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Abstract

SIRT6, a member of the mammalian sirtuins family, functions as a mono-ADP-ribosyl transferase and NAD+-dependent 

deacylase of both acetyl groups and long-chain fatty acyl groups. SIRT6 regulates diverse cellular functions such as 

transcription, genome stability, telomere integrity, DNA repair, in�ammation and metabolic related diseases such as 

diabetes, obesity and cancer. In this review, we will discuss the implication of SIRT6 in the biology of cancer and the 

relevance to organism homeostasis and lifespan.

Introduction

Sirtuins are a conserved family of proteins with deacylase and/

or mono-ADP (adenosine di phosphate)-ribosyltransferase 

activities that require the cellular metabolite NAD+ (nicotina-

mide adenine dinucleotide) to perform their functions (1). The 

founding member silent information regulator Sir2 was dis-

covered in Saccharomyces cerevisiae to be a key regulator of tran-

scriptional silencing (2). Overexpression (OE) of Sir2 extended 

lifespan in yeast whereas deletion of this gene reduced lifes-

pan (3,4). There are seven Sir2 homologues in mammals (SIRT1–

SIRT7) which differ in their cellular compartment localizations, 

catalytic activities and cellular functions. SIRT6 and SIRT7 are 

found in the nucleus while, SIRT3, SIRT4 and SIRT5 are found in 

the mitochondria. SIRT2 is cytosolic and SIRT1 has been found 

in both the cytosol and the nucleus (5,6).

Sirtuins have been implicated in multiple cellular processes 

including transcription, metabolism, fat mobilization, DNA 

repair, stress responses, apoptosis, tumorigenesis and aging. As 

deacetylases, sirtuins transfer the acetyl group from the lysine 

side chain of a protein to the cofactor NAD+, generating dea-

cetylated substrate, OAADPr (2′-O-acetyl-ADP-ribose) and NAM 

(nicotinamide); the latter acts as an endogenous inhibitor to sir-

tuins (7–9).

Among the seven mammalian sirtuins, SIRT6 is a critical reg-

ulator of diverse processes, including DNA repair, gene expres-

sion, telomere maintenance, metabolism and aging. SIRT6 

acts through both deacylation of acetyl groups and long-chain 

fatty acyl groups such as myristoyl, and as a mono-ADP-ribosyl 

transferase (10,11). SIRT6-de�cient mice are small and at 2–3 

weeks of age develop a severe premature aging phenotype that 

includes profound lymphopenia, loss of subcutaneous fat, lor-

dokyphosis, metabolic defects and eventual death at about 4 

weeks old (12).

In contrast, male mice overexpressing exogenous SIRT6 

(MOSES) mice have a signi�cantly longer lifespan than wild-type 

(WT) mice (13). Although no differences were found between 

WT and SIRT6-transgenic females, young transgenic males 

(6  months old) had lower serum insulin-like growth factor 1 

(IGF1) levels than WT male littermates. The IGF1 signaling path-

way is a key factor in the regulation of lifespan (14). Therefore, 

the extension in lifespan observed only in males overexpress-

ing SIRT6 can be potentially explained by the reduction in IGF1 

signaling. In addition to the effect on lifespan, MOSES mice are 

protected against the physiological damages caused by diet-

induced obesity, including reduced accumulation of visceral 

fat, improved blood lipid pro�le, glucose tolerance and insulin 

secretion (15). Thus, SIRT6 is a regulator that links energy home-

ostasis to lifespan.

SIRT1 possesses several similarities to SIRT6. Aside from 

cellular localization and homology (6,16), nutrient depriva-

tion induces the expression of both proteins (17,18). When 

either is knocked out, mice will die postnatally, stressing their 

importance for survival (12,19). They also play a major role in 

the regulation of multiple metabolic processes such as glucose 

and lipid metabolism (16,20). Kim et al. (21) showed that SIRT1 
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deacetylates FOXO3a (forkhead box O3a), which subsequently 

enhances the formation of a SIRT1-FOXO3a-NRF1 (SFN) pro-

tein complex on the promoter of SIRT6 and positively regulates 

SIRT6 expression. Interestingly, the interaction was markedly 

enhanced in the absence of glucose. Therefore, regulation of 

SIRT6 under speci�c conditions is partially via SIRT1.

In addition to the regulatory effects of SIRT1 and SIRT6 on 

metabolism, SIRT3 also acts as a metabolic regulator. SIRT3, a 

major mitochondrial deacetylase has been reported to regu-

late major aspects of mitochondrial biology including: reactive 

oxygen species detoxi�cation, ATP (adenosine triphosphate) 

generation, mitochondrial dynamics, nutrient oxidation and 

the mitochondrial UPR (unfolded protein response) (22). When 

compared with WT littermates, HFD (high-fat diet) fed SIRT3 

KO mice show accelerated obesity, insulin resistance, hyperlipi-

demia and steatohepatitis (23). Furthermore, SIRT3 was found 

to act as a tumor suppressor by decreasing reactive oxygen spe-

cies and maintaining genomic stability (24). Loss of SIRT3 sta-

bilizes HIF1α (hypoxia-inducible factor 1α) and shifts cellular 

metabolism toward increased glycolysis (25). Taken together, 

sirtuins’ effect on metabolism seem to be, in part, overlapping 

and redundant.

