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Abstract: Eukaryotic cells possess several mechanisms to adapt to endoplasmic reticulum (ER)
stress and thereby survive. ER stress activates a set of signaling pathways collectively
termed as the unfolded protein response (UPR). We previously reported that Bone
morphogenetic protein 2 (BMP2) mediates mild ER stress and activates UPR signal
molecules in chondrogenesis. The mammalian UPR protects the cell against the stress of
misfolded proteins in the endoplasmic reticulum. Failure to adapt to ER stress causes the
UPR to trigger apoptosis. Glucose regulated protein 78 (GRP78), as an important
molecular chaperone in UPR signaling pathways, is responsible for binding to misfolded or
unfolded protein during ER stress. However the influence on GRP78 in BMP2-induced
chondrocyte differentiation has not yet been elucidated and the molecular mechanism
underlyng these processes remain unexplored. Herein we demonstrate that overexpression
of GRP78 enhanced cell proliferation in chondrocyte development with G1 phase advance,
S phase increasing and G2-M phase transition. Furthermore, overexpression of GRP78
inhibited ER stress-mediated apoptosis and then reduced apoptosis in chondrogenesis
induced by BMP2, as assayed by cleaved caspase3, caspasel2, C/EBP homologous protein
(CHOP/DDIT3/GADD153), p-JNK (phosphorylated c-Jun N-terminal kinase) expression
during the course of chondrocyte differentiation by Western blot. In addition, flow
cytometry (FCM) assay, terminal deoxynucleotidyl transferase-mediated deoxyuridine
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triphosphate-biotin nick end-labeling (TUNEL) assay and immune-histochemistry analysis
also proved this result in vitro and in vivo. It was demonstrated that GRP78 knockdown via
siRNA activated the ER stress-specific caspase cascade in developing chondrocyte tissue.
Collectively, these findings reveal a novel critical role of GRP78 in regulating ER
stress-mediated apoptosis in cartilage development and the molecular mechanisms involved.
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1. Introduction

During embryonic development, chondrogenesis plays a fundamental role in skeletal patterning,
bone formation, and joint development. Well-orchestrated chondrogenesis is controlled exquisitely by
cellular interactions with the cytokines, growth factors, surrounding matrix proteins, and other
environmental factors that mediate cellular signaling pathways and transcription of specific genes in
a temporal-spatial manner [1-3]. Bone morphogenetic proteins (BMPs) are important cytokines and
play several important roles in a variety of cellular functions ranging from embryogenesis, cell growth,
and differentiation to bone development and the repair of bone fractures. BMP2, as a member of BMPs,
is the most important regulators of cartilage development and bone formation [4,5]. Accumulated
evidence indicates a physiological role of unfolded protein response of ER stress during developmental
processes. BMP2 was reported to activate UPR signaling molecules, such as binding immunoglobulin
protein (BiP), inositol-requiring enzyme-1la (IREla), old astrocyte specifically induced substance
(OASIS), also named CREB3L1, activating transcription factor 6 (ATF6) and PKR-like ER-resistant
kinase (PERK) [6—8]. Murakami et al. [9] reported that another BMP2 signaling pathway in
osteoblasts was mediated by the UPR of ER stress and the expression levels of the ER stress markers,
such as BiP, CHOP (C/EBP homologous protein) and ATF4 (activating transcription factor 4), were
upregulated by BMP2 stimulation.

UPR, as a set of signaling pathways activated by ER stress, is primarily a response to relieve ER
stress and promotes cell survival by improving the balance between the protein load and the folding
capacity in the ER and/or by improving the secretion of trophic factors/growth factors. If the protein
loaded in the ER exceeds its folding capacity, or some defects in the UPR exist, the cells are destroyed
by apoptosis. Growing evidence has shown that excessively strong and lengthy ER stress will result in
apoptosis. This is called ER stress-induced cell death [10-12].

GRP78, also referred to as BiP, is a central regulator of ER function due to its roles in protein
folding and assembly, targeting misfolded protein for degradation, ER Ca*"-binding and controlling
the activation of trans-membrane ER stress sensors [13—15]. We previously reported that ER stress is
induced during BMP2-mediated chondrocyte differentiation and activates the IRE1a-XBP1 pathway.
The interaction and dissociation between BiP and IRE1la are connected with chondrocyte physiological
condition. BiP can interact with IREla in unstressed cells and dissociate from IREla in
BMP2-induced condition. XBP1S positively regulates endochondral bone formation by activating
granulin-epithelin precursor (GEP) chondrogenic growth factor [16,17]. However, the role of GRP78
in the ER stress-mediated apoptosis in cartilage development is poorly understood. Specifically,
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whether and how GRP78 influences the apoptosis in chondrocyte differentiation and the molecular
mechanism underlying these processes remained unexplored. In the current study, we attempt to clarify
the impact of GRP78 in ER stress-mediated apoptosis during the course of chondrogenesis, with a special
focus on associated molecules of ER stress-mediated apoptosis in cartilage development, and the molecular
events in this process.

2. Results
2.1. Identification of the Expression of Ad-GRP78 and Ad-siGRP78

Ad-GRP78 and Ad-siGRP78 Adenoviruses vectors were constructed and identified with
endonuclease digesting and DNA sequencing, respectively. The DNA-sequencing results indicated
identical nucleotide sequence with the design (data not shown), which confirmed the correct
construction of plasmids. Then the C3H10T1/2 cells infected with Ad-GRP78 were identified by
RT-PCR and Western blot. The level of GRP78 mRNA obviously increased comparing with controls
(Figure 1A,B). And protein levels were also significantly enhanced in Ad-GRP78 infected cells,
comparing with the other two control cells, respectively (Figure 1E,F). Besides, as revealed in Figure 1C,D,
the expression of GRP78 mRNA obviously decreased in Ad-siGRP78 infected cells comparing with
controls. The protein levels were significantly reduced in Ad-siGRP78 infected cells, comparing with
the other two control cells, respectively (Figure 1GH). The results illustrated that the construction and
expression of Ad-GRP78 and Ad-siGRP78 were correct.

2.2. Differential Expression of GRP78 in the Chondrogenesis of Micromass Culture of C3H10T1/2
Cells and ATDCS Cells

To deeply investigate GRP78 function in chondrogenesis, we first studied GRP78 expression profiles
during chondrocyte differentiation in micromass culture of C3H10T1/2 cells and ATDCS cells [17,18].
Micromass cultures of these cells were incubated in the presence of 300 ng/mL recombinant BMP2 for
induction of chondrocyte differentiation. Cells were harvested at various time points followed by
real-time PCR for measurements of GRP78 (Figure 2A,B). As shown in Figure 2A, the level of GRP78
was relatively low until day five, when it is doubled and thereafter remained at high levels during the
differential stage in C3H10T1/2 cells. In addition, similar results were also observed in the course of
chondrogenesis of ATDCS5 cells (Figure 2B). Note that GRP78 was expressed in the entire process
of chondrogenesis.
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Figure 1. Expression of GRP78 in C3H10T1/2 cells after infected with Ad-GRP78 or
Ad-siGRP78. (A). Analysis of GRP78 mRNA level with RT-PCR. Lane I: NC; lane 2:
Ad-GFP control; lane 3: Ad-GRP78. C3H10T1/2 cells infected with Ad-GRP78 and
control Ad-GFP, NC group were cultured for 48 h and GRP78 mRNA expression was
determined by real-time PCR; (B). Quantification of relative levels of GRP78 in
C3H10T1/2 cells. The normalized values were then calibrated against the control value,
data were expressed as means = S.D. (n = 3). The left bar indicates a relative level of
GRP78 mRNA of 1; * p < 0.05; (C) Analysis of GRP78 mRNA level with RT-PCR.
Lane I: NC; lane 2: Ad-siRFP control; lane 3: Ad-siGRP78. C3H10T1/2 cells infected
with Ad-siGRP78 and control Ad-siRFP, NC group were cultured for 48 h and GRP78
mRNA expression was determined by RT-PCR; (D) Quantification of relative levels of
GRP78 in C3H10T1/2 cells. The normalized values were then calibrated against the control
values, data were expressed as means = S.D. (n = 3). The left bar indicates a relative level
of GRP78 mRNA of 1; * p < 0.05; (E) Determination of GRP78 protein expression level
after infected with Ad-GRP78. Lane I: NC; lane 2: Ad-GFP control group; lane 3:
Ad-GRP78 group. Proteins were separated by 10% SDS-PAGE and analyzed with
anti-GRP78 antibody. Tubulin was used as internal control in Western blot. The levels of
GRP78 proteins were obviously increased after infected with Ad-GRP78 compared with
the control groups; (F) Semiquantification of relative levels of GRP78 in C3H10T1/2 cells.
Levels were normalized against those of Tubulin by MJ Opticon Monitor Analysis
Software (Bio-Rad, Hercules, CA, USA), data were expressed as means = S.D. (n = 3).
Every treatment group was compared with control groups respectively, * p < 0.05. Error
bars, S.D.; (G) Determination of GRP78 protein expression level after infected with
Ad-siGRP78. Lane I: NC; lane 2: adenovirus si-GRP78 control group Ad-RFP; lane 3:
Ad-siGRP78 group. Proteins were separated by 10% SDS-PAGE and analyzed with
anti-GRP78 antibody. Tubulin was used as internal control in Western blot. The levels of
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GRP78 proteins were obviously reduced after infected with Ad-siGRP78 compared with
the control groups; (H) Semi-quantification of relative levels of GRP78 in C3H10T1/2
cells. Levels were normalized against those of Tubulin by MJ Opticon Monitor Analysis
Software (Bio-Rad), data were expressed as means = S.D. (n = 3). Every treatment group
was compared with control groups respectively, * p <0.05. Error bars, S.D.

