N

N

Effects of siRNA-squalene nanoparticles on RET /PTCs
junction oncogenes in papillary thyroid carcinoma: from
molecular and cellular studies to preclinical
investigations
Hafiz Muhammad Ali

» To cite this version:

Hafiz Muhammad Ali. Effects of siRNA-squalene nanoparticles on RET/PTCs junction oncogenes in
papillary thyroid carcinoma: from molecular and cellular studies to preclinical investigations. Cancer.
Université Paris Sud - Paris XI, 2014. English. NNT: 2014PA11T016 . tel-01144885

HAL Id: tel-01144885
https://theses.hal.science/tel-01144885
Submitted on 23 Apr 2015

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche francais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.


https://theses.hal.science/tel-01144885
https://hal.archives-ouvertes.fr

GUSTAVE/

BIGOSIGNE ROUSSY:

CANCER CAMPUS /
GRAND PARIS

UNIVERSITE PARIS SUD-11
Faculté de Médecine

Ecole Doctorale : Signalisation et Réseaux intégratifs en Biologie
Discipline : Vectorologie et thérapeutiques anti-cancéreuses

THESE DE SCIENCES

pour I'obtention du grade de
Docteur de I'Université Paris-Sud Xl

Effets des nanoparticules de siRNA-Squaléne sur les
oncogenes de jonction RET/PTCs dans le carcinome
papillaire de la thyroide :
études moléculaires, cellulaires et investigations précliniques

Présentée et soutenue par

Hafiz Muhammad ALI

le 22 /04 / 2014
Président du jury: Dr. Michael Schumacher  Univ. Paris Sud-11, France
Rapporteur : Pr. Marie-Agnes Sari Univ. Paris Descartes-5, France
Rapporteur : Dr. Bertrand Jean-Claude Univ. McGill, Canada
Examinateur : Dr. Didier Desmaéle Univ. Paris Sud-11, France
Directeur de thése: Dr. Liliane Massade UMR 8203 CNRS, IGR, France

UBMPERSITE

<
S G

FACULTE
DE MEDECINE

AGENCE NATIONALE DE LA RECHERCHE




GUSTAVE/

BIGSIGNE ROUSSY:

CANCER CAMPUS /
GRAND PARIS

UNIVERSITE PARIS SOUTH-11
Faculty of Medicine

Doctoral School : Signaling and integrative networks in biology
Discipline : Vectorology and anti-cancer therapeutics

THESIS OF SCIENCE

submitted to obtain the degree of

Doctor of the University of Paris-South XI

Effects of siRNA-squalene nanoparticles on RET/PTCs
junction oncogenes in papillary thyroid carcinoma :
from molecular and cellular studies to
preclinical investigations

Presented by

Hafiz Muhammad ALI

on22/04 /2014

President of jury: Dr. Michael Schumacher  Univ. Paris Sud-11, France

Reporter : Pr. Marie-Agnes Sari Univ. Paris Descartes-5, France

Reporter : Dr. Bertrand Jean-Claude Univ. McGill, Canada

Examiner : Dr. Didier Desmaéle Univ. Paris Sud-11, France

Director of thesis: Dr. Liliane Massade UMR 8203 CNRS, IGR, France

LRIIVERSITE CE MATIOMNALE DE LA RECHERCHE
S PARIS

sSUD

FACULTE

DE MEDECINE



ACKNOWLEDGEMENTS

Firstly, | would like to acknowledge and thank mwDP supervisor, Dr. Liliane
Massade for accepting me in her team and providiegan opportunity to work under her
guidance. | am really grateful to her as she maeething possible for me given that she
really has the ability to supervise a student. @iteall the efforts to teach me the very basics
of research starting from cell culture and was gbviaeside me during the happy and hard
moments of the journey to reach this destinatiamriig the whole of my stay, her continuous
support, rational ideas and dynamic supervisioaufnout the way, made be able to achieve
this target. Her devotion to science, ability olvetg problems and elegance of reasoning set
an example for me to follow and also motivate meate her guidance during my coming
periods of scientific work.

| am extremely grateful to all the respected memlbéthe thesis evaluation jury. | am
really thankful to Dr. Michael Schumacher (DirectdDoctoral School-419, University Paris
South-11) for accepting to be the President of mmy jand to Dr. Marie-Agnés Sari
(Professor, University Paris Descartes-7) and [@rtBnd Jean-Claude (McGill University
Health Center, Montréal, Canada) for reviewing rhgsis as reporters and helping me to
ameliorate the presentation of my scientific wdrlam also equally thankful to Dr. Didier
Desmaéle (Research Director Institut Galien, UrsNgrParis South-11, Chatenay-Malabry)
for accepting to evaluate this work as an examiner.

I would like to greatly acknowledge and thank toglir Education Commission
(HEC) of Pakistan for giving this opportunity torpue my higher studies in France by
granting Master-2 leading to PhD scholarship. | loalso like to thank “CNRS; Centre
National de la Recherche Scientifique” for themafncial support during few months to
complete my thesis.

I would like to express my deep gratitude to PinfPatrick Couvreur and Dr. Didier
Desmaéle at Institut Galien, University Paris Selih Chatenay-Malabry for their fruitful
discussions about the results and various aspetite studies and to give various suggestions
and possible solutions of scientific problems ia lb meetings during my thesis period.

| am extremely thankful to Dr. Michael SchumacHairéctor of Doctoral School-419,
University Paris South-11) for his help and supgorfind the research laboratory and for
Mr. Laurent Surdi (Secretary, Doctoral School-4i®)her kindness, availability, assistance
and reply to all queries throughout the period gffPmD.



| wish to extend my sincere thanks to all membdr&J®R 8203 CNRS for their
support. It has been a great privilege to spendimg in this lab and all its members shall
always remain dear to me. | extend my sincere thaolOr. Luis Mir (Director, UMR 8203
CNRS) to allow me to work in the Research Unit.dubd like to thank Giorgia Urbinati from
the bottom of my heart for her pieces of adviceoamagement, friendly support and the time
she spent to perform animal experiments with majiscuss my research work and to read
my scientific preparations. Equally, | would like thank Jean-remi Bertrand (for cellular
microscopic analysis, useful scientific pieces d¥iee and various types of oriental teas),
Karim Benihoud (for providing tumor pulverizer), blert Chapuis (for preparing and
provision of nanoparticles), Nathalene Truffauxr (floy experiments with IncuCyte), Franck
André (for the help with flow cytometer, Elodie @rer (to help in to perform Western blot),
Marie Breton (to help find out chemicals requireldabelle Leray (for timely provision of
cellular life materials), Gaétan Cornilleau (to dmiiand facilitate me for working in cell
culture laboratory), Estelle Daudigeos (for quatitie protein analysis), Ludivine Le Dret (to
keep the cells away from mycoplasma), Wael Jdey d&dl cycle and apoptosis analysis),
Mouna Raouane (for cellular internalization expemts), Andrey Maksimenko (for the part
of animal experimentation), Christophe Calvet (tmilaboration to publish the work in
Nature Medicine), Najat Raddi (for her beautifuliles), Aleksandra Anchim (for chocolates
from Poland), Marie-Amélie De Ménorval (for discisss during the way to laboratory and
to lending me her laptop for working), Charles Sledr (for discussions in the corridor), Lea
Lesueur (her kindness in sharing the daily laboyalde), Quentin Rousseau (for his
everlasting good humor), Erika Clavijo (for herenichocolates), Tobias Fox (for assisting me
in laboratory experiments), Isabelle Croquison 3fsébel Descarpentries (for helping in
administrative affairs), to David Castel, Marie-AnBDebily, Cathy Philippe, Carole Lecinse,
Thierry Ragot, Atman Seck, Hanna Hanna, AntoinenAzad to Tarik Mohoub and Mateja
Slamic (for the beautiful last period of time irethcompany). At this point, | would also like
to thanks to Giorgia for her delicious Italian Tiisu chocolate cakes on every occasion. |
would like to really thanks to all these friendgiwivhom | shared not only my office but a lot
of emotions during these years. It was great kngwand working with such a wonderful
group of people and | have very fond memories lahal times we spent together.

| extend my sincere thanks to Dr. Patrick Goningiftasible of animal facility, IGR),
Olivia Bawa (for immuno-histo chemical analysistomours) and the whole team of animal

facility at IGR for their patience and help for timevivo work during my PhD.



I would like to especially thank to all my Pakistdriends and HEC scholars. A
thousand thanks to Afaqg Ali, Adnan, Abdul Qadiro8io Ahmad, Qasim Shah for their time
and friendship during their stay at IGR as weltahnot forget the never-ending amusing
general and scientific discussions with them inridors and during tea at Afaq’s residence. |
cannot forget to mention my friends outside IGRtf@ir support and time we spent together
during my stay in France. | would like to espegidliank to Zahid Mustafa, Junaid Ali Khan,
Zahid Safi, Ch Iftikhar Ahmed, Rana Iftikhar AhmaHabib Magsi, Zeeshan Ali and
Moazam. My stay in France would have been much desging and pleasurable if it was
without the company of these great friends. At gomt, again | express thanks to HEC who
put all us together by granting financial assistatacccomplete PhD studies in France.

Besides, | would also like to thank all other fdenin Pakistan who always
encouraged and supported me with useful discussiorieg and before my PhD. | want to
thank my M.Sc. (Hons.) supervisor, Anas Sarwar f(Fkoatomy, University of Agriculture,
Faissalabad) who guided me to start my researcheawhing career under his supervision.
Equally, I thanks to my colleagues at Faculty ofevmary Science, University of Agriculture
Faisalabad and College of Veterinary SciencesmislaUniversity Bahawalpur, where |
served as lecturer before coming to France. Sptwaks to Jahanzeb Ansari (Govt. Poultry
farm, Bahawalpur), Rana Nisar Khan (Prof. Parasgtg) and Najib-ur-Rahman (Prof.
Theriogenology), Rao Zahid Abbass, Sohail Sajid &=hif Saleemi at University of
Agriculture, Faissalabad and Masood Akhtar (Profl Bean, Faculty of Veterinary Sciences,
Bahauddin Zakariya University, Multan) who alwaysleomed, encouraged and appreciated
me during my stays in Pakistan.

I am highly grateful to my family who always supfsal me during my stay in France
but words cannot express my feeling of appreciagiot gratitude to my mother. I am highly
grateful to my mother, my sisters and brother Fairt prayers and motivation in every aspect
of my life. Whatever | have achieved till now ariaab be achieving is just because of them.

Finally, thanks to France who received me to lesmignce and to visit its nice people,
pleasant culture and beautiful cities and monumentsl miss you as well, as all the people

who were with me during this important period of hifig. I'm almost crying!!!!

Hafiz Muhammad ALI



ANTS
ARA70
AS-ONs
ATA
ATC
BID

C

CBR
CCDC6
CEACAM1
Chol
CLSM
CPTC
CR

Ct
CTCA
DBVs
DMEM
DSBs
DTC
ECM
EGFR
elF2o
ERP
FAM
FCS
FDA
FISH
FNAC
FoxP3
FRET-SE
FVPTC
GALA
GDNF
GFR
GnRH
GPI
GR

ABBREVIATIONS

1-aminonaphthalene-3, 6, 8-trisulfonic acid
Androgen receptor-associated protein 70
Antisense oligonucleotides
American Thyroid Association
Anaplastic (undifferentiated) thyroid carcinam
Twice daily
Control
Clinical beneficial response
Coiled-coil domain-containing gene 6
Carcino-embryonic antigen-related cell aglbe molecule-1
Cholesterol
Confocal laser scan microscopic
Conventional PTC
Partial response
Cycle threshold
Cancer Treatment Centers of America
Designer biomimetic vectors
Dulbecco’s modified eagle medium
Double-strand breaks
Differentiated TC
Extracellular matrix
Epidermal growth factor receptor
Eukaryotic initiation factoRa
Estrogen receptor related protein
6-CarboxyFluorescein-Aminohexyl Amidite
Fetal calf serum
Food and Drug Administration of USA
Fuorescence in situ hybridization
Fine-needle aspiration cytology
Forkhead box P3
Fluorescence Resonance Energy Transfait@ed Emission
Follicular variant PTC
Glutamic-Alanine-Leucine-Glutamic acids
Glial cell line derived neurotrophic factor
Growth factor receptor
Gonadotrophin-releasing hormone
Glycosyl-phosphatidyl-inosito
Glucocorticoid-R



HBME-1
|131

1gG
IkB-a
LDL
LIMD2
LM-PCR
LTB
MAGE
MAPK
MEN
MKIs
MMPs
MRI
MRT
MTC
MTT
NBCS
NcoA4
NGF
NHEJ
NPs
NTRK-1
ONs
OSE
Pax-8
PBS
PCCL3
pCND
PD
PDGFR
pDNA
PET
PFS
PI3K-mTOR
PKR
POPC
POPG
PPARy
PR

Human mesothelial cell marker 1

Radioactive iodine 131

Immunoglobulin G

Nuclear factonB

Low-density lipoprotein
LIM kinase domain containing 2
Ligation-mediated PCR

Lymphotoxin beta

Melanoma-associated antigen
Mitogen-activated protein kinase

Multiple endocrine neoplasis

Multi-kinase inhibitors

Matrix metalloproteinases

Magnetic resonance imaging

Magnetic resonance tomography

Medullary thyroid carcinoma
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl teizolium bromide
New born calf serum

Nuclear receptor coactivator-4

Nervous (central and peripheral) growth facto
Non-homologous end joining

Nanoparticles

Neurotrophic receptor-tyrosine kinase-1
Oligonucleotide

Ovarian surface epithelia

Paired box-containing gene-8

Phosphate Buffered Saline

Parental well differentiated rat thyroidl digle cells
Prophylactic central compartment neck dissact
Progressive disease

Platelet derived growth factor receptor
Plasmid DNA

Positron emission tomography scans
Progression free survival
Phosphatidyl-inositol-3 Kinase-mammaliarget of rapamycin
Protein kinase R
1-pahnitoyl-2-oleoyl-sn-glycero-3-phosphottel
1-palmnitoyl-2-oleoyl-phosphatidylglycerol
Peroxisome proliferator-activated recepgor-
Partial response



PTC
PTMC
PTPRC
PTPRJ
QD
R8-MEND
RAI
RES
RET
RFG
RISC
RNAI
RPL13A
RT-gPCR
SD

SDS
shRNAs
SIRNA
SQ

T3

T4
TCPTC
TEM
Tf-FITC L
TG

TH

TKR
TLR3
TPO
TRH
TSH
TSH-R
TTF-1
u-PA
VEGFR
WB

Papillary thyroid carcinoma

Papillary thyroid micro-carcinoma

Protein tyrosine phosphatase receptor tgpedhtration
Protein Tyrosine Phosphates Receptor type-J
Once daily

Octa-arginine peptide-multifunctional elofe-type nano device
Radioactive iodine

Reticulo-endothelial system

REarranged during Transfection

Ret fused gene

RNA induced silencing complex

RNA interference

Ribosomal Protein 13A

Real Time quantitative Reverse Transcmpfolymerase Chain Reaction
Stable disease

Sodium dodecyl sulphate

Short hairpin RNAs

small interfering RNA

Squalene

Tri-iodothyronine

Tetra-iodothyronine

Tall-cell PTC

Transmission electron microscopy
Transferrins-fluorescein isothiocyandifpsomes
Thyroglobulin

Thyroid hormone

Tyrosine kinase receptor

Endosomal toll-like receptor-3

Thyroid peroxidase

Thyrotropin releasing hormone

Thyroid stimulating hormone

TSH receptor

Thyroid transcription factor-1

Urokinase-type plasminogen activator
Vascular endothelial growth factor receptor
Western blot

Vi



TABLE OF CONTENTS
Aim of the thesis

....................................................................................... 01
1.1. Thyroid gland... ...03
1.1.1. Anatomlcal Iocatlon and structure of therdnhtygland ......................... 03
1.1.2. Histological structure of the thyroid gland....................cocooeini. 03
1.1.3. Function of the thyroid gland................cooiiiiiiii ... 04
02 I )V 0] o o g T = 06
1.2.1. Oncogene and oncogenesis.. . PP o I 0
1.2.2. Incidence and distribution of thyr0|d cancer.. ...06
1.2.3. Forms and types of thyroid canCer.............cocooviiiiiiiiiieieie e 07
1.2.4. Diagnosis of thyroid cancCer............coovviii i it i e, 08
1.2.5. Treatment of thyroid cancer.. PN X
1.2.5.1. Classical treatment of thyr0|d cancer.. SRR K0
1.2.5.2. Demerits and disadvantages of cIassneaIrtrent ............. 11
1.2.5.3. Inhibition of tyrosine kinase receptor.......ccwue...........12
1.2.5.4. Immuno-therapy in thyroid cancer...................covvvven 15
1.3. Papillary thyroid CarCiNnOmMa..........coiniiiie e e e e e e e ee e 16
1.3.1. Incidence of papillary thyroid caraima................c.ccooiiiiiineinnenn. 16
1.3.2. Prognosis of papillary thyroid camima................coooviiiiiiiiieiienenn, 17
1.3.3. Risk factors and causative agents of PTC.. S Y £
1.3.3.1. Role of ionizingr therapeutic radlatlon exposure.............. 17
1.3.3.2. Age effect in PTC development... ...19.
1.3.3.3. Sex effect in PTC development... S 0 N
1.3.3.4. Miscellaneous factors involved in PTC jpesgion.. 221
1.3.4. Genetic rearrangements occurring in PTC........ccocceeiiiiiiiiinnenn, 21
1.3.5. Role of gene positioning in PTC progression..........c.oovvvevviieniennnnn. 23
1.4. RET Prot0-ONCOGENE. .. ... et ittt et e e eeee e e e e e naeeneaneennna 24
1.4.1. Structure of RET.. .24
1.4.2. Function of RET.. . N4 o
1.43. RET recomblnatlon and activation.. . e 20
1.4.3.1. Radiation exposure and RET recomblnatlon ..26
1.4.3.2. Mechanism of RET recombination...................c........ 217.
1.4.3.3. Activation of chimeric protein..............coo i iiiiiiinnns 28
1.4.3.4. Effect of RET recombination on tumouwgression............ 29
1.5. RET mutations, translocations and oncofusions PTC..............ccooviiiiiii v, 30
1.5.1. CCDC6/H4/D10S170 (Coiled-coil domaimizoning gene 6).............. 34
1.5.2. NcoA4 /ELE1l/RFG (Nuclear receptor caetor 4)..........................35
1.5.2.1. Structural properties 0f NCOA4....... ..o e, 36
1.5.2.2. Functional propertiesS Of NCOAL.........ooviiiiiiiii i 37
1.5.2.3. Role of NcoA4 as an androgen receptoegodator.................... 38
1.5.2.4. Potential involvement of NcoA4 in PTC pexsion....................39
1.6. RNA interference.. : ...39
1.6.1. Antlsense Ollgonucleotldes ...40

Vil



1.6.2. Smallinterfering RNAS. ..ot e e e 40
1.6.3. Application and uses of RNAi technglog...........ccoeovveiviviiiennnn 41
1.6.4. Merits Of SIRNA. ... e e el A3
1.6.5. Drawbacks Of SIRNA ... ...t e e e A
1.6.5.1. Transitory gene silencing effects................cooviiceiceiiiiiinnnn. 43
1.6.5.2. Non-specific and off-target interference...............................44
1.6.5.3. Activation of immune response.............cccceveiieveine e vimwnnn . 44

1.6.5.4. Miscellaneous flaws of SIRNA therapy............ivwevieiiennns 45
1.7. Hurdles of RNAI based cancer therapies...........c.ooiuiiimcoe e 45
1.8. Strategies to improve RNAI design and therapéic effects................cccvveenennn. 46
1.9. Strategies to deliver the RNAI to the targetigsue.............cccveiviie i, a7
1.9.1. Use of viral vectors for SIRNA delivery.......occee i, 47
1.9.2. Use of non-viral SIRNA carrier SySEIM..........coveiiiiiiiiiiiieie e eanns 48
1.9.3. Outcomes of cationic systems for SIRNAWGEY................cccoovviennn. 48
1.9.4. Use of neutral lipids for SIRNA delivery...... oo, 49
1.9.4.1. Squalene: a neutral lipid...........coovviiiii i e 50
1.9.4.2. Applications and uses of squaléne..............c.coceeeeciiiiinnnnnn. 50
1.9.4.3. Squalenoylation... U X §
1.10. Article-1: Significance and appllcatlons ofamopartlcles in S|RNA dellvery for ......
(0= 1T 1 1T = 0 ) 53
1.11. Use of a fusogenic peptide Gala-Chol.............coooi i, 77
1.11.1. Properties and function of Gala.............c.c.cooii it it vimrmne e, 77
1.11.2. Why Gala as a choice... S £ &
1.11.3. Role of Gala location in the nanopartlcles .................................... 79
1.11.4. Role of cholesterol in Gala funCtion............. .. cee e, 80

1.12. Article-2: Effects of silencing RET/PTC1 oncogene in papillarythyroid
carcinoma by siRNA-squalene nanoparticles with andwithout fusogenic
companion GALA-CROIESIErOl.........covii i e 81

1.13. Article-3: Effects of siRNA on RET/PTC3 juncion oncogene in papillary
thyroid carcinoma: from molecular and cellular studies to preclinical
Y2550 = 0 1 s I

O S I o1 11 [0 o PP - ()

I S T O o 11151 (o 1 PP 153
I G T o oY 57 o= o1 1L 154
1.17. Synthésedutravail ............cccviiiii i i i e e e el 2. 1DD
1.17.1. Introduction.. PPN Ro 15
1.17.2. Principaux resultats obtenus au cours ﬂ@ekae N o1 o
O G TR B o 11 [ o PP 161
1,174, CONCIUSIONS. ..ottt e e e e e e e e e e e e e e ee e 164
1.17.5. PerSPeCHIVES. ..ottt it it e e et e e e e e e eee . 164
1.17.6. Retombées ClINIQUES........ooeiii i e e e e e e 165
1,18, REIEIENCES. ..o ettt e e e e e e e e e 166

viii



AIM OF THE THESIS

Thyroid cancer is the most common endocrine mahgyg and accounts for up to 95%
of cancers involving the endocrine system. The aditthyroid cancer is steadily increasing
since the last few decades in most of the devel@peditries. Among the various types of
thyroid disorders, papillary thyroid carcinoma (BTi€ the most commonly found type of
thyroid cancer which is present in about 80-90%hgfoid disease cases. PTC is generally
developed by gene rearrangements where the REadahging Transfection (RET) gene is
the key player which fuses with 12 other genes utide exposure of ionizing radiations,
leading to 13 different onco-fusions (Romei and&ili2012). The most common variants are
RET/PTC1 and RET/PTC3 formed by the fusion of REiThwl4/CCDC6 or ELE1/NcoA4
genes respectively. RET/PTCL1 is present in abouT(B0 cases of PTC in adults while
RET/PTC3 is present in 20-25% but mostly found aninyg patients with metastatic disease,

poor prognosis and where efficient therapies altersssing.

PTC is a differentiated cancer due to retaineditghib take up iodine, to secrete
thyroglobulin (TG) and be responsive to TSH (Nikde and Nikiforova 2011). Thus the
prognosis is usually good and about 80% of patianéscured by classical treatment (total
thyroidectomy and radio-iodine therapy) but in ZB43cases, the disease relapse and almost
half of them have an aggressive course with distetastasis. Therefore, for these patients, it
is a great need to introduce a new therapy diftehemm the conventional treatment plan.
Seeking an efficient alternative treatment, thahiion of fusion oncogene expressions by
small interfering RNA (siRNA) has appeared a gr&grnative treatment since RET/PTCs

fusions are only present in the tumour cells exagdhe normal thyroid tissue.

Firstly, a pharmacological approach targeting FHIC1 oncogene was conceived in
the laboratory, using specifically designed siRNgaiast this particular rearrangement. The
designed siRNA RET/PTC1 was testedvitro in human BHP 10-3 and TPC-1 cell lines
harbouring RET/PTC1 fusion oncogene and was foufdient in silencing the gene and
protein expressions (Gilbert-Sirieigt al. Thyroid, 20(10):1053-65, 2010). Buin vivo
delivery of siRNA is a key challenge and the biatag) efficacy of the siRNAs is hampered
by their short plasmatic half-life due to poor dlisp in biological fluids and by low
intracellular penetration due to highly hydrophitbaracter. Thus, in order to protect the
siRNA from degradation, to improve intracellular np&ration and to contribute in
hydrophobic character, the sSiRNA RET/PTC1 was vezgd by “squalenoylation” method

(For review: Raouanet al. 2012, Ali et al. 2012). This new non-cationic nano-carrier



squalenoylation system has recently been introd¢Cedvreuret al. 2006; Couvreuet al.
2008) to prepare nanoparticles (NPs) by using atraleldipid; squalene (SQ) that is
biodegradable nano-vector and also considerably imsearious pharmaceutical preparations
as an excipient. The nanoassemblies of SQ with AIRET/PTC1 were prepared and then
tested for targeted RET/PTC1 silencing. The NPsweund to inhibit tumour growth and
RET/PTC1 gene and protein expressiongivo but interestingly, found to be inefficiem
vitro (Raouaneet al.J Med Chem., 54(12):4067-76, 2011).

With the aim to further ameliorate the result$ysogenic peptide GALA-Cholesterol
(GALA-Chol) was added to the siRNA RET/PTC1-SQ NPse hypothesis was that GALA-
Chol might interact with the cell membrane in theget tissue and would lead to enhanced
trans-membrane and intra-cellular penetration &N#-SQ nanoparticles up to their
destination. In the first part of my PhD projedte tnanoparticles of SIRNA RET/PTC1-SQ
GALA-Chol NPs were tested for their efficienayvitro andin vivo. The nanoparticles with
GALA-Chol were found to be efficient vitro but notin vivo while the inverse results were
found for siRNA RET/PTC1-SQ NPs. The nanoparticleshout GALA-Chol (SiRNA
RET/PTC1-SQ NPs) were considered as an efficiaaraply for RET/PTCL1 fusion oncogene
and thus advocated to be used for further pharrogmal studies intended fan vivo
applications (Research Article: Adt al. Thyroid, 2014 24(2): 327-338).

Secondly, we extended this study to RET/PTC3; jimstion oncogene was found
highly prevalent in young patients after Chernabddiation explosion. In this part of study,
we established a novel cell line stably expres®EJ/PTC3 and then knockdown of junction
oncogene was done by siRNA. When coupled with S, manoparticles of siRNA
RET/PTC3-SQ were found to be efficient and spe@fiRET/PTC3 junction oncogerig
vivo. Thus, siRNA RET/PTC3-SQ NPs were accredited dseeapeutic application against
RET/PTC3 junction oncogene (Research Article:eilal. PlosONE, 2014 accepted).

In conclusion, the results obtained during my RirDject highly support the use of
SiRNAs RET/PTCs-SQ NPs as a new promising treatnfi@nipatients affected by PTC
expressing RET/PTC1 and RET/PTC3.



1.1. Thyroid gland

The thyroid gland or simply, the thyroid is one tbe largest endocrine glands in
vertebrate anatomy and is a key player in the emmsystem. The thyroid gets its name

from the Greek adjective for “shield shaped” dushape of the related thyroid cartilage.

