dlg/ZO1 (PDZ) domain, a phosphotyrosine-binding (PTB) domain, a tandem ras-binding 

domain (RBD1/2), and a GoLoco interaction motif. The multi-domain architecture of RGS12 

suggests a role as a scaffolding protein in complexes where multiple signaling pathways 

might converge.280,297,298,309,382 

Reactive oxygen species (ROS) are produced as a normal byproduct of cellular 

metabolism.383 Recent studies clearly show that RANKL-induced reactive oxygen species 

(ROS) are indispensable for osteoclast differentiation.154,156,177,383 ROS at high levels induce 

oxidative stress, which if left unchecked becomes deleterious to cell. At low concentrations, 

however, ROS have been shown to participate in signaling events in osteoclasts, including 

the RANKL-dependent activation of mitogen-activated protein kinases (MAPKs), 

phospholipase C gamma (PLCγ), nuclear factor kappa B (NFκB), and [Ca2+] oscillations; all 

of which contribute to the activation of nuclear factor of T-cells (NFAT), the master regulator 

of osteoclast differentiation. Furthermore, multiple lines of evidence have consistently shown 
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that suppression of ROS by various means inhibits osteoclast differentiation 154,156,177. In 

particular, RANKL-dependent activation of PLCγ, [Ca2+] oscillations, and NFAT were 

abrogated when the osteoclast precursors were treated with the antioxidant N-acetylcysteine 

(NAC) 177 . Furthermore, our previous studies have that RGS12 silencing could inhibit PLCγ 

activation, [Ca2+] oscillations, and the expression of NFATc1 and its downstream factors 283. 

Hence, these findings led us to hypothesize that RGS12 may play a role in regulating the 

cellular redox state, thereby controlling osteoclast differentiation. 

Using an in vivo RGS12 conditional knockout mouse model, we found that RANKL-

dependent ROS was suppressed in RGS12-deficient BMMs. Additionally, RGS12-deficient 

cells have elevated levels of phase II detoxification and antioxidant enzymes. We further 

identified that RGS12 deficiency increased the activation of Nrf2, the master transcription 

factor responsible for the expression of antioxidant proteins. Conversely, RGS12 

overexpression could suppress Nrf2 and promote osteoclastogenesis. Our results therefore 

demonstrate a novel function of RGS12 in regulating ROS during osteoclast differentiation, 

likely by suppressing Nrf2 to inhibit the expression of antioxidant proteins. These findings 

contribute to a better understanding of ROS regulation in osteoclasts and future treatment 

strategies for diseases of excessive bone loss such as osteoporosis. 

3.2 METHODS 

Generation of RGS12 Conditional Knockout Mice 

RGS12fl/fl mice were crossed with LysM-Cre transgenic mice to generate RGS12 conditional 

knockout mice specific to the myeloid lineage (LysM;RGS12fl/fl). The methodology for 
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generating RGS12fl/fl and LysM-Cre mice and genotyping are previously described 307,308,384. 

Mice used for experiments were 6-8-weeks-old. All animal studies were approved by the 

University at Buffalo Institutional Animal Care and Use Committee (IACUC). 

Histology and quantitative micro-CT measurements 

Mouse femurs were excised, fixed for 24 h in 10% natural buffered formalin, and decalcified 

in 10% EDTA for 1-2 weeks at 4 °C. The samples were embedded in paraffin and sectioned 

at 5 µm and stained with H&E. A quantitative analysis of the gross bone morphology and 

microarchitecture was performed using a micro-CT system (USDA Grand Forks Human 

Nutrition Research Center, Grand Forks, ND, USA). Fixed femur from RGS12 control and 

mutant mice were analyzed and 3D reconstruction was used to determine bone volume to 

tissue volume (BV/TV), structure model index (SMI), trabecular thickness (Tb.Th, µm), 

trabecular number (Tb.N, /mm), and trabecular separation (Tb.Sp, µm). 

Generation of RGS12 expression vectors 

Full length RGS12 (Accession: NM_173402.2) cDNA was cloned into the p3XFLAG-myc-

CMV-26 expression vector (Sigma-Aldrich, St. Louis, MO, USA). Briefly, HindIII sites were 

incorporated into both termini of the RGS12 cDNA using restriction-site-generating PCR, 

and the restriction sites were used to insert the RGS12 sequence into the expression vector 

containing an N-terminus FLAG tag sequence (Flag-RGS12). The primer walking method 

was used to validate the correct directionality of the insert. Additionally, a vector expressing 

C-terminus His-tagged RGS12 (RGS12-His) was generated by subcloning the RGS12 cDNA 

into the pcDNA3.1(+)-c-His vector (Genscript, Piscataway, NJ, USA). HindIII and EcoRV 

sites were introduced by PCR and the restriction sites were used to insert RGS12 into the His 
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vector. All vector constructs were confirmed by DNA sequencing (Eurofins Genomics, 

Louisville, KY, USA). 

Stable Transfection 

RAW264.7 cells were seeded at 2 × 106 cells per 6-well and transfected using FuGENE HD 

reagent (Promega, Madison, WI, USA) according to manufacturer’s instruments at a 1:3 

DNA to transfection reagent ratio. After 48 hours post-transfection, cells were treated with 

0.4 mg/mL geneticin (G418, Thermo Fisher Scientific, Waltham, MA, USA) for 2 weeks 

until antibiotic-resistant colonies are formed. Stably transfected cells were thereafter 

maintained in media containing 0.4 mg/mL G418. 

In Vitro Osteoclastogenesis and TRAP staining 

The vector encoding the recombinant mRANKL-His (K158-D316) construct and a modified 

E. Coli strain Origami B(DE3) cells (EMD Millipore, Billercica, MA, USA) co-expressing 

chaperone proteins that was used to express the recombinant RANKL were gifts from Dr. 

Ding Xu (University at Buffalo, School of Dental Medicine, Buffalo, NY). The protocol for 

expressing and purifying mRANKL-His was described previously 385. Endotoxins were 

removed using the Pierce High Capacity Endotoxin Removal Resin (Thermo Fisher 

Scientific, Waltham, MA, USA). The M-CSF-producing cell line CMG14-12 was a gift from 

Dr. Sunao Takeshita (National Center for Geriatrics and Gerontology, Obu, Japan). M-CSF 

production and bioassay were performed as previously described 386. 

BMMs were obtained from the tibia and femur of 8-weeks-old C57BL/6J mice as described 

previously 283. BMMs were seeded at 2 × 106 cells per 24-well and stimulated with 100 

ng/mL RANKL and 20 ng/mL M-CSF for 5 days to generate mature osteoclasts. RAW264.7 
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cells were seeded at 1.35 × 104 cells per 24-well and stimulated with 100 ng/mL RANKL for 

5 days. Prior to fixing and staining, RAW264.7-derived osteoclasts were rinsed thoroughly 

with PBS to remove mononuclear cells that tend to obscure osteoclasts during imaging. 

TRAP staining was performed using the acid phosphatase, leukocyte (TRAP) kit (Sigma-

Aldrich, St. Louis, MO, USA). Cells were imaged using the Cytation 5 Cell Imaging Multi-

Mode Reader (BioTek, Winooski, VT, USA) using the montage function. Osteoclasts were 

quantified by counting the number of TRAP+, multinucleated cells (MNCs, ≥3 nuclei/cell) 

per well. Average osteoclast area was determined by measuring total TRAP+ area using the 

ImageJ software (US National Institute of Health, Bethesda, MA, USA) and dividing the 

value by total osteoclast number. 

Reverse Transcription and Quantitative PCR 

Total RNA was isolated from cultured BMMs and osteoclasts using Trizol reagent 

(Invitrogen, Carlsbad, CA, USA) following manufacturer’s instructions. cDNA was reverse 

transcribed from 2 µg total RNA using the RNA to cDNA EcoDry Premix kit (Clontech, Palo 

Alto, CA, USA). Primers were designed using Primer-BLAST 361 and obtained from IDT 

(Integrated DNA Technologies, San Diego, CA, USA). RGS12 (F: 5’-

AAGATCCATTCCCTAGTGACC-3’, R: 5’-ACCTCCACTTTCCCACCCTG-3’, 587 bp), 

Nrf2 (F: 5’-GCCCACATTCCCAAACAAGAT-3’, R: 5’-

CCAGAGAGCTATTGAGGGACTG-3’, 172 bp), Keap1 (F: 5’-

TGCCCCTGTGGTCAAAGTG-3’, R: 5’-GGTTCGGTTACCGTCCTGC-3’, 104 bp), β-

actin (F: 5’-CTAGGCACCAGGGTGTGAT-3’, R: 5’-TGCCAGATCTTCTCCATG TC-3’, 

148 bp). qPCR was performed using the 2x SYBR Green qPCR Master Mix following 

manufacturer’s instructions (Bimake, Houston, TX, USA). All reactions were performed in 

98 



 

 

  

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

triplicate and normalized to the housekeeping gene β-actin. Data analysis was performed 

using the CTX Maestro software (Bio-Rad, Hercules, CA, USA). 

