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Abstrakt

Proces diferenciace krvetvornych bunék je zavisly na chromatin-remodela¢ni aktivité
ISWI ATPazy SMARCAS (SNF2H) a jejich komplext. Pro studium funkci této ATPazy jsme
v nasi laboratofi vyvinuli fadu mysich modelli, poc¢inaje modelem s konstitutivni deleci genu
Smarca5 a na néj navazujicimi modely s kondicionalni deleci tohoto genu v zavislosti na
tkanovée specificky exprimované Cre rekombindze (zejména v riiznych stadiich krvetvorby).
Zavaznost fenotypovych projevlli u mysSich modelt se rizni od brzké embryonalni letality
konstitutivniho dele¢niho modelu, pfes fetalni letalitu spojenou se selhanim erytropoézy
(VavliCre model — delece v definitivnim hematopoetickém progenitoru) az po poruchy
lymfopoézy neomezujici preziti zvifat (hCD2iCre model — delece v T a B lymfocytech) u
kondicionalné delecnich modelt. Tato prace navazuje na pozorovani ziskand pii studiu
dele¢nich modelt genu Smarcal, tedy ze delece vede k zastavé déleni bunék a jejich vstupu do
apoptdzy. Defekty byly pozorovany uz ve stddiu kmenovych bunék a hematopoetickych
progenitord, které nebyly schopné vstoupit do procesu diferenciace v nepfitomnosti
SMARCAS5 proteinu. V téchto modelech kviilli tomu nebylo mozné studovat pribch
diferenciace. Proto jsme se rozhodli vytvofit novy mysi model s hypomorfni (exprimujici nizsi
mnozstvi proteinu) transgenni alelou SMARCAS (S5tg), exprimovanou na pozadi delece
Smarca5, ktery nam umoznil sledovat diferenciaci krvetvornych bunck pfi riiznych hladinach
exprese proteinu SMARCAS. Zjistili jsme, Ze transgenni SMARCAS muze v zavislosti na
mnozstvi exprimovaného proteinu zachranit zastavu vyvoje lymfocytl v tkanoveé specifickém
modelu delece Smarca5 v této linii (hCD2iCre) a také letalni fenotyp spojeny s konstitutivni
deleci nebo kondiciondlni deleci v krvetvornych kmenovych buinikach (VavliCre). Model
VavliCre S5tg ukdzal, Ze urovei exprese proteinu SMARCAS hraje zdsadni roli v krvetvornych
kmenovych buiikdch a progenitorech, v ptipad¢ snizené (asi 10 %) exprese tohoto proteinu
dochazi k nahromadéni multipotentnich progenitorti, které nejsou schopné dale diferencovat.
Pozorovany defekt vznikly sniZzenym mnozstvim proteinu SMARCAS ma nejvétsi vliv na
diferenciaci lymfocytl a jejich progenitori a to zejména u B-lymfocyti, které jsou na mnozstvi
proteinu SMARCAS nejcitlivejsi, coz vedlo k vyraznému snizeni jejich pocti v periferni krvi.
Pocet erytrocytli byl sniZzen pouze minimaln€¢ a myelocyty nebyly hypomorfni expresi
SMARCAS ovlivnény. Transgenni SMARCAS model dokazuje, ze ISWI ATP4za SMARCAS
je nepostradatelnd pro spravny vyvoj krvetvornych bunék a to zejména lymfocytd. Tento
vyzkum ptispiva cennymi poznatky k prohloubeni znalosti o tomto dalezitém epigenetickém

regulatoru, které mohou byt vyuzity pii vyvoji lécebnych strategii pro poruchy krvetvorby.
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Abstract

The process of cell differentiation is dependent on the chromatin-remodeling activity of
the ISWI ATPase SMARCAS (SNF2H) and its complexes. A series of mouse models have been
used to study the functions of this ATPase, starting with a model with constitutive deletion of
the Smarca5 gene and followed by models with tissue-specific deletion of Smarca5 gene
(especially at different stages of hematopoiesis). The severity of phenotypic manifestations in
mouse models varies from early embryonic lethality in the constitutive deletion model, through
fetal lethality associated with erythropoiesis failure (Vav1iCre model - deletion in the definitive
hematopoietic progenitor) to lymphopoiesis defects that do not limit animal survival (hCD2iCre
model - deletion in T and B lymphocytes) in conditional deletion models. This work builds on
the observations obtained in the study of deletion models of this Smarca5 gene, i.e. that deletion
leads to arrest of cell proliferation and their entry into apoptosis. Defects were observed already
at the stem cell and hematopoietic progenitor stages, which were unable to enter the
differentiation process in the absence of the SMARCAS protein. In these models, it was not
possible to study the progression of differentiation because of this reason. Therefore, we
decided to create a new mouse model with a hypomorphic (expressing lower amounts of the
protein) SMARCAS transgenic allele (S5tg), expressed on a Smarca5 deletion background,
which allowed us to observe hematopoietic cell differentiation at different levels of SMARCAS
protein expression. We observed that transgenic SMARCAS5 can rescue lymphocyte
developmental arrest in a tissue-specific model of Smarca5 deletion in this lineage (hCD2iCre),
depending on the amount of protein expressed, as well as the lethal phenotype associated with
constitutive deletion or conditional deletion in hematopoietic stem cells (VavliCre). The
VavliCre S5tg model has shown that the expression level of SMARCAS protein plays a crucial
role in hematopoietic stem cells and progenitors; when the expression of this protein is reduced
(to about 10 %), it results in the accumulation of multipotent progenitors that are unable to
differentiate. The observed defect resulting from reduced SMARCAS protein levels has the
greatest impact on the differentiation of lymphocytes and their progenitors, especially in B-
lymphocytes, which are the most sensitive to SMARCAS protein levels, leading to a significant
reduction in their numbers in peripheral blood. Number of erythrocytes was only minimally
reduced and myelocytes were not affected by hypomorphic SMARCAS expression. The
transgenic SMARCAS model demonstrates that the ISWI ATPase SMARCAS is indispensable

for the proper development of hematopoietic cells, especially lymphocytes. This research



contributes valuable insights to deepen the knowledge of this important epigenetic regulator,

which can be used in the development of therapeutic strategies for hematopoietic disorders.

Keywords
chromatin, Snf2h, Smarca5, ATPase, mouse model, hematopoiesis, stem cells, multipotent

progenitors
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1 Seznam zkratek

ACF

ATP
BAZ

BCR

CD

CERF

DN

DNA
DP

CHRAC

ISWI

MPP
NHEJ

NoRC

NURF

RNA
RSF

Komplex skladajici se z proteint SMARCAS a ACF1

(anglicky ATP-utilizing chromatin assembly and remodeling factor)

Adenosin trifosfat (anglicky Adenosine triphosphate)

Bromodoména sousedici s doménou zinkového prstu (anglicky Bromodomain
Adjacent to Zinc finger domain)

B-bunécny receptor (anglicky B-cell receptor)

Pary bazi DNA (anglicky Base pairs)

Diferenciacni skupina povrchovych molekul, které najdeme ptfedev§im na
buitkach imunitniho systému (anglicky Cluster of differenciation)

Komplex skladajici se z proteini SMARCAS/SMARCA1 a CECR2 (anglicky
CECR2-containing remodeling factor)

Dvojit¢ negativni faze vyvoje thymocytd — neexprimuji ani CD4 ani CDS
molekulu (anglicky Double negative)

Deoxyribonukleové kyselina (anglicky Deoxyribonucleic acid)

Dvojité¢ pozitivni faze vyvoje thymocytli — exprimuji CD4 i CD8 molekulu
(anglicky Double positive)

Komplex skladajici se z proteint SMARCAS, ACF1, CHRAC-15 a CHRAC-17
(anglicky Chromatin accessibility complex)

Nazev jedné z podrodin patficich do proteinové rodiny SWI2/SNF2

(anglicky Imitation mating type switch)

Multipotentni progenitor

Nehomologni spojovani koncii pfi opravé DNA, mlize zde dochazet k mutacim
(anglicky Non-homologous end joining)

Komplex skladajici se z proteint SMARCAS a TIPS

(anglicky Nucleolar remodeling complex)

Komplex skladajici se z proteinti SMARCAS5/SMARCAI1, BPTF, RBBP7,
RBBP4 (anglicky Nucleosome remodeling factor)

Ribonukleova kyselina (anglicky Ribonucleic acid)

Komplex skladajici se z proteinit SMARCAS a RSF-1

(anglicky Remodeling and spacing factor)



Smarca5

Snf2h

Snf2]

SWI/SNF

TCR
Tip5

Vavl

WICH

WSTF

Faktor remodelujici chromatin zavisly na ATP, ktery tvoii katalytickou
podjednotku ISWI komplex, jinak také nazyvany Snf2h

(anglicky SWI/SNF related, matrix associated, actin dependent regulator of
chromatin, subfamily a, member 5)

viz. Smarca5 (anglicky Sucrose nonfermenting 2 homolog)

Faktor remodelujici chromatin zavisly na ATP, ktery tvoii katalytickou
podjednotku ISWI komplext, jinak také nazyvany Smarcal (anglicky Sucrose
nonfermenting 2-like protein)

Proteinova rodina na ATP zavislych faktorti remodelujicich chromatin
(anglicky Mating type switch/Sucrose nonfermenting)

T-bunécny receptor (anglicky T-cell receptor)

Protein vyskytujici se spolu se Smarca5 v komplexu NoRC

(anglicky Transcription termination factor 1 (Ttfl) — interacting protein 5)

Vav Guanin nukleotidovy vyménny faktor 1 (anglicky Vav Guanine Nucleotide
Exchange Factor 1)

Komplex skladajici se z proteint SMARCAS a WSTF

(anglicky WSTF-ISWI chromatin remodeling complex)

Protein vyskytujici se spolu se SmarcaS v komplexu WICH, gen pro tento
transkrip¢ni faktor je jednim z deletovanych genit u Williamsova syndromu

(anglicky Williams syndrome transcription factor)
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2 Uvod

DNA se vjadie bun¢k organizuje do struktury chromatinu, jez je tvofena zejména
dvousroubovici deoxyribonukleotidové kyseliny a rozlicnymi histonovymi proteiny, které
umoznuji velmi dlouhou molekulu DNA ulozit a aktivné vyuzivat v prostoru buné¢ného jadra.
Chromatinova struktura nabyva rtiznych stupnu fluidity nebo kondenzace, jez se méni béhem
bunécného cyklu, diferenciace, poskozeni ¢i starnuti bunék. Chromatin je dynamicky a jeho
struktura hraje roli v procesu regulace genové exprese, predevsim transkripce a elongace RNA,
dale téz v replikaci a genové opravé tim, Ze dochézi k odhaleni ¢i zneptistupnéni urc¢itych DNA
regulacnich sekvenci DNA vazebnym faktorim a transkripénim faktorim, kofaktorim a DNA
a RNA polymerdzdm. Zmény chromatinové struktury provazi zmény v epigenetickych
modifikacich histoni i DNA, které hraji zdsadni roli pfi nastartovani diferenciace bunck ale
taktéz v zabranéni diferenciace u kmenovych bunék.

Epigenetické modifikace fadime do dvou druhii — kovalentni modifikace histonovych N-
konci a nekovalentni modifikace zprostfedkované chromatin remodela¢nimi komplexy
zavislymi na ATP. Tato disertacni prace shrnuje a davad do kontextu védeckou praci, jez
objasiiuje funkci jednoho z kliCovych ISWI chromatin remodelac¢nich faktorti, konkrétné
proteinu SMARCAS a jeho komplex, a to zejména béhem diferenciace krvetvornych bunék,
ve kterych je tento protein hojn¢ exprimovan. K tomu tcelu bylo vytvofeno v nasi laboratofi
n¢kolik mySich modelii a také znich ziskanych bunéénych linii. Tyto modely umoZznily
provadét vysoce specificky vyzkum role SMARCAS, a to piredevSim v in vivo podminkach
béhem liniové determinace krvetvorné kmenové bunky a tim prozkoumat jeho konkrétni
zapojeni s pfirozenymi kofaktory v klicovych procesech krvetvorby. Tyto experimenty
umoznily studium SMARCAS posunout na novou Uroven a dosdhnout pochopeni funkce tohoto

proteinu v diferenciaci krevnich bunék.

2.1 Protein SMARCAS a jeho komplexy

Evoluéné znacné¢ konzervovany protein SMARCAS (SWI/SNF Related, Matrix
Associated, Actin Dependent Regulator Of Chromatin, Subfamily A, Member 5) patii do rodiny
SWI2/SNF2 (Switching defective and Sucrose non fermenting) DNA dependentnich helikéaz-
ATPaz. Tyto enzymy vyuZivaji energii vzniklou hydrolyzou ATP pro rozvolnéni
nekovalentnich vazeb mezi DNA a histonovymi proteiny a naslednou remodelaci struktury
chromatinu. To si lze predstavit jako Casové omezené odddleni histoni od vldkna DNA,
zptistupnéni tuseku DNA enzymiim a transkripénim faktorim a nasledné posunuti ¢i zabaleni

DNA ve struktufe nukleozému viici prilehlym histonovym proteinim (Bowman 2010). Studie
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zalozena na méieni pomoci metody FRET (Forsteriv rezonancni pfenos energie) umoznila
detailni pohled na to, jak posun vlakna DNA vici histonovym proteinim probihd, autofi zde
vyuzili kvasinkovy ISWI komplex. Cely posun probihad velmi organizovanym zpiisobem po
kratkych usecich DNA (napied 7bp a pak 3bp dlouhych), které jsou po jednom paru bazi
uvoliiovany a opousti strukturu nukleozému (Deindl, Hwang et al. 2013). ATPazy z rodiny
ISWI umoziiuji posun histonového oktameru po vldkné DNA az o 100 pari bazi, ¢imz muze
dojit k odhaleni a zpfistupnéni regulacnich oblasti DNA jako jsou naptiklad promotory (Becker
2002). Molekula ATP se vaze do zlabku mezi RecA-like proteiny helikdzové domény, jez je
velmi konzervovana a predstavuje strukturni podjednotku vSech ATPaz ze super-rodiny (Ci
nadrodiny) SWI2/SNF2 (Fairman-Williams, Guenther et al. 2010). Mimo N-koncové
helikdzové domény déle protein SMARCAS obsahuje domény HAND, SANT (Swi3 Ada2 N-
CoR TFIIIB, (Boyer, Langer et al. 2002)) a SLIDE (SANT-like ISWI domain), které umoznuji
specifickou vazbu na strukturu chromatinu (piedevsim na N-koncové ¢asti histontit H3 a H4) a
také interakci se SMARCAS vazebnymi partnery, tzv. BAZ proteiny (Boyer, Latek et al. 2004),
(Grune, Brzeski et al. 2003). Umisténi jednotlivych domén v rdmci proteinu SMARCAS je
znazornéno na obrazku ¢. 1. Modelové schéma mechanismu posunu nukleozomu po vlakné

DNA pomoci ISWI remodelacnich faktorti je zndzornéno na obrazku €. 2.

ATPase
SN F2H I 1
DEAD HELCc HAND SANT SLIDE

| | [ [ 1 I |

Obrazek €. 1: Schéma struktury proteinu SMARCAS (SNF2H). Helikdzovd doména s ATPazovou

aktivitou na N-konci proteinu a domény HAND, SANT a SLIDE na C-konci. Pfevzato z (Kato and
Komatsu 2015).
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Ligand-free ISWI MNucleosome-bound ISWI

H4 tail

Obrazek ¢. 2: Model posunu nukleozédm po vlakné DNA pomoci ISWI remodelacnich faktor(.
Schéma ISWI komplexu bez ligandu (vlevo) a navazaného na nukleozém (vpravo). Ve stavu bez
ligandu je N-termindlni oblast proteinu (NTR) v kontaktu s ATPazovou doménou. Tento
kontakt zahrnuje motiv AutoN, ktery je strukturné podobny N-koncové ¢&asti histonu H4, a
spolu s ¢asti proteinu, zde nazvanou , brace-bridge”, stabilizuje ATPazovou doménu ve stavu
neslucitelném s hydrolyzou ATP. Vazba ATPazové domény na nukleozém a N-koncovou ¢ast
histonu H4 vede kuvolnéni vazby NTR. To umoZiuje, aby ATPazovd doména zaujala
konformaci vhodnou pro hydrolyzu ATP. Spolu s tim dochdzi téz k vazbé DNA-vazebné domény
(DBD, obsahuje motivy HAND, SANT a SLIDE) na DNA vystupujici ze struktury nukleozému.
Takto navazana ISWI ATPaza pak muize katalyzovat posun nukleozomu po vlakné DNA. Tento

model byl ptevzat z (Mueller-Planitz, Klinker et al. 2013).

Protein SMARCAS je vjadru bunék aktivni v komplexech s dalSimi proteiny.
SMARCAS zde plni funkci motoru, ktery diky své ATPazové aktivité zajiStuje energii
potfebnou pro remodelaci, zatimco jeho vazebni partnefi zajiStuji vazbu na strukturu
chromatinu, ¢imz ovliviuji specifické funkce daného komplexu. Protein SMARCAS miiZe byt
soucasti celkem 7 prozatim objevenych komplexti, viz obrazek €. 3. Jedna se o komplexy: ACF
(ATP-utilizing chromatin assembly and remodeling factor), CHRAC (chromatin accessibility
complex), WICH (Williams syndrome transcription factor-imitation switch), B-WICH, RSF
(Remodeling and sparing factor), NoRC (Nucleolar remodeling complex), Smarca5-
kohezinovy komplex, NURF (Nucleosome remodeling factor) a CERF (CECR2-containing

remodeling factor).
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A AutoN NegC HAND-SANT-SLIDE
sneeH TIEEE | 0 ]

SNF2L B rHO finger WAC
B . Bromodomain[] AT-hook
Interacting O sz B waxz

partners @ oor

Acf1 | I:l . (X)m 162 kDa
BPTF. l m .:.] 350 kDa

CECR2 DD [. l 160 kDa
Tip5 | [[T@ OTT TTO Il W20 k0
WSTF @ CO WN Jmwa

Rsf1 D l 164 kDa

Obrazek €. 3.: (A) Schématické znazornéni proteini SMARCAS (SNF2H) a SMARCA1 (SNF2L).

Tyto proteiny jsou z 86 % homologicky. (B) Schématické znazornéni interakénich partnert
protein(l SMARCAS a SMARCAL. VSechny tyto proteiny sdili urcité motivy, dllezité pro vazbu
na strukturu chromatinu, jako je napfiklad DDT doména (modfe), PHD finger (Plant
Homeodomain) doména (¢ervené), ¢i bromodoména (tmavé zelené). Pfevzato z (Goodwin and

Picketts 2018).

Komplexy NURF a CERF byly popsany pro druhého ¢lena rodiny ISWI chromatin
remodelacnich faktor — protein SMARCAT1 (SNF2L), ktery je s proteinem SMARCAS z vice
nez 80 % homologicky a bylo dok4zano se tyto dva proteiny se mohou nachazet navzijem
zaménitelné ve vSech komplexech popsanych pro oba z nich (Oppikofer, Bai et al. 2017).
Ukazuje se ale, ze proteiny SMARCA1 a SMARCAS nejsou schopné vzajemné nahradit své
funkce, jednak proto, Ze v dele¢nich modelech pro tyto proteiny nebylo pozorovano, ze by
homolog nahradil funkce deletovaného proteinu. Déle také bylo pozorovano, Ze tyto proteiny
jsou exprimovany v riznych typech bunék, zatimco SMARCAS je obecny faktor exprimovany
témet ve vSech tkanich, protein SMARCAI1 je exprimovan hlavné v diferencovanych
neuronech, reprodukcnich organech a placenté (Lazzaro and Picketts 2001). V testes bylo
pozorovano, ze protein CECR2 vytvaii komplex s proteinem SMARCAS (ktery je zde vice
exprimovan neZ SMARCA1) a hraje roli pfi spermatogenezi, na rozdil od neurdlni trubice a

vnitiniho ucha, kde CECR2 vytvati komplex s proteinem SMARCA1 (Thompson, Norton et
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al. 2012). Protein SMARCAS plni v jadru bun¢k riizné funkce v zavislosti na tom, v jakém
komplexu se nachazi, viz obrazek ¢. 4, které bych v dalSich par odstavcich chtéla popsat

detailné;ji.

RNAP /11l
transcription

RNAP II
transcription

SANT

@ SA
CHRAG15 @
bromo

<THRAC1T

S~ CHRAC

DNA replication/repair

Obrazek ¢. 4.: ISWI komplexy a jejich funkce. Schématické znazornéni komplext (véetné
hlavnich proteinovych domén), které mohou hrat roli v replikaci, transkripci ¢i opravé DNA.
Proteiny SMARCA5 (=SNF2H) a jeho homolog SMARCA1 (=SNF2L) se mohou vyskytovat ve

viech zobrazenych komplexech. Obrazek pfevzat z (Erdel and Rippe 2011).

2.1.1 Komplexy ACF a CHRAC

Komplex ACF je tvofen dvéma podjednotkami, proteinem SMARCAS a dale tzv. BAZ
proteinem, konkrétné: ACF1/BAZ1A (Bromodomain adjacent to zinc finger domain 1A) (Ito,
Bulger et al. 1997), (Ito, Levenstein et al. 1999). Tento (tzv. ACF, anglicky ATP-utilizing
chromatin assembly and remodeling factor) komplex je spojovany zejména s vysoce
kondenzovanou strukturou heterochromatinu, kde miiZe plnit rtizné funkce. Jednak pomaha pfi
priuchodu polymerazy touto strukturou béhem procesu replikace DNA v pozdni ¢asti S-faze
bunécného cyklu, tim Ze udrzuje chromatin v rozvolnéné podobé¢ (Collins, Poot et al. 2002).
Komplex ACF také rozvoliiyje strukturu heterochromatinu, aby byla pfistupna reparacnim
proteiniim, pii opraveé dvouvlaknovych zlom na DNA procesem nehomologni rekombinace

(NHEJ) (Klement, Luijsterburg et al. 2014). Roli komplexu ACF v procesech replikace a

15



opravy DNA potvrdila také studie vyuzivajici fluorescencni mikroskopii k lokalizaci tohoto
komplexu v jadre, kterd potvrdila zvySeny vyskyt ACF v oblastech, kde tyto procesy aktivné
probihaly (Erdel, Schubert et al. 2010). Tento komplex hraje téz roli v rozpoznani poskozeni
DNA béhem G2/M piechodu béhem bunécného cyklu, coz dale dokazuje jeho vyznam pii
opravé DNA (Sanchez-Molina, Mortusewicz et al. 2011). SMARCAS v komplexech ACF a
WICH, skenuje DNA vldkno a hleda mista poskozeni, jak bylo pozorovéno pii poSkozeni
vyvolaném pomoci UV-zateni. Tyto dva komplexy spolu pravdépodobné interaguji a ve chvili,
kdy naleznou misto poSkozenti, tak se vazi na chromatinovou strukturu a aktivuji nukleotidovou
excizni opravu spiazenou s transkripci (TC-NER) (Aydin, Marteijn et al. 2014). Komplex ACF
dokaze pomoci posunu histonovych oktamerti po vlakné DNA vytvofit rovnomérné rozestupy
mezi nukleozoémy, coz je typické pro kondenzované struktury heterochromatinu. Snizena
exprese komplexu ACF vedla téZ k naruSeni regulace genové exprese pomoci Polycomb
proteini. Komplex tedy pravdépodobné hraje roli také v procesu uml¢ovani geni (Fyodorov,
Blower et al. 2004). Tuto hypotézu podporuje téz studie popisujici vazbu komplexu ACF na
modifikovany histon macroH2A, ktery se nachazi v inaktivovaném X-chromozomu (Chang,
Ferreira et al. 2008). Dalsi studie dokazuji roli komplexu ACF v uml¢ovani genli pomoci N-
CoR korepresoru (anglicky nuclear receptor corepressor) a histonové deacetylazy 3. N-CoR je
korepresor, ktery blokuje jaderné receptory a tim umlcuje expresi gent, ktera by jinak byla
témito receptory aktivovana. Komplex ACF se véaze do promotorovych oblasti takto
umlcovanych genli a modifikuje zde strukturu chromatinu (Alenghat, Yu et al. 2006), (Ewing,
Attner et al. 2007). Dele¢ni mysi model (uskute¢nény ve vSech bunkdch mysi) pro Acfl
prokazal esencidlni roli ACF komplexu pro spermatogenezi, mysi samci s deleci na obou
alelach genu jsou sterilni a byl u nich pozorovan vyrazné€ sniZeny pocet spermii, které¢ mély
navic sniZzenou motilitu a defektni morfologii. Zmény ve struktufe chromatinu pozorovany
nebyly, ale byly naméfeny problémy s regulaci genové exprese mnoha geni dileZitych pro
spravny prubeh spermatogeneze (Dowdle, Mehta et al. 2013).

Komplex CHRAC se sklada ze stejnych proteinti jako komplex ACF, tedy SMARCAS a
ACF1, ale obsahuje navic jesté proteiny CHRAC-15 a CHRAC-17. Komplex CHRAC m4 také
stejn¢ jako komplex ACF schopnost vytvaret rovnhomérné rozestupy mezi nukleozomy, které
jsou charakteristické pro kondenzované ¢asti umlceného chromatinu (Poot, Dellaire et al.
2000). Pozorovani ziskand z modelového organismu Drosophila melanogaster ukazuji, ze
komplex CHRAC je exprimovan pouze v ¢asné fazi embryonélniho vyvoje (Corona, Eberharter

et al. 2000).
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2.1.2 Komplex WICH a B-WICH

Komplex WICH se sklada z proteint SMARCAS a WSTF/BAZ1B (Williams syndrome
transcription factor). Gen pro WSTF je jednim z genu deletovanych u pacientii s Williamsovym
syndromem, coz je vyvojova porucha postihujici mnoho tkéani, zejména vsak kardiovaskularni
a nervovou soustavu (Martens 2013). Komplex WSTF se stejné jako komplex ACF podili na
replikaci gentl, kdy stejné jako tento komplex remodeluje chromatin do rozvolnéné podoby
umoznuji pfistup proteinim replikacni vidlicky a interaguje s ,clamp‘ proteiny a
topoisomerazou I (Poot, Bozhenok et al. 2004), (Ribeyre, Zellweger et al. 2016). Komplex
WICH se pravdépodobné podili na udrzovani rozvolnéné struktury chromatinu.
V experimentech, kdy doSlo ke snizeni jeho exprese in vitro, byl pozorovan vyssi podil
heterochromatinového proteinu HP1 a histonovych modifikaci typickych pro kondenzované
¢asti chromatinu (Poot, Bozhenok et al. 2004). Komplex WICH muze dale vytvafet vétsi
komplex B-WICH hrajici roli v procesu transkripce ribozomalnich genti polymerazou I a III.
Komplex B-WICH obsahuje sliceosomovy faktor Sf3b155/SAP155, RNA helikazu 11/Guao,
Myb-binding protein 1a, CSB, protoonkogen Dek, nuclearni myosin 1 a také RNA (45 S rRNA,
5 S rRNA, 7SL RNA) (Cavellan, Asp et al. 2006), (Percipalle, Fomproix et al. 2006). Stejné
jako komplex WICH je i komplex B-WICH spojovan s rozvolnénou strukturou chromatinu.
Bylo pozorovano, Ze je schopen rekrutovat histonové acetyl-transferazy (probiha napiiklad
acetylace H3K09, ktera je nezbytna pro transkripci RNA polymerazou III) a tim umozZnit pocatek
transkripce v oblasti genil pro 5S a 7S ribozomalni podjednotky (Sadeghifar, Bohm et al. 2015).
Dale se wukazalo, Ze komplex B-WICH také pravdépodobné hraje roli pfioprave
dvouvldknovych zloml na DNA, kde je schopen diky své vnitini kinazové aktivité vytvaret
histonové modifikace — fosforylovat tyrozin 142 na histonu H2AX, coz je dilezita znacka pro

zapoceti opravy zlomu (Xiao, Li et al. 2009).

2.1.3 Komplex RSF

Komplex RSF je tvofen proteiny SMARCAS a RSF1 (LeRoy, Loyola et al. 2000). Tento
komplex se vyznacuje svoji chaperonovou aktivitou, dokaze totiz vazat tetramery histont H3 a
H4 a tyto histony umistovat na vlakno DNA. Nasledné s nimi dokéZe pohybovat po vlakné
DNA, tak aby mezi nimi vznikly rovnomé&rné rozestupy a podilet se timto zplisobem na procesu
vytvateni struktury chromatinu (Loyola, LeRoy et al. 2001). Komplex RSF hraje z4sadni roli
pfi formaci centromery, pii tomto procesu také vyuziva svou chaperonovou aktivitu. Méni zde
sloZeni nukleozom1, kdy dochézi k inkorporaci specidlni varianty histonu H3 a to CENP-A

do oblasti centromery (Perpelescu, Nozaki et al. 2009). Déle komplex RSF hraje roli v opravé
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dvouvlaknovych zlomii na DNA, do téchto mist inkorporuje proteiny CENP-S a CENP-X, které¢
déle hraji roli pro signalizaci opravy mechanismem NHEJ (Helfricht, Wiegant et al. 2013).
Ukazalo se, Ze navySeni mnozstvi RSF1 proteinu v bunéénych liniich pomoci transgenniho
konstruktu vedlo k poskozeni DNA a navySeni mnozstvi dvouvldknovych zlomt, coz by mohla

byt jedna z pfic¢in proonkogennich vlastnosti tohoto proteinu (Sheu, Guan et al. 2010).