1.1.1. Anatomical location and structure of the thyoid gland

The thyroid gland is a small bilobed organ locdtettont of trachea opposite t&'%o
7th cervical and 1st thoracic vertebrae in the neghon, just below the thyroid cartilage.
Here it forms the laryngeal prominence or Adamgl@pimmediately adjacent to the larynx
and trachea (Figure 1A). It has two lobes, preeargither side of trachea and connected with
a small bit of tissue called isthmus. Togethers thieates a shape, vaguely resembles a
butterfly (Aroraet al.2010, Tahir and Mughal 2012).

The gland is covered in a tough fibrous capsulekvprotects it from the surrounding
organs and tissues. The gland weighs approxim2@ig0g in a fully grown adult and can
vary in size greatly from person to person. Thedlidygland receives its blood supply from
the superior thyroid artery, a branch of the exdeoarotid artery. Blood drainage occwia
the superior or inferior thyroid vein by which tleyd pour its secretion in blood; thus called
an endocrine gland (Aroet al.2010).

1.1.2. Histological structure of the thyroid gland

The microscopic structure of the thyroid is quitstidctive. The gland is divided by
capsular septa into lobules containing thyroidi¢ds which are lined by thyroid epithelial or
follicular cells (Figure 1B). When gland is not pruzing the secretion, the epithelial cells
range from cuboidal to low columnar in shape butemtactive, the cells become tall
columnar. These cells are responsible for the sgmhof thyroid secretion/hormones.
Follicles have empty space or lumen, filled withyrthd secretion called colloid; a
proteinaceous depot of materials for thyroid horen@iH) production mostly iodinated
thyroglobulin and thus also a reservoir of TH. Gillis rich in a protein called thyroglobulin.
In addition to thyroid epithelial cells, the glahduses another important endocrine cell type
nested in spaces among thyroid follicles and ikedaks parafollicular C cells which secrete
the hormone, calcitonin (Arorat al. 2010, Tahir and Mughal 2012, Lokanadham and
SubhadraDevi 2013).
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Figure 1: Anatomical and histological structure of thyroid gland. A. Thyroid gland i1s a small bilobed
organ, located in front of trachea just below the thyroid cartilage. B. Histologically, it is divided by inter-
lobular connective tissue into lobules that contain thyroid follicles. C. Follicles are lined by cuboidal
thyroid epithelial or follicular cells and filled with colloid. Among the thyroid follicles, parafollicular C
cells are dispersed. Ref: A http:/fwww fpnotebook com/endo/exam/thyrdantmy htm
B & C. hitp://www lab.anhb.uwa.edu.au/mb140/corepages/endocrines/endocrin htm

1.1.3. Function of the thyroid gland

The gland produces three hormones; tri-iodothym®nifT3), thyroxine (tetra-
iodothyronine; T4) and calcitonin; vital for the tabolic function of the body (Figure 2). T4
is relatively inactive and is converted to T3 inmpageripheral organs such as liver, kidney
and spleen (Janseet al. 2005). But both are extremely important in theutaion of
development, functioning of many body systems arx$squent metabolism and homeostasis
of a person. lodine and tyrosine are required foper functioning and hormone production
by thyroid gland. About twenty five percent of thedy's iodide ions are present in the
thyroid gland. Dietary iodine deprivation will le@ol non-pathological swelling of the “pirate
gland” while pathological enlargement is referredgaiter. Calcitonin plays a role in calcium
homeostasis, reduces blood calcium levels and iishieabsorption of calcium and

phosphorus in the renal collecting tubules (Boweda).

Thyroid differentiation and functioning is charatted by the expression of a variety
of marker proteins, specifically synthesized byrtiy follicular cells. These include NIS
(sodium/iodide symporter; a trans-membrane glycam®, TG (thyroglobulin), TPO (thyroid
peroxidase) and TSH receptor (De Véaal. 1998, Fentoret al. 2001). The expression of
these genes depends on their promoters, activayedhd binding of thyroid-specific
transcription factors like TTF-1 (Thyroid transdrgm factor-1) and Pax-8 (Paired box-
containing gene-8). TG and TPO promoters have itheirg sites for both TTF-1 and Pax-8
(De Vitaet al. 1998), thus these two factors are responsibledbvation of these promoters.

Thus, by active transport, NIS (sodium/iodide symgm a trans-membrane glycoprotein)
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transports circulating iodine into the folliculaytosol where in the apical plasma membrane,
TPO enzyme oxidizes it and iodinates tyrosine ressdof the thyroglobulin molecules in
lysosomes to produce T3 and T4 (fave one iodine atom less thay).TThus TH secreted
from the gland comprised is about 80-90%ahd 10-20% 7. Required T3 is produced in
various extrathyroidal tissues via 5 deiodinationder the effect of types 1 and 2 iodo-
thyronine deiodinases (D1 and D2). The plasma curatons of free T4 and T3 remain
constant while T3 concentration in different tisswaries according the amounts of hormone
transported and the activity of the tissue deiosisaFriesemat al.2005; Janseat al. 2005;
Sesmilo et al. 2011). The production and release of hormoneseglated by thyroid
stimulating hormone (TSH) released from anteridwifary gland which itself is regulated by
thyrotropin releasing hormone (TRH) produced bydtliplamus. Their circulatory level is
controlled by negative feedback mechanism withaligpothalamic-thalamic-thyroid axis at
both hypothalamus and pituitary levels for supprgsshe production of TSH. Calcitonin
controls the calcium level in the body circulatioy transferring excessive calcium to bones.
In case of need, calcium is transferred back todkiream under the effect of parathormone;
a hormone released by para-thyroid gland, presergosterior side of each lobe of thyroid

(Porter and Kaplan 2013).
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Figure 2 : Hypothalomo-Pituitary-Thyroid axis. Hypothalamus release thyrotropin releasing
hormone (TRH) which stimulates the secretion of thyroid stimulating hormone (TSH) from
pituitary gland. Under the effect of TSH. thyroid gland releases T3 and T4. In the peripheral
organs T4 ransforms into T3: which is responsible for regulation of various physiological and
metabolic activities in the body. T3 level in the circulation is controlled by negative feedback
mechansim at both hypothalamus and pituitary levels. for suppressing the production of TSH.



1.2. Thyroid cancer

These include abnormally increased (hyperthyroiglisndecreased (hypothyroidism)
thyroid activity and formation of thyroid nodulegenerally benign thyroid neoplasms but
may be thyroid cancers. All these disorders may gige to goiter or enlarged thyroid.
Hyperthyroidism or overactive thyroid results inegproduction of the two thyroid hormones
and is most commonly caused by the developmentra¥&s' disease; an autoimmune disease
wherein produced immunoglobulin G (IgG) antibodisds to the thyrotropin receptor (TSH
receptor) on the follicular cells and stimulateBscto secrete excessive quantities of thyroid
hormones. This results in very high level of ciatilg hormones while negative feedback
regulation keeps TSH level low. Thus thyroid dysfion leads to various disorders including
thyroid carcinoma, Graves' disease and Hashimabymoiditis (an autoimmune disorder
wherein body's own immune system reacts againsttiiid tissue) (Lokanadham and
SubhadraDevi 2013).

1.2.1. Oncogene and oncogenesis

An oncogene is normally silent but can be activdigcchromosomal translocations,
deletions or mutations and have ability to "transfo normal cells into a condition of
uncontrolled replication and growth. Most oncogegesld be closely related to normal
growth factors, cell division maintenance or torhone receptors. If turned on, promote
uncontrolled cell growth and cell divisions and s differentiation. Typically, activation
of a single oncogene may not be enough to produgiggmancy except accompanied by
expression of another oncogene or other genesateguiby that oncogene. Similarly, if gene
mutation or duplication occurs, the cell may alsogpess towards a malignant structural and
functional potential. Information on expression aicogenes in human thyroid tissue is
rapidly accumulating and more than 30 oncogenes baen recognized so far in the human

genome (Pacini and De Groot 2013).

1.2.2. Incidence and distribution of thyroid cancer

Thyroid cancer is the most common endocrine matignand accounts for up to 95%
of cancers involving the endocrine system (Keefeal. 2010). Its rate has been steadily
increasing over the last few decades in most ofdénesloped countries (Chext al. 2009;
Enewold et al. 2009; Kilfoy et al. 2009; Pellegritiet al. 2013), Figure 3A. The annual
incidence of thyroid cancer varies considerably agndifferent registries; ranging from 1.2-
2.6 in men to 2.0-3.8 in women per 100,000 indigidu(Nagataki and Nystrom 2002;



Venenciaet al. 2002; Zamaret al. 2006). Amongst, it is particularly elevated anadwabtwo
times higher in Iceland and Hawaii than in Northrdfaean countries, Canada and USA
(Pacini and De Groot 2013). American Cancer Socipprted a rapid rise in cases of thyroid
cancer from 37,200 in 2009 to about 60,220 in 2013)SA wherein three patients are
women out of four, with a mortality rate of abouB Ximes higher than meire. 1,040 in
femalesvs 810 in males, estimated deaths are based on Utlityodata during 1995-2009
by National Center for Health Statistics, CenterDisease Control and Prevention (Siegiel
al. 2013). From 2005 to 2009, incidence rates haveeased by 5.6% per year in men and
7.0% per year in women (American Cancer Society320In United States, 56,460 and
60,220 estimated new cases of thyroid cancer hage keported in 2012 (Siegetl al. 2012)
and 2013 (Siegett al. 2013). Thus its level rose fron!'§Enewoldet al. 2009) to &' after
breast, lung, colorectal and uterus among most aamgancers in women (Siegstlal. 2013,
American Cancer Society, 2013). The variation & ithcidence rate and cancer distribution
among geographical regions is not only due to farid cultural habitants and environmental
factors like spontaneous background radiation etady habits but also different standards of
medical proficiencies, health care levels and cadetection methods play their role (Zbtu

al. 2006; Pacini and De Groot 2013).
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Figure 3: Trend in the incidence of thyroid cancer. A. Trend of the thyroid cancer in North American
population from 1999 to 2008 sub-divided in lo different age groups by gender. The reported rate is
always found higher in women of all age groups than men. B. Trend in the thyroid cancer by histo-type
in the United States from 1980 to 2009, The increasing incidence of thyroid cancer is entirely due to
increase in incidence of papillary histo-type without much contribution by other types of thyroid
carcinoma. Ref: Pellegriti et al.. 2013

1.2.3. Forms and types of thyroid cancer

The most frequently occurring forms of thyroid canoriginate from two distinct
endocrine cell types: thyroid hormone producindidalar epithelial cells and calcitonin
producing parafollicular C-cells. The forms of togt carcinoma (TC) derived from follicular
epithelial cells include differentiated TC (DTCh@luding papillary (PTC; about 70-80%)
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and follicular (FTC; 10-20%) TCs] and undifferetéid or anaplastic thyroid carcinoma
(ATC; 2-5%). While PTC subtypes include conventigi@PTC), follicular variant (FVPTC),
tall-cell (TCPTC) and few other rare variants lige@lumnar, diffuse sclerosing, lymphoma
(thyroid lymphocytes) and thyroid sarcoma etc. Higrtcell thyroid cancer (parathyroid
oxyphil cell carcinoma) is a unique subtype of Fh&t accounts for 2—3% of thyroid cancer.
The thyroid tumour derived from parafollicular Chiseis termed as medullary thyroid
carcinoma (MTC) and is only about 3-10% of thyraiancer (Benvenga 2008; Zhu and
Cheng 2009; Chougnet al.2010; Keefeet al.2010).

Despite their common origin, these cancers havaragpbiological conformation and
also arise through distinct tumor initiation andgnession pathways. Papillary type could be
differentiated from follicular type in having paity architecture and characteristic abundant
granular cytoplasm with nuclear features includemgargement, oval shape, elongation,
overlapping and inclusions (Xing 2013). It has finepensity for lymphatic metastasis. FTC
is characterized by hypercellular, microfolliculpatterns, lacking nuclear features of PTC
with large, mitochondria rich oncocytic cells hayindense nuclei and nucleoli.
Undifferentiated thyroid carcinoma is characterizgd a mixture of spindle, pleomorphic
giant and epithelioid cells. DTC have high tendettynetastasizeia blood stream locally to
the cervical lymph nodes (Macheetsal. 2002; Vaskeet al. 2005; Costat al. 2009; Pasquali
et al. 2011; Jocet al.2012; Xing 2013; Xinget al. 2013) and in the neck region (Roh 2006)
or distally to liver and lungs (Liet al. 2004; Wellset al. 2010), unlike FTC which spreads
also to bone (Liret al. 1999; Basolcet al.2000). But there are also reports of PTC metastasi
rarely to bone (Mishr&t al. 2002; Kusunokiet al. 2003; Batawil 2013), skin (Kolleet al.
1998; Rongaet al. 2007; Luoet al.2008), brain (Imamurat al.2000; Pazaitou-Panayiot@t
al. 2005; Lecumberret al. 2010), spinal cord (Jeaat al.2011), adrenal glands (Koutkia and
Safer 2001; Wagenaat al. 2008; Batawil 2013), pituitary gland (Masiukiewiet al. 1999;
Bell et al. 2001), sub-mandibular gland (Sarda et al. 200dhcpeas (Jobraet al. 2000;
Siddiqui et al. 2006; Borschitzet al. 2010), kidneys (Gamboa-Dominguez and Tenorio-
Villalvazo 1999), ovaries (Loganeét al. 2001; Brogioniet al. 2007; Xu et al. 2011),
sphenoidal sinus (Argibay Vazquetz al. 2005) and skeletal muscles (Pueti al. 2006;
Panoussopoulost al.2007; Baeet al.2011).

1.2.4. Diagnosis of thyroid cancer
There are no recommended screening tests for tiye atection of thyroid cancer

(without symptoms) but since symptoms usually degwetarly, most thyroid cancers are
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diagnosed at an initial stage. If it remains asympatic during an extended period of time
then becomes the usual reason of delayed diagrfesisening tests include blood tests to
determine levels of thyroid hormones, medical imggito determine the size and
characteristics of the nodule and nearby lymph saiel biopsy to determine the nature of

nodular cells whether are benign or malignant.

As soon as detected or the symptoms start to apige@vealed as a mass in the neck
region which might have local signs including atigr full feeling in the neck, difficulty in
breathing or swallowing, swollen lymph nodes anthpa the throat or neck region. Other
clinical signs include fixation to the trachea, @eym to recurrent laryngeal or cervical
sympathetic nerves. PTC tends to extend very slawty usually develop in only one lobe of
thyroid gland but even often metastase locallyhte tymph nodes in the neck region or
distally to other parts of the body (Wedtal.2010).

During a physical examination, tumour is palpatesdaapainful nodule alongwith
enlarged cervical lymph nodes. The case is thuteregf to an endocrinologist or a
thyroidologist. An ultrasound examination is thiesfprmed to confirm the presence of the
nodule, to assess the status of tumour, to digghgfrom cystic lesions and to identify
calcifications. The ultrasound is also very effeetio discover microcarcinomas upto less
than 1cm size. Other tests used for the evaluaifoiinyroid nodules are medical imaging
techniques; to determine the size and charactaisfithe nodule and of nearby lymph nodes,
blood tests; to determine levels of thyroid hornmsraad biopsy; to determine if the cells in
the nodule are benign or malignant. Magnetic resc@mamaging (MRI) or tomography
(MRT) of the neck region and anti-thyroid antibadieould be done; to differentiate and
decide the presence of a functional thyroid disesasd as Hashimoto's thyroiditis; a known
benign nodular goiter. Calcitonin measurement isafly performed to exclude the presence
of MTC. Finally, to arrive at definitive diagnostionclusion, fine-needle aspiration cytology
(FNAC) is performed.

Supplementary diagnostic tools include the usehaflium? chloride, Technetium
(°°™c)-methoxy-iso-butyl-isonitrile or Tc-MIBI, Posin emission tomography (PET) scans
(helps to identify metastatic TC), galliGfimaging (helpful to visualize lymphomas) and I-
meta-iodo-benzyl-guanidine (MIBG) imaging (usefd tletect MTC). TSH-R mRNA
measurement after FNA enhances pre- and post-omerdétection of cancer to reduce

unnecessary surgery and to predict residual/métaslisease. Cytology on bronchoalveolar



lavage specimen helps to explore any lung metasta$els, an appropariate combination of
one or more of the cited techniques helps to aratva decision about the specific type of

thyroid disease.

1.2.5. Treatment of thyroid cancer
Treatment of thyroid cancer depends on the typeetif size of the tumour and the

extent of disease development and spread.

1.2.5.1. Classical treatment of thyroid cancer

The first choice of treatment includes the partaltotal thyroidectomy (surgical
resection of thyroid having tumour) in nearly adises. Along with total thyroidectomy,
prophylactic central compartment neck dissectiddNP; surgical removal of related lymph
nodes) is recommended by American Thyroid AssamiafATA) in PTC (Cooperet al.
2009) and advocated by others to avoid future legpenal recurrence (Machesasal.2009;
Popadichet al. 2011; Cisceet al. 2012). Post-surgical radioactive iodin&*} therapy treat-
ment is also recommended for more advanced digeadestroy any remains of cancerous
tissue (Sipos and Mazzaferri 2008). Supplementargnbne therapy with L-thyroxine is then
given life long to replace hormones produced bytliyeoid gland and to prevent the pituitary
from producing excessive TSH and thus to decrdasdikelihood of recurrence (American
Cancer Society 2013, American Thyroid Associati@®i3). In case of metastases, patients
are prescribed to receive anti-neoplastic therdmt tnhibits metastatic growth and cell

proliferation and helps in palliating symptoms nogressive disease.

Chemotherapy based on cisplatin or doxorubiciniccdae supplemented but have
proven limited efficacy, however, could be helpful patients with bone metastasis.
Doxorubicin is the most commonly used agent in ATtk a response rate of approximately
20% and it is the only available treatment tha@pgproved by the U.S. Food and Drug
Administration (FDA) for patients of DTC, howevers iaccompanied by severe
myelosuppression and cumulative cardio-toxicityn(®tial. 2013). Paclitaxel although have
tumour suppressor effects and in a clinical triaA@C, found to be well tolerated but not
showed very promising results (Pushkarev al. 2013; Sosaet al. 2013). Other
chemotherapeutic agents like bleomycin, etopostilplatin and methotrexate have poor
responses and offer no improved survival ratiomil8rly, vincristine and melphalan also

show diminutive therapeutic benefits.
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1.2.5.2. Demerits and disadvantages of classicabatment

Despite excellent prognosis, about 40% patientemempce recurrence within a 40-
years period where two-thirds are within the fiddgcade, even after a successful initial
classical therapy (Mazzaferri and Massoll 2002;KEu@013). Cervical and ipsilateral lateral
lymph node metastases are frequent (Macle¢ras. 2002; Costaet al. 2009) with a 40-90%
recurrence rate (Grodskt al.2007; Mooet al. 2010). Side effects could also not be avoided
and sometimes need special attention for their dgmend treatment. These undesirable
secondary effects include hypoparathyroidism (doerégmoval of parathyroid glands),
recurrent laryngeal nerve paralysis and vocal cdainage related with temporary or
permanent hoarseness or loss of voice, transienpeomanent hypocalcemia, seroma,
scarring, hematoma (can be life-threatening ifoinpresses the trachea) and chyle leak are
the other possible outcomes of surgical interverstiKouvarakiet al. 2004; Urunoet al.
2004; Shindo and Stern 2010; Alnhal.2013).

Need of post-operative radioiodine therapy, hypmraia and overall morbidity are
the usual outcomes of pCND (Al al 2013, Kimet al 2004, Langet al 2013). Radiation
therapy rather leads to a high incidence of hypwailysm in up to 80% cases which requires
supplementary thyroid hormone in the form of dailii(s). Secondary malignancies after
therapeutic radioactive iodine therapy are not omoon, with the most consistent evidence
for haematological malignancies, sarcomas and ramas (Aman 1999; Teixeira 2006).
Additionally, this therapy also cause to developiouss resistant genetic phenotypes like
FoxP3 (Forkhead box P3, associated with severe modeficiency); found over expressed in
PTC cases treated with radiation therapy (Ugodiial. 2013). Furthermore, radioiodine
therapy cannot be exploited to treat anaplasticfiandntiated and MTC as these types do not
take up iodine (American Cancer Society 2013).

Post-operative chemotherapy although show efficigytotoxic responses against
cancer but is associated with significant toxicégd varying efficacy (Sherman 2010;
Crouzeixet al. 2012; Marottaet al. 2013). Itnot only works against cancer cells but also
against other rapidly dividing healthy cells of thedy like in bone marrow, lining of mouth,
intestines and the hair follicles. Some drugs cawehother specific side effects like
doxorubicin (one of the most common drugs usethynoid cancer) can affect heart function.
Other miscellaneous effects include hair loss dugetth of hair follicles, immune deficiency
due to lose of white blood cells and thus increasleainces of secondary infection, easy

bruising and resulting extensive bleeding as altredulow blood platelets numbefhus,
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although the classical therapy combined with varichemotherapeutic agents is the only
practiced approach in the cancer treatment buttegre exist the flaws which have to be

filled with alternative and more targeted therapies

1.2.5.3. Inhibition of receptor tyrosine kinase

RET is a principal target among the alternativatireent strategies against thyroid
carcinoma (Cote and Gagel 2003). Tyrosine kinasepter (TKR) represents a useful anti-
cancer target and thus several approaches to theckinction of this receptor (Fischet al.
2003, Bennasrouneet al. 2004, Santoro and Carlomagno 2006). Strategiekidimg
dominant negative mutants (Gschwiatial. 2004), small molecule inhibitors that compete
with ATP-binding site to interfere the enzymatidiaty of many TKR (Nobleet al. 2004)
and drugs that impede association of adaptor prdteve been employed to potentially
impair TKR activity (Zinzalla and Thurston 2009)e&eptor synthesis can also be blocked
either at the level of RNA by interference stratégprkhardt 2002) or by direct synthesis
inhibition by gene therapy or also by drug-mediatszkptor degradation (Cosratal. 1998;
Carniti et al. 2003). In addition, the blockage of intracellusegnal transduction pathways.
RAF or phosphatidylinositol 3-kinase that are at#d by several tyrosine kinases could
potentialy block oncogenic function (Bollagt al. 2003, Fingar and Blenis 2004). The
serine/threonin-protein kinase BRX®’S the most frequently altered kinase in differetetia
TC, is another promising target for kinase inhitstdXing 2005). Anilinoquinazoline
ZD6474, a potent vascular endothelial growth fadddEGF) receptor-2 (flk-1 or KDR)
tyrosine kinase inhibitor, was found efficientlyobk the activity of RET/PTC1 and
RET/PTC3 as well as multiple endocrine neoplasiElly12A- and MEN 2B-related RET in
PTC (Carlomagnet al.2002). Two pyrazolo-pyrimidine PP1 and PP2 shosiedlar effects
and blocked RET oncogenic effects at hanomofd0Q nm) concentration range in PTC
(Carlomagnoeet al. 2002; Carlomagnet al. 2003) while 2-indolinone derivative RPI-1 also
used against RET/PTC1 (Lareti al. 2000; Lanziet al. 2003) fusion oncogene. PP1 found to
induce RET MEN2A and 2B oncoproteins destructiorodigh proteosomal degradation
(Carnitiet al.2003).

Since the thyroid carcinomas are well vasculatizedrefore, many therapies instead
of causing direct cytotoxic effects on cancer ¢edie targeted against the anti-angiogenic
activity via the inhibition of TKRs of diverse molecular signgl pathways including various
growth factor receptors (GFRs) like vascular endidh GFR (VEGFR), Epidermal GFR
(EGFR) and platelet derived GFR (PDGFR), c-Kit aR&T (Table 1). They inhibit
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downstream RAF kinase including mutant BRAF andceeprevent tumour growth by
antiproliferative, antiangiogenesic and proapopteffects (Liuet al.2006; Keefeet al.2010;
Fallahiet al.2013). The clinical trials of these pharmacolagimulti-kinase inhibitor (MKI)
preparations like sorafenib (Nexa¥grsunitinib (Suterft), motesanib (AMG 706), axitinib
(Inlyta®) and Telatinib (BAY 57-9352) etc for the treatmefADTC are summarized in Table
2.

Table 1:Molecular targets of various pharmacological drugs as tyrosine Kinase inhibitors in cancer therapy

Drug VEGFR1 | VEGFR2? | VEGFR3| PDGFR | RET (RET/PTC| BRAF | ¢KIT |EGFR | ¢<MET | FGFR
Axitinib + + + + - - - + = 2 =
Cabozantinib = + - - + - - + = 3 -
Gefitinib o - - - - - - - + = i
Imatinib - - - - + - - + = - -
Lenvatinib + + + + = - - - N - +
Motesanib + + + + + - - + = = e
Pazopanib + + + + - = - + % = <
Sunitinib + + = + + + - + - - =
Vandetanib - + + - + + - - + - -
Sorafenib + * + + + + + + - - -

VEGFR: Vesiculo-endothelial GFR, PDGFR: Platelet-derived GFR, EGFR: Epidermal GFR, FGFR: Fibroblast GFR,
+: Inhibitory effect, — Non-inhibitory effect. Ref: Regalbuto et al, 2012,

Sorafenib (BAY 43-9006, Nexavar, Onyx Pharmaceigjdameryville, CA) is one of
the MKIs preventing auto-phosphorylation of varicllsRs and showed efficient inhibitory
in vitro andin vivo results on tumour growth in multiple models (lgtal. 2006; Wilhelmet
al. 2006; Changpt al.2007; Wilhelmet al. 2008). It has already been approved by U.S. FDA
in 2005 for advanced renal cell carcinoma and @d72@r hepatocellular carcinoma in adults
(Wilhelm et al. 2008) and is used for thyroid cancer therapy imad (see Table-2). It is not
yet approved by the FDA for treatment of thyroish@ar in children but has showed efficient
results in an un-avoidable pediatric case (lenl. 2014). Other agents are in phase | and
phase Il clinical trials but a phase Il clinicaiat of Soarfenib for the treatment of thyroid
carcinoma is in progress by Bayer Healthcare itabofkation with Onyx Pharmaceuticals
against locally advanced and metastatic radioaatidime (RAI)-refractory DTC (Broset al.
2011), www.clinicaltrials.govNCT00984282).
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Table 2: Various clinical trials completed or on-gang in papillary thyroid carcinoma

Active Trade name Research/ Daily Total drug Results Indications | References
compound clinical study | dose therapy
(n°of patients)
Sunitinib | SU11248 Case report | 50 mg | 65 weeks Metastatic | (Kaldrymide
(derivative (1) QD PTC set al.2010)
of sSuU11248 Phase Il 50mg | - PR=13%, | Advanced | (Cohenet al.
indolinone) (31) QD SD=68%, | TCs 2008a)
PD=10%
Motesanib | AMG 706 Phase 1 50, 100,| Until unacceptable --- DTC and (Rosenet al.
diphosphate (71) 175 mg | toxicity or disease MTC 2007)
QD progression
Amgen Phase I 125 mg | 48 weeks PR=14%, | DTC locally | (Sherman et
(93) QD Median PFS advanced or al. 2008)
= 40weeks | metastatic
Axitinib AG-013736 Phase 1 5-30 mg| Until disease Max. Advanced | (Rugo et al.
(36) BID progression, tolerated Solid 2005)
unacceptable dose= 5mg,| Tumors;
toxicity or consent BID thyroid=5
withdrawal
AG-013736 Phase Il 5-10 mg| -do- PR=30%, | Advanced | (Cohenet al.
(60) BID Median PFS TCs (PTC, | 2008b)
=18months | FTC, MTC)
Telatinib | BAY 57-9352 | Phase 1 20mg | -do- Recommen| Advanced of (Eskens et
(53) QD to ded dose= | Metastatic | al. 2009)
1,500mg 900mg BID | Solid Tumors
BID
Sorafenib | BAY 43-9006, | Phase Il --do- PR=18%, | DTC=14& | (Ahmed et
tosylate Nexavar; Onyx| (26) SD=82% metastatic | al. 2008)
Pharmaceutica| MTC=12
Emeryville, CA| Phase I -do- 16 weeks (up to | PR=32%, | Advanced | (Gupta-
and (30) 90 weeks) SD=68%, DTCs, ATC | Abramson et
Bayer PD=0%, and MTC al. 2008)
Healthcare, mPFS=
Pharmaceuticals 79 weeks
Wayne, NJ Phase Il -do- --- PR=13%, | Advanced | (Kloos et al.
(46) SD=74%, | DTCs, ATC | 2009)
PD=13%,
MPFS=
4-16 weeks
Phase Il -do- 26 weeks CBR=59%, Advanced | (Hoftijzer et
(31) PR=25%, | TCs al. 2009)
SD=34%,
PD=22%
Hospital Sorafenilp --- CBR =80% | DTC (Cabanillas
study = -do- PR=20%, | (PTC=8+ | etal.2010)
(15) Sunitinib SD=60%, | FTC=7)
=50 mg PD=20%
Pilot study | -do- Until progressive | mPFS= DTC (Luo et al
(8) disease or 40.1 weeks | (PTC=7 + | 2014)
intolerable PR=50%, FTC=1)
toxicity 0OS=55weeks
Phase Il -do- 30 months On going | DTC (PTC, | (Broseet al.
(417) NCT009842| FTC) and | 2011)-
82 (Bayer | ATC Ongoing
Schering)
Case report -do- 13 weeks 50 % nodulaiPTC (lyeret al.
(1) size reduction 2014)
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N.B: RTKI = Receptor tyrosine kinase inhibitor, GERyrowth factor receptor, VEGFRs = vascular enelith
GFR 1, 2 and 3, PDGFR = platelet-derived GFR, EGFRpidermal GFRMulti-kinase inhibitors (MKIs)=
inhibitor of VEGFRs + PDGFR + FIt-3 + c-kit and REFkit = stem cell factor receptor.

