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Introduction

It is a well established scientific observation that mammalian 
cells contain fidelity or watchdog proteins that protect 
against the damaging effects of cellular stress (1). Thus, 
over the last 20 years a fundamental paradigm in biology 
has emerged proposing that these fidelity proteins 
recognize specific endogenous and exogenous forms of cell 
stress, including but not limited to oxidative and genotoxic 
stress and subsequently initiate signaling cascades that 
maintain cellular homeostasis (2,3). Loss of function or 
genetic mutation of specific fidelity proteins creates a 
cellular environment that is permissive for the development 
of genomic instability (4). According to the multi-hit 
genetic and epigenetic hypothesis for tumorigenesis, 
genomic instability is an early, initiating event, as it can 
trigger a phenotype favoring DNA damage and cellular 

transformation (5).  
In this regard, loss of fidelity proteins has been shown 

to create a cellular environment permissive for genomic 
instability resulting in a cellular phenotype favoring DNA 
damage and cellular transformation (3). For example, it has 
been shown that mice lacking a fidelity protein, such as p53 
and BRCA1, are susceptible to carcinogenesis and as such, 
these fidelity proteins are also referred to as tumor suppressor 
(TS) genes and/or proteins (3,6). In vitro it has also been 
shown that loss of function of a TS protein complements 
the activation of a single oncogene in the two-hit primary 
tissue culture cell model for carcinogenesis (7) and results 
in tumorigenesis in mice lacking expression (8). Critically, 
many common TS genes are deleted or mutated in human 
cancers, resulting in loss of function similar to knock-out 
mouse models (9,10). While these genes are often referred to 
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as TS genes (TSGs) it seems unlikely that genetic evolution 
required proteins for the specific purpose to prevent tumors 
and it is more logical that these proteins regulate critical cell 
surveillance pathways. As such, it could be proposed that the 
subsequent loss of the aberrant function of critical cellular 
signaling pathways that protect the cell against damage from 
both endogenous as well as exogenous agents that induce 
stress may ultimately result in carcinogenesis.

One of the fundamental observations in oncology is that 
tumorigenesis increases as a function of age and in fact, 
increasing age is the strongest statistic variable that predicts 
for carcinogenesis (11,12). One fact that has emerged over 
the last several years is that aging is a complex cellular 
process that appears to be regulated, at least in part, by 
several signaling protein families that have been identified 
in multiple species, including a relatively new gene family 
that was initially identified in S. cerevisiae and C. elegans 
(12,13). The human and murine homologs of the yeast Sir2 
gene are referred to as sirtuin proteins. While there is a 
controversy about the direct role of the sirtuin gene family 
in longevity in mammals they do appear to regulate critical 
signaling networks, and following stress, several mice 
lacking one of the sirtuin genes develop illnesses that mimic 
those observed in older humans (13,14).

Sirtuins are members of the class III histone deacetylase 
family of proteins and belong to the deoxyhypusine 
synthase (DHS)-like NAD/flavin adenine dinucleotide 
(FAD)-binding domain clan containing the Rossmann fold 
structural motif and phylogenetic analysis from a variety of 
prokaryotes and eukaryotes has divided the family into 
five different classes (15). In mammals, seven sirtuins 
(SIRT1-7) have been identified, each of them sharing a 
conserved 275-amino-acid catalytic core domain which 
are mainly categorized according to their subcellular 
localization to the nucleus (SIRT1, 6, and 7), mitochondria 
(SIRT3, 4, and 5), and cytoplasm (SIRT2), respectively (16). 
Besides histone deacetylation, lysine acetylation has recently 
emerged as an important, and perhaps a physiologically 
significant, post-translational modification employed to 
regulate several proteins (17-19). The reversible acetylation 
of lysine, which involves neutralization of a positive charge, 
alters protein structure and it seems very likely to also 
alter enzymatic function (20-23). Thus, it seems clear that 
sirtuins direct, at least in part, the cellular acetylome and 
may be fidelity or sensing proteins that respond to changes 
in the cellular environment and activate the catalytic to 
signaling activity of downstream target proteins to adapt to 
specific cellular conditions.