SIRT6 can bind chromatin and deacetylate H3K9 (histone H3 

lysine 9) (26) and H3K56 (27,28). Histone deacetylation is associ-

ated with heterochromatin formation and decreased chroma-

tin accessibility (29). A recent study from our lab found that the 

histone deacetylase activity of SIRT6 is nucleosome dependent. 

SIRT6 associates with the nucleosome and deacetylates at high 

ef�ciency only when histones H3 and H4 are packaged as nucle-

osomes (30). Other substrates which are deacetylated by SIRT6 

are the double strand break resection protein CtIP [C-terminal 

binding protein (CtBP) interacting protein] and the histone 

acetyltransferase GCN5 (31,32).

Aging is one of the major risk factors of cancer. Therefore, 

the regulation of longevity by SIRT6 strongly suggests SIRT6 as 

a key factor in tumorigenesis. Indeed, a series of studies from 

recent years identi�ed SIRT6 as a key regulator of cancer and 

cancer related pathways. In this review, we will discuss its 

role in regulating cellular pathways relevant to cancer includ-

ing: metabolism, apoptosis or proliferation, in�ammation and 

genome stability.

Metabolism

Glucose homeostasis

Glycolysis

 SIRT6 is a key regulator of metabolism. In addition to the above-

mentioned metabolic phenotypes observed in SIRT6-de�cient 

and MOSES mice (12,13), Deng and his colleagues (21) also dem-

onstrated that liver-speci�c deletion of SIRT6 in mice causes 

increased glycolysis. The severe hypoglycemia of SIRT6−/− mice 

was later explained by Zhong et al. who demonstrated that SIRT6 

regulates glucose homoeostasis via suppressing the expression 

of multiple glycolytic genes. This allows ef�cient ATP produc-

tion through mitochondrial oxidative phosphorylation instead 

of glycolysis. Indeed, loss of SIRT6 in cells increases glycolysis 

and diminishes mitochondrial respiration (33). One of the main 

positive regulators of this switch is the transcription factor 

HIF1α which is a key mediator in cellular adaptation to nutri-

ent and oxygen stress (34). Thus, the model suggested by Zhong 

et al. was that under normal conditions, SIRT6 inhibits transcrip-

tion of glycolytic genes, including Glut1 (glucose transporters 1), 

Pfk1 (phosphofructose kinase 1), Pdk1 (pyruvate dehydrogenase 

kinase 1) and LDHa (lactate dehydrogenase) which is involved 

in fermentation. These results demonstrate SIRT6 functions as 

a co-repressor of HIF1α transcriptional activity by deacetylating 

H3K9 at HIF1α target gene promoters. Indeed, in the absence 

of HIF1α, SIRT6 binding to glycolytic genes promoters was 

impaired. This process maintains a proper �ux of glucose to the 

mitochondrial tricarboxylic acid cycle for ef�cient ATP produc-

tion. When SIRT6 is inactivated, HIF1α is activated, acetylation of 

glycolytic genes promoters increases concurrent with increased 

expression of multiple metabolic genes, and ultimately results 

in an increase in glycolysis and a decrease in mitochondrial res-

piration. A rescue of this metabolic shift was observed in SIRT6-

de�cient cells when HIF1α was downregulated (33).

This metabolic reprogramming is also observed in cancer 

cells even in the presence of oxygen. In contrast to normal 

cells, cancer cells generate the energy needed for their cellu-

lar processes by increasing aerobic glycolysis, a phenomenon 

termed the Warburg effect (35). Based on these results, in 2012, 

Sebastian et al. demonstrated direct evidence for the function 

of SIRT6 in tumorigenesis. Injection of WT mouse embryonic 

�broblasts (MEFs) into immunode�cient mice does not generate 

tumors. However, SIRT6 KO MEFs formed tumors. Re-expression 

of SIRT6 in KO MEFs completely abolished tumor formation. 

These results demonstrate a fundamental role for SIRT6 as a 

tumor suppressor. Indeed, the authors were able to show that 

SIRT6 is selectively downregulated in several human cancers. It 

was also shown that SIRT6 acts as a tumor suppressor by inhib-

iting the switch towards anaerobic glycolysis, depending on its 

function as repressor of HIF1α-dependent genes. The research-

ers knocked down a key glycolytic enzyme using shRNA, Pdk1, 

in order to suppress glycolysis in SIRT6 KO MEFs. In these cells 

there was inhibition in anchorage-independent cell growth in 

soft agar and also a severe reduction in tumor formation in vivo.

Because in most cancer cells, increased glycolysis per se is 

not suf�cient to provide a growth advantage, the authors also 

showed that SIRT6 functions as a novel regulator of ribosome 

metabolism by corepressing avian myelocytomatosis viral 

oncogene homolog (MYC) transcriptional activity (36,37). MYC, 

a master regulator of cell proliferation, regulates ribosome bio-

genesis and protein synthesis by controlling the transcription 

and assembly of ribosome components (38). In SIRT6-de�cient 

cells, MYC controls tumor growth speci�cally by regulating the 

ribosomes. Indeed, SIRT6-de�cient tumor cells exhibit high lev-

els of ribosomal protein gene expression (36).

