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Sommario

I mitocondri giocano un ruolo chiave nella regoted di diversi pathways
intracellulari, contribuendo in tal modo allo syjpo ed alla qualita di caratteri
complessi eta-correlati. In particolare, diversédenze sperimentali hanno messo in
luce I'esistenza di una Risposta Retrograda digdtamitocondrio al nucleo in risposta
a stimoli di stress. La Risposta Retrograda € uocarésmo compensatorio mediante il
quale la cellula, modulando I'espressione di geuleari, riesce a fronteggiare una
serie di fattori di stress intrinseci ed estrinsdai questo contesto, la variabilita
dell'informazione genetica contenuta nel DNA mitoddale potrebbe giocare un ruolo
importante. Infatti, tale variabilita potrebbe uhzare I'efficienza della risposta
retrograda in condizioni di stress, come suggel@iiassociazione osservata da un lato
tra fenotipi complessi e risposta allo stress, 'alald tra fenotipi complessi e
polimorfismi del DNA mitocondriale.

Le sirtuine sono proteine che agiscono nella regote genica sia in modo non
specifico, esercitando la propria attivita a lieellel genoma nucleare mediante la
deacetilazione delle proteine istoniche, sia allbveli specifici geni mediante la
deacetilazione di fattori di trascrizione. Divemadenze sperimentali suggeriscono che
le sirtuine, la cui attivita € modulata dalla disjimlita del co-substrato NAD siano
sensori dello stress ossidativo cellulare in gratlomodulare le vie di segnale
mitocondrio-nucleo. A tale proposito, € da sottedire che i livelli di espressione di
geni sirtuinici sono coinvolti nella modulaziondlddifespan di organismi modello.
Scopo del presente lavoro e stato quello di arekezi ruolo della variabilita comune
del DNA mitocondriale nel modulare, in rispostabaitress ossidativo, I'espressione dei
sette geni codificanti le sirtuine umari@RT1-7) e di cinque geni codificanti fattori di
trascrizione NFE2L1, NFE2L2, NRF1, TFAM, NFKB1). Per raggiungere tale obiettivo,

abbiamo prodotto cinque linee cellulari cibridggopolando cellule di osteosarcoma
umano 143B.TKprivate del proprio mtDNA (cellule rifpcon mtDNA proveniente da
cinque differenti donatori (aplogruppi mitocondridl J, U, X, T). In tali linee, dopo la
messa a punto di una serie di controlli, abbiarmdiato I'effetto dello stress ossidativo
sui profili di espressione dei geni sopra citati.

| risultati ottenuti possono essere sintetizzathesegue. 1) La variabilita comune del

DNA mitocondriale non influenza i patterns di egsione dei geni analizzati, né in



condizioni basali né in condizioni di stress. 2pdpressione genica non e influenzata
dalla presenza di mitocondri funzionali poiché rsmmo state riscontrate differenze fra
la linea cellulare rhbe le linee cellulari dotate di mitocondri funzidin®) Lo stress
ossidativo induce la sotto-espressione del g&HI5 in tutte le linee cellulari,
indipendentemente dalla qualita e dalla quantit®#& mitocondriale.

Il risultato n.3 & particolarmente importante, [dicper la prima volta viene
documentata una modulazione dell’espressione det §dRT5 in risposta allo stress
ossidativo. Anche se dati sulla specifica funziaeSIRT5 non sono presenti in
letteratura, va comunque sottolineato che taleeprat come le altre sirtuine, ha una
attivita deacetilasica, che la candida come regmatiella espressione genica sia a
livello genomico globale (mediante attivita sugdtani) sia a livello di specifici geni
(mediante attivita sui fattori di trascrizione). nlostro studio apre pertanto nuove

prospettive sul coinvolgimento delle sirtuine nelfgposta allo stress ossidativo.



Summary

Mitochondria are emerging as key regulator of ddfe intracellular pathways, in such
a way contributing to onset and quality of age{eglacomplex traits. In particular,
several lines of evidence have revealed the existe a Retrograde Response (RR)
directed from mitochondria to nucleus in responsestress. RR is a compensatory
mechanism by which the cell is able to cope witlaaety of intrinsic or extrinsic stress
factors by regulating nuclear gene expression.hla scenario the mtDNA genome
information may play a pivotal role. In fact, lisdure data show that mtDNA common
variability is correlated to complex phenotypesshably because mtDNA information
influences the capability of mitochondria to actevan efficient retrograde response
under stress conditions.

Due to their NAD dependence, sirtuin proteins are emerging as ipetaiidative
stress-sensor in mitochondria-to-nucleus signgdaipways. What is more, sirtuins are
regulatory proteins able to act both at global geedevel through histone deacetylase
activity and at local gene level through deacegylastivity by acting on transcription
factors. Last, but not least, the level of sirtgene expression modulates lifespan in
model organisms.

On the basis of the above considerations, aimiefRhD thesis was to investigate the
role of common mtDNA variability in modulating thexpression profiles of seven
sirtuin genesYRT1-7 genes) and five Transcription Factors gendEERL1, NFE2L 2,
NRF1, TFAM, NFKBL1 genes) in response to oxidative stress. To re#tieeobjective,
we assembled five different cybrid cell lines, lepopulating with foreign mitochondria
143B.TK osteosarcoma cells depleted of their own mtDNAYdells).

The results we obtained can be summarized as felléwst, the common mtDNA
variability does not influence the expression pateof the analyzed genes at either
basal or stress conditions. Second, gene expredses not depend on the presence of
functional mitochondria because we have not obsermy difference between rho
cells and the cell lines having functional mitoctdona. Third, and mostly important,
oxidative stress induces an under-expression o8tRES gene which is evident in all
the cell lines, independently of quality and quigndf mtDNA. This is the first time that
a regulation ofSRT5 gene transcription in response to stress is dootede Further

studies are needed to clarify the significancehaf tesult. In any case, our study may



open a new avenue in exploring the mitochondrideusccross-talk in oxidative stress

response.
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1. INTRODUCTION

1.1 Mitochondria and complex phenotypes

The increasing interest of researchers in disehitapnghe relationships between
mitochondrial efficiency and complex phenotypes aghlighted the central role

played by mitochondria in a wide variety of cellufathways involved in age-related
diseases, cancer, apoptosis and longevity. Mitodt@rare the main site of cellular
energy production: by oxidative phosphorylation @HOS) they produce ATP, heat
and also a series of toxic by-products termed Rea€xygen Species (ROS) which
can damage mitochondrial DNA (mtDNA) and cells. ddthondrial loss of function is

considered the most common feature in aging andrelgeed diseases. In fact,
dysfunctional mitochondria are characterized byrelsed capacity to produce ATP,
altered membrane potential and increased fragiitgvarro and Boveris, 2007). In
particular, a selectively decrease in enzymatiovigtof Complex | and IV has been

observed in mitochondria isolated from rat and nhiger, brain, heart and kidney in the
course of aging (Navarro et al.,, 2002; Navarro Baderis, 2004; Zaobornyj et al.,

2005). Moreover, dysfunctional mitochondria areestsed not only in aging but also in
some pathological situations where inflammatiorypla pivotal role (Gonzalez-Flecha
et al., 1993; Navarro and Boveris, 2004). Furtheen@ decrease of mitochondrial
functionality due to alteration in respiratory shaomplex activity has been observed
in several neurodegenerative disorders such asnBarks (PD), Alzheimer (AD) and

Huntington (HD) disease (Emerit et al., 2004; Gene¥ al., 2004). On the whole,
increasing evidences indicate that the capabilithe organism to cope with oxidative
stress factors by activating a mitochondria-to-ausl signaling pathway plays an
important role in complex phenotypes, includingnggand age-related disease.

What is the role played by the mitochondrial genaméhe above scenario? Several
lines of evidence have demonstrated that complesngiypes are influenced by
mitochondrial genome information. In particular,tibbeomatic and inherited mtDNA

variability have shown a correlation with compleaits, and a relationship between
MtDNA variability and mitochondrial functionalitysiquite well established (Wallace,
2005). In turn, this correlation is expected to lynan MtDNA-specific efficiency in

stress response, likely mediated by mitochondrattdeus signalling pathways. An



important experimental evidence in favor of thipestation has been recently reported:
it has been demonstrated that the common mtDNAab#ity modulates gene
expression of cytokines and cytokine receptors @h basal and stress conditions
(Bellizzi et al., 2006). Cytokines belong to a famof proteins that have a key role in
pathways of stress-response and that heavily taomérito the maintenance of cellular
homeostasis. As a consequence, cytokines and ngto&ceptors play a central role in
several complex traits, including longevity, due their involvement in regulating

immunity and inflammation (Franceschi et al., 2005)

1.2 MtDNA and oxidative stress: an overview

MtDNA is a covalently closed-circular double straddDNA molecule that encodes for
a few genes only: two genes encode for rRNA 12S1&&Isubunits, twenty-two genes
for tRNAs, thirteen genes for structural proteifish® OXPHOS system. Seven of such
proteins (ND1, 2, 3, 4L, 4, 5, 6) are subunitsaihgplex | (NADH dehydrogenase); one
(cytochrome b) is a subunit of complex Il (bcl qdex), three (COI, II, 1ll) are
subunits of complex IV (cytochrome c oxidase) amw {ATP6, ATP8) belong to
complex V (ATP synthetase). Furthermore, mtDNA kokintrons or spacer regions, it
has overlapping genes and a unique non-coding segquéhe D-loop region. Fig. 1.1

outlines the mtDNA molecule.



Figure 1.1: Human mitochondrial DNA map. The tRNA genes are identified by the
single letter code and represented by cloverleatttres (Garrese, R. and Vallejo, C.G.
2001).
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MtDNA is replicated and transcribed within the neihondrion. The mtDNA strands are
named heavy (H) and light (L) on the basis of t&E content. Genome replication
starts on the replication origingOocated in the D-loop origin, and proceeds uni-
directionally up to the second replication origip. @he replication of the other strand
starts from the second replication origin &d proceeds towards the opposite direction.
Mitochondrial genome replication is controlled bglynerasey that has both 5> 3’
polymerase activity and 3> 5’ exonuclease activity. MtDNA transcription begjian
three different sites (1, T2, 1T 1), and the final product is a polycistronic message
further processed to monocistronic mMRNAs. Amongréglator transcription factors,
the most well characterized is mtTFAHAM gene) a polypeptide of the High-Mobility
Group (HMG) DNA binding proteins family.

The mitochondrion produces energy by OXPHOS. ThéB®&S pathway oxidizes the
hydrogen derived from carbohydrates and fats tdywe heat and ATP. Carbohydrates



and fats are processed by Tricarboxylic Acid (TGAle) and fatty acig-oxidation,
respectively. OXPHOS involves a series of sequiyti@dox reactions along the
different complexes (I-1V) that incorporate mangaton carriers. Two electrons are
donated by NADH + Hand succinate to complex | and complex I, respebti Then
the two electrons are transferred first to complexthen to complex IV and finally to
% O, to make HO, thus forming a flow of electrons through the dilen Transport
Chain (ETC). The flow of electrons through ETC proes energy which is used to
pump protons out of the mitochondrial inner membrarthus producing a
transmembrane electrochemical gradiapt Finally, the protons flow backs into the
matrix through an ion channel in complex V thatsuiee potential energy held in the
electrochemical gradient to condensing ADP andniiraleasing ATP. The balance in
heat or ATP production is determined by the couplim uncoupling of the electron
flow with ADP phosphorylation.

The oxidative metabolism can produce extremelyctarplecules (ROS) because the
unpaired electrons located in the first compon@itETC can be donated directly to
oxygen thus producing the superoxide anigh The superoxide £is converted into
hydrogen peroxide (#D,) by the mitochondrial enzyme manganese superoxide
dismutase (MNnSOD) encoded by the nuclear ggdiB2. H,O, can diffuse out of the
mitochondrion and be converted either to anothactiee hydroxyl radical (OHl or to a
neutral component (water) by the cytosolic enzygletathione peroxidase (GPx1) or
peroxisomal catalase.

ROS have harmful effects on cellular componentseeFradicals can alter the
transmembrane electrochemical gradiampt (Bertoni-Freddari et al., 1993); they can
reduce the number of mtDNA copies (Barazzoni ¢t2800) and produce damage on
the mitochondrial genome (deletion and point matgtias well as on ETC
mitochondrial enzymes (Cortopassi et al., 1992;Hikiawa et al., 1999; Drouet et al.,
1999; Fannin et al., 1999).

Efficient detoxification systems neutralize the itody-products before the reactive
species damage mtDNA. In fact, a great part ofhtkieNA oxidative damage observed
in aging and age-related diseases is due to a oropletely efficiency, or a failure, of
the detoxification system. Under normal conditiotee ROS produced during
respiratory metabolism are rapidly detoxified bifetent antioxidant proteins. In such a
condition, the signalling pathways activated by dative stress are considered

protective for cell integrity and survival (Stor2006). Little is known about the



molecules that function as sensor of oxidativesstrand what is the activated signalling
cascade. It is currently assumed that activatewsergption factors may modulate the
expression of specific genes such as genes encémtirdgtoxifying enzymes. In fact,
only a few detoxifying enzymes are constitutivekpeessed, while the expression of
most of them is finely regulated.

One of the main consequences caused by oxidatixessstis the age-related
accumulation of mtDNA somatic mutations. In faatpwing literature data show that
the accumulation of somatic mutations in mtDNAgpokt-mitotic tissues plays a key
role in age-related diseases (Chomyn and Attaf@d32 Wallace et al., 2005). The
decline of mitochondrial function due to the pragige accumulation of somatic
mutations on mtDNA is at the basis of tingochondrial theory of aging, that correlates
stress and mitochondrial efficiency (Loeb et al0%). In fact, as mitochondria are the
main site of both energy (ATP) and ROS productitwe, unbalance between the two
patterns caused by mtDNA somatic mutations can dadsever mitochondrial
dysfunctions, thus establishingvirious cycle of ROS production. The excess in ROS
production causes lipid peroxidation, protein okima and mutations due to oxidative
modifications in both nuclear and mitochondrial DMohsen et al., 2005; Zhu et al.,
2006). Increasing data indicate that mtDNA inhekiteariability plays a role in the

scenario above described.

1.3 MtDNA inherited variability

MtDNA is characterized by a series of polymorphismkich identify different
haplotypes (Merriwether et al., 1991). Phylogeradiyc related haplotypes can be
clustered into different groups termed haplogroupat show a region-specific
distribution (Torroni and Wallace, 1994). The clasation of mtDNA haplogroups is
based on information obtained by RFLP analysishefd¢oding region. As mtDNA is
inherited maternally only, the absence of recontibna allows to obtain the
reconstruction of phylogenetical trees by whialmian population history can be
highlighted. Based on this approach, phylogeogmaphidies have been performed by
which the mtDNA of Homo Sapiens mtDNA has been assigned to Africa. Other
lineages, arising from the ancient haplogroups eqmhnded out of Africa, gave rise to
Eurasian haplogroups whose carriers colonized réifite continents by further



migrations (Cavalli-Sforza et al., 1994; Underhdt al., 2001). Today, different
haplogroups have been identified in each conti{iBotroni et al., 1994; Torroni et al.,
1996; Olivieri et al.; 2006): three in AfricalLLi, Lo, L3), seven in Asia (M, C, D, G,
E, A, B, F), nine in Europe (H, T, U, V, W, X, J,K). Moreover, new lineages (sub-
haplogroups) which evolved from pre-existing hapbogps are continuously being
discovered (Kivisild et al., 2006).

In a first time MtDNA inherited variants were caeied neutral and were used only to
reconstruct population history, but growing evidesshow that haplogroup continent-
specific differentiation are also the result ohw@ditic adaptation consequent to climatic
changes thus suggesting a non neutrality of theNAtbommon variability (Coskun et
al., 2003). Indeed the idea of mtDNA haplotype raity had been already put in
discussion when it was observed that mtDNA haplogrd increases the penetrance of
mutations causing the Leber's Hereditary Optic Neaty (LHON), probably
exacerbating some phenotypic defects (Torroni .et1897). The great part of LHON
cases are associated with one of the main pointations (G11778A, G3460A,
T14484C) affecting genes encoding for complex lusiils. Although these mutations
are usually homoplasmic, the severity of the paticl phenotype is widely variable,
thus implying the contribution of other genetic quonents (Carelli et al., 2003). On the
whole, a series of studies investigating the pdssiorrelation between mtDNA
inherited variability and complex diseases (neugederative diseases, cancer,
diabetes, etc.) have changed the view of neutrafithe variants which determine the
different haplogroups. For example, haplogroup dver-represented in AD patients;
while the same haplogroup is under-representedirp&tients (Chagnon et al., 1999;
Van der Walt et al., 2003). In addition, signifitaassociations have been observed
between mtDNA haplogroups and longevity. For examfile J haplogroup frequency
was higher in Italian centenarians than in younmgaple from the same population (De
Benedictis et al., 1999); what is more, the ov@resentation of haplogroup J in
nonagenarians and centenarians has been replicattddies carried out in Irish and
Finnish populations (Ross et al., 2001; Niemi et2003) thus strongly suggesting that
haplogroup J encompasses mtDNA haplotypes whicHigpese to longevity. The
apparently contrasting results showing that haplagrJ is involved in both longevity
and age-related diseases can be explained by eoimgjdthe role played by
mitochondria in energy and ROS production. Indeeektain mtDNA haplotypes
included in the J haplogroup may be characterized scarce OXPHOS activity that



may originate a critical energetic situation if @thmutations are present in the genetic
background. But, if a low OXPHOS efficiency increasROS production it may also
induce a response by nuclear genes coding forxifjgtg enzymes that in turn
prevents ROS damage thus favoring longevity. Ireiothords, a fine balance between
ROS production and anti-damage systems may be dlienkich opens the door to
longevity or age-related diseases (Rose et al2)200

In line with the above considerations, it has bedserved that different mtDNA
lineages are characterized by mutations that ale tabmodulate the mitochondrial
function. The idea of qualitatively differences argchaplogroups is chiefly supported
by studies highlighting a significant difference time activity of complex | and IV
between haplogroups H and T (Ruiz-Pesini et al020These data agree with the
hypothesis that mtDNA inherited variability plays rale in complex phenotypes
although it is likely that other factors, for exdegdurther loci with epistatic and
pleiotropic effects, are involved.

In brief, mtDNA haplotypes could influence mitochial activity and function either
directly by influencing OXPHOS efficiency and emgrgroduction, or indirectly by
interaction with nuclear genes. The observatiomaf-random associations between
MtDNA inherited variants and nuclear polymorphissupports the idea of a correlation
between nuclear and mitochondrial genome in mouhglatomplex traits. One of the
first evidences in this direction was provided Inyassociation study showing that the
HUMTHO1-STR polymorphism is correlated with longgvi(De Benedictis et al.,
1998). The HUMTHO1-STR polymorphism is a transeoptregulatory element of the
tyrosine hydroxylase gene (Meloni et al., 1998)wés observed that the STR long
alleles (L) are under-represented in centenariadglaat, in this segment of population,
the mtDNA haplogroup U is not independent of thalleles. This finding indicated that
the U haplogroup may exert a protective role tormap the chance of longevity when
other risk factors, such as the L allele of the HIH®1-STR polymorphism, are
present in the genotype (De Benedictis et al.,, RO@O further evidence of the
correlation between nuclear and mitochondrial ges®nn modulating complex
phenotypes has been provided by a study showingrti#eD patients the U haplogroup
iIs not independent of the APGR allele, a well known risk genetic factor in AD
(Carrieri et al., 2001). Probably, the U haplogreamzompasses an mtDNA haplotype

able to neutralize the detrimental effects of nackesk alleles by signals directed from



mitochondria to nucleus. On the whole, the abosalte highlight the importance of the
cross-talk between the two genomes in modulatimgptex phenotypes.

1.4 The nuclear-mitochondrial cross talk and thetregrade response

All organisms during their life face a wide variety intrinsic and extrinsic stress
factors. The capacity of the organism to cope witless plays an important role in
determining the quality of aging (Troen, 2003). Rorlong time the anterograde
regulation, which is based on transfer of informatirom nucleus to mitochondria, was
the only known signaling pathway between nucleu$ mitochondria. More recently,
several literature data have highlighted a new typénter-organelle communication
that implies a transfer of information from mitociavia to nucleus. This intracellular
signaling pathway, termed retrograde response (RB)resents a compensatory
mechanism by which the cell is able to cope withioohondrial dysfunction by up-
regulating nuclear gene expression. The RR signalathway has been well
characterized in the model organi§hcerevisiae. In yeast with defective mitochondrial
function, also in totally respiratory-deficient kselacking of mtDNA (rh8 cells), a
variety of metabolic pathways are activated toaiesthe energetic cellular homeostasis
(Jazwinski et al., 1996; Kirchman et al., 1999wiazki, 2005).

In mammalian cells, although mechanisms of intetegeic communication involved in
mitochondrial biogenesis and function are well knpwhe existence of a signalling
pathway similar to a retrograde response has b&mowkred only recently (Garrese
and Vallejo, 2001). The first evidence of an RRhpaty in mammalian cells, defined
also as mitochondrial stress signalling, was deedriin C2C12 skeletal myoblasts
(Biswas et al., 1999) and confirmed a few yearsrlat human lung carcinoma A549
cells (Amuthan et al., 2002). Cells were treatethvethidium bromide that partially
depletes mtDNA content or with mitochondria-speciionophore CCCP (carbonyl
cyanide m-chlorophenyl hydrazone). These treatm@sigted in altered mitochondrial
conditions, chiefly decrease of the membrane pmwtety, and increase of the
cytosolic free C#&, leading to altered expression of genes encodorgpfoteins
involved in C&" transport and storage (Biswas et al., 1999; Amugtaal., 2001).
Several other studies showed that a scanty praduaf energy, especially ATP

synthesis, brings to significant changes in theesgion of genes encoding for proteins



of the phosphorylation system (Marusich et al.,, 79Wang and Morais, 1997).
Probably, also this intracellular signaling pathwisy mediate by C3 because a
decrease of ATP production leads to altered cyim€d#* concentration that could
induce the nuclear response (Biswas et al., 1989.more recent study, cells depleted
of mtDNA (T143B, human osteosarcoma cell lines; ARP, retinal pigment
epithelium cell lines; Kearns Sayre Syndrome filtmeb cell lines) were compared to
wild-type parental lines (human fibroblast celldg) as for the expression levels of 40
genes about. It was found that cells lacking of M#Drespond to stress condition by
modulating the expression of genes encoding fortepre involved in glucose
metabolism and in pathways of stress response (Mmed Jazwinski, 2005).
Interestingly, a significant increase was obserwedthe expression level of the
transcription factor MYC that acts on energy prdaucby up-regulating glycolysis.
Another important intra-mitochondrial signaling raclile is Nitric Oxide (NO) that
produces superoxid anionp,® and ROS. These toxic molecules may induce alteratio
in mitochondrial membrane potential that in turn ymactivate a mitochondrial
retrograde response (Brookes et al., 2002; Broekak, 2003). The NO molecule may
exert its protective role against ROS and Readtifogen Species (RNS) damage by
increasing the expression and the activity of theoaidant protein Heme Oxygenase
(HO). It was shown that NO increases both @1 gene expression and the activity
of HO in different types of cells such as gliobtast, hepatocytes and aortic vascular
cells (Motterlini et al., 2002). Moreover, bilirubia product of heme degradation by
HO, protects the cell against the cytotoxic effestshe oxidants KD, and ONOO
(Clark et al., 2000). The HO enzyme belongs to fdraily of Heat Shock Proteins
(HSP) which exert a protective role in a wide virief toxic conditions, not only in
hyperthermia but also in redox alterations, exp@sarheavy metals or cytotoxic drugs.
Furthermore, it was demonstrated that NO can indueectivation of HSP (Calabrese
et al., 2000).

On the whole, consisting data indicate that alsmammals as in yeast a mitochondria-
to-nucleus signaling pathway may be activated spoese to stress conditions. From
this perspective, the sirtuin genes are good catelids potential target of an RR
response. The rationale for this statement is éxgyiain the following paragraph.



1.5 Mammalian Sirtuins: sensors of mitochondria sigling pathways?

The SR2-like genes family encodes for Silent InformatiordRlator proteins, all
having a NAD-dependent deacetylase activity. This gene fanily émerged as a key
regulator of longevity in all domains of life frogeast to mammals (Guarente, 2000).
Sirtuins have a wide variety of substrates, by Wwhitey are involved in control of
metabolism, transcription, apoptosis and cell s@ivi Several lines of evidences have
suggested that the enzymatic activity of sirtuiosld be regulated by the concentration
of its co-substrate NAD thus suggesting that sirtuins are sensors afileelenergy and
redox state of the cells. Moreover, the by-prodiiche NAD—dependent deacetylation
reaction can be a candidate for triggering intdatai signaling pathways (Michan and
Sinclair, 2007). These considerations supportitlea of a sirtuin involvement in
mediating stress resistance, apoptosis and inflaorgpnaesponses that participate in
physiological responses to toxicity. In fact, inegent study it was demonstrated that, in
rodents, Sird is involved in the regulation of cellular energgnimeostasis and that
Sir2a is critical to cope with oxidative stress to maintng brain plasticity (Wu et al.,
2006).

Sirtuins remove acetyl groups from acetyl-lysineedified proteins thus regulating
their biological function. The catalytic mechanisindeacetylation is characterized by
hydrolysis of NAD molecule and production of a unique acetyl-ADP-sdmetabolite,
OAADPr (2'-O-acetyl-ADP-ribose) plus one molecule of nicotinden{Landry et al.,
2000). The sirtuirdeacetylase activity has been documented, at ileastro, on both
histones and transcription factors. This has ingmirconsequences as it regards the
regulatory role exerted by sirtuin proteins on géa@scription. In fact, while histone
deacetylation results in a global (non specifiguation in gene expression (Egger et
al., 2004), the non-histonic deacetylation results eithean activation (Brunet et al.,
2004; Kobayashi et al., 2005; Rodgers et al., 2@d5h a de-activation (Vaziri et al.,
2001; Langley et al.,, 2002; Yeung et al., 2004; N@#met al.,, 2005) of specific
transcription factors. The final effect on the ganption of specific genes gets up from
a fine balance between the above effects.

In addition to the deacetylasic activity, a monofABDbosyl transferase activity has
been demonstrated at least for some sirtuins (Taeteal., 2000). The NAD

deacetylase and the mono-ADP-ribosyl transferaeyags are represented in Fig. 1.2.
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Figure 1.2: Representative pathways of sirtuins erymatic activity (Michan, S. and
Sinclair, D. 2007)
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Increasing evidences indicate that NABetabolism plays a key role in cell stress
response pathways (Yang and Sauve, 2006). For d&athp up-regulation of NAD
biosynthesis has a protective effect during theotgetic stress characterized by NAD
pool depletion (Virag, 2005; Jagtap and Szabo, P00Dbe stress response pathways
regulated by sirtuins and activated coordinatelghwihe up-regulation of NAD
biosynthesis may be an important mechanism tharezds cell protection and survival.
In fact, as NAD is required for their enzymatic activity, sirtuinsy act as sensors of
cellular energy and redox states; in this hypotheSiAD" may be a candidate for
sirtuin-activated signaling pathways (Michan andchc&iir, 2007). Overall, these
observations indicate that sirtuin family membeesiavolved in cell defense systems.
The SR2 gene ofS cerevisiae was the first member of the sirtuin gene familybt®
discovered. In this model organism the formatiorextra-chromosomal rDNA circles
(ERCs) causes premature aging. It has been deratatsthat an extra copy &fR2

extends replicative lifespan (while deletionsSiR2 reduce lifespan) by reducing ERCs
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formation through the suppression of homologousomdgnation between rDNA
repeats (Sinclair and Guarente, 1997; Kaeberlaah £1999).

In other model organisms, such as the wdbmelegans, over-expression of the
ortologous geneSr2.1 increases lifespan by activating the forkhead sireption
protein DAF16 and modulating insulin-signalling Ipaty (Tissembaum and Guarente,
2001). Moreover, it is emerging th&it2 is involved in crucial epigenomic events, such
as chromatin silencing, DNA repairing, chromosonakelity during meiosis (Blander
and Guarente, 2004).

On the basis of phylogenetic analyses, sirtuinschassified into 5 classes as shown in
Fig. 1.3.

Figure 1.3: Classification of mammalian sirtuins(Michan, S. and Sinclair, D. 20Q7)

Only In sukaryotes Ointy in sukaryotes

Classes | and IV include eukaryotic sirtuins ordigsses Il and Il include members
present in both eukaryotes and prokaryotes; clagsclddes only sirtuins from Gram
negative bacteria. The mammalian sirtuin familamstituted by seven genes named
SRT1-7 whose corresponding proteins are characterized bgnserved catalytic core
domain of 275 aminoacids and a unique N-termindl@nC-terminal sequences. The
genesSRTL, 2, 3 are included in class |, whil8RT4 and SRT5 in class Il and I,
respectively; finally, class IV includesSRT6 and SRT7. The phylogenetic
classification highlights that classes II, 11l abdevolved earlier than the other classes,
then SRT4 and SRT5 may be the most ancient members of the mammaliamirsi
family (Frye, 2000).

As for cellular location, the proteins SIRT1, 6 a@dhave predominantly nuclear
localization; SIRT2 is distributed exclusively igtoplasm, while SIRT3, 4 and 5 have
mitochondrial localization (Frye, 1999; Michishigh al., 2005). Literature data report
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that SIRT1 has a robust deacetylase activity (Vairal., 2001), SIRT4 and 6 have
mono-ADP-ribosyl transferase activity (Liszt et aD05; Haigis et al., 2006), while
SIRT2 and 3 show both these activities (North gt24103; Shi et al., 2005). Finally, the
deacetylase activity of SIRT5 does not seem todpg strong (Michishita et al., 2005).
As it regards the function of the mammalian sirsuihe data are scarce; however, the
current understanding strongly indicates that malamairtuins play an important role
in age-related diseases and lifespan. In facteasing literature data describe a wide
variety of aspects relevant to mammalian sirtulmat thighlight their involvement in
neurodegenerative diseases, inflammation, apoptoaixer and regulation of energy
metabolism (Michan and Sinclair, 2007). In theduling, the available information on
sirtuin function and cell location will be summagd; paying particular attention to
possible links between sirtuins and stress response

SIRT1 is the most widely investigated member ofrtr@nmalian sirtuin family. SIRT1
deacetylates a large number of substrates, batibneisnd non-histone proteins, in such
a way regulating a number of different cellularhpedys. Experimental studies have
highlighted the involvement of this protein in sieresistance and apoptosis pathways
to promote cell survival (Chen et al., 2005). Arportant mechanism by which SIRT1
promotes cell survival in response to stress ismbeulation of key regulatory factors
such as p53, FOXOs, Ku70, NFKB. For example, tloeeof four members of the
Forkhead transcription factors family, FOXO1, FOXQBOXO04, are deacetylated by
SIRT1. Oxidative stress induces FOXO4 acetylatn,SIRT1 can revert this process
through FOXO4 deacetylation, thus enhancing theesgon of proteins involved in
growth arrest and DNA repair (Van der Horst et2004; Kobayashi et al., 2005).

One of most investigated biological effects of B1Ris that on apoptotic pathways.
Actually, a key target of SIRT1 is the tumor swggsor factor p53. SIRT1 inhibits the
trans-activation of p53 through deacetylation «f multiple lysine residues, and
suppresses apoptosis in response to oxidativessarm$ DNA damage (Vaziri et al.,
2001; Luo et al., 2001). Likewise, the deacetglatdf Ku70 inhibits the pro-apoptotic
Bax activity in response to stress (Cohen et 8042 Intriguingly, even though SIRT1
Is involved in a large number of pathways that pstercell survival through inhibition
of apoptosis, it may also promote apoptosis un@etam conditions. For example,
SIRT1 can deacetylate RelA/p65, a form of the wapson factor NF-kB, thus
sensitizing human cells to apoptosis in respondeé\tien (Yeung et al., 2004).
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Apart from SIRT1 involvement in cancer and apogogiis also involved in pathways
that regulate differentiation of some tissues. disvobserved that SIRT1 can modulate
differentiation of B-lymphocytes through deacetyatof the transcriptional repressor
BCL6 (Bereshchenko et al., 2002). Furthermore, 3IRdn regulate negatively skeletal
differentiation through the interaction with the sole transcriptional regulator MyoD
(Fulco et al., 2003). Finally, it was recently simothat SIRT1 plays a role also in
neuronal protection and neurodegenerative diseashs. inflammatory response
observed in AD patients is partially due tg Aaccumulation mediated by NF-kB
signalling: it has been proposed that SIRT1 mayced{3-stimulated neurotoxicity by
inhibiting such signalling pathway (Chen et al.02) Moreover, SIRT1 seems to be
involved also in preventing Apeptide generation by inhibiting the Rho kinasel
(ROCK1) expression (Qin et al., 2006).

One of the most important sirtuin roles is the taggon of energy metabolism. Not only
SIRT1 but also two mitochondrial sirtuins, SIRT3daB8IRT4, play a key role in
regulating metabolism in response to dietary chaijehan and Sinclair, 2007). In
particular, SIRT1 deacetylates a large number rgietasubstrates involved in metabolic
pathways. It acts on PPAR+0 inhibit adipogenesis and to promote lipolysisd a
release of free fatty acids (Picard et al., 20@IRT1 can repress glycolisys and
increase hepatic glucose release through deacetylat PGCle, (Rodgers et al.,
2005); moreover, it can promote both metabolic hostesis and mitochondrial
biogenesis (Lagouge et al., 2006).

SIRT2 is a cytoplasmic protein whose main target-tsibulin (North et al., 2003).
Probably because of this, SIRT2 plays an impontaletin the control of the cell cycle,
and in a recent work it was suggested that SIRTR achas a tumor suppressor factor
in human glioma (Dryden et al., 2003; Hiratsukalet2003).

As for SIRTS3, in a first time the location of thpsotein was believed to be restricted to
mitochondria where it may act as a sensor of enumental inputs. Indeed, in brown
adipose tissue it has been observed that, in responcold exposure, SIRT3 promotes
the expression of genes affecting the mitochondualkction such as PGCd-and
UCP1. In such a way SIRT3 modulates thermogenasis raduces mitochondrial
membrane potential and ROS production by decreasfiglar respiration (Shi et al.,
2005). More recently, it was demonstrated thatjemmormal conditions, SIRT3 is
localized within the nucleus and it is transferneid mitochondria in response to stress
conditions (Scher et al., 2007).
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As for SIRT4, it was recently shown that SIRT4 ratts with GDH, an enzyme which
converts glutamate into-ketoglutarate to activate insulin secretion in graatic j3-
cells. SIRT4 inhibits GDH activity by ADP-ribosylah thus reducingi-ketoglutarate
and ATP production (Haigis et al., 2006).

The SRT5 gene has been characterized only recently (Mabhlinet al., 2006).
Therefore, literature data on specific function&SBRT5 are not available.

A direct involvement of the SIRT6 protein has béeghlighted in DNA repair systems.
It was observed that SIRT6 knockout mice are charaed by premature aging,
probably because SIRT6 is able to regulate the basision repair system that acts to
repair DNA damage (Mostoslavsky et al., 2006).

Finally, SIRT7, nucleolar member of the sirtuin fgfnseems to be involved in cell
proliferation. In fact, it is over-expressed in admtlically active cells, and it has been
shown that SIRT7 is a component of the RNA polyrser& (Pol 1) transcriptional
machinery which promotes rRNA transcription (Forale 2006).

Fig.1.4 summarizes cellular function and distribntof mammalian sirtuins.

Figure 1.4: Cellular function and distribution of mammalian sirtuins; some
examples of process regulated by sirtuins (Micl&arand Sinclair, D. 2007)
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1.6 Transcription Factors: sensors of mitochondrsagnalling pathways?

Transcription factors are proteins involved in coliing the transfer of genetic
information from DNA to RNA. These proteins canergct with specific DNA
sequences by using a protein region named DNA-bindomain and consequently can
regulate, either enhancing or repressing, the sgmre of specific genes. These proteins
are characterized also by a Trans-Activating Donf@#D) that contains a binding site
for other proteins, named transcription co-regukatwr activation factors (AFs), which
in turn can regulate transcription factors actiydyarnmark et al., 2003). Transcription
factors are usually classified on the basis ofsin@larity of their binding domains. By
this approach five super-classes are identifiegeulass 1, basic domain, includes the
classes of factors bZIP, helix-loop-helix (bHLH)elik-loop-helix/ leucine zipper
(bHLH-ZIP), NF-1, RF-X and bHSH; super-class 2,czaoordinating DNA-binding
domain, includes the class of Cys4 zinc finger wélear receptor type; super-class 3,
helix-turn-helix, includes the classes of homo-dom&ork head/winged helix, Heat
Shock Factors (HSF); super-class 4, beta-Scaffatddfs with Minor Groove Contacts;
and finally the super-class named Zero that induglenerally the other transcription
factors (Stegmaier et al., 2004). These super&$ast proteins are involved in a wide
variety of cellular pathways and, on the basishd#rt regulatory functions, they are
classified into two groups: the transcription fastahat are constitutively active as
general transcription factors and the group of danthlly active factors that are
activated by intra- or extra-cellular stimuli.

Intriguing clues of a possible relationship betweeitochondria signalling pathways
and gene expression of transcription factors pwastatds investigation. It is well
known the role played by transcription factors egulating genes encoding for
mitochondrial proteins with structural or metabdliactions, as well genes involved in
mitochondrial growth and development (NRF1) or INAreplication and transcription
(TFAM) (Scarpulla, 2002). Moreover, some transqoipt factors mediate signaling
pathways involved in cellular homeostasis or iniegpwvith mitochondrial alterations
due to stress conditions. For example, NFkB isvattd under both genetic (mtDNA
depletion) and chemical (CCCP treatment) stresslitons (Biswas et al., 2003). In

addition, the members of the CNC subfamily of b@ipteins modulate the expression
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of antioxidant genes by interacting with antioxileesponse elements (ARE) occurring
in the DNA sequence.

An exhaustive description of all transcription fast that may be involved in
mitochondrial signaling pathways is out of the awnthis thesis. In the following,
essential information will be given only on the divranscription factors whose
corresponding genes have been screened in thenpmeskk: Nuclear Factor Erythroid-
derived 2-like 1 NFE2L-1), Nuclear Factor Erythroid-derived 2-like AKE2L-2),
Nuclear Respiratory Factor NIRF1), Mitochondrial Transcription Factor ATEFAM),
Nuclear Factor of kappa light polipeptide gene ecka in B-cells 1 NFKB1). All of
them are conditionally active factors that haveiatal role in protecting cells from
different stress factors thus contributing to maimtcellular homeostasis and survival.
The genedNFE2L-1 and NFE2L-2 are component of the Cap”n”collar-basic leucine
zipper (bZIP) subfamily, termed ald¢FE2 family (Moi et al.,, 1994). These genes
encode for transcription factors that are ubiqustplexpressed in tissues, but whose
expression is different in different tissues (Cledral., 1996). The binding sequence of
the NFE2 family shows high similarity to the antioxidansponsive element consensus
sequence. In fact, NFE2L-1 and NFE2L-2 can fornetoetimers with the Maf proteins
to bind antioxidant responsive element-binding claxpvhich modulate the expression
of specific genes in response to ROS or oxidatikess (Wild et al., 1999; Alam et al.,
1999). In addition, NFE2L-1 is involved in the ubgtion of the uncoupling protein-1
(UCP1) to mediate adaptive thermogenesis against exposure (Rim and Kozak,
2002).

TheNRF1 gene is a member of the CNC family of bZIP traipgiom factors. This gene
encodes for a protein that can activate genes vedoin cellular growth, respiration,
heme biosynthesis and mtDNA transcription and cepibn. NRF1 is a redox
responsive transcription factors which is implicbte gene expression of TFAM and of
several ETC proteins. It is a good candidate fokitig nuclear and mitochondrial
genome activity during mtDNA damage repair (ScdguR002). Furthermore, in
association with Jun proteins, NRF1 can bind thdiokidant Response Elements
(AREs) of different genes thus inducing the up-tagon of ARE-mediated expression
of detoxifying enzymes (Venugopal and Jaiswal, 1998 a recent study it was
demonstrated that fetal hepatocytes lacking of NRfdw a great sensitivity to some
stress factors such as tert-butyl hydroperoxideR&S can promote mitochondrial

biogenesis and cell proliferation after oxidativeess (Suliman et al., 2003), the above
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results suggest that NRF1 has an important rol@amtaining redox balance in fetal
liver cells and in protecting these cells from apgfs in the course of development
(Chen et al., 2003).

TFAM is an activator of mitochondrial transcriptioand a key participant in
mitochondrial genome replication. It regulates thE®NA copy number and seems to
be essential for embryonic development. The retatigp between mtDNA content and
TFAM is founded on experiments showing that thereggion levels of this gene reflect
cellular mtDNA content (Davis et al., 1996; Sulimanhal., 2003). Th&FAM gene
expression is regulated by a set of specific tnapson factors among which the
nuclear respiratory factors (NRF1 and 2) have tlustnmelevant role (Virbasius and
Scarpulla, 1994). In fact, promoter alignment stsdiave revealed that, in mouse and
rat, the TFAM promoter region contains Spl and NR&Ggnition sites; indeed, a
high level of Sp1 binding to tiEFAM promoter region leads to over-expression of the
gene (Rantanen et al., 2001; Dong et al., 2002).

An interesting link betweemFAM transcription and stress response has been praposed
In a recent study th&FAM 5’region has been cloned and sequenced in rattdrapa
cells and a region has been identified that shagis Inomology with three 8-mer motif
clusters for NRF1 recognition by human TFAM (Inaigetkal., 2000). The homology of
sequence is in line with results showing that ot@a stimuli due to exogenous
oxidants promote NRF1 phosphorylation and its rarcléranslocation. NRF1
phosphorylation increases the capability of thaganoto stimulateTFAM transcription,
thus indicating that TFAM activity mediated by NRKlimulation is involved in
protecting energy metabolism and mitochondrialgritg in stress conditions (Pintadosi
and Suliman, 2006).

The NFKBL1 gene encodes for a 105 kD protein, a Rel proteatifip transcription
inhibitor, that can be processed by the 26S proteesresulting in a 50 kD protein
which is a subunit of the NF-kB protein complex.KNB-was originally identified as a
regulator of expression of the kappa-lg gene inylghocytes, but after that it was
found that NFKB can be activated by a wide varmtyntra- and extra- cellular stimuli
as cytokines, oxidant-free radicals, ultravioleadhiation in a broad range of cell types
(Rabson and Weismann, 2005; Xiao and Ghosh, 20D&¢. activation of NFKB
induces its translocation into the nucleus wheraatlulates the expression of different
genes involved in a wide variety of biological ftinas. Chiefly, it was observed that

NFKB activates both genes involved in anti-apoptdtinction and genes involved in
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modulating immune and inflammatory response, ceblifgeration, adhesion and
angiogenesis (Bernal-Mizraki et al., 2006). MorapWFKB is constitutively active in
a variety of lymphomas, including Hodgkin's and fdadgkin’s lymphomas, and a
recent study has shown the role played by NFKBathyways that confer resistance to

apoptosis in lymphoma models (Bernal-Mizraki et 2006).
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1.7 Aim of work

Based on the above observations, aim of the woik twanvestigate the existence of
mitochondria-to-nucleus signals able to activagettanscription of genes encoding for
sirtuins @RT1-7) and transcription factordNEFE2L1, NFE2L2, NRF1, TFAM, NFBB1)

in response to oxidative stress. In particular,feeised our attention on the possible
role played mtDNA variability in modulating the ew®gsion profiles of the above
described nuclear genes at both basal and stresitioas. To reach this purpose we
exploited the cybrid technology which is an useifppproach to reveal possible pathways
of communication between mitochondrial and nuctgaromes in response to stress. In
fact, cybrid lines have the same nuclear genome difterent mtDNA molecules
because they are obtained from cells depletetieof bwn mtDNA and subsequently
repopulated with mitochondria of different donors.
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2. MATERIALS AND METHODS

2.1 Cell lines and culture conditions

143B.TK osteosarcoma cells were grown in DMEM (Gibco) aonng 4.5 g/l glucose
and 110upg/ml pyruvate, supplemented with 10% Fetal Bovireeug (Gibco), 100
ng/ml 5-bromo-2’-deoxy uridine (Sigma) and H@/ml gentamicin (Gibco). The rfio
cell line was obtained by culturing 143B.TK the routine growth medium containing
50 ng/ml ethidium bromide (0.2@m-filtered) with regular replenishment of medium
for about one month (King and Attardi, 1996). Afeghidium bromide treatment, the
cells were maintained in DMEM supplemented with 1BB&, 100ug/ml 5-bromo-2’-
deoxy uridine and 5@Qig/ml uridine (Sigma). At this stage the cells wplated at low
density and individual clones were isolated. BBR.TK and rh8 cells were cultured
in a water-humidified incubator at 37° C in 5% £05% air.

2.2 Experiments for quality control of mtDNA deplen

The complete depletion of mtDNA in rheells was assayed by both auxotrophic test
and PCR amplification of the D-loop mtDNA.Fpr auxoptrophic test 6 x 1éhd’ cells
were grown in uridine-free DMEM supplemented withPd dialysed FBS (Gibco) and
100 pg/ml 5-bromo-2’-deoxy uridine. Medium was changedregular intervals (2
days). Cell survival was checked every 48 houjsDiHoop PCR amplification was
performed with primers encompassing the mtDNA regioomprised between
nucleotides 15996 and 16401 bp:

primer forward 5’-CTCCACCATTAGCACCCAAAGC-3;;

primer reverse 5-TGATTTCACGGAGGATGGTG-3'.

2.3 Production of transmitochondrial cybrids

Transmitochondrial cell lines were obtained by thethod of A. Chomyn (1996).

Platelets were isolated by differential centrifugatfrom blood of five young donors,

and the pellets were utilized to generate cybitsd cells were collected by low-speed
centrifugation, re-suspended in DMEM and count€irhd’ cells were mixed with an

equal number of platelets and the culture mediurs elaninated by centrifugation.

Cells were re-suspended for 1 minute in 0.1 ml 42% polyethyleneglycol 1500

(Sigma). The fusion mixture was cultured in staddaMEM for 48 hours and then in
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selective medium uridine-free DMEM supplementedhwi0% FBS and 10@Qg/ml

BrdU. After 2-3 weeks in the selection medium, saldistinct colonies emerged: 20
colonies were isolated by trypsinization in cloninggs and propagated. To ensure
complete stabilization of the mtDNA amount, the diional assessment of selected

clones was carried out only after at least 3 moatitdone cycling.

2.4 MtDNA analyses

For both parental (143B.TKand cybrid cell lines, confluent 100-&mplates were
trypsinized and total DNA was isolated by digestath 1.5 mg/ml proteinase K in 10
mM Tris-HCI, pH 7.4/ 10 mM NaCl/ 25 mM EDTA/ 1% SD& 37° C for 4 hours.
Then, the DNA was extracted with phenol/chlorofopnecipitated by ethanol, dried
and re-suspended in TE buffer.

Haplogroup typing was used to verify whether th®RNA of the cybrid lines was that
of the donor platelets. By RFLP analyses of tharapdegion (Torroni et al., 1996) and
D-loop sequencing (15996-16401 PCR fragment) th®NA of the native cell
(143B.TK) was classified in the X haplogroup, while tho$¢he cybrid lines in the H,
J, U, X and T haplogroups. Accordingly, the fivebag lines were named H, J, U, X

and T lines.

2.5 Proliferation assay

Parental and cybrid cell lines were seeded in 8-plates (1 x 10cells/well) in regular
growth medium. Cells were collected after 24, 48d a2 hours culture by
trypsinization, and counted in a haemocytometeh \&it inverted light microscope by
using a 10x magnification. We replicated the ashay times; then the average values

with the relevant standard deviations were caledlat

2.6 Quantification of mtDNA

Total DNA was extracted from 143B.TKrhd and cybrid cell lines according to
standard methods.

The mtDNA quantification in the cells was carriaat by Quantitative Real Time-PCR
analysis based on target-specific fluorigenic clsémais (TagMan probes).

The TagMan probe used to detect mtDNA amplified dpots was 5'-FAM-
CCTCACGCAAGCAACCGCATCC- BlackHole Quencherl-3'. THegMan probe
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used to detect nuclear amplified product was Gempro(5’-Texasred-
CTGTTCCGTTTCCTGCCGGTGCBIackHole
Quencher2-3).
The sequence of primers specific for mtDNA wereftil®wing:

- mtDir (5- CACAGAAGCTGCCATCAAGTA-3");

- mtRev (5'-CCGGAGAGTATATTGTTGAAGAG-3);
while the sequences of primers specific for nuctgarome, that amplify the FasL gene
(present in two copies in the human genome) wexdalfowing:

- GenDir (5-GGCTCTGTGAGGGATATAAAGACA-3);

- GenRev (5-AAACCACCCGAGCAACTAATCT- 3).
Both the two RT-PCR were carried out in a finalurok of 20ul and contained 1X
PCR buffer (Promega, Madison, Wisconsin, USA), Bu@ol/l magnesium chloride,
400 pmol primers specific for mtDNA, 0.2 mmol/l dRT 2 U Taq polymerase
(Promega) and the TagMan probe.
The PCR was performed with an initial denaturatstep at 95° C for 6 minutes
followed by 45 cycles of 94° C for 30 seconds &0d C for 1 minute, in an iCycler
Thermal cycler (BioRad, Hercules, California, USAIl samples were analysed in
triplicate.
The relative number copies of mitochondrial andlearcDNA was detected by using a
standard curve for each PCR. The regions used aidagly for mtDNA and nuclear
DNA amplifications were cloned tail to tail in acter (0)GEM-11Z; Promega) to obtain
a 1:1 ratio of the reference molecules. The sdémalwn dilutions of this vector were
included in each PCR and amplified in triplicateotiiain the standard curve.
The measured values for mtDNA and nuclear DNA weis&ibuted in the range of the
standard curve and the correlation coefficient alasys > 0.995. The absolute values
of mtDNA copies per cell were calculated as theraetween the relative values of
MtDNA and nuclear DNA (obtained versus the samdovgcmultiplied by 2 (as two

copies of the nuclear gene present are in a cell).

2.7 Mitochondrial membrane potential (MMP) assay

Mitochondrial membrane potential (MMP) was assesbgddouble staining with
MitoTracker GreeR! (MTG, specific for mitochondrial mass) and TetraMg
Rhodamine Methylesther (TMRM, specific for MMP) (Moular Probes, Eugene, OR,
USA). 143B.TK, rhd and cybrid cells were seeded in 6-wells platesx (A0
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cells/well). After 24 hours, the cells were staineth MTG 100 nM and TMRM 150
nM for 20 minutes at 37° C, then collected and ysed by flow cytometer.
Cytofluorimetric analyses were performed by usirgeaton Dickinson NJ (FAXscan).

The data obtained by cytofluorimetric analyses varaysed with WinMDI software.

2.8 Oxidative stress treatment

143B.TK, rhd and cybrid cells were seeded in 100%gutates (2 x 10cell/plate). In
the exponential growth phase, the growth medium diasarded and replaced with
DMEM containing 2-deoxy-D-ribose (d-Rib) 20 mM (&ig). The cells were incubated
to 37° C for 24, 48, 72 hours. Untreated cells waralysed as control in all subsequent

experiments.

2.9 Cell viability assay

We analyzed the viability of cell lines at basatlatress condition by a Trypan blue
exclusion assay.

Floating and adherent cells were collected and.2@d cellular suspension were added
to an equal volume of 0.4% Trypan Blue solutiorg(). Viable and non viable cells
were then counted by using a haemocytometer wiihnaerted light microscope using a
20x magnification.

For each cell lines three experiments were carol and standard deviations were
calculated. The percentage of cell viability wascalated as the ratio between the

number of viable cells and the total number ofscell

2.10 DNA fragmentation analysis

Treated and untreated cells were collected by imyzetion and centrifuged at 3000 x g
for 5 minutes. The pellet was resuspended in 40&f lysis buffer containing 10 mM
TRIS-HCI pH 8, 20 mM EDTA, 0.2% triton-X100, andetin incubated on ice for 20
minutes. The mixture was centrifuged at 12000 xog 20 minutes, then an equal
volume of phenol/chloroform was added to the samatAfter a centrifugation at
12000 x g for 5 minutes, an equal volume of chlonof was added to the surnatant and
centrifuged again at the same conditions. Thenv6ldme of 3 M Sodium Acetate pH
5.2 and 2 volumes of ethanol were added to surh&dgorecipitate DNA. The mixture
was stored at -20° C overnight. DNA was pelletectéytrifugation at 12000 x g for 20
minutes, rinsed with 70% ethanol and then resusgzémal TE buffer containing 100
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mg/ml RNase A. The DNA samples were incubated7at@ for 1 hour, analyzed by
electrophoresis on 1.5% agarose gel, in TAE buet stained with ethidium bromide.

2.11 RT-PCR of human SIRT genes
Total RNA was extracted from treated and untreatts by using RNeasy Mini Kit
(Qiagen). The RNA concentration of each sample wasasured by using a
biophotometer Bio-Rad at 260/280 nm absorbance.rati
The RT-PCR (Reverse Transcriptase-PCR) reactione warried out by using the
ImPromll Reverse Transcription System kit (Prome§aptly a mix containing 500 ng
of total RNA and 500 ng of Oligo(dT)15 Primer, warg-heated at 70° C for 5 minutes,
then the RT-PCR reaction was carried out in au¥6f final volumes containing 1X
ImProm-Il 5X Reaction Buffer; 30aM of MgCl,; 125uM of each dNTP of dNTP mix;
10 U of Recombinant RNasin Ribonuclease Inhibilpi5 pl of Reverse Transciptase.
The reaction mix was incubated at 25° C for 5 nesutat 37° C for 60 minutes and
finally at 95° C for 10 minutes to inactivate thevRrse Transcriptase enzyme.
For the analysis 08 RT genes we designed primers specific for each sitbyi using
“AutoPrime” program available on the web (http://mwwautoprime.de/AutoPrimeWeb).
The primers were selected in two different manmngpsthat they amplify cDNA
generated from mRNA but do not amplify a productimegenomic DNA:

a) one of the primers matched the exon-exon bordareses that is not present on

the genomic DNA;
b) both the primers matched two different exon segeenso that a genomic
product may include a long intronic sequence.

Furthermore, we designed as internal control thengar specific for the GAPDH

housekeeping gene. The sequences of selected prameshown in Table 2.1.
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Table 2.1: Primers used in RT-PCR analysis of sirtin genes.

Primers | Forward Primers 5’ —3’ Reverse Primers 53’

GAPDH | GACAACTTTGGTATCGTGGA | TACCAGGAAATGAGCTTGAC
SIRT1 GAAGACGACGACGACGAG GCCACAGTGTCATATCATCC
SIRT2 AAGGAGCGTCTGCTGGAC AGATGGTTGGCTTGAACTGC
SIRT3 ATGGAACCTTTGCCTCTG CAAGTCCCGGTTGATGAG
SIRT4 ATGTGGATGCTTTGCACACC | TGGCCTCCACATTGAACGCA
SIRT5 AGGAGCTGGAGGTTATTGG CAGCCACAACTCCACAAG
SIRT6 ACTTCAGGGGTCCCCACG TCGGCGTTCCTGCTGGCC
SIRT7 GAGCAGACACCATCCTGTGT | ACAGCGACTTCCGACTGTGG

The PCR mixture (24l of final volume) contained {il of cDNA, 1X Reaction Buffer,
2 mM MgCh, 1.5 U Taq Dinazyme and different amounts of ttreeoPCR components

as reported in Table 2.2.

Table 2.2: PCR protocols of each analyzed sirtuin.

dNTP Sirtuin Sirtuin GAPDH GAPDH
Primer Primer Primer Primer

Forward Reverse Forward Reverse

SIRT1 04mM 0,25M 0,25uM  0,30pM  0,30uM
SIRT2 02mM 0,40uM 0,40puM  0,30pM  0,30uM
SIRT3 02mM 0,25uM 0,25uM  0,25uM  0,25uM
SIRT4 0,2mM 0,40uM 0,40uM  0,30pM  0,30uM
SIRT5 02mM  0,25M 0,25uM  0,30pM  0,30uM
SIRT6 02mM  0,30uM 0,30pM  0,30pM  0,30uM
SIRT7 02mM 0,40uM 0,40puM  0,30pM  0,30uM

After a pre-denaturation step at 92° C for 1 min@&-35 cycles (the number of cycles
was different for each sirtuin) were carried oud2t C for 1 minute, 60° C for 1 minute

and 72° C for 1 minute. The GAPDH primers were addfter an appropriate number

of cycles varying from 5 to 9.
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The PCR products were analyzed on 2% agarose g&hinmmg 0,5 mg/ml ethidium

bromide. Fluorescence intensity of the bands wasuleded by using densitometer
analysis (Kodak Electrophoresis Documentation andlysis System 290, EDAS 290),
and then normalized with respect to GAPDH bandnsitg (Relative Band Intensity,

RBI).

We carried out three independent RT-PCR experimfentsach cell line, and then we

calculated standard deviations.

2.12 RT-PCR of Tanscription factors genes
The primers designed for the semi-quantitative R@RIlysis of Transcription factors
are reported in Table 2.3.
The PCR mixture (2fl of final volume) contained il of cDNA, 1X Reaction Buffer,
2 mM MgCh, 200uM of each dNTP, 0.8M of each forward and reverse primer, 0.4
uM of each GAPDH primer, 0.5 U Tag DNA polymeraserd&raq).
The PCR were performed at the following conditions:
- For TFAM and NFE2L2 genes, after a pre-denaturation step at 92° Clfor
minute, twenty-five cycles of PCR were carried au®2° C for 30 seconds, 58°
C for 30 seconds and 72° C for 1 minute; the GARDiFhers were added at the
first cycle of the PCR;
- For NFE2L1, NRF1, NFKB genes, after a pre-denaturation step at 92° @ for
minute, thirty cycles of PCR were carried out at @2for 30 seconds, 58° C for
30 seconds and 72° C for 1 minute; the GAPDH pranweere added after the
fifth PCR cycle.

Table 2.3: Primers used in RT-PCR analysis of Trangiption factors genes.

Primers | Forward Primers 5’ —3’ Reverse Primers 53’

GAPDH | GACAACTTTGGTATCGTGGA TACCAGGAAATGAGCTTGAC
NFE2L1 | CGGCTCCTCAGTCAGGTGAG CCAGATCAATATCCTGTCGCC
NFE2L2 | CATCGAGAGCCCAGTCTTCA GGAGAGGATGCTGCTGAAGG

TFAM TGCTGAGTGCCCTGGGAAGG ATACCTGCCACTCCGCCCTA

NRF1 TCGTGTGGGACAGCAAGCTA CCCGACCTGTAGAGTACTTG

NFKB1 | CAGAATGGCAGAAGATGATCCA | TTGCTGGTCCCACATAGTTG
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PCR products were analyzed on 2% agarose gel inomga0.5 mg/ml ethidium

bromide.

Fluorescence intensity of the bands was calculéedising densitometer analysis
(Kodak Electrophoresis Documentation and Analyyst&n 290, EDAS 290), and then
normalized with respect to GAPDH band intensity léffee Band Intensity, RBI). We

carried out three independent RT-PCR experimentse&eh cell line, and then we

calculated standard deviations.

2.13 Statistical analysis

The one-way ANOVA test was used to evaluate diffees in the expression profiles of
each gene among the different cell lines eithéaatl condition or after oxidative stress
treatment.

The T-test was used to evaluate for each celldifferences in the expression levels of
each gene before and after treatment with oxidatiness.

We used SPSS 13.0 software for windows.
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3. RESULTS AND DISCUSSION

For safety of clarity, before presenting the resuilt is convenient to summarize the
rationale of the present work. We started fromftll®wing considerations: i) the cell
capability to cope with oxidative stress has a falvoole in onset and property of age-
related complex phenotypes; ii) the susceptibiitgevelop such phenotypes is affected
by mtDNA variability; iii) current literature dat@dicate that sirtuins and transcription
factors may act as stress-responder sensors irchoitdrial signaling pathways. The
question is: does mtDNA variability affect gene eegsion of such candidate sensors?
To answer the question we used a cybrid techndbggwhich the relationship between
MtDNA variability and gene expression profiles ofusns and transcription factors is
investigated in cells exposed to oxidative stress.

Although very powerful to explore the cross-talkvieen the two cell genomes, cybrid
technology is highly sensitive to experimental ddods. Therefore, a consistent part of
our experimental procedure has been devoted tokctiex quality of the control
experiments (paragraphs 3.1-3.5) and the religbdit the results relevant to gene

expression profiles (3.6-3.7).

3.1 MtDNA variability in donor platelets

To assemble cybrid lines we used mitochondria frdonor platelets by which we
repopulated 143B.TKosteosarcoma cells depleted of their own mtDNAYrtells).
On the basis of the variability at evolutionarynserved positions (RFLP analysis),
MtDNAs of the donor platelets were classified atomging to H, J, U, X and T
haplogroups. Therefore we named the five cybritlicees according to the name of
the respective mtDNA haplogroup. By carrying oué tlame RFLP analyses, the
MtDNA of the 143B.TK native line was classified in the X haplogroupwdwer, by
analyzing some specific polymorphic sites, we fotimat the mtDNA of the X cybrid
line and that of the native line, although beloggboth to the X haplogroup, were of
different haplotype. Indeed it must be remarked #ach haplogroup encompasses a
number of different mtDNA haplotypes, and thatumrelated individuals, the mtDNA
of each subject is virtually different from that other subjects. This consideration

implies that possible positive results showing efeby the mtDNA variability on
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nuclear gene expression profiles should be refeoely to the specific mtDNA
molecule present in the cybrid line, while nothe entire haplogroup that encompasses
it.

The results relevant to mtDNA variability in donplatelets (and therefore in cybrid

lines) are reported in Table 3.1.

Table 3.1: RFLP analysis of common variability inparental and cybrid cell lines.
+/- indicate the presence/absence of the restnidii@ with reference to the MITOMAP
sequencevww.mitomap.org.

MtDNA haplogroup polymorphic sites

cellLine | Alul | Ddel | Hinfi | Bstol | 53™ | Ddel | Avall | Haell
7025 | 10394 | 12308 | 13704 1715 | 8249 | 8994
13366
143BTK- | + i : ¥ : : i N
HCybrid | - : i s _ s ] .
J Cybrid + + - - } + ) +
U Cybrid + - + + . + i +
X Cybrid |+ i _ ' _ _ N .
T Cybrid + - - + + + i .

3.2 Absence of mtDNA in rHb cells and effectiveness of the mitochondrial
repopulation

Two categories of control experiments were perfarn@ verify i) the absence of
mtDNA in the rh@ line; ii) the effectiveness of the mitochondriepopulation.

As for the first point, we observed that the %eells were unable to grow without
added uridine, and died within 10 days, thus shgidass of functional mitochondria.
In addition, PCR amplification of the 15996-16401DINA region gave negative
results in DNA extracted from the theells (results not shown).
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As for the second point, positive mtDNA repopulatisas confirmed by the growth of
the cybrid lines in selective medium lacking ofdime. Fig. 3.1 shows the growth
curve of rh8 cells (culture added with uridine) and of nativel aybrid lines (culture

without uridine).

Figure 3.1: Growth curves of parental cell lines 43B.TK’, rho?, and H, J, U, X
and T cybrids. Results are expressed for each time point as meaangard deviation

of three independent experiments.
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From the results shown in Fig. 3.1 we concludest the growth curves were not
substantially different among the cell lines, altgb the growth of the ricells was
less vigorous with respect to the other lines, tdamoting in these cells a certain
degree of trouble, likely due to the absence oivacmitochondria. However, the
experimental conditions were appropriate to compaeext results at least among the

lines having active mitochondria (native and cylmdls).
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3.3 Functionality of the cybrid cell lines
We assessed the mitochondrial functionality of ¢been cell lines by measuring the
Mitochondrial Membrane Potential (MMP). The resutif the MMP quantitative

analysis are shown in Fig. 3.2.

Figure 3.2: Quantitative analysis of Mitochondrial Membrane Potential in
parental and cybrid cell lines. The TMRM/MTG ratio represents the mean with their
relevant standard deviations of three independgregraments
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All the cybrid lines displayed values of MMP comglale to that of the 143B.TK
native line (p = 0,123, by ANOVA), thus showing thdne cybrid lines were
metabolically active. On the contrary, MMP was loivethe rh8 cells. The question of
MMP in rhd cells is a debated point in current literatureleled some authors report
that MMP does not differ significantly between matand rh8 cells (Jiang et al., 1999;
Morais Cardoso et al., 2002; Levraut et al., 2008)ile others report results in line
with those shown in Fig.3.2 (Cardoso et al.; 20@4rcy et al.; 2005; Yu et al., 2007).
Likely, such contrasting results depend on the ewmmntal conditions, that is the
method used to evaluate MMP. In any case, our tesldarly show that rifiacells are
in a worse metabolic conditions with respect tchbwdtive and cybrid lines. Therefore,

in our experimental conditions, thaells are expected to be more prone to activate
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compensatory mechanisms when exposed to stressfiditons, as observed in the
petite strain of yeast ( Jazwinski, 2002).

3.4 Quantification of mtDNA

In order to be sure that possible differences agrbe cybrid (and the native) lines
were due to theguality of mtDNA it was necessary to check if thmount of mtDNA
was comparable among the six lines having activieahondria. To verify this point,
we estimated the number of copies of mtDNA per icedlach line by using Quantitative
Real Time PCR. No significant difference (p = 0,28¥ ANOVA) was observed

among the lines as shown in Fig. 3.3.

Figure 3.3: Quantitative analysis of mitochondria DNA amount in 143B.TK and
cybrid cell lines. The mtDNA/cell copies represent a mean with thespective
standard deviations of three independent expersnent
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On the whole, the above described control experisnshowed that H, J, U, X and T
cybrid lines did not differ significantly either amg them or from the native 143B.TK
cell line, while the rh®cells were in a rather difficult condition (seeogth curve in
Fig.3.1 and MMP in Fig.3.2) and probably more prémectivate a retrograde response

when exposed to stress.
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The most important consideration that can be doom the results reported in 3.2-3.4
is that the manipulations performed to create clgfchiefly treatment by ethidium
bromide) did not introduce severe stochastic factble to modify the fundamental
markers of cell viability. This consideration is img important taking into account that
the 143B.TK native cells are osteosarcoma cells that, ag tiingoral cells, are prone

to mutations.

3.5 Stress conditions

The next critical point was to set-up appropridtess conditions, that is conditions able
to induce a response by the stressed cells withegttoying them. Stress experimental
conditions (dosage and treatment time of 2-deoxybDse) were verified by checking
cell viability and by DNA fragmentation analysis.

We used a viability/proliferation assay to deté time point at which the viability of
the stressed cells did not differ among the seedifioes. The results are shown in Fig.
3.4 where we can see that the seven cell lines shewame time-trend of viability, and
that, at 48 hours of stress, the percentage afdicells was intermediate between those

showed at 24 and 72 hours.
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Then we checked the efficacy of the 48 hours stres®bkihg at the internucleosomal
DNA fragmentation which is expected in an apopteésponse. DNA fragmentation
assay was in line with the above results. In fastshown in Fig. 3.5, the stress input

resulted operative at 48 hours in all the lines.

Figure 3.5 (A, B): DNA fragmentation electrophoress patterns.
A: Lanes1-4, 5-8, 9-12 contain, in the order, DNAlated from 143B.TK rhd’, H and

J lines. Lane 13 contains molecular weight laddiene scale refers to incubation time

(0, 24 and 48 hours) with 2-deoxy-D-rybose 20 mM.
B: Lanes 1-3, 4-6, 7-9 contain, in the order, DN&lated from cybrids U, X and T.

Lane 10 contain molecular weight ladder. Time scafers to incubation time (0, 24
and 48 hours) with 2-deoxy-D-rybose 20 mM.

A)
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Overall, the results reported in 3.2-3.5 led uwdoconfident in the quality of the cell
lines and in the stress experimental conditionsisTive went on with the analysis of

gene expression.

3.6 Setting-up of the RT-PCR conditions for the dysis of gene expression

A current problem in multiplex RT-PCR analysis & tremarkable difference in
expression levels of the housekeeping gene usedeaxsal control with respect to the
expression levels of the gene of interest. In féog, internal control can reach the
saturation phase before the PCR products of ther gttnes are appreciable. Moreover,
to measure the expression level of a gene by RT-B@R/sis, both the PCR products
(the internal control and the gene of interest) thhes analyzed in the frame of the
exponential phase of the saturation curve, thiaefere the amplification products reach
the saturation phase.

Therefore, before starting with the analysis ofeggerpression, we carried out a series
of experiments to set-up the best RT-PCR protdd@.assembled a series of saturation
curves for each sirtuin gene and for the interialtiol GAPDH. We observed that the
expression level of the housekeeping gene was rhigier than that of the sirtuin
genes. For this reason, we added the primers gpémifthe housekeeping gene after an
appropriate number of PCR cycles, thus obtainingrlapping of the saturation curves
relevant to sirtuin and GAPDH genes. The resultaiobd for the saturation curves of

each sirtuin gene and its internal control are showFig. 3.6.
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Figure 3.6: PCR saturation curves of sirtuin geneswith the internal control
GAPDH.

Bl = Band Intensity obtained from densitometriclgsis of PCR products.
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On the basis of the results obtained from theraatun curves we set-up a specific RT-
PCR protocol for each sirtuin as reported in thetise Material and Methods. We
applied the same procedure for RT-PCR of the Trgstgmn Factors genes.

3.7 Gene expression profiles

Gene expression was analyzed at both basal angbs stomditions by RT-PCR for a
panel of seven genes coding for sirtui®RT1- SRT7) and five genes coding for
transcription factorsNFE2L-1; NFE2L-2; TFAM; NRF1;, NFKB1). Each experiment

was replicated three times, starting from the selmee for each cell line: the data were

consistent in the three experiments, accordingtes, cells, basal/stress conditions.
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3.7.1 Sirtuin genes
An example of the expression patterns relevanirtois genes at both basal and stress
conditions is shown in Fig. 3.7.

Figure 3.7 (A-G): RT-PCR electrophoresis patterns 0Sirt genes

in 143.TK cells, rh8 cells and H, J, U, X, T cybrids at basal and stresndition.
GAPDH: Glyceraldeide phosphate deydrogenase. MWlecntar weight 100 bp
ladder.
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In order to have quantitative data, we performedsdemeter measures in each RT-

GAPDH

SIRT7

PCR experiment. The results at basal and streghtmors are reported in Table 3.2.
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No significant difference did result among the $ires forSRT1- SRT6 at either basal
or stress conditions. Only the expression profil@&T 7 showed heterogeneity among
the lines at basal conditions (p=0.01). Howeveg tlu multiple comparisons, such a
difference could not be considered statisticallyngicant @ =0.007 with Bonferroni
correction referred to the seven sirtuin patteredyzed).

Therefore, the expression profile of the sirtuimg®is not affected by thariability of
the mitochondrial genome. What is more, the exjwasprofiles of sirtuin genes are
independent of thpresence of active mitochondria, because the expressiofil@sado
not differ between rifocells and other cell lines (see Table 3.2). €he=gative results
could be interpreted in two different ways. Fiistywas possible that sirtuin genes are
exclusively under the control of nuclear factorgle@pendently of the location where the
sirtuin protein operates (if within mitochondriajateus, or cytoplasma). Second, it was
possible that the stimulus we used to induce oxidatress (2-deoxy-D-ribose) was not
the best to reveal signaling pathways affectingisirgene expression.

However, a clue in favor of the first hypothesiad@pendence of the sirtuin gene
expression from mitochondria) was obtained by cammg the expression profile
within a single cell line before and after stress. Irt,fag using the data reported in
Table 3.2, we assembled the histograms shown in3Rgwhere the expression level of
each sirtuin gene within a single cell line is camga between basal and stress

conditions.

43



Figure 3.8 (A-C): Comparison between expression pfibes of

nuclear and

cytoplasmic (A, C) and mitochondrial (B) sirtuinswithin a single cell line before

and after stress treatment.

The results of expression profiles reported remtedske mean and their relevant
standard deviation of three independent experimdRB = Relative Band Intensity
(Densitometric measures of PCR products normalisti respect to the internal

control).
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By looking at Fig. 3.8 we observe that oxidativeess affects the expression profile of
the SRT5 gene consistently in all the seven cell linesfdat, in all lines the stress
stimulus induces an under-expression of this galtieough statistical significance was
only reached in rfo(p=0.031), J (p=0.007), U (p=0.012), X (p=0.0280& (p=0.015)
cell lines. Again, if we apply the Bonferroni’s cection (level of significance =0.007
with reference to the seven comparisons carried asutfor theSRT5 gene) the
difference between basal and stress conditionsinsnsgnificant in the J line only.
However, we are confident on the reliability of ttesult because a coherent pattern of
down-regulation under stress conditions is showalbgell lines. In short, the 2-deoxy-
D-ribose treatment was able to affect sirtuin gexgression because it induced under-
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expression of thedRT5 gene even though independently of the presencactie
mitochondria (rhBcells) as well as of mtDNA variability (native angbrid lines).

At our knowledge, this is the first experimentaldance that oxidative stress induces a
down-regulation of a sirtuin gene. In our experitaémodel the ROS over-production
induced by oxidative stress may affect the NA®Il concentration and therefore the
activity of NAD" dependent proteins, including nuclear and mitodhiahsirtuins. This
would originate unknown signals whose final effiscthe down-regulation of tHd RT5
gene (see Fig. 3.8), and therefore a reductionlRTS protein. Since functional data
specific of the SIRTS5 protein are not available atvis the effect of the SIRT5 decline is
not known and cannot be hypothesized on the b&sisralata. However, SIRTS shares
with the other sirtuins aim vitro NAD" dependent deacetylase activity (Michishita et
al., 2005). If, under stress conditions, the SIRF&tein relocates from mitochondria,
where it is located at basal conditions (Michisletal., 2005), into nucleus thus acting
on histones, this would result in a global increakgene expression, including that of
stress responder genes. In fact, an increase ef@ression following oxidative stress
is well documented, at least regarding detoxifyamgzymes (Kops et al., 2002; Storz
and Toker, 2003, Mann et al.,, 2007). In generaksst conditions may reallocate
proteins, including sirtuins, among cell comparttsgeas documented for SIRT3 which
is located within the nucleus at basal conditicansd moves to mitochondria under
stress conditions (Scher et al., 2007). Of cowappropriate experiments are needed to
check this hypothesis. In any case, from the tesliown in Fig. 3.8, two conclusions
can be drawn: i) the stress stimulus we used affa&T5 gene expression; ii) the
SRT5 expression profile, despite the mitochondrial tasa of the SIRTS protein, is
independent of mitochondria.

As for the other sirtuin genes, significant difieces between basal and stress
conditions were not observed. Do these negativ@irfigs depend on the nature of the
stimulus? Our data do not enable us to answerubstipn and further experiments are
needed. If future experiments will show that aetigint stimulus (for example,By,)
would result effective, we should conclude thhe nature of the stimulus plays a role

in modulating the expression of sirtuin genes.
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3.7.2 Transcription Factors genes

Owing to their documented role in the oxidativeess response and in the mtDNA
replication/transcription regulation (see Introdocj we extended our study to five
genes encoding the transcription factors NFE2LIENER2, NRF1, TFAM, NFKB1.

An example of the expression patterns relevanheéostreened genes is shown in Fig.
3.9.

Figure 3.9(A-E): RT-PCR electrophoresis patterns offranscription Factors genes
in parental and cybrid cell lines at basal andsstreonditions (2-deoxy-D-rybose 20
mM for 48 hours). GAPDH: Glyceraldeide Phosphatgddegenase. MW: molecular
weight 100 bp ladder.
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At a first glance, no difference does emerge antbadRT-PCR patterns of any checked
gene, at either basal or stress conditions.

The densitometric measures reported in Table 3@hfirmed that the expression
profiles of the screened genes are independentiafty] of mtDNA (cybrid lines) as

well as presence of active mitochondria {rbells) at both basal and stress conditions.
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When we verified if oxidative stress was able todifyothe expression profile of the
screened genasithin each line, we found the results summarized irhie®grams of
Fig. 3.10.

Figure 3.10: Comparison between expression profilesef Transcription Factors
genes within a single cell line before and after =ss treatment.

The results of expression profiles reported in tistograms represent the mean and
their relevant standard deviation of three indepandexperiments. RBI = Relative
Band Intensity (Densitometric measures of PCR prtsdoormalized with respect to the
internal control).
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From the above figure we see that no correlatioesdexist between level of gene
expression and stress condition in any cell limefdct, a stress-related pattern of

variation of gene expression coherent among tHdicet, as we found foBRT5 (see

Fig. 3.8), is not observed.
On the whole, the set of experiments above destrab®wed that the transcription

patterns of the genddFE2L-1, NFE2L-2, TFAM, NRF1, NFKBL1 are independent of

active mitochondria, mtDNA variability and oxidatistress.
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4. CONCLUSIVE REMARKS

Aim of work was to investigate the role of commotDINA variability in modulating
the activation of mitochondrial-to-nucleus signadlipathway to cope with oxidative
stress conditions. Taking into account the emergohg of sirtuins as sensor of cellular
energy and oxidative stress, and the well docunderaie of some transcription factors
in coping with stress to maintain cellular homesistawe verified if oxidative stress
was able to modify the gene expression profileeses sirtuins and five transcription
factors in cybrid sell lines.

Cybrid technology makes possible to study the efdéantDNA variations of cellular
phenotypes by using cell lines sharing the saméaugenome but different mtDNAs.
Although very rationale for discovering the effexft mtDNA variability on cellular
phenotypes, this technology requires rigorous guabntrols in order to be confident
on the reliability of the results. Therefore, a sistent part of the work has been
devoted to check the quality of our cybrid linesoddly important, we routinely
repeated our controls, for example by checking th@NA was absent in rficells, or
that each cybrid line conserved its specific mtDMAlecules (haplogroup typing). We
are therefore confident that our results are ridiabd do not depend on artefacts due to
cybrid technology.

The results obtained show that the common mtDNAatbdity does not influence the
expression patterns of the analyzed genes at dattsal or stress conditions. Moreover,
the expression level of the above genes does mandeon the presence of functional
mitochondria because we have not observed signtfiddferences between rhaells
and the other cell lines. How these negative figdican be explained ? The hypothesis
that the stress input we used was not appropratditit a nuclear response is rather
weak for two reasons. First, the same protocoliegggo a panel of cytokine and
cytokine receptor genes elicited gene- and celtifipeesponses (Bellizzi et al., 2006).
Second, and most of all, we observed a signifidactease of the expression level of
the SIRT5 gene in response to stress (Fig.3.8h audecrease was consistent in all the
cell lines, despite presence/absence of functimitaichondria (compare native and tho
cells) and mtDNA variability (compare cybrid lines) Therefore, the most likely
conclusion is that the stress input does not mothfy expression profiles of the

screened genes according to quality or quantitthefmitochondrial genome. On the
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other hand, several lines of evidence have shoansiituins can function as sensor of
cellular energy status due to oxidative stress itimmg that alter intracellular NAD
concentrations and can modulate the activity ded#nt substrates to maintain cellular
homeostasis and promote cell survival (Brunet et2804; Kume et al., 2006).
Therefore the observed absence of correlation legtweitochondrial genome
variability and sirtuin response to stress requardarther interpretation. It may be that
the functions assigned to these genes are so kracidhe cell life that evolution
operated in a way that such functions were indegeindf a molecule, mtDNA, whose
main characteristic is a high mutation rate.

Although independently of the mitochondrial genolidgeast one of the screened genes
showed stress respons&RT5 was down-regulated consistently in all the lines
(Fig.3.8). This finding is new and opens a new aede avenue for disentangling the
interplay between sirtuin and oxidative stressparticular with reference to sirtuin
movements across cell compartments. Since at loasalitions the SIRT5 protein is
located within mitochondria, we can hypothesizd thadative stress produces signals
that induces protein reallocation among the cathgartments. If, in response to stress,
the SIRT5 protein would move to nucleus, in thimmpartment it not only could down-
regulatesSRTS gene expression but also modify the expressioeldevof stress-
responder genes. This is only a hypothesis whiauires specific experimental
approaches to be verified. However, the down-i@gn of SIRT5 gene expression we
observed in response to stress is a promisingtrésatlwill be useful for exploring the
mitochondria-nucleus cross-talk in oxidative stnesgponse.
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