CBR = Clinical beneficial responsePR + SO PFS = progression-free survival, PD = progresdisease,

CR = patrtial response, PR = partial response, Sfalde disease, QD = once daily, BID = twice daily.

NB: All the drugs aré/IKls exceptSunitinib which is reported as only TKR inhibitoy the authors.

1.2.5.4. Immuno-therapy in thyroid cancer

Monoclonal antibodies are used with proven clinieHiicacy against several TKRs
such as VEGFR, EGFR and PDGFR (Imai and Takaok&)2@mti-RET antibodies are also
reported but have not yet been used in treatmeand¥t al. 2000; Salvatoreet al. 2002).
Antibodies to stimulate the immune system are atopossible effective therapeutic tool
(Putzer and Drosten 2008 pecific immuno-therapy could be employed agaihstttmour
associated antigens like cell surface receptorghlwhre over expressed in cancer cells and
thus recognized by the immune system.

Amongst are MAGE(melanoma-associated antigen) gene family membecsde
tumor-specific antigens, MAGE-1 (Ruschenbwtgal. 1999) and MAGE-3 (Milkovicet al.
2006), CD10 (Tomodat al. 2003; Yegeret al. 2009), CXC motif chemokine 12 / stromal
cell-derived factor-la & B (CXCL12/SDF-1a & PB) (Castelloneet al. 2004), LIM-only
(kinase) domain containing 2 (LIMDZ2), protein tyis phosphatase receptor type C
(PTPRC, also known as CD45), lymphotoxin beta (L, T&}okeratin 19 (Cerutet al. 2007;
Kaczkaet al. 2013), thyroglobulin (Tuttleet al. 2007; Lin 2008; Kaczkat al.2013), human
mesothelial cell marker 1 (HBME-1) (Papo#t al. 2005; Nasret al. 2006), human type |
CK19 (Roriveet al. 2002), galectin-3 (Papottt al. 2005; Tharet al. 2008) & -7 (Roriveet
al. 2002; Tharet al. 2008), survivin (ltoet al. 2003), fibronectin (Hesset al. 2005), EGFR
(Nesset al. 1996), ERP (estrogen receptor related protein);RRS (Akslen and Varhaug
1995), Fascin (Chemt al. 2008) and telomerase reverse transcriptase €$agl. 1999;
Umbrichtet al.2004; Wanget al. 2005; Takancet al. 2007) are found over expressed in PTC
and FTC. Members of matrix metalloproteinases (MMRsnily, MMP-1 (Buergyet al.
2009), MMP-2 (Tanet al. 2008), MMP-7 (Cho Maet al. 2006; Itoet al. 2006), MMP-9
(Buergyet al.2009), MMP-11 (Itcet al.2006) and their interacting molecules CD147 (€an
al. 2008) and urokinase-type plasminogen activatd?AuSid et al. 2008) are also found to
more frequently expressed in thyroid malignancies.
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Due to lack of established tumour antigens, no [Bmg vaccination regimen has yet
been indicated as a standard anticancer therapypshghese tumour associated antigens
(Papewaliset al. 2010). Since some are already successfully testether malignancies and

could also be potential candidates for immunothgmphyroid carcinomas.

1.3. Papillary thyroid carcinoma

Papillary thyroid carcinoma (PTC) also called apifpary thyroid cancers or papillary
thyroid adenocarcinomas is the most common thymaadignancy and accounts for 80-85%
of thyroid disorders (Mosest al.2010; LiVolsi 2011; Vivereet al.2013).

1.3.1. Incidence of papillary thyroid carcinoma

Over the last few decades, the incidence of thymadcinomas has statistically
increased (Siegeét al. 2013). This increasing incidence is solely dueinrease in the
incidence of papillary histotype (Leenhagdtal. 2004b, Pellegritet al. 2013). While, there is
no significant contribution of follicular, medullaror anaplastic histotypes (Pellegréi al.
2013) Figure 3B. It is also assumed that this iasee incidence is due to advancement in the
detection technologies. Radiological examinatiarigasonography and FNA biopsies have
now enabled to identify the cases that gone prelyoundetected and also facilitate to
diagnose at an early stage of development (CTCABR@y using these techniques, it is now
possible to detect PTCs measuring even upto 1muomllysdefined as papillary thyroid
micro-carcinoma (PTMC; of size 10mm or less) @tcal. 2014; lyeret al. 2014). Thus over
the years 1988-2010, the diagnosis of PTC by FNi#dlogy (FNAC) increased from 0%
(0/73) in 1988 to 2.0% (17/861) in 2010 with a pe&R.7% (26/976) in 2006 in the province
of Messina, Italy (Benvenga 2013; Latietal. 2013; Rizzoet al.2013). It might be possible
that an early diagnosis of small sub-centimeterouns is the reason for an overall increase Iin
the incidence of thyroid carcinoma. It is reportedt commonly at thyroid cancer referral
centers; nearly 60%—-80% of thyroid carcinomas deteoowadays are PTMC, of less than
one cm in size (Leenhardt al. 2004a; Leenhardtt al. 2004b). But although the sensitivity
of ultrasound and development of technology havertmuted to the increase in the diagnosis
of small sub-centimeter tumours (Davies and Wel@d62 but there are reports of an overall
increase in the detection of tumours of all sizesr dime (Kentet al.2007; Cheret al.2009;
Enewoldet al.2009; Yuet al.2010; Pacinet al.2012).
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1.3.2. Prognosis of papillary thyroid carcinoma

Prognosis of PTC is generally good despite recaggin 10—-20% of patients (Lang
et al. 2007; Hayet al. 2008). Prognosis depends on the patient’s agdasefise exposure
(Busaidy and Cabanillas 2012), tumour stage, tugichl type, initial/start-up treatment
(Zamanet al. 2006) and stage of diagnosis (Saez 2011). Agegender are also important
prognostic factors of thyroid carcinoma (Treseled &lark 1997; Xinget al. 2013; Itoet al.
2014). The frequency of PTC is high in women esgcduring their reproductive (Machens
et al. 2006; Veigeet al.2013) and pregnant age (Wallatral. 2005) while outcome is worse
in men of old age (60s or 70s) (Roncketsal. 2005; CTCA 2013). Different investigators
suggested the correlation of PTC with reproducawel dietary factors in women but the
underlying molecular factors account for the gended age disparity in incidence and
outcome are still unknown (Horn-Ross al. 2001; Iribarrenet al. 2001; Horn-Rost al.
2002; Sakoda and Horn-Ross 2002; CTCA 2013).

1.3.3. Risk factors and causative agents of PTC

Risk factors include being a female, having a Instaf goiter (enlarged thyroid) or
thyroid nodules, a family history of thyroid cancand radiation therapy related with a
medical treatment. Radiation exposure as a resu#idioactive fallout from atomic weapons
testing and nuclear power plant accidents at Chmgtneas also linked with increased risk of
thyroid cancer, especially in children. Certain g@n syndromes that transfer abnormal
hereditary genes to next generation are also aimigske disease development (American
Thyroid Association 2013). About 25% of FamilialeTRl, MEN 2A & B are inherited while
less than 5% of PTC or FTC are thought to be itderiCancer.Net 2013). Similarly, there
are also reports of PTC incidence alongwith a farhistory of the disease (Gorson 1992).
lodine deficiency is another causitive factor tbatises thyroid disorders, not only follicular
but also PTC. This condition is espacially preserreas of the world where diet is devoid or
deficient of iodine. A diet low in iodine furthengreases the risk of PTC, if the person is

previously exposed to radioactivity (American Carfgeciety 2013).

1.3.3.1. Role of ionizing or therapeutic radiatiorexposure

Exposure to radiations is a proven risk factor tioyroid cancer. Source of such
radiations could be medical treatment or radiafi@iouts from power plant accidents or
nuclear weapons. Over the last few decades, tteere lbeen significant increase in the use of
medical diagnostic radiations, especially pediatomputed tomography (CT) scans which
have done in millions in the United States (Amisal. 2007; Mettleret al.2008), thus leading
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to increased risk of thyroid cancer in later liBaker and Bhatti 2006; How and Tabah 2007).
Radiation therapy of head or neck diseases as agelh cancers like lymphoma, Wilms’
tumor (nephroblastoma) and neuroblastoma is afaskhyroid cancer in children. But the
risk depends on the dose of radiation and the &ghild and in general, the risk increases
with larger dose and at younger age of therapylidedahan 1960s, children were sometimes
treated with low doses of radiations for acne, fimgnfections of the scalp (ringworm) or
enlarged tonsils or adenoids. These radiations laksi to genetic alterations like RET/PTC
translocation and BRAF mutation, as found in radieinduced PTC, associated with
therapeutic radiation therapy at childhood (Boawemet al. 2013; Xing 2013). Childhood
exposure to radiations during imaging by X-Rays &id scans also increases the risk of
thyroid or other cancers. Later on, the people Wwhad these treatments were found to be at
higher risk of thyroid cancer. Irrespective as atcome of radiation exposure, thyroid cancer
Is also induced in rodents by using radiations rasexgerimental method (Pacini and De
Groot 2013).

Several studies have reported an increased plitysiond appearance of thyroid
cancer after radioactive fallouts from nuclear weapor power plant accidents. For the
reason, after accidental radiation exposure evehtajsands of people developed thyroid
malignancies (Williams 2002; Jacat al. 2006; Jacoket al. 2006; Nikiforov 2006). This
cancer was found much common in children lived rtiearChernobyl nuclear power plant in
Ukraine; the site of nuclear plant accident on 26rilA1986 where millions of people
including young and adult residents of contaminatess in Belarus, Russia and the Ukraine,
even workers involved in the cleaning of the contetion, were exposed to emitted
370x10°%740x13° Bq of fission products containing huge amountsragfioactive iodine
isotopes (mainly®!) (Di Cristofaroet al.2005). Second largest radioactive catastrophkeof t
history was an energy accident at Fukushima Daimtldlear power plant in Japan on 11
March 2011 after tsunami. Despite of children, #dlts exposed to the effects of the
accident also were found to have higher rates yfottd cancer. Similarly to these events,
some radioactive fall outs also occurred over aeregions of the United States after nuclear
weapons were tested in western states during 1%0se, these exposures were of much
lower intensity than that of Chernobyl, thus rigktloyroid cancer was not been proven to be

so high by these low level incidents (American Garociety 2013).

Recurrence and thyroid cancer related deaths veenedfto be similar in radiation-
exposed and sporadic carcinomas (Rub#oal. 2002; Nainget al. 2009). The risk of

18



malignancy remains elevated for decades after expaand is proportional to the radiation
dose exposed to the thyroid gland (Schnesateal. 1993; Sigurdsoret al. 2005; Sigurdson
and Jones 2005). But more importantly these ramtiaixposed cancers are found to be

papillary carcinomas (Acharyet al.2003).

1.3.3.2. Age effect in PTC development

The developing thyroid gland of children is espkgiaulnerable to the carcinogenic
action of ionizing radiation and exposure incredise susceptibility to develop thyroid
disease. In young people, thyroid carcinoma hascallgy an aggressive initial clinical
presentation (Sassolas et al. 2013). At young #uygpid gland is more susceptible to
cancerous transformation (mostly of malignant rgjtgAcharyaet al. 2003) under the effect
of environmental (Roret al. 1995; Jacolet al. 2006; Jacolket al. 2006; Nikiforov 2006) or
therapeutic (Tuckeet al. 1991; Bounaceet al. 1997; Bounaceet al. 1997; de Vathairet al.
1999; Rabes 2001; Boaventwrt al. 2013; Mathewst al. 2013) radiation exposure. Thus,
young age predisposes to the formation of geneltvaations and recombinations in thyroid
gland. High proliferation rate of thyroid cells igsponsible for the increased sensitivity of
children’s thyroid gland to chromosomal recombioas (Saadet al. 2006). The risk
decreases with an advancement in adulthood peticatieation exposure with little apparent
risk after 20 years of age (Ron et al. 1995). Thight be due to operating cellular repair
mechanisms to counteract the exposure damage dilmmgtage of life (Roret al. 1995;
Jacobet al.2006).

It has long been reported that in humans, exteradilations increase the risk of
development of benign and malignant thyroid tumatsearly and younger age. In this
context, a pooled analysis was performed to suns@mdhe results of seven independent
studies observing the effects of therapeutic (&attrenlarged tonsils and thymus, cervical
cancer and other disease conditions) or atomi@tiads exposure during childhood. It was
concluded from the analysis that thyroid glandraldbood has one of the highest cancer risk
coefficient among the body organs. About 88% cadawyroid carcer diagnosed at a later
age were attributed to exposure of only one Gyatamhs before 15 years of age (Retnal.
1995). Similarly, after the accident, TC cases wapeeased in children in Belarus with a
latency period as short as 4 years and the hightestvas found in the younger age groups of
0-4 years and 5-9 years of age at the time of expo@Bleueret al. 1997a, Bleueet al.
1997b). Similarly, the incidence of benign and gadint TC was dramatic increased to about
80 times in the children born or conceived aroumatime of the accident in Chernobyl and
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surrounding areas (Tronket al. 1999). The age factor of the individual expresdriL is
also importantly correlated with the reported gertanslocations. BRA£® mutation is
commonly present at old age with an aggressivewetiawhile RET/PTCs rearrangements
are mostly found in children and young adults irCRNikiforov 2002, Xing 2005, Mosest

al. 2010). Aggressive behaviour of these PTCs is @ssacwith an elevated recurrence but
have no influence on the mortality rate (Sassetas.2013).

1.3.3.3. Sex effect in PTC development

It was observed that pooled relative excess asdlate risk was higher in females
than males reflecting higher rate of natural ocengce of thyroid cancer (Roet al. 1995).
The average annuel number of new cases of thyamder was 248 and 722 in males and
females respectively in 1993-1997, with a ratelodut 0.5 and 1.4% among all cancer cases
in the Nordic (Denmark, Finland, Iceland, NorwaydaBweden) countries (Mollegt al.
2002). It is the second most frequent cancer iy itawomen; which are below than 45 years
of age (Dal Maseet al. 2011). Similarly, the incidence rate was foundhleigin Norwegian
females than malas. 5.1vs1.51 per 100,000 persons per year in 2004 (The&dRegistry
of Norway 2006). The higher rates were also founedvomen in a global statistics date.
103,589 in femaless 37,424 in males (Parkiat al. 2005). In the USA, 45,310 new cases
have been reported in 2013 (Siegelal. 2013) compared to 43,210 in 2012 (Siegelal.
2012). In Europe, females (40,700) affected witirdid cancer are more than males (12,300)
(Ferlayet al.2013). Its level is increased frorf!' 6Enewoldet al. 2009) to &' in the cancers
in women but is not in the top 10 cancers founchan (Siegekt al2013, American Cancer
Society 2013). Higher incidence was observed inl2@02: males, 12: females per 100,000
persons per year (National Cancer Institute 2088hough, there are no many deaths with
thyroid cancer but the reported rate is always ¢righ women than mene. 1,040vs 810 in
U.S., 4,270vs 2,070 in Europe and 166 230 in France during 2012 (Ferlay al. 2013,
Siegelet al. 2013). Females excess absolute risk ratio wasdféoiribe 1.4 times higher than
males in the areas of Ukraine and Belarus affebtethe Chernobyl accident (Jaceb al
2004). Although the appearance of thyroid cancdnigh in females but the size of DTC
tumours was found significantly larger in malesrtlie females (papillary: 26.0 mns 19.3
mm, follicular: 54.9 mnmvs 35.1 mm and medullary: 27.9 mvs 20.8 mm). Similarly, lymph

node and distal metastase was also found higheaias (Machenst al 2006).
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1.3.3.4. Miscellaneous factors involved in PTC pragssion

Higher levels of chemical exposure are associattdincreased cellular proliferation,
potentially resulting in an increased opportundy fihutations and the development of cancer.
Environmental chemicals such as bisphenol A, periftated chemicals and dioxins have
been positively correlated with secretion of TSH, dhd T4 (Rochester 2013; Wen al.
2013). Other factors have been reported to raygeithcancer risk especially of papillary and
follicular types are increase in body mass indeXiarheight (Engelandt al.2006; Guignard
et al. 2007), various menstrual and variable reproduqtaierns (Negret al. 1999; Brindel
et al. 2008), use of fertility drugs like clomiphene gmbgesterone (Hannibat al. 2008) or
oral contraceptives and hormone replacement thefapynenopause (La Vecchiet al.
1999), insulin resistance syndrome (since insudim ithyroid GF and stimulates thyrocytes
proliferation) (Rezzonicoet al. 2008), history of benign nodules/adenomas andegoit
(Franceschiet al. 1999), ingestion of nitrate-contaminated drinkingter (Tajtakoveet al.
2006; Wardet al. 2008) and immigration to countries with high thgr@ancer incidence
(Nasseri 2008). Intake of cruciferous and otheretalgies (Bosetti et al 2002) or fish and
shell-fish consumption (Bosetet al. 2001) decreases thyroid carcinoma risk. Alcohol
consumption and tobacco smoking (Guignatdal. 2007), red meat intake (Tavaet al.
2000), use of gonadotrophins, human chorionic gotmaghin (hCG) or gonadotrophin-
releasing hormone (GnRH) (Hannibeid al. 2008) were found to be not related with PTC

development.

1.3.4. Genetic rearrangements occurring in PTC

The ionizing radiations might render the individiahore susceptible to thyroid
malignancies, thus lead to development of varicersegic rearrangements and the resulting
cancers. Genetic alterations activate the mitoggnak transduction; MAPK (mitogen-
activated protein kinase) pathway and are preseabout 80% cases of thyroid carcinoma
(Moseset al. 2010). These include rearrangements in tyrosinada receptors (RET/PTC,
NTRK1), small GTP-binding signalling proteins (RARAF) or PAX8/PPAR (Pax-
8/peroxisome proliferator-activated receptor) gammarrangements (Cheured al. 2003;
Kimura et al. 2003; Melillo et al. 2005; Cartaet al. 2006; Castreet al. 2006; Kebebevet al.
2007; Sapioet al. 2007). The T1799 mutation (nucleotide transversionp-type RAF
(BRAF) kinase substitutes a valine to glutamic anidodon 600 (V600E) thus BRAFE
causes constitutive activation of the serine/thie®ikinase and its corresponding signalling
pathways (Cohert al. 2003; Fukushimaet al. 2003; Kimuraet al. 2003; Xuet al. 2003;
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Fluge et al. 2006). It is the most common genetic alterationnfb in approximately 45%
cases of conventional and anaplastic PTCs (Xing 2Bing et al.2013) or 29-69% cases of
PTC with aggressive behaviour including extrathyabiextension (Riesco-Eizaguires al.
2006; Xing 2010). But BRARnutation is less common in children and also in ¢hses
developed after radiation exposure (American Car®eciety 2013). It was found that
BRAF'®%F developes aggressive PTC in transgenic mice (Keawl. 2005; Charlest al.
2011; Leeet al. 2011). But in human PTC tumours show intra-tumbeterogeneity in the
BRAF genotype, a minority of cells have BRAPF while most of the cells harbour wild-
type BRAF (Guerraet al. 2012). It has been demonstrated by quantitatisayathat
conventional PTCs often consist of a mixture ofdvtfpe and mutant BRAFs (Guerea al.
2012; Guerrat al.2012). Previously, it was thought that BRA¥F is second to occur after
PTC tumorigenesis (Vasket al. 2005) but it is not yet clear that whether BRA¥E is an
early event to initiate PTC tumorigenesis or thiglaotide transversion occurs following the
development of a thyroid tumour (Xing 2012). Anathéeration of the same gene is BRAF-
AKAP9 rearrangement [inv(7)(q21-22q34)] (Cianapial. 2005).

Point mutations of RAS genes are an early everthéndevelopment of follicular
adenomas and carcinomas and are found in undiffated thyroid cancers (Lemoiret al.
1988; Nambaet al. 1990; Suarezt al. 1990). RAS proto-oncogenes include HRAS, NRAS,
KRAS, are most common in follicular thyroid neopfessbut also found in benign and other
malignant follicular thyroid neoplasms (Vas&bal.2003).

Additionally, follicular carcinomas also have a Imigrevalence of PAX8-PPAR
rearrangements, generated by the cytogeneticaligctible translocation t(2;3)(ql13;p25)
leading to an in-frame fusion of the PAX8 gene (&les a paired domain transcription factor,
required for thyroid development) with PPARBene (Krollet al. 2000). Functional analysis
of this fusion product suggests that PAX8-PRARay serve in part as a dominant negative
antagonist of wild-type PPAR (Kroll et al. 2000; Nikiforova et al. 2003). Similarly,
NTRK1/NGF [neurotrophic receptor-tyrosine kinaseellous (central and peripheral)
growth factor] is oncogenic rearrangement in chrsomoal 1 of NTRK1 gene with other
activating genese. with non-muscle tropomyosin gene [NTRK1-TPM3 ing(h21-921.2)]
(Butti et al. 1995), with translocated promoter region gene [NIR PR inv(1)(1921-g25)]
(Greco et al. 1992) or with TRK Fused Gene [a novel gene on mimsome 3ql1-12,
NTRK1-TFG] (Grecoet al.1995).
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1.3.5. Role of gene positioning in PTC progression

Recurrent chromosomal rearrangements are commouahdfin human malignancies
such as leukemia, lymphoma, prostate and thyraidera. Usually the proximity of the two
partner genes participating in the rearrangemetiieidasis for gene translocation and fusion.
This concept of loci proximity, to cause chromosbmearrangements under the effect of
ionizing radiations; as they are very close to eattter in the nucleus, was first given by
Savage in 1996 (Savage 1996). The proximity betweeambinogenic loci was then firstly
demonstrated in 2000 by using Fuorescence In Sytridlization (FISH) three-dimensional
microscopy to map the positions of the RET and Bdi involved in the formation of
RET/PTC translocation within interphase nuclei (fikova et al. 2000). Thus, spatial
contiguity of RET and the partner genes in the euglis a structural basis for the formation
of RET/PTC rearrangements (Nikiforow al. 2000). In humans, all three genies RET,
NcoA4 and H4 are located on the same chromosontg (Bandhi and Nikiforov 2011). In
normal human thyrocytes, at least one pair of RB@ B4 was found to be juxtaposed
(touching or overlapping each other in at least opigcal section) in 35% (93/263) of cells.
Compared to RET and H4 genes, which are relatifeglppart (30 Mb), the distance between
RET and ELEL is only 0.5 Mb which further increasies chances of gene tranlocation and

resulting fusion oncogene products (Nikiforaataal.2000).

The distance between rearrangement-prone loci Vgasstudied by FISH and other
techniques by various authors in miscellaneous cetidels; thyroid: RET & NcoA4 (Gandhi
et al. 2006) and NTRK1 & TPR (Roccatet al. 2005), prostate: TMPRSS2 & ERG and
TMPRSS2 & ETV1 (Linet al.2009; Maniet al.2009), leukemia: PDGHRand H4/D10S170
(Kulkarni et al. 2000; Schwalleret al. 2001) and lymphomas: MYC, BCL and
immunoglobulin genes (Roiet al. 2003). Later, it was evidenced by using FRET-SE
(Fluorescence Resonance Energy Transfer-SensitEedssion) analysis that genes
participating in chromosomal rearrangements aré@iponed non-randomly close to each other
in nuclei of interphase cells (Gand#t al. 2012). In human thyroid TPC-1 cells harbouring
RET/PTC1 junction oncogene, FRET-SE analysis reekahergy transfer in 100 out of 105
(95.24%) nuclei and confirmed that both genes g@p#ting in this fusion are located in the
same chromosome in a close proximiglQnm) with a FRET frequency of 5.31+0.66%.
Similar results were observed for rearrangemene geairs of RET & NcoA4 (3.57+0.58%),
BRAF & AKAP9 (1.77+0.41%) and NTRK1 & TPR (2.07+B%) (Gandhiet al.2012). The

results were further counter verified by assesiREF between chromosomal loci that are
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located on separate chromosomes and do not patgcip oncogenic fusion. Thus by using
probes for RET and BRAF, visual analysis showed BT and BRAF were positioned at
variable distances far away from each other ane welocalized in less than 1% of the 1000
analyzed nuclei (Gandleit al.2012). The proximity of RET and partner genes fmawvide a
structural basis for generation of RET/PTCs regyeaments (Gandhet al. 2006; Gandhet

al. 2012) by allowing a single radiation track to pwod a double-strand break in each gene at
the same site in the nucleus (Nikiforasaal. 2000).