Fluorescent Actin Cytoskeleton Imaging 

Cells were starved in medium containing 1% fetal bovine serum (FBS) and 5 ng/mL M-CSF 

for 16 hours then 0% FBS and 0 ng/mL M-CSF for 24 hours. Cytoskeletal reorganization was 

induced by introducing 50 ng/mL M-CSF in serum-free medium for 5 minutes. Cells were 

fixed and the actin cytoskeleton was visualized by rhodamine phalloidin staining. 

Rac1-GTP Pulldown Assay 

The Rac1-GTP pulldown assay was performed following manufacturer instructions in the 

Rac1 activation assay kit (Cytoskeleton, Denver, CO, USA). 

ROS Measurement by DCFDA Staining 

To measure ROS production, BMMs were seeded into black, glass-bottom 96-well plates and 

cultured with M-CSF for 48 hours until confluence. Cells were loaded with 20 µM 2’7’-

dichlorofluorescein diacetate (DCFDA, Sigma) at 37 °C for 30 minutes and washed using 

PBS. The cells were swapped into complete phenol red-free MEM (Gibco) containing 

RANKL/M-CSF. Fluorescence intensity was measured using the Cytation 5 plate reader 

(BioTek) with excitation wavelength at 488 nm and emission wavelength at 535 nm. 

Background signals (cells not loaded with DCF-DA) were subtracted. Experiments were 

carried out in quintuplicate wells. 

Protein Extraction and Precipitation/ On-Pellet Digestion 
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Cells were harvested using ice-cold lysis buffer (50 mM Tris-formic acid, 150 mM NaCl, 

0.5% sodium deoxycholate, 1% SDS, 2% NP-40, pH 8.0) with protease inhibitor (cOmplete, 

Mini, EDTA-free; Roche, Mannheim, Germany). Samples were prepared for MS analysis 

using an established method.363,387 

Liquid Chromatography-Tandem Mass Spectrometry Analysis 

The IonStar LC-MS experimental pipeline was developed and optimized in a previous study 

363,387. A stringent set of criteria including a low peptide and protein false discovery rate 

(FDR) of < 1% and ≥2 peptides per protein was used for protein identification. An ion 

current-based quantification method (IonStar processing pipeline) was described 

previously.363,387 

Bioinformatics Analysis 

Ingenuity Pathway Analysis (Qiagen, Redwood City, CA, USA) was used to perform gene 

ontology enrichment analysis. Hierarchical clustering analysis and heat map visualizations 

were performed using the agnes function in R Package cluster and ggplot2 with the viridis 

color palette, respectively. 

Immunofluorescence Imaging of Nrf2 

For the Nrf2 nuclear translocation experiment, BMMs were cultured on coverslips and 

treated with RANKL and M-CSF for 72 h, 5 mM NAC for 16 h, or 50 µM tBHP for 16 h. 

Coverslips were fixed with 4% paraformaldehyde solution in PBS for 10 minutes at room 

temperature and permeabilized using 0.1% Triton X-100 for 5 minutes at room temperature. 

Coverslips were blocked using Image-iT FX signal enhancer (Thermo Fisher Scientific) for 1 

hour at room temperature, stained with the primary antibody in 1% BSA/TBST overnight at 4 
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°C, and stained with the secondary antibody for 1 hour at room temperature. 4,6-diamidino-2-

phenylindole (DAPI) (Sigma) was used as a counterstain for nuclei. The coverslips were 

mounted using ProLong Gold antifade mountant (Thermo) and images were obtained using a 

fluorescence microscope (Leica, Wetzlar, Germany). 

Western blotting 

For experiments studying the Keap1-Nrf2 pathway, cells were cultured in 6-well plates and 

pre-treated with the indicated concentrations of tBHQ or 25 µM MG-132 for 4 h. For MAPK 

and NFκB activation experiments, stable-transfected RAW264.7 cells were cultured in 6-well 

plates and starved in serum-free medium containing 5 mM NAC for 16 h. Cells were 

subsequently induced with RANKL (200 ng/mL) and M-CSF (100 ng/mL) for the indicated 

times. Western blotting was performed as described previously 365. The primary antibodies 

used in this study were as follows: Nrf2 (H-300) and Nrf2 (C-20) (1:100, Santa Cruz 

Biotechnology, Dallas, TX, USA), Keap1 (E-20) (1:100, SCBT), phospho-p38 

(Thr180/Tyr182) (1:1000, Cell Signaling Technology), p38 (1:1000, CST), phospho-ERK1 

(Thr202/Tyr204) + ERK2 (Thr186/Tyr187) (1:100, Abcam), ERK1/2 (1:1000, CST), 

phospho-NFκB p65 (Ser536) (1:1000, CST), NFκB p65 (1:1000, CST), and β-actin (1:4000, 

SCBT). Densitomety analysis was performed using ImageJ388 and normalized to the β-actin 

signal. Relative phosphorylation of was presented as the ratio between the phosphorylated 

normalized to the non-phosphorylated/total protein. NAC, tBHQ, and tBHP were obtained 

from Sigma-Aldrich (St. Louis, MO, USA), and MG-132 was obtained from Selleck 

Chemicals (Houston, TX, USA). 
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3.3 RESULTS 

Targeted deletion of RGS12 in myeloid cells increased trabecular bone mass 

To assess the role of RGS12 on osteoclast differentiation and bone remodeling in vivo, we 

generated a conditional gene knockout mouse model by crossing RGS12flox/flox mice with 

LysM-Cre transgenic mice (LysM;RGS12fl/fl). The LysM promoter-driven Cre expression 

targets the gene deletion to cells of the myeloid lineage, including monocytes/macrophages 

384,389. The Cre-lox-mediated deletion of the RGS12 gene was confirmed by PCR 

amplification of spleen genomic DNA (Figure 3.1A), and qPCR to measure RGS12 

transcripts in isolated BMMs (Figure 3.1B) thereby confirming our mouse RGS12 conditional 

gene knockout model. 

LysM;RGS12fl/fl mice exhibited an increase in trabecular bone mass, evident in the H&E-

stained bone sections of the proximal tibia (Figure 1C) and micro-computed tomography 

(micro-CT) analysis of the femoral trabecular bone morphology and microarchitecture 

(Figure 3.1D and E). Quantitative micro-CT measurements further revealed significant 

increases in both trabecular number (Tb.N) and thickness (Tb.Th), and reduced trabecular 

separation (Tb.Sp) (Figure 3.1G-I). Our results therefore demonstrate the importance of 

RGS12 in bone remodeling. 
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Figure 3.1. RGS12-deficient mice exhibit increased trabecular bone mass. (A) PCR of 
splenic genomic DNA amplified the deletion allele of RGS12 in LysM;RGS12fl/fl mice. (B) 
qPCR analysis of RGS12 mRNA levels normalized to β-actin in BMMs obtained from 
RGS12fl/fl and LysM;RGS12fl/fl mice. Results are means ± SD (n=3, **p<0.01). (C) 
Hematoxylin and eosin staining of the proximal tibias and (D) Representative 3D micro-
computed tomographay (micro-CT) images of the trabecular bone of femurs obtained from 8-
weeks-old RGS12fl/fl and LysM;RGS12fl/fl mice. Scale bar on (D) = 200 µm. (E-I). 
Quantitative micro-CT measurements of femur bone morphology and microarchitecture. 
Results are means ± SD (n=4; *p<0.05, **p<0.01, ***p<0.001 ). VOX-BV/TV, bone volume 
to tissue volume (voxel count); TRI-SMI, structure model index; Tb.Th, trabecular thickness; 
Tb.N, trabecular number; Tb.Sp, trabecular separation. 

