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‘000 unopeic

KL av 8ev umopelc va KApeLg Tnv {wr) oou Omwe TNV BEAeLS,
ToUTO TipooTABnaoe TouAdyLoToV

000 UMOPELG: UNnv TNV e€euTeAlELg

EG 0TNV TIOAAR cuvAadeLla Tou KOOUOU,

ILEC OTEC TIOANEG KLV OELC KL OUIALEG.

Mnv tnv e€euteAilelg mnalvovtdg tny,
yupilovTtag ouyva KL eKBETOVTAG TNV
OTWV OXECEWV KAL TWV OUVAVACTPOPWY
™V KaBnuepLvrv avonaola,

WG TOU va yivel oa pLa Eévn GopTIKA.

K.MN. KaBadng, Mowuata, top.1, Ikapog


https://www.doritamarkantoni.com/oso-boris/
https://www.doritamarkantoni.com/oso-boris/

One of the hardest lessons in life
is letting go.

Whether it’s guilt,

anger, love or loss.

Change is never easy,

You fight to hold on and you fight to let go.

Kahlil Gibran



EYXAPIZTIEZ

M 6ooug eivat “Spopeic avtoxng”, n dtdaktopikr dtatplr) onuaivel mavia moAL mePLOCOTEPA ATIO
€vav T{tAo. AUTOGC O TEPUOATIOUOC HOLAlEL TEPLOOOTEPO HE adetnpla.. ypadovtag -pe kamola
ouykivnon ouoAoyw- To EVXAPLOTHPLO HOU TIPOG OAOUG, 00Ol oTABNKav 0To TAAL Wou OAa auTd ta
XPOVLA KaL 0Toug omoioug odpedw MOAAA. ZTNV Mpayuatikotnta, N oeAida auth, éxel ypadtel TOANEG
$OPEC OTO HUAAO HOU WG TO AMOTEAECUA ULOG VOEPHG AOKNONG OAOKANPWONG QUTAC TNG MOKPAG,
emimovng, ouvadeAdikng, cuUVTPODIKNG AAAA TAUTOXPOVA ATIOTEUTA HOVOXLKNG TIPOooTiabelag amo
LEPOUC OV, VA TIEPATWOW ML TIELPAUATIKY KaL OUYYPAPLKN) TTopEla TTOU val adrVeL EVa ALOTPETIEC
amoTUMwUa. To euxapLoTAPLO AUTO onuelwpa ekbpAlel éva eAAXLOTO HLEPOG TNG EVYVWUOOUVNG TIOU
altoBavopal yla 6Aoug Toug avBpwoug Tou cuVERaAQY 0 'auTO TO OV .

To MPpWTo BepUO EVXAPLOTW SIKALWUATIKA TO 0OPEIAW OTNV ETUOTNLOVLKA LOU UTIELBUVN OV, OUOTLUN
kaBnyntpla Ap. Xodia ToeAévn-Mnaladolta, yla TNV QUEPLOTN OTAPLEN KAl TNV TIOAUTIAEUPEN
OLUUMAPAOTAOCN TNG O KABE 0TAdL0 AUTOU TOU eyXELPrATOC ekdpalovTac mavta évay afloBalpuacto
€vBOUCLAOUO YLA TNV EMLOTALN KOL UE TNV AVTIANTITIKY HATLd BLOAOYOU OTLG MELPAUATIKEG SLAOIKACIEC,
QMOTEAECE KOl QTMOTEAEL ylA PEVA QOTE(PEVTN EUMVEUON. Tnv €UXOPLOTW BEPUA yla TNV aKkEpPAL
EUMLOTOOUVN TIOU oL €8€Lée, TNV KaBobnynon tng, T aveEAVIANTEC LOEEC TNC KAL TOV TIOAUTLUO XPOVO
™ng.

Odeldw €va moAU peyAAO €UXAPLOTW OTNV ETLOTNHOVIKY eTBAEMOVOA pou, EpsuvAtpla, Ap. Epa
Avootaoladou yla t Slopkr EmMOTNUOVIKY KaBodrynon mou Jou Tapelyg, tnv otnpEn kat tnv
EUMLOTOOUVN TIOU HoU €0€lEe o€ KABE TTUYN TNC MOAUETOUC OUVEPYAOCLOG HAC, VLA TIG TIOAUTUUEG
€UKaLpleC IOV pou pooEdepe o€ TOUE(C TNG €peuvac Kat TnG StdaokaAlag, yla tnv eAeuBepia kat To
o€BaoPO TOU eMEDELEE OTIC EPEVVNTIKEG ETUAOYEC UOU Kal KUplwg yla OAeg TG popES mou, UTO TN
SLAKPLTIKN EMOTTELQ TNG, PE TETAEE PECOTIEAQYA VLA VA LABW VO KOAUUTIAW. TnV EUXAPLOTW, €MioNG,
yla TIG ateAelwTeg oculnTNOELS HaC -€PAATAPLO BEATIWONC HOU- KOL YLOL TNV EUKalpla Tou pou €6wae
VO OUVEPYAOTW HUE GANOUG EYKPLTOUC ETULOTHMOVEC otnv EAAGda kat otnv Eupwnn Slvovtdc pou tnv
eArtiba nwg omou KL av Bpebw Ba pmopw va otabw katl va aAAnAeTidpdow.

Oa nBeha, emiong, va €UXAPLOTNOW TO €TEPO PEAOC TNC TPLUEAOUG CUUPBOUAEUTIKAG ETLTPOTNG,
AvarAnpwtn kaBnyntn Ap. AnunRteLo 2tpafomnodn, yLo TNV KPLTIKY TOU HATLA KOL TLIC ETILONUAVOELC TOU,
yla TNV ETILOTNOVLIKA 0TAPLEN TIou adeldwg pou Tapeixe, dN amo ta mpwta GOLTNTIKA XPOVLA, VLo TNV
TIPOTPOTIA VO KAVW SLOAKTOPLKO, Yl TNV KATtavonon Ue TNV omola Slaxelplotnke KABe pou amopla f
OKEYN, YLOL TN OXOAQOTIKOTNTA KAL TNV ETULUEAELA E TNV oTola €0ku e MAvVw amod TNV EPEVVNTIKA LOU
epyaocia.

Euxaplotw oAU, entiong, tov Epeuvnt Ap. Ztopdtn MNaykakn, Epeuvnt) Ap. Zapdvtn FKAYKO Kot TN
Ap. EAévn Pnyava yloe tnv moAU SnULoupyLKn KoL TTopaywyLkn ouvepyaoia mou elyape 0OAo autd xpovia,
n omola anédwaoe kapmoug.

OanbeAa va ekppAow Eva UEYANO EUXAPLOTW OTA MEAN TNC EMTAUEAOUC UOU ETUTPOTINC, Tov KaBnyntn
NikoAao Kapavtld, tov AvarmAnpwtr Kadnyntr Nwpyo Aypoyiavvn, tov Epeuvnt) A" Ap. Anuntplo



KAétoa kot Tov Epeuvntn Ap. Tiwpyo MauvAdmoulo yla tnv KaBodrynaor Toug Kal yla Tov TOAUTLUO
XPOVO TOUG.

Euxaplotw Beppd Toug PIAOUC KL CUVEPYATEC LOU OTO EPYAOTHPLO, AAAA Kol oTa adeAdd epyaoTrpla.
I6laitepa T diAn kat cuvepyatda Ap. 2téAAa Mewpylou mou pall Kavape autod To Tagid Kat ya tnv
QUEPLOTN OTAPLEN, ALLYWS ETILOTNUOVLKY (armoTteAéopata, SNUOCLEVOELS) KAt PUXOAOYLKH, KaB” OAn Tn
Stdpkela authg Tng Oladpoung. Euxoplotw Bepud, emiong to Ap. Avaotaclo Ael yla TN
ONUOVTIKOTATN OUVELODOPA TOU 0 SLAPOPETIKEG TITUXEG EKTIOVNONG TNG €PyACiag aUTAG KAl 0TNV
BeAtiwon NG mMapouclaong TWY AMOTEAECUATWY Kal OXL LOVO.

Euxaplotw Bepud, eniong, tn Biku Oilutna, tn Xplotiva Atapdvin, Nikoda KahaBpo, MNavo KakouAidn
Kat Tov BaoiAn MEpPo yla TLG YOVIEG ETILOTNOVIKEG K UETADPAOTIKEGY OUINTACELS Kal TN CUUBOAN
TOUG OTO QTOTEAECHOTA, OTIG AVAAUOELS, OTLG SNUOCLEVUCELS KAl OTNV OTtTikomoinon tng datptfnc
HEOW BlomAnpodoplkwy Kal BloAoylkwy epyoielwy. ‘Eva peyadlo euxaplotw otnv Avdplava AKTUmn
TIOU TIEPACAUE TIOAA amod Tta xpovia pall oto epyactriplo, dSnUloupywvtag pla oAl opopdn oxéon
kal aAANAeTOpwvTaAG Ue TIOAU €MOLKOOOUNTIKO TPOTIO. AUTA T XPOVLAL OTO EPYAOTHPLO, cuvAvTnoa
a&lohoyoug emtotruoved. OLBaow TapaoAld, Kwvotavtiva BeioyAdvn, Oain XplotodouAou, Xplotiva
Alyvou, Xtéllog Toaykpnc, Audla KovduAwol, Mapia Aald, EptpUuAn AtavormolAou, AREEavdpoC
Kapaylavvakog, Aéomowva Anpdakou, 2taupolAa MNavvakomouAou, Avactaoia Kapavtld, Xapd Makpn
kat MNovAn Xatlnoappou, pall e toug Gpiloug pou amod ta duthava adeAdd epyaoctrpla, a&ilouv Eva
EYKAPOLO EVXOPLOTW YL OAEG EKEIVEG TIC POPEG TTOU EEVUXTHOAUE TIOPEQ, VLA AUTA TTOU AVOKAAU P aUE
padi, yla Tiq atéAelwTes oulNTACELS Kal avalnToeLs poc. Mooa Epaba amnd oag KoL mOoo LE XaPOoToLEL
n nmopeia oac.

‘Eva TEPAOTIO EUXAPLOTW OTOUG PIAOUC HoU, eVTOG Kal EKTOC KAAOOU, TTOU UE OTNPLEaV o OAN TN
Stdpkela ¢ mPoonABELAg pou, xaipovtayv e TNV mopela pou, Atav ekel OTIOTE TOUG XPELALOLOUV Kal
€0EL(vaV amepLOpLOTN Katavonon Kabe dopd mou 0 OyKog TNG SOUAELAG HE avayKale va ETUAEYW TN
«OLWTH AcUpHATOU» aAld Kal KaBe popd ou Tpayoudouoa yla TNV anocBeon Twv KPadAoHWY KL G
Toug Koupala.

H oAokAnpwon tng dtdaktopikng pou Statplpng, Befaiwg, Ba NTav KuploAektikd aduvatn xwpelc tTnv
UALKR, NBLKN KAl EUMPAKTN CUMAPACTACN TNG OLKOYEVELAC Hou. Av kal §ev ouvnBilw va to ekdpdlw,
odellw €va MOAU UeyAAO ELXAPLOTW KAl EUYVWHOOUVN OTOUG YOVELC pou, MNavvn kat Bdow, mou Je
£€Kavay TAava va viwbw tnv adlampayuateutn ayarnn ToUc, LE EKovaV Va ayamnow, averitndeuta, To
StaBaopa kat tnv avalntnon/audlofitnon -Bacikd cuoTATIKO EVOC BLOAOYOU- KL VAL VIWOW OTL £XW
KAToU KA va akoupmnow. Méoa oto tagdl autod, n anwAeld oou, prapnd, pe didage kat To MwWg
elvat va xavels éva kataduylo, ala va pnopeic va otabeic aflonmpenwd Kat xwpl¢ autod. Euxaplotw,
amo Vv Kapdld pou, Ta adépdla pou Zodla kat AvOpea, yia OAa 0oa KAVOUV yLa LEVA, Kol KUPLwE yla
TV ayann kot T Pabld miotn Toug ot pEVA, BACLKA OUCTATIKA TOU, OMWwE avTAauBavoual
HeEYaAwvovTag, £xouv SNULOUPYNOCEL LECA OV TIOAU HeYAAa amoBépata SUvVauNG Kol avtoxNe. Toug
EUYOPLOTW Yla €vav akoua Adyo. Mapott Atav oxedov amnibavo va kataAdBouv el Babog to Wolaitepo
QVTIKE(UEVO pOG, €uabav va KAvouv TpooTdbela va TO KATAVONOOUV Kal yailpovtav peE Ta
QMOTEAECLATA QUTAG TNG TTOPELAG aKOUA KL OTAV NTAV -yla [LEVO- EAACOOVOS ONUACLOG.



Q& \w va ypaPw duo Adyla yia Tn Babla evyvwpocoUvn otov oUVTPOodO OV, TOV 2ZWTO, O OTIOL0C EKAVE
BouTld pall Lou o€ aUTAY TNV EPUTETELA KAL UTIEpAOTIOTNKE 0Bevapd Kal xwpic deutepn ok, TNV
«acupdopn» emAoyr TNG ekmovnong uag Stdaktoplkng dtatplBrg, pe OAeg tig Buoieg mou aut
npoUméBete. Mavta elyav MAAKA Ta AOTELQ O OYEON HE AUTO Kal (0Ww¢ OvTwe va aélle va Tou xaplow
HLoO TitAo. Tov euxapLoTw yla T dlapkn cupmnapactaon kat cuvodounopia o kaBe eidouc xapd Kat
SUoKOAO YeYOVOG TTOU 0UVOSELOE OAO AUTA TA XPOVLIA AAAQ KaL TO T(PONYOUEVAL OO AUTA KAl yLo TN
eKAOYLKEVEVN Bewpnor) Tou Tou Sivel vonua oto «KaBnNUEPLVA» OV, OKOUA KL OTAV QUTO TElVEL va
xaB¢el and to ouvaiodbnua.

EATtiw KL eUyopal va davw avtdéla tTng oTAPpLENS OAwY aUTWV TwV avBpWNIwWV Kal va KatadEpw, 600
Umopw, UE ooBapotnta Kat eTdeELoOTNTA VA KLvNBW HETAEY SLadOpETIKWY KOL ATTALTNTIKWY POAWV OTN
{wn kal va cUUBAAW o€ LUKPES avakoAUWIELS OTNV TTAYKOCHLA KOWOTNTA.



Abbreviations
AGO1
AGO2
AGO3
AGO4
AGOs
AITD

ALIX
AMAS ring
AMOs
anti-TPO
APC

ATC

AURB

CASTLE

CCH
CEP55
CITK
CNS
C-PTC
DDR
DFS
DGCR8
diRNAs
DSBs
DSS
DTC
EIF1AX
EMT
ER-stress
ESCRT
FAK
FNA
FOX
FTC
FT-UMP,
FVPTC
h

H&E
HCC

Explanation

Argonaute protein 1

Argonaute protein 2

Argonaute protein 3

Argonaute protein 4

Argonaute proteins

Autoimmune thyroid disease

Apoptosis-linked gene 2-interacting protein
Rho-dependent actomyosin-anillo-septin membrane-anchored ring
anti-miRNA Oligonucleotides

antithyroid peroxidase

Adenomatous polyposis coli

Anaplastic thyroid carcinoma

Aurora B

Carcinoma showing thymus-like differentiation/intrathyroidal
epithelial thymoma

C-cell hyperplasia

Centrosomal protein of 55 kDa

Citron kinase

Central nervous system

Common or classical variant of papillary thyroid carcinoma
DNA-damage response

Disease-free survival

DiGeorge Syndrome Critical Region 8 RNA binding protein
Double strand break induced small RNAs

Double strand brakes

Decision support system

Differentiated thyroid cancer

Eukaryotic translation initiation factor 1A
Epithelial-mesenchymal transition

Endoplasmic Reticulum Stress

Endosomal sorting complex required for transport
Focal adhesion kinase

Fine Needle Aspiration

Fork head box

Follicular thyroid carcinoma

Follicular tumor of uncertain malignant potential
Follicular variant of papillary thyroid carcinoma
Hours

Hematoxylin and eosin

Hepatocellular carcinoma



HIFla
HITS-CLIP

HR
HRMs
MEN 2
MET
mimic miR
min

miR

mir SNPs
MREs
MTC
MVD

NIFTP

oS
PAX8
PDTC
PLK4
PNST
PPARy
pseudo
PTBP3
PTC
RARE
RISC
RNAI
RNP
sec
SiRNA
T3

T4
TCV
TERT
TRBP
TRH
TSAb
TSG101
TSI
TTF-1

Hypoxia induced factor 1a

High-throughput sequencing of RNA isolated by crosslinking

immunoprecipitation

Homologous recombination
Hypoxia-responsive microRNAs
Multiple endocrine neoplasia 2
Mesenchymal-to-epithelial transition
Mimic sequence of a microRNA
Minutes

microRNA
mMiRNA-binding seed region

mMiRNA recognition elements
Medullary thyroid carcinoma
micro-vessel density

Non-invasive follicular thyroid neoplasm with papillary nuclear
features

Overall survival

Paired Box 8

Poorly differentiated thyroid tumors
Polo-like kinase 4
Peripheral nerve sheath tumor
PAX8-peroxisome proliferator activated receptory
Pseudoinclusions

Polypyrimidine Tract Binding Protein 3
Papillary thyroid carcinoma

Retinoic acid response element
RNA-induced silencing complex

RNA interference

Ribonucleoprotein enzyme

Seconds

small interference RNA
triiodothyronine

thyroxine

Tall cell variant

Telomerase reverse transcriptase
TAR RNA-binding protein

Thyroid releasing hormone

Thyroid stimulating antibody

Tumor susceptibility gene 101
Thyroid stimulating immunoglobulin
Thyroid transcription factor 1


https://en.wikipedia.org/wiki/Triiodothyronine
https://en.wikipedia.org/wiki/Thyroxine

WDT-UMP
HT

Well-differentiated tumor of uncertain malignant potential
Hashimoto
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Curriculum vitae

Vasiliki Pantazopoulou

Curriculum Vitae

PERSONAL DATA
Date of birth

Contact
LinkedIn profile
Citizen

EDUCATION
2016-present

2014-2015

2007-2012

WORK EXPERIENCE
2016-present

09.March.1989

(+30)6970619490, vasopantazo20@hotmail.com

linkedin.com/in/vasiliki-pantazopoulou-9b21b089

Athens, Greece

Ph.D. in Molecular and Cellular Biology of Cancer

National and Kapodistrian University of Athens, Dept. of Medicine, Greece

M.Sc. in Biology-Medicine, “Applications of Biology in Medicine

National and Kapodistrian University of Athens, Dept. of Biology &
Medicine, Greece

B.Sc. in Biology

National and Kapodistrian University of Athens, Dept. of Biology, Greece

Ph.D. candidate in Cancer Genetics

Thesis Title: “Study of Epithelial to Mesenchymal Transition via RNA-
induced silencing (RISC) complex using thyroid carcinoma substrate”,
Biomedical Research Foundation of the Academy of Athens (BRFAA)
Research on physiological and pathological role of RISC complex and cellular
responses during mitosis.
Molecular analysis of human thyroid cancer cell lines, human surgical
specimens (cancerous and healthy adjacent tissue) and mouse model tissues.
Meta-analysis and statistical analysis of patient medical records.
Research on potential biomarkers (mMRNAs, microRNAs) for diagnostic and
therapeutic approaches
Communicate effectively with the other study team members
(bioinformaticians, mathematicians, physicians and biologists) at local and
global level
Build and maintain scientific and medical relations with External Experts — Key
Opinion Leaders
Analyze data to develop insights and communicate to publications
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01.2016-07.2020

09.2011-12.2014

01.2010-03.2010

OTHER WORK
EXPERIENCE

11.2020-present

2009-2018

SKILLS

Curriculum vitae

Problem solving abilities, multitasking, attention to detail and adaptability

Research assistant in GALAXY molecular profiling of biopsies (Grant No
668031), EU Research and Innovation program Horizon 2020 (top rate
0,5%), “GALAXY: Gut-and-liver axis in alcoholic liver fibrosis”, Biomedical
Research Foundation of the Academy of Athens (BRFAA), Greece

In the current position my responsibilities include:

Build peer-to-peer relationships and provide scientific information to respond
to questions about liver transcriptomics

Deliver presentations at national and international meetings and conferences to
medical doctors, internal and pharmaceutical company stakeholders and
external audiences

Advanced clinical and scientific knowledge in liver, patient-oriented molecular
profiling of the tumor and disease management

Private employee

Diagnostics center “Plusma”, Nea lonia, Greece.
Molecular diagnostics: prenatal diagnostics (sequencing for cystic fibrosis, CVD
test), sexual transmitted diseases diagnosis and analyses of genetic and
autoimmune diseases

B.Sc. Degree

Dissertation Title: “The role of eisosomes in topogenesis and endocytosis

of transmembrane transporters in A. nidulans.”
Genetic crossings for studying the role of deletions of eisosomes on endocytosis
of proline and glutamic/ aspartic acid transmembrane transporters in A.
nidulans.

Invited lecture on ‘Introduction to Biology: RNA world’ cou
Master’s Program “Data Science and Information Technologie
National and Kapodistrian  University of Athens (Dept. of
Telecommunications) in collaboration with the BRFAA and the ATHEI
Innovation Center, Athens, Greece

Biology Tutor in Primary & High school
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Curriculum vitae

Liaising between clinicians and data scientists, encouraging teamwork and
colleague interaction as well as working independently

Grant, Proposals and Technical Writing

Aptitude to combine, analyze and present data clearly and concisely

Ability to multitask and work in a fast-paced environment

Excellent organizational skills including attention to detail and prioritization
Organization of lab meetings and conferences in BRFAA

Significant team/people management experience

Ensure high standard of professionalism to develop and maintain “peer-to-peer”
scientific relationships with key opinion leaders in academia

Experimental methodologies and techniques

Nucleic acid isolation and analysis; recombinant DNA techniques; Real-time quantitative PCR;
Polymerase Chain Reactions (multiple pcr, nested pcr, RT-PCR, ARMS); Crosslinking
immunoprecipitation coupled with high-throughput sequencing (HITS-CLIP); Line-probe assay (LiPA)-
Detection technique (quality) of specific sequences in PCR products based on reverse hybridization-;
Western blotting; Classical genetics, reverse genetics, growth tests, auxotrophy selection; Mouse
handling - Tissue sampling; Histology techniques; Advanced Microscopy techniques; Bright-field and
confocal laser microscopy; Immunofluorescence; Passive hemagglutination; Cell cultures; Transfections
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SUMMARY

Malignancies of thyroid gland are the most common malignancies of the endocrine system as
they account for 1-5% of all cancer cases worldwide. Papillary carcinomas (PTC) are the most
common type of thyroid cancer, accounting for approximately 80% of cases, usually, with good
prognosis. However, specific variants such as tall cell variants (TCV) demonstrate aggressive
characteristics and poor outcome. Deep understanding of the molecular correlations and gene
pathways that dictate the cell programming and therefore, the fate of the disease and the
outcome of the patient is crucial for a better stratification and the development of potential
treatments.

Towards that direction, we conducted a population study and analyzed the distribution of specific
clinicopathological features. We revealed a strong association between TCVs and the presence of
nuclear and tissue alterations such as pseudoinclusions and fibrogenesis, respectively. This was
associated with deregulation of specific processes such as protein processing in ER, NFK, cell-cell
adhesion and regulation of cytoskeleton, crucial pathways involved in Epithelial to Mesenchymal
Transition (EMT). EMT is a key mechanism in cell differentiation and migration (metastasis)
rearranging the location and function of structural proteins (such as molecules of the
cytoskeleton) as well as molecules that ensure cell junctions (tight, focal and adherens junction).
The nuclear structure and the presence of grooves, invaginations, creases and pseudoinclusions
were analyzed through Advanced microscopy techniques. RNA-induced silencing complex (RISC)
components such as Drosha, DGCRS8, Dicer and Argonaute proteins (AGOs) were intensely present
inside these structures in diffused or specific-located punctuate patterns. Strikingly, AGOs, and
specifically AGO2, follow these structures demonstrating an intense signal inside and along them.
AGOs "load" miRNAs and direct them to the mRNA targets for post-transcriptional gene
regulation. The presence of AGO2, the foremost member of the AGO family, most likely reflects
the great cellular need for tight gene regulation leading and management of local homeostasis.
This fact is not surprising since local protein synthesis in response to specific molecular signals
dictates the morphology, function and fate of the cells and therefore, the outcome of the disease.
Conclusively, we propose that AGO2 creates a niche, the “AGO2 locasomes”, for proper local
homeostasis. Anyhow, AGO?2 is known to be compartmentalized into structures such as GW- and
P-bodies, stress granules, adherens junctions and midbody, serving the "local" needs for post-
transcriptional gene regulation. Using immunofluorescence, image analysis, bioinformatics and
cytogenetics, it was demonstrated that AGO2 also resides in membrane protrusions such as open-
and close-ended tubes. The open-ended are most likely intercellular channels while close-ended
are cytokinetic bridges. In the latter AGO2 colocalizes at the midbody-arms with cytoskeletal
components such as a-Tubulin and Aurora B and various kinases. AGO2, phosphorylated on serine
387 colocalizes with Dicer at the midbody ring on a p38 MAPK dependent manner. Further, the
stress sensitivity of AGO2 was revealed and its importance for the ensurement and fidelity in
chromosome segregation and cytokinetis was demonstrated. We suggested that AGO2 is part of
a regulatory mechanism triggered by cytokinetic stress, aiming to generate the appropriate micro-
environment for local homeostasis. In conclusion, AGO2 seems to accumulate at specific cellular
structures such as pseudoinclusions, and tubular protrusions, together with other RISC
components, serving the idea of AGO2 locasomes, for the restoration of the local post-
transcriptional homeostasis.

To better understand the mechanisms involved, we attempted to determine the coding and non-
coding genes (such as miRNAs), expressed in normal and malignant thyroid substrates. We used
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High-Sequencing of RNAs isolated by Cross-Linking Immuno-Precipitation (HITS-CLIP)
methodology to record the tripartite complex AGO2::miRNA::mRNA and identify the "active"
miRNome, ie the set of miRNAs that bind to the RISC complex and their mRNAs targets.
Informatics analysis revealed that a group of 31 deregulated miRNAs with high statistical
significance, between normal and cancer cell lines. Comparative analysis based on their
differential expression and their mRNA targets revealed implicated molecular pathways such as
regulation of actin cytoskeleton pathway, transcriptional dysregulation in cancer, NFK-B signaling
pathway and miRNAs in cancer which support the EMT.

Subsequently, we focused on specific miRNAs, such as miR26. miR26 was a promising target as
(i) it has the same transcriptional behavior across different cancer cell lines, (ii) it appears to be
downregulated in cancer cell lines and patient tissue samples, (iii) all the members of miR26 family
have the same transcriptional profile and (iv) our results are in accordance with the literature. In
in vitro assays, using cell lines, overexpression of miR26 leads to restriction of the oncogenic
potential since its expression has a reverse correlation with the ability of cells to proliferate. In
mouse xenografts, generated by FTC133 cells transfected with miR26a-5p mimicking sequences,
retardation in thyroid tumor development was observed and a promotion of a peripheral and not
a central -as expected- tumor necrosis. RNA-seq differential expression analysis between cells
carrying mimic miR26 or scrambled sequences revealed 1,201 statistically significant deregulated
genes correlated with cell cycle, apoptosis, cell division, cell adhesion and transcriptional
deregulation in cancer. 133 were experimentally verified as direct targets of miR26. The 100 top-
expressed genes were used for pathway analysis via PathWalks algorithm. The cluster of interest
contained fundamental pathways such as cell cycle, miRNAs in cancer and aging processes.
Finally, a comparative informatics analysis of HITS-CLIP and RNA-seq data uncovered 50
deregulated molecules including PAWR and STRADB. The latter are correlated with cell
proliferation and fate, crucial conditions for EMT. Conclusively, miR26 and its direct targets may
constitute crucial molecules for oncogenesis and promising, potential agents for diagnosis and
therapy of thyroid malignancies.
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MEPINHWH

Ot kakonBelec tou Bupeoeldolc adéva elval oL TO OUXVEG KakonBeleg tou &evOOKPLVIKOU
OUOTAMATOG KOL QVIUTPOOWTEVOUV TO 1-5% O AWV TWV MEPUTTWOEWY KapK{vou maykoopiwg. Ta
BnAwdn kapkwvwpata (PTC) elvat o mwo kowo¢ TUmog Kapkivou Ttou Bupeoesldolg,
QVTUTPOoWTEVOVTAG TIEP{TIOU TO 80% TWV MEPUTTWOEWV HE, WG ETIL TwV TAElOTWY, KAAH poyvwon.
Q0TO00, CUYKEKPLUEVOL UTIOTUTIOL OTTWC oL UTIOTUTIOL PYNAWV KUTTAPWV (TCV) Sltabétouv emBeTIkd
XOPOKTNPLOTIKA KAl KAk mpoyvwon. H Babld katavonon Twyv HoPLaKWY CUCYXETIOEWY Kal Twv
YOVIOLAKWYV LOVOTIOTLWY TIOU UTIAYOPEVOUV TOV TIPOYPAUUATIOUO TWV KUTTAPWY Kal ETOUEVWG, N
TUXN TNG vOoou kal n emPBiwon Tou acBevouc eival {wtikng onuaciag. Ta anoteAéouata anod pLo
TéTola avaAuon avapévetal va oUupBaAouv dpapatikd otnv KaAUtepn taflvounon Twv
TEEPLOTATIKWY AAAA KaL oTNV avadelen VEwv BepAmEUTIKWY TTPOoEYYIioEWV.

Mpo¢ autnV TNV KateuBuvon, MPAYUATOTOINCALE o TANBUCLAKA LEAETN KAl AVOAUCQUE TNV
KQTAVOLL OUYKEKPLUEVWY KAWVIKOTIAOOAOYIKWY XAPAKTNELOTIKWY. AMOKOAUPAUE ULla LOXUPN
oUOYETION HeTaty Tou TCV Galvotumou Kal TNG opouoiag KUTTAPOTAQCLLOTLKWY EVOOTIUPNVIKWY
SOoHWV Kal LOTIKWY aAAOLWOoEWY, Owe Twv PeudoeykAeloTwy Kal TnG (vwong, avtiotola. Auto
OUOYETIOTNKE PE amoppUBULON CUYKEKPLUEVWY SLadlkaolwy OTwE N enetepyaoia mpwteivwy oTo
evbomlaouatiko diktuo (ER), n evepyomnoinon tou NFKB, n kuttapikr) mpookdAAnon kal n puBuion
TOU KUTTOPOOKEAETOU, KPIOLWWY HOVOTIATIWY TIOU EUTAEKOVIOL OTNV  €mBnALOKY O€E
pHeoeyxupatikr puetaBoon (EMT), Baolkd pnxoviouo ya TNV €A Ay KoL TN LETAVACTEVON TWV
KUTtapwyv (petaotaon). Ot KUTTAPOTAQCUATIKEC KOL TTUPNVLKEG AANOLWOELG HEAETNONKOV HECW
TWV aAaywv otnv TormoAoylal Kol otn Asltoupyla SOUKWY TPWTEIVWY, OMwe Hopiwv Tou
KUTTaPOOKeEAETOU. Ol TupNVIKEG SOUEC KaL n Topoucia AUAOKWOEWY, EKKOATIWOEWV KOl
PevdoeykAeloTwy avaAlBnkav UECW TIPONYUEVWY TEXVIKWY HLKPOOKOTILAG. Ol CUVIOTWOEG TOU
oupmAokou RNA enayouevng amoowwninong (RISC) omwg ot Drosha, DGCRS, Dicer kal Argonaute
(AGO), evtomilovtav o€ AUTEC TIG SOUEC, Ue SLaxuTa n el0IKA evTomiopéva potifa. Afloonueiwra,
ol AGOs, kal eldikotepa 0 AGO2, akolouBouv tic douég PeudoeykAeloTwy Kal mapouoldlouv
€VIOVO ONUa PECA KAl Katd pnkog Twv dopwv autwyv. Ot AGOs «doptwvouv» miRNAs kal ta
kateuBuvouv otou¢ MRNA-0TOXOUG yLa PETa-UETAYpadLKr) yovidlakr puBulon. H mapouoia tou
AGO?2, tou Baotkol YEAOUG TNG olkoyevelag AGO, mBavotata avTKATomTpilel Tn LEYAAN TOTUKN
KUTTQPLKI avAyKn ylo quotnpn yovidlakr pUBULON Kal QmoKatAoTtaon TnG TOTLKAC OLOLO0TACNG.
To yeyovog autd Sev poKaAel EKTANEN, KabBwg n Torikr cuvBeon MPWTEIVWY Og amoKplon o€
OUYKEKPLLEVA LOPLOKA onpata umayopelel Tn popdoloyia, Tn Asttoupyla Kol TNV KUTTAPLKN
Holpa kal wg ek ToUTou, TNV €KPacn TG vOOoOU. JUUMEPAOUATIKA, Tpotelvoupe otL o AGO2
Snuloupyel dwAeég, tTa «AGO2 locasomes», yla amokatdoTacn TNngG TOTUKAG OMoLOoTAoNC.
AMwoTE, eival yvwoto 0t 0 AGO2 katavépetal o Sopég onws GW- kat P-owudtia (bodies), oe
KUTTAPLKOUC ouVEEoUoUG KaBw Kal oto pecoowpa (midbody), €EumMNPETWVTAC TIC TOTIKEG
QVAYKEG HEOW  MPETA-UETAYPADIKAC  YOoVISLaKNC puBUIONG.  XPNOLUOTIOWWVTAS  TEXVLKEC
avooodBoplopol, avahuaong elkovagc, BLOTANPOdOPLKAC KAl KUTTAPOYEVETLKNC, amodelfaue OTL 0
AGO?2 evtomiletal, enMMPooBETWE oTLC amodpuadec TNG HEMBPAVNC, OTIWG CWANVEC avVOoLXTOU Kal
KA€LOoTOU TUTIOU. OL avolxtoU TUTIoL Elval mBavotata KavaALa SLaKUTTAPLKNG EMIKOWVWVIAC EVw oL
KAELOTOU TUTIOU E€lval KUTOKLWVNTIKEG YEPUPEG. 2TIC poavadepBeioeg, 0 AGO2 CUYKEVIpWVETAL
otouc Ppayiovec pall pe KUTTAPOOKEAETIKEG CUVIOTWOEC OTWG O-TOUMMOUALVN, Aurora B kal
Sladopec kwvaoec. O AGO2, pwodopUAlwpEVoC otn ogpivn 387, cuvevtoTiletal e Tov Dicer otov
SOKTUALO TOU LLECOOWMIATOC KOTA TPOTO TOU e€apTATal amo tn Spaotnplotnta t¢ p38 MAPK.
Emumpoobeta, katadeixbnke n evatobnoia tou AGO2 0TO OTPEC KAL N GNUAVTIKOTNTA TOU yLo TNV
e€aodAAlon TOU OWOoToU SLaXWPLOUOU XPWHOOWHATWY KAl TNG KUTOKLWVNTLKAG TILOTOTNTAC.
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Mpoteilvoupue 0Tt 0 AGO?2 elval LEPOC EVOC pUBULOTIKOU UNXAVIOLOU TIOU EVEPYOTIOLE(TAL Qo TO
KUTOKLVNTIKO OTPEC yla TN Snuoupylad Tou Kat@dAAnAou pikporepBAANOVTOC yla TOTIKA
opoléoTacon. ZUpnepAcUatikd, 0 AGO2 dalvetal va CUCCWPEVETAL OE CUYKEKPLULEVEC KUTTAPLKEC
Sopéc omwe ta PeuvboEYKAELOTA KAl OL KUTTAPLKEC amoduadeg pall pe AAAEC CUVIOTWOEG TOU
RISC, e€unnpetwvtag mbavotata tnv AGO2-e181Kr evTtOTLON yLla TNV QTOKATACTAON TNG TOTIKAG
LETA-UETAYPAPLKNC OLOLOOTAONC.

Mo TV KATavonon Twv EUNAEKOUEVWY UNXAVIOUWY, TIPOoTIaBnoape va mpoodloplocovue Ta
KwOLKA Kal un-kwdika yovidia (6rmwg ta miRNAs) mou ekdpalovtal o€ GUOLOAOYLKA Kal Kakonon
unooTpwpata Bupeoeldolc. Xpnowwomnowjoape tn peBodoroyia High-Sequencing of RNAs
amopovwpévn pe Cross-Linking Immuno-Precipitation (HITS-CLIP) ywa va kataypddouue T0
TPUEPEC oUpmAeypa AGO2::miRNA::mRNA kat va avayvwpicoupe to "evepyd" miRNome,
dnAadry to ouvolo Ttwv MiRNAs mou ouvdéovtal pe to RISC kat ta mMRNA-otdxoug. H
BlomAnpodopikny avaluon amokdAuvpe pla opdda 31 amopubuilopévwv miRNAs, pe uvnAn
OTATLOTIKY) ONUAVTIKOTNTA, HETAEY GUCLOAOYIKNG Kal KAPKLVIKAG KUTTOPLKAG OELPAG. ZUYKPLTLKN
avaAuon pe Bacn tnv dladopikr) toug €kdpaocn, aAd kal ta yovidla-otoxoug twv MiRNAs,
avedelte eUMAEKOUEVA LOPLAKA UOVOTIATIA OTIWES TO HOVOTIATL pUBULONG TOU KUTTAPOOKEAETOU
NG aktivng, petaypadikne duocAettoupyiag otov kapkivo, onupatodotnong tou NFK-B kat to
povoratt Twv MiRNAs oTov Kapkivo mou cuvnyopel otnv EMT petdBaon.

AkoloUBwc, emikevipwOrkape oe ouykekplpeva miRNAs, onwc to miR26. To miR26 ntav €vag
TIOAAQ UTIOOXOUEVOC 0TOX0C, KaBwc (i) mapouotalel tnv dla petaypadikn cupnepldopd o€
SLAPOPETIKEG KOPKLVIKEG KUTTAPLKEG OELPEG, (ii) peloppuBUIleTal TOOO 0€ KAPKLVIKEG KUTTAPLKEG
OElpEC 000 Kal o€ delypata acBevwy, (iii) OAa ta LEAN TNC OLKOYEVELAC TTapoUoLAloUV VIIOTOLXO
npodiA €kdpaong kat (iv) Ta amoteAéopatad pag eival oe ocupdpwvia pe tnv BLPAloypadia. e
SoKlaoleg in vitro, XpNOLULOTIOLWVTOG KUTTAPOKAAALEPYELES, UTIEPEKDPAON ToUu MiR26 obnyel o€
TIEPLOPLOUO TOU OYKOYyOvou SuVaLKOU KaBwG N €kdpaor) Tou €XEL avTtioTpodn CUOXETION HE TNV
(KOVOTNTO.  TIOAAQTTAQCLOOPOU  TWV  KUTTAPWY. 2€  EEVOUOOYXEVHATA  TIOVIIKLWY, TOU
dnuwoupynBnkav pe kuttapa FTC133 emipuoAucpéva PE  HUMNTIKEG aAAnAouyxiec miR26,
napatnenonke emBpaduvon NS avATTUENC TWV OYKWY Kal TIEPLPEPLKA AAAA OXL KEVTPLKN -OTIWG
QVAUEVOTAV- VEKPWON 0TNV KAPKLWVIKA pala. Avaiuon Stadopikng ékppaonc RNA-seq petaly
KUTTAPWY PE mimic miR26 kal aAAnAouyxieg scrambled, amokdAue 1.201 OTATIOTIKA ONUAVTIKA
amopuBuLouEVa yovidla ou oxeTilovTal UE TOV KUTTAPLKO KUKAO, TNV QMOTITWAT, TNV KUTTAPLKA
Slaipean, TNV KUTTAPLKY TIPOOKOAANGN Kal T €0aAUEVN HETAYPAPLK) pUBULON OTOV KapKivo.
133 emBePfalwvovtal MEPAUATIKA WG Apecol otoxol Tou miR26. Ta 100 yovidia pe kopudaia
ékdpaon xpnoldomolnbnkav yla avaAuon HOVOTOTIWY UE Tov aAyoplBuo PathWalks kat
avadeltav BepeAlwdn povomdtia Onwg O KUTTAPLKOG KUKAOG, Ta MiRNAs otov kapkivo kal n
KUTTAPLKN) yipavorn. TEAoG, ouykpLtik TAnpodoplkn avaiuon dedopuévwy HITS-CLIP kat RNA-seq
anokdAu e 50 anoppubutlopéva puopla cuunepAapupavouévwy twv PAWR kat STRADB. Ta popla
QUTA CUOYEeTI(OVTAL PE TOV TIOAAATMAQOLACUO TWV KUTTAPWY KAL TNV KUTTOPLKA Hoilpa, KplolEg
ouvBnkeg yla tnv EMT petdfaon. ZUUMEPACUATIKA, TO MIiR26, KAl Ol QUECOL OTOXOL TOU,
QMOTEAOUV ONUAVTIKA UOPLO YL TNV OYKOYEVECN Kal TTOAAQ UTIOOYXOUEVOUC TIOPAYOVTEC yla
Stayvwon kat Bepaneia kakonBelwyv Kataotdoewyv tou Bupeoeldoug adéva.
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INTRODUCTION

Thyroid gland

The thyroid gland is a midline structure located in the anterior neck (Figure 1). The thyroid
functions as an endocrine gland and is responsible for the production of the thyroid hormones
and calcitonin, thus participating in the regulation of metabolism, growth, and serum
concentrations of electrolytes such as calcium. Thyroid is implicated in a variety of pathological
conditions such as hypothyroidism or hyperthyroidism, inflammatory processes, autoimmune
processes and cancers. The anatomical location of the thyroid gland and its close relationship to
important structures including the parathyroid glands, recurrent laryngeal nerves and certain
vasculature is an important feature for its proper function.

Figure 1 Anterior view of the neck. Clinical anatomy of thyroid gland (Jung, KenHub GmbH).

Anatomy Overview

The thyroid gland lies posterior to the sternothyroid and sternohyoid muscles, wrapping around
the cricoid cartilage and tracheal rings. It is resided inferior to the laryngeal thyroid cartilage,
typically corresponding to the vertebral levels C5-T1. The thyroid leans on the trachea via a
consolidation of connective tissue, referred to as the lateral suspensory ligament or Berry’s
ligament. The thyroid gland is divided into two lobes that are connected by the isthmus, which
crosses the midline of the upper trachea at the second and third tracheal rings. Trachea is
connected with the two thyroid lobes through this ligament. The thyroid gland, together with the
esophagus, pharynx, and trachea, is resided within the visceral compartment of the neck which is
bound by pre-tracheal fascia (Allen & Fingeret, 2021).

|II

The “normal” thyroid gland entails lateral lobes that are symmetrical with a well-marked centrally
located isthmus. The thyroid gland typically contains a pyramidal extension on the posterior-most
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aspect of each lobe, referred to as the tubercle of Zuckerkandl. Despite these main morphological
and functional attributes, the thyroid gland appears to have many morphological variations.

Embryology

The origin of the parenchyma of the thyroid gland is the endoderm gene layer. The thyroid gland
originates from the foramen cecum, which is a pit positioned at the posterior one-third of the
tongue. Early in gestation, the thyroid gland initiates its descent anterior to the pharynx as a
bilobed diverticulum. The thyroid gland then, continues to descend anterior of the hyoid bone
and the cartilages of the larynx. By the seventh week, the thyroid gland reaches its destination
midline and anterior to the upper trachea. The thyroglossal duct maintains the connection of the
thyroid gland to the base of the tongue until involution and disappearance of the duct. The
ultimobranchial body, derived from the ventral region of the fourth pharyngeal pouch, then
becomes incorporated into the dorsal aspect of the thyroid gland. The ultimobranchial body gives
rise to the parafollicular cells or C cells of the thyroid gland (Rosen RD, 2020).

Endoderm development

A deeperview in endoderm and in particular, its anterior part, aids to the understanding of thyroid
gland development. During gastrulation of vertebrate embryos, the epiblast will form three germ
layers; endoderm, mesoderm and ectoderm (Figure 2a). Key morphogenetic events and
molecules implicated in endoderm development will therefore give rise in a variety of tissues
(Kaestner, 2005; van den Brink, 2007; Zaret & Grompe, 2008). The endoderm also contributes
significantly to the formation of glandular organs like the thyroid, parathyroid, thymus, pancreas
and liver (Figure 2b). The mesoderm will form the cardiovascular system, kidneys, muscle, blood
and bone. The differentiation of the ectoderm leads to the epithelial lining of the pharynx, lungs,
esophagus, stomach and intestines. The ectoderm gives rise to the epithelium of the skin
(epidermis) and the central nervous system (Andersson, 2010) (Figure 2c).

C cell development

The neuroectodermal nature of C cells is a well-established event since 1974 (Nilsson & Williams,
2016). They originate from neural crest and fate mapping studies, using Wnt1-Cre/Rosa26R
double heterozygous mutant embryos, mapped neural crest-derived cells known to populate the
pharyngeal arches (Kameda et al., 2007). However, lack of Wntl expressing cells in the
ultimobranchial bodies or in thyroid co-localizing with the C-cells was observed. Then, the C-cells
were found to express the epithelial marker, E-cadherin, suggesting that C-cells might derive from
the endoderm rather than the neuroectoderm. Another important field of research, regarding
this, is T-box family which plays crucial roles in the formation of tissues and organs during
embryonic development. Tbhx1 is a marker for the discrimination between the different thyroid
progenitors. Fagman and colleagues investigated the absence of Tbx1 expression in the placode.
In experiments with double heterozygous Tbx1-CreRosa26R offsprings for descending
progenitors, they were found no B-gal activity detected in the thyroid follicular cells after x-gal
staining. The cells that were expressing Tbx1-Cre were basically located centrally in the lobes and
a number of them, were co-expressing calcitonin (Fagman et al., 2004). Based on these results,
they further investigated whether members of the Foxa family of forkhead transcription factors
known to be expressed in all the endoderm, but excluded from neural crest, could be used to
label thyroid progenitor cells. The results further strengthened the endoderm origin hypothesis
of the C-cells (Fagman et al., 2007).
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Figure 2 a) The endoderm leads to the production of tissues such as lungs, thyroid and pancreas. The mesoderm supports the
production of cardiac, skeletal and smooth muscle, tissues existed within the kidneys and red blood cells. The ectoderm produces
tissues within the epidermis and leads to the formation of neurons of the brain and melanocytes. b) The diagrammatic
representation depicts the organs and glands that develop from the endoderm. These include the thyroid, the parathyroid and
the thymus gland as wells as the digestive and respiratory systems. The thyroid gland is divided into two lobes. The lobes are
connected by the isthmus, which crosses the midline of the upper trachea at the second and third tracheal rings. In its anatomic
position. ¢) Germ layers and Vertebrate Endoderm Cell Lineages represented in a diagram of the tissue progressive formation
from gastrulation. The formation of distinct germ layers followed by subdivision of endoderm along the anteroposterior axis into
foregut, midgut, and hindgut domains eventually leading to the formation of distinct organ domains. Germ layers: ectoderm
(blue), mesoderm (red) and endoderm (yellow), as well as mesendoderm (orange) the bipotential pool that will generate both
endoderm and mesoderm are indicated (Marcin Wlizla, 2015).

Thyroid histology

Atypical arrangement of the cells of an endocrine gland is the cord-like architecture. Their cellular
products have to be secreted within the individual cells. The thyroid gland constitutes an
exception and it is enclosed by a thin connective tissue as a capsule which enters the substance
of the lobes to further subdivide the gland into irregular lobular units. Each lobule contains a
cluster of follicles, which constitute the structural and functional units of the thyroid gland (Figure
3). Each individual thyroid follicle is encircled by thin connective tissue, stroma rich in fenestrated
capillaries in conjunction with the sympathetic nerves and lymphatics. Follicular epithelium
comprises low columnar, cuboidal or squamous cells depending on the level of activity of the
follicle. In case that they are active, they appear cuboidal to low columnar, but in case of inactive
conditions, the cells are squamous (Khan YS, 2020).

These follicular (principal) cells take up the necessary amino acid precursors and iodine at its
basolateral surface. Then, the cells release their final product into the blood stream at its basal
end. The responsibility of the follicular is the production of thyroglobulin (an iodine rich, inactive
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form of the thyroid hormones), which is then stored as a semi-solid substance (colloid) in the
lumen of the follicles (Rousset et al., 2000).

Hematoxylin and eosin (H&E) staining of the colloid is pink, while the follicular cells have a purple
appearance. The amount and appearance of colloid contained in a follicle determines the degree
of activity. Inactive follicular lumina are larger; colloid is abundant and appears solid. In contrast,
active follicular lumina are smaller and there is little colloid or they have a total absence.

Parafollicular cell

Another typical cell type, identified on histological preparations of thyroid tissue, is parafollicular
cells, also known as C (clear) cells (Figure 4). C-cells appear with clear appearance due to their light
staining from H&E preparation. They can be found within the basal lamina of the thyroid follicles
without extending into the follicular lumen or between thyroid follicles in the interfollicular space,
either singly or in the form of groups. Parafollicular cells are a subtype of neuroendocrine cells
(amine precursor uptake and decarboxylation — AUPD — system) that produce thyrocalcitonin
(calcitonin). This hormone aids in the regulation of blood calcium levels by downregulating bone
resorption (breakdown of bone and subsequent release of minerals into the blood) and limiting
calcium reuptake in the kidneys (Jung, KenHub GmbH ).

Parafollicular (C} cell
Epithelium
Follicle cells of fallicle

capillary

Areolar
connective
tissue

Figure 3 Architecture of the thyroid follicles, the structural & functional units of the gland. Rounded or oval in shape, surrounded
by fenestrated blood capillaries. Lined with cubical epithelium, resting on thin basement membrane and surrounding a lumen
filled with acidophilic colloid material (iodinated glycoprotein (Abdel-Dayem, 2021).
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Thyroid follicle
(containing thyroglobulin)

Follicular
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Figure 4 Diagrammatic representation of thyroid follicles. The thyroid follicles are composed of two different endocrine cell
populations: (1) the follicular cells, the most abundant endocrine cells in the gland and responsible for secreting T3 and T4,
hormones that control the basal metabolism; (2) C cells or parafollicular cells, which are very scarce and mainly known for
producing calcitonin, a hypocalcemic and hypophosphatemic hormone.
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Thyroid function

The thyroid gland constitutes the primary target of Thyroid-Stimulating Hormone (TSH). More
specifically, TSH modulates the release of triiodothyronine (T3) and thyroxine (T4) from thyroid
follicular cells. Almost 80% of the thyroid hormone is released as T4. T4 is de-iodinated to T3 and
the latter appears to be the more potent thyroid hormone. Only ~20% of T3 derives from the
thyroid gland, while 80% originates from peripheral conversion via a deiodinase. More than 99%
of thyroid hormones bind to thyroid-binding globulin, prealbumin, and albumin, and only 1%
circulates freely in the blood. Once T3 binds to its receptor into the nucleus, DNA transcription
activation occurs, followed by mRNA translation, and protein synthesis. These newly synthesized
products influence multiple organ systems, promoting growth as well as bone and central nervous
system (CNS) maturation.

T3 and T4 act on almost all cells in the body to increase the basal metabolic rate. Specifically, T3
and T4 contribute to NA*/K* synthesis, leading to an increase in oxygen consumption and heat
production. They also act on B1 receptors’ function in the heart increasing heart rate and
contractility through elevating the number of beta-1 receptors on the myocardium such that the
myocardium is more sensitive to stimulation by the sympathetic nervous system. Also, of note,
thyroid hormones promote the activation of metabolism, with an increase in glucose absorption,
glycogenolysis, gluconeogenesis, lipolysis, and protein synthesis and degradation (Delitala et al.,
2019).

Mechanism

The hypothalamic-pituitary axis regulates TSH release through hypothalamic neurons that secrete
thyroid releasing hormone (TRH), a hormone that stimulates thyrotrophs in the anterior pituitary
to secrete TSH (Figure 5). TSH, in turn, stimulates thyroid follicular cells to release thyroxine or T4
(80%), and triiodothyronine or T3 (20%). Another hormone, somatostatin, on the other hand,
produced by the hypothalamus promotes the inhibition of the release of TSH from the anterior
pituitary. The import of T4 into the circulation leads to a conversion of T4 to T3 through the
process of deiodination. T4 and T3 can then exert negative feedback on TSH levels (high levels of
T3/T4 decrease TSH release from the anterior pituitary, while low levels of T3/T4 increase TSH
release). T3 is the predominant inhibitor of TSH secretion given that this event is very sensitive to
minor changes in free-T4 through this negative feedback loop. Abnormal TSH levels are detected
earlier than those of free-T4 in hypothyroidism and hyperthyroidism. There is a log-linear
relationship between T3/T4 and TSH and minor changes in T3/T4 lead to significant changes in
TSH (Rousset et al., 2000).
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Figure 5 Synthesis of thyroid hormone (Roshani Nuchhen Pradhan, 2018).

Organ Systems Involved

Every organ system in the body could be affected by thyroid hormone including the heart, CNS,
autonomic nervous system, bone, Gl, and metabolism (Figure 6). Upon binding of the thyroid
hormone to its intranuclear receptor, gene activation for the increase of the metabolic rate and
thermogenesis occurs. Increasing metabolic rate involves increased oxygen and energy
consumption (Shahid MA, 2020).

Heart: thyroid hormones have a permissive effect on catecholamines. The beta-receptors
increased expression leads to increase heart rate, stroke volume, cardiac output, and contractility.

Lungs: thyroid hormones stimulate the respiratory centers and guide to increased oxygenation
because of elevated perfusion.

Skeletal muscles: thyroid hormones cause increased development of type Il muscle fibers. These
are fast-twitch muscle fibers capable of fast and powerful contractions.

Metabolism: thyroid hormone elevates the basal metabolic rate. It increases the gene expression
of Na+/K+ ATPase in different tissues promoting an increase in oxygen consumption, respiration
rate, and body temperature. Depending on the metabolic status, induction of lipolysis or lipid
synthesis occurs. Thyroid hormones stimulate the metabolism of carbohydrates and anabolism of
proteins. Thyroid hormones can also promote the induction of protein catabolism in high doses.
Thyroid hormones do not alter the blood glucose level, but they can cause increased glucose
reabsorption, gluconeogenesis, glycogen synthesis, and glucose oxidation.
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Growth during childhood: In children, the induction of chondrocytes, osteoblasts, and osteoclasts
is due to the synergistic action of the thyroid hormones with growth hormone to stimulate bone
growth. Thyroid hormone also aids brain maturation by axonal growth and the formation of the
myelin sheath (Mughal et al., 2018).

Thyroid Gland

[
"3

Bone health

v - Kidney clearance rate
Parathyroid
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) g contractions | ;
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Figure 6 Contribution of thyroid gland in different human functions.

Pathophysiology

The disruption of the proper function of thyroid gland is leading to different pathological
conditions such as hypo- and hyperthyroidism, Graves’ disease, Hashimoto (Autoimmune
Thyroiditis), thyroid cancer.

Hypothyroidism

Hypothyroidism is a hypometabolic state with major clinical symptoms including fatigue, lethargy,
cold intolerance, slowed speech and intellectual function, slowed reflexes, hair loss, dry skin,
weight gain, and constipation. The prevalence is higher in women than men.

The most typical cause of hypothyroidism is the primary hypothyroidism whose main causality is
the chronic autoimmune thyroiditis, called Hashimoto. In this pathological condition, a
destruction of the thyroid gland occurs by auto-antibodies or lymphocytes that attack the gland.
Other causes experimentally tested are radioactive iodine and surgical therapy for
hyperthyroidism or thyroid cancer, thyroid inflammatory disease, iodine deficiency, and several
drugs that interfere with the synthesis or availability of thyroid hormone T3 and T4.
Hypothyroidism may also occur rarely as a result of deficiency of TRH or impaired TSH secretion
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due to hypothalamic or pituitary disease, respectively and it is called secondary or central
hypothyroidism.

Treatment with synthetic thyroid hormones is usually simple, safe and effective for these patients
(Stone MB, 2003).

Hashimoto (Autoimmune Thyroiditis)

The etiology of Hashimoto disease is still elusive. Most patients develop antibodies to a variety of
thyroid antigens, most commonly, the anti-thyroid peroxidase (anti-TPO). Many also form anti-
thyroglobulin (anti-Tg) and TSH receptor-blocking antibodies (TBII). The antibodies attack the
thyroid tissue, eventually leading to inadequate production of thyroid hormone. There is a small
subset of the population, less than 10-15%, with clinically evidence of the disease, that are serum
antibody-negative. Positive TPO antibodies presage the clinical syndrome (Leung & Leung, 2019;
Yuan et al., 2018).

Epidemiological data demonstrated that after age six, Hashimoto is the most common cause of
hypothyroidism in the United States and in those areas of the world where iodine intake is
adequate. The incidence is estimated to be 0.8 per 1000 per year in men and 3.5 per 1000 per
year in women (Mincer DL, 2020). The physical findings and clinical manifestations include a cold
and dry skin, facial edema particularly periorbital, as well as nonpitting edema involving the hands
and feet, brittle nails, bradycardia, the delayed relaxation phase of tendon reflexes, elevated
blood pressure, slow speech, ataxia, macroglossia (Mincer DL, 2020).

The development of Hashimoto disease is considered to be of autoimmune origin with
lymphocyte infiltration and fibrosis as typical features (Figure 7b). The current diagnosis is based
on clinical symptoms correlating with laboratory results of elevated TSH with normal to low
thyroxine levels. It is interesting to note, however, that there is little evidence indicating the role
of antithyroid peroxidase (anti-TPO) antibody in the pathogenesis of autoimmune thyroid disease
(AITD). Anti-TPO antibodies can bind and kill thyrocytes. However, to date, there has been no
correlation noted in human studies between the severity of disease and the level of anti-TPO
antibody concentration in serum (Mincer DL, 2020).

The mainstay of treatment for hypothyroidism is thyroid hormone replacement. The drug of
choice is titrated levothyroxine sodium administered orally. It has a half-life of 7 days and can be
given daily. It should not be given with iron or calcium supplements, aluminum hydroxide, and
proton pump inhibitors to avoid suboptimal absorption (Mincer DL, 2020).

Hyperthyroidism

Hyperthyroidism is a hypermetabolic state that results from T3 and T4 excess production. Its
major clinical symptoms are nervousness, anxiety, heart palpitations, rapid pulse, fatigability,
tremor, muscle weakness, weight loss with increased appetite, heat intolerance, frequent bowel
movements, increased perspiration, and often thyroid gland enlargement (goiter). The prevalent
gender is the female.

The most typical cause of hyperthyroidism constitutes Graves' disease, an autoimmune disease
characterized by the production of antibodies that activate the TSH receptor leading to T4
stimulation and T3 production and therefore to thyroid enlargement. Other causes of the
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hyperthyroidism are a multinodular goiter, solitary thyroid adenoma, thyroiditis, iodide- or drug-
induced hyperthyroidism, and, very rarely, a TSH secreting pituitary tumor. Occasionally, people
with hyperthyroidism have a normal serum free T4 and high serum free T3 concentrations. This
type is called T3-hyperthyroidism (Shahid MA, 2020).