1.4. RET proto-oncogene

RET gene is the key player of thyoid tumorigenasid is located on the chromosome
10911.2 at peri-centromeric region and spans 2hexo humans (Takahashi et al., 1985)
while it is present on chromosome 6F1 in mouse@ndqg4?2 in rat (Gandhi and Nikiforov
2011). It encodes for a receptor tyrosine kinasé $brves as a common receptor for the glial
cell line derived neurotrophic factor (GDNF) famibf ligands [(four members: GDNF,
neurturin (NTN), artemin (ART) and persephin (PSE5antoroet al. 2002; Putzer and
Drosten 2004; Santoret al. 2004). Each ligand binds to RET in conjunctionhné cell
surface co-receptor of the GDNF family receptofGFRo family members; GFR- 1-4).
The co-receptor consists of two to three globulestggn domains linked to the cell
membrane by a glycosyl-phosphatidyl-inositol (G&ichor (Manieet al. 2001; Airaksinen
and Saarma 2002; Runeberg-Roos and Saarma 20@R)ligand first interacts with a GleR
co-receptor to form a heterodimeric complex whibknt interacts with receptor cadherin
homology domains and recruit RET into lipid raft miwane subdomains (Figure 4, 6)
(Mulligan 2014). Ligand to receptor complex bringggether two RET molecules into
cholesterol rich membranes sub-domains (or lipidtsya Thereby triggering auto-
phosphorylation (P) and dimerization for ultimatéRactivation via intracellular signalling,
through intracellular TK domain that contains asiel2 auto-phosphorylation sites (leu
al. 1996; Salvatoret al.2000; Coulpieet al.2002; Kawamotet al.2004).

1.4.1. Struture of RET

RET is a single-pass trans-membrane protein and foawr cadherin-like domains in
the extracellular (EC) region (which have a calciimding site among them that leads to the
stabilization of the EC region), a cysteine riclgioa (adjacent to the cell membrane that
promotes dimerization after ligand binding, consa@ys 609, C611, C618, C620, C630 and
C634), trans- and juxta-membrane (containing s&8B PKA phosphorylation site)
domains and an intracellular region which encomgmg®/0 tyrosine-kinase sub-domains
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that are implicated in the activation of severdtagellular signal transduction pathways
(Manie et al. 2001, Airaksinen and Saarma 2002, Sangiral. 2002, Santoret al. 2004a,
Santoro and Carlomagno 2006, Wells and Santoro ,20G@lves and Demoulin 2012)
(Figure 4). The RET gene is responsible for thresgomproteins which arise through
alternative splicing of the 3’ terminus, leadingtte® expression of proteins that differ in
number of their last amino acide. n=9 (RET9), 43 (RET43) and 51 (RET51) (Masieal.
2001; Santorcet al. 2004b; Wells and Santoro 2009). The intial/basiacsure of various
post-translational products is common until diffiethe amino acid sequences immediately
downstream from glycine 1063 (Santatoal. 2004b).

Figure 4. Schematic drawing of the
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1.4.2. Functions of RET

RET has a role in the regulation of cell growthfedentiation, survival and migration
(Tallini and Asa 2001). RET receptor is expressecddpminantly in tissues of
neuroendocrine origin. RET is required for growtid alevelopment of uro-genital system
and enteric lymphoid and neuronal tissue. GeneHawdcstudies also revealed that RET
signalling is essential for kidney development &l &s in the maintenance and regeneration
of various neurons of the enteric nervous systeany@hardtet al. 1994; Sancheet al.
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1996). It is also expressed in interstitial andcdatory immune cells (B and T-cells,
monocytes and natural killer cells) (Mulligan 2014h mice, RET is essential for
development of sympathetic, parasympathetic anérienhervous systems and kidneys
(Pachniset al. 1993; Schuchardét al. 1994). Increasing (gain-of-function) or decreasing
(loss-of-function) RET expression lead to varioba@malities including thyroid, small-cell
lung, breast, melanoma, renal, prostate and hedeck cancers (Mulligan 2014). RET was
first reported as frequently activated in human RF@scoet al. 1987) and was found also to

be involved in lymph node metastases (Grietal. 1990).

1.4.3. RET recombination and activation

The RET transforming gene was first isolated by afashiet al. following
transfection of NIH/3T3 cells with DNA of human Elelymphoma (Takahaskt al. 1985).
Firstly, four aberrant transcripts of 4-7kb werg@aded, hybridizing only kinase domain
encoding probes and not to those of transmembrnashe@xracellular domains of proto-RET
in TPC-1 human PTC cell line (Ishizakd al. 1989). RET was later found activated on
recombination between two unlinked human DNA sedgmséhakahashi and Cooper 1987):
the RET proto-oncogene (Takahashal. 1989) encoding a putative tyrosine kinase receptor
and a gene coding for a putative zinc finger protéip (Takahashi 1988; Takahagdti al.
1988). Subsequently, the RET gene was found abivesarrangements on transfection in
human gastric (Koda 1988) and colon (Ishizakaal. 1989) carcinomas DNAs. Similarly,
RET rearrangements were detected as active recatiuns in all the transfected samples
and metastasis tumouirs vivo, except in the original transfected DNA in the XBH3 cell
line (Griecoet al.1990).

1.4.3.1. Radiation exposure and RET recombination

There exist a direct link between radiation expesamd PTC development following
RET/PTC rearrangements. Development of RET/PTCniealy event in the process of
thyroid carcinogensis and thus plays a criticaé nol the generation of papillary carcinoma
(Viglietto et al. 1995). RET gene is a primary element affecteddoyzing radiations which
are direct inducers to activate rearrangementshisf gene. There are several pieces of
evidence to support this argument. RET/PTCs regeraents were frequently observed in the
thyroid carcinomas post-radiation exposure in tleas of atomic accidents (Di Cristofagb
al. 2005; Nikiforov 2006; Ungeet al. 2006). Irradiations even also induce formation of
RET/PTC fusionsn vitro andin vivo (Ito et al. 1993; Mizunoet al.2000; Caudillet al.2005;
Machenset al. 2006; Gandhet al. 2010). Exposure of cell lines not expressing RHOP
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rearrangements [8505C (human undifferentiated tdyoarcinoma cells), Daudi (Burkitt
lymphoma cell line), G-401 (Wilms' tumor or nephiadioma cell line) and HT1080
(fibrosarcoma cell line)] and fetal thyroid explanh scid mice to 50 Gy X-ray ionizing
radiations results in induction and stable expoessif RET/PTCs in the models (It al.
1993; Mizunoet al. 1997; Mizunoet al. 2000). The involvement or the presence of RET
rearrangements in PTC was firstly confirmed by RORP(Reverse transcription PCR), XL-
PCR (Xtra long-PCR), Southern blot and direct DN&&jisencing techniques in 1997. In the
study, 39 post-radiation thyroid tumors (19 PTCd 20 follicular adenomas from patients
received radiotherapy for benign or malignant disos) and 39 spontaneous tumours (20
PTCs and 19 follicular adenomas) were analysed. REafrangements were found to be
present in 84% PTCs (16/19) and 45% follicular adesas (9/20). Among spontaneous
tumors, only 15% PTCs (3/20) presented RET reaaamegts. It was concluded that RET
play crucial role in activating rearrangements &anaiour development after therapeutic or
accidental ionizing irradiations and that rearrangets are even present in follicular

adenomas after radiation exposure (Bounatei.1997).

1.4.3.2. Mechanism of RET recombination

The genetic hallmarks of PTC are chromosomal ineessor translocations that cause
recombination of the intra-cellular kinase-encodRET domain with heterologous genes,
thus causing dimerization of the domain and gemgy&RET/PTC chimeric oncogenes and
resulting chimeric oncoproteins Santagb al. 2004a; Santor@t al. 2004b) (Santoreet al.
2002; Santoreet al. 2004; Santor@t al. 2004). In normal thyroid follicular cells, therg mo
or very low RET expression and thus RE€tivation usually occurs on chromosomal
rearrangements with other genes (Menicalial. 2012). On radiation exposure, RET is
activated in thyroid on generation of oncofusionghvpartner genes via intra-chromosomal
inversions or inter-chromosomal translocations whenizing radiations lead to fusion of 3’
portion (intracellular RET tyrosine kinase) of REEne with 5 end (N-termini) of other
genes (Figure 5) (Rabes 2001; Santtral.2004; Romei and Elisei 2012). The radiations are
the main causative factor for RET genetic recontimna and lead to topoisomerase | or II-
mediated breakage in both DNA strands (Weterings@men 2008, Dilloret al. 2013, Xing
2013) at chromosomal fragile sitdse. genome regions highly susceptible to DNA
damage/breakage and chromosomal translocationso{Bet al. 2009; Menicaliet al. 2012)
in all developed oncogenic rearrangements. ThesA Didaks are usually repaired by two

pathways; either by homologous recombinations ondxy-homologous end joining (NHEJ;
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(Rothkammet al.2001; Shrivastaet al.2008) depending on the proximity of the two broken
ends (Yates and Morgan 1993; Rothkamtnal. 2001).

The dysfunction of these normal repair mechanisemdd to development of
chromosomal translocations (Gaspamial. 2007). It has recently been showed by using
FISH and ligation-mediated PCR (LM-PCR) analysiattRET and its fusion partners
CCDC6 and NcoA4enes share common FRA10C and FRA10G fragile @esow et al.
2009, Gandhet al. 2010) and thus undergo genetic recombinations dA Dreakage after
exposure to damaging stimuli. Experimental chemstahulus with aphidicolin or gamma-
radiation exposure to HTori-3 immortalized humayrdid cells (Caudillet al. 2005, Gandhi
et al. 2010) and X-rays exposure to 8505C cells (humatffenentiated thyroid carcinoma
cells) (Itoet al. 1993) or human normal thyroid tissues transplaimestid mice (Mizuncet
al. 1997, Mizunoet al. 2000) also resulted in the formation of RET/PTr€arrangements.
Thus, it can be concluded that on ionization expasDNA double-strand breaks (DSBs) are
formed and since fusion participating genes araliped at common fragile sites, so during
the breaks repair process they lead to formatiod expression of RET/PTCs fusion

rearrangements in the thyroid cells.

1.4.3.3. Activation of chimeric protein

During this gene translocation and recombinatioenevRET gene is truncated at the
level of juxta-membrane position thus lose extmad @&rans-membrane domains that exert
negative regulatory constraints. Left-over intradal tyrosine kinase domain fuses with N-
terminal fragment of a heterologous partner genegitee rise to various RET/PTC
oncofusions (Figure 5). As the inhibitory domaime bbcated in the RET N-terminal which
are lost during gene breakage thus the expressi@h of the fusion product is controlled by
the promoter of the partner gene (Medves and Dam@@12) which drives a constitutive
ligand-independent activation and expression ofréis&lting chimeric gene product and thus
an illegitimate expression of the fusion proteimiforoet al. 2004a, Puxeddet al. 2005,
Medves and Demoulin 2012). The partner gene isigtextito provide one or more coiled-
coil domains, essential for dimerization and ligandependent activation of the truncated
RET gene (Bongarzoret al. 1993, Tonget al. 1997, Monaccet al. 2001). The relocalization
of the chimeric protein to the cytosol also conitéds in the activation of the fusion product
(Castellone and Santoro 2008). The truncated gendevoid of N-terminal inhibitory
domains and also the juxta-membrane domain; amriateart of the auto-inhibited RET
dimer interface (Griffithet al. 2004, Knowleset al. 2006, Medves and Demoulin 2012),
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hence TK domain is favored to adopt a constitutatyive conformation. Furthermore, the
subcellular aberrant localization of the rearrangedtein not only prevents RET/PTC
interaction with negative regulators present asipla membrankee. tyrosine phosphatase like
Protein Tyrosine Phosphates Receptor type-J; PTIRR®Ilino et al. 2006) but also protects
it from receptor mediated endocytosis and lysosodegradation (Richardsoet al. 2009)
thus leading to an increased protein stability. iiddally, it avoids normal endosomal
trafficking and thus are poorly regulated by ubispimediated lysosomal targeting
(Richardsoret al.2009).

Cadherin domaines Junction Oncogene RET/PTCs

Cystine domaine
Exposure to Active chimeric protein

ionizing radiations
Membrane > RO H IR KRR KD
cellulaire The 3' portion of the RET gene
is fused to the 5' portion
TK1 of various unrelated genes.

TK2

RET proto-oncogene Q

Activation of signaling pathways :
Increase tumor aggressiveness
and resistance to treatment

Figure 5: Mechanism of RET recombination and activation. Under the effect
of ionizing radiations, RET gene fuses with another gene to give rise
a junction oncogene. This fusion oncogene encodes a chimeric protein, which
becomes cytoplasmic and constitutively active, to further activates the downstream
signaling pathways leading to generation of a cascade of events for tumour progression.

1.4.3.4. Effect of RET recombination on tumour prgression

RET/PTC expression causes TSH-independent prdiberaf the thyroid follicular
cells similar to cell growth in the presence of TSFC-PTC cells; PCCL3 (parental well
differentiated rat thyroid cell line cells) withastle RET/PTC1 expression showed similar
growth pattern in the absence of TSH as that of EEC¢&&lIs in the presence of TSH at 6 hrs
post-treatment (Santoret al. 1993). Over expression of either of RET/PT@IRET/PTC3
in transgenic mice leads to tumour development wéhillary histological features (Jhiang
et al. 1996; Santoret al. 1996; Powellet al. 1998). The presence of RET fusions has also
been correlated in a prospective multicentric stadyl25 subjects where the growth rate of
benign thyroid nodules was followed during 36 menitich were found to grow at a higher
rate than those having wild type RET (Sagi@l.2011).

Numerous studies have contributed to highlighttthesforming properties of RET as

well as to identify the signal transduction pathwapat participate in these neoplastic

29



transformations (Putzer and Drosten 2004, Wixedl.2011). All these pathways contribute
to the cellular transformation after elevated amst@ned RET activation while under normal
conditions it is mediated in survival signallingtipaays, of whom the details has yet to be
illustrated. Thus, RET fusions lead to the up-ragah of genes involved in cell
differentiation, growth and proliferation, cell s@gling, neo-angiogenesis, tumour invasion
and metastasis, adhesion (L-selectin) and exttalaelmatrix degradation (MMPs, uPA,
uPA-R) etc (Hwanget al. 2003, Borrelloet al. 2005, Wells and Santoro 2009, Bozcal.
2010, Menicaliet al. 2012). Once translocated and combined with RETogece, RET
fusion partner leads to constitutive activatioretiectors along the RAS-RAF-MEK-MAPK
pathway (Kimureaet al. 2003; Soarest al.2003), either by the formation of RET/PTC fusion
oncogenes (Santom al. 2002) or activating point mutations in RAS (Lenmat al. 1988;
Nambaet al. 1990; Suarezt al. 1990) or most notably BRAF genes (Cohetnal. 2003;
Fukushimaet al. 2003; Kimuraet al. 2003; Nambaet al. 2003; Soarest al. 2003; Puxeddu
et al.2004).

RET/PTC oncofusion activates the RAS-RAF-MEK-MAPIRI3K-AKT-mTOR
(Phosphatidyl-inositol-3 Kinase-mammalian targetrgpamycin) and calcium—calmodulin
pathways (Miyagiet al. 2004, Castellonest al. 2009, Guerraet al. 2013) by recruiting
signalling adaptors to phosphorylated Tyr1062 anitttracellular domain of the RET fusion
protein (Hayashiet al. 2000). That's the reason that RET/PTC is deteatedbllicular
thyroid tumours (FTA and FVPTC) where the PI3K-AK&thway has a primary role in
tumorigenesis (Xing 2010a) whose proliferative fumt is mediated by mTOR. It was also
shown that additionally to MAPK and PI3K-AKT pathyg which are required for cellular
transformation, RET/PTCs also activate addition®AF pro-inflammatory pathways to
further outline the tumour progression (Wixtetdal. 2011). Thus generation of onco-fusions
leads to start of a cascade of events that contpletedify the conformation and properties

of the transformed compared to original structure.

1.5. RET mutations, translocations and oncofusions PTC

RET is a paradigm of a single TK gene that induwtiferent types of human cancers
depending on the mutation or transformation and tiepresents one of the most frequently
occurring disorders found in human malignanciestr@al et al. 2004). Oncogenic
conversion of TK receptor occurga four main mechanisms: retroviral transduction,
genomic rearrangements, point mutations or oveesgwn (Blume-Jensen and Hunter

2001). Since, it is an important regulator of ingBular signal transduction but if mutated or
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structurally altered, it becomes a potent oncogeraeising cellular transformations by
enhanced constitutive kinase activity with quakMaly and quantitatively altered

downstream signaling (Blume-Jensen and Hunter 2001)

Different point mutations at specific sites in #dra-cellular cysteine rich domain or
intra-cellular domains (Figure 4) in the RET pratéad to constitutive activation of RET-
TK activity either by promoting dimerization or kajtering conformation and favouring
kinase activity and are thus responsible for theeltgpment of the various cancer syndromes
(Jhiang 2000, Mulligan 2014). It is well establidndat gain- or loss-of-function germline
mutations in PTKs (Griecet al. 1990; Putzer and Drosten 2004; Lodish and Strait2G08)
and/or by gene amplification (Pat al. 2006) are responsible for the development of PTC
and MTC and a subset of other rare malignancieg Igheochromocytomas and
paraganglioma (Burnichoet al.2011). Thus germline point mutations in a singtereo acid
substitutions in the extracellular cysteine-richmdin of RET cause three related inherited
cancer syndromes: multiple endocrine neoplasia /(i dEN2A and 2B) (Jhiang 2000) and
familial MTC (Enget al. 1996; Brandeet al. 2001; Santor@t al.2004) in more than 95% of
patients (Figure 6) (Mulligan 2014). These subsths make unpaired cysteine residue
capable to form intermolecular bonds and ligandepehdent receptor dimerization and
constitutive RET signaling (Asait al. 1995).

Familial MTC arise by mutation in the intracelludomain (where Y791F or S891A
mutations lead to ligand independent activatios)characterized by MTC without other
features and is generally the most indolent forrdisgase with a disease onset at a later age.
MEN?2 is an autosomal dominant multi-tumour syndraand is characterized by early onset
of MTC. Its sub-type; MEN2A is the most common dise, found in more than 90% cases,
is formed by constitutive activation of the kinasgher as monomer or dimer, ligand
activation further increase the kinase activity amd characterized by MTC and
pheochromocytoma (neuroendocrine tumor of adrereutha, in about 50% of cases) and
parathyroid hyperplasia or adenoma and/or the gkish condition (lichen planus
amyloidosis, in one-third of patientd)lEN2B is the most severe disease sub-type, is
characterized by MTC and pheochromocytoma with rotdevelopmental anomalies
consistent with known roles of RET in embryonic elepment, including marfanoid habitus
(elongated long bones and fingers, as well as Ifilgpésle joints), ganglioneuromas
(neuronal tumors) of the mouth and gut and delgyggerty (Mulligan 2014)Other rare
gain-of-function somatic mutations also includedusdenocarcinoma (Kohnet al. 2012,
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Lipson et al. 2012) and chronic myelomonocytic leukaemia (Balleret al. 2012).
Conversely, loss of function RET mutations lead cimngenital aganglionosis of the
gastrointestinal tract, leading to congenital adjangc megacolon or Hirschprung’s disease
(Angristet al. 1996, Maniect al.2001, Airaksinen and Saarma 2002).
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domain mutations domain mutations mautations

.

KD
HOOO0

¥

e

3

-

| |

Ligand-independent | Activation as
dimerization and MONOMEers, Not
activation, not Etpid raft enhanced by |
depandent {e.g. CH34R) ligand (e.g. 58914 |

Constitutive
dimerization
and cytosolic
localization

| Ligard-dependent
activation, primarily
localized to lipid rafts

Ligand-independent

activation, as dimers.ar |
: s |

monomers (&g MI1ET) |

Figure 6: Molecular nechanisms of oncogenic RET nmtations. The activation of wild-type EET
requires the hinding of a ligand (GDMF farnily tmemmber, GFLY and co-receptor (GFEo farmily member)
cotrplez. Each of these ligands interacts with EET wia a cell surface co-teceptor of the GDWNE farnily
receptor-ouf GFR.e) farmily members, which consists of two to three globular protein domains linked to the
cell metmbrate by a glycosyl-phosphatidyl inositol anchor. Fach GFL interacts primanly with a GFE co-
receptor to fortm a hetero-ditmeric comples which then recnuit EET into lipid mft mermhrane subdommains.
Once bound to the ligand-co-receptor conmplex, conformmational changes facilitate BEET monomer
association wia the cadherin domaing and lead to receptor ditnetization and auto-phosphordation (P
Howewer, mutant fonms of EET identified in Inuran cancer can hawe one of several different activation
mechanisms. Dutations (indicated by asterisks) of the extracellular domain which are found in nltiple
endoctine neoplasia type 24 (MWMEN2AY and familial WTC (FWTCY, lead to constitutive ditnenzation of
mtant BEET which may ocour anywhere in the metmbrane (not just wathin lipid mfts) FWTC REY
trtati ons that affect the intracellular dommain, such as ¥Y791F or 38914 do not seetn to requive any ligand
interaction for activation. These proteins are phosphorydated (P oand signal as monomers fagain, not
lirmited to lpid afts) and this does not seern to be increased by the presence ofligands. The most severe
group of RET mtations, which is found in WEMNZB | leads to altered conforration, increased ATP-
hinding and constitutive activation of the ldnase The kitase activity can be finther increaszed by the
presence of the BET ligands which suggests activity either as monomeric forms or dimmers. In addition,
chimeric rearrangernents of REET, az szeen in PTC (RETPTC), lung adenocarcinoma or chtonic
myelomonocytic lenkaetria result in constitutively active cytosolic proteitis. These proteins are able to
ditmerize Wa dormains that are located in the arnino-terminal regions of the chimeric protein wiich arise
fromn the pattner gene sequences that are fiised upstream of the RET kinase donain. Fef Bulligan 2014,

The RET/PTC fusion oncogenes are only present enptipillary carcinomas cells
while normal thyroid follicular cells are devoid tifese fusions and even have very low or
no expression of wild type RET (Menicali al.2012). The low expression is due to presence
of inhibitory domains in the extra-cellular N-temmal region (Medves and Demoulin 2012).

BRAF'°%E js the most common genetic mutation found in Pi€lially present at advance
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stages of cancer (Gueret al. 2013). RET/PTC rearrangements were demonstrated by
immuno-histochemical studies as a fraction of BRA&tated PTCs (Xwet al. 2003) but
others concluded that BRAF mutation and RET/PT@asgements are alternative events in
PTC (Kimuraet al. 2003, Soarest al. 2003, Guerraet al. 2012b). Only rare PTCs harbor
both oncogenes (Hendersenal. 2009) and the cases found to harbour dual alteratare
usually associated with a higher rate of diseaserrence (Hendersoat al. 2009). But
recently simultaneous occurrence of BRAF mutatiod RET/PTC rearrangement has been
found by pyro-sequencing and Southern blot analgsiRT-PCR products in about 20%
cases i.e. 14 PTCs out of 72 total samples. Inrotleeds, half of the tumours harbouring
RET/PTC were found to have BRA®’ and thus was concluded that concomitant
appearance of the two is a frequent event in PT@e(@et al. 2013). The role of RAS
oncogene in thyroid carcinogenesis has been extdpstudied (Ungeet al. 2004, Guerra
et al. 2011, Leeet al. 2011, Vitale 2012) and is more oftenly found inGF&and ATC while
approximately 10% of PTCs harbour RAS (Omur andaB&014). The occurrence of all
three RET/PTC fusion, BRAF and RAS mutations imngls PTC has been debated for long
time and now has been accepted as a rare co-occerréhus, there is a need to explore
more crucial genetic events in relation with RET@Pfiearrangement in PTC progression
(Vitale 2013).

Although, RET/PTC rearrangements are usually foundcadiation-induced tumours
but have also been detected in variable proportedrsporadic or non-radiation associated
papillary carcinomas. RET/PTC fusions are more comgnfound in classical PTCs but can
also occur in benign FTA (follicular thyroid adena)rand follicular variant of PTC (FTC)
(Marotta et al. 2011). RET rearrangements were found in 84% (26/9 papillary
carcinomas and 45% (9/20) of follicular adenomath@patients received external radiations
for benign or malignant conditions (Bouna&ral. 1997). Similarly, somatic chromosomal
rearrangements of RET (RET/PTC) are found in bgibradic (5-30%) and radiation-
induced (60-70%) PTCs (Jhiang 2000). As an estimptto approximately half of the PTC
cases in the United States and Canada harbour RET#arrangements.

So far about 13 RET/PTCs fusions have been idedtifiherein RET fuses with 12
different other genes (Menicadt al. 2012, Romei and Elisei 2012) but the most commonly
found rearrangements are: RET/PTC1; an inversiah fagion of RET with H4/CCDC6
[coiled-coil domain-containing gene 6, position:2Q¢q inv(10)(ql11.2921] Griecet al.
1990), followed by RET/PTCS3; occurs between RET Bh&#1/NcoA4 (nuclear receptor co-
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activator 4, position:10q11.2, Bongarzaeteal. 1994, Santor@t al. 1994) and occasionally
RET/PTC2; RET+R1 encoding the regulatory subunit of protein kinAde translocation of
3' RET-TK with 5" Ré:: t(10;17)(q11.2;923)] (Sozat al. 1994, Tallini and Asa 2001). Both
RET/PTC1 and RET/PTC3 are intra-chromosomal patdacenversions because RET and
the fusion partner genes (H4/CCDC6 and ELE1/Nco/4¢ located on the same
chromosome 10q (Griecst al. 1990, Pierottet al. 1992, Minolettiet al. 1994, Santoret al.
1994). While RET/PTC2; a chromosomal translocaklietween RET (at chromosome 10) to
RIA gene (on chromosome 17) and other rare fusawasnter-chromosomal translocations
(Sozzi et al. 1994, Castellone and Santoro 2008, Menigadlial. 2012). These RET
rearrangements were mostly reported in young peegpacially in children of 5-18 years,

although the pattern of sites of translocation different (Nikiforov et al. 1997).

1.5.1. CCDC6/H4/D10S170 (Coiled-coil domain-ctaining gene 6)

RET/PTCL1 is the most commonly found rearranged foflRET in sporadic papillary
carcinomas. Combined cytogenetic and molecular yaisaldemonstrated a paracentric
inversion of the long arm of chromosome 10; inv(f¥)1.2921), at the origin of the fusion of
RET with H4/D10S170 (Pierottet al. 1992) where RET fuses with first 101 amino acitls o
H4/CCDC6 [D10S170; DNA segment on chromosome 10q(e) 170] (Puxeddwet al.
2005; Merollaet al. 2007). Virtually, the resulting translocated RHEiBibn protein is folded
into coiled coils hence named (Santetal.2006).

