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Silencing of both ATF4 and PERK inhibits cell cycle progression
and promotes the apoptosis of differentiating chondrocytes
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Abstract. In the current study, we demonstrate that the
silencing of protein kinase R (PKR)-like endoplasmic
reticulum (ER) kinase (PERK) and activating transcription
factor 6 (ATF4) (using small interfering RNA expression
constructs) inhibits the chondrocyte cell cycle and prolifera-
tion in vitro and ex vivo. The silencing of PERK alone using
siRNA against PERK (siPERK) led to arrest in the G1 phase,
it decreased the number of cells in the S phase, and delayed
progressoin to the G2-M phase. Co-transfection with siRNA
against ATF (siATF4) led to a more profound inhibitory
effect on cell cycle progression. Moreover, transfection
with siPERK was associated with enhanced endoplasmic
reticulum (ER) stress-induced apoptosis during bone morpho-
genetic protein 2 (BMP2)-induced chondrogenesis, and
transfection with siATF4 exacerbated ER stress-related cell
death. Data from flow cytometry (FCM), immunohistochem-
istry and TUNEL assays supported these findings in vitro
and ex vivo. As shown by our results, the combined effect
of the silencing of ATF4 and PERK led to the activation of
an ER stress-specific caspase cascade in the cartilage tissue.
On the whole, these findings reveal a new crucial combined
effect of the silencing of PERK and ATF4 in modulating ER
stress-mediated apoptosis during chondrocyte differentiation
and proliferation.
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Introduction

The normal function of the endoplasmic reticulum (ER) is
essential for numerous cellular processes and, ultimately, cell
survival. Conditions that inhibit the protein folding capacity
of the ER lead to the accumulation of misfolded or unfolded
proteins in the ER lumen, generating a potentially toxic state
referred to as ER stress. ER stress is attenuated through the
activation of a complex adaptive cellular response, known
as the unfolded protein response (UPR). Three transmem-
brane proteins, inositol-requiring enzyme 1 (IRE1), protein
kinase R (PKR)-like ER kinase (PERK) and activating
transcription factor (ATF)6, are responsible for detecting
ER stress and the initiation of the UPR. Prolonged stress or
failure to adapt to ER stress ultimately culminates in ER
stress-induced apoptosis, and ER stress has been associated
with various neurodegenerative, cardiovascular and orthopedic
diseases (1-4). Additionally, ER stress has been demonstrated
to play an important role in cellular differentiation during
developmental processes. Accordingly, characterizing molec-
ular mediators of the signaling switch between the protective
and apoptotic responses to ER stress, and how these molecules
interact to influence cell differentiation and proliferation, is an
important endeavor which may reveal key aspects of develop-
mental regulation and cellular pathologies.

Several studies have clearly demonstrated that physiological
stressors influence cell differentiation and survival during
musculoskeletal developmental and reparative processes,
including chondrocyte differentiation, chondrogenesis and
endrochondral ossification (5-7). Chondrocyte sensitivity to ER
stress has been documented and a clear association between
ER stress and several diseases affecting connective tissue is
readily observable through murine genetic knockout studies
and the analysis of diseased human tissues (8,9); however, the
mechanisms through which ER stress specifically affects differ-
entiation programs in chondrocytes remain poorly understood.

Of note, bone morphogenetic protein 2 (BMP2), a
pre-eminent cytokine, plays critical roles in embryogenesis,
cell growth, differentiation, bone development and the repair
of bone fractures. It also activates UPR transducers, such as
PERK, old astrocyte specifically-induced substance (OASIS)
and ATF6 (10-12). Notably, PERK is a major transducer of
the ER stress response and directly phosphorylates eukary-
otic initiation factor 2a (eIF2a), which specifically promotes
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the translation of ATF4. PERK and ATF4 have been shown
to play important roles in osteoblast differentiation and bone
formation. Specifically, Saito ef al, as well as others revealed
that ER stress occured during BMP2-induced osteoblast
differentiation and activated the PERK-eIF2a-ATF4 signaling
pathway, followed by the promotion of gene expression essen-
tial for osteogenesis (13-15). In an effort to disentangle the dual
association of PERK/ATF4 signaling with both pro-survival
and pro-apoptotic responses during ER stress, Walter et al, and
others, investigated the association between cell fate and the
temporal activation of PERK/ATF4 in live cells and found that
the shift from cell survival to apoptosis was determined by the
timing of PERK/ATF4 signaling relative to that of IRE1/XBP1,
another UPR signaling pathway (16,17).

However, whether PERK/ATF4 signaling participates in
ER stress-mediated apoptosis during the course of chondrocyte
differentiation, and the potential underlying mechanism(s),
remain unknown. Thus, the current study aimed to better
define the molecular mediators of cell survival during cartilage
development with special regard to molecules associated with
chondrocyte differentiation and ER stress-induced apoptosis.
Specifically, the data presented herein elucidate the involve-
ment of PERK and ATF4 in cell cycle progression and ER
stress-mediated apoptosis during the course of chondrogenesis.
Furthermore, the combined effect(s) of PERK and ATF4 upon
the regulation of the cell cycle and apoptosis were investigated.

Materials and methods

Ethics statement. All animal experiments were designed in
strict accordance with the recommendations in the Guide
for the Care and Use of Laboratory Animals of the National
Science Foundation of China and conducted with the prior
approval of the Chongqing Medical University Institutional
Animal Care and Use Committee (permit nos. SYXK
2007-0001 and SCXK 2007-0002) and the Committee on
the Ethics of Animal Experiments of Chongqing Medical
University. Mice were housed under controlled temperatures
in a 12 h light/dark cycle with easy access to food and water.

