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Hypoxia mediates osteocyte ORP150
expression and cell death in vitro
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Abstract. Skeletal unloading leads to hypoxia in the bone
microenvironment, resulting in imbalanced bone remodeling
that favors bone resorption. Osteocytes, the mechanosensors
of bone, have been demonstrated to orchestrate bone homeo-
stasis. Hypoxic osteocytes either undergo apoptosis or actively
stimulate osteoclasts to remove bone matrix during hypoxia.
Oxygen-regulated protein 150 (ORP150) is an endoplasmic
reticulum-associated chaperone that has been observed to
serve an important role in the cellular adaptation to hypoxia
and in preventing cellular apoptosis in various tissue types. The
current study hypotheses that expression of ORP150 would be
increased in osteocytes under hypoxic conditions (1% O,). The
MLO-Y4 osteocyte cell line was cultured under normoxic or
hypoxic conditions for up to 72 h. It was demonstrated that
1% O, significantly induced hypoxia after 16 h and up to 72 h,
significantly reduced cell number at 8 and 48 h, induced cell
death at 8, 24 and 48 h and induced apoptosis at 16, 24 and
48 h. Significant differences in ORP150 mRNA were observed
at 72 h, however no differences were observed in the protein
expression levels. The relative increase in ORP150 mRNA
observed in hypoxia, compared with normoxia, may support
its cytoprotective role in oxygen-deprived conditions.

Introduction

Bone remodeling is a fundamental mechanism for removing and
replacing bone during skeleton adaptation to mechanical loads.
Osteocytes are the most abundant cells in bone (1-3), and they
are actively involved in the orchestration of both bone-forming
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osteoblasts and bone-resorbing osteoclasts (4,5). Osteocytes
implement their role by activating the signaling pathways
involved in the maintenance of bone homeostasis, specifically
the Wnt/p-catenin pathway (6). This pathway has been demon-
strated to be activated by mechanical loading to protect against
bone loss (7) and to lead to the production of sclerostin, an
inhibitor of osteoblast activity in response to unloading (8). It
has been previously observed that osteocytes express receptor
activator of nuclear factor kB ligand, a pre-osteoclastogenic
cytokine involved in bone resorption activation (5,9,10). Osteo-
cytes are known as the mechanosensor of bone (11,12) due to
their location deep within the bone matrix and their dendritic
network that allows the detection of variations in the levels of
strain placed upon bone (4,13). Skeletal loading is fundamental
in maintaining osteocyte viability (14), as demonstrated by
increasing osteocyte apoptosis with disuse (15,16).

Skeletal unloading, as observed in patients undergoing
bed rest, results in imbalanced bone remodeling that favors
bone resorption (16,17). It has been suggested that the loss of
bone observed during disuse is the result of osteocyte hypoxia,
resulting from unloading that reduces the interstitial fluid
flow and, consequentially, reduces oxygen transport (18,19).
It is widely regarded that disruption of the lacuno-canalicular
network, which is necessary for nutrient and gaseous exchange
for osteocytes, results in localized hypoxia in bone (20,21).

It has been hypothesized that oxygen deprivation, due to
reduced mechanical loading, may be the cause of the osteo-
cyte apoptosis (22,23) and osteoclast recruitment, in order
to remove bone matrix during hypoxia (24-27). Hypoxia and
oxidative stress increase the expression of different factors that
mediate the adaptive responses to hypoxia/ischemia. The role
of certain molecular endoplasmic reticulum (ER) chaperones
has been extensively investigated, in particular regarding their
functions in the quality control of proteins processed in the ER
and in the regulation of ER signaling in response to stress (28).

