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ABSTRACT

Sirtuins are a family of protein deacylases and ADP-ribosyl-transferases, homologs to the yeast SIR2
protein. Seven sirtuin paralogs have been described in mammals, with different subcellular locations,
targets, enzymatic activities, and regulatory mechanisms. All sirtuins share NAD* as substrate, placing
them as central metabolic hubs with strong relevance in lifespan, metabolism, and cancer development.
Much effort has been devoted to studying the roles of sirtuins in cancer, providing a wealth of data on
sirtuins roles in mouse models and humans. Also, extensive data are available on the effects of
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pharmacological modulation of sirtuins in cancer development. Here, we present a comprehensive
and organized resume of all the existing evidence linking every sirtuin with cancer development. From
our analysis, we conclude that sirtuin modulation after tumor initiation results in unpredictable outcomes
in most tumor types. On the contrary, all genetic and pharmacological models indicate that sirtuins
activation prior to tumor initiation can constitute a powerful preventive strategy.

Introduction

The seven members of the sirtuin family comprise
the class III of histone deacetylases (HDACs:).
They are protein deacylases and ADP-ribosyl-
transferases, well conserved from yeast to mam-
mals. All sirtuins share homology to the yeast
protein SIR2 (Silent Information Regulator 2),
a conserved catalytic domain, and dependence on
nicotinamide adenine dinucleotide (NAD™).

The yeast homolog, SIR2, was first identified as
one of four complementation groups able to silence
mating type loci in Saccharomyces cerevisiae, termed
SIR1, SIR2, SIR3, and SIR4 after Silent Information
Regulator [1-3]. These genes were later also found to
silence ribosomal DNA [4] and telomeres [5].
A major breakthrough in the history of the sirtuin
family came with the discovery that SIR2, SIR3, and
SIR4 could prevent genomic instability and, this way,
increase lifespan [6,7]. These results started a long
list of works studying the lifespan extension of dif-
ferent organisms overexpressing the homologs of
SIR2. Overexpression of SIR2.1, the closest homolog
to SIR2 in the nematode Caenorhabditis elegans, was
shown to extend lifespan [8], although the exact
extension is still not clear [9,10]. Similar findings
were observed in Drosophila melanogaster, where

initial extension of lifespan in sir-2.1 transgenic
flies [11] was later under debate [10,12]. As
a crucial mechanistic insight, Sir2 was identified as
a NAD"-dependent histone deacetylase [13-15]. In
turn, NAD" levels increase during calorie restriction
(CR), the most robust intervention increasing life-
span in all organisms tested. This effect was
mediated at least partly by the induction of the
enzyme pyrazinamidase/nicotinamidase 1 (PNCl
in yeast [16] and C. elegans [17]; D-NAAM in
Drosophila [18]), that deaminates nicotinamide and
thus activates sirtuins. Sir2 and its different homo-
logs were then proposed to mediate CR-induced
lifespan extension. Supporting this notion, Sir2
homologs depletion prevented CR-mediated lifespan
extension in several organisms [11,19,20], although
this dependence on Sir2 homologs for lifespan exten-
sion has also been questioned [10,21]. In mammals,
deletion of SIRT1 was also shown to prevent CR-
mediated effects in mice [22], although Sirtl-null
mice already presented a severe phenotype prior
to CR.

Sirtuins in mammalian cancer

Seven sirtuins homologs have been described in mam-
mals (SIRT1-7) with different substrate preferences,
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enzymatic activities, cellular locations, and targets. All
sirtuins share a common conserved NAD"-binding
domain but differ in their amino and carboxy-
terminal regions that contribute to their catalytic
activity and specific locations within the cell [23].
SIRT1 is primarily located in the nucleus but can
shuttle between the cytosol and the nucleus depending
mainly on the tissue, developmental stage and ener-
getic demands [24]. SIRT2 is mainly located at the
cytoplasm but can be found in the nucleus at the G2-
M transition during mitosis [25]. SIRT3, SIRT4, and
SIRTS5 are located at the mitochondria [26]. Finally,
SIRT6 and SIRT?7 are located in the nucleus [27] and
nucleolus [28] respectively.

Valuable revisions have already been written
about the description of the sirtuin family, the
physiological functions of mammalian sirtuins
and their roles during age-related pathologies
such as metabolic syndrome, cardiovascular dis-
ease or neurological disorders [29-32]. More spe-
cifically, there are several revisions on the roles of
sirtuins in many cellular and physiological func-
tions relevant to cancer, such as the Warburg
effect [33], angiogenesis [34], autophagy [35], gen-
ome stability [36], oxidative stress [37,38], and
others. In the present revision we will describe all
available information about the pro- or anti-
tumoral roles of each sirtuin member, grouped
by tissue of origin of the tumor, briefly mentioning
their most relevant mechanisms of action, when
available. All this information is resumed in
Table 1.

The main goal of our revision is to establish
whether a certain sirtuin can be considered pro- or
anti-tumoral in a certain tissue, given the published
evidence. Since the amount of data is overwhelming,
for the sake of space we have prioritized the inclusion
of all published evidence in this regard, rather than
to delve into detailed molecular mechanisms. In any
case, when available, we have briefly explained the
main mechanistic insight of the cited papers, and
have summarized them in the section “Common
molecular features of sirtuins in cancer” and in
Table 2.

SIRT1

SIRT1, with 747 amino acids in humans, has been
the most studied sirtuin so far. SIRT1 is the closest
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human homolog of the S. cerevisiae SIR2 protein.
In addition, it also possesses two nuclear localiza-
tion signals (NLS) and two nuclear export signals,
that allow the shuttling of SIRT1 between the
cytoplasm and the nucleus depending on the type
of cell or physiological stress [24,39].

Mammalian SIRT1 has been proposed both as
an oncogene and as a tumor suppressor. Initial
reports suggested an oncogenic role of SIRTI,
when it was identified in vitro as a regulator of
the DNA-damage response by directly deacetylat-
ing p53 in the C-terminal lysine 382 residue,
resulting in a repressive transcriptional activity
and impaired senescence and apoptosis [40-42].
These in vitro findings were followed by many
other reports showing that SIRT1 repressed several
other tumor suppressors, and was repressed by
tumor-suppressive regulatory loops (for an excel-
lent revision on these molecular findings, refer to
[43]). Most of these molecular mechanisms were
described only using cultured tumor cells and have
not been further tested in animal models. In con-
trast, studies using genetic models with moderate
overexpression of SIRT1 revealed not only
a protective role for this protein in the promotion
of healthy aging, metabolic syndrome, and neuro-
degeneration but also in some types of cancer [44-
47]. Given the extensive literature on SIRTI in
cancer, in this revision, we will focus on studies
describing human tumor samples or mouse
models.

In the liver, SIRT1 has been repeatedly found
overexpressed in human hepatocellular carcinoma
compared to normal adjacent tissue [48-53], and
patients with ~ SIRTI1-overexpressing tumors
showed worse survival [49,52,54] or higher grade
tumors [48]. In contrast, other reports showed
a reduction in SIRT1 protein levels in hepatocel-
lular carcinoma compared with normal liver sam-
ples [55]. Also, mice overexpressing SIRT1 were
protected from developing diethylnitrosamine-
induced liver carcinomas by enhancing the DNA-
damage response [45].

In the lung, high SIRT1 expression has also
been found associated with worse prognosis in
non-small cell lung carcinoma [54,56], where it
deacetylated and activated the actin-binding onco-
gene cortactin [56]. Also in NSCLCs, tumors with
high SIRT1 expression, low acetyl-p53, and low
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levels of the SIRT1 inhibitor HIC1 correlated with
decreased overall survival [57]. In contrast, our
group recently reported that mice with moderate
overexpression of SIRT1 from the germline were
protected from mutant KRas-driven lung adeno-
carcinomas [58].

In breast cancer, SIRT1 expression has been
found upregulated in breast tumors compared
with normal tissue in several reports, and higher
SIRT1 expression correlated with worse prognosis
[54,59-61]. Interestingly, in two of these reports
increased SIRT1 levels associated with increased
expression of Deleted in Breast Cancer 1 (DBC1)
[59,61]. Since DBC1 is a SIRT1 inhibitor [62],
these histopathological findings could indicate
that SIRT1 levels are increased as a compensation
to the increased DBCI1 expression or vice versa,
leaving the open question of which of the two
proteins is actually driving tumor development.
In contrast, SIRT1 levels were found decreased in
breast cancer samples, compared to normal tissue
[55]. Also, SIRT1 levels were reduced in BRCA1-
mutant breast tumors, and SIRT1 overexpression
in BRCA1-mutant breast cancer cell lines inhibited
xenograft tumor growth [63].

In the pancreas, increased SIRT1 was found in
pancreatic tumors compared to normal nearby
tissue [64,65], and it was associated to larger
tumor size, lymph node spread and/or distant
metastasis [65]. In contrast, mRNA analysis of
human pancreatic ductal adenocarcinoma samples
revealed no change in SIRTI expression between
tumoral and normal tissue [66]. Importantly,
xenograft tumors in immunodeficient mice from
PANC-1 pancreatic cancer cells grew more rapidly
when treated with the SIRT1 inhibitor EX527,
suggesting a global tumor-suppressor effect of
SIRT1 in this setting [67].