Adenoviruses. To generate PERK and ATF4 small interfering
RNA (siRNA; siPERK and siATF4, respectively) expression
constructs, siRNA corresponding to the coding sequence of the
PERK and ATF4 genes (siPERK forward, 5~ ACCTCCAA
GACCAACCACTTTTTT-3" and reverse, 5-AAAGTGGTT
GGTCTTGGAGGTTTT-3'"; and siATF4 forward, 5'-AGGA
GCAAAACAAGACAGCATTTT-3' and reverse, 5'-ATGC
TGTCTTGTTTTGCTCCTTTT-3") were cloned into the
pSES-HUS vector (an adenoviral shuttle vector for siRNA
expression, a gift from Professor Tangni, Chongqing Medical
University) according to the manufacturer's instructions (18,28).
All constructs were verified by nucleic acid sequencing;
subsequent analysis was performed using BLAST
software (National Institutes of Health, available at http:/
www.ncbi.nlm.nih.gov/blast/).

Cell culture. To examine the effect of knocking down PERK
and ATF4 on chondrogenesis, ATDCS5 chondrogenic cells
(ATCC®; PCS-500-051™) and C3H10T1/2 embryonic firbro-
blasts (a gift from Dr Chuanju Liu, New York University
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School of Medicine, New York, NY, USA) were infected
with adenoviral vector containing siPERK or siATF4 or
siPERK + siATF4 or a control RFP adenovirus before
micromass culture. To examine the effect of the silencing
of ATF4 and PERK on chondrogenesis, ATDCS5 cells and
C3H10T1/2 cells were infected with siATF4 (MOI=60) or
siPERK (MOI=80) adenovirus or control RFP adenovirus
prior to micromass culture. Uninfected cells were used as the
negative controls (NC). Micromass culture was performed as
described previously (19,20). The ATDCS5 and C3H10T1/2 cells
were briefly trypsinized and resuspended in Dulbecco's modi-
fied Eagle's medium (DMEM; Gibco, Grand Island, NY, USA)
supplemented with 10% FBS at a concentration of 10° cells/ml,
and 6 drops (approximately 120 ul) of suspended cells were
placed in a 60-mm tissue culture dish (Becton-Dickinson,
San Diego, CA, USA). After 2 h of incubation at 37°C, 1 ml
of DMEM containing 10% FBS and BMP2 (300 ng/ml) was
added to the culture medium. The medium was changed every
2-3 days.

RNA extraction and reverse transcription (RT)-PCR. Total
RNA was extracted from the cultured cells using the RNeasy
Mini kit (Qiagen, Hilden, Germany) and reverse transcribed
using the SuperScript pre-amplification system (Invitrogen,
Carlsbad, CA, USA) following the manufacturer's instructions.
The following sequence-specific primers were synthesized:
5'-AGCACTCAGATGGAGAGAGTCAG-3' and 5'-GCT
ATGGGAGTTGTTGGACTGT-3' for PERK; 5-TGGCGT
CCTCGGCCTTCAC-3' and 5-TTCCCTCCCTCCCTTTG
ACG-3' for ATF4. GAPDH was employed as an internal
control using the following of oligonucleotides: 5'-ACC
ACAGTCCATGCCATCAC-3" and 5'-TCCACCACCCTG
TTGCTGTA-3'". The identity of each targeted PCR amplifica-
tion product was confirmed by DNA sequence analysis of
gel-purified bands (Qiagen).

Western blot analysis. Proteins in total cell extract from
micromass cultures of BMP2-treated (300 ng/ml) ATDCS or
C3HI10T1/2 cells were resolved on a 10% SDS-polyacrylamide
gel and electroblotted onto nitrocellulose membranes. After
blocking in 10% non-fat dry milk in Tris-buffered saline
Tween-20 [10 mM Tris-HCI (pH 8.0), 150 mM NaCl,
0.5% Tween-20], the blots were incubated with either mouse
monoclonal anti-PERK antibody (sc-377400; Santa Cruz
Biotechnology, Inc., Santa Cruz, CA, USA) and anti-C/EBP
homologous protein (CHOP) antibody (ab11419; diluted 1:1,000;
Abcam, Cambridge, UK) or rabbit anti-caspase-3 antibody
(ab32351; Abcam) and anti-p-c-Jun N-terminal kinase (JNK)
antibody (sc-293138; Santa Cruz Biotechnology, Inc.) for 1 h.
After washing, the respective secondary antibody [horseradish
peroxidase (HRP)-conjugated anti-mouse immunoglobulin
or HRP-conjugated anti-rabbit immunoglobulin; Sigma.
St. Louis, MO, USA; A9044] was added, and the bound anti-
body was visualized using an enhanced chemiluminescence
system (Amersham Biosciences, Uppsala, Sweden).

Culture of fetal mouse bone explants and immunohistochem-
istry. Metatarsals were isolated from 8 newborn C57BL/6J mice
and cultured in DMEM (Gibco) containing 1% heat-inactivated
fetal calf serum (Invitrogen) and 100 U/ml penicillin-strep-
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tomycin in the presence of BMP2 (300 ng/ml) and siPERK,
siATF4, or siPERK + siATF4 for 5 days, followed by histological
examination. Affinity-purified anti-caspase-3 (ab32351; Abcam),
caspase-12 (ab62484; Abcam), anti-CHOP (ab11419; Abcam) and
anti-p-JNK (sc-293138; Santa Cruz Biotechnology, Inc.) were
diluted at 1:100 and sections were incubated at room tempera-
ture for 2 h. For detection, biotinylated secondary antibody
(sc-2364) and HRP-streptavidin complex (sc-2363) (Santa Cruz
Biotechnology, Inc.) were used. A total of 0.5 mg/ml 3,3'-diami-
nobenzidine (DAB) in 50 mM Tris-HCI substrate (Sigma) was
used for visualization, and the sections were counterstained with
Mayer's hematoxylin (H9627; Sigma).