RGS12 promotes osteoclast formation 

To assess the role of RGS12 in osteoclastogenesis, osteoclast precursors isolated from 

LysM;RGS12fl/fl mice were differentiated using M-CSF and RANKL. While control BMMs 

differentiated into large, TRAP+ multinucleated osteoclasts, RGS12-deficient precursor cells 
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showed a reduction in the number of osteoclasts containing 6-9 nuclei and 10+ nuclei, which 

were also visibly smaller (Figure 3.2A and B). Complementing our RGS12 knockout model, 

we generated an RGS12 overexpression osteoclast model in which RAW264.7 cells were 

stably-transfected with a vector carrying a recombinant N-terminus FLAG-tagged RGS12 

gene (Flag-RGS12). RGS12 overexpression in RAW264.7 cells was confirmed by western 

blotting (Figure 3.2C). Using this cell model, we next determined whether RGS12 

overexpression could promote osteoclastogenesis (Figure 3.2D). Converse to our findings in 

RGS12 knockout cells, we found that overexpression of RGS12 in RAW264.7 cells led to an 

increased number of osteoclasts with 10+ nuclei (Figure 3.3E). We also observed 

significantly decreased numbers of smaller osteoclasts containing 3-5 and 6-9 nuclei in 

RGS12 overexpressing cells (Figure 3.3E), presumably because most of the smaller 

osteoclasts have fused to form large osteoclasts containing 10+ nuclei. In a study 

investigating the relationship between osteoclast size and state of resorptive activity, a greater 

proportion of large osteoclasts were active whereas non-resorbing osteoclasts were on 

average smaller 41. Additionally, quantification of the mean areas of osteoclasts with 10+ 

nuclei revealed that RGS12-overexpressing osteoclasts were larger as compared to empty 

vector-transfected controls (Figure 3.2F). Our findings consequently demonstrate the 

importance of RGS12 in promoting osteoclast formation, which is consistent with the 

osteopetrotic phenotype observed in RGS12-deficient mouse model. 
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Figure 3.2. RGS12 is essential for osteoclast differentiation. (A) TRAP-stained osteoclasts 
differentiated from BMMs isolated from RGS12fl/fl and LysM;RGS12fl/fl mice. (B) Number of 
TRAP-positive and multinucleated (≥3 nuclei) osteoclasts from RGS12fl/fl and 
LysM;RGS12fl/fl BMMs (n=4, *P<0.05, **P<0.01, ***P<0.001). (C) Immunoblot to verify 
RGS12 overexpression in RAW264.7 cells transfected with a vector carrying a recombinant 
N-terminus FLAG-tagged RGS12 gene (Flag-RGS12). RAW264.7 cells transfected with the 
empty vector was used as a negative control. (D) TRAP-stained osteoclasts derived from 
RAW264.7 cells transfected with an empty vector or Flag-RGS12. (E) Number of TRAP-
positive and multinucleated (≥3 nuclei) osteoclasts from vector- and Flag-RGS12-transfected 
RAW264.7 cells (n=3, *P<0.05, **P<0.01, *** P<0.001). (F) osteoclast size was estimated 
by quantifying the surface area of osteoclasts containing 10+ nuclei, which was normalized to 
the number of osteoclasts with 10+ nuclei (n=3, *P<0.05). TRAP, tartrate-resistant acid 
phosphatase. 

The RGS and RBD domains are important for RGS12 function in osteoclasts 

RGS12 is the largest protein within its family and is populated with a number of accessory 

domains that facilitate different unknown functions in osteoclasts (Figure 3.3A). To assess 

the require for its RGS and the RBD1/2 domains, we generated dominant negative mutants in 

which in which the indicated domains have been deleted in the full-length RGS12. 
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Contrasting RAW264.7 cells transfected with the wild-type RGS12 vector, which resulted in 

larger and increased number of osteoclasts, the RGS dominant-negative vector almost 

completely ablated osteoclast formation (Figure 3.3B and C). The RBD1 and RBD2 

dominant-negative mutants had a less dramatic phenotype, in that only the RBD2 mutant 

showed a slightly albeit significant reduction in osteoclast numbers. Interestingly, although 

RBD1 deletion did not have an effect on osteoclast numbers, it did significantly reduce the 

size of the resultant osteoclasts (Figure 3.3B and D). 

Figure 3.3 The RGS12 RGS and RBD domains are important for osteoclast formation. (A) 
Diagram of of RGS12 protein structure. Numbers below indicate the range of amino acids 
corresponding to each domain. Not drawn to scale. (B) TRAP-staining of osteoclasts 
differentiated from RAW264.7 cells stably transfected with a vector encoding the full-length 
RGS12 and the indicated dominant negative mutants wherein domains were selectively 
deleted. Quantitation of the total number of osteoclasts per well (C) and osteoclast area (D) 
(n=3, *P<0.05, **P<0.01, *** P<0.001). PDZ, PSD-95/Dlg/ZO1; PTB, phosphotyrosine-
binding; RGS, regulator of G protein signaling; RBD, Ras-binding domain. 
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RGS12 deletion in osteoclasts disrupts M-CSF-dependent cytoskeletal reorganization 

Osteoclasts are multinucleated cells formed through the cell-cell fusion of mononuclear pre-

osteoclasts to create expansive cells that cover the bone surface. Cell fusion is therefore an 

important milestone in the osteoclast differentiation process.390 To further characterize the 

role of RGS12 in osteoclast precursors, we assessed the effect of RGS12 knockout or 

overexpression on actin cytoskeletal reorganization (Fig. 3.4A and B). Macrophages and 

osteoclasts are known to respond to chemotactic stimuli initiated by M-CSF, which increases 

cell spreading, membrane ruffling, and motility.391,392 BMMs isolated from RGS12fl/fl and 

LysM;RGS12fl/fl mice were maintained in serum- and M-CSF-free to sensitize the cells 

towards M-CSF stimuli. Reintroduction of M-CSF to quiescent macrophages for 5 min 

stimulated rapid actin cytoskeletal organization (Fig. 3.4A). In response to M-CSF, the actin 

cytoskeleton of RGS12fl/fl osteoclast precursors reorganized into lamellipodia, which are 

broad and flat protrusions used for cell movement (Figure 3.5),391 and filopodia, which are 

narrow “neurite-like” protrusions that form contacts with neighboring precursor cells during 

pre-osteoclast fusion.393 Lamellipodia formation was intact in RGS12-deficient BMMs, but 

the length and number of filopodia were dramatically reduced. The same experiment 

replicated in RGS12 overexpressing RAW264.7 cells revealed increased number of filopodia 

but the lengths were unchanged (Fig. 3.4B). Furthermore, we observed that filopodia were 

present on RGS12-overexpressing cells despite the absence of M-CSF. However, we 

surprisingly did not observe any M-CSF-dependent lamellipodium formation in RAW264.7 

cells. Our observation is corroborated by another study wherein lamellipodia were observed 

in RAW264.7 cells only at day 4 of osteoclast differentiation,394 which is substantially 

delayed as compared to BMMs. 
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Our previous work correlating the proteomes of osteoclasts derived from BMMs and 

RAW264.7 cells identified discrepancies in the expression of proteins related to cytoskeletal 

reorganization,151 which could explain the lack of lamellipodium formation in RAW264.7 

cells. To further define the role of RGS12 in cytoskeletal reorganization, we compared the 

M-CSF-dependent chemotaxis of RGS12fl/fl and LysM;RGS12fl/fl BMMs (Fig. 3.4C) and 

found that cell migration was slightly but statistically significantly reduced in RGS12-

deficient BMMs. It was previously shown that macrophage chemotaxis and osteoclast 

movement on bone are impaired by the inhibition of Rac activity.391 However, determination 

of Rac1 activity by measuring the abundance of the active Rac1-GTP showed no difference 

between RGS12fl/fl and LysM;RGS12fl/fl BMMs (Fig. 3.4D). Additionally, we found that the 

protein expression of IL-8 receptor (IL-8R) and CXCR2, two important chemotactic 

receptors on osteoclasts, were not affected by RGS12 deletion (data not shown). Our data 

indicate that RGS12 is required for cell-cell fusion of pre-osteoclasts by facilitating filopodia 

formation, and is to a lesser extent important for macrophage chemotaxis. 
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Figure 3.4 RGS12 facilitates cytoskeletal reorganization and filopodia formation in pre-
osteoclasts. (A) RGS12fl/fl and LysM;RGS12fl/fl BMMs and (B) RAW264.7 cells 
overexpressing Flag-RGS12 were starved in medium containing 1% fetal bovine serum 
(FBS) and 5 ng/mL M-CSF for 16 hours then 0% FBS and 0 ng/mL M-CSF for 24 hours. 
Cytoskeletal reorganization was induced by introducing 50 ng/mL M-CSF in serum-free 
medium for 5 minutes. Cells were fixed and the actin cytoskeleton was visualized by 
rhodamine phalloidin staining. Arrows indicate the presence of filopodium (F) and 
lamellipodium (L). Scale bar = 10 µm. (C) Transwell assay measuring M-CSF-dependent 
chemotaxis of RGS12fl/fl and LysM;RGS12fl/fl BMMs. Results are mean ± SD (n=3, p<0.05). 
(D) Rac1 activity was measured in RGS12fl/fl and LysM;RGS12fl/fl BMMs treated in the same 
manner in (A). Rac1 activity was determined by the immunoprecipitation of activated Rac1-
GTP. The total cell lysate (input) was used to control for the starting material used in the 
immunoprecipitation. Representative of n=3 biological replicates. Supplemental data 
available in Appendix A. 
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Figure 3.5 Actin cytoskeleton organization in protrusions that mediate cell migration. a) 
Human skin fibroblast forms lamellipodia (Lp). b) MRC5 human lung fibroblasts 
transformed with virus SV40 (MRC5V2) form numerous filopodia (Fp). (Alexandrova, 
2014)395 

RGS12-defcient osteoclast precursors show an increased expression of Nrf2-dependent 

antioxidant proteins 

To uncover the role of RGS12 in osteoclast differentiation, we employed the IonStar liquid 

chromatography tandem mass spectrometry (LC-MS/MS)-based quantitative proteomics 

strategy387 to profile the temporal dynamics in the global protein levels in RGS12fl/fl and 

