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ABSTRACT

Sirtuins (SIRTs) are a family of 7 NAD*-dependant enzymes with a deacetylase, deacylase
and/or ADP-ribosyl transferase activity. They are involved in several physiological and
pathological processes, including metabolism, inflammation and cancer. SIRT-2 and SIRT-6
have been linked to carcinogenesis either as tumour promoters or suppressors and their
pharmacological modulation can be considered a promising strategy to modify cancer
initiation and progression. Known SIRT-2 and SIRT-6 inhibitors face several issues, such as
water solubility and selectivity for the intended sirtuin over the other isoforms. Therefore, it
is still crucial to seek novel SIRT-2 and SIRT-6 inhibitors, that are potent and selective.

In cancer, sirtuins often possess a dual function in tumorigenesis, behaving as oncopromoter
or oncosuppressor, depending on the sirtuin and on the cancer type. In cutaneous squamous
cell carcinoma (cSCC), both SIRT-2 and SIRT-6 present a controversial role. Further work
therefore is still needed to clarify their functions in this type of cancer.

The main goals of my PhD work were:

- The discovery of novel SIRT-2 and SIRT-6 inhibitors;

- The comparison of the pharmacological effects of the inhibition and activation of
SIRT-6 in a skin cancer mouse model.

In this thesis, the following stages of the PhD research are described: the development of an

HPLC-based method for the evaluation of the enzymatic activity of different sirtuins; the
screening of compounds for the discovery of novel SIRT-2 and SIRT-6 inhibitors, and the
evaluation of their biological effects on recombinant sirtuins, and subsequently on SCC cells;
the development of a stable formulation containing a SIRT-6 inhibitor or a SIRT-6 activator
for topical use; the evaluation of the effects of SIRT-6 pharmacological modulation by topical
application in a 2-step carcinogenesis mouse model.
Our results indicate that thiazoles, pyrazolopyrimidines and benzimidazoles represent good
scaffolds for the development of SIRT-2 inhibitors, with the discovery of several SIRT-2 and
dual SIRT-1/SIRT-2 inhibitors. A selection of these compounds had also a cytotoxic effect on
cSCC cells, with minor effects on healthy keratinocytes, hinting the oncogenic role of SIRT-2
in this type of cancer.

In addition, few compounds with a quinazoline-2,4(1H,3H)-dione structure were identified
as novel SIRT-6 inhibitors. These proved to be cell-membrane permeable and induced
keratinocyte differentiation in cSCC cells, reproducing the pro-differentiating effects of SIRT-
6 silencing on keratinocytes, observed by Lefort and colleagues.

Last, by inhibiting pharmacologically SIRT-6 in a 7,12-dimethylbenz[alanthracene (DMBA) -
12-0O-tetradecanoylphorbol-13-acetate (TPA) induced skin cancer mouse model, skin cancer
progression was delayed. In particular, by applying topically a SIRT-6 inhibitor (compound
2,4-Dioxo-N-(4-(pyridin-3-yloxy)phenyl)-1,2,3,4-tetrahydroquinazoline-6-sulfonamide,
renamed in this thesis “S6”) with a preventive approach at the promotion stage, epithelial-
mesenchymal transition (EMT), and thus carcinogenesis, resulted less advanced compared
to untreated mice.
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INTRODUCTION

1. Sirtuins

Sirtuins (SIRTs) are a family of evolutionary conserved enzymes that depend on nicotinamide
adenine dinucleotide (NAD") (1) and are homologues of the Silence information regulator 2
(Sir2) enzyme, thus being known also as Sir2-like proteins (2). In mammals the 7 known
sirtuins, named SIRT-1 to SIRT-7, are classified as class Il histone deacetylases (HDACs) (3, 4).
Their substrates however have been reported to be also non-histone proteins, such as
cytoskeletal proteins, signalling molecules, transcription factors, chaperones, p53 and DNA
repair proteins (Table 2) (5). Sirtuins, moreover, possess often other enzymatic activities
apart from the deacetylation one, such as deacylation and mono-ADP-ribosylation (Figure 2
and Table 1) (6). Each sirtuin has a particular preference for one activity over the others, as
well as for specific substrates. In particular, SIRT-1, -2 and -3 are strong deacetylases and also
deacylases; SIRT-6 displays a weak deacetylase activity and a strong deacylase one; SIRT-4
and SIRT-5 possess strong lipoamidase and desuccinylase activity, respectively; and SIRT-7,
which is less characterized than the other sirtuins, is known to be a weak deacetylase (7). The
ADP-ribosylation activity of all sirtuins, instead, has been less investigated, having been
reported so far solely for SIRT-4 and SIRT-6 (8) (9, 10). Structurally, the 7 isoforms share a
central catalytic domain of about 270 amino acids, where a Rossman fold and a smaller
domain with the NAD*-binding module and a zinc-binding one, create the enzymatic active
site; the 7 sirtuins then differ in the N-terminal and C-terminal domains (Figure 1) (11). The
crystal structures of the 7 sirtuins chosen on the basis of resolution values (< 2.00 A) are
represented in Figure 1.

Name Structure
Pdd 458
5 340 g

126 382

Mg

45 314
ST [ | dac SIRT-4 SIRT-5 SIRT-6 SIRT-7
41 308 "
35 274 ’Q ,p ls et
e ] %{;} ‘3 "és; ' Q}N«r o
90 331 g

g ] e )

Figure 1. a) Schematic representation of the 7 human sirtuins, with catalytic core domain in black and N and C
terminus in white. Abbreviation: aa, amino acids. Figure is adapted from (12). b) Crystal structures of the 7 human
sirtuins. The PDB identifiers are 4KXQ, 4Y60, 4BN4, 6LJK, 6HOY, for SIRT-1, SIRT-2, SIRT-3, SIRT-5 and SIRT-6,
respectively. SIRT-4 and SIRT-7 AlphaFold-predicted structures AF-A0OA347Z)G7-F1 and AF-Q9NRC8-F1
respectively, are reported in the figure, since no crystal structures are currently known for these two isoforms.

Sirtuins are characterized by diverse subcellular localizations (13), unique substrate
specificity (5), distinct enzymatic activities (5) and different tissue abundancy (14), and this
confers to each isoform specific functions (Table 1 and Table 2).

SIRT-1 is the best characterized isoform of the sirtuin class of enzymes: it is located in the
nucleus and it regulates gene stability, stress response and apoptosis (15-17). SIRT-2 is
localized in the cytoplasm, although it can shuttle to the nucleus to participate to several
physiological and pathological functions (18). It plays a role in several processes, including
cell cycle regulation and metabolism (19, 20). SIRT-3 is located in the mitochondria and has
been shown to act on several metabolic and respiratory enzymes regulating their functions
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(21). In addition, SIRT-3 can regulate the production and clearance of reactive oxygen species
(ROS), by deacetylating numerous mitochondrial enzymes (22-24). SIRT-4 is located in the
mitochondrial matrix, where it controls several pathways by modifying the activation status
of different proteins (25). SIRT-5 is located in the mitochondria as well, and controls several
physiological pathways, including the promotion of ammonia detoxification, fatty acid B-
oxidation and ketone body production and the regulation of energy production (26). SIRT-6
is a nuclear sirtuin and its role in the regulation of different processes is being increasingly
recognized, covering many different functions, including energy metabolism derived both
from glucose and lipids, DNA repair, aging, inflammation and immunity (27). SIRT-7 is
localized in the nucleus, where it is involved in the activity of RNA polymerase | and it is
important for cell viability (28, 29). Very few reports are available for this sirtuin. The interest
in SIRT-7 has increased in the last decade, but research still needs to be accomplished to
understand its role in the aetiology of pathologies.

Table 1. Cellular localizations of the 7 sirtuins and overview of the tissues in which they are highly expressed (13).

Sirtuin Cellular localization High expression tissues
Brain, skeletal le, heart, kid
SIRT-1 Nucleus, Cytoplasm (less abundant) LEll SIS EULICERy [1ieiy LIRS
and uterus

SIRT-2 Cytoplasm, Nucleus (less abundant) Brain

Brain, h li ki
SIRT-3 Mitochondria rain, heart, liver, kidney

and brown adipose tissue
SIRT-4 Mitochondria Pancreatic B-cells, brain, liver, kidney, heart
SIRT-5 Mitochondria Brain, testis, heart, muscle, lymphoblast
SIRT-6 Nucleus Muscle, brain, heart, ovary and bone cells
SIRT-7 Nucleus (nucleolus) Peripheral blood cells

Activity R group
Deacetylase  acetyl E/
propionyl E/\

butyryl E/\/

ADP-

o " H Deacylase
) ! OH O myristoyl E

OH H

+ R o palmitoyl
NAD 2'-0-AADPR : on
o \- i Demalonylase malonyl E/\[]/O
® o
RJ\NH NH; Desuccinylase succinyl E/\)LOH
R R @ S
a) sirtuin Lipomidase lipoyl E o
o
&z X NH.
ADP. N 2
0 ®
N

HOH HH NAM

NAD*

- S ADPW
protein] . . H H
b) sirtuin OH  OH

Figure 2. Schematic representation of the NAD*-dependent reactions of sirtuins. a) The R group of the post-
translational modification (PTM) present on the substrate determines the enzymatic activity of the sirtuin. In the
figure the R groups that define the deacetylase, deacylase, demalonylase, desuccinylase or lipoamidase activity
are depicted. SIRTs use NAD* as a substrate to remove acetyl /acyl groups from a target protein, yielding the
deacetylated/deacylated substrate, nicotinamide (NAM) and 2’-O-acetyl/acyl-ADP ribose (2-OAADPr). b) In the
mono-ADP-ribosyl transferase activity, the NAD* ADP ribose moiety is added to the protein and NAM and the ADP-
ribosylated substrate are released.
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Table 2. Enzymatic activities, preferred substrates and main functions of the 7 sirtuins (7-10, 27, 30-32). Table
adapted from (5).

Sirtuin

Enzymatic activity

Substrates and/or targets

Functions

H3K9, H3K56, H4K16, H1K26, SUV39H1, p300, PCAF

Chromatin
regulation and
transcription

HDACL, PARP1, p53, KU70, NBS1, E2F1, RB, XPA, WRN, DNA repair
Deacetylase, survivin, B-catenin, MYC, NF-kB, TOPBP1 and .ceII
SIRT-1 b survival
PGCla, FOXO1, FOXO3A, FOXA2, CRCT1, CRCT2, PPARa,
PPARy, LXR, FXR, RARB, SREBP1C, SREBP2, HNF4a, HIF1a,
HIF2a, CREB, NKX2-1, STAT3, TFAM, MYOD, NHLH2, UCP2,  Metabolism
TSC2, eNOS, LKB1, SMAD7, AKT, ATG5, ATG7, ATGS,
14-3-37, PGAM1, ACECS1, PTP1B, S6K1
In cytoplasm: Tubulin, keratin 8, PAR3, PRLR Differentiation
In cytoplasm: G6PD, LDH, PEPCK1, ACLY, MEK1, ITPK1,
SIRT-2 Deacetylase, S6K1, PGAM Metabolism
Deacylase In nucleus: FOXO1, FOXO3A, p300, NF-kB, HIF1a
In nucleus: H4K16, H3K56, H3K18, CDC20, APC/C, CDK9, Cell cycle
BUBR1
e LCAD, VLCAD, HMGCS2, NDUFAYS, SKP2, SDHA, ACECS2,
SIRT-3 T — ! GDH, IDH2, MRPL10, PDP1, SOD2, OTC, CYPD, OPA1, PDH, Metabolism
FOXO03 and GOT2
Mono-ADP-ribosyl
SIRT-4 transferase, GDH, IDE, SLC25A5, PDH, MCD Metabolism
Lipoamidase
Deacylase,
SIRT-5 Desuccinylase, CPS1, HMGCS2, PDH, SDH, SOD1, GAPDH Metabolism
Demalonylase
D;::ce;/;zze H3K9, H3K56, GCN5, SNF2H, G3BP, FOXO3, PARP1, KAP1, Chrg::ft'n
SIRT-6 Mono-ADP-ribosyl H3K18, H3k27 DNA repair
transferase MYC, HIF1a, NF-kB, TNF, SREBP1, SREBP2, USP10 Metabolism
MYC, H3K18, PAF53, HIF1a, HIF2a, ELK4, RNA Pol |, Transeription
SIRT-7 Deacetylase MYBBP1A, TFIIIC2, p53

mTOR, DCAF1, DDB1, CUL4B, GABPB1

Metabolism

Given their involvement in different biological pathways, ranging from transcription to
metabolism, to genome stability (Table 2) (5), their dysregulation is implicated in many
diseases, such as cancer, neurodegenerative disorders, diabetes and cardio-vascular and
autoimmune diseases (33-37).

In cancer, sirtuins often possess often a dual function in tumorigenesis, behaving as
oncopromoter or oncosuppressor, depending on the sirtuin and on the cancer type (Table 3)
(38, 39). In addition, often one same sirtuin presents controversial roles within the same
cancer type, with independent studies reporting that both activators/overexpression or
inhibitors/knock down have both anti-cancer effects (39). On the one hand, the possibility
that sirtuins act as tumour suppressors is mainly corroborated by their role in maintaining
genome stability through chromatin regulation and DNA repair (39). On the other hand, some
sirtuins were found to be overexpressed in certain tumours, and were also shown to promote
angiogenesis (39). Moreover, sirtuins affects metabolism, thus acquiring pro-tumorigenic or
oncosuppressive functions. For instance, one reason to consider SIRT-6 as an
oncosuppressor, is represented by the shift from aerobic respiration to glycolysis observed
in SIRT6-deficient cells resembling the Warburg effect, typical of cancer cells (39). However,
the number of pathways affected by the different sirtuins is so wide, that in different cancer
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context the final outcome of sirtuins’ contribution can be dual (39). Of note, changes in
sirtuins expression are often a consequence and not a cause of different oncogenic pathways
(39).

Sirtuins are also involved in many neurodegenerative diseases (NDs), among which
Alzheimer's disease (AD), Parkinson's disease (PD), Huntington's disease (HD), amyotrophic
lateral sclerosis (ALS) and multiple sclerosis (MS) are the most common. The 7 sirtuins do not
possess the same function in neuro-degenerative diseases, with some that are
downregulated and others that are upregulated in disease progression (37).

Table 3. Overview of the role of the 7 sirtuins in different cancer types. Abbreviations: TS, tumour suppressor. TP,
tumour promotor. The expression of different SIRTs in skin cancers is further described in Introduction, paragraph
4. Table adapted from (5, 44).

Cancer type\Sirtuin SIRT-1  SIRT-2  SIRT-3  SIRT-4 SIRT-5 SIRT-6  SIRT-7

Breast cancer TS TS = TS = TP -
Liver cancer TS/ TP TS TS - - TS -
Glioblastoma TS TS TS - - - =
Bladder carcinoma TS - - - - -

Prostate cancer TS TS TS - - TP TP

Ovarian cancer TS - TS - - TS TP

Colon cancer TS/TP - - = TS TP
Oral squamous cell carcinoma TS - TP - - - -
Thyroid cancer TP - - o 5 - -
Leukaemia - - - TS - - -
Acute myeloid leukaemia (AML) TP - - = - - -
Chronic myeloid leukaemia TP - - - - - -
Clear-cell renal cell carcinoma - TS TS - - - -
Anaplastic oligodendroglioma - TS - - - - -
Medulloblastoma - - TS S - - -
Lung cancer - - TS TS - TP/TS -
Non-small cell lung cancer (NSCLC) - - - = TP - -
Testicular cancer - - TS - - - -
Head and neck squamous cell cancer _ _ TS _ ) _ _

(HNSCC)

Pancreatic cancer - - TS - - TS -
Brain cancer - - TP s - - -
Gastric cancer - - - TS - - -
Bladder cancer - - = TS - - -

Uterine cancer - - - - - - TP

Kidney cancer - - - - s - TP

In type 2 diabetes (T2D) some studies have been carried in the past decades to define the
role of SIRTs (34). Briefly, SIRT-1 regulates glucose/lipid metabolism; in particular, among
other T2D-related mechanisms, it positively regulates insulin secretion and protects
pancreatic 3-cells from oxidative stress and inflammation (40). Conversely, the function of
SIRT-2 in insulin signalling is still controversial, with some studies reporting that its
overexpression improves insulin sensitivity, and with others demonstrating the opposite
(41). SIRT-6 was reported to be involved in several metabolic pathways, by negatively
regulating glucose uptake, and therefore by repressing hypoxia inducible factor-1a (HIF- 1a)
(42, 43).
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2. Sirtuins and pharmacological approaches: SIRT-2 and SIRT-6

modulators
It is widely accepted that pharmacological modulation of the enzymatic activity of sirtuins is
a promising strategy to modify disease initiation and/or progression. The most studied SIRTs
in cancer are SIRT-1, -2, -3 and -6, with modulators that either exhibit an anti-proliferative
effect, induce apoptosis, or sensitize cancer cells to existing chemotherapeutics in vitro, or
that block tumour growth in vivo (45). In neurodegenerative diseases, sirtuins’ modulators
proved to be effective in reducing the symptoms and in some cases also in preventing
neurodegeneration progression (AD, PD, ALS) or inflammatory relapses (MS) (45). NDs are
characterized by neuronal cell death, which leads to progressive loss of mobility,
coordination, sensation and memory, and current treatments aim solely to relief physical or
mental symptoms, since no cures have been discovered yet (46). SIRT-1 and -2 (with some
research done also on SIRT-3 and -6) represent the most investigated SIRTs in NDs under a
pharmacological perspective (45). Regarding T2D, less studies involving SIRTs modulators
have been performed; studies in in vitro and in vivo settings demonstrated the effectiveness
of treatments with SIRT-1 and SIRT-3 activators, or SIRT-2 and SIRT-6 inhibitors, in modulating
blood glucose levels in high-fat fed mice (SIRT-1 activator) (47, 48), in improving blood
glucose tolerance and insulin resistance in diabetic mice or adipocytes (SIRT-1 and SIRT-3
activator) (49), in improving insulin sensitivity in skeletal muscle cells (SIRT-2 inhibitor) (50,
51), in increasing glucose uptake in cellular studies (SIRT-6 inhibitor) (52) and in improving
glucose tolerance and reducing plasma levels of insulin, triglycerides, and cholesterol in T2D
murine models (SIRT-6 inhibitor) (53).
In the past decades, extensive research has been done on SIRT-1 modulators, while
compounds targeting the other sirtuins have been less studied or faced issues like reduced
isoform selectivity, poor water solubility or limited cell membrane permeability.
Of the different enzymatic activities displayed by sirtuins, deacetylation has regularly been
the preferred one in the discovery of novel modulators. Therefore, in this thesis, unless
specified otherwise, the inhibition or activation of sirtuins will be considered regarding this
activity.

2.1 Sirtuin 2 modulators and their application in cancer

SIRT-2 activators have never been discovered, while many inhibitors have been identified in
the past years. In many types of cancer, SIRT-2 acts as a tumour promotor and therefore its
inhibition may be beneficial. Often SIRT-2 inhibitors act as anti-proliferative agents or display
a cytotoxic effect, being this sirtuin involved in cell cycle regulation, and in particular in the
G(2)/M transition (20). Nevertheless, in some other cancers, it was shown that SIRT-2
possesses tumour suppressor functions, which however were not further investigated
pharmacologically, since no SIRT-2 activators are currently available. In Table 4 a selection of
SIRT-2 inhibitors that have been reported with therapeutic effects in in vitro and in vivo
cancer studies is summarized. Isoform selectivity is often a critical feature in SIRT-2 inhibitor
discovery, since the crystal structure of this sirtuin resembles particularly the one of SIRT-1
(54). The most selective SIRT-2 inhibitors of Table 4 are AGK2, AK7, NH4-13, NPD11033, AFS,
AC-93253, SirReal2, TM and RK-9123016.
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Table 4. Overview of selection of SIRT-2 inhibitors: their inhibitory potency towards SIRT-2 and other SIRTs, and

their biological effects in cancer studies.

SIRT-2 SIRT-1 SIRT-3 SIRT-5  SIRT-6
1Cso 1Cso 1Cso 1Cso 1Cso

Compound Biological effects in cancer

Anti-proliferative effect on glioma
3.5uM 30 uM 91 uM cancer cells (61) and stem cells
AGK2 - - (62); and blockage of tumour
(58) (59) (59) o
growth in in vivo colorectal cancer
mouse models (63)
15.5 uM Reduction of tumour growth on a
(64) >20 uM >50 UM ) i glioma in vivo mouse model (61)
Anti-proliferative effect in
lymphoma, colorectal, lung, breast
0.23 uM and cervical cancer cells; and
(56) >50uM - >50uM : : blockage of tumour growth in in
vivo gastric cancer mouse models
(56)
Anti-proliferative effect and
downregulation of the c-Myc and
7.5-fold 4-fold N-Myc oncoproteins in
less less neuroblastoma and in pancreatic
inhibition inhibition - - cancer (66);
than than cytotoxic effect on prostate and
SIRT-2 SIRT-2 lung cancer cells and on pancreatic
cancer cells, by triggering apoptosis
(65)
Anti-proliferative effect on
pancreatic, lung, breast and
87 nM >50 >50 cervical cancer cells; and blockage
NH4-13 (50) >50uM >50 1M uM uM of tumour growth in in vivo
colorectal cancer mouse models
(50)
0.46 uM Anti-proliferative effect on
(67) >100uM - >100 uM i i pancreatic cancer cells (67)
Anti-proliferative effect on
pancreatic and breast cancer cells;
11 uMm >50 uM - - and blockage of tumour growth in
in vivo colorectal cancer mouse
models (68)
Anti-proliferative effect on
colorectal and leukemic cancer
cells and promotion of
ubiquitination and degradation of
c-Myc oncoprotein in different
cancer cell lines; and blockage of
tumour growth in in vivo breast
cancer mouse models (69)
Anti-proliferative effect on lung

AK7

SirReal2

6 UM

AC-93253 (65)

NPD11033

0.06 uM

AF8 (68)

650-fold 650-fold
less less
inhibition inhibition
than than
SIRT-2 SIRT-2

0.4 uM

™ (69)

Compounds 37uM - 00 uM  >200 pM - -

6f (70) and breast cancer cells (70)
Compound 12.2 uM Anti-proliferative effect on lung
>2 M >2 M - -
12a (70) 00u s and breast cancer cells (70)

Anti-proliferative effect on
lymphoma, NSCL, leukemic and
>100 UM >100 uM - - breast cancer cells and induced
apoptosis in leukemic and breast
cancer cells (71)
Anti-proliferative effect on
lymphoma, NSCL, leukemic and
>100 uM  >100 uM - - breast cancer cells and induction of
apoptosis in leukemic and breast
cancer cells (71)

Compound 10.4 uM
35 (71)

Compound 1.5uMm
39 (71)
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0.18 uM

Anti-proliferative effect on breast

RK-9123016 >100 M > 100 uM cancer cells, accompanied by a
(55) ) .
decrease in c-Myc expression (72)
Compound 0.815 uM Anti-proliferative effect on lung
24a (73) ) cancer cells (73)
. 3.8 uM Anti-proliferative effect on breast
y-mangostin (74) 22uM 26 uM cancer cells (74)
Anti-proliferative effect on breast
cancer cells and promotion of
. 21.8 uM expression of the cell-cycle
Tenovin-D3 (75) >90uM ) regulator and p53 target
p21WAF1/CIP1 (CDKN1A) in a p53-
independent manner (75)
Anti-proliferative effect and
1um induction of apoptosis and
NCO-50 (76) >300 uM ) autophagy in leukemic cell lines
(76)
Anti-proliferative effect and
0.5 uM induction of apoptosis and
NCO-141 (76) >300uM ) autophagy in leukemic cell lines
(76)
Anti-proliferative effect and
25 UM downregulation of the c-Myc and
Salermide (77) 43 uM - N-Myc oncoproteins in

neuroblastoma and in pancreatic

cancer (66)

Two inhibitors to be mentioned, since they have been extensively used in the past years by
different research groups in cancer as well as in neurodegenerative disease’s studies, are
AGK2 and SirReal2 (Figure 3) (55-57). AGK2 which was identified from a screening of 200
compounds (58), inhibits SIRT-2 with an ICso of 3.5 uM, SIRT-1 and -3 with ICso of 30 and 91
UM, respectively (59), whereas SirReal2, which was identified through an in vitro compound
screening of an in-house developed library (60), displays an ICso 0.23 uM for SIRT-2, and
above 50 uM for SIRT-1 and -3 (56). Although these compounds are potent inhibitors and are
also the most selective ones for SIRT-2, their poor water solubility prevents them from being
considered promising drug candidates. Indeed, they are insoluble both in water and in
ethanol, and their DMSO solubility upon heating is 10 mg/mL (23 mM) and 84 mg/mL (200
mM), respectively for AGK2 and SirReal2.

For this reason, it is still crucial to seek novel SIRT-2 inhibitors, that are potent, selective and
water soluble. In this thesis, the discovery of novel structures as SIRT-2 inhibitors is described
in Results and Discussion, paragraph 2.

”
TNNH J N Q
;jﬁ T o
) e

cl AGK2 SirReal2
Figure 3. Chemical structures of SIRT-2 inhibitors AGK2 and SirReal2.