TUNEL assay. Metatarsals from 5 newborn C57BL/6J mice,
as well as micromass cultures of C3H10T1/2 and ATDC5
cells, were cultured for 5 days in the presence of condi-
tioned medium containing BMP2 (300 ng/ml) and siPERK,
siATF4, or siATF4 + siPERK followed by the detection of
apoptosis in accordance with the manufacturer's recom-
mended protocol using the DeadEnd™ Fluorometric TUNEL
System (Promega Corp., Madison, WI, USA). Localized green
fluorescence of apoptotic FITC-labeled TUNEL-positive
cells was imaged using a fluorescence microscope (S/N:2109;
Kramer Scientific Corp., Amesbury, MA, USA).

Apoptosis analysis by flow cytometry (FCM). At 48 h following
infection with siPERK, siATF4, or siPERK + siATF4, ATDC5
and C3HI10T1/2 cells in micromass culture were then culti-
vated in BMP2 (300 ng/ml) for 1, 3 and 5 days. Each culture
media of BMP2-treated ATDCS5 and C3H10T1/2 cells were
then collected for FCM analysis. Briefly, following incuba-
tion with RNase (1 mg/ml; Qiagen) in the dark at 37°C for
1 h, the cells were stained with propidium iodide (30 mg/ml;
Sigma) and analyzed using a flow cytometer (FACSCalibur;
Becton-Dickinson) to determine cell cycle distribution and
detect cellular apoptotic rate. The experiments were performed
in triplicate.

Statistical analysis. Statistical analysis was performed using
SPSS 10.0.1 software for Windows. Data are expressed as the
means + SD from at least 3 independent experiments. The
Student's t-test was used to determine whether two sets of data
were significantly different from each other. Data for multiple
variable comparisons were analyzed by one-way analysis of
variance (ANOVA). A value of P<0.05 was deemed to indicate
a statistically significant difference.

Results

Measuremnt of ATF4 and PERK expression following trans-
fection with specific siRNA constructs. siPERK and siATF4
adenoviral vectors were constructed and identified using endo-
nuclease digestion and DNA sequencing (data not shown). The
ATDCS5 and C3H10T1/2 cells infected with siPERK, siATF4,
or siPERK + siATF4 were examined by RT-PCR and western
blot analysis. The mRNA level of PERK markedly decreased in
the ATDC5 and C3H10T1/2 cells transfected with siPERK, as
compared with the untransfected controls (Fig. 1A). The protein
level was also significantly decreased in the siPERK-infected
cells, as compared with the control cells (Fig. 1B). Furthermore,
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as shown in Fig. 1C and D, the mRNA expression of ATF4
decreased compared to the controls, in the siATF4-infected
ATDCS5 and C3H10T1/2 cells. The ATF4 protein level was
also significantly decreased in the siATF4-infected ATDCS5
and C3H10T1/2 cells compared with the respective control
cells. These results confirm the successful construction of the
adenoviral vectors and the silencing of PERK and ATF4.

Silencing of ATF4 by transfection with siATF4 decreases the
expression of PERK in chondrogenesis. To further investigate the
function of PERK in chondrogenesis, we examined the expres-
sion of PERK in a BMP2-induced micromass culture of ATDCS5
cells by western blot analysis. As shown in Fig. 2A, the silencing
of PERK by transfection with siPERK markedly decreased the
expression of PERK in the BMP2-stimulated ATDCS5 cells
after 3 days of culture. Furthermore, concurrent silencing of the
expression of PERK and ATF4 in the BMP2-stimulated ATDCS
cells further decreased PERK expression compared to the
cells in wich only PERK was silenced. These results remained
consistent after 5 days of the BMP2-induced micromass culture
of ATDCS cells as assessed by western blot analysis. As shown
in Fig. 2B, in the cells treated with BMP2 + siATF4 + siPERK
PERK expression was markedly decreased compared with the
BMP2 + siPERK and BMP2 + siATF4 groups. These data
clearly indicate that the silencing of ATF4 by transfection with
siATF4 regulates endogenous PERK protein expression, and
further reduces the expression of PERK inhibited by siPERK.
Micromass cultures of these cells were incubated in the pres-
ence of 300 ng/ml BMP2 for the induction of chondrogenesis.

Combined effect of the silencing of ATF4 and PERK on cell
growth in chondrocyte differentiation. To examine whether
the knockdown of PERK and/or ATF4 can influence the
cell cycle profile during chondrogenesis, FCM analysis was
used to determine the cell cycle distributions of ATDCS5 and
C3HI10T1/2 cells during BMP2-induced chondrogenesis in the
presence of siPERK, siATF4 or siATF4 + siPERK.

Atthetime pointsof 1,3,and 5 days, the proportion of ATDC5
cells in the S phase following treatment with BMP2 + siPERK
was decreased compared to that of the ATDCS cells cultured
under the influence of BMP2 alone (Fig. 3A and B). In the
ATDCS cells treated with BMP2 + siPERK, the cell number
in the S phase was 36.03, 34.21 and 28.17% on days 1, 3, and 5,
respectively; for the ATDCS cells treated with BMP2 + siATF4,
32.17, 30.78, and 29.25% of the cell population was in the
S phase on days 1, 3, and 5, respectively. The decreased
percentage of cells in the S phase was even more significant in
the ATDCS cells treated with BMP2 + siATF4 + siPERK, with
S phase cells accounting for only 29.78, 26.52 and 17.82% of
the cell population at 1, 3, and 5 days, respectively.