LysM;RGS12fl/fl BMMs at 0, 1, 3, and 5 days of osteoclast differentiation (Figure 3.6; Figure 

3.6—supplemental figure 1). Proteomics analysis identified 3,714 quantifiable proteins that 

are present in all samples (no missing data), using a highly stringent identification criteria of 

≥2 peptides per protein and 1% false discovery rate (Figure 3.6A). Within this dataset, we 

identified 83 and 61 unique proteins that were significantly up- and downregulated, 

respectively, in LysM;RGS12fl/fl BMMs relative to RGS12fl/fl BMMs. Proteins were 

considered significantly altered if they exceeded the thresholds set at p<0.05 and >0.3 log2-

transformed ratio (Figure 3.6B). Most of the protein expression changes in RGS12-deficient 

cells were captured at 3 and 5 days of osteoclast differentiation (Figure 3.6A). To determine 

the biological significance of these altered proteins, we performed gene ontology analysis to 

identify the canonical pathways involved (Figure 3.6C). Processes related to osteoclast 

differentiation (e.g. “NFAT Signaling”, “RANK Signaling in osteoclasts”, and “Role of 

osteoclasts in Rheumatoid Arthritis”) were enriched at 3 and 5 days of osteoclast 

differentiation. Closer inspection showed that osteoclast marker proteins including 

metalloproteinase-9 (Mmp9), tartrate-resistant acid phosphatase (Trap), ATPase H+ 

transporting V0 subunit D2 (Atp6v0d2), and integrin β3 (Itgb3) were significantly 
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downregulated in LysM;RGS12fl/fl osteoclasts (Figure 3.6D). Additionally, the analysis 

revealed several biological functions related to ROS homeostasis that were impacted by 

RGS12 deletion (e.g. “Production of ROS”, “Superoxide Radical Degradation”, and Nrf2-

mediated Stress Response”) (Figure 3.6C). Inspection of the proteins involved in these 

pathways showed a significant upregulation of numerous Nrf2-dependent antioxidant 

enzymes responsible attenuating oxidative stress, including: peroxiredoxin 1/4 (Prdx1/4), 

thioredoxin 1/2 (Trxr1), glutathione reductase (Gshr), and NAD(P)H dehydrogenase quinone 

1 (Nqo1) (Figure 3.6E). Upstream regulator (transcription factor) analysis identified that the 

antioxidant enzymes upregulated in LysM;RGS12fl/fl osteoclasts share the common upstream 

regulator Nrf2, a key transcription factor that regulates cellular redox balance through the 

expression of protective antioxidant and phase II detoxification proteins (Appendix A, Figure 

3.6—suppmental figure 2).231,396 Although the upstream regulator analysis predicted an 

upregulation of Nrf2 activity, the transcription factor itself was not detected by our 

proteomics analysis. Proteins of typically low abundance such as cytokines, signal regulatory 

molecules, and transcription factors tend to be “crowded out” during MS analysis by more 

highly abundant proteins such those proteins involved in glycolysis and purine metabolism, 

protein translation, and cytoskeletal components 397. Nonetheless, our proteomics-based 

discovery tool allowed us to generate the hypothesis that Nrf2 is aberrantly activated by 

RGS12 deletion, causing excessive clearance of ROS by antioxidant enzymes and in turn 

disrupting osteoclast differentiation. 
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Figure 3.6 Proteomics analysis identified an increased expression of Nrf2-dependent 
antioxidant proteins in RGS12-deficient osteoclast precursors. (A) Venn diagram 
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summarizing the distribution of proteins that were significantly altered in LysM;RGS12fl/fl 

BMMs as compared to RGS12fl/fl BMMs at 0, 1, 3, and 5 days of osteoclast differentiation. 
(B) Volcano plots depicting protein expression changes in LysM;RGS12fl/fl BMMs as 
compared to RGS12fl/fl BMMs. Optimized cutoff thresholds for significantly altered proteins 
was set at 1.3 log2-tranformed ratios and p-value < 0.05. Data are means ± SD. Student’s t 
test was performed to compare RGS12fl/fl and LysM;RGS12fl/fl BMMs at each time point (n = 
3). (C) Gene ontology (GO) enrichment analysis to identify canonical pathways 
corresponding to the significantly altered proteins. For visualization purposes, the color 
intensity in the heat map diagram indicates the significance of GO term enrichment, 
presented as –log10(p-value). Hierarchical clustering analysis was used to group GO terms 
based on the p-value of enrichment. (D, E) The expression of osteoclast marker proteins and 
Nrf2-regulated antioxidant proteins in LysM;RGS12fl/fl versus RGS12fl/fl BMMs. Mmp9, 
metalloproteinase-9; Trap, tartrate-resistant acid phosphatase; Nfatc1, nuclear factor of 
activated T cells, cytoplasmic 1; Atp6v0d2, ATPase H+ transporting V0 subunit D2; Itgb3, 
integrin β3; Prdx, peroxiredoxin; Cata, catalase; Trxr, thioredoxin; Gshr, glutathione 
reductase; Nqo1, NAD(P)H dehydrogenase quinone 1. Supplemental available in Appendix 
A. 

Deletion of RGS12 elevated Nrf2/Keap1 expression and Nrf2 activity 

Based on our proteomics analysis, we hypothesized that RGS12 is needed to suppress Nrf2 

activity and facilitate the formation of ROS, which has been previously shown to play a 

critical role in osteoclast differentiation 156,253. To test this hypothesis, we assessed Nrf2 

activity and the expression of Nrf2 and Keap1 in RGS12fl/fl and LysM;RGS12fl/fl BMMs 

(Figure 3.7). Western blotting of Nrf2 in day 3 osteoclasts also showed increased levels of 

Nrf2 in LysM;RGS12fl/fl cells (Figure 3.7A and B). Keap1, however, which is known to 

suppresses Nrf2 activity by facilitating its degradation via the proteasome pathway, was 

unexpectedly elevated in RGS12-deficient cells. Furthermore, immunofluorescence staining 

of Nrf2 demonstrated increased nuclear translocation of the transcription factor in 

LysM;RGS12fl/fl cells (Figure 3.7C, upper panel). The elimination of ROS with N-

acetylcysteine (NAC), a precursor to the antioxidant glutathione, was able to completely 

suppress Nrf2 nuclear translocation in both RGS12fl/fl and LysM;RGS12fl/fl BMMs (Figure 

3.4C, middle panel). Conversely, induction of oxidative stress using the peroxide tert-
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buthylhydroxyperoxide (tBHP) potently induced Nrf2 nuclear translocation (Figure 3.7C, 

bottom panel). To further test whether elevated Nrf2 activity in RGS12-deficient osteoclasts 

could result in reduced intracellular ROS levels, we detected intracellular ROS levels. As 

expected, the RANKL-dependent ROS induction observed in control cells was suppressed in 

LysM;RGS12fl/fl osteoclasts (Figure 3.7D). These findings demonstrate an abnormal 

upregulation of Nrf2 activity and expression in RGS12-deficient cells, indicating that RGS12 

may be required to suppress Nrf2 to facilitate osteoclastogenesis. 
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Figure 3.7 Increased Nrf2 activation and expression of antioxidant proteins in RGS12-
deficient osteoclast precursors. (A-F) Nrf2 immunofluorescence staining in RGS12fl/fl and  
LysM;RGS12fl/fl BMMs differentiated with M-CSF and RANKL for 72 h. (C, D). As a 
negative control for Nrf2 nuclear translocation, cells were treated with the antioxidant 
compound NAC (5 mM, 16 h) to suppress cellular ROS. (E, F) Conversely, as a positive 
control for Nrf2 nuclear translocation, cells were treated with the peroxidase tBHP (50 µM, 
16 h) to induce oxidative stress. (G, H) Immunoblot of Nrf2 and Keap1 protein levels in 
RGS12fl/fl and  LysM;RGS12fl/fl BMMs treated with RANKL for 72 h. Densitometry analysis 
was performed on bands and normalized to β-actin (n=3, *p<0.05). (I) Induction of ROS 
levels in RGS12fl/fl and LysM;RGS12fl/fl BMMs differentiated for 72 h, kept in serum-free 
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medium for 6 h, and stimulated with RANKL for the indicated times. ROS levels were 
measured using the DCFDA fluorescence method. Data are means ± SD (n=5, *p<0.05, 
**p<0.01, ***p<0.001). DAPI, 4,6-diamidino-2-phenylindole; NAC, N acetylcysteine; 
tBHP, tert-butylhydroxyperoxide. ROS, reactive oxygen species. DCFDA, 2’,7’-
dichlorofluorescin diacetate. RFU, relative fluorescence units. 

