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Chapter 1 - INTRODUCTION



1.1. Sirtuins, a unique class of lysine deacetylases

During the last decade, the members of the Sir2 family, also known as sirtuins,
have become firmly established as key regulators of the response to stress of
various types, from metabolic to genotoxic stress. Sirtuins have been
implicated in the most important human diseases such as cancer,
cardiovascular diseases, diabetes and other endocrine pathologies, malaria,
and neurodegenerative diseases, among others®?.

Sirtuins were originally described as NAD'-dependent histone deacetylases’
and were included in the superfamily of histone deacetylase (HDAC) enzymes
as class Il HDACs. In fact, there are 4 classes of HDACs: class | (HDAC], 2, 3, and
8), which are closely related to the yeast transcriptional factor RPD3; class Il
(HDAC4, 5, 6, 7, 9, and 10), which are similar to another yeast deacetylase
HDA1; class Ill, which includes sirtuins; and class IV (HDAC11). Indeed, the
process of deacetylation differs markedly between sirtuins and all other
HDACs. While class |, Il, and IV HDACs transfer the final acetyl group to the
aqueous solution and are sensitive to the inhibitor trichostatin A (TSA), sirtuins
require NAD+ as an enzymatic co-factor, transfer the acetyl group from the
substrate to an ADP-ribose molecule, and are insensitive to TSA*. Interestingly,
ADP-ribosyltransferase activity is also known in sirtuins, although our
knowledge about this is currently very limited™ °.

The members of the Sir2 family have been present since they evolved in
prokaryotes. They have subsequently undergone considerable functional
diversification during the course of evolution in order to adapt to increased
complexities. For instance, mammals harbor 7 different sirtuins (SIRT1-SIRT7)
that differ in their cellular localization, substrate specificity, and functions’.
Sirtuins seem to have developed in some types of bacteria as regulators of the
metabolic adaptation to energetic fluctuations. Although we do not yet fully
understand all the implications of sirtuin functions in prokaryotes, their ability
to deacetylate proteins may have first appeared as a mechanism to catabolize
acetate before adapting specifically to perform regulatory functions. In this
sense, one of the best-conserved sirtuin functions is the regulation of the inter-
mediate metabolism through control of the key enzyme acetyl-CoA synthetase
(ACS). The Sir2 family members encompass all the main phylogenetic domains
of living organisms, bacteria, archaea and eukaryotes, although not all
prokaryotes contain sirtuins. Phylogenetic studies have defined five lineages or

classes of sirtuins: classes | to IV and U%. The seven mammalian sirtuin genes
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include all four classes: SIRT1, SIRT2, and SIRT3 are class |, SIRT4 is class Il, SIRT5
is class Ill, and SIRT6 and SIRT7 are class IV. Prokaryotes and eukaryotes share
only classes Il and Ill. Consistent with this, the eukaryotic members of classes I
and Ill show mitochondrial localization and target mitochondrial proteins.
Interestingly, the two eukaryote-specific lineages (I and IV) seem to have
appeared in early eukaryotes probably at the same time as chromatin.

The number of sirtuins per organism appears to have increased during
evolution along with complexity, from the presence of 1 member in
prokaryotes to 2 in Plasmodium, 4 in Caenorhabditis elegans, 6 in Drosophila,
and 7 in mammals. This probably reflects a constant dynamic acquisition of
new functions associated with the response of metabolic homeostasis to
different types of stress. Since the evolution of the prokaryotes, sirtuins seem
to have been involved in the crosstalk between the genome and environmental
changes. The functional diversification of Sir2 homologs during evolution is
clearly illustrated by their different cellular locations’. Three of them (SIRT1,
SIRT6, and SIRT7) are clearly localized in the nuclear compartment; in
particular, SIRT7 is mostly restricted to the nucleolar region. However, SIRT1 is
111 Meanwhile, SIRT3 to SIRT5 proteins are
mitochondrial proteins with well-known mitochondrial substrates, although

known to shuttle to the cytoplasm

full-length SIRT3 is also found in the nucleus under normal conditions'?. SIRT2
is the only mammalian sirtuin localized mainly in the cytoplasm, although it has
been found to translocate to the nucleus during G2/M transition*® and during
bacterial infection™.

1.1.1. Structure and enzymatic activity

The high degree of conservation among Sir2 family members between bacteria
and humans is restricted to their catalytic domain, a region of approximately
250 residues™. Eukaryotic sirtuins have developed amino (N)-and carboxy (C)—
terminal extensions that are divergent among the members of the family™® and
that have allowed the acquisition of specific new functions and substrates
during evolution. This variety of terminal regions has been proposed as
explaining the diversity of sirtuin functions, including the regulation,
recruitment, and differential activity of each of the family members®’. The Sir2
family structure is based on an NAD" binding Rossmann-fold domain and a Zn**
binding domain. The catalytic site is situated inside a hydrophobic channel
7



formed between these two binding domains, so that the end of the acetyllysine
chain is located close to the nicotinamide ribose of NAD™®. As expected,
mutations in the conserved residues along the NAD" binding domain disrupt
HDAC activitylg. However, in contrast to other classes of HDACs, Zn** does not
have a catalytic function but a structural role. The mechanistic similarities and
significant conservation of the catalytic domain between sirtuins and the
superfamily of poly (ADP-ribose) polymerases (PARPs) strongly suggest that
sirtuins are directly related to these enzymes.

One of the most important aspects of sirtuin biology is the dual enzymatic
nature of the family. Sirtuins harbor two types of related enzymatic activity:
deacetylase activity, which in some metabolic contexts can also be defined

.. 20; 21
more generally as a deacylase activity

, and mono-ADP-ribosyltransferase
(ADPRT) activity. Both appear to derive from the general enzymatic reaction of
sirtuins, proposed by Sauve et al. in 2001%* (Figure 1). First, the enzyme binds
to NAD" in the presence of a substrate. Second, it breaks the NAD* molecule,
releasing nicotinamide and retaining the resulting ADP-ribose molecule. Third,
in the case of deacetylation, the enzyme transfers the acetyl group from the
substrate to the ADP-ribose molecule, releasing O-acetyl-ADP-ribose (OAADPTr).
Alternatively, the ADP-ribosyltransferase is active when, similarly to what
occurs with PARPs, the sirtuin enzyme transfers the ADP-ribose molecule to
another protein. The OAADPr molecules generated in the deacetylation
reaction are themselves a potential second messenger. The exact molecular
functions of OAADPr remain elusive, although studies have suggested that
OAADPr promotes pathways that suppress ROS accumulation.

At present, we do not completely understand the nature of this catalytic
duality. Our current knowledge suggests that the preeminence of any of these
activities or the existence of both in a given sirtuin may be related to specific
differences between lineages. For instance, the best-studied class Il sirtuin,
SIRT4, appears to be mainly an ADP-ribosyltransferase, while the vast majority
of class | sirtuins, such as mammalian SIRT1 to SIRT3 or yeast sirtuins, show
robust deacetylase activity. Evidence suggests that class Ill and IV sirtuins may
generally exhibit both activities (SIRT6, pfSir2A, CobB), depending on the
substrate and functional context. However, given our currently limited
knowledge of sirtuin substrates outside mammals, these conclusions are not
definitive and will require periodic reconsideration. For instance, we cannot
rule out the possibility that all sirtuins may harbor both enzymatic activities,
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using one or the other in different contexts and with the appropriate
substrates. Some groups have suggested that this general activity is more likely
to be an inefficient side effect associated with the deacetylase activity®.
However, the fact that an acetylated residue is not required for ADPRT
activity’® and that certain point mutations in the conserved catalytic domain of
SIRT6 can stop its deacetylation activity without altering its ADPRT activity and
viceversa™, suggests that the two enzymatic activities are different. This matter
is still open to debate.

Some recent studies have also revealed a previously unknown enzymatic
activity that recall the original direct involvement of sirtuins in metabolism:
long-chain deacylation. The mitochondrial SIRT5 was identified as an efficient
desuccinylase and demalonylase®, and the removal of a myrystoil group from
the tumor necrosis factor-a (TNF-a) in the endoplasmic reticulum was
attributed to SIRT6'. Long-chain deacylation was later identified as a general
feature of most mammalian sirtuins, ranging from SIRT1 to SIRT6>. The
activation mechanism is consistent with fatty acid inducing a conformation that
binds acetylated H3 with greater affinity. Consistent with this, several
biologically relevant free fatty acids, including myristic acid, at physiological
concentrations induced up to a 35-fold increase in deacetylation efficiency of
SIRT6 on H3K9Ac peptides®.

Sirtuins were originally identified in 1996, as ADP-ribosyltransferases, when the
Salmonella typhimurium protein CobB was found to compensate for the
absence of CobT in the synthesis of cobalamin (vitamin B12). In 2000, NAD"-
dependent histone deacetylase activity was reported in yeast Sir2p, the
founding member of the family, and was shown to be essential for the role of
Sir2p in silencing®®. With the study of the mammalian members of the family,
SIRT1 to SIRT7, it soon became clear that sirtuin deacetylase activity was not
restricted to histones, encompassing a whole new world of non-histone
substrates. The first of these substrates, identified for mammalian SIRT1, was
the tumor suppressor p53. Since then, the list of non-histone substrates of the
members of the family has grown so long to include metabolic enzymes,
chromatin machinery factors, key transcription factors, cytoskeleton subunits,
and many others. A puzzling aspect of sirtuin activity is that there does not
seem to be a defined consensus sequence in the regions they target, as a group
or individually.
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Figure 1. Sirtuin catalytic mechanisms (Michan S and Sinclair D, Biochem J 2007).

1.1.2. Sirtuin chromatin regulators

Despite its prokaryotic origin, the development of chromatin in eukaryotes
appears to have been a milestone in sirtuin history, since they underwent
major adaptation that enabled them to signal stress conditions to the
genome”®. For this purpose, two new lineages intimately related to chromatin,
classes | and IV, seem to have arisen in the early stages of eukaryote evolution.
The functions regulated by this “chromatin adaptation” range from the control
of metabolism homeostasis and survival upon stress to the protection of
genome stability. Sirtuins perform these chromatin functions through three
mechanisms.

The main mechanism involves the transcriptional silencing of a particular
region, which may encompass a single gene, a defined set of genes, or a whole
locus. In most of the cases studied, the silencing established by sirtuins is

epigenetic and involves the formation of compacted heterochromatin
10



structures. Two loci have been found to be consistently epigenetically
regulated by sirtuins in early eukaryotes onwards: nucleolar rDNA transcription
and subtelomeric regions. Both seem to reflect functional adaptations of
sirtuins for regulating different types of stress through chromatin. In the first
case, it appears to be linked to the response to metabolic and energetic stress
in order to control ribosome expression and thereby protein production. This is
a very significant regulatory process since it is an energetically expensive
process that is key to regulating proliferation. The second case, the
subtelomeric region, is mainly related to genotoxic stress and is directly
associated with a second conserved mechanism of sirtuins in chromatin: the
regulation of chromatin structure and organization in order to maintain
genome stability. The most obvious cases are the conserved regulation of
telomere structure by sirtuins from unicellular protozoa and yeast to humans.
Sirtuins have also adapted to regulate the other great structural chromosomal
region or constitutive heterochromatin, the pericentromeric area. Constitutive
heterochromatin refers to the regions that tend to have a structural role and
never decompact, such as centromeres and telomeres, in contrast to
facultative heterochromatin, which corresponds to regions that can be
compacted in response to certain programs or stimuli, such as development,
stress response, or differentiation, and that can decompact when required.
Thus, in fission yeast S. pombe and mammals, spSir2p and SIRT1 are required
for the formation and maintenance of pericentromeric heterochromatin
structure”’. Another functional aspect closely associated with the role of
sirtuins in protecting genome integrity is their conserved role in signaling DNA
damage and DNA repair, as we discuss below. Finally, another interesting
aspect of sirtuins in chromatin is associated with the global control of cell cycle
progression, as has been shown for mammalian SIRT2.

Sirtuin chromatin-associated functions are largely realized through the
modulation of epigenetic information by direct deacetylation of specific
histone acetylation marks (Figure 2). In this regard, two modifications have
been widely conserved during evolution and are functionally relevant to the
function of sirtuins: acetylation of histone H4 in lysine 16 (H4K16Ac) and
acetylation of histone H3 in lysine 9 (H3K9Ac).

H4K16Ac has exclusive properties due to its unique role in regulating chro-
matin structure®®. Its presence inhibits the folding of the chromatin fiber in
vitro and therefore, as has been suggested, also inhibits the formation of
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higher orders of chromatin compaction. Acetylation/deacetylation of H4K16
has been associated with epigenetic phenomena throughout evolution, from
silencing in S. cerevisiae, through X-chromosome dosage compensation in
Drosophila, to silencing in mammals. H4K16Ac has also been linked to the
regulation of cell cycle progression, transcription, DNA repair, and DNA
replication. Moreover, hypoacetylation of H4K16 has been proposed as a
hallmark of cancer. The functional link between sirtuins and H4K16Ac is mainly
restricted to the class | sirtuins, including yeast Sir2p and mammalian SIRT1 to
SIRT312; 28; 29.

The behavior of the other silencing-related mark, H3K9, is very different from
that of H4K16. Deacetylation of H3K9 is a requirement for subsequent
methylation in the same residue, H3K9me2/3, a hallmark of higher orders of
chromatin compaction or heterochromatin conserved from amoeba to
humans. Among mammalian sirtuins, class | SIRT1 and class IV SIRT6 are the
most functionally important H3K9Ac deacetylases. SIRT6 H3K9Ac deacetylase
activity is important for modulating telomere structure and DNA repair of
double-strand breaks (DSBs)*% **.

In the case of mammalian SIRT1, deacetylation of H4K16Ac and H3K9Ac is
directly associated with the capacity of SIRT1 to coordinate the formation of
constitutive and facultative heterochromatin. Mammalian SIRT3 is mainly a
mitochondrial protein that acts as the primary mitochondrial lysine
deacetylase®”. However, a small SIRT3 subpopulation localizes in the nucleus,
where it participates in the repression of key stress-related genes through
deacetylation of their promoters in H3K9Ac and H4K16Ac'* *
note that H4K16Ac deacetylation by SIRT2 is related to cell cycle control and

. It is of particular

not to heterochromatin formation. During G2/M transition, SIRT2 is shuttled to
the nucleus, where it deacetylates H4K16Ac globally before entering mitosis®.

