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Abstract
The endocytic and exocytic/secretory pathways are two major intracellular membrane trafficking
routes that regulate numerous cellular functions in a variety of cell types. Osteoblasts and
osteoclasts, two major bone cells responsible for bone remodeling and homeostasis, are no
exceptions. During the past few years emerging evidence has pinpointed a critical role for
endocytic and secretory pathways in osteoblast and osteoclast differentiation and function. The
endosomal membrane provides a platform to integrate bone tropic signals of hormones and growth
factors in osteoblasts. In osteoclasts, endocytosis, followed by transcytosis, of degraded bone
matrix promotes bone resorption. Secretory pathways, especially lysosome secretion, not only
participate in bone matrix deposition by osteoblasts and degradation of mineralized bone matrix
by osteoclasts; they may also be involved in the coupling of bone resorption and bone formation
during bone remodeling. More importantly, mutations in genes encoding regulatory factors within
the endocytic and secretory pathways have been identified as causes for bone diseases.
Identification of the molecular mechanisms of these genes in bone cells may provide new
therapeutic targets for skeletal disorders.
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Introduction
Maintenance of skeletal integrity and mass in adult life relies on bone remodeling, a process
in which old or damaged bone matrix is removed by osteoclasts and replaced by new bone
that is synthesized and secreted from osteoblasts [1, 2] (Figure 1). An imbalance in
remodeling can lead to loss of bone mass, as in osteoporosis, or an aberrant accumulation of
structurally compromised bone, as in osteopetrosis and osteosclerosis.

Osteoblasts arise from mesenchymal stem cells that can differentiate into fibroblasts,
myoblasts, osteoblasts, or adipocytes. Mature osteoblasts synthesize and secrete large
amounts of type I collagen, noncollagenous proteins, enzymes, and growth factors, which
comprise major components of the organic matrix of bone (osteoid) that later becomes
mineralized [3] (Figure 2). Osteoclasts are multinucleated cells of hematopoietic origin that
degrade the bone matrix. They are formed by fusion of mononuclear precursors of the
monocyte/macrophage lineage [4]. The discovery of macrophage colony-stimulating factor
(M-CSF) and receptor activator of nuclear factor k B (RANK) ligand (RANKL) as the two
key cytokines in osteoclastogenesis has greatly advanced osteoclast cell biology research.
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With these cytokines, a large number of mature osteoclasts can be generated in vitro using
bone marrow macrophages of rodents or human peripheral blood monocytes. When
osteoclasts are cultured on glass or plastic, a unique feature of these polykaryons is the
formation of podosomes, highly dynamic actin-containing structures that mediate the
adhesion and migration of osteoclasts. The individual podosomes cluster and move to the
periphery of osteoclasts to form a stable “podosome belt” [5]. When cultured onto bovine
cortical bone slices or whale/elephant dentin slices, an in vitro osteoclast model system
developed almost 30 years ago, osteoclasts can degrade the mineralized matrix, mimicking
bone resorption in vivo [6, 7]. Under these conditions, podosomes become more
concentrated and interconnected at the sealing zone, where the plasma membrane forms a
tight attachment to bone surface [8]. Protons and acidic proteases are secreted into the
resorption lacuna through the ruffled border to solubilize bone mineral and digest the
organic matrix, respectively [9, 10] (Figure 3).

As in other eukaryotic cells, increasing evidence indicates that vesicular trafficking
pathways play an important role in regulating osteoclasts and osteoblasts, and thus impact
bone remodeling. The findings in this area of bone biology research have provided new
insights into the cellular and molecular mechanisms that regulate skeletal development and
homeostasis, and may reveal new therapeutic targets for metabolic disorders of bone.

Participation of the endosomal system in osteoblast and osteoclast
regulation

Endocytosis, in eukaryotic cells, involves the formation of membrane vesicles at the plasma
membrane. Endocytic pathways participate in and regulate a variety of cellular processes,
including signal transduction through the plasma membrane [11]. This section focuses on
how endocytic pathways regulate: (I) parathyroid hormone (PTH) and transforming growth
factor-β (TGF-β) receptor signaling in osteoblasts, (II) removal of degraded bone matrix
from the resorption lacunae by osteoclasts, and (III) the ruffled border formation in active
osteoclasts.