RGS12-mediated suppression of Nrf2 activity is dependent on the proteasome 

Under basal conditions (i.e. absence of cellular stress), Nrf2 remains inactive through its 

interaction with Keap1, which causes its continual ubiquitination and degradation via the 

proteasome pathway 398,399. A variety of stress conditions can induce conformational changes 

in Keap1, thereby releasing Nrf2 from the ubiquitin-proteasome pathway, allowing it to 

accumulate and translocate into the nucleus 232,400. To better understand the mechanism by 

which RGS12 suppresses Nrf2 activity, we therefore first determined whether the ability of 

RGS12 to suppress Nrf2 activity relies on this canonical mechanism (Figure 3.8A). Given 

that RGS12 deletion resulted in elevated Nrf2 expression and nuclear translocation, we first 

determined whether RGS12 overexpression could exert the opposite effect (Figure 3.8A and 

B). We measured Nrf2 protein levels in RAW264.7 cells stably transfected with the RGS12-

His or empty vector and found no difference when cells are at their basal state (i.e. 

uninduced). Stimulation of RAW264.7 cells with tert-buthylhydroquinone (tBHQ), which is 

known to directly bind Keap1 and attenuate its inhibitory effect on Nrf2 241, caused a robust 

induction of Nrf2 protein levels in a dose-dependent manner (Figure 3.8A and B). More 

importantly, RAW264.7 cells overexpressing RGS12 showed a significant reduction of Nrf2 

protein levels that resulted from Keap1 inhibition compared to those in the control cells. 

Moreover, the ability of RGS12 to facilitate Nrf2 degradation despite the inhibition of Keap1 

suggests that RGS12 functions downstream of Keap1, either by controlling the ubiquitination 

or proteasomal degradation of Nrf2. 
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Given the possibility that the reduction of Nrf2 levels in RGS12 overexpression cells may be 

a result of increased Nrf2 degradation, we further tested whether inhibiting the proteasome, a 

step downstream of Keap1, could attenuate the ability of RGS12 to facilitate Nrf2 

degradation (Figure 3.8D and E). Similar to tBHQ, preventing Nrf2 degradation using the 

proteasome inhibitor MG-132 caused Nrf2 protein to substantially accumulate (Figure 3.8D, 

left panel). Interestingly, when Nrf2 protein levels were artificially induced, we observed the 

presence of a lower molecular weight band, which could correspond to a different post-

translational modification state (e.g. unphosphorylated or non-ubiquitinated). Furthermore, 

we did not observe any changes in Keap1 protein levels. In the previous scenario wherein 

RGS12 overexpression could still promote Nrf2 degradation in spite of tBHQ treatment, this 

was not the case when using MG-132. In fact, inhibiting the proteasome was able to reverse 

the ability of RGS12 to promote Nrf2 degradation, indicating its requirement for the 

proteasome’s function. Repeating this experiment in RAW264.7 cells differentiated for 3 

days with RANKL showed that Nrf2 levels were suppressed in osteoclasts (Figure 3.8D, 

right panel); likely due to reduced transcriptional activity, which corroborates with findings 

from previous studies (Figure 3.8F).247,253 More importantly, RGS12 overexpression could 

suppress Nrf2 protein levels, but inhibition of the proteasome using MG-132 reversed this 

effect (Figure 3.8D, right panel). To confirm that RGS12 inhibits Nrf2 through a post-

translational mechanism, we measured Nrf2 transcript levels by qPCR and found no 

difference between wild-type or RGS12-overexpressing cells (Figure 3.8F). Overall, our data 

collectively indicate that RGS12 suppresses Nrf2 activity by facilitating its degradation 

through the proteasome-dependent pathway. 
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Figure 3.8 Suppression of Nrf2 protein levels by RGS12 is dependent on the proteasome 

degradation pathway. (A) Diagram summarizing the inhibitors of the Keap1-proteasome axis 

to modulate Nrf2 protein levels. (B) RAW264.7 cells stably-transfected with RGS12-His or 

empty vector treated with increasing doses of tBHQ. (C) Nrf2 and Keap1 protein levels were 

quantified by densitometry analysis and normalized to β-actin (n=3, *p<0.05, **p<0.01). (D) 

Western blot to detect Nrf2 and Keap1 in RAW264.7 cells stably-transfected with empty 

vector or Flag-RGS12. RAW264.7 cells were treated with a combination of RANKL (100 
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ng/mL, 72 h) and the proteasome inhibitor MG-132 (25 µM, 4 h). (E) Nrf2 and Keap1 protein 

levels were quantified by densitometry analysis and normalized to β-actin (n=3, *p<0.05, 

**p<0.01, ***p<0.001). (F) qPCR analysis of Nrf2 and Keap1 transcript levels in RAW264.7 

cells transfected with RGS12-His or empty vector. Data are means ± SD. Two-tailed t test 

was performed (n=3, *P<0.05). tBHQ, tert-butylhydroquinone. 

RGS12-mediated activation of osteoclast MAPK and NFκB signaling is dependent on 

intracellular ROS 

It was previously demonstrated that ROS could act as an intracellular signal mediator 

osteoclast differentiation, and is required for the RANKL-dependent activation of p38 

mitogen-activated protein kinase (MAPK), extracellular signal-regulated kinase (ERK), and 

NFκB 156,191. Given our findings that RGS12 could suppress the activity of Nrf2 and thereby 

promoting intracellular ROS, we hypothesized that RGS12 could promote RANKL-

dependent signaling, and that this effect would be abrogated by the addition of an antioxidant 

(Figure 3.9A and B). As expected, RAW264.7 cells overexpressing RGS12 demonstrated a 

more robust activation of ERK1/2 and NFκB phosphorylation but not p38 MAPK. 

Pretreating RGS12 overexpressing cells with the antioxidant NAC diminished ERK1/2 

activation, and almost completely abrogated NFκB activation. These results support the role 

of RGS12 in promoting ROS that is important osteoclast signaling, likely through the 

suppression of Nrf2 activity. 
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Figure 3.9 RGS12-dependent activation of MAPK and NFkB was suppressed by 
antioxidants. (A) Western blot detected phosphorylated or total p38, NFκB, and Erk1/2 in 
transfected RAW264.7 cells induced with RANKL (200 ng/mL) and M-CSF (100 ng/mL) for 
the indicated times. Cells were pretreated with NAC (5 mM, 4 h) to suppress cellular reactive 
oxygen species. (B) Band density was quantified by ImageJ and phosphorylated and 
unphosphorylation/total protein levels were normalized to β-actin. Relative phosphorylation 
are presented as the ratio between the phosphorylated normalized to the 
nonphosphorylated/total protein. Two-tailed t tests were used to compare vector and RGS12-
His groups (n=3, *P<0.05). M/R, M-CSF and RANKL. NAC, N-acetylcysteine. (C) Model 
of the role of RGS12 in suppressing Nrf2 to promote ROS and osteoclast differentiation. 
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3.4 DISCUSSION 

The importance of ROS in osteoclasts has been underlined by the growing body of evidence 

that ROS increased with aging or during inflammation can stimulate bone resorption and 

exacerbate bone loss 383. Targeting ROS in diseases of excess bone resorption such as 

osteoporosis could therefore be an important therapeutic strategy. Additionally, an important 

mechanism of cellular ROS clearance relies on the Keap1-Nrf2 pathway which is very well 

characterized, especially in the context of cancer biology.401 However, the upstream signaling 

molecules that could regulate the Keap1-Nrf2 axis in osteoclasts remains unknown. Targeting 

this gap in knowledge, our study uncovered a novel role of the signaling protein RGS12 in 

regulating Nrf2, thereby controlling cellular redox state and osteoclast differentiation. 

In this study, we demonstrated the essential role of RGS12 in osteoclast differentiation such 

that RGS12 knockout mice exhibited increased bone mass (Figure 3.1) and osteoclast 

precursors isolated from these mice showed reduced osteoclast differentiation (Figure 3.2). 

On the contrary, overexpressing RGS12 in RAW264.7 cells significantly promoted osteoclast 

formation and increased the size of resultant osteoclasts. However, the mechanism by which 

RGS12 regulates osteoclast differentiation remains unclear. 

In addition to regulating osteoclast formation, we showed that RGS12 could affect the 

reorganization of the actin cytoskeleton in osteoclast precursors, specifically related to 

filopodia formation in response to M-CSF (Fig. 3). Based on a previous study demonstrating 

the importance of filopodia in cell-cell fusion of pre-osteoclasts,393 our results suggest that 

RGS12 may be important to this process during osteoclast differentiation. Consistent with 

this idea, either overexpressing or deleting RGS12 from osteoclast precursors resulted in 

121 



 

 

 

   

 

   

 

  

   

 

  

   

 

  

 

 

 

   

 

  

   

   

  

       

  

increased or decreased size of osteoclasts, respectively (Fig. 2). Interestingly, the formation 

of filopodia, but not lamellipodia, was selectively disrupted by RGS12 deletion in BMMs 

(Fig. 3). The shape and structure of different cytoskeletal protrusions serve distinct functions 

in osteoclast migration and cell-cell fusion.390,393,402 The narrow and elongated projections of 

the filopodia may be better suited for initiating contact with neighboring cells for cell fusion, 

whereas the flat and broad shape of the lamellipodia may be more suited for cell spreading 

and migration. These distinctions might account for the fact that M-CSF-dependent migration 

was only slightly affected by RGS12 deletion in BMMs (Fig. 3C). Furthermore, it has been 

shown that for cells that use the mesenchymal (fibroblast-like) mode of motility, Rac and 

Cdc42 GTPases are the critical regulators of the formation of lamellipodia and filopodia, 

respectively.395 Our finding that RGS12 does not regulate Rac1 activation is consistent with 

the lack of an effect on lamellipodia formation, but it remains to be seen whether Cdc42 is 

affected. Although we identified RGS12 as an important determinant of filopodia formation 

in osteoclasts, further studies are needed to define its molecular mechanism. 