Several treatments are available for hyperthyroidism. Using anti-thyroid medications and
radioactive iodine to slow the production of thyroid hormones or the involvement of surgery for
the removal of the thyroid gland can be very beneficial for the individuals (Oszukowska et al.,
2010).

Graves’ disease

Graves' disease is caused by thyroid stimulating immunoglobulin (TSI), also known as thyroid
stimulating antibody (TSAb). A variety of environmental factors including pregnancy (mainly
postpartum), iodine excess, infections, emotional stress, smoking, and interferon A, trigger
immune responses on susceptible genes to eventually cause Graves’ disease (Diana et al., 2018).

Pathogenesis of other rare clinical symptoms of Grave’s disease like pretibial myxedema and
thyroid acropachy are poorly understood and are believed to be due to cytokines mediated
stimulation of fibroblasts. Many symptoms of hyperthyroidism like tachycardia, sweating,
tremors, lid lag, and stare are thought to be related to increased sensitivity to catecholamine
(Pokhrel B, 2020). Treatment for Graves' disease includes the control of the symptoms and the
reduction of thyroid hormone secretion. A beta-adrenergic blocker should be initially used for
symptomatic patients, specifically for patients with heart rate more than 90 beats/min, patients
with a history of cardiovascular disease, and elderly patients (Kahaly et al., 2018).

Crucial point for the treatment is the discrimination between Grave’s disease and Hashimoto
thyroiditis. Image analysis techniques were used to quantify micro-vessel density (MVD) by
measuring major axis length, minor axis length, area, perimeter and shape factor. Significantly
higher values were found in Grave’s disease in comparison to Hashimoto's thyroiditis. In contrast,
major axis length, minor axis length, and area had significantly higher values in Hashimoto's
thyroiditis than in Grave’s disease making clear their discrimination (Figure 7a).
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Figure 7 a) A case of Graves' disease on medium power showing cells with round nuclei and even chromatin pattern lining the
papillae. b) histological pattern of autoimmune thyroiditis (Hashimoto).
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Proofs of principle of Cancer

Origin of the word “cancer”

The origin of the word cancer is credited to the Greek physician Hippocrates (460-370 BC), the
“Father of Medicine.” Hippocrates used the terms carcinos and carcinoma to describe non-ulcer
forming and ulcer-forming tumor masses. In Greek, these words refer to a crab, probably applied
to the disease because the finger-like spreading protrusions from a carcinoma called to mind the
shape of a crab. The Roman physician, Celsus (28-50 BC), later translated the Greek term into
cancer, the Latin word for crab. Galen (130-200 AD), another Greek physician, used the word
oncos (Greek for swelling) to describe the carcinomas. Although the crab analogy of Hippocrates
and Celsus is still a common assertion to describe malignancies, Galen’s term is now used as a
part of the name for cancer specialists.

Hallmarks of cancer
For many years, scientists have concluded to six fundamental characteristics of the tumor growth
and progression (Figure 8,9) which are (Al-Bedeary et al., 2020):

self-sufficiency in growth signals, insensitivity to growth-inhibitory (anti-growth) signals, evasion
of programmed cell death (apoptosis), limitless replicative potential, sustained angiogenesis, and
tissue invasion and metastasis. Quite recently, more hallmarks were added to the initial ones.
These are abnormal metabolic pathways, evading the immune system and two enabling
characteristics: genome instability and inflammation.
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Figure 8 Therapeutic targeting in the hallmarks of cancer (Al-Bedeary et al., 2020).

The Development of Cancer
One of the most crucial pathological features of cancer is the tumor clonality, the development

of one mass from single cells that initiate the cancer formation. The clonal origin of tumors does
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not imply that the original progenitor cancer cell has initially acquired all of the malignant
characteristics. The cancer development is usually a multistep process in which cells gradually
transit to malignant through a progressive series of alterations. One indication of the multistep
development of cancer is that most cancers develop late in life. The incidences of colon cancer,
for example, increase more than tenfold between the ages of 30 and 50, and another tenfold
between 50 and 70. This dramatic elevation of cancer incidence across age-decades suggests
that most cancers develop as a consequence of multiple abnormalities, which accumulate over
periods of many years. During aging cancer has been linked to Epithelial to Mesenchymal
Transition (EMT), given that higher levels of EMT proteins have been observed in tissues during
normal aging (Santos et al., 2019).

Invasive
/n SItU cancer

Cell with cancer
mutation Dysplasia

Hyperplasia

Figure 9 Multistep Progression of Neoplasia. Carcinoma-in-situ vs Invasive carcinoma. Normal tissue to hyperplasia and Low-grade
dysplasia to High-grade dysplasia (cancer). (Saren, 2019).

Thyroid cancer

Thyroid cancer incidence is still rising worldwide, mostly as a consequence of the increase of
diagnostic imaging and surveillance. In the USA, thyroid cancer constitutes the fifth most common
cancer in women and the prevalence of this cancer, in 2017, is estimated to be 859,838 people.

However, mortality from thyroid cancer has changed minimally over the past five decades and
the physicians face the challenge of the over treatment of group of patients with lower risk
disease, such as benign thyroid nodules or local thyroid neoplasms with a lack of metastatic
potential. The 5-year relative survival rate is 98.3% in U.S., however distant cancer with metastatic
potential decreases the rate to 54.9% (SEER 18 2010-2016, All Races, Both Sexes by SEER
Summary Stage 2000). In 2020 in U.S.A,, it is estimated that there will be 52,890 new cases of
thyroid cancer and an estimated 2,180 people will die of the disease.
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Clinical Presentation and Classification

A histopathological classification of neoplasms reflects the biology and behavior of the tumors
and serves as a guide for doctors and clinical management of patients. The World Health
Organization (WHO) classification of tumors group publishes the WHO classification of tumors
series to provide the international standards for cancer diagnosis including diagnostic criteria,
pathological features, and molecular alterations. The classification of thyroid tumors unraveled
15 variants of papillary thyroid carcinoma but only the top 6 listed variants are included in the
illustration below: FT-UMP, Follicular tumor of uncertain malignant potential; WDT-UMP, Well-
differentiated tumor of uncertain malignant potential; NIFTP, Non-invasive follicular thyroid
neoplasm with papillary nuclear features; CASTLE, Carcinoma showing thymus-like
differentiation/intrathyroidal epithelial thymoma; PNSTs, Peripheral nerve sheath tumor (Figure
10).
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Figure 10 Classification of thyroid tumors. There are 15 variants of papillary thyroid carcinoma but only the top 6 listed variants
are included in this illustration; FT-UMP, Follicular tumor of uncertain malignant potential; WDT-UMP, Well-differentiated tumor
of uncertain malignant potential; NIFTP, Non-invasive follicular thyroid neoplasm with papillary nuclear features; CASTLE,
Carcinoma showing thymus-like differentiation/intrathyroidal epithelial thymoma; PNSTs, Peripheral nerve sheath tumor.

Benign follicular tumors

Currently, three incidents of thyroid nodules increased probably due to the usage of diagnostic
tools such as imaging (Figure 11). By using new high-resolution imaging techniques, thyroid
nodules were identified that would have not been diagnosed in the past (Jegerlehner et al., 2017;
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Smith-Bindman et al., 2013; Sosa et al., 2013). 90% of these nodules are small, non-palpable,
benign lesions which would never transit into tumors (Papini et al., 2002). However, a significant
percentage of these, become malignant, with or without metastatic potential and in some
undiagnosed cases, can cause morbidity.

A thorough record and physical examination, laboratory investigations, neck ultrasonography,
and fine-needle aspiration (FNA) are required (Filetti et al., 2006) for accurate distinction between
low-risk and high-risk patients. Specific prognostic indexes such as computerized nuclear
morphometry of thyroid carcinomas, follow-ups of the patients and platforms such the decision
support system (DSS) using fine needle aspiration biopsies (FNAB), allow a reduction of the
number of patients undergoing surgical procedures (Figure 11) (Tseleni, Kavantzas, Yova,
Alexandratou, loannou-Lambrouli, et al., 1997; Zoulias et al., 2011).

Figure 11 Reporting of incidental thyroid nodules on CT and MRI by Dr Jenny Hoang.

Borderline Follicular tumors

Borderline category is composed of encapsulated tumors with or without nuclear features of PTC
and with or without minimal capsular invasion, which includes encapsulated common type PTC,
encapsulated follicular variant of PTC, Hyalinizing trabecular tumor, Well differentiated thyroid
tumor of uncertain malignant potential (WDTUMP), minimally invasive and capsular invasion only
type FTC and FT-UMP in WHO classification 2017 and William’s classification (Kakudo et al., 2012)
(Figure 10).

However, the diagnosis based on imaging, fine needle aspiration (FNA) or core biopsy
preoperatively is insecure. Thus, the diagnosis usually follows lobectomy. Main surgical concerns
about borderline tumor are regarding the avoidance of a total thyroidectomy because of relatively
indolent nature of these tumors. Unfortunately, some of these tumors can wrongly be diagnosed
as malignant tumor preoperatively. The other surgical concern is that a diagnostic lobectomy can,
thereafter, lead to a completed thyroidectomy (Chung & Song, 2019).

Differentiated thyroid cancer (DTC)

Differentiated thyroid cancer is the most common thyroid cancer, accounting for more than 95%
of cases (Howlader N, 2015). It derives from thyroid follicular epithelial cells. The well-
differentiated carcinomas comprise of papillary, follicular and Hurthle-cell thyroid cancer (Figure
10). The latter according to WHO Classification 2017 is considered as a separate entity including
Harthle cell adenoma and Hurthle cell carcinoma. Papillary thyroid cancer is the most common
subtype and carries the best overall prognosis. Metastases most commonly involve cervical lymph
nodes and, less frequently, the lungs. Follicular thyroid cancer, Hirthle-cell thyroid cancer and
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poorly differentiated thyroid cancers are high-risk cancers that have a tendency to metastasize
haematogenously to distant sites, in particular, to lung and bones. The staging system for
differentiated thyroid cancers depends on age (Cancer, 2002) with older patients (>45 years
according to the current system) having poorer prognosis.

Follicular thyroid carcinoma (FTC)

FTC is an epithelial malignancy arising from follicular cells and demonstrates absence of nuclear
features of papillary carcinoma. Its main subtypes are Hurthle cell carcinomas and Insular
carcinoma. FTC cannot be adequately covered without dedicating a few words regarding follicular
adenoma. The term “follicular” derives from the typical architecture of this type of cancer, which
mimics follicles in the normal thyroid. Follicular adenomas appear to be benign epithelial tumors.
A frequent problem is that in a multinodular thyroid, it is rather difficult to distinguish between a
(polyclonal) hyperplastic nodule and a (monoclonal) follicular adenoma [Diagnostic Surgical
Pathology of the Head and Neck (Second Edition, 2009)]. Grossly, a follicular adenoma is
presented as a regular round encapsulated solid gray-white to yellow or tan (indicative of the
presence of well-developed follicles containing colloid) mass. The follicles are formed of cuboidal
epithelial cells surrounding a lumen that may contain colloid. Nuclear features are bland and
mitotic potential is decreased. The differential diagnosis of follicular adenoma and carcinoma is
difficult to conclude and the only distinction may be the presence of capsular or (preferably)
vascular invasion. Vascular invasion of FTC is typically in veins explaining the strong tendency for
hematogenous metastasis of FTC. Lymph-vascular invasion is rather uncommon. FTCs express the
lineage-specific markers thyroglobulin, TTF-1, and PAX8. At a gross examination, FTCs are usually
encapsulated solid gray-whitish lesions. In some cases, macroscopic invasion into surrounding
thyroid tissue can be found [Diagnostic Surgical Pathology of the Head and Neck (Second Edition,
2009)].

Papillary thyroid carcinoma

Papillary thyroid cancers constitute the 80% of all thyroid cases (Zhu et al.,, 2015) and its
prevalence is higher in countries having iodine-sufficient or iodine-excess diets (Al-Salamah et al.,
2002). The PTC incidence is rising and although the causality is still unclear, it may reflect the
environmental implication as well as earlier detection of cancer (Davies & Welch, 2006). PTC can
occur at any age and has rarely been diagnosed as a congenital tumor. The age and the gender
are risk factors. Women are more frequently affected than men, in ratios ranging from 2:1 to 4:1
(LiVolsi, 2011).

A well-established environmental factor that is related to the progression of PTC is the exposure
to radiation (Miura et al., 1987). The dropping of the atomic bomb on Hiroshima and Nagasaki at
the end of World War Il in 1945 and the explosion of the Chernobyl nuclear power station in 1986
corroborated the tumorigenic effect of radiation that led to PTC. Other suggested risk factors
include pre-existing benign thyroid disease or having a family history of PTC (Abdullah et al,,
2019).

The diagnostic method of choice in case of a PTC carcinoma is the Fine needle aspiration and
cytology (FNAC) (Maia & Zantut-Wittmann, 2012), which involves the use of a narrow gauge
needle to obtain a sample of a lesion for microscopic examination. During FNAC, thyroid biopsy
specimens are classified by their cytological appearance into benign, suspicious (or
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indeterminate), or malignant cells (Vasilis Constantinides, 2013). Aspiration smear from PTC may
disclose papillary structure, but preoperative diagnosis is mainly based on the recognition of
typical nuclear characteristics, such as 'Orphan Annie' nuclei intranuclear pseudo-inclusions (due
to cytoplasmic invaginations) and nuclear grooves(folds in the nuclear membrane)(Tseleni-
Balafouta et al., 2007). Additional evidence of PTC could derive from the presence of psammoma
bodies (calcium salt deposits) in a cervical lymph node (Hunt & Barnes, 2003). The accuracy rate
of diagnosis with FNAC is about 90% when correlated with the postoperative diagnosis of surgical
specimens (Neki & Kazal, 2006). However, there are limitations because FNA could fail to
recognize the parathyroid origin of the lesions. A safe differential diagnosis between thyroid and
parathyroid disease, regarding their morphological ground in cytologic smears, could be difficult
due. These diseases, despite their different nature, have shared features in their lesions. Solution
for the surgical mismanagement is a detailed pre-operative evaluation (Tseleni-Balafouta et al.,
2007).

Main variants of PTC

The most common papillary variants are the classical, follicular and tall cell variants. Among them,
tall cell and columnar cell variants are biologically more aggressive. In the present study, common
and tall cell variants have been analyzed thoroughly and therefore, their characteristics will be
extensively analyzed below.

Classical Variant of PTC

Conventional, or classical, papillary thyroid carcinomas (C-PTC) account for 55-65% of PTC,
globally. They demonstrate a characteristic architecture with fibrovascular cores and psammoma
bodies (bodies with calcium accumulation) (Figure 12). Tumor cells contain enlarged,
overlapping nuclei with nuclear clearing ("Orphan Annie cells"). The existence of nuclear grooves
and nuclear membrane irregularities, called pseudo-inclusions are typical in this variant. Classical
variant does not present a tendency in metastasis and extra-thyroid extension leading to a good
patient prognosis (Lloyd et al., 2011). However, C-PTC indicates higher-risk disease and predicts
for significantly poorer long-term outcomes when compared to FV-PTC (Henke et al., 2018). High
risk carcinomas have been correlated with male gender, tumor size larger than 5 mm, bilateral or
multifocal lesions, location in lower third of the thyroid lobe, lymph node metastasis, capsule
invasion/extrathyroidal extension and stromal fibrosis (Baloch & LiVolsi, 2018; Khanafshar &
Lloyd, 2011; Lloyd et al., 2011).
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Figure 12 Classical variant of PTC demonstrating papillary architecture with fibrovascular cores (black arrows) and calcified
psammoma bodies (yellow arrows) (low magnification, left image). Enlarged overlapping nuclei (yellow box) with nuclear clearing
and nuclear grooves (green arrow) (Henry Hoffman, 2019).

Interestingly, nuclear morphometry, in conjunction with the follow-up of thyroid patients, could
represent a crucial prognostic index for papillary thyroid carcinoma. More specifically, in an effort
to classify these tumors according to the tumor size, it seems that younger people have lower,
area perimeter major axis length means of papillary thyroid carcinoma nuclei than older ones.
When the classification is based on the presence or absence of the capsule invasion, it was shown
that younger people have lower area, perimeter, major axis length means of papillary thyroid
carcinoma nuclei than older ones (Tseleni, Kavantzas, Yova, Alexandratou, Karydakis, et al., 1997).

Papillary thyroid microcarcinoma refers to all papillary thyroid carcinomas measuring smaller than
1 cm in size (Figure 13). These tumors are often found incidentally in autopsies or in
thyroidectomy specimens, with a recent rise in clinical identification and biopsy probably due to
the increased utilization of ultrasound. This type of tumors tends to be located near the thyroid
capsule and are frequently non-encapsulated. Due to its small size, they have no distinctive
morphology but they can have features of any larger papillary carcinoma subtype. The majority
of papillary microcarcinomas exhibit a relatively benign disease course, while 28% demonstrates
metastatic nodes and <1% extra nodal metastases.
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Figure 13 Papillary thyroid microcarcinoma characterized by architectural and cellular characteristics of PTC. The tumor size should

be <1cm in diameter (Henry Hoffman, 2019).

Follicular Variant of PTC

These subtypes of tumors grossly resemble follicular carcinoma, with mean tumor size falling
between that of C-PTC and follicular thyroid carcinoma (FTC) (Yu et al., 2013). This tumor
demonstrates cellular features of a papillary tumor, including enlarged, overlapping
irregular/ovular nuclei, nuclear clearings described as "Orphan Annie Eyes," nuclear grooves, and
pink cytoplasmic invaginations (Figure 14) (Lloyd et al., 2011). Simultaneously, tumors are
composed of follicles that vary in size and are filled with colloid that can be distinguished as darker
and more eosinophilic than that of adjacent non-neoplastic follicles. The colloid may also exhibit
the scalloped borders characteristic of papillary carcinoma. This is often a well-circumscribed or
encapsulated tumor making the distinction between FV-PTC and follicular adenoma difficult and
controversial (Yu et al., 2013).

Quite recently, Rivera and colleagues revealed that encapsulated FV-PTCs had a molecular profile
similar to that of FTC, with a high rate of RAS and absence of BRAF mutations (Rivera et al., 2010).
The prognosis of FV-PTC is similar to that of typical PTC, with the exception of diffuse or
multinodular follicular variant, which confers a worse prognosis. Tumors with no metastatic
potential and without extra-thyroid extension do not invade. They have a very low risk of adverse
outcome, they are classified as "noninvasive follicular thyroid neoplasm with papillary-like nuclear
features" (NIFTP) and thereby unnecessary surgical treatment should be avoided (Nikiforov et al.,
2016).
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Figure 14 Papillary thyroid carcinoma, follicular variant well-circumscribed (dashed lines) with darker colloid (yellow arrows) than
surrounding normal follicles (black arrows), enlarged, overlapping nuclei of PTC (yellow box). Low magnification left, high
magnification right (Henry Hoffman, 2019).

Tall Cell Variant (TCV)

Tall cell thyroid tumors tend to emerge in older patients (greater than 50 years of age) and are
generally bulkier in size than classical PTCs, often with extension beyond the thyroid capsule. 2017
WHO classification of tumors of endocrine organs requires = 30% of tall tumor cells to define this
variant. The majority of cases display lymph node metastases or even distant metastases (LiVolsi,
2011). They have a large size allowing the presence of necrotic areas and high mitotic activity as
well as extrathyroidal extension, microcalcifications, and macrocalcifications. The cells, the
presence of which define this type of cancer, called tall cells, exhibit height measures at least 2-3
times that of their width and also abundant eosinophilic cytoplasm and nuclear features
characteristic of classical PTC (Figure 15). Varied prevalence in BRAFY6%F mutations have been
reported that demonstrate aggressive behavior and higher overall mortality. Some cases have
also been found to be refractory to radioactive iodine treatment, conferring a worse prognosis
(LiVolsi, 2011; Roman & Sosa, 2013).
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Figure 15 Papillary thyroid carcinoma, tall cell variant, characterized by cell height at least 2-3 times cell width (yellow arrows),
eosinophilic cytoplasm and nuclear features characteristic of conventional PTC (white box), low magnification left, high
maghnification (Henry Hoffman, 2019).

Poorly differentiated thyroid tumors (PDTC)

Poorly differentiated thyroid carcinomas include a heterogeneous group of neoplasms whose
behavioral and histologic features are intermediate between well-differentiated and anaplastic
thyroid carcinomas. According to WHO classification 2017 constitute a large solitary thyroid mass.
Patient may have a history of recent growth in a longstanding uninodular or multinodular thyroid.

Medullary thyroid carcinoma (MTC)

Medullary thyroid carcinomas (MTC) are uncommon thyroid malignancies of C-cell derivation
representing approximately 3%-12% of all thyroid cancers (DeLellis, 2006; Roman et al., 2006;
Skinner et al.,, 2005). Medullary thyroid carcinomas can be distinguished from poorly
differentiated thyroid carcinomas based on positive reactions for calcitonin and chromogranin.
They present a tendency for metastasis to regional lymph nodes, and the average 10-year survival
for all types of MTC 61%-75% (Roman et al., 2006). 25%-30% of all cases are heritable, however
a majority of MTCs are acquired as sporadic tumors. The inherited tumors have been associated
with multiple endocrine neoplasia (MEN) 2A, MEN 2B, or with the familial medullary thyroid
carcinoma syndrome (Delellis, 2006; Kaserer et al., 2001; Kaserer et al., 1998). Also, these forms
are due to autosomal dominant mutations of the RET proto-oncogene with incomplete
penetrance, often presenting as multifocal disease in a background of C-cell hyperplasia (CCH),
with largely circumscribed edge, composed of anastomosing sheets of cells with no fibrosis
(Figure 16). Patients carrying RET proto-oncogene mutations should be tested routinely, as well
as their family members, together with screening of serum calcitonin levels (Guyétant et al.,
2003). Prophylactic thyroidectomies are increasingly being performed on patients at risk for MTC
(Guyétant et al., 2003; Krueger et al., 2000).
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Figure 16 Medullary thyroid carcinoma with largely circumscribed edge, composed of anastomosing sheets of cells with no fibrosis
(left, low magnification) and with moderate inflammatory infiltrate (right, high magnification) (Marginean, Rakha, Ho, Ellis, & Lee,
2010).

Anaplastic thyroid carcinoma (ATC)

Anaplastic thyroid cancer constitutes a rare subtype of thyroid cancer characterized by poor
prognosis because of rapid tumor growth. The symptoms include hoarseness, dysphagia, and
dyspnea. Most patients with anaplastic thyroid cancer have a large, firm palpable mass in the
thyroid with or without cervical adenopathy (Cabanillas et al., 2016). A rapid assessment and
biopsy of the mass is prompt of this finding which is followed usually by a locoregional disease
and distant metastases. They present large pleomorphic, epithelioid, spindle, and multinucleated
giant tumor cells, abundant eosinophilic cytoplasm, pleomorphic nuclei, more than two
prominent nucleoli, frequent mitosis, and focal tumor necrosis (Figure 17). The most common
site of distant metastatic disease is the lungs, followed by bones and brain. Anaplastic thyroid
cancer often derives from and can co-occur with differentiated thyroid cancer, but can also exist
de novo. Clinicians should suspect anaplastic transformation in patients with a history of
longstanding differentiated thyroid cancer if they demonstrate the aforementioned features.
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abundant eosinophilic cytoplasm, pleomorphic nuclei, more than two promlnent nucleoh, frequent mitosis, and focal tumor
necrosis, low magnification left, high magnification right (J. H. Park, Kwon, Park, & Hong, 2014).

Epithelial to Mesenchymal Transition

Epithelial-mesenchymal transition (EMT) is a reversible cellular program that transiently places
epithelial cells into quasi-mesenchymal cell states (Nieto, 2009; Nieto et al., 2016; Thiery et al.,
2009) and it constitutes a highly dynamic process. During its progression epithelial cells lose their
cobblestone epithelial appearance in monolayer cultures and adopt a spindle-shaped,
mesenchymal-like phenotype. EMT appears to play crucial roles in specific steps of normal
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embryogenic development such as gastrulation, tissue morphogenesis during development and
wound healing in the adult, as well as in organ fibrosis (Kalluri & Weinberg, 2009; Nieto, 2009;
Thiery et al., 2009). Moreover, its implication in tumor progression with metastatic potential and
the generation of tumor cells with stem cell properties leading to resistance in cancer therapeutic
approaches are well-established (Lambert et al., 2017; Moustakas & de Herreros, 2017; Nieto et
al., 2016).

EMT in cancer

During tumorigenesis and cancer progression, the pleiotropic program confers on individual
carcer cells multiple attributes related to high-grade malignancy (Krebs et al., 2017; Mani et al.,
2008; Rhim et al., 2012; Singh & Settleman, 2010). Different transitional states and expression of
epithelial and mesenchymal genes in cancer cells uncover the fact that EMT can be complete or
partial. In the latter, hybrid cells can migrate collectively as clusters and present higher
aggressiveness than cells with a complete EMT pattern of gene expression (Jolly et al., 2015). The
EMT process entails the disruption of cell—cell adhesion and cellular polarity alterations,
cytoskeletal remodeling and changes in cell-matrix adhesion. In cancer, EMT can be induced by
hypoxia, cytokines, and growth factors secreted by the tumor microenvironment, stroma
crosstalk, metabolic changes, innate and adaptive immune responses, and treatment with
antitumor drugs (Jolly et al., 2015). EMT presents reversible properties in the mesenchymal-to-
epithelial transition (MET), affect circulating cancer cells when they reach a desirable metastatic
niche to develop secondary tumors.

The transformation of epithelial cells (often genetically mutated) is followed by the secretion of
autocrine growth factors, such as EGF, HGF, FGF, and TGFp controlled by specific miRNAs (Figure
18), that sustain their continual proliferation. EMT induction is achieved by the binding to the
respective receptor tyrosine kinases and elicit an invasive and migratory state. A potent and a
well-established inducer of EMT is TGFB (Papageorgis, 2015).
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Figure 18 Roles of miRNAs in TGF-B-induced epithelial-mesenchymal transition (EMT) (Suzuki, 2018).
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Further, novel transcription modulator families acting as EMT regulators including GATA, SOX, and
fork head box (FOX) proteins were emerged in the recent years, besides the typical EMT
regulators. EMT decisions taken from cell programming are related to the regulation of the cell
fate, differentiation, stemness, cell polarity and cytoskeletal rearrangements (Greening et al,,
2015; Lee et al.,, 2006; Su et al., 2015).
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Figure 19 Morphological and physiological alterations related to the epithelial-to-mesenchymal transition (EMT). A) A schematic
overview of EMT-associated changes in cell physiology. Activation of the EMT program induces profound changes in various
aspects of cell morphology and physiology, most notably in cell—cell junctions, cytoskeletal composition, cellular interactions with
the extracellular matrix (ECM), and cell polarity. B) Summary of the physiological outcomes of EMT in carcinoma: the profile of
the shapes illustrates how the extent of invasiveness, the tumor-initiating ability, and degree of drug resistance change across the
spectrum of EMT-program activation (Shibue & Weinberg, 2017).

In parallel, Matrix metalloproteinases MMPs functioning as EMT regulators can restrict tumor
neovascularization (Westermarck & Kahari, 1999). Epithelial cells seem to be anchorage-
dependent and when they lose their adhesion properties and neighboring with other cells to the
matrix, typically they enter the blood stream and become apoptosis-prone (Figure 19). This
process is known as anoikis, in other words homelessness (Greek term) and it is not observed in
fibroblasts and in mesenchymal-like cells, in general. Several signaling mechanisms such as the
PI3K/AKT, NF-kB, Wnt/B-catenin, and p53/p63 pathways can protect cells from anoikis (Weidner
et al., 1992). A notable member of the cadherin family pertinent to anoikis is E-cadherin (Figure
20).
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Figure 20 Common expression markers in multiple cell carcinomas with epithelial and mesenchymal nature (Greening et al., 2015;
Kalluri & Weinberg, 2009; Zeisberg & Neilson, 2009).

Gene mutations in thyroid cancer
Over the last two decades, researchers have developed a clearer understanding of genetic
alterations underlying thyroid carcinogenesis (Figure 21). A number of point mutations and
translocations are involved, not only in its tumorigenesis, but also as potential diagnostic and
prognostic indicators and therapeutic targets.

The most frequent mutation in non-medullary thyroid cancers is the BRAF™79%A mutation. The
gene product, BRAFY®9F mutant kinase, a serine-threonine kinase, component of the RAS-RAF-
MAPK signaling pathway, is found to be activated in 40—-60% of advanced melanoma and originate
from the substitution of glutamic acid to valine at amino acid 600 (V600E mutation) in 80-90% of
the cases. The tyrosine kinase inhibitor vemurafenib has been used for to address the rapid tumor
regressions in patients with V600OE mutant (Flaherty et al., 2010; Kantarjian et al., 2002). BRAF
mutations are also found in other cancers; about 5-10% of metastatic colorectal cancer incidents
have been associated with poor prognosis. Additionally, somatic mutations in BRAF are present
in 3% of patients with non-small cell lung cancer and 50% of these are V600E mutations.
Regarding the context of this study, it is interesting that BRAF mutations (mostly V600E
mutations) also occur in 30-69% of papillary thyroid cancers, but not in benign or follicular
neoplasms, is omen of worse prognosis (Cen et al., 2014). BRAF mutations are identified in 60%
of classic PTC, 80% of tall-cell variant PTC, and only 10% of follicular variant PTC. More specifically,
point mutation in BRAF were found in approximately 45% of papillary thyroid cancers (PTC) and
especially in tall cell variants and less frequently in poorly differentiated and in anaplastic thyroid
cancers. In most cases, the p.V60OE mutation causes constitutive activation of this
serine/threonine kinase. In few cases, other BRAF mutations such as the p.K601E mutation, small
in frame insertions or deletions, or BRAF rearrangement can occur (Adeniran et al., 2006; Kim et
al., 2005). Findings suggested increased propensity for clinically aggressive papillary thyroid
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cancer in tumors bearing a BRAF mutation (Chen et al., 2016; Elisei et al., 2008; Haugen et al.,
2016; Xing et al., 2015; Xing et al., 2013). On the other hand, the fact that about 50-70% of PTC
harbor a BRAF mutation and most of these tumors remain indolent, guide to the idea of other
important determinants of clinical outcome. Therefore, clinical implications of individual
mutations are still debatable and further investigation is required to clearly establish the role of
these genetic alterations.

Another group of mutations in thyroid cancer is found in the genes of the RAS family. They, more
frequently, occur in follicular thyroid cancer and in the follicular variants of papillary thyroid
cancer (Nikiforov & Nikiforova, 2011). Chromosomal translocations are also a frequent
phenomenon in this type of cancer; the existed genomic rearrangements dictate expression of
novel fusion oncogenes that initiate wide range events implicated in thyroid cancer.

PAX8-peroxisome proliferator activated receptor y (PPARYy) translocation was observed in about
30% of follicular thyroid cancer cases (Raman & Koenig, 2014) and the RET-papillary thyroid
cancer family of translocations targeting the RET oncogene was found in about 7% of papillary
thyroid cancer cases (Nishant Agrawal et al., 2014). Less common translocation partner genes
include BRAF, the NTRK gene family, ALK, and THADA. Although infrequent, these translocation
events can directly affect treatment given that ALK rearrangements, for example, was found to
be associated with clinically aggressive thyroid cancers (Kelly et al., 2014). Identification of the
rearrangements and the involved molecules might have direct therapeutic relevance to patients
with thyroid cancer.

Additionally, genetic alterations in TERT have been identified in more aggressive subsets of PTC.
TERT®?28T s the most common mutation in benign thyroid tumors, PTC, follicular thyroid cancer,
poorly differentiated thyroid cancer and anaplastic thyroid cancer, and is often associated with
aggressive thyroid tumors. Mutations in the TERT promoter are also linked with aggressive thyroid
tumor characteristics, tumor recurrence and patient mortality, similar to the aforementioned
BRAFV9%E mutation. Co-occurrence of BRAFY®F and TERT promoter mutations has a robust
synergistic impact on the aggressiveness of PTC, including a sharply elevated tumor recurrence
and patient mortality (Liu & Xing, 2016). Conclusively, TERT, demonstrating genetic alterations
both in its gene and its promoter, represents a prominent new oncogene in thyroid cancer and a
potential promising diagnostic and prognostic genetic tool.
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Figure 21 The major genetic contributors to thyroid cancer progression. lllustration of progression mechanisms of BRAF-positive
papillary thyroid cancer (PTC) and RAS-positive follicular thyroid cancer (FTC). TERT, telomerase reverse transcriptase; TP53, tumor
protein p53; CDKN2A, cyclin dependent kinase inhibitor 2A; PIK3CA, phosphatidylinositol-4,5-bisphosphate 3-kinase catalytic
subunit alpha; AKT1, AKT serine/threonine kinase 1; ATC, anaplastic thyroid cancer; EIF1AX, eukaryotic translation initiation factor
1A X-linked; FA, follicular adenoma; FTC, minimally invasive FTC; FTC, widely invasive FTC (Yoo et al., 2020).

DNA sequencing data of poorly differentiated and pure anaplastic carcinomas suggest that the
acquisition of additional cooperating mutations contributes to tumor progression. Most
commonly, a mutation that affects the phosphatidylinositol-3-kinase or p53 tumor suppressor
pathway is present, usually in conjunction with an early initiating mutation such as BRAFT1799A
(Nikiforov & Nikiforova, 2011; Nikiforova et al., 2013; Santarpia et al., 2008; Xing, 2010).

Apart from mutations, gene rearrangements/translocations are also involved in thyroid cancer.
The molecules that are frequently involved are RET and NTRK1 genes, that both code for
transmembrane tyrosine kinases which are usually not expressed in thyroid cells. Due to the
rearrangement, a chimeric gene is formed resulting in MAPK-signaling pathway activation. In the
case of RET, its chimeric gene is RET/PTC and in the case of NTRK, is TRK. They have been identified
in 20-40% of PTC, with a predominance of RET/PTC over TRK (three-fold more frequent)
(Bounacer et al., 1997). 15 different RET/PTC rearrangements have been identified (Tallini & Asa,
2001), but RET/PTC1 and RET/PTC3 are the most frequent [PMID: 12114746], representing ~59%
and ~36% of RET/PTC cases, respectively. RET/PTC1 is formed by the fusion of RET with the H4
(CCDC6) gene (Grieco et al.,, 1990) and RET/PTC3 by fusion of RET with the ELE1 (also
designed NCOA4, RFG or ARA70) gene (Bongarzone et al., 1998; Santoro et al., 1994). The impact
of the loss of H4 expression on 14-3-30, crucial molecule for the succession of the cell cycle,
directly links the deregulation of H4 with pathways in cancer indicating an implication in cancer
causality (Thanasopoulou et al., 2012).

A relatively high prevalence of RET/PTC rearrangements was reported in tumors associated with
radiation exposure (Bounacer et al.,, 1997) in the contaminated areas near the Chernobyl
explosion. The analysis of PTC, which developed after a long latency period following explosion

51



V. I. Pantazopoulou

displayed higher prevalence of RET/PTCI rearrangement. RET/PTC3 is likely to be typical for
radiation-induced childhood PTC with a short latency period, while RET/PTC1 rearrangements
may be a marker for later-occurring PTC of radiation-exposed children and adults (Smida et al.,
1999). RET/PTC rearrangements have not been observed in follicular thyroid carcinomas and
anaplastic thyroid carcinomas (Tallini et al., 1998). RET/PTC rearrangements have been shown not
only in PTC, but also in Hurthle thyroid adenomas and carcinomas and also in Hashimoto's
thyroiditis (Cyniak-Magierska et al., 2011).

On the other hand, follicular adenomas and minimally invasive FTCs expressed a similar mutation
pattern with H/K/NRAS genetic alterations to be found in almost 40% of tumors, followed by
DICER1, EIF1AX, EZH1, SPOP, IDHI, SOS1 and PAX8-PPARy-1 mutations. All the mutations are
exclusive with each other (San Roman Gil et al., 2020). Mutations in EIF1AX (eukaryotic translation
initiation factor 1A), that plays a role in the recognition of the start codon in the translation
process, are found with a higher frequency in follicular patterned carcinomas and adenomas:
5.45% in FTC and FA, 3% in FV-PTC and 0.62% in common PTC (Agrawal et al., 2014).

Another interesting genetic pattern appears in MTC that also includes RET and RAS proto-
oncogene aberrations in a striking percentage that reaches 90% (Agrawal et al., 2013). RET
activation promote downstream pathways related to cell growth, proliferation, survival and
differentiation, including the MAPK and PI3K signaling pathways. The activation of the RET
receptor occurs after the glial cell-line derived neurotrophic factor (GDNF) family of ligands (GFLs)
bind to GDNF family receptor-a (GFRa), forming the GFL/GFRa complex and allowing the
dimerization of the receptor, which leads to the phosphorylation of specific tyrosine residues
within the tyrosine kinase domain of the RET receptor (Arighi et al., 2005). Genetic alterations
involving the RET proto-oncogene have been typically described in MTCs except from PTCs. The
difference is that MTC mainly contains point mutations and few deletions and insertions, whereas
in PTCs only chromosomal arrangements are found (Romei et al., 2016).

Not surprisingly, the mutational landscape of ATC appears to be extremely heterogeneous,
holding a greater mutation burden than DTC and PDTC. Four genetically distinct clusters of ATC
have been proposed. The Cluster 1 includes BRAFY®%9F cancers, being associated with mutations
in the mTOR pathway and resembling PTC, thus probably originating from them. The Cluster 2
comprises ATC with genetic changes in cell cycle regulators like CDKN2A and CDKN2B, but also
carrying genetic features of the other three clusters (BRAF, NRAS and PTEN/NF1/RB1 mutations).
The Cluster 3 is likely to be derived from NRAS-mutant FTCs since NRAS mutations are frequent
in this group. Finally, the Cluster 4 includes ATC with oncogenic mutations in RAS genes, carrying
PTEN mutations often coexisting with NF1 and RB1 mutations. Cancers that belong to the latter
cluster, have a higher mutational burden with genetic alterations in MSH2 and MLH1 (San Roman
Gil et al.,, 2020).

Gene regulation via RISC complex

Besides genetic alterations, gene expression and transcript homeostasis can be perturbed, in
thyroid cancer. This can be achieved through miRNA regulation. Their expression profiles and
their loader machines, the Argonaute proteins (AGOs) will be extensively analyzed in the next
sections. AGOs together with Dicer and TRBP proteins forming the miRNA-induced silencing
complex (miRISC) while Drosha and Dgcr8 form the microprocessor complex. Together, they
represent core components of the fine-tuning regulation of gene expression.
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MiRNAS

miRNAs are key regulators of gene expression and therefore, play a crucial role in many essential
cellular processes such as proliferation, cell cycle control, signaling pathways and apoptosis.
Misguided changes in the expression of miRNAs are involved in the initialization, development
and metastasis of several types of human cancer. Recent studies have also uncovered that
miRNAs participate in the age-associated processes and pathologies in a wide and diverse
spectrum of mammalian tissues, including brain, heart, bone and muscle.

MicroRNAs (miRNAs) constitute short (~23nt) non-coding transcripts that act as regulators of
gene expression in the post-transcriptional level. miRNAs identify their target mRNA transcripts
through sequence complementarity and guide the RISC for the induction of cleavage, degradation
and/or translation suppression of protein-coding genes (Huntzinger & lzaurralde, 2011).

The first miRNA, lin-4, was disclosed in Caenorhabditis elegans (C. elegans) by Ambros and
colleagues (Lee et al., 1993). Initially, it was demonstrated as a small non-protein-coding RNA
which affects development through expression regulation of the protein lin-14. Seven years later,
Reinhart and colleagues (Reinhart et al., 2000) reported another miRNA in C. elegans, let-7, which
negatively regulates the expression of the heterochronic gene lin-41. In 2001, miRNAs were found
to exhibit a regulatory function in both invertebrates and vertebrates by three independent
groups. Currently, there are 38.589 miRNA entries (http://www.mirbase.org), some of them are
highly conserved, with defined as well as still unknown functions. Extensive research regarding
miRNA target prediction, miRNA-gene interactions and incorporating miRNA pathways is in
progress and multiple supporting tools are developed including DIANA-microT-CDS
(Paraskevopoulou et al., 2013; Reczko et al., 2012)(http://www.microrna.gr/microT-CDS), DIANA-
micro T-ANN (/DianaTools/index.phpr=microtv4/index) (Maragkakis et al., 2011), TarBase v7.0
(http://www.microrna.gr/tarbase)(Vlachos et al., 2015), DIANA-miRPath
(http://www.microrna.gr/miRPathv2) (Vlachos et al., 2012), DIANA-mirExTra
(http://diana.cslab.ece.ntua.gr/hexamers/) (Vlachos et al., 2016) among others.

miRNAs are becoming functional through a complex process of maturation called biogenesis,
passing through the steps of precursor pri-miRNAs and pre-miRNAs. The mature miRNAs bind to
the respective mRNA target, interfering with mRNA translation (Felekkis et al., 2010). miRNAs
base-pair with miRNA recognition elements (MREs) typically located at the 3" untranslated region
(3’-UTR) of their mRNA-targets, through a critical region, the ‘seed region’, which includes
nucleotides 2-8 from the 5’-end of the miRNA (Figure 22). Base-pairing between the 3'-segment
of the miRNA-mRNA target is not always essential for repression. Asymmetry is the general rule
for matches between a microRNA and its target. The 5-end of the microRNA has a tendency for
higher bases complementary to the target than that the 3’-end. Cohen and colleagues concluded
that the complementarity of seven or more bases at the 5’-end is sufficient for regulation (Cohen
et al., 2006).
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Figure 22 microRNA binding to the target mRNA. The mature miRNA binds to the target mRNA, typically on the 3’-untranslated
regions (3’"UTR). miRNAs base-pair with miRNA recognition elements (MREs) which are located on their mRNA targets, usually on

the 3'UTR, through the seed region (Felekkis et al., 2010).

Due to the stringent recognition requirement between the miRNA seed region and the mRNA
target, sequence variations such as SNPs in the miRNA-binding seed region (mir SNPs) can perturb
the miRNA-mRNA target site interaction, greatly affecting the expression of the miRNA targets
(Felekkis et al., 2010).

Prognosis

Diagnosis

Improve molecular classification
K dinieadion B eackydhige:cancen Predict progression-free and overall survival
Monitor asymptomatic high-risk individuals
Early diagnosis (Screening) Predict disease outcome
Tdentify tissue of origen (cancer of unknown primary)
Monitor disease recurrence

Discriminate between benign and malignant discase

Prediction

Replacement a missing tumor suppressor miRNA
Monitor sensitivity to therapy and therapy response (@tmlc IRNAY Viral veetors Drugs)

Targeting oncogene miRNA
(AntagomiR/ Antisense miRNA Drugs, miR-sponges)

Aid treatment decisions Epi; i ions DNA ylation and/or specific
histone modifications (cpi-miRNAs)

Figure 23 Methods of transferring RNA into cells.

In tumor cells, miRNAs are observed highly dysregulated promoting the capability to sustain the
proliferative events, evading growth suppressors, resisting cell death and inducing metastasis and
angiogenesis. Although miRNAs can have multiple targets, their function in tumor initiation could
be due to their regulation of few specific genes. Consequently, the emerging future challenge will
be to identify the critical cancer prone-targets of the miRNAs, establish their contribution to
malignant transformation and discover their synergistic action with other coding and non-coding
molecules contributing in early diagnosis and new therapeutic approaches (Figure 23). The miRNA
deregulation during cancer depends on multiple mechanisms, including amplification or deletion
of miRNA genes, abnormal transcriptional control of miRNAs, dysregulated epigenetic changes
and defects in the miRNA biogenesis machinery (Peng & Croce, 2016).
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miRs in cancer

miRNA expression signatures are different across tumors (Table 1), between stages of malignancy,
different histopathological lesions of the same tissue and between the primary tumor and
metastasis. Due to this, miRNAs can emerge as a useful tool for the classification of human tumors
as well as diagnostic biomarkers and potential targets for therapeutic implementation of patients.
The thorough examination of miRNA expression profiles could provide promising molecules for
gene therapy aiming the prevention of the tumorigenesis and propagation. As biomarkers,
miRNAs are not modified, they provide an increased informative value in comparison to larger set
of mRNAs in determining developmental stage and differentiation of tumors (Lu et al., 2005) or
cardiovascular diseases (de Gonzalo-Calvo & Thum, 2018) as they highly contribute to the
regulation of cell homeostasis. They reflect the pathophysiological changes in the cell types they
derive by controlling multiple pathways. Technically, they have the advantage of high stability in
biological fluids (saliva, blood, plasma, CSF) and they can participate in less invasive methods as
well as time course monitoring. A limitation is that miRNA profile has been demonstrated to be
pathognomonic and tissue specific, but not necessarily disease specific (e.g. miR-21). A
combination of more than one mIiRNA might be necessary to understand the fine-tuning
regulation. Undeniably, the in-depth characterization of the expression profile of miRNA
expression regarding specific pathological conditions such as thyroid cancer would greatly
contribute to early diagnosis, accurate stratification, valuable prognosis and novel therapeutic
implementations. Individual miRNAs as well as panels of them could be used for this purpose.

Currently, a panel of four miRNAs, miR146b, miR221, miR222 and miR26, have been used
together for the distinction of primary lymphomas from ATC with sensitivity greater than 80% and
specificity greater than 90% (Fassina et al., 2014). miRNA expression analysis of ATC specimens
indicated a decreased expression of miR30, miR26, miR125, miR92, and let7 (Silaghi et al., 2020).
A comprehensive analysis regarding the miRNA profiling correlated with overall survival,
demonstrates that the high expression of four miRNAs (miR146a, miR146b, miR182, miR203) and
the low expression of six miRNAs (miR1271, miR791, miR381, miRlet 7a, miR26a, miR486) was
correlated with decreased OS in PTC. Additionally, the high expression of miR-375 correlated with
decreased OS in MTC [reviewed by (Silaghi et al., 2020).
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Table 1 Expression of miR-26 family members in malignant tumors (Li et al., 2021).

miR26 is of great interest as its contribution to the pathogenesis of various pathologic conditions
related to cancer was previously reported. Down-regulation of miR-26 was detected across
multiple tumor types, including lymphoma, hepatocellular carcinoma, breast cancer, and
nasopharyngeal carcinoma (Ji et al., 2009; Lu et al., 2011; Zhang et al., 2011).

Inhibition of proliferation, apoptosis induction, and/or suppression of tumorigenicity are
promoted by the ectopic expression of miR-26 in multiple cancer settings. The tumor suppressor
activity of miR-26 is mediated through suppression of its direct targets including Cyclin D2
(CCND2), Cyclin E2 (CCNE2), and Enhancer of zeste homolog 2 (EZH2) (Kota et al., 2009; Lu et al.,
2011; Sander et al., 2008; Zhang et al., 2011). On the contrary, in cancers such as glioma, lung
cancer, and T-cell lymphoblastic leukemia, miR26 displays amplification on 12q and oncogenic
activity through its ability to repress PTEN (Huse et al., 2009; Liu et al., 2012). Further investigation
regarding the function of miR26 in cancer formation and development is required to clarify its
contribution as tumor suppressor or oncomiR. In general, miR-26 regulates tumor cell
metabolism, proliferation, differentiation, apoptosis or autophagy, invasion and metastasis
through targeting gene expression at the post-transcriptional level in various ways (Figure 24).

Overexpression of miR26a could also lead to the induction of cell cycle G1 arrest in liver cancer
cells in vitro (Zhu et al., 2011) by directly suppressing the expression of CDK6 and cyclin E1; these
results in reduced phosphorylation of pRb. Exogenous elevated expression of miR26a could cause
G2 cell cycle arrest, promotes inhibition of proliferation and spheroid formation and promote
apoptosis in a CKS2-dependent manner in two PTC cell lines. miR-26a could also suppress tumor
growth of papillary cells in vivo after injection into the dorsal flank of nude mice (Lv et al., 2013).
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Figure 24 The identified target genes of miR-26s in tumorigenesis and development.

In general, to function as a tumor suppressor or an oncomiR, miR-26 regulates tumor cell
metabolism, proliferation, differentiation, apoptosis or autophagy, invasion and metastasis
through targeting gene expression at the post-transcriptional level in various ways (Figure 24).

It has been reported that exogenous expression miR26a is capable of decreasing EZH2 and MTDH
expression in MCF7 cancer cells, reducing cell vitality and colony formation and increasing cell
apoptosis. Overexpression of miR26a promotes inhibition of tumor growth in tumor-bearing
mice. Under tumor hypoxia, miR26 expression could be induced in an HIF-dependent manner.

The expression levels of miRNAs could be altered, in vitro and in vivo, by using mimics to positively
modify the expression of miRNAs or inhibitors to down-regulate miRNA expression. More
specifically, miRNA mimics are double-stranded RNA molecules that imitate the endogenous
miRNA duplexes (Jin et al., 2015). The transfection of cells with miRNA mimics should be used
with caution, since it has been reported that the transfection at low concentrations fails to
suppress target gene expression and at high concentrations leads to non-specific changes in gene
expression (Jin et al., 2015). This event has been attributed to the failure of the guide strand from
the transfected miRNA mimics to be incorporated into the RNA induced silencing complex and
the accumulation of high-molecular weight RNA species (Jin et al., 2015; Thomson et al., 2013).
On the other hand, inhibitors are anti-miRNA Oligonucleotides (also known as AMQOs) that have
many uses in cell mechanics, since they constitute synthetically designed molecules that
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neutralize miRNAs for desired responses. AMOs have been used for fine-tuning regulation as well
as for therapeutic approaches for certain cellular disorders through a steric blocking mechanism
as well as hybridization to miRNA (Lennox & Behlke, 2011).

Moreover, alternative therapeutic miRNA-based approaches have guided to the identification of
miRNAs in secreted exosomes due to their good stability, higher specificity and sensitivity (Lv et
al., 2020). The cargos of exosomal material contribute to metastatic niche formation and
resistance to therapy (Colombo et al., 2014). Exo-miRNA signature could be proved helpful in
identifying cancer staging, metastatic potential although hitherto, exo-miRNA based therapies are
in embryonic stage (Ingenito et al., 2019). Such an interventional study aims to recruit malignant
glioma patients to perform a phase | human trial (NCT02507583) using an antisense RNA
oligonucleotide carried in exosomes. The purpose of this study is to activate the immune system
through exosomes released by glioblastoma cells treated with an Insulin-like growth factor
receptor-1 Antisense Oligodeoxynucleotide. Another ongoing study in metastatic pancreatic
cancer patients uses mesenchymal stromal cell-derived exosomes delivering a small interference
RNA (siRNA) against a mutated KRAS (NCT03608631) trying to prove the clinical applicability of
exosomes for metastatic pancreatic ductal adenocarcinoma treatment (Ingenito et al., 2019).

miRs in EMT

EMT is controlled by multiple miRNAs either by the influence of EMT-TFs expression or by
affecting their related co-factors, such as epigenetic modifiers or chromatin remodeling
complexes, including SUZ12 (PRC2 component), DNMTs, and SIRT deacetylase (Tam & Weinberg,
2013). In turn, the aforementioned molecules epigenetically regulate miRNA expression by
reduction of suppressive hallmarks, enrichment of permissive hallmarks or DNA methylation
processes. Most frequently, the majority of the miRNAs enforce the epithelial phenotype and
restrain EMT by the direct reduction of the expression EMT-TFs or other invasion-associated
factors (Figure 25). Notwithstanding the above, there are examples of miRNAs, such as miR-544a
and miR-21, that act as potent inducers of EMT by targeting epithelial differentiation markers (Liu
etal., 2015; Yanaka et al., 2015). In the recent years, a core miRNA signature upon EMT induction
has been emerged (Diaz-Martin et al., 2014). miR-200 family members are key regulators of the
main components of EMT transition, ZEB1 and ZEB2, safeguarding the maintenance of the
epithelial phenotype (Park et al., 2008). Respectively, miR34 acts as a double-negative feedback
loop together with SNAI1 (Siemens et al., 2011).
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Argonaute Proteins

Argonaute (AGO) proteins were initially identified due to their implication in plant development
(Bohmert et al., 1998; Moussian et al., 1998) and stem cell division in flies (Lin & Spradling, 1997).
During the last two decades, extensive research was performed aiming to identify the explicit
mechanism of AGO’s function. Through this process, its role as essential components of the RNA-
induced silencing complex (RISC) was unraveled in mammals and other organisms. AGO dictates
post-transcriptional gene silencing by repression of the mRNA targets through small RNA
sequence complementarity (Shmushkovich et al., 2018) with or without mRNA degradation
(Ambros, 2004). AGO superfamily presents high evolutionary conservation and is ubiquitously
expressed. It can be subdivided in AGO, PIWI and SAGO subfamilies (Hutvagner & Simard,
2008). The AGO subfamily includes four different molecules in humans, AGO1, AGO2, AGO3 and
AGO4 with extremely high homology among the members, which exceeds 80 percent over the
entire length of the protein (Insert Data). They share the same signature domains, N, MID, PAZ,
and PIWI; the two latter exist in proteins implicated in RNAi mediated procedures (Hock &
Meister, 2008; Joshua-Tor, 2006; Schiirmann et al., 2013)(Figure 26). Hence, it becomes obvious
that the discrimination between the members of the AGO subfamily constitutes a difficult and
ambiguous field. Their functions can be overlapping and/or mutually compensative when needed
(Matsui et al., 2015; Meyer et al., 2006; Su et al., 2009).
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Figure 26 AGO proteins are at the core of small RNA silencing pathways. (a) Schematic representation of AGO2 domains, (b) AGO2
protein structure and the position of miRNA loading (active site) and (c) miRNA loading onto AGO2 complex and cleavage (Schuster
et al.,, 2019).

AGO1 executes a more subsidiary role in gene silencing, whereas AGO4 appears to control the
entry into meiosis and sex chromosome silencing, in mouse germ line (Faehnle et al., 2013; Jan et
al., 2017; Modzelewski et al., 2012). Although in humans, only AGO2 appeared to have purely
slicer-endonuclease and microRNA (miRNA) stabilization activity (Broderick et al., 2011;
Hauptmann et al., 2013; Liu et al., 2004; Gunter Meister et al., 2004), a selective cleavage activity
of AGO3 was recently discovered (Park et al., 2017). AGO3 has also been implicated in mRNA
decay via Alu-elements directed by RNA (QiDong Hu et al., 2012). The same well-conserved motif
in the catalytic center, responsible for the cleavage activity, is shared between AGO2 and AGO3.
AGO2 is experimentally proved to have catalytic activity towards mRNA targets by an
siRNA/miRNA -with perfect complementarity- manner (Liu et al., 2004; G. Meister et al., 2004;
Rand et al., 2004). Recently, it was documented that AGO3-RISC complex has the complete
catalytic site and the presence of an imperfect nucleic acid-binding channel allowing for AGO3 to
have a selective cleavage activity with more intricate substrate requirements (Park et al., 2017).
Eventually, AGO2 and AGO3 have different optimum guide lengths for target cleavage (Park et al.,
2017). Remarkably, AGO3 besides its catalytic properties, it has been proposed to be involved in
stabilization of siRNAs from processed RNA polymerase lll-transcribed Alu repeats containing a
DR2 retinoic acid response element (RARE) in stem cells (Q. Hu et al., 2012).

With regard to the miRNA pathway, mammalian AGOs may have overlapping functions.
Consistently, all four AGO proteins, when overexpressed, were shown to bind endogenous
miRNAs indistinguishably (Liu et al., 2004; G. Meister et al., 2004) and when knocked down they
appear to function in a compensatory manner (Diederichs & Haber, 2007). The lack of a DNA
binding domain in AGOs puzzles regarding the nuclear function of AGO2. However, AGO2 appears
to achieve gene regulation through localizing regulatory proteins (i.e., chromatin-modifying
enzymes) to specific genomic DNA regions [reviewed by (Li, 2014)]. Subcellular localization studies
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demonstrated the differential nuclear distributions of Agol and Ago2 contributing to the
functionally distinct nature in the nucleus (Ahlenstiel et al., 2012; Huang et al., 2013). While the
nuclear localization of AGO1 is generally scattered throughout the nuclear interior, AGO2
predominantly localizes to the inner nuclear periphery. This leads to an explanation for the lack
of Ago2-chromatin association at steady-state. It is justifiable to assume that AGO1 and AGO?2
have differential nuclear abundance, which may affect their target specificity. Nuclear AGO1
selectively interacts with RNA polymerase Il (RNAP II). AGO1, but not AGO2, is pervasively
associated with promoters of actively transcribed genes involved in growth, survival, and cell cycle
progression (Huang et al., 2013). Moreover, AGO1 and AGO?2 facilitate spliceosome recruitment
and modulate RNA polymerase Il elongation rate, thereby affecting alternative splicing (Ameyar-
Zazoua et al., 2012).

The leading canonical pathway of miRNA biogenesis, achieved by AGOs, commences with the
transcription of pri-miRNAs which is processed by the microprocessor complex, comprises the
DiGeorge Syndrome Critical Region 8 RNA binding protein (DGCR8) and Drosha, a ribonuclease
Il enzyme(Denli et al, 2004). The produced pre-miRNAs are transferred to the cytoplasmic
compartment by Exportin 5 (XPO5)/RanGTP complex. At its new position, the pre-miRNAs will
be cleaved by Dicer, an RNase Ill endonuclease (Okada et al., 2009) removing the terminal loop
and leading to miRNA maturation (Ha & Kim, 2014) (Figure 27). Hereafter, the mature miRNAs
could be loaded onto AGO complexes in an ATP-dependent manner (Yoda et al., 2010).

Figure 27 Proposed working model of the human RISC Loading Complex (Wang et al., 2009).

The passenger strand is ultimately released and the preserved strand guides and leads to the
advancement of the regulation of gene expression. The retained miRNA guide strand facilitates
the transfer of AGO-miRNA complex to the 3’ UTR (untranslated region) of mRNA targets. A crucial
aspect is the degree of sequence complementarity between the miRNA seed region (2-8 nts from
the 5" end) and the mRNA target. More specifically, the 5'-end of the microRNA tends to have
more bases complementary to the target than the 3'-end does. The complementarity of seven or
more bases to the 5'-end miRNA is sufficient for regulation. Base-pairing between the 3'-segment

61



V. I. Pantazopoulou

of the miRNA and the mRNA target is not always essential for repression, but strong base-pairing
within this region can partially compensate for weaker seed matches or enhance repression. The
miRNA:mRNA matching is ensued by translational repression and destabilization and/or
degradation of the bona fide mRNA target sequences (Jonas & lzaurralde, 2015).

