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SANTRUMPOS

Akt—PI3K—mTor — serino ir treonino kinazés (4kt), fosfatidilinozitido 3
kinazés (angl. phosphatidylinositol 3-kinase, PI3K) ir rapamicino
taikinys zinduoliy organizme (angl. mammalian target of
rapamycin, mTOR) yra lastelés ciklo reguliacijai svarbus
signalizavimo kelias.

ATF — adenozintrifosfatas.
CaCl, — kalcio chloridas.
CAD —  pelés katecholaminerginiy neurony (lasteliy) linija.

cAMF — ciklinis adenozinmonofosfatas.

cdc42 —  Rho GTFazés baltymy Seimos baltymas.

Cx — angl. connexins — koneksinai.

DIC — angl. differential interference contrast (DIC) microscopy —
diferencinés interferencijos faziy kontrastiné mikroskopija.

DMEM — angl. Dulbecco's Modified Eagle Medium — Dulbecco
modifikuota Eagle terpé.

EDTA — angl. etilenediaminetetraacetic acid — etilenediamintetraacto
rugstis.

EGTA — angl. ethylene glycol-bis(p-aminoethyl ether)-N,N,N',N'-
tetraacetic acid) — aminopolikarboksilo riigstis.

Env— angl. envelope glycoprotein — virusy apvalkalo baltymas.

EPBI, EPB2 — angl. epithelial bridges — atitinkamai pirmojo ir antrojo tipo
epiteliniai tilteliai.

Fas — TNFo Seimai priklausantis transmembraninis baltymas.
g, gr—  atitinkamai plySinés jungties ar MTV laidumas.
HeLa— 1951 m. Baltimoréje i§ Henrietta Lacks gimdos kaklelio naviko

meéginio iSvesta lgsteliy linija — pirmosios Zmogaus Iastelés,
kurios galéjo biiti auginamos laboratorijoje in vitro neribota

laika.

HEK —  angl. human embryonic kidney — Zmogaus embriono inksty
lasteliy linija.

HEPES — 4-(2-hidroksietil)-1-piperazineetanesulfono riigstis.

hMSC —  angl. human mesenchymal stem cells — zmogaus mezenchimos

kamieninés lgstelés.
HUVEC — angl. human umbilical vein endothelial cells — zmogaus
virkstelés venos endotelio Igsteliy linija.

L, It — atitinkamai srovée per plySing jungtj ar MTV.
IF; — inozitoltrifosfatas.
KCl - kalio chloridas.



KOH -
LPS —
LSCC -

LST1 —
ME —
miRNA —

MgATF —
MgClz —
Myol0—
M Sec —

MTV —
NaCl —
NaOH —
NCC -
Nef—

NK —
NRK —
PCI2 -

PH -
PJ -
pi3—
RAGE —

kalio hidroksidas.

lipopolisacharidas.

angl. laryngeal squamous cell carcinoma — gerkly ploksciyjy
lasteliy piktybinio naviko lgsteliy linija.

specifinis leukocity transkriptas 1.

mikroelektrodas.

angl. micro RNA — geny raiskos reguliacijoje dalyvaujanti
endogeninés kilmés mazoji arba trumpoji nekoduojanti
ribonukleino riigstis.

ATF magnio druska.

magnio chloridas.

miozinas X.

naviko nekrozés faktoriaus alfa suzadinamas baltymas 2 (dar
vadinamas B94).

membraninis tunelinis vamzdelis.

natrio chloridas.

natrio hidroksidas.

angl. neural crest cell — nervings skiauterés lgstelés.

angl. negative regulatory factor — virusy neigiamo reguliavimo
veiksnys.

angl. natural killer cells — 1astelés zudikés.

angl. normal rat kidney — normaliy ziurkiy inksty lasteliy linija.
angl. rat pheochromocitoma — ziurkiy feochromocitomos lasteliy
linjja.

vandenilio potencialas.

plySiné jungtis.

transkripcijos faktorius.

angl. receptor for advanced glycation end products — 18pléstinio
glikozilinimo galutiniy produkty receptorius.

Rho GTFazés — Rho Seimos maZosios guanozino trifosfatazes.

SIRNA —

SNARE —

THP I -

TNFo —

angl. small interfering RNA arba short interfering RNA — geny
raiSkos reguliacijoje dalyvaujanti egzogeninés kilmés mazoji
arba trumpoji nekoduojanti ribonukleino rugstis.

angl. Soluble N-ethylmaleimide sensitive fusion proteins
Attachment Protein Receptor — tirptuosius N-etilmaleimidui
jautrius susiliejimo baltymus prisijungianciojo baltymo
receptorius.

zmogaus monocity lgsteliy, i$skirty i§ imine monocitine
leukemija sergancio paciento organizmo, linija.

angl. the tumor necrosis factor a. — naviko nekrozes faktorius
alfa.



TNFuaip2 -2 tipo TNFa suzadinamasis baltymas.

Vi, Vr—  itampa tarp lasteliy, tiesiogiai saveikaujanciy atitinkamai per
plySines jungtis arba MTV.

Z01 - glaudziyjy jungCiy (angl. the tight junction) baltymas.

ZIV — Zmogaus imunodeficito virusai.

ZTLV —  Zmogaus T lasteliy limfotropiniai virusai.



IVADAS

Ivairtis audiniai — gerai organizuotos sgveikaujanciy lasteliy sistemos.
Sinchroniska lgsteliy tarpusavio sgveika yra svarbus veiksnys jvairiy risiy
daugialgsCiy organizmy vystymuisi, embriogenezei, audiniy atsinaujinimui,
gyvybiniy funkcijy ir homeostazés palaikymui, lgsteliy diferenciacijai, re-
programavimui, migravimui ir iSgyvenimui, imuniniams procesams, taip pat
patologiniy procesy atsiradimui ir progresavimui, jskaitant piktybinius navi-
kus, virusines ir bakterijy sukeltas infekcines ligas, neurodegeneracines ar
autoimunines ligas [157, 177]. Kuo sudétingesnis organizmas, tuo didesné
lasteliy saveikos, perduodant ilgalaike ir trumpalaike informacija, svarba ir
budy jvairové.

Informacijos perdavimo i$ vienos Igstelés i kitas jvairové yra labai didelé.
Daugumai $iy signalizavimo procesy yra biitina tiesioginé lasteliy sgveika.
Pra¢jusio Simtmecio pabaigoje manyta, kad visi jmanomi lasteliy tarpusavio
sgveikos budai, susij¢ su parakrininio ir endokrininio signalizavimo mecha-
nizmais bei kontaktine lgsteliy saveika per sinapses, priekibos, glaudzigsias
ar plySines jungtis (tarp gyviny lasteliy) ar plazmodezmas (tarp augaly Ia-
steliy), jau atrasti [99]. Vis délto XXI amziaus pradZzioje buvo atrasti nauji
galimi sgveikos tarp lgsteliy buidai: 2004 m. pirmag kartg paskelbta apie du
svarbius atradimus Sioje srityje. Pirmiausia aprasytos mazos (30—-90 nm
skersmens) pislelés (vadinamosios egzosomos), kuriose yra saugomos ir
perneSamos molekulés [51]. Mazdaug tuo paciu laiku pirmg kartg paskelbta
apie in vitro tarp nutolusiy ziurkiy feochromocitomos (PC12), Zzmogaus
embriono inksty (HEK) ar normaliy ziurkiy inksty (NRK) lasteliy susifor-
muojancias aktino turin¢ias membranines struktiiras, kurios dél labai mazy
matmeny (nano skalés dydzio) buvo pavadintos tuneliniais nanovamzdeliais
[158], o kita nepriklausoma tyréjy grupé pastebgjo ir aprasé¢ tarp imuniniy
lasteliy susiformuojanéiy trumpai gyvuojanciy membraniniy tuneliniy
vamzdeliy (MTV) tinklus [136]. Buvo pastebéta, kad per MTV | nutolusias
lasteles gali biiti selektyviai perneSamos membraninés piislelés ir organelés
[136, 158]. Véliau buvo aprasyta, kad in vitro MTV formuoja ir jvairiy kity
risiy lastelés, iskaitant epitelio, imunines [42, 135, 136, 181], kamienines
[139] ar nervinio audinio Igsteles [195, 222], be to, MTV gali sujungti ir
skirtingy tipy lasteles (pvz., kardiofibroblastus su kardiomiocitais [66], kau-
ly Ciulpy mezenchimos ar endotelio lgsteles su jvairiy naviky lgstelémis
[139]). Tolesni tyrimai atskleidé didele Siy struktiiry morfologijos bei funk-
cijy jvairove ir parode¢, kad jomis 1S vieny lgsteliy | nutolusias per MTV
sujungtas lasteles gali buti tiesiogiai perneSami jvairts lastelés komponentai,
pavyzdziui: citoplazmoje esancios molekulés (gliukoze, glutationas, gluta-
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matas, ciklinis adenozinmonofosfatas (cAMF), inozitoltrifosfatas (IF3),
adenozintrifosfatas (ATF)), natrio (Na"), kalio (K") ir kalcio (Ca®") jonai [4,
178, 202], puslelés su jvairiomis smulkiomis organelémis (ankstyvosiomis
endosomomis, endoplazminiu tinklu, Goldzio kompleksu, lizosomomis)
[82, 83, 88, 178, 195, 198] ir net santykinai stambios organelés (pvz., mito-
chondrijos) [93, 116]. Patologiniy mikroorganizmy isplitimas Seimininko
organizme, jskaitant bakterijy [135], zmogaus imunodeficito virusy (ZIV)
[82, 83, 171, 181] ir zmogaus T lasteliy limfotropiniy virusy (ZTLV) [191],
taip pat yra susijes su MTV. Per MTV | nutolusias lasteles pernesti pato-
geniniai prionai [61, 62, 123, 195] ir kiti patologiniai baltymai (pvz.: ZIV 1
Nef baltymas [210], beta amiloidas [61, 195] ar patologinio Hantingtono
baltymo agregatai [36]) iSplinta Seimininko organizme. Lasteliy judéjimas
bei bakterijy atpazinimas taip pat yra susij¢ su MTV susiformavimu (ap-
zvelgta [4, 68, 88]).

Taigi, per deSimtmet] buvo sukaupta nemazai ziniy, rodanciy, kad tarp
nutolusiy lasteliy besiformuojantys MTV yra gyvybiskai svarbiis organizmy
vystymuisi ir regeneracijai, bet susije ir su jvairiais patologiniais procesais.
Pastebéta, kad tarp skirtingy riisiy lasteliy susiformuojantys labai jvairiis
MTV vykdo skirtingas funkcijas, nors iSryskéjo ir tam tikri MTV forma-
vimosi, struktiros ir funkcijy désningumai, susije¢ su jvairiy ligy (pvz., neu-
rodegeneraciniy ligy ir pikybiniy naviky) patogeneze. Visgi tikslis MTV
formavimosi mechanizmai ir tai, kuo skiriasi skirtingu btidu susiformavusiy
MTV struktiira bei funkcijos, vis dar néra galutinai istirta [42, 116], o tai
labai svarbu, norint i$siaiSkinti §iuo metu nepagydomy ar sunkiai gydomy
ligu (pvz., jvairiy piktybiniy naviky, jskaitant glioblastomg, ir neurode-
generaciniy sutrikimy) patogenezg, profilaktikos ir gydymo galimybes.
2012 metais, kai buvo pradéti rinkti duomenys $iai disertacijai, apie MTV
egzistavimg audiniuose buvo Zinoma labai mazai (tik Holly R. Chinnery su
bendradarbiais buvo paskelbe apie MTV peliy ragenoje [33]), nebuvo infor-
macijos apie Sias struktliras Zmogaus organizme ar jy reikSme¢ véZio ar neu-
rodegeneraciniy ligy patogeneze¢je. Tuo metu, kai buvo paskelbti pirmieji
miisy tyrimo duomenys, literatiiroje radome tik vieng publikacija, aprasan-
¢ig MTV zmogaus piktybinio naviko audinyje [110]. Triiko Ziniy ir apie di-
desnés molekulinés masés komponenty pernaSos per MTV galimybes ir me-
chanizmus, o apie galimg tiesioginio genetinés informacijos perdavimo per
MTYV i nutolusias Iasteles galimybe net nebuvo oficialiai iSkelty hipoteziy.

ISkelta hipoteze, kad koneksinai (Cx) gali biiti svarbis Igsteliy adhezijai,
migravimui, dalijimuisi, diferenciacijai ir supiktybéjimui (apzvelgta [130]),
taCiau Cx jtaka lasteliy gebai formuoti MTV ir nutolusiy lasteliy sgveikai
per MTV, susijusiai su lgsteliy geba migruoti, vis dar nebuvo istirti ir

aprasyti.
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Darbo tikslas

Istirti MTV formavimasi tarp gerkly ploksciyjy lasteliy piktybinio naviko
(angl. laryngeal squamous cell carcinoma, LSCC) lgsteliy bei jy savybes ir
Cx jtakg MTV formavimuisi bei lasteliy judrumui.

Uzdaviniai

Siekiant jgyvendinti darbo tiksla, buvo uzsibrézti Sie uzdaviniai:
1) 1istirti MTV tarp nutolusiy LSCC lasteliy in vitro savybes:
MTV formavimosi btidus, geometrijg ir morfologija;
— elektrinj rysj per MTV;
—  MTV pralaidumg jvairaus kriivio ir molekulinés masés
medziagoms;
—  MTYV formavimosi tarp skirtingy tipy lasteliy galimybe;
2) ivertinti ] MTV panasiy struktiiry egzistavimag LSCC audinyje;
3) jvertinti egzogeniniy Cx36, Cx40, Cx43, Cx45 ir Cx47 jtakg modeli-
niy HeLa lasteliy judrumui ir MTV tarp jy formavimuisi.

Mokslinio darbo aktualumas ir naujumas

Tyrimai rodo, kad MTV tarp skirtingy tipy lasteliy formuojasi jvairiais
budais, o jy struktiiros, geometrijos, gyvavimo trukmés bei vykdomy funk-
cijy ivairoveé labai didelé. Skiriasi ir susiformavusiy MTV reikSmé fiziolo-
giniams ar patologiniams procesams. Po to, kai 2004 m. MTV buvo aprasyti
pirma karta, kilo daug diskusijy ir nesutarimy dé¢l lasteliy gebos formuoti
MTYV gyvame organizme. Teigta, kad tai tik 1gsteliy in vitro savybe.

Prie§ pradedant rinkti duomenis Siam disertaciniam darbui, literatiiroje
rasta labai nedaug duomeny apie MTV formavimasi tarp piktybinio naviko
lasteliy (rastos publikacijos su antinks¢iy [158], prieSinés liaukos [193],
gaubtinés Zarnos [29] ir glioblastomos [144] lasteliy tyrimy in vitro rezul-
tatais), o duomeny apie MTV formavimasi ir morfologija piktybiniuose
navikuose in vivo ar ex vivo, iskaitant gerkly ploksciyjy Igsteliy navikus,
nerasta. Pirmieji praneSimai apie audiniuose pastebétas | MTV panaSias
struktiiras (pelés ragenoje ir Zmogaus pleuros mezoteliomos bei adeno-
karcinomos audiniuose) pasirodé¢ doktorantiiros studijy metu [110, 139,
170], taciau mes pirmieji apraséme dviejy tipy membranines struktiiras,
susiformuojancias tarp LSCC lasteliy in vitro (vieny sudétyje buvo vien
F aktino, o kity — ir F aktino, ir mikrotubuliy), bei penkis jy formavimosi
biidus, o apraS§ydami MTV spindyje pastebétas mitochondrijas, pirmieji
jvertinome, kad MTV spindziu juda ne pavienés organelés, o formuojasi
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18tisi mitochondrijy tinklai. Be to, pirmieji atskleidéme, kad | MTV panasios
dviejy tipy struktiiros egzistuoja ir audinyje ex vivo.

Elektrinio rysio ir tiesioginés lastelés komponenty pernasos per MTV |
nutolusias lgsteles savybés vis dar iki galo neistirtos, tod¢l tyréme ir kieky-
biskai jvertinome jvairios molekulinés masés bei kravio fluorescenciniy me-
dziagy pernasag per MTV | nutolusias LSCC ar HeLa lasteles, pirmieji
jvertindami jvairiy Cx jtaka MTV formavimuisi ir lasteliy gebai migruoti.
Taip pat iki Siol mes vieninteliai apraséme galimg siRNA tiesioging pernasa
per MTV | nutolusias lasteles, pirmiausia atskleisdami siRNA pernasa per
MTYV tarp LSCC lasteliy, o véliau ir i§ egzogeniniy Cx suformuoty plySiniy
jungciy (PJ) jtaka Siai pernasai.

Atlikty tyrimy ir paskelbty duomeny aktualumg bei reikSme¢ rodo
tarptautinis susidom¢jimas publikacija su LSCC tyrimo duomenimis
(https://globalmedicaldiscovery.com/key-scientific-articles/long-distance-
communication-laryngeal-carcinoma-cells/).

13



1. LITERATUROS DISERTACIJOS TEMA APZVALGA

1.1. MTYV apibadinimas

nos gaubiami vamzdeliai, suformuojantys tunelius, tiesiogiai sujungiancius
nutolusiy Iasteliy citozolius. Priklausomai nuo lasteliy tipo, Sios membra-
ninés strukttiros gali biiti nuo 20 nanometry (nm) (maziausiasis iSmatuotasis
skersmuo [4]) iki daugiau nei 1 mikrometro (um) skersmens bei sujungti
lasteles, esancias uz atstumo, keleta karty virSijancio lgstelés didziausiajj
skersmenj [4, 42, 88, 89, 116, 158]. Skiriamasis MTV, iskaitant nanovamz-
delius, pozymis yra jy geba neliesti substrato in vitro [3, 4, 158]. Pirmiausia
aprasyti PC12 lasteliy kultiiroje stebéti MTV dél nano skalés matmeny
(vamzdeliy skersmuo buvo 50-200 nm) ir gebos formuoti tunelius tarplaste-
liniame uzpilde buvo pavadinti tuneliniais nanovamzdeliais [158]. Taciau
véliau buvo pastebéta daug morfologiniy ir struktiiriniy MTV, sujungianciy
skirtingy rusiy ar net tos pacios rusies lasteles, skirtumy (apzvelgta [4, 42,
88, 89, 116]). Tiriant lasteliy kultiras, kartais jie gali likti nepastebéti, nes
MTV matmenys yra arti optinés skiriamosios gebos ribos (200 nm) [68].
Mes Sias struktiiras vadiname membraniniais tuneliniais vamzdeliais
(MTV), nes, remiantis tarptautinés standartizacijos organizacijos apibre-
zimu, nano objekty matmenys yra iki 100 nm, o musy stebéty MTV skers-
muo kartais virSijo vieng mikrometra. Tarp dviejy lasteliy gali susiformuoti
daug MTV (pvz.: Russell D. Salter ir Simon C. Watkins, suskaiciavo iki
75 MTV, sujungianciy nutolusias imunines lasteles) [161]. Be to, jie gali
sujungti ne tik pavienes lgsteles, bet ir formuoti Igsteliy tinklus [33, 136,
158, 202].

1.2. MTYV tipai

Pagal pradinj apibréZimg MTV yra nutolusias lasteles kulttiroje sujun-
giantys atviri membraniniai tuneliai [158]. Taciau imuniniy Igsteliy tyrimai
atskleide, kad, atsiskiriant kontaktavusioms lgsteléms, susiformuoja uzdari
MTYV [30, 181]. Buvo pastebéta, kad tokiy uzdary MTV membrana i§ uz-
krésty T Igsteliy j neuzkréstas nutolusias lasteles yra pernesami ZIV 1, o §i
pernasa susijusi su membranoje esanciais receptoriais [181]. Atsiskiriant
kontaktavusioms lasteléms Zzudikéms (angl. natural killer, NK lasteléms)
susiformave uzdari MTV gali biiti susij¢ su citotoksiniu poveikiu [30]. Kai
kurie MTV gali turéti jtampos valdomas PJ, susidariusias i§ Cx [197, 198].
Zmogaus organizme aptinktas 21 skirtingas savybes turinéiy Cx tipas, nuo
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kuriy gali priklausyti ne tik MTV elektrinis laidumas ar pralaidumas, bet ir
MTYV formavimasis, geometrija bei lgsteliy geba migruoti.

2010 metais buvo pastebétos ir apraSytos membraninés struktiiros,
pavadintos epiteliniais tilteliais (angl. epithelial bridges, EPB) [214, 215].
Sie 1-20 um skersmens MTV yra iki $iol ilgiausi aprasyti (ilgesni nei
I mm) tiesioginj rySj tarp lgsteliy sukuriantys MTV. Epiteliniy tilteliy
sudétyje buvo ir F aktino, ir mikrotubuliy, jiems, kaip ir kitiems MTV, yra
budinga nesukibimo su substratu in vitro savybé. Pirmojo tipo epiteliniais
tilteliais (EPBI) buvo pernesami jvairiis Igsteliy komponentai, o antrojo tipo
(EPB2) — tarp nutolusiy Igsteliy saleliy buvo perneSamos lastelés ar lgsteliy
grupés, o tai yra visiskai naujas lasteliy migravimo budas [214, 215].

1.3. MTV morfologija

Po MTV membrana yra citoplazmos gaubiami lastelés griauc¢iy kompo-
nentai su motoriniais ir formavimagsi valdanciais baltymais. Daugumoje
MTV yra F aktino, tolygiai iSsidéstancio per visg vamzdelio ilgj [158].
Apskritai F aktinas yra laikomas MTV Zymeniu ir yra labai svarbus veiks-
nys formuojantis MTV, jy patvarumui bei komponenty pernaSai Siomis
struktiromis [3]. Remiantis literatiiros duomenimis, plonuosiuose MTV,
kuriy skersmuo yra mazesnis kaip 100 nm (tuneliniuose nanovamzdeliuose),
dazniausiai yra aptinkama tik F aktino, o storesniuose (kuriy skersmuo yra
didesnis kaip 100 nm) — kartu gali buti ir mikrotubuliy [66, 135, 158, 197].

Nors pripazjstama, kad F aktinas yra biitinas MTV tarp nutolusiy euka-
riotiniy lgsteliy komponentas (ir naudojamas Sioms struktliroms in vitro
atpazinti), taciau F aktino nebuvo iki keliy Simty mikrometry ilgio citokera-
tino turiniuose MTV, susiformavusiuose tarp modeliniy $lapimo piislés
epitelio lasteliy. Manoma, kad tokie vamzdeliai grei¢iausiai nevykdo signa-
liniy funkeijy [192]. F aktino neaptikta ir kai kuriuose neuronus su astroci-
tais sujungianc¢iuose MTV [197]. ISkelta hipotezé, kad F aktinas yra svarbus
tik pradedant formuotis MTV, bet ne toks svarbus vélesniuose iSaugy ilgéji-
mo ir stabilizavimosi etapuose. Todé¢l F aktino visada randama trumpuo-
siuose, bet ne visada jo yra ilguosiuose MTV [197].

Tarp Zmogaus plauciy mezoteliomos ir adenokarcinomos Iasteliy susifor-
mavusiuose MTV be F aktino dar buvo pastebéti erzinas (kuris susieja
akting su lgstelés membrana) ir fascinas (proteinkinazés Co reguliuojamas
akting susiejantis baltymas, kuris skatina formuotis naviko lasteliy iSaugas ir
vélesn] §iy lasteliy metastazavimg bei yra susijes su blogesne iSplitusiy
naviky prognoze) [69, 78]. Daugiausiai fascino buvo iSaugos formavimosi 1§
plazminés membranos vietoje, o PJ formavimosi srityje identifikuotas glau-
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dziyjy jungciy baltymas ZO1, todél manoma, kad Sie baltymai taip pat gali
biti susije su membraniniy iSaugy formavimusi [110].

1.4. MTYV gyvavimo trukmé ir formavimosi buidai

Tyrimai rodo, kad MTV in vitro yra dinamiskos, trumpalaikés, mechani-
niy bei cheminiy dirgikliy bei Sviesos ekspozicijos pazeidziamos struktiiros,
kurios yra gan atsparios EDTA tripsino poveikiui [158]. Pirmiausia aprasSy-
tieji MTV tarp PC12 lasteliy susiformavo per keleta minuciy de novo aktino
polimerizacijos budu ir gyvavo nuo keliy minuciy iki keliy valandy [158].
Tarp NRK lasteliy susiformave MTV buvo trumpalaikés dinamiskos struk-
tiiros, gyvuojancios vidutiniskai 40,7 minutes [63], o MTV tarp T lasteliy
gyvavo dar trumpiau — vidutiniskai maziau kaip 15 min. [181]. Tai, kad
MTV formavimasi ir i§likimg blogina cheminés medZiagos, mechaninés de-
formacijos ir Sviesa, labai komplikuoja $iy struktiiry eksperimentinius tyri-
mus [198]. Jy aptikimg gyvame organizme riboja ne tik pirmiau nurodyti
veiksniai (trumpas gyvavimo laikotarpis ir pazeidziamumas), bet ir tai, kad
vis dar néra atrasty specifiniy Zymeny, kurie padéty aptikti MTV in vivo
[116].

Naudojant skirtingus metodus, buvo nustatyta ir aprasyta, kad MTV tarp
gyviny lasteliy formuojasi dviem pagrindiniais biidais [42, 217]. Pirmasis 1§
literatiiroje aprasyty biidy — tai MTV susiformavimas i§ membraniniy iSaugy
(filopodijy, lamelipodijy), kurios ilgédamos pasiekia nutolusias Iasteles.
Siuo biidu MTV formuoja nejudrios arba mazai judrios Igstelés [25, 217].
Antruoju bidu MTV susiformuoja, kai kurj laikg kontaktavusios lastelés
pradeda tolti viena nuo kitos. Tokiu biidu MTV formuoja judrios lastelés
(pvz., imuninés lgstelés, kurios turi daugiau galimybiy suartéti ir susiliesti su
kitomis lgstelémis) [116, 181, 217], ta¢iau MTV formavimasis tokiu biidu
buvo stebétas ir tarp maziau judriy lasteliy (pvz: NRK ar NCC lasteliy) [181,
200]. Be to, vienos riisies lastelés gali formuoti MTV abiem biidais [4].

1.4.1. MTYV formavimasis lasteléms iSleidZiant iSaugas

Dauguma MTV susiformuoja F aktino polimerizacijos biidu iSaugant |
filopodijas ar lamelipodijas panaSioms iSaugoms. Literatiroje aprasyta, kad
Siuo biidu formuojantis MTV membraniniy iSaugy galiukuose yra motorinio
baltymo miozino X (Myol0) (mazdaug 10-100 Myol0 molekuliy [87]),
kuris ne tik skatina membraning iSaugg atsirasti ir ilgéti, bet ir yra svarbus
funkcionaliy MTV formavimosi veiksnys [87]. Veikiant Myol( susifor-
mavusios filopodijos neliecia substrato in vitro ir ilgéja mechanizmu,
nepriklausomu nuo sukibimo su substratu [18]. Ilgédamos filopodijos tarsi
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tyrinéja aplinka, aptikusios nutolusig lastelg, paliecia jos membranos pavir-
Siy, tada Sliauzdamos pavirSiumi suranda tinkama prisijungimo vietg, kurio-
je del N kadherino ir jj priimanciojo pritaikymo baltymo beta katenino sa-
veikos susiformuoja jungtys (tarsi iSmetami inkarai) [107]. Vienos lastelés
ilgéjanciai membraninei iSaugai palietus kitg lastele (arba susilietus dviejy
lasteliy iSaugoms), gali susiformuoti atviri, uzdari ar PJ turintys MTV [4].
Membraniniy iSaugy galiukuose aptiktas baltymas afadinas turéty paleng-
vinti §j procesa [22].

Taciau atviri vamzdeliai Siuo budu susiformuoja palyginti retai [123,
158]. Kad Siuo biudu susiformuoty atviras MTV, tiesiogiai sujungiantis
dviejy lasteliy citozolius, pirmiausia turi savaime arba dalyvaujant susilie-
jimo veiksniams (pvz.: SNARE baltymams, sinaptotagminams, virusy susi-
liejimo baltymams) susilieti susiformavusiy iSaugy membranos [79, 97,
114]. Manoma, kad tokiam dviejy lasteliy membrany dvisluoksniy susilie-
jimui yra biitina stabili naviko nekrozés faktoriaus alfa (angl. the tumor
necrosis factor a, TNF a) suzadinamo baltymo, vadinamo M Sec, raiSka
[134]. Membrany susiliejimas priklauso nuo membranos lipidinio dvi-
sluoksnio sudéties ir gebos deformuotis [94]. Tam paprastai naudojama
energija, gaunama i§ susiliejimo baltymy [62, 79, 97, 114]. Manoma, kad
Siy baltymy molekulés kaupiasi filopodijos, 1§ kurios formuojasi MTV,
galiuke. Pirmiausia jvyksta dalinis membrany susiliejimas (t. y. susilieja tik
iSorinis lipidy sluoksnis, o vidiniai Igsteliy membrany sluoksniai vis dar
biina atskiri). Véliausiai, susiformavus porai, dviejy nutolusiy lasteliy
citozoliai susijungia ir tod¢l Sios lgstelés gali tiesiogiai sgveikauti [4, 107].

1.4.2. MTYV formavimasis kontaktavusiu lasteliy atsiskyrimo budu

Maza dalis (mazdaug 7 proc.) MTV formuojasi atsiskiriant pirmiau kon-
taktavusioms lgsteléms [4]. Susiformavusio MTV membrang tokiu atveju
gali sudaryti vienos arba abiejy lasteliy membranos [42, 57, 88, 158]. Siuo
atveju yra svarbi glaudaus lgsteliy kontakto trukmé: kuo ji ilgesné, tuo
didesné funkcionaliy MTV susiformavimo tikimybé [180, 181]. Kartais gali
biti sunku vizualiai atskirti, ar Igsteles sujungiantis vamzdelis yra MTV, ar
tik besidalijancias, bet dar galutiniai neatsiskyrusias lasteles sujungiantis
tiltelis. Buvo pasitlyta, kad Siuo atveju MTV skiriamasis poZymis yra
lieckamojo (vidurinio) kiinelio nebuvimas [3, 88]. PrieSingomis kryptimis
judancioms lgsteléms tolstant vienai nuo kitos, 1§ pradziy susiformuoja
atviras MTV, kuriam uZsivérus, dvi nutolusias lasteles vis dar gali jungti
uzdaras MTV [181].
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1.5. Molekuliniai MTYV formavimosi mechanizmai ir veiksniai,
kurie skatina arba slopina MTYV formavimgsi

MTYV ir su jais susijusiy membraniniy iSaugy formavimosi molekuliniai
mechanizmai dar néra gerai istirti. [vairis tyr¢jai, eksperimentave su skirtin-
gy rusiy lastelémis, pateikia skirtingus pastebéjimus apie MTV formavimosi
mechanizmus ir skirtingas savo pasteb&jimy interpretacijas.

MTV formavimasi in vitro skatina jvairiis veiksniai (apzvelgta [89]):
serumo trikkumas [33, 110, 195], uzdegimas [33, 49, 72], oksidacinis stresas
[44, 195, 221], mazas pH hiperglikemijos sglygomis [110], auksSta tempera-
tira ir toksinai [81], virusiné infekcija [181], iskaitant ZIV [6, 50, 129, 132,
133, 210] ir ZTLV [191], ultravioletiné (UV) spinduliuote [72] ir kiti
veiksniai. p53 aktyvinimas gali suzadinti M Sec, EGFR ir Akt—PI3K—mTOR
signalizavimo kelig ir taip skatinti MTV formavimasi [195]. M Sec raiska
didinantys TNFa ir prouzdegiminis lipopolisacharidas (LPS) taip pat yra
MTYV formavimasi suZadinantys veiksniai [33, 149]. Manoma, kad su M Sec
baltymu ir Rho GTFaze RalA saveikaujantis baltymas leukocity specifinis
transkriptas 1 (LST1), kaip ir EGFR ir Akt—PI3K-mTOR, veikia membranos
ir lastelés griauCiy reorganizacija, F aktino polimerizacija, suzadina ir
moduliuoja iSaugy bei funkcionaliy MTV formavimasi, lastelés poliarizacija
ir adhezijg [153, 167, 194, 195, 212]. Lasteliy poliarizacija ir adhezija
literatiiroje nurodytos kaip svarbios salygos susiformuoti stabiliems
funkcionaliems MTV tarp imuniniy lasteliy [30]. Yra duomeny, kad laste-
lés, reaguodamos ] stresa, iSskiria j aplinkg nezinomus baltymus ar metabo-
litus, 1 kuriuos reaguodamos kitos lgstelés, pradeda formuoti MTV [72,
195]. Buvo aptiktos mazos Ca®" jonus prisijungianéio baltymo molekulés,
kurios apibiidintos kaip iSaugy kryptj orientuojanc¢ios molekulés S100A4, ir
ju i8pléstinio glikozilinimo galutiniy produkty receptorius (RAGE) [183]. Be
chemotaksio, bitina jvairiy lgstelés membranoje esanciy baltymy sgveika.
Literattiros duomenimis, formuojantis MTV, yra svarbiis cdc42, Myol0),
p53, M Sec, LST1, filaminas, RalA GTFaze, Ral prisijjungiantis baltymas 1
ir endocistos kompleksas [4, 183, 195]. Filopodijy galiukuose aptiktas
baltymas Myo10, saveikaudamas su daug kity baltymy ar lipidy, suzadina ir
reguliuvoja filopodijy ilgejima. Padidéjus Myo10 raiskai, formuojasi daugiau
MTYV ir intensyveja piisleliy pernasa j nutolusias lgsteles per MTV [87,
222]. Aktyvintas cdc42 baltymas kartu su kitomis molekulémis stimuliuoja
aktino polimerizacijg [92] (greita erdviné aktino turinCiy Igstelés griauciy
reorganizacija yra bitina salyga lastelés iSaugoms formuotis). Rho GTFazées,
kurioms priklauso ir cdc42 baltymas, apskritai yra pagrindinis Igstelés
griauciy poky¢iy, susijusiy su iSaugy formavimusi, reguliatorius [11, 160], o
jas gali aktyvinti jvairtis veiksniai. Rho GTFazés sgveikauja su tirozino
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kinazémis, susijusiomis su augimo faktoriaus receptoriais, su G baltymu
susijusiais receptoriais bei tarplasteliniu uzpildu ir yra susijusios su lgsteliy
proliferacija (reguliuoja G; fazg) bei migravimu [14]. Rho GTFazés yra
hidrolazés, galinCios prisijungti ir hidrolizuoti guanozino trifosfatg (GTF).
Jos yra tarsi tarplgstelinio signalizavimo molekuliniai jungikliai, svarbis
jvairioms lgsteliy funkcijoms. Rho Seimos baltymai priklauso Ras Seimai ir
yra svarbiis aktino organizacijai, membraninei pernasai ir jvairioms kitoms
lasteliy funkcijoms [27]. Zinoma 20 Rho GTFaziy, kuriy dauguma kokiu
nors biidu veikia lgstelés griaucius. Pripazjstama, kad Rho GTFazés yra
svarbiausios lamelipodijy, filopodijy, invadopodijy ir su lamelipodijy bei
filopodijy iSaugomis susijusiy MTV formavimuisi [151].

