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1. WPROWADZENIE

Rozprawe doktorskg stanowi cykl publikacji ztozony z trzech oryginalnych prac
eksperymentalnych opublikowanych w latach 2017 — 2020.

Prace dokumentuja udzial unikalnego biatka motorycznego — miozyny VI —
w zachowaniu strukturalnej integralno$ci unikalnych struktur i proceséw komorkowych
zaleznych od aktyny podczas spermiogenezy u myszy. Prezentowane prace zawieraja
wyniki badan prowadzonych przeze mnie w trakcie studiow doktoranckich
w dyscyplinie nauki biologiczne na Uniwersytecie Mikotaja Kopernika w Toruniu
(UMK; Wydziat Biologii i Ochrony Srodowiska, obecnie Wydziat Nauk Biologicznych
I Weterynaryjnych). Badania wykonywalem w gtéwnej czesci w Pracowni Biologii
Rozwoju  (obecnie Katedra Biologii Komorkowej 1 Molekularnej) oraz
w Interdyscyplinarnym Centrum Nowoczesnych Technologii, jednostce organizacyjnej
UMK. Podczas studiow doktoranckich nawigzatem rowniez wspotprace naukowa, ktora
umozliwita mi wykonanie czgsci badan w renomowanych o$rodkach naukowych
W kraju i za granicg. W ramach tej wspotpracy odbylem dwa krétkoterminowe staze
naukowe w Pracowni Molekularnych Podstaw Ruchéw Komoérkowych Kierowanej
przez Profesor Mari¢ J. Rgdowicz (Instytut im. M. Nenckiego PAN w Warszawie) oraz
trzy kilkumiesigeczne staze w laboratorium Profesor Folmy Buss w Cambridge Institute
for Medical Research (University of Cambridge, Wielka Brytania).

Badania byly finansowane gtéwnie z otrzymanych przeze mnie funduszy
w ramach grantu NCN PRELUDIUM 13 (2017/25/N/NZ3/00487) pt. ,,Rola miozyny VI
w procesie spermiogenezy ssakow”, stypendium doktorskiego NCN ETIUDA 6
(2018/28/T/NZ3/00002) pt. ,,Rola biatek wiazacych aktyng w procesie spermiogenezy
ssakow”, zagranicznego stypendium Travelling Fellowship przyznawanego przez
Company of Biologists (JCSTF-171105, Wielka Brytania, 2018) oraz dwoch grantow
UMK dla mtodych pracownikow i doktorantow (2016, 2017).

Do wstepu komentarza autorskiego dotaczylem prace przegladowa wchodzaca
w sktad mojego dorobku publikacyjnego pt. ,,Udzial cytoszkieletu aktynowego
i miozyny VI w procesie endocytozy =zaleznej od klatryny”, ktéra prezentuje
charakterystyke molekularng miozyny VI oraz najbardziej prawdopodobne mechanizmy
dziatania tego biatka w procesie endocytozy. Praca ta zostala opublikowana przed
rozpoczeciem przeze mnie studiow doktoranckich i1 nie jest czeScig sktadowa cyklu

publikacji stanowigcych podstawe prezentowanej rozprawy doktorskiej.



2. WYKAZ PUBLIKACJI WCHODZACYCH
W SKELAD ROZPRAWY DOKTORSKIEJ

1. | *Zakrzewski P., Lenartowski R., Redowicz M.J., Miller IF2017 — 2,164
K.G., Lenartowska M. (2017) Expression and localization IFs.jetni— 2,241
of myosin VI in developing mouse spermatids. Histochem MNiSWy17 — 40
Cell Biol 148, 445-462 MNiSWo019/20 — 100
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mouse spermiogenesis. Biol Rep 102, 863-875

*Autor korespondecyjny

Laczny IF — 8,084
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3. KOMENTARZ AUTORSKI
3.1 Wstep

Miozyna VI (MYO6) jest unikalnym biatkiem motorycznym cytoszkieletu
aktynowego, ktore w przeciwienstwie do pozostalych scharakteryzowanych dotad
miozyn porusza si¢ w stron¢ ,,minus” filamentu aktynowego (Wells i in., 1999).
W tancuchu ciezkim MYO6 wyrdznia si¢ (i) N-koncowa domene motoryczng (gtowke),
ktora oddziatuje z filamentem aktynowym 1 jest odpowiedzialna za konwersje energii
biochemicznej zmagazynowanej w ATP w mechaniczng (ruch); (ii) pelnigce funkcje
regulatorowe rami¢ dzwigni (szyjke), ktore wigze tancuchy kalmoduliny
oraz (iii) ogonek zawierajagcy C-koncowa domene wigzacg okreSlone cargo.
W komorkach ssakow na skutek alternatywnego splicingu powstaja cztery izoformy
MYQO6: zawierajaca duzg (ang. long insert, LI) lub mata (ang. small insert, SI) wstawke
(odpowiednio w dystalnej czes$ci ogonka lub domenie wigzacej cargo), zawierajaca obie
wstawki (LI+SI) oraz izoforme¢ bez wstawek (ang. no insert, Nol); (Buss i in., 2001).
Przyjmuje si¢, ze zdolnos¢ poszczegdlnych izoform MYO6 do interakcji z licznymi
biatkami adaptorowymi wigzanymi W C-koncowej domenie ogonka decyduje o ich
zaangazowaniu w rozne procesy komoérkowe w réznych typach komorek i tkanek
(de Jonge i in. 2019). Do tej pory potwierdzono istotng role MYO6 w endocytozie,
stabilizacji struktury aparatu Golgiego i egzocytozie, autofagii, organizacji i dynamice
aktyny, adhezji i migracji komorek, cytokinezie oraz miogenezie (Zakrzewski
i Lenartowska, 2014; de Jonge i in., 2019). Obecnie uwaza si¢, ze w powyzszych
procesach komoérkowych MYO6 moze peli¢ funkcje transportowa wzgledem
okreslonych cargo (kompleksy biatkowe/pecherzyki) wzdtuz filamentow aktynowych
lub funkcje biatka kotwiczacego, zaangazowanego w przylaczanie struktur oblonionych
lub kompleksoéw biatkowych do cytoszkieletu aktynowego. Mutacja w genie kodujacym
MYO6 u myszy Snell’s waltzer wywoluje powazne zaburzenia zwigzane
z nieprawidlowym  funkcjonowaniem  cytoszkieletu aktynowego, takie jak
nieprawidtowa struktura aparatu Golgiego oraz defekty w procesie endocytozy
I sekrecji, a takze zaburzenia w morfologii rabka szczoteczkowego enterocytow
I neuronéw hipokampu (Deol i Green, 1966; Warner i in., 2003; Osterweil i in., 2005;
Hegan i in., 2012, 2015). Co wigcej, brak MYO6 skutkuje utratg Stuchu i zaburzeniami
réwnowagi wskutek powaznych defektow w strukturze nabtonka zmystowego w uchu

wewngetrznym myszy (Deol i Green, 1966; Avraham i in., 1995; Self i in., 1999).



STRESZCZENIE

Miozyna VI (MVI) jest bialkiem motorycznym cytoszkieletu aktynowego, ktore w od-
réznieniu od innych miozyn przemieszcza si¢ w kierunku kofnica ,minus” filamentu
aktynowego. Ze wzgledu na unikalne wlasciwosci strukturalne i kinetyczne MVI, skon-
struowano wiele modeli funkcjonowania tego bialka w réznych procesach komérkowych,
jednym z nich jest endocytoza. W peryferycznej strefie komoérek aktywnych pod wzgledem
endocytozy obecne sa liczne biatka, takie jak klatryna czy dynamina, ktérych rola w procesie
endocytozy zostala juz dawno zdefiniowana. Wyniki badan niezaleznych autoréw ujawnity
takze obecnosc¢ spolimeryzowanej aktyny oraz MVI w miejscach powstawania i przemiesz-
czania sie pecherzykow endocytarnych. Pomimo, ze rola obu tych bialek w transporcie do
wnetrza komorki byla postulowana od dawna, mechanizm ich dzialania w tym procesie po-
zostaje wciaz w sferze spekulacji. Niniejsza praca jest synteza wynikow badan, ktore wska-
zuja na istotny udziat cytoszkieletu aktynowego i MVI w endocytozie zaleznej od klatryny i
staly sie podstawa do sformulowania hipotetycznych modeli funkcjonowania obu tych bia-
lek w kolejnych etapach endocytozy.

WPROWADZENIE

Endocytoza umozliwia komérkom pobieranie sktadnikéw odzywczych i cza-
steczek regulatorowych, przewodnictwo synaptyczne i obrone przed patogena-
mi. Wyréznia sie kilka wariantow tego procesu: endocytoze pecherzykow okry-
tych klatryna (endocytoze zalezng od klatryny), fagocytoze, makropinocytoze
oraz endocytoze z udzialem niewielkich wkleénie¢ blony komoérkowej, kaweoli.
Przez wiele lat endocytoza zalezna od klatryny (ang. clathrin-dependent endocyto-
sis) byta utozsamiana z endocytoza receptorowq (ang. receptor-mediated endocyto-
sis). Nazwa ta sugerowata, ze receptory blonowe sa pobierane wytacznie przez
pecherzyki klatrynowe, jak to jest w przypadku receptoréw zwiazanych z bial-
kami G (GPCRs, ang. G-Protein Coupled Receptors) czy receptoréw transferyny.
Obecnie wiadomo, ze pobieranie receptoréw btonowych do komoérki odbywa
sie takze bez udzialu klatryny na drodze makropinocytozy lub drogi zaleznej
od IL-2Rp (receptor dla podjednostki p interleukiny 2) [1]. W niniejszej pracy,
ilekro¢ mowa o endocytozie, opisywany jest wariant transportu do wnetrza ko-
morki z udzialem pecherzykéw okrytych klatryna. Proces ten sklada sie z kilku
etapow: (1) selekcja i grupowanie lfadunku (cargo), (2) sktadanie optaszczenia i
formowanie zagtebienia w btonie komérkowej (tzw. dotka), (3) inwaginacja blo-
ny, tworzenie pecherzyka, (4) oddzielenie pecherzyka od btony komoérkowej, (5)
transport pecherzyka do wnetrza komoérki [2,3]. W kolejnych etapach endocyto-
zy uczestniczy wiele biafek, takich jak klatryna, dynamina, kompleks Arp2/3,
Abpl, profilina, endofilina, intersektyna, epsyna czy amfifizyna [4]. Niektore z
nich to biatka wiazace aktyne (ABP, ang. Actin Binding Proteins).

Cytoszkielet jest siecig biatkowych wlokien tworzacych dynamiczne struktury w
komoérkach eukariotycznych. S nimi filamenty aktynowe (mikrofilamenty), mikro-
tubule oraz filamenty posrednie. Kazda klasa filamentéw zbudowana jest z réznych
biatek, ma odmienna morfologie i petni r6zne funkcje w zaleznosci od lokalizacji w
komorece i jej stanu fizjologicznego. Niemniej, podstawowa rolg cytoszkieletu jest
udziat w organizacji przestrzennej cytoplazmy, w ktérej tworzy swoiste rusztowanie
dla maszynerii bialkowej zaangazowanej w rézne procesy wewnatrzkomérkowe.
Filamenty aktynowe to cienkie biatkowe widkienka o érednicy okolo 7 nm (aktyna
fibrylarna, aktyna F). Spolimeryzowang posta¢ aktyny F tworzg dwa prawoskretne
taricuchy, z ktorych kazdy zbudowany jest z monomeréw aktyny globularnej (akty-
na G). Czasteczka aktyny G nie jest idealnie sferyczna. Wystepuje w niej szczelina,

Podziekowania: Autorzy dziekuja Mirostawowi Sadowskiemu, ktéry byt doktorantem w
Pracowni Biologii Rozwoju, za pomoc w przygotowaniu schematéw zamieszczonych w pu-
blikacji. Praca powstala podczas realizacji grantu MNiSW nr N N303 816240 (dla ML), w
ktérym uczestniczyl Przemystaw Zakrzewski, wykonujac prace dyplomowa i magisterska.
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g0; MVI — miozyna VI; NDP52 — biatko re-
ceptorowe zaangazowane w proces autofagii;
N-WASP — potencjalny aktywator kompleksu
Arp2/3; Rab5 — biatko wczesnych endoso-
mow; SAP97 — bialko zaangazowane w trans-
port receptoréw glutaminergicznych; TOM1/
TOM1L2 — biatko zaangazowane w transport
wczesnych endosoméw; TTA-HelLa — ludzkie
komoérki nowotworu szyjki macicy; T6B6 —
biatko receptorowe zaangazowane w proces
autofagii; Vero — komoérki nablonkowe nerki
afrykanskiego koczkodana; 3T3-L — mysie fi-
broblasty; 95F — homolog ssaczej miozyny VI
u Drosophila
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w ktérej podczas procesu polimeryzagji filamentu aktynowe-
go wigzane sg jony Mg oraz ATP. Z tego powodu mikrofila-
ment jest spolaryzowana struktura o dwéch réznych koricach,
koncu ,minus” (ang. pointed end) oraz koricu ,, plus” (ang. bar-
bed end). Polimeryzacja aktyny zachodzi gtéwnie przy koricach
,Pplus” mikrofilamentéw, skierowanych w strefie korowej ko-
morki do btony komérkowej [5,6]. Natomiast korice ,minus”
charakteryzuje wyzsze tempo depolimeryzacji. Poniewaz pro-
cesy zachodzace na obu koricach filamentéw aktynowych sa
przeciwstawne, w komorce istnieja mechanizmy kontrolujace
dynamike aktyny z udzialem bialek ABP. W zaleznosci od
funkcji, wyréznia sie kilka odrebnych klas tych biatek. Moga
one wiaza¢ monomery aktyny obnizajac tempo procesu poli-
meryzagji, ostania¢ okreslony koniec mikrofilamentu hamujac
jego wydluzanie lub skracanie, czy bra¢ udziat w tworzeniu
struktur wyzszego rzedu, takich jak wigzki réwnoleglych wié-
kien lub rozgalezione sieci aktynowe. Do tej ostatniej klasy bia-
tek ABP zalicza sie niektére miozyny.

MIOZYNA VI

Miozyny wykorzystuja energie pozyskana z hydrolizy
ATP do wytworzenia sity umozliwiajacej im ruch wzdtuz
filamentéw aktynowych. W czasteczce typowej miozyny wy-
stepuja trzy strukturalne domeny: (1) N-koricowa domena
motoryczna (tzw. gtéwka), ktéra wigze miozyne z mikrofila-
mentem i przetwarza energie chemiczng w mechaniczng; (2)
szyjka, ktéra zawiera do 6 motywéw 1Q wiagzacych faricuchy
lekkie (np. kalmoduline); (3) ogonek, ktéry umozliwia wiaza-
nie i transport cargo, a tym samym determinuje funkcje mio-
zyn kierujac je do okreslonych miejsc w komérce. Miozyny
dzieli sie¢ na co najmniej 35 klas bialek, ktére s3 monomera-
mi lub dimerami [7]. Za tak duza r6znorodnos¢ wsréd mio-
zyn odpowiada ich najbardziej zréznicowana pod wzgledem
strukturalnym domena C-koricowa, w ktérej moze wystepo-
wacé region umozliwiajacy tworzenie stabilnej superhelisy
(ang. coiled-coil domain). Miozyny dzieli si¢ takze na konwen-
¢jonalne i niekonwencjonalne. Do pierwszej grupy nalezy two-
rzaca wldkna miesniowe miozyna klasy II oraz podobne do
niej miozyny niemie$niowe. Pozostale miozyny tworza druga
grupe bialek, ktére pelnig zréznicowane funkcje w zaleznosci
od ich budowy i lokalizacji w r6znych typach komorek.

MVI nalezy do miozyn niekonwencjonalnych. Jest kodo-
wana przez gen opisany po raz pierwszy w zarodku Dro-
sophila w 1992 roku [8]. Chociaz podstawowy plan budowy
MVI nie odbiega od struktury pozostalych miozyn [9-11], w
taricuchu ciezkim tego biatka wyrézniono kilka unikalnych
sekwencji (Ryc. 1A). Pierwsza z nich jest wstawka, zbudowa-
na z 22 reszt aminokwasowych, zlokalizowana w domenie
motorycznej, ktéra spowalnia tempo wigzania ATP i wy-
dluza czas Scistego oddziatywania MVI z mikrofilamentem.
Druga charakterystyczng sekwencja jest wstawka zbudo-
wana z 53 reszt aminokwasowych, zlokalizowana pomie-
dzy konwerterem (subdomena gtéwki) a szyjka (tzw. ramie
dzwigni). Wstawka ta wigze czasteczke kalmoduliny. Kon-
werter wzmacnia zmiany konformacyjne domeny motorycz-
nej i przenosi je na szyjke, umozliwiajgc zmiane pozycji ra-
mienia dzwigni, a w konsekwencji odwrotny kierunek ruchu
MVI do korica ,minus” filamentu aktynowego. Poniewaz
wszystkie inne miozyny przemieszczaja sie do konica ,plus”
mikrofilamentu, wspomniana cecha MVI prawdopodobnie
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Rycina 1. Schemat budowy laricucha ciezkiego MVI (A) oraz hipotetyczny me-
chanizm aktywacji MVI, ktéra w komoérkach moze funkcjonowac jako monomer
lub dimer (B). 22aa, 53aa, 23/31aa, 9aa — unikalne wstawki aminokwasowe; K
— konwerter; motyw IQ — wiaze czgsteczke kalmoduliny; 3aH — elastyczny
fragment trzech antyréwnolegtych a-helis, wydluzajacych ramie dzwigni; CC —
region tworzacy superhelise (ang. coiled-coil domain); SAH — stabilna subdomena
ogonka, potencjalnie stabilizujgca dimer MVI (ang. single alfa-helix); P, C, D, DWC
— fragmenty wielofunkcyjnego ogonka (odpowiednio: proksymalny, centralny,
dystalny, domena wigzaca cargo); na podstawie [9-11].

decyduje o jej unikalnych wiasciwosciach. Szyjka MVI za-
wiera tylko jeden motyw 1Q, ktéry wigze druga czasteczke
kalmoduliny. W ogonku wyréznia si¢ czeé¢ proksymalna,
centralng, dystalng oraz domene wiagzaca cargo (DWC). Ela-
styczny fragment proksymalny sklada sie z wiazki trzech
a-helis i w okredlonych warunkach (np. zwigzanie specy-
ficznego ligandu w DWC) tworzy strukturalne przediuze-
nie ramienia dzZwigni. Fragment srodkowy ogonka zawiera
krotka, przypuszczalng sekwencje , coiled-coil” [12,13] oraz
region SAH (ang. Single Alfa-Helix), ktére potencjalnie stabi-
lizuja dimer MVI. Natomiast w regionie dystalnym ogonka
oraz w DWC moga wystepowa¢ dwie dodatkowe sekwengje,
wstawki duza i mata, ktére decyduja o powstawaniu czte-
rech izoform MVI w komérkach ssaczych.

Do dzi$ nie rozstrzygnieto kwestii, czy natywna MVI jest
monomerem czy dimerem. Wiasciwosci kinetyczne oraz wy-
nikajace z nich biologiczne funkcje tego biatka wydaja sie by¢
zalezne od rodzaju wigzanego cargo [14]. Jedna z najbardziej
aktualnych hipotez zaklada, ze nieaktywna MVI jest mono-
merem o kompaktowej strukturze, formowanej w wyniku
,nawiniecia” sekwencji DWC na gléwke (Ryc. 1B). Sugeruje
sie, ze zwigzanie cargo w DWC MVI skutkuje uwolnieniem
domeny motorycznej i przejéciem bialka w stan aktywny, w
ktérym moze funkcjonowac jako monomer lub dimer [15,16].
Najprawdopodobniej oddziatywanie MVI z okreslonym li-
gandem indukuje jej dimeryzacje i rozwiniecie elastycznego
fragmentu wigzki trzech a-helis w proksymalnym ogonku
taricucha ciezkiego [17]. Efektem jest wydtuzenie ramienia
dzwigni MVI, co umozliwia bialku wykonanie zaskakujaco
duzego kroku roboczego. Badania kinetyczne wykazaly, ze
MVI wykonuje kroki robocze o dtugosci okoto 18 nm (jako
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Tabela 1. Bialka wigzane w DWC MVI w komérkach ssaczych; kolorem wyrézniono te, ktérych wspoétdzia-

fanie w procesie endocytozy z MVI zostato potwierdzone; na podstawie [20,79].

Dab2 WWY endocytoza, adhezja, migracja

LMTK2 WWY endocytoza, sortowanie cargo

Tom1l/TomlL2 WWY endocytoza, sortowanie cargo, autofagia

GIPC RRL endocytoza, sortowanie cargo, migracja, cytokineza
optyneuryna RRL autofagia, sekrecja, sygnalizacja

T6BP RRL autofagia, sygnalizacja

NDP52 RRL autofagia, sygnalizacja

otoferlina nieznane egzocytoza

fosfolipaza C63 nieznane strukturalna

SAP97 nieznane endocytoza, adhezja

wplywu na endocytoze transferyny w ko-
morkach Vero i A431 [32]. Brak funkcjo-
nalnej zaleznosci miedzy cytoszkieletem
aktynowym i formowaniem pecherzy-
kow klatrynowych wykazano takze w li-
niach komoérkowych A431 i K562, Cos-7,
TTA-HeLa i 3T3-L, stosujac inne inhibi-
tory polimeryzagji aktyny [26]. Jednak w
komérkach MDCK i Caco-2 cytochalazy-
na D hamowata endocytoze w strefie api-
kalnej komorek, bez wplywu na przebieg
tego procesu w regionie bazolateralnym
[33-36]. Wyciagnieto wiec wniosek, ze tyl-
ko w apikalnej strefie okreslonych typow
komoérek przebieg endocytozy jest zalez-

monomer) oraz 30-36 nm (jako dimer) i jest biatkiem proce-
sywnym, ktére pozostaje zwigzane z mikrofilamentem przez
kilka, a nawet kilkanascie nastepujacych po sobie cykli hy-
drolizy ATP [10,18,19]. Dlatego tez MVI uwazana jest za uni-
kalne biatko motoryczne, ktére w réznych typach komérek
moze pelni¢ role transportera komérkowego lub role biatka
kotwiczacego, w zaleznosci od rodzaju wiazanego cargo. Do-
tychczas ujawniono, ze MVI bierze udzial w egzo- i endocy-
tozie (w tym pinocytozie i fagocytozie), stabilizuje strukture
aparatu Golgiego i komoérek wloskowatych narzadu Cortie-
go, uczestniczy w adhezji i migracji komorek, cytokinezie,
procesach jadrowych oraz w spermatogenezie bezkregow-
cow [11]. Najnowsze badania dowodza, ze biatko to jest zaan-
gazowane takze w autofagie [20] i miogeneze [21]. Niestety,
do dzi$ zidentyfikowano zaledwie kilka bialek, ktére wigza
sie¢ z DWC MVI w komoérkach ssakéw, co znacznie utrudnia
definitywne okreslenie jej biologicznej roli (Tab. 1).

Jedng z pierwszych funkcji zaproponowanych dla
MVI jest transport cargo w procesie endocytozy [22,23].
Uwzglednia ona unikalny kierunek ruchu biatka do konca
,minus” mikrofilamentéw skierowanych do wnetrza ko-
morki. Obecnie uwaza sie, ze przynajmniej w niektérych
procesach komoérkowych (w tym takze w procesie endocy-
tozy) MVI moze pelni¢ role strukturalng, stabilizujac uni-
kalne struktury aktynowe w wyspecjalizowanych komor-
kach lub kortykalny cytoszkielet aktynowy w podbtonowej
warstwie cytoplazmy [11,20,24,25]. Zaburzenie syntezy
MVI w komoérkach ssakéw wywoluje stany patologiczne,
takie jak gluchota, neurodegeneracja, rak prostaty i jajnika
czy kardiomiopatia przerostowa, ktére moga by¢ konse-
kwencja uposledzenia procesu endocytozy. Z tego powodu
zrozumienie roli MVI w tym procesie jest niezwykle istotne.

CYTOSZKIELET AKTYNOWY
W PROCESIE ENDOCYTOZY

Badania prowadzone u drozdzy wykazaly, ze cytoszkie-
let aktynowy pelni kluczowa role w endocytozie, poniewaz
eksperymentalne uzycie czynnikéw zaburzajacych polime-
ryzacje aktyny, takich jak latrunkulina A czy jasplakinolid,
powodowato zahamowanie tego procesu [26-31]. U ssakéw
rola cytoszkieletu aktynowego w transporcie do wnetrza ko-
morki jest dyskusyjna, a uzyskiwane wyniki badan sa cze-
sto sprzeczne. Jedne z pierwszych doswiadczen wykazaty,
Ze zaburzenie polimeryzacji aktyny cytochalazyna D nie ma
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ny od cytoszkieletu aktynowego. Kolejne
doswiadczenia z uzyciem cytochalazyny D, ktéra traktowano
komorki BWTG3 ujawnily, ze zaburzenia w organizacji ak-
tyny op6zniaja pobieranie transferyny i a2-makroglobuliny,
powodujac akumulacje tych bialek na powierzchni komorek
[37]. Autorzy sugerowali, ze mikrofilamenty biora udziat w
tworzeniu wczesnego endosomu. Natomiast badania prze-
prowadzone przez Lamaze i wsp. [38] w komoérkach A431 z
uzyciem réznych inhibitoréw polimeryzacji aktyny wykaza-
ty, ze mikrofilamenty wspomagaja odrywanie pecherzykéw
endocytarnych od blony komoérkowej. Strukturalny zwia-
zek endocytozy z mikrofilamentami zwréconymi koricami
,plus” w kierunku pecherzykéw endocytarnych potwier-
dzono takze w komérkach B16F1 [39]. Co wiecej, wyniki ba-
dan przeprowadzonych z uzyciem latrunkuliny A i jasplaki-
noidu w komérkach 3T3-L ujawnity, ze depolimeryzacja ak-
tyny wywoluje zaburzenia przebiegu endocytozy na etapie
tworzenia oplaszczenia, inwaginacji blony komérkowej oraz
odrywania pecherzyka od btony [40].

Podsumowujgc, wyniki badan in vitro wskazuja, ze w
komoérkach ssakéw rola mikrofilamentéw w endocytozie
moze by¢ komérkowo-specyficzna oraz istotna tylko w api-
kalnej strefie komorek. Najbardziej aktualna hipoteza za-
klada, ze cytoszkielet aktynowy jest wymagany na etapie
formowania i odrywania pecherzykéw endocytarnych od
blony komoérkowej oraz ich przemieszczania w strefie pe-
ryferycznej komorki do wezesnego endosomu, podczas gdy
transport pecherzykéw w glab cytoplazmy odbywa sie przy
udziale mikrotubul oraz wspétdziatajagcych z nimi biatek
motorycznych, kinezyn i dynein [20].

Wyniki badan potwierdzajace udzial systemu aktomio-
zynowego w endocytozie sklonity badaczy do poszukiwa-
nia specyficznych bialek, ktére moglyby pelni¢ role ,mole-
kularnych tacznikéw” pomiedzy aktyna i maszynerig endo-
cytarng (Ryc. 2). Jednym z bialek wigzacych sie w miejscu
wpuklenia blony komérkowej jest klatryna, ktéra formujac
oplaszczenie powstajacego pecherzyka nadaje mu odpo-
wiedni ksztatt i wspéidziata z innymi biatkami waznymi w
procesie endocytozy. Wsréd nich zidentyfikowano biatka
ABP, takie jak ACK1/TNK2 i ACK2 (ang. Activated Cdc42
Kinase 1/Tyrosine Non-receptor Kinase 2, Activated Cdc42 Ki-
nase 2; biatka efektorowe Cdc42), ktérych nadprodukcja
powoduje hamowanie endocytozy oraz bialtko HiplR (ang.
Huntington-interacting Protein 1-Related protein), tworzace
polaczenia krzyZzowe miedzy mikrofilamentami i klatryna.
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ABP; MVl jest jednym z potencjalnych ogniw; na podstawie [4,27,42].
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granicznej rabka szczoteczkowego jelita
cienkiego kury [44]. Siateczka graniczna
jest podbtonowa warstwa cytoplazmy, ak-
tywna pod wzgledem endo- i egzocytozy,
ktora zawiera zakonczenia peczkéw mi-
krofilamentéw tworzacych mikrokosmki.
Obecnos¢ MVI w tej strefie komoérek suge-
(= ¢ ruje udziat biatka w transporcie pecherzy-

kow endocytarnych, gtéwnie ze wzgledu
na kierunek ruchu MVI w strone koncéw
,minus” mikrofilamentéw, skierowanych
do wnetrza komorki. Posrednim dowo-
dem na udzial MVI w endocytozie byty
takze badania nad rolg tego biatka w pro-
cesie oogonezy u Drosophila [45]. Komora
jajowa Drosophila zbudowana jest z oocy-
tu i 15 komérek odzywczych, otoczonych
nablonkiem folikularnym i potaczonych

Brak HiplR hamuje powstawanie dolkéw oplaszczonych
klatryna [27,29,41]. Kolejnym waznym biatkiem o zdefinio-
wanej roli w procesie endocytozy jest dynamina. Chociaz
dokladny mechanizm dziatania tego mechanoenzymu nie
jest znany, wiadomo, ze jego polimeryzacja wokét szyjki pe-
cherzyka faworyzuje hydrolize GTP, co wspomaga oderwa-
nie pecherzyka od blony komoérkowej [3]. Réwniez dyna-
mina wykazuje zdolno$¢ wigzania niektérych bialek ABP,
takich jak: Abpl (ang. Actin Binding Protein 1) i kortaktyna
(oba aktywuja kompleks Arp2/3, ktéry promuje nukleacje
aktyny), czy profilina (regulator tempa polimeryzacji ak-
tyny). Brak tych bialek powoduje zaburzenia w przebiegu
endocytozy [4,27,28,41,42]. Innymi biatkami wiazacymi sie
z dynaming i posrednio z aktyna sa intersektyna i syndapi-
na, ktérych nadprodukcja skutkuje zahamowaniem endo-
cytozy [27]. Oba biatka wiaza sie z N-WASP (biatko zespotu
Wiskotta-Aldricha, ktére jest potencjalnym aktywatorem
kompleksu Arp2/3). Kolejnymi biatkami, ktére w sposéb
posredni wigza maszynerie endocytarng z aktyna sa: biatko
AP-2 (kompleks adaptyn kontrolujacych tworzenie oplasz-
czenia klatrynowego, wspétwystepujacy z MVI w dotkach
endocytarnych), amfifizyna (wiaze kompleks adaptorowy
AP-2 z dynaming) oraz epsyna (wiaze posrednio intersek-
tyne z klatryna) [3]. Wyniki badan sugeruja, ze okreslone
biatka ABP moga by¢ zaangazowane w przebieg procesu
endocytozy na réznych jego etapach. Wykazano, ze Arp2/3
i kortaktyna uczestniczg w formowaniu pecherzykéw endo-
cytarnych, natomiast Hip1R wiaze pecherzyk endocytarny
z F-aktyna w pdzniejszych etapach endocytozy [28,41].

MIOZYNA VI W PROCESIE ENDOCYTOZY

Mozliwos¢ wspoéldziatania MVI z aktyna w procesie
endocytozy po raz pierwszy zasugerowano w 1994 roku,
kiedy do zarodkéw Drosophila wprowadzono przeciwciata
skierowane przeciwko biatku 95F (homolog ssaczej MVI),
blokujac mozliwosc jego wigzania do mikrofilamentéw [43].
Wynikiem eksperymentéw byt istotny spadek zdolnosci li-
niowego ruchu oblonionych struktur cytoplazmatycznych
zasocjowanych z bialkiem 95F. Ponadto wykazano, ze w
transporcie cargo wzdtuz filamentéw aktynowych, poza
MVI wymagana jest obecnosé ATP. Kolejne badania ujaw-
nily lokalizacje MVI w mikrokosmkach oraz w siateczce
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mostkami cytoplazmatycznymi, przez
ktore transportowane sa materialy od-
zywcze w strone oocytu. W konicowej fazie oogenezy na-
stepuje tzw. ,splyw” cytoplazmy z trofocytéw do oocytu.
Badania ujawnily, ze uzycie przeciwcial wiazacych MVI po-
woduje zablokowanie tego procesu, co sugeruje udzial tego
biatka w wewnatrzkomérkowym transporcie.

Wyniki wspomnianych badan nie przesadzaly jednak,
ze MVI jest bialkiem zaangazowanym w proces endocy-
tozy. Dopiero w 2001 roku Buss i in. [46] wykazali, ze w
komorkach Caco-2 jedna z izoform MVI (zawierajaca duza
wstawke w ogonku) wspétwystepuje z adaptorem klatryny
AP-2 w zaglebieniach blony komorkowej i pecherzykach
okrytych klatryng. W tym samym roku badania innego
zespolu potwierdzily lokalizacje MVI w komérkach rabka
szczoteczkowego proksymalnych kanalikéw nefronéw ner-
ki szczura [47]. Kazdy nefron sklada sie z torebki Bowmana
i kanalika nerkowego, do ktérego usuwane sg szkodliwe
produkty przemiany materii. Natomiast biatka, glukoza czy
aminokwasy, ktére przedostaty sie do kanalika w ktebusz-
ku nerkowym, sg resorbowane m. in. droga endocytozy. W
rabku szczoteczkowym kanalikéw nerkowych obecne sg
receptory endocytarne, ktérych nagromadzenie wystepuje
pomiedzy mikrokosmkami. Wiasnie w tym regionie na-
blonka ujawniono wspétwystepowanie MVI i biatka AP-2.