In recent years, besides the canonical pathway, a wide spectrum of non-canonical biogenesis
pathways has emerged (Hansen et al., 2016; Stagsted et al., 2017). In non-canonical biogenesis,
the cleavage of microprocessor complexes is avoided or alternative combinations of Exportin
and/or miRISC loading complex proteins are involved (Ruby et al., 2007).
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Figure 28 Comparative analysis of the human Argonaute (AGO) (AGO1-AG04) protein-subfamily members. (A) Protein sequence
similarity via global alignment. (B) Protein secondary structure via global alignment. (C) Coding-Sequence (CDS) similarity via global
alignment. The alignments in (A) and (C) were yielded by the EMBL EMBOSS Needle with default settings (Madeira et al., 2019).
The alignments in (B) were calculated using BioPython package with -2 as open gap penalty score, -1 as a gap extension penalty
score, —1 as a mismatch score, and 1 as a matching score. Protein sequences were retrieved from ENSEMBL (Cunningham et al.,
2018).Protein-secondary structures (DSSP entries) were retrieved from RCSB PDB (Berman et al., 2000). Plots were generated with
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Matplotlib and Seaborn Python packages. (D) Domains of AGO1—4 with annotations for mutations [m = mutation]: G199S, P700A,
and post-transcriptional modifications [ = hydroxylation (h), |E| = phosphorylation (p)]: hP700, pS387, pT529, pT749, and pT393,
respectively. Domain information was retrieved from Pfam database. Plots were generated with Matplotlib and Seaborn Python
packages. (E) A superposition of the AGO 1—4 tertiary structures in New Cartoon representation, as displayed by VMD software
(Humphrey et al., 1996). These structural models are refined PDB data from the PDB-REDO databank (Klionsky et al., 2016), 4KRE
[AGO1, yellow colored], 424D [AGO2, cyan colored] (Schirle et al., 2015), 5VM9 [AGO3, pink colored] (Park et al., 2017), and 600N
[AGOA4, green colored] (Park et al.,, 2019). The structural data were further processed using Schrodinger Maestro Suite
(Schrodinger Release 2020-2, (Madhavi Sastry et al., 2013) by removing existing water molecules and ligands and filling missing
loops and side chains [Prime], calculating the protonation states on physiological pH 7.4 [PROPKA] (Olsson et al., 2011;
Sgndergaard et al., 2011), and minimizing the free energy of the resulting structures with the OPLS3 force field (Harder et al.,,
2016).

The versatile functional role of AGO can be dictated, affected or altered by post-translational
modifications. Such modifications include Ago2 SUMOylation (Josa-Prado et al., 2015), acetylation
(Zhang et al., 2019) and ubiquitination (Gibbings et al., 2012; Rybak et al., 2009). Moreover, under
cell stress, AGOs are modified by poly (ADP-ribose) in order to relieve miRNA-guided repression
(Butepage et al.,, 2015; Leung et al., 2011). Also of note, phosphorylation state of the
serine/threonine cluster is crucial for AGO-mRNA interactions affecting mRNA binding and
localization. This modification, especially Ser387, Tyr529 and Tyr393 phosphorylation, is essential
for miRNA-guided gene silencing in vivo (Figure 28) (Meister, 2013; Quévillon Huberdeau et al.,
2017). It has also been reported that mutated proline700 (P700) to alanine drives AGO2
destabilization. In an attempt to measure the efficiency of AGO hydroxylation in vitro, Qi and
colleagues found that AGO2 and AGO4 appear to be more efficiently hydroxylated than AGO1
and AGO3 (Qi et al., 2008), demonstrating differential properties of the AGO family members.

AGOs in Cancer

The implementation of AGOs in cancer, through microRNA de-regulation, is extensively studied
and many reports and review articles presented the populations of the microRNAs that their
expression is altered. However, alterations of the AGOs per se, their expression, polymorphisms,
modifications and interactions also appear to be involved in cancer.

The de-regulated AGO gene expression, including loss, is pinpointed in a variety of malignancies
such as breast cancer, melanoma, ovarian, urothelial, prostate, clear cell renal, gastric and
colorectal carcinomas as they affect the proliferation rate and/or the migratory potential (Bian et
al., 2014; Conger et al., 2016; Di Leva & Croce, 2013; Lee et al., 2019; Voller et al., 2013; Yang et
al., 2014). Elevated expression of AGO is often reported in glioma, breast, hepatocellular, gastric,
colon, ovarian, bladder and prostate cancer, although there are incidents of lower levels.
Expression studies for breast, lung, prostate, gastric and renal cancer as well as glioma, melanoma
and reported cases for acute lymphoblastic leukemia support the heterogeneity of the AGO
expression levels in cancer. The de-regulation of AGO2, the most abundant molecule of the AGO
subgroup, has been associated with tumorigenesis, cancer progression and therefore suggested
for therapeutic treatments (De Santa et al., 2013; losue et al., 2013; Masciarelli et al., 2014; Xu et
al., 2016). Using GeneMANIA (Multiple Association Network Integration Algorithm) for prediction
of the gene function, Liu et al. showed that the AGO2 up-regulation was correlated with
acceleration in tumor progression and poorer survival in 962 lung cancer patients (Liu et al., 2020).
However, in melanoma cells, down-regulation of AGO2 could lead to cell and tumor growth
(Zhang et al.,, 2013). As AGOs demonstrate a cell-type and tissue-dependent subcellular
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distribution, differentially regulation of gene expression in normal and in cancerous conditions
(Sharma et al., 2016) is anticipated.

The AGO2 chromosomal position, 8q24.3, constitutes a frequently amplified locus in many cancer
types, including hepatocellular carcinoma (HCC). The change of DNA copy number of AGO?2,
through DNA amplification or gain, may lead to up-regulation of AGO2. This subsequently affects
the transcription levels of the focal adhesion kinase (FAK) in HCC patient (Cheng et al., 2013). FAK
is a non-receptor tyrosine kinase, activated by integrins and growth factors that can influence the
cytoskeleton structures, cell adhesion sites and membrane protrusions and therefore regulate
cell movement in cell migration and angiogenesis (Zhao & Guan, 2011). The elevation of FAK
occurs by microRNA-independent AGO2 function and slicer-independent role in microRNA
stabilization (Cheng et al.,, 2013; Winter & Diederichs, 2011), offering a potential target for
promising HCC treatment.

Notably, single-nucleotide polymorphisms of AGO1 and AGO2 were found to be related to the
disease-free survival (DFS) and overall survival (OS) in breast cancer and to the risk impact of
gastric and renal cell carcinoma, (Gyorffy et al., 2010; Horikawa et al., 2008; Mihaly et al., 2013;
Sung et al., 2012). More specifically, AGO2 rs3864659 seems to have a protective effect on breast
cancer patients, whereas AGO2 rs11786030 and rs2292779 have been linked with poor prognosis,
in Korean cohorts (Guo et al., 2016). Additionally, the AGO1 rs595055 polymorphism has been
related to low breast cancer risk (Bermisheva et al., 2018). In the Chinese Han population, a
genetic variant (AA and A allele of rs636832) of AGO1 influence gastric cancer by demonstrating
a lower level of lymphatic metastasis (Song et al., 2017). In a Caucasian male cohort, the AG+GG
genotypes of AGO1 rs595961 had a significant protective effect (Fang et al., 2016). Further, the
impact of the genetic variants rs636832 and rs595961 located within AGO1 may have
susceptibility for specific types of cancer such as pediatric acute lymphoblastic leukemia,
hematological malignancy, lung cancer (Dobrijevi¢ et al., 2020).

Besides the de-regulation of AGO expression levels and single-nucleotide polymorphisms, post-
translational modifications of AGO can lead to an increase of the invasive potential of tumors.
Under normoxia, c-Src appears to have a stronger binding affinity to AGO2 and therefore it
constitutes the major kinase for AGO2. However, phosphorylation at tyr393, tyr529 or/and tyr749
sites in AGO2, shows an apparent tumor-promoting effect (Liu et al., 2020). Clinical data of breast
cancer patients reveal a link between AGO2 phosphorylation in Tyr393 and poorer overall survival
(Liu et al., 2020). This phosphorylation, dictated by EGFR and not c-Src, inhibits Dicer binding to
AGO2 and subsequently the maturation of a particular microRNA subset. Moreover, hypoxia-
mediated prolyl 4-hydroxylation at Pro700, another crucial modification, leads to the
accumulation of AGO2 protein in stress granules through association with Hsp90. This dictates
the elevation of the microRNA levels influencing the protein stability and affecting the
tumorigenesis and tumor growth (Wu et al.,, 2011). Besides AGO2, AGO1 is also a target of
hypoxia, as in silico bioinformatics and in vitro validation showed that Hypoxia induced factor 1a
(HIF1a) induces hypoxia-responsive microRNAs (HRMs) that target AGO1 (Chen et al., 2013).
Subsequently, the latter promotes translational de-suppression of VEGF mRNA, associated with
tumour angiogenesis and poor prognosis and providing a suitable potential target for anti- or pro-
angiogenesis strategies.

DNA damage is an important contributor to tumor formation as double strand brakes (DSBs) are
hot spots of genome instability with demanding need of proper repair. DNA-damage response
(DDR) foci formation studies and checkpoint assays in human, mouse and zebrafish,
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demonstrated that elements of the RNAi pathway such as DICER and DROSHA but not AGO, are
necessary to activate DDR upon exogenous DNA damage and oncogene-induced genotoxic stress
(Francia et al., 2012). Wei et al. reported that double strand break induced small RNAs (diRNAs)
are produced in vicinity of the DSBs, which then serve as guiding molecules to facilitate DNA
repair. AGO2/diRNAs can either directly recruit DSB repair proteins or assist in modifying local
chromatin and indirectly facilitate the repairing process (Wei et al., 2012). How exactly AGO
proteins are involved in DSB repair is a fascinating question that remains to be addressed.
However, Gao et al., showed that AGO2 forms a complex with Rad51, a protein that forms
nucleoprotein filaments that facilitate strand invasion and initiate the homologous recombination
(HR) process (San Filippo et al., 2008). Rad51 accumulation at DSB sites and HR repair depends on
the catalytic activity and the small RNA-binding capability of AGO2. These findings support a
model in which Rad51 is guided to DSB sites by diRNAs through interacting with AGO2 (Gao et al.,
2014).

Finally, AGO appears to play a role in the telomere-regulation, essential for maintaining genome
stability and controlling cell proliferation. The length of human telomeric DNA is maintained by
telomerase, a ribonucleoprotein (RNP) enzyme that its activity is highly elevated in 85-90% of
human cancers (Kim et al.,, 1994; Shay & Bacchetti, 1997). Telomerase contains two catalytic
components, the telomerase reverse transcriptase (TERT) and the H/ACA box telomerase RNA
component (TERC), which is the template used for the synthesis of telomeres. AGO2 promotes
telomerase activity and stimulates the association between TERT and TERC, by interacting with
TERC and with a newly identified sSRNA (terc-sRNA). AGO2 depletion results in shorter telomeres
as well as in lower proliferation rates in vitro and in vivo (Wei et al., 2012). Collectively, these data
uncover a new layer of complexity in the regulation of telomerase activity by AGO2 and might lay
the foundation for new therapeutic targets in tumours and telomere diseases.

AGOs in EMT

Recently, a couple of studies demonstrate the indirect role of AGOs in EMT transition. Specifically,
Wang and colleagues showed that AGO2 appears to be a direct target of miR-100.
Downregulation of AGO2 repressed migration, invasion, EMT and stemness of prostate cancer
cells, and reversed the effects seen with miR-100 downregulation. Downregulation of AGO2
enhanced expression of miR-34a and miR-125b which can suppress migration, invasion, EMT and
stemness of cancer cells. All things considered, miR-100 seems to negatively regulate the
metastatic potential partially via AGO2 targeting (M. Wang et al., 2014). Hou and colleagues
indicated the involvement of AGO2 in EMT through a Polypyrimidine Tract Binding Protein 3
(PTBP3) interaction. PTBP3 contains four RNA recognition motifs found to be implicated in miRNA-
mediated gene decay and RNA splicing. PTBP3 binding to AGO2 and simultaneously to the 3" UTR
of ZEB1 stabilizes the ZEB1 mRNA for EMT induction (Hou et al., 2018). Although indicative, the
information regarding the involvement of AGOs in EMT is still restricted. We strongly believe that
further investigation will highlight the role of AGOs in EMT.

Cell cycle and cytokinesis in cancer

Cytokinesis is the final step of cell cycle that the daughter cells eventually separate. The process
is spatiotemporally regulated with great accuracy ensuring that each daughter cell receives an
equal share of DNA, organelles and other cellular materials (Atilla-Gokcumen et al., 2010). A well-
functional cytoskeleton, cell cycle molecules and membrane machineries of cells as well as their
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coordination are fundamental prerequisite for the successful completion of cytokinesis as they
safeguard the bisection of the axis of chromosome segregation with the cleavage furrow
occurrence (Eggert et al., 2006).
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Figure 29 Schematic representation illustrating the roles of spindle proteins that function during the various stages of cell division.
DNA is indicated in blue, centrosomes in yellow and microtubules in red (Sagona & Stenmark, 2010).

Cytokinesis is separated into six discrete subprocesses (Eggert et al., 2006):

Timing: Proteolysis is involved in regulating C phase (the period during the cell cycle in which
cytokinesis can occur in animals), the time during which the cortex can contract.

Cleavage plane specification: Multiple mechanisms operate in parallel; the Rho pathway and a
number of kinases are involved. The recruitment of RhoA GTPase at the cleavage plane is the
most important one. The accepted scenario of the Rho-dependent actomyosin equatorial
contractile ring includes the Rho-dependent actomyosin-anillo-septin membrane-anchored ring
(the AMAS ring), and is controlled by Rho and organized by Anillin (Carim et al., 2020). The AMAS
ring can buffer its own tension. The function of furrow asymmetry considered as a mechanical
benefit that makes cytokinesis robust, suggesting that the contractile ring possesses an intrinsic
symmetry-breaking mechanism to promote asymmetric furrowing. Anillin and septins are
required for the Geometry of Furrow Ingression (Figure 29). Anillin depletion in embryos seems
to lead in failure of furrow asymmetry and defects (Maddox et al., 2005), whereas septin-depleted
embryos exhibit furrow asymmetry failure (Nguyen et al., 2000).
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Rearrangement of microtubule structures: Microtubules rearrange into different arrays that have
varied functions (Figure 30).

Ring assembly: Cortical flow and local nucleation contribute to assembly of actomyosin filaments.
Requirement of continuous signals from microtubules leads to the maintenance of the position
of the cleavage furrow, and to the formation of the midbody ring (or alternatively Fleming body).
These signals control the localization of myosin Il independently of other furrow components
(Straight et al., 2003).

Ring ingression: Force generation mechanisms for different orientations relative to the furrow are
discussed. The traditional purse-string model is most likely an over-simplification. Narrowing of
the intercellular bridge to ~100nm, a step that is known as the secondary ingression aiding to
organelle segregation (Figure 31), is regulated by FIP3-endosomes (Schiel & Prekeris, 2013).

Figure 30 An electron micrograph of a dividing Hela cell. The upper panel shows an intercellular bridge between two daughter
cells. The nucleus of the right-hand cell is visible. The lower panel is a higher resolution image of the same bridge. Note the bundled
microtubules in the midbody and the electron-dense material (stembody) concentrated in a discrete zone at the center of the
bridge (lower panel). Stembodies typically bulge outward at their center. The bar shown in the lower panel corresponds to 2 um
(upper panel) and 250 nm (lower panel). Image’s courtesy of Margaret Coughlin.

Completion: In this final step, cleavage of the membrane bridge, is mediated by the endosomal
sorting complex required for transport (ESCRT) proteins responsible for membrane remodeling
activities (Hurley & Hanson, 2010). When the midbody diameter is 25 times greater than the
estimated threshold for membrane remodeling by ESCRT proteins, the midbody appears at its
thickest point, a condition called secondary abscission. Thereby, a membrane scission is followed
(Elia et al., 2011; Guizetti & Gerlich, 2010) (Figure 32). Revolutionary findings placed this process
in the center of cancer research, since plagiochiline A, an anticancer-antiproliferative agent that
in a variety of solid tumor cell lines derived from prostate, colon, breast, lung, and cervical
cancers, as well as several leukemia cell lines (Aponte et al., 2010) inhibits cell division by
preventing completion of cytokinesis at the final abscission stage (Stivers et al., 2018).
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Figure 31 Schematic representation illustrating the organelles segregation (Carlton et al., 2020).

Tumor susceptibility gene 101 (TSG101), an ESCRT-I component, and apoptosis-linked gene 2-
interacting protein (ALIX) were detected to reside to the midbody during cytokinesis via
interaction with CEP55 (Stivers et al., 2018) functioning with downstream ESCRT pathways
members in membrane fission. Cep55-depleted cultured human cells remain connected through
a cytokinetic intercellular bridge for a protracted period, however, finally, become binucleated
(Carlton & Martin-Serrano, 2007; Fabbro et al., 2005; Morita et al., 2007; Zhao et al., 2006).
Accordingly, Cep55 appears to be a regulator of cancer cell progression and in fact, this happens
through its association with PI3K/AKT pathway (Tandon & Banerjee, 2020). ALIX and ESCRT-III
interaction are vital for cytokinesis, as disruption of this module, or RNAi-mediated depletion of
either TSG101 or ALIX, promotes abscission inhibition (Carlton & Martin-Serrano, 2007; Morita et
al., 2007).
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Figure 32 Schematic model for abscission in mammalian cells. In panel (A), CEP55 (Centrosomal protein of 55 kDa) has first
recruited ESCRT-I components (Tumor susceptibility gene 101 (TSG101), apoptosis-linked gene 2-interacting protein (ALIX) to the
Flemming body, followed by the recruitment of ESCRT-III. (B) The Recruitment of the ATPase VPS4 to this assembly is proposed to
mediate breakage or remodeling of the ESCRT-III, facilitating the appearance of ESCRT-III at the abscission zone. (C) Constriction
at the secondary ingression site may be driven either by fusion of endosomal vesicles with the plasma membrane (inset) or by
ESCRT-Ill interactions with the plasma membrane and (D) Scission is thought to be driven by the ESCRT-III/VPS4 complex (Bhutta
et al., 2014).

Interestingly, pluripotent mouse ES cells follow a slow dividing tempo as the cells remained
connected by cytoplasmic bridges for a long time after cell division, but abscission accelerates
during naive pluripotency exit (Chaigne et al., 2020). Abscission that can occur in G1 phase or later
during division constitutes a permissive cue for naive pluripotency exit (Gershony et al., 2014).

During abscission, midzone microtubules, vesicle transport, and centrosomes are important for
the completion of the process. In general, cell divisions must also follow a predetermined
orientation to preserve correct tissue architecture (Mascanzoni et al., 2019). During mitosis, DNA
segregation, proper reorganization and segregation of cellular organelles, called organelle
inheritance, is indispensable to ensure the correct cell division. Hitherto, the only evidence of the
importance of correct organelle inheritance for organism development has been provided by the
effects of peroxisome misplacement, which drives in structural alterations of the epidermis (Asare
et al., 2017). Moreover, lack of DEPDC1B expression, a cell-cycle gene involved in the transition
from G2 phase to mitosis which guides to severe defects of zebrafish morphogenesis (Marchesi
et al., 2014).

Finally, the concluding step of this process is the intracellular accumulation of postmitotic
midbodies, also known as midbody remnants. These remnants were shown to correlate with an
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increase in cell division rate and stemness (Kuo et al., 2011), proposing postmitotic midbodies
(midbody inheritance) interplay in regulating cell proliferation, stem cell differentiation, and fate
determination (Peterman & Prekeris, 2019). Any interference in the progression of this procedure
can induce cytokinesis failure and the genesis of binuclear tetraploid cells or binuclei formation
(Pandit et al., 2013). Remarkably, in normal tissues, cytokinesis failure is a physiological part of
some processes, such as the respond of ventricular cardiomyocytes to an amplification of blood
flow by an adaptive increase in volume of the heart (hypertrophy), right after birth. During this
event, a drastic decrease of RhoA and its effector ROCK account for defects in the process of
cytokinesis. Indeed, in some diploid cardiomyocytes, a not-functional cytokinetic ring is formed,
cytokinesis is never achieved, and tetraploid binucleated cell is consequently generated (Donné
et al.,, 2018). Another paradigm of polyploidization implicating cytokinesis failure occurs in
hepatocytes. During the weaning period, in liver parenchyma, diploid hepatocytes can provide
two daughter diploid cells through normal cell division or follow the program of cytokinesis
failure. With the lack of a contractile ring, cleavage-plane specification of diploid hepatocytes is
never established due to the deficiencies of actin cytoskeleton reorganization (Celton-Morizur et
al., 2009; Margall-Ducos et al., 2007).

The crucial kinases for an intact contractile ring are Aurora B and PLK which cooperate and
regulate through phosphorylation (Zhou et al.,, 2014) a common downstream factor, the
centralspindlin complex consisting of MKLP1 and MgcRacGAP, a Rho GTPase activating protein
(Mishima et al., 2002). Specifically, among PLKs, PLK4 (polo-like kinase 4) plays a critical role in
centrosome duplication during cell division. Inhibition of its activity prevents translocation to the
spindle midzone/cleavage furrow and thereby, alters abscission. This leads to the generation of
polyploidy, increased numbers of duplicated centrosomes, and vulnerability to anaphase or
mitotic catastrophe (Press et al., 2019).

Unstable aneuploid cells undergoing malignant transformation is the other side of the coin of
cytokinesis failure. During Fanconi anemia’s pathology, characterized by bone marrow failure and
cancer predisposition, FANCA protein-hematopoietic deficient cells have ultra-fine bridges
leading to cytokinesis failure (Vinciguerra et al., 2010). The cells that failed cytokinesis, could
trigger an apoptotic program or a tumorigenic program. Recent studies demonstrate that APC
(adenomatous polyposis coli) mutations detected in human colorectal cancer may prevent mitotic
spindle anchoring at the anaphase cortex, inhibiting the initiation of cytokinesis. This supports the
idea that tetraploidy may represent the first step in genomic instability and, eventually, cancer
(Vinciguerra et al., 2010).

The harmful effects of mitotic errors on genomic stability give rise in the question: “how
frequently these events occur in vivo?”. Direct observation of the mitotic errors is difficult to be
achieved. Consequently, several studies have measured the degree of aneuploidy in normal cells
using fluorescence in situ hybridization (FISH), chromosome spreads or spectral karyotyping. In
specific, the detection of aneuploidy leads to genomic plasticity facilitation that allows rapid
evolution of aggressive genotypes. Classic solid tumors are polyploidy-prone but also harbor
chromosome abnormalities, presumably resulting from failures in both mitosis and cytokinesis.
These two events are closely associated with centrosome abnormalities and chromosome mis-
segregation, triggering failure of completion (Shi & King, 2005). Centrosome abnormalities could
cause spindle assembly and cytokinesis defects such as centrosomal amplification and spindle
multipolarity [reviewed by (Saunders, 2005)]. Transient cytokinesis blockage leads to the
formation of genetically unstable tetraploid cells, promotes tumorigenesis in p53 -/- mouse
mammary epithelial cells (Fujiwara et al., 2005).
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Towards the same direction, McKenzie and colleagues reported that cytokinesis failure caused by
depletion of Citron kinase (CITK) dramatically decreased cell proliferation in breast, cervical and
colorectal cancer cells. Also, CITK depletion promotes the activation of the Hippo tumor
suppressor pathway in normal, but not in cancer cells. This depletion promotes cancer cells to die
via apoptosis in a caspase-7 dependent manner. Consistently, p53-deficient HCT116 colon
carcinoma cells failed to induce apoptosis after cytokinesis failure. Additionally, cancer cells were
more susceptible to CITK depletion, providing that the induction of cytokinesis failure could be a
potential anti-cancer therapeutic approach for a wide range of cancers, especially those
characterized by fast cell proliferation and polyploidy (McKenzie & D'Avino, 2016).

A promising field for therapeutic strategies involves Aurora kinase inhibitors (Table 2) that are
currently in clinical trials (Jayanthan et al., 2014; Lin et al., 2020; Lu et al., 2008).

Aurora kinase inhibitors in clinical trials.

Name Clinical trial Disease condition Starting date Sponsors Current status
Alisertily Phase 3 Relapsed or refractory peripheral T-Cell June 2012 Millennium Ongoing
(MLNE23T) NCTO1482962 lymphoma pharmaceuticals, inc.
Takeda
Phase 2 Induction Chemotherapy in patients with High- December 2015 Millennium Ongoing
NCTO2560025 risk acute myeloid Leukaemia pharmaceuticals, inc.
Takeda
Phase 2 Patients with unresectable stage iii-iv October 2011 Vanderbilti-ingram cancer  Terminaved
NCTO13166492 melanoma centre (April 2016)
Phase 2 Small-cell-lung Cancer [SCLC) treatment in February 2014 Millennium Ongoing
NCTD2038647 combination with paclitaxel pharmaceuticals, inc.
Takeda
Phase 1 MNeaplasms, Advanced or Metastatic Ocrober 2015 Millennium Ongoing
NCTO2551055 pharmaceuticals,
inc |takeda
Phase 1 Advanced solid tumors or Relapsed|Refractory  September 2014 Millennium Completed
NCID2214147 lymphoma pharmaceuticals, inc
Tozasertib Phase 2 Non-small-cell lung carcinoma June 2006 Merck sharp & dohme corp. Terminaved
(VX-580, MKOS47) NCTOO2Z90550
Phase 2 Leukaemia December 2006 Merck sharp & dohme corp. Terminated
NCTDO405054
Phase 1 Chronie myelogenous leukaemia, Octaber 2007 Merck sharp & dohime corp. Terminated
NCTOOS00006 lymphaoblastic, acute, philadelphia-pasitive
Phase 1 Chronic Myelogenous leukaemia in blast crisis, June 2005 Merck sharp & dohme corp. Completed
NCTOO111683 lymphocytic leukaemia, B Cell acute and August 2015
chronic myelogenous leukaemia
Phase 1 Advanced solid tumors May 2005 Merck sharp & dohime corp. Terminated
NCTO2532868
Phase 1 Colorectal cancer January 2005 Merck sharp & dohme corp. Terminaved
NCTOO099346
MLNBOS4 Phase 1 Advanced solid tumors Ocrober 2005 Millennium Terminated
NCTD0249301 pharmaceuticals, inc takeda
Phase 1 Advanced malignancies April 2006 Millenniwm Terminated
NCTDDB52158 pharmaceuticals, inc
Takeda
Danusertib Phase 2 Multiple myeloma Ocrober 2008 Merviano medical sciences  Completed
(PHAT39358) NCTDORT2300 May 2014
Phase 2 Hormone refractory prostate cancer September 2007 Merviano medical sciences  Completed
NCTDO766324 May 2014
ATO283 Phase 2 Patients with relapsed or refractory multiple  June 2010 Meic clinical rials group Completed
NCTD1145989 myeloma November 2015
Phase 2 Leukaemia Septemnber 2006 Astex pharmaceuticals Terminated
NCTDOS22990
Phase 1 Relapsed and Refractory Salid Tumors September 2009 Cancer research uk Completed
NCTDO95868 April 2013
Phase 1 Patients With Relapsed or Refractory Acute September 2011 Cancer research uk Completed December
NCT01431664 Leukaemia 2014
Phase 1 Advanced or metastatic solid tumors or non-  January 2007 Meic clinical trials group Completed
NCTD0443976 hodgkin's lymphoma January 2012
AMG-900 Phase 1 Advanced solid tumors August 2009 Amgen Ongoing
NCTDOBS8377
Phase 1 Acute myeloid leukaemia July 2011 Amgen Completed
NCTD1380756 February 2015
WH-659 Phase 1 Advanced andjor Refractory solid tumors March 2008 Merck sharp & dohme corp. Completed
(MEK-5108) NCTO0543387 April 2011
ENS-314 Phase 1 Advanced solid tumors August 2007 Sunesis pharmaceuticals Completed
Mesylate NCTOO0519662 March 2008
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MName Clinical trial Disease condition Starting date Sponsors Current status
TAK-901 Phase 1 Advanced hematologic malignancies March 2009 Millennium Completed
NCTOO807677 pharmaceuticals, inc. March 2013
Takeda
Phase 1 Advanced solid tumors or lymphoma October 2009 Millennium Completed
NCTOO935844 pharmaceuticals, ine. Nevember 2011
Takeda
CYC116 Phase 1 Advanced solid tumors June 2007 Cyclacel pharmaceuticals, Terminated
NCTDO560716 in¢
GSK1070916 Phase 1 Advanced solid tumors March 2010 Cancer research uk Completed
NCTO1118611 March 2013
PFO3814735 Phase 1 Advanced solid tumors MNovember 2006 Plizer Completed
NCTD0424632 June 2009
ENMD-2076 Phase 2 Owarian clear cell cancers September 2013 University health network, Ongoing
NCTO1914510 toronto
Phase 2 Previously treated locally July 2012 Casi pharmaceuticals, inc  Ongoing
NCTO1639248 advanced + metastatic tnbe
Phase 2 Advanced fibrolamellar carcinoma October 2015 Casi pharmaceuticals, inc.  Ongoing
NCTD2234986
Phasge 2 Patients with ovarian cancer April 2010 Casi pharmaceuticals, inc.  Completed
NCTO1104675 December 2012
Phase 1 Advanced cancer April 2008 Casi pharmaceuticals, inc.  Completed
MNCTDOG58671 June 2012
Phase 1 Multiple myeloma December 2008 Casi pharmaceuticals, inc.  Completed
NCTOOS06065 January 2012

Table 2 Aurora kinase inhibitors in clinical trial (PMID: 28918096).

Cells treated with these drugs gain polyploidy before eventually dying, a mechanism of cell killing
different from mitotic spindle poisons such as taxol. However, given that blocking cytokinesis in
p53-/- cells can cause cancer in mice, there is a risk that these drugs will cause cancer as well as
treat it, a concept familiar regarding DNA-damaging agents. Moreover, cancer drugs targeting
generic cell division mechanisms could kill normal stem cells and thus lead to bone marrow and
gut toxicity. An ideal group of drugs would selectively block only cytokinesis of tumor cells through
mechanisms for the selective inhibition of cancer components.
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Methods

Research Aim & Objectives

Thyroid tumors are the most common malignancies of the endocrine system, usually with good
prognosis. However, specific subtypes such as tall cell variants (TCV) exhibit aggressive characteristics
and poor outcome. Severe cytoskeletal remodeling, often through Epithelial to Mesenchymal
Transition (EMT) molecular pathways is a key event in cancer. The goal of this study is the
characterization of this phenomenon and the deep understanding of the molecular associations and
gene pathways that dictates the cell programming and therefore, the fate of the disease and the
outcome of the patient. Through this knowledge, we aim to achieve better stratification and new
targets for potential diagnosis and treatment.

Towards that direction, a retrospective cohort study of thyroid cancer patients was performed to
investigate the substrate of thyroid carcinoma. We focused on the characterization of the aggressive
subtype tall cell variant (TCV) through micro-staging of tumors. Morphological changes and
cytoskeletal remodeling were addressed, gene deregulation was recorded and the molecular
pathways involved were identified. Compounds of RNA-induced silencing complex (RISC), such as
Argonautes (AGOs), were investigated to contribute to the molecular characterization of the cells. We
focused on AGO2, the foremost member of the AGO family, responsible for the "loading" of microRNAs
(miRNAs) and directing them to the mRNA targets, for post-transcriptional gene regulation. The role
of the active miRNome, the miRNAs that are part of the miRNA::AGO2::mRNA complexes, in thyroid
cancer was further examined. A specific miRNA, miR26, was selected for investigation as a therapeutic
target for thyroid cancer.
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MATERIALS & METHODS
Lab Equipment

Vortex Genie, K-550-GE Scientific Industries Inc., USA

Centrifuge, Z-323-K HERMLE Germany

Compact high speed refrigerated centrifuge, 7780, Kubota, Japan
Automatic CO2 incubator, 5425-1 NAPCO, USA

Microflow advanced biosafety cabinet, Bioquell, class I, USA

Laminar Cabinet, Flow Laboratories, USA

Digital Scale, P-1200, Mettler, USA

Digital MicroScale TE64 Sartorius, Sartorius Mechatronics AG, Germany
Heatblock Accublock, Labnet International Inc., D1200, USA

Cell cultures
Cell cultures carried out under strictly controlled conditions in an incubator in which a constant
temperature of 37°C was maintained. The levels of CO; were 5 % and the relative humidity was almost
95 %. The medium used for cell culture was Dulbecco’s Modified Eagle’s Medium (DMEM, Gibco,
Germany). 10 % fetal bovine serum solution (FBS), inactivated at 56°C for 30 min, 1 %
penicillin/streptomycin solution (10,000 U/mL, Lonza), and 1 % L-Glutamine solution (Lonza) were
added. The preparation of the medium and the cell manipulations are achieved in conditions of
complete sterilization in a thread flow chamber, in special culture flasks (Cellstar, Greiner Bio-one,
USA).
Materials

Dulbecco’s Modified Eagle’s Medium 10x culture medium (DMEM 10x, F-0455, Biochrom AG,

Germany)

P HEPES Buffer (L-1613, Biochrom AG, Germany)

L-Glutamine Solution (L-Glutamine, K-0282, Biochrom AG, Germany)

Bovine fetal serum (FBS, S-0115, Biochrom AG, Germany)

Penicillin / streptomycin solution (Penicillin/Streptomycin, A-2122, Biochrom AG, Germany)

Sodium bicarbonate salt solution (Sodium bicarbonate, L1713, Biochrom AG, Germany)

Sodium pyruvate (Sodium pyruvate, L-0473) solution, Biochrom AG, Germany)

Trypsin / EDTA Solution (L-2143, Biochrom AG, Germany)

DMSO (D8418, Sigma-Aldrich, Germany)

Sterile flasks with an area of 25 and 75 square centimeters (CellStar, Greiner Bio-one, USA).

60 Sterile plates 60 or 100 mm in diameter (CellStar, Greiner Bio-one, USA).

Sterile pipettes 1, 5, 10 and 25 mL (CellStar, Greiner Bio-one, USA.).

Sterile Pasteur type pipettes (CellStar, Greiner-Bio-one, USA).

Falcon 15- and 50-mL polypropylene test tubes.

Eppendorf Tubes (0.5 and 1.5 mL).
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Procedure

Observation of the cells under the microscope till 80-90% confluency of the surface of the flask (or
plate).

Aspiration of cell medium in vacuo and washing of the cells twice with PBS 1x, to remove traces of
serum containing trypsin inhibitors.

Addition of 1mL trypsin (Trypsin/EDTA, Lonza, USA) per 25 cm?, and incubation for a few minutes in
the incubator followed. The detachment of the cells was monitored under a microscope.

Inhibition of trypsin, after detachment of cells, was achieved by adding 3 mL of complete medium and
light pipetting to break down any aggregates.

Cell Storage & Freezing

The cells were stored by freezing in plastic vials (Nalgene Labware, ThermoFischer Scientific, Denmark)
and were transferred into freezers at -80°C. After 24 hours, the plastic vials were placed in a liquid
nitrogen.

Procedure

Aspiration of the cell medium in vacuo followed, once it has reached the required cell density
(~ 80 %).

Addition of 1mL of trypsin solution (Trypsin / EDTA, Lonza, USA) per 25 cm? and incubation for
a few minutes in the 37°C incubator.

Addition of complete DMEM medium and transfer to a sterile falcon tube of 15mL capacity.
Centrifugation of the cells at 1200 rpm (rpm), at 4°C for 5 min.

Resuspension of the cells in 1 mL of freezing solution (10% DMSO, 90% fetal bovine serum).
Transfer the cell suspension to the freezing vials.

Thawing

Procedure

The vials are then inserted into the freezer in an appropriate cryoprotectant. The rate of
temperature decreases 1°C per minute, until they reach a temperature of -80°C. This cooling
rate was achieved with a polyethylene container, which contains isopropanol solution (100 %,
# 33539, Sigma-Aldrich, Germany). This procedure allows the cell line to be preserved
indefinitely.

For thawing cells, the vial was placed in the 37°C water bath for a few minutes and then quickly
transferred to an equal or double amount of prewarmed, complete DMEM medium.

A placement in a sterile falcon tube of 15 mL capacity and centrifugation for 5 min at 1,200
rpm at 4°C followed.
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The cell pellet was resuspended in a capable quantity of cell medium, transferred in flasks or
plates and incubated at 5 % CO; and 37°C.

Growth Curves

To count the cell number in order to create growth curves or to complete any experiment that needed
to know the cell number, the technique of Trypan blue staining was used. Trypan blue dye is used to
selectively stain dead cells, as their membrane is permeable. On the contrary, living cells do not absorb
Trypan blue, and thus remaining colorless.

The count is performed on a Neubauer hemocytometer, which is a modified slide with two treated,
smooth surfaces. Each surface contains a square grid, consisting of 9 main squares with a side length
of 1 mm (area 1 mm?). Each square is defined by parallel lines with a distance of 2.5 pm from each
other, which serve to determine the position of the cells, whether they are inside or outside the grid,
while in the original squares there are additional gradations. The level of the grid is 0.1 mm lower than
the two protrusions, existed to support the coverslip. The cell suspension spreads on the square
surface through the capillary effect. The volume of the suspension covering one out of nine squares is
0.1 mm3or 1 * 10*mL. Thus, the total number of cells per mL is obtained by multiplying the average
of the resulting cells.

Procedure

Centrifugation of the cells and resuspend the pellet in a small volume (eg 1mL)

Addition of 10 ul Trypan Blue and 10 ul of the cell suspension inside an eppendorf tube.
Stirring lightly and letting them stand for 1-2 min at RT.

Addition of 10 pl of the cell solution in a Neubauer hemocytometer and counting of the number
of living (colorless) and dead cells (blue).

Wound Healing Assay

The wound healing experiments check the ability of the cells to multiply and migrate at the same time.
Specifically, an artificial wound (notch) is created with a 20-200 ul nozzle on the surface of the cell
culture monolayer and leave the cells in standard culture conditions to determine the ability of the
cells to heal wounds. At regular intervals, time courses of cells are taken.

Procedure

Cells were plated in a 60 mm diameter plate and incubated until the bottom becomes
completely covered (approximately 16 hours).

Using a nozzle, a straight line was drawn being extended from one pole of the plate to the
other.

The detached cells were washed away with PBS.

The addition of full medium followed.
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Observation and imaging followed, every 5 hours, to assess the progress of the cell migration
in the engraved surface.

Cloning Protocols

Digestion with restriction enzymes

Restriction enzymes were used (New England Biolabs and Roche) according to manufacturer
instructions.

Agarose gel electrophoresis

0.8-1 % agarose gels (SIGMA) in 1x TAE were used (with Ethidium bromide). TAE 1x was prepared by
diluting 50x TAE to dH,O (for 200 mL: 242 gr Trizma base (SIGMA), 57.1 mL Glacial Acetic Acid
(Schanlau), 100 mL 0.5 M EDTA pH 8). 1 kb DNA Ladder was used (Invitrogen).

Bacterial Transformation
DH5a bacteria were used for the transformation which are prepared in the laboratory with
transformation efficiency reaching 10° when tested with plasmid puC19 (50 pg).

Preparation of DH5a bacteria
All steps were performed in a cold-room (4°C).

A cell colony was isolated by inoculation into a solid nutrient substrate by the method of
parallel lines in sterile conditions (streaking). Incubation at 37°C overnight until colonies
appear.

Start a culture of 5 mL that will result with inoculation of a single colony from the plate.
Incubation overnight at 37°C with shaking.

Vaccination of 4 mL cell culture in 400 mL LB.

Incubation at 37°C with shaking at 300 rpm until optical culture density to be ODggo 0.4.
Division of the culture into 8 (50 mL) pre-chilled conical flasks and incubation on ice for 10-15
min.

Centrifugation for 5 min at 4,000 rpm.

The supernatant was removed and the precipitate was resuspended at 200 mL of the initial
volume with sterile and filtered CaCl, (50 mM).

Incubation on ice for 20 min.

Discard the supernatant and resuspension of the precipitant in half (200 mL) of the original
volume with sterile and filtered CaCl, (50mM) (each residue will be resuspended in 25 mL).
Centrifugation for 5 min at 4000 rpm.
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Supernatant removal and resuspension of the precipitate at a half (200 mL) of the initial volume
with sterile and filtered CaCl; (50 mM).

Supernatant removal and resuspension of the precipitate at 1/100 (4 mL) of the initial volume
with CaCls.

Transfer of the contents of all tubes in one.

Incubation onice, 1hour at least or overnight in room 4°C. Storage at 80°C, adding 1/3 (1.3 mL)
of the final volume of sterile CaCl, 50% glycerol (final concentration, 15% glycerol).

Division of the samples in sterile Eppendorf tubes (100 ul).

Quick-freeze of the cells with dry ice and EtOH and transfer to -80°C.

Small scale DNA isolation
QlAprep Spin Miniprep Kit Protocol (QIAGEN)

Pick a colony from a bacterial solid culture nutrient substrate (LB agar with Amp/Kan)
incubating for 16 hours.

Inoculation in 5 mL LB (Amp/Kan) and incubation for 16 hours at 37°C under shaking (225 rpm)
conditions.

Centrifugation of 3 mL bacterial culture at 13,000 rpm for 60 sec.

Resuspension of the bacterial pellet in 250 pl Buffer P1.

Addition of 250 ul Buffer P2 and gentle inversion of the tubes 4-6 times to stir the mixture.
Addition of 350 ul Buffer N3 and inversion of the tubes (4-6 times) to gently mix the mixture.
Centrifugation for 10 min at 13,000 rpm.

Transfer the supernatant from the previous step to a QlAprep column Spin Column.
Centrifugation for 10 min at 13,000 rpm.

Rejection of the filtrate.

Washing the column by adding 0.75 mL Buffer PE.

Centrifugation for 60 sec.

Filtrate removal.

Centrifugation for 60 sec.

Installation of the column in a clean centrifuge tube (1.5 mL)

Addition of 30-50 pl elution buffer or water for injection.

Incubation for 5 minutes.

Centrifugation for 60 sec.

Medium scale DNA isolation

QIAGEN Plasmid Midi Kits
Pick a colony from a bacterial culture of LB agar (Amp/Kan) and inoculation of 205 mL of
nutrient LB broth (Amp/Kan).
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Incubation for 5-8 hours at 37°C with shaking (225 rpm)

Centrifugation at 6,000 rpm (GS3 Sorval head).

Resuspension of the bacterial pellet in 4 mL Buffer P1.

Addition of 4 mL Buffer P2 and inversion of the tubes (4-6 times) to mixture gently.
Incubation for 5 min at RT.

Addition of 350 ul Buffer P3 and mix by inverting the tube 4-6 times.

Incubation on ice for 15 min.

Centrifugation for 30 min at 13,000 rpm (SS-34 Sorval rotor) at 4°C and collect the supernatant.
Centrifugation of the supernatant for 15 min at 13,000 rpm (SS-34 Sorval motor) at 4°C.
Collect the supernatant that contains plasmid DNA.

Equilibrate the QIAGEN-tip 100 column with 4 mL of QBT solution.

Place the supernatant from the previous step in the column and allow to pass through the
column via gravity.

Rinse the column with 2x10 mL QC solution.

Elution of the DNA with 5 mL of QF solution.

Precipitation of DNA with 3.5 mL isopropanol at RT.

Immediate centrifugation at 1,100 rpm for 30 min at 4°C (Sorvall SS-34 rotor).

Discard the supernatant.

Rinse the DNA with 2x2 mL 70 % EtOH.

The DNA is air-dried and resuspended in an appropriate volume of dH20.

Transfection assays
Transfection assays with DNA plasmids

Gene overexpression with plasmid vectors

Gene overexpression was performed by transient transfection of primary cultures and cell lines with
plasmid expression vectors using Lipofectamine 2000 reagent.

Plasmid vectors
EGFP-hAgo2 from Phil Sharp (Addgene plasmid #21981; http://n2t.net/addgene:21981; RRID:
Addgene 21981)
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Procedure

Cells were plated (3 or 5 x 10%) in 1600 ul of RPMI serum- and antibiotic-full medium. The wells were
washed with 1xPBS and 1600 mL of free-RPMI* was added. The cells were cultured at 37°C for at least

20 min.

For each transfection, the preparation of the following was required:
Dilution of 2 ug (= pl/well) DNA in 100 ul RPMI serum- and antibiotic-free medium by
gently mixing.
Gentle mix of Lipo2000 was required before each use; addition of 4 ul Lipo2000 in 96
ul of RPMI serum- and antibiotic-free medium. Incubation for 5 min at RT.
Mix the solutions and incubate for 30 min at RT.
Addition of 200 pl free-RPMI and transfer (dropwise) to each well.
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Methods

Gentle mixing by rocking the plate, back and forth and incubation of cells at 37°C
ina 5 % CO; incubator for 6 hours.

Removal of the medium and replacement with full medium. The transgene
expression was tested after 24 & 48 hours.

*free-RPM: serum- and antibiotic-free RPMI medium

Transfection assays with miRNA mimics

Procedure

One day before transfection, 3 or 5 x 10*cells suspended in 400 mL of RPMI serum- and antibiotic-

full medium were plated in a 24 well plate, so that the cells will be >90% confluent at the time of
transfection.

For each transfection, the preparation of the following was required:

Washing the wells once with 1x PBS and adding 400 mL of free-RPMI. The samples
were incubated for at least 20 min at 37°C.

Dilution of 3.1 pyl DNA in 21.9 ul (20 uM in stock to 19 nM) of free-RPMI per well
and gentle mixing.

Gentle mixing of Lipo2000 before use and addition of 1.5 pl Lipo2000 in 23.5 ul of
RPMI serum- and antibiotic-free medium. The cells were incubated for 5 min at RT.
Combine the DNA and the Lipo2000 solutions by pipetting gently (total volume 50
ul) and incubate for 30 min at RT.

Add 50 pl free-RPMI and transfer the 100 pl of complexes (dropwise) to each well.
Gentle mixing by rocking the plate, back and forth, and incubation of cells at 37°C
for 6 hours.

Replacement the culture medium with fresh full medium and check for the
transgene expression after 24 and 48 hours.

Transfection assays with Small interfering RNA (siRNAs)

IDT DsiRNAs are chemically synthesized 27mer RNA duplexes that are optimized for Dicer
processing and show increased potency when compared with 21mer siRNAs. Dicer-substrate
RNAiI methods take advantage of the link between Dicer and RISC loading that occurs when
RNAs are processed by Dicer.

TriFECTa RNAI Kit
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The TriFECTa Kit includes all of the reagents you need for a successful knockdown. This kit
includes:

3 Predesigned DsiRNAs that are specific for a single target gene.

3 control DsiRNAs for optimizing your RNAi experimental setup:

TYE 563 Transfection Control DsiRNA, 1 nmol (a Transfection Control DsiRNA to visually
monitor transfection efficiency)

HPRT-S1 Positive Control DsiRNA, 1 nmol

Negative Control DsiRNA, 1 nmol

Nuclease-Free Duplex Buffer (2 mL) for resuspending your DsiRNAs, which are delivered
dry.

Transfection assays with mimic miR and antagomir sequences

The ready-to-use miRNA mimics are small, double-stranded RNA molecules designed to mimic
endogenous mature miRNA molecules when introduced into cells. miRNA is known to regulate
gene expression in a variety of manners, including translational repression, mRNA cleavage and
deadenylation. miRNA Mimics, a member of RNAi product family, provides miRNA researchers
with a range of options from individual mimics to a full library of human miRNA mimics based on
latest version of miRBase (currently hosted by the University of Manchester, previously hosted by
the Sanger Institute).

Ambion® Anti-miR™ miRNA Inhibitors are chemically modified, single-stranded nucleic acids
designed to specifically bind to and inhibit endogenous microRNA (miRNA) molecules. These
ready-to-use inhibitors can be introduced into cells using transfection or electroporation
parameters similar to those used for siRNAs. Anti-miR™ Negative Control #1 is a random sequence
Anti-miR molecule that has been extensively tested in human cell lines and tissues and validated
to produce no identifiable effects on known miRNA function.

Anti-miR™ miRNA Inhibitor Negative Control #1, AM17010

Ambion™ Pre-miR26 miRNA Precursor and scramble, AM17100

Procedure

One day before transfection, 3 x 10*cells suspended in 400 mL of RPMI serum- and antibiotic-full
medium were plated in a 24 well plate, so that the cells will be >90% confluent at the time of
transfection.

For each transfection, the procedure was as following:

Wash the cells once with 1x PBS.
Add 400 mL of free-RPMI per well and incubate for at least 20 min at 37°C.
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Dilute 0.3 uL (20 uM in stock to 20 nM mimic miR26 or scramble respectively) in 50 pl
of free-RPMI/well.

Mix gently Lipo2000 before use and resuspend 1.5 pl Lipo2000 in 48.5 ul of RPMI
serum-and antibiotic-free medium. The samples were incubated for 5 min at RT.
Combine the mimic and the Lipo2000 solutions by pipetting gently (total volume
100 pl) and incubate for 30 min at RT.

Add 100 pl free-RPMI and transfer the 200 ul of the total volume (dropwise) to each
well. Gentle mixing by rocking the plate, back and forth, and incubation of cells at
37°C for 6 hours.

Replacement the culture medium with fresh full medium and check for the
knockdown expression after 24 hours.

Trials were performed to identify the ideal concentration and combinatorial function of siRNAs of
the mimics. SIRNA1, SiRNA2, SiRNA3, SiRNA1+2, SiRNA2+3, SiRNA1+3, SiRNA1+2+3 was tested.
SiRNA1 was chosen due to its efficiency. 18, 20 and 40 nM concentrations of siRNA1 were tested.
24, 40 and 48 hours post transfection was analyzed. 18nM and 40 hours post transfection were
selected as the most suitable condition for a successful knock-down.

Experimental Intervention in Cell Cultures

Heat Shock
Cells in culture were incubated at 41°C for 16 hours and then left for 2 hours to recover.

Drug Treatments

Demecolcine Treatment

Demecolcine (D1925, 10 ug/mLin HBSS, ACF Qualified, BioXtra, Sigma/Aldrich, St. Louis, MO, USA)
was used at 10 pg/mL concentration and the cells were exposed for 5 and 7 hours.

Cytochalasin D Treatment

Cytochalasin D (C8273, Zygosporium mansonii - CAS 22144-77-0, Calbiochem) was used at 10 uM
concentration and the cells were exposed for 30 minutes.

SB205380 Treatment

SB205380 (p38 MAP Kinase Inhibitor-CAS 219138-24-6-Calbiochem, 506126, Sigma/Aldrich, St.
Louis, MO, USA) was used at 20 uM concentration and the cells were exposed for 2.5 hours.

Mitotracker Treatment

Mitochondrial labeling was performed by MitoTracker® (Red CMXRos #9082) at a concentration
of 50-200 nM and incubation for 15 min at 37°C. Then the cells were fixed in ice-cold methanol
for 15 min at -20°C and rinsed 3 times with PBS for 5 min.
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Etoposide Treatment

Etoposide (10 uM, 50 uM for 24 hours), U0126 (30-50 uM for 2-48 hours), 17AAG (1-20 uM for
24 hours), UV (0,09 J/cm?, 25 seconds) and cycloexamide (1-4 uM for 6 hours) treatments were
performed with no significant effect.

All the appropriate controls were included.

Duolink PLA assay

The following protocol is for a 1 cm2 sample on a slide, requiring 40 pl of solution for adequate
coverage. The volume was adjusted according to the reaction area and number of samples. All
incubations performed in a 24 well-plate, used as a humidity chamber.

Reagent Preparation

Wash buffers A and B were prepared by dissolving the contents of one pouch in
high purity water to a final volume of 1,000 mL. Solutions stored for short term
storage (less than two weeks) or at 4°C for long term storage.

0.01x Wash Buffer B was prepared by diluting 1x Wash Buffer B 1:100 in high purity
water.

Many Duolink PLA reagents were supplied as concentrated stocks and were diluted
immediately prior to use. Do not store diluted Duolink® PLA reagents.

Duolink PLA Protocol

Before starting, the samples were deposited on glass slides and pre-treated with respect to
fixation, retrieval, and/or permeabilization.

Blocking

Vortexing of the Duolink® Blocking Solution. 1 drop (~40 pl) of Duolink® Blocking
Solution was added to each 1cm2 sample, protected from light. The slides were
Incubated for 60 min at 370C, in a heated humidity chamber.

Primary Antibody Incubation

Vortexing the Duolink® Antibody Diluent.

Dilution of the primary antibody or antibodies of interest to suitable concentration in the
Duolink® Antibody Diluent.

Tapping off the Duolink” Blocking Solution from the slides.

Addition of the primary antibody solution to each sample.

Incubation of the slides in a humidity chamber. Usage of the optimal incubation
temperature and time for the primary antibodies used.
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Duolink” PLA Probe Incubation

Vortexing of PLUS and MINUS PLA probes

Dilution of the PLUS and MINUS PLA probes 1:5 in the Duolink” Antibody Diluent.
Tapping off the primary antibody solution from the slides.

Washing of the slides twice for 5 min in 1x Wash Buffer A at RT.

Tapping off excess wash buffer and application of the PLA probe solution.
Incubation of the slides in a pre-heated humidity chamber for 1 hour at 37°C.

Ligation

Dilution of the 5x Duolink® Ligation buffer 1:5 in high purity water and mix.

Tapping off the PLA probe solution from the slides.

Washing the slides twice for 5 min in 1x Wash Buffer A at RT.

During the wash, retrieval of the Ligase from the freezer using a freezer block (-20°C).
Resuspend the Ligase in the 1x Ligation buffer from the previous step at a 1:40 dilution
and mixing.

Addition of 1 ul of Ligase to 39 ul of the 1x ligation buffer.

Tapping off excess wash buffer and application of the ligation solution.

Incubation of the slides in a pre-heated humidity chamber for 30 min at 37°C.

Amplification

The Amplification buffer is light-sensitive and thereby protection of all solutions
containing buffer from light was required.
Dilution of the 5x Amplification buffer (1:5) in high purity water.

For 40 ul reaction, addition of 8 ul of the 5x Amplification buffer to 32 ul of high purity
water.

Tapping off of the ligation solution from the slides.
Washing of the slides twice for 5 min in 1x Wash Buffer A at RT.
During the wash, retrieval of the Polymerase from the freezer using a freezer block (-20°C).
Addition of the Polymerase to the 1x Amplification buffer at a 1:80 dilution and mixing.
For 40 pl amplification solution, addition of 0.5 pl of Polymerase to 39.5 ul of the 1x
amplification buffer.
Tapping off excess wash buffer and application of the amplification solution.
Incubation of the slides in a pre-heated humidity chamber for 100 min at 37°C.

Final Washes
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Tapping off the amplification solution from the slides.
Washing the slides twice for 10 min in 1x Wash Buffer B at RT.
Washing the slides in 0.01x Wash Buffer B for 1 minute.

Preparation for Imaging

-Duo link mounting media with DAPI is agueous and does not solidify. Clear nail polish can be
used to seal the edges of the coverslip to the slide. Avoid getting air bubbles caught under
the coverslip.
Clearing the nail polish used to seal the edges of the coverslip to the slide. Avoid air
bubbles caught under the coverslip.
Tapping off excess wash buffer from the slides.
Mounting of the slides with a coverslip using a minimal volume of Duolink® In Situ
Mounting Medium with DAPI.
The samples were observed after 15 min before analyzing in a fluorescence or confocal
microscope, using at least a 20x objective.
The slides can be stored in the dark at 4°C for up to 4 days or at -20°C for up to 6 months.

Image Acquisition

The result from a Duolink” PLA experiment is typically viewed using a fluorescence microscope
with the appropriate filters for the detection fluorophore used. The Duolink” PLA signal is
recognized as discrete fluorescent spots in various locations of the studied cells (see Figure 33).
Individual signals are of sub-micrometer size and may be in multiple focal planes. Negative
controls were performed with 1gG antibody.

Figure 33 Detection of interaction foci. PLA signals are shown in red and the nuclei in blue. The nucleus image was acquired in one
z-plane. a) Positive reaction. b) Negative control without primary antibodies.
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Immunoblotting

Protein isolation - Cell lysates - Sonication

This method allows the selective detection of a protein (immunogen) with the usage of specific
antibodies against the immunogen.

Whole cell extracts (~30 ug) were isolated from petri-dishes (confluency ~90 %, on ice for
proteolysis prevention). The cell medium was removed and followed by washing the cells
with PBS 1x (twice). In each petri dish, Lysis buffer (1 mM Tris at pH 7.5, NaCl 5 M, EDTA
0.5 mM, 10 % Triton X-100) with protease/phosphatase inhibitors (100 mM PMSF -phenyl-
methane-sulfonyl fluoride in isopropanol) was added.

Cells were scraped (with cell scraper) and collected into an Eppendorf tube. Sonication
process follows for 15 sec with output level 2.5 (Q125 Sonicator).

The samples were centrifuged at 13,000rpm for 20 min at 4°C.

Supernatant collection and replacement of the cell lysate in a new Eppendorf tube.
Storage in 4°C.

Quantitative evaluation of protein concentration with the BCA colorimetric protein assay
(Thermo Scientific™ Pierce™). The BCA reaction (Bicinchromic acid) is based on the
reaction of the proteins with Cu*? ions in alkaline environment.

The result of this reaction is the reduction of divalent Cu*? ions to monovalent Cu*?! ion,
which upon reaction with two BCA molecules gives rice to a purple product. The product
presents optical absorption at a wavelength of 562 nm, which shows linearity with
increasing protein concentrations (20 pg/ml - 2,000 pg/ml).

Materials
Bovine albumin solutions (BSA) at concentrations of 0, 0.125, 0.25, 0.5, 1, 1.5 and 2 pg/mL BCA
working solution 1:50 (consisting of 1part BCA reagent A and 49 parts reagent B).

96-well polypropylene microplate (400 pl) were used.

Procedure

Preparation of BCA reagent (1A:49B) and mix gently to homogenize and observe the
characteristic green color.

Preparation of BSA solutions in known concentrations.

Addition to the wells of the microplate 25 uL of each standard BSA solution and protein
sample.

Addition of 200 ul BCA reagent and incubation at 37°C for 30 min.

The microplate left at RT to quench the reaction. A measurement at a wavelength of 562
nm was performed.

The concentration of proteins in each sample is calculated by the curve formed by the absorptions
of BSA solutions in known concentrations as a function of their concentrations and is expressed

in ug/ml.

89



V. I. Pantazopoulou

Detection and analysis of detected proteins

Electrophoretic protein profile analysis

SDS-PAGE electrophoresis (Sodium Dodecyl Sulfate Poly Acrylamide Gel Electrophoresis) is a
technique used to separate proteins based on their electrophoretic mobility, which is determined
by factors such as the molecular weight of the proteins, their secondary structure and post-
translational modifications.