The interaction between SIRT6 and the transcription fac-

tor RUNX2 (runt-related transcription factor 2)  was reported 

recently by Choe et al. RUNX2 mediates breast cancer metasta-

sis and regulates the expression of genes associated with tumor 

growth, migration and invasion. In MCF7 cells overexpressing 

RUNX2, the levels of proglycolytic genes PDK1, LDHA, and HK2 

(hexokinase-2) were signi�cantly elevated. RUNX2 increased 

glucose uptake and utilization by reducing the levels of SIRT6 

at both the transcriptional and post-translational levels (39). 

As mentioned above, SIRT6 increased mitochondrial oxygen 

Abbreviations 

BER base excision repair 

DSB double-strand break 

HR homologous recombination

MEF mouse embryonic �broblast 

MOSES mice overexpressing exogenous SIRT6 

OE overexpression

WT wild type
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consumption through oxidative phosphorylation (36). However, 

RUNX2 repressed the expression of SIRT6, and as a result 

reduced oxygen consumption (39).

The role of SIRT6 in controlling glycolysis was con�rmed by 

Wu et  al., who checked the function of SIRT6 in muscle inva-

sive urothelial carcinoma of the bladder. It was found that 

SIRT6 OE inhibits the proliferation of bladder cancer cells and 

that SIRT6 suppresses glycolysis in urothelial carcinoma of the 

bladder. A  dramatic decline of SIRT6 expression when blad-

der cancer progressed from T2 to T4 was also observed (40). In 

bladder and prostate cancer cell lines it was found that E2F1, 

the founding member of E2F family transcription factors, binds 

directly to SIRT6 promoter and suppresses SIRT6 transcription 

thereby promotes cancer cell glycolysis. Deacetylation of E2F1 

by HDAC1, promotes the dissociation of E2F1 from the SIRT6 

promoter region (41). These �ndings con�rmed the role of SIRT6 

as a tumor suppressor by its role in inhibiting glycolysis.

Gluconeogenesis

The in�uence of SIRT6 on gluconeogenesis was also described. 

In order to support the rapid proliferation and the requirement 

for high ATP/ADP and ATP/AMP ratios, cancer cells use large 

amounts of glucose. Gluconeogenesis generates glucose from 

non-carbohydrate precursors and is important for tumor cells 

growth (42). SIRT6 has been reported to downregulate gluconeo-

genesis in hepatocytes by enhancing GCN5-mediated acetyla-

tion and inhibition of PGC-1α (Peroxisome proliferator-activated 

receptor gamma coactivator 1-alpha). Deacetylation of K549 in 

GCN5 promotes phosphorylation of ser307 (serine in position 

307) and thr735 (threonine). In this modi�ed state, GCN5 is acti-

vated, resulting in hyperacetylation and a decrease in amount 

and activity of its substrate, PGC-1α. In addition, a decrease in 

gluconeogenic gene expression is observed (32). Other studies 

also demonstrated a role of SIRT6 and the tumor suppressor p53 

in the regulation of glucose levels through suppression of gluco-

neogenesis. p53 transcriptionally activates expression of SIRT6, 

which speci�cally interacts with FOXO1 to promote its deacety-

lation. Deacetylation of FOXO1 is necessary for its nuclear exclu-

sion, resulting in downregulation of FOXO1-activated genes 

G6PC (glucose-6-phosphatase) and PCK1 (phosphoenolpyruvate 

carboxy kinase), both of which are rate-limiting enzymes of glu-

coneogenesis. Thus, p53 is involved in a gluconeogenesis inhibi-

tion pathway by enhancing SIRT6 expression and subsequent 

FOXO1 nuclear exclusion (42). Interestingly, a previous study by 

Kan� et al. showed that mice de�cient in p53 have signi�cantly 

decreased SIRT6 levels (17). Thus, it would be of great interest to 

explore under which conditions p53 regulates SIRT6 in cancer 

cells.

Fat homeostasis

SIRT6 was shown to be a key regulator of fat homeostasis and 

obesity (15) which are associated with increased risk of several 

cancer types (43,44). In comparison to WT littermates, HFD fed 

MOSES mice do not accumulate triglycerides and have signi�-

cantly lower levels of LDL (low-density lipoprotein) cholesterol 

(15). Moreover, Elhanati et al. found that the mechanism under-

lying the improved cholesterol phenotype in MOSES mice under 

normal diet is due to a SIRT6-dependent repression of SREBP1 

(sterol regulatory element binding proteins) and SREBP2 in 

the liver. Interestingly, these proteins are transcription factors 

that serve as master regulators of lipogenesis and adipogen-

esis (45–47). This regulation by SREBP1 and SREBP2 is achieved 

by controlling PPARγ (peroxisome proliferator-activated recep-

tor γ) (48), C\EBP (CCAAT-enhancer-binding protein) (49) and 

other important adipogenic gene expression. Indeed, Kan� et al. 