Jednym ze sposobéw okreslenia biologicznej funkcji biat-
ka jest delecja kodujacego je genu (mutacja typu null). Myszy
z zespolem Snell’s waltzer maja mutacje w genie kodujacym
MVI i charakteryzuja sie brakiem mRNA MVI [2,48]. Zwie-
rzeta sa gluche, wykazuja wzmozong aktywnosc¢ i niezsyn-
chronizowany ruch oraz charakterystyczne potrzasanie gto-
w3y, co jest efektem nieprawidfowej budowy narzadu Cortie-
go. Opisany stan patologiczny jest wywolany zaburzeniami
w rozwoju komérek wloskowatych nablonka zmystowego
w uchu wewnetrznym, ktére stanowia wilasciwy receptor fal
akustycznych. U myszy typu dzikiego, w podstawie tworza-
cych sie stereocyliéw (aktynowych wypustek cytoplazma-
tycznych komorek wloskowatych) oraz w podblonowej stre-
fie apikalnej komoérek wioskowatych ujawniono obecnosé
MVI [48-50]. Brak tego biatka u myszy Snell’s waltzer skutkuje
zanikiem badz zlewaniem sie stereocyliéw w olbrzymie nie-
fukcjonalne wypustki. Analiza ultrastrukturalna ujawnila,
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ze dezorganizacja stereocyliow jest wynikiem zaburzen w
blonie komoérkowej strefy apikalnej komérek wloskowatych,
wywolanych brakiem MVI Poniewaz strefa ta jest aktywna
pod wzgledem endocytozy, obserwacje sklonity autoréw do
wniosku, ze MVI transportuje elementy blonowe wzdtuz
filamentéw aktynowych w stereocyliach, umozliwiajac pra-
widlowy rozwéj komérek wloskowatych [51,52]. Hipoteza
uwzglednia kierunek ruchu MVI do koficéw ,,minus” mikro-
filamentéw, ktére w wypustkach cytoplazmatycznych zwré-
cone sg w strone cytoplazmy komorki. Inny model zaklada,
ze MVI pelni w komérkach wtoskowatych role biatka kotwi-
czacego, ktore stabilizuje miejsca przyczepu blony komorko-
wej do cytoszkieletu aktynowego u podstawy stereocyliéw,
generujac jej wlasciwe napiecie [53,54]. Podobna funkcje MVI
moze pelni¢ w komérkach nabtonka jelita cienkiego myszy,
enterocytach. Wykazano, ze biatko jest syntetyzowane na
calej diugosci jelita cienkiego, a jego brak u myszy Snell’s
waltzer wywoluje wiele zmian morfologicznych w strukturze
rabka szczoteczkowego enterocytéw [55]. Zaobserwowano,
ze btona komoérkowa enterocytéw oddziela mikrokosmki na
réznych wysokosciach, a struktura siateczki granicznej ulega
dezorganizacji, co prowadzi do zlewania si¢ wypustek cyto-
plazmatycznych, podobnie jak w przypadku niefunkcjonal-
nych stereocyliéw. U myszy Snell’s waltzer ujawniono takze
spowolnienie procesu endocytozy peroksydazy chrzanowej
w strefie apikalnej komoérek nabtonka kanalika nerkowego,
w ktérych stwierdzono obnizona asocjacje podjednostki ada-
ptorowej klatryny, adaptyny i biatka Dab2 (biatko wiazace
receptory LDLR, ang. Low-Density Lipoprotein Receptor) z
blong komorkowa oraz zanik pecherzykéw endocytarnych
[56]. Powodem obserwowanych zaburzen strukturalnych i
zwigzanych z nimi dysfunkcji nerek bylo uposledzenie pro-
cesu endocytozy, wywolane brakiem MVI. Zaburzenia w
przebiegu procesu endocytozy receptora transferyny ujaw-
niono takze w niespolaryzowanych fibroblastach myszy
Snell’s waltzer [57]. W komérkach tych stwierdzono tylko nie-
liczne i znacznie plytsze wpuklenia w blonie komérkowe;j.
Jednak uposledzenie procesu endocytozy pecherzykow kla-
trynowych w fibroblastach kompensowata droga zalezna od
kaweoliny. Ta obserwacja moze tlumaczy¢, dlaczego myszy
z delecja w genie MVI przezywaja, pomimo ze endocytoza
pecherzykéw klatrynowych jest jednym z podstawowych
proceséw komoérkowych, warunkujacych prawidlowy roz-
woj wyspecjalizowanych komorek.

Udzial MVI w procesie endocytozy potwierdzity takze
badania, dzieki ktérym zidentyfikowano biatka wigzane w
jej domenie DWC i zaangazowane w transport do wnetrza
komoérki (Tab. 1). Pierwszym z nich jest biatko sygnatowe
Dab2 wystepujace zaréwno w blonie komérkowej, jak i w
dotkach/pecherzykach klatrynowych [58,59]. Wykazano,
ze Dab2 wiaze sie z motywem WWY MVI [59]. Kolejnym
biatkiem wiazacym sie z MVI jest obecne w synapsach neu-
ronéw hipokampu biatko SAP97, zaangazowane w proces
transportu receptoréw glutaminergicznych AMPA [60].
Oddziatywanie MVI z Dab2 oraz SAP97 potwierdza jej za-
angazowanie w poczatkowych etapach procesu endocyto-
zy. Jednak niektére wyniki badan wskazuja, ze MVI moze
bra¢ udzial takze w pézZniejszych etapach tego procesu,
kiedy pecherzyki klatrynowe odpaczkowuja od btony, tra-
ca oplaszczenie na terenie cytoplazmy i sq transportowane
do swoistych miejsc przeznaczenia. W komorkach nabton-
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ka siatkéwki ujawniono obecnoé¢ wariantu MVI bez wsta-
wek w ogonku, ktéra asocjuje z tzw. ,nagimi” pecherzy-
kami do momentu ich fuzji z wczesnym endosomem [61].
W poblizu takich pecherzykéw, oprocz MVI, odnaleziono
réwniez biatko adaptorowe GIPC, receptory transferyny i
biatko Rab5. Oba wymienione biatka sa charakterystyczne
dla pecherzykéw endocytarnych [61], a wspomniane bial-
ko GIPC wiaze sie z motywem RRL MVI [59,62]. Kolejnym
partnerem MVI jest bialko Tom1/Tom1L2, zlokalizowane
w pecherzykach pozbawionych optaszczenia [63]. Badania
wykazaly, ze MVI oddziatujac z Tom1/Tom1L2 uczestniczy
w transporcie ,nagich” pecherzykéw do autofagosomoéw, a
jej brak powoduje ich akumulacje w komérce. Ponadto wy-
kazano wspoétdziatanie MVI z kinaza tyrozynowa LMTK2
(ang. Lemur Tyrosine Kinase 2) [64,65]. Wyciszenie ekspres;ji
genéw kodujacych LMTK2 oraz MVI za pomoca swoistych
sekwencji siRNA powoduje zatrzymanie receptoréw trans-
feryny w nienaturalnie powiekszonych endosomach, co
uniemozliwia ich powrét do blony komoérkowe;j.

Podsumowujac, wyniki badan wskazuja, ze MVI z duza
wstawka w ogonku asocjuje z pecherzykami klatrynowymi
w strefie apikalnej spolaryzowanych komoérek nabtonka,
gdzie uczestniczy w poczatkowych etapach endocytozy
wraz z bialkami Dab2 i AP-2. Natomiast MVI bez wsta-
wek w ogonku, wigzac sie z biatkiem GIPC, uczestniczy
w transporcie ,nagich” pecherzykéw do wczesnego endo-
somu w komoérkach niespolaryzowanych. Ponadto, proces
sortowania cargo w endosomach, transport endosoméw
do autofagosoméw i/lub etap powrotu receptoréw do
blony komérkowej wymagaja wspoétdziatania MVI z bial-
kami LMTK2 oraz Tom1/Tom1L2. Wydaje sie wiec, ze na
réznych etapach endocytozy okreslone warianty splicingo-
we MVI, wiazac specyficzne ligandy, moga pelni¢ funkcje
procesywnych transporteréw cargo lub czasteczek kotwi-
czacych, stabilizujacych cytoszkielet aktynowy w miejscach
aktywnej endocytozy.

PROPONOWANE MODELE UDZIALU
CYTOSZKIELETU AKTYNOWEGO I MVI
W KOLEJNYCH ETAPACH ENDOCYTOZY

Obecnosé spolimeryzowanej aktyny w miejscach aktyw-
nej endocytozy oraz istnienie molekularnych powiazan po-
miedzy maszynerig endocytarng i elementami cytoszkieletu
aktynowego sklonity badaczy do sformulowania kilku hipo-
tez, wyjasniajacych mechanizm funkcjonowania struktur ak-
tynowych z udziatem MVI w kolejnych etapach endocytozy.

ETAP 1 — SELEKCJA I GRUPOWANIE CARGO

Pierwszym etapem endocytozy jest selekcja i grupowanie
cargo na powierzchni blony komoérkowej, kiedy odpowied-
nie receptory wiagza sie ze swoimi ligandami. W przypadku
komoérek spolaryzowanych zaklada sie koniecznosé dyfuzji
receptoréw z wierzchotka wypustki cytoplazmatycznej do jej
podstawy, gdzie powstaja pecherzyki endocytarne. Obserwa-
cje mikroskopowe komérek MDCK wykazaly, ze ferrytyna
pierwotnie wiaze sie z powierzchnia mikrokosmkéw, a na-
stepnie pojawia sie w przestrzeniach miedzy nimi oraz w po-
wstajacych u podstawy mikrokosmkéw wgtebieniach klatry-
nowych [33]. Inne badania potwierdzily istnienie podobnego
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Rycina 3. Model udzialu cytoszkieletu aktynowego i MVI na etapie selekcji i
grupowania cargo w komorkach spolaryzowanych; strzatki wskazuja kierunek
ruchu MVI wzdtuz mikrofilamentéw; na podstawie [23,48,78].

zjawiska w procesie endocytozy rycyny w komérkach Caco-2,
przy czym zastosowanie cytochalazyny D powodowato za-
trzymanie transportu rycyny wzdluz mikrokosmkéw [35].
Wyniki obu prac wskazuja, ze w spolaryzowanych komor-
kach pobieranie receptoréw btonowych odbywa sie w strefie
apikalnej wypustek cytoplazmatycznych, skad sprowadzane
sa do ich podstawy, gdzie dochodzi do inwaginacji btony ko-
morkowej (Ryc. 3). Opisany scenariusz wymaga aktywnosci
biatka motorycznego zdolnego do przemieszczania sie wzdtuz
mikrofilamentéw skierowanych koricami , minus” do podsta-
wy wypustek cytoplazmatycznych, ktére realizowalyby trans-
port receptoréw blonowych w region aktywnej endocytozy.
Idealnym kandydatem jest M VI, ktérej obecnosé potwierdzo-
no w mikrokosmkach oraz u ich podstawy w komérkach na-
blonka jelitowego i kanalikéw nerkowych [44,47,55].

Endocytoza zachodzi w preferowanych regionach biony
komoérkowej. W komoérkach niespolaryzowanych proces
ten wymaga prawdopodobnie bocznej dyfuzji receptoréw
do miejsc powstawania dotkéw endocytarnych [22,66,67].
W peryferycznej strefie komoérki kortykalny cytoszkielet ak-
tynowy tworzy sie¢ mikrofilamentéw, zwréconych swoimi
konicami , plus” do blony komérkowej. Wraz z MVI moga
one uczestniczyé w pobieraniu receptoréw btonowych. Wi-
zualizacja miejsc aktywnej endocytozy wykazala, ze dotki
okryte klatryng wykazuja ograniczong ruchliwosé¢ w ob-
rebie blony komorkowej, ktéra wzrasta po zastosowaniu
latrunkuliny B [67]. Poniewaz zwigzek ten hamuje proces
polimeryzacji aktyny, zaproponowano mozliwoé¢ udziatu
podblonowej sieci mikrofilamentéw w stabilizacji pozy-
¢ji powstajacych dotkéw endocytarnych. W powstajacych
zagtebieniach blony komoérkowej potwierdzono obecnosé¢
MVI oraz biatka Dab2, ktére jest kluczowe w kontakcie re-
ceptoréw blonowych z maszyneria endocytarng i wiazane
przez DWC MVI [68]. Wyniki te wskazuja na wspoétudziat
obu tych elementéw w pierwszym etapie endocytozy, w
ktérym MVI moglaby wigzac receptor powierzchniowy po-
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przez biatko Dab2, a oddziatujac z mikrofilamentem kontro-
lowaé dyfuzje receptoréw do powstajacego dotka (Ryc. 4).
Istotnie potwierdzono, ze MVI wiazac Dab2 przez motyw
WWY uczestniczy w endocytozie receptoréw LDLR, a
wiazac SAP97 przez motyw RRL bierze udzial w pobieraniu
receptorow AMPA (Tab. 1).

ETAP 2 — TWORZENIE DOLKA OKRYTEGO KLATRYNA

Kiedy pozadane receptory zostang zwigzanie w ,,goragcym
miejscu” zachodzacej endocytozy (ang. hot spot), formowany
jest ptaszcz klatrynowy wokél powstajacego dotka/peche-
rzyka. Poza klatryna, we wgtebieniu blony komérkowej wia-
7 sie liczne biatka pomocnicze, takie jak dynamina, profilina,
HiplR czy Abpl [69]. Sugeruje sie, ze obecny w strefie ko-
rowej komorek cytoszkielet aktynowy moze stanowic¢ rusz-
towanie dla bialek tworzacych oplaszczenie powstajacego
pecherzyka [70]. Hipoteze potwierdzaja badania, w ktérych
wykazano niezbedna role spolimeryzowanej aktyny na eta-
pie formowania pecherzykoéw klatrynowych [40] oraz wspot-
wystepowanie klatryny i MVI w podblonowych regionach
komorek aktywnych w procesie endocytozy [22]. Na tym
etapie endocytozy, MVI moze wspéldziataé z biatkiem Dab2,
ktore jako wielofunkcyjny facznik wiaze sie takze z adapto-
rem klatryny AP-2 [58].

Jednak niezalezne badania ujawnity, ze dotki okryte kla-
tryna tworzone sa w miejscach, gdzie brak spolimeryzowanej
aktyny, ktéra wedlug autoréw moze stanowi¢ strukturalng
bariere uniemozliwiajaca zapoczatkowanie procesu sklada-
nia oplaszczenia [26]. Nie mozna wiec wykluczyé, ze na tym
etapie endocytozy wymagana jest lokalna reorganizacja cy-
toszkieletu aktynowego w miejscu wpuklenia btony komoér-
kowej z udzialem MVI, ktéra transportuje i/lub kotwiczy
biatka o wlasciwosciach depolimeryzujacych mikrofilamen-
ty. Istotnie, w niektérych typach komoérek wymagany jest
przynajmniej czeéciowy demontaz sieci aktynowo-spektry-
nowej w miejscach aktywnej endocytozy [4]. Wykazano, ze
usuniecie spektryny jest procesem zaleznym od kalpainy,
ktorej aktywnos¢ proteolityczna jest regulowana przez kal-
moduline [23,71]. Mozliwe, ze MVI transportuje i/lub kotwi-
czy okreélone biatka o wtasciwosciach depolimeryzujacych
aktyne lub proteolitycznych oraz/lub ich czynniki regulato-
rowe w miejsca aktywnej endocytozy (Ryc. 5A-B). Hipoteza
ta, zaproponowana przez Qualmann i Kesselsa [4], wymaga
jednak odnalezienia specyficznych, niezidentyfikowanych
dotad biatek, ktére w sposéb bezposredni lub posredni mo-
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Rycina 4. Model udziatu cytoszkieletu aktynowego i MVI na etapie selekji i gru-
powania cargo w komoérkach niespolaryzowanych; strzatki wskazuja kierunek
ruchu MVI wzdtuz mikrofilamentéw; na podstawie [9,78].
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Rycina 5. Model udzialu MVI na etapie tworzenia dotka okrytego klatryna,
uwzgledniajacy lokalng depolimeryzacje lub proteolize sieci aktynowo-spektry-
nowej (A-B) oraz model udziatu cytoszkieletu aktynowego w formowaniu wgte-
bienia i inwaginacji blony komoérkowej (B-C); strzalki wskazuja kierunek ruchu
MVI wzdtuz mikrofilamentéw; na podstawie [4,39].

glyby wspoéldziata¢ z MVI w opisanym procesie. Wydaje sie
jednak, ze wspomniany demontaz sieci aktynowej mialby
nie tylko charakter lokalny (tuz pod btong komérkowa na
granicy formowanego oplaszczenia pecherzyka), ale takze
przejsciowy, poniewaz kolejne hipotezy opisane ponizej
zakladaja istotny udziat mikrofilamentéw w inwaginacji bto-
ny komoérkowej oraz w odrywaniu pecherzyka od btony.

ETAP 3 — INWAGINACJA BEONY KOMORKOWE]

Skladanie oplaszczenia wydaje sie by¢ wystarczajacym
czynnikiem deformujacym blone komérkowa w miejscu po-
wstajacego wglebienia [72]. Z drugiej strony, wzrastajace
naprezenie blony moze hamowacé proces jej inwaginacji. Za-
proponowano, ze polimeryzacja aktyny przeciwdziata temu
niepozadanemu zjawisku, generujac sile wystarczajaca do
uformowania pecherzyka. Obserwacje mikroskopowe wyka-
zaly, ze filamenty aktynowe polimeryzuja lokalnie tuz przy
blonie w miejscu powstajacego dolka i sa skierowane swoimi
koricami ,minus” w glab komorki [39]. W miejscach powsta-
wania pecherzykow klatrynowych gromadza sie takze biatka
ABP promujace nukleacje aktyny, takie jak Arp2/3, kortak-
tyna i N-WASP. Wyniki te byly podstawa do sformulowania
hipotezy, zgodnie z ktérg aktywowany przez kortaktyne i N-
-WASP kompleks Arp2/3 promuje formowanie sieci aktyno-
wej wokot szyjki pecherzyka. Mikrofilamenty swoimi korica-
mi ,plus” wywieraja nacisk na blone komérkowaq na granicy z
formowanym oplaszczeniem klatrynowym, przyczyniajac sie
do jej inwaginagji (Ryc. 5B-C). Biorac pod uwage fakt, Ze w
strefie podblonowej komorki filamenty aktynowe sa skierowa-
ne koricami ,,minus” w glab komoérki, MVI mogtaby wspoma-
gac ,wcigganie” pecherzyka do wnetrza komoérki (Ryc. 6A).
Mozliwy jest takze scenariusz, w ktérym MVI bierze udziat w
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transporcie i/lub kotwiczeniu kompleksu Arp2/3 (lub innych
biatek promujacych nukleacje aktyny) w miejscach aktywnej
endocytozy. Te hipoteze potwierdzaja badania prowadzone
nad rolg MVIw procesie indywidualizacji spermatyd u Droso-
phila. Brak MVI w unikalnych strukturach aktynowych formo-
wanych w dojrzewajgcych plemnikach, skutkuje zaburzona
lokalizacja innych biatek ABP, w tym kompleksu Arp2/3 [73].

ETAP 4 — ODDZIELANIE PECHERZYKA OD BLONY

Zacisniecie szyjki pecherzyka powoduje jego ostateczne
oderwanie od blony komoérkowej. Dotychczas kluczowa role
w tym procesie przypisywano dynaminie, ktéra tworzac
kurczliwy pierscieri woké! szyjki, powoduje przerwanie cia-
glosci blony. Jednak w swietle badari dokumentujgcych udziat
dynaminy w wigzaniu innych bialek istotnych w procesie
endocytozy [74] oraz postulowang role aktyny i MVI w tym
procesie, bierze sie pod uwage mozliwoé¢ wspoétdziatania tych
biatek na etapie odrywania pecherzyka od btony komérkowe;.
Pierwszy model zaklada, ze kompleks Arp2/3 promuje nukle-
acje sieci aktynowej, ktéra rozrastajac sie powoduje zacisniecie
szyjki pecherzyka [29,39]. MVI moglaby stabilizowaé pozycje
kompleksu Arp2/3 w powstajacej sieci aktynowej lub uczest-
niczy¢ w przesuwaniu filamentéw aktynowych wzgledem sie-
bie i réwnolegle do blony komérkowej, powodujac przerwa-
nie szyjki pecherzyka (Ryc. 6B). W tym wypadku konieczne
bytoby oddzialywanie MVI z okreslonym biatkiem btonowym
obecnym w regionie szyjki pecherzyka (poprzez DWC) oraz
z mikrofilamentem (poprzez domene motoryczng). Drugi
model zaklada posrednia role cytoszkieletu aktynowego na
tym etapie endocytozy. Mikrofilamenty skierowane korica-
mi ,plus” w strone blony komérkowej, a koricami ,,minus”
w strone pecherzyka, polimeryzujac, powodowatyby oddala-
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Rycina 6. Model udziatu cytoszkieletu aktynowego i MVI na etapie inwagi-
nacji blony komérkowej (A) oraz na etapie oddzielania pecherzyka od btony
komorkowej (B); czarne strzatki wskazuja kierunek ruchu MVI wzdtuz mikro-
filamentéw; biale strzatki wskazuja kierunek ruchu filamentéw aktynowych
przesuwanych wzgledem siebie przy udziale MVI w miejscu uformowanej szyjki
pecherzyka endocytarnego; na podstawie [2,46].
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Rycina 7. Model udzialu cytoszkieletu aktynowego i MVI na etapie oddziela-
nia pecherzyka od blony komérkowej; strzatki wskazujg kierunek ruchu MVI
wzdluz mikrofilamentéw; na podstawie [24].

nie sie pecherzyka od blony i samoistne przerwanie jej ciagtosci
(Ryc. 7A). Obserwacje mikroskopowe potwierdzaja obecnosc¢
tzw. ,,ogonkéw komety”, powstajacych przy pecherzykach
endocytarnych ,, wciaganych” w glab komérki [29,69,75,76]. W
tym modelu, MVI moglaby stabilizowa¢ strukture , ogonka”
poprzez formowanie odpowiednich komplekséw biatkowych
promujacych polimeryzacje aktyny lub sieciowanie mikrofila-
mentéw [24]. Alternatywnie, mogtaby wspomaga¢ oddalanie
sie pecherzykéw endocytarnych od powierzchni blony w spo-
s6b zilustrowany na Ryc. 7B. Rownolegle wzgledem siebie i
prostopadie do blony komoérkowej filamenty aktynowe poli-
meryzowaltyby w glab komorki, wspomagajac przemieszcza-
nie sie pecherzyka w korowej warstwie cytoplazmy. Zgodnie z
ta hipotezg, MVI funkcjonowataby w roli biatka kotwiczacego,
stabilizujacego pozycje pecherzyka przy wydtuzajacych sie
mikrofilamentach.

Oba modele zakladaja, Ze polimeryzacja aktyny per se lub
z udzialem MVI generuje site umozliwiajaca oddalanie sie
pecherzykéw endocytarnych od btony komoérkowej. Nalezy
pamietaé, ze wydluzanie mikrofilamentéw przy blonie ko-
morkowej zwykle powoduje jej uwypuklenie na zewnatrz
komoérki w postaci wypustek cytoplazmatycznych. Dzieje sie
tak w wyspecjalizowanych lub pelzajacych komorkach, ktére
formuja stereocylia, mikrokosmki, filopodia czy lamelipodia.
Podobne zjawisko opisano w przypadku patogennych bakte-
rii z rodzaju Listeria i Rickettsia, ktére polimeryzujac filamenty
aktynowe w komorce gospodarza formuja ,,ogonki komety”,
dzieki ktérym przemieszczajg sie zgodnie z kierunkiem po-
limeryzagji aktyny [77]. W przypadku endocytozy, kierunek
polimeryzacji mikrofilamentéw (do blony komérkowej) jest
przeciwny do kierunku przemieszczania si¢ pecherzykow en-
docytarnych (od blony komérkowej). Wymaga zatem usztyw-
nienia bfony komérkowej w miejscu powstajacego pecherzyka
przy udziale spektryny lub specyficznych komplekséw adhe-
zyjnych, ktére niwelowalyby sile polimeryzacji aktyny przy
blonie i zapobiegaly jej odksztalceniu na zewnatrz komérki.

ETAP 5 — TRANSPORT PECHERZYKA W GEAB KOMORKI

Najprostszy model zaklada, ze pecherzyk endocytarny
transportuje cargo do okre$lonych miejsc przeznaczenia (w
tym do wczesnego endosomu i autofagosomu) przy udziale
mikrofilamentéw, a nastepnie mikrotubul. Badania z zasto-
sowaniem substancji depolimeryzujacych aktyne wykazaly,
ze zaréwno translokacja pecherzyka w regionie korowym

330

komorki, jak i powr6t receptoréw do blony komoérkowej, wy-
magaja obecnosci funkcjonalnego cytoszkieletu aktynowego
[37,78]. Dlatego uwaza sig, ze system akto-miozynowy w stre-
fie peryferycznej komorki petni role podobng do mikrotubul
w glebi cytoplazmy, ktére realizuja wewnatrzkomoérkowy
transport przy udziale kinezyn i dynein. Obserwacja ruchu
pecherzykéw zasocjowanych z MVI sugeruje, ze jest to biatko
zaangazowane w ich transport do odpowiednich przedziatéw
komoérkowych wzdtuz filamentéw aktynowych. Wskazuja na
to wyniki badan, ktére ujawnily wspotwystepowanie MVI z
pecherzykami pozbawionymi oplaszczenia przed ich fuzja z
wezesnym endosomem [61]. Jednak w gtebi komorki, mikro-
filamenty sa zorientowane w rézne strony, co teoretycznie
utrudnia ukierunkowany transport cargo z udzialem MVI
[23]. Ponadto wykazano, ze zwigzanie ligandu w DWC MVI
powoduje wzmozone wigzanie ADP przez domene motorycz-
na biatka, co skutkuje wstrzymaniem ruchu MVI wzdtuz fila-
mentu aktynowego [14]. Zjawisko to obserwowano szczeg6l-
nie w przypadku wigzania relatywnie duzego cargo. Dodat-
kowo, MVI jest biatkiem motorycznym o tzw. high duty ratio,
pozostaje wiec w Scistej i dtugotrwalej interakeji z mikrofila-
mentem, co moze by¢ korzystna cechg dla biatka kotwiczacego
[18]. Dlatego zaproponowano, ze poza funkcja transportowa,
MVI moze stabilizowaé cytoszkielet aktynowy w strefach
komoérkowych aktywnych pod wzgledem endocytozy [24].
Z drugiej strony, najnowsze wyniki badan ujawnity, ze MVI
jest obecna w strukturach endocytarnych znacznie krécej (p6l-
okres trwania okolfo 13s) niz biatka zwigzane z formowaniem
oplaszczenia (pétokres trwania okoto 30-90s) [16]. Dlatego tez
molekularny mechanizm dziatania MVI w procesie endocyto-
zy pozostaje wciaz w sferze spekuladji, a jego wyjasnienie wy-
maga dalszych badan.

PODSUMOWANIE

Wspéldziatanie cytoszkieletu aktynowego, MVI oraz in-
nych biatek ABP wydaje sie kluczowe dla prawidiowego
przebiegu kolejnych etapéw endocytozy zaleznej od klatry-
ny. Unikalna cecha MV], jaka jest zdolnoé¢ kroczenia w kie-
runku koricow ,minus” mikrofilamentéw skierowanych do
cytoplazmy komoérki, mocno przemawia za rola tego biatka
w transporcie cargo w glab komoérki. Hipoteze potwierdzaja
liczne badania dokumentujace wspétwystepowanie MVI z
innymi biatkami, ktérych funkcja w procesie endocytozy nie
budzi zadnych watpliwoéci. Pomimo tego, mechanizm dzia-
tania MVI w tym procesie jest wciagz zagadkowy. Dotad nie
przedstawiono jednoznacznych dowodéw, ktére potwier-
dzalyby funkcjonowanie MVI w roli transportera cargo per
se lub w roli biatka kotwiczacego, zaangazowanego w orga-
nizacje i dynamike cytoszkieletu aktynowego w regionach
komoérki aktywnych w procesie endocytozy. Dodatkowo,
biorac pod uwage zlozonosé¢ uktadéw biologicznych, udziat
aktyny i MVI w przebiegu endocytozy moze by¢ zalezny od
typu komorki, jej strefy, a nawet rodzaju transportowanego
cargo. Stad zidentyfikowanie i scharakteryzowanie specy-
ficznych partneréw wigzanych przez DWC MVI wydaje sie
kluczowe dla okreslenia roli tego biatka nie tylko w procesie
endocytozy, lecz takze w innych procesach komérkowych.
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ABSTRACT

Myosin VI (MVI), an actin-based molecular motor, is believed to have unique functions in eukaryotic cells, because it is the only myosin
shown to move toward the pointed end of actin filaments, in the opposite direction of all other myosins. Given some unusual structural and
kinetic properties of MVI, many models of its functioning in variety cellular processes have been proposed, and one of them is endocytosis.
Different roles for many proteins associated with endocytic domains, such as clathrin or dynamin, have been defined. However, some results
provide compelling evidence that actin filaments and MVI are both involved in two distinct steps of clathrin-dependent endocytosis: the
formation of clathrin-coated vesicles and the movement of nascent uncoated vesicles from the actin-rich cell periphery to the early endosome.
There are several postulated mechanisms of function for actin cytoskeleton and MVI during subsequent steps of clathrin-dependent endocy-

tosis. Below we focus on their potential roles in this cellular process.
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MYO6 jest bezwzglednie wymagana dla efektywnego zakonczenia procesu
spermatogenezy u Drosophila. Wykazano, ze mutanty MYO6 (samce jaguar) sa
bezptodne z powodu powaznych zaburzen w trakcie spermiogenezy, zwanej
u Drosophila indywidualizacjg spermatyd (Hicks i in., 1999; Rogat i Miller, 2002;
Noguchi i in., 2006). Proces ten rozpoczyna si¢ powstaniem unikalnych struktur
aktynowych (tzw. stozkéw) wokot jader dojrzewajacych spermatyd, ktére przesuwajac
si¢ wzdhuz aksonem umozliwiajg usunigcie zbednej cytoplazmy oraz przebudowe bton
komoérkowych w celu wytworzenia odrgbnych bton plemnikow (Noguchi 1 in., 2006).
MYO6 zlokalizowana jest w podstawach stozkow aktynowych, gdzie stabilizuje gesta
sie¢ aktyny (Noguchi i in., 2006; Lenartowska i in., 2012). Brak tego biatka w jadrach
mutantéw jaguar skutkuje nieprawidtowa dystrybucja innych biatek wigzacych aktyng
(ang. actin binding proteins) w stozkach aktynowych, takich jak kortaktyna
czy kompleks ARP2/3 (Rogat i Miller, 2002; Noguchi i in., 2006, 2008; Isaji i in., 2011).
Efektem jest zaburzona struktura stozkow, co powoduje zatrzymanie procesu
indywidualizacji spermatyd uniemozliwiajac powstanie plemnikoéw. Wyniki opisanych
badan wskazuja, ze w spermiogenezie Drosophila MYO6 pehni funkcje strukturalna,
kotwiczac okreslone cargo w sieci filamentéw aktynowych, co ma kluczowe znaczenie
dla prawidtowej organizacji i dynamiki cytoszkieletu aktynowego podczas dojrzewania
spermatyd. Pomimo ze fundamentalne mechanizmy komorkowe regulujace proces
powstawania plemnikow s3a podobne u odlegtych ewolucyjnie gatunkéw zwierzat
(White-Cooper i Bausek, 2010), dotychczas nie prowadzono badan nad potencjalng rola
MYO6 w pozniej fazie spermatogenezy u ssakow.

Spermiogeneza to proces rozwojowy, podczas ktorego w wyniku ztozonych
zmian morfologicznych, biochemicznych 1 molekularnych okragle spermatydy
przeksztalcaja si¢ w dojrzate plemniki o charakterystycznym ksztatlcie. W czasie
spermiogenezy tworzony jest akrosom oraz wié¢ plemnika, usuwana jest zbegdna
cytoplazma z wigkszo$cig organelli komorkowych, a chromatyna jadra spermatydy
ulega silnej kondensacji. U ssakow spermiogeneze¢ dzieli si¢ na trzy gldwne etapy: fazg
Golgi (ang. Golgi phase), faze akrosomalng (ang. acrosome/cap phase) oraz faze
dojrzewania (ang. maturation phase), ktora konczy si¢ spermiacja — uwolnieniem

plemnikow do $§wiatta kanalikow nasiennych (Toshimori, 2009); (Ryc. 1).



faza Golgi faza akrosomalna faza dojrzewania

Ryc. 1 Kolejne fazy procesu spermiogenezy u myszy. Kolorem zottym zaznaczono akroplaksom,
kolorem czerwonym apikalng specjalizacj¢ powierzchniowa. KS — komorka Sertolego, SpT —
spermatyda. Zakrzewski i in., (2020a), schemat zmodyfikowany.