Similarly, in the C3HI10TI1/2 cells treated with
BMP2 + siPERK, the percentage of cells in the S phase was
42.35, 44.07, 31.21%; and 33.05, 29.01, 27.65% in C3H10T1/2
cells treated by BMP2 + siATF4 (1, 3, and 5 days, respectively).
In addition, 28.91, 27.45 and 18.37% of C3H10T1/2 cells treated
with BMP2 + siATF4 + siPERK were recorded to be in the
S phase on 1, 3, and 5 days, respectively (Fig. 3C and D).

The difference between the S phase cell distribution data
for each treatment group and that of the corresponding control
groups reached statistical significance (P<0.05). These data
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Figure 1. Expression of PERK and ATF4 in ATDC5 and C3H10T1/2 cells after infection with siPERK or siATF4. (A) Analysis of PERK mRNA level with
RT-PCR in (a) ATDCS and (b) C3H10T1/2 cells. Lane 1,NC; lane 2, adenovirus control Ad-RFP; lane 3, siPERK. (B) Determination of PERK protein expression
level by western blot analysis after infection with siPERK in (a) ATDCS and (b) C3H10T1/2 cells. Lane 1, NC; lane 2, Ad-RFP control group; lane 3, siPERK
group. Proteins were separated by 10% SDS-PAGE and analyzed with anti-PERK antibody. GAPDH and f-actin were used as internal controls in RT-PCR and
western blotting, respectively. The levels of PERK mRNA and proteins were markedly increased after infection with siPERK as compared with control groups.
(C) Analysis of ATF4 mRNA level by RT-PCR in (a) ATDCS and (b) C3H10T1/2 cells (b). Lane 1, NC; lane 2, adenovirus control Ad-RFP; lane 3, siATF4.
(D) Determination of ATF4 protein expression level after infection with siATF4 in (a) ATDCS5 and (b) C3H10T1/2 cells. Lane 1, NC; lane 2, adenovirus control
group Ad-RFP; lane 3, siATF4 group. Proteins were separated by 10% SDS-PAGE and analyzed with anti-ATF4 antibody. GAPDH and $-actin were used as
internal controls in RT-PCR and western blot analysis, respectively. The protein and mRNA levels of ATF4 were markedly reduced after infection with siATF4
as compared with the control groups. PERK, PKR-like ER kinase; ATF4, activating transcription factor 4.
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Figure 2. siATF4 decreases the expression of PERK in siPERK-infected ATDCS cells during chondrogenesis. (A) Determination of PERK protein expression
level after infection with siPERK, siATF4, and siATF4 + siPERK in BMP2-stimulated cells at 3 days by western blot analysis. Lane 1, NC; lane 2, BMP2
group; lane 3, BMP2 + siPERK group; lane 4, BMP2 + siATF4 group; lane 5, BMP2 + siPERK + siATF4 group. Proteins were separated by 10% SDS-PAGE
and analyzed with anti-PERK antibody. -actin was used as internal control in western blot analysis. The protein levels of PERK were markedly decreased
after infection with BMP2 + siPERK + siATF4 compared with other groups. (B) Determination of PERK protein expression level after infection with siPERK,
siATF4, and siATF4 + siPERK after 5 days of BMP2-induced culture by western blot analysis. Lane 1, NC; lane 2, BMP2 group; lane 3, BMP2 + siPERK group;
lane 4, BMP2 + siATF4 group; lane 5, BMP2 + siPERK + siATF4 group. Proteins were separated by 10% SDS-PAGE and analyzed with anti-PERK antibody.
f-actin was used as internal control in western blot analysis. The protein level of PERK was obviously decreased after infection with BMP2 + siPERK + siATF4
compared with the other groups. PERK, PKR-like ER kinase; BMP2, bone morphogenetic protein 2.

indicate that the knockdown of PERK inhibits cell cycle distri-  enhances the inhibitory effect of the silencing of PERK on cell
bution during chondrogenesis, and that the silencing of ATF4  growth during chondrocyte differentiation.
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Figure 3. Analysis of cellular proliferation by FCM. (A and C) FCM images with propidium iodide staining and analysis on cell cycle distribution. Micromass
culture of (A) ATDCS and (C) C3H10T1/2 cells after treatment with NC/BMP2 (300 ng/ml)/BMP2 + siPERK/BMP2 + siATF4/BMP2 + siPERK + siATF4.
FCM analysis showed that the percentage of the BMP2 + siPERK + siATF4 ATDCS cells in he S phase was decreased significantly comapred to that of the cells
in the BMP2 + siPERK, BMP2 + siATF4 and BMP2 control groups during BMP2-induced chondrogenesis at 1,3, and 5 days. The results for the C3H10T1/2
cells were similar. Experiments were repeated 3 times, and samples were analyzed by the Student's t-test and statistical significance with P<0.05. Representative
images are shown. (B and D) FCM analysis showed that the percentages of ATDCS and C3H10T1/2 cells in the BMP2 + siPERK + siATF4 groups in the S phase
were decreased significantly compared with those of the cells in the BMP2 + siPERK, BMP2 + siATF4 and BMP2 control groups. ‘P<0.05 compared with the

control. FCM, flow cytometry; BMP2, bone morphogenetic protein 2.

