
Sirtuin-1 (SIRT1) stimulates growth-plate chondrogenesis by
attenuating the PERK– eIF-2�–CHOP pathway in the unfolded
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The NAD�-dependent deacetylase sirtuin-1 (SIRT1) has
emerged as an important regulator of chondrogenesis and car-
tilage homeostasis, processes that are important for physiologi-
cal skeletal growth and that are dysregulated in osteoarthritis.
However, the functional role and underlying mechanism by
which SIRT1 regulates chondrogenesis remain unclear. Using
cultured rat metatarsal bones and chondrocytes isolated from
rat metatarsal rudiments, here we studied the effects of the
SIRT1 inhibitor EX527 or of SIRT1 siRNA on chondrocyte pro-
liferation, hypertrophy, and apoptosis. We show that EX527 or
SIRT1 siRNA inhibits chondrocyte proliferation and hypertro-
phy and induces apoptosis. We also observed that SIRT1 inhi-
bition mainly induces the PERK– eIF-2�–CHOP axis of the
endoplasmic reticulum (ER) stress response in growth-plate
chondrocytes. Of note, EX527- or SIRT1 siRNA–mediated inhi-
bition of metatarsal growth and growth-plate chondrogenesis
were partly neutralized by phenylbutyric acid, a chemical chap-
erone that attenuates ER stress. Moreover, EX527-mediated
impairment of chondrocyte function (i.e. of chondrocyte prolif-
eration, hypertrophy, and apoptosis) was partly reversed in
CHOP�/� cells. We also present evidence that SIRT1 physically
interacts with and deacetylates PERK. Collectively, our findings
indicate that SIRT1 deacetylates PERK and attenuates the
PERK– eIF-2�–CHOP axis of the unfolded protein response
pathway and thereby promotes growth-plate chondrogenesis
and longitudinal bone growth.

Sirtuin-1 (SIRT1),4 a NAD�-dependent histone deacetylase,
exerts a variety of biological function through the deacetylation
of not only lysine residues in histone (1) but also nonhistone
proteins, such as p53 (2), forkhead family proteins (3), and p65/
RelA subunit of NF-�B (NF-�B) (4). Through deacetylation,
SIRT1 is involved in a variety of biological processes such as
stress responses, DNA repair, and inflammation (5, 6) and plays
a crucial part in regulating cell differentiation, proliferation,
survival, and organism longevity (7, 8).

Previous evidence indicates that SIRT1 exerts a regulatory
role in cartilage homeostasis. In human chondrocytes derived
from osteoarthritis (OA) patients, overexpressing or activating
SIRT1 enhances the expression of cartilage anabolic genes such
as Col2a1 and aggrecan (9). It has also been shown that SIRT1
protects chondrocytes from radiation-induced senescence (10)
and inhibits human chondrocyte apoptosis in vitro (11, 12).
Furthermore, inhibition of SIRT1 in human chondrocytes leads
to OA-like gene expression changes (13), and cartilage-specific
SIRT1 knockout mice show accelerated OA progression (14),
suggesting that SIRT1 has a protective role in articular carti-
lage. With respect to SIRT1 effects on growth-plate chondro-
cytes, previous studies indicate that SIRT1-null mice and mice
with a SIRT1 point mutation exhibit significant reduction in
body size (15, 16), implicating that SIRT1 involved in growth-
plate chondrogenesis and, in turn, longitudinal bone growth.

In mammals, the long bone is mainly formed via endochon-
dral ossification, which occurs at the epiphyseal growth plate
where the cartilage template is first formed and then replaced
by bone. The proliferation, hypertrophy, differentiation, and
secretion into the extracellular matrix of chondrocytes in the
growth plate lead to the formation of new cartilage, chondro-
genesis (17). As new cartilage is continuously formed, the ter-
minally differentiated chondrocytes undergo apoptosis; the
metaphysis invades the growth plate with blood vessels and

This work was supported by National Natural Science Foundation of China
Program Grants 81672221, 81472038, 81370899, and 81170741; National
Excellent Young Scientist Program Grant 81222026; and Ministry of Educa-
tion of China New Century Excellent Talents Grant NCET-11-0437. The
authors declare that they have no conflicts of interest with the contents of
this article.

This article contains Figs. S1–S6.
1 Both authors contributed equally to this work.
2 To whom correspondence may be addressed: Key Laboratory of Environ-

ment and Genes Related to Diseases, Ministry of Education, Medical School
of Xi’an Jiaotong University, 76 West Yanta Rd., Xi’an, Shaanxi 710061,
China. Tel.: 86-13186063965; E-mail: sunhongzhi@mail.xjtu.edu.cn.

3 To whom correspondence may be addressed: Center for Translational
Medicine, First Affiliated Hospital of Xi’an Jiaotong University School
of Medicine, 277 West Yanta Rd., Xi’an, Shaanxi 710061, China. Tel.:
86-18991232564; E-mail: shufangw@hotmail.com.

4 The abbreviations used are: SIRT1, sirtuin-1; ER, endoplasmic reticulum; PBA,
phenylbutyric acid; UPR, unfolded protein response; OA, osteoarthritis;
qPCR, quantitative PCR; BrdU, bromodeoxyuridine; THG, thapsigargin;
TUNEL, terminal deoxynucleotidyltransferase-mediated dUTP nick end
labeling; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; ITS, insu-
lin, transferrin, and sodium selenite.

croARTICLE

8614 J. Biol. Chem. (2018) 293(22) 8614 –8625

© 2018 by The American Society for Biochemistry and Molecular Biology, Inc. Published in the U.S.A.

http://www.jbc.org/cgi/content/full/M117.809822/DC1
mailto:sunhongzhi@mail.xjtu.edu.cn
mailto:shufangw@hotmail.com
http://crossmark.crossref.org/dialog/?doi=10.1074/jbc.M117.809822&domain=pdf&date_stamp=2018-4-13


bone cell precursors that remodel the cartilage into bone tissue
(18).