Oxygen-regulated protein 150 (ORP150) protein (150 kDa),
a novel endoplasmic-reticulum-associated chaperone induced
by hypoxia/ischemia (29), has been identified to be highly
expressed in osteocytes compared with osteoblasts (30).
ORP150 has been proposed to be involved in the prevention of
apoptosis induced by oxygen deprivation (31,32).
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The cytoprotective role of ORP150 in different cell types
has been previously demonstrated and it has been hypothesized
that ORP150 is required by osteocytes to survive in their
reduced oxygen state into the bone matrix (33-35). The current
study aimed to establish whether ORP150 levels correlated with
osteocyte cell death and apoptosis under hypoxic conditions.

Materials and methods

Cell culture. The murine long bone osteocyte Y4 (MLO-Y4)
cell line (supplied from University of Missouri, Kanas City,
USA) was used and cultured as previously described (36,37).
Briefly, the cells were cultured on collagen-coated (rat tail
type I collagen; BD Biosciences, Franklin Lakes, NJ, USA)
plastic ware and were grown at 37°C, 5% CO,, 95% air with
o-minimal essential medium (a-MEM; 1X; Invitrogen; Thermo
Fisher Scientific, Inc., Waltham, MA, USA) supplemented with
2.5% fetal bovine serum (FBS) (PAA; GE Healthcare Life
Sciences, Pittsburgh, PA, USA), 2.5% bovine calf serum (BCS;
GE Healthcare Life Sciences, Logan, UT, USA) and 100 U/ml
penicillin/streptomycin at (Invitrogen; Thermo Fisher Scien-
tific, Inc). For the hypoxia experiments, 5,000 cells/cm? were
seeded onto collagen-coated multi-well dishes, incubated
in a-MEM without phenol red, 2.5% FBS + 2.5% BCS and
100 U/ml penicillin/streptomycin (Invitrogen; Thermo Fisher
Scientific, Inc.).

To confirm the data obtained with the MLO-Y4 cells, the
pre-osteoblast MC3T3-E1 cell line was additionally used.
MC3T3-El1 subclone 14 was obtained from the American Type
Culture Collection cell bank (Manassas, VA, USA) and was
cultured as previously described (30).

Hypoxia. Time 0 was designated as 24 h post-seeding, which
was when cell culture under normal conditions (normoxia
20% 0O,), or hypoxic conditions (hypoxia 1% O,) was initiated.
Cells were cultured under these conditions for 8, 16, 24, 48 and
72 h. For the MC3T3-El cells, the 16 h time point was not
repeated, as this set of experiments was performed to confirm
the result already obtained with the MLO-Y4 cell line. For
hypoxic conditions, the cells were placed inside a chamber
from Billups-Rothenberg, Inc. (San Diego, CA, USA), where a
mixture of gas (95% N, and 5% CO,) was injected resulting in
1% O,. The oxygen percentage was controlled by an Oxygen
Analyzer/Monitor (Vascular Technology, Inc., Nashua, NH,
USA).

To evaluate hypoxia of osteocytes and pre-osteoblasts,
pimonidazole hydrochloride (Hypoxyprobe™-1; Chemicon;
EMD Millipore, Billerica, MA, USA) (38) was used. Pimo-
nidazole hydrochloride is a substance with low-molecular
weight that binds only to cells that have an oxygen tension of
10 mm Hg (pO,~1,2%) or lower. The cultures were stained for
hypoxic cells with Hypoxyprobe™-1 according to the manu-
facturer's protocol.

One experiment in quadruplicate was performed for each
cell culture and each time point.

Cell viability and apoptosis. Osteocyte viability and total
cell number were determined by trypan blue staining (39,40).
Three experiments in quadruplicate were performed for
each cell culture and time point. The results were expressed
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as the number of trypan blue-positive cells, over the total
number of cells. Apoptosis was assessed subsequent to
4'6-diamidino-2-phenylindole nuclear staining, counting cells
exhibiting chromatin condensation or nuclear blebbing over
the total number of cells (41).

