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INTRODUCERE

Cancerul ramane o cauza principala de deces la nivel global, cu aproximativ 20 de milioane de cazuri noi si
aproape 10 milioane de decese anual, conform datelor din 2020. Cancerul pulmonar, in special, este responsabil
pentru o proportie semnificativa a deceselor asociate cancerului, n mare parte din cauza depistarii tardive si a
naturii sale agresive. Desi cancerul de san are cel mai mare numar de cazuri diagnosticate, cancerul pulmonar
ramane principalul vinovat al mortalitatii legate de cancer, cu o rata de supravietuire de cinci ani de doar 18,5%.

Epigenetica, care se concentreaza pe reglarea genelor fara modificarea secventei ADN, joaca un rol crucial in
dezvoltarea cancerului pulmonar prin mecanisme precum metilarea ADN si modificarile histonelor. Aceste
modificari pot altera activitatea genelor, influentand progresia cancerului si rezistenta la tratament. Terapiile
epigenetice, inclusiv inhibitorii de HDAC si DNMT aprobati de FDA, ofera strategii de tratament promitatoare prin
reactivarea genelor supresoare tumorale.

Aceasta teza doctorala exploreaza potentialul 5-azacitidinei (5-aza), un medicament epigenetic utilizat in
cancerele hematologice, ca tratament pentru NSCLC. Cercetarea investigheaza efectele 5-aza singur si in combinatie
cu radiatiile ionizante (IR) pentru a demetila ADN-ul, a reactiva genele suprimate si a imbunatati raspunsul la
tratament. Studiile au inclus analize in vitro, mecanisme moleculare prin QPCR si microarray si validari in vivo
folosind modele ortotopice si subcutane de soareci imunocompromisi. Terapia combinata isi propune sa reduca
cresterea tumorii si metastazele, propunand abordari inovatoare pentru rezultate mai bune in NSCLC.

STADIUL ACTUAL AL CUNOASTERII

Cancerul pulmonar, o malignitate cu un impact semnificativ asupra sanatatii si ratei de supravietuire, se
caracterizeaza printr-o variabilitate genetica si epigeneticad notabila. Aceasta diversitate influenteaza progresia bolii,
metastazarea si raspunsul la tratament. Modificarile genetice si epigenetice, cum ar fi metilarea ADN-ului si
modificarile histonelor, contribuie la heterogenitatea tumoralg, fiind mai frecvente decat mutatiile somatice si avand
un rol esential in dezvoltarea si progresia bolii.

Evaluarea si diagnosticarea cancerului pulmonar se bazeaza pe o abordare multimodalg, care include atat
tehnici imagistice, cat si analize moleculare si genetice pentru o stadializare precisa si planificarea tratamentului.
Aceste metode permit o mai buna intelegere a variabilitatii tumorale si ajuta la personalizarea tratamentului in
functie de caracteristicile individuale ale pacientului si tumorii.

Modificarile epigenetice, cum ar fi metilarea ADN si modificarile histonice, joaca un rol crucial in reglarea
expresiei genelor implicate In cancerul pulmonar. Aceste procese influenteaza proliferarea celulara, apoptoza si
ciclul celular, perturband cai de semnalizare precum MAPK/ERK si PI3K/AKT, care sunt critice pentru progresia
cancerului si rezistenta la tratament. Metilarea promotorilor genelor supresoare tumorale, cum ar fi RASSF1 si PTEN,
duce la inactivarea acestora si la progresia tumorald, in timp ce demetilarea poate activa oncogenele, contribuind la
evolutia cancerului.

Biomarkerii epigenetici ofera informatii valoroase pentru diagnostic si monitorizarea raspunsului la
tratament. Expresia modificatorilor epigenetici, precum deacetilazele histonice , este esentiala pentru a evalua
sensibilitatea la terapiile epigenetice si pentru personalizarea tratamentului. Masurarea nivelurilor de metilare si
analiza histonelor ajutd la stratificarea pacientilor si la anticiparea eficacitatii tratamentelor, contribuind la
imbunatatirea rezultatelor clinice.

CONTRIBUTIA PERSONALA

IPOTEZA DE LUCRU SI OBIECTIVE

Teza propune ipoteza ca 5-azacitidina (5-Aza), un agent epigenetic aprobat pentru tratamente hematologice,
poate exercita efecte terapeutice semnificative in cancerul pulmonar non-microcelular (NSCLC) atat ca monoterapie,
cat si in combinatie cu iradierea (IR). Se anticipeaza ca 5-Aza ar putea demetila ADN-ul, reactiva genele supresoare
tumorale si spori sensibilitatea celulelor tumorale la radiatie, ducand astfel la o inhibare mai eficienta a cresterii
tumorale si a metastazarii.



Obiectivele generale ale studiilor:
o Evaluarea eficientei terapeutice a 5-Aza in tratamentul NSCLC
o Analiza efectelor 5-Aza asupra celulelor NSCLC la nivel de expresie genica si epigenetica, cu scopul
de a identifica modul in care acest agent poate modifica profilul tumoral.
o Determinarea efectului 5-Aza asupra viabilitatii celulare, migrarii, capacitatii de formare a coloniilor
si apoptozei in modelele de cancer pulmonar.
e Investigatia mecanismelor moleculare ale terapiei combinate cu 5-Aza si IR
o Identificarea si analiza cdilor moleculare influentate de 5-Aza In combinatie cu IR, incluzand gene si
cai specifice implicate in apoptoza, raspunsul imun si reglarea ciclului celular.
o Validarea rezultatelor microarray prin PCR cantitativ pentru a confirma modificarile de expresie
genica induse de tratamentul combinat.
e Validarea in vivo a efectelor 5-Aza si IR asupra tumorilor in modelele animale de NSCLC
o Evaluarea impactului 5-Aza, singur si in combinatie cu IR, asupra cresterii tumorale si progresiei
bolii in modelele xenogrefate subcutanate si ortotopice.
o Monitorizarea toxicitatii sistemice si a tolerantei generale la tratament pentru a stabili siguranta si
fezabilitatea clinicd a 5-Aza In tratamentele pentru cancerul pulmonar.