Recently, a newly identified modification involved in transcriptional regulation,
H3K18Ac, has been linked to another class IV sirtuin, SIRT73*. SIRT7
deacetylation and the consequent silencing of a specific set of genes were
shown to be crucial for maintaining the transformed phenotype in cancer cells.
Additionally, the enrichment of SIRT7 in nucleoli also underlines the positive
function of SIRT7 activity in regulating RNA polymerase | transcription and cell
growth. Conversely to SIRT1, which silences rDNA by deacetylating H4K16Ac
and H3K9Ac, SIRT7 binds directly to the RNA polymerase | complex® and
deacetylates the Poll subunit PAF53°°, exerting a positive effect on rDNA

12



transcription. In addition, H3K18 has been recently shown to be a deacetylation
target of SIRT2. During infection with the bacterium Listeria monocytogenes,
the host SIRT2 translocates to the nucleus in a manner dependent on the
bacterial factor InIB'*. SIRT2 associates with the transcription start site of a
subset of genes repressed during infection and deacetylates H3K18. Thus,
SIRT2-mediated H3K18 deacetylation plays a critical role during infection,
which reveals an epigenetic mechanism imposed by a pathogenic bacterium to
reprogram its host.

Sirtuins have also been linked to DNA damage signaling and DNA repair
through the deacetylation of another mark, H3K56Ac. This is involved in DNA
damage signaling during S phase and is targeted by mammalian SIRT6>” *%.
Mammalian SIRT1 and SIRT2 are also believed to deacetylate H3K56Ac upon
DNA damage.

Another interesting functional relationship between histones and sirtuins
involves the linker histone H1. Mammalian SIRT1, the ortholog of S. cerevisiae
Sir2p, has been shown to bind directly and deacetylate the histone H1 isoform
H1.4 in lysine 26 (H1K26) during the formation of facultative heterochromatin
in mammals.

Figure 2. Sirtuin functions and targets in the cell with a focus on sirtuin chromatin—related
functions (Martinez-Redondo et al. Genes Cancer 2013).
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1.2. Emerging roles of SIRT7 in cancer

SIRT7 is possibly the least understood mammalian sirtuin, but has several
features that suggest it may have unique cellular functions that are important
for human disease, particularly cancer. First, SIRT7 is a nuclear, chromatin-
associated lysine deacetylase that selectively removes a specific histone mark,
acetylated H3K18 (H3K18Ac), depletion of which is associated with highly
malignant cancers and poor patient prognosis®*. In addition, SIRT7 is enriched
in nucleoli’, sub-nuclear structures that are the sites of ribosome assembly and
are increased in size and number in aggressive tumors®". Indeed, SIRT7 impacts
on ribosome biogenesis through multiple mechanisms and may thereby play a
major role in supporting the high biosynthetic demands of cancer cells.
Through these and other functions, SIRT7 is a central coordinator of epigenetic
and metabolic programs that support cancer progression.

1.2.1. Reprogramming tumor suppressive gene expression by selective H3K18
deacetylation

Cancer cells exhibit epigenetic chromatin alterations in histone marks both at
the global genome level and at specific gene regulatory sequences. Clinico-
pathological studies have shown that in tumor tissues, low levels of H3K18Ac, a
histone mark associated with transcriptional activation, correlate strongly with
cancer disease severity. Indeed, global hypoacetylation of H3K18 can be
prognostic of aggressive cancer phenotypes, increased risk of cancer

40; 41; 42

recurrence, and poor patient survival . H3K18Ac hypoacetylation is also

linked to epigenetic reprogramming during oncogenic transformation by viral

. 43; 44
oncoproteins*

. Thus, H3K18 hypoacetylation is a potential biomarker for
advanced disease in human cancer, and changes in the genome-wide
distribution of H3K18Ac are proposed to control epigenetic gene expression
programs that drive cancer progression.

Many lysine deacetylases are relatively promiscuous, and SIRT7 stands out in
being highly selective for specific substrates and physiologic contexts. At
chromatin, SIRT7 specifically deacetylates H3K18Ac, but not numerous other
histone acetylation sites®®. At present, SIRT7 is the only known H3K18Ac-
specific deacetylase enzyme, and it plays an essential role in establishing the

genome-wide landscape of H3K18Ac. SIRT7 selectively deacetylates H3K18Ac at
14



promoters of a network of genes with multiple links to tumor suppression®*.
The spectrum of SIRT7 target genes is defined in part by the interaction of
SIRT7 with the sequence-specific ELK4 transcription factor (Figure 3A), which is
implicated in prostate and other cancers. When SIRT7 is inactivated in cancer
cells, H3K18 hyperacetylation leads to up-regulation of the tumor suppressive
gene network and reversal of essential cancer cell phenotypes that are
hallmarks of oncogenic transformation. Most strikingly, depletion of SIRT7 is
sufficient to reduce the tumorigenicity of cancer cells in mouse xenograft

. . 4, 4
assays in vivo®¥ *

. Thus, SIRT7 plays a fundamental role in epigenetic
maintenance of the neoplastic state of cancer cells.

Another major category of SIRT7 target genes consists of ribosomal protein
genes, which are transcriptional targets of the oncogene Myc>* *® (Figure 3A).
Dysregulated protein translation and mutations of individual ribosomal
proteins are linked to cancer in multiple settings*’. In a recent study, Shin and
colleagues showed that by opposing Myc-dependent expression of ribosomal
proteins, SIRT7 plays an adaptive role in the Unfolded Protein Response (UPR)
to suppress ER stress*. This study focused primarily on ER stress and the UPR
in the context of liver pathology, where chronic ER stress in SIRT7-deficient
mice leads to fatty liver disease. However, up-regulation of the UPR is also
important in many cancers, where rapid cell growth and hypoxic conditions can
trigger ER stress. The UPR allows cancer cells to evade ER stress-induced
apoptosis, in part by transiently reducing protein synthesis rates™. In this
context, SIRT7 can prevent ER stress-induced apoptosis of cancer cells in a Myc-
dependent manner. Thus SIRT7-mediated repression of ER stress through
control of ribosomal protein gene transcription might be an underlying
mechanism that promotes cancer cell survival and tumor progression.

It is likely that SIRT7 also influences other cancer-regulatory gene expression
pathways, perhaps in specific cancer cell types or tumor conditions. For
instance, Myc coordinates a broad transcriptional program that promotes
cancer cell proliferation, survival, and metabolism through many targets®.
SIRT7 might co-repress oncogenic Myc functions in such settings, with
potentially tumor suppressive effects. Other in vitro evidence suggests that
SIRT7 might directly regulate genes that control cancer cell adaptations to
hypoxia, by possibly interacting with the hypoxia inducible factors HIF-1a and
HIF-2a°. Finally, SIRT7 is proposed to inhibit signaling by the tumor suppressor
p53 and its target gene p2l. Increased p53 acetylation and activity were
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observed in SIRT7-deficient mouse cardiomyocytes, although there is
conflicting data on whether SIRT7 deacetylates p53 directly” **>. SIRT7 might
also repress transcription at p53-dependent promoters by H3K18Ac
deacetylation, or inhibit the p53 pathway indirectly. For example, in
hepatocellular carcinoma cells, SIRT7 is proposed to inhibit transcriptional
activation of p21 through tumor suppressive microRNAs, miR-125a-5p and miR-
125b™. In addition, up-regulation of rRNA synthesis, which is induced by SIRT7
(see below), can promote proteasomal degradation of p53°2.

In summary, much evidence indicates that SIRT7 plays an important role in the
maintenance of epigenetic patterns of H3K18 acetylation in cancer cells, which
in turn drive gene expression programs that stabilize the transformed
phenotypes of these cells. Future work should uncover additional pathways
through which SIRT7 influences cancer cell epigenetics, through histone
deacetylation at chromatin or novel mechanisms>>.

1.2.2. Nucleolar guardian of ribosome biogenesis and protein homeostasis

Nucleoli are factories where ribosomal RNA (rRNA) is expressed and assembled
with ribosomal proteins into ribosomal complexes. Metabolically active tumor
cells show dramatically increased nucleolar size and number, which support
the increased protein synthesis requirements of these cells*. Indeed,
enhanced rRNA synthesis is now proposed to be an essential hallmark of cancer
cells>®. Early studies showed that SIRT7 is enriched in nucleoli, where it
associates with Poll and rDNA sequences (Figure 3B). This finding was
intriguing, because yeast Sir2p also localizes to rDNA in nucleoli, and one of its
central functions is to suppress rDNA transcription by histone deacetylation®”.
Surprising, however, SIRT7 was found to activate, not repress, rDNA
transcription®®. Moreover, reduced rRNA synthesis in SIRT7-depleted cancer
cells was associated with decreased cell viability and proliferation®. This
observation suggested that increased SIRT7 activity in cancer cells might fuel
tumor growth by promoting rRNA synthesis and ribosome biogenesis.

The effect of SIRT7 on rRNA synthesis depends on an intact SIRT7 catalytic
domain, but the molecular substrate of SIRT7 in this context was not initially
clear. Indeed, histone deacetylation by SIRT7 would have the opposite effect
on rDNA transcription. Recent findings now reveal that SIRT7 can control
transcription of rDNA through deacetylation of a new substrate, the PAF53
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subunit of Poll, which facilitates recruitment of Poll to rDNA sequences36
(Figure 3B). Additional protein interactions of SIRT7 with several nucleolar
chromatin remodeling complexes with rDNA regulatory activities (e.g., NoRC,
B-WICH) might also impact on rDNA transcription®>.

Recent studies provide direct evidence that SIRT7 is important for efficient
protein translation and implicate additional molecular mechanisms (Figure 3B).
SIRT7-depleted cells have substantially reduced rates of protein synthesis, and
a functional network analysis of the SIRT7 interactome identified several SIRT7-
enriched factors with tight links to ribosome dynamics and protein
translation®’. For example, SIRT7 interacts with mTOR and the TFIIC2
transcription factor, which control Pollll-mediated synthesis of transfer RNA
(tRNA). In addition, SIRT7 interacts with multiple ribosomal proteins, which
might directly influence ribosome function. The effects of SIRT7 on alleviating
ER stress during the UPR, described above, may also contribute to promoting
efficient protein translation. Indeed, a reduction in active polysomal ribosomes
is characteristic of ER stresssg, and is observed in SIRT7-deficient cells*®.
Together, this body of work has identified SIRT7 as a global regulator of diverse
aspects of ribosome biogenesis and protein translation. Reprogramming of
cellular metabolism and biosynthetic machinery towards anabolic processes is
crucial to fuel the unlimited cell growth and division of cancer cells®. Increased
ribosome biogenesis and rates of protein synthesis are required for the
elevated levels of cell proliferation in cancer, and this likely constitutes one
general paradigm through which SIRT7 impacts on cancer biology>.

1.2.3. SIRT7 modulation for epigenetic cancer therapy

Genome-wide loss of epigenetic stability is a common feature of diverse
tumors and plays a significant role in cancer development®, but unlike DNA
mutations, which are permanent, epigenetic changes are potentially reversible.
Because of its effects on the chromatin landscape and malignant phenotypes of
cancer cells, SIRT7 is a promising target for epigenetic cancer therapy.
Moreover elevated SIRT7 expression has been observed in multiple human
cancer tissues, including prostate, hepatocellular, breast, thyroid, and other

carcinomas>* #6162

. Analysis of large HCC patient cohorts revealed that SIRT7
is overexpressed by >1.8 fold (p<0.0001) in cancer tissues compared to normal
controls®, and in microarray analyses, relative SIRT7 expression increased 2-,
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3.5-, and 4.5- fold in tumors of increasing grade (G1-3), respectively, compared
to premalignant samples (p-values <0.05, 0.001, 0.001)*. These observations
strongly suggest that up-regulation of SIRT7 in cancer cells may contribute to
the malignant phenotype of human patient tumors.

On the other hand, it will be important for future translational studies to
determine whether pleiotropic and potentially cell type-specific functions of
SIRT7 might influence overall cancer incidence and tumor progression in
unexpected ways. For example, it is still unclear how SIRT7 impacts on the
process of oncogenic transformation itself. Indeed, in early stages of cancer
initiation in premalignant cells, it is possible that SIRT7 might have tumor
suppressive effects. This could occur through its repression of oncogenic Myc-
dependent genes or other SIRT7 gene targets that have not yet been identified.
The tools are now available to ask how SIRT7 activity influences both the
efficiency of oncogenic transformation of primary human cells, and the
chromatin landscape of H3K18Ac and gene expression programs in these cells
both prior to and during induction of cellular transformation.

It has been also speculated that SIRT7 might have differential effects
depending on the particular genetic elements that underlie neoplastic
transformation in specific tumor553, and this can be modeled in pre-clinical
studies using cellular transformation assays in primary human cells and mouse
tumor models®. For example, given its functional interplay with MYC-, ELK4-,
and E1A-dependent epigenetic programs, SIRT7 activity might be particularly
important for neoplastic transformation programs and tumors associated with
these factors. Finally, the effects of SIRT7 on spontaneous tumor development
in mice are not yet known. SIRT7-deficient mice have been reported to die
from causes unrelated to cancer at seven months of age™, precluding analysis
of long-term tumor incidence. However, a different SIRT7-mutant mouse strain
does not show this premature lethality*, and these mice should be studied for
tumor development and survival.

The possibility of SIRT7 inactivation as a pharmacologic strategy in cancer
therapy is complicated by evidence that SIRT7 might have beneficial effects on
human health. Knockout mice lacking SIRT7 develop degenerative pathologies
associated with aging, such as kyphosis, loss of subcutaneous fat, and
degenerative cardiac hypertrophy>. Moreover, the increased ER stress in
SIRT7-deficient mice leads to fatty liver pathology, which in humans,
predisposes to cirrhosis and hepatocellular carcinoma®. ER stress is also
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implicated in other disease processes, from pancreatic beta cell failure and
insulin resistance to neurodegeneration. It will be important to determine
whether SIRT7 activity influences the spontaneous or induced development of
these or other pathologies in mice, and to ask whether SIRT7 levels or
mutations are associated with metabolic or neurodegenerative disease in
human patients. In addition, the transcriptional programs that are regulated by
SIRT7 in the context of normal human physiology have not yet been examined
systematically. An important goal for future work will be to carry out genomic
studies of the chromatin landscape of SIRT7 binding in non-cancer cells and
mammalian tissues, and the effects of SIRT7 activity on H3K18Ac patterns and
gene expression. Finally, it might be possible “dial down” SIRT7 activity
pharmacologically to levels that might attenuate cancer progression, without
being sufficient to induce the disease processes observed in mice completely
lacking SIRT7. Thus, development of compounds that can modulate SIRT7
activity will be instrumental in examining these questions.