W fazie Golgi pecherzyki proakrosomalne (sekrecyjne i endocytarne) transportowane sg
w kierunku gérnego bieguna jadra spermatydy, gdzie zlewaja si¢ tworzac pegcherzyk
akrosomalny (ang. acrosomal vesicle). Pecherzyk akrosomalny jest przytwierdzony
do otoczki jadra spermatydy za pomocag wyspecjalizowanej struktury cytoszkieletowej,
jaka jest akroplaksom (ang. acroplaxome). Struktura ta jest zbudowana z ggsto
utozonych wiagzek filamentéw aktynowych i stabilizowana pierscieniem marginalnym
zawierajagcym keratyne (Kierszenbaum i in., 2003a; Kierszenbaum i Tres, 2004).
W kolejnej fazie spermiogenezy pecherzyk akrosomalny ulega splaszczeniu
| naciggnieciu na jadro spermatydy tworzac tzw. czapeczke (ang. cap). W tym czasie
wokot jadra spermatydy tworzy si¢ mankiet (ang. manchette), wyspecjalizowana
struktura zbudowana z mikrotubul i mikrofilamentow, wzdtuz ktorych transportowane
jest cargo w kierunku powstajacej wici plemnika (Kierszenbaum, 2002; Kierszenbaum
i Tres, 2004). Dynamiczna struktura kompleksu akrosom-akroplaksom-mankiet
umozliwia ksztaltowanie glowki plemnika podczas spermiogenezy. Dojrzewajgce
spermatydy przylegaja do podporowych komorek Sertolego i przesuwajg si¢ w kierunku
Swiatta kanalika nasiennego. W proces ten zaangazowana jest kolejna struktura bogata
w aktyng — apikalna specjalizacja powierzchniowa (ang. apical ectoplasmic
specialization). Struktura ta zbudowana jest z heksagonalnych wigzek filamentow
aktynowych  wystepujacych  pomiedzy  wydluzonymi  cysternami  siateczki
srodplazmatycznej (ang. endoplasmic reticulum, ER) a blong spermatydy
oraz specyficznych kompleksow biatkowych zawierajacych bialka wigzace aktyne
(Xiao i Yang, 2007; Sun i in., 2011). W pdéznym etapie spermiogenezy chromatyna



jadrowa ulega maksymalnej kondensacji konczac proces elongacji gtowki plemnika.
Mitochondria gromadzone sa wokét wici plemnika tworzac wstawke, a zbedna
cytoplazma 1 organelle komorkowe sg usuwane 1 ulegajg fagocytozie przez komorki
Sertolego. W koncowej fazie spermiogenezy przy gltowkach spermatyd na styku
z komorkami  Sertolego powstaja unikalne kompleksy cewkowo-bulawkowate
(ang. tubulobulbar complexes), ktoére umozliwiaja spermiacj¢ (Vogl i in., 2013; Vogl
i in., 2014). Struktury te zachowaty si¢ w toku ewolucji u wszystkich ssakow, natomiast
nie zaobserwowano ich u zwierzat bezkregowych (Vogl i in., 2013). Majg one
specyficzng strukture — zbudowane sg z dtugich cewek cytoplazmatycznych otoczonych
gestg siecig aktyny przechodzacych w butawki otoczone ER, ktore koncza si¢ krotka
szyjka z pecherzykiem optaszczonym klatryng (Ryc. 2). Powstawanie kompleksow
cewkowo-butawkowatych zwigzane jest z internalizacja potaczen komodrkowych
obecnych pomiedzy dojrzewajaca spermatyda a komodrka Sertolego. Ostatecznie
endocytoza potaczen miedzykomoérkowych oraz reorganizacja aktyny w apikalnej
specjalizacji powierzchniowej umozliwia uwolnienie plemnikéw do kanalikow
nasiennych 1 konczy proces spermiogenezy. Nastepnie plemniki transportowane sa

do najadrzy, w ktérych ostatecznie dojrzewaja (Zhou i in., 2018).

| pecherzyk klatrynowy
kompleksy
cewkowo-butawkowate

/// wczesne pecherzyki
/// ~endocytarne

//“‘

| cewka

butawka (z ER)

wczesne endosomy

cewka

Cc

Ryc. 2 Lokalizacja komplekséw cewkowo-bulawkowatych powstajacych na styku
dojrzewajacej spermatydy i komérki Sertolego (a), zwigzany z nimi proces endocytozy (b)
oraz zdefiniowane subdomeny komplekséw cewkowo-bulawkowatych (c). Na czerwono
zaznaczono apikalna specjalizacj¢ powierzchniowa (a, b) lub pecherzyk klatrynowy (c). ER —
siateczka $rodplazmatyczna; KS — komorka Sertolego, SpT — spermatyda. Zakrzewski i in.,
(2020b), schemat zmodyfikowany.

Cytoszkielet aktynowy odgrywa niekwestionowang role na wszystkich etapach
spermiogenezy u ssakOw bedac waznym elementem wyspecjalizowanych struktur
jadrowych, takich jak akroplaksom, mankiet, apikalna specjalizacja powierzchniowa

czy kompleksy cewkowo-butawkowate. Dynamiczna organizacja aktyny zwigzana
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z funkcja transportowa mikrofilamentéw podczas biogenezy akrosomu i wzdhuz
mankietu oraz stabilizacjg pozycji dojrzewajacych spermatyd w kanalikach nasiennych
podlega czasowo-przestrzennej regulacji z udziatem réznych biatek wigzacych aktyne,
wspoétdziatajacych z nimi biatek adhezyjnych, adaptorowych i prawdopodobnie wielu
innych, ktore nie zostaly jeszcze zidentyfikowane. Do chwili obecnej, w réznych
strukturach aktynowych formowanych podczas spermiogenezy potwierdzono obecnosé
kilkunastu biatek wigzacych aktyne, takich jak kortaktyna, fimbryna, a-aktynina,
kofilina, fascyna, winkulina, profilina, biatko ARP3 czy tez N-WASP (Lee i Cheng,
2004; Upadhyay i in.,, 2012; Qian X. i in., 2014). Ponadto, niektére miozyny
sg zaangazowane w proces powstawania plemnikoéw na roéznych jego etapach (Li i Yang,
2016). Wykazano, ze miozyna Va bierze udzial w transporcie pecherzykowym
podczas biogenezy akrosomu oraz w procesie ksztattowania gtowki plemnika u ssakow
(Kierszenbaum i in., 2003b, 2004; Hayasaka i in., 2008). Potwierdzono réwniez udziat
miozyny VIla w regulacji prawidtowej struktury ludzkich komorek Sertolego
(Velichkova i in., 2002) oraz w transporcie i adhezji dojrzewajacych spermatyd
W obrgbie kanalikow nasiennych podczas spermiogenezy u szczurow (Wen i in., 2019).
Co wiecej, analiza profilu ekspresji genu Myo6 w tkankach gryzoni wykazata, ze
W jadrach myszy obecne sg transkrypty tego genu (Avraham i in., 1995), a w jadrach
szczura wystepuja dwie krotkie izoformy MYO6 — Sl oraz Nol (Buss i in., 2001).
Odnalaztem takze przestanke wskazujaca na obnizong ptodnos¢ myszy Snell’s waltzer
pozbawionych MYQO6 (Avraham i in., 1995). Powyzsze doniesienia, w $§wietle badan
dokumentujacych kluczowa role MYO6 w indywidualizacji spermatyd u Drosophila,
sugerowaly mozliwy udzial tego biatka w procesie powstawania funkcjonalnych

plemnikow takze u ssakow.

3.2 Hipoteza i cele badawcze

Na podstawie wynikow badan potwierdzajacych krytyczng role MYO6
w procesie spermiogenezy u Drosophila, danych dokumentujacych ekspresje
genu Myo6 w jadrach gryzoni oraz przestanki dotyczacej obnizonej ptodnosci mysich
samcow Snell’s waltzer postawitem hipoteze, ze MYOG jest biatkiem zaangazowanym
w prawidlowy przebieg poznej fazy spermatogenezy u ssakow. Dlatego
gléwnym celem badan prezentowanej rozprawy doktorskiej bylo okreslenie

potencjalnego udzialtu MYO6 w spermiogenezie u myszy. Funkcjonalne badania



porébwnawcze z wykorzystaniem samcow Snell’s waltzer pozbawionych MYO6

(mutanty sv/sv) i myszy kontrolnych realizowatem w kilku etapach, zmierzajac do:

1. Identyfikacji izoform MYOG6 podlegajacych ekspresji w jadrach myszy
(PUBLIKACJA 1);

2. Okreslenia miejsc lokalizacji MYO6 podczas kolejnych etapow spermiogenezy
u myszy kontrolnych (PUBLIKACJE 1-3);

3. Charakterystyki potencjalnych efektow utraty funkcji genu Myo6 podczas biogenezy
akrosomu i pédznej fazy dojrzewania spermatyd u samcow Snell’s waltzer
(PUBLIKACJE 2i 3);

4. Zidentyfikowania potencjalnych partneréw interakcji MYO6 w badanym procesie
rozwojowym (PUBLIKACJE 2 3);

5. Weryfikacji wybranych parametrow plemnikow i ptodnosci samcow Snell’s waltzer

(PUBLIKACJA 3).

3.3 Model badawczy oraz metody eksperymentalne

W badaniach wykorzystano samce kontrolne (szczep C57BL/6J, typ dziki WT)
lub heterozygotyczne sv/+ (z ttem genetycznym szczepu C57BL/6J), u ktorych poziom
ekspresji MYOG6 jest zblizony do obserwowanego w komodrkach myszy WT (Warner
iin., 2003) oraz homozygotyczne samce sv/sv. Spontanicznie zmutowany allel sv
umyszy Snell’s waltzer koduje niefunkcjonalng MYO6 (Avraham i in., 1995).
Szczegotowa analiza molekularna zmutowanej Kopii transkryptu wykazata delecje
dtugosci 130 pz skutkujaca przesunieciem ramki odczytu oraz wprowadzeniem kodonu
stop na poczatku regionu kodujacego rami¢ dzwigni MYO6. Homozygotyczne myszy
sv/sv, charakteryzujace si¢ brakiem funkcjonalnej MYO6, wykazuja rézne defekty
fenotypowe, w tym typowe zaburzenia behawioralne spowodowane nieprawidtowa
budowg narzadu Cortiego w uchu wewngtrznym. Myszy te sa gluche 1 wyraznie
nadaktywne — biegaja w kotko i potrzgsajg glowg. Obserwowane zaburzenia
behawioralne mutantow sv/sv pozwalaja w relatywnie prosty sposob odrozni¢ je
od osobnikow heterozygotycznych sv/+.

Wszystkie badania zostaly wykonane zgodnie z Ustawa z dn. 15 stycznia 2015 .
o ochronie zwierzat wykorzystywanych do celow naukowych lub edukacyjnych (Dz. U.
2015 poz. 266) obowigzujacg na terenie Polski oraz The Animal (Scientific Procedures)

Act 1986 obowigzujacym na terenie Wielkiej Brytanii. USmiercanie zwierzat
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przebiegato zgodnie z Dyrektywa Parlamentu Europejskiego i Rady 2010/63/UE
zdn. 22 wrzesnia 2010 r. w sprawie ochrony zwierzat wykorzystywanych do celow
naukowych oraz zalecen Laboratory Animal Science Association (LASA) Guidelines.
Wszystkie procedury wymagajace zgody odpowiednich komisji etycznych zostaty
wykonane na terenie Instytutu Biologii Do$wiadczalnej im. Marcelego Nenckiego PAN
w Warszawie (wspdtpraca naukowa z prof. Marig J. Redowicz) oraz University
of Cambridge w Wiclkiej Brytanii (wspotpraca naukowa z prof. Folmg Buss).

W badaniach kolejnych faz spermiogenezy w obrebie kanalikow nasiennych
wykorzystano skrawki potcienkie oraz ultracienkie, przygotowane standardowo poprzez
odpowiednie utrwalenie chemiczne i1 zatopienie w zywicy okreslonych fragmentow
jader pobranych z mysich samcéw. Natomiast do badan kompleksow cewkowo-
butawkowatych oraz wybranych analiz immunofluorescencyjnych wykorzystano
preparaty pojedynczych spermatyd izolowanych z kanalikow nasiennych. W tym celu,
z utrwalonych 1 fragmentowanych jader pozyskiwano spermatydy z kanalikow
nasiennych m.in. w VII stadium cyklu spermatogenetycznego z zachowanym
fragmentem cytoplazmy komorek Sertolego. Na styku dojrzewajacej spermatydy
I komorki Sertolego powstaja kompleksy cewkowo-butawkowate, co umozliwito ich
obserwacjg.

W przeprowadzonych badaniach wykorzystano szerokie spektrum metod
badawczych, w tym analizy biochemiczne (western blot, koimmunoprecypitacja),
metody cytochemiczne (barwienie skrawkow potcienkich bigkitem toluidyny,
wizualizacja filamentow aktynowych falloidyng sprz¢zong z fluorochromem, barwienie
chromatyny, barwienie plemnikow, indukcja reakcji akrosomalnej), badania
ultrastrukturalne z wykorzystaniem transmisyjnej mikroskopii elektronowej, metody
immunocytochemiczne (techniki immunofluorescencyjne i immunoztotowe, w tym
znakowania pojedyncze 1 podwdjne z wykorzystaniem standardowej mikroskopii
fluorescencyjnej, mikroskopii konfokalnej/wysokorozdzielczej oraz transmisyjnej
mikroskopii elektronowej) oraz technike biologii molekularnej — RT-PCR (ang. reverse
transcription polymerase chain reaction). Wszystkie doswiadczenia byly powtorzone
co najmniej trzykrotnie na materiale biologicznym pozyskanym z co najmniej trzech
3-miesiecznych osobnikow kontrolnych (WT lub sv/+) oraz mutantow MYO6 (sv/sv)
pochodzacych z tego samego miotu. W badaniach ilosciowych okreslajacych procent
spermatyd wykazujacych zaburzenia morfologiczne zliczono co najmniej 50 komorek

z kazdego z trzech niezaleznych powtdrzen eksperymentu (kazde doswiadczenie
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wykonane byto na parach samcéw sv/+ i sv/sv pochodzacych z tego samego miotu).
W przypadku iloSciowych analiz  ultrastrukturalnych analizowano komorki
na skrawkach polcienkich pozyskanych z co najmniej czterech losowo wybranych
fragmentow jader, wyizolowanych z trzech par samcow sv/+ i sv/sv. Liczba potomstwa
krzyzowan samic Sv/+ z samcami sv/+ (14 samcoéw, 43 mioty) oraz SV/sv (16 samcow,
39 miotéw) byta podstawg do okreSlenia ptodnosci samcoOw Sv/sv wzgledem samcow

kontrolnych. Wykonano takze analizy statystyczne oraz wymagane reakcje kontrolne.

3.4 Glowne tezy rozprawy doktorskiej
Dwie krotkie izoformy MY OG6 podlegajg ekspresji w jgdrach myszy

W celu identyfikacji wariantow splicingowych MYO6 obecnych w jadrach
myszy wykorzystano technik¢ RT-PCR. Do analizy zastosowano odpowiednio
zaprojektowane startery umozliwiajace namnozenie rejonu C-koncowej domeny ogonka
MYO6, w ktorym moga wystepowa¢ dwie unikalne wstawki — SI oraz LI
(PUBLIKACJA 1). Analiza wykazata, ze w mysich jadrach obecne sa dwie krotkie
izoformy MYOQO6 — SI (z krotkg wstawka w ogonku) oraz Nol (bez wstawek w ogonku),
co jest zgodne z wynikami otrzymanymi wczesniej dla jader szczura (Buss i in., 2001).
Nastgpnie, za pomocg techniki western blot wykazano relatywnie wysoki poziom
MYO6 w jadrach myszy WT w pordwnaniu do innych mysich narzadow, takich jak
pluco czy serce. Tym samym zostata zweryfikowana specyficzno$¢ komercyjnych
przeciwcial anty-MYO6 stosowanych nastepnie w badaniach immunocytochemicznych.
Poniewaz krotkie izoformy MYO6 zaangazowane sa gldwnie W transport i kotwiczenie
cargo w sieci F-aktyny, w tym pecherzykow optaszczonych (Buss i in., 2001; Au i in.,
2007; Majewski i in., 2010) i nieoptaszczonych (Aschenbrenner i in., 2003; Dance i in.,
2004; Nacchache i in., 2006; Bond i in., 2012; Tomatis i in., 2013; O’Loughlin i in.,
2018), powyzsze obserwacje wskazywaty, ze MYO6 obecna w jadrach myszy moze by¢

zaangazowana W procesy endocytozy i sekrecji.

MYOG6 jest obecna w aktyno-zaleznych strukturach komorkowych zaangazowanych
W proces spermiogenezy u ssakow

Kolejnym etapem badan bylo okreslenie miejsc wystgpowania MYO6 w jadrach
myszy podczas kolejnych etapow spermiogenezy. Immunofluorescencyjna lokalizacja
MYO6 z jednoczesna wizualizacja F-aktyny w kanalikach nasiennych samcow WT

wykazata, ze biatko to wystepuje W komorkach linii piciowej i komorkach
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somatycznych, w tym w podporowych komorkach Sertolego (PUBLIKACJA 1).
Badania byly wykonane na skrawkach poétcienkich kanalikéw nasiennych (przekroje
poprzeczne), co umozliwito obserwacje spermatyd w réznych stadiach spermiogenezy.
Potwierdzono obecnos¢ MYO6 w specyficznych dla jader strukturach bogatych
w aktyng, takich jak kompleks akrosom-akroplaksom oraz apikalna specjalizacja
powierzchniowa wystepujaca pomigdzy dojrzewajaca spermatyda i komorka Sertolego.
Poniewaz otrzymane wyniki wstepne wskazywaly na udziat MYO6 w biogenezie
akrosomu oraz w koncowym etapie dojrzewania spermatyd, kwestia wymagajaca
rozstrzygnigcia byto ustalenie precyzyjnej lokalizacji tego biatka z wykorzystaniem
techniki immunoztotowej na poziomie mikroskopu elektronowego (PUBLIKACJA 1).
Rownolegle wykonano analize¢ ultrastrukturalng kolejnych etapéw spermiogenezy
w celu wlasciwej interpretacji wynikow badan immunocytochemicznych, w ktérych
podstawowym ograniczeniem jest sposOb utrwalania materialu biologicznego
utrudniajgcy jednoznaczng identyfikacj¢ przedziatow i struktur wewnatrzkomoérkowych.
Otrzymane wyniki badan dokumentuja gtéwne miejsca wystepowania MYO6 podczas
formowania akrosomu i koncowego etapu dojrzewania spermatyd u myszy:

a. aparat Golgiego przylegajacy do apikalnego bieguna jadra spermatydy

(domeny cis- i trans-Golgi, w tym proakrosomalne pecherzyki sekrecyjne);

b. proakrosomalne pecherzyki endocytarne;
C. zewngetrzna i wewnetrzna btona akrosomu oraz akroplaksom;
d. wigzki aktyny w apikalnej specjalizacji powierzchniowe;j.

Ponadto, potwierdzono obecnos¢ MYO6 w obrebie pierScieni marginalnych
akroplaksomu, mankietu, ciata chromatoidalnego (specyficznej struktury w cytoplazmie
dojrzewajacej spermatydy zlokalizowanej na biegunie przeciwleglym do akrosomu,
zaangazowanej w retencje i dojrzewanie RNA), wstawce wici oraz w kondensujacej
chromatynie jader spermatyd.

Powyzsze obserwacje byly podstawg do sformutowania wniosku, ze MYOG6 jest
trwale obecna w wyspecjalizowanych, aktyno-zaleznych strukturach specyficznych
dlajader ssakéw, takich jak aparat Golgiego przylegajacy do jadra spermatydy,
kompleks akrosom-akroplaksom oraz apikalna specjalizacja powierzchniowa. Obecnosé¢
MYO6 w tych strukturach sugerowata zaangazowanie tego bialka w funkcjonalng
organizacj¢ kompleksu Golgiego oraz sekrecj¢ i endocytoze, podstawowe procesy
komodrkowe podczas biogenezy akrosomu. Co wigcej, endocytoza zachodzi rowniez

W rejonie kompleksow cewkowo-butawkowatych podczas internalizacji polaczen
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komoérkowych pomigdzy dojrzewajaca spermatyda a komorka Sertolego w koncowe;j
fazie spermiogenezy (Qian i in., 2014). Pojawilo si¢ zatem pytanie, czy MYO6
wystepuje w tych unikalnych, zachowywanych w toku ewolucji strukturach,
ktorych powstawanie poprzedza finalny proces spermiacji (Vogl i in., 2013).

W celu weryfikacji obecnosci MYO6 w obrgbie kompleksow cewkowo-
bulawkowatych, w pierwszej kolejnosci wykorzystano technik¢ immunocytochemiczng
skorelowang z wysokorozdzielczg mikroskopig fluorescencyjng (PUBLIKACJA 3).
Ten etap badan wymagal szczegdlnego podejscia metodycznego — izolacji
pojedynczych spermatyd =z kanalikéw nasiennych w VII stadium cyklu
Spermatogenetycznego, co umozliwia ich zobrazowanie wraz z kompleksami cewkowo-
butawkowatymi obecnymi w szczatkowej cytoplazmie komoérek Sertolego przylegajace;j
do gtowki spermatydy w jej haczykowatym zaglebieniu. Przeprowadzone badania
ujawnily wysoki poziom sygnatu dla MYO6 w obrgbie komplekséw cewkowo-
bulawkowatych. Wysokorozdzielcza mikroskopia fluorescencyjna umozliwita takze
zdefiniowanie  miejsc  lokalizacji MYO6 w  okreslonych  subdomenach
tych kompleksow: wokot wydtuzonych cewek (wraz z F-aktyng) oraz w pojedynczych
skupiskach, ktore odpowiadaly zakonczeniom cewek.

Nastegpnie, aby precyzyjnie okresli¢ lokalizacie MYO6 w kompleksach
cewkowo-butawkowatych, ponownie wykorzystano immunoziotowa technike
lokalizacji antygenu na poziomie mikroskopu elektronowego (PUBLIKACJA 3).
Szczegdtowa analiza na poziomie mikroskopu elektronowego wykazata preferencyjne
miejsca wystepowania MYO6 w obrebie komplekséw, jakimi byly butawkowata
subdomena dystalna kompleksow oraz nieoptaszczone pecherzyki. Stabszy sygnat
obserwowano wzdtuz cewek kompleksow oraz w strukturach odpowiadajacych
prawdopodobnie endosomom. Powyzsze obserwacje byty podstawa do sformutowania
wniosku, ze w kompleksach cewkowo-butawkowatych, formowanych w pdznej fazie
spermiogenezy u myszy, MYO6 wystepuje glownie w butawkowatych zakonczeniach
kompleksow oraz w pecherzykach endocytarnych pozbawionych klatryny. Otrzymane
wyniki wskazywaly, ze MYO6 moze by¢ zaangazowana w poczatkowe etapy
endocytozy podczas internalizacji polaczen pomigdzy dojrzewajaca spermatyda
I komorka Sertolego, co konczy spermiogeneze i umozliwia spermiacje. W zwigzku
z okresleniem lokalizacji MYO6 w strukturach i organellach zaangazowanych w proces
spermiogenezy u ssakow, w kolejnym etapie badan zdecydowano si¢ zweryfikowac,

Czy proces ten u myszy Snell’s waltzer zachodzi w sposéb prawidtowy.
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Brak MYOG6 skutkuje zaburzeniami strukturalnymi w zaleznych od aktyny
strukturach zaangazowanych w akrosomogeneze¢ i spermiacje u myszy

Poniewaz potwierdzono obecnos¢ MYO6 w specyficznych strukturach
aktynowych kluczowych dla biogenezy akrosomu oraz finalnego dojrzewania
spermatyd poprzedzajacego spermiacje (Ryc. 3), w kolejnym etapie badan analizowano,
czy brak MYO6 skutkuje zaburzong morfologig tych struktur.

faza Golgi faza akrosomalna faza dojrzewania

Ryc. 3 Lokalizacja MYO6 (czarne kropki) w zaleznych od aktyny strukturach
zaangazowanych w proces biogenezy akrosomu i spermiacji u myszy. Dla zwigkszenia
czytelnosci pominigto lokalizacjc MYO6 w strukturach, w ktorych nie zaobserwowano zmian
morfologicznych u samcow Snell’s walzter. Na z6tto zaznaczono akroplaksom, na czerwono
apikalng specjalizacje powierzchniowa. KS — komorka Sertolego, SpT — spermatyda.
Zakrzewski i in., (2020a); schemat zmodyfikowany.

W pierwszej kolejnosci przeanalizowano ultrastruktur¢ dojrzewajacych
spermatyd sv/sv na ultracienkich skrawkach kanalikoéw nasiennych samcow Snell’s
walzer i wykonano badania immunofluorescencyjne z wykorzystaniem przeciwciat
anty-GM130 oraz anty-TGN38, znakujace odpowiednio domeny cis- i trans-Golgi
(PUBLIKACJA 2). Przeprowadzone badania ujawnily szereg zaburzen strukturalnych
w spermatydach sv/sv w kolejnych etapach biogenezy akrosomu:

a. zaburzong orientacj¢ i dezintegracje struktury aparatu Golgiego, w tym
separacje/zanik domen cis- i trans-Golgi;
b. uposledzenie transportu pecherzykowego;
C. poglebiajaca si¢ asymetrie¢ akrosomu zwigzang z nieprawidlowym
kotwiczeniem ziarna akrosomalnego.
Nastepnie, wykorzystujac technikg¢ barwienia filamentow aktynowych falloidyng

sprzezonag z  fluorochromem, wykonano analiz¢ struktury akroplaksomu,
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ktory uczestniczy w kotwiczeniu powstajacego akrosomu do otoczki jadrowej
spermatydy (PUBLIKACJA 2). Wizualizacja tej specyficznej struktury aktynowej
potwierdzita nieprawidtlowe potozenie ziarna akrosomalnego w spermatydach sv/sv
skutkujgce asymetrig dojrzewajacego akrosomu.

W  kolejnym etapie badan, wykorzystujac te sama technike barwienia
fluorescencyjnego filamentéw aktynowych, przeanalizowano strukture kompleksow
cewkowo-butawkowatych w dojrzewajacych spermatydach izolowanych z kanalikow
nasiennych w VI stadium cyklu spermatogenetycznego (PUBLIKACJA 3). Wykonana
analiza poréwnawcza spermatyd sv/sv. w odniesieniu do spermatyd kontrolnych
wykazala istotne zaburzenia strukturalne w kompleksach cewkowo-butawkowatych,

formowanych na styku spermatyda — komoérka Sertolego:

a. brak skupienia dystalnych subdomen kompleksow w miejscu zachodzacej
endocytozy;

b. oddalenie komplekséw od wewnetrznej krzywizny haczykowatej glowki
spermatydy;

C. dezintegracja struktury F-aktyny wokot cewek kompleksow.

Poniewaz funkcjonalna organizacja komplekséw cewkowo-butawkowatych jest zalezna
od organizacji i dynamiki aktyny, kolejnym krokiem byta analiza poréwnawcza
dystrybucji wybranych biatek wigzacych aktyng W obrebie tych struktur u samcoéw sv/sv
i samcoéw kontrolnych. Wyniki badan immunofluorescencyjnych wykazaty,
ze zaburzeniom  strukturalnym  obserwowanym w  kompleksach  cewkowo-
butawkowatych U samcow SV/sv towarzyszy nieprawidtowa lokalizacja biatek ARP3
i kortaktyny, ktore uczestnicza w tworzeniu sieci mikrofilamentow i wspotwystepuja
z MYO6 w kompleksach cewkowo-butawkowatych u samcow kontrolnych.
Podsumowujac, otrzymane wyniki badan dowodza, ze brak MYO6 w jadrach
myszy Snell’s walzter prowadzi do szeregu zaburzen strukturalno-funkcjonalnych
w zaleznych od aktyny strukturach i organellach komorkowych zaangazowanych
w proces biogenezy akrosomu oraz finalne dojrzewanie spermatyd poprzedzajace
spermiacje. W zwiazku z tym, ze wyniki te wskazywaly na aktywny udziat MYO6
W tych procesach, w dalszym etapie badan przeprowadzono wnikliwe analizy pod
katem wystepowania potencjalnych biatek adaptorowych oddziatujacych z MYO6
podczas akrosomogenezy i formowania/funkcjonowania kompleksow cewkowo-
butawkowatych, w celu okreslenia jej potencjalnej roli w procesie powstawania

plemnikow u myszy.
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MYO6 wraz 7 biatkiem TOM1/L2 utrzymuje symetrie dojrzewajgcego akrosomu

W celu wstepnej identyfikacji potencjalnych partneréw interakcji z MYQOG6
w rejonie kompleksu aparat Golgiego-akrosom-akroplaksom, zastosowano analizg
immunofluorescencyjng (PUBLIKACJA 2). Przeanalizowano szereg bialek
zaangazowanych w transport pecherzykowy 1 regulacje dynamiki aktyny
oraz oddziatujacych z MYO6 w komoérkach ssakéw (Naccache i in., 2006; Chibalina
iin., 2010; Bond i in., 2011; Majewski i in., 2012; Tumbarello i in., 2012, 2013;
Sobczak i in., 2016; O’Loughlin i in., 2018; de Jonge i in., 2019) pod katem ich udziatu
w procesie biogenezy akrosomu:

a. TOM1/L2 (ang. target of Myb protein 1/TOM1-like 2 protein);

b. GIPC1 (ang. GAIP C-terminus-interacting protein 1);

134

optyneuryne (ang. optineurin);

o

DOCKY (ang. dedicator of cytokinesis protein 7);

e. LRCH3 (ang. leucine-rich repeat/calponin homology domain-containing

protein 3);

f. LARG (ang. Rho guanine nucleotide exchange factor 12).
Wykonana analiza wykazata, ze tylko biatko TOM1/L2, ktoére oddziatuje z MYO6
w procesie endocytozy (de Jonge i in., 2019), wystepuje W rejonie kompleksu aparat
Golgiego-akrosom-akroplaksom w spermatydach samcow kontrolnych sv/+. Sygnat
dlabiatka TOM1/L2 odpowiadal pecherzykowatym strukturom zlokalizowanym
W przestrzeni pomiedzy gornym biegunem jadra spermatydy a aparatem Golgiego
oraz w akroplaksomie, gtéwnie pod ziarnem akrosomalnym. Poniewaz w obu
domenach cis- i trans-Golgi oraz w akroplaksomie potwierdzono takze obecnosé
MYOB6, otrzymane wyniki wskazywaty, ze oba bialka sa zaangazowane w transport
pecherzykowy, kluczowy dla prawidlowego przebiegu akrosomogenezy. Nastepnie
przetestowano dystrybucj¢ biatka TOM1/L2 w rejonie kompleksu aparat Golgiego-
akrosom-akroplaksom w spermatydach samcow sv/sv (PUBLIKACJA 2). Wykazano,
ze przy braku MYO6 lokalizacja biatka TOM1/L2 nie ulega zmianie w rejonie
pomiedzy goérnym biegunem jadra spermatydy a siecig trans-Golgi, natomiast
w akroplaksomie jest zaburzona (asymetryczna) i nie pokrywa si¢ z lokalizacja
obserwowang w komorkach kontrolnych. Co istotne, wcze$niejsze wyniki badan
wykazaty, ze brak MYO6 w dojrzewajacych spermatydach skutkuje poglebiajaca sig

asymetrig akrosomu zwigzang z nieprawidtowym kotwiczeniem ziarna akrosomalnego
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(PUBLIKACJA 2). Dlatego przyjeto zatozenie, ze MYO6 wraz z biatkiem TOM1/L2
uczestniczy w prawidtowym kotwiczeniu ziarna akrosomalnego w centralnej czesci
akroplaksomu.

W nastegpnym etapie badan wykonano analize, ktéra w sposob posredni
zweryfikowata postanowiong hipoteze umozliwiajac zaproponowanie
prawdopodobnego modelu dziatania MYO6 i TOM1/L2 w biogenezie akrosomu
(PUBLIKACJA 2). Wiedzac, ze biatkko TOMI/L2 posiada domen¢ GAT
umozliwiajagcg mu oddzialywanie z ubikwitynowanymi biatkami, w pierwszej
kolejnosci  wykonano immunofluorescencyjng analize¢ dystrybucji ubikwityny
w spermatydach sv/+ oraz sv/sv. Wykazano silny sygnat dla ubikwityny w pecherzyku
akrosomalnym odpowiadajacy ziarnu akrosomalnemu. Co wazne, bogate w ubikwityng
ziarno akrosomalne bylo asymetrycznie zakotwiczone w akroplaksomie samcow Sv/sv
(analogicznie do asymetrycznej lokalizacji TOM1/L2). Nastepnie, wykorzystujac
technike barwienia filamentow aktynowych falloidyng, przeanalizowano organizacje
cytoszkieletu aktynowego w akroplaksomie spermatyd sv/+ oraz sv/sv. Wykonana
analiza nie wykazata ewidentnych zaburzen przy braku MYO6, lecz potwierdzita
asymetri¢ kotwiczenia ziarna akrosomalnego w akroplaksomie samcoéw SV/Sv.
Ostatecznie wykonano analiz¢ immunoztotowa na poziomie mikroskopu elektronowego
w celu okre$lenia precyzyjnej lokalizacji TOM1/L2 w rejonie dojrzewajacego akrosomu.
Zarébwno w spermatydach sv/+ jak i sv/sv wykazano obecnos¢ tego biatka w sktadniku
aktynowym akroplaksomu, bezpos$rednio pod ziarnem akrosomalnym, przy czym
w spermatydach sv/sv ziarno akrosomalne byto asymetrycznie zakotwiczone
w akroplaksomie.