1. METODOLOGIA GENERALA

In cadrul acestei cercetiri, au fost utilizate tehnici avansate pentru a evalua efectele terapeutice ale 5-aza in
tratamentul cancerului pulmonar non-microcelular (NSCLC), atat singur cat si in combinatie cu radiatia ionizanta
(IR). Experimentele au fost efectuate pe linii celulare NSCLC si pe modele de soareci xenogrefati, urmand standardele
etice impuse de directiva 63/2010 a Uniunii Europene. Diverse metode, inclusiv microarray, RT-QPCR si
microscopia, au permis analizarea in profunzime a modificarilor moleculare si fiziologice asociate tratamentului.

2. STUDIUL 1. ANALIZA IN VITRO A EFECTELOR 5-AZA SI IR ASUPRA LINIILOR CELULARE NSCLC

2.1 INTRODUCERE

Cancerul pulmonar ramane una dintre principalele cauze de mortalitate legate de cancer la nivel mondial, iar
cancerul pulmonar non-microcelular (NSCLC) reprezintda majoritatea cazurilor. Desi strategiile de tratament au
avansat, prognosticul pentru pacientii cu cancer pulmonar ramane nefavorabil, subliniind necesitatea unor abordari
terapeutice mai eficiente. Un domeniu promitator implica utilizarea modificatorilor epigenetici precum 5-aza,
capabili sa demetileze ADN-ul si sa reactiveze genele silenced, restabilind astfel functiile celulare normale si potential
madrind eficacitatea tratamentelor existente, cum ar fi radiatia ionizanta (IR).

Studiile recente au aratat potentialul terapiei epigenetice combinate cu tratamentele traditionale pentru a
spori rezultatele terapeutice. Cu toate acestea, efectele specifice si mecanismele acestor terapii combinate asupra
celulelor NSCLC necesita cercetdri suplimentare. Acest studiu exploreaza impactul 5-aza, administrat singur si in
combinatie cu IR, asupra mai multor linii celulare NSCLC, concentrandu-se pe viabilitatea celulara, migratia si
potentialul clonogenic.

2.2 IPOTEZA SI OBIECTIVELE STUDIULUI
Considerand posibilele efecte sinergice ale 5-Aza si IR in tratamentul cancerului, ipoteza presupune ca administrarea
combinata a celor doi agenti terapeutici poate genera un efect sinergic, rezultand intr-o inhibare mai pronuntatd a
migratiei, viabilitatii si formarii coloniilor celulelor NSCLC, comparativ cu administrarea fiecarui tratament separat.
Obiectivele primare ale studiului au fost:

e Determinarea concentratiei inhibitorii medii (IC50) a 5-aza pentru liniile celulare A549, SK-MES-1,
H1792 si H522 pentru a stabili o baza pentru experimentele ulterioare.

e Evaluarea potentialului clonogenic prin testarea formarii de colonii pentru a analiza capacitatea
celulelor NSCLC de a forma colonii dupa tratamentul cu 5-aza, IR si combinatia acestora.

e Investigarea migratiei celulare prin teste de tip ,wound healing” si migratie transwell pentru a analiza
capacitatea celulelor A549 de a migra sub influenta tratamentelor.

e Observarea modificarilor morfologice si functionale cu ajutorul microscopiei cu fluorescenta si
confocale.



e Cuantificarea apoptozei prin citometrie de flux pentru a analiza mecanismele de moarte celulara
induse de tratamente.
2.3 MATERIALE SI METODE

e  (Conditii de cultivare a liniilor celulare NSCLC

Liniile celulare A549, A549-luc2, SK-MES-1, H1792 si H522 au fost utilizate In experimente. A549 si A549-luc2
au fost cultivate in mediu F-12K cu 10% ser fetal bovin (FBS), H1792 si H522 in mediu RPMI-1640 cu 10% FBS, iar
SK-MES-1 in mediu EMEM cu 10% FBS, toate la 37°C in atmosfera umidificata cu 5% CO2.

e  Protocoale de tratament

Studiul a inclus doua protocoale de tratament: un protocol cu doza unica de 5-aza si IR si un altul cu doua doze

de 5-aza combinate cu IR (2 GY). Viabilitatea celulara a fost evaluata prin teste de tip MTT pentru determinarea IC50.
e  FEvaluarea migratiei si formdrii coloniilor

Testele de migratie au inclus metode de ,wound healing” si transwell, iar evaluarea formarii coloniilor a fost

realizata pentru a analiza impactul tratamentelor pe termen lung asupra capacitatii de supravietuire a celulelor.
e Analize microscopice si citometrice

Modificarile morfologice au fost studiate prin microscopie confocald, iar apoptoza a fost cuantificata prin
citometrie de flux utilizand colorarea cu annexin V-FITC.

2.4 REZULTATE SI DISCUTII

Determinarea IC50 pentru 5-aza a aratat sensibilitati diferite intre liniile celulare NSCLC, cu valori variind de
la 1471 nm la 2218 nm. Linia celulara A549 a prezentat o scadere semnificativa dependenta de doza a viabilitatii.
Testele de formare a coloniilor au demonstrat ca tratamentele combinate au redus semnificativ numarul si
dimensiunea coloniilor comparativ cu tratamentele separate.