Endosomes control signal transduction in osteoblasts
TGF-β, an abundant growth factor embedded in bone matrix, regulates proliferation and
differentiation of osteoblast precursors through direct binding to its type II receptor (TβRII),
which then recruits and phosphorylates the type I receptor. PTH regulates calcium
homeostasis and bone metabolism by activating the PTH receptor (PTHR) in osteoblasts.
The PTHR is a seven transmembrane G protein-coupled receptor (GPCR) which associates
with heterotrimeric G proteins at the plasma membrane. Activated G proteins recruit and
stimulate adenylyl cyclase leading to cyclic adenosine monophosphate (cAMP) production
and protein kinase A (PKA) activation (Figure 2). Recent work by Qiu et al [12] revealed a
novel mechanism by which PTH and TGF-β signaling are integrated through endocytosis of
their cognate receptors. This work demonstrates that TGF-β receptor II is recruited to PTH-
PTHR complex upon PTH stimulation. TβRII directly phosphorylates the cytoplasmic
domain of PTHR which triggers the endocytosis of both receptors into the same endosome.
This event occurs with the assistance of β-arrestins, adaptor proteins that promote GPCR
endocytosis and desensitization. Removal of both receptors from the cell surface halts PTH
and TGF-β signaling. Mirroring these in vitro findings, cells from osteoblast-specific TβRII-
deficient mice display increased abundance of PTHR. These animals have high skeletal
mass with increased trabecular, but decreased cortical, bone formation, recapitulating the
phenotypes of constitutively active PTHR transgenic mice.
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Another paradigm of endosomal regulation of PTHR signaling is provided by the recent
work from Ferrandon et al, using fluorescence resonance energy transfer (FRET) and
spinning disk confocal microscopy in live cells. These investigators have shown that
although PTH and PTH-related protein (PTHrP) recognize the same PTHR, they induce
different conformational changes of the receptor and its effector signaling [13]. PTH-
binding translocates PTHR from the plasma membrane to Rab5-positive early endosomes.
The endosome-residing PTH-PTHR complex remains associated with G proteins and
adenylyl cyclase, and thus continues to sustain cAMP production. In contrast, PTHrP-PTHR
remains at the cell surface where it induces only a transient cAMP increase. Given the fact
that continuous administration of PTH results in catabolic effects on bone while intermittent
PTH or PTHrP administration is anabolic [14, 15], the different durations of the signaling
responses, induced by distinct PTHR conformations, may provide a mechanistic explanation
of the complicated effects of PTH on bone remodeling.

Wnt receptors are also targets of endocytic pathways [16] and recruitment to endosomes is
an essential step in Notch activation [17, 18]. Since both Wnt and Notch signaling are
critical for osteoblast differentiation, survival, and function [19, 20], it will be of interest to
determine if these signaling pathways are also regulated by endocytosis in osteoblasts.