Tiriant bendras stresg patyrusiy ir nepatyrusiy Igsteliy kultiry sistemas,
pastebéta, kad MTV pradeda formuotis stresg patyrusioje lasteléje ir
ilgédamas pasiekia sveika lastele, o ne atvirkS¢iai [195]. Buvo pasiiilyta, kad
lastelés, 1§ kuriy pradeda formuotis MTV, kontroliuoja MTV formavimasi
mechanizmu, susijusiu su p33, Akt—PI3K-mTor signalizavimo keliu ir
M Sec baltymu. Remiantis Siais duomenimis, daroma prielaida, kad geba
suformuoti MTV yra apsauginé Igsteliy reakcija | stresa, o per MTV 1§
vienos lastelés j nutolusig lastele yra tiesiogiai perneSamos jvairios trumpai
gyvuojancios organelés ir energija teikiancios medziagos [195, 198].
Atskleidus, kad MTV formuoja pazeista lastelé sveikos lastelés kryptimi,
buvo pastebéta, kad organelés ir energija teikianc¢ios medziagos, atvirksciai,
yra pernesamos i$ sveikos lastelés | pazeistaja [199]. Per MTV lastelés gali
perduoti jvairius signalus sveikoms nutolusioms lgsteléms, kai joms iSkyla
pavojus [195], arba gauti 1§ sveiky nutolusiy Igsteliy reikiamy medziagy ar
organeliy (pvz., sveiky mitochondrijy) gyvybei i§saugoti [106, 182].

Pastebéta, kad net trumpalaiké M Sec baltymo raiSka gali paskatinti }
susidaryti ] MTV panasias struktiras, nors funkcionaliis MTV susiformuoja
tik esant stabiliai M Sec raiSkai [134]. M Sec baltymas pirmiausia buvo
apraSytas kaip TNFa suzadinamasis baltymas 2 (dar vadinamas TNFaip?2
arba B94) [163, 206], kuris laikomas pagrindiniu veiksniu aktino remode-
liavimosi, F aktino polimerizacijos ir membraniniy iSaugy (filopodijy), 18
kuriy nuosekliai susiformuoja MTV, atsiradimo procesuose [65, 88, 167].
Pastebéta, kad M Sec baltymo daugéja aplinkybémis, kuriomis susiformuoja
daugiau MTV (pvz., paveikus vandenilio peroksidu) [65]. Trumpam padau-
gejus M Sec baltymo, formuojasi uzdari, vadinamieji filopodiniai tilteliai
[42, 171, 172]. Kity autoriy duomenimis, dalyvaujant M Sec baltymui, MTV
ne tik sujungia pavienes lasteles, bet ir turi jtakos funkcionaliy MTV tinkly
formavimuisi [180]. Vis délto, remiantis literatiros duomenimis, M Sec
baltymas susij¢s su formavimusi tik ty MTV, kuriy sudétyje yra tik F aktino
ir komponenty pernaSa vyksta viena kryptimi [65]. Jis neveikia mikro-
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tubuliy, todél storieji MTV, kuriy sudétyje yra ir F aktino, ir mikrotubuliy,
gali formuotis nuo M Sec baltymo nepriklausomu biidu arba dalyvaujant ir
M Sec baltymui, ir kitiems veiksniams, kurie vis dar nezinomi [134]. Nusta-
tyta, kad Fas signalizavimas skatina kitokio tipo MTV formavimasi (jais
pernaSa vyksta j abi puses ir yra perduodami su apoptoze susije signalai) —
Sis procesas taip pat siejamas su Rho GTFaziy veikla, bet nepriklauso nuo
kaspazés aktyvinimo [11]. Kad susiformuoty MTV, sujungiantys NK Iaste-
les su Iastelémis taikiniais, biitina NK lastelg aktyvinanciojo receptoriaus s3-
veika su ligandu, esanciu lagstelés taikinio membranoje [30]. Kai MTV for-
muojasi tarp imuniniy lgsteliy, kad joms atsiskiriant susiformuoty MTV,
lastelés turi gan ilgg laika biti susiglaudusios [30, 180].

Nustatyta, kad MTV formavimasis yra susijes su ZIV 1 imunosupresiniu
Nef baltymu [6, 50, 132, 133, 210], kuris kei¢ia imuniniy lgsteliy aktino
organizacija ir endocitinj aktyvumg. Vien ektopinio Nef baltymo raiska
monocity THP 1 lgstelése skatina formuotis ] MTV panaSias iSaugas, sujun-
giancias tarpusavyje THP 1 lasteles arba THP 1 lasteles su B lastelémis. Nef
baltymas §iais MTV yra pernesamas ] sistemines ir zarny B lasteles. Kai |
plazming membrang jsilieja Nef baltymas, remodeliuojasi aktinas, o tai gali
turéti jtakos formuojantis MTV, sujungiantiems ZIV 1 uzkréstas THP 1 las-
teles su sveikomis lgstelémis, ir padéti infekcijai plisti [210]. Gali biiti, kad
patys ZIV 1 gali suzadinti M Sec raiska ir skatinti membraniniy iSaugy
formavimasi. Kad susiformuoty MTV, sujungiantys retrovirusy uzkréstas
lasteles su sveikomis lastelémis taikiniais, pirmiausia uzkréstosios lastelés
membrana turi susiliesti su sveikos lgstelés membrana. Tam jtakos turi
virusy apvalkalo baltymo (angl. envelope glycoprotein, Env) rySys su
receptoriumi, esanciu lgsteléje taikinyje [100, 171].

MTYV formavimasi in vitro slopina medZiagos, kurios slopina F aktino
polimerizacija, ir medziagos, mazinanc¢ios M Sec baltymo raiska, be to, kai
kuriy MTV formavimasi mazina tubulino inhibitoriai [25, 45, 65, 80, 110,
135, 155]. Clostridium difficile toksinas ir specifinis cdc42 inhibitorius
sekraminas A slopina Fas suzadinty MTV formavimasi [155], o Fas stimu-
liavimas skatina MTV formavimagsi [11]. MTV formavimasi slopina
imunodepresantai, slopinantys m7TOR signalizavimo kelig (pvz., everolimu-
zas), ir metforminas [110].

1.5.1. Koneksiny jtaka MTYV formavimuisi
Cx jtaka MTV formavimuisi iki Siol nebuvo tirta, taiau zinoma, kad jie
ne tik gali formuoti PJ ir specifiSkai (priklausomai nuo Cx tipo) reguliuoti

lasteliy saveika per juos, bet ir vykdo su PJ nesusijusias funkcijas (pvz.,
dalyvauja Igsteliy adhezijos, migravimo, dalijimosi, diferenciacijos ir pikty-
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biniy naviky atsiradimo, progresavimo bei metastazavimo procesuose) [43,
85, 130, 220]. Literatiiroje yra duomeny tik apie Cx26, Cx31.1, Cx32 ir
(Cx43 itaka Siems procesams (apzvelgta [220]), o pateikiami duomenys gana
priestaringi (pvz.: nurodoma, kad Cx26, dalyvaudamas aktino remodelia-
vimo procesuose, slopina lasteliy migravima [84, 119], Cx31.1, slopindamas
G fazg, mazina lgsteliy proliferacijg ir nesmulkiyjy Iasteliy plauciy piktybi-
nio naviko lgsteliy migravimg bei invazija [216], Cx32 didina Zmogaus
hepatomos lgsteliy proliferacija, migravimg bei invazijg [102], bet, vartoja-
mas kartu su citostatikais, mazina zmogaus plauc¢iy adenokarcinomos [164]
ar metastazavusio inksty piktybinio naviko lgsteliy [54] proliferacijg ir
sukelia jy apoptoze. Cx43 didina lasteliy migravima, suzadina lgstelés
griauciy remodeliavimasi ir mazina lgsteliy proliferacijg (kartu padaugéja ir
E kadherino) [71]). Manoma, kad Cx, sgveikaudami su priekibos baltymais
(kadherinais, kateninais), kurie yra susije su F aktinu [43, 85], reguliuoja
lasteliy migravima, membraniniy iSaugy formavimasi ir tarplasteling sgvei-
ka per MTV [43, 52, 112, 211]. Cx43 sankaupos iSaugy galiukuose gali tu-
réti jtakos MTV susiformavimui aktino polimerizacijos biidu [39, 73, 197],
tokiy iSaugy stabilumui [48] ir biologiniy molekuliy per MTV pernasai
[200]. Taigi, PJ turintys MTV audiniuose gali biiti susij¢ su biologiniy mo-
lekuliy pernasa, o tai labai svarbi galima salyga kamieniniy lasteliy diferen-
ciacijai, piktybiniy naviky progresavimui, invazijai bei metastazavimui.

1.5.2. Koneksiny reik§mé naviky patogenezéje

Zinios apie Cx jtaka pikybiniy naviky patogenezéje taip pat labai priesta-
ringos. Pastebéta, kad ji priklauso nuo audinio rusies, pikybinio naviko tipo
ir stadijos [41, 130, 220]. Sutrikus Cx raiSkai kurios nors riiSies Iastelése,
lasteliy proliferacijos, embriogenezés, regeneracijos, audiniy homeostazés
palaikymo ir kancerogenezés procesai tampa nekontroliuojami [40]. Cx
raiSkos sumazéjimas arba Cx persiskirstymas (sumazéjusi raiSka lgstelés
membranoje, bet padidé€jusi raiSka citoplazmoje) buvo nustatyti storosios
zarnos [176], nesmulkiyjy plauciy lasteliy [209, 218], kiauSidziy [187],
krities [118, 119, 142], gimdos gleivines [159] ir inksty piktybiniy naviky
[203], sarkomos [203], antinks¢iy feochromocitomos [204], gliomos [5, 38,
174], gimdos kaklelio neoplazijy [2] atvejais. Kitais atvejais, prieSingai,
buvo pastebétas Cx raiSkos padidéjimas (pvz.: kriities [84], odos bei jvairy
ploksciyjy lasteliy [70, 203], storosios Zarnos [64] ir kasos piktybiniy navi-
ky atvejais [91]). Net tos pacios rusies navikuose, priklausomai nuo stadijos
ir 1asteliy padéties navike, Cx raiSka gali buti ir padidéjusi, ir sumazéjusi [1].
Todél manoma, kad pirminiuose navikuose Cx raiSka sumazgja, taciau
invazijos ir labiau nediferencijuoty naviky atvejais Cx v¢l padaugéja [121].
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Atrodo, kad sumaz¢jusi Cx raiSka yra susijusi su piktybinio naviko lasteliy
»pabégimu‘ i§ pirminio naviko, taciau jy raiSkai vél padidéjus, Iastelés jgyja
geba formuoti metastazes [174] — toks Cx raiSkos padidéjimas siejamas su
blogesne $iy naviky prognoze [21, 70, 146].

1.6. PlySines jungtis turintys MTV

Ilga laikg manyta, kad elektriné ir metaboliné sgveika per PJ yra galima
tik tarp susiglaudusiy lasteliy. Atradus MTV ir juose pastebéjus Cx43 rais-
ka, paaiskéjo, kad tokia sgveika galima ir tarp nutolusiy lasteliy [158]. Buvo
iSkelta hipotezé, kad PJ, tikétina, yra ta vieta, kurioje, lasteléms atsiskiriant,
pradeda formuotis MTV [4]. Vieni puskanaliai greiiausiai negarantuoja
pakankamos sulipimo jégos, todél rysj palaikyti gali padéti Siose srityse
esantys kadherinai (apzvelgta [145]). Membranoje esantys kadherinai gali
palengvinti lgsteliy ataugos ir nutolusios lastelés membrany susiliejima bei
PJ kanalo susiformavima [4].

Nors tolstant Igsteléms ir atsiskiriant membranoms, dalis PJ suyra, kai
kurie MTV galiuke esantys PJ kanalai gali i§likti ir kurj laika funkcionuoti,
uztikrindami Cx valdomg elektrinj ry$j tarp nutolusiy lasteliy per MTV
[195, 198, 200]. Formuojantis MTV S$iuo biidu, Cx raiska turi biti didelé,
kad atitinkan¢iy puskanaliy susijungimo tikimybé buty didesné [4].

Iki Siol MTV buvo aptiktas tik Cx43, taciau spéjama, kad galéty biti ir
kitokiy Cx, nes daugelyje audiniy jy yra dviejy ar daugiau tipy [96]. Vis dar
neaisku, ar MTV gali buti ir heterotipiniy PJ. Tokiy PJ buvimas rodyty labai
dideles sgveikos tarp nutolusiy skirtingy raSiy lgsteliy galimybes. Tuo
atveju, kai MTV, per kuriuos galima elektriné¢ sgveika, formuojasi i§ i
filopodija panaSiy membraniniy iSaugy, augancios iSaugos galiuke gali biiti
puskanaliy, kurie membranoms susilietus, susijungia su atitinkamu lastelés
taikinio puskanaliu ir suformuoja funkcionaly PJ kanalg. Tokiy kanaly
susiformavimo tikimyb¢ didéja, didéjant Cx raiSkai lasteleje [138].

Vis délto, nors PJ yra svarbios palaikant elektrinj ryS; per MTV, jos néra
biitinos MTV susiformuoti (pvz., Cx nebuvo per | filopodijas panaSias
membranines iSaugas susiformavusiuose MTV tarp PCI2 lIgsteliy) [200].

1.7. MTYV funkcijos

Ivairtis MTV skiriasi ne tik struktiiriniais komponentais, matmenimis ar
gyvavimo trukme, bet ir vykdomomis funkcijomis. Tarplasteliné saveika per
MTV yra svarbus nutolusiy lasteliy rySiy palaikymo ir gelbéjimosi
mechanizmas, padedas islikti, keistis informacija ir palaikyti homeostaze
nuolat kintan¢iomis patofiziologinémis ir aplinkos sglygoms. MTV sudaro
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salygas plisti tarplasteliniams signalams (iskaitant elektrinius) tarp nutolusiy
lasteliy, o tai biitina gyvy organizmy vystymuisi [28, 47, 197], imuniniam
atsakui [11, 30, 42, 56, 135, 136, 181, 213], audiniy homeostazés
palaikymui ir regeneracijos procesams [4, 103], Iasteliy diferenciacijai ir
reprogramavimui [93, 184, 196].

Embriogenezé bei jvairts kiti fiziologiniai (imuninés sistemos veikla,
zaizdy gijimas, regeneracija) ir patologiniai procesai (Iétinés ligos, jskaitant
piktybinius navikus, neurodegeneracines ligas, kardiovaskulines ligas, dia-
beta, uzdegima) yra susij¢ su lasteliy migravimu [19, 53]. Migruojancios
lastelés patiria didelj stresa, jose vyksta dinamiski Igstelés griauciy pokyciai,
audiniuose nuolat kinta lgsteliy tarpusavio ryS$iai ir sgveika su kitomis
lastelémis ar tarplasteliniu uzpildu, vyksta jvairis kiti molekuliniai poky¢iai,
susije su jvairiais signalizavimo keliais ir dideliu energijos poreikiu [77].
MTV ne tik padeda Igsteléms judéti bei migruoti — per juos palaikomas
tiesioginis nutolusiy lasteliy apripinimas reikiamomis medziagomis.

Elektriné sgveika per PJ turin¢ius MTV gali biiti susijusi su lgsteliy (pvz.,
nervinés skiauterés Igstelés) migravimo sinchronizavimu ir koordinavimu
embriogenezés laikotarpiu. Zinoma, kad saveika per PJ yra pagrindinis
signalizavimo mechanizmas ankstyvuoju galvos smegeny raidos laikotarpiu,
kai kamieninés nervinés Igstelés per sinapses nesuzadinamos, nes truksta
ligando valdomy kanaly [154]. Priklausomai nuo diferenciacijos eigos,
Ivairiose galvos smegeny srityse esancios kamienines lgstelés gali migruoti
ir pasiekti atitinkamas Zievés sritis [147]. Nuo MTV priklausomas Ca*"
signaly suzadinimas nesubrendusiuose neuronuose siejamas su kryptingu Siy
neurony migravimu [150]. ] MTV panaSiomis iSaugomis plintantys depolia-
rizacijos signalai sinchronizuoja aktino remodeliavima, kuris svarbus lgste-
liy migravimui. Be to, kartu gali veikti keli skirtingi sgveikos per MTV
biidai (pvz., tais paciais MTV plisti ir depoliarizacijos signalai, ir buiti perne-
Samos piuslelés) [198]).

Nervinio audinio diferenciacija yra susijusi su Cx raiSkos kitimu ir
elektrinio rysio specifiSkumu, kuris jvariose galvos smegeny srityse iSlicka
ir gimus bei susiformavus neurony grandinéms suaugusio zmogaus galvos
smegenyse [154]. PJ yra itin svarbios vystantis naujajai zievei [47, 48], 1§
Cx43 ir Cx26 susidariusios PJ — glijos formavimuisi [48]. MTV, sujungdami
neuronus ar neuronus su glijos Igstelémis, gali didinti neurony aktyvuma.
Atsizvelgiant | tai, kad nervinés skiauterés lastelés in vivo yra susijungusios
plonomis lastelinémis iSaugomis [186], o eksperimentuose in vitro buvo
uzregistruotas su MTV susijes elektrinis rySys [88], elektriniy signaly pliti-
mas per PJ turin¢ius MTV gali biti svarbiausias veiksnys, sinchronizuo-
jantis Siy lasteliy migravimg [198]. Migravimo kryp¢iy pasikeitimas yra
veikiamas Cx43 [47], todél galima jtarti, kad glijos pokyciai gali biiti susij¢
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su MTYV ir elektrine sgveika per juose esancias PJ. Visa tai sudaro salygas
greitam ir selektyviam informacijos, kuri koordinuoja Igsteliy migravima,
perdavimui ir tinkamos embriono simetrijos susiformavimui.

Gyjant zaizdoms, dalyvauja daug F aktino turincios lgsteliy membraninés
iSaugos, kurios sujungia tarpusavyje zaizdos pakrastyje esancias nutolusias
lasteles [115, 208]. Sis procesas yra sicjamas su IF; kinazés aktyvinimu
[101] bei zaizdos priekinio kraSto lasteliy membrany depoliarizacija [32,
208, 219]. Membraninémis iSaugomis plintant depoliarizacijos signalams,
MTV gali sinchronizuoti F aktino remodeliavimg ir moduliuoti Zaizdos
gijima [198].

MTYV yra svarbis tarplastelinei sgveikai uzdegimo atveju — uzdegimo
apimtuose audiniuose $iy membraniniy strukttiry labai padaugéja [33].

MTYV, sujungianciy naviko lgsteles su aplinkiniy audiniy lgstelémis, susi-
formavimas skatina kancerogenezg, jie siejami su naviky invazija ir progre-
savimu bei atsparumo chemoterapijai mechanizmais (apzvelgta [108, 177]).
Piktybiniy naviky lasteles su ji gaubianciy audiniy lastelémis sujungiantys
MTV gali palengvinti naviko plitima, invazijg ir metastazavimg [44, 108—
110]. Neurodegeneraciniy ligy atsiradimas ir progresavimas yra siejami su
patogeniniy baltymy ir priony bei virusy pernaSa ] nutolusias lgsteles per
MTV [4, 37, 50, 61, 82, 116, 195, 222]. Spé¢jama, kad piktybiniy naviky ir
neurodegeneraciniy ligy atsiradimo mechanizmai gali biiti tie patys [128].
Transkripcijos faktorius p53 yra svarbus veiksnys apoptozés ir neurodege-
neracijos procesuose. p53 reaguoja | jvairius streso dirgiklius, transkribuoja
eile geny ir gali buti, kad dél p53 suaktyvéjimo lastelés patiria apoptozg, nes
lokaliai membraninése strukturose kaupia kenksmingas medZiagas ir nelei-
dzia joms placiai pasklisti audiniuose. Kartu, suaktyveéjus p53, skatinamas
MTYV formavimasis, o per juos Igstelés gali perduoti naudingas ar perdirba-
mas medziagas ] nutolusias sveikas lagsteles [195]. Nors p53 vykdo daug
reguliavimo funkcijy, dauguma jy neleidZia atsirasti duplikacijos klaidoms
Iasteléms patiriant stresg. Siuo pozitiriu su p353 susije mechanizmai neleidzia
formuotis navikams (t. y. su p53 susijes mechanizmas didina Igsteliy daliji-
mosi tiksluma ir trukdo formuotis navikui) [152]. Kadangi MTV formavi-
masis priklauso nuo p53 [195], jy susiformavimas gali biti lgsteliy savybé
jveikti stresine situacijg ir sumazinti naviko ar neurodegeneracinés pazaidos
atsiradimo tikimybg.

MTYV siejami su virusy ir priony sukeliamy ligy patogeneze bei metaboli-
niais ar genetiniais mainais jvairiy rasiy bakterijose, ligy sukéléjy (priony,
virusy, bakterijy, patologiniy baltymy) pernasa. Tyrimais buvo patvirtinta,
kad su MTV yra susije kai kuriy infekciniy ligy sukéléjy vystymosi procesai
(pvz.: Plasmodium falciparum [156], Bacillus subtilis [46, 165], Staphylo-
coccus aureus, Escherichia coli [165] ir kt.). Virusinés ligos progresuoja
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virusams plintant lastelése. Yra publikuota daug duomeny apie paciy virusy
pernasa MTV [6, 50, 132, 133, 181, 210] (pvz.: per MTV plisdami ZIV 1
palaipsniui  uzkreia Zmogaus imuninés sistemos lgsteles, todel
nepaliaujamai mazéja CD4" T lasteliy ir pasireiskia sunkus imunodeficitas —
jgyto imunodeficito sindromas). Citotoksinés ar uzkreCiamosios dalelés
(pvz., ZIV 1 ir ZTLV 1 virusai, prionai, patologiniai baltymai ir kt.) gali
naudoti MTV infekcinéms ar neurodegeneracinés bei navikams plisti [4, 37,
61, 68, 116, 135, 136, 181, 195, 222]. Idomu tai, kad beta amiloidas
perneSamas per MTV 2-8 kartais greiciau nei organelés (endoplazminio
tinklo, Goldzio aparato komponentai, endosomos ar mitochondrijos) [195].
Susiformavus uzdaro tipo MTV, ligy sukéléjai (pvz., ZIV 1, leukemija suke-
liantys ZTLV 1 tarp zmogaus T lasteliy) membrana plinta j nutolusias
lastelés, o Siai pernasai naudojama energija. Virusy pernasa MTV membra-
na nesusijusi su mikrotubulémis, bet greiciausiai priklauso nuo sgveikos su
receptoriais [135]. Buvo iSkelta hipotezé, kad neurodegeneracines ligas
sukeliantys prionai (ir egzogeninés, ir endogeninés kilmeés), plisdami per
MTV, pirmiausia i$plinta kauly ¢iulpuose, o véliau patenka j galvos smege-
ny neuronus [61, 62]. Sukéléjai (pvz., ZIV 1) gali pasinaudoti tarp lasteliy
jau susidariusiais MTV, bet, veikiant Nef, gali ir patys skatinti iy vamzdeliy
formavimasi [210].

Vis délto dar stokojama duomeny, kad biity galima tiksliai apibudinti
specifines skirtingais biidais susiformavusiy skirtingos struktiros MTV
funkcijas kurios nors riisies lasteliy kultiiroje ar juo labiau audiniuose, orga-
nuose ar visame organizme.

1.7.1. Lastelés turinio pernasa

MTYV nuo kity aktino turin¢iy membraniniy iSaugy skiriasi tuo, kad su-
jungia nutolusiy lgsteliy citozolius ir jais | nutolusias lgsteles gali biiti tiesio-
giai perneSami jvairQs lastelés komponentai (apzvelgta [57, 116, 177]). Vien
F aktino turin¢iais MTV jvairiis komponentai yra perneSami viena kryptimi,
o mikrotubules turinCiais vamzdeliais pernasa vyksta i abi puses [135].
Priklausomai nuo MTV esanciy Igstelés griauciy komponenty, pernasos me-
chanizmas gali biiti susijes su skirtingomis motoriniy baltymy molekulémis.
Visgi dar neaiSku, ar pernaSos mechanizmai, susij¢ su F aktinu ar mikro-
tubulémis, gali vienu metu funkcionuoti tame paciame MTV.

Mazos endocitinés piislelés vien F aktino turinc¢iais MTV yra perneSamos
spindZiu viena kryptimi su F aktinu susijusiy motorinio miozino molekuliy
(pvz., miozino V) valdomu grei¢iu [63, 158]. Organeliy pernasa per MTV
viena kryptimi yra epizodiné, t.y. registruojami vienkartiniai arba keli
pernaSos epizodai po tam tikro MTV neaktyvumo laikotarpio [158]. Be to,
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pastebéta, kad organelés perneSamos ne visais susiformavusiais MTV, todél
buvo iSkelta hipoteze, kad MTV turi tarsi subrgsti, o organelés perneSamos
tik pakankamg brandg pasiekusiais MTV. Kartais MTV gyvuoja pernelyg
trumpai, kad galéty tinkamai subresti ir tokia pernasa apskritai vykty [63].

Naudojant specifinius miozino slopiklius, buvo atskleista, kad MTV
formavimasis ir organeliy pernasa priklauso nuo aktomiozino funkcijos [25,
63]. Sie tyrimai rodo, kad endosominiy piisleliy pernasa per MTV (bent jau
kai kuriais jy tarp kai kuriy rasiy lgsteliy) yra aktyvus procesas [135], o
ATF sumazéjus, labai sumazéja endosominiy piisleliy pernasa tarp nutolusiy
lasteliy [63]. Buvo stebéta kryptinga ZIV 1 virusy daleliy ir lizosominiy
pusleliy pernasa MTV, susiformavusiais tarp T lasteliy ir CAD lasteliy, su
F aktinu susijusiy motorinio miozino molekuliy valdomai pernasai buidingu
greiiu, bet vis dar galutinai neisaiskintas tikslus tokios pernasos mechaniz-
mas (endocitinése puslelése, MTV spindziu ar membranos pavirSiumi) [61,
62, 181].

Per MTV, kuriuose yra ne tik F aktino, bet ir mikrotubuliy (pvz., tarp
imuniniy lgsteliy [11, 30, 135], pirminiy neurony ir astrocity [197], HUVEC
lasteliy vykstant angiogenezei [124]), komponentai gali biiti perneSami | abi
puses su mikrotubulémis susijusiu biidu veikiant kinezino ir dineino mecha-
nizmui [135]. Tokiai pernasai taip pat naudojama energija.

Pernesant komponentus per MTV viena kryptimi ar | abi puses,
naudojama energija. Nustatyta, kad energija teikiancios medziagos (gliuko-
zé, cCAMF, IF;, ATF) ar Na*, K™ ir Ca®" jonai j nutolusias lasteles patenka
per MTV difuzijos biidu [4, 178, 202]. Ca** jonai gali ne tik judéti difuzijos
bidu MTV spindziu [202], bet jy koncentracijg lgsteléje gali didinti ir
antrinio signalo tarpininko IF;, kurio pasyvi difuzija per MTV yra daug
greitesné uz Ca”" jony, skatinamas Ca”" jony atsipalaidavimas i§ endoplaz-
minio tinklo [10]. Tokia galimybé buvo nurodyta, pastebéjus, kad Ca** jony
koncentracijos per MTV sujungtose lgstelése yra susijusios su IF; pernasa
[178]. Be to, mechaniskai stimuliuojant vieng lastele, depoliarizacijos
signalas plinta per MTV ] nutolusig lagstelg, kurios membranoje pasiekus
slenksting depoliarizacija, atsiveria jtampos valdomi Ca®* kanalai — tai taip
pat gali moduliuoti Ca>" jony koncentracija lasteléje [200].

Literattiroje rasta duomeny apie mitochondrijy judéjima MTV, susifor-
mavusiais tarp kamieniniy endotelio lgsteliy ir kardiomiocity [93], astrocity
[195], pirminiy Zzmogaus inksty epitelio lgsteliy [45], kauly ¢iulpy kamieni-
niy lasteliy ir kraujagysliy lygiyjy raumeny lasteliy [190], Zmogaus tinklai-
nés pigmentinio epitelio lgsteliy [205], Zzmogaus piktybinés pleuros mezote-
liomos Iasteliy [110], bet jie gana prieStaringi. Yra pasitlyta keletas galimy
mitochondrijy pernasos per MTV mechanizmy, parodant, kad kryptingas
mitochondrijy judéjimas MTV spindZiu néra susijes su endocitoze ar piisle-
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liy pernasa [182], bet priklauso nuo MTV esanciy F aktino ir mikrotubuliy
[199], o Sig pernasg moduliuoja i§ Cx43 susiformavusios PJ [72, 139] ir Rho
GTFazés [8, 185]. Tyrimai rodo, kad mikrotubules turintys MTV pradeda
formuotis stresg patyrusiose lastelése, praradusiose citochroma C, neperéju-
siose ] kita apoptozeés faze, kuriai budingas kaspazés 3 aktyvinimas, o
mitochondrijos Siuose MTV issidésto Salia mikrotubuliy ir yra perneSamos
pagal mikrotubuliy eiga i$ sveiky | stresg patyrusias lasteles [199] ir gali
padéti pazeistoms lgsteléms atstatyti aerobinj kvépavima bei iSgyventi [106,
182]. Kai kurie tyréjai nurodo, kad mitochondrijos perneSamos MTV tik
viena kryptimi [56], bet vienais atvejais — 1S sveiky ] pazeistas Iasteles [199],
o kitais, prieSingai, — i§ paZeisty i sveikas lasteles [7, 195]. MTV, turin¢iy
mikrotubules, susiformavimas bei susijusi sveiky mitochondrijy pernasa
ankstyvojoje apoptozés stadijoje gali apsaugoti stresg patiriancias lgsteles
[199] ir atkurti aerobinj lgsteliy kvépavima [106, 182]. Be to, pastebéta, kad
tarp skirtingy tipy Igsteliy susiformavusiais MTV mitochondrijos pernesa-
mos 1§ kamieniniy Igsteliy | pazeistas lasteles [75] — tai taip pat gali padéti
pazeistoms lgsteléms iSgyventi. Taciau pazeistos mitochondrijos ir jy muta-
vusi mtRNR i§ paZeisty lasteliy yra perneSamos | sveikas lasteles ir taip
galbtit skatina patologijos (pvz., neurodegeneraciniy pazeidimy, glioblasto-
my ar kitokiy naviky) islikimg ir plitimg [7, 195]. Be to, pastebéta, kad
mitochondrijy pernasa per MTV i§ stromos lgsteliy j vézio lasteles suzadino
Siy lgsteliy fenotipo pokycius [139].

Literattroje yra pateiktos kelios hipotezés, kuriomis bandoma paaiskinti
organeliy pernasos per MTV ir patekimo ] nutolusig lastele taikinj mecha-
nizmus. Pagal vieng 1§ jy, organeliy pernaSa palengvina trumpalaikis MTV
galiuko membranos susiliejimas su per MTV sujungtos nutolusios lastelés
membrana [26, 198]. Tokiu biidu organelés gali biiti perneSamos ir uzdarai-
siais MTV, per kuriuos nutolusios sujungtos lgstelés elektrinio rySio negali
palaikyti. Manoma, kad Siuo atveju MTV membranoje esantys puskanaliai
gali moduliuoti membrany susiliejimg, o susiformavuss PJ kanalams —
1vairy komponenty pernasg [198]. Pagal kita hipoteze, organelés j nutolusias
lasteles yra perneSamos MTV galiuke susiformavus membranos apgaub-
tiems pusleliy dariniams, kurie pirmiausia patenka ] tarp dviejy membrany
esant] plysj (tarp MTV galiuko membranos ir sujungtos nutolusios Igstelés
membranos), o tada endocitozés biidu patenka j lgstele taikiny [198]. Pagal
lastelés MTV galiuko dalj su joje esancia pislele arba keliy pusleliy dariniu
[175]. Tokiu biidu gali susiformuoti net trigubg membrang su PJ turincios
puslelés [141]. Visais atvejais MTV perneStos organelés patenka j nutolu-
sios Igstelés taikinio citozolj [198].
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1.7.2. Nutolusiy lasteliy elektrinis rySys per MTV

Nustatyta, kad srovés dydis priimanciojoje lastel¢je yra atvirk$ciai pro-
porcingas MTV ilgiui ir tiesiogiai priklauso nuo lgsteles sujungianc¢iy MTV
skaiCiaus [200]. Teigiama, kad efektyvus atstumas, per kurj galima sukelti
poveikj nutolusioms Igsteléms per MTV, negali biiti daug karty ilgesnis uz
lastelés skersmenj [200]. Be to, buvo iSkelta hipotezé, kad elektrinis rySys
per MTV yra daug selektyvesnis nei tarp susiglaudusiy Iasteliy, nes yra re-
gistruojamos mazesnés amplitudés, todel signalas pasiekia tik priimanciaja
per MTV sujungtg lastele taikinj, bet greiciausiai negali iSplisti  kitas greta
ar toliau esancias lasteles [198, 200]. Kadangi signalo amplitudés maz¢jimas
ilgéjant MTV priklauso nuo MTV skersmens, storesniyjy MTV efektyvus
ilgis signalo plitimui gali buti didesnis. Laidumas tarp dviejy nutolusiy lgs-
teliy, kurias sujungia du MTV, yra didesnis, palyginti su laidumu tarp vienu
panasaus ilgio MTV sujungty Iasteliy [200]. Tai rodo, kad elektrinis signa-
las gali lygiagreciai plisti per keleta MTV.

Vis délto nutolusiy lasteliy elektrinis rySys per MTV priklauso ne tiek
nuo pacio vamzdelio matmeny ir tarp lgsteliy susiformavusiy MTV skai-
Ciaus, bet labiau nuo MTV esanciy PJ skai¢iaus bei jy funkcionalumo [198,
200]. Be to, pastebeta, kad elektrinis rySys tarp nutolusiy lasteliy per MTV
yra palaikomas tik tam tikra ribota laikotarpj. Siuo laikotarpiu stebima ir
didelé Cx43 raiSka [197]. Dauguma atsiskyrimo bidu tarp jvairiy rasiy
lasteliy susiformavusiy MTV gali biiti perduodami depoliarizacijos signalai
[68, 116, 195, 198, 200]. Manoma, kad, kontaktavusiy lasteliy atsiskyrimo
budu besiformuojantis MTV, per kuriuos yra palaikomas elektrinis rysys,
susiformuoja biitent PJ buvimo vietose. Atitolstant lasteléms, PJ struktiiros
palaipsniui yra ir lieka tik su MTV susijusi jos dalis. MTV atveju gali
susidaryti daug maziau PJ nei tarp susiglaudusiy lasteliy, kuriy PJ ploksteles
gali turéti nuo keliy deSimciy iki keliy Simty tukstan¢iy kanaly [179].

2012-2013 metais, kai buvo pradéti rinkti duomenys disertacijai, literatt-
roje buvo aprasyti tik Cx43 turintys MTV, per kuriuos elektrinj ry§; palaike
jvairiy riiSiy lastelés [200], taciau spéjama, kad MTV galéty biiti ir kitokiy
Cx, nes daugumoje audiniy ar Igsteliy paprastai biina dviejy ar daugiau riisiy
Cx [96]. Vis dar nei$siaiskinta, ar MTV gali biiti ir heterotipiniy PJ.

1.7.3. Genetinés medZiagos pernasa per PJ turin¢ius MTV
Prie§ pradedant rinkti ir paskelbiant misy tyrimy duomenis, literatiiroje
nebuvo nei informacijos, nei iSkelty hipoteziy apie galima genetinés medzia-

gos pernasg per MTV. Nors Virginijus Valilinas su bendradarbiais jau buvo
paskelbeg, kad mazosios RNR gali pereiti i§ Cx43 susidariusiais PJ kanalais
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tarp susiglaudusiy lasteliy [188], o reguliuojanciyjy RNR (si/miRNA) perna-
Sai yra biitinos funkcionalios PJ [67, 86, 90, 98, 104], iki Siol vis dar placiai
diskutuojama dé¢l si/miRNR pernasos per PJ galimybiy, nes eksperimenty
salygomis sudétinga jrodyti, jog mazosios RNR pereina biitent PJ kanalais,
0 ne pinocitozés biidu [20].