The FCM data also revealed that in the ATDCS cells treated
with BMP2 + siATF4 + siPERK, the percentage of cells in the
G2 phase was 18.82+0.91, 9.31£1.02, 6.07+0.85% on culture
days 1, 3, and 5 days, respectively. In the C3H10T1/2 cells
treated with BMP2 + siATF4 + siPERK, 17.75+0.92, 8.51+0.92,
and 5.87+0.94% of cells were in the G2 phase at 1, 3, and 5 days
of culture, respectively (Fig. 3, P<0.05). Collectively, these
results indicate that the silencing of PERK affects cell cycle
distribution by reducing the number of cells in the S phase cells
during chondrogenesis. Specifically,the knockdown of PERK
inhibited cell proliferation during chondrocyte development
with arrest in the G1 phase, a decrease in the number of cells in
the S phase and the delay of the progression to the G2-M phase.
Furthermore, the silencing of ATF4 enhanced the inhibitory
effect of the silencing of PERK on cell cycle progression during
chondrocyte differentiation.

Combined effect of the silencing of ATF4 and PERK on ER
stress-mediated apoptosis. We then sought to determine whether
the silencing of PERK (using siPERK), ATF4 (using siATF4)
or both (using siATF4 + siPERK) affects cell apoptosis. As
shown in Fig. 4, the cell apoptotic rate was markedly increased
after micromass culture of the ATDCS cells for 1, 3 and 5 days

following treatment with BMP2 + siATF4 + siPERK, as
compared with the BMP2 + siPERK, BMP2 + siATF4 and
BMP2 treatment groups. The cell apoptotic rate was 3.72, 5.35
and 21.85% in the BMP2 + siPERK-treated ATDCS5 cells, and
4.01,4.26 and 16.73% in the BMP2 + siATF4-treated ATDC5
cells on 1, 3 and 5 days, which clearly reflects a larger popu-
lation of apoptotic cells as compared with the cells treated
with BMP2 alone. In the BMP2 + siATF4 + siPERK-treated
ATDCS cells, the cell apoptotic rate was markedly increased
to 5.52, 10.73 and 38.25% on days 1, 3 and 5, respectively.
The differences between each treatment group and the BMP2
control group reached statistical significance (P<0.05 and
P<0.01, Fig. 4A and B).

Additionally, in the micromass culture of C3H10T1/2
cells, the cell apoptotic rate was also increased in the
BMP2 + siPERK group (3.19, 5.45 and 19.78%, days 1, 3 and 5)
and BMP2 + siATF4 group (4.75, 5.32 and 18.12%, days 1, 3
and 5) compared to the BMP2 group (2.7,1.97 and 2.95%, days 1,
3 and 5). In the C3H10T1/2 cells transfected with both siPERK
and siATF4, the apoptotic rate was 6.51,23.63 and 47.73% on 1,
3 and 5 days, respectively. The differences between each treat-
ment group and the BMP2 control group reached statistical
significance (P<0.05 and P<0.01, Fig. 4C and D).
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Figure 4. Analysis of apoptosis by FCM. (A and C) FCM analysis with Annexin V-PI staining was performed to evaluate the percentage of apoptotic cells in
the BMP2 (300 ng/ml)-stimulated (A) ATDCS5 and (C) C3H10T1/2 cells on culture days 1, 3 and 5. The percentage of apoptotic ATDCS and C3H10T1/2 cells
in the BMP2 + siPERK + siATF4 groups was significantly increased compared with that of the cells in the BMP2 + siPERK, BMP2 + siATF4 cell groups,
and the controls. (B and D) Analysis of results of cell apoptosis. Data are presented as the means + SD for relative apoptosis normalized to control cells for
3 independent experiments. Columns represent the means of 4 separate experiments; bars represent SD. "P<0.05 as determined by the Student's t-test, vs. BMP2
and BMP2 + siPERK + siATF4 group; “P<0.01, vs. BMP2 + siPERK and BMP2 + siPERK + siATF4 group; BMP2 + siATF4 and BMP2 + siPERK + siATF4
group. Representative images from FCM analysis are shown. FCM, flow cytometry; BMP2, bone morphogenetic protein 2.

Taken together, these data demonstrate that the knockdown
of PERK using siPERK or ATF4 using siAT4 enhances ER
stress-mediated apoptosis in BMP2-induced chondrocyte
differentiation. Further, the combined application of siPERK
and siATF4 further promoted ER stress-mediated apoptosis in
chondrocyte differentiation induced by BMP2, generating an
additive ‘push’ toward apoptosis.

To confirm the influence of ER stress-mediated apoptosis
by transfection with siATF4 and siPERK in BMP2-stimulated
ATDCS cells, the expression of ER stress-mediated apop-
totic molecules, including CHOP, caspase-3, caspase-12
and p-JNK, was detected by western blot analysis in the
ATDCS cells stimulated with BMP2 for 3 and 5 days. The
expression of CHOP, caspase-3, caspase-12 and p-JNK was
markedly increased in the ATDCS5 cells following infection
with siPERK, siATF4 and siATF4 + siPERK, and BMP?2 treat-
ment over 3 and 5 days. As shown in Fig. 5, both siPERK and
siATF4 induced a marked increase in the expression levels of
p-JNK, active (cleaved) caspase-3, caspase-12 and CHOP in
the ATDCS cells transfected with siPERK. Furthermore, the
expression levels of p-JNK, cleaved caspase-3, caspase-12 and
CHOP were markedly increased following 3 and 5 days of
BMP2 induction in the siATF4 + siPERK-infected ATDC5

cells. These results indicated that transfection with siPERK,
siATF4 and siPERK + siATF4 increased the expression of ER
stress-mediated apoptosis signaling pathway molecules during
chondrocyte differentiation. The individual effects of the
silencing of PERK and ATF4 exerted a more robust, additive
combined effect as observed with the implementation of the
siPERK + siATF4 treatment condition.