SIRT2 is the primary cytoplasmic sirtuin 
implicated in age related diseases

The SIRT2 protein is similar in sequence to yeast Hst2p 
and both proteins are located in the cytoplasm making 
it the first cytoplasmic sirtuin found (24). Consistent 
with the suggested role of sirtuins in the development 
of age-dependent disorders, SIRT2 has been found to 
regulate metabolism by deacetylating and stabilizing 
phosphoenolpyruvate carboxykinase (PEPCK1), which 
is the rate limiting enzyme for gluconeogenesis, linking 
SIRT2 with type II diabetes (25). In addition to its role 
in metabolic regulation, SIRT2 mediates the response to 
nutrient deprivation and energy expenditure by promoting 
lipolysis and inhibiting adipocyte differentiation through 
deacetylation of FoxO (25). Furthermore, p65, a subunit 
of NF-κB, was found to be another deacetylation target 
of SIRT2 in the cytoplasm where hyperacetylated p65 in 
Sirt2-/- cells after TNFa stimulation results in increased 
expression of a subset of NF-κB target genes implicated in 
the immune and inflammatory response (26). Finally, SIRT2 
appears as an important regulator of neurodegeneration, 
however with opposite functional outcomes compared to 
other sirtuins. For example, whereas SIRT1 mainly exerts a 
neuroprotective role, SIRT2 seems to promote degeneration 
as revealed by studies showing that inhibition of SIRT2 
rescues a-synuclein toxicity in a Parkinson’s disease model (27) 
and reduces mutant Huntington mediated toxicity caused 
by increased sterol levels (28), demonstrating a central 
function of SIRT2 in neurodegeneration.

Sirt2 functions as a murine tumor suppressor

As mentioned earlier, it is well documented that the 
incidence of malignant tumors increases progressively 
with age, in both animals and humans and cancer is one 
of the major life threatening age-related diseases. Thus, 
over the last years, the potential direct role of the sirtuins 
as longevity genes in tumorigenesis was a very interesting 
hypothesis that needed to be tested. Previous studies 
indicate that two members of the sirtuin family, Sirt1 and 
Sirt3, have tumor suppressor function (29-34). Based on 
these results it seemed reasonable to propose that the 
primary cytoplasmic sirtuin, Sirt2, might also function 
as a fidelity, watchdog, or TSG. In this regard the role of 
SIRT2 in tumorigenesis was relatively scarce and the results 
seemed somewhat conflicting. One example suggested 
that it might promote tumor formation based on the 
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observation that SIRT2 deacetylates and inhibits the activity 
of p53 (35,36) and this might result in a tumor permissive 
phenotype. It was also shown that cell exposure to dual 
inhibitors of SIRT1 and SIRT2 induces apoptosis in tumor 
cell lines (36,37) and inhibits growth of Burkitt lymphoma 
xenografts (38), while an inhibitor for SIRT1 alone did not 
have such an anti-tumor effect (36). Furthermore a selective 
inhibitor of SIRT2 exhibited submicromolar selective 
cytotoxicity towards tumor cell lines compared to normal 
cell types by triggering apoptosis (37). Finally, a statistically 
stronger correlation between expression levels and pancreas 
tumor development was found in case of SIRT2 (6 of 11) 
compared to SIRT1 (1 of 11) (39).

In contrast, it was also published that SIRT2 expression 
is decreased in human gliomas, and ectopic expression of 
SIRT2 in glioma cell lines led to a remarkable reduction 
of in vitro colony formation ability (40). In addition, it 
has been suggested that loss of SIRT2 promotes genomic 
instability that is a well established early event in carcinogenesis 
(41-44). These results could be interpreted to suggest that 
SIRT2 functions as a fidelity protein or TSG. Consistently, 
in our recent study, we also showed that SIRT2 expression 
was decreased in genomic data in human breast cancer and 
hepatocellular carcinomas (HCCs), as compared to normal 
tissue human samples (45). Finally, analysis of the Oncomine 
cancer microarray database (46), at the University of 
Michigan, also revealed reduced SIRT2 mRNA expression 
in anaplastic oligodendroglioma, glioblastoma, clear cell 
renal carcinoma, and prostate carcinoma. Thus, these 
correlative results seemed to suggest a role of SIRT2 in 
carcinogenesis but the mechanism was unclear.