Podsumowujac, otrzymane wyniki wskazuja, ze MYO6 jest czynnikiem
determinujagcym prawidtowe kotwiczenie ziarna akrosomalnego w akroplaksomie
dojrzewajacych spermatyd. Hipotetyczny model zaktada, ze MYO6 oddziatuje domeng
motoryczng z filamentami aktynowymi akroplaksomu, jednoczesnie wigzac biatko
TOM1/L2 w swojej domenie wiazacej cargo. Natomiast biatko TOMI1/L2 moze
oddziatywa¢ z niezidentyfikowanym dotad ubikwitynowanym receptorem (badz
receptorami), ktory wiaze biatka obecne w ziarnie akrosomalnym. Brak MY O6 skutkuje
zaburzong interakcjag w obrebie kompleksu ziarno akrosomalne-receptor-TOM1/L2-
akroplaksom (sktadnik aktynowy akroplaksomu), a w konsekwencji asymetrig

akrosomu.
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MYO6 wraz z biatkami TOMI1/L2 i GIPC1 utrzymuje strukturalng integralnosé
subdomeny endocytarnej kompleksow cewkowo-butawkowatych zaangazowanych
W spermiacje

Endosomalne biatko APPL1 (ang. DDC-interacting protein 13-alpha) jest
markerem wczesnych pecherzykéw endocytarnych, w ktorych brak biatka EEA1
(ang. early endosome antigen 1) — charakterystycznego z kolei dla wczesnych
endosomow sortujgcych (Tumbarello i in., 2013). Co wiecej, APPL1 jest biatkiem
efektorowym GTP-azy Rab5 (ang. Ras-related protein Rab), ktéora wystepuje
w butawkowatej subdomenie kompleksow cewkowo-butawkowatych w spermatydach
szczura (Adams i Vogl, 2017). W kolejnym etapie badan immunofluorescencyjnych
potwierdzono wystgpowanie APPL1 oraz MYO6 w rejonie dystalnych subdomen
komplekséw cewkowo-butawkowatych formowanych na styku spermatyd/komoérek
Sertolego myszy (PUBLIKACJA 3). Nastepnie wykonano analiz¢ dystrybucji biatka
VPS35 (ang. vacuolar protein sorting-associated protein 35), ktére charakteryzuje
wczesne endosomy sortujace zawierajace EEA1 (Choy et al.,, 2014). Podwodjna
immunolokalizacja VPS35 i MYO6 wykazata, ze oba biatka wystepuja w dwodch
odrebnych subdomenach endocytarnych mysich komplekséw cewkowo-butawkowatych,
przy czym lokalizacja MYOG6 odpowiada strefie wystgpowania wczesnych
pecherzykow endocytarnych, zanim ulegna one fuzji do wczesnego endosomu
sortujacego.

Poniewaz APPLI rekrutuje MYO6 do wczesnych pecherzykéw endocytarnych
poprzez bezposrednig interakcje z jej biatkiem adaptorowym GIPC1 (Tumbarello i in.
2013), w kolejnym etapie badan wykonano immunolokalizacj¢ tego biatka w rejonie
kompleksow  cewkowo-butawkowatych (PUBLIKACJA 3). Wyniki badan
potwierdzity wystepowanie biatka GIPC1 w tych kompleksach, a jego lokalizacja
okazata si¢ zbiezna =z lokalizacja MYO6. Innym biatkiem adaptorowym,
ktore wystepuje wraz z MYO6 w pecherzykach zawierajacych APPL1, jest biatko
TOM1/L2 (Tumbarello i in., 2012), ktorego obecno$¢ w obrebie kompleksow
cewkowo-butawkowatych zostala réwniez potwierdzona z wykorzystaniem metody
immunofluorescencyjnej, a nastepnie immunoztotowej na poziomie mikroskopu
elektronowego. Analiza subkomoérkowa wykazata, ze biatko TOMI1/L2 wystepuje
glownie w bulawkowatej subdomenie komplekséw cewkowo-butawkowatych
I wezesnych pecherzykach endocytarnych, co pokrywa si¢ z lokalizacja MYO6 w tych

unikalnych strukturach komoérkowych na styku dojrzewajacej spermatydy 1 komorki
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Sertolego. Poniewaz wszystkie przeciwciala pierwotne wykorzystywane w opisanych
analizach byly przeciwciatami kroliczymi, standardowa technika podwdjnej lokalizacji
MYO6 oraz jej bialek adaptorowych nie byta mozliwa na poziomie mikroskopu
fluorescencyjnego. Aby oming¢ ten problem, zastosowano sekwencyjne znakowanie
przy pomocy biatka A sprzezonego z koloidalnym ziarnem ztota, ktére umozliwia
podwoéjna lokalizacje bialek na poziomie ultrastrukturalnym z wykorzystaniem
przeciwcial pierwotnych pochodzacych z tego samego organizmu. Otrzymane wyniki
potwierdzity wspotwystepowanie MYOG6 z biatkiem TOM1/L2 w rejonie kompleksow
cewkowo-butawkowatych. Bioragc pod uwage, ze sygnal immunofluorescencyjny
dla biatka GIPC1 byt zbiezny z sygnatem dla MYOG6 oraz dla TOM1/L2, jest wysoce
prawdopodobne, ze biatka te wystgpuja w tych samych subdomenach komplekséw
cewkowo-butawkowatych. Ostatecznie, wykorzystujac technike¢ koimmunoprecypitacji
potwierdzono, ze MYOG6 tworzy funkcjonalny kompleks z biatkami TOM1/L2 i GIPC1
w kanalikach nasiennych myszy.

Nastepnie, aby oceni¢ czy brak ekspresji MY O6 skutkuje zaburzong dystrybucja
biatek zidentyfikowanych w endocytarnej subdomenie kompleksow cewkowo-
butawkowatych, wykonano badania immunofluorescencyjne z wykorzystaniem
spermatyd sv/sv (PUBLIKACJA 3). Wykazano, ze brak MYO6 skutkuje zaburzong
lokalizacjag biatek APPL1, GIPC1 oraz TOM1/L2 w kompleksach cewkowo-
butawkowatych. P¢cherzykowate struktury, odpowiadajace prawdopodobnie wczesnym
pecherzykom endocytarnym, nie gromadzity si¢ przy dystalnych koncach kompleksow
jak w przypadku spermatyd kontrolnych, lecz byly wyraznie rozproszone. Natomiast
przeprowadzona analiza western blot wykazata, ze w jadrach samcow Sv/sv poziom
ekspresji biatek APPL1, GIPC1 oraz TOM1/L2 nie odbiegat od proby kontrolne;.

Podsumowujac, otrzymane wyniki badan dowodza, ze MYO6 oddziatuje
z biatkami adaptorowymi TOMI1/L2 i GIPC1 w rejonie butawkowatej subdomeny
kompleksow  cewkowo-butawkowatych oraz we  wczesnych  pecherzykach
endocytarnych. Oba te kompartymenty charakteryzuja si¢ obecnoscig biatka
markerowego wczesnych pegcherzykow endocytarnych — APPLL. Co istotne, podobnie
jak w innych komorkach ssakow, nie potwierdzono obecnosci MYO6 we wczesnych
endosomach sortujacych. Ten wynik wskazuje, ze podczas spermiogenezy u myszy
biatko to uczestniczy W poczatkowych etapach endocytozy poprzedzajacych fuzje
wczesnych pecherzykow, ktéora prowadzi do powstania wczesnego endosomu

sortujgcego. Ponadto, brak ekspresji MYO6 skutkuje nieprawidtowg lokalizacjg struktur
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endocytarnych w kompleksach cewkowo-butawkowatych myszy charakteryzujacych si¢
obecnoscig bialek APPL1, GIPC1 oraz TOM1/L2.

Poniewaz brak MYO6 u samcoéw Sv/sv moze skutkowaé zaburzeniami
w przebiegu  procesu  endocytozy zwigzanego z  internalizacjg = potaczen
miedzykomorkowych poprzedzajaca spermiacje, okreslono takze dystrybucje nektyny 3
w komorkach kontrolnych oraz sv/sv (PUBLIKACJA 3). Biatko to tworzy
heterotypowe potaczenia na styku dojrzewajacych spermatyd i komorek Sertolego,
a nastepnie podlega endocytozie przy pomocy kompleksow cewkowo-butawkowatych
krotko przed spermiacja (Adams i Vogl, 2017). Przeprowadzona analiza
immunofluorescencyjna potwierdzita, ze w komorkach kontrolnych nektyna 3
wystepuje W niewielkich pecherzykowatych skupiskach przy dystalnych subdomenach
komplekséw cewkowo-butawkowatych. Natomiast w komoérkach sv/sv odnotowano
zaburzong lokalizacj¢ tego bialka, co wskazuje, ze brak MYO6 zaburza dystrybucje
wczesnych pecherzykow endocytarnych w kompleksach cewkowo-butawkowatych.

Podsumowujac, przeprowadzone badania wykazaty, ze MYO6 uczestniczy
w dystrybucji pecherzykéw endocytarnych w rejonie kompleksow cewkowo-
butawkowatych, kotwiczac je do filamentow aktynowych przy pomocy bialek
TOM1/L2 oraz GIPCLl. Zaburzenie lokalizacji nektyny 3 na styku dojrzewajacej
spermatydy i komorki Sertolego u samcow Sv/sv wskazuje na nieprawidtowy przebieg
endocytozy potaczen miedzykomorkowych poprzedzajacej spermiacje. Obserwowane
defekty w przestrzennej organizacji kompartymentu endocytarnego kompleksow
cewkowo-butawkowatych moga mie¢ wpltyw na segregacje i redystrybucje cargo
W obrebie bton komérkowych plemnikow, co moze ograniczac ich skutecznos$¢ podczas

fuzji gamet.

Samce myszy Snell’s waltzer majq obnizong ptodnosé

W toku prowadzonych badan wykazano, ze brak MYO6 skutkuje
wystepowaniem defektow strukturalnych podczas spermiogenezy u myszy, zar6wno
w przebiegu akrosomogenezy jak i endocytozy w strefie formowania kompleksow
cewkowo-butawkowatych  poprzedzajacej spermiacje. Poniewaz obserwowane
zaburzenia mogg mie¢ wpltyw na plodnos¢, wykonano seri¢ badan w kierunku oceny
cech morfologicznych gonad meskich oraz wybranych parametrow plemnikéw
u samcow Sv/sv. W pierwszej kolejnosci porownano $rednig mase jader samcow Sv/sv

W odniesieniu do jader samcoéw kontrolnych i wykazano, ze jest ona w niewielkim
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stopniu obnizona — 0 Okoto 11% (PUBLIKACJA 2). Co wigcej, analizy iloSciowe
wykazaty, ze liczebno$¢ dojrzatych plemnikéw izolowanych z najadrzy samcoéw Sv/sv
jest rowniez zanizona — 0 OKoto 14% w pordéwnaniu do myszy sv/+. Nastgpnie
wykonano analizy cytochemiczne dojrzatych plemnikow pochodzgcych od samcow
kontrolnych i sv/sv, ktére nie wykazaty znaczacych zaburzen strukturalnych. Wykonano
réwniez analiz¢ przebiegu spontanicznej oraz indukowanej reakcji akrosomalnej,
ktora okresla potencjalng zdolno$¢ plemnikéw do zaplodnienia. Réwniez w tym
przypadku nie wykazano statystycznie istotnych réznic pomiedzy plemnikami sv/sv
I kontrolnymi. Ostatecznie przeanalizowano $rednig liczb¢ potomstwa samcow
heterozygotycznych sv/+ i homozygotycznych sv/sv krzyzowanych z samicami
kontrolnymi sv/+ (PUBLIKACJA 3). Wyniki tej analizy dowodza, ze ptodnosé
samcOw SV/Sv jest istotnie statystycznie obnizona o 26% w poréwnaniu do samcoOw
kontrolnych. Wynik ten dowodzi, ze brak MYO6 w jadrach myszy wptywa negatywnie
na ich funkcje rozrodcze, pomimo braku ewidentnych defektéw w wybranych

parametrach plemnikéw samcow Sv/sv.

3.5 Podsumowanie i wnioski
Wyniki badan otrzymane podczas realizacji prezentowanej rozprawy doktorskiej
umozliwity sformutowanie nastepujacych wnioskow koncowych:

1. Dwie krotkie izoformy MYO6 (SI oraz Nol) ulegajg ekspresji w jadrach myszy.

2. MYO6 warunkuje strukturalng integralno$¢  aktyno-zaleznych, wysoce
wyspecjalizowanych struktur komoérkowych, kluczowych dla prawidtowego
przebiegu biogenezy akrosomu oraz endocytozy zwigzanej z internalizacja potaczen
na styku dojrzewajaca spermatyda-komorka Sertolego, poprzedzajacej spermiacje
u myszy.

3. W spermatydach myszy MYO6 oddziatujac z biatkiem TOMI1/L2 kotwiczy ziarno
akrosomalne w centrum akroplaksomu, utrzymujgc symetri¢ dojrzewajacego
akrosomu.

4. MYO6 oddziatujac z biatkami GIPCl1 i TOMI/L2 utrzymuje strukturalng
integralno$¢ subdomeny endocytarnej kompleksow cewkowo-butawkowatych
zaangazowanych w spermiacj¢ u myszy.

5. Plodnosé¢ mysich samcow pozbawionych ekspresji MYO6 jest obnizona.
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Podsumowujgc, wyniki prezentowanych badan wskazuja, ze u myszy (podobnie jak
u Drosophila), MYOQOG6 uczestniczy w procesie spermiogenezy, pehligc funkcje
strukturalng jako bialko kotwiczace okreslone cargo, w tym pecherzyki endocytarne,
do cytoszkieletu aktynowego. Nalezy jednak podkresli¢, ze brak ekspresji MYO6
w jadrach Drosophila skutkuje bezptodnoscig samcow, a w przypadku myszy obniza
jedynie ich zdolnosci reprodukcyjne. Na obecnym etapie badan nie mozna
jednoznacznie stwierdzi¢, ze obnizona ptodno$¢ samcow myszy Snell’s waltzer jest
bezposrednim skutkiem zaburzen strukturalnych obserwowanych podczas biogenezy
akrosomu i dojrzewania spermatyd tuz przed spermiacja. Réwniez inne miozyny,
takie jak Va i Vlla, sg istotne dla prawidlowego przebiegu procesu spermiogenezy
u ssakow. Jednak w przeciwienstwie do samcow Snell’s waltzer, Samce pozbawione
ekspresji miozyny VlIla charakteryzuja si¢ przedwczesnym uwalnianiem niedojrzatych
plemnikéw do $wiatla kanalikow nasiennych, ktéore wykazuja liczne zaburzenia
strukturalne. Wyniki te sugeruja, ze w proces spermiogenezy u ssakOw zaangazowane
sg raczej duze kompleksy biatkowe, w sktad ktorych wchodza prawdopodobnie rozne
biatka motoryczne, ktore oddziatujac z mikrofilamentami i innymi biatkami wigzacymi
aktyne oraz szeregiem biatek adaptorowych reguluja jego przebieg. MYO6 moze by¢
jednym z tych istotnych biatek.

Fundamentalne mechanizmy komoérkowe regulujace przebieg spermatogenezy
sg podobne u odlegtych ewolucyjnie gatunkow zwierzat (White-Cooper i Bausek, 2010).
Stad badania nad udziatem cytoszkieletu aktynowego i wspotdziatajacych z nim biatek
— w tym biatek motorycznych z nadrodziny miozyn — moze mie¢ szersze znaczenie
w kontekécie  poznania  nieopisanych  dotad  molekularnych ~ mechanizméw
warunkujgcych  efektywno$¢ procesu spermiogenezy oraz innych procesow
komorkowych. Badania nad mechanizmem dziatania MYO6 s3 szczegdlnie interesujace
ze wzgledu na unikalny charakter tego biatka, poniewaz jest to jedyna sposrod

poznanych dotad miozyn, ktora porusza si¢ w kierunku minus filamentu aktynowego.
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4. STRESZCZENIE

Miozyna VI (MYO6) to biatko motoryczne cytoszkieletu aktynowego
zaangazowane w wiele procesow komorkowych, takich jak transport pecherzykowy,
organizacja struktury aparatu Golgiego, czy regulacja dynamiki aktyny. MYQO6 jest
niezb¢dna dla efektywnego zakonczenia procesu spermatogenezy U Drosophila, a jej
brak skutkuje bezptodnoscig samcow. Pomimo ze myszy Snell’s waltzer pozbawione
ekspresji MYO6 wykazujg liczne defekty komorkowe 1 obnizong ptodnosé, do tej pory
nie przeprowadzono badan nad potencjalng rolg tego biatka w procesie powstawania
funkcjonalnych plemnikéw u ssakéw. Biorac to pod uwage oraz fakt, ze cytoszkielet
aktynowy odgrywa istotng rolg w spermiogenezie u zwierzat kregowych, postawitem
hipotezeg, ze MY O6 jest zaangazowana w ten proces rozZW0jowy U myszy.

Przeprowadzone analizy  immunofluorescencyjne,  biochemiczne oraz
ultrastrukturalne z wykorzystaniem immunoztotowej techniki lokalizacji antygenu
wykazaty, ze MYOG6 jest obecna w wysoce wyspecjalizowanych, aktyno-zaleznych
strukturach zwigzanych z biogeneza akrosomu oraz pdzng fazg dojrzewania spermatyd
u myszy. MYO6 wraz z biatkami adaptorowymi TOMI1/L2 1 GIPC1 wystepuje
w aparacie Golgiego, akroplaksomie kotwiczacym akrosomu do jadra spermatydy oraz
w endocytarnej subdomenie apikalnych kompleksow cewkowo-butawkowatych, ktére
biorg udziat w internalizacji potaczen migdzykomorkowych na styku dojrzewajacej
spermatydy i komorki Sertolego, poprzedzajacej spermiacje. Brak MYO6 u samcow
Snell’s waltzer skutkuje dezintegracjg struktury aparatu Golgiego, uposledzeniem
transportu  pecherzykow  proakrosomalnych, asymetria akrosomu zwigzang
z nieprawidtowym kotwiczeniem ziarna akrosomalnego oraz defektami w przestrzenne;j
organizacji kompartymentu endocytarnego kompleksow cewkowo-butawkowatych.

Podsumowujac, otrzymane wyniki po raz pierwszy wskazuja, ze MYO6 pelni
funkcje¢ strukturalng podczas biogenezy akrosomu oraz podznej fazy dojrzewania
spermatyd u myszy, kotwiczac okreslone cargo do aktyno-zaleznych, wysoce
wyspecjalizowanych struktur komoérkowych. Defekty strukturalne obserwowane
podczas spermiogenezy u myszy Snell’s waltzer moga mie¢ wplyw na efektywnos$¢
produkcji plemnikow, ktéra jest obnizona u samcéw pozbawionych MYO6. Nalezy
jednak podkresli¢, ze w przeciwienstwie do Drosophila, MYO6 nie pelni tak krytycznej
roli w procesie spermiogenezy u myszy i potrzebne sa dalsze badania w celu okreslenia
mechanizmu dzialania tego unikalnego biatka motorycznego w procesie powstawania

plemnikéw u ssakow.
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5. STRESZCZENIE W JEZYKU ANGIELSKIM (ABSTRACT)

Myosin VI (MYOG6) is an actin-based motor protein that has been implicated in
a variety of different cellular processes, including vesicle trafficking, Golgi morphology,
and actin structure regulation. MYOG is crucial for actin/membrane remodeling during
the final step of Drosophila spermatogenesis, and MY O6-deficient males are sterile.
Although the loss of MYOG6 in Snell’s waltzer knock-out mice causes several defects
and shows reduced fecundity, no studies have been published to address the role of
MYO6 in sperm development in mammals. Given that and because of the prominence
and importance of actin structures in mammalian spermiogenesis, | hypothesized that
MYO6 is involved in this developmental process in mice.

Immunofluorescence, biochemical, and ultrastructural analyses using
immunogold labeling showed that MYQO6 is strongly linked with key structures
involved in sperm development and maturation. MYOG6 together with its binding
partners TOM1/L2 and GIPCL1 is associated with the Golgi complex, the acroplaxome,
an actin-rich structure that anchors the developing acrosome to the spermatids’ nucleus,
and the endosomal sub-compartment of the apical tubulobulbar complexes, highly
specialized actin-based structures that mediate endocytosis of the intercellular junctions
at the Sertoli cell-spermatid interface, an essential process of sperm release. Depletion
of MYOG6 in Snell’s waltzer mice causes structural disruptions of the Golgi complex,
affects the acrosomal granule positioning within the developing acrosome, and leads to
disorganization of the spatial integrity of the endocytic compartment at tubulobulbar
complexes.

Taken together, my research demonstrate for the first time that MYOG6 plays an
anchoring role during the acrosome biogenesis and the final step of spermatid
maturation in mouse, mainly by tethering of different cargo/membranes to highly
specialized actin-related structures. The defects observed in Snell’s waltzer spermatids
may affect the sperm release and impair their fertilizing capacity, therefore causing the
observed drop in fertility of the male mice. It must be noted, however, that in contrast to
Drosophila in which the lack of MYOG6 expression leads to male infertility, in MY O6-
deficient mice, the phenotype is less pronounced. Although MYQO6 does not play an
essential role in mammalian spermatogenesis, its function and mechanism of action
during spermiogenesis are crucial to understand a molecular role of MYOG6 in highly

specialized tissues and cell types as found in the testes.

30



6. PUBLIKACJE WCHODZACE W SKELAD ROZPRAWY DOKTORSKIEJ

31



PUBLIKACJA 1

32



Histochem Cell Biol (2017) 148:445-462
DOI 10.1007/s00418-017-1579-z

@ CrossMark

ORIGINAL PAPER

Expression and localization of myosin VI in developing mouse

spermatids

Przemystaw Zakrzewski'
Kathryn G. Miller* - Marta Lenartowska'

Accepted: 4 May 2017 / Published online: 12 May 2017
© The Author(s) 2017. This article is an open access publication

Abstract Myosin VI (MVI) is a versatile actin-based
motor protein that has been implicated in a variety of dif-
ferent cellular processes, including endo- and exocytic
vesicle trafficking, Golgi morphology, and actin structure
stabilization. A role for MVI in crucial actin-based pro-
cesses involved in sperm maturation was demonstrated in
Drosophila. Because of the prominence and importance of
actin structures in mammalian spermiogenesis, we inves-
tigated whether MVI was associated with actin-mediated
maturation events in mammals. Both immunofluorescence
and ultrastructural analyses using immunogold labeling
showed that MVI was strongly linked with key structures
involved in sperm development and maturation. During the
early stage of spermiogenesis, MVI is associated with the
Golgi and with coated and uncoated vesicles, which fuse to
form the acrosome. Later, as the acrosome spreads to form
a cap covering the sperm nucleus, MVI is localized to the
acroplaxome, an actin-rich structure that anchors the acro-
some to the nucleus. Finally, during the elongation/matura-
tion phase, MVI is associated with the actin-rich structures
involved in nuclear shaping: the acroplaxome, manchette,
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and Sertoli cell actin hoops. Since this is the first report of
MVI expression and localization during mouse spermio-
genesis and M VI partners in developing sperm have not yet
been identified, we discuss some probable roles for MVI
in this process. During early stages, MVI is hypothesized
to play a role in Golgi morphology and function as well
as in actin dynamics regulation important for attachment
of developing acrosome to the nuclear envelope. Next,
the protein might also play anchoring roles to help gener-
ate forces needed for spermatid head elongation. Moreo-
ver, association of MVI with actin that accumulates in
the Sertoli cell ectoplasmic specialization and other actin
structures in surrounding cells suggests additional MVI
functions in spermatid movement across the seminiferous
epithelium and in sperm release.

Keywords Actin - Immunocytochemistry - Myosin VI
splice variants - Spermiogenesis - Ultrastructure

Abbreviations

ABP/s Actin-binding/regulating protein(s)

AF/s Actin filament(s)

F-actin Filamentous actin

JLA20 MAb Monoclonal antibody against actin

LI Large insert in M VI tail region

MVa Myosin Va

MVI Myosin VI

MVI PAb Polyclonal antibody against MVI

Nol MVI Isoform with no inserts in the tail domain

SI Small insert in M VI tail region
sv/sv mice Snell’s waltzer mutants that lack MVI
TGN trans-Golgi network
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Introduction

Spermiogenesis is a complex developmental process that
entails extensive morphological and biochemical alterna-
tions resulting in formation of fully differentiated male
gametes—spermatozoa. Two key events of spermiogenesis
are acrosome biogenesis and nuclear shaping, accompanied
by sperm tail formation. This process in mammals is typi-
cally divided into three main phases, during which round
spermatids transform into elongated mature sperm (Fig. 1):
the Golgi, acrosome cap/elongation, and maturation phases
(see review by Toshimori 2009). During the Golgi stage,
Golgi-derived proacrosomal vesicles form the acrosome
adjacent to the anterior pole of the spermatid nucleus. These
granules tether, dock, and fuse along the acroplaxome, a
cytoskeletal plate stabilized by the keratin 5/Sak57-con-
taining marginal ring that anchors the developing acrosome

Golgi phase

Fig.1 Schematic representation of the main stages of spermiogen-
esis in mouse: the Golgi, acrosomal, and maturation phases. ag acro-
somal granule, am acrosome membrane, av acrosome vesicle, ax
acroplaxome, ¢ centriole, cy cytoplasm, dp dense plaque, es apical
ectoplasmic specialization, g Golgi apparatus, iam inner acrosomal
membrane, if intermediate filaments, m mitochondria, mp midpiece, n
spermatid nucleus, nm nuclear envelope, oam outer acrosomal mem-
brane, pp principal piece
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to the nuclear envelope (Kierszenbaum et al. 2003b, 2011
and see review by Kierszenbaum and Tres 2004). The pair
of centrioles migrates distally and initiates formation of
the flagellum. A cloud-like structure, called the chromatoid
body, establishes contact with intranuclear material through
the pore complexes at the caudal pole of the spermatid
nucleus. Next, the giant acrosomal vesicle spreads over the
spermatid nucleus to form a distinct cap, while the Golgi
complex migrates toward the posterior pole of the sperm
nucleus. Soon after acrosome biogenesis starts, a transient
cytoskeletal structure—the manchette—develops caudally
to the acrosome—acroplaxome around the nucleus and the
spermatid initiates elongation, starting the acrosome/elon-
gation subphase. Golgi-derived non-acrosomal vesicles
are mobilized and transported along the manchette to the
centrosome region and developing flagellum (see reviews
by Kierszenbaum 2002; Kierszenbaum and Tres 2004). As
the elongation progresses, the acrosome contents gradually
condense, the cap continues to cover the spermatid nucleus,
and distal centriole produces an axoneme. During the last
step of spermiogenesis, the spermatid nucleus is remodeled
by chromatin condensation, the manchette disappears upon
completion of the sperm head elongation, and mitochondria
are packed into the midpiece of elongating tail (see review
by Toshimori 2009). Immediately prior to spermiation,
excess cytoplasm is eliminated from the future sperm as the
residual body, which is phagocytosed by the surrounding
Sertoli cell.

The actin cytoskeleton, including a number of actin-
binding/regulating proteins (ABPs), has been implicated
in various aspects of mammalian spermiogenesis. First,
filamentous actin (F-actin) has been identified as a cen-
tral component of several unique cytoskeletal structures
assembled during spermatid differentiation including the
acrosome—acroplaxome complex, the manchette, and the
apical ectoplasmic specialization of the Sertoli cell adja-
cent to developing spermatid (Kierszenbaum et al. 2003b
and see reviews by Kierszenbaum et al. 2011; Sun et al.
2011; Qian et al. 2014). Second, two different molecular
motor systems operate to mobilize vesicle cargos required
for acrosome biogenesis and tail development. Besides
microtubules (see reviews by Berruti and Paiardi 2011;
Lehti and Sironen 2016), an actin-related pathway using
the MVa/Rab27a/b complex is involved in Golgi-derived
vesicle transport along the acroplaxome and the manchette
(Kierszenbaum et al. 2003a, 2004; Hayasaka et al. 2008).
In addition, MVa-decorated vesicles surround a portion of
the chromatoid body, suggesting a possible role of actin fil-
aments in the disposal of nuclear material generated during
spermiogenesis (Kierszebaum et al. 2003a and see review
by Kierszenbaum and Tres 2004). Third, the acrosome—
acroplaxome—manchette complex contains ABPs such as
cortactin and profilin-3, which are thought to modulate
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actin dynamics during acrosomogenesis and head shaping
(Obermann et al. 2005; Kierszenbaum et al. 2008; Behnen
et al. 2009). Finally, the apical ectoplasmic specialization
associated with the tubulobulbar complexes at the concave
side of the elongating spermatid head contains actin fila-
ments. These actin structures form a stack of hoops stabi-
lized by espin and adhesion protein complexes (Kierszen-
baum et al. 2003b and see reviews by Kierszenbaum and
Tres 2004; Kierszenbaum et al. 2007; Xiao and Yang 2007).
Spatiotemporal expression of testis-specific actin assembly/
disassembly regulators modulates adhesion of spermatids
to the Sertoli cells during their movement across the semi-
niferous epithelium, and then allows the release of mature
sperm at spermiation. Although F-actin structures seem to
play important roles during the key events of spermiogene-
sis in mammals, the molecular basis of their regulation and
roles in the processes is still poorly understood.

During Drosophila spermatogenesis, some processes
similar to those described for mammalian spermatogenesis
occur, and the actin cytoskeleton plays several important
roles. Stable actin structures, called actin cones, mediate
spermatid individualization during the final step of Dros-
ophila spermiogenesis when 64 syncytial spermatids are
reorganized into individual mature sperms (Noguchi and
Miller 2003; Noguchi et al. 2006). As these cones move
along the axonemes from the spermatid nuclei to the end
of the tails, cytoplasm is removed from maturing sperma-
tids and the cyst membrane is remodeled into individual
sperm membranes. Actin cones are composed of two struc-
tural domains, a front meshwork that excludes the cyto-
plasmic contents and a tail of parallel bundles driving the
cone movement (Noguchi et al. 2006, 2008). We have pre-
viously found that localization of M VI to the cones’ fronts
is required for their proper formation and function during
spermatid individualization (Noguchi et al. 2006; Isaji et al.
2011; Lenartowska et al. 2012). In MVI mutants, actin
cone organization is disrupted, leading to cessation of the
individualization process and male infertility. In addition,
when MVI is absent or mislocalized, distribution of other
ABPs is abnormal. Some components usually localized to
the front of cones are spread throughout the cones, suggest-
ing that MVI might function by anchoring specific cargos
in the front meshwork (Rogat and Miller 2002; Noguchi
et al. 2008; Isaji et al. 2011).

MVl is the only known pointed-end-directed actin-based
motor (see review by Buss and Kendrick-Jones 2008). Sim-
ilar to other myosins, MVI has an N-terminal motor domain
(containing an ATP-binding pocket and actin-binding inter-
face), a neck or “lever arm” region (binding two calmo-
dulin or calmodulin-like light chains), and a tail with the
C-terminal cargo-binding domain. M VI also contains a two
unique inserts in the head/neck region, including a 22-aa
Insert2, responsible for minus end-directed movement

along actin. Moreover, four alternative MVI splice variants
have been identified in mammals, containing a large insert,
a small insert, both inserts, or no insert within the C-ter-
minal tail. These isoforms are differentially expressed in
different tissues/cell types and are associated with specific
subcellular compartments and functions. MVI has been
implicated in several processes through functional studies
in flies, worms, and mammals, including clathrin-mediated
endocytosis, Golgi organization and secretion, basolateral
targeting and sorting, cell adhesion and epithelial integrity,
cell migration, actin dynamics, cytokinesis, transcription
(see review by Buss and Kendrick-Jones 2008), and myo-
genesis (Karolczak et al. 2013, 2015). In these seemingly
different cellular processes, MVI may function as a cargo
transporter or as a protein anchor involved in actin organi-
zation/dynamics in specialized cells.

Mutation in the MVI gene in Snell’s waltzer mice (sv/sv
mutants) leads to deafness as a result of neurosensory epi-
thelia degeneration in the inner ear (Avraham et al. 1995;
Self et al. 1999). These mice display also several other
defects in different cell types such as aberrations in Golgi
morphology, reduced secretion, defective endocytosis, and
impaired morphology of brush border enterocytes and hip-
pocampal neurons. In addition, profound fibrosis and both
cardiac and pulmonary vascular endothelial defects were
also observed (Hegan et al. 2012, 2015 and references
therein). Although sv/sv males exhibit somewhat reduced
fertility (Avraham et al. 1995 and our unpublished obser-
vations), no studies have been published that address the
possible role of MVI in mouse spermatogenesis. However,
given that: (1) dynamic actin structures modulated by spe-
cific ABPs determine the success of spermiogenesis in both
invertebrate and mammals, and (2) MVI is a key element
of these functional actin-related protein complexes during
spermatid maturation in Drosophila, we hypothesized that
MVI may be involved in mammalian spermatid maturation.
To test this hypothesis, we examined the MVI expression
and localization using immunocytochemical approaches
complemented with ultrastructural analysis of mouse tes-
tes. To the best of our knowledge, this is the first detailed
study of MVI during spermatid development in mammals.

