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Endoplasmic reticulum stress-induced apoptosis contributes to
articular cartilage degeneration via C/EBP homologous protein
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Objective: When endoplasmic reticulum (ER) stress, i.e., the excessive accumulation of unfolded proteins
in ER, endangers homeostasis, apoptosis is induced by C/EBP homologous protein (Chop). In osteoar-
thritis (OA) cartilage, Chop expression and apoptosis increase as degeneration progresses. We investi-
gated the role of Chop in murine chondrocyte apoptosis and in the progression of cartilage degeneration.
Method: We induced experimental OA in Chop-knockout (Chop�/�) mice by medial collateral ligament
transection and meniscectomy and compared cartilage degeneration, apoptosis, and ER stress in Chop�/�-
and wild-type (Chopþ/þ) mice. In our in vitro experiments we treated murine Chop�/� chondrocytes with
the ER stress inducer tunicamycin (TM) and evaluated apoptosis, ER stress, and chondrocyte function.
Results: In vivo, the degree of ER stress was similar in Chop�/�- and Chopþ/þ mice. However, in Chop�/�

mice apoptosis and cartilage degeneration were lower by 26.4% and 42.4% at 4 weeks, by 26.8% and 44.9%
at 8 weeks, and by 26.9% and 32.3% at 12 weeks after surgery than Chopþ/þ mice, respectively. In vitro, the
degree of ER stress induction by TM was similar in Chop�/�- and Chopþ/þ chondrocytes. On the other
hand, apoptosis was 55.3% lower and the suppression of collagen type II and aggrecan mRNA was 21.0%
and 23.3% less, and the increase of matrix metalloproteinase-13 mRNA was 20.0% less in Chop�/�- than
Chopþ/þ chondrocytes.
Conclusion: Our results indicate that Chop plays a direct role in chondrocyte apoptosis and that Chop-
mediated apoptosis contributes to the progression of cartilage degeneration in mice.

� 2014 Osteoarthritis Research Society International. Published by Elsevier Ltd. All rights reserved.
Introduction

Chondrocytes, the only cells in articular cartilage, maintain
cartilage homeostasis by regulating the synthesis and enzymatic
breakdown of the extracellular matrix (ECM)1,2. Loss of homeo-
stasis due to chondrocyte apoptosis leads to the destruction of
articular cartilage characteristic of osteoarthritis (OA)2. As cartilage
degeneration progresses with the degree of chondrocyte
apoptosis3,4, it is considered to play an important role in the onset
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and progression of OA5,6. Apoptosis is triggered when death stimuli
activate one of three distinct cell death pathways; the plasma
membrane death receptor-, the mitochondrial-, or the endoplasmic
reticulum (ER) stress pathway7.

ER stress, defined as a disequilibrium between the load of
unfoldedproteins in theERand the capacityof theorganelle, leads to
the accumulation of unfolded or misfolded proteins8. After the
multi-step activation of ER stress sensors (IRE1a, ATF6, and PERK) on
the ER membrane, three distinct ER stress response phases
(unfolded protein response, UPR) are induced to maintain ER ho-
meostasis. Their translational attenuation reduces the load of newly
synthesized proteins, induces ER chaperones such as 78 kDa
glucose-regulated protein (Grp78) to enhance folding activity in the
ER, and degrades unfolded or misfolded proteins via the ubiquitin-
proteasome system in the cytosol9. Excessive ER stress compro-
mises homeostasis and results in apoptosis10. Apoptotic events are
mediated by transcriptional activation of the gene for C/EBP ho-
mologous protein (Chop)11. Chop directly regulates death effectors
td. All rights reserved.

mailto:ue1nen@yahoo.co.jp
mailto:hirojun-mk@umin.ac.jp
mailto:hirojunkmc@yahoo.co.jp
mailto:soichiro_yamabe@yahoo.co.jp
mailto:nobuoka9999@fc.kuh.kumamoto-u.ac.jp
mailto:tatsuya-okada@fc.kuh.kumamoto-u.ac.jp
mailto:tatsuya-okada@fc.kuh.kumamoto-u.ac.jp
mailto:oyadomar@genome.tokushima-u.ac.jp
mailto:mizuta@kumamoto-u.ac.jp
http://crossmark.crossref.org/dialog/?doi=10.1016/j.joca.2014.04.025&domain=pdf
http://dx.doi.org/10.1016/j.joca.2014.04.025
http://dx.doi.org/10.1016/j.joca.2014.04.025
http://dx.doi.org/10.1016/j.joca.2014.04.025


Y. Uehara et al. / Osteoarthritis and Cartilage 22 (2014) 1007e10171008
such as Bcl-2 and Bim that determine cell death or survival and
eventually lead to apoptosis via the activation of caspase-312e14.

