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Abstract
Objective—SirT1 has been previously implicated in the regulation of human cartilage
homeostasis and chondrocyte survival. Exposing human osteoarthritic chondrocytes to TNFα
generates a stable and enzymatically inactive 75kDa form of SirT1 (75SirT1) via Cathepsin B-
mediated cleavage. Because 75SirT1 is resistant to further degradation, we assumed it has a
distinct role in osteoarthritis (OA) pathology, which we sought out to identify in this study.

Methods—OA and normal human chondrocytes were analyzed for the presence of Cathepsin B
and 75SirT1. Confocal imaging of SirT1 monitored its subcellular trafficking following TNFα
stimulation. Co-immunofluorescent staining was carried out for Cathepsin B, mitochondrial Cox
IV and Lysosome-associated membrane protein I (LAMP-I) together with SirT1. Human
chondrocyte were tested for apoptosis via FACS analysis and immunoblotting for caspase 3 and 8.
Human chondrocyte mitochondrial extracts were obtained and analyzed for 75SirT1/Cytochrome
C association.

Results—Confocal imaging and immunoblot analyses following TNFα challenge of human
chondrocytes, demonstrated that 75SirT1 was exported to the cytoplasm and colocalized with the
mitochondrial membrane. Consistently, immunoprecipitation and immunoblot analyses revealed
that 75SirT1 is enriched in mitochondrial extracts and associates with Cytochrome C, following
TNFα stimulation. Preventing nuclear export of 75SirT1 or reducing levels of FLSirT1 and
75SirT1 augmented chondrocyte apoptosis in the presence of TNFα Cathepsin B and 75SirT1
were elevated in OA vs. normal chondrocytes. Additional analyses shows that human
chondrocytes exposed to OA-derived synovial fluid generate the 75SirT1 fragment.

Conclusion—These data suggest that 75SirT1 promotes chondrocyte survival following
exposure to proinflammatory cytokines.

INTRODUCTION
Articular cartilage (AC) inflammation has often been attributed as a secondary affect of OA
development, since increased matrix degradation occurs under these conditions (1–6).
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Specifically, synovial TNFα and IL-1β have been shown to drive matrix breakdown through
their ability to upregulate cartilage catabolic enzymes as matrix metalloproteinases (MMPs)
and downregulate anabolic matrices components (5,6,7).

The NAD-dependant protein deacetylase silent mating type information regulation 2
homolog 1 (SirT1) positively mediates the expression of major cartilage anabolic
components (namely collagen 2α1 and aggrecan) and has been associated with OA
pathology (8,9). Recent findings reveal that SirT1 is cleaved and inactivated under
proinflammatory stimuli of TNFα or IL-1β, resulting in abrogated gene expression of
collagen 2α1 and aggrecan, both of which are essential components of AC (10). Cathepsin
B, which has been previously associated with OA pathology (11,12), was found to mediate
site-specific cleavage of full-length SirT1 (FLSirT1) at a.a. 533 to generate an inactive
75kDa fragment (i.e. 75SirT1), in response to TNFα (10). Interestingly, several reports
establish that SirT1 enzymatic activity is regulated post-translationally, implying that it may
be affected by several intra- or extra-cellular signals that fine tune SirT1 function (13,14).
That human chondrocytes remain viable following TNFα induction (10) may imply that the
stable 75SirT1 fragment serves an alternate role in chondrocyte biology and OA pathology.

Human OA chondrocytes undergo extensive cell death in-vivo, due to increased exposure to
proinflammatory cues (15,16). FLSirT1 has been shown to prevent chondrocyte apoptosis,
which is consistent with its elevated levels in normal AC (8,17,18). In fact, Takayama et al.,
(2009), suggested that FLSirT1 possesses the capacity to modulate mitochondrial levels of
Bax and Bcl2 in nitric oxide (NO)-induced apoptosis. Additional observations by Gagarina
et al., (2010) established that the proapoptotic protein PTP1B is elevated in OA cartilage
and that FLSirT1 is capable of downregulating its levels to achieve enhanced chondrocyte
survival. Given that FLSirT1 is enzymatically active, it may attain an antiapoptotic effect in
human chondrocytes (hCh) by facilitating gene expression or affecting the function of
several soluble cellular proteins through deacetylation, as previously described for RelA/p65
and p53 (19,20).

Here we hypothesize that the stable, but enzymatically inactive 75SirT1 fragment promotes
chondrocyte survival under proinflammatory stress, providing it with an alternative role as a
longevity factor. This report monitors sequential changes in 75SirT1 subcellular
localization, protein associations and chondrocyte apoptosis under proinflammatory stress.