Materials and methods
Animals

Wild-type adult male mice were used in the study. All
animal work, until the mouse tissues were harvested, was
performed at the Nencki Institute of Experimental Biology
(Warsaw, Poland). Animal housing and killing procedures
were performed in compliance with the European Commu-
nities Council directives adopted by the Polish Parliament
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(Act of 15 January 2015 on the use of animals in scientific
investigations). All conducted experiments were repeated a
minimum of three times with similar results.

MVI splice variant analysis by RT-PCR

To determine the MVI isoform(s) expressed in mouse tes-
tes, organs were dissected from adult males and total RNA
was extracted with TRI Reagent® (Sigma-Aldrich) accord-
ing to the manufacturer’s protocol. First-strand cDNA
synthesis was performed with 1 pg of total RNA, dART
reverse transcriptase, and an oligo(dT),, primer following
the manufacturer’s instruction (EURXx). Nested PCR was
done to identify the splicing isoforms of the mouse MVI.
A 2 pl of first-strand cDNA was used as template for PCR
amplification with OptiTaq DNA polymerase and outer
gene-specific primers (forward 5-GATGAGGCACAG
GGTGAC-3' and reverse 5-TTGTTCTGAGGGTCTTTG
TA-3’). A 2-pl aliquot of the first PCR mixture served as
the template in a second PCR using the inner gene-specific
primers (forward 5’-ATGAGGCACAGGGTGACAT-3’ and
reverse 5-TTCTGAGGGTCTTTGTACTGGT-3’). PCR
cycles were as follows: 95 °C for 2 min followed by 35
cycles of 95 °C for 30 s, 57 °C for 30 s, 72 °C for 30 s,
followed by a final extension step of 72 °C for 10 min. The
PCR products were visually inspected on a 2% agarose gel
in TBE buffer.

Immunoblotting

To verify the specificity of the commercial primary anti-
bodies in mouse used during the subsequent immunolocali-
zation studies, testes, liver, kidneys, heart, lungs, and brain
dissected from the male adult mice were homogenized
in liquid nitrogen, and soluble proteins were extracted in
100 mM Tris—HCI (pH 7.5), 5 mM EDTA, 5 mM EGTA,
10% sucrose, and Complete Protease Inhibitor Cocktail
(Roche) according to the manufacturer’s protocol. The
homogenates were centrifuged at 16,000g for 30 min at
4°C and concentrations of the supernatants were meas-
ured with the Bio-Rad DC Protein Assay according to the
manufacturer’s instructions. Equal amounts of proteins
were separated by electrophoresis on a 7.5% SDS-PAGE
gels and then the proteins were semi-dry transferred to
Amersham PVDF Hybond-P membrane (GE Healthcare).
Blocked blots were probed with a rabbit polyclonal anti-
body against MVI at 1:50 dilution (MVI PAb, Proteus) or a
mouse monoclonal anti-actin antibody (JLA20 MAb, Cal-
biochem) at 1:5000 dilution, washed, and probed with the
corresponding anti-rabbit IgG or anti-mouse IgG/IgM sec-
ondary antibodies, conjugated with horseradish peroxidase
(HRP, Sigma-Aldrich and Merck, respectively). Signals
were detected with the Amersham ECL Advance Western
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Blotting Detection Kit according to the manufacturer’s
guidelines (GE Healthcare).

Immunofluorescence studies

Dissected testes were fixed with 4% (v/v) formaldehyde
and 0.25% (v/v) glutaraldehyde in 0.1 M phosphate-buff-
ered saline (PBS, pH 7.4) for 2 h at room temperature
(slight vacuum infiltration). Pre-fixed testes were then cut
into small pieces and further fixation was proceeded over-
night at 4 °C. Fixed samples were washed with PBS, dehy-
drated in a graded series of increasing ethanol concentra-
tions, and embedded in LR Gold resin (Sigma-Aldrich)
according to the standard protocol. Samples were then
sectioned with a diamond knife into semithin sections
(cross sections of seminiferous tubules) and transferred
onto microscope slides covered with Biobond (BB Interna-
tional). For preliminary analysis, sections were stained with
0.1% toluidine blue according to the standard protocol and
observed under the light microscope. For immunolocaliza-
tion (single labeling technique), sections were blocked with
1% (MVI localization) or 3% (actin localization) bovine
serum albumin (BSA, Sigma-Aldrich) for 2 h and then
incubated with the primary MVI PAb or the JLA20 MAb
overnight at 4 °C, at dilutions 1:50 or 1:500, respectively.
Signals were detected using the corresponding anti-rabbit
IgG Cy3® (Sigma-Aldrich) or anti-mouse IgG/IgM Alexa
Fluor 488° secondary antibodies (ThermoFisher). In the
final step, DNA was stained with 2 pg/ml 4/,6-diamidino-
2-phenylindole (DAPI, Fluka). Specimens were covered
with MobiGLOW mounting medium (MoBiTec) to prolong
the fluorescence. Negative controls were processed in the
same way except that no primary antibodies were added.
Images were acquired using an Olympus BX50 fluores-
cence microscope, Olympus Xc50 digital color camera, and
cellB software (Olympus Soft Imaging Solutions gmbH).

Immunogold electron microscopy

For detailed ultrastructural analysis, dissected testes were
fixed in 2% (v/v) glutaraldehyde in 0.1 M PBS (pH 7.4)
for 2 h at room temperature (slight vacuum infiltration).
Pre-fixed testes were then cut into small pieces and further
fixation was proceeded overnight at 4 °C. Next, the sam-
ples were post-fixed with 1% (v/v) osmium tetroxide (Pol-
ysciences) in PBS for 2 h at 4 °C, dehydrated in ethanol,
and embedded in Spurr resin (Sigma-Aldrich) according
to the standard protocol. Ultrathin sections (cross sections
of seminiferous tubules) were collected on copper grids,
post-stained with 5% uranyl acetate and 0.4% lead citrate
solutions, and examined on a Joel EM 1010 transmission
electron microscope.
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For post-embedding immunogold MVTI localization in
developing spermatids, samples were prepared according
to the same protocol as for previous immunolocalization.
Ultrathin cross sections of seminiferous tubules were cut,
collected on nickel grids, and incubated with blocking solu-
tion containing 1% BSA in 0.1 M PBS (pH 7.4) for 5 min
at room temperature. Next, sections were incubated in
1:100 dilution of the MVI PAb in PBS supplemented with
0.1% BSA for 1.5 h, followed by incubation with a gold-
conjugated anti-rabbit IgG 15-nm secondary antibody (BB
International) at dilution 1:100 in PBS with 0.1% BSA for
45 min. Both incubations were proceeded at room tem-
perature. In the negative control, the primary antibody was
omitted. Finally, the sections were post-stained with 2.5%
uranyl acetate and 0.4% lead citrate solutions and exam-
ined by transmission electron microscopy as above.

Results
MVI expression in mouse testis

Four MVI posttranscriptional splice variants (Fig. 2a) can
be expressed in mammals due to the presence of two inserts
[long (LI) and short (SI)] in the C-terminal globular tail:
MVI with LI only, with SI only, with both long and short
(LI + SI) or with no insert (Nol). Given that these isoforms
are differentially expressed in various tissues/cell types
where they have diverse localization and function, we first
examined which of the MVI splice variants were expressed
in mouse testes. To establish this, RT-PCR was performed.
Bands corresponding to ST and Nol M VI tail isoforms were
detected. Thus, these two isoforms are the primary iso-
forms expressed in mouse testis (Fig. 2a, last lane).

We next performed immunofluorescence studies of MVI
and actin distributions during mouse spermatogenesis.
Because we used commercial primary antibodies, west-
ern blot analysis was performed to confirm the specificity
of MVI PAb and JLA20 MAb in mouse testes (Fig. 2b, c).
Our western blots showed that both antibodies recognized
the appropriately sized target proteins in different mouse
tissues, including testes (Fig. 2b, c, lane 1).

Immunofluorescence localizations of MVI (Figs. 3, 4,
red) and actin (Figs. 3, 4, green) were performed to exam-
ine distributions of these proteins in the seminiferous epi-
thelium. As shown in the toluidine-stained semithin cross
sections, seminiferous tubules contain differentiating
generative line cells including spermatogonia, spermato-
cytes, and spermatids, associated with somatic Sertoli cells
(Fig. 3a—g). Successive developmental phases were vis-
ible, including the Golgi phase (Fig. 3b), the acrosome/cap
phase (Fig. 3c), the acrosome/elongation phase (Fig. 3d),
and finally the maturation phase (Fig. 3e, f). MVI was
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Fig. 2 Verification of MVI splice variants expressed in mouse testes
and specificity of used commercial antibodies in these organs. a RT-
PCR products obtained with primers designed to produce MVI frag-
ments containing either a large insert (LI), a small insert (SI), both
inserts (LI 4 SI) or no insert (Nol) from control plasmids (first four
lanes) and mouse testis (last lane). b, ¢ Immunoblotting of crude
protein extracts from different mouse tissues with MVI PAb (b) and
anti-actin JL20 MAD antibodies (c). Lane I testis, 2 liver, 3 kidney, 4
heart, 5 lung, 6 brain

preferentially localized to the acrosomes that spread over
the spermatid nuclei at the acrosome stage (Fig. 3h, dou-
ble arrows) and to the elongated spermatid heads (Fig. 3h,
arrows). In the developing spermatid acrosomes during the
acrosomal and maturation phases, MVI and actin are both
present (compare Fig. 3h, i, double arrows and arrows),
suggesting that MVI is associated with actin-based pro-
cesses involved in sperm development and maturation.
Actin staining was also found within the cytoplasm of the
seminiferous epithelium cells (Fig. 3i) and accumulated in
the basal ectoplasmic specializations (Fig. 31, stars) and the
basement membrane of the testis (Fig. 3i, dotted line). No
labeling was observed when the primary antibodies were
omitted (data not shown).

Because the most intensive MVI PAb and JLA20 MAb
immunoreactivities were observed in developing sperma-
tids during the transformation into mature spermatozoa,
further detailed analysis of MVI and actin distributions was
performed during this prolonged cell differentiation stage.
Observations focused on the Golgi phase, the acrosome
cap/elongation phase, and the maturation phase (Fig. 4).
During the early stage of the acrosome biogenesis, the
strongest immunofluorescence signals for MVI and actin
were associated with the nascent acrosome vesicle (Fig. 4a,
b, arrows). However, localization patterns of these two
proteins in developing acrosome were somewhat differ-
ent. While MVI was found in the acrosomal sac with the
exception of the hydrolytic enzyme-rich interior (Fig. 4a’,
arrowheads), actin staining was strictly limited to the acro-
some—acroplaxome complex linking developing acrosome
with the spermatid nucleus (Fig. 4b’, arrowhead). Both pro-
teins were also localized in some regular spots detectable
within the cytoplasm of round spermatids and adjacent to
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Fig. 3 Toluidine blue staining
(a—g) and immunofluorescence
labeling of MVI (h) and actin
(i) of mouse seminiferous
tubules during spermatogenis.
aSpT spermatid at the acrosome
phase, BV blood vessel, gSpT
spermatid at the Golgi phase,
Lc Leydig cell, mSpT sperma-
tid at the maturation phase, Sc
Sertoli cell, SE seminiferous
epithelium, SpC spermatocyte,
SpG spermatogonium, SpZ
spermatozoa, STL seminifer-
ous tubule lumen. Arrows or
double arrows show MVI (red)
and actin (green) staining in
spermatids at maturation or
acrosome phase, respectively;
stars in i show actin localization
in basal ectoplasmic specializa-
tion; dashed lines basement
membrane. Nuclei are stained
with DAPI (blue). Bars 50 pm
(), 20 pm (g-i), 5 pm (b-f)
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Fig. 4 Immunofluorescence
localization of MVI (red) and
actin (green) in mouse develop-
ing spermatids during the Golgi
phase (gSpT), the acrosomal
phase (aSpT), and the matura-
tion phase (mSpT) as well as in
spermatozoa (SpZ). All other
indications are explained in the
text (see “Results”). Nuclei are
stained with DAPI (blue) or
outlined with dashed line. Bars
5 pm
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the spermatid nuclei (Fig. 4a’, b’, stars). These MVI/actin-
enriched spots may correspond with the chromatoid bodies.
When the giant acrosome vesicle spread over the nucleus,
MVI and actin were associated with the acrosome (Fig. 4c,
d, arrows). However, the actin labeling was distinctly
stronger in the acrosome—acroplaxome complex and at the
top of the acrosome vesicle (compare Fig. 4c/, d’, arrow-
heads, and double arrowhead). Similar patterns of MVI
and actin distributions were observed during the acrosome/
elongation and early/late maturation phases (Fig. 4e-h).
When the spermatid nuclei started elongation, MVI was
detectable mainly at the tip region of the acrosome (Fig. 4e,
e’, arrows) while actin was clearly visible along the acro-
some—acroplaxome complex (Fig. 4f,f* arrows), including
the top of the acrosome vesicle (Fig. 4f’, arrowhead) and
the acroplaxome marginal ring region (Figs. 4f, arrow-
head). As spermatid elongation progressed, both proteins
were distributed along the acrosome—acroplaxome complex
(Fig. 4e-h), including the post-acrosomal region (Fig. 4e,
arrowhead, and g-h). In addition, actin staining was
detected inside the nuclei during spermatid elongation and
maturation (Fig. 4f, ', h, h’). Finally, just before spermia-
tion, MVI and actin were accumulated around the elon-
gated sperm heads (Fig. 4i, j), particularly in the regions
adjacent to the apical ectoplasmic specializations (Fig. 4i/,
j', stars). MVI was also detected inside the sperm nuclei
(Fig. 4i’) and in the midpiece of the sperm tail (Fig. 4i,
arrowheads) along with actin (Fig. 4j, sperm nuclei and
mid piece pointed by arrowheads).

Ultrastructural analysis of MVI localization in mouse
spermatids

We next sought to determine distribution of MVI in devel-
oping spermatids at ultrastructural level using immuno-
electron microscopy with the MVI PAb and a gold-
conjugated secondary antibody. Since the fixation for
immunocytochemistry usually does not preserve some
organelles and cell structures/membranes well enough
for ultrastructural localization, our immunogold experi-
ments were completed using conventionally fixed ultrathin
sections. With this combined strategy, we were able to
distinguish MVI localization in defined sub-domains
of cell compartments (such as the trans-Golgi network,
TGN) or highly specialized cell structures (such as the
acroplaxome).

Golgi phase
During the Golgi phase, the giant acrosomal vesicle,
which contains electron-dense acrosomal granule mate-

rial, is formed by numerous Golgi-derived vesicles
(Fig. 5a—d), including both uncoated (Fig. 5b—d, arrows)
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and clathrin-coated (5b, c, double arrows) vesicles. These
vesicles dock and fuse along the actin-containing plaque
acroplaxome that links developing acrosome to the sper-
matid nuclear envelope (Fig. 5b—d, stars). As shown in
Fig. 5e—g, gold particles representing MVI location were
observed in the Golgi region adjacent to the acrosome-
nuclear pole of round spermatids, including the TGN
enriched with proacrosomal vesicles (Fig. Se—g, circles).
Immunogold labeling showed MVI localization along the
outer acrosome membrane (Fig. Se—g, arrows) and in the
inner acrosome membrane—acroplaxome interface (Fig. Se,
g, stars), including developing acrosome—acroplaxome
leading edges (Fig. 5f, h, stars). Some gold traces were also
found on the surface of the acrosomal granule (Fig. Se, g,
arrowheads) and occasionally within the acrosome vesicle
space (Fig. 5f, white arrow). We also detected M VI associ-
ated with clathrin-coated vesicles near the acrosomal outer
membrane (Fig. 5Sh, double arrow). During the Golgi phase,
the electron-dense granulo-filamentous chromatoid body
was clearly visible in the spermatid cytoplasm (Fig. 51). As
acrosome biogenesis progressed and Golgi-derived vesi-
cles continued to fuse with developing acrosome (Fig. 5j,
arrows), the chromatoid body migrated to the caudal cyto-
plasmic region of the round spermatid and established
contact with the nuclear envelope (Fig. 5k, square brack-
ets). At this stage, MVI was still apparent in the sperma-
tid cytoplasm around the acrosome (Fig. 51, circles) and in
the acroplaxome (Fig. 51, star). However, some gold traces
were also detected inside the acrosome vesicle; they were
localized near the acrosome membrane (Fig. 51, arrows)
or on the periphery of the acrosomal granule (Fig. 5I,
arrowheads). In addition, a strong MVI immunoreactiv-
ity was associated with electron-dense fibrillar material of
the chromatoid body near the spermatid nucleus, as well
as adjacent to the spermatid nucleus (Fig. 5Sm, n, respec-
tively). Numerous gold traces were also found within the
chromatin (Fig. Sn, arrows), while only few were localized
in the posterior region of the spermatid cytoplasm (Fig. Sm,
arrows).

Acrosome cap/elongation phase

During the acrosome phase, the acrosome vesicle spreads
over the spermatid nucleus to form a distinct cap and the
spermatid initiates its elongation (Fig. 6). At the early cap
subphase, the outer acrosomal membrane was strongly
pleated, demonstrating that Golgi-derived vesicles still
undergo fusion during this period (Fig. 6a, b, arrows). We
could also discern the inner acrosomal membrane-associ-
ated plaque at the leading edge of the acrosome—acroplax-
ome complex (Fig. 6a, c, boxed regions). As before, MVI
was present in the TGN (Fig. 6d, circles), enriched with
the clathrin-coated vesicles that undergo fusion with the
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Fig. 5 Ultrastructural analysis (a—d, i-k) and immunogold localiza-
tion (e-h, I-n) of MVI in developing mouse spermatids during the
Golgi phase. ag acrosomal granule, av acrosome vesicle, cb chro-
matoid body, cy cytoplasm, g Golgi complex, gSpT spermatid at the
Golgi phase, m mitochondria, n nucleus. Square brackets in k show

the contact region between the nucleus and the chromatoid body.
Dotted lines mark a boundary between the spermatid cytoplasm, the
acrosomal vesicle and the nucleus (h) or between the spermatid cyto-
plasm and the nucleus (n). All other indications are explained in the
text (see “Results”). Bars 1 wm (a, i), 500 nm (b-g, i-n), 250 nm (h)
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Fig. 6 Ultrastructural analysis (a—c, g—i) and immunogold localiza-
tion (d—f, j-m) of MVI in developing mouse spermatids during the
acrosome phase. apx acroplaxome, aSpT spermatid at the acrosome
phase, av acrosome vesicle, cy cytoplasm, er endoplasmic reticulum,
g Golgi complex, iam inner acrosome membrane, m mitochondria, n

acrosome vesicle (Fig. 6d, arrows). MVI was also localized
in the outer acrosomal membrane (Fig. 6d, e arrowheads).
In the acroplaxome marginal ring zone, gold traces were
found in the interspace between the outer and inner acroso-
mal membranes (Fig. 6e, f arrows) and in the acroplaxome
(Fig. 6e, f stars).

As the acrosome phase progressed, distinct struc-
tural elements of the spermatid anterior pole were
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nucleus, oam outer acrosome membrane, Sc Sertoli cell, Scm Sertoli
cell membrane, SpTm spermatid membrane. Boxed regions in a and ¢
include the acrosome—acroplaxome marginal ring regions. All other
indications are explained in the text (see “Results”). Bars 1 pum (a),
500 nm (b, d, j-1), 250 nm (g-i, m), 200 nm (c, e, f)

distinguishable (Fig. 6g), such as the spermatid mem-
brane, the acrosome cap, the acrosome outer and inner
membranes, and the acroplaxome (Fig. 6g, arrow). At
higher magnification, we could also discern the acro-
somal electron-dense plaque in the acroplaxome mar-
ginal ring (Fig. 6h, i, arrows). The Sertoli cell membrane
(Fig. 6g) together with adjacent ectoplasmic F-actin bun-
dles (Fig. 6g, i, asterisks) and the endoplasmic reticulum
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cisternae (Fig. 6i, er ) were also clearly visible along the
spreading acrosome. During this subphase, a pattern simi-
lar to the previously described MVI localization was
observed, with immunogold staining present in the outer/
inner acrosome membranes (Fig. 6j—m, black arrows) and
in the acroplaxome (Fig. 6j—m, white arrows), including its
marginal ring (Fig. 6k, double arrow). We also found MVI
in the F-actin-containing apical ectoplasmic specializa-
tions (Fig. 6j, k arrowheads) and the Sertoli cell cytoplasm
(Fig. 6j, circles). Interestingly, association of MVI with
actin filaments in the apical ectoplasmic specializations
was not always apparent (compare Fig. 6j, k). This associa-
tion became more intense as the spermatid matured (see the
next results). Gold traces were still present within the sper-
matid chromatin (Fig. 6k, m, circles).

Maturation phase

During the maturation phase, nuclear shaping based on
cooperative exogenous and endogenous clutching forces
of the Sertoli cell apical ectoplasmic specializations and
the acrosome—acroplaxome—manchette complex coincides
with spermatid chromatin condensation, sperm tail forma-
tion, and residual cytoplasm removal from the future sperm
(Fig. 7a). The apical pole of the elongating and condens-
ing spermatid nucleus (Fig. 7a—k) is capped by the homog-
enous acrosomal vesicle (Fig. 7a, boxed region, and b, g,
k) tightly juxtaposed to the acroplaxome and to the F-actin
hoops (marked by asterisks) of the apical ectoplasmic
specialization in the peri-acrosomal (Fig. 7d, h), the sub-
acrosomal (Fig. 7c, e, j), and the post-acrosomal (Fig. 7f,
i) regions. Highly specialized structures such as the acro-
plaxome marginal ring (Fig. 7b, k, arrowheads and 7f, i,
arrows), the manchette (Fig. 7b, i, k), the manchette perinu-
clear ring (Fig. 7b, f, i, k) as well as developing sperm tail
(Fig. 7g) are clearly visible during the maturation phase.
Cross sections of the flagellum show mitochondria gath-
ered around the axoneme (Fig. 71) to form the mitochon-
drial sheath in the sperm midpiece (Fig. 7m). In contrast,
the principal piece of the sperm tail lacks mitochondria.
However, fibrous material is present surrounding this tail
region (Fig. 7n, arrows).

As spermatid shaping progressed and the manchette
developed just below the marginal ring of the acroplax-
ome, the MVI localization pattern remained similar to pre-
vious stages, predominantly detected in the F-actin hoops
(marked by asterisks) surrounding the apical pole of the
elongating nuclei (Fig. 8a—d, g, h, 1, black arrows), the
outer/inner acrosomal membranes (Fig. 8a—d, f, g, 1, black
arrowheads), and the acroplaxome interface (Fig. 8a—d,
g—i, white arrows), including its marginal ring (Fig. 8d—f,
J» k, white arrowheads). Some gold traces were also local-
ized throughout the manchette flanking the elongating

spermatid nucleus (Fig. 8e, f, circles) and in the perinu-
clear ring (Fig. 8f, j, double arrows). Interestingly, sperma-
tid chromatin exhibited intense MVI immunoreactivity as
condensation progressed (Fig. 8d, circles, and g-1). MVI
was also found in the endoplasmic reticulum adjacent to
the F-actin hoops within the Sertoli cytoplasm (Fig. 8b,
white stars) and in developing flagellum (Fig. 8m—o). As
expected, the axoneme was devoid of immunolabeling, but
some gold traces were associated with the mitochondrial
sheath in the midpiece of the flagellum (Fig. 8m—o, arrows)
or localized at the axoneme periphery near the outer dense
fibers (Fig. 8m—o, black arrowheads), where they occasion-
ally form concentrated patches (Fig. 8m, double arrow).
It was also noticeable that during the tail formation,
MVI was detected in the tail residual cytoplasm (Fig. 8n,
white arrowheads). MVI was absent in both the principal
(Fig. 8p) and the end (Fig. 8p, arrow) pieces of the sperm
tail. Control sections in which no MVI PAb was used were
devoid of labeling (data not shown).

Taken together, our immunocytochemical studies con-
firm MVI localization in highly specialized F-actin-con-
taining structures present during mouse spermiogenesis,
including the acrosome—acroplaxome—manchette complex
and the apical ectoplasmic specializations surrounding the
head region of the elongating spermatids. MVI was also
prominently associated with the Golgi (including TGN),
migrating chromatoid body, the nucleus, and mitochon-
drial sheath of the flagellum midpiece during the sperm tail
development. A schematic summary of the obtained results
is shown in Fig. 9.

Discussion

Here, we present the first evidence that the unconventional
actin-based motor protein, MVI, may be involved in some
key events of spermiogenesis in mammals including: (1)
acrosome biogenesis, (2) spermatid elongation, and (3)
spermiation. We have also found that MVI-SI and MVI-
Nol splice variants are the predominant isoforms expressed
in mouse testes. Our findings are consistent with an earlier
report showing that these M VI isoforms are expressed in rat
testes (Buss et al. 2001). MVI immunolocalization shown
here confirm that these isoforms are present in developing
mouse spermatids and the Sertoli cells adjacent to them.
Thus, we conclude that MVI with no LI splice variants are
preferentially expressed in the seminiferous epithelia dur-
ing spermiogenesis in mammals.

MYVT’s possible roles in acrosome biogenesis in mouse

Immunofluorescence and immunogold studies demon-
strated the association of MVI with the anterior pole of
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Fig. 7 Ultrastructural analysis of developing mouse spermatids dur-
ing the maturation phase. apx acroplaxome, av acrosome vesicle,
ax axoneme, c centriole, dmp developing midpiece of the sperm
tail, er endoplasmic reticulum, m mitochondria, mp midpiece of the
sperm tail, mSpT spermatid at the maturation phase, m¢ manchette, n

developing spermatids, including the Golgi stacks and
uncoated/clathrin-coated vesicles as well as the nascent,
and then maturing acrosome—acroplaxome complex. These
findings suggest that MVI may be involved in acrosomo-
genesis in two different ways. First, MVI association with
vesicles is consistent with the idea that MVI plays a trans-
port role in proacrosomal vesicle trafficking. Second, MVI
association with the acrosome—acroplaxome complex sug-
gests an anchoring role during the acrosome development.
Previous evidence indicates that proacrosomal vesi-
cles utilize two different routes to reach their docking
sites in the acroplaxome: a microtubule route, involving
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nucleus, pp principal piece of the sperm tail, pr perinuclear ring of the
manchette, Sc Sertoli cell. Boxed region in a includes the spermatid
head with spreading acrosome. All other indications are explained in
the text (see “Results”). Bars 2 pm (a), 1 pm (b, ¢), 500 nm (g-h,
I-n), 200 nm (d-f, i-k)

kinesin KIFC1 (Yang and Sperry 2003) and an F-actin
route, involving MVa and Rab27a/b small GTPases that are
known to play a general role in exocytosis (Kierszenbaum
et al. 2003a, 2004). Moreover, it is believed that acrosome
biogenesis involves both the anterograde vesicular transport
from the TGN and the retrograde transport based on endo-
cytic pathway (Ramalho-Santos et al. 2001 and see review
by Berruti and Paiardi 2011). One of the best candidates to
facilitate transport of vesicles derived from the Golgi and
from the plasma membrane is MVI, which moves toward
the minus end of actin filaments and is involved in both
clathrin-mediated endocytosis and secretion (see review
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Fig. 8 Immunogold localization of MVI in developing mouse sper-
matids during the maturation phase. apx acroplaxome, av acrosome
vesicle, ax axoneme, dmp developing midpiece of the sperm tail, ep
end piece of the sperm tail, er endoplasmic reticulum, m mitochon-
dria, mp midpiece of the sperm tail, mSpT spermatid at the maturation

by Buss and Kendrick-Jones 2008). Interestingly, MVI-SI
and MVI-Nol splice variants, the isoforms we detected in
mouse testis, have previously been shown to play a role in
transport of clathrin-coated as well as uncoated vesicles in
different mammalian cell lines (Aschenbrenner et al. 2003;
Dance et al. 2004; Naccache et al. 2006; Au et al. 2007,
Chibalina et al. 2007; Puri 2009; Majewski et al. 2010;
Bond et al. 2012; Tumbarello et al. 2012; Tomatis et al.

phase, mr marginal ring of the acroplaxome, m¢ manchette, n nucleus,
pp principal piece of the sperm tail, pr perinuclear ring of the man-
chette, Sc Sertoli cell. All other indications are explained in the text
(see “Results™). Bars 250 nm

2013). Given that plus ends of actin filaments typically
are positioned towards cell membranes (Cramer 1999),
MVI acting as a minus-end-directed motor would move
vesicles away from the Golgi surface to the center of the
cell. MVI direct binding to multiple proteins involved in
different steps along endocytic pathway (Chibalina et al.
2007; Spudich et al. 2007; Tumbarello et al. 2012 and see
review by Tumbarello et al. 2013) and in Golgi complex
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Fig. 9 Schematic representa- Golgi phase acrosomal phase maturation phase
tion of MVI distribution (black
dots) during mouse spermiogen-
esis. aSpT round spermatid at @ I & Uo\\\v
the acrosome phase, gSpT round @ S _e.°. ® L\m
spermatid at the Golgi phase, @ ' ;f
mSpT elongated spermatid at & ] P ]
the maturation phase @®» —_> .
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(Sahlender et al. 2005) is consistent with this hypothesis.
Additionally, a central role of MVI in exocytosis, includ-
ing the Golgi ribbon formation and sorting of proteins into
different cargo vesicles has been suggested. Specifically,
MVI concentration in the TGN is thought to facilitate post-
Golgi secretion, including vesicle formation and budding,
and then fusion of secretory vesicles with the plasma mem-
brane during the final stage of exocytosis (Buss et al. 1998;
Warner et al. 2003; Au et al. 2007; Majewski et al. 2010;
Bond et al. 2011; Tomatis et al. 2013). Thus, association of
MVI with the Golgi apparatus, coated, and uncoated ves-
icles argue that MVI may be involved in the anterograde
and/or the retrograde vesicular transport pathways during
acrosome biogenesis in mouse.

Other hypotheses for MVI’s role are possible given pre-
vious work that support MVI ability to anchor various car-
gos to actin. For example, MVI-SI isoform controls neuro-
exocytosis in PC12 cells by tethering secretory granules to
the actin network near the target plasma membrane (Toma-
tis et al. 2013). Given that MVa has been also implicated in
neurosecretion (Tomatis et al. 2013 and references therein),
these authors suggest synergistic roles for these two motor
proteins, with MVI acting in recruitment and retention of
secretory granules to the cortical actin network and MVa
involved in their active transport toward the plasma mem-
brane along actin filaments. Our results coupled with the
previously documented role of MVa in acrosome formation
could suggest a similar cooperation of these two molecular
motors during acrosomogenesis in mouse.

In support of an anchoring role for MVI during acro-
some development, this protein is strongly associated
with the acrosome-acroplaxome complex, which is
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important for anchoring the acrosome to the nucleus.
MVl is specifically located in developing acrosome—acro-
plaxome complex and its leading edges, including the
outer/inner acrosomal membranes, the space between the
acrosome membrane and the internal granule, the acro-
plaxome, and the acroplaxome marginal link. Such local-
izations suggest that MVI could help to mediate anchor-
ing of the acrosome vesicle to the spermatid nucleus
via the acroplaxome. The molecular basis of acrosome
biogenesis, and particularly its attachment and spread
over the nucleus, is poorly understood and to date only
one protein, a transmembrane protein Dpy1912, has been
suggested to link the acrosome to the nuclear envelope
(Pierre et al. 2012). However, the acroplaxome contains
F-actin and actin-associated proteins such as cortac-
tin and profilin-3 (Obermann et al. 2005; Kierszenbaum
et al. 2008; Behnen et al. 2009), and potentially other
ABPs (including motor proteins) which might modu-
late actin dynamics during acrosomogenesis and may be
responsible for linking developing acrosome to the sper-
matid nucleus. A role for MVI in this linking is consistent
with its crucial role in cell membrane tethering to cortical
F-actin during development of the cochlear hair cells in
the inner ear and the brush border cells in mammals (see
reviews by Frank et al. 2004; Crawley et al. 2014).

We confirmed that actin accumulates in the acrosome—
acroplaxome complex from the Golgi stage to the matura-
tion stage. In contrast, MVI was initially localized in the
nascent acrosomal sac, including its outer membrane, the
inner membrane—acroplaxome site, and the interspace
between the acrosomal membrane and the granule inside.
MVI may be accumulated on the acrosomal membrane as a



Histochem Cell Biol (2017) 148:445-462

459

result of participating in transport of Golgi vesicles, before
gaining access to the acroplaxome. At this time, we have no
hypotheses about a potential role of MVI inside the acro-
some vesicle.

An additional anchoring or structural role of MVI has
been suggested in Golgi apparatus organization. In fibro-
blasts from sv/sv mice or cells depleted of MVI or its bind-
ing partner, optineurin, Golgi complexes were significantly
altered in morphology and reduced in size compared to the
wild-type cells (Warner et al. 2003; Sahlender et al. 2005;
Majewski et al. 2011; Karolczak et al. 2015). In developing
mouse spermatids at the Golgi stage, we found MVI asso-
ciated with not only the TGN, but distributed throughout
the Golgi apparatus from the cis to the trans-faces. This
observation is consistent with potential structural role for
Golgi-localized MVI during mouse spermiogenesis. How-
ever, we have not been able to confirm so far that optineu-
rin is a MVI binding partner in developing mouse sperma-
tids (data not shown).