Proteomics is a powerful tool that has led to numerous discoveries of proteins and biological 

processes that drive osteoclast differentiation 356. Notably, this technique was recently used to 

map the podosome proteome which helped to advance our understanding of determinants in 

the macrophage multinucleation process 357,358, and how metabolism and energy is redirected 

towards bone resorption in osteoclasts 150. Proteomics can therefore provide a broad yet 

informative overview of the systemic changes in the differentiating osteoclast. To discover 

the cellular function of RGS12 in osteoclasts, we employed a robust and high-throughput 

quantitative proteomics approach to characterize the global protein changes of osteoclasts 

derived from RGS12fl/fl and LysM;RGS12fl/fl BMMs (Figure 3.3). Interestingly, the analysis 

identified the upregulation of a collection of antioxidant enzymes that are transcriptionally 
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regulated by the antioxidant response element (ARE) in the promoter region, which is 

activated by the transcription factor Nrf2 403. Based on this evidence, we further investigated 

the role of RGS12 in Nrf2 signaling. We found that Nrf2 protein levels and nuclear 

translocation were increased in osteoclast precursors in which RGS12 was deleted (Figure 

3.4). Because our data showed that RGS12 deficiency upregulated Nrf2, we expected that 

Keap1 levels should be reduced in order to facilitate the increased Nrf2 activity. On the 

contrary, Keap1 levels were upregulated in RGS12-deficient cells, suggesting that the Nrf2 

upregulation may be independent of the Keap1. We speculate that RGS12-deficient cells may 

be overcompensating Keap1 expression in order to rein back the increased Nrf2 activity. 

Nevertheless, consistent with the upregulation of Nrf2 and its corresponding antioxidant 

enzymes, the RANKL-dependent induction of ROS was attenuated in RGS12-deficient cells. 

Taking an opposite approach, we demonstrated that RGS12 overexpression in osteoclast 

precursors could also enhance RANKL-mediated activation of ERK and NFκB, which is 

known to be dependent on ROS (Figure 3.7). Inhibition of intracellular ROS blocked the 

effect of RGS12 overexpression, indicating that RGS12 promotes RANKL-dependent 

signaling by facilitating ROS production. Overall, the data collectively demonstrate that 

RGS12 promotes osteoclastogenesis by facilitating ROS generation through the suppression 

of Nrf2 and its target antioxidant genes. 

Nrf2 is constitutively expressed but its activity is inhibited through its interaction with 

Keap1. Under basal conditions, Nrf2 is restricted to the cytoplasm where it is continually 

depleted through the proteosomal degradation pathway. When bound to Nrf2, Keap1 recruits 

the Cul3-dependent E3 ubiquitin ligase complex, which ubiquitinates and targets Nrf2 for 

degradation by the 26S proteasome 399,400,404,405. The Keap1 protein containing multiple 

reactive cysteine residues that serve as redox sensors 241 Stressor conditions including 
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oxidative stress causes the electrophilic modification of Keap1, inducing conformational 

changes which cause the protein to dissociate from Nrf2 and allow the transcription factor to 

translocate into the nucleus 398. We therefore determined how RGS12 regulates this well-

defined mechanism (Figure 3.5). tBHQ is a selective inhibitor of Keap1 activity by 

covalently binding the protein’s reactive thiols and could activate Nrf2 and its downstream 

proteins in RAW264.7 cells 241. Furthermore, tBHQ inhibited osteoclast differentiation via 

the upregulation of heme oxygenase-1, a Nrf2-dependent antioxidant enzyme.406 In our study, 

we determined whether RGS12 could suppress the tBHQ-dependent upregulation of Nrf2 

(Figure 3.5B). We reasoned that if RGS12 relies on a Keap1-dependent mechanism, then the 

inhibition of Keap1 by tBHQ should prevent the ability of RGS12 to suppress Nrf2. 

However, we observed that RGS12 was still able to suppress Nrf2 despite blocking Keap1 

activity, indicating that RGS12 functions downstream of Keap1. Following Keap1-mediated 

ubiquitination of Nrf2, the targeted protein is degraded by the proteasome. Again, we 

reasoned that if RGS12 is dependent on the proteasomal degradation pathway, then inhibition 

of this pathway using MG-132 should prevent RGS12-mediated suppression of Nrf2. Indeed, 

we found that Inhibiting the proteasome was able to reverse the RGS12-mediated degradation 

of Nrf2, which places RGS12 in between Keap1 and the proteasome in the Nrf2 degradation 

pathway (Figure 3.5D and E). Thus, RGS12 could either regulate the Cul3-dependent E3 

ubiquitin ligase complex to facilitate the ubiquitination of Nrf2, or directly control 

proteasome activity. It is interesting to note that NFκB activation is also dependent on the 

proteasomal degradation of inhibitor of κB (IκB), which otherwise sequesters NFκB to the 

cytoplasm.136 If RGS12 could modulate proteasome activity, it is possible that RGS12 could 

directly promote NFκB by facilitating the degradation of IκB. However, the fact that 

antioxidant treatment to suppress ROS could almost completely block the phosphorylation of 

NFκB points to an important role of ROS, and not just the proteasomal degradation of IκB in 
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NFκB activation (Figure 3.6). This potential crosstalk between the NFκB and Nrf2 pathways 

will need to be evaluated in future studies. 

RGS10 (specifically the RGS10A but not RGS10B isoform) is induced by RANKL and is 

selectively expressed in osteoclasts.407 RGS10A silencing blocks intracellular Ca2+ 

oscillations and osteoclast differentiation, and is associated with premature osteoclast 

apoptosis.407 Additionally, RGS10–/– mice exhibit severe osteopetrosis and impaired 

osteoclast differentiation, which surprisingly could not be rescued by RGS12.300 Strangely 

enough, although both RGS10 and RGS12 both belong to the R12 subfamily and play similar 

roles in promoting osteoclast formation, their protein structures are vastly different except for 

the conserved RGS domain found in all members of its eponymous family. When RGS 

proteins were first categorized based on a phylogenic analysis of their RGS domain amino 

acid sequence, RGS10 was an oddity that had difficulty being placed into a subfamily due to 

its distinct structural features.278 A debate in the following years discussed whether RGS10 

belongs on the R12 family due to its lack of structural domains present in the other two 

members, RGS12 and RGS14. However, it was eventually determined that the sequence of 

the RGS domain bears sufficient resemblance to be placed in the same subfamily.408 

Therefore, despite their similar function in osteoclasts, the mechanisms ascribed to RGS10 

and RGS12 are likely dependent on the specificity of their RGS domains to different Gα 

subunits. 

In conclusion, our study points to a novel role of RGS12 in osteoclast redox biology, thus 

forming the molecular basis for developing therapies for osteoporosis and other diseases of 

bone loss. Additionally, we found a new factor that could modulate the Nrf2-Keap1 pathway, 

which is important within the context of ROS biology. 
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CHAPTER 4 
SUMMARY AND CONCLUSIONS 
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4.1 SUMMARY AND CONCLUSIONS 

We are excited to present our work describing a novel function of RGS12 in augmenting 

intracellular ROS and enhancing the formation of osteoclasts, the cells uniquely responsible 

for bone resorption. In this study, we discovered and explored a novel interaction between 

RGS12 and the transcription factor Nrf2, the master regulator of stress response. Our 

previous studies had identified an important role of RGS12 in skeletal homeostasis, but its 

molecular mechanism less well understood. Given the increasingly apparent significance of 

ROS in osteoclast biology—and human pathology and aging as a whole—we focused our 

investigation on this subject matter. The initial evidence provided by literature pointed to the 

participiation of Gα-RGS proteins in ROS signaling, which also alluded to the possible role 

of RGS12 in redox biology. We took on an exploratory approach by taking advantage of our 

IonStar technology, which is the new proteomics platform conceived and developed in-house 

by Shen and colleagues, representing one of the most robust and high-throughput workflows 

to date.363,387 We deployed this analytical strategy to characterize the perturbations to global 

cellular protein levels in RGS12–/– osteoclast precursors at several stages of development, and 

followed up with validation experiments. After much investigation, a new paradigm for 

RGS12 emerges as that of a chief mediator of physiological ROS and the subsequent 

activation of osteoclasogenic signaling, thereby identifying a noncanonical role of RGS12 in 

redox biology. 