showed that SIRT6 repressed the expression of PPARγ depend-

ent genes in adipose tissues of HFD fed MOSES mice (15). It is 

worth mentioning that SIRT6 regulates NFκB’s (nuclear factor 

kappa-light-chain-enhancer of activated B cells) transcriptional 

activity through its RELA (p65) subunit, which can hetrodimerize 

with C\EBP to form a transcription factor heterodimer, suggest-

ing direct regulation of SIRT6 on C\EBP (50). In addition, activa-

tion of PPARγ by rosiglitazone increases SIRT6 expression and 

ameliorates hepatic steatosis in rats (51). Furthermore, hepatic-

speci�c SIRT6 KO in mice results in fatty liver formation and 

enhanced triglyceride synthesis (21).

SIRT6 negative regulation of lipid metabolism suggests 

another layer of SIRT6 regulation of metabolic processes. These 

phenotypes together with personalized treatment can help �ght 

cancer growth/regrowth. This possibility was demonstrated by 

blocking lipid synthesis in several cancer types, allowing them 

to overcome tumor regrowth after angiogenic treatment with-

drawal (52). Despite this cumulative data, the challenge remains 

to explore whether this role of SIRT6 in fat homeostasis in�u-

ences different stages of cancer formations, and whether there 

is a connection between them.

Genomic stability and DNA repair

In mammals, regulation of genomic stability is linked to both 

aging and tumor suppression (53). Preservation of DNA integrity 

is critical to cellular and organismal function. Therefore, mul-

tiple mechanisms have evolved to protect and repair damaged 

DNA. While SIRT6 and p53 interact to regulate different aspects 

of the cell—which will be discussed later—it is not clear whether 

and how they interact to mediate and control DNA repair and 

genome stability. Single-stranded DNA lesions are repaired via 

nucleotide excision repair (NER) or base excision repair (BER), 

depending on the type of lesion. Double-strand breaks (DSBs) 

are repaired by nonhomologous end-joining or homologous 

recombination (HR) (54).

SIRT6 has a key role in regulating several DNA repair path-

ways and maintenance of genomic stability in cells. Originally, 

it was demonstrated that SIRT6 acts as a suppressor of genomic 

instability by regulating BER. SIRT6 de�ciency leads to sensitiv-

ity to a spectrum of DNA damaging agents such as H
2
O

2
, methyl 

methanesulfonate and ionizing radiation that are consistent 

with BER defects (12). In addition, deletion of SIRT6 in cells 

results in genomic instability, including chromosomal breaks 

and fusions (55). The chromosome fusion observed in SIRT6 

de�cient cells might be also explained by an article published 

by Michishita et al. They showed that SIRT6 associates speci�-

cally with telomeres and that SIRT6 deletion leads to telomere 

dysfunction with end-to-end chromosomal fusions and prema-

ture cellular senescence. SIRT6 deacetylates H3K9 at telomere 

chromatin in S phase and is required for the stable association 

of Werner ATP-dependent helicase, which has a role in genome 

stability during DNA replication and telomere metabolism, and 

is the mutated factor in Werner syndrome (27).

In addition to its role in BER, SIRT6 was also shown to play a 

major role in DSB repair. Jackson and his colleagues showed that 

SIRT6 has a role in promoting DNA end resection, a crucial step 

in DSB repair by HR. SIRT6 promotes resection by deacetylating 

the DSB resection protein CtIP (31). Another study showed that in 

response to DSBs, SIRT6 forms a macromolecular complex with 

the DSB repair factor, DNA-PK (DNA-dependent protein kinase). 

SIRT6 is required for mobilization and stabilization of the 

DNA-PK catalytic subunit (DNA-PKcs) on chromatin, adjacent 
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to the DSB site. SIRT6 associates dynamically with chromatin 

and is necessary for an acute decrease in global cellular acetyla-

tion levels on H3K9 in response to DNA damages (56). In addi-

tion to these �ndings, Gorbunova and her colleagues showed 

that in mammalian cells subjected to oxidative stress, SIRT6 is 

recruited to DNA DSBs loci and stimulates DSB repair through 

both nonhomologous end-joining and HR. SIRT6 enhances DSB 

repair under oxidative stress by mono-ADP-ribosylating PARP1 

(poly-ADP-ribose polymerase 1), activating PARP1’s poly-ADP-

ribosylase activity (57). Last, a recent study by Toiber et al. found 

SIRT6 to be one of the most rapidly recruited factors to DNA DSB 

damage sites. SIRT6 directly recruits the ATP-dependent chro-

matin remodeler SNF2H to DNA break sites, allowing the open-

ing of chromatin and also the recruitment of downstream DNA 

repair factors such as p53-binding protein 1 (53BP1), replication 

protein A (RPA) and BRCA (breast cancer 1, early onset) (58). As 

mentioned above, SIRT6 was shown to induce apoptosis in can-

cer cells via the ATM kinase pathway in a p53/p73-dependent 

manner using its mono-ADP-ribosyltransferase activity (59).