2.2 Sirtuin 6 modulators and their application in cancer

Depending on the cancer type, and even on the cancer stage, SIRT-6 has been reported to
act as an oncopromoter or an oncosuppressor (78). These studies have been performed by
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overexpressing or silencing SIRT-6 expression and, depending on the obtained results,
inhibitors or activators have been evoked as promising strategies. In the past decades several
SIRT-6 inhibitors have been discovered, but far less activators have been identified. An
overview of SIRT-6 modulators that display biological effects in cancer is reported in Table 5
and Table 6. The most common anti-cancer mechanisms of SIRT-6 activators and inhibitors
include the blockage of cell proliferation in cellular studies and of tumour growth in animal
studies, and the sensitization of cancer cells to existing chemotherapeutics.

SIRT-6 activators

Of the SIRT-6 activators discovered to date, several studies indicate that fatty acids (FAs)
containing 14 to 18 carbons, which are endogenous molecules in mice and humans, stimulate
SIRT-6 activity. Specifically, FAs, including myristic, oleic, and linoleic acids, increase SIRT-6
catalytic efficiency at physiological concentrations (ECso ranging from 90 uM to 246 uM) (7).
The most characterised SIRT-6 activators, instead, belong to the MDL family of compounds,
that feature a N-phenyl-4-(phenylsulfonamido) benzenesulfonamide structure. MDL-800
(Figure 4), identified through means of Virtual Screening (VS), potently activates SIRT-6 with
an ECso of 10 uM, showing no activity towards all the other sirtuins and HDAC1-11 at
concentrations up to 50 or 100 uM, and targeting SIRT-6 via an allosteric mechanism beyond
known substrate sites (Figure 4) (79). Successively, the same research group discovered MDL-
811, which displays improved activity (ECso of 5.7 uM) and bioavailability in mice, without
affecting the activity of all the other sirtuins and of HDAC1-11 at concentrations up to 100
LM (80). MDL-800, being the first cellular active SIRT-6 activator discovered, has been widely
exploited by several research groups in different pathological and physiological processes,
such as cancer (79, 81), wound healing (82), hepatic injuries (83), heart failure associated to
diabetes (84), ageing (85) and renal inflammation and fibrosis (86). From a physicochemical
point of view, however, this compound is highly hydrophobic, it is not water soluble, and its
DMSO solubility upon heating is 62.6 mg/mL (100 mM), hence researchers face several issues
in animal administration or in cellular treatments.

SIRT-6 inhibitors

Two classes of SIRT-6 inhibitors have been quite studied over the years by different research
groups: the quinazolinediones, such as Compound 5 (Figure 4) (52), and some salicylate-like
structures, such as Compound 9 (52) (Table 6). These were first identified along with other
SIRT-6 inhibitors in a structure-based screening performed on the CoCoCo database (90)
using SIRT-6 crystallographic structure (PDB code = 3K35) (91) (52). They were further
optimised by performing different sub-structure searches in the CoCoCo database (90), with
the aim of retaining a core structure of the hit compound, but improving isoform selectivity
and inhibition potency. More potent analogues were indeed discovered (e.g., Compound 3
(92), and Compound 11 (93)) and two libraries, one of quinazolinediones and one of
salicylate-like compounds, were created. In particular, the salicylate-like molecules display
inhibitory potency in the low uM range, and a 10-to-30-fold selectivity for SIRT-6 against SIRT-
1 and -2 (93). As to the quinazolinedione inhibitors, several potent and selective inhibitors
were identified with this structure (e.g., Compound 3, (92)). However, the best inhibitor
remains the reference structure, Compound 5 (2,4-Dioxo-N-(4-(pyridin-3-yloxy)phenyl)-
1,2,3,4-tetrahydroquinazoline-6-sulfonamide) (52), which has an ICso of 106 uM, and shows
poor selectivity for SIRT-6 over SIRT-1 and -2 (92). Since it does not to exert cytotoxic effects
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in cellular and animal studies, and since it always elicited a biological response, proving itself
better than the other quinazolinediones as a consequence (92), it has been tested for the
treatment of cancer (92), MS (94), skeletal muscle atrophy (95) and T2D (96). Its mechanism
of action is competitive inhibition, since it binds to SIRT-6 in the NAM pocket (Figure 4) (92).
This compound is not water soluble and its DMSO solubility is 20.5 mg/mL (50mM). Since
Compound 5 will be further discussed in this thesis, with the aim of easing the reading, it will
be renamed here “S6”.

Table 5. Overview of a selection of SIRT-6 activators: their potency in enhancing SIRT-6 and other SIRTs deacetylase
activity, and their biological effects in cancer studies. To be noted that myristic, oleic and linoleic acids have been
included in the list, since they are endogenous activators in mammals, though no biological studies have been
performed with them yet.

SIRT-  SIRT- SIRT- SIRT- SIRT- SIRT- SIRT- Biological effects in
Compound 6 1 2 3 4 5 7 cancer
ECso ECso ECso ECso ECso ECso ECso
Induction of a time-
dependent activation
of autophagy in NSCL,
UBCS 38 >100 >100 cell lung, colon,
039 uM uM >100 uM uM i 100uM ) epithelial cervix
carcinoma, and
fibrosarcoma tumour
cells (87, 88)
Anti-proliferative
effect in hepatic
10-fold 10-fold 10-fold cancer cells and
10.3 5100 I.ess 5100 100 I‘ess I‘ess suppression of
MDL-800 UM activated activated activated tumour growth in a
(79) HM than WM HM than than mouse model (79)
SIRT-6 SIRT-6 SIRT-6 Anti-proliferative
effect in NSCL cancer
cells (81)

Anti-proliferative
effect on colorectal
cancer cells and
5.7 blockage of tumour

>
MDL-811  uM >1&0 >100 uM 1&0 >1&0 >100uM  >100uM  growth in patient-
(80) W H W derived xenografts
and in a spontaneous
CRC mouse model
(80)
Anti-proliferative
effect and inhibition
Compound 5.35 171 5200 of migration of PD.AC
12 Y M >200 uM M - >200 uM - cells and suppression
q (89) W H of tumour growth in a
tumour xenograft
model (89)
2
Myristic 46 >100
acid MM uM i ) i ) ) i
(7)
Oleic EISI >100 ) ) ) ) ) )
acid M
n "
Linoleic 1?\;) >100 ) _ ) _ _ )
acid W uM

(7)
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Table 6. Overview of selection of SIRT-6 inhibitors: their potency of inhibition of SIRT-6 and of other SIRTs, and
their biological effects in cancer studies.
SIRT-6  SIRT-1  SIRT-2

Compound ICso ICso ICso Biological effects in cancer
Compound 106
5 M 314 114 Sensitization of pancreatic cancer cells to PARP inhibitor
(renamed W uM uM Olaparib (92)
", ) (52)
S6”)
Reduction of TNF-a production in PDAC cells (93); sensitization
Compound 89 uM 1.6 751 of MM cells to chemotherapeutics (97);
9 (52) mM uM Anti-proliferative effect in DLBCL cancer cells; and blockage of

tumour growth in mouse xenograft (98)
Sensitization of pancreatic cancer cells to anti-proliferating

Compound 37 uM 424 85 M agent gemcitabine and

3 (92) UM PARP inhibitor Olaparib ((92)); anti-proliferative effect and
sensitization to chemotherapeutics in prostate cancer cells (99)

Reduction of TNF-a production in PDAC cells; sensitization of
PDAC cells to gemcitabine; anti-proliferative effect in T
lymphocyte (93)

\
(@) OO H o o, “
P Br N ‘3\’ = ]
3 “OJ@ A ° o NN
F 0 ”

MDL800 S6

Compound 22 uM 599 482
11 (93) uM uM

a)

P60

c)

Figure 4. a) Chemical structure of activator MDL-800 and of inhibitor Compound 1, renamed “S6”. b) MDL-800 in
the allosteric binding pocket of SIRT-6. Figure adapted from (79). c) Pose suggested by the authors: S6 in the NAM
pocket of SIRT-6. Figure adapted from (52).

SIRT-6 activators and inhibitors face several issues, from water solubility, to cytotoxicity, to
selectivity for SIRT-6 over the other sirtuins. In this thesis, the investigation of S6-like
structures as potential novel SIRT-6 inhibitors is described (Results and Discussion, paragraph
2).

2.3 Methods to identify novel sirtuin modulators
2.3.1 Computer-aided drug design

The discovery of inhibitors of an enzyme is often achieved performing first in silico analyses,
following computational approaches known as computer aided drug design (CADD), then
enzymatic activity analyses on recombinant protein, and finally cellular studies.

Through CADD, and in particular by performing virtual screening (VS), it is possible to select
among libraries of compounds novel structures that are bioactive with respect to the target

20



protein, and that are forecasted to possess drug-like physicochemical and pharmacological
proprieties (100). This strategy relies on a huge amount of data that needs to be elaborated
by qualified personnel using powerful software and expensive computer systems, but it
definitely represents the most advantageous way to identify novel bioactive chemical
entities.

CADD techniques can be classified in Structure-Based Drug Design (SBDD) and Ligand-Based
Drug Design (LBDD). SBDD relies on crystallographic data of the active site of the target
protein or of related homologous proteins, that eventually allow the construction of an
atomic-resolution model of the target protein. LBDD, instead, is the strategy chosen
whenever the protein’s 3D structure is not known and it is not possible to obtain it through
homology modelling; this technique therefore exploits the knowledge of the chemical
structure and of the bioactivity (evaluated via a comparable assay) of all the modulators of
the target protein. In a SBDD procedure (Figure 5), in detail, after selecting a library of
compounds and choosing the 3D structure (target validation) of the target protein, each
compound, called “ligand”, is docked within the virtual protein binding site, which means
that it is virtually bound to the target protein to form a stable complex, and the preferred
poses, which are determined by location, orientation and conformation, are delineated and
collected. Furthermore, for each pose, the strength of association or binding affinity between
ligand and protein, that is defined by the energy of the bonds, of the interactions (H-bonds,
electrostatic, hydrophobic, / i stacking, and van der Waals interactions), and of the angles,
is quantified in a docking score. A stronger binding ligand-protein, which means often a more
potent modulator, is associated to a lower docking score. The compounds described by fewer
poses and with lower scores are the most promising modulators of the target protein and
should be selected at this stage as putative hit compounds for further testing. In the drug
discovery process, after assessing the bioactivity of the compounds identified through CADD
in in vitro studies, their chemical structure is optimized in order to improve inhibitory activity
and biological effects. Optimised structures, defined lead compounds, are finally tested in
vivo (Figure 5).

I. Disease-related II. CADD IT1. Clinical trials

genomics

Target o Hit discovery Lead discovery e
[ identification ] [nget\a_hdatlou] [&optimlzation] [&optimization Preclinical tests

N/

Library design

Docking scoring
De nove design

Pharmacophore
Target fexibility

Figure 5. Schematic pipeline of the drug discovery process, with CADD technique described more extensively. Figure
adapted from (101).
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A review summarising the sirtuin modulators that have been discovered over the years
through means of VS and that elicited biological responses in several diseases, sheds light
also on the challenges encountered in discovering sirtuin modulators which are selective for
one isoform over the others (45). This difficulty arises from the similarity of the crystal
structure, and more specifically of the catalytic site, of the 7 sirtuins (11). Many SIRT
inhibitors identified in the past decades inhibit with similar potency three or more sirtuin
isoforms, being defined therefore as sirtuin pan-inhibitors (45).

In this thesis, a hit-discovery process for the identification of putative SIRT-2 inhibitors and a
hit-optimisation one for SIRT-6 inhibitors, is described (Results and Discussion, paragraph 2).

2.3.2 The HPLC-based enzymatic assay

Enzymatic activity of a target protein can be assayed with different techniques. The ones that
have been developed in the past decades targeting sirtuins include High performance liquid
chromatography (HPLC), Fluorescence Resonance Energy Transfer (FRET) assay and
fluorogenic, magnetic beads, in silico, and bioaffinity chromatography assays (102). Among
these the most used by research groups targeting sirtuins is represented by HPLC. This
technique is characterised by unsurpassed precision, specificity, sensitivity, and
reproducibility, and it is able to quantify any chemical entity of the enzymatic reaction
mixture (e.g., reagents or products), thus giving information of the reaction state (103).

The main steps of an enzymatic activity HPLC assay analysis are the following: after blocking
the reaction by removing or denaturating the enzyme, the reaction mixture containing the
substrates, the cofactors and the products, called “mobile phase”, is injected into a column,
called “solid phase”, which is able to retain different chemical entities at different strengths,
according to the physicochemical affinity between them. By quantifying the absorbance of a
tracker-molecule (e.g., a reagent or a product) it is possible to fully characterise the
enzymatic activity of a target protein and to follow it in real time (Figure 6).

Sirtuins’ deacetylase and deacylase reactions (Figure 2) have been often studied over the
years with HPLC analyses (104-107). In detail, in the analysis, the recombinant sirtuin is
incubated with NAD* and with a peptide resembling the physiological substrate of interest
bearing an acetyl or acyl group. Reaction progress can be evaluated by measuring either the
amount of product that is formed (e.g., deacetylated/deacylated-peptide), or the one of the
substrate (e.g., acetyl/acyl-peptide) that is consumed (Figure 6). Detection and quantification
of the tracker-molecule is accomplished by measuring UV absorption at 220, 254 and/or 280
nm (often the peptides are loaded with additional tryptophane to facilitate detection) (107).
An HPLC-based enzymatic assay, moreover, allows to characterise the modulation of the
enzymatic activity of a target protein by small molecules, such as their activation or inhibition
capacity, their selectivity for the intended protein isoform, and their 1Cs, by comparing the
profile of the enzymatic activity in presence and in absence of the molecule. Eventually, these
results will allow identifying the best candidates for further biological screening.

In this thesis, the development of an HPLC method to assay the enzymatic activity of several
sirtuins and the evaluation of the modulation of their activity by compounds previously
identified by VS, are described (Results and Discussion, paragraph 1 and 2).
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Figure 6. Four HPLC chromatograms in which a SIRT-1 deacetylation reaction mixture is analysed. In an HPLC
analysis different chemical entities (e.g., deacetylated and acetylated substrate) are eluted at different retention
time (x axis), and can thus be distinguished. The area below each absorbance (y axis) peak represents the amount
of that specific entity in the reaction mixture at the time of injection. Over time (0, 15, 30, 45 min), the amount of
the deacetylated peptide increases, while the one of the acetylated one decreases. Figure adapted from (107).

3. Skin, cutaneous squamous cell carcinoma and sirtuins
3.1 Skin anatomy and keratinocyte differentiation in healthy human
skin

The skin is a large, complex organ with three main functions: protection against microbial,
mechanical and thermal injury and hazardous substances, tactic sensation, and regulation
body temperature. Normal skin consists of the epidermis, the dermis, the hypodermis, the
panniculus carnosus and the adventitia (Figure 7). In the epidermis, keratinocytes, that are
the most abundant cell type in the skin, are present in distinct differentiation stages, defining
thus functionally distinct keratinocyte populations, which outline four main sublayers. In
detail, in the deepest stratum basale (basal layer), keratinocytes are generated from
epidermal stem cells and then migrate to the layers above; they continue their differentiation
and migration processes first in the subsequent stratum spinosum, then in the stratum
granulosum and lucidum, and finally in the stratum corneum, where they undergo cell death
in a terminal differentiation stage, called cornification, becoming corneocytes. Eventually,
corneocytes of the stratum corneum undergo replacement from new cells that migrate to
the upper layer, resulting in desquamation of the upper layer of the epidermis (Figure 7b and
c) (108). During the differentiation process, cells face extensive morphological, organellar
and molecular alterations as they gradually migrate into the upper layers. Early
differentiation, which occurs in the stratum basale, is characterised by high expression of
keratin 5 (KRT5) and keratin 14 (KRT14) (109). In the intermediate stage, as keratinocytes
reside in the stratum spinosum and granulosum, nucleophagy is initiated, the cells lipid
profile faces significant variation, cell membrane is remodelled, keratin filaments and the
cornified envelope are formed, and an overall increase in cell stiffness can be observed (110).
From a molecular point of view, in the intermediate differentiation processes, a shift in the
expression of different proteins occurs: KRT5 and KRT14 levels decrease, while other proteins
become more abundant, such as keratin 1 (KRT1) and keratin 10 (KRT10) in the stratum
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spinosum, and transglutaminase and late envelope proteins, namely involucrin (INV),
filaggrin (FLG), loricrin (LOR), in the stratum granulosum. The switch in expression results
largely completed in the stratum lucidum. At last, cornification presents high expression of
filaggrin, and completes loss of the nuclei and of cytoplasmic organelles, leading to cell death
(109-113).

Within the epidermis, together with keratinocytes other cell types can be found, such as
Langerhans cells, which are tissue-resident macrophage of the skin and are located in the
stratum spinosum, and melanocytes, that reside in the basal layer and are responsible for
the production of melanin, which is a pigment that protects the skin from ultraviolet (UV)
radiation.

Below the epidermis is located the dermis, which is composed of fibres, and in which hair
follicles, sebaceous glands (oil glands), apocrine glands (scent glands), and eccrine glands
(sweat glands), blood vessels and nerves reside. Underlying the dermis, the hypodermis,
consists of fat, connective tissue, larger blood vessels, and nerves. Below this, there is first
the panniculus carnosus, which is a thin layer of skeletal muscle, and then the adventitia,
which is a loose connective tissue layer that connects the skin to the underlying skeletal
muscle.
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Figure 7. Overview of skin layers. a) Schematic representation of the skin layers hypodermis, dermis and epidermis.
In particular, also different sublayers of the epidermis are highlighted. b) Cross-section of murine dorsal skin
stained with H&E, depicting all the skin layers: from bottom to top, adventitia, panniculus carnosus, dermis
containing hair follicles and glands, hypodermis, and epidermis. Scale bar is 200 um. Figure adapted from (114).
c) Schematic representation of the epidermis with the morphological alterations that keratinocytes face during
migration from the lower to the higher skin layers: from bottom to top, stratum basale, spinosum, granulosum
and corneum. d) Cross-section of human skin stained with H&E, depicting all epidermis layers. Figure adapted from
wikimedia File:WVSOM_Meissner%27s_corpuslice.JPG.
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3.2 Skin cancers and c¢SCC

3.2.1 Overview of skin cancers and cSCC

Skin cancer represents the most common worldwide cancer, with The World Health
Organization estimating more than 1.5 million new cases every year, and 64 000 premature
deaths from nonmelanoma and 57 000 melanomas of the skin in the year 2020. The main
risk factors promoting skin carcinogenesis include environmental stress, genetic factors and
immunosuppression (115). In particular, the main environmental factor causing skin cancers
is UV skin damage, which strongly correlates with sun exposure, and is attributed to UVB and
UVA radiation. UVB radiation (280-315 nm) is absorbed in the epidermis, where it causes
sunburn and DNA damage and where it accelerates the keratinocyte differentiation process
(116), while UVA radiation (315-400 nm), being characterised by higher wavelength,
penetrates more deeply in the skin and reaches the dermis, where it damages DNA, proteins,
lipids and collagen, by inducing ROS generation (Figure 8) (117).

Skin cancer is generally categorised into melanoma and nonmelanoma skin cancer (NMSC),
with basal cell carcinoma (BCC) and cutaneous squamous cell carcinoma (cSCC) as the most
common NMSC subtypes (118). The classification is based on the cell types from which the
tumours originate (Figure 8). Melanomas stem from melanocytes, BCCs from basal cells,
namely keratinocytes that reside in the stratum basale, and ¢SCCs from squamous cells,
which are the keratinocytes residing in the stratum spinosum, and that present a scaly cell

shape (Figure 7c and d, Figure 8).
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Figure 8. a) Different types of UV radiation penetrating in the skin. Most of the high-energy UVC is absorbed by
stratospheric ozone, while UVB is absorbed by the epidermis, and UVA reaches the dermis. b) Schematic
representation of cSCC, BCC and melanoma, with squamous cells, basal cells and melanocytes highlighted. Figure
adapted from (44).

Cutaneous squamous cell carcinoma is the second most common NMSC. It generally appears
as a firm, red nodule, as an open soar or as a flat lesion with a scaly, crusted surface (Figure
9). It arises usually on sun-exposed areas of the body such as the face, ears, neck, lips, and
backs of the hands, but it can also develop in scars or chronic skin sores elsewhere, or start
in other cancerous skin tissues known as Actinic Keratosis (AK) (119). If untreated, cSCCs can
metastasise in liver, lungs and lymph nodes (120). Treatment options for cSCC and AK are
surgery, cryotherapy, Photo-Dynamic Therapy (PDT), with surgery being the most common
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and effective therapy used (120, 121). For patients with multifocal cSCC, or with weakened
immune system, or with the cancer located in specific parts of the body, these cures,
however, do not prove always effective, and tumour relapses often occur after the
treatments (122). Moreover, a part from creams containing either 5-Fluorouracil (5-FU), the
anti-inflammatory drug Celecoxib, or the BCC and AK medication Imiquimod, no other drugs
are used to treat topically cSCC or AK (123). Novel and effective medications are therefore
needed to treat patients, especially those with skin cancer relapses. cSCC is identified as a
squamous cell carcinoma, since it originates in squamous cells. These types of cells are found
in several other tissues a part from the skin, such as the passages of the respiratory and
digestive tracts, and the lining of the hollow organs of the body. Cancers that arise from them
are epidermoid carcinomas and are defined “SCCs”. Examples include bladder, kidney,
cervical and anal SCC, head and neck SCC and SCC of the lung, which is a type of non-small
cell lung cancer.

a) b) b
Figure 9. Lesions of cSCC. a) A lesion whose surface appears scaly and ulcerate. Photo taken from the National
Cancer Institute, AV-8500-3609. b) A lesion that appears as a red lump. Figure adapted from (124).

3.2.2 Molecular markers of cSCC

In ¢SCC, from a molecular point of view, an alteration of the expression of several proteins of
different layers of the skin can be observed. Keratins, in particular, together with being
differentiation markers of normal skin, represent optimal markers for tumour pathology.
cSCCs are characterised by abundant expression of keratins that are either involved in
keratinocyte hyperproliferation, which is the fundamental pathological condition responsible
for cancers, or that are induced upon injury stress or inflammation, or that are simple
epithelial keratins; these include keratins 5, 6, 8, 14, 16, 17 and 18 (109). In detail, KRT5 and
KRT14 normally reside in the stratum basale, which is the keratinocyte generation layer of
the epidermis. KRT6 and KRT16, instead, are often expressed as a keratin pair and
characterise epidermal hyperproliferation, which is a process occurring not only in cancer,
but also in hyperproliferative epidermal disorder and in skin wound healing. Another keratin
overexpressed in cancer and that is induced following skin wounding is KRT17; this resides in
the stratum basale along with the aforementioned KRT5 and KRT14, and it is involved in the
regeneration and subsequent migration of keratinocytes upon wounds. KRT8 and KRT18,
instead, are distributed in normal epithelial tissues, as well as in various mesenchymal
tumours, where they are co-expressed with the type lll intermediate filaments vimentin and
desmin, that are well documented cancer markers (125, 126). Keratins KRT1 and KRT10,
being massively involved in keratinocytes’ differentiation, can be considered more
“keratinisation”- and less tumour- markers, although alteration in their expression can be still
observed in cSCCs (109). KRT10, in particular, as it is more abundant in the stratum spinosum
where keratinocytes are in a more advanced differentiation stage, specifically induces cell
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cycle arrest in keratinocytes and inhibits their proliferation. In ¢SCC, a decrease in KRT10
expression often accompanies keratinocyte hyperproliferating tumour progression (127).
Keratinocyte differentiation and tumour development can be seen therefore as inversely
related events (128).

Epithelial tumour progression often involves epithelial-mesenchymal transition (EMT), which
is a process normally associated with various non-pathological conditions, such as embryonic
development and wound healing, that require a migration and a transient dedifferentiation
of epithelial cells, followed by differentiation into specialised cell types. EMT plays a crucial
role also in cancer, in particular in cancer cell migration, invasion and metastatic
dissemination. EMT can be initiated by various intrinsic signals (e.g., gene mutations) as well
extrinsic signals (e.g., growth factor signalling) (129). From a cellular perspective, in EMT, by
altering the expression of the adhesive and migratory and thus of the cytoskeletal proteins,
epithelial cells lose their epithelial characteristics to be converted into non-polarized, motile
and invasive mesenchymal cells. Moreover, extracellular matrix (ECM) components are
scattered, forced to migrate or degraded, in order to clear the tumour microenvironment,
thus facilitating cell detachment from the primary tumour and invasion in the underlying
mesenchyme, such as fibroblasts or vascular endothelial cells, and thereafter also in other
tissues. Briefly, epithelial cell-cell adhesion proteins (e.g., E-cadherin), tight junction proteins,
desmosomal proteins, and cell polarity proteins are downregulated, whereas cell-cell
adhesion mesenchymal proteins (e.g., N-cadherin), other mesenchymal structural proteins,
as vimentin and fibronectin, and the enzymes responsible for the degradation of the
extracellular matrix, namely the MMPs (matrix metalloproteinases), result overexpressed
(130-132). To date, the widest used markers of the EMT, and therefore of invasive and
metastasised epithelial cancers, remain vimentin, N-cadherin and E-cadherin. It should be
noted that not all tumours disseminate and metastasise following EMT: some undergo a
partial or incomplete EMT, while others are involved in alternative mechanisms (133).