Each protein has a different primary structure, different molecular weight and isoelectric point.
Thus, proteins with similar molecular weights exhibit different electrophoretic mobility due to
different mass to charge ratios. To separate proteins based on their molecular size alone, sodium
dodecyl sulfate (SDS, Sodium Dodecyl Sulfate) is used, a well-known anionic detergent with a
constant weight ratio (1.4 g SDS per gram of protein) that helps to denature the protein chains
and gives each protein a negative electric charge, proportional to its molecular weight. At the
same time, in this technique, reducing agents such as DTT (dithiothreitol) and B-mercapto-ethanol
are used to cleave the disulfide bonds of the proteins. In order to completely denature the
proteins after the addition of the above, the samples are heated for 5 min at 100°C.

Polyacrylamide gels forms three-dimensional polymer networks. by polymerization of acrylamide
monomers and NN-methylene-bis-acrylamide molecules formatting polyacrylamide chains. The
pore size of the gel is based on the ratio of acrylamide:bis-acrylamide. The polymerization of the
gel is carried out by the addition of NNN'N'-tetra-methyl-ethylenediamine (TEMED) and
supported by free radicals which are chemically generated with persulphate ions (S203;), in the
presence of the catalyst Ammonium Persulphate (APS).

Polyacrylamide gels consist of two parts, the stacking gel and the resolving gel. The stacking gel
ensures the simultaneous entry of the polypeptides into the separation gel, where the proteins
are separated based on their molecular weight.

Each separation gel was prepared as follows:
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Components Sml 10ml 15ml 20ml 25ml 30ml 50ml
6% Gel
Water 2.60 530 790 10.6 13.2 159 26.5
30% Acrylamide 1.00 2.0 3.00 4.0 5.0 6.0 10.0
1.5M Tris (pH 8.8) 1.30 250 3.80 5.0 6.30 7.50 12.50
10% SDS 0.05 0.10 0.15 020 0.25 0.30 0.50
10% APS 0.05 0.10 0.15 020 0.25 0.30 0.50
TEMED 0.004 0.008 0.012 0.016 0.02 0.024 0.04
8% Gel
Water 2.30 4.6 6.90 9.3 11.5 139 232
30% Acrylamide 1.30 2.7 4.0 5.3 6.70 8.0 13.3
1.5 M Tris (pH 8.8) 1.30 2.5 3.80 5.0 6.30 750 12.5
10% SDS 0.05 0.1 0.15 0.2 0.25 0.30 0.50
10% APS 0.05 0.1 0.15 0.2 0.25 0.30 0.50
TEMED 0.003 0.006 0.009 0.012 0.015 0.018 0.03
10% Gel
Water 1.90 4.0 590 790 990 119 19.80
30% Acrylamide 1.70 3.30 5.00 670 8.30 10.0 16.70
1.5M Tris (pH 8.8) 1.30 2.50 3.80 5.0 6.30 7.50 12.50
10% SDS 0.05 0.10 0.15 020 0.25 0.30 0.50
10% APS 0.05 0.10 0.15 020 0.25 0.30 0.50
TEMED 0.002 0.004 0.006 0.008 0.01 0.012 0.02
12% Gel
Water 1.60 3.30 490 6.6 8.20 990 16.5
30% Acrylamide 2.00 4.0 6.00 8.0 10.0 12.0 20.0
1.5 M Tris (pH 8.8) 1.30 2.50 3.80 5.0 6.30 750 12.5
10% SDS 0.05 0.10 0.15 020 0.25 0.30 0.50
10% APS 0.05 0.10 0.15 020 0.25 0.30 0.50
TEMED 0.002 0.004 0.006 0.008 0.01 0.012 0.02
15% Gel
Water 1.10 2.3 3.40 4.6 570 6.90 11.5
30% Acrylamide 2.50 5.0 7.50 10.0 12.5 150 25.0
1.5M Tris (pH 8.8) 1.30 2.50 3.80 5.0 6.30 750 12.5
10% SDS 0.05 010 0.15 020 0.25 0.30 0.50
10% APS 0.05 0.10 0.15 020 0.25 0.30 0.50
TEMED 0.002 0.004 0.006 0.008 0.01 0.012 0.02

5 % stack gel contains 30 % 29 acrylamide solution:1 bis-acrylamide, 1 M Tris pH 6.8, 10 % SDS,

10 % APS, TEMED and ddH,0. The solutions and their concentrations are presented below:

1M DTT
dithiothreitol (DTT) 154¢
dH,0 up to 10 ml
Filtration and store at -20°C.
5x Laemmli Sample buffer 15mL
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SDS 15¢g

1M Tris pH 6.8 3.75mL
Bromophenol blue 0.015¢
DTT 1.16 ¢
Glycerol 7.5 mL
dH,0 up to 15 mL

Vortexing, storage in -20°C.

1M Tris pH 6.8 0.25L
Tris-Base 30.29¢g
pH standardization at 6.8 (~20 ml of concentrated HCI).

1M Tris pH 8.8 0.251L
Tris-Base 30.3¢g
pH standardization at 8.8 (~ 5 ml of concentrated HCl).
10% SDS 100 mL
SDS 10g
dH20 80 mL
10x Running buffer (SDS-PAGE) 1L
Tris-Base 3031¢g
Glycine 150¢g
SDS 10g

Electrophoresis device: Mini Protean Il (Bio-Rad Laboratories, USA)

Experimental process

Preparation of the separating gel and carefully insertion into the electrophoresis
apparatus. The addition of isopropanol keeps the upper phase hydrated. 30 min for its
polymerization.
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Preparation of the stacking gel (5 %) and insertion into the device above the separation
gel. Immediate addition of the plastic combs to form the wells where the protein samples
will then be added.

Addition of Laemmli solution in each sample at a final dilution of 1X, and placing them at
a temperature of 100°C, where they boiled for 5 min.

After the polymerization of the stacking gel, the plastic combs were removed from the
device.

Loading of the samples and addition of 1x electrode buffer until the electrode was
covered. Application of an electric voltage field of 80-100 V. When the dye front has
passed from the stacking gel to the separating gel, the voltage can be adjusted to 120 V
(depending on the content of the separation gel).

When the protein front reaches near to the bottom of the separation gel, the
electrophoresis process must be stopped because the proteins must not be diffused into
the solution. At the same time, preparation for the subsequent transfer of proteins to
nitrocellulose membrane has begun.

Western Immunoblotting

Protein Transfer to Nitrocellulose Membrane-Protein & Detection.

This method allows the selective detection of a protein (antigen) using specific antibodies against
it. The method involves the electrophoretic analysis of a protein solution on a polyacrylamide gel,
the electro-transport of proteins to membranes and the binding of specific antibodies to the
antigen. After blocking the membrane gaps, the membrane is incubated with a specific antibody
to the antigen of interest. The membrane is then incubated with an antibody that recognizes the
Fc region of the first antibody. The second antibody is labeled either enzymatically or
radioactively, so it is possible to detect the antibody antigen complex after the addition of a
suitable substrate. In the experiments performed in the present work, all the second antibodies
used, were enzyme-labeled with peroxidase (horse-raddish peroxidase, HRP).

Buffers
Transfer Buffer (10X) 500 mL
Tris-Base 15¢g
Glycine 72 g

For 1x working solution, addition of 1 Volume of 10x transfer buffer, 7 Volumes dH,0 and 2

Volumes of ethanol. Storage at 4°C.

Tween 10X 500 mL
1M Tris pH 7.5 0.25L
5M NacCl 0.15L (r 43.83 g NaCl)
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Tween-20 2.5mL
dH20 up to 500 mL.

Ponceau S staining

0.5 % Ponceau Sin 5 % TCA (trichloro-acetic acid).

Electro-transport of proteins

Dipping of two Whatman papers into the protein-transfer buffer and placing them on one
of the two sponges in the protein transfer grid, which was constantly in the protein
transfer buffer.

The separating gel is placed on Whatman paper and any discontinuities (bubbles) were
removed so that they come into direct contact at their whole surface.

The nitrocellulose membrane (#BA-85 Protran, Whatman, UK) was soaked in water for 1
min (activation), then, in the buffer and consequently were placed on the separating gel.
Two Whatman papers, already dipped into the protein transfer buffer and placed on the
nitrocellulose membrane, were followed by the second sponge in the protein transfer
grid.

Closure of the device to avoid bubbles and transfer to the Mini Protean Il conveyor (Bio-
Rad Laboratories, USA), replenishing the amount of transport buffer to cover the entire
protein transport grid.

Placing of the lid of the device properly, applied to the electrodes of the tank (negative
pole on the side of the gel) and application of an electric current of 320 mA for 1.5 to 2
hours at room temperature 4°C.

Immuno-enzymatic detection of proteins

The nitrocellulose membrane was incubated with a 5% (w/v) solution of lyophilized milk
in 1x TBS-T buffer at RT for 1 hour. This process covers the free sites on the membrane to
which no proteins have been transferred, thus preventing the non-specific binding of
antibodies.

Wash of the membrane for 10 min with 1x TBS-T buffer. Repeat this step three times.
Incubation of the membrane with the primary antibody, diluted in TBS-T solution
containing 5% (w/v) milk powder for 16 hours at 4°C.

Wash the membrane for 10 min with 1X TBS-T buffer. Repeat three times.

Incubation with a secondary antibody that recognizes specific antigenic epitopes of the
first antibody depending on the host animal used for the production. It is conjugated to
the peroxidase enzyme (HRP) and used in a 1:2000 dilution (v/v) in TBS-T solution
containing 5 % (w/v) milk powder. Incubation for two hours at RT and mixing constantly.
Wash the membrane for 10 min with 1x TBS-T buffer. Repeat three times.

The presence of the protein is detected indirectly by the method of enhanced chemiluminescence
(ECL, GE Healthcare Life Sciences, USA) by the addition of a solution of luminol on the
nitrocellulose membrane. The peroxidase enzyme, which is bound to the secondary antibody,
reacts with the substrate, hydrogen peroxide-H,0; and luminol, a component that has the ability
to emit light. The membranes to which luminol has been added are transferred to a special device
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impermeable to light and come into contact with photographic films. The light emission darkens
the film and thus indicates the existence of the protein of interest.

Removal of immune complexes from nitrocellulose membrane (stripping)

To detect more than one protein in the same nitrocellulose membrane, the immune complexes
were removed from the membrane surface without alterations in the quantity and quality of the
proteins that have been electrocuted. Once the primary-secondary antibody complexes have
been removed, the antigenic epitopes of the membrane are free for antibody binding to a new
epitope. BIORAD Stripping Solution (Bio-Rad Laboratories, USA) was used to release the
immunoblocks according to the manufacturer's protocol.

MTT assay

The most commonly used viability assay is the MTT, initially described by Tim Mosmann in 1983.
This colorimetric assay uses reduction of a yellow tetrazolium salt (3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide, or MTT) to measure cellular metabolic activity as a proxy for
cell viability. Viable cells contain NAD(P)H-dependent oxidoreductase enzymes which reduce the
MTT reagent to formazan, an insoluble crystalline product with a deep purple color. Formazan
crystals are then dissolved using a solubilizing solution and absorbance is measured at 500-600
nanometers using a plate-reader. The darker the solution, the greater the number of viable,
metabolically active cells.

Procedure

~37,000 cells were plated per well in a 24-well plate and incubated for 18 hours at 37°C
and in the presence of the appropriate stimulus.

Cell medium removal and wash of the cells with PBS 1x followed.

3-4 hours incubation for adaptation in 96-well plate and MTT buffer 1x (made up in
medium to a final concentration of 0.5 mg/mL, Applichem, A2231.005).

Incubation for 3 hours at 37°C, until intracellular purple formazan crystals are visible under
microscope.

Removal of MTT and addition of DMSO (472301, Merck).

Incubation at RT or at 37°C for 30 min until cells have lysed and purple crystals have
dissolved.

Measurement of the absorbance at 570 nanometers.

Cryostat handling

Placement of a tissue block covered with cryoprotective medium O.C.T. (Tissue-Tek) with the
required orientation each time on an iron piece (dimensions approximately 1 x 1 cm). Then, the
section (~5-12 uM) was placed with the carrier in a special slot of the cryotome, to which a
cryoprotectant had been previously added, overlapping again and in total with the same

cryoprotectant. Polymerized L-lysine or Super frost plus coverslips were used. Samples were
stored at -20°C.
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Microtome Handling

Paraffin embedded tissue (FFPE) were cut 1-20 um thick (usually 3-8 um), stretched in a water
bath, further processed and applied on a slide Samples were stored at RT and eventually observed
under an optical microscope.
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Immunocytochemistry

Immunocytochemistry (ICC) is a common laboratory technique that is used to anatomically visualize
the localization of a specific protein or antigen in cells by using of a specific primary antibody that binds
to it. The primary antibody allows visualization of the protein under a fluorescence microscope when
it is bound by a secondary antibody that has a conjugated fluorophore. ICC allows researchers to
evaluate whether or not cells in a particular sample express the antigen. In cases where an immuno-
positive signal is found, ICC also allows researchers to determine which sub-cellular compartments are
expressing the antigen and its distribution pattern.

The subcellular localization of selected cell proteins was tested and cells were observed under a Laser
Scanning Focus Microscope. Known number of cells were plated on positively charged lysine-coated
coverslips and placed in a 24-well culture dish and cultured under normal conditions. In 24 hours, the
medium was removed and cells were rinsed twice with PBS 1x.

Procedure

The cells were fixed with 4 % paraformaldehyde solution, incubated for 10 minutes at room
temperature and then rinsed three times with PBS 1X solution.

The cells were incubated in buffer B (0.1 % Triton X-100 in PBS), followed by buffer A (0.5 %
Triton X-100 in PBS) for 10 min. This step was repeated three times.

Cell incubation in a solution of non-specific binding sites of the antibody [BSA 0.5 % (w / v), in
PBS 1x solution] for 90 min at RT, followed.

Incubation with primary antibody in buffer C (0.1 % Triton X-100 in PBS and 1 % BSA (Bovine
Serum Albumin) for approximately 16 hours at 40°C and washing with buffer A (0.5 % Triton X-
100 in PBS) for 10 min were performed. This step was repeated three times.

Incubation with secondary antibody in buffer A with 1.5 % BSA (Bovine Serum Albumin) for 2
hours. The secondary antibodies used were from the Alexa Fluor Molecular Probes series
(Invitrogen Carlsbad, CA, USA) and specifically Alexa Fluor 488 goat anti-rabbit (A-11070) and
Alexa Fluor 555 goat anti-mouse (A-21425) in dilution 1: 300.

Washing in buffer A (0.5 % Triton X-100 in PBS) for 10 min (three times) and staining with
Phalloidin-Rhodamine (Molecular Probes) for 30 min were conducted.

Washing with PBS 1x three times.

A drop of Vectashield solution (VECTOR Laboratories, Peterborough, UK) was placed on a slide
containing DAPI.

Application of a coverslip on top of the drop and solidification with nail polish application.

Immunohistochemistry

Immunohistochemistry (IHC) is the most common application of immunostaining. It implicates the
process of selectively identifying proteins-immunogens in cells of a tissue section by exploiting the
principle of antibodies binding specifically to antigens of biological tissues. Albert Coons
conceptualized and first implemented the procedure in 1941.

Visualizing an antibody-antigen interaction can be accomplished in a number of ways, mainly either of
the following:
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Chromogenic immunohistochemistry (CIH), wherein an antibody is conjugated to an enzyme,
such as peroxidase (the combination being termed immuno-peroxidase), that can catalyze a
color-producing reaction.

Immunofluorescence, where the antibody is tagged to a fluorophore, such as fluorescein or
rhodamine.

Immunohistochemical staining is widely used for cancerous cell diagnosis. Specific molecular markers
are characteristic of particular cellular events such as proliferation or cell death (apoptosis).
Immunohistochemistry is also widely used in basic research to understand the distribution and
localization of biomarkers and differentially expressed proteins in different parts of a biological tissue.

Procedure

Preparation of Solutions and Reagents
The following solutions and reagents should be available to be able to perform the IHC protocol:

Xylene
Ethanol, anhydrous denatured, histological grade (100 % and 95 %).
Hematoxylin (optional).
Wash buffer 10X Tris Buffered Saline with Tween-20 (TBST, #9997). To prepare 1 L of
1x TBST: add 100 ml 10x TBST to 900 mL dH;0; mix.
Antibody diluent.
Antigen unmasking

= (Citrate: 10 mM Sodium Citrate Buffer (for 1 L, add 2.94 g sodium citrate

trisodium salt dihydrate (CeHsNasO7 ¢ 2H,0) to 1 L dH,0 and adjust to pH 6.0).

Blocking Solution: TBST/5% Normal Sheep Serum.
Detection System: SignalStain® Boost IHC Detection Reagents (Alexa, Mouse; Alexa
Rabbit)
Glycine Solution 20x and working solution 1x.
Proteinase K solution [25 ul proteinase k (20 mg stock), 1 mL Tris-HCIl pH 7.5 (stock 1
M), 100 ul EDTA pH 7,5 (stock 0,1 M) in PBS 1x up to 50 mL]. Incubation at 37°C.

Sample Preparation

A paraffin infiltrated tissue was placed in a mold with a small volume of liquid paraffin. Cool briefly to
immobilize the tissue. Place the base of a cassette on top of the mold. Fill with liquid paraffin, and then
cool.

Cut thin slices (4-6 um) on a microtome, and float sections in a water bath.

Mounting of the sections on to charged slides and dry overnight. Using charged slides helps the section
to adhere to the slide.
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Deparaffinization/Rehydration
To perform antibody staining, paraffin wax must be removed from the sample (5
min in 60°C in thermo-wealtec) and the sample must be rehydrated.
NOTE: Do not allow slides to dry at any time during this procedure as this can lead
to inconsistent staining.
To remove paraffin wax, sections were placed in three containers of xylene for 5
min each. Fresh xylene should be used as incomplete deparaffinization can also lead
to inconsistent staining.
To start rehydration, the sections were placed in two containers of 100 % ethanol
for 5 min each and then, in two containers of 95 % ethanol for 10 minutes each,
followed by two containers of 75 % ethanol for 10 min each.
To complete the rehydration process, washing of the sections twice in PBS 1x for 5
min each was required.
The sections were placed in proteinase K solution for 6 min at 37°C and then, in
glycine 1x solution for 5 min in RT.
Washing the samples with PBS 1x (twice) for 5 min.
Addition of 4 % PFA for 15 min in RT.
Washing of the samples with PBS 1x (twice) for 5 min.
Antigen Unmasking with Citrate Buffer and placement into the steamer followed.

For Citrate: Bring slides to a boil in 10 mM sodium citrate buffer, pH 6.0; maintain at just below boiling
temperature for 50 min inside a steamer. Cool slides on bench top for 30 min in RT and 10 min at 4°C.

It was important not to over or under heat samples as this can cause inconsistent staining results.

Staining

First Day
The sections were washed in dH;0 three times for 5 min each and then, with PBS 1x
for 10 min.
To prevent non-specific binding of the antibody to the tissue, blocking each section
with 100 pL blocking solution [10 % sheep serum (from 100 % stock solution), Triton-X
0.1 % (from 10 % stock solution)] and covered with parafilm.
Each section was incubated in 100 pl primary antibody solution [2 % sheep serum (from
100 % stock solution), primary antibodies, up to 1mL PBS 1x] and covered with parafilm.
Incubation overnight at 4°C.

Second Day

Wash the samples with PBS 1x (twice) for 15 min.

Cells were incubated in 100 pl of secondary antibody solution [2 % sheep serum
(from 100 % stock solution), secondary antibodies, Triton-X 0,1 % (from 10 % stock
solution) up to 1 mL PBS 1x] and the samples were covered with parafilm.

The samples were washed with PBS 1x (three times) for 15 min.
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Fluoroshield for DAPI staining [Mounting Medium with DAPI-Aqueous, Fluoroshield

(ab104139)] was added and the samples were stored at 4°C, until observed under

a microscope.

Antibodies,

Chemicals, Drugs Company Code Host Concentrations
16%
paraformaldehyde Thermo Scientific 28906
Triton-X 100 Sigma/Aldrich, St. Louis, MO, USA | 11332481001
Bovine Serum
Albumin Sigma/Aldrich, St. Louis, MO, USA | B2064
anti-a actinin 4 Abcam, Cambridge, MA, USA ab198608 rabbit (1/50)
anti-argonaute-2 Abcam, Cambridge, MA, USA ab57113 mouse (1/80)
anti-a-tubulin Abcam, Cambridge, MA, USA ab18251 rabbit (1/1000)
anti-a-tubulin Cell Signaling DM1A#3873s mouse (1/100)
anti-Citron kinase Novus NBP2-38592 rabbit (1/100)
anti-Argonaute-2 Abcam, Cambridge, MA, USA ab186733 rabbit (1/50)
anti-Drosha Abcam, Cambridge, MA, USA ab12286 rabbit (1/100)
anti-DGCR8 Novus NBP1-30115 rabbit (1/100)
anti-Dicer Novus NBP1-06520 rabbit (1/120)
anti-ATF4 GenScript Ab-245 rabbit (1/100)
anti-Aurora B BD Biosciences 611082 mouse (1/200)
anti-Staufen/STAU1 Abcam, Cambridge, MA, USA ab50914 rabbit (1/100)
anti-Phospho-p38
MAPK
(Thr180/Tyr182) Cell Signaling 9211 rabbit (1/100)
anti-phospho-AMPK1
(Ser485)/AMPK 2
(Ser491) Cell Signaling 4185 rabbit (1/100)
anti-Phospho-
MEK1/2 (Ser217/221)
(41G9) Cell Signaling 9154 rabbit (1/100)
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anti-Phospho-p38
MAPK

(Thr180/Tyr182) Cell Signaling 9211 rabbit (1/100)
anti-Phospho-Akt

(Thr308) Cell Signaling 9275 rabbit (1/100)
anti-Phospho-

SAPK/JNK

(Thr183/Tyr185) Cell Signaling 9251 rabbit (1/100)
Donkey  Anti-Rabbit

IgG (H + L) Secondary

Antibody  Fluor®488

conjugate Invitrogen, Waltham, MA, USA (1/250)
Goat anti-Rabbit IgG

(H + L) Secondary

Antibody Alexa Fluor

594 Invitrogen, Waltham, MA, USA (1/250)
Goat anti-Mouse 1gG

(H + L) Cross-

Adsorbed Secondary

Antibody Alexa Fluor

488 Invitrogen, Waltham, MA, USA (1/250)
Goat Anti-mouse 1gG

Dylight 594

Conjugated Invitrogen, Waltham, MA, USA (1/250)
Rhodamine -

Phalloidin Biotium (5/200)
VECTASHIELD® Vector Laboratories, Inc., 30

Mounting  Medium | Ingold Road, Burlingame, CA

with DAPI 94010 USA

phospho-ago kit

[Argonaute 2 (a.a.

389-398), Argonaute

2 (Tyr-393) Argonaute

2 (Ser-387)] ECM BIOSCIENCES AK6970 rabbit (1/50)
Upfl antibody

(D15G6) Cell Signaling 12040 rabbit (1/100)
TIAR antibody Cell Signaling 8509 rabbit (1/100)
Dynactin antibody Cell Signaling 69399 rabbit (1/100)
lipofectamine 2000 Invitrogen 11668-027

CF 488 anti-

streptavidin Biotium #29034 (1/250)
biotinylated oligo(dT)

probe Biotrans 75261 (1/50)
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according to the
DsiRNAs and TriFECTa manufacturer's
Kits in tubes IDT protocol

Phospho-elF2a
(Ser51) (D9GS) Cell Signaling 3398 rabbit (1/100)

according to the
manufacturer's
Duo link kit Merck 92101 protocol

anti-phospho-p44/42

MAPK (Erk1/2)

(Thr202/Tyr204) Cell Signaling 9101 rabbit (1/100)
demecolcine Sigma/Aldrich, St. Louis, MO, USA | D7385 0,4ug/ml
cytochalasin D Sigma/Aldrich, St. Louis, MO, USA | C8273 10uM
anti-chk2 (1C12) Cell Signaling 3440 | mouse (1/100)
anti-chk1 Cell Signaling 2345 | rabbit (1/100)

anti-phospho-Chk1

(Ser345) Cell Signaling 2341 | rabbit (1/100)
anti-phospho-Chk2

(Thre8) Cell Signaling 2661 | rabbit (1/100)
anti-lamina/c Abcam, Cambridge, MA, USA ab108595 rabbit (1/400)
anti-Weel Cell Signaling 4936 | rabbit (1/100)
anti phospho Weel

(Ser642) (D47G5) Cell Signaling 4910 | rabbit (1/100)
anti-phosphop53 Cell Signaling 9286 mouse (1/100)
p53 Cell Signaling 2433 rabbit (1/100)
TRI Reagent Sigma/Aldrich T9424

Table 3 Reagents, chemical/drug compounds and antibodies (primary and secondary). Details of the materials used in the methodology
of the manuscript.

RNA extraction

500 ul TriFast (30-2010, PeglLab) were added to the sample. The tissue was homogenized with a pestle
in a 1.5 mL tube with two intervals for cooling on ice. Samples were left for 5 min at RT. 200 ul
chloroform was added and the tubes were shacked vigorously for 15 sec minimum. Samples were left
for 10 min at RT and then, centrifuged at max speed, at 4°C for 5 min. The aqueous phase was
transferred (80 % of the aqueous phase volume, without mixing with the interphase) to a fresh tube.
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500 ul isopropanol (100 %, #33539, Sigma-Aldrich, Germany) was added and the tubes were inverted
a few times. Samples were left on ice for 15 min. Samples were centrifuged at 12,000 g max at 4°C for
10 min. The supernatant was discarded and the RNA pellet was washed once with ice-cold 75 %
ethanol. Centrifugation for 12,000 g at 4°C for 10 min followed the wash. Excess ethanol (75 %,
#32221, Sigma-Aldrich, Germany) was removed and the RNA pellet was air-dried.

31 pl of RNase-free water (DEPC treated H,0, RNAse free) was added to resuspend the RNA pellet and
stored at -80°C.

The quantity and quality of RNA samples were measured with Nanodrop, indicatively, as following:

RNA

Code

. ng/ul 260/280 | 260/230
given

cDNA synthesis
Almost 1 ug RNA is required for cDNA synthesis. The calculations were indicatively done according to
the following table.

Code lpg in
, ng/ul | pg/ul
given X pl
Samples were generated at a final volume of 12ul each.

ul Ml NF
sample | H20

In each sample, 2 pl of gDNA wipe-out (Quantitect RT kit, Qiagen, 205311Q) was added.

Samples were heated for 2 min at 42°C in a PCR machine and then snap freezed.

6uL of the following mix were added in each sample:

5x RT buffer: 4ul (x9 = 36ul)
RT primer: 1ul (x9=9ul)
RT transcriptase: 1ul (x9=9ul)

Quantitect RT kit (Qiagen, 205311) was used for cDNA synthesis

Samples were heated for 40 min at 42°C, followed by 3 min at 95°C in a PCR machine and then were
stored at -20°C.
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Relative quantification of gene expression by real-time PCR analysis

Real-time PCR (QPCR) was conducted in a Roche LightCycler® 96 System in duplicates or triplicates
using the KAPA SYBR FAST gPCR (2x) (KAPA Biosystems). All reactions were set up using 300-500
nmol/L of each primer and 0.5 pg/ul cDNA (1:5 diluted) in the reaction volume (Table 6). The PCR
conditions were as followed: an initial denaturation step at 95°C for 3 min, 40 cycles of amplification
(each cycle is 30 seconds at 95°C, 1 min at 61°C, 1 min at 72°C), followed by the dissociation curve
step (1 min at 95°C, 30 sec at 55°C, 30 sec at 95°C) to verify the amplification of a single product (Table
7). Efficiency curves were obtained for each cDNA template by plotting CT values against the logio of
six serial dilutions of a cDNA pool generated for all samples analyzed. Q-PCR efficiency (E) was
calculated with the formula E=10 [72/slrel according to the relative quantification of Michael W. Pfaffl
and varied between 95 % - 100 %. Primers used are presented in Table 4,5. Housekeeping genes (b
actin, lamin a, gapdh) were validated for use. The normalization factor was calculated as the geometric
mean of the three most stably expressed housekeeping gene of lamin a.

Relative gene expression was calculated using the 2-AACt method. Expression of genes of interest
(goi) was normalized by the reference gene lamin a or gapdh. Fold change in gene expression was
calculated as 2 22T where AACT =ACT (goi)-ACT (lamin/gapdh). The relative change of Ago2 following
the treatment with siAgo2 or mimic miR26 was calculated using the gene expression of the respective
scrambled control cells.

_ Working
Gene name Sequence of primer sets .
concentration
hsa_GAPDH5b_F AGTCAGCCGCATCTTCTTTTG 10uM
hsa_GAPDH5b_R CGCCCAATACGACCAAATCC 10uM
Imna_R TTGTCAATCTCCACCAGTCG 10uM
Imna_R_gsp GTCTTCTCCAGCTCCTTCTTA 10uM
AGO1F2 GAAGGCAGAACGCTGTTACC 10uM
AGO1R2 CCCT GTTCCCCACTCTTACA 10uM
AGO2_Fd CACTCTGCGCACCATGTACT 10uM
AGO2_Rd TTTGAAATCTGGGACGGAAG 10uM
AGO3FW GCACCAGCGTATTATGCTCA 10uM
AGO3RV GGCAAGAGCTTGTGGATCTC 10uM
AGO4_FW TGGGAAGAAACCTTCCAT 10uM
AGO4_RV GGTCCTGGATGACCTCTTGA 10uM
ago2_F AGAAGTGCCCGAGGAGAGTT 10uM
Ago2_R GCTTCCGATCCCCAAAGAT 10uM
ago2gfpFW CGACCACTACCAGCAGAACA 10uM
ago2gfpRV GAACTCCAGCAGGACCATGT 10uM
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ago3cherFW GCACCAGCGTATTATGCTC 10uM
ago3cherRV AAGCGCATGAACTCCTTGAT 10uM
agodgfpFW AGTCTGAGGACATCAACAAGTTT 10uM
agodgfpRV GCTTGATCTCCGGAATATTGG 10uM
SEPTOFW CAGGGCTTCGAGTTCAACAT 10uM
SEPTORV ACCGACTTCCGGCTGATT 10uM
dicerlFW TTGGCTTCCTCCTGGTTATG 10uM
dicer1RV CACATCAGGCTCTCCTCCTC 10uM
DGCR8FW AGGAGAAGCGGTGATGGAG 10uM
DGCR8RV TTACCTCTGCACCACTGGAC 10uM
DGCR8bFW CTGGAGTCCCGGTGTACC 10uM
DGCR8bRV TCAGAGGAGGGTCGTGTTTC 10uM
droshaFW TGAGTTTGAAGAAGCAATTGGA 10uM
droshaRV GGCTACCAGTTGCATTATGG 10uM
hsa-RNU48 AGTGTGTCGCTGATGCG 10uM
hsa-miR-let7f R AACTATACAATCTACTACCTCA 20uM
hsa-miR-26_F TCAAGTAATCCAGGATAGGCTG 10uM
hsa-miR-30d_R CTTCCAGTCGGGGATGTTTACA 20uM
Table 4 Primers for humans & mice
Concentration for Concentration
Primers gpcr reaction for pcr reaction Amplicon Tm
Agol F2/R2 200nM 500nM 164bp 60°C
Ago?2 400nM 500nM 195bp 60°C
FD/RD
Ago3 F/R 200nM 500nM 130bp 60°C
Ago4 F/R 450nM 500nM 155bp 59°C
Table 5 Argonaute Primers for humans & mice
Components Volumes Final Concentration
Sybr Green 5uL 1x
Primer Forward 10uM See table 1
Primer Reverse 10 uM See table 1
cDNA lul <20ng
H20 up to 10 uL
Table 6 gqPCR reaction - Components
Cycle step Temperature Time Cycles
Enzyme activation 95°C 10min
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Denaturation 95 °C 15sec 40cycles
Annealing/Extension/ | 60°C 1min
Data acquisition
Dissociation curve 95 °C 10sec
65 °C Imin
95°C 15sec

Table 7 gPCR reaction — Cycling Conditions

miRNA reverse transcription RT protocol

RNA isolation was performed according to the abovementioned protocol.

miQPCR and microRNA validation were conducted according to the EMBO Course 2014, Galway. The
original protocol has been designed by Mirco Castoldi.

Complete miQ PCR RT program

Temperature | Time
25°C Hold
(skip)
25°C 30 min
10°C Hold(skip)
85°C 2min
46°C Hold(skip)
46°C 30min
85°C 3min
10°C Hold

1. Step 1: Elongation Step

Tailing Mix Volume x Samples(+negRT) | Check

Neb 10x Buffer | 0,85
(NEB)

MgCI2 (200 mM) | 0,35

PEG (50%) 2,6

miQ Linker (5 uM) | 0,3
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(14,5+3,2 ul)

RNAse Inhibitor (40
U/ul)

0,10

T4 RNA ligase2 NEB
(200 u/ul)
(truncated almost
12 ul)

0,20

Program the thermal cycle with miQPCR RT program
Dilution of the RNA to 2.5 ng/ul of ddH,0 (RNAse free)
(Dilution RNA to 10 ng/ul in some cases)

Writing down samples in the cDNA Tracking Table.

Pipetting 4 ul diluted RNA (e.g 10 ng) into 200 pl PCR tubes (or PCR plate)

(Scaling down) 1 pl RNA + 3 pul H,0.
Preparation of the tailing mix T1 and add 4 ul of T1 to 4 ul of RNA.

Centrifugation and loading the plate in the cycler and incubation for 30 min at 25°C.

T2 mix was prepared.

At the end of this step the samples will be incubated at 10°C.

2. Step 2: cDNA synthesis step

cDNA mix1-T2 Volume (ul) X Samples(+negRT) | Check
dNTPs (10mM) 0,5

ddH20 (RNAse | 7,0

free)

miQ RT primer (10 | 0,25

uM) (250l)

cDNA mix2- T3 Volume (ul) X Samples Check | x1 negRT
5x RT Buffer | 4.10 4,10
(Takara)

PrimeScript 0,25 -
(Takara)
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ddH20 (RNAse | 1,15 1,40
free)

From this step tubes are staying in PCR cycler (also while pipetting).

Preparation of cDNA mix T2 a little before the end of first incubation step.

Addition of 7.0 ul of cDNA mix1-T2 to the tubes (F.V. 15 pl).

Incubation at 85°C for 2 min and holding at 46°C (preparation of T3 quickly, but the
temperature should have been dropped at 46).

Preparation cDNA mix2-T3 and add 5 pl of T3 to the tubes (F.V. 20 pl)

Incubation at 46°C for 30 min, denaturation at 85°C for 30 min and hold at 10°C.

3. Step 3: Dilution of cDNA

After the run cDNA stock was almost 0,5 ng/pl.
Performing of cDNA stock; dilution to 200 ul (add 180 ul ddH,0) to 0.05 ng/ul.

In the gPCR usage of 2 pl of diluted cDNA (or 100 pgr) with the amount of master mix recommended
for your gPCR cycler.

(Usage of 5 ul cDNA and 15 pl master mix in mi_QPCR)

Storage of the stock and dilution of cDNAs at -20°C.

DNA extraction from FFPE
Addition of 4-5 paraffin slices of 5 um thickness.
Add 800 pl xylene and gently shake for 5-15 min at RT or 3-5 min at 55°C for disintegration of
the paraffin.
Centrifuge at 14,000 rpm for 3 min and remove the xylene carefully without agitating the pellet.
Repetition of the previous two steps.
Addition of 800 pl 100 % EtOH (v/v), vortexing and incubation for 5 min, followed by 3 min
centrifugation at 14,000 rpm. Discard the supernatant.
Addition of 800 ul 70 % EtOH (v/v), vortexing and incubation for 5 min, followed by 3 min
centrifugation at 14,000 rpm. Discard the supernatant.
Addition of 800 ul 50 % EtOH (v/v), vortexing and incubation for 5 min, followed by 3 min
centrifugation at 14,000 rpm. Discard the supernatant.
Air-dry the pellet for 5 min.
Addition of 200-500 ul (300 pl) lysis buffer and resuspension. Homogenization is a critical step
(for better yield of DNA).
Incubation at 56°C at the heat block. If tissue cores still exist, add 20 ul of proteinase K 20 ul
proteinase K (20 mg/mL stock) for few hours (3hours) or overnight.
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Addition of phenol: chloroform: isoamyl alcohol (25:24:1), equal volume with the lysis buffer
(300 ).

Mixing for 5 min and centrifugation for 5 min at 14,000 rpm.

Transfer the aqueous phase and addition of RNAase A (100 pg/mL) for 1 hour at 37°C.
Addition of 1 volume phenol:chloroform:isoamyl alcohol (25:24:1) (300 pl)

Mix for 5 min and centrifuge for 5 min at 14,000 rpm.

Estimation of the volume of the sample and addition of the 1/10 3 M sodium acetate pH 5.2.
Addition of 1 volume 100 % isopropanol (v/v).

Well mixing and incubation on ice or at-20°C for 30 min or overnight.

Centrifugation at 14,000 rpm at 4°C for 10 min.

Discard the supernatant.

Wash the pellet with equal volume of ice-cold 70 % EtOH.

Resuspension of the pellet in H,0.

Lysis Buffer
10 mM Tris-HCL pH 8
100 mM EDTA pH 8
50 mM NaCl
0.5 % SDS
200 ug proteinase K (freshly made)
Up to 100 mL with dH20.

RNA extraction with Trizol

500 pl TriFast (TriFast, 30-2010, Peqlab) were added. The tissue was homogenized with a pestle
ina 1.5 mL tube with two intervals for cooling in ice.

Samples were left for 5 min at RT.

200 ul chloroform were added. Tubes containing the samples were shacked vigorously for 15
sec minimum.

Samples were left for 10 min at RT.

Samples were centrifuged at max speed, 4°C for 5 min.

The aqueous phase was transferred (80 % of the aqueous phase volume, without mixing with
the interphase) to a fresh tube.

500 ul isopropanol was added. Tubes containing the samples were inverted a few times.
Samples were left on ice for 15 min.

Samples were centrifuged at 12,000 g max at 4°C for 10 min.

The supernatant was discarded and the RNA pellet was washed once with ice-cold 75 %
ethanol.
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Centrifugation for 12,000 g max at 4°C for 10 min followed.
Excess ethanol was removed and the RNA pellet was air-dried.
31 pl of RNase-free water was added to resuspend the RNA pellet.
The quantity and quality of RNA samples were measured with Nanodrop, indicatively, as following:

RNA

Code

_ ng/ul | 260/280 | 260/230
given

cDNA synthesis

Code given | ng/ul pug/ul | 1pginXpl

New samples were created with a final volume of 12ulL each.

ul sample | ul NFH,0

In each sample 2 ul of gDNA wipe-out (Quantitect RT kit, Qiagen, 205311Q) was added.
Samples were heated for 2 min at 42°C in a PCR machine and then snap freezed.
6 ul of the following mix were added in each sample:
5x RT buffer: 4 ul (x9 = 36 pl)
RT primer: 1 ul (x9 =9 ul)
RT transcriptase: 1 pl (x9 =9 ul)
Quantitect RT kit (Qiagen, 205311) was used for cDNA synthesis
Samples were heated for 40 min at 42°C, followed by 3 min at 95°C in a PCR machine and stored at-
20°C.

RNA extraction from cultured cells with columns (Nucleospin XS, Qiagen, 740902)

Reagents

96-100 % ethanol (to prepare Wash Buffer RA3 and for the clean-up procedure)
70 % ethanol

Consumables

1.5 mL microcentrifuge tubes
Sterile RNase-free tips
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Procedure

NucleoSpin® RNA methods aid to avoid RNA degradation, because of cell lysis by incubation in a
solution containing large amounts of chaotropic ions. This lysis buffer immediately inactivates RNases
— which are present in virtually all biological materials — and creates appropriate binding conditions
which favor adsorption of RNA to the silica membrane. Contaminating DNA, which is also bound to the
silica membrane, is removed by an rDNase solution, directly applied onto the silica membrane during
the preparation (RNase-free rDNase is supplied with the kit). Simple washing steps with two different
buffers remove salts, metabolites and macromolecular cellular components. Pure RNA is finally eluted
under low ionic strength conditions with RNase free H20. The RNA preparation using NucleoSpin®
RNA kits can be performed at RT.

RNA purification from cultured cells

Cell pelleting of 10° cultured cells was provided.

Cell Lysis and homogenization
Addition of 100 ul Buffer RA1 and 2 ul TCEP to the cell sample and vortexing vigorously (2 x 5 s) were

performed. If multiple samples were processed, the preparation of a master-premix was
recommended (e.g. 1.1 mL Buffer RA1 and 22 ul TCEP for 10 preparations). Usage of 102 pl of the
premix followed by the addition of 5 pl Carrier RNA (working solution 20 ng) to the lysate. Mix by
vortexing (2 x 5 sec). Spin down briefly (approx. 1 sec, 1000 x g) to clear the lid. For preparation of
Carrier RNA working solution see section 3 + 5 pl Carrier RNA Mix.

Filtration of the lysates

NucleoSpin® Filter (violet ring) was placed in a Collection Tube (2 mL; supplied), the mixture was
applied, and then centrifugation was performed for 30 s at 11,000 g. This step may be skipped when
working with small amounts of sample, for example less than 10° cells.

Adjustment of the RNA binding condition Discard the NucleoSpin® Filter (violet ring). Addition of 100
ul ethanol (70 %) to the homogenized lysate and mixing by pipetting up and down (5 times) were
followed. Alternatively, addition of 100 pl ethanol (70 %) to the sample in a 1.5 mL microcentrifuge
tube (not provided) and mixing by vortexing (2 x 5 sec) were performed, before spinning down briefly
to clear the lid. Pipetting of the lysate up and down two times was needed before loading the lysate.

RNA Binding

For each preparation, a NucleoSpin® RNA XS Column (light blue ring) was placed in a Collection Tube.
The lysate is loaded to the column. Centrifugation for 30 sec at 11,000 g and placement of the column
in a new Collection Tube (2 mL) followed. The maximum loading capacity of NucleoSpin® RNA XS
Columns is 600 pl. Repetition of the procedure was required, if larger volumes were to be processed.
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Desalination of silica membrane

Addition of 100 ul MDB (Membrane Desalting Buffer) and centrifugation at 11,000 g for 30 sec to dry
the membrane were performed. It is not necessary to use a fresh Collection Tube after this
centrifugation step. Salt removal will make the following rDNase digestion much more effective. If the
column outlet has come into contact with the flow-through for any reason, the flow-through must be
discarded and centrifugation again for 30 sec at 11,000 g is needed.

Digestion of DNA Prepare rDNase reaction mixture in a sterile microcentrifuge tube (not provided): for
each isolation, add 3 pul reconstituted rDNase (also see section 3) to 27 pl Reaction Buffer for rDNase.
Mixing by flicking the tube and application of 25 ul rDNase reaction mixture directly onto the center
of the silica membrane of the column followed.

Incubation at RT for 15 min. It is not necessary to use a new Collection Tube after the incubation step.

Washing and drying of the silica membrane
1st wash

Addition of 100 pl Buffer RA2 to the NucleoSpin® RNA XS Column. Incubation for 2 min at RT.
Centrifugation for 30 sec at 11,000 g and placement of the column into a new Collection Tube (2 mL).
Buffer RA2 will inactivate the rDNase.

2nd wash

Addition of 400 ul Buffer RA3 to the NucleoSpin® RNA XS Column. Centrifugation for 30 sec at 11,000
g, flowthrough removal and placement of the column back into the Collection Tube.

Note: Make sure that residual buffer from the previous steps is washed away with Buffer RA3,
especially if the lysate has been in contact with the inner rim of the column during loading of the lysate
onto the column. For efficient washing of the inner rim flush, it with Buffer RA3.

3rd wash

Addition of 200 ul Buffer RA3 to the NucleoSpin® RNA XS Column and centrifugation for 2 min at
11,000 g to dry the membrane. Placement of the column into a nuclease-free Collection Tube.

If for any reason the liquid level in the Collection Tube has reached the NucleoSpin® RNA XS Column
after centrifugation, discard flow-through and centrifuge again.

Elution

Highly pure RNA was eluted in 10 ul H,O (RNase-free; supplied) and centrifuged at 11,000 g for 30 sec.
If higher RNA concentrations or higher elution volumes were desired, elution volume may be varied in
the range of 5-30 pl.

Argonaute HITS-CLIP Method

High-throughput sequencing of RNA isolated by crosslinking immunoprecipitation (HITS-CLIP, also
known as CLIP-Seq) is a genome-wide means of mapping protein-RNA binding sites or RNA
modification sites, in vivo. HITS-CLIP was originally used to generate genome-wide protein-RNA
interaction maps for the neuron-specific RNA-binding protein and splicing factor NOVA1 and NOVA2;
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since then a number of other splicing factor maps have been generated, including PTB, RbFox2, SFRS1,
hnRNP C and N6-Methyladenosine (m6A) mRNA modifications.

HITS-CLIP of the RNA-binding protein, AGO2 has been performed for the identification of microRNA
targets by decoding microRNA-mRNA and protein-RNA interaction maps in mouse brain, and
subsequently in Caenorhabditis elegans, embryonic stem cells and tissue culture cells.

Materials

Preparation of solutions:
e 1M Na - Phosphate buffer pH 8 (final volume 50 mL)
NaHPO. (Sodium phosphate dibasic dihydrate) - MW: 177.99 g/mol
For 50 mL: Weight 8.9 g,

add 30 mL Nuclease Free H,0O

heat to 60°C to clear the solution

NFH2O up to 50 mL
NaH,PO4 (Monosodium phosphate) - MW: 137.99 g / mol
For 50 mL: weight 6.89 g

add 30 mL NFH,0

NFH2O up to 50 mL

Mix 1 volume of solution (ii) causes increase in acidity (decrease in pH) - with 13.7 volumes from
solution causes increase in alkalinity (increase in pH) till pH = 8.

Filter the solution with a syringe having pores 0.22 um in diameter.

Save to RT on falcon tube.

¢ Antibody Binding buffer (final volume 250 mL)

9 washes are reported in the protocol (ImL per wash and 6 additional washes are calculated = 15
washes/sample), ie 15 mL / sample. For 15 samples: 15 mL/sample * 15 samples = 225 mL (~ 250 mL).

Stock Calculations

0.1M Na - Phosphate pH 8 M IM *X=0.1IM * 250 mL, X=25 mL
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0.1 % NP-40

10%

10% * X=0.1% * 250 mL, X=2.5 mL

5% Glycerol

87%

87% * X=5% * 250 mL

X=14.36 mL

Add NFH,0 up to 200 mL followed by stirring, RT.

Adjust the final volume up to 250 mL on a volumetric cylinder by adding NFH-O.

Filter the solution, cover with foil and store at 4°C.

e 1x PMPG (final volume 200mL)

8 washes are reported in the protocol, 1 mL per wash and 6 additional washes are calculated = 14

washes / sample, ie 14 mL /samples

For 15 samples: 14 mL/sample * 15 samples =210 mL (~200 mL).

Stock Calculations
1x PBS (Mg?*/Ca?) 10x * X = 1x * 200 mL, X=20
10x
mL
2 % Empigen 35% * X = 2% * 200 mL,
35%

X=11.43 mL

Filter the solution, cover with foil and store at 4°C.

* 5x PMPG (final volume 100 mL)

4 washes are mentioned in the protocol, 1ml per wash and 3 additional washes are calculated = 7

washes/sample, ie 7 mL/ samples

For 15 samples: 7 mL/sample * 15 samples= 105 mL (~100 mL)

Stock

Calculations
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5x PBS

10x * X =5x * 100 mL

10x

X=50 mL
(Mg2+/ca2+)

35% * X=2% * 100 mL
2 % Empigen 35%

X=5.7 mL

Filter the solution, cover with foil and store at 4°C.

¢ 1x PNK buffer (final volume 250 mL)

11 washes are mentioned in the protocol, ImL per wash and | calculate 4 extra washes=15
washes/sample, ie 15 mL/sample. For 15 samples: 15 mL/sample * 15 samples=225 mL (~250 mL).

Stock Calculations

1M * X =0.05M * 250mL

50 mM Tris-HCl pH 7.4 1M

X=12.5 mL

1M * X =0.01M * 250mL
10 mM MgCI2 1M

X=2.5mL

10% * X =0.5% * 250mL
0.5 % NP-40 10%

X=12.5mL

Filter solution, cover with foil and store at 4°C.

e 1xPNK & EGTA buffer (final volume 50mL)

1 wash was mentioned in the protocol/1mL per wash, additional 2 washes = 3 washes/sample were

calculated, ie 3mL / sample

For 15 samples: 3mL/sample * 15 samples = 45mL (~50mL).
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Stock Calculations
1M * X =0.05M * 50mL
50mM Tris-HCl pH 7.4 1M
X=2.5mL
0.5M * X =0.02M * 50mL
20mM EGTA 0.5M
X=2mL
10% * X =0.5% * 50mL
0.5% NP-40 10%
X=2.5mL
Filter solution, cover with foil and store at 4°C.
* 5x PK buffer (final volume 50 mL)
Stock Calculations
IM*X=0.5M *50mL
500 mM Tris-HCl pH 7.5 1M
X=25mL
5M *X=0.25M * 50 mL
250 mM NaCl 5M
X=2.5mL
0.5M *X=0.05M * 50 mL
50 mM EDTA 0.5M

X=5mL

Add NF H20 up to 50 mL.

The following solutions should be prepared shortly before use:

e 4mg / mL Proteinase K in 1x PK buffer (for every 1mL buffer)
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Stock Calculations
1x PK 5x PK 5x=1x * 1000 pl, X=200 pl
Prot K Prot K 20 mg/mL * X =4 mg/mL * 1000 pl
4mg/mL 20mg/mL X=200ul

Mix 200 pL 5x PK buffer with 200 uL Prot K (20 mg/mL) and add 600 ul NFH,O (final volume 1mL).

e 1x PK / 7M Urea solution (for 5mL):

Stock Calculations

1x PK

5x * X =1x * 5000 pl
5x PK
X=1000 ul

7M Urea MW: 60.06 g/mol 2.10¢g

NF H20 up to a final volume of 5 mL.

e Chloroform: isoamyl alcohol (24:1) Remove 1 mL from the 25 mL (Sigma) and add 1 mL isoamy!

alcohol.

e 10x TBE buffer (RT storage)

o

o

o

890 mM Tris-HCl
890 mM Boric Acid
20 mM EDTA

Cell line Preparation

Required 50 plates/cell line: 3 * 10 plates (replicates), 10 plates (No UV control) and 10 plates
(IgG control - antibody specificity test/immunoprecipitation)

When the cells are at 90 % confluency the irradiation process can begin. The process requires
ice-cold 1x DPBS and 1x DPBS, RT.

Cell suspension was achieved and collected in 10*50 mL-falcon tubes (approximately for every
10 plates, 100 mL of cell suspension are collected)

Centrifuges (large and small) must have already been cooled to 4°C.
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Discard the nutrient medium of 2 cell plates (incubator).

10 mL 1x DPBS was added at RT being careful of cell detachment.

Ice was placed on the lid of the plate (create a flat surface with the surface of another plate
with no slope)

1x DPBS was removed and placed the plate in the irradiator (Stratagene UV Stratalinker 1800)
on ice. For each irradiation, two plates were placed inside the device under the irradiation
lamps.

The cells were irradiated with an intensity of 400 mJ/cm? (the indication on the device is 4000
w*100).

The irradiation lasts about 3 min (the device has a sensor for measuring the energy emitted in
the irradiation chamber).

When the plates were irradiated, 2-3 mL ice-cold 1x DPBS was added and the scraping process
begins. Initially, linear movements were made by rotating the plate gradually to make the
process over the entire surface. Then, the cell suspension was drained on one side of the plate
at an angle and the suspension was pipetted into a 50 mL falcon.

3 mL ice-cold 1xDPBS was added again and the above procedure was repeated.

When the process was completed on all 50 plates, 10*50 mL-falcon tubes were collected.
Centrifugation (in the large centrifuge) for 5 min at 200 g at 4°C.

Supernatant removal with aspiration.

0.5 mLice-cold 1x DPBS was added to each falcon.

In a 2 mL DNA LoBind tube the cell suspensions were collected from two 50 mL falcons.
Centrifugation (in the small centrifuge) for 5 min at 3,000 rpm (1,000 g) at 4°C.

Aspiration of the supernatant and tubes were placed in liquid nitrogen to cool the cells
abruptly.

After 10 min, the tubes were stored at -80°C until used.

Procedure

Day 1%t

Sample preparation and UV cross-linking

For adherent culture cells, seed cells onto a 145 mm cell culture dish. When cells reach ~90%
confluence, discard the culture medium and briefly wash cells with 10 mL room temperature
1x DPBS. For fresh tissue, transfer the tissue to a clean 100 mm cell culture dish and keep it
covered with 8 mL of ice-cold 1x PBS. Dice it using a surgical blade to create small pieces of
several mm? (UV can penetrate small chunks of tissue). An input of 10 cell culture dishes or
100 mg of tissue is sufficient for one CLIP sample.

For adherent culture cells, place two cell culture dishes without lids on ice in the UV cross-
linker (254 nm; Stratalinker model 1800 from Stratagene) and irradiate the cells once with
power settings 400 ml/cm?. For fresh tissue, irradiate the tissue suspension on ice three times
at 400 mJ/cm? in the UV cross-linker with 30 sec intervals for cooling. Mix suspension between
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Day 2

each irradiation to maximize exposed surfaces for cross-linking. A negative control is cells or
tissue that has not been irradiated with UV.

For adherent culture cells, add 3 mL of ice-cold 1x DPBS on the culture dish and scrape the
cells. Collect cell suspension into a 50 mL conical tube. Add another 3 mL of ice-cold 1x DPBS
on the culture dish in order to collect the remaining cells. Pellet cell suspension by
centrifugation at 200 g for 5 min at 4°C. Discard the supernatant, resuspend the cell pelletin 1
mL of ice-cold 1x DPBS and transfer it to a 2 mL microcentrifuge tube (DNA Lo Bind Tube). Re-
pellet cells at 1000 g for 5 min at 4°C. Remove the supernatant, freeze the cell pellet in liquid
nitrogen and store at -80°C until use. For fresh tissue, collect the tissue suspension into a 15
mL conical tube and pellet by centrifugation at 200 g for 5 min at 4°C. Discard almost all of the
supernatant (leave ~1.5 - 2 mL) and transfer the tissue to a 1.5 mL microcentrifuge tube (DNA
LoBind Tube). Re-pellet tissue suspension at 1,000 g for 30 sec at 4°C. Remove the supernatant,
freeze the packed tissue pellet in liquid nitrogen and store at -80°C until use.

Bead preparation

Pipette 150 ul of protein G Dynabeads into a 1.5-mL microcentrifuge tube (DNA LoBind Tube).
Wash the beads three times with 1 mL of ice-cold Ab binding buffer each time. For bead
washing steps in the subsequent steps always use 1 mL of ice-cold buffer.

Resuspend the beads in 350 ul of Ab binding buffer and add 500 pl of anti-Ago2 mouse
hybridoma or 100 pl of pre-immune mouse IgG serum (negative control for
immunoprecipitation).

Rotate the tubes end over end at 4°C for 6 hours.

Wash the beads with bound Ab one time with Ab binding buffer and three times with 1x PMPG.

Cell lysis, RNase digestion and Immunoprecipitation

Thaw frozen cell or tissue pellets on ice and resuspend each pellet using 500 ul of Lysis buffer
(make fresh each time). With a 1 mL pipette, mix until flow is unforced, with care not to foam.
For hard tissue, lysis can be done using further mechanical means, such as an Eppendorf-
pestle.

Add 7 pl of RNasin to each tube and let sit on ice for 10 min.

Add 10 pl of RQ1 DNase and incubate at 37°C for 10 min at 1000 rpm in a Thermomixer.

For RNase treatment, add 1 pl of diluted RNace-IT (1:50 dilution) and incubate the mixture for
7 min exactly at RT. During the digestion, flick tubes regularly to prevent beads from settling.
Centrifuge the lysates in a pre-chilled tabletop centrifuge at max-speed (13,000 rpm/16,060 g)
for 50 min at 4°C.
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Save 15 ul of the supernatant as pre-IP sample for immunoblot analysis and store at -20°C.
Transfer the supernatant to the tube containing the Ab-bound beads from step 8 (after
removing the final wash buffer).

Rotate the beads/lysate mix end over end at 4°C overnight.

Day 3™
Place the tubes in the magnetic rack and, once the beads are pulled on the side of the tube,
save 15 pl of the supernatant as post-IP sample for immunoblot analysis and store at -20°C.
Remove the supernatant and wash the beads two times with 1x PMPG, two times with 5x
PMPG (High-salt Wash Buffer) and two times with 1x PNK buffer.

Dephosphorylation of Ago-bound RNA tags
Remove the final wash buffer and add 80 ul of the following dephosphorylation mixture
prepared in bulk for all the samples together. Incubate the samples in a Thermomixer at 20°C
for 45 min agitating at 1,000 rpm.

Reagent Volume (ul) per reaction Final concentration
Water 54 ul

Multi-core buffer, 10x 16 pl

RNAsin 2 ul 1U pLt

TSAP 8 ul 0.1U pL?

Mix total volume 80 ul

Wash the beads one time with 1x PNK buffer, one time with 1x PNK+EGTA buffer and two times
with 1x PNK buffer.

3’-end adapter ligations on beads
Remove the final wash buffer and add 80 pl of the following ligation mixture prepared in bulk
for all the samples together. Incubate the samples in a Thermomixer at 16°C overnight
agitating at 1,000 rpm.

Reagent Volume (ul) per reaction Final concentration
Water 32.4 0l

T4 RNA ligase buffer, 10x 8 ul

PEG 8000, 25% (wt/vol) 32 ul 10 %

miRCat-33 3’-linker, 50uM 1.6 ul 1uM

RNAsin 2 ul 1Uplt

T4 RNA ligase 2, truncated, K227Q | 4 pl 10 U plt
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Mix total volume

80 ul

Day 4™

Wash the beads one time with 1x PMPG, one time with 5x PMPG and two times with 1x PNK

buffer.

Radioactive labeling of the 5’-end of RNA tags

Remove the final wash buffer and add 80 ul of the following phosphorylation mixture prepared
in bulk for all the samples together. Incubate the samples at 37°C for 30 min and flicker tubes
regularly to ensure mixing.

Reagent Volume (ul) per reaction Final concentration
Water 66 ul

PNK buffer, 10x 8 ul

32p-y-ATP (3,000 Ci/mmol) 2 ul

T4 PNK 4 ul 0.5U pLt

Mix total volume 80 ul

Add 1 pl of cold 10 mM ATP to each tube and incubate the mixture for an additional 5 minutes
at 37°C to ensure complete phosphorylation of RNA tags and therefore efficient 5’ linker
ligation, as the total concentration of ATP in 32P-y-ATP preparations is very low.

Wash the beads one time with 1x PMPG, one time with 5x PMPG and three times with 1x PNK.