Interestingly, Gorbunova and her colleagues demonstrate a 

new role for SIRT6 in a different aspect of genome stability. SIRT6 

is also a suppressor of L1 [Long interspersed nuclear elements 

(LINE1)] retrotransposon activity. L1 activity has been implicated 

in a variety of age-related disorders including neurodegenera-

tion and cancer. SIRT6 regulates the packaging of L1 elements 

into transcriptionally repressive heterochromatin by mono-

ADP ribosylating the nuclear corepressor protein, KAP1 (KRAB-

associated protein 1). During aging, SIRT6 is depleted from L1 

loci, relieving this repression. L1 increased activation can then 

contribute to the pathology of age-related diseases (60).

Taken together, it is clear that SIRT6 in�uences and regu-

lates genome stability, DNA repair and aging through several 

unique pathways and that this regulation is also critical for 

carcinogenesis.

Apoptosis and cell proliferation

SIRT6 OE induces massive apoptosis in a variety of cancer cell 

lines, but not in normal, non-transformed cells. This phenom-

enon is mediated by the mono-ADP ribosyltransferase activity 

and not by the deacetylase activity of SIRT6. SIRT6 promotes 

apoptosis through either p53 or p73 signaling and requires 

ATM (ataxia telangiectasia mutated) kinase to initiate this 

response (59).

Survivin is a prosurvival protein that blocks apoptosis by 

inhibiting AIF (apoptosis inducing factor) dependent apoptotic 

pathways (61) and possibly caspase3\7\9 mediated apoptosis 

(62–65). It is ubiquitously expressed during development and 

absent in most normal tissues (61,66,67). Survivin expression is 

re-activated in most cancers (68) and is associated with tumor 

aggression and decreased patient survival (69). Recently, Min 

et al. used mouse models speci�c for liver cancer initiation to 

demonstrate that the survival of initiated cancer cells is con-

trolled by a c-Jun, c-Fos, SIRT6 and survivin cascade. C-Jun and 

c-Fos are important regulators of tumor development and c-Fos 

is regulated by c-Jun. During liver tumor initiation, c-Jun sup-

presses cell death through induction of survivin expression. 

This expression of survivin is controlled by SIRT6, which mod-

ulates histone deacetylation and NFκB binding at the survivin 

promoter. SIRT6 expression is regulated by c-Fos and enhances 

cell death by repressing survivin. The inhibition of c-Fos by c-Jun 

in early tumor stages will block SIRT6 expression. SIRT6 repres-

sion of survivin was also demonstrated in endometrial cancer 

cells with lower expression of SIRT6 (70). Therefore, increasing 

the levels of SIRT6 or targeting the antiapoptotic activity of 

survivin at the initiation stage can impair cancer development 

and may provide a novel preventive strategy in the initiation of 

tumor development (71).

Another article providing additional evidence for the role of 

SIRT6 as a tumor suppressor was recently published by Zhang 

et al. They showed that SIRT6 expression is signi�cantly reduced 

in human ovarian cancer tissues compared to normal tissues. 

SIRT6 OE inhibited the proliferation of ovarian cancer cells, 

while downregulation of SIRT6 enhanced their growth. In addi-

tion, SIRT6 OE reduced the expression of Notch 3, both at the 

mRNA and protein levels (72). However, Notch 3 OE blocked this 

anti-proliferative effect of SIRT6 in ovarian cancer cells. Notch 

3 signaling pathway is involved in tumor progression of ovar-

ian carcinoma and higher Notch 3 expression is associated with 

poor prognosis (73). Taken together, these results suggested that 

the anti-proliferative effect of SIRT6 on ovarian cancer cells is 

through downregulation of Notch 3.

In human glioma cells, SIRT6 acts as tumor suppressor. SIRT6 

protein and mRNA levels were markedly downregulated when 

compared to those in normal brain tissues. SIRT6 OE repressed 

glioma cell growth while SIRT6 KD (knockdown) facilitated 

growth. In these samples, SIRT6 expression was negatively cor-

related with the expression of PCBP2 (Poly(rC)-binding protein 

2)  (74). PCBP2 is a member of the PCBP family that regulates 

tumor development. PCBP2 plays an important role in posttran-

scriptional and translational regulation by interacting with sin-

gle-stranded poly(rC) motifs in target mRNAs (75). SIRT6 inhibits 

PCBP2 expression by binding to PCBP2 promoter region and dea-

cetylates H3K9, thereby acting as tumor suppressor (74).

Further evidences for the role of SIRT6 in liver cancer were 

recently described. SIRT6 was downregulated in HCC (hepato-

cellular carcinoma) cells (76). SIRT6 OE induced apoptosis in 

human HepG2 (hepatocarcinoma cells) whereas KD of SIRT6 

promoted growth of these cells, demonstrating that SIRT6 can 

act as a tumor suppressor (77). A similar effect was also found 

in other cancer types. The mRNA and protein levels of SIRT6 

are decreased in NSCLC (non-small cell lung cancer) specimen. 