Because of chondrocytes secreting large amounts of extracel-
lular matrix during the process of endochondral ossification,
the endoplasmic reticulum (ER) plays an important role in
chondrocytes. In fact, a growing number of studies have
recently revealed that maintaining ER homeostasis is crucial for
skeletal development (19 –21). We have recently demonstrated
that autophagy deficiency triggers ER stress and inhibit growth-
plate chondrogenesis via PERK– eIF-2�–CHOP pathway (22).
More recently, Prola et al. (23) have shown that SIRT1 protects
cardiomyocytes against ER stress–induced apoptosis via regu-
lating the PERK– eIF-2� pathway. However, whether and how
SIRT1 modulates ER stress response in the growth-plate chon-
drocytes has not been elucidated yet. Based on all these find-
ings, we hypothesized that 1) SIRT1 facilitates longitudinal
bone growth and growth-plate chondrogenesis and 2) such
effects of SIRT1 are mediated by an unidentified pathway such
as PERK– eIF-2�–CHOP.

We show that EX527 (a known specific SIRT1 inhibitor)
inhibits metatarsal longitudinal growth and growth-plate
chondrogenesis, with such effects being partly neutralized by
phenylbutyric acid (PBA, a chemical chaperone known to
attenuate ER stress). In addition, we evaluate the effects of
EX527 or SIRT1 siRNA on cultured chondrocyte proliferation,
hypertrophy, and apoptosis. Meanwhile, we observe that the
inhibition of SIRT1 activity (by EX527 or SIRT1 siRNA) leads to
the PERK– eIF-2�–CHOP axis of the ER stress response. Fur-
thermore, we show SIRT1 regulates the PERK– eIF-2�–CHOP
pathway partly through PERK deacetylation. Our results sup-
port the hypothesis that SIRT1 promotes growth-plate chon-
drogenesis via maintaining ER homeostasis in PERK– eIF-2�–
CHOP– dependent manner.

Results

Effects of EX527 and PBA on metatarsal longitudinal growth

To determine whether SIRT1 regulates growth-plate chon-
drogenesis, we cultured fetal rat metatarsals for 3 days in
serum-free medium in the presence of EX527 (0 –100 �M), a
specific SIRT1 inhibitor. During the 3 days of the culture
period, 30 �M (the lowest growth inhibiting concentration)
EX527 significantly inhibited metatarsal longitudinal growth
(Fig. 1, a and b). To further confirm the findings of SIRT1 on
longitudinal growth, we obtained metatarsal bones from con-
ditional knockout mice (SIRT1 cartilage-specific cKO mice,
generated using the Cre-loxP system). As expected, ablation of
SIRT1 specific in chondrocytes inhibited metatarsal bones
growth significantly after the 3 days of the culture (Fig. S1A).
Immunohistochemical analysis of sections of 3 days metatarsal
bones using the specific antibody against SIRT1 showed that
the whole growth plate, including epiphyseal, proliferative, and
hypertrophic chondrocyte, stains intensely for SIRT1, whereas
30 �M EX527 caused a significant decrease of SIRT1 expression
in growth plate (Fig. S1B). Western blotting of lysates from
cultured chondrocytes treated with EX527 confirmed that
graded concentrations of EX527 caused a dose-dependent inhi-
bition of SIRT1 expression, with a lowest inhibitory concentra-

tion of 30 �M (Fig. S2A). We also analyzed the effect of 30 �M

EX527 on the expression of other sirtuin, SIRT2, in the meta-
tarsal growth plate as well as in cultured chondrocyte. We
found that there were no significant changes in the expression
of SIRT2 in metatarsals (Fig. S1C) or chondrocytes (Fig. S2A)
treated with 30 �M EX527, indicating that 30 �M EX527 could
act specifically on SIRT1 without hitting other sirtuin.

Because we have previously demonstrated that the PERK–
eIF-2�–CHOP axis of ER stress exerts an important role in
growth-plate chondrogenesis (22), we sought to determine
whether EX527 inhibited metatarsal longitudinal growth via
inducing the PERK– eIF-2�–CHOP axis of ER stress. As
expected, TEM analysis showed that the ER cisternae were
dilated in growth-plate chondrocytes of EX527-treated meta-
tarsals compared with control metatarsals (Fig. 1e). To confirm
that inhibition of SIRT1 induced ER stress in chondrocytes, we
then analyzed the expression of ER stress indicators in metatar-
sal growth plate by Western blotting and RT-qPCR. Western
blotting of lysates from control and EX527-treated metatarsals
confirmed EX527 significantly increased the phosphorylation
of PERK and eIF-2� and the expression of CHOP compared
with control metatarsals (Fig. 1c and Fig. S1D), and RT-qPCR
also shows a similar pattern of expression (Fig. 1d). To further
confirm the effects of EX527 on PERK– eIF-2�–CHOP axis of
ER stress, chondrocytes isolated from rat fetal metatarsal rudi-
ments were cultured in the presence of EX527 (0 –100 �M). As
shown in Fig. S2A, EX527 induced this pathway in a dose-de-
pendent manner, with higher concentrations (30 and 100 �M)
causing a statistically significant induction. To determine
whether the inhibitory effects of EX527 on metatarsal longitu-
dinal growth are mediated by ER stress, metatarsals were cul-
tured in the absence or presence of 30 �M EX527, with or with-
out 2 mM PBA, a chemical chaperone known to attenuate ER
stress. As expected, PBA effectively attenuated ER stress
induced by EX527 in chondrocytes, as assessed by expression of
p-PERK, p-eIf-2�, ATF4, and CHOP by Western blotting (Fig.
1f and Fig. S1E) and RT-qPCR (Fig. 1g), respectively, and the
addition of PBA partially neutralized the inhibitory effect of
EX527 on metatarsal longitudinal growth (Fig. 1, h and i).