Elsewhere we reported that ER stress-induced apoptosis and
the expression of CHOP increased as degeneration in human OA
cartilage progressed15. In cultured chondrocytes, the ER stress
inducer tunicamycin (TM) mediates Chop expression and
apoptosis, decreases aggrecan (Acan) and collagen type II (Col2)
mRNA expression16, and increases the expression of matrix met-
alloproteinase-13 (Mmp13) mRNA17. We also reported18 that ER
stress-induced apoptosis mediated by nitric oxide was suppressed
by Chop knockdown in rat chondrocytes. Using our murine OA
model, we demonstrated that 4 weeks after surgery the pro-
gression of cartilage degeneration was less marked in Chop-
knockout (Chop�/�) mice19, suggesting that Chop plays an
important role in ER stress-induced apoptosis that results in
cartilage degeneration. To elucidate the relationship between ER
stress and apoptosis and cartilage degeneration we assessed the
direct role of Chop in chondrocytes from Chop�/� mice and
compared the degree of ER stress, apoptosis, and cartilage
degeneration in Chop�/�- and Chopþ/þ mice.
Methods

Animals

Chopþ/þ C57BL/6J mice were from Japan SLC (Hamamatsu,
Japan), Chop�/� mice20 with a C57BL/6� C57BL/6 background were
provided by the Department of Molecular Genetics, Kumamoto
University. Our study was approved by the Animal Care and Use
Committee of Kumamoto University.
OA model

To prepare our murine OA model21 we exposed the right knee
joint of anesthetized 8-week-old mice after medial capsular inci-
sion, transected the medial collateral ligament, and removed the
medial meniscus. The left knee joint was sham-operated. The
whole knee joint from Chopþ/þ- and Chop�/� mice was harvested
immediately after surgery (week 0), and at 4-, 8-, and 12 weeks
later (n ¼ 10 at each time point).
Preparation of histological samples

All harvested tissues were fixed in 4% paraformaldehyde (PFA;
4�C, 18 h), treated with 70% ethanol overnight (4�C) to remove fat,
decalcified in 10% EDTA (4�C, 2 weeks), and embedded in paraffin.
Coronal 4-mm-thick sections were cut from the center of weight-
bearing areas in the medial compartment of the knee. The first
sectionwas used for Safranin-O staining; subsequent sections were
used for TUNEL- and immunohistochemical staining.
Safranin-O staining

Sections were stained with Safranin-O fast-green and studied
under a light microscope. The histological severity of cartilage
degeneration was evaluated by the modified Mankin scoring sys-
tem22. The recorded scores were derived from the combined scores
of two observers (YU and KT) who assigned grades to the articular
cartilage structure, to tidemark duplication, Safranin-O staining,
and to fibrocartilage, chondrocyte clones in uncalcified cartilage,
hypertrophic chondrocytes in calcified cartilage, and subchondral
bone. They were blinded to the Chop status of the mice; they
assigned the OA grade by consensus.
Terminal deoxynucleotidyl transferase-mediated deoxyuridine
triphosphate nick-end labeling (TUNEL) staining

TUNEL staining was with the in situ cell death detection kit AP
(Roche Diagnostics GmbH, Mannheim, Germany). TUNEL solution
was added at 37�C for 1 h; counterstaining was with propidium
iodide (PI; Invitrogen, Carlsbad, CA). The samples were examined in
the dark using a laser scanning confocal microscope (FV300,
Olympus, Tokyo, Japan). The percentage of TUNEL-positive chon-
drocytes was calculated from the number of total cells and the
number of positive cells present from the superficial- to the deep
layer in the proximal tibial cartilage23. The degree of DNA frag-
mentationwas evaluated semiquantitatively by the ratio of TUNEL-
positive cells.
Immunohistochemistry

The expression level of Chop, the spliced form of X-box
binding protein 1 (Xbp1s), Grp78, cleaved caspase-3 (CC3), Col2,
and Mmp13 in cartilage were evaluated immunohistochemi-
cally. Rabbit anti-Chop- and goat anti-Grp78 polyclonal anti-
body (pAb) were from Santa Cruz Biotechnology Inc. (Santa
Cruz, CA). Rabbit anti-Xbp1s pAb was from BioLegend (San
Diego, CA), and rabbit anti-CC3 monoclonal Ab from Cell
Signaling Technology (Danvers, MA). Rabbit anti-Col2- and
rabbit anti-Mmp13 pAb was from Abcam (Cambridge, UK). The
secondary antibodies were visualized by using Histofine MAX-
PO (R) and Histofine MAX-PO (G) (Nichirei Bioscience Inc.,
Tokyo, Japan) and Alexa Fluor�488 (Invitrogen). Sections were
deparaffinized and rehydrated gradually. After treating the
samples with proteinase K (Dako, Glostrup, Denmark) for 15 min
at room temperature (RT) for antigen retrieval they were
washed in phosphate buffered saline (PBS). The sections were
then incubated in 0.3% hydrogen peroxide/methanol for 30 min
to block endogenous peroxidase activities, and washed in PBS.
Non-specific binding sites were blocked with normal goat serum
(Nichirei Bioscience) prior to incubation with anti-Chop, anti-
Xbp1s, anti-CC3, anti-Col2, and anti-Mmp13 antibody or with
normal rabbit serum (Nichirei Bioscience) before incubation
(30 min, RT) with anti-Grp78 antibody. They were then incu-
bated with primary antibodies diluted in PBS (Chop, 1:200;
Xbp1s, 1:200; Grp78, 1:300; CC3, 1:500; Col2, 1:200; Mmp13,
1:200) at 4�C for 18 h, washed in PBS, and incubated (30 min,
RT) with the appropriate secondary antibodies (Alexa Fluor�488
for Chop, Histofine MAX-PO (R) for Xbp1s, CC3, Col2, and
Mmp13, Histofine MAX-PO (G) for Grp78). Sections incubated
with anti-Chop antibody were counterstained with PI and
observed in the dark under a laser scanning confocal microscope
(FV300). Staining for antibodies other than Mmp13 was with
3,30-diaminobenzide tetrahydrochloride (DAB; Invitrogen) fol-
lowed by counterstaining with hematoxylin; observation was
under a light microscope. Mmp13 was counterstained with
methyl green (Vector Laboratories Inc., Burlingame, CA) before
detection with DAB. Sections incubated without primary anti-
body were the negative controls. As with TUNEL staining, each
protein expression level other than Col2 was evaluated semi-
quantitatively by calculating the total percentage of cells posi-
tive for each protein in the section from the superficial layer to
the deep layer in the proximal tibial cartilage. The Col2
expression in the cartilage was measured semiquantitatively
with a staining H-score24. The score was multiplied by the
median % staining area score for each category (none, weak,
moderate, and strong) in order to derive an overall staining
score between 0 and 264.
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Chondrocyte culture