1.8. I MTYV panasios struktiiros in vivo

MTV gali buti susij¢ su jvairiais organizme vykstanciais fiziologiniais ir
patologiniais procesais. Pirmuosius duomenis apie MTV zinduoliy audi-
niuose ex vivo paskelbé¢ Holly R. Chinnery su bendradarbiais, atlike tyrimus
su pelés ragena ir pastebéje ragenos stromoje membranines ] nanovamz-
delius panagias struktiiras tarp kauly ¢iulpy MHC klases 11" lasteliy [33].
Pirmuosius duomenis apie MTV zmogaus audiniuose paskelbé Emil Lou su
bendradarbiais, tyr¢ zmogaus piktybinés pleuros mezoteliomos ir adeno-
karcinomos méginius [110]. Netrukus buvo paskelbta, kad 1 MTV panasios
struktiiros susiformuoja tarp migruojanciy lasteliy kiausidziy piktybinio
naviko metastaziniy mazgeliy eksplanty kultiiroje [139]. Taciau iki misy
tyrimo ir prie§ paskelbiant miisy tyrimo duomenis, nebuvo publikuoty
duomeny apie MTV ar | juos panaSias struktiiras kity rtsiy piktybiniuose
navikuose in vivo ar ex vivo, jskaitant gerkly ploksc¢iyjy lasteliy piktybinius
navikus.
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2. TYRIMU METODAI

2.1. Lasteliy kultiiros ir ju paruoSimas

Pagrindiniai tyrimai buvo atlikti su LSCC lastelémis, kuriy pirminé
kultiira buvo sukurta misy laboratorijoje 1§ histologisSkai apibiidinto gerkly
ploksciyjy lasteliy piktybinio naviko (2.1.1 pav.) audinio (pirminés LSCC
lasteliy linjjos sukiirimo metodika iSsamiai apraSyta miisy publikacijoje
[223]). Buvo tiriamos 5—15 pers¢jimy LSCC lastelés.

2.1.1 pav. LSCC audinio apibiidinimas
(A) Vidutiniskai diferencijuota zmogaus gerkly ploksciyjy lasteliy karcinoma. (a) LSCC
naviko parenchimg (P) sudaro atipinés epitelio Igstelés su daugybiniais hiperchrominiais
gigantiskaisiais branduoliais ir atipinémis mitozémis (j jas nukreiptos baltos rodyklés) bei
keratinizuojanciosios lastelés (j jas nukreiptos geltonos rodyklés). Supancig stroma (S)
sudaro limfocitais infiltruotas jungiamasis audinys (dazyta hematokslinu ir eozinu).

Cx itakos MTV formavimuisi ir Igsteliy judrumui tyrimai buvo atlikti su
modelinémis Hela lastelémis be koneksiny (zmogaus gimdos kaklelio
piktybinio naviko) lastelemis (47CC CCL-2, Manassas, JAV) ir Hela
lastelémis, j kurias transfekcijos biidu buvo stabiliai jterpti tiriamieji Cx,
sujungti su fluorescenciniais baltymais (Cx36 EGFP, (Cx43 EGFP ir
Cx40 CFP) arba be fluorescencinio zymens (Cx45 ir Cx47) (visi Sie Cx yra
CNS, Cx36 dar yra kasos beta lastelése, Cx45 — Sirdies laidziojoje sistemoje,
0 Cx43 apskritai yra labiausiai organizme paplitgs Cx, kuris aptinkamas
beveik visuose audiniuose). Stabilios tirtuosius Cx ekspresuojanciy HeLa
lasteliy linijos buvo gautos bendradarbiaujant su prof. F. Bukausko labora-
torija (Albert Einstein College of Medicine, New York, JAV) (iSsamiai
aprasyta miisy publikacijoje [224]).
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MTV formavimosi tarp skirtingy tipy lasteliy tyrimams buvo naudotos
zmogaus mezenchimos kamieninés lastelés (angl. human mesenchymal stem
cells, h(MSC) (Lonza, Walkersville, JAV).

Lastelés buvo séjamos ant dengiamyjy stikleliy 2—3 kartus per savaite ir
kultivuojamos DMEM augimo terpéje su 10 proc. verSiuko serumo bei
1 proc. sudétinio antibiotiky (100 V/ml penicilino ir 100 pg/ml streptomici-
no) tirpalo (Gibco Laboratories) drégnoje 5 proc. CO, aplinkoje 37 °C tem-
peratiroje. HeLa lasteliy, ekspresuojanciy Cx36 EGFP ir Cx43 EGFP,
atrankai buvo naudotas 500 pg/ml G418 geneticino tirpalas, o Cx40 CFP,
Cx45 ir Cx47 atrankai — 1 pg/ml puromicino (/nvitrogen, JAV) tirpalas.
Jeigu Siame skyrelyje ir toliau nenurodyta kitaip, naudotos Sigma-Aldrich
(Steinheim, Vokietija) medziagos.

2.2. Tarplastelinio elektrinio rySio matavimai

Elektrinio rySio per MTV tarp LSCC arba Hela be Cx ir jvairius
transfekcijos budu stabiliai jterptus Cx ekspresuojanciy HelLa lasteliy savy-
bés buvo tirtos dvigubo patch-clamp metodu (angl. dual whole cell patch-
clamp — pastovios jtampos dvigubo visos lastelés jony sroviy matavimo
metodas). Dengiamasis stiklelis su paruosta tiriamyjy lasteliy kultira buvo
perkeliamas j nenutrukstamo pratekéjimo eksperimenting kamerg, jimontuota
ant motorizuoto invertuoto Olympus 1X81 mikroskopo (Olympus Life
Science Europa Gmbh, Hamburg, Vokietija), sujungto su patch-clamp
stiprintuvu  Axopatch 200B, konverteriu MultiClamp 700B ir Digidata
14404 skaitmeninio duomeny registravimo programine jranga (Molecular
Devices, Inc., JAV) stalelio ir pasirenkama per MTV sujungty tiriamyjy
lasteliy pora, neturinti kontakto su kitomis lgstelémis. Eksperimenty metu
lastelés buvo nepertraukiamai perfuzuojamos kambario temperatiiros modi-
fikuotu Krebs Ringer tirpalu (iSorinio tirpalo sudétis: 140 mM NaCl, 4 mM
KCl, 2 mM CaCl,, 1 mM MgCl,, 5 mM gliukozés, 2 mM piruvato ir 5 mM
HEPES; 1Sorinis tirpalas buvo titruojamas su NaOH iki pH = 7,4). Eksperi-
mentams naudoti borosilikato elektrodai su reikiamos formos galiukais,
pagaminti naudojant P-97 mikroelektrody (ME) gaminimo jranga (Sutter
Instrument Co., JAV). ME vamzdeliai buvo uzpildyti vidiniu tirpalu (vidi-
nio tirpalo sudétis: 130 mM KCI, 10 mM natrio aspartato, 3 mM MgATF,
1 mM MgCl,, 0,2 mM CaCly, 2 mM EGTA, 5 mM HEPES; vidinis tirpalas
buvo titruojamas KOH iki pH = 7,2-7,3). Siekiant sumazinti varzos jtakg
laidumui per PJ (gj), buvo naudojami ne didesnés kaip 3 MQ varzos ME.

Pasirinkus susiglaudusiy ar per MTV susijungusiy tiriamyjy lasteliy pora,
mikromanipuliatoriaus pagalba abu ME buvo priartinami prie atitinkamy
lasteliy, ir suformuojamas geras kontaktas tarp ME galiuko ir 1asteliy mem-
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branos. Tada kontakto vietoje trumpalaikio elektrinio impulso pagalba atve-
riamos lgsteliy membranos ir i§ pradziy j abi lgsteles paduodama vienoda
itampa (V;=1V1>). Po to | vieng i$ lasteliy paduodamas jtampos impulsas
(AV;) ir suformuojama jungties jtampa (V; tarp susiglaudusiy Igsteliy arba
Vr tarp per MTV sujungty lasteliy) (V; arba Vr=V; — V> =AV), o antrojoje
lasteléje, matuojama tarplasteliné srove (atitinkamai /; arba /v = AlL). Laidu-
mas per PJ arba MTV (atitinkamai g; arba g7) buvo apskai¢iuojamas pagal
formule atitinkamai g; =—/[;/V; arba gr=—Iy/Vr (minuso zenklas rodo, kad
tarplasteliné srove, registruojama antrojoje lasteléje, yra priesingos krypties
nei pirmojoje lastel¢je). gr priklausomybei nuo V7 matuoti | pirmagjg lastele
buvo paduodama 30 s trukmés pjiklo pavidalo V7 (nuo 0 iki —120 mV), o
antrojoje lasteléje registruojamas atitinkamai /; arba /7 atsakas. Susiforma-
vus atviram MTV, jo g7 nepriklauso nuo V7, o tais atvejais, kai nutolusias
lasteles jungia PJ turintis MTV, stebima esamam Cx budinga gr priklauso-
mybé nuo V7.

Duomenys buvo analizuojami, naudojant pClamp 10 programing jranga
(Molecular Devices, Inc., JAV).

2.3. Fluorescencijos vaizdinimo metodas

Fluorescencijos vaizdinimas (Cx vizualizavimas ir komponenty pernasos
tyrimai) buvo derinamas su elektrofiziologiniais tyrimais. Fluorescencijos
signalai buvo registruojami, naudojant motorizuota Olympus IX81 mikro-
skopa (Olympus Life Science Europa Gmbh, Hamburg, Vokietija), sujungta
su $aldomu skaitmeniniu fotoaparatu Orca R® (Hamamatsu Photonics K.K.,
Japonija), fluorescencijos suzadinimo sistema M7T10 (Olympus Life Science
Europa Gmbh, Hamburg, Vokietija), pseudokonfokaline sistema OptiGrid
(prireikus) ir programine jranga XCELLENCE (Olympus Soft Imaging
Solutions Gmbh, Miinchen, Vokietija).

2.4. Ilgalaikio vaizdinimo metodas

LSCC ir HelLa lasteliy judrumas ir MTV tarp Siy lasteliy formavimasis
buvo tirti ilgalaikio registravimo (angl. time-lapse) metodu drégnoje 5 proc.
CO, aplinkoje 37 °C temperatiiroje, naudojant /INUBG2E-ONICS inkuba-
vimo jrangg (Tokai Hit, Shizuoka-ken, Japonija), imontuotg ant motorizuoto
invertuoto Olympus I1X81 mikroskopo (Olympus Life Science Europa Gmbh,
Hamburg, Vokietija) stalelio; skaitmening kamera Orca R’ (Hamamatsu
Photonics K.K., Japonija); fluorescencijos suzadinimo sistemg MTI0
(Olympus Life Science Europa Gmbh, Hamburg, Vokietija); jvairaus
didinimo objektyvus (UPLFLN 4x/0,13, UPLFLN 10x/0,3, UPlanSApo
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20x/0,85 arba PlanApo N 60x/1,42 OI); diferencinés interferencijos kontras-
to prieda bei programine jranga XCELLENCE (Olympus Soft Imaging
Solutions Gmbh, Vokietija).

2.5. Kombinuotasis elektrofiziologijos, fluorescencinés mikroskopijos
ir ilgalaikio vaizdinimo metodas

Tiriant jvairios molekulinés masés ir kruvio dazy (4lexa Fluor [AF 350:
326, —1; AF 488/3000 dextrane: 3000, —1; AF 488 hydrazide: 488, —1],
Lucipher Yellow [LY: 443, -2]), DAPI [279, +2]) sklidimo per MTV savy-
bes, buvo derinami pirmiau apraSyti elektrofiziologijos, fluorescencinés
mikroskopijos ir ilgalaikio vaizdinimo metodai.

Tiriamuoju dazu uzpildytu ME vamzdeliu atvérus vieng lastelg (pirmoji
lastele), fluorescenciné medziaga i§ MEI1 difuzijos btudu patekdavo i Sig
lastele, sklido per MTV ir galéjo kauptis nutolusioje antrojoje lasteléje
(2.5.1 pav.). Kad biity iSvengta dazy nutekéjimo per ME2, antroji lastelé
buvo atveriama baigiant eksperimentg ir tada iSmatuojamas MTV elektrinis
laidumas (g7).

2Igstele ==

!

f ME2
gessar MTV2
T 1 1gstelé L UL,

2.5.1 pav. Dazy sklidimas MTV tarp LSCC lgsteliy
Dazo medziaga per ME1 vamzdelj patenka j 1-3ja lastele, ja uzpildo ir pirmiausia difuzijos
btdu uzpildo MTV?2, po to patenka j 2-3jg lastele.

MTYV pralaidumas dazui buvo apskaifiuojamas, jvertinus dazo fluores-
cencijos kitimg antrojoje lasteléje pagal formule:

Pr=(vol, - AFL/AY/(FI; — F1,)
Cia AFL, = FI,,+; — FI,,, fluorescencijos pokytis antrojoje lasteléje per
laiko intervalg At = (¢,+; — t,), 0 vol, yra antrosios lastelés tiiris, apskaic¢iuo-

tas kaip rutulio nuopjovos tiiris pagal formule:

vol, = (1/6) e s h » (3a* + I?)
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Cia pagrindo skersmuo a yra ilgiausiojo ir trumpiausiojo Igstelés skers-
meny vidurkis, o 4 — lgstelés aukstis. Tokiu biidu apskaiciuotasis HelLa 13s-
teliy vidutinis tdris buvo 1 800 um?, o LSCC lasteliy — 68 000 pm®.

Fluorescencijos tyrimams buvo naudoti Invitrogen (Eugene, JAV) dazai
ir reagentai, paruosti pagal gamintojo rekomendacijas. Siekiant kiek galima
sumazinti fluorescencijos blyskima, tyrimai buvo atlikti ilgalaikio lgsteliy
vaizdinimo metodu, lgsteles kas 1 min. apSvieCiant mazo intensyvumo ir
trumpos ekspozicijos (~0,5 s) Sviesa.

2.6. SiRNA pernasos tyrimai

SiRNA sklidimas per MTV buvo tirtas pirmiau aprasytu kombinuotuoju
elektrofiziologijos, fluorescencinés mikroskopijos ir ilgalaikio registravimo
metodu, tik Siy tyrimy metu ME1 vamzdelis buvo uzpildytas pagal gaminto-
jo nurodymus paruosta siRNA, sujungta su Alexa Fluor 488 (siRNA/AF488,
QIAGEN, Venlo, Nyderlandai). Jeigu salygos leido, antroji lastelé buvo
atveriama eksperimento pabaigoje ir iSmatuojamas gr. Pagal registruojama
gr/Vratsaka, buvo jvertinta, ar tiriamasis MTV yra atviro tipo vamzdelis, ar
turi PJ. Eksperimento eigoje MTV tipas buvo nustatomas, panaudojant PJ
blokatoriy oktanolj (dazui sklindant per atviro tipo MTV, oktanolis dazo
kaupimosi antrojoje lastelé¢je nestabdo, o sklindant PJ turin¢iais MTV —
stabdo). MTV pralaidumas siRNA/AF488 buvo jvertintas taip, kaip apraSyta
pirmiau.

2.7. Zaizdos gijimo modelis

HelLa lasteliy judrumas, kuris siejamas su piktybinio naviko invazyvumu,
buvo tirtas, naudojant Zaizdos gijimo modelj. Siems tyrimams Iastelés buvo
Jprastai auginamos ant dengiamyjy stikleliy, kol tolygiai vienu sluoksniu
padengdavo visg jy pavirsiy. Susiformaves sluoksnis centringje dalyje buvo
suardomas steriliu skalpeliu ir lgsteliy liekanos pasalinamos, plaunant
augimo terpe. Zaizdos gijimas buvo vertintas, apskai¢iuojant likusj laisva
(1asteliy neuzimty) zaizdos plotg po 5, 10 arba 12 valandy [59].

2.8. Imunocitochemijos metodas

LekStelése su ant dugno esanciais dengiamaisiais stikleliais kultivuoja-
mos LSCC arba HelLa lastelés buvo fiksuojamos 4 proc. paraformaldehidu
(15 min.) ir paveikiamos 0,2 proc. Triton X-100/PBS (3 min.). Taip paruosti
dengiamieji stikleliai su lgstelémis drégnoje 5 proc. CO; aplinkoje 37 °C
temperatiiroje inkubatoriuje 1 val. buvo veikiami pelés antikiinu prie§ alfa
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tubuling (Sigma-Aldrich, Steinheim, Vokietija). LSCC lastelés dar buvo
veikiamos pirminiais antikiinais: triusio antikiinu prie§ Cx43 (Invitrogen,
JAV), pelés antikiinu pries Cx43 (Transduction Laboratories, Lexington,
KY, JAV), triusio antiktinu prie§ Cx26 (Invitrogen, JAV) ir triusio antikiinu
pries Cx30 (Sigma-Aldrich, Steinheim, Vokietija). Po to LSCC ar HelLa
lastelés tokiomis pat sglygomis 30 min. buvo veikiamos antriniais antikii-
nais: ozkos antikiinu prie§ pelés IgG H&L, sujungtu su Cy5 (Abcam,
Cambridge, Jungtiné Karalysté), arba asilo antikiinu (LSCC) prie§ triusio
IgG, sujungtu su FITC (Santa Cruz, CA, JAV). F aktinas buvo Zymimas
LSCC ar Hela lasteles inkubatoriuje drégnoje 5 proc. CO, aplinkoje 37 °C
temperattiroje 30 min. veikiant Alexa Fluor 594 faloidinu (Invitrogen, JAV),
branduolio produktai — DAPI (Vector Laboratories, JAV). Mitochondrijos
buvo vizualizuojamos gyvas lasteles pagal gamintojo nurodymus paveikiant
mitochondrijoms specifiniu zymeniu MitoTracker Green (Invitrogen, JAV).
Taip paruostos lastelés toliau buvo tirtos ir duomenys analizuojami pirmiau
apraSytu fluorescencinés mikroskopijos metodu.

2.9. Imunohistochemijos metodas

Imunohistochemijos metodu buvo pazymétos 1 MTV panaSios struktiiros
ir Cx bei vizualizuotos mitochondrijos LSCC audiniuose ex vivo. Po pirmi-
nio paruoSimo (iSsamiai aprasyta publikacijoje 2) stikleliai su audinio pji-
viais drégnoje 5 proc. CO, aplinkoje 4 °C temperatiiroje inkubatoriuje pir-
miausia 1 val. buvo veikiami pelés pirminiu antikiinu pries alfa tubuling
(Sigma-Aldrich, Steinheim, Vokietija) arba 18-20 val. triusio antikiinu pries
Cx43 (Invitrogen, JAV), triusio antikiinu prie§ Cx26 (Invitrogen, JAV) ir
triusio antikiinu prie§ Cx30 (Sigma-Aldrich, Steinheim, Vokietija), tada
2 val. veikiami antriniais ruSiai specifiniais asilo antikiinais prie$ pele arba
asilo antiklinais prie§ triusj, sujungtais su FITC (Chemicon, CA, JAV).
F aktinas buvo zZymimas Alexa Fluor 594 faloidinu (/nvitrogen, JAV).
Mitochondrijos buvo vizualizuojamos antikiinais prie§ mitochondrijas
(Acam, Cambridge, Jungtine Karalysté) ir antriniais asilo antikiinais prie§
pele, sujungtais su FITC (Chemicon, JAV). Ant taip paruoSty meginiy buvo
uzdedamas dengiamasis stiklelis, naudojant terp¢ su DAPI (Vector
Laboratories, JAV) (metodika ir vaizdy analizavimo jranga iSsamiai
apraSytos 2014 m. publikacijoje su disertacijos duomenimis).

2.10. Statistiné duomeny analizé

Duomenys buvo analizuojami, naudojant SigmaPlot 10 programing
iranga (Systat, Richmond, JAV) ir eksperimenty rodmenys pateikiami kaip
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vidurkis + standartiné paklaida (SEM), apskaiciuoti i§ ne maziau kaip trijy
nepriklausomy matavimy. Palyginant duomenis, skirtumy patikimumui
jvertinti buvo naudojamas Stjudento t kriterijus, o skirtumas laikomas
statistiSkai reikSmingu, jeigu p reikSmé yra < 0,05.
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3. REZULTATAI IR JU APTARIMAS
3.1. MTYV tarp LSCC lasteliy in vitro apibuidinimas

Buvo tirtos 5-15 perséjimo LSCC lastelés, kai jy dauginimasis ir judru-
mas (19,4 + 2,8 ym/val.; n=20) in vitro buvo intensyviausi (3.1.1 pav.).
Siose Igstelése buvo natiraliy Cx (i§samiai aprasyta 3.3.1. poskyryje) ir
joms, kaip ir kity piktybiniy naviky lasteléms, buvo biidingas mazas
membranos potencialas (—13,7 + 1,2 mV; n=40) [16]. Tyrimai atskleide,
kad nutolusios LSCC lasteleés geba palaikyti tiesioginj rysj per ilgus (iki
I mm) MTV, kurie tarp nutolusiy lasteliy in vitro formavosi penkiais
biidais. Ant 1,2 cm skersmens dengiamojo stiklelio suskaiCiavus 3 564
LSCC lasteles (1 cm?® plote buvo mazdaug 3 200 lasteliy), buvo suskaiGiuoti
136 skirtingais budais susiformave MTV (MTV formavimosi biidai apraSyti
3.2 poskyryje). Storiausieji (iki 5 pm siauriausioje vietoje) ir ilgiausieji (iki
1 mm) MTV tarp LSCC lasteliy in vitro (3.1.1 A pav.) priminé Brett G. Zani
su bendradarbiais apraSytuosius epitelinius tiltelius [215].
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(n=5)

Dalijimosi greitis

24 3l 36 48 60 72 84
Laikas (val.)

3.1.1 pav. LSCC lgsteliy dalijimosi in vitro apibiudinimas
(A) LSCC lastelés in vitro (praéjus 3 paroms po astuntojo pers¢jimo). Juodos rodyklés
nukreiptos | jvairiais biidais susiformavusius MTV. (B) Astuntojo perséjimo LSCC lasteliy
dalijimosi greitis (n = 5).

Be $iy MTV, matomy LSCC lasteliy kultiiroje net mazai padidinus, buvo
pastebéta ir daug plonesniy (<1 pum) bei trumpesniy (iki 100 pm) MTV,
kuriy struktiira ir morfologija atitiko Amin Rustom su bendradarbiais [158]
pateikta pirminj tuneliniy nanovamzdeliy apibiidinimag (3.1.1 lentelé¢).

Formuojantis MTV ar epiteliniams tilteliams, labai svarbiis komponentai
yra F aktinas ir mikrotubulés [4, 214]. F aktinas yra laikomas tuneliniy
nanovamzdeliy Zymeniu [116, 158]. LSCC lasteliy kulttirg paveikus faloi-
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dinu, kuris iSrySkina F akting, ir antiktinais prie§ alfa tubuling, kurie padeda
vizualizuoti mikrotubulés, buvo jrodyta, kad tarp LSCC lasteliy in vitro
susiformavo dviejy morfologiniy tipy MTV: 27 proc. atvejy (n = 136) per
visg MTV ilgj buvo vien tik F aktinas, o 73 proc. — ir F aktinas, ir mikrotu-
bulés (3.1.1 lentelg).

3.1.1 lentelé. MTV tarp LSCC lgsteliy in vitro savybiy suvestiné

MTV PJ 1 (um) d (um) g (nS) Specifinis Zymuo
tipas *
MTV1 — 380 + 54 2,4+0,2 5,3+1,0 F aktinas
(23)° (23) (23) alfa tubulinas
MTV2 | Cx43 174+ 12 2,1+£0,2 6,8+0,9 F aktinas
(27) 27) 27) alfa tubulinas
MTV3 | Cx43 125+£20° 1,2+0,1 2,6+0,5 F aktinas
(15) (15) (15) alfa tubulinas
MTV4 | Cx43 321+461 1,9+£0,2 32+£0,7 F aktinas
(11) (11) (11) alfa tubulinas
MTV5 | Cx43 44+ 6 <0,3° 0,56 + 0,06 F aktinas
(14) (12) (12)

Pastabos. PJ — plysiné jungtis; / (um) — ilgis (mikrometrai); d (um) — maziausiasis skersmuo
(mikrometrai); gj (nS) — PJ elektrinis laidumas (nanosimensai). Cx43 — MTV buvo Cx43.
* Apie MTV formavimosi tarp nutolusiy LSCC lgsteliy biidus Zr. toliau 3.3 poskyryje.
® Skliaustuose nurodytas eksperimenty skaigius. °Jeigu i§ galinés lamelipodijos iSaugo
antriné lamelipodija, nurodytas antrinés lamelipodijos ilgis. ¢ Dviejy i§augy ilgio, i¥matuoto
nuo lgstelés kiino iki dviejy lamelipodijy susikirtimo taSko, suma. °Jprastu optiniu
mikroskopu nebuvo galimybiy iSmatuoti ploniausiyjy MTV skersmens.

Aktino polimerizacijos slopikliai (pvz., citochalazinas B ar D) sutrikdo
MTYV formavimasi, bet mazai veikia jau susiformavusius MTV [25, 177].
Svieziai persétas LSCC lasteles paveikus aktino polimerizacijos slopikliu
latrunkulinu A (20 nmol), MTV tarp LSCC lasteliy nesiformavo, o LSCC
lasteliy kulttrg, kurioje jau buvo susiformaves MTV tinklas, paveikus
mikrotubuliy polimerizacijos slopikliu kolchicinu (10 umol; 24 val. ekspo-
zicija), visi MTV iSnyko (3.1.2 pav.).
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3.1.2 pav. MTV formavimosi in vitro slopinimas kolchicinu
LSCC lastelés po 24 val. 10 umol kolchicino ekspozicijos. Prie§ paveikiant kolchicinu, tarp
siy lasteliy jau buvo susiformaves MTV tinklas.

Misy duomenys neprieStarauja kity autoriy iSkeltai hipotezei, kad
F aktinas yra svarbus tik pradedant formuotis MTV, bet ne toks svarbus
veélesniuose 1Saugy ilgejimo ir stabilizavimosi etapuose, todél jo visada yra
trumpuosiuose, bet ne visada randama ilguosiuose MTV [197]. Paskelbta
publikacijy, kuriose teigiama, kad aktinas tiesiogiai netgi neskatina mem-
braniniy iSaugy ar MTV ilg¢jimo, o tik yra svarbus membraniniy iSaugy ir
vamzdeliy ertmés stabilizavimui [74]. Tubulinas yra keletg karty lankstesnis
uz akting [58], todél mikrotubules turintys MTV yra atsparesni aplinkos
poveikiui ir susiformave gyvuoja ilgiau [12], o tai leidZia su jais atlikti
daugiau ir sudétingesniy tyrimy.

Tirtieji MTV in vitro buvo pakile vir§ substrato, kaip ir kity tyréjy
aprasyti MTV [4, 158] ar epiteliniai tilteliai [214, 215], taciau lamelipodijy
ilgéjimo laikotarpiu jy priekinis galiukas substrata liete. Migruojancios
lastelés LSCC lasteliy kultiroje lengvai paljsdavo po kitas Iasteles
sujungianciais MTV (3.1.3 A pav. ir 3.4.2.1 A pav.). I§ iSaugy, panasiy |
lamelipodijas susiformavusio MTV nesukibimas su substratu buvo pade-
monstruotas | MTV per nulauzta ME paduodant teigiamg ar neigiamg slégj
(3.1.3 B-D pav.). Siy MTV pakilima vir§ substrato atskleidé ir vaizdy Z-X
projekcijose analize (3.1.3 E, F pav.).
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2 Igstelé

1 Igstelé

3 ir 4 Iastelés
40 jun
B

MTV2
v

1 Iastelé

2 Igstelé
20 um

2 Iastelé

1 Igstelé MTV2
v

3.1.3 pav. MTV tarp LSCC lgsteliy pakilimas virs substrato
(A) MTV4 tarp 1 ir 2 LSCC lasteliy driekiasi virs kity dviejy (3 ir 4) lasteliy (nepublikuoti
duomenys). (B-D) MTV2 tarp LSCC lasteliy galima deformuoti, paveikus teigiamu ar
neigiamu slégiu. (E, F) Vaizdy Z-X rekonstrukcijoje matyti, kad MTV2 yra pakiles virs
substrato (DIC vaizdas).

3.2. MTV formavimosi tarp LSCC lasteliuy budai

Analizuojant ilgalaikio vaizdy registravimo duomenis, buvo isskirti penki
MTV, sujungian¢iy LSCC lasteles in vitro, formavimosi budai. MTV1
formavosi pasidalijusioms Igsteléms atitolstant vienai nuo kitos (3.2.1.1 A—
D pav.), MTV2 — galinei vienos lastelés lamelipodijai pasiekus nutolusiag
lastele (3.2.2.1 A pav.), MTV3 — i§ antriniy lamelipodijy, auganciy i$ prie-
kinés ar galinés lamelipodijy (3.2.3.1 A pav.), MTV4 — susikryziavus gali-
néms ar antrinéms lamelipodijoms (3.2.4.1 A pav.), MTVS5 —i§ | filopodijas
panasiy iSaugy (3.2.5.1 D pav.).
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3.2.1. Pirmasis MTYV formavimosi budas

MTV1 formavimosi tarp LSCC lasteliy eiga parodyta 3.2.1.1 A-D pav.
Subrendusiai 1gstelei po mitozés pasidalijus | dvi lasteles, Sios atitoldamos
galutinai neatsiskiria, iSlaikydamos tiesioginj rysj per substrato nelieciancius
atvirus membraninius tunelius. MTV1 yra patys ilgiausi (iki 1 mm ilgio) ir
storiausi (iki 5 um skersmens), jy sudétyje buvo ir F aktino, ir mikrotubuliy
(3.2.1.1 E-G pav. ir 3.1.1 lentel¢), o tai reiskia, kad jvairiis komponentai per
MTV1 gali buti perneSami | abi puses [11, 30, 135].

=
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2 Iastelé Sopm_

3.2.1.1 pav. MTV1 tarp LSCC lgsteliy in vitro
(A-D) MTV1 formavimosi eiga: subrendusi LSCC lastelé suapvaléja (B) ir po mitozés (C)
pasidalija j 2 dukterines lasteles, kurioms atitolstant, iSlaikomas tiesioginis rySys per atvirus
MTVI1 (D). (E-G) MTV1 sudétyje yra ir F aktino (raudona spalva), ir alfa tubulino (Sviesiai
melsvai Zalsva spalva). (Mélyna spalva — branduoliai).
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3.2.2. Antrasis MTYV formavimosi buidas

MTV2 formavosi vienos lastelés galinei lamelipodijai pasiekus nutolusig
lastele (3.2.2.1 A pav.), o jy sudétyje buvo ir F aktino, ir mikrotubuliy
(3.2.2.1 B-E pav. ir 3.1.1 lentel¢). Substrato pavirSiumi S$liauzianc¢iame |
letenéle panasiame lamelipodijos galiuke kartu su F aktinu ir mikrotubu-
lémis daznai pastebétas ir Cx43 (3.2.2.1 B-E pav.), tod¢l, lamelipodijos
galiukui palietus nutolusig Igstele, galéjo susiformuoti PJ.

»Letenéle”

10 pm

3.2.2.1 pav. MTV2 tarp LSCC lgsteliy in vitro
(A) Priekinés lamelipodijos (j jas nukreiptos baltos rodyklés) dalyvauja lgsteliy judéjime. IS
1-osios lastelés iSaugusi galiné lamelipodija (] jas nukreiptos raudonos rodyklés) suformavo
MTV2, kuris sujungé 1-aja lastele su 2-aja lastele. (B-D) MTV2 sudétyje yra ir F aktino
(raudona spalva), ir alfa tubulino (Sviesiai melsvai Zalsva spalva). (E) Galinése ar antrinése
lamelipodijy ,,letenélése* (j jas nukreiptos geltonos rodyklés) matyti ne tik F aktinas ir alfa
tubulinas, bet ir i§ Cx43 sudaryti puskanaliai (zalia spalva). (Mélyna spalva — branduoliai).
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Dvigubo patch-clamp metodu jrodyta, kad tokiu biidu susiformavo
funkcionalios 1§ Cx43 sudarytos PJ (aprasyta 3.3 poskyryje).

3.2.3. Treciasis MTV formavimosi budas

Nutolusias LSCC lgsteles sujungiantys MTV3 formavosi i§ galiniy ar
priekiniy lamelipodijy iSaugus antrinéms lamelipodijoms (3.2.3.1 A pav.), o
jy sudétyje buvo ir F aktino, ir mikrotubuliy (3.2.3.1 B-D pav. ir
3.1.1 lentelé). MTV3 taip pat buvo pakile vir§ substrato (3.2.3.1 E, F pav.),
jy ilgis sieké iki 300 pm, o maziausiasis skersmuo buvo mazdaug 0,5-2 um
(3.1.1 lentel¢).

20 um

P e ——

Antrin¢ lamelipodija

Galin¢ lamelipodija .Letenélé

3.2.3.1 pav. MTV3 tarp LSCC Igsteliy in vitro
(A) I8 2-osios lastelés galinés lamelipodijos iSaugusi antriné lemelipodija (i ja nukreipta
raudona rodyklé) suformavo MTV3, kuris 2-3ja lastelg¢ sujungé su nutolusia 1-3ja lastele.
(B-D) MTV3 sudétyje yra ir F aktino (raudona spalva), ir alfa tubulino (Sviesiai melsvai
zalsva spalva). (E, F) 1-3ja lastele su 2-gja lastele sujungiantis MTV3 yra per 11 pm pakilgs
vir§ substrato (DIC vaizdas).

3.2.4. Ketvirtasis MTV formavimosi biidas
LSCC lastelés buvo pakankamai judrios in vitro, todél joms migruojant,

ilgéjancios jy galinés ar antrinés lamelipodijos kartais susikryZiuodavo
suformuodamos MTV4, kuriuose buvo ir F aktino, ir mikrotubuliy, taip pat
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i§ Cx43 sudaryty PJ (3.2.4.1 pav.). Siy PJ funkcionalumas jrodytas dvigubo
patch-clamp metodu (aprasyta 3.3 poskyryje). Tok; MTV formavimosi tarp
nutolusiy lasteliy galima buda mes atskleidéme pirmieji ir kol kas
vieninteliai.

1 Igstele

_MTV4

G

10 pm
—_—

2 Igstelé  _100um

3.2.4.1 pav. MTV4 tarp LSCC lgsteliy in vitro

MTV4 susiformavo, susikryziavus galinéms ar antrinéms lamelipodijoms. Lamelipodijy
susikryziavimo vietoje pastebétos Cx43 PJ (zalias taskas, j kurj nukreipta balta rodyklé
intarpe). (F aktinas — raudona spalva; alfa tubulinas — Sviesiai melsvai Zalsva spalva;
branduoliai — mélyna spalva).

3.2.5. Penktasis MTYV formavimosi budas

MTV5 buvo patys ploniausi ir trumpiausi MTV (3.1.1 lentel¢). MTV5
formavosi susiglaudusiy LSCC lasteliy atsiskyrimo budu arba ilgéjancioms
vienos lastelés filopodijoms pasiekus nutolusig lastele (3.2.5.1 D pav.).
Kartais MTVS susiformuodavo susijungus susitikusioms dviejy nutolusiy
LSCC lasteliy augancioms filopodijoms, kuriy galiukuose pastebétas Cx43,
o susiformave MTVS S§iuo atveju tur¢jo funkcionalias 1§ Cx43 susidariusias
PJ (3.2.5.1 E ir 3.1.1 lentel¢). Susiformavusiy PJ, susidariusiy i§ Cx43,
funkcionalumas buvo jrodytas dvigubo patch-clamp metodu (aprasyta
3.3 poskyryje). MTVS, kaip ir kitais biidais susiformave MTV, buvo pakile
vir$ substrato (3.2.5.1 F, G pav.), bet netur¢jo mikrotubuliy (3.2.5.1 B pav.).

Manoma, kad formuojantis MTVS5 greiciausiai dalyvauja membranoje
esantys N kadherinai ir beta kateninai, kuriems veikiant kontakto vietoje
lipidy dvisluoksnis deformuojasi, iSlinksta [94], ir tarp dviejy lasteliy
membrany pirmiausia susiformuoja inkarinés jungtys [107]. Literatiiros
duomenimis, $ios membranos susiliejimo molekulés kaupiasi filopodijos, i§
kurios formuojasi MTV, galiuke [107].