2.1.4 Komplex NoRC

Komplex NoRC je tvotfen proteiny SMARCAS a TIPS/BAZ2A (Strohner, Nemeth et al.
2001). Protein TIPS obsahuje PHD doménu, ktera pfimo interaguje s histonovou deacetylazou
1, jejiz aktivitu pak ptfindsi do promotorovych oblasti rDNA, které jsou transkribovany RNA
polymerazou I (Zhou, Santoro et al. 2002). Do téchto oblasti je komplex rekrutovan diky své
interakci s transkripénim faktorem Ttfl, ktery je nezbytny pravé pro transkripci RNA
polymerazou I (Strohner, Nemeth et al. 2001). Bylo dokdzano, ze komplex NoRC interaguje
s histonovou znackou H4Kl6acetyl a nasledné¢ deacetyluje okolni lysiny (H4K5, H4KS,
H4K12) a interaguje téZ s DNA methyl-transferazami, které pak dale vytvari modifikace znamé
pro kondenzovanou strukturu heterochromatinu (Zhou and Grummt 2005). Komplex NoRC
mize interagovat také s histonovymi methyl-transferdzami a methylovat naptiklad lysin na
pozici H3K9 (umlcujici znacka) a to v oblastech rDNA promotora (Santoro, Li et al. 2002).
K umléeni promotor muize dochéazet téz pomoci jiz zmiflovaného posunu nukleozoémi po
vlakné DNA, ktery ISWI remodelac¢ni komplexy katalyzuji. Bylo pozorovéano, ze komplex
NoRC posouva nukleozomy v promotorovych oblastech takovym zplisobem, Ze dojde
k znepfistupnéni oblasti pro transkripéni faktory (Li, Langst et al. 2006). Mimo zminénych
funkci souvisejicich s uml¢ovanim transkripce v jadérku hraje NoRC také roli ve formaci
centromery, byla prokdzana pfima interakce s histonovy proteinem CENP-A typickym pro
oblast centromery. Po depleci proteinu TIPS v NIH3T3 buiik4ch byla pozorovana prodlouZena
doba déleni bun€k a naruSeni struktury mitotického vieténka, coZz béhem anafize vedlo
k problémim s distribuci chromozoml do nové vznikajicich bunék (Guetg, Lienemann et al.
2010). Mimo formace centromery komplex NoRC hraje téZ roli v heterochromatinizaci

telomer, ¢imz napomaha udrZovat stabilitu genomu (Postepska-Igielska, Krunic et al. 2013).

2.1.5 Ostatni komplexy

Protein SMARCAS dokéaze vytvaret komplexy jesté s dalSimi typy proteind, jednim
z nich je kohezinovy komplex, kde pfimo interaguje s proteinem RAD21. Tento komplex je
zasadni pro udrZeni koheze sesterskych chromatid (Hakimi, Bochar et al. 2002). Dale, jak jiz
bylo fe€eno miiZze protein SMARCAS vytvatet komplexy se zndmymi vazebnymi partnery
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proteinu SMARCALI, tedy BPTF a CERF2. Komplex NURF, tvoreny proteiny SMARCAS a
BPTF byl popsén jako esencidlni pro spravny vyvoj T-lymfocytt. Ukazalo se, Ze tento komplex
pravdépodobné hraje roli pii aktivaci gent pii TCR signalizaci béhem vyvoje této bunééné linie
(Landry, Sharov et al. 2008). Komplex CECR2 (proteiny SMARCAS a CERF2) se nachazi
v embryonalnich kmenovych buiikach a v testes, kde hraje roli pii spermatogenezi, u mysich
samcu s deleci Cerf2 byla pozorovana snizena fertilita, pfestoze pocet spermii ani jejich motilita
nebyly vyrazné€ snizeny (Thompson, Norton et al. 2012). Byla téz popsana téz interakce
proteinu SMARCAS (a také SMARCAL1) s vazebnym partnerem BAZ2B, funkce tohoto

komplexu nejsou zatim znamé (Oppikofer, Bai et al. 2017).

2.2 Delec¢ni mysi modely pro gen Smarcas

Pro studium chromatin remodela¢nich komplext in vivo byla vytvofena fada mySich
modell, které umoznily rozsifit dosavadni pozorovani pochazejici hlavné z experimentt
provedenych in vitro nebo na modelech nepochézejicich ze tridy saved (Drosophila
melanogaster, Xenopus laevis). In vitro modely jsou cennym nastrojem pro vyzkum funkci
remodelacnich komplexi na molekuldrni Grovni a jejich roli v bunéénych procesech,
neumoziuji ale sledovat jejich role pfi vyvoji tkani a orgdnd ¢i jednotlivce jako celku.
Vzhledem k vysoké expresi proteinu SMARCAS ve kmenovych buiikach a progenitorech, jako
jsou naptiklad krvetvorné progenitory (Prasad, Lennartsson et al. 2015) bylo mozné
predpokladat, Ze tento protein hraje dlileZitou roli v bunécné diferenciaci, krvetvorbé a vyvoji
jedince. Za timto ucelem byla v na$i laboratofi vytvofena fada mysSich dele¢nich modeld,
prvnim z nich byl celotélovy knock-out model pro Smarca5 gen (delece exoni 5-9a kodujicich
katalytickou doménu ATPazy) (Stopka and Skoultchi 2003). Tento model je letalni ve velmi
casné fazi embryonalniho vyvoje a pomoci ex vivo kultivace blastocyst s deletovanym genem
Smarca5 na obou alelach bylo zjisténo, Ze k defektim dochazi uz 48 hodin po zacatku vyvoje
blastocysty. Bunky wvnitini zarode¢né vrstvy (anglicky inner cell mass) nebyly schopné
proliferovat a vstupovaly do apoptodzy (Stopka and Skoultchi 2003).

Podobny fenotyp byl pozorovan také u mysi linie MommeD4 (Modifier of murine
metastable epiallele dominant, chemicky-vytvofend mutace genu Smarca5), které maji
nekonzervativni zaménu jedné aminokyseliny v oblasti helikdzové domény, kterad
pravdépodobné vede k naruseni ATPéazové funkce. Existuji celkem tfi takové linie: vySe
zminénd MommeD4 (zdména adeninu za thymin v exonu 12) a dale jesté: MommeD35 (zdména

adeninu za guanin v exonu 9) a MommeD37 (zdména thyminu za cystein v exonu 13), u vSech
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téchto linii dochazi k velmi ¢asté embryonalni letalité, pokud nesou mutaci na obou alelach
genu pro Smarca5 (Chong, Vickaryous et al. 2007), (Daxinger, Harten et al. 2013).

Jak uz bylo zminéno protein SMARCAS je exprimovany v krvetvornych kmenovych
bunkach a progenitorech, které v nasi laboratofi Hematoonkologie a kmenovych bunék
studujeme. Celotélovy delecni model Smarca5 prokazal roli SMARCAS v regulaci délky
linkeru, tedy volné DNA, kterda se nachdzi mezi jednotlivymi nukleozoémy. Absence
SMARCAS proteinu vedla ke zvySeni délky linkeru, coz je defekt, ktery zmeénil dostupnost
urcitych tisekit DNA pro mnoho transkripénich faktori, véetné vazby vazebného faktoru CTCF
(Barisic, Stadler et al. 2019). Hlavni funkci CTCF je inhibice transkripénich enhancert, coz je
jeden z mechanismi fidicich expresi transkripéniho faktoru PU.1 (SPI1), ktery je nezbytny pro
Casnou iniciaci krvetvorby a diferenciaci myelocytarnich a lymfocytarnich progenitorii
(Dluhosova, Curik et al. 2014). Z vySe zminénych diivodl jsme v nasi laboratofi chtéli studovat
vyznam proteinu SMARCAS béhem procesu mysi krvetvorby, za timto ic¢elem byl vytvoren
kondicionalni dele¢ni model, ve kterém je mozné pomoci Cre rekombinazy deletovat exon 5
Smarca’ genu, ktery koduje helikdzovou doménu. Delece je zdroven navrzena tak, ze dochazi
k posunu ¢teciho ramce ve vysledné zkracené molekule mRNA, které tak nemiize dat vzniknout
ani zkracené verzi proteinu. Tento kondiciondlni dele¢ni model byl nasledné ktizen s riznymi
Cre expresory, umoziujicimi deleci Smarca5 ve specifické tkani ¢i bunécéné linii (Kokavec,
Zikmund et al. 2017), (Zikmund, Kokavec et al. 2019).

Jednim z takto vytvotenych modeld je VavliCre Smarca5™", ve kterém dochazi k deleci
v krvetvorné kmenové bunice, Vavl je téz exprimovany v témét celém pribehu krvetvorby
(Kokavec, Zikmund et al. 2017). Tento model je také embryonalné letalni stejné jako celotélovy
knock-out, ale embrya umiraji az v E18,5 dni jejich vyvoje, vlivem selhani erytropoézy. Je pro
né typicky anemicky fenotyp spojeny s defektem ve vyvoji jejich hlavniho krvetvorného organu
— fetalnich jater. Také u nich dochazi k hromadéni LSK (Lin'Scal’c-Kit") krvetvornych
progenitort, které nejsou schopné dalsi diferenciace, viz obrazek ¢. 5 (Kokavec, Zikmund et al.

2017).
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Obrazek &. 5: Genotyp VavliCre Smarca5"f je embryonalné letdlni a vykazuje anemicky
fenotyp. (A) Embrya ve véku E15,5 dne jejich vyvoje, zleva prvni je kontrolni genotyp a vedle
néj heterozygotni a homozygotni delece Smarca5. (B) Fetalni jatra vyizolovana z embryi vyse
popsanych genotypl. Pfi homozygotni deleci Smarca5 dochazi k selhani erytropoézy a
defektlim ve vyvoji fetalnich jater. (C) Analyza bunécné suspenze vyizolované z E13,5 dne
starych fetalnich jater pomoci pritokové cytometrie. U Smarca5 deficientnich jedincl
mlzeme pozorovat akumulaci LSK krvetvornych progenitori. Tato populace byla dale
rozdélena podle exprese CD48 a CD150 marker(, zde mlizeme vidét akumulaci CD48*CD150*
populace, tedy multipotentnich progenitord typu 2. Obrdzek prevzat z (Kokavec, Zikmund et

al. 2017).

Vzhledem k pozorované nezastupitelné funkci proteinu SMARCAS pro vyvoj erytrocytl
byl nasledné vyvinut kondiciondlné dele¢ni model EpoRiCre Smarca5™", kde dochézi k deleci
v liniové determinovanych erytroidnich progenitorech. Ugelem tohoto modelu bylo zjistit, zda
delece Smarca5 v pozdéjsim stadiu krvetvorby (oproti VavliCre modelu) povede taktéz
k zastaveni diferenciace. Tento pfedpoklad se ukazal jako spravny, u EpoRiCre modelu bylo
taktéz pozorovano selhani erytropoézy, tento defekt byl ovSem mensi nez u Vav/iCre modelu
a n&kterd embrya prezila vyvoj az do dospélého veku. Byla vSak pozorovana mensi nez
ocekavana pravdépodobnost narozeni jedincti s genotypem EpoRiCre Smarca5""a u téch co se
narodili, byla pozorovadna snizend hmotnost a anemicky fenotyp (Kokavec, Zikmund et al.

2017). Na tento vyzkum dale navazoval kondicionalni dele¢ni model pro protein SMARCAS
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v lymfocytech (CD2iCre), pomoci kterého jsme studovali vliv SMARCAS na tuto linii,
v pribéhu jejihoz vyvoje dochazi fizenym dvojvladknovym zlomiim DNA (béhem V(D)J
rekombinace). Manuskript zalozeny na studiu CD2iCre Smarca5™" modelu je soudasti této
disertacni prace (Zikmund, Kokavec et al. 2019).

Mimo vyse zminénych kondicionalnich dele¢nich modeli v krvetvornych bunikach byly
vytvofeny jest¢ dalsi, které bych chtéla kratce zminit. Jednim z nich je model delece v
progenitorech granularnich neuronit pomoci Nestin-Cre rekombinazy. U jedinci s deleci na
obou alelach byla pozorovana vyrazné snizena hmotnost a hypoplazie mozecku, dale také
jedinci trpéli ataxii a umirali dfive nez kontroly (Alvarez-Saavedra, De Repentigny et al. 2014).
V této praci dale jesté deletovali Smarca5 pomoci PCP2-Cre rekombindzy, kterd je
exprimovana v progenitorech Purkynovych buné€k, tyto mysi mély normalni hmotnost, ale
vykazovaly urcité defekty v jejich kognitivnich schopnostech (Alvarez-Saavedra, De
Repentigny et al. 2014). DalSim modelem, je kondicionalni delece Smarca5 v progenitorech
o¢ni cocky pomoci Le-Cre rekombinazy. U tohoto modelu byly pozorovany defekty ve vyvoji
oka, naptiklad u bunék o¢ni ¢ocky nedochézelo k denukleaci, coz bylo zplisobeno defekty
v expresi fady gentl dilezitych pro tento proces (He, Limi et al. 2016). DalSim modelem je
kondicionalni delece Smarca5 v reting, kterd ma za nasledek defekt v jejim vyvoji, projevujici
se defekty laminace a nepfitomnosti vrstvy fotoreceptorii. Bylo pozorovano, ze Smarcad
deficientni progenitory mohou dat vzniknout vS§em potfebnym bunécnym typiim, ale byl
pozorovan vyrazny defekt v jejich proliferaci, hlavné v S-fazi bunéného cyklu (Kuzelova,
Dupacova et al. 2023).

Vsechny vysSe zminéné deleCni mySi modely prokéazaly, Zze protein SMARCAS je
nezbytny pro diferencujici a délici se buniky a jeho delece vede k zastaveni buné€ného cyklu a
vstupu do apoptdézy. Abychom mohli studovat funkce tohoto proteinu béhem procesu
diferenciace, vytvofili jsme v nasi laboratofi model s transgenni expresi alely genu Smarcas$,
jez je hypomorfni a tedy produkuje niz§i mnozstvi proteinu oproti normalni alele. Po zkitizeni
s popsanymi dele¢nimi modely (Smarca’™") jsme tak vytvofili model s odstupiovanymi
hladinami exprese SMARCAS proteinu (z jedné ¢i ze dvou alel transgenu), ktery nam umoznil
studovat vliv odstupiiované miry exprese tohoto proteinu na viabilitu a funkci riznych

bunécnych podtypti.
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2.3 Protein SMARCAS a nadorova onemocnéni

V tadé¢ studii byla pozorovana deregulovana exprese jak Smarca genu, tak jeho paralogu
Smarcal, tak i jeho vazebnych partnert v riznych typech nddorovych onemocnéni (Li, Gong
et al. 2021). Zatimco protein SMARCALI se jevi spiSe jako tumor-supresor a v nddorovych
buiikach byva jeho exprese uml¢ovana, jak je tomu napt. nadorech traviciho traktu (Takeshima,
Niwa et al. 2015), nebo v melanomech (Eckey, Kuphal et al. 2012). Protein SMARCAS muze
mit proonkogenni u¢inky a v nddorovych buiikach byva ¢asto nadprodukovan, jak tomu je napf.
u rakoviny prsu (Jin, Mao et al. 2015), hepatocelularniho karcinomu (Wang, Qin et al. 2016),
nebo u akutni myeloidni leukémie (Stopka, Zakova et al. 2000).

Co se tyCe vazebnych partneri pro SMARCAS, v souvislosti snadorovymi
onemocnénimi je nejéastéji zminovan protein RSF1 (komplex RSF). ZvySena exprese Rsf1 byla
zjisténa napt. u rakoviny plic (Zhang, Fu et al. 2017), gliomu (Zhao, An et al. 2016), karcinomu
vajeénikd (Shih Ie, Sheu et al. 2005), (Yang, Ahn et al. 2014). Tato zvySend exprese je
spojovana s rychlejsi proliferaci bun¢k a Spatnou prognézou onemocnéni. Ve studii zalozené
na fizené nadprodukci proteinu RSF1 v tumoru pochézejiciho z bunék karcinomu vajec¢nikl u
mySiho modelu, bylo pozorovano zrychleni proliferace nddorovych bunék. SMARCAS byl
v téchto bunkach stabilizovan v komplexu s proteinem RSF1 na ukor dalSich jeho vazebnych
partnerd, coz pravdépodobné vedlo k naruseni rovnovahy bunéénych procest (Sheu, Choi et al.
2008). Vyrazné zvyseni (az 10x) exprese Rsfl v bunikach karcinomu vajecniku in vitro mize
vést az k poSkozeni DNA a vstupu bunék do apoptozy (Sheu, Guan et al. 2010).

Dal$im vazebnym partnerem SMARCAS, ktery je nadprodukovany v nddorovych
bunikach, je protein WSTF/BAZ1B (komplex WICH). Jeho zvySena produkce byla popsana
napf. u rakoviny plic, kde zrychluje proliferaci bunék a agresivitu tumoru (Meng, Zhang et al.
2016). Deregulovana exprese v nadorovych bunikach vSak byla pozorovana i u mnoha dalSich
SMARCAS vazebnych partnerti viz obrazek €. 6. Vyznam deregulace exprese BAZ proteinti
napovida, Zze builkky vnimaji zménu exprese SMARCAS a maji vytvofeny mechanismy jeji
regulace na postranskripéni urovni, zatimco na zménu exprese BAZ proteini jsou
protein SMARCAS v rliznych nadorovych onemocnénich, jeho konkrétni role pfi nadorové

transformaci vSak nejsou zatim znamé.
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Differential expression of interest genes across cancer types
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Obrazek ¢. 6.: Analyza genové exprese podjednotek ISWI komplexd u nadorovych
onemocnéni. Cervena barva znaédi upregulaci a modra downregulaci. Na ose Y jsou nazvy
jednotlivych gen(, na ose X jsou rGzné typy nadorovych onemocnéni: ESCA = karcinom jicnu,
LIHC = hepatoceluldrni karcinom jater, READ = adenokarcinom rekta, COAD = adenokarcinom
tlustého stfeva, LUAD = adenokarcinom plic, STAD = adenokarcinom Zaludku, HNSC =
spinoceluldrni karcinom hlavy a krku, BLCA = urotelidlni karcinom mocového méchyre, BRCA
= invazivni karcinom prsu, LUSC = dlazdicobunécny karcinom plic, UCEC = endometridlni
karcinom déloZniho téla, KIRC = svétlobunécny karcinom ledviny, THCA = karcinom Stitné
Zlazy, KICH = chromofobni rendlni karcinom, KIRP = papilarni rendlni karcinom, PRAD =

adenokarcinom prostaty. Pfevzato z (Li, Gong et al. 2021).
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3 Cile disertacni prace

Studium role ISWI chromatin remodela¢niho faktoru Smarca5 v mysi krvetvorbé,
piredevsim lymfopoéze, erytropoéze a kmenovych bunkéch s vyuzitim nékolika typa
tkanove specifickych Cre expresort.

Vyzkum vlivu delece Smarca5 na vyvoj lymfocytl a to jak lymfoidnich progenitort,
tak 1 T-buné€k v brzliku a B-buné¢k ve slezing.

Vyvoj modelu exprimujiciho transgenni SMARCAS5 cDNA a studium vlivu snizené
hladiny tohoto proteinu na diferenciaci kmenovych bunék s vyuzitim vSech ptedchozich
Cre-expresort a v kombinaci s kondiciondlnim dele¢nim modelem pro Smarcas.
Vyzkum SMARCAS interaktomu ve studovanych systémech a tkénich pomoci

proteomiky v transgennich mysSich modelech pro tento protein.
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4 Seznam publikaci
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L, Sedlacek R, Cermak L and Stopka T. Differential requirements for Smarca5 expression
during hematopoietic stem cell commitment. Commun Biol 2024 Mar, doi: 10.1038/s42003-
024-05917-z. Manuskript byl piijat k publikaci 14. 2. 2024.
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interaktomu pomoci hmotnostni spektrometrie. Autorka provedla analyzu exprese transgenni
SMARCAS5 pomoci metod RT-qPCR a Western blot a podilela se na ptipravé vzorka pro
analyzu pomoci cilené proteomiky, dale také udrzovala mysi linie vyuzité v tomto manuskriptu.
Autorka ptispé€la pfi vyhodnoceni dat a vyznamné se podilela jak na navrzeni metodického
postupu, tak i béhem analytického procesu vedouciho ke zdarné interpretaci dat. Autorka
samostatné¢ komunikovala pfipominky oponentli v Casopise Communication Biology a
realizovala poZzadované experimenty a zodpovédéla vSechny pozadované dotazy. Podil

zastoupeni prace autora 70 %.
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10.4049/jimmunol.1801684. Epub 2019 May 8. PMID: 31068388; PMCID: PMC6548592.
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publikaci. Podil zastoupeni prace autora 20 %.
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4.1 (1. publikace) Differential requirements for SmarcaS expression during

hematopoietic stem cell commitment.
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ABSTRACT: The formation of hematopoietic cells relies on the chromatin remodeling activities of ISWI
ATPase SMARCAS (SNF2H) and its complexes. The Smarca5 null and conditional alleles have been used
to study its functions in embryonic and organ development in mice. These mouse model phenotypes
vary from embryonic lethality of constitutive knockout to less severe phenotypes observed in tissue-
specific Smarca5 deletions, e.g., in the hematopoietic system. Here we show that, in a gene dosage-
dependent manner, the hypomorphic allele of SMARCAS (55%) can rescue not only the developmental
arrest in hematopoiesis in the hCD2iCre model but also the lethal phenotypes associated with
constitutive Smarca5 deletion or VavliCre-driven conditional knockout in hematopoietic progenitor
cells. Interestingly, the latter model also provided evidence for the role of SMARCAS expression level
in hematopoietic stem cells, as the VavliCre $5% animals accumulate stem and progenitor cells.
Furthermare, their hematopoietic stem cells exhibited impaired lymphoid lineage entry and
differentiation. This observation contrasts with the myeloid lineage which is developing without
significant disturbances. Our findings indicate that animals with low expression of SMARCAS exhibit
normal embryonic development with altered lymphoid entry within the hematopoietic stem cell

compartment.

INTRODUCTION:

Cellular differentiation begins in the fertilized egg and is characterized by gradual and extensive
reprogramming of gene expression, especially during gastrulation, which is dependent on changes in
chromatin accessibility and activity. These changes are orchestrated by chromatin remodeling
enzymes, which are essential for cell differentiation and organism development!. Their main role is to
mechanically catalyze the process of nucleosome sliding, either in cooperation with transcription
factors or independently as a result of their DNA binding activity®. Several families of chromatin
remodeling complexes differ in the presence of catalytic and regulatory subunits, for example the
Imitation Switch Complex {ISWI) family, which contains either SWI/SNF Related, Matrix Associated,

Actin Dependent Regulator Of Chromatin, Subfamily A, Member 1 (SMARCAL) or SMARCAS as a
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catalytic subunit3. ISW| complexes play broad and essential roles in nearly all genetic processes,
including activation or repression of transcription, DNA repair, and DNA replication. They act either by
maintaining evenly spaced nucleosomal arrays or by repositioning nucleosomes near promoters to
increase the accessibility of DNA%

Germline deletion of Smarca5 leads to early embryonic lethality due to the arrest of embryonic
stem cell (ESC) differentiation®. The knockout of Smarca5 in ESCs directly demonstrated the role of
SMARCAS in the regulation of nucleosomal distance (linker length). Its absence led to an increased
linker length, a defect that changed accessibility for many transcription factors, including the binding
of a CCCTC binding factor {CTCF) to the imprinted DNA regions®. The main function of CTCF in these
regions is the inhibition of transcriptional enhancers, which is one of mechanisms controlling the
expression of the transcription factor PU.1 {SPI1). PU.1 is essential for the early initiation of
hematopoiesis and its differentiation towards myelopoiesis and lymphopoiesis’”. In zebrafish,
SMARCAS facilitates the binding of transcription factors that control the expression of hematopoietic
regulators such as bell1lab®. This process mediates the acquisition of definitive hematopoietic stem
and progenitor cell (HSPC) characteristics and facilitates development into definitive fetal HSPCs. In
addition, gene expression and chromatin accessibility data from zebrafish HSPCs suggest that
SMARCAS is involved in controlling the activity of genes associated with HSPC expansion and
differentiation®.

Using conditional inactivation of Smarca5 in murine hematopoietic progenitors, we followed
up on the HSPC study and demonstrated the essential role of SMARCA5 during early HSPC
differentiation. Most importantly, in this model, we observed accumulation of hematopoietic
progenitors and activation of p53 targets. These changes appear to disrupt normal erythropoiesis and
promote premature death of animals during fetal development®. To prevent this phenomenon and to
study in detail the role of SMARCAS in early definitive hematopoiesis, we decided to create a transgenic
model with a hypomorphic expression (lower expression on protein level) of SMARCAS in the context

of its endogenous gene deletion. This approach allowed us to introduce a model with a graded
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SMARCAS expression. Using cell biology and bone marrow (BM) transplantation techniques, we have
shown that SMARCAS is involved in the very early differentiation of HSPCs, a process with significant

consequences for terminal maturation, especially in the lymphoid lineage.

RESULTS
1. Hypomorphic hCD2-55% allele rescues the developmental thymocyte arrest in Smarca5 null
mutants.

Since heterozygotes carrying a null allele of the Smarca5 (S5) gene have normal hematopoiesis
while homozygotes display severe embryonic defects, we created a model using a conditional
hypomorphic allele of the 55 gene (S5%, Fig. 1a) to study how different levels of SMARCAS affect
hematopoietic stem cells and their differentiation potential in adult animals. Our model expresses
tdTomato under the control of endogenous Rosa26 promoter (Fig. 1a, S1e), and upon Cre recombinase
activation it initiates expression of the transgenic human SMARCAS protein with FLAG tag on its C-
terminus. The reasoning for using hSMARCAS is that it is functionally indistinguishable from murine
protein. As shown in the Supplementary Fig. S1a, the human and murine SMARCAS proteins are almost
identical in amino acid sequence, and most of the differences are conservative and localized to the N-
terminal unstructured region. To validate the functional proficiency of $5%, we tested its ability to
rescue lymphocyte development which is blocked at progenitor stages in a conditional hCDZiCre-
induced Smarca5 knockout®®. First, we confirmed that animals with the genotype hCD2iCre 55%/% 55/
are born healthy and in expected Mendelian ratios (Table 1). Analysis of mRNA and protein levels in
mouse thymus confirmed the expression of tagged SMARCAS and revealed complete rescue at the
mRNA level even by a single allele of the transgene (Fig. 1b). At the protein level a single $5% allele
provided approximately 85% of the protein compared to two endogenous S5 alleles and two alleles of
the transgene can fully rescue SMARCAS expression (Fig. 1c). We recently reported that the complete
loss of Smarca5 gene in the hCD2ZiCre strain significantly reduces the size of the thymus and its

cellularity'®. The introduction of two hypomorphic $5% alleles into the hCD2iCre S5 background
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showed an increase of thymic cellularity to almost 8-times. Despite this positive effect, the rescue was
not complete and corresponded to approximately 60% of normal thymic cellularity, a similar effect
was observed in splenic cellularity (Fig. 1d, 51f). Analysis of peripheral blood populations revealed
almost complete lymphocyte rescue in the presence of two alleles, and one allele of the transgene
presented mild lymphopenia (Fig. 1e, S1g). To gain insight into the development of $5 hypomorphic
thymocytes, we analyzed the populations from whole thymic suspension using CD4/CDS
immunostaining by flow cytometry. Results revealed a rescue in numbers of double positive (DP) and
CD4*/CD8* thymocytes in $5%9 animals (Fig. 1f). Upon detailed analysis of immature double negative
{DN) thymocytes using CD44 and CD25 antibodies, we observed that the severe disruption of
differentiation at the DN3/DN4 stage in Smarca5 knockout (KO) was rescued in the $S5% model. This
rescue was incomplete for DN1 and DN4 thymocytes, consistent with the reduced cellularity of the 55%
thymi (Fig. 1f, 1g).

Our previous work also revealed that SMARCAGS is required for the pro-B/pre-B transition of B
cell progenitors. Indeed, the analysis of hCD2iCre $5" mice also revealed a dramatic reduction in
spleen cellularity and a defect in the early B cell progenitor population, specifically a complete loss of
pre-B cells (CD43-CD25*)1% The single S5% allele did not significantly increase the number of pre-B cells,
but in the presence of both $5% alleles we observed almost complete rescue (Fig. 1h). Moreover, when
we analyzed the pro-B population using CD25/CD117 markers, we observed that the $5% was able to
rescue the loss of CD25* cells but not the accumulation of CD117* cells (Fig. 1i). These data confirm
that the product of the 55% allele expressed from the ectopic locus is functional and able to almost
fully rescue the lymphoid defect caused by the ACDZ2iCre Smarca5 KO, which ultimately leads to

normalization of peripheral blood lymphocyte numbers in animals with two copies of $5% (Fig. 1e, S1g).