SIRT6 OE in human NSCLC cell lines inhibited their prolifera-

tion, whereas SIRT6 KD promoted it (78,79). SIRT6 negatively 

regulates Twist1 expression (78). Twist1, a member of the family 

of basic helix-loop-helix transcription factors, has been found 

to be a key factor in the promotion of metastasis of cancer cells 

and is also known to induce EMT (epithelial–mesenchymal tran-

sition) (80). Thus, SIRT6 inhibits NSCLC cells proliferation by 

suppressing Twist1 expression (78).

Taken together, in liver and lung cancer, SIRT6 plays an 

anti-cancer role by promoting apoptosis. Recently, Azuma et al. 

reported that in primary cancer tissues from patients with 

NSCLC, high cytoplasmic versus low nuclear expression of SIRT6 

is associated with more aggressive cancer and with poor prog-

nosis. In addition, SIRT6 KD in A549 cells showed improvement 

in paclitaxel sensitivity (81). Taken together, in liver and lung 

cancer, SIRT6 plays an anticancer role by promoting apoptosis.

Interestingly, in contrast to these �ndings, Kim et  al. 

described a mechanism involving cAMP (cyclic AMP) signal-

ing dependent ubiquitin degradation of SIRT6 in lung cancer 

cells. SIRT6 degradation is mediated via the PKA (protein kinase 

A)-dependent inhibition of the Raf-MEK-ERK pathways. Reduced 

SIRT6 expression augments γ-ray-induced apoptosis of NSCLC 

cells, suggesting that SIRT6 might have potentially oncogenic 

roles in the tumorigenesis and progression of lung cancer (82). 

Ming et al., also reported an oncogenic role of SIRT6 in human 

SCC (skin squamous cell carcinoma). SIRT6 levels were higher 
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in SCC samples compared to healthy specimens. SIRT6 acts an 

oncogene in the skin by promoting the expression of COX-2 

(cyclooxygenase-2), an enzyme involved in in�ammation, pro-

liferation, and survival (83).

Also, in prostate tumors, SIRT6 was overexpressed compared 

to normal prostate tissue. SIRT6 KD in human prostate cancer 

cells led to sub-G
1
 phase arrest of cell cycle and increased apop-

tosis (84). Although important, there is not enough evidence 

to determine whether these effects of SIRT6 on cell prolifera-

tion are valid for different non-cancerous cell-lines and tissues. 

Nevertheless, SIRT6 KO in primary chondrocytes, MEFs and 

embryonic stem cells impaired their proliferation (12,85).

Taken together, it evident that SIRT6 plays a major role in cell 

proliferation. It would be of a great interest to further character-

ize which cancer type requests SIRT6 activation or repression 

in order to effect tumor growth. Moreover, in order to translate 

this knowledge to human therapy, one must also de�ne which 

of these regulated pathways is unique to cancerous cells and if 

not, how to speci�cally target SIRT6 in cancer cells.

In�ammation

Chronic in�ammation is a risk factor of cancer development. 

The in�ammatory microenvironment in a malignant tumor is 

now known to be an essential part of cancer development. The 

malignant microenvironment in�uences tumorigenesis and 

cancer progression by supplying growth factors that contribute 

to cancer cell proliferation, angiogenesis, invasion, metasta-

sis and signals that lead to EMT (86). Previous studies showed 

that NAD+ levels in�uence the capacity of in�ammatory cells to 

secrete cytokines such as tumor necrosis factor α (TNFα), inter-

leukin 6 (IL6), IL1β, interferon γ (IFNγ), IL2 and IL8. These �ndings 

led Bauer et al. to investigate SIRT6 regulation of proin�amma-

tory cytokines. They found that SIRT6 OE in pancreatic cancer 

cells increased TNFα and IL8 production at the mRNA and pro-

tein levels (87). IL8 is also frequently detected in high concentra-

tions in the plasma of PDAC (pancreatic ductal adenocarcinoma) 

patients and plays a key role in the pathogenesis of this tumor 

by promoting local in�ammation, increasing angiogenesis and 

promoting EMT (88).

One of the products of SIRT6 deacetylase activity is OAADPr, 

which can be hydrolyzed to ADPr. ADPr activates the Ca2+ 

channel TRPM2 (Transient receptor potential cation channel, 

subfamily M, member 2), causing Ca2+ to enter the cells. This 

induces the expression of IL8 and TNFα. Another cellular func-

tion that strongly depends on Ca2+ levels promoted by SIRT6 is 

cell migration. Therefore, the authors suggest inhibiting SIRT6 

activity as a therapeutic approach for treating pancreatic cancer 

(87). However, it has yet to be determined whether mice with 

reduced SIRT6 activity develop less pancreatic cancer, particu-

larly given the high frequency of SIRT6 mutation observed in 

human pancreatic tumors.