Testele de migratie au evidentiat ca tratamentul combinat a inhibat mai eficient capacitatea celulelor A549 de
amigra si de a se reface in cadrul experimentului ,wound healing”. Analizele microscopice au aratat modificari
semnificative 1n structura citoscheletald, iar analizele citometrice au confirmat cretterea apoptozei in grupul tratat cu
5-azasilR.

2.5 CONCLUZII

Acest studiu demonstreaza ca combinarea 5-aza cu IR are un efect sinergic asupra celulelor NSCLC, conducand
la inhibarea crescuta a viabilitatii, migratiei si formarii coloniilor, precum si la cresterea apoptozei. Rezultatele
sugereaza cd terapia epigeneticd, combinata cu radioterapia, ar putea reprezenta o strategie terapeutica mai eficienta
in tratamentul cancerului pulmonar.

3. STUDIUL 2. MECANISMELE MOLECULARE ALE TERAPIEI COMBINATE 5-AZA SI IR
3.1 IPOTEZA SI OBIECTIVELE STUDIULUI

Acest studiu 1si propune sa investigheze impactul molecular al tratamentului cu 5-aza asupra liniei celulare
A549 de NSCLC, analizdnd modificarile de expresie genica prin microarray si validand rezultatele prin pcr cantitativ
(qPCR). Integrarea acestor analize ofera o Intelegere mai profunda a mecanismelor epigenetice si transcriptionale
implicate si contribuie la elucidarea potentialului 5-aza ca agent terapeutic epigenetic.

3.2 MATERIALE SI METODE

In analiza microarray, ARN-ul total a fost extras din celulele A549 tratate folosind Trireagent, urmati de
purificare cu kitul RNeasy mini. Calitatea ARN-ului a fost evaluata cu spectrofotometrul nanodrop si bioanalyzer.
Expresia genica a fost analizata prin metodologia microarray Agilent cu hibridizare la 65°c timp de 17 ore si scanare
ulterioara. Datele au fost normalizate si analizate cu software-ul Genespring GX.

Pentru extractia ARN-ului, celulele A549 au fost tratate cu Triplextractor, iar ARN-ul a fost purificat si tratat cu
dnase pentru a elimina contaminarea cu ADN genomic. ARN-ul purificat a fost convertit In cADN folosind un kit de
sintezd, urmat de dilutie si utilizare in experimentele de RT-PCR. RT-PCR-ul a fost efectuat pe placi de 96 de godeuri
cu mixul Sybr Green pentru cuantificarea expresiei genice, cu un program de amplificare standardizat si analiza de
curbe de topire pentru validarea specificitatii.

3.3 REZULTATE SI DISCUTII



Analiza microarray a relevat modificari extinse ale expresiei genice in celulele A549 tratate cu 5-Aza. Dintre
cele 10.013 gene analizate, un numar semnificativ a prezentat schimbari in expresie (valoarea p medie = 0.0029),
ceea ce indica un raspuns celular robust. Dintre acestea, 5.209 gene au fost suprarreglate, majoritatea fiind implicate
in raspunsuri la stres si cdi apoptotice, in timp ce 4.804 gene au fost subreglate, fiind asociate 1n principal cu
proliferarea celulara.

Enrichment analysis a evidentiat prezenta crescuta a genelor legate de apoptoza, plasandu-le in partea
superioara a listei clasificate. De asemenea, a fost observatd o reprezentare semnificativa a genelor implicate in
semnalizarea JAK/STAT, sugerand un efect al 5-Aza asupra acestor cdi de semnalizare.

Analiza detaliata a aratat subreglarea semnificativa a genelor implicate in reglarea ciclului celular si
supravietuirea, cum ar fi PIM1 si BCL3, in grupul tratat cu 5-Aza si IR comparativ cu grupul de control. PIM1 a
prezentat o scadere de 3,51 ori (log FC = -1,81, p corectat = 1,18E-04), iar BCL3 a avut o scadere de 3,57 ori (log FC =
-1,83, p corectat = 5,13E-05).

Pe de alta parte, genele legate de raspunsul imun, cum ar fi TBX21, au fost suprarreglate semnificativ (FC de
55,02; log FC = 5,78, p = 7,47E-05), in timp ce STAT3, un mediator al apoptozei si raspunsului imun, a fost subreglat
(FCde-2,01; log FC=-1,01, p = 8,86E-04).

Pentru validarea acestor rezultate, s-au selectat zece gene esentiale pentru analiza prin qPCR, inclusiv PIM,
BCL3, TBX21, FOX03, IL1B, GATA3, ID2, SMAD?7, STAT3 si ID4. Datele obtinute au confirmat consistenta schimbarilor
in expresia genica evidentiata de microarray. Spre exemplu, IL1B a prezentat o scadere semnificativa a expresiei (P =
0.0012), in timp ce FOX03, implicat in apoptozd, a aratat o crestere a expresiei (P = 0.0008). De asemenea, GATA3,
important pentru diferentierea celulelor imune, a fost suprarreglat (P = 0.0023).

Analiza comparativa dintre datele microarray si qPCR a ardtat o corelatie puternica intre cele doua metode,
confirmand robustetea si fiabilitatea rezultatelor.