3.2.3 ¢SCC in animal studies: the two-stage skin carcinogenesis mouse

model

Research on the mechanisms of epithelial carcinogenesis and on the alteration of
physiological factors in cancer initiation, progression and metastasis, can be best
accomplished by using a chemically induced skin cancer mouse model. The development of
cancer is viewed generally as a multistep process (134, 135), in which a DNA-mutating event
affecting stem cells, such as carcinogen exposure (136), is followed first by a long latency,
then by cell multiplication and finally by cancer progression (137, 138). The multi-stage cSCC
pathology in humans can be well reproduced with a two-stage skin carcinogenesis mouse
model, in which tumour initiation occurs after the administration of a single high dose of a
carcinogen on the dorsal skin (DS) of the mouse, followed by continuous treatments with
inflammation- or tumour- promoting agents. Alternatively, repeated applications of a lower
dose of the carcinogen or continuous exposure to ultraviolet (UV) light yields the same
tumour development. Moreover, this protocol simulates the exposition to multiple low doses
of carcinogens and of promoting agents, that is the main cause of human skin cancers.

In detail, in the two-stage skin carcinogenesis model, three cancer phases can be
distinguished: initiation, promotion and progression (Figure 10).
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Figure 10. a) DMBA-TPA two-stage skin carcinogenesis protocol in mice: during initiation, a sub-carcinogenic dose
of a mutating agent (e.g., DMBA) induces mutations in target genes in keratinocytes; in the promotion step
repeated application of a tumour-promoting agent (e.g., TPA) stimulates epidermis hyperplasia, and papillomas
begin to arise on the DS of the mouse; in the last stage of the protocol, the progression, papillomas begin to convert
to SCCs. b) For each step of the tumorigenesis (normal skin, hyperplastic skin, papilloma, SCC) a representative
H&E analysis is depicted. Figure adapted from (157).

Initiation occurs with the topical application of a single sub-carcinogenic dose of a carcinogen
such as 7,12-dimethylbenz[a]anthracene (DMBA), which mutates key genes in epidermal
keratinocytes and in primary keratinocyte stem cells (139-142). These mutations occur often
in proto-oncogenes, as for example in Hrasl, Kras or Nras, that are then converted to
oncogenes, driving thus the tumour formation. In the subsequent promotion stage, mouse
DS undergoes prolonged exposure to a tumour growth-promoting agent. One of these agents
commonly used is 12-O-tetradecanoylphorbol-13-acetate (TPA), whose molecular targets
include protein kinase C (PKC) and Wnt/B-catenin signalling (142). At this stage, enhanced
cell signalling, increased DNA synthesis and production of growth factors, induction of a local
inflammatory reaction, and proliferation of basal keratinocytes are reported. Mutated cells
clonally expand to outgrow neighbouring cells, in a hyperplastic (tissue enlarging) process.
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This is evidenced by an overall increase in epidermis thickness (that can be determined in
histochemical analyses), and by the development of clonal outgrowths of the skin called
papillomas (Figure 10) (143, 144). In the last stage of the DMBA-TPA protocol, called
“progression”, papillomas are converted into SCCs, which appear as flattened and growing
downward lesions (Figure 10). SCC lesions are invasive and highly vascularised; thus, they
tend to metastasise to other organs, especially lungs, liver and lymph nodes. The frequency
of progression papilloma-to-SCC depends on the genetic background of the mouse, with
some phenotypes being more prone than others to carcinogenesis and cancer progression.
The most used mice in this skin cancer protocol are CD-1, SENCAR, and FVB mice (145, 146).
The great potential of the two-step carcinogenesis model is evidenced also in the high
correspondence of the genetic pattern of the mouse SCC with the one from human SCCs
(described in Introduction, paragraph 3.2.2). Briefly, during the papilloma-to-SCC
progression, E-cadherin and keratins KRT1 and KRT10 are downregulated, while KRT13 is
overexpressed (147-150); KRT8 is then observed in late stages of papilloma progression and
in SCCs (151). Conversely, loricrin is present in hyperplastic epidermis and papillomas, while
its expression is abruptly decreased in SCCs. In SCCs, in addition, the alteration of expression
of numerous genes associated with EMT has been reported (152).

Tumour development can be conveniently monitored across the different stages of the
protocol, by visually evaluating the presence and evolution of papillomas and/or of SCCs on
the DS of the mouse; molecular analyses are performed only at the end of the study, by
sacrificing the animal and harvesting the tissues of interest. Furthermore, this mouse model
is particularly suited to assess the effects of dietary factors/dietary manipulations and of anti-
cancer therapies on different stages of tumour development (153, 154).

Although the two-stage skin carcinogenesis mouse model can be considered one of the best
to study cSCC, it presents some limitations: the first example is the absence of
correspondence of mice papillomas to any human skin cancer condition (even though the
late SCCs from this mouse model are a good representation of human ones); in another
example, the most important target for gene mutation in human non-melanoma skin cancer
is p53, while in the initiation process in the DMBA-TPA mouse model is Hras (155); moreover,
the rate of metastasis of skin tumours in the mouse model is quite low, making this protocol
of limited utility to study metastasis (156).

In this thesis, the pharmacological effects of two SIRT-6 modulators, specifically the activator
MDL-800 and the inhibitor S6 (previously described in Introduction, paragraph 2.2), is
assessed in a DMBA-TPA skin cancer induced mouse model (Results and Discussion,
paragraph 4).

4. Sirtuins in skin and skin cancer

Sirtuins have been found to be implicated in a variety of skin-specific cellular functions and
processes, including keratinocyte differentiation, ageing, UV damage response, oxidative
stress, wound healing, skin diseases and skin cancers (158). They have been demonstrated
to be expressed in the skin, in several cellular, in vivo and ex vivo studies (159). In particular,
in the skin turnover process, as keratinocytes differentiate, the genetic profile of the 7
sirtuins is modified (Table 7). In detail, SIRT-4 and -5 transcripts are transiently upregulated,
while SIRT-1 and -7 are slightly downregulated during differentiation, as was shown in an in
vitro skin reconstruct model. In the same study, expression of SIRT-2, -3 and -6 was not
altered; however, skin reconstructs consist of both differentiated and undifferentiated
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keratinocytes, and these latter might mask weak modulations of gene expression caused by
differentiation. SIRT-6 correlation with keratinocyte differentiation has been further
investigated by Lefort and colleague, that discovered the induction of differentiation of
healthy and cancerous keratinocytes following SIRT-6 knockdown (this study is described
more extensively in paragraph 4.2). SIRT-2 and -3, however, should be further investigated
in order to define their actual involvement in keratinocyte differentiation. Other skin-related
physiological process in which sirtuins likely play a role are wound healing and photodamage
pathways. In independent studies, it was shown that wound healing was accelerated
following pharmacological activation of SIRT-1, SIRT-2 and -3 in in vivo settings (160), while it
was impaired in SIRT-1, -6, -7 knockdown (KO) mouse models (160-162). As for sirtuins’ role
in UV radiation (UVR) responses, SIRT-1 displays a protective role in UVR treated skin in a
mouse model (163), while normal human epidermal keratinocytes (NHEKs) exposition to UVB
or both UVA and UVB radiation results in SIRT-3 degradation, SIRT-4 fluctuating levels and
SIRT-6 upregulation (159, 164, 165) (Table 7).

Table 7. Sirtuin expression profile during keratinocyte differentiation in a skin reconstruct model in vitro, and in
photodamage response (159). Abbreviations: UP, upregulated. DOWN, downregulated. unv, unvaried response.
Skin condition\Sirtuin SIRT-1 SIRT -2 SIRT -3 SIRT -4 SIRT -5 SIRT -6 SIRT -7
Keratinocyte

differentiation

UV radiation response up - DOWN  DOWN/UP - up -

DOWN unv DOWN UpP UpP unv DOWN

Sirtuins’ dysregulation has been observed also in many skin-related diseases, including
psoriasis, melanoma, cSCC and BCC.

Psoriasis is a chronic inflammatory skin disease characterised by keratinocyte
hyperproliferation, by dysfunctional differentiation of keratinocytes and thus, by aberrant
growth of the epidermal layer of the skin (166). In psoriatic skin, all sirtuins are
downregulated, with the exception of SIRT-6 and -7, that are instead highly expressed (Table
8) (167, 168). SIRT-1, and to less extent SIRT-2, -3, -5 and -6, have been further investigated
in this disease, suggesting that they regulate inflammation and proliferative mechanisms in
keratinocytes. Briefly, SIRT-1 inhibition plays a role in oxidative stress and inflammatory skin
reactions, while its activation suppresses keratinocyte proliferation and improves UV
treatment effectiveness (169-176); likewise, SIRT-2 inhibition aggravates skin inflammation
(177); upregulation of SIRT-3 and also of SIRT-5, conversely, attenuate oxidative stress,
inflammation and excessive cell proliferation (178, 179); finally, SIRT-6 exerts pro-
proliferative and pro-inflammatory effects in keratinocytes and psoriatic tissues (38).

The 7 isoforms generally are expressed differently in one same skin cancer type (Table 8),
and each isoform moreover, may not possess always an unambiguous role in one same
cancer type, with some sirtuins that have been reported to act as both tumour suppressors
and promoters. Briefly, in melanoma SIRT-2, -3, -6 and -7 are overexpressed in both human
melanoma cell lines and clinical tissue samples, and are involved in drug resistance and
cancer cell growth; conversely, the roles of SIRT-1, -4 and -5 in this cancer requires further
investigation, as they have been poorly studied (SIRT-4) or display carcinogenic as well as
oncosuppressor functions (SIRT-1 and -5) (53, 158, 180, 181). In BCC, with the exception of
SIRT-2 and -3, all sirtuins are upregulated, suggesting that they may play a role in BCC
pathogenesis (experiments were performed on cancerous tissues obtained from BCC
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patients) (182). In cSCC, all sirtuins are upregulated; their tumour suppressor or promotor
function is described more extensively in the next paragraph.

Table 8. Sirtuin expression in psoriasis and in the three main types of skin cancer: melanoma, ¢SCC and BCC.
Analyses were performed in different studies on healthy and cancer cells, in animal settings or in human cancer
biopsies. Expression of sirtuins in cSCC is further detailed in Table 9. Abbreviations: UP, upregulated. DOWN,
downregulated. unv, unvaried response.

Skin disease\Sirtuin SIRT-1 SIRT-2 SIRT-3 SIRT-4 SIRT-5 SIRT-6 SIRT-7
Psoriasis (167) DOWN DOWN DOWN DOWN DOWN UP UP
Melanoma
UP UpP UP - UP/DOWN UP UP
(158, 180, 181, 183, 184) /
¢SCC (159) UP UP UP UP UP UP UP
BCC (182) unv DOWN DOWN unv unv unv unv
4.1 Sirtuins in ¢SCC

In cSCC, all sirtuins are upregulated both at the mRNA and at the protein levels (Table 9) (116,
159, 164). In detail, sirtuins’ expressions display a 3- to 16-fold increase in cSCC tissues
compared to healthy tissues of the same patient. In addition, all sirtuins are overexpressed
in cancer cells A431 and in immortalised keratinocytes HaCaT, compared to normal
keratinocytes NHEK. In AK samples obtained from human biopsies, SIRT-2, -3, -5, -6 and -7
expression is significantly higher compared to adjacent healthy skin, whereas SIRT-1 and -4
variations do not reach significancy.

Further research to clarify the roles of sirtuins in tumorigenic processes in cSCC has been
accomplished so far solely for SIRT-1, -2 and -6.

SIRT-1 can be identified as a tumour promotor in cSCC, with studies showing its involvement
in two pathways that are implicated in ¢SCC development, such as the miR-199a-5p/SIRT-
1/CD44ICD signalling pathway (185), and the miR-30c/SIRT-1 one (186). In the first study
(185), SIRT-1 is a direct target of the anti-cancer miRNA miR-199-5p, which specifically
suppresses cancer cell proliferation and migration (187); the expression of the two genes is
inversely correlated. Following SIRT-1 inhibition by miR-199a-5p, the intracellular proteolysis
product of the cell-matrix and cell-cell interactions transmembrane CD44, namely CD44ICD,
is downregulated and this activates the transcriptional machinery involved in several
tumorigenic processes (188, 189). The modulation of the miR-199a-5p/SIRT-1/CD44ICD axis
results in the repression of cSCC stem cells (CSCs), and therefore also of tumour formation
and migration. CSCs are the cells with self-renewal ability that give rise to the transient
amplifying cells, believed to be the cells that are then responsible for the bulk tumour. CSCs
are characterised by low proliferation rate, high tumorigenic capacity, and thus stronger
chemotherapy resistance compared to cells from the bulk tumour mass. Although CSCs’
features are not fully defined for cSCC, they possess a great potential for the development of
novel cancer therapeutics that aim to target the cells of origin of the cancer.
Chemotherapeutics could be therefore designed to halt cancer progression by eliminating
the bulk tumour mass, and simultaneously by dismantling the tumour-promoting
microenvironment (190).

The oncogenic role of SIRT-1 is reported in addition in a work by Liu and colleagues (186).
Briefly, SIRT-1 is targeted directly by miRNA MiR-30c and the two genes are inversely
correlated. miRNA MiR-30c overexpression in SCC cells downregulates SIRT-1, and cell
proliferation and chemotherapeutic resistance are repressed. When SIRT-1 is upregulated
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unrelated from MiR-30c expression, it restores chemoresistance and hyperproliferation of
the SCC cells, thus proving further evidence of the oncogenic function of this sirtuin in cSCC.
SIRT-2, similarly to the other sirtuins, is overexpressed in ¢SCC both at the mRNA and at the
protein levels (159). A separate study, though, has shown that SIRT-2 protein is
downregulated in c¢SCC and that SIRT-2 KO increases tumour growth in a DMBA-TPA skin
cancer mouse model. SIRT-2 deletion, in addition, causes an increase of the levels of the basal
keratinocyte keratin and hair follicle stem cell marker KRT15 and of the simple epithelial
keratin KRT19, often used as a ¢SCC tumour marker, as well as a downregulation of loricrin
in both normal skin and tumours; moreover, it upregulates the CSC marker CD34 in the skin
tumours. This suggests that SIRT-2 has pro-differentiation and oncosuppressive roles in cSCC
(191). Given the discrepancy of the mRNA and protein levels of SIRT-2 in independent studies
further elucidation of the function of this sirtuin in cSCC is still necessary.

Conversely to SIRT-1, the role of SIRT-6 in cSCC is not unambiguously defined, as some
research supports its oncogenic function, and some other demonstrates its association to
tumour suppression mechanisms; the following paragraph delves further into this topic.

Table 9. Fold difference of SIRTs expression in AK and cSCC human tissues: mRNA expression of the cancerous
tissue is compared to the one of the normal adjacent tissue (samples used in the experiments were taken from 3
AK and 5 cSCC patients). Table adapted from (159).
Skin cancer type\Sirtuin SIRT-1 SIRT-2 SIRT-3 SIRT-4 SIRT-5 SIRT-6 SIRT-7
AK 1.4+0.1 3.5%1.6 5.7+2.8 2.9+2.3 2.1+0.4 17.848.3  7.9+3.8
cSCC 4.8+1.5 4.3+2.2 3.410.7 4,5+1.0 8.412.6 8.712.8 15.7t7.4

4.2 Sirtuin 6 overview and its role in ¢SCC

SIRT-6, as described in paragraph 2, possesses three enzymatic activities, such as the
deacetylase, the deacylase and the ADP-ribosyl transferase (Figure 2), and each of them is
specific to certain substrates at defined physiological conditions (Table 2). In detail, SIRT-6
deacetylates lysins K9, K18, K27 and K56 on histone 3 (H3) (32, 192), lysin K549 on the
acetyltransferase general control nonrepressed protein 5 (GCN5) (193). In addition, its
deacylation activity consists of defatty-acylation of lysins K19 or K20 of tumour necrosis
factor- a (TNF-a), then of lysine K9 of H3 with the removal of 6- to 16-carbon chain fatty-acyl
groups (7, 194), and finally of lysins H3K18 and H3K27, by removing long-chain octenoyl
groups (32). Finally, SIRT-6 ADP-ribosylates itself (195), as well as Poly ADP-ribose polymerase
1 (PARP1) (9) and Kruppel-associated box-associated protein-1 (KAP1) (10).

SIRT-6 regulates multiple cellular and molecular pathways, including those responsible for
telomere integrity, gene transcription, DNA repair, metabolism and glucose homeostasis
(196-198).

This sirtuin contributes to double-strand break (DSB) repair in several ways: first, by mono-
ADP ribosylating PARP1, thereby activating it (9); then by recruiting Sucrose nonfermenting
2 homolog (SNF2H) to DNA strand breaks, while it deacetylates H3K56 (199); and by
stabilising DNA-dependent protein kinase (DNA-PK) as it deacetylates H3K9 (200). Moreover,
it plays a critical role in telomere maintenance, by interacting again with SNF2H (201), by
deacetylating H3K9 and H3K56 (202-204), and by deacetylating H3K18, preventing therefore
mitotic errors and cellular senescence (31). Moreover, through H3K9 deacetylation, SIRT-6
can silence nuclear factor-kappa B (NF-kB) genes, causing a repression of NF-kB and a
decrease of NF-kB-dependent apoptosis and senescence, thus counteracting ageing (205).
SIRT-6 regulates also glucose homeostasis: this sirtuin inhibits multiple glycolytic genes,
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including HIF-1a target gene promoters, and represses HIF-1a transcriptional activity, by
deacetylating H3K9; as consequence glycolysis is downregulated, while mitochondrial
respiration is enhanced (43). Again, by deacetylating H3K9, it blocks IGF-AKT signalling, thus
modulating insulin-like growth factor 1 (IGF-1) levels (206); and also, by deacetylating GCNS5,
it modulates the acetylation levels of PGC-1a, which is regulator of gluconeogenesis (193). In
addition, SIRT-6 represses the transcription of the sterol regulatory element binding proteins
1 and 2 (SREBP1 and SREBP2) genes by binding and deacetylating their promotors on H3K56
and H3K9, thus reducing cholesterol levels and protecting against the physiological damage
of obesity (207). Furthermore, SIRT-6 plays a role in cancer metabolism, as it modulates
cellular myelocytomatosis (c-Myc)-target genes by deacetylating H3K56 on their promoters;
as a consequence, SIRT-6 co-represses c-Myc activity in the context of ribosomal gene
expression, which is associated with tumorigenesis (208).

Given these functions, SIRT-6 can be predicted to be an oncosuppressor, as it is a positive
regulator of genomic integrity and of cancer metabolism, as well as an oncopromoter, since
it plays a critical role in glucose homeostasis and metabolism.

The function of SIRT-6 in cancer is likely tissue specific, since it acts equally as tumour
suppressor or promotor depending on the cancer type (Table 3). As for cSCC, the increase of
the levels (protein and mRNA) of SIRT-6 in human SCC tissues (Table 9) suggests that SIRT-6
is oncogenic in this tumour. Some research groups confirmed this prediction first by
discovering SIRT-6 involvement in keratinocyte differentiation, being inversely related to
miR-34a and to several differentiation markers, and thus potentially acting as a pro-
proliferative agent in keratinocyte-derived cancers (116), and then by determining its role in
cyclooxygenase-2 (COX-2) promotion, inducing therefore inflammation, which in turn often
leads to tumorigenesis (164) (Figure 11). Notwithstanding these results, SIRT-6 was reported
by another research group to exert a tumour suppression function in the skin, specifically by
halting cancer stem cells’ proliferation, which is driven by enhanced glycolysis, and thus
counteracting tumour aggressiveness (209) (Figure 11).
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Figure 11. Diagram showing the proposed functions of SIRT-6 in cSCC, acting as tumour promoter (116, 164) or
suppressor (209).

In the first study (116), it was shown that miRNA miR-34a contributes to keratinocyte tumour
suppression via a p53/miR-34a/SIRT-6 axis, by inducing keratinocyte differentiation (Figure
11). In particular, tumour suppressor p53, which represents a crucial gene in the mediation
of cellular responses to UV radiation and to other DNA-damaging agents (210), activates miR-
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34a, which in turn inhibits SIRT-6, and as a consequence keratinocyte differentiation is
enhanced. In SCCs, losses of p53 or of miR-34a result in SIRT-6 overexpression and also in
poorly differentiated cells and tissues (Figure 12). SIRT-6 silencing in cancerous and healthy
keratinocytes (SCC13 and HKC cells respectively), reduces cellular proliferation and is
sufficient to trigger a differentiation response similar to the one obtained by miR-34a
activation, by upregulating KRT1, KRT10, INV and LOR (Figure 13). This hints the critical role
of this sirtuin in keratinocyte differentiation and proliferation, and especially in keratinocyte-
derived cancers.
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Figure 12. On the top: Immunofluorescence analysis of SIRT-6 (red) and involucrin (green) expression in normal
skin and SCC tissues taken from a cSCC patient, with DAPI for counterstaining. In the SCC tissue, SIRT-6 is
upregulated while the differentiation marker involucrin is deranged. Scale bar: 200um. Figure adapted from (116).
On the bottom: schematic overview of miR-34a and SIRT-6 expression in normal epidermis and in c¢SCC, with
keratinocyte differentiation features described for each tissue. In normal epidermis (skin representation on the
left), following exposure to DNA-damage agent, such as UV radiation, p53 activation increases expression of miR-
34a, which in turn inhibits SIRT-6 expression. However, in a tumorigenic process (arrow), p53 faces mutations and
it is inactivated, causing further loss also of miR-34a. In SCCs (skin representation on the right), p53 and miR-34a
are downregulated, while SIRT-6 is overexpressed and cells display aberrant differentiation. Figure adapted from
(211).
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Figure 13. SIRT-6 silencing, performed with two different plasmids (sh SIRT-6 no.1 and no.2), decreases the number
of colonies in human keratinocytes (HKCs) cell culture, as well as increasing the differentiation markers involucrin
(INV), keratin 1 (K1), keratin 10 (K10) and Loricrin (LOR) in HKCs and in SCC13, which are SCC cells. Figure adapted
from (116).
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In a second study regarding SIRT-6 in cSCC (164), it was discovered that SIRT-6 regulates COX-
2 expression via the adenosine monophosphate-activated protein kinase (AMPK) pathway,
affecting inflammation and therefore contributing to skin tumorigenesis (Figure 11).
Specifically, following UVB radiation exposure, SIRT-6 is activated by protein kinase B (AKT),
and in turn represses AMPK signalling, which upregulates then COX-2, known to promote cell
proliferation and survival in a cancer niche (212, 213). Moreover, skin-specific SIRT-6 deletion
(cKO) in a skin carcinogenesis mouse model (obtained with the DMBA-TPA protocol)
suppresses cell proliferation and epidermal hyperplasia, and consequently reduces
tumorigenesis and tumour multiplicity, compared to wild type (WT) animals (Figure 14a). The
key role of SIRT-6 in cell proliferation is confirmed by the decreased epidermal hyperplasia
following UVR exposure in SIRT-6 cKO mice compared to the WT ones. In addition, in SIRT-6
silenced human keratinocytes a lower level of COX-2 (mRNA and protein) leads to
upregulation of the apoptotic marker cleaved caspase-3, and thus to a significant increase of
apoptosis (Figure 14b). These results strengthen the suggestion that SIRT-6 is a tumour
promotor in c¢SCC.

100 87— wt
8 80 $ 2.4 4=0= SIRT6 cKO
E 3 NC siSIRT6
% ;\'g 60 g 1.8 Uve Y ST TR TR
& < S
L 40 qe Wt g 1.2 SIRTE e
E =
= *

20 {=o= SIRT6 cKO 0.6 Cleaved
0+ T T T T ) 0 caspase—3’j
0 4 8 12 16 20 0 4 8 12 16 20 E‘

a) Weeks Weeks b) GAPDH

Figure 14. a) Percentage of tumour-free mice (left) and average tumour number per mouse (right) from SIRT-6 WT
and cKO mice treated with DMBA and TPA in a skin carcinogenesis protocol. SIRT-6 cKO mice display decreased
tumorigenesis and tumour multiplicity. b) Immunoblot analysis of SIRT-6, cleaved caspase-3, and GAPDH in human
keratinocytes NHEK transfected with siRNA targeting SIRT-6 (siSIRT6) or negative control siRNA (NC) at 14 hours
post-UVB. Apoptotic marker cleaved caspase-3 level is increased in siSIRT-6 transfected cells compared with NC
cells. Figure adapted from (164).

In another study (209) however, it was demonstrated that SIRT-6 exhibits oncosuppressive
functions in ¢SCC, in contrast with the oncopromoter role discovered previously by the
research groups of Drs Dotto (116) and He (164). In c¢SCC, SIRT-6 acts as a modulator of
aerobic glycolysis, also known as the Warburg effect, which is found to be enhanced
specifically in cSCC CSCs (Figure 11). CSCs are known to be the tumour-driving cells (described
more extensively in the previous paragraph), and actually consist of several subsets of cells.
Among these, the CD34* CSCs can be distinguished from the others, because of their higher
glycolysis and enhanced pentose phosphate pathway and glutathione (GSH) metabolism,
that provide them with a stronger defence against oxidative stress; these CSCs represent in
particular the actual cells-of-origin of the tumour. It can thus be concluded that enhanced
glycolysis and reduced GSH are among the main drivers in SCC. In a SIRT-6 skin cKO mouse
model treated in a DMBA-TPA skin carcinogenesis protocol, SIRT-6 deletion enhances
glycolysis (and specifically aerobic glycolysis), which exacerbates CSCs population. This
causes an increase in cell cancer proliferation, an earlier onset of tumours (Figure 15a),
significantly larger tumours (Figure 15a) and complete progression of papillomas into SCCs,
in SIRT-6 cKO mouse compared to the WT one. Consistently, the authors found that SIRT-6
silenced cSCC cells (SCC13) overexpress glycolytic genes, and also that cancerous tissues
taken from cSCC patients both in early and in advanced stages of tumorigenesis are
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characterised by an inverse correlation of expression of SIRT-6 and of the glycolytic genes.
Moreover, SIRT6-deficient CD34* CSCs exhibit higher expression of genes involved in
glycolysis, in the pentose phosphate pathway (PPP), in the GSH metabolism and in redox
balance (Figure 15b); as a consequence, these cells present increased level of GSH, decreased
ratio GSSG/GSH (oxidized vs reduced forms of glutathione), and lower levels of ROS. SIRT-6
deleted CD34* CSCs feature thus better protection from oxidative stress compared to normal
CSCs, become more proliferative and increase thereafter cancer aggressiveness. In
conclusion, SIRT-6 acts also as a tumour suppressor in ¢SCC via modulation of glycolysis and
by targeting specifically CSCs’ proliferation.
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Figure 15. a) Tumour-free period before tumour onset, and tumour size at 14 weeks after DMBA treatment, in
SIRT-6 WT or SIRT-6 cKO animals. b) Fold changes in expression of genes associated with glycolysis, PPP and GSH
metabolism and redox balance, in SIRT-6 WT or cKO CD34* CSCs compared to CD34- CSCs in the same tissues.
Figure adapted from (209).