SDS-PAGE and nitrocellulose transfer

After removing the final wash buffer, resuspend the beads in 20 ul of this mix: 15 ul of 1x PNK
buffer + 15 pl of 4x LDS reducing sample buffer. Heat the samples for 10 min at 65°C.
Flash-spin the beads and place the tubes in a magnetic rack in order to separate the protein
eluate from beads. Load 20 ul of sample per well of a 10-well Novex NUPAGE 4-12 % Bis-Tris
gel. If anything of each eluate is left, keep for immunoblot analysis and store at -20°C. Include
in the run a pre-stained protein standard and load all the “empty” lanes with the loading buffer
used for the samples.

Run the gel using 1x NUPAGE MOPS SDS running buffer at 80 V in the cold room until the dye
reaches the bottom of the gel.

After the gel run, open the gel cassette and transfer the gel into a container with 2x NuPAGE
transfer buffer supplemented with 10 % (vol/vol) methanol. Equilibrate gel for 10 min. Dip the
nitrocellulose membrane in another container with 2xNuPAGE transfer buffer supplemented
with 10 % (vol/vol) methanol.
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Transfer the gel to nitrocellulose membrane in a semi-dry apparatus at constant 90mA (should
reach 5-10 V) for 1 hour and 40 min.

After transfer, rinse the nitrocellulose membrane with RNase-free water and gently blot the
edge on a Kimwipe.

Heat-seal the nitrocellulose membrane in a clean plastic bag. Attach a phosphorescent ruler
and at least two tiny phosphorescent sticker pieces, so that the membrane can be aligned with
the respective signal on the film for accurate excision of the desired bands after exposure.
Expose the nitrocellulose membrane to the autoradiography film at -80°C for 2 hours in an
autoradiography cassette. Bands that give clear signal after 1-2 hours are ideal for subsequent
RNA extraction step.

Day 5t

Extraction/Purification of RNA tags
On a light table, carefully align the nitrocellulose membrane on top of the developed
autoradiography film by using the signal from the phosphorescent ruler and sticker pieces. It
is important to tape the film and the nitrocellulose membrane so that they cannot shift during
excision.
With a clean disposable scalpel each time, cut out the membrane area which corresponds to
the desired band. For Ago2, excise the bands from two regions using the ladder: the region at
~110 kDa containing Ago2 loaded with miRNAs and the smear above the previous band at ~138
kDa containing Ago2-loaded with mRNAs and miRNAs.
Transfer the nitrocellulose membrane piece to a clean surface (e.g. the inside of an RNase-free
pipette tip box lid) with the tip of the scalpel. Carefully dice each excised band into 1- to 2- mm
squares and then transfer these to a 1.5 mL microcentrifuge tube (DNA Lo Bind Tube).
For each sample, prepare 200 ul of 4 mg/mL Proteinase K by diluting stock in 1x PK buffer. Pre-
incubate this solution at 37°C for 20 min to degrade any present nucleases.
Add 200 pl of Proteinase K solution to each tube containing nitrocellulose membrane pieces
from step 36. Incubate at 37°C for 20 min agitating at 1,200 rpm in a Thermomixer.
Add 200 pl of 1x PK/7 M Urea solution to each tube. Incubate at 37°C for 20 min agitating at
1,000 rpm in a Thermomixer.
Add 200 ul of TRIzol (acid phenol) and 130 ul of chloroform:isoamyl alcohol (24:1) to the
samples. Shake well for 15 sec to mix and agitate samples at 1,000 rpm for 20 min at 37°Cin a
Thermomixer.
Centrifuge tubes at max-speed in a tabletop centrifuge (13.000 rpm/~16,000 g) for 10 min at
RT to separate the phases. Immediately collect the aqueous (upper) phase and transfer it to a
1.5 mL microcentrifuge tube (DNA Lo Bind Tube).
Add 40 pl of 3M sodium acetate pH 5.2 and 0.75 ul of GlycoBlue and vortex briefly to mix.
Add 700 pl of ethanol:isopropanol (1:1) and precipitate RNA overnight at -20°C.
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Day 6%

5" RNA

adapter ligation

Centrifuge extracted and precipitated RNA at max-speed in a tabletop centrifuge (13,000
rpm/~16,000 g) for 30 min at 4°C. Carefully discard the supernatant and wash the pellet by
adding 750 pl of ice-cold 70 % (vol/vol) ethanol. Vortex briefly to mix and spin at max-speed
for 5 min at RT.

Remove the supernatant completely and air dry the pellets (no longer than 5 min) to evaporate
the remaining ethanol.

Resuspend each pellet in 15 ul of phosphorylation mixture prepared in bulk for all the samples
together. Incubate the samples at 37°C for 30 min.

Reagent Volume (ul) per reaction Final concentration
Water 11

T4 RNA ligase buffer, 10x 1.5 ul

ATP, 10 mM 1.5 ul 1mM

T4 PNK 1l 0.67 U plt

Mix total volume 15

Add 5 ul of 5" adapter (linker) ligation mixture, prepared for each sample separately as follows.
Incubate the samples at 16°C overnight.

Reagent Volume (ul) per reaction Final concentration
(volume =20 ul)
Water 2 ul
T4 RNA ligase buffer, 10x 0.5 ul
ATP, 10 mM 0.5 ul 1mM
Barcoded 5" adapter, 100 uM | 1 ul 5uM
T4 RNA ligase 1 1 pl 0.5U ul?t
Mix total volume 5 ul
Day 7t

Dilute samples with 380 ul of water and then add 300 pl of TRIzol (acid phenol) and 130 pL of
chloroform:isoamyl alcohol (24:1).

Shake well the samples for 15 sec and vortex them very briefly. Centrifuge the tubes at max-
speed in a tabletop microcentrifuge (13,000 rpm/~16,000 g) for 5 min at RT to separate the
phases.
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Immediately collect the aqueous (upper) phase and transfer it to a 1.5 mL microcentrifuge tube
(DNA Lo Bind Tube).

Add 40 pl of 3M sodium acetate pH 5.2 and 0.75 ul of GlycoBlue and vortex briefly to mix.
Add 1 mL of ethanol:isopropanol (1:1) and precipitate RNA overnight at -20°C.

Reverse transcription

Centrifuge extracted and precipitated RNA at max-speed in a tabletop centrifuge (13,000
rpm/~16,000 g) for 30 min at 4°C. Carefully discard the supernatant and wash the pellet by
adding 750 pl of ice-cold 70 % (vol/vol) ethanol. Vortex briefly to mix and spin at max-speed
for 5 min at RT.

Resuspend each pellet in 13 pl of RT mix | prepared in bulk for all the samples together.
Incubate the samples for 3 min at 80°C and then immediately place the samples on ice for 5

min.
Reagent Volume (ul) per reaction Final concentration
(volume =20 ul)
Water 11
dNTPs, 10 mM 1 ul 0.5mM
miRCat-33 primer, 10uM | 1 pul 0.5 um
Mix total volume 13 ul

To each sample, add 6 ul of RT mix Il prepared in bulk for all the samples together. Incubate

the samples for 3 min at 50°C.

Reagent

Volume (ul) per reaction

Final concentration
(volume =20 ul)

First strand buffer, 5x 4 ul

0.1 M DTT 1ul 5mM
RNAsin 1l 2 U pult
Mix total volume 6 ul

Add 1 pl of Superscript Il reverse transcriptase and incubate the samples for 60 min at 50°C.

Incubate the samples for 15 min at 65°C to inactivate reverse transcriptase.

Add 2 pL of RNase H to degrade template RNA and incubate samples for 30 min at 37°C.

Prepared cDNA can be stored indefinitely at -20°C.
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Hematoxylin and Eosin (H&E) Staining — Manual Protocol
From Baylor College of Medicine

Reagents for H&E staining:
Acid Ethanol: 1 mL concentrated HCl + 400 mL 70 % ethanol
Hematoxylin: Poly Scientific (Bayshore, NY) #s212A, Harris hematoxylin with glacial acetic acid
Eosin: Poly Scientific (Bayshore, NY) #5176

DPX Mountant for histology, 44581, Histological mounting medium, Sigma-Aldrich

Procedure

Place slides containing paraffin sections in a slide holder (glass or metal)
Deparaffinize and rehydrate sections:
3 x 3 min in Xylene (blot excess xylene before going into ethanol)
3 x3 minin 100% ethanol
1 x 3 minin 95% ethanol
1 x 3 min in 80% ethanol
1 x 3 min in 50% ethanol
1 x5 min in deionized H,0
While sections are in water, skim surface of hematoxylin with a Kimwipe to remove oxidized
particles. Blot excess water from slide holder before going into hematoxylin.
30 seconds Hematoxylin
Rinse with deionized water 1 x 5 minutes in tap water (to allow stain to develop)
Dip 8-12x (fast) in Acid ethanol (to destain)
Rinse 2 x 1 min with tap water
Rinse 1 x 2 min with Deionized water (can leave overnight at this stage)
Eosin staining and dehydration:
30 sec Eosin (up to 45 sec for an older batch of eosin)
3 x5 min in 80% ethanol
3 x5 minin 95% ethanol
3 x5 min in 100% ethanol (blot excess ethanol before going into xylene)
3 x 15 minin Xylene
Coverslip slides using DPX (xylene based)
Place a drop of DPX onto the coverslips.
Angle the coverslip and let fall gently onto the slide.
Allow the Permount to spread beneath the coverslip, covering all the tissue.
Dry overnight in the hood.
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Chromosome measurements

Chromosome preparations were obtained from logarithmically growing HCT116 cell cultures after
been exposed to Colcemid (0,1ug/ml) (Gibco, Grand Island, USA) for 1 to 3 hours, at 37°C in 5% CO2.
Cells were harvested by trypsinization (Gibco, Grand Island, USA), exposed in hypotonic solution (5 ml
of 0.075 M KCl, Sigma) (20 minutes incubation) and fixed [3x methanol (Applichem GmbH, Darmstadt,
Germany)/1x CH3COOH (Merck, Darmstadt, Germany)] with sequential centrifugations and
supernatant removals.

For karyotypic analysis (Raftopoulou et al., 2020), we applied inverted DAPI banding: slides were
stained and mounted with 0.6 ug/ml DAPI in Vectashield antifade medium (Vector Laboratories, USA).
Cytogenetic analyses were performed using a 63x magnification lens on a fluorescent Axio-Imager 71,
Zeiss microscope, equipped with a MetaSystems charge-coupled device (CCD) camera, and the
MetaSystems lIsis software (MetaSystems GmbH, Germany). Karyotypes were recorded according to
International System for Human Cytogenetic Nomenclature (ISCN) 2016. Micronuclei analysis was
performed in cytologic preparations treated as above and stained by DAPI.

Microscopy

Images were acquired with a Leica TCS SP5 inverted confocal laser scanning microscope (CLSM), using
Leica HC PLAPO 63x1.4NA CS immersion objectives. Acquisition was performed sequentially to avoid
cross-talk. Time-lapse videos were started 18h post-transfection at 30 sec or 1 min time-lapse intervals
for 45 min.

For Transmission Electron Microscopy (TEM) the cells were cultured in 35mm CellStar cell-culture
dishes (Greiner Bio-One, GmbH, Germany), on a clarfilm, for 24-48 hours, under standard conditions,
fixed in 2,5 % glutaraldehyde (in 0.1 M phosphate buffer) and post-fixed with 1 % osmium tetroxide.
Next, samples were dehydrated via a graded series of ethanol concentrations, 30, 50, 70, 90 and 100
%, followed by propylene-oxide (PO) treatment. They were further processed in a mixture of
Epon/Araldite resins diluted in PO, flat-embedded in fresh epoxy-resin mixture and allowed to
polymerize at 60°C for 24 hours. Small epoxy pieces were peeled away from petri-dishes, glued on
epoxy blocks and allowed to polymerize for 24 hours. Ultra-thin sections of 65-70 nm (Leica EM UC7
Ultra-microtome, Leica Microsystems, Austria) were mounted onto 200 mesh nickel grids, stained with
uranyl acetate and lead citrate, examined with a Philips 420 transmission electron microscope at an
acceleration voltage of 60 kV and photographed with a MegaView G2CCD camera (Olympus SIS,
Germany). Immunogold experiment has been also done according to the manufacturer’s protocol.

Scanning Electron Microscopy (SEM) was performed with a Jeol 6380LV electron microscope (JEOL
Ltd., USA) which was operated at 15 kV and was equipped with an Oxford EDS system for chemical
analysis. The XRD patterns were recorded by means of a Siemens D5005 (Bruker AXS, USA) using Cu K
radiation. For the evaluation of the surface structural configuration, NTHY ori 3-1 cells were prepared
and cleansed with ethanol. For the electron microscopy imaging and analysis, cells were attached on
aluminum stubs and were analyzed in a low-vacuum mode (around 30 Pa) to minimize cell stress due
to the progressive lack of humidity of the samples during the process in instrument’s vacuum chamber,
as well as to eliminate charging effects after the cells have dried.
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Details for the Materials, reagents, drug compounds and antibodies (primary and secondary) used in
the described Methodology are presented in Table 3.

Protrusion measurements

The number and length of filopodial protrusions were measured in 102 cells from CLSM fluorescence
images (3 independent biological experiments) using the FiloDetect algorithm. The algorithm is
implemented in Matlab and was suitably modified so that filopodia shape could also be modeled. A
filopodium's midpoint width was defined as the number of pixels occupied on the minor axis of the
ellipse created by Matlab's “regionprops” function. The corresponding numbers for parallel
translations of the minor axis for a distance equal to 2/3 of half the major axis towards both ends of
the major axis were also evaluated. Between these two points the one at greater distance from the
cell's centroid (also identified using “regionprops”) was defined to be the filopodium tip width. The
shape model was obtained by evaluating the average tip-to-midpoint width ratio among all filopodia
detected in the cells measured. The same procedure was followed for the calculation of the
corresponding quantities for AGO2 protrusions in 66 cells. Since this type of protrusion is unique per
cell no averages were required. The AGO2 protrusion of each cell along with other protrusion-like
structures were automatically identified using Matlab's “fibermetric” function. To isolate the real
AGO?2 protrusion among them, a region of interest was manually cropped around it and superimposed
with the “fibermetric” image.

Image analysis

3D surface reconstruction was implemented using Imaris 9.1.2 (Bitplane, South Windsor, CT, USA).
Images used for colocalization analysis were acquired with Nyquist sampling; the Richardson-Lucy
Total Variation (RLTV) algorithm was selected from Deconvolutionlab2 plugin for image
deconvolution. Theoretical PSFs according to the Born & Wolf 3D Optical Model were constructed
from the PSF Generator plugin (Kirshner et al.,, 2013). Different channels were processed
independently. Further preprocessing consisted of background subtraction (3D rolling ball algorithm
(Sternberg, 1983)) and thresholding (triangle method (Zack et al., 1977)) all run in Fiji (Schindelin et
al., 2012). The Pearson Correlation Coefficient (R), and Manders’ coefficients (M1, M2) were used to
quantify colocalization. R measures the correlation between probes while M1 and M2 are measures
of co-occurrence; M1 captures the proportion of above-threshold pixels in the red channel occupying
above-threshold pixels of the green channel, and vice versa for M2. Controls for specificity of primary
and secondary antibodies, autofluorescence, specificity of PLA interaction foci, colocalization analysis,
biological colocalization negative control and negative control (scramble) of siAGO2 are provided.

Statistics of AGO2 and Actin-filopodial protrusions

One-tailed Student's t-test (McDonald & Dunn, 2013) was used to evaluate the significance of Pearson
(R) and Manders’ values. The sample size for each test was n=6 fluorescence images and the a-level
were set to 0.01. Mann-Whitney U-tests (two-sided) were used to compare the differences obtained
in the lengths and ratios between Actin-filopodial and AGO2 protrusions. Although filopodial
protrusions are log-normally distributed, a non-parametric test was chosen since g-q plot and Shapiro
test did not reveal a similar distribution for AGO2 protrusions. Actin filopodial protrusions were
measured on 102 cells (at least n=3 biologically independent experiments, statistical sample size
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n=3849 Actin filopodial protrusions) while AGO2 protrusions on 66 cells (n=5 biologically independent
experiments, statistical sample size n=66 AGO2 protrusions). The a-level was set at 0.01 for both tests.
z-test was employed to test the proportion of non-lagging chromosomes (n1=176 GFP cells, n2=169
AGO2-GFP cells), micronuclei formation (n1=174 GFP cells, n2=168 AGO2-GFP cells) and chromosomal
deregulation (n1=188 GFP cells, n2=182 AGO2-GFP cells) in GFP/AGO2-GFP assays.

The same procedure was employed to test the proportion of micronuclei formation (n1=117 SCR cells,
n2=117 siAGO2 cells), and chromosomal deregulation (n1=103 SCR cells, n2=114 siAGO2 cells) in
SCR/siAGO2 knocked down cells. For the analyses 3 biologically independent experiments were
conducted. The use of z-test was justified based on the expected frequencies that occurred in all our
measurements (Cochran, 1952, 1954). The a-level was set at 0.01.

Statistics for gene expression, growth and migration data

Differences among time points (e.g. wound healing) were analyzed using one-way analysis of variance
(ANOVA). Gene expression data were square-root transformed to meet the assumptions of normality
and/or homogeneity. Morphometric and Q-PCR results are expressed as means + standard error of
the mean (SEM). Morphometric data failed to fit Kolmogorov—Smirnov test for normality and were
analyzed using a non-parametric Kruskal-Wallis ANOVA median test. When a significant difference
was observed, further statistical analysis was performed by post-hoc non-parametric Dunn’s test in
order to determine the influence of age on larvae development. The frequency distribution of <5 um
diameter of white muscle fibers was evaluated with Pearson’s chi-squared test, pearman’s rank
correlation was run in order to assess the statistical dependence between two variables. For all
statistical tests, differences were considered to be significant from a value of P<0.05. Data were
analysed using the SigmaStat software (version 3.5; STATCON) and R studio (version 3.6.1; R studio,
Boston).

RNA-seq

RNAseq experiments were carried out in the Greek Genome Center (GGC) of the Biomedical Research
Foundation of the Academy of Athens (BRFAA). RNAseq libraries were prepared with the illumina
TruSeq RNA v2 kit using 1 ug of total RNA. Libraries were checked with the Agilent bioanalyzer
DNA1000 chip, quantitated with the qubit HS spectrophotometric method and pooled in equimolar
amounts for Sequencing. 100 bp Single-End reads were generated with the illumina NovaSeq
sequencer.

RNA-Seq analysis workflow

Quality Control (QC)

For the quality control of RNA-Seq raw reads, FASTQC software was used in order for bases with low
quality to be removed to improve Mapp ability. QCl of raw reads also included the analysis of read
alignment (read uniformity and GC content), quantification (3’ bias, biotypes, and low-counts), and
reproducibility (correlation, principal component analysis, and batch effects).

Preprocessing
Trimming of the adapters achieved by using Cutadapt 3.2.
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Alignment
Mapping to the mouse genome (GRCmM38 - mm10) performed by using STAR 2.7.0a aligner.

The percentage of sequencing reads that were uniquely mapped to the reference genome on average
was 89.5 %.

Quantification
In order to count the reads that were aligned to genes, HTSeq 0.13.5. software was used.

Differential Expression

DESeq2 package in R, was used to compare gene expression differences in samples between miR26-
mimic and scramble samples and conclude to the most statistically significant up-regulated and down-
regulated genes.

In vivo studies — Generation of xenografts

NOD.CB17-Prkdc *?/) (SCID) immunodeficient mice (The Jackson Laboratory, Maine, USA) were used
for thyroid cancer xenografts establishment. Mice were subcutaneously inoculated with ~2*10° and
5*10° cells per injection, NTHY ori 3-1, TPC1 or FTC133, and closely followed till the development of
tumors. The size of each tumor was carefully monitored and its size was determined by caliper
measurement. For disease progression studies, mice experiments were performed as described
above, injecting FTC133 cells, FTC133 with mimic-miR26 or FTC133 with scramble sequences. For the
welfare of the animals, they were euthanized when the tumors were large and were further analyzed
by imaging assays. Animals were treated according to Greek laws (2015/92), guidelines of European
Union and European Council (86/609 and ETS123, respectively), and in compliance with standards for
human care and use of laboratory animals (NIH, USA, assurance no. A5736-01).
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RESULTS

CHAPTER 1

The incidence of thyroid cancer has increased dramatically during the three past decades and it is now
the fastest growing cancer in women and one of the most prevalent endocrine malignancy. The reason
for this rise is unclear, although there is an increase in imaging studies of the neck where small, thyroid
nodules are discovered before they become apparent on physical exam. To better understand the
thyroid cancer and to unravel the molecular mechanisms underlying this pathophysiology, we
characterized a Greek cohort and a TCGA large PTC cohort and examined the most aggressive thyroid
cancer subtypes with poor outcome and their clinicopathological features. Finally, we aimed to link
these features with gene expression and molecular pathways.

Generation of Database

A database was generated based on surgically removed specimen-records of Dr Sofia Tseleni-
Balafouta, Professor of Pathological Anatomy at the Medical School of National and Kapodistrian
University. We selected 704 cases distributes almost equally among twelve consecutive years (2001-
2012). 470 histological specimen records were randomly selected while an additional 234 were
selected based on a specific reference criterion for tumor micro-staging. The latter was necessary as
some phenotypic features, such as the presence of tall cell variants (TCV) or pseudoinclusions, are
presented in small numbers in the general population and therefore, it is impossible to carefully and
conclusively study them. The records included histological reports and were accompanied by paraffin
embedded surgically removed tissue and the consent of the individuals involved. The histological
reports included information regarding the pathophysiology, the year of surgery, the patient's age at
the year of surgical removal, the gender, the existence of benign nodules or malignancies. In case of
malignancy, the subtypes of cancer, the focality, thyroid weight, tumor size, the presence of extra-
thyroid extension, the presence of metastasis/infiltration, additional unique information of each
sample, such as staining and other important histological characteristics (Grave’s or Hashimoto), the
presence of tall cells, the occurrence of grooves or pseudo-inclusions and psammoma bodies were
reported. All the above-mentioned information was used to generate a database, called "Lab_App"
(Fig. 34). The existence of the database facilitated the meta-analysis of the collected features as it
allows to perform multifactorial studies, easily calculate the number of samples having aone, two or
more specific characteristics, highlight interrelated properties and identify new trends that can be
linked to clinical behavior such as tumor aggressiveness.
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Figure 34 Preview of the Lab_app interface.
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Figure 35 Population data regarding the presence of absence of Malignancy, gender and Gender in conjunction with the presence of
Malignancy. Percentages of a) benign and malignant condition, b) genders (male-female) and c) genders (male-female) in conjunction

with benign and malignant condition.
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Focusing on the 470 histological specimen records that were randomly selected, ~42% of the surgically
removed samples were malignant while the rest 58% were benign (Figure 35a). The vast majority of
the patients (~4/5) were females (Figure 35b), a fact that is not surprising as it is according to the
existing literature. The gender ratio is unchanged in the malignant or benign population (Figure 35c)
indicating that there is no gender-predisposition related to malignancy. In accordance, the gender
distribution upon the presence of Hashimoto autoimmune thyroiditis followed the above ratios
regardless the presence or absence of malignancy (Figure 36).
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Figure 36 Distribution of Hashimoto thyroiditis background in benign conditions and malignancies in the Greek cohort.

Surprisingly, Hashimoto was present in the same percentage (1/3) in almost half of malignant and non-
malignant cases, in our cohort (Figure 36). This does not necessarily indicate that Hashimoto has no
implication in cancer formation as our cohort is biased containing surgically removed specimens.
Further investigation needs to be conducted, based on long-term follow-ups of Hashimoto patients,
to conclusively determine the role of autoimmune thyroiditis in cancer causality.

Interestingly, the presence of malignancy in our cohort appeared to be earlier that of the SEER stat of
U.S.A. The Greek cohort study demonstrates that the age decades of onset are 20-44 and less
prevailing age decades 65-74, 75-84 while SEER stat of U.S.A recorded as the main age decades of
onset the periods between 45-64 (Figure 37). Our cohort distribution uncovered a much earlier onset
probably demonstrating the early intervention regarding thyroid pathologies in our country. This is in
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accordance with the finding that the surgically removed tumors have usually small sizes, as 76% is <1,9
cm (Figure 38), reflecting the early intervention as well as the public awareness for thyroid cancer, in
recent years.
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Figure 37 Compared distribution of thyroid cancer in patients of Greek and U.S.A. cohort by age decade groups.
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Figure 38 Distribution of thyroid cancer patients in the Greek cohort by tumor size groups.

155 individuals of the 470 participants in our cohort were diagnosed with thyroid cancer. The
distribution of subtypes of thyroid cancer in this subgroup is similar to the one in other European
countries as presented in the bibliography. As expected, the predominant type is PTC (46,65%) (Figure
39).
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Figure 39 Distribution of thyroid cancer patients in the Greek cohort.
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Figure 40 Distribution of patients with malignant subtypes between gender in the Greek cohort.

Microcarcinomas (microPTC) were considered as a separate category, even in the case of a papillary
origin, as they seem to have different clinical and pathological characteristics. Although microPTC are
not recognized as a specific entity in the tumor mass, they are considered as a subset of PTC, exhibiting
a more benign behavior. microPTC usually follow an indolent course and carry an excellent prognosis.
Distant metastases and mortality rates of these tumors are reported to be <0.5% for microPTC(Roti et
al., 2008). Their percentage is increasing in recent years, probably due to fairly early diagnosis along
with other environmental aggravating factors, such as Chernobyl emissions. PDC, the most aggressive
type of thyroid cancer in our cohort is present in a smaller percentage, 9,03% (Figure 39). Notably, in
microPTC and in MTC, an interesting slight increase in male percentages was observed (Figure 40). The
latter needs further validation and investigation.

Investigating the correlation between malignancy and thyroid gland weight, we found a high rate of
carcinomas in the lighter thyroid glands, while the presence of thyroid cancer in heavy thyroid glands
were extremely rare (Figure 41a). In conclusion, ~75% of the cancer participants in our cohort exhibit
thyroid gland weight under ~30 grammars which is closed to normal-weight of the thyroid gland. This
is in agreement with the fact that thyroid cancer is a ‘few hit’ cancer. The benign nodules are present
in more heavy thyroid glands and this is not surprising due to thyroid inflammation, swelling,
hyperplastic masses and goiter (data not shown). An interesting observation is that PDC were present
in heavier glands when compared to PTC and the latter have a more intense tendency to be developed
in heavier glands than microPTC. Also, MTC are slightly shifted and they present an increase in ~60
grammar-thyroid glands (Figure 41b). However, focality seems not to affect the patient’s distribution
across the different ranges of thyroid weight besides an increase in the presence of multifocal tumors
in ~100 grammar-thyroid glands (Figure 41c).
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Figure 41 (a) Distribution of thyroid weight of all malignancies. (b) Distribution of thyroid weight in the different types of thyroid cancer,
p-value=0,0037, (c) Distribution of thyroid weight between malignant focals (unifocal or multifocal carcinoma). Dust lines are at 25, 50,

75% quantized regions.

Then, a possible correlation between thyroid carcinoma and the lobe preference was studied and the
right lobe was found to have a higher frequency in malignancies (45.58% the right lobe when
compared to 34.69% of the left accordingly, Figure 42a). The frequency of the right lobe preference in
TCVs (Figure 42d) continues to be responded. When we tested the TCV-enriched group the difference
has been strikingly increased (Figure 42e). Statistically significant difference was observed between
two lobes in the cohort of malignancies. The differences, present in the groups of microPTC and TCVs
reached the statistical significance (Figure 42c,e). The cancer preference of the one organ side is not
a new finding in general, since Right-sided colorectal cancer (RCRC) patients were found to respond in
different therapies compared to those with left-sided carcinoma (Baran et al., 2018). Therefore, this

evidence may have a prognostic value.

137



V. I. Pantazopoulou

a b C d € 45.45%

45.58%

46.81%

37.84%
1% 35.14% 20
28.79%

34.69%
20

50 44.44%

34.04%

a0 24.32% 33.939% 2273%

Frequency

Frequency

22.22%

18.16%

o l

> ' &
£ N2 o

Frequency
Frequency
Frequency

1837 %

2

° |

1.36%

n —— L -

N
s

Y & &

o
N

5 Ad
Lobe (Papillary micreCa) Lobe {tcvPTC)

& & & &
@ i & ~ o W
& &

Lobe (Malignancies) Lebe (Papillary Carcinoma}

Lobe (TCV-enriched)

Figure 42 Lobe preference between left and right lobe in (a) malignancies p-value=0.00026 (b) in cPTC (p-value=0.558), (c) in PTC
microCa p-value=0.06, (d) in TCVs in the randomly selected Greek cohort p-value=0.71 and (e) in TCVs from the TCV-enriched group of
a Greek cohort (p-value= 0.059).

After the population study of the location of the tumorigenesis, we further pursue the investigation of
the representation of each thyroid cancer subtype in the Greek cohort. Focusing on the PTC subtypes,
the most predominant ones are the common variant (52.78%), followed by follicular variants (26.39%)
and TCVs (11.11%) (Figure 43). Then, we focused on TCVs, probably the most aggressive subtype of
PTC and we investigated the micro-staging of the tumors analyzing specific histological features.
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Figure 43 Distribution of different variants of PTC in the Greek cohort.

More specifically, we examined the thyroid capsule invasion and extra-thyroidal extension which
reflects the aggressiveness of the tumor mass. We found that there are statistically significant
differences between thyroid capsule invasion in the General Greek cohort (Figure 44a) when
compared with the TCV-enriched cohort (Figure 44b) (p-value=2,92*10°) enhancing the idea of a
highly metastatic potential of TCV cancers.
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Figure 44 Thyroid capsule invasion (a) in thyroid malignancies in randomly selected samples of the Greek cohort and (b) in TCVs of
TCV-enriched Greek group. Absence of Invasion, Extrathyroidal Extension (ETE), Thyroid Capsule Invasion (TCI), simultaneous Thyroid
Capsule Invasion with Extrathyroidal Extension (TCI+ETE) (Bars from left to right).
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Figure 45 Presence of pseudoinclusions in PTC variants (left) and in TCV-enriched group (right) in the Greek cohort.

Interestingly, TCV specimens exhibit high number of cells with nuclear alterations called
pseudoinclusions. These structures appear in more than 90% of the TCV cases, which is a striking
percentage when compared to that observed in other PTC subtypes such as common, follicular and
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solid variant (Figure 45). This fact probably indicates the link of the pseudoinclusions with the
aggressive subtypes of cancer.

Figure 46 Representative immunofluorescence images depicting invaginations and pseudoinclusions, lamina A/C in green, nuclei in
blue and actin in red.

These structures appear to involve cytoskeletal rearrangement and remodeling. Therefore, to further
characterize them, we investigated the distribution of cytoskeletal molecules such as actin in
histological specimens with pseudoinclusions. We initially performed colocalization experiments
(CLSM) of actin, using aslo Lamin A/C to indicate nuclear membrane boundaries (Figure 46). 3D
reconstruction models were created by Imaris in order to unravel the subnuclear location of the cavity
of pseudoinclusions and the diaphragm’s formation (Figure 47).

Figure 47 3D reconstruction models of pseudoinclusions.
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Figure 48 Representative image of cancer (a,b,c) and adjacent normal (d) tissue sections from individuals having TCV papillary variant.

Nuclei stained by DAPI (blue), actin in red and lamin a/c in green. Magnification, 63x. In focused images are illustrated a nucleus with
intense invaginations and grooves (a) and nuclei with pseudoinclusions (b,c) Scale bar:50um.

The number of pseudoinclusions that co-exist within the nucleus varies usually from one to three or
more in rare cases (Figure 48 b,c). The size of these structures can fluctuate from extremely small to
significantly large (Figure 48 b,c). Additionally, to pseudoinclusions, other nuclear irregularities were
observed such as grooves, creases and invaginations (Figure 48a). Actin was inside these structures in
most cases and had intense signal in the well-organized follicles as well as the cancer areas (Figure
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48Db,c). Also, the pseudoinclusions were usually found in fibrotic areas (Figure 48c) and their functional
role remains to be elucidated.

RNAi components in pseudoinclusions of thyroid cancer tissue

Interestingly, given that the pseudoinclusions are formed through cytoskeletal remodeling processes
and the latter are under the tight regulation of gene expression, pseudoinclusions were tested
regarding the subcellular and subnuclear distribution of RISC complex and microRNA biogenesis
components. Drosha, DGCR8, microprocessor complex components, Dicer and AGO2, miRISC complex
components act as key regulators of post-transcriptional events. We examined tissue specimens from
7 patients that their histological reports indicated the presence of a plethora of pseudoinclusions. The
images of three representative ones are exhibited below (Figure 49-52).

Drosha was observed inside the nucleus, concentrated in specific areas inside the pseudoinclusions or
in the nuclear matrix, into the cytoplasm (Figure 49) and in some cases, in the apical zone of the
follicular cells (Figure 49c). DGCR8 had a dispersed punctuate pattern into the nucleus, around the
nucleus and into the cytoplasm. We observed intense signal across intercellular bridges between cells
(Figure 50). It seems that AGO2 and Dicer present an accumulated signal inside the pseudoinclusions
compared to the rest nuclear area (very low signal) (Figure 51,52). Also, AGO2 and Dicer distributed
across the invaginations of the nucleus and across the grooves (Figure 51,52). Into the cytoplasm,
AGO2 and Dicer had similar distribution and visual signal intensity with those into the pseudoinclusions
(Figure 51,52,53).

AGO2 seems to follow the nuclear membrane irregularities. In some cases, AGO2 accumulates in
specific subregion of the nucleus probably constituting an initial cue for cytoskeletal remodeling
leading to pseudoinclusion formation (Figure 53).
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Figure 49 Representative images of tissue sections from TCV samples. Nuclei stained by DAPI (blue), Lamin A/C in red, DROSHA in
green. Magnification, 63x. d) Zoomed image of pseudoinclusions (blue arrow) with Lamin A/C in red and DROSHA in green.
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Figure 50 Representative images of tissue sections from TCV samples (a,b,c). Nuclei stained by DAPI (blue), Lamin A/C in red, DGCR8

in green. Magnification, 63x, d) Zoomed image of pseudoinclusions (blue arrows) and intercellular bridges with DGCR8 (white arrows),
Lamin A/C in red and DROSHA in green.
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Figure 51 Representative images of tissue sections from TCV samples. Nuclei stained by DAPI (blue), Lamin A/C in red, DICER in green.
Magnification, 63x. d) Zoomed image of pseudoinclusions (blue arrow) with Lamin A/C in red and DICER in green.
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Figure 52 Representative images of tissue sections from TCV samples. a,b,c) Nuclei stained by DAPI (blue), Lamin A/C in red, AGO2 in
green. Magnification, 63x, d) Zoomed image of pseudoinclusions (blue arrow) with Lamin A/C in red and AGO2 in green.
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Figure 53 AGO?2 distribution inside a pseudoinclusion in a nucleus of a TCV (left) and inside a specific loci in a deranged nucleus with a
budding membrane (right) . AGO2 stained in green and Lamin A/C stained in red.

.
3

Figure 54 Representative images of (a,g) crease, (b,h) invaginations, (c,i) general nuclear envelope irregularities, (d,j) pseudoinclusion
in a nucleus, (e, k) pseudoinclusion in a nucleus with connection with the membrane and (f,1) three pseudoinclusions in a nucleus. Lamin
A/C stained in red, AGO2 in green.
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Figure 55 Diagram of the Co-presence of pseudoinclusions and grooves in cBioportal cohort.

Creases, grooves and other intranuclear invaginations may be precursors of pseudoinclusions that
probably occurred in a coordinated manner (Figure 54a-l). This is supported by the fact that co-
presence of pseudoinclusions with invaginations is a rare phenomenon; samples that have grooves,
have a lack of pseudoinclusions and vice versa, leading to the assumption that the cells are
synchronized in each step (Figure 55).

BRAFV600E is correlated with pseudoinclusions and fibrosis

Aiming to better characterize TCVs, we investigated for genetic events that occurred, such as
mutations. Therefore, we analyzed papillary thyroid cancer cases with normal adjacent tissue from a
reference group of Cancer Genome Atlas (TCGA) project (cBioportal, Institutional Review Boards). The
predominant mutations were in BRAF, RAS and RET genes, as expected.
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Figure 56 Presence of pseudoinclusions in cBioportal samples. Pseudoinclusions are highly correlated with BRAFY60%F, but not with the
presence of RAS or RET mutations.

As BRAFV®OE mutation is frequently related to tumor aggressiveness, cell motility and migration, we
investigated its presence in TCV variant. We believe that BRAFY®%%F could contribute to the increase of
cytoskeletal reprogramming and thus enhancing cytoplasmic motility into the nucleus leading to the
formation of grooves and subsequently, inclusions. This is supported by the finding that
pseudoinclusions are present in specimens with BRAFY®9E but not RAS or RET mutations (Figure 56).

The causal effect of BRAFY®%F to the formation of pseudoinclusions was enhanced by image analysis
of thyroid cell lines. For that purpose, we performed confocal microscopy of NTHY ori 3-1 and ARO
anaplastic thyroid cells. The latter carries the BRAF mutation. AROs seem to have multiple nuclear
irregularities and intense invaginations probably due to the existence of BRAF mutation in their genetic
pool, while that was not the case regarding NTHY ori 3-1 (Figure 57).
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NTHY ori 3-1

LAMIN A/C

LAMIN A/C

Figure 57 Representative image of ARO thyroid anaplastic cell line and NTHY ori 3-1 cell line. Nuclei stained by DAPI (blue), Lamin A/C in
red and AGO2 in green. Magnification, 63x. Scale bar:10um.
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Figure 58 (a) Presence of pseudoinclusions regarding co-occurrence of fibrotic areas in cBioportal patients and (b) Fibrotic profile in
sections of TCVs. Red arrows indicate the pseudoinclusions existing closely to fibrotic areas.

Conclusively, BRAFY69F mutation and TCV phenotype are most likely linked and frequently
accompanied by the existence of pseudoinclusions and fibrotic phenomena. Therefore, we
hypothesized that BRAFY®%%F mutation may constitute the first hit for fibrogenesis and the formation
of pseudoinclusions.

An interesting observation was that cells with structural alterations such as pseudoinclusions, nucleic
creases and invaginations were usually found proximal to fibrotic tissue (Figure 58a,b). Most likely, the
fibrotic inflammatory background promotes the formation of these intranuclear structures containing
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apoptosis-related components as a result of the effort of the cell to reverse the fibrotic phenotype
(Collison, 2018).

Survival Rates

Based on the above findings, it appears that the appearance of pseudoinclusions in the cells is
correlated to an aggressive phenotype of the malignancy. To evaluate this observation, we examined
the survival rates of the individuals in the cohort. Patients that present these structures in their cancer
tissues demonstrated poorer survival (Figure 59a). In the presence of BRAFY®YE mutation, this
observation was enhanced (Figure 59b). The most important and statistically significant difference was
found in samples that have a concurrent existence of pseudoinclusions and a fibrotic profile (Figure
59c¢) enhancing the idea of the pseudoinclusion-genesis and formation of the invagination in a fibrotic
and inflammatory background.
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fibrosis(+)/Pseudo(-)
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Figure 59 Kaplan-Meier survival analysis for (a) the presence of pseudoinclusions, (b) the presence of pseudoinclusions in correlation
with BRAFV69%Emytation and (c) the presence of pseudoinclusions in correlation with the fibrotic profile of a cohort.

Pathways from differential analysis of pseudoinclusions

To unravel the genes and the molecular mechanisms responsible for the poor prognosis of the disease,
we performed informatics analysis of gene expression profiles. The individuals, and therefore their
gene expression profiles, were subgrouped according to the presence or absence of pseudoinclusions,
fibrosis and/or BRAF6%% mutation. Specifically, three comparative studies were performed. The first
one compared the expression profiles of patients that present pseudoinclusions in their tissues versus

151



V. I. Pantazopoulou

individuals without these structures. Protein processing ER, NFKB signaling, adherens junction and
regulation of actin cytoskeleton (ie integrins) pathways emerged from the study, suggesting that the
enclosing mass into the inclusion supposed to be components of the cytoplasm such as endoplasmic
reticulum (Figure 60). RISC complex molecules are directly related with the aforementioned pathways.
Towards that direction, Kim YJ and colleagues found that loaded and active hsAgo2 was found to be
mostly membrane-associated, while the slicing product was solely associated with rER fractions. These
findings led to the conclusion that both hsAgo2 RISC formation and target RNA slicing occur on the rER
and that the outer rER membrane thus acts as a central nucleation site for siRNA-mediated RNA
silencing (Kim et al., 2014).

The second grouping, BRAFY®%E (+)/ pseudo(-) and BRAFY®%E(+)/ pseudo(+), samples disclosed
pathways related to spliceosome, ECM interaction receptors, lupus and Parkinson (especially
mitochondrial components) (Figure 60). Finally, the last grouping, pseudo(+)/BRAFY6%E (+)/fibrosis (+)
and pseudo(-)/BRAFY8E (+)/fibrosis(-) samples include pathways related to cell-to-cell adhesion,
Parkinson, PI3K-Akt and focal adhesion (Figure 60).

Molecular pathways

pseudoinclusions vs non pseudoinclusions BrafV600E mutation/pseudoinclusions

vs BrafV600E mutation/non pseudoinclusions

© Pathway  Fold_Envichment occurence lowest p highest p  Up_regulsted Down._reguisted
D Pathway  Fold_Enrichment occurrence lowest_p highest_p  Up_regulated Down_regulated
hsa03040  Spliceosome 64.82430 10 12612 12e-12 SNRPD3, SNRPA, SF3A3, PUF60,
LSM3, PRPF38A, PRPF6

CTNNBL1, PPIE, CCDC12, RBM22,
RBMSA, MAGOH, SRSF8, TRAZB

hsa04512  ECM-receplor 119.40793 3 72e11  72e-11 FN1, TNC, COLGA1, THBS4, ITGAT, ITGA28,
interaction ITGA2, ITGA3 CD36, CD47

hsa05322  Systemic lupus 32.00649 10 95e-10 22008 CD80 HIST1H2AE, H2AFV, HISTTH2AC,

enythematosus HIST1H2BD, HIST2H2BE, H3F3B,

HISTTH3D, HISTTH3H, HIST1H4I,
HIST1H4H, SNRPD3

nsa05012  Parkinson 59.17520 10 14e-08 6807 ND1,ND2, ND4, GNAL, SNCAIP, NDUFA4L2,
disease NDA4L, CYTB, NDUFAS, COX412, PARK?
COX3, COX1.
ATPG
...... hsa04510  Focal adhesion 4427485 10 408-08  220-03 FN1, TNC, COLOA1, THBS4, ITGA1, ITGA28,
ITGA2, ITGA3,  PDGFB, PDGFD, VEGFA, VEGFC,
EGF, CAPN2, KDR, FLT1, FLT4, MAPK10
FLNA
hsa05034 Alcoholism 18.88029 10 52007 7.8e-06 HDAC1, HDACY, HIST1H2AE,

H2AFV, HIST1H2AC, HIST1H2BD,

HIST2H2BE, H3F3B, HIST1H3D,

HIST1H3H, HIST1H4I, HIST1H4H,
GNG11. PKIA

BrafV600E mutation/pseudoinclusions/fibrosis

vs BrafV600E mutation/non pseudoinclusions /non fibrosis

D Pathway Fold_Enrichment occurrence lowest_p highest_p Up_regulated Down_regulated
hsa04512  ECM-receptor 129.358586 10 3.3e-11  33e-11  FN1,TNC, ITGA2, ITGA3, COL9A1, THBS4, ITGA1,
interaction sDC1 ITGA2B, ITGA7, CD36,
GP8
hsa05012 Parkinson 61.366876 10 8.3e-10  83e-10  ND1,ND2,ND4, ND4L,  GNAL, SEPTS, SNCAIP,
disease ND5, SDHA, SDHC, UCHL1, NDUFA4L2,

CYTB, COX3, COX1,  COX4l2, COX8B2, CASP9
COX2, ATP8, SLC25A5

hsa04151 PI3K-Akt 30.975661 10 1.6e-08  1.6e-08 EGF, EREG, FGF2, FGF9, FGF20, PDGFB,
signaling pathway MAP2K1, MAPK1, SYK, PDGFD, VEGFA, VEGFC,
OSMR, IL2RA, IL4R, FN1,  ANGPT2, FGFR3, NGFR,
TNC, ITGAZ, ITGA3, FLT1, FLT4, IL3RA,

CDKN1A, BCL2L1 COLBA1, THBS4, ITGAT,
ITGAZB, ITGA7, GNG11,
HSPAOB1, CASPY

hsal4510  Focal adhesion 47.984419 10 19e-08 1908 FN1,TNC,ITGAZ, ITGA3, COLIA1, THBS4, ITGAI,
EGF, DIAPH1, CAPN2,  ITGA2B, [TGA7, PDGFB,
PARVA, MAP2K1, PDGFD, VEGFA, VEGFC,
MAPK1, BIRC3 FLT1, FLT4, PAKA,
MAPK10
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PSEUDOINCLUSIONS-NON PSEUDOINCLUSIONS

e Protein processing in endoplasmic reticulum
e NF-kappa B signaling pathway

e Adherens junction

e Regulation of actin cytoskeleton

e Ubiquitin mediated proteolysis

BRAFV690E PSEUDOINCLUSIONS- BRAFY69% NON-PSEUDOINCLUSIONS

e Spliceosome

e ECM-receptor interaction

e Systematic lupus erythematosus
e Parkinson disease

e Focal adhesion

e Alcoholism

e Transcriptional misregulation in cancer

BRAFV60%E pPSEUDOINCLUSIONS FIBROSIS - BRAFY69E NON-PSEUDOINCLUSIONS NON-FIBROSIS

e ECM-receptor interaction

e Parkinson disease

e PI3K-Akt signaling pathway

e Focal adhesion

Figure 60 Molecular pathways related to the subgroupings of pseudoinclusion-clusters.
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Figure 61 Heat maps of gene expression in the reannotated subset of the TCGA-THCA study. The top 50 differentially expressed
genes between the fibrosis positive (fp - pink) group and the fibrosis negative (fn - light blue) group were chosen. The samples are

clustered based on those genes' expressions using hierarchical clustering.

The frequent presence of pathways such as the Pathways Regulation of actin cytoskeleton and ECM-
receptor interaction in the abovementioned comparative studies as well as the presence of RISC
compounds in pseudoinclusions indicates the potential implication of RISC in EMT regulation.

Not surprisingly, VEGFA, a common molecule of EMT, was found to be intensely altered between
samples with presence or absence of fibrosis (Figure 61). Additionally, synaptotagmin (Syt1) an integral
membrane protein of synaptic vesicles, thought to serve as Ca®* sensors in the process of vesicular
trafficking and exocytosis and FHL1 implicated in ion channel and metal ion binding for processes such
as cell differentiation, negative regulation of G1/Sb and G2/M transition of mitotic cell cycle and
regulation of membrane depolarization, are among the most important deregulated molecules during
fibrogenesis and fibrosis progression. The precise molecular mechanism regarding the formation of
the grooves and pseudoinclusions and the molecular events that they relate the latter with fibrosis
remains to be elucidated.
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CHAPTER 2

Focusing on RISC complex fine-tuning regulation of gene expression during EMT cytoskeletal
remodeling that we observed in pseudoinclusions, we examined the implication of AGO members in
cell division phenomena of normal and cancer cells. Especially, AGO2 was of great significance due to
its catalytic activity during translational repression and mRNA degradation.

Subcellular distribution of AGO2 - AGO?2 resides in protrusional structures.

The AGO2 protein is located into the cytoplasm as well as into the nucleus of all the examined epithelial
and mesenchymal cell lines, normal (thyroid NTHY ori 3-1, primary mammary HMEC-1 and hepatic
stellate LX-2) and cancer (breast cancer MDA-MB 231, melanoma A375 and liver cancer HepG2),
exhibiting a punctuate pattern (Figure 64a and Figure 62a-f). Despite the big differences in the relative
expression of the cell lines regarding each AGO member as well as the panAGO expression, in protein
level, excluding LX-2, we observed small differences (Figure 63). More specifically, based on the mRNA
expression, NTHY ori 3-1 cells, overall, appear to have decreased AGO2 expression. The expression
levels of NTHY ori 3-1 and LX-2 are similar demonstrating that the more normal or close to normal are
the cells, the more decreased levels of AGO, they have. They also express more AGO1 than AGO2.
MDA MB-231 and HepG2 cells, as aggressive cancer cells, had increased AGO expression levels and
AGO2 demonstrated elevated levels compared to the other cell lines tested (Figure 63, top). On the
contrary to the normal cell lines, AGO2 has a higher expression than AGO1 in MDA MB-231 and HepG2
cells. Universally, AGO3 and AGO4 have decreased expression levels, as expected, since they have a
more subsidiary role. The experiments need to be repeated with other sets of primers, cell lines and
primary cultures, to verify the previous findings.

In protein level, AGO2 localizes inside the cytoplasm in a dotty diffuse pattern. In some cases, areas
with high AGO2 concentration were observed, corresponding to AGO2 that resides in GW-bodies, P-
bodies or stress granules. Besides the sub-cytoplasmic distribution, AGO2 also localizes into the
nucleus, following a diffused or granular pattern. Also, it can have an intense signal into the nucleus
and less concentrated into the cytoplasm or vice versa, as well as it can have equal distribution inside
and outside the nucleus. The reason of this AGO2 protein distribution is under investigation.

Interestingly, AGO2 was also localized in protrusions, demonstrating differences in shape and density.
More specifically, AGO2 resided in Actin filopodial-like structures that are many per cell (Figure 64a,b),
and in tubular protrusions that are always formed in paired cells (Figure 64a,c,d). The tubular
protrusions demonstrate two different AGO2 distribution patterns, a low immunofluorescence AGO2
signal, termed open-ended tubes (Figure 64c), and an intense AGO?2 signal, termed close-ended tubes
(Figure 64d). The AGO2 open-ended tubes is usually correlated with loosely-shaped tunneling
nanotubes while the close-ended appear as a compact and dense structure bearing a “gap” lacking
AGO2, usually in the middle-line of the tube. To track the dynamic behavior of AGO2 in the two types
of paired protrusions, time-lapse experiments were performed using cells expressing AGO2-GFP
chimeric protein. In the open-ended nanotubes, AGO2 components displayed flow and motility across
the tube (Figure 64e,f). AGO2 close-ended formations exhibited high flexibility, non-homogeneous
structure, with distinctively larger AGO2 complexes, when compared to open-ended nanotubes; the
close-ended formation breaks, eventually leading to separation of the involved cells (Figure 64g,h).
Next, we investigated the presence and distribution of Drosha, DGCR8 and Dicer proteins, in the AGO2-
enriched open- and close-ended paired structures. These crucial components of the RNAi-machinery
functions, although they are known to reside mainly into the nucleus and cytoplasm, they were also
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detected in the AGO2 tubes (Figure 65a-f). Immunofluorescence assays demonstrated that Drosha
and DGCR8 exhibited punctuate expression patterns within both tunneling open- (Figure 65a,b) and
close-ended nanotubes similar to those observed with AGO2. Dicer was detected within and along the
open-ended nanotubes (Figure 65c), while in close-ended protrusions it was situated primarily in the
middle-line (“gap”) of the tubes (Figure 65f). Notably, Staufen, a double-stranded RNA (dsRNA) binding
protein responsible for dsRNA transport and mRNA localization, was mainly cytoplasmic. It was also
found, though at lower signal intensities, inside the open-ended tunneling nanotubes (Figure 65g) but
it was almost undetected in close-ended cellular protrusions (Figure 65h). Altogether, it seems that in
the open-ended tunneling nanotubes, AGO2 is loaded with dsRNA species, able to travel in between
neighboring cells, communicating intercellular messages, most likely miRNAs, through structured
channels, as indicated by the presence of Staufen. This does not seem to apply to the AGO2 close-
ended protrusions, at least as suggested by the absence of Staufen. Importantly, in these “close-
ended” formations, AGO-arm structures exhibit high flexibility, stretching or shrinking, until their
separation. These novel and dynamic formations do not seem to serve as communication channels in
between cells. Given the strong signal of AGO2 in the close-ended structures and the distinct pattern
with the “gap” in the middle of the tube, their composition and functional contribution to cellular
physiology needs to be further elucidated.
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Figure 62 Subcellular distribution of AGO2 in different cell lines. Representative images of (a) MDA MB-231, (b) HMEC, (c) A375, (d) LX-
2 and (e) HepG2 cells. AGO2 in green, F-Actin (phalloidin) in red and nuclei in blue (DAPI) (scale bar: 20um). (f) Barplot of AGO2 mean
signal intensity per cell in the respective cell lines measured by Imaris using 3D surface reconstruction of confocal images.
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Figure 63 Relative expression of AGO proteins across cell lines. Expression levels of AGO1, 2,3 AND 4 in NTHY ori 3-1, MDA MB-231,
LX2, HepG2 and WM2664 (top). Expression levels of panAGOs in Nthy ori 3-1, MDA MB-231, LX2, HepG2 and WM2664 (bottom).
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Figure 64 Subcellular distribution of AGO2. (a) Representative immunofluorescence images of the NTHY ori 3-1 cells (scale bar: 40um).
Three types of AGO2 cellular protrusions are presented: (b) the typical Actin-filopodial structure (scale bar: 20um), (c) the open-ended
tunneling nanotube (scale bar: 20um) and (d) the close-ended tubes (scale bar: 20um). AGO2 was depicted in green, F-Actin in red
(Texas red-phalloidin) and nuclei in blue (DAPI). 3D surface reconstruction of time points from time lapse experiments of AGO2-GFP
expressing cells; (e,f) open-ended tubes and (g,h) close-ended tubes, processed by Imaris software. Surfaces are color-coded (blue to
red) according to speed (low to high), showcasing the motility of the respective objects. The scale bar is 20um.
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AGO?2 close-ended protrusions constitute a different type than typical Actin-filopodial structures.

To obtain more information regarding the structure of AGO2 close-ended protrusions we compared
them to the well-established Actin filopodial-like ones. 168 Confocal Laser Scanning Microscopy (CLSM)
images of individual cells (Figure 66, 67a,b), from at least 3 independent biological experiments, were
collected and processed. The number of protrusions per cell, their lengths and the tip-to-midpoint width
of both types of structures were measured. The statistical analysis of the measurements revealed
significant differences that clearly distinguish between the two types of protrusions. 38 Actin-filopodial
protrusions on average were present per cell, whereas only one AGO2 protrusion could be maximally
identified per cell. Intriguingly, although the length of Actin-filopodial protrusions range from 0.48 to
37.76 um with a mean of 2.85 um, the AGO2 close-ended protrusions exhibit less divergence (0.88 to
19.00 pm) and their mean length was significantly (p = 2.2e-16) larger (5.37 um) (Figure 67). In an
attempt to obtain a model shape of the structures, the average tip-to-midpoint width ratio of all
protrusions was calculated. The average ratio of AGO2-carrying structures (1.03 um) differed
significantly (p = 7.58e-07, Figure 67d) from the typical triangular shape of Actin-filopodial protrusions
(mean ratio 0.85 um), showing a tendency towards a parallelogram-like formation (Figure 67e). In
conclusion, AGO2 close-ended protrusions differ from the typical Actin-filopodial ones as they are
infrequent, parallelogram-shaped and always formed in paired cells.
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Figure 65 AGO2 resides in protrusional structures along with other components of the RNAi-machinery. Representative
immunofluorescence images of NTHY ori 3-1 cells of (a,b,c,g) AGO2 open-ended tunneling nanotubes and (d,e,f,h) close-ended cellular
protrusions with (a,d) Drosha, (b,e) Dgcr8, (c,f) Dicer and (g,h) Staufen. AGO2 was visualized in green, Drosha, Dgcr8 and Dicer in red

and nuclei in blue (DAPI). The scale bar is 20um.

Figure 66 Examples of the output of the Matlab script used to detect, measure and yield statistics from the comparative analysis of (a)
AGO2 and (b) Actin-Filopodial protrusions. The identified protrusions are colored white. All measurements were made according to
the ellipses created by Matlab’s “regionprops” function [shown in red in (a)]. In the top-left corner of (a) the manually cropped
protrusions used to extract the AGO2 protrusion among those identified by Matlab’s “fibermetric” function are overlaid.
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Figure 67 AGO2 close-ended structures differ from the typical Actin-filopodial protrusions. 3D signal reconstruction of representative
images of NTHY ori 3-1 cells. (a) F-Actin filopodial (Actinin 4, green; F-Actin [Texas red-phalloidin], red, scale bar: 10 um) and (b) AGO2
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protrusions (AGO2 in green; F-Actin [phalloidin] in red, respectively, scale bar: 8 um). Sina-plot of Actin-filopodial (at least n=3
biologically independent experiments, statistical test sample size n=3849 filopodial protrusions) and AGO2 protrusion (at least n=5
biologically independent experiments, statistical test sample size n=66 AGO2 protrusions) (c) lengths and (d) tip-to-midpoint width
ratios. (e) Shape model based on protrusion mean value of tip-to-midpoint width ratios.

AGO2 close-ended cellular structures are cytokinetic protrusions

Based on the aforementioned findings, we investigated the possibility of the close-ended protrusions to
comprise a midbody structure, a narrow intercellular bridge arose during cytokinesis, the final step of
cell division. To explore this scenario, we examined the presence of cytokinesis-related proteins in these
structures. Citron kinase (CITK), a protein carrying a coiled-coil domain that differentially dictates its
subcellular localization and leads to proper midbody stabilization during cytokinesis, was detected in the
close-ended AGO?2 protrusions. CITK was primarily enveloped at the area called midbody ring (Figure
68a) that in the close-ended protrusions AGO2 signal is absent and thus depicted as “gap”. iPLA
experiments of AGO2 and CITK demonstrated the accumulation of fluorescent spots to be restricted into
the cytoplasm and almost absent along the intercellular bridge (Figure 68b). In contrast, Aurora B, the
other critical cell-division kinase that is essential for the functional midbody architecture through CITK
cross-regulation, exhibited a striking overlap with AGO2 (Figure 68c). The AGO2-Aurora strong
correlation was also confirmed with the iPLA experiments (Figure 68d). Colocalization analysis (Figure
100e-h) and corresponding statistical tests strongly supported these findings (Table 8). In particular, the
CITK-AGO2 pair exhibits low M2 value - proportion of CITK channel occupying pixels of the AGO2 channel
- (M2=0.336) since CITK is primarily detected at the midbody ring whereat AGO?2 is absent (Figure 100e).
On the contrary, strong colocalization emerged between AGO2 and Aurora B (R=0.718, M1=0.889,
M2=0.786), as Aurora B resided almost entirely along the intercellular bridge being occupied by AGO2
(Figure 68f). CITK and Aurora B demonstrated differential distribution, in complementary patterns, in
the AGO2 close-ended cellular structures (Figure 68g). Finally, Dicer was primarily located at the
midbody ring (Figure 69a-c), as indicated by the intensity plots (Figure 68h). The presence of CITK and
Aurora B kinases in the AGO2 close-ended cellular structures revealed that these comprise cytokinetic
protrusions.
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Figure 68 AGO2 close-ended cellular structures are cytokinetic protrusions. Representative immunofluorescence images of NTHY ori

3-1 cells depicting the subcellular localization of AGO2 (green) with (a) Citron kinase (CITK) (red) and (c) Aurora B (red). Cell nuclei were
stained blue (DAPI). (b,d) iPLA assays depicted the proximity of (b) AGO2-CITK and (d) AGO2-Aurora B as indicated by red foci. The
black arrowheads in the Brightfield (BF) images indicate the midbody ring. The scale bar is 20um. Visual assessment (merged images,

scatterplots and intensity lineplots) of colocalization between paired proteins included in the yellow region of interest of the merged

images. (f,h) AGO2 (green) with CITK and Dicer (red), respectively. (e,g) Aurora B in green with AGO2 and CITK in red, respectively.
Lineplots indicate the signal intensity of the paired proteins along the lines overlaid on the corresponding images that appear in Figure

69d-h. The colocalization metrics (Pearson [R] and Manders’ [M1 and M2] coefficients) and respective p-values are presented in Table

8 (n=6 biologically independent samples). Scale bar: 5um.