3.4 CONCLUZII

Acest studiu evidentiaza modificarile transcriptionale si epigenetice semnificative induse de tratamentul cu 5-
Aza in celulele A549 de cancer pulmonar. Analiza genelor prin microarray, validate prin qPCR, a aratat ca 5-Aza
influenteaza numeroase gene implicate In apoptozd, raspunsul imun, reglarea ciclului celular si diferentiere,
sugerand capacitatea sa de a suprima caile oncogenice si de a activa mecanismele de apdrare celulara. Integrarea
datelor in vitro cu cele extrase din Atlasul Genomic al Cancerului pentru adenocarcinomul pulmonar a subliniat
relevanta clinica a acestor rezultate. Din aceiasi baza de date, analiza metilarii diferentiale a evidentiat regiuni hiper-
si hipo-metilate, indicand potentialul 5-Aza de a reprograma epigenetic celulele canceroase, sugerand astfel utilitatea
sa ca agent terapeutic epigenetic promitdtor pentru NSCLC.

4. STUDIUL 3. VALIDAREA IN VIVO A TERAPIEI 5-AZA SI IR

4.1 IPOTEZA SI OBIECTIVELE STUDIULUI

Ipoteza studiului a fost ca 5-Aza, administrata singura sau in combinatie cu IR, va reduce eficient cresterea
tumorii in modelele de NSCLC. Obiectivele principale au inclus evaluarea impactului 5-Aza asupra cresterii tumorilor
in modelele xenogrefate subcutanate si ortotopice si compararea eficientei tratamentului ca monoterapie si in
combinatie cu IR. Un alt obiectiv a fost monitorizarea progresiei tumorale si evaluarea toxicitatii sistemice prin
masurdtori de greutate corporala si starea generala de sdanatate. Examinarile histologice au fost utilizate pentru a
oferi detalii asupra raspunsurilor celulare din tesuturile tumorale. Studiul a avut ca scop corelarea rezultatelor in
vivo cu cele in vitro, pentru a sustine aplicarea translationala a terapiilor pe baza de 5-Aza in tratamentul cancerului
pulmonar.

4.2 MATERIALE SI METODE

Studiul a utilizat soareci de Atimici nuzi (imunocompromisi), pentru a permite dezvoltarea tumorilor umane si
testarea eficacitatii tratamentelor. Acestia au fost mentinuti in conditii standard de laborator, cu un ciclu de
lumind/Intuneric de 12 ore, temperatura controlata de 22°C si umiditate relativa de 50-60%. Toti soarecii au avut
acces ad libitum la hrana si apa. Protocolul experimental a respectat reglementdrile etice pentru utilizarea
animalelor in cercetare si a fost aprobat de Comisia de Etica a Universitatii de Medicina si Farmacie ,,luliu Hatieganu”.



Modelul xenogrefat subcutanat a implicat injectarea de celule A549 in flancul drept al soarecilor, iar cresterea
tumorilor a fost monitorizata timp de 30 de zile. Grupurile de tratament au inclus control, IR, 5-Aza si combinatia 5-
Aza + IR. In modelul xenogrefat ortotopic, celulele A549-Luc2 au fost injectate in plamanul drept, iar tratamentul a
constat in doze bi-saptamanale de 5-Aza. Progresia tumorii a fost monitorizata prin imagistica BLI, iar greutatea
corporala si starea de sanadtate au fost urmadrite pentru a evalua efectele sistemice. Analiza histologica a fost realizata
prin colorarea H&E pentru a observa modificarile celulare si markerii de proliferare.

4.3 REZULTATE SI DISCUTII

in modelul xenogrefat subcutanat, tratamentul cu 5-Aza, atat singur, cat si combinat cu IR, a inhibat
semnificativ cresterea tumorilor comparativ cu grupurile de control si cele tratate doar cu IR. Tumorile din grupul de
control au crescut agresiv, In timp ce grupurile tratate cu 5-Aza au aratat o supresie notabila a tumorilor, iar in unele
cazuri, tumorile nu au fost vizibile. Analiza histologica a indicat proliferarea celulara dezorganizata in tesuturile
tratate cu IR, In timp ce tratamentele cu 5-Aza au aratat o reducere a proliferarii si semne de deteriorare celulara.
Greutatea corporala a ramas stabild pe parcursul studiului, sugerand ca tratamentele au fost bine tolerate, fara
toxicitate sistemica semnificativa.

In modelul xenogrefat ortotopic, rezultatele BLI au aritat o reducere marcati a intensitatii bioluminiscentei in
grupul tratat cu 5-Aza, coreldnd cu o reducere a sarcinii tumorale primare. Acest model a confirmat eficacitatea
tratamentului, fara tumori macroscopice vizibile la final. Greutatea corporala a fost stabilg, indicand o toleranta buna
si toxicitate minima. Examinarea macroscopica a tesuturilor pulmonare a confirmat reducerea tumorilor, fara
modificari in alte organe.

Rezultatele au demonstrat ca 5-Aza reduce eficient cresterea tumorilor in NSCLC, in special atunci cand este
combinata cu IR. Tratamentele nu au indus toxicitate sistemica semnificativa, ceea ce subliniaza potentialul acestei
terapii pentru aplicare clinica. Modelul ortotopic a validat relevanta clinica a efectelor anti-tumorale ale 5-Aza, iar
rezultatele In ansamblu sustin continuarea cercetarilor pentru optimizarea regimurilor de tratament.

4.4 CONCLUZII

Studiul a evidentiat potentialul terapeutic al 5-Aza in modelele NSCLC, demonstrand reducerea semnificativa a
cresterii tumorale, cu eficacitate sporita in combinatie cu IR. Tratamentele au fost bine tolerate, fara toxicitate
sistemicad semnificativa. Rezultatele sugereaza ca 5-Aza poate sensibiliza celulele tumorale la radiatii, permitand
reducerea dozelor de IR 1n practica clinica.