Endocytic and transcytotic pathways in osteoclastic bone resorption
Two endocytotic pathways participate directly in osteoclastic bone resorption. The first
involves transcytosis of degraded products from the resorption lacuna. Dissolution of bone
minerals and the digestion of organic bone matrix during bone resorption release large
amounts of calcium, phosphate, and collagen fragments, which need to be removed from the
resorption lacuna to prevent their accumulation to levels that would be toxic to osteoclasts.
Light and electron microscopic studies have shown that collagen fragments and calcium are
taken up at the ruffled border and released from the functional secretory domain (FSD) at
the center of the bone opposing surface (route 1 in Figure 3) [21–23]. Due to the diverse size
of transcytotic bone matrix vesicles, both endocytosis and macropinocytosis have been
proposed as candidate mechanisms for incorporation of degraded bone products into
osteoclasts [24, 25]. Clathrin, its adaptor protein AP-2, and the large GTPase dynamin (a
molecular “pinchase” that helps to mediate the scission of clathrin-coated vesicles from the
plasma membrane) are localized at the central area of the ruffled border, suggesting clathrin-
mediated budding is important for the initial formation of the transcytotic vesicles [24]. In
line with this notion, a combination of cell-shearing and quick-freezing/rotary replication
techniques have demonstrated that clathrin-coated patches and pits do exist at the ruffled
border [26]. It should be noted that dynamin is also localized at the podosome belt and the
sealing zone of osteoclasts cultured on plastic and bone matrix, respectively, where it
regulates podosome dynamics during osteoclast adhesion and migration [27]. Dynamin
executes this function through its direct interaction with signaling complexes downstream of
Src, a non-receptor tyrosine kinase critical for podosome organization, sealing zone
formation, and osteoclast function [28, 29]. Src is also associated with intracellular vesicular
membranes and the ruffled border [30, 31], where it regulates acid and lysosomal enzyme
secretion into the resorption lacuna [32–34].

During transportation of transcytotic vesicles, engulfed bone matrix is further digested by
tartrate-resistant acidic phosphatase (TRAP) and cathepsin K, both of which are present in
transcytotic vesicles. TRAP5b, an osteoclast-specific isoform of TRAP and a cellular marker
for osteoclasts, has two distinct enzymatic activities: one as a phosphatase and the other as a
generator of reactive oxygen species (ROS). The ROS-generating activity of TRAP5b
facilitates collagen degradation and may have a role in the final degradation of internalized
resorption products [35]. Thus, this transcytotic pathway may be used by osteoclasts to
process and release bone matrix-embedded growth factors such as TGF-β and insulin-like
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growth factors (IGFs) to stimulate osteoblasts as part of the mechanism that couples bone
resorption to bone formation during remodeling [36]. Alternatively, the acidic
microenvironment in resorption lacuna and transcytotic vesicles activate the bone-derived
hormone osteocalcin, which may modulate glucose homeostasis, energy metabolism, and
male fertility [37, 38]. Besides these paracrine functions, the transcytotic pathway may exert
autocrine effects on the osteoclast itself. L-glutamate, an excitatory neurotransmitter of the
central nervous system, is secreted from osteoclasts through the same transcytotic pathway
as degraded bone matrix. Secreted L-glutamate, in turn, inhibits osteoclast transcytosis and
bone resorption. Consistent with this model, mice which lack the vesicular glutamate
transporter 1 develop osteoporosis [39].

The second important endocytic pathway in osteoclasts is the endocytic trafficking from the
basal membrane to the ruffled border, which participates in turnover of the ruffled border
[40]. When added to culture medium, both fluid, such as horseradish peroxidase (HRP), and
receptor-mediated (transferrin receptor) endocytic tracing markers accumulate at the ruffled
border (route 2 in Figure 3). Moreover, inhibition of lysosome biogenesis or transportation
impairs the targeting of endocytosed materials towards the ruffled border, indicating the
interaction of these two pathways [41].

Secretory pathways in osteoblast and osteoclast function
The second part of this article focuses on osteoblast and osteoclast secretion.

The regulatory mechanisms of bone matrix protein and mineral crystal secretion by
osteoblasts