2.3. Expression of GRP78 in Growth Plate Chondrocytes in Vivo

We then examined the expression of GRP78 in growth plate chondrocytes using
immunohistochemistry on tibial growth plates of mouse embryos on postcoital days 15.5, 17.5 and in
the newborn. It is known that GRP78 acts as a major ER chaperone and a master regulator of ER stress
signaling. As revealed in Figure 2C, GRP78 is detected at postcoital days E15.5, 17.5 and in the
newborn, respectively. It was observed that GRP78 is expressed in the lumen of the endoplasmic
reticulum (ER) in cytoplasm. In addition, GRP78 is observed in the entire growth plate of
chondrocytes, including the proliferating zone and hypertrophic zone. The results demonstrated that
GRP78 prominent expression throughout the growth plate chondrocytes is detected at postcoital days
15.5 and 17.5 and in the newborn. These results suggested that the expression profile of GRP78 is
closely linked to the entire chondrogenesis stage.

2.4. Ad-GRP78 Reduces the Expression of XBP1S and Inhibits Kinetics of IRE1o. Signaling in
BMP2-Induced Chondrogenesis

BMP2 is known to activate the unfolded protein response of ER stress [5—7]. We next did Western
blotting to examine the expression profiling of UPR signaling molecules in BMP2-induced
chondrocyte differentiation. For this purpose, Western blot analysis was performed in micromass
culture of C3H10T1/2 cells with 300 ng/mL BMP2. The result showed that ER stress-associated
molecules, such as IREla, XBP1S and ATF3, were activated and expressed in BMP2-treated cells
(Figure 3A). Interestingly, with the BMP2 stimulation, the expression of IREla, XBP1S and ATF3 was
also increased. The result showed that UPR signal pathway of ER stress has been activated after
treatment with BMP2.

We next did real-time PCR assay and Western blotting with C3HI10T1/2 cells. As revealed in
Figure 3B,C, 48 h after infection, Ad-GRP78 remarkably decreased the XBP1S mRNA level, while
siGRP78 clearly increased the mRNA level of XBP1S. These results were also verified by Western
blotting at the protein level, as shown in Figure 3C. It is apparent that after infection with Ad-siGRP78
in ATDCS cells induced by BMP2, XBP1S expression was enhanced, and overexpression of GRP78
can reduce XBP1S expression in ATDCS cells induced by BMP2.
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Figure 2. Expression of GRP78 during chondrogenesis both in vitro and in vivo. (A) and
(B). Expressions of GRP78 was examined in the course of chondrogenesis of a micromass
culture of C3H10T1/2 cells (A) and ATDCS cells; (B) Micromass cultures of C3H10T1/2
cells were stimulated by BMP2 protein at various time points, as indicated, and the mRNA
levels of GRP78 were assayed using real-time PCR. Units are arbitrary; the normalized
values were calibrated against the dO time point, here given the value of 1;
(C) Immunohistochemistry of GRP78 in tibial growth plates of postcoital day 15.5 mouse
embryo (E15.5; a), postcoital day 17.5 mouse embryo (E17.5; b), and newborn (c) is
shown. Microphotographs are shown of sections stained with anti-GRP78 antibody (brown)
and counterstained with hematoxylin (blue). Immunostaining reveals positive nuclear
staining in the entire chondrogenic developmental stages in both proliferating and
hypertrophic zones. Bar = 100 pm.
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Figure 3. GRP78 decreases the expression of the XBPIS in BMP2-induced
chondrogenesis. (A) Western blotting assay of the expression of ER stress associated
molecules in C3H10T1/2 cells induced by BMP2 (300 ng/mL) for different times (1, 3, 5 days).
Cell lysates prepared from micromass culture of C3H10T1/2 cells induced by BMP2, as
indicated, were subjected to SDS-PAGE and detected with anti-BiP, anti-XBP1S,
anti-IREla and anti-tubulin (serving as an internal control), respectively. Protein levels of
IREla, XBPI1S, ATF3 and tubulin (internal control) are shown; (B) Ad-GRP78 reduces,
while siGRP78 increases, the level of XBP1S mRNA. C3H10T1/2 cells infected with
Ad-GRP78 and control Ad-GFP, siGRP78 and control siRFP, were cultured for 48 h and
endogenous XBP1S gene expression was determined by real-time PCR. The normalized
values were then calibrated against the control value. The units are arbitrary, and the left
bar indicates a relative level of XBP1S mRNA of 1; * p < 0.05; (C) Ad-GRP78 reduces,
while siGRP78 increases, the level of XBP1S protein level in C3H10T1/2 cells induced by
BMP2. C3H10T1/2 cells infected with Ad-GRP78 and control Ad-GFP, siGRP78 and
control siRFP, were cultured for 48 h, respectively, and the endogenous XBP1S protein
level was determined by Western blotting. siGRP78, an siRNA adenovirus targeting
GRP78. Tubulin protein served as an internal control; (D) Semi-quantification of relative
levels of XBP1S in micromass culture of C3H10T1/2 cells induced by BMP2. Levels were
normalized against those of tubulin by MJ Opticon Monitor Analysis Software (Bio-Rad),
data were expressed as means = S.D. (n = 3). Every treatment group was compared with
control groups respectively, * p < 0.05; (E) Ad-GRP78 decreases the level of XBPIS
protein spliced by IREla in chondrocytes induced by BMP2. Micromass cultures of
C3H10T1/2 cells were treated with 300 ng/mL BMP2, then C3H10T1/2 cells were infected
with either Ad-GFP (serving as a control), siRFP (serving as a control), or Ad-IREla,
silREla, or Ad-IREla + Ad-GRP78, as indicated. Five or six days later, the cell lysates
were used to detect the protein level of XBP1S by Western blotting. silREla, an siRNA
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adenoviruse targeting IREla. Tubulin protein served as an internal control;
(F) Semi-quantification of relative levels of XBPIS in micromass culture of C3H10T1/2
cells induced by BMP2. Levels were normalized against those of Tubulin by MJ Opticon
Monitor Analysis Software (Bio-Rad), data were expressed as means = S.D. (n = 3). Every
treatment group was compared with control groups respectively, * p <0.05. Error bars, S.D.

These data clearly indicate that GRP78 is able to regulate endogenous XBP1S gene expression.
Micromass cultures of these cells were incubated in the presence of 300 ng/mL BMP2 for induction of
chondrocyte differentiation and were infected with control Ad-GFP, siRFP, Ad-GRP78, Ad-IREla and
silREla. As revealed in Figure 3D, BMP2 induced ER stress, then Ad-IREla remarkably increased
the XBP1S protein level. Ad-IREla obviously increased the XBPIS expression, while inhibition of
IREla via the siRNA approach can reduce XBP1S expression and enhance XBP1U expression in
BMP2-induced chondrogenesis comparing with siRFP control. In addition, overexpression of GRP78
can reduce the expression of IREla-spliced XBP1S and BMP2-induced IREla kinetic activity in
chondrocytes differentiation. These data clearly indicate that IREla and GRP78 are able to regulate
endogenous XBP1 gene expression and XBP1S splicing in chondrogenesis.

