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Abstract

Wnt signaling is critical to maintaining cellular homeostasis via regulation of cell division,

mitigation of cell stress, and degradation. Aberrations in Wnt signaling contribute to

carcinogenesis and metastasis, while sirtuins have purported roles in carcinogenesis, aging, and

neurodegeneration. Therefore, the hypothesis that sirtuin 2 (SIRT2) directly interacts with β-

catenin was tested and whether this interaction alters the expression of Wnt target genes to

produce an altered cellular phenotype. Co-immunoprecipitation studies, using mouse embryonic

fibroblasts (MEFs) from Sirt2 wild-type and genomic knockout mice, demonstrate that β-catenin

directly binds SIRT2. Moreover, this interaction increases in response to oxidative stress induced

by ionizing radiation (IR). Additionally, this association inhibits the expression of important Wnt

target genes like survivin (BIRC5), cyclin D1 (CCND1), and c-myc (MYC). In Sirt2 null MEFs,

an up-regulation of matrix metalloproteinase 9 (MMP9) and decreased E-cadherin (CDH1)

expression is observed that produces increased cellular migration and invasion. Together, these

data demonstrate that SIRT2, a tumor suppressor lost in multiple cancers, inhibits the Wnt

signaling pathway in non-malignant cells by binding to β-catenin and that SIRT2 plays a critical

role in the response to oxidative stress from radiation.

Keywords

SIRT2; β-catenin; Wnt Signaling; Gene Expression; Radiation

Introduction

The Wnt signaling pathway is crucial in regulating cell proliferation, apoptosis, migration

and differentiation (1). β-catenin is a critical co-activator of Wnt-mediated gene expression.

When Wnt ligands are present, β-catenin accumulates in the cytoplasm and is transported to

the nucleus whereupon it binds to the lymphocyte enhancer factor (LEF)/T cell factor (TCF)

complex to recruit chromatin remodeling complexes and activates gene expression (2–4).
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Disruptions of Wnt signaling are associated with accelerated aging (5, 6) and abnormal

neural development (7) as well as several major diseases including schizophrenia, autism,

Alzheimer’s disease and cardiovascular disease (3, 8, 9). Additionally, aberrant regulation of

β-catenin pathway has been shown to promote tumorigenesis including colon, breast,

prostate, ovary and melanoma cancers (10).

Sirtuin 2 (SIRT2) belongs to the family of sirtuins which are NAD+-dependent class III

protein deacetylases, and have been shown to play a major role in metabolism and longevity.

SIRT2 expresses mainly in the brain, particularly the hippocampus and oligodendrocytes.

SIRT2 is reported to deacetylate α-tubulin, thereby regulating microtubule dynamics.

Consequently, SIRT2 is proposed to play a role in mitotic checkpoint to maintain genomic

integrity (11–13). It has also been observed that SIRT2 may act as a tumor suppressor since

SIRT2 is down-regulated in gliomas (14), while high levels of SIRT2 in tumors confers

resistance to chemotherapy (15). In the central nervous system, SIRT2 is believed to

participate in oligodendrocyte differentiation (16), and SIRT2 has been found to accumulate

in the aging rodent brain (17).

In this study we show that SIRT2 directly interacts with β-catenin, and the interaction

increases following IR exposure. Genetic deletion of Sirt2 leads to activation of Wnt target

genes such as c-myc, cyclin D1 and survivin. Furthermore, we observe that SIRT2 is critical

for regulating cell migration through induction of matrix metalloproteinase 9 (MMP-9) and

down-regulation of E-cadherin. These findings provide a mechanistic insight into SIRT2 as

a potential tumor suppressor and in cellular response to IR-induced oxidative stress in non-

transformed cells. Furthermore, MMP9 and E-cadherin may potentially act as molecular

markers for cells lacking Sirt2 in regulating cell migration/invasion.

MATERIALS AND METHODS

Cell Culture, Radiation Exposure and Clonogenic Survival Assay

Primary mouse embryonic fibroblasts (MEFs) derived from wild type and Sirt2 knockout

mice [background C57B (60%)/C129 (40%)], a kind gift of Dr. Hyun-Seok Kim and Dr.