MVI may play a role in nuclear shaping during the
maturation stage

The association of MVI with the actin structures that
mediate sperm nuclear shaping suggests an important
role during the elongation stage. Nuclear shaping is a
critical event during sperm development involving the
condensation of the future sperm nucleus from a spheri-
cal configuration into an elongated structure. Two struc-
tural components of maturing spermatids are critical in
this process—the acroplaxome marginal ring and the
manchette, both containing actin filaments. These struc-
tures together with F-actin hoops, the main cytoskeletal
element of the Sertoli cell apical ectoplasmic specializa-
tions, seem to stabilize the spermatid head as it is under-
going elongation and to mediate the sperm—Sertoli cell
association during spermiation (see reviews by Kiersze-
nbaum and Tres 2004; Kierszenbaum et al. 2011; Sun
et al. 2011; Qian et al. 2014; Xiao et al. 2014). The acro-
plaxome marginal ring, the manchette, and actin dynam-
ics within them seem to be important in modulation of
clutching forces that mediate spermatid head elongation.
On the other hand, the Sertoli cell actin hoops surround-
ing the elongating spermatid head also are important
for nuclear shaping. Numerous testis-specific ABPs that
regulate actin assembly/disassembly have been identified
in the acroplaxome—-manchette complex and the apical
tubulobulbar—Sertoli cell ectoplasmic specialization com-
plexes in mammals, including profilin-3, gelsolin, Eps8,
Arp2/3, drebrin E, Rail4, and palladin (Braun et al. 2002;
Guttman et al. 2002; Lie et al. 2009, 2010; Li et al. 2011;
Qian et al. 2013a, b). The components and mechanism
of action of these actin-regulating protein complexes

are poorly understood. We postulate that a key element
of these protein complexes may be MVI. This protein is
continuously associated with the acroplaxome—manchette
complex from the early acrosome stage to the late mat-
uration stage, and with the actin hoops surrounding the
elongating spermatid/sperm head. Phosphorylated cortac-
tin is also present in both the acroplaxome and the Sertoli
cell hoops whereas non-phosphorylated cortactin pre-
dominates in the manchette (Kierszenbaum et al. 2008).
Phosphorylated cortactin interacts with the actin nuclea-
tor, Arp2/3 complex, that allows actin remodeling from
bundled to branched configuration (Weaver et al. 2001;
Young et al. 2012 and see reviews by Cheng and Mruk
2011; Qian et al. 2014). Our previous studies showed that
during Drosophila spermatid individualization MVI colo-
calizes with cortactin and Arp2/3 in the front meshwork
of actin cones, and that lack of functional MVI results in
impaired distribution of these ABPs (Rogat and Miller
2002; Noguchi et al. 2008; Isaji et al. 2011). One model
for the MVI role in actin cone structure stabilization is
anchoring specific cargos to the front meshwork. We pos-
tulate that MVI may play a similar role in developing
mouse spermatids by anchoring actin regulators that are
responsible for mediating the actin dynamics required for
forces involved in nuclear shaping.

Possible additional roles for MVI during sperm
maturation

MVI is associated with the chromatoid body at the Golgi
stage, a cloud-like structure packed with RNA and many
of RNA-binding and RNA-processing proteins (see
review by Meikar et al. 2011). It also progressively accu-
mulates in the spermatid nucleus from the Golgi stage
to the maturation stage. In addition, MVI was present in
condensing spermatid nucleus. Previous work showed
that MVI colocalizes with RNA polymerase II and newly
synthesized mRNA transcripts (Jung et al. 2006; Vreugde
et al. 2006) and may play a role in nucleo-cytoplasmic
trafficking (Majewski et al. 2010). Thus, additional roles
for MVI are possible in nuclear processes. In addition,
association with the mitochondrial sheath may suggest a
role in formation of this structure. Much less is known
about binding proteins that might mediate MVI associa-
tion with and specific functional roles for MVI in such
structures and compartments. Finally, actin structures
are important for movement of spermatids across the
seminiferous epithelium and for spermiation, and MVI
association with those structures may also be important.
Additional studies are required to define the processes
in which MVI plays a role and its precise function(s)
throughout sperm differentiation.
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Conclusion

Based on the strong and prominent association of MVI
with a number of structures important for key steps of sper-
miogenesis, we suggest dual roles for MV in this process.
First, MVI may play a transport role during formation the
Golgi—acrosome—acroplaxome—manchette complex. Sec-
ond, MVI may play an anchoring role in maintaining the
morphology of the Golgi complex and may help tether actin
regulators to several unique F-actin-containing structures
involved in acrosomal attachment to the nucleus, acroso-
mal cap formation, and nuclear shaping: the acroplaxome,
the manchette and the apical ectoplasmic specializations of
Sertoli cells. In addition, MVI along with other ABPs may
play additional roles in a variety of other processes since
MVI was also observed to be associated with chromatoid
bodies, mitochondrial sheath of the tail midpiece, and the
condensing nucleus. Future studies using MVI mutant
males and identification of the testis-specific MVI binding
partner/s are needed to verify these hypotheses.
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Abstract

During spermiogenesis in mammals, actin filaments and a variety of actin-binding proteins are
involved in the formation and function of highly specialized testis-specific structures. Actin-based
motor proteins, such as myosin Va and Vlla, play a key role in this complex process of spermatid
transformation into mature sperm. We have previously demonstrated that myosin VI (MYO6)
is also expressed in mouse testes. It is present in actin-rich structures important for spermatid
development, including one of the earliest events in spermiogenesis—acrosome formation. Here,
we demonstrate using immunofluorescence, cytochemical, and ultrastructural approaches that
MYO6 is involved in maintaining the structural integrity of these specialized actin-rich structures
during acrosome biogenesis in mouse. We show that MYO6 together with its binding partner
TOM1/L2 is present at/around the spermatid Golgi complex and the nascent acrosome. Depletion
of MYOG in Snell’s waltzer mice causes structural disruptions of the Golgi complex and affects the
acrosomal granule positioning within the developing acrosome. In summary, our results suggest
that MYOG6 plays an anchoring role during the acrosome biogenesis mainly by tethering of different
cargo/membranes to highly specialized actin-related structures.
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Summary sentence

Myosin Vlis required for the maintenance of correct morphology of testis-specific actin-containing
structures important for acrosome development in mouse such as the Golgi complex and the

acrosome-acroplaxome complex.

Key words: acrosome/cap, acroplaxome, actin cytoskeleton, Golgi complex, myosin VI, Snell's waltzer mice.

Introduction

Actin filaments are ubiquitously present in eukaryotic cells and play
a fundamental role in cell differentiation and function. The actin
cytoskeleton together with actin-binding proteins (ABPs) provides
both structural support and functional flexibility, performing key
roles in many cellular processes including cell motility, intracellular
trafficking, and cell division. In addition, microfilaments form cell
type-specific cytoskeletal arrays that are crucial for the subcellular
organization, asymmetric positioning of specialized compartments,
maintenance of cell shape, and formation of highly specialized cell
structures. The actin cytoskeleton is also crucial for a number of
cellular processes during spermatogenesis and is thus essential for
male fertility [1].

Spermiogenesis, the last step of sperm development, is a complex
transformation process of unpolarized spermatids into morpholog-
ically mature spermatozoa. In mammals this process is typically
divided into three successive steps: the Golgi phase, acrosome/cap
phase, and maturation phase. One of the earliest events during
spermiogenesis is acrosome formation, an apical nuclear cap rich
in hydrolytic enzymes, which is required for sperm penetration of
the oocyte at fertilization. Biogenesis of the acrosome begins with
trafficking of proacrosomal vesicles toward the spermatid nucleus
from both the trans-Golgi network and the endocytic pathway [2].
These vesicles adhere to and fuse to form the acrosomal vesicle along
the acroplaxome, a cytoskeletal actin-rich plate that anchors the
developing acrosome to the nuclear envelope [3]. The large acroso-
mal vesicle then progressively spreads over the spermatid nucleus
to form a distinct cap-like structure. As spermiogenesis proceeds,
a transient cytoskeletal structure, the manchette, develops to exert
mechanical force for nuclear compaction/elongation and to serve as
a scaffold for transport of molecules to the growing flagellum. The
acroplaxome also expands during maturation phase, thus potentially
supporting the manchette complex in nuclear shaping [4]. Two addi-
tional testis-specific structures are formed to support spermiogenesis
efficiently: (i) apical ectoplasmic specialization that anchors the
developing spermatid to the Sertoli cell during its movement in the
seminiferous tubules and (ii) tubulobulbar complexes at the Sertoli—
spermatid interface [5, 6]. Finally, excess cytoplasm (the residual
body) is removed from the maturing spermatid and phagocytozed
by the Sertoli “nurse” cell.

It has been long recognized that the actin cytoskeleton together
with various ABPs participates in assembly and remodeling of
these unique, testis-specific structures including the acrosome-
acroplaxome complex [1]. The experimental disruption of actin
filaments results in detachment of the acrosome from the spermatid
nucleus and deformation of the expanding edge of the acrosomal
sac, suggesting that the correct actin assembly is crucial for
acrosomogenesis [7]. A number of actin regulators, such as
cortactin and profilin, are present in the acrosome-acroplaxome-
manchette complex and thus may regulate actin dynamics during
the acrosome biogenesis and the head shaping [8, 9]. Furthermore,
actin-based motors such as myosin Va and VIla are components

of the acroplaxome and are associated with vesicles in the
manchette during acrosome biogenesis and sperm flagellum
development [10, 11].

In addition to myosin Va and VIla, myosin VI (MYO6) is also
expressed in mouse testes, where it is present in actin-rich struc-
tures during acrosome biogenesis such as the Golgi complex and
the acrosome-acroplaxome complex [[12]; summarized in Figure 1].
MYO6 is expressed in most cell types and tissues, and since it is
the only pointed-end-directed actin-based motor, it participates in
several cellular processes including endocytosis, Golgi organization
and function, basolateral targeting and sorting in the secretory
pathway, epithelial integrity, and cell adhesion and migration [13-
15]. Similar to vertebrates, loss of MYOG6 in Drosophila is not lethal,
but causes a variety of well-documented phenotypes during embryo-
genesis and development [16-18], including severe abnormalities
during Drosophila spermiogenesis (called spermatid individualiza-
tion) leading to male sterility [19, 20]. Mutation in the Myo6 gene in
Snell’s waltzer mice (sv/sv) causes deafness as a result of neurosensory
epithelia degeneration in the inner ear [21]. Moreover, the sv/sv mice
display several other defects such as changes in Golgi morphology,
reduced secretion, and defective endocytosis and autophagy [22-
25]. Moreover, data from our lab shows that male sv/sv mice have
significantly reduced fertility and exhibit disruption of the spatial
organization of the apical tubulobulbar complexes during the late
stage of spermiogenesis [26]. Here, we show, by comparing the mor-
phology of developing spermatids of control and MYO6-deficient
male mice, that this myosin is present in actin-rich structures during
acrosome biogenesis and supports the integrity of these testis-specific
structures at this stage of mouse sperm development.

Materials and methods

Animals

Three-month-old male Snell’s waltzer mice (sv/sv, C57BL/6 back-
ground) were used in the study. A spontaneously mutated sv allele
encodes Myo6 gene with a 130-bp deletion resulting in the intro-
duction of a stop codon in the neck region of MYO6 [21]. No
MYO6 is detected in any tissue of homozygous sv/sv mice, including
testis (Figure 2A). Each experiment was performed at least three
times using a pair of control (heterozygous, sv/+) and mutant
(sv/sv) males from one litter. Importantly, heterozygous mice express
approximately equal amount of MYO6 in comparison with wild-
type mice [22]. All animal work was performed at the Nencki
Institute of Experimental Biology (Warsaw, Poland) or at the Uni-
versity of Cambridge, Cambridge Institute for Medical Research in
accordance with the UK Animals (Scientific Procedures) Act of 1986
(PPL70/8460). The mice were bred and housed under pathogen-free
conditions. Animal were housed and euthanized in compliance with
the European Communities Council directives adopted by the Polish
Parliament (Act of 15 January 2015 on the use of animals in scientific
investigations) and with the UK Animals (Scientific Procedures) Act
1986 and Laboratory Animal Science Association (LASA) guidelines.
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Golgi phase

acrosome/cap phase

Figure 1. Schematic representation of the acrosome biogenesis and the localization of MYO6 during this process in mouse. Black dots, MYO6; SC, Sertoli cell;

SpT, spermatid; red line, apical ES; and yellow line, acroplaxome.

Antibodies and reagents

For the primary antibodies used in this study, please see supple-
mentary Table S1. The secondary antibodies used for immunoflu-
orescence were goat anti-rabbit/mouse Alexa Fluor 488/568
(Invitrogen). For immunogold labeling, Protein A gold conjugates
(Department of Cell Biology, University of Utrecht, the Netherlands)
were used to detect primary antibodies. The secondary anti-
mouse/rabbit antibodies used for IB were horseradish peroxidase
(HRP) conjugated (Sigma). F-actin was visualized using Alexa
Fluor 488 Phalloidin (Invitrogen). Nuclei were counterstained
with Hoechst 33342 (Thermo Scientific). Acrosomes were stained
either with Coomassie Brilliant Blue (Sigma-Aldrich) or lectin
PNA from peanut Alexa Fluor 488 conjugate (Invitrogen). Normal
rabbit IgG (Sigma-Aldrich) was used as a negative control during
immunofluorescence and immunogold experiments [26].

Immunoblotting

Testes dissected from sv/+ and sv/sv males (n = 3 for both mutant
and control males) were homogenized with a Dounce tissue grinder
in protein extraction buffer (50 mM Tris-HCI pH 7.5, 0.5% Triton
X-100, 150 mM NaCl, 5% glycerol) supplemented with 1 x cOm-
plete Protease Inhibitor Cocktail (Roche). The homogenates were
centrifuged twice at 15 000 x g for 10 min at 4 °C, and protein
concentration of the supernatants was determined using the Bio-
Rad DC Protein Assay according to the manufacturer’s instructions.
Equal amounts of protein extract were separated by electrophore-
sis on a 7% SDS-PAGE gels, and then transferred to Amersham
PVDF Hybond P membrane (GE Healthcare). Blocked blots were
probed with the primary antibodies overnight at 4 °C, washed, and
incubated for 1 h with the corresponding anti-rabbit secondary IgG
antibody conjugated with HRP. Signals were detected with the Amer-
sham ECL Advance Western Blotting Detection Kit according to
the manufacturer’s guidelines (GE Healthcare). All immunoblotting
experiments were repeated three times.

Conventional electron microscopy

For detailed ultrastructural analysis, dissected testes were immersion
fixed in 2% (v/v) glutaraldehyde in 0.1 M cacodylate buffer (pH 7.4)
for 2 h at room temperature. Tunicae albugineae of the testes were
punctured with a syringe needle to facilitate fixative penetration.
Pre-fixed samples were then cut into small pieces and further fixed

overnight at 4 °C. Next, the samples were post-fixed with 1% (v/v)
osmium tetroxide in cacodylate buffer for 1 h at 4 °C, dehydrated
in ethanol, and embedded in Spurr resin (Sigma-Aldrich) according
to the standard protocol. Ultrathin sections (cross-sections of sem-
iniferous tubules) were collected on copper grids, post-stained with
2.5% uranyl acetate and 0.4% lead citrate solutions, and examined
and imaged on a JEM 1400 transmission electron microscope (JEOL
Co.) equipped with 11 Megapixel TEM Morada G2 digital camera
(EMSIS GmbH) or an FEI Tecnai G2 Spirit BioTwin transmission
electron microscope equipped with a Gatan CCD camera. Acquired
images were processed using Adobe Photoshop CS6. Ultrastructural
images are representative from experiments repeated at least three
times.

Sample preparation for immunocytochemical studies

Epithelial fragments for immunofluorescence were prepared as fol-
lows: the dissected testes from sv/+ and sv/sv males were decapsu-
lated and minced in 4% formaldehyde in 1 x PBS (pH 7.4) and fixed
overnight at 4 °C. The fixed seminiferous tubules segments were
aspirated gently through 18-gauge and 21-gauge syringe needles
[27]. Larger fragments of tissue were allowed to settle to the bottom
of the tube, before the supernatant was removed and centrifuged
(1 min at 4000 x g). The pellet was resuspended in PBS, and the cell
suspension was added onto poly-L-lysine-coated coverslips. After
10 min, the coverslips were plunged into ice-cold acetone and air

dried.

Immunolocalization studies

For immunofluorescence studies, samples were blocked with 1%
BSA/0.1% Triton X-100 before incubating with primary antibodies
overnight at 4 °C, which were detected with secondary antibodies
conjugated with different fluorochromes. DNA was stained with
Hoechst. Epi-fluorescence images were captured on Zeiss Axio
Imager.Z2 upright microscope and the acquired images were pro-
cessed with Zeiss ZEN 2.6 (blue edition) and Adobe Photoshop CS6
software.

For post-embedding immunogold labeling for electron microscopy,
samples were fixed with 4% formaldehyde and 0.25% glutaralde-
hyde in 1 x PBS (pH 7.4), dehydrated in ethanol, before embedding
in LR Gold resin (Sigma-Aldrich) according to the standard protocol.
Samples in resin were cut with a diamond knife into ultrathin
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Figure 2. The acrosomogenesis in MYO6-deficient spermatids is altered. (A) Immunoblotting of crude protein extracts from sv/4 and sv/sv testes with anti-MYO6
and anti-actin antibodies. No MYOG6 is detectable in sv/sv tissue. (B) The graphs depicting the mean percentage of sv/4+ and sv/sv cells that displayed the Golgi
defects visualized with a use of immunofluorescence (IF) (a) and ultrastructural (EM) (b) analysis. For immunofluorescence, counts were performed on >90 cells
from n=3independent experiments. For ultrastructure analysis, counts were performed on at least four ultrathin sections of seminiferous tubules from randomly
chosen fragments of fixed testes from n = 3 independent. Error bars indicate SD. * P < 0.05; *** P < 0.001. (C) Immunofluorescence localization of TGN38 (red)
and GM130 (green) in sv/+ and sv/sv round spermatids. Bars 2 um. (D) Ultrastructural analysis of sv/4+ and sv/sv spermatids during the consecutive phases of
acrosomogenesis. ag, acrosomal granule; av, acrosomal vesicle; cy, cytoplasm; er, endoplasmic reticulum; g, Golgi complex; m, mitochondria; n, nucleus; pav,
proacrosomal vesicle; pg, proximal Golgi; and white star, acroplaxome. All other indications are explained in the text. Bars 1 pm.
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sections, collected onto nickel grids, and blocked 5 min at room
temperature with 1% BSA in PBS (pH 7.4). The sections were then
incubated overnight with primary antibody in 0.1% BSA/PBS at 4 °C
and the next day with 10 nm gold-conjugated protein A (at dilution
1:50 in 0.1% BSA/PBS) for 60 min at room temperature. Finally,
the sections were post-fixed with 1% glutaraldehyde in PBS, post-
stained with 2.5% uranyl acetate and 0.4% lead citrate solutions,
and examined and imaged on an FEI Tecnai G2 Spirit BioTwin
transmission electron microscope equipped with a Gatan CCD
Camera. Acquired images were processed with Adobe Photoshop
CS6. Representative images for immunolocalization studies were
collected from experiments repeated at least three times.

Epididymal sperm count and acrosomal reaction
Caudae epididymides from sv/+ and sv/sv males were dissected,
cut in several places with a sharp scalpel blade, and incubated for
15 min in Whittens-HEPES medium (100 mM NaCl, 4.4 mM KCl,
1.2 mM KH,POy4, 1.2 mM MgSOy4, 5.4 mM glucose, 0.8 mM
pyruvic acid, 4.8 mM lactic acid, and 20 mM HEPES) at 37 °C to
allow the sperm to swim out from the incisions. A proportion of the
collected sperm was diluted 1:10 with distilled water and transferred
to a hemocytometer for sperm counting. Another fraction of the
sperm was diluted 1:1 with a 2 x capacitation media (Whittens-
HEPES medium supplemented with 30 mM NaHCOj3 and 10 mg/ml
BSA) and incubated for 60 min at 37 °C. After the capacitation,
the acrosomal reaction was induced by incubation for 30 min in
10 pM A23187 ionophore (Sigma-Aldrich). Both capacitated and
acrosome-reacted sperm were fixed with 5% formaldehyde in PBS
(pH 7.4) for 10 min in room temperature, washed, smeared on glass
slides, and air dried. Acrosomes were visualized by immersion of
slides in Coomassie Brilliant Blue staining solution (Coomassie dye in
50% methanol and 10% acetic acid). For sperm head and acrosome
structure analysis, epididymal sperm were stained with Hoechst and
lectin PNA Alexa Fluor 488 conjugate (1:100 dilutionin 1 x PBS) for
10 min at room temperature. Representative images were collected
from experiments repeated at least three times.

Statistical analysis

The obtained results were presented as the mean =+ SD. The statistical
significance in each experiment was analyzed using an unpaired two-
tailed Student z-tests. The data were considered significant when
P < 0.05. All data analysis was performed using GraphPad Prism
6 for Windows.

Results

In this study, we focus on the comparative analysis of acrosome
biogenesis during the Golgi and the acrosome/cap phases (Figure 1)
in MYO6-deficient and control mice using cyto/immunocytochem-
istry and epi-fluorescence microscopy as well as electron microscopy
for ultrastructural studies. Our results show that MYO6 deficiency
in mouse testes leads to structural defects in developing spermatids
affecting correct acrosome formation.

MYO6 depletion causes structural disruptions during
early acrosome biogenesis

Our previous results have shown that in wild-type mice, MYO6
is present at actin-rich structures involved in acrosome formation,
such as the Golgi complex and the acrosome—acroplaxome complex
[12]. We therefore analyzed here whether this motor protein has a

role in acrosomogenesis by testing whether MYO6 is important for
maintaining the morphology of the testis-specific structures during
acrosome biogenesis. We used testes dissected from sv/sv mice, which
do not express any MYOG6 (Figure 2A), and compared organization
of the Golgi complex in sv/sv and control spermatids (Figure 2C).
Developing spermatids at the Golgi stage were labeled with antibod-
ies to GM130 (a marker for the cis-Golgi) and to TGN38 (specific
for the trans-Golgi). As shown in Figure 2C.a, the functional sub-
domains of the Golgi complex are correctly oriented and stacked
relative to spermatid nuclei in sv/+ spermatids; the staining for
cis-Golgi corresponded to the semi-circular shape of the organelle
observed at the ultrastructural level (compare Figure 2C.a and D.a).
In contrast, in sv/sv spermatids, the mislocalization of these Golgi
markers suggests a partial disorganization of the Golgi complex
that in some cases was asymmetrically oriented (Figure 2C.b) or
completely inverted (Figure 2C.c). In most extreme examples, we
could observe a severe loss of Golgi morphology and no segregation
between the cis-Golgi and #rans-Golgi sub-domains (Figure 2C.d).
Finally, quantification and statistical analysis of these phenotypes
revealed that in control mice 7.00 + 3.15% of spermatids exhibited
Golgi structural defects compared to 14.86 + 2.37% observed in
sv/sv mice, indicating a two-fold increase of Golgi disorganization
in mutant spermatids (Figure 2B.a; P = 0.026; n = 3 individual
experiments on a pair of sv/4+ and sv/sv littermates each).

Next, we examined in detail the ultrastructure of spermatids
during acrosomogenesis in sv/sv and control testes. At the beginning
of acrosome biogenesis, we observed in control spermatids a Golgi
complex that is located near the spermatid nucleus and forms a
semi-circular structure with its concave trans-side rich in vesicles,
facing the nucleus (Figure 2D.a). In control testes, the Golgi stacks
have tightly aligned flattened cisternae and no separation between
the individual cisternae. In sv/sv spermatids, however, the Golgi
cisternae did not form regular stacks but were separated from each
other by numerous vesicles resulting in the loss of the typical Golgi
structure (Figure 2D.b—c, arrows). Some of these vesicles present in
the sv/sv spermatids were highly enlarged (Figure 2D.b—c, arrow-
heads) and we observed multiple proacrosomal vesicles (Figure 2D.d,
white arrows), some of which were located at a distance from the
upper pole of nucleus (Figure 2D.d, black arrow). Another structural
disruption was identified in MYO6-deficient spermatids at the Golgi
stage, where the acrosomal granules were not docked symmetrically
within the acrosome sacs. In control spermatid, the acrosomal gran-
ule was attached symmetrically to the inner acrosomal membrane
at the middle of the acroplaxome (Figure 2D.e, star), whereas in
sv/sv spermatids these granules were often mislocated (Figure 2D.f).
This phenomenon was also observed during the next stage, the early
acrosome/cap stage (Figure 2D.g, compare with Figure 2D.h, stars).
Interestingly, at this later phase of acrosomogenesis the disturbed
Golgi morphology was still visible in sv/sv spermatids (Figure 2D.g,
arrows, compare with Figure 2D.h). Quantification of the percentage
of spermatids with ultrastructural disruptions of the Golgi complex
revealed that in control mice 9.49 + 3.61% of spermatids exhibited
Golgi structural defects compared to 40.83 £ 2.91% in sv/sv mice,
indicating a four-fold increase of these defects in mutant spermatids
(Figure 2B.b; P = 0.0003; 7 = 3 individual experiments on a pair of
sv/+ and sv/sv littermates each).

Loss of MYQOG6 affects the acrosomal granule
positioning

We next analyzed the ultrastructure of sv/sv spermatids during the
later cap phase, when the acrosome starts to flatten and forms a
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cap-like structure containing the electron-dense acrosomal granule
(Figure 3A.a). The most striking and prominent structural disruption
at this stage was the altered position of the acrosomal granule within
sv/sv developing cap. While in control spermatid the acrosomal
granule was anchored at the middle of the acroplaxome (Figure 3A.a,
star), in the absence of MYOG6 this central localization was lost
(Figure 3A.b). In addition, in some sv/sv spermatids the acrosomal
granules were detached from the acroplaxomes (Figure 3A.c) and
its electron-dense content was reduced (Figure 3A.d). We have also
observed a few “empty” acrosome sacs without any acrosomal
granules in sv/sv spermatids; this phenotype corresponded usually
with significantly enlarged vesicles adjacent to the deformed acro-
somes (Figure 3A.e). In the next developmental step, the flattened
cap further spread over the spermatid nucleus and became attached
anteriorly to the Sertoli cell through the newly formed apical ecto-
plasmic specialization (Figure 3A.f, asterisks). In this phase, the
asymmetry of the acrosome was still clearly visible in sv/sv sper-
matids (Figure 3A.g-h; compare with Figure 3A.f and A.g, black
arrows with a bar). Our quantification revealed that in control
mice only 11.69 + 2.23% of spermatids exhibited defects in the
acrosomal structure compared to 56.26 £ 4.30% of MYO6-deficient
spermatids, indicating almost five-fold increase of atypical acrosome
phenotype in mutant spermatids (Figure 3B; P < 0.0001; #» = 3
individual experiments on a pair of sv/+ and sv/sv littermates each).
In summary, the loss of MYO6 in developing mouse spermatids leads
to structural disruptions of the Golgi complex and affects formation
of the acrosome during spermiogenesis.

MYO6 together with its binding partner TOM1/L2 are
localized at the Golgi complex and developing
acrosome

Acrosome biogenesis involves the delivery of proacrosomal vesicles
from either the Golgi complex or from late endosomes/lysosomes to
the nascent acrosome [28]. We previously demonstrated that MYO6
localizes to the Golgi stacks during the acrosomogenesis in wild-
type mouse spermatids [12]. Indeed, our present immunofluorescent
analysis shows that MYO6 is associated with the Golgi complex
including the cis-Golgi domain (Figure 4A.a—a’) and the region
corresponding to the #rans-Golgi network (Figure 4A.a—a”) in sv/+
spermatids, whereas no signal was observed in sv/sv cells confirming
the specificity of our MYO6 antibodies (Figure 4A.b-b”). This con-
firms our previous results (using immunogold technique) showing
that MYO6 localized to both Golgi sub-domains in wild-type mice
males [12]. Targeting of MYOG6 to different cellular compartments
in mammalian cells involves a range of binding partners [15] and so
we next analyzed which adaptor protein may function with MYO6
during acrosome biogenesis. We tested several MYO6 interacting
proteins including TOM1/L2, GIPC1, optineurin, DOCK7, LRCH3,
and LARG for their localization, and only observed the presence
of TOM1/L2 in close vicinity to the Golgi complex. As demon-
strated in Figure 4, TOM1/L2 that interacts with MYO6 in the
endocytic pathway is present on vesicular-like structures localized
between the spermatid nucleus and the Golgi complex labeled with
anti-GM130 antibody, both in the control and sv/sv spermatids
(Figure 4B.a—d).These results indicate that both MYO6 and its part-
ner TOM1/L2 are present at/around the Golgi complex, although in
different compartments. While MYOG6 is associated with both cis-
Golgi and trans-Golgi sub-domains, TOM1/L2 is present in a post-
Golgi region that can either correspond to the #rans-Golgi network
or an endocytic compartment.

We next determined the localization of MYO6, TOM1/L2,
and F-actin during the later acrosome phase, when the absence
of MYO6 in sv/sv spermatids caused abnormal positioning of
the acrosomal granule within the acrosome sac (Figures 2 and 3).
First, we assessed the localization of MYO6 in control spermatids,
where we observed a strong signal for MYO6 in the middle of
the acroplaxome plate labeled for F-actin with the fluorochrome-
conjugated phalloidin (Figure 5A.a, arrow) and a diffuse signal in
the cytoplasm (Figure SA). The area of MYOG6 localization increased
when the acrosome flattened and spread over the spermatid
nucleus with a strong signal along the acroplaxome (Figure 5A.b—c,
arrows). Visualizing the acrosome en face toward the microscope
camera showed a strong concentration of MYO6 in the center
of the actin-rich acroplaxome (Figure 5A.d). We next determined
the localization of TOM1/L2 and found that it was present in
the center of the acroplaxome (Figure 5B, arrows) in the same
region of the acroplaxome plate that was also positive for MYO6
(compare Figure 5B.a—d and A.a—d). Moreover, although TOM1/L2
was detectable in spermatids dissected from the sv/sv male mice
(Figure 5C.a-d), it was clearly mislocalized in the acroplaxome
plate of the MYO6-deficient spermatids (compare Figure 5C.a—c and
B.a—c, arrows).

TOM1/L2 contains a central GAT domain that binds ubiquitin
that enables interaction of TOM1/L2 with ubiquitinylated proteins
[29]. Indeed, we identified a strong signal for ubiquitin in the area
corresponding to the acrosomal sac both in the control and mutant
spermatids (Figure 5D). Interestingly, as observed for TOM1/L2,
the ubiquitin-positive acrosomal granule was asymmetrically docked
in the acroplaxome plate in sv/sv spermatids (Figure SD.b). These
results suggest that TOM1/L2 binds to ubiquitinylated proteins
present in the membrane of the acrosomal granule to tether the
granule via MYO6 to actin filaments in the acroplaxome plate,
thereby anchoring the acrosomal granule in a central position within
the sac (see Figure 8).

Next, we investigated the actin organization at the acroplax-
ome by staining actin filaments using fluorescent phalloidin. No
obvious changes were observed in the F-actin network organization
overlying the upper part of the spermatid nucleus beneath the
acrosome in both control and mutant spermatids (Figure 5D.c—d).
Staining of actin filaments, however, allowed us to detect posi-
tion of the acrosomal granule attachment within the sac as a less
actin-dense area (Figure 5D.c—d, arrows) and to visualize the acro-
some asymmetry in sv/sv spermatids. Quantification of this abnor-
mal phenotype indicated an almost four-fold increase of acrosome
asymmetry in sv/sv spermatids in comparison to the control sper-
matids (6.47 = 1.94% of asymmetric sv/+ acrosomes in comparison
to 24.62 + 2.01% of sv/sv acrosomes; P = 0.0004; » = 3 indi-
vidual experiments on a pair of sv/+ and sv/sv littermates each)
(Figure SE). In summary, the loss of MYO6 in developing mouse
spermatids leads to structural disruptions of the Golgi complex
and affects formation and position of the acrosomal granule during
spermiogenesis.