The silencing of both ATF4 and PERK (siATF4 + siPERK)
increases ERstress-mediatedapoptosisinvitro. Thehigh-density
culture system was then incubated in the absence (CTR)
or presence of 300 ng/ml BMP2, BMP2 + siPERK,
BMP2 + siATF4 and BMP2 + siATF4 + siPERK for 3 days,
at which point, a TUNEL assay was performed to examine the
effects of siPERK and siATF4 + siPERK on apoptosis during
chondrogenesis. As shown in Fig. 6, during BMP2-induced
chondrocyte differentiation, the number of TUNEL-positive
cells increased significantly in the ATDCS cells transfected
with BMP2 + siPERK (34.36%), BMP2 + siATF4 (42.85%)
compared with the ATDCS5 cells treated with BMP2
only (15.53%), and the number of TUNEL-positive cells was
further enhanced in the ATDCS cells treated with BMP2 + siA
TF4 + siPERK (69.71%).
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Figure 5. Effects of transfection with siPERK + siATF4, siPERK and siATF4 on the expression of ER stress-mediated apoptosis in BMP2-stimulated ATDC5
cells for 3 and 5 days. (A) Expression of p-JNK in the course of chondrogenesis in a micromass culture of BMP2-stimulated ATDCS cells for 3 and 5 days.
Whole cell lysates were prepared from ATDCS cells and treated with 300 ng/ml BMP2 for 3 and 5 days. The lysates were resolved by SDS-PAGE and then
immunoblotted with antibodies against p-JNK and total JNK. (B) Expression of cleaved caspase-3 in the course of chondrogenesis in a micromass culture of
BMP2-stimulated ATDCS cells for 3 and 5 days. Whole cell lysates were prepared from ATDCS cells and treated with 300 ng/ml BMP2 for 3 and 5 days. The
lysates were resolved by SDS-PAGE and then immunoblotted with antibodies against cleaved caspase-3 and caspase-3. (C) Expression of CHOP in the course of
chondrogenesis in a micromass culture of BMP2-stimulated ATDCS cells for 3 and 5 days. Whole cell lysates were prepared from ATDCS5 cells and treated with
300 ng/ml BMP?2 for 3 and 5 days. The lysates were resolved by SDS-PAGE and then immunoblotted with antibodies against CHOP and f3-actin. (D) Expression
of caspase-12 in the course of chondrogenesis in a micromass culture of BMP2-stimulated ATDCS5 cells for 3 and 5 days. Whole cell lysates were prepared from
ATDCS cells and treated with 300 ng/ml BMP2 for 3 and 5 days. The lysates were resolved by SDS-PAGE and then immunoblotted with antibodies against
caspase-12 and pB-actin. BMP2, bone morphogenetic protein 2; JNK, c-Jun N-terminal kinase; CHOP, C/EBP homologous protein.
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Figure 6. Transfection with siATF4 + siPERK increases ER stress-mediated apoptosis in micromass culture of ATDCS5 and C3H10T1/2 cells during
BMP2-induced chondrogenesis. (A) Following treatment with 300 ng/ml BMP2, BMP2 + siPERK, BMP2 + siATF4 or BMP2 + siPERK + siATF4 in micromass
culture of (a-¢) ATDCS and (f-j) C3H10T1/2 cells, the cells were then analyzed for apoptosis by TUNEL staining. Representative photographs of TUNEL
staining in cells. The FITC-labeled TUNEL-positive cells were imaged under a fluorescence microscope (x200 magnification). The cells with green fluorescence
were recognized as apoptotic cells, and the scale bars represent 200 ym. Representative images from TUNEL analysis are shown. (B) Analysis of results of cell
apoptosis. Data are the means + SD for relative apoptosis normalized to control cells for 3 independent experiments. Columns are the means of 3 separate experi-
ments; bars represent SD. “P<0.05 as determined by Student's t-test, vs. BMP2 and BMP2 + siPERK group; BMP2 and BMP2 + siATF4 group; BMP2 + siATF4/
BMP2 + siPERK and BMP2 + siPERK + siATF4 group. Representative images from TUNEL analysis are shown. BMP2, bone morphogenetic protein 2.
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Figure 7. TUNEL assay in the chondrocytes in growth plate ex vivo. (A) Representative images of TUNEL staining in cells. The newborn mouse metatarsals were
explanted and cultured in the presence of conditioned medium of (b) BMP2 (300 ng/ml), (c) BMP2 + siPERK, (d) BMP2 + siATF4 or (¢) BMP2 + siPERK + siATF4
for 5 days and were then analyzed for apoptosis by TUNEL-staining assay, (a) NC is the control. The FITC-labeled TUNEL-positive cells were imaged under
a fluorescence microscope (x100 magnification). The cells with green fluorescence were recognized as apoptotic cells, and the scale bars represent 100 ym.
(B) Analysis of results of cell apoptosis. Data are the means + SD for relative apoptosis normalized to control cells for 3 independent experiments. Columns
are the means of 3 separate experiments; bars represent SD. "P<0.05 as determined by Student's t-test, vs. BMP2 and BMP2 + siPERK group; BMP2 and
BMP2 + siATF4 group; “P<0.01, vs. BMP2 and BMP2 + siPERK + siATF4 group. BMP2, bone morphogenetic protein 2.

