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Abstract
Objective—The protein deacetylase SirT1 inhibits apoptosis in a variety of cell systems by
distinct mechanisms, yet its role in chondrocyte death has not been explored. Here we assess the
role of SirT1 in the survival of osteoarthritic human chondrocytes.

Methods—SirT1, PTP1B, PTP1Bmutant expression plasmids and SirT1siRNA and
PTP1BsiRNA were transfected into primary human chondrocytes. Levels of apoptosis were
determined by flow cytometry and activation of components of the IGFR/Akt pathway was
assessed by immunoblotting. Immunohistochemistry was performed on osteoarthritic (OA) and
normal knee cartilage samples.
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Results—Expression of SirT1 in chondrocytes led to increased chondrocyte survival in either the
presence or absence of TNFα/Actinomycin D, while a reduction of SirT1 by siRNA led to
increased in chondrocyte apoptosis. Expression of SirT1 in chondrocytes led to activation of the
IGF receptor (IGFR) and the downstream kinases PI3K, PDK1, mTOR and Akt which in turn led
to phosphorylation of MDM2, inhibition of p53 and a block to apoptosis. Activation of the IGFR
occurs at least in part via SirT1-mediated repression of the protein tyrosine phosphatase PTP1B.
Expression of PTP1B in chondrocytes increased apoptosis and reduced IGFR phosphorylation,
while downregulation of PTP1B by siRNA significantly decreased apoptosis. Examination of
cartilage from normal donors and osteoarthritic patients revealed that PTP1B levels are elevated in
OA cartilage where SirT1 levels are decreased.

Conclusion—This is the first demonstration that SirT1 is a mediator of human chondrocyte
survival via downregulation of PTP1B a potent chondrocyte proapoptotic protein that is elevated
in OA cartilage.

Introduction
Maintenance of healthy adult articular cartilage is dependent on the synthetic capabilities of
the chondrocytes residing within this tissue. Chondrocytes produce the unique extracellular
matrix (ECM) proteins that provide this tissue with the mechanical characteristics required
for resistance to cyclic loading. Osteoarthritis (OA), the predominant age-related arthritic
disease of the west, primarily affects this hyaline cartilage of the load bearing joints. One
key feature of this disease is the elevation of chondrocyte death in cartilage, which leads to a
reduction in the number of cells able to produce the specialized ECM (1). It has been
demonstrated that a correlation exists between the level of chondrocyte death and both the
age of individual and the severity of disease (2). Additional studies have revealed that cell
death is elevated in OA cartilage and that this death has features attributed to apoptosis
(3-6). In total these data indicate that apoptosis of chondrocytes plays a role in the pathology
of OA (1).

Since OA is an age-associated disease it is relevant to explore the gene products that prolong
aging in mammals, with regard to the mechanisms underlying chondrocyte apoptosis. An
important mediator of aging in mammals is SirT1 an NAD-dependent histone deacetylase.
SirT1 has been shown to be responsible for lifespan extension during caloric restriction in a
variety of organisms (7-8). Additionally, SirT1 can enhance cell survival and affect
differentiation and proliferation (7-8). While little is known of the function of SirT1 in
human chondrocytes, it has been recently demonstrated that SirT1 can positively regulate
expression of a number of cartilage specific extracellular matrix genes, such as collagen type
II(α1), type IX(α1), aggrecan and COMP (9). It appears that SirT1 proteins levels are
reduced in chondrocytes derived from OA cartilage compared to normal cartilage (9).
Additionally it has been demonstrated that resveratrol, a natural product known to activate a
number of cellular proteins including SirT1, can enhance chondrocyte survival (10,11). In
other cell systems, SirT1 has been demonstrated to block apoptosis and that it accomplishes
this function through a variety of mechanisms (7). For example, SirT1 can directly
deacetylate and inactivate the p53 and p73 tumor suppressors (12-15), it can deacetylate the
FOXO transcription factors (16-19) and it can deacetylate Ku70 thereby inhibiting Bax-
induced apoptosis (20). Given that SirT1 appears to be downregulated in OA chondrocytes
(9), it suggests that the increased chondrocyte death in OA cartilage is due in part to a
reduction in SirT1 levels.

Here we explored the role of SirT1 in the survival of chondrocytes derived from knee joints
of osteoarthritic patients. The results show that SirT1 is a potent prosurvival protein and that
it accomplishes this function by activating the IGF-receptor/Akt pathway via suppression of
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a potent proapoptotic factor, namely protein tyrosine phosphatase 1B (PTP1B). Consistent
with the increase in chondrocyte death in OA cartilage, PTP1B protein levels are enhanced
in this diseased cartilage compared to normal cartilage.