Given the discrepancy of the three different studies described above, further work is still
needed to clarify if SIRT-6 behaves as an oncopromoter or suppressor in cSCC. Moreover, no
studies have been performed yet on the pharmacological modulation of SIRT-6 in this type
of cancer.

In this thesis, the effects of the pharmacological activation and inhibition of SIRT-6 are

compared, using a DMBA-TPA mouse model which is treated topically with the SIRT-6
activator MDL-800 or with the inhibitor S6 (Results and Discussion, paragraph 4).

36



5. Microemulsions for topical application

5.1 Topical drug administration

In pharmacology, drug administration is performed in three main ways, namely the
enteral/gastrointestinal, the parenteral and the topical routes. Specifically, the enteral
administration includes the oral and rectal ones, while the parenteral comprises among
others the epidural, the intraarterial, the intramuscular, the intraperitoneal and the
intravenous administrations. Each route presents advantages and disadvantages, and
specific strategies should be implemented in order to provide the highest therapeutic effects,
as well as the lowest side-effects. For the treatment of skin-related conditions, topical drug
delivery should be the preferential route, as it directs the drugs to the site of action, avoiding
systemic effects and circumventing gastrointestinal metabolism and enzymatic drug
degradation. Moreover, since the delivery of the drug is localised, its bioavailability is
increased, and it can be administered in a lower concentration compared to other routes,
thus further reducing its side-effects (214).

When a topical formulation is applied on the skin, it aids the permeation of the drug across
the stratum corneum (Figure 7), after which the drug itself reaches the epidermis and/or
dermis, interacting thus with its pharmacological target (215). Drugs with transdermal
activity, on the contrary, will be able to diffuse further, crossing also the hypodermis (Figure
7) and reaching the blood vessels below the skin, exerting therefore systemic therapeutic
effects (216). The stratum corneum is the outermost layer of the skin, and is composed
mainly of insoluble keratins (70%) and lipid (20%) (217), thus being characterised by very high
density (1.4 g/cm?in the dry state) and low hydration of 15%—20% (217). This skin component
represents therefore a crucial physical barrier for the skin layers below, preventing skin water
loss and inhibiting the penetration of xenobiotics into the dermal layers. In light of these
characteristics, the permeation of drugs represents a challenge in topical drug delivery (218,
219). Topical formulation effectiveness depends on several parameters that are related both
to the skin and to the medication features, such as the drug’s physicochemical properties,
the skin pH, and the dosage form. The first factor affecting drug absorption through the skin
is the hydrophilicity of the drug. The three pathways for absorption are quite lipophilic,
therefore hydrophilic drugs will face more challenges in skin absorption compared to the
lipophilic ones (220). The second factor is the pH level of the skin: the skin pH is acidic across
all layers (221-224); therefore, topical drugs presenting some polar moieties are forecast with
better absorption. The third factor affecting the drug absorption is the dosage form. This
consists of a mixture of the active pharmaceutical ingredient (APl) and of the excipients,
which are inactive components that facilitate drug absorption, define viscosity of the dosage
form, enhance the API’s solubility, or aid the dosage form’s thermodynamic stability,
therefore extending the drug’s shelf-life. The choice of the excipients and of their amount in
the formulation should be defined by the route of administration, by the intended dosage
form and by the API’s properties. It should be noted, moreover, that lists of approved
excipients, including their maximum dose to be administered to humans, are available from
the Food and Drug Administration (FDA) and from the European Medicines Agency (EMA). In
Italy, in addition, it is available for pharmacists also the document “Farmacopea Ufficiale”
(FU), which clears the characteristics needed from drugs used in the Italian territory.

37



5.2 Colloidal systems, emulsions and microemulsions for topical use

5.2.1 Colloidal systems for topical use

Liquid, solid and semisolid dosage forms are among the most common. In particular, for
topical use the formulations are found in the semisolid form, and they include creams, foams,
gels and ointments among others. Liquid and solid topical medications also exist, and they
are represented mainly by emulsions and lotions, the first, and powers, the second.

Creams, emulsions, foams and gels are classified as colloidal systems. A colloid is a mixture
of two substances that normally would be immiscible; specifically, it consists of the
microscopic dispersion of one substance throughout a medium of dispersion (diameter of
the particles dispersed is in the range 0.001 — 1 mm). A colloid presents two phases, namely
the dispersed phase and the continuous phase. In particular, in foams, a gas is dispersed into
a liquid, and in gels a liquid is dispersed into a solid, whereas in creams and emulsions, both
the continuous and the dispersed phase are liquids. Different colloidal systems are obtained
through different preparation procedures, and contain different excipients that specifically
characterise them. In general, colloidal systems are prepared by distributing the particles of
the dispersed phase into the continuous phase, through milling, spraying, or shear stress
(e.g., shaking, mixing, or high shear mixing).

As for the physicochemical properties, the interaction between the particles of the two
phases is described by the Gibbs free energy of the system AG, which is given by the
combination of the electrostatic interactions and the van der Waals forces (of note,
physicochemical events reach an equilibrium when AG is minimised). If AG is minor than the
thermal energy of the particles kT, where k is the Boltzmann constant and T is the absolute
temperature, which provides kinetic energy to the particles, the colloidal particles present
weak attraction or repulsion towards each other, and therefore the particles of the dispersed
phase will remain in suspension in the continuous phase. The colloidal system is therefore
stable and its properties are isotropic, meaning they are uniform in all directions. Conversely,
if AG is greater than kT, the colloidal particles attract to one another, and the system is
instable; in this case flocculation, coagulation or precipitation are observed (Table 10).

Table 10. Overview of the thermodynamics of a colloidal system.
Free energy

Colloid of the system Colloidal particles’ interactions Physical appearance
Stable AG < kT Weak attraction and repulsions Isotropic mixture
Instable AG > kT Attraction Phase separation

Here, a few colloidal systems that are often used as topical formulation are described more
in detail.

The first example is given by gels, that are classified into hydrogels and lipogels. A liquid
phase, such as water or oil, for hydrogels or lipogels respectively, is dispersed into a porous
and permeable solid, creating a particularly flexible 3D network (225). Into this biocompatible
and biodegradable structure, drugs can be dispersed for drug delivery, and can then be
released to the target site (226).

The second example is given by emulsions, which are liquid colloids. These can be classified
into oil-in-water (O/W) and water-in-oil (W/QO) emulsions, with the first type consisting of
small droplets of oil dispersed in a continuous water phase, and with the second one
presenting instead water droplets dispersed in an oil phase (Figure 16a). In emulsions,
droplets of the two different phases are bound together by specific molecules called
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surfactants. The amphiphilic characteristic of these compounds, meaning they possess both
polar and hydrophobic sections (Figure 16b), confers them the ability to locate at the
interface of the two immiscible liquids, decreasing the interfacial tension of the two phases.
These can therefore mix and the emulsion is stabilised (227). The stabilisation of the
dispersion can be tuned in addition by modifying the viscosity of the mixture; in this case,
some thickening agents are added. For a topical medication purpose, the drug can be
dissolved either in the water or in the oil phase of the emulsion, depending on its
hydrophilicity, and the droplet thus obtained will be dispersed in the other phase of the
emulsion. Specifically, hydrophilic drugs should be dissolved in the water phase of W/O
emulsions, whereas lipophilic drugs in the oil phase of O/W ones (Figure 16b). Emulsion and
microemulsions are described more extensively in the next paragraph.

As for creams, these are semi-solid emulsions, and therefore can be classified as O/W and
W/O creams (Figure 16a). Their composition is similar to the one of emulsions, as they are
made of a water and of an oil phase, as well as of surfactants, presenting however in addition
thickening agents, which increase the mixture’s viscosity without modifying the other
properties, such as waxes. Drug encapsulation in creams should be accomplished following
the same principles applied for emulsions.
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Figure 16. a) Representation of colloidal dispersions of O/W and W/O types. b) Schematic representation of
surfactant and drug placement in the O/W interface. Figure adapted from (228).
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5.2.2 Emulsions, microemulsions and nanoemulsions for topical use
Among the colloidal systems, emulsions possess a high potential of increasing skin
permeation of drugs, in virtue of their isotropic characteristics and of their double water and
oil phase profile, which allows them to disrupt the lipophilic stratum corneum, to be
absorbed by the skin and to deliver both polar and lipophilic drugs (229).

In particular, two emulsions subtypes are increasingly being explored in the last decades as
carriers for the delivery of drugs and of cosmeceuticals to the skin: microemulsions (MEs)
and nanoemulsions (NEs). MEs and NEs differ from emulsions mainly for their droplet size,
and therefore for their viscosity and thermodynamical stability. The differences from the
other types of emulsions are a result of various conditions during the emulsion preparation
procedure, and also of the presence of different components in the mixture. Specifically, MEs
and NEs contain a cosurfactant in addition to the emulsion components, and this enhances
emulsification as well as increases the fluidity of the surfactant interface (230).

Emulsions are prepared by stirring the water and the oil phases together with the surfactant
and, if MEs or NEs, eventually also with the cosurfactant (Figure 17). Emulsification will occur
upon mixing when an energetic stability will be reach in the system, such as low interfacial
tension as well as weak repulsive force between two phases. To be noted that increased
viscosity of the medium might help creating and maintaining the suspension of the dispersed
phase into the continuous phase. Emulsions and MEs are prepared by simple stirring of the
mixture, while NEs by ultrasound or high-shear homogenisation (217).
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Figure 17. Schematic representation of Water in Oil (W/0) and Oil in Water (O/W) emulsions. Figure adapted from
(228).

MEs and NEs are characterised by smaller droplet sizes, with MEs’ droplet size of
approximately 100-400 nm and NEs’ droplet size in the range 1-100 nm (228).

As a consequence of smaller particle size and thus of lower viscosity, MEs and NEs have a
milky or translucent aspect, in contrast with emulsions, that usually appear as cloudy
dispersions. As for stability, MEs are characterised by a high thermodynamic stability, and
thus by a longer shelf life, compared to classic emulsions, that have smaller surface area per
unit volume and are unstable (228). NEs are less stable that MEs, and as such, being more
kinetically and less thermodynamically stable, they require lower surfactant concentration
for their emulsification.

Emulsion properties, such as O/W or W/O type, drop size, stability, and viscosity, are affected
by several parameters, such as the components of the emulsion (the water phase, the oil
phase, the surfactant), the oil-water ratio, the amount of surfactant and cosurfactant and the
mechanical mixing conditions, including the stirring speed (231). Emulsion properties,
however, do not depend on these parameters in a linear way, but according to different
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patterns given by each variable as a single agent and also in relation with the other variables
(232, 233).

The most common excipients used to prepare emulsions, MEs and NEs for topical delivery
are now briefly described.

Water phase: Purified water is the most common liquid used for the water phase (234-236),
even though there have been reports of preparations using also phosphate buffer pH 7.4
(237, 238).

Qil phase: Over the years, several substances have been chosen as single components or as
combination to represent the oil phase. Examples include fatty acids, alcohols, esters of fatty
acids and alcohols, medium-chain triglycerides, the glycerol triesters, and terpenes. Briefly,
oleic acid is a fatty acid that has been used in many studies, followed by palmitic, palmitoleic,
stearic and linoleic acids (239-242); alcohols, on the contrary, are less common, with some
researches reporting specifically the use of octanol (243) and decanol (235, 244). Esters,
instead, are commonly used as the oil phase in emulsions, MEs and NEs, and these include
isopropyl myristate (IPM) (245, 246), isopropyl palmitate (247), ethyl oleate (237, 248),
isostearyl isostearate (234, 249) and cetearyl octanoate (247). Examples of medium-chain
triglycerides are the ones obtained from caprylic acid and capric acid (250-252), while
terpenes used include squalene, limonene, cineole, camphor and menthol (240, 249, 253,
254).

Surfactant: Surfactants can be classified based on their charge, as non-ionic or ionic, which
in turn can be further categorised into anionic or cationic ones. Non-ionic surfactants are
generally considered safer than the ionic ones, since they are less irritant; cationic, and
especially anionic surfactants, are cytotoxic to human and animal skin, being thus potent skin
irritants (255). Non-ionic surfactants display a polar head that allows the bind to water
particles of the aqueous phase, and one or more alkyl chains, intended instead for the non-
polar interactions with the oil phase. They can be represented by lecithin and polysorbates,
which are ethoxylated sorbitan (a derivative of sorbitol) esters with fatty acids, such as Tween
80 and Tween 20, Span 20 (256), among others. The advantage of non-ionic surfactant over
the ionic ones is represented not only by their low skin toxicity, but also by their ability to
enhance drug permeation through the skin, by interacting with the lipids of the stratum
corneum. Anionic and cationic surfactants bear in their hydrophilic part a negative or positive
charge, respectively. Anionic surfactants include soaps, sodium lauryl sulphate, dioctyl
sodium sulphosuccinate, and phosphate esters (257), while cationic ones that are usually
used are quaternary ammonium compounds (258, 259).

Cosurfactant: Cosurfactants are components solely of MEs and NEs, and not of emulsions,
and can be short-chain alkanols, e.g., ethanol, long-chain alkanols, e.g., 1-butanol and
decanol, or propylene glycol. Cosurfactants play a critical role in certain MEs and NEs,
stabilising the dispersion and aiding drug permeation through skin (256).

Other components: Depending on the solubility of the drug to be delivered to the skin, an

additional component can be present in the dispersion, namely the dissolution solvent of the
drug. If the APl is highly polar, it can be easily dissolved in water, which will then be dispersed
as droplets in the continuous oil phase. In most of the cases, however, drugs are partially or
completely insoluble in water and other solvents are added to dissolve them completely
before adding them to the aqueous or oil phase. Lipophilic drugs, in particular, are dissolved
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in petrolatum, dimethyl sulfoxide (DMSO) and mineral oil (220), and this solution is dissolved
in the oil phase, which is then dispersed into the continuous water phase.

Another component that can be added to the emulsion/ME/NE is a thickening agent, which
increases viscosity of the water or oil phase, thus aiding the creation of the droplets and their
stability in the dispersion. Such agents can be hydrocolloids, e.g., acacia and tragacanth,
polyethylene glycols (PEGs), that exist with different carbon-length chains, glycerine, and
other polymers, like cellulose derivatives (260).

To be noted, that the preferred measurement unit of different agents varies based on the
physicochemical properties of the entity. For example, while liquids and solids are quantified
in volume and weight respectively, and measured in molarity or g/L, polymers, such as PEG
and cellulose derivatives, are quantified in drops (gtt) and their preferred measurement unit
is % p/V or % p/p.

5.3 Microemulsions as carriers for lipophilic drugs

MEs and NEs are optimal drug carriers since their reduced droplet size favours drug delivery
in several ways. First, smaller particles encapsulate a higher amount of the API, improves thus
drug solubility (261-263) and consequently its bioavailability. Second, it increases the
retention time of APIs on the skin, since smaller droplets have better chance to adhere to cell
membranes, and therefore enhances drug effectiveness (264, 265). MEs and NEs are
therefore, more specifically, micro- and nano-carriers. Both have been used for topical
administration of hydrophilic and lipophilic drugs in several studies, and it was demonstrated
by the improved bioavailability of the APIs when formulated in these systems compared to
other topical dosage forms (266-269).

Lipophilic APIs are characterised by a poor water solubility, which can be explained by the
poor presence of polar groups in the chemical structure, or by a higher molecular weight
(MW). The lipophilicity/hydrophilicity of a compound is usually described by the partition
coefficient logP, which is the ratio of concentrations of the compound in a mixture of two
immiscible solvents at equilibrium; lipophilic compounds possess high values of logP.
Although skin permeability is less challenging for lipophilic drugs compared to hydrophilic
ones, the skin remains a very effective barrier from external agents, and optimal drug
delivery strategies should be implemented. Given by the lipophilic profile of the stratum
corneum, promising lipophilic drug carriers are represented by MEs, and specifically by O/W
MEs. This type of ME is characterised by a higher oil-water ratio, which allows a better
dissolution of the drug and a higher encapsulation rate, as well as by a greater
thermodynamic stability compared to emulsions and to NEs (270).

In this thesis, the development of O/W microemulsions containing two lipophilic compounds,
namely the SIRT-6 inhibitor S6, and the SIRT-6 activator MDL-800, and their topical
application on mice DS is described (Results and Discussion, paragraph 3, 4).

42



SUMMARY of the undertaken TASKS to reach our AIMS

1. Development of HPLC-based methods to identify SIRTs modulators
With the goal of discovering novel sirtuins’ modulators, and specifically SIRT-6 and SIRT-2
modulators, a first set of experiments aimed at the identification of suitable enzymatic
activity assays, that are tailored for the detection of the deacetylation catalysed by SIRT-1, -
2, -3 and -6 and of the deacylation catalysed by SIRT-6. An HPLC-based assay method was the
one chosen for this purpose. The deacetylase activity was planned to be specifically
investigated with an acetylated peptide (H3K9Ac), while the deacylase one with a
palmitoylated peptide (H3K9Palm). Considering that SIRT-6 deacetylase activity is quite weak
and results may have been below the HPLC detection limits, a known SIRT-6 activator was
incubated along with recombinant SIRT-6. Several compounds were therefore screened with
this prospect.

2. Discovery of novel sirtuin inhibitors

After the definition of suitable methods to investigate the enzymatic activity of different
sirtuins, the aim was to screen several compounds for the discovery of novel sirtuin
inhibitors. Specifically, one first objective was the identification of SIRT-6 inhibitors.
Compounds that are derivatives of the SIRT-6 inhibitor S6, and that were forecast to improve
its water solubility, were selected through a CADD analysis in a hit-to-lead process. They were
tested in the SIRT-6 deacetylation assay with the purpose of identifying inhibitors that
improved also the inhibition potency of S6. Eventually, SIRT-6 modulators were further
characterised in in vitro studies, evaluating their pro-differentiating effects in keratinocytes
and their synergism with cSCC drugs 5-FU and Celecoxib in a SCC cells co-treatment.

One other objective was the screening of different families of compounds with a backbone
structure resembling the one of SIRT-2 inhibitor SirReal2, or of other families of SIRT-2
inhibitors, such as thienopyrimidinones and indoles with a 3-cyclic structure, in order to
discover novel SIRT-2 inhibitors. This was planned to be accomplished in a two-step process:
putative SIRT-2 inhibitors were first identified by CADD in a hit identification process, and
then were tested on recombinant sirtuins.

3. Development of a stable O/W ME containing SIRT-6 modulators for

topical application
With the aim of treating with the SIRT-6 inhibitor S6 or with the SIRT-6 activator MDL800 the
DS of mice undergoing a skin cancer carcinogenesis protocol, a first goal is the development
of an appropriate dosage form for topical application containing S6 or MDL-800. Different
options, such as lipogels, O/W emulsions and O/W microemulsions were investigated.
Moreover, at this stage, bulk quantities of MDL-800 had to be synthesised.

4. In vivo evaluation of SIRT-6 pharmacological modulation in a skin

cancer mouse model
Once the formulations containing the SIRT-6 inhibitor S6 or the SIRT-6 activator MDL-800
were prepared, the in vivo studies were performed. Briefly, mice undergoing a DMBA-TPA
two-stage carcinogenesis protocol were treated with the S6- or MDL-800-containing
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formulations. Three protocols were used: two aiming at defining a preventive effect of SIRT-
6 modulation, with the formulations applied prior to either DMBA or TPA, and one with a
therapeutic approach, in which DS was treated with the formulations after the papillomas
arose on the mice skin.

5. Is SIRT-2 involved in ¢SCC?

Along with defining the role of SIRT-6 in cSCC, one smaller investigation aimed at clarifying
the involvement of SIRT-2 in this type of cancer, by analysing the expression of this sirtuin at
different stages of skin carcinogenesis in DMBA-TPA treated mice. Preliminary studies on the
pharmacological effect of SIRT-2 inhibitors on cultured cancerous keratinocytes were also
performed.
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RESULTS AND DISCUSSION

1. Development of HPLC-based methods to identify SIRTs modulators
With the goal of discovering novel sirtuins’ modulators, and specifically SIRT-6 and SIRT-2
inhibitors, a first set of experiments aimed at the identification of suitable enzymatic activity
assays, that are tailored for determination of the deacetylation catalysed by SIRT-1, -2, -3 and
-6 and of the deacylation catalysed by SIRT-6. At first, fluorescence- or chemiluminescence-
based commercial kits, commonly used for the discovery of HDAC and sirtuin modulators,
were chosen for this purpose. Unfortunately, these drug discovery systems did not prove
reliable for the screening of the compounds, because of the innate fluorescence and
chemiluminescence of the putative modulators that interfered with the results.
Consequently, other assays had to be exploited for the purpose, and the choice fell on the
HPLC-based deacetylation/deacylation assay; this technique is described in Introduction,
paragraph 2.3.2.

The final goal was the discovery of novel SIRT-2 and SIRT-6 inhibitors, that are potent and
isoform selective over the other sirtuins. Therefore, the HPLC techniques were developed in
order to assay the deacetylase activity of SIRT-1, -2, -3, and -6 and the deacylase activity of
SIRT-6, and in particular its depalmitoylase one (Figure 2). The sirtuin substrates chosen for
the screening are two peptides of 11 residues resembling acetyl H3K9 and palmitoyl H3K9,
and these were produced by solid-phase peptide synthesis (Table 23 in Materials &
Methods). These substrates are particularly suitable for assaying the activity of SIRT-6, since
they both represent two of the preferred targets of this sirtuin. Although SIRT-1, -2, -3
deacetylate preferentially other substrates (Table 2), H3K9 is found also among their targets.
Besides, several research groups assayed the enzymatic activities of SIRT-1, -2, and -3 using
H3K9Ac peptides as well (102, 271).

During the assay development process, it was observed that the SIRT-6 deacetylation
products were undetectable by HPLC analysis. This is in accordance with the known weak
deacetylase activity of this sirtuin, in contrast to SIRT-1, -2 and -3, that are instead strong
deacetylases. Thus, in order to examine this enzymatic activity as well, known SIRT-6
deacetylation activators were added to the reaction mixture. After comparing the activation
potency of three different compounds (described in Materials & Methods), the activators
chosen were compound MDL-800 (described in Introduction, paragraph 2.2), and palmitic
acid (PA), which, along with the other fatty acids, is an endogenous SIRT-6 activator (7).

For each sirtuin and reaction type, after testing several reaction conditions, such as protein,
NAD* and peptide concentration, as well as reaction buffer and reaction time, the optimal
ones were defined (Table 11); furthermore, different trials were carried out to assess the
best procedure to block the enzymatic reaction. Briefly, the optimised procedure consists of
the following steps. First, the recombinant sirtuin is incubated with NAD*, with the peptide,
with DMSO, which is the vehicle of the compounds used in the subsequent screening of
modulators, and eventually with the SIRT-6 activator and with MgCl,, which might contribute
to the stabilisation of the recombinant protein; reactions are carried at 37°C and are then
qguenched by adding 3 volumes of an acidic methanol (MeOH) solution. After removal of the
protein by centrifugation, aliquots of the supernatants containing the remaining reaction
components are subjected to HPLC analysis.
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Table 11. Reaction conditions defined for SIRT-1, -2, -3, -6 deacetylation or deacylation. Reactions are carried out
at 37°C, in a total volume of 30 ulL. Abbreviation: Pep, peptide. conc, concentration. PA, palmitic acid.
Enzymatic

reaction Deacetylation Deacylation
SIRT-1 SIRT-2 SIRT-3 SIRT-6 SIRT-6
Sirtuin conc 17.3 nM 0.27 uM 0.2 uM 4.59 uM 4.59 uM 4.59 uM
NAD* conc 500 pM 100 uM 100 uM 500 pM 500 pMm 100 uM
Pep'c:zi%c 240 uM 240 uM 200 uM 240 uM 240 uM
Pep-H3K9Palm . 120 uM
conc
Activator conc MDL800: PA: 150 uM
: : ; 100 uM s
DMSO 1ul 1uL 1ul lul 1uL 1ul
MgClz conc - - - 4 mM - 4 mM
) 20mM 20mM 20mM 20mM Tris 20mM Tris 20mM Tris
Reaction buffer
NaH,PO4 NaH,PO4 NaH:PO4 pH7.4 pH7.4 pH 7.4
Reaction time 10 min 10 min 10 min 1h 1h 30 min

Along with exploring the reaction conditions, with the aim of setting a method able to give
clear and reproducible results, also different HPLC settings were compared. The chosen ones
are described in detail in Materials & Methods. Moreover, a few tests on the stability of the
peptides in the quenching buffer were carried out, reproducing the waiting time of the
samples in the vial before being analysed. It was assessed that the best wavelength for
detecting all the entities in the reaction mixtures is 220 nm. Moreover, since the H3K9Ac
peptide is unstable in the HPLC glass vial and within 30 min is partially absorbed to it, whereas
the H3K9 and H3K9Palm peptides are stable up to a few hours at RT and at 4°C in the same
vials, it was determined that the tracker-molecule for studying the deacetylation should be
the deacetylated peptide H3K9, while for the depalmitoylation either the H3K9 or H3K9Palm
peptides can be quantified.