2. Transgenic Vav1-55% cannot rescue thymocyte development in Smarca5 null mutants.

To further study the effect of hypomorphic SMARCAS expression on the development of

thymic and splenic progenitors, we simultaneously initiated a deletion of the endogenous Smarca5
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gene and activation of $5% in early hematopoietic precursors using Vav1iCre®. Transgenic protein level
in the thymus was only ~40 % of the endogenous SMARCAS level, although their mRNA levels were
comparable (Fig. 2a, 2b). In bone marrow, the level of transgenic SMARCAS was even lower, at only
~18 % {and ~10 % from a single allele) of the level of endogenous protein (Fig. 2a, 2b). Importantly, in
thymocytes, the expression of the hypomorphic allele on the background of the endogenous SMARCAS
protein had only an insignificant additive effect on the total protein level, suggesting the existence of
a regulatory feedback loop that prevents SMARCAS overexpression in the cells (Supplementary Fig.
2bj). For these experiments, we used mice with a non-conditional variant of the SMARCAS transgene.
The transgene was activated in the parental generation by ActB-Cre recombinase. As a result, the
SMARCAS transgene is constitutively expressed in every cell in the body of the analyzed mice. Although
the expression of the 55% allele (initiated by Vav1iCre) rescued the embryonic lethality (Table 1), we
did not observe complete establishment of definitive hematopoiesis. Specifically, transgenic animals
exhibited mild anemia and, consistent with ACD2iCre expression model, also severe lymphopenia and
reduced cellularity of thymus and spleen (Fig. 2¢, 2d, S2¢, 52d).

Lymphocyte deficiency was manifested by a decrease in the total white blood cell count
(Supplementary Fig. 2d). Furthermore, S5% expression was insufficient to promote the transition of
thymocyte progenitors from DN3 to DN4 and simultaneously led to a decrease in the DP and CD4/CD8§
fractions of thymocytes (Fig. 2e, 2f). The development of pre-B lymphocytes and pro-B cell fractions
{CD117* and CD25*) was similarly defective, which corresponded to a decrease in spleen cellularity
(Fig. 2c, 2g, 2h, S2e). In addition, we observed the phenotypic changes that were SMARCAS dose-
dependent, as the expression of the transgene from both alleles improved the rescue of definitive
hematopoiesis (Fig. 2¢-h). While the changes in erythropoiesis were marginal, we found that animals
expressing a single copy of the transgene showed mild anemia (lower red blood cell count, hemoglobin
and hematocrit levels) and negligible changes in erythropoiesis were also observed in spleen and BM
{Supplementary Fig. 2d, 2f-i). Overall, our data confirm the importance of SMARCAS expression levels

during hematopoiesis, with lymphopoiesis and, to some extent, erythropoiesis being dependent on
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high expression levels in contrast to other lineages (e.g. myelocytes — Fig. 2d), which were completely

rescued even by just a single allele of 55%.

3. Transgenic YavI-S5% phenotype involves hematopoietic stem and progenitor cell compartments.

The deletion of Smarca5 at the onset of definitive hematopoiesis (Vavl1iCre) causes
accumulation and blockade of maturation of hematopoietic stem cells (HSCs) and progenitors in the
fetal liver, ultimately leading to the death of the developing embryos?. Since Vav1iCre S5 individuals
expressing the hypomorphic 559 allele overcome this embryonic lethality, we further investigated the
potential stem cell defect caused by low levels of SMARCAS protein. First, we analyzed the composition
of hematopoietic stem cells and multipotent progenitor (MPP) populations in Vav1iCre S5%d S5t/
and Vav1iCre 554! 559 animals. Bone marrow isolated from adult (8-10 weeks) mice was analyzed by
flow cytometry using stem cell markers (Scal, c-Kit, CD34, and FLT3), and signal lymphocyte activating
molecule (SLAM) antigens CD48 and CD150 (Fig. 3a, 3b). Animals with one copy of $5% exhibited
accumulation of the earliest Lin"Scal*Kit1* (LSK) population compared to 55"%% and control (Fig. 3c,
53a).

The largest defect was observed in the MPP populations of LSK cells, which consist of
phenotypically distinct and long repopulating HSCs (Fig. 3d-f, 53c). The CD34*FLT3" LSK cell population
was accumulated in single 55% mice compared to controls, representing up to a ten-fold increase in
VavliCre $5"%/55% mice {Supplementary Fig. 3b, 3f). However, this net increase almost entirely
consisted of MPP3 (CD48*CD1507}, which can contribute to both myeloid and lymphoid lineages, and
also of myeloid-committed MPP2 (CD48*CD150") (Fig. 3e, 53c). Interestingly, lymphoid-committed
MPP4 (CD48*CD150°FLT3*) were unaffected, but we observed a significant reduction in the number of
IL7Ra+ lymphoid progenitors (LP) in animals with one allele of $5% (Fig. 3f, 3h, S3¢, S3d). Myeloid
progenitors were affected at the level of common myeloid progenitors (CMP), which were reduced in
the $5% animals, while the more differentiated MEP and GMP populations were not (Fig. 3g, S3e). We

also observed some atypical populations resembling MPP2 and MPP3 but lacking CD34 expression (LSK
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CD34°FLT3CD48*CD1507/CD150%). These populations were accumulated in single 5% animals (Fig. 3d).
The absolute increase in stem and progenitor cells with a marked decrease in mature lymphoid
progenitors and a marginal reduction in myeloid progenitors suggests that SMARCAS depletion leads
to severe impairment in the formation of differentiating cells carrying lymphoid programs.

To determine whether the described block in differentiation is related to the amount of
SMARCAS protein, we measured its levels at different stages of progenitor differentiation. The exact
levels of SMARCAS peptides were quantitated by a liquid-chromatography tandem mass spectrometry
technique using targeted parallel reaction monitoring {PRM) method. Five selected peptides of human
SMARCAGS protein were reliably detected in LSK {Lin'Sca*c-Kit*) and LS K (LinScalc-Kit*) cell populations
isolated by fluorescence-activated sorting from BM of mice with defined genotypes: control S5%7,
VavliCreS5Veis5%w/8 \vay1iCres5¥ees5% (Fig. 3i). In the control genotype, we observed a significant (at
least twofold) increase in relative SMARCAS levels during the transition from LSK to LS'K stage of
differentiation. This trend was again observed in the Vav1iCreS5¥a$5%4 panotype although it showed
lower relative SMARCAS levels compared to the contral. Interestingly, the Vav1iCreS5#!$5% genotype
showed comparable levels of SMARCAS in the LSK population as in the presence of both transgenic
alleles, but the LSK population displayed a slight decrease in the amount of the protein. This
observation showed that differentiation of cells expressing a single 55" allele is inefficient but still able

to produce some LSK cells but with lower levels of SMARCAS (Fig. 3i).

4. Transgenic YavI-S5%9 stem and progenitor cells are defective in repopulating lymphopoiesis.

The accumulation of specific MPPs in $5% animals may reflect their inability to enter the
differentiation pathway. To test the extent to which $5% stem cells are functional, we performed a
competitive BM cell transplantation assay. To distinguish transgenic and wild-type hematopoietic cells,
we employed a system based on the expression of different CD45 isoforms. The transgenic animals
were CD45.2% in contrast to CD45.1* wild-type animals. First, wild-type donor BM cells were

transplanted to a set of control and transgenic recipients carrying one or two $5% alleles and controls.
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Acceptor animals were optionally irradiated (2-6 Gy). Next, we determined short- or long-term
repopulating activity by a monthly assessment of lineage antigens in peripheral blood using flow
cytometry. The abundance of CD45.1* progeny in §5% (or $5%%) mice shows that 55% mice are already
highly permissive even without prior irradiation and show 33% engraftment at one month and 80%
engraftment four months after transplantation (Fig. 4a, S4a). Next, we analyzed the contribution of
individual B/T-lymphoid and myeloid cell lineages of wild-type origin to hematopoietic recovery. Both
short- and long-term (1-4 months) repopulating activity of Vav1iCreS5/! 554 recipient mice is highly
permissive for T- and B-lineage repopulation, compensating for the deficiency in lymphoid cell
development in the 55 and $59 recipient mice as well as for myeloid cells in the case of $59
recipients (Fig. 4b, S4b).

In the second part of the experiment, to test the repopulating activity of 55% transgenic stem
cells, we isolated 559 BM cells and transplanted them into the control animals. 55% (CD45.2*) BM was
competitively transplanted together with wild-type (CD45.1*) BM cells (3:1 ratio) into lethally (8.5 Gy)
irradiated wild-type recipients. Total CD45.2* cell count data showed that $5% HSCs with one copy of
the transgene were unable to compete with wild-type HSCs, which gave rise to all repopulated
hematopoietic cells (Fig. 4c¢). Next, we analyzed how different lineages derived from S5% BM cells
engraft within the normal recipient mice and observed that donor 55% HSCs were unable to fully
repopulate hematopoietic cell linages as their control counterparts did. While HSCs with both alleles
of the S5% were able to repopulate myelocytes their lymphocyte repopulation was severely affected
(Fig. 4d, right, S4c). Consistently with our previous observations, the effect of reduced SMARCAS

protein levels was most prominent in the developing lymphocytes.

5. The SMARCAS transgenic preduct forms complexes and is essential for lymphopoiesis.
Next, we used the ubiquitously expressed ActB-Cre to explore whether it is possible to
maintain mouse survival solely on the S5% expression (in the §5 KO strain). To avoid problems

potentially caused by transgene activation and possible delay in S5 expression, we crossed animals
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with already active $5% (deleted tdTomato). Postnatally, we identified only 4 animals ($5%e¥de/s5t/ta)
out of ~150 expected. Due to this discrepancy, we analyzed prenatal lethality of this genotype and we
observed early mortality at embryonic day E13.5 and further in the fetal period at E18.5 (Table 1).
However, even when accounting for the observed prenatal lethality, we did not obtain expected
Mendelian-based numbers of animals. This fact indicates a high mortality rate in the early embryonic
stages.

Next, to take advantage of the fact that several $5%/9¢/55%9/% animals were born, we collected
their hematopoietic tissues and analyzed the same populations as in the previous experiments. Again,
we observed that the main disturbance was in the lymphoid lineage, while myelopoiesis was more or
less preserved, similar to the Vav2iCre model (Fig. 5a-f, S5a-m). Thus, the severe anemia in the absence
of SMARCAS that leads to disruption of early development (see previous publication®) de facto
prevented us from finding that of all developmental pathways, it is the earliest stages of lymphopoiesis
that are most sensitive to small perturbations of SMARCAS.

These findings led us to investigate functional aspects of the Smarca5 transgene. As noted
above, we used the ubiguitously expressed ActB-Cre to activate $5% expression in the whole body on
the Smarca5%™ genotype background. This experimental approach allowed us to study how
transgenic SMARCAS naturally participates in its complexes in tissue-specific manner. The composition
of the ISWI chromatin complex in endogenously expressed ATPase-bound regulatory subunits has
been described previously'. Analysis of SMARCA5-copurified proteins documented that the following
complexes had varying presence in specific tissues: ACF (BAZ1A) was found in all studied tissues at a
high abundance, WSTF (BAZ1B) was present in fetal liver, testes, muscle, kidney, and liver at
intermediate quantity, while NoRC (BAZ2A) was observed in lower abundance. Finally, SMARCA5-NURF
{RBBP4) complex was detected in the brain and spleen. In addition, some ISWI complex members and
known interaction partners were detected in the fetal liver (CTCF, POLE3, CHRAC1, NCL} or thymus

(STAT3, STAT1, SMARCC1, RUNX1) (Fig. 5g, 5h, 55n, 550). These data collectively indicate that the
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transgenic SMARCAS participates in formation of all known core ISWI complexes within the transgenic

mice.

DISCUSSION:

The SMARCAS/SNF2H ATPase is one of the essential proteins involved in the regulation of DNA
replication, gene expression and DNA damage response. SMARCAS acts as a catalytic subunit of ISWI
chromatin remodeling complexes, the molecular function of which depends on their individual
composition. Prominent interaction partners belong to the BAZ family. Our previous studies showed
that mouse Smarca5 is an essential gene for early myelopoiesis and erythropoiesis®, and
lymphopoiesist?, an observation consistent with the high expression of Smarca5 during these stages.
In this report, we present a new mouse model of transgenic SMARCAS (S5%) expression in the context
of the Smarca5 knockout {KO) strain. 55% not only rescued embryonic lethality of $5 KO, but also
allowed us to study the effect of its graded expression. Overall, these results provided a solid basis for
understanding the requirements for Smarca5 gene expression levels during hematopoiesis.

Knockout in the lymphoid lineage (ACD2iCre) revealed that SMARCAS is necessary for the
transition between DN3 and DN4 stages of thymocyte development. At this stage, immature
T lymphocytes undergo B-selection, which is accompanied by changes in gene expression. In the
hCD2iCre S5 knockout thymus, the DN3 population accumulates due to a developmental block that is
followed by apoptosis. Similarly, B cell development is arrested during the transition from the pro- to
the pre-B stage!®. Our hypomorphic transgene rescued both of these situations to some extent,
demonstrating that the essential role of SMARCAS in later lymphoid progenitors depends on its
presence but does not require its high expression. Neomorphic alleles of Pole3, a SMARCAS interactor
in CHRAC ISWI complex, revealed similar phenotypes showing arrest between DN3 and DN4 stages as
well as during B cell differentiation, suggesting that the CHRAC complex is the most important for
lymphoid differentiation'?. However, knockouts of other SMARCAS5-binding partners did not exhibit

any defects associated with lymphopoiesis. In detail, Acf1 (Bazla) is not essential for hematopoiesist®.
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Tip5 (BazZa), Chracl and Baz2b KO showed no significant defect in lymphopoiesis, although some of
these studies did not include a thorough assessment of hematopoiesis'®. Rsfl and Bptf KO are
embryonic lethal**'5. CecrZ KO exhibits a variety of defects (coloboma, microphthalmia, and skeletal,
heart, and kidney defects), but none of them were described in hematopoiesis'®. Interestingly, we
detected POLE3 in the SMARCAS interactome in fetal liver, but we did not detect RSF1.

To better understand how Smarca5 deletion affects early hematopoiesis, we used VavliCre $5 KO
mouse model. As shown previously, this model exhibits embryonic lethality at E18, which correlates
with severe anemia and accumulation of hematopoietic progenitors®. We observed that the 55%
rescues this lethality, but transgenic animals exhibit severe lymphopenia and mild anemia. The severity
of these defects was inversely related to the copy number of the $59, indicating a dependence on
higher SMARCAS expression in hematopoiesis. The only population that was fully rescued by the 55%
were the myelocytes. The most severe phenotype was associated with an arrest during differentiation
of MPP3 to MPP4. This transition is associated with FLT3 activation which is required for
lymphopoiesis. $5" can rescue accumulation of MPPs if expressed from both alleles. Expression from
a single allele resulted in the accumulation of cells in the MPP3 stage, and to some extent, the MPP2
stage as well. Interestingly, we also observed the accumulation of populations in transgenic animals
which have a unique mixture of progenitor markers. Although they resemble the MPP2/3 populations,
they are noticeably lacking the CD34 antigen. We hypothesize that these populations likely originate
from the accumulated MPP2/3 which are unable to differentiate. Moreover, in this genotype, defects
in lymphocyte development continued to the later stages of differentiation {DN3 to DN4 and pro-B to
pre-B block]), resulting in almost complete loss of lymphocytes in peripheral blood, with B cells being
more affected than T cells. These results were consistent with our observations from the hCD2iCre 55%
model, but the defect in Vav1iCre $5% model was more pronounced, suggesting that this is a stem cell-
level phenotype. The observations from flow cytometry were also supported by measurements of
SMARCAS protein levels in different developmental stages of hematopoietic progenitors. We observed

that transition from LSK to the later developmental stage LSK is accompanied by an enhancement of
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SMARCAS protein levels in control mice, whereas in the presence of only one allele of the transgene,
there was a slight loss of protein. The reduced levels of SMARCAS likely result in a decrease in CMP
and CLP populations (L5'K} in this genotype and an accumulation of MPP3 and MMP2 populations {LSK).
These observations imply that Smarca5 expression undergoes independent regulation from its
promoter during hematopoietic progenitor differentiation. Prior research has demonstrated that
SMARCAS can be subjected to degradation through Cullin- and proteasome-dependent pathways!’.
Although this represents an interesting and novel concept that is clearly important for hematopoietic
differentiation, we currently lack data that unequivocally support it. Interestingly, we observed a
discrepancy between SMARCAS transgene expression at the RNA and protein levels, with the
transgene being able to reach endogenous Smarca5 RNA level but not the protein level suggesting a
regulatory mechanism for SMARCAS at the protein level requiring further investigation.

To support our hypothesis that SMARCAS expression level has a direct effect on HSCs, we
employed competitive transplantation of wild-type HSC into $5 transgenic acceptors and vice versa.
Both of these experiments confirmed our hypothesis that high levels of SMARCAS are important for
lymphocyte development, as wild-type HSCs reconstituted lymphopoiesis in animals with a single 55%
allele even without pre-transplantation irradiation. $5% BM was only able to reconstitute myelocytes
but not lymphocytes in lethally irradiated wild-type acceptors. The effects observed in competitive
transplantation were clearly dose-dependent, with the most substantial impact seen when a single 55%
allele was expressed. A similar competitive transplantation experiment performed with neomorphic
Pole3 (member of ISWI CHRAC complex) and wild-type BM (1:1) revealed that HSCs with a mutated
Pole3 struggled to repopulate the lymphoid lineage but not the myeloid lineage!2. Deletion of ARID1A
in mouse (SWI/SNF complex) resulted in a similar but more severe phenotype with an accumulation of
hematopoietic progenitors resulting in defects in lymphopoiesis, myelopoiesis and erythropoiesis.
These accumulated progenitors were not able to repopulate host hematopoiesis in a competitive

transplantation experiment!®,
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The final experiment focused on using a whole-body deletion of Smarca5 combined with $5%/9
expression to determine whether any other processes during development require higher than
transgenic SMARCAS protein levels. We observed a similar phenotype as in the Vav1iCre model with a
defect in hematopoiesis combined with very low birth expectancy — less than 1 % (contrasted with the
expected value of 25 %). Most of these animals died in the early embryonic stages, suggesting their
lower fitness.

As in our experiments, knockouts of SWI/SNF chromatin remodeling factors were found to
cause defects in hematopoiesis. For example, in a mouse model with mutant Baf57 (disruption of DNA
binding), CD8* T cell development was blocked even though only one allele was mutated. The same
block in differentiation was observed in mice with a heterozygous deletion of Brg1®. In contrast to our
findings from Smarca5 KO, Brg1 loss results in a block of T cell differentiation at later stages, the DN4
to DP transition®. Another chromatin remodeling factor with a significant role in hematopoiesis is Mi-
2B (Mi-2 family) which is essential for the DN4 to DP transition and especially for CD4* T cell
development?.

The model of whole-body SMARCAS expression allowed us to study the composition of its ISWI
complexes in a tissue-specific manner. While our results are dominated by canonical complexes with
BAZ proteins (as updated in''), it certainly cannot be ruled out that there may be other interactions
with DNA at the chromatin level that are not easily detected by the mass spectrometry methodology
we used. These non-canonical complexes might be context-dependent and difficult to detect in a
mixture of cell populations. Nevertheless, our data also show the involvement of CTCF in the ISWI

complex in some tissues, particularly in fetal hematopoiesis as suggested elsewhere®.

MATERIALS & METHODS:
Mouse transgenesis
SMARCAS cDNA fused to a C-terminal Flag tag (cleaved from MSCV2.2 vector) was cloned into Nhel

and Sall cleavage sites of the p15-6-20 DNA vector containing 5' & 3' homologies of Rosa26 and the
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tdTomato gene surrounded by LoxP sites, allowing excision of tdTomato and initiation of SMARCAS
transgene expression (Fig. 1a) 2. The assembled transgenic vector (linearized by Fsel) was nucleofected
{Amaxa Nucleofector |l instrument, program A-023, Lonza) into R1 ES cells (2x10%) which were seeded
on a layer of irradiated (35 Gy) mouse embryonic fibroblasts in recommended media (details below)
supplemented with ESGRO (mLIF 1 kU/ml, cat. no. ESG1107, Merck, Darmstadt, Germany}®. G418-
resistant colonies (200 pg/ml, cat. no. A1720, Sigma-Aldrich, Saint Louis, MO, USA) expressing
tdTomato  were selected and expanded. A 3.495 kbp PCR band (F:
GTGTCTCTTTTCTGTTGGACCCTTACCT; R: AAAAAGAAGAAGGCATGAACATGGTTAG) verified integration
of the transgene (Supplementary Fig. 1b). ES cells with a normal karyotype were injected into
blastocysts and transferred into the uterus of superovulated C57BL/6NCrl females. Mice containing
the Rosa26-S5% construct were identified using PCR with the following primers Fwd:
ACGAGGACCAAAGCCTTCAACAG, Rev: TGACAGTCGACAACTTCCTGACTAGGGAGTAGAAGT
{Supplementary Fig. 1c). Germline transfer and backcrossing was performed into the C57BL/6NCrl
strain. The progeny was viable, fertile and expressed tdTomato in all tissues. Mice expressing tdTomato
with Cre-inducible SMARCAS transgene were then crossed to three Cre expressing strains (hCD2 which
is active from DN3 stage of thymocyte development and pro-B stage of B-cell development and CD2*
NK cells'® 24 Vav1 promoting recombination in c-kit*{CD117%) definitive hematopoietic progenitors?,
and constitutively expressed Gt{ROSA)26Sor miACTB-cre-EGRlIcs 25) cqntaining a conditional knockout allele
of Smarca5 with loxP1 flanking (fl) exon 5 of the endogenous Smarca5 gene, resulting in a null allele
upon Cre activation?9,

All mice expressing Cre recombinase were hemizygous for specific Cre transgene. Mice were
maintained in a controlled, specific pathogen-free environment. Mice were provided food and
water ad libitum and kept in the animal facility with a 12-hour light-dark cycle. All experiments met the
criteria approved by Czech Ministry of Agriculture and the Committee for Experimental Animals. We
have complied with all relevant ethical regulations for animal use. In all experiments, we used mice of

both sexes, age is indicated in figure legends.
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ES cells culture medium

KnockQut™ DMEM (cat. no. 10829018, Gibco, Thermo Fisher Scientific, Waltham, Massachusetts,
United States) supplemented with 15 % KnockOut™ Serum Replacement {cat. no. 10828028, Gibco,
Thermo Fisher Scientific, Waltham, Massachusetts, United States), 2 mM L-glutamine (cat. no. G7513,
Sigma-Aldrich, 5t. Luis, MO, USA), 1x Penicillin-Streptomycin {cat. no. PO781, Sigma-Aldrich, St. Luis,
MO, USA), 1x MEM Non-Essential Amino Acid Solution {cat. no. M7145, Sigma-Aldrich, St. Luis, MO,
USA), 0,1 mM f-mercaptoethanol (cat. no. M3148, Sigma-Aldrich, St. Luis, MO, USA}, ESGRO mLIF (1

kU/ml, cat. no. ESG1107, Merck, Darmstadt, Germany).

Tail tip DNA was genotyped with the fellowing primers

S5%-F: ACGAGGACCAAAGCCTTCAACACAG, R: TGACAGTCGACAACTTCCTGACTAGGGGAGGAGTAGAAGT
(852 bp), S5%-F: ACTGAGGACTCTGATGCAAACAGTCAAG, R: TACACAACTAAGGCAGTGGGTTATAGTGL (fl
614 bp, wt 524 bp), S5%-F: GTGCAAAGCCCAGAGACGATGGTATG (471 bp, with S5%rev), Cre-F:
ACCAGGTTCGTTCACTCATGG, Cre-R: ACGGGCACTGTGTCCAGALC (449 bp), iCre-F:

GATGCTCCTGTCTGTGTGCAG, iCre-R: CCTGCCAATGTGGATCAGC (469 bp).

Cell isolation and analysis

Single cell suspensions from peripheral blood, BM (isolated from 2 femurs and 2 tibias), thymus, and
spleen were incubated on ice with specific primary antibodies in PBS + 1 % biotin-free BSA solution for
20 minutes. Biotinylated primary antibodies were then visualized using streptavidin-conjugated
fluorescent dyes. Cell suspensions were analyzed on BD LSRFortessa™ SORP (BD Biosciences, San Jose,
CA, USA) or CytoFLEX (Beckman Coulter, Brea, CA, USA), and data analysis was performed using Flowlo

software.

Antibodies for flow cytemetry
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Biotin anti-B220 (clone RA3-6B2; cat. no. 103204), FITC anti-B220 (clone RA3-6B2; cat. no. 103206),
APC anti-CD4 (clone GK1.5; cat. no. 100412}, BV421 anti-CD4 (clone GK1.5; cat. no. 100437), PE/Cy7
anti-CD5 (clone 53-7.3; cat. no. 100621), APC anti-CD8a (clone 53-6.7; cat. no. 100712), Biotin anti-
CD11b/Mac-1 (clone M1/70; cat. no. 101204}, Bv421 anti-CD11b/Mac-1 (clone M1/70; cat. no.
101236), Biotin anti-CD11c (clone N418; cat. no. 117304), BV510 anti-CD16/32 (clone 93; cat. no.
101333}, BVE05 anti-CD25 {clone PC61; cat. no. 102036), PE anti-CD25 (clone PCE1; cat. no. 102008),
Biotin anti-CD34 {(clone HM34; cat. no. 128604), APC anti-CD43 (clone S11; cat. no. 143208), FITC anti-
CD44 (clone IM7; cat. no. 103006), PE/Cy7 anti-CD45 (clone 30-F11; cat. no. 103114), AF700 anti-
CD45.1 (clone A20; cat. no. 110724), PE/Cy7 anti-CD45.2 (clone 104; cat. no. 109830), FITC anti-CD48
{clone HM48-1; cat. no. 103404}, PE anti-CD71 (clone RI7217; cat. no. 113808), BV421 anti-CD117/c-
Kit (clone 2B8; cat. no. 105828), BV786 anti-CD127/IL7Ra (clone A7R34; cat. no. 135037), APC anti-
CD135/FLT3 (clone A2F10; cat. no. 135310}, BV605 anti-CD150 (clone TC15-12F12.2; cat. no. 115927),
Biotin anti-Gr-1 (clone RB6-8C5; cat. no. 108404), BV605 anti-Gr-1 (clone RB6-8C5; cat. no. 108440),
Biotin anti-Nk1.1 (clone PK136; cat. no. 108704), PE anti-Nk1.1 {clone PK136; cat. no. 108708), FITC
anti-Scal (clone D7; cat. no. 108106), PE anti-Scal {clone D7; cat. no. 108108), APC anti-Ter119 (clone
Ter-119; cat. no. 116212), Biotin anti-Terl19 (clone Ter-119; cat. no. 116204), PerCP anti-Ter119 (clone
Ter-119; cat. no. 116226), AF700 anti-mouse Lineage Cocktail with Isotype Ctrl (anti-CD3, clone 17A2;
anti-Ly-6G/Ly-6C, clone RB6-8C5; anti-CD11b, clone M1/70; anti-CD45R/B220, clone RA3-6B2; anti-
TER-119/Erythroid cells, clone Ter-119; cat. no. 133313}, SV-PE/Cy7 (cat. no. 405206}, SV-AF700 (cat.
no. 521383; Life Technologies Corporation, Eugene, Oregon, USA). All antibodies supplied by

BioLegend (San Diego, California, USA) with exception for SV-AF700.