Effects of EX527 and PBA on growth-plate chondrogenesis

Because the rate of longitudinal bone growth depends pri-
marily on the rate of growth-plate chondrogenesis, we evalu-
ated the effects of EX527 on chondrocyte proliferation and
hypertrophy. Treatment with EX527 significantly reduced the
height of the epiphyseal and proliferative zones of the growth
plate, where cell proliferation takes place (Fig. 2, a and c). Con-
sistent with these findings, we examined the in situ incorpora-
tion of BrdU into the metatarsal rudiments at the end of the
culture period and observed that EX527 significantly inhibited
the incorporation of BrdU into the growth-plate epiphyseal and
proliferative zones (Fig. 2d), whereas the addition of PBA
partially neutralized the inhibitory effects of chondrocyte
proliferation induced by EX527 (Fig. 2, a, c, and d). To assess
chondrocyte hypertrophy, we examined the bone rudiments
histologically. After 3 days in culture, 30 �M EX527 decreased
the height of the growth-plate hypertrophic zone, whereas co-
treatment with PBA reversed growth inhibition in hypertrophic
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zone induced by EX527 (Fig. 2, a and c). Inhibition of chondro-
cyte hypertrophy by EX527 was also confirmed by Col10a1
immunohistochemistry (Fig. 2b). As shown in Fig. 2 (b and e),
EX527 caused a marked decrease of Col10a1 expression, with
such effect being partially abolished by the addition of PBA.

In light of the regulatory role of SIRT1 on apoptosis in other
cell types, we evaluated the effects of EX527 on metatarsal
growth-plate apoptosis by in situ cell death. EX527 caused a
significant increase in cell death compared with control (Fig.
2f), with such effect being neutralized by PBA (Fig. 2f).

EX527 induced ER stress, inhibited proliferation and
hypertrophy, and increased apoptosis in cultured primary
chondrocytes

To further determine the interaction between SIRT1 and ER
stress in chondrocyte, primary chondrocytes derived from rat
fetal metatarsal rudiments were cultured in the absence or pres-
ence of 30 �M EX527. As expected, EX527 reduced both SIRT1
protein (assessed by Western blotting; Fig. 3a and Fig. S3B) and

mRNA expression (assessed by RT-qPCR; Fig. 3b). Further-
more, chondrocytes treated with EX527 also exhibited ER
stress, as evidenced by the induction of PERK and eIF-2� phos-
phorylation and up-regulation of the expression of CHOP (Fig.
3a and Fig. S3B), similar to what we found in metatarsal study
(Fig. 1c and Fig. S1C). We then restored SIRT1 expression in
EX527-treated chondrocytes by overexpression plasmid of
SIRT1, and the transfection efficiency was validated by fluores-
cence microscope (Fig. S3A) and reconfirmed by Western blot-
ting (Fig. 3a) and RT-qPCR (Fig. 3b). After transient transfec-
tion, we verified that restoration of SIRT1 expression could
ameliorate ER stress induced by EX527 in chondrocytes as
detected by Western blotting and RT-qPCR (Fig. 3, a and b).

Consistent with the observation in the metatarsal growth
plate, EX527 significantly inhibited BrdU incorporation (Fig.
3c), as well as cyclin D1 and PCNA expression (Fig. 3d and Fig.
S3C), with these effects being abolished by overexpression plas-
mid of SIRT1 (Fig. 3, c and d). With respect to apoptosis, over-
expression of SIRT1 neutralized the pro-apoptotic effect of

Figure 1. Effects of EX527 and PBA on metatarsal longitudinal growth. a and b, fetal rat metatarsals (20 days postconception) were cultured for 3 days in
serum-free MEM containing graded concentrations of EX527 (0 –100 �M, n � 20 –24/group). Bone length was measured at the beginning and at the end of the
experiments using an eyepiece micrometer in a dissecting microscope. At the end of 3 days in culture, protein and total RNA were obtained from metatarsals
and processed as described under “Experimental procedures.” c, the expression of SIRT1 and ER stress markers including PERK phosphorylation (p-PERK), eIF-2�
phosphorylation (p-eIF-2�), and CHOP was detected by Western blotting. A representative blot from four independent experiments is presented for each
protein. d, relative expression of SIRT1, ATF4, and CHOP was examined by real-time PCR, and the results are presented as gene expression levels in all groups
normalized to controls. e, transmission EM of growth-plate chondrocytes displayed a normal structure of the rough ER in control metatarsals but unusually
dilated ER cisternae in EX527-treated metatarsals. The arrows indicate ER. The insets show a high magnification of selected areas. Scale bars, 1 �m. f, fetal rat
metatarsals (20 days postconception) were cultured for 3 days in serum-free MEM containing EX527 (30 �M, n � 20/group) and/or PBA (2 mM, n � 20/group).
The expression of p-PERK, p-eIF-2�, and CHOP was detected by Western blotting. A representative blot from four independent experiments is presented for
each protein. g, relative expression of ATF4 and CHOP was examined by real-time PCR. The results are presented as gene expression levels in all groups
normalized to controls. h and i, bone length was measured at the beginning and at the end of the experiments using an eyepiece micrometer in a dissecting
microscope. The data are expressed as the means � S.D. in each scatter plots. *, p � 0.05; **, p � 0.01.
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EX527, as analyzed by TUNEL assay (Fig. 3e) and Bcl-2/Bax
ratio of protein expression (Fig. 3f and Fig. S3D). Lastly, to
determine whether EX527 affects chondrocyte hypertrophy,
we cultured chondrocytes with ITS for 7 days in the absence or
presence of 30 �M EX527. Similarly, EX527 inhibited chondro-
cyte hypertrophy, as is evident by reduced Col10a1 and
MMP13 expression (Fig. 3g and Fig. S3E), whereas the addition
of 10 �M resveratrol, a SIRT1 activator, reversed the inhibition
of Col10a1 and MMP13 expression induced by EX527 (Fig. 3g
and Fig. S3E).

Effects of PBA on SIRT1 siRNA-induced inhibition of
chondrocyte function

To further confirm whether inhibition of SIRT1 activity-me-
diated inhibition of chondrogenesis was caused by ER stress,
chondrocytes were transfected with SIRT1 siRNA or control

siRNA and cultured in the absence or presence of 2 mM PBA.
Our finding indicated that PBA ameliorated ER stress induced
by SIRT1 siRNA in chondrocytes as detected by Western blot-
ting and RT-qPCR (Fig. 4, a and b, and Fig. S4A), thus partially
neutralizing the inhibitory effects on chondrocyte proliferation
(Fig. 4, c and d, and Fig. S4B) and hypertrophy (Fig. 4g and Fig.
S4D) and diminishing the pro-apoptotic effect of SIRT1 siRNA
(Fig. 4, e and f, and Fig. S4C).