Pairs Pearson Manders’
for line plots coefficient coefficient
R M1 M2
AGO?2 - CITK mean 0.126 0.221 0.336
p-value 0.0007 0.0002 | 0.0007
AGO2 - AURORA B | mean 0.718 0.889 0.786
p-value 8.00e-07 6.68e-07| 4.62e-07
AURORA B - CITK | mean 0.172 0.323 0.461
p-value 8.19e-06 9.43e-06| 2.73e-05
AGO?2 - DICER mean 0.221 0.350 0.719
p-value 0.0017 0.0007 | 0.0004
AURORA B - DICER | mean 0.233 0.342 0.593
p-value 0.0181 0.0008 | 0.0004
AGO2 - aTUB mean 0.770 0.786 0.958
p-value 4.1e-08 1.36e-07| 1.28e-09
AGO?2 - PHALLOIDIN mean 0.153 0.328 0.203
p-value 0.0087 0.0099 | 0.0068
aTUB - PHALLOIDIN mean 0.266 0.368 0.602
p-value 0.0138 0.0096 | 0.0004
aTUB - DICER mean 0.261 0.387 0.815
p-value 0.0012 0.0006 | 3.15e-06
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DICER - PHALLOIDIN mean 0.077 0.291 0.148
p-value 0.0088 0.0102 | 0.0306

PHALLOIDIN

LAMIN A/C (non

colocalized area) | mean 0.024 0.003 0.340
p-value 0.0916 0.1257 | 0.0263

Table 8 Colocalization metrics (Pearson [R] and Manders’ [M1 and M2] coefficients) and respective p-values of the paired proteins
depicted in yellow ROIs in Figure 68e-h, Figure 70c-e, Figure 69a-c.

& PHALLOIDIN

Figure 69 Colocalization analysis of the intercellular bridge content. (a-c) Representative images of NTHY ori 3-1 cells and visual
assessment (merged images, scatterplots and intensity line plots) of colocalization. The colocalization metrics (Pearson [R] and
Manders’ [M1 and M2] coefficients) and respective p-values are presented in Table 8 (n=6 biologically independent samples). (d-o)
Line plots indicate the signal intensity of Dicer and the paired protein along the lines. Line overlays on merged channels from all
conditions shown in Figure 100e-h, Figure 102c-e, Figure 117e-f and Figure 101a-c used to obtain the corresponding line plots.
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a-Tubulin alterations and cytoskeletal changes influence AGO?2 localization.

Given that AGO2 appears to reside in cytokinetic protrusions, the possibility of a tight configuration
with a-Tubulin polymers (microtubules) was investigated. Polymerized a-Tubulin was strongly
colocalized with AGO2 in the emerged blebs of cytokinesis and it was absent from the ring of midbody
formation (Figure 70a,c). This was also demonstrated through iPLA assays with multiple foci being
observed along the midbody arms, but not at the midbody ring (Figure 70b). However, F-Actin (G-Actin
polymer), the other fundamental cytoskeleton component, was presented with significantly lower
degree of colocalization with AGO2 (Table 8). Actin filaments were mainly located close to the starting
point of the protrusions and were attenuated along the intercellular bridge (Figure 70d,e). A
representation of the distribution patterns of all the herein examined proteins (AGO2, Dicer, CITK,
Aurora B, a-Tubulin and F-Actin) across the intercellular bridge, is illustrated in Figure 70f.

We further investigated the relationship of AGO2 with the two pivotal components of cytoskeleton,
a-Tubulin and F-Actin, in a drug-induced depolymerization manner. To this end, Demecolcine and
Cytochalasin D, specific inhibitors targeting the microtubule and Actin-filament depolymerization,
respectively, were applied and their effects on cell morphology, AGO2 distribution and formation of
cytokinetic and cytoplasmic protrusions were examined. After 5h of Demecolcine treatment a-Tubulin
was not totally depolymerized across the intercellular bridges and AGO2 exhibited decreased signal
intensity (Figure 71a,b). The midbody formation was not completely disrupted as indicated via the
normal distribution of CITK (Figure 71c). Most importantly, after 7h of Demecolcine treatment, a
depolymerization of intercellular bridges was induced as indicated by the disruption of a-Tubulin
structures, with a similar fragmentation of AGO2 protrusions (Figure 71d,f,g). The AGO2 expression
signal was directed towards the cytoplasm at lamellipodia and in membrane ruffles (Figure 71d).
However, the localization profile of CITK clearly points towards an intact midbody ring formation
(Figure 71e). In conclusion, AGO2 distribution is related to the intact polymerization of a-Tubulin,
indicating that a-Tubulin can constitute a capable scaffold for AGO2 transfer and function (Figure
71f,g). Exposure to Cytochalasin D did not cause detectable changes in AGO2 typical distribution
(Figure 72a,b,f,g). Nevertheless, Cytochalasin D prevented Dicer accumulation in the midbody and
compelled, in some cases, its distribution along the AGO2 midbody arms (Figure 72c,d,h,i).
Remarkably, the localization pattern of CITK remained unaffected, hence, indicating the specificity and
component-selectivity of the drug-induced molecular phenotype (Figure 72e). Dicer-specific foci,
frequently observed inside the cytoplasm and in the milieu, proved to serve as markers of midbody
remnants after abscission completion (Figure 72c). It seems that the scattering of AGO2 and Dicer is
likely dictated by different regulatory mechanisms.
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Figure 70 AGO2 colocalizes with a-Tubulin in mitotic protrusions. (a) Representative immunofluorescence images of NTHY ori 3-1 cells
depicting the colocalization of AGO2 (green) with a-Tubulin (red). Cell nuclei were stained blue (DAPI). (b) iPLA assays demonstrated
the high proximity of AGO2 and a-Tubulin by the presence of red foci. The black arrowhead in the BF images indicates the midbody
ring. The scale bar is 20um. (c-e) Visual assessment (merged images, scatterplots and intensity lineplots) of colocalization. Lineplots
indicate the signal intensity of the paired proteins along the lines overlaid on the corresponding images that appear in Figure 69i-k.
The colocalization metrics (Pearson [R] and Manders’ [M1 and M2] coefficients) and respective p-values are presented in Table 8. (c,d)
AGO?2 in green, a-Tubulin and F-Actin (Texas red-phalloidin) in red. (e) a-Tubulin in green, F-Actin in red (n=6 biologically independent
samples). (f) Diagrammatic representation of the components of the cytokinetic intercellular bridge including AGO2, Dicer, CITK,
Aurora B, a-Tubulin and F-Actin. Scale bar: S5um.
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AGO?2 follows the a-Tubulin cellular expression patterning during cell division.

As the strong correlation between AGO2 and a-Tubulin was already demonstrated, it is not surprising
that AGO2 follows the a-Tubulin cytoskeleton distribution pattern during the different phases of cell
cycle (Figure 73). In particular, in metaphase that is typified by chromosomes being aligned during
central spindle assembly, AGO2 showed a dense cytoplasmic signal with the exception of the area in-
between the chromosomes. However, AGO2 and Dicer immunofluorescent topologies, following the
mitotic spindle, become concentrated at the mitotic poles (Figure 73a, Figure 74a). In anaphase, AGO2
was highly accumulated in the centrosomal area (Figure 73b), while Dicer followed the microtubule-
segregation (Figure 74b). In this phase, the initial cue for cytoskeleton rearrangement, the creation of
microtubule-bundling area called midzone, and the cleavage furrow ingression become readily
recognizable. In telophase, AGO2-localization pattern demonstrated a “gap” in the middle of the
midzone area, similar to the a-Tubulin configuration (Figure 73c). In parallel, Dicer was mainly located
at the midbody ring (Figure 74c). The intercellular bridge starts its formation during late telophase, with
a simultaneous compression of midzone and the development of microtubule midbody. AGO2 and Dicer
reside in the intercellular bridge; during the process of stabilization of cleavage furrow ingression AGO2
formed a tight arrangement inside and along the a-Tubulin bridge (Figure 73d), while Dicer was mainly
distributed around the ring and gradiently decreased inside the arms (Figure 74d). Then, the cleavage
furrow begins the narrowing until the intercellular bridge is disintegrated and the two daughter cells are
emancipated (Figure 73e, Figure 74e). Following the a-Tubulin constriction and abscission, AGO2
regressed towards the daughter cells following the midbody together with the arm-structure into the
cell cytoplasm for autophagy-mediated elimination (Figure 73f). The Dicer-labeled midbody ring was
digested from one cell in the case of asymmetric division or removed to the cell milieu in case of
symmetric division (Figure 74f). Altogether, the AGO2 expression pattern during mitosis and its
resemblance to the -polymerized- a-Tubulin respective one reinforces the notion that AGO2 sustains
important roles in cell division.
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Figure 71 a-Tubulin alterations and cytoskeletal changes influence AGO2 localization. Representative images of NTHY ori 3-1 cells (a)
before treatment with Demecolcine (Dem) and at (b,c) 5h and (d,e) 7h after treatment. (a,b,d,f,g) AGO2 was stained green, (a-g) a-
Tubulin red and (c,e) CITK green. Nuclei of cells were visualized in blue (DAPI). The scale bar is 20um. 3D surface reconstruction by
Imaris of the cytokinetic bridges (f) before (scale bar: 15um) and (g) after Demecolcine treatment (scale bar: 10um).
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Figure 72 Dicer distribution associated with F-Actin. Representative images of NTHY ori 3-1 cells (a,c) before and (b,d) after Cytochalasin
D (Cyto D) treatment. (a-d,f-i) AGO2 in green, (a,b,e-g) F-Actin in red, (c,d,h,i) Dicer in red and (e) CITK in green (scale bar: 20um). Nuclei
of cells were visualized by blue staining (DAPI). 3D-surface reconstruction by Imaris of the cytokinetic bridges (f,h) before (scale bar:
15um) and (g,i) after Cyto D treatment (scale bar: 3um and 10um, respectively).
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Figure 73 AGO2 distribution during cell division. Representative immunofluorescence images of NTHY ori 3-1 cells. AGO2 colocalization
with a-Tubulin was visualized in a time-course manner. AGO2 in green. a-Tubulin in red and nuclei in blue (DAPI). Images depict (a)
central spindle, (b,c) assembly cleavage furrow ingression, (d) membrane constriction, (e) narrowing and (f) abscission (scale bar: 10

um).
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Figure 74 Dicer distribution pattern during cell division. Representative images of AGO2 and Dicer subcellular distribution in NTHY ori
3-1 dividing cells, was visualized in a time-course manner. Dicer in red, AGO2 in green and nuclei of cells in blue (DAPI). Images depict
(a) central spindle assembly, (b,c) cleavage furrow ingression, (d) membrane constriction, (e) narrowing and (f) abscission (scale bar:
10 um).

AGO2 over-expression generates aneuploidy via cytokinesis errors.

To further study the contribution of AGO2 to the fidelity of cell division, we examined the effect of over-
expression and down-regulation of AGO2 in chromosome segregation. HCT116 cells were transfected
to transiently express AGO2-GFP. The AGO2 over-expression induced statistically significant micronuclei
formation (Figure 75a-d,m) and numerical chromosomal deregulation (gain or loss) (Figure 75m, 76a-c).
However, although there were detected lagging chromosomes in anaphase and cytokinesis (Figure 75e-
), the percentage was similar to the control, an observation that needs further investigation. These
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findings lead to the conclusion of AGO2 implication in aneuploidy, reflecting post-replicative events and
cytokinesis errors. By knocking down AGO2 (almost 2-fold-changes) (Figure 76h, 77a) no statistically
significant changes in numerical chromosomal deregulation and micronuclei formation were observed,
but structural alterations emerged (Figure 76d-g). Cytokinesis-failure events such as binuclear cell
formations and midbody abnormalities such as double midbody rings after AGO2 knock down were
observed (Figure 76i-k) demonstrating that AGO2 influences the integrity and the succession of
cytokinesis.

Interestingly, the knocking down of AGO2, by transfecting the cells with siAGO2, eventually affected the
expression levels of the other AGO family members (Figure 77). In general, AGO2 demonstrated the
highest expression in comparison with other AGOs, followed by AGO1 and then by AGO3. Moreover,
although AGO1 and AGO2 expression appeared to be unaffected 24 hours siAGO2 post-transfection,
they demonstrated a downregulation at 48 hours. The same expression pattern was also observed when
primers were used to amplify all AGO members. Transfected cells with siAGO2 display 2fold-change
AGO2 knocked down as measure by PCR. However, the protein levels appeared to further affect as
demonstrated using immunofluorescence confocal imaging (Figure 78). AGO4 is expressed in lower lever
when compared to the other AGOs. Probably the most interesting observation though was that there
was a subsequent 2fold-change AGO4 increase both at 24- and 48-hours post-transfection. This finding
is leading to the suggestion of a compensatory role of AGO4 in AGO2 depletion.
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Figure 75 AGO2 over-expression leads to numerical chromosomal instability and micronuclei formation. (a-d) Representative images
of HCT116 AGO2-GFP transfected cells depicting (a,c,d) micronuclei formations and (b) bleb nuclei, as indicated by the black
arrowheads. (e,i) normal anaphase and cytokinesis. AGO2-GFP transfected cells carry (f) abnormal metaphase congression, (g)
anaphase or (j) cytokinetic chromosomal bridges and (h) lagging chromosomes in telophase or (k,l) in cytokinesis. GFP expression in
green and nuclei in blue (DAPI) (scale bar: 10um). (m) Bar plot of the effects of AGO2 over-expression on numerical chromosome
deregulation, micronuclei formation and lagging chromosomes. z-test was used to evaluate their significance. Bar height indicates the
ratio of deregulated chromosomes (n=3 biologically independent experiments, statistical sample size n1=188 GFP cells, n2=182 AGO2-
GFP cells), cells with micronuclei formation (n=3 biologically independent experiments, statistical sample size n1=174 GFP cells, n2=168
AGO2-GFP cells) and with lagging chromosomes (n=3 biologically independent experiments, statistical sample size n1=176 GFP cells,
n2=169 AGO2-GFP cells), respectively.
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Figure 76 AGO2 over-expression and down-regulation effect on cell division. Karyotypes of HCT116 (a) GFP-control cells and (b,c)
AGO2-GFP over-expressing cells. Karyotypes of HCT116 (d) cells transfected with scramble control and (e,f) AGO2-knocked down cells.
(g) Bar plot of the effects of AGO2 down-regulation in HCT116 cells on numerical chromosome instability and micronuclei formation.
z-test was used to evaluate their significance. Bar height indicates the ratio of deregulated chromosomes (n=2 biologically independent
experiments, statistical sample size n1=103 SCR cells, n2=114 siAGO2 cells) and cells with micronuclei formation (n=2 biologically
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independent experiments, statistical sample size n1=117 SCR cells, n2=117 siAGO2 cells), respectively (h) Bar plot indicates AGO2
expression levels in 24 and 40h following siAGO2 transfection determined by quantitative PCR analysis. (i-k) Representative images of
NTHY ori 3-1 AGO2 knocked-down cells. White arrowheads indicate abnormalities such as (i) abnormal nucleus (scale bar: 30 um), (i,j)
intercellular bridge (scale bar: 30 um) and (k) double midbody ring (scale bar: 10 um). (i,j) AGO2 and (k) a-Tubulin in green and (i-k)
Dicer in red. Nuclei in blue (DAPI).
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Figure 77 AGO2 mRNA expression levels were knocked down AGO2 almost 2-folds after siAGO2 treatment. The cells were transfected
with siAGO2 and the RNA was extracted and the expression was measures 24 and 48 hours after the transfection. Primers, for QPCR
screening, were designed to bind either on all members of AGO family (AGO1-4) or recognize a specific AGO (AGO1, 2, 3 or 4). As
control a scrambled mixture was used.

SCRAMBLE SIAGO2

Figure 78 Representative images of NTHY ori 3-1 cells following transfection with scramble or siAGO2. In the siAGO2 cells the signal
intensity of AGO2 is dramatically decreased in 24 hours compared to the scrambled ones.

AGO2 colocalizes with Lamin A/C and DNA damage response components.

We were aware from the literature that Lamin is suggested to be a requirement for a reinforcement
of the spindle envelope, which supports the formation of central spindle microtubules also essential
for cytokinesis succession (Hayashi et al.,, 2016). Interestingly, our observations advocate in this
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direction. The colocalization of Lamin A/C and Lamin A/C remnants together with AGO2, across the
open-ended (Figure 79a) and close-ended tubes (Figure 79b,c) respectively, demonstrating that parts
of the nuclear membrane probably together with additional chromosomal material from previous or
current cytokinesis failures colocalize with AGO2 for local regulation of gene expression. In detail, we
showed that Lamin A/C has an intense signal across the nuclear membrane. Inside the open-ended
tubes, we showed cyclic structures with Lamin and probably they were moving into the
communication channel that is formed from the tube and is filled with AGO2. In case of close-ended
tubes, besides the signal of DAPI across the cytokinetic bridge which indicate the presence of dsDNA
that exist either from the mitochondrial network or from nuclear DNA that travels, there are Lamin
remnants especially in the final step of abscission (Figure 79c). This phenomenon is not universal,
however wherever exists there is a continuous signal till the abscission point. Lamin A/C is appeared
in structures called micronuclei which include a small number of chromosomes after a cytokinesis
failure. We observed that AGO2 distribution faithfully follows Lamin A/C distribution across the
intercellular bridge either during normal cytokinesis or in cytokinesis failure.

Notably, it has already been reported that Lamin A/C in cinjunction with TRF2 on chromosome
structure during cell division (Wood et al., 2014).

TRF1 and TRF2 fundamental components of the telomere nucleoprotein complex, present at
telomeres throughout the cell cycle and with the functional role of a telomerase inhibitor, together
with BRAC1, are known to have an implication in telomere length homeostasis for preventing the
telomere dysfunction and therefore, the chromosomal instability, were found strongly colocalized
with AGO2 (Figure 80a,b,c). In most cases, BRAC1 seems to reside gradiently across the cytokinetic
bridge and it has a higher concentration in the tips of midbody arms. The localization of AGO?2 is
uniform without fluctuations across the bridge. However, both proteins have a strong visual
colocalization. Even more intense is the colocalization between AGO2 with TRF1 and TRF2 into the
nucleus, in the cytoplasm and across the intercellular bridges indicating that AGO2 may interact with
these key molecules. Also, we had the knowledge of a negative interplay between Aurora A/B and
BRCA1/2 inversely controls the cell proliferation, cell cycle progression, cell multinuclearity, and
tetraploidization to modulate tumorigenesis (Y. Wang et al., 2014). Aurora B, in our settings, has a
similar distribution across the bridges with AGO2, TRF1 and TRF2.

The exact mechanisms whereby decreased BRCA1 expression can lead to uncontrolled anchoring of
microtubules to the kinetochore are still unclear. The consequences of these abnormalities on the
normal events needed to ensure proper homeostasis during mitotic progression are also incompletely
understood. Aurora B might be especially affected by the dysregulation in microtubule anchoring
associated with deficiencies in BRCA1, as one of its functions includes correction of abnormal
attachments to the kinetochores (Austria et al., 2018). These results illustrate the implication of AGO2
together with crucial molecules in fine-tuning chromosomal regulatory mechanisms, safeguarding the
cell division and therefore, the chromosomal segregation success.
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Figure 79 Representative images of NTHY ori 3-1 cell line. Colocalization between Lamin A/C and AGO2. Lamin A/C (a) across an open-
ended tube (remnants) and across cytokinetic bridges (b,c) with intact lamin signal into nuclei (b) and lamin remnants across the
cytokinetic bridge. AGO2 stained in red, Lamin A/C stained in green and nuclei stained in blue.
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Figure 80 Representative images of NTHY ori 3-1 cell line. Colocalization between AGO2 and (a) BRAC1, (b) TRF1, (c) TRF2. AGO2 stained
in red (AGO2-BRAC1) or green (pairs AGO2-TRF1, AGO2-TRF2), TRF1 and TRF2 stained in green, BRACL1 stained in green and nuclei
stained in blue.

Kinases follow the AGO2/Dicer distribution in the midbody structure.

The role of AGO2 in the midbody might be an unrecognized contribution to cell division or related to
a function of the known -typical- AGO2 pathway. In an attempt to distinguish between the two
scenarios and better understand AGO2 involvement, we herein investigated the presence of poly-A*
tailed transcripts along the cytokinesis bridge (Figure 81a). Surprisingly, the hybridization (oligo dT)
probe followed the AGO2 pattern. This finding together with the complementary Dicer distribution
pattern indicated a Dicer-independent AGO2 function in the arms of the midbody structures.

However, as the lack of AGO2 detection from the midbody ring was striking, we further investigated
the possibility that post-translationally modified AGO2 protein molecules also resided at this site.
Phosphorylation is a crucial regulation step of AGO2 activation and therefore, we explored the
occurrence of different activated kinases in the cytokinetic bridge during the late steps of cell division.

Then, we performed colocalization analysis in order to examine any correlation/association between
AGO2 and the kinases and phosphorylated kinases in subcellular level across the intercellular bridge.
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Colocalization analysis of a small kinome including phospho-MEK (Figure 81b), phospho-ERK (Figure
8c), phospho-p38 MAPK (Figure 81d), phospho-JNK (Figure 81e), phospho-Akt (Figure 82a), phospho-
AMPK (Figure 82b) showed that there are two distinct, almost complementary to each other, patterns
in the cytokinetic structure.

Phospho-MEK, -ERK, -p38 and -JNK, although being present along the midbody arms, were highly
concentrated at the ring following Dicer’s distribution, while phospho-Akt (Figure 82a) and phospho-
AMPK (Figure 82b) occupied the cytokinetic protrusions leaving a small “gap” at the midbody ring
resembling the AGO2 pattern. The specificity of these distribution patterns is enhanced by the fact
that other cell cycle-specific kinases such as Phospho-CHK2 were absent across the cytokinetic bridge
(Figure 78b). Due to the midbody distribution of phospho-MEK/ERK/p38/JNK and the fact that the p38
MAPK pathway enhances the phosphorylation of AGO2 at the catalytic residue Serine 3%/, we
investigated the presence of phospho-AGO2 Ser®®” in the midbody. Interestingly, the phospho-AGO2
Ser3®’ follows the phospho-MEK/ERK/p38/INK pattern, exhibiting high concentration in the midbody
ring (Figure 81f). To strengthen the p38-dependent AGO2 phosphorylation in the bridge, we treated
the cells with SB203580, a selective inhibitor of p38 MAPK. Indeed, the phospho-AGO2 Ser3®” was
relocated in a number of cytokinetic bridges, moving from the ring to the arms of the midbody (Figure
81g,h). In conclusion, the phospho-AGO2 Ser3®’ is located in the ring of the midbody in a p38 MAPK-
dependent manner. The presence of Dicer in the same locus suggests an active RISC machinery in a
non-expected location, thus implying an alternative function of the complex during cell division.
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Figure 81 Activated kinases follow the AGO2/Dicer distribution in the midbody structure. Representative images of NTHY ori 3-1 cells.
AGO2 colocalization with (a) biotinylated oligo dT probe (scale bar: 20um). Small kinome analysis of (b) AGO2-phospho-MEK (scale
bar: 10um), (c) AGO2-phospho-ERK (scale bar: 20um), (d) AGO2-phospho-p38 (scale bar: 20um), (e) AGO2-phospho-JNK (scale bar:
10um). (a-e) AGO2 proteins were visualized in green, oligo dT probe, phospho-MEK, phospho-ERK, phospho-p38 and phospho-JNK
were visualized in red. (b-e) Visual assessment (merged images, scatterplots and intensity lineplots) of colocalization. (b-e) Lineplots
indicate the signal intensity of the two paired proteins. Images of AGO2 colocalization with (f) phospho-AGO2 Ser387 and phospho-
AGO2 Ser387 with a-Tubulin in (g) untreated and (h) treated cells with SB205380 p38 inhibitor. (f-h) Phospho-AGO2 Ser387 in red, (f)
AGO2 and (g,h) a-Tubulin in green, respectively. Nuclei were visualized in blue (DAPI). Scale bar: 20um.
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Figure 82 Phospho-Akt and phospho-AMPK kinase profiling follow the AGO2 distribution in the midbody structure. Representative
images of NTHY ori 3-1 cells. (a) AGO2 (green) and phospho-Akt (scale bar: 20 um), (b) AGO2 (green) and phospho-AMPK (red) (scale
bar: 10 um). Nuclei in blue (DAPI). Visual assessment (merged images, scatterplots and intensity lineplots) of colocalization. Lineplots
indicate the signal intensity of the two paired proteins.

AGO?2 is a stress-sensitive molecule.
The above findings support the strong implication of AGO2 in successful cell division. The dividing cells

are known to be under tremendous stress (Mohan et al., 2012) a finding corroborated by the existence
of the abovementioned phospho-kinases locally. As the role of kinases in mechanical stress has been
previously reported (Mourouzis et al.,, 2013), the presence of several activated kinases in the
midbody/midzone area is likely associated with the development of locally applied stress, during late
cell division. To support this, we conducted TEM and SEM high-resolution technologies. A proteinaceous
electron-dense material was observed at the midzone of microtubule bundles with the typical distance
being highly varied (Figure 83a-g). In SEM images, light-colored, electron-dense material was apparent
(Figure 83c,d). This material, likely containing molecular cargoes and proteins, circuited at the
protrusions providing views of rough surfaces (Figure 83e). When abscission occurs (Figure 83f,g) the
midbody is withdrawn and uptaken/fused with one daughter cell for digestion. Notably, dividing cells
did not carry filopodial protrusions anti-diametrically of the intercellular bridge (Figure 83f), indicating
that during the exertion of mechanical forces -polymerized- a-Tubulin and F-Actin cytoskeleton,
together with membrane depositions, are rearranged for the formation of midzone arms and midbody
ring. After abscission mitotic arm protrusions become contracted (Figure 83f) and vesicle inventories
(Figure 83h) are conspicuous, probably for membrane deposition and remodeling. Immunogold
experiments demonstrate the co-existence of Dicer and AGO2 molecules across the abscised
intercellular bridge (Figure 83m). We used two different-sized gold particles, AGO2 10nm and Dicer
15nm and they found to be in proximal position across the intercellular bridge. Since the dividing cells
are under tremendous stress and AGO2 appeared to carry a functional role in cell division, we reasoned
that AGO?2 is a stress sensitive molecule. Indeed, heat shock treatment malformed or abolished AGO?2
close-ended protrusions (Figure 83i-1). The finding was strengthened by noteworthy changes in
colocalization of AGO2 with the stress-related proteins, Upfl and TIAR. In particular, under local basal
stress, Upfl and TIAR proteins were detected at the midzone area and their granules were weakly co-
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localized with AGO2 protein (Figure 83i,k). After heat shock, the AGO2 foci were co-localized with Upfl
stress granules and the malformed cytokinetic bridges, wherever they developed, demonstrated a
strong colocalization pattern with the Upfl and TIAR respective ones (Figure 83j,1). These findings
supported the stress sensitive nature of AGO2 that was accompanied by cytokinesis failure events.
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Figure 83 AGO?2 is a stress sensitive molecule. Electron microscopy images of the stages of cell division of NTHY ori 3-1 cells depicting
the cytokinetic structures up to abscission. (a,b,f-h) Section transmission electron micrographs and (c-e) scanning electron micrographs
of dividing cells. (a) Dense bundled microtubules (black arrowhead) in the midzone and (b) a magnified midzone. (c,d) The midbody
core and the electron-dense material (flemming body) concentrated at the midzone. (e) Cargoes are transferred through the
microtubule protrusions. (f,g) A discontinued intercellular bridge between two daughter cells after abscission. The nucleus of the left-
hand cell is visible. (g) A magnified abscission point. (h) The characteristic structural architecture of microtubular axoneme after the
completion of abscission (black arrowhead). Membrane deposition is pictured by the black arrowhead. Scale bars: (a) 2 um, (b) 500
nm, (c) 10 um, (d) 5 um, (e) 2 um, (f) 2 um, (g) 500 nm and (h) 500 nm. (i-l) Representative images of NTHY ori 3-1 cells before and
after heat shock. AGO2, Upfl and TIAR subcellular distribution in (i,k) control and (j,I) heat-shocked cells. AGO2 is represented in green,
Upfl, TIAR in red and nuclei in DAPI (blue). The white arrowheads indicate cytokinetic events (scale bar: 20um), m: abscission point
with immunogold by using two different-sized gold particles, AGO2 10nm and Dicer 15nm, scale bar: 500nm.
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Figure 84 Subcellular localization and interaction between AGO2 and ER-stress regulators. Representative images of NTHY ori-3-1 cells
showing AGO2 colocalization with (a) phospho-Elf2a and (b) ATF4. AGO2 proteins in green, phospho-EIf2a and ATF4 in red. Nuclei of
cells were visualized in blue (DAPI). iPLA foci between (c) AGO2-phospho-Elf2a and (d) AGO2-ATF4 in red. (e-f) Visual assessment
(merged images, scatterplots and intensity lineplots) of colocalization. Lineplots indicate the signal intensity of the paired proteins
along the lines overlaid on the corresponding images that appear in Figure 69(e-f). Scale bar: 20um (full images), 5um (zoomed images).

We further investigated the implication of AGO2 to a specific type of stress, ER-stress, which is
required for a successful cytokinesis. ER-stress modulated effectors such as elF2a translation factor
and its downstream target, ATF4, are found along the intercellular bridge and into the midbody ring
(Figure 84a,e and b,f). iPLA foci of AGO2-phospho-elF2a and AGO2-ATF4, although located into the
cell matrix, were also sparsely located within the bridge (Figure 84c,d) indicating that AGO2 may
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trigger ER-stress effectors for ATF4 activation. The interaction foci were detected in both sides of the
bridge likely implying a cytoprotective regulation of local-type transcript homeostasis of gene
expression. The coexistence of the four activated phospho-kinases, MEK, ERK, p38 and JNK, together
with the phospho-elF2a and ATF4 proteins into the AGO2-enriched cytokinetic structures strongly
suggests the simultaneous and synergistic activation of the MAPK-signaling network and RNAi-
machinery. This is probably due to stress response (mechanical and/or ER) and functions in a topology-
specific manner, most likely for the restoration of local -transcript- homeostasis during cytokinesis.

Conclusively, AGO2 resides in the nucleus, into the cytoplasm but surprisingly in protrusional
structures along with other components of the RNAi-machinery. These structures are open- or close-
ended tubes. Open-ended protrusions form the spatial margin for the existence and motility of AGO2
and other RNAi machinery components probably facilitating intercellular trafficking and transferring
dsRNA species. On the other hand, AGO2 close-ended protrusions discrete in two types: the typical
Actin-filopodial structures which are many per cell and probably detect cues in the microenvironment
and the cytokinetic bridges during mitosis. a-Tubulin alterations across these bridges and cytoskeletal
changes influence AGO2 localization, which follows the a-Tubulin cellular expression patterning during
cell division. When AGO2 is over-expressed generates aneuploidy via cytokinesis errors. To this
direction, AGO2 has been investigated in areas across the intercellular bridges together with Lamin
A/C and DNA damage response components and appears to be a stress-sensitive molecule changing
its distribution pattern depending on the pattern of other stress-related molecules such as Upfl and
TIAR under local basal stress. In the midbody structure and across midbody arms, a small kinome also
was tested and kinases seem to follow the AGO2/Dicer distribution leading to the idea that a local fine-
tuning regulation occurs to overcome the local mitotic stress, polarity and mitotic defects as well as
chromosome segregation and to compensate the local-transcript homeostasis. EMT as a genetic
program characterized by the loss of both tight and apical junctions, loss of apical—basal polarity, leads
to the opposite direction. AGO2 seems to safeguard the epithelial homeostasis, both mechanical and
biological, through transcript control.
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CHAPTER 3

Determining that the regulation of gene expression provides essential information for understanding
the condition, morphology and function of the cell, the molecular mechanisms being affected are
under investigation. A variety of mechanisms are implicated in EMT with a consequent contribution
to cytokinesis failure and mitotic defects. Gene expression can be regulated via different cellular
procedures including RISC complex and loaded miRNAs. The miR function is expanded at a post-
transcriptional level dictating cellular and subcellular transcript homeostasis. Therefore, we used
thyroid cell lines, normal and malignant, as a substrate/model system to study the "active" functional
miRNome, ie the set of miRNAs that bind to the RISC complex and in particular to AGO2. The applied
methodology was High-Sequencing of RNAs isolated by Cross-Linking Immuno-Precipitation (HITS-
CLIP) (Figure 85) that allowed us to map the tripartite complex AGO2::miRNA::mRNA, followed by
bioinformatic analysis. Then, we focused on a specific miR, miR26 in order to examine it, as a potential
therapeutic approach.

HITS-CLIP protocol

Cell lines in HITS-CLIP protocol
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Figure 85 Workflow of HITS-CLIP methodology.

Three cell lines of thyroid origin were used to perform the experimental assays; one was
representative of normal thyroid follicular cells and two cell lines were of papillary and follicular
thyroid carcinoma origin, respectively. Specifically,

NTHY-ori 3-1: cell line derived from epithelial cells of the follicular thyroid gland. The cells were
immortalized via transfection with a plasmid that carries part of the genome of the oncogenic virus

190



V. I. Pantazopoulou

SV40. The cell line retains specific features of thyroid epithelial cells, such as thyroglobulin production
and iodine binding.

TPC1: cell line derived from papillary thyroid carcinoma (PTC). It carries the RET/PTC1 rearrangement,
a fusion of the 5' end of the CCDC6 gene (coiled-coil domain containing gene 6) to the tyrosine kinase
domain of the RET proto-oncogene. The product of this rearrangement encodes a constitutively active
tyrosine kinase domain. The TPC1 cell line also carries a silent mutation (His27His) in the HRAS gene.

FTC133: cell line derived from lymph node metastatic thyroid carcinoma (FTC). It is characterized by a
point mutation in the tumor suppressor gene PTEN, which produces a premature termination codon
(R130STOP). The cells carry and additional mutation in the tumor suppressor gene TP53, which causes
an amino acid change from arginine to histidine (R273H).

HITS-CLIP breakthrough in mapping RNA-protein interactions in vivo came with the development of
crosslinking-immuno-purification (CLIP) strategies. In CLIP, individual cell types are treated with UV-B
irradiation. This generates a covalent bond between RNA-protein complexes that are in close contact
within the intact cell or tissue. Following formation of this bond, RNABPs can be purified under very
stringent conditions. While any purification method can, in theory, be used in practice, proteins are
generally purified by virtue of antibodies to the RNABPs themselves or protein epitope tags. In the
course of this purification, RNA is intentionally reduced in size -typically to a modal size of ~50 nt- to
facilitate identification of binding sites (e.g. crosslinked RNAs from ~20 nt to 100 nt). Once sufficient
purity has been obtained, the protein component of the crosslinked complex is removed with
proteinase K and the RNA is purified. RNA ligase was used to ligate RNA linkers, followed by cDNA
synthesis with an antisense primer and reverse transcriptase (RT), to generate templates for
sequencing.

Detection of AGO2: RNA complexes by autoradiography

Electrophoretic separation of the AGO2::miRNA and AGO2::miRNA::mRNA complexes was performed
under denaturing conditions. The protein:RNA complexes were then transferred to a nitrocellulose
membrane and images were acquired via autoradiographic film exposure. The assay was performed
in triplicates for the NTHY-ori 3-1 and TPC1 cell lines, while there was one out three successful
replicate, FTC133 and a second round of HITS-CLIP experiment included FTC133 and NTHY ori 3-1 in
triplicates (data not shown). The biological replicates - hereinafter referred to as repl, rep2, rep3 -
ensure the reproducibility of the findings. Two controls were also included for each cell line:

(i) a control sample without ultraviolet radiation (Non-UV control) in order to exclude the radioactive
labeled RNAs that are not covalently linked to the AGO2 protein. Usually, the signal from these samples
is significantly low, although there are exceptions. A typical example is the AGO2 complexes:miRNAs
that are resistant to cleavage due to the close proximity between the Ago2 protein-miRNAs and,
therefore, maintained even in the absence of covalent bond.

(ii) a control sample in which the anti-AGO2 monoclonal antibody (rat anti-AGO2 hybridoma) was
replaced by a non-specific IgG antibody of the same isotype and derived from the same animal, ie rat
lgG (IgG control). This control allows to ensure the specificity of the immunoprecipitation. Therefore,
mMiRNAs and mRNAs found in both immunoprecipitation samples, the IgG control and the anti-AGO2
antibody immunoprecipitation, are reckoned in the bioinformatics analysis for non-specific binding
and considered for elimination of the following procedure.
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The autoradiographic images of the cell lines, the NTHY ori 3-1 (Figure 86), the PTC (Figure 87) and the
FTC-133 (Figure 88) are presented below. It is expected that the AGO2::miRNA complexes would
appear at ~110-kDa while AGO2::miRNA::mRNA complexes are expected to run at ~130kDa.
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Figure 86 NTHY ori 3-1 cell line autoradiogram after 32P labeling of RNAs covalently linked to the AGO2 protein. In the first three lanes
from the left, biological replicates repl, rep2, rep3 were loaded and run. The IgG control is in the last (right) lane. The
immunoprecipitation was performed with anti-AGO2 antibody. The protein-RNA complexes are resolved on an SDS-page gel [NuUPAGE
4-12 % Bis-Tris precast gel (Invitrogen)] to select only complexes of the expected size.
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Figure 87 Autoradiogram of the TPC1 cell Iine.. Ih‘the first three lanes from the left, biological replicates repl, rep2, rep3 were loaded
and run. The IgG control is in the last (right) lane. The immunoprecipitation was performed with anti-AGO2 antibody. The control IgG
has run on the last lane. The protein-RNA complexes are resolved on an SDS-page gel [NUPAGE 4-12 % Bis-Tris precast gel (Invitrogen)]

to select only complexes of the expected size.
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Figure 88 Autoradiogram of the FTC133 cell line. In the first lane from the left lane the sample has been run in which the
immunoprecipitation was done with anti-AGO2 antibody. The control IgG has run on the right lane. The protein-RNA complexes are
resolved on an SDS-page gel [NUPAGE 4-12 % Bis-Tris precast gel (Invitrogen)] to select only complexes of the expected size.

Qualitative and quantitative analysis of DNA libraries

The autoradiogram bands with sizes of 110kDa and 130kDa which correspond to AGO2::miRNA and
AGO2::miRNA::mRNA complexes, were detached and the isolated RNA was used as a template for
cDNA Synthesis and Preparation of Deep Sequencing Libraries.

After reverse transcription, DNA libraries were amplified by PCR using primers compatible with the
sequencing platform. Quality and quantity control of the libraries was accomplished by a bioanalyzer.
The DNA concentration of each library was determined and the samples were merged (each with a
separate barcode) in equal amounts for sequencing.

From the visualization of the electrophoresis were expected the following bands:

(i) 110kDa Ago2 complexes: miRNA, a 150 bp band corresponding to miRNAs. PCR-,nhanced miRNAs
have 5 'and 3' adapters compatible with the sequencing platform at both ends, thus increasing their
length (Figure 89-96).

(ii) from the > 130kDa Ago2 complexes: miRNA: mRNA, a 150 bp band corresponding to miRNAs and
a range of 160 - 250 bp corresponding to mRNAs (variety in size)(Figure 89-96). The mRNAs also have
5 'and 3' adapters compatible with the sequencing platform at both ends.

In the control IgG samples, the miRNAs and mRNA tags bands should be absent.

aAGO2 lgG
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Figure 89 Quality control of DNA libraries of the NTHY-ori 3-1 cell line. In the three samples of the NTHY-ori 3-1 cell line repl, rep2,
rep3, Ago2:RNA complexes were immunoprecipitated with anti-AGO2 antibody, while in the control sample with non-specific 1gG
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antibody. From the 110kDa complexes emerged 150 bp products derived from miRNAs. From the >130kDa complexes, mainly emerged
160 - 250 bp products derived from mRNAs. Non-specific bands are present in the IgG control. The green and purple bands at the ends
of each lane correspond to the high and low molecular weight for calibration of the bioanalyzer.
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Figure 90 Quantitative analysis of the DNA libraries of the NTHY ori 3-1 cell lines. (a) DNA library of 110kDa complexes from repl
sample. (b) DNA library of 110kDa complexes from sample rep2. (c) DNA library of 110kDa complexes from sample rep3. (d) DNA library
of AGO2::miRNA::mRNA complexes from IgG control. The peak at 130 bp was due to primer dimers. The peak at 150 bp derived from
miRNAs, while the mRNAs are captured in the range 160 - 250 bp. In the immunoprecipitation control, a peak absence was observed
in both, miRNAs and mRNAs. For a given size of bps present in each electrophoresis, the concentration of DNA is specified.

195



V. I. Pantazopoulou

aAGO?2 IgG

repl rep2 rep3

110 130 110 130 110 130 110 130 kDa

1500 -

1000 —  —
G50 — —

TO0 o —

Figure 91 Analysis of the quality of DNA libraries of the PTC1 cell line with electrophoresis. In the three samples of the PTC1 cell line
repl, rep2, rep3, the AGO2::RNA complexes were immunoprecipitated with anti-AGO2 antibody, while in the immunoprecipitation
control with non-specific IgG antibody. In the IgG control, only non-specific bands were observed. The green and purple bands at the
ends of each lane correspond to the high and low molecular weight for calibration of the bioanalyzer.
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Figure 92 Quantitative analysis of DNA libraries of TPC1 cell lines. (a) DNA library of 110kDa complexes from repl sample. (b) DNA
library of complexes > 130kDa from sample rep1. (c) DNA library of 110kDa complexes from sample rep2. (d) DNA library of complexes
>130kDa from sample rep2. The peak at 143 - 144 bp was due to primer dimers. The peak at 157 - 158 bp derived from miRNAs, while
the mRNAs were present in the range 160 - 250 bp. In the immunoprecipitation control, a peak absence was observed in both, miRNAs

and mRNAs. For a given size of bps present in each electrophoresis, the concentration of DNA is specified.
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Figure 93 Quantitative analysis of DNA libraries of TPC1 cell line. (a) DNA library of 110kDa complexes from sample rep3. (b) DNA
library of complexes > 130kDa from rep3 sample. The peak at 143 - 144 bp was due to primer dimers. The peak at 157 - 158 bp derived
from miRNAs, while the mRNAs were present in the range 160 - 250 bp. For a given size of bps present in each electrophoresis, the
concentration of DNA is specified.
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Figure 94 Quantitative analysis of DNA libraries of TPC1 cell line (Left) DNA library of 110kDa complexes from control IgG. (Right) DNA
library of >130kDa complexes from IgG control. The peak at 143 - 144 bp was due to primer dimers. The peak at 157 - 158 bp derived
from miRNAs, while the mRNAs were present in the range 160 - 250 bp. In the immunoprecipitation control, a peak absence was
observed in both, miRNAs and mRNAs. For a given size of bps present in each electrophoresis, the concentration of DNA is specified.
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Figure 95 Analysis of the quality of DNA libraries of the FTC133 cell line (electrophoresis). In the FTC133 sample, the AGO2::RNA
complexes were immunoprecipitated with anti-AGO2 antibody, while the control was immunoprecipitated with non-specific IgG
antibody. Non-specific bands were observed in the 1gG control. The green and purple bands at the end of each lane correspond to the

high and low molecular weight for the calibration of bioanalyzer.
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Figure 96 Quantitative analysis of DNA libraries of FTC133 cell line. (a) DNA library of 110kDa complexes isolated by anti-AGO2
immunoprecipitation. (b) DNA library of >130kDa complexes isolated by anti-AGO2 immunoprecipitation. (c) DNA library of 110kDa
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complexes from 1gG control. (d) DNA library of> 130kDa complexes from IgG control. The peak at 138 - 143 bp was due to primer
dimers. The peak at 153 bp derived from miRNAs, while the mRNAs were present in the range 160 - 250 bp. In the immunoprecipitation
control, an absence of peaks was observed in both miRNAs and mRNAs. For a given size of bps present in each electrophoresis, the
concentration of DNA is specified.

Sequencing platform and library preparation

The DNA libraries were prepared for sequencing by adding a different barcode to each library (Table
8). Therefore, multiplication and simultaneous sequencing of different libraries (multiplexed
sequencing) was possible. Libraries with 160-250 bp DNA segments (derived from mRNAs) do not
coexist in the same sequencing lane with libraries of 150 bp DNA segments (derived from miRNAs)
because there is non-equal sequencing efficiency between molecules that have a large deviation in
their length. Given that the total number of libraries is twenty, five of them are classified in each
sequencing lane (Table 9).

Lanel Lane2 Lane3 Laned4
L5Aa: NTHY Ago2 Repl L5Aa: NTHY Ago2 Rep2 L5Aa: NTHY Ago2 Repl L5Aa: NTHY Ago2 Rep2
L5Ab: NTHY Ago2 Rep3 L5Ab: NTHY IgG L5Ab: NTHY Ago2 Rep3 L5Ab: NTHY IgG
v
2
g- L5Ac: PTC Ago2 Rep2 L5Ac: PTC Ago2 Repl L5Ac: PTC Ago2 Rep2 L5Ac: PTC Ago2 Repl
(5]
vy
L5Cc: PTC 1gG L5Cc: PTC Ago2 Rep3 L5Cc: PTC 1gG L5Cc: PTC Ago2 Rep3
L5Cd: FTC Ago2 L5Cd: FTC 1gG 5LCd: FTC Ago2 SLCd: FTC I1gG

Table 9 Schematic representation of the DNA libraries preparation for sequencing. Each library was tag with a specific barcode. Five
different libraries were loaded by sequencing lane.

Analysis of HITS-CLIP data
Main workflow of bioinformatic analysis

The extracted data of a large-scale and high-throughput sequencing of the libraries, was initially
subject of quality control. This was followed by their classification based on the barcodes, attached at
the 5' end. Next, the sequence of the adapters was removed. The analysis of the data from this point
onwards progressed in parallel for the two data sets: i) the miRNAs segments and ii) the mRNAs
segments (Figure 97).

The miRNA fragments were identified and a list of all miRNAs loaded on the AGO2 protein was
compiled. The miRNAs of IgG control samples present in the libraries were eliminated from the list.
The sequencing platform also provided quantitative data on the abundance of these miRNAs, so a
comparative analysis of their expression (differential expression) was performed between the cancer
cell lines (PTC1 and FTC133) and the normal NTHY ori 3-1 cells (PTC1 vs NTHY ori 3-1 and FTC133 vs
NTHY ori 3-1 cell line).

mRNA fragments (trimmed reads) were first mapped/aligned with the reference genome (in this case
the whole human genome) to identify the regions of the genome where peaks are formed from
specific mMRNA fragments. The peaks are then filtered by removing those present in the IgG control
sample libraries, leaving only those representing the actual AGO2 protein binding sites in the mRNAs.
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The remaining peaks were scanned for the presence of miRNAs (miRNA recognition elements, MREs)
in the list compiled by the analysis of the first data set. The HITS-CLIP methodology guided the search
for MREs in the peak regions, minimizing the probability of false-positive or negative interaction results
between miRNAs and mRNAs.

‘miRNA fragments
l.

Figure 97 The basic steps of bioinformatics analysis of the data resulting from the sequencing of DNA libraries.

According to the barcode of each library the sequenced and the aligned reads emerged (Table 10).
The mapping rate of the miRNAs sequenced libraries varied but was always greater than 75%.
Exceptions were the libraries of the 1gG control samples, as expected, with a lower mapping rate,
ranging between 62% and 44%. The sequenced and the aligned reads of the mRNA libraries has been
also presented (Table 11), showing the size of the data emerged from the sequencing analysis. The
mapping rate varied and was lower than that of the miRNA libraries.
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L5Aa: NTHY Ago2 Repl 28,720,410 16,851,374 12,835,958 (76.17%)
L5Ab: NTHY Ago2 Rep3 39,727,040 31,397,017 25,582,319 (81.48%)
oM
2 15acPTC Ago2 Rep2 31,073,222 24,801,991 21,346,982 (86.07%)
5
L5Cc: PTC IgG 33,113,657 20,107,349 12,512,107 (62.23%)
5LCd: FTC Ago2 49,507,092 31,152,297 23,843,688 (76.54%)
L5Aa: NTHY Ago2 Rep2 32,466,046 26,021,846 21,136,523 (81.23%)
L5Ab: NTHY 1gG 9,332,798 4,694,413 2,074,068 (44.18%)
<
2 5AcPIC Ago2 Repl 23,940,996 16,923,252 14,362,572 (84.87%)
5
L5Cc: PTC Ago2 Rep3 72,929,697 50,322,306 44,466,138 (88.36%)
sLCd: FIC 1gG 42,543,185 17,460,952 10,193,405 (58.38%)

Table 10 The size of miRNAs libraries and the percentage of mapping of their data in the reference genome

L5Aa: NTHY Ago2 Repl 20,421,508 3,764,024 1,581,221 (40.5%)
L5Ab: NTHY Ago2 Rep3 38,381,226 31,772,066 16,045,500 (50%)
L]
% L5Ac: PTC Ago2 Rep2 30,076,966 26,726,049 17,891,782 (67%)
- L5Cc: PTC IgG 57,359,716 51,807,742 28,198,006(54.3%)
L5Cd: FTC Ago2 50,325,999 45,337,970 24,637,256 (54.2%)
L5Aa: NTHY Ago2 Rep2 50,394,279 37,688,271 9,103,051 (24%)
L5Ab: NTHY IgG 265,044 220,176 71,336 (32,4%)
~
% LSAc: PTC Ago2 Repl 29,906,567 24,653,518 15,753,659 (64%)
- LSCc: PTC Ago2 Rep3 45,805,364 38,899,966 pending
L5Cd: FIC IgG 57,116,730 43,476,017 24,817,729 (57%)

Table 11 The size of mRNA libraries and the rate of mapping of their data to the reference genome.
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Differential expression of miRNAs between cell lines
The analysis of miRNA expression levels among libraries revealed those with the most increased
expression (Table 12). Based on the expression pattern of the fifty most abundant miRNAs, libraries of
the replicates from the same cell line were grouped together, and the TPC1 and FTC133 cancer cell
lines against the normal NTHY ori 3-1 cell line (Figure 98). Comparative analysis revealed the miRNAs
with differential expression (Figure 97). Noteworthy is the fact that differential expression uncovered
the subset of miRNAs loaded on the AGO2 protein (Tables 13 and 14).

ID

hsa-miR-16-5p
hsa-miR-26a-5p
hsa-miR-21-5p
hsa-miR-30c-5p
hsa-let-7a-5p
hsa-miR-30a-5p
hsa-miR-31-5p
hsa-miR-30b-5p
hsa-let-7i-5p
hsa-let-7{-5p
hsa-miR-30d-5p
hsa-miR-125b-5p
hsa-miR-181b-5p
hsa-miR-181a-5p
hsa-miR-15b-5p
hsa-miR-138-5p
hsa-let-7b-5p
hsa-let-7d-5p
hsa-miR-155-5p
hsa-miR-15a-5p
hsa-miR-100-5p
hsa-miR-17-5p
hsa-miR-30e-5p
hsa-miR-125a-5p
hsa-miR-186-5p
hsa-miR-20a-5p
hsa-miR-26b-5p
hsa-miR-106b-5p
hsa-miR-484

FTC_Ago2

178598218,4
21074020,31
11849896,92
18822954,34
17362049,34
8580791,849
8253147,077

4584975,52

7583988,11
4007005,109
3827168,782
2666775,757
3635630,856
1539832,523
2182464,758

9364426,02
11010109,06
2343956,147
2369084,282
2018585,752
337341,7137
982980,9334
2287452,809
1698223,688
3762064,069
877223,6535
879228,3099
3446097,587
1978059,735

NTHY_Ago2_Repl

108807082
32351434,77
24077535,9
8899818,644
11775560,66
5105816,728
2861367,492
9508712,287
4284410,411
4938241,884
6174381,11
1401864,92
2636120,107
2212874,13
4545733,662
280338,0944
1395131,223
1941432,889
1888958,901
2717168,693
1296148,372
1788511,686
1407900,824
638375,3718
1057504,373
1396282,581
1740538,458
1145879,78
882637,5994

NTHY_Ago2_Rep2

122635698,7
40663957,19
29072465,78
11214464,%8
14680916,1
6522349,604
3717873,713
12129200,03
5281689,3
5659551,504
7653142,365
1468944,092
3277114,073
2917805,897
5161076,181
308421,9047
1666376,138
2493021,345
2296854,889
3148740,26
1925607,185
1976541,214
1705036,332
627852,0549
1253722,148
1831189,392
2394902,299
1492273,931
1022620,631

NTHY_Ago2_Rep3

93985613,26
29309457,81
36695497,21
8545865,188
9829070,251
4292980,045
2943948,033
7740838,929
3558304,867
3839641,918
5425711,495
12995689,299
2162820,623
2188434,942
3933841,393
233085,2573
1125079,109
1777882,649
1980173,542
2106580,122
1747256,468
1647826,491
1192621,529
643973,9161
761281,7789
1430146,826
1633530,909
1327672,731
870045,9292

Table 12 The thirty miRNAs with the highest expression among all libraries.

PTC_Ago2_Repl

33814322,45
2490407,872
2484871,111
3344215,403
3448320,689
2431914,386
2813117,715
566835,4995
927753,1292
1118159,796
613729,5598
1233663,601
1181374,596
1113420,754
525880,0141

837805,878
518706,4519
699717,7611
488292,6757
361744,8939
336412,8833
333092,0086
264192,7214

455615,741
131700,4557
314579,0183
207206,0382
114983,8104
134613,6074

PTC_Ago2_Rep2

324601777,5
20637229,1
18009419,7

23880300,48

26468526,47

18207336,78

23561716,36

3780048,863

6106555,756

8240713,414

5321915,703

9778624,956

9855844,563

9493813

4518229,365

6858549,379

4218934,929

5238458,894

4242484,171

2528379,271
1995996,02

2721184,886
1961645,77

3322177,362

948267,7311

2375522,176

1549868,714

922254,0336

1158811,341

PTC_Ago2_Rep3

340481404,5
24544133,93
14665805,67
38446349,85
24617214,66
20411644,75
21408634,52
5866190,208
7982948,476
6860674,681
6126080,286
17257287,68
9213357,674
9206366,161
6747703,482
6429492,533
4364821,037
5476296,829
3452117,846
3510361,034
4736788,953
2623371,075
2219591,773
3589656,445
2933289,313
1983977,783
1503330,679
748150,1622
2503893,884
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hsa-miR-149-5p
hsa-miR-186-5p
hsa-miR-484
hsa-miR-374a-5p
hsa-miR-30e-5p
hsa-let-7i-5p
hsa-miR-625-5p
hsa miR-96-5p
hsa-let-7b-Sp
hsa-miR-185-5p
hsa-miR-195-5p
hsa-miR-138-5p
hsa-miR-182-5p
hsa-miR-93-5p
hsa-miR-106b-5p
hsa-miR-15a-5p
hsa-miR-15b-5p
hsa-miR-151a-5p
hsa-miR-100-5p
hsa-miR-20a-5p
hsa-miR-17-5p
hsa-let-7{-5p
hsa-let-7g-Sp
hsa-miR-32-5p
hsa-let-7a-5p
hsa-miR-155-5p
hsa-let-7¢c-5p
hsa-miR-31-5p
hsa-miR-125a-5p
hsa-miR-181b-5p
hsa-let-7d-Sp
hsa-let-7e-5p
hsa-miR-30a-5p
hsa-miR-16-5p
hsa-miR-181a-5p
hsa-miR-708-5p
hsa-miR-125b-5p
hsa-miR-146a-Sp
hsa-miR-135b-5p
hsa-miR-30¢c-5p
hsa-miR-424-5p
hsa-miR-339-5p
hsa-miR-21-5p
hsa-miR-26a-5p
hsa-miR-30b-5p
hsa-miR-26b-5p
hsa-miR-30d-5p
hsa-miR-425-5p
hsa-miR-5484-5p

FTC_Ago2

PTC_Ago2 Rap3
PTC_Ago2_Rep1
PTC_Ago2_Rep2

NTHY_Ago2_Rep3

NTHY_Ago2_Rep1

NTHY_Ago2 Rep2

Figure 98 The expression pattern of the fifty most abundant miRNAs among the three cell lines (NTHY-ori 3-1, TPC1, FTC133). Blue:
high expression, green: low expression.
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mature miRNA Normalized_NTHY Normalized_PTC foldChange
hsa-miR-424-5p 79084,52192 11,29895365 0,000142872
hsa-miR-450a-5p 6992,274866 1 0,000143015
hsa-miR-204-5p 1 3530,043155 3530,043155
hsa-miR-196a-5p 4248,13078 1 0,000235398
hsa-miR-493-5p 3264,836434 1 0,000306294
hsa-miR-503-5p 3942,936216 4,894888944 0,001241432
hsa-miR-335-5p 3640,371586 10,30197805 0,002829925
hsa-miR-134-5p 3243,946017 4,048173956 0,001247917
hsa-miR-708-5p 5268,178288 90571,74917 17,19223311
hsa-miR-411-5p 3638,697564 9,805835873 0,002694875
hsa-miR-138-5p 11644,69755 208185,4854 17,87813591
hsa-miR-432-5p 3202,114835 1 0,000312294
hsa-miR-34c-5p 3048,041081 35,87081192 0,01176848
hsa-miR-136-5p 1401,84091 1 0,000713348

Table 13 Differential expression of miRNAs between TPC1 and NTHY-ori 3-1 cell lines. Red indicates reduced expression in the TPC1

series compared to the NTHY-ori 3-1 series, while green indicates increased expression respectively. Expression values are normalized

between the three copies of each cell line.

mature miRNA Normalized_NTHY Normalized_FTC [foldChange

hsa-miR-138-5p 12369,72163 295341,5057 23,87616428
hsa-let-7b-5p 62663,68067 347243,9779 5,541391348
hsa-miR-105-5p 1 7517,301368 7517,301368
hsa-miR-26a-5p 1536215,566 664645,2398 0,432651025
hsa-miR-196b-5p 5,34099027 7200,446332 1348,148184
hsa-miR-15b-5p 205372,0314 68832,79425 0,335161481
hsa-miR-204-5p 1 4900,122879 4900,122879
hsa-miR-30d-5p 288824,8476 120704,3897 0,417915532
hsa-miR-195-5p 15298,84968 60956,99843 3,98441711

hsa-miR-335-5p 3859,278576 1 0,000259116
hsa-miR-411-5p 3870,351652 1 0,000258374
hsa-miR-182-5p 13237,92393 54777,95764 4,137956822
hsa-miR-186-5p 45766,15344 118651,0809 2,59255087

hsa-miR-493-5p 3467,660097 1 0,000288379
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Table 14 Differential expression of miRNAs between FTC133 and NTHY-ori 3-1 cell lines. Red indicates reduced expression in the FTC133
cell line compared to NTHY-ori 3-1, while green indicates increased expression, respectively. Expression values are normalized between
the three replicates of each cell line.