2.5. Impact of Ad-GRP78 and Ad-siGRP78 on Cell Growth in Chondrocyte Differentiation

To investigate whether GRP78 can influence the cell cycle profile in chondrogenesis, flow
cytometry analysis was undertaken to determine the effect of Ad-GRP78 and Ad-siGRP78 on cell
cycle in BMP2-induced ATDCS cells and C3H10T1/2 cells. As shown in Figure 4A,C, the data showed
that the cell number in S phase was reduced in BMP2 + Ad-siGRP78 micromass culture of ATDCS
cells comparing with BMP2 and BMP2 + siRFP control. The cell number in S phase was 27.82% in
BMP2 + Ad-siGRP78 ATDCS5 cells and 23.67% in BMP2 + Ad-siGRP78 C3H10T1/2 cells. However,
the cell number in S phase was increased in BMP2 + Ad-GRP78 micromass culture of ATDCS cells
comparing with BMP2 and BMP2 + AdGFP control. The cell number in S phase was 54.72% in BMP2
+ Ad-GRP78 ATDCS cells and 51.09% in BMP2 + Ad-GRP78 C3H10T1/2 cells. The differences between
treatment groups and control groups have statistical significance (p < 0.05). These data indicate that
GRP78 can influence cell cycle distribution. Overexpression of GRP78 enhances the cell number in
S phase, while GRP78 knockdown decreases the cell number in S phase in chondrocyte differentiation.
In addition, the data also showed that in ATDCS cells, the percentage of G2 phase was reduced in
BMP2 + Ad-siGRP78 group (14.78% + 0.78%) compared with BMP2 + siRFP control and BMP2
group, while increased in BMP2 + Ad-GRP78 group (26.21% + 0.81%) compared with BMP2 +
AdGFP control and BMP2 group. In addition, in micromass culture of C3H10T1/2 cells, the
percentage of G2 phase was reduced in BMP2+Ad-siGRP78 group (12.27% + 0.62%) compared with
BMP2 + siRFP control and BMP2 group, while increased in BMP2 + Ad-GRP78 group (27.08% =+ 0.92%)
compared with BMP2 + AdGFP control and BMP2 group (Figure 4B). The differences between
treatment groups and control groups have statistical significance (p < 0.05). These data indicate that
GRP78 can influence cell cycle distribution in chondrocyte differentiation. Overexpression of GRP78
enhanced, while GRP78 knockdown inhibited, the S phase cells in chondrogenesis.
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Figure 4. Cellular proliferation analysis by FCM. (A) Flow cytometry images with
propidium iodide staining and analysis on cell cycle distribution. Micromass culture of
ATDCS cells and C3H10T1/2 were treated with BMP2 (300 ng/mL)/BMP2 + Ad-GFP/
BMP2 + Ad-siRFP / BMP2 + Ad-GRP78 / BMP2 + Ad-siGRP78. Flow cytometry analysis
showed that the percentage of the BMP2 + Ad-GRP78 ATDCS cells in S phase were
increased significantly compared to those in BMP2 controls, whereas the percentage of the
BMP2 + Ad-siGRP78 ATDCS cells in S phase were dramatically decreased compared with
BMP2 control. The result of C3H10T1/2 is the same. Experiments were repeated three
times, and samples were analyzed by Student’s #-test and statistical significance with p < 0.05.
Representative images were shown; (B) Flow cytometry assay on the percentages of the
ATDCS and C3H10T1/2 cells in G2/M phase after treatment with BMP2 (300 ng/mL)/BMP2
+ Ad-GFP / BMP2 + Ad-siRFP / BMP2 + Ad-GRP78 / BMP2 + Ad-siGRP78; (C) Flow
cytometry analysis showed that the percentages of the ATDCS and C3H10T1/2 Ad-GRP78
cells in S phase were increased significantly, whereas the percentages of the ATDCS5 and
C3H10T1/2 Ad-siGRP78 cells in S phase were decreased compared with those in their
controls. * p <0.05 compared with control.
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These results suggested that overexpressed GRP78 can augment cell proliferation in chondrocyte
development with G1 phase advance, S phase increasing and G2-M phase transition, while GRP78
knockdown can inhibit cell growth in chondrogenesis.

2.6. Impact of Ad-GRP78 and Ad-siGRP78 on ER Stress-Mediated Apoptosis in
Chondrocyte Differentiation

In the flow cytometry assay shown in Figure 5A, the cell apoptosis rate was clearly increased after
being infected with BMP2 + Ad-siGRP78 compared with BMP2 + siRFP control and BMP2 group in
micromass culture of ATDCS cells for three days. The cell apoptotic rate was 13.16%, 6.34% and
24.8% in BMP2 group, BMP2 + siRFP group and BMP2 + Ad-siGRP78 group, respectively. While the
cell apoptotic rate was reduced after being infected with Ad-GRP78 compared with BMP2 + Ad-GFP
control and BMP2 group. The cell apoptotic rate was 4.08% in BMP2 + Ad-GRP78 ATDCS cells.
In addition, in micromass culture of C3H10T1/2 cells, the cell apoptosis rate was also increased after
being infected with BMP2 + Ad-siGRP78 group (22.35%) compared with BMP2 + siRFP control
(6.31%) and BMP2 group (12.94%) in micromass culture of C3H10T1/2 cells for three days. While
the cell apoptotic rate was reduced after being infected with BMP2 + Ad-GRP78 group (3.99%)
compared with BMP2 group. The differences between treatment groups and BMP2 groups have
statistical significance (* p < 0.05, Figure 5B,C). Taken together, these data demonstrate that
overexpression of GRP78 can inhibit, while knockdown of GRP78 via the RNAi approach can
enhance ER stress-mediated apoptosis in chondrocyte differentiation induced by BMP2.

Then, to confirm the influence of ER stress-mediated apoptosis by GRP78 in BMP2-induced
C3H10T1/2 cells, the expression of ER stress-mediated apoptosis molecules such as CHOP, cleaved
caspase3, caspasel2 and phosphorylated JNK was detected by Western blot in C3HI10T1/2 cells
induced by BMP2 for three and five days. The result showed that cleaved caspase3, caspasel2, CHOP
and p-JNK expressions dramatically increased after being infected with Ad-siGRP78 compared with
BMP2 + siRFP control and BMP2 group in C3H10T1/2 cells induced by BMP2 for three or five days.
As revealed in Figure 6, Ad-siGRP78 induced a dramatic augment in active (cleaved) caspase3,
caspasel2, p-JINK and CHOP expressions in C3H10T1/2 with Ad-siGRP78 cells. However, cleaved
caspase3, caspasel2, p-JNK and CHOP expressions were obviously reduced after being infected with
Ad-GRP78 compared with BMP2 + AdGFP control, and the BMP2 group in C3H10T1/2 cells induced
by BMP2 for three or five days. It was demonstrated that Ad-GRP78 could inhibit the expression of
ER stress-mediated apoptosis signal pathway molecules in chondrogenesis. And Ad-siGRP78
promoted the expression of ER stress-mediated apoptosis molecules in chondrocyte differentiation.
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Figure 5. Cellular apoptosis assay with FCM. (A) Flow cytometry analysis with Annexin V-PI
staining was performed to evaluate the percentage of apoptotic cells in BMP2
(300 ng/mL)-induced ATDC5 and C3HI10T1/2 cells for three days. The percentage of
apoptotic cells in the ATDCS and C3H10T1/2 Ad-GRP78 cells groups were significantly
decreased compared with that of controls. While the percentage of apoptotic cells in
the ATDCS5 and C3H10T1/2 Ad-siGRP78 cells groups were significantly increased compared
with that of controls; (B) Analysis on cell apoptosis results of ATDCS cells. Data are mean
+ SD for relative apoptosis normalized to control cells for three independent experiments.
Columns mean of four separate experiments; bars represent SD. * p < 0.05 as determined by
Student’s #-test, versus BMP2 + Ad-siRFP and BMP2 + Ad-siGRP78 group, BMP2 + Ad-GFP
and BMP2 + Ad-GRP78 group. Representative images from flow cytometry analysis are
shown; (C) Analysis on cell apoptosis results of C3H10T1/2 cells. Data are mean + SD for
relative apoptosis normalized to control cells for three independent experiments. Columns
mean of four separate experiments; bars represent SD. * p < 0.05 as determined by Student’s
t-test, versus BMP2 + Ad-siRFP and BMP2 + Ad-siGRP78 group, BMP2 + Ad-GFP and
BMP2 + Ad-GRP78 group. Representative images from flow cytometry analysis are shown.
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Figure 6. The effects of GRP78 on the expression of ER stress-associated molecules in
BMP2-induced C3H10T1/2 cells for three and five days. (A—C) Expression of cleaved
caspase3, CHOP, caspasel2, tubulin, JNK and p-JNK in the course of chondrogenesis in a
micromass culture of BMP2-induced C3H10T1/2 cells for three and five days. Whole cell
lysates were prepared from C3H10T1/2 cells were treated with 300 ng/mL BMP2 for
three and five days. The lysates were resolved by SDS-PAGE and then immunoblotted
with antibodies against cleaved caspase3, caspasel2, CHOP, JNK, p-JNK and Tubulin;
(D) Semi-quantification of relative levels of cleaved caspase3, caspasel2, CHOP and
p-JNK. Levels were normalized against those of tubulin by MJ Opticon Monitor Analysis
Software (Bio-Rad), data were expressed as means + S.D. (n = 3). * p <0.05 as determined by
Student’s #test, versus BMP2 + Ad-siRFP and BMP2 + Ad-siGRP78 group, BMP2 + Ad-GFP
and BMP2 + Ad-GRP78 group.
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2.7. Ad-GRP78 Inhibition of the ER Stress-Mediated Apoptosis in Vitro and in Vivo