TNFα is one of the key mediators implicated in in�amma-

tion-associated cancers. High doses of local TNFα can cause 

hemorrhagic necrosis to the tumor via selective destruction of 

tumor blood vessels. However, TNFα can act as an endogenous 

tumor promoter when produced in the tumor microenviron-

ment (89). These results implicate a role for SIRT6 in the expres-

sion of pro-in�ammatory and proangiogenic cytokines, thus 

contributing to different stages of cancer progression. Indeed, 

in 2009 Van Gool et al were the �rst to discover that SIRT6 regu-

lates TNFα at the post-transcriptional level, connecting metabo-

lism, in�ammation and SIRT6 together (90). In 2013, Jiang et al 

deciphered this post-transcriptional mechanism showing that 

SIRT6 can remove myristoyl modi�cations from lysine 19 and 

20 of TNFα by a novel enzymatic mechanism of SIRT6: deacyla-

tion of long chain fatty acids. This demyristoylation promotes 

TNFα secretion from the cell (10). Altogether, inhibition of SIRT6 

may help combat cancer-induced in�ammation, angiogenesis, 

and metastasis. Interestingly, in one of the fundamental publi-

cations of SIRT6, Kawahara et al. showed a role for SIRT6 as an 

anti-in�ammatory enzyme by controlling NFκB-dependent gene 

expression (91). NFκB, which is activated by TNFα, has a role in 

the initiation and progression of cancer. Its targets are involved 

in different aspects of tumorigenesis, including cell prolifera-

tion, angiogenesis, survival, invasion, metastasis and EMT (92). 

SIRT6 binds to the NFκB RELA subunit and deacetylates H3K9 

at NFκB target gene promoters, leading to repression of NFκB 

signaling (91).

Taken together, it seems that more research is needed to 

fully understand the role of SIRT6 in in�ammatory pathways 

and their relevance to cancer formation and progression.

Conclusions and future directions

SIRT6 as a double-edged sword

In this review, we summarized the activities of SIRT6 and their 

relevance to cancer. SIRT6 has essential roles that impact sev-

eral cancer and aging-related pathways. These include preven-

tion of genomic instability, maintenance of telomere integrity 

and regulation of metabolic homeostasis. It is evident that SIRT6 

plays a dual role in cancer as both a tumor suppressor and an 

oncogene (summarized in Table 1). One of the main challenges is 

to decipher the mechanisms and conditions that control SIRT6 

regarding cancer fate. SIRT6 is a chromatin-bound protein and 

is known to deacetylate H3K9 and H3K56. Interestingly, it was 

found that acetylation of H3K56 is increased in multiple types 

of cancer including, liver, breast, thyroid and colon cancer (93). 

Thus, it might be that the absence of SIRT6 contributes to tumor 

formation by increased H3K56 acetylation.

The distribution of SIRT6 in human cancer cells was exam-

ined by several different groups (36,40,106). Analysis of data 

from the TCGA (Cancer Genome Atlas database) and the Cancer 

Cell Line Encyclopedia (CCLE) revealed, that SIRT6 is deleted in 

20% of all cancers analyzed and in 35% of ~1000 cancer cell lines 

collected. Among pancreatic and colorectal cancer cell lines spe-

ci�cally, 63 and 29% were deleted in the SIRT6 locus respectively. 

Analysis of 55 human colorectal carcinomas showed that SIRT6 

expression is down regulated in early stages, and these low lev-

els are maintained during cancer progression (36). These �nd-

ings support a tumor suppressor role for SIRT6, as potentially its 

mutation is required for tumor development. Indeed, eight dif-

ferent spontaneous, SIRT6 point mutations discovered in a vari-

ety of human cancers inhibited SIRT6’s ability to fully repress 

HIF1α and MYC transcriptional activity, leading to a glycolytic 

switch and cellular transformation (106).

Interestingly, several of these mutations decrease SIRT6 

deacetylase activity, demonstrating the critical role of acetyla-

tion status in carcinogenesis (106). These �ndings and the fact 

that SIRT6 levels are reduced in human NSCLC (78) support the 

hypothesis that reduced SIRT6 levels might cause tumor forma-

tion and maintenance (36).

However, accumulating data suggests an oncogenic role of 

SIRT6 in different cancer types (81,101). For example, in human 

SCC (83,97), head and neck squamous cell carcinoma (HNSCC) 

(103) and Chronic Lymphocytic Leukemia (CLL) (104,105), SIRT6 

is upregulated. In addition, SIRT6 desensitizes breast cancer 
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cells to anti-cancer drugs (99) whereas inhibition of SIRT6 sensi-

tizes pancreas adenocarcinoma cells to anti-cancer drugs (102). 

Possible oncogenic, proangiogenic and cell migratory roles of 

SIRT6 were also published (82,87,96). Therefore, it seems that 

SIRT6 role in carcinogenesis may be tissue and context depend-

ent. The reduced SIRT6 levels in many cancer types suggest neg-

ative regulation of SIRT6. It would be interesting to investigate 

the mechanism underlying this negative regulation.

The endogenous regulation of SIRT6

Recent studies revealed molecular regulators of SIRT6 at the 

protein stability level (Figure  1). For example, the ubiquitin 

ligase CHIP (carboxyl terminus of Hsp70-interacting protein) 

stabilizes SIRT6 by ubiquitinating it at lysine 170 thus, prevent-

ing SIRT6 canonical ubiquitination by other ubiquitin ligases. 