Immunoblotting
Organs from 7-9-week-old mice were homogenized and lysed on ice for 30 min in isotonic lysis buffer
{150 mM NaCl, 50 mM Tris-Cl pH 7.5, 0. 4 % Triton-X, 2 mM CaClz, 2 mM MgCI2, 1 mM EDTA, 5 mM

NaF in dH20), supplemented with 1 mM DTT, protease and phosphatase inhibitors and 25 U/pl of non-
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specific DNA nuclease (Benzonase; cat. no. SC-391121, Santa Cruz, CA, USA)). Lysates were then mixed
with SDS (final 1 %) was heated for 5 min, 95°C. Lysates were cleared by centrifugation (16 000 g, 4°C,
5 min) and protein concentration was determined by bicinchoninic acid assay (cat. No. 23228, Thermo
Fisher, Waltham, MA, USA). 20 pig of protein was separated on a 4-20 % SDS gradient of Mini-PROTEAN
TGX Precast Protein gels and transferred with the Trans-Blot Turbo Transfer System to a PVDF
membrane (all from Bio-Rad, Hercules, CA, USA). Membranes were blocked in 5 % milk in TBS-T and
incubated (overnight, 4°C) in primary antibodies diluted in 3 % BSA in TBS-T. After washing, membranes
were incubated with horseradish peroxidase-conjugated anti-Rabbit 1gG secondary antibody
{1:10,000; Jackson ImmunoResearch, Cambridgeshire, UK; cat. no. 711-036-152) or with anti-Mouse
lgG secondary antibody (1:10,000; Jackson ImmunoResearch, Cambridgeshire, UK; cat. no. 715-036-
150). Primary antibodies: anti-SMARCAS {1:1,000; Bethyl Laboratories, Montgomery, TX, USA; cat. no.
A301-017A), anti-FLAG (1:1,000; Cell Signaling, Danvers, MA, USA; cat. no. 2368), anti-B-ACTIN
{1:1,000; Abcam, Cambridgeshire, UK; cat. no. ab6276) and anti-GAPDH (1:1,000; Sigma-Aldrich, Saint
Louis, MO, USA; cat. no. HPAQ40067). The binding efficiency of anti-SMARCAS antibody with human
and murine protein was tested using leukemia cell lines, specifically MEL {murine erythroleukemia)
OCI-M2 (adult human acute myeloid leukemia) (Supplementary Fig. 1d). Visualization was performed
using Pierce™ ECL Western Blotting Substrate (cat. no. PI32106, Thermo Fisher, Waltham, MA, USA)
and detection using ChemiDoc Imaging System (Bio-Rad, Hercules, CA, USA). For densitometry all
samples were normalized to their B-ACTIN/GAPDH loading control and the relative amount of protein
was calculated compared to wild-type controls. 5. Uncropped and unedited blot images are available

in Supplementary Fig. 6.

Hematopoietic reconstitution
For competitive reconstitution experiments 7.5 x 10° BM cells from wild-type adult (12-week-old) B6
SIL-Ptprc® Pepct/BoyCrl {Ly5.1/CD45.1) donors were co-transplanted with 2.25 x 108 BM cells (ratio 1:3,

wt:tg) from C5781/6 (Ly5.2/CD45.2) SMARCAS transgenic donors and their respective controls into
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lethally irradiated (8.5 Gy) adult (12-week-old) Ly5.1 mice. In addition, hematopoiesis was assessed in
SMARCAS5 transgenic hosts by transplanting 3 x 108 BM cells collected from wild-type 12-week-old
Ly5.1 mice into non-irradiated or irradiated (2, 3, 4, 5, up to 6 Gy) Ly5.2 SMARCAS transgenic hosts and
controls. Hematopoietic repopulation was analyzed using flow cytometry analysis of peripheral blood

collected at monthly intervals (1 to 4 months) after transplantation.

RT-PCR

RNA from homogenized organs was purified with TRIzol™ (cat. no. 15596026, Thermo Fisher, Waltham,
MA, USA), treated with DNA-free™ DNA Removal Kit {cat. no. AM1906, Thermo Fisher, Waltham, MA,
USA) and reverse transcribed with High-Capacity ¢cDNA Reverse Transcription Kit (cat. no. 4374966,
Thermo Fisher, Waltham, MA, USA). qPCR amplification using LightCycler® 480 SYBR Green | Master
{cat. no. 04887352001, Roche, Basel, CH). Primers: m55 F: AGAATTTGCTTTCAGTTGGAGATTACCG, mS5
R:  AGATGAGCCAATTCAATCCTCGC, hS5 F:  AGAACTTACTATCCGTTGGCGATTACC;, hS5 R
AAGAAATGAGCCAGTTTAATCCTCGG, mGapdh F: ACTTTGTCAAGCTCATTTCCTGGTATG-37, mGapdh R:
TTTCTTACTCCTTGGAGGCCATGTAG, mHprt Rt GCTGGTGAAAAGGACCTCT, mHprt R:

CACAGGACTAGAACACCTGC.

Protein immunoprecipitation

Organs from 7-9-week-old mice (S5%¥¥ §5%9/% and controls) were rapidly frozen using liquid nitrogen,
homogenized and lysed in an isotonic lysis buffer (150mM Na<Cl, 50mM Tris-HCl pH=7.5, 0.4 % Triton
X-100, 2mM CaClz, 2mM MgClz, ImM EDTA, 5mM NaF in ddH20) with Benzonase nuclease (250 U/mil,
cat.no. SC-391121B, Santa Cruz Biotechnology, Texas, USA), protease and phosphatase inhibitors and
10mM NazV0,s for 20 min on ice. After sonication, tissue lysates were further cleared by
ultracentrifugation (20,000 g, 4 °C, 10 min) and filtration using a 0.45 pm filter. Individual tissue protein
concentrations were equilibrated and lysates corresponding to 100-250 mg of tissue were incubated

with 50 pl of anti-FLAG M2 Affinity Gel (cat. no. A2220, Sigma-Aldrich, St. Luis, MO, USA) for three

47



hours. The immunoprecipitated complexes were washed four times with a lysis buffer and eluted with
3xFLAG peptide (cat. no. F4799, Sigma-Aldrich, St. Luis, MO, USA) in a detergent-free lysis buffer. The

eluates were then analyzed by mass spectrometry

Mass Spectrometry details

Eluates were acetone precipitated and resuspended in 100mM TEAB containing 1 % SDC. Cysteines
were reduced with 5 mM final concentration of TCEP (60°C for 60 min) and blocked with 10 mM final
concentration of MMTS {10 min, RT). Samples were cleaved on beads with 1 pg of trypsin at 37°C
overnight. After digestion samples were centrifuged and supernatants were collected and acidified
with TFA to 1 % final concentration. SDC was removed by extraction to ethyl acetate 2. Peptides were
desalted using in-house made stage tips packed with C18 disks (Empore) according to 2.

Nano Reversed phase column (EASY-Spray column, 50 cm x 75 um ID, PepMap C18, 2 um particles, 100
A pore size) was used for LC/MS analysis. Mobile phase buffer A was composed of water and 0.1 %
formic acid. Mobile phase B was composed of acetonitrile and 0.1 % formic acid. Samples were loaded
onto the trap column (Acclaim PepMap300, C18, 5 um, 300 A Wide Pore, 300 pum x 5 mm, 5 Cartridges)
for 4 min at 15 pl/min. Loading buffer was composed of water, 2 % acetonitrile and 0.1 % trifluoroacetic
acid. Peptides were eluted with Mobile phase B gradient from 4 % to 35 % B in 60 min. Eluting peptide
cations were converted to gas-phase ions by electrospray ionization and analyzed on a Thermo
Orbitrap Fusion {(Q-OT-gIT, Thermo). Survey scans of peptide precursors from 400 to 1600 m/z were
performed at 120 K resolution (at 200 m/z) with a 5 x 105 ion count target. Tandem MS was performed
by isolation at 1,5 Th with the quadrupole, HCD fragmentation with normalized collision energy of 30,
and rapid scan MS analysisin the ion trap. The MS? ion count target was set to 10*and the maxinjection
time was 35 ms. Only those precursors with charge state 2-6 were sampled for MS% The dynamic
exclusion duration was set to 45 s with a 10 ppm tolerance around the selected precursor and its
isotopes. Monoisotopic precursor selection was turned on. The instrument was run in top speed mode

with 2 s cycles 2.
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All data were analyzed and quantified with the MaxQuant software (version 1.5.3.8) 2. The false
discovery rate (FDR) was set to 1 % for both proteins and peptides and we specified a minimum length
of seven amino acids. The Andromeda search engine was used for the MS/MS spectra search against
the Caenorhabditis elegans database (downloaded from Uniprot in April 2015, containing 25 527
entries). Enzyme specificity was set as C-terminal to Arg and Lys, also allowing cleavage at proline
bonds and a maximum of two missed cleavages. Dithiomethylation of cysteine was selected as fixed
modification and N-terminal protein acetylation, methionine oxidation and serine/threoning/tyrosine
phosphorylation as variable modifications. The “match between runs” feature of MaxQuant was used
to transfer identifications to other LC-MS/MS runs based on their masses and retention time
{maximum deviation 0.7 min) and this was also used in quantification experiments. Quantifications
were performed with the label-free algorithms described recently. Data analysis was performed using

Perseus 1.5.2.4 software.

Targeted parallel reaction monitoring of SMARCAS peptides

Sorted cells from LSK {Lin¢c-Kit*Sca*) and LSK (Lin¢-Kit*Scal") cell populations were washed with PBS
and cell pellet was lysed with 0.1% RapiGest {(Waters) in 50 mM ammonium bicarbonate (Sigma
Aldrich). Protein cysteines were reduced with 5 mM dithiothreitol (Thermo Scientific) for 30 min at 56
°C and alkylated with 10 mM iodoacetamide (Sigma Aldrich) for 30 min at room temperature in the
dark. Proteins were digested with sequencing grade modified trypsin {(Promega} (enzyme:protein ratio
1:50) at 37 °C O/N. The reaction was stopped by adding trifluoroacetic acid to a final concentration of
1% (v/v), and RapiGest was precipitated by further incubation at 37 °C for 45 min. Supernatant was
cleaned up using solid phase extraction stage tips and dried by vacuum centrifugation. Peptide digests
were spiked in with equivalent amount of heavy peptides premix normalized to the used cell count
{Supplementary Table 2).

Five peptides used for targeted parallel (PRM) reaction monitoring using mass spectrometry were

selected according to reliable detection in shotgun analysis fulfilling these criteria (1) unique; (2) no

49



missed cleavages (3) not containing cysteine; (4) no modifications and using Picky 3° (Table 2). Heavy
peptides were purchased from JPT Peptide (JPT Technologies, Berlin, Germany). Cell lysates with
spiked in heavy standards were first separated using Ultimate 3000 liquid chromatography system
{Dionex). Nano reversed phase columns (Aurora Ultimate TS, 25 ¢cm x 75 pm |ID, 1.7 um particle size,
lon Opticks) were used for LC/MS analysis. Mobile phase buffer A was composed of water and 0.1%
formic acid. Mobile phase B was composed of acetonitrile and 0.1% formic acid. Samples were loaded
onto the trap column (C18 PepMapl00, 5 pum particle size, 300 pm x 5 mm, Thermo Scientific) for 4
min at 18 pl/min loading buffer was composed of water, 2% acetonitrile and 0.1% trifluoroacetic acid.
Peptides were eluted with Mobile phase B gradient from 4% to 35% B in 16 min. Total analysis time
was 30 min per sample. Samples were analyzed by PRM on Orbitrap Ascend (Thermo Scientific). Eluting
peptide cations were converted to gas-phase ions by electrospray ionization in positive mode with
1600 V spray voltage. MS data were acquired using tMS2 mode. RF lens amplitude was set to 60 %.
Peptide precursors were isolated by quadrupole with 1.6 m/z isolation window and fragmented by
HCD with collision energy set to 28%. Fragment ions were detected in orbitrap with 30K resolution at
200 m/z. AGC was set to 250% and maximum injection time mode to Auto. Total cycle time was set to
0.8s. All peptides with their corresponding masses and charge states are listed in the Table 2. Data
were analyzed using Skyline-daily (64-bit) version 23.1.1.268. |dentical heavy and light transitions and
retention times confirmed peptide identity. A minimum of four transitions was required for reliable
detection. All peaks were manually inspected to confirm correct detection and peak boundaries. Peak
integration and calculation of the ratios between light endogenous and the heavy-labeled peptide
{L/H) were done in Skyline and result reports exported from the software.

Table 2: List of peptides used for PRM detection of protein SMARCAS. Peptides precursor mases {(m/z)
and charge states of the precursor ions (z) are indicated. Heavy amino acids are labeled by bold letter.

Compound m/z z
EIQEPDPTYEEK 739.3383 2

EIQEPDPTYEEK 743.3454 2
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QNLLSVGDYR  582.804 2
QNLLSVGDYR  587.8082 2
IYVGLSK 390.2367 2
IYVGLSK 394.2438 2
FVFMLSTR 500.7679 2
FVFMLSTR 505.772 2
IAFTEWIEPPKR 496.2733 3

IAFTEWIEPPKR 499.6094 3

Sequence coverage by selected peptides

>sp| 060264 | SMCAS_HUMAN SWI/SNF-related matrix-associated actin-dependent regulator of
chromatin subfamily A member 5 0S=Homo sapiens OX=9606 GN=SMARCAS5 PE=1 Sv=1
MSSAAEPPPPPPPESAPSKPAASIASGGSNSSNKGGPEGVAAQAVASAASAGPADAEMEEIFDDASPGKOKEIQEP
DPTYEEKMQTDRANRFEYLLKQTELFAHFIQPAAQKTPTSPLKMKPGRPRIKKDEKQNLLSVGDYRHRRTEQEEDE
ELLTESSKATNVCTRFEDSPSYVKWGKLRDYQVRGLNWLISLYENGINGILADEMGLGKTLQTISLLGYMKHYRNIPG
PHMVLYPKSTLHNWMSEFKRWYVPTLRSVCLIGDKEQRAAFVRDVLLPGEWDVCVTSYEMLIKEKSVFKKFNWRYL
VIDEAHRIKNEKSKLSEIVREFKTTNRLLLTGTPLONNLHELWSLLNFLLPDVFNSADDFDSWFDTNNCLGDQKLVER
LHMVLRPFLLRRIKADVEKSLPPKKEVKIYVGLSKMQREWYTRILMKDIDILNSAGKMDKMRLLNILMQLRKCCNH
PYLFDGAEPGPPYTTDMHLVTNSGKMVVLDKLLPKLKEQGSRVLIFSOMTRVLDILEDYCMWRNYEYCRLDGQTP
HDERQDSINAYNEPNSTKFVFMLSTRAGGLGINLATADVVILYDSDWNPQVDLOQAMDRAHRIGOTKTVRVFRFIT
DNTVEERIVERAEMKLRLDSIVIQQGRLYDQONLNKIGKDEMLOMIRHGATHYFASKESEITDEDIDGILERGAKKTAE
MNEKLSKMGESSLRNFTMDTESSVYNFEGEDYREKQKIAFTEWIEPPKRERKANYAVDAYFREALRVSEPKAPKAP
RPPKOPNVQDFQFFPPRLFELLEKEILFYRKTIGYKVPRNPELPNAAQAQKEEQLKIDEAESLNDEELEEKEKLLTQGF
TNWNKRDFNQFIKANEKWGRDDIENIAREVEGKTPEEVIEYSAVFWERCNELODIEKIMAQIERGEARIQRRISIKKA
LDTKIGRYKAPFHQLRISYGTNKGKNYTEEEDRFLICMLHKLGFDKENVYDELRQCIRNSPQFRFDWFLKSRTAMEL

QRRCNTLITLIERENMELEEKEKAEKKKRGPKPSTQKRKMDGAPDGRGRKKKLKL
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Statistics and Reproducibility
All our experiments are reproducible, statistical methods are indicated in figure legends as well as

sample sizes.
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TABLES:

Table 1: The table shows the numbers and % of mice born with the respective genotypes from the
crosses of the parents described in the left part. Specifically, these are the hCD2iCre, Vav1iCre and
ActB-Cre models carrying floxed alleles of the Smarca5 and S5 transgene inserted into the Rosa26

locus.
hCD2iCre 55 Progeny genotypes
hCDZiCre hCDZiCre

Parental genotypes S5iRgsw o gttty S5 55 S5 g5elg
JFhCD2iCre S5V 551 x @ S5 g5tarty 141 151 140 142

(24.6 %) (26.3 %) (24.4 %) (24.7 %)
VaviiCre 55'9 Progeny genotypes

VavliCre VavliCre

Parental genotypes S5 55t S5 g5tata S5 55t S5 gstatty
gVaviiCre S5 551 x @ S5/ g5tafta 101 104 94 117

(24.3 %) {(25.0 %) (22.6 %) (28.1%)
ActB-Cre 55 Progeny genotypes
Parental genotypes Sowifwt g 5tafty S5delfu g5taftg S5deifdel g stafty
Prenatal E13.5
g S5delnt gotafta y Q godelfwt g sta/t 15 {34.9 %) 26 (60.5 %) 2(4.7 %)
G S5 $51M 5 Q ActB-Cre §5%%t 554 0 21 (95.5 %) 1(4.5 %)
Prenatal E18.5
g S5delwt g5tafta y Q godeliwt gotaft 21(36.2 %) 33 (56.9 %) 4 (6.9 %)
Postnatal
g §5del/wt g5tafty  Q godeliwt Gotaftg 325 (67.6 %) 156 (32.4 %) 0
IS5 S5 x @ ActB-Cre S5t 55t 0 95 (99.0 %) 1(1.0%)
oS5 55t/ x @ ActB-Cre 559wt 55t 0 486 (99.4 %) 3(0.6 %)
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FIGURE LEGENDS:
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Figure 1. Transgenic SMARCAS releases the blockade of T and B cell differentiation after Smarca5
deletion. (a) Scheme of recombinaticn at the Rosa26 locus: incorporation of a neomycin resistance
construct (pGK-NeaR) containing the tdTomato gene with polyadenylation signal (pA) and foxP sites
(red triangles) and SMARCA5-FLAG cDNA with FRT sites (blue triangles) downstream of the splice
acceptor (SA) site. The transgene expresses tdTomato and, upon activation of Cre recombinase, the
tdTomato cDNA is removed, leading to the expression of SMARCAS5. (b) Copy number quantification of
mouse and human Smarca5 mRNA by gRT-PCR {(AVG1SD, n=3) in thymi of 2-month-old mice of the
indicated genotypes after normalization to Gapdh and Hprt expression. (¢} Immunoblot of thymi from
8-week-cld mice of the indicated genotypes stained with anti-FLAG or anti-SMARCAS5 antibodies.
GAPDH staining was used as a loading control. Signal density is stated in % relative to controls. (d})
Thymic and splenic cellularity of 8-week-old mice of the indicated genotypes (analyzed by flow
cytometry). (e) Cytometry with anti-CD4/CD8, anti-B220, and anti-Gr-1/CD11b from CD45* peripheral
blood cells of the indicated genotypes. (f) Cytometric analysis of thymic populations: DN, DP, and SP
of the indicated genotypes. (g} Cytometric analysis of thymocytes (negative for B220, Gr-1, CD11b,
CD11c and Nk1.1) of the indicated genotypes using anti-CD25 and anti-CD44 antibodies. (h, i)
Cytometric analysis of B cell development of the indicated genotypes using anti-B220 and anti-CD43
staining of BM CD45* cells (h) and anti-CD117 and anti-CD25 staining of pro-B cells (CD43*B220%) {i).
Statistics: One-Way ANOVA with Tukey's Honestly Significant Difference test (p adjusted value:
p<0.05=%, p<0.01=**, p<0.001=***, p<0.0001=**** ng asterisks = non-significant), the error bars
represent standard deviation.
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Figure 2. Mice expressing SMARCA5 transgene in stem cells with simultaneous deletion of
endogenous Smarca5 have defects in T and B cell differentiation. {a) Copy number quantification of
mouse and human Smarca5 mRNA by gRT-PCR (AVG2SD, n=3) in thymi and BM of 2-month-old mice
of the indicated genotypes after normalization to Gapdh and Hprt expression. {b) Immuncblot of thymi
and BM of 2-month-old mice of the indicated genotypes with anti-SMARCAS antibody. Staining with
B-ACTIN and GAPDH were used as loading controls. Signal density is stated in % relative to controls. (c)
Thymus, spleen and BM cellularity of indicated genotypes. (d) Cytometric analysis using anti-CD4/CDS8,
anti-B220 staining of CD45* peripheral blood cells (with exclusion of Gr-1, CD11b and Nk1.1) of the
indicated genotypes. (e) Cytometric analysis of DN, DP and SP populations in thymus of the indicated
genotypes. (f) Cytometric analysis of thymocytes (negative for B220, Gr-1, CD11b, CD11c and Nk1.1)
of the indicated genotypes using anti-CD25 and anti-CD44 antibodies. (g, h) Cytometric analysis of B
cell development of the indicated genctypes using anti-B220 and anti-CD43 staining of BM CD45* cells
(g) and anti-CD117 and anti-CD25 staining of pro-B cells {CD43*B220%) (h). Statistics: One-Way ANOVA
with Tukey's Honestly Significant Difference test, asterisks above graphs {p adjusted value: p<0.05=%,
p<0.01=**, p<0.001=***, p<0.0001=****, no asterisks = non-significant). T-test between one and two
alleles of S5%, asterisks below graphs (p<0.05=%*, p<0.01=**, p<0.001=***, p<0.0001=**** no
asterisks = non-significant), the error bars represent standard deviation, for n numbers see
Supplementary Table 1.
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Figure 3. Mice expressing SMARCAS transgene in stem cells with simultaneous deletion of

endogenous Smarca5 have impaired early hematopoietic development. (a) Scheme of differentiation
of HSC and MPP with their specific antigens in SMARCADS transgenic mice. Created with BioRender.com.
(b) Gating strategy for flow cytometry analysis of hematopoietic progenitors in bone marrow. (c)
Absolute quantification of populations from flow cytometry analysis of BM from 10-week-old mice of
the indicated genotypes. Analysis of c-Kit and Scal markers excluding lineage antigens (CD3, Ly-6G/Ly-
6C, CD11b, B220, Ter-119) yielded isolation of stem (LSK) and early progenitor (LSK) cells. (d) Absolute
quantification of CD34" LSK, total population on the left, CD48*CD150*" and HSCs on the right. (e)
Absolute guantification of CD34* FIt3" LSK subpopulations enriched for MPPs with multi-lineage
developmental potential. (f} Absolute quantification of lymphoid-oriented CD34* Flt3* MPP4
population. (g, h) Quantification of lineage-restricted (CD127/IL7Rac) progenitor subpopulations (g)
and early IL7Ra* lymphoid progenitors (h) in LSK BM cells using myeloid marker CD16/32 and CD34.
MEP = megakaryocytic-erythroid progenitor, CMP = common myeloid progenitor, GMP = granulocyte-
monocyte progenitor. (i) Bar chart depicts ratio of intensities of light over heavy peptides from protein
SMARCAS detected by targeted parallel reaction monitoring in sorted mouse LSK and LS-K cell
populations of indicated genotypes. For n numbers and cell counts see Supplementary Table 2.
Statistics: One-Way ANOVA with Tukey's Honestly Significant Difference test (p adjusted value:
p<0.05=%, p<0.01=**, p<0.001=***, p<0.0001=**** no asterisks = non-significant), the error bars
represent standard deviation.
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Figure 4. Transplantation of stem cells with only transgenic SMARCAS expression reveals defects in
T and B cell repopulation. (a) Dose dependence of SMARCAS expression levels (indicated genotypes)
on graft repopulation (X-axis). Cytometry (%) of reconstitution of control CD45.1 donor BM cells in $5%
recipient mice on CD45.2 background at 1 (short-term repopulation) and 4 months (long-term) after
transplantation depending on irradiation dosage. (b) Absclute quantification (Y-axis) of engraftment
of wild-type hematopoietic cells in BM niches of the indicated genotypes. Quantification of
hematopoietic lineage progeny (T, B, and myeloid cells, X-axis) after reconstitution of CD45.1 BM donor
cells from peripheral blood by flow cytometry at 1 and 4 months after transplantation depending on
irradiation dosage. (c) Relative guantification of competitive transplantation (3:1 ratio) of BM from
indicated SMARCAS transgenic mice (CD45.2, indicated genotypes) along with wild-type CD45.1 into
lethally (8.5 Gy) irradiated wild-type CD45.1 recipients at 1-4 months. {d} Absolute quantification of
competitive hematopoietic BM engraftment of the indicated genotypes. Peripheral blood progeny (T,
B, and myeloid cells, X-axis) after reconstitution at 1 and 4 months (see C for details). Statistics: T-test
relative to controls (p<0.05=%, p<0.01=*%, p<0.001=*** p<0.0001=**** no asterisks = non-
significant), the error bars represent standard deviation, for n numbers see Supplementary Table 3.
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Supplementary Figure 1. Transgenic SMARCAS releases the blockade of T and B cell differentiation
after Smarca5 deletion. (a} Alignment of human and murine SMARCAS amino acid sequence. (b)
Electrophoretic gel (0.8 % agarose) with PCR analysis of mouse embryonic stem cells (ESC) with 55%
construct integrated in Rosa26 locus. Positive band is 3.495 kbp long with fwd primer in Rosa26
sequence and rev primer in tdTomato sequence. (c) Electrophoretic gel (1.5 % agarose) with PCR
analysis of genomic DNA from chimeric mice with $5% genotype. Positive band is 852bp long. (d)
Western blot analysis of two leukemic cell lines MEL {murine erythroleukemia) and OCI-M2 (human
adult acute myeloid leukemia) using antibody against SMARCA5. Numbers indicate total amount of
protein loaded to the gel in micrograms. Staining with GAPDH were used as loading control. {e) Thymi
of 8-week-old mice of indicated genotypes. Merge of visible light and fluorescence. The $5% mouse
{without Cre recombinase activation) expresses tdTomato (red), upon hCD2iCre activation, tdTomato
is deleted and 55" is expressed. (f) Thymus and spleen weight and bone marrow cellularity of indicated
genotypes. Statistics: t-test relative to controls (g) Hematological measurements of peripheral blood
from 2-month-old experimental animals of indicated genotypes. Statistics: One-Way ANOVA
with Tukey's Honestly Significant Difference test (p adjusted value: p<0.05=*, p<0.01=*%,
p<0.001=***, p<0.0001=****, no asterisks = non-significant), the error bars represent standard
deviation.
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Supplementary Figure 2. Mice expressing SMARCAS5 transgene in stem cells with simultaneous
deletion of endogenous Smarca5 have defects in T and B differentiation. (a) Weight of 2-month-old
mice of the indicated genotypes and sex. (b} Immunoblot of thymi of 2-month-old mice of the indicated
genotypes with anti-SMARCADS, antibody. For these experiments, we used mice with a non-conditional
variant of the SMARCAS transgene; the transgene was activated in the previous generation by ActB-
Cre recombinase. As a result, the SMARCAS transgene is non-conditionally expressed in every cell in
the body of the analyzed mice. GAPDH staining was used as a loading control. Signal density is stated
in % relative to controls. (c¢) Thymus and spleen weight of indicated genotypes. (d) Hematological
measurements of peripheral blood from 2-month-old experimental animals of indicated genotypes.
(e) Flow cytometry analysis of B-cell development in 2-month-old bone marrow (BM) of indicated
genotypes. Upper panels: using B220 and CD43 staining of CD45* cells in BM. Lower panels: using
CD117 and CD25 staining of pro-B cells (CD43*B220%). (f, h) Flow cytometry analysis of erythroid
development in 2-month-old animals of indicated genotypes. Estimated size of CD45* and ERY
(Ter119*) populations in BM (f) and spleen (h). (g, i) Estimated size of stage 0 to 5 (S0-S5) populations
of erythroid development in 2-month-old animals distinguished using anti-Ter119 and anti-CD117/c-
kit antibodies in BM (g} and spleen (i}. Statistics: One-Way ANOVA with Tukey's Honestly Significant
Difference test (p adjusted value: p<0.05=%*, p<0.01=*%*, p<0.001=***, p<0.0001=****, no asterisks =
non-significant), the error bars represent standard deviation, for n numbers see Supplementary Table
1.

Supplementary Table 1.
Table of animals used in experiments in Figure 2 and Supplementary Figure 2:

Ctri 55041 S5fiwt VavliCre VaviiCre VavliCre VavliCre
S5tefta | goffwt gotaftg | Sofiwt gstg | gofi/del gotaftg | Sofifdel Gota
Fig. 2c, S2c, S2a 9 20 13 33 18
Thymus
Fig. 2¢c, S2¢ 9 20 18 38 24
Spleen
Fig. 2¢c, S2¢ 9 27 26 47 31
Bone Marrow
Fig. 2d 45 13 21 22 30 25
Fig. 2e, 2f 9 10 2 21 6
Fig. 2g, 2h 9 9 13 23 16
Fig. 52d 117 68 78 96 107 84
Fig. S2f, S2g 9 13 13 23 17
Fig. S2h, 52i 9 9 9 17 10
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Supplementary Figure 3: Mice expressing SMARCAS5 transgene in stem cells with simultaneous
deletion of endogenous Smarca5 have impaired early hematopoietic development. (a) Flow
cytometry of 10-week-old bone marrow from mice of the indicated genotypes. Analysis of c-Kit and
Scal markers to exclude lineage antigens (CD3, Ly-6G/Ly-6C, CD11b, B220, Ter-119) yielded isolation
of stem (LSK) and early progenitor {LSK) cells. (b} Flow cytometry of stem-cell marker CD34 and
lymphoid/myeloid marker FLT3/CD135 in LSK (upper panels) and LSK (lower panels) cells. (c)
Cytometry of LSK CD34" {(upper panels, long-term HSC) and LSK CD34* enriched multipotent progenitor
{MPP) stem-cell populations (lower panels) differentiated by expression of SLAM markers CD48 and
CD150. MPP1 — short-term HSCs, MPP2 — myeloid-oriented, MPP3 — lineage-balanced MPP. (d) Flow
cytometry of lineage progenitor enriched LSK cells in bone marrow using myeloid CD16/32 and
lymphoid IL7Ra markers. (e} Flow cytometry of lineage-restricted (CD127/II7Ra) progenitor
subpopulations in LSK bone marrow cells using myeloid marker CD16/32 and (D34, MEP =
megakaryocytic-erythroid progenitor, CMP = common myeloid progenitor, GMP = granulocyte-
monocyte progenitor. (f) Absolute quantification of CD34* and FIt3/CD135*% LSK cells. Statistics: One-
Way ANOVA with Tukey's Honestly Significant Difference test (p adjusted value: p<0.05=*, p<0.01=**,
p<0.001=***, p<0.0001=****, no asterisks = non-significant), the error bars represent standard
deviation.