Next we compared the roles of GRP78 during chondrogenesis using ATDCS cells and C3H10T1/2,
which are capable of differentiation into various lineages, such as chondrocytes. In brief, the
high-density culture system was incubated in the absence (CTR) or presence of 300 ng/mL. BMP2,
BMP2 + Ad-GFP,BMP2 + Ad-siRFP,BMP2 + Ad-GRP78 and BMP2 + Ad-siGRP78 for three days,
TUNEL assay was undertaken to determine the effect of GRP78 on apoptosis in chondrogenesis.
As shown in Figure 7A, during the BMP2-induced chondrocyte differentiation, the number of
TUNEL-positive cells significantly increased in the ATDC5 BMP2 + Ad-siGRP78 cells (80.56%)
compared with ATDC5 BMP2 + Ad-siRFP cells (19.52%) and BMP2 cells (21.23%), while the
number of TUNEL-positive cells reduced in the ATDCS5 BMP2 + Ad-GRP78 cells (5.02%).

Incidentally, in the C3H10T1/2 BMP2 + Ad-siGRP78 cells, the number of TUNEL-positive cells
obviously increased (76.13%) compared with C3H10T1/2 BMP2 cells (23.02%), while the number of
TUNEL-positive cells reduced in the C3H10T1/2 BMP2 + Ad-GRP78 cells (8.29%). The differences
between BMP2 + Ad-GRP78, BMP2 + Ad-siGRP78, BMP2 + Ad-GFP, BMP2 + Ad-siRFP, BMP2
groups have statistical significance (* p < 0.05 Figure 7B). Note that GRP78 can inhibit ER
stress-mediated apoptosis in chondrocyte differentiation induced by BMP2.
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Figure 7. Ad-GRP78 inhibits, while siGRP78 increases, ER stress-mediated apoptosis in
micromass culture of ATDCS5 cells and C3H10T1/2 cells induced by BMP2. (A) After
treatment with 300 ng/mL BMP2, BMP2 + Ad-GFP, BMP2 + Ad-GRP78, BMP2 + siRFP
or BMP2 + siGRP78 in micromass culture of C3H10T1/2 cells (a—e) and ATDCS cells
(f-k), then were analyzed for apoptosis using the TUNEL staining assay. Representative
photographs of TUNEL staining in cells. The FITC-labeled TUNEL-positive cells were
imaged under a fluorescent microscope (Bar = 200um). The cells with green fluorescence
were recognized as apoptotic cells, and the scale bars represent 200 um; (B) Analysis on
cell apoptosis results. Data are mean = SD for relative apoptosis normalized to control
cells for three independent experiments. Columns mean of three separate experiments; bars
represent SD. * p <0.05 as determined by Student’s ¢-test, versus BMP2 + siRFP and BMP2 +
siGRP78 group; BMP2 + Ad-GFP and BMP2 + Ad-GRP78 group. Representative images
from TUNEL analysis are shown.
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Then to verify whether GRP78 influence the growth plate chondrocytes in developing tissue,
TUNEL assay was undertaken to determine the effect of GRP78 on apoptosis in chondrocyte tissue
(Figure 8). The result showed that the BMP2 + Ad-siGRP78 group resulted in much more apoptotic
cells compared with the BMP2 group and BMP2 + siRFP group, whereas the TUNEL-positive cells in
the BMP2 + Ad-GRP78 group were obviously reduced compared with the BMP2 group and
BMP2 + Ad-GFP group.

A B 100 -
S
@ 80+
BMP2 BMP2+AdGFP BMP2+siRFP BMP2+siGRP78  BMP2+AdGRP78 4
. o
© () ] 2 eo
w
8
. . 404
[=]
o
= 204
3
O-
BMP2 + + + + +
AdGFP - + - = -
siRFP - - + - -
100um SiGRP78 _ - = + -
AdGRP78 - - - = +

Figure 8. TUNEL staining in the growth plate chondrocytes in vivo. (A) Metatarsals were
explanted from 15-day-old mouse embryos and cultured in the presence of conditioned
medium of BMP2 (300 ng/mL) (a); BMP2 + Ad-GFP (b); BMP2 + siRFP (c);
BMP2 + siGRP78 (d); BMP2 + Ad-GRP78 (e) for five days and then were analyzed for
apoptosis using the TUNEL-staining assay. Representative photographs of TUNEL
staining in cells. The FITC-labeled TUNEL positive cells were imaged under a fluorescent
microscope (Bar = 100 um). The cells with green fluorescence were recognized as apoptotic
cells, and the scale bars represent 100 um; (B) Analysis on cell apoptosis results. Data are
mean £ SD for relative apoptosis normalized to control cells for three independent
experiments. Columns mean of three separate experiments; bars represent SD. * p < 0.05
as determined by Student’s #-test, versus BMP2 + siRFP and BMP2 + siGRP78 group;
BMP2 + Ad-GFP and BMP2 + Ad-GRP78 group. Representative images from TUNEL
analysis are shown.

2.8. Different Influence of Ad-siGRP78 on the ER Stress Specific Caspase Cascade in Developing
Chondrocyte Tissue at E17.5

To further understand the molecular events of the ER stress-mediated apoptosis influenced by
GRP78 in chondrogenesis, the effect of GRP78 on endochondral bone formation was then studied in
an ex vivo model of bone formation using cultures of 17-day-old fetal mouse metatarsals. Firstly,
the metatarsals were cultured for five days in the presence of the conditioned medium obtained
from BMP2 (control), BMP2 + siRFP (control) and BMP2 + siGRP78 adenovirus. At the time of
explantation, these explants consisted of undifferentiated cartilage.

In a five-day culture period, these explants underwent all sequential stages of endochondral bone
formation. After five days of culture, the explants were fixed, and then stained with hematoxylin and
eosin stain (HE stain). Immunohistochemistry analysis of embryonic metatarsal tissues was made with
anti-active caspase3, caspasel2, CHOP, p-JNK monoclonal antibody, respectively. As shown in Figure 9,
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Ad-siGRP78 enhanced the apoptosis-related protein expression in chondrocyte differentiation, such as
cleaved caspase3, caspasel2, CHOP, and p-JNK. It was demonstrated that the activation of caspase3
and caspasel2, phosphorylation of JNK and up-regulation of CHOP by ER stress occurred in
chondrogenesis. Further, Ad-siGRP78 could improve the expression of ER stress-mediated apoptosis
signal pathway molecules in chondrogenesis compared with BMP2 and BMP2 + siRFP controls.
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Figure 9. Expression of cleaved caspase3, CHOP, caspasel2 and p-JNK in the growth
plate chondrocytes in vivo. Metatarsals were explanted from 17-day-old mouse embryos
and cultured in the presence of conditioned medium of BMP2 (300 ng/mL), BMP2 + siRFP,
BMP2 + siGRP78 for 5 days. (a), (e) and (i) Immunohistochemistry staining was observed
in low-power microphotograph of a section stained with anti-active caspase3 monoclonal
antibody (brown) and counterstained with Mayer’s hematoxylin (blue); (b), (f) and (k)
Immunohistochemistry staining was observed in a low-power microphotograph of
a section stained with anti-CHOP monoclonal antibody (brown) and counterstained with
Mayer’s hematoxylin (blue); (¢), (g) and (I) Immunohistochemistry staining was observed
in low-power microphotograph of a section stained with anti-p-JNK monoclonal antibody
(brown) and counterstained with Mayer’s hematoxylin (blue); (d), (h) and (m)
Immunohistochemistry staining was observed in low-power microphotograph of a section
stained with anti-caspasel2 monoclonal antibody (brown) and counterstained with Mayer’s
hematoxylin (blue) and the scale bars represent 100 pm.