Chu-Xia Deng (NIH) in 2011, were immortalized and described previously (18). As the cells

were previously characterized, we did not perform further testing or authentication. MEFs

were cultured in DMEM supplemented with 1% penicillin -streptomycin, 15% fetal bovine

serum and 1% non-essential amino acid (Invitrogen). Cells that were passage greater than 37

were used in all experiments. PC-3 and U87 cells were obtained from ATCC in 2011 and

authenticated by STR analysis upon purchase prior to preservation. Cells were passaged

within 4 months of resuscitation according to the ATCC protocol and routinely tested for

Mycoplasma infection using MycoAlert™ Mycoplasma Detection Kit (Lonza).

Mouse Sirt2 shRNA (Origene) was electroporated into Sirt2 WT MEFs using Amaxa

Nucleofector kit (Lonza). Colonies were selected in 3μg/ml puromycin, and colonies with

decreased SIRT2 expression were screened by immunoblot. Human Flag-SIRT2 (Addgene)

was electroporated into U87 glioma cells. Stable transfectants were selected in G-418, and

positive clones were screened by immunoblot with anti-Flag antibody (Origene).
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Cells were exposed to IR in an X-Rad 320 biological irradiator (Precision X-ray, Inc.), at a

dose rate of 2.1 Gy/min.

To determine radiosensitivity, cells were plated at clonal density and irradiated 6h after

plating. Experiments were terminated when visible colonies (>50 cells/colony) were present.

Cells were stained with 0.5% crystal violet, the number of colonies counted and the

surviving fractions were calculated and normalized to unirradiated controls respectively.

Antibodies

The following antibodies were purchased: SIRT2 (Sigma), β-catenin, cyclin D1, c-jun and

survivin (Santa Cruz), phospho-β-catenin Y142 (Abcam), GSK3β and pGSK3β (BD

Biosciences), acetylated lysine, acetylated β-catenin, MMP-9, E-cadherin, Akt, pAkt

(Ser473) and c-myc (Cell Signaling).

Subcellular Fractionation

Cells were subjected to subcellular fractionation using NE-PER Nuclear and Cytoplasmic

Extraction Reagents kit (Thermo Scientific). Band intensities from subcellular fractionation

experiments were quantified using ImageQuant software (GE Healthcare). Relative fold

change was determined by dividing band intensities of cytoplasmic β-catenin and nuclear β-

catenin into band intensities of manganese SOD2 and lamin B respectively.

Immunofluorescence Microscopy

Immunofluorescent staining was performed as previously described (19). Photographs were

taken with a 63X oil immersion objective.

Co-immunoprecipitation and Immunoblot

Cells were lysed in TNN (50mM Tris-HCl, pH 8.0, 120mM NaCl, 1% NP-40) buffer for

immunoprecipitation experiments or in RIPA buffer (Thermo Scientific) for immunoblot

analysis as previously described (20).

Measurement of Intracellular Reactive Oxygen Species (ROS)

Intracellular ROS quantification was carried out as described by Slane et al (21). Briefly,

Sirt2 WT and KO MEFs were labeled with either carboxy-DCFDA or H2DCFDA

(Invitrogen). After incubation for 30 min at 37°C, the dye was removed, and cells received

either sham or 10 Gy radiation. Thirty minutes after exposure, the fluorescent intensity was

measured. H2DCFDA: DCFDA ratio was calculated, normalized to either Sirt2 WT or KO

control, respectively, and presented as normalized fluorescent intensity. To inhibit ROS

generated by radiation, cells were pretreated with 200 U/ml PEG-catalase (Sigma) for 2h

prior to labeling the cells. PEG-catalase treatment continued throughout the labeling and

radiation exposure.

In Vitro Deacetylation Assay of β-catenin

In vitro deacetylation was performed as described by Zhang et al. (22). Briefly, Sirt2 KO

MEFs were lysed in TNN buffer and 1 mg of cell lysates were used to immunoprecipitate β-
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catenin. Immunoprecipitates were resuspended in the presence or absence of purified

recombinant human SIRT2 (BPS Bioscience) with or without NAD+. The reaction was

stopped and samples analyzed by immunoblot with antibodies against acetylated lysine, β-

catenin or SIRT2.