Several features of SIRT7 suggest that chemical modulators of SIRT7 activity
could be designed to have relatively high levels of biological specificity. First,
cross-reactivity of SIRT7 modulators with other mammalian sirtuins might be
minimized by taking advantage of unique features of SIRT7’s structure and
enzymatic mechanism. The conserved catalytic domains of sirtuins are flanked
by variable N- and C- terminal extensions. Within the conserved domain, SIRT7
is only ~40% similar to its closest mammalian family member SIRT6, and <30%
similar to the others. In addition, the non-conserved N- and C- terminal regions
have been shown in other sirtuins to influence catalytic activity and contain
sequences that are bound by endogenous and chemical regulators® ®
Development of compounds that target these unique regions of SIRT7 might be
a promising strategy. Similarly, SIRT7 gene regulatory activity depends on
interactions with specific binding partners (e.g., MYC, ELK4), and such
interactions might be selectively targeted pharmacologically to enable
pathway-specific modulation of SIRT7 function. The identification of distinct
substrates of SIRT7 also suggests the possibility of substrate-selective activity
modulation, which has recently been demonstrated for SIRT1-activating
compounds (STACs)®” %,

Finally, there are indications that SIRT6 and SIRT7 are unusual among Sirtuins in
requiring activation by endogenous regulators for efficient catalytic activity in
cells, and such regulatory mechanisms might offer additional useful drug
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targets. This notion is supported by the observations that purified SIRT6 and
SIRT7 proteins have relatively weak deacetylase activity on peptide substrates
in vitro, despite the clear importance of their enzymatic activities for cellular
and whole organism physiology®. For SIRT6, the efficiency of histone
deacetylation can be stimulated ~35-fold by certain free fatty acids (FFAs)®.
The sensitivity of SIRT6 to FFA activation results from structural features of
SIRT6 that may be shared with SIRT7 but not other mammalian sirtuins. For
example, the low intrinsic activity of SIRT6 enzyme is proposed reflect an
unusually “splayed” conformation that binds acetylated substrate poorly®.
Binding of FFAs to SIRT6 can induce a conformational change to a more
enzymatically active structure”. The unusual conformation of SIRT6 is partly
due to its lack of a conserved helix bundle region that forms important
structural contacts in most other sirtuins®. Although the structure of SIRT7 has
not yet been characterized, predictions based on sequence comparisons
indicate that SIRT7 also lacks this domain®. It remains to be shown whether
SIRT7 requires activation by FFAs, but if so, this regulation would provide a link
of SIRT7 activity to metabolic conditions that might be targeted through
pharmacologic or dietary regimens. Structural and biochemical studies of SIRT7
in this context should provide invaluable insights into how the binding by FFAs
might be exploited for therapeutic strategies.

In conclusion, mammalian sirtuins have been the subject of much excitement
as potential therapeutic targets for treating aging-related, metabolic, and
neurodegenerative disease. A large effort has focused on STACs, which have
numerous beneficial health effects in mice. The selectivity of STACs for SIRT1
highlights the structural differences among sirtuins and the possibility of
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sirtuin-selective targeting . Several chemically diverse small molecule

inhibitors of Sirtuins also have therapeutic potential and varying degrees of
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specificity’® "

. By contrast to other Sirtuins, SIRT7 has not been amenable to
screens for small molecule modulators, because it does not efficiently
deacetylate the substrates used in such screens, and its physiologic substrates

. 4:
were only recently discovered* *

. Thus, a major barrier in the field has finally
been overcome, and it should now be possible to design strategies to screen
for SIRT7-specific modulating compounds. Thus, these are early days for
conceptualizing the translation of SIRT7 biology into clinical applications.
Current findings suggest that pharmacologic inhibition of SIRT7 might allow for

simultaneous attack on both the epigenetic programming and metabolic
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machinery of cancer cells that support tumor progression. However, deeper
understanding of SIRT7 biology at the molecular and physiologic levels will be
essential for elucidating the potential therapeutic benefits and detrimental side
effects of SIRT7 inactivation®>.
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biology. Question marks indicate connections that are predicted but not yet demonstrated
experimentally (Paredes S, Villanova L and Chua KF. Clin Cancer Res 2014).

1.3. The tumor metastatic cascade

As the culprit behind most cancer-related deaths, metastasis is the ultimate
challenge in our effort to fight cancer as a life-threatening disease. Overt
metastasis is the end result of a multistep process that involves dissemination
of tumor cells to distant organs and subsequent adaptation to foreign tissue
microenvironments. The explosive growth of metastasis research in the past
decade has vyielded an unprecedented wealth of information, and many
traditional notions have been challenged.

The metastatic propensity of a given tumoris influenced by both genetic
mutational events and cell of origin. The same target cell hit by different
oncogenic driver mutations can give rise to tumors with distinct metastatic
potential. However, more recent studies have revealed that the cell of origin
also contributes to the malignancy of a tumor. Indeed, the same oncogenic
alterations, when occurring in cells of different lineages or at different stages of
differentiation, may lead to tumors with distinct metastatic behaviors.

In contrast to the conventional model that metastasis is a late event in tumor
progression, increasing evidence suggests that tumor cells can disseminate
from the earliest preneoplastic lesions, sometimes even before the formation
of overt primary tumors”. In patients with localized disease such as ductal
carcinoma in situ, disseminated tumor cells (DTCs) can be detected in the bone
marrow, suggesting early dissemination despite the lack of stromal invasion or
even overt primary tumor formation. Whether early and constant shedding of
DTCs occurs in all tumors and what the link is between these early DTCs and
ultimate metastasis remain unclear.

Metastatic tumor cells can follow different evolution paths. According to a
“linear” progression model, the heterogeneity of the primary tumor results in
clonal selection, during which the dominant clone expands and dominates over
the others, with additional mutational changes occurring within the clonal
population, hence resulting in different degrees of tumor heterogeneity. The
acquisition of metastatic competence and organ tropism occurs predominantly,
if not entirely, within the primary tumor. When disseminated, these
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heterogeneous cells seed and colonize different organs. Additional site-specific
subclonal changes could occur that endow these DTCs with additional
metastatic properties that are needed for the formation of overt metastases. In
contrast, a different body of clinical evidence suggests a “parallel” progression
model, where dissemination starts early, and different tumor cell clones are
seeded in parallel to different organs. These DTCs remain dormant or develop
into overt metastasis after considerable genetic evolution that occurs
independently of primary tumor progression.

The emerging concept of tumor “self-seeding” has also extended our
understanding of the pathological impact of tumor dissemination. The
conventional unidirectional model of metastasis poses that tumor cells leave
primary sites to seed metastasis in distant sites. In contrast, the emerging self-
seeding hypothesis proposes that circulating and disseminated tumor cells can
return to the primary tumor. In fact, the supportive stroma that arises in a
primary tumor and contributes to its acquisition of malignant traits may
intrinsically provide a hospitable site for reseeding and colonization by
circulating cancer cells emanating from metastatic lesions. This model suggests
that tumor cells may recirculate from a distant site (i.e. bone marrow) back to
the primary site to give rise to recurrent tumors’”.

The multistep process of invasion and metastasis has been schematized as a
sequence of discrete steps, often termed the invasion-metastasis cascade. This
depiction envisions a succession of cell-biologic changes, beginning with local
invasion, then intravasation by cancer cells into nearby blood and lymphatic
vessels, transit of cancer cells through the lymphatic and hematogenous
systems, followed by escape of cancer cells from the lumina of such vessels
into the parenchyma of distant tissues (extravasation), the formation of small
nodules of cancer cells (micrometastases), and finally the growth of
micrometastatic lesions into macroscopic tumors, this last step being termed

1159

“colonization’’”” (Figure 4).
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Figure 4. The invasion-metastasis cascade (De Craene B et al. Nature Rev Cancer 2013).

1.3.1. Tumor-intrinsic pathways and tumor-stroma interactions

This multistep process is governed by both tumor-intrinsic programs and
tumor-stroma crosstalk.

Cell-autonomous mechanisms include secretion of matrix metalloproteases
(MMPs), that enable the tumor to invade into the stroma (local invasion) by
breaking down the basement membrane and the extracellular matrix. In
addition, MMPs can release cell-surface and matrix-bound latent growth
factors and cytokines, such as epidermal growth factor (EGF) family ligands,
tumor necrosis factor-a (TNF-a), vascular endothelial growth factor (VEGF) and
RANKL, that can act in an autocrine or paracrine manner to influence cell
growth, survival and inflammation”. Additional molecular changes enable
carcinoma cells to enter the blood circulation (intravasation), including
expression of adhesion molecules that mediate the interaction with endothelial
cells (integrin B1), and secretion of factors that increase the permeability of the
vasculature (TGF-B, epiregulin, COX2, MMP1, MMP2, MMP3, ANGPT2, MMP10
and VEGF). Activation of the PI3K-Akt pathway and the expression of surface
molecules such as CD47 promote the survival of circulating tumor cells (CTCs)
by inhibiting anoikis and evading macrophage phagocytosis respectively.
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Cancer cells corrupt resident tissue cells and recruited stromal cells to form a
supporting tumor microenvironment (TME)’®”” in which stromal cells coevolve
with tumor cells’® to influence the initial dissemination and subsequent
metastatic traits of cancer cells at the primary tumor site, and create a
permissive niche at the metastatic site. The TME in metastatic lesions differs
markedly from that of a primary tumor, and emerging evidence suggests that
the formation of a receptive microenvironment preceding the arrival of
disseminated tumor cells contributes to metastasis efficiency, echoing the

II)

“seed and soil” hypothesis proposed by Stephen Paget more than a century
ago’®. The stromal cells increase tumor dissemination through paracrine signals
that induce the mobility, invasiveness and survival of cancer cells, such as TGF-
B, which is often secreted by cancer-associated fibroblasts (CAFs). The TME can
exert a major role also in the later stage of colonization at metastatic sites.
Most DTCs land in the metastatic site as solitary tumor cells and have to
resume growth to spawn a new colony and establish metastases or otherwise
die or enter dormancy. Laboratory studies have led to two proposed dormant
states: “cellular dormancy”, defined as the growth arrest of solitary tumor cells,
and “micrometastasis dormancy”, which is achieved by a balance of
proliferation and apoptosis due to an inability to recruit a vascular bed or
overcome immunosurveillance. Growth arrest might result from maladaptation
of solitary DTCs to the surrounding stroma (which includes normal resident
tissue cells), as they are deprived of the appropriate adhesive and signaling
interactions that are found in the primary tumor. Either at primary sites or in
the circulation, tumor cells can release soluble factors or microvesicles (i.e.
exosomes) to convert incipient metastatic sites into compatible “premetastatic
niches”, which are formed by bone-marrow-derived cells (BMDCs) before the
arrival of DTCs. Alternatively, DTCs may occupy pre-existing physiological
niches, such as in the bone, where DTCs may compete with quiescent
hematopoietic stem cells (HSCs) for their niche, to stay in a stem-like, dormant
state before resuming expansion into overt metastasis through interaction with
bone stromal cells (osteoblasts and osteoclasts). Engagement of bone stromal
cells by cancer cells often leads to abnormal bone degradation or bone
building, which further promotes metastatic tumor growth through factors
released from bone stromal cells or the bone matrix.
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1.3.2. Epithelial plasticity in the invasion-metastasis cascade: EMT and MET

As carcinomas arising from epithelial tissues progressed to higher pathological
grades of malignancy, reflected in local invasion and distant metastasis, the
associated cancer cells typically developed alterations in their shape as well as
in their attachment to other cells and to the extracellular matrix (ECM). The
best characterized alteration involved the loss by carcinoma cells of E-cadherin,
a key cell-to-cell adhesion molecule. By forming adherens junctions with
adjacent epithelial cells, E-cadherin helps to assemble epithelial cell sheets and
maintain the polarity and quiescence of the cells within these sheets. Increased
expression of E-cadherin was well established as an antagonist of invasion and
metastasis, whereas reduction of its expression was known to potentiate these
phenotypes. The frequently observed downregulation and occasional
mutational inactivation of E-cadherin in human carcinomas provided strong
support for its role as a key suppressor of this hallmark capability®® &',
Additionally, expression of genes encoding other cell-to-cell and cell-to-ECM
adhesion molecules is demonstrably altered in some highly aggressive
carcinomas, with those favoring cytostasis typically being downregulated.
Conversely, adhesion molecules normally associated with the cell migrations
that occur during embryogenesis and inflammation are often upregulated. For
example, N-cadherin, which is normally expressed in migrating neurons and
mesenchymal cells during organogenesis, is upregulated in many invasive
carcinoma cells.
A developmental regulatory program, referred to as the “epithelial-
mesenchymal transition’” (EMT), has become prominently implicated as a
means by which transformed epithelial cells can acquire the abilities to invade,
to resist apoptosis, and to disseminate™. By co-opting a process involved in
various steps of embryonic morphogenesis and wound healing, carcinoma cells
can concomitantly acquire multiple attributes that enable invasion and
metastasis. This multifaceted EMT program can be activated transiently or
stably, and to differing degrees, by carcinoma cells during the course of
invasion and metastasis.
Contextual cues from the tumor-associated stroma, such as conditions of
hypoxia and inflammation, are likely to act as the initial trigger of EMT. Indeed,
cancer cells at the invasive front of certain carcinomas often undergo EMT,
suggesting that these cancer cells are subject to microenvironmental stimuli
distinct from those received by cancer cells located in the core of the tumor.
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These cells are more exposed to the extracellular ligands supplied by
fibroblasts, immune cells and mesenchymal stem cells populating the stroma.
TGF-beta, WNT proteins, platelet-derived growth factors (PDGFs) and
interleukin-6 (IL-6) activate and maintain the EMT program in the tumor cells.
Being redirected away from suppressing cell proliferation, TGF-beta signaling is
found instead to be a major inducer of EMT during cancer progression®’.