At last, it was evaluated the accuracy of the technique, in order to define the minimum
number of needed replicates, since one single analysis can be cost- and time-consuming. It
was observed an inter-day and inter-user accuracy of minimum 90%; therefore, further
experiments were chosen to be carried out by performing analysis solely once or twice.

In conclusion, at this stage, assays to study the deacetylation/deacylation of several sirtuins,
with the aim of identifying their modulators, were assessed.

2. Discovery of novel sirtuin inhibitors

After the definition of suitable methods to investigate the enzymatic activity of different
sirtuins, the aim was to screen several compounds for the discovery of novel sirtuin
inhibitors.

Investigation of novel SIRT-6 inhibitors

The first objective was the identification of novel SIRT-6 inhibitors, in a hit-to-lead drug
discovery process. The chosen hit compound was the SIRT-6 inhibitor S6 (described in
Introduction, paragraph 2.2). From a structural point of view, S6 is quite hydrophobic and its
poor water solubility hampers often its administration in cellular and animal studies; as for
its SIRT-6 modulation, it presents an ICso of 106 uM. With the aim of discovering SIRT-6
inhibitors that improve water solubility and ICso of S6, the following steps were performed.
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Identification of putative SIRT-6 inhibitors through CADD.

The parameters to consider in order to improve the solubility of a compound are mainly the
chemical structure and the functional groups; the potency of inhibition depends instead on
the interactions that the molecule is able to create with the active site of the enzyme. For
this reason, prior to the CADD process aiming at identifying potential lead compounds,
knowledge regarding the physicochemical properties and docking characteristics of the hit
compound S6 was collected (S6 docking in SIRT-6 binding site is depicted in Figure 4c).
Desired lead compounds were identified as those bearing the functional groups suggested to
interact with SIRT-6, namely the quinazoline-2,4(1H,3H)-dione scaffold (blue in Figure 18a),
and presenting also hydrophilic groups, such as the sulphonamide (red in Figure 18a).
Different functional groups were therefore planned to be investigated on the remaining part
of the molecule, in connection to the sulphonamide.

In one first screening, 25 compounds were selected from within a 1-million compound
database of the mcule platform, for their in silico improved water solubility, with respect to
compound S6. These compounds were S6-derivatives, and presented a common
substructure (Figure 18a).

In a second CADD stage, the identified 25 compounds were subjected to VS, and in particular
to SBDD, by using Autodock Vina: they were docked into SIRT-6 crystal structure and their
binding affinity to SIRT-6 active site was evaluated. Ten compounds were finally selected
(Figure 18b; their chemical denomination is described in Materials & Methods). These
compounds were forecast with an improved binding affinity to the SIRT-6 active site
compared to the inhibitor S6, because of their fewer poses available and of their stronger
hypothesised bonds with SIRT-6. A subsequent drug profile evaluation of the 10 compounds,
specifically of their in silico absorption-distribution-metabolism-excretion (ADME)
properties, confirmed that they were expected not to be chemically or biologically instable,
nor dangerous or toxic.
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Figure 18. a) General structure of S6-derivatives: the quinazoline-2,4(1H,3H)-dione building block in depicted in
blue, while the sulphonamide in red; the right building block (in grey) was modified in order to improve water
solubility and inhibition potency. b) Chemical structures of compound S6 and of 10 S6-derivatives selected through
CADD as potential SIRT-6 inhibitors.

Evaluation of SIRT-6 modulation in an enzymatic activity assay.

The 10 compounds selected from the CADD process were examined with sirtuins enzymatic
activity assays, and specifically for both the deacetylation and the depalmitoylation activities
of SIRT-6. When deemed promising SIRT-6 inhibitors, they were further characterised in the
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modulation of the activity of other sirtuins. The final concentration of the compounds was
100 pM in the depalmitoylation assay, 200 and 300 uM in the SIRT-6 deacetylation activated
by MDL-800 or PA respectively, and 200 uM in the SIRT-3 deacetylation one. It was observed
that SIRT-6 deacetylation is inhibited by S6, EAB1 and EAB9, while its depalmitoylation is
activated by EAB2 and EAB7 (Figure 19a, b, c).
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Figure 19. Residual enzymatic activities of SIRT-6 in presence of the compounds identified through CADD and of
hit compound S6: SIRT-6 deacetylation activated by MDL-800 (a) or by PA (b), SIRT-6 depalmitoylation (c), SIRT-3
deacetylation (d), SD <10%. e) Predicted binding mode for S6 in SIRT-6 active site, in alternative to the one depicted
in Figure 4c.
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Of the 10 compounds, only EAB1 modulates SIRT-6 deacetylase activity in a comparable way
to the hit compound S6. Moreover, both compounds EAB1 and S6 do not modulate
significantly SIRT-6 depalmitoylase activity at 100 uM nor SIRT-3 deacetylase one at 200 uM
(Figure 19c and d). The other compounds did not prove to modulate significantly SIRT-6.
Given the present results, one explanation of the poor inhibition of the selected structures
could be that probably the hydrophobic rings of compound S6 are crucial for the interaction
of the inhibitor with SIRT-6 active site, and by removing these groups in the newly identified
compounds, the inhibition potency is lost. Indeed, the 10 compounds were selected through
a CADD process that relied on in silico-based knowledge, such as the interactions between
S6 and SIRT-6 active site (Figure 4c), and not on experimental data obtained by the
crystallisation of the hit compound within SIRT-6. In light of the results obtained through the
enzymatic activity assays, a new docking pose of S6 in SIRT-6 active site can be suggested
(Figure 19e); in this, S6 interacts with SIRT-6 active site through its quinazolinedione scaffold
and through the pyridine moiety.

Evaluation of the in vitro effects of a selection of compounds.

Although the 10 compounds identified through CADD did not prove better inhibitors than
the hit compound S6, a selection of them was still tested on cells to evaluate if they are cell
membrane permeable, and if they exerted some other effects in vitro. Considering the crucial
role of SIRT-6 in cSCC (as described in Introduction, paragraph 4.2), cellular studies were
chosen to be performed on cancerous keratinocytes (SCC13 cells).

SCC13 cells were treated for 21 h with a selection of compounds, namely EAB2, EAB3, EAB5,
along with the SIRT-6 inhibitor S6 and the SIRT-6 activator MDL-800 (added at 50 uM final
concentration), and their effects on the enzymatic activity of intracellular SIRT-6 and on
keratinocyte differentiation were evaluated. As internal control, results were compared to
the ones obtained from SIRT-6 silenced SCC13 cells. In detail, SIRT-6 modulation was
investigated by Western Blot (WB) analyses of the acetylation level of the SIRT-6 substrate
H3K56, namely H3K56Ac, while the keratinocyte differentiation was investigated by
evaluating the level of the differentiation marker keratin 1 (Figure 20b and c). The results
confirmed that S6 and MDL-800 are indeed a SIRT-6 inhibitor and activator respectively, and
that they are effective in vitro. When SIRT-6 is inhibited or silenced the acetylation level of
its substrates increases, while when activated, it decreases (Figure 20a). Moreover, SIRT-6
inhibition is accompanied by an increase of the level of Keratin 1, thus confirming
pharmacologically the hypothesis that SIRT-6 KO induces keratinocyte differentiation, as it
was previously described in the work by Lefort and colleagues (116).

As for the compounds EAB2, EAB3 and EABS5, these proved to be cell-membrane permeable,
as they modulated the levels of H3K56Ac and keratin 1. The increased acetylation level of
H3K56 means that the enzymatic activity of SIRT-6 was modulated, and that these
compounds inhibited this sirtuin even more potently than the known SIRT-6 inhibitor S6.
Furthermore, these compounds increased keratin 1 protein level as it was observed for S6,
suggesting that they might inhibit SIRT-6 and induce keratinocyte differentiation in a similar
way to the known SIRT-6 inhibitor. The in vitro modulation of SIRT-6 by EAB2, EAB3 and EABS,
however, is not in accordance with the results obtained from the enzymatic activity assays.
One explanation could be that in the SIRT-6 deacetylation assay, the activators MDL-800 and
PA added to the SIRT-6 reaction mixture may interfere in the binding of the compounds to
the active site of SIRT-6. Indeed, although MDL-800 and PA represent a valid alternative for
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SIRT-6 deacetylation screening, as they aid the weak SIRT-6 reaction progression, their
activation mechanisms imply a modification of the protein structure, thus reshaping the
actual active site of SIRT-6, and possibly altering the outcome of the enzymatic activity assay
(Figure 4b).

Cell viability after treatment with the compounds was also assessed. In particular, SCC13 cells
were treated with the SIRT-6 inhibitor S6, with the activator MDL-800 and with all the
compounds identified through CADD (EAB1 to 10), at different concentrations, and tested
with the SRB assay. After 48 h treatment, all the S6-derivatives were not toxic up to 100 uM
concentration, in agreement with the ADME profile prediction performed during the CADD
analyses; S6 reduced cell viability by 30% at 25 uM concentration, while MDL-800
dramatically reduced it already in the low uM range (cell viability of 70% at 0.3 uM
concentration).

Further experiments were performed to evaluate if a selection of these modulators in
combination with known c¢SCC drugs improved their chemotherapeutic effect. The drugs
chosen were 5-FU and Celecoxib, that represent after surgery the most common therapeutic
options for cSCC patients. After 72 h treatment of SCC13 with 5-FU (1.6 uM) or Celecoxib
(12.5 pM) in combination with compounds S6, MDL-800, EAB2, EAB3 and EABS at different
concentration ranges, it was observed that all the compounds had an additive effect with 5-
FU and with Celecoxib. One slight synergic effect was observed solely for EAB3, which at low
UM concentrations amplified cell death by 5-FU; this effect was however reversed at higher
concentrations of EAB3 (Figure 21).
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Figure 20. a) Substrate acetylation levels when SIRT-6 is inhibited/silenced or activated. b) Effects on acetylation
level of H3K56 and on keratin 1 level, of the treatment of SCC13 cells with SIRT-6 inhibitor S6, SIRT-6 activator
MDL-800 and compounds identified through CADD, EAB2, EAB3 and EAB4. Results were compared to the ones
obtained from SIRT-6 silenced SCC13 cells.
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Figure 21. Cell viability of SCC13 cells treated with S6, MDL-800, EAB2, EAB3 and EABS5 (at different ranges of
concentrations), in combination with 5-FU (1.6 uM) and Celecoxib (12.5 uM), for 72 h.

In conclusion, several potential SIRT-6 inhibitors were identified through CADD, and three
compounds, namely EAB2, EAB3 and EABS5, seemed to be potent SIRT-6 inhibitors and not
toxic in SCC cells. EAB1 was also identified as a SIRT-6 inhibitor; for this compound, however,
chemical synthesis is more challenging that for inhibitor S6, and the alternative option of
purchasing this compound is also considered not feasible. Given also the great resemblance
of this compound to the know SIRT-6 inhibitor S6, it was chosen to not fully characterise this
compound further.

The SIRT-6 inhibitors, in addition, were able to recreate pharmacologically the pro-
differentiating effects of the silencing of SIRT-6 in keratinocytes, showing the potential of
SIRT-6 inhibition in cSCC (116).

In this thesis project, in vivo studies with a SIRT-6 inhibitor were performed (Results &
Discussion, paragraph 4). The novel inhibitors were not chosen for this purpose, since they
require further physicochemical and biological characterisation. S6 was selected for the study
for two main reasons: although it is not a potent inhibitor, it has been widely characterised
in previous in vivo studies (as described in Introduction, paragraph 2.2), and in addition, its
lipophilicity, which is often a drawback for its administration to cells and animals, might
actually benefit the preparation of the formulations for the intended topical treatment.
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Discovery of novel SIRT-2 inhibitors
The second objective regarding sirtuin modulators, was the identification of novel SIRT-2
inhibitors in a hit compound discovery process. The following steps were performed.

Identification of putative SIRT-2 inhibitors through CADD.

At first, CADD, and specifically SBDD, was performed with the aim of identifying potential
SIRT-2 inhibitors. These experiments were executed in collaboration with Prof. Elena Cichero,
DIFAR, University of Genoa.

By exploiting the knowledge of well characterised SIRT-2 inhibitors, three scaffolds were
identified as promising backbones for the discovery of novel SIRT-2 inhibitors. Specifically,
inhibitor SirReal2 (described in Introduction, paragraph 2.1), which is characterised by a
thiazole core, led to the identification of several compounds containing a thiazole group.
These included thiazoles decorated with an ureide, or with a hydrazine, or with flexible
substituents, such as benzyl-amino thiazoles, or with a rigid thiazole structure, such as amino-
aryl thiazoles. Moreover, the availability of X-ray crystallography data of SIRT-2 inhibitors
bound in the active site of SIRT-2 motivated the selection of two more scaffolds as potential
core structure of novel SIRT-2 inhibitors. In detail, SIRT-2 inhibitors thienopyrimidinones
(272) and indoles with a 3-cyclic structure (273), led to the identification of few
pyrazolopyrimidines and benzimidazoles, respectively. At this stage, 24 compounds were
selected (Table 12) and were ready for in vitro testing.

Table 12. Potential SIRT-2 inhibitors: thiazoles decorated with an ureide, with a hydrazine, with an amino-aryl!
group or with a benzyl-amino group; pyrazolopyrimidines; benzimidazoles. Abbreviation: CMP, compound.
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Evaluation of SIRT-2 modulation in an enzymatic activity assay.

The 24 compounds selected from the CADD process were examined with the HPLC-based
SIRT-2 deacetylation activity assay. When deemed promising SIRT-2 inhibitors, they were
further characterised by determining their ICso and by evaluating their selectivity for SIRT-2

52



over the other sirtuins. The modulation of SIRT-2 by the selected compounds at 150 uM was
compared with the one of the known SIRT-2 inhibitor, AGK2 (described in Introduction,
paragraph 2.1). Most of the tested molecules displayed an inhibitory effect against SIRT-2
deacetylase activity (Figure 22). In particular, all ureides (CMP 1 to 6) and some hydrazines
(CMP8, CMP11 and CMP13) and pyrazolopyrimidines (CMP22) almost abrogated its
enzymatic activity (>90% inhibition), while the amino-aryl thiazoles (CMP 15 to 17) and the
benzyl-amino thiazoles (CMP 18 to 20) exhibited less inhibitory ability (36-88% inhibition).
The benzimidazoles (CMP23, CMP24), instead, exerted minimal inhibitory action (<20%
inhibition) at the studied concentration.
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Figure 22. Residual enzymatic activity of SIRT-2 in presence of the compounds identified through CADD and of
AGK2 (150 uM). SD <10%.

The compounds inhibiting SIRT-2 more potently (>75% inhibition) were collected for further
testing. These were 14 in total and included all the ureides (CMP 1 to 6), several hydrazines
(CMP 11 to 14), the amino-aryl thiazole CMP17, the benzyl-amino thiazole CMP20 and the
pyrazolopyrimidines CMP 21 and CMP22.

The ICso for SIRT-2 was further evaluated for a selection of these compounds (CMP1, CMP2,
CMP4, CMP17) (Figure 23). As shown in Table 13, the ICso values ranged from 26 to 149 uM.
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Figure 23. Dose-response curves and ICsp values, determined for SIRT-2 inhibitors CMP1, CMP2, CMP4 and CMP17.
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Table 13. ICsp of a selection of SIRT-2 inhibitors.

SIRT-2 inhibitor SIRT-2 ICsp
CMP1 36.7£2.5uM
CMP2 108.4 3.5 uM
CMP4 26.1£3.9uM
CMP17 149+ 13 uM

Evaluation of the modulation of the activities of other sirtuins.

In order to evaluate the selectivity of the compounds for SIRT-2 over the other sirtuins, the
14 compounds exhibiting >75% inhibition for SIRT-2 were selected for further HPLC-based
enzymatic activity analyses with other sirtuins. In particular, the compounds were tested at
the final concentration of 150 uM in the deacetylation reaction of SIRT-1, SIRT-3 and SIRT-6,
with this last one being promoted by the addition of the SIRT-6 activator MDL-800, and also
in the depalmitoylation of SIRT-6. The residual enzymatic activities for each sirtuin are
reported in Table 14 and in Figure 24.

Table 14. Overview of residual enzymatic activities of SIRT-2, SIRT-1, SIRT-3 and SIRT-6 of a selection of SIRT-2
inhibitors. Abbreviation: CMP, compound. deAc, deacetylase. dePalm, depalmitoylase.

Compound SIRT-2 SIRT-1 SIRT-3 SIRT-6 SIRT-6
family CMP d.e:Ac d.e{-\c d.e:Ac deAc +.IV!DL-800 de'P?Im
activity% activity% activity% activity% activity%
Reference inhibitor AGK2 3 - 35 46 108
CMP1 0 14 94 58 107
CMP2 0 1 77 85 100
Thiazoles decorated CMP3 7 2 86 103 106
with an ureide CMP4 5 0 80 93 97
CMP5 5 0 64 109 93
CMP6 7 8 76 133 104
CMP7 13 27 52 58 135
CMP8 1 20 73 94 145
Thiazoles decorated CMP11 3 15 76 21 110
with a hydrazine CMP12 11 41 86 52 105
CMP13 0 40 70 96 116
CMP14 11 35 79 59 104
Amino-aryl thiazole CMP17 24 5 113 25 99
Benzyl-amino thiazole = CMP20 12 18 59 47 125
| imidi CMP21 22 24 67 102 111
Pyrazolopyrimidines /o), 10 25 80 62 114

Inhibitors that are selective for SIRT-2 over the other sirtuins present a low SIRT-2 residual
activity, while a high one for the other sirtuins. As general trend, most of the SIRT-2 inhibitors
tested modulate also SIRT-1, while the other sirtuins are less affected. The compounds that
inhibited SIRT-1 in a similar extent to SIRT-2 (>80% inhibition) included all the ureides, few
hydrazines (CMP8, CMP11), the amino-aryl thiazole CMP17 and the benzyl-amino thiazole
CMP20. Pyrazolopyrimidines showed approximately 75% inhibition for SIRT-1.

Conversely, SIRT-3 enzymatic activity was reduced just by few compounds, such as the
hydrazine CMP7 (48%) and the benzyl-amino thiazole CMP20 (41% inhibition). Notably, the
depalmitoylase activity of SIRT-6 was not affected by the presence of the different
compounds, whereas the deacetylase activity of this sirtuin was modulated by some of the
compounds, apparently without following a class-specific rule.

Of the 14 SIRT-2 inhibitors tested, many inhibit SIRT-1 and -2 to a similar extent, with other
sirtuins being less affected, concluding that they can be considered dual SIRT-1/SIRT-2
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inhibitors rather than just SIRT-2 modulators. Identifying SIRT-2, as well as SIRT-1, selective
inhibitors proves often quite challenging, since these two sirtuins present a high homology
of their catalytic domain, as confirmed by the large group of substrates recognised and
modified by both protein isoforms. Nevertheless, these molecules can be considered
promising hit compounds as dual SIRT-1/SIRT-2 inhibitors, that can counteract several
pathological conditions that require the inhibition of both sirtuins, and be characterised and
developed as such.
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3. Development of a stable O/W ME containing SIRT-6 modulators for

topical application
With the goal of treating with the SIRT-6 activator MDL800 and with the SIRT-6 inhibitor S6
the dorsal skin of mice undergoing a skin cancer carcinogenesis protocol, a first set of
experiments aims at the development of an appropriate dosage form for topical application
containing S6 and MDL-800.
The purpose of this part of work is therefore the identification of a formulation with the
following characteristics:

- suitable for topical administration and consisting of FU approved excipients;

- effective for drug delivery to the skin; tailored for lipophilic drug delivery, being S6 and
MDL-800 quite hydrophobic compounds;

- in a balanced form between liquid and semi-solid, in order to ease the mouse
administration by pipetting the dosage form on the mouse DS, and by ensuring that is
not too fluid to slide away from the skin after the application;

- thermodynamically stable for at least a 3 months period (the duration of the in vivo
study).

Several steps were carried to achieve this goal, as they are described below.

Characterisation of the physicochemical properties of compounds S6 and MDL-800 and
identification of the best solvent to dissolve them.

First, the known physicochemical properties of S6 and MDL-800 were collected: both
compounds are stable as powders for long periods and, while S6 follows the drug-likeness
Lipinski’s rule of Five, MDL-800 violates it (Table 15). Moreover, given the rigid chemical
structure and the few polar groups, they are forecast to be quite lipophilic. Their poor water
solubility in several water-based solvents or mixture of solvents was confirmed
experimentally, as they did not dissolve in water, ethanol, acetone or DMSO/PBS in 1:2 ratio
already at 3 mM concentration. The only solvent that dissolves both compounds is DMSO, in
which S6 solubilises at a concentration of 24 mg/mL (58.5 mM), and MDL-800 at 64 mg/mL
(102 mM).

Table 15. Known physicochemical proprieties of compounds S6 and MDL-800. (*) Data taken from ChEMBL. (**)
Data taken from already published works (52, 274).

Proprieties S6 MDL-800
|
o O\\H Cl O OO H
q s\/ = VN Br
emctsmenre oy S CLQ Qe X
[o] N Cl S. F
H d/ N
H

MW (g/mol)
Physical aspect
Powder stability

410.4
Brown powder
Stable at -20°C, long term

626.3
White powder
Stable at -20°C, long term

logP 2.2% 5.6*
Solubility in DMSO 50 mM (20.5 mg/mL)** 100 mM (62.6 mg/mL)**
pKa 7.91* 6.91*
Molecular species neutral neutral
Hydrogen bond 6 6
acceptors
Hydrogen bond donors 3 2
Rotatable bonds 5 7
Lipinski’s rule of 5 NONE YES (MW>500, logP>5)

violations
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Investigation of several formulations: lipogels, O/W emulsions, O/W microemulsions.
Several formulations forecasted with the desired characteristics for the topical application of
S6 and MDL-800 were then explored. These include lipogels, O/W emulsions and O/W
microemulsions. To each formulation DMSO was added to simulate the vehicle of S6 and
MDL-800. All formulations were set on stability studies and the best formulation was finally
selected.

Lipogels

Lipogels were prepared by mixing syntesqual, DMSO and different amounts of Lipogelag,
varying thus the gel viscosity (Table 25). Syntesqual was chosen as the oil of the lipogel, since
it is a synthetic molecule possessing properties of both squalene and squalane, which are
components of the skin, and represents a stable oil widely used in the cosmetic industry.
Lipogelag is instead a mixture of C10-C18 triglycerides, polyisoprene and silica, possessing
gelling properties for oleolytes. The lipogels prepared appeared as clear, transparent and
light-yellow mixtures. Nevertheless, all the 8 formulations thus prepared did not prove to be
suitable for the intended application, for two reasons mainly: first, their viscosity was too
low, and second, already at 3 days from their preparation, phase separation occurred and
reconstitution of the original lipogels was not possible to be obtained by shaking the mixture.
Other solutions were then to seek.

O/W emulsions, O/W microemulsions

In addition to lipogels, also other drug delivery systems were reviewed. At first, emulsions,
and specifically O/W emulsions, were prepared by mixing purified water (as water phase),
IPM (as oil phase), the surfactant Tween-20 and DMSO (Table 26 in Materials & Methods).
These formulations appeared as milky translucent dispersions. Phase separation however
occurred already after 3 days and system’s stability was not able to be restored completely
upon novel mixing for all 5 emulsions.

The ME technology was then considered. Several O/W MEs were prepared using purified
water as the main water phase component, and either syntesqual or IPM as the mail oil phase
substance. IPM was chosen in particular for its known broad use in cosmetics and in topical
medical preparations when aiming at ameliorating the skin absorption. The O:W ratio was
another critical parameter considered during the planning of the experiments, as a higher
O:W ratio is preferred, in order to dissolve better the lipophilic compounds S6 and MDL-800.
The surfactants chosen were Tween-20 or Tween-80, which are often used in O/W ME
preparation; they are non-ionic surfactants, therefore not toxic. The main differences
between the two substances rely in their chemical structures: Tween-20 is a laurate, while
Tween-80 is an oleate. Tween-80, as is bears a longer aliphatic tail, is more lipophilic and
more soluble in organic solvents and in oils compared to Tween-20. Furthermore, it has a
higher MW compared to Tween-20; therefore, along with its surfactant activity, when used
as excipient, it also increases the viscosity of the ME. In the water phase, eventually also
thickeners like PEG 7 GC, PEG 200 or PEG 400 were added; they are known to contribute to
the stability of the ME as well, by modifying the viscosity of the dispersion in different
fashions. Finally, in the oil phase, DMSO was added to simulate the vehicle of the SIRT-6
modulators. A summary of the 25 MEs prepared is reported in Table 27. Similar to the
emulsions prepared previously, all MEs appeared as milky translucent dispersions upon
preparation.
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Following stability studies simulating the 3-months 4°C shelf-life conditions of the
subsequent in vivo studies allowed the identification of 6 formulations suitable for the topical
application purposes (Table 17). Briefly, ME-3, -4, 16, -18, -21, -25 are the MEs with a higher
O:W ratio, that are characterised by a viscous form (not too fluid and not semi-solid), that
are easy to pipette and that are able to reconstitute completely upon simple hand agitation
whether phase separation occurs. Formulation ME-25 (Table 16) was then specifically
recognised as the best to continue within the formulation studies, as it presents higher O:W
ratio (4:1) and higher amount of DMSO, thus facilitating the APIs’ solubility in the ME;
moreover, it displays little phase-separation, and is able to return to a stable ME condition
upon simple hand agitation.