RNA Extraction and Real-Time PCR

RNA was isolated using an RNeasy Mini kit (Qiagen), and reverse transcription and real-

time PCR were carried out as previously described (23). Wnt pathway PCR Array and

reagents were from Qiagen. Primers used for RT-PCR are shown in Supplementary Table

S1.

pTOPFLASH Reporter Assays

Sirt2 WT and KO MEFs were co-transfected with 1.5 μg of pTOPFLASH luciferase

reporter, which contains four TCF-responsive elements in tandem, or pGL2-Basic empty

vector and 150 ng of β-galactosidase expression plasmid (pCMV-β-gal) using FuGENE 6

(Roche Diagnostics). Total amount of luciferase and β-galactosidase activities were

measured And relative fold induction of luciferase activity was normalized to β-

galactosidase activity. The results are represented as ratio of pTOPFLASH-luciferase over

empty vector pGL2.

Cell Invasion Assay

Cell culture inserts with an 8-μm pore-size PET membrane (Fisher Scientific) were coated

with collagen IV (Becton-Dickinson) and placed into 24-well plates containing 0.5 ml of

DMEM medium supplemented with 15% FBS. 6.25 × 103 cells in serum-free DMEM were

plated into the inserts and incubated for 18 h at 37°C. Cells from the upper surface of the

membrane were then removed and the remaining cells adhered to the bottom of the

membrane were Wright stained (Fisher Scientific). Six random fields per membrane were

photographed at 40X and counted.

Chromatin Immunoprecipitation (ChIP)

ChIP assays were carried out as described previously (20). Purified DNA samples were

analyzed by real-time quantitative PCR using SYBR Green PCR Master Mix (Applied

Biosystems) with primers to the promoters of Myc, cyclin D1 and survivin (Supplementary

Table S1).

Statistical Analyses

Unless indicated otherwise, all observations were confirmed by at least three independent

experiments. The results are presented as the mean ± SEM. We used two-tailed Student t

tests as determined by GraphPad Prism software (La Jolla, CA) for statistical analysis. P

values < 0.05 was considered as statistically significant.
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RESULTS

Nuclear β-Catenin Level Is Elevated in Sirt2 KO MEFs

Since transcriptionally active β-catenin accumulates in the nucleus, we first determined the

subcellular localization of β-catenin in wild-type (WT) Sirt2 MEFs compared to knock-out

(KO) Sirt2 MEFs generated through genomic deletion. Using lamin B as a nuclear marker

and manganese superoxide dismutase as a cytoplasmic marker, we demonstrate by

immunoblot analysis of nuclear- and cytoplasmic-enriched fractions that there is a

significant increase in nuclear β-catenin protein present in the Sirt2 KO MEFs relative to

WT (Fig. 1A). This increase is greater than two-fold as analyzed by densitometry (Fig. 1B,

columns 1& 2). Conversely, there is a corresponding increase of cytoplasmic β-catenin

present in the Sirt2 WT MEFs (Fig. 1A) compared to KO; this increase is also greater than

two-fold as determined by densitometry (Fig. 1B, columns 3 & 4). Total β-catenin protein

level remains constant between the 2 cell types (Fig. 1D).

Immunofluorescence analysis of Sirt2 WT and KO cells using β-catenin antibody shows that

roughly 70% of the Sirt2 KO cells observed have strong immunoreactivity in the nucleus

with weak but detectable immunoreactivity in the cytoplasm (Fig. 1C). In contrast, less than

5% of the Sirt2 WT fibroblasts showed strong nuclear β-catenin staining, while the majority

exhibited low nuclear reactivity for β-catenin. Immunofluorescent staining provides

additional data to demonstrate a stronger nuclear β-catenin presence in the Sirt2 KO cells.

This is probably due to the fact that not all the Sirt2 KO cells have increased β-catenin

nuclear localization and thus may have diluted out during the subcellular fractionation

procedure.

Previous studies have shown that phosphorylation of β-catenin at tyrosine residue 142

correlates with an increase in nuclear β-catenin-dependent gene expression (24). In the

absence of SIRT2, we found that phospho-β-catenin Y142 is significantly elevated (Fig.

1D). Taken together, these results indicate that there is more nuclear, transcriptionally active

β-catenin present in Sirt2 KO MEFs.

SIRT2 Interacts with β-Catenin

To determine whether SIRT2 interacts with β-catenin, we performed co-

immunoprecipitation experiments using cell lysates from Sirt2 WT MEFs (Fig. 2A). SIRT2

antibody readily immunoprecipitates β-catenin (lane 2) as detected by immunoblot analysis

with β-catenin antibody. In contrast, rabbit IgG does not immunoprecipitate β-catenin (lane

1), confirming the specificity of the pull down. The interaction of SIRT2 with β-catenin is

also present in PC-3 cells, a human prostate adenocarcinoma cell line that endogenously

expresses SIRT2 (Fig. 2B). Additionally, we overexpressed Flag-SIRT2 or empty vector

pcDNA3 in U87 glioblastoma cell line which expresses low levels of SIRT2 (Fig. 2C). Anti-

Flag pull down and β-catenin immunoblot analysis demonstrates a positive interaction

between Flag-SIRT2 and β-catenin which is not detected in the empty vector pcDNA3 cells.

