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1. Introduction

1.1 Non-small-cell lung cancer (NSCL C)

1.1.1 Incidence and mortality

Lung cancer represents the second malignancy in menccidental world,
accounting for 21% of new cancer cases and 30%otafl death for cancer.
In the United States 200.000 new cases are roiserery year, with about 160.000
death/year. In the European Union one lung carcaegistered every 100.000
habitants, with 50 deaths.

It has been calculated that one man of 9, and lamoofh 36 develop a lung cancer
in his lifespan. In our country, lung cancer in mégom 2006 to 2009, were more

incident in the north regions (73,0 cases/100.08Bithnts) respect to the central
(64,7 cases/100.000 habitants) and the south dné ¢ases/100.000 habitants). In
women, the difference in incidence between nortd aouth regions is more

marked, with 22,0 cases/100.000 habitants in nexions, 18,4/100.000 habitants
in middle regions and 13,8/100.000 habitants ingbeth. A modest decrease in
lung cancer incidence was observed in men, iniogldb a parallel decrease in the
smoking habits (-2,0%/year from 1996 to 2010). Asitrary an increase was
observed in women (+2,5%/year from 1996 to 2010).

Lung cancer represents the first cause of deathein (26% of total death) and the
third cause in women (11% of total death). Alsorfaortality, from 1996 to 2010 a
decrease in men (-2,0%/year) and a constant ireiaasomen (+1,8%/year) were
observed. 5% survival of lung cancer patients maudified in the last years, and is

about 14% in men and 18% in women.

1.1.2 Risk factors and prevention

Cigarette smoke represents the most importantfaisior for lung cancer, and it is
considered to be responsible for 85% of observedsca
The relative risk is in tight relation with the nber of smoked cigarette/die, with

the duration of smoking (years) and the contentaof(1-6). The relative risk of
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smokers with respect to non smokers is 14, whetessof heavy smokers (more
than 20 cigarette/die) is 20 times. For smokers wtapped smoking, the risk
decrease in the follow 10-15 years. Regarding passnoke, it has been stimated
an increase of about 20-50% with respect to norkenso

Some substances are recognized as lung carcinggsbestos, chrome, arsenic,
beryllium, vinyl cloride, radon, etc) and they gamtentiate their effect in presence
of tobacco smoke.

Air pollution represents another risk for lung canc

1.1.3 Staging and TNM classification

Staging is one of the most important componentshen management of lung
cancer. Accurate staging is important becauselatval the clinician to predict
prognosis and assign appropriate therapy and atsades a system that allows
clinicians and researchers to stratify patients reasonably homogenous groups so
that treatment outcomes can be appropriately casdpdrumor staging is broadly
broken down into clinical staging and pathologiagatg. Clinical stage refers to
the best prediction of lung cancer stage priorh® tcommencement of therapy.
Pathologic stage refers to the best predictiortagjesfollowing pathologic analysis
of the patient's tumor, lymph nodes, and/or metestaand is usually applied
following surgical resection or exploration. In coron with most other solid
malignancies, lung cancer staging is defined byltlval extent of the primary
tumor (T), involvement of associated lymph nodes, (8nd whether or not
metastases (M) exist. The TNM classification fonducancer was originally
proposed by Mountain in the early 1970s based oanatysis of 2,155 surgically
resected patients at the MD Anderson Cancer CefM®ACC) (7) . The
International Association for the Study of Lung Can(IASLC) convened a lung
cancer staging workgroup in 1998 and collected data total of 100,869 patients
from multiple institutions worldwide (8) . The lagpdated staging system is the 7th
edition of the American Joint Commission on Can{@elCC) and the International
Union Against Cancer (UICC) Staging Manual. (Taldlesnd 2).



Table 1. TNM Classification of NSCLC

Primary tumor (T)

TX |Primary tumor cannot be assessed the tumor is proven by the presencs
malignant cells in sputum or bronchial washing isuhot visualized by imaging
bronchoscopy

TO ||No evidence of primary tumor

Tis ||Carcinoma in situ

T1 |[Tumor< 3 cm in greatest dimension, surrounded by lungisceral pleura, n
bronchoscopic evidence of invasion more proximahtthe lobar bronchus (not
the main bronchus); superficial spreading of tumdhe central airways (confined
the bronchial wall )

Tla|Tumor< 2 cm in the greatest dimension

T1b|Tumor > 2 cm buk 3 cm in the greatest dimension

T2 |[Tumor >3 cm buk 7 cm or tumor with any of the following:

« Invades visceral pleura

+ Involves the main bronchas2 cm distal to the carina

« Associated with atelectasis/obstructive pneumosiigending to hilar regic
but not involving the entire lung

T2a|Tumor > 3 cm buk 5 cm in the greatest dimension

T2b|Tumor > 5 cm buk 7 cm in the greatest dimension

T3 ||Tumor > 7 cm or one that directly invades anyheffollowing:

« Chest wall (including superior sulcus tumors), ti@gm, phrenic nerv

mediastinal pleura, or parietal pericardium;

Or tumor in the main bronchus < 2 cm distal todhgna but without involvement

the carina




Or associated atelectasis/obstructive pneumorfitiseoentire lung or separate tum

nodule(s) in the same lobe

T4

Tumor of any size that invades any of the followimgediastinum, heart, gre
vessels, trachea, recurrent laryngeal nerve, egoghaertebrabody, or carina; ¢

separate tumor nodule(s) in a different ipsilaterbé

Reg

onal lymph nodes (N)

NX

Regional lymph nodes cannot be assessed

NO

No regional node metastasis

N1

Metastasis in ipsilateral peribronchial and/psilateral hilar lymph odes an

intrapulmonary nodes, including involvement by dirextension

N2

Metastasis in the ipsilateral mediastinal andldycarinal lymph node(s)

N3

Metastasis in the contralateral mediastinal, cdetieaal hilar, ipsilateral (

contralateral scalene, or supraclavicular lymphesod

Distant metastasis (M)

MX |Distant metastasis cannot be assessed

MO ||No distant metastasis

M1 |Distant metastasis

Mla|Separate tumor nodule(s) in a contralateral lobejor with pleural nodules
malignant pleural (or pericardial) effusion

M1b|Distant metastasis

or




Table 2. Stages classification

Stage|T N M
la Tla || NO MO
Tlb |NO MO
Ib T2a | NO MO
lla ||ITla |N1 MO
Tlb |N1 MO
T2a | N1 MO
T2b |NO MO
llb |T2b |N1 MO
T3 NO MO
Ma |[T1 N2 MO
T2 N2 MO
T3 N2 MO
T3 N1 MO
T4 NO MO
T4 N1 MO
b (T4 N2 MO
T1 N3 MO
T2 N3 MO
T3 N3 MO
T4 N3 MO
IV |[T Any|N Any|M1la or 1




1.1.4 Cdlular classification of NSCLC

Malignant non-small cell epithelial tumors of theng are classified by the World
Health Organization (WHO)/International Associatidor the Study of Lung
Cancer (IASLC). There are three main subtypes of-small cell lung cancer
(NSCLC), including the following:

. Squamous cell carcinoma (25% of lung cancers).
. Adenocarcinoma (40% of lung cancers).
. Large cell carcinoma (10% of lung cancers).

There are numerous additional subtypes of decrg&squency.

WHO/IASLC Histologic Classification of NSCLC

1. Squamous cell carcinoma.
Papillary.
Clear cell.

Small cell.

w0 NP

Basaloid.
2. Adenocarcinoma.

=

Acinar.
2. Papillary.
3. Bronchioloalveolar carcinoma.

1. Nonmucinous.

2. Mucinous.

3. Mixed mucinous and nonmucinous or indeterminatetgpé.
4. Solid adenocarcinoma with mucin.
5. Adenocarcinoma with mixed subtypes.
6. Variants.

1. Well-differentiated fetal adenocarcinoma.
Mucinous (colloid) adenocarcinoma.
Mucinous cystadenocarcinoma.

Signet ring adenocarcinoma.

o b~ 0N

Clear cell adenocarcinoma.
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3.

Most squamous cell carcinomas of the lung are éacatentrally, in the larger

1.

ok~ 0N PR

Large cell carcinoma.
Variants.
1. Large cell neuroendocrine carcinoma (LCNEC).
Combined LCNEC.
Basaloid carcinoma.

Lymphoepithelioma-like carcinoma.

o bk~ 0N

Clear cell carcinoma.
6. Large cell carcinoma with rhabdoid phenotype.
Adenosquamous carcinoma.
Carcinomas with pleomorphic, sarcomatoid, or saatonns elements.
Carcinomas with spindle and/or giant cells.
Spindle cell carcinoma.
Giant cell carcinoma.
Carcinosarcoma.
Pulmonary blastoma.

Carcinoid tumor.

1. Typical carcinoid.

Atypical carcinoid.
Carcinomas of salivary gland type.

Mucoepidermoid carcinoma.

2. Adenoid cystic carcinoma.

Others.

Unclassified carcinoma.

Squamous cell carcinoma

bronchi of the lung. Squamous cell carcinomas arketl more strongly with
smoking than other forms of NSCLC. The incidencegiamous cell carcinoma of

the lung has been decreasing in recent years.
Adenocarcinoma

Adenocarcinoma is now the most common histologlatygae in many countries,

and subclassification of adenocarcinoma is importane of the biggest problems
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with lung adenocarcinomas is the frequent histalobeterogeneity. In fact,
mixtures of adenocarcinoma histologic subtypes moge common than tumors
consisting purely of a single pattern of acinarmilpay, bronchioloalveolar, and

solid adenocarcinoma with mucin formation.