Taken together, these data demonstrate that GRP78 inhibits ER stress-mediated apoptosis in
chondrocyte differentiation induced by BMP2.
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3. Discussion

The endoplasmic reticulum is an essential organelle for multiple cellular functions such as
maintaining calcium homeostasis and the biosynthesis of proteins or lipids. Many studies have shown
that factors influencing cell fate and/or differentiation are activated in ER stress. UPR is primarily a
response to relieve ER stress and promote survival. In mammalian cells, the UPR plays a fundamental
role in maintaining cellular homeostasis and is therefore at the center of many normal physiological
responses and pathologies [19-22]. The UPR includes three molecular branches, which are IREla,
PERK and ATF6. These three-signal pathways trigger both cell protective and cell death responses.
When the severity of ER stress exceeds the capacity of the UPR to restore homeostasis, mammalian
cells commit to apoptosis, which is called ER stress-induced cell apoptosis. UPR may alter apoptosis
of hypertrophic chondrocytes, which is thought to be a normal process prior to the conversion to
bone [23-26].

Chondrogenesis is a process that is important for the creation of chondrocytes both during
embryogenesis as well as in adult life. Cartilage development and growth is controlled through the
highly coordinated proliferation, apoptosis, and differentiation of growth plate chondrocytes [27,28].
Saito et al. [29,30] reported that treatment of wild-type primary osteoblasts with BMP2-induced ER
stress, leading to an increase in ATF4 protein expression levels. During osteoblastogenesis,
the expression levels of the ER stress markers, such as BiP, CHOP, ATF4, and EDEM (ER degradation
enhancing o-mannosidase-like protein), were up-regulated by BMP2 stimulation. UPR is primarily
a response to relieve ER stress and promote survival. UPR may alter apoptosis of hypertrophic
chondrocytes, which is thought to be a normal process prior to the conversion to bone.

Some studies agree with the fact that an ER chaperone protein GRP78 serves as a master UPR
regulator and plays essential roles in activating PERK, IRE1, and ATF6 in response to ER stress [20,31].
GRP78, also known as BiP, is a multi-functional protein predominantly expressed in the lumen of
the ER. Typically, GRP78 acts as a major ER chaperone and a master regulator of ER stress signaling
through controlling protein folding and assembly, preventing protein aggregation, and regulating
signaling of the unfolded protein response [32-35]. However, whether GRP78 impact differentiation
programs in chondrocytes is poorly understood; whether GRP78 participates in ER stress-mediated
apoptosis in the process of chondrocyte differentiation, and the mechanism on how to regulate ER
stress-mediated apoptosis in chondrogenesis remain unknown. Our current study focuses on the role of
GRP78 in ER stress-mediated apoptosis during the process of chondrogenesis as well as the molecular
mechanism involved.

Herein, we constructed Ad-GRP78 and Ad-GRP78 siRNA adenovirus that infected into ATDC5
cells and C3H10T1/2 cells. The results showed that Ad-GRP78 increased, while Ad-GRP78 siRNA
inhibited the expression of GRP78 in C3H10T1/2 cells (Figure 1) and in metatarsals from 15.5-day-old,
18.5-day-old mouse embryos and newborn mice. Besides, GRP78 is detected and prominently
expressed throughout the growth plate chondrocytes (Figure 2). Then, we induced C3H10T1/2 and
ATDCS cells with BMP2 for induction of chondrocyte differentiation. The result showed that GRP78
is able to up-regulate XBP1S gene expression, and GRP78 is required for XBP1S expression in
C3H10T1/2 cells induced by BMP2. Then, it was detected that GRP78 can enhance the level of
IREla-spliced XBP1S protein in chondrogenesis induced by BMP2. IREla and GRP78 can
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synergistically regulate endogenous XBP1S gene expression in chondrogenesis. GRP78 decreases the
expression of XBP1S and reduces the BMP2-induced IRE1a kinetic activity in chondrogenesis (Figure 3).
It was reported that GRP78 is a peptide-dependent ATPase that binds transiently to newly synthesized
proteins translocated into the ER and more permanently to under glycosylated, misfolded, or
unassembled proteins. Under non-stressed conditions, GRP78 also binds to the luminal domains of
IRE1, PERK, and ATF6 to maintain them within the ER. Upon accumulation of unfolded proteins,
GRP78 is released from IRE1 and PERK to permit their spontaneous: dimerization/oligomerization,
trans-autophosphorylation, and subsequent activation. Therefore, in BMP2-induced chondrocyte
differentiation, IRE1a kinetic activity was activated; GRP78 reduced the BMP2-induced IRE1a kinetic
activity and IRE1a signaling.

Then we determined whether and how GRP78 influences ER stress-mediated apoptosis during
chondrocyte differentiation. We detected and found that GRP78 can influence cell cycle distribution in
chondrogenesis. Overexpression of GRP78 enhanced, while GRP78 knockdown inhibited, the S phase
cells in chondrocyte differentiation. It was demonstrated that overexpressed GRP78 can obviously
improve cell proliferation activity in chondrocyte development with G1 phase advance, S phase
increasing and G2-M phase transition, while GRP78 knockdown can inhibit cell growth in
chondrogenesis (Figure 4). Caspases, a family of cysteine proteases, act as common death effector
molecules in various forms of apoptosis [36,37]. During apoptosis, caspases are activated by different
mechanisms. In addition, upon ER stress, activation of UPR sensor PERK, IRE1, or ATF6 leads to
transcriptional activation of CHOP/GADD153, a bZIP transcription factor that potentiates apoptosis.
These findings support the notion that ER stress leads to several redundant pathways for caspase
activation [38—40]. Then, we determined whether and how GRP78 influence ER stress mediated
apoptosis during chondrocyte differentiation. Both FCM and Western blot results showed that
overexpression of GRP78 inhibits ER stress-mediated apoptosis in chondrocyte differentiation induced
by BMP2; whereas knockdown of GRP78 via RNAi approach enhances the expression of ER
stress-mediated apoptosis signal pathway molecules under the procedure of chondrogenesis.
Ad-GRP78 can reduce ER stress-mediated apoptosis in chondrocyte differentiation induced by BMP2,
as assayed by cleaved caspase3, caspasel2, CHOP and p-JNK expression in the course of chondrocyte
differentiation (Figures 5 and 6). Caspasel2 is an ER-associated proximal effector in the caspase
activation cascade, and cells lacking this enzyme are partially resistant to inducers of ER stress.
Caspasel2 can activate caspase9, which in turn activates caspase3. Identification of ER stress as
a trigger was made possible by detection of caspasel2 activation because its activation is nearly
synonymous with generation of ER stress [41-43]. Furthermore, TUNEL assay results showed
that Ad-GRP78 can inhibit, while knockdown of ATF6 via RNAi approach can improve, ER
stress-mediated apoptosis in chondrogenesis (Figure 7). On the other hand, Ad-siGRP78 enhanced ER
stress-mediated apoptosis in cartilage tissue induced by BMP2 with tissue TUNEL assay (Figure 8)
and immunohistochemistry (Figure 9). It was demonstrated that Ad-siGRP78 activation of the ER
stress-specific caspase cascade in developing chondrocyte tissue.