To test whether the association between SIRT2 and β-catenin can be modulated, we exposed

Sirt2 WT MEFs to IR at 2 Gy, 5 Gy or 10 Gy delivered as a single dose before performing

co-immunoprecipitation experiments (Fig. 2A). We observe that binding of SIRT2 to β-
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catenin significantly increases in response to radiation (lanes 3–5) compared to unirradiated

samples (lane 2), indicating the interaction is not static and can be regulated. The level of β-

catenin remains constant between unirradiated (Fig. 2A, lower panel, lane 1) vs. irradiated

samples (Fig. 2A, lower panel, lanes 2–4), confirming that the enhanced interaction between

SIRT2 and β-catenin is not artifact secondary to a change in total β-catenin levels.

ROS are a well-known by-product of IR exposure, and ROS levels correlate to DNA

damage that ultimately leads to cell mortality. We examined the differences in ROS levels in

the presence and absence of SIRT2 at baseline and following a single exposure to 10 Gy

(Fig. 2D). The level of ROS increases following IR exposure in the presence and absence of

SIRT2 to a similar extent (p = 0.054). Interestingly, the addition of pegylated catalase (PEG-

cat) was able to quench the generation of ROS in the Sirt2 KO MEFs, but not in Sirt2 WT.

To determine whether PEG-cat is capable of protecting the cells from IR-induced cell death

by scavenging H2O2, we performed clonogenic survival assays using Sirt2 WT and KO

MEFs. Cells were pretreated with 200U/ml PEG-cat prior to exposure with 6 Gy radiation.

As shown in Fig. 2E, without PEG-cat pretreatment, Sirt2 KO cells were significantly more

resistant to IR-induced cytotoxicity than Sirt2 WT cells. The addition of PEG-cat did not

affect the survival of Sirt2 WT cells, but slightly increased cell survival of Sirt2 KO cells

upon radiation treatment. Therefore, these data suggest that while both Sirt2 WT and KO

cells have increased ROS upon IR exposure, Sirt2 KO cells are more capable of handling the

ROS level than Sirt2 WT cells resulting in increased cellular survival following radiation

exposure.

β-catenin is acetylated and the Wnt signaling pathway is activated in Sirt2 KO MEFs

Acetylated β-catenin has been shown to play a role in oncogenesis due to increasing β-

catenin/TCF transcriptional activity (25, 26). Firestein et al. showed that deacetylation of β-

catenin by SIRT1 can suppress colon tumorigenesis (27). To determine whether there is a

difference in the level of acetylated β-catenin, Sirt2 WT and KO MEFs were subjected to

immunofluorescence staining with acetylated β-catenin antibody (Fig. 3A). Indeed, there is

markedly more nuclear acetylated β-catenin present in the Sirt2 KO MEFs compared to WT,

suggesting that SIRT2 in the WT MEFs deacetylates β-catenin, giving rise to a lower level

of acetylated β-catenin immunoreactivity. Concomitantly, coimmunoprecipitation

experiments were also carried out using Sirt2 WT and KO MEFs. Whole cell lysates were

immunoprecipitated with β-catenin antibody and immunoblotted with either acetylated

lysine or acetylated β-catenin antibody (Fig. 3B). Acetylated β-catenin is present in the Sirt2

KO MEFs (lane 4, Ac-K and Ac-βcat panels) but not in WT. Furthermore, Flag-SIRT2

expression in U87 glioma abolishes the acetylation of β-catenin (Fig. 3B, lane 8, Ac-K and

Ac-βcat panels) further confirming that SIRT2 is responsible for deacetylating β-catenin.

To verify that SIRT2 directly deacetylates β-catenin, we performed in vitro deacetylation

assays with β-catenin in the presence or absence of purified recombinant SIRT2 and with or

without the addition of NAD+. β-catenin from Sirt2 KO MEFs was used because it is highly

acetylated as compared to β-catenin from WT MEFs (Fig. 3B). Consistent with the result in

Fig. 3B, without the addition of SIRT2, β-catenin is strongly acetylated (Fig. 3C, lane 2).