Finally, we examined the exact localization of TOM1/L2
at the ultrastructural level in the developing acrosome using
immunogold labeling (Figure 6). Consistent with our previous
immunofluorescence results, we observed gold particles representing
TOM1/L2 localization below the acrosomal granule at the
position of the acroplaxome in control spermatids (Figure 6.a—
a’, arrowheads). In MYO6-depleted spermatids, we saw a similar
pattern for TOM1/L2 localization at the acroplaxome, below the
asymmetrically docked acrosomal granule (Figure 6.b-b’), indicating
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Figure 3. The acrosomogenesis in MYO6-deficient spermatids is altered (continued). (A) Ultrastructural analysis of sv/+ and sv/sv spermatids during the
consecutive phases of acrosomogenesis. ag, acrosomal granule; asterisks, apical ES; av, acrosomal vesicle; ¢y, cytoplasm; m, mitochondria; n, nucleus; and
white star, acroplaxome. All other indications are explained in the text. Bars 1 um. (B) The graphs depicting the mean percentage of sv/4+ and sv/sv cells that
displayed the acrosome defects visualized with ultrastructural (EM) analysis. Counts were performed on at least four ultrathin sections of seminiferous tubules
from randomly chosen fragments of fixed testes from n = 3 independent experiments. Error bars indicate SD.****P < 0.0001.

that in absence of MYO6, TOM1/L2 is still localized to this cellular The loss of MYO6 does not affect sperm function
compartment. These results suggest that MYO6 is one of the To determine whether loss of MYO6 expression in mouse testes
factors determining the correct positioning of this specific acrosomal affects reproductive functions, we first assessed the overall morphol-

sub-compartment. ogy of 3-month-old mouse testes, which showed that testes dissected
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a GM130/

Figure 4. MYO6 and its binding partner TOM1/L2 are present at the Golgi complex. (A) Immunofluorescence localization of MYOG6 (red) and GM130 (green) in
sv/+ and sv/sv round spermatids. Bars 2 ym. (B) Immunofluorescence localization of TOM1/L2 (TOM1 on images) (red) and GM130 (green) in sv/4+ and sv/sv

round spermatids. Bars 2 pm.

from sv/sv males were slightly smaller compared to the control
organs (Figure 7A). Indeed, the average weight of heterozygous
gonads was 102.50 £ 2.67 mg [sample size (n) = 8] while for
homozygous mice this value was 91.13 £+ 5.36 mg [sample size
(n) = 8]. Thus, the weight of sv/sv testes was reduced by 11.09%
(P < 0.0001) compared to the control organs (Figure 7B). However,
testis to body weight ratio of sv/sv males was significantly larger than
in control mice (sv/+ = 0.38 & 0.01, sv/sv = 0.47 £ 0.05; P = 0.0175;
n = 4 pairs of sv/+ and sv/sv littermates), reflecting the difference
in body weight between control and mutant males (Figure 7C). It
should be noted that sv/sv mice are smaller and they have less body
fat compared to control mice.

Next, we determined whether structural defects observed
in the mutant developing spermatids impact on the sperm
production and evaluated the number of sperm collected from
the caudae epididymides of 3-month-old sv/+ and sv/sv littermates
(Figure 7D). The production of total sperm and the sperm count
was reduced by 14.19% in the sv/sv males compared to the
control mice [sv/4+ = (1.55 £ 0.19) x 107, sample size (n) = 14;
sv/sv = (1.33 £ 0.26) x 107, sample size (n) = 12; P = 0.0173].
We then analyzed the sperm head and acrosome structure of sv/sv
mice using Hoechst and lectin PNA conjugate staining. Although we
observed several spermatozoa with evident morphological defects in
the head/acrosome shapes (Figure 7E), our analysis did not reveal
any significant differences between mutant and control epididymal
sperm [Figure 7F; sv/+ = 3.00 £ 0.50% and sv/sv = 2.83 + 0.76%
of sperm with head/acrosome malformations; P = 0.7676; n = 3
individual experiments on a pair of sv/+ and sv/sv littermates each].
To test the acrosome function of the sv/sv spermatozoa in vitro,
we quantified the spontaneous acrosome reaction. We then treated
the sperm with the calcium ionophore A23187 which triggers
the acrosome reaction by increasing Ca®>" concentration in the
sperm head (Figure 7G and H) and provides information about the
potential sperm fertilizing ability. Incubation in capacitation medium
caused a similar spontaneous acrosome reaction in epididymal sperm
from control and mutant mice (Figure 7H; sv/+ = 36.80 + 4.91%,
sv/sv=38.33+5.45%; P =0.6922;n =4 individual experiments on a

pair of sv/+ and sv/sv littermates each) and also after exposure to the
calcium ionophore A23187 no significant changes between control
and mutant mice were observed (Figure 7H; sv/+ = 87.18 + 5.46%,
sv/sv = 85.85 &+ 7.66%; P = 0.7876; n = 4 individual experiments on
a pair of sv/+ and sv/sv littermates each). Therefore, although the
number of epididymal spermatozoa in MYO6-deficient mice was
significantly reduced, their ability to perform the acrosomal reaction
was not impaired.

Discussion

We have previously shown [12] that MYO6 is present in sev-
eral actin-containing structures involved in mouse spermiogenesis,
including the Golgi complex and the acrosome-acroplaxome com-
plex (summarized in Figure 1). Here, we now demonstrate that
this unique motor protein is involved in maintaining the structural
integrity of these testis-specific structures that are crucial during the
acrosome biogenesis in mouse.

Loss of MYOG6 disrupts organization of the Golgi
complex during acrosomogenesis

The actin cytoskeleton is required for the organization and function
of the Golgi complex and depolymerization of actin filaments
alters Golgi morphology and leads to dilation or fragmentation
of its cisternae and to changes in the number of Golgi-derived
vesicles [30-32]. Several myosin motor proteins including MYO6
have been linked the Golgi complex and depletion of MYO6
causes changes in size of the Golgi complex and reductions in
post-Golgi membrane trafficking in several cell types [22, 33-35].
Our recent ultrastructural study revealed that in wild-type mouse
spermatids MYOG6 is present throughout the Golgi stack from
the cis- to the #rans-side [12]. Here, we now show significant
defects in Golgi organization in MYOG6-depleted spermatids,
including disorganized and incorrectly oriented Golgi complexes
with separated stacks, swollen cisternae, and atypical accumulation
of vesicles between the separated cisternae. We therefore propose
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Figure 5. MYO6 with its binding partner TOM1/L2 maintains the proper localization the acrosomal granule. (A) Immunofluorescence localization of MYO6 (red)
and actin (green) in sv/4+ spermatids during the consecutive phases of spermiogenesis. Bars 2 um. (B) Immunofluorescence localization of TOM1/L2 (TOM1 on
images) (red) and actin (green) in sv/+ spermatids during consecutive phases of spermiogenesis. Bars 2 pm. (C) Immunofluorescence localization of TOM1/L2
(TOM1 on images) (red) and actin (green) in sv/sv spermatids during consecutive phases of spermiogenesis. Bars 2 ym. (D) Immunofluorescence localization
of ubiquitin (red) and actin (green) in sv/+ and sv/sv spermatids (a-b); and fluorescence visualization of the actin-rich acroplaxome (ax, green) in sv/4 and sv/sv
spermatids (c-d, white arrows showing the acrosomal granule docking site). Bars 2 um. (E) The graph depicting the mean percentage of cells that displayed
eccentric docking of the acrosomal granule. Counts were performed on >50 cells from n = 3 independent experiments. Error bars indicate SD. ***P < 0.001.

a structural role for MYO6 in linking the Golgi membranes to the linked to acrosome formation during acrosomogenesis that involves
surrounding actin filaments important for maintenance of Golgi two distinct trafficking pathways—the anterograde pathway from
stack orientation and morphology. These changes in Golgi integrity the #rans-Golgi network and the retrograde route via the endocytic

and morphology may also impair post-Golgi trafficking events pathway [28].
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TOM1/L2

Figure 6. TOM1/L2 localizes to acroplaxome underneath the acrosomal granule in maturing spermatids. ag, acrosomal granule; cy, cytoplasm; and n, nucleus.
Bars 1 uym (a-b), 250 nm (a"-b’).
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Figure 7. The loss of MYOG results in the testis-associated phenotypic changes in Snell’'s waltzer males. (A) Image showing freshly isolated testis from sv/+ and
sv/sv males. Bar 0.5 cm. (B) Graph depicting the mean weight of sv/4+ (n=8) and sv/sv (n = 8) testis. Error bars indicate SD. ****P < 0.0001. (C) Graph depicting
the mean testis to body weight ratio of sv/4+ (n = 4) and sv/sv (n = 4) males. Error bars indicate SD. *P < 0.05. (D) Graph depicting the mean total number of
sperm isolated from sv/+ (n = 14) and sv/sv (n = 12) caudae epididymides. Error bars indicate SD. *P < 0.05. (E) Fluorescence images showing normally (a)
and abnormally (b) shaped sperm heads stained with Hoechst and lectin PNA conjugate. Bar 2 ym. (F) Graph depicting the mean percentage of sperm with
head/acrosome malformation isolated from caudae epididymides of sv/4 (n = 3) and sv/sv (n = 3) males. Counts were performed on 200 sperm. Error bars
indicate SD. ns, non-significant difference. (G) Light microscope images showing the head of unreacted (a) and acrosome-reacted (b) sv/4 sperm. Black arrow
shows the lack of acrosome staining after the acrosome reaction. Bar 2 ym. (H) The graph depicting the mean number of sv/+ and sv/sv acrosome-reacted
sperm after a spontaneous and ionophore-induced acrosomal reaction. Counts were performed on >150 sperm from n =4 independent experiments. Error bars
indicate SD. ns, non-significant difference.
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in the center of the acrosome. In the absence of MYOS, the acrosomal granu

In mouse testes, the MYO6-small- and no-insert splice variants
are expressed [12], which have been shown to play a role in cargo
sorting and vesicle tethering and/or trafficking through the actin-
rich regions in eukaryotic cells [36-39]. However, there is little
evidence that MYO6 similar to myosin Va is involved in transport-
ing proacrosomal granules along the actin filaments [10, 11]. We,
therefore, propose that loss of Golgi morphology, the separation of
the Golgi saccules, and the swelling of the Golgi cisternae observed
in MYO6-deficient mouse spermatids support an anchoring role for
MYO6 in the structural organization of the Golgi complex during
acrosome biogenesis. In this model, actin assembly regulated by
MYO6 and probably other ABPs provides the structural support that
maintains Golgi morphology. Loss of MYO6 disturbs Golgi integrity,
which may impact on the formation and transport of cargoes in the
secretory pathway to the nascent acrosome-acroplaxome complex.

MYOG6 together with TOM1/L2 maintains the symmetry
of developing acrosome

Despite its importance in the fertilization process, very little is
known about the molecular basis of acrosome development, how the
acrosome is attached to the nuclear envelope, and how the acrosomal
granule is kept in its correct position. There are only a few mouse
mutants that show changes in the ectopic localization of the acroso-
mal granule similarly to sv/sv mice: these are Zpbp1—/— (zona pel-
lucida binding protein 1), Dpy1912—/— (testis-specific member of an
uncharacterized gene family), Acrbp—/— (acrosin-binding protein),
and Pcsk4—/— (protein convertase subtilisin/kexin type 4) [40-43].
In these mutants, the asymmetric localization of the acrosomal gran-
ule may be caused by destabilization of the multi-layered structure
of the descending acrosome or the defective assembly/compaction of
the acrosomal matrix proteins. However, in contrast to these mutants
that show a more severe acrosome malformation, the observed
dysfunction in the sv/sv developing acrosome is restricted to the
asymmetric localization of the granule. The acrosome-acroplaxome
complex contains actin filaments and actin-based molecular motors
[3, 10], including MYOG6 as previously shown [12]. Our present
results suggest that MYO6 maintains the central position of the
acrosome/acrosomal granule by anchoring this organelle to the sper-
matid nucleus. This hypothesis is consistent with the role of MYO6
in tethering of membranes to cortical actin filaments during the
development of the intestinal brush border cells and the cochlear hair
cells in the mouse inner ear [44, 45]. We also observed an elevated

le is docked asymmetrical due to the displacement of TOM1/L2.

number of proacrosmal vesicles in sv/sv spermatids. A similar defect
affecting the fusion of proacrosomal vesicles with the acrosome was
observed in TNAP-Atg7—/— mice, in which ATG7 was selectively
inactivated in germ cells [46]. The enzyme ATG?7 lipidates the protein
LC3 and the membrane-associated LC3 is required for autophago-
some-lysosome fusion in the autophagy pathway. The acrosome is
a lysosome-related organelle and so the authors postulated that in
a similar way loss of ATG7 activity may cause defects in fusion of
proacrosomal vesicles with the acrosome. Thus, since loss of MYO6
has also been shown to lead to an accumulation of autophagosomes
due to a defect in autophagosome-lysosome fusion, the similar
phenotypes in the MYO6 and ATG7-KO may both be linked to a
function in the autophagy pathway [47].

Our results further show that not only MYO6 but also TOM1/L.2
is present in the developing acrosome-acroplaxome complex in
mouse. The exact cellular function/s of this endocytic MYO6 adaptor
protein in mammals are less well understood; however, the MYO6-
TOM1/L2 complex is likely to play a role in endocytic cargo sorting
and has been shown to facilitate the maturation of autophagosomes
enabling their fusion with the lysosome [47]. In addition, MYO6
facilitates the tethering of early endosomes to cortical microfilaments
important for maturation of nascent endosomes and downstream
signaling events, which precedes the cargo processing in the early
endosomes [48]. Taken together these findings support an anchoring
role of MYOG6 during the acrosome formation in mouse. A hypothet-
ical model of MYO6 action at the acrosome-acroplaxome complex
is summarized in Figure 8 .

Conclusions

The ultrastructural disruptions observed in MYO6-deficient sper-
matids in Snell’s waltzer mice suggests that in mammals, similar to
invertebrates, MYOG6 plays an anchoring role during the key events
of spermiogenesis by either organizing the actin cytoskeleton or by
tethering of different cargo/membranes to testis-specific actin struc-
tures. Other myosin motors, such as Va and Vlla, are also required
in mammalian spermiogenesis for membrane trafficking events dur-
ing acrosomogenesis and spermatid adhesion to the Sertoli cell
[10,11,49-51]. In contrast to Snell’s waltzer males, however, myosin
Vlla-deficient rat males show premature release of spermatids and
numerous defects in spermatozoa [51]. Although no morphological
defects were observed in sv/sv sperm, it is possible that spermatids
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with abnormally formed acrosomes, as we observed in sv/sv mice,
are phagocytozed by Sertoli cells. This may explain the slightly
reduced number of sperm (this work) and lower fertility of sv/sv
males (our previous work [26]). Taken together our findings suggest
that the actin cytoskeleton, a number of different ABPs, and several
myosin motor proteins including MYO6 play highly specialized
sequential roles during the complex process of spermiogenesis in
mammals.

Supplementary data

Supplementary data are available at BIOLRE online.
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Table S1. Antibodies used for immunofluorescence (IF), immunogold localization (1G),
and immunoblotting (IB). The specificity of the primary antibodies against MYO6 and its
partner TOM1/L2 was previously validated by western blotting of protein lysates from mouse

testes [26].

Catalog Dilution
Target Supplier RRID
number IF IG IB
MYO6 in house [52] - 1/50 - 1/500 -
TOM1L2 Abcam ab96320 1/200 1/50 - AB_10680752
ubiquitin Abcam ab7780 1/500 - - AB_306069
GM130 BD Transductions 610823 1/200 - - AB_398142
Laboratories
Mathew Seaman,
TGN38 University of Cambridge, i 1/100 i i i
UK
actin Sigma-Aldrich A2066 - - 1/2000 AB_476693
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Abstract

Myosin VI (MYOS6) is an actin-based motor that has been implicated in a wide range of cellular
processes, including endocytosis and the regulation of actin dynamics. MYO6 is crucial for
actin/membrane remodeling during the final step of Drosophila spermatogenesis, and MYO6-
deficient males are sterile. This protein also localizes to actin-rich structures involved in mouse
spermiogenesis. Although loss of MYOG6 in Snell’s waltzer knock-out (KO) mice causes several
defects and shows reduced male fertility, no studies have been published to address the role
of MYO6 in sperm development in mouse. Here we demonstrate that MYO6 and some of its
binding partners are present at highly specialized actin-based structures, the apical tubulobulbar
complexes (TBCs), which mediate endocytosis of the intercellular junctions at the Sertoli cell-
spermatid interface, an essential process for sperm release. Using electron and light microscopy
and biochemical approaches, we show that MYO6, GIPC1 and TOM1/L2 form a complex in testis
and localize predominantly to an early endocytic APPL1-positive compartment of the TBCs that is
distinct from EEA1-positive early endosomes. These proteins also associate with the TBC actin-
free bulbular region. Finally, our studies using testis from Snell’s waltzer males show that loss of
MYOG6 causes disruption of the actin cytoskeleton and disorganization of the TBCs and leads to
defects in the distribution of the MYOG6-positive early APPL1-endosomes. Taken together, we report
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here for the first time that lack of MYO6 in mouse testis reduces male fertility and disrupts spatial
organization of the TBC-related endocytic compartment during the late phase of spermiogenesis.
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Myosin VI, a unique motor protein, is involved in the late phase of spermatid development
by maintaining spatial integrity of testis-specific actin-rich structures—the apical tubulobulbar

complexes.
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Introduction

The formation of fully differentiated sperm is a result of dynamic
morphological and biochemical changes that occur during spermio-
genesis. In mammals, developing/maturing spermatids are sur-
rounded by somatic Sertoli cell actin-based hoops that form a
testis-specific adherens junction at the Sertoli-spermatid interface,
known as the apical ectoplasmic specialization (ES) [1]. Functional
organization of the apical ES and remodeling of its actin component
is driven by the activity of different actin-binding/regulating
proteins (ABPs), which enable the movement of spermatids in
the seminiferous epithelium. At the late phase of spermiogenesis,
the apical ES is replaced by highly specialized endocytic structure
of membranes and actin filaments (AFs) called the apical TBC
(Figure 1a and b). These unique complexes are formed at stage
VII of the seminiferous epithelium cycle in mouse and have been
suggested to play a role in the internalization and recycling of
adhering junctions of the apical ES and thus are crucial for the
sperm release during spermiation [2, 3]. The TBC consists of finger-
like double-membraned invaginations of the Sertoli cell and the
spermatid plasma membranes. The long neck of each invagination
is stabilized and cuffed by an actin meshwork, followed by an actin-
free region that extends into a bulb. This swollen bulb closely
associates with the endoplasmic reticulum (ER) and terminates
at the distal end in a clathrin-coated pit (Figure 1¢). In addition
to clathrin, two other marker proteins of the endocytic pathway

have been localized to the TBCs—Rab5 [4] and its effector, the
early endosomal antigen 1 (EEA1) [5]. Whereas Rab5 localizes to
the bulbular region, EEA1 is present on large endocytic vesicles
[6]. Thus, endocytosis of cell surface receptors for degradation or
recycling might occur at the TBCs by the formation of Rab5-positive
vesicles at the bulbs, which then fuse and mature into EEA1-positive
early endosomes (Figure 1b). Indeed, it was recently suggested that
junctional complexes are internalized at the apical TBCs to be
recycled to newly formed intercellular junctions in other parts of
the Sertoli cell [7]. Various ABPs involved in F-actin dynamics
have been shown to drive the TBC formation/function, including
actin cross-linker Arp2/3 complex and its activator cortactin, actin
depolymerization factor cofilin, and actin regulators such as paxillin,
vinculin, espin, Eps8/15 and N-WASP [8-10]. In addition, actin-
based trafficking involving motor protein myosin VIIa has also been
implicated in the apical ES/TBCs restructuring in mammals [11, 12].
Thus, the presence of the actin component and related proteins on
these testis-specific structures during the late phase of spermiogenesis
suggests that successful spermiation relies on the regulation of actin-
based processes.

MYOS6 is a unique motor protein, because unlike all the other
myosins characterized so far, it moves towards the minus ends of
AFs [13]. This myosin has been implicated in a wide range of cellular
pathways including endocytosis, exocytosis, autophagy, maintenance
of apical microvilli in polarized epithelial cells, and streocilia in inner
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Figure 1. Schematic representation to highlight the organization of the TBCs during the late phase of mouse spermiogenesis. (a) Late spermatid surrounded by
Sertoli cell cytoplasm. (b) Stages of the endocytic pathway linked to TBCs indicated with arrows. (c) TBC sub-compartments. SC, Sertoli cell; SpT, spermatid;
green lines—actin filaments, red line in a/lb—apical ES, red line in c—clathrin coat, purple line in b/c—acrosome, and blue—ER.

ear hair cells as well as regulation of actin dynamics [14]. In these
processes, MYO6 may function as a motor involved in intracellular
transport or as an anchor essential in tethering membranes or protein
complexes to the actin cytoskeleton. This unique ability results
from MYO6 interactions with different cargo adaptors affecting
its oligomerization [14]. For instance, during endocytosis, MYO6
may dimerize/oligomerize by interacting with GIPC1, regulating
early endosomes positioning and cargo sorting [15]. On the other
hand, MYO6 may act as a monomer while binding to TOM1/L2,
thereby enabling tethering of endosomes to promote their fusion
with autophagosomes [16]. A crucial role for MYO6 in Drosophila
spermiogenesis, called spermatid individualization, was previously
identified [17]. During this process, stable actin structures (cones)
drive transformation of the syncytial spermatids into individual
sperm by removing excess cytoplasm and membrane remodeling.
MYOG stabilizes a dense actin meshwork at the front of the cones as
they move from the spermatid nuclei to the tails, which is required to
complete spermiogenesis [17, 18]. The lack of MYO6 in Drosophila
testis causes abnormal structure of the actin cones and loss of
selected ABPs from the front of the cones and results in sterile male
flies [19, 20]. These data suggest that MYO6 plays a structural
role during Drosopbila spermatid individualization. Our previous
results also suggest a role for MYOG6 in mouse spermiogenesis as
this myosin is expressed in wild-type mice testes and localizes to
actin-rich structures necessary for spermatid development/matura-
tion, including the apical ES [21]. Moreover, it has been suggested
that MYO6-deficient Snell’s waltzer (sv/sv) male mice show reduced
fertility [22]. To further investigate the role of MYOG6 in the late
phase of spermiogenesis in mouse, we analyze here the impact of
loss of MYO6 function on spatial organization of the TBC-related
endocytic compartment using testis from the sv/sv and control mice.
We identified defects in the actin cytoskeleton at the TBCs and
the distribution of the APPL1-positive endosomes. Finally, we show
significantly reduced litter size in Snell’s waltzer mice linked to male
fertility.

Materials and methods

Animals

Three-months-old male Snell’s waltzer mice (C57BL/6 background)
were used in this study. Each experiment was performed at least
three times using a pair of control (heterozygous, sv/+) and mutant
(sv/sv) males from one litter. All animal work was performed at the

Nencki Institute of Experimental Biology (Warsaw, Poland) or at the
University of Cambridge, Cambridge Institute for Medical Research
(Cambridge, United Kingdom), where the mice were bred and housed
under pathogen-free conditions. Animal housing and sacrifice pro-
cedures were performed in compliance with the European Commu-
nities Council directives adopted by the Polish Parliament (Act of
15 January 2015 on the use of animals in scientific investigations)
and with the UK Animals (Scientific Procedures) Act 1986 and
Laboratory Animal Science Association (LASA) Guidelines.

Antibodies and reagents

The following primary antibodies for immunofluorescence (IF),
immunogold localization (IG), immunoblotting (IB), and immuno-
precipitation (IP) were used: rabbit polyclonal anti-MYO6 [23]
(IF 1/50;1G 1/10; IP 5 pg); rabbit polyclonal anti-APPL1 (Proteintech
12639-1-AP; IF 1/100; IB 1/1000); mouse monoclonal anti-VPS35
(gift from Matthew Seaman, University of Cambridge, UK; IF 1/200);
rabbit polyclonal anti-TOM1L2 (Abcam ab96320; IF 1/200; IG
1/50; 1B 1/2000); rabbit polyclonal anti-GIPC1 (Proteintech 14822~
1-AP; IF 1/100; IB 1/1000); mouse monoclonal anti-Arp3 (Sigma-
Aldrich A5979; IF 1/200), mouse monoclonal anti-cortactin (Mil-
lipore 05-180; IF 1/100); rabbit polyclonal anti-PVRL3/nectin-3
(Proteintech 11213-1-AP; IF 1/100); and rabbit polyclonal anti-actin
(Sigma-Aldrich A2066; 1B 1/2000). The specificity of the primary
antibodies against MYOG6 and its partners was validated by western
blotting of protein lysates from mouse testes. The secondary antibod-
ies used for IF were goat anti-mouse/rabbit IgG (H + L) and Alexa
Fluor 488/568 (Invitrogen). Protein A gold conjugates (Department
of Cell Biology, University of Utrecht, Netherlands) were used to
detect primary antibodies in IG approach. The secondary anti-
mouse/rabbit antibodies used for IB were HRP-conjugated (Sigma).
F-actin was visualized using Alexa Fluor 488 Phalloidin (Invitrogen).
Nouclei were counterstained with Hoechst 33342 (Thermo Scientific).
Normal rabbit IgG (Sigma-Aldrich) was used as a negative control
during IF and IG experiments.

Preparation of epithelial fragments

Dissected testes from sv/+ and sv/sv males were decapsulated and
minced in 4% (v/v) formaldehyde in 1 x PBS (pH 7.4) and left
overnight at 4 °C. Next, seminiferous tubule segments were aspirated
gently through 18-gauge and 21-gauge syringe needles [24]. Larger
fragments of tissue were allowed to settle to the bottom of the
tube, before the supernatant was removed and centrifuged (1 min at
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4000 x g). The pellet was resuspended in PBS, and the cell suspension
was added onto poly-L-lysine-coated coverglasses. After 10 min, the
slides were plunged into ice-cold acetone and air-dried. Using this
technique, we were able to obtain stage VII spermatids with the
cytoplasm of Sertoli cell attached at the concave area of spermatid
head where TBCs are formed.

Immunofluorescence studies

For immunolocalization studies, the fixed samples were blocked
with 1% (m/v) BSA in 1 x PBS, pH 7.4 supplemented with 0.1%
(v/v) Triton X-100, and then incubated overnight at 4 °C with
primary antibodies in 1% BSA/PBS followed by secondary antibodies
conjugated with different fluorochromes, and DNA was stained with
Hoescht. For negative controls, the samples were incubated with nor-
mal rabbit IgG instead of the primary antibodies. Epi-fluorescence
images were captured on Zeiss Axio Imager.Z2 upright microscope,
Airyscan high-resolution images on Zeiss LSM 880 laser scanning
microscope, and confocal images on Leica TCS SP8 laser scanning
microscope. Acquired images were processed with Zeiss ZEN 2.6
(blue edition), Leica LAS AF Fiji [25], and Adobe Photoshop CS6
software. All representative images reported here were from at least
three pairs of sv/4+ and sv/sv male littermates in three independent
experiments, 7 = 3 with 2 testes used from each male.

Immunogold electron microscopy

For post-embedding immunogold localization, dissected sv/+ testes
from 7 = 3 mice were fixed with a mixture of 4% (v/v) formaldehyde
and 0.25% (v/v) glutaraldehyde in 1 x PBS (pH 7.4) for 2 h
at room temperature. To facilitate penetration of the fixative, the
tunicae albugineae of the testes were punctured several times with
a syringe needle. Pre-fixed testes were then cut into small pieces
(about 2 mm?) and fixed in the same fixative overnight at 4 °C.
Next, the tissue fragments were dehydrated through a series of
increasing ethanol concentrations and embedded in LR Gold resin
(Sigma-Aldrich) according to the standard protocol. Samples were
then cut with a diamond knife into ultrathin sections and collected
onto nickel grids. The sections were blocked with 1% (m/v) BSA
in PBS (pH 7.4) for 5 min at room temperature. Next, the samples
were incubated with primary antibodies in 0.1% (m/v) BSA in PBS
overnight at 4 °C, followed by 60 min incubation with a 10 nm
gold-conjugated protein A diluted 1:50 in 0.1% BSA in PBS at
room temperature. For double immunogold labeling, sections were
incubated with the first primary antibody and then with the 10 nm
gold-conjugated protein A according to the same protocol. Next,
sections were post-fixed with 1% (v/v) glutaraldehyde in PBS for
5 min at room temperature and incubated again with the second
primary antibody, and then with the 15 nm gold-conjugated protein
A (at the same time and temperatures as for the first antibody). For
negative controls, the sections were incubated with normal rabbit
IgG instead of the primary antibodies. Finally, the sections were post-
stained with 2.5% (m/v) uranyl acetate and 0.4% (m/v) lead citrate
aqueous solutions, and examined and imaged on a FEI Tecnai G2
Spirit BioTwin transmission electron microscope equipped with a
Gatan CCD Camera. Acquired images were processed with Adobe
Photoshop CS6. All representative images reported here were from
experiments repeated at least three times.

Immunoblotting
Testes dissected from sv/+ and sv/sv males (n = 3 for each phenotype)
were homogenized with a Dounce tissue grinder in protein extraction

buffer (50 mM Tris-HCl pH 7.5, 0.5% Triton X-100, 150 mM
NaCl, 5% glycerol) supplemented with 1 x cOmplete Protease
Inhibitor Cocktail (Roche). The homogenates were centrifuged twice
at 15,000 x g for 10 min at 4 °C, before determining protein con-
centrations of the supernatants using a Bio-Rad DC Protein Assay
according to the manufacturer’s instructions. Equal amounts of pro-
tein extracts were separated by electrophoresis on 12% SDS-PAGE
gels and transferred to Amersham PVDF Hybond-P membranes
(GE Healthcare), which were incubated with primary antibodies
overnight at 4 °C, washed, and probed for 1 h with the corresponding
anti-rabbit IgG or anti-mouse IgG/IgM secondary antibodies con-
jugated to horseradish peroxidase. Signals were detected using the
Amersham ECL Advance Western Blotting Detection Kit according
to the manufacturer’s guidelines (GE Healthcare). All immunoblot-
ting experiments were repeated three times.

Co-immunoprecipitation

Testes dissected from sv/+ males were homogenized with a Dounce
tissue grinder in ice-cold lysis buffer (50 mM Tris-HCl pH 7.4,
150 mM NaCl, S mM EDTA, 5 mM MgCl, 1% NP-40, 5 mM
ATP) supplemented with 1 x cOmplete Protease Inhibitor Cocktail
(Roche) and centrifuged at 15,000 x g for 10 min at 4 °C. The lysates
were pre-cleared with Protein A-Sepharose CL-4B (GE Healthcare)
for 1 h at 4 °C and spun briefly, and then supernatants were
transferred to fresh tubes. Next, samples were incubated with 5 pg
of anti-MYO6 antibody for 1 h at 4 °C with end-over-end mixing,
before incubation with Protein A-Sepharose for 1 h at 4 °C followed
by four washes with ice-cold lysis buffer. Co-immunoprecipitated
proteins were eluted from the beads using 4 x SDS sample buffer
and analyzed by SDS-PAGE followed by western blotting. The
primary antibodies were detected using Clean-Blot IP Detection
Reagent (Thermo Scientific). Co-immunoprecipitation experiments
were repeated three times.

Statistical analysis

Each experiment was conducted at least three times on pairs of
sv/+and sv/sv littermates. The obtained results were presented as
the mean + S.E.M. The statistical significance in each experiment
was analyzed using an unpaired two-tailed Student’s ¢-test. The data
were considered significant when P < 0.05. All data analyses were
performed using GraphPad Prism 6 for Windows.

Results

Male mice lacking MYOG6 expression are sub-fertile

To determine whether loss of MYOG6 expression in mouse testes
(Figure 2A.a) affects reproductive functions, we calculated the aver-
age litter size of sv/+ or sv/sv male mice crossed with sv/+ females
(Figure 2A.b). For statistical analysis, we used data gathered from
litters generated during 2 years of mice breeding at stable and
pathogen-free environmental conditions. Our data shows that the
average litter size for sv/4+ male was 6.94 &+ 1.33 (n = 14), whereas
for sv/sv males was 5.12 £ 1.60 (n = 16). Thus fertility of sv/sv male
mice was reduced by about 26% (P = 0.0022).