Effects of CHOP siRNA on EX527-induced inhibition of
chondrocyte function

Because we observed that SIRT1 inhibition or knockdown
(treatment with EX527 or transfection with SIRT1 siRNA)
mainly induced the PERK– eIF-2�–CHOP axis of the ER stress
response in chondrocytes, we reasoned whether such inhibition
of chondrocyte function was mediated by CHOP. To test this

Figure 2. Effects of EX527 and PBA on chondrocyte proliferation, hypertrophy, and apoptosis in the metatarsal growth plate. At the end of the
experimental period, metatarsal bones were fixed and paraffin-embedded, and 5- to 7-�m-thick longitudinal sections were obtained. a, representative images
were obtained from each treatment of metatarsal bones stained with toluidine blue. Insets show a high magnification of selected areas. Scale bars, 100 �m. PZ,
proliferative zone; HZ, hypertrophic zone. b, the expression of Col10a1 was detected in cultured metatarsals by immunohistochemistry. Scale bars, 50 �m. c, the
heights of the epiphyseal, proliferative, and hypertrophic zones of the growth plate were quantitatively analyzed respectively (n � 6/group). After 3 days in
culture, BrdU was added to the culture medium, and bone rudiments were incubated for an additional 2 h. d, representative images of the BrdU-positive cells.
BrdU-positive cells were stained brown (indicated by the arrow). Scale bars, 100 �m. The number of BrdU-positive cells was analyzed separately for the
epiphyseal zone and for the proliferative zone (n � 6/group). e, relative expression of Col10a1 was detected in growth-plate chondrocytes of metatarsal bones
by real-time PCR. The results are presented as gene expression levels in all groups normalized to controls. f, representative images of the TUNEL-positive cells.
TUNEL-positive cells were stained red fluorescence (indicated by the arrow). Quantification is shown on the right. The data are expressed as means � S.D. in
each scatter plot. *, p � 0.05; **, p � 0.01.
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possibility, CHOP siRNA was transfected in chondrocytes, and
its validation was measured by the reduction of CHOP protein
expression by Western blotting (Fig. 5a and Fig. S5A). The
transfection of CHOP siRNA alone had minor effect on chon-
drocyte proliferation, hypertrophy, and apoptosis given that
basal level of CHOP in normal chondrocyte is low. However,
CHOP siRNA abolished the suppression of EX527 on chondro-
cyte proliferation assessed by BrdU incorporation (Fig. 5b), as
well as cyclin D1 and PCNA protein expression (Fig. 5c and Fig.
S5B), and hypertrophy assessed by Col10a1 and MMP13 pro-
tein expression (Fig. 5g and Fig. S5D), meanwhile, neutralized
the pro-apoptotic effect of EX527, as analyzed by TUNEL assay
(Fig. 5d) and Bcl-2/Bax ratio of protein expression (Fig. 5e and
Fig. S5C).

In addition, it has been reported that CHOP may form het-
erodimers with C/EBP-� and act as a transdominant-negative

inhibitor of C/EBP-� signaling (24), and C/EBP-� has also been
indicated to regulate chondrocyte hypertrophy through inter-
acting with RUNX2. Given this evidence, to explore the down-
stream mechanism that regulates chondrocyte hypertrophy, we
performed RT-qPCR in EX527-treated chondrocytes with or
without CHOP siRNA. Inhibition of SIRT1 decreased the
mRNA levels of C/EBP-� and RUNX2, whereas treatment with
CHOP siRNA partially abrogated such inhibitory effects (Fig.
5f), suggesting that CHOP may regulate chondrocyte hypertro-
phy through interaction with C/EBP-� and RUNX2.

SIRT1 interacts with and deacetylates PERK

It is known that SIRT1 could regulate protein activity
through deacetylation on lysine residues. Therefore, to study
the mechanism by which SIRT1 attenuates the PERK– eIF-2�–
CHOP pathway to maintain ER homeostasis, proteins acety-

Figure 3. Effects of EX527 on proliferation, hypertrophy, and apoptosis in cultured primary chondrocytes. Chondrocytes were cultured for 48 h with or
without EX527 (30 �M). For the rescue experiment, chondrocytes were pretreated with EX527 for 48 h and then transfected with either an empty vector (control
plasmid) or a plasmid containing SIRT1 (SIRT1 plasmid) for additional 48 h. Both protein expression and mRNA expression were analyzed by Western blotting
(a) and real-time PCR (b), respectively. c, primary chondrocytes were labeled with BrdU and prepared for staining as described under “Experimental proce-
dures.” Representative BrdU-positive cells are indicated by the arrows. Scale bars, 100 �m. Quantification is shown on the right. d, the expression of cyclin D1
and PCNA was detected by Western blotting in chondrocytes. A representative blot from four independent experiments is presented for each protein. e,
primary chondrocytes were labeled with TUNEL. A representative TUNEL-positive cell is indicated by the arrow. Scale bars, 100 �m. Quantification is shown on
the right. f, the expression of Bcl-2 and Bax was detected by Western blotting. A representative blot from three independent experiments is presented for each
protein. g, chondrocytes were cultured with ITS for 7 days and incubated in the absence or presence of 30 �M EX527 and in combination with or without 10 �M

resveratrol. At the end of the culture period, chondrocytes were harvested, lysed, electrophoresed, and immunoblotted for SIRT1, Col10a1 and MMP13, a
representative blot from three independent experiments is presented for each protein. The data are expressed as means � S.D. in each scatter plots. *, p � 0.05;
**, p � 0.01.
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lated on lysine residues were pulled down from primary chon-
drocyte lysates. In primary chondrocytes, only PERK was
present in anti-acetyl lysine immunoprecipitates, whereas
eIF-2� and CHOP were not detected, indicating that among the
members of the PERK– eIF-2�–CHOP axis tested, PERK is the
only lysine-acetylated protein (Fig. 6a). Moreover, reciprocal
immunoprecipitation confirmed the acetylation of PERK on
lysine residues (Fig. 6b). Of note, both depletion of SIRT1 with
SIRT1 siRNA and inhibition of SIRT1 with EX527 significantly
increased the acetylation level of PERK as shown in Fig. 6 (c and
d). To determine whether SIRT1 directly interacts with PERK
in chondrocytes, co-immunoprecipitation assays were carried
out. Immunoprecipitation of endogenous SIRT1 from primary
chondrocyte lysates co-precipitated PERK (Fig. 6e); meanwhile,