However, in the presence of purified recombinant SIRT2, acetylation of β-catenin was
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greatly diminished (Fig. 3C, lanes 3 and 4). Interestingly, even without the addition of NAD

+ to the reaction, SIRT2 was able to deacetylate β-catenin fully (Fig. 3C, lane 3). We

hypothesized that because we used whole cell lysates as the source of acetylated β-catenin,

the pull down may also contain endogenous NAD+ that can serve as cofactor for the purified

recombinant SIRT2. Exogenous NAD+ added to the reaction mixture may overwhelm the

system and slow down the enzymatic activity of recombinant SIRT2, thus decreasing β-

catenin deacetylation (Fig. 3C, lane 4).

GSK3β is a negative upstream regulator of β-catenin in the Wnt pathway. When the Wnt

signaling pathway is in the off state, phosphorylation of β-catenin by GSK3β leads to

ubiquitination and proteasomal degradation. Activation of the Wnt pathway inhibits GSK3β,

allowing β-catenin to accumulate and translocate into the nucleus to turn on gene expression

(2). Since there appears to be increased “active”, acetylated β-catenin in Sirt2 KO MEFs

relative to WT MEFs, we decided to evaluate the protein level of GSK3β and

phosphorylated GSK3β (pGSK3β) in the 2 cell types (Fig. 3D). Although the total amount of

GSK3β is similar with no significant difference between Sirt2 WT and KO MEFs (Fig. 3D;

lower panel), there is clear upregulation of pGSK3β in Sirt2 KO cells (Fig. 3D; upper panel).

Therefore, it appears that a loss of SIRT2 activates the Wnt pathway in non-transformed

cells.

Downstream Wnt Target Gene Expression Is Increased in SIRT2 KO MEFs

Given that loss of SIRT2 was demonstrated to activate the Wnt pathway, we investigated

whether genomic loss and knockdown of endogenously expressed Sirt2 produced an effect

on the expression of Wnt target genes. To address this question, we used a commercially-

available Wnt Pathway PCR Array (Qiagen) to identify Wnt pathway genes up-regulated or

down-regulated in the Sirt2 WT vs. KO MEFs (Supplementary Table S2). Interestingly, we

observe coordinated regulation of Wnt pathway genes. For example, genes that have pro-

survival functions such as cyclin D1, Fosl1, c-Jun and c-Myc along with transcriptional

coactivators of the Wnt pathway such as Lef-1 and Tcf-7 are up-regulated in Sirt2 KO MEFs

relative to WT. In contrast, genes that are negative regulators of the Wnt pathway such as

Pitx2, Nkd1, Sfrp1, Sfrp4 and Tle1 are down-regulated in the Sirt2 KO MEFs compared to

WT. For further studies, we decided to focus on the pro-survival genes. Additional

experiments using real-time PCR confirmed increased mRNA expression of c-myc, cyclin

D1 and survivin in Sirt2 KO cells (Fig. 4A). Similarly, immunoblot analysis revealed

elevated Wnt target gene expression for c-myc, c-jun, survivin, and cyclin D1 in Sirt2 KO

MEFs (Fig. 4B). Knockdown of endogenous Sirt2 in Sirt2 WT MEFs using shRNA also

produced increases in cyclin D1, c-myc, and survivin by real-time PCR (Fig. 4C) and

immunoblot analysis (Fig. 4D). Taken together, loss of SIRT2 either by genomic deletion or

shRNA inhibition results in elevated expression of Wnt target genes.

SIRT2 Represses β-catenin Transcriptional Activity

To verify that increased expression of Wnt target genes in the absence of SIRT2 occurs at

the transcriptional level, we examined the effect of SIRT2 on β-catenin-mediated

transcription using TOPFLASH luciferase reporter analysis (Fig. 5A). We observed that
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deletion of Sirt2 results in more than 2 fold increase in luciferase activity, suggesting

transcriptional activation of the promoter containing TCF-binding sites.

Furthermore, we examined the effect of SIRT2 on the recruitment of β-catenin to TCF-

binding sites of Wnt target genes by ChIP (Fig. 5B). Indeed, ChIP showed an increase in β-

catenin DNA-binding activity to the cyclin D1, c-Myc and survivin promoters in Sirt2 KO

MEFs compared to WT. Increased DNA-binding to the Wnt target promoters in the absence

of SIRT2 matches the increased expression of Wnt target genes. Taken together, the data

suggest that SIRT2 acts as a repressor of transcription of Wnt target pro-survival genes.