The EMT program underlies all the steps of tumor dissemination, from local
invasion to extravasation (Figure 5), whereas the colonization requires the
reverse process, called mesenchymal-to-epithelial transition (MET). During this
process, motile undifferentiated mesenchymal cells are converted into
polarized epithelial cells with increased E-cadherin levels. In fact, the
mesenchymal state is associated with growth arrest and disseminated cancer
cells have to exit the mesenchymal state to resume proliferation at the
metastatic sites. Therefore, at incipient metastatic sites, MET of metastatic
tumor cells could occur because of either the absence of EMT-inducing signals
or the presence of MET-inducing signals, provided by bone marrow-derived
monocytes or normal resident cells. It has to be clarified whether MET occurs
right after extravasation, during cellular dormancy or perhaps after reactivation
from dormancy. However, the notion that cancer cells routinely pass through a
complete EMT program is likely to be simplistic; instead, in many cases, cancer
cells may enter into an EMT program only partially, thereby acquiring new
mesenchymal traits while continuing to express residual epithelial traits.
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Figure 5. Role of EMT in all the stages of tumor dissemination (Wan L et al. Nat Med 2013).
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1.3.3. Regulatory networks defining EMT

EMT is a reversible reprogramming of the cell, defined by a plethora of changes
that are initiated and maintained by several regulatory circuits. So far, five
different layers of regulation have been identified.

Transcriptional control. A set of pleiotropically acting transcriptional factors,
including Snail, Slug, Twist, and Zeb1/2, orchestrate the EMT and related
migratory processes during embryogenesis. These transcriptional regulators
have been shown in experimental models of carcinoma formation to be
causally important for programming invasion; some have been found to elicit
metastasis when ectopically overexpressed™. Included among the cell-
biological traits evoked by such transcription factors are: loss of adherens
junctions and associated conversion from a polygonal/epithelial to a
spindly/fibroblastic morphology, expression of matrix-degrading enzymes,
increased motility, and heightened resistance to apoptosis—all traits
implicated in the processes of invasion and metastasis. Several of these
transcription factors (Snail, Slug, ZEB1, ZEB2, E47, Brachyury) can repress E-
cadherin gene expression by direct binding to the CDH1 promoter, thereby
depriving neoplastic epithelial cells of this key suppressor of motility and
invasiveness.

Epigenetic regulation. The term “epigenetics” describes the mechanisms that
impose cellular phenotypes without concomitant changes in the genome of a
cell, meaning without changes in its nucleotide sequences. More recently,
however, it has become apparent that epigenetic regulation is achieved in large
part by the covalent modification of DNA, specifically the methylation of
certain cytosine residues (DNA methylation), as well as by the covalent
modifications of the histone proteins that form DNA-associated nucleosomes®>.
The reversibility of epigenetic modifications is likely to contribute to EMT
plasticity, allowing cancer cells to switch back to the epithelial state on
colonization at a secondary site. DNA methylation on CpG dinucleotides in
regulatory sequences is a typical mechanism for silencing tumor suppressors in
cancer cells and plays a major role in repressing the CDH1 promoter in invasive
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breast carcinomas

. Other repressive epigenetic modifications include
methylation and deacetylation of histone tails. The polycomb group (PcG)
proteins constitute a group of epigenetic regulators that have a key role in
regulating the expression of E-cadherin. They function as transcription
repressors by directing lineage choices during early development and stem cell
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differentiation, ensuring that progenitor or stem cells remain in an
undifferentiated state. The PcG proteins assemble with other scaffolding
proteins to form multi-subunit polycomb repressive complexes (PRCs), which
silence transcription by histone methylation and recruitment of a variety of
additional repressors. Two distinct classes of polycomb complexes, PRC1 and
PRC2, participate in promoting EMT. PRC2 is made up of the subunits EZH2
(Enhancer of Zeste homolog 2) and SUZ12 (Suppressor of Zeste 12 homolog)
and is recruited by Snail to the CDH1 promoter, where PRC2 catalyzes the
trimethylation of lysine 27 of histone H3 (H3K27me3), thereby silencing CDH1
transcription. Deacetylation of lysine histone residues is an additional
mechanism of epigenetic repression of the CDH1 promoter. Indeed, the histone
deacetylase HDAC1 and HDAC2, which function as components of NuRD, are
recruited to the CDH1 promoter by Snail and Twist. Similarly, ZEB1 has been
shown to recruit the sirtuin deacetylase SIRT1 to repress CDH1 transcription®’.
The final outcome of epigenetic modifications depends also on the crosstalk
between different histone marks on the same promoter, as exemplified by the
case of “bivalent” modifications. Coexistence of both a repressive and an
activating histone mark on the same promoter region indicates an inactive but
poised state. Genes in a “bivalent” state are not being actively transcribed but
are poised to become readily activated in response to a signaling cue that leads
to the removal of the repressive histone mark. Therefore, bivalent genes are
not stably repressed but instead remain responsive to dynamic regulation by
certain physiologic signals. The bivalent configuration of CDH1, ZEB1 and TWIST
promoters contributes to the epithelial plasticity of cancer cells, allowing for
prompt adaptation to signals from the tumor microenvironment®®,

MicroRNAs. The number of microRNAs associated with EMT is becoming as
extensive as the list of EMT-related transcription factors. Among the small non-
coding RNAs that promote epithelial differentiation, the miR-200 and the miR-
34 families appear two major players. Major targets of these microRNAs are
the EMT-inducing transcription factors. Interestingly, both miR-200 and miR-34
have E-boxes in their promoters that are bound by Snail and ZEB, revealing
reciprocal feedback loops between epithelium-related microRNAs and EMT-
inducing transcription factors®®. In addition, tumor-suppressive microRNAs are
often epigenetically repressed in cancers by methylation of their promoters.
There is also evidence for microRNAs promoting the transition to a
mesenchymal phenotype, such as miR-9 and miR-92a, which target CDH1
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directly.

Differential splicing. Alternative pre-mRNA splicing provides an additional
post-transcriptional mechanism of regulation of EMT. Trans- and cis-acting
elements controlling both epithelium-specific and mesenchyme-specific
splicing have been identified. These RNA-binding proteins recognize splicing-
enhancer and splicing-inhibitor sequences in the pre-mRNA. Exon inclusion or
skipping is determined by the location of these sequence elements relative to
the alternatively spliced exons®®. For instance, the epithelium-specific splicing
of CTNND1 (which encodes p120 catenin) results in a shorter isoform that
promotes cell-cell adhesion by stabilizing E-cadherin at the plasma membrane,
whereas the longer mesenchymal isoform induced during EMT binds RHOA and
attenuates its activity, resulting in enhanced cellular invasion. Importantly, the
trans-acting elements that mediate epithelium-specific splicing are directly
downregulated by the EMT-inducing transcription factors Snail, ZEB1 and ZEB2
and their expression is often low in EMT-like cancer cell lines.

Translational and post-translational regulation. The expression of EMT-
associated transcription factors can be controlled at multiple steps of the
translation process. Internal ribosome entry sites (IRES) located in the mRNAs
of SNAI1, ZEB2 and TWIST1 can drive cap-independent translation initiation.
TGF-beta signalling can re-activate the translational elongation of EMT-
associated transcripts. In addition, EMT-inducing transcription factors, such as
Snail and ZEB2, undergo a broad range of post-translational modifications,
including phosphorylation, lysine oxidation, ubiquitylation and sumoylation®.

1.3.4. The invasion-suppressor gene E-cadherin

Most human cancers originate from epithelial tissue. E-cadherin, the prototype
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member of the “classical” cadherin family, is the key player in inducing cell
polarity and organizing an epithelium. In most, if not all, cancers of epithelial
origin, E-cadherin-mediated cell-cell adhesion is lost concomitantly with
progression towards tumor malignancy. Although E-cadherin expression can
still be found in differentiated tumors in patients, there is an inverse
correlation between E-cadherin levels, tumor grade and patient mortality®".
The loss of E-cadherin function during tumor progression can be caused by

multiple mechanisms. Predisposition to diffuse gastric cancer and lobular
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breast cancer in patients carrying germline mutations in the E-cadherin genegg’
°% identify E-cadherin as a tumor suppressor gene. The E-cadherin gene fulfills
the criteria of classical tumour suppressor genes, inactivated by two genetic
hits (Knudson, 1985). In fact, a major cause of E-cadherin inactivation is loss of
heterozigosity (LOH) of 16g22.1, a chromosomic region containing the E-
cadherin locus. The remaining allele is often inactivated by mutations scattered
throughout the coding region or by epigenetic silencing owing to DNA
hypermethylation of the promotergl. A major level of E-cadherin regulation
consists in the binding of the CDH1 promoter by EMT-inducing transcription
factors, as discussed above in the text. Additional mechanisms that can
compromise E-cadherin functionality include post-translational modifications
and proteolytic degradation by matrix metalloproteases (MMPs)®".

Multiple evidence has shown that loss of E-cadherin-mediated cell—cell
adhesion is a prerequisite for tumour-cell invasion and metastasis formation.
Several groups demonstrated that expression of exogenous E-cadherin in
invasive tumor cell lines resulted in a reduced invasion ability in vitro®> *.
Accordingly, tumorigenic cell lines expressing exogenous E-cadherin produced
partially differentiated tumors upon subcutaneous injection in SCID mice,
compared to the undifferentiated tumors produced by the control
transfectants®. Further in vivo evidence demonstrated the causal role of E-
cadherin loss in tumor progression. The Rip1Tag2 mouse model of pancreatic
B-cell carcinogenesis was intercrossed with another transgenic mouse line
constitutively expressing E-cadherin in pancreatic B-cells’. Whereas the single-
transgenic Rip1Tag2 mice developed tumors in a multi-stage tumorigenesis
process, starting with islet hyperplasia, benign adenoma, and finally invasive
carcinoma, the tumorigenesis in the double-transgenic mice was arrested at
the stage of adenoma. In addition, intercrossing Rip1Tag2 mice with transgenic
mice expressing a dominant-negative form of E-cadherin induced early invasion
and metastasis’™. These findings showed that loss of E-cadherin is one rate-
limiting step in the progression from adenoma to carcinoma and the
subsequent formation of tumor metastases.

Further studies provided insight into the molecular mechanisms underlying the
invasion-suppressive role of E-cadherin. Changes in the expression or function
of E-cadherin can contribute to tumor progression not only by altering the
adhesion status of the cell, but also by affecting cell signalling. In fact, whereas
the extracellular portion of the E-cadherin molecule mediates cell-to-cell
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homophylic interaction, the intracellular portion interacts with the Cytoplasmic
Cell-adhesion Complex (CCC), which links E-cadherin to the actin cytoskeleton.
The CCC consists of a-catenin, B-catenin, y-catenin and p120 catenin. Upon loss
of E-cadherin and disassembly of the CCC, catenins are released and
accumulate in the cytoplasm, where they exert signaling functions (Figure 6).
Non-sequestered B-catenin can be phosphorylated by GSK-3 and degraded by
the ubiquitin-proteasome pathway. However, in case of activated Wnt
signaling, the GSK-3B activity is blocked and B-catenin accumulates at high
levels in the cytoplasm. Subsequently, it translocates to the nucleus, where it
binds to members of the TCF/LEF1 family of transcription factors and
modulates the expression of target genes, including c-MYC, cyclin D1,
fibronectin, MMP7, ID2, CD44, NrCAM, axin-2 (conductin), TCF1 and others,
which are mostly genes implicated in cell proliferation and tumor progression.
Another signal that is elicited by loss of E-cadherin function might involve
changes in the organization of the cytoskeleton that are orchestrated by
members of the RHO family of small GTPases. Once it is not sequestered any
more by E-cadherin, cytosolic p120-catenin is able to activate small GTPases,
ultimately leading to formation of filopodia (actin-rich spikes important in
defining the directionality of movement) and lamellipodia (actin-rich
membrane ruffles at the leading edge of migrating cells).
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Figure 6. Potential signalling pathways affected by loss of E-cadherin function (Cavallaro U
and Christofori G, Nature Rev Cancer 2004).

1.3.5. SIRT1, a sirtuin player in EMT

SIRT1 belongs to the sirtuin family of NAD-dependent lysine deacetylases.
SIRT1 shuttles from the nucleus to the cytoplasm, and its targets include both
histone marks, such as H3K9Ac, H4K16Ac and H1K26Ac, and non-histone
proteins, such as p53, c-Myc, FOXO, p300, Ku70 and many others. SIRT1 up-
regulation has been observed in most solid tumors, including breast, prostate,
lung, colon, thyroid, gastric, liver, pancreatic, ovarian and cervical cancer™.
Current evidence shows that SIRT1 can function as both a tumor promoter and
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tumor suppressor, suggesting that SIRT1 might play a dual role in different
tissue contexts, depending on the temporal and spatial distribution of
upstream and downstream factors®®. SIRT1 silencing induced growth arrest and
apoptosis in human epithelial cancer cells”. Furthermore, reduced SIRT1
expression decreased the chemoresistance of cancer cells to cisplatin
treatment®®. SIRT1 can deacetylate p53 and FOXO and thereby inhibit P53- and

FOXO-mediated apoptosis®™ .

However, a different body of evidence
suggests that SIRT1 can also function as a tumor suppressor. No tumorigenesis
has been reported in several transgenic mouse stains designed to overexpress
SIRT1'°% 2, SIRT1 was found to inhibit by deacetylation the function of NF-
kB'*® and c-Myc'®, both major players in tumor progression.

Recent studies have revealed a controversial role for SIRT1 in the epithelial-
mesenchymal transition (EMT). SIRT1 depletion led to the increase of E-
cadherin and other epithelial markers and decrease of mesenchymal markers
in prostate cancer cell lines, ultimately leading to reduced cell migration in vitro
and metastatic ability in vivo®. This study pointed out SIRT1 as a negative
regulator of E-cadherin transcription, being recruited to the CDH1 promoter via
the EMT-inducing transcription factor ZEB1*’. In fact, ZEB1-depleted cells
showed less recruitment of SIRT1 and RNA Polll to the CDH1 promoter,
together with decreased acetylation of lysine 9 of histone H3 (H3K9). However,
more direct evidence is needed to clarify whether the decrease in H3K9Ac, a
histone mark of transcriptionally active chromatin, is dependent on SIRT1
deacetylase activity. The EMT-promoting role of SIRT1 has been supported also
by the finding that SIRT1 is a target of miR-200a, and SIRT1 expression is
upregulated upon activation of TGF-beta signaling in breast cancer cells'®.
Intriguingly, a different body of evidence unveiled an EMT-suppressive role for
SIRT1 in breast cancer metastasis and organ fibrosis'®. SIRT1 depletion was
found to decrease E-cadherin protein levels in primary human mammary cells,
but a different mechanism of SIRT1-mediated E-cadherin regulation was
proposed. According to this model, SIRT1 inhibits Smad4-dependent
upregulation of MMP7, induced by TGF-beta signaling. Since MMP7 cleaves E-
cadherin from the cell surface, SIRT1 preserves the integrity of the Cytoplasmic
Cell-adhesion Complex that sequesters B-catenin, preventing its translocation
to the nucleus and thus the activation of the EMT-induced transcription
programl%. Similarly, a suppressive role for SIRT1 in cancer metastasis was

suggested by the finding that miR-520c and miR-373 repressed SIRT1
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translation, ultimately leading to increased expression of MMP9 and enhanced
cell migration of fibrosarcoma cells'?’.
In conclusion, SIRT1 seems to have a dual role in EMT, regulating E-cadherin

expression and function through multiple mechanisms.