the reverse experiments immunoprecipitating endogenous
PERK and immunoblotting for SIRT1 (Fig. 6e) further con-
firmed their physical interaction. Interestingly, thapsigargin
(THG), which induces ER stress by inhibiting sarco/endoplas-
mic reticulum calcium ATPases, increased the level of PERK
acetylation (Fig. 6, f and g), and such level was similar when
SIRT1 was inhibited by EX527 or SIRT1 siRNA (Fig. 6, f and g),
indicating that SIRT1 limits the acetylation level of PERK to
maintain ER homeostasis in vitro. Furthermore, in parallel with
acetylation, the level of phosphorylation of PERK was also
increased in chondrocytes treated with THG or treated with
EX527 or SIRT1 siRNA (Fig. 6, f and g), suggesting a dynamic
interplay between these two post-translational modifications.
Collectively, these results showed that PERK is acetylated on

Figure 4. Effects of SIRT1 siRNA and PBA on proliferation, hypertrophy, and apoptosis in cultured primary chondrocytes. Chondrocytes transfected
with control siRNA or SIRT1 siRNA cultured in the absence or presence of 2 mM PBA. a, at the end of the culture period, SIRT1, p-PERK, p-eIF-2�, and CHOP
protein expression was determined by Western blotting. A representative blot from four independent experiments is presented for each protein. b, ATF4 and
CHOP mRNA expression was examined by real-time PCR. The results are presented as gene expression levels in all groups normalized to controls. c, chondro-
cytes were labeled with BrdU and prepared for staining. Representative BrdU-positive cells are indicated by the arrows. Scale bars, 100 �m. Quantification is
shown on the right. d, the expression of cyclin D1 and PCNA was detected by Western blotting. A representative blot from three independent experiments is
presented for each protein. e, chondrocytes were labeled with TUNEL. Representative TUNEL-positive cells are indicated by the arrows. Scale bars, 100 �m.
Quantification is shown on the right. f, Bcl-2 and Bax protein levels were determined by Western blotting. A representative blot from three independent
experiments is presented for each protein. g, chondrocytes were treated with ITS for 7 days, cultured in the absence or presence of 30 �M EX527 and in
combination with or without 2 mM PBA. At the end of the culture period, chondrocytes were harvested, lysed, electrophoresed, and immunoblotted for
Col10a1 and MMP13. A representative blot from four independent experiments is presented for each protein. The data are expressed as means � S.D. in each
scatter plots. *, p � 0.05; **, p � 0.01.
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one or more lysine residues and that this acetylation is regu-
lated, at least in part, by SIRT1 to maintain ER homeostasis in
chondrocytes.

Discussion

Recent evidence suggests that STRT1, which is considered a
longevity factor, may be implicated in the regulation of longi-
tudinal bone growth. SIRT1-null mice are significantly smaller
than WT littermates during embryogenesis and postnatal
stages, and they do not survive longer than 1 month postnatally
(25). In addition, SIRT1-heterozygous knockout mice show
reduced growth and shortened long bones (26), and they also
exhibit metabolic impairments and reduced bone mass (27, 28).
Furthermore, we have previously demonstrated a direct circa-
dian regulation of Bmal1 in cartilage homeostasis mediated by
SIRT1 (29). However, these findings provide only indirect evi-
dence of SIRT1 regulating growth-plate function.

In the present study, we demonstrated that inhibition of
SIRT1 caused a significant suppression of metatarsal longitudi-
nal growth, which resulted from induction of the PERK– eIF-

2�–CHOP axis of the ER stress response in growth-plate chon-
drocytes, causing inhibition of the two main cellular events of
growth-plate chondrocyte proliferation and hypertrophy (30)
and eventually leading to an inhibition of growth-plate chon-
drogenesis. Meanwhile, the ubiquitous localization of SIRT1 in
metatarsal growth plate further supports the finding of a uni-
formly suppressed chondrogenesis throughout the growth
plate. All these findings indicate that SIRT1 expressed in
growth-plate chondrocytes facilitates chondrocyte prolifera-
tion and hypertrophy and prevents apoptosis.

Chondrocytes are known to have an increased ER burden
caused by the synthesis and secretion of the large amount of
extracellular matrix protein during development (19, 31, 32);
they rely on the unfolded protein response (UPR) to maintain
ER homeostasis. Previous studies in other cell types have shown
that SIRT1 reduced the ER stress and apoptosis of brown adi-
pocyte by inhibiting Smad3/ATF4 signal (33), and SIRT1 pro-
tects cardiomyocytes against ER stress-induced apoptosis by
attenuating the PERK– eIF-2� pathway (23). Of note, we
observed that ER cisternae were enlarged and distended in

Figure 5. CHOP siRNA partially reverses EX527-mediated inhibition of chondrocyte proliferation and hypertrophy and neutralizes EX527-mediated
pro-apoptotic effect. Chondrocytes were transfected with CHOP siRNA for 72 h or cultured with or without 30 �M EX527 and in combination with control or
CHOP siRNA. a, the expression of CHOP was detected by Western blotting. A representative blot from four independent experiments is presented for each
protein. b, chondrocytes were labeled with BrdU and prepared for staining. Representative BrdU-positive cells are indicated by the arrow. Scale bars, 100 �m.
Quantification is shown on the right. c, cyclin D1 and PCNA protein expression was determined by Western blotting. A representative blot from four indepen-
dent experiments is presented for each protein. d, chondrocytes were labeled with TUNEL. Representative TUNEL-positive cells are indicated by the arrows.
Scale bars, 100 �m. Quantification is shown on the right. e, the expression of Bcl-2 and Bax was detected by Western blotting. A representative blot from three
independent experiments is presented for each protein. f, relative expression of C/EBP-� and Runx2 was examined by real-time PCR. The results are presented
as gene expression levels in all groups normalized to controls. g, chondrocytes were treated with ITS for 7 days, cultured in the absence or presence of EX527,
and transfected with or without CHOP siRNA. At the end of the culture period, chondrocytes were harvested, lysed, electrophoresed, and immunoblotted for
Col10a1 and MMP13. A representative blot from four independent experiments is presented for each protein. The data are expressed as means � S.D. in each
scatter plot. *, p � 0.05; **, p � 0.01.
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growth-plate chondrocytes of EX527-treated metatarsals, indi-
cating that SIRT1 may facilitate maintaining ER homeostasis
in growth-plate chondrocytes. However, in embryonic fibro-
blasts, SIRT1 was reported to exert deleterious effects and to
sensitize these cells to ER stress-induced apoptosis via regulat-
ing the IRE1 branch of the UPR through deacetylation of XBP1s
(34). The discrepancies may reflect cell-type specificities
including differentiation state.