Supplementary Table 2.
Table of animals used in experiments in Figure 3i including total cell counts sorted from bone marrow
of indicated genotypes:

Replicate Sex | Genotype Sorted | LSK count per | Sorted LS-K count per
number LSK replicate LS-K replicate

Repl F Ctrl 55/ 87687 130836 195736 390719
M Ctrl S5wvwt 43149 194983

Rep2 M Ctrl S5t 77272 142357 261607 449603
F Ctrf S5wvwt 65085 187996

Rep3 F Ctr 55/ 43244 124261 149213 368872
M Ctrf S5wvwt 81017 219659

Repl F | VaviiCre S5V s5tf | 69210 161481 131633 282849
F | VaviiCre S50 55t | 92271 151216

Rep2 F | VavliCre S5V s5%% | 143015 143015 174271 174271

Rep3 M | VaviiCre S5VF 55t/ | 134538 134538 249369 249369

Repl F VaviiCre S5/ 55t 79803 181431 71670 174403
M VaviiCre S5 S5t 49073 75996
F VaviiCre S5M 55t 52555 26737

Rep2 M VaviiCre S5 554 | 119203 175354 123538 149361
F VavliCre S577 558 | 56151 25823

Rep3 F VaviiCre S5 S5 76484 169753 85785 187391
M VaviiCre S5 s5% 49324 73652
F VaviiCre S5/ S51 43945 27954
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Supplementary Figure 4: Transplantation of stem cells with enly transgenic SMARCAS5 expression
reveals defects in T and B cell repopulation. (a) Dose dependence of SMARCAS expression levels
{indicated genotypes) on graft repopulation (X-axis). Cytometry (%) of reconstitution of control CD45.1
donor bone marrow cells (BMCs) in 55% recipient mice on CD45.2 background at 1 (short-term
repopulation) to 4 months (long-term) after transplantation depending on irradiation dosage. (b}
Absolute quantification (Y-axis) of engraftment of wild-type hematopoietic cells in bone marrow niches
of the indicated genotypes. Quantification of hematopoietic lineage progeny (T, B, and myeloid cells,
X-axis) after reconstitution of CD45.1 bone marrow (BM) donor cells from peripheral blood by flow
cytometry at 1 to 4 months after transplantation depending on irradiation dosage. (¢) Absolute
guantification of competitive hematopoietic BM engraftment of the indicated genotypes. Peripheral
blood progeny (T, B, and myeloid cells, X-axis) after reconstitution at 1 to 4 months. Statistics: t-test
relative to controls (p<0.05=*, p<0.01=**, p<0.001=***, p<0.0001=**** no asterisks = non-
significant), the error bars represent standard deviation, for n numbers see Supplementary Table 3.

Supplementary Table 3.

Table of animals used in transplantation experiments in Figure 4 and Supplementary Figure 4:
Fig. 4a, 4b, | Ctri$5M | s5fwtgoafa | \qyliCre VaviiCre VavliCre VavliCre
Sda, S4b S5t s5tafte | sofiwt g5t | gofifdel stafte | gofidel gote
0 Gy 8 9 5 6 6 5
2 Gy 8 9 7 11 7
3Gy 8 9 7 10 8 7
4 Gy 7 7 6 9 9 7
5 Gy 6 8 5 9 6 7
6 Gy 7 9 6 10 6 7
Fig. 4c, 4d, S4c VavliCre VavliCre VavliCre VaviiCre
S5t s5tete S5t 559 S5ieel goafte S5l 558
Month 1 10 9 14 17
Month 2 10 9 15 17
Month 3 10 9 15 17
Month 4 7 7 11 11
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Supplementary Figure 5. The SMARCAS transgenic product forms complexes and is essential for
lymphopoiesis. (a) Hematological measurements of peripheral blood from 1-year-old experimental
animals of indicated genotypes. (b} Thymus and spleen weight and thymus, spleen, and bone marrow
cellularity of 1-year-old animals of indicated genotypes. (¢} Flow cytometry analysis of the 1-year-old
bone marrow of indicated genotypes. The expression of stem cell and progenitor markers c-Kit and
Scal was used to identify bone marrow populations enriched for stem (LSK) and early progenitor cell
populations (LSK). Lineage-positive {CD3, Ly-6G/Ly-6C, CD11b, B220, Ter-119) cells were excluded
from all measurements. (d) Flow cytometry of stem cell marker CD34 and lymphoid/myeloid marker
FIt3/CD135 in LSK and LSK cells. {e) Flow cytometry of stem cell enriched LSK CD34- (HSC = long term-
repopulating HSCs) and multipotent progenitor (MPP) enriched LSK CD34* populations distinguished
by expression of SLAM markers CD48 and CD150. (f) Estimated sizes of CD34* LSK subpopulations
enriched for hematopoietic progenitors with multi-lineage developmental potential {MPPs). MPP1 —
short-term HSCs, MPP2 — myeloid-oriented, MPP3 — lineage-balanced MPP. (g) Estimated size of
lymphoid-biased MPP4 population. (h, i) Quantification of lineage-restricted (CD127/IL7Ra’)
progenitor subpopulations (h) and early IL7Rat lymphoid progenitors (i) in LSK bone marrow cells using
myeloid marker CD16/32 and CD34. MEP = megakaryocytic-erythroid progenitor, CMP = common
myeloid progenitor, GMP = granulocyte-monocyte progenitor. (j, k) Flow cytometry analysis of
erythroid development in 1-year-old animals of indicated genotypes. Estimated size of CD45* and ERY
(Ter119*) populations in bone marrow (j} and spleen (k). (I, m} Estimated size of stage O to 5 (S0-55)
populations of erythroid development in 1-year-old animals distinguished using anti-Ter119 and anti-
CD117/c-kit antibodies in bone marrow (I} and spleen (m). Statistics: t-test relative to controls
{p<0.05="*, p<0.01="*, p<0.001=***, p<0.0001=****, no asterisks = non-significant), the error bars
represent standard deviation. (n) Mass spectrometry (MS) analysis of SMARCAS complexes in
represented organs. Tissues from 2-month-old wild-type (negative control) and transgenic animals
were lysed and tagged SMARCAS was immunoprecipitated using FLAG-M2 agarose beads. (o) Table
showing the intensity of MS data of SMARCAS co-purified proteins from the depicted tissues. Only
proteins with significantly higher intensities compared to control animals are shown in the table.
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4.2 (2. publikace) ISWI ATPase SmarcaS Regulates Differentiation of Thymocytes
Undergoing B-Selection.
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ISWI ATPase Smarca5 Regulates Differentiation of
Thymocytes Undergoing [3-Selection

Tomas Zikmund,* Juraj Kokavec,* Tereza Turkova,* Filipp Savvulidi," Helena Paszekova,*
Sona Vodenkova,® Radislav Sedlacek,” Arthur I. Skoultchi,' and Tomas Stopka*

Development of Iymphoid progenitors requires a coordinated regulation of gene expression, DNA replication, and gene rearrange-
ment. Chromatin-remodeling activities directed by SWI/SNF2 superfamily complexes play important roles in these processes. In
this study, we used a conditional knockout mouse model to investigate the role of SmarcaS, a member of the ISWI subfamily of such
complexes, in early Iymphocyte development. Smarca5 deficiency results in a developmental block at the DN3 stage of aff
thymocytes and pro-B stage of early B cells at which the rearrangement of Ag receptor loci occurs. It also disturbs the devel-
opment of committed (CD73") v& thymocytes. The af thymocyte block is accompanied by massive apoptotic depletion of
B-selected double-negative DN3 cells and premitotic arrest of CD4/CD8 double-positive cells. Although Smarca5-deficient afp
T cell precursors that survived apoptosis were able to undergo a successful TCRB rearrangement, they exhibited a highly
abnormal mRNA profile, including the persistent expression of CD44 and CD25 markers characteristic of immature cells. We
alse observed that the p53 pathway became activated in these cells and that a deficiency of p53 partially rescued the defect in
thymus cellularity (in contrast to early B cells) of Smarca5-deficient mice., However, the activation of p53 was not primarily
responsible for the thymocyte developmental defects observed in the Smarcas mutants. Qur results indicate that SmarcaS plays a
key role in the development of thymocytes undergoing B-selection, yd thymocytes, and also B cell progenitors by regulating the
transcription of early differentiation programs. The Journal of Immunology, 2019, 202: 3434-3446.

he production of mature T and B cells is a multistep replication, DNA rearrangement, and repair. Progenitors of T cells
process of differentiation from a multipotent progenitor migrate from the bone marrow (BM) into the thymus where they
that requires a coordinated regulation of gene expression, respond to a new environment by initiating a transcriptional pro-
gram of T cell specification while proliferating extensively ().
During this process, CD4™ CD8™ double-negative (DN) CD44™
*BIOCEYV, First Faculty of Medicine, Charles University, Vestec 25250, Czech Repub- positive early T lineage precursors (immature DN1) permanently
lic; Tnstitute of Pathological Physiology, First Faculty of Medicine, Charles University, silence the group of progcnilorfrelalcd rcgu]atory genes leading to

Prague 12853, Czech Republic; “Instimte of Experimental Medicine, Czech Academy i . .
of Sciences, Prague 14220, Czech Republic; 'Third Faculty of Medicine, Charles the gradual upregulation of CD25 and the downregulation of c-Kit

University, Prague 10000, Czech Republic; ICzech Centre for Phenogenomics, In- surface markers and resulting in the commitment complction at
stitute of Malecular Genetics, Czech Academy of Sciences, Vestec 25250, Czech + + + Int

Republic; and ”Depaﬂment of Cell Biology, Albert Einstein College of Medicine, the end of the DN2 stage (CD44 CD})S cKit™) (2). Thyl’nocy‘tes
Bronx 10461, NY at the subsequent DN3 stage (CD44~ CD25") cease from cycling
ORCIDs: 0000-0003-2452-3749 (T.Z.); 0000-0003-0267-4570 (J.K.); 0000-0002- and, importanlly, undergo a random rearrangement of gene
53291812 (TT); 0000-0002-6479-6592 (HP}; 0000-0003-0315-5668 (S.V.}; segments at the TCRb locus and commence the expression of

0000-0001-7236-63894 (T.8.). .
94 (15 components related to the B-selection program. Upon the suc-

cessful rearrangement that yields functional pre-TCR complexes,
The Stopka Laboratory at the BIOCEV was supported by Charles University

/ ¢ thymocytes proliferate rapidly, become rescued from the p53-
Grant Agency GAUK 534212, Czech Science Foundation GACR 18-016875 and

19-035868, Czech Health Rescarch Council AZV 1627790A, Charles University ~ Tegulated cell cycle arrest and apoptosis (3), and then are
UNCEMED/016, KONTAKT LH15170, Czech Ministry of Education, Youth and allowed to progress into the DN4 stage {CD44 CD25 7). This

Sport (MEYS) LM2015040 and NPU II LQ1604, Operational Programmes of MEYS . : :
OP RDI CZ.1.05/2.1.00/19.0395 and CZ.1.05/1.1.00/02.0109, and inscitutional  FA0SIeNt population hence upregulates the expression of CD4
programs funded by Charles University PROGRES Q26 and SVV 260374/2017. 8.V, and CD8 to become double-positive (DP) cells and initiates
support: GACR 19-105438 and AZV 17-30920A. ALS. support: National Institutes TCRa locus rearrangement. DP cells with productive TCRap are
of Health GM116143 and DK096266. s . .

positively and negatively selected so that only those with
The sequences presented in this article have been subrnitted to ArrayExpress (httpsy// ¢ 1 : Tt :
www.ebi.ac.uk/arrayexpress/experiments/E-MTAB-7758/) under accession number _Proven TCR can undergo differentiation into CD4 or CD8
E-MTARB-7758. single-positive (SP) cells (4).
Address correspondence and reprint requests to Dr. Tomas Stopka, BIOCEYV, First Eukaryotic cells evolved numerous epigenetic regulatory
Faculty of Medicine of the Charles University, Prumyslova 595, Vestec 25250, Czech mechanisms of gene expression, DNA replication, and repair to
Republic. B-mail address: tstopka@fl.curi.cz accomplish the T cell development. During early T cell differ-
The online version of this article contains supplemental material. entiation, NURD and SWI/SNF chromatin-remodeling complexes
Abbreviations used in this article: BM, bone marrow; DN, double-negative; DF, were shown to play important roles in both activating as well
double-positive; DSB, double-strand break; FDR, false discovery rate; GSEA, gene il . th . 5. 6). The SWI/SNF-rel d
set enrichment analysis; iCre, codon-improved Cre recombinase; log,FC, log, as silencing the gene transcription (5, 6). & -relates
fold change value; LSK, Lin Scal™Kit™; RNA-seq, RNA sequencing; Smarcas, matrix-associated actinfdcpcndenl rcgu]ator of chromatin sub-
SWI/SNF-related matrix-associated actin-dependent regulator of chromatin subfamily family A member 5 (Smarca3) Tepresents a widely expressed and
A member 5; SF, single-positive; wt, wild-type. . . .

conserved chromatin-remodeling factor required for the early

Copyright © 2019 by The American Association of Immunologists, Inc. 0022-1767/19/$37.50 development in mouse and lower organisms (7). Smarca5 is an
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ATPase from the ISWI subfamily that functions as a molecular
motor for nuclear complexes that assemble and slide basic
chromatin subunits, nucleosomes. Smarca3-containing com-
plexes have diverse nuclear functions: guiding the transcription
of ribosomal (in NoRC and B-WICH complexes) and some
coding genes (within the ACF or RSF complexes), participating
in regularly spacing the nucleosomal array before and after DNA
replication, facilitating the recrnitment of DNA repair machinery
(CHRAC and WICH complexes), and finally, orchestrating
higher-order chromatin structure formation of centromeres and
chromosomes {(RSF) (8). Although several members of SWI/SNF
and CHD family have had their roles established in T cell de-
velopment through studies involving gene inactivation mouse
models, such a role for the ISWI subfamily has not been deter-
mined yet.

Currently, there is only a limited knowledge of how Smarca5,
which is highly expressed in lymphocytes (9), participates in
lymphopoiesis. We previously showed that deletion of the
Smarca5 gene resulted not only in the depletion of myeloer-
ythroid precursors but also affected the earliest development of
Iymphoid progenitors in the mouse fetal liver (10). Additionally,
Smarca5 was implicated in the V(D)J cleavage of the poly-
nucleosomal substrate in a cell-free system (11). Another re-
port implicated that Smarca5 in the ACF complex represses the
IL2-Ra gene (CD25) via chromatin organizer Satbl (12). Lastly,
Smarcab regulates the expression of key ll.s (IL-2, IL-3, and IL.-5)
in murine EL4 T cell lymphoma (13). Although the role of
Smarca5 in lymphopoiesis was previously suggested, the knock-
out models of Smarca5-interacting parmers revealed no alterations
in lymphoid development, including the deletion of Acfi/Bazia
(ACF and CHRAC complexes) (14, 13) or Tip5/Baz2a (NoRC)
(15) genes in mice. Interestingly, it has been shown in vitro that
Smarca5 can also remodel nucleosomes alone without being part
of the complexes (16). As several of Smarca5-interacting part-
ners are dispensable, studying the requirement of a catalytic
subunit of the ISWI complexes by targeting experimentally
Smarca5 during lymphoid development may represent a suc-
cessful strategy to reveal its function in lymphopoiesis.

‘We, in this study, focused on deciphering the role of Smarca5in
thymocyte development and studied the molecular consequences
of conditional Smarca5 deficiency in mice. Our work suggests
that Smarca5 controls early T cell development by guiding early
differentiation-coupled transcriptional programs at the DN3 stage
and its deficiency results in thymocyte proliferation and survival
defects through the activation of the DNA damage response.

Materials and Methods
Mice

Smarca5™* conditional knockout mice contain loxP1 sifes flanking the
exon 5 of the Smarca’d gene (17), deletion of which produced a frame-
shift mutation (Smarcas™’) that disrupts the expression of the SmarcaS
protein. The murine strain expressing a codon-improved Cre recombinase
(iCre) under hCD2 promoter [B6.Cg-Tg(CD2-cre)4Kio/J] was purchased
from The Jackson Laboratory. The OT-II strain [B6.Cg-Tg(TcraTcrb)
425Cbhn/]] was kindly provided by Dr. T. Brdicka (Institute of Molecular
Genetics, Czech Academy of Sciences). Ragl kmockout (B6.12957-
RagltmlMom/J) strain was kindly provided by Dr. T. Brabec (Instifute
of Molecular Genetics, Czech Academy of Sciences). 7¥p33 knockout strain
(B6.12952-Trp53tm1Tyj/T) was kindly provided by Dr. W. Edelmann
(Albert Einstein College of Medicine).

Flow cytometry

A single cell suspension from thymi and spleens of 4-6-wk-old mice was
obtained using a Dounce homogenizer. Cells were first preincubated for
10 min on ice with Fc receptor-blocking anti-CD16/32 (clone 93) Ab in
PBS-1% biotin-free BSA solution and then stained for 20 min with specific
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primary Abs. Biotinylated primary Abs were revealed with streptavidin-
conjugated fluorescent dyes (SAv-PE/Cy7, SAv-APC, and SAv-APC/Cy7).
Labeled cells were analyzed on BD FACSCanto II (BD Biosciences) or
CytoFLEX (Beckman Coulter) flow cytometers, and data analysis was
performed using FlowJo software. The clones of mAbs were as follows:
anti-CCR6 (29-2L.17), anti-CD3e (145-2C11), anti-CD4 (GK1.5), anti-
CD5 (53-7.3), anti-CD8 (53-6.7), anti-CD11c (N418), anfi-CD24
(M1/69), anti-CD25 (PC61), anti-CD27 (LG.3A10), anti-CD28 (E18),
anfi-CD44 (IM7), anti-CD45.1 (A20), anti-CD45 2 (104), anti-CD71
(RI7217), anti-CD73 (TY/11.8), anti-CD117 (c-Kit, 2BS), anti-B220
(RA3-6B2), anti-CD11b (Macl, M1/70), anti-y3 T cell (GL3), hamster
IgG-PE/Cy7 (HTKS888), anti-Ly6G/Ly6C (GR1, RB6-8C5), anti-Nk1.1
(PK136), anti-TCRp (H57-597), anti-TCRP(Va2) (B20.1), and Ter-
119 (all from BioLegend). Splenocytes were analyzed as previously
described (18).

BM transplantation

For BM reconstitution experiments, 1 X 107 BM cells from adult (8-wk-
old) confrol C57BL/6] Ly5.1 (CD45.1) mice and S¥hCD2iCre Ly52
(CD45.2) donors were reciprocally transplanted into lethally irradiated
(7.5Gy) adult (8 wk) S5F1CD2iCre 1y5.2 and CS7BL/6T Ly5.1 control
recipients, respectively. After 1 mo posttransplantation, thymi were tested
for the presence of donor-derived cells using flow cytometric analysis. The
Ab panel included CD45.1, CD45.2, CD44, CD25, CD4, lineage mixture
(CD8, B220, Mac-1, Gr-1, Nkl.1, CDl1lc, and Ter119) and CD45.1,
CD45.2, CD4, CD35, CDS§, and lineage mixture (B220, Mac-1, Gr-1, Nk1.1,
CD11c, and Terl19) for thymus.

BrdU labeling

SmarcaS conditional knockout mice and their age- and gender-matched
respective controls were ip. injected with 1 mg of BrdU in 100 pl
PBS. After 3 h, the thymocytes were isolated and Ab-stained for flow
cytometry analysis or cell sorting. BrdU Ag recovery and its detection by
fluorescently labeled Ab were performed using the APC BrdU Flow Kit
(BD Biosciences).

OPYN-DLLI stromal cell cultures

FACS-sorted DN3 thymocytes (small CD4~CD87CD25") and Lin ™ Scal "Kit"
(LSK) BM cells were cocultured with OP9 stromal cells expressing the
Delta-like ligand (OP9/N-DLL1) in the presence of 1 ng/ml mIL-7 (407-
ML-005) and 5 ng/ml hwFLT3 ligand (308-FK-005; PeproTech) as previ-
ously described (19). In BM cell cocultures, the concentration of IL-7 was
lowered to 0.1 ng/ml from day 12 to allow differentiation. For CFSE la-
beling, 3 X 10* DN3 cells were stained with 2.5 pM CFSE following
the manufacturer’s guidelines (CellTrace CFSE Cell Proliferation Kit;
Invitrogen) and plated onto OP9 stromal cultures. Their proliferation and
survival were analyzed by flow cytometry at 2, 4, 6, and 8 d of cocultures.
OPS/N-DLL1 cells were kindly provided by Hiroshi Kawamoto (Kyoto
University).

Histopathology and the detection of apoptotic cells in
thymic sections

Thymi and spleens were fixed in 4% buffered formaldehyde for 48 h,
transferred in 70% ethanol, and paraffin embedded. Sections were obtfained
at 3 pm thickness and stained in H&E and Giemsa. Cleaved Caspase-3
was defected by immunohistochemistry using a 1:1000 dilution of Ab
(ab52293; Abcam) and visualized on a Zeiss Axio Scan.Z1. Casp3-positive
cells were quantified using the Zen Blue Edition soffware (ZEISS).

RNA sequencing analysis

CD4* CD8" (B220~ Gr-17 Nk1.1™ CD1lec™ CD11b™) thymocytes were
sorted by FACS, and the total RNA was isolated using TRIzol Reagent
(Invitrogen). DP cells pooled from 25 to 37 $5%MCD2iCre thymi (each
pool of 3 X 10° DP cells), 6 S5MCD2iCre Trp353™ thymi (~2.5 X 10°
DP cells/pool), and single nonpooled control thymi provided sufficient
amounts of RNA for RNA sequencing analysis. Strand-specific cDNA li-
braries wete prepared from a minimum of 1.7 g of each DNase-treated
(AM1906; Ambion DNA-Free Kit) RNA sample using the TruSeq
Stranded mRNA LT Kit (Illumina). The RNA libraries were sequenced on
an [llimina HiSeq 2500 instrument in Rapid Run mode with paired-end
100-bp sequencing length. Reads were mapped and aligned fo mouse
reference genome assembly GRCm38.p6, and transcripts were anno-
tated and counted with Ensembl Release 94 (October 2018) using a
HISAT?2 aligner (20). The two RNA-seq technical replicates for each
sample were combined. Differential expression analysis of RNA-seq
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data were performed in R Studio (21) using package DEseq2, which uses a
median of ratios normalization method that accounts for sequencing depth
as well as RNA composition (22). Volcano plots were drawn using the
geplot2 (23) package in R suite. Expression levels (franscripts per kb
million) for Ensembl 94 genes were calculated in R using gene lengths
retrieved by EDASeq package (24) and in-house scripts. The shrinkage of
log, fold change values (log,FC) was estimated using DESeq2 IfcShrink
function using the adaptive t prior shrinkage estimator “apeglm” (25). The
RNA-seq data are publicly available at the ArrayExpress database under
accession number E-MTAB-7758 (https://www.ebi.ac.uk/arrayexpress/
experiments/E-MTAB-7758/).

Quantitative PCR

Quantitative measurements of 7CRp rearrangement were done on genomic
DNA (DNeasy; QIAGEN) isolated from the FACS-sorted DN subpopu-
lations. Quantitative PCR was run on 7900HT using Power SYBR Green
PCR Master Mix (no. 4367659, Applied Biosystems) with the following
primers: DBSI fwd: 5'-GTGGTTTCTTCCAGCCCTCAAG-3', DAI tew:
5'-GGCTTCCCATAGAATTGAATCACC-3" and DB2_fwd: 5'-CAGGC-
TCTGGGGTAGGCAC-3', DB2_rev: 5'-CCTCTTCCAGTTGAATCATT-
GTGG-3'. Primers for the control region were as follows: Apob ex20 fwd:
5'-CTGCCGTGGCCAAAATAAT-3' and Apob_ex29 rev: 5-AATCCT-
GCAGATTGGAGTGG-3". Cycle threshold (c,) values of DS and D32
regions were normalized fo ¢, from Apob control region.

Immunoblotting

Freshly isolated thymocytes were collected by centrifupation and resus-
pended in PBS with inhibitors of phosphatases (PhosSTOP; Roche) and
proteases (cOmplete ULTRA; Roche). The cell suspension was then diluted
1:1 by adding a solution of 50 mM Tris-Cl (pH = §) and 2% NaDodS0,
(SDS) and incubated for 30t min at 97°C. Protein concentration was de-
termined by bicinchoninic acid assay (no. 23228; Pierce Biotechnology).
Proteins were then resolved on SDS gradient 4-15% polyacrylamide gels
(Mini-PROTEAN TGX Stain-Free Gels, Bio-Rad Laboratories) and wet
blotted (1 h at 100 V) onto PVDF membranes (no. 162-0177; Bio-Rad
Laboratories). PYDF membranes were blocked for 1 h in 5% nonfat milk
in TBS/(L1% Tween-20 (TBST) and incubated overnight at 4°C in 3%BSA/
TBST (.1% sodium azide with the following Abs: Smarca5 (1:100(, no.
A301-017A-1; Bethyl Laboratories) and histone H3 (1:1000, no. ab791;
Abcam). Membranes were 3 X 5 min washed in TBST buffer and incu-
bated with peroxidase-conjugated Flab)2 Ab fragment, either donkey anti-
rabbit or donkey anti-mouse (1:10,000; Jackson ImmunoResearch), in 5%
nonfat milk in TBST for 1 h. Membranes were 3 X 5 min washed in TBST,
and the protein signal was visualized by Pierce SuperSignal West Femto
Maximum Sensitivity Substrate (Thermo Fisher Scientific) and detected
with the ChemiDoc Imaging System (Bio-Rad Laboratories).

Results
Smarcad deficiency disrupts thymocyte development

To delineate specific roles of Smarca5 in vivo, we previously
created the Smarcas” allele containing two loxP1 sites sur-
rounding exon5, the deletion of which results in removing the
portion of evolutionarily conserved helicase domain and intro-
ducing a frame-shift mutation (10, 17) (Fig. 1A). To execute
the T cell-specific deletion of the Smarcas gene, we crossed
Smarca5™ mice with hCD2iCre transgenic mice, in which the
hCD2 promoter and locus control region drive the expression of
the iCre recombinase (26). Use of the hCD2-iCre transgene to
study thymocyte development was chosen as this model alone
caused no defect in thymus development (27) as well as the cel-
lularity and subset composition of the major lymphoid organs
(including thymus, spleen, and lymph nodes) did not differ be-
tween hCD2-iCre-expressing mice and wild-type (wt) (28). We
initially evaluated the onset of the Smarcas” gene deletion by
PCR. Genomic DNA was prepared from FACS-sorted CD4/CD8
DN thymocyte subpopulations of Smarca5 " hCD2iCre mice and
three primer sets amplifying wt, Smarca5-floxed (S5ﬂ), and
recombined-floxed (5% allele were used. Consistent with pre-
vious reports that used the hCD2iCre transgene (26), we ob-
served Cre-mediated recombination of loxP1 sites as early as the
DNI stage in which the recombined S5 allele was detectable
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(Fig. 1B). However, the deletion of the 857 allele at DN1 was only
partial, whereas its complete deletion was observed at the DN3
stage. Western blot analysis of the whole thymic cellular extracts
from $5™hCD2iCre mice confirmed a high efficiency of recom-
bination as we observed a marked reduction of Smarca5 protein
levels (Fig. 1C).

S5 CD2iCre pups were born healthy and at normal Men-
delian ratios. Following the third month of age, the Smarcas
mutants, however, displayed rectal prolapses, suggesting the dis-
turbance of immune functions. Gross dissection of the Smarcas
mutant animals revealed severe thymic defects. Thymi from
the mutant mice were dramatically reduced in size and weight
(Fig. 1D), which was reflected by a 17-fold reduction in cellularity
(Fig. IE). Histological evaluation revealed an alteration of thymic
corticomedullary architecture (Fig. IF) and a higher number of
cleaved Caspase-3—positive apoptotic death events in the cortex
(Fig. 1G). The quantification of multiple cortical sections from
different animals showed there was a 3-fold increase of apoptotic
cells in the cortex of S5hCD2iCre thymi. These observations
indicated a developmental defect in thymocytes, accompanied
by an increased cell death within the thymi of S¥hCD2iCre
animals.