1.4. Aim of the work

SIRT7 is a chromatin regulatory factor belonging to the sirtuin family of NAD"-
dependent enzymes, whose members play pivotal roles in metabolic and age-
related diseases, including cancer. Until few years ago, SIRT7 was the most
puzzling sirtuin, being its enzymatic activity and molecular targets still
unknown. Exploring SIRT7 molecular function and its impact in aging-related
pathologies through chromatin regulation has been one major focus of Chua’s
lab. Recently, the Chua’s lab discovered that SIRT7 is a highly selective H3K18
deacetylase, which stabilizes the transformed phenotype of cancer cells and
promotes tumor growth in vivo. These findings paved the way for subsequent
studies that further supported the tumor-promoting role of SIRT7. However, no
evidence has pointed out yet a role for SIRT7 in the regulation of cancer cell
invasiveness and tumor metastasis.

In this study, we sought to determine whether SIRT7 has a role in promoting
the migration, invasiveness, and metastatic potential of cancer cells. We
identified E-cadherin, a key suppressor of tumor progression, as a novel SIRT7
target. We also unveiled a novel crosstalk between two chromatin regulators of
the sirtuin family, which promotes the invasive and metastatic properties of
cancer cells. Finally, we showed that reduction of SIRT7 dramatically impairs
the metastastic potential of cancer cells in vivo.
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Chapter 2 — MATERIALS AND METHODS
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2.1. Cell Culture

Cells were grown in a humidified tissue culture incubator, at 37C, 5% CO,
atmosphere. LNCaP and PC3 cells were maintained in Dulbecco's Modified
Eagle Medium (DMEM) supplemented with 10% FBS, 1% penicillin-
streptomycin and 1% L-glutamine (Gibco, Invitrogen). HT1080 cells were grown
in Advanced DMEM (Gibco, Invitrogen) in the presence of 10% FBS and 1%
penicillin-streptomycin. All cells were obtained from the American Type Culture
Collection (Manassas, Virginia).

2.2. Plasmids

Lentiviral plasmids pSicoR-puro encoding shRNAs targeting SIRT7 mRNA were
generated as previously described®. Target sequences were as follows: S7KD1,
5'-CACCTTTCTGTGAGAACGGAA-3’; S7KD2, 5'-TAGCCATTTGTCCTTGAGGAA-3'.
As a control for transduction we used the pSicoR-puro empty vector. The
human SIRT7 H187Y expression retroviral vector pBabe-puro and the 3XFlag-
tagged-SIRT1 WT and H355Y mutant expression vectors were generated as
previously described’. As a control for transduction we used the pBabe-puro
and the 3XFlag-puro empty vectors.

2.3. Transwell invasion assay

The assay was performed according to BD BioCoat'™ manufacturer’s
instructions. Briefly, medium containing 10% FBS as a chemoattractant was
added to the wells of a 24-well plate. The Matrigel invasion chambers were
transferred to the wells containing the chemoattractant using sterile forceps. A
suspension of 1074 HT1080 and 5*1074 PC3 cells in serum-free media was
loaded into the chambers. Cells were incubated for 22-24hr in a humidified
tissue culture incubator, at 37C, 5% CO, atmosphere. The non-invading cells
were removed by scrubbing with a cotton tipped swab and the invading cells
were fixed with methanol for 2 minutes and stained with crystal violet for 10
minutes. The inserts were dried and the membrane was photographed through
the microscope at 10x magnification.

37



2.4. Wound healing assay

Cells were grown to confluent monolayers. A scratch was then made using
200ul tip on cell monolayers. Cells were washed once each with PBS and warm
media. Cells were imaged immediately after creating the wound using a time
lapse microscope every 15 minutes for 12 hr for HT1080 cells and 20 hr for PC3
cells.

2.5. 3D Matrigel assay

LDEV free Matrigel basement matrix (BD Biosciences, now Corning) was spread
evenly on the bottom of chamber slides and allowed to solidify at 37°C for 30
minutes. 500 PC3 control and SIRT7 KD cells were suspended in 2% matrigel
and spread over the matrix. Cells were fed every 3 days with fresh 2% matrigel.
Images were taken every 2 days.

2.6. Phalloidin staining

Cells were fixed with 4% paraformaldehyde for 10 minutes and permeabilized
with 0.1% with Triton-X for 5 minutes. Cells were stained with 1:100 dilution of
the F-actin probe Alexa Fluor 488 Phalloidin (Life Technologies). Images were
acquired on a fluorescence microscope using a 20x objective.

2.7. Co-immunoprecipitation and Immunoblot

Cell lysates were prepared as described previously. 1 mg of total protein
extract was used for immunoprecipitation with SIRT7 antibody overnight. The
immunoprecipitated complex was incubated with Protein A/G beads (Sigma-
Aldrich) for 1 hour, followed by washing 6 times with a 250 mM NaCl-
containing buffer. The beads were incubated at 37°C for 20 minutes and the
supernatant was used for western blot analysis. Flag-co-immunoprecipitation
was carried out by using Anti-Flag M2 affinity gel (A2220-10ML, Sigma-Aldrich).
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2.8. Antibodies

E-cadherin antibody (610181) was purchased from BD Biosciences. SIRT1 (07-
131) and B-tubulin (05-661) antibody were purchased from Millipore. Vimentin
antibody (V5255) was purchased from Sigma. The rabbit polyclonal antibody
specifically recognizing SIRT7 was raised against the following synthetic peptide
GWFGRGCTKRTKRKKVT and the affinity-purified antibody was used in this
study (ref. Michishita E, 2005). Acetylated lysine 18 of histone H3 (H3K18Ac)
antibody (ab1191) was purchased from Abcam and Lamin B antibody (C20)
from Santa Cruz Biotechnology.

2.9. RT-qPCR

Total RNA was extracted from cells using the RNeasy kit (Qiagen) and reverse
transcribed using SuperScript Il (Invitrogen) and oligo(dT) primers, according to
the manufacturers' instructions. Quantitative real-time PCR analysis was
performed on a Roche LightCycler 480 using the manufacturer's SYBR Green
system. PCR primers used are: E-cadherin: Forward 5 -GGTCTGTCAT-
GGAAGGTGCT-3’; Reverse 5'-GATGGCGGCATTGTAGGT-3’. DAB2IP: Forward 5'-
TGGACGATGTGCTCTATGCC-3'; Reverse 5'-GGATGGTGATGGTTTGGTAG-3'. Slug:
Forward 5-TGTTGCAGTGAGGGCAAGAA-3’; Reverse 5-GACCCTGGTTG
CTTCAAGGA-3'. Gapdh: Forward 5-AGCCACATCGCTCAGACAC-3’; Reverse 5'-
GCCCAATACGACCAAATCC-3'.

2.10. Tail vein injection

1x10° control and SIRT7-KD HT1080 cells were intravenously inoculated into
SCID mice. Lungs were harvested, weighted and imaged 28 days post-injection.

2.11. Subcutaneous injection

The subcutaneous injection of SIRT7-knockdown HT1080 cells in SCID mice was
performed as previously described® and tumour growth was monitored using
calipers.

39



Chapter 3 — RESULTS
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3.1. SIRT7 promotes cancer cell migration and invasion

Current evidence established a role for SIRT7 in the epigenetic maintenance of
transformed phenotypes of cancer cells*. To investigate whether SIRT7 plays a
role in the regulation of cancer cell phenotypes in more advanced stages of
tumor progression, and in particular in the invasion-metastasis cascade, we
examined the effects of SIRT7 depletion by RNA interference on the directional
migration of cancer cells, by wound-healing assay. A wound was created in cell
monolayers and a time-lapse microscope was used to observe cell migration
until the wound was healed. SIRT7 depletion impaired the migration ability in
two different cancer cell lines (prostate carcinoma PC3 cells and fibrosarcoma
HT1080 cells), resulting in a smaller healing percentage as compared to control
cells (Figure 1). Notably, no significant changes in proliferation were observed
under the time conditions of these experiments.

PC3 HT1080

Oh

20 h 10h

Control S7KD1 S7KD2
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90.6 74 58.8%
64% 39% % % °

Figure 1. SIRT7 depletion impairs migration of cancer cells in wound-healing assay.

We next asked whether SIRT7 depletion could affect cancer cell invasiveness.
To address this question, we performed a matrigel-invasion assay, that allows
to assess cell invasion in vitro throughout an ECM-like structure that mimics the
tissue basement membrane. The assay scores for number of cells invading from
a top chamber through the membrane (Matrigel BD BiocoatTM) towards a
chemoattractant (e.g. serum). SIRT7-deficient PC3 cells showed a significant

reduction in the number of cells invading through the membrane matrix as
41



compared to control cells (Figure 2, left panel). SIRT7 depletion also inhibited
the invasive growth pattern of PC3 cells when grown in three-dimensional
basement membrane matrix-like Matrigel (Figure 2, right panel).
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Figure 2. SIRT7 depletion reduces invasiveness of PC3 cells. SIRT7-deficient PC3 cells show
reduced invasion ability in Transwell assay (left panel) and impaired growth in 3D culture
(right panel). Images were taken 3 days after cell seeding.
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A similar phenotype was observed in SIRT7-depleted HT1080 cells (Figure 3A).
Moreover, overexpression of a catalytically inactive SIRT7 mutant protein
(H187Y) also reduced invasiveness, consistent with a dominant negative effect
(Figure 3B). Together, these results suggest that SIRT7 plays an important role
in promoting cancer cell migration and invasion.
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Figure 3. SIRT7 depletion (A) or overexpression of H187Y-SIRT7 catalytic mutant (B) impairs
invasion in HT1080 cells.
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3.2. SIRT7 regulates the expression of E-cadherin and other EMT-related
genes

The EMT program plays a major role in the acquisition of a motile behavior by
epithelial cancer cells. As mentioned above, EMT induces reorganization of
actin cytoskeleton, a process that can be detected by staining for F-actin.
Fluorescent staining of F-actin (Phalloidin staining) in SIRT7-depleted PC3 cells
revealed a more collapsed cytoskeleton (Figure 4A), consistent with the
impaired migration and invasion ability of these cells. Thus, we reasoned that
SIRT7 might affect the motile properties of cancer cells through regulation of
the EMT pathway. To test this hypothesis, we assessed the expression of EMT-
related genes in SIRT7-depleted cells by RT-gPCR analysis.

A strong and well-established network of cell-to-cell contacts is essential for
the polarity and functionality of normal epithelium and greatly limits the ability
of epithelial cells to move or migrate. E-cadherin plays a major role in the
establishment of these homotypic adhesion junctions, and its transcriptional
downregulation is one of the leading events in the epithelial dedifferentiation

process occurring during EMT'®®

. Indeed, during embryonic development, E-
cadherin expression is under strict spatiotemporal control and its repression is
essential for certain morphogenetic movements within the embryo, many of
which involve EMTs. The EMT occurring in tumors of epithelial origin during the
acquisition of the invasive phenotype recapitulates the same molecular events
that occur in the embryo, including loss of E-cadherin-mediated cell-to-cell
junctions. Notably, SIRT7-deficient PC3 cells showed an increase in the mRNA
level of E-cadherin (CDH1) (Figure 4B).

DAB2IP (DAB2 interacting protein) is a tumor suppressor gene whose loss
promotes epithelial-mesenchymal transition and metastasis in prostate

1 .
cancer'® 110,

110; 111

DAB2IP promoter is epigenetically inactivated in human
prostate and breast''” cancer and its expression inversely correlates with
tumor grade and predicts prognosis in prostate cancer''®. Interestingly, we
found a significant increase in DAB2IP expression in SIRT7-depleted cells
(Figure 4B).

SIRT7 reduction also led to decreased expression of Slug (SNAI2), a
transcription factor of the Snail family that represents one of the master
regulators of the EMT program™ (Figure 4B). In addition to repressing E-

cadherin by direct binding to the CDH1 gene promoter'**, Slug orchestrates the
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expression of several EMT-related genes
The matrix metalloproteinase MMP16 also showed reduced expression in
SIRT7-depleted cells (Figure 4B), consistent with the reduced invasive ability of

113,115

these cells. In fact, the upregulation of MMPs, normally expressed in activated

leukocytes, endows tumor cells with the ability to breakdown the extracellular
matrix, allowing tumor invasion upon disruption of the physiological tissue
barrier represented by the basement membrane. Western blot analyses further

confirmed upregulation of E-cadherin in SIRT7-depleted PC3 cells (Figure 4C)

and showed a reduction in the mesenchymal marker Vimentin, an intermediate

filament commonly found in mesenchymal cells (Figure 4C).
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Figure 4. SIRT7 regulates invasion- and EMT-related genes in PC3 cells.
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Functional perturbations of E-cadherin have been associated with the

92; 116

dedifferentiation/aggressiveness of tumors and even implicated in the

transition from adenomas to invasive carcinomas’”. Therefore, E-cadherin is

93;117; 118 . . .
and its loss is considered to

thought to be an invasion-suppressor gene
be diagnostic of a poor clinical prognosis. We asked whether such SIRT7-
mediated repression of E-cadherin could correlate with more aggressive tumor
stages. To this purpose, we looked at the levels of SIRT7 and E-cadherin in the
more aggressive prostate cancer cell line PC3 (derived from a bone metastasis
of prostate cancer) compared to the more epithelial counterpart LNCaP
(isolated from a lymph node metastasis). Western blot analysis showed
enhanced SIRT7 expression and concomitant reduced E-cadherin levels in PC3
compared to LNCaP cells (Figure 5A). It has been previously shown that global
hypoacetylation levels of H3K18 decrease in PC3 compared to LNCaP™. The
concomitant increase in SIRT7 expression suggests that SIRT7 can be
responsible for alteration in the global levels of this histone mark at more
aggressive tumor stages.