Materials and Methods
Cell culture, transfections and flow cytometry

Human chondrocytes were isolated from patients undergoing total knee arthroplasty
(provided by NDRI, Philadelphia, PA). The average age was 62 years old (range 54-70).
Chondrocyte isolation and culture was as previously described (9). Passage 0, 1 and 2 (P0,
P1, P2) human articular chondrocytes were used for all experiments since cartilage marker
genes are expressed optimally in these cells. Monolayer cultures were maintained in DMEM
(4.5 g/l glucose with L-glutamine) supplemented with 10% FBS, 50 U/ml penicillin and 50
ug/ml streptomycin. All transfection experiments were initiated on 50 % confluent
monolayer cultures. Plasmids (4 ug) were transfected by Amaxa nucleofector technology for
human chondrocytes according to the manufacturers protocol (9). The murine SirT1
expression plasmid was obtained from Upstate/Millipore (Boston, MA). The PTP1B and
PTP1BMutant plasmids were as previously described (38,39). SiRNAs were purchased from
Ambion (Applied Biosystems).

Actinomycin D was purchased from Sigma-Aldrich Chemical Co (St Louis, MO) and TNFα
was purchased from R&D Systems, Inc (Mpls, MN).

Percent apoptotic cells were determined by flow cytometry as in Gagarina et al., 2008 (21)
on a Coulter Profile 2, Flow Cytometer. Apoptosis is evident as a population of cells with
less than 2N (diploid) DNA content (21). A TUNEL assay was used to determine the
percent apoptotic cells in cartilage tissue. SirT1 activity assays were performed as
previously described (9).

RNA isolation and RT/PCR analysis
Total RNA was isolated from cells by the Trizol method (Gibco/BRL). Oligo dT was used
as the primer in the reverse transcription reaction. Real-time PCR reactions were carried out
using 10ng of cDNA and Syber Green mix (BioRad Laboratories, Hercules, CA), as
previously described by (22). Quantitative analyses were performed using the BioRad
iCycler software. Additionally, where indicated, semi-quantitative RT/PCR reactions were
performed with the appropriate primers. For the RT/PCR reactions, one microgram of total
RNA from the cells was used in each reaction. All RNA samples were DNase I treated prior
to the PCR reactions. Additionally, as a control, PCR done in the absence of RT was
negative for any ethidium bromide stained bands (data not shown).

Protein analysis and immunoblotting
Cell lysis and the generation of protein extracts were carried out as previously described
(9,21). The protein extracts were resolved by SDS-PAGE (5-10 ug protein/lane) and
transferred onto nitrocellulose membranes for immunoblotting. The blots were processed as
previously described (9,21) and then probed with the antibodies indicated below. The blots
were developed by using secondary antibodies to either alkaline phosphatase (BCIP/NBT)
as a color developer or horseradish peroxidase (Chemiluminescence) and exposed to X-ray
film.

Immunohistochemistry
For immunohistochemistry, cartilage samples were fixed in 4% paraformaldehyde for 24
hours, dehydrated in a graded series of ethanol baths, embedded in parrafin and sectioned (4
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uM). The sections on slides were rehydrated and incubated with anti-SirT1, anti-PTP1B or
anti-MMP13 specific antibodies and visualized using a broad-spectrum
immunohistochemistry kit (DAB) (Zymed, Invitrogen, Carlsbad, CA).

Statistical analyses
Statistical analysis was obtained using one-way ANOVA, assuming confidence levels of
95% or less (p≤0.05) to be statistically significant. Error bars indicate the standard deviation
around the mean value of each data point. An asterisk (*) was used to express a statistically
significant difference between controls and the experimental condition. The immunoblots
and co-immunoprecipitation assays represent three repetitions from two distinct cell sources
(n=6). The SirT1 activity assays were carried out in triplicates from two different
transfections (n=6). The qPCR were generated from 3 runs of two separate experiments
(n=6)).