44



1 Igstelé

1 Igstelé

Anti-a tubulinas

Iki substrato 0 pm

2 Igstele

1 Igstele

Anti-a tubulinas Iki substrato 6 pm

20 jm

3.2.5.1 pav. MTV5 tarp LSCC lgsteliy in vitro
(A-D) MTVS5, kuriy sudétyje yra tik F aktino (raudona spalva). (A—C) Lasteliy pavirSiuje ir
pagal MTVS5 eiga matomi Cx43 (zalia spalva; | juos nukreiptos trumpos baltos rodyklés).
(E) MTVS5 turéjo funkcionalias i§ Cx43 susiformavusias PJ. (F, G) MTVS5, sujungiantys 1-
aja lastele su 2-aja lastele, yra per mazdaug 6 um pakilg vir$ substrato (DIC vaizdas). (Alfa
tubulinas — Sviesiai melsvai zalsva spalva; branduoliai — mélyna spalva).
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3.3. Elektrinio rySio per MTYV tyrimai
3.3.1. Koneksiny raiska LSCC lasteliy kultiiroje ir audiniuose

Remiantis literatiros duomenimis, gerkly ploksciojo epitelio piktybiniuo-
se navikuose buvo aptikti Cx43, Cx30 ir Cx26, o jy raiska vykstant kancero-
genezei gerkly epitelyje nekinta [168]. Panaudojus specifinius antikiinus,
LSCC lasteliy kultturoje ir audiniuose taip pat buvo pastebétas Cx43, Cx30 ir
Cx26 svytejimas (3.3.1.1 pav.).

Cx43 Cx30 Cx26

A 2lgstelé C
1 Iastelé

1 Igstele
0 :
2 Igstelé 2 Igstelé
1 Igstelé
20 pm 3 Iag[el(‘l 20 um

LSCC gsteliy kultara

LSCC audiniai

3.3.1.1 pav. Cx43, Cx30 ir Cx26 raiska LSCC in vitro ir audiniuose
Imunocitocheminiu metodu paruostoje LSCC lasteliy kultiroje (A—C) ir imunohistoche-
miniu metodu paruostuose LSCC audiniuose (D-F) pastebéti Cx43, Cx30 ir Cx26. (A, D)
Cx43 PJ tarp LSCC lasteliy (zalios spalvos taskai, | kuriuos nukreipta balta rodyklé), kuriy
funkcionalumas patvirtintas patch-clamp metodu. (B, E) Cx30 LSCC lastelése in vitro ir
audiniuose. (C, F) Cx26 LSCC lastelése in vitro ir audiniuose.

Norint i$siaiSkinti, ar trijy tipy Cx, aptikti LSCC lastelése, turi jtakos
elektriniam rySiui tarp nutolusiy LSCC lasteliy, buvo atlikti elektrofizio-
logijos tyrimai dvigubo patch-clamp metodu, jskaitant atskiry PJ kanaly
laidumo jvertinima. Elektrofiziologijos tyrimais nustatyta, kad funkcionalias
PJ tarp susiglaudusiy LSCC lasteliy in vitro formuoja vienintelis Cx43, todél
Cx26 ir Cx30 greiciausiai yra membranoje ir (ar) citozolyje esantys puska-
naliai, vykdantys su PJ nesusijusias funkcijas [130].
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3.3.2. Atskiry PJ kanaly laidumo tyrimai

IS Cx26, Cx30 ar Cx43 sudaryty atskiry PJ kanaly laidumas (atvirosios /
lickamosios btisenos) yra atitinkamai 115-150/30 pS, 160/27 pS ar 90—
110/30 pS [24, 60, 127]. Buvo patikrinta, ar tokio dydZio laiduma (y;)
galima iSmatuoti PJ turin¢iuose MTV(2-5). Srovés per atskirus PJ kanalus
tarp nutolusiy LSCC lasteliy, sujungty skirtingais buidais susiformavusiais
MTYV, buvo iSmatuotos, paveikus PJ kanaly slopikliu oktanoliu (0,5 mmol).
Jis labai sumazino elektrinj rysj tarp LSCC lasteliy ir leido uzregistruoti
atskiry PJ kanaly atsidarymg. Paduodant 2 min. trukmés —80 mV jtampos
impulsg (V) 1 vieng i§ per MTV sujungty LSCC lasteliy, buvo iSmatuotos
srovés per atskirus PJ kanalus (i;) (3.3.2.1 A pav.). Naudojant pClamp 10
programing jrangg pagal visy tasky histograma, aproksimuotg pagal Gauso
funkcija, buvo apskaiCiuoti atskiry PJ kanaly atvirosios ir liekamosios
buisenos laidumai (3.3.2.1 B pav.).

-;' u—l F_ B

>
I fml)

i fpd)

20
Laikas (s) Rodmuo x 104

3.3.2.1 pav. Atskiry PJ kanaly tarp LSCC lgsteliy laidumas
(A) Atskiry PJ kanaly srovés (i) tarp LSCC lasteliy (apatiné dalis), paduodant 2 min.
trukmés —80 m V" jtampos impulsg (V) (virSutiné dalis). (B) Atskiry PJ kanaly atvirosios (O)
ir liekamosios (S) biiseny laidumai (y;). Galima atpazinti du funkcionalius PJ kanalus su
atitinkamais liekamosios ir atvirosios biisenos laidumais, buidingais i§ Cx43 susidariusiy PJ
kanalams.

Vidutinis atskiry PJ kanaly atvirosios ir liekamosios biseny laidumas
tarp susiglaudusiy lasteliy buvo atitinkamai 94 £ 6 pS'ir 32+ 3 pS (n=11),
o per PJ turinius MTV — atitinkamai 93 = 6 pS ir 33 £3 pS (n=9). Taigi,
matavimai padé¢jo atskleisti, kad elektriniam rySiui tarp susiglaudusiy ar nu-
tolusiy LSCC lasteliy palaikyti yra svarbiis tik 1§ Cx43 susidare PJ kanalai.

3.3.3. Bendrojo PJ laidumo tyrimai

PJ gali turéti daug funkcionaliy kanaly: vidutinis laidumas tarp susiglau-
dusiy LSCC lasteliy buvo 33,6 = 6,2 nS (n = 15). Laidumo (gr) per MTV(1-
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5) tarp nutolusiy LSCC lasteliy duomenys pateikti 3.1.1 lentel¢je. Bendrasis
MTYV laidumas priklauso nuo MTV ilgio ir skersmens [200], o ypac PJ
buvimo ar nebuvimo MTV salyc€io su nutolusia lgstele vietoje [198]. MTV
ilgj ir iSorinj skersmenj buvo galima gan tiksliai iSmatuoti, visgi gr ribojan-
tis veiksnys yra ne iSorinis, o vidinis MTV skersmuo, kurj jvertinti tiriant
jprastu optiniu mikroskopu néra galimybiy. Dvigubo patch-clamp metodu
buvo atskleista, kad MTV1 dazniausiai yra atviri vamzdeliai, neturintys PJ
kanalams biidingos laidumo priklausomybés nuo jtampos (angl. voltage
gating) (3.3.3.1 A, Bpav.). Tais atvejais, kai MTV(2-5) tur¢jo funkcio-
nalias PJ, buvo uzregistruota 1§ Cx43 susidariusiems PJ kanalams biidinga
gr priklausomybé nuo V7 (3.3.3.1 C, D pav.).
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3.3.3.1 pav. Elektrinis rysys per MTV tarp LSCC Igsteliy

(A, C) Elektrinis rySys per MTV tarp LSCC lasteliy buvo iSmatuotas, paduodant neigiamo
poliskumo pjiklo pavidalo nuo 0 iki —120 mV jtampos impulsg (V7) | vieng i§ per MTV
sujungty LSCC lasteliy (virSutiné dalis). Srovés per MTV (I7) atsakas, kuris yra biidingas
atviriems vamzdeliams (A apatiné dalis) ir MTV, turintiems funkcionalias PJ (C apatiné
dalis). (B) Susiformavus atviriems vamzdeliams (pvz., MTV1), nebiina gr per MTV
priklausomybés nuo V7 (pavaizduota su simetrine kita dalimi). (D) Varpo formos gr
priklausomybé nuo V7 rodo, kad MTV turi funkcionalias Cx43 PJ.

MTV elektrinis laidumas koreliavo su jy matmenimis: gr tiesiogiai
priklausé nuo MTV skersmens ir buvo atvirk$¢iai proporcingas MTV ilgiui,
ka skelbia ir kiti tyr¢jai [200]. MTV1 atveju koreliacija buvo vidutiné
(r=0,65) (3.3.3.2 A pav.), bet tam jtakos gal¢jo turéti ribotos galimybés
iSmatuoti MTV skersmenj (koreliacija greiCiausiai pageréty, jeigu bty
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galima iSmatuoti vidinj, o ne iSorinji MTV skersmenj). MTV(2-5) vidutinis
laidumas gerai koreliavo su MTV matmenimis (3.3.3.2 B pav.).

A r=0,65 B r=085
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15 = 6 M I.:}
4 . ~ £,
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3.3.3.2 pav. MTV laidumo priklausomybé nuo MTV matmeny
(A) MTV1 laidumo ir matmeny koreliacija. (B) MTV(2-5) laidumo ir matmeny koreliacija.
MTVS5, kuriy skersmuo <200 nm, | statisting analiz¢ nejtraukti (nes nebuvo galimybiy
tiksliai iSmatuoti jy skersmens). (Paruosta pagal 3.1.1 lentelés duomenis).

Vis délto kartais PJ turin¢iy MTV g7 nepriklausé nuo MTV matmeny.
Tai galima paaiskinti taip: nei MTV ilgis, nei skersmuo, nei lamelipodijos
galiuko dydis negali nulemti PJ plokstelés dydzio ar funkcionaliy PJ kanaly
skaiCiaus joje, kaip ir susiglaudusiy lgsteliy atveju didesnis susiglaudimo
plotas negarantuoja, kad susiformuos didesné PJ plokstelé ar ploksteléje bus
daugiau funkcionaliy PJ kanaly ir dél bus didesnis jy laidumas. Taigi,
elektrinis rySys per PJ turin¢ius MTV priklauso ne tik nuo MTV ilgio ir tarp
nutolusiy lgsteliy susiformavusiy MTV skaiciaus, bet ir nuo PJ kanaly skai-
¢iaus bei jy funkcionalumo [200]. Mazdaug 20 proc. lasteliy, susijungusiy
per MTVS (6 1§ 32 atvejy), miisy eksperimentuose nepalaiké elektrinio
ry$io, kaip ir kity autoriy atlikty tyrimy duomenimis [200]. Tai greiciausiai
yra susij¢ su viena 1§ 3 galimy priezas€iy: 1) elektrinio rySio nebiina, kai
susiformuoja uzdari vamzdeliai, kuriais jvairiis komponentai gali biiti perne-
Sami tik membrana arba MTV spindZiu aktyvios pusleliy pernaSos ar pino-
citozes budais; 2) elektrinis rySys per PJ dar neatsirado, MTV suformavus
de novo budu; 3) Igstelés jau prarado elektrinj rySj per PJ, nes prasidéjo jy
atsiskyrimas.

Fluorescencijos tyrimais imunohistocheminiu biidu paruostuose LSCC
audinio preparatuose ir imunocitocheminiu biidu paruostose LSCC lastelése
in vitro aptikome trijy tipy Cx, o elektrofiziologijos tyrimais jrodéme, kad
funkcionalius PJ kanalus tarp susiglaudusiy ir per MTV(2-5) susijungusiy
LSCC lasteliy formuoja vienintelis Cx43. Cx26 ir Cx30 reikSmé palaikant
ry$] tarp nutolusiy LSCC lasteliy vis dar yra neaiski, taciau atsizvelgdami i
18 Cx26 ir Cx30 suformuoty PJ kanaly laidumg ir galimg Siy kanaly pory
dydj [131], kurie yra didesni uz Cx43 PJ kanaly, galime numatyti, kad Cx26
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ir Cx30 turéty biti labai svarbiis Igsteliy sgveikai (iSsamiai aprasyta 3.8
skyriuje).

3.4. Ivairiy komponenty pernasa per MTV

Ivairis komponentai tarp nutolusiy LSCC in vitro judéjo ir MTV
spindziu, ir buvo perneSami MTV membrana (3.4.1 pav.).

1 Iastelée &
e e

A=
- .‘

2 Igstelés galiné
lamelipodija

1 Igstele 20 pum

3.4.1 pav. Komponenty pernasa per MTV
(A ir a) Komponenty pernasa MTV spindziu (DIC vaizdas) (j transportuojamus
komponentus nukreiptos baltos rodyklés). (B) Komponenty pernasa MTV membranos
pavir§iumi (j transportuojama komponenta nukreipta juoda rodykle) (DIC vaizdas).

Komponenty pernaSos mechanizmai iki $iol néra gerai iStirti ir aprasyti.
Literattiros duomenimis (1.7.1. poskyris), pernasos MTV spindziu mecha-
nizmas yra siejamas su akting prisijungian¢iuoju motoriniu baltymu miozinu
Va [55]. Tokiu budu MTV spindZiu yra perneSamos organelés ir piislelés.
Pernasai MTV membrana yra svarbi komponento sgveika su membranoje
esanCiais receptoriais — taip per MTV i§ uZkrésty | neuZkréstas lgsteles
patenka mikroorganizmai [ 135, 181].
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3.4.1. Jvairios molekulinés masés ir kriivio medzZiagy pernasa

Vertinant skirtingais buidais susiformavusiy MTV pralaidumg jvairios
molekulinés masés ir kriivio medziagoms, fluorescenciniy dazy pripildytu
ME buvo praveriama viena lastelé, medziaga difuzijos biidu pamazu ja
uzpildé ir per MTV pateko | nutolusig LSCC lastele (2.5.1 pav.). Laikas, po
kurio fluorescenciné medziaga pradeda kauptis antrojoje lastel¢je, priklauso
nuo MTYV ilgio, o kaupimosi kinetika — nuo MTV pralaidumo. Pirmojoje
lastel¢je pusiausvyros fluorescavimas dazniausiai nusistovejo per mazdaug
10-20 min., o nutolusioje — gerokai véliau (3.4.1.1 A pav.).

Literattros duomenimis, PJ kanalai praleidzia ne didesnes kaip 1,2 kDa
molekules [131, 173]. Musy tyrime buvo patikrinta, ar PJ neturintys MTV
praleidzia didesnés molekulinés masés molekules (3.4.1.1 lentel¢). MTV1
praleido maziausiai 3 kDa molekules (pvz., AF488/3000). Visais budais
susiformave MTV praleido kitas tirtas mazesnés molekulinés masés fluores-
cencines medziagas (AF350, LY, DAPI), o jy pralaidumas labai priklause
nuo molekulés kravio, pavyzdziui: MTV1 pralaidumas LY (molekuliné
mas¢ 443, kriivis —2) tik 3 kartais skyrési nuo pralaidumo AF488/3000
(atitinkamai 3000, —1). Nors AF350 (krtivis —1) ir LY molekulinés masés yra
panasios, MTV(1-5) pralaidumas Sioms medziagoms skyrési keleta karty.
Vidutinis MTV(2-5) pralaidumas fluorescenciniams dazams koreliavo su jy
vidutinio elektrinio laidumo rodmenimis (3.4.1.1 B pav.).

A B LAYToE b 0,98
300 L2 ony=088
- 1 lastele .,:
3 200 a8 o3
s . = — -
[ MTVY )
100 l 2 lastele S 04 F mrveeks MTVZ
® . O % 4'|-'gs:l- ! e
0 ;:L’:_'_*”: (S s ] a, 0 i‘— - i i
0 5 10 15 20 25 0 2 4 6 %
Laikas (min) &y (nS)

3.4.1.1 pav. MTV tarp LSCC lgsteliy pralaidumas AF350 ir LY

fluorescenciniams dazams
(A) Fluorescenciniy dazy kaupimosi kinetika po 1-osios lastelés atvérimo dazu uzpildytu
ME. (B) MTV pralaidumo fluorescenciniams dazams ir elektrinio laidumo koreliacija.
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3.4.1.1 lentelé. MTV tarp LSCC lgsteliy in vitro pralaidumas

Tipas Prx 107" (cm3/s) Mito
AF350 | AF488/3000 LY DAPI" | siRNA/AF488

MTVI1 6,04+1,91 0,73+0,41 2,52+1,37 + 0,34+0,07 (4) +
) “ (M “4)

MTV2 0,85+0,24 - 0,16+0,06 + 0,05+0,01 (6) +
) (6) ®)

MTV3 0,24+0,11 - 0,047+0,015 + nd +
©) ®) “4)

MTV4 0,37+0,16 - 0,11+0,04 + nd +
“ 4) “4)

MTV5 0,09+0,03 - 0,027+0,007 + nd -
(5) ®) “)

Jeigu MTYV pralaidus, nurodyta ,,+*, jeigu nepralaidus — ,,—*; jeigu néra duomeny — nd.

Mito — mitochondrijos. Skliaustuose nurodytas eksperimenty skaiGius. * Teigiamo kriivio

dazai prisijungia prie nukleotidy, todél DAPI pernasa kiekybiskai nevertinta. p < 0,05

3.4.2. Organeliy pernasa

MTV(1-4) buvo pastebétas mitochondrijy judéjimas (3.4.1.1 lentel¢),
kaip panasiu metu nurodé ir kiti tyréjai [139], bet mes pirmieji atskleidéme,
kad mikrotubules turin¢iais MTV juda ne tik pavienés mitochondrijos, bet
juose formuojasi gausiis mitochondrijy tinklai (3.4.2.1 B pav. su bl ir b2
intarpais). MTVS5, kuriuose nebtina mikrotubuliy, mitochondrijy nepaste-
béta. Tai patvirtina, kad mitochondrijy pernasa per MTV tarp LSCC lasteliy
priklauso nuo mikrotubuliy.
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3.4.2.1 pav. Mitochondrijy tinklas MTV tarp LSCC lgsteliy in vitro
(A) MTV1, sujungiantis 1-3ja lastele su 2-3ja lastele, driekiasi vir§ 3 kity lasteliy, iskaitant
3-3ja, kuri per MTV2 yra sujungta su 4-3ja lastele. (B) Visose lastelése bei MTV1 ir MTV2
matomas gausus mitochondrijy (zalia spalva) tinklas (bl ir b2 intarpai). (C) DAPI (mélyna
spalva) pernasa per MTV tarp LSCC lasteliy in vitro.

Priestaringi literatiiros duomenys apie mitochondrijy pernasos MTV
krypti yra apZzvelgti 1.7.1 poskyryje. Misy atrasti mitochondrijy tinklai
MTYV, turin¢iuose ir F aktino, ir mikrotubuliy, rodo, kad Sios organelés
galéty biiti perneSamos ] abi puses. Literatliroje apraSyta, kad | abi puses
mitochondrijos perneSamos stambesniaisiais (ne nano skalés) MTV tarp to
pacio tipo (tarp imuniniy [135], mezoteliomos [110], inksty lasteliy [45]) ar
tarp skirtingy tipy lasteliy [143]. Pastebéta, kad mitochondrijy pernaSa per
MTV i§ stromos lasteliy  piktybinio naviko Iasteles suzadino Siy lasteliy
fenotipo pokyc€ius, siejamus su atsparumu chemoterapijai [139]. Misy
pastebéjimas (mitochondrijy tinkly buvimas MTV) gali rodyti, kad
galimybés tiesiogiai perduoti energija ir signalus j nutolusias lgsteles yra
labai dideles [169]. Labai ilgy (iki 1 mm ilgio) MTV1 susiformavimas tarp
besidalijanciy lasteliy gali rodyti, kad naviky atveju, kai Igsteliy dalijimasis
yra sutrikes, tiesioginio rySio tarp lasteliy palaikymas per didelius atstumus
ir mitochondrijy pernasa tarp Siy lasteliy gali palengvinti piktybinio naviko
progresavima, invazija ir metastazavimg. Yra iSkelta hipotezeé, kad sveiky
mitochondrijy pernasg per MTV tarp skirtingy tipy lasteliy galima panaudoti
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gydymui [15], pavyzdziui, saugant miokardg nuo iSeminio pazeidimo [117]
ar gydant neurodegeneracines ligas [76, 148].

3.4.3. Genetinés medZziagos pernasa

MTV(1-4) buvo pastebétos mazos (1-2 um skersmens) DAPI prisipil-
dziusios puslelés (3.4.2.1 C pav.). Jos primin¢ DAPI zyméta mitochondrijy
DNR, aptikta zmogaus osteosarkomos lgstelése [113]. Taciau, remiantis
literatiira, nukleoidy, kuriuose biina mitochondrijy DNR, skersmuo yra
mazdaug 99 nm (t.y. daug karty mazesnis uz miisy pastebéty pisleliy
skersmenj). Net keliy nukleoidy darinio skersmuo biina ne didesnis kaip
300 nm [95]. Todél buvo iskelta hipoteze, kad pastebétose puslelése gali
buti perneSamos branduolio medziagos, o tai rodyty, kad genetiné informa-
cija per MTV gali buti tiesiogiai perduodama j nutolusias Igsteles.

Norint jsitikinti, kad miRNA | nutolusias LSCC lasteles gali biiti pernesa-
ma tiesiogiai per MTV (turinCius ar neturin¢ius PJ), buvo atlikti fluorescen-
cijos tyrimai su endogeninés miRNA egzogeniniu atitikmeniu siRNA, su-
jungta su Alexa Fluor 488 dazu (siRNA/AF488) (3.4.3.1 pav.). Patikrinti, ar
SiIRNA/AF488 pernasa susijusi su MTV esanciomis PJ, buvo naudojamas PJ
kanaly slopiklis oktanolis (0,5 mmol; 15 min.), kuris sustabdé siRNA/AF488
kaupimasi antroje lastel¢je (3.4.3.1 F pav.), bet, nutraukus oktanolio ekspo-
zicija, SiRNA/AF488 Sioje lasteléje toliau kaupési. Didelés molekulinés
masés siRNA/AF488 kaupimasis priimanciojoje Iasteléje buvo daug létesnis
nei kity tirty fluorescenciniy medziagy. MTV1 ir MTV2 pralaidumas (Pr)
buvo atitinkamai 3,4+0,7x 10 cm’/s (n=4) ir 5,0+ 1,1 x 10" cm’/s
(n=6) (3.4.1.1 lentel¢). Véliau miusy atlikti eksperimentai su HelLa
lastelémis patvirtino, kad siRNA/AF488 yra perneSama PJ turinciais MTV, ir
atskleide, kad §i pernasa priklauso nuo ekspresuojamo Cix tipo.
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3.4.3.1 pav. MTV pralaidumas siRNA/AF488

(A) Dvi per MTV2 sujungtos LSCC lastelés (DIC vaizdas). SiRNA/AF488 (2 uM) per ME
vamzdelj suleista | 1-gja lastele, greitai ja uzpildo (B) ir difuzijos biidu per MTV2 sklinda
bei pamazu kaupiasi Sios lastelés buvusios lamelipodijos, 1§ kurios susiformavo MTV2,
Hletenéléje” (C) ir dar léciau kaupiasi 2-ojoje lasteléje (D). (E, F) Raudona rodykle
parodytas 1-os lgstelés atvérimo momentas. (E su intarpu) SiRNA/AF488 kaupimosi 1-oje ir
2-oje lastelése ir ,letenéléje” kinetika. (F su intarpu) Paveikus oktanoliu (0,5 mM),
SIRNA/AF488 kaupimasis 2-oje lgsteléje buvo griztamai uzblokuotas (tai jrodo, kad
SIRNA/AF488 yra pernesama per PJ).

SiRNA ir miRNA perna$a per 1§ Cx43 susidariusias PJ tarp susiglaudusiy
lasteliy jau buvo apraSyta jvairiy tyréjy [20, 86, 90, 104, 188, 207], bet ji vis
dar néra tvirtai jrodyta dél kai kuriy su lgsteliy artumu (susiglaudimu) susi-
jusiy techniniy problemy. Mes pirmieji atskleidéme bei kiekybiskai jvertino-
me galima siRNA pernasg atvirojo tipo ir PJ turin¢iais MTV. SiRNA pernasa
PJ turinCiais MTV yra galima dél PJ kanaly matmeny (i§ Cx43 sudaryty PJ
kanaly skersmuo yra 1,0—1,5 nm [188]), o lazdelés pavidalo miRNA/siRNA
molekulés mazasis skersmuo yra panasaus dydzio [20, 188]). Jau publikavus
misy LSCC tyrimo duomenis, Virginijus Valilinas su bendradarbiais atsklei-
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dé, kad per i§ Cx43 susidariusiy PJ kanalus pernesta dvigubos grandinés
SiRNA gali slopinti geny raiska Iasteléje taikinyje [189].

Misy pastebéta DAPI pusleliy ir siRNA/AF488 pernasa per MTV tarp
lasteliy rodo, kad egzistuoja tiesioginis kelias perduoti miRNA ir siRNA |
nutolusias Igsteles, kuris yra daug greitesnis ir veiksmingesnis uz pinocitoze
ar endocitoze.

3.5. 1 MTYV panaSios struktiiros LSCC audinyje

Iki Siol publikuoti tik pavieniai duomenys apie audiniuose pastebétas ]
MTV panaSias struktiiras: pelés ragenos stromoje [33], tarp atsivesty
triuSiuky mezenchimos ir epitelio kamieniniy Iasteliy [125], Zmogaus
pleuros mezoteliomos ir adenokarcinomos méginiuose [110] bei tarp
migruojanciy lasteliy zmogaus kiausidziy vézio eksplanty kultiiroje [139].
Siekiant jrodyti, kad MTV formuojasi ne tik LSCC lasteliy kultiiroje, bet ir
audiniuose, iStirti LSCC audinio meéginiai. Méginio pjuvius paveikus faloidi-
nu ir antikiinais prie§ alfa tubuling, LSCC audinyje, kaip ir tarp LSCC laste-
liy in vitro, buvo pastebétos dviejy tipy struktiiros: vienos jy buvo iki 1 um
skersmens ir iki mazdaug 100 um ilgio, o per visg jy ilg] buvo matomas
F aktinas (3.5.1 pav.). Tai, tikétina, yra Igsteliy kultiiroje matyti MTVS5.

Kitos strukttiros buvo ilgesnés (iki 300 pm) ir storesnés (mazdaug 2—
3 um), jose buvo ir F aktino, ir alfa tubulino (3.5.2 pav.). Be to, Siuo atveju
$alia F aktino buvo galima jZifiréti mitochondrijas (3.5.2 E pav.). Sios struk-
turos galbit atitinka kuriuo nors kitu buidu lasteliy kultiiroje susiformavusj
MTV(1-4).

Tiksliai jvertinti MTV savybiy audiniuose nebuvo galimybiy, nes 25 pm
storio audinio pjiiviuose Sios struktiiros tik labai retais atvejais buvo nepa-
Zeistos.
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Faloidinas Anti-a tubulinas

20 pm

3.5.1 pav. | MTV5 panasios struktiiros LSCC audinio méginiuose
(A-D) Struktiiros sudétyje yra F aktino (raudona spalva), bet nematyti alfa tubulino (zalia
spalva). (Mélyna spalva — branduoliai).
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3.5.2 pav. | MTV(1—4) panasios struktiiros LSCC audinio méginiuose
(A-D) Struktiiros sudétyje yra ir F aktino (raudona spalva), ir alfa tubulino (zalia spalva).
(E) Greta F aktino (raudona spalva) matomos mitochondrijos (zalia spalva). (Mélyna spalva
— branduoliai).

3.6. Ivairiy koneksiny jtaka lasteliy gebai formuoti MTV ir
lasteliy judrumui in vitro

Cx jtakos MTV formavimuisi ir HeLa lasteliy judrumui in vitro tyrimai
buvo atlikti su HeLa lastelémis be Cx ar HeLa lastelémis, | kurias transfek-
cijos biidu buvo jterpti Cx36, Cx43 ir Cx40, sujungti su fluorescenciniais
baltymais (Cx36 EGFP, Cx43 EGFP ir Cx40 CFP), arba Cx45 ir Cx47 be
fluorescencinio zymens. Tarp HelLa lasteliy su transfekcijos biidu jterptais
Cx in vitro susiformavo uzdarojo ar atvirojo tipo bei PJ turintys MTV
(susiformavimo daznumo santykis atitinkamai 1:2:4). Jie buvo jvairaus
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skersmens (nuo maziau kaip 200 nm iki daugiau kaip 2 um) ir ilgio (iki
70 um) (3.6.1 pav. ir 3.6.1 lentelé).
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3.6.1 pav. MTV formavimasis tarp HeLa lgsteliy in vitro
Plonyjy (i juos nukreiptos baltos rodyklés) ir storyjy (i juos nukreiptos juodos rodyklés)
MTYV formavimasis.

Ploniausiyjy (<200 nm) MTV tarp HelLa lasteliy skersmens, kaip ir
tiriant LSCC lasteles in vitro, tiksliai iSmatuoti nebuvo galimybiy. Ploniau-
sieji MTV gyvavo labai trumpai (deSimtimis sekundziy). Storesnieji MTV
(skersmuo >300 pum) formavosi lasteléms dalijantis ir atsiskiriant arba
lamelipodijy formavimosi mechanizmais, gyvavo deSimtimis minuciy ar net
valanda ir ilgiau, todél su jais buvo galimi jvairiis eksperimentai.

Tarp HeLa lasteliy susiformave MTV buvo nesukibe su substratu
(3.6.2 A—E pav.), o juy spindZiu arba membrana buvo perneSami jvairis
komponentai (3.6.2 E ir F pav.). Ta¢iau formuojantis MTV per j lamelipo-
dijas panaSias iSaugas, lamelipodijos ilgéjimo laikotarpiu jy priekinis galiu-
kas buvo sukibes su substratu, o tai buvo susije su Igsteliy geba migruoti bei
formuoti MTV. HeLa lasteles paveikus faloidinu ir antiklinais prie§ alfa
tubuling, buvo jrodyta, kad tarp HelLa lasteliy be Cx ar HeLa lasteliy,
kuriose vyko jvairiy Cx (3.6.3 A ir B pav.), kaip ir tarp LSCC lasteliy in
vitro, susiformavo dviejy tipy MTV: vienuose buvo tik F aktino, o kituose —
ir F aktino, ir mikrotubuliy (3.6.3 A-D pav.). HeLa lasteliy kultiiroje
susiformavo vidutiniskai 17 proc. vien aktino turin¢iy MTV bei 83 proc. ir F
aktino, ir mikrotubuliy turinéiy MTV. Sis santykis nepriklausé nuo Iasteléje
esancio Cx tipo.

Nei vienos izoformos Cx netur¢jo jtakos MTV tarp HeLa lasteliy matme-
nims, bet jy skai¢ius 1 mm?” plote buvo reik§mingai didesnis tarp lasteliy su
Cx36 EGFP ir mazesnis tarp lasteliy su Cx43 EGFP, Cx45 ir Cx47,
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palyginti su HeLa lastelémis be Cx (3.6.1 lentel¢ ir 3.6.4 pav.). MTV tipas
irgi nepriklausé nuo to, koks Cx buvo lastel¢je (n = 94).

D IKisubstrato 0 pm

’

PerneSamas
komponentas

f 4 " 1 Igstelé

F  Pernesamas v“ v

komponentas -

MT)
; 1 Igstelé 2 ldstelé
1 L&

! |
1 ljstele’ 2/1astelé

und 1

3.6.2 pav. MTV tarp HeLa lgsteliy in vitro
(A—C) MTV, susiformave filopodijy augimo biidu, yra pakilg vir§ substrato. (D—F) MTV,
susiformave kontaktavusiy HeLa lasteliy atsiskyrimo btidu arba lamelipodijy augimo biidu.
(A-E) Keiciant atstumg iki substrato ir (C, F) rekonstruojant vaizdy Z-X projekcijas,
irodyta, kad MTV tarp HeLa lasteliy in vitro yra pakilg vir§ substrato.
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3.6.3 pav. MTV tarp nutolusiy HelLa lgsteliy in vitro morfologiniai tipai
(A, B) Budingas HeLa lasteliy su Cx43 EGFP ir Cx43 EGFP, tarp kuriy susiformave daug
PJ ploksteliy, vaizdas. (C, D) MTV (parodyti baltomis rodyklémis), kuriuose yra vien
F aktino (raudona spalva). (E, F) MTV, kuriuose yra ir F aktino (raudona spalva), ir alfa
tubulino (Sviesiai zalsvai melsva spalva). (G ir g) MTV, turintys i§ Cx43 EGFP sudaryta PJ
(zalios spalvos taskas, parodytas balta rodykle).
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3.6.1 lentelé. MTV tarp HelLa lgsteliy in vitro savybiy suvestiné

Cx izoforma Eksperimenty MTYV ilgis (um) MTYV skaicius
skai¢ius (n) 1 mm’ plote
HelLa be Cx 214 16,3+ 04 5148
Cx36 EGFP 330 17,004 79+9°
Cx40 CFP 126 15,9+ 0,5 46+ 6
Cx43 EGFP 96 17,0+ 1,1 23+4°?
Cx45 68 143+1,0 57+16°
Cx47 112 15,1£0,5 27+£3°

MTV skersmuo buvo 0,4-2,4 pm (n = 210; vidutiniskai 0,9 pm) ir nepriklausé nuo Cx tipo.
*p < 0,05, palyginti su HeLa Igstelémis be Cx.

Helgggx36-EGEP

20 um

m MTV/ 1mm?

()Cx Cx36- Cx45 Cxd7 Cx43- Cxd0-
EGFP EGFP CFP

3.6.4 pav. MTV skaiciaus tarp HeLa lgsteliy priklausomybé nuo

transfekcijos budu jterpto Cx tipo
(A) Budingas HeLa lasteliy su transfekcijos blidu jterptais Cx45 ir (B) Cx36 EGFP kultiry
vaizdas. (C) HeLa wt ir atskirus Cx ekspresuojancios HeLa lastelés buvo séjamos mazdaug
panagiu tankumu (3 x 10”) ir, praéjus 36 val., skai¢iuojami MTV (DIC mikroskopo pagalba
per x 20 objektyva) 15 atsitiktiniu btidu pasirinkty sri¢iy, kartojant skai¢iavimus 2 skirtin-
guose pers¢jimuose bei apskai¢iuojant vidutinjf MTV skai¢iy 1 mm?® plote (n =2 x 15 = 30)
(pagal 3.6.1 lentelés duomenis). * p < 0,05, palyginti su HeLa lastelémis be Cx.

Tiriant skirtingy Cx jtaka HeLa lasteliy judrumui in vitro, taikytas

zaizdos gijimo modelis. HelLa lastelés, kuriose buvo Cx36 EGFP ar
Cx40 CFP, statistiSkai patikimai greiiau uzémeé pazeista plota (t.y. buvo
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judresnés), palyginti su HeLa lastelémis be Cx ir HeLa lastelémis, kuriose
buvo Cx43 EGFP, Cx45 ar Cx47. StatistiSkai reikSmingy skirtumy tarp
HelLa lasteliy be Cx ir HeLa lasteliy, ekspresuojanciy Cx43 EGFP, Cx45 ar
Cx47, nebuvo. Po 12 valandy stebéjimo HeLa lastelés be Cx buvo uzému-
sios 42,8+ 6,0 proc. pazeisto ploto, HelLa lastelés, kuriose buvo
Cx36 EGFP, — 69,6 = 5,4 proc., HeLa lastelés, kuriose buvo Cx40 CFP, —
68,3 £ 6,7 proc., HeLa lastelés, kuriose buvo Cx43 EGFP, -
29,7 £ 1,1 proc., HelLa lastelés, kuriose buvo Cx45, — 29,0 + 2,4 proc., o
HelLa lastelés, kuriose buvo Cx47, — 35,3 + 3,3 proc. (3.6.5 A ir B pav.).