In addition, in the C3H10T1/2 cells treated with
BMP?2 + siPERK, and those treated with BMP2 + siATF4, the
number of TUNEL-positive cells increased (32.83 and 39.36%)
compared with that of the C3H10T1/2 BMP2-treated
cells (17.68%). The number of TUNEL-positive C3H10T1/2
cells treated with BMP2 + siATF4 + siPERK (66.52%) was
also significantly greater than that recorded from either the
C3H10T1/2 BMP2 + siPERK-treated cells or BMP2 + siATF4-
treated cells. TUNEL assay was repeated in triplicate.
The differences between the BMP2 + siATF4 + siPERK,
BMP2 + siPERK, BMP2 + siATF4 and BMP2 groups reached
statistical significance (P<0.05, Fig. 6). It should be noted that
the silencing of PERK and ATF4 activated ER stress-mediated
apoptosis during chondrocyte differentiation induced by BMP2;
the silencing of both ATF4 and PERK (siATF4 + siPERK)
enhanceed ER stress-mediated apoptosis to a level exceeding
that induced by the silencing of ATF4 or PERK alone.

In order to verify whether the silecing of PERK (using
siPERK), ATF4 (using siATF4) or both (siATF4 + siPERK)
affects growth plate chondrocytes in developing tissue,
TUNEL assay was undertaken to determine the effect of
siPERK, siATF4 and siATF4 + siPERK on apoptosis in carti-
lage tissue (Fig. 7). The result show that the TUNEL-positive
cells in the BMP2 + siATF4 + siPERK group were
significantly increased compared with the BMP2 + siPERK,
BMP?2 + siATF4 and the BMP2 group. These results further
demonstrate that a cumulative effect of siATF4 and siPERK in
pushing chondrocytes toward an apoptotic cell fate.

Silencing of ATF4 and PERK induces ER stress-mediated
caspase activation in chondrocyte tissue. To further understand
the molecular events of ER stress-mediated apoptosis induced by
the silencing of ATF4 and PERK (siATF4 + siPERK) in chon-
drogenesis, the effect of transfection with siATF4 + siPERK on
endochondral bone formation was examined by implementing
cultures of metatarsals isolated from newborn mice as an ex vivo
model of bone formation. Firstly, the metatarsals were cultured
for 5 days in the presence of conditioned medium containing
300 ng/ml BMP2 (control), BMP2 + siPERK, BMP2 + siATF4

or BMP2 + siATF4 + siPERK adenovirus. Western blot analysis
was then used to examine the expression of ATF4 and PERK
in the metatarsal culture extracts. The protein level of ATF4
was markedly decreased in the siATF4 and siPERK + siATF4-
infected culture extracts, as compared with the protein level
of ATF4 in the BMP2 and BMP2 + siPERK-treated culture
extracts. Likewise, the protein level of PERK was markedly
decreased in the siPERK and siPERK + siATF4-infected
culture extracts, as compared to the BMP2 and BMP2 + siATF4
treatment group (Fig. 8A).

We then detected the expression of ER stress-specific
caspases. At the time of explantation, these explants consisted
of undifferentiated cartilage. Over a 5-day culture period, these
explants underwent all sequential stages of endochondral bone
formation. As shown in Fig. 8B, treatment with siATF4 + siPERK
increased the expression of apoptosis-related proteins, such as
cleaved caspase-3, CHOP, p-JNK and caspase-12.

These results demonstrated the activation of caspase-3,
p-JNK, CHOP and caspase-12 by ER stress during chondro-
genesis and that the silecing of ATF4 and PERK increased
the expression of ER stress-mediated apoptosis signaling
pathway molecules. Taken together, these data demonstrated
that the combined silencing of ATF4 and PERK enhanced ER
stress-mediated apoptosis in BMP2-induced chondrogenesis.

Discussion

In eukaryotic cells, signaling pathways relay information
between the ER, cytosol and nuclei to restrict the accumula-
tion of unfolded proteins in the ER. A number of studies have
shown that factors influencing cell fate and/or differentiation
are activated during ER stress. 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 (21-24).

Cells respond to ER stress via ER stress sensors, leading
to the UPR. PERK is a major transducer of the ER stress
response and directly phosphorylates eIF2a., resulting in trans-
lational attenuation (16,25,26). Whether and how PERK/ATF4
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caspase-12

Figure 8. Expression of cleaved caspase-3, CHOP, p-JNK and caspase-12 in the growth plate chondrocytes in vivo. Metatarsals were explanted from newborn
mouse embryos and cultured in the presence of conditioned medium of BMP2 (300 ng/ml), BMP2 + siATF4 + siPERK for 5 days. (A) Western blot analysis
was used to detect the expression of ATF4 and PERK in metatarsals cultured in the presence of conditioned medium of BMP2 (300 ng/ml), BMP2 + siPERK,
BMP2 + siATF4 or BMP2 + siPERK + siATF4 for 5 days. (B, a and ) Immunohistochemistry staining was observed in low-power microphotograph of a section
stained with anti-active caspase-3 monoclonal antibody (brown) and counterstained with Mayer's hematoxylin (blue). (b and f) Immunohistochemistry staining
was observed in low-power microphotograph of a section stained with anti-CHOP monoclonal antibody (brown) and counterstained with Mayer's hematoxylin
(blue). (c and g) 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 and h) Immunohistochemistry staining was observed in low-power microphotograph of a section
stained with anti-caspase-12 monoclonal antibody (brown) and counterstained with Mayer's hematoxylin (blue) and the scale bars represent 100 ym. CHOP, C/
EBP homologous protein; BMP2, bone morphogenetic protein 2; ATF4, activating transcription factor 4; PERK, PKR-like ER kinase.

participates in ER stress-mediated apoptosis in the process
of chondrocyte differentiation, and the mechanisms of how
ER stress-mediated apoptosis is regulated in chondrogenesis
remain unknown.