Results
Expression of SirT1 in human chondrocytes reduces apoptosis

To determine if SirT1 has a prosurvival effect on human chondrocytes, it was transiently
overexpressed in these cells by Amaxa nucleofector technology resulting in 90-95 %
transfection efficiency using the solutions and electroporation program recommended by the
manufacturer. As shown in Figure 1, SirT1 was efficiently overexpressed by day two
posttransfection, as assessed by both western blot (Figure 1A) and SirT1 activity assay
(Figure 1B). The ectopically expressed SirT1 was also found to be targeted to the nucleus
(data not shown). As shown in Figure 1C, the P1 cells used display relatively high levels of
collagen 2(α1) and aggrecan gene expression, compared to that of freshly isolated cells. The
transfected cells were then monitored for levels of apoptosis by flow cytometry. Figure 1D
shows that the level of apoptosis drops by 5.5-fold when SirT1 was expressed. Adding the
SirT1 inhibitor nicotinamide (NAM) to the culture at the time of transfection abolished
SirT1's protective effect against apoptosis (Figure 1D). When an enzymatically inactive
SirT1 mutant (SirT1H355Y) was expressed in chondrocytes, it had no effect on chondrocyte
survival (data not shown).

Apoptosis was induced in chondrocytes by the addition of TNFα and Actinomycin D, which
elevated the level of cell death by over 3-fold (Figure 1E). Overexpression of SirT1 in these
cells significantly reduced this TNFα/ActD-mediated apoptosis (Figure 1E). Apoptosis was
also induced by culture in low serum (0.5% FBS) (Figure 1F) or at low confluence (20%)
(Figure 1G). Under both physiological apoptotic conditions, expression of SirT1 led to
decreased apoptosis. A SirT1 specific siRNA was transfected into chondrocytes, which
lowered the levels of endogenous SirT1 in untransfected human chondrocytes by 3-fold
(Figure 1H). This reduction in SirT1 resulted in a corresponding increase in the level of
apoptosis in either the presence or absence of TNFα/ActD (Figure 1I). In total, these data
indicate that SirT1 is an anti-apoptotic protein in human chondrocytes and that this function
requires its enzymatic activity.

Expression of SirT1 in chondrocytes leads to activation of the IGF receptor/Akt pathway
To address the mechanism by which SirT1 protects chondrocytes against apoptosis, the IGF
receptor (IGFR) pathway was examined (Figure 2A), since IGF1 is a well-known survival
factor for chondrocytes (23,24) and SirT1 has been shown to affect components of this
pathway (13, 25,26). Chondrocytes were transfected with the SirT1 expression plasmid and
IGFR levels were assessed. As shown in Figure 2B, total IGFR levels were unchanged by
SirT1, however levels of the activated/tyrosine phosphorylated form of the receptor,
pIGFR(Tyr1135/1136), were significantly elevated in the presence of elevated SirT1 (Figure
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2B). Activation of the IGFR leads to phosphorylation of PI3kinase which in turn leads to
phosphorylation of PDK1 (27), as outlined in Figure 2A. As shown in Figure 2C the levels
of the phosphorylated forms of both PI3kinase and PDK1 were significantly increased by
SirT1, while there was no change in the total levels of PI3Kinase, PDK1 or GAPDH.
Additionally SirT1 did not change the phosphorylation status of the phosphatase PTEN
(Figure 2C) a negative regulator of this pathway. pPDK1 is known to phosphorylate the
prosurvival kinase Akt on Thr308, resulting in Akt activation (27). As shown in Figure 2D,
pAkt(Thr308) levels were significantly increased by SirT1.

In order to achieve optimal activation of Akt, phosphorylation on Ser473 is also required
(Figure 2A). As shown in Figure 2D, pAkt(Ser473) levels were significantly elevated by
SirT1. The protein kinase responsible for phosphorylation of Ser(473) is mTOR, which in
turn needs to be phosphorylated in order to be activated. Assessment of the phosphorylation
status of mTOR, on residues Ser2448 and Ser2481 show increased phosphorylation in the
presence of SirT1 (Figure 2E), indicating mTOR was activated.

To confirm that SirT1 mediates the activation of Akt by phosphorylation on Thr308 and
Ser473, the SirT1 inhibitor NAM was added to the cultures following the SirT1transfection.
In the presence of NAM, phosphorylation of Akt on Ser473 and Thr308 was not elevated by
SirT1 (Figure 2F). In additional control experiments the IGFR antagonist AG1024 or the
PI3Kinase inhibitor LY294002 was added to the cells following the SirT1 transfection.
These inhibitors significantly blocked the phosphorylation of Akt on Thr308 in the presence
of elevated SirT1 (data not shown), indicating that activation of Akt by SirT1 occurs via the
IGFR and PI3Kinases. Taken together, these data show that elevated expression of SirT1 in
human chondrocytes leads to the activation of the IGFR, which initiates a phosphorylation
cascade culminating in phosphorylation of Akt on the two amino-acid residues needed for
activation.