In osteoblasts, the precursors of type I collagen and other bone matrix components are
processed along the rough ER (rER)-Golgi-secretory granule pathway in the same manner as
secretory proteins [42] (Figure 2). The high metabolic demand of skeletal development or
that imposed by high remodeling metabolic disorders such as hyperparathyroidism,
stimulates quality control mechanisms at the ER, referred to as the ER stress response [43,
44]. To cope with this challenge, osteoblasts employ several strategies. First, they increase
synthesis of bone matrix proteins, mainly type I collagen, by transcriptional and
posttranscriptional mechanisms regulated by two newly identified proteins, old astrocyte
specifically-induced substance (OASIS) and osteopotentia (Opt). OASIS, a member of the
CREB/ATF family of transcription factors, is highly expressed in osteoblasts and is induced
by BMP2 (bone morphogenetic protein 2), an important cytokine required for bone
formation. OASIS is a transmembrane ER protein and is processed by regulated
intramembrane proteolysis in response to ER stress. The N-terminal fragment of OASIS
translocates to nucleus, where it activates transcription of collagen a1 (Col1a1) through an
unfolded protein response (UPR) element in the promoter region of Col1a1 gene. OASIS−/−
mice are osteoporotic due to diminished type I collagen synthesis by osteoblasts [45]. Opt is
a widely expressed rER-localized integral membrane protein which stimulates rER
expansion and increases type I collagen synthesis in osteoblasts. Mice lacking Opt have
impaired bone formation and experience spontaneous fractures [46]. Since the phenotypes in
both OASIS and Opt deficient mice are similar to osteogenesis imperfecta (OI), a genetic
disorder characterized by a brittle, fracture-prone skeleton, it will be interesting to determine
if these genes are mutated in a subset of affected patients.

Second, osteoblasts ensure the correct folding and translocation of increased amounts of
bone matrix proteins via ER molecular chaperones. In this regard, BiP/Grp78 and PDI
(protein disulfide isomerase), two ER chaperones, are down-regulated in osteoblasts of
osteoporotic patients. Moreover, treatment of ovariectomized mice, an animal model of
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postmenopausal osteoporosis, with a Bip activator increases bone formation through the
induction of folding and secretion of bone matrix proteins [47].

Third, osteoblasts efficiently transport proteins from ER/Golgi to the cell surface, a process
which, when disturbed, has pathological consequences. Cranio-lenticulo-suture dysplasia
(CLSD) is a syndrome characterized by facial dysmorphisms, skeletal defects, late-closing
fontanels, and cataracts [48]. CLSD is caused by a missense mutation in the sec23A subunit
of the COP II complex, resulting in disturbed COPII coat assembly at ER and defective ER-
to-Golgi trafficking [49, 50]. Gerodermia osteodysplastica (GO) is an autosomal recessive
disorder causing wrinkled skin and osteoporosis [51]. GO is caused by loss-of-function
mutations in SCYL1BP1/Gorab, which is highly expressed in the epidermis and osteoblasts.
SCYL1BP1/Gorab is localized at the Golgi apparatus and interacts with Rab6, a small
GTPase regulating vesicular trafficking among intra-stacks of Golgi and at the trans-Golgi
network (TGN) [52]. Faciogenital dysplasia (FGDY)/Aarskog Syndrome is an X-linked
developmental disorder characterized by short stature and facial, skeletal, cardiac, ocular,
and urogenital anomalies [53, 54]. Mutations in FGD1 gene cause this disease [55]. FGD1 is
a TGN-associated guanine nucleotide exchange factor (GEF) that specifically activates
Cdc42 and is involved in the formation of the post-Golgi transport vesicles directed to the
cell surface [56]. The trafficking pathways regulating collagen secretion by osteoblasts are
summarized in Figure 2.

The mechanisms whereby post-Golgi vesicles reach and fuse with the plasma membrane in
osteoblasts are less clear. Bone matrix-containing vesicles move along microtubules,
probably driven by cytoplasmic dynein and/or kinesin family members, or both [57]. These
vesicles are partially associated with lysosomes in osteoblasts as demonstrated by
immunofluorescent colocalization studies and subcellular fractionation [57, 58]. Several
components of the membrane fusion machinery, including NSF (N-ethylmaleimide-sensitive
factor), VAMP1 (vesicle-associated membrane protein 1), SNAPs (soluble NSF attachment
proteins), syntaxin 4, munc-18, and the mammalian homolog of the yeast exocyst, Sec6/
Sec8 complex, are expressed in osteoblasts and may mediate fusion of their secretory
vesicles with the plasma membrane [59, 60]. Synaptotagmin VII (Syt VII), which promotes
lysosome/plasmalemma fusion in fibroblasts, permits fusion of matrix vesicles with the
plasma membrane in osteoblasts. Syt VII−/− mice exhibit impaired bone formation without
changes in osteoblast differentiation [58]. Amorphous calcium/phosphate crystals are also
directly secreted via an exocytotic process by osteoblast lysosomes [61]. Interestingly, the
key osteoclastogenic cytokine, RANKL, is stored in secretory lysosomes of osteoblastic
cells [62] and its secretion is regulated by Rab27, a small GTPase that regulaties secretory
lysosome exocytosis in several cell types [63–66] and VPS33A (vesicle protein sorting 33A)
[67], a component of VPS class-C complexes that are essential for late endosome/lysosome
assembly and sorting [68]. A similar mechanism may also regulate osteocyte-derived
RANKL, which has recently been shown to control bone remodeling and homeostasis [69,
70]. Thus, the endosomal/lysosomal pathway in osteoblastic cells may not only facilitate
bone matrix deposition, but it may also regulate osteoclastogenesis.