Reverse transcription-quantitative polymerase chain reac-
tion (RT-gPCR). RNA isolation was performed using TRIzol
reagent (Applied Biosystems; Thermo Fisher Scientific,
Inc.). Total RNA (500 ng) was reverse transcribed using the
High-Capacity cDNA Reverse Transcription kit (Applied
Biosystems; Thermo Fisher Scientific, Inc.). Gene expres-
sion was analyzed using TagMan Assay probes and primers
for ORP150 (cat. no. Mm00491279) and B2 macroglobulin
(cat. no. Mm00437762) with Master Mix TagMan Gene
Expression reagents (Applied Biosystems; Thermo Fisher
Scientific, Inc.). The cycling condition used were an initial
stage of 2 min incubation at 50°C then 10 min at 95°C, this
was followed by 40 cycles of 95 °C for 15 min and 60°C for
1 min. All equipment and reagents used for the RT-qPCR
were purchased from Applied Biosystems (Thermo Fisher
Scientific, Inc.). The four experiments performed were
conducted in triplicate; the quantification cycle (Cq) value
was determined by the default settings, using StepOne
software, version 2.1 (Applied Biosystems; Thermo Fisher
Scientific, Inc.). The relative expression of ORP150 in
hypoxic MLO-Y4 cells was compared with the expression
in MLO-Y4 cells grown for 8 h under normoxic conditions
using the 2-24%4 method (42).

Western blotting. Cells cultured under hypoxia or normoxia
were lysed in radioimmunoprecipitation assay buffer
complete with a proteinase inhibitor cocktail (Enzo Life
Sciences, Farmingdale, NY, USA). A total of four experi-
ments for MLO-Y4 and one for MC3T3-El were performed
to compare the ORP150 expression in hypoxic and normoxic
conditions atall different time points. A total of three different
experiments were conducted in order to compare ORP150
expression in normoxic osteocytes and pre-osteoblasts.
Due to the fact that the experiments made with MC3T3-El
cells were performed to confirm the results obtained with
the MLO-Y4 cells, the 16 h time point for this cell line was
not repeated. Protein concentration was determined in each
cell lysate supernatant using a DC Protein Assay kit I colo-
rimetric assay (Bio-Rad Laborartories, Inc., Hercules, CA,
USA). Equal amounts of protein (15 pg) were applied and
separated using 10% sodium dodecyl sulfate-polyacrylimide
gel electrophoresis and transferred by electrophoresis to a
nitrocellulose membrane. The membranes were blocked
with 2.5% non-fat dried milk (Bio-Rad Laboratories, Inc.)
in 1X phosphate-buffered saline at room temperature for
30 min and incubated with rabbit anti-ORP150 (dilution
1:1,000; cat. no. 3905-1; Epitomics, Burlingame, CA, USA)
and rabbit anti-f3-actin (dilution 1:1,000; cat. no. LF-PA0207;
AbFrontier, Seoul, Korea) primary antibodies for
2 h at room temperature, with f-actin as the internal
control. Horseradish peroxidase-conjugated anti-rabbit
secondary antibody (dilution 1:1,000; cat. no. HAF00S;
R&D Systems, Inc., Minneapolis, MN, USA) was subse-
quently incubated with the membranes for 1.5 h at room
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Figure 1. Effect of oxygen deprivation on MLO-Y4 and MC3T3-El cells detected by Hypoxyprobe staining. (A) Representative image of Hypoxyprobe staining
of hypoxic MLO-Y4 at 72 h of treatment; pimonidazole stains hypoxic cells (green) and 4',6-diamidino-2-phenylindole stains all cell nuclei (blue). Scale bar,
25 pm. (B) The percentage of positive MLO-Y4 cells to Hypoxyprobe staining at different time points, in hypoxic and normoxic conditions. Cells grown in
hypoxic conditions exhibit a significant increase in staining uptake, when compared with cells grown in normoxic conditions at the same time points; ‘P=0.005;
°P=0.005; “P=0.009; and 2P=0.007 vs. normoxia (Mann-Whitney U test). (C) The percentage of positive MC3T3-El cells to Hypoxyprobe staining at different
time points, in hypoxic and normoxic conditions. Cells grown in hypoxic conditions exhibited a significant increase in staining uptake, when compared
with cells grown in normoxic conditions at the same time points; ‘P=0.001; °P=0.001; “P=0.009; and “P=0.001 vs. conrol (Mann-Whitney U test). Data are
presented as the mean + standard error. MLO-Y4, murine long bone osteocyte Y4.