To gain insight into the developmental defects of thymocytes,
we used flow cytometry of thymic cell suspensions of 4-6-wk-
old $5hCD2iCre mice. CD4/CD§ immunostaining revealed a
marked reduction of DP and CD4-SP cell populations with a
corresponding relative increase in DN thymocytes in the mu-
tant thymi (Fig. 2A). In absolute counts, the DP cells were
depleted by 60-fold, CD4-SP 90-fold, and CDS-SP cells
12-fold, whereas the DN thymocyte population was similar to
controls (Fig. 2B). Because the Smarca5 allele deletion is
completed by the DN3 stage (Fig. 1B), we analyzed each
subpopulation of DN thymocytes to more precisely determine a
stage in which the block of development occurs. CD44/CD25
Ag expression profiles of lineage-negative DN thymocytes
revealed a relative increase in DN3 cells to the detriment of
DN4 thymocytes (Fig. 2C). Translated into absolute counts, it
was an almost complete absence of DN4 thymocytes in mu-
tants, whereas the DN3 population was present in comparable
numbers to controls (Fig. 2D).

‘We also examined the impact of Smarca5 deficiency on 8 T cell
development. Using flow cytometry, we observed that Smarca5-
deficient animals contain twice as many TCR3" thymocytes
(CD4~ CD8 TCR®") compared with controls (Fig. 2E, 2F).
However, out of these TCR3™ thymocytes, only 18.4% (compared
with 42% in controls) were able to adopt the vo fate (Fig. 2E) as
indicated by the CD73 surface marker that discriminates TCRS™
thymocytes committed to the & lineage (29). Additionally, the
expression of surface CD24, which is normally enriched on im-
mature y8 thymocytes and downregulated upon maturation into
effector cells (30), was reduced in Smarca5 mutants (Fig. 2E). In
contrast to controls, the lower expression of CD24 surface marker
observed in the mutants compromised a clear separation of the
CD73" population into immature and mature subsets. The mature
v8 thymocytes (CD24"™CD73") were further distinguished along
the expression of the mutually exclusive CD27 and CCR6 sur-
face markers into IFN-y(CD27")-producing or IL-17a(CCR67)—
producing 8 subsets (31, 32). The IFN-y— and IL- [7a—producing
v subsets display a subtle imbalance in favor of an IL-17a-
producing subset in the Smarca5 mutants (Fig. 2E). We conclude
that the commitment to 8 lineage and CD24 expression by
TCRE" thymocytes and the development of mature v8 subsets are
impaired in the $¥%*hCD2iCre mice. Although SmarcaS plays
important roles in thymocyte development during the DN3 to DN4
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Developmental blockade in Smarca3-deficient thymocytes is
cell autonomous

As hCD2-iCre transgene initiates deletion also in other murine
hematopoietic cell subtypes (18), we tested whether the DN3 to
DN4 transition defect is cell autonomous to thymocytes or a result
of the impaired thymic microenvironment in which they develop.
Using syngeneic transplantation, we assessed the ability of control
BM (marked by CD45.1 isoform) to repopulate thymocytes in
lethally irtadiated S5*HCD2iCre mice (marked by CD45.2
isoform) and vice versa. At day 35 after tramsplantation, we
observed that engrafted thymocytes from controls (CD45.1)
developed normally to produce CD4/CD8 double and SP cells in
the thymic mictoetivirenment of S57hCD2iCre (CD45.2) ani-
mals (Fig. 3A, 3B). In turn, the engrafted donor $5*hCD2iCre
BM-derived thymocytes (CD45.2) recapitulated the develop-
mental defect at DN3 to DN4 transition within the control ac-
ceptor animals (CD45.1). These results suggested that the DN3
to DN4 transition became defective independently of the thymic

79

B8 .

¥ »
o 2. %
|

En

50 pm

—

.
.

§{lE
e x

stromal components (of §5" hCD2iCre mice) but rather intrinsi-
cally to the thymocytes lacking Smarca5. To further settle the
point of whether the developmental defect of thymocytes observed
in vivo is cell autonomous, we used ex vivo cocultures with a
BM-derived stromal OP9/N-DLL1 cell line (19). Sorted pre-
selection early DN3e cells {(small CD4~CD8™ CD25" thymo-
cytes) were added on the OPS9/N-DLLIL cells to evaluate the
formation of DN4 and DP thymocytes in a time course of 8 d
(Fig. 3C). Although control DN3e cells apparently proliferated
and progressed into more mature developmental stages under
ex vivo conditions, the majority of Smarca3-depleted cells
were held at the DN3 stage till day 8, and their absolute
numbers remained similar to the starting cocultures (Fig. 3C,
3D). Thus, the outcome of the ex vive experiment was highly
reminiscent of the phenotype of S5 NCD2iCre mice. We used
yet another approach to test whether the defect of DN3 to DN4
transition could have emerged from a secondary effect, mainly
because the DN3e thymocytes in the OP9/N-DLL1 cocultures
were sorted from S3hCD2iCre mice with the potentially
impaired thymic microenvironment. We isolated LSK BM he-
matopoietic progenitors from SFHCD2iCre or control mice
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FIGURE 2. Smazrca$5 is required for thymocyte development at DN3 to DN4 stage. (A and B) Flow cytometry analysis of CD4 and CD8 DN, DF, and SP
cell populations in thymi of 4-6-wk-old control (n = 4) and S5PMCD2iCre (n =4) mice. Relative (A) and absolute (B) quantitation of thymic fraction sizes
are shown. (€ and D) Flow cytometry analysis of thymic DN (CD4"CD87) cells of indicated genotypes using anti-CD25 and CD44 staining shown as
relative (C) or absolute (D) values. Bar graphs depict the mean * SD from four controls and four S5 CD2iCre mice [same animals as in (A) and (B)].
Lineage-positive (B220, Gr-1, CD11h, CD11c, and Nk1.1) cells were excluded from all measurements. (E and F) Flow cytometry analysis of 43 T cells in
DN (CD4 CD8 ") thymic fraction. (E) Expression profiles of surface markers are shown as a contour plot, and the proportions of cells within each gate are
given. (F) Bar graphs depict the mean * SD of absolute mumbers. Data are representative of three control and three S5"hCD2iCre animals. Significance in
two-tailed ¢ test; *p << 0.05, *¥p << .01, **¥*p << (.001, ***¥p < 0.0001.

and kept them differentiating ex vivo on the OP9/N-DLLI cells.
Again, both the control as well as S¥%*hCD2iCre-derived he-
matopoietic progenitor cells developed normally into the DN2
stage (day 9); however, from the 16th day of culture, the
SFPhCDACTe thymocytes were progressively underrepresented,
and by day 22, the DN3 to DN4 transition defect was revealed
(Fig. 3E, 3F). Thus, the loss of Smarca3 in developing T cells
caused a defect intrinsic to the thymocytes undergoing DN3 to
DN4 transition, as evidenced by the cocultures using the OP9
cells, and was not a result of a secondary effect due to impaired
thymic stromal components or thymic microenvironment.

Smarcad-deficient thymocytes undergo marked apoptosis and
proliferation impairment

We next investigated whether reduced cell numbers in
S5"CD2iCre thymi and ex vivo OP9/N-DLLI cocultures
(Figs. 1E, 3D) may be attributed to premature cell death and/or
impaired proliferation. As determined by flow cytometry, the ex
vivo cultivation of purified DN3e thymocytes eventually resulted
in a gradual increase of Annexin V positivity up to 71% by day 8
that did not exceed 15% in controls (Fig. 4A), indicating that the
loss of Smarca5 induced apoptosis in developing T cell precursors.
Similarly, we examined the effect of Smarca5 loss on the prolif-
eration by labeling purified DN3e thymocytes with the intracel-
lular fluorescent dye (CFSE) immediately before plating them on
OPY/N-DLLI cells. As seen in Fig. 4B, the analysis of the CFSE
signal dilution indicated that the DN control thymocytes prolif-
erated rapidly ex vivo. Conversely, those DN cells that did survive
the ex vivo conditions exhibited a decreased division rate, con-
firming an impaired proliferation of S HCD2iCre thymocytes.
‘We then used the BrdU incorporation assay to analyze the ability
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of Smarca5S-depleted cells to progress through the various stages
of the cell cycle. After a 3 h pulse of BrdU in vive, we observed
that the percentage of proliferating BrdU™ DN3 cells (after ex-
clusion of postreplicative BrdU™ events) was almost the same in
mutants as in controls (14.8% versus 15.8%), and thus, the G1-to-§
progression was not altered after the Smarca5 loss at DN3 stage
(Fig. 4C). However, the portion of postreplicative cells at this
stage, which is defined as strictly diploid BrdU™ events (33), was
2.5-fold decreased in mutant DN3 cells. These data indicate that
Smarca3-depleted DN3 cells normally enter S phase and begin to
replicate their DNA; however, they are limited in completing the
cell cycle to re-emerge as Gl cells. Mutant DP cells were also
impaired because a substantial fraction of the DP cells became
arrested at the G2/M phase (Fig. 4D). Thus, the developmental
defects observed upon the loss of Smarcad are likely the conse-
quence of cell death and impaired cell cycle progression at late S
through G2/M phase. This is in contrast to defects in GL/S
checkpoint mechanisms as previously observed in human cancer
cell lines upon SMARCAS knockdown (34).

Smarca’ mutants underga pre-TCR signaling and the
TCR rearrangement

The accumulation of Smarca5-depleted DN3 cells resembles the
phenotype of mice that have a defect in pre-TCR signaling or
TCRb locus rearrangement (35). To test whether the induction of
pre-TCR signaling was affected by a loss of Smarca3, we per-
formed i.p. injections of anti-CD3e Ab into $5*hCD2iCre and
into RAGI (Rag! ““7)_deficient mice. Anti-CD3¢ Ab can mimic
pre-TCR signaling in vive and stimulates preselection DN3
thymocytes to proliferate and differentiate into the DN4 cells
even in the Regl ™ mice lacking the TCR P-chain expression
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FIGURE 3. Developmental blockade in SmarcaS-deficient thymocytes is cell autonomous. (A) Flow cytometric evaluation of donor-derived thymic
populations regenerated after 1 mo following the transplantation of donor BM cells (BMT) into lethally irradiated (7.5Gy) hosts. Donor and host-derived
thymocytes were distinguished by the surface expression of distinct variants of marker CD45. Control mice were CD45.1% (Ly5.1), and 85 MCD2iCre were
CD45.2" (Ly5.2). Data are representative of three BMT experiments. (B) Bar diagram shows mean number + SD of donor (CD45.1 = wt; CD45.2 =
S5 CD2iCe) thymocytes 1 mo after BMT. Data are representative of three experiments. Significance in two-tailed ¢ test; *p <2 (.05, (€) FACS-sorted
DN3e (small CD4~CD8~CD25") thymocytes from control and S¥hCD2iCre mice were cocultured with OP9/N-DLL1 stromal cell line. Cells were
harvested on days 2, 4, and 8, and expression profiles of CD44/CD25 or CD4/CD8 markers were analyzed by flow cytometry. Data are representative
of two experiments. (D) Cumulative growth curve (represented as fold change) of all live CD45" cells isolated from OP9/N-DLL1 cocultures on days
2,4, 6, and 8. Cells were the same as in (C). (E) Flow cytometry of purified Lin~Scal*c-Kit" (LSK) BM progenitors after 9, 16, and 22 d of cultivation
with OP9/N-DLL1 cells. Data are representative of four control and four S¥PCD2iCre animals. (F) Camulative growth curve (represented as fold

change) of cells analyzed in (E).

(36). We observed that the anti-CD3¢ Ab stimulated the down-
regulation of surface CD25 molecules on Ragl ™ as well as on
Smarca5-deficient DN3 thymocytes (Fig. 5A), which suggested
that pre-TCR signaling pathway was not disrupted after Smarcas
loss. However, we noted that compared with highly proliferating
Ragl™ DN cells, the $5¥hCDZiCre DN cells were almost
completely absent at day 2 of treatment (Fig. 5B), further con-
firming the poor survival of differentiating and proliferating
Smarca5-deficient DN cells. We next examined the expression
of CD2 and CD5 on the DN and DP cells to assess their upreg-
ulation upon pre-TCR signaling (37, 38). Data from flow cytom-
etry show that B-selected DN cells that survived Smarca5 loss are
still capable of upregulating the expression of CD2 and CD3
molecules (Supplemental Fig. LA). Additionally, at the DP stage,
the expression of these molecules was almost identical com-
pared with controls (Supplemental Fig. 1B). In summary, the
ability of $5"hCD2iCre DN cells to upregulate CD2 and CD3
indicated that Smarcad deficiency in thymocytes does not
perturb the pre-TCR signaling.

Next, we analyzed the intracellular expression and rear-
rangement of the TCR B-chain, another prerequisite for the
DN3 to DN4 transition. Analysis of intracellular (i))TCRB ex-
pression together with membrane-bound CD28 has been shown
as a tool to distinguish between preselection and p-selected
DN3 cells that have successfully rearranged their TCRb locus
(39). Using this approach, we observed that mutant DN3 thy-
mocytes contain a significantly reduced fraction of iTCRBY/
CD28" @-selected cells compared with controls (Fig. 5C). Con-
versely, the genomic DNA analysis of the Smarcas mutant DN
thymocytes by quantitative PCR showed that the recombination
rate of DRL-JB1 and DB2-JB2 gene segments was not altered
(Supplemental Fig. 1C). As determined by RNA-seq analysis of
DP cells (see further), the expression pattern of the comstant
(Trbc) and variable (Trbv) gene segments was similar to controls
(Supplemental Fig. 1D), indicating that Smarca5 deficiency did
not abolish the TCRb locus rearrangement. To test whether the
defective formation of the B-gelected DN3 cells was a result of
impaired TCRp rearrangement, we crossed $5MCD2iCre mice
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with TCRb/a transgenic mice (OT-II). Expression of the fully
rearranged TCRb/a construct in OT-II background is able to sup-
press V(D)J recombination at endogenous loci and also “rescue”
thymocyte development in mice lacking essential factors for
the TCR B/ rearrangement (40, 41). Analysis of S¥*hCD2iCre
OT-1I animals revealed that expression of the transgenic TCR
p/a-chains failed to rescue the Smarca’ knockout phenotype.
The absolute and relative counts of DN and DP subpopula-
tions remained similar to the $5**hCD2iCre mice {Fig. 5D~
F). Particular exceptions were mature SP thymocytes, where
the CD4 SP cells whose 3-fold increase to the detriment of the
CD8 SP cells likely reflected the positive selection of thy-
mocytes toward CD4 lineage that normally occurs in the OT-II
strain (Fig. 5D). Thus, rather the poor survival of B-selected
DN cells than defects in pre-TCR signaling or TCRb locus rear-
rangement could best explain the phenotype of S5PhCD2iCre
miice.

Ag the surface expression of TCRB in DP thymocytes is es-
sential for the production of SP subpopulations, we focused on
stages beyond DN3 to decipher how Smarca5 deficiency influ-
enced the TCRb expression. Normally, the surface expression of
TCRPB is low or none in the DN3 stage, becomes induced at the
DN4 stage, and further upregulated in SP thymocytes. We ex-
amined the level of surface TCRP expression on individual de-
velopmental stages of thymocytes and mature peripheral T cells in
the spleen. We observed that surface TCRP expression was de-
tectable in all developmental stages from a subfraction of DN3
(low expression) to mature SP populations (high expression) in
both Smarca5-deficient as well as control thymocytes (Fig. 5G,
Supplemental Fig. 1E). However, the fraction of cells with up-
regulated TCRP expression was reduced within each analyzed
Smarca5-deficient thymic subpopulation compared with controls.
Taken together, Smarca5-deficient thymocytes are able to express
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and upregulate the surface TCRPB expression during their devel-
opment with an exception at the DN4 stage that almost lacks
fraction of TCRP-positive cells.

Smarcab deficiency altered the developmental program of
posif-selection stages

It has been shown that during differentiation from DN to DP
stage, the ACF complex containing Smarca5 and Acf1 represses,
in cooperation with Satbl, the li2ra (CD25) gene (12, 42). In-
deed, flow cytometry indicated that DP cells of S¥hCD2iCre
mice inappropriately express both CD44 and CD25, the markers
of earlier developmental stages. Whereas the CD25 molecule
becomes partially downregulated, the CD44 remains upregu-
lated in DP cells, implicating the dysregulation of early expression
programs (Fig. 6A). Our previous studies suggested that Smarcas
participates in the regulation of gene expression programs asso-
ciated with survival and differentiation of lens, cerebellum, and
hematopoietic progenitor cells (10, 17, 43). To gain a global view
on the gene expression programs dysregulated by Smarca5 loss in
B-selected thymocytes, we purified DP cells from $5hCD2iCre
mice and used RNA-seq to compare the gene expression profiles
with those from control DP cells. Of >>21.500 expressed genes, a
total of 3.318 transcripts were differentially expressed with false
discovery rate (FDR) <0.05 and BaseMean value >10. From
these, 1.503 mRNAs were (<I2-fold) downregulated and 1.815
mRNAs were (>>2-fold) upregulated. Gene ontology analysis of
the differential expression using gene set enrichment analysis
{GSEA) (44) showed the enrichment of mRNAs involved in
expected categories such as apoptosis and the p533 pathway;
however, most of them were either immunologic or lymphocyte
associated (Fig. 6B). By dividing the differentially expressed
genes into previously published mRNA clusters with similar
behaviors during thymocyte differentiation {(45), we observed
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FIGURE 5. Smarca$ is not required for pre-TCR signaling and the TCR rearrangement. (A) Flow cytometry analysis of differentiafion markers on
thymocytes isolated 1 and 2 d after i.p. injection of Rag]fk and S5CD2iCre mice with anti-CD3 (50 pg/mice). Contour plots showing DN
(CD4 CDS8 ) cells. Data are representative of five (day (), two (day 1), and three (day 2) Rag! 7 or §5hCD2iCre animals. (B) Mean of absolute
numbers * SD of cells isolated from the thymus of mice used in (A). (€) Contour plots showing the expression of CD28 and intracellular TCRP (iTCRB) in
DN3 thymocytes of indicated genotypes. Data are representative of three experiments. (D) Flow cytometry of DN, DP, and SP fractions using CD4 and CD8
markers in thymic suspensions from 4- to 6-wk-old S5 OT-II~ control, S5"hCD2iCre, and $5 MCD2iCre OT-II*'~ mice. The relative population sizes
are indicated. DN thymocytes were analyzed for CDD25 and CD44 marker expressions. All B220, Gr-1, Mae-1, CD11e, and Nk1.1 lineage-positive cells
were excluded from the analysis. Dafa are representative of more than three experiments. (E and F) Mean of absolute numbers = SD of thymic sub-
populations as in (D). Two-tailed ¢ test; *p << (.05, (@) Surface expression of TCRp protein on CD4 and CD8 T cells of control and S5 MCD2iCre animals
analyzed by flow cytometry. As an isofype control to H57-597 clone (anti-TCR[), fluorescently labeled Armenian Hamster IgG was used (dark histograms).
Data are representative of three experiments.

that the group of upregulated gemes in the mutant DP cells greatly disorders the developmental programming of T cell
overlapped to those mRNAs that peaked in expression at the progemitors.

early (DN1-DN2) or pre—P-selection DN3a stage (Fig. 6C).
Such genes were, for example, receptors (1{7r, Ctlad, Ptera, Lyba k
and also 12ra/Cd25 and Cd44), signaling molecules (Dixf, B cell progenitors

Hesl, Notchl, Lfng, Rab44), and transcription factors (frf7, Additional analysis of S5“NCD2iCre mice revealed also a dramatic
Tcf712, Spib) (Fig. 6D). Accordingly, the group of downregulated reduction of the spleen cellularity (Fig. 7A). Besides the reduction
genes (total 97) fall into the category of genes that are gradually of splenic T cells and NKT cells, which both developed in the
expressed by B-selected cells during the transition into DP, such thymus from the CD4"CD8" DP precursors {(46), we also observed
as transcription factors (KIf7, Ets2, fkgf3, Bel6), surface mole- a marked depletion of B lymphocytes, whereas the numbers of
cules (Plxndi, Slamfl, Cd81), signaling {Themis), and others myeloid cells were not significantly altered (Fig. 7B, 7C). Indeed,
(Tdrd5, Cacnale). To evaluate whether the mutant DP cells more immunohistochemistry of mutant spleens showed a prominent
closely resembled pre— or post—B-selected cells, we used a follicular hypoplasia affecting both T cell as well as B cell zones
previously published transcriptome analysis of microarray data (Fig. 7D), suggesting also a defect in the B cell development of
of wt C37BL/6J DN3a and DP stage cells (45) and created two S5 hCD2iCre mice. To investigate a stage at which the devel-
sets of the 200 most upregulated and downregulated genes in wt opmental defect occurred, the early B cell progenitor populations
DN3a compared with wt DP stage (Supplemental Fig. 2A). from BM were analyzed. Flow cytometry analysis revealed an
Hence, the GSEA analysis of mRNAs dysregulated upon almost complete loss of pre-B cells (B220°CD437) in mutants,
Smarca5 deficiency revealed a strong enrichment of upregulated whereas the proportion of pro-B cells (B2207CD43™) was virtually
(normalized enrichment score = 2.37, FDR <00.001) and down- unperturbed (Fig. 7E). Closer examination of the pro-B population
regulated (normalized enrichment score = —2.53, FDR <<0.001) showed a developmental arrest between early preselected pre-B-1
mRNAs of the wt DN3a stage (Fig. 6E). This finding indicates cells (CD1177) and pre-B-1I (CD25™) cells that underwent pro-
that although Smarca5-deficient cells express post—[p-selection ductive IgH gene loci rearrangement (47). Taken together,
surface markers (e.g., CD4, CD§, CD5, CD2) as normal DP Smarca5 deficiency affects development of early B2207CD43*
cells, RNA-seq data reveals that they retain a transcriptional pro-B cells in BM, implicating the requirement of Smarca5 for
program of pre—f3-selection DN cells. Thus, Smarca’ ablation both early T as well as B lymphocyte development.

Smarcal is required for pro—B/pre—B transition of
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FIGURE 6. SmarcaS deficiency altered the developmental program of post—p-selection stages. (A) Flow cytometry of thymus. Dot plot shows the
analysis of CD25 and CD44 marker expressions on the surface of CD4/CD8 DN (black dots) and overlapping DP (red dots) thymocytes. (B) The list of 11
most significanfly enriched Hallmark gene sets in Molecular Signatures Database v6.2 by GSEA. (C) Heat maps of upregulated genes (log,FC scale) in
S5 WCD2iCre mutant DP cells versus control S5 DP thymocytes. The ¢-Kir and Ii7r gene clusters were defined previously using microarray analysis
of thymocyte development (45). Gene expression profile heatmaps represent three individual experiments from sorted DP cells, each pooled from 25 to 37
§5™F hCD2iCre animals and normalized to controls (# = 3). (D) Data from RNA-seq presented as Volcano plot. The x-axis represents log, fold change in the
expression of mutant DP cells as compared with the control (85%) DP cells. The y-axis represents adjusted p value (p.yj). The horizontal dashed line is
equal 1o poq; = 0.05. Genes (as green dots) are those that are normally downregulated in DN3a cells and become upregulated in DP cells during development
and vice versa; the violef gene dots are upregulated in DN3a and, during development, become downregulated [based on microarray analysis of thymocytes
(45)]. Numbers in upper corners indicate the numbers of differentially expressed genes between mutant and control of each gene set within log;FC of <Z—1
or >>1. (E) Enrichment analysis of differentially expressed genes in S5MCD2ICTe DP thymocytes versus control DP cells [same as in (D)) was performed
on the two gene sets containing 200 most upregulated (left plot) and downregulated (right plot) franscripts in wt DN3a compared with wt DP stage
thymocytes [according to (45)]. For the complete list of genes pertaining to each of the gene sefs, see Supplemental Fig. 2A. Positive (left plot) GSEA
enrichment score curve indicates that the genes comprising the leading edge of the GSEA plot (mostly DN3a abundant transcripts) are positively correlated
with mutant S¥"hCD2iCre DP cells. Similarly, for downregulated genes, the GSEA indicated a correlation between S5 hCD2iCre DP cells and normal
DN3a cells (Jlower plot). NES, normalized enrichment score.
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FIGURE 7. Smarcas-deficient B 2 B0
cell progenitors are arrested at pro- E- 120
B/pre-B transition. (A) Bar diagrams 2 E gﬂ
show the mean number * SD of %_ 80 CD2ICre
CD45% cells or (B) peripheral e
Iymphocytes or (€) myeloid cells % e 40
in spleens of control (#n = 5) and X 0

S5 CD2iCre ( = 5) mice. Two-

tailed 2 test; *p << (L03, **p < (101, B
*¥erp < 0001, ****p < (L0001
(D) Immunohistochemistry for CD3
(T cell marker) and Pax5 (B cell
marker) in the spleen of 6-wk-old
control or SF¥PhCD2iCre mice.
Data are representative of three ex-
periments. CA, central arterioles.
(E) Flow cytometry analysis of early
B cell subpopulation in the BM of
control or S5 CD2iCre mice. Left
plots show B220 and CD43 staining
of all Ter119-negative cells in BM.
Right plots show CD117 and CD25
staining of CD43*B220% (pro-B)
cells gated in upper plots. Data are
representative of six control and
nine S¥hCD2iCre animals.
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p33 guides survival in the Smarcas-depleted thymocytes
undergoing B-selection

It has been previously noted that deletion of Smarcad gene in
hematopoietic progenitors induces the expression of p53 tram-
scriptional targets (10). Our current RNA-seq data suggested
that increased cell death and impaired cell cycle progression of
thymocytes coincide with the activation of the p53 program
(Fig. 8A). To test the biological significance and require-
ment of the Trp53 gene for the Smarca’ mutant phenotype
in developing lymphocytes, we used an additional mouse strain
homozygous for the Trp53 null allele (48) to create the
SSFMCD2iCre Trp53 7 mice. Interestingly, the Smarcas dele-
tion slightly prolonged the survival of the T¥p53 kneckout mice
(Fig. 8B). We observed that the introduction of the T¥p53
knockout allele improved thymic cellularity of the SmarcaS-
deficient mice (Fig. 8C). Flow cytometry analysis revealed a
proportional increase (from 26.3 to 55.1%) as well as absolute cell
number expansion (4-fold) of the double knockout DP population
(Fig. 8D, 8E), whereas the absolute numbers of DN cells were
unchanged, indicating a DN to DP transition rescue (Fig. 8E, 8F).
We performed RNA-seq of samples derived from the double
knockout DP cells and compared gene expression profiles with
previous data. Expression analysis confirmed that the p33 targets,
especially those that are associated with the induction of apoptosis
in response to DNA damage such as p21/Cdknla, Noxa/Pmaipi,
and Bax, were upregulated specifically in the Smarca5-deficient
DP cells, whereas upon the introduction of the Trp537/ ~ allele,
their expression became normalized (Fig. 8G). Although the
thymic cellularity in double knockouts was partially recov-
ered, we still observed markedly dysregulated expression of
the mRNAs connected to normal thymocyte development
(Supplemental Fig. 2B). Thus, the activation of p53 targets was
rather a modifier of the severity of the phenotype and not con-
tributory te differentiation defects observed in S5HCD2iCre
mice. Indeed, flow cytometry analysis showed that Smarca’S and
Trp53 double knockout DP cells contained up to a 3.5-fold excess
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of H3S10°"* positive (mitatic) cells as compared with single
Smarcad knockout (Fig. 8H). However, the G2/M blockade in the
DPs of the Smarcas and Tip53 double knockout mice persisted
(Supplemental Fig. 2C).

To test whether the p53 loss could also recover the development
of early B cell progenitors, BM cells from $5 hCD2Cre mice
with or without Trp53 ™ loci were analyzed for the expression of
B220 and CD43 molecules. However, unlike the partial rescue
observed in the thymocyte compartment, the data from flow
cytometry show that the p53 loss failed to rescue the survival
andfor maturation at pro-B (B2207CD43") to pre-B stage
(B2207CD437) transition (Fig. 81). To conclude this part, the in-
troduction of the Trp33 knockout allele into the Smarcad-deficient
strain significantly improved the proliferation and/or survival of
thymocytes but not of early B cells. Importantly, the rescue ex-
periment was unable to restore the dysregulated differentiation
pathways in both B and T lineages.