Network of miRNAs - mRNAs interactions and molecular pathway

involvement

Statistical analysis was performed to identify genes that target the PTC1 cell line exclusively from
miRNAs that show increased expression when compared to the NTHY ori 3-1 sequence. A group of 31
miRNAs (Table 15) with high statistical significance (p-value) was emerged, which then, was correlated
with target genes.

Number_of
Pathway Description Kegg Id _miRNAs_in miRNA interacting_genes_Names
_Pathway _for_miRNA
hsa-miR-181b-5p STT3B
hsa-miR-4677-5p STT3A
hsa-miR-125a-5p BTD,GCNT1
hsa-miR-330-5p AGPAT4,GALNS,POLD3,UGDH
hsa-miR-182-5p GCNT1,PLD1,PPAP2A,PTGIS
hsa-miR-181a-5p STT3B
hsa-miR-16-5p  |DLD,GALNT7,MUT,PLD1,POLR1C,
T3A,STT3B
hsa-miR-30c-5p ALDH2,H6PD,IDH1
hsa-let-7b-5p ACER2,AGPAT9,CS,EHHADH,GAL
NME6,PLCE1,POLR1B
hsa-miR-5579-3p POLR1D
Metabolic pathways | hsa01100 21 hsa-miR-96-5p GCNT1,PAPSS1,PLD1,PTGIS
hsa-miR-130b-5p ALGY
hsa-miR-19a-5p NMRK1
hsa-miR-9-5p FUT8
hsa-miR-24-1-5p UGT8
hsa-let-7¢-5p ACER2,CS,EHHADH,GALE,NME®6,H
CE1,POLR1B
hsa-let-7e-5p ACER2,CS,EHHADH,GALE,NME®6,H
CE1,POLR1B
hsa-miR-30a-5p ALDH2,H6PD,IDH1
hsa-let-7d-5p ACER2,AGPAT4,AGPATS,GALE,GIM
PA,NME6,PLCE1
hsa-miR-195-5p |DLD,GALNT7,MUT,PLD1,POLR1C,
T3A,STT3B
hsa-miR-125b-5p BTD,GCNT1
hsa-miR-181b-5p PIK3R3
hsa-miR-125a-5p CASP8
Pathways in cancer hsa05200 16 hsa-miR-182-5p PLD1
hsa-miR-16-5p PLD1
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hsa-miR-181a-5p

PIK3R3

hsa-miR-30c-5p

EDNRA,NFKB1,PIK3CD

hsa-let-7b-5p FAS,FZD2,RALB

hsa-miR-96-5p PLD1
hsa-miR-204-5p BCL2
hsa-miR-130b-5p LAMC2

hsa-let-7c-5p FAS,FZD2,RALB

hsa-let-7e-5p FZD2,PTCH1,RALB

hsa-let-7d-5p FAS,RALB
hsa-miR-30a-5p EDNRA,NFKB1,PIK3CD
hsa-miR-195-5p PLD1
hsa-miR-125b-5p CASP8
hsa-miR-181b-5p STT3B
hsa-miR-4677-5p STT3A

hsa-miR-96-5p

EIF2AK4,SEC63

hsa-miR-204-5p

BCL2,EIF2AK4

hsa-miR-876-5p MAP3K5
hsa-miR-182-5p EIF2AK4
hsa-miR-181a-5p STT3B
Protein processing in hsa04141 14 hsa-miR-16-5p PLAA,STT3A,STT3B
endoplasmic reticulum hsa-miR-9-5p EIF2AK4
hsa-let-7c-5p EIF2AK4,UBE4B
hsa-let-7e-5p EIF2AK4,UBE4B
hsa-let-7d-5p UBE4B
hsa-miR-195-5p PLAA,STT3A,STT3B
hsa-let-7b-5p EIF2AK4,UBE4B
hsa-miR-181b-5p PIK3R3,PPP2R3A
hsa-miR-96-5p PLD1
hsa-miR-204-5p BCL2
hsa-miR-182-5p PLD1
hsa-miR-876-5p MAP3K5
hsa-miR-16-5p PLD1
hsa-miR-181a-5p PIK3R3,PPP2R3A
Sphingolipid hsa04071 14 hsa-let-7c-5p ACER2
signaling pathway hsa-let-7e-5p IACER?2
hsa-let-7d-5p ACER2

hsa-miR-30a-5p

NFKB1,PIK3CD,PPP2R2A

hsa-miR-30c-5p

NFKB1,PIK3CD,PPP2R2A

hsa-miR-195-5p PLD1

hsa-let-7b-5p ACER2
hsa-miR-5579-3p RASA1
hsa-miR-181b-5p PIK3R3
hsa-miR-4677-5p RASA1
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Ras signaling pathway |hsa04014 14 hsa-miR-96-5p PLDL,RASAL
hsa-miR-182-5p PLD1,RASA1
hsa-miR-16-5p PLD1
hsa-miR-181a-5p PIK3R3
hsa-let-7c-5p PLCE1,RALB
hsa-let-7e-5p PLCE1,RALB
hsa-miR-30a-5p NFKB1,PIK3CD,RASA1,RGL1, TBK1
hsa-let-7d-5p PLCE1,RALB

hsa-miR-30c-5p

NFKB1,PIK3CD,RASA1,RGL1,TBK1

hsa-miR-195-5p

PLD1

hsa-let-7b-5p

PLCE1,RALB

Table 15 Correlation of miRNAs and their target genes with molecular pathways in the TPC1 cell line. Each path has a unique code

from the KEGG database. miRNAs and their target genes involved in each pathway were listed.

Based on the target genes of the miRNAs (Table 14), molecular pathways enriched in these target
genes and therefore, regulated by the respective miRNAs emerged (Table 15). The nomenclature and
coding of the molecular pathways extracted from the KEGG PATHWAY (Kyoto Encyclopedia of Genes
and Genomes) database. This database is a collection of molecular pathways that depicts the complex
network of molecular interactions and thus, enable the mapping of the data from big data analyses in
order to obtain a biological interpretation.
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Figure 99 Circular classification of the pathways of based on the number of miRNAs involved.
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Evaluation of the data (Table 15) demonstrated that some pathways are regulated by multiple miRNAs
(Figure 99). Moreover, multiple genes were involved in these pathways (Figure 100) that are under
the control of these miRNAs. The multiplication of miRNAs-gene interactions is responsible for the
tight regulation of each pathway as well as their coordinated operation. Further investigation needs
to be performed to verify these interactions, dissect their role in the abovementioned pathways and

feature their involvement in thyroid pathogenesis.
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Figure 100 Circular classification of the emerged pathways based on the number of genes targeted by the miRNAs.

miR26 is downregulated in thyroid cancer cell lines and its restoration

promote less aggressive phenotypes.

To further investigate the miRNA contribution in thyroid cancer and therefore in EMT, we decided to
focus on specific miRNAs. Another important evaluation of the data refers to a summary-
categorization of the miRs of interest for thyroid cancer with expression levels’ criterion (Table 16).
Among them, miR26 was a promising target, since in the literature as well as in HITS-CLIP data has the

same transcriptional behavior across cancer cell lines.
The miR-26 family is highly conserved and composed of miR-26a-1, miR-26a-2 and miR-26b. The

mature miRNA for miR-26a-1 and miR-26a-2 have the same sequence, which only differs from the
mature miR-26b sequence by two nucleotides. Hsa-miR-26al1-5p (UUCAAGUAAUCCAGGAUAGGCU),

Hsa-miR26a2-5p (UUCAAGUAAUCCAGGAUAGGCU) and Hsa-miR26b-5p
(UUCAAGUAAUCCAGGAUAGGU). The mature sequences of miR-26 family members arise from the 5'
arm. Proportional levels of conservation exist among Hsa-miR-26a1-3p

(CCUAUUCUUGGUUACUUGCACG), Hsa-miR26a2-3p (CCUAUUCUUGAUUACUUGUUUC) and Hsa-
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miR26b-3p (CCUGUUCUCCAUUACUUGGCUC). Therefore, all the aforementioned miR26members
were considered as an entirety.

Literature CLIP data
miRNAs

NTHY

miR-146b

miR-222

miR-181b

miR-26

miR-30d

miR-21

let-7f

miR-125a

miR-221

miR-339

Table 16 Presentation of the most important downregulated and upregulated miRs in thyroid cancer cells lines in the literature and
in HITS-CLIP data.

Additional reasons for our research to focus on miR26 were the facts that (i) it is down regulated both
in PTC1 and FTC133, when compared to NTHY (ii) it is one of the top deregulated miRs in FTC, (iii) both
miR26a and b are down regulated in cancer cell lines and (iv) these results obtained from the HITS-
CLIP experiments are in accordance with the literature. Moreover, we examined miR26 expression
levels, analyzing 14 PTC specimens of a Greek cohort. The samples were in pairs with adjacent
“normal” tissue. 13 out of 14 PTC also demonstrated statistically significant increase of miR26 in cancer
tissue (Figure 101). As follicular cancers are very rare and difficult to acquire, we performed an
informatics analysis using a dataset from the TCGA database. Particularly, we examined miR26
expression levels in common variants of PTC, follicular variants of PTC and in normal tissue samples
from TCGA database. Not surprisingly, miR26a1, -a2, -b were found downregulated in thyroid cancer
samples compared to the normal tissues. Moreover, miR26a seemed to be downregulated in follicular
variants of PTC compared to common variants of PTC leading to the conclusion that follicular cancer
type of cells presents a significant decrease regarding miR26 expression levels (Figure 102).
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To investigated the role of miR26 in thyroid cancer we performed in vitro and in vivo assays using cell-
cultures and mice, respectively. However, xenografts can be generated only with FTCs, and not PTCs,
as the latter do not generate tumors. Therefore, and in combination with the above results that
demonstrate more significant downregulation of miR26 expression in FTC, from now on our
investigation was concentrated on FTCs.

Synthetic mimic sequence for miR26 was used to transfected FTC133 cells in an attempt to increase
the expression of miR26 and therefore invert the cancer phenotype. As a control, a scramble sequence
was applied. miR26 expression increased significantly (> 20 times) as demonstrated by real time PCR
experiments (Figure 103). The corresponding amplification curves and Tm peaks showed the
differential cgs of mimic miR26 (Figure 104, left) and the two isoforms, miR26al and miR26a2 (Figure
104, right).
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Figure 101 Relative expression levels of miR26 in PTC samples. 20 matched pairs were selected. mir26 was downregulated in Cancer
(C) vs Healthy (H) in all samples with an exception in F2 sample. Statistically significant differences presented in
F2,4,7,9,10,12,13,14,15,18,22,23,24.
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Figure 102 miR26al, miR26a2 and miR26b expression levels in common variants of PTC, in follicular variants of PTC and in normal thyroid

tissues from the Cancer Genome Atlas (TCGA) project database.
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Figure 103 Expression levels of miR26 in mimic miR26 and scramble FTC133 transfected cells in real time pcr experiments. The
relative fold change was calculated using the 2-AACt method.
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Figure 104 Amplification curves (bottom, left) and Tm peaks (bottom, right) of miR26 reactions between mimic miR26 and scrambled
FTC133 transfected cells. The retardation in amplification peaks correspond to scrambled cells. The double peak in Tm peaks uncovers
the existence of two members of miR26 family besides that the mimic sequence corresponds only to miR26a-5p.

Mimic miR26 transfected FTC133 cells were used to perform growth curves and wound healing assays.
Mimic miR26 transfected cells demonstrated reduced growth rate (Figure 105) reveling a reversed
correlation of miR26 expression and the potential proliferation capacity of the cells. However,
regarding the involvement of miR26 to wound healing, no statistically significant differences between
the mimic and scramble transfected cells were observed (Figure 106, 107). This indicated that miR26
did not demonstrate strong association with wound healing. Therefore, miR26 probably does not alter
the wound repair and cancer invasion/migration ability.
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Figure 105 Increased miR26 expression correlated with decreased growth rate. Growth curves of FTC133 cells transfected with mimic-
miR26 or scrambled sequences. The cells were counted every 24 hours. The experiment was performed in biological triplicates.
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Figure 106 Wound healing assay for the mimic-miR26 and scrambled FTC-133 transfected cells at 0,5, 10 and 15 hours. The horizontal
distance between two lines that delimit the cell population was calculated as the wound healing.
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Figure 107 Graph of the wound healing in mimic-miR26 and scrambled FTC-133 transfected cells at 0,5, 10 and 15 hours. FTC133 (grey
line), mimic miR26 (dotty line) and mimic scrambled sequence (dashed line).
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Figure 108 miR26 expression levels in FTC133 miR26, miR30 and combinatorial relative expression levels in FTC133-transfected
samples.

Together our results suggest that miR26 leads to a restriction of the oncogenic potential of the thyroid
cancer constituting a promising biomarker for early diagnosis and a potential component for future
therapeutic approaches.

An additional experimental effort included the transfection of FTC133 cells with miR30 but due to the
contradictive impact of the different members of this family and the combinatorial effect in the
targets, transfected cells had no clear results (Figure 107). Testing the combinatorial effect of
miR26+30, we observed a half relative expression of miR26 confirming the ineffective role of miR30
(Figure 108) probably due to the fact that half of the amount of mimic miR26 amount was used in
these assays. The other half was mimic miR30, so the total amount of mimics should be unaltered and
the same as in the above experiments.
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miR26 affects the FTC tumor formation in mouse xenografts

The effect of miR26 expression was studied in vivo, in mouse xenografts generated by FTC133 cells
transfected with mimics or scramble. Initially, NTHY ori 3-1, PTC1 and FTC133 cells were injected
subcutaneously in male NOD/SCID mice and the generation of tumors was investigated. NTHY ori 3-
1 and TPC1 cells failed to produce tumors regardless the number of cells injected. On the contrary,
FTC cells were oncogenic. Three individual experiments were followed that FTC133 cells transfected
with mimics or scramble were subcutaneously injected and the mice were examined at specific time
intervals. The injection of cells carrying mimic miR26 sequences in mice (Figure 109a-e) lead to a
reduction of the thyroid tumor mass development when compared to scrambled sequences (Figure
109b,c). Specifically, 200.000 cells were injected per mouse and the generation of tumors was
examined. After 2 months, the tumor size in the FTC mimic-miR26 transfected mice were statistically
significantly smaller than that of those transfected with scrambled sequences (1,44*0,82 versus
1,83*1,06). Mice were also injected with FTC133 cells transfected with miR30b, let7f or miR26a+30b
mimics. Let7f also demonstrated a reduction on the rate of the tumor development, however miR26
promotes the higher one. miR30 did not show any changes while the combination of miR26a+30b
reduces the effect of miR26 regarding the tumor size probably because a half of the amount of miR26
was used (the other half was miR30 so the total amount used for each transfection would be the
same). Surprisingly, splenomegaly was not always related to the tumor size (Figure 109a).

NTHY ori 3-1 cells treated with miR26 inhibitor (synthetic sequence) failed to generated tumors. It is
not clear if this effect was due to technical issues affecting the efficacy or due to a biological protective
mechanism.
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Figure 109 Subcutaneous injection of mimic miR26 sequences in mice. (a) The dimensions of the xenograft tumors developed and
spleens of the tumor mice, (b) a representative tumor mass from scrambled mice versus (c) small tumor mass from mimic miR26 mice.
(d) Subcutaneous injection. (e) Tumor masses from mimic miR26 mice.
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Tumor Dimensions | Mean Value
FTC scramble 1,83 x 1,06
mouse #1 20x15
mouse #2 1.2x%13
mouse #3 1,9x0,9
mouse ¥4 24x1,0
mouse #5 24x16
mouse #5 16x1,3
mouse #7 22x%15
FTC miR26 1,44 % 0,82
mouse #1 15x1,0
mouse #2 1,3x086
mouse #3 16x09
mouse #4 07x04
mouse #3 1.5x0,7
mouse #6 1,3x08
mouse #7 16x1,0
FTC let?
mouse #1 1,0x 06
mouse #2 14 x08
FTC miR26+30
mouse #1 21x%1.7
mouse #2 23x07
mouse #3 22x1,0

Table 17 Representative numbers of mice injected with FTC133 scramble, miR26a-5p, let7f and miR26a-
5p+30b of the first in vivo experiment in xenografts NOD/SCID.

Table 17 showed some representative numbers of the tumor masses of the injected mice with FTC133
scrambled, mimic miR26a-5p, mimic let7f and mimic miR26a-5p+30b sequences of the first in vivo
experiment in NOD/SCID xenografts. Five representative, in vivo experiments, were performed in
order to have a rough result for the restoration of miR26 in miR26-depleted tumors.

Histological characteristics of mice tissues

The histological features of miR26-FTC133 and scrambled tumors were examined. The scrambled mice
showed tumors of poor differentiation (solid, trabecular or islet-cell) and aggressive background.
Numerous atypical mitoses (e.g. tripolar mitosis), extensive cytoplasm, presence of central necrosis
with ghost shadows and recognition of scattered atypia (Figure 110a,b,c). The central necrosis does
exist probably due to the hypoxic conditions of the tumor mass. Polymorphonuclear neutrophils were
observed in the necrotic area (Figure 110a,b).
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Figure 110 Hematoxylin/eosin staining of paraffin embedded tissue samples. Hematoxylin colors the nucleus of living cells in purple
while eosin colors the cytoplasm in pink. Red arrows demonstrate the necrotic areas. Intense purple demonstrated the calcifications,
(a-c) transfection of scrambled sequences, (d-f) miR26a-5p mimic sequences, (g-i) miR26a-5p+30b mimic sequences.

Scattered eosinophils (orange) were also observed. However, mir26 mimic-injected mice showed
geographical type of necrosis with necrobiotic elements and high cellularity (Figure 110d,e,f). miR30
mimic-injected mice showed extensive necrosis, central but also peripheral, also visible
macroscopically like scrambled mice (data not shown). The area of necrosis did not have a solid texture
unlike the rest of the tumor. Calcifications could also be visible. In case of miR26a-5p+30b mimic-
injected mice homocentric circles with necrosis were present. Necrosis exists but was not so extensive
(Figure 110g,h,i).

Differential expression analysis of mRNA targets of miR26 — correlation
pathway communities using a disease-related map of integrated information
(Pathwalks)

To better understand the crucial targets, interactions and pathways related to miR26, we further
pursue the examination of the differential gene expression via RNA sequencing of FTC133 cells
overexpressing miR26. The cells were transfected with mimic mir26 or scrambled sequences, followed
by RNA extraction, evaluation of RNA (Figure 111,112), DNA library construction and two paired
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sequencing. From the differential expression analysis emerged 1,201 statistically significant

deregulated genes, of which 605 were upregulated and 596 were downregulated.
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Figure 111 Electrophoresis File Run Summary for identification of RNA integrity by Eukaryote Total RNA Nano assay.
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Figure 112 Electropherogram with RNA integrity number (RIN). The four peaks indicated as markers, 55 (almost undetectable) denotes
small RNA, 18S and 28S denote ribosomal RNA respectively. Parameterization of the gel and assignment of RIN value by a bioanalyzer
(analysis of the intensity profile).
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Figure 113 Volcano plot for visualization and identification of genes with large fold changes that are also statistically significant.
Scattered points represent genes showing statistical significance (log10 adjusted p-value) versus magnitude of change (2fold-change).
The most upregulated genes are towards the right, the most downregulated genes are towards the left, and the most statistically
significant genes are towards the top (“EnchancedVolcano” package, R).

Visualization of the genes with large fold changes that are also statistically significant was achieved by
using Volcano plot (Figure 113). The top 50 differentially expressed genes emerged from the filtering
(p-value, fold-change) of the genes displayed in the volcano plot were used to construct a heatmap
(Figure 113).
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Figure 114 HeatMap for hierarchical clustering of the top 70 differentially expressed genes between miR26 mimic and scramble
samples. The color and intensity of the boxes represent changes of gene expression. The red color indicated the up-regulated genes
while blue represents down-regulated genes (“pheatmap” package, R).

The deregulated genes are related to cell cycle, apoptosis, cell division, cell adhesion and
transcriptional mis-regulation in cancer. Representative examples of important molecules
differentially expressed in the presence of miR26 overexpression included Serine/threonine protein
kinase STE20 subfamily (STRADB) (log-fold change= -2.3, p-value <0.01), Programmed Cell Death 4
(PDCD4) (log-fold change= 1.87, p-value <0,01), CEA Cell Adhesion Molecule 1 (CEACAM1) (log-fold
change= 1.52, p-value <0.01), Cyclin Dependent Kinase 8 (CDK8) (log-fold change= -1.61, p-value
<0.01) and Cyclin Dependent Kinase 6 (CDK6) (log-fold change=-1.74, p-value <0.01).

STRADB is a component of a complex involved in the activation of serine/threonine kinase 11, a master
kinase that regulates cell polarity and energy-generating
metabolism(https://www.ncbi.nlm.nih.gov/gtr/genes/55437). It is engaged in the relocation of this
kinase from the nucleus to the cytoplasm, and it is essential for G1 cell cycle arrest mediated by this
kinase. The protein encoded by this gene can also interact with the X chromosome-linked inhibitor of
apoptosis protein, and this interaction enhances the anti-apoptotic activity of this protein via the JNK1
signal transduction pathway. Its antiapoptotic function might be reduced via its downregulation
promoted by mimic miR26 function.

PDCD4 is a protein coding gene associated with Colorectal Cancer and Tongue Squamous Cell
Carcinoma. Among its related pathways are mTOR signaling pathway (Pathway Interaction
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Database) and Proteoglycans in cancer (Matsuhashi et al., 2019). It has been reported that
PI3K/Akt/mTOR pathway constitutively suppresses expression of programmed cell death 4 (PDCD4)
tumor suppressor protein in acute myeloid leukemia and breast cancer cells. In our case, PDCD4 was
found highly upregulated suggesting that the function of PI3K/Akt/mTOR pathway is suppressed.

CEACAM1 appear to have multiple cellular activities including roles in the differentiation and
arrangement of tissue three-dimensional structure, angiogenesis, apoptosis, tumor suppression,
metastasis, and the modulation of innate and adaptive immune responses. Specifically, CEACAM1
constitutes a tumor suppressor whose expression is known to be lost in the majority of early adenomas
and carcinomas; the loss of CEACAM1 expression is more common in neoplastic tumors
(https://doi.org/10.1038/sj.0nc.1208259). Its upregulation is probably guided by the protective action
of mimic miR26 increasing the apoptotic potential of the tumor.

Other worth-mentioned deregulated genes are the CDKs. They are pivotal kinases in cell cycle
regulation and progression. CDK8 kinase and its regulatory subunit, cyclin C, are components of the
mediator transcriptional regulatory complex, involved in both transcriptional activation and repression
by phosphorylation of the carboxy-terminal domain of the largest subunit of RNA polymerase Il. CDK6,
along with its partner CDK4, are key players in cell cycle progression. The complex has been implicated
in a number of cancer types, and is the focus of therapeutic research and development. Also, there is
one targeted therapy for CDK inhibition is palbociclib, which may lag the growth of advanced stage
cancers. The fact that they were found downregulated in miR26 overexpressing cells, advocating the
retardation of the cell proliferation in thyroid tumors.

We continued the informatics analysis aiming to uncover the miR26 targets involved in cell
proliferation, apoptosis or necroptosis pathways.

In order to identify the experimentally verified targets of miR26a-5p, we integrated our results with
direct targets of miR26 (3,149 mRNAs) as listed in TarBase V8. From 605 upregulated genes, 133 are
experimentally verified direct targets of miR26. From 596 downregulated genes, 328 are
experimentally verified direct targets of miR26. The fact that the 51,6% of the downregulated genes
are confirmed targets of miR26 by TarBase V8, suggests that the other 48,4% of currently unconfirmed
targets probably contains true targets.

The 100 top-expressed genes (upregulated and downregulated) used for pathway analysis and
functional annotation utilizing the PathWalks algorithm.

It was used as a stochastic approach that can be used for both efficient discovery of strong connections
and identification of communities formed in networks. A random walker can cross a pathway-to-
pathway network under the guidance of a disease-related map. The latter is a gene network that we
construct by integrating multi-source information regarding a specific condition such as the
therapeutic function of mimic miR26 in thyroid cancer. The most frequent trajectories highlight
communities of pathways that are expected to be strongly related to this specific disease.

Thus, the network of the 100 most important pathway-to-pathway interactions constructed using
Cytoscape (Figure 115). The most important nodes (bigger size) regarding the degree (metric in which
the size of a node reflects its interaction with other nodes) appeared to be: metabolic pathways,
PI13K/Akt, MAPK, pathways in cancer and cell cycle pathway.
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Figure 115 (a) The PathWalks gene map/network consists of 100 gene nodes representing KEGG pathways and 1965 connections. The
node size and transparency are based on the node’s degree and the edge width and transparency on the edge weights and (b) zoomed

network in interactions of cell cycle.

Moreover, taking into account the shared integrated information (genetic interactions, physical
interactions, gene co-expression, colocalization, common pathways), 11 clusters of pathways
emerged. Cluster 3 containing 78 pathways appeared to be the cluster of interest, since it contains
fundamental pathways such as cell cycle, microRNAs in cancer, parathyroid hormone synthesis,
secretion and action, thyroid hormone signaling, PI3K-Akt, pathways in cancer, ubiquitin, tight
junction, adherens junction, Hippo signaling, cellular senescence and cytosolic DNA sensing. Cluster 3
found to have 52 common pathways with the other Clusters, 9 unique Pathways are downregulated
and 15 pathways upregulated (Figure 117). Downregulated ones are in focus on this study because
they might direct targets of miR26.
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Figure 116 Venn Diagram regarding the activated pathways (upregulated and downregulated) in Cluster 3. 52 common pathways
between Cluster 3 and the other Clusters. 9 unique Pathways are downregulated and 15 pathways upregulated in Cluster 3.

Specifically, cell cycle pathway, amongst others, is regulated by 5 downregulated experimentally
verified targets of miR26a-5p that have previously reported (Xu et al., 2020) by Sander and colleagues
suggesting that came specifically of the function of miR26a-5p. More specifically, the genes, found
downregulated in our cluster and also investigated in the aforementioned study, were CCNB1, CCNE2,
CDK8, CDC25A, MYC and SKPT2 strengthening our results. Further analysis is needed in order to
examine specific predicted targets in wet lab as promising diagnostic and therapeutic strategies.
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Figure 117 miR26 interactions that emerged from HITS-CLIP analysis data.

Then, we attempted to explore its direct targets. Based on the HITS-CLIP data DNAJC18, PPM2M,
BLOC155, CLSN, RAB26, USP9, USP12 RBMS5, PAWR and STRADB are among the most important ones,
as well as their interactions (Figure 117). Further investigation followed based on RNAseq experiments,
aiming to verify the crucial targets, interactions and pathways related to miR26. From the cross-
examination, PAWR and STRADB are presented in both experiments. PAWR (Pro-Apoptotic WT1
Regulator) is a pro-apoptotic protein capable of selectively inducing apoptosis in cancer cells,
sensitizing the cells to diverse apoptotic stimuli and causing regression of tumors in animal models
and STRADB (STE20 Related Adaptor Beta) is a master kinase that regulates cell polarity and energy-
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generating metabolism. The latter is essential for G1 cell cycle arrest mediated by this kinase. The
clarification of PAWR and STRADB role in thyroid cancer development is still pending. In any case,
miR26 emerges as a potential important molecule for early diagnosis, prognosis and therapy.
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DISCUSSION

Thyroid pathologies are a common medical condition that affects the function of
the thyroid gland. The incidence of thyroid nodules detected with ultrasonographyis 19%-67% in the
general population and exceeds 50% in patients over the age of 65 years. The prevalence of palpable
thyroid nodules varies between populations and ranges from 4% to 7% within the USA, which
represents approximately 10-18 million affected individuals (Dean & Gharib, 2008; Keutgen et al,,
2013).Besides iodine deficiency, other epidemiologic and genetic risk factors include female sex,
increasing age, previous head and neck radiation and familial predisposition (Cooper et al., 2009; Dean
& Gharib, 2008). However, histopathological findings have revealed that significant number of nodules
(up to 15%) display malignant biological behavior, so adequate evaluation is essential ((Cooper et al.,
2009; Yassa et al., 2007).

Thyroid cancer constitutes the most common malignancy of the endocrine system, representing 3.8%
of all new cancer cases in the United States (Nguyen et al., 2015). Estimates of the rate of malignancy
in thyroid nodules are subjected to several biases, because not all nodules undergo surgical resection
and confirmatory pathological examination. Moreover, the recent years, the increase in incidence of
thyroid cancer without an accompanying rise in mortality may reflect the growing detection of
indolent forms of thyroid cancer (Jegerlehner et al., 2017). This probably triggered early intervention
with impressive results but simultaneously fueled unnecessary thyroidectomies. Comparing recent
trends in surgical intervention rate for thyroid cancer with the incidence and mortality of thyroid
cancer, main aim is to assess overdiagnosis and resulting overtreatment. Tumors such as NIFTP, WDT-
UMP, FT-UMP that are borderline and encapsulated, remains to be determined if a surgical
intervention could be avoided.

In this population study, we characterized the Greek cohort regarding the pathophysiology, the tumor
location, subtyping and eventually micro-staging features. We correlated clinico-pathological features
under the prism of the deep understanding of the aggressiveness as a result of EMT transition of
specific subtypes of thyroid tumors with poor prognosis. Usually, the retrospective and prospective
studies have biases such as the implication of different physicians which follow different ways of
evaluation of patient histological sections. A second important bias is that those patients that are
guided to a surgical thyroidectomy have a burdened medical history and intercurrent characteristics
as a reasonable consequence of the malignancy, that created precarious conclusions for seemingly
related variables. To overcome all these issues, we used the histological records of one physician, Dr
Sofia Tseleni, with consistency in the histological descriptions and medical conclusions due to her work
experience, minimizing the bias.

From the analysis, according to Cancer SEER STAT of American Society
(Database of the National Cancer Institute (NIH), we compared them to our Greek cohort data and we
found that the incidence differs regarding the age decade of onset. American patients present a rise
in age decade 45-64, while Greek patients present a rise quite earlier from the third decade of life and
more specifically, in 20-54. The previous observations together with the tumor sizes that in high
percent do not exceed the 1,9 cm probably reflecting an early intervention in Greece during the last
decades.

The distribution of subtypes of thyroid cancer in the same cohort is similar to that in other European
countries in the bibliography with a predominant percentage of PTC (46,45 %). Among the PTC
variants, the most predominant ones are the common variant in a striking percentage of 52,78 % which
is followed by follicular variants (26,39 %). TCVs are following with a non-negligible percentage of
11,11 %. In any case, given that a patient has a thyroid pathological condition malignancy, benign
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nodule or specifically hyperplasia or autoimmune thyroiditis, Hashimoto (HT), he/she could have the
same chances to be a male or female. However, the prevalence of women to men is 4:1 for thyroid
pathological conditions, such as HT and malignancies. To better understand whether Hashimoto
constitutes a prognostic factor, for tumorigenesis, a detailed follow-up study is needed.

The interrelationship of HT and PTC was firstly disclosed by Dailey and colleagues back in 1955 (Dailey
et al., 1955). Since then, in numerous population studies, attempts were made to confirm or even
contradict this conclusive result through massive patients’ screenings. Slightly over 14 million were
affected from HT in the United States and especially women. Both diseases are widespread worldwide
and the increasing prevalence rate makes the requirement of the clarification of their conjunction
more imperative and indispensable. Despite the fact that the correlation between them, remains to
be a controversial issue, the coincidence of the thyroid malignancy and HT declare that the latter
constitutes a crucial risk factor for the tumor progression (Consorti et al., 2010; Feldt-Rasmussen,
2020; Lee et al., 2013; Liang et al., 2017). Beyond doubt, the presence of the HT in patients with thyroid
cancer indicates better prognosis (Liu et al., 2014; Pilli et al., 2018; Selek et al., 2017). Several studies
greatly support that practically, the risk factor of thyroid malignancy is the up-regulation of TSH levels
which coexists HT and not the HT per se (Fiore et al., 2011; Zhang et al., 2012).

Interestingly, Castagna et al. in 2014 (Castagna et al., 2014) perceived and noted the idea that the
strong correlation between HT and PTC may also derives from the patient selection bias. The samples,
on most occasions, were retrospectively analyzed after total thyroidectomy, thereby exhibiting,
inaccurately, HT as an important risk factor for thyroid tumor development. As might be expected,
when the sampling method is the Fine-needle aspiration (FNA), another strictly limiting factor is the
experience and the good technique of the Cytologist which affect the results or the histological reports
of a cohort from different Cytologists. It is also worth noting that a large group of people suffering
from PTC are completely unaware of the chronic or recent existence of HT. Therefore, the
aforementioned bias could affect the results regarding the relation and correlation of the autoimmune
thyroiditis and PTC carcinoma suggesting HT an independent factor for thyroid tumorigenesis.

Additionally, individuals with malignancies seem to have lighter thyroid glands (around normal weight
ranges). An almost 75% of the individuals of the Greek cohort is concentrated under and around 40
grammars of the thyroid gland indicating that thyroid cancer occurs even in normal thyroid glands.
This is in agreement with the fact that thyroid cancer is a ‘few hit’ cancer. Nevertheless, the tumor
focality does not change the distribution of the patients with malignancies, however in different types
of thyroid cancer there were statistically significant differences in thyroid weight range. PDC
carcinomas were present in heavier glands when compared to PTC carcinomas and the latter have a
more intense tendency to be developed in heavier glands than microPTC making thyroid weight an
extra potential prognostic factor. Interestingly, MTC are slightly shifted and they present an increase
in ~60 grammar-thyroid glands.

A trend for the right lobe preference in thyroid pathologies was also observed. This preference was
responded in the groups of microPTC and TCV carcinomas with statistical significance demonstrating
that the existence of a right focal finding needs more attention from the clinical doctor. Differences
between left-sided and right-sided malignancies is not a novel observation since in colorectal cancer,
it is essential to evaluate right-sided and left-sided tumors as separate entities, and thus, design more
effective therapy regime considering the differences (Baran et al., 2018).

Now, other characteristics of thyroid cancer aid to micro-staging of each surgical specimen. Among
them, extra-thyroid extension or thyroid capsule invasion, the presence of tall cells, the presence of
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intranuclear inclusion structures, pseudoinclusions and the presence of fibrotic regions inside the
tumors were tested and related with high tumor aggressiveness.

Importantly, we found that the percentage of extra-thyroid extension increases exponentially in TCVs,
enhancing the idea of the high aggressiveness and infiltration.

The TCV was firstly described by Hawk and Hazard in 1976 (Hawk & Hazard, 1976); but the descriptions
of PTC with tall cell morphology in the bibliography date back to 1948 (Crile et al., 1948). TCV has
specific attributes such as elongated tall cells with oncocytic cytoplasm, distinct cell borders, different
intranuclear inclusions (compared with classic PTC), prominent central nucleoli, multiple inclusions
within the same nucleus imparting a “soap bubble appearance”, and higher frequency of cases with
lymphocytic infiltration (Solomon et al., 2002).

Established prognostic features such as gross extra-thyroid extension and extensive vascular invasion
is vital when deciding on the extent of surgery or the need for adjuvant therapy. A microTCV may not
need more than a simple lobectomy while TCV carcinomas with gross extra-thyroid extension in the
trachea will need total thyroidectomy with or without tracheal resection depending on the extent of
the tumor. The fundamental surgical principle of “gross total excision”, with an RO resection when
feasible must remain the gold standard for planning surgery for thyroid cancer.

Regarding the intranuclear inclusions structures responded in TCVs, besides cPTC carcinoma exist in
gastric adenocarcinoma, in primary gastric lymphoma, in malignant melanomas, in benign melanocytic
lesions, in 75% of patients suffering from non-alcoholic steatohepatitis (NASH) but only in 10% of
patients with alcoholic hepatitis, in meningioma, and in usual ductal hyperplasia of the breast (Pinto
et al., 1996; Saito et al., 1986; Zhu et al., 2013). Ultrastructural studies of hepatocytes disclosed that
the inclusions contained cytoplasmic structures, often with degenerative changes, supporting the
assumption that the pseudoinclusions are independent from the cytoplasm (Frajola et al., 1956).

In our settings, pseudoinclusions are present in a striking percentage of 92,54 % in TCVs while in
follicular and cPTC do exist in a smaller proportion. Inclusions were stained intensely with eosin, since
they have eosinophilic/oncocytic cytoplasm revealing acidophilic environment which provides basic
structure binding such as proteins. The pseudoinclusions observed were morphologically similar to the
“plump cells”, which are mostly eosinophilic (Virk et al., 2014). Mediators of eosinophilic environment
include peroxidase, lipase, plasminogen, nucleases (RNAases), growth factors, cytokines and ROS.

As intranuclear inclusions as cytoplasmic invaginations into the nucleus that mimic true nuclear
inclusions, they have been reported, for the first time, by Paul Ehrlich with the term vacuoles in the
cellular protoplasm of diabetic individuals, in 1883 (Ehrlich, 1883; ; Schiller, 1949). Induction of nuclear
inclusions can be achieved by externally administered drugs such as long-term colchicine in in vivo
models (Wessel, 1958). Electron microscopy ultra-structural details of the nuclear inclusions
demonstrated that they do not necessarily have a limiting membrane. This structure resembles to
nuclear membrane (Leduc & Wilson, 1959). Their autonomous nature has been indicated by the fact
that the enclosed substances can vary from autophagic vacuoles with lysosomal bodies suggesting an
active macro-autophagy process and ubiquitination in case of neural tissue (Jaskélski et al., 2012;
Wenzel et al., 2010) till viral particles surfactants, immunoglobulin, glycogen, biotin, nuclear lamins,
or polyglutamine (Ip et al., 2010). The so called nuclear pseudo-inclusions (INCI) belong to the first
category where cytoplasmic invaginations are formed into the nucleus and they are sharply bordered
by nuclear membrane and condensed chromatin (Ip et al., 2010).
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In PTC, pseudoinclusions have been found in 50-100% of aspirates. MTC, PDC, ATC and very rarely,
benign thyroid nodules (e.g., nodular goiter, follicular adenoma, and lymphocytic thyroiditis) also have
pseudoinclusions, ending up that these structures do not present clear specificity (Cibas & Ali, 2017).
Consequently, they should always be interpreted under the prism of the other architectural and
nuclear features.

A potential precursor condition of an intranuclear inclusion may constitute a nuclear groove present
in papillary (85-100% of cases), in non-papillary neoplasms (70-80% of cases) and in non-neoplastic
thyroid lesions (50-60% of cases) (Gould et al., 1989; Shurbaji et al., 1988). In 1987, Deligiorgi-Politi
mentioned that infoldings of nuclear membrane might be the early stage of deep cytoplasmic
invaginations, responsible for the formation of pseudoinclusions (Das, 2005). Simultaneous presence
of creases and pseudoinclusions were not observed, but grooves and pseudoinclusions rarely did exist.

Accordingly, in our cohort, only a small percentage of TCVs is characterized by pseudoinclusion
absence and the fact that histological sections with grooves have no significant number of
pseudoinclusions and vice versa, leads to the assumption of a sequence of the molecular and cellular
events. The presence of pseudoinclusions seems to follow the formation of grooves and invaginations
and the latter seems to follow the presence of tall cell formation. In a way, the cells appear to be
synchronized in each step and probably after every hit, are guided to the next cytoskeletal alteration
dependent on specific circumstances. In consonance with this scenario of synchronization, young
individuals having solid variant phenotype are characterized by the presence of grooves, whereas
elderly individuals are characterized by the presence of pseudoinclusions, but it needs further
investigation.

Oyama et al have been reported that pseudoinclusions enclosed enlarged RER, many Golgi vesicles,
small vesicles (diameter of 300-500 nm) and fragments of mitochondria or crumpled membranes
caused by increased protein synthesis and/or protein accumulation (Oyama, 1989), as well as small
vesicles inside them (Soderstrom & Biorklund, 1973). Also, in an effort to clarify the biological function
of these formations, Schwertheim and colleagues reported the presence of autophagy-associated
proteins within the inclusions together with degenerated organelles and lysosomal proteases
suggesting their involvement in autophagy and proteolysis (Schwertheim et al., 2019). The number of
pseudoinclusions with positive immunostaining for autosomal proteins p62, ubiquitin, LC3B, cathepsin
B and cathepsin D were statistically higher in PTC cases harboring BRAFY®9%F mutation compared to
those PTC tumors with BRAF wild-type. A positive correlation between BRAFV6°F mutation and nuclear
features of PTC including pseudoinclusions do exist and tumor cells, firstly, defined by Finkelstein and
colleagues as “plumb eosinophilic cells” also showing inclusions (Austria et al., 2018).

In line with that, molecular studies reported a correlation between the existence of tall cells and the
aforementioned inflammatory and altered background with the existence of BRAFY®%E. More
specifically, targeted expression of BRAFY%E in thyroid cells of transgenic mice resulted in irregularity
of nuclear contours and occasional nuclear grooves-invaginations (Fischer et al., 2010; Knauf et al.,,
2005). Also, Rusinek and colleagues found that in thyroid glands of a significant fraction of BRAF (+)
mice, changes in nuclei were observed that classified these cases as not healthy but not yet PTC. They
were also characterized by the presence of single nuclei with grooves or pseudoinclusions,
heterogeneous nuclei, and separation of altered cells in single foci (Rusinek et al., 2015). Runx2 has
been reported as a mediator of resistance to BRAFV69OF targeted therapy. The continued existence of
actin inside the nucleus forming rod like structures is related to the induction of osteogenic genes in a
Runx2 dependent manner. Runxl is frequently involved in acute myelogenous leukemias and
myelodysplastic syndromes through acquired chromosomal rearrangement and point mutations (Niu
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et al., 2012). Runx2 is implicated in osteogenic differentiation in solid tumors such as thyroid, breast
and pancreas (Niu et al., 2012). Deletion of Runt domain of Runx2 demonstrated that is essential for
proliferation and migration (Deiana et al., 2018). In cBioportal cohort, Runx2 was found elevated in
BRAFY60%E positive samples in pathways of parathyroid hormone synthesis and transcription regulation
in cancer. Also, Runx1 has been upregulated in BRAFY6%E positive samples with the coexistence of
pseudoinclusions. These two observations explain in a way the intense metastatic potential and the
tendency for tumor growth and invasion.

In human melanoma cells, BRAFY®9E induces spindle abnormalities, excess centrosomes and mis-
aggregation of chromosomes leading to aneuploidy (Cui et al., 2010) and phosphorylation of MPS1 by
BRAFY6O%E (Lju et al., 2013). Fischer and colleagues reviewed the causalities for alterations in the
nuclear envelope in human cancers (Fischer, 2014). They reported that RET/PTC1 micro-injection in
normal human thyroid epithelial cells induced nuclear envelope irregularity during the interphase and
the formation of inclusions (Fischer et al., 1998; Fischer et al., 2003) they concluded that BRAF
mutations may directly drive to inclusions by altering nuclear envelope and chromatin organization
but without a clear association (Fischer, 2014).

Despite several observational studies, the mechanisms which are involved in the formation and
biological function of inclusions are still quite unclear (Bozler et al., 2014; Lammerding et al., 2006;
Maniotis et al.,, 1997). Fundamental molecules of regulation of gene transcription and chromatin
remodeling are microprocessor components, DROSHA and DGCR8 and miRISC components, AGO2 and
Dicer. We further investigated their subnuclear distribution to find out their intensity and
accumulation inside the pseudoinclusions as well as in the rest nuclear area. AGO2 and Dicer were
intensely resided inside the pseudoinclusions and in some cases, in the borders of the nuclear
membrane. In some cells, AGO2 and DROSHA are concentrated in specific subnuclear areas suggesting
that could constitute a capable cue for the pseudoinclusion formation. DGCR8 seems not to have a
clear subnuclear localization. RISC complex acting as an EMT effector probably trigger local transcript
regulation leading to cytoskeletal remodeling and nuclear envelope alterations. The specific
subcellular and subnuclear material may create a niche for the restoration of the local transcript
needs. Excessive nuclear membrane material and altered dynamics are required for the groovy and
invagination-like shape enclosing cytoplasmic content intranuclearly that probably determines the cell
fate.

Therefore, we further pursue the investigation another genetically well-characterized cohort
registered in cBioportal (an open platform for exploring multidimensional cancer genomics data)
regarding the molecular profile of the tumors having pseudoinclusions. In this cohort, samples with
pseudoinclusions were often BRAF mutated, rarely RET mutated and never RAS mutated samples.

An analysis of the pathways that are activated in presence of pseudoinclusions indicates, among
others, that Protein processing in Endoplasmic reticulum, NFKB, adherens junction and regulation of
actin cytoskeleton pathways are the most important ones. It is known that correctly folded proteins
are packaged into transport vesicles that shuttle them to the Golgi complex. On the contrary,
misfolded proteins are maintained within the ER lumen in complex with molecular chaperones. The
next step for the terminally misfolded proteins is the binding to BiP and then, their direction toward
degradation through the proteasome in a process called ER-associated degradation (ERAD) (Araki &
Nagata, 2011). In case of an accumulation of misfolded proteins in the ER, ER stress is promoted and
activating the unfolded protein response (UPR). In certain severe situations, such as probably, in our
case, the protective mechanisms activated by the UPR are not sufficient for the restoration of normal
ER function and cells die by apoptosis. This scenario explains, adequately, the activation of NF-kf3. NF-
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KB target inflammation and it does not only increase the production of inflammatory cytokines,
chemokines and adhesion molecules, but also regulates the morphogenesis, cell proliferation,
apoptosis, and differentiation (Liu et al., 2017).

Notably, AGO2 has already been linked to ER stress during cell division regulating transcript
homeostasis (Pantazopoulou V.I. et al., 2021). On the other hand, Kim YJ and colleagues found that
loaded and active hsAgo2 was found to be mostly membrane-associated, while the slicing product was
solely associated with rER fractions. These findings led to the conclusion that both hsAgo2 RISC
formation and target RNA slicing occur on the rER and that the outer rER membrane thus acts as a
central nucleation site for siRNA-mediated RNA silencing (Kim et al., 2014).

Then, we examined the survival rates of these individuals to explore the affection of these formations
in patient’s overall survival.

The trend of poorer survival rates of those with pseudoinclusions compared to those without
pseudoinclusions, lead to the same direction. Next, comparing BRAFV%%%(+)/ pseudoinclusions(+)
samples with BRAFY®9E (-)/pseudoinclusions (-)/ RAS(+) samples the activated pathways that emerged
were spliceosome, extracellular matrix (ECM), lupus (including inflammatory genes) and Parkinson
(including mitochondrial components) Extracellular matrix (ECM) including collagen is known to
provide signaling cues that regulate EMT, cell behavior and orchestrate functions of cells in tissue
formation and homeostasis. Collagen constitutes a major abundant fibrous protein in the extracellular
matrix. Collagens, the primary structural elements of the ECM, provide tensile strength, regulate cell
adhesion, support chemotaxis and migration, and direct tissue development (Kusindarta D.L. &
Wihadmadyatami, 2018; Rozario & DeSimone, 2010). ECM as a highly dynamic structural network that
continuously undergoes remodeling and associate with the cytoskeleton is capable to assist in
cytoskeletal rearrangements resulting in cytoplasmic intranuclear formations. The tensile changes,
motility and regulation of cell adhesion are present during the development of the invaginations.

The existence of the pseudoinclusions in high proximity in the location of fibrotic areas with a
concurrent expression of BRAFY®PE syggest a severe clinical condition. When these samples compared
to RAS negative samples without presence of fibrosis and pseudoinclusions, pathways such as cell-cell
adhesion, Parkinson (including mitochondrial components), PI3K signaling and Focal adhesion were
found activated. Interestingly, the concurrent presence of pseudoinclusions and fibrosis significantly
deteriorate the survival rates of individuals.

Fibrogenesis constitutes a progressive event derived from disrupted regular wound healing due to
repeated tissue injury and can end in organ failure, such as in liver cirrhosis. The key molecules, in this
process, interact with each other by soluble factors but also by direct cell-cell contact mediated by cell
adhesion molecules. Also, cell adhesion molecules also support binding to the ECM representing
excellent biosensors in the surrounding microenvironment.

Mechanistically, organ fibrosis and failure seem to be the result of an integration loss between actin
cytoskeletal filaments and mechanosensitive components of the nuclear lamina which alters the
transcriptional machinery (Chen et al., 2012; Lammerding et al., 2004). Interestingly, absence of lamins
or mutations in these structural nuclear components often lead to an impaired cellular response to
mechanical stress and perturbations in cytoskeletal organization resulting in increased tissue fibrosis
(Chapman et al., 2014; Zuela et al., 2012). These observations raise the possibility that changes in
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tissue mechanical environments may directly impact nuclear architecture and gene transcription
during fibrotic tissue remodeling, suggesting an increase in matrix stiffness capable to promote
persistent global changes in gene transcription (Tschumperlin et al., 2018).

Then, Focusing on RISC complex fine-tuning regulation of gene expression during EMT cytoskeletal
remodeling that we observed in pseudoinclusions, we examined the implication of AGO members in
in cell cycle phenomena of normal and cancer cells. Especially, AGO2 was of great significance due to
its catalytic activity during translational repression and mRNA degradation. AGO2 is the most well-
characterized AGO member due to its abundance in cell lines and tissues.

AGO2, a protein of miRISC machinery, catalyzes the mRNA degradation or translational repression in
the cytoplasm, through guidance by miRNAs that are loaded on AGO2 complexes. Nevertheless, AGO2
can also reside into the nucleus, acting in a typical RNAi manner (Meister, 2013)). Alternative splicing
process, RNA-mediated epigenetic regulation through RISC-chromatin interactions and double strand-
break repair are among the emerging nuclear functions of AGO-family members (Francia et al., 2012;
Huang & Li, 2014; Janowski et al., 2006; Li, 2014; Meister, 2013; Michalik et al., 2012). In mammalian
cells AGOs are located and operate through canonical and non-canonical pathways both into the
cytoplasm and nucleus (Morris et al., 2004) in discrete foci (Gagnon et al., 2014; G. Meister et al.,
2004; Robb et al., 2005) in physiological and pathological conditions (Pantazopoulou et al., 2020). RISC
can also function in GW-bodies, P-bodies and stress granules (Detzer et al., 2010; Leung & Sharp, 2013;
Patel et al.,, 2016), along apical junctions (Kourtidis et al., 2017) and in Drosophila nanotubes
transmitting intercellular signals (Karlikow et al., 2016), regulating translation of mRNA targets locally
(Antoniou et al., 2014) and therefore dictating the spatio-temporal homeostasis. In addition to the
above, we herein provided evidence of an AGO2-niche in membrane protrusions, suggesting its critical
role(s) in these structures. Specifically, we demonstrated the accumulation of AGO2 in open-ended
tunneling nanotubes and close-ended cytokinetic protrusions, in human cells.

Human cellular protrusions are known to be involved in intercellular trafficking of cytoplasmic or
genetic material (Antanaviciaté et al., 2014; Rustom et al., 2004), pathogen transmission (Gousset et
al., 2009; Sowinski et al., 2008), mitochondria, calcium and other cargoes transportation
(Antanavicitte et al., 2014; Smith et al., 2011), and miRNA and protein communication (Thayanithy et
al., 2014). In dendritic spines, AGO2 constitutes an important element for de-repression of dendritic
MRNAs and local protein synthesis triggered by synaptic activity, thus introducing the concept of
spatio-temporal participation of AGO2 in local protein regulation (Paradis-Isler & Boehm, 2018). Our
findings support a similar AGO2-dictated local regulation in other cell types such as epithelial cells. In
our experimental setting the AGO2-niche correlated with loosely-shaped tunneling nanotubes termed
open-ended tubes. Drosha, DGCR8 and Dicer, crucial components of the miRNA machinery, as well as
Staufen, a dsRNA-binding protein, were also shown to reside into these nanotubes. Live imaging
demonstrated the AGO2 protein motion inside the nanotube. Combined with the presence of the
abovementioned proteins in these loci indicate RNAi machinery motility in these structures. Through
this action, cells can conduct intermolecular cross-talking, exchange RNA signals and regulate

231



V. I. Pantazopoulou

transcript instability (half-life time) or translational repression at a very specific local (micro-)
environment.

In the case of AGO2 close-ended protrusions, alternative regulatory functions are likely engaged. The
Dicer pattern, the detected Staufen protein and the presence of oligo dT probe at the intercellular
bridge indicated alternative, non-typical AGO2 functions, probably deployed in a miRISC-independent
manner. The AGO2 close-ended tubes were different structures from the Actin-filopodial ones, as they
were unique per cell, parallelogram-shaped and always appearing in paired cells. The detection of CITK
and Aurora B kinases in these cellular structures confirmed that they comprise bona fide cytokinetic
protrusions (Aurora B regulates cytokinesis through microtubule interactions and stabilization of
microtubule structures (Carmena et al., 2009; Xu et al., 2010)). Stably growing and rapidly shrinking
microtubules actively participate in cytoskeletal remodeling, delivering dramatic cell changes (Fletcher
& Mullins, 2010). AGO2 is present in a tight configuration along a-Tubulin polymers (microtubules)
into the intercellular bridges of cytokinesis. Although it resided in extremely high concentrations in the
midbody arms, also reported by M.C. Casey et al. in 2019 (Casey et al., 2019), it leaves an empty space,
a “gap”, in the area of midbody ring. a-Tubulin distribution in cells exposed to Demecolcine, a specific
inhibitor of tubulin polymerization, was disorganized and AGO2 protrusions were forced to
fragmentation and AGO2 is concentrated at lamellipodia. This indicates that a-Tubulin may serve as a
major scaffold for AGO2 local motility. On the other hand, Dicer, highly accumulated in the midbody
ring, was significantly affected by F-Actin. Architectural derangement of F-Actin induced by
Cytochalasin D cell exposure prevented Dicer accumulation in the midbody and occasionally
compelled it in unexpected areas along AGO2 arms. The above indicate the differential regulation of
AGO?2 and Dicer and reinforced the notion that AGO2 sustains an important role in cell division.

AGO involvement in chromosome division phenomena has been previously reported in a number of
model organisms such as yeast, Drosophila and mouse. TbAGO1 is known to be crucial for mitotic
spindle assembly and chromosome segregation in the Trypanosome brucei parasite (Durand-Dubief &
Bastin, 2003). In yeast deletion of Dicerl or AGO1 was found to disrupt chromosome segregation,
leading to chromosome lagging and centromere-silencing abrogation Volpe, T. et al. RNA interference
(Volpe et al., 2003). In Drosophila melanogaster epigenetic gene silencing modulation and cytokinesis
are regulated via the interaction of AGO1-sticky/Citron kinase (CITK) (Sweeney et al., 2008). In case of
meiosis the germ cell-specific rice gene MEL1, an AGO family member in plants that controls the
division of pre-meiotic germ cells, properly modifies the meiotic chromosomes (Nonomura et al.,
2007). In mice AGO4 is implicated in the precise chromosome segregation and is required for the
proper entry into meiosis in germ cells (Oliver et al., 2016; Theotoki et al., 2020). Additionally, Dicer
can prevent mitotic defects during meiosis in mouse oocytes (Stein et al., 2015). In mammals AGO2
catalytic activity, but not the classical miRNA pathway, is crucial for proper chromosome segregation.
Moreover, Dicer generates ASAT (a-satellite) siRNAs, which, synergistically with AGO2, control satellite
RNAs (Huang et al., 2015). These reports support the mechanistic association of AGO2 with cell division
machinery in a wide evolutionary spectrum of organisms, including humans. Our findings underpin
this association, since over-expression of AGO2 results in a numerical deregulation (gain, or loss) of
chromosomes. Moreover, these cells present statistically significant micronuclei formation, providing
evidence for aneuploidy events. Down-regulation of AGO2 induces a number of abnormalities, such
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as binuclear formations, blebs, double midbody rings and structural chromosomal instabilities, thus
indicating the indispensable contribution of AGO2 to the regulation, progression and success of
cytokinesis.

As mitosis requires high cytoskeletal rearrangements and continuous supply of energy and
biomolecules for its successful and unimpaired implementation, the presence of kinases such as
phospho-MEK, -ERK, -JNK, -p38, -Akt and -AMPK in the cytokinetic bridge was not unexpected.
Previous studies have highlighted the crucial regulatory roles of the herein examined kinases in the
midbody formation and cytokinesis (Rannou et al., 2012; Shapiro et al., 1998; Vazquez-Martin et al.,
2011; Vazquez-Martin et al., 2012), with their contribution to cell division mostly being manifested
through activation of critical downstream targets for regulating microtubule dynamics and F-Actin
cytoskeletal integrity (Gotoh et al., 1991). In our experiments phospho-Akt and -AMPK, a major energy
and nutrient sensor (Hardie et al., 2012), proved to follow the AGO2-distribution pattern at the arms
of the midbody structure, whereas phospho-MEK, -ERK, -p38 and -JNK showed a Dicer-like-distribution
motif, being mainly concentrated in the ring and at the tips of the midbody arms. Interestingly,
phospho-AGO2 Ser®®” follows the phospho-MEK/ERK/p38/JNK expression pattern, exhibiting a high
concentration in the ring area. Phosphorylation of AGO?2 at Ser®®’ by the activated p38 MAP Kinase is
induced by cellular stress (Zeng et al., 2008). In accordance, a selective inhibitor of the p38 MAP Kinase
(SB203580), causes relocalization of phospho-AGO2 Ser3®”in a number of cytokinetic bridges, shifting
its location from the ring to the midbody arms. The detection of both p38-dependent phospho-AGO2
Ser3®” and Dicer in the midbody ring provides evidence for the existence of an active RISC machinery,
suggesting a yet unrecognized role of the complex in cell division.