In conclusion, our work supports that GRP78 is a negative regulator of ER stress-mediated
apoptosis in chondrocyte differentiation. The GRP78 inhibition of apoptosis could influence
the differentiation of the chondrocytes, and the crosstalk mechanism between apoptosis and
differentiation needs further investigation. This study provides novel insights into the role of GRP78 in
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regulating the ER stress and ER stress-mediated apoptosis in chondrogenesis. The inhibition of GRP78
in apoptosis allows the cell to adapt to physiological changes in response to pathological conditions
that are associated with ER stress. In addition, research so far has identified many candidates involved
in orchestrating the switch from the protective UPR signaling to pro-apoptotic signaling. New insights
into the mechanistic basis of stress responses will open new perspectives for the development of
molecular-targeted treatment approaches and thus have a great potential for the treatment of cartilage
disorders and arthritic conditions.

4. Experimental Section
4.1. Ethics statement

With the approval of the Chongqing Medical University Institutional Animal Care and Use
Committee (Permit Number: SYXK 2007-0001, SCXK 2007-0002), all mice were housed under
controlled temperatures in a 12 h light/dark cycle with easy access to food and water. This study was
carried out in strict accordance with the recommendations in the Guide for the Care and Use of
Laboratory Animals of the National Science Foundation of China. The protocol was approved by
the Committee on the Ethics of Animal Experiments of Chongqing Medical University. All surgery
was performed under sodium pentobarbital anesthesia, and all efforts were made to minimize suffering.

4.2. Adenoviruses Production & Titration

The AdEasy adenoviral vector system (Invitrogen, Carlsbad, CA, USA) was used to construct an
adenovirus expressing GRP78 (Ad-GRP78). Briefly, GRP78 cDNA was inserted into the BamHI and
HindIII sites in pAdTrack-cytomegalovirus (CMV) vector. The corresponding segments GRP78 were
amplified using PCR with the following primers: Sense: 5'-GGATCCATGAAGCTCTCCCTGGTG-3,
Antisense: 5'-AAGCTTGGGCAACTCATCTTTTTCTG-3'. The enzyme sites in the primers are
underlined. PCR products were inserted into the pAdTrack vector. Then the predigested recombinant
adenovirus DNA was transfected into human embryonic kidney 293 cells. After collecting the medium
supernatant that contains recombinant adenovirus, multiplicity of infection (MOI) for the recombinant
adenovirus was determined according to the standard protocol [44,45]. The expression of recombinant
virus in infected GRP78 cells was tested by Western blotting with specific antibodies.

To generate adenovirus GRP78 siRNA, the siRNA sequence corresponding to the GRP78 gene
(5'-CTGTGGCTGGACTGCCTGTTT-3") was cloned into a pSES-HUS vector (siRNA adenoviral
shuttle vector). Briefly, equimolar amounts of complementary sense and antisense strands were
separately mixed, annealed, and slowly cooled to 10 °C in a 50 pL reaction buffer. The annealed
oligonucleotides were inserted into the Sfil sites of pSES-HUS vector. Adenovirus GRP78 siRNA, and
adenovirus encoding GRP78 were constructed, respectively, using methods described previously [46,47].
All constructs were verified by nucleic acid sequencing; subsequent analysis was performed using
BLAST software [48].
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4.3. Cell Culture

The micromass culture was performed as described previously. The ATDCS cells and C3H10T1/2
cells were briefly trypsinzed and then resuspended in DMEM with 10% FBS at a concentration of 10° cells
per mL, and six drops of 100 mL of cells were placed in a 60 mm tissue culture dish (Becton
Dickinson, New York, NY, USA). After 2 h of incubation at 37 °C, 1 mL of DMEM containing
10% FBS and BMP2 protein (300 ng/mL) was added. The media was replaced approximately every
2-3 days. To test the effect of overexpression of GRP78 on chondrogenesis, ATDCS5 cells were
infected with Ad-GRP78 expression adenovirus or control GFP adenovirus before micromass culture.

4.4. RNA Preparation and Reverse Transcription (RT)-PCR

Total RNA was prepared from ATDCS cells; control lines were cultured in tissue culture dishes in
Dulbecco’s Modified Eagle’s Medium (DMEM) supplemented with 10% heat inactivated fetal
calf serum and antibiotics using the QIAGEN (QIAGEN Inc., Hilden, Germany) RNeasy mini kit
and reverse transcribed using oligo (dT) primers with the SuperScript pream purification system
(Invitrogen) following the manufacturer’s instructions. The following sequence-specific primers were
synthesized: sense, 5-TTTGAGCACATGCTTCGCTG-3'; antisense, 5-AAGCTTGGAGGGCGTCT
GGAGTCAC-3' for GRP78. The following pair of oligonucleotides was used as internal controls:
5'-ACCACAGTCCATGCCATCAC-3' and 5'-TCCACCACCCTGTTGCTGTA-3" for GAPDH. PCRs
were performed for 35 cycles (94 °C, 1 min, 58 °C, 2 min and 72 °C, 1 min) with a final ligation for
10 min at 72 °C. GAPDH was also amplified and employed as an internal control for 35 cycles (94 °C,
1 min, 55 °C, 1 min and 72 °C, 1 min). PCR products were visualized on 1% agarose gels containing
0.1 mg/mL ethidium bromide using ultraviolet light. The identity of each targeted PCR amplification
product was confirmed by DNA sequence analysis of gel-purified bands (QIAGEN Inc., Hilden, Germany)

4.5. Immunoblotting Analysis

To examine the expressions of cleaved caspase3, caspasel2, CHOP, tubulin, JNK (c-Jun N-terminal
kinase) and p-JNK protein in the course of chondrogenesis, total cell extracts prepared from
micromass cultures of ATDCS cells in the presence of 300 ng/mL recombinant BMP2 protein were
mixed with 5x sample buffer (312.5 mM Tris-HCl (pH 6.8), 5% B-mercaptoethanol, 10% SDS,
0.5% bromophenol blue, 50% glycerol). Proteins were resolved on a 10% SDS-polyacrylamide gel and
electroblotted onto a nitrocellulose membrane. After blocking in 10% nonfat dry milk in Tris buffer
saline Tween 20 (10 mM Tris-HCI (pH 8.0), 150 mM NaCl, 0.5% Tween 20), blots were incubated
with either mouse monoclonal anti-IRE1a antibody and anti-CHOP antibody (BioLegend, San Diego,
CA, USA.) (diluted 1:1000) or rabbit polyclonal anti-cleaved caspase3 antibody and anti-p-JNK
antibody (Santa Cruz Biotechnology, 1:1000) for 1 h. After washing, the respective secondary antibody
(HRP-conjugated anti-mouse immunoglobulin or HRP-conjugated anti-rabbit immunoglobulin, (Sigma,
St. Louis, MO, USA, both 1:5000 dilutions) was added, and bound antibody was visualized using an
enhanced chemiluminescence system (GE Amersham Biosciences, Amersham, Buckinghamshire, UK).
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4.6. Quantitative Real-Time PCR

Real-time PCR with SYBR Green chemistry was performed to check the mRNA level of XBP1S
after being infected with Ad-siGRP78 or Ad-GRP78 into C3H10T1/2 cells, respectively, using the ABI
prism 7500 PCR amplification system (PE Biosystems, Foster City, CA, USA). The sequences of
XBP1S-specific primers are 5-ATGGTGGTGGTGGCAGCCGC-3" and 5'-GACACTAATCAGCTGG
GGAAAGAG-3". The sequences of human GAPDH-specific primers are 5'-TGAAGGTCGGAGTC
AACGGATTTGGT-3' and 5-CATGTGGGCCATGAGGTCCACCAC-3'. A reaction mixture
containing the master mixture with SYBR Green fluorescent dye (Roche Diagnostics, Basel,
Switzerland) and the selective primers were added to a 96-well plate, together with 2 pulL of cDNA
template, for a final reaction volume of 20 pL per well, and run for an initial step at 95 °C for 10 min,
followed by 40 cycles of amplification at 95 °C for 15 s and 60 °C for 60 s. All the data were collected
during the extension step and expressed as arbitrary fluorescence units per cycle. A melting curve was
obtained at the end of the PCR reaction to verify that only one product was produced.