SIRT2 Inhibits Cell Migration/Invasion

Microtubules have also been shown to be required for cell migration and tail retraction (28).

SIRT2 has been shown to play a role in microtubule deacetylation (16) thereby raising the

possibility that SIRT2 might regulate cell motility. We determined whether the absence or

presence of SIRT2 changes the chemotactic movement and invasive property of MEFs. To

investigate whether Sirt2 WT and KO cells differ in motility, we subjected both cell lines to

an assay that measured the ability of cells to migrate through pores in a PET membrane. As

shown in Fig. 6, Sirt2 KO fibroblasts migrate 2-fold faster than WT in response to serum

(Fig. 6A) suggesting that SIRT2 is required to regulate cell motility. To examine the effect

of SIRT2 on invasion, the cells are required to cross through a collagen layer as well as

migrate through the pores of the chamber (Fig. 6B). Consistent with the migration result, the

presence of SIRT2 markedly inhibited the invasion of MEFs through the collagen coating.

To further verify the effect of SIRT2 on invasive capacity, we performed invasion assays

using Sirt2 WT MEFs transfected with either scrambled shRNA or Sirt2 shRNA. Knocking

down Sirt2 consistently increased the invasive capability of the cells in migrating through a

collagen layer (Fig. 6C), thus further supporting results obtained with Sirt2 KO MEFs.

Expression of MMP9 Is Dramatically Elevated In Sirt2 KO MEFs

Given that migration and invasion of MEFs were determined to be a SIRT2 dependent

phenomenon, we examined if the capacity of the cell to invade extracellular matrix was also

dependent on SIRT2. Previous studies have shown that matrix metalloproteinase-9 (MMP-9)

(29, 30), both of which are important effectors of wound healing, tumor invasion and

angiogenesis, have also been characterized as targets of β-catenin-dependent Wnt signaling.

As shown in Figure 6D, Mmp-9 mRNA is markedly elevated in the Sirt2 KO cells relative to

WT (Fig. 6D). Immunoblot analysis further confirmed this increase in MMP-9 expression

(Fig. 6E). Thus, the loss of SIRT2 results in increased Mmp-9 mRNA and protein levels, and

this observation is consistent with observed differences in the migratory and invasive

behavior of the cells.

E-Cadherin is Decreased in Sirt2 KO MEFs

Because we observed a difference in adherence property between Sirt2 WT and KO MEFs

in culture, we investigated the effect of SIRT2 on E-cadherin expression. Immunoblot

analysis for E-cadherin demonstrates reduced expression in Sirt2 KO MEFs (Fig. 6E).

Therefore, in addition to downstream targets of the Wnt pathway, the regulation of the
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adherens junction protein E-cadherin is also dependent on the presence or absence of SIRT2.

In summary, we have demonstrated that the loss of SIRT2 gives rise to the upregulation of

pro-survival genes through the activation of β-catenin-dependent Wnt signaling.

Concurrently, invasion and migratory capabilities become more prominent. MMP9 and E-

cadherin may potentially act as molecular markers for cells lacking Sirt2 in regulating cell

migration/invasion. All of these events are the hallmarks of a bona fide malignancy and

therefore support the hypothesis that SIRT2 functions as a tumor suppressor protein in

response to IR in normal tissues.

DISCUSSION

Recent developments implicate SIRT2 as a major player in several diseases including cancer

and neurodegenerative disorders. In this study, we describe a tumor suppressive role for

SIRT2 using wild type and knockout Sirt2 MEFs as a model. These findings support other

published data that link the processes of tumor suppression and aging to SIRT2 and its

interaction with the acetylome (31). We present evidence that SIRT2 interacts with β-catenin

and represses β-catenin-mediated transcriptional gene activation. Upon SIRT2 inactivation

by genetic deletion, this repression is lifted. We demonstrated that the level of

transcriptionally active β-catenin increases significantly. This is established by two

approaches. First, we showed that there is more β-catenin accumulation in the nucleus of

Sirt2 knockout MEFs by immunofluorescent staining and by subcellular fractionation while

total whole cell β-catenin remains constant between wild-type and Sirt2 knockout MEFs.