As controls we examined the status of other tyrosine kinases potentially affected by SirT1.
Figure 2G shows a modest increase in EGF receptor tyrosine phosphorylation in the
presence of SirT1, however no increases were detected in tyrosine phosphorylation of the
PDGFalpha receptor, PDGFbeta receptor or Src.

Activation of Akt by SirT1 leads to phosphorylation of MDM2 and inhibition of the
proapoptotic protein p53

Activated Akt has multiple cellular targets that participate in cell survival, which includes
MDM2, a protein that functions in part by binding and blocking the pro-apoptotic protein
p53. It is known that activated Akt phosphorylates human MDM2 on Ser186 (Figure 3A),
leading to increased affinity of MDM2 for p53 (28-30). As shown in Figure 3B,
chondrocytes overexpressing SirT1 show a significantly increased level of pMDM2Ser186
compared to the control transfected cells while the total levels of MDM2 did not vary. These
data are consistent with fact that SirT1 activates Akt, which in turns leads to
phosphorylation of MDM2.

It has been demonstrated that phosphorylated MDM2 binds p53 more efficiently than
unphosphorylated MDM2 (28). To determine if this was the case in our chondrocyte
extracts, MDM2 was immunoprecipitated (IP) from extracts of the control and SirT1
transfected cells and these IPs were then immunoblotted for MDM2, pMDM2 and p53
(Figure 3C). It is clear from the figure that in cells expressing SirT1, there is a significant
increase in the amount of pMDM2 in the MDM2 IP while the total amount of MDM2 does
not change between the two conditions. Consistent with this increase in phosphorylated
MDM2 there is a large increase in the amount of p53 in the IP from the SirT1 expressing
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extracts which contain elevated pMDM2. These data indicate that p53 associates more
efficiently with phosphorylated MDM2 as has been reported (28).

If MDM2 mediates the survival effect of SirT1 in chondrocytes, then downregulation of
MDM2 by siRNA transfection should abolish the anti-apoptotic effect of SirT1.
Chondrocytes were transfected with either a control siRNA or MDM2 siRNA and the levels
of MDM2 protein assessed. From Figure 3D, upper panel, it is clear that the MDM2 siRNA
reduced the level of MDM2 protein by about 4-fold. When cells were cotransfected with the
MDM2 siRNA and the SirT1 expression plasmid (Figure 3D, lower panel), SirT1 was not
nearly as effective at reducing the level of apoptosis in the presence of the MDM2 siRNA,
compared to the control siRNA (the number of apoptotic cells increased 2-fold in the
presence of the MDM2 siRNA). Thus, reducing MDM2 levels reduces the ability of SirT1
to block apoptosis.

While p53 can be blocked by its association with pMDM2, it also has been demonstrated
that p53 can be inactivated by SirT1-mediated deacetylation (12,14). To determine if p53
was affected by SirT1 in human chondrocytes, the acetylation status of p53 was assessed. As
shown in Figure 3E, SirT1 did not affect total levels of p53 but dramatically reduced the
level of acetylated p53. Since p53 activity can be blocked by both pMDM2 binding and by
deacetylation it was expected that p53 target gene expression should be reduced by SirT1.
One such gene is p21 and as shown in Figure 3E, p21 protein levels were down regulated by
SirT1. Additionally, cells were transfected with a p53-responsive promoter/luciferase in the
presence or absence of SirT1. As shown in Figure 3F, left panel, this p53 responsive
promoter was significantly repressed in cells expressing SirT1, while a control promoter was
not affected (Figure 3F right panel). In total these data indicate that activation of Akt leads
to phosphorylation of MDM2 and inactivation of the pro-apoptotic protein p53.

It is recognized that active Akt serves an anti-apoptotic function by phosphorylating a
number of proteins in addition to MDM2, which includes the FOXO family of proteins
(40,41) and Bad (42,43). In our experiments we detected no increased phosphorylation of
Bad, FOXO1, FOXO3a or FOXO4 following overexpression of SirT1 in chondrocytes (data
not shown), indicating that at least in chondrocytes Akt activation by SirT1 may not lead to
efficient phosphorylation of these proteins.