In order to further establish the role of Sirt2 as either 
a tumor suppressor or oncogene, our research groups 
analyzed the physiological function of SIRT2 in mutant 
mice generated by gene targeting. Experiments done using 
mouse embryo fibroblasts (MEFs) from these mice showed 
that Sirt2-deficient cells displayed centrosome amplification 
and several mitotic defects including failure to complete 
cytokinesis, arrest at metaphase and cell death during 
mitosis, resulting in genetic instability (45). Initially, Sirt2-
deficient MEFs exhibited reduced proliferation; however, 
they gradually gained a more pro-proliferative phenotype 
and after multiple divisions became immortalized and finally 
displayed a series of malignant and transformed phenotypes 
as revealed by enhanced colony formation ability in vitro 
and tumor formation in vivo, implying that the absence of 
SIRT2 eventually triggers tumorigenesis. More importantly, 
it was also shown that the Sirt2-/- mice developed tumors in 

multiple tissues and the tumor incidence slowly increased 
with increasing mouse age (45) suggesting an essential role 
of Sirt2 in repressing tumor formation providing strong 
genetic evidence for a tumor suppressor function of a gene 
which is implicated with aging. So far, these recent results 
shift the balance to the tumor suppressor function of SIRT2 
but also raise an intriguing question: why does the aberrant 
regulation of the Acetylome by SIRT2 result in a tumor 
permissive phenotype?

SIRT2 is a cytoplasmic sirtuin regulating mitosis

SIRT2 was originally reported as a cytoplasmic NAD 
dependent deacetylase that colocalizes with microtubules 
and specifically deacetylates lysine-40 of alpha-tubulin both 
in vitro and in vivo (47) establishing tubulin as the first bona 
fide substrate for SIRT2. However, it has also been reported 
that phosphorylation mediates the dramatic increase in the 
levels of the protein during the G2/M transition of the cell 
cycle (48), suggesting for the first time that SIRT2 may exert 
a key role in orchestrating mitotic events. In this regard, 
data showed that overexpression of the wild-type SIRT2 but 
not missense mutants lacking deacetylase activity results in a 
marked prolongation of the mitotic phase of the cell cycle (48). 
In addition, SIRT2 was found to deacetylate histone H4 lysine 
16 (H4K16) mediating chromatin condensation during G2/M 
transition (49,50). These studies indicated that SIRT2 activity 
is required for mitotic progression and may be temporally 
and spatially controlled to aid in the faithful completion of 
mitosis. As a result, further studies focused on its role during 
the cell cycle and resulted in taking away the interest from its 
cytoplasmic localization. Further establishing its central role 
in mitosis, SIRT2 was found to be associated with mitotic 
structures, beginning with the centrosome during prophase, 
the mitotic spindle during metaphase, and the midbody 
during cytokinesis (51). Regarding its subcellular localization, 
it has been shown to accumulate in the nucleus in response 
to genotoxic stress such as ionizing radiation (52) while it is 
actively exported from the nucleus to maintain its cytoplasmic 
localization during interphase (51), indicating that nucleo-
cytoplasm shuttling of SIRT2 is actively regulated in order to 
support the various cellular functions of the protein. 

The role of SIRT2 as a gatekeeper of mitosis was 
further confirmed by data showing that overexpression of 
SIRT2 blocked the entry to chromosome condensation and 
subsequent hyperploid cell formation in glioma cells (52), 
whereas downregulation of SIRT2 prolonged chronic 
mitotic arrest from sustained activation of the mitotic 
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checkpoint and consequently prevented a shift to secondary 
outcomes, including cell death, after release from chronic 
mitotic arrest rendering cancer cells resistant to microtubule 
inhibitors (53). While these observations link SIRT2 with 
cell division and thus maintenance of genomic stability, 
however more details remained to be elucidated regarding 
the mechanism of function and the identification of possible 
cell cycle specific proteins as new substrates for SIRT2 to 
explain the observed phenotypes during mitosis.

SIRT2 positively directs APC/C activity and 
prevents genomic instability

Since the observed abnormalities during cell cycle followed 
by widespread genetic instability in Sirt2-deficient cells 
could serve as a potential mechanism, at least in part, for the 
tumor permissive phenotype observed (45), we tried to shed 
more light on the underlying mechanism. For this purpose, 
we performed a proteomic study to identify interaction 
proteins and potential targets of SIRT2 deacetylase 
activity. After expressing a flag tagged SIRT2 in HeLa 
cells, followed by a pull-down using an antibody to flag, 
we identified several components of the APC/C complex, 
including CDH1 and CDC20 which serve as coactivators 
for APC/C and have substrate specificity for different APC/
C substrates. In particular, we showed that CDH1 and 
CDC20 are downstream SIRT2 deacetylation targets and 
hyperacetylation reduces their interaction with CDC27 
that decreases APC/C activity. In contrast, deacetylation of 
CDH1 and CDC20 by SIRT2 enhances their interaction 
with CDC27 leading to activation of APC/C suggesting 
that SIRT2 is a positive regulator for APC/C activity (45).  