MATERIALS & METHODS
Reagents, cell culture and transfections

Human AC and synovial fluid (SF) were obtained from the knee joints of OA patients
undergoing total knee arthroplasty (average age 73, average BMI 31.4) and in accordance
with the Hadassah Medical Center Institutional review board and based on international
Helsinki ethical principles for medical research, involving human subjects. All participants
provided a written informed consent, according to the Helsinki ethical regulations. Age-
matched normal human AC samples were supplied by NDRI, Philadelphia, PA. Human
chondrocyte were isolated and plated (passage 0 or 1) according to Derfoul et al., 2007 (21).
TNFα (R&D, MN) was added where indicated at a final concentration of 50ng/mL and
incubated for 24h, unless otherwise indicated.

OA hCh were treated with TNFα in the presence of enriched serum-free media BIO-MPM
(Beit-Haemek, Israel). Transfection of hCh was carried out using FuGENE 6 (Roche, IN) in
the presence of OPTI-MEM (Invitrogen, CA). SiRNA transfection was carried out using
PepMute transfection reagent (SignaGen Laboratories, MD) according to manufacturers'
instructions.
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Plasmids, SiRNA and growth media supplements
PcDNA-Flag-His-hSirT1 was a kind gift of Prof. Danny Rienberg, University of New York.
Caspase inhibitors, ALLN (10µg/mL), were purchased from Calbiochem (NJ). SB202190
(Sigma-Aldrich, Saint Louis, MO), was supplemented at final concentration of 1µg/mL as a
MAPK p38 inhibitor. Leptomycin B (LepB) was purchased from Sigma-Aldrich (Saint
Louis, MO) and supplemented at a final concentration of 10 nM for 3 hours prior to
treatment with TNFα or control. SirT1 and control (CTL) SiRNA were purchased from
Santa Cruz (CA) and used as instructed.

RT/PCR analysis
Real-time PCR were carried out using 10 ng of cDNA and Syber Green mix (ABI, CA), as
previously described by Dvir-Ginzberg et al., (2011). Quantitative analyses were performed
using StepOne Real-time PCR software. Primers for real-time were human Cathepsin B (F-
CAA ACA GGA CAA GCA CTA CG; R- AGC AGG AA GTC CGA ATA CAC) and
human GAPDH (F - CAA GGC TGA GAA CGG GAA GC; R- AGG GGG CAG AGA
TGA TGA CC).

Protein analysis and immunoblotting
Crude protein extracts (i.e. whole cell extracts; WCE) and immunoblot procedures were
carried out according to Perkines et al., 2005 (22). Mitochondrial extracts were obtained
using the Mitochondria Isolation Kit (Pierce, Rockford, IL), according to manufacturers'
guidelines. Nuclear and cytosolic extracts were obtained using the NE-PER kit (Thermo
Scientific, Rockford, IL), according to manufacturers' guidelines.

Primary and secondary antibodies used for immunoblotting, immunoprecipitation,
immunofluorescence and immunocytology are specified in Dvir-Ginzberg et al., 2011.
Antibodies for Acetyl-CoA synthetases and CoA synthetases were kind gifts from Prof. John
M. Denu from the University of Wisconsin.

Immunofluorescence (IF) and confocal microscopy
For IF analyses, hCh (p0) were cultured on a glass coverslip within 6-well plates, rinsed
with PBS, fixed in 4% paraformaldehyde in PBS for 15 min, at room temperature (RT).
Thereafter cells were treated with 0.2% Triton X-100 in PBS for an additional 15 min at RT.
The coverslips were then incubated for 30 min at RT with primary antibody at a 1:100
dilution in blocking solution (1% BSA within PBS). Following three washes with PBS,
coverslips were incubated for 30 min at RT with a secondary antibody at a 1:1000 dilution.
Finally, samples were incubated with 4',6-diamidino-2-phenylindole (DAPI; Sigma-Aldrich,
Saint Louis, MO) at a final concentration of 1 µg/mL in PBS. Slides were mounted using
Vectashield HardSet Mounting Medium (Vector laboratories, Burlingame, CA) and
visualized under a confocal microscope (Zeiss LSM 510 Meta, Peabody, MA) with adequate
fluorescent emission/excitation parameters.

Immunohistochemistry (IHC)
Cartilage sections from explants were fixed in 4% paraformaldehyde, dehydrated using a
graded series of ethanol washes, and embedded in paraffin. Sections of 5 µm in thickness
were pre-digested with hyaluronidase (Sigma) in 10mM Tris-HCl, pH 7.5, for 30 min at
37°C, then incubated overnight at room temperature with specified antibodies in Tris
buffered saline (TBS, pH 7.4) containing 0.1% BSA. Slides were visualized under a Leica
DMR Microscope (Leica Microsystems, IL).
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Enzyme-Linked Immunosorbent Assay (ELISA) for synovial TNFα
Synovial fluid from 9 different OA patients were obtained and centrifuged at 1500g, for
30min at 4°C. Supernatant were then aspirated and subject to TNFα detection via Human
TNFα ELISA Ready-SET-Go (eBioscience, CA), according to the manufacturers
instructions. Samples were normalized against a standard curve of pure human TNFα
ranging from 4–250 pg/mL.