SirT1 represses expression of protein tyrosine phosphatase 1B (PTP1B), a pro-apoptotic
protein that targets the IGF receptor

The data above show that SirT1 is able to activate the IGFR pathway. To determine if the
IGFR was activated by autocrine production of IGF1 and IGF2, the levels of these growth
factors were assessed in chondrocytes expressing SirT1. The IGFs (IGF1 in particular), are
known to activate Akt (23), are a well-known component of cartilage and can be secreted by
chondrocytes (34). SirT1 had no effect on IGF1 at either the RNA or protein level (data not
shown). SirT1 was able to induce IGF2 in chondrocytes at both the RNA and protein level,
however, pure IGF2 had no effect on reducing the level of chondrocyte apoptosis (data not
shown) while IGF1 had an anti-apoptotic effect consistent with previous reports (23,24).
These data suggested that activation of the IGFR by SirT1 may be due to factors in addition
to IGF1. One factor that has been demonstrated to block IGFR activity is the protein
tyrosine phosphatase PTP1B, which dephosphorylates the IGFR thereby inactivating it
(31,32). Importantly, SirT1 can repress expression of PTP1B, thereby enhancing insulin
signaling (33). It was therefore thought that SirT1 activates the IGFR pathway in
chondrocytes by repression of PTP1B. As shown in Figures 4A and 4B, SirT1 had a
significant effect on repression of PTP1B at both the RNA and protein levels. When
additional PTPs were assessed (Figure 4B), PTPalpha levels were not changed in cells
expressing elevated Sirt1, indicating that SirT1 does not affect it. We could not detect
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PTPgamma, PTPkappa or LAR by immunoblot in these chondrocyte extracts (data not
shown).

Since repression of PTP1B by SirT1 was associated with a decrease in apoptosis it would be
expected that increased expression of PTP1B would lead to increased apoptosis. PTP1B was
therefore overexpressed in chondrocytes (Figure 4C). When percent apoptosis was assayed
(Figure 4D), it was clear that PTP1B was a potent pro-apoptotic protein, leading to a
significant increase in chondrocyte cell death. This proapoptotic effect of PTP1B was
dependent upon its enzyme activity since expression of an enzymatically inactive mutant
PTP1B in chondrocytes (Figure 4C) had no effect on apoptosis (Figure 4D).

When IGFR was assessed in cells expressing PTP1B there was a clear down regulation in
pIGFR(Tyr1135/1136) levels indicating that the phosphatase was effective in
dephosphorylating the receptor. In addition, pAkt and pMDM2 levels were significantly
decreased in cells expressing PTP1B (Figure 4C), indicating that tyrosine dephosphorylation
markedly impaired the activation of Akt and MDM2. As controls the inactive PTP1B mutant
had no effect on the levels of pIGFR, pAkt or pMDM2 (Figure 4C).

To further assess the role of PTP1B in the IGFR pathway, cells were transfected with a
PTP1B siRNA. From Figure 4E, it was clear that PTP1B levels dropped significantly in
cells expressing PTP1B siRNA. Correspondingly, phosphorylation of the IGFR and Akt
increased significantly in cells transfected with the PTP1B siRNA (Figure 4E).
Measurement of the percent apoptotic cells and total viable cell number following PTP1B
siRNA transfection indicated that cell death dramatically declined while viable cell numbers
increased when PTP1B levels were reduced (Figures 4F & G). Additionally, survival was
assessed after PTP1B siRNA transfection and following induction by TNFα/ActD (Figure
4H) treatment or culture in low serum (0.5%) (Figure 4I) and at low confluence (20%)
(Figure 4J). The data show a reduction in apoptosis under all conditions following
PTP1BsiRNA transfection. These data indicate that PTP1B is a potent negative regulator of
chondrocyte survival.

As controls we also determined whether other PTP's were able to induce apoptosis. As
shown in Figure 4K, PTPalpha and PTPgamma were efficiently overexpressed (upper panel)
in chondrocytes, however only PTPalpha was able to induce apoptosis. This data indicates
that only some PTPs induce chondrocyte apoptosis and that of those tested, only PTP1B is
regulated by SirT1.