To investigate the possible clinical relevance of the inverse correlation between
SIRT7 and E-cadherin expression, we analyzed several metastatic prostate
tumors in the Oncomine human cancer gene expression database. Surprisingly,
we found that most of the tumors in 4 different datasets analyzed harbored a
negative correlation between SIRT7 and E-cadherin expression (Figure 5B).

A B
o
w 8
g 3
SIRT7 |[== =
E-cadherin I
E-Cadherin -—il SIRT7 | il
H3K18Ac |+ === I I I [\,

EEEEEE00000000EEE

H3 Least expressed Most expressed

Tubulin | —

Figure 5. Inverse correlation between SIRT7 and E-cadherin expression in metastatic

prostate cancer.
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3.3. SIRT7 cooperates with SIRT1 to repress E-cadherin expression

SIRT1, another histone deacetylase member of the Sirtuin family, has been
shown to repress E-cadherin transcription in prostate cancer cells, being
recruited to the E-cadherin promoter via the EMT-inducing transcription factor
ZEB1¥. Intriguingly, our co-immunoprecipitation assay showed specific
interaction in vivo between Flag-tagged SIRT7 and endogenous SIRT1 and
viceversa (Figure 6A-B). This result was further confirmed by co-
immunoprecipitation of the endogenous proteins (Figure 6C).
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Figure 6. SIRT7 interacts with SIRT1 in vivo.

In order to investigate a potential interplay involving both Sirtuins on E-
cadherin regulation, we overexpressed SIRT1 in SIRT7-depleted cells and
looked at E-cadherin RNA and protein levels. Consistent with previous findings,
E-cadherin levels were reduced in SIRT1-overexpressing cells (Figure 7A-B).
Interestingly, such decrease was observed also upon overexpression of SIRT1
catalytic mutant (SIRT1 point mutation H355Y), suggesting that E-cadherin
regulation by SIRT1 is, at least in part, independent of SIRT1 deacetylase
activity (Figure 7A-B). Moreover, SIRT1-induced E-cadherin downregulation was
blunted in SIRT7-deficient cells (Figure 7A-B), suggesting that SIRT7 is required
to mediate the effect of SIRT1 on E-cadherin regulation. Overall, these findings
suggest that SIRT1 represses E-cadherin expression, at least partially, via SIRT7.
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Figure 7. SIRT7 depletion blunts SIRT1-induced E-cadherin downregulation at both the
mRNA (A) and protein levels (B).

3.4. SIRT7 amplification or overexpression correlates with metastasis in
cancer patients

We previously demonstrated that SIRT7 is overexpressed in several patient-
matched tumor samples®. Analysis of publicly available datasets from
cBioPortal for Cancer Genomics (www.cbhioportal.org) revealed the occurrence
of amplifications and mutations at SIRT7 locus in multiple human cancers

11
° showed

(Figure 8A). One study conducted on 61 prostate cancer patients
amplification of SIRT7 locus exclusively in tumors at the metastatic stage
associated with low survival status (Figure 8B). In addition, SIRT7 was
significantly overexpressed in the tumor metastatic site compared to the
primary site in a prostate cancer dataset from Oncomine (Figure 8C). These
findings prompted us to investigate whether SIRT7 promotes metastasis in

vivo.
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Figure 8. (A) Analysis of several datasets from cBioPortal for Cancer Genomics database. (B)
Analysis of a reported mutational landscape of metastatic prostate cancer (Grasso CS et al.)
shows exclusive amplification of SIRT7 in metastatic prostate tumor patients with low
survival status. (C) Meta-analysis of SIRT7 expression in a prostate cancer dataset from
Oncomine database.
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3.5. SIRT7 promotes metastasis in vivo

We previously showed that SIRT7 depletion impaired tumor growth formation
in @ mouse xenograft assay>. Here we asked whether SIRT7 depletion could
reduce the formation of macroscopic metastatic lesions. To look specifically at
metastasis without complications from tumor growth changes, we generated
HT1080 cells with only partial depletion of SIRT7 (Figure 9A). As expected, we
observed only a subtle effect of SIRT7 reduction on primary tumor growth in a
mouse xenograft experiment (Figure 9B). Next, tail vein injection experiments
were performed with the same cells. Mice were sacrificed 28 days post-tail vein
injection and their lungs were examined for macro-metastasis formation.
Figure 9C shows significant reduction in the lung tumor burden in mice injected
with SIRT7-deficient cells compared to control cells. Strikingly, the effect of
SIRT7 reduction on metastasis formation is much more dramatic than on tumor
growth. These findings demonstrate, for the first time, that SIRT7 depletion
impairs metastasis formation in vivo.
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Figure 9. 1x10° HT1080 cells stably expressing control shRNA and SIRT7 shRNA were
intravenously inoculated into SCID mice. NIC, “no injection control”. ** indicates significant
differences between the sh-control group by Welch's T test. # indicates significant
differences between the sh-control group by Student's T test. (** : P<0.005, # : P<0.05 vs
the sh-control group).

Together, our current findings expanded SIRT7 role in tumor progression,
uncovering a new function for SIRT7 in promoting cancer cell invasiveness and
metastatic ability through regulation of E-cadherin expression.
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Chapter 4 — DISCUSSION

52



We have previously shown that SIRT7 promotes oncogenic transformation
and stabilizes transformed phenotypes of cancer cells through deacetylation of
the H3K18Ac histone mark at specific promoters. Here, we demonstrated that
SIRT7 depletion reduces migration and invasion of cancer cells in vitro and
metastasis in vivo. We showed that SIRT7 is an important regulator of the
invasion-EMT circuitry and identified the invasion-suppressor gene E-cadherin
as a novel SIRT7 target.

Elevated SIRT7 expression was detected in human biopsies of hepatocellular

2;12 1 .
d®% %% and breast cancers® compared to their normal

carcinoma (HCC)®, thyroi
counterparts, and correlated with malignant progression. In fact, relative SIRT7
expression increased in HCCs of increasing grade (G1-3), compared to
premalignant samples®™. Similarly, SIRT7 upregulation was greater in thyroid
carcinomas and lymph node-positive breast cancers, which have higher
recurrence and poorer prognosis® % '*°. This evidence has hinted at SIRT7
involvement in tumor progression, suggesting that SIRT7 may prove to be a
good marker of disease progression and tumor behavior. However, the
molecular mechanisms through which SIRT7 may impact on tumor progression
are still largely unknown. Our current work has uncovered a regulatory role for
SIRT7 in the expression of EMT-related genes and the epithelial marker E-
cadherin, a tumor suppressor gene whose loss has been associated with
enhanced invasion ability and metastatic properties in multiple cancers.
Interestingly, H3K18 hypoacetylation is associated with poor prognosis in

40; 41
prostate cancer :

We found enhanced expression of SIRT7 and a
concomitant decrease in global H3K18Ac levels in the more invasive PC3
prostate cancer cells compared to the less invasive counterpart LNCaP.
Therefore, SIRT7-mediated H3K18 hypoacetylation may be an indicator of poor
prognosis in prostate cancer. This hypothesis is further supported by our
analysis of human patient samples from Oncomine database, showing SIRT7
overexpression in the metastatic sites of prostate tumors compared to the
primary site. To further explore the clinical implications of our findings, I'm
planning to detect by immunohistochemistry SIRT7 expression at the invading
front of the tumor, to test whether SIRT7 is upregulated in vivo in those tumor
cells that lead the local invasion. Next, | would like to assess whether SIRT7
upregulation is induced in these cells in response to cytokines released from

the tumor microenvironment, such as TGF-beta.
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Furthermore, our study has unveiled a novel interplay between two sirtuin
histone deacetylases, SIRT7 and SIRT1, in the regulation of E-cadherin
expression. Analysis of four prostate metastatic datasets from Oncomine
revealed an inverse correlation between E-cadherin and SIRT7 expression. We
further looked into these datasets of E-cadherin-negative tumors for tumors
that showed SIRT1 overexpression. While the number of metastatic tumors
overexpressing SIRT1 was less as compared to SIRT7, we found that every
single SIRT1-overexpressing tumor also overexpressed SIRT7. This observation
further supports the hypothesis that SIRT7 and SIRT1 may have overlapping
roles in regulation of metastasis. SIRT7-SIRT1 interaction could potentially
represent a conserved mechanism of epigenetic regulation on other target
promoters. Our observation that SIRT7 interacts to the same extent with both
the WT form and the catalytic mutant of SIRT1, and that overexpression of
SIRT1 catalytic mutant is able to repress E-cadherin expression, suggests that
SIRT1 catalytic activity is dispensable for CDH1 repression. We hypothesize that
SIRT1 might function as a scaffold protein in recruiting SIRT7 to the CDH1
promoter, and that SIRT7-mediated deacetylation of H3K18 is necessary for the
repressive effect. However, currently we cannot rule out the possibility of a
crosstalk between the two histone marks that are targets of the two sirtuins,
H3K18Ac and H3K9Ac respectively. By carrying out chromatin
immunoprecipitation experiments, my future work will aim at dissecting the
molecular mechanism underlying SIRT7-SIRT1 crosstalk at the CDH1 promoter.

Given the overexpression of SIRT7 in several aggressive forms of cancer,
SIRT7 is a promising target for epigenetic therapy. Many HDAC inhibitors
(HDACI) are being tested while two have been FDA approved for anti-cancer
therapy. In this setting, SIRT7 modulators could be developed as a part of
combinatorial therapy with SIRT1 inhibitors and other HDACi. Our study
prompts future investigations into the role of SIRT7 in the epigenetic regulation
of tumor progression, in order to exploit its use as a potential therapeutic
target in advanced cancer stages.

54



DECLARATION

This is to certify that this thesis comprises only my original work towards the
PhD except where indicated:

a) The wound-healing assay in fig. 1 right panel, the transwell invasion assay in
fig. 3, the Phalloidin staining in fig. 4A, the co-immunoprecipitation in fig. 6C
and the Oncomine database analyses in fig. 5B and fig. 8 were performed by
Dr. Shivani Malik.

b) The mouse experiments in fig. 9 were conducted by Dr. Eriko Michischita
and colleagues.

55



10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

REFERENCES

Guarente, L. (2007). Sirtuins in aging and disease. Cold Spring Harb Symp Quant
Biol 72, 483-8.

Sebastian, C., Satterstrom, F. K., Haigis, M. C. & Mostoslavsky, R. (2012). From
sirtuin biology to human diseases: an update. ] Biol Chem 287, 42444-52.

Imai, S., Johnson, F. B., Marciniak, R. A, McVey, M., Park, P. U. & Guarente, L.
(2000). Sir2: a NAD-dependent histone deacetylase that connects chromatin
silencing, metabolism, and aging. . Cold Spring Harb Symp Quant Biol 65, 297-302.
Yuan, H. & Marmorstein, R. (2012). Structural basis for sirtuin activity and
inhibition. . ] Biol Chem 287, 42428-35.

Hawse, W. F. & Wolberger, C. (2009). Structure-based mechanism of ADP-
ribosylation by sirtuins. / Biol Chem 284, 33654-61.

Du, |, Jiang, H. & Lin, H. (2009). Investigating the ADP-ribosyltransferase activity
of sirtuins with NAD analogues and 32P-NAD. Biochemistry 48, 2878-90.

North, B. ]J. & Verdin, E. (2004). Sirtuins: Sir2-related NAD- dependent protein
deacetylases. . Genome Biol 5, 224.

Frye, R. A. (2000). Phylogenetic classification of prokaryotic and eukaryotic Sir2-
like proteins. . Biochem Biophys Res Commun 273, 793-8.

Michishita, E., Park, ]J. Y., Burneskis, ]. M., Barrett, J. C. & Horikawa, I. (2005).
Evolutionarily conserved and nonconserved cellular localizations and func- tions
of human SIRT proteins. . Mol Biol Cell 16, 4623-35.

Jin, Q. Yan, T., Ge, X,, Sun, C,, Shi, X. & Zhai, Q. (2007). Cytoplasm-localized SIRT1
enhances apoptosis. J Cell Physiol 213, 88-97.

Tanno, M. Sakamoto, ], Miura, T., Shimamoto, K. & Horio, Y. (2007).
Nucleocytoplasmic shuttling of the NAD+-dependent histone deacetylase SIRT1. J
Biol Chem 282, 6823-32.

Scher, M. B, Vaquero, A. & Reinberg, D. (2007). SirT3 is a nuclear NAD+-
dependent histone deacetylase that translocates to the mitochondria upon cellu-
lar stress. . Genes Dev 21, 920-8.

North, B. ]J. & Verdin, E. (2007). Interphase nucleo-cytoplasmic shuttling and
localization of SIRT2 during mitosis. . PLoS One 2, e784.

Eskandarian, H. A., Impens, F., Nahori, M. A, Soubigou, G., Coppee, ]. Y., Cossart, P.
& Hamon, M. A. (2013). A role for SIRT2-dependent histone H3K18 deacetylation
in bacterial infection. Science 341, 1238858.

Frye, R. A. (1999). Characterization of five human cDNAs with homology to the
yeast SIR2 gene: Sir2-like proteins (sirtuins) metabolize NAD and may have
protein ADP-ribosyltransferase activity. . Biochem Biophys Res Commun 260, 273-
9.

Mead, J., McCord, R., Youngster, L., Sharma, M., Gartenberg, M. R. & Vershon, A. K.
(2007). Swapping the gene-specific and regional silencing specificities of the Hst1
and Sir2 histone deacetylases. Mol Cell Biol 27, 2466-75.

Flick, F. & Luscher, B. (2012). Regulation of sirtuin function by posttranslational
modifications. . Front Pharmacol 3, 29.

Greiss, S. & Gartner, A. (2009). Sirtuin/Sir2 phylogeny, evolutionary
considerations and structural conservation. . Mol Cells 28, 407-15.

Finnin, M. S., Donigian, J. R. & Pavletich, N. P. (2001). Structure of the histone
deacetylase SIRT2. Nat Struct Biol 8, 621-5.

56



20.

21.

22.

Du, J., Zhou, Y., Sy, X,, Yu, J. ], Khan, S, Jiang, H., Kim, ]., Woo, ]., Kim, ]J. H., Choi, B.
H., He, B, Chen, W., Zhang, S., Cerione, R. A, Auwery, J., Hao, Q. & Lin, H. (2011).
Sirt5 is a NAD-dependent protein lysine demalonylase and desuccinylase. Science
334, 806-9.