Knee and hip joint cartilage slices from 5-week-old male Chopþ/

þ- and Chop�/� mice were dissociated enzymatically in 0.25%
trypsin/EDTA (Gibco, Gaithersburg, MD) and 0.2% collagenase
(Gibco) at 37�C for 2 h. Primary chondrocytes were plated in high-
density monolayers (1.0� 105 cells/cm2) and cultured in Dulbecco’s
modified Eagle’s medium (DMEM) (Nacalai Tesque Inc., Kyoto,
Japan) containing 10% fetal bovine serum (FBS; Gibco). All in vitro
experiments were performed in triplicate, and the results were
confirmed by at least three independent experiments.

Induction of ER stress

Media were replaced with serum-free DMEM/Ham’s F-12. After
12 h, chondrocyteswere incubated for 12 hwith DMEM/Ham’s F-12
medium containing 0.5% FBS and 1 mg/ml TM (Calbiochem, San
Diego, CA) (TMþ) or with TM-free medium (TM�).

RNA extraction and reverse transfection with mRNA

Total RNA from cultured chondrocytes was extracted with the
RNeasy mini kit (Qiagen, Valencia, CA) and DNase (Qiagen). The
high-capacity RNA-to-cDNA kit (Applied Biosystems, Foster, CA)
was used for reverse-transcription from RNA to cDNA.

Real-time reverse transcriptase-polymerase chain reaction (RT-PCR)

Quantitative real-time RT-PCR assay was on an Applied Bio-
systems 7500 PCR system. TaqMan universal PCR master mix and
TaqMan gene expression assays for Chop (Mm001135937_g1),
Grp78 (Mm00517690_g1), Col2a1 (Mm00491889_m1), Acan
(Mm00545807_m1), Mmp13 (Mm01168713_m1), and Gapdh
(Mm99999915_g1) were from Applied Biosystems. The cycling
parameters were 2min at 50�C and 10min at 95�C; 40 cycles of 15 s
at 95�C and 1 min at 60�C. The expression level of each gene was
quantified using the DDCt method and normalized to the internal
control (Gapdh mRNA).

Evaluation of the splicing of Xbp1 mRNA

The splicing of Xbp1 mRNA was evaluated by RT-PCR assay
using Xbp1 mRNA and PstI restriction enzyme25. PCR amplifica-
tion of Xbp1 mRNAwas with TaKaRa LA Taq (Takara, Kyoto, Japan)
and the GeneAmp PCR system 9700 (Applied Biosystems). The
primer pair for Xbp1 was 50-GAGCAGCAAGTGGTGGATTT-30

(sense) and 50-AGGGTCCAACTTGTCCAGAA-30 (anti-sense). Dena-
turation was at 94�C, followed by 35 denaturation cycles at 94�C
for 30 s, annealing at 56�C for 30 s, and extension at 72�C for 30 s.
Both the spliced- (Xbp1s) and unspliced (Xbp1u) form of Xbp1
mRNA in the PCR products were amplified by a primer we
designed. As this 26-bp region contains a PstI restriction site, the
PCR products of Xbp1s mRNA whose 26-bp region was excised by
Ire1a were not cut by the PstI restriction enzyme. The PCR
products of Xbp1u mRNA containing a PstI restriction site were
cut. After all PCR products were incubated with the PstI restric-
tion enzyme (37�C, 2 h) and electrophoresed on 2% agarose gels
containing ethidium bromide, Xbp1s PCR products were visual-
ized as 323 bp; Xbp1u PCR products were separated into 228-
and 116 bp.