Second, we observed that there is an increase in phospho-β-catenin Y142 as well as an

increase in acetylated β-catenin level in the Sirt2 knockout MEFs. Previous studies have

shown that the phosphorylated Y142 form and acetylated form of β-catenin have increased

transcriptional activity.

In accordance with increased active β-catenin in the absence of SIRT2, we showed that

TCF/LEF transcription factor activity increased. Furthermore, ChIP analysis demonstrated

that the presence of SIRT2 significantly attenuates β-catenin’s binding to upstream promoter

regions of Myc, cyclin D1 and survivin. These findings correlate with observations that both

message and protein levels of these targets are significantly elevated. Concurrently, we also

showed that SIRT2 has a significant inhibitory effect on cell migration and invasion

abilities. The apparent increase in invasive and migratory potential when SIRT2 is absent

may be due to increased expression of MMP-9 and decreased expression of E-cadherin.

Our findings place SIRT2 as the second sirtuin to interact with β-catenin and regulate its

transcriptional activity. Firestein et al have shown that SIRT1 plays a major role in

inhibiting tumorigenesis and colon cancer growth by inhibiting β-catenin transcriptional

activity via deacetylation (27). Similar to Firestein et al, we observe a difference in β-catenin

acetylation between our Sirt2 WT and KO MEFs. We presented evidence that SIRT2

interacts with β-catenin, deacetylates and suppresses β-catenin from becoming active. When

SIRT2 is absent, β-catenin no longer binds and thus become activated. Taken together, these

results strongly suggest that SIRT2 can act as a growth suppressor and mediate the response

to IR-induced oxidative stress in normal, non-tranformed tissues. Indeed, we demonstrated

that in the presence of SIRT2, radiation-induced H2O2 production was responsible for cell
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death. These findings suggest that SIRT2 is critical to maintaining the homeostasis of non-

transformed cells, and suggest that SIRT2 plays a significant role in mediating the cell’s

response to environmental stressors such as oxidative damage from IR.

Here, we connect endogenous SIRT2 to the interaction between the processes of aging,

response to extracellular stress by IR exposure, de-differentiation and carcinogenesis. In

contrast to Chen et al which demonstrated overexpression of SIRT2 to interact with β-

catenin in hepatocellular carcinoma (32), this is the first description of endogenous SIRT2

acting directly on β catenin–in untransformed cells of advanced chronologic age,

demonstrating the potential for greater oxidative stress by IR and ROS mimics in aging

tissues, specifically aging central nervous system, where SIRT2 is the predominant sirtuin

isoform. Recently, Simic et al demonstrated that SIRT1 may be a therapeutic target to foster

mesenchymal stem cell differentiation to preserve the integrity of mesenchymal stem cell-

derived tissues in aging animals (33). In contrast, this manuscript demonstrates for the first

time that SIRT2 may be potentiating the damage induced by IR in untransformed aging cells

and that disruption of the SIRT2-β– catenin interaction may be an endogenous therapeutic

target to preserve the integrity of aging cells against exogenous stressors such as IR. More

importantly, this demonstrates differential regulation of the same pathway by differing

sirtuin isoforms.
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Implications

Disruption of the SIRT2/β-catenin interaction represents an endogenous therapeutic

target to prevent transformation and preserve the integrity of aging cells against

exogenous stressors such as reactive oxygen species.
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Figure 1.
Nuclear β-catenin levels are elevated in Sirt2 KO MEFs. A, immunoblot analysis of

enriched nuclear and cytoplasmic fractions for β-catenin, lamin B (nuclear marker) or

manganese superoxide dismutase (cytoplasmic marker) showing increased nuclear β-catenin

protein level in Sirt2 KO MEFs. B, densitometric analysis of the subcellular fractionation.

***, P < 0.001. C, immunoblot analysis showing increased pY142 β-catenin in Sirt2 KO

MEFs. D, β-catenin immunofluoresescent staining showing markedly increased level of

nuclear β-catenin in Sirt2 KO MEFs vs. WT.
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Figure 2.
SIRT2 interacts directly with β-catenin. A, coimmunoprecipitation showing association of

SIRT2 and β-catenin increases with IR. Sirt2 WT MEFs were exposed to single fractions of

2Gy, 5 Gy and 10 Gy, and compared to sham controls. Cells were harvested 24h after

radiation and immunoprecipitated either with normal rabbit IgG control, SIRT2 or β-catenin

antibodies. Bound proteins were analyzed by immunoblot with β-catenin antibody. B,

coimmunoprecipitation analysis showing SIRT2 associates with β-catenin in PC-3 cells. C,

coimmunoprecipitation analysis showing overexpressed Flag-SIRT2 binds to β-catenin.