100 unf p"

EGFP

r

100 pum

Hela Cx36-

o =
]

)
=

—
=]

20

% uzimto zaizdos plot

(-)Cx  Cx36- Cx45 (x47 (x43-  (Cx40-
EGFP EGFP CFP

3.6.5 pav. HeLa lgsteliy judrumas in vitro
(A) Zaizdos gijimo modelis su HeLa lgstelémis be Cx ir HeLa lastelémis, kuriose
transfekcijos biidu yra jterptas Cx43 EGFP, pra¢jus 5, 10 ir 12 val. po zaizdos
suformavimo. (B) HeLa lasteliy be Cx ir HelLa lasteliy, kuriose buvo transfekcijos budu
jterpty skirtingy Cx, judrumo palyginimas pra¢jus 12 val. po zaizdos suformavimo (n = 3).
*p <0,05, palyginti su HeLa lgstelémis be Cx.

3.7. MTV tarp skirtingu tipy lasteliu in vitro

HelLa ir LSCC lastelés in vitro tiesiogiai sgveikavo per MTV su Zzmogaus
mezenchimos kamieninémis lastelémis (angl. human mesenchymal stem
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cells, hMSC). Pastebéta, kad HeLa lastelés, kuriose buvo transfekcijos biidu
iterptas Cx43, ir LSCC lastelés, kuriose yra natiiraliy Cx43, geba suformuoti
funkcionalias PJ turinius MTV su AMSC lastelémis (3.7.1 pav.). PJ
funkcionalumas jrodytas dvigubo patch-clamp metodu uzregistravus bidin-
ga gr priklausomyb¢ nuo Vy). Tarp 4 lasteliy pory buvo iSmatuota
gr=4,0£1,5nS.

"

100 pm

3.7.1 pav. MTV tarp HelLa ar LSCC ir hMSC in vitro
(A) Tarp PKH26 zyméty HelLa lasteliy (rausva spalva), kuriose yra transfekcijos biidu
iterpty Cx43, ir hMSC lgsteliy susiformave MTV. (a) Plonesni MTV tarp HelLa ir hMSC
lasteliy (didesnis padidinimas). (B) Nutolusias LSCC ir AMSC lasteles sujungiantis MTV,
per kurj Sios lastelés palaiko elektrinj rys§j (jrodyta, paduodant dvigubo poliskumo pjiiklo
pavidalo nuo 0 iki —120 mV ir nuo 0 iki 120 mV jtampos impulsa (V7) i AMSC lastele ir
iSmatavus srove (I7) LSCC lasteléje. (C) PJ biidinga g7 priklausomybé nuo Vr.

Sis pastebéjimas gali biti naudingas, sprendziant kai kurias naujy gydy-
mo bidy jdiegimo problemas. Specifiniy geny slopinimas yra vienas i$
perspektyviy neurodegeneraciniy ligy ir piktybiniy naviky gydymo budy,
taciau didziausia problema — jterpti egzogening siRNA ] lastele taikinj [20].
Problemg galima spresti, naudojant mezenchimos kamienines lasteles kaip
siRNA tiekimo sistemg, norint regeneruoti pazeistas ar ligos paveiktas lgste-
les arba gydant piktybinius navikus [9, 13]. Mat jos néra imunogeniskos
[120], turi didel; proliferavimo potencialg, jose yra Cx43 ir, kaip parodé
misy tyrimai, tarp skirtingy tipy lasteliy (HeLa ir LSCC su hMSC lastelé-
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mis) susiformuoja funkcionalias PJ turintys MTV, per kuriuos j nutolusig
lastele tiesiogiai gali biiti perneSama reikiama siRNA.

3.8. Rezultaty aptarimas

Siais tyrimais buvo pirma karta atskleista Zmogaus LSCC naviko lasteliy
sgveika per ilgus MTV in vitro, be to, panasios struktiiros pastebétos LSCC
naviko audiniy méginiuose. Nustatyti penki MTV formavimosi tarp LSCC
lasteliy in vitro budai. IStyrus tarplastelinj rysj, buvo pateiktas kiekybinis
elektrinio rySio per MTV ir MTV pralaidumo jvairaus kravio ir molekulinés
masés medziagoms jvertinimas. Taip pat jrodyta, kad mikrotubules turin-
¢iuose MTV ne tik juda pavienés mitochondrijos, kaip nurodo kiti autoriai
kity rasiy Igsteliy kultiirose [120], bet juose gali formuotis iStisi mitochon-
drijy tinklai. Mitochondrijos greiciausiai galéty biiti perneSamos MTV1, bet
ne PJ turin¢iais MTV(2—4) ir juo labiau ne MTVS, kuriuose PJ yra, bet néra
mikrotubuliy. MTV1 susiformuoja lastelei po mitozés pasidalijus | dvi
dukterines lgsteles — joms atsiskiriant i§laikomas rySys per trumpucius tarp-
lastelinius tiltelius, kurie, priklausomai nuo Igsteliy riisies, gali biiti keliy ar
keliy de$im¢iy mikrometry ilgio ir 1-3 um skersmens [166]. Sie tilteliai
lasteléms galutinai atsiskyrus nutriksta. Misy stebéti MTV1 buvo labai ilgi
(iki 1 mm ilgio), o tai gali rodyti, kad naviko Igsteléms nenormaliai dalijan-
tis, lasteléems nutolstant tarp jy iSlieka tiesioginis rySys. Tokiais MTV
perneSsamos mitochondrijos gali palengvinti piktybinio naviko invazijg ir
progresavima.

LSCC naviko audiniuose ir lgstelése in vitro buvo aptikti Cx43, Cx30 ir
Cx26. Zinoma, kad §iy Cx raiska vystantis gerkly navikams nekinta [120].
Vis délto elektrofiziologijos tyrimais (dvigubu patch-clamp) nustatyta, kad
funkcionalius PJ kanalus tarp susiglaudusiy ar per MTV(2-5) susijungusiy
LSCC lasteliy in vitro formuoja vienintelis Cx43. Pasitilyta, kad pagal Cx43
raiSka navikuose galima prognozuoti ligos eiga ir atsaka j gydyma [146] ir
tikétina, kad tam gali turéti jtakos MTV formavimasis. Cx26 ar Cx30
funkcijos LSCC lastelése lieka neaiskios, bet jie irgi gali biiti labai svarbus
tarsplastelinei sgveikai, nes atskiry jy kanaly laidumas (greiCiausiai, ir
kanaly skersmuo bei pralaidumas) yra didesnis uz i§ Cx43 susidariusiy PJ
kanaly [24, 60, 127]. Be to, yra tikimybé¢, kad formuojasi heterotipinés
Cx43/Cx26 ar Cx43/Cx30 PJ (jrodyta, kad bent jau Cx43 ir Cx30 yra
suderinami [120]), kurios taip pat gali biiti labai svarbios tiesioginiam rySiui
tarp lasteliy, nes Cx26 ir Cx30 puskanaliy greituosius vartus atidaro teigia-
ma jtampa, o Cx43 — neigiama. Tod¢l tiesioginis reguliuojamas nutolusiy
naviko lasteliy rySys per tokius heterotipinius PJ kanalus gali biti labai
reikSmingas: jeigu PJ sudaran¢iy puskanaliy vartus valdo prieSingo polis-
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kumo jtampa, vieno poliSkumo V; gali atverti, o prieSingo poliSkumo —
uzverti abu puskanalius, d¢l to susiformavus heterotipiniams PJ kanalams
registruojama sigmoidiné g7/Vr priklausomybé, o ne varpo formos kaip
homotipiniy PJ atveju (3.4.3.1 D ir 3.7.1 C pav.). Dauguma atvejy piktybi-
niy naviky lgsteliy ramybés potencialas gerokai maZesnis uz normaliy
lasteliy ar fibroblasty [16], todél, pavyzdziui, 1§ Cx43/Cx30 susidariusiy
heterotipiniy PJ tarp piktybinio naviko Iasteliy ir su piktybiniu naviku
susijusiy fibroblasty veiklg gali moduliuoti membranos potencialas. Suma-
z€jgs membranos potencialas gali buti funkciskai susijes su mechanizmais,
kuriais onkogeny veikiamos lgstelés 1§ normaliy virsta navikinémis. Buvo
pasitlyta nauja naviky progresavimo stabdymo strategija, grindZziama
membranos potencialo moduliavimu [31]. Dél elektriniy signaly perdavimo
asimetrijos nedidelis V,, pokytis vienoje i§ lasteliy, susijungusiy per MTV,
gali moduliuoti elektrinio signalo plitimo kryptj — tai jau buvo atskleista kity
heterotipiniy PJ tarp susiglaudusiy lasteliy atveju (apzvelgta [137]).
Kancerogenezes procese labai svarbiis yra fibroblastai. Jie del piktybinio
naviko lgsteliy parakrinio signalizavimo virsta su piktybiniu naviku susiju-
siais fibroblastais, kurie, manoma, suzadina naviko epitelio lgsteliy transfor-
macijg | mezenchimos lasteles ir kartu su jomis iSskiria jvairias tarplastelinj
uzpildg ardancias medziagas. Taip sukuriamos salygos naviko lgsteliy inva-
zijai [34, 35]. Vykstant Siems procesams, lasteliy sgveika per MTV gali biiti
efektyvesné uz parakarininj signalizavima, ypa¢ kai MTV sujungia naviko
lasteles su fibroblastais ar kamieninémis lastelémis. Tikétina, kad nutolusiy
lasteliy saveika per MTVS svarbi homeostazei palaikyti, o sgveika tarp
piktybinio naviko lgsteliy ir su piktybiniu naviku susijusiy fibroblasty per
MTV(2-4) — apriipinant naviko lasteles maisto ar energija teikianciomis
medziagomis ir netgi mitochondrijomis. Si hipotez¢ atitinka neseniai
paskelbtus duomenis apie tiesioging mitochondrijy pernaSa i piktybinio
naviko Igsteles, esancias uz didelio atstumo, ir jy atsparumo chemoterapijai
apraiSkomis [139]. Mitochondrijos yra labai svarbios piktybiniy naviky
progresavimui. Taciau jy vaidmuo su piktybiniu naviku susijusiuose
fibroblastuose ir piktybinio naviko lastelése skiriasi. Sanchez-Alvarez su
bendradarbiais paskelbti duomenys rodo, kad, sutrikus su piktybiniu naviku
susijusiy fibroblasty mitochondrijy funkcijoms, naviko augimas skatinamas,
o kai sutrinka epitelio naviky Igsteliy mitochondrijy funkcijos, priesingai —
naviko augimas slopinamas [162]. Naviko aplinkoje biina daug su
piktybiniu naviku susijusiy fibroblasty, makrofagy, endotelio, kity lasteliy,
kurios sgveikauja ne tik su tirpiaisiais citokinais bei augimo veiksniais, bet
i$skiria ir pusleles (pvz., egzosomas ar onkosomas), kuriose gali biiti ATF,
baltymy ar miRNA [17]. Irodyta, kad pusleliy pernasai per F aktino ir
mikrotubuliy turin¢ius MTV yra naudojama energija, o pati pernasa
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priklauso nuo mikrotubuliy motoriniy baltymy (pvz., kineziny) [139]. Miisy
eksperimentuose MTV spindyje buvo pastebétos pusleles su DAPI ir
atskleista, kad per MTV yra perneSama siRNA/AF488. Taigi, miRNA ar
SiRNA gali biiti tiesiogiai perneSamos ] nutolusias lgsteles, sujungtas per
MTV, o toks pernasos biidas yra daug greitesnis ir efektyvesnis uz
pinocitozés ar egzosomy formavimosi biidus. Be to, siRNA pernasa — tai ne
paprasta difuzija: jai grei¢iausiai taip pat naudojama energija, tikétina, kad
¢ia svarbis su mikrotubulémis susij¢ motoriniai baltymai (pvz., kinezinai ir
dineinai) [122] ir MTV besiformuojantys mitochondrijy tinklai, o ATF
sintezeés inhibitoriais ja galima nuslopinti [135, 201]. PJ gali ne stabdyti, o
pacios praleisti miRNA ar siRNA [104, 189, 207], nes, nepaisant didelés jy
molekulinés masés, Sios mazosios RNR yra lazdelés pavidalo, o mazasis jy
skersmuo yra artimas pernasg Siais kanalais ribojan¢iam PJ poros
skersmeniui [188], tod¢l miRNA ar siRNA gali prasiskverbti didesnio
skersmens PJ kanalais [20, 189]. Be to, PJ kanalai néra paprasti cilindrai:
dél kriivj turin€iy kanalo struktiiry sgveikos su krtvj turiniomis perneSamo
komponento dalimis jy skersmuo gali reikSmingai keistis [23], todél Siy
kanaly pralaidumas labiau priklauso nuo pernesamos molekulés kriivio, o ne
matmeny. Jau publikavus miisy LSCC tyrimo duomenis, Virginijus Valiunas
su bendradarbiais atskleide, kad siRNA gali biti perneSama tarp susiglau-
dusiy Iasteliy per i§ Cx43 susidariusias PJ, bet nepracina per PJ, kurios
susidariusios i§ Cx26 ar Cx32 [189]. Sie tyréjai taip pat nustate, kad per i3
Cx43 susidariusius PJ kanalus pernesta dvigubos grandinés siRNA gali
slopinti geny raiska lasteléje taikinyje [189].

Epitelio Igsteliy transformacija } mezenchimos ir atvirksciai (Sis procesas
gliomy ar krities véZio atvejais siejamas su pernelyg didele Cx43 raiSka
lastelése [105, 119]) yra esminiai procesai, lemiantys piktybiniy naviky
metastazavima, o panaudojus miRNA juos galima kontroliuoti ir atitaisyti
[111]. Piktybiniams navikams gydyti gali buti taikomas specifinis geny
slopinimas, bet jterpti egzogening siRNA | lastele taikini yra didziule
problema [20]. Zinoma, kad tarp lasteliy miRNA gali biiti perneSama
puslelése (egzosomose, ektosomose ir apoptozés kineliuose), nuo pisleliy
nepriklausoma forma, per sinapses ir PJ [126], taciau tiesioginé pernaSa per
MTYV biity veiksmingiausias siRNA ar miRNA patekimo ] nutolusia lastele
taikin} biidas. Norint regeneruoti pazeistas ar ligos paveiktas lgsteles arba
piktybiniams navikams gydyti [9, 13] kaip siRNA tiekimo sistema galima
naudoti mezenchimos kamienines Igsteles, nes jos néra imunogeniSkos
[120], turi didelj proliferavimo potenciala, jose yra Cx43 ir, kaip rodo misy
tyrimai, tarp skirtingy tipy lasteliy (HeLa ir LSCC su hMSC lastelémis)
susiformuoja funkcionalias PJ turintys MTV, per kuriuos reikiama siRNA |
nutolusias lgsteles gali biiti efektyviai perneSama tiesiogiai.
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Tiriant Cx jtaka lasteliy gebai formuoti MTV ir judrumui, pastebéti Sie
svarbiausi ir visiSkai nauji reiskiniai: 1) Cx36 EGFP skatina, o Cx43 EGFP,
Cx47 ir ypa¢ Cx45 slopina MTV formavimasi tarp HeLa lasteliy, kuriose
yra $iy egzogeniniy Cx; 2) HeLa lastelés, kuriose yra Cx36 EGFP ar
Cx40 CFP, yra judresnés uz kitus Cx ekspresuojancias HelLa ar Hela
lasteles be Cx.

Vienas i§ lasteliy judéjimo ciklo etapy — nuo integriny priklausomas
sulipimas su substratu [140]. Misy tyrimuose pastebéta, kad Cx kaupiasi |
lamelipodijas panaSiy iSaugy galiukuose ir jy prisijungimo prie nutolusios
lastelés vietose. Tai gali rodyti, kad Cx gali biti susij¢ su sukibimo
(adhezijos) ir standziyjy jungéiy baltymais, pavyzdziui: jau zinoma, kad
Cx43 moduliuoja lasteliy migravima, sgveikdamas su Igstelés receptoriais ir
veikdamas su jais susijusj signalizavima, lastelés griau¢iy remodeliavimg ir
sukeldamas dinaminius tubulino pokyCius [85]. Buvo pastebéta, kad
Cx43 EGFP, Cx45 ir Cx47 mazina HelLa lasteliy judruma, palyginti HeLa
lastelémis be Cx. Jdomu tai, kad tarp tuos pacius Cx ekspresuojanciy lagsteliy
susiformavo maziau MTV, iSskyrus HeLa lasteles, kuriose buvo
Cx36 EGFP, — tarp jy susiformavo daugiausiai MTV ir jos buvo judriausios.
Cx40 CFP didino HeLa lasteliy judruma, bet MTV skaicius tarp jy ar HelLa
lasteliy be Cx nesiskyré. Sie duomenys rodo, kad Iasteliy judruma ir MTV
formavimasi tikriausiai reguliuoja skirtingi mechanizmai, kuriuos skirtingi
Cx gali veikti prieSingai.

3.9. Rekomendacijos

Saveikos tarp LSCC lasteliy per ilgus MTV apibtdinimas turéty prisidéti
ir paskatinti tolesnius piktybiniy naviky tyrimus, atkreipiant démesj | Siuos
dalykus: 1) saveikg per MTV tarp piktybinio naviko lasteliy ir su piktybiniu
naviku susijusiy fibroblasty ar kamieniniy lgsteliy, jkaitant tiesioging siRNA
pernaSa per MTV | nutolusias skirtingy tipy lasteles ir geny raiSkos
moduliavimg jose; 2) regioninius MTV struktiiry bei jvairiy Cx raiSkos
skirtumus naviky audiniuose, jskaitant jy parenchima, stromg ir pereinamaja
zonas, kuriose formuojantis piktybinio naviko metastazéms, gali biti
svarbios heterotipinés PJ.
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1)

2)

3)

ISVADOS

Istirtas ir aprasSytas MTV formavimasis tarp LSCC lasteliy ir jy savybés.

Nustatyti penki MTV formavimosi in vitro budai.

Irodyta ir aprasyta uz dideliy atstumy (iki 1 mm) esanciy LSCC
lasteliy geba palaikyti tiesioginj rysj per jvairaus skersmens ir ilgio
MTV, kurie gali biiti atviri ar uzdari arba turéti funkcionalias i$
(Cx43 susidariusias PJ.

Tarp nutolusiy LSCC lasteliy, kuriose yra natiiraliy Cx43, in vitro
buvo pastebéti dviejy morfologiniy tipy MTV: turintys vien
F aktino bei turintys ir F aktino, ir mikrotubuliy.

Kiekybiskai jvertintas elektrinis rySys per MTV tarp nutolusiy
lasteliy: MTV1 paprastai buvo atviri vamzdeliai (t. y. neturéjo PJ),
o MTV(2-5) tur¢jo PJ ir jy vidutinis elektrinis laidumas gerai
koreliavo su MTV matmenimis bei labai priklaus¢ nuo MTV
esanciy PJ funkcionalumo.

Kiekybiskai jvertintas MTV tarp nutolusiy Igsteliy pralaidumas,
kuris priklausé nuo perneSamos medziagos molekulinés masés ir
kriivio bei nuo MTV esanciy PJ funkcionalumo.

Irodyta, kad LSCC ir HeLa lastelés geba suformuoti MTV su
zmogaus mezenchimos kamieninémis lastelémis.

Atskleistas mitochondrijy ir genetinés medziagos (DAPI zyméty
komponenty, siRNA/AF488) judéjimas MTV, turindiais ir neturin-
¢iais PJ, spindZiu bei apraSyti MTV spindyje susiformave mito-
chondrijy tinklai.

Atskleista bei apraSyta tiesioginé genetinés medZiagos pernasa ]
nutolusias lasteles per MTV, turincius ir neturincius PJ.

Nustatyta, kad LSCC audiniuose egzistuoja dviejy tipy | MTV panasios
strukttiros: turincios tik F aktino bei turinéios ir F aktino, ir mikrotubu-

l1y.

MTV tarp HeLa lasteliy matmenys (ilgis, skersmuo) nepriklausé¢ nuo
ekspresuojamo Cx tipo. Nuo ekspresuojamo Cx tipo priklause:

HelLa lasteliy judrumas: HeLa lastelés, kuriose buvo Cx36 EGFP
ir Cx40, buvo judresnés uz kitus Cx ekspresuojancias Hela ar
HelLa lasteles be Cx;

tarp Hela lasteliy susiformavusiy MTV tankis: Cx36 EGFP ska-
tino, 0 Cx43 EGFP, Cx47 ir ypa¢ Cx45 slopino MTV formavimasi.
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Abstract
Tunneling nanotubes and epithelial brid ly d
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remote cells allowing their electrical
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organelles. In the present study, we demonstrate for the first time in primary cell cultures prepared from human laryngeal
squamous cell carcinoma (LSCC) samples that these cells communicate with each other over long distances (up to 1 mm)
through membranous tunneling tubes (TTs), which can be open-ended or contain functional gap junctions formed of
connexin 43. We found two types of TTs, containing F-actin alone or F-actin and x-tubulin, In the LSCC cell culture, we
identified 5 modes of TT formation and performed quantitative assessment of their permeability

ﬂuotmml dycs of different moltcuhl weight andchargt We show that TTs, :omainlng F-actin and :vlubuin, transport

and even membrane vesicles and

electrical properties and to

il h

igh TTs.

w'nonﬂmwdmkposslbllty

similar to those found in the primary LSCC cell culture,

Citation: Antanavitiune L Rysevane K, Unthevit:
Colls, PLOS ONE 906 @99196. dot 10137 Vjowrnal pone. 0099196

and analysb, decision to publish, or preparation of the manuscript.

* Bl atvyclans sheberdiablumani it

small DAPI-positive suggesting p genetic
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double-stranded small interfering RNA, To support the idea that the phenomenon of TTs is not only typical of cell cultures,
we have examined microsections of samples obtained from human LSCC tissues and identified intercellular structures
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Introduction

Physiodogical and pathological provesses such as homeostasis,
cmbryogenesis, development, tumongenesis, ad cell movement
of cell-torcell commmmication
is performed by soluble

depend on the synchronizatic
Ttercellubar commumnication between ool
maolecules of endocrine and paracrine signaling systems and by
direct noncytoplasmic and cytoplssmic connections. Noncytoplis-
mic comections  include  cvtonemes described in Dyosophila
melamogaster aned some other invertebrate cells [1,2] and filopodial
bridges  viral eytonemes) foundd in mammalin cells  [3,4).
Cytonemes exvend up 1o 100 pm and conneer the anterior ad
posterior compartments of the imaginal dise in froit fies, Similar
structures have been reported in human neuteophils [5], Filopodial
bridges are shorter than 10 wm and can transfer  retrovins
infection, In both cases, these membranous bes contact the
substratn and  transfer  cargoes along  their surfice,
Cytoplasnic between  contiguous  cells  can
achieved through plismodesnuta in plants [6] and gap juncions
(GIs) i animals [7.8], Plaanodesmata are microscopic channels
raversing cell walk that emable the truspont of substances
between cells, G channels are formed by 2 apposing hemie
channels aHC)
provide a direct pathway for edectrical and metabolic signalmg

oumter

contections be

(each composed of 6 connexin (Cx) subunits) ad

between adjacent celle Cytoplasmse connections between remiote
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celb luve recently been discovered i coliured st pheocdirono-
cytoma PCE2 cells (9] and dessgnated tanneling munotubes (ENTS)
reviewed el [T These Faactindhised  membranons
structures, depending on the cell type, range from 20 w0 800 g i

diamcter and extend up o several cell diameters. They do not
tonch the substration and have Tife thnes rom minutes up o
several hours,

The mechanism of TNT formation has not been completely
cluckdated yet. Two models of INT
proposed, The fist model i based on the outgrowth  of
filopodivan-like protrusions that elongate by Foactin polymeriza
tion and make physical contact with & remote cell establishing
either an open-ended connection through membrane fusion or
clectrical coupling through GJs, or dose+nded connections where
the cargo has 1o wraverse the plasma membrane boundary. IST1,
a transmembrane MHC chass T protein, & responsible for the
formation of functional TNTs by recruiting filamin, an actin-
crosslinking protein, 1o the plasa membrane wsd interacting with
M-Sec, myosin and myofedin [12]. The M-Sec protein was
previowsly reported o be a central factor for Foactin polymeniza-
towbased TNT formation [13]. The second model is bised on
cell dislodgment after tight cell-cell contacts, Cells moviig
oppesite directions pull out the opercended TNT it may
rupture preserving tips in contact and estaldishing close-ended or
GJ-based conpections. Since their discovery in 2004, TN'TS have

foemation lave been
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been described in many other cell types where they have been
shown to be implicated in the intercellubir electrical coupling and

* flux: trsfer of organelles or proteins: vine, pathogenic
prion, and prowein cell ;oand bacrena
capture (reviewed in refs. [10,1LELI5]) Interestingly, it has been
shown in certain cell enloures that 15, in addition 1o F-actin,
mictotubules, and while cargo transport in solely Foactin
g INTs & unidirectional, in micrombules comaining
it is bidirectional [16],

More recently, 2 novel long-distance tbular channels between
humian bronchial epithelial cell idands and A9 human alveolar
basal carcinoma cells hiwe been discovered [17,18]. Termed
epithelial bridges (EPBI1 and EPB2), these intercellular T'T's differ
strocturally from T They runge from 1 1o 20 gm in diameter
and provide direet intercellular communication over the longest
distances (=1 mm) reported 10 date. Al EPBs are F-actin and
microtubule composites and, smilar to TNTs, hover above the
substratum, EPBIs, like 'TNTs and other intercellular channels,
faciliaee cellular material wansport, In comrast, EPB2s provide
conduits for a whole cell or cell groups to move from one epithelial
cell iand 1o another, representing a completely new mechanian
of cell migraton,

The first evidences on the existence of TNTs in tisues were
presented in animals by Chirmery and colleagues in the mouse
cormeal stroma [19] and in humans by Lou and colleagues [20] in
the pleural mesothelioma and adenocarcinoma specimens. Also,
one recent publication has demonstrated TNT-like  structures
between migrating cells of the cultured  explants from  the
metastatic nodules of ovarkan cancer [21]. However, 10 our
knowledge, there are no dat in the lisermure about the presence
of TN'T's in other types of malignant tmors, incliding squamons
cell caranoma of the head ad neck region.

In this study, we found that Lairyngeal squamous cell carcinoma
(ISCC) cells in the culture pedormed  electrical and metabaolic
communication via membranous TTs of nano- and microscale,
similar to TNTs and EPBs, respeetively. The thickest and longest
intercellular tubes formed during cytokinesis provide open-ended
connections, capable of tranan it bzt 3k D molecules and
wransporting mitochondria The T formed by the filopodivm or
Lamelliy I blish intercellular con-
nections through Cxd3based G fomuation with consequent
voltage gating properties and permeability for smaller molecules
(< 1.2 kDa). Moreover, we show for the lirst time that open-ended
and even GJ-containing TT's can wansfer the genetic material,
such as sIRNAL Finally, we demonstrate that ‘I'T's, containing F-
actin alone s together with 2=tubuling exist in the LSCC tisues.

1
me

Materials and Methods
Human Laryngeal Carcinoma Cells and Tissues

Our investigations were performed in accordance with the
principles outlined in the Declaration of Helsinki and approved by
Kannas Regional Bioethics Committee (BE-2-34, 2007), Histo-
o confinmed  LSCC tisue samples were collected i
accordance with the protocol approved by the  Instinational
Review Board, Lithuanin University of Health Sciences (LUHS).
Informed written consent was obtained before surgery, and patient
identifiers were removed 10 ensure anonymity.

LSCC tissue samples were obtained from the Deparment of
Otorhinolaryngology, LUHS. The primary culture of LSCC cells
was prepared from part of the tmor tissue <ample aken from o
Steyear-old male patient with Tla Nx Ro G2 LSCC during
hemilaryngeaomy surgery. The second pan of the sample was
usedd for a histological and i hi
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LSCC staging, T (tumor) and N (node) categories were assigned
according 1o the Union for International  Cancer  Control
classification. The di hohistologically confirmed at
the Department of l‘allmlug\. .l HS. The moderate differentia-
ton grade (G2) of carcinoma was determined according to the
Union for International Cancer Control elassification. In addition,
the specimens from 5 other patients with LSCC diagnosis were
examined hivologically and mmmunohivochemically,

The carcinoma tisue sample (~0.5 cm®) was cut with scissors
into smaller pieces, treated with -mg/ml. collagenase (ype V)
and 0.125% uypsin in PBS, and shaken at 37°C for 2h at
350 rpm. After washing with DMEM, the ISCC cells were seeded
into Rasks with o growth medivm (DMEM, 10% FBS, penicillin
100 U/ml and ssrepromyein 100 pg/mly and incubated w 37°C
in a humidified atmosphere of 5% COg After 24 b, all dead and
unattached cells were removed. The growth med was Changed
every day until the adherent cells reached 90% confluence, and
then they were resseeded in new calture flasks. All chemicals were
purchased from Sigma-Aldrich (Steinl , Gennany),

15 W as

Time-lapse Imaging

Time-lapse imaging of LSCC eell maorility and TT formari
the culture medium was performed at 37°C in o h
atmosphere of 5% CO, using an mcubation system INUBG2E-
ONICS (Tokai Hit, Shizuoka-ken, Japan) with an incubaor,
mounted on the stage of the motorized Olympus IX8] microscope
(Olympus Europe holding Gmbh, Hamburg, Germany) equipped
with UPLFLN 4x/0013, UPLFIN 10x/0.3, U I'Lm?\.\pu 20x/0.85
Ol or PlanApo N 60x/1.42 O lens, the Orca-R? cooled digital
camera (Hamamatsu l’huu ics KUK, Japan) and the fuorescence
ging system XNCE L (Olympus Soft Imaging Soluti
yH, Minchen, Gern vi- Diflerential interference contrast
(DIC) or phasescontrast images were taken maddition w0 mme-
lapse imaging.

Electrophysiological Measurements

For simultancous elecirophysiological and fluorescence record-
ings, the cells grown onto glass coverslips were mansferred 0 an
experimental  chamber with constant flow-through  perfusion
mounted on the stage of the inverted microscope Olympus IN8]
equipped with the Orca-R* cooled digital camera, Quorescence
excitation system MT10 (Olympus Life Science Europa Gmbh,
Hamburg, Germany), and Muorescence imaging system NCEL-
The UPlanSApo 20x/0.85 O lens and appropriate
excitation and emission filters (Chroma Technology, Bratdeboro,
\'l USA) (all used filters are specified in Table $1) were used o
age (molecular mass of the fluorescent jon; valence) Alexa Fluor-
350 (AF350; 526; —1). Lucifer Yellow (LY: $43: —2). DAPI 279
+2), Alexa Fluor=488/3000 dexuran (AFH8/3000; 3000; ~ I‘t. and
SIRNA conjugated with AFESE GRNAZAFISE; ~15000; n.d..

Junctional conductance gy between the eells connected by the T

92

was measured using the dual whole-cell patch=clamp technique.
Cell-1 and cell-2 of a cell pair were voltage clamped independently
with the pach-clamp amplifier MuliClamp 7008 (Molecular
Devices, Inc, USA) at the same holding potential, V=V
Voltages and cumrents were digitized using the Digadata 1H0A
data acquisition system (Molecular Devices, Ine., USA} and
acquired and analyzed wsing pClamp 10 sofiware (Molecular
Devices, Inc.. USAL By stepping the voltage in the cell-1 (AV))
and keeping the other comstant, junctional current was measured
as the change in current in the unstepped cell-2, 1= Als, Thus, gy
was obtained from the rato <l /AV,, where AV, & equal 10
transjunetional voltage (Vep), and a negative sign indicates thar the
junctional curvent measured i the cell-2 is oppositely oriented o
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the one measured m the cell-1. To minimize the effect of series
resistance on the measurements of gy [22], we maintained pipete
ances below 3 MOhms, Pach pipettes were palled from
borostlicate ghiss capillary tubes with laments. Experiments were
performed at yoom temperature in o modified  Keebs-Ringer
solution (in mMy: NaCl, L KCLL 4: CaCly, 2: MgCly, 1: glucose,
5: pyruvate, 2; HEPES, 5 (pH 7.4). Patch pipettes were filled with
salme contaming (i mM: KCL 150; Nacaspartaee, 1 MgNTP, 5;
MgCly, 1: CaCly, 0.2: EGTA, 2 HEPES, 5 (pH = 7.3). AF350 and
AFH8/3000 were purchased from Invitrogen; AllStars negative
control SIRNAZAFA88 was obtained from Quigen, All other
chemical reagents were purchased from Sigma-Aldrich Corp.

Fluorescence Imaging and Dye Transfer Studies

Fluorescence sigials were acquired wing the Olvinpus IX81
microscope with UPLinSApo 20x/0.85 O lens, Orea-R? digital
camera, luorescence excitation system MT 10, and NCELLENCE
software, For dye transter studies, a given dye was introduced into
the cell-1 of a pair through a parch pipene in the whole-cell
voltage-climp mode. Typically, this resulted i the rapid loading
of the cell-l, followed by dye mander via the 1T w the
neighboring cell-2. A whole-cell recording in the dye recipient
cell (cell-2) was established ~ 1030 min after opening the patch in
the cell-1, This allowed measurement of gy and avoided dye
leakage into the pipette-2 during the mewsurements of dye
permeability. Evaluation of G) permeability 1o dyes from changes
m fuorescence intensity in both cells was previously deseribed
elsewhere [25-25], In brief, the cellwo-cell flux Jy) of the dye in
the absence of transjunctional voltage (V=0 mV) cn be
determined from the changes of dyve concentration in the ocll-2
(ACS) over the tme mierval (A as ollows:

voly'ACy
Jr= 2 m
where voly s the volume of cell-2, Then, according 1o the modified
[26] Goldmun-Hodgkin-Karz (GHK) equation [27], the 1ol
junctional permeability (Py) can be described in consequence:

. Jr I‘Yllg'A(;

N eicce S Y o
C-G aG-G)

Pr (

where Gy and C; are dye concentrations in the cell-1 (dye donor)
and the cell-2 (dye recipient), respectively, Cell volume was
approximated s a section of a sphere and caleulated from the
formula vola = (176) + 7+ I = (3% b2 The diameter of the base (a)
was determined by averaging the longest and shortest diameters of
the cell; the section height (h) wis measured by XCELLENCE
software changing o focus from the base 10 the 1op of the cell. On
average. the volume of examined LSCC cells wis ~68.000 pm®.
Assuming that the dye concentration s directly proportional o
Nuorescence intensity (C =k « FI), the equation 2 can be modified
as follows:

valy' AFl

Pr= g Fh—FR)

(3)

where AFL = Floy o Floy, is the change in FI in the cell-2 over
time, At = (1., 1,); n is the nth tme point in the recording, Most
of the fluorescent dyes and reagents were purchased  from
Invirogen (Eugene, OR, USA). To minimize dye bleaching,
studies were performed using time-lapse imaging. which exposed
cells 1o low-intensity light for ~0.5 < every | min. We also used

PLOS ONE | www.plosone.org

93

Tunneling Tubes between Laryngeal Carcinoma Cells

dves at low concentrations in the pipette solution, typically
0.1 mM and below, which minimized phototoxicity but sull
provided satisfactory fluorescence intensities,

Histology

For a histological viswalization, part of each freshly dissected
tissue sample was fixed for 3 days we £C inoa 1% paraformal-
deliyde solution in 0,01 M phosphate buffer (pH 7,41, routinely
embedded i paralling and sectioned i & Sm thick slices
emploving a rotory microtome Microm HM350S (Germany ).
Tissue sections were stk on microscope slides by electrostatic
attraction (SuperFrost Ultra Plivs, Thermo Scientific, Braunsch-
weig, Germany) and dried up to 12 h at 50°C. Staining with
Masson's trichrome (Sigma-Aldnch, Germany) and hematoxylin-
cosin (Sigma-Aldrich, Germany) was used 10 characterize LSCC.
The preparations were examimed with the fluorescent microscope
Axiolmage M1 (Zeis, Gowtingen, Germany). Bright field images
were taken wsing EC Plan-Neofluar 10x/0.3, Plan-Apochromat
20x/0.8, EC Plan-Neolluar 10x/0.75, or Plan-Apochromat 63x/
140 O1 lens and the high-resolution color camers AxioCam HRe
(Zriss, Gottingen, Genmany),

Immunohistochemistry of Cells and Tissues

Cell culture. Cells were grown in 24well plates with glass
coverslips on the botom, fixed with 4% paratormalkdehyde for
15 min, and permeabilized with 0.2% Triton X-100/PBS for
3 min. Coverslips were incubated for | h with the following
primuary 1hodds bulin (15168, Sugma-Aldrich,
Steinheim, Germany), rabbit ani-Cx45 (710700, Invitrogen,
USAL mowse anti-Cx43 (610061, Transduction Laboratories,
Lexington, KY, USA), rabbit anti-Cx26 (7 1-0500, Iwitrogen,
USA), rabbit anti-Cx30 (HPAOT4346, Sigmae-Aldrich, Steinbeim,
Germany), then rnsed with 1% BSA/PBS and incubated with
secondary goat antiemowse 1gG HE&EL (Cy5) @ab6563, Abcam
Cambridge, UK) or with donkey anti-rabbit IgG (FITC) (se-2090,
Santa Cruz, CA, USA) for 30 min. The Factin network was
visualized wsing Alexa Fluor 594 phalloidin (Invitrogen, USAj;
coverslips were incubated with the dye for 50 min ar 37°C.
Coverglasses were attached using Veetashield Mounting Medium
with DAPL (Vector Laboratories, CA, USA) and sealed with clear
nail polish. MitoTracker Green (Invitrogen, USA) was used to
stain mitochondria in live cells following the manufacturer's
instructions. Analysis was performed using the Olymipus IN81
microscope with UPLainSApo 2057085 Ol or PhaApo N 60x/
142 O lens and the Orea-R? digital cameras with the fluorescence
excitation system MT10 and NCELLENCE software.