Western blotting

The chondrocytes were washed with ice-cold PBS and lysed in
RIPA buffer (including 50 mM Tris/HCl (pH 7.6), 1% Nonidet P-40,
150 mM NaCl, 0.1% sodium dodecyl sulfate (SDS), 0.5% sodium
deoxycholate, and protease inhibitor cocktail; Nacalai Tesque
Inc.). All protein concentrations were measured with the Lowry
protein assay26. Chondrocyte lysates (35 mg of protein/lane) dis-
solved in 2� sample buffer (including 50 mM Tris/HCl (pH 6.8),
20% glycerol, 4% SDS, 0.02% bromophenol blue, and 5% 2-
mercaptoethanol) were heated (5 min, 95�C), separated by SDS/
PAGE, and electrotransferred onto Immobilon transfer mem-
branes (Millipore, Billerica, MA). Protein Ladder One (Nacalai
Tesque Inc.) was used as a molecular marker. The membranes
were blocked (30 min, RT) with 4% Block Ace (DS Pharma
Biomedical, Osaka, Japan), washed three times (5 min each at RT)
with Tris-buffered saline (TBS) containing Tween-20, incubated
(44�C, 12 h) with mouse anti-Grp78- (Santa Cruz Biotechnology)
or mouse anti-Chop monoclonal antibody (Santa Cruz Biotech-
nology), washed three times with TBS containing Tween-20,
incubated (1 h, RT) with horseradish peroxidase-conjugated
goat antibody against mouse IgG (Santa Cruz Biotechnology),
and the immunoreactive proteins were detected with Chemi-
Lumi One Super (Nacalai Tesque Inc.) using a luminescent im-
age analyzer (EZ-capture2; ATTO, Tokyo, Japan).
TUNEL staining and cleaved caspase-3 immunostaining

Cultured chondrocytes were fixed with 4% PFA (4�C, 1 h),
washed in PBS, and apoptotic chondrocytes were stained using the
in situ cell death detection kit AP used for TUNEL staining in our
in vivo evaluations. Rabbit anti-CC3 antibody (Cell Signaling Tech-
nology) and Alexa Fluor�488 goat anti-rabbit IgG (Invitrogen) as a
secondary antibody were used for CC3 immunostaining. After
chondrocyte nuclei were counterstained with PI, stained chon-
drocytes were observed in the dark under an FV300 laser scanning
confocal microscope.
Enzyme-linked immunosorbent assay (ELISA)

Apoptosis of cultured chondrocytes was analyzed with cell
death detection ELISAPlus (Roche Diagnostics GmbH) and evalu-
ated by the ratio of absorbance in TM� cells. In each experiment
we determined the amount of protein in cell lysates in separate
wells using the Quick Start Bradford protein assay (Bio-Rad
Laboratories, Richmond, CA) to normalize the extent of cellular
apoptosis.
Statistical analysis

All data are expressed as the mean � 95% confidence intervals.
The Student’s t-test was used to analyze differences between
Chopþ/þ- and Chop�/� mice in the modified Mankin score, in the
percentage of TUNEL-positive cells and cells immunohistochemi-
cally positive for the proteins, and in the staining H-score at week 0,
4, 8, and 12 weeks. It was also used to analyze the differences be-
tween Chopþ/þ- and Chop�/� chondrocytes, and between TM� and
TMþ in Chop, Grp78, Col2a1, Acan, and Mmp13 mRNA expression
and ELISA for the detection of apoptosis. One-way analysis of
variance (ANOVA) with Bonferroni post hoc correction was per-
formed to analyze the differences among four time points in the
modified Mankin score, in the percentage of TUNEL-positive cells
and cells immunohistochemically positive for the proteins, and in
the staining H-score in Chopþ/þ- and Chop�/� mice. Differences of
P < 0.05 were considered statistically significant. All statistical
analyses were with StatView version 5.0 (SAS Institute Inc., Cary,
NC).
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Fig. 1. Time course of cartilage degeneration in a murine model of OA. Safranin-O staining showed matrix degradation in the proximal tibial and distal femoral cartilage. The
histological severity of degeneration was evaluated by the modified Mankin scoring system (n ¼ 10 per experimental group and time point). (A) Gradual cartilage degeneration
observed during the 12-week postoperative observation period was less severe in Chop�/�- than Chopþ/þ mice. (B) The modified Mankin scores for tibial cartilage were significantly
lower in Chop�/�- than Chopþ/þ mice at 4, 8, and 12 weeks. (C) The modified Mankin scores for femoral cartilage were also significantly lower in Chop�/�- than Chopþ/þ mice at 4, 8,
and 12 weeks. Data are expressed as the mean (symbols) � 95% confidence intervals (error bar). Scale bar ¼ 100 mm, original magnification �200. a ¼ P < 0.001 vs week 0,
b ¼ P < 0.001 vs week 4, c ¼ P < 0.001 vs week 8, d ¼ P ¼ 0.002 vs week 4 in each group of mice by ANOVA with Bonferroni post hoc correction. *P < 0.001, **P ¼ 0.001 vs Chopþ/þ

mice by the Student’s t-test.
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Fig. 2. Time course of TUNEL- and CC3-positive cells in a murine model of OA. The degree of DNA fragmentation and the CC3 expression were evaluated by TUNEL staining and CC3
immunostaining, and were analyzed semiquantitatively by the ratio of TUNEL- and CC3-positive cells (n ¼ 10 per experimental group and time point). (A) TUNEL-positive cells in
cartilage appeared gradually during the 12-week observation period in Chopþ/þ- and Chop�/� mice. Their number was lower in Chop�/� mice. (B) The percentage of TUNEL-positive
cells was significantly lower in Chop�/� mice at weeks 4, 8, and 12. (C) In Chopþ/þ- and Chop�/� mice the number of CC3-positive cells increased gradually during the 12-week
observation period. Their number was significantly lower in Chop�/� mice at weeks 4, 8, and 12. (D) The percentage of CC3-positive cells was significantly lower in Chop�/�

mice at weeks 4, 8, and 12. Data are expressed as the mean (symbols) � 95% confidence intervals (error bar). Scale bar ¼ 50 mm, original magnification �200. Arrows indicate
positive cells. a ¼ P < 0.001 vs week 0, b ¼ P < 0.001 vs week 4, c ¼ P < 0.001 vs week 8 in each group of mice by ANOVAwith Bonferroni post hoc correction. *P < 0.001 vs Chopþ/þ

mice by the Student’s t-test.
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Results

Murine OA model

In operated Chopþ/þ- and Chop�/� mice, Safranin-O staining
showed matrix degradation in the proximal tibial and distal
femoral cartilage [Fig. 1(A)]. The strength of staining decreased
gradually from 0 to 12 weeks in Chopþ/þ mice; this phenomenon
was milder in Chop�/� mice. In the tibia the modified Mankin score
at weeks 0, 4, 8, and 12 was 0.4, 17.2, 24.9, and 35.9 in Chopþ/þ- and
0.3, 9.2, 14.5, and 24.3 in Chop�/� mice [Fig. 1(B)]. In the femur the
score was 0.3, 18.1, 25.0, and 32.5 in Chopþ/þ- and 0.2, 8.4, 13.1, and
21.4 in Chop�/� mice [Fig. 1(C)]. These scores were significantly
lower in Chop�/�- than Chopþ/þ mice.

TUNEL staining for apoptotic cells showed that in Chopþ/þ mice
their number increased gradually from 0 to 12 weeks [Fig. 2(A)];
the increase was milder in Chop�/� mice. The percentage of
TUNEL-positive cells at weeks 0, 4, 8, and 12 was 1.1%, 23.1%,
36.5%, and 45.4% in Chopþ/þ- and 1.3%, 13.1%, 26.5%, and 33.2% in
Chop�/� mice. The difference between the groups was statistically
significant at 4, 8, and 12 weeks [Fig. 2(B)]. The number of CC3-
positive cells increased gradually from 0 to 12 weeks [Fig. 2(C)];
the increase was milder in Chop�/� mice. The percentage of CC3-
A
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Fig. 3. Time course of ER stress in a murine model of OA. The expression levels of Chop,
semiquantitatively by calculating the total percentage of cells positive for each protein (n ¼ 1
number gradually increased from 0 to 12 weeks after surgery. Chop�/� mice were negative. (B
cells at 0, 4, 8, and 12 weeks. There were significant differences between Chopþ/þ- and Chop
number was higher at 4, 8, and 12 weeks than at week 0. (D) In both groups, the percentage o
significant difference between Chopþ/þ- and Chop�/� mice. (E) Grp78-positive cells: In Chopþ

In both groups, the percentage of these cells was significantly higher at 4, 8, and 12 weeks th
Data are expressed as the mean (symbols) � 95% confidence intervals (error bar). Scale bar
week 0, b ¼ P < 0.001 vs week 4, c ¼ P < 0.001 vs week 8 in each group of mice by ANOVA
positive cells at weeks 0, 4, 8, and 12 was 0.3%, 21.9%, 35.1%, and
45.8% in Chopþ/þ- and 0.3%, 12.0%, 21.3%, and 33.1% in Chop�/�

mice. The difference was statistically significant at 4, 8, and 12
weeks [Fig. 2(D)].

Immunohistochemistry showed that the number of Chop-
positive cells in Chopþ/þ mice increased from 0 to 12 weeks; no
Chop-positive cells were observed in Chop�/� mice. The percentage
of Chop-positive cells at week 0, 4, 8, and 12 was 3.1%, 12.8%, 15.9%,
and 27.9% in Chopþ/þ mice. The differences between the two groups
were significant [Fig. 3(A) and (B)].

The number of Xbp1s-positive cells was significantly higher in
both groups at weeks 4, 8 and 12 than at week 0 [Fig. 3(C)]. The
percentage of these cells at weeks 0, 4, 8, and 12, was 16.3%, 38.8%,
33.2%, and 31.2% in Chopþ/þ- and 14.3%, 35.0%, 34.9%, and 32.5% in
Chop�/� mice. There was no significant difference between the two
groups [Fig. 3(D)].