SirT1 and PTP1B show inverse expression patterns in OA and normal cartilage samples
Recent data indicates that SirT1 protein levels are downregulated in the chondrocytes from
OA knee cartilage compared to normal knee cartilage as assessed by immunoblot (ref 9,
Supplemental Data). Assessment of cartilage sections by immunohistochemistry confirmed
this finding. The staining intensity and number of stained cells of SirT1 is reduced in the OA
cartilage sections compared to similar sections from normal cartilage (Figure 5A (left panel).
The percent of SirT1-stained cells was quantitated in Figure 5A (right panel), and shows a
significant decrease in the percent of SirT1-postive cells in the OA cartilage sections.

Since SirT1 is a repressor of PTP1B, a decrease in SirT1 levels in OA cartilage should lead
to an upregulation of PTP1B. This appears to be the case (Figure 5B (left panel). The
staining intensity and number of stained PTP1B-positive cells was significantly elevated in
the OA cartilage samples compared to normal cartilage. This elevation in PTP1B levels was
confirmed by the western blots in Figure 5B, demonstrating elevated PTP1B protein in
freshly isolated chondrocyte extracts from OA patients. The percent of PTP1B-stained cells
in the cartilage sections was quantitated in Figure 5B (right panel) and revealed a significant
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elevation in the percent of SirT1-postive cells in the OA cartilage sections. When percent
apoptotic cells were assessed in these sections, a relationship was evident between PTP1B
levels and percent apoptosis (Figure 1B). As a control, assessment of MMP13 showed
significant expression within the extracellular matrix in the OA samples (Figure 5C, left &
right panels), while very little is detected in the sections from normal cartilage samples,
which consistent with its reported expression pattern in OA cartilage (36,37). Together these
data indicate that when OA and normal knee articular cartilage was compared, there exists
an inverse relationship in expression pattern between SirT1 and PTP1B; SirT1 levels are
high in normal cartilage where PTP1B levels are lower, while the reverse appears to be the
case in OA cartilage where SirT1 levels are low and PTP1B levels are high.

Discussion
It has been previously demonstrated that SirT1 blocks cell death in different cell systems
and that it does so through distinct mechanisms (12,14-20). In light of these findings, it was
hypothesized that SirT1 would play a positive role in human chondrocyte survival. When
apoptosis was assayed in primary human chondrocytes overexpressing SirT1 (either
transiently or by retroviral expression) it was clear that SirT1 reduced both the background
level of cell death and the apoptosis mediated by TNFα/ActD (Figure 1). In contrast,
reduction of endogenous SirT1 levels by siRNA or inactivation of SirT1 by treatment of
cells with nicotinamide led to an increase in apoptosis. Thus, SirT1 appears to be a
modulator of human chondrocyte survival.

The mechanism by which SirT1 mediates chondrocyte survival appears to involve, at least
in part, the activation of the IGF receptor (IGFR) pathway (outlined in Figure 6). Activation
of the IGFR leads to activation via phosphorylation of a number of proteins known to
participate in cell survival. These proteins include PI3Kinase, PDK1, mTOR, Akt and
MDM2 (Figure 6). Phosphorylation of MDM2 culminates in the binding of pMDM2 to p53
and inhibition of p53 activity. Elevation of SirT1 therefore leads to activation of a well-
defined prosurvival pathway. The data presented here are consistent with those of other
groups showing that treating chondrocytes with resveratrol enhances chondrocyte survival
(10,11). However it should be noted that while resveratrol is known to activate SirT1, it also
has multiple additional protein targets within the cell so it cannot be concluded that its sole
effect is on SirT1.