Tissues, Freshly disected newes were immersed i 4%
paraformaldehyde in PBS for 24 hours at 4°C, then trunsferred
10 20% sucrose in PBS for 24 ar 4'C, and frozen on specimen
plates by wsing a TBS tisue  freezing medivn (Triangle
Biomedical Sciences, Durham, NC, USA). Tisue samples were
sectioned at a thickness of 25 gm i a microtome crvostat (Microm
HAMAGOM, Germuany) at —200C. Sections were collected on
SuperFrost shides and air dried for 30 min at room temperature.,
Slide-mounted tissue sections were washed in PBS, permeabilized
with 0.5% Triton X-100 in PBS containing 0.5% BSA, and
blocked for 1 h in PBS containing 5% normal donkey serum
(Jackson Tmmunoresearch Laboratories, West Grove, PA, USA)L
Tisues were then incubated for | h with mouse anti-2-ubulin
(5168, Sigma-Aldrich, Steinheim, Germany) or rabbic ani-Cx 43
(TI0700, Invitrogeen, USAL rabbat ant-Ox26 (710500, Invitrogen,
and rabbi anti-Cx30 (HPAO 14846, Sigma-Aldrich, Stein-
Germany) primary antibodies for 18 20 hours at 4°C ina
humid chamber, Thsues were then washed with PBS and

Mouse anti-
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incubated for 2 b with speciesspecific donkey antismouse or
donkey antisrabbit secondary antibody  conjugated with F11C
(AP192F or APIS2F, respectively, Chemicon, California, USA),
Alter washing in PBS, the actin network was visualized o
Fuor 5% phalloxdin (Invirogen,  USA). Mitochond,
stained with an antiemitochondria [MTCO2] antibody
Abcam, Cambridge, UK) and a donkey antbmouse s
antibody conjugated with FITC (APT92F, Chemicon, Cali
USA) Coverglasses were attached wsing Vectashield Mounting
Medimm with DAPI (Vector Laboraories, CAL USA) and seaked
with clear nail palish. Both positive and negative controls were
wwd. The preparations were examined by the  fluorescent
microscope Axiolmage Z1 fied with Apowome and luorescence
filter sets No. S8HE, 43HE. and 49 (Karl Zeiss, Gotingen,
Germany), and with Plan-Apochromat 20x/0.8, EC Plan-Neo-
fluar 4k /0,75, and Plan-Apochromat 63x/ 140 Ol lenses (Karl
Zers, Gottingen, Germany). Fluorescent images were taken using
the monochrome camera AxioCam MRm  (Zeiss, Gotingen,
Germany ). The optically sectioned stacks of inuges were projected
mto the final image using a special extended focus module
available in AxioVision (v. 1.8.2, Karl Zeiss, Gouingen, Germany)
software. When necessary, the <ime preparations were addition-
ally analyzed and photographed employing the laser scanning
microscope LSM 700 (Zeiss, Jena, Germany) with its ZEN 2010
software (Zeiss, Jena, Germuny ).

Data Analysis and Statistics

The analysis was performed using SigmaPlot software (Systat,
Richmond, CA, USA), and averaged data are reported s means
* SEM.

General Properties of LSCC Tissue and Primary Cell
Culture

The primary culture of LSCC cells was prepared from part of
the mor tissue sample, while the second part was used for a

histologiacal examination, which revealed the sypxal properties of

LSCC (Figs. 1A and 1a) described in the figure legend. 15CC
cells were used in experiments between passages 5 w 15 (Fig. 1B)
when they manifested high proliferative properties (Fig, 1G) and
mobility (194228 g/ 0= 20), and low membrane potential
(=137 1.2 mV; n=40). We found that LSCC cells in the culure
formed numerons intercellular minneling wibes of varions width
and length (Fig, 1B). The thickest | 5 pm at the most namow
site) and the longest (up to | mm) that could be seen under
low magnification  (indicated by yellow arrows in Fig. 1B)
resemble EPBs described by Zani [18]. Due 1o their microscale
widih, it is more correct 1 designate them not TNTs but simply
TIs (according to the International Organization of Standardi-
zation, definition for “naposcale™ s the size ranging  from
approximately 1o 100 nm and for “nano-object”™ is a material
with one, two, or three external dimensions at the nanoscale),
LSCC cells abso form much thinner (<1 pm) and shorter (up to
100 g} T1s resembling those finst characterized by Rustom and
colleagues [9],

It has previously been demonstrated thar F-actin and a-tubulin

(reviewed in refs, [10,17]) Indeed, the preincubation of 1LSCC
cells possessing the already developed network of TTs for 24 h
with colchicine (10 pM), an inhibitor of microtubule polymeriza-
tion, resulted in o complete Joss of TTs (Fig. 1D). The &
of actin polymerization, such as cytochaksin B, inhibic TNT
formation bur weakly affect the already existing TNTs [28].
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Similar results we obtained i freshly sweeded LSCOC cells, which
had not developed the network of T yet, preincubiated with
latrunculin A (20 nM), an inhibitor of actin polymerization (not
shown).

A spedific property of EPBs and TNTs i that they do nos aach
10 the substratum [11,17], We demonstrated thar TTs formed by
LSCC cells were unattached o the substratum by applying
positive or negative pressure 10 the specific 1T through & broken
pawh electrode (Figs. 1E-1G). However, the leading edges of
lamellipodium extensions were usually attached 1o the substratum

and participated in ccll lity and TT

Modes of TT Formation between LSCC Cells In vitro

The analysis of ume-lapse imaging allowed us to distinguish the
following modes of TT formiation: 1) TTs formed during cell
division and subsequent dislodgment (U112 TEs formed by the
extensions of rear lamellipodia atached to the remote eell (T2
3T formed by the extensions of secondary  Lumellipodia
oumgrowing from leading or rear Lamelbipodin (T35 4 TTs
formed by the intersection of rear or secondary  Limellipodia
(1145 5 TTs formed by filopodium-like extensions or protrusions
(1°15) Thus, for simplification in this paper, TTs will be indexed
from | 1o 5 depending on the mode of their formarion. We
examined the meidence of T 5 on the 1.2«cm dumeter
coverslip that contained 3564 fixed immunostained LSCC cells
(~3200 celks per em?®) and identified 136 different TTs, among
which the incidence of TULTT2 TS, T and 115 was 18%,
20%, 4%, 1% and 27%, respectively, Sanilar results were
obtained from other 2 coverslips.

TTL. The wpical steps of TT1 formation are shown in
Fig. 2A-2D. A mature LSCC cell rounded up (A) entering mitosis
(B) and divided into 2 cells (C), preserving the cellso-cell
communication during their disdodgment. ‘T 1s were the longest
and thickest TTs, up o 1 mm in length and 5 pm in width (D). Tt
Bias been shown that epathelial bridges contain both Foactin and
microtubules [ 18], while TNTs contain either only F-actin (9] or
both F-actin and micrombules [29]. Figs. 2E-2G display that
TTls contained both Faactin and microtubules, which were
stained with phalloidin and ana bulin, respectively, suggesting
that these TTs might panticipate in the bidirectional transport of”
materiaks [50].

TT2. The formation of T2 is shown in Fig. 3A. The cell-]
had 2 rear Lunellipodia (red arrows), and one of them formed the
T2 with the cell-2, Like TT1s, T12s contained both F-actin and
g-tubulin (Figs, 3B=3D). The crawling endings Lunellipodia
(vellow arrows in Figs. 3A and 3B, which we call “paws.” in
addition to Factin and -tubulin threads usoally contained Cx15
hemichannel chisters (Fig. 3E), which can be unlized 10 form GJs
when the “paw™ comes into contact with a remote cell, The Z-X
reconstruction showed thar 1125 were often raised alwove the
substratum when stretehed during cell movement i opposite
directions or when cells) round up before division (Figs, 3F and
3G). The formation of the T2 is demonstraned in Movie S1,
where o luge rear lamellipodum  reached the remote cell
established the TT2 connecnon with 3, and Later retracted
preserving the connection through newly formed T,

TT3. The rear or leading lamellipodia often grew the
secondary Lunellipodia, which formed the T1T3 with the remote
cells (Fig. 4A, red armow). T1%s also contained both F-actin and
a-wbulin (Figs. 4B-4D) and could he seen rassed above the
substratum (Figs. 4E and 4F. The Jength of 'T'T2s and 1T'15s
measured up to 500 g and 300 pm, respeetively, while their
diameter ar the most narrow site was abour 13 g and 0.5
2 pm, respectively (summary is presented in Table 1)
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Division rate
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Figure 1. Characterization of LSCC cells. (A and a) Moderately differentiated squamous cell carcinoma of the larynx. The parenchyma (P) of the
tumor consists of atypical epithekal cells with numerous hyperchromatic giant nuclei and atypical mitoses (white arrows). Several keratinizing cells.
are shown by yellow arrows. The surrounding stroma (S) is composed of the connective tissue with lymphocyte infiltration (hematoxylin and eosin
staining). (8) LSCC cells after 3 days in vitro (TTs are indicated by yellow arrows). (C) Division rate of LSCC cells at the eighth passage (n=5). No major
differences in the division rate were observed between passages 5 to 15, (D) Preincubation of LSCC cells with colchicine (10 uM), an inhibitor of
mtaombule poiymemanon. for 24 h resulted in a complete loss of TTs, (E-G) TTs are not attached to the substratum as confirmed by applying
through a broken patch pipette. The TT2 was formed by the rear lamellipodium of the cell-1 attached to the rear
Iameﬂpod-um of cell 2 (encircled).

d0i:10.1371/journal pone 0099196 9001

TT4. Due w high mobility of LSCC cells, their rear or N-cadherin and B-catenin [31]. Interestingly, two protrusions from
secondary lamellipodia extensions can intersect forming 1714 the opposing cells can abso find each other and torm TS5
(Fig. 4G) and extablishing funciional Cx43 Gl (arrow in the mset) extablishing  fmctional GJs between their tips, where Cxd3
as confimmed by patchechunp measurements. Such connections aceumulation can be seen (Fig. SE). T were abso identified
can abo be established when one of these spindling extensions as not touching the substratum (Figs. 5F and 5G).
reach and anchor with it crawhing “paw™ to the Lunellipodium of T1s differed structurally from “TT4)s i thae they did not
the second cell. contain microtubules (Figs, 5A-5C). In most cases, T15s formed

TT5. The thinnest and shortest TTs, Le. TT5s, tormed Cx43 GJs at the cell border (green dotx mdicated by white armows
between 1LSCC eells when cells first came mto contact and then in Fig. 5A), and their functionality was confiomed by o dual
moved apart (Fig. 5A=5C) or when fillopodium-like prowrusions whole-cell patch-clamp measurement of voltage gating typical of
(single or multiple) from one cell comnected to another cedl GJs. In addition, evtoplasmic or membranous Cx43 hemichannel

(Fig. 5D presumably by forming anchoring junctions containing
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Figure 2, For jonof TT1s b
both F-actin and 2 tubukn
d0i:10.137 1/journal pone.00991 96,9002

clusters can be seen on the surface of both cells and in the middle
ol TT5

In our experiments, about 20%

6 out of 32) of *

155 did not
couple the cells electrically for 3 possible reasons: 1) 115 were
closesended, probably ivolved only in cargo trnsport on the
surface or i the active ransport of imracellular materials 2) GJ-
dependent elearical coupling wis not established yet i the
process of de novo formation of T12 5) Gl-dependent electrxal
coupling was already lost due 10 cell separanon

I'he torad conductance of a T depends onits geomenry and the
presence or absence of GJs at the contact of & T with the remaote

cell
precisely: however, the limiting factor of T conductance is not its

I'T length and external diameter can be measured quite
external but inernal diameter, which can be difficult o estimate

Cx43, Cx30,
epithelium

and Cx26 have been idemtificd in the Buyngeal

amd showed no alteration  in - expression  during

carcinogenesis [32]. Staining with specific amibodies revealed
that indeed ESCC cells i culture l‘lg-. S1IA-S1C) ind in tisue
Figs. SID=S1F expressed Cxis, and Cx26;
while in the Cx43 GJs could be
abutted cells (=1 pm green dots between cell-2 and cell-3 in Fi

however,

cell culture, seen between 2

SIA), Cx26 and Cx30 could be found rather s membranous and/

or intracellukar clusters of hemichannels (Figs. S1B and S1C.. To
determine whether these 3 nypes of Cxs pamicipate in TT-
mediated intercellular commumication between LSCC cells. we

measured specific single channel conductances using the patch-
clamp technique (see below).
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LSCC cells. (A-D) TT1s form in the process of cell division and successive dislodgment. (E-G) TT1s contain

Permeability and Electrical Properties of TTs

One of the goals of this sty was to determine the permeability

ol TTs formed by diffevent modes to dves that differ in molecular
muass and charge,
with the dye wis attached o the cell-1 and the pipette withow the
dyve was attached 1o the cell-2 (Fig. 6A). Afier opening patch-1, the
Il

ay for the

o measure T'T permeability, the pipete-1 filled

dye diffused o the cell<1 followed by dve transter through the
to the cell-2

. Depending on T kength, there was a d

dye 1o reach the cell-2 caused by dye spread along the 11
Fypically, luorescence intensity in the cell-l reached steady state
during ~10-20 min, but this e was longer oy the cell-2

Fig. 6B
equation 3, which accounted for changes in fuorescence mtensity
mn the cell-l (F11 vell-2 (FI2
reported that GJs allow the passage of molecules smaller than
12 kD 53] We checked i TTs not containing GJs permitted the

Ihe total TT permeability, Py, was evaluated nsing

and the It has previously heen

pasage of lauger molecules, Indeed, TT1s were permeable o at
kDa m AF488/3000, All 11701
permeable o other used dyes of lower molecular weight (AF.
LY d DAPI

charge of the dye

least wles, such as 35 were

andd permecalality strongly depended on the net
there was only a S-fold differe
valenee =2) and AF4
1), while their molecular mass differed by 7 told

For instance,
in the permeability of the TT1 w0 LY
W00 (valenee
43 and

mass of

-3000, respectively. Moreover, although the molecular

AF3M0
permeability: magnitudes in 171

their
1he
permeability properties of TIs formed by different modes are
summarized i Table 1. Since posnvely cha

valence =1 and LY was comparable,

An differed several times

dyes bind 10
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20 pm

Figure 3. Formation of TT2s between LSCC cells. (A) The leading
lamellipodia of cell-1 and cell-2 indicated by white arrows are involved
in cell movement. Rear lamellipodia are indicated by red arrows, and
one of them outgrowing from the cell-1 forms the TT2 with the cell-2
8-D) TT2s contain both F-actin and «-tubulin, (E) Crawling endings
("paws”, indicated by yellow arrows in A and B) of the rear and
secondary lamellipodia, in addition to F-actin and %-tubulin, contain
Cx43 hemichannel clusters, (F-G) Top view (DIC image) and Z-X
reconstruction showing the TT2 raised above the substratum
doit10.1371/journal.pone 0099196.9003
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100 pm

Figure 4. Formation of TT3s between LSCC cells. (A) The
secondary lamelipodium (red arrow) outgrowing from
lamelkpodium of the cell-2 forms TT3 with the cell-l
contain both F-actin and x-tubulin. (E-F) The TT3 b
and the cell-2 was found raised 11 um above the su

(G) TT4s form between the intersecting rear or secondary
lamelipodia establishing functional Cx43 GJs (the arrow in the ins
confirmed by patch-clamp measurements.
dok10.1371joumal.pone.0099196.g004

the

rear
s

(B~D;

image)

.l Table 1
it
if

nucleotides, DAPL was not quantitatively as
that ol TI(1-5

e of i

only inds

At the

ates were

perme

the dyve trander measarement satesfactony

conditons of voltage cdamping in the cell-1 persisted, the patch m
the cell-2 was opened 10 measure electrical conductance of the
'L, gy, moa dual wholecell Eanp mode. Addi I

carmed only the elecincal

EXperments  were out 1w quantfy

properties of TT 55 without the measurement of dyes wansfer

s typically were opencended, e, they did not possess the

properties of . gating characteristic of Gx. This was

demonstrated by measuring the gr/Vy dependence of the 171
or by application of octanol, a GJ blocker (not shown

Fig. 6E (upper pancl) displays the AL
Fig. 6C, lower panel) 1o the voliage
120 m\" (Fig. 6C. upper

Ihe absence

plot obtained by

measurmg the Iy response
ramp of negative polarity from 0 10

IS SVINIMEIc counterpart af voltage
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gating suggests that the TT did not comain the G). TTs
containing Gy demonstrated  voltage
typical gy /Vy plot (Fig. 6E, lower panel) wis obtained by the
sime procedure, and the Ly response to the voltage ramp is shown
i Fig. 6D.

TT conductances correlated with their geometry assiming that
gy depends directly on TT width and imversely on TT length, Tn
case of TTL, the correlation was moderate (k=065 and we
believe that the correlation would improve if an internal diameter
of TIls were estimated instead of external one (Fig. 6F; data are
taken from Table 1. The mean conductances of 1172 55
correlated well with their geometry (Fig. 6G); however, it is
necessary to note that in single experiments, in the TT's containing
GJs, gy waes unrelated 1o 11 geometry beeause neither T length
nor width and nor size ol a “paw” determine the size of junctional
plaque 1 as well as the total number of channels and number of
functional channels in i, the sume as in case of abutted cells, the
Larger conact area does not guarantee a larger size or number of”
JPs, and higher intercellular conductance. On the other hand, the
mean permeabilities of 17172 5 w Quorescent dyes such as AF350
and LY correlated well with their mean conductances (Fig. 6H).
In contrast, the conductance of TT s corresponded 1o higher
permeability pointing to that GJs provided a higher selectivity
filter than T1s 1)

Fig. 81 depicts that LSCC cells may express Cx26, Cx30, and
Cx43; however, the expression of these Cxs does not mean that
they all form GJs. It is known from other studies that single-
channel conductances (open state/residual state) of human Cx26,
Cx30, and Cx43 are 115150730, 160/27, and 90-110/30 pS,
respectively [34.35]. To check if all these conductances can be
detected i 11 mediated junctions, we emploved the dual
whole-cell patch-clamp technique. Since junctions wsually con-
tained multiple fimctional channels (mean conductance between
abutted cells was 336262 nS n=15), and gr between cells
commected through TT(1 55 is shown in Table 1), 10 measure
smgle-channel conductances, we used 0.5 mM octanol, which
strongly reduced elecincal coupling between cells and allowed 0
record single-channel openings. In all experiments in which we
succeeded 10 record singlechannel openings at V= —80 mV
(Fig. 61, upper panel). voltage which closes hoth fast and slow
gates of the channels [8]. we detected only single-channel currents
(Fig. 61, lower panel) and conductances (Fig. 6]) typical of”
Cxt3 GJs. The mean single-<channel conductances of open and
residual states, respectively, were 9426 pS and 5255 pS n=11)
for abutted cells and 9326 pS and 3323 pS n=9) for cells
comected through T containing GJs.

g propertics. Such a

elves.

Cargo Transport through the TTs

The strking feature of TNTSs is that they can transfer not only
small molecules such as Ca®*, 1Py, glutamare, glusathione, ADP,
and ATP but alo lysosomal and intracellular vesicles (early
endosomes, endoplasmic reticulum, Golgh) and even cellular
organelles, such as mitochondria (reviewed in rel [11]). To
examine  whether 1SCC cells conain and  are capable of
transferring mitochondria, we used MitoTracker Green, a dye
specific to mitochondria. Fig. 7A shows a =200 pm T passing
above 3 other cells and connecting the cell- 1 and the cell-2, as well
as a shorer TT2 connecting the cell-3 and the cell-4. All cell
baxdies in Fig. 7B demonstrate o dense network of mitochondria,
which are also present and can move inside T1's (see insets b1 and
b2 of Fig. 7B, and Movie $3). Smuller 115, such as TT2s or
11'3s, also contain mitochondria, which can be seen under higher
magnification (not showns however, we failed 10 deteer mito-
chondria i T,
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Cell-1

Tunneling Tubes between Laryngeal Carcinoma Cells

Focus at 6 pm

Figure 5. Formation of TTSs between LSCC cells. (A-C) TTSs contain F-actin but not 2 tubulin. Cx43 hemichannel clusters, which can be seen

inside and/or on the

5 surface, form functional GJs at the cell border. (D) The multiple TT5s are formed between the cell1 and the rear

lamellipodium of the cell-2 (DIC image). (E) TT5s can be formed by protrusions from apposing cells, which come into contact and form functional

Cx43 GJs (green), (F and G) Several TTSs between the cell-1 and the cell-2 were found raised

doi:10.1371/journal pone 0099196 .g005

I'I's can be involved in other cargo tramsport (white srrows
Fig. 7C, 7¢ and Movie S2
invalving actin-binding motor myokin-Va, which has been shown
We
 the TTs (Fig. 7¢) o
along their omter surfice (Fig, 7E, red arrow

Interestinghy I
2w in diameter, DAPLstained vesicles (Fig, 7D). the fuores

cence of which dearly differed trom |

by a mechanism  presumably

welles

o partially  coslocalize with  endocytic  or i6)

observed cugo movement either ins

m we observed extremely small, |

s kground amolluorescence
acuds
lipoprgments, and pyridine and {lavin coenzymes [37]. These
DAPL-stained mitochondrial DNA detected in

human osteosarcoma cell bodies [38]; however

of imracellular components such as aromatic amino

vesicles resemble
the dimeter of
Irval DNA & localized in the mibulay

99 nm [59]

nucleoids n which mitochol

mitochondra i e, much smaller than thar of

domerates of several nucleoids

vesicles shown in Fig. 7D. Even ag
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6 um above the substratum (DIC image),

do nor exceed 300 nm o diamerer. We assume thar these vesicles

may contain miRNA or siRNA, suggesting a possible wansfer of
l I'Is

nuclear matenaks Fo venily il double-strinsded
SIRNA can be transported from cell 1o cell vin TT< containing and

through

not containing GJs, we perdormed fluorescence imaging experi

ments using control double-stranded  sIRNA  conjugated  with
Alexa Fluor=488 (siRNA/AT Fig. 8A demonstrates a braght
fiekd image of 2 1SCC cells connected with the 112, siRNA/
\F4 2 pM) added into the patch pipette, after the parch

opening, entered the cell-1, diffused along the TT2 to s “paw

and then slowly accumulated in the cell-2 (Fig, 8B-8D und
Movie 84 The kinetics
i Fig. 8E. To conlirm that sRNA/AFHES o able 1o permeate

through T'ls, containing Gls, we performed similar experiments

of dye accumulation in the cells is shown

where octanol (0.5 mME: 15 min) was applied o close G channels

during the process of dve accumulation in the cell-2. Under sich

June 2014 | Volume 9 | lssue 6 | 99196
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Figure 6. Permeability and electrical properties of TTs. (A) AF350 dye introduced into the cell-1 through the patch pipette-1 diffuses via the TT
to the cefl-2. (B) Kinetics of dye accumulation in the cell-1 and the cell-2 after opening of patch-1 (indicated by arrow). (C-D) Electrical properties of TT
were measured by opening patch-2 at the end of the experiment, applying the voltage ramp of negative polarity from 0 to ~ 120 mV (upper panels),
and measuring junctional current in the cell-1 (lower panels). ; responses in (C) and (D) are typical of TTs without and with GJs, respectively. (E) gr/Vr-
dependence s calculated from Iy response to Vy ramp (shown in C and D) and p d with its sy 1. The absence or presence of”
Vy gating indicates that the TT does not contain o contains GJs (upper and lower panel, respectively). (F) Correlation between TT1 conductance and
geometry, (G) Correlation between TT(2-5)s conductance and geometry. TTSs thinner than 200 nm, the diameter of which cannot be measured by
conventional microscopy, were not included into statistical lysis. (H) Correlation L T p bility and electrical conductance, (1)
Recording of ungle-channel current | (lower trace) in response to 2-min — B0 mV voltage pulse V; (upper panel). (J) Single channel substate (S) and
open state (O) conductance 7, was estimated by an all-point histogram fitted by the Gaussian function (pClamp 10 software). Two functionings
channels can be recognized with respective substates and open states typical of Cxd3 channels (more details are provided in the main text).
dok:10.1371/journal pone.0099196.g006

conditions, octanol arrested SIRNAZAFIBE accumulation in the
cell-2, which was reinigated after the washow of octanol (Fig. 8F).

TTs in the LSCC Tissue

To date, only few publications on TNT existence in tissues have

Due o high molecular weight and net negative clurge, the
accumulation of SIRNAZAFIBE was much slower than that of
other fluorescent dyes wsed, Py of TTL and TT2 was
3420.7x10" 2 am®s m=4) and 5.0=11x107" cm®/s (n=46),
respectively (see simmary in Table 1)

PLOS ONE | www.plosone.org

heen published. TTs were identilied i the mouse corneal stroma
[19], neonatal rabbit during nephron induction hetween mesen-
chymal and epithelial stem cells [40], specimens of human pleurad
mesothelioma and adenocarcinoma [20], and between migrating
cells of human ovarian cancer explant cultares [21]. To detenmine
whether TTs exist not only between LSCC cells in the cultare b
also m solid twmors, we microsectioned and anabyzed cunplesc
taken from 6 patients with LSCC (from one of these samples, o
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20 pym

Rear lamellipodium

Tunneling Tubes between Laryngeal Carcinoma Cells

Rear
lamellipodium
‘ of cell-2

Figure 7. TTs between live LSCC cells in the culture contain mitochondria. (A) A phase-contrast image shows the TT1 connecting the celk1

and the cell-2, and the TT2 connecting the cell-3 and the cell-4 (arrows)

) A dense network of mitochondria stained with MitoTracker Green i

present in all cell bodies and also in the TT1 and the TT2 (insets b1 and b2). (C and ¢) TTs can be involved in cargo transport (DIC image). (D) The TT2
contains small DAPE-positive vesicles. (E) Cargoes can be transported slong an outer surface of TTs (red arrow) (DIC image)

doi:10.137V/journal.pone.0099196.g007

primary cell culture was developed and characterized, as shown

above). Sinee there are no other specific markers of TTs, the

sections were stained with phalloidin and anti-2z-tubuling As in the

cell culwre, we identfied 2 types of T'Ls, The T'l's of the fist wpe
were up to L pm in width and up 1o =100 pm in length with solely
Foactin threads spanning the entive length of T'ls (Fig. 9 and
Movie 85 Such T'Is could be atributed o I'Fs found in the
cell culure

I'he T1s of the second type were longer (up to 300 gm) and
thicker 2 3 pm) with codocalizing both cytoskeleton compo
nents, Faactin and #-ubulin (Figs. 10A=10D). Morcover, in these
I'Ts, miochondria could be seen coclocalizing with Feactin
Fig. 10E). Such T'I's conld be aunribwted o TT(1 45 found in
the cell colture. Unfortunately, in both cases, it was problematic o
quantitatively assess the geometry of Tls as we did in the cell
enlture becanse 25-pm tisawe sections rarely contained entire not

damaged TTs

PLOS ONE | www.plosone.org
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Discussion

In the current study, we have demonstirated for the first tme
the primary cell culture prepared from human LSCC samples that
LSCC cells were able o communicate with each other over long
distances through membranous TTs To support the idea that the
phenomenon of TTs s typical not only of cells o oo, we hase
examined the microsections of LSCC tissue samples and identified
intercellubur structures similar o those found in the cell culture,

We have not only identified 5 medes of TT formation in the

culture but also provided  the quantitative asessment of T
elecincal properves and  permealality 10 luorescem  dyes ol
different molecular weight and charge (Table 1). Also, we have
shown that mitochondria resading inside the TTs containing %-
wibulin are mobile and presumably can tansit through TS from
one LSCC cell 1o amother as it has been demonstrared in other cell
types (2141 TS but not TH2 55 containing GJs are possible
candidates for such tansinon, TTls form durmg mitotc cell
division, which ends in diughter cell separation, known as
the formation of o TTI-

cvtokinesis. This mechanism involves

like intercellular brdge, and the final step of oviokinesis s

June 2014 | Volume 9 | Bsue 6 | ¢99196
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Figure 8. Permeability of TTs between LSCC cells to siRNA/AFA88 in the culture. (A) A phase contrast image shows the TT2 connecting the
cell-1 and the cell-2. SIRNA/AF488 (2 um) introduced into the patch pipette enters the cell-1 after patch opening (B), rapidly diffuses along the TT2 o
the “paw,” and then slowly accumulates through the GJ in the cell-2 (C). (E and inset) Kinetics of sIRNA/AF488 accumulation in the cell-1, "paw,” and
cell-2. (F and inset) SIRNA transfer through the TT2 containing GJs was confirmed by application of octanol (0.5 mM), which reversibly arrested siRNA/
AF488 accumulation in the cell-2, A red arrow indicates the patch opening time in the cell1,

doi:10.1371/journal pone.0099196.008

abscission, Intercellubar bridges are relatively short structures from
several microns 1o several tens of microns in length and 1-3 pm in

thickness depending

1 the cell tpe [42], while in our study, we

Iawve idemified extiremely long, up o 1 mm TS pointing 1 e
cancer cell separation might he abnormal, and preservation of
such long connections, which allow Fast trallicking of mistochon-
dria, could facilitate cancer cell mvasion and progression

It his been shown bhefore thar the lanngeal epitheliom in
addinion o Cx43 expresses Cx26 and Cx350 with no alteration in

expression dunng carcinogenesis | Our immumnofluorescence

measurements conlinmed the expression of these 3 types of Cxs in
the 150K

functional Cx 43 G channels by the patch-clunp technique cither

tisste andd the cell culture; however, we identified only
between the cells abutted or conmected through 17102 5%, thus L
Iherefore, the role of Cx26 and Cx30 remains 10 be clucidated
Ihese Cxs may play an mnpostant role i the transter of matenals
becanse their singles<channel conductances (and presumably pore
Moreover,

heterotypic Cx45/0x26 and Cxa3/Cx30 junctions (at least Cx45

sizes) are even larger than those of Cx43 channels,

PLOS ONE | www.plosone.org
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and Cx30 have been shown to be compatible [43]) can be

important in directed transport becanse fast gates of Cx26 and

Cx30 hemiclunmels exhibit postive polarity, while Cxd3,

tive, Due 1o opposite gating polarities of apposed hemiclannels
aHCs) in the G, one V| polarity tends 1o open and the opposite
\

gr/Vyp dependence of heteronypic G) channels instead  of the

solarity tends w close both sHCs, determinng the sigmoidal

symmetric bell-shaped one of homotypic junctions (see Fig. §2
In cells 10
significantly lower rexting potential than normal cells or fibroblsas
[H):

between cancer

MANY  Cases,  CANCerons have been shown have

thevefore, lor instance, heterotypie Cx33/Cx30 junctions
cells CAFs

could be tuned by changes in membrane potential which, in wm

and cancer-associated  fibroblasts
s determined by membranous ion channels and transporters
Reduced membrane potential may be functionally related 10
mechanisms by which oncogene-bearing cells switeh from normal
morphogenesis o form wmons, and the modulatgon of membrane

potential has recently been suggested as o novel strategy for tumor

normalization [45]. The assmmerry of elecincal signal mransfer

June 2014 | Volume 9 | Bsue 6 | ¢99196
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which can be modulated from unidirectional to bidirectional by
small changes of 'V, in one of the cells, was demonstrated in other
beterotypic junctions (reviewed in refl [43]0

In carcinogenesis, a very important role is played by fibroblasts,
which having been mandormed 10 CAFs by paracnine signaling
from carcinoma cel turn, induce an epithelial-to-mesenchy-
mal transition of inoma cells together with which secrete
several extracellular matrix-degrading enzymes opening pathwiys

Tunneling Tubes between Laryngeal Carcinoma Cells

Supporting Information

Figure S1 Immunostaining of Cx43, Cx30, and Cx26 in
the LSCC cell culture (A-C) and tissue (D-F), respecs
tively, Connexins are shown in green, Foactin in red, and nuclens
in blue pseudo colors.

(11

Figure $2  Simulation of homotypic and heterotypic gap

for a wumor cell invasion [46,47]. In these processes, signaling via
T

TTs form between cancer cells 4

1 ibroblasts or stem cells.
Communication between cells vix 5¢ should mamly maintin
homeostasis, while commmunication between caneer cells and CAFs
by 12 B may fud cancer cells with high-energy nutrients and
even mitochondria (Fig. 7 and Movie 8§31, Thi idea s conistent
with the recent publication that has demonstrated the preferential
wransfer of mitochondria from endothelial 1o cancer cells resulting
in chemoresistance [21]. Mitochondria play an important sole in
wmor progression; however, their role in CAFs and cancer cells is
different. A recent finding of Sanchez-Alvarez and colleagues [18]
stiggests that mitochondrial dysfunction in CAFs promotes tumor
growth via ketone production, while their dysfunction in epithelial
cancer cells has an opposite eflect and inhibits tmor growth.