Our current study aimed to address the combined effect
of the silencing of PERK and ATF4 on ER stress-mediated
apoptosis during the process of chondrogenesis, as well as
to elucidate the molecular mechanisms involved. To define
the influence of these molecules, we first adenoviral vectors
carrying siPERK and siATF4, and infected the ATDC5 and
C3HI10T1/2 cells. Protein analysis of whole cell extracts vali-
dated our approach, as the expression of PERK and ATF4 was
markedly decreased in each of the cells expressing the relevant
adenoviral vectors (Fig. 1). Furthermore, we demonstrated that
the silencing of ATF4 was able to regulate endogenous PERK
gene expression, evidenced by the further reduction in PERK
expression in the cells co-transfected with siATF4 and siPERK,
as compared to the cells transfected with siPERK alone (Fig. 2).

We previously reported that BMP2 mediates mild ER
stress during chondrogenesis and activates the IREla-XBP1
pathway; X-box binding protein 1 spliced (XBP1s) in turn
enhances chondrocyte hypertrophy by functioning as a
co-factor of RUNX?2. We also previously found that BMP2
activates UPR-signaling molecules in chondrogenesis, such as
XBPl1s, BiP and IREla (27,28). Herein, we expanded upon our
previous findings by defining the role of PERK/ATF4 in ER
stress-mediated apoptosis during chondrocyte differentiation.
Our current data indicate that PERK/ATF4 influences cell
cycle distribution in chondrogenesis. Firstly, the application of
siPERK and siATF4 inhibited cell proliferation in chondrocyte
development with G1 phase arrest, a reduction in the number
of cells in the S phase and the delay of G2-M phase progres-
sion. The joint application of siATF4 and siPERK resulted
in the enhanced disruption of cell cycle distribution (Fig. 3).

FCM analysis illustrated that siPERK and siATF4 enhanced
ER stress-mediated apoptosis in chondrogenesis induced
by BMP2, and siATF4 also enhanced the apoptotic effect of
siPERK (Fig. 4).

ER stress-induced cell death is a new, exciting apoptotic
pathway, the full impact of which, particularly in development
and the pathology of disease, remains undetermined (29,30). It
is known that caspases, a family of cysteine proteases including
caspase-3,-9,and -12, act as acommon death effect or molecules
in various forms of apoptosis. Caspase-12 is an ER-associated
proximal effector in the caspase activation cascade, and cells
lacking this enzyme are partially resistant to inducers of ER
stress (31-33). Three pathways have been identified as being
involved in ER stress-mediated apoptosis: the caspase-12/
caspase-4 pathway, the CHOP pathway and the IRE1-JNK
pathway. Caspase-12 and -4 have been proposed as caspases that
initiate ER stress-induced cell death with caspase-12 reported
to directly cleave pro-caspase-9 and induce apoptosis (34-37).
CHOP induces ER stress-induced cell death, at least in part, by
suppressing the expression of Bcl-2 and inducing Bim expres-
sion. It has been reported that IREla also participates in ER
stress-induced cell death by activating JNK. These findings
support the notion that ER stress leads to several redundant
pathways for caspase activation (38-40).

In order to gauge the activation of ER-stress-mediated
apoptotic pathways, we detected the expression of phos-
phorylated JNK, cleaved caspase-3, CHOP and caspase-12
following treatment with BMP2/BMP2 + siPERK/
BMP2 + siATF4/BMP2 + siPERK + siATF4. The expres-
sion levels of phosphorylated JNK, cleaved caspase-3, CHOP
and caspase-12 were increased in the cells treated with
BMP2 + siPERK + siATF4 as compared with those treated with
BMP2 + siPERK or BMP2 + siATF4 or BMP2 alone (Fig. 5).
Additionally, the expression of ER stress-mediated apoptosis
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signaling pathway-associated molecules was also increased
in the BMP2 + siPERK group and BMP2 + siATF4 group as
compared to the BMP2 treatment control group. Accordingly,
we demonstrated that transfection with siPERK and siATF4
increased the expression of ER stress-mediated apoptotic
signaling pathway molecules during chondrogenesis and that
co-transfection with siATF4 enhanced the upregulated expres-
sion of apoptotic molecules induced upon treatment with
siPERK.

Furthermore, the results of TUNEL assay and immuno-
histochemistry revealed that the BMP2 + siATF4 + siPERK
group featured many more apoptotic cells as compared with
the BMP2 + siPERK group, BMP2 + siATF4 group and the
BMP2 group, demonstrating that the silencing of PERK
and ATF4 increased the expression of ER stress-mediated
apoptosis signaling pathway molecules during chondrogen-
esis (Figs. 6-8).

In a word, our data indicate that the silencing of PERK
and ATF4 enhance ER stress-mediated apoptosis during
chondrogenesis and that the joint silencing of ATF4 and PERK
leads to a more profound promotion of apoptotic signaling that
is observed following the silencing of either PERK or ATF4
alone.

In conclusion, this study provides novel insight into the role
of PERK and ATF4 in regulating ER stress-mediated apop-
tosis during chondrocyte differentiation. Our study supports
the notion that the knockdown of PERK, a key regulator of
the mammalian UPR, decreases the growth of chondrocytes
and induces ER stress-mediated apoptosis during chondro-
genesis. The knockdown of ATF4 using siATF4 similarly
resulted in the decreased growth of chondrocytes and greater
ER stress-mediated apoptosis during chondrogenesis. The
simultaneous knockdown of PERK and ATF4 augmented
ER stress-mediated apoptosis, surpassing the levels observed
under the knockdown conditions of ATF4 or PERK alone,
during chondrocyte differentiation. Continued research in this
field is necessary to clarify the complexities of this cell-death
pathway. New insight into the mechanistic basis of stress
responses will open new perspectives for the development of
molecular target-based treatment approaches, and may thus
have great potential for use in the treatment of cartilage disor-
ders and arthritic conditions.
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