Protein lysates from U87 glioma cells stably expressing either pcDNA3 or Flag-SIRT2 were

subjected to immunoprecipitation using rabbit IgG, DDK or β-catenin antibodies. Bound

proteins were analyzed by immunoblot with β-catenin antibody. D, ROS measurement. Sirt2

WT and KO MEFs were labeled with H2DCFDA or carboxy DCFDA for 30 min before

exposure to a single fraction of 10 Gy compared to sham controls. Cells were harvested after

30 min and analyzed. Treatment with PEG-catalase was used to scavenge ROS generated by

radiation. E, Clonogenic survival assay. Sirt2 WT and KO cells were plated for clonogenic

survival assay and treated with 200U/ml PEG-cat for 2h, followed by radiation. PEG-cat

was left for the duration of the assay. Values represent the mean +/− SEM. *, P < 0.05, ***,

P < 0.005
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Figure 3.
Acetylation of β-catenin and activation of the Wnt signaling pathway in Sirt2 KO MEFs. A,

acetylated β-catenin immunofluorescent staining showing markedly increased level of

acetylated β-catenin present in Sirt2 KO MEFs compared to WT. B, increased acetylated β-

catenin is present in Sirt2 KO MEFs. Whole cell lysates from Sirt2 WT and KO cells were

immunoprecipitated with rabbit IgG control or β-catenin antibody. Pulled-down complexes

were immunoblotted with acetylated lysine or acetylated β-catenin antibody. C, SIRT2

deacetylates β-catenin in vitro. Immunoprecipitated β-catenin from Sirt2 KO MEFs was

incubated with or without purified recombinant Sirt2 in the presence or absence of NAD+.

The reaction mixtures were separated by SDS-PAGE and immunoblotted with antibodies

against acetylated lysine, β-catenin or SIRT2. D, immunoblot showing upregulated level of

activated, phosphorylated GSK-3-β in Sirt2 KO MEFs compared to WT.
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Figure 4.
SIRT2 inhibits Wnt target gene expression. A, real-time PCR showing upregulated mRNA

levels of cyclin D1, c-myc and survivin in Sirt2 KO MEFs compared with WT. **, P <

0.005, ***, P < 0.0005. B, immunoblot showing increased protein levels of c-myc, cyclin

D1, survivin and c-Jun in Sirt2 KO compared to WT. C, real-time PCR showing that

knockdown of Sirt2 upregulates cyclin D1, c-myc and survivin mRNA levels. ***, P <

0.001. D, immunoblot showing knockdown of Sirt2 upregulates c-myc, cyclin D1 and

survivin protein expression.
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Figure 5.
SIRT2 inhibits Wnt Signaling. A, pTOPFLASH luciferase promoter analysis showing

upregulated TCF/LEF transcriptional activity in Sirt2 KO MEFs compared to WT. **, P <

0.005. B, ChIP analysis showing increased binding of β-catenin to the promoters of c-myc,

cyclin D1, and survivin. *, P < 0.5, **, P < 0.01.
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Figure 6.
SIRT2 inhibits cell motility/invasion and MMP9 expression and upregulates E-cadherin

expression. A, cell motility analysis showing Sirt2 KO MEFs migrated faster through

uncoated Boyden chambers compared to WT in response to serum. B, cell invasion analysis

showing Sirt2 KO fibroblasts migrated faster through collagen-coated Boyden chambers in

response to serum. ***, P < 0.0001. C, cell invasion analysis showing that knockdown of

Sirt2 slowed the migration of Sirt2 WT MEFs through collagen-coated Boyden chambers.

**, P,< 0.005. D, real-time PCR showing upregulated Mmp9 mRNA in Sirt2 KO MEFs

compared to WT. **, P < 0.005. E, immunoblot showing increased MMP9 in Sirt2 KO cells

compared to WT. F, immunoblot showing markedly decreased E-cadherin in Sirt2 KO cells

compared to WT. Data from A–C in this figure are representative of one of three
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independent experiments. Data from D–F in this figure show means ± SEM from three

independent experiments.
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