temperature. Enhanced chemiluminescent reagents (GE
Healthcare Life Sciences) and films were used to visualize
the protein bands and were quantified using Adobe Photo-
shop (Adobe Systems, Inc., San Jose, CA, USA).

Statistical analysis. Data were analyzed for normal distribution
using the Kolmogorov-Smirnov test. Differences between the
two oxygen conditions were assessed using Mann-Whitney U
test, and differences between the experimental times were
assessed using the Kruskal-Wallis test for nonparametric
data. P<0.05 was considered to indicate a statistically signifi-
cant difference. Statistical analyses were performed using
SPSS software, version 14.0 (SPSS, Inc., Chicago, IL, USA).
Differences between data obtained by western blot analysis,
comparing ORP150 expression in MC3T3-El and MLO-Y4
cells was assessed using Student's t-test.

Results

Induction of hypoxia. MLO-Y4 cells cultured at 1% O, exhib-
ited a significantly increased level of Hypoxyprobe staining
(Fig. 1A and B) compared with cells cultured in normoxic
conditions at the same time points: 16,24,48 and 72 h (P=0.005,

0.005, 0.009 and 0.007, respectively). In addition, in hypoxic
conditions, the number of Hypoxyprobe-positive cells signifi-
cantly increased over time (hypoxic MLO-Y4 P=0001; Kruskal
Wallis test), suggesting that the cells became more sensitive
to hypoxia (Fig. 1B). Conversely, the time-dependent increase
of Hypoxyprobe-positive cells was not observed in normoxic
conditions and only following 72 h exposure was a marginal
increase detected. A similar trend was observed for the
MC3T3-El cells (Fig. 1C); the number of Hypoxyprobe-posi-
tive cells was significantly different at all time points under
hypoxic conditions compared with normal conditions (8, 24,
48 and 72 h; P=0.001, 0.001, 0.009 and 0.001, respectively). In
addition, a significant time-dependent increase in the number
of MC3T3-El Hypoxyprobe-positive cells was observed under
hypoxia (Kruskal Wallis test; P=0001), however was not
observed under normoxia (Kruskal Wallis test; P=0515).

These results indicate that the two cell lines were sensitive
to hypoxia under the conditions of oxygen deprivation.

Cell viability and apoptosis. Osteocyte viability, as deter-
mined by trypan blue staining, was compromised by oxygen
deprivation and resulted in a significant increase in cell death
at 8, 24 and 48 h (P=0.049; P=0.002; P=0.043, respectively),
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Figure 2. Cell viability and total cell number in murine long bone osteocyte Y4 cells under normoxic and hypoxic conditions. (A) Cell viability. A significant
increase in cell death under hypoxic conditions was observed compared with normoxic conditions at the following time points: 8, 24 and 48 h; “‘P=0.049;

ok

“P=0.002; “"P=0.043 (Mann-Whitney U test). In addition, a time-dependant statistically significant increase in cell death was observed in the hypoxic (Kruskal
Wallis test; P=0.032) and normoxic (Kruskal Wallis test; P=0.004) groups. (B) Total cell number. Hypoxia was observed to significantly reduce the total cell
number compared with normoxic conditions at 8 and 48 h: "P=0.037; “P=0.002. However, a significant increase of cells over time was observed in the two
culture conditions (Kruskal Wallis test; P=0.004 and P=0000 for hypoxia and normoxia, respectively). All values are presented as the mean + standard error.