In the colon, elevated expression of c-MYC in
human colorectal carcinomas correlated with
increased SIRT1 protein levels [68], and these
increase correlated with malignant transformation
in serrated colorectal carcinomas [69]. SIRT1-
deficient mice developed the same number and
sizes of tumors when crossed with the intestine
mutant mouse line APCM™*. [70]. In contrast, in
a meta-analysis study, increased SIRT1 expression
did not correlate with decreased overall survival in
colon cancer patients [54]. Also, intestinal-specific
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SIRT1 overexpression protected mice from intest-
inal tumors development in an APC™™" back-
ground by deacetylating and inactivating the
tumorigenic nuclear beta-catenin protein, and
SIRT1 expression in human intestinal tumors
showed an inverse correlation with nuclear beta-
catenin [71]. In another report, SIRT1 expression
was lower in high-grade colon carcinoma samples,
and depletion of SIRT1 in colon carcinoma cell
lines accelerated xenograft tumor growth in
mice [72].

In tumors of the immune system, SIRT1 over-
expression was found to correlate with shorter
survival in diffuse large B-cell lymphoma [73].
Primary acute myeloid leukemia (AML) blasts
[74-76], adult T-cell leukemia/lymphoma (ATL)
[77], B-cell chronic lymphocytic leukemia, and
chronic myeloid leukemia [78] showed increased
SIRT1 expression, compared with healthy con-
trols. In AML, increased SIRT1 expression was
associated with ¢c-MYC-mediated SIRT1 protein
stabilization [75] and prevented genotoxic stress-
induced p53 activation. Finally, SIRT1 inhibition
by cambinol [79] or by Tenovin-6 inhibited the
growth of Burkitt lymphoma [79] or chronic
myeloid leukemia [78] xenografts in immunode-
ficient mice, respectively. In contrast, SIRT1-
deficient mice showed accelerated development
of lymphomas [55], and lymphocyte-specific
overexpression of SIRT1 protected from irradia-
tion-mediated lymphoma development in a p53*"
background [80]. Finally, whole-body SIRT1-
overexpressing mice developed lymphomas with
the same frequency than control wild-type
mice [45].

In prostate, SIRT1 was found overexpressed in
human prostate carcinomas, compared with nor-
mal nearby tissue [81,82], and this increase was
more evident in high-grade prostate tumors. In
mice, SIRT1 levels were higher in the tumors
obtained in the transgenic adenocarcinoma of
mouse prostate - TRAMP mouse model, asso-
ciated with decreased levels of the SIRT1 inhibitor
HIC1 [82]. Also, increased SIRT1 levels facilitated
the formation of in situ prostate carcinomas in
mice heterozygous for PTEN [83]. Finally, deletion
of SIRT1 in prostate cancer cell lines reduced their
ability to form xenograft tumors in immunodefi-
cient mice by inhibiting the transcription of the
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epithelial to mesenchymal transition (EMT) driver
ZEBI1 [84]. In contrast, analysis of prostate carci-
noma samples revealed a decreased expression of
SIRT1 compared with normal tissue, and this
expression was even lower in metastatic
lesions [55].

In the thyroid gland, in accordance with the
findings in prostate, SIRT1-overexpressing, PTEN-
haploinsufficient mice developed more thyroid
carcinomas through a mechanism dependent on
the stabilization of the oncoprotein ¢-MYC [83].
In agreement, SIRT1 levels were found increased
in human thyroid tumors, together with reduced
expression of the SIRT1 inhibitor HIC1, probably
by increased HIC1 promoter methylation [85].

In the stomach, SIRT1 expression was found
increased in gastric cancers patients with poor
prognostic [86,87]. Interestingly, as discussed
above for breast cancer reports, SIRT1 expression
in some of these gastric tumors was tightly corre-
lated with the expression of the SIRT1 inhibitor
DBCI, again opening the question of which of the
two proteins is the driver of the tumor develop-
ment [87]. In contrast to these reports, SIRT1
levels were found downregulated in gastric tumors
compared with their matched normal tissue sam-
ples; and xenograft tumor growth was inhibited by
overexpression of SIRT1, and enhanced by SirtI
knock-down in gastric cancer cell lines inoculated
in nude mice [88]. Finally, in the previously cited
meta-analysis study by Wang and colleagues,
increased SIRT1 expression did not correlate with
decreased overall survival in gastric cancer
patients [54].

In the skin, SIRT1-deficient mice developed the
same number and sizes of tumors in a DMBA-
TPA protocol for skin papillomas formation [70].
SIRT1 has been shown overexpressed in SCC [89]
and in human melanoma tumors and cell lines,
and its inhibition reduced the growth of human
melanoma cell lines [90].

In the ovary, SIRTI levels have been found
increased in carcinomas in general.
However, SIRT1 expression decreased in high-
grade serous carcinomas compared with low-
grade tumors, and increased expression of SIRT1
in serous ovarian carcinoma correlated with
increased overall survival, indicating that SIRT1
would enhance early-stage ovarian serous tumors,

serous

but would slow high-grade tumors growth [91].
A different report showed that SIRT1 levels were
increased in endometrioid, mucinous, and clear
cell carcinomas, but not in serous carcinomas,
although the number of tumors analyzed for each
case was rather low. Taking all ovarian tumors
analyzed, increased SIRT1 expression was
a significant predictor of shorter survival [92]. By
contrast, SIRT1 levels were found downregulated
in ovarian mucinous, serous, and endometrioid
adenocarcinomas compared with normal ovary
samples [55].

In soft tissues, SIRT1 was found highly
expressed in several types of human soft tissue
neoplasms, as angiomyolipoma, paraganglioma,
leiomyoma, leiomyosarcoma, and rhabdomyosar-
coma, although the number of tumors analyzed
was rather low [93]. In contrast, whole-body
SIRT1-overexpressing mice developed fewer sarco-
mas compared with wild-type control litter-
mates [45].

In central nervous system tumors, SIRT1 was
found overexpressed in all three morphological
subtypes of medulloblastomas (large cell/anaplastic
cell; classical; and nodular/desmoplastic), com-
pared to tumor-surrounding noncancerous cere-
bellar tissues [94]. In contrast, analysis of
glioblastoma samples revealed a decreased expres-
sion of SIRT1 in tumors versus normal tissue [55].

SIRT2

SIRT2, with 389 amino acids in humans, is
a human homolog of the yeast SIR2, located
mainly in the cytosol [95,96]. In this compartment,
SIRT2 colocalizes with the microtubule network,
where it targets and directly deacetylates a-tubulin
at lysine 40, an important protein in microtubule
dynamics [97]. During cell cycle progression,
SIRT2 activity can be regulated by the cyclin
E-CDK2, cyclin A-CDK2, and p35-CDK5 com-
plexes, that directly phosphorylate and inactivate
SIRT2 at serine 331, resulting in impaired migra-
tion and adhesion [98]. During mitosis, SIRT2
expression levels increase dramatically [99]. Also,
in G2/M phase a G2/M phase transition, SIRT?2 is
shuttled to the nucleus where it deacetylates his-
tone H4 at lysine 16 and promotes proper mitotic
progression [25].



Studies with Sirt2 knock-out mouse models
highlighted the importance of this sirtuin in mito-
sis and genomic stability in vivo. In these models,
SIRT2 was shown to work as a positive regulator
of the anaphase-promoting complex/cyclosome
(APC/C) through the deacetylation and activation
of CDHI1 and CDC20, improving genomic stability
and proper mitotic progression. In agreement,
SIRT2-deficient mice developed gender-specific
tumors [100]. Supporting these findings, another
study found that the APC/C complex can be acti-
vated through SIRT2-mediated deacetylation of
BUBRI at lysine 250 [101]. SIRT2 was found to
increase the deposition of H4K20 methylation,
through a mechanism dependent on the deacetyla-
tion of H4K16 [102]. Taken together these studies
elucidated an important role for this protein in the
regulation of proper mitotic progression and geno-
mic stability in vivo, suggesting a possible role for
SIRT?2 in the process of tumorigenesis.

In the liver, SIRT2 deficiency in mice was
reported to increase the formation of hepatocellu-
lar carcinomas (HCC) in males. The same work
found that human HCC samples showed
decreased expression levels of SIRT2 compared to
non-tumorigenic tissue [100]. By contrast, other
studies with HCC cell lines revealed that depletion
of SIRT2 inhibited mobility, invasiveness, and
epithelial to mesenchymal transition through
a mechanism dependent on the deacetylation and
activation of protein kinase B (PKB) [103], and
phosphoenolpyruvate carboxykinase 1 and gluta-
minase [104]. These two reports also found that
SIRT2 is upregulated in human tissues from
patients with HCC [103,104].

In the lung, SIRT2 was reported to be downregu-
lated in NSCLC samples compared to paired non-
invasive lung tissue [105-107]. Mechanistically,
several SIRT2 targets have been identified in lung
tumor models. Using in vitro and mouse xenograft
models revealed that SIRT2 bound to the promoter
region of JMJD2A and inhibited lung tumor forma-
tion [105]. Also, SIRT2 deacetylated and induced the
degradation of SKP2, resulting in increased levels of
p27 and NSCLC growth suppression [106]. Finally,
SIRT2 was shown to be protective in the context of
KRAS-driven tumorigenesis by a mechanism depen-
dent on the direct deacetylation and inactivation of
KRAS [108,109]. Increased expression of miR150

CELL CYCLE (&) 2173

reduced SIRT2 levels, increasing JMJD2A and
enhancing proliferation of several NSCLC cell lines
[110]. By contrast, SIRT2 levels were found upregu-
lated in human NSCLC samples compared to nor-
mal lung, which associated with decreased levels of
the SIRT2 inhibitor SPOP, although the number of
samples analyzed was rather low [111].