The gene encoding H4 is present on chromosome 1®dgihumans, on 10B5.3 in
mouse and on 9936 in rat (Gandhi and Nikiforov 30H4 is a ubiquitously expressed
nuclear and cytosolic protein of 55 kDa moleculagitght which is phosphorylated by
extracellular signal-regulated protein kinase fwilog serum stimulation and is demonstrated
to have pro-apoptotic activity (Celettit al. 2004). It not only provides a recombination
domain of 60 amino acid fragment (Mero#iaal. 2007) for ligand independent activation of
the RET tyrosine kinase in PTC but also recombingh PDGFR gene located on
chromosome 5, in a typical chronic myelogenous éeuik characterized by a
t(5;10)(g33;922) translocation (Kulkarat al. 2000; Schwalleet al.2001). H4/PTEN fusion
was also reported in cell lines derived from spoatas or after ionizing radiation exposure
benign and malignant human thyroid tumors and imdru PTC specimens (Puxeddual.
2005). This suggests that H4 gene has high subdgptifor recombination with various
partners (Merollaet al.2007).
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CCDC6 (or H4) was the first RET-associated oncogdisgovered in 1990 by
transfection assay (Grie&t al. 1990) and cloned and sequenced in 1994 (Geéab. 1994).
H4 nucleotide sequence of 3 kb transcript has an aopading frame (ORF) of 585 amino
acids and the respective protein has no transmemltamain. The extensive regions in the
alpha helical conformation have a 30% homologyhe same domains of several other
proteins like tropomyosin, vimentin, keratin anc ttail region of myosin heavy chain. A
putative SH3 binding site present at the carboxmiteus suggests it role as a cytoskeletal
protein (Griecoet al. 1994). Primer extension assay revealed the trgtiscral start sites of
H4 to be localized in a region of 100-190 bp umstreof the translation initiation site (ATG)
while the by luciferase assay H4 promoter was fownd region at 259 bp upstream of the
ATG site (Tonget al. 1995). Interestingly, protein sequence analysiicated a potential

coiled-coil domain in the N-terminal region of HAohget al. 1995).

1.5.2. NcoA4 /ELE1/RFG (Nuclear receptor coactator 4)

RET/PTC3 (RET/ELEL1) fusion was firstly detected6irout of 18 PTC cases positive
for RET fusions (Bongarzonet al. 1994). Northern blot and PCR analysis with ELE1
specific oligonucleotides showed that it is ubiqugly expressed in different human tissues
including normal thyroid gland and using a paneéhaman-rodent somatic cells hybrid DNAs
it was determined to be localized on chromosoméBlhgarzoneet al. 1994). The hybrid
fusion RET/PTC3 gene was found to be associateth syinthesis of 2 constitutively
phosphorylated isoforms (p75 and p80) of the onuteyom in Western blot (Bongarzoet al.
1994; Santorcet al. 1994) which were generated by alternative spliafghe C-terminal
portion of RET gene (Bongarzoret al. 1994). Concurrently, in another laboratory, this
oncogenic version of RET proto-oncogene was contonthy identified in a case of PTC
where constitutively active tyrosine kinase domafirRET was reported to fuse with a new
790 bp long sequence; was named accordingly as-tetd Gene (RFG) (Santost al.
1994). Despite to have the homology in the sequetihee gene was named differently by
different laboratories accordingly as it was degdct

Later, the members of multiple nuclear receptorempslatory proteins were firstly
introduced on discovery of proto-typical nucleacagtor coactivator; Steroid Receptor
Coactivator 1 (SRC1) in 1996 (Katzenellenbogral. 1996). This family of co-regulatory
proteins includes both coactivators and corepressord plays an important role in
modulating physiological and pathological functimissteroid hormone and of other nuclear
receptors. Nuclear receptor coactivator-4 (NcoA4dne of the family members and plays a
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role in development, carcinogenesis, inflammatemythrogenesis and cell cycle progression
(Kollara and Brown 2012). It is found to ubiquitbusexpress in adult mouse tissues
including heart, adrenal gland, lung, intestindesp, skeletal muscle and brain (Yeh and
Chang 1996; Sirietet al. 2006; Kollara and Brown 2010) excluding cerebatex (Yeh and
Chang 1996) while there is controversy about presé¢Siriettet al. 2006) and absence (Yeh
and Chang 1996) of hepatic expression. Recentestigdiggest that NcoA4 may also play role
in cancer development and progression that mayntependent of its role as a receptor

coactivator (Kollara and Brown 2012).

1.5.2.1. Structural properties of NcoA4

The gene encoding NcoA4 is found on chromosome 1Qqin humans, 14B in
mouse and on 16p16 in rat (Gandhi and Nikiforov1)0The gene consists of ten exons in
both species, resulting in mature transcripts emgpdroteins of 614 and 625 amino acids in
human and mouse respectively (http://www.enseng).ofwo NcoA4 transcript variants
have been identified todate in humans: a full-lanfgtoA4 cDNA that encodes a 614 amino
acid protein (NcoAd) with an estimated molecular weight of 70 kDa (Metd Chang 1996)
and a shorter cDNA possessing an internal 985 paiseleletion encoding a 296 amino acid
protein (NcoA4$) with an estimated molecular weight of 35 kDa (A&t al. 1999). Amino
acids 37-167 and 198-332 of the human NcoA4 seguemcrespond to evolutionarily
conserved regions referred to as ARA70 family deomwai and Il respectively. Human
NcoAda and ARA70N contain two nuclear receptor interactiaotifs: an LXXLL motif
(LYSLL, where L = leucine, Y = tyrosine and S =ise)), initially identified in p160 family
members (Heert al. 1997), located in the N-terminal region (92-96 mmnacids) and a
FXXLF motif (FKLLF, where F = phenylalanine, K =diyne and L = leucine) at 328-332
amino acids (Heinleiret al. 1999; Zhouet al. 2002). LXXLL motif is involved in the
interaction of NcoA4 with PPAR VDR and TR (Heinleiret al. 1999; Mooreet al. 2004;
Ting et al. 2005) while FXXLF motif interacts with ligand bimdy domain (LBD) of AR and
PR (Zhouet al. 2002; Hsuet al. 2003; Huet al. 2004; Dubbinket al. 2006). Site-directed
mutagenesis studies provided the evidence that FXXbtif is essential for NcoA4—-AR and
NcoA4—PR interactions (Hset al. 2003; Dubbinket al. 2006; van de Wijngaasdt al. 2006).
Although exogenous androgens like dihydrotestoster(HT) and testosterone promote
NcoA4—AR interaction (Yeh and Chang 1996; Hsiao @tdng 1999) but this interaction
could also occurs in the absence of exogenous gedr@Alenet al. 1999). The mouse full

length NcoA4 sequence is notably different from hunsequence and devoid of LXXLL
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motif and thus only contains FXXLF motif at aminoids 334-338 (Kollara and Brown
2012) (Figure 7).

NCDA4
NeoAda

1 238 26 614 na
Nt pPd RN [} coou  NcoAdp

XLl
1 401 am
! ARATON
A ) . RFG/PTC3

LXXL1
Figure 7: Schematic representation of human NCOAJ variants, ARATON and RFG/PTC3. Ensembl
Human Genome Browser software indicates the NCOA4 gene consists of 10 exons. The full length NcoAd
cDNA encodes a protein of 614 amino acids {NcoAda). Conserved ARAT0 domain I {amino acids 37-167) and
domain IT (amino acid 138-332) are shown as hatched areas and include a FXXLF and LXXLL motif, The
FXXLF motif located at amino acids 328-332 is involved in interaction with AR and PR. The LXXLL maotif
located at amino acids 92-96 is involved in interaction with VDR, TR and PPARc, Amino acids 231-321 and
441-556 are necessary for optimal AhR co-activation. The shorter NcoAd4 variant (NcoA4f) lacks intemal
amino acids 238-556 of NcoAds and lacks the FXXLF motif and most of ARA7T0 domain 1. ARATON
consists of the firs 401 amino acids of NcoAdo and thus contains both the LXXLL and the FXXLF motifs.
RET Fused Gene (RFG/PTC3) is a fusion protein consisting of the first 238 amino acids of NcoAd joined to
amino acid 712 of the C-terminal region of RET. Thig fusion protein thus contains the RET tyrosine Kinase
domain at armino acids 724-1005. Ref: Kollara and Brown 2010.

1.5.2.1. Functional properties of NcoA4

Yeh and Chang firstly described the function ohattNcoA4 gene product in yeast
two-hybrid screen as an androgen receptor (AR)rantang protein and was shown to
potentiate AR transcriptional activity (Yeh and @hal996). Thus was referred to as
Androgen Receptor (AR)-associated protein 70 (ARASIAce it was initially thought to be
AR-specific. However, subsequent studies indicéitedl NcoA4 interacts with and regulates
the function of verious other nuclear receptorsuding estrogen (ER) (Lanzinet al. 2005),
progesterone (PR) (Gaat al. 1999), glucocorticoid (GR) (Gaet al. 1999), vitamin D (VDR)
(Ting et al. 2005), thyroid hormone (THR) (Mooret al. 2004), peroxisome proliferator-
activateda andy (PPARxy) (Heinlein et al. 1999; Heinlein and Chang 2003) and aryl
hydrocarbon (AhR) receptors. It has also been tedan both female (uterus and ovary) and
male (prostate, testis, seminal vesicles, and @yaidis) murine reproductive tissues (Thah

al. 2002; Kollara and Brown 2010) and found highly mgsed in mouse ovarian surface
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epithelial (OSE) cells compared to other ovarialisc€&sene expression profiling of these
murine OSE cells at different reproductive stagebcated the highest NcoA4 expression at
pro-estrus compared to estrus, mid-pregnancy andnjle stages (Gavat al. 2008).
Similarly, in human uterine myometrium showed higNeoA4 levels in pregnant compared
to non-pregnant tissues (Rehnmetral. 2003); suggesting that reproductive hormones etgul
its expression. Real time RT-PCR also detected McoARNA expression in human
luteinized granulosa cells in oocytes framvitro fertilized patients (Changt al. 2005) and
was positively correlated with bBRand aromatase expressions. Thus, NcoA4 have isigmif
contribution in development of follicles and hormabnegulation during various reproductive

stages.

1.5.2.3. Role of NcoA4 as an androgen receptor oegulator

NcoA4 is mostly involved in increasing the tranptional activity of AR (Kollara and
Brown 2012) to at least 10 folds by ligand-dependeteraction (Yeh and Chang 1996; Yeh
et al. 1999). However, most of the studies were performvéti ARA70N rather than full
length NcoA4 and thus it was established that Nieal portion of the protein provides
optimal AR interaction and transactivation enhaneetr(Yehet al. 1999; Yehet al. 1999;
Thin et al. 2002; Rahmaret al. 2003; Chen and Chang 2007). The studies withlémigth
NcoA4 generally report lower levels of AR poteritatin the range of 2-6 folds (Alest al.
1999; Gacet al. 1999; Zhouet al. 2002; Bonagur&t al. 2007; Kollara and Brown 2010; Wu
et al. 2011) which suggests that C-terminal region mightbors inhibitory sequences.
Similarly, though N-terminal region (amino acid$01) of mouse NcoA4 interacts directly
with the LBD of AR but full length sequence is radile to interact with AR (Sirietét al.
2006), which further supports the existence of i@teal inhibitory effects. Interestingly,
despite lacking the FXXLF motif and flanking resesy NcoA4$ is also an effective AR
coactivator as NcoAd«d (Alen et al. 1999; Penget al. 2008), likely due to its interaction with

the N-terminal AR domain.

A unique aspect of NcoA4 activity at the AR isriéported ability to diminish ligand
specificity (Kollara and Brown 2012). Over-expressdf NcoA4 has been shown to enhance
AR transactivation induced by ligands other thativacandrogens like Pfestradiol (E2)
(Yeh et al. 1998; Hanet al. 2001; Chen and Chang 2007), androstghé&7B-diol (Adiol)
(Miyamoto et al. 1998) and the phytoestrogen daidzein (Chen anash@B807) which may
have negative implications for the success of homhoherapies used in the treatment of
prostate cancer. Other ER ligands such as dieillbygstrol (DES), estrone, &festradiol and
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tamoxifen fail to induce AR transactivation in tipgesence of NcoA4 overexpression,
indicating that this effect is ligand-specific (Yehal.1998).

1.5.2.4. Potential involvement of NcoA4 in PTC mgression

The involvement of NcoA4 in RET/PTC3 fusion oncoges has been extensively
studied (Santoret al. 1994, Powelkt al. 1998, Monaceet al. 2001, Richardsoet al. 2009,
Gandhi et al. 2010, Kollara and Brown 2012). The ligand indeperiddimerization of
RET/PTC protein leads to chronic stimulation of MABNnd PI3K-AKT signalling pathways
and thus transformation and increased proliferatibthyroid cells (Richardsoat al. 2009;
Nikiforov and Nikiforova 2011). The oncogene alsuivaates NF-kB and pro-inflammatory
mediators in thyroid follicular cells (Russell al. 2004). Transgenic mice expressing human
RET/PTC3 develop thyroid hyperplasia and metastaticer (Powelt al. 1998).

1.6. RNA interference (RNAI)

RNAI was first discovered in 1998 when dsRNA waso to cause sequence-specific
gene silencing in nematode wofaenorhabditis elegan@-ire et al. 1998). Three years later,
siRNA was successfully demonstrated to be used ammmalian cells for specific gene
knockdown (Capleret al. 2001; Elbashiet al. 2001). The first successful use of siRNA for
gene silencing in mice was started from hepatitisst@rtly thereafter (Spankuch and
Strebhardt 2005). Since then RNAI has been extelysivsed for the treatment of various
diseases including cancer (Dawsal. 2010, Gilbert-Sirieixet al. 2010, Hobelet al. 2010,
Kogaet al.2010, Guntheet al.2011, Feng and Guang 2013, Mollaieal.2013).

RNA interference (RNAI) is a powerful gene-silergiprocess that holds great
promise in the field of cancer therapy. RNAI is @sptranscriptional mechanism of gene
silencing through chromatin remodelling, direct mRMNegradation or inhibition of protein
translation (Caplen 2004, Dorsett and Tuschl 2@kgankaret al. 2005, Ramachandran and
Ignacimuthu 2013). It can be induced by introduttiof single stranded DNA or RNA
sequences of 13-25 bases called as antisense wlgotides (AS-ONSs), by plasmid DNA
(PDNA) that expresses short hairpin RNAs (shRNAS)iolw subsequently processed to
siRNAs by cellular machinery (McManus and SharpZ(xherret al. 2003; Kim and Rossi
2007) or by synthetic small interfering RNAs (siR®)Aconsisting of 19-27 base pairs in
length. The silencing activity by these major apglees is highly sequence specific and
although is due to their base-pairing capacity watmplementary cellular nucleic acid

sequences but their method of gene inhibitionlatixely different.
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1.6.1. Antisense Oligonucleotides

AS-ONs selectively inhibit the expression of targenes by hybridizing with their
specific ‘sense’ sequences in messenger RNA (MRNA)NA (Akhtar and Agrawal 1997)
molecules. Ribonuclease H (RNase H) takes up thredecules and help in the degradation
of complementary target mRNA in a catalytic manfalder and Walder 1988, Eder and
Walder 1991, Schultz and Champoux 2008, Tadokomb kanaya 2009). This enzyme
specifically cleaves the target RNA strand of RNAheteroduplexes, leading to release of
AS-ONs and to bind with another target mMRNA stréWhlder and Walder 1988; Sitikov
2012).

1.6.2. Small interfering RNAS

Synthetic siRNAs are small double stranded RNAR[KS) and are substrate of
RNA induced silencing complex or RISC (Figure 8)cfanus and Sharp 2002). The
introduction of foreign dsRNA initiates a potenscade of sequence-specific degradation of
endogenous mRNA after binding a complementary mRE@uence in the host genome (Fire
et al. 1998; Wilson and Doudna 2013). A dsRNA, as fairaspduced into the cytoplasm, at
first initiation phase, is processed by the RNdkerizyme Dicer to cleave the long strand
into small pieces of 21-23 nucleotide duplexes (keal. 2004; Lim doet al. 2008) having
5’phosphate and 3’hydroxyl groups with 2’overhan@tamilton and Baulcombe 1999;
Tuschlet al. 1999) and are called as small interfering RNAse o strands of this duplex
are then separated, the sense strand (passergedl)sis degraded while anti-sense strand
(guide or active strand) is used for gene sileneind serves as a template for recognition of
homologous mRNA containing a complementary shaytisece, usually in the 3’'untranslated
region. During the second effector phase, the siRldflve product assembles into a multi-
protein RISCvia an ordered pathway (Lim det al. 2008). Then RISC associated siRNA
strand is guided to a homologous sequence in aettangRNA and triggering its
endonucleolytic cleavage and degradation by argticgtein; Argonaute-2 (Ago2, hAGO2 in
humans; an enzyme of the RISC complex) (Steven83,2eeet al. 2004c, Sontheimer
2005). The target mRNA is thus cleaved at a sitthéncenter of the duplex region between
the guide siRNA and the target mRNA, at about 1€lentides from the 5’end of the siRNA,
resulting in gene silencing (Figure 8) (Elbas#tiral. 2001a, Elbashiet al. 2001b). The anti-
sense strand of the siRNA is protected within th&dRcomplex and therefore is preserved as
a catalyst to degrade additional copies of theetangRNA once released from RISC complex

11t should be noticed that a review was wrote by me on this field (Ali ef al 2012).
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of first cycle. Although it was initially believethat effective RNAI require almost complete
sequence homology throughout the length of the mRMAIt now appears that as few as

seven contiguous complementary base pairs cant direceffective RNAi-mediated gene
silencing (Jackson and Linsley 2004; Sitikov 2012).

Figure 8: Molecular mechanism of
siRNA mediated gene-silencing pathway.
Upon entry into the cytoplasm, an enzyme
Dicer processes and trims the double
~ stranded RNAs into short RNA pieces
. called as small interfering or siRNAs.
These processed siRMAs are incorporated
into the RNA-induced silencing complex
{RISC). The sense strand of the duplex is
separated and degraded. While anti-sense
strand along with RISC complex attaches
with the target messenger RNA, in a
sequence specific manner, to trigger its
cleavage and degradation by the slicer
protein; Argonaute-2, resulting in target
gene silencing. Thus siRNA serves as a
template for recognition of homologous
target mRNA containing a complementary
sequence.

These siRNAs  sometimes  lead to
unintended  degradation of non-target
mRNAs due to partial complimentarity in
sequence. If siRNAs are recognised as
foreign, can lead to activation of immune
system by release of type-l interferon
{IFN). interleukin-8 and TNFo. These
effects are called as off-target effects.

Ref: Stevenson 2003,

1.6.3. Application and uses of RNAI technology

Deregulation of gene expression is a common fedtureancer. The possibility to
inhibit the expression of an oncogene at the mR&l&ll instead of blocking the function of
the gene product, elicited a great interest in thid as a potential therapeutic application
since long time. Therefore, RNAI offers promisingwn opportunities to very specifically
target the genes deregulated in various patholoBiE#i technology has been used to silence
the expression of dominant mutant oncogenes, tdbitnflgene amplifications and
translocations and to restrain the function of IMmacogenes and their interaction with other
genes in a number of critical cellular pathways Eyar-Zazouaet al. 2005, Leung and
Whittaker 2005, Pagt al.2006).

RNAI tool can be used to target a large number efeg involved in a number of
distinct and critical cellular pathways especiatiycancer development and progression. Most
of the RNAI candidate genes are involved in thénywalys that contribute to tumor growth;
eithervia increased tumour cell proliferation or reduced dumcell death or both, mutated
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cancer oncogenes, negative regulators of endogemousr suppressors and also proteins
involved in cellular senescence or protein stabiéihd degradation. In this context, major
cellular pathways altered include receptor tyrosimase (RTK), adenomatous polyposis coli
(APC), glioma-associated oncogene (GLI), phosphaiiie 3-kinase (PIK3), hypoxia-
inducible transcription factor (HIF), retinoblastar{Rb), p53 and apoptosis (APOP) pathway
(Vogelstein and Kinzler 2004). RNAI was also appliagainst the genes involved in cell
cycle regulation and progression, tumour growth ametastasis, anti-apoptotic proteins,
repair molecules against the damage caused by chamdoradiotherapies. RNAI inhibiting
pro-angiogenic genes also serve as a potentiakecdherapy by halting blood and nutrient
supply to the proliferating tumours tissues. siRMNgainst VEGF (Filleuret al. 2003;
Schiffelerset al.2004; Takeket al.2004) and carcino-embryonic antigen-related atlegsion
molecule-1 (CEACAM1) was found to limit VEGF-indutemorphogenesis (Kiliceet al.
2005) and extra-cellular matrix degradation enzyn®steine and serine proteases and
matrix metalloprotease) to retard tumour angiogenasetastasis and growth progression
(Edovitsky et al. 2004, Gondiet al. 2004a, Gondet al. 2004b, Lakkaet al. 2005) and then

leads to decreased tumor angiogenesis, metastastaraour progression.

Nevertheless the presence of tumor-specific amgigemd the established cell and
antibody mediated immune surveillance system; nitgjoif tumors manage to escape from
body immune response and immune-mediated destnu@ioong and Restifo 2002; Duret
al. 2004). Thus an effective RNAI leads to efficiemimune response against tumor ceills
vitro andin vivo (Gorelik and Flavell 2001; Yiet al.2003; McCarthyet al.2004; Rubinstein
et al. 2004). RNAI therapy also targeted multidrug resise genes to counterazncer
resistance against chemotherapy and the effluxhefmotherapeutic agents in various cell
models (Wuet al.2003; Duaret al.2004; Penget al.2004; Yagueet al.2004; Zhang and Li
2013).

1.6.4. Merits of SiRNA

It is now well known that siRNAs and AS-ONs canibititheir specific target genes
and therefore could be used for the treatment afiyndisease conditions (Sitikov 2012;
Ramachandran and Ignacimuthu 2013). Their high iBpieg covering a wide range of
biomedical applications allows the inhibition ofgat proteins that are not easily accessed
and modulated by conventional small molecular weggtprotein drugs (de Fougerolletsal.
2007). The siRNAs can be designed against any meailibe entire genome including any
anti-apoptotic gene, tumour survival or growth patimg factor, the participant of a
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signalling pathway or a gene essential for cellvisat or proliferation. Small interfering
oligonucleotides could be used to target oncogeraoscription factors which are not
accessible by conventional drug therapies and ceqlehlly be employed to eliminate the
cancer stem cells within a tumour that are relftivesistant to chemotherapy and radiations.
The drug efflux systems that are a source of dagjstance are also not able to eliminate
these small RNA drugs. Once a target is identifiethkes much less to design and assess a
potent SiRNA candidate compared to relatively Igegiod to identify an active chemical
compound. The amount required for an efficient eanmhibition is extremely low
(picomolar) for siRNA compared to therapeutic dasea drug (Petrocca and Lieberman
2010). RNAi-based therapeutics are able to blodfemntiation or can cause death of a
highly malignant (sub)population of tumor-initiagircells that may be responsible for tumor
resistance, relapse, possible metastasis, migistaesto conventional cytotoxic therapies or
which are disseminated in the body in the metastathcers and not possible to control by
surgical intervention (Petrocca and Lieberman 2010)

1.6.5. Drawbacks of sSiRNA
Along with desired effects of target gene silegcisiRNAs also lead to induce
unintended consequences including immune stimulatiaxicity and off-target silencing in

addition to transitory interference due to misgetlaus reasons (Kanasyal.2012).

1.6.5.1. Transitory gene silencing effects

The efficiency of siRNA is limited due to shortdig nature of siRNA itself and thus
transient gene silencing effects due to relatigtaibility in the biological fluids. Extracellular
gradation of siRNA peaks around 36—48h after itsyeand begins to decrease after 96h
vivo. According to the type of target tissue or céle RNAI efficiency varies as well, due to
difference in ability of target to take-in SIRNAh& level of gene silencing also not remains
absolute because of high inter-individual variatiytheret al. 2005).

Linked with available level of siRNA is the durati@f gene silencing activity. The
efficiency decreases on dilution of sSiRNA concetndrabetween dividing daughter cells with
repeated cell divisions. This is especially importan physiological active and rapidly
proliferating (tumour) cells, peaking at around&ysl and lasting for approximately 1 week.
Whereas the gene silencing duration in differeatlabr slowly dividing cells is relatively
long which might be up to several weeks (Shardtaal. 2005). Efficiency is also affected by

ongoing cellular enzymatic degradation and serumaged which degrade these
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oligonucleotides and thus subsequenlty are excraetethe reticuloendothelial system (RES)
and rapid renal filtration (Julianet al. 2009). Similarly, inhibition of cell differentiain or
cell cycle arrest or senescence could be reverigdsiRNA dilution. Thus a prolonged gene

silencing is required for a stable therapeutica@f{fetrocca and Lieberman 2010).

1.6.5.2. Non-specific and off-target interference

Although RNAI is proficient in gene silencing busa shows the effects independent
of specific gene targeting, the so-called off-targiects, due to similarities in nucleic acid
sequences (Scherr and Eder 2004). If sSiRNA havartigd complimentarity to a non-target
MRNA, it can repress translation of unrelated genas subject unintended degradation of
MRNA or can enhance activity of other genes (Jatks@l.2003, Holeret al. 2005, Kanasty
et al. 2012) and thus can also lead to toxic outcomedqfé® et al. 2006). Similarly, if the
passenger strand is incorrect selected by RISCpierjlthis not lead to destruction of guide
strand and only also lead to reduced inhibitiortanfiet gene but also silencing of off-target
genes complementary to this selected passengerdsfkanastyet al. 2012). Expression
profiling of different sSIRNAs targeted against teeame transcript revealed that as small as
seven nucleotides complementarity between the &'0éi3iRNA strand to a mRNA can cause
an adequate reduction in transcript levels (Saxegnal. 2003, Jackson and Linsley 2004,
Sitikov 2012). Similarly, sequence-independent gamnapression is also observed (Kariéo
al. 2004; Kleinmaret al. 2008; Choet al. 2009) which might be due to large size (21bp or
more) (Sledzet al. 2003) or high concentrations (Bridge al. 2003; Sledzet al. 2003) of
SiRNAs.

1.6.5.3. Activation of immune response

Recognition of siRNA as foreign by immune sensdrisieading infection can leads to
activation of immune system and the release of-typterferon, interleukin-8, TNé& (Kariko
et al. 2004, Charlaftiset al. 2012, Kanastyet al. 2013) and/or pro-inflammatory cytokines
response (Petrocca and Lieberman 2010) which cah tle systemic inflammatiom vivo
(Samuel-Abraham and Leonard 2010). Even sequensdRdfA can cause off-target effects
due to imperfect pairing of guide strand with sewgemotifs primarily in BUTR regions of
cellular mRNAs and are called as microRNA-like tafget effects (Jackson and Linsley
2010). Both siRNAs and shRNAs activate macrophageprimary dendritic immune cells
by specific endosomal toll-like receptors (TLR3% B) that recognize these RNAs as foreign
and trigger a proinflammatory response (Sletal. 2003; Karikoet al. 2004). Upon siRNA
binding, there is also activation of cytosolic RN#ding proteins like protein kinase R
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(PKR) which then triggers the phosphorylation okayotic initiation factor 2 (elF2x) and
nuclear factonB (IxB-a) signalling, thus leading to a global inhibitiohmaRNA translation
through production of type-I interferons & - (Starket al. 1998, Sledzt al.2003, Garciaet
al. 2006, Marquesgt al.2006, McAllisteret al.2012).