Secretory pathways regulate osteoclastic bone resorption
Using enveloped viral glycoproteins to investigate molecular sorting and trafficking in
osteoclasts, Väänänen and colleagues showed that influenza haemagglutinin (HA), which is
apically targeted in epithelial cells, is localized at FSD of resorbing osteoclasts (route3 in
Figure 3). On the other hand, vesicular stomatitis virus G-protein (VSV-G), which is
basolaterally targeted in epithelium, occupies the rest of the bone opposing membrane in
resorbing osteoclasts (route 4 in Figure 3). Neither of these viral glycoproteins accumulates
at the ruffled border [71]. Replacing the cytoplasmic tail of the VSV-G protein with that of
CD4 results in its localization to lipid rafts and retargeting VSV-G to FSD [72].
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Accumulating evidence indicates that the lysosomal/autophagy pathway is involved in
osteoclast secretion and ruffled border formation (route 5 in Figure 3). This is not
necessarily surprising since the lysosomes are the most acidic organelles within eukaryotic
cells and contain an abundance of different kinds of hydrolases. It appears that osteoclasts
have evolved to utilize lysosomes to carry out one of the most difficult jobs in our body,
namely, to excavate the mineralized skeleton.

The key components of the osteoclast acid-secreting machinery, including the a3 subunit of
vacuolar proton pumps, the Clc-7 chloride channel and its β-subunit OSTM1 (osteopetrosis
associated transmembrane protein 1), are all associated with lysosomes and in active
osteoclasts they translocate to the ruffled border membrane [73, 74]. Cathepsin K, which is
the principal lysosomal acidic hydrolase degrading the organic matrix of bone, is also
secreted into the resorption lacuna in resorbing osteoclasts [41], indicating that lysosome
secretion is a major pathway of osteoclastic bone resorption. Cathepsin K contains a
mannose-6-phosphate (Man-6-P) moiety [75] which binds Man-6-P receptors (MPRs) that
help to transport soluble lysosomal enzymes to endo-lysosomal compartments [76].
Osteoclasts express high levels of MPRs [77] which mediate sorting of cathepsin K from the
TGN to secretory lysosomes [78]. Lysosomal enzymes and MPRs are co-distributed in the
ER, the Golgi stacks, and numerous transport vesicles that fuse with the ruffled border [77].
In addition to secretory lysosomes, osteoclasts also contain conventional lysosomes bearing
ubiquitously expressed acidic hydrolase cathepsin D, but not Cathepsin K or TRAP. The
targeting of Cathepsin D to lysosomes is, instead, Man-6-P independent [78]. Thus,
osteoclasts employ two different lysosomal systems for bone resorption and cellular
homeostasis, respectively.