Interestingly, CHIP deletion accelerates aging and reduces the 

life span in mice (107). Also, Stohr et al. showed that in the liver 

of ApoE−/− (apolipoprotein E) mice, ITCH, which is an E3 ubiquitin 

ligase, ubiquitinates SIRT6. Loss of ITCH in the liver increases 

the expression of SIRT6 by reducing its ubiquitination, thus pro-

tecting the liver from hepatic lipid in�ltration (108). In breast 

cancer cell lines, SIRT6 was phosphorylated by the kinase AKT1 

at Ser338. This induced the interaction and ubiquitination of 

SIRT6 by MDM2 (Mouse double minute 2 homolog), targeting 

SIRT6 for protease-dependent degradation (100).

As mentioned above, SIRT6 is downregulated in colon can-

cers and this downregulation is in correlation with poor survival 

prognosis (36). It was found that the tumor suppressor USP10, 

(mammalian ubiquitin-speci�c peptidase 10), deubiquitinates 

SIRT6 and protects SIRT6 from proteasome-mediated degrada-

tion in human colon cancer cells (94). In addition, USP10 pre-

vents p53 degradation by deubiquitinating it (109).

Taken together, it seems that controlling SIRT6 protein levels 

by preventing its ubiquitination might have a therapeutic poten-

tial against tumorigenesis.

Yet, the main challenge is to develop the therapeutic tools to 

regulate SIRT6 levels. Several conditions and pathways regulat-

ing SIRT6 were discovered. For example, SIRT6 levels increase 

upon nutrient deprivation in cultured cells, in mice after fasting, 

and in rats fed a DR (dietary-restricted) diet (17). Studies indi-

cated that in humans, long-term DR with adequate intake of 

nutrients results in several metabolic adaptations that reduce 

the risk of developing type 2 diabetes, cardiovascular disease 

and cancer (110). These �ndings suggest that small molecule 

mimickers of DR can potentially be used to increase SIRT6 levels 

and treat cancer.

Another therapeutic approach could be the induction or 

repression of transcription factors that control SIRT6 expression 

levels such as c-Jun (via c-Fos) and FOXO3a (21,71). For exam-

ple, down regulation of RUNX2 which repress SIRT6 expression 

at both transcriptional and post-translational levels. It was 

found that endogenous SIRT6 expression levels were lower in 

malignant breast cancer tissues and cell lines that expressed 

high levels of RUNX2 (39,95). Another potential target could 

be hMOF (human Males-absent on the �rst protein), a histone 

acetyltransferase that can signi�cantly increase the protein and 

mRNA levels of SIRT6 in hepatocellular carcinoma by binding 

to its promoter. When hMOF was overexpressed, SIRT6 down-

stream genes were downregulated (95). Since promoter hyper 

methylation is an important gene silencing mechanism thought 

to be involved in early stages of carcinogenesis (42), Wang et al. 

examined promoter methylation status and mRNA expression 

levels of SIRT6 and explored the relationship between meth-

ylation and mRNA expression in breast cancers. No signi�cant 

association between promoter methylation status and expres-

sion pro�les of SIRT6 were observed in invasive breast cancers 

(98).

However, such an approach of manipulating transcrip-

tion factors that regulate SIRT6 is not applicable as it requires 

isolating the effect of these transcription factors on SIRT6. 

Thus, an alternate approach is to take advantage of the regu-

lation on SIRT6 at the post transcriptional level by microRNA’s 

(miRs). Several miRs were shown to regulate SIRT6. For exam-

ple, miR33a and miR33b (from the introns of SREBP2 and SREBP1 

respectively), repress SIRT6 levels by binding to its 3′ UTR (45), 

and miR-766 and miR34a decrease the expression of SIRT6 in 

cells (97,111). Yet, it still remains a challenge to target these miRs 

and their regulation in tumors.

Figure 1. Regulation of multiple cellular functions by SIRT6. The various targets of SIRT6 in cancer related pathways such as metabolism, genome stability, cell prolif-

eration apoptosis and in�ammation.
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Finally, there are many endeavors targeting the challenge 

of �nding SIRT6 small molecules therapeutics (112–114). 

Currently, there are no known selective, speci�c, effective and 

direct pharmacological activators of SIRT6 that can be used 

to treat cancer at any of its stages. Recently, several articles 

were published demonstrating small molecule inhibitors and 

some activators of SIRT6 in the form of acyls and acylated pep-

tides. However, despite their potential, these molecules are not 

SIRT6-speci�c and exert their effect on other sirtuins as well 

(115–118).

Altogether, it is evident that SIRT6 is a key regulator of tumo-

rigenesis via multiple pathways (Figure 2). Future exciting stud-

ies will provide novel insights for additional targets of SIRT6 and 

their relevance to cancer. Therefore, we predict that in the near 

future SIRT6 will become a primary target for the pharmaceuti-

cal industry for cancer therapy. Our primary challenge would be 

to develop novel tools to achieve this goal. 
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