By taking into account the cumulative evidence put forth in this study, the following 

conclusions can be made: 

• Conclusion 1: Functional differences related to c-Fms-dependent signaling exist 
between osteoclasts differentiated from BMMs and RAW264.7 cells 
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• Conclusion 2: RANK-dependent signaling in osteoclastogenesis is intact within 
RAW264.7 cells, but its overall proteome is poorly correlated with BMMs 

• Conclusion 3: Expression of proteins involved in cytoskeletal reorganization is 
abnormal in RAW264.7 cells, which do not form lamellipodia in response to M-CSF 

• Conclusion 4: RAW264.7 cells are more resilient to apoptosis than BMMs 

• Conclusion 5:RGS12 enhances osteoclastogenesis and its loss in mice leads to 
increased trabecular bone mass and a osteopetrosis phenotype 

• Conclusion 6: RGS12 likely mediates pre-osteoclast fusion by regulating the actin 
cytoskeleton and filopodia formation 

• Conclusion 7: RGS12 function in osteoclast formation is dependent on its RGS and 
RBD domains 

• Conclusion 8: RGS12 suppresses Nrf2 activity through a proteasome-dependent 
manner to promote RANKL-dependent ROS formation 

• Conclusion 9: RGS12 promotes RANKL-dependent phosphorylation of ERK1/2 and 
NFκB1 that is depdendent on ROS 
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4.2 FUTURE DIRECTIONS 

The novel finding of RGS12 as an important player in redox biology is an exciting new 

development that opens several branching paths of research, which can be summarized by 

four overarching aims as follows: 

AIM 1: Identify and characterize proteins that interact with the various RGS12 domains. 

This study identified critical roles for the RGS and RBD1/2 domains in osteoclast formation 

but not other domains that were tested, including PTB, PDZ, and GoLoco (Figure 3.3). The 

logical next step would be to identify the GPCR/Gα subunits(s) and other effector signaling 

molecules targeted by the RGS and the tandem RBD domains, respectively. Interestingly, the 

RGS12 RBD domain has been previously shown to interact with Ras during NGF-induced 

signaling during glial cell differentiation, but our own preliminary analysis using an ELISA-

based binding assay did not replicate this finding in osteoclasts (data not shown). Based on 

our previous observations, we suspect that the typically low amounts of endogenous RGS12 

in osteoclast lysates were insufficient to meet the assay’s limit of detection. To overcome this 

technical limitation, we aim to repeat this experiment using purified recombinant RGS12 

protein. To that end, we have successfully generated, expressed, and purified an N-terminal 

FLAG-tagged (p3XFLAG-CMV-RGS12) and C-terminal His-tagged (pcDNA3.1(+)-C-His-

RGS12) RGS12. The rationale for using two different constructs is to account for the 

possibility of steric hindrance by tags, which could interfere with protein-protein interactions. 

The next step would be to repeat the ELISA-based binding assay to probe for RGS12-Ras 

interaction in osteoclasts. In another study, we have some preliminary data showing that 

RGS12 could immunoprecipitate subunits of the 26S proteasome (data not shown), which 

possibly opens a direct path in mediating Nrf2 degradation during osteoclastogenesis. From a 
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clinical standpoint, RGS12 itself may not be the ideal drug target due to its widespread 

presence in several tissue types and pleitropic function. The targeting of RGS12-interacting 

proteins may be more effective to avoid side effects, and therefore should be a priority in 

deconstructing the RGS12 mechanism of action. 

AIM 2: Filopodia and pre-osteoclast fusion. Filopodia (a.k.a. microspikes) and long, 

dendrite-like cell projections are actin cytoskeletal elements that mediate the fusion of 

precursor cells during osteoclast differentiation (Figure 4.2). Our preliminary data 

demonstrated that RGS12 was required for filopodia formation in osteoclast precursors 

(Figure 3.4). Previous studies have reported that Rac1 and Rac2, members of the Rho family 

of GTPases, are related to osteoclast chemotaxis.409,410 Consistent with these findings, our 

data show that Rac1 activation was unaffected by loss of RGS12 whereas M-CSF-dependent 

chemotaxis was only slightly reduced. Additionally, filopodia formation was previously 

shown to be regulated by the Cdc42 subfamily of Rho GTPases.411 Uncovering the potential 

interaction between RGS12 and Cdc42 activity should therefore be the immediate next step 

in our investigation. Lastly, the most exciting observation comes from a study by Willard and 

colleagues, wherein RGS12 silencing impaired NGF-induced formation of neurites, the 

projections from the cell body of neurons (Figure 4.3),309 which of course demonstrates 

parallelism with the formation of filopodia and dendrite-like projections in osteoclasts. 

Furthermore, the authors showed that this NGF-induced neurite outgrowth was dependent on 

the activation of the MAPK signaling cascade. Therefore, it is highly likely that the RGS12-

mediated filopodia formation in osteoclasts will be dependent on MAPK activation as well. It 

will be fascinating to follow the future development of the function of RGS12 in regulating 

cytoskeletal structures. 
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Figure 4.1 Morphology, TRAP activity, and cytoskeleton in osteoclast differentiation and 
cell-cell fusion. (a, TRAP) To investigate changes in morphology and TRAP activity by 
TRAP staining, images were obtained using a Leica microscope, which showed morphology 
and TRAP activity changes during OC differentiation from RAW264.7 cells. (a, F-actin) 
Cells were stained for F-actin using rhodamine-conjugated phalloidin. (b) Cell-cell fusion in 
OC differentiation. TRAP staining analysis of cell-cell fusion morphology. 
Immunofluorescence staining (IF) analysis of cytoskeletons of fusing cells, including F-actin 
and α-tubulin. IF images were obtained by confocal microscopy and analyzed using the Zen 
software. Confocal images show cytoskeleton dynamics at various stages of OC 
differentiation and fusion. (Song et al., 2014)394 
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Figure 4.2 Loss of RGS12 inhibits nerve growth factor-mediated and MAPK cascade-
dependent neurite outgrowth in PC12 cells. PC12 lysates were immunoprecipitated with 
beads alone (no Ab), or anti-H-Ras, anti-Rap-1, anti-B-Raf, or anti-RGS12 antibodies. Anti-
RGS12 was used to detect associated endogenous RGS12. (B) PC12 cells were transfected 
with non-specific (top) or RGS12 siRNA (bottom) for 24 h, and treated with 100 ng/ml NGF 
for an additional 48 h. Images were obtained as described in Materials and methods. (C) 
PC12 cells were transfected, treated with NGF, and imaged as in panel B. Neurite lengths 
were measured for >100 cells per condition in three independent experiments as described in 
Materials and methods. The average for each condition is represented by a black line. Median 
neurite length in non-specific versus RGS12 siRNA-transfected cultures were significantly 
different (P<0.0001; Mann–Whitney test used given non-Gaussian distributions). Inset: PC12 
cells were transfected with non-specific (ns) or RGS12 siRNA, and lysed 24, 48, and 96 h 
post-transfection for immunoblotting for RGS12 and actin. (D) PC12 cells were transfected 
with non-specific or (i) A-Raf-, (ii) B-Raf-, or (iii) MEK2-directed siRNA, and lysed 72 h 
post-transfection for immunoblotting for expression of actin and relevant protein target. (E) 
PC12 cells were transfected with gene-specific siRNAs as in panel D and resultant neurite 
length statistics were quantitated as in panel C. Neurite length was not statistically different 
between non-specific and A-Raf-directed siRNA treatment (subpanel (i); P>0.05, Mann– 
Whitney test), but was significantly reduced upon B-Raf and MEK2 knockdown (P<0.0001 
for both subpanels (ii) and (iii); Mann–Whitney test versus non-specific siRNA). (F, G) PC12 
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neuritogenesis stimulated by transfection of activated (G12V) H-Ras (mean±s.e.m.: 42.1±2.8 
µm) and activated (V600E) B-Raf (mean±s.e.m.: 40.6±2.6 µm) is blunted by RGS12 
knockdown (mean±s.e.m.: 27.6±2.2 µm (F) and 27.3±1.8 µm (G)). One hundred independent 
measurements of neurite length are made for each treatment. (Willard et al., 2007)309 

AIM 3: Autophagy-mediated suppression of Nrf2. Autophagy (derived from a Greek word 

meaning “self-devouring”) is the process of bulk degradation and recycling of damaged 

proteins or organelles.412 More to the point, several studies previously demonstrated that 

autophagy participates in a noncanonical mechanism to regulate the Nrf2-Keap1 pathway.413-

415 p62 is a protein that confers selectivity to the otherwise nonselective autophagy process, 

by binding and guiding targeted proteins or organelles to the site of degradation.416 

Dysregulation of autophagy causes upregulation of p62 and the formation of p62-containing 

aggregates, which are often associated with neurodegenerative diseases and cancer.412 

Importantly, p62 accumulation sequesters Keap1 into aggregates, resulting in the inhibition 

of Keap1-mediated Nrf2 ubiquitination and its subsequent degradation by the proteasome. 