however was not significant at 16 and 72 h (P=0.122; P=0.069,
respectively) (Fig. 2A). Cell counting observed an increase in
total cell number over time, however, deprivation of oxygen
significantly reduced total number of cells at 8 and 48 h
compared with the same time points under normoxia (Fig. 2B).
The number of apoptotic osteocytes, as determined by nuclear
fragmentation, was increased by hypoxia and this increase
was identified to be statistically significant at 16, 24 and 48 h,
compared with the same time points cultured under normoxia.
At 72 h, the number of apoptotic cells cultured under hypoxic
conditions was reduced compared with normoxia, however
this difference was identified to not be significant. The number
of apoptotic cells in hypoxia at 72 h was additionally identified
to be marginally reduced compared with the values observed
at 48 h, however this difference was not statistically significant
(Fig. 3).

ORPI50 expression. MLO-Y4 ORP150 mRNA expression
was significantly reduced in a time-dependent manner under
hypoxic and normoxic conditions. No significant differences
were observed in mRNA levels under hypoxic conditions
compared with normoxia apart from at 72 h, where the differ-
ence was statistically significant with a smaller reduction
under hypoxic conditions (Fig. 4). In particular, there were
statistically significant differences under hypoxia identified
between 72 and 16 h, 24 and 48 h (P=0.001, 0.009 and 0.007,
respectively); similar results were obtained under normoxic
conditions (P=0.000, 0.000 and 0.012, respectively). Western
blot analysis conducted on MLO-Y4 indicated no statistically
significant differences in ORP150 expression at a protein level
at any time point under the same conditions of the mRNA
analysis (Fig. 5). It is suggested that additional later time
points would reflect the significant differences in the 72 h
mRNA data.

Confirming the ORP150 expression data identified in
MLO-Y4 cells, no differences were observed in ORP150
expression in MC3T3-El cells under normoxic and
hypoxic conditions, similarly, there were no significant
differences over time under normoxic and hypoxic condi-
tions (data not shown). In addition, western blot analysis
indicated that the expression of ORP150 was significantly
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Figure 3. Evaluation of apoptosis by nuclear fragmentation. A significantly
increased number of apoptotic cells in hypoxia compared with in normoxia
at 16, 24 and 48 h. "P=0.021; “P=0.006; “"P=0.011 (Mann-Whitney U test).
All values are presented as the mean + standard error.

reduced in normoxic MC3T3-El cells (ORP150/f-actin
ratio=0.531+0.03-mean + standard deviation-) compared
with normoxic MLO-Y4 cells (ORPI150/B-actin
ratio=0.845+0.06-mean * standard deviation-), with
P=0.001, in agreement with a previous study (30).

Discussion

The objective of the current study was to determine whether the
expression of ORP150 in osteocytes is regulated in response to
oxygen deprivation.

Hypoxia is a normal physiological condition for osteo-
cytes. A concentration of approximately 5% O, is more
likely to be physiological for osteocytes than a concentra-
tion of 20%0,, as osteocytes are embedded deep inside the
mineralized bone matrix and their nutrient availability is
greatly dependent on diffusion (43-45). The actual concen-
tration of oxygen inside of the osteocyte lacunae during
skeletal unloading remains unknown. A previous study has
measured pO, values of approximately 6% in normal human
bone marrow aspirates (46). On the basis of this information,
1% O, was selected as the hypoxic condition and 20% O,
as the normoxic condition (representing the atmospheric
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Figure 4. Murine long bone osteocyte Y4 ORP150 mRNA expression.
Fold-change in ORP150 expression (2"22%) is presented relative to expres-
sion at 8-h normoxia, used as the CT. A significant difference between
hypoxia and normoxia was only observed at the 72-h time point, "P=0.001
(Mann-Whitney U test). A significant time-dependent reduction in ORP150
expression was observed in hypoxic and normoxic conditions (Kruskal
Wallis test; P=0001 and P=0.000, respectively). Values are presented as the
mean + standard error. ORP150, oxygen-regulated protein 150; CT, control;
GAPDH, glyceraldehyde 3-phosphate dehydrogenase.

oxygen levels); although it is widely accepted that a pO, of
20% corresponds to hyperoxia (44).