Because we have recently demonstrated that the PERK– eIF-
2�–CHOP axis of ER stress exerts an important role in chon-
drogenensis (22), we hypothesized that SIRT1 facilitates main-
taining ER homeostasis and protects chondrocytes against
severe ER stress by attenuating PERK– eIF-2�–CHOP path-
way. Indeed, we show that inhibition of SIRT1 in metatarsals
and chondrocytes results in hyperactivation of PERK– eIF-2�
pathway. Furthermore, we observe that reduction of ER stress
with PBA partially restored EX527 or STRT1 siRNA-induced
inhibitory effect on metatarsal longitudinal growth and chon-
drocyte function (i.e. of proliferation, hypertrophy, and apopto-

sis). In addition, EX527-mediated impaired chondrocyte func-
tion was partly reversed in CHOP�/� cells, further supporting
that SIRT1 mediates its protective effects, at least in part, by
attenuation excessive ER stress via the PERK– eIF-2�–CHOP–
dependent pathway.

The ability of cells to respond to ER stress is critical for cell
survival, but chronic or irrecoverable levels of ER stress can lead
to apoptosis (35). CHOP, a C/EBP homologous protein, also
known as a pro-apoptotic factor, is understood to be a later
event in the PERK– eIF-2� axis of UPR activation (36). CHOP
can directly regulate death effectors, such as Bcl-2 and Bim,
which subsequently render the cells more susceptible to apo-
ptosis (37, 38). It was reported that CHOP deficiency promotes
cell survival in an ER stress–related model of type 2 diabetes
(39). In a murine OA model, chondrocyte death and cartilage
degeneration are decreased in CHOP�/� mice (40), indicating
that CHOP plays an important role in ER stress-induced apo-
ptosis. Consistent with these findings, down-regulation of
CHOP in chondrocytes could partly restore EX527-mediated

Figure 6. SIRT1 physically interacts with and deacetylates PERK. a, immunoprecipitation of acetylated proteins from chondrocyte lysate followed by
immunoblotting with the indicated antibodies. Input, supernatant before immunoprecipitation; IP, immunoprecipitate; IgG, negative control. b, PERK was
immunoprecipitated from chondrocyte lysate, and its level of acetylation was analyzed by immunoblotting with anti-acetyl-lysine antibody. c and d, PERK was
immunoprecipitated from control or chondrocytes treated with EX527 (30 �M) or SIRT1 siRNA, and its level of acetylation was determined by immunoblotting
with anti-acetyl-lysine antibody. The relative quantity of acetylated PERK was analyzed using ImageJ software and is shown in d. e, the physical interaction
between endogenous SIRT1 and PERK was demonstrated by co-immunoprecipitation. SIRT1 was precipitated from chondrocyte lysate with anti-SIRT1 anti-
body and blotted with anti-PERK antibody, and vice versa. f and g, PERK was immunoprecipitated from control or chondrocytes treated with THG (80 nM) or
EX527 (30 �M) or SIRT1 siRNA, and its levels of acetylation and phosphorylation were analyzed. The relative quantity of acetylated and phosphorylated PERK
were analyzed using ImageJ software and is shown in g. A representative blot from three or four independent experiments is presented for each protein. The
data are expressed as means � S.D. in each scatter plots. *, p � 0.05; **, p � 0.01. h, proposed model of SIRT1 protection function in chondrocytes. SIRT1 protects
chondrocytes against ER burden-induced injury and maintains ER homeostasis during the process of chondrogenesis.
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inhibition of chondrocyte proliferation and partly neutralize
EX527-mediated pro-apoptotic effect. In addition to regulating
apoptosis, CHOP can form heterodimers with C/EBP-� and act
as a transdominant-negative inhibitor of C/EBP-� signaling
(24). Several lines of evidence have implicated C/EBP-� as a key
regulator in the transition of chondrocytes from proliferation
to hypertrophy (41, 42), and C/EBP-� interacts cooperatively
with GADD45-� and RUNX2 to promote chondrocyte hyper-
trophy and growth-plate matrix remodeling and turnover via
up-regulation of the expression of key markers of chondrocyte
maturation including Col10a1 and MMP13 (43, 44). Overall,
our results support the hypothesis that SIRT1 inhibition, cou-
pled with PERK– eIF-2�–CHOP axis of the ER stress and
down-regulation of C/EBP-� and RUNX2 transcriptional activ-
ity, might result in impaired expression of Col10a1 and MMP13
for chondrocyte hypertrophy.

Although autophosphorylation of PERK has been intensively
studied, the understanding of the molecular events regulating
its autophosphorylation is poorly documented. Interaction of
SIRT1 with eIF-2� has been shown in HeLa cells and car-
diomyocytes (23, 45); however, no evidence was reported on
PERK acetylation/deacetylation. In our study, we found that as
a lysine-acetylated protein, PERK physically interacts with
SIRT1 and being deacetylated on its lysine residues. In chon-
drocytes, inhibition of SIRT1 promotes both hyperacetylation
and phosphorylation of PERK and then triggers the PERK–
ATF4 –CHOP axis of the ER stress, suggesting that SIRT1 may
regulate PERK– eIF-2� UPR pathway via deacetylation of
PERK.