The number of Grp78-positive cells in both Chopþ/þ- and Chop�/

� mice was higher at weeks 4, 8, and 12 than at week 0 [Fig. 3(E)].
Their percentage at week 0, 4, 8, and 12 was 24.7%, 42.8%, 44.2%,
and 41.0% in Chopþ/þ- and 26.8%, 45.0%, 46.9%, and 43.1% in Chop�/�

mice. The percentage of Grp78-positive cells at 4, 8, and 12 was
significantly higher than at week 0; the difference between the two
groups was not significant [Fig. 3(F)].
B

D

F

Xbp1s, and Grp78 in cartilage were evaluated immunohistochemically and analyzed
0 per experimental group and time point). (A) Chop-positive cells: In Chopþ/þ mice their
) In Chopþ/þ mice, there was a significant difference in the percentage of Chop-positive

�/� mice at all time points. (C) Xbp1s-positive cells: In Chopþ/þ- and Chop�/� mice their
f these cells was significantly higher at 4, 8, and 12 weeks than at week 0. There was no
/þ- and Chop�/� mice, their number was higher at 4, 8, and 12 weeks than at week 0. (F)
an at week 0. There was no significant difference between Chopþ/þ- and Chop�/� mice.
¼ 50 mm, original magnification �200. Arrows indicate positive cells. a ¼ P < 0.001 vs
with Bonferroni post hoc correction. *P < 0.001 vs Chopþ/þ mice by the Student t-test.
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Fig. 4. Time course of chondrocyte metabolic function in a murine model of OA. The expression levels of Col2 and Mmp13 in cartilage were evaluated immunohistochemically. The
Col2 expression was measured semiquantitatively with a staining H-score, and the Mmp13 expression was analyzed semiquantitatively by calculating the total percentage of cells
positive (n ¼ 10 per experimental group and time point). (A) Col2 expression: In both Chopþ/þ- and Chop�/� mice, the strength of staining for Col2a gradually decreased during the
12-week observation period. This decrease was milder in Chop�/� mice. (B) In both Chopþ/þ- and Chop�/� mice there was a significant difference in staining H-score at 0, 4, 8, and 12
weeks. There were significant differences between Chopþ/þ- and Chop�/� mice at 4, 8, and 12 weeks. (C) Mmp13-positive cells: In Chopþ/þ- and Chop�/� mice, their number
increased gradually during the 12-week observation period; it was lower in Chop�/�- than Chopþ/þ mice. (D) In both Chopþ/þ- and Chop�/� mice there was a significant difference in
the percentage of Mmp13-positive cells at 0, 4, 8, and 12 weeks. There were significant differences between Chopþ/þ- and Chop�/� mice at 4, 8, and 12 weeks. Data are expressed as
the mean (symbols) � 95% confidence intervals (error bar). Scale bar ¼ 50 mm, original magnification �200. a ¼ P ¼ 0.024, b ¼ P < 0.001 vs week 0; c ¼ P ¼ 0.031, d ¼ P < 0.001,
f ¼ P ¼ 0.014, h ¼ P ¼ 0.005 vs weeks 4; e ¼ P ¼ 0.023, g ¼ P ¼ 0.017, i ¼ P ¼ 0.002, j ¼ P < 0.001 vs 8 weeks, respectively, by ANOVAwith Bonferroni post hoc correction. *P ¼ 0.037,
**P ¼ 0.003, ***P ¼ 0.001, yP ¼ 0.002, yyP ¼ 0.005 vs Chopþ/þ mice by the Student t-test.
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The anabolic and catabolic function of chondrocytes was
analyzed by immunohistochemistry for Col2 and Mmp13, respec-
tively. Staining strength for Col2 decreased gradually from 0 to 12
weeks in Chopþ/þ mice [Fig. 4(A)]; this change was milder in Chop�/

� mice. The staining H-score at weeks 0, 4, 8, and 12 was 249.0,
187.6,151.2, and 116.2 in Chopþ/þ- and 256.5, 225.2,195.2, and 163.6
in Chop�/� mice [Fig. 4(B)]. These scores were significantly lower in
Chop�/�- than Chopþ/þ mice [Fig. 4(B)].

The number of Mmp13-positive cells increased gradually from
0 to 12 weeks [Fig. 4(C)]; this increase was milder in Chop�/�

mice. The percentage of Mmp13-positive cells at weeks 0, 4, 8,
and 12 was 18.8%, 27.5%, 33.4%, and 41.3% in Chopþ/þ- and 15.3%,
20.1%, 27.4%, and 33.4% in Chop�/� mice. The difference between
the two groups was statistically significant at 4, 8, and 12 weeks
[Fig. 4(D)].

Cultured chondrocytes

The expression of Chop mRNA was 20.5 times higher in TM-
treated- than untreated Chopþ/þ chondrocytes [Fig. 5(A)]. Neither
Chop mRNA nor Chop protein expression was found in Chop�/�

chondrocytes [Fig. 5(A) and (B)], confirming Chop gene knockout.
The expression of Grp78mRNAwas 13.5 times higher in TM-treated
Chopþ/þ- and 12.6 times higher in TM-treated Chop�/� chon-
drocytes than in TM-untreated cells, indicating that TM produces
similar levels of ER stress in Chop�/�- and Chopþ/þ chondrocytes
[Fig. 5(C)]. The protein expression of Grp78 was increased equally
in Chopþ/þ- and Chop�/� chondrocytes [Fig. 5(D)]. The expression of
Xbp1s mRNA was similarly up-regulated in Chopþ/þ- and Chop�/�

chondrocytes [Fig. 5(E)].
The number of TUNEL-positive cells with TM treatment was
increased in Chopþ/þ- and Chop�/� chondrocytes compared to TM-
untreated chondrocytes, but it was less in Chop�/�- than Chopþ/þ

chondrocytes [Fig. 6(A)]. There were more cleaved caspase-3-
positive cells in TM-treated Chopþ/þ- than Chop�/� chondrocytes
[Fig. 6(B)]. ELISA showed that TM increased the level of apoptosis
4.4-fold in Chopþ/þ- and 2.0-fold in Chop�/� cells, but it was lower
than in Chop�/�- than Chopþ/þ chondrocytes [Fig. 6(C)].