On the basis of this assumption, the data of the present
study indicate that 1% O, induces hypoxia and significantly
compromises cellular viability. The results obtained addi-
tionally demonstrate that apoptosis serves a role in oxygen
deprivation-mediated induction of cell death. Despite the fact
that osteocytes were sensitive to hypoxia from 16 to 72 h, as
demonstrated by Hypoxyprobe staining (Fig. 1), the difference
in the rate of apoptosis in hypoxia compared with normoxia,
remained significant until the 48 h time point. Following
that, the apoptotic stimuli induced by hypoxia appear to be
inhibited at 72 h, where the percentage of apoptotic cells
was not identified to be significantly different in hypoxia
compared with normoxia. It is hypothesized that, in the early
stages, additional mechanisms of protection against oxygen
deprivation-induced cell death may occur (4748).

No significant differences were observed in ORP150
mRNA levels until the 72 h time point, and protein levels
at any time point, however, it is suggested that the protein
levels may have been greater at later time points. This
suggests that ORP150 mRNA expression is delayed, as
based on the Hypoxyprobe results, the cells become hypoxic
from 16 h. Notably, ORP150 expression reduced over time
under normoxic and hypoxic conditions. Unlike additionally
cell types including Hela cells (49), neuronal cells (50-52),
renal cells (53) and cardiomyocytes (54,55), in MLO-Y4
cells ORP150 does not appear to be regulated by hypoxia
at early time points. Similar results were identified for the
ORP150 protein expression in pre-osteoblasts grown under
hypoxic conditions compared with normoxic conditions. The
ORP150 protein levels were increased in MLO-Y4 osteocytes
compared with MC3T3-El pre-osteoblasts grown under
normoxic conditions. These observations are in agreement
with previous studies demonstrating that low oxygen tension
serves an important role in the differentiation of osteoblasts
into osteocytes (45,56). Guo et al (30) demonstrated that a
greater amount of hypoxia-associated proteins in osteocytes
(such as ORP150), compared with in osteoblasts. The higher
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Figure 5. ORP150 protein levels in murine long bone osteocyte Y4 cells
under hypoxic and normoxic conditions. ORP150 levels were measured
by western blotting and the protein levels of ORP150 were normalized to
B-actin. The reduction in protein expression over time was not statistically
different between the hypoxic and normoxic groups. All values are presented
as the mean + standard error. ORP150, oxygen-regulated protein 150.

level of ORP150 protein may be a possible explanation for
the capacity of osteocytes to adapt to their hypoxic environ-
ment.

In conclusion, ORP150 is commonly highly expressed in
osteocytes as compared with osteoblasts, and mRNA expres-
sion is not elevated compared with the control until late
stages of hypoxic culture conditions. Significant cell death
and apoptosis precede the significant differences in ORP150
mRNA in hypoxia compared with normoxia. It is hypoth-
esized that the amount of ORP150 in MLO-Y4 is sufficient
to protect the cells from hypoxia up to 48 h, however longer
exposure to oxygen deprivation may lead to upregulation
of ORP150 expression. After 72 h, the significant increase
in ORP150 mRNA, identified in hypoxia compared with
normoxia, strongly support the hypothesis that longer
exposure to hypoxia may additionally induce an increase
of ORP150 protein levels. It is notable that at present the
actual concentration of oxygen inside of the osteocyte
lacunae remains unknown, and this should be considered
a limitation. However, in order to understand the behavior
of osteocytes in response to the oxygen deprivation and to
increase knowledge of this complex pathway, evaluation of
the hypoxic condition at early time points is scientifically
valuable. It is thus important to further investigate the role of
ORP150 in the apoptotic process under hypoxic conditions
for longer time periods, and to block ORP150 expression,
using ORP150 small interfering RNA or knockout mice, to
more fully elucidate the protective role of this protein.
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