In breast, histological studies found downregu-
lation of SIRT2 in human breast tumors when
compared to normal tissue [100]. Mechanistically,
one study showed that SIRT2 inhibited glycolysis
through deacetylation and activation of pyruvate
kinase isoform M2 (PKM2) at lysine 305. Ectopic
overexpression of a constitutively deacetylated a
PKM2 mutant was the one that reduced glucose
metabolism and inhibited tumor growth in SIRT2-
deficient mammary tumor cells [112]. Although
these reports prompted the hypothesis that SIRT2
could work as a tumor suppressor in breast cancer,
in the context of triple negative breast cancer
(TNBC) the role of SIRT2 seems to be the oppo-
site. For instance, SIRT2 is responsible for the
deacetylation and stabilization of SLUG in a basal
like-breast cancer cell line, a model for TNBC,
enhancing basal differentiation, stemness, and
invasion [113]. Immunohistochemistry studies
revealed that SIRT?2 levels were significantly higher
in human TNBCs when compared to non-TNBCs.
This increase was more pronounced in invasive
ductal carcinomas (IDC) than in invasive lobular
carcinomas (IDC) [113]. In accordance, other
report revealed that pharmacological inhibition of
SIRT2 decreased c-MYC stability and reduced
tumor growth in TNBC xenografts [114].

In the pancreas, SIRT2-deficient mice devel-
oped more pancreatic tumors in a mutant KRAS
background [108]. Interestingly, SIRT2-deficient
mice developed enhanced pancreatic inflamma-
tion and spontaneous KRAS mutations after
exposure to caerulein, an inducer of pancreatic
inflammation [115].

In the colon, SIRT2 expression was reduced in
colorectal carcinoma samples, and this reduction
was even higher in metastatic tumors. In accor-
dance, the anti-tumor effects of shikonin were
shown to be mediated by SIRT2 overexpression
[116]. In KRAS-driven colon cancer cell lines,
loss of SIRT2 was associated with increased resis-
tance to MEK inhibitors [117].
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In immune cells, SIRT2 was shown to sustain
cell proliferation in AML cell models.
Mechanistically, SIRT2 deacetylated and activated
G6PD at lysine 403, promoting NADPH produc-
tion and supporting biosynthesis of macromole-
cules to sustain cell proliferation. More
importantly, the same study found SIRT2 over-
expression and increased G6PD catalytic activity
in samples from patients with AML [118]. Another
independent study found that elevated SIRT2
expression in human AML samples was associated
with shorter overall survival and event-free survi-
val [119]. These findings suggest a tumor promo-
ter role for SIRT2 in the context of AML. In
agreement, inhibition of SIRT2 reduced the
growth of Burkitt lymphoma [79] or adult T-cell
leukemia/lymphoma cells [79].

In the prostate, histological studies revealed that
SIRT2 was downregulated in human tumors, and
low SIRT2 was associated with higher grade
tumors and worse prognosis [120].

In the kidney, SIRT2 was found to be upregu-
lated in human renal cell carcinoma samples, and
this increase was associated with poor prognosis
[121]. SIRT2 overexpression increased stem cell
growth and resistance to fluorouracil-induced
apoptosis in renal carcinoma cell lines, and
enhanced tumor growth in mouse
grafts [121].

In the skin, SIRT2 expression was not altered in
primary melanoma tumors compared with benign
nevi controls, but higher SIRT2 expression was
found in lymph node metastases, although the
number of samples was rather low [122]. By con-
trast, loss of SIRT2 in B-RAF melanoma cell lines
was associated with increased resistance to BRAF
inhibitors [117]. In SCC, higher SIRT2 transcrip-
tion was found in human SCC biopsies [89],
although a conflicting report showed decreased
SIRT?2 protein expression in human SCC samples,
and Sirt2-deficient mice showed increased stem-
ness markers and proliferation [123]. In BCC,
SIRT2 mRNA was significantly reduced in tumor
samples [124].

In the brain, SIRT2 was shown to be responsible
for the development of glioblastoma cells. Sirt2
knock-down and pharmacological inactivation by
AGK?2 (a SIRT2 specific-inactivator) inhibited cell
growth and tumorigeneses in this model both

Xeno-

in vitro and in vivo. The mechanism was depen-
dent on SIRT2 deacetylation of p73 and inactiva-
tion of its transcriptional activity [125].

SIRT3

SIRT3, with 399 amino acids in humans, is one of
the three sirtuins localized in the mitochondria,
along with SIRT4 and SIRT5 [126]. Much smaller
than SIRT1 and located in the mitochondrial
matrix, SIRT3 has been repeatedly shown to dea-
cetylate key proteins required for proper mito-
chondrial function under stress conditions [127].
Early studies using Sirt3 knock-out MEFs revealed
that SIRT3 loss led to the stabilization of HIFla
[128] and to the inhibition of isocitrate dehydro-
genase 2 (IDH2) enzymatic activity [129], trigger-
ing metabolic adaptations towards glycolysis.

Sirt3 knock-out MEFs showed increased super-
oxide formation, chromosomal instability and
decreased mitochondrial integrity when exposed
to c-MYC and/or RAS overexpression, were more
prone to transformation and showed increased
aneuploidy when compared to Sirt3 wild-type
MEFs [130].

In the liver, both SIRT3 mRNA and protein
levels were found significantly downregulated in
tissues from patients with HCC [131-134] and
HCC tumor cell lines [131,134]. Lower levels of
SIRT3 were also associated with reduced overall
and recurrence-free survival, reduced tumor dif-
ferentiation, more tumors in advanced stages,
higher serum alpha-fetoprotein levels, and multi-
ple tumor numbers [134]. In HepG2 cells, SIRT3
overexpression suppressed cell growth, invasion,
and apoptosis [131,132], and SIRT3 upregulation
induced the expression of MnSOD, p53, BAX, and
FAS [132].

In the lung, increased SIRT3 mRNA and pro-
tein expression were associated with worse prog-
nostic and reduced survival in NSCLC patients
[135]. Using H520 and SW90 cells, the same
study found that SIRT3 colocalized and increased
AKT phosphorylation [135]. A further study from
the same group found that SIRT3 levels were
upregulated in human PTEN-deficient lung
tumors, which closely correlated with decreased
p53 levels. In the NSCLC cell line H520, SIRT3
deacetylated p53 at lysine 320 and 382, which



decreased p53 stability through ubiquitin-
mediated proteasomal degradation [136]. One
additional study found that SIRT3 interacted
with and deacetylated nicotinamide mononucleo-
tide adenylyltransferase 2 (NMNAT2) to promote
mitotic entry and cell proliferation in A549 cells
[137]. Taken together these findings highlight an
oncogenic role for SIRT3 in lung cancer.

In breast, SIRT3 was found to be downregulated
in all breast tumor stages, and this decrease was
associated  with  poor  clinical  prognosis
[128,130,138]. One additional report found that
SIRT3 levels were also lower in breast cancer
luminal B compared to luminal A, which asso-
ciated with increased acetylation of IDH2 at lysine
413 [129]. In Sirt3 knock-out mouse models,
females were more prone to develop mammary
gland tumors with characteristics of invasive duc-
tal carcinoma. These tumors developed sponta-
neously after 12 months, were well differentiated
and were estrogen and progesterone receptor posi-
tive [130]. In mouse xenografts with MDA-MB
-231 cells, SIRT3 overexpression was able to inhi-
bit tumor growth through suppression of the
mTORCI1 pathway [139]. In cellular models of
breast cancer, SIRT3 was able to inhibit cell
growth, glycolytic phenotype [128] and increase
the susceptibility to hyperoxic treatments [140].
By contrast, one report found that higher expres-
sion of SIRT3 in human breast cancer was asso-
ciated with decreased overall and disease-free
survival. This report also found that genetic inhi-
bition of SIRT3 by RNA interference in MDA-MB
-231 and BT-549 cells inhibited cell proliferation,
migration, and invasion [141]. Of note, different
technical approaches were used to study the effect
of SIRT3 in MDA-MB-231 cells in both reports,
that may explain their divergent results: in Finley
et al. this model was used in 3D culture and mouse
xenografts [128], whereas in the report from He
et al. the study was conducted using cells in mono-
layer [141].

In the pancreas, one report found SIRT3 levels
downregulated in human pancreatic cancers,
which associated with decreased overall survi-
val [142].

In the colon, SIRT3 increased expression was
associated with decreased survival, increased
lymph node metastasis and disease progression
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[143]. In SW480 and DLD-1 colon carcinoma
cell lines, SIRT3 overexpression increased prolif-
eration, migration, and invasion [143]. More
recently, SIRT3 was found to bind and deacetylate
the serine hydroxymethyltransferase 2 (SHMT2) at
lysine 75, a protein frequently increased in tumors.
Acetylated SHMT2 was shown to be more stable
and active, promoting colon cancer cells prolifera-
tion [144]. In human colon cancer samples, higher
SIRT3 expression levels were associated with
decreased SHMT?2 acetylation and global levels of
expression, and correlated with decreased overall
survival [144]. These results strongly support the
hypothesis that SIRT3 works as an oncogene in the
context of human colon cancer.