Criteria for the diagnosis of bronchioloalveolarataoma have varied widely in the
past. The current WHO/IASLC definition is much marestrictive than that
previously used by many pathologists because iimged to only noninvasive

tumaors.

If stromal, vascular, or pleural invasion are idiggd in an adenocarcinoma that has
an extensive bronchioloalveolar carcinoma compgnést classification would be
an adenocarcinoma of mixed subtype with predomibamrichioloalveolar pattern
and a focal acinar, solid, or papillary patterrpeteding on which pattern is seen in
the invasive component. However, the future of bhamloalveolar carcinoma as a
distinct clinical entity is unclear; a multidiscipary expert panel representing the
IASLC, the American Thoracic Society, and the Ewap Respiratory Society
proposed a major revision of the classificationadenocarcinomas in 2011 that
entails a reclassification of what was called bhooloalveolar carcinoma into

newly defined histologic subgroups.

The following variants of adenocarcinoma are recogph in the WHO/IASLC

classification:

. Well-differentiated fetal adenocarcinoma.
. Mucinous (colloid) adenocarcinoma.

. Mucinous cystadenocarcinoma.

. Signet ring adenocarcinoma.

. Clear cell adenocarcinoma.

Large cell carcinoma

In addition to the general category of large celfcsmoma, several uncommon

variants are recognized in the WHO/IASLC classtfaa, including the following:

. LCNEC.
10



. Basaloid carcinoma.

. Lymphoepithelioma-like carcinoma.
. Clear cell carcinoma.
. Large cell carcinoma with rhabdoid phenotype.

Basaloid carcinoma is also recognized as a vaofstjuamous cell carcinoma, and
rarely, adenocarcinomas may have a basaloid patiemever, in tumors without

either of these features, they are regarded asanvaf large cell carcinoma.
Neuroendocrine tumors

LCNEC is recognized as a histologically high-gramm-small cell carcinoma. It
has a very poor prognosis similar to that of sroalll lung cancer (SCLC). Atypical
carcinoid is recognized as an intermediate-graderoemdocrine tumor with a
prognosis that falls between typical carcinoid Aigh-grade SCLC and LCNEC.

Neuroendocrine differentiation can be demonstrégdmmunohistochemistry or
electron microscopy in 10% to 20% of common NSCLlLRa do not have any
neuroendocrine morphology. These tumors are notdlly recognized within the
WHO/IASLC classification scheme because the cliniend therapeutic
significance of neuroendocrine differentiation iISGLC is not firmly established.
These tumors are referred to collectively as NSCw@h neuroendocrine

differentiation.
Carcinomas with pleomor phic, sarcomatoid, or sarcomatous el ements

This is a group of rare tumors. Spindle cell casoias and giant cell carcinomas
comprise only 0.4% of all lung malignancies, antciceosarcomas comprise only
0.1% of all lung malignancies. In addition, thisogp of tumors reflects a
continuum in histologic heterogeneity as well asthghial and mesenchymal
differentiation. On the basis of clinical and malkee data, biphasic pulmonary
blastoma is regarded as part of the spectrum dafirtanas with pleomorphic,

sarcomatoid, or sarcomatous elements. (9)
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1.1.5 Biomolecular characterization and target therapy

In recent years, attention has been paid to theeth@t ‘driver mutations,” such as
epidermal growth factor receptor (EGFR) and anaipl&gmphoma kinase (ALK),
have in the tumorigenesis of adenocarcinomas, lagid potential use as targets for
therapy (10-12). Recent data suggest EGFR maysels@ as a prognostic factor,
in addition to its role as a predictive factor, ients-bearing EGFR mutations
have shown favorable clinical outcomes even witihventional chemotherapy
(13). EGFR mutations, which are associated witlecibje responses to single-
agent TKI therapy in lung adenocarcinomas, areepeetially observed in a
specific subset of patients: females of East Asidumicity who have never smoked
and who have adenocarcinoma with lepidic growth tegpat (formerly
bronchioloalveolar carcinoma) (13). In adenocangias, the majority of mutations
have been identified in exons 18-21 of the EGFRegdimese mutations can be
roughly classified into three major categories:fraxne deletions in exon 19,
insertion mutations in exon 20, and missense nastgiin exons 18-21.

Different EGFR mutations have different signalinggeerties, but most mutations
affect the ATP binding cleft, where targeting TKismpete for binding. The most
frequent mutations were located at exon 19 and @40 here are over 20 variant
types of exon 19 deletions, with the most commocdutiing delE746-A750,
delL747- T751insS, and delL747-P753insS. L858Rexan 21, is the second most
frequent mutation. Additional mutations are locas¢dexon 18 including G719C,
G719S, G719A, and S720F and mutations found in &iomcluding L861Q and
L861R.

The exon 20 insertions frequently associated wiBFE-TKI non-responsiveness,
including D770- N771insNPG, D770-N771insSVQ, D770MinsG, and point
mutations, including T790M, V769L, and N771T. Theshimportant mutation in
exon 20 is T790M, which is associated with a srfralttion of adenocarcinomas
with primary resistance to EGFR TKI and over on#-ld the patients with
acquired resistance to EGFR TKI. The ability toedéimultiple driver mutations in
lung adenocarcinoma has revolutionized the mediahagement of this disease
and multiplexed testing for all common driver migas will provide physicians

with a more precise guide for therapy (14). Otheved mutations have been
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identified in NSCLC (in about 60% of cases) andrigure 1 are represented the
frequency of the founded alterations (15).
It is noteworthy that 95% of molecular lesions wereatually exclusive.

Figure 1. Frequency of major driver mutations in signaling molecules in lung
adenocar cinomas (16).

NRAS
0.2%

MAP2K1
0.4%

ERBBZ
1%

MET _~
a
PIK3CA

3% 3%,

The ALK gene encodes a receptor tyrosine kinasaddan a number of fusion
proteins consisting of the intracellular kinase domof ALK and the amino
terminal portions of different genes. The EML4-AlfkSion is a rare abnormality
detected in 3—13% of patients with adenocarcinofhdy It has been reported that
although ALK-fusion positive lung cancers are resis to the EGFR TKiIs,
gefitinib, and erlotinib, they are sensitive to dmmolecule TKIs against ALK.
ALK TKIs (ALK TKI), including crizotinib, are effetive treatments in preclinical
models for patients with ALK-fusion cancers (18).

Based on the molecular feature of patients withnadarcinoma of the lung, an
algorithm that defines the rationale in selectiragignts who could benefit from
EGFR and EML4-ALK targeted therapy have been sugdd&igure 2).
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Figure 2. Suggested algorithm for molecular testing for patients with lung

adenocarcinoma. The algorithm defines the rationale in selectingjgmés who could
benefit from EGFR and EML4-ALKA targeted therapydehocarcinoma cases are
subjected to testing for EGFR mutations. The EGHRRation-positive cases (15%) are
further divided into responsive and resistant gsoagcording to their mutation profiles. A
responsive mutation predicts a response rate of 8déba resistant mutation predicts a
response rate of 9%. The presence of wild-type EGR&acterizes about 85% of the
adenocarcinomas, and predicts the likelihood of-responsive to EGFR TKI. Tumors
with wild-type EGFR are further tested for EML4-Ali€arrangement. Although EML4—
ALK rearrangement is found in only 3% of patieniftmlung adenocarcinoma, its presence

predicts a 53% probability of response to targétedapy (16).
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Another common alteration of NSCLC is the KRAS ntiota Mutations in KRAS
are one mechanism of primary resistance to gdditiand erlotinib. KRAS
mutations are almost exclusively detected in codidhand 13 of exon 2, resulting
in EGFR independent intracellular signal transductiactivation. The KRAS
mutations were found in 17% (21/121) of African—Aroan patients compared
with 26% (125/476) of Caucasian patients (19). KRASutations in
adenocarcinoma are usually associated with wile-typGFR and non-
responsiveness to EGFR TKI therapy. Consideringribially exclusive presence
of EGFR, EML4-ALK and KRAS mutations, an alternatialghoritm of analysis
have been proposed (Figure 3).
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Figure 3. Alternative algorithm for molecular testing for patients with lung

adenocarcinomas. Approximately 25% of lung adenocarcinomas harbor AGR

mutations, which predict non-response to EGFR Tidrapy. Of the remaining KRAS-

negative lung adenocarcinomas, B20% harbor EGFRtioas, which are associated with

responsiveness to EGFR TKI therapy. EGFR mutatiegative cases may benefit from

additional testing for the EML4—-ALK rearrangemewhich will be helpful in selecting

patients potentially eligible for ALK targeted thewy (16).
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1.1.6 Conventional chemotherapy

Despite remarkable advances in the targeted treatoh@on-small cell lung cancer
(NSCLC) over the past several years, chemotheraggains of paramount
importance in the treatment of advanced NSCLC. Hwepatients whose tumors
contain EGFR activating mutations oALK gene rearrangements and are treated
with first line tyrosine kinase inhibitors, resist@ invariably develops, with
chemotherapy remaining the cornerstone of subseéqgtierapy. In profiling
mutations of 1,000 metastatic lung adenocarcinomtgems, although the Lung
Cancer Mutation Consortium was able to identifyiazble mutations, including
molecular aberrations linked to approved drugs @mical trials in 54% of cases
(), in only a small minority, about 14-18% in W&t populations, are there
approved targeted drugs (EGFR and ALK TKIs) withichhto treat them. As of
yet, no drugs targeting oncogenic-driver pathwagehbeen approved in squamous
cell lung cancers, though clinical trials are omgpiWith the majority of advanced
lung cancer patients not harboring actionable dnwatations with paired targeted
agents that effectively improve outcomes, advanocohgmotherapy regimens
through rational drug combinations and discoverpei potent chemotherapeutics
remains critical.