It is known that the activity of numerous targets of SIRT1
is regulated both by deacetylation and by phosphorylation,
including PGC-1�, p53, FOXO, and Beclin1 (6, 46); however,
the interplay between these two post-translational modifica-
tions is not fully understood. Our observations that PERK
acetylation occurred earlier than phosphorylation when SIRT1
is inhibited (Fig. S6) further support the notion that SIRT1, by
regulating the level of acetylation of PERK, may regulate its level
of phosphorylation and thus its activity. Although additional
studies are needed to clarify the relationship between acetyla-
tion and phosphorylation of PERK, our data provide a clue as to
how SIRT1 attenuates PERK– eIF-2� pathway in chondrocytes.

In conclusion, we have demonstrated that SIRT1 facilitates
longitudinal bone growth and growth-plate chondrogenesis
through regulation the PERK– eIF-2a–CHOP axis of the ER
stress (schematic diagram in Fig. 6h). This study is the first to
analyze the function of SIRT1 in growth plate and extends our
understanding of how SIRT1 interacts with key UPR pathways
controlling growth-plate chondrogenesis.

Experimental procedures

Whole metatarsal culture

The second, third, and fourth metatarsal bones were isolated
from Sprague–Dawley rat embryos (20 days postcoitum) and
cultured individually in 24-well plates. Each well contained 0.5
ml of minimum essential medium (HyClone) with 0.2% BSA
(Sigma), 100 units/ml penicillin, 100 �g/ml streptomycin
(HyClone), and 50 �g/ml ascorbic acid (Sigma). Bone rudi-

ments were cultured for 3 days in a humidified incubator with
5% CO2 in air at 37 °C. The medium was changed on day 2.
During the 3-day culture period, metatarsals were cultured in
the absence or presence of EX527 (30 �M, Sigma, catalog no.
E7034), with or without PBA (2 mM, Sigma, catalog no.
SML0309).

Measurement of longitudinal growth

The length of each bone rudiment was measured under a
dissecting microscope, using an eyepiece micrometer. To
calculate the metatarsal growth rate, length measurements
were performed at the beginning and at the end of the exper-
iments. For each treatment group, 24 metatarsal bones iso-
lated from 4 rat fetuses of the same litter were used. To
confirm the effect of SIRT1 on metatarsal longitudinal
growth, we performed three independent experiments from
three pregnant mothers.

Quantitative histological analysis

At the end of the culture period, metatarsals were fixed in 4%
phosphate-buffered paraformaldehyde overnight. After rou-
tine processing, three 5–7-�m-thick longitudinal sections were
obtained from each metatarsal bone and stained with toluidine
blue. From each of the three sections, we measured the height of
the epiphyseal zone, the proliferative zone, and the hyper-
trophic zone and calculated the average value. In the metatarsal
growth plate, the epiphyseal zone is characterized by small and
rounded cells, irregularly arranged in the cartilage matrix. The
proliferative zone comprises cells with a flattened shape,
arranged in columns parallel to the longitudinal axis of the
bone. Eventually, chondrocytes, which are located farthest
from the epiphyseal zone, stop replicating and enlarge to
become hypertrophic chondrocytes (defined by a height of �9
�m). All measurements were performed by a single observer
blinded to the treatment regimen.

Immunohistochemistry

To detect SIRT1 and type X collagen (Col10a1) expression in
the metatarsal bones, metatarsals were fixed in 4% phosphate-
buffered paraformaldehyde overnight. After routine pro-
cessing, 5–7-�m-thick longitudinal sections were obtained.
The sections were immunostained with SPlink detection
kits (Zhongshan Biotechnologies, Beijing, China; catalog no.
SP-9001). Briefly, the sections were treated with 0.25% trypsin
for 10 min at 37 °C for antigen retrieval after the pretreatment
of 3% H2O2 and then were blocked using 5% goat serum for 15
min at room temperature. Afterward, the sections were incu-
bated with designated primary antibodies overnight at 4 °C.
Antibodies included mouse anti-SIRT1 antibody at a dilution of
1:200 (Abcam, ab110304) and rabbit anti-Col10a1 antibody at a
dilution of 1:200 (Abcam, ab58632). After three rinses with
PBS, the sections were incubated with respective secondary
antibodies for 15 min at room temperature. Finally, the sections
were counterstained with hematoxylin.

BrdU incorporation

Cultured metatarsal bones were exposed to BrdU (1:100,
Invitrogen, catalog no. 00-0103) for an additional 2 h before the
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end of culture period. The BrdU-labeled cells were visualized
utilizing a BrdU labeling kit (Invitrogen, catalog no. 93-3943)
according to the manufacturer’s instructions. Primary chon-
drocytes were exposed to BrdU (1:1000, Roche) for 15 min
before fixation. The BrdU-labeled cells were visualized utilizing
a BrdU labeling and detection kit (Roche, catalog no.
11299964001) according to the manufacturer’s instructions.
The percentage of BrdU-positive cells was calculated as the
number of BrdU-labeled cells per grid divided by the total num-
ber of cells per grid. For each sample, the fraction of labeled cells
in three distinct grid locations was calculated and averaged. All
determinations were made by the same observer blinded to the
treatment category.

TUNEL assay

Apoptotic cells in the metatarsal growth plate and primary
chondrocytes were identified by an in situ cell death detection
kit (Roche, catalog no. 12156792910), according to the manufa-
cturer’s instructions. The nuclei were counterstained with
DAPI. TUNEL-positive cells were stained red fluorescence.
The percentage of TUNEL-positive cells was calculated as the
number of TUNEL-labeled cells per grid divided by the total
number of cells per grid. For each sample, the fraction of labeled
cells in three distinct grid locations was calculated and aver-
aged. All determinations were made by the same observer
blinded to the treatment category.

EM analysis

Metatarsal bones were fixed in 2% glutaraldehyde and
embedded in epoxy resin (Epon). Ultrathin sections (80 nm)
were stained with aqueous uranyl acetate and lead citrate and
examined with a JEOL 2000EX transmission EM (JEOL).