Decreased SIRT3 was found in several B cell
malignancies, such as mantle cell lymphomas and
chronic lymphocytic leukemia, which was asso-
ciated with worse overall survival.
Mechanistically, SIRT3 was found to deacetylate
and activate IDH2 and SOD2 [145]. In contrast,
increased SIRT3 expression was found in tumor
cells from four independent clinically annotated
patient cohorts of diffuse large B-cell lymphoma
(DLBCL), and this increase was linked to worse
outcome. Mechanistically, SIRT3 was necessary for
proper TCA cycle functioning by deacetylating
and hyper-activating mitochondrial glutamate
dehydrogenase (GDH), and SIRT3 ablation or
pharmacological inhibition produced a growth
arrest by collapsing the TCA and inducing autop-
hagy in DLBCL cells [146].

In prostate, SIRT3 was found downregulated in
human samples of prostate carcinoma but not in
prostatic intraepithelial neoplasia [147]. In addi-
tion, one different study showed that lower SIRT3
levels were associated with increased metastasis
[148]. Both studies concluded that SIRT3 overex-
pression was able to inhibit tumor growth in
mouse xenografts and cell lines of prostate cancer
[147,148]. Mechanistically, SIRT3 overexpression
in cells suppressed AKT phosphorylation, induced
the ubiquitination and destabilization of ¢-MYC
[147] and suppressed EMT through the inhibition
of the WNT/ B-catenin pathway and the activation
of FOXO3a [148].

In the thyroid gland, one report described that
SIRT3 was downregulated in human samples of
well-differentiated thyroid carcinoma [149].
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In the stomach, SIRT3 was found to be down-
regulated in human gastric cancer tissues and cell
lines, at least partly by inhibiting NOTCH-1 and
suppressing cancer cell growth [150]. In addition,
SIRT3 decrease was associated with shorter overall
and disease-free survival in gastric cancer patients
[151,152].

In the skin, higher SIRT3 transcription was
found in human SCC biopsies [89]. SIRT3 was
also increased in human melanoma samples, and
SIRT3 knockdown induced cell cycle arrest and
senescence, and reduced xenograft tumor growth
[153]. In contrast, in BCC, SIRT3 mRNA was
significantly reduced in tumor samples [124].

In the ovary, SIRT3 was found downregulated
in human samples from metastatic ovarian cancer
and cell lines, and overexpression of SIRT3 in
ovarian cell lines decreased EMT through the inhi-
bition of TWIST [154]. Indirect pharmacological
activation of the STAT3/SIRT3 pathway with the
STAT3 inhibitor cryptotanshinone was able to
inhibit glycolysis and cell growth in ovarian cancer
cell lines (Hey and A2870 cells) and mouse xeno-
grafts [155]. Finally, another study found that
overexpression of SIRT3 increased the sensitivity
of ovarian cancer cell lines (A2870, SKOV3, and
HO8910) to metformin-induced apoptosis [156].

SIRT4

Like SIRT3 and SIRTS, SIRT4, with 314 amino
acids in humans, is primarily located in the mito-
chondria [157]. SIRT4 has been shown to ADP-
ribosylate [158], deacetylate [159], deacylate [160]
or delipoylate [161] different targets including glu-
tamate dehydrogenase, malonyl CoA decarboxy-
lase or pyruvate dehydrogenase, affecting crucial
metabolic pathways. The variety of its enzymatic
activities, however, has hampered the physiological
knowledge of SIRT4 [162].

Interestingly, initial reports showed that Sirt4-
overexpressing MEFs produced smaller tumors in
a mouse xenograft model, indicating a tumor-
suppressive role of SIRT4 [163].

In the liver, SIRT4 was found downregulated in
HCC, which associated with decreased disease-free
survival; and Sirt4-deficiency enhanced
tumor development and lung metastasis in xeno-
grafts and KO mice. Mechanistically, SIRT4

liver

deletion augmented mTOR signaling by inactivat-
ing glutamine catabolism and AMPKa [164].

In the lung, Sirt4 knock-out mice showed defi-
cient DNA repair and spontaneously developed
lung tumors [165]. Mechanistically, SIRT4 was
shown to increase after DNA damage and to inhi-
bit glutamine metabolism by ADP-ribosylating
glutamate dehydrogenase, which blocked cell pro-
liferation and enhanced DNA repair [165]. SIRT4
was found downregulated in small cell lung carci-
noma (SCLC) and lung adenocarcinoma (LAD),
where lower levels of SIRT4 were also associated
with decreased overall survival [165]. Other stu-
dies found that SIRT4 inhibits the ERK-DRP1
pathway, which in turn results in less mitochon-
drial fission, tumor growth, and invasion in
NSCLC cell models; in agreement, SIRT4 was
lower in human NSCLCs than in control lung
tissue [166], and low SIRT4 correlated with
decreased overall survival [166,167].

In breast, some studies found decreased expres-
sion of SIRT4 in breast tumors compared with
normal tissue [163,165]. Another report found
that SIRT4 was decreased in breast tumors com-
pared with normal tissue, and lower expression of
SIRT4 was associated with shorter overall survival
[168]. In contrast, another report found overex-
pression of SIRT4 in breast tumors, and enhanced
proliferation, migration, and invasion in SIRT4-
overexpressing breast cancer in culture [169].

In the colon, studies with human colorectal can-
cer tissues showed that SIRT4 is downregulated in
these tumors when compared to normal tissue,
which was associated with worse pathological differ-
entiation and reduced postoperative overall survival
[163,170,171]. SIRT4 overexpression in colon cancer
cell models suppressed cell proliferation, migration,
and invasion [170,171]. In addition, loss of SIRT4
induced resistance to 5-fluoruracil treatment in
colon cancer cell models [170,172].

In immune cells, SIRT4 was found to inhibit
c-MYC driven Burkitt B cell lymphomas in Ep-
Myc transgenic mice. Tumors in these mice were
highly dependent on glutamine metabolism, which
was suppressed by SIRT4 through the inhibition of
glutamate dehydrogenase (GDH) [173]. Also,
SIRT4 levels were lower in acute and chronic
leukemia samples compared with normal
cells [165].



SIRT4 was also found to be downregulated in
human samples of gastric cancer, and this decrease
was related to poor prognosis and survival
[163,165,174]. In cell models, genetic ablation of
SIRT4 induced cell growth and invasion in MKN-
45 and HGC-27 gastric cancer cells [174].

In the kidney, SIRT4 levels were decreased in
human samples of renal clear cell carcinoma, and
lower SIRT4 was associated with decreased average
survival [175].

In the skin, higher SIRT4 transcription was
found in human SCC biopsies [89].

In the brain, SIRT4 levels were decreased in
human neuroblastoma samples compared to
nearby healthy tissue, and this decreased expres-
sion was correlated with higher stage, lymph node
metastasis, and shorter overall survival [176].

Finally, lower SIRT4 expression compared with
normal tissue was found in bladder, ovarian, and
thyroid tumors [163,165].

SIRTS

SIRT5, another mitochondrial sirtuin with 310
amino acids in humans, removes acyl groups (suc-
cinate, malonate, and glutarate) from lysine resi-
dues in different mitochondrial enzymes
[177,178]. Much less known than its other mito-
chondrial siblings, it has been shown to modify
proteins involved in the urea cycle [179], glycolysis
[180], B-oxidation or ketogenesis [181].

These posttranslational modifications have been
shown to exert pro- or anti-tumoral effects,
depending on the context. SIRT5 mRNA or pro-
tein have been found upregulated in non-small cell
lung cancers (NSCLC) [182], Waldenstrom
macroglobulinemia [183], hepatocellular carci-
noma (HCC) [184], colorectal carcinoma 185,
and breast cancer [186,187]. In turn, SIRT5
mRNA or protein levels were shown to be down-
regulated in HCC [188], endometrium [189] or
head and neck squamous carcinomas [190].

In the liver, reports are controversial: in Chang
et al.,, SIRT5 levels were increased in HCC sam-
ples, and higher SIRT5 expression in HCCs corre-
lated with poorer overall survival [184].
Mechanistically, SIRT5 was shown to reduce the
levels of E2F1, that is proposed to function as
a tumor suppressor in HCC [184]. However, the
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role of E2F1 in this tumor type is still a question of
debate, since E2F1 can function as a proapoptotic
or as a pro-proliferative factor in HCC [191]. In
a contrasting report, SIRT5 expression was found
to be decreased in HCC samples, and decreased
SIRTS5 expression was associated with poorer over-
all survival and increased probability of recur-
rence. Mechanistically, SIRT5 is shown to keep
oxidative damage under toxic levels by locating
to the peroxisome. Here, it desuccinylates desucci-
nylates and inhibits acyl-CoA oxidase 1 (ACOX1),
the rate-limiting enzyme in peroxisomal [-
oxidation, whose activity produces H,O, and oxi-
dative DNA damage in HCC [188].

In the lung, SIRT5 has been shown to promote
tumor development by different mechanisms:
SIRT5 reduced the expression of SUN2,
a member of the linker of nucleoskeleton and
cytoskeleton (LINC) complex. SUN2 expression
was reduced in samples of different types of lung
cancer, and this downregulation by SIRT5 was
shown to induce the expression of LDHA and
GLUT1 and facilitate the Warburg effect in lung
cancer cell lines. Accordingly, lung cancer patients
with high SIRT5 expression showed shortened
progression-free survival [192]. SIRT5 was also
shown to facilitate NSCLC progression by increas-
ing the expression of NRF2, a transcription factor
that keeps oxidative damage under a toxic thresh-
old and thus helps promoting cancer progression
[193]. Sirt5 knock-down in NSCLC cell lines
reduced the levels of expression of NRF2 and
many of its targets, as well as cell proliferation.
In accordance, SIRT5 mRNA was shown to be
upregulated in NCSLC samples, and high levels
of SIRT5 mRNA were correlated with decreased
overall and disease-free survival [182]. In contrast,
SIRT5 was found to reduce ROS levels by desucci-
nylating and activating superoxide dismutase 1
(SOD1) in lung tumor cells, and a succinylation-
resistant mutant of SOD1 KI123R exhibited
reduced proliferation in vitro [194].