Fluorescence-activated cell sorter (FACS) analyses
FACS analyses were carried out using an MEBCYTO Apoptosis kit (MBL, MA), according
to the manufacturer’s instruction. Briefly, following indicated human chondrocyte
stimulation, supernatant and adherent cells were collected centrifuged (1000g, 5min) and
washed twice with PBS. Thereafter, cells were adjusted to 1×106/mL and stained with 5µl
fluorescein isothiocyanate (FITC)-labeled annexin V (Annexin-V) and 10 µl propidium
iodide (PI) simultaneously. As positive control human chondrocytes were treated with 1 µM
Doxorubicin (Sigma-Aldrich, Saint Louis, MO) for 72h, to induce apoptosis before FACS
analyses. The data was collected and analyzed using FACScan and CellQuest software (both
from Becton Dickinson and Co., Franklin Lakes, NJ).

Statistical Analysis
Samples were obtained from 3–8 different donors for each experiment, as indicated in the
figure legends. For immunoblot and IF analyses each donor sample was twice repeated per
experiment. Statistical analysis carried out using one-way analysis of variance (ANOVA),
assuming confidence levels of 95% (p<0.05) to be statistically significant. Students T-test
was carried out to determine the differences between two equivalent treatments within a
group, assuming confidence levels of 95% (p<0.05). Error bars indicate the standard
deviation around the mean value of data point. Immunoblots were analyzed for intensity
using Image J software densitometry.

RESULTS
Cathepsin B is induced by TNFα and elevated in OA cartilage

Given that TNFα plays a role in OA extracellular matrix (ECM) degradation via increasing
the expression of cartilage catabolic enzymes (5,6), it may possess a similar effect on
Cathepsin B levels in OA cartilage (7,11,12). Augmented levels of Cathepsin B could not
only affect cartilage ECM degradation (11,12), but also contribute to SirT1 inactivation and
thereby lead to impaired cartilage-ECM gene expression (8,10).

To determine if this is the case, RNA and protein levels of Cathepsin B were monitored in
freshly isolated (FI) chondrocytes from human OA and normal AC knees (Figures 1A and
1B, respectively). As shown in Figures 1A and 1B, Cathepsin B RNA and active Cathepsin
B (denoted as Cathepsin B) protein levels were significantly elevated in OA chondrocytes
compared to normal chondrocytes. Consistently, immunohistochemical analyses exhibited
elevated levels of active Cathepsin B in OA cartilage compared to normal cartilage (Figure
1C). Matrix metalloproteinase 13 (MMP13), a marker for accelerated joint destruction, also
displayed increased levels in equivalent OA cartilage samples, consistent with previous
reports (7,23). Next, protein extracts of normal and OA patients were immunoblotted with
an N-terminally reactive SirT1 antibody (denoted N-SirT1, Figure 1D). While FLSirT1 is
undetected in OA samples, 75SirT1 is notable (Figure 1D, right panel). On the other hand,
normal FI chondrocytes display only FLSirT1 (Figure 1D, left panel). Previous reports
support that the FLSirT1 is enhanced in normal vs. OA human chondrocytes (8,9).
Incubating normal (Figure 1E, upper panel) and OA (Figure 1E, lower panel) hCh with
synovial fluid derived from OA patients elicits the formation of 75SirT1 similar to TNFα-
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treated hCh of the same origin (Figure 1E). The fact that plated normal hCh are capable of
generating 75SirT1, under the same conditions as OA hCh (Figure 1E), justifies that both
hCh origins possess similar characteristics when in culture. Additionally, the data in Figure
1E, imply that synovial fluid from OA patients may consist of proinflammatory cytokines, in
line with previous reports (5,24).

To determine if TNFα also affects Cathepsin B expression in-vitro, OA hCh were analyzed
for RNA and protein expression (SD-1A). As expected, RNA and protein levels of
Cathepsin B were elevated following TNFα treatment, respectively. At the protein level,
TNFα stimulation augmented both proCathepsin B and active Cathepsin B.

ELISA assay presented in Figure SD-1C displays an average level of 81.2±42 pg/mL human
TNFα in synovial fluid of 9 different OA patients, which is consistent with previous reports
(25). Additional in-vitro dose response data (SD-1D) reveal that 75SirT1 is generated at
lower TNFα concentrations than 50 ng/mL (SD-1D). 75SirT1 is also enhanced in
chondrocytes stimulated with physiological levels (i.e. approx. 100 pg/mL) of TNFα
(SD-1E), indicating that in-vivo long-term cumulative effect of low TNFα concentration,
may elicit OA pathology.