1.6.5.4. Miscellaneous flaws of siRNA therapy

Among the miscellaneouside effects of siRNA, there include the developiman
resistanceagainst siRNA therapy through mutation in target sequendeclv make the
previously efficient siRNA ineffective (Westerhoei al. 2005; Wuet al. 2005), competition
with  RNAi machinery modulate normal gene regulatibg endogenous microRNAS
(miRNAS) (Khanet al.2009), target sequence inaccessibility due to somysical hindrance
caused by RNA-binding proteins or due to complecorsdary structures (Westerheett al.
2005; Paiet al. 2006). Mutations in RNAi machinery like RISC order could also be a
cause of inefficiency of RNA silencing (Lest al. 2004; Lim doet al. 2008). Interferon-
mediated activation of certain interferon stimutbtgenes (ISGs) like Statl, 2’-5'-
oligoadenylate synthetase 2 & 3 and interferon afgla transmembrane proteins 1 & 2 were
also observed at all (10nM, 25nM, 50nM and 100nbhaentrations of SIRNA (Sledat al.
2003). On activation, oligoadenylate synthetassesia sequence independent degradation of
cellular single stranded RNAs by activating RNa¢8ledzet al. 2003). Since transcriptional
gene knock down does not affect pre-existing pnstethus post-translational products with a
long half life cannot be affected, despite an edfit SIRNA gene silencing (Pat al. 2006).
Briefly, multiple sequences should be targeted attipie targets should be addressed with
siRNA therapy in a single model to achieve a theusip gene silencing (P&t al. 2006).
Thus, siRNA have numerous non-specific and comitigaeffects beyond the selective

silencing of target genes.

1.7. Hurdles of siRNA based cancer therapies

The mostchallenging hurdle for translating RNAIi technolofpm an effective
research tool into a feasible therapeutic strateglye efficient delivery of these molecules to
the target cellsn vivo. Delivery of siRNA to the target cell/tissue/orgmsna key challenge
because the biological efficiency of siRNAs is hanmgal by their short plasmatic half-life in
the potentially dividing cells.e. between 36-48h in the rapidly dividing and arosederal
weeks in slowly growing cells (Rythet al. 2005). They are unable to transverse intact cell
membranes to significant degree due to their highjigrophilic and anionic character (De
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Paulaet al. 2007; Fuchs and Borkhardt 2007; Aigner 2008; Guo lduang 2011; Alet al.
2012). There is no natural mechanism for the higiylgrophilic polyanionic macromolecules
to traverse the cellular membrane and due to tagore the bioavailability of these agents in
the intracellular compartment is minuscule. Theg atso relatively unstable in serum
containing mediumiig vitro) or in blood {n vivo) in their native form as they are degraded by
nucleases and are also rapidly cleared from they lmydrenal excretion or might form

aggregates with serum proteins (Juli@b@l.2009; Guo and Huang 2011).

Another key barrier for siRNAs to reach the targeda is the phagocytes of the RES.
These cells monitor the blood and remove foreigtenals such as bacteria and viruses and
also tend to treat administered macromoleculessliR&As as foreign (Setét al. 2012), thus
accumulating these materials in hepatic Kupfferlsgesplenic macrophages and other
phagocytes rich sites (Underhill and Ozinsky 2008)parallel, the systemic exposure of
SsiRNAs can also induce some non-specific innate asglired immune responses against
oligonucleotides CpG motifs (Krieg 2002). Passimgotigh the vasculature, ONs must
disseminate through the extracellular matrix (ECMhich is a dense network of
polysaccharides and fibrous proteins that alsodnir@Ns diffusion towards the target cells
(Zamecniket al.2004).

Similarly, siRNA have also to face several otherdhes like susceptibility to
nucleases, transient or poor biodistribution in tin@our tissue, non-target cellular or tissue
up- or intake, inability to escape from endosonyss8omes into the cytosolic compartment
etc (Sethet al. 2012). Thus, the revolutionary potency and selidgtof SIRNA can enable
improved targeted cancer therapeutics, if the gpp@ate means of systemic administration
and targeted distribution to disseminated metastasions is employed (Schiffeleet al.
2004).

1.8. Strategies to improve siRNA design and therapéc effects

Although, siRNAs have medicinal application as driig human gene therapy with
high specificity for molecular targeting; howevénge target delivery of synthetic siRNA is
still an unresolved issue. The vivo delivery of siRNA depends on its structure, chehic
modifications and substitutions and delivery foratigns, affecting its stability in circulation,
tendency to extravasate blood vessels, bio-distobuability of intra-cellular penetration and

clearance from circulation without being delive(&nastyet al.2012). Thus, instability and

46



degradation issues need to be resolved beforepioieihe full efficiency of SIRNA in gene

silencing.

Various structural chemical modifications like stifogion in the nucleotide linkages,
resistant to exonuclease cleavage or cholestemgugation via binding with low-density
lipoprotein (LDL) and/or attaching a lipidic, pegitt or polymer moietgan improve the half-
life of small RNAs in serum and extra cellular dai(Soutschelet al. 2004, Wolfrumet al.
2007, Whiteheackt al. 2009, Kanastyet al. 2013). Chemical modification of guide strand
seed region by'20Me specifically at position 2, diminished the-tdfget effects to about
80% in a microarray study (Jacksen al. 2006). In addition, by complexing with larger
particles, naked small RNAs could be avoided to exereted by renal clearancea
glomerular filtration (Whiteheadet al. 2009). Similarly, length of siRNAs has role in
triggering the interferon response, thus dsRNAsuseges shorter than 19 nucleotides are
more likely to escape the interferon response €Pal. 2006). Substitutional use of complete
dsRNAs instead of synthetic siRNAs will help to mloff-target effects.

The siRNAs derived endogenously by cleavage of dsRkate generated by Dicer and
selected by RISC complex will have a branded serpieand thus protect against the
recognition and silencing of other unrelated endoge genes. In case of inevitable design
and synthesis of siRNAs against specific target smdachieve relatively sophisticated
sequence, computational softwares can be usediimime potential off-target effects (Boese
et al. 2005).

1.9. Strategies to deliver the siRNA to the targdtssue

A wide variety of approaches including viral andnnoral based delivery systems
have been employed so far, to enhamceivo target cells uptake and silencing potential
(Stone 2010, Huangt al. 2011, Nayerossadat al. 2012, Resnieet al. 2013). Various
strategies to deliver the RNAI technology and theivs and cons are already discussed in
detail in the review (Aliet al. 2012). Just to recall, these approaches are sumedan few

sentences.

1.9.1. Use of viral vectors for siRNA delivery
Viral vectors are the most powerful tool for gemansfection which can stably
integrate into the genome, deliver ONs to the taagel mediate a long term knockdown of

endogenous transcript vitro andin vivo. The viral vector delivery systems include retrali
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(Anson 2004; Bushman 2007), lentiviral (Azzoet al. 2002; Balaggan and Ali 2012),
adenoviral (Vorburger and Hunt 2002; Moeftal. 2010), adeno-associated viral (Waetal.
2011), helper-dependent adenoviral (Moetlal. 1999; Croyleet al. 2005) vectorsDespite

of the benefits, the safety of viral vectors is sfimable due to immunogenicity and possible
recombination with host genome (lat al. 2006), a general lack of specificity for gene
delivery to the target cells, potential toxicity ltye viral vectors themselves (Raparal.
2003; Mowaet al.2010) and possible infection of non-dividing c€Reid et al. 2002; Wang

et al.2011).

1.9.2. Use of non-viral siRNA carrier systems

Although less efficient than viruses for gene daty non-viral carriers offer several
advantages; particularly simple to use, offer tietflee quality control, biocompatibility,
generate little or no specific immune responseddmbide and Hoeben 2008; Mintzer and
Simanek 2009). Among the non-viral vectors are owemi types of nanoparticles (de
Fougerolleset al. 2007; de Fougerolles 2008; Whitehestdal. 2009), see review Alet al.
2012), carbon tubes (Guvenal.2012; Limet al.2013), nano-diamonds (Lam and Ho 2009;
Man et al. 2013; Xiaoet al. 2013), nano-spheres (Maksimenébal. 2005), nano-capsules
(Lambertet al.2000), liposomes (Haldet al. 2006), micelles (Kinet al. 2008), polyplexes
(Verbaan et al. 2004), lipophilic conjugates, polymers and cellngteating peptides
(Soutschelet al. 2004; Halderet al. 2006) are used to deliver oligonucleotides tottrget
tissue. For specific cell targeting, nanopartiatesild be attached to antibodies, fusogenic
peptides, polymers, glycans, folates or aptameas ¢buld bind with protein carriers for
enhanced uptake by the targeted population of ¢8ianget al. 2004; Derfuset al. 2007;
Stoltenburget al. 2007; Bartlett and Davis 2008; de Martimpretyal. 2008; Davis 2009;
Kievit et al.2009; Chotet al.2011). This episode is not yet finished as neittiehe current

solutions is ideal and always has its drawbacks.

1.9.3. Outcomes of cationic systems for sSiRNA dedixy

Although cationic complexes have advantage of be&ing-immunogenic but the
toxicity of cationic transfectants either lipidic polymeric; which are mostly used to prepare
the non-viral vectors, raise major issues for chhiutilization (Leeet al. 2004; Lv et al.
2006; Kuoet al. 2009). These delivery systems also cause toxicéwg, induce various off-
target effects and can also stimulate immune sysfexicity occurs through membrane
destabilization and alterations in cellular signglor gene expression of un-intended targets
(Kanastyet al.2012). These effects and the type and degreerofiime response depends on
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the size, charge, chemical structure and form efritaterial used to construct the delivery
vehicle and biodistribution of the respective naartiples (Jackson and Linsley 2010). Thus,
in the design of delivery services, pharmacokisetiod pharmacodynamics of the system
must be considered that contribute in the desinedapeutic and other un-pedictable effects
that affect the overall potency and acceptabilityadormulation. Therefore, it is always a
need to introduce new concepts, based on the useood efficient and safe biological

materials which improve the way of siRNA delivery.

1.9.4. Use of neutral lipids for siRNA delivery

Alternatively, non-ionic or neutral lipids provi@gmother methodology for the targeted
delivery of ONs (Templeton and Senzer 2012; Desigaual. 2005; Tranget al. 2011).
Conjugation of nucleic acids with neutral lipidopides greater metabolic stability, improved
bioavailability and thus offers an interesting githon. Many of the non-ionic lipids are
safe, non-toxic, bio-compatible and additionallyngoof these are of natural origin (Raouane
et al. 2011). Carriers based on neutral lipids are lésdylto form aggregates with charged
components in biological fluids, not filtered bypaéic screening system, not adhere to the
endothelium or be taken-up by scavenging macroghagereticulo-endothelial system
(Landenet al.2005; Haldeet al.2006). In this context, examination of neutraldipmulsion
carrier delivery of miR-124 revealed their equastdbution in whole blood, liver, kidneys
and lungs, just 10 minutes post-intravenous inpec(iTranget al. 2011) and unlike cationic
lipid particles, were not to be preferentially acaudated in liver (Landeet al.2005). Neutral
lipids are found to be less toxic; as such formoikatvith miR-34a revealed neither elevated
hepato-renal enzymes in serum nor induced a narifgpeémmune response in mice
(Wigginset al.2010).

1.9.4.1. Squalene: a neutral lipid

Squalene is an isoprenoid compound and a neupidl| kvidely distributed in nature
and is found in olive, palm, wheat-germ, amarante, bran oils (Kelly 1999; Desmaed¢ al.
2012) and also in the liver of deep sea shark (espet al.2012; Tjan 2013). It is naturally
present in the body as a major component (abou) DB8%kin surface lipids in the sabeceous
glands (Gylling and Miettinen 1994) and protectsnan skin surface from lipid peroxidation
on exposure of ultraviolet radiations and otherrses of oxidative damage (Kohred al.
1995). It is widely involved in the maintenance ediormous homeostatic and metabolic
processes in the body (Tjan 2013) and is an intéiaie compound in the biosynthesis of
cholesterol (Eidinoffet al. 1958; Reddyet al. 2007). On dietary intake, squalene is absorbed
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and converted into cholesterol in humans, withaataasing serum cholesterol levels which
might be due to concomitant elimination from the&yp¢Strandbergt al. 1990; Miettinen and

Vanhanen 1994) and thus maintains cholesterol levéhe body. Higher liver and spleen
accumulation of squalene did not demonstrate apyeamble side effects and hepato-toxic

signsin vivo (Reddyet al.2007).

1.9.4.2. Applications and uses of squalene

Squalene acts as a weak antioxidant and is not os#yl as prevention for skin
(Murakoshiet al. 1992, Desaiet al. 1996, Huanget al. 2009) and eye diseases but also
therapeutically applied in the treatment of variefyailments including malignant diseases
(Trichopoulouet al. 1995; Racet al. 1998; Smith 2000). Additionally, it provides proten
against bacterial and fungal infections (NowickdaBaranska-Rybak 2007) and coronary
heart disease and aging (Sabeena Faevial. 2004; Buddharet al. 2007). It is used as
immunological adjuvant for vaccine delivery (Redatyal.2009) and an excipient for various
drugs (Allison 1999; Wangt al. 2006), as emulsion for various medicinal substsrared
enhances the therapeutic efficiency of certain ettelol lowering agents like pravastatin
(Chanet al.1996).

It is believed to have protective and preventivections as been responsible for the
low incidence of human cancer in the Mediterranesgion where people's diets have high
olive contents (Trichopouloat al. 1993; Willett 1994; Owert al. 2000; Oweret al. 2004)
while experimentally also decrease lung tumor gholasy 58% compared to control diet in
mice (Smithet al. 1998). Similarly, squalene intake significantlycosased (p<0.05) lung
hyperplasia by 70% and also effectively inhibitsnmnaary carcinogenesis (Redday al.
2009). It is used to prevent or arrest tumor groalthne or in combination with anticancer
therapies in various experimental tumor models @Dadt al. 1986, Murakoshet al. 1992,
Reddy 1992, Desat al. 1996, Newmark 1997, Singét al. 1997, Racet al. 1998, Smith
2000). It is also employed as a non-viral genei@afChunget al. 2001; Kimet al. 2003;
Kwon et al. 2008) and as biomaterials drug carrier for sevarai-cancer molecules
(Couvreuret al.2006a, Couvreuet al.2006b, Reddt al.2007, Ariaset al.2008, Bekkara-
Aounallahet al.2008, Couvreuet al.2008, Reddt al.2009).

It has also been used to prepare the nanoparbgies method introduced by Prof.
Patrick Couvreur and co-workers and was named fegaglation’ (Couvreuret al. 2006)

(Figure 6). The nanoassemblies of SQgem (squalegemcitabine) were prepared and
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found to be more cytotoxim vitro (Reddyet al. 2007) and a more efficient anti-cancer
therapyin vivo (Reddy et al. 2008a) in resistant leukemia model. Taking thisoept,
nanoparticles of squalene with siRNA RET/PTCs werepared and tested in papillary

thyroid carcinoma modéh vitro andin vivoin the current study.

To summarize, squalene offers unique propertieBedary lipid constituents, used for
cosmetic purposes, for vaccine, drug and gene atglivand also have several
pharmacological functions. The diverse applicatidamonstrate that this natural triterpene
has a very bright future in disease control andagament and will be an active ingredient in

the developing diverse squalene-based formulafmmsancer therapy.

1.9.4.3. Squalenoylation

This method was used to covalently link the squaleith siRNAs to prepare the
nanoassemblies (Couvreet al. 2006b, Couvreuet al. 2008). The nanopatrticles of sSiRNAs-
SQ were prepared with (SIRNA RET/PTC1-SQ GALA-CN#ts) and with out GALA-Chol
(SiRNA RET/PTC1-SQ NPs) and testéd vitro and in vivo for their gene and protein

silencing efficiency.

Briefly, a bioconjugate was prepared by linkinglemaide attached squalene to 3’'end
of thiol-modified sSiRNA sense strand and then hgized with antisense strand to obtain
SiRNA duplex. The bioconjugate was firstly lyophdd and then dissolved in 0.5ml of
ethanol and later added drop by drop into 1ml of &ftieous dextrose solution under
magnetic stirring (500 rpm). Then ethanol was catghy evaporated using a Rotavapor to
obtain an aqueous suspension of pure sSIRNA RET/FH@#sanoassemblies (Figure 9). The
nanoparticles were characterized for their hydredyic diameter and, potential by
Nanosizer 4 (Malvern Instrument Ltd, France) amsbdor size by transmission electron
microscopy (TEM). All the nanoparticles were pregghusing the same protocol as described

previously (Raouanet al.2011).
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Figure 9: Preparation of siRNA RET/PTCs-Squalene nanoparticles by ‘Squalenoylation’.
A. Bioconjugate siRNA RET/PTCs-SQ was prepared by adding squalene-maleimide with pre-
hybridized double stranded siRNA RET/PTC(s). B. Nanoparticles were then prepared by nano-
precipitation. The bio-conjugate was dissolved in ethanol and added drop-by-drop in to aqueous
5% dextrose solution under magnetic agitation. The ethanol was completely evaporated using a
Rotavapor and the resulting nanoassemblies were characterised by TEM. The work was done in
collaboration with Pr. P. Couvreur and Dr. D. Desmaéle : UMR 8612 CNRS (Brevet
international, 2012). Ref: Raouane ef e, 2011,
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1.10. Article—1:

Significance and applications of nanoparticles iniRNA delivery for cancer therapy

Hafiz Muhammad Ali, Giorgia Urbinati, Mouna Raouane
and Liliane Massaad-Massade
Expert Review of Clinical Pharmacology 2012, 5(3412.

Small interference RNA (siRNA) is an effective apdwerful strategy for gene
silencing in cancer therapy. The use of nanopagidbr siRNA delivery is an upcoming
theme in the current medicine field for cancer dpgr The aim of this review is to give an
overview of various approaches delivering siRNAthe target and to illustrate advantages
and demerits of these delivery systems. This revdescribes nanoparticles (NPs) mediated
siRNA delivery and includes various associated etspée choice of an appropriate delivery
system, salient shortfalls and delivery barrierscafrier services, various types of NPs
employed in numerous studies, current status amgesgss on nano-system-mediated siRNA
delivery and finally the future insight. It alsoderlines the important parameters in terms of
charge, size, dose and route of administratiorbtain an efficient sSiRNA delivery system. In
conclusion this review highlights that siRNA-baseghcer therapy is promising, although
challenges remain to be addressed and there ares$ens that need to be solved to better
exploit this technology.
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1.11. Use of a fusogenic peptide GALA-Chol

GALA (glutamic acid - alanine - leucine - alaning)an artificially designed, pH-
sensitive water soluble-helical amphipathic peptide composed of 30 amiridsa(Subbarao
et al. 1987; Nir and Nieva 2000; Yamaucei al. 2010) and described to be a functional
element for particle release from endosomal vegiKékudoet al. 2004; Akitaet al. 2011).
It was the first peptide designed to interact wlighd bilayer at acidic pH to facilitate

endosomal escape (Subbaed@l.1987).

1.11.1. Properties and function of GALA

GALA was reported to induce membrane fusion (Parebtal. 1988; Parentet al.
1990), fragmentation (Subbarat al. 1987) and permeabilization by pore formation for
leakage of contents (Parengt al. 1990; Nir and Nieva 2000). The membrane-binding
properties of GALA have been extensively invesiegato explain its ability to perturb lipid
bilayers (Subbaraet al. 1987; Parentet al. 1988; Parentet al. 1990; Parentet al. 1990;
Strandberget al. 1990; Goormaghtiglet al. 1991; Fattakt al. 1994; Haas and Murphy 2004;
Haas and Murphy 2004). GALA has extremely low birgdaffinity to membranes at neutral
pH but undergoes a structural transition from aloam coil at pH 7.5 to an amphipathie
helix at pH 5.0 due to neutralization of the negati charged glutamic acid residues
(Kakudo et al. 2004; Lochmanret al. 2004; Sasaket al. 2008) and thus attains a high
binding affinity to neutral and negatively chargeémbranes (Nicoét al. 1996; Simoe®t
al. 1998). At neutral pH, there is electrostatic repr between the carboxylic acid moieties
of glutamic acid that destabilizes the helical cfinee. As soon as the pH is decreased, the
neutralization of these residues promotes the h&lixnation, thereby increasing the
hydrophobicity of glutamic acid side chains andsamuently results an increased interaction
with phospholipid memebranes (Let al. 2013). Similar to GALA function, pH-sensitive
lipids containing carboxylic groups have a net niegacharge at neutral pH and thus provide
a stable nanocarrier device. However, in acidicirenment, carrier become protonated
resulting its disintegration and release of attdchebstance (Liet al. 2013). Likewise,
inorganic substances like calcium phosphate antl@iide are relatively insoluble at neutral
pH but are dissolved as non-toxic ions at acidilkemias of endo/lysosome or solid tumours
(Banerjeeet al.2011; Banerjeet al.2012).

Taking the advantage of mildly acidic conditiontie endosomdsgosomes, the acid
responsive delivery carriers cause facilitated sglic release of ONs. Thus has been an
accepted approach to overcome the intracelluladl@dor ONs to be unable to escape from
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the trap of lysosome (Chet al. 2003). Hindering the acidification of the endosome
environment by bafilomycin A by inhibiting the vacuolar ATPase endosomal prgiamp,
significantly reduced the transfection efficien@fus highlighting the fact that the acidic pH
of the endosomes is necessary for the fusogenigitgadf GALA to be functional; to let
escape the nanoparticles into cytosol (Wabal. 2009). Hence in the acidic endosomal
environment, GALA interacts with phospholipid membe on fusion, aggregates and thus

destabilizes the endosome by creating pores tivatr @size of about 10 peptides (Parezite
al. 1990; Nicolet al. 1996; Nicolet al. 2000; Liu et al. 2013) to release the endosomal
trapped materials into cytosol (Figure 10).

Endosome

Squalene @
SiRNARET/PTC1 XXX  Galachol £

Figure 10: Transmemhbrane and intra-cellular passage of Gala Chol combined siRNA
RET/PTC1-SQ nanoparticles. 1. Gala-Chol interacts with cellular membrane to promote the trans-
membrane translocation of siRNA-SQ NPs. 2. While encapsulated within endosome / lyzosome,
3. Gala undergoes a structural transformation in the acidic endosomal environment and thus attaing
an increased binding affinity to charged endo-lysosomal membrane. It interacts with the
phospholipid membrane, either released from or within NPs to cause fusion, aggregation and 4. thus
destabilizes the envelop by creating pores, 5. to release out the entrapped contents into the cytoplasm

1.11.2. Why GALA as a choice

The properties of GALA render it an attractive ddate for investigation and has
been used successfully to improve delivery of siRNButakiet al. 2005; Akitaet al. 2010;
Kusumotoet al.2013; Liuet al. 2013; Toriyabeet al. 2013; Wanget al.2013) and AS-ONs
(Hugheset al. 1996). The synthetic GALA peptide was found tani@re effective than other
pH-sensitive 20 amino acid (Simoe$ al. 1998) or 23 amino acid (Planét al. 1994)
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influenza HA-2 peptide in cytosolic release of esmimal bound material. GALA combined
nanocarriers and having an additional targetingnidy enter in the cell through coated pit-
mediated endocytosis and deliver the the drug ne ge a pH dependant manner (Yamatia
al. 2005). GALA effectively increased the delivery pDNA by vector/pDNA complexes
(designer biomimetic vectors; DBVS) into the cyfosta membrane destabilization of
endocytotic vesicles in SK-OV-3 ovarian canceréWanget al. 2009). Transfection of
cells by DBVs without GALA (DBV/GALA) showed a sigfitant reduction in transfected
cells from 30+£4% to 16+£3% (Wargf al. 2009). Addition of GALA in octa-arginine peptide-
multifunctional envelope-type nano device (R8-MENDPPNA/PEI condensed nano
assemblies injected intravenously, significantlgré@ased liver luciferase activity of both
negatively (1640-fold) and positively (3-fold) chgad particles compared to the particles
without GALA which did not produce elevated levefggene expression which might be due
to inadequate intracellular trafficking. Similarkglative luciferase expression per amount of
pDNA delivered to the nucleus was also high inghesence of GALA in particles of both
charges (Khalilet al. 2011). When GALA-associated cell surface blockiogplexes were
pre-incubated with the cells, an enhancement obfeztion was observed independent of the
composition and to some extent, the overall chafgihe active complexes (Simoes al.
1999).

1.11.3. Role of GALA location in the nanoparticle

The presence of GALA directly in the culture mediwn within the aqueous
compartment of transferrins-fluorescein isothioatan(Tf-FITC)-L (liposomes modified by
Tf and labeled with FITC) was not found to promthte cytosolic release of sulfo-rhodamine
from endosome of human chronic myelogenous leuké&®&?2 cells. Therefore, Tf-(FITC)-
L GALA-Chol were synthesized, cholesteryl moietyswaalded to display GALA segment on
the surface of liposomes. Thus, a highly efficieglease of these GALA-Chol conjugated
liposomes was observed by confocal laser scan suopc (CLSM) analysis (Kakudet al.
2004). While when GALA was encapsulated within tly@osomes, no pH-dependent
structural transition was observed and it might aemnactive due to rather disordered
conformation even at low 5.0 pH (Kakua al. 2004). Similarly, considerable structural
from random to helical conformational change waseobed in the peptide at pH 5.0 which
eventualy cause disruption of lipid membranes Dbteraction with the phospholipid
(Subbaracet al. 1987; Nir and Nieva 2000). This advocate that GAsiAould be at the

surface of NPs to have a conformational changeeeitih directly communicate with the
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endosomal membrane or to disintegrate from theighestto make aggregates with the
membrane phospholipids for pore formation whenetigosomal pH is decreased.

1.11.4. Role of cholesterol in GALA function

GALA peptide without being attached to the choledtenoiety was reported to
interact only slightly with lipid membranes and &xhibit a rather random structure
(Subbaracet al. 1987; Nir and Nieva 2000). While the cholestergiety was attached, the
peptide was probably forced to lie on the membitantorm a helical structure at low pH.
Possible loss of repulsion between the negativegelsaof glutamic acid residues also
changed the mode of interaction of the peptide hth membranes due to its structural
modification and eventually facilitating membramsibn (Kakudcet al.2004). The capacity
of GALA to form pores in cholesterol-containingdykrs for ANTS (1-aminonaphthalene-3,
6, 8-trisulfonic acid) leakage at pH 5.0 was stddirePOPC/POPG (I-pahnitoyl-2-oleoyl-sn-
glycero-3-phosphocholine/1-palmnitoyl-2-oleoyl-ppbatidylglycerol) (5:1) liposomes at
ascending cholesterol contents from 0 to 40 molP& dholesterol content up to 15% did not
cause any effect but at 20% or further additioncleblesterol reduced the final leakage
extents of ANTS from POPC/POPG/Chol liposomes. dswhus concluded that increasing
cholesterol contents in the liposome formulatioarades the lipid/peptide ratio which might
cause modification in the pore formation process subsequently decreases the membrane-
binding affinity of the peptide and a decreaseeskhge of contents (Nicel al. 1996). Thus
added cholesterol is essential for membrane bingdmgerties of GALA but at a moderate
concentration; to might not interact with serum lesterol components and thus not to
hinder GALA function.
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1.12. Article—-2:

Effects of silencing RET/PTC1 oncogene in papillarghyroid carcinoma by
siRNA-squalene nanoparticles with and without fusognic companion
GALA-Cholesterol

Hafiz Muhammad Ali, Andrei Maksimenk@iorgia Urbinati, Hubert Chapuis,
Mouna Raouane, Didi®&esmaéle, Hayashi Yasuhiro, Hideyoshi Harashima,
Patrick Couvreur and Lliane Massaad-Massade

Thyroid, 2014 24(2): 327-338.