Rab7, a small GTPase that specifically regulates late endosomal/lysosomal vesicular
trafficking [79], is predominantly localized at the ruffled border membrane [40]. Inhibition
of Rab7 expression impairs osteoclast secretion and ruffled border formation [80]. Rab7
may govern osteoclast lysosome biogenesis, as it does in other cell types [81]. Rab7 also
modulates local actin organization through its interaction with Rac1, a small GTPase of the
Rho family, which is essential for osteoclast actin organization and whose absence causes
severe osteopetrosis [82]. In this manner, Rab7 regulates the movement of osteoclast
lysosomes to the ruffled border through cytoskeletal organization [83]. Rab7 has also been
shown to associate with osteoclast phagosomes which contain collagen fibers [84]. Thus,
Rab7 may be involved in processing and degradation of intracellular collagen along the
transcytotic pathway. More recently, mutations of the PLEKHM1 gene have been identified
as the cause of osteopetrosis in ia/ia (incisors absent) rat as well as a subset of patients with
intermediate osteopetrosis [85]. Osteoclast formation in ia rats and human patients is
normal, but Plekhm1 deficient osteoclasts have impaired resorptive activity [85, 86]. It has
been shown that Plekhm1 is associated with lysosomes, probably through its interaction with
Rab7 [87]. Plekhm1 regulates cathepsin K secretion and bone resorption in osteoclasts [88].
Thus, Plekhm1 collaborates with Rab7 in lysosome biogenesis and trafficking in osteoclasts.
A new piece of evidence added to this model comes from the recent finding that autophagy
proteins participate in polarized secretion of lysosomal contents into the extracellular space
by directing lysosomes to fuse with the plasma membrane in osteoclasts [89].

In addition to the lysosomal pathway, a non-endosomal/lysosomal secretory pathway of
small post-TGN vesicles has been shown to participate in the ruffled border formation and
osteoclastic bone resorption (route 6 in Figure 3). This pathway is governed by Rab3D, an
isoform of Rab3 known to regulate exocytosis in neurons and other eukaryotic cells. Rab3D
−/− mice are osteosclerotic due to decreased osteoclast activity [90]. Interestingly, lack of
the Man-6-P targeting pathway in osteoclasts, due to the deletion of Gnptab (encoding
GlcNAc-1-phosphotransferase α, β-subunits), impairs secretory lysosome formation.
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Cathepsin K and TRAP in Gnptab−/− osteoclasts are, instead, sorted into small post-TGN
vesicles and their secretion is increased as compared to that in wild type osteoclasts [78].
Whether this secretory activity is regulated by Rab3D needs to be further characterized.

Extensive membrane fusion occurs at the ruffled border, generating the highly convoluted
morphology of this membrane domain. The machinery mediating this event has just begun
to be characterized. Syt VII is a lysosome-associated protein in osteoclasts [58] that [91–94]
colocalizes with Cathepsin K and lysosomal membrane protein, LAMP2. Density gradient
analysis shows that SytVII is in a lysosome-enriched fraction containing Rab7 and sec6/
sec8, two components of the exocyst complex mediating vesicular secretion [95]. Each of
these proteins translocate to the ruffled border in resorbing osteoclasts [58]. As in other cell
types, Syt VII interacts with the lysosome-specific SNARE (SNAP receptor) TI-VAMP
(tetanus neurotoxin-insensitive vesicular-associated membrane protein) in osteoclasts [96].
A likely binding partner of the SytVII/TI-VAMP complex at the plasma membrane is
syntaxin 4, a plasma membrane SNARE protein [96] which also localizes to the ruffled
border [74] (Figure 3). Taken together, these results indicate that Syt VII promotes the
fusion of lysosomes containing proton pumps, chloride channels, and acidic hydrolases with
the ruffled border.