Previous reports indicate that Cathepsin B is released from the lysosomal compartment
under TNFα stimuli (26–29). To determine if this is the case for OA hCh, Cathepsin B
subcellular localization was monitored following TNFα stimulation (Figure 2A).
Immunofluorescent confocal micrographs of active Cathepsin B show that following TNFα
exposure, a fraction of active Cathepsin B is dispersed in the cytoplasm and nucleus (Figure
2A). In untreated hCh, active Cathepsin B is present solely within the lysosomes since it is
completely colocalized with lysosomal-associated membrane marker I (LAMPI).
Bioinformatic analyses of active Cathepsin B (AN# CAA77178) subcellular localization
using PSORT II software (http://psort.hgc.jp/form2.html), revealed 13% of the enzyme may
translocate to the nuclear compartment, while proCathepsin B (AN# AAH95408) is not
predicted to undergo nuclear translocation.

Supporting evidence shows that caspases are not involved in 75SirT1 generation and cellular
targeting (SD-2), indicating that SirT1 cleavage is initiated in the nucleus through Cathepsin
B site-specific cleavage (10).

75SirT1 is exported to the cytoplasm following TNFα stimulation
Several reports establish that SirT1 is capable of cytoplasmic translocation (30,31). Given
that 75SirT1 is enzymatically inactive yet stable, we postulated that its presence in the
nucleus may be impaired following TNFα exposure. To test this hypothesis, subcellular
localization of the endogenous N-terminally intact SirT1 was monitored via confocal
imaging. TNFα-treated and untreated OA hCh were stained with N-SirT1 antibody and
visualized subcellularly (Figure 2B). The N-SirT1 antibody detects both FLSirT1 and
75SirT1, whereas the C-terminally reactive SirT1 antibody (C-SirT1) detects only FL-SirT1
(10). Results in Figure 2B reveal that approximately 50% of the N-terminally intact SirT1
(red fluorescence) is cytoplasmic following TNFα treatment (fluorescent intensity
quantification throughout the cells axis is displayed in SD-3). On the other hand, confocal
images using a C-SirT1 antibody revealed no changes in the location of the C-terminally
intact FLSirT1 following TNFα stimulation (Figure 2C), implying that only the inactive
cleaved SirT1 fragment (i.e. 75SirT1) is exported to the cytoplasm.

Tanno et al., (2007) established that CRM1 (Exportin 1) mediates SirT1 cytoplasmic export
(31). To determine if CRM1 is also involved in TNFα-mediated export of 75SirT1, hCh
were treated with Leptomycin B (Lep B), which blocks CRM1 transport activity. Confocal
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images established that using Lep B completely inhibited the export of cleaved SirT1, in OA
hCh treated with TNFα (Figure 2D). Immunoblot analyses of OA hCh treated with TNFα
and LepB, support that inhibiting CRM1-mediated export of 75SirT1 results in reduced
75SirT1 in the cytoplasmic extracts (CE), but did not affect the generation of 75SirT1 in
nuclear extracts (NE) (SD-4A).

TNFα elicits two major intracellular pathways; one dependant on MAPK p38 and the other
on JNK (32). To test if MAPK p38 or JNK facilitate TNFα-dependant cleavage and export
of SirT1, we conducted immunoblot analyses for WCE of OA hCh treated and untreated
with TNFα. Results revealed that MAPK p38 possesses increased phosphorylation (Figure
2E, upper panel), while JNK remains unaffected (SD-4B), following TNFα induction.
Administering SB202190 (1µg/mL), an inhibitor of MAPK p38 activity, prevented SirT1
export (lower panel, Figure 2E), but had no effect on SirT1 cleavage (SD-4C).

Next, immunoblot analyses was carried out to verify whether the cytoplasmic SirT1 mainly
consists of the cleaved 75SirT1 fragment (Figure 3A). Cytoplasmic and nuclear protein
extracts (CE and NE; left and right panel, respectively) were obtained and immunoblotted
with N-SirT1 and C-SirT1 antibodies. In line with confocal micrographs, immunoblots
revealed that approximately 50% of the generated 75SirT1 is located in the cytoplasm
following TNFα stimulation (Figure 3A, upper panel), whereas FLSirT1 is undetected in
cytoplasmic extract under both conditions (Figure 3A, lower panel). Further time course
experiments following 50 ng/mL TNFα exposure (0–48h), displayed increased levels of
75SirT1 in the cytoplasm, as a function of TNFα time exposure (Figure 3B). The CE blots
show faint bands for FLSirT1 in short-term exposure (10min) to TNFα, possibly indicating
that a minor portion of 75SirT1 may be generated via Cathepsin B-mediated cleavage of
cytoplasmic FLSirT1. While CE display diminished FLSirT1 levels in longer exposure to
TNFα, increased levels of 75SirT1 appear in CE (densitometry quantification in Figure 3B,
lower panel). It appears from these data that the majority of 75SirT1 is generated via
Cathepsin B-mediated cleavage of nuclear FLSirT1.