Chondrocyte anabolic function was evaluated by the expression
of Col2a1 and Acan mRNA. After TM treatment, Col2a1 mRNA
expressionwas reduced by 71.2% in Chopþ/þ- and by 50.0% in Chop�/

� chondrocytes compared to TM-untreated chondrocytes, and the
expression was significantly higher in Chop�/�- than Chopþ/þ

chondrocytes [Fig. 7(A)]. TM reduced the expression of Acan mRNA
by 60.4% in Chopþ/þ- and by 37.1% in Chop�/� chondrocytes
compared to TM-untreated chondrocytes, and the expression was
significantly higher in Chop�/�- than Chopþ/þ chondrocytes
[Fig. 7(B)]. By TM treatment, the expression of Mmp13 mRNA,
analyzed as a chondrocyte catabolic function, was increased by
43.9% in Chopþ/þ- and by 35.1% in Chop�/� chondrocytes compared
to TM-untreated chondrocytes [Fig. 7(C)]. The expression was
significantly lower in Chop�/�- than Chopþ/þ chondrocytes with or
without TM treatment [Fig. 7(C)].

Discussion

Using our mouse model of OA we investigated ER stress,
apoptosis, and cartilage degeneration in vivo and in vitro. The
expression of Chop and apoptosis increased significantly in Chopþ/þ

mice as degeneration progressed. While ER stress was similar in



C

G
rp
78
/G
ap
dh

E

C
ho
p/
G
ap
dh

A

0

5

10

15

B

D

0

5

10

15

20

25

Chop+/+

TM 

Chop+/+ Chop-/-

TM 

Chop-/-Chop+/+

TM 

Chop+/+

TM 

Chop-/-

Chop-/-

400 
300 
200 
100 

Base pair
(bp)

Xbp1s

Xbp1u

Chop+/+

TM 

Chop-/-

70

MW
(kDa)

90

126

54

28

MW
(kDa)

34

42

10

† †

Fig. 5. Evaluation of ER stress in chondrocytes. ER stress in chondrocytes was evaluated by the expression of Chop, Grp78, and Xbp1s. Three independent experiments were
performed, and the data was analyzed in triplicate. (A) The expression of Chop mRNAwas increased by TM in Chopþ/þ- and Chop�/� chondrocytes; the increase was significantly less
in Chop�/�- than Chopþ/þ cells. (B) The protein expression of Chop (MW 30 kDa) was increased by TM in Chopþ/þ chondrocytes, but was not confirmed in Chop�/� cells. (C) The
expression of Grp78 mRNAwas increased by TM in both groups; the difference between them was not significant. (D) The protein expression of Grp78 (MW 78 kDa) was increased
equally by TM in both groups. (E) The Xbp1s PCR products were subsequently visualized as 323 bp and Xbp1u PCR products were separated into 228- and 116 bp. The expression of
Xbp1s mRNA was increased in both groups by TM. Data are expressed as the mean (symbols) � 95% confidence intervals (error bar). *P < 0.001 vs TM�, yP < 0.001 vs Chopþ/þ

(Student’s t-test).

Y. Uehara et al. / Osteoarthritis and Cartilage 22 (2014) 1007e1017 1013
Chop�/�- and Chopþ/þ mice, apoptosis and the degree of degener-
ation were significantly lower in Chop�/� mice. ER stress was
mediated equally by TM in cultured chondrocytes; however, the
increase in apoptosis and the decrease in Col2a1 and Acan mRNA
expression in Chop�/� cells were significantly less than Chopþ/þ

cells.
The expression of Chop, an apoptosis-related molecule, and the

degree of apoptosis were increased in cultured chondrocytes
treatedwith ER stress inducers15,16,27 and related to the progression
of cartilage degeneration in human OA cartilage15, suggesting the
involvement of Chop-mediated, ER stress-induced apoptosis. We
document that increased Chop expression and apoptosis were also
related with progressive cartilage degeneration in mice.

Elsewhere19 we reported that the degree of cartilage degener-
ation in Chop�/� mice was significantly less than Chopþ/þ mice; but
we did not address chondrocyte apoptosis and assessments were
performed 4 weeks after surgery. In the present study we focused
on the role of Chop in cartilage degeneration from the perspectives
of ER stress induction and apoptosis. We present a comprehensive
evaluation of apoptosis via ER stress pathways and of cartilage
degeneration by analyzing the 12-week time course of cartilage
degeneration, apoptosis, and the ER stress markers Xbp1s, Grp78,
and Chop.