Tumor microenvironment includes CAFs, macrophages, endo-
thelial cells, ete. interacting not only by soluble cytokines ad
growth factors but ako by the rdease of cargorvesicles, such as
exosomes o oncosomes, which can cary ATP, proteins, or
miRNAs [49]. Vesicular wansport through TNTs containing 1~
actin and 2-wibulin was shown o be energy-dependent and 10
require microtubule molecular motors such as kinesins [30]. Our
finding that ‘T'l's contam DAPLstained vesicles and can deliver
SIRNAZAFIER 10 the remote cells suggests the existence of a direct
pathway for miRNA or siIRNA transpart between cells, which
might be much faster and efficient than pinocviotic/ exosomal
routes, In this pathway, GJs should not be a limitng factor,
Several studies suggested thar GJs might be permeable to miRNAs
and SIRNAs [50 53] despite their high molecular mass but due to
rod shape morphology allowing their passage through GJs with
Larger pores [33]. For instance, Valiunas et al. have demonstrated
that SIRNA can be transported through GJs composed of Cx43
but not Cx26 or Cx32 [51]. Specific gene silencing has therapeatic
potential; however, the delivery of exogenous siRNA w0 the
interior of target cells is problematic. This problem could be
rosolved by using the humun mesenchymal stem ecll (hMSC)-
based sIRNA delivery system [53]. These cells are not immunao-
reactive, exhibit high proliferative potential, and express Cx43,

Having provided the fint characterization of long-distnce
communication between LSCC cells through T°Ts, we believe that
these findings allow a better under
and deserve further investgations focusing on the following: 1)
TT-mediated communication hetween CAFs, hMSCs, and [SCC
including sIRNA  tramsfer and  manipulation  of  gene
expression, and 2] regional differences in the stucture of TTs
and Cx26, Cx30, and Cx43 expression in LSCC tissues involving
wmor parenchyma, stroma, and mansitional zone, where the
formation of heterotvpic Gy may be mnportant for cancer
INCTASLSIES,

andling of cancer cell brology

cells,

PLOS ONE | www plosone.org

s may be more effective than paracrine one, in particular i

i i /Vjrel hips by the S4SM model [54]. A
Two hemichannels forming & homotypic  gap juncion are
composed of Cxi3™ with negaive gating polarity. (B) Two
hemichannels forming a heterotypic gap junction are composed of
Cx26" and Cx3°, respectively, both gating at positive voltages.
(C) Two hemichannels forming & heterotypic gap junction are
composed of Cx26* and Cx43 7, respectively, the first gating at
positive and the second ar negative voltages. (1) Two hemi-
channels forming  heterotypic gap junction are compesed of
Cxd3 ™ and Cx30%, respectively, the first gating at negative and the
second a positive voltages, Parameters ¥, Teedaduat Vo, and A of
Cx26, Cx30, and Cx43 GJs are tken from a review anticle by
Gonzalez et al. [34]. 7 and * indicate gating polarity of Cxs,
ety

Table $1  List of filters used for the visualization of an
appropriate fluorescent marker.

(DO

Movie S§1 Formation of TT2 and TT5 between LSCC
cells in the culture.
AVE

Movie §2 Cargo transport along TT2 between LSCC
cells in the culture.

ANV

Movie §3 M of mi the TT2
between LSCC cells in the culture. Miochondma in live cells

were labeled with MitoTracker Green.
AV

Movie $4 SiRNA/AF488 transport through the TT2
between LSCC cells in the culture. SIRNA/AFHE (2 pNL
was loaded into the cell-1 through the patch pipetie, diffused along
the T2 to its ending sitwated on the cell-2, i then slowly
accumulbsted in the cell-2,

AV

Movie 85 3D picture of the 254im LSCC tissue section.
Factin is stained with phalloidin (red color) and nucleus with
DAPI (blue color). While short F-actin fibers may represent an
intracellular Faactin network, long ones should be attributed 1o the
mtercellular T,

AVE
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Abstract

Background: Membranous tunneling tubes (TTs) are a recently discovered new form of communication
between remote cells allowing their electrical synchronization, migration, and transfer of cellular materials,
TTs have been dentified in the brain and share similarities with neuronal processes, TTs can be open-ended,
close-ended or contain functional gap junctions at the membrane interface. Gap junctions are formed of two
unapposed hemichannels composed of six connexin (Cx) subunits. There are evidences that Cxs also play
channel-independent role in cell adhesion, migration, division, differentiation, formation of neuronal networks
and tumorigenicity. These properties of O and TTs may synergetically determine the cellular and intercellular
processes, Therefore, we examined the impact of Cxs expressed in the nervous system (Cx36, Cxd0, Cx43,
Cx45, and Cx47) on; 1) cell mobility; 2} formation and properties of TTs; and 3) transfer of siRNA between
remote cells through TTs.

Results: We have identified two types of TTs between Hela cells: F-actin rich only and containing F-actin
and a-tubulin. The morphelogy of TTs was not influenced by expression of examined connexing; however,
Cx36-EGFP-expressing cells formed more TTs while cells expressing Oxd3-EGFP, CxdS, and Cxd7 formed fewer
TTs between each other compared with wt and Cd0-CFP-expressing cells. Also, Cx36-EGFP and Cxd0-CFP-expressing
Hela cells were more mobile compared with wi and other Cxs-expressing cells. TTs containing Cx40-CFP, Cx43-EGFP,
or Oxd7 gap juncrions were capable of transmitting double-stranded small interfering RNA; however, O36-EGFP and
Cx45 were not permeable w it In addition, we show that Cx43-EGFP-expressing Hela cells and laryngeal squamous
cell carcinoma cells can couple 1o the mesenchymal stem cells through TTs.

Conclusions: Different Cxs may modulate the mobility of cells and formation of TTs in an oppesite manner; siRNA
transfer through the Gl-containing TTs is Cx isoform-dependent.

Keywords: Tunneling tubes, Connexins, Gap junction channels, Cell mobility, siRNA transpart

Background

Directed cell migration is a pivotal process for normal
development and morphogenesis of most animals,
wound healing, tissue renewal, immune responses,
angiogenesis, and tumor metastasis [1, 2]. During
these processes, cells are subjected to stress and in-
creased energy demands. A growing body of evidence
suggests that a newly discovered form of intercellular
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communication referred to as "intercellular bridges”
or "tunneling nanotubes™ and “tunneling tubes” (TTs)
contributes to cell movement [3-5] and provides
means for energy supply to the remate cells by trans-
porting AT and even mitochondria [5-7]. Basically,
TTs form when filopadial or lamellipodial protrusions
from one cell attach to the target cell or during
dislodgement of abutted cells [8]. In these ways,
remote cells can establish open-ended, close-ended, or
gap junction (G])-based communication. TTs have
been shown to be implicated in the intercellular
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electrical coupling and Ca®* flux; transfer of organelles
or proteins; virus, pathogenic prion, and protein trans-
mission; cell migration; and bacteria capture (reviewed
in refs. [§-11]).

Recently, it has been proposed that connexins (Cxs),
in addition to their canonical function of composing
GJs, play a channel-independent role in cell adhesion,
migration, division, differentiation, and tumorigenicity
(reviewed in refs. [12-14]). Among 21 isoforms of Cxs
found in the human genome, the role of only Cx26,
Cx31.1, Cx32, and Cx43 in these processes has been
described in the scientific literature so far [14]. It has
been shown that Cx26 inhibits cell migration by altering
the distribution of actin filaments; Cx31.1 decreases cell
proliferation, delays the cell cycle at the G1 phase, and
decreases migration and invasion of lung cancer cells;
Cx32 increases cell proliferation, migration, and invasion;
Cx43 increases cell migration, induces actin cytoskel-
eton reorganization, and reduces cell proliferation. Cxs
interacting with cytoskeletal and tight junction proteins
[12, 15] contribute to the regulation of cell migration,
directed outgrowing of filopodial and lamellipodial pro-
trusions [12, 16-18], and intercellular communication
through TTs [5].

Eleven isoforms of Cxs have been identified in the
nervous system where they can play an important role in
the directed migration of cells, formation of neural
processes, and progression of brain tumors [19]. Astro-
cytes express high levels of Cxs and can couple to neurons
and oligodendrocytes. Astrocyte dysfunction may cause

i diseas pl and epilepsy [20].
Neuronal processes share structural and functional simi-
larities with TTs, and the directed formation of TTs
between developing neurons and astrocytes has been
demonstrated [21]. Cx43 accumulation at the tips of
filopodium-like structures of astrocytes [22] may cause
more frequent filopodium formation [23], stabilization of
the leading edge protrusions in neuronal cells [24], and
biological molecule transmission via TT-like structures
[25]. Thus, TTs and GJs in the brain are likely to facilitate
the intercellular exchange of materials and possibly
genetic information. The last may be of particular im-
portance in determining the stem cell differentiation,
cancer invasion, and metastasis. The role of Cxs in cancer
is controversial as well as tissue- and cancer stage-specific.
Reduced Cx expression, or redistribution from the mem-
brane to the cytoplasm, has been documented in a variety
of cancers, including colon, lung, ovarian, breast, endo-
metrial, and renal cell carcinomas and sarcomas, gliomas
as well as in pre-cancerous tissues such as that of cervix.
Up-regulated Cx expression has also been frequently
described, and examples include breast cancer, skin can-
cers and various sq us cell carci colon cancer,
and pancreatic cancer. Even within the same tumor type,

neuroaulc S, 1
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both increased and decreased Cx expression can be found
(reviewed in ref. [26]). In gliomas, a decrease in Cx43
expression is associated with increasing proliferation and
a higher tumor grade, but low-grade gliomas (for example
Grade 1) show increased levels of Cx43 (reviewed in ref.
[27]). G) intercellular communication between glioma
cells and endothelial cells is also thought to play a critical
role in glioma invasion. Up-regulation of Cx43 in micro-
metastases of breast cancer appears to facilitate their
attachment to the pulmonary endothelium [27]. Thus, it
looks like that Cx down-regulation facilitates cancer cell
escape from solid tumors, while up-regulation promotes
the formation of metastasis,

Valitnas and colleagues [28] have demonstrated that
small RNAs may be delivered through GJs composed of
Cx43 but not of Cx26 or Cx32 in HeLa, MB16tsA (wr),
and human mesenchymal stem cells. Also, GJ-dependent
transfer of si/miRNAs has been shown to occur between
primary cardiac myocytes [29]; human cardiac stem cells
and postmitotic myocytes [30]; bone marrow stromal
and breast cancer cells [31); glioma cells [32]; glioma
stem cells and MSCs [33]. It is assumed that transfer of
small RNAs with high molecular weight via GJs is
possible due to rod-shaped morphology of siRNAs, a
diameter of which allows their passage through GJs with
larger pores [34, 35]. However, the transfer of siRNAs
between abutted cells through GJs is under debate so far
due to experimental difficulties to reject the pinocytotic
pathway of transfer [34]. Our previous study was the
first that demonstrated the transfer of double stranded
SIRNA between remote human laryngeal squamous cell
carcinoma (LSCC) cells through open-ended and even
through Cx43 GJ-containing TTs [5].

In the present study, we used the HeLa cell model to
examine the impact of neural Cxs (Cx36, Cx40, Cx43,
Cx45, and Cx47) on the following: 1) cell mobility; 2)
formation and properties of T7Ts; and 3) transfer of
SIRNA between remote cells through TTs.

Results

General properties of TTs between Hela cells

To examine the impact of different Cx expression on
TT morphology, HeLa cells were stably transfected with
Cx36-EGFP, Cx40-CFP, Cx43-EGFP, Cx45, or Cx47.
Non-transfected HeLa wt cells were used as control. We
found that HeLa cells, either wt or expressing different
Cxs, in the culture formed intercellular TTs of various
width (ranging from <200 nm to > 2 ym) and length (up
to 70 pum; only TTs longer than 10 pm were taken into
account). Time-lapse imaging revealed highly dynamic
formation of filopodium-like TTs that were identified as
not touching the substratum (Fig. la-c). The diameter of
the thinnest TTs (<200 nm) could not be measured
precisely by conventional optical microscopy as well as
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Fig. 1 Formation of TTs between Hela cells. a-¢ TTs formed by the filopodium outgerowth mechanism. d-f TTs formed in the process of cell
division and successive dislodgment or by the lamelipodium outgrowth mechanism. In both the cases, the pactures représent the top view of
celis at 3 different focus a and b; d and e) and Z-X reconstruction showing TTs raisad above the substratum (¢ and f)

\

10 pm

their electrical and permeability properties could not be
examined due to a short lifetime (tens of seconds).

Much thicker TTs (>300 pm) formed during cell
division and subsequent dislodgment or by the lamelli-
podium outgrowth mechanism. These TTs also were
found raised above the substratum (Fig. 1d-f) and were
involved in cargo transport either inside the TTs or
along their outer surface (indicated by arrows in Fig. le
and f). However, the leading edges of lamellipodium
extensions were usually attached to the substratum and
participated in cell motility and TT formation. The
lifetime of these TTs lasted tens of minutes and even
hours and allowed to use the dual whole-cell patch-clamp
technique and fluorescence microscopy for characterization
of their formation and properties,

Hela cells grown to confluence on the glass coverslips
formed numerous GJ plaques that can be visible due to

chimeric fluorescent proteins (Fig. 2a and b). As it was
demonstrated before, abutted HeLa cells expressing Cxs
used in the current study formed functional GJs perme-
able to fluorescent dyes of different molecular weight and
net charge [36-38]. In contrast, abutted HeLa wt cells
did not exhibit any electrical coupling or dye transfer
between cells.

However, in this study, the cells were grown at relatively
low density and fluorescently tagged proteins helped us
confirm the presence and site of GJ plaques in the TT in
addition to electrical measurements. We identified two
types of T'Ts between wt or different Cx-expressing Hela
cells: T'Ts containing only F-actin (F-TTs) (Fig. 2¢ and d)
and those containing F-actin and a-tubulin (Fa-TTs)
(Fig. 2e and f). The cells were labeled with phalloidin and
anti-a-tubulin to visualize the actin network and microtu-
bules, respectively. Hela cells on average formed 17 and
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20 jum

% of F-TTs and Fa-TTSs, respectively, and this proportion
was not affected by Cxs expression. Cells expressing differ
ent Cxs formed T'Is with clusters of respective Cxs at the
membrane interface with the remote cell (Fig. 2G and g)

The impact of different Cxs on formation and electrical
properties of TTs

I'he properties of TTs between wt and Cx-expressing
None of
connexins affected the geometry of TTs; however, the
number of TTs calculated per 1 mm” or per 100 cells
was significantly higher between cells expressing Cx36

Hela cells are presented in Table 1. these

EGFP and lower between cells expressing Cx43-EGFP,
Cx45, and Cx47 compared with HeLa wt cells (Fig. 3)

I'he electrical properties of T'Ts were examined by the
dual whole-cell patch-clamp technique (Fig. 4a). Hel.a
cells formed functional GJ-containing TTs independent
on the isoform of expressed Cx as confirmed by the

measurement of voltag ting typical of Gls. Electrical

coupling and voltage gating were estimated by applying
120 mV in the cell-1
measuring the

30-s voltage ramps from 0 to
(Fig. 4b,
response in the cell-2 (Fig

upper panel) and current
b, middle panel demon-
strates the typical Iy response of open-ended TTs, and
lower panel, of GJ-containing TTs). g~V dependences

(Fig. 4¢) were calculated from Iy responses to the V;

ramps shown in Fig. 4b. Fig. 4d and Table 1 show that
gy strongly depended on the single channel conductance

51
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Table 1 Summary of properties of open-ended and GJ)-containing TTs

Cx tsoform L (um)

TTA-IG)Hela wi) 163+ 04(n = 214)

Number of TTs per
mm’ /per 100 cells

512895413

SIRNA/AF 488permeabality

ar (nS)
=107 em’/e)

601 %n=17 65238(n=1%5

ICX36EGFP 170+ Q4ln = 330) 7929730271 08202(n = 16) n=$)
TT/CxA0-CFP 159 05(n = 126) 462697138 165 = 2.8(0 = 20) 44x2000=6)
T/CxA3EGP 1704 1.1(0 = 96) 324747407 88234(h=7 32217(n=4)
TI/Cx45 143+ 100 =68) 57+16714+03 410500 =41) “(n=8)
TT/Cxa7 151205(0h=112) 2743750409 304 06(n=15) 434190 =6)

“~* noapermeable; the number of experdments is indicated in parentheses; the diameter of TTs did not depend on the isoform of expressed Cxs and It was 0.9 pm

00 average (n = 210 varied from 04 to 24 um)
“p < 0,05 compared with Hela wr cells

“the majority of junctions were chosed-ended (53 out of 701: ¥ C36-EGFP and Cx45 G were impermeable 1o SIRNA/AFASS: however, they wire permeable to
AF488 (63 21.9x 107" ¢m'/s (n=5) and 6.4 24.9x 107 cm'/s (n = 4), respectively); “Cell densities measured 36 h ofter seeding were 8125, 7526, 782 3;
3£7: 7023 and 79 £ 5 cells per region for wt: Cx36 EGFP-; (x40 CFP; Cxd3 EGFP; (xd5 ; and Cxd7-expressing Hela cells, respectively

of the expressed Cx (presented in the Discussion). Inter-
estingly, gy of open-ended TTs between HeLa wt cells
was smaller than that between particular Cx-expressing
cells. These TTs did not distinguish as having the highest
conductance presumably because during cell dislodg-
ment in the process of cytokinesis, open-ended TTs
rapidly turn into close-ended ones (~76 % of T'Ts between
Hela wt cells were close-ended) before they rupture. This
observation supports the significance of GJs in determin-
ing the strength of communication between cells. In Cx-
transfected cells, the ratio of close-ended, open-ended,
and GJ-containing TTs did not depend on the Cx type

and was ~1:2:4 (n = 94). In rare cases, TTs between Cx-
expressing HeLa cells did not couple the cells electric-
ally for 3 possible reasons: 1) TTs were close-ended; 2)
Gl-dependent electrical coupling was not established
vet in the process of de novo formation of T'T; and 3)
GJ-dependent electrical coupling was already lost due
to cell separation.

In general, gy should at least in part depend directly
on TT width (dy) and inversely on TT length (Ly);
however, in our experiments g only moderately
correlated with TT geometry suggesting that the total
conductance of TTs is more complex. For instance, gy

Number of TTs
s
T

0F

POy OB GEr Cus

per 1 mm” or per 100 cells (n =2*15=30) (see Table 1). ‘p <005
\

* 5
8 l:l L
Fig. 3 Comparison of TT formation capabilities of Hela cells expressing different Cxs. A typical view of TT formation between Hela Cx45 (a) and
OGG-EGFP cells (b). € Wr and each Ceexpressing Hela cells were seeded in 24-well plates with glass coverslips on the bottom at equal densities

(3% 10% in each well) and 36 h later were examined using differential interference contrast microscopy with x 20 lens. The experiments were
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Fig. 4 Characterization of electrical properties of TTs formed between Hela wi and Cx36-EGFP-, Cx40-CFP-, Cxd3-EGFP-, Cx45-, and
Cxa7-expressing cells a The TT connecting a pair of Hel.a Cx45 cells b Flectrical properties of TTs were evaluated by applying a voltage ramp of
negative poladty from 0 1o —120 mV (b, upper panad to the ced-1 and measuning Junctional current in the cell-2 (b, middie panal demonstrates a
typical Iy response of open-ended TTS, and lower panel, of GJ containing TTs), ¢ Typical g-V; dependences of open-endad (blach) and GJcontaining
(red) TTs cakulated from |y responses 1o Vy ramps shown in (b) with their symmetaic counterparts. d Summary of conductances of TTs
between Hela wt and different Cx-expressing cells (the number of experiments is indicated on the bars; exact numbers are presented

e

strongly depends on the number of functional GJ
channels that are not related to TT geometry and size
of GJ plaques [37, 39, 40]. Also, not the external diam-
eter of the T'T, but the internal one, is a g,-limiting
factor, and unfortunately, there are no means for
estimation of its dimensions.

The impact of different connexins on the mobility of
Hela cells

The mobility properties of different Cx-expressing Hel.a
cells were examined by the wound healing assay (Fig. 5).
Occupation of the scraped area by Cx36-EGFP- and
Cx40-CFP-expressing cells was faster compared with
wt or Cx43-EGFP-, Cx45-, and Cx47-expressing cells;
however, there was no statistically significant difference
between wt and Cx43-EGFP-, Cx45-, or Cx47-expressing
cells, The percentage of the occupied scraped area after
12 h was as follows: in HeLa wit, 42.8 £ 6.0 %; Hel.a Cx36-
EGFP, 69.6 £54 %; HeLa Cx40-CFP, 68.3 £ 6.7 %; HelLa
Cx43-EGFP, 29.7 2 1.1 %; HeLa Cx45, 29.0 £ 2.4 %; and in
HeLa Cx47 cells, 35.3 £ 3.3 %.

Cx isoform-specific permeability of TTs to siRNA

Previously, we have reported that small RNAs (siRNA/
AF488, negative control double stranded siRNA conju-
gated with AF488) were capable of transiting between
LSCC cells through open-ended and Cx43 GJ-containing
TTs. In this study, we examined whether TTs containing
GJs composed of different neural Cxs were permeable to
siRNA using the same approach as described previously

[5]. To measure TT permeability, the pipette-1 contain-
ing siRNA/AF488 (2 uM) was attached to the cell-1
(Fig. 6a) and after opening the patch, siRNA diffused to
the cell-1 followed by its transfer or not through the TT
to the cell-2 (Fig. 6b). Typically, accumulation of SiRNA/
AF488 in the cell-2 started after ~10 min delay com-
pared with cell-1. The total permeability of T'T, Py, was
evaluated using equation 3, which accounted for changes
in fluorescence intensity in the cell-1 (Fl,, Fig. 6¢) and
the cell-2 (Fl,, Fig. 6d). At the end of siRNA transfer
measurement, the patch in the cell-2 was opened to
measure gy and g V.

As it is demonstrated in Figs. 6a-d, TTs between Hela
cells expressing Cx45 and Cx36-EGFP were imperme-
able to siRNA/AF488 even though they exhibited sub-
stantial electrical coupling and permeability to AF488
(Figs. 6e and f). However, TTs containing Cx40-CFP,
Cx43-EGFP, and Cx47 GJs as well as open-ended TTs
between non-transfected HeLa wt cells were permeable
to siRNA/AF488 (Figs. 6g-j, Table 1).

Additional file 1: Figure S1 demonstrates that in the
monolaver of Hel.a wt cells, AF488 injected into the
single cell does not spread to the adjacent cells (A-E),
and there is no electrical coupling between the abutted
Hel.a wt cells (F and G).

Discussion

Agnati and his colleagues in their elegant review divided
the intercellular communication in the brain into two
main modes: wiring transmission (neuronal processes
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Fig. § Evaluation of mobility properties of different Cx-expressing Hela cells by the wound healing assay. a The representative pictures of
wound healing in Hela wit and Hela O36-EGFP cell monolayers at different time points (5, 10, and 12 h after wound formation). b The
percentage of the scraped area occupled 12 h after wound formation in different Cx-expressing Hela cell monoclayers (n=3). *p< 005
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and TTs with their electrical and chemical synapses) and
volume transmission (extracellular vesicles) [41]. However,
both these modes can be encompassed by TTs that connect
cells over long distances by establishing open-ended (direct
cell-to-cell channels), close-ended (synaptic transmission
and/or active transport), or GJ-based connections. In such
a way, T'Ts are implicated in intercellular electrical and
metabolic coupling as well as transfer of vesicles, proteins,
organelles, and even genetic material. All these processes
are involved not only in the normal functioning of the brain
but also in the development and progression of neurode-
generative diseases and brain tumors. Our recent study has
demonstrated that T'Ts containing Cx43 GJs were capable
of transferring siRNA/AF488 [5] and raised a question
whether TTs containing GJs composed of other neural Cxs
are permeable to it. In parallel, we evaluated a GJ channel-
and hemichannel-independent impact of the same Cxs on
Hela cell migration and development of T'Ts.

The novelty and main findings of the current study are
the following: 1) Cx36-EGFP promotes while Cx43-
EGFP, Cx47, and especially Cx45 inhibit the formation
of T'Is between Hela cells; 2) Cx36-EGFP- and Cx40-
CFP-expressing Hela cells demonstrate better mobility
properties; 3) TTs containing Cx40-CFP, Cx43-EGFP,
and Cx47 are permeable while containing Cx36-EGFP
and Cx45 are not permeable to siRNAs.

As it is seen from Table 1, the conductance of GJ-
containing TTs depended on the type of the expressed Cx,
i.e. Cxs with higher single channel conductance (single
channel conductances of Cx36, Cx45, Cx47, Cx43, and
Cx40 are~ 10, 30, 55, 100, and 170 pS, respectively
(reviewed in ref. [19])) determined the higher conductance
of the TT assuming that the number of channels in the G)
plaque-containing TTs was alike in all cases since TT
geometry was not affected by the type of the expressed
Cx. Open-ended T'Ts of HeLa wt cells did not distinguish
by the highest conductance, presumably because open-
ended TTs rapidly turn into close-ended during cell
dislodgment in the process of cytokinesis (~76 % of
the TTs between HeLa wt cells were close-ended).
This observation supports the role of GJs in determin-
ing the strength of communication between remote
cells connected through T'Ts.

One of the steps in the cell motility cycle is integrin-
dependent adhesion to the substrate [42]. Our observation
that Cxs localize on the tips of lamellipodium-like protru-
sions and at their contact with the remote cell suggests
that Cxs may interact with cellular adhesion and tight
junctional proteins of other cells. For instance, Cx43 has
been shown to exert effects on migration by interfering
with receptor signaling, cytoskeleton remodeling, and
tubulin dynamics [15); in the developing brain, Cx43
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adhesion-promoting properties facilitate the migration of
pyramidal cell precursors from the ventricular zone to-
ward the ventricular plate [43, 44]. Also, the expression of
Cx43 inversely correlated with the migration rate in the
culture of canine brain tumor cells [45]. Similarly, in our
study, Cx43-EGFP- as well as Cx45- and Cx47-expressing
HeLa cells demonstrated tendency to reduced mobility
compared with HeLa wt cells (Fig. 5b). Interestingly, cells
expressing the same Cxs exhibited reduced formation of
TTs while Cx36-EGFP-expressing cells formed the largest
number of TTs and demonstrated the highest mobility
(Fig. 3¢); Cx40-CFP increased cell mobility but TT forma-
tion did not differ from that in HeLa wt cells, These
observations suggest that cell mobility and TT formation
may be regulated through different mechanisms that may
be controlled by different Cxs in an opposite manner.

The Cx isoform-specific permeability of TTs to siRNA/
AF488 suggests that GJs may play an important role in
forming the limiting barrier of genetic material transfer
through homotypic and heterotypic homocellular and
heterocellular connections. TTs containing GJs composed
of Cxs with the lowest single channel conductances
(Cx36-EGFP and Cx45) were impermeable to siRNA/
AF488; however, they both were permeable to AF488
(Fig. 6). The differences in permeability could be deter-
mined by different diameters of G pores and by distribu-
tion of fixed charge sites in the pore. The main factor that
can facilitate the effective permeability of genetic material
is rod-shaped morphology of a siRNA molecule [34, 35].
Also, it is worth noting that siRNA transfer is not a simple
process of diffusion but rather energy-dependent, motor
protein-involving transportation. For instance, kinesin and
dynein have been shown to be motor proteins associated
with microtubule transport [46] that can be blocked by
azide, an inhibitor of ATP synthesis [47, 48]. This assump-
tion stays in line with our observation that gy and Py of
siRNA did not correlate either among Cxs with different
single channel conductances (see Table 1) or in the single
Cx series of experiments.

Epithelial-to-mesenchymal and mesenchymal-to-epithelial
transitions play crucial roles in cancer metastasis, and
these processes can be controlled and reversed by miR-
NAs [49]. The known pathways of miRNA transfer be-
tween cells are the following: extracellular vesicles
(exosomes, ectosomes, and apoptotic bodies); circulating
RNA in a vesicle-independent formy; synapses; GJs and
TTs [50]. The last pathway would be the most swift and
efficient: however, it still is not definitely proven. A
general view that Cxs are down-regulated in cancer
cells needs to be revised because many studies includ-
ing our own [5] have demonstrate the presence of
Cxs and GJs in tumor tissues. Even though epithelial-to-
mesenchymal transition is associated with Cx down-
regulation or loss of communication through GJs between
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cells that communicate normally (this process is related to
the onset of neoplasia and tumorigenesis), mesenchymal-
to-epithelial transition is related to the up-regulation of
Cx expression and acquisition of novel GJ-based commu-
nication between cell types that do not communicate in
healthy tissue (these processes are related to angiogenesis,
invasion, and metastasis) (reviewed in refs. [12, 51}). For
instance, in glioma cell populations, the over-expression
of Cxs and GJs between tumor and non-tumor glia cells
facilitates the invasion of glioma cells [52]. The expression
of Cx43 in the glioma core is very heterogeneous: Cx
expression is restricted to minor populations of cells
endowed with invasive and cancer stem cell-like proper-
ties and able to migrate, but other cells non-expressing
Cx43 are able to proliferate [27]. Migrating glioma cells
expressing Cx43 may then be able to induce the develop-
ment of secondary or recurrent gliomas with GJs [13].
Cx43 expression is increased in breast cancer cells predes-
tined to spread to the brain [53]. Disseminating breast
cancer or melanoma cells migrate along the luminal sur-
face searching for suitable sites to extravasate and form
functional GJs (Cx43, Cx26) with brain endothelial and/or
glial cells to initiate brain metastasis, and first lesions
develop in Cx-rich vasculature and stroma of the brain
[54]. Recent studies have suggested the involvement of
miRNA in coordination of the gene expression program
determining tumor metastasis [55]. Delivery of miRNA to
remote cells can be facilitated by open-ended or GJ-
containing TTs. The first evidence of the effectiveness of
GJ-dependent pathway was provided by Valiunas and
colleagues, who demonstrated that siRNA delivered
through GJs down-regulated a reporter gene in the
recipient cell [35].

Conclusions

Qur data demonstrate a new modulatory effect of
different neural Cxs on cell migration, TT formation,
and permeability to siRNA. These results may con-
tribute to the knowledge about mechanisms of cancer
invasion and metastasis.

Methods

Cell lines and culture conditions

Experiments were performed on Hela (human cervix
carcinoma, ATCC CCL-2, Manassas, VA, USA) cells stably
transfected with Cxs tagged with green or cyan fluorescent
proteins (Cx36-EGFP, Cx43-EGFP and Cx40-CFP) or un-
tagged Cx45 and Cx47. Stable Hela cell lines expressing
Cxs used in this study were obtained in collaboration with
the laboratory of Dr. F. Bukauskas (Albert Einstein College
of Medicine, New York, USA). Briefly, vectors were
transfected into Hela cells using Lipofectamine 2000
(Invitrogen, USA) and following the transfection protocol
of manufacturer. Cell lines expressing Cx36-EGFP and
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Cx43-EGFP were selected using 500 pg/ml G418/genet-
icin (Sigma-Aldrich Co.), whereas 1 pg/ml puromycin
(Invitrogen, USA) was used for selection of HeLa Cx40-
CFP, Cx45, and Cx47 cell lines. The construction proto-
cols of vectors are described elsewhere [56, 57]. Cells were
grown in DMEM medium containing 10 % fetal bovine
serum (FBS), penicillin/streptomycin mix (100 U/ml
penicillin and 100 pg/ml streptomycin; Gibco Labora-
tories). Typically, the cells were analyzed on the
second day after passage. LSCC cells were prepared as
described elsewhere [5].

Time lapse imaging

Time lapse imaging of Hela cell mobility and TT for-
mation in the culture medium was performed at 37 °C
in the humidified atmosphere of 5 % CO, using an incuba-
tion system INUBG2E-ONICS (Tokai Hit, Shizuoka-ken,
Japan) with an incubator mounted on the stage of mo-
torized Olympus IX81 microscope (Olympus Europe
holding Gmbh, Hamburg, Germany) with Orca-R*
cooled digital camera (Hamamatsu Photonics KK,
Japan), fluorescence excitation system MT10 (Olympus
Life Science Europa Gmbh, Hamburg, Germany), and
XCELLENCE software (Olympus Soft Imaging Solu-
tions Gmbh, Miinchen, Germany).

Wound healing assay

Cell migration analysis was performed by the wound
healing assay. Cells were grown to confluence on the
glass coverslips. Then the monolayer was scraped with a
sterile surgical blade. The cells were washed with fresh
growth medium to remove cell debris. Wound healing
was evaluated by measuring the cell-free area remaining
in the wound [58] after 5, 10, or 12 h.

Electrophysiological measurements

For simultaneous electrophysiological and fluorescence re-
cording, cells grown onto glass coverslips were transferred
to an experimental chamber with constant flow-through
perfusion mounted on the stage of the inverted micro-
scope Olympus 1X8. Junctional conductance gy between
the cells connected by the TT was measured using the
dual whole-cell patch-clamp technique. Cell-1 and cell-2
of a cell pair were voltage clamped independently with
a patch-clamp amplifier MultiClamp 700B (Molecular
Devices, Inc., USA) at the same holding potential, V, = V.
Voltages and currents were digitized using a Digidata
1440A data acquisition system (Molecular Devices, Inc.,
USA) and acquired and analyzed using pClamp 10 soft-
ware (Molecular Devices, Inc., USA). By stepping the
voltage in the cell-1 (AV,) and keeping the other con-
stant, junctional current was measured as the change in
current in the unstepped cell-2, Iy = Al,. Thus, g was
obtained from the ratio -1,/AV,, where AV, is equal to
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transjunctional voltage (V) and negative sign indicates
that the junctional current measured in cell-2 is oppositely
oriented to the one measured in cell-1. To minimize the
effect of series resistance on the ements of gy [59],
we maintained pipette resistances below 3 MOhms, Patch
pipettes were pulled from borosilicate glass capillary tubes
with filaments. Experiments were performed at room
temperature in modified Krebs-Ringer solution (in mM):
NaCl, 140; KCl, 4; CaCl,, 2; MgCl,, 1; glucose, 5; pyruvate,
2; HEPES, 5 (pH 7.4). Patch pipettes were filled with saline
containing (in mM): KCl, 130; Na aspartate, 10; MgATP,
3; MgCly, 1; CaCly, 0.2; EGTA, 2; HEPES, 5 (pH = 7.3).

Fluorescence Imaging and siRNA Transfer Studies
Fluorescence signals were acquired using the Olympus
IX81 microscope with Orca-R* digital camera, fluores-
cence excitation system MT10, and XCELLENCE soft-
ware. For siRNA transfer studies, siRNA conjugated
with Alexa Fluor-488 fluorescent dye (siRNA/AF488,
QIAGEN, Venlo, Netherlands) or Alexa Fluor-488 hy-
drazide (AF488, Life Technologies) was introduced
into cell-1 of a pair through a patch pipette in whole-
cell voltage-clamp mode. Typically, this resulted in
loading of the cell-1, followed by siRNA/AF488 or
AF488 transfer via the TT to the neighboring cell-2.
At the end of SIRNA/AF488 or AF488 transfer measure-
ment, the patch in the cell-2 was opened to measure gy in
dual whole-cell patch-clamp mode. The presence or
absence of GJ in the T'T was checked by measuring g-Vy.
Evaluation of G] permeability to fluorescent dyes from
changes in fluorescence intensity in both cells was previ-
ously described elsewhere [36, 39, 40]. In brief, the cell-to-
cell flux (1) of the dye in the absence of transjunctional
voltage (V=0 mV) can be determined from changes
of dye concentration in the cell-2 (AC,) over the time
interval (At) as follows:

voly AC,
B 1
T AL (1)
where voly is the volume of cell-2. Then, according to
the modified [60] Goldman-Hodgkin-Katz (GHK)
equation [61], the total junctional permeability (Py) can be
described in consequence:

lr Wll; AC.I

=G GG )

where C; and C; are dye concentrations in the cell-1
(dye donor) and the cell-2 (dye recipient), respectively.
Cell volume was approxi d as a hemisphere. The
diameter of a hemisphere was determined by averaging
the longest and the shortest diameters of the cell; the
volume of examined Hela cells was ~1800 pm® on
average. Assuming that the dye concentration is directly
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proportional to fluorescence intensity (C=k = FI),

equation 2 can be modified as follows:

Pr= voly-AF1
T = At-(FI,-FL)

where AFl, =Fly,,, - Fl,, is the change in FI in cell-2
over time, At = (t,,,, - t,); n is the nth time point in the
recording. To minimize siRNA/AF488 bleaching, studies
were performed using time-lapse imaging, which exposed
cells to low-intensity light for ~0.5 s every 1 min.