To assess whether cytoplasmic 75SirT1 is enzymatically inactive, we monitored the
acetylation of CoA synthetase and the p65 subunit of NFκB, which are both characterized as
cytoplasmic protein target of SirT1 (33,19). Figure 3C presents undetectable acetylation
changes in CoA synthetase and p65, in OA hCh treated or untreated with TNFα, supporting
that the cytoplasmic 75SirT1 is indeed enzymatically inactive, as previously reported (10).

To further confirm that cleavage of SirT1 is necessary for its export to the cytoplasm, CE
and NE protein extracts were obtained from OA hCh ectopically transfected for an N-
terminally Flag-tagged SirT1 expression plasmid (Flag-SirT1) and treated with TNFα and
ALLN, which is a known Cathepsin B inhibitor (Figure 3D). In both CE (Figure 3D, upper
panel) and NE (Figure 3D, lower panel) ALLN inhibited the formation of 75SirT1, which is
positive for Flag due to its intact N-termini. FLSirT1 was apparent only in NE and not in the
CE immunoblots, consistent with previous reports (10). Figure 3E displays
immunofluorescent confocal images of OA hCh transfected with Flag-SirT1 and treated
with TNFα and ALLN. The images show that similar to untreated cells, 75SirT1
(immunofluorescently labeled in green for Flag) is not located in the cytoplasm in the
presence of ALLN and TNFα. These results were also supported by confocal imaging of
endogenous SirT1 stained with N-SirT1 antibody (SD-4D).

So far, our results support that FLSirT1 cleavage via Cathepsin B, is necessary for its export
to the cytoplasm as an inactive 75SirT1 fragment. Inhibiting the activity of CRM1 and p38
in TNFα-induced OA hCh, does not prevent the generation of 75SirT1, rather restricts its
export.
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75SirT1 colocalizes with mitochondrial proteins following TNFα stimulation
Attempts were next made to determine if the cytoplasmic 75SirT1 was targeted to a
particular organelle. Antibodies targeting specific organellar proteins of lysosome and
mitochondria were used in co-immunofluorescent studies with the N-SirT1 antibody. While
no change in LAMPI-SirT1 colocalization was found in TNFα stimulated OA hCh (SD-5),
SirT1 did exhibit increased colocalization with the mitochondrial marker Cytochrome
Oxidase IV (CoxIV) (Figure 4A), following TNFα treatment. This is evident by the yellow
fluorescent mark produced by overlap of the red (N-SirT1) and green (Cox IV) fluorescence.
Additionally, the data in Figure 4A reveal that the mitochondria have increased in size
following TNFα treatment. This observation is consistent with previous reports describing
enlarged mitochondria in different cell types following treatment with a variety of agents to
induce stress response (34–37). Mitochondrial swelling is frequently reported as a
morphological characteristic of Mitochondrial Permeability Transition (MPT), which is
associated with Cytochrome C release under stress-inducing conditions (38).

To confirm that the 75SirT1 was targeted to the mitochondria, mitochondria-enriched
extracts (ME) were generated from the OA hCh. As shown in Figure 4B, 75SirT1, but not
the FLSirT1, was present in ME following TNFα stimulation. Interestingly, overall levels of
CoxIV and Cytochrome C in inputs from ME remain constant despite TNFα treatment.

Since TNFα-mediated apoptosis is often exerted by increased Cytochrome C release from
the mitochondrial membrane, we sought out to evaluate a possible association between
Cytochrome C and 75SirT1, which may block the formation of downstream apoptosome
complex. MEs were immunoprecipitated with N-SirT1 antibody (Figure 4C) and
immunoblotted for Cytochrome C. Pulling down the endogenous 75SirT1 in TNFα-treated
ME, resulted in enriched protein levels of Cytochrome C (Figure 4C). In Figure 4D, OA
hCh were ectopically transfected with Flag-SirT1 expression plasmid vs. pcDNA control
and treated with TNFα (Figure 4D, upper panel). Following transfection whole cell extracts
(WCE) were blotted for Flag and β-actin to validate input levels (Figure 4D, upper panel).
Immunoprecipitating Flag from TNFα treated WCE confirmed that Cytochrome C possessed
augmented association with 75SirT1 as compared to TNFα-treated pcDNA controls (Figure
4D, lower panel). The data support that 75SirT1 associates with Cytochrome C, possibly
blocking its association with the apoptosome complex.