In breast cancer, higher SIRT5 expression was
associated with increased metastasis risk and lower
1-year survival. In turn, the same report showed
that breast cancer patients expressing higher levels
of SIRT5 responded better to the standard che-
motherapy epirubicin/cyclophosphamide-
docetaxel [186].
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In colorectal carcinoma (CRC), SIRT5 was
found overexpressed in CRC cells compared with
adjacent normal tissue, and high SIRT5 was asso-
ciated with reduced overall survival [185].
Mechanistically, SIRT5 in CRC cell lines sustained
glutamine incorporation into the TCA cycle by
deglutarylating and activating glutamate dehydro-
genase 1 (GLUD1), that converts glutamate to a-
ketoglutarate (a-KG), a metabolic pathway that
was shown to be essential for tumor cell growth
in vitro and in tumor xenografts [185]. Another
recent report found that SIRT5 was significantly
overexpressed in CRC with wild-type KRas, and
higher levels of SIRT5 expression in these types of
CRCs correlated with more frequent recurrence
and poorer overall survival [195]. SIRT5 overex-
pression on KRas-WT CRC cell lines protected
them from chemotherapy Mechanistically,
SIRT5 acted in two ways: first, it was found to
demalonylate and inactivate succinate dehydro-
genase A (SDHA) leading to succinate accumula-
tion, that in turn was shown to activate the ROS
scavenger enzyme thioredoxin reductase 2
(TrxR2). This way, SIRT5 kept oxidative damage
below a toxic threshold [195]. Secondly, succinate
accumulation increased the succinate/a-KG ratio,
inhibiting a-KG-dependent dioxygenases that are
critical for chemotherapy resistance [195].

Knock-down of Sirt5 in melanoma cells in vitro
strongly reduced their proliferative potential,
increased their apoptotic index and reduced their
ability to form xenograft tumors in mice. This
effect was rescued by PDK1 overexpression or
supplementation with non-essential amino acids
or treatment with dimethyl a-KG**°. Also, higher
SIRT5 transcription was found in human SCC
biopsies [89].

Gliomas harboring R132C IDH1 mutations accu-
mulated the oncometabolite R-2-hydroxyglutarate
that acted as a competitive inhibitor of SDH. In
these cells, accumulation of succinate in the mito-
chondria provoked general hypersuccinylation of
mitochondrial proteins and mitochondrial dysfunc-
tion that triggered the accumulation of the anti-
apoptotic protein BCL2 and apoptosis resistance of
tumor cells. SIRT5 overexpression reduced mito-
chondrial protein succinylation levels, reduced
BCL2 accumulation and slowed xenografts
growth [196].

SIRT5 has been shown to act on other cancer-
relevant pathways. For example, SIRT5 was shown
to act in U20S and HCT116 cell lines on the folate
pathway (a target of several anti-cancer strategies),
by desuccinylating and activating the oncogene
serine hydroxymethyltransferase (SHMT2) at
K280*°7. SHMT? is a mitochondrial enzyme that
catalyzes the conversion of serine and tetrahydro-
folate into glycine and 5,10-methylene tetrahydro-
folate, essential for the purine synthesis pathway,
and has been shown associated with poor prog-
nosis in intrahepatic cholangiocarcinoma [197]
and breast cancer [198], and to promote glioma
cell survival [199]. Also, SIRT5 was shown to
desuccinylate the glycolytic enzyme pyruvate
kinase M2 (PKM2) at two residues, K498 and
K311. Desuccinylation by SIRT5 of PKM2 at
K498 was shown to reduce its activity, leading to
an accumulation of glycolytic intermediates and
NADPH that fueled tumor growth and kept oxi-
dative damage under a toxic threshold, promoting
tumor development [200]. In another report,
Wang and colleagues showed that SIRT5 desucci-
nylated PKM2 at K311 in HEK293 and in macro-
phages, increasing PKM2 pyruvate kinase activity
but reducing the reportedly oncogenic nuclear
PKM2 protein kinase activity. However, the role
of SIRT5-mediated PKM2 K311 desuccinylation in
cancer was not described [201]. SIRT5, along with
SIRT1, was also shown to bind and deacetylate
PML, sensitizing HeLa cells to H,0O,-mediated
death [202].

SIRT6

SIRT6, with 355 amino acids in humans, is
a nuclear sirtuin displaying several enzymatic
activities: it deacetylates Histone 3 (H3) at several
residues: H3K9 [203] and H3K56 at telomeres
[204], H3K18 at pericentric chromatin [205] and
other metabolically relevant regions [206]. In both
cases, SIRT6 acts as a transcription repressor and
genomic stability guardian. SIRT6 also interacts
with several components of the DNA repair
machinery: it mono ADP-ribosylates and activates
PARP1 [207], and deacetylates and activates
C-terminal binding protein (CtBP) interacting
protein (CtIP) [208]. Also, SIRT6 promotes the
localization to double strand breaks (DSB) of



DNA-PKc [209] and SHF2H [210], both enzymes
necessary to maintain genomic stability. The activ-
ity of SIRT®6 is closely linked to fatty acids in two
ways: the presence of fatty acids was shown to
induce SIRT6 otherwise weak deacetylase activity
[211]; and SIRT6 has been shown to remove long-
chain fatty acids from other proteins, such as
TNFa [211-213]. Also, SIRT6 has been shown to
be a corepressor of MYC signal, by deacetylating
H3K9 at the DNA binding sites of MYC, more
specifically in ribosomal genes [214].

The first report linking SIRT6 with tumor pro-
gression showed that ablation of SIRT6 in mouse
embryo fibroblasts (MEFs) led to glycolysis and
MYC-dependent transformation without the
requirement of any other oncogene [214].

In the liver, SIRT6 was found to be a direct
transcriptional target of c-FOS. In turn, SIRT6
deacetylated H3K9Ac at the promoter of the anti-
apoptotic gene survivin, thus counter-acting the
pro-tumorigenic role of c¢-JUN. This tumor-
suppressor role of the C-FOS/SIRT6 axis was
only found in initiating dysplastic liver nodules,
not in advanced HCC, indicating that SIRT6
tumor suppression ability was restricted to the
initial stages of HCC formation [215]. SIRT6 was
also shown to interact with and deacetylate the
glycolytic enzyme PKM2 at K433, promoting
PKM2 nuclear export into the cytosol and redu-
cing PKM2 nuclear oncogenic functions [216-
218]. Accordingly, SIRT6 levels were decreased in
higher grade human HCCs, and this decrease was
associated with increased levels of AcK433-PKM2
[217]. Similar findings were shown by Zhang et al.:
SIRT6 expression was reduced in HCC human
samples, and overexpression of SIRT6 in HepG2
cells reduced proliferation, ROS and ERK1/2 sig-
nals [219]. In another report using the HCC cell
line HepG2, the oncogenic ubiquitin ligase UBE3A
was shown to ubiquitylate SIRT6 at K160.
Decreased SIRT6 led to hyperacetylation of H3K9
at the promoter of the oncogene ANXA?2 and to its
increased expression. Consistently, higher expres-
sion of UBE3A and ANXA2 and lower expression
of SIRT6 were found in HCC of higher grades
[220]. All the previous reports on SIRT6 roles in
HCC indicated a tumor-suppressor role of SIRT6;
however, some reports also found an oncogenic
activity of SIRT6 in the liver: SIRT6 was found

CELL CYCLE (&) 2179

upregulated in HCC tumors, and higher SIRT6
expression was associated to shorter overall survi-
val. Overexpression of SIRT6 in HCC cell lines
enhanced their proliferation and suppressed apop-
tosis by deacetylating AcH3K9 at the promoter of
BCL2-associated protein (BAX), inhibiting bind-
ing of p53 and E2F-1 to BAx promoter and
decreasing BAX transcription [221]. Also in liver,
Feng and colleagues showed that TGFP1 and ROS
species (H,O, and HOCI) upregulated SIRT6
expression and ERK signaling in HCC cell lines.
These upregulations were shown to act as ame-
chanism to avoid a cellular senescence response to
their downstream effectors NFkB, SMAD or p38
MAPK, and to promote HCC development in
mouse xenograft models [222]. Finally, miR-122
was shown to inhibit SIRT6 expression, and in
turn, SIRT6 inhibited miR-122 transcription by
binding to its promoter and deacetylating
AcH3K56, which led to an overexpression of sev-
eral miR-122 target genes. Accordingly, HCC
patients displaying strong negative correlation of
SIRT6 and miR-122 expressions showed decreased
overall survival [223].