The incidence rate of RET/PTCL1 is much higher careg to rest of all RET onco-
fusions found in papillary thyroid carcinoma. Pmsly, our team demonstrates the anti-
tumour activity of SIRNA RET/PTC1-SQ NRs vivo but notin vitro (Raouane et al., 2012).
Thus, in this study, to impede the expression of REC1 fusion oncogene, squalenoyl
nanostructures of siRNA RET/PTC1 have been emplayedtro (two thyroid cancer cell
lines; BHP 10-3 and TPC-1 carrying RET/PTC1 junttimcogene) aneh vivo (nude mice).
These nanoparticles were herein modified by thatiaddof a peptide GALA-Chol that
favours the endosomal escape of the enclosed elem@&he consequences of this

modification were evaluatad vitro andin vivo.

Addition of GALA-Chol leads the siRNA RET/PTC1-SQ@noparticles to enter into
the cells which were previously unable to be irtéired. The effects of SIRNA RET/PTC1-
SQ GALA-Chol nanoparticles were then tesiteditro on cell viability RET/PTC1 gene and
protein expressions compared to SiRNA RET/PTC1-33 Mithout GALA-Chol in both
cell lines. These modified nanoparticles were fotmtlave considerable inhibitory effeats
vitro which were further enhanced by addition of lipééasine 2000 during transfection.
After finding the suitable dose for parenteral adistration, the efficiency of both
nanoparticles, sSiRNA RET/PTC1-SQ NPs with and waith GALA-Chol was compareth
vivo via intra-tumoral and intra-venous injections in nudgce. Although siRNA
RET/PTC1-SQ GALA-Chol NPs showed inhibitory effetsvitro, contrasting outcomen
vivo via both routes of administration compared to SiRNATREHC1-SQ NPs were
observed. Therefore, sSiRNA RET/PTC1-SQ NPs (withG#LA-Chol) were selected as

potential therapeutic agent and were recommendefdritier studies.
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1.13. Article—-3:

Effects of sSiRNA on RET/PTC3 junction oncogene in @pillary thyroid carcinoma:

from molecular and cellular studies to preclinicalinvestigations

Hafiz Muhammad Ali, Giorgia Urbinati, Hubert ChapubDidier Desmaéle,
Jean-Rémi Bertrand, Patrick Couvreur and Lilianes$sad-Massade
PlosONE, 2014 v.9 (xx)xxx accepted.

RET/PTC3 is the second most frequent fusion onwedeund in papillary thyroid
carcinoma and shows more metastatic characteribides RET/PTCL. It is mostly present in
cases of thyroid cancer where patients were prelyioexposed to therapeutic or accidental
radiations, particularly as in post-Chernobyl réidm fallout. It occurs mainly at young age
with a short latency period and appears as an sgjgeephenotype and has a poor prognosis.
This research article reports timevitro andin vivo effects of SIRNA RET/PTC3-SQ NPs on
targeting this onco-fusion. Due to the lack of gkt model expressing RET/PTC3, firstly a
novel RP3 cell line was established that stablyesges RET/PTC3 junction oncogene. RP3
cells were found to be tumorigenic in nude micet@sting to their parental cell line
NIH/3T3 (mouse fibroblast). Although siRNA RET/PTGhhowed significant inhibitory
effects on RP3 cell viability, invasion/migratiocell cycle, RET/PTC3 gene and protein
inhibitions, the squalenoyl nanostructures of SIRRET/PTC3 were found ineffective
vitro. However, when xenografted mice were treated wiRNA RET/PTC3-SQ NPsia
intravenous injection, tumour growth was observeit vsignificant gene and protein
inhibitory effects along with induction of cell dbain the tumour tissues. These findings
concluded the effective use of siRNA RET/PTC3-SQsN&s a new therapy against
RET/PTC3in young patients affected by PTC and thus suppoit gpplication in further
pre-clinical and clinical studies.
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1.14. Discussion

The discoveries in cancer therapy are progressiegyday with advancement in the
technology and discovery of innovative therapeafpiplications. Despite of this progress and
the current treatment plan, a considerable numbgrabents come across with recurrent
disease with a resistance phenotype. Among thémesd strategies, RNAI has progressed
from a powerful laboratory tool into a potentiabthpeutic modality in the diverse field of
targeted therapy and therefore siRNA constitutearaa of important research in emerging
therapies. In this context, a research project lasched in Massade’s team to search an
efficient SIRNA based therapy against papillaryrtig carcinoma (PTC). The exploration of
an efficient nano-medicine against RET/PTCs fusianogenes expressed in PTC was the

main theme of my PhD project.

Previously in the laboratory, siRNA RET/PTC1 wassigaed and tested against
RET/PTC1 junction oncogene (Gilbert-Sirieet al. 2010). Later on, to overcome the
limitations of siRNA in systemic application (rewied in article-1, Aliet al., 2012),
‘squalenoylation’ technology was employed by usisgualene (SQ), to prepare the
nanoparticles of sSiRNA RET/PTC1-SQ, to be usednasivo therapy against RET/PTC1
onco-fusion. These nanoparticles, although shovgfigant inhibitory effectsn vivo on
tumour growth and RET/PTC1 gene and protein expmess however they were found
inefficient in vitro (Raouaneet al. 2011). It was assumed that the inefficiency of the
nanoparticles was due to their inability to crdss tell membranes, as they were not found
in the intracellular compartment by fluorescenceroscopy, except once transfected with
lipofectamine 2000. To overcome this hurdle, a @iesoc peptide, GALA was selected
which showed exciting results to improve the tadgdivery of antisense-ONs (Hughetsal.
1996) and siRNAs (Hatakeyareaal. 2009, Sakuraget al. 2009, Akitaet al.2010, Satcet al.
2010, Akitaet al.2011). GALA was thought to interact with the aeémbranes in the target
tissue, to achieve enhanced trans-membrane and-cellular penetration of GALA
combined nanoparticles up to their destination.sTha improve then vitro efficiency of
SiRNA RET/PTC1-SQ nanoparticles, GALA was addedG#LA-Chol to enhance the

translocation of respective nanoparticles up taanget.

In my PhD project, it was found that although tldeliion of GALA-Chol improved
thein vitro gene and protein inhibitory efficiencies of SIRNFET/PTC1-SQ GALA-Chol
NPs in both BHP 10-3 and TPC-1 cell lines but reedehem inefficienin vivo compared to
SiRNA RET/PTC1-SQ NPs (without GALA-Chol). The pids reason is the difference in
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the molecular environment between vitro culture medium andh vivo biological fluids
which might lead to aggregations of NPs contairBALA with serum proteinsn vivo, as
discussed in article-2 (Akt al. 20144a). It is also likely that the 10% molar camtcation of
GALA-Chol might be in access that possibly provoKesions/aggregations with serum
proteins and thus showed unexpected resmltsvo but this concentration was selected, as
previously found effective in the literature (KHakt al. 2011). The effects of siRNA
RET/PTCs and their respective nano-formulationvaihd without Gala-Chol oim vitro
and in vivo gene and protein silencing efficiency and tumowowgh inhibition are
summarized in Table-3 (results obtained in the fatooy). These controversial vitro and

in vivo results (Raouanet al. 2011, Ali et al. 2014a) also support the notion that oimly
vitro manipulations are not sufficient to make a deaqisto proceed towards clinical
investigations rathen vivo studies are indispensable to make a reasonabtdusmm. The
inability of GALA-Chol containing nanoparticles stvow proficientn vivo biological effects
also halted the use of GALA for further studiesendiore, SIRNA RET/PTC3-SQ NPs were
prepared without GALA-Chol to trial against RET/PF®ncogene. These nanoparticles
showed comparable vitro andin vivo results as that of SIRNA RET/PTC1-SQ NPs, thus
confirmed thein vitro inefficiency andin vivo effectiveness of these nanopatrticles.
Therefore, sSIRNA RET/PTCs-SQ NPs were confirmeth@¢can effective therapy against

vivo tumour models and in pre-clinical cancer cases.

Table 3: Gene and protein silencing efficiencies @ntumour growth inhibitions by SiRNA
RET/PTCs-Squalene nanoparticles with and with out GLA-Chol.

In vitro Invive
Without Lipo®| With Lipo*
References | Target fusion Cell line |Gene |Protein|Gene | Protein|Dose Route| Tumor |Gene |Protein
oncogene injected| 74/ |arowth
(ngkg)| £v.) |inhibition
Martimprey | si RET/PTC1 RP-1 == -] B%% - 1.0 o T0%%| ©85%
et al., 2008
Gilbert- si RET/PTC1 TCP-1 —| 8s5% = e
Sirieix et - -
al, 2010 | siRET BT474 - 50 e o -=r s ==
si RET MCF-7 —-| 80%
si RET RP-1 —--| 65% = e = ne= -
Racuane si RET/PTCI-SQNPs |BHP 10-3 - -1 8% - 2.5 =e= T0% 800%
et al, 2011
Alief dl., si RET/PTC1-SQNPs | BHP 10-3 [00% | 00% 80%% 85% 0.5 LL 50%% 80P 93%
2 i
2014a siR/PTC1-SQ GCNPs |BHP10-3| 309 30%| 89| 85%| 05| i |10% 00% | 00%
st RET/PTC1-SQNPs | TCP-1 00% | 00% 85% 85% 0.5 iv 6% T0%% 08%
si R/PTC1-8Q GC NPs | TCP-1 30%| 6% | 80 O 0.5 iv.| 07% 00% | 00%
Alief ., si RET/PTC3 RP3 - - 60%% TP - -
2014b° 5 RET/PTC3-SQNPs | RP3 05% |10% 7006| 80P 25| iw 60P6|  60%| 95%
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All the values represent relative (gene, proteid &mor growth) inhibitions compared to non-
treated units (cells or tumors treated with 0.9%Na

Lipo = Lipofectamine 2000, * = 24h post-transfeatiacubation, o = effects were studied by siRNA
RET/PTC1-Chitosan NPs, si = siRNA RET/PTC, GC = @GAChol, i.t. = intra-tumoral,i.v. =
intra-venous. Gene = gene silencing, Protein =gimdhhibition.

Left alignment shows non-significant while righiggiment shows significant results.

' = Ali, et al, 2014a.Effects of silencing RET/PTC1 oncogene in papillétyroid carcinoma by
siRNA-squalene nanoparticles with and without fiesog companion GALA-Cholesterol.

2= Ali, et al, 2014b.Effects of siRNA on RET/PTC3 junction oncogene iapiiary thyroid
carcinoma: from molecular and cellular studiesrcfinical investigation.

During the second part of the study, siRNA appiwatwas extended against the
second most prevalent RET chromosomal rearrangerREt/PTC3 and the results are
presented in article-3 (Alet al. 2014b). Four different siRNAs were designed adains
RET/PTC3 and tested against the fusion gene sequencorder to select the most
appropriate and most efficient siRNA. After selentiof a siRNA with most efficient
RET/PTC3 gene silencing effects, an optimal dose s@arched among the four tested
concentrations (10nM, 25nM, 50nM and 100nM)vitro, to obtain the maximum gene
silencing efficiency and to employ this selectedsaldfor in vivo experiments. The
concentration of 50nM showed maximum gene and praitencing efficiency while higher
concentration (100nM) could be in excess and dueataration of the RISC machinery
possibly lead to ineffectiveness of the system twhicight be unable to preferentially
discriminate and select antisense strand insteagkide strand. Thie vitro efficiency of
siRNAs in our experiments (Table-3) was found adégj@enough to proceed towards further
pre-clinical studies as a sufficient high rate ehg silencingn vitro is mandatory to obtain
an efficient tumour growth inhibitiom vivo (de Martimpreyet al.2008).

To have better experiment conditions, previously anly a scrambled sequence
SiRNA was used as a control but also a siRNA oghirsst the wild-type RET gene (siRNA
RET) was tested to scrutinize if a degradationhef RET gene might inhibits the junction
oncogene (Gilbert-Sirieixet al. 2010). The siRNA RET was found to be efficient in
RET/PTC1 silencing@<0.001) in TCP-1 and RP-1 cells (expressing RET/PTi@lon
oncogene) as well as in MCF-7 and BT-474 humanshbreancer cell lines expressing wild-
type RET gene. Although siRNA RET could be sufintigo inhibit RET/PTC expression in
cancerous cells, it will equally inhibit the RETpegssion in normal tissues including lungs,
nervous, enteric, genitourinary and hematopoieystesns (Mulligan 2014). Remarkably,
SiRNA RET/PTC1 was highly efficient against RET/PIIftision and was unable to inhibit
RET expression in both MCF-7 and BT-474 cell lindsich depicts its specificity for its

own junction oncogene avoiding interaction with Itteacells (Gilbert-Sirieixet al., 2010).
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Thus we concluded that a siRNA specifically tardetgainst the junction sequence
(including parts of both participating gene) isuigd to cause efficient inhibitory effects
against the junction oncogene and also to avoid-typpe RET gene inhibition in other
systems. In the same context, SIRNA RET/PTC1 wad as another non-specific control in
RP3 cells (expressing RET/PTC3 fusion oncogeneg fibn-inhibitory effects of siRNA

RET/PTC1 in RP3 cell line further supports the #pedargeting against the junction

oncogene sequence. Vice versa, the siRNA RET/PT@8 also unable to knockdown
RET/PTC1 in BHP10-3 and TPC-1; PTC cell lines egpieg RET/PTCL1 junction oncogene.

In search of the biological consequences of RET@géne silencing, we found that
siRNA RET/PTC3 have dual effects; cell growth intidn by blockage of cell cycle at
Go/G; phase and also induction of cell death by apogptasd/or necrosis. Similarly, under
the effect of sSiRNA RET/PTC1, apoptosis was detéctey TUNEL (Terminal
deoxynucleotidyl transferase dUTP nick end labgligsay and a down regulation of E2F2
transcription factor was revealed by microarray RIdgPCR analysis (Gilbert-Sirieist al.
2010). E2F2 plays a crucial role in the cell cymtegression and is a key factor of regulation
of cell proliferation (Lalet al. 2009). It was then concluded that siRNA not omiguces an
apoptotic response but also hold up the proliferaby blockage of cell cycle progression
(Gilbert-Sirieix et al. 2010). In my study, cell death was found to beugetl by SiRNA
RET/PTC3 along with cleavage of both caspase-3 RARP-1. This demonstrates that
SsiRNA treatment might causes DNA fragmentation tleads activation of the cell death
machinery within tumour cells, initially by apopimpathway, and as siRNA effects prevail
for a certain time, it later activates necrotichpedys. Several cell models including L929
fibro-sarcoma (Schulze-Osthoét al. 1994), HT29 human colon (Meureté¢ al. 2007) and
HT29 adeno-carcinoma (Wilson and Browning 2002) ceancells demonstrated the
execution of both apoptotic and necrotic pathwaybsesame time. Therefore, we concluded
that siRNA provokes the cell death by a combinatainboth apoptosis and necrosis
pathways. Since, the cell death is induced by timusation of death receptors by their
specific ligands, it might be interesting to studysiRNA treatment is able to modify the
expression of apoptosis (CD95/FAS receptor) andosex (TNFR = tumour necrosis factor
receptor) cell death receptors and/or their resgecligands (TRAIL = TNF-related
apoptosis-inducing ligand, FASL or CD95L, TWE TNF ligand). Moreover, TRAIL (Frew
et al. 2008, Bernardiet al. 2011, Bernardiet al. 2012, Dimberget al. 2013) and CD95
(Martin-Villalba et al. 2013) are already used as anti-tumour therapy poigntial
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therapeutic tool for various malignancies and feRAIL-based therapies are in phase | or Il
clinical trials (Bellailet al.2009, de Wiltet al.2013, Gasparingt al.2013, Stuckey and Shah
2013), hence they could also be used in associatitnsiRNA to test the effectiveness of

this combined therapy.

Based on our previous experiments (Raouahal. 2011) and promisingn vitro
effects of SIRNA RET/PTC3, we decided to carryioivo experiments after vectorization
of siRNA by squalene in the form of nanoparticl€kis siRNA nanoparticles formulation
was found to be efficienh vivo as caused significant inhibition (~60%) of tumguowth.

As we observe in the Table-3 that comparedhtw@itro experimentsjn vivo efficiency of
nanoparticles was relatively decreased that mightdbe to their lose, disintegration or
entrappement in the circulation and during transgfmough various organs of circulatory
passage like liver, lungs, spleen and heart (Alekial. 2008, Tonget al. 2013). Depending
on their size and surface charge and modificatidhe, nanoparticles are biologically
distributed in different body organs (Alexat al. 2008) and ultimately extravasate the wide
fenestrations of tumoral endothelium to reside he tumour tissue by EPR (enhanced
permeability and retention) effect (Dubey al. 2012). An improved circulatory half-life is
obtained by a patrticle size of more than 100nm ankgative or neutral surface charge
(Alexis et al. 2008). For the reason, the respective NPs wereoppptely prepared in
respect to size and negative zeta potential iregperiments, for stability of nano-system, to
keep the repulsion among the charged particles@prevent the possible aggregations.

To explain the disagreement betwenvitro and in vivo results, the molecular
moieties present in the micro-environment of phiggjcal fluids should be considered.
Nanoparticles are encountered with a diverse meddfirbiological components; mostly
proteins including immuno-globulins, complement awdagulation factors, albumin,
fibrinogen and tissue development factors (Saptaatshl. 2013). Thus, due to their size and
large surface-to-mass ratio, NPs form Bio/Nano dewgs by interacting with these proteins
and bio-molecules or with other nucleic acids, dfpiand even biological metabolites
(Saptarshiet al. 2013). Nanopatrticles selectively adsorb variougtides and amino acids
onto their surface to form NP-protein coronas bylenalar interactions between chemical
groups of nanoparticle surfaces and amino-acidlues. The coated material changes the
NPs shape and surface properties, potentially exiguor reducing the ability to deliver the
carrier and thus the ultimate fate of the nano-a{j¢ia et al. 2010). Protein interactions also
affect the cellular uptake, accumulation, degrashatand clearance of NPs from the
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circulation (Saptarshet al. 2013). Due to this reason, it is thus possible ti@noparticles
containing GALA-Chol made aggregates with serum ponents and were not able to give

as efficientin vivoresults asn vitro.

As previously mentioned that nanoparticles interatth complex natural fluids
components (Saptarskt al. 2013) and this nano-bio interaction could hinder absolute
guantity of nanoparticles to be delivered to thgyeg can significantly reduce the kinetic
release of the oligonucleotides from the squaleatedl nanoparticles and that's the reason
the efficiency of vectorized siRNA is not paraltel that of non-vectorized oligonucleotides
in vitro (Table-3). Thus, the fate of nanoparticles inftiten of whole particle delivery must
to be addressed, in order to increase the delamdyefficiency of nano-formulations and to
prevent their metabolism by body immune system sauttsequent rapid blood clearance by
renal excretion. In this context, radio (radio-iwelf®) or fluorescent labelling by near-
infrared fluorochromes (von Maltzalet al. 2012) or quantum dots (Ballat al. 2005) can
be used to detect the destination of circulatoryoparticles. However, appropriate structural
modifications or binding of nanoparticles with appde (arginine residues), transferrin
(Bartlett and Davis 2007) or antibodies exclusivefrgeting tumoral cells [Avastin
(bevacizumab) or Herceptin (trastuzumab); monod)osgecific antibodies against human
VEGF (Leeet al.2000) or HER-2 (Izumet al.2002)] can improve specific delivery.

Previously in than vivo experiments, a significant gene inhibition wasested by
siRNA RET/PTC1-SQ NPsia intra venougoute at a cumulative dose of 2.5mg/kg/mouse
(Raouaneet al. 2011) but then a 5 times decreased dose (0.5nmgdkze) was tested in the
experiments (Alet al, 2013). The observed significant tumour growthbitlon even at this
low concentration demonstrated the efficacy of Hwective treatment. To start the
experiments on RET/PTC3, at an initial step, presip selected higher cumulative dose of
2.5mg/kg/mouse was selected, as this fusion onegenmore aggressive and highly
metastatic. The assumption was that, in case oéxpected outcomes, it might not be
controversial that whether the in-efficiency of ttieatment is due to in-sufficiency of the
administered dose or due to in-effectiveness otrg@ment. The inhibitory trend in tumour
growth even from the first NPs injection also shdwiee effectiveness of the therapy. The
sustained effects of both SIRNA RET/PTC1-SQ andN#iRRET/PTC3-SQ nanopatrticles on
tumour growth inhibition for several (7-9) dayseafthe last injection, advocates the stability
of the system and that, it could preserve the tffet sSiRNAs for a longer time which are
usually transitory. Current observations also \akd the efficacy of nano-precipitation of
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siRNAs by squalenoylation and also demonstrated e siRNAs are still active after

modification of passenger sense strand, use of désta@rolysable linkage between the
squalene moiety and siRNA and bio-conjugation sijlnalene. The comparable inhibitions
of tumour growth by intra-venous route as thatntfa tumoral injection suggest that the NPs
are capable of protecting the activity of SIRNA engjected by classical intra venous route
of cancer treatment. Therefore, SIRNA RET/PTCs-3€s Mere confirmed to be effective

therapy againsh vivo tumour models, as summarized in Table-3.

The nanoparticles of siRNA RET/PTCs-SQ are a primmisiew therapy for the
treatment of PTC but with a few limitations whigall to their lowemn vivo efficiencies. For
further improvement in the siRNA therapy, combionél therapies of RNAI in conjunction
with chemo-, radio- and/or immuno-therapy couldpogentially exercised. Hence, SiRNAs
RET/PTCs could also be combined with multiple kégyprs of a single pathway or against
multiple cancer-promoting pathways or along withhest anti-cancer drugs of*
radiotherapy, for more effective tumour therapMsreover, association of siRNA witf{
radio-therapy could open new perspectives siittés the most prevalent treatment used for
thyroid carcinoma.

152



1.15. Conclusions

1. Both siRNA RET/PTC1 and siRNA RET/PTC3 are efficiand specific against their
own junction oncogene and are not able to inhHtpt éxpression of an alternate
sequence.

2.  RET/PTC3 junction oncogene is capable of tumoriggransformation of NIH/3T3
embryonic mouse fibroblasts into RP3 cells whidibbt express this oncogene
and have phenotypic differences from their motledirime.

3. The GALA-Chol is efficient for intra-cellular pemration and trans-membrane delivery
of sSIRNA RET/PTC1-SQ nanoparticlesvitro.

4. Addition of GALA-Chol renders the nanoparticlesRBIA RET/PTC1-SQ GALA-Chol
NPs) efficientin vitro in gene and protein inhibitions and to decreafleviability
but make them in-effective in tumor growth inhibitiin vivo.

5. The nanoparticles siRNA RET/PTCs-SQ are not ablerégs the cell membrane and
thus are in-efficient in gene and protein inhibiBoin vitro except once
transfected with lipofectamine.

6. Both nanoparticles (SIRNA RET/PTC1-SQ and siRNA REIC3-SQ) are efficienn
vivo for tumor growth inhibition, to reduce RET/PTCscogene and oncoprotein
expressions.

7. Both nanoparticles have similar non-efficiantvitro and efficientin vivo results in
gene and protein inhibitions.

8. Nanoparticles of SiRNA RET/PTC1-SQ inhibit the tungoowth even at five times less
important cumulative dose (0.5mg/kg/mouse) tharvipusly published results
(2.5mg/kg/mouse).

9. Newly targeted RET/PTC3 junction oncogene with S|RRET/PTC3-SQ NPs at
2.5mg/kg/mouse cumulative dose showed efficientvivo tumor inhibitory
results.

10. The nanoparticles of sSiRNA RET/PTC3-SQ induce defthin vitro andin vivo by
cleavage of both caspase-3 and PARP-1 and partiedipre differentiationn
vivo (decrease of Ki67 marker).

11. The "squalenoylation" of siRNA offers a new pharoiagical approach to target
junction oncogenes, thus could be extended to ctirezer therapy models.

Drug therapy based on siRNA is developing rapidig aew outcomes are appearing
every day. It is the time of RNAI technology to &eplied in clinics to exploit the potential
of this powerful tool in cancer treatment. In casbn, the significance of sSiRNA
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RET/PTCs-SQ NPs have been demonstrated in preglistiadies fothyroid cancer therapy
and further pharmacological and clinical invesiigas can be proceeded to set-in the remedy

of thyroid carcinoma.

1.13. Perspectives

1. Lower concentrations of GALA-Chol will be testeddbeck theirin vitro and latern
vivo efficiency to resolve the dilemma of nanoparti@dggregation.

2. Lower cumulative dose of siRNA RET/PTC3-SQ NPs d&n®/kg/mouse will be
injected to observe the tumor inhibitory effeictvivo.

3. Alonger treatment plan with more spaced injecBohedule of sSiRNA RET/PTCs-SQ
NPs will be applied to might enhance tumour regoess vivo.

4. The bio-distribution of nanoparticles will be manigd in the organs of drug
eliminationi.e. liver, spleen, kidney along with tumor tissue telmunderstand
the fate and the availability of nanoparticleshe target organ.

5. The metabolites of nanoparticles should be screenetb observe the bio-degradation
of NPs by the body immune and defense system.

6. The siRNA RET/PTCs-SQ NPs could be combined Withradiotherapy and/or VEGF
inhibitor to further improve the treatment planRfC.

Since the effectiveness of siRNA-squalene nanohptation is validated against
papillary thyroid carcinoma, thus it will be exte&uto other cancer pathologies like prostate
(TMPRSS2/ERG) and leukaemia (PD@#B10S170) carrying junction oncogenes by using
the generic platform of squalenoylation.
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1.17. Synthese du travalil :
1.17.1. Introduction

Le cancer de la thyroide est la tumeur endocrir@ua fréequente et représente 95%
des cancers endocriniens (Keeteal. 2010). Son taux d'incidence a augmenté au cows de
dernieres années (2005 a 2009) de 5,6% par anlehémmmes et de 7,0% par an chez les
femmes dans la plupart des pays développés (Ehah2009; Enewolcket al. 2009; Kilfoy
et al.2009; Pellegritet al. 2013, American Cancer Society, 2013). Aux Etatss|s6 460 et
60 220 nouveaux cas de cancer de la thyroide émbpportés en 2012 et 2013 (Siegfehl.
2012). L'incidence annuelle de cancer de la thgroidrie considérablement entre les
différents régions ; de 1,2 a 2,6 cas chez les hesrehde 2,0 & 3,8 cas chez les femmes par
100 000 personnes (Nagataki and Nystrom 2002; \@aen al. 2002; Zamaret al. 2006).
Le sexe ratio est plus élevé chez les femmes (pttients sont des femmes sur quatre) ainsi
gue le taux de mortalité (1,3 fois plus élevé chez femmesj.e. 1 040 femmews 810

hommes).