75SirT1 blocks apoptosis in TNFα treated OA hCh
Based on the data accumulated so far, it appears that 75SirT1 associates with Cytochrome C
on the mitochondrial membrane, thereby blocking downstream apoptosis via preventing
apoptosome assembly and subsequent caspase 3 activation. Next, we investigated how
downstream apoptotic events are affected by inhibiting the formation of 75SirT1, via ALLN,
which inhibits Cathepsin B cleavage of FLSirT1 (see Figure 3D, ref#10). Although active
caspase 8 is induced in TNFα treated cells (with and without ALLN), no detectable
differences are observed for active caspase 3 (Figure 5A), in ALLN/TNFα treated OA hCh.
Consistently, FACS results confirm that adding ALLN to TNFα-treated OA hCh does not
induce apoptosis (Figure 5B). This is possibly the case since Cathepsin B, which is released
from the lysosome following TNFα treatment (26), is capable of inducing Cytochrome C
release from the mitochondria via cleavage and activation of Bid (39). Figure 5C shows
truncated Bid (tBid) in TNFα treated chondrocytes, which is undetected when ALLN is
added. Although, additional lysosomal proteases are targeted by the inhibitor ALLN, it is
assumed that inhibiting Cathepsin B by ALLN, may deny tBid formation and thereby
prevent downstream apoptosis. As further support, immunoblot analyses of freshly isolated
OA vs. normal samples show augmented tBid in OA chondrocyte extracts, while normal
samples display undetected tBid levels (SD-6).
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To determine if 75SirT1 is capable of prohibiting Cytochrome C-mediated apoptosis, OA
hCh were treated with SirT1 SiRNA in the presence of TNFα. Attenuating SirT1 levels
(75SirT1 and FLSirT1) in the presence of TNFα induced apoptosis as judged by elevated
cleaved caspase 3 and FACS analyses of Annexin V-positive cell population (Figure 5C and
5D, respectively). Control SiRNA treatments did not exhibit elevated apoptotic events as
compared to TNFα and untreated cells.

Given that previous reports attributed antiapoptotic characteristics to FLSirT1 in hCh
(17,18), we carried out further experiments to elucidate the possible attribute of 75SirT1 in
preventing apoptosis in hCh. OA hCh were treated with LepB to inhibit nuclear export of
75SirT1 and subsequent 75SirT1-Cytochrome C association following TNFα treatment (as
seen in Figure 2D). LepB/TNFα treatment increased levels of active caspase 3 (Figure 5E)
and apoptosis (Figure 5F) 7-fold as compared to controls.

Overall, the data indicate that 75SirT1 prevents cell death through its enhanced association
with Cytochrome C upon the mitochondrial membrane following hCh exposure to TNFα
(illustrated in Figure 6). Our results support that 75SirT1 is capable of promoting cell
survival through an enzymatically independent mechanism.

DISCUSSION
Our previous findings display SirT1 as a positive regulator of genes encoding AC structural
components as collagen 2α1 and aggrecan (8). It is therefore likely that SirT1s activity is
altered by external cues as proinflammatory cytokines (10), which are involved in OA
pathology (5,6).

Numerous reports indicate that SirT1 exerts a broad anti-inflammatory effect in various
tissues and pathologies (40–43). This may be partly due to SirT1s capacity to deacetylate the
p65 subunit of NFκB, denying its transcriptional ability (19) and leading to decreased
transcription of proinflammatory-responsive genes. Despite these reports, very little is
known about the effect inflammation holds on SirT1, especially regarding OA pathology. A
previous report determines that SirT1 is cleaved and inactivated in TNFα stimulated OA
hCh by Cathepsin B (10). Based on these data, we further examine the role of 75SirT1 in
OA pathology and chondrocyte biology.

Our results confirm that 75SirT1 is exported to the cytoplasm dependent on MAPK p38 and
CRM1 (exportin-1). MAPK p38 dependant CRM1-export has also been established for
E2F1, during keratinocyte differentiation (44). Interestingly, inhibiting CRM1 activity
doesn't prevent SirT1 cleavage, suggesting that this cleavage event is independent of SirT1s
export and involves Cathepsin B-responsive TNFα stimulation, as previously suggested
(10). Cleaving SirT1 on its C-terminal domain (i.e. residue 533), possibly exposes several
nuclear export signal (NES) spanning between a.a 293–517 (30), facilitating more efficient
CRM1- dependant export.

Data presented in this study establishes that approximately half of 75SirT1 generated under
TNFα stimulation is exported to the cytoplasm. More importantly, inhibiting 75SirT1
formation via ALLN prevented this export, indicating that 75SirT1 export is dependant on
FLSirT1 cleavage by Cathepsin B. Cytoplasmic 75SirT1 colocalized with the mitochondrial
membrane, implying it may play a role in cell survival. Consistent with these data,
Cytochrome C was found to associate with endogenous and exogenous 75SirT1, possibly
blocking Cytochrome C assembly with the apoptosome complex (45) and downstream
caspase-mediated apoptosis (see suggested mechanism illustrated in Figure 6). In line with
this proposed mechanism, Hou et al., (2010), show that under increased glucose conditions
endothelial cells (EC) display enhanced levels of cytoplasmic SirT1 (46). Cytoplasmic SirT1
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was shown to prevent apoptosis through the regulation of Cytochrome C release and
modulation of mitochondrial permeability in EC (46).