Jiang, H.,, Khan, S., Wang, Y., Charron, G., He, B., Sebastian, C., Dy, J., Kim, R,, Ge, E,,
Mostoslavsky, R., Hang, H. C., Hao, Q. & Lin, H. (2013). SIRT6 regulates TNF-alpha
secretion through hydrolysis of long-chain fatty acyl lysine. Nature 496, 110-3.
Sauve, A. A, Celic, 1., Avalos, ], Deng, H., Boeke, J. D. & Schramm, V. L. (2001).
Chemistry of gene silencing: the mechanism of NAD+-dependent deacetylation

reactions. Biochemistry 40, 15456-63.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Fahie, K., Hu, P., Swatkoski, S., Cotter, R. ], Zhang, Y. & Wolberger, C. (2009). Side
chain specificity of ADP-ribo- sylation by a sirtuin. FEBS ] 276, 7159- 76.

Mao, Z., Tian, X., Van Meter, M., Ke, Z., Gorbunova, V. & Seluanov, A. (2012). Sirtuin
6 (SIRT6) rescues the decline of homologous recombination repair during
replicative senescence. Proc Natl Acad Sci US A 109, 11800-5.

Feldman, |. L., Baeza, ]. & Denu, J. M. (2013). Activation of the protein deacetylase
SIRT6 by long-chain fatty acids and widespread deacylation by mammalian
sirtuins. . J Biol Chem 288, 31350-6.

Martinez-Redondo, P. & Vaquero, A. (2013). The diversity of histone versus
nonhistone sirtuin substrates. Genes Cancer 4, 148-63.

Vaquero, A, Scher, M., Erdjument-Bromage, H., Tempst, P., Serrano, L. & Reinberg,
D. (2007). SIRT1 regu- lates the histone methyl-transferase SUV39H1 during
heterochromatin formation. . Nature 450, 44.0-4.

Vaquero, A., Scher, M., Lee, D., Erdjument-Bromage, H., Tempst, P. & Reinberg, D.
(2004). Human SirT1 interacts with histone H1 and promotes formation of
facultative heterochromatin. Mol Cell 16, 93-105.

Vaquero, A., Scher, M. & Lee, D. (2006). SirT2 is a histone deacetylase with
preference for histone H4 Lys 16 during mitosis. . Genes Dev 20, 1256-61.
McCord, R. A, Michishita, E., Hong, T., Berber, E., Boxer, L. D., Kusumoto, R., Guan,
S., Shi, X,, Gozani, O., Burlingame, A. L., Bohr, V. A. & Chua, K. F. (2009). SIRT6
stabilizes DNA-dependent protein kinase at chromatin for DNA double-strand
break repair. Aging (Albany NY) 1, 109-21.

Michishita, E., McCord, R. A,, Berber, E., Kioi, M., Padilla-Nash, H., Damian, M.,
Cheung, P., Kusumoto, R., Kawahara, T. L., Barrett, J. C., Chang, H. Y., Bohr, V. A,
Ried, T., Gozani, O. & Chua, K. F. (2008). SIRT®6 is a histone H3 lysine 9 deacetylase
that modulates telomeric chromatin. Nature 452, 492-6.

Lombard, D. B, Alt, F. W, Cheng, H. L., Bunkenborg, ], Streeper, R. S,
Mostoslavsky, R., Kim, J., Yancopoulos, G., Valenzuela, D., Murphy, A., Yang, Y.,
Chen, Y., Hirschey, M. D., Bronson, R. T., Haigis, M., Guarente, L. P., Farese, R. V., Jr.,
Weissman, S., Verdin, E. & Schwer, B. (2007). Mammalian Sir2 homolog SIRT3
regulates global mitochondrial lysine acetylation. Mol Cell Biol 27, 8807-14.
Iwahara, T., Bonasio, R., Narendra, V. & Reinberg, D. (2012). SIRT3 functions in
the nucleus in the control of stress-related gene expression. Mol Cell Biol 32,
5022-34.

Barber, M. F., Michishita-Kioi, E., Xi, Y., Tasselli, L., Kioi, M., Moqtaderi, Z., Tennen,
R. [, Paredes, S., Young, N. L., Chen, K,, Struhl, K., Garcia, B. A., Gozani, O., Li, W. &
Chua, K. F. (2012). SIRT7 links H3K18 deacetylation to maintenance of oncogenic
transformation. Nature 487, 114-8.

Tsai, Y. C., Greco, T. M., Boonmee, A., Miteva, Y. & Cristea, I. M. (2012). Functional
proteomics establishes the interaction of SIRT7 with chromatin remodeling

57



36.

37.

38.

39.

40.

41.

42,

43.

44,

45.

46.

47.

48.

49,

50.

complexes and expands its role in regulation of RNA polymerase I transcription.
Mol Cell Proteomics 11, 60-76.

Chen, S., Seiler, ]., Santiago-Reichelt, M., Felbel, K., Grummt, I. & Voit, R. (2013).
Repression of RNA polymerase I upon stress is caused by inhibition of RNA-
dependent deacetylation of PAF53 by SIRT7. Mol Cell 52, 303-13.

Michishita, E., McCord, R. A., Boxer, L. D., Barber, M. F., Hong, T., Gozani, O. & Chua,
K. F. (2009). Cell cycle-dependent deacetylation of telomeric histone H3 lysine
K56 by human SIRT6. Cell Cycle 8, 2664-6.

Toiber, D., Erdel, F.,, Bouazoune, K, Silberman, D. M., Zhong, L., Mulligan, P.,
Sebastian, C., Cosentino, C., Martinez-Pastor, B., Giacosa, S., D'Urso, A., Naar, A. M,,
Kingston, R, Rippe, K. & Mostoslavsky, R. (2013). SIRT6 recruits SNF2H to DNA
break sites, preventing genomic instability through chromatin remodeling. Mol
Cell 51, 454-68.

Hein, N., Hannan, K. M., George, A. ]., Sanij, E. & Hannan, R. D. (2013). The
nucleolus: an emerging target for cancer therapy. Trends Mol Med 19, 643-54.
Seligson, D. B., Horvath, S., McBrian, M. A,, Mah, V,, Yu, H,, Tze, S., Wang, Q., Chia,
D., Goodglick, L. & Kurdistani, S. K. (2009). Global levels of histone modifications
predict prognosis in different cancers. Am J Pathol 174, 1619-28.

Seligson, D. B., Horvath, S,, Shi, T., Yu, H., Tze, S., Grunstein, M. & Kurdistani, S. K.
(2005). Global histone modification patterns predict risk of prostate cancer
recurrence. Nature 435, 1262-6.

Manuyakorn, A., Paulus, R,, Farrell, ]., Dawson, N. A,, Tze, S., Cheung-Lau, G., Hines,
0.]., Reber, H., Seligson, D. B., Horvath, S., Kurdistani, S. K., Guha, C. & Dawson, D.
W. (2010). Cellular histone modification patterns predict prognosis and
treatment response in resectable pancreatic adenocarcinoma: results from RTOG
9704. ] Clin Oncol 28, 1358-65.

Ferrari, R., Pellegrini, M., Horwitz, G. A., Xie, W., Berk, A. ]. & Kurdistani, S. K.
(2008). Epigenetic reprogramming by adenovirus ela. Science 321, 1086-8.
Horwitz, G. A., Zhang, K., McBrian, M. A,, Grunstein, M., Kurdistani, S. K. & Berk, A.
J. (2008). Adenovirus small ela alters global patterns of histone modification.
Science 321, 1084-5.

Kim, J. K., Noh, J. H,, Jung, K. H,, Eun, J]. W,, Bae, H. ], Kim, M. G., Chang, Y. G., Shen,
Q., Park, W. S, Lee, ]. Y, Borlak, J. & Nam, S. W. (2013). Sirtuin7 oncogenic
potential in human hepatocellular carcinoma and its regulation by the tumor
suppressors MiR-125a-5p and MiR-125b. Hepatology 57, 1055-67.

Shin, J., He, M,, Liu, Y., Paredes, S., Villanova, L., Brown, K., Qiu, X., Nabavi, N.,
Mohrin, M., Wojnoonski, K., Li, P., Cheng, H. L., Murphy, A. ]., Valenzuela, D. M.,
Luo, H., Kapahi, P., Krauss, R., Mostoslavsky, R., Yancopoulos, G. D., Alt, F. W.,
Chua, K. F. & Chen, D. (2013). SIRT7 represses Myc activity to suppress ER stress
and prevent fatty liver disease. Cell Rep 5, 654-65.

Amsterdam, A., Sadler, K. C, Lai, K., Farrington, S., Bronson, R. T., Lees, ]. A. &
Hopkins, N. (2004). Many ribosomal protein genes are cancer genes in zebrafish.
PLoS Biol 2, E139.

Silvera, D., Formenti, S. C. & Schneider, R. J. (2010). Translational control in
cancer. Nat Rev Cancer 10, 254-66.

Soucek, L. & Evan, G. . (2010). The ups and downs of Myc biology. Curr Opin
Genet Dev 20, 91-5.

Hubbi, M. E. Hu, H., Kshitiz, Gilkes, D. M. & Semenza, G. L. (2013). Sirtuin-7
inhibits the activity of hypoxia-inducible factors. ] Biol Chem 288, 20768-75.

58



51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

Vakhrusheva, 0., Smolka, C., Gajawada, P., Kostin, S., Boettger, T., Kubin, T., Braun,
T. & Bober, E. (2008). Sirt7 increases stress resistance of cardiomyocytes and
prevents apoptosis and inflammatory cardiomyopathy in mice. Circ Res 102, 703-
10.

Donati, G., Bertoni, S., Brighenti, E., Vici, M., Trere, D., Volarevic, S., Montanaro, L.
& Derenzini, M. (2011). The balance between rRNA and ribosomal protein
synthesis up- and downregulates the tumour suppressor p53 in mammalian cells.
Oncogene 30, 3274-88.

Paredes, S., Villanova, L. & Chua, K. F. (2014). Molecular Pathways: Emerging
Roles of Mammalian Sirtuin SIRT7 in Cancer. Clin Cancer Res.

Drygin, D., Rice, W. & Grummt, I. (2010). The RNA polymerase I transcription
machinery: an emerging target for the treatment of cancer. Annu Rev Pharmacol
Toxicol 131-56.

Imai, S., Armstrong, C., Kaeberlein, M. & Guarente, L. Transcriptional silencing and
longevity protein Sir2 is an NAD- dependent histone deacetylase. . Nature 2000,
795-800.

Ford, E., Voit, R, Liszt, G., Magin, C., Grummt, I. & Guarente, L. (2006). Mammalian
Sir2 homolog SIRT7 is an activator of RNA polymerase I transcription. . Genes Dev
20, 1075-80.

Tsai, Y., Greco, T. & Cristea, 1. (2014). SIRT7 plays a role in ribosome biogenesis
and protein synthesis. Mol Cell Proteomics 13, 73-83.

Kawai, T., Fan, ], Mazan-Mamczarz, K. & Gorospe, M. (2004). Global mRNA
stabilization preferentially linked to translational repression during the
endoplasmic reticulum stress response. .. Mol Cell Biol 24, 6773-87.

Hanahan, D. & Weinberg, R. (2011). Hallmarks of cancer: the next generation. Cell
144, 646-74.

Chi, P., Allis, C. & Wang, G. (2010). Covalent histone modifications--miswritten,
misinterpreted and miserased in human cancers. . Nature Rev Cancer 10, 457-69.
Ashraf, N., Zino, S., Macintyre, A., Kingsmore, D., Payne, A. P., George, W. D. &
Shiels, P. G. (2006). Altered sirtuin expression is associated with node-positive
breast cancer. Br ] Cancer 95, 1056-61.

Frye, R. (2002). "SIRT8" expressed in thyroid cancer is actually SIRT7. Br ] Cancer
87, 1479.

Mason, D. X, Keppler, D., Zhang, |., Jackson, T. ], Seger, Y. R., Matsui, S., Abreo, F.,
Cowell, J. K, Hannon, G. J., Lowe, S. W. & Lin, A. W. (2006). Defined genetic events
associated with the spontaneous in vitro transformation of EIA/Ras-expressing
human IMR90 fibroblasts. Carcinogenesis 27, 350-9.

Zhao, K., Chai, X, Clements, A. & Marmorstein, R. (2003). Structure and
autoregulation of the yeast Hst2 homolog of Sir2. Nat Struct Biol 10, 864-71.
Tennen, R. I, Berber, E. & Chua, K. F. (2010). Functional dissection of SIRT6:
identification of domains that regulate histone deacetylase activity and
chromatin localization. Mech Ageing Dev 131, 185-92.

Sinclair, D. A. & Guarente, L. (2014). Small-molecule allosteric activators of
sirtuins. Annu Rev Pharmacol Toxicol 54, 363-80.

Lakshminarasimhan, M., Rauh, D., Schutkowski, M. & Steegborn, C. (2013). Sirtl
activation by resveratrol is substrate sequence-selective. Aging (Albany NY) 5,
151-4.

Hubbard, B. P., Gomes, A. P, Dai, H,, Li, ]., Case, A. W,, Considine, T., Riera, T. V.,
Lee, J. E, E, S. Y., Lamming, D. W,, Pentelute, B. L., Schuman, E. R,, Stevens, L. A,
Ling, A. ], Armour, S. M., Michan, S., Zhao, H,, Jiang, Y., Sweitzer, S. M., Blum, C. A,

59



69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

Disch, ]. S, Ng, P. Y., Howitz, K. T., Rolo, A. P.,, Hamuro, Y., Moss, ], Perni, R. B,, Ellis,
J. L., Vlasuk, G. P. & Sinclair, D. A. (2013). Evidence for a common mechanism of
SIRT1 regulation by allosteric activators. Science 339, 1216-9.

Pan, P. W,, Feldman, ]. L., Devries, M. K., Dong, A., Edwards, A. M. & Denu, J. M.
(2011). Structure and biochemical functions of SIRT®6. ] Biol Chem 286, 14575-87.
Milne, J. C., Lambert, P. D, Schenk, S., Carney, D. P., Smith, J. ]J., Gagne, D. ], Jin, L.,
Boss, O., Perni, R. B,, Vu, C. B, Bemis, J. E,, Xie, R, Disch, J. S., Ng, P. Y, Nunes, J. |,
Lynch, A. V., Yang, H., Galonek, H., Israelian, K., Choy, W.,, Iffland, A., Lavu, S.,
Medvedik, O., Sinclair, D. A.,, Olefsky, J. M., Jirousek, M. R,, Elliott, P. ]. & Westphal,
C. H. (2007). Small molecule activators of SIRT1 as therapeutics for the treatment
of type 2 diabetes. Nature 450, 712-6.