Although recently implemented treatment guidelirasommend that patients with
advanced stage NSCLC whose tumors haBeFR activating mutations oALK
gene rearrangements be treated first line withtiaboor crizotinib, respectively, it
is with the realization that there is no overalivbeal benefit to patients witkGFR
mutated cancers whether they receive an EGFR T&i lfne or second line. This
TKI first recommendation is true even in patientsthwtumor-related poor
performance status.

Cytotoxic agents active against NSCLC are platinamalogues (cisplatin-
carboplatin), ifosfamide, mytomycin C, vindesine,nblastine, etoposide,
gemcitabine, paclitaxel, docetaxel, vinorelbinenp&exed.For ‘fit" patients who
do not have an oncogene-driven cancer, platinunbldowchemotherapy (with
consideration of bevacizumab in non-squamous loigjolpatients) remains the
cornerstone of treatment. In an attempt to preseffieacy and minimize toxicity,

platinum free combinations of newer agents have bbested against conventional
17



platinum-based combinations. Although a recent raatdysis of 16 randomized
trials found that the efficacy was comparable betweaon-platinum doublets of
third-generation agents and platinum-based doulitetpooled overall survival
(HR =1.03, 95% CI: 0.98-1.08, P=0.290), all evidernmased guidelines support
platinum-based therapy as standard of care (20).

Utilizing DNA repair enzymes as biomarkers for bettselecting front-line
chemotherapy is an area of active investigatiomw ERCC1 expression by either
IHC or RT-PCR has been shown in preliminary stutliee a potential biomarker
of benefit to platinum compounds and low RRM1 aeptill biomarker of benefit
to gemcitabine. The ERCC1 enzyme removes platimdunaed DNA adducts, and
thus low ERCCL1 levels are associated with platirsansitivity (21). RRM1 is a
subunit of ribonucleotide reductase which is thenntarget of gemcitabine; thus,
low RRM1 levels are associated with gemcitabinesiieity (22).

Pemetrexed is a multi-targeted anti-folate employeith platinum derivates for
first-line treatment, as single agent for subsetguemes of treatment, and as
maintenance therapy.

In the landmark JMDB trial, Scagliottt al. demonstrated no difference in overall
survival between cisplatin/gemcitabine and cisplagmetrexed as first-line
treatment of patients with metastatic NSCLC. Howewe a preplanned subset
analysis the cisplatin-pemetrexed combination wapesgor in non-squamous
histology with a median overall survival of 12.6 mtios in the cisplatin-pemetrexed
arm and 10.9 months in the cisplatin-gemcitabime @R =0.84; 95% CI: 0.71-
0.99; P=0.03) (23). By contrast, patients with sgqaas carcinoma had a worse
median overall survival in the cisplatin-pemetrexain than in the cisplatin-
gemcitabine arm (9.4s. 10.8 months; HR =1.23; 95% CI: 1.0-1.5; P=0.05).

A consistent survival advantage with pemetrexed elaserved especially in non-
squamous NSCLC (which represented the majority haf patients). A meta-
analysis of five trials (three first-line trialsh@ second-line trial, one maintenance
trial) confirmed that pemetrexed, when compared valiernative treatments or
placebo, is consistently associated with a sigamficoverall survival improvement
in non-squamous histology (HR =0.82) but not inagaus histology (HR =1.19)
(24).

In Table 3 is presented the response of 3rd geaeratytotoxic drugs as

monotherapy and in combination with platinum anatx
18



Table 3. Results of six new agents in advanced NSCLC as monotherapy and in
combination with platinum analogues (Pt)

Agent Complete response + Partial response ~ Complete response + Partial response combination with (Pt) analogues
Vinorelbine >15% 30-45% (C)

(Gemcitabine >15% 28-54% (C)

Paclitaxel >15% 27-44% (C)

Docetaxel >15% 25-62% (C)

Docetaxel >15% 26-51% (Cb)

Irinotecan >15% 50% (C)

Pemetrexed <15% 30.6% (C)

The diagnosis and management paradigm of metad&ECLC has transitioned
into an algorithm of presence or absence of onaegealdiction as a key branch
point to selecting appropriate treatment. As descriabove, with the identification
of driver mutations such aBGFR and ALK, EGFR-TKIs and crizotinib are
supplanting traditional chemotherapy for upfronéatment of these patients.
However, initial TKI responders inevitably relaphge to acquired resistance. More
recently, an added layer of complexity relatedrivaipatient tumor heterogeneity
has been observed, particularly relevant to thenatlcevolution of somatic
mutations from the primary tumor to metastaticdasi and the mixed response to
treatment in different tumor sites. Therefore, egaaof focus has therefore been on
interrogating the combination of novel targetedragé¢ogether with chemotherapy

to optimize efficacy, survival and overcome acquiresistance.

19



1.2 Epigenetic and cancer

Epigenetics is the study of heritable changes megeetivity that are not caused by
changes in the DNA sequence; the term is also wesddscribe the study of stable,
long-term alterations in the transcriptional poignbf a cell, not necessarily

heritable. Unlike simple genetics based on chang&NA sequence, the changes

in gene expression or cellular phenotype of epitiend@ave other causes, thus use

of the termepi- genetics.

Examples of mechanisms that produce such change®MA methylation and
histone modification, each of which alters how geaee expressed without altering

the underlying DNA sequence.

Figure 4. Epigenetic mechanisms
(http://en.wikipedia.org/wiki/File:Epigenetic_mechams.jpg)

EPIGENETIC MECHANISMS HEALTH ENDPOINTS
are affectad by these factors and processes: E » Cancer

= Development (in utero, childhood) =

= Environmental chemicals /

= = Autoimmune disease

* Mental disorders

= Drugs/Pharmaceuticals = * Diabetes
V{4
el -
_J{.‘rf"(:/m’tf 3 CHROMATIN & Sitaballe
CHROMOSOME * METHYL GROUP
.‘ll

DNA maethylation
| Methyl group (an epigenetic factor found
in some distary sources) can tag DNA
activate or repress genes.

HISTONE TAIL

HISTONE TAIL

DiNA accessible, gene active

Histone modification
The binding of epigenstic factors to histons “tails™
Histones are proteine around which alters the extent to which DNA is wrapped around
DNA can wind for compaction and DMA inaccessible, gene inactive histones and the avallability of genes in the DNA
gena regulation, o be activated.
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1.2.1 Methylation

DNA methylation is probably the most well known ggmetic mark able to
discriminate between normal cells and tumor cellfumans. The "normal” CpG
methylation profile is often inverted in cells theeécome tumorigenic (25). In
normal cells, CpG Islands localized at gene promscdee generally unmethylated,
while other individual CpG dinucleotides throughaime genome tend to be
methylated. Conversely, in cancer cells, CpG igdapceding tumor suppressor
gene promoters are often hypermethylated, while @pghylation of oncogene

promoter regions is often decreased.

Hypermethylation of gene promoters can result iensing of those genes. This
type of epigenetic mutation is dangerous when gédrasegulate the cell cycle are
silenced, allowing cells to grow and reproduce umtadlably, leading to
tumorigenesis (26). Genes commonly found to bestnaptionally silenced due to
promoter hypermethylation include: Cyclin-dependedngase inhibitor p16, a cell-
cycle inhibitor; p53, a tumor suppressor gene; MGMDNA repair gene; APC, a
cell cycle regulator; MLH1, a DNA-repair gene; dBRCAL, another DNA-repair
gene (25, 26).

Hypomethylation of CpG dinucleotides in other pasfsthe genome leads to
chromosome instability due to mechanisms such &s lof imprinting and
reactivation of transposable elements.(27) In hgatiells, CpG dinucleotides of
lower densities are found within coding and nonhegdintergenic regions.
Parasitic repetitive sequences, centromeres andgenes are often repressed

through methylation.

The entire genome of a cancerous cell containsfeigntly less methylcytosine
than the genome of a healthy cell. In fact, came#irgenomes have 20-50% less
methylation at individual CpG dinucleotides acrdssgenome (27). In cancer cells
“global hypomethylation” due to disruption in DNAethyltransferases (DNMTS)

may promote mitotic recombination and chromosoneramgement, ultimately
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resulting in aneuploidy when the chromosomes failséparate properly during
mitosis (27).

CpG island methylation is important in gene exgmssegulation, yet cytosine
methylation can lead directly to destabilizing geneutations and a precancerous
cellular state. Methylated cytosines make hydrslysf the amine group and
spontaneous conversion to thymine more favorableyTcan cause aberrant
recruitment of chromatin proteins. Cytosine mettigtass change the amount of UV
light absorption of the nucleotide base, creatipgnpidine dimers. When mutation
results in loss of heterozygosity at tumor supmeggene sites, these genes may
become inactive. Single base pair mutations duriggjication can also have

detrimental effects (26).

1.2.2 Histone modifications

Eukaryotic DNA has a complex structure. It is gatlgrwrapped around special
proteins called histones to form a structure caleducleosome. A nucleosome
consists of 2 sets of 4 histones: H2A, H2B, H3, Bidd Histone H1 contributes to
DNA packaging outside of the nucleosome. Specifgtone modifying enzymes
can add or remove functional groups to the histomesl these modifications
influence the level of transcription of the genespped around those histones and
the level of DNA replication. Therefore, the histomodification profiles of

healthy and cancerous cells are different.

In comparison to healthy cells, cancerous cellsheixdecreased monoacetylated
and trimethylated forms of histone H4 (decreasedd#hd H4me3). Interestingly,
loss of histone H4 Lysine 16 acetylation (H4K16aehich is a mark of aging at
the telomeres, specifically loses its acetylation.

Other histone marks associated with tumorigenesiside increased deacetylation
(decreased acetylation) of histones H3 and H4,edsed trimethylation of histone
H3 Lysine 4 (H3K4me3), and increased monomethymatb histone H3 Lysine 9

(H3K9me) and trimethylation of histone H3 Lysine @¥3K27me3). These histone
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modifications can silence tumor suppressor gensgitgethe drop in methylation of

the gene’s CpG island (an event that normally atéis genes) (28).

Modification of histones by acetylation affects genanscription by changing the
chromatin structure that modulates the accessilmfittranscription factors to their
target DNA. As consequence, it plays an importaié in regulation of gene
expression. Additionally, acetylation and/or degleion of non-histonic proteins
modify many important cell functions (29-30).

The acetylation state of histones and other prstésn maintained by histone
acetyltransferase (HAT) and histone deacetylaseA€Denzymes. HATSs catalyze
the transfer of an acetyl group from acetyl-CoAlysine residues in proteins,
whereas HDAC removes it. Depending on the mechan@memoving the acetyl
group, HDACs can be divided into two distinct faesl The “classical family”
comprises Zn2+-dependent HDACs, the second familfHDACs depends in
catalysis on NAD+ and subsequentf)sacetyl-ADP-ribose and nicotinamide are
formed as a result of the acetyl transfer (31)tHarmore, based on the homology
to their yeast analogues, HDACs are divided intor fdasses. Class | are located in
the nucleus and includes HDACs 1, 2, 3 and 8. HDACS, 7 and 9 are members
of class lla, while isoforms 6 and 10 that are tedaboth in the cytoplasm and
nucleus are classified as class llb. Class IV, whiexhibits features of class | and
I, includes only HDAC11. NAD+-dependent homologuk§ of the yeast Sir2
proteins (sirtuins) are designed as class Il of Adl3, and have mono-ADP-
ribosyltransferase activity. HATs, “functional oppnts” of HDACs, are divided
into Gen5/PCARN-acetyltransferases (GNATs) and MYST HATSs. Althoubkse
two groups of HATs are the major enzymes catalyNragetyltransferase activity,

other proteins also exhibit this acetylase acti{(&g).
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1.3 Histone deacetylase inhibitors

During the last few decades, several approaches haen used in an effort to
discover new more effective anticancer drugs. Margmising compounds have
been investigated. However, chemoresistance thgtamse during chemotherapy
is one of the main causes of failure of treatmEpigenetic changes are emerging
as part cause of the chemoresistence. Of thesdoniisacetylation and
deacetylation have been investigated as therapdatmgets because of their
importance in regulation of gene expression. Chanige histone acetylation
influence chromatin condensation and these alrati influence gene
transcription. The balance between histone tramgases and deacetylases is often
damaged in cancer, leading to changed expressibrignmmr suppressor genes

and/or proto-oncogenes (33, 34).

1.3.1 Histone deacetylases and cancer

HDACSs class | and Il levels vary in different cancells. HDACL1 is overexpressed
in prostate and gastric cancers, where it signalpsor prognosis, as well as in
lung, esophageal, colon and breast cancers (35-8@l. levels of HDAC2 have
been found in colorectal, cervical and gastric eas1€38, 39). In addition, HDAC3
is overexpressed in gastric, prostate and coldreatecer (40), and high expression
of HDAC1 and 2 correlates with reduced patient saivin colorectal carcinomas.
HDACG6 is highly expressed in breast cancer, HDAGS8 over-expressed in
neuroblastoma cells and its overexpression coeghlaith metastasis and advanced
stage of disease with poor prognosis. ExpressiotHBAC11 is increased in
rhabdomyosarcoma (41).

Class Il HDACs play an important role in carcinogsis. Some act as
antioncogenes while others influence tumors by rotintg the cell metabolism
(42). Decreased activities of HDACs are associat@ti suppressed tumor cell
development and growth (43,44). Moreover mutatiohisHDAC4 have been
identified in breast cancer samples (45) and manatf HDAC2 that cause protein
truncation was found in human epithelial cancerloeds.
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Figure 5. HDAC structure and localization (46)

Structure and Length Cellular localization

Class I

HDAC! [ = = Nuclus

HDAC? [N o Nouces

HDAC3 [ osas Nucleus/Cytoplasm

HDACE T o Nucleus
Class I1a

HORCH | I 108 aas Nucleus/Cytoplasm

HDACS T e e NueusCytplasm

e — . NucleusCytptam

HDAC% I 1011 aas Nucleus/Cytoplasm

HDACS> I i NuckusCytoplasn
Class ITb

HDACe T 12155as  NucleusCyloplasm

L S — S ——
Class IV

HDAC11 I < Nuckus
_ Zinc Contaning Catalytic Domaim . Mucleus Localization Sequence

1.3.2 Type of Histone deacetylase inhibitors

The results from various studies indicate that HDi@Gibitors increase the anticancer
efficacy of additional therapy modalities and thiegrefore would be very efficient

in the clinic together with other anticancer treatih modalities including ionizing
radiation and/or chemotherapy. For this reasorestgation of the clinical

application of HDAC inhibitors has increased witreo 490 clinical trials for cancer and a
few for other diseases (47). HDAC inhibitors havusoabe found to be effective for
treatment of other diseases. Some HDAC inhibit@gehantimalarial properties and are
studied as new possible drugs for the treatmemhalfria. There is also some evidence
that HDAC pan-inhibitors and HDAC Il inhibitors psess anti-inflammatory effects in
models of asthma (48). They can be classified aatgrto their chemical structure into
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four groups: 1) hydroxamic acids; 2) aliphatic acid?) benzamides; 4) cyclic
tetrapeptides.

1) Hydroxamic acids trichostatin A (TSA), vorinas{auberoylanilide hydroxamic acid,
SAHA) which was approved by the FDA as the firstADinhibitor for the treatment of
relapsed and refractory cutaneous T-cell lympha@eQL) (49), belinostat (PXD-101)

and panobinostat (LBH589) are pan-HDAC inhibitors.

2) The aliphatic acids [valproic acid (VPA), butyacid and phenylbutyric acid] are weak
inhibitors of HDAC | and lla (50).

3) Benzamides that include entinostat (SNDX-275, -MS) and mocetinostat
(MGCDO0103) are isoform selective inhibitors of HDA@nd mocetinostat inhibits also IV
HDAC (51).

4) The cyclic tetrapeptides, inhibitors of cladsDACs (romidepsin inhibits also HDAC 4
and 6), are cyclic hydroxamic acids containing juEgst romidepsin (depsipeptide, FK228,
FR901228), apicidin and trapoxinand. Of these, dapsin that was approved by the FDA
and the EuMedicines Agency to treat CTCL and penghT cell lymphomas, is most
effective (52). It is a prodrug which is activateda metabolite that chelates the zinc

ions in the active center of the HDAC of class |.
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1.3.3 HDACI asanticancer drugs

The clinical development of HDACI is an active adastudy. There are currently at least
15 different HDACI in clinical trials both as momarapy and in combination for both

hematological malignancies and for solid tumors.

Vorinostat HDACI is the most advanced in clinicakuln fact it is the first that have been

approved by the FDA for the treatment of cutanebwsll lymphoma (53, 54).

LBH-589, which is in phase | and Il clinical trialappears to have greater efficacy of
Vorinostat. Preliminary evidences indicate a cayédoiinduce disease stabilization, partial
response, and, in few cases, a transient compgsp®nse.

Clinical trials with several HDACi are performed guatients with a wide variety of
hematological and solid tumors including chronienphoid leukemia, acute myeloid
leukemia, multiple myeloma, cancer of the head aadk, melanoma, and cancers of
various organs such as brain, lung , breast, odddney and pancreas. The evidence
accumulated to date show that the HDACi may be mseful in combination with other

cytotoxic drugs and / or targeted.

Since many chemotherapeutic agents exert theituamdr activity damaging directly or
indirectly the DNA, the combined treatment with HDAcan sensitize cancer cells with a
combination of DNA damage and altered chromatinagefing (55).

In fact it is known that the HDACIi synergize withradiation, increasing the cytotoxic
effect in various types of tumors. The mechanismsvhich the HDACI sensitize cancer

cells to DNA damage are different.

The loss of chromatin compaction as a result of dbee histone hyperacetilation can
increase the accessibility of genotoxic agentsinackase efficiency. So in this model the
HDACI potentiate the effect induced by genotoxieratg.

This may be due to the effect induced by the prbdncof ROS, acting genotoxic,
following treatment with HDACI. In addition theres ialso evidence that HDACi can

suppress the mechanisms of DNA repair.

In fact, the modulation of the phosphorylation astbne H2AX in the site where it is
damaged the DNA is important to allow repair. Thegphorylated form of H2AX can be

induced by treatment with HDACI and the sites ofAbt2phosphorylated by DNA damage
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persist after exposure to HDACI, this results idezreased ability to repair DNA strand
break (56). Many of the components of the patib™A repair such as ATM, NBS1,
PARP1, Ku 70 and 80 are adjusted by acetylation.

Finally, the HDACI can sensitize cells to apoptasiduced by cytotoxic substances by
decreasing the activation threshold for apoptogisegulating the expression of pro-and

antiapoptotic proteins (57).

As already said, HDACi may act on mechanisms tegtiliate protein degradation via the
proteasome involvement, in which also operatesHbp90 chaperone. For this reason,
studies have been conducted to evaluate the effioacotreatment with HDACi and
Hsp90 inhibitors such as 17-AAG.

The synergistic effect of these two treatments detmda more efficient degradation of
oncoproteins whose half-life is regulated by thamerone such as BCR-ABL, resulting in
a greater mortality of tumor cells.

Another cotreatment with promising results is twgh HDACI together with proteasome

inhibitors, such as bortezomib.
The inhibition of proteasomal activity leads toartumulation of ubiquitilated proteins.

This causes the endoplasmic reticulum stress amptagis. Cancer cells try to survive this
stress "bundling” ubiquitilated proteins into austure called cytoprotective perinuclear

aggresome.

HDACG6 binds ubiquitilated proteins bringing to aggome. So the inhibition of HDAC
does not allow the formation of aggresome leadmghe dispersion of microaggregates
toxic in the cell. This proteotoxicity promotes taetivation of the ER stress and induction

of apoptosis (58).

The main side effects associated to HDACI incluategtie, nausea, dehydration, diarrhea,
and thrombocytopenia. In general, these effectstraresient and cease with the end of

treatment.

The development of clinical approaches with HDAGe a&till a matter of study with

different substances. The HDACI constitute a grofiypromising anti-tumor substances,
since they can induce death of malignant cells lmfoad category of solid tumors and not.
The mechanism by which it performs this actiones tp fully understand. But it is clear
that these chemicals can cause growth arrest aath dd cancer cells by different
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mechanisms such as apoptosis, or autophagy, ildmtmt metastasis and angiogenesis and
impaired immune response. Normal cells are relbtivesistant to cell death induced by
HDACI. The basis of this resistance are not knolivhas been speculated that the multiple
defects of cancer cells do not allow to countesidss induced by HDACI which fail,
however, to carry out normal cells. In fact, the MD are well tolerated in clinical trials.
While HDACi have shown good efficacy as anticanagents in preclinical studies, in
clinical approaches on a wide variety of tumorslyam portion of patients with certain

diagnoses have responded to treatment with HDACI.

From this it is clear that is still important ttudy the mechanisms of action and the

markers that can predict the effectiveness of nresp@¢59)

Figure 6. HDACI as anticancer drugs
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1.3.4 Valproic Acid

Valproic acid (VPA) has been synthesized for thstftime in 1882 but only in
1963 his efficacy as antiepileptic was discoveigaice then, the VPA has been
used as a drug for the treatment of epilepsy, dad for other neurological
disorders. Only in recent years its function agnibitor of histone deacetylase has
been discovered (Figure 7) (60). Valproic acid srall branched fatty acid with 8
carbon atoms, its molecular structure offers mamgsibilities for chemical

modifications (Figure 7).

Figure 7. Chemical Structureof Valproic Acid (60)
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The analogues of VPA, including its metabolitespvghoverlapping but distinct

activities that affect seizures, neuronal processesll proliferation and
differentiation. Studies carried out in recent gelaave confirmed that VPA and its
analogues show antitumor action. Following the ascy of this antiproliferative
activity of VPA in cancer cells, several studiesvdvashown that this event is
associated with the differentiation of neoplastadlsc and is correlated with the

inhibition of histone deacetylases.

Since it is already used as a drug, some effecthumnans are already known.
Unlike other short chain fatty acids such as batacid in the serum half-life of

this drug is somewhat prolonged, between 7-16 h.

Valproic acid is generally well tolerated, at thmatic concentration in plasma
between 50 and 100 micrograms / ml, from patienestéd for neurological
problems. The major side effects are detectabteariver, is also known to have

teratogenic effect.
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As deacetylase inhibitor, it has been observed Yraproic acid induces the
hyperacetilation of the amino-terminal tails oftbrses H3 and H4n vitro andin
vivo and has been demonstrated its ability to inhitstome deacetylase from the
standpoint of enzyme (60). It was subsequently showat valproic acid and
similar compounds, inhibit histone deacetylase sclasthrough two different
mechanisms: inhibiting the catalytic activity andducing the proteosomal
degradation (61).

The VPA unlike the TSA, does not inhibit the adyvof HDAC-6 and 10. The
anti-proliferative effect of valproic acid was showmitially by Regan in 1985, who
observed a decrease in mitotic index in murine ol@astoma and glioma. This

effect was reversible and not caused by cytotoxi(GR)

Valproic acid shows a potent antitumor effect iwide range of models botim
vivo andin vitro, by modulating several mechanisms including cgtlle arrest,
apoptosis, angiogenesis, metastasis, differentiaimd senescence . These effects
appear to be cell type specific and may depencherievel of differentiation and

genetic alterations.

The majority of preclinical studies as anticancergdhave been addressed so far in
hematologic malignancies, but there are also mardies on solid tumors used as a
template. It has been observed that valproic amddes apoptosis in many human
leukemic lines (branch B, T and myeloid) by trigggrthe release of cytochrome ¢

from mitochondria and activation of caspase-3,n@ ®.

When the cell line MV4-11 was pre-treated with ahilbitor of caspases, the pro-
apoptotic effect of valproic acid was inhibitedthee nucleus, but not on the cell
surface (63). These results allow to assume thigiroia acid can activate two
different apoptotic signaling pathways: a caspagseddent and the other caspase-
independent. The antiproliferative effect of VPAsanaso examined HCC cell lines
and primary human hepatocytes.

In spite of the fact that the hepatocellular cavomas are generally very resistant to
chemotherapy, VPA inhibits proliferation in canaall lines but not in primary

hepatocytes (64). The inhibition of proliferatiorasvassociated with increased
expression of p21 in tumor cells of glioma, thyraitelanoma, ovarian cancer, and

medullo blastoma. The pro-apoptotic effect was onlegk in many models and
31



associated with different components of the apapfoéthways. In particular, an
increase of pro-apoptotic factors such as Bik,reabt cancer cell lines, and Bax in
thyroid cells, were detected. Moreover a decre&satp-apoptotic proteins such as
Bcl-2 and Bcl-xL in prostate cancer cells and tihyravere also observed. These

studies have been addressed using concentratiogisgafrom 0.2 mM to 10 mM.

Unfortunately, however, the doses of valproic avétessary to obtain an in vivo
antitumor effect are very high, thus causing tlgmiSicant side effects and limiting
its use in clinical practice. Studies have showat the weak activity of the drug
could be attributed to its inability to access #imec cation in the pocket of HDAC
enzyme activity. Coupling valproic acid with moléesi capable of enhancing this
activity could boost its pharmacological effects. garticular, the addition of a
tiosulphonate group, linked via an ester or an angdoup, would lead to the
liberation of a-SH group, required for the de alaiyn of lysine residues
acetylated (65).

The hydrogen sulfide (H2S) is produced endogenadunslyconstant and is involved
in many processes such as neuro-modulation, hyseote inflammation,
hemorrhagic shock and edema. It plays some preéectles against oxidative

stress and in the maintenance of vascular tone (66)

1.3.5 Combination of Histone Deacetylase Inhibitors with Other Therapeutic
Regimens

The results fromn vitro andin vivo experiments using various cancer cells have
demonstrated that combination of HDAC inhibitorghwa variety of anticancer
drugs have synergistic or additive effects (67)e@btherapeutic combinations
with HDAC inhibitors have also been used in clihitéls (68). Several types of
therapies have been investigated in combination WIDAC inhibitors.

1) HDAC inhibitors were combined with other epigeéaenodifiers. Inhibitors of
DNA methyl transferases 5-azacytidine (azacitidineyl 5-aza-2’-deoxycytidine
(decitabine) had increased antitumor effects whsadwvith HDAC inhibitors (69,
70).

2) Promising results have been reported for contibing of HDAC inhibitors and
ROS-generating agents. One such agent, adaphastreases entinostat and
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vorinostat induced apoptosis in leukemia cells (Td)addition depletion of GSH,
that is a ROS scavenger, increases the effectsrisfostat on AML cells (72).

3) Other drugs that have been combined with HDAKIbihors are microtubule
stabilizers. VPA increases the toxic effects of lip@eel in anaplastic thyroid
carcinoma cells due to their interaction with thbulin f subunit. VPA enhances
tubulin hyperacetylation that stabilizes microtubustructures (73). Similar
enhancement of apoptosis was observed in endohegr@anoma cells treated with
trichostatin A and paclitaxel caused by the actbrabf the intrinsic mitochondria-
dependent pathway. Trichostatin A also stabilizeisratubules viaa-tubulin
acetylation bothn vitro andin vivo (74).

4) Another effective combination of HDAC inhibitois that with proteasome
inhibitors. Cancer cell death due to a combinatdnproteasome and HDAC
inhibitors is caused by induction of oxidative sgeendoplasmic reticulum (ER)
stress and stimulations of JNK. Bortezomib, maridon{(NPI-0052) and
carfilzomib are proteasome inhibitors which haveerbe&eombined with HDAC
inhibitors. Treatment of multiple myeloma cells kvitortezomib

made the cells more sensitive to vorinostat andusodbutyrate induced apoptosis
(75). Mechanisms of the anticancer effects of a lwoation of proteasome and
HDAC inhibitors are mitochondrial damage, disruptiof aggresome formation,
stimulations of JNK and caspases and enhancementiddtive and ER stress (75,
76).

5) Numerous studies show synergisms or additiveceff combining the HDAC
inhibitors and DNA damaging agents such as topoesase inhibitors, DNA
intercalators, inhibitors of DNA synthesis and agetovalently modifying DNA
(i.e. doxorubicin, epirubicin, etoposid, cisplatiB;fluorouracil, melphalan, and

temozolomide and ionizing radiation in many careagdt lines) (77).

1.3.6 Clinical Studies and Registered Drugs

Several HDAC inhibitors of different structural st®es are under clinical
development (see Table 4). These include the shaitz fatty acids (phenyl
butyrate and valproic acid); the hydroxamic acidggripostat (ZolinzaR, SAHA);
panobinostat (LBH589); PCI-24781 and belinostat MRB1)]; the cyclic
tetrapeptides [romidepsin (IstodaxR, FK228); arel lhlenzamides entinostat (MS-

33



275)]. Two HDAC inhibitors, vorinostat and romid@sphave been approved by
the US FDA for treating patients with progressipersistent or recurrent cutaneous
T-cell lymphoma (CTCL) after one or more lines demotherapy and romidepsin
for patients suffering from peripheral T cell lyngrha who received at least one
prior Therapy (78, 79). Vorinostat had modest dtgtias a single agent. Its
response rate is 10-20% in AML and MDS patientsweler this HDAC inhibitor,
in combination with 5-azacitidine, increased resgonrate by 30%. The
combination of vorinostat with idarubicin and cyhine had synergistic activity
that was maximal when vorinostat preceded cytaeabin a phase Il trial, the
response rate of 85% of the combination was supésidhat of idarubicin and
cytarabine alone; notably, there were responseallipatients with FLT3-ITD
mutations (80, 81)

Table4. HDAC inhibitorsunder clinical development

Chemical structure  Name HDAC specifity Study phase
Hydroxamates SAHA (vorinostat) Pan-inhibitor Approved for CTCL, phase III alone
or in combination
PXD101 (belinostat) Pan-inhibitor Phase II alone or in combination
LBHS589 (panobinostat) Classes I and II Phase IIT alone or in combination
ITF2357 (givinostat) Pan-inhibitor Phase II alone or in combination
48C-201 (resminostat) Pan-inhibitor Phase II alone or in combination
PCI 24781 (abexinostat) Classes I and IT Phase II alone or in combination
Cyclic peptides Depsipeptide/ FK228 (romidepsin) Class I Approved for CTCL and PCTL,
phase IIT alone or in combination
Benzamides MS-275 (entinostat) Class I Phase II alone or in combination
MGCD0103 (mocetinostat) Class I Phase II alone or in combination
Aliphatic fatty acids Valproic acid Classes I and Ila Phase II alone or in combination

(approved for epilepsy and some
other nonmalignant disseases)

Butyrate Classes I and Ila Phase II alone or in combination

HDAC inhibitors also appear to be active in AMLirghomas and myelodysplastic
syndromes (MDS). Inhibition of HDACs mediates thmgenetic gene silencing in
common translocations associated with certain helogital malignancies such as
AML/ETO fusion protein (82). MGCDO0103 (Mocetinostavas evaluated in a
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clinical phase Il trial for the treatment of patenwith refractory chronic
lymphocytic leukemia (CLL). This HDAC inhibitor abe showed only limited
efficacy. For this reason, mocetinostat in combamatvith other agents such as
conventional chemotherapeutic drugs was recommendg@8). LBH-589
(Panobinostat) underwent phase | and Il clinicatligs for the treatment of solid
and hematologic maligancies and phase Il clinigals against CTCL and CML.
Two phases I clinical trials showed promising resuking LBH-589 in an oral and
intravenous form against CTCL (84) and leukemiaspectively (85). Both studies
found increased acetylation of histones in tumdlscihat was associated with
apoptosis. LBH-589 also underwent several phaseliflical trials against CTCL
too and leukemia in its oral form and showed pesitffect for the treatment of
those diseases. Despite promising results in darnrent of CTCL, vorinostat and
romidepsin have not been effective in studies imablved solid tumors. Clinical
trials have assessed their efficacy against difteresolid tumors, e.g.
neuroendocrine tumors, glioblastoma multiforme, otfeslioma, refractory breast,
colorectal, NSCL, prostate, head and neck, rerlglaearian, cervical and thyroid
cancers. None of the patients included in thesastrshowed at least partial
response to treatment and they suffered from didets (86). Study that assessed
whether VPA modulates the efficacy of radiochem@pg with temozolomide in
glioblastoma patients showed that combined thevagly VPA was more effective
over patients treated without HDAC inhibitors. Téagthors of this study reasoned
that the improvement in the arm with VPA was dugh®inhibition of HDAC (87).
VPA with doxorubicin appeared to be an effectiverabtherapy regimen (16%
response rate) in patients with refractory or resnirmesothelioma (88). Vorinostat
enhanced the efficacy of carboplatin and paclitéxglatients with advanced non-
small-cell lung cancer (89). One clinical study whd that the combination of
vorinostat and tamoxifen exhibited encouraging végtiin reversing hormone
resistance of breast cancer (90). The most commdere$fects of HDAC inhibitors
are thrombocytopenia, neutropenia, diarrhea, nausmaiting and fatigue. Most
toxicities are not class-specific and have beermiesl in all HDAC inhibitors (91,
92).

Recently, new sulforilated compounds, derivatednfrealproic acid have been

syntesized by Sulfidris (Milan, Italy). These compds seem to have a marked
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histon-deacetilase activity, with respect to theeptal compound valproic acid.
The release of ¥ from this molecole is able to reduce collatefé¢ats of the
drugs, reducing their cardiotoxicity. Moreover H2S able to increase the

pharmacological effect of the drug, increasingahgity to inhibit HDAC (65).
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2. Aim of the proj ect

The aim of this project was to analyse the antittahactivity of two compounds (ACS 2
and ACS 33), derived from Valproic Acid and conjiggawith H2S, in human cancer cell

lines derived from non-small-cell lung cancer tessu

The antitumoral activity of the compounds was asedly together with molecular
mechanisms of their activity, with the aim to desrgtionale for combination treatment
strategy. Different schedules of treatment with wveortional chemotherapic drugs were

tested to identify new potential strategy for theraipy of NSCLC patients.
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3. Materials and M ethods

Cdl lines

Three human stabilized cell lines derived from lwamcer were used for the different
studies. In particular: CAEP cell line, isolateddarharacterized in our laboratory, starting
from a fresh sample of epidermoidal lung cancee; ¢tommercial Chago K1 cell line,
derived from a bronchogenic carcinoma; and the ceroi@ NCIH1915 cell line, derived
from a cerebral metastasis of scarcely differeatidting carcinoma. Cells were maintained
in culture in DMEM/HAM F12 (1:1) with the adding detal bovine serum (10%),
glutamine(2 mM), non essential aminoacids (1%) @&®runelli S.p.A. Milano), and
insulin (10 uM/ml) (Sigma Aldrich). Cells were used in the expatial phase of their
growth.

ACS 2, ACS 33 and Valproic Acid

ACS 2 compound was solubilized in PEG 400 or DM8Gk to its scarcely solubility in
agqueous solution. Valproic Acid and ACS 33 compauwere dissolved in DMSO, all at
concentration of 100 mmol/L. Final concentratimisPEG 400 and DMSO never were

over 0.5% and 1%, respectively.

Valproic Acid, ACS 2 e ACS 33 (chemical structusee represented in Figure 1) were
analysed at concentrations of 1, 35, 70, 140, 280, uM for 72h. Antiproliferative
activity of the 3 compounds was analysed usingosodfamine B assay (SRB), according
to Skehan et al. (93). The ability of the compoutwsduce apoptosis was analysed by
TUNEL assay using flow cytometry method.
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Figure 1. Chemical structuresof Valproic Acid, ACS33and ACS 2.
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Drugs combination experiments

The activity of the ACS 2 compound was evaluatecombination with cisplatin and
doxorubicin. Different schedules of combination emsed. Regarding cisplatin: a)
simultaneous exposure to ACS 2 compound and cisglat 6 hours, followed by ACS 2
for 66 hours; b) exposure to the sequence ACS Z2ohours, cisplatin for 6 hours, 18
hours wash out and 72 hours with ACS 2 again; \@rse sequence, cisplatin for 6 hours,
18 hours wash out, ACS 2 for 72 hours.

In these experiments ACS 2 was used at the comtiems of 70, 140, 210, and 280 uM,

whereas cisplatin at the concentrations of 0.01, @ and 10 pM. Each different
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experiment was carried out using the different msat(cell line not treated with drugs,
maintained in culture for the same time expectedémnples treated with drugs).

For combination experiments with doxorubicin: a)xdbicin exposure for 1 hour,
followed by 71 hours wash out, and exposure to 2E& 72 hours: b) exposure to ACS 2
for 72 hours, followed by Doxorubicin for 1 hourpnda wash out for 71 hours; c)
simultaneous exposition to ACS 2 and doxorubicinifdour, followed by exposition to
ACS 2 for 71 hours.

In these experiments ACS 2 was used at the comtiemis of 70, 140, 210, and 280 uM,
whereas doxorubicin was used at the concentratib@€05, 0.05, 0.5 and 5 pM.

To analyse the obtained results different methadspaesent in literature, but some of
these aren’t applicable to drug with low cytotogitect or without a dose-effect curve, as
in the case of cisplatin. So we choose to use #tbod of Romanelli et al. (94).

In brief, the expected cell survival (Sexp, defirmdthe product of the survival observed
with drug A alone and the survival observed withigdB alone) and the observed cell
survival (Sobs) for the combination of A and B wersed to construct an R index (RI):
RI%.Sexp/Sobs. RI>1.5 indicated a synergistic imt@va, RI<0.5, antagonism and
RI>=0.5 and <=1.5, additivity.

Matrigel invasivity test

Invasion assays were performed in triplicate inw&dk multiwall plates containing BD

Falcon Cell Culture inserts with 8-mm filters cahteith Matrigel basement membrane
matrix (BD Biosciences, Milan, Italy). NIH 3T3 celwere used as control cells. After drug
exposure, each well was loaded with 10 £ ddls and incubated for 22 h at 37°C in 5%
CO2 atmosphere. Non-invasive cells were removeadn fithe upper surface of the

membrane with a cotton swab. The invasive cellshenunderside of the membrane were
fixed in 100% methanol and stained with 1% tolugdisiue. The air dried membrane was
placed on a slide and cells were counted undetr igeroscope at 40 X magnification. The

percentage of invasion was calculated accordiriggananufacturer’s instructions.

PCR Real Time

PCR Real Time was performed for MMP1 and HPRT1 @A®PDH housekeeping genes
using TagMan Gene Expression Assay, and using TAgMaiversal PCR Master Mix,

No AmpErase UNG (Applied Biosystems, Monza, ItaBLR reactions were carried out
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in triplicate on 7500 PCR Real Time System (Appl&dsystems) under the following
conditions: 95°C for 10 min, and 40 cycles at 9%6€15 sec and 60°C for 1 min. The
obtained data were analyzed by AbiPrism 7000 soéwReproducibility of RT-PCR was
verified in triplicate reactions and the coeffidiai variation (CV), calculated from three

Ct values, was always <1.5%.

Western-blot

After ACS 2 treatment, cells were lysed in 50 mMrdis-HCI (pH 8.0), 150 mM di NaCl,
1% Triton X-100, e 0.1% SDS, with the adding of Mmhenylmethylsulfonyl Fluoride
(PMSF) and a proteases inhibitor cocktail (Sigmérigh). An equal amount of proteins
were underwent electrophoresis in 12% SDS-pol@aidle gel. Proteins were transferred
on a Immobilon-P Transfer Membrane (Millipore). &ftblockage of aspecific sites,
membrane was incubated with the specific antibodiei-acH3 and anti-acH4 (Upstate
Millipore, Milan, Italy), and anti-b-actin (Santar@ Biotechnology, Inc-DBA., Segrate,
Italy) as loading control. Densitometric analysisssmade using Image Lab software
(BioRad).

DNA denaturation assay

DNA denaturability was probed using acridine oran(®O), the metachromatic
fluorochrome which differentially stains doublesstded (ds) versus single stranded (ss)
DNA sections (95). AO, when bound to ds DNA, yielgteen fluorescence, whereas its
interaction with ss DNA results in red fluorescer(i@é). The fluorescence color of DNA-
bound AO shows the status of DNA denaturation, tvivcturn, correlates with chromatin
condensation. Briefly, cells were fixed with 1%rfa@ldehyde in PBS on ice, then treated
with RNAse A (MP Biomedicals, 5 Kunitz units/ml) duexposed to 0.1M HCL for 30 sec
at room temperature. Cells were subsequently stawi¢gh AO (10 mg/ml) (Sigma)
dissolved in 0.1M citric acid-phosphate buffer & @.6. Data were analyzed by flow
cytometry using a FACSCanto flow cytometer (Becliokinson, San Diego, CA) and

experiments were repeated twice
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TUNEL assay

At the end of drug exposure, the percentage of tafiopcells was evaluated by flow
cytometric analysis according to the previouslycdésd TUNEL assay procedure (97).
Briefly, after treatment cells were trypsinizedxefil, exposed to the TUNEL reaction

mixture, counterstained with propidium iodide, dhein analyzed by FACS.

Mitochondrial membrane potential (DC) depolarization assay

After a 72-h exposure to ACS 2 140 mM, mitochordnambrane potential was evaluated
by flow cytometric analysis according to the prexty described JC-1 method (97). Data
acquisition and analysis were performed using CELSD software. 15,000 events were
recorded for each sample.

Cytochrome c release assay

Cells were treated according to the manufacturerdructions (Inno CyteTM Flow
Cytometric Cytochrome ¢ Release Kit, CalbiochemMDEChemicals, Inc., Darmstadt,
Germany). Briefly, cells were washed once in PBf #Hren immediately incubated in
permeabilization buffer for 10 min on ice, fixed8fo paraformaldehyde and washed twice
with 1 X wash buffer.

Cells were then incubated with anti-cytochrome tbaly diluted 1:1,000 in blocking
buffer for 1 h, washed and incubated with anti-IgIGC diluted 1:300 in blocking buffer,
according to the manufacturer’s instructions. Cellsre then resuspended in 1 wash
buffer and analyzed using a FACSCanto flow cytomé@ecton Dickinson, San Diego,
CA).

Statistical analysis
Differences between treatments in terms of doggerese, apoptosis and gene expression
modulation were determined using the Student'stifier unpaired observations. P<0.05

was considered significant.
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4. Results

Valproic acid didn’t show antiproliferative actiyitin the examined cell lines. At the
contrary, the two compounds ACS 2 and ACS 33 shaavegtotoxic activity in all 3 cell

lines. In particular, ACS 2 was the most active poond, with a growth reduction of over

50% at concentrations ranging from 64.5 pM and V2(Figure 2) (Table 1).

Figure 2. Cytotoxic activity of valproic acid and of its deatives ACS 33 and ACS 2 in
human lung cancer cell lines ChaGo-K1, CAEP andHN@LIS5 after a 72-h exposure. Each
point indicates the mean of at least three exparisn&tandard deviation (SD) never exceeded
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Table 1. Valproic acid, ACS 2 e ACS 33 concentrations able to induce a cell growth
reduction of 50% in the 3 analysed cdll lines.

| Cso Values [UM ]

Drugs

ChaGo-K1 CAEP NCIH1915
Valproic n.r.* n.r. n.r.
acid
ACS33 248 n.r. 261
ACS2 66,5 64,5 72

*not reached

TUNEL analysis was performed in all 3 cell linesngsACS 2, which showed the higher
antiproliferative activity. The compound was alderiduce apoptosis in all 3 cell lines. In
particular, 30% of apoptosis was observed in ChKgocell line, whereas 60% of
apoptosis was observed in NCIH1915 and CAEP cafiler treatment with the compound
at the concentration of 140 uM for 72h (Figure 3).
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Figure3. TUNEL analysis
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At the same conditions (ACS 2 140 uM for 72h) casp@ and 9 activation was observed
(Figure 4), confirming the induction of apoptosmiauggesting a mitochondrial activation

of the apoptotic process.
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% depolarized cells

Figure 4. Western-blot analysis of caspase 3 and 9.
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The mitochondrial activation of apoptosis was conéid also by a marked depolarization
of mitochondrial membrane potential, observed aft€S 2 treatment in all 3 cell lines
(Figure 5).

Figure 5. Percentage of mitochondrial membrane potential depolarization (DC) after
a 72-h exposure to ACS 2 140mM. Samples were run in triplicate, and data are the
aver age of three experiments. SD never exceeded 5%.
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In all 3 cell lines an increase of cytocrome c aske was observed after treatment with
ACS 2 (Figure 6).

Figure 6. Cytocrome c release.
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To test the anti-invasivity capacity of ACS 2, Mg#l analysis was performed on
NCIH1915 cell line. After treatment with the commolufor 72h at the concentration of
140 uM, the invasion capacity of cells decreasemboiut 30% (Figure 7).
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Figure 7. Invasivity test on NCIH1915 cells after exposureto ACS 2.
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The reduction of invasive capacity of cells wasomgpanied by a reduction of expression
levels of MMP 1, protein involved in the process iavasion and metastatization
(Figure 8).

Figure 8. Expression levels of MM P1 analysed through Real Time PCR, and using as
housekeeping genesHPRT 1 and GAPDH.
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The ability of ACS 2 to interfere with the denatima process of DNA, and as

consequence with chromatin condensation grade, alsxs analysed. This search was
finalized to found a rationale to combine ACS 2 ponnd with chemotherapic drugs with
the ability to induce DNA damage, with the aim tesmn specific drug combination

schedule of treatment. First of all the expresderels of the acetylated form of two

histonic proteins, H3 e H4, was analysed in CAEPlicee. An increase of 1.61 and 1.58
fold in the expression level of ac-H3 e ac-H4 pesdively, was found after 4 h exposure
to ACS 2 at the concentration of 140 uM, with respe control (Figure 9).
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Figure 9. Expression levels of acetilated form of H3 e H4 histones, evaluated by
Western-blot.
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To confirm these findings, we used the acridinengea(AO) assay to analyze the different
grades of susceptibility to denaturation of CAEMscafter exposure to ACS 2 140mM.
Such an approach takes advantage of the fact tHatiD extended rather than condensed
chromatin differs in susceptibility to denaturatievhich in turn, correlates with chromatin
condensation grades. Once again, we observed sament of up to 30% in AO bound to
ssDNA with respect to ds DNA, which is symptomatdit chromatin decondensation
(Figure 10). Similar results were obtained in Cha@oand NCIH1915 lines (data not

shown).
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Figure 10. Orange acridine assay.
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ACS 2 was then analysed in combination with cisplalhe activity was different in

relation to the different schedules of treatmdntparticular, the sequence cisplatin for 6h,
wash out 18h, ACS 2 72h showed an additive effed®iCIH1915 and CAEP cell lines,
whereas showed an antagonistic effect in ChaGoe{l$.cThe inverse combination, ACS

2 72h followed by cisplatin for 6h and 18h of wamlt resulted in an additive effect in all

cell lines.

Conversely, a strong synergistic interaction waseoled when ACS 2 and cisplatin were

administered together. (Table 2 and Figure 11).
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Table 2. Interaction between ACS 2 and cisplatin.

|nteraction type

Drug schedule NCIHI9I5 CAEP ChaGe-K|
Pt (6h) — 18-h w.0.— ACS2 (T2h) Additive Additve Antagonistic
ACS2 (72h) =Pt (6h) - 18-h w.o. Additive Additve Additive

ACS2 4 Pt (6h) — ACS2 (66 h)

Synergistic (RI'=1.9)

Synergistic (R, =2.9)

Synergistic (Rl =5.6)

Pe, cisplatin; w.o, washout; "RI, R index =15 = synergism; Rl < 0.5 = antagonism; Rl >0.5and < | 5 = additiviry.
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Figure 11. Synergistic interaction between ACS 2 and Cisplatin used simultaneously
(ACS 2 + cisplatin for 6h followed with ACS 2 for further 66h).
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Pt (6h)-» 66h w.o. 0.01 0.1 1 10
ACS 2 (72h) 70 140 210 280
ACS 2 + Pt (6h)» ACS 2 0.01 ft); 70 0.1 (PY); 140 1 (Pt); 210 10 (Pt); 280
(66h) (ACYS (ACYS (ACYS (ACYS
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Moreover, the combination of ACS 2 with doxorubiowas also analysed, and all

treatment schedule showed an additive results €Ta)bl

Table 3. Interaction between ACS 2 and doxorubicin

INTERACTIONTYPE
DRUG SCHEDULE NCIH 1915 CAEP CHAGO-K1
DOXO (1h)- 72h w.0.— ACS (72h) additive additive additive
ACS (72h)— DOXO (1h)- 72h w.o. additive additive additive
ACS + DOXO (1h)- ACS (72h) additive additive additive

(Rim=1.5)
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5. Discussion

Histone deacetylases (HDACs) are a family of enzyntkeat regulate chromatin
remodeling and gene transcription, and there isvigqi interest in HDAC inhibitors as
promising anticancer agents. Short chain fattysasiecch as butyric and valproic acid were
the first HDAC inhibitors to be identified as tumgrowth inhibitors and inducers of
apoptosis both in vitro and in vivo. However, thegre found to have low potency, with
IC50 in the millimolar range. Despite such weakvitro activity, VPA’s anticancer
mechanism of action has been investigated in prieali models of skin, breast, colon,
prostate and small cell lung cancer, and the dsucuirently used in phase I-lll clinical
trials (98, 99). Unfortunately, therapeutic dosésV®A are necessarily very high and
cause limiting side-effects. An attempt to overcahmeweak potency of VPA, due mainly
to its inability to access the zinc cation in thBALC active-site pocket, has been made by
inserting sulfurated groups, selected amongst thkossvn to be endowed with cancer
chemopreventive activity and described as potentA@Dnhibitors, in the valproate
moiety (100- 102).

In this study we evaluated the antitumor activityvalproic acid and its derivatives ACS
33 and ACS 2 bearing a thiosulfonate and dithioftlei moiety, respectively, in a panel of
NSCLC cell lines. Both derivatives exhibited a miegher cytotoxic activity than that of
the parent compound, with ACS2 proving to be thestmeffective drug, capable of
reducing cell survival by 50% in all cell lines tied and at low concentrations.

Such data are in agreement with those reported dydylet al. (103), although it must be
pointed out that these authors used different lvels and cell survival assays. The
possibility of using ACS 2 at low concentrationss liaerapeutic implications as it would
eliminate the problem of side-effects of the va#jieo component, making ACS 2 a
potential “lead” compound for clinical developmerOn the basis of these data, we
investigated the mechanism of action underlyingithyroved antitumor effect of ACS 2
with respect to the parent compound, and discovératdthe strong cytotoxic activity of
ACS 2 is largely due to its pro-apoptotic actiorsetved in all cell lines. Our findings also
showed that ACS 2 triggers apoptotic machinery tia mitochondrial pathway, as
highlighted by the strong mitochondrial membranepalarization, cytoplasmatic

cytochrome c release and caspase-9 and -3 cleaVhagee data differ from the results
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obtained by Moody and coworkers who did not regisfgoptosis after exposure of NCI-
H1299 cells to ACS 2. Such a difference can propdid attributed to the specific
experimental conditions used by the authors, the,short exposure time (24 h) and the
lower drug concentration (28mM) (103).

Matrix metalloproteinase-1 (MMP-1), an interstit@llagenase, plays an important role in
the breakdown of extracellular matrix and mediggathways of apoptosis, angiogenesis,
and immunity. It has also been demonstrated thatotlerexpression of this enzyme is
associated with tumor initiation, invasion, and as¢asis of many types of human cancer
including lung cancer (104-106). Furthermore, asjepolymorphism of MMP-1 (MMP-
1-1607 1G-to-2G) was recently found to be assotiatith susceptibility to both growth
and progression of lung cancer (107). In our study showed that ACS 2 significantly
reduces cell survival, diminishes the invasive c#paof NCIH1915, an established cell
line obtained from a metastatic brain lesion, aodmtegulates MMP-1 expression. These
data, together with the anti-angiogenic activitgdéed by Isenberg et al. (108), highlight
the potential therapeutic effectiveness of ACS 2advanced NSCLC where patient
survival is very poor due to the high incidencenwdtastases. Conventionally, NSCLC is
treated with surgery in its early stages, while boration chemotherapy consisting of
platinum-based regimens is standard practice inamckd disease. In our study we
explored the potential for using ACS 2 in combioatwith cisplatin and aimed to design
an effective schedule based on the plasmatic ii@lét both drugs. Our findings show that
the simultaneous use of ACS 2 and cisplatin forféllowed by a further 66-h exposure to
ACS 2 produced a highly tumoricidal effect in alldines tested starting from the lowest
doses of both drugs. Furthermore, renal protedigainst the effect of cisplatin afforded
by another dithiolethione (109), in addition to thessibility of using low doses of both
drugs, highlights a potentially good safety profiethe drug schedule. Finally, it can be
hypothesized that the synergism between the twgsdsiascribable to the effect of ACS2
on chromatin remodeling through HDAC inhibition, ian makes DNA less compact and
more sensitive to cisplatin induced damage. In, filter chromatin condensation was
confirmed when an increase in acetylation of the twre histonic proteins (H3 and H4)
was detected, a hallmark of chromatin relaxatifer @ short exposure to ACS 2. We also
observed an increase in DNA susceptibility to deradion after the same exposure time,
which in turn correlates with chromatin decondeiosao5s).

Doxorubicin, a widely used antiblastic agent, isgsidered ineffective against a number of

tumor types, including NSCLC, because of its nartbarapeutic range, outside of which
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side effects such as severe cardiotoxicity haven lodserved (110, 111). A recent study
has shown that deficiencies in H2S synthesis mayribute to the pathogenesis of
doxorubicin-induced cardiomyopathy and that adnmai®n of NaHS, an H2S donor,
ameliorates doxorubicin-related cardiac dysfunctigninhibiting oxidative stress injury
(112). The use of H2S donors could therefore ptovee a promising therapeutic strategy
to prevent doxorubicin-induced cardiotoxicity. Weu$ attempted to define an effective
drug schedule for ACS 2 and doxorubicin in our fingzal models, observing an additive
interaction independently of the combination schamed. These preliminary data are
nevertheless interesting because of the poteraraiavascular protection provided by the
H2S component of ACS 2. Further research is wagthmito this specific area.

In conclusion, our findings, in addition to demaatihg the increased cytotoxic activity of
ACS 33 and ACS 2 with respect to valproic acid,hhght the strong pro-apoptotic
activity of ACS 2, a promising lead compound ofstimew class of HDAC inhibitors.
Furthermore, we identified a highly effective comdttion schedule of ACS 2 and cisplatin
capable of inducing a synergistic interaction ewdren the two drugs are used at low
concentrations. This increased efficacy is probalig to the modification induced by the
valproate derivative on chromatin condensationifating the establishment of cisplatin-
DNA abducts. For these reasons, the VPA derivad@S 2 in combination with platinum
compounds could represent a promising alternativetraditional chemotherapeutic
regimens used for advanced lung cancer.

Further in vivo studies are needed to confirm thesalts.
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