4.7. Apoptosis Analysis by Flow Cytometry (FCM)

The ATDCS cells and C3H10T1/2 cells were infected with Ad-GRP78, Ad-siGRP78 respectively,
then the cell cycle analysis and cell apoptotic rate were determined by FCM analysis. The percentage
of cells with the sub-G1 DNA content reflects the apoptotic rate of the cell population. At 48 h
post-transfection, the culture media were collected. The cells in 35 mm dishes were trypsinized and
fixed with 70% ethanol for more than 1 h. Cells were pelleted and washed with PBS plus 20 mM
EDTA. After being incubated with RNase (1 mg/mL, QIAGEN Inc., Hilden, Germany) at 37 °C for 1 h,
cells were stained with propidium iodide (30 mg/mL, Sigma) and analyzed by flow cytometry to
measure cell cycle distribution and cell apoptosis rate (Becton Dickinson FACS Calibur, New York,
NY, USA). The experiments were performed in triplicate.

4.8. TUNEL Assay

Apoptotic cells were detected by terminal deoxynucleotidyl-transferase-mediated dUTP-biotin nick
end-labeling staining using the Dead End TM Fluorometric TUNEL system (Promega, Madison, WI,
USA). Cells were processed according to the manufacturer’s recommended protocol. Briefly, the cells
were fixed with 4% paraformaldehyde phosphate buffer saline, rinsed with PBS, treated with 0.1%
Triton X-100 for 2 min on ice, and incubated with TUNEL for 1 h at 37 °C. The FITC-labeled
TUNEL-positive cells were imaged under a fluorescent microscope. The cells with green fluorescence
were recognized as apoptotic cells.

4.9. Culture of Fetal Mouse Bone Explants and Immunohistochemistry

Fetal mouse metatarsals were dissected from fetal C57BL/6J mice (E17.5) and cultured in DMEM
(Gibco) containing 1% heat-inactivated fetal calf serum (Invitrogen) and 100U penicillin-streptomycin
per milliliter in the various stimuli (BMP2, BMP2 + Ad-GRP78). After 5 days of culture, for
histological examination, every group tissue samples make five-micrometer-thick, formalin-fixed
paraffin sections, then sections were deparaffinized, dehydrated and placed in Tris buffer (10 mM
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Tris-HCI (pH 8.0), 150 mM NaCl). Serum block was applied for 30 min at room temperature before
incubation of the primary antibody. Affinity-purified polyclonal anti-caspase3, anti-CHOP, and
anti-p-JNK were diluted at 1:100 and sections were incubated at room temperature for 2 h respectively.
For detection, biotinylated secondary antibody and horseradish peroxidase (HRP)-streptavidin complex
(Santa Cruz Biotechnology, Delaware Ave, Santa Cruz, CA, USA) were used. A total of 0.5 mg/mL
3,3'-diaminobenzidine (DAB) in 50 mM Tris-HCI substrate (Sigma) was used for visualization, and
sections were then counterstained with Mayer’s hematoxylin.

4.10. Statistical Test

The statistical analysis was performed with SPSS 10.0.1 software for Windows. Data were
expressed as mean + SD from at least three independent experiments. Data for multiple variable
comparisons were analyzed by one-way analysis of variance (ANOVA). p values <0.05 were deemed
statistically significant.

Acknowledgments

This work was supported by the National Science Foundation of China (No. 81371928, No. 81171697);
New Century Excellent Talent Support Project of Education Ministry of China (NCET-12-1090).

Author Contributions

All authors were involved in drafting the article or revising it critically for important intellectual
content, and all authors approved the final version to be published. Fengjin Guo had full access to all
of the data in the study and takes responsibility for the integrity of the data and the accuracy of the data
analysis. Study conception and design: Zhangyuan Xiong, Rong Jiang, Fengjin Guo; Execution and
acquisition of data: Zhangyuan Xiong, Xiangzhu Li, Yanna Liu; Analysis and interpretation of data:
Zhangyuan Xiong, Rong Jiang, Xiangzhu Li, Fengjin Guo.

All authors have read and approved the manuscript prior to submission.

Conflicts of Interest
The authors declare no conflict of interest.
References

1. Goldring, M.B.; Tsuchimochi, K.; [jiri, K. The control of chondrogenesis. J. Cell. Biochem. 2006,
97,33-44.

2. Colnot, C. Cellular and molecular interactions regulating skeletogenesis. J Cell. Biochem. 2005,
95, 688—-697.

3. Lui, J.C.; Andrade, A.C.; Forcinito, P; Hegde, A.; Chen, W.; Baron, J.; Nilsson, O. Spatial and
temporal regulation of gene expression in the mammalian growth plate. Bone 2010, 46,
1380-1390.



Int. J. Mol. Sci. 2015, 16 21174

10.

11.

12.

13.

14.

15.

16.

17.

18.

Chen, D.; Zhao, M.; Mundy, GR. Bone morphogenetic proteins. Growth Factors 2004, 22,
233-241.

Lai, C.F.; Cheng, S.L. Signal transductions induced by bone morphogenetic protein-2 and
transforming growth factor-b in normal human osteoblastic cells. J. Biol. Chem. 2002, 277,
15514-15522.

Jang, W.G.; Kim, E.J.; Kim, D.K.; Ryoo, H.M.; Lee, K.B., Kim, S.H.; Choi, H.S.; Koh, J.T.
BMP2 protein regulates osteocalcin expression via Runx2-mediated ATF6 gene transcription.
J. Biol. Chem. 2012, 287, 905-915.

Tohmonda, T.; Miyauchi, Y.; Ghosh, R.; Yoda, M.; Uchikawa, S.; Takito, J.; Morioka, H.;
Nakamura, M.; Iwawaki, T.; Chiba, K.; ef al. The IRE1-XBP1 pathway is essential for osteoblast
differentiation through promoting transcription of Osterix. EMBO Rep. 2011, 12, 451-457.

Tsang, K.Y.; Chan, D.; Cheslett, D.; Chan, W.C.; So, C.L.; Melhado, I.G;; Chan, T.W.; Kwan, K.M.;
Hunziker, E.B.; Yamada, Y.; et al. Surviving endoplasmic reticulum stress is coupled to altered
chondrocyte differentiation and function. PLoS Biol. 2007, 5, doi:10.1371/journal.pbio.0050044.
Murakami, T.; Saito, A.; Hino, S.; Kondo, S.; Kanemoto, S.; Chihara, K.; Sekiya, H.; Tsumagari, K.;
Ochiai, K.; Yoshinaga, K.; et al. Signaling mediated by the endoplasmic reticulum stress
transducer OASIS is involved in bone formation. Nat. Cell Biol. 2009, 11, 1205-1211.

Hiramatsu, N.; Chiang, W.C.; Kurt, T.D.; Sigurdson, C.J.; Lin, J.H. Multiple mechanisms of
unfolded protein response-induced cell death. Am. J. Pathol. 2015, 185, 1800—1808.

Kim, R.; Emi, M.; Tanabe, K.; Murakami, S. Role of the unfolded protein response in cell death.
Apoptosis 2006, 11, 5-13.

Fulda, S.; Gorman, A.M.; Hori, O.; Samali, A. Cellular stress responses: Cell survival and cell
death. Int. J. Cell. Biol. 2010, 2010, doi:10.1155/2010/214074.

Gorbatyuk, M.S.; Knox, T.; LaVail, M.M.; Gorbatyuk, O.S.; Noorwez, S.M.; Hauswirth, W.W.;
Lind, J.H.; Muzyczkaa, N.; Lewin, A.S. Restoration of visual function in P23H rhodopsin
transgenic rats by gene delivery of BiP/Grp78. Proc. Natl. Acad. Sci. USA. 2010, 107, 5961-5966.
Chevalier, M.; King, L.; Wang, C.; Gething, M.J.; Elguindi, E.; Blond, S.Y. Substrate binding
induces depolymerization of the C-terminal peptide binding domain of murine GRP78/BiP.
J. Biol. Chem. 1998, 273, 26827-26835.

Rao, R.V;; Peel, A.; Logvinova, A.; del Rio, G;; Hermel, E.; Yokota, T.; Goldsmith, P.C.; Ellerby, L.M.;
Ellerby, H.M.; Bredesen, D.E. Coupling endoplasmic reticulum stress to the cell death program:
Role of the ER chaperone GRP78. FEBS Lett. 2002, 514, 122—128.

Guo, F.J.; Jiang, R.; Xiong, Z.; Xia, F.; Li, M.; Chen, L.; Liu, C.J. IREla constitutes a negative
feedback loop with BMP2 and acts as a novel mediator in modulating osteogenic differentiation.
Cell Death Dis. 2014, 5, doi:10.1038/cddis.2014.194.