Of critical interest is the mechanism by which SirT1 activates the IGFR. This appears
independent of any effect on IGF1 since its levels are not affected by SirT1 (data not
shown). While IGF2 levels were increased by SirT1 this growth factor does not appear to
affect chondrocyte survival in our system (data not shown). However, a powerful mediator
of IGFR activity is PTP1B (protein tyrosine phosphatase 1b). This phosphatase can
inactivate both the insulin and IGF receptor tyrosine kinases through tyrosine
dephosphorylation (31,32). It has been recently demonstrated that SirT1 can elevate insulin
sensitivity in mice via repression of PTP1B, thereby increasing the activity of the insulin
receptor (33). In chondrocytes when SirT1 is overexpressed, we find significantly reduced
levels of PTP1B at both the protein and RNA levels. Correspondingly, in cells
overexpressing PTP1B, the levels of active/phosphorylated IGFR were dramatically down
regulated. Additionally, when PTP1B levels were reduced by siRNA, pIGFR levels
increased and the number of apoptotic cells declined. These data strongly point to PTP1B as
an intermediate in SirT1-mediated chondrocyte survival. It would then be predicted that
PTP1B would be pro-apoptotic when overexpressed in these chondrocytes and in fact was
found to be a very potent inducer of apoptosis. This is the first demonstration that PTP1B is
a pro-apoptotic protein for human chondrocytes.
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Recent data has indicated that SirT1 levels are reduced in the knee articular cartilage of OA
patients relative to normal cartilage (9). A reduction in SirT1 levels in OA cartilage appears
to coincide with a derepression of PTP1B (Figure 5) resulting in an inverse relationship
between SirT1 and PTP1B levels in normal and OA cartilage samples. Given that
chondrocyte death is elevated in OA cartilage and that PTP1B is a potent inducer of
chondrocyte death, the data presented here would suggest that the elevation of PTP1B in OA
in part plays an important role in chondrocyte death and could be a contributing factor in the
pathology of this disease. In addition, since IGF signaling can affect expression of both
cartilage ECM proteins and matrix degrading enzymes (24,35) it is possible that PTP1B
plays additional roles in regulating these other important aspects of chondrocyte biology.
SirT1 could aid in maintaining chondrocyte phenotype by directly regulating such factors as
Sox9 (9) and by modulating growth factor receptor activity through PTP1B.