In the lung, SIRT6 was found downregulated in
NSCLC tumor samples, and overexpression of
SIRT6 impaired proliferation of NSCLC cell lines
and reduced the expression of TWISTI, a pro-
tumorogenic transcription factor [224]. In another
report, patients with high cytoplasmic expression
and low nuclear expression of SIRT6 (a pattern of
expression that could indicate inactive SIRT6) had
more aggressive cancer, shorter overall survival,
and shorter recurrence-free survival than did
patients with different SIRT6 expression profiles.
Downregulation of SIRT6 in NSCLC cell lines
increased their sensitivity to chemotherapy,
although the mechanism was not described [225].

In breast cancer, there are conflicting results.
First, SIRT6 was shown to be overexpressed in
aggressive breast tumors, and higher SIRT6
expression, specially in the nucleus, was associated
with shorter overall survival. Mechanistically,
SIRT6 was found to be phosphorylated and acti-
vated by the oncogenic casein kinase 2a 1
(CSNK2A1), and to induce oncogenic nuclear (-
catenin location [226]. In contrast, in another
report, SIRT6 expression was found reduced in
breast tumors of higher grade, inversely to
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RUNX2 expression. Mechanistically, SIRT6 was
found repressed at the transcriptional and post-
transcriptional level by RUNX2, and this repres-
sion reduced mitochondrial respiration and
enhanced glycolysis [227].

In the pancreas, SIRT6 locus was found deleted
in a high percentage of pancreatic tumor cell lines,
and SIRT6 protein expression was lower in pan-
creatic ductal adenocarcinoma (PDACs) samples
than in healthy samples [214,228]. Importantly,
PDAC patients with low expression of SIRT6 had
a decreased overall survival than patients with high
SIRT6 expression [228]. SIRT6 loss in PDAC cell
lines induced HIFla target glycolytic genes, but
SIRT6-deficient PDAC cell lines were not more
sensitive to glycolysis inhibition than SIRT6-WT
cells. Instead, SIRT6 was found to repress the MYC-
driven transcription of the oncofetal RNA-binding
protein LIN28b by deacetylation of AcH3K9 and
AcH3K56 at the promoter of LIN28b. LIN28b is
a well-known repressor of the let-7 miRNA family,
and, accordingly, SIRT6-low PDAC cell lines and
tumors showed increased levels of LIN28b and of
several pro-tumoral let-7 target genes, as IGF2BP2,
IGF2BP3 or HMGA2, all of which were associated
with poorer PDAC survival [228].

In the colon, SIRT6 was shown to be down-
regulated in colorectal carcinomas (CRCs), and
lower expression of SIRT6 was associated to
decreased disease-free survival in aggressive color-
ectal carcinoma patients (node-positive and
C-Reactive Protein-positive tumors) [214]. In this
same report, specific deletion of SIRT6 in intes-
tines of APC™™* mice produced a remarkable
increase in the number, size, and grade of adeno-
mas. This effect was reduced treating mice with
the PDK1 inhibitor dichloroacetate, stressing the
dependence of SIRT6-deficient intestinal tumors
on glycolysis. In another report, SIRT6 was
shown to interact with the protein USP10, that
suppressed the ubiquitination and subsequent
degradation of SIRT6 and p53. By the stabilization
of these two partners, USP10 blunted c-MYC-
mediated transcription and tumor progression.
Accordingly, the USP10-SIRT6 tandem was
found downregulated in colon cancer tissues com-
pared to normal colon samples [229].

Two reports by the same authors investigate the
role of SIRT6 in hematologic malignancies: SIRT6

was shown to be overexpressed in multiple mye-
loma (MM) [230] and acute myeloid leukemia
(AML) [231] cells, and high SIRT6 expression
correlated with shorter overall survival in both
tumor types. Mechanistically, in MM SIRT6
bound to the promoters of several members of
the MAPK family, most notably ERK2, and to
the binding sites of the transcription factor ELK1,
a target of ERK2. SIRT6 deacetylated AcH3K9 at
ELK1 binding sites and inhibited the expression of
ELK1 target genes, reducing cell proliferation,
DNA damage, and tumor growth in xenograft
models [230]. In AML cells, SIRT6 knock-down
increased cell proliferation, similar to what was
described in MM, although no mechanistic expla-
nation was given [231]. On the other hand, SIRT6
improved the DNA-damage response of MM and
AML cells: in MM, SIRT6 deacetylated AcH3K56
at the DNA-damage sites, and this effect
protected MM cells from doxorubicin treatment
in vitro and in vivo. In AML, SIRT6 enhanced
DNA stability at least partly by deacetylating
DNA-PKCs and CtIP. In both cases, as suggested
before with lung cancer [225], authors concluded
that improved DNA stability in SIRT6-
overexpressing tumors protected them from dif-
ferent DNA damaging therapies, which explained
the worse prognosis of MM and AML patients
expressing high levels of SIRT6, and suggested
that inhibition of SIRT6 could constitute
a therapeutic opportunity for these tumor types
[230,231].

SIRT6 has also been investigated in papillary
thyroid carcinoma (PTC): SIRT6 was found over-
expressed in PTC samples compared to normal
tissue, and higher SIRT6 expression was associated
to increased nodal metastasis, although no signifi-
cant association was found between SIRT6 and
survival. In vitro, SIRT6 stimulated proliferation
and invasion [232].

Sirt6 deletion in skin led to a decrease in the
frequency and number of papillomas in a DMBA/
TPA protocol and to a decreased UVB irradiation
induced hyperplasia and proliferative index, indicat-
ing that SIRT6 was promoting tumor development.
Mechanistically, UVB irradiation-induced SIRT6
expression, which in turn inhibited COX-2 mRNA
stability by downregulating the AMPK pathway
[233]. In agreement, another report showed that



the pro-differentiation miR-34a expression was
downregulated, and the expression of SIRTS,
a target of miR-34a, was upregulated in oral SCC
samples versus normal epidermis by methylation of
miR-34a promoter. These results imply that SIRT6
might be associated with SCC development,
although no functional effects of SIRT6 levels in
SCC development were assayed in this report [234].
In accordance, higher SIRT6 transcription was
found in human SCC biopsies [89]. Finally, SIRT6
and SIRT7 expression in PBMCs from head and
neck squamous cell carcinomas (HNSCC) patients
were higher in preoperative blood samples, com-
pared to postoperative blood samples [235]. In mel-
anomas, SIRT6 was found overexpressed in tumor
samples and cell lines [236], and ablation in mela-
noma cell lines significantly reduced cell growth.
Two additional reports on SIRT6 confer additional
complexity to the role of this sirtuin in melanoma: in
one of them, SIRT6 was found downregulated in
initial melanoma but increased in metastatic lesions
[237]. In another report, haploinsufficiency of
SIRT6 induced resistance to MAPK inhibitors in
BRAFV®® melanomas cell lines suggesting that
modulation of SIRT6 might be therapeutically detri-
mental [238].

In ovaries, expression of SIRT6 was found
downregulated in ovarian cancer tissues compared
to normal ovary. SIRT6 inhibited ovarian cancer
cell lines proliferation, at least partly by inhibiting
NOTCHS3 expression [239].

Finally, expression of SIRT6 has been shown to
be downregulated by E2F1, that bound to SIRT6
promoter and inhibited its transcription, in blad-
der and prostate cancer cell lines [240].

SIRT?7

SIRT7, with 400 amino acids in humans, was initi-
ally found in the nucleolus, where it facilitated
transcription of rDNA by deacetylating and activat-
ing the subunit of Pol I PAF53 [241]. Also, SIRT7
promoted the processing of pre-rRNA by deacety-
lating and activating U3-55k, a core component of
the U3 small nucleolar ribonucleoprotein complex
(snoRNP) [242]. Later, SIRT7 has also been shown
to reside in other nuclear regions and to deacetylate
various other targets, as members of the chromatin
remodeling complexes B-WICH, that facilitates
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rDNA transcription by interacting with Pol I; the
nucleolar remodeling complex (NoRC); or SWI/
SNF [243]. SIRT7 also enhances Pol III-mediated
transcription of tRNAs [244], deacetylates
AcH3K18 and represses transcription of ELK4 and
MYC, promoting tumor formation [245] or pre-
venting hepatic steatosis [246]; and deacetylates
and activates the master regulator of nuclear-
encoded mitochondrial genes GABPP1 [247].
Importantly, SIRT7 also desuccinylates H3K122 at
double-strand breaks, promoting genomic stability
[248]. In agreement with this, Sirt7-deficient mice
age prematurely and display genomic instability
[249]. SIRT7 has been proposed to deacetylate and
inhibit p53 [250], although these findings have been
questioned by other reports [245].

Regarding cancer, SIRT7 is generally considered
an oncogene: in HCC; SIRT7 was found upregulated
in human HCC samples and its expression increased
with tumor grade. In mice, Sirt7 knock-down
reduced xenograft tumor growth. Both miR-125a-
5p and miR-125b were found downregulated in
HCC, and these miRNAs were shown to target and
inhibit SIRT7, enhancing xenograft growth [251].

In breast cancer, SIRT7 mRNA was found upre-
gulated in tumor samples, more specifically in
tumors at their earlier stages, but not in the most
advanced tumors [252]. In contrast, in a later report
SIRT7 was found strongly repressed in human node
and breast cancer lung metastases. In addition,
SIRT7 overexpression in xenografts reduced lung
metastasis in mice. SIRT7 deacetylated SMAD4 at
K428 and destabilized it, impairing TGF-[ signaling
and EMT in vitro. Importantly, resveratrol treat-
ment destabilized SMAD4 and reduced EMT and
lung metastasis in mice, implicating SIRT7 in the
anti-tumorogenic roles of resveratrol [253].