Discussion

Although the SWI/SNF and CHD chromatin-remodeling factors
have been implicated in the regulation of lymphocyte progenitor-
specific transcription and differentiation (6, 49), the role of ISWI
proteins in the development of early T and B cells has not been
addressed. This study brings yet unknown evidence that the
ISWI ATPase Smarca5 regulates early lymphocyte develop-
ment by promoting stage-specific gene expression and, second-
arily, cell survival and proliferation. Interestingly, the role of
SmarcaS-containing remodeling complexes was previously im-
plicated in the DNA double-strand break (DSB) repair in human
immortalized cell lines (50, 51). These reports showed that
SMARCAS is rapidly recruited to DSBs, and the knockdown of
SMARCAS sensitizes cells to DNA damage. SMARCAS protein
was shown recruited to the sites of DSB by histone deacetylase
Sirtuin 6 (SIRT6) (51). Additional pathways and interaction
partners of Smarca5 participating at the sites of DNA damage
were also established (52, 53). Thus, Smarca5 seemed to be a
suitable candidate for testing its in vivo role in lymphocytes, in
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FIGURE 8. 1rp53 codeletion rescues survival but not differentiafion of Smarca5-deficient thymocytes. (A) GSEA showing a representative enrichment
plot of genes involved in p53 pathways and networks comparing DP thymocytes sorted from S5CD2iCre (three individual pools, see Fig. 6C) mice
versus DP thymocytes isolated from §¥%7 controls (z = 3). The negative GSEA entichment score curve indicates that the genes comprising the leading edge
of the GSEA plot are positively correlated with mutant SFMCD2iCre DP cells. (B) Kaplan—Meier survival curve of controls (dashed line, # = 125) and
Smarcad/Trp33 double mutants (z = 115). Log-rank (Mantel-Cox) test used; *p < 0.05. (C) Bars depict the mean of absolute numbers + SD of thymocytes
from S5 hCD2iCre (n = 4) and S¥YhCD2iCre T¥p53™™ (1 = 5) mice. (D) Flow cytometric plots showing distributions of thymic CD4/CD8$ positive and
negative developmental stages of indicated genotypes. The CD4/CD8 DN cells were further distinguished using CD25 and CD44 surface markers (lower
graphs). Lineage-positive (B220, Gr-1, Mac-1, Nk1.1, CD11e¢, Terl19) cells were excluded from all measurements. Data are representative of four
S5ACD2iCre and five $5CD2iCre Trp53~/ animals. (E and F) Mean of absolute numbers + SD of thymic subpopulations as in (D). Two-tailed ¢ test;
*p < (0,05, (G) Heat map showing the expression of genes that were differentially regulated in S5*"hCD2iCre mice but normally expressed in S¥*hCD2iCre
Trp55'7/7 animals compared with controls and Trp537/7 mice. The expression is normalized to controls; log, scale. The last column represents gene
expression profiles of pooled DP cells sorted from six $¥4hCD2iCre T#p53™" animals. (H) Absolute counts of mitotic phospho-histone H3 (Ser1()
positive DP cells in S5 CD2iCre and S5 hCD2iCre Trp537/7 double knockouts. Two-tailed ¢ test; ****p << (.0001. (I) Relative numbers of early B cell
subpopulations in BM of indicated genotypes. Data are normalized to all CD45" cells and represent the mean of at least three animals. Two-tailed t test;
*p <2 (.05, ***rp <2 0.0001.

which the developmentally programmed DSBs occur. Indeed, control DP cells (Supplemental Fig. 1D), indicating that the
our data showed that S5*"hCD2iCre mice initially exhibited a relative use of the different gene segments during TCRpP rear-
marked reduction of those early progenitors that productively rangement was not affected in the mutants. In addition, the
rearranged Ag receptor loci, the TCRP expressing DN3 thymo- SFhCD2ACre Trp33~" mice displayed a comparable life span
cytes (Fig. 5C) and B220"CD437CD25" early B cells (Fig. 7E). as $5° Trp53~"" mice (Fig. 8B), which is contrasting to the
Coincidently, the upregulation of p53 target genes (Fig. 8G) and mouse knockout models of genes employed directly in the NHEJ
the partial recovery of thymus cellularity in the S5hCD2CTe that upon codeleting with the Trp53, accelerated tumorigenesis
Tp33™ mice (Fig. 8C) could also be interpreted as Smarca3 with shortened animal survival (34). Thus, the Smarca$ deletion-
being involved in the DSB repair during the Ag receptor gene mediated maturation defect is not primarily mediated via the
rearrangement. However, further experiments challenged this disrupted repair of developmentally programmed DSBs.

view. The developmental defect, at least in thymocytes, could not Generally, except in the SP CD8 and CD4 T cells that expressed a
be attributed mainly to the DSBs repair aberration, as the OT-II lower level of surface TCRP (Fig. 5G, Supplemental Fig. 1E), the
transgene wag unable to rescue the DN3 to DN4 transition defect iTCRB expression and proximal pre-TCR signaling seem to be
of Smarca3-deficient cells (Fig. 5D). Notably, the data from RNA- preserved in the Smarca5-deficient mice as S5 MCD2Cre DN3
seq showed that the expression pattern of the constant (7rbe) and cells gave rise (albeit with a very low rate) to some DP-like cells
variable (Trbv) gene segments was similar compared with the and could be normally stimulated by anti-CD3 Ab. The DN3 stage
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and all the following developmental stages were considerably
altered in the S5*'hCD2iCre mice. Once Smarca5 was inacti-
vated, B-selected DN3, DN4, DP, and also pre-B cells lost their
ability to accumulate and became depleted. Smarca5 loss leads to
a marked increase in the number of cells undergoing apoptosis
(Fig. 1G). Our data indicate that this was not caused by the in-
duction of a generalized apoptotic response as resting DN3e cells
displayed very low level (up to 5%) of cell deaths even after 6 d
of ex vivo cultivation (data not shown). This result, together with
the observation that Smarca3S-deficient DN3 stage lacks post-
replicative cells (Fig. 4C), rather suggested that the disruption of
Smarca5 function triggers apoptosis of highly proliferating cells
and especially those that have already entered the S phase. Others
reported that depletion of Smarca5 in murine lens {using Le-Cre
system) results in a reduction of BrdU and Kié7 positive pre-
sumptive lens epithelial cells, leading to the lens developmental
defect (43). Also, the early deletion of Smarca5 in cerebellar
progenitors (using the Nestin-Cre system) resulted in a lower
number of BrdU-positive Purkinje cells and of granule neuron
progenitors at E17.3, possibly because of massive cell death (17).
Moreover, the defective S phase progression in the DN3 stage
could also explain the formation of GY/M-arrested S5 hCD2iCre
DP cells (Fig. 4D). In the erythroid cell compartment, the
Smarca loss caused the emergence of tetraploid cells perma-
nently exiting the cell cycle in populations of highly proliferating
proerythroblasts-to-basophilic erythroblasts (10). This, along with
a substantial number of apoptotic events, was interpreted mainly
as a consequence of the activation of the DNA damage-associated
p33 program. Indeed, stressed replicating cells activate their
replication checkpoint to delay S phase progression and G2/M
transition (55). The p533 and its downstream molecules are
then required to maintain a G2 or tetraploid Gl armest, which
afterward promotes cell senescence (56-58). However, although
S HCD2ICre DP cells also upregulated some proapoptotic
(Noxa, Bax, Puma) and cell cycle regulating (Cdknla/p21) p53
target genes, the rescue of phenotype was incomplete, and the
tetraploid events were still present in the Smarca5 and Tip53
double knockouts {Supplemental Fig. 2C), indicating that the cell
cycle arrest and induction of apoptosis were predominantly p53
independent.

‘We hypothesize that the dysregulated expression of the stage-
specific mRNAs (including the surface markers) in Smarca5-
depleted PB-selected cells stay behind the thymocyte defects
observed in the §¥“hCD2iCre mice. Indeed, the ablation of
chromatin remodelers Brgl or Chd4/Mi-2p leads to differentiation
defects, cell cycle arrest, or apoptosis in B-selected thymocytes
partially because of dysregulated gene expression (reviewed
in 59). Unlike the Brgl or Chd4 chromatin remodelers that reg-
ulate differentiation from DN4 to DP stages (60, 61), the Smarcas
knockout phenotype appears early and is relatively unique as the
pre—f3-selected DN3 cells lacking Smarca5 are unable to down-
regulate marker molecules (CD25, CD44). Among the mecha-
nisms behind inappropriate CD25 molecule expression might be
the previously reported participation of Smarca3 in the Satbl-
directed repression of IH2ra/Cd25 loci (12, 42). Genome-wide
characterizations of binding into chromatin by chromatin immu-
noprecipitation sequencing revealed that Smarca5 is enriched
mostly at the gene promoters and the regulatory regions (62, 63).
Transcriptome analysis by RNA-seq confirmed a considerable
number of ectopically expressed tramscripts associated with
B-selection and also genes that were not activated and remained
downregulated during the transition into the DP stage (Fig. 6D),
suggesting that the absence of SmarcaS disables a crucial com-
ponent of the B-selection transcription machinery. The function of
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Smarcab as a transcriptional activator and repressor was shown in
studies using murine El4 T lymphoma cell line upon small in-
terfering RNA-mediated depletion. Although Smarca5 partici-
pates in repression of Il. genes, including 712, 115, 1113, il17a, and
in activation of /I3 after stimulation with PMA and ionomycin
(13), we have not observed this during the transition into the DP
stage as those ILs are expressed mainly by mature T cells. Per-
turbation of Smarca3 functions may have also affected other
profiles during the transition from pre— to post—3-selected DN3
thymocytes by dysregulating genmes related to proliferation,
metabolism, and B-selection (45). To conclude, Smarca5 repre-
sents am important transcriptional regulator that participates in-
dispensably during early T cell development. To further address
the role of Smarca5 in regulating T cell promoters, we are cur-
rently preparing a fransgenic mouse line with tagged Smarca5
protein.
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Supplemental Figure 1

Flow cytometry analysis of CD2 (A) and CD5 (B) molecules on CD4 and CD8 double negative (DN) and double
positive (DP) cell populations in thymi of control and S5”"hCD2iCre mice. Similar results were obtained in at least 3
repeat experiments. (C) Quantitative detection of the D-J recombination of the Terb gene. qPCR determines relative
loss of the intact allele after the TCR recombination. Graphs show relative proportion £ SD of non-recombinated Terb
gene (measured here as presence of intact D1-JB1 and DP2-JB2 segments, respectively) in individual DN
populations. Data are representative at least of three control and three S5”"hCD2iCre animals. (D) RNA-seq analysis
of Terb gene rearrangement associated transcripts expressed in control (white bars) and §5"hCD2iCre (black bars)
DP stage thymocytes. The transcript abundance of Smarca3, Terb constant regions (both shown in rectangle) and all
expressed Tcrb variable regions with BaseMean value higher than 10 were quantified as transcripts per kilobase
million (TPM). (E) Surface expression of TerP on individual thymic subpopulations of control and S5""hCD2iCre
animals analyzed by flow cytometry. As an isotype control to H57-597 clone (ani-Terf}) was used fluorescently
labeled Armenian Hamster IgG (dark histograms). Data are representative of three experiments.
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(A) The top 200 upregulated and top 200 downregulated transcripts identified in microarrays comparing adult wild-type
DN3a and DP thymocytes(45). (B) Data from RNA-seq presented as Volcano plot. The X-axis represents log, fold change of
the expression in §5""hCD2iCre Trp33” vs Trp53” DP cells. The Y-axis represents adjusted p-value (horizontal dashed line
is equal to p,, = 0.05). Colored dots indicate genes normally downregulated (green) or upregulated (violet) in wild-type
DN3a cells as compared to wild-type DP stage thymocytes (from a microarray analysis of thymocytes by Mingueneau et al.
2013). Numbers in corners indicate differentially expressed genes between Smarca’ mutants and controls of cach gene sct
within log,FC of <-1 or >1. (C) Flow cytometric plots showing expression of CD71 and forward scatter (FSC-A) of DP-
gated thymic suspension. Genotypes are indicated on the top. DP fractions designated as P3-P5 are shown. P5 fraction
corresponds to the G2/M arrested cells population. Data are representative at least of three experiments.

89

—



4.3 (3. publikace) Loss of ISWI ATPase SMARCAS (SNF2H) in Acute Myeloid

Leukemia Cells Inhibits Proliferation and Chromatid Cohesion.

90



International Journal of

&
Molecular Sciences rM\D\Py

Article

Loss of ISWI ATPase SMARCAS5 (SNF2H) in Acute
Myeloid Leukemia Cells Inhibits Proliferation and
Chromatid Cohesion

Tomas Zikmund 100, Helena Paszekova 1 , Juraj Kokavec 1 Paul Kerbs 234, Shefali Thakur ?,
Tereza Turkova !, Petra Tauchmanova !, Philipp A. Greif >*# and Tomas Stopka 1*

1 Biocev, 1st Medical Faculty, Charles University, 25250 Vestec, Czech Republic;
tomzikmund@gmail.com (T.Z.); paszekova.helena@gmail.com (H.P.); juraj kokavec@gmail.com (J.K.);
shefalithakur.st@gmail.com (S.T.); tereza.turkova@volny.cz (T.T.); petra-tauchmanova@seznam.cz (P.T.)

2 Department of Medicine III, University Hospital, LMU Munich, 3-80539 Munich, Germany;

paul.kerbs@med.uni-muenchen.de (P.K.); pgreif@med.uni-muenchen.de (P.A.G.)

German Cancer Consortium (DKTK), partner site Munich, D-80336 Munich, Germany

4 German Cancer Research Center (DKFZ), D-69120 Heidelberg, Germany

*  Correspondence: tstopka@lfl.cuni.cz; Tel.: +420-32587-3001

t  These authors contributed equally.

check for

Received: 26 February 2020; Accepted: 16 March 2020; Published: 18 March 2020 updates

Abstract: ISWI chromatin remodeling ATPase SMARCAS5 (SNF2H) is a well-known factor for its
role in regulation of DNA access via nucleosome sliding and assembly. SMARCADS transcriptionally
inhibits the myeloid master regulator PU.1. Upregulation of SMARCAS was previously observed
in CD34+ hematopoietic progenitors of acute myeloid leukemia (AML) patients. Since high levels
of SMARCADS are necessary for intensive cell proliferation and cell cycle progression of developing
hematopoietic stem and progenitor cells in mice, we reasoned that removal of SMARCADB enzymatic
activity could affect the cycling or undifferentiated state of leukemic progenitor-like clones. Indeed,
we observed that CRISPR/cas9-mediated SMARCAS5 knockout in AML cell lines (S5KQO) inhibited
the cell cycle progression. We also observed that the SMARCAS deletion induced karyorrhexis and
nuclear budding as well as increased the ploidy, indicating its role in mitotic division of AML cells.
The cytogenetic analysis of S5KO cells revealed the premature chromatid separation. We conclude
that deleting SMARCADS in AML blocks leukemic proliferation and chromatid cohesion.

Keywords: SMARCAS; SNF2H; AML; leukemia; CRISPR; therapeutic target

1. Introduction

Acute myeloid leukemia (AML) is a malignant hematopoietic disease derived from myeloid-primed
stem cells resulting in accumulation of myeloid blasts. AMI. patients have a poor prognosis and
the only known efficient therapy is bone marrow transplantation combined with chemotherapy.
Next-generation sequencing revealed that despite similar cytology and cellular features, the mutational
profile of AML clones can be very heterogenic. Leukemogenesis involves multiple types of genomic
alterations from single nucleotide variants to large chromosomal abnormalities (involving deletions,
translocations, or chromosomal gains and losses). Targets of mutagenesis are often genes encoding
regulators of gene transcription (e.g., RUNX1, CEBPA, GATAZ), DNA methylation (e.g., DNMT3A,
IDH1, IDH2), and genome organization (e.g., CTCF, RAD21, SMC3).

Immature cells during tissue development require ATP-dependent chromatin remodeling activities
to ensure accession of regulatory proteins to DNA in order to control replication, transcription, or DNA
repair. Activities that facilitate nucleosome spacing and assembly during tissue development are
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provided mainly by evolutionary conserved Swi2/Snf2 family helicases. Smarca5 (also known as Sni2h)
belongs to important enzymes of the Swi2/Snf2 family with remodeling activity that is required for
successful hematopoietic development in mammals [1-3]. In mouse, Smarcab represents the catalytic
subunit of ISWI remodeling complexes that is indispensable for developing embryo and later for
fetal hematopoiesis [1,2]. Interestingly, Smarcab loss was accompanied by upregulation of p53 and of
its transcriptional targets that are usually linked to the induction of apoptosis in response to DNA
damage (e.g., p21/Cdknla, Noxa/Pmaipl, and Bax) [1]. Qurwork and the work of others suggested that
Smarcab not only facilitates proliferation-associated events but also helps to activate transcriptional
programs of particular developmental stages to set proper expression identity of immature cells [4,5].
Additional evidence implicated that Smarcab regulates global gene expression programs and function
of many human gene regulatory elements by cooperating with CTCF [6-8].

Smarca5 represents an integral part of heterodimeric ISWI complexes that contain usually
a bromodomain-containing protein (BAZ1A, BAZ1B, BAZ2A, BAZ2B). ISWI complexes were originally
identified in Drosophila but later they were discovered also in humans, namely, NURF (AT Pase motor
of the nucleosome remodeling factor), ACF (ATP-utilizing chromatin assembly and remodeling factor),
and CHRAC (chromatin assembly complex). Later, additional human complexes were found, such
as RSF, NoRC, WICH, CERE and finally, SNF2H-cohesin [9]. Most ISWI complexes are involved in
regulating cell cycle progression albeit via different mechanisms. While many ISWI complexes regulate
transcription by nucleosome sliding mechanism utilizing either RNA-Polymerase 1 (RNAP1) (NoRC,
B-WICH) or RNAF2 (ACF, NURE, CERF, WINAC), other complexes are linked to replication/repair
(CHRAC, WICT]) or chromatid cohesion (SNF2IH-cohesin) [10]. It appears that SMARCAS plays
an indispensable part in the ISWI complexes (albeit it can remodel chromatin alone in acellular systems);
however, in certain situations, it may he replaced within ISWI complexes by its close homologue
SMARCAT (SNF2L) as shown in rather differentiated cells of the cerebellum [4].

Currently, over 20% of all malignancies carry mutations in one of the subunits of chromatin
remodeling complexes of the SWI/SNF family (see [11,12]). These mutations often decrease protein
stability and cause loss of the particular subunit, which leads to the assembly of incomplete
remodeling complexes with different functions in vivo and altered capability to precisely regulate
gene expression [13]. In the case of the ISWI subfamily, the mutations of various ISWI subunits
identified in oncologic diseases have still yet unknown impact on tumorigenesis. In solid tumors the
overexpression of SMARCAS [14-18] has been associated with disease aggressiveness, chemoresistance
and proliferation activity [7]. SMARCAS expression was found dysregulated in many human malignant
tumors, such as aggressive gastric cancer, breast cancer, or prostate cancer. In addition, the SMARCAS
gene is a target of cancer-associating miRNA regulation [14-18]. SMARCAS overexpression has
been also observed in AML CD34+ progenitors [7,19]. SMARCAS5, through the interaction with
CTCF in leukemic cells, actively inhibits expression of the SPIL/PU.T gene [7] that represents key
hematopoietic transcription factor and dose-dependent leukemia suppressor [20]. Additional work
utilizing the CRISPR/Cas9 genome editing in vitro revealed that among hematopoietic cancer cell
lines, those derived from AML patients were the most SMARCAS dependent [21]. We herein studied
the consequences of SMARCAS deletion in AML cells and showed that SMARCAb targeting affected
proliferation and resulted in chromosomal aberrations and polyploidy pointing to the role of SMARCAB
in mitotic division. We believe that delineating the effects of SMLAARCAS targeting might pave the way
for new approaches in the therapy of AML.

2. Results

2.1. SMARCAS Overexpression Marks the Hyperproliferation and Cytogenetically Abnormal AML Fatients

Based on previous evidence documenting SMARCASB overexpression in small AML patient
subset [19], we examined RINAseq data of bone marrow samples from AML patients with recorded
overall survival (OS). We confirmed our previous observation [19] that SMARCAS levels are significantly
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elevated at the time of diagnosis and decreased after the patients achieved complete hematologic
remission (Figure 1A). We next associated SMARCAS expression and clinical parameters and (due
to genetic AML heterogeneity) followed separately cytogenetically normal (CN) and abnormal (CX)
AML patients. Hence, we could observe a trend for decreased OS5 in the AML patient population with
higher SMARCADB expression and carrying cytogenetic abnormalities (Figure 1B). We also observed
that higher SMARCAS levels correlated with mRNA expression of proliferation biomarkers such as
AURKA, PLK1, CCNA2, CENPF (Figure 1C).
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Figure 1. (A) SMARCADS expression of matched AML samples at the time of diagnosis (Dx) and
complete remission (CR). Dots represent individual samples; dashed lines connect matched patient
samples. Boxes: distribution of the Dx and CR groups; intermediate line = median. Significance was
estimated using a paired Wilcoxon test. (B) Survival analysis of AML patients divided into quartiles
(from low Q1 to high Q4; Q1: 0-25% + Q2: 25-50% + Q3: 50-75% vs. Q4: 75-100%) based on SMARCAS5
mRNA levels (cn: cytogenetically normal, cx: cytogenetic abnormalities). (C) Correlation of mRNA
levels of PLK1, AURKA, CCNA2, CENPF, and SMARCAS5 (R? and p-value indicated).

2.2. SMARCAS Deletion Inhibits AMI. Cell Proliferation

To test requirement of SMARCAS for AML cell growth, we produced a null allele using
CRIPSR/Cas9 genome editing technology (Figure 2A). Targeted was exonb, which codes a portion of
evolutionarily conserved ATPase domain and that was previously shown to be a targetable region
using the Cre-loxP1 system. Deletion of exon5 results in a frame shift mutation disabling expression
of Smarcab protein in mouse [1]. For the experiments, human K562 cells (AML M6 subtype) were
initially utilized as they were previously used for antisense oligonucleotide-mediated transient
knockdown of SMARCAS [2]. K562 cells were transfected by a pair of pX330-mVenus vectors
containing sgRNAs complementary to a sequence in the SMARCADS introns 4 & 5 and the the effect of
CRISPR/Cas9-mediated deletion of exon5 was tested by PCR. Analysis of fragments amplified from
genomic DNA of FACS-sorted mVenus-positive clonal populations identified 5 clones (#10, D7, H4,
E7, H7) with a single shortened PCR product {(~632bp compared to 1175bp in controls) that were
homozygously mutated (Figure 2B). Sanger sequencing of PCR products confirmed that clones H10, D7,
E7, and H5 contained the same deletion (543bp) and clone H4 an even larger deletion (582bp) within
SMARCADS exon5 (Figure 2C). In addition, quantitative PCR and Western blot analyses of the cellular
extracts confirmed that the Cas9-mediated deletion of the SMARCADS gene resulted in loss of SMARCAB
expression (Figure 2I,E). The resulting subclones had no expression of vector-coded & episomally
expressed Cas? nuclease. In addition, eight predicted off-target candidates (SRGAP2, RNF17, PRG4,
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GYPA, POLQ, CYB5R4, BCKDHB, NAV2) had no alteration of their sequences. Thus, we managed
to effectively delete SMARCAD in the K562 subclones to create a cellular model for studying how
SMARCAD loss affected AML cell growth.
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Figure 2. Inactivation of SMARCAb gene expression (55KQ) in AML cells. (A) Scheme of generating the
S5KO using CRISPR/Cas9 technology. The Cas9 nuclease was targeted into two intronic sites (scissors)
surrounding exon5 of the SMARCAS gene. The sequences of guide RNAs are depicted in gray boxes
on the right. Indicated are exons 4-6 (small rectangles) and genotyping primers (blue arrowheads).
(B) PCR verification of the exon5 deletion in the indicated S5KO clones. (C) Analysis of SMARCAS5
gene region following the Cas9 nuclease deletion. PCR products (same as in B) were Sanger-sequenced
and aligned with the wt sequence using the Kalign web tool. After sequencing, the precise length of
the resultant PCR amplified region was determined (on the left in brackets). (D)) Quantitative PCR
analysis of SMARCAS mRNA expression in the S5KO clones (n = 5) compared to controls (n = 10).
Data normalized to the GAPDH mRNA. Student’s f-test, p < 0.00001 ****. (E) Immunoblotting of
SMARCAS expression in CRISPR/Cas9-treated K562 or controls. B-actin controlled the load.

2.3. Smarcab Deletion Inhibits Proliferation of Myeloblasts and Affects Function of Normal Stem Cells

To characterize the effect of SMARCAS deletion in the AML-S5KO subclones, we monitored their
growth in culture by the WST-1 assay correlating the number of metabolically active cells in the 72-hr
culture within a 96-well plate. We quantitated the data with a scanning multiwell spectrophotometer
(ELISA reader) (Figure 3A, upper panel) and also in parallel counted the viable cells with an automated
cell counter (Figure 3A, lower panel). We observed that starting day 1, the S5KO subclones produced
less formazan product/s compared to AML ‘control’ cells, indicating that loss of SMARCADS impaired
proliferation of leukemic cells. We also attempted to create S5KO clones from additional AML cell lines.
We repeatedly used OCI-M2, NB4, SKM1, MOLM-13, however, despite the fact that these AML cell lines
grew normally in tissue culture conditions, the recombined cells by pX330-mVenus vectors followed
by the single cell sorting could not produce clones with exon® deletion. We therefore used the method
of serial dilution of transfected cells. This approach, in contrast to the previous approach, produced
populations of OCI-M2 and SKM1 cell lines with detectable Cas9-edited SMARCAS loci. However,
the signals of mutated alleles markedly decreased during long-term cultivation, suggesting that the
S5KO cells were overgrown by cells containing at least one intact SMARCAD allele. Thus, the deletion
of the SMARCAS gene completely impaired leukemic cell proliferation in most of the AML cell lines,
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while in K562 cells it was tolerated albeit under markedly lower proliferation activity, which allowed
us to study it in more detail.

A B Host: C57BL/6J (CD45.1) 7.5Gy
il -
=25 WST—:FO598 Donor: Smarcaf) - Smarcab -
w = Ctrl = Vav1iCre R26 Vav1iCre R26
@ _ |=ssko J
+20 s 67.2% Donor: 0.44%
£
S15 B 21
2 E
B ke ©
Tq0] =
8 2
Zos5 @
5 —
£, g i |
. 0, . 0,
0 1 2 3[day] 3 Host: 1.45% Host: 1.01%
25 Cell count* % .
= w Donor: 0.73%)|
% 20 %
w
15
=) Rk
=10 :
2 &
@ i g i
S5 * : ; ; sef
Host: 1.81% Host: 8.35%)|
0 1Oy 8 . : >
0 1 2 3I[day] CD45.1

Figure 3. Proliferation of AML and progenitor cells upon Smarca5 gene deletion. (A) Proliferation of
S5KO clone #D7 and control cells analyzed by WST-1 assay. Mean + SEM of formazan absorbance (top)
and cell count (bottom) (pentaplicates). Student’s #-test, p < 0.05 * p < 0.01 **. (B) Flow cytometry
analysis of donor (CD45.2) and host (CD45.1) derived hematopoietic cells at 14 days following
the transplantation of donor fetal liver cells into lethally (7.5 Gy) irradiated host animals. Donor
(red trapezoid) and host-derived (black rectangles) bone marrow cells (upper dot plots) and splenocytes
(lower dot plots) were distinguished by the expression of yellow fluorescent protein (eYFP) or surface
variant of CD45, Control mice: Smarcab* Vav1iCre R26°YFF; Smarca5 mutant mice; Smarcas5™il
Vav1iCre R26°Y™F, Data are representative of repeated experiments.

AML cell population resembles early hematopoietic progenitors. Thus, as controls to AML
cells, we studied early murine blood progenitors. Previously it was shown that Smarcab loss in
mouse partially inhibits differentiation of early Lin~Sca-17¢-Kit™ hematopoietic progenitors [1]. To test
whether Smarca5 deletion affects reconstitution of early blood progenitors after transplanting them
into normal murine recipients, we utilized the hematopoietic reconstitution assay. We transferred
E13.5 mouse fetal liver cells (C57B1/6] Ly5.2 background) isolated either from control Smarca51o%/+
Rosa262 "7+ Vav1-iCRE or Smarca5-deficient (Smarca5"®~ Rosa268Y7/* Vav1-iCRE) embryos into
lethally irradiated adult C57B1/6] Ly5.1 recipients. Flow cytometric analyses of bone marrow and
spleen at several weeks after transplantation revealed that repopulation was detected only in animals
transplanted with cells in which the Smarca5 gene was preserved. Thus, homeostatic expression of
Smarcab is very important for hematopoietic reconstitution (Figure 3B), implicating a possibility that
the Smarcab role in AML cells might also involve a very early leukemia-initiating compartment.