Han, X.; Zhou, J.; Zhang, P.; Song, F.; Jiang, R.; Li, M.; Xia, F.; Guo, F.J. IREla dissociates with
BiP and inhibits ER stress-mediated apoptosis in cartilage development. Cell Signal. 2013, 25,
2136-2146.

Zhang, Y.; Kong, L.; Carlson, C.S.; Liu, C.J. Cbfal-dependent expression of
an interferon-inducible p204 protein is required forchondrocyte differentiation. Cell Death Differ.
2008, 75, 1760-1771.



Int. J. Mol. Sci. 2015, 16 21175

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Yoshida, H.; Oku, M.; Suzuki, M.; Mori, K. pXBP1(U) encoded in XBP1 pre-mRNA negatively
regulates unfolded protein response activator pXBP1(S) in mammalian ER stress response.
J. Cell. Biol. 2006, 172, 565-575.
Zhang, K.; Kaufman, R.J. Signaling the unfolded protein response from the endoplasmic
reticulum. J. Biol. Chem. 2004, 279, 25935-25938.
Kaufman, R.J. Orchestrating the unfolded protein response in health and disease. J. Clin. Investig.
2002, 710, 1389-1398.
Lin, J.H.; Li, H.; Yasumura, D.; Cohen, H.R.; Zhang, C.; Panning, B.; Shokat, K.M.; LaVail, M.M.;
Walter, P. IRE1 signaling affects cell fate during the unfolded protein response. Science 2007, 318,
944-949.
Marciniak, S.J.; Ron, D. Endoplasmic reticulum stress signaling in disease. Physiol. Rev. 2006, 86,
1133-1149.
Korennykh, A.V.; Egea, PF.; Korostelev, A.A.; Finer-Moore, J.; Zhang, C.; Shokat, K.M.;
Stroud, R.M.; Walter, P. The unfolded protein response signals through high-order assembly of
Irel. Nature 2009, 457, 687—693.
Tohyama, M. Involvement of caspase-4 in endoplasmic reticulum stress-induced apoptosis and
Abeta-induced cell death. J. Cell Biol. 2004, 165, 347-356.

Xu, C; Bailly-Maitre, B; Reed, J.C. Endoplasmic reticulum stress: Cell life and death decisions.
J Clin Invest. 2005, 115, 2656-2664.
Lefebvre, V.; Smits, P. Transcriptional control of chondrocyte fate and differentiation. Birth Defects
Res. C. Embryo Today 2005, 75, 200-212.
Kozhemyakina, E.; Lassar, A.B.; Zelzer, E. A pathway to bone: Signaling molecules and
transcription factors involved in chondrocyte development and maturation. Development 2015,
142, 817-831.
Saito, A.; Ochiai, K.; Kondo, S.; Tsumagari, K.; Murakami, T.; Cavener, D.R.; Imaizumi, K.
Endoplasmic reticulum stress response mediated by the PERK-eIF2(a))-ATF4 pathway is involved
in osteoblast differentiation induced by BMP2. J. Biol. Chem. 2011, 286, 4809—4818.
Saito, A.; Imaizumi, K. Endoplasmic reticulum stress response in osteogenesis. Clin. Calcium
2013, 23, 1569-1575.
Bernales, S.; Papa, F.R.; Walter, P. Intracellular signaling by the unfolded protein response. Annu. Rev.
Cell Dev. Biol. 2006, 22, 487-508.
Dudek, J.; Benedix, J.; Cappel, S.; Greiner, M.; Jalal, C.; Miiller, L.; Zimmermann, R. Functions
and pathologies of BiP and its interaction partners. Cell. Mol. Life Sci. 2009, 66, 1556—15609.
Susuki, S.; Sato, T.; Miyata, M.; Momohara, M.; Suico, M.A.; Shuto, T.; Ando, Y.; Kai, H.
The endoplasmic reticulum-associated degradation of transthyretin variants is negatively
regulated by BiP in mammalian cells. J. Biol. Chem. 2009, 284, 8312—-8321.
Wisniewska, M.; Karlberg, T.; Lehtio L.; Johansson, I.; Kotenyova, T.; Moche, M.; Schuler, H.
Crystal structures of the ATPase domains of four human Hsp70 isoforms: HSPA1L/Hsp70-hom,
HSPA2/Hsp70-2, HSPA6/Hsp70B’, and HSPAS5/BiP/GRP78. PLoS ONE 2010, 5, e8625.
Hardy, B.; Raiter, A. Peptide-binding heat shock protein GRP78 protects cardiomyocytes from
hypoxia-induced apoptosis. J. Mol. Med. 2010, §8, 1157-1167.



Int. J. Mol. Sci. 2015, 16 21176

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

Morishima, N.; Nakanishi, K.; Takenouchi, H.; Shibata, T.; Yasuhiko, Y. An endoplasmic
reticulum stress-specific caspase cascade in apoptosis. Cytochrome c-independent activation of
caspase-9 by caspase-12. J. Biol. Chem. 2002, 277, 34287-34294.

Rao, R.V.; Hermel, E.; Castro-Obregon, S.; del Rio, G; Ellerby, L.M.; Ellerby, H.M.; Bredesen, D.E.
Coupling endoplasmic reticulum stress to the cell death program. Mechanism of caspase
activation. J. Biol. Chem. 2001, 276, 33869-33874.

Duan, X.H.; Chang, J.R.; Zhang, J.; Zhang, B.H.; Li, Y.L.; Teng, X.; Zhu, Y.; Du, J.; Tang, C.S.;
Qi, Y.F. Activating transcription factor 4 is involved in endoplasmic reticulum stress-mediated
apoptosis contributing to vascular calcification. Apoptosis 2013, 18, 1132—1144.

Han, X.; Zhang, P.; Jiang, R.; Xia, F.; Li, M.; Guo, F.J. Explore on the effect of ATF6 on cell
growth and apoptosis in cartilage development. Histochem. Cell Biol. 2014, 142, 497-509.
Zinszner, H.; Kuroda, M.; Wang, X.; Batchvarova, N.; Lightfoot, R.T.; Remotti, H.; Stevens, J.L.;
Ron, D. CHOP is implicated in programmed cell death in response to impaired function of the
endoplasmic reticulum. Genes Dev. 1998, 12, 982-995.

Nakagawa, T.; Yuan, J. Cross-talk between two cysteine protease families. Activation of
caspase-12 by calpain in apoptosis. J. Cell Biol. 2000, 150, 804—887.

Nakagawa, T.; Zhu, H.; Morishima, N.; Li, E.; Xu, J.; Yankner, B.A.; Yuan, J. Caspase-12
mediates endoplasmic-reticulumspecific apoptosis and cytotoxicity by amyloid-B. Nature 2000,
403, 98-103.

Upton, J.P.; Wang, L.; Han, D.; Wang, E.S.; Huskey, N.E.; Lim, L; Truitt, M; McManus, MT;
Ruggero, D; Goga, A; et al. IREla cleaves select microRNAs during ER stress to derepress
translation of proapoptotic Caspase-2. Science 2012, 338, 818—822.

Nifuji, A.; Kellermann, O.; Noda, M. Noggin inhibits chondrogenic but not osteogenic
differentiation in mesodermal stem cell line C1 and skeletal cells. Endocrinology 2004, 145,
3434-3442.

He, T.C.; Zhou, S.; da Costa, L.T.; Yu, J.; Kinzler, K.W.; Vogelstein, B. A simplified system for
generating recombinant adenoviruses. Proc. Natl. Acad. Sci. USA 1998, 95, 2509-2514.

Luan, Y.; Yu, X.P; Yang, N.; Frenkel, S.; Chen, L.; Liu, C.J. p204 protein overcomes
the inhibition of Cbfal-mediated osteogenic differentiation by Id helix-loop-helix proteins.
Mol. Biol. Cell. 2008, 19,2113-2126.

Guo, F.J.; Xiong, Z.; Han, X.; Liu, C.; Liu, Y.; Jiang, R.; Zhang, P. XBP1S, a BMP2-inducible
transcription factor, accelerates endochondral bone growth by activating GEP growth factor.
J. Cell Mol. Med. 2014, 18, 1157-1171.

BLAST software. Available online: http://www.ncbi.nlm.nih.gov/BLAST/ (accessed on 29 July 2015).

© 2015 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article

distributed under the terms and conditions of the Creative Commons Attribution license

(http://creativecommons.org/licenses/by/4.0/).