In conclusion, the studies here show a link between SirT1 and chondrocyte survival. PTP1B
appears to be an intermediate in SirT1-mediated survival via regulation of the IGFR
pathway. Finally, the inverse relationship between SirT1 and PTP1B levels in the samples of
OA and normal articular cartilage suggest that PTP1B is a critical SirT1 target gene, playing
a role in OA pathology.
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Figure 1. SirT1 is a positive regulator of survival of osteoarthritic human chondrocyte
OA human chondrocytes (P1) were Amaxa transfected with a SirT1 expression plasmid or
pcDNA plasmid control (empty vector). Extracts generated at 24 hours posttransfection
were used in immunoblot analysis (A) or SirT activity assays (B). C. Real-time PCR
analysis of the indicated genes from freshly isolated, P0, P1 and P4 chondrocytes. D-E.
Chondrocytes transfected as in (A) were left untreated or treated with nicotinamide (NAM, 1
mM) (D) for 24 hours or treated with TNFα (10 ng/ml) and Actinomcyin D (ActD, 0.2 ug/
ml) (E) for 24 hours and the percent apoptotic cells measured. F-G. Chondrocytes
transfected as in (A) were either cultured in low vs high serum (0.5 % vs 10% FBS) (F) or
were plated at subconfluence vs confluence (20% vs 100%) (G). Apoptosis was assessed at
24 hours. H-I. P1 chondrocytes were transiently transfected with a control or SirT1 siRNA.
The level of SirT1 protein was determined by immunoblot and quantitated by scanning
densitometry (H). I. Chondrocytes transfected as in (E) were treated with or without TNFα/
ActD and the percent apoptotic cells measured. The error bars in all graphs indicate the
standard deviation and the statistical significance is indicated by an asterisk (*) (p<0.05).
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Figure 2. Activation of the IGF receptor and Akt in human chondrocytes expressing SirT1
A. Pathway outlining phosphorylation of Akt by IGF-activated protein kinases and mTOR.
pAkt(Thr308) is a target of pPI3Kinase while pAkt(Ser473) is a target of pmTOR. B-E. P1
human chondrocytes were transiently Amaxa transfected with a SirT1 expression plasmid or
a pcDNA control (empty vector). Extracts were generated at 24 hours posttransfection and
used in immunoblot analysis with the indicated antibodies. F. Chondrocytes transfected as in
(B) were treated with NAM (1 mM) where indicated, extracts were generated and
immunoblotted with the indicated antibodies. G. Chondrocytes were transfected as in (B),
extracts were generated and immunoblotted with the indicated antibodies.
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Figure 3. Phosphorylation of MDM2 and inactivation of p53 in chondrocytes expressing SirT1
A. Pathway outlining MDM2 phosphorylation by Akt. B. P1 human chondrocytes were
transiently Amaxa transfected with a SirT1 expression plasmid or pcDNA control (empty
vector). Extracts generated at 24 hours posttransfection were used in immunoblot analysis
with the indicated antibodies. C. Extracts from (B) were immunoprecipitated with an
MDM2 specific antibody were then immunoblotted and probed with the indicated
antibodies. D. Chondrocytes were transfected with a control siRNA or an MDM2 siRNA.
The level of MDM2 protein was determined by immunoblot and quantitated by scanning
densitometry (upper panel). Lower Panel; Chondrocytes were transfected with a pcDNA
control, the SirT1 plasmid, a control siRNA and an MDM2 siRNA where indicated. The
percent apoptotic cells was assessed by flow cytometry. E. Chondrocytes were transfected
with a pcDNA control or the SirT1 plasmid. Extracts were generated and immunoblotted
with the indicated antibodies. F. Chondrocytes transfected with a pcDNA control, a SirT1
expressing plasmid, a p53 responsive promoter/luciferase construct or a control promoter/
luciferase construct were assayed for luciferase activity. The error bars in all graphs indicate
the standard deviation and the statistical significance is indicated by an asterisk (*) (p<0.05).
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Figure 4. PTP1B is a potent pro-apoptotic protein in human osteoarthritic chondrocytes, is
repressed by SirT1 and reduces the level of activated IGF Receptor
A-B. P1 human chondrocytes were transfected with a SirT1 expression plasmid or pcDNA
control. RNA and protein extracts were used in quantitative RT/PCR (A) or immunoblot
analysis (B) with the indicated antibodies. The blot in B (upper panel) was scanned and
relative protein levels determined (lower panel). C & D. Chondrocytes were transfected
with a PTP1B or PTP1Bmutant expression plasmid or a pcDNA control. Protein extracts
were used in immunoblot analysis with the indicated antibodies (C) or the cells were
processed for flow cytometry and the percent apoptotic cells determined (D). E & F.
Chondrocytes were transfected with a control siRNA or a PTP1BsiRNA. Protein extracts
were used in immunoblot analysis with the indicated antibodies (E) or the cells were
processed for flow cytometry and the percent apoptotic cells determined (F). G.
Chondrocytes transfected with the PTP1B expression plasmid and the PTP1BsiRNA as in
(C & E) were assayed for viable adherent cell numbers at 24 hours posttransfection. The
error bars in all graphs indicate the standard deviation and the statistical significance is
indicated by an asterisk (*) (p<0.05). H-J. Chondrocytes were transfected with a control
siRNA or a PTP1BsiRNA. H. The cells were left untreated or treated with TNFα (10 ng/ml)
and Actinomcyin D (ActD, 0.2 ug/ml) for 24 hours and the percent apoptotic cells measured.
I, J. The cells were either cultured in low vs high serum (0.5 % vs 10% FBS) (F) or were
plated at subconfluence vs confluence (20% vs 100%) (G). Apoptosis was assessed at 24
hours. K. Chondrocytes were transfected with the PTPalpha, PTPgamma and PTP1B
expression plasmids. Upper panel; immunoblot of extracts. Lower Panel; assessment of
percent apoptosis. The error bars in all graphs indicate the standard deviation and the
statistical significance is indicated by an asterisk (*) (p<0.025).
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Figure 5. SirT1 levels are reduced in OA cartilage where PTP1B levels are elevated
Normal and OA human cartilage samples were processed for immunohistochemistry for
either SirT1 (A), PTP1B (B) or MMP13 (C) (left panels). The percent positive stained cells
per field was determined and is shown in the graphs (right panels). Stained cells are
reflective of greater than 10-fold intensity above the background (as determined by scanning
densitometry). An average of 10 fields from three sections of six separate OA and Normal
cartilage samples were assessed. Each field was blindly read by two different individuals.
The images in A, B and C represent the intermediate layer of cartilage. B. Immunoblot of
extracts from freshly isolated chondrocyte extracts from two normal and two OA cartilage
samples probed with the indicated antibodies. Percent apoptotic cells in the OA and Normal
cartilage samples were assessed by TUNEL assay (B). The error bars in all graphs indicate
the standard deviation and the (*) indicates a statistically significant difference (p<0.05).
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Figure 6. SirT1-mediated activation of the IGFR pathway and suppression of apoptosis in
human chondrocytes
The pathway outlines that the proteins are affected by increased expression of Sirt1 in
chondrocytes. A reduction in PTP1B levels directly by SirT1 led to activation of the IGFR
along with the attendant kinases PI3K, PDK1 and Akt. Activation of mTOR is thought to
occur via receptor tyrosine kinases through unknown intermediates. pAkt also functions to
activate mTOR by phosphorylation, leading to increased phosphorylation of pAkt (on
residue Ser473). Sirt1 also functions to directly block p53 by deacetylation.
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