Milne, J. C. & Denu, ]. M. (2008). The Sirtuin family: therapeutic targets to treat
diseases of aging. Curr Opin Chem Biol 12, 11-7.

Cen, Y. (2010). Sirtuins inhibitors: the approach to affinity and selectivity.
Biochim Biophys Acta 1804, 1635-44.

Wan, L., Pantel, K. & Kang, Y. (2013). Tumor metastasis: moving new biological
insights into the clinic. Nat Med 19, 1450-64.

Kang, Y. & Pantel, K. (2013). Tumor cell dissemination: emerging biological
insights from animal models and cancer patients. Cancer Cell 23, 573-81.
Kessenbrock, K., Plaks, V. & Werb, Z. (2010). Matrix metalloproteinases:
regulators of the tumor microenvironment. Cell 141, 52-67.

Hanahan, D. & Coussens, L. M. (2012). Accessories to the crime: functions of cells
recruited to the tumor microenvironment. Cancer Cell 21, 309-22.

Quail, D. F. & Joyce, J. A. (2013). Microenvironmental regulation of tumor
progression and metastasis. Nat Med 19, 1423-37.

Finak, G., Bertos, N., Pepin, F., Sadekova, S., Souleimanova, M., Zhao, H., Chen, H.,
Omeroglu, G., Meterissian, S., Omeroglu, A., Hallett, M. & Park, M. (2008). Stromal
gene expression predicts clinical outcome in breast cancer. Nat Med 14, 518-27.
Fidler, I. J. (2003). The pathogenesis of cancer metastasis: the 'seed and soil'
hypothesis revisited. Nat Rev Cancer 3, 453-8.

Berx, G. & van Roy, F. (2009). Involvement of members of the cadherin
superfamily in cancer. Cold Spring Harb Perspect Biol 1,a003129.

Cavallaro, U. & Christofori, G. (2004). Cell adhesion and signalling by cadherins
and Ig-CAMs in cancer. Nat Rev Cancer 4, 118-32.

Ikushima, H. & Miyazono, K. (2010). TGFbeta signalling: a complex web in cancer
progression. Nat Rev Cancer 10, 415-24.

Tam, W. L. & Weinberg, R. A. (2013). The epigenetics of epithelial-mesenchymal
plasticity in cancer. Nat Med 19, 1438-49.

Graff, J. R., Gabrielson, E., Fujii, H., Baylin, S. B. & Herman, J. G. (2000). Methylation
patterns of the E-cadherin 5' CpG island are unstable and reflect the dynamic,
heterogeneous loss of E-cadherin expression during metastatic progression. J Biol
Chem 275, 2727-32.

Lombaerts, M., van Wezel, T., Philippo, K., Dierssen, J. W., Zimmerman, R. M.,
Oosting, J., van Eijk, R, Eilers, P. H., van de Water, B., Cornelisse, C. ]. & Cleton-
Jansen, A. M. (2006). E-cadherin transcriptional downregulation by promoter
methylation but not mutation is related to epithelial-to-mesenchymal transition
in breast cancer cell lines. Br ] Cancer 94, 661-71.

Cheng, C. W,, Wu, P. E, Yu, ]. C,, Huang, C. S., Yue, C. T.,, Wu, C. W. & Shen, C. Y.
(2001). Mechanisms of inactivation of E-cadherin in breast carcinoma:

60



87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

modification of the two-hit hypothesis of tumor suppressor gene. Oncogene 20,
3814-23.

Byles, V., Zhu, L., Lovaas, ]. D., Chmilewski, L. K., Wang, |., Faller, D. V. & Dai, Y.
(2012). SIRT1 induces EMT by cooperating with EMT transcription factors and
enhances prostate cancer cell migration and metastasis. Oncogene 31, 4619-29.
De Craene, B. & Berx, G. (2013). Regulatory networks defining EMT during cancer
initiation and progression. Nat Rev Cancer 13, 97-110.

Guilford, P., Hopkins, J., Harraway, J., McLeod, M., McLeod, N., Harawira, P., Taite,
H., Scoular, R., Miller, A. & Reeve, A. E. (1998). E-cadherin germline mutations in
familial gastric cancer. Nature 392, 402-5.

Berx, G., Cleton-Jansen, A. M., Nollet, F., de Leeuw, W. ], van de Vijver, M.,
Cornelisse, C. & van Roy, F. (1995). E-cadherin is a tumour/invasion suppressor
gene mutated in human lobular breast cancers. EMBO ] 14, 6107-15.

Di Croce, L. & Pelicci, P. G. (2003). Tumour-associated hypermethylation:
silencing E-cadherin expression enhances invasion and metastasis. Eur | Cancer
39, 413-4.

Birchmeier, W. & Behrens, ]. (1994). Cadherin expression in carcinomas: role in
the formation of cell junctions and the prevention of invasiveness. Biochim
Biophys Acta 1198, 11-26.

Vleminckx, K., Vakaet, L., Jr., Mareel, M., Fiers, W. & van Roy, F. (1991). Genetic
manipulation of E-cadherin expression by epithelial tumor cells reveals an
invasion suppressor role. Cell 66, 107-19.

Perl, A. K,, Wilgenbus, P., Dahl, U., Semb, H. & Christofori, G. (1998). A causal role
for E-cadherin in the transition from adenoma to carcinoma. Nature 392, 190-3.
Liu, T., Liu, P. Y. & Marshall, G. M. (2009). The critical role of the class III histone
deacetylase SIRT1 in cancer. Cancer Res 69, 1702-5.

Fang, Y. & Nicholl, M. B. (2011). Sirtuin 1 in malignant transformation: friend or
foe? Cancer Lett 306, 10-4.

Ford, ]., Jiang, M. & Milner, ]J. (2005). Cancer-specific functions of SIRT1 enable
human epithelial cancer cell growth and survival. Cancer Res 65, 10457-63.

Liang, X. ], Finkel, T., Shen, D. W,, Yin, J. ]., Aszalos, A. & Gottesman, M. M. (2008).
SIRT1 contributes in part to cisplatin resistance in cancer cells by altering
mitochondrial metabolism. Mol Cancer Res 6, 1499-506.

Kim, J. E., Chen, ]J. & Lou, Z. (2008). DBC1 is a negative regulator of SIRT1. Nature
451, 583-6.

Brunet, A., Sweeney, L. B, Sturgill, ]. F., Chua, K. F., Greer, P. L., Lin, Y., Tran, H.,
Ross, S. E., Mostoslavsky, R., Cohen, H. Y., Hy, L. S, Cheng, H. L., Jedrychowski, M.
P., Gygi, S. P,, Sinclair, D. A, Alt, F. W. & Greenberg, M. E. (2004). Stress-dependent
regulation of FOXO transcription factors by the SIRT1 deacetylase. Science 303,
2011-5.

Pfluger, P. T, Herranz, D., Velasco-Miguel, S., Serrano, M. & Tschop, M. H. (2008).
Sirtl protects against high-fat diet-induced metabolic damage. Proc Natl Acad Sci
USA105,9793-8.

Banks, A. S., Kon, N., Knight, C., Matsumoto, M., Gutierrez-Juarez, R., Rossetti, L.,
Gu, W. & Accili, D. (2008). SirT1 gain of function increases energy efficiency and
prevents diabetes in mice. Cell Metab 8, 333-41.

Yeung, F., Hoberg, |. E., Ramsey, C. S., Keller, M. D., Jones, D. R, Frye, R. A. & Mayo,
M. W. (2004). Modulation of NF-kappaB-dependent transcription and cell
survival by the SIRT1 deacetylase. EMBO ] 23, 2369-80.

61



104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

Yuan, ]., Minter-Dykhouse, K. & Lou, Z. (2009). A c-Myc-SIRT1 feedback loop
regulates cell growth and transformation. J Cell Biol 185, 203-11.

Eades, G., Yao, Y., Yang, M., Zhang, Y., Chumsri, S. & Zhou, Q. (2011). miR-200a
regulates SIRT1 expression and epithelial to mesenchymal transition (EMT)-like
transformation in mammary epithelial cells. ] Biol Chem 286, 25992-6002.

Simic, P., Williams, E. O., Bell, E. L., Gong, J. ], Bonkowski, M. & Guarente, L.
(2013). SIRT1 suppresses the epithelial-to-mesenchymal transition in cancer
metastasis and organ fibrosis. Cell Rep 3, 1175-86.

Liu, P. & Wilson, M. ]. (2012). miR-520c and miR-373 upregulate MMP9
expression by targeting mTOR and SIRT1, and activate the Ras/Raf/MEK/Erk
signaling pathway and NF-kappaB factor in human fibrosarcoma cells. J Cell
Physiol 227,867-76.

Moreno-Bueno, G., Peinado, H., Molina, P., Olmeda, D., Cubillo, E. Santos, V.,
Palacios, J., Portillo, F. & Cano, A. (2009). The morphological and molecular
features of the epithelial-to-mesenchymal transition. Nat Protoc 4, 1591-613.

Xie, D., Gore, C,, Liy, ], Pong, R. C,, Mason, R,, Hao, G., Long, M., Kabbani, W,, Yu, L.,
Zhang, H., Chen, H., Sun, X.,, Boothman, D. A., Min, W. & Hsieh, J. T. (2010). Role of
DABZIP in modulating epithelial-to-mesenchymal transition and prostate cancer
metastasis. Proc Natl Acad Sci US A 107, 2485-90.

Min, J., Zaslavsky, A., Fedele, G., McLaughlin, S. K., Reczek, E. E., De Raedt, T,
Guney, 1., Strochlic, D. E., Macconaill, L. E., Beroukhim, R., Bronson, R. T., Ryeom,
S., Hahn, W. C,, Loda, M. & Cichowski, K. (2010). An oncogene-tumor suppressor
cascade drives metastatic prostate cancer by coordinately activating Ras and
nuclear factor-kappaB. Nat Med 16, 286-94.

Chen, H,, Tu, S. W. & Hsieh, ]. T. (2005). Down-regulation of human DAB2IP gene
expression mediated by polycomb Ezh2 complex and histone deacetylase in
prostate cancer. ] Biol Chem 280, 22437-44.

Dote, H., Toyooka, S., Tsukuda, K., Yano, M., Ouchida, M., Doihara, H., Suzuki, M.,
Chen, H., Hsieh, ]J. T, Gazdar, A. F. & Shimizu, N. (2004). Aberrant promoter
methylation in human DAB2 interactive protein (hDABZ2IP) gene in breast cancer.
Clin Cancer Res 10, 2082-9.

Moreno-Bueno, G., Cubillo, E., Sarrio, D., Peinado, H., Rodriguez-Pinilla, S. M., Villa,
S., Bolos, V., Jorda, M., Fabra, A., Portillo, F., Palacios, ]. & Cano, A. (2006). Genetic
profiling of epithelial cells expressing E-cadherin repressors reveals a distinct
role for Snail, Slug, and E47 factors in epithelial-mesenchymal transition. Cancer
Res 66,954.3-56.

Hajra, K. M., Chen, D. Y. & Fearon, E. R. (2002). The SLUG zinc-finger protein
represses E-cadherin in breast cancer. Cancer Res 62, 1613-8.

Alves, C. C., Carneiro, F., Hoefler, H. & Becker, K. F. (2009). Role of the epithelial-
mesenchymal transition regulator Slug in primary human cancers. Front Biosci
(Landmark Ed) 14, 3035-50.

Takeichi, M. (1993). Cadherins in cancer: implications for invasion and
metastasis. Curr Opin Cell Biol 5, 806-11.

Frixen, U. H., Behrens, ]., Sachs, M., Eberle, G., Voss, B., Warda, A., Lochner, D. &
Birchmeier, W. (1991). E-cadherin-mediated cell-cell adhesion prevents
invasiveness of human carcinoma cells. J Cell Biol 113, 173-85.

Miyaki, M., Tanaka, K., Kikuchi-Yanoshita, R., Muraoka, M., Konishi, M. & Takeichi,
M. (1995). Increased cell-substratum adhesion, and decreased gelatinase
secretion and cell growth, induced by E-cadherin transfection of human colon
carcinoma cells. Oncogene 11, 2547-52.

62



119. Grasso, C. S., Wy, Y. M., Robinson, D. R,, Cao, X., Dhanasekaran, S. M., Khan, A. P,,
Quist, M. ], Jing, X., Lonigro, R. ], Brenner, ]. C., Asangani, I. A, Ateeq, B., Chun, S.
Y., Siddiqui, ]., Sam, L., Anstett, M., Mehra, R, Prensner, ]. R., Palanisamy, N., Ryslik,
G. A, Vandin, F., Raphael, B. ]., Kunju, L. P., Rhodes, D. R, Pienta, K. ., Chinnaiyan,
A. M. & Tomlins, S. A. (2012). The mutational landscape of lethal castration-
resistant prostate cancer. Nature 487, 239-43.

120. De Nigris, F., Cerutti, J., Morelli, C., Califano, D., Chiariotti, L., Viglietto, G., Santelli,
G. & Fusco, A. (2002). Isolation of a SIR-like gene, SIR-T8, that is overexpressed in
thyroid carcinoma cell lines and tissues. Br ] Cancer 87, 1479.

63



ACKNOWLEDGEMENTS

Foremost, | would like to thank my PhD advisors, prof. Matteo Antonio Russo
and Dr. Marco Tafani. Thank you for involving me in multiple projects
throughout my PhD, for encouraging my participation in several conferences,
and for taking care of my scientific formation with your close mentoring. Thank
you for supporting my visiting period in Stanford University, which has been
such an enriching experience for me.

| would like to thank Dr. Katrin F. Chua for letting me join her lab and for
involving me in many exciting projects during my visiting period at Stanford. |
have learnt so much from brainstorming with you and from your encouraging
suggestions. Thank you for trusting my ideas and helping me to develop
criticism and to grow up as a scientist.

Thanks to all the people of Chua’s and Gozani’s lab, for your warm support
throughout these 20 months. Thank you all for being so patient, making always
the time to listen to my questions and offering your help before | asked for it. |
consider myself so lucky to have got the chance to share my struggles and
achievements with you.

64