MYOG6 together with its binding partners, TOM1/L2 and
GIPC1, localizes to APPL1-postitive vesicles at TBCs

The highly specialized tubulobulbar endocytic compartment medi-
ates the uptake of cell-cell junctions in double membrane vesicles
into Sertoli cell to allow sperm release in mammals. Since MYO6
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Figure 2. MYOS6 localizes together with TOM1/L2 and GIPC1 to APPL1-positive vesicles at TBCs. (A) Immunoblotting of cell extracts from sv/4+ and sv/sv testes
with anti-MYO6 and anti-actin antibodies (a). Graph showing the quantification of the mean litter size per sv/+ and sv/sv male mouse (b). Both sv/4+ (n=14) and
sv/sv (n = 16) males were bred with sv/+ females. **P < 0.01. (B) Stage VIl sv/+ spermatid treated with normal rabbit IgG (rb IgG, red) instead of the primary
antibodies (a) and stage VIl sv/sv spermatid incubated with anti-MYO6 antibody (red) (b). F-actin was visualized with fluorescently labeled phalloidin (green). (C)
Confocal images of sv/+stage VIl spermatids immunostained for MYO6 (red) and F-actin (green). The boxed area shown in (a) is enlarged and shown in single
colorina’and a” (D) Confocal microscope images of sv/+stage VIl spermatids immunostained for APPL1 (red) and F-actin (green). (E) Confocal microscope image
of stage VIl sv/+ spermatid immunostained for MYO6 (red) and VPS35 (green) (a) and linear fluorescence intensity values across the TBC region showing the
relation between MYOG6- and VPS35-positive sub-compartments (b). (F) Confocal microscope images of stage VIl sv/+ spermatids immunostained for TOM1/L2
(red) and F-actin (green). (G) Confocal microscope images of stage VIl sv/4+ maturing spermatids immunostained for GIPC1 (red) and F-actin (green). Arrows
highlight the position of the TBCs, arrowheads indicate co-localization between MYO6 or GIPC1 with actin-positive regions of the TBCs, and dotted squares
indicate areas magnified in images marked with prime and double prime. All bars 1 ym.

is involved in endocytosis in various cell types and tissues [14, 26]
and depletion of this myosin leads to reduced male fertility in mice
(Figure 2A.b), we first assessed MYO6 localization during the late
phase of mouse spermiogenesis. Using immunocytochemistry and
high-resolution fluorescence microscopy, we detected endogenous
MYOS6 in the area adjoining the concave part of the spermatid head
(stage VII tubule) in heterozygote sv/+ control mice (Figure 2C.a—d).
The strongest MYO6 signal was found at the center of the TBCs
cluster in the Sertoli cell cytoplasm (Figure 2C.a”), which can be
identified by the linear F-actin cuffs (Figure 2C.a’, arrows). In some

sample preparations, high-resolution imaging enabled us to resolve
separate MYO6-positive spots (Figure 2C.b” and ¢”), which are
likely to represent distinct vesicles in close proximity of the TBCs
(Figure 2C.b> and ¢’; arrows). In addition, we observed labeling
for MYOG6 along the actin rich regions surrounding the extended
necks (Figure 2C.d”, arrowheads). No specific signal at the TBC
compartment was observed in the sv/+ spermatids incubated with
normal rabbit IgG instead of the primary antibody (Figure 2B.a)
or in the sv/sv spermatids labeled with anti-MYO6 antibody
(Figure 2B.Db).
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To further analyze the nature of the MYO6-containing vesicles,
we labeled spermatids with an antibody for the endosomal marker
APPL1, which is present on a specific class of early signaling
endosomes that do not contain EEA1. APPL1 is an effector of Rab5,
which is also present at TBC bulbs. APPL1 recruits MYOG6 to early
endosomes by binding directly to the MYO6 adaptor protein GIPC1
[6, 27]. Interestingly, the localization of APPL1 was very similar to
the distribution of MYO6; both proteins were concentrated at the
focus point of the TBCs (compare Figure 2C.a—a”and D.a—a” ) and
sometimes appeared in a vesicular pattern (compare Figure 2C.b-b”
and D.b-b”). To determine more precisely the nature of the
MYO6-positive endocytic compartment that is associated with the
TBCs, we next labeled maturing spermatids with an antibody to
VPS3S5 (vacuolar protein sorting-associated protein 35), a subunit
of the retromer complex involved in retrograde transport of
proteins from endosomes [28]. VPS35 is a marker protein found
on early sorting endosomes that also contain EEA1, which has
been previously shown to be localized near the ends of TBCs [6].
Double labeling experiments for VPS35 and MYO6 showed very
little overlap (Figure 2E.a), indicating that the MYO6 and APPL1-
positive vesicles form a different endosomal sub-compartment that is
distinct from EEA1-positive endosomes. These results are quantified
in Figure 2E.b by the graph depicting linear pixel values across the
line marked with white arrow. Taken together, our results suggest
that MYOG is involved in an early stage of the endocytic process at
the TBCs and is present on APPL1-positive early endosomes that are
different from EEA1-containing early sorting endosomes.

We next determined which of the known adaptor proteins may
interact with MYO6 at the TBCs at the Sertoli-spermatid interface. In
mammalian cells, several MYOG6 cargo adaptors have been identified
mediating the function of this myosin in endocytosis, autophagy,
and regulation of actin dynamics [14, 29]. Our analysis showed that
two of these MYO6 interactors—TOM1/L2 and GIPCl—Ilocalized
to the same TBC compartments as MYO6 (Figure 2F and G). Both
adaptor proteins are also recruited to APPL1-positive endosomes
in other cell types and tissues. TOM1/L2, similar to MYO6, was
most pronounced in the area of TBC clustering where endocyto-
sis occurs (Figure 2F.a-a”; arrows indicating TBCs), either as one
bright spot or as several separate vesicles (Figure 2Eb-b”; arrows
indicating TBCs). Next, we addressed the localization of GIPC1,
which is known to co-localize with TOM1/L2 and MYO6 on APPL1-
positive endosomes [30]. Indeed, also at spermatid/Sertoli cell inter-
face, the regions positive for GIPC1 correlated with the localiza-
tion of TOM1/L2 and MYO6 in the small concavity of spermatid
heads (Figure 2G.a and b). Interestingly, GIPC1 localization was not
restricted to the vesicles in the center of the TBC clusters, but
similar to MYO6 was also present at the actin cuffs along the
TBCs (Figure 2G.a’,a”, b’, and b”; arrowhbeads and arrows). Next,
we assessed the expression levels of these three proteins, APPL1,
TOM1/L2 and GIPC1, in the control and sv/sv testes by western
blotting (Figure 3A). All three MYO6-binding partners are present
at similar levels in control and sv/sv testis, indicating that their
expression is not affected by the loss of MYOG6. Furthermore, in
co-immunoprecipitation experiments, affinity purified polyclonal
antibodies to MYO6 were able to pull down MYO6 together with
TOMT1/L2 or GIPC1 from sv/+ mouse testes (Figure 3B). No signal
was observed in lysates from sv/sv testes used as a negative control.
Together, these results indicate that in mouse testes, MYO6 is present
in a complex with its binding partners TOM1/L2 and GIPC1,
which recruit MYOG6 to an APPL1-positive vesicular compartment
associated with the TBCs.

Ultrastructural localization of MYO6 and

TOM1/L2 at the TBCs

To determine the distribution of MYO6 at the TBCs at the ultra-
structural level, we performed post-embedding immunogold labeling
on sv/+ testes sections using our polyclonal antibody to MYO6
followed by gold-conjugated protein A. Although the weaker fix-
ation protocol required for immunocytochemistry is not optimal
for preserving the ultrastructure of cellular organelles, our post-
embedding method allowed the visualization of the TBCs structure
at high resolution (Figure 4a-h). Using this technique, we were
able to visualize the proximal tubules (black arrows) and the bul-
bular region (white arrows) of TBCs, as well as clathrin-coated
pits (empty arrowheads), endocytosed bulbs/early endosomes (aster-
isks), and early sorting endosomes most probably corresponding to
EEA1-positive compartment (black squares). On ultrathin sections
of sv/+ mouse testis that were stained with anti-MYO6 antibody, we
observed gold particles mainly associated with vesicular structures
in the center of the TBCs, thus confirming our results obtained
by immunofluorescence (Figure 4a’, d, h; asterisks). Our analysis
further revealed that to a lesser extent, MYO6 labeling is also present
on the surface of the bulbs of the TBCs (white arrows) before
their scission (Figure 4a’, ¢, e-g; black arrowheads) and on the long,
proximal tubules of TBCs (Figure 4d; white arrowheads—gold par-
ticles, black arrows—tubules). Very few gold particles were found on
structures most probably corresponding to EEA1-positive early sort-
ing endosomes (Figure 4c; double arrowhead—gold particles, black
square—early endosome), and no gold particles were present on
clathrin-coated pits of TBCs (Figure 4d and e; empty arrowheads).
No signal was observed at the TBC compartment in the sections
labeled with normal rabbit IgG instead of the primary antibody
(Figure 4b).

We next analyzed the localization of the MYO6-binding partner
TOM1/L2 at the ultrastructural level to determine whether both
proteins are present in the same cellular compartment/s. Using
the immunogold labeling technique, we were able to confirm that
TOM1/L2 localizes to the same TBC sub-compartments as MYO6
(Figure 4i-k). Consistent with our previous immunofluorescence
results, we found that gold particles representing the localization of
TOM1/L2 were mainly present in the area of the TBCs, where clus-
ters of endocytic structures accumulate (Figure 4i and k; asterisks).
Moreover, gold particles highlighting TOM1/L2 localization were
associated with outer membranes of TBC bulbs (Figure 4i and j;
black arrowheads—gold particles, white arrows—bulbs), and some
gold particles were also found at the long, proximal tubules of TBCs
(Figure 4j; white arrowheads—gold particles, black arrow—tubule).
Similar to the result for MYO6, no TOM1/L2 was present at the
clathrin-coated pits of TBCs (Figure 4i, empty arrowhead).

The use of gold-conjugated protein A, which binds only to a
single site on the IgG molecule, enabled us to perform double-
labeling experiments with two primary rabbit antibodies against
MYO6 and TOM1/L2. For this experiment, we labeled the testis
sections with the MYO6 and TOM1/L2 antibodies sequentially and
detected the first antibody using two different protein A probes—
the first conjugated with 10 nm gold particle for MYO6 and the
other with 15 nm particle for TOM1/L2. As shown in Figure 4l-n,
both proteins (black arrowhbeads) co-localize in the area of TBC
clustering (asterisks), where early endosomes accumulate. Finally,
we calculated the number of gold particles labeling MYO6 or
TOM1/L2 to determine whether MYO6 and TOM1/L2 localize to
the same sub-compartments of the TBCs (Figure 5). Our scoring
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Figure 3. MYO6 forms a complex with TOM1/L2 and GIPC1 in mouse testes. (A) Immunoblotting of tissue extracts from sv/4 and sv/sv testes with anti-APPL1,
anti-TOM1/L2, anti-GIPC1, and anti-actin antibodies. Actin is shown as a loading control. No changes in protein expression were observed in sv/sv spermatids in
comparison to control cells. (B) Co-immunoprecipitation of MYO86, GIPC1, and TOM1/L2 from sv/+ testes lysates. MYO6 was immunoprecipitated with a rabbit
polyclonal antibody. Lysates of sv/sv testes were used in the control lane. The immunoprecipitates were analyzed by western blotting with antibodies to GIPC1

and TOM1/L2.

shows that both proteins are preferentially associated with the
bulbular region of the TBCs and the bulbs/early endocytic vesicles
after their scission; this localization is similar to the one previously
observed for Rab5 [6]. Moreover, both MYO6 and TOM1/L2 also
associate to long proximal tubules and with early sorting endo-
somes corresponding to EEA1-positive compartment. Finally, both
proteins are absent from clathrin-coated pits at the ends of the
TBCs. Altogether, based on data obtained with immunogold electron
microscopy, we conclude that MYO6 co-localizes with its binding
partners mainly to the bulbs of the TBCs prior and shortly after their
scission.

MYO6 maintains the proper structure of the

TBC compartment

To establish whether MYO6 has a role in maintenance of the
structure/morphology of the TBCs in mouse testes, we analyzed
functional organization of the TBCs in sv/sv spermatids from the
MYO6 KO mouse testes lacking MYO6 expression (Figure 2A.a).
We first explored whether the absence of MYO6 at TBCs
(Figure 2B.b) has an impact on the correct localizations of its
adaptor complexes by labeling sv/sv spermatids with antibodies
against APPL1, TOM1/L2, and GIPC1 (Figure 6A, C, and D). Our
immunofluorescence results show that APPL1-positive vesicles were
mislocalized and dispersed in MYOG6-deficient cells (Figure 6A.a
and b; arrows in a’ and b’ show TBCs) and no longer concentrate
at the site of TBC clustering compared to control mice (compare
Figures 6A.a and b and 2D.a and b). In addition, we assessed the
localization of VPS35, the marker protein for sorting endosomes,
in the mutant cells to determine whether the spatial organization
of the late endocytic compartment is also affected in MYOG6-
deficient spermatids. Interestingly, compared to the control cells,
where VPS35 was concentrated at the concave side of spermatids
head (Figure 6B.a), in sv/sv spermatids, the signal corresponding to
VPS35 was less pronounced at this compartment (Figure 6B.b—d).
Next, we determined the localization of TOM1/L2 and GIPC1 at
the mutant spermatid-Sertoli cell interface (Figure 6C and D, arrows
indicate TBCs). In sv/sv spermatids, TOM1/L2 is still present at the
concave side of spermatid head; however, the vesicular localization
is much more dispersed and less concentrated compared to sv/+

spermatids containing wild-type levels of MYO6 (Figure 6C.a and b,
compare with Figure 2Fa and b). Similarly, in the sv/sv spermatids,
staining for GIPC1 was also more dispersed and less focused
compared to the control cells (compare Figures 6D.a and b and
2G.a and b). The GIPC1 signal was markedly diffused (Figure 6D.a”
and b”) and interestingly, much more strongly overlapped with actin
cuffs of the TBCs in the MYO6 KO cells (Figure 6D.a” and b’;
arrows). Together, these results indicate that in MYO6-deficient
cells, the APPL1-positive early endocytic vesicles no longer cluster
at the ends of TBCs, indicating that TBC functional organization
is impaired in MYO6 KO male mice, which may impact on the
central role of this specialized structure in endocytosis of intercellular
junctions.

We next examined the organization of the actin cytoskeleton,
which is crucial to maintain the elaborate structure of TBCs, in
the MYO6 mutant cells and visualized F-actin using fluorescently
labeled phalloidin (Figure 6E). As shown in Figure 6E.a, in control
cells, actin surrounding the TBCs projects towards one spot, where
we observed the accumulation of APPL1 and MYO6-positive vesicles
after cleavage. In sv/sv cells, however, labeling of the actin cytoskele-
ton revealed that the overall TBCs orientation is changed; they no
longer clustered but pointed in different directions (Figure 6E.b)
and sometimes were formed away from the concave surface of the
spermatid head (Figure 6E.c). In some examples, we observed a very
hazy phalloidin signal, suggesting the disruption of TBCs actin cuffs
(Figure 6E.d). Quantification of cells exhibiting these phenotypes
revealed that in sv/sv males, 69.25 £+ 1.83% of spermatids/Sertoli
cells had an abnormal TBC structure, whereas in control, this
number was 7.65 &+ 0.87% (possibly these results were partial due
to the TBCs disruption during epithelium fragmentation and sample
preparation) (Figure 6E.e). However, these results indicate a highly
significant (P < 0.0001) almost tenfold increase in the number of
cells lacking MYO6 with an abnormal TBC structure, visualized by
F-actin staining.

Next, we analyzed in control cells the distribution of MYO6
and selected ABPs, Arp3, and cortactin, at the spermatid/Sertoli cell
interface. These proteins that regulate actin dynamics are compo-
nents of the mammalian TBCs [31, 32] and have been reported
to co-localize with MYOG6 in the actin cones during Drosophila
spermiogenesis, where their distribution is disrupted in MYO6-
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Figure 4. MYO6 and TOM1/L2 co-localize on vesicular structures and at the bulbar region of the TBCs. Detailed immunogold localization of MYO6 (a, a’, c-h),
TOM1/L2 (i-k), double-localization of MYO6 and TOM1/L2 (I-n), and negative control (b) in sv/4+ spermatids. On, images I-n MYO6 was localized with 10 nm and
TOM1/L2 with 15 nm gold particles. Asterisks: area enriched in endocytic structures, black arrows: proximal tubules of TBCs, black squares: larger endosomes,
white arrows: bulbs of TBCs, white arrowheads: clathrin-coated pits of TBCs, sc: Sertoli cell, sp: spermatid. Bars: 1 pm (a), 500 nm (a’, b-d, i, j), 250 nm

(e=h, k-n).

deficient flies [19,20]. We labeled control spermatids with antibodies
specific for Arp3 and cortactin (CTTN on images) and found that
both proteins were present at the TBCs specifically enriched in
the actin cuffs along the proximal tubule (Figure 6F.a and G.a,

respectively). We observed little overlap between MYO6 and Arp3
or cortactin, because MYO6 was concentrated in the early vesicular
compartment at the center of the TBCs and to a lesser extent
along the actin cuffs. We next analyzed the distribution of these
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Figure 5. MYO6 and TOM1/L2 localize mainly to TBC bulbs prior and shortly
after their internalization. The number of gold particles showing the local-
ization of MYO6 or TOM1/L2 in different sub-compartments of TBCs on all
acquired images scored as follows: + < 10 gold particles, ++ < 100 gold
particles, +++ > 100 gold particles.

ABPs in the sv/sv spermatids and observed that both Arp3 and also
cortactin show in the absence of MYO6 much more diffuse staining
patterns (Figure 6F.c—e and G.c—e) and less labeling along correctly
organized TBC actin cuffs, as they can be found in control spermatids
(Figure 6F.a and b and G.a and b). Altogether, these data show
that MYOG6 depletion impairs the development and regulation of
TBC-associated cytoskeleton, which can be visualized by the staining
for AFs forming the TBC-associated actin cuffs or labeling of the
associated actin-regulatory proteins, Arp3 and cortactin.

The loss of MYO6 impairs the spatial organization of
nectin-3-containing endosomes at theTBCs

Our results so far suggest that MYO6 is important for maintaining
the integrity of the early endocytic compartment associated with
the TBCs. To determine whether the loss of MYO6 may impair the
endocytosis of intercellular junctions at TBCs, we determined the
distribution of nectin-3, an adhesion junction protein in the sper-
matid membrane, which forms heterotypic cell-cell adhesions with
nectin-2 present in the Sertoli cell membrane, in control and mutant
spermatids (Figure 7, arrows indicate TBCs) [5, 6, 33]. As previously
reported, nectin-3 was found in the apical ES that overlapped with
F-actin bundles surrounding the spermatid heads (Figure 7.A and B;
notice yellow/orange area indicating co-localization of nectin-3 and
F-actin). In addition, nectin-3 appeared at/around the TBC com-
partment as dots/vesicles at the ends of TBCs (Figure 7A.a—a” and
b-b”) or in small clusters (Figure 7A.c—c” and d-d”), which may
represent adhesion junctions of the apical ES in early endosomes
after internalization. In sv/sv spermatids, nectin-3 was also associated
with vesicular structures; however, these were more dispersed and
no longer concentrated at the site of TBCs clustering (Figure 7B).
We did not observe any changes in the staining of nectin-3 at
the apical ES. In summary, our immunofluorescence analysis indi-
cates that the absence of MYO6 disturbs the steady state organi-
zation of endocytic machinery. Although our analysis of the fixed
testes does not allow to quantify endocytosis of nectin-3, our data
suggest that the observed disruptions in the spatial organization
of the endocytic TBC may impact on the endocytosis of nectin-

3-containing intercellular junctions in developing/maturing mouse
spermatids.

Discussion

Although the actin cytoskeleton and different ABPs have been shown
to play important role/s at the late stage of mammalian spermiogene-
sis [1], molecular function of these cytoskeletal components and their
temporal and spatial regulation are still poorly understood. Here we
demonstrate that MYO6 is important to maintain the integrity of the
actin-rich TBC compartment and the distribution of the endocytic
machinery in Sertoli cells during the late phase of spermiogenesis in
mice.

MYOG is essential for the spatial organization of
endosomes at the TBC

MYO6 has previously been shown to localize to Rab5- and APPL1-
positive early endosomes in the actin-rich cortex below the plasma
membrane [26, 29, 34]. APPL1 is a multifunctional adaptor protein
that interacts through its phosphotyrosine-binding domain with
many different signaling receptors [35]. Interestingly, these early
APPL1-positive vesicles are distinct from EEA1-positive early sorting
endosomes. MYO6 is recruited to APPL1-endosomes through
interactions with the adaptor proteins, GIPC1 and TOM1/L2, and
the MYO6/GIPC1 complex enables the translocation of APPL1-
endosomes through the actin cortex below the plasma membrane
[26, 36]. The exact cellular functions of TOM1/L2 are less well
understood; however, the MYO6-TOM1/L2 complex has been
shown to facilitate the maturation of autophagosomes enabling their
fusion with the lysosome [26, 30]. Overall, MYO6 plays a crucial
role in tethering of early endosomes to cortical AFs enabling the
maturation of nascent endosomes and the regulation of downstream
signaling, which precedes the cargo processing in EEA1-positive
early endosomes [34].

Based on our results, MYO6, GIPC1, and TOM1/L2 are not
present in EEA1-positive sorting endosomes, which are marked by
the presence of VPS35 [28], but are recruited to the bulbular region
of the TBCs and associated to early endosomes. The nature of these
endosomes is further characterized by the localization of Rab$5 in rat
testis, where this GTPase is present at the TBCs and on endosomes
in close vicinity [6]. Since APPL1 is an effector of Rab$, both
proteins are likely to be present in similar compartments. Therefore,
the APPL1-positive TBC compartment containing MYO6, GIPC1,
and TOM1/L2 in mouse testis may correspond to Rab$-positive
compartments observed in rat testis. Given that we identified the
same MYOG6 adaptor proteins associated with the TBCs that were
previously shown to bind to MYO6 in the endocytic pathway in
other animal cells, MYO6 may also be involved in the early endo-
some distribution, cargo sorting, and endosome trafficking during
the late phase of spermiogenesis in mouse. This hypothesis is also
supported by our observation that the no-insert and small-insert
MYO6 isoforms are expressed in mouse testis [21] and is in line with
results showing that in other cell types/tissues the no-insert MYO6
localizes to early endosomes [30, 37, 38]. In summary, although the
exact function of MYOG6 in endocytosis at the TBCs is not known, the
lack of MYO6 impacts the TBCs functional organization, which may
affect downstream signaling essential for endocytic cargo processing
and recycling. As a result, this may either affect the formation of
new intercellular attachments formed in seminiferous epithelium or
impair the final maturation and accurate sperm release to the lumen
of seminiferous tubules.
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Figure 6. Lack of MYOG6 in sv/sv spermatids leads to the dispersion of TBC endocytic compartment. (A) Confocal microscope images of stage VIl sv/sv spermatids
immunostained for APPL1 (red) and F-actin (green). (B) Confocal microscope images of stage VIl sv/+ and sv/sv spermatids immunostained for VPS35 (green).
(C) Confocal microscope images of stage VIl sv/sv spermatids immunostained for TOM1/L2 (red) and F-actin (green). (D) Confocal microscope images of stage VII
sv/sv spermatids immunostained for GIPC1 (red) and F-actin (green). (E) Confocal microscope images of stage VIl sv/+ and sv/sv spermatids stained for F-actin
(green) (a-d). The graph depicting the mean percentage of cells which displayed disturbed TBC-associated cytoskeleton (e). > 90 cells from n = 3 independent
experiments were counted (3 litter pairs of sv/4 and sv/sv males). Error bars indicate SEM, **** P < 0.0001. (F) Confocal microscope images of stage VIl sv/+ and
sv/sv spermatids immunostained for MYO6 (a, red) and Arp3 (a-e, green). (G) Confocal microscope images of stage VIl sv/4+ and sv/sv maturing spermatids
immunostained for MYO6 (a, red) and cortactin (a-e, green). Arrows highlight the position of TBCs and dotted squares indicate areas magnified in images

marked with prime and double prime. All bars 1 pm.

MYO6 might regulate actin dynamics that is crucial for
spermatid maturation

Our data show that MYO6 is not only present at the APPLI1-
endosomes and the bulbular region of the TBCs but is also associated
with AFs that cuff the proximal tubules of the TBCs. Interestingly, in
MYO6-depleted testis, these actin-related structures are significantly
disorganized, suggesting a role for this myosin in regulating the
arrangement of AFs in the TBCs. Here, MYO6 could stabilize the
actin network by recruiting or indirectly anchoring selected ABPs
similar to its function in actin cones during Drosophila spermatid
individualization [17]. During individualization, actin cones drive
the removal of excess cytoplasm from maturing spermatids and

membrane remodeling, and MYO6 concentrates at the front of these
cones in the actin meshwork together with Arp3 and cortactin [18,
19]. The lack of MYO6 in developing Drosophila spermatids leads
to the disturbed distribution of these ABPs and abnormal structure of
actin cones, and as a result, to male infertility [17, 19]. Interestingly,
not only in flies, but also in mice, depletion of MYO6 disrupts the
localization of Arp3 and cortactin during spermiogenesis, suggesting
that MYO6 may play a role in regulating actin organization/dynam-
ics during spermatid development/maturation. Importantly, TBCs
form in the area previously occupied by the apical ES [7]. Before
the spermiation, the apical ES contains parallel actin bundles, which
are reorganized into actin meshwork during the sperm release [39]. A
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Figure 7. Lack of MYO6 in sv/sv spermatids disrupts the structural integrity of the nectin-3-positive endocytic compartment. Confocal microscopy images of
stage VIl sv/4(A) and sv/sv (B) spermatids representing dynamics of TBC-related endocytic compartment immunostained for nectin-3 (red) and F-actin (green).
Arrows highlight the position of the TBCs and dotted squares indicate areas magnified in images marked with prime and double prime. All bars 1 ym.

similar F-actin remodeling process involving the Arp2/3 complex and
its activator cortactin also takes place during Drosophila spermatid
individualization [17-19]. Thus, we propose that the same or similar
mechanisms involving the regulation of ABPs distribution by MYO6
could function at the late phase of spermiogenesis in mouse. The
molecular mechanism that leads to disruption of Arp3 and cortactin
localization after depletion of MYOG is not clear, as neither of these
regulatory ABPs bind directly to this myosin. MYO6, however, has
been shown to interact via GIPC1 with LARG, a RhoGEF that
induces actin polymerization and may modulate actin organization
around cortical endosomes [29]. Furthermore, DOCK7, a GEF for
Rac and CDC42 is linked indirectly to MYO6 through LRCH3 and
the MYO6-LRCH3-DOCK?7 complex promotes the displacement of
septins that align on AFs [29, 40, 41]. Thus, MYO6 may regulate
actin organization during spermiogenesis through recruitment of
different RhoGEFs, thereby modulating the formation of distinct
actin structures that require ABPs activity. Although both these
RhoGEFs are expressed in mouse testis (data not shown), at present,
their distributions and the other members of the septin family during
spermiogenesis are not known.

Myosin Vlla, a plus-end-directed myosin motor, was previously
showed to be linked to the apical ES in mammals, where it was
postulated to be involved in spermatid and organelle transport
and adhesion during spermiogenesis [11, 12]. However, myosin
VIIa mutant mice revealed no obvious structural disruptions in the
apical ES, suggesting that spermiogenesis progressed normal [42]. In
contrast, work by Wen et al. [12] clearly showed that knock down of
myosin VIIa in rat Sertoli cells induced disorganization of the actin
cytoskeleton across the seminiferous tissue and abnormal spatio-
temporal expression of selected ABPs just before and during spermi-
ation. In addition, premature release of round/elongated spermatids
and numerous defects in spermatozoa were noted in myosin VIla-
deficient cauda epididymis, suggesting serious problems in cell adhe-
sion and spermatid transport during spermiogenesis in rat. All these
findings suggest that multi-protein complexes involving different
motor proteins that interact with the underlying actin cytoskeleton
and various ABPs play important roles during spermiogenesis in
mammals. We propose that MYO6 is one of the components of
the protein complex at the TBCs involved in endocytosis at the

spermatid/Sertoli interface during the late phase of spermiogenesis
in mouse (summarized in graphical abstract).

Conclusions

In summary, our data show that changes in the actin organization
and distribution of the APPL1-positive endosomal compartment
may lead to disruptions of TBCs in the testis of MYO6-deficient
Snell’s waltzer mice. These defects may affect the sperm release
and impair their fertilizing capacity, therefore causing the observed
drop in fertility of the male mice. The phenotypes found in sv/sv
spermatids suggest that in mammals, similar to invertebrates, MYO6
may have a structural role during spermiogenesis by regulating
actin organization and tethering of membrane compartments to the
surrounding actin cytoskeleton. It must be noted, however, that in
contrast to Drosopbila in which the lack of MYO6 expression leads
to male infertility, in MYO6-deficient mice, the phenotype is less
pronounced. Although MYO6 does not play an essential role in
mammalian spermatogenesis, its function and mechanism of action
during spermiogenesis are crucial to understand a molecular role of
MYOS in highly specialized tissues and cell types as found in the
testes.
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do publikacji oraz uczestniczytem w procesie publikacyjnym jako autor
korespondencyjny. Samodzielnie zebralem literatur¢ i wykonatem schematy i tablice
zamieszczone w publikacji.

3. Zakrzewski P., Suwinska A., Lenartowski R., Redowicz M.J., Buss F., Lenartowska
M. (2020) Myosin VI maintains the actin-dependent organization of the tubulobulbar
complexes required for endocytosis during mouse spermiogenesis. Biol Rep 102, 863-875

Moj wktad w powstawanie tej publikacji polegal na wspotudziale w opracowaniu
koncepcji badan, zaplanowaniu wszystkich eksperymentéw, w tym przygotowaniu
materiatu do badan, wykonaniu fluorescencyjnej wizualizacji F-aktyny z wykorzystaniem
mikroskopii konfokalnej z pomoca dr Anny Suwinskiej, samodzielnym wykonaniu badan
immunofluorescencyjnych i immunoztotowych (w tym wysokorozdzielcza mikroskopia
konfokalna 1 mikroskopia elektronowa) oraz wykonaniu analiz western blot z pomoca
dr. hab. Roberta Lenartowskiego. Bratem takze udziat w analizie uzyskanych wynikow
badan i przygotowaniu manuskryptu pracy do publikacji oraz uczestniczytem w procesie
publikacyjnym jako autor korespondencyjny. Samodzielnie wykonatem analizy
statystyczne, zebratem literatur¢ 1 wykonalem schematy i tablice zamieszczone
w publikacji.
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875;

Zakrzewski P, Redowicz MJ, Buss F, Lenartowska M (2020) Loss of myosin VI
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https://doi.org/10.1093/biolre/iocaa071;

polegat na wspotudziale w opracowaniu koncepcji badan i analizie uzyskanych wynikéw
oraz wspotudziale w przygotowaniu manuskryptéw publikacji w roli promotora przewodu
doktorskiego.
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8. PERSPEKTYWY DALSZYCH BADAN

Wspotpraca z prof. Folmg Buss z Cambridge Institute for Medical Research
(University of Cambridge, Wielka Brytania) umozliwita przeprowadzenie szczegotowe;j
analizy potencjalnych partnerow molekularnych oddzialujacych z MYO6 w jadrach
myszy. Eluaty po przeprowadzonej koimmunoprecypitacji lizatéw biatkowych
pozyskanych z jader myszy sv/+ oraz sv/sv wykorzystano do tandemowej spektroskopii
mas sprz¢zonej z chromatografig cieczowa (ang. liquid chromatography tandem-mass
spectroscopy, LC-MS/MS). Oprocz partnerow molekularnych MYO6 okreslonych
wstepnie podczas badan opisanych w PUBLIKACJACH 2 i 3, przeprowadzona analiza
wykazala szereg innych biatek, ktorych potencjalna interakcja z MYO6 w jadrach
myszy nie byla dotad stwierdzona. Szczegétowa analiza otrzymanych wynikoéw
z wykorzystaniem dostgpnych informacji on-line na temat réznych partneréw interakc;ji
dla MYO6 w komorkach ssakow umozliwita stworzenie prawdopodobnej sieci

interakcji MYO6 w jadrach myszy (Ryc. 4).

Ryc. 4 Prawdopodobna sie¢ interakeji MYOG6 z jej partnerami molekularnymi w jadrach
myszy. Na czerwono zaznaczono wczesniej znane bialka oddziatujace z MYO6 w roznych
komorkach ssakow.
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Przedstawiona sie¢ interakcji grupuje biatka w potencjalne kompleksy, ktore
hipotetycznie mogg by¢ zaangazowane w rozne etapy procesu spermiogenezy. Wydaje
si¢, ze oprocz bialek GIPC1 oraz TOMI1/L2 w proces endocytozy kompleksow
cewkowo-butawkowatych opisany w PUBLIKACJI 3, moze by¢ zaangazowane takze
biatko PLEKHGS (ang. pleckstrin homology domain-containing family G member 5).
Interesujacym kompleksem biatkowym, wartym poswiecenia wigkszej uwagi
w najblizszej przysztosci, jest kompleks biatek LRCH3-DOCK?7, opisany w literaturze
jako kompleks DISP (ang. DOCK7-induced septin displacement complex)*. Najnowsze
wyniki badan wskazuja, ze MYO6 wchodzac w interakcj¢ z kompleksem DISP moze
regulowa¢ dynamike filamentéw aktynowych, z ktéorymi oddziatuje m.in. poprzez
przemieszczenie septyn. Septyny to duza grupa biatek, ktére podobnie do aktyny moga
tworzy¢ roznego rodzaju struktury drugo- i trzeciorzgdowe, takie jak filamenty
czy pierscienie oddziatujace z cytoszkieletem aktynowym?®. Wstepne wyniki
przeprowadzonych badan wskazuja, ze zarobwno LRCH3 i DOCK?7 ulegaja ekspresji
W jadrach myszy na wysokim poziomie, jednak nie jest znana ich dystrybucja w tej
tkance, podobnie jak septyn, z ktorymi oddziatuja.

Podsumowujac, otrzymane na podstawie analizy LC-MS/MS dane stanowig
punkt wyjscia do dalszych badan nad rola MYO6 w procesie spermiogenezy,
szczegblnie pod katem jej udzialu w regulacji dynamiki cytoszkieletu aktynowego
zaangazowanego w dojrzewanie spermatyd. Co wigcej, poznanie wigkszej liczby bialek,
z ktorymi MYO6 oddzialuje w jadrach myszy, pozwoli na lepsze zrozumienie roli
I mechanizmu dziatania tego biatka w podstawowych procesach komodrkowych,

takich jak endocytoza.

'O’Loughlin T., Masters T.A., Buss F. (2018) The MYO6 interactome reveals adaptor complexes
coordinating early endosome and cytoskeletal dynamics. EMBO Rep 19, e44884

“Mostowy S., Cossart P. (2012) Septins: the fourth component of the cytoskeleton. Nat Rev Mol Cell Biol
13, 183-194
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