Therefore, the dysregulation of autophagy was shown to result in prolonged Nrf2 activation 

in a p62-dependent manner.415 Interestingly, we found that loss of RGS12 resulted in 

impaired autophagy in osteoclast precursors, evidenced by the accumulation of 

autophagosomes unable to proceed through the autophagy process and the accumulation of 

LC3, an autophagosome marker protein (Figures 4.4 and 4.5). Additionally, p62 protein 

levels were elevated in RGS12–/– BMMs (data not shown). Therefore, impaired autophagy as 

a result of RGS12 deletion may be an indirect means of activating Nrf2, which will need to 

be clarified in future studies. 
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Figure 4.3 Autophagy is impaired in RGS12-deficient osteoclasts. (A) Visualization of 
autophagosomes by immunofluorescence staining of endogenous LC3 in wild-type and 
RGS12-overexpressing RAW264.7 cells starved for 2 hours in serum-free medium (left); 
LC3-positive puncta were quantified using ImageJ and normalized to nuclei number (right). 
(B) LC3-turnover assay in RGS12fl/fl and LysM;RGS12fl/fl BMMs and stable-transfected 
RAW264.7 cells carrying the empty (p3) or RGS12-overexpressing vector (R12; cells were 
treated with 10 µM leupeptin and 20 mM ammonium chloride (NH4Cl) for 4 hours to block 
autophagy at the degradation step and cause the accumulation of phagosomes and 
phagolysosomes, which is detected by anti-LC3 immuoblot. 
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Figure 4.4 Diagram of the phases in autophagy-mediated degradation. The autophagosome 
containing proteins and/or organelles targeted for degradation fuses with the lysosome, which 
contains acids and hydrolases necessary for the catabolic process. Inhibition of the 
autophagolysosome fusion or other steps of the autophagy pathway results in the 
accumulation of autophagosomes, which is indicated by its associated protein LC3 
(microtubule-associated protein 1A/1B light chain 3B). 

AIM 4: Novel proteaforms of Rgs12. During the course of studying RGS12, we have 

routinely noticed that the protein is systematically found as four different molecular weight 

isoforms (Figure 4.6). In addition to the full-length RGS12 protein, which is ~156 kDa, we 

frequently observed the 110 kDa, 90 kDa, and 60 kDa isoforms. To confirm the identifiy of 

these lower molecular weight bands, we excised three regions of the SDS-PAGE gel (high, 

medium, low) for analysis by mass spectrometry (Figure 4.7). Mass spectrometry analysis 

identified numerous unique peptides corresponding to RGS12 in all excised gel samples. 

Interestingly, the 60 kDa variant of RGS12 seem to result from the loss of the N-terminal 

segment which contains the PDZ and PTB domains. It should be noted that 2 unique 

peptides/protein is a widely accepted criteria in protein identification during proteomics 

analysis. The fact that up to 24 unique peptides/protein were used to identify RGS12 signifies 

a highly confident outcome. Therefore, the lower molecular weight bands were confirmed 

bona fide RGS12 proteins. As mentioned at the beginning, the existence of RGS12 isoforms 

through alternative splicing is a well-known phenomenon; however, the generation of RGS12 

proteasomes through a post-translational, likely proteolytic pathway has never been 

documented. Therefore, we are the first to put forth evidence showing the existence of 

RGS12 proteaforms, although their functional significance are completely unknown at this 

point and needs to be followed up with further research. The biggest challenge to future 

endeavors would be to validate that proteolytic products are physiological instead of issues 

with protein stability or unintended protease activities. 
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Figure 4.5 Preliminary evidence for RGS12 proteaforms corroborated by different cell 
models. (A) Ni affinity purification of RGS12-His expressed in 293FreestyleTM cells. (B) 
RGS12flox/flox calvarial pre-osteoblasts treated with adenoviruses (Courtesy of Dr. Ziqing 
Li, University of Pennsylvania). Flag-RGS12 expressed in HEK293T cells (C) and RAW 
264.7 cells (D) (Courtesy of Dr. Gongsheng Yuan, University of Pennsylvania). Ad, 
adenovirus. RGS12-HM, home-made RGS12 antibody. 
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Figure 4.6 Mass spectrometry analysis to confirm the identity of putative RGS12 
proteaforms. (A) Purified RGS12-His protein was resolved by SDS-PAGE and sliced 
according to the dotted lines depicted. (B) Map of RGS12 sequence coverage by unique 
peptides corresponding to RGS12 identified by mass spectrometry analysis. The number of 
unique peptides and their percent coverage are indicated. (C) The unique peptide locations 
was aligned with RGS12 structural domains. 
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4.3 CONCLUDING REMARKS 

Our study comes at a time of re-energized interest in the therapeutic potential of targeting 

ROS in bone destructive diseases such as rheumatoid arthritis, osteoporosis, and 

periodontitis. In particular, much research effort has focused on the powerful role of Nrf2 in 

facilitating the antioxidant response and attenuating osteoclastogenesis. Our research 

therefore contributes to this paradigm by introducing a novel signaling molecule in regulating 

the Nrf2-dependent ROS homeostasis pathway. 

Outside of its role in bone homeostasis, Rgs12 has also been shown to hold diverse and 

significant roles in other clinical contexts including pathological cardiac hypertrophy282, 

tumor suppression in African American prostate cancer,287 and psychostimulant-induced 

increases in dopamine levels in the brain289. We speculate that the ability of Rgs12 to regulate 

Nrf2 could be an important clue to better understand the role of Rgs12 in the context of 

cardiac disease and tumorigenesis, in which ROS is known to have significant implications. 

Therefore, our research would have widespread appeal to audiences of different research 

backgrounds. Ultimately, we firmly believe that our research highlighting the role of Rgs12 

in osteoclasts is an important contribution to building our understanding of how to modulate 

ROS to target bone destructive diseases, which in turn translate into improved therapeutics 

that will benefit our society. 
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APPENDIX A 

Figure 2.3—supplemental data 1. Summary of proteins involved in cell cycle control and 
DNA replication. 
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 Figure 2.3—supplemental data 1. Summary of proteins involved in apoptosis signaling 
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Figure 2.3—supplemental data 1. Summary of proteins involved in actin cytoskeletal 
reorganization. 

177 



 

 

 178 



 

 

 

   
 

 
  

  
 

 
 
 

 
 

Figure 3.3—figure supplement. MTS assay to measure cell proliferation of RAW264.7 
cells expressing dominant negative RGS12 mutants. 

Figure 3.4—figure supplement. (A) Representative bright-field microscopy images of 
RGS12fl/fl and LysM;RGS12fl/fl BMMs migrated into the lower chambers of transwell plates. 
Lower chambers without M-CSF was included as a negative control and was used to 
determine the baseline for cell migration. The number of cells were counted using the built-in 
ImageJ automated counting function, subtracted by the number of baseline cells and plotted 
in Figure 3C.  (B) Complete Rac1 western blot used for Figure 3D. Sections shown in Figure 
3D are highlighted with dashed boxes. 5 ng and 10 ng of purified His-Rac1 were included as 
positive controls in the immunoblot. 
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Figure 3.6—source data. Table of proteomics data presented in Fig. 3A,B,D,E. Quantitative 
proteomics analysis of 3,714 proteins in RGS12 knockout versus wild-type osteoclasts at 
different timepoints of differentiation. Statistical comparisons between groups were evaluated 
by Student’s t-test (P < 0.05, n = 3). 

Fuzzy C-means Clustering 
A 

Figure 3.6—figure supplement 1. High-throughput proteomics analysis accurately captures 
the biological processes of osteoclast differentiation. (A) Fuzzy c-means clustering to 
characterize the expression patterns of the proteins significantly altered during osteoclast 
differentiation in RGS12fl/fl; LysM+/+ cells. 
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Figure 3.6—figure supplement 2. (B) GO term analysis (biological processes, BP, left) and 
upstream regulator analysis (right) were performed using the Ingenuity Pathway Analysis 
software on the fuzzy c-means clusters to identify the biological processes occuring during 
osteoclast differentiation in wild-type cells. 
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Figure 3.8—figure supplement. (A) Complete western blots used in Figure 5B. Sections 
shown in Figure 5B are highlighted with dashed boxes. Transfected RAW264.7 cells were 
induced with the indicated dosages of tBHQ for 4 h. (B) Complete western blots used in 
Figure 5D. Sections shown in Figure 5D are highlighted with dashed boxes. RAW264.7 cells 
stably-transfected with empty vector or Flag-RGS12 were treated with the following: 
RANKL (100 ng/mL, 72 h), MG-132 (25 µM, 4 h), and/or tBHQ (25 µM, 4 h). tBHQ, tert-
butylhydroquinone. 
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Figure 3.9—figure supplement. (A) Complete western blots used in Figure 7A. Sections 
shown in Figure 6C are highlighted with dashed boxes. 
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