CONCLUZII GENERALE

Aceastad teza de doctorat a adus contributii valoroase in intelegerea mecanismelor etiopatogenetice ale NSCLC
si a potentialului terapeutic al 5-aza ca agent epigenetic, atat individual, cat si in combinatie cu iradierea. Printr-o
serie de studii in vitro si in vivo, completate de analize bioinformatice, cercetarea a evidentiat efectele sinergice ale 5-
aza In NSCLC, reusind sa reactiveze gene supresoare tumorale si sa reprime cdile oncogenice.

Un rezultat important al acestei lucrari a fost demonstrat de efectul combinat al 5-aza cu iradierea, care a dus
la o inhibare accentuata a viabilitatii celulare, migrarii si formarii coloniilor. Studiile de transcriptie au aratat ca 5-aza
contribuie la reprogramarea genetica a celulelor canceroase, activind gene asociate apoptozei, raspunsului imun si
suprimarii tumorale.

Studiul nostru a validat aceste efecte si prin experimente pe modele de soareci xenogrefati, atit subcutanate,
cat si ortotopice, unde s-a observat o reducere semnificativa a cresterii tumorale si a metastazelor, cu o toxicitate
sistemica minima. Studiul de fata exploreaza combinatia cu IR si ofera o noua abordare pentru cresterea eficacitatii
tratamentului.

Comparativ, studiile anterioare au utilizat modele similare pentru a evalua impactul 5-aza, relevand
versatilitatea acestei terapii in diferite tipuri de cancer. Aceasta teza aduce un punct de referinta in NSCLC, aplicand o
abordare dualad - modele subcutanate si ortotopice - pentru a evalua impactul 5-aza. Aceastad strategie
comprehensiva a permis o intelegere detaliata a modului in care 5-aza poate modifica fenotipul tumoral si potenta
raspunsurile la tratamentele conventionale. In concluzie, aceasti tezi ofera o bazi solida pentru utilizarea 5-aza in
tratamentul NSCLC si propune noi strategii terapeutice personalizate. Sinergia demonstrata intre 5-aza si IR, precum



si identificarea biomarkerilor potentiali, deschid perspective promititoare pentru tratamente mai eficiente in acest
tip de cancer.

5. ORIGINALITATEA SI CONTRIBUTIILE INOVATIVE ALE TEZEI

Datele prezentate in aceasta teza si in articolele rezultate reprezintd, dupa cunostintele noastre, prima
examinare cuprinzatoare a interactiunii dintre modificarile epigenetice, concentrandu-se pe 5-Aza si IR, iIn NSCLC. Pe
masura ce mecanismele de reglementare epigenetica In oncogeneza sunt elucidate, aceasta cercetare ofera
perspective critice asupra modului in care aceste modificari pot influenta comportamentul tumorii si raspunsul
terapeutic.

Desi studii anterioare au identificat diverse alterari epigenetice in cancerul pulmonar, putine au validat
riguros implicatiile functionale ale acestor modificari, in special in ceea ce priveste efectele lor asupra expresiei
genice si a cailor celulare. Descoperirile noastre ilustreaza capacitatea 5-Aza de a demetila ADN-ul si de a reactiva
genele supresoare tumorale silentiate, evidentiind procesele celulare specifice afectate de aceste schimbari. Analiza
detaliata a modului in care 5-Aza Imbunatateste eficacitatea tratamentului cu IR aduce o contributie semnificativa la
intelegerea abordarilor terapeutice.
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INTRODUCTION

Cancer remains a leading cause of death globally, with approximately 20 million new cases and nearly 10 million
deaths annually, according to data from 2020. Lung cancer, in particular, accounts for a significant proportion of
cancer-related deaths, largely due to late detection and its aggressive nature. Although breast cancer has the highest
number of diagnosed cases, lung cancer remains the primary cause of cancer mortality, with a five-year survival rate
of only 18.5%.

Epigenetics, which focuses on gene regulation without altering the DNA sequence, plays a crucial role in lung
cancer development through mechanisms such as DNA methylation and histone modifications. These modifications
can alter gene activity, influencing cancer progression and treatment resistance. Epigenetic therapies, including FDA-
approved HDAC and DNMT inhibitors, offer promising treatment strategies by reactivating tumor suppressor genes.

This doctoral thesis explores the potential of 5-azacitidine (5-Aza), an epigenetic drug used in hematologic
cancers, as a treatment for NSCLC. The research investigates the effects of 5-Aza alone and in combination with ionizing
radiation (IR) to demethylate DNA, reactivate suppressed genes, and improve treatment response. Studies included in
vitro analyses, molecular mechanisms via QPCR and microarray, and in vivo validations using orthotopic and
subcutaneous immunocompromised mouse models. Combined therapy aims to reduce tumor growth and metastases,
proposing innovative approaches for improved outcomes in NSCLC.

Current state of knowledge

Lung cancer, a malignancy with significant health impact and survival rate implications, is characterized by
notable genetic and epigenetic variability. This diversity influences disease progression, metastasis, and treatment
response. Genetic and epigenetic changes, such as DNA methylation and histone modifications, contribute to tumor
heterogeneity, being more frequent than somatic mutations and playing an essential role in disease development and
progression.

The evaluation and diagnosis of lung cancer rely on a multimodal approach, which includes both imaging
techniques and molecular and genetic analyses for precise staging and treatment planning. These methods enable a
better understanding of tumor variability and help personalize treatment based on the individual characteristics of
the patient and tumor.

Epigenetic changes, such as DNA methylation and histone modifications, play a crucial role in regulating gene
expression involved in lung cancer. These processes influence cellular proliferation, apoptosis, and the cell cycle,
disrupting signaling pathways such as MAPK/ERK and PI3K/AKT, which are critical for cancer progression and
treatment resistance. Methylation of tumor suppressor gene promoters, such as RASSF1 and PTEN, leads to their
inactivation and tumor progression, while demethylation can activate oncogenes, contributing to cancer evolution.