Immunocytochemistry of cells

Cells were grown in 24-well plates with glass coverslips
on the bottom, fixed with 4 % paraformaldehyde for
15 min, and permeabilized with 0.2 % Triton X-100/PBS
for 3 min. Coverslips were incubated for 1 h with mouse
anti-a-tubulin  (Sigma-Aldrich, Steinheim, Germany)
primary antibody, then rinsed with 1 % BSA/PBS and
incubated for 30 min with goat anti-mouse 1gG H&L
(Cy5) (Abcam Cambridge, UK) secondary antibody. The
F-actin network was visualized using Alexa Fluor 594
phalloidin (Invitrogen, USA), coverslips were incubated
with the dye for 30 min at 37 “C. Analysis was performed
with the Olympus IX81 microscope equipped with
Orca-R? digital camera, fluorescence excitation system
MT10, and XCELLENCE software.

Data analysis and statistics

The analysis was performed using SigmaPlot software
(Systat, Richmond, CA, USA), and averaged data are
reported as means + SEM. For statistical evaluation, the
Student’s ¢ test was used, and a difference was considered
statistically significant when p was < 0.05,

Additional file

Additional file 1: Figure $1. Oye permeability and electncal coupling
between Hela wr colls, (A-Q AF482 wars introduced into 3 single cell (ROK1)
of the Hela wt cell monolayer, and the time-lapse imaging of fuorescence
intensity was mongored in the surrounding cells (ROL2 - ROLE). (D and E)
Kinetics of AF488 accumulation in the Injected cefl and nelghbaring
cells, respectively (background fluorescence subtracted) (0= 6). The
anow indicates the moment of patch opening. Circles filled with
different colors in E represent FI from ROK2 - ROK6, (F-G) Electrical
coupling of abutted Hela wr cells was evaluated by applying voltage
ramp (V) of negative polarity from 0 to ~120 mV (G, upper panel) to
the cell-1 and measuring junctional current (1) (G, lower panel) in the
cellk2 (n=17). (T 1708 &b)

Abbreviations

TT: tunneling tube; F-TT: tunneling tube containing only F-acting

Fa-TT. twnneling tube containing F-actiin and a-tubulin; C: concentration
of the dye; Cx connexiry, FE fluorescence intensity of the dye; Gl gap
junction; gy junctions! conductance of abutted cells; gr: conductance of
the TT; |z current through the TT; Ji: cell-to-cell flux of the dye;

Pr. permeability of the TT; siRNA: small interfering RNA; V;: transjunctional
voltage of abutted celly; Vy: voltage across the TT; LSCC human laryngesl
squamous cell carcinoma.
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SUMMARY

Abbreviations
Cx or Cxs — connexin or connexins, respectively;
EPB — epithelial bridge;
FBS — foetal bovine serum;
GJ or GJs — gap junction or gap junctions, respectively;

HeLa cells — cells derived from cervical carcinoma samples of Henrietta
Lacks in 1951. They were the first human cells that could
grow indefinitely in vitro;

LSCC - laryngeal squamous cell carcinoma;
LUHS — Lithuanian University of Health Sciences;
hMSCs — human mesenchymal stem cells;

mRNA — messenger RNA;

miRNA — microRNA;

siRNA — short interfering RNA;

TT or TTs — tunnelling tube or tunnelling tubes, respectively.
INTRODUCTION

Tissues of living organisms are well-organized systems of
communicating cells. Synchronization of intercellular communication is
essential for physiological processes in multi-cellular organisms, for
example, it is critical during development, embryogenesis, tissue
regeneration, cellular differentiation, cell survival, reprogramming, and
migration, as well as for immune response or maintaining of vital functions
and homeostasis. Moreover, direct cell-to-cell interaction is important for
initiation and progression of pathological processes such as carcinogenesis,
viral and bacterial infections as well as neurodegenerative and autoimmune
diseases [157, 177]. Importance of intercellular communication by
transferring long-term and short-term information and diversity of
mechanisms increases with the complexity of the organisms.

Information, nutrients, organelles or pathogens are transferred between
cells in different ways. Direct cell-to-cell interaction is necessary for most of
these signalling processes. It was thought until the end of the last century
that all possible mechanisms of cell-to-cell communication are already
discovered [99]. However, in 2004, the two major breakthroughs in this
field were announced. First of all, a small vesicles of 30 to 90 nm in
diameter, so called exosomes, containing instructive molecules that are
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stored and transported inside, were described [51]. At nearly the same time,
thin actin-based membrane structures formed between remote cells, i.e. rat
pheochromocytoma cells, human embryonic kidney cells or normal rat
kidney cells were discovered in vitro and named tunnelling nanotubes due
their nano-scale size [158] as well as transient networks of membranous
tunnelling tubes (TTs) between immune cells were observed and described
by another independent research group [136]. These structures allow
selective direct transfer of membranous vesicles and organelles from one
cell to the connected one through TT [136, 158]. Subsequent studies
revealed the presence of TTs between different cell types in vitro, including
epithelial and immune cells [42, 56, 135, 136, 181], stem cells [139] and
neurons [195, 222]. Cells of different types may also communicate with
each other through membranous TT’s, i. e. heterocellular TT’s may connect
cardiofibroblasts with cardiomyocytes [66], progenitor stem cells or
endothelial cells with remote tumor cells [139]. Studies revealed a
significant heterogeneity of membranous TTs morphology and functional
features; in addition, they have been shown to support transfer of various
components between cells over long distances and it may not only be small
molecules such as glucose, glutathione, glutamate, cAMP, IP;, and ATP or
ions like sodium (Na"), potassium (K ) and calcium (Ca®") [4, 178, 202], but
also lysosomal and intracellular vesicles with different small organelles such
as early endosomes, endoplasmic reticulum, and Golgi complex [82, 83, 88,
178, 195, 198] or even relatively large organelles such as mitochondria [57,
88, 93, 116, 139]. Primary spread mechanisms in host organism for various
pathogens including intercellular transfer of bacteria [135], most viruses,
including human immunodeficiency virus (HIV) [82, 83, 171, 181] and
human T-cell lymphotropic virus (HTLV) [191], as well as prions [61, 62,
123, 195, 222] and other pathogenic proteins such as HIV 1 Nef protein
[210], B-amyloid [61, 195], and pathological Huntington protein [36] are all
associated with membranous TTs. Cellular migration and bacterial
recognition are also associated with formation of membranous TTs between
remote cells (reviewed in refs. [4, 12, 68, 88]). Thus, accumulating number
of evidence over last decade not only indicates vital role of membranous
TTs in development, cell reprogramming and tissues regeneration processes,
but also their association with a variety of pathologies. It is noted that there
is a wide range of functions performed by different types of membranous
TTs, nevertheless some consistent patterns associated with pathogenesis of
diseases, such as neurodegenerative diseases or cancer, are also emerging.
Therefore, there is a well recognized need to further investigate the
formation mechanisms and functions of different membranous TTs in order
to understand pathogenesis, prevention and new treatment possibilities of
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incurable or difficult to treat diseases such as various tumors, including
glioblastomas, or neurodegenerative diseases; however, mechanisms of
formation and functions of different TTs has not been completely elucidated
yet. In 2012, when we started to collect data for our research, there was very
small amount of published data about presence of TTs in tissues and no
available information in the literature about the presence of these structures
in humans and their role in carcinogenesis. To our knowledge, at the time of
publication of our research data, there was only one publication available
about the presence of TTs in human malignant tumors [110] and no data in
the scientific literature could be found on TTs in other malignant tumors,
including squamous cell carcinoma of the head and neck region. There was
a lack of knowledge about presence of transfer of higher molecular weight
materials through TTs and its mechanisms. Furhtermore, there was no
notion nor evidence of direct genetic transmission through TTs to remote
cells.

Recently, it has been proposed that connexins (Cxs), in addition to their
canonical function of composing gap junctions (GJs), play a channel-
independent role in cell adhesion, migration, division, differentiation, and
tumorigenicity (reviewed in ref. [130]); however, the role of different Cxs
on the ability of cells to form membranous TTs and on intercellular
communication through TTs between remote cells as well association of
TTs with ability of cell to move was not described.

The aim of the study

The aim of this research was to investigate the formation mechanisms of
membranous TTs between human laryngeal squamous cell carcinoma
(LSCC) cells and to describe their features as well as the role of Cxs in
HeLa cell mobility and intercellular communication through membranous
TTs.

Objectives of the study

1) To investigate the properties of membranous TTs between remote LSCC

cells:

— formation mechanisms of TTs, their geometry and morphology;

— electrical properties of TTs;

— permeability of TTs to substances of different molecular mass and
charge;

— to investigate possibility of LSCC and Hela cells to form
heterocellular TTs with human mesenchymal stem cells (hMSCs);
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2) to investigate the existence of TT-like structures in LSCC tissue;

3) to examine the impact of exogenous Cx36, Cx40, Cx43, Cx45 and Cx47
on mobility of model HeLa cells and formation of membranous TTs
between them.

Relevance of the research and its scientific novelty

Various studies have shown different ways of formation of membranous
TTs between remote cells and there is large diversity of their geometry,
morphology, and survival as well as functions in physiological and
pathological processes. Initially, description of membranous TTs in vitro in
2004 triggered a broad discussion regarding ability of cells to form
membranous TTs in vivo. At first, it was claimed that this property exists
only in cells in vitro.

Before starting to collect data for this research, including my dissertation,
there was only limited information in literature about relevance of
membranous TTs in carcinogenesis. Only few publications with data of in
vitro studies using adrenal gland [158], prostate [193], colon [29] and
glioma cells [144] are found and no data on membranous TTs in tumors in
vivo or ex vivo, including data about TTs in laryngeal squamous cell cancer
tissues are found. The first reports about membranous TT-like structures in
tissues, i.e. mouse cornea and human pleural mesothelioma or
adenocarcinoma tissues, were reported during my doctoral studies [110,
139, 170]; however, we have described for the first time two types of
membranous TTs containing F-actin alone or both F-actin and microtubules
in LSCC culture and TT-like structures in tissues ex vivo as well as 5
formation modes of membranous TTs between remote LSCC cells in vitro.
We have also discovered and described for the first time mitochondrial
network inside membranous TTs between remote LSCC cells.

The electrical coupling and cargo transfer through membranous TTs
between remote cells are not completely explored until now; therefore, we
investigated and quantified the permeability of membranous TTs formed by
different modes between remote LSCC or between HeLa cells expressing
different exogenous Cxs. We have also described for the first time impact of
different Cxs on formation of membranous TTs between remote model
HelLa cells in vitro as well as impact of different Cxs in HeLa cells mobility.
Furthemore, our group is the first one and for time being the only one to
describe the possibility of direct siRNA transfer through membranous TTs
between remote LSCC containing GJs formed by Cx43 or between remote
HelLa cells expressing different transfected Cxs.

International interest on our publication with data of LSCC study show
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the relevance and significance of these data
(https://globalmedicaldiscovery.com/key-scientific-articles/long-distance-
communication-laryngeal-carcinoma-cells/).

MATERIALS

Our investigations with LSCC cells were performed in accordance with
the principles outlined in the Declaration of Helsinki and approved by
Kaunas Regional Bioethics Committee (BE-2-34, 2007). Histologically
confirmed LSCC tissue samples were collected in accordance with the
protocol approved by the Institutional Review Board, Lithuanian University
of Health Sciences (LUHS). The primary LSCC cell culture was prepared
from part of the tumor tissue sample as described in our publication [223],
while the second part was used for a histological examination, which
revealed the typical properties of LSCC (Fig. 1A with insertion [223]).
Experiments were performed on LSCC cells, which have had a natural
expression of Cx43 and were prepared as described in our publication [223]
and on HeLa (human cervical carcinoma, ATCC CCL-2, Manassas, VA,
USA) cells stably transfected with Cxs fused with green or cyan fluorescent
proteins, i. e. Cx36-EGFP, Cx40-CFP and Cx43-EGFP) or Cxs without
fluorescent marker (Cx45 and Cx47). Stable HeLa cell lines expressing Cxs
used in this research study were obtained in collaboration with the
laboratory of Dr. F. Bukauskas (Albert Einstein College of Medicine, New
York, USA). Human mesenchymal cells (hMSCs) were purchased from
Lonza (Walkersville, MD, USA).

Cells for experiments were grown in DMEM medium containing 10
percent foetal bovine serum (FBS), penicillin/ streptomycin mix (100 U/ml
penicillin and 100 pg/ml streptomycin; Gibco Laboratories). Typically, the
cells in vitro were analyzed on the second day after passage [223, 224], after
that, glass coverslips were transferred to an experimental chamber with
constant flow-through perfusion mounted on the stage of the inverted
microscope Olympus IX81 equipped with the Orca-R® cooled digital
camera, fluorescence excitation system MTI10 (Olympus Life Science
Europa Gmbh, Hamburg, Germany), and fluorescence imaging system
XCELLENCE. Experiments were performed at room temperature in
modified Krebs-Ringer solution (all solutions used are described in our
publications [223, 224]).
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METHODS

Electrical coupling between LSCC cells was investigated using the dual
whole-cell patch-clamp technique. Electrophysiological and fluorescence
recordings were performed simultaneously for visualization of materials
permeability through TTs, including mitochondria, DAPI stained materials
and siRNA transfer. Time-lapse imaging was performed for investigation of
LSCC cells or HeLa cells mobility and TTs formation between them as well
as for wound healing assay in the culture medium. Electrophysiological and
fluorescence recordings as well as time-lapse imaging were most often
combined and performed simultaneously. Cell migration analysis was
performed by wound healing assay. Morphology of membranous TTs
between LSCC cells or HeLa cells and expression of Cxs in LSCC cell
culture were investigated using immunocytochemistry and fluorescence
methods. All methods used for this research study are described in our
publications [223, 224]. The analysis was performed using SigmaPlot
software (Systat, Richmond, CA, USA), and averaged data are reported as
means + SEM. For statistical evaluation, the Student’s test was used and a
difference was considered statistically significant when p was < 0.05.

RESULTS AND DISCUSSION
Properties of membranous TTs between LSCC cells in vitro

Experiments were performed on endogenous Cx43 expressing LSCC
cells between 5 to 15 passages, when they manifested high proliferation
rates in vitro (Fig. 1C [223]) and mobility (19.4 £ 2.8 mm/h; n =20), and
low membrane potential (-13.7+1.2mV; n=40). No significant
differences in the division rate were observed between 5 to 15 passages. We
have identified the possibility of remote LSCC cells to communicate
directly with each other over long distances, up to 1 mm, through
membranous TTs in vitro, we described their geometry and morphology as
well as identified and described 5 formation modes of membranous TTs
between remote LSCC cells in vitro. The incidence of membranous TTs
formation was determined by counting TTs between remote LSCC cells on
the 1.2 cm diameter coverslip with 3,564 cells (about 3,200 cells per cm?).
We counted 136 membranous TTs formed in different ways (modes of
formation of these TTs are described below). The thickest (up to 5 um at the
most narrow site) and the longest (up to 1 mm) membranous TTs in vitro
that could be seen under low magnification were resembled epithelial
bridges, EPBs, described by Zani [215]. They are indicated by yellow
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arrows in Fig. 1B [223]. LSCC cells formed also much thinner (< 1 um) and
shorter (up to 100 um) membranous TTs (table 1 [223]) resembling those
first characterized by Rustom and colleagues [158].

F-actin and a-tubulin are essential in the formation of membranous TTs
or epithelial bridges (EPBs) [4, 214]. F-actin is considered to be a marker of
tunnelling nanotubes [116, 158]. Two types of membranous TTs connecting
LSCC cells in vitro were identified by subsequent staining with phalloidin
for identification of F-actin and anti-a-tubulin for identification of
microtubules as described in our publication [223]: 1) type of only F-actin
based TTs (27 percent; n = 136); and 2) type of TTs containing both F-actin
and o-tubulin (73 percent). It is known that inhibitors of actin
polymerization, such as cytochalazin B or D, disrupt the formation of
membranous TTs, but they have a limited effect on already existing TTs
[25, 177]. We have observed no network of TTs in culture of freshly seeded
LSCC cells preincubated with latrunculin A (20 nM), another inhibitor of
actin polymerization. Preincubation of LSCC cells possessing the already
developed TTs network for 24 hours with colchicine (10 mM), an inhibitor
of microtubule polymerization, resulted in a complete loss of membranous
TTs (Fig. 1D [223]). This finding support the hypothesis that F-actin is
important only in the initial event of TTs formation, but it is not the
requisite in later stages of TT elongation or stabilization [197]. It is argued
that the actin filaments even can not directly drive the protrusion, but only
stabilize the spice generated by the membrane deformation [74].
Microtubules are several times more flexible than actin filaments [58];
therefore, it is suggested that microtubules containing membranous TTs are
more resistant to environmental influences and have a longer lifetime [12].

Membranous TTs connecting LSCC cells in vitro did not contact the
substrate (Figs. 1E-G [223]) like other membranous TTs [4, 158] or EPBs
[214, 215] described by other researchers; however, the leading edge of
growing lamellipodium-like extensions was usually attached to the
substrate. Migrating cells can easily slide under the membranous TTs in
LSCC cell culture (Fig. 7A [223]). We demonstrated that membranous TTs
formed between LSCC cells in culture were not attached to the substrate by
applying positive or negative pressure to the selected TT through a broken
patch pipette (Figs. 1E-G [223]) and measuring the rise of TTs over the
substrate (Figs. 3F, 3G, 4E, 4F, 5F and 5G [223]).

Modes of the membranous TTs formation

The analysis of time-lapse imaging allowed us to distinguish the
following formation modes of membranous TTs connecting remote LSCC
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cells in vitro: 1) TT1s were formed during cell division and subsequent
dislodgment; 2) TT2s were formed by the extensions of rear lamellipodium
attached to the remote cell; 3) TT3s were formed by secondary
lamelipodium outgrowing from leading or rear lamellipodium; 4) TT4s were
formed by the intersection of rear or secondary lamellipodium; 5) TT5s
were formed by filopodium-like extensions or protrusions.

The typical steps of TT1 formation are shown in Figs. 2A-D [223]. A
mature LSCC cell round up entering mitosis and divide into 2 cells
preserving the cell-to-cell contact through membranous TT1 during their
dislodgement. TT1s were the longest and thickest TTs, up to 1 mm in length
and 5 um in diameter and they were raised above substrate. TT1s contained
both F-actin and microtubules suggesting that these TTs might participate in
the bidirectional transport of cargoes [11, 30, 135].

TT2s were formed by the extensions of rear lamellipodium and
subsequent attachment of the protrusion to the remote LSCC cell (Figs. 3A—
G [223]). The length of TT2s was up to 500 um and their diameter at the
most narrow site was about 1-3 um (table 1 [223]) and they were raised
above substrate too. In addition to F-actin and a-tubulin, the crawling
endings of lamellipodium usually contained also Cx43 hemichannel
clusters, which can be utilized to form functional GJs when the membrane
of growing protrusion comes into contact with a membrane of remote cell as
confirmed by patch-clamp measurements (described below).

TT3s were formed by the extensions of secondary lamellipodium
outgrowing from leading or rear lamellipodium (Figs. 4A—-F [223]). TT3s
also contained both F-actin and o-tubulin and they were raised above
substrate. The length of TT3s was up to 300 um, while their diameter at the
most narrow site was about 0.5-2 um (table 1 [223]). TT3s also contained
functional Cx43 GJs as confirmed by patch-clamp measurements (described
below).

Due to high mobility of LSCC cells in vitro, their rear or secondary
lamellipodium extensions can intersect forming TT4s and establishing
functional Cx43 GJs (Fig. 4G [223]) as confirmed by patch-clamp
measurements (described below). This finding belongs exclusively to our
research group, since this possibility of TT4s formation mode was reported
till now exclusively by our group. Such connections can also be established
when one of these spindling extensions reach and anchor with its crawling
edge to the lamellipodium of the second cell.

TT5s were the thinnest and shortest membranous TTs (table 1 [223])
formed between LSCC cells in vitro when cells first came into contact and,
thereafter, moved apart or when filopodium-like protrusions (single or
multiple) from one cell connected to the remote cell presumably by forming
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anchoring junctions containing N-cadherin and B-catenin as identified by
Lokar and colleges [107]. Two protrusions from the opposing remote cells
can also find each other and form TT35s establishing functional GJs between
their tips, where Cx43 accumulation can be seen (Fig. 4G [223]). TTSs were
raised above substrate too, but they have had different structure than TT(1—
4)s because they were without microtubules. In most cases, TT5s are formed
Cx43 GJs at the cell border, and their functionality was confirmed by a dual
whole-cell patch-clamp measurement of voltage gating typical for Gls
(described below).

Electrical properties of TTs between LSCC cells in vitro

Based on literature, Cx43, Cx30, and Cx26 have been identified in the
laryngeal epithelial cancers without alterations in their expression during
carcinogenesis [168]. Staining with specific antibodies revealed that indeed
Cx43, Cx30, and Cx26 are expressed in LSCC cell culture and in tissues
(Fig. 3.4.1.1 in page 46 of this dissertation); however, electrophysiological
measurements have shown that only Cx43 could form functional GJls in
vitro, while Cx26 and Cx30 could be found rather as membranous and/or
intracellular clusters of hemichannels.

Based on literature, single-channel conductance (open state / residual
state) of human Cx26, Cx30, and Cx43 are 115-150/30, 160/27, and 90—
110/30 pS, respectively [24, 60, 127]. To check whether this also applies to
TT(2-5)s-mediated GJs, we registered single-channel currents using the
dual whole-cell patch-clamp technique and applying octanol 0.5 mM, a GJs
blocker, which strongly reduced electrical coupling between cells and
allowed to record single-channel openings. We detected only single-channel
currents and conductances typical for Cx43 GJs (Figs. 61 and 6J [223]). The
mean single-channel conductance of open and residual states were 94 + 6 pS
and 32+3pS (n=11) for abutted cells, respectively, and 93 + 6 pS and
33 £3 pS (n=9) for remote LSCC cells connected through TTs containing
GJs, respectively.

Every GJ contain usually multiple functional channels. The mean
conductance between abutted cells was 33.6£6.2nS (n=15), and gr
between remote cells connected through TT(1-5)s is shown in table 1 [223].
The mean conductance of TT(2-5)s correlated well with their geometry
(Fig. 6G [223]) as have been also described by other researchers [200],
assuming that gt depends directly on TT width and depends inversely on TT
length as well as on existence of GJ at their contact sites [198]. The
correlation was moderate in case of TT1s (r = 0.65) (Fig. 6F, where data are
taken from table 1 [223]) and we believe that the correlation would improve
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if an internal diameter of TT1s were estimated instead of external one. It is
necessary to note that gr was unrelated to geometry of membranous TT(2—
5)s containing GJs in some experiments too, because neither TT length nor
diameter as well nor protrusion ending size determine the size of junctional
plaque as well as the total number of GJ channels or number of functional
GJ channels in it like in case of abutted cells.

TT1s were typically open-ended, i. e. they did not possessed voltage
gating characteristic of GJs (Figs. 6C and 6E upper panel [223]). TT(2-5)s
containing GJs demonstrated voltage-gating properties (Figs. 6D and 6E
lower panel [223]). In our experiments, about 20 percent (6 out of 32) of
TTS5s did not couple the cells electrically as it was carried out by other
authors [200]. That may be associated with one of 3 possible reasons: 1)
TTs were close-ended, probably involved only in cargo transport on the
membrane or in the active vesicular transport, or pinocytosis of intracellular
materials inside TTs; 2) GJ-dependent -electrical coupling was not
established yet in the process of de novo formation of TTs, because some
maturation time is required for functionality of membranous TTs [63]; 3)
GJ-dependent electrical coupling was already lost due to cell separation.

Permeability of TTs between LSCC cells in vitro

One of the goals of this study was to determine the permeability of
membranous TTs formed by different modes to dyes that differ in molecular
mass and charge. Various components were transferred between remote
LSCC cells in vitro through TTs lumen and on TTs surface (Figs. 7C-E
[223]). Based on literature, GJs allow the passage of molecules smaller than
1.2 kDa [131, 173]. We checked if membranous TTs between LSCC cells
not containing GJs permitted the passage of larger molecules. Indeed, TT1s
were permeable to at least 3 kDa molecules, such as AF488/3000. All
TT(1-5)s were permeable to other used dyes of lower molecular weight
(AF350, LY, and DAPI), and permeability strongly depended on the net
charge of the dye (summary of the TTs permeability properties is presented
in table 1 [223]). Mean permeability of TT(2-5)s to fluorescent dyes
correlated with their mean electrical conductance.

Mechanisms of cargo transfer through TTs are yet not full established.
Based on literature, luminal transfer mechanism is associated with actin
binding motor protein myosin Va [55]. Organelles and vesicles are
transported it this way. We observed not only individual mitochondrias
inside TT(1-4)s, but even a dense mitochondrial network (Fig. 7B [223]).
However, we failed to detect mitochondria in TTSs. Our finding contributes
to data of other researchers and may indicate that mitochondrial transfer
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trough TTs between remote LSCC cells is associated with microtubules and
may be bidirectional. Based on literature, bidirectional mitochondrial
transfer could be detected only within thick, but not in thin (nano scale size)
membranous TTs [45, 110, 135] including heterocellular TTs [143]. Our
pioneering finding about mitochondrial networks inside membranous TTs is
very important because it show possible mechanisms of physical energy and
direct signal transmission between remote cells [169] and this may be
another new possible treatment option [15, 76, 117, 148].

We observed extremely small, 1 to 2 pm in diameter, DAPI-stained
vesicles in TT(1-4)s between remote LSCC cells (Fig. 7D [223]). These
vesicles resemble DAPI-stained mitochondrial DNA detected in human
osteosarcoma cell bodies [113]; however, the diameter of nucleoids with
mitochondrial DNA is about 99 nm, i. e., much smaller than that of vesicles
shown in Fig. 7D [223]. Even agglomerates of several nucleoids do not
exceed 300 nm in diameter [95]. We assume that these microvesicles may
contain mRNA or miRNA, suggesting a possible direct transfer of nuclear
materials through membranous TTs between remote cells.

We performed fluorescence imaging experiments using control siRNA
conjugated with Alexa Fluor-488 (siRNA/AF488) to verify if siRNA can be
directly transported between remote LSCC cell via TTs containing or not
containing GJs. Evidence of siRNA/AF488 transfer through TT2 is
demonstrated in Figs. 8A—F [223]. In addition, we performed similar
experiments using octanol (0.5 mM; 15 min), GJs blocker, to confirm
possible siRNA/AF488 transfer through TTs containing GJs during the
process of dye accumulation in the cell-2. Octanol arrested siRNA/AF488
accumulation in the cell-2, which was reinitiated after the washout of GJs
blocker (Fig. 8F [223]). Due to high molecular weight and net negative
charge, the accumulation of siRNA/AF488 in the target cell was much
slower than that of other fluorescent dyes used. In cases of TT1, Pt was
3.4+0.7x 10" cm’/s (n=4) and, in case of TT2, 5.0+ 1.1 x 10" cm’/s
(n=6) (summary of permeability properties is presented in table 1 [223]).
Subsequent experiments with HeLa cells confirmed the possibility of
siRNA/AF488 transfer through membranous TTs containing GJs and
showed that the transfer of siRNA/AF488 depends on Cx expression (see
our publication [224]).

Permeability of Cx43 GJ channels to siRNA and miRNA transfer
between adjacent cells have been described by many investigators [20, 86,
90, 104, 188, 207]; however, the transfer of siRNA trough membranous TTs
containing Cx43 GJs and the impact of different Cxs on this transfer
reported in our study has not been described elsewhere.
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Membranous TTs-like structures in LSCC tissues

To date, only few publications about the existence of TTs-like
membranous structures in tissues have been published. TTs-like structures
were identified in the mouse corneal stroma [33], neonatal rabbit during
nephron induction between mesenchymal and epithelial stem cells [125],
specimens of human pleural mesothelioma and adenocarcinoma [110], and
between migrating cells of human ovarian cancer explant cultures [139].

To determine whether TTs like membranous structures exist not only
between LSCC cells in vitro but also in tissues, we analyzed samples taken
from 6 patients with LSCC diagnose. In tissue sections ex vivo stained with
phalloidin and anti-a-tubulin, we identified 2 types of structures like in the
cell culture: first one, up to 1 pm in diameter and up to about 100 um in
length with solely F-actin threads spanning the entire length of structure
(Figs. 9A-D [223]), which could be attributed to TT5s found in vitro; other
structures were longer, up to 300 um, and thicker, about 2—-3 pm, with co-
localizing both cytoskeleton components, F-actin and a-tubulin (Figs. 10A—
D [223]). Moreover, in this case, mitochondria could as well be seen too co-
localizing with F-actin (Fig. 10E [223]). Such structures could be attributed
to membranous TT(1-4)s found in vitro. Unfortunately, in both cases, it was
problematic to quantitatively assess the geometry of TTs as we did in the
cell culture because 25 pm tissue sections rarely contained entire and intact
TTs.

The impact of different Cxs on formation of membranous TTs and
mobility properties of HeLa cells in vitro

Experiments with HeLa wt cells and HeLa cells stably transfected with
Cx36-EGFP, Cx40-CFP, Cx43-EGFP, Cx45, or Cx47 were carried out to
examine the impact of different Cxs on the formation of membranous TTs
and mobility properties of cells studied. HeLa wt cells without transfection
were used as control. We have identified open-ended, close-ended, and GJs
containing intercellular membranous TTs (formation frequency ratio 1:2:4,
respectively) of various diameters (ranging from < 200 nm to > 2 pm) and
length (up to 70 um) between remote HelLa cells in vitro (Figs. 1A-C
[224]). These membranous TTs were raised above the substrate; however,
the leading edges of lamellipodium-like extensions were usually attached to
the substrate and participated in cell mobility and TTs formation processes.
They were involved in components transport either inside the membranous
TTs or along their outer membrane (indicated by arrows in Figs. 1E-F
[224]). None of Cxs isoform affected the geometry of TTs between remote
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HeLa cells; however, the number of TTs calculated per 1 mm? was
significantly higher between HeLa cells expressing Cx36-EGFP and lower
between cells expressing Cx43-EGFP, Cx45, and Cx47 compared with
HelLa wt cells (table 1 and Fig. 3 [224]). We identified 2 types of
membranous TTs between HeLa wt cells or different Cx-expressing HeLa
cells: TTs containing only F-actin or TTs containing both F-actin and a-
tubulin (F-TTs and Fa-TTs, respectively, in Figs. 2A—G [224]). On average,
HeLa cells formed 17 percent and 83 percent of F-TTs and Fo-TTs,
respectively. This proportion was not affected by Cxs expression. Cells
expressing different Cxs were able to form TTs with clusters of respective
Cxs at the membrane interface with the remote cell (Figs. 2G and 2g [224]).

The mobility properties of different Cx-expressing Hela cells in vitro
were tested by the wound healing assay (Figs. 5SA and 5B [224]).
Occupation of the scraped area by Cx36-EGFP- and Cx40-CFP-expressing
HeLa cells was faster compared with HeLa wt cells or Cx43-EGFP-, Cx45-,
and Cx47-expressing HeLa cells; however, there were no statistically
significant differences between HelLa wt cells and Cx43-EGFP-, Cx45-, or
Cx47-expressing HeLa cells. The percentage of the occupied scraped area
after 12 h was as follows: in HeLLa wt cells culture, 42.8 + 6.0 percent; HeLa
Cx36-EGFP, 69.6 + 5.4 percent; HeLa Cx40-CFP, 68.3 = 6.7 percent; HeLa
Cx43-EGFP, 29.7 £ 1.1 percent; HelLa Cx45, 29.0 +2.4 percent; and in
HeLa Cx47 cells, 35.3 + 3.3 percent.

Heterocellular membranous TTs in vitro

HeLa cells with exogenous Cx43 expression and LSCC cells with natural
Cx43 expression could form membranous TTs containing functional Cx43
GJs with mesenchymal stem cells in vitro (Fig. 3.7.1 in page 64 of this
dissertation). Functionality of these GJs was confirmed using patch-clamp
method. This finding could be beneficial in solving some problems
associated with new treatment possibilities. The specific gene inhibition is
one of these promising new therapies for neurodegenerative diseases and
malignancies; however, the insertion of exogenous siRNA into the target
cell in vivo is the major problem [20]. This problem may be dissolved by
using the human mesenchymal stem cell (hMSC) based siRNA delivery
system for repair of injured and diseased tissues and to treat cancer [9, 13],
because hMSC cells are not immunogenic [120], they exihibit high
proliferative potential, express Cx43, and they may form membranous TTs
containing functional GJs with remote tumor (HeLa and LSCC) cels.
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1)

2)

3)

CONCLUSIONS

We have demonstrated and described the ability of LSCC cells to form
membranous TTs and properties of membranous TTs:

Five formation modes of membranous TTs in vitro were
identified and described.

The ability of LSCC cells to directly communicate over long
distances (up to 1 mm) through TTs of various diameter and
length was shown and described. These TTs can be open-ended,
close-ended or containing functional GJs.

In vitro, we have identified two morphological types of
membranous TTs between remote LSCC cells with natural Cx43
expression: F-actin rich only or containing both F-actin and
microtubules.

We provided quantitative assessment of electrical coupling
through TTs between remote LSCC cells. TT1s were ussually
open-ended, i.e. they did not have GJs. The mean electrical
conductances through TT(2-5)s correlate well with their
geometry as well as was dependent on GJs functionality.

We provided quantitative assessment of permeability of
membranous TTs between remote LSCC cells. The permeability
was dependent on molecular mass and charge of cargo, but also
on GJs functionality.

We have demonstrated transfer of mitochondrias and a dense
mitochondrial network inside membranous TTs.

We have demonstrated the ability of LSCC and HeLa cells to
form heterocellular TTs with human mesenchymal stem cells.
We have demontrated and described a direct tranfer of genetic
material (DAPI stained components, siRNA-AF488) between
remote cells through TTs containing and not containing GJs.

We identified two types of TTs-like structures in LSCC tissues: one
type containing only F-actin and secound type containing both F-actin
and microtubules.

None of tested Cxs type affected geometry, i. e. length or diameter of
TTs between remote HeLa cells. Cx expression affected:

mobility of HeLa cells: Cx36-EGFP- and Cx40-CFP-expressing
HeLa cells demonstrate better mobility properties, compared
with HeLa cells expressing other Cxs tested or HeLa wt cells.
density of TTs network: Cx36EGFP promotes while Cx43EGFP,
Cx47 and especially Cx45 inhibit formation of TTs.
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PADEKA

Dékoju mokslinio darbo vadovui prof. Vyteniui Arvydui Skeberdziui uz
pasitikéjimg ir galimybe dalyvauti LSCC naviko tyrimy projekte, suteiktas
zinias, reikluma, pagrjsta kritikg, patarimus ir pagalba vykdant tyrimus,
analizuojant jy duomenis, rengiant publikacijas bei rasant disertacijg. Esu
dékinga visam Lasteliy kultiry laboratorijos kolektyvui uz palaikyma,
jvairiapuse pagalba visy doktorantiiros studijy metu, kartu patirta atradimy
dziaugsma ir iSgyvenimus ruoSiant publikacijas. Ypac¢ acii kolegéms
dr. Linai Rimkutei ir tyrimams naudotas LSCC lasteliy linijas sukirusiai
dr. Ievai Antanavicittei, kurioms padedant, pavyko grei¢iau suvokti tyrimy
metody subtilybes. Dékoju LSMU Ausy, nosies ir gerklés ligy klinikai uz
pateikta medziaga, i§ kurios buvo pagamintos pirminés LSCC Ilasteliy
linijos, bei Anatomijos instituto darbuotojams, ypac dr. Kristinai Rysevaitei-
Kyguolienei uz pagalbg tiriant audiniy preparatus. Dékoju LSMU Mokslo
fondui uz paramag doktoranto moksliniams tyrimams. Dékoju Seimai uz
suteikta galimybe studijuoti ir didziulj palaikyma, kurj jauciu kiekvieng
diena.

132