Surprisingly, administering ALLN, did not induce apoptosis despite preventing the
generation of 75SirT1. ALLN possibly extends cell survival via inhibiting Cathepsin B-
mediated Bid cleavage, which has been suggested to be necessary for induction of TNFα-
responsive apoptosis and Cytochrome C release (26,39). Our data with freshly isolated
normal and OA samples support that tBid may be involved in early stages of OA
development and chondrocyte death (SD-6). Treating chondrocytes with SirT1 SiRNA or
LepB, reduced levels of cytoplasmic 75SirT1 in the presence of TNFα, and presented a
significant induction of chondrocyte apoptosis. Despite these results, the enzymatically
active FLSirT1 has been demonstrated to promote chondrocyte survival (17,18), which
could also be the case in TNFα stimulation. From our results, it appears that 75SirT1 may
also achieve enhanced chondrocyte survival through its association with mitochondrial
Cytochrome C. Therefore, we conclude that both FLSirT1 and 75SirT1 may complement
each other in promoting chondrocyte survival under proinflammatory stress.

That lysosomal Cathepsins regulate gene expression is a relatively novel notion (10,47,48),
since such proteases have been considered enzymatically active at low pH (48). Yet,
Cathepsin B is amongst the lysosomal proteases that maintains much of its enzymatic
activity in neutral pH (39,49–51), which enables its activity outside the lysosomal
compartment.

In consistence with our preliminary clinical evidence (Figure 1) Baici et al., (1995) found
that OA possess elevated levels of active Cathepsin B as compared to normal cartilage (11).
Our in-vitro results also establish Cathepsin B is elevated upon TNFα treatment. However,
despite its devastating cumulative effect on cartilage ECM following Cathepsin B secretion,
it also appears to indirectly regulate ECM gene expression through cleavage and inactivation
of SirT1 (8,10). Although 75SirT1 enables short term cell survival under proinflammatory
stress, it comes at the expense of FLSirT1-mediated cartilage ECM gene expression and
may perpetuate OA pathology in long term proinflammatory exposure.