2.4. Inactivation of Smarca5 Causes Nuclear Abnormalities and Polyploidy

To gain insight into the subcellular structures of the AML S5KO cells, we utilized hematology
staining using a standardized May—Grunwald and Giemsa-Romanowski stain procedure. As indicated
within Figure 4A, the control AML cells were represented by a uniform layer of myeloblasts with large
round nuclei, fine chromatin structure, and prominent nucleoli. Significantly more frequent nuclear
abnormalities were cbserved in the S5KO cells compared to controls. These included nuclear budding,
internuclear bridging, karyorrhexis, and multinuclearity seen in 10% to 65% of all analyzed cells
(Figure 4B). To study effect/s of S5 depletion in nenhematopeietic cells, we derived mouse embryonic
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fibroblast (MEF) with Tamoxifen-regulated Cre-recombinase activity (Cre-Esrl) from Srarca5H? Trp53‘/‘
animals. Trp53-mutated MEFs were chosen because of their lower propensity to enter proliferation
senescence and because most AML cell lines including K562 have TP53 gene inactivation [22]. After
6 h incubation with 100 nM 4-hydroxy-tamoxifen (4OHT) and additional 90 h of culture, the MEF
cells were depleted from Smarca5 protein (Figure 4C). Decrease of Smarca5 protein level negatively
influenced the cell growth and the proliferation defect had already occurred within 40 h from the start
of the 4OHT treatment while 4OHT untreated and control Cre-Esr1 lacking cells proliferated normally
(Figure 4D). This proliferative defect resembled one observed in AML S5KQO clones. The flow cytometry
analysis revealed that aberrant proliferation was accompanied by lower proportion of S-progressing
and mitotic (pH3510%) cells. In addition, we noted a higher number of cells with polyploid nuclei
(Figure 4E) that was concomitant to a decreased proportion of diploid cells upon 55 deficiency in MEFs.
Taken together, inactivation of SMARCADS triggers a cell proliferation blockade and results in nuclear
abnormalities of exceedingly cycling leukemic as well as normal hematopoietic cells.
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Figure 4. Nuclear abnormalities in 55KO cells. (A) Cytology of control (left) and S5KO clone #D7
(right), nuclear abnormalities indicated and shown (B} as mean % =+ Stdev of control, 400 cells/subclone
analyzed. Student’s i-test, p < 0.05*, p < 0.01**, p < 0.0001 ***_(C) Immunoblotting of Smarca5: MEF
cell lines (Smarca5¥fl Cre-Esrl: untreated, 40HT-treated (100 nM, 6 h exposure, 4 days of culture).
B-actin = loading control. (D) IncuCyte cell proliferation analysis; control Smarca5" (upper panel)
vs. Smarca5¥ Cre-FEsr1 (lower panel) MEFs in absence/presence of 4OHT (100 nM, 6 h exposure),
or alternatively, 4OHT was added 72 h prior to IncuCyte monitoring (4OHT—72 h). Y-axis: mean
confluency (%) and + Stdev of at least 16 different regions of the cultivation plate, X-axis: time (h).
(E) Flow cytometry analysis of control and Smarca5f Cre-Esrl MEF population cell cycle progression
using EAU/DAPI double staining (upper dot plots). Black rectangles depict all S-phase and non-S-phase
cells with different ploidy (2N-16N). Histograms show percentage of phospho-histone H3 (Ser10)
positive mitotic events in experimental cell lines. (I}) and (E) represent biological triplicates.

2.5. Cytogenetic Abnormalities and Gene Expression Dysregulation in the S5KO AML Cells

As pointed out in the Introduction section, SMARCADB protein was previously shown to load
cohesin complex onto human chromosomes [23]. As the canonical role of cohesin is the sister chromatid
cohesion, we next analyzed the structures of mitotic chromosomes in the AML S5KO cells on metaphase
spreads. The analysis of the 55KO subclone D7 consistently showed (Figure 5A) that among other
chromosomal abnormalities, the cohesion defects were by far the most frequent involving premature
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chromatid separation and loss of cohesion. Compared to the controls that contained only 12%, the S5KO
mitotic cells displayed defects in chromatin cohesion in 70% of all cases. Similarly, the defects of
chromatid cohesion were seen also in MEF cell-derived mitotic chromosome spreads (Figure 5B,C).
These data suggest that SMARCAS5 inhibition affects cohesin function in general.
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Figure 5. SMARCADS loss causes karyotypic changes in K562 cells. (A,B) Mitotic chromosome analysis
of S5K O cells vs control K562 cells (clone #D7, (A)) or MEF cells (B). 1000X magnification. {C) Table
summarizes all chromosomal aberrations; data from technical triplicates, for each replicate a total of
100 mitotic nuclei were counted. Mean percentage of chromosomal abnormalities with Stdev, Student’s
t-test, p < 0.05 *. (D) Computational analysis of correlations between expression of SPI1/PU.1 and
SMARCAS5 in samples of adult AML patient samples; for details, see Materials and Methods section.
(E) Quantitative PCR analysis of SPI1, CSFIR, MYB, GATA1, and CBFB mRNAs expression in the S5KO
clones (n = 5) compared to controls (# = 7). Data were normalized to the GAPDH mRNA. Student’s
t-test, p < 0.05 %, p < 0.001 **,

In order to better understand the cooperative nature of SMARCADS and its interacting partners
in AML, we correlated their expression using RNAseq data in AML patients. Hence, significant
association exists between the expression pattern of SMARCAS and BAZ proteins (BAZ1A, BAZ1B,
BAZ2A, BAZ2B) as well as the members of the CTCF/cohesin complex across human AML samples.
This implicates, albeit indirectly, a role of SMARCAS in CTCF/cohesin function in AML that also
coincides with karyotype abnormalities imposed by a SMARCAGS loss.

We recently showed that SMARCASB (together with the CTCF/cohesin complex) represses
PU.l1-mediated myeloid differentiation [7] and similarly, we noted that SMARCAS regulates
GATAl-mediated erythropoiesis [1]. We therefore next decided to analyze the levels of SPI1/PU.1
and GATA-1 transcripts with respect to SMARCAB. As expected, transcriptomic data from AML
Cooperative Group Miinchen (Figure 5D) showed an inverse correlation between 5PI1/PU.1 and
SMARCADB expression in AML patient samples. To further assess the role of SMARCADS in regulation
of the hematopoietic transcription program, we determined the expression of a set of selected mRNAs
upon the genetic ablation of the SMARCAS gene in K562 cells. Compared with previously published
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data documenting an inverse relationship between SMARCAS and hematopoietic transcription factors
PU.1 or GATA-1, we observed that upon SMARCAS deletion in K562 cells the level of SPI1/PU.1
and some of its targets (CSF1R) became downregulated while other transcription factors (GATAL,
CBFB) were upregulated. The dysregulation of mRNA pattern of SMARCASB targets upon SMARCAS
deletion can be attributed to the heterogeneity of the AML cell lines and also possibly to multiple
genetic/cytogenetic abnormalities imposed by the SMARCAD loss.

3. Discussion

We herein studied how ISWI ATPase SMARCAS5/SNF2H controls in AML the proliferation and
gene expression of myeloblasts as SMARCAS appeared to be an interesting target for anti-AML therapy.
Our previous work demonstrated a pattern of SMARCAS upregulation at AML diagnosis followed
by its normalization upon achieving the hematologic remission. Importantly, additional work has
not identified recurrent mutations of SMARCAS in AML or any malignant disease (so far analyzed
by next-generation sequencing-based techniques). For example, for the SMARCAS gene, only 186
variants with an amino acid residue substitution exist in nearly ~20 thousand oncologic patients (<1%).
There also exist infrequently the variants in ISWl-interacting BAZ proteins detected in cancer, however,
the significance of these variants remains also unknown. Importantly, among the AML-associated
variants, only the SMARCA5-interacting proteins, CTCF and members of the cohesin complex, were
shown consistently mutated in AML [24]. Based on this, we expected SMARCAS indispensability
for AML proliferation and its levels possibly reflecting the proliferative nature of AML cells. Indeed,
the RN Aseq analysis of a large set of AML patients confirmed that AML cells overexpressed SMARCAS
and its levels correlated with many ISWI-complex members including also cohesin complex, and finally,
that the proliferative nature of AML cells marked by upregulation of SMARCAS was supported by
a trend in shorter OS5 albeit only in those AML patients that were marked by cytogenetic aberrations
(see Figure 1).

Upon targeting of the SMARCAS gene in AML cell lines with a CRISPR/Cas9-mediated deletion
strategy, we could observe that AML cells lacking SMARCA5 markedly slowed the proliferation rate
and became dysplastic with multiple karyotypic abnormalities. Inhibiting SMARCAS to achieve
suppression of AML growth may be thus a very efficient strategy as AML cells that are likely addicted
to SMARCAS in order to overcome various chromatin obstacles such as complex karyotype or also
polyploidy often seen during progression of AML. Other data further implicated that SMARCAS is
very important also at the stem cell level to regulate their innate function: to repopulate the progeny.
Indeed (as shown by Figure 3), repopulation activities were greatly reduced in normal hematopoietic
stem cells in which the Smarcabd gene was genetically deleted. Our observation, however, does not
rule out the possibility of SMARCAS being an AML target as i) the AML cells are highly proliferating
compared to their normal counterparts, and ii) SMARCAD being expressed in stem cells implicates
that antiSMARCAS therapy would preferentially target the leukemia stem and progenitor cells.

While SMARCAS expression represents a potential target for AML therapy, it may also serve
as a factor of therapeutic resistance in AML. It is likely that additional factors will he involved in
modulating therapy efficacy using SMARCADS inhibitors in the future. As the Smarcab loss was sensed
in a mouse model by a) increased p53 levels and b) associated with DNA damage response (DDR),
and ¢} activation of the p53 targets [1], very likely the tumor cells with DDR sensing defect would have
a higher propensity to tolerate SMARCAD level downregulation. This notion is supported by our other
study demonstrating that proliferation defect imposed by Smarca5 deficiency can be partly restored
with concomitant Trp53 deletion in murine thymocytes [3].

Our herein presented data indicate that AML growth is dependent on the expression of chromatin
remodeling protein SMARCADS that is a known partner of AML-associated targets: cohesin complex
and CTCF [23]. Data presented in Figures 4 and 5 implicate that proliferation inhibition upon
SMARCAD targeting is at least in part caused by karyotype abnormalities, especially cohesion defects,
and possibly also by a putative replication defect due to defective chromatin compaction as well as
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dysregulation of gene expression pattern of the key hematopoietic lineage restricted transcription
factors. Interestingly, the nuclear changes after 55 deletion such as polyploidy were also described
in other cell lines of hematologic origin [1,3] but not as a result of Smarcab deletion of developing
brain or eye lens [4,5]. Similar evidence was noted upon experimental manipulation with cohesin
complex members; for example, the nonsense mutations in STAG2 {generated in the THF1 AML
cell line) led to defects in sister chromatid cohesion and induced anaphase defects, which resulted
in proliferation blockade [25]. Important connections between replication and cohesion have been
established in the HeLa tumor cells, in which the interfering with replication affected chromatid
cohesion and caused a defect in mitotic progression [26]. Others suggested that cohesion defects
depend on a functional mitotic spindle checkpoint in regulating mitotic progression [27]. It seems that
the strategy of inhibiting SMARCAS in AML to block leukemogenesis becomes even more vital as
shown recently using inhibitors of SMARCAS5 (ED2-AD101) that target the HELICc-DExx domain to
release the terminal AML cells into differentiation while sparing normal hematopoiesis in preclinical
animal models [28]. Our work also suggests that upon inhibiting SMARCAS-mediated proliferation of
AML cells, we also can face the problem of inhibiting proliferation of normal cells. Further work in
this respect on experimental animals is under way. An additional strategy to inhibit AML cell growth
specifically could be to target the SMARCAS exonb in AML cells by CRISPR/Cas9 as evidenced by
the herein presented data. Data from global CRISPR/Cas9 screen identified that SMARCAS targeting
was very efficient and caused cell growth inhibition in several additional AML cell lines (OCI-AML2,
OCI-AML3) and also in lymphoma and carcinoma cell lines [21]. Together, our as well as others’ data
demonstrate that SMARCADG is a valuable epigenetic target suitable for inhibitor discovery projects
and subsequent validation in MDS/AML and potentially also in other types of cancer.

4, Materials and Methods

4.1. CRISPR Vector Design

pX330-Venus (kindly provided by Dr. Bjoern Schuster) produces CRISPR/Cas9 enzyme
that cleaves at a specific location based on sequence guide sgRNA defined target
sequences in SMARCAGS intrond (5/-TTCTTACGTTACCCATATACTGG-3) and SMARCAS intronb
(5"-ATTTATCATATTTTCAGCGATGG-3"). CRISPR/Cas9 enzyme is also fused with fluorescent protein
mVenus, that enables selection of successfully transfected clones by FACS sorting. The DNA sequences
for the sgRNA SMARCAS5 intrond and sgRNA SMARCAS intron5 were synthesized by Sigma-Aldrich
as four oligonucleotides with modifications at position 1 (to encode a Guanine due to the transcription
initiation requirement of the human U6 promoter). These two pairs of complementary oligos were mixed
together, boiled at 95 °C for 10 min, and allowed to cool down to RT to hybridize. Double-stranded
oligos also designed with complementary Bbsl overhangs on 3" and 5’ ends were ligated into Bbsl
linearized pX330-Venus vector using T4 Ligase enzyme (Thermo Fisher Scientific, Waltham, MA, USA).
Ligation mixtures were transformed into Subcloning Efficiency DH50 Competent Cells (Invitrogen,
Carlshad, CA, USA) following the manufacturer’s protocol. pX330-Venus sgRNA hSMARCAS
intron4 and pX330-Venus sgRNA hSMARCADS intron5 were isolated and purified by GenElute HP
Plasmid Midiprep kit (Sigma-Aldrich, 5t. Louis, MO, USA) and correct oligo insertion verified by
Sanger sequencing.

4.2. Cell Lines

K562 cells (ATCC, Manassas, Virginia, USA) were cultured in 90% Iscove’s Modified Dulbecco’s
Medium supplemented with 10% fetal bovine serum and 1% penicillin/streptomycin. NB4, SKM-1,
and MOLM-13 were cultured in 90% RPMI-1640 medium (Sigma-Aldrich), OCI-M2 in 80% Iscove’s
Modified Dulbecco’s medium (Biosera, Kansas City, MO, USA) at 37 °C and 5% CO2. The media
were supplemented with 10-20% fetal bovine serum (Biosera) and 1% penicillin/streptomycin (Biosera).
Cell lines were purchased from DSMZ. Both pX330-Venus sgRNA SMARCASB intron4 (1 ug) and
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px330-Venus sgRNA SMARCAS intron5 (1 pug) were transfected into 2.5 % 10° K562 cells using Amaxa
Cell Line Nucleofector kit (Lonza, Basel, Switzerland) and 1 x 106 K562 cells using Neon Transfection
System 10 uL Kit (Invitrogen). Cells were cultivated for 48 h, Venus-positive cells sorted on BD FACS
Aria Fusion and divided to form single cell clones on 96-well plates. DNA from growing clones was used
as a template for PCR with the following primers: forward 5-GAGATGGAGGGCTACACTGTG-3"and
reverse 5'-GACATTCCCAAAGTCATCTAGCAG-3'. The resulting amplification produced 1175 bp
fragment from wild-type and approximately 632 bp long fragment from CRISPR/Cas9 edited allele
of the SMARCAS5 gene. Cell smears (0.5-1 x 10° cells) werte fixed with methanol and stained with
May-Griinwald solution {mixed 1:1 with distilled water, Penta, Limassol, Cyprus) for 5 min and
Giemsa—Romanowski solution (mixed 1:13 with distilled water, Penta) for 12 min. Cell Proliferation
Reagent WST-1 (Roche, Basel, Switzerland) was used following manufacturer’s protocol starting from
day 0 with seeding 0.5 x 104 cell/100 uL/well in triplicates and continued by daily measurement
of absorbance at 430 nm on microplate reader Infinite 200 PRO (Tecan, Minnedorf, Switzerland).

Cells were simultaneously counted by Luna Automated Cell Counter (Logos Biosystems, Dongan,
South Korea).

4.3. AML Patients and Statistics

RINA-Seq data sets from AML patient samples were previously described including the informed
consent and ethical issues [29-31]. Reads were mapped with STAR aligner version 2.7.2d using GRCh37
reference and annotation version 32 from GENCODE (www.gencodegenes.org). Reads were counted
using FeatureCounts version 1.6.5, normalized to transcripts per million (TPM) and log?2 transformed.
Log-rank test was performed in survival analysis, Wilcoxon test was used to assess differences in
gene expression.

4.4. Real-Time gPCR

Total RNA from wild-type (n = 10) and knockout (n = 5) K562 clones was isolated
by TRIzol Reagent (Invitrogen) and reverse-transcribed by High Capacity ¢cDNA Reverse
Transcription kit (Thermo Fisher Scientific). Quantitative PCR was run in triplicates on
LightCycler 480 (Roche) using LightCycler 480 SYBR Green I Master (Roche) and specific primers
for human SMARCAS5 (forward primer 5-AACTTACTATCCGTTGGCGATT-3/, reverse primer
5-GGTTGCTTTGGAGCTTTCTG-3) and GADPH (forward 5'-AGCCACATCGCTCAGACAC-3,
reverse primer 5’-GCCCAATACGACCAAATCC-3") gene. Ct values served for fold-change calculation
using 2-AACt equation. Student’s {-test was used for statistical analysis.

4.5. Western Blot

Wild-type and S5KO K562 clones (1 x 10E7) were lysed in RIPA Buffer (Sigma-Aldrich)
supplemented with protease and phosphatase inhibitors (Roche). Denatured cell lysates were run on
1 mun thick 10% SDS-PAGE gel (40 pg/lane) in Mini-Protean Electrophoresis system (Bio-Rad, Hercules,
CA, USA) and semi-dry-blotted onto PVDF membrane (Bio-Rad) using Trans-Blot Turbo transfer
system (Bio-Rad). PYDF membrane was blocked for 1h in 5% nonfat milk in 1x TBS/0.1% Tween-20 and
incubated with primary antibodies: Snf2h/ISWI (Bethyl Laboratories Inc., #A301-017A-1, Montgomery,
TX, USA) and -actin (Santa Cruz Biotechnology, #sc-1616-R, Dallas, Texas, USA) overnight at 4 °C.
Horseradish peroxidase-conjugated secondary antibodies (anti-rabbit, anti-goat) visualized bands
using Pierce ECL Western Blotting substrate (Thermo Fisher Scientific).

4.6. Cytogenetics

Standard cytogenetic methods published previously [10,11] were used for preparation of slides,
with few modifications. Briefly, the K562 cells were synchronized with colcemid (10 pl/mL) at 37 °C
and hypotonized in 0.075 M KCl for 20 min. The cells were then fixed in three changes of cold Carnoy’s
fixative (ethanol: glacial acetic acid, 3:1) and dropped onto a slide inclined at an angle of 45 degrees

100



Int. . Mol. Sci. 2020, 21, 2073 110f13

from a height. The chromosomal preparations were air-dried overnight and stained using 5% Giemsa
blue solution (Sigma-Aldrich) prepared in standard Sorenson buffer. Preparations were inspected
under a light microscope BX43 (Olympus, Seny, Shinjuku, Japan) with microscope camera Infinity 2-2
(Lumenera, Ottawa, ON, Canada). Selected plates were photographed under a 100x immersion oil
objective using software QuickPHOTO CAMERA 3.1 (Olympus).

4.7. Hematopoietic Reconstitution

For hematopoietic reconstitution experiments, 2.5 x 106 fetal liver cells isolated from E13.5 control
(Smarca5%*+ Rosa26°YFF/*+ Vav1-iCRE) and SmarcaS-deficient (Smarca5%~ Rosa26°YF/+ Vav1-iCRE)
with C57Bl/6] Ly5.2 background were transplanted into lethally irradiated (7.5 Gy) adult (8 weeks)
C57Bl/6] Ly5.1 recipients. After 12 days, the recipients were euthanized, and their bone marrow and
spleen were tested for the presence of donor-derived eYFP+ hematopoietic cells using flow cytometry.
The antibody panel included CD45.1, CD45.2, ¢-Kit, Scal, and lineage cocktail (CD3, B220, Mac-1,
Gr-1, Ter119).

4.8. Analysis of S5KO MEF Cells

SEKO MEF cells (n = 3) were isolated from E14.5 embryos, in which the Snmrcab gene contained
the LoxP1 sites upstream and downstream of exon5 and also expressed Cre Recombinase-Estrogen
receptor fusion protein that translocated into the nucleus upon addition of 4O0HT into the cultures
for 6 h. Deletion of Smarcab-exon5 represents a null allele [2]. Production of stable MEF cells was
enabled by concurrent deletion of Tp53 gene [32]. Gene targeting of the Smarca51o¥lox Cre_Esrl cells
upon 4OHT addition was confirmed by previously published detection methods [2]. Analysis of cell
proliferation of MEFs was determined by IncuCyte (Sartorius, Gottingen, Germany) that enables
analysis in 96 wells under real-time continuous visualization and monitoring.
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SNF2H Sucrose Nonfermenting Protein 2 Homolog
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Abstract: Smarca5, an ATPase of the ISWI class of chromatin remodelers, is a key regulator of chro-
matin structure, cell cycle and DNA repair. Smarca5 is deregulated in leukemia and breast, lung
and gastric cancers. However, its role in oncogenesis is not well understood. Chromatin remodelers
often play dosage-dependent roles in cancer. We therefore investigated the epigenomic and pheno-
typic impact of controlled stepwise attenuation of Smarca5 function in the context of primary cell
transformation, a process relevant to tumor formation. Upon conditional single- or double-allele
Smarca5 deletion, the cells underwent both accelerated growth arrest and senescence entry and
displayed gradually increased sensitivity to genotoxic insults. These phenotypic characteristics were
explained by specific remodeling of the chromatin structure and the transcriptome in primary cells
prior to the immortalization onset. These molecular programs implicated Smarca5 requirement in
DNA damage repair, telomere maintenance, cell cycle progression and in restricting apoptosis and
cellular senescence. Consistent with the molecular programs, we demonstrate for the first time
that Smarca5-deficient primary cells exhibit dramatically decreased capacity to bypass senescence
and immortalize, an indispensable step during cell transformation and cancer development. Thus,
Smarca5 plays a crucial role in key homeostatic processes and sustains cancer-promoting molecular
programs and cellular phenotypes.

Keywords:
non-homologous end-joining; senescence; ATAC-seq; RNA-seq; MEF

Smarca5; Snf2h; cell immortalization; cell cycle; homologous recombination;

1. Introduction

Chromatin remodeling is a quintessential step for all DNA-associated core cellular
processes, many of which determine key cell fate decisions, including those implicated in
cancer onset and evolution [1]. The role of chromatin remodeling in cell transformation and
cancer development has been of increasing interest over the last decade [2-5], and various
chromatin remodelers have been intimately linked to carcinogenesis [6—12]. Findings from
large-scale epigenomics and transcriptomics studies highlight the frequent mutation or
deregulation of chromatin remodelers in cancer [8,13], suggesting that aberrant chromatin
remodeling plays an important role in cancer development. Four major classes of chromatin
remodelers are described [14], each containing a conserved core Snf2 helicase [15] that uses
the energy from ATP hydrolysis to disrupt the contacts between histones and DNA [16,17].
One such ATPase, belonging to the highly conserved ISWI family of chromatin remodelers,
is Smarca5 [18]. It plays an important role in nucleosome assembly and spacing and
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contributes to processes involved in cell fate decisions, including DNA replication [19],
repair [20-22] and transcription via all three classes of RNA polymerase [23].

Smarcab is frequently overexpressed in different cancer types, including glioma [24],
leukemia [25], breast [26,27] and gastric [28] cancer. In contrast, Smarca5 loss in cancer cell
lines {(by depletion using siRNA) [29] and in murine hematopoietic, progenitor cells [30]
as well as murine oocytes [31] using complete knockout has been shown to negatively
impact cell proliferation [29,30]. Smarcab deletion is embryonically lethal in mice and
the derived embryonic cells [32]. Loss of Smarcab also impacts sensitivity to radiation
exposure [33] and gene expression of DNA repair genes [24,30]. It also causes chromosomal
aberrations [34], indicative of genomic instability [35]. Hence, Smarca5 has a major impact
on pathways involved in cell transformation, cancer development and evolution. However,
these changes have not been investigated and reported in terms of Smarca5 dosage vari-
ation and may provide important insights into its function. This is particularly relevant
because chromatin remodelers often have a dosage-sensitive role in the genesis of human
cancer [8]. To address this, we assessed for the first time the effects of gradual Smarca5
decrease in a model of primary cell immortalization based on primary mouse embryonic
fibroblasts (MEFs) using single and double allele knockout. The rationale for using this
model is two-tiered. Firstly, the consequences of Smarcab knockout or kneckdown are
frequently studied in transformed cell lines [29,36], which are not ideal for studying the
early stages of cell transformation. In addition, available knowledge on Smarca$ molec-
ular targets and functions in primary cells comes from embryonic stem cells [37,38] in
the context of development and not oncogenic cell transformation. Primary MEFs are a
validated model for investigating early steps of cell immortalization and transformation
via cellular senescence bypass, during which they closely recapitulate molecular programs
and events observed in human cancers [39-43]. Secondly, due to the pronounced effects of
complete Smarca5 loss on phenotype, it is challenging to dissect phenotypic and molecular
alterations caused by Smarcab loss from changes ohserved due to compromised cellular
fitness in the double-knockout cells. Thus, focusing only on the molecular and phenotypic
changes common to both single and double allele knockout cells can overcome this issue.
Using massively parallel sequencing, we studied the effects of gradual loss of Smarca5 on
global chromatin accessibility and gene expression programs, two key processes controlled
by Smarca5 [23,44,45]. Smarca5 loss in the primary cells affected gene regulation programs
involving DNA damage repair, DNA replication, telomere maintenance, chromosomal seg-
regation, apoptosis and cell aging. Complementing the gene regulation analyses, functional
studies of the cell phenotype cutcomes upon Smarca5 loss revealed increased susceptibility
of the primary cells to chemical mutagens and severely decreased cell immortalization
potential. By integrating comprehensive analyses at the molecular as well as phenotypic
levels, our study delineates the critical role of Smarcab in primary cell fitness and the early
stages of the cancer-like process of primary cell immortalization, characteristics relevant to
cancer onset and evolution.

2. Materials and Methods
2.1. Genetically Modified Mice

Smarca5? allele contains two loxP1 sites flanking the exon 5 of the Smarca5 gene. Cre
mediated recombination of Smarce5? allele causes removal of the region critical for enzy-
matic activity of Smarca5 as well as produces a frameshift mutation resulting in disruption
of Smarcab protein expression. Smarcab was produced in our laboratory as previously
described [30]. The murine strain expressing a tamoxifen-inducible Cre Recombinase-
Estrogen receptor (Cre-Esrl) fusion protein [B6.Cg-Tg(CAG-cre/Esr1*)5Amc/], Stock
No: 004682] was purchased from The Jackson Laboratory (Bar Harbor, ME, USA) [46].
The reporter R26-stop-EYFP strain [B6.129X1-Gt{ROSA)26Sortm1(EYFP)Cos/J, Stock No:
006148] was kindly provided by Dr. Vladimir Korinek. Mice were maintained in indi-
vidually ventilated cages with unlimited supply of water and food as well as regular
bedding exchange. All experiments met criteria approved by Czech ministry of agricul-
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ture and committee for experimental animals. For the genotyping of mice, we isolated
genomic DNA from tail tips and performed PCR using Sapphire Amp Fast PCR Master
Mix (RR350A, Takara Bio, Kusatsu, Shiga, Japan) with following primers: S5fl-fwd: 5'-
ACTGAGGACTCTGATGCAAACAGTCAAG-3, S5fl-rev: 5 -TACACAACTAAGGCAGTG
GGTTATAGTGC-3, S5del-fwd: 5-GTGCAAAGCCCAGAGACGATGGTATG-3' (with S5fl-
rev, for identification Cre recombined S5l allele), Cre-fwd: 5-ACCAGGTTCGTTCACTCAT
GG-3/, Cre-rev: 5-ACGGGCACTGTGTCCAGACC-3, EYFP-fwd: 5-AAGACCGCGAAGA
GTTTGTC-3, EYFP-rev: 5- AAAGTCGCTCTGAGTTGTTAT-3'.

2.2. Mouse Embryonic Fibroblast Isolation and Maintenance

Smarca5” mice were crossed with Cre-Esrl and R26-stop-EYEP strains to obtain
parental lineages with suitable genotypes for following breeding and MEF isolation. Preg-
nant female mice at 14th day post-coitum were sacrificed, washed with 70% ethanol and
transferred into flow box. From each mouse, both uterine horns were isolated, quickly
washed with 70% ethanol and placed into Petri dish with PBS. Embryos were separated
from placenta and extra-embryonic tissues and then transferred into 12-well plate. Head
and organs of each embryo were carefully removed and used for genomic DINA isolation
and genotyping. The rest of the body was washed in PBS, finely minced using razor
blade and incubated with 1 mL 0.05% trypsin/0.02%EDTA/DNAse I (100U) solution
for 15-20 min at RT in 35 mm sterile dishes. After the embryonic tissue was dissoci-
ated, the resulting cell suspension was resuspended in MEF culture medium (DMEM
containing 4.5 g/L glucose without phenol red supplemented with 10% FBS, 1% Penicillin-
Streptomycin, 1% non-essential amino acids, 2 mM L-glutamine). The suspension from
each embryo was individually plated to the 0.2% gelatin-