The status of our OA model at 8 and 12 weeks after surgery
corresponds to human early and moderate OA, respectively21,28,29.
We found that chondrocyte apoptosis contributed to cartilage
degeneration, changes that were less marked by the suppression of
Chop gene expression. Chop leads to a decrease in anti-apoptotic
Bcl-2 protein, activates pro-apoptotic factors such as Bim and Bax,
and induces apoptosis through the activation of caspases13,30,31. In
murine cortical neurons32 and human carcinoma cells33, Chop-
mediated caspase-3 activation induces apoptosis. The increase in
CC3 with cartilage degeneration was less in Chop�/�- than Chopþ/þ

mice, suggesting that Chop also induces apoptosis in chondrocytes
via caspase activation.

In TM-treated cultured Chopþ/þ chondrocytes, chondrocyte
apoptosis was significantly increased; Col2a and Acan mRNA
expression was significantly down-regulated and Mmp13 mRNA
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expression was significantly up-regulated. These changes were less
marked in Chop�/� chondrocytes. In Chopþ/þ mice, chondrocyte
apoptosis was significantly increased, the expression of Col2 and
Acan, containing numerous glycosaminoglycan chains stained by
Safranin-O34,35 was decreased, and Mmp13 expression was
significantly increased with progressive cartilage degeneration;
these changes were suppressed in Chop�/� mice. Others7,36,37 re-
ported that suppressed ECM gene expression mediated by me-
chanical stress recovered upon inhibition of chondrocyte apoptosis.
We obtained genetic evidence that Chop plays a direct role in
chondrocyte metabolism under conditions of increased ER stress
and influences the rate of apoptosis, and that Chop ablation
reduced the severity of OA in our model.

Our in vivo and in vitro studies showed no difference with
respect to the manifestation of ER stress regardless of Chop gene
deletion. When unfolded proteins are accumulated in the ER, the
activation of Ire1a results in the splicing of Xbp1s which then in-
duces genes encoding for the ER chaperone protein and ER-
associated degradation8,38,39. Grp78, an ER chaperone, promotes
protein folding40. Although UPRs help to maintain cellular ho-
meostasis, excessive ER stress mediates Chop expression and leads
to a switch from protective to pro-apoptotic signaling31. As Grp78
and Xbp1s expression in Chop�/� mice and Chop�/� chondrocytes
was similar to that seen in cells from Chopþ/þ mice, we suggest that
there was no difference in the manifestation of ER stress and that
the function to maintain homeostasis did not depend on the Chop
gene.

In human OA cartilage, CHOP expression increased with
degeneration and the expression of XBP1s was up-regulated in
moderate- but down-regulated in severe OA15, indicating that in
severe OA, apoptotic signaling superseded the maintenance of
homeostasis. The expression of Grp78, Xbp1s, and Chop in Chopþ/þ

mice was higher at week 4 than week 0 and while there was no
significant difference in the expression of Grp78 and Xbp1s at 4-
and 8weeks, Chop expressionwas increased at 8 weeks. This points
to a switching in UPR signaling between weeks 4 and 8, and is
consistent with a higher degree of apoptosis at 8 weeks. In vitro, the
increase in apoptosis and the decrease in chondrocyte function
were suppressed in Chop�/� chondrocytes, suggesting that the ac-
celeration of apoptosis by increased Chop expression plays a role in
the progression of cartilage degeneration.

In the earlier phases of OA cartilage degeneration, the progres-
sive cartilage destruction preceded chondrocyte apoptosis41. In our
study apoptosis started to emerge at week 4 and we assessed ER
stress-induced apoptosis via Chop in cartilage degeneration. A
significant difference in early pre-apoptosis OA between Chopþ/þ-
and Chop�/� mice with respect to aggrecan or collagen loss would
suggest that Chop affects cartilage degeneration via a pathway that
is unrelated to apoptosis. There is currently no evidence that Chop
directly regulates cartilage metabolism. According to Hayashida
et al.42, in humans C/EBP b directly bound to the Mmp13 promoter
region. Like Chop, C/EBP b belongs to the C/EBP family, and their
function is inhibited by the dominant-negative effect of Chop43. The
Mmp13 mRNA expression was down-regulated in our TM-
untreated Chop�/� chondrocytes, suggesting Chop involvement in
the expression of Mmp13. Studies using Chop�/� mice are under-
way to determine the influence of the non-apoptotic function of
Chop on cartilage degeneration.

Our study has some limitations. In humans, OA is a gradually
progressing degenerative disease. As we surgically produced joint
instability in mice, their disease progression was hastened. How-
ever, the pathologic features of this widely-used OA model29,44,45

are similar to those in human OA21. We cannot rule out the exis-
tence of ER stress-induced pathways other than Chop. In vivo, we
did not show direct evidence that ER stress caused chondrocyte
apoptosis. In vitro, ER stress-induced apoptosis was not completely
suppressed in Chop�/� chondrocytes. The ER stress-induced
apoptosis was also induced by c-Jun N-terminal kinases other
than Chop31. It was previously reported that apoptosis had been
induced by the crosstalk of ER stress and oxidative stress46. We
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need to investigate the relationship between these mediators and
ER stress in our OA model.

Chop�/� mice have been used in various disease models that
investigated the role of apoptosis in disease progression11,14,47. Our
surgical model of OA in mice shows that chondrocyte apoptosis via
Chop induction contributes to the progression of cartilage degen-
eration and that Chop plays an important role in the pathology of
OA. Our findings suggest that Chop may become a molecular
therapeutic target for OA.
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