Deux types de cellules endocriniennes sont resptesadu développement du
carcinome thyroidien (TC) : les cellules épithé@glet des cellules parafolliculaires. Les
formes TC dérivées des cellules épithéliales compet TC différenciés (DTC) [y compris
papillaire (PTC; environ 70-80%) et folliculaireFTC; 10-20%) TC] et le carcinome
thyroidien indifférencié ou anaplasique (ATC; 2-5%# tumeur de la thyroide dérivé de
cellules parafolliculaires est nommé le carcinoméduflaire de la thyroide (MTC) et
représente environ 3 a 10% de cancer de la thyfBelevenga 2008; Zhu and Cheng 2009;
Chougnett al.2010; Keefeet al.2010).

L'augmentation de l'incidence du cancer de la tidgest principalement du a celui
du type papillaire (Leenhardt al. 2004b, Pellegritet al. 2013). L'exposition aux radiations
ionisantes est un facteur de risque établi pouceratie la thyroide. Le PTC est fréquemment
retrouvé chez les personnes ayant été exposéeesoateteradiations externes accidentelles,
comme par exemple, a la suite de I'explosion dwteém de la centrale nucléaire de
Tchernobyl en 1986, ainsi que chez les personnast aléja été traitées par radiothérapie.
D’aprés plusieurs auteurs, la tomodensitométrieMJ Ditilisée en particulier en pédiatrie
conduirait a une augmentation du risque de développ PTC (Baker and Bhatti 2006, How
and Tabah 2007).
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Au niveau moléculaire, le carcinome papillaire dethyroide est principalement
caractérisé par des réarrangements génomiqueg kenfgene RET (REarranged during
Transfection) et 12 autres génes exprimés danbyl@itle conduisant a 13 onco-fusions
différentes type RET/PTC (Romei and Elisei 2012¢s Lvariants les plus fréquemment
observés chez les patients sont RET/PTC1 et RET3PT@s variants sont dus a une
inversion para-centrique du chromosome 10 (10qldngk la partie intracellulaire du gene
RET et respectivement les genes H4/CCDC6 ou ELEONL Chez I'homme, La proximité
spatiale de RET entre le géne RET et les geneenaares, NCOA4 et H4 (situés dans la
méme région chromosomique 10g11.2) (Gandhi andfdMder 2011) serait a la base de la
formation de réarrangements RET/PTC (Nikiforetaal. 2000, Gandhiet al. 2006). Ces
altérations génétiques, présents dans environ 8¥/eak de cancer de la thyroide (Mostes
al. 2010) sont a l'origine de I'activation de plusiewroies de signalisation menant a une
augmentation de la prolifération cellulaire donleceles MAPK (mitogen-activated protein
kinase) (Castellonet al.2009).

Malgré des progrés dans le traitement du cancée auia découverte d'applications
thérapeutiques innovantes, un nombre considérablegalients retrouvent une maladie
récurrente avec un phénotype résistant. Parmittagegies de traitement, l'interférence a
'ARN (ARNi) a progressé d'un outil de laboratoinguissant vers des modalités

thérapeutiques potentielles dans le domaine delapie ciblée.

L'interférence ARN (ARNI) est un mécanisme postdaiptionnel de l'inactivation
de génes par la dégradation de I'ARNm ou de l'itibib directe de la traduction des
protéines (Caplen 2004; Dorsett and Tuschl 200énkér et al. 2005; Ramachandran and
Ignacimuthu 2013). Elle peut étre induite par ftauction d'’ARN ou d'’ADN simple brin de
13 a 25 bases; les oligonucleotides anti sens (AS}yQpar de I'ADN plasmatique (ADNp)
qui exprime courts ARN (shRNA) qui par la suite tsoraitées comme siRNA par la
machinerie cellulaire (McManus and Sharp 2002; 8céeal. 2003; Kim and Rossi 2007)
ou par synthese de petits ARN interférents (siRN@)sistant en 19-27 paires de bases en
longueur. L'inhibition des genes par ces approéséhautement spécifique et bien que leur
capacité d'appariement de bases avec les séquepdeifiques d'acides nucléiques
complémentaires est similaire, leur mode d'intobitd'un gene est relativement différente.
Les AS-ONs sont pris en charge par I'enzyme Riblmase H (RNase H) qui aide a la

dégradation de 'ARNm complémentaire cible d'unaigra catalytique, ensuite 'AS-ONs
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est & nouveau libéré pour se lier avec un autre rARNIe (Walder and Walder 1988, Eder
and Walder 1991, Schultz and Champoux 2008, Tadokod Kanaya 2009, Sitikov 2012).

Les siRNA synthétiques sont des petits ARN doubie @@sRNA) et sont le substrat
du complexe RISC ou RNA induced silencing compléicNlanus and Sharp 2002).
L'introduction de siRNA initie une cascade puiseadé la dégradation spécifique de la
séquence d’ARNm cible sur la liaison d'une séque@Nm complémentaire du génome
(Wilson and Doudna 2013). Les siRNAs sont des agéms prometteurs en thérapie
anticancéreuse. lls peuvent inhiber un grand nordéreibles (récepteurs a activité tyrosine
kinase, géene anti-apoptotiques et autres genesurdee <cellulaire). De plus, ils peuvent
contrecarrer la résistance causée par l'effluxdiegues. En effet, il est peu probable que les
SiRNA soient expulsés des cellules cancéreusesréhits d’entre eux peuvent inhiber
'expression des protéines d’efflux. De plus, IeRNASs exercent leur activité a des

concentrations extrémement faibles (de I'ordre ido molaire).

Sachant que la séquence d’'un oncogene de jonctiost @nique, elle ne se trouve
gue dans les cellules tumorales et représente unible spécifique pour des thérapies
ciblées type siRNA, nous avons choisi d’appliquerette technologie innovante au cancer
papillaire de la thyroide qui est la tumeur endocmne la plus fréquente.

Dans ce contexte, un projet de recherche a été ldats I'équipe de Dr Massade a la
recherche d'un traitement efficace basé sur Katiion de siRNA contre le carcinome
papillaire de la thyroide (PTC). L'exploration ddumano-médecine efficace contre les
oncogenes de fusion RET/PTC exprimée dans les R3€ la théme principal de mon projet

de thése.

Mais, la délivrancein vivo de siRNA est un défi majeur. De plus, l'efficacité
biologique du siRNA est entravée par leur demipleEsmatique courte (mauvaise stabilité
dans les liquides biologiques) et a une faible pétién intracellulaire (caractére tres
hydrophile). La délivrance de siRNA dépend deaikstructure, ii) des modifications et des
substitutions chimiques qui affectent sa stabd@@s la circulation sanguine, iii) I'aptitude a
s'extravaser dans les vaisseaux sanguins, ivpidibiribution, v) la capacité de pénétration
intracellulaire et clairance de la circulation (kestyet al. 2012). Les problémes d'instabilité
et de dégradation doivent étre résolus avant dérplla pleine efficacité de siRNA pour
l'inactivation des génes. Les différentes approaltésées pour délivrer les siRNA a la
cible, leurs avantages et inconvénients sont résulags I'article de revue (Adt al.2012).
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Afin de protéger les siRNA contre la dégradationd&méliorer la pénétration
intracellulaire, les siRNA RET/PTCs ont été vedés par méthode de "squalenoylation"
(pour revue voir: Raouanet al. 2012, Ali et al. 2012). Le squaléne (SQ) est un lipide
neutre, précurseur du cholestérol, également éitiidans diverses préparations
pharmaceutiqgues comme excipient. Ce nouveau conmurséationique a été découvert par
I'équipe du Pr. COUVREUR pour préparer des nanapdes (NPs) (Couvreuwet al. 2006;
Couvreuret al. 2008). Ainsi les nanoparticules de SQgem (squategemcitabine) ont éte
préparées et ont été trouvees plus cytotoxiquetro (Reddyet al. 2007) et possedent une
activité anrtinéoplasique plus efficaitevivo (Reddyet al. 2008a). Nous avons appliqué ce
concept innovant pour vectoriser les siRNA thérédpgees que nous avons mis au point au

laboratoire.

1.17.2. Principaux résultats obtenus au cours da these

Au Cours de sa these, Marie Gibert a concu et testicacité et la spécificité des
siRNA RET/PTC1 (Gilbert-Sirieixet al. 2010). Ensuite, Mouna Raouane a vectorisé les
siRNA RET/PTCL1 par la méthode de squalenoylatiorev@ment cette technique consiste a
coupler d’'une maniere covalente le SIRNA RET/PT@lsqualéne. Le bio-conjugué formé
est capable de s’auto-assembler spontanément a@nsolution aqueuse pour donner des
nanoparticules. Les nanoparticules siRNA RET/PTQLddt montré des effets inhibiteurs
significatifs (70% d’inhibition de la croissancentarale). De plus, une inhibition de
I'expression de I'oncogéne et de lI'onco-protéinatsobservés (Raouaret al. 2011). En
revanche, aucune efficacité des nanoparticules AIRET/PTC1-SQ ont été trouvén
vitro. Nous avons supposé que l'inefficacité des nanopantiles est due a leur incapacité
a traverser les membranes cellulaires, comme ils neont pas trouvés dans le
compartiment intracellulaire par microscopie a fluorescence, sauf une fois transfectées

par la lipofectamine 2000.

Pour surmonter cet obstacle, un peptide fusogéniguSALA a été choisi ayant
montré des résultats intéressants pour améliargetdhalisation des ONs anti sens (Hughes
et al. 1996) et les siRNAs (Hatakeyarsaial. 2009, Sakuraet al. 2009, Akitaet al. 2010,
Satoet al. 2010, Akitaet al. 2011). Le GALA interagir avec les membranes cailes dans
le tissu cible, pour obtenir un meilleur transpttensmembranaire et pour améliorer la
pénétration intracellulaire de nanoparticules. Aimp®ur restaurer l'efficacitén vitro des
nanoparticules siRNA RET/PTC1-SQ, le GALA a étéusgoen tant que GALA-Chol pour
améliorer la translocation de nanoparticules justautible.
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Afin d’améliorer la pénétration intracellulaire, u® avons combiné les siRNA
RET/PTC1 SQ avec le GALA (répétition d’acide glutgoe-alanine-leucine- alanine)
(Subbaracet al. 1987). Le GALA s’incorpore dans la membrane endwae et la déstabilise
suite a un changement conformationel induit pafalble pH endosomal, ce qui favorise
I'échappement vers le cytoplasme. Le GALA sous feanme conjugué avec du cholestérol
(GALA-Chol) a été synthétisé et fourni par le Prdeloshi Harashima (Laboratory of
Innovative Nanomedicine, Faculty of Pharmaceutgménces, Hokkaido University Kita 12,
Japan). Ainsi, le GALA-Chol associé aux nanopaltistsqualénées siRNA-SQ RET/PTCL1
conduit a la formation de nanoparticules (NPs) #AARB-GALA-Chol. In vitro, les NPs
SiRNA-SQ GALA-Chol RET/PTC1, a la dose de 50nM seifficaces et non toxique dans la
lignée BHP 10-3 qui exprime RET/PTC1. En microseoponfocale et contrairement aux
NPs siRNA-SQ RET/PTC1, les NPs siRNA-SQ GALA-Chd@RPTC1 sont capables de

franchir la membrane cellulaire et se situent damytoplasme.

Ensuite, des expériences chez l'animal ont étécwefdes. Les NPs siRNA
RET/PTC1-SQ ainsi que les NPs siRNA-SQ GALA-CholTRETC1 ont été injectés a des
souris nudes porteuses de tumeurs xénogrefféeBHf2r10 soit par voie intraveineusev()
soit par voie intratumorale.i.). Apres sacrifice des souris, I'expression de FHU1 par

RT-gPCR et par Western blot dans les tumeurs.

Les résultats montrent que seules les NPs siRNA/REJ1-SQ sont capables
d’inhiber la croissance tumorale et I'expressionREET/PTC1. Donc le GALA améliore
I'internalisation des NPs siRNA RET/PTC1-S@ vitro mais n’a aucune activité
antinéoplasiqudan vivo probablement di a une agrégation des NPs siRNA/RET1-

SQ+GALA dans la circulation sanguine.

En conclusion, les nanoparticules siRNA-squalene o définitivement
accréditées pour délivrer les siRNA thérapeutiquest permettent de diminuer les doses

de siRNA tout en maintenant leurs efficacités anti@oplasiques.

Dans la deuxieme partie de I'étude, nous nous ssmméressés a I'oncogene de
jonction RET/PTC3 qui est a l'origine du cancerioaidduit agressif de I'enfant, observé

avec une incidence élevée dans les zones forteampntées aux radiations ionisantes apres
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'accident de Tchernobyl. Il résulte de I'activatide RET par recombinaison au géne ELE1

suite a des irradiations précoces.

A notre connaissance, aucune lignée de cellulesaima®s exprimant RET/PTC3 n'a
éte établie. Dans un premier temp®us avons établi une lignée cellulaire exprimant
'oncogéne RET/PTC3 par transfection stable d'umsplide d’expression exprimant
RET/PTC3 dans la lignée NIH-3T3 issue de fibrolgdaste sourighaptisée RP3).

La lignée RP3 a été caractérisée pour sa tumodi@rihez la souris nude. Nous
montrons que l'injection en sous-cutanée des &dllRP3 engendre le développement de

tumeurs en 15 jours chez la souris nude qui coefitatquisition du phénotype tumoral.

Ensuite, quatre siRNA ciblant la jonction RET/PTQ& été dessinés et synthétisés,
le plus efficace inhibe de 80% I'expression de IMRR de RET/PTC3 et diminue
significativement I'expression de la protéine REbus montrons que le siRNA RET/PTC3
est spécifiqgue de la séquence RET/PTCS3 car il refficace sur des lignées cellulaires
exprimant I'oncogéne RET/PTCL1 (lignées de carcingagillaire de la thyroide TCP-1 et
BHP10-3). Dans la lignée RP3, le sSiRNA RET/PTC3beHa viabilité cellulaire (test MTT),
la migration et linvasion cellulaire (recolonisati de bréche sans et avec Matrilfel
respectivement, suivi d’'une analyse en Incut{}ebloque les cellules en phase G0/G1
(cytométrie en flux aprés marquage des cellulé®adurre de propidium) et induit I'apoptose
(clivage de la caspase-3 et de PARP observés erteifVeblot). Ensuite, le siRNA
RET/PTC3 a été vectorisé par squalénisation. LAIAIRET/PTC3 couplé au squaléne et
administré sous forme de nanoparticules inhibesfoent la croissance tumorale et diminue

I'expression de I'oncogene et de I'oncoprotéing @ilal.2014b).

En conclusion, nous avons établi un modele cellutai (RP3) qui exprime
'oncogene de jonction RET/PTC3, qui est tumorigenehez la souris athymique. Nous
avons défini des siRNA RET/PTCS3 efficaces et spéigfies RET/PTC3 qui, administrés
in vivo sous forme de nanoparticules, inhibent fortemental croissance tumorale et

diminuent I'expression de I'oncogéne et de I'oncotéine.
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1.17.3. Discussion

Dans la premiere partie de ce travail de these,s nawns montré que les
nanoparticules siRNA RET/PTC1-SQ combinées au GAlb® sont inefficacesn vivo
mais augmentent l'internalisation du siRNA RET/PTi@¥itro. Pour expliquer le désaccord
entre résultatsn vitro et in vivo, nous devons considérer les molécules présentes lda
microenvironnement des fluides physiologiguesvivo, les nanoparticules se trouvent dans
un milieu riche en protéines.g. des immunoglobulines, des protéines du compléntad,
facteurs de coagulation, l'albumine, le fibrinogéeke des facteurs de développement
(Saptarshet al. 2013). Ainsi, en raison de leur grande taille @trapport surface-masse, les
NPs forment des complexes Bio/Nano en interagissardc des protéines et des
biomolécules ou, avec d'autres acides nucléigues]ipides et méme avec des métabolites
(Saptarshiet al. 2013). Les nanoparticules adsorbent sélectiverdéférents peptides et
d'acides aminés sur leur surface pour former demnes NPs-protéines par des interactions
moléculaires entre des groupes chimiques des sgrfdes nanoparticules et des résidus
d’acides aminés. Ces composants absorbés sur mb@ifient leurs propriétés de forme et
de surface, ce qui pourrait accroitre ou réduireapacité de délivrance et donc le devenir
ultime du nano-agent (Xiat al. 2010). Les interactions protéiques affectent égatd la
pénétration cellulaire, I'accumulation, la dégramtaet I'élimination des NPs de la circulation
(Saptarshet al.2013). Pour cette raison, il est ainsi possible lgs nanoparticules associées
au GALA-Chol forment des agrégats avec des compesaeriques ce qui expliquerait la

discordance entre les résultats/ivo etin vitro.

Comme mentionné précédemment, les nanoparticulésragissent avec les
composants complexes de fluides naturels (Saptatstli 2013). Cette interaction nano-bio
pourraient entraver la quantité absolue de naniopdes a étre livré a la cible ce qui permet
de réduire considérablement la cinétique de lib@ratdes oligonucléotides des

nanoparticules.

Pour cela, des études de pharmacocinétique etoedidtribution seront nécessaires
pour comprendre le devenir des NPs siRNA-SQ. Naygpasons que ces nano-vecteurs
sont capables de traverser le réseau vasculairestiuiésorganisé dans la tumeur et rendu
par ce fait, plus perméable par rapport aux tississ. De plus, le systeme lymphatique
tumoral est souvent compromis. Cet effet de periigakt de rétention tissulaire appelé
EPR (Enhanced Permeability and Retention effectpgdih et al. 2013) permet une
vectorisation passive c'est-a-dire, un effet spo@tde translocation des nanoparticules de
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taille inférieure a 200 nm a travers la paroi dasseaux néoformés de la tumeur. Dans le
cas ou les études de biodistribution montrent weeraulation importante dans les organes
d’épuration, nous pouvons envisager de PEGylem&®particules (Jokerstt al. 2011)
pour empécher les phénomenes d’opsonisation afimédaire la capture massive des
nanoparticules par le systeme réticulo-endothééill par conséquent favoriser leur
accumulation sélective au niveau de la tumeur (fniget al. 2001). Des modifications
structurelles peuvent étre aussi envisagées enléamanoparticules soit a la transferrine
(Bartlett and Davis 2007) soit a des anticorpsariblexclusivement les cellules tumorales
[Avastin (bevacizumab) ou Herceptin (trastuzumade) anticorps monoclonaux spécifiques
contre le VEGF (Leet al.2000) ou I'HER- 2 (Izumet al.2002)].

Dans la seconde partie du travail, nous avonsiétael nouvelle thérapie contre
'oncogene de jonction RET/PTC3 par siRNA et monaéspécificité du traitement en
ciblant les deux génes partenaires de la jonctigh Bt ELE1 et non seulement RET. Nous
avons entrepris cette démarche car un siRNA didg&guement contre RET pourra
également inhiber I'expression de RET dans leggiasrmaux, y compris les poumons, les
systemes nerveux, uro-génital et hématopoiétigdefiigan 2014). Le siRNA RET/PTC1 a
éte utilisé comme contrdle non spécifique des lsdIRP3 (exprimant 'oncogéne de fusion
RET/PTC3). Les effets non inhibiteurs du siRNA RETC1 dans la lignée cellulaire RP3
montre que le ciblage est spécifique contre |la siécgi d’oncogene de jonctiovice versa
le siRNA RET/PTC3 est également incapable d'inhilRET/PTC1 dans les lignées
cellulaires BHP 10-3 et TPC-1 (exprimant oncogerefusion RET/PTC1). Ainsi, nous
avons conclu qu'un siRNA ciblé spécifiquement mitdrséquence de jonction (y compris a
deux parties de gene participant) est nécessaite pmvoquer des effets inhibiteurs
efficaces contre lI'oncogéne de jonction et égaléméniter une inhibition de type sauvage

du gene RET dans d'autres systemes.

A la recherche des conséquences biologiques deiditon de RET/PTC3, nous
avons constaté que le siRNA RET/PTC3 a des effetblds; inhibition de la croissance
cellulaire par un blocage de cycle cellulaire eagghG0/G1 et également induction de la
mort cellulaire par apoptose et/ou par nécrose.sDwire étude, la mort cellulaire a été
trouvé étre induite par le SIRNA RET/PTC3 par djgale la caspase-3 et de PARP-1. Ceci
démontre que le traitement par siRNA provoque dgrirentation de I'ADN qui conduit a
I'activation de la machinerie de la mort cellulagdt@ns les cellules tumorales, d'abord par
voie apoptotique et dés que les effets siRNA pensigoendant un certain temps, il active
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ensuite les voies nécrotiques. Ces résultats antobservé par d’'autres auteurs dans
plusieurs modeles cellulaires cancéreux, notamnuentfibro-sarcome L929 (Schulze-
Osthoff et al. 1994), et d’adénocarcinome colique HT29 (Wilsord @&rowning 2002,
Meuretteet al. 2007 ). Par conséquent, nous avons conclu quikMAsprovoque la mort
cellulaire par une combinaison des deux voiesppamse et la nécrose. Tant que, la mort
cellulaire est induite par la stimulation des réeaps de mort par leurs ligands spécifiques,
il pourrait étre intéressant d'étudier, si le gaient par siRNA est capable de modifier
I'expression de récepteur de l'apoptose (CD95/Hadg nécrose (TNFR = tumour necrosis
factor receptor) et/ou leurs ligands respectifs AMIR= TNF-related apoptosis-inducing
ligand, FASL or CD95L, TN& = TNF ligand). En plus, les TRAIL (Frewt al. 2008,
Bernardiet al. 2011, Bernardet al. 2012, Dimberget al. 2013) ainsi que le CD95 (Matrtin-
Villalba et al. 2013) sont déja utilisés comme thérapie anti-taheoet outil thérapeutique
potentiel pour diverses tumeurs malignes et qusldhérapies a base de TRAIL sont en
phase | ou Il en essais cliniques (Belkatlal. 2009, de Wiltet al. 2013, Gasparinéet al.
2013, Stuckey and Shah 2013). Par conséquentousrgent également étre utilisés en

association avec le siRNA pour tester I'efficadiéécette thérapie combinée.

L’ensemble des résultats obtenus sur RET/PTC1 &/RREC3 montrent que nos
siRNA mis au point auraient des applications théutigues. Les expériences préalablement
effectués au laboratoire montrent une inhibitign#gicative (~70%) de géne RET/PTC1 par
les siRNA RET/PTC1-SQ NPs lorsqu’ils sont injecfisx voie intraveineuse a la dose
cumulative de 2.5 mg/kg/souris (Raouagteal. 2011). Méme a une dose 5 fois moins
importante (0.5 mg/kg/souris) une inhibition sigrative de la croissance tumorale (A&l
al. 2014a) dans les tumeurs porteuses de RET/PTGLradttrée. Pour RET/PTC3, la dose
de 2.5 mg/kg/souris a été choisie car 'oncogén@uetion RET/PTC3 est plus agressif et
plus métastatique (Akt al.2014b). L'inhibition de la croissance tumorale,m@a partir de
la premiere injection de siRNA RET/PTC3 NPs motiigHicacité de cette thérapie ciblée.
Les effets persistants des nanoparticules SIRNA/RET1-SQ ou siRNA RET/PTC3-SQ
sur l'inhibition de la croissance tumorale pendalnsieurs (7-9) jours apres la derniére

injection, montre la stabilité du systeme qui présdes siRNA de la dégradation.
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1.17.4. Conclusions :

1.

no

Les deux siRNA RET/PTC1 et RET/PTC3 sont efficaeespécifiques contre leur
propre oncogene de jonction.

L’'oncogéne de jonction RET/PTC3 est capable destommer les fibroblastes
embryonnaires de souris NIH/3T3.

In vitro, les nanoparticules siRNA RET/PTC-SQ ne sont paslias de traverser la
membrane cellulaire et sont donc inefficace sunhilbition de I'oncogéne et de
son oncoprotéine, sauf si transfectées avec lipaigoe 2000.

In vitro, le GALA-Chol favorise [linternalisation des naraspcules siRNA
RET/PTC1-SQ et la libération du siRNA RET/PTC1 cpa traduit par une
efficacité de I'inhibition de I'oncogene et de looprotéine RET/PTC1 mais il
s’agrégein vivo aux protéines et rend les nanoparticules siRNA /RET1
inefficaces.

Les deux nanoparticules (SIRNA RET/PTCs-SQ NPs) sfficacesn vivo, ils inhibent
la croissance tumorale, réduisent I'expression’decbgéne et I'oncoprotéine
RET/PTCs.

Les nanoparticules de siRNA RET/PTC1-SQ inhiberdriassance tumorale, méme a
une dose cing fois moins importante (de 0.5 mgékgis) que les résultats
publiés antérieurement (de 2.5 mg/kg/ souris).

Les nanoparticules de siRNA RET/PTC3-SQ induisannbrt cellulairein vitro etin
vivo par clivage de la caspase-3 et PARP-1 et restayariiellement la

différenciationin vivo (diminution de marqueur Ki67).

1.17.5. Perspectives :

1.

2.

Des concentrations plus faibles de GALA-Chol sertedtées pour vérifier leur
efficacitéin vitro etin vivo afin d’empécher l'agrégation des nanoparticules au
protéines sériques.

Plusieurs protocoles de traitement par les nancpés siRNA RET/PTC-SQ seront
testés afin de pouvoir améliorer la régression taheog.g des concentrations
plus faibles en siRNA-SQ NPs, des injections pkgaeés de siRNA-SQ NPs a

des concentrations plus fortes).
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3. Dans le but de comprendre la disponibilité des pariwules dans l'organe cible, la
bio-distribution des nanoparticules sera étudigesdes organes ainsi que le tissu
tumoral.

4. Dans le but d’améliorer le traitement des carcin®rpapillaires de la thyroide, les
siRNA RET/PTCs-SQ NPs devraient étre combinés avéet/ou un inhibiteur
de VEGF.

5. L’approche pharmacologique par siRNA-SQ NPs devédie étendue a d'autres
pathologies cancéreuses porteuses d’oncogene diojore.g. TMPRSS2/ERG
dans le cancer de la prostate).

1.17.6. Retombées cliniques :

Sachant que les oncogenes RET/PTC1 et RET/PTCa8seqent lequasi majorité
des réarrangements RET observés dans les cangelfaigs de la thyroide, leur inhibition
par des siRNA permettrait d’introduire une nouvehérapie pour les patients réfractaires
aux traitements actuels. L’'avantage d'utiliser timode de squalénisation par rapport a celle
des lipides cationiques pour délivrer les siRNA REICs est d’avoir un ratio en charge
efficace (siRNA/squalene) de 1/1 (mole/mole) petargtainsi de livrer plus de produit actif.
Notre but ultime serait d’introduire dans les arm@ei suivent une nano-meédecine a base de

siRNA RET/PTC-squaléne en phase clinique.
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