Primary chondrocyte culture

The cartilaginous portions of metatarsal bones isolated from
Sprague–Dawley rat embryos (20 days postcoitum) were dis-
sected, rinsed in PBS, and then incubated in 0.2% collagenase
(Sigma, catalog no. C6885) for 2 h. The cell suspension was
aspirated repeatedly and filtered through a 70-�m cell strainer,
rinsed first in PBS and then in serum-free DMEM, and counted.
Chondrocytes were seeded at a density of 2 � 106 cell/ml in
DMEM with 100 units/ml penicillin, 100 �g/ml streptomycin,
50 �g/ml ascorbic acid, and 10% FBS (Gibco). The culture
medium was changed at 72-h intervals. ITS-inducing culture
was initiated at chondrocytes reaching 70 – 80% confluence by
adding ITS (Sigma, catalog no. I3146) (1:100) into the culture
medium.

siRNA transfection

Chondrocytes were transfected with pools of siRNAs tar-
geted for SIRT1 (Santa Cruz, catalog no. sc-108043) or CHOP
(Santa Cruz, catalog no. sc-156118), and a pool of siRNAs con-
sisting of scrambled sequences was similarly transfected as con-
trol siRNA (Santa Cruz). siRNA was introduced to cells using
Lipofectamine 2000 (Invitrogen, catalog no. 11668027),
according to the procedure recommended by the manufac-
turer. The transfected cells were cultured in DMEM containing
10% FBS for 48 h after transfection.

SIRT1 plasmid transfection

Chondrocytes were transfected with the expression plasmid
for SIRT1 or a control plasmid (Genechem Co., Shanghai,
China) for 48 h. The expression vector was introduced to cells
using Lipofectamine LTX (Invitrogen, catalog no. 15338100)
according to the procedure recommended by the manufacturer.

Western blotting

Whole-cell extracts were prepared by lysing cells with the
radioimmune precipitation assay buffer. Proteins were sepa-
rated by 8 –15% SDS-PAGE gel, and the separated proteins
were transferred onto a polyvinylidene difluoride membranes
(Millipore) and were probed with the following primary anti-
bodies: rabbit monoclonal antibodies against SIRT1 (Cell Sig-
naling, catalog no. 9475), PERK (Cell Signaling, catalog no.
3192), Phospho-eIF-2� (Cell Signaling, catalog no. 3398),
CHOP (Cell Signaling, catalog no. 5554), rabbit polyclonal
antibodies against phospho-PERK (Santa Cruz, catalog no.
sc-32577), Bcl-2 (Santa Cruz, catalog no. sc-492), Bax (Santa
Cruz, catalog no. sc-6236), Col10a1 (Abcam, catalog no.
ab58632), MMP13 (Abcam, catalog no. ab39012), mouse
monoclonal antibodies against eIF-2� (Santa Cruz, catalog no.
sc-133132), cyclin D1 (Santa Cruz, catalog no. sc-450), PCNA
(Santa Cruz, catalog no. sc-25280), and GAPDH (Santa Cruz,
catalog no. sc-365062). At last, the blots were visualized by an
ECL detection system (Millipore) with a horseradish peroxi-
dase-conjugated secondary antibody. A representative blot
from three independent experiments is presented for each
protein.

Immunoprecipitation

Cytoplasmic lysate (200 �g) was incubated for 2 h at 4 °C with
the corresponding antibodies coupled to 20 �l of packed pro-
tein A�G-Sepharose beads (Santa Cruz, catalog no. sc-2002).
Immune complexes were resolved by means of SDS-PAGE and
immunoblotted with the indicated antibodies. To analyze the
level of PERK acetylation, chondrocyte lysates were immuno-
precipitated using anti-PERK antibody (Cell Signaling, catalog
no. 3192), and then immunoprecipitated proteins were run on
SDS-PAGE and immunoblotted with anti-PERK and anti-
acetyl lysine antibody (Santa Cruz, catalog no. sc-32268),
respectively.

RNA extraction and real-time PCR

Total RNA from cultured chondrocytes was isolated by TRI-
zol reagent (Invitrogen, catalog no. 15596-026) according to the
manufacturer’s instruction. The recovered RNA was further
processed using RevertAid first strand cDNA synthesis kit
(Thermo, catalog no. K1621) to produce cDNA in accordance
with the manufacturer’s instructions. The cDNA products were
directly used for PCR or stored at �80 °C for later analysis.
Real-time quantitative PCR was performed in the MJ mini real-
time PCR detection system using SYBR Premix Ex TaqTM II
(Takara, catalog no. RR047A). Primers were as follows: rat
GAPDH (forward, 5�-TGA CGC TGG GGC TGG CAT TG-3�;
reverse, 5�-GCT CTT GCT GGG GCT GGT GG-3�); rat SIRT1
(forward, 5�-TCG TGG AGA CAT TTT TAA TCA GG-3�;
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reverse, 5�-GCT TCA TGA TGG CAA GTG G-3�), rat ATF4
(forward, 5�-TCT GCT TAT ATT ACT CTA ACC-3�; reverse,
5�-GAG AAC CAC GAG GAA CAC C-3�), rat CHOP (forward,
5�-CTC TGA CTG GAA TCT GGA GAG TG-3�; reverse,
5�-CTG AGT CAT TGC CTT TCT CCT TCG-3�), rat
C/EBP-� (forward, 5�-GAC AAG CAC AGC GAC GAG TA-3�;
reverse, 5�-GTG CTG CGT CTC CAG GTT-3�), rat RUNX2
(forward, 5�-CCT TCC CTC CGA GAC CCT AA-3�; reverse,
5�-ATG GCT GCT CCC TTC TGA AC-3�). Each experiment
was performed in duplicate, and experiments were repeated
four times independently. A dissociation curve analysis was
conducted for each qPCR. Expression levels of the target gene
were evaluated using a relative quantification approach (2�		Ct

method) against GAPDH levels.

Study approval

Animal care was approved by the Animal Experiment
Administration Committee of the Medicine of Xi’an Jiaotong
University in Shannxi, China.

Statistics

Statistical analysis was performed with the SPSS 17.0 soft-
ware (SPSS Inc., Chicago, IL). All the experiments were
repeated three or four times independently, and the data are
presented as mean � S.D. Statistical analysis was performed
using two-tailed Student’s t tests for two groups and one-way
analysis of variance for more than two groups. p values less than
0.05 were considered statistically significant.
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