Epigenetic biomarkers provide valuable information for diagnosis and treatment response monitoring. The
expression of epigenetic modifiers, such as histone deacetylases, is essential for assessing sensitivity to epigenetic
therapies and for personalizing treatment. Measuring methylation levels and analyzing histones help stratify patients
and anticipate treatment efficacy, contributing to improved clinical outcomes.

PERSONAL CONTRIBUTION

WORKING HYPOTHESIS AND OBJECTIVES

The thesis proposes the hypothesis that 5-azacitidine (5-Aza), an epigenetic agent approved for hematologic
treatments, can exert significant therapeutic effects in non-small cell lung cancer (NSCLC), both as monotherapy and
in combination with irradiation (IR). It is anticipated that 5-Aza could demethylate DNA, reactivate tumor suppressor
genes, and enhance the sensitivity of tumor cells to radiation, leading to more effective inhibition of tumor growth
and metastasis.

General objectives of the studies:

e Evaluation of the therapeutic efficacy of 5-Aza in NSCLC treatment
o Analysis of 5-Aza effects on NSCLC cells at the gene expression and epigenetic levels to identify how
this agent can alter the tumor profile.



o Determination of 5-Aza effects on cellular viability, migration, colony formation capacity, and
apoptosis in lung cancer models.
e Investigation of molecular mechanisms in combined 5-Aza and IR therapy
o Identification and analysis of molecular pathways influenced by 5-Aza in combination with IR,
including specific genes and pathways involved in apoptosis, immune response, and cell cycle
regulation.
o Validation of microarray results via quantitative PCR to confirm gene expression changes induced
by combined treatment.
e Invivo validation of 5-Aza and IR effects on tumors in NSCLC animal models
o Evaluation of 5-Aza impact, alone and in combination with IR, on tumor growth and disease
progression in subcutaneous and orthotopic xenograft models.
o Monitoring systemic toxicity and overall treatment tolerance to establish the safety and clinical
feasibility of 5-Aza in lung cancer treatments.

1. GENERAL METHODOLOGY

In this research, advanced techniques were used to evaluate the therapeutic effects of 5-Aza in treating non-small cell
lung cancer (NSCLC), both alone and in combination with ionizing radiation (IR). Experiments were conducted on
NSCLC cell lines and xenografted mouse models, following the ethical standards imposed by EU Directive 63/2010.
Various methods, including microarray, RT-QPCR, and microscopy, enabled in-depth analysis of the molecular and
physiological changes associated with treatment.

2.STUDY 1: IN VITRO ANALYSIS OF 5-AZA AND IR EFFECTS ON NSCLC CELL LINES

2.1 INTRODUCTION
Lung cancer remains one of the leading causes of cancer-related mortality worldwide, with non-small cell lung
cancer (NSCLC) accounting for most cases. Although treatment strategies have advanced, the prognosis for lung
cancer patients remains unfavorable, highlighting the need for more effective therapeutic approaches. A promising
area involves using epigenetic modifiers such as 5-Aza, which can demethylate DNA and reactivate silenced genes,
thus restoring normal cellular functions and potentially enhancing the efficacy of existing treatments, such as
ionizing radiation (IR).
Recent studies have shown the potential of combined epigenetic therapy with traditional treatments to enhance
therapeutic outcomes. However, the specific effects and mechanisms of these combined therapies on NSCLC cells
require further investigation. This study explores the impact of 5-Aza, administered alone and in combination with
IR, on several NSCLC cell lines, focusing on cell viability, migration, and clonogenic potential.

2.2 STUDY HYPOTHESIS AND OBJECTIVES
Considering the possible synergistic effects of 5-Aza and IR in cancer treatment, the hypothesis is that the combined
administration of these two therapeutic agents may generate a synergistic effect, resulting in a more pronounced
inhibition of migration, viability, and colony formation of NSCLC cells compared to each treatment administered
separately.
The primary objectives of the this study:
e Determination of the median inhibitory concentration (IC50) of 5-Aza for A549, SK-MES-1, H1792, and H522
cell lines to establish a basis for further experiments.
e Evaluation of clonogenic potential through colony formation testing to analyze the ability of NSCLC cells to
form colonies after treatment with 5-Aza, IR, and their combination.
e Investigation of cellular migration through “wound healing” and transwell migration tests to analyze the
capacity of A549 cells to migrate under the influence of treatments.
e Observation of morphological and functional changes using fluorescence and confocal microscopy.
e Quantification of apoptosis through flow cytometry to analyze cell death mechanisms induced by
treatments.

2.3 MATERIALS AND METHODS



Conditions for Culturing NSCLC Cell Lines
The A549, A549-luc2, SK-MES-1, H1792, and H522 cell lines were used in experiments. A549 and A549-luc2 were
cultured in F-12K medium with 10% fetal bovine serum (FBS), H1792 and H522 in RPMI-1640 medium with 10%
FBS, and SK-MES-1 in EMEM medium with 10% FBS, all at 37°C in a humidified atmosphere with 5% CO2.
Treatment Protocols
The study included two treatment protocols: a single dose of 5-Aza and IR and another with two doses of 5-Aza
combined with IR (2 GY). Cell viability was evaluated through MTT assays to determine IC50.
Evaluation of Migration and Colony Formation
Migration tests included wound healing and transwell methods, and colony formation evaluation was conducted to
analyze the long-term impact of treatments on cell survival capacity.