Table 16. Composition of the formulation ME-25, which is the one selected for the further in vivo studies.

Formulation O:W ratio Water phase Oil phase Volume
prepared
Surfactant oil
Water Tween 20 Syntesqual DMSO
ME-25 4:1 0.4 mL 6 gtt 1.6 mL 0.4 mL 2.4 mL

Table 17. Overview of the O:W ratio and of the viscosity and stability observations of the O/W ME formulations
following a 4°C long-term storage simulation. The MEs considered most suitable for topical application of
compounds S6 and MDL-800 are highlighted.

Texture Ability to Suitable for
. o:wW (F: fluid, Ease of Phase disperse
Formulation . . . . . . further
ratio V: viscous; pipetting separation again upon .
R . studies
SS: semi-solid) agitation
ME-1 1:1 F YES PARTIAL YES
ME-2 4:1 F YES COMPLETE -
ME-3 4:1 F YES PARTIAL YES YES
ME-4 23:1 \" YES - - YES
ME-5 4:1 F YES COMPLETE -
ME-6 4:1 Vv - - -
ME-7 23:1 Vv - - -
ME-8 3:1 F excessively YES COMPLETE YES
ME-9 15:1 F excessively - PARTIAL YES
ME-10 8:1 F excessively YES COMPLETE -
ME-11 4:1 F excessively YES - -
ME-12 47:1 \Y - - -
ME-13 23:1 Vv - PARTIAL YES
ME-14 3:1 SS - PARTIAL YES
ME-15 28:1 SS - - -
ME-16 3.2:1 Vv YES PARTIAL YES YES
ME-17 2.7:1 F YES PARTIAL -
ME-18 2.7:1 \" YES PARTIAL YES YES
ME-19 2.7:1 F excessively YES COMPLETE YES
ME-20 3.2:1 F excessively YES PARTIAL YES
ME-21 27:1 Vv YES COMPLETE YES YES
ME-22 3:1 Vv - COMPLETE YES
ME-23 3:1 Vv - PARTIAL YES
ME-24 3:1 \Y - PARTIAL YES
ME-25 4:1 Vv YES PARTIAL YES YES

Development of O/W MEs loaded with compounds $S6 and MDL-800.

The formulation ME-25 was then loaded with the compounds S6 and MDL-800. The first step
was the definition of the dose to apply to each mouse, such as the amount of APIs to be
delivered and volume of ME to apply to the DS during each treatment (Table 18). Following
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this, the MEs containing S6, MDL-800 or their DMSO vehicle were prepared. The dispersions
thus obtained were then stored at 4°C for 6 months, simulating the storage condition that
they have to undergo during the in vivo studies.

Visual inspections at 1 week, at 1, 3 and 6 months after preparation revealed a homogenous
dispersion with a milky and translucent appearance and a texture similar to the one of ME-
25; this means that the APIs do not affect the stability profile of the formulation and that
they have been effectively encapsulated in the systems (Figure 25). Moreover, similarly to
ME-25, at 3 and 6 months the drug-loaded MEs displayed a suitable viscosity for the intended
topical application and they were easy to pipette; furthermore, they presented little phase
separation and were able to restore the dispersion’s stability upon gentle hand agitation. At
the 3-month timepoint, the chemical stability of the APIs contained in the MEs tested by
HPLC revealed that S6 and MDL-800 were both stable in the MEs and were not degraded.

Once it was certified the stability of the S6- and MDL-800-loaded MEs, bulk amounts of the
formulations were prepared for the following in vivo study. In particular, about 90 mL were
prepared of each type of formulation, namely ME-BLK containing the APIs’ vehicle DMSO,
ME-S6 loaded with S6 (4 mg/mL), and ME-MDL-800 loaded with MDL-800 (10.67 mg/mL). To
be noted that compound MDL-800 was readily synthesised prior to the MEs’ preparations,
while compound S6 was purchased.

Table 18. Desired dose of S6 and MDL-800 to apply to the mouse DS in the in vivo studies.
Amount of the compound in 1 dose (150 pL of ME)

D
Compound 0se per mouse considering an average mouse weight of 20 g
S6 30 mg/kg 0.6 mg
MDL-800 80 mg/kg 1.6 mg

=

Figure 25. O/W ME containing MDL-800 (left) and S6 (right). The formulations appear as milky, clear dispersions.

4. Skin cancer progression delayed by a SIRT-6 inhibitor in an in vivo

¢SCC mouse model
SIRT-6 is involved in a variety of cancer-related mechanisms (44), including several in skin
cancers and in cSCC (details in Introduction, paragraph 4.1). Given the discrepancy of the
different studies on the role of SIRT-6 in ¢SCC, with some reporting the oncosuppressive role
of this sirtuin and with some others its pro-tumorigenic one, and acknowledging that no
studies have ever been performed on the pharmacological modulation of SIRT-6 in this type
of cancer, the goal of this part of project was the topical treatment of a skin cancer mouse
model with a SIRT-6 inhibitor, identified in S6, and with a SIRT-6 activator, namely MDL-800.
The skin cancer mouse model used was the one obtained from the two-step carcinogenesis
protocol DMBA-TPA, that results in the formation of benign tumours, namely the papillomas,
progressing to aggressive cSCC and finally to invasive tumours. The topical treatment of the
mice skin with the sirtuins modulators was achieved by applying the MEs containing the APIs
vehicle (BLK), or S6 or MDL-800 to the DS of mice. The application of the MEs was performed
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following three different approaches: in the first the aim was the investigation of a
therapeutic effect of both modulators on the skin cancer progression, while in the other two
the goal was to define the involvement of SIRT-6 in the early phases of carcinogenesis, such
as the initiation and the promotion. The treatment plan is depicted in Figure 26. To be noted
that mice of the first group were treated for a longer period in the carcinogenesis protocol
(28 weeks), compared to the ones of group 2 and 3 (17 weeks) in order to evaluate cancer
progression to SCCs. Details of the concentrations of the APIs within the MEs and of the
composition of the MEs are reported in Results & Discussion, paragraph 3.

For each group, the different treatments (BLK, S6 and MDL-800) were compared first by
evaluating the papilloma and tumour incidence on the DS at a 13 weeks timepoint and at
sacrifice, then by analysing the DS and the papillomas with molecular and
immunohistochemical techniques, such as WB, Haematoxylin & Eosin (H&E) and
Immunofluorescence (IF). In particular, after confirming by WB the modulation of SIRT-6 by
S6 and MDL-800, skin cancer progression markers were analysed by WB and IF and skin
morphology was assessed by H&E.
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Figure 26. Treatment plan of the 2-stage carcinogenesis mouse model with MEs (containing the SIRT-6 modulators
or the compounds’ vehicle): in group 1 the treatment has a therapeutic approach, while in group 2 and 3 it is a
preventive one.

Evaluation of SIRT-6 expression at different stages of skin carcinogenesis.

Although SIRT-6 expression in ¢SCC has been analysed by several research groups, that
reported its overexpression in cSCC human tissues (Table 9), a full profile of the levels of this
sirtuin at different stages of skin carcinogenesis was still to investigate.

At different time points of a previously developed skin carcinogenesis mouse model obtained
with a DMBA-TPA treatment (described in Materials & Methods), the abundancy of this
sirtuin in DS samples was examined. It was observed that SIRT-6 steadily increased during all
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the tumorigenic steps (Figure 27). Drawing conclusions from these results, the best
therapeutic plan would be the treatment of mice DS with a SIRT-6 inhibitor. Nevertheless,
treatment with the activator MDL-800 and at different stages of carcinogenesis were also
performed.
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Figure 27. SIRT-6 protein level in DS of mice at different stages of skin carcinogenesis.

Preventive approach: MEs treatment started at the promotion stage with TPA.

The group of mice treated with MEs (BLK, S6, MDL-800) at the promotion stage of
carcinogenesis, namely in correspondence with TPA treatment (classified as group 2), aims
at the investigation of a preventive effect of SIRT-6 modulation in skin cancer; this represents
the best characterised treatment group, as it was evaluated by visual inspection and by
several techniques.

At first, visual inspection of mice DS at 13 weeks and at sacrifice (17 weeks), showed that S6
reduced papillomas’ frequency at both timepoints compared to control group, whereas MDL-
800 at 13 weeks had little effect and at 17 weeks it displayed an opposite effect to S6 (Figure
28).

SIRT-6 modulation by S6 and MDL-800 was assessed by evaluating the acetylation levels of
SIRT-6 substrates H3K9 and H3K56 by WB analyses (Figure 29). When SIRT-6 was inhibited by
S6 the acetylation levels of the substrates increase, while when activated by MDL-800 they
decreased, compared to control group. This result confirmed first that MEs were able to pass
the skin barrier, then that they were able to successfully release the APIs to the epidermis,
and then that the SIRT-6 modulators were able to reach their target, exerting their effects.

Once it was confirmed SIRT-6 modulation by S6 and MDL-800 in vivo, it was investigated if
this had an effect on skin cancer progression, and in particular on EMT, and on keratinocyte
proliferation.

EMT plays a crucial role in cancer, in particular in cancer cell migration, invasion and
metastatic dissemination; its molecular markers can therefore give an indication of the stage
of cancer progression. SIRT-6 inhibition by S6 had a positive effect on the progression of
papillomas to SCCs, by halting the EMT in S6-treated lesions. In detail, at the protein level,
the mesenchymal tumour marker vimentin is absent in S6-treated lesions, while E-cadherin
is abundant in a comparable way to the control group. This results in a high E-
cadherin/vimentin ratio, which is associated to a more epithelial phenotype and to a less
advanced EMT, and therefore to a less advanced carcinogenic stage (Figure 30); this result
was confirmed by IF analyses (Figure 31b and Figure 32). In contrast to SIRT-6 inhibition, its
activation by MDL-800 accelerated the lesions’ transition from an epithelial to a
mesenchymal phenotype: MDL-800-treated lesions expressed vimentin to a similar extent to
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the control group, and this was observed by WB and by IF (Figure 31b and Figure 32).
Although the E-cadherin/vimentin ratio was similar to the one of the control group (Figure
30), E-cadherin IF stained sections showed that in MDL-800-treated lesions, the expression
of this epithelial marker is reducing (Figure 31b), hinting a more advanced stage of the EMT,
and thus of carcinogenesis, in these lesions. This can be concluded also by observing that the
skin tumour marker keratin 8 is expressed solely in MDL-800-treated lesions, and not in in
the S6 ones or in the control group. The histological examination of papillomas by H&E
confirmed the more advanced stage of tumour progression in MDL-800-treated papillomas
compared to the control group, as well as the benign nature of the papillomas of the S6-
treated mice (Figure 31a).

Epidermal hyperproliferation, which is a process occurring in cancer, along with
hyperproliferative epidermal disorders and skin wound healing, is characterised often by an
overexpression of keratin 6. IF staining with this protein revealed that both S6- and MDL-
treated mice, along with the control group, presented epidermal hyperplasia.
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Figure 28. a) Appearance of DS of group 2 mice at sacrifice (17 weeks). b) Frequency of papillomas on DS of group
2 mice at 13 weeks and at sacrifice (17 weeks).
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Therapeutic approach: MEs treatment started after the papillomas appearance on the DS
of mice.

The group of mice treated with MEs (BLK, S6, MDL-800) at the progression stage of
carcinogenesis, namely after the arising of papillomas (classified as group 1), aims at the
examination of a therapeutic effect of SIRT-6 modulation in skin cancer. Although this
treatment group has been less characterised than group 2 and is currently under
investigation, the overview of the DS of the mice of this group of sacrifice are reported here
(Figure 33). To be noted that size and number of papillomas are not an indication of tumour
progression, with small tumours that can be highly invasive, or with big papillomas that can
be only superficial, with an epithelial phenotype.
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Figure 33. a) Appearance of DS of group 1 mice at sacrifice (28 weeks). b) Frequency of papillomas on DS of group
1 mice at 13 weeks and at sacrifice (28 weeks).
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Preventive approach: MEs treatment started before the initiation stage with DMBA.

The group of mice treated with MEs (BLK, S6, MDL-800) prior to the initiation stage of
carcinogenesis, namely before DMBA treatment (classified as group 3), aims at the
examination of the preventive effect of SIRT-6 modulation in skin cancer. Although this
treatment group has been less characterised than group 2 and is currently under
investigation, the overview of the DS of the mice of this group of sacrifice are reported here
(Figure 34).
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Figure 34. a) Appearance of DS of group 3 mice at sacrifice (17 weeks). b) Frequency of papillomas on DS of group
3 mice at 13 weeks and at sacrifice (17 weeks).

In conclusion, it was observed that SIRT-6 expression increases throughout the different
stages of skin carcinogenesis of a DMBA-TPA mouse model. This is in accordance with the
results obtained so far from the topical treatment of DS of mice with the SIRT-6 inhibitor and
activator.

When SIRT-6 was inhibited in a preventive approach (group 2), skin cancer progression was
delayed. Specifically, skin lesions were less invasive, since the skin tumour markers vimentin
and keratin 8 were not observed, and since they displayed a higher E-cadherin/vimentin
ratio, in contrast to the control group. On the contrary, activation of SIRT-6 in the same set
of experiments had a negative or neutral effect on the skin lesions.
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5. Is SIRT-2 involved in ¢SCC?

Along with defining the role of SIRT-6 in cSCC, one smaller investigation aimed at clarifying
the involvement of SIRT-2 in this type of cancer.

SIRT-2 has been reported with a controversial role in ¢SCC, with one group demonstrating its
overexpression both at the mRNA and at the protein levels in human cSCC tissues (159), and
with one other showing instead its downregulation in human cSCC tissues and its
oncosuppressive role in DMBA-TPA mice studies (191). In order to shed a light on the role of
this sirtuin, its expression was analysed in DS tissues collected from DMBA-TPA treated mice
at different stages of carcinogenesis. mMRNA results showed that SIRT-2 is expressed quite
homogeneously throughout the initiation, the promotion and the papilloma formation stage,
while it presents a sharp 5-fold increase in advanced SCC tissues compared to healthy tissues
(Figure 35). This result confirms the observations of the Jacobson’s group, suggesting an
oncopromoter role of this sirtuin in ¢SCC.
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Figure 35. mRNA expression of SIRT-2 in DS of mice at different stages of skin carcinogenesis.

In virtue of these results, few studies on the pharmacological effect of SIRT-2 inhibitors on
cultured cancerous keratinocytes were further performed.

Among the SIRT-2 inhibitors discovered through CADD and described in paragraph 2, 10
compounds were chosen for the treatment of cancerous keratinocytes. In particular, the
compounds displaying either the highest inhibitory potential against SIRT-2 activity or the
lower interference with the other sirtuins (CMP 1, 3, 4, 5, 6, 7, 11, 12, 13 and 22) were
selected. Viability analyses by SRB assay were performed on immortalized normal human
keratinocytes (HaCaT) and on cancerous keratinocytes (SCC13) treated for 24 with the
compounds at concentrations in the 0.1 — 10 uM range. All inhibitors, except for CMP6, CMP7
and CMP13, displayed cytotoxic effects on both SCC13 and HaCaT cells, reducing their cell
viability (Figure 36). Moreover, two compounds, namely CMP1 and CMP5, exerted a stronger
effect on SCC13 compared to HaCaT cells, pointing out these two compounds for further
characterisation.

These results can be placed in the wider picture of the cytotoxic and anti-proliferative
properties of the SIRT-2 inhibitors. SIRT-2 is involved in cell cycle regulation, and in particular
in the G(2)/M transition (20), and its disruption halts cell proliferation. Because of these
features, SIRT-2 inhibitors are often used in cancer studies as therapeutic agents (as
described in Introduction, paragraph 2.1). These experiments suggest that SIRT-2 inhibitors
could be used as anti-cancer agents also in c¢SCC together with other cancer types.
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Figure 36. Cell viability of SCC13 and HaCaT cells treated with different SIRT-2 inhibitors for 24 h.
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CONCLUSIONS

In this PhD project, the two main goals were the discovery of novel sirtuin inhibitors, and
specifically of SIRT-2 and of SIRT-6, and the evaluation of SIRT-6 pharmacological modulation
in a skin cancer mouse model.

At first, HPLC-based methods were developed in order to screen the enzymatic activity of
SIRT-1, SIRT-2, SIRT-3 and SIRT-6, and specifically their deacetylation (SIRT-1, -2, -3, -6) and
their deacylation (depalmitoylation of SIRT-6). Given the weak deacetylase activity of SIRT-6,
two activators were added to the reaction mixture, in order to aid reaction progression, and
obtain reliable results. The two activators chosen were the commercially available compound
MDL-800 and the endogenous SIRT-6 activator palmitic acid.

Once the methods were set up, screenings to identify novel SIRT-6 inhibitors in a hit-to-lead
discovery process were performed. The chosen hit compound was the SIRT-6 inhibitor S6,
which was aimed to be improved in its water solubility and inhibition potency. Several
inhibitors with an S6-derivative structure were discovered (compounds EAB1, EAB2, EAB3,
EAB5). EAB2, EAB3, and EAB5 were cell membrane permeable, were not toxic in SCC cells
(SCC13) and inhibited SIRT-6 more potently than the hit compound S6. Nevertheless, further
characterisation of these compounds is still needed prior to their validation in in vivo studies.
Screening of libraries of compounds for the discovery of novel SIRT-2 inhibitors was also
performed. Compounds with a core structure resembling inhibitors already discovered by
other groups were identified in a hit discovery process. These included thiazoles, either
decorated with an ureide, or with a hydrazine, or with flexible substituents, such as benzyl-
amino thiazoles, or with a rigid thiazole structure, such as amino-aryl thiazoles, then also
pyrazolopyrimidines and benzimidazoles. Enzymatic activity assays on SIRT-2, as well as on
other sirtuins led to the discovery of 14 compounds that inhibited SIRT-2 more than 75% at
150 uM concentration, and did not modulate SIRT-3 and SIRT-6. SIRT-1 was inhibited by the
majority of the compounds to a similar extent to SIRT-2, indicating that the identified
compounds can be considered dual inhibitors of SIRT-1/SIRT-2.

Moreover, the effect of SIRT-2 and SIRT-6 modulators was investigated in cSCC.

Specifically, with the aim of applying topically on mice dorsal skin treated in a skin
carcinogenesis protocol a SIRT-6 activator and a SIRT-6 inhibitor, a suitable formulation
containing the two modulators was developed. The SIRT-6 activator chosen was compound
MDL-800, while the SIRT-6 inhibitor was compound S6. The formulation type chosen for their
topical treatment was the microemulsion technology. This allows the dissolution of both
compounds that are quite lipophilic and its physicochemical characteristics aid drug
absorption after topical application. The formulations prepared were specifically oil-in-water
microemulsions. These were tested for stability and both the formulation and the
compounds within it were stable after 3 months at 4°C.

The topical application of the formulations containing S6 and MDL-800 was performed on a
2-step carcinogenesis mouse model. In particular, a DMBA-TPA protocol was carried out and
treatment with the SIRT-6 modulators was performed at different stages of carcinogenesis.
A therapeutic and two preventive approaches were followed. It was observed that SIRT-6
inhibition delays skin cancer progression when the mice skin was treated with compound S6
since the first stages of carcinogenesis. The role of SIRT-6 during more advanced stages of
the skin carcinogenesis protocol remains to be investigated. Moreover, an optimized time
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window for the treatment would need to be carefully defined for translation of SIRT-6
targeting into the clinical setting.

SIRT-2 inhibitors were also tested on cSCC, as therapeutic options. After assessing SIRT-2
expression in skin tissues of different stages of carcinogenesis of DMBA-TPA treated mice,
and concluding that in ¢SCC SIRT-2 might behave as an oncopromoter, SIRT-2 inhibitors, and
in particular a selection of the ones previously identified, were tested on keratinocytes. SIRT-
2 inhibitors exerted cytotoxic and anti-proliferative effects in both healthy (HaCaT) and
cancerous keratinocytes (SCC13). Two compounds, namely CMP1 and CMP5, were able also
to decrease cell viability more selectively in the SCC13 compared to the HaCaT cells.
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MATERIALS AND METHODS
MATERIALS

Reagents and solvents were purchased from Sigma-Aldrich S.r.l., Milan, Italy, from Life
Technologies Italia, Monza, Italy, and from VWR International S.r.l., Milan, Italy and used as
received, unless otherwise indicated. Solvents used for HPLC analyses and for ME
preparations were of analytical grade.

Preparation of the compounds.

SIRT-6 activator MDL-800 (CAS# 2275619-53-7) was purchased from Sigma-Aldrich S.r.l.,
Milan, Italy (CAT# SML2529); SIRT-6 inhibitor S6 (CAS# 1214468-35-5) from BLD Pharmatech
GmbH, Kaiserslautern, Germany. (CAT# BD01051158); SIRT-2 inhibitor AGK-2 (CAS# 304896-
28-4, CAT# A3193), Celecoxib (CAT# C2816) and 5-FU (CAT# FO151) from Zentek S.r.l., Milan,
Italy.

Putative SIRT-6 inhibitors were purchased from SIA Enamine, Riga, Latvia, and from Life
Chemicals Europe GmbH, Unterhaching, Germany; in order to ease the denomination, they
were renamed EAB1 to EAB10. The compound details are summarised in Table 19. Putative
SIRT-2 inhibitors, instead, had been obtained by chemical synthesis and were kindly provided
by Prof. Enrico Millo and Dr. Alice Parodi, DIMES, University of Genoa, and by professors Silvia
Schenone and Michele Tonelli, DIFAR, University of Genoa. These include: thiazoles
decorated with an ureide (CMP 1 to 6), with a hydrazine (CMP 7 to 14), with an amino-aryl
group (CMP 15 to 17) or with a benzyl-amino group (CMP 18 to 20); pyrazolopyrimidines
(CMP21, CMP22); and benzimidazoles (CMP23, CMP24). The scaffolds of these compounds
are depicted in Results and Discussion, paragraph 2.

Upon arrival, all compounds were dissolved in DMSO and stored at -20°C.

Table 19. List of putative SIRT-6 inhibitors.

Novel
compound Chemical name supplier CAT#
name
EAB1 N—(2—hydroxy—4—(pyrldlnj3—ylo>.(y)phenyl)—2,4—<3l|oxo—1,2,3,4— Llf('E F9994-0199
tetrahydroquinazoline-6-sulfonamide Chemicals
6-((3,3-dimethylmorpholino)sulfonyl)quinazoline- Enamine
EAB2 2,4(1H,3H)-dione Ltd 7815160334
EAB3 N-((1-am|nocyclohgxyl)mfethyl)-2,4-d|ox9-1,2,3,4- Enamine 71491069431
tetrahydroquinazoline-6-sulfonamide Ltd
2,4-dioxo-N-(2-(pyrrolidin-3-yl)ethyl)-1,2,3,4- Enamine
EAB4 tetrahydroquinazoline-6-sulfonamide Ltd 22443125360
6-((4-(3-aminopropoxy)piperidin-1-yl)sulfonyl)quinazoline- Enamine
EAB5 2,4(1H,3H)-dione Ltd 72443412359
2,4-dioxo-N-(3-(piperazin-1-yl)propyl)-1,2,3,4- Enamine
EAB6 tetrahydroquinazoline-6-sulfonamide Ltd 22466219411
EAB7 N-(2-(4-bromophenyl‘)propén-2-y|)-2,4-d|o.xo-1,2,3,4- Enamine 7408268790
tetrahydroquinazoline-6-sulfonamide Ltd
£ .
EABS 6-((1,4-diazepan-1-yl)sulfonyl)quinazoline-2,4(1H,3H)-dione na:_[(:lme 72442913983
6-((4-(1-ethyl-1H-imidazol-2-yl)piperidin-1- Enamine
EABS yl)sulfonyl)quinazoline-2,4(1H,3H)-dione Ltd 21142819502
6-((2-(1-methyl-1H-imidazol-2-yl)piperazin-1- Enamine
EAB1 22
AB10 yl)sulfonyl)quinazoline-2,4(1H,3H)-dione Ltd 443975859
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SIRT-1, -2, -6 fluorescent and chemiluminescent kit.

The SIRT-1 deacetylase activity assay kit was SIRT1 Direct Fluorescent Screening Assay Kit,
Cayman Chemicals, CAT# 10010401. The SIRT-2 deacetylase assay kit was SIRT2 Direct
Fluorescent Screening Assay Kit, Cayman Chemicals, CAT# 700280. The SIRT-6 deacetylase
activity assay kit was CHEMILUM DE LYS® HDAC/SIRT Chemiluminescent drug discovery kit,
Enzo Life Science, CAT# BML-AK532-0001.

Reagents for peptide synthesis.