As such, it is proposed that the mitotic abnormalities 
can be caused by a combined effect of altered expression of 
mitotic regulators that are regulated by APC/C leading to 
perturbed maintenance of genomic integrity. For example, 
we indeed observed significantly higher levels of Aurora-A 
in Sirt2 mutant MEFs, mammary tissue and liver compared 
to wild-type control cells or tissues and previous studies have 
shown that overexpression of Aurora-A can cause centrosome 
amplification and mammary tumor formation in mice (54). 
Specifically, we found that knockdown of SIRT2 caused 
upregulation of Aurora-A which is associated with decreased 
ubiquitination, implying that E3 ubiquitin ligase activity of 
APC/C mediates this effect. Conversely, overexpression of 
the wild type SIRT2-WT, but not the deacetylase mutant 
SIRT2-HY, decreased the protein level of Aurora-A through 
increased ubiquitination. Finally, our analysis revealed 

increased levels of multiple mitotic regulators, including 
Aurora-A, Aurora-B, Plk1, securin, and cyclin A2 in Sirt2−/− 

cells, further supporting the key role of SIRT2 in regulating 
activity of APC/C complex (Figure 1). 

Since there are several lines of evidence suggesting that 
APC/C complex is involved in tumorigenesis (55,56), the 
interplay between SIRT2 and CDH1/CDC20 could provide 
the mechanistic link explaining how SIRT2 functions as a 
mitotic gatekeeper regulating the transition from metaphase 
to anaphase by controlling the proper formation of the 
complex through deacetylation of both CDC20 and CDH1 
depending on the phase of the cell cycle. Thus, along with 
its well established localization with mitotic structures, 
SIRT2 is found to deacetylate targets that are directly 
involved in the proper completion of mitosis highlighting its 
role in maintaining genomic stability. Finally, the aberrant 
regulation of these factors, as well as others involved in 
cell segregation, may account for the tumor permissive 
phenotype, at least in part, in mice lacking Sirt2.

Conclusions and future aspects

In summary, Sirt2 is the third gene in the mammalian 
sirtuin gene family shown to be a tumor suppressor and the 
Sirt2-/- mice develop tumors as they age. In addition, SIRT2 
directs mitotic events by regulating APC/C activity through 
deacetylation of its co-activators, CDH1 and CDC20. 
Thus, loss of Sirt2 consequently causes increased levels of 
many mitotic regulators that may contribute to centrosome 
amplification, aneuploidy, mitotic cell death, and most 
importantly the tumor permissive phenotype observed in 
the knockout mice. Finally, SIRT2 expression is reduced in 
several human malignancies including breast, liver, brain, 
kidney, and prostate cancers. Taken together, these results 
identify SIRT2 as a legitimate tumor suppressor gene and 
uncover an essential role for SIRT2 in maintaining the 
integrity of mitosis through positively regulating APC/C 
activity, a dysfunction of which leads to genetic instability 
and tumorigenesis. Although the central role of SIRT2 in 
regulating APC/C activity provides a link between SIRT2 
and the observed mitotic defects reported in previous 
studies, however there are still questions that need to 
be answered regarding the specific role of the protein in 
tumorigenesis. For example, the gender specific profile of 
tumors developed in the Sirt2 knockout mice indicates that 
there are additional functions of SIRT2 that contribute 
possibly to tumor development in different tissues. 
Moreover even if genomic instability is an early event in 
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tumorigenesis, it is clear that additional signaling pathways 
are required to be activated or deactivated in order to 
induce cell proliferation and it is not yet clear how SIRT2 
regulates these pathways or how these changes are linked 
to the age-related cancer formation. Thus, further studies 
remain to uncover additional functions related to the role of 
SIRT2 as a tumor suppressor. 
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Figure 1 SIRT2 regulates APC/C complex activity. Loss of Sirt2 prevents interaction of APC/C complex with its co-activators, CDC20 and 
CDH1, leading to increased levels of mitotic regulators by blocking ubiquitin mediated degradation and subsequent perturbed maintenance 
of genomic integrity
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