Microscopic and Cytometric Analyses
Morphological changes were studied by confocal microscopy, and apoptosis was quantified through flow cytometry
using annexin V-FITC staining.

2.4 RESULTS AND DISCUSSION
The determination of IC50 for 5-Aza revealed varying sensitivities among NSCLC cell lines, with values ranging from
1471 nm to 2218 nm. The A549 cell line showed a significant dose-dependent reduction in viability. Colony
formation assays demonstrated that combined treatments significantly reduced the number and size of colonies
compared to separate treatments.
Migration assays highlighted that the combined treatment more effectively inhibited the migration capacity of A549
cells and reduced the wound healing process. Microscopic analyses revealed significant changes in cytoskeletal
structure, while flow cytometry analyses confirmed increased apoptosis in the group treated with 5-Aza and IR.

2.5 CONCLUSIONS
This study demonstrates that the combination of 5-Aza with IR has a synergistic effect on NSCLC cells, leading to
enhanced inhibition of viability, migration, and colony formation, as well as increased apoptosis. The results suggest
that epigenetic therapy combined with radiotherapy could represent a more effective therapeutic strategy in lung
cancer treatment.

3.STUDY 2: MOLECULAR MECHANISMS OF COMBINED 5-AZA AND IR THERAPY

3.1 STUDY HYPOTHESIS AND OBJECTIVES
This study aims to investigate the molecular impact of 5-Aza treatment on the A549 NSCLC cell line, analyzing gene
expression changes through microarray and validating results with quantitative PCR (qPCR). Integrating these
analyses provides a deeper understanding of the involved epigenetic and transcriptional mechanisms and
contributes to elucidating the potential of 5-Aza as an epigenetic therapeutic agent.

3.2 MATERIALS AND METHODS
For microarray analysis, total RNA was extracted from treated A549 cells using Trireagent, followed by purification
with the RNeasy mini kit. RNA quality was evaluated with the Nanodrop spectrophotometer and bioanalyzer. Gene
expression was analyzed via Agilent microarray methodology with hybridization at 65°C for 17 hours and
subsequent scanning. Data were normalized and analyzed using Genespring GX software.
For RNA extraction, A549 cells were treated with Triplextractor, purified, and treated with DNase to remove genomic
DNA contamination. The purified RNA was converted to cDNA using a synthesis kit, diluted, and used in RT-PCR
experiments. RT-PCR was performed on 96-well plates with the Sybr Green mix for gene expression quantification,
with a standardized amplification program and melting curve analysis for specificity validation.

3.3 RESULTS AND DISCUSSION
Microarray analysis revealed extensive gene expression changes in A549 cells treated with 5-Aza. Of the 10,013
genes analyzed, a significant number showed expression changes (average p-value = 0.0029), indicating a robust
cellular response. Among these, 5,209 genes were upregulated, mostly involved in stress responses and apoptotic
pathways, while 4,804 genes were downregulated, mainly associated with cellular proliferation.
Enrichment analysis showed an increased presence of apoptosis-related genes, placing them at the top of the ranked
list. Additionally, a significant representation of genes involved in JAK/STAT signaling was observed, suggesting an



effect of 5-Aza on these pathways.

Detailed analysis showed significant downregulation of genes involved in cell cycle regulation and survival, such as
PIM1 and BCL3, in the 5-Aza and IR treatment group compared to the control group. PIM1 showed a 3.51-fold
decrease (log FC = -1.81, adjusted p = 1.18E-04), and BCL3 had a 3.57-fold decrease (log FC = -1.83, adjusted p =
5.13E-05). On the other hand, immune response-related genes, such as TBX21, were significantly upregulated (FC =
55.02; log FC =5.78, p = 7.47E-05), while STAT3, a mediator of apoptosis and immune response, was downregulated
(FC=-2.01;log FC=-1.01, p = 8.86E-04).

For validation, ten key genes were selected for qPCR analysis, including PIM, BCL3, TBX21, FOX03, IL1B, GATA3, ID2,
SMAD7, STAT3, and ID4. The data obtained confirmed the consistency of the gene expression changes indicated by
microarray. For example, IL1B showed a significant decrease in expression (P = 0.0012), while FOX03, involved in
apoptosis, showed an increase in expression (P = 0.0008). Furthermore, GATA3, important for immune cell
differentiation, was upregulated (P = 0.0023).

The comparative analysis between microarray and qPCR data revealed a strong correlation between the two
methods, confirming the robustness and reliability of the results.

3.4 CONCLUSIONS
This study highlights significant transcriptional and epigenetic changes induced by 5-Aza treatment in A549 lung
cancer cells. Gene analysis via microarray, validated by qPCR, showed that 5-Aza influences numerous genes
involved in apoptosis, immune response, cell cycle regulation, and differentiation, suggesting its ability to suppress
oncogenic pathways and activate cellular defense mechanisms. Integrating in vitro data with those extracted from
the Cancer Genome Atlas for lung adenocarcinoma underlined the clinical relevance of these findings. Differential
methylation analysis from the same database indicated hyper- and hypomethylated regions, suggesting 5-Aza's
potential to reprogram cancer cells epigenetically, thus supporting its use as a promising epigenetic therapeutic
agent for NSCLC.

4.STUDY 3: IN VIVO VALIDATION OF 5-AZA AND IR THERAPY

4.1 STUDY HYPOTHESIS AND OBJECTIVES
The study hypothesized that 5-Aza, administered alone or in combination with IR, would effectively reduce tumor
growth in NSCLC models. The primary objectives included evaluating the impact of 5-Aza on tumor growth in
subcutaneous and orthotopic xenograft models and comparing treatment efficacy as monotherapy and in
combination with IR. Another objective was to monitor tumor progression and evaluate systemic toxicity through
body weight measurements and overall health assessment. Histological examinations were conducted to provide
details on cellular responses in tumor tissues. The study aimed to correlate in vivo results with in vitro findings to
support the translational application of 5-Aza-based therapies in lung cancer treatment.