The amino acids used in the peptides’ synthesis were purchased from Advanced Biotech
Italia, Seveso, Italy. These were specifically Tryptophan (W), Glycine (G), Threonine (T), Serine
(S), Lysine (K), Arginine (R), Alanine (A), and Glutamine (Q).

Reagents for enzymatic reactions.

Recombinant human SIRT-1 (CAT# 10011190) and SIRT-2 (CAT# 10011191) were supplied
from Cayman Chemical; recombinant human SIRT-3 (CAT# SRP0117) was obtained from
Sigma-Aldrich S.r.l, Milan, Italy. Palmitic acid, myristic acid and MDL-800 were purchased
from Sigma-Aldrich S.r.l., Milan, Italy, dissolved in DMSO and stored at -20°C.

Reagents for MDL-800 synthesis.
Reagents for MDL-800 synthesis were purchased from BLD Pharmatech GmbH,
Kaiserslautern, Germany. Details of each reagent are reported in Table 20.

Table 20. Summary of the reagents used in the synthesis of compound MDL-800. Supplier: BLD Pharmatech GmbH.

Compound CAS# CAT#
5-Bromo-4-fluoro-2-methylaniline 627871-16-3 BD102969
Methyl 2-(chlorosulfonyl)-5-nitrobenzoate 1039020-81-9 BD750937
3,5-Dichlorobenzene-1-sulfonyl chloride 705-21-5 BD3150

Reagents for the preparation of the formulations.

Vevy Europe S.p.A., Genoa, Italy, provided Lipogelag (CAT# 04.3535) and Syntesqual (CAT#
03.1133). IPM and PEG 7 GC were purchased from Merck Life Science S.r.l., Milan, Italy, while
Tween-20, Tween-80, PEG 200 and PEG 400 from Sigma-Aldrich S.r.l., Milan, Italy. Compound
S6 was provided from BLD Pharmatech GmbH, as described above, while compound MDL-
800 was synthesised as described in the Methods section.

Cell culture material.

HaCaT, SCC13 and HEK293 cell lines were obtained from ATCC (LGC Standards S.r.l, Milan,
Italy). Gibco™ Keratinocyte SFM 1X medium supplied with prequalified human recombinant
Epidermal Growth Factor 1-53 (EGF 1-53) and Bovine Pituitary Extract (BPE) (CAT# 17005042)
was purchased from Thermo Fisher Scientific, Italy. Dulbecco’s Modified Eagle’s Medium,
high glucose (CAT# D5796) was supplied from Sigma-Aldrich S.r.l., Milan, Italy.

Materials for viral transfection.

Empty plasmid pRETROSUPER (pRS) was kindly provided by Dr. Thijn Brummelkamp
(Netherlands Cancer Institute, Amsterdam, The Netherlands), while plasmid pRS SIRT-6 sh1
was a kind gift of Dr. Katrin F. Chua (Department of Medicine, Stanford University School of
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Medicine, Stanford, CA). TransIT®-293 Transfection Reagent (CAT# MIR 2704) was obtained
from Mirus Bio, Madison, WI.

Animals.
Sixty male CD-1 mice at 56-62 days of age were used; they were purchased from Charles River
Laboratories ltalia S.r.l., Milan, Italy.

Materials for the skin carcinogenesis protocol and for the topical treatments.

For the carcinogenesis protocol, 7,12-dimethylbenz[alanthracene (DMBA) (CAT# D3254) was
purchased from Sigma-Aldrich S.r.l, Milan, Italy, and Phorbol 12-myristate 13-acetate (TPA)
(CAT# P1585) from Merck Life Science S.r.l., Milan, Italy. Before the start of the experiments,
DMBA and TPA were dissolved in acetone and stored at -20°C.

For the topical treatment with S6 and MDL-800, MEs loaded with the drugs were prepared
as described in the Methods section.

Materials for protein extraction from cells.

Protease inhibitor PIC® Reagent A (CAT# WAT085101) was purchased from Waters S.p.A.,
Sesto San Giovanni, Italy, and 1:100 Phosphatase Inhibitor Cocktail 3 (CAT# P0044) was
obtained from Sigma-Aldrich S.r.l, Milan, Italy.

Materials for mRNA extraction from skin tissues, retro transcription, and RT-PCR.

TRIzol (CAT# 15596018) and Invitrogen™ SuperScript™ VILO™ Master Mix (CAT# 11755.05)
were purchased from Life Technologies Italia, Monza, Italy. All-In-One 5X RT MasterMix
(CAT# G592) was supplied by Microtech Italia S.r.l., Saonara, Italy. iQ™ SYBR® Green Supermix
(CAT# 1708882) was obtained from Bio-Rad Laboratories S.r.l., Segrate, Italy.

MRNA and tissue lysates of DS at different stages of skin carcinogenesis.

mRNA and protein samples obtained from DS of mice treated in a DMBA-TPA protocol and
collected at different timepoints of carcinogenesis were kindly provided by Prof. Monica
Dentice, Department of Clinical Medicine and Surgery, University of Naples Federico Il. The
samples’ details can be found in (275). Of note: DS were harvested from mice at 0, 4, 12, 15,
20 and 30 weeks from the start of the DMBA treatment; at 15 weeks papillomas started
arising and at 30 weeks SCCs replaced papillomas.

Antibodies for Western Blot and for Inmunofluorescence.
The primary antibodies used in WB and IF analyses are listed in Table 21.

Secondary antibodies used in WB analyses were: anti-mouse IgG-HRP (CAT# 1706516) and
anti-rabbit IgG-HRP (CAT# 1706515), purchased from Bio-Rad Laboratories S.r.l., Segrate,
Italy; they were diluted 1:3000 in the blocking buffer used during the WB analysis. ECL kit for
chemiluminescent detection was obtained from Merck Life Science S.r.l., Milan, Italy (CAT#
WBKLS0500).

Secondary antibodies used in IF analyses were: anti-rabbit, and anti-rat conjugated to
AlexaFluor488 (Molecular Probe, 1:300) and AlexaFluor594 (Molecular Probe, 1:300).
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Table 21. List of antibodies used for WB and IF.

Antibody Supplier CATH# Use and dilution
. . . 1:500 IF
Mouse monoclonal anti- E-cadherin BD Biosciences 610181 1:1000 WB
. - . 1:2000 WB
Rabbit monoclonal anti-Vimentin ABCAM ab-92547 1:1000 IF
Rabbit polyclonal anti-aTubulin Santa Cruz Biotechnology SC-5546 1:5000 WB
Rabbit polyclonal anti-cytokeratin 6 COVANCE PRB-169P 1:1000 IF
Rat anti-cytokeratin 8 (TROMA 1) Hybridoma bank AB_531826 1:300 IF
Rabbit polyclonal anti-acetylated H3K9 Merck Life Science H9286 1:10000 WB
Rabbit polyclonal anti-acetylated H3K56  Cell Signalling Technology 4243 1:1000 WB
Rabbit polyclonal anti-histone H3 Cell Signalling Technology 9715 1:5000 WB
Rabbit monoclonal anti-SirT6 Cell Signalling Technology 12486 1:1000 WB
Rabbit polyclonal anti-keratin 1 Merck Life Science SAB2101300 1:1000 WB
Rabbit polyclonal anti-vinculin Cell Signalling Technology E1E9QV 1:1000 WB

Oligonucleotides used for RT-PCR.

Specific primers for each gene were designed to generate products of comparable sizes
(about 200 bp for each amplification) (Table 22). Oligonucleotides were purchased from
Merck Life Science S.r.l., Milan, Italy. They were stored at -20°C as powders or as water
solutions.

Table 22. List of oligonucleotides used for RT-PCR.

Gene Forward primer (5' - 3') Reverse primer (5' - 3')
Cyclophilin A (CypA) CGCCACTGTCGCTTTTCG AACTTTGTCTGCAAACAGCTC
Sirtuin 2 (Sirt2) TGCAGGAGGCTCAGGATTCA AGACGCTCCTTTTGGGAACC
METHODS

CADD for SIRT-6 inhibitor identification.

The search of potential SIRT-6 inhibitors was pursued via CADD, and specifically through
SBDD.

The chemical structure of the desired compounds was derived from the one of the SIRT-6
inhibitor S6 (described in Introduction, paragraph 2.2). In the hit-to-lead process, this
compound is defined as the hit compound, while the novel structures identified are the
potential lead compounds. With the aim of improving the solubility and the potency of S6,
the functional groups believed to interact with SIRT-6 and the hydrophilic ones, such as the
quinazoline-2,4(1H,3H)-dione building block and the sulphonamide (Figure 4), were kept as
core structures of the novel inhibitors, while modifications were made on the right building
block. First, in a database of more than 1 million compounds present on the platform
available from www.mcule.com, all the compounds containing the desired S6 core structure
were collected (212 compounds). Subsequently, a selection of the structures with improved
water solubility compared to S6, but free of toxic or easily metabolized group was performed.
These molecules were characterised by the following features: 1) not yet published as SIRT-
6 inhibitors, 2) featuring maximum two chiral centres, 3) not presenting a bulky structure
(MW<500kDa), 4) presenting features related to improved solubility, such as presence of
polar functional groups, presence of double bonds or of functional groups that break a
possible crystallisation process between molecules, low MW, logP lower than the one of S6,
5) few halogen atoms, 6) not rigid structure, 7) absence of toxicophores. In this step, 157
compounds were retained. Following this, a further screening of the compounds was made
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in order to reduce the number of compounds, but still maximising the diversity of the
different structures. 25 compounds were selected in this step.

Subsequently, through VS, the compounds’ binding affinity to the active site of SIRT-6 was
examined. The in silico evaluation of the potency of the compounds was achieved by
computationally inserting each compound in the active site of SIRT-6 (PDB: 6HQOY), using the
docking programme Autodock Vina (276, 277). The compounds were screened on several
parameters and the ones with the following features were selected: 1) few poses available
(and preferentially just one), 2) high number of hydrogen bonds between molecule and
active site, 3) absence of empty spaces in the pocket, 4) absence of collision in the
electrostatic potential between molecule and enzyme, 5) a low-energy conformation of the
molecule, 6) hydrophilic nature of the functional groups of the molecule that are outside the
pocket and exposed to the solvent. Ten compounds were finally chosen in this last step; they
are described in the Materials paragraph, and their chemical structure is depicted in Results
and Discussion, paragraph 2.

CADD for SIRT-2 inhibitors identification.

The search of putative SIRT-2 inhibitors was pursued via CADD, and specifically through
SBDD, by Prof. Elena Cichero, DIFAR, University of Genoa.

The process used for the discovery of potential modulators of this other sirtuin, was a hit
identification one. In one first set of experiments, by exploiting the knowledge of SIRT-2
inhibition characteristics by compound SirReal2 (described in Introduction, paragraph 2.1),
the core structure that was identified as promising and to seek in potential SIRT-2 inhibitors
was the thiazole group. A wide library of compounds synthesised by several groups at DIFAR
and DIMES, University of Genoa, and available for Prof. Cichero, was used for the screening
of the compounds. The compounds featuring the desired backbone were docked into the
active site of SIRT-2 (PDB: 4RMG) using Autodock Vina (276, 277) and 20 of them were
selected. With a similar approach to the identification of thiazole SIRT-2 inhibitors, first
thienopyrimidinones (272) and then indoles with a 3-cyclic structure (273), led to the
identification of two pyrazolopyrimidines, and of two benzimidazoles, respectively. At this
stage, 24 compounds were selected as putative SIRT-2 inhibitors and ready for in vitro
testing. They are described in the Materials paragraph, and their chemical scaffold is depicted
in Results and Discussion, paragraph 2.

Drug profile prediction of the putative SIRT-6 inhibitors.

All the putative SIRT-6 inhibitors were screened for a drug profile prediction evaluation,
through software ACD/Percepta 14.0.0. The properties evaluated were: 1) physicochemical
profiling: logP, MW, H-donors, H-acceptor, rotatable bonds, rings, Lipinski violations, lead-
like, solubility; 2) ADME profiling: Caco-2 (in vitro model of the human small intestinal mucosa
to predict the adsorption of orally administered drugs), plasma protein binding (PPB), CNS
penetration properties, Human intestinal absorption (HIA); 3) metabolic stability; 4) drug
safety profiling: P-gp substrates, cytochrome P450 inhibitor, Ames (assessment of the
mutagenic potential of the compound) and hERG (evaluation of cardiotoxicity).
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H3K9Ac and H3K9Palm peptide synthesis.

Peptides H3K9Ac and H3K9palm were synthesised using the standard 9-
fluorenylmethoxycarbonyl (Fmoc) strategy of solid-phase peptide synthesis, as previously
described (278).

The final products (Table 23) were judged to have a purity of 95% or higher, based on
analytical HPLC/MS analysis. After lyophilisation, the peptides were stored as solid powders
at -80°C. Alternatively, they were dissolved in DMSO and stored at -20°C.

Table 23. Detail of the peptides synthesised and reaction yield for both of them.
Peptide of

Name origin Sequence MW (g/mol) Reaction yield
Pep-H3K9Ac H3K9AC HOOC-WWGGTS(KAcetyl)IRATQK-NH; 1447.57 20% (8.1 mg)
Pep-H3K9Palm H3K9Palm HOOC-WWGGTS(KPalm)RATQK-NH, 1643.38 46% (16.6 mg)

Recombinant SIRT-6 synthesis.

Recombinant SIRT-6 was synthesised as previously reported in (92). The purity of the
recombinant protein was confirmed by electrophoresis. The pellet obtained was then
dissolved in a glycerol/MQ water mixture (1.6 mL) with 20% glycerol. Final concentration of
the protein was 68.8 uM.

Screening of different reaction conditions to evaluate the deacetylation of SIRT -2.

In a 30 uL reaction phosphate buffer, recombinant SIRT-2 was incubated with peptide
H3K9Ac (240 uM), NAD* (100uM) and DMSO (1 uL) at 37°C. SIRT-2 concentration used was
195, 269 or 807 nM, and the reaction time was 10 or 20 min. The optimal reaction conditions
(Table 11) were identified in the ones with a steady-linear correlation between reaction
progression and time or SIRT-2 concentration. Moreover, different reaction buffers, such as
20 mM Tris pH 7.4, 20 mM phosphate buffer, and the buffer from the SIRT2 Direct
Fluorescent Screening Assay Kit (50 mM Tris-HCI, pH 8.0, with 137 mM NacCl, 2.7 mM KCl, and
1 mM MgCl,) were tested in the following way. A part from comparing the SIRT-2 activity in
the different buffers, the solubility properties of one representative test compound (chosen
among those further examined in the SIRT-2 inhibitor screening), namely Compound 15, was
evaluated in the three buffers. Both in the SIRT-2-kit buffer and in Tris buffer the compound
precipitated, while in the phosphate buffer it remained in higher portion in solution at 500
UM concentration. Compound 15 furthermore remained completely in solution at 200 uM
concentration, thus defining this as the buffer to use in the future SIRT-2 reactions.

One other parameter taken into account while assaying SIRT-2 was the DMSO amount in the
reaction mixture, which was fixed at max 5% of the reaction volume. The DMSO contribution
to the 30 pL reaction mixture was given by the peptide H3K9Ac, which was dissolved in
DMSO, and by 1 plL added to simulate the vehicle of the compounds later tested.

Screening of different reaction conditions to evaluate the deacetylation of SIRT -1 and -3.
In a 30 pL phosphate buffer, recombinant SIRT-1 was incubated with peptide H3K9Ac (240
puM), NAD* and DMSO (1 pL) at 37°C. SIRT-1 concentration used was 17.3, 34.6 nM, NAD*
concentration was 100 or 500 uM, and the reaction time was 10, 20 min or 1 h.

In a 30 pL phosphate buffer, recombinant SIRT-3 (200 nM) was incubated with peptide
H3K9Ac (200 uM), NAD* (100 uM) and DMSO (1 pL) at 37°C for 10, 20 min and 2 h.
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The optimal reaction conditions (Table 11) were identified in the ones with reaction
progression linearly correlated with time and SIRT and NAD* concentration.

One other parameter taken into account while assaying SIRT-1 and -3 was the DMSO amount
in the reaction mixture, which was fixed at max 5% of the reaction volume. The DMSO
contribution to the 30 uL reaction mixture was given by the peptide H3K9Ac, which was
dissolved in DMSO, and by 1 plL added to simulate the vehicle of the compounds later tested.

Reaction conditions to assay SIRT-6 depalmitoylation.

Relying on previous knowledge of the lab regarding the SIRT-6 demyristoylation assay
settings, the optimal reaction conditions for the depalmitoylation, which is also a deacylation,
of SIRT-6 were identified (Table 11). Briefly, recombinant SIRT-6 (4.59 uM), which had been
previously synthesised, was incubated with peptide H3K9Palm (100 uM), NAD* (100 uM) and
DMSO (1 pL) at 37°C for 30 min. The reaction was carried in 30 pL of a 20 mM Tris 7.4 pH
buffer, containing 4 mM MgCl, (Table 11). Along with the maximum DMSO amount in the
reaction mixture, particular attention was paid also to the concentration also of glycerol, as
the recombinant SIRT-6 stock solution (68.8 uM) contained 20% glycerol; in the reaction
mixture the amount of glycerol was approximately 1.3%.

Screening of different SIRT-6 activators to assay SIRT-6 deacetylation.

Recombinant SIRT-6 (4.59 uM) was incubated with peptide H3K9Ac (240 uM), NAD* (500 uM)
and DMSO (1 uL) at 37°C for 30 min, 1 and 2 h. The reaction was carried in 30 puL of a 20 mM
Tris 7.4 pH buffer, containing 4 mM MgCl,. A decrease in the reagent level or an increase in
the one of the product were not observed still after 2h, being SIRT-6 a weak deacetylase.
Therefore, in order to investigate this enzymatic activity, SIRT-6 activators were added to the
reaction mixture. Three known activators were screened: compound MDL-800, and the FAs
palmitic acid and myristic acid; these activators have all been described in Introduction,
paragraph 2.2. Briefly, at the same reaction conditions described above, either MDL-800 (100
M), palmitic acid (PA) (150, 300 uM) or myristic acid (MA) (400, 500 uM) were added.

On the one side, MDL-800 was stable and proved to activate potently SIRT-6 deacetylation.
On the other side, comparing PA (300 uM) and MA (500 uM), PA activated SIRT-6 6-fold more
potently than MA, even though it was less concentrated; moreover, they were both weaker
activators than MDL-800 (Figure 37). PA was therefore the FA chosen to continue the studies.
The concentration chosen for this activator was further adapted to 150 uM, in order to use
an amount well below the critical micellar concentration, avoiding thus completely the
formation of micelles (7). In Table 11, the most suitable reaction conditions to assay SIRT-6
deacetylation either with MDL-800 or PA are reported. As for the previous reactions,
particular attention was paid to the maximum DMSO amount in the reaction mixture, which
was defined mainly by the contributions first of the peptide H3K9Ac dissolved in a DMSO
solution, then of the DMSO representing the compound vehicle, and finally of MDL-800 or of
PA, that are also dissolved in DMSO. Also the concentration of glycerol was monitored, as the
recombinant SIRT-6 stock solution (68.8 uM) contained 20% glycerol; in the reaction mixture
the amount of glycerol was approximately 1.3%.
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Figure 37. Amount of the deacetylated peptide H3K9 in a SIRT-6 deacetylation reaction activated either with MDL-
800, palmitic acid or myristic acid. Abbreviation: PA, palmitic acid. MA, myristic acid.

Screening of different HPLC settings to evaluate the deacetylation/deacylation of sirtuins.

In order to obtain the best chromatographic separation of the reaction mixture components,
different eluents A and B were screened: eluent A and B either H,O + FoA 0.1%, and AcCN +
FoA 0.1%, or H,0 + TFA 0.05%, and AcCN + TFA 0.02%, as well as different HPLC run gradients.
In addition, for the detection of the different entities contained in the mixtures injected also
different wavelengths were examined, such as 220, 254 and 280 nm. Optimal HPLC settings
are the following. In an Agilent Technologies 1260 HPLC, with a ZORBAX® Eclipse Plus C18 3.5
UM, 4.6 mm x 10 mm column set on 25°C a fixed volume of 45 L is injected. The reactions
are monitored by quantifying the amount of deacetylated peptide H3K9 produced or of
acetylated/palmitoylated peptides H3K9Ac and H3K9Palm consumed during the enzymatic
reaction, at 220 nm. Optimal separation of substrate and product is obtained with two
different HPLC methods for H3K9Ac/H3K9 and H3K9Palm/H3K9. For H3K9Ac/H3K9 the
mobile phase consists of eluent A and B, with the following gradient of eluent B: 0 — 5 min
5%; 5 —16 min, 5 —25.1%; 16 — 20 min, 100%; 20 — 24 min, 100%; 24 — 24.1 min, 100 — 5%,
at ImL/min. Total run time is 24 minutes. Eluent A and B are H,O + TFA 0.05%, and AcCN +
TFA 0.02%, respectively.

For H3K9Palm/H3K9 the mobile phase consists of eluent A and B, with the following gradient
of eluent B: 0 — 5 min 5%; 5 — 29 min, 5 — 49%; 29 — 35 min, 49 — 100%; 35 — 40 min, 100%;
40 - 40.1 min, 100 — 5%, at 1mL/min. Total run time is 40 minutes. Eluent A and B are H,0 +
FoA 0.1%, and AcCN + FoA 0.1%, respectively.

Screening of different protocols to block the enzymatic reactions in the HPLC-based assay.
In the sirtuin enzymatic assay procedure, in order to block the reaction, different protocols
were tested. Specifically, the experiments were carried not on the reaction mixture, but on
a 20 mM Tris buffer pH 7.4 solution containing peptides H3K9Ac and H3K9Palm, evaluating
thus the protein denaturation protocols’ effects on the stability of the two peptides. In two
first samples, to the peptide solutions, 3 volumes of either AcCN or of an acidic MeOH
solution (200 mM HCl and 320 mM AcOH) were added; the 3™ sample, instead, was boiled at
83°C for 3 min and then diluted with 3 parts of the Tris buffer. All samples were then
centrifuged at 16000 g for 3 min, and the supernatant was subjected to HPLC analysis.
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Stability studies of the peptides H3K9, H3K9Ac and H3K9Palm in the quenching solvent.

In the sirtuin enzymatic assay procedure, after quenching the reaction in acidic MeOH, the
supernatant is injected in the HPLC. However, considering that the samples are prepared
contemporarily and that they are then injected in the HPLC in sequence, before being
analysed one sample may lay in the vial for a period between 25 min to a few hours, since
one H3K9Ac/H3K9 analysis takes 24 minutes, and one H3K9Palm/H3K9 analysis instead 40
minutes. The stabilities of the H3K9, H3K9Ac and H3K9Palm peptides in the quenching
solvent were evaluated in several storage conditions, such as 2 hat4°C,32h atRT,and 72 h
at -20°C.

Screening of putative sirtuins’ modulators by HPLC-based enzymatic assays.

Peptide H3K9Ac or H3K9Palm was incubated at 37°C with or without SIRT-1, -2, -3 or -6, with
NAD*, and with the SIRT-6 activator MDL-800 or PA (if SIRT-6 deacetylation), and in the
presence or absence of the compound to be tested. A brief reaction plan is depicted in Table
24. To be noted: each compound was pre-incubated for 5 min at RT with the recombinant
sirtuin. The concentrations of the reagents, the reaction buffer and the reaction time are
summarised for each type of reaction in Table 11. The compounds’ final concentrations were
100 uM (SIRT-6 depalmitoylation), 150 uM (SIRT-1, -2, -3, and -6 deacetylation activated by
MDL-800), or 300 uM (SIRT-6 activated by PA).

Along with the maximum DMSO amount in the reaction mixture, particular attention was
paid also to the concentration also of glycerol, as the recombinant SIRT-6 stock solution (68.8
UM) contained 20% glycerol; in the reaction mixture the amount of glycerol was
approximately 1.3%.

After quenching with 3 volumes of 200 mM HCl and 320 mM AcOH in MeOH, 45 puL of the
supernatant was subjected to HPLC analysis, as described in the corresponding Method
paragraph, and substrates or products were quantified. When the sirtuin was inhibited, the
product H3K9 was less in the “SIRT + compound” sample compared to the “SIRT” one,
whereas the acetylated or palmitoylated H3K9 decreased or remained at the “BLK” level
(Figure 38). The opposite was observed if the sirtuin was activated. The “BLK + compound”
sample was used as internal control of the reaction to verify that the compound’s peak does
not overlap with the one of the substrates or products, and also as internal standard of the
reaction mixture.

Table 24. Overview of the composition of the reaction mixtures for evaluating the enzymatic modulation by a
potential sirtuin modulator. In the table, the concentrations of the reactions referred to SIRT-2 are reported as
example. Reactions were carried out at 37°C, in a total volume of 30 uL. Abbreviation: Pep, peptide. conc,
concentration.

BLK SIRT-2 BLK SIRT-2
+ compound + compound

Sirtuin conc - 0.269 uM - 0.269 pM
NAD* conc 100 uM 100 uM 100 uM 100 um
Pep-H3K9Ac conc 240 pM 240 pM 240 uM 240 uM

DMSO 1ul - 1ul -
1pul 1pl
Compound - (150uwv|) . (150uuM)
Reaction buffer 20mM NaH;,PO4 20mM NaH;PO,4 20mM NaH;P0O,4 20mM NaH;,PO,4

Reaction time 10 min 10 min 10 min 10 min
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Figure 38. HPLC chromatograms of the deacetylation reaction mixture of SIRT-2 in absence (green) or in presence
of the SIRT-2 inhibitor CMP1. Retention times of the deacetylated peptide H3K9, namely the product, and of the
acetylated peptide H3K9, the reagent, are respectively 16 and 17 min. The amount of the deacetylated peptide
produced is less when the reaction is performed in presence of the SIRT-2 inhibitor.