In prostate adenocarcinomas, SIRT7 was over-
expressed specially in the most aggressive and
metastatic tumors [254]. In this same report,
SIRT7 promoted EMT in cell lines from several
tumor types [254].

In the stomach, high SIRT7 expression was found
in gastric tumors and correlated with shorter overall
and disease-free survival. Mechanistically, SIRT7
deacetylated AcH3K18 at the promoter of the
tumor-suppressor miR-34a and inhibited its expres-
sion, inducing proliferation and reducing apoptosis
in gastric cancer cells [255].
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In the skin, higher SIRT4 transcription was
found in human SCC biopsies [89].

SIRT7 was shown to be upregulated in ovarian
[258] and NSCLC [259] cell lines compared with
normal cells of the corresponding tissues, and
SIRT7 knock-down [258] or interference with
miR-3666 [259] reduced cell growth and induced
apoptosis.

Common molecular features of sirtuins in
cancer

In this section, we will put together the molecular
features described in the papers reviewed above,
when available. We will focus on the features that
are common to different sirtuins or to the same
sirtuin in different tumors or in independent
reports. All these data have been summarized in
Table 2:

e SIRT1: higher expression of SIRT1 and its
inhibitor, DBCI, were found in breast
[59,61] and gastric [87] tumors. Also,
increased ¢-MYC and SIRT1 protein levels
were found in the colon [68,69], AML [75]
and thyroid [83] tumors, indicating that there
is a functional interaction between these two
proteins in several tumor types. These find-
ings establish the MYC oncogene as
a common functional target with SIRT2,
SIRT3, and SIRT6. SIRT1 was found to dea-
cetylate at K382 and inhibit p53 [41], a target
common to SIRT3 [132, 136], SIRT6 [221],
and SIRT7 [250]. Indeed, high SIRT1 and low
acetyl-p53 correlated with poor survival in
lung tumors [57]. Finally, SIRT1 was found
to induce EMT by enhancing the expression
of ZEB1 in prostate tumors [84].

e SIRT2 was found to counteract KRas onco-
genic role in lung [108,109] and pancreas
[108,115] tumor models. In some cases,
SIRT2 was found to deacetylate and inhibit
KRas [108,109], indicating a very close func-
tional interaction between these two proteins.
Interestingly, as found with SIRT1, SIRT2
enhanced c-MYC stability in breast tumors
[114]. SIRT2 inhibited the expression of the
oncogene JMJD2A in two independent
reports on lung cancer [105,110]. Finally,

SIRT2 shared PKM2 as a target with SIRT5
and SIRT6, although at different residues:
SIRT2 deacetylated at K305 and activated
PKM2, reducing breast tumor growth [112].

SIRT3 shares HIFla as a target with SIRT6:
SIRT3 deficiency led to the stabilization of
HIF1la, promoting breast tumor growth [128].
Interestingly, as described for SIRT1 and
SIRT7, SIRT3 deacetylated p53 (in this case, at
K320 and K382), decreasing p53 stability in
NSCLC [136]. Similar to SIRT5, SIRT3 was
found to deacetylate, induce the expression
and activate SOD2 in B cell malignancies
[145]. SIRT3 has been found to deacetylate
and activate IDH2 in several models: in MEFs,
breast cancer 129, and CLL [145]. Also, SIRT3
overexpression led to the destabilization of the
MYC oncogene [147], contrary to what was
described for SIRT1 and SIRT2. As SIRTS,
SIRT3 reduced Notch signaling, in this case by
inhibiting the expression of NOTCH1, which
reduced gastric cancer growth [150]. SIRT3 also
prevented EMT by inhibiting the expression of
TWIST in ovarian carcinoma [154] and the
Wnt/ B-catenin pathway in prostate tumors
[148]. In contrast to SIRT4, SIRT3 deacetylated
and activated GDH, favoring glutamine meta-
bolism into the Krebs cycle and promoting
DLBCL tumor progression [146]. Similar to
SIRTS5, SIRT3 deacetylated at K75 and activated
the tumor-promoting enzyme serine hydroxy-
methyltransferase 2 (SHMT2) in colon cancer
cells [144]. Finally, SIRT3 also reduced
mTORCI signaling and breast tumor progres-
sion [139].

In contrast to SIRT3 and SIRT5, SIRT4 inhib-
ited glutamine metabolism, at least in part by
ADP-ribosylating and inhibiting GDH. This
function prevented tumor progression in liver
(via mTOR inhibition) [164], lung [165] and
in Burkitt B-cell lymphoma [173].

SIRTS5 desuccinylated and activated PKM2 at
K311 and K498, promoting tumor growth
[200,201]. In parallel to SIRT3, SIRT5 desuc-
cinylated and activated SOD1, reducing the
growth of lung tumor cells [194], and serine
hydroxymethyltransferase 2 (SHMT2) at
K280 in several cancer cell lines [257]. In
contrast to SIRT4, and in common to



SIRT3, SIRT5 deglutarylated and activated
GDH, promoting CRC progression [185].

e SIRT6 deacetylated PKM2 at K433, promot-
ing its nuclear export and inhibiting PKM2
oncogenic functions [217]. As happened with
SIRT3, SIRT6 loss led to stabilization of
HIFla in pancreas tumors [228], to the inhi-
bition of Notch signaling and ovarian cancer
cells proliferation by decreasing NOTCH3
expression [239], and prevented EMT by
inhibiting  TWIST expression in NSCLC
[224]. Also, SIRT6 shares MYC as
a functional target with SIRT1 and SIRT2,
but in contrast with them, SIRT6 was found
to repress MYC-driven transcription of the
oncogene LIN28b in pancreatic cancer [228],
and to inhibit c-MYC-driven transcription by
its  interaction with  USP10  [229].
Interestingly, SIRT6 was described as
a target in oral SCC of the tumor-suppressor
miR-34a [234], which in turn was found to be
repressed by SIRT7 [255].

e SIRT7 has been shown to deacetylate and
inhibit p53 [250], as happened with SIRT1,
SIRT3 and SIRT6. SIRT7 inhibited the expres-
sion of the tumor-suppressor miR-34a in sto-
mach tumor cells, promoting their growth
[255]; in turn, as described above, miR-34a
was shown to target and inhibit SIRT6 in
oral SCCs [234]. SIRT7, as SIRT1 and SIRTS3,
has been shown to regulate EMT: in lung
metastasis from breast tumors, SIRT7 deacety-
lated at K428 and destabilized the EMT-driver
SMAD4 [253]; in contrast, SIRT7 promoted
EMT in several prostate cancer cell lines [253].

Therapeutic interventions based on sirtuins
modulators

Sirtuin activators

The first sirtuin-activating compounds (STACs)
were described for SIRT1 in 2003, being resvera-
trol the most potent compound in this first screen-
ing [260]. Since then, thousands of new STACs
have been described, including more than
a dozen chemical families such as stilbenes (for
example, resveratrol), chalcones (for example,
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butein), flavones (for example, quercetin) from
plants [260], or synthetic, such as imidazothiazoles
(for example, SRT1720) [261], thiazolopyridines
(for example, STAC-2) [262], benzimidazoles (for
example, STAC-5) [262] and urea-based scaffolds
(for example, STAC-9) [263]. Interestingly, met-
formin, the frontline treatment against type 2 dia-
betes, has also been shown to activate SIRT1 [264].
After a strong debate about the ability of STACs to
specifically activate SIRT1, it was shown that
SIRT1 activity strongly depended on the amino
acid residues positioned nearby the deacetylated
lysine, a confounding factor that can strongly
compromise STACs identification [262,265].

Several reports have shown that treatment of
mouse models of cancer with STACs can reduce
tumor growth. Firstly, and even before it was
described as a SIRT1 activator, topical treatment
with resveratrol prevented the development of skin
papillomas in a DMBA-TPA protocol with mice
[266], at least partly by reducing reactive oxidant
species and c-fos [267], and this protective effect of
resveratrol was lost in Sirt1-KO mice [70]. Resveratrol
has been shown to reduce the proliferation of many
cell lines from different origins in vitro (reviewed by
Aggarwal and colleagues [268]). Treatment with
resveratrol in mice or rats also delayed formation of
tumors in several other in vivo models: in mice ortho-
topically inoculated with the murine liver cell line H22
[269]; in mammary duct adenocarcinomas induced
by the carcinogen DMBA in rats [270]; or in azox-
ymethane-induced colon carcinoma in rats [271].
Also, treatment of immunocompetent mice bearing
orthotopic melanoma (B16F10) or colon carcinoma
(CT26) tumors with resveratrol or metformin
reduced tumor growth [272]; mechanistically, SIRT1
deacetylated and inhibited STAT3, that could no
longer induce the transcription of Rorc, a master reg-
ulator of the pro-tumoral Th17 T-cells [272]. In con-
trast, treatment with resveratrol had no effect on lung
tumors induced by tobacco smoke carcinogens [273]
or in the APCM™" intestinal tumor formation mouse
model [270]. In one report, prepubertal treatment
with resveratrol in rats enhanced the development of
MNU-induced mammary carcinomas [274].