Finally, we conclude that SirT1 may serve a dual role in its capacity to protect chondrocytes
from apoptotic death. In its full length form, it maintains deacetylase activity and regulates
expression of various inflammatory-responsive genes (19,20), while its inactive cleaved
form (i.e. 75SirT1), mediates survival through its capacity to associate with Cytochrome C
and possibly block downstream apoptosome assembly.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Osteoarthritic human chondrocytes display elevated levels of active Cathepsin B
RNA (A) and protein (B) were obtained from freshly isolated (FI) human chondrocytes
(hCh) derived from normal and osteoarthritic (OA) articular cartilage (AC). n=8 separate
samples per normal and OA donors. C. IHC of OA and normal AC for Cathepsin B. Note
elevated Cathepsin B in OA hCh and surrounding extracellular deposits as compared to
normal AC. MMP13 IHC served as a marker for osteoarthritic AC in each equivalent
sample. n=4 with 2 replicates per sample. D. Immunoblots of FI hCh from normal and OA
cartilage were run with N-SirT1 antibody, n=8 separate samples per normal and OA donors.
E. Normal (upper panel) and OA hCh (lower panel) were stimulated with TNFα and
synovial fluid (SF, 10v% in BIO-MPM serum-free medium) derived from OA joints.
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Following 24h incubation, protein extracts were obtained and immunoblotted. Results in E,
were repeated with three different origins of normal and OA hCh samples and four different
SF samples from OA patients. "Ut" denotes untreated hCh and "TNFα" denotes TNFα
treated (50 ng/mL, 24h) hCh. Immunoblots indicate 75 and 100 kDa protein ladder, on the
right hand side.
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Figure 2. N-terminally intact SirT1 is exported to the cytoplasm in a MAPK p38 and CRM1-
dependant fashion, following TNFα-treatment
A. Confocal images of LAMPI (red fluorescence), active Cathepsin B (Cathepsin B; green
fluorescence) and DAPI (blue fluorescence) TNFα treated (TNFα) and untreated (Ut)
samples. B. Confocal images of hCh stained with an N-SirT1 antibody (red fluorescence).
The nucleus was stained with DAPI, which appears in blue fluorescence. C. Confocal
images of C- SirT1 (red fluorescence) and DAPI D. Human chondrocytes were treated with
Leptomycin B (10nM LepB), a CRM1 (Exportin-1) inhibitor, for 3h prior TNFα treatment.
The cells were then stained with an N-SirT1 antibody (red fluorescence) and DAPI (blue
fluorescence). E. Immunoblots of MAPK p38 and phospho-p38 (upper panel) in untreated
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and TNFα-treated hCh. Lower panel exhibit hCh treated with SB202190 (1µg/mL), a
MAPK p38 inhibitor, with and without TNFα stimulation. The samples were then stained
with N-SirT1 antibody (red fluorescence) and DAPI. Results were repeated in duplicate
samples of three separate OA hCh origins (n=3).
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Figure 3. 75SirT1 fragment is exported to the cytoplasm upon TNFα stimulation
A. Isolated CE and NE were immunoblotted for N-SirT1 (upper panel) and C-SirT1
antibody (lower panel). B. OA hCh are treated with 50 ng/mL TNFα for 10 min, 24h and
48h incubation, as indicated above the blot. CE were isolated and immunoblotted with N-
SirT1 antibody. Lower panel indicated band intensity in arbitrary units (AU) of 75SirT1
(white circles) and FLSirT1 (black circles) as a function of TNFα time exposure. C. CE
protein extracts were obtained and immunoblotted for cytoplasmic protein targets of SirT1
deacetylation. E. OA hCh were transfected with a SirT1 expression plasmid possessing a
Flag tag on its N-terminal end (Flag-SirT1) and subsequently treated with TNFα and/or
ALLN. Thereafter CE and NE were run for Flag antibody. F. Human OA chondrocytes were
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treated as indicated in E, stained for Flag antibody (green fluorescence) and DAPI (blue
fluorescence) and inspected via confocal microscope. "Ut" denotes untreated hCh and
"TNFα" denotes TNFα treated (50ng/mL, 24h) hCh. Immunoblots indicate 75 and 100 kDa
protein ladder on the right hand side. Results were repeated in duplicate samples of three
separate OA hCh origins (n=3).
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Figure 4. 75SirT1 colocalizes with the mitochondrial membrane and Cytochrome C following
TNFα treatment
OA hCh were treated with TNFα (TNFα) or untreated (Ut), as indicated. A. Confocal
images stained with Cytochrome Oxidase Subunit IV (Cox IV; green fluorescence) and N-
SirT1 (red fluorescence) antibodies display enhanced colocalization of cytoplamic 75SirT1
on the mitochondrial membrane, following TNFα stimuli. B. Mitochondrial protein extracts
(ME) were immunoblotted for N-SirT1 (upper panel), CoxIV and Cytochrome C. C. MEs of
TNFα-treated (TNFα) or untreated (Ut) OA hCh were obtained, immunoprecipitated with
endogenous N-SirT1 and subsequently immunoblotted for both N-SirT1 and Cytochrome C
antibodies. D. Human OA chondrocytes were transfected with Flag-SirT1 or pcDNA and
treated with TNFα. Whole cell extract (WCE) inputs confirmed elevated SirT1 levels as
compared to pcDNA derived extracts (upper panel). The lower panel of D displays Flag
immunoprecipitants (IP:Flag) from TNFα-treated WCE, which were subsequently
immunoblotted for Flag and Cytochrome C. Immunoblots indicate 75 and 100 kDa protein
ladder on the right hand side. Results were repeated in duplicate samples of three separate
OA hCh origins (n=3).
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Figure 5. 75SirT1 promotes human chondrocyte survival
OA Human chondrocytes were treated as indicated above the immunoblots. A. Following
treatment, whole cell extract (WCE) were immunoblotted for cleaved (CL) and full-length
(FL) caspase 8 and 3. B. FACS analyses for apoptotic cell population was carried out using
double staining for Annexin V and propidium iodide, for OA hCh treated as indicated in A.
C. hCh were treated as indicated above the blot and run for Bid and tBid. D. Human
chondrocytes were treated with SirT1 SiRNA, control (CTL) SiRNA, with or without TNFα
(as indicated above the immunoblot). WCE were obtained and immunoblotted with N-SirT1
antibody, CL and FL caspase 3. E. FACS analyses for OA hCh in C. F. Human
chondrocytes were treated with the CRM1 inhibitor, Leptomycin B (LepB; 10nM) and
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TNFα, as indicated above the immunoblot. WCE were immunoblotted for FL and CL
caspase 3. G. FACS analyses for hCh treated as in E. FACS analyses were repeated twice in
three different samples. Results determined significance according to t-test at p<0.001
confidence Immunoblots indicate 75 and 100 kDa protein ladder on the right hand side.
Results were repeated in duplicate samples of three separate OA hCh origins (n=3).
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Figure 6. Predicted role of 75SirT1 in chondrocyte survival
Following TNFα stimulation caspase 8 dependant lysosomal permeability occurs.
Lysosomal permeability exerts augmented levels of Cathepsin B in the cell cytoplasm and
nucleus. Active Cathepsin B cleaves nuclear FLSirT1 to generate an inactive stable 75SirT1
fragment, which is exported via CRM1 to the cytoplasm (broken arrows). While in the
Cytoplasm 75SirT1 interacts with Cytochrome C on the mitochondrial membrane to block
downstream apoptososme assembly (broken arrows). Solid black arrows indicate the TNFα-
Cathepsin B pathways through Bid activation. ALLN will block both Bid cleavage and
75SirT1 generation. The model may be relevant in-vivo for articular chondrocytes prone to
develop OA (see SD-6).
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