Determination of the ICso of the SIRT-2 inhibitors by HPLC-based enzymatic assay.
Determination of the ICso for SIRT-2 of several SIRT-2 inhibitors was assessed by monitoring
the modulation of SIRT-2 at different concentrations of the compound (ranging from 10 to
150 puM). By increasing the compound concentration, the amount of the H3K9 peptide
produced increases; 1Cso was obtained from the logarithmic nonlinear regression curves in
GraphPad Prism (GraphPad Software, La Jolla, CA). Four independent ICso measurements
were determined for each compound.

MDL-800 chemical synthesis.

Compound MDL-800 was synthesised in a 3-step reaction process, adapted from (81) (Figure
39).

Reaction 1 + 2 - 3: To a solution of 5-bromo-4-fluoro-2-methylaniline 1 (1 eq) in 2 mL
pyridine was added methyl 2-(chlorosulfonyl)-5- nitrobenzoate 2 (1.2 eq) at 0°C, and the
reaction was continuously stirred at 0 °C for 20 min. Then, the reaction was moved to RT and
stirred for another 5 - 6 h. The reaction was cooled to 0 °C, and the pH was adjusted to 4 with
2 N HCl. The precipitate formed was filtered and washed with water. The solid was dissolved

in 3 mL of ethyl acetate and washed with water and dried over sodium sulfate. The organic
layer was evaporated in vacuo and directly used in the next step without being purified.
Reaction 3 + Fe 2 4: Iron powder (2.9 eq) was added to crude compound 3 (1 eq) dissolved

in acetic acid at T =35 °C. Then, the reaction was stirred under the same conditions for 5 h
and at RT O/N. The system was filtered, and the solvent was evaporated under reduced
pressure. The solid was dissolved in 3 mL of ethyl acetate and washed with water and dried
over sodium sulfate. The organic layer was evaporated in vacuo and directly used in the next
step without being purified.

Reaction 4 + 5 > MDL-800: To a solution of methyl 5-amino-2-(N-(5-bromo-4-fluoro-2-
methylphenyl)sulfamoyl)benzoate 4 (1 eq) in 2 mL pyridine, 3,5-dichlorobenzene-1-sulfonyl
chloride 5, (2.4 eq) was added at 0 °C, and the reaction was stirred at the same temperature

for 20 min. Then, the reaction was moved to RT and stirred for another 3 h and 30 min. The
reaction was cooled to 0 °C, and the pH was adjusted to 4 with 2 N HCI. The precipitate
formed was filtered and dried.
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The crude product was purified with HPLC preparative to obtain the final product in 28%
yield. The preparative HPLC was Agilent 1260 Infinity preparative HPLC; the column used for
preparative chromatography was Phenomenex C18 Luna (21.2 x 250 mm, 15 um). The mobile
phase consisted of eluent A and B, with the gradient of eluent B as the following: 0 — 5 min
30 - 40%; 5 — 10 min, 40 — 50%; 10 — 35 min, 70%; 35 — 45 min, 70% — 90%; 45 — 60 min, 90
—100%, at 20mL/min. Total run time was 60 minutes. Eluent A and B are H,0 + FoA 0.1%,
and AcCN + FoA 0.1%, respectively.

The final product was judged to have a purity of 95% or higher, based on analytical HPLC/MS
analysis.

The 3-step reaction process was repeated several times in order to obtain a bulk amount of
MDL-800, needed for the preparation of MEs, to be then applied as topical formulations in
mice studies. Therefore, a total of 970 mg of MDL-800 with at least 95% purity were
synthesised. Test of effective modulation of SIRT-6 and comparison of the activation by the
synthesised compound and the one purchased from Sigma-Aldrich S.r.l.
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Figure 39. Reaction scheme of compound MDL-800.

Evaluation of solubility properties of $6 and MDL-800.

S6 and MDL-800 were added as solid compounds to several solvents or mixture of solvents,
including purified water, EtOH and acetone and solubilisation was aided by heating the
mixture; they were insoluble in all of them already at 3 mM concentration. Both compounds
were able to dissolve instead in DMSO upon heating (50°C): S6 at 24 mg/mL (58.5 mM), and
MDL-800 at 64 mg/mL (102 mM). S6 solubility in a DMSO/PBS solution was also further
examined: a 50 mM S6 in DMSO was mixed with PBS in a 1:1 and 1:2 ratio. The compound
remained dissolved in the 1:1 ratio solution, while it precipitated in the 1:2 one.

Preparation of lipogels.

Lipogel formulations were prepared by adding to syntesqual (10.2 g) DMSO (0.2 mL), which
represents the APIs’ vehicle, and different amounts of Lipogelag, followed by magnetic
stirring for 2 min (Table 25).

Table 25. Composition of 8 lipogel formulations.

Formulation Syntesqual DMSO Lipogelag
LG-1 10.2 g 0.2 mL 1% (0.1 g)
LG-2 102 g 0.2mL 2% (0.2 g)
LG-3 102¢g 0.2 mL 3% (0.3 g)
LG-4 102 g 0.2 mL 4% (0.4 g)
LG-5 10.2 g 0.2 mL 5% (0.6 g)
LG-6 10.2 g 0.2mL 6% (0.6 g)
LG-7 10.2 g 0.2 mL 7% (0.7 g)

LG-10 10.2 g 0.2 mL 10% (1 g)
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Preparation of O/W emulsions and MEs.
A total of 5 O/W emulsions and 25 O/W MEs were prepared by mixing purified water, oil, a

surfactant, DMSO, and eventually a thickener (Table 26, Table 27).

Table 26. Composition of the O/W emulsion formulations.

Formulation Water phase Oil phase
Surfactant Oil
O:W ratio Water Tween 20 IPM DMSO
E-1 1:1 5mL 2 gtt 5mL 100 pL
E-2 4:1 1mL 2 gtt 4 mL 100 pL
E-3 23:1 1.5mL 2 gtt 3.5mL 100 pL
E-4 4:1 1mL 4 gtt 4 mL 100 pL
E-5 23:1 1.5mL 4 gtt 3.5mL 100 pL
Table 27. Composition of the O/W ME formulations.
ME Water phase Oil phase
Surfactant Thickener Oil
o:w Tween Tween PEG PEG PEG Synte-
ratio  Vater 20 80 7 GC 200 400 IPM qual PMSO
ME-1 1:1 5mL 2 gtt 5 mL 0.1 mL
ME-2 4:1 1mL 2 gtt 4 mL 0.1 mL
ME-3 4:1 0.5mL 2 gtt 2 mL 0.2 mL
ME-4 23:1 1.5mL 2 gtt 3.5mL 0.1 mL
ME-5 4:1 1mL 4 gtt 4 mL 0.1 mL
ME-6 4:1 0.5mL 4 gtt 2mL 0.2 mL
ME-7 23:1 1.5mL 4 gtt 3.5mL 0.1 mL
1mL
ME-8 3:1 ImL 2 gtt (20%) 3mL 0.1 mL
0.5 mL
ME- 15:1 2 mL 2 L 1 mL
9 5 m gtt (10%) 3m 0.1m
0.5mL
ME-10 8:1 0.5mL 2 gtt (10%) 4 mL 0.1 mL
0.5 mL
ME-11 4:1 1mL 2 gtt (10%) 4 mL 0.1 mL
0.75 mL
ME-12 4.7:1 7 L 2 . L AmL
0.75m gtt (15%) 3.5m 0.1m
ME-13 23:1 1.5mL 2 gtt 0.5 mL 3.5mL 0.1 mL
(10%)
ME-14 3:1 1.25mL 2 gtt 3m7L5 0.1mL
0.25 mL
ME-15 28:1 1.25mL 2 gtt (5%) 3.5mL 0.1 mL
ME-16 3.2:1 0.6 mL 2 gtt 1.9mL 0.2 mL
ME-17 2.7:1 0.6mL 2 gtt 1.6 mL 0.2 mL
ME-18 2.7:1 0.6 mL 2 gtt 1.6mL 0.2mL
0.3 mL
ME-19 2.7:1 0.6 mL 2 gtt (11%) 1.6 mL 0.2 mL
0.3mL
ME-20 3.2:1 0.6 mL 2 gtt (10%) 1.9mL 0.2 mL
0.3 mL
ME-21 2.7:1 0.6 mL 2 gtt (11%) 1.6mL 0.2mL
0.3mL
E-22 01 . L 1. L .2mL
M 3 0.6m 4 gtt (10%) 8m 0.2m
0.3 mL
ME-23 3:1 0.6 mL 4 gtt (10%) 1.8mL 0.2mL
ME-24 3:1 0.6 mL 4 gtt 1.8mL 0.2mL
ME-25 4:1 0.4 mL 6 gtt 1.6mL 0.4mL
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Emulsions were obtained by stirring the mixture in a beaker with a magnetic stirrer for 15
min, or by manual agitation of the mixture in a 10 mL corex glass tube (total volume: 5 —
10mL). On the other side, MEs were prepared by mixing in a 10 mL corex glass tube the
excipients and by stirring them vigorously with the Ultra-Turrax® T18 Homogenizer (IKA®-
Werke GmbH & Co. KG, Germany), which was set at speed 3 (16000 g/min), for approximately
2 min (total volume: 2.5 — 5 mL). In detail, in emulsions and MEs the main water phase
component was purified water, while the main oil phase substance was either syntesqual or
IPM. O:W ratio ranged from 1:1 to 8:1. The surfactants chosen were Tween 20 or Tween 80,
2 or 4 gtt. In the water phase, eventually also thickeners like PEG 7 GC, PEG 200 or PEG 400
were added. The different PEGs were added in different amounts in the range 5-20% V/V,
according to the other excipients’ amounts. Finally, in the oil phase, DMSO was added (100,
200 or 400 pL). To be noted that oils were added with a specific pipette for viscous liquids.

Stability studies of lipogels.

The physical stability of the lipogels was evaluated after 1-, 3-, and 7-days RT storage. The
parameters assessed by visual inspection were fluidity of the mixture, phase separation and
ability to reach again thermodynamical stability upon shaking.

Stability studies of emulsions and MEs.

The physical stability of the emulsions and of the MEs was evaluated after 1, 3 and 7 days.
The formulations were further tested in accelerated stability studies, by storing them at RT
for 2.5 months, which simulated the long-term 4°C storage condition of the subsequent in
vivo study. The parameters assessed by visual inspection were fluidity of the mixture, ease
of pipetting, phase separation and ability to reach again thermodynamical stability upon
shaking (Table 17).

Plan of the dose of S6 and MDL-800 to apply in the in vivo studies.

The amount of S6 and of MDL-800 to deliver to the DS of mice treated in a DMBA-TPA
protocol is described in Table 28. Specifically, in topical treatment studies, the dose to deliver
to a mouse is not dependent on its weight, but it can be fixed to a certain value for all animals,
considering that the skin has approximately the same extension for all the mice selected for
the study. With respect to the physicochemical properties and to their known bioactive
effects, the amounts of S6 and MDL-800 were defined respectively as 30 mg/kg and 80 mg/kg
per dose. Considering an average mouse weight of 20 g, the desired amount of each
compound was identified as 0.6 mg and 1.6 mg per dose. The application volume (ideally in
the range of 80-200 uL) was fixed to 150 L per dose.

Table 28. Amount of S6 and MDL-800 planned for 1 dose of treatment, and their concentration needed in the
MEs.

Dose per Amount needed in 1 dose (150 uL of ME) Concentration needed
Compound A R
mouse (average mouse weight is 20 g) in the ME
S6 30 mg/kg 0.6 mg 4 mg/mL (9.75 mM)
MDL-800 80 mg/kg 1.6 mg 10.67 mg/mL (17 mM)

Preparation of ME-25 loaded with S6 or MDL-800 or vehicle.

After selecting ME-25 as the most promising formulation, and after defining the dosage per
mouse during the in vivo studies, the formulations containing S6 and MDL-800 were
prepared. In detail, purified water (water phase), syntesqual (oil phase), Tween-20
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(surfactant) and a solution of S6 or MDL800 in DMSO, were mixed with Ultra-Turrax® T18
Homogenizer at speed 3 (16000 g/min), according to Table 29 (total volume: 2.4 mL). A O/W
ME containing the APIs’ vehicle, namely DMSO, added in the same amount of the S6 and
MDL-800-loaded MEs, was also prepared; this formulation was renamed “BLK”. The
container used for the emulsification was a 10 mL corex glass tube. In Table 30, the
concentrations of S6 and of MDL-800 both in the DMSO stock solutions used to prepare the
MEs, and in the final MEs are described.

Table 29. Composition of the O/W ME formulations containing S6, MDL-800 or their vehicle.

Formulation Water phase Oil phase v
prepared
Surfactant Oil API Vehicle
o:w S6 or MDL-800
ratio Water Tween20 Syntesqual DMSO solution DMSO
ME-BLK 4:1 0.4 mL 6 gtt 1.6 mL 0.4 mL 2.4 mL
ME-S6 4:1  04mL 6 gtt 1.6 mL 0.4 mL (S6: 9.6mg) 2.4mL
ME- 0.4 mL
MDL-800 4:1 0.4 mL 6 gtt 1.6 mL (MDL-800: 25.6 mg) 2.4 mL
Table 30. Concentration of the compounds S6 and MDL-800 in the DMSO stock solution and in the MEs.
. Amount contained in 0.4 mL of stock .
Compound . Concentration . solution transferred to the ME mix Co'ncentratlon
in the DMSO stock solution in the ME
(2.4 mL)
S6 24 mg/mL (58.2 mM) 9.6 mg 4 mg/mL (9.75 mM)
MDL-800 64 mg/mL (102.2 mM) 25.6 mg 10.67 mg/mL (17 mM)

Stability studies of drug-loaded MEs.

The physical stability of the API-loaded and vehicle MEs was evaluated after 1, 3 and 7 days.
The formulations were further tested in stability studies: upon storage at 4°C for 6 months,
they were examined periodically at 1, 3 and 6 months. The parameters assessed by visual
inspection were fluidity of the mixture, ease of pipetting, phase separation and ability to
reach again thermodynamical stability upon shaking.

Chemical stability of the compounds contained in the MEs was also determined. This was
accomplished by HPLC analysis. In detail, S6- and MDL-800-loaded MEs were respectively
487- and 872-fold diluted in an acidic MeOH solution (200 mM HCl and 320 mM AcOH);
following centrifugation at 16000 x g for 3 min, the supernatant was injected in HPLC. Analysis
was performed in an Agilent Technologies 1260 HPLC, with a ZORBAX® Eclipse Plus C18 3.5
KM, 4.6 mm x 10 mm column, set on 25°C; injection volume was 45 puL. The mobile phase
consisted of eluent A and B, with the following gradient of eluent B: 0 — 5 min 5%; 5 — 16 min,
5—25.1%; 16 — 20 min, 100%; 20 — 24 min, 100%; 24 — 24.1 min, 100 — 5%, at ImL/min. Total
run time is 24 minutes. Eluent A and B were H,O + TFA 0.05%, and AcCN + TFA 0.02%,
respectively. The whole absorbance profile at 220 nm was analysed. At the described HPLC
conditions, S6 and MDL-800 retention times are respectively 17.65 min and 21.21 min.

Preparation of bulk quantities of drug-loaded MEs.

Since in ME preparation the correlation between different excipients is not linear, the scale-
up process is not particularly straightforward. Therefore, the preparation of bulk quantities
of the APl-loaded MEs was chosen to be accomplished by repeating multiple times the
protocol described previously.
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Cell culture.

HaCaT and SCC13 cell lines were retained in Gibco™ Keratinocyte SFM 1X medium supplied
with prequalified human recombinant Epidermal Growth Factor 1-53 (EGF 1-53) and Bovine
Pituitary Extract (BPE). HEK293 cell lines were maintained in Dulbecco’s Modified Eagle’s
Medium, high glucose, supplemented with 10% FBS, 50 IU/mL penicillin, and 50 pg/mL
streptomycin. Cells were cultured in a humidified 5% CO; atm at 37 °C.

Constructs and viral infection: SIRT-6 silencing in SCC13 cells.

HEK293 (5 x 10°) cells were plated in 4 ml of medium in 6-cm dishes and allowed to adhere
for 24 h. Thereafter, cells were transfected with 4 pg of plasmid DNA using TransIT-293,
according to the manufacturer's instructions. Plasmids used were empty pRETROSUPER (pRS)
and pRS SIRT-6 sh1l. Viral supernatants were harvested after 36, 48, and 60 h and used to
infect SCC13 cells (5 x 10°) in 10-cm dishes in the presence of 5 pg/ml protamine sulfate.
Successfully infected cells were selected using 1.5 pg/ml puromycin.

Cell viability assay.

The effects of several compounds on SCC13 and HaCaT cell viability were assessed by
sulphorhodamine (SRB) assay. Specifically, 24 h after seeding cells, these were incubated
either in their regular medium supplemented with DMSO (control wells), or in the treatment
medium containing increasing concentration of the tested compound dissolved in DMSO.
Each condition was performed in triplicate and incubation was carried out for either 24, 48
or 72 h in 5% CO, atm at 37 °C. Afterwards, the culture plates were fixed with 10%
trichloroacetic acid at 4 °C for 20 min, washed with cold water, and dried O/N. The plates
were stained with 0.04% SRB in 1% AcOH and then washed with 1% AcOH and dried
overnight. Lastly, a 10 mM Tris solution was added to each well, and cell viability was
quantified by measuring absorbance at 540 nm on spectrophotometer CLARIOstar® Plus
(BMG LabTech, Germany).

Co-treatment of SCC13 with sirtuins’ modulators and 5-FU or Celecoxib.

In order to evaluate the synergic or additive effect of SIRTs’ modulators on 5-FU and on
Celecoxib, at first, the max concentration of each compound was screened: this was defined
as the one giving at least 70% living cells. Several trials were performed in order to define the
best incubation and concentration conditions. Treatments of SCC13 cells were performed for
24 and 72 h, at different ranges of concentrations of 5-FU, of Celecoxib, of the SIRT-6
modulators S6, MDL-800 and EAB1 to EAB10. The concentrations chosen for 5-FU and for
Celecoxib were respectively 1.6 uM and 12.5 uM (Figure 40).

S6, EAB2, EAB3 and EABS5 were added to SCC13 cells at different concentrations in the ranges
0 — 100 uM, while MDL-800 in the range 1 — 10 uM, in co-treatment with either 5-FU or
Celecoxib. After 72 h, cell viability was evaluated by SRB assay and the synergic or additive
effect of the compounds was assessed. All compounds were dissolved in DMSO, therefore,
appropriate control SCC13 cells, namely treated just with the DMSO vehicle, were also
analysed.
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Figure 40. Transform curves of 5-FU, Celecoxib, S6 and MDL-800 after 48 h treatment of SCC13 cells with the
compounds.

Cell treatment with the sirtuins’ modulators for WB analyses.

SCC13 cells were treated with a selection of the SIRT-6 compounds that had been screened
through VS. Specifically, SCC13 cells were incubated for 21 h with compounds S6, MDL-800,
EAB2, EAB3 and EABS5 (50 uM), and with DMSO as control (max DMSO concentration was
0.1%).

Cutaneous chemical carcinogenesis and topical treatment with MEs.

DS of mice was subject to a two-time DMBA treatment (100 pL, 1 mg/mL in acetone),
followed by TPA treatment twice a week (100 pL, 100 uM in acetone). The TPA treatment
was continued on the DS until sacrifice (Table 31). Mice were shaved on their DS prior to
DMBA treatment, and later as needed. Any palpable mass greater than 1 mm in size was
considered a papilloma and recorded.

Mice were divided into three groups of approximately 18 mice, and each one was
characterised by a different treatment plan with the MEs, which had been previously
prepared, as described in Table 29. Specifically, topical application of MEs started in three
different stages of skin carcinogenesis: for Group 1-mice, after papillomas arose on their skin;
for Group 2-mice, at the promotion stage, together with TPA treatment; for Group 3-mice, 1
week prior to initiation with DMBA.

MEs were applied to DS of mice (150 uL) with a pipette for viscous liquids. For each group
the MEs applied were ME-BLK, which contained the APIs’ vehicle DMSO, ME-S6 and ME-MDL-
800, that contained compounds S6 and MDL-800, respectively. Concentration of the MEs
containing the APIs is described in Table 30.

DS of mice was treated topically with MEs named BLK, S6 and MDL-800, that contain either
DMSO, the SIRT-6 inhibitor S6, or the SIRT-6 activator MDL-800. The starting date of the MEs
treatment depended on the in vivo studies plan, while the end date corresponded to the
mice sacrifice (Figure 41). Of note: treatment of Group 1-mice with the MEs was interrupted
7 weeks prior to sacrifice.
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Figure 41. Detail of the treatment plan for the three different groups. Group 2 and 3 present a preventive approach,
while Group 1 a therapeutic one.

Table 31. Detail of the weekly treatment plan for the 2-stage carcinogenesis protocol and for the topical treatment
with MEs.

Monday Tuesday Wednesday Thursday Friday Saturday Sunday

1st week DMBA - - DMBA - - -
nd H
from 2 Vfl?ek until TPA ) ) TPA ) ) )
sacrifice

starting date depending

- E - - E - -
on the treatment group MEs MEs

Animal sacrifice and tissue collection.

At the termination of the carcinogenesis protocol, after shaving their DS, mice were
sacrificed. Immediately, an image of the DS was taken and tissues were harvested.
Specifically, DS was collected for further histological, WB and real-time PCR analyses.

Animal study approval.
All animal experiments were carried out in the animal facility of CEINGE-Biotecnologie
Avanzate, Naples, Italy, in accordance with institutional guidelines.

Protein extraction from cells or DS tissues.
Cells were lysed in lysis buffer (50 mM Tris-HCI, pH 7.5, 150 mM NaCl, 1% NP40) enriched
with 1:100 protease inhibitor PIC® Reagent A and 1:100 Phosphatase Inhibitor Cocktail 3.

Dorsal skin was removed from mice and immediately frozen at -80°C. 800 L of Lysis Buffer
(0.125 M Tris pH 8.6; 3% SDS, protease inhibitors including PMSF 1.0 mM and phosphatase
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inhibitors) were added to all dorsal skin samples, which were then homogenised with
TissueLyser Il (QIAGEN, Hilden, Germany, 85300).

Western Blot analysis.

Total tissues protein was separated by 10 or 15% SDS-PAGE followed by Western Blot. The
membrane was then blocked with 5% non-fat dry milk or BSA in TBS or PBS-0.2% Tween. It
was then incubated with the primary antibodies for 1 h at RT or O/N at 4°C; the antibodies
used and their dilutions are listed in Table 21. The following secondary antibodies were either
anti-mouse 1gG-HRP or anti-rabbit IgG-HRP. Band detection was achieved by
chemiluminescence using an ECL kit. Loading control was monitored either with anti-vinculin,
anti-tubulin or anti-H3 specific antibodies. Bands were quantified with Image) software (NIH
Image, Bethesda, Maryland).

MRNA extraction from DS tissues and real-time PCR.

Messenger RNAs were extracted with TRIzol reagent, according to the manufacturer’s
protocol. Complementary DNAs (cDNAs) were prepared with VILO or ABM, as indicated by
the manufacturer. The cDNAs were amplified by PCR in a CFX Connect Real-Time PCR
Detection System (BioRad, Hercules, California, USA, 1855201) with the fluorescent double-
stranded DNA-binding dye SYBR Green. Specific primers for each gene were designed to work
under the same cycling conditions (95°C for 10 min followed by 40 cycles at 95°C for 15 sec
and 60°C for 1 min), thereby generating products of comparable sizes (about 200-300 bp for
each amplification). Primer sequences are listed in Table 22. For each reaction, standard
curves for reference genes were constructed based on six four-fold serial dilutions of cDNA.
All samples were run in triplicate. The template concentration was calculated from the cycle
number when the amount of PCR product passed a threshold established in the exponential
phase of the PCR. The relative amounts of gene expression were normalised to CyA
expression and calculated with N*target = 2(ACt sample-ACt calibrator)

Histology and Immunostaining of DS tissues.

Dorsal skin from CD-1 mice treated with BLK, S6 and MDL-800 MEs was embedded in paraffin
and cut into 15.0 um sections; slides were then baked at 37°C. Sections were then stained
with Haematoxylin & Eosin (H&E). Alternatively, for immunostaining, they were
deparaffinised by xylene, dehydrated with ethanol, rehydrated in PBS, and permeabilised by
placing them in 0.2% Triton X-100 in PBS. Antigens were retrieved by incubation in 0.1 M
citrate buffer pH 6.0 at 95°C for 5 min. Sections were blocked in 1% BSA/0.02% Tween/PBS
for 1 h at RT. Primary antibodies were incubated O/N at 4°C in blocking buffer and washed in
0.2% Tween/PBS. Secondary antibodies were incubated at RT for 1 h and washed in 0.2%
Tween/PBS. At last, sections were incubated with 4,6-diamidino-2-phenylindole (DAPI) for
nuclei staining and washed with PBS. Details of the antibodies used are reported in the
Materials paragraph. Images were acquired with a Leica DMi8 microscope using the Leica
Application Suite LAS X Imaging Software.
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