The dividing cells are under tremendous stress, as corroborated by our findings regarding the
existence of stress related proteins such as phospho-Akt, -AMPK, -ERK, -MEK, -JNK and -p38 activated
kinases in the midzone. In conjunction with the localization of AGO2 and phospho-AGO2, these
findings underline the probable implementation of AGO2 in the regulation of spatio-temporal
homeostasis in order to beneficially manage local stress. The stress sensitive nature of AGO2 was
further supported by heat-shock treatments that resulted in malformed or abolished AGO2 close-
ended protrusions and by the strong colocalization pattern with the stress-related proteins Upfl and
TIAR. Moreover, the presence of phospho-elF2a and ATF4 (ER-stress) proteins into the AGO2-enriched
cytokinetic structures, further suggests the simultaneous and synergistic activation of a MAPK-
signaling network and the RNAi machinery in response to stress, in a topology-specific manner, most
likely for the restoration of local transcript homeostasis during cytokinesis.

In conclusion, we herein demonstrate the AGO2 involvement in the tubular protrusions’ locasome,
including open-ended tunneling nanotubes and close-ended cytokinetic bridges. Altogether, our
results provide evidence for the discovery of an AGO2-niche in the midzone carrying essential
properties for successful cytokinesis and cell-division integrity, although further investigation needs to
be performed to thoroughly dissect the exact roles of AGOs, and their protein- and RNA-interactors,
in a cell-division setting.

Determining that the regulation of gene expression provides essential information for understanding

the condition, morphology and function of the cell, the exact molecular mechanisms being affected
are under investigation. A variety of mechanisms are implicated in EMT with a consequent
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contribution to cytokinesis failure and mitotic defects. Gene expression can be regulated via different
cellular procedures including RISC complex and loaded miRNAs. HITS-CLIP methodology (High-
Sequencing of RNAs isolated by Cross-Linking Immuno-Precipitation mapped the tripartite complex
AGO2::miRNA::mRNA and bioinformatic analysis identified the RISC-bound miRNAs and their target
MRNAs. The AGO2 HITS-CLIP methodology being achieved in the cell lines NTHY ori 3-1, TPC1 and
FTC133 provides important results regarding: the differential expression of the subset of miRNAs
loaded on the AGO2 protein between the three cell lines which represent three different thyroid
conditions with discrete clinical outcomes and prognosis and the miRNAs-target gene interactions that
occur exclusively in the TPC1 and FTC133 cell line and involve miRNAs that showed an increase
expression in the TPC1 cell line compared to the NTHY ori 3-1 cell line.

The results of the miRNA differential expression exhibit a distinct expression profile for its cell line.
Distinguishment of cell lines based on the expression profile of miRNAs loaded on the AGO2 protein
suggests that the transformation of normal thyroid follicle epithelial cells into TPC1 or follicular FTC133
cancer cells requires a series of expression level changes. This fact is supported by a research work of
Hossain and colleagues which identified differentially expressed genes and differentially
expressed miRNAs, molecular pathways and transcription factors reflecting molecular mechanisms
that differ between FTC tumors and benign follicular adenoma (FTA) (Hossain et al., 2020).

miRNAs with tumor suppressive activity were found downregulated, while the expression of oncogenic
miRNAs was upregulated. Notable examples are miR-146a, miR-222 and miR-181a/b which have
oncogenic activity and their expression was increased in the TPC1 cell line compared to the NTHY ori
3-1 cell line. The observation that the TPC1 and FTC133 cell lines differ in the expression of miRNAs
can be attributed to the different deregulated molecular pathways in the respective carcinomas.

The TPC1 cell line carries the RET/PTC1 rearrangement triggering the continuous activation of the
MAPK pathway. The rearrangement involves the fusion of a region of the RET proto-oncogene,
encoding a membrane receptor with tyrosine kinase activity, with a heterologous gene, usually the
CCDC6 gene. The region of the RET proto-oncogene involved in this rearrangement carries tyrosine
kinase activity, while the CCDC6 gene region is responsible for the dimerization of the RET/PTC protein
and its continuous activation (Santoro & Carlomagno, 2013). This ensures the continuous signaling of
the MAPK pathway making RET a promising reagent for therapeutic treatments (Santoro &
Carlomagno, 2013) . In contrast, in FTC133 cell line, PI3K-Akt pathway is active due to non-sense
mutation in the tumor suppressor PTEN gene. Mutation in the PTEN gene results in the suppression
of conversion of the (3,4,5) triphosphate phosphatidylinositol to (4,5) diphosphate
phosphatidylinositol which normally inhibits the activation signal of Akt serine/threonine kinase.

The increased expression levels of specific miRNAs targeting the cancer suppressors of these pathways
is favored and, respectively, the decreased expression levels of miRNAs targeting the activators of
these pathways is also favored.

The classification of the three cell lines based on the expression profile of miRNAs can constitute a tool
for a valid diagnosis of the thyroid carcinoma subtype. Such a perspective can provide a solution in
cases where the fine needle aspiration biopsy (FNAB) of a thyroid sample obtained would fail to reveal
the subtype of carcinoma. Another aspect is that every tumor having a precise profile even if it can be
classified in a specific subtype, it can have a molecular profile referring to another clinical condition.
This differential analysis can constitute a guidance for a precise classification regarding the matching
of tumor’s unique profile leading to the precision medicine.
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Upon the miRNA analysis, 31 overexpressed miRNAs emerged overexpressed in the TPC1 cell line
compared tothe NTHY ori 3-1 cell line. These miRNAs appear to primarily regulate metabolic and signal
transduction pathways.

Metabolic pathways include the metabolism of carbohydrates, lipids, amino acids, and nucleotides.
More specifically in nucleotide metabolism, miRNAs regulate the biosynthesis pathways of purines and
pyrimidines. In lipid metabolism, the metabolic pathways of phosphor-glycerol lipids, sphingolipids
and fatty acids are included. The signal transduction pathways are summarized in Ras (14 miRNAs),
cAMP (13 miRNAs), TNF (12 miRNAs), MAPK (11 miRNAs), Jak-STAT (11 miRNAs), PI3K-Akt (11 miRNAs),
HIF-1 (9 miRNAs), Calcium (9 miRNAs), Rapl (8 miRNAs), Wnt (7 miRNAs), NF-kappa B (7 miRNAs),
mTOR (6 miRNAs) and p53 (6 miRNAs) signaling pathway. The Ras signaling pathway is the target of
most miRNAs. Among the various targets is the RASA1 gene, which encodes a GAP (GTPase-activating
protein) factor to convert the active form of Ras-GTP to the inactive form of Ras-GDP, thus interrupting
the signaling of the MAPK pathway.

As mentioned above, the activation of the MAPK pathway in the TPC1 cell line is due to the RET/PTC1
rearrangement. Targeting the RASA1 gene, which encodes a MAPK pathway inhibitor, by 6 miRNAs
(miR-5579-3p, MiR-4677-5p, miR-96-5p, mMiR-182-5p, miR-30a-5p, miR- 30c-5p) contributes to
oncogenesis through continuous activation of the MAPK pathway.

To fully evaluate and interpret the action of miRNAs, the DIANA-miRPath v3 tool used to detect
molecular pathways targeted by specific miRNAs, using a target gene enrichment analysis algorithm
in molecular pathways. In line with that, for each pathway from KEGG database, the miRNAs-gene
interactions are schematically mapped. Also, in order to extend the analysis beyond the group of 31
miRNAs of the PTC cell line, it is necessary to compare the data of the AGO2 HITS-CLIP methodology
with assays that directly detect changes in mRNA or protein levels, thus ensuring that the interactions
of miRNA-mRNA target genes affect gene expression.

Assays such as transcript level analysis via RNA sequencing (RNA-seq) and quantitative proteomic
analysis platforms, such as the SILAC (Stable Isotope Labeling with Amino Acids in Culture) method aid
to this direction.

As a future perspective, the AGO2 HITS-CLIP methodology could be applied to a representative cell
line of anaplastic thyroid carcinoma (ATC) to reveal the full range of interactions of miRNAs-genes from
normal follicular cell to fully squamous cell carcinoma. Finally, since Greek population patients with
PTC carcinomas do not carry the classical RET/PTC rearrangement, it would be important to
additionally examine a PTC cell line with the absence of the specific rearrangement.

In an effort to distinguish crucial miRs for therapeutic approaches from HITS-CLIP data, miR26 family
was set apart due to a shared tumor suppressive behavior (all the miR26 members were
downregulated in cancer conditions in thyroid gland) between the members of this family and was
used for further analysis. Additional reasons for our research focus on miR26 are regarding (i) its down
regulation both in PTC1 and FTC133, when compared to NTHY ori 3-1 (ii) it is one of the top
deregulated in FTC carcinomas, (iii) both miR26a and b are down regulated in cancer cell lines and (iv)
these results obtained from the HITS-CLIP experiments are in accordance with the literature. miR30
and let-7 were also used with no significant results probably because of the contradictive function of
their family members making the discrete functions of each one, not clearly detectable.

More specifically, miR26al, miR26a2 and miR26b are the only 3 members of the hsa-miR26 family,
located in chromosomes 3, 12 and 2, respectively (Gao & Liu, 2011). The mature isoforms are 21-22
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nucleotides in length, with a seed region of approximately 6-7 nucleotides. Bladder and breast cancer,
oral squamous cell carcinoma, anaplastic carcinomas, Burkitt lymphoma, HCC and rhabdomyosarcoma
were a group of tumors presenting a decrease in the expression levels of miR26. Therefore, it is
considered to be a miRNA suppressor in those tumors. In our case, in 2007, Visone and colleagues
reported that miR26a was significantly decreased in anaplastic carcinomas (ATC) in comparison to
normal thyroid tissue (Visone et al., 2007). On the contrary, GBM tumors were found to have increased
miR26 expression levels uncovering an oncogenic function via tumor cell growth and proliferation
promotion.
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Figure 118 An overview to cell cycle control by microRNAs. Some interactions have been omitted for clarity. Most miRNA names
correspond to mature forms whereas miRNAs clusters are shown in italics. miRNAs with proliferative potential are shown in red whereas
antiproliferative miRNAs are in blue. S, S-phase; M, Mitosis; G1 and G2 indicate transition phases of the cell cycle whereas GO indicate
quiescent cells (Bueno & Malumbres, 2011).

In general, miR26 is instrumental to normal tissue growth and development by impacting on cell
proliferation and differentiation. Various studies also showed that EZH2, PTEN, SMAD1 and MTDH are
potential downstream target genes of miR26 (Gao & Liu, 2011; Shi et al., 2019).

In thyroid cancer, inhibitory effects were reported for miR26a-5p and miR26b-5p functions (Gong et
al., 2018; Zhou et al.,, 2019). Our aim was to prove that the miR26 mimic sequences could reverse the
phenomenon of rapid cell proliferation in cell lines and mouse models, as well as to deeply understand
via RNA seq, the molecular basis underlying these changes. The results from the transfected cell lines
demonstrate that cell cycle, microRNAs in cancer, parathyroid hormone synthesis, secretion and
action, thyroid hormone signaling, PI3K-Akt, pathways in cancer, ubiquitin, tight junction, adherens
junction, Hippo signaling, cellular senescence and cytosolic DNA sensing are among the pathways
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affected leading to a protective effect of miR26 in tumorigenesis and tumor progression. We identified
in our settings, CCNB1, CCNE2, CDK8, CDC25A, MYC and SKPT2 downregulated in mimic miR26
transfected cells, previously reported by Sander and colleagues suggesting that came specifically of
the function of miR26a-5p and strengthening our results regarding the cell cycle affection from miR26
function (Xu et al., 2020).

Gong and colleagues reported in vitro and in vivo observations suggesting that miR26a could target
the 3’UTR of cAMP regulated phosphoprotein 19 ARPP19 directly and inhibit PTC cell proliferation via
ARPP19 up-regulation (Gong et al., 2018). In our case, the mechanism covered under follicular cancer
conditions, being represented by FTC133, is still unknown. Given that follicular cancer is a cancer with
increased mortality, related to the degree of vascular invasion and distant metastasis and poor
prognosis are common, this makes the unmet need for disclosure of the mechanistic causality and
therapy more imperative. The reduction in tumor size after miR26 treatment is a quite promising
result. Mimicking sequences do not have the side effects of a drug treatment. The investigation of all
the synergistic results in the variety of targets have to be completed before a mimic therapy would be
in a clinical trial.

It has already been reported a phase | clinical trial investigated microRNA-based therapy in patients
with malignant pleural mesothelioma. Treatment with TargomiRs, microRNA mimics with novel
sequence packaged in EGFR antibody-targeted bacterial minicells, revealed clear signs of clinical
activity (Winata et al., 2017). There are also efforts for antagomiR-based therapies. Recently, RG-101
is an N-acetyl-D-galactosamine- conjugated RNA antagomiR that also targets miR-122 in HCV infected
hepatocytes (Baek et al., 2014). However, the clinical results for AntagomiRs are more precarious due
to limited specificity in targeting miRs that have high similarity in their sequences. The fine-tuning
balance is complex since the miR sequence is quite small creating difficulties in specificity. In any case,
sice miRNAs are endogenous factors, these applications illustrate the utility and versatility of synthetic
mimicking sequences as molecular tools with minimal side-effects in biomedical research.
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Supplemental Material

Chapter 2

mature miRNA Normalized_NTHY Normalized_PTC foldChange

hsa-miR-424-5p 79084,52192 11,29895365 0,000142872
hsa-miR-450a-5p 6992,274866 1 0,000143015
hsa-miR-204-5p 1 3530,043155 3530,043155
hsa-miR-196a-5p 4248,13078 1 0,000235398
hsa-miR-493-5p 3264,836434 1 0,000306294
hsa-miR-503-5p 3942,936216 4,894888944 0,001241432
hsa-miR-335-5p 3640,371586 10,30197805 0,002829925
hsa-miR-134-5p 3243,946017 4,048173956 0,001247917
hsa-miR-708-5p 5268,178288 90571,74917 17,19223311
hsa-miR-411-5p 3638,697564 9,805835873 0,002694875
hsa-miR-138-5p 11644,69755 208185,4854 17,87813591
hsa-miR-432-5p 3202,114835 1 0,000312294
hsa-miR-34c-5p 3048,041081 35,87081192 0,01176848

hsa-miR-136-5p 1401,84091 1 0,000713348
hsa-miR-379-5p 2774,266618 17,81631225 0,00642199

hsa-miR-34a-5p

2060,765782

18373,46576

8,915843771

hsa-miR-194-5p

4111,370194

32383,62942

7,876602663

hsa-miR-299-5p 993,3513651 1 0,001006693
hsa-miR-146a-5p 8391,786998 52862,54367 6,299319046
hsa-miR-382-5p 1134,58674 2,524086978 0,002224675
hsa-miR-192-5p 1654,977838 15977,50742 9,654212312
hsa-miR-154-5p 1242,352089 4,894888944 0,003940017
hsa-miR-127-5p 833,1657666 1 0,001200241
hsa-miR-450b-5p 761,222495 1 0,001313676
hsa-miR-378d 7412,299481 944,4064956 0,127410731

hsa-miR-330-5p

1272,449941

19414,32304

15,25743561

hsa-miR-125b-5p

59542,86527

370707,1894

6,225887648

hsa-miR-378c

9446,924405

1562,894402

0,165439495

hsa-miR-135b-5p

20661,59598

88331,20514

4,275139502

hsa-miR-589-5p

3770,595133

361,9655421

0,095996926

hsa-miR-744-5p

2852,918014

14412,81608

5,05195593

hsa-miR-99a-5p

205,3369545

19870,97372

96,77251603

hsa-let-7c-5p

11382,23071

66122,84831

5,809304871

hsa-miR-339-5p

42026,297

10364,57288

0,246621131

hsa-miR-671-5p 25675,77386 6714,301952 0,261503392
hsa-miR-31-5p 135466,0082 703721,5312 5,194820018
hsa-miR-125a-5p 27469,99608 109234,9288 3,976517815
hsa-miR-200b-5p 1 469,4691536 469,4691536

275



V. I. Pantazopoulou

mature miRNA Normalized_NTHY Normalized_PTC foldChange

hsa-miR-424-5p 79084,52192 11,29895365 0,000142872
hsa-miR-450a-5p 6992,274866 1 0,000143015
hsa-miR-204-5p 1 3530,043155 3530,043155
hsa-miR-196a-5p 4248,13078 1 0,000235398
hsa-miR-493-5p 3264,836434 1 0,000306294
hsa-miR-503-5p 3942,936216 4,894888944 0,001241432
hsa-miR-335-5p 3640,371586 10,30197805 0,002829925
hsa-miR-134-5p 3243,946017 4,048173956 0,001247917
hsa-miR-708-5p 5268,178288 90571,74917 17,19223311
hsa-miR-411-5p 3638,697564 9,805835873 0,002694875
hsa-miR-138-5p 11644,69755 208185,4854 17,87813591
hsa-miR-432-5p 3202,114835 1 0,000312294
hsa-miR-34c-5p 3048,041081 35,87081192 0,01176848

hsa-miR-136-5p 1401,84091 1 0,000713348
hsa-miR-379-5p 2774,266618 17,81631225 0,00642199

hsa-miR-34a-5p

2060,765782

18373,46576

8,915843771

hsa-miR-194-5p

4111,370194

32383,62942

7,876602663

hsa-miR-299-5p 993,3513651 1 0,001006693
hsa-miR-146a-5p 8391,786998 52862,54367 6,299319046
hsa-miR-382-5p 1134,58674 2,524086978 0,002224675
hsa-miR-192-5p 1654,977838 15977,50742 9,654212312
hsa-miR-154-5p 1242,352089 4,894888944 0,003940017
hsa-miR-127-5p 833,1657666 1 0,001200241
hsa-miR-450b-5p 761,222495 1 0,001313676
hsa-miR-378d 7412,299481 944,4064956 0,127410731

hsa-miR-330-5p

1272,449941

19414,32304

15,25743561

hsa-miR-125b-5p

59542,86527

370707,1894

6,225887648

hsa-miR-378c

9446,924405

1562,894402

0,165439495

hsa-miR-135b-5p

20661,59598

88331,20514

4,275139502

hsa-miR-589-5p

3770,595133

361,9655421

0,095996926

hsa-miR-744-5p

2852,918014

14412,81608

5,05195593

hsa-miR-99a-5p

205,3369545

19870,97372

96,77251603

hsa-let-7c-5p

11382,23071

66122,84831

5,809304871

hsa-miR-339-5p

42026,297

10364,57288

0,246621131

hsa-miR-671-5p 25675,77386 6714,301952 0,261503392
hsa-miR-31-5p 135466,0082 703721,5312 5,194820018
hsa-miR-125a-5p 27469,99608 109234,9288 3,976517815
hsa-miR-200b-5p 1 469,4691536 469,4691536

Table 6 Differential expression of miRNAs between TPC1 and NTHY-ori 3-1 cell lines. Red indicates reduced expression in the TPC1 series
compared to the NTHY-ori 3-1 series, while green indicates increased expression respectively. Expression values are normalized between
the three copies of each cell line.
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mature miRNA

Normalized_NTHY

Normalized_FTC

foldChange

hsa-miR-138-5p

12369,72163

295341,5057

23,87616428

hsa-let-7b-5p

62663,68067

347243,9779

5,541391348

hsa-miR-105-5p

1

7517,301368

7517,301368

hsa-miR-26a-5p

1536215,566

664645,2398

0,432651025

hsa-miR-196b-5p 5,34099027 7200,446332 1348,148184
hsa-miR-15b-5p 205372,0314 68832,79425 0,335161481
hsa-miR-204-5p 1 4900,122879 4900,122879

hsa-miR-30d-5p 288824,8476 120704,3897 0,417915532
hsa-miR-195-5p 15298,84968 60956,99843 3,98441711

hsa-miR-335-5p 3859,278576 1 0,000259116
hsa-miR-411-5p 3870,351652 1 0,000258374
hsa-miR-182-5p 13237,92393 54777,95764 4,137956822
hsa-miR-186-5p 45766,15344 118651,0809 2,59255087

hsa-miR-493-5p 3467,660097 1 0,000288379
hsa-miR-134-5p 3451,264552 1 0,000289749

hsa-miR-30b-5p

438475,6971

144604,5225

0,329789139

hsa-miR-424-5p

83902,70656

31826,18449

0,379322501

hsa-miR-432-5p

3388,265505

1

0,000295136

hsa-miR-1269b

1

3062,216637

3062,216637

hsa-miR-17-5p

81855,77282

31002,80249

0,378749127

hsa-miR-379-5p 2939,679102 1 0,000340173
hsa-miR-26b-5p 86360,75796 27730,59422 0,321101793
hsa-miR-126-5p 6083,087091 92,16014961 0,015150227

hsa-miR-767-5p

17,27179966

4820,725329

279,1096136

hsa-miR-10b-5p

4,108863631

2963,704862

721,2955036

hsa-miR-181a-5p

110096,0951

48565,09938

0,441115549

hsa-miR-146b-5p

3077,503907

18019,8328

5,855340349

hsa-miR-18a-5p

27949,76341

7829,010266

0,280110073

hsa-miR-574-5p

14830,88436

43931,37016

2,962154454

hsa-miR-20a-5p

70206,36004

27667,37024

0,394086379

hsa-miR-769-5p

5984,379262

25191,34295

4,209516451

sa-miR-339-5p 44589,003 16667,1338 0,37379471

hsa-miR-31-5p 143647,99 260293,3688 1,812022243
hsa-miR-15a-5p 119287,80 63664,6019 0,533705883
hsa-let-7f-5p 216164,92 126376,1684 0,584628462
hsa-miR-106a-5p 13276,753 2843,873375 0,21419946

hsa-miR-188-5p 390,35121 6795,371796 17,40835323
hsa-let-7g-5p 36380,338 14813,78915 0,407192175
hsa-miR-136-5p 1491,827 1 0,000670319
hsa-miR-374a-5p 33189,635 66382,49765 2,000097223
hsa-miR-135b-5p 21922,626 7458,488368 0,340218743
hsa-miR-154-5p 1312,3851 1 0,000761971
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hsa-miR-423-5p 11524,644 2669,639864 0,231646182
hsa-miR-191-5p 22951,637 8431,108351 0,367342349
hsa-miR-224-5p 14426,613 34823,44199 2,413833435
hsa-miR-589-5p 4007,1151 237,722324 0,059325054
hsa-miR-382-5p 1204,0898 1 0,000830503
hsa-miR-193a-5p 5222,4940 511,9379353 0,098025567
hsa-miR-100-5p 75511,019 10640,27165 0,140910184
hsa-miR-145-5p 7,8045707 1803,618442 231,0977114
hsa-miR-548ag-5p 135,63759 3668,725697 27,04800094
hsa-miR-299-5p 1053,608624 1 0,000949119
hsa-miR-10a-5p 2343,476491 10374,87799 4,427131243
hsa-miR-183-5p 1992,778292 8830,301587 4,431151033
hsa-miR-486-5p 2965,435422 170,0873743 0,057356627
hsa-miR-30c-5p 431470,5021 593649,8623 1,375875893
hsa-miR-127-5p 885,6930475 1 0,001129059
hsa-miR-32-5p 38322,16648 20517,1798 0,53538674

hsa-miR-299-3p 1225,539534 1 0,000815967
hsa-miR-548b-5p 9422,715881 2300,58829 0,244153418
hsa-miR-151a-5p 30858,3611 16388,50722 0,531088063

hsa-miR-125a-5p

29182,36588

53560,52855

1,835373073

hsa-miR-500a-5p

1779,035497

7496,716818

4,213921999

hsa-miR-106b-5p

60187,31922

108685,9532

1,805794885

hsa-miR-98-5p 11479,60562 4217,892082 0,367424825
hsa-miR-185-5p 30669,23789 50864,68767 1,658492065
hsa-miR-96-5p 26573,79092 92434,45105 3,47840665

hsa-miR-425-5p 34759,6953 20306,18816 0,584187749
hsa-miR-34c-5p 3226,80843 542,8147602 0,168220324

hsa-miR-33b-5p

7231,770646

15524,69128

2,146734464

hsa-miR-149-5p

25262,49276

40215,12374

1,59189056

hsa-miR-340-5p

4366,24546

945,6838084

0,216589703

hsa-miR-484

42014,60707

62386,15432

1,484868208

hsa-miR-548d-5p 55080,30842 35677,70081 0,64773967
hsa-miR-337-5p 527,7759865 1 0,001894743
hsa-miR-34a-5p 2189,160927 271,5397988 0,1240383
hsa-miR-409-5p 1340,092496 1 0,000746217
hsa-let-7¢c-5p 12102,38831 20504,68204 1,694267405
hsa-miR-193b-5p 875,9867631 23,05487491 0,026318748
hsa-miR-9-5p 1155,919957 4550,920693 3,937055213

hsa-miR-125b-5p

63248,55924

84107,26545

1,329789429

hsa-miR-142-5p

1381,992453

4898,652554

3,544630467

hsa-miR-584-5p

783,515425

17,90873743

0,022856905
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Table 7 Differential expression of miRNAs between FTC133 and NTHY-ori 3-1 cell lines. Red indicates reduced expression in the

FTC133 cell line compared to NTHY-ori 3-1, while green indicates increased expression, respectively. Expression values are

normalized between the three replicates of each cell line.

Number_of _miR

Pathway Description Kegg Id s_in_Pathway  |miRNA interacting_genes
_Names_for_miRNA
hsa-miR-181b-5p STT3B
hsa-miR-4677-5p STT3A
hsa-miR-125a-5p BTD,GCNT1
hsa-miR-330-5p AGPAT4,GALNS,POLD3,UG|
H
hsa-miR-182-5p GCNT1,PLD1,PPAP2A,PTGI{
hsa-miR-181a-5p STT3B
hsa-miR-16-5p DLD,GALNT7,MUT,PLD1,PC
R1C,STT3A,STT3B
hsa-miR-30c-5p IALDH2,H6PD,IDH1
hsa-let-7b-5p IACER2,AGPAT9,CS,EHHADI
GALE,NMEG6,PLCE1,POLR1H
hsa-miR-5579-3p POLR1D
Metabolic hsa01100 21 hsa-miR-96-5p GCNT1,PAPSS1,PLD1,PTGIS
pathways hsa-miR-130b-5p ALGY
hsa-miR-19a-5p NMRK1
hsa-miR-9-5p FUT8
hsa-miR-24-1-5p UGTS8
hsa-let-7c-5p ACER2,CS,EHHADH,GALE,N
ME6,PLCE1,POLR1B
hsa-let-7e-5p ACER2,CS,EHHADH,GALE,N
ME6,PLCE1,POLR1B
hsa-miR-30a-5p ALDH2,H6PD,IDH1
hsa-let-7d-5p ACER2,AGPAT4,AGPATY,G/
E,GMPPA,NME6,PLCE1
hsa-miR-195-5p DLD,GALNT7,MUT,PLD1,PC
R1C,STT3A,STT3B
hsa-miR-125b-5p BTD,GCNT1
hsa-miR-181b-5p PIK3R3
hsa-miR-125a-5p CASP8
Pathways hsa05200 16 hsa-miR-182-5p PLD1
N cancer hsa-miR-16-5p PLD1
hsa-miR-181a-5p PIK3R3

hsa-miR-30c-5p

EDNRA,NFKB1,PIK3CD

hsa-let-7b-5p FAS,FZD2,RALB
hsa-miR-96-5p PLD1
hsa-miR-204-5p BCL2
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hsa-miR-130b-5p

LAMC2

hsa-let-7c-5p FAS,FZD2,RALB
hsa-let-7e-5p FzD2,PTCH1,RALB
hsa-let-7d-5p FAS,RALB
hsa-miR-30a-5p EDNRA,NFKB1,PIK3CD
hsa-miR-195-5p PLD1
hsa-miR-125b-5p CASP8
hsa-miR-181b-5p STT3B
hsa-miR-4677-5p STT3A

hsa-miR-96-5p

EIF2AK4,SEC63

hsa-miR-204-5p

BCL2,EIF2AK4

hsa-miR-876-5p MAP3K5
hsa-miR-182-5p EIF2AK4
hsa-miR-181a-5p STT3B

Protein  processing hsa04141 14 hsa-miR-16-5p PLAA,STT3A,STT3B

endoplasmic reticulum hsa-miR-9-5p EIF2AK4
hsa-let-7c-5p EIF2AK4,UBE4B
hsa-let-7e-5p EIF2AK4,UBE4B
hsa-let-7d-5p UBE4B
hsa-miR-195-5p PLAA,STT3A,STT3B
hsa-let-7b-5p EIF2AK4,UBE4B
hsa-miR-181b-5p PIK3R3,PPP2R3A
hsa-miR-96-5p PLD1
hsa-miR-204-5p BCL2
hsa-miR-182-5p PLD1
hsa-miR-876-5p MAP3K5
hsa-miR-16-5p PLD1
hsa-miR-181a-5p PIK3R3,PPP2R3A

Sphingolipid signali hsa04071 14 hsa-let-7c-5p ACER2

pathway hsa-let-7e-5p IACER2
hsa-let-7d-5p IACER2
hsa-miR-30a-5p NFKB1,PIK3CD,PPP2R2A
hsa-miR-30c-5p NFKB1,PIK3CD,PPP2R2A
hsa-miR-195-5p PLD1
hsa-let-7b-5p IACER2
hsa-miR-5579-3p RASA1
hsa-miR-181b-5p PIK3R3

Ras signaling pathway hsa04014 14 hsa-miR-4677-5p RASAL

hsa-miR-96-5p PLD1,RASA1
hsa-miR-182-5p PLD1,RASA1
hsa-miR-16-5p PLD1
hsa-miR-181a-5p PIK3R3
hsa-let-7c-5p PLCE1,RALB
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hsa-let-7e-5p

PLCE1,RALB

hsa-miR-30a-5p

NFKB1,PIK3CD,RASA1,RGL]
ITBK1

hsa-let-7d-5p

PLCE1,RALB

hsa-miR-30c-5p

NFKB1,PIK3CD,RASA1,RGL]
ITBK1

hsa-miR-195-5p PLD1
hsa-let-7b-5p PLCE1,RALB
hsa-miR-181b-5p PIK3R3
hsa-miR-96-5p PLD1
hsa-miR-204-5p CAMK2D
hsa-miR-182-5p PLD1
hsa-miR-16-5p PLD1
hsa-miR-181a-5p PIK3R3
hsa-let-7c-5p PLCE1
cAMP signaling pathway hsa04024 13 hsa-let-7e-5p PLCEL,PTCH1

hsa-let-7d-5p PLCE1
hsa-miR-30a-5p EDNRA,NFKB1,PIK3CD
hsa-miR-30c-5p EDNRA,NFKB1,PIK3CD
hsa-miR-195-5p PLD1
hsa-let-7b-5p PLCE1
hsa-miR-181b-5p RAB11FIP2
hsa-miR-96-5p PLD1
hsa-miR-182-5p PLD1
hsa-miR-181a-5p RAB11FIP2
hsa-miR-16-5p PLD1
hsa-miR-9-5p \VPS4B

Endocytosis hsa04144 12 hsa-let-7c-5p CHMP28B,USP8
hsa-miR-222-5p NEDD4
hsa-let-7e-5p CHMP2B,USP8
hsa-let-7d-5p NEDD4,USP8
hsa-miR-195-5p PLD1
hsa-let-7b-5p CHMP2B,USP8
hsa-miR-181b-5p PIK3R3
hsa-miR-125a-5p CASP8
hsa-miR-876-5p MAP3K5
hsa-miR-181a-5p PIK3R3
hsa-miR-9-5p CCL2

TNF signaling pathway hsa04668 12 hsa-let-7c-5p FAS

hsa-let-7e-5p CFLAR
hsa-miR-30a-5p NFKB1,PIK3CD
hsa-let-7d-5p CFLAR,FAS
hsa-miR-30c-5p NFKB1,PIK3CD
hsa-miR-125b-5p CASP8
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hsa-let-7b-5p FAS
hsa-miR-5579-3p RASA1
hsa-miR-4677-5p RASA1
hsa-miR-96-5p RASA1
hsa-miR-182-5p RASA1
hsa-miR-876-5p MAP3K5

MAPK signaling pathway hsa04010 11 hsa-let-7c-5p DUSP10,DUSP6,FAS, TAOK3
hsa-let-7e-5p DUSP10,DUSP6,TAOK3
hsa-let-7d-5p DUSP10,FAS
hsa-miR-30a-5p NFKB1,PPP3CB,RASA1
hsa-miR-30c-5p NFKB1,PPP3CB,RASA1
hsa-let-7b-5p DUSP10,DUSPE,FAS, TAOK3
hsa-miR-181b-5p PIK3R3
hsa-miR-96-5p ITPR1
hsa-miR-204-5p CAMK2D
hsa-miR-182-5p ITPR1

Proteoglycans in cancer hsa-miR-181a-5p PIK3R3

hsa05205 11 hsa-let-7c-5p FAS,FZD2,PLCE1

hsa-let-7e-5p FzD2,PLCE1,PTCH1
hsa-miR-30a-5p PIK3CD
hsa-let-7d-5p FAS,PLCE1
hsa-miR-30c-5p PIK3CD
hsa-let-7b-5p FAS,FZD2,PLCE1
hsa-miR-181b-5p PIK3R3
hsa-miR-5579-3p MEF2A
hsa-miR-96-5p ITPR1,RGS2
hsa-miR-876-5p MEF2A
hsa-miR-182-5p ITPR1,RGS2

CGMP-PKG signall hsa04022 11 hsa-miR-181a-5p PIK3R3

pathway hsa-let-7c-5p KCNMA1
hsa-let-7e-5p KCNMA1
hsa-miR-30a-5p EDNRA,PIK3CD,PPP3CB
hsa-miR-30c-5p EDNRA,PIK3CD,PPP3CB
hsa-let-7b-5p KCNMA1
hsa-miR-181b-5p PIK3R3
hsa-miR-125a-5p IL6R
hsa-miR-876-5p IL6R
hsa-miR-182-5p IL6R
hsa-miR-181a-5p PIK3R3

Jak-STAT signall hsa04630 11 hsa-miR-222-5p IL4R

pathway hsa-let-7e-5p SOCS1
hsa-let-7d-5p SOCS1

hsa-miR-30a-5p

PIK3CD, SOCS1
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hsa-miR-30c-5p

PIK3CD, SOCS1

hsa-miR-125b-5p IL6R
hsa-miR-181b-5p PIK3R3
hsa-miR-125a-5p CASP8
hsa-miR-204-5p BCL2
hsa-miR-181a-5p PIK3R3
hsa-let-7c-5p FAS
Apoptosis hsa04210 11 hsa-let-7e-5p CFLAR
hsa-miR-30a-5p NFKB1,PIK3CD,PPP3CB
hsa-let-7d-5p CFLAR,FAS
hsa-miR-30c-5p NFKB1,PIK3CD,PPP3CB
hsa-miR-125b-5p CASP8
hsa-let-7b-5p FAS
hsa-miR-181b-5p PIK3R3,PPP2R3A
hsa-miR-125a-5p IL6R
hsa-miR-130b-5p LAMC2
hsa-miR-204-5p BCL2
hsa-miR-876-5p IL6R
PI3K-Akt signaling pathw hsa04151 11 hsa-miR-182-5p IL6R
hsa-miR-181a-5p PIK3R3,PPP2R3A
hsa-miR-222-5p IL4R
hsa-miR-30a-5p NFKB1,PIK3CD,PPP2R2A
hsa-miR-30c-5p NFKB1,PIK3CD,PPP2R2A
hsa-miR-125b-5p IL6R
hsa-miR-19a-5p UBA6
hsa-miR-16-5p CUL4A
hsa-let-7c-5p UBE2M,UBE3B,UBE4B
hsa-miR-222-5p NEDD4
Ubiquitin mediat hsa-let-7e-5p SOCS1,UBE2M,UBE3B,UBE
proteolysis hsa04120 10 B
hsa-let-7d-5p NEDD4,SOCS1,UBE3B,UBE¢
hsa-miR-30a-5p SOCS1
hsa-miR-30c-5p SOCS1
hsa-miR-195-5p CUL4A
hsa-let-7b-5p UBE2M,UBE3B,UBE4B
hsa-miR-181b-5p PIK3R3
hsa-miR-96-5p ITPR1
hsa-miR-182-5p ITPR1
hsa-miR-181a-5p PIK3R3
Phosphatidylinositol hsa-let-7¢-5p PLCEL
signaling system hsa04070 10 hsa-let-7e-5p PLCEL
hsa-let-7d-5p PLCE1
hsa-miR-30a-5p PIK3CD
hsa-miR-30c-5p PIK3CD
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hsa-let-7b-5p PLCE1
hsa-miR-5579-3p POLR1D

Purine metabolism hsa00230 10 hsa-miR-96-5p PAPSS1
hsa-miR-330-5p POLD3
hsa-miR-16-5p ENPP4,POLR1C
hsa-let-7c-5p NME6,POLR1B
hsa-let-7e-5p NME6,PDE7A,POLR]
hsa-miR-30a-5p ENPP4
hsa-let-7d-5p NME6
hsa-miR-195-5p ENPP4,POLR1C
hsa-let-7b-5p NME6,POLR1B
hsa-miR-138-5p ZEB2
hsa-miR-5579-3p ZEB2
hsa-miR-204-5p BCL2,MARCKS
hsa-miR-182-5p MARCKS
hsa-miR-16-5p MMP16

MicroRNAs in cancer hsa05206 10 hsa-let-7e-5p SOCs1
hsa-miR-30a-5p MMP16,NFKB1,SOCS1
hsa-let-7d-5p SOCS1
hsa-miR-30c-5p MMP16,NFKB1,SOCS1
hsa-miR-195-5p MMP16
hsa-miR-181b-5p PIK3R3
hsa-miR-125a-5p IL6R
hsa-miR-204-5p BCL2,CAMK2D
hsa-miR-876-5p IL6R

HIF-1 signaling pathway hsa04066 9 hsa-miR-182-5p IL6R
hsa-miR-181a-5p PIK3R3
hsa-miR-30a-5p NFKB1,PIK3CD
hsa-miR-30c-5p NFKB1,PIK3CD
hsa-miR-125b-5p IL6R
hsa-miR-96-5p ITPR1
hsa-miR-204-5p CAMK2D
hsa-miR-182-5p ITPR1
hsa-let-7c-5p PLCE1

Calcium signaling pathway hsa04020 9 hsa-let-7e-5p PLCE1
hsa-let-7d-5p PLCE1

hsa-miR-30a-5p

EDNRA,PPP3CB

hsa-miR-30c-5p

EDNRA,PPP3CB

hsa-let-7b-5p

PLCE1

hsa-miR-181b-5p

PIK3R3,SIPA1L2

hsa-miR-181a-5p

PIK3R3,SIPA1L2

hsa-let-7c-5p

DOCK4,PLCE1,RALB

hsa-let-7e-5p

DOCK4,PLCE1,RALB
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hsa-miR-30a-5p

DOCK4,PIK3CD

Rap1l signaling pathway hsa04015
hsa-let-7d-5p DOCK4,PLCE1,RALB
hsa-miR-30c-5p DOCK4,PIK3CD
hsa-let-7b-5p DOCK4,PLCE1,RALB
hsa-miR-5579-3p POLR1D
Pyrimidine metabolism hsa00240 hsa-miR-330-5p POLD3

hsa-miR-16-5p POLR1C
hsa-let-7c-5p NME6,POLR1B
hsa-let-7e-5p NMEG6,POLR1B
hsa-let-7d-5p NME6
hsa-miR-195-5p POLR1C
hsa-let-7b-5p NME6,POLR1B
hsa-miR-130b-5p CLDN1
hsa-let-7c-5p CLDN1
hsa-let-7e-5p CLDN1
hsa-let-7d-5p CLDN1

Tight junction hsa04530 hsa-miR-30a-5p PPP2R2A
hsa-miR-30c-5p PPP2R2A
hsa-miR-33a-5p CASK
hsa-let-7b-5p CLDN1
hsa-miR-130b-5p CLDN1
hsa-miR-16-5p CD274
hsa-let-7c-5p CLDN1

cell adhesion hsa-let-7e-5p CLDN1

molecules (CAMS) hsa04514 hsa-let-7d-5p CLDN1
hsa-miR-30a-5p NEGR1
hsa-miR-30c-5p NEGR1
hsa-let-7b-5p CLDN1
hsa-miR-181b-5p PIK3R3
hsa-miR-181a-5p PIK3R3
hsa-let-7c-5p PLCE1

Thyroid hormone hsa-let-7e-5p PLCE1

signaling pathway hsa04919 hsa-miR-30a-5p PIK3CD
hsa-let-7d-5p PLCE1
hsa-miR-30c-5p PIK3CD
hsa-let-7b-5p PLCE1
hsa-miR-181b-5p PIK3R3
hsa-miR-96-5p PLD1
hsa-miR-182-5p PLD1,PPAP2A

Choline  metabolism hsa-miR-16-5p PLD1

cancer hsa05231 hsa-miR-181a-5p PIK3R3
hsa-miR-30a-5p PIK3CD
hsa-miR-30c-5p PIK3CD
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hsa-miR-195-5p PLD1
hsa-miR-181b-5p PIK3R3
hsa-miR-181a-5p PIK3R3
fesulat . 1 hsa-let-7c-5p DIAPH2
egulation o) ac
cytgoskeleton hsa04810 hsa-let7e-5p DIAPH2
hsa-let-7d-5p DIAPH2
hsa-miR-30a-5p PIK3CD
hsa-miR-30c-5p PIK3CD
hsa-let-7b-5p DIAPH2
hsa-miR-876-5p ESD
hsa-miR-16-5p DLD,MUT
hsa-let-7c-5p CS,EHHADH
hsa-let-7e-5p CS,EHHADH
Carbon metabolism hsa01200 hsa-miR-30a-5p H6PD,IDH1
hsa-miR-30c-5p HEPD,IDH1
hsa-miR-195-5p DLD,MUT
hsa-let-7b-5p CS,EHHADH
hsa-miR-181b-5p PIK3R3
hsa-miR-16-5p SOCS6
hsa-miR-181a-5p PIK3R3
Prolactin signali hsa-let-7e-5p 2001
oathway hsa04917 hsa-miR-30a-5p NFKB1,PIK3CD,SOCS
hsa-let-7d-5p SOCS1
hsa-miR-30c-5p NFKB1,PIK3CD,SOCS
hsa-miR-195-5p SOCS6
hsa-miR-138-5p MLLT3
hsa-let-7c-5p DUSP6
hsa-let-7e-5p DUSP6
Transcriptional hsa-miR-30a-5p NFKB1
misregulation in cancer hsa05202
hsa-miR-30c-5p NFKB1
hsa-miR-9-5p FUT8
hsa-let-7b-5p DUSP6
hsa-miR-181b-5p PIK3R3,PPP2R3A
hsa-miR-30a-5p PIK3CD,PPP2R2A
hsa-miR-181a-5p PIK3R3,PPP2R3A
AMPK signaling pathway hsa04152 hsa-miR-30c-5p PIKSCD,PPP2R2A
hsa-miR-16-5p CAB39
hsa-miR-33a-5p RABSA
hsa-miR-195-5p CAB39
hsa-let-7c-5p EHHADH
hsa-let-7e-5p EHHADH
hsa-miR-30a-5p ALDH?2
valine, leucine @ hsa-miR-16-5p DLD,MUT
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isoleucine degradation hsa00280 hsa-miR-30c-5p ALDH?2
hsa-miR-195-5p DLD,MUT
hsa-let-7b-5p EHHADH
hsa-let-7c-5p FZD2
hsa-let-7e-5p FZD2
hsa-miR-204-5p CAMK2D,PRICKLE2
Whnt signaling pathway hsa04310 hsa-miR-30a-5p PPP3CB
hsa-miR-181a-5p PRICKLE2
hsa-miR-30c-5p PPP3CB
hsa-let-7b-5p FZD2
hsa-let-7e-5p CFLAR
hsa-miR-204-5p BCL2
NF-kappa B signali hsa-miR-30a-5p NFKB1
pathway o106 hsa-let-7d-5p CFLAR
hsa-miR-16-5p TIRAP
hsa-miR-30c-5p NFKB1
hsa-miR-195-5p TIRAP
hsa-miR-96-5p PLD1
hsa-miR-330-5p AGPAT4
hsa-miR-182-5p PLD1,PPAP2A
Glycerophospholipid hsa-let-7d-5p AGPAT4,AGPAT9
metabolism hsa00564
hsa-miR-16-5p PLD1
hsa-miR-195-5p PLD1
hsa-let-7b-5p AGPAT9S
hsa-let-7c-5p EHHADH
hsa-miR-130b-5p SETD2
hsa-let-7e-5p EHHADH
Lysine degradation hsa00310 hsa-miR-30a-5p ALDH2
hsa-miR-30c-5p ALDH2
hsa-miR-9-5p SETD2
hsa-let-7b-5p EHHADH
hsa-let-7c-5p CS
hsa-let-7e-5p CS
hsa-miR-30a-5p IDH1
Citrate cycle (TCA cycle) hsa00020 hsa-miR-30c-5p DA
hsa-miR-16-5p DLD
hsa-miR-195-5p DLD
hsa-let-7b-5p CS
hsa-miR-181b-5p PIK3R3
hsa-miR-30a-5p PIK3CD
hsa-miR-181a-5p PIK3R3
MTOR signaling pathway hsa04150 hsa-miR-30C-5p PIK3CD

hsa-miR-16-5p

CAB39,RRAGA
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hsa-miR-195-5p

CAB39,RRAGA

hsa-miR-330-5p AGPAT4
hsa-miR-182-5p PPAP2A
hsa-miR-30a-5p ALDH2
Glycerolipid metabolism hsa00561 hsa-let-7d-5p AGPAT4 AGPATO
hsa-miR-30c-5p ALDH2
hsa-let-7b-5p AGPAT9S
hsa-let-7c-5p ACER2
hsa-let-7e-5p ACER2
Sphingolipid metabolism hsa00600 hsa-miR-182-5p PPAP2A
hsa-let-7d-5p ACER2
hsa-miR-24-1-5p UGT8
hsa-let-7b-5p ACER2
hsa-miR-181b-5p PIK3R3
hsa-miR-130b-5p LAMC2
_ hsa-miR-204-5p BCL2
Focal adhesion hsa04510 hsa-miR-30a-5p PIK3CD
hsa-miR-181a-5p PIK3R3
hsa-miR-30c-5p PIK3CD
hsa-miR-125a-5p CASP8
hsa-let-7c-5p ATR,FAS,PMAIP1
hsa-let-7e-5p ATR,PMAIP1
p53 signaling pathway hsa04115 hsa-let-7d-5p ATR FAS
hsa-miR-125b-5p CASP8
hsa-let-7b-5p ATR,FAS,PMAIP1
hsa-let-7c-5p PLCE1
hsa-let-7e-5p PLCE1
. hsa-let-7d-5p PLCE1
L:Zi;tt?:)nsm phospha hs300562 hsa-miR-30a-5p PIK3CD
hsa-miR-30c-5p PIK3CD
hsa-let-7b-5p PLCE1
hsa-miR-125a-5p CASP8
hsa-miR-30a-5p NFKB1
NOD-like receptor signali hsa04621 hsa-miR-30c-5p NFKB1
pathway hsa-miR-9-5p ccL2
hsa-miR-125b-5p CASP8
hsa-let-7c-5p )
hsa-let-7e-5p CS
2-Oxocarboxylic aq hsa01210 hsa-miR-30a-5p IDH1
metabolism hsa-miR-30c-5p IDH1
hsa-let-7b-5p CS
hsa-let-7c-5p FZD2
hsa-let-7e-5p FZD2
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Hippo signaling pathway hsa04390 hsa-miR-30a-5p PPP2R2A
hsa-miR-30c-5p PPP2R2A
hsa-let-7b-5p FZD2
hsa-let-7c-5p EHHADH
hsa-let-7e-5p EHHADH

Fatty acid degradation hsa00071 hsa-miR-30a-5p ALDH2
hsa-miR-30c-5p ALDH2
hsa-let-7b-5p EHHADH
hsa-let-7c-5p GALE

Amino sugar and nucleoti hsa-miR-330-5p UGDH

sugar metabolism hsa00520 hsa-let-7e-5p GALE
hsa-let-7d-5p GALE,GMPPA
hsa-let-7b-5p GALE

Glyoxylate and hsa00630 hsa-let-7c-5p CS

dicarboxylate metabolism hsa-let-7e-5p cS
hsa-miR-16-5p MUT
hsa-miR-195-5p MUT
hsa-let-7b-5p CS
hsa-let-7c-5p )
hsa-let-7e-5p )

Biosynthesi hsa01230 hsa-miR-30a-5p IDH1

s of amino acids hsa-miR-30c-5p IDH1
hsa-let-7b-5p CS
hsa-let-7c-5p EHHADH
hsa-let-7e-5p EHHADH

Tryptophan metabolism hsa00380 hsa-miR-30a-5p ALDH2
hsa-miR-30c-5p ALDH2
hsa-let-7b-5p EHHADH
hsa-let-7c-5p ACVR2AE2F5
hsa-let-7e-5p ACVR2A,E2F5

TGF-beta Hsa04350 hsa-miR-182-5p ACVR2A

signaling pathway hsa-let-7d-5p ACVR2A E2F5
hsa-let-7b-5p ACVR2AE2F5
hsa-miR-5579-3p POLR1D
hsa-miR-30a-5p NFKB1,TBK1

Cytosolic DNA-sensi hsa04623 hsa-miR-16-5p POLRLC

pathway hsa-miR-30c-5p NFKB1,TBK1
hsa-miR-195-5p POLR1C
hsa-miR-181b-5p PIK3R3
hsa-miR-204-5p CAMK2D

ErbB signaling pathway hsa04012 hsa-miR-30a-5p PIK3CD
hsa-miR-181a-5p PIK3R3
hsa-miR-30c-5p PIK3CD
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hsa-miR-96-5p PLD1
hsa-miR-182-5p PLD1,PPAP2A
Ether lipid metabolism hsa00565 hsa-miR-16-5p PLD1
hsa-miR-195-5p PLD1
hsa-miR-24-1-5p UGT8
hsa-miR-181b-5p PIK3R3
Central carbon metabolig A hsa-miR-30a-5p IDHI,PIK3CD
in cancer $a05230 hsa-miR-181a-5p PIK3R3
hsa-miR-30c-5p IDH1,PIK3CD
hsa-miR-5579-3p GTF2H1
Nucleotide excision repair hsa-miR-330-5p POLD3
hsa03420 hsa-miR-16-5p CUL4A
hsa-miR-195-5p CUL4A
hsa-miR-181b-5p PIK3R3
VEGF signaling pathway hsa04370 hsa-miR-30a-5p PIK3CD,PPP3CB
hsa-miR-181a-5p PIK3R3
hsa-miR-30c-5p PIK3CD,PPP3CB
hsa-let-7c-5p ATR,E2F5
hsa-let-7e-5p ATR,E2F5
Cell cycle hsa04110 hsa-let-7d-5p ATR E2F5
hsa-let-7b-5p ATR,E2F5
hsa-miR-30a-5p ALDH2
Glycolysis / Gluconeogenesi hsa-miR-16-5p DLD
hsa00010 hsa-miR-30c-5p ALDH2
hsa-miR-195-5p DLD
hsa-miR-181b-5p PPP2R3A
MRNA surveillance hsa-miR-30a-5p PPP2R2A
hsa03015 hsa-miR-181a-5p PPP2R3A
pathway
hsa-miR-30c-5p PPP2R2A
hsa-miR-30a-5p ALDH2
Pyruvate metabolism hsa-miR-16-5p DLD
hsa00620 hsa-miR-30c-5p ALDH2
hsa-miR-195-5p DLD
hsa-miR-181b-5p PIK3R3
hsa-miR-30a-5p PIK3CD
FoxO signaling pathway hsa04068 hsa-miR-181a-5p PIK3R3
hsa-miR-30c-5p PIK3CD
hsa-miR-181b-5p PIK3R3
Carbohydrate digestion hsa-miR-30a-5p PIK3CD
hsa04973 hsa-miR-181a-5p PIK3R3
and absorption
hsa-miR-30c-5p PIK3CD
hsa-let-7c-5p GALE
hsa-let-7e-5p GALE
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Galactose metabolism hsa00052 4 hsa-let-7d-5p GALE
hsa-let-7b-5p GALE
hsa-let-7c-5p FAS

Autoimmune thyroid hsa05320 3 hsa-let-7d-5p FAS

disease hsa-let-7b-5p FAS
hsa-let-7c-5p EHHADH

Fatty acid metabolism hsa01212 3 hsa-let-7e-5p EHHADH
hsa-let-7b-5p EHHADH
hsa-miR-330-5p UGDH

Ascorbate  and  aldara hsa00053 3 hsa-miR-30a-5p ALDH2

metabolism hsa-miR-30c-5p ALDH2
hsa-let-7c-5p EHHADH

PPAR signaling pathway hsa03320 3 hsa-let-7e-5p EHHADH
hsa-let-7b-5p EHHADH

Thyroid hormone hsa-miR-96-5p ITPR1

oynthesis hsa04918 2 hsa-miR-182-5p ITPR1

Table 9 Correlation of miRNAs and their target genes with molecular pathways in the PTC1 cell line. Each path has a unique code from the
KEGG database. miRNAs and their target genes involved in each pathway were listed.

Chapter 3

Discrimination of AGO members in mice and in surgical specimens

To better understand the gene expression differences of the four AGO family members, we conducted
experiments in mice and more specifically, we isolate different organs of black 6 mice. Liver, testis,
spleen and intestines were selected as organs of interest. AGO2 and AGO3 were tested in these
organs. An increase in AGO2 and AGO3 was observed, especially, in spleen (Figure S1). AGO3 was also
increased in spleen and decreased in other organs suggesting an organ-specific expression of AGO
members. Besides, spleen

Then, head, placenta, body and fetal liver from mice (black 6) were also examined regarding AGO2 and
AGO3 expression levels (Figure S2). The common event between the two embryos tested is that AGO2
was very increased compared to AGO3, especially in placenta and the embryonic body indicating that
the catalytic activity of AGO2 is more essential than that of AGO3.

AGO3 seemed to be decrease and almost stable across the different parts of the embryo.
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Relative expression AGO2 & AGO3 in different organs
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Figure S1 Relative expression levels of AGO2 and AGO3 across different organs: liver, testis, spleen and intestines in mice (black 6).
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Figure S2 Relative expression levels of AGO2 and AGO3 across different parts: head, placenta, body and fetal liver in mouse embryos (black
6).
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Relative expression of AGO1, AGO2, AGO3 & AGO4
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Figure S3 Relative expression levels of AGO1,2,3 and AGO4 across aggressive and classical variants of PTC surgical specimens. c: cancerous tissue.
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Figure S4 AGO expression levels across thyroid normal and cancer cell lines and of a melanoma cell line. Expression of AGO1, 2, 3 and 4 in
NTHY ori 3-1, PTC, FTC133, ARO and WM2664.
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Thereafter, we examined the relative expression levels of AGO1,2,3 and AGO4 in human thyroid cancer
tissues to corroborate the aforementioned results in mice. We selected 4 aggressive and 4 common-
non aggressive cancer tissues. The interesting finding, in this experiment, is that all AGO family
members are elevated in aggressive variants, whereas in classic variants, they found noticeably
reduced (Figure S3). Also, in classic variants, although all AGO family members are reduced, AGO2
constitutes the highest percentage except one sample. AGO1 and AGO3 do not present a big variance
across the non-aggressive samples. An intriguing observation is that in 3177 cancerous tissue, where
AGO2 is extremely elevated, AGO1 and AGO3 seem to be dramatically reduced, however AGO4 is
expressed in expected levels. The same results were observed in the examination of AGO expression
levels in ARO anaplastic cell line when compared to other less aggressive cell lines, such as NTHY ori
3-1, PTC and FTC133 cell line (Figure S4). This suggests an AGO4, almost AGO2-independent, role,
however AGO1 and AGO3 are expressed in more decreased levels compared to AGO2 probably acting
subsidiarily to the catalytic activity of the latter.
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Negative controls during AGO2 colocalization analysis

Negative controls
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Figure S5 (a) Negative control of NTHY ori 3-1 cells stained with DAPI and secondary antibodies (without primary antibodies), (b) Negative
control for autofluorescence (only fixed cells), (c) Negative control for PLAi experiment (IgG control), (d) Colocalization control, cytoplasmic
region where Lamin A/C (green) and phalloidin (Texas-red) are known to anti- colocalize. (e) Negative control for red secondary antibody,
a-Tubulin (green) and nuclei (blue). In the red channel anti-Drosha primary antibody staining without red secondary antibody. (f) Negative
control for green secondary antibody, Dicer stained red and nuclei (blue) by DAPI. In the green channel anti-AGO2 primary antibody staining
without green secondary antibody. (e,f) Signal histograms in the negative channels.
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Figure S6 Immunoblotting of kinases. Comparison of protein expression levels between AGO2 and kinases ERK %, MEK1/2, Phosphop44/42
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AGOs protein alignment in humans by Clustal Omega
CLUSTAL ©O(1.2.1) multiple seguence alignment
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REGITFIVVQERHHTRLFCTDENER——-——---——————————— - ——— G
RPGITY IVWVOREHHTRLFCADKTERVGESGNVEAGTTVDSTITHEFSEFDFYLCSHAGIQE
QEGITY IV ORRHHTRLFCADKNERIGESGN I PAGT TVDINITHFFEFDFYLCSHAGIQG
QBRI TY IV RRHH TR LFCADRTERVERIGN I PAGT TVDIDITHFYEFDFYLOSHAGIQG
QECITYIVVOERHHTRLFCADRTERVGRSGN I PAGT TVDIDITHRYEFDFYLCSHAGIQG
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ISRPSHYHEVLWDDNEFSSDELQI LTy QLCHT Y VRCTRSVSI PAPAY Y AHLVAFRARYHLYV
TSRESHYHVLWDDNEFSSDELGILTYQLCHTYVRCTRSVSIPAPAYYAHTLVAFRARYHLY
T3RESHY OV LWDDNCF I ADELOLLTY QLCHTYVRCTRSVSI PAPAYYARTVAFRARYHLY
T3RFSHY YVLWDDNEFTADELOI LT Y QLCHTYVRCTRSVSIPAPAYYARTVAFRARYHLV
ISREPSHYHEVLIWDDNCE I ADELOL LT Y QLCHT Y VRCTRSVII PAPAY Y AHLVAFRARYHLV
TSRESHYHVIWDONCETADELOLLTYQLCHTYVRCTRSVSI PAPAYYAHTLVAFRARYHLY
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LEEHDSAEGSHT SEQSNGEDHQATAKAVIVHQDTLETMYFA
LEEHDSAEGSHT SEQSNGRDHQALAKEVIVHQDTLETMYFA
DEDHDSAEGSHVIGQSHGEDPQALAKLVOTHADTQHTMYFA
DEEHDSGEGSHI SERSHGEDPQATAKLVIVHQDILETMYFA
DEEHDSAEGSHVSERSNGRDEQALAKAVOTHODTLETMYFA
DEEHDSAEGSHVSEQSNGRDEQATAKAVOTHODTL.ETMYFA
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