Conclusions and perspectives
Significant progress has been made during the past few years in our understanding of how
intracellular vesicular trafficking pathways regulate osteoblasts and osteoclasts. The findings
have provided new insights into the mechanisms of bone formation and bone resorption in
skeletal health and diseases. It is clear that endosomes play an important role in the fine-
tuning regulation of signal transduction in osteoblasts. The secretory pathways in osteoblasts
and osteoclasts not only participate in bone matrix deposition/degradation processes, but
also provide the means by which these two bone cells communicate with each other during
bone remodeling. However, our knowledge of the molecular mechanisms of intracellular
vesicular trafficking pathways in osteoblasts and osteoclasts is still limited relative to what is
known about these in neurons and epithelial cells. More importantly, osteocytes are the most
abundant bone cells that play an essential role in regulating bone remodeling. These cells,
like neurons, have long processes through which regulatory molecules are transported to the
neighboring osteocytes or bone surface. Therefore, studies of membrane trafficking in
osteocytes may become an important area of skeletal research. Future work using both in
vitro cell culture systems and in vivo genetically-modified mouse models will be needed to
uncover more specific functions of trafficking-associated proteins in bone physiology and
pathology. Application of state-of-the-art biochemical and biophysical techniques and
assays, especially organelle-specific tracing markers and multiple tags of fluorescent
proteins in live cell imaging systems, should provide new avenues and platforms for
elucidation of the molecular mechanisms of skeletal tropic hormones, growth factors and
cytokines. The discoveries may offer new strategies and drug targets for the prevention and
treatment of skeletal diseases.
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Figure 1. A schematic illustration of bone-remodeling process
Bone surface is covered by lining cells. Osteocytes are the most abundant and long-lived
bone cells. They are derived from osteoblasts that have embedded in lacunae in the bone
matrix that they secrete. Osteocytes sense mechanical signals and/or micro-damages in bone,
thereby sending signals to osteoclasts to initiate bone resorption, which is followed by bone
matrix deposition by osteoblasts. Osteoblasts eventually become bone lining cells or
osteocytes.
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Figure 2. Endocytic and secretory pathways in osteoblasts
In addition to binding to PTH receptor (PTH1R), PTH has been recently shown to induce
the endocytosis of TGF-β receptor II (TβRII) and PTH1R into early endosomes (EE), which
attenuates the cognate signaling pathways of both receptors. OASIS is an endoplasmic
reticulum (ER)-residing transcription factor of CREB/ATF family. It is truncated and
translocated into the nucleus to promote type I collage expression in response to ER stress.
Opt, osteopotentia, is a newly identified protein that regulates ER volume during osteoblast
activation. Sec23, FGD1, and SCYL1BP1/Gorab in red color are proteins mutated in human
genetic skeleton diseases. They regulate bone matrix secretion at ER and Golgi,
respectively. RANKL, an osteoclast differentiation cytokine, is released from osteoblast
secretory lysosomes (SL) regulated by Vps33 and Rab27.
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Figure 3. Major intracellular vesicular trafficking pathways in resorbing osteoclasts
The plasma membrane of a resorbing osteoclast is highly polarized. It has four distinct
domains: the functional secretory domain (FSD), the free membrane domain (FM), the
sealing zone (SZ), and the ruffled border (RB). Six intracellular membrane trafficking
pathways have been identified in resorbing osteoclasts so far (they are numbered in the
sequence of their appearance in the text). Route 1 is the transcytotic pathway in which type I
collagen (type I-Col), active TGF-β, and undercarboxylated osteocalcin (GLU-OCN), an
active form of osteocalcin, are transported from the resorption lacunae (RL) to FSD. A
fraction of active TGF-β and GLU-OCN are also released from a previous RL when
osteoclast migrates to a new resorption site. GLA-OCN (γ-carboxylated osteocalcin) is the
mature form of osteocalcin, which is stored in the bone matrix. Route 2 represents a
trafficking pathway from the FM to the RB, which has been revealed by transferrin (Tf) and
transferrin receptor (TfR). Route 3 and 4 are post-Golgi constitutive secretory pathways that
connect Golgi to FM and FSD, respectively. The two pathways can be traced by virus
envelop proteins, haemagglutinin (HA) and vesicular stomatitis virus G-protein (VSV-G).
Route 5 is a secretory lysosome pathway which delivers cathepsin K (CTSK) and HCl to
RL. This pathway is regulated by Rab7 and Plekhm1. The fusion of secretory lysosomes
with RB is mediated by tetanus neurotoxin-insensitive vesicular-associated membrane
protein (TI-VAMP), Syntaxin 4, and Synaptotagmin VII. Route 6 is a post-Golgi non-
lysosomal vesicular pathway which is regulated by Rab3D and is also functional important
for the ruffled border formation and bone resorption.
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