Other STACs, as SRT1720, SRT1460, and
SRT3025, were found to reduce the growth of
pancreatic [275] and breast [276] cancer cells-
xenografts in athymic mice through a lysosome-
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dependent mechanism. In contrast, Suzuki and
colleagues showed that treatment with SRT1720
reduced cisplatin cytotoxic effects and enhanced
xenograft lung metastasis of breast cancer cells
[277]. Butein, a plant-derived STAC, has also
been shown to suppress the growth of breast
[278,279] and cervical [280] cancer cells in vitro,
although the proposed mechanisms (reactive oxy-
gen species production) were not associated with
SIRT1 activity.

Sirtuin inhibitors

Due to the oncogenic role of many sirtuins in
different tumor types, a strong effort was devoted
to identify robust inhibitors that could be used as
new clinically relevant anticancer therapeutic
agents. At present, there are several sirtuin inhibi-
tors described with different selectivity for SIRTI,
SIRT2, SIRT3, SIRT5, and SIRT6. One of the first
inhibitors described was Sirtinol, a molecule that
belongs to the family of the B-naphthol-containing
compounds. Sirtinol was first identified as an inhi-
bitor of the deacetylating activity of SIRT2 and its
yeast homolog Sir2p [281]. In prostate cancer (PCa)
cell lines, sirtinol treatment increased FOXO1 acet-
ylation and decreased cell growth and viability with

a)

no apparent effect in normal epithelial cells [81]. In
breast (MCF7) and lung (H1299) tumor cells, sirti-
nol-induced senescence-like growth arrest through
a mechanism dependent on the inhibition of the
MAPK pathway [282].

Other sirtinol analogs have been developed:
JGB1741, a specific inhibitor of SIRT1 when com-
pared to SIRT2 and SIRT3, induced cytochrome
c release and PARP cleavage-dependent apoptosis
in MDA-MB 231 breast cancer cell lines [283].

Salermide, an inhibitor of SIRT1 and SIRT2,
proved to be efficient at inducing apoptosis in
leukemia (MOLT4, KG1A, and K562), lymphoma
(Raji), colon (SW480) and breast (MDA-MB-231
and MCF7) cell models but not in non-
tumorigenic MRC5 cells [284-286].

Another commonly used sirtuin inhibitor is
nicotinamide, first identified in an in silico screen-
ing for its ability to inhibit SIRT2 (IC50 = 100uM)
[287]. Further reports have found that nicotina-
mide has a pan-sirtuin inhibitory capacity inhibit-
ing SIRT1 (IC50 = 70uM) [288], SIRT3 (IC50 =
37uM) [288] and SIRT6 (IC50 = 184uM) [289].
Nicotinamide proved to be effective at inhibiting
cell growth in chronic lymphocytic leukemia (CLL
cells) through a mechanism dependent on SIRT1
inhibition and p53 and caspase-3 activation [290].
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Figure 1. Therapeutic strategies using sirtuin modulators. Sirtuin modulation after tumor onset (a) has shown to lead to
unpredictable outcomes, due to the heterogeneous response of all seven sirtuin members in different tissues. In contrast, sirtuin
activation prior to tumor appearance (b) has consistently shown to prevent or delay cancer appea.rance.



In PCa cells, nicotinamide was also able to reduce
cell growth and viability [81].

Niacinamide, a derivative of vitamin B3 (nia-
cin), is another pan-sirtuin inhibitor that binds
and inhibits the sirtuin catalytic domain.
Interestingly, treatment of lymphoma human
patients or mouse models with niacinamide com-
bined with other drugs showed promising
results [291].

Although these compounds revealed to be effi-
cient at inhibiting sirtuin activity, their specificity
is not limited to one specific sirtuin. For this
reason, much effort was devoted to identify new
compounds with increased specificity. In the case
of SIRT1, one of the strongest and most specific
SIRT1 inhibitors reported so far is the indole deri-
vative EX527, efficient at inhibiting SIRT1 catalytic
activity at nanomolar concentrations (IC50
~100nM compared to 20uM and 48uM for SIRT2
and SIRT3, respectively) [292]. In leukemia cell
lines, treatment with EX527 increased apoptosis
when combined with HDAC inhibitors through
a mechanism dependent on BAX upregulation
[293], and also stalked the growth of chemo-
resistant stem-like cells from human chronic mye-
loid leukemia [294]. In cervical cancer cells, EX527
was able to inhibit growth in the cervical tumor
SiHa cells but not in the immortalized counterpart
HaCaT cells [295]. In the pancreas, reports were
more controversial: in  vitro, EX527 had
a synergistic effect when combined with gemcita-
bine in PANC-1 and ASPC-1 cells [296]. By con-
trast, treatment of PANC-1 xenografts with EX527
increased tumor formation and no synergistic
effect was observed when combined with gemcita-
bine [67].

Another highly specific and promising com-
pound is thiomyristoyl lysine compound (TM).
This compound had a high specificity for SIRT2
(IC50 = 28nM) when compared to SIRT1 (IC50 =
98uM) and SIRT3 (IC50 = 200uM), and showed
no effect on SIRT5, SIRT6 or SIRT7 enzymatic
activities. TM displayed a strong anticancer activ-
ity through a mechanism dependent on the ubi-
quitination and destabilization of c-MYC. In vivo,
TM inhibited tumor growth in mouse xenografts
of breast cancer (MDA-MD-231) and increased
survival in MMTV-PyMT female mice [114]. In
addition, other specific compounds were
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developed for SIRT2, that include AGK2 [297],
SirReal2 [298], AK-7 [299], AC-93253 [300].
AGK?2, for instance, induced cell cycle arrest and
apoptosis in 3D cell models of glioblastoma (GB2,
GB4, GB11, and GB16 spheres); and AK-7 was
able to inhibit glioblastoma tumor formation
in vivo. Both compounds worked through
a mechanism dependent on the deacetylation of
p73 [125].

One of the strongest SIRT3 inhibitors described
to date is SDX-437 which, when compared to
SIRT1I, exhibited a 100 higher selectivity for this
sirtuin [301]. Another family of SIRT3 inhibitors is
the 5-amino-2-phenyl-benzoxazole derivates, that
were identified in a virtual drug screening reported
to inhibit SIRT3 in a specific manner, when com-
pared to SIRT1 and SIRT2 [302]. Although these
compounds proved to be highly specific at inhibit-
ing SIRT3, their efficiency in cancer models has
not been addressed.

APO866, and inhibitor of nicotinamide phos-
phoribosyltransferase (NMPRTase), blocks the
NAD" synthesis pathway and thus acts as
a global sirtuin inhibitor. Interestingly, treatment
of several leukemia and lymphoma cell lines and
mouse tumor models with this compound induced
mitochondria- and autophagy-mediated apoptosis
and tumor recurrence [303].

Conclusions

After all the data presented above, we can draw
the general conclusion that modulation of sir-
tuins activity by genetic or pharmacological
approaches once tumors are formed leads to
unpredictable outcomes (Figure 1(a)). On one
hand, a certain sirtuin can have pro- or anti-
tumoral functions in the same or in different
tissues. Therefore, even when the effects of
modulating that sirtuin would seem positive
for that precise tumor type, they could have
deleterious effects in a different tissue. On the
other hand, most STACS and sirtuins inhibi-
tors have only been studied for their activity
on a subset of sirtuins, but thorough studies on
the effects of a precise STAC or sirtuin inhibi-
tor in all the sirtuin family members, or in
other enzymes, are still lacking. In fact, several
reports have shown that some of the most
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widely used sirtuin activators (resveratrol,
SRT1720, SRT2183 or SRT1460) are actually
not direct SIRT1 activators, displaying off-
target effects that had not been extensively
studied [304,305]. These findings, most prob-
ably, can also apply to other sirtuins modula-
tors, whose specificity has not been thoroughly
checked. Also, given the pleiotropic, and often
opposite, functions of the different sirtuin
family members in cancer development
described above, special consideration should
be taken before proposing the use of sirtuins
modulators as anti-cancer agents (Figure 1(a)).
Measuring the activity of other sirtuin family
members during the treatment with these mod-
ulators, and paying special attention to the
tissues where pro- or anti-tumoral effects of
sirtuins have been described would constitute
a sensible safeguard for any future therapeutic
strategy.

Most sirtuins modulators have been studied
for their anti-cancer therapeutic potential, that
is: their effects on already transformed cells and
tumors. By contrast, the preventive potential of
the use of sirtuins modulators has received much
less attention. Mouse models of overexpression
or ablation prior to tumor onset for different
sirtuin family members have shown that, in gen-
eral, germline sirtuin overexpression prevents
tumors appearance; or that germline sirtuin
ablation promotes tumor development. This has
been shown when SIRT1 overexpression pre-
vented hepatocarcinoma [45], APCM™*_driven
intestinal tumors [71], and lung adenocarcinoma
[58] development; Sirt2-KO mice developed
spontaneous breast (females) and liver (males)
tumors [100]; Sirt3-KO mice developed sponta-
neous mammary tumors [130]; Sirt4-KO mice
spontaneously developed lung tumors [165];
Sirt6-specific deletion in intestine sensitized to
APCM™*_driven intestinal tumors [214]; or
Sirt7-KO mice showed compromised genomic
integrity [249]. On the contrary, only a few
reports have shown that increased activation of
sirtuins can increase tumor development, as with
Sirtl-Tg mice enhancing PTEN-driven thyroid
carcinomas [83]. However, in this last model,
one copy of PTEN is already lost at germline,
and therefore there is oncogenic stress from the

embryonic stage. All these in vivo data suggest
that, in general, global sirtuins activation when
there is a healthy basal state can constitute
a powerful preventive strategy against cancer
development (Figure 1(b)).
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