4.2 MATERIALS AND METHODS
The study utilized athymic nude mice (immunocompromised) to allow for human tumor development and treatment
efficacy testing. They were maintained in standard laboratory conditions, with a 12-hour light/dark cycle, controlled
temperature of 22°C, and relative humidity of 50-60%. All mice had ad libitum access to food and water. The
experimental protocol complied with ethical regulations for animal use in research and was approved by the Ethics
Committee of “Iuliu Hatieganu” University of Medicine and Pharmacy.
The subcutaneous xenograft model involved injecting A549 cells into the right flank of the mice, and tumor growth
was monitored over 30 days. Treatment groups included control, IR, 5-Aza, and the combination 5-Aza + IR. In the
orthotopic xenograft model, A549-Luc?2 cells were injected into the right lung, and treatment consisted of biweekly
doses of 5-Aza. Tumor progression was monitored via BLI imaging, while body weight and health status were
tracked to assess systemic effects. Histological analysis was conducted using H&E staining to observe cellular
changes and proliferation markers.

4.3 RESULTS AND DISCUSSION
In the subcutaneous xenograft model, treatment with 5-Aza, both alone and in combination with IR, significantly
inhibited tumor growth compared to control and IR-only groups. Tumors in the control group grew aggressively,
while the 5-Aza treated groups showed notable tumor suppression, and in some cases, tumors were not visible.
Histological analysis indicated disorganized cell proliferation in [R-treated tissues, while 5-Aza treatments showed
reduced proliferation and signs of cellular damage. Body weight remained stable throughout the study, suggesting



treatments were well-tolerated without significant systemic toxicity.

In the orthotopic xenograft model, BLI results showed a marked reduction in bioluminescent intensity in the 5-Aza
treated group, correlating with a reduction in primary tumor burden. This model confirmed the efficacy of the
treatment, with no visible macroscopic tumors at the end. The body remained stable, indicating good tolerance and
minimal toxicity. Macroscopic examination of lung tissues confirmed tumor reduction without changes in other
organs.

The results demonstrated that 5-Aza effectively reduces tumor growth in NSCLC, especially when combined with IR.
The treatments did not induce significant systemic toxicity, underscoring the potential of this therapy for clinical
application. The orthotopic model validated the clinical relevance of the anti-tumor effects of 5-Aza, and overall, the
results support further research to optimize treatment regimens.

4.4 CONCLUSIONS
The study highlighted the therapeutic potential of 5-Aza in NSCLC models, demonstrating significant tumor growth
reduction with enhanced efficacy in combination with IR. Treatments were well-tolerated without significant
systemic toxicity. Results suggest that 5-Aza may sensitize tumor cells to radiation, allowing for reduced IR doses in
clinical practice.

5. GENERAL CONCLUSIONS
This doctoral thesis has made valuable contributions to understanding the etiopathogenetic mechanisms of NSCLC
and the therapeutic potential of 5-Aza as an epigenetic agent, both as a monotherapy and in combination with
irradiation. Through a series of in vitro and in vivo studies, complemented by bioinformatics analyses, the research
highlighted the synergistic effects of 5-Aza in NSCLC, successfully reactivating tumor suppressor genes and
suppressing oncogenic pathways.
A significant result of this work is demonstrated by the combined effect of 5-Aza with irradiation, leading to
enhanced inhibition of cell viability, migration, and colony formation. Transcription studies showed that 5-Aza
contributes to the genetic reprogramming of cancer cells by activating genes associated with apoptosis, immune
response, and tumor suppression.
Our study validated these effects through experiments on xenografted mouse models, both subcutaneous and
orthotopic, where significant reductions in tumor growth and metastasis were observed with minimal systemic
toxicity. This study explores the combination with IR as a novel approach to enhancing treatment efficacy.
In comparison, previous studies have used similar models to evaluate the impact of 5-Aza, demonstrating the
versatility of this therapy across different cancer types. This thesis establishes a reference point for NSCLC, applying
a dual approach—subcutaneous and orthotopic models—to evaluate the impact of 5-Aza. This comprehensive
strategy enabled a detailed understanding of how 5-Aza can modify tumor phenotype and potentiate responses to
conventional treatments. In conclusion, this thesis provides a solid foundation for the use of 5-Aza in NSCLC
treatment and proposes new personalized therapeutic strategies. The synergy demonstrated between 5-Aza and IR,
as well as the identification of potential biomarkers, opens promising prospects for more effective treatments in this
type of cancer.

6. ORIGINALITY AND INNOVATIVE CONTRIBUTIONS OF THE THESIS
The data presented in this thesis and the resulting articles represent, to our knowledge, the first comprehensive
examination of the interaction between epigenetic modifications, focusing on 5-Aza and IR, in NSCLC. As mechanisms
of epigenetic regulation in oncogenesis are elucidated, this research provides critical insights into how these
modifications can influence tumor behavior and therapeutic response.
While previous studies have identified various epigenetic alterations in lung cancer, few have rigorously validated
the functional implications of these changes, particularly regarding their effects on gene expression and cellular
pathways. Our findings illustrate the capacity of 5-Aza to demethylate DNA and reactivate silenced tumor suppressor
genes, highlighting the specific cellular processes affected by these alterations. The detailed analysis of how 5-Aza
enhances IR treatment efficacy makes a significant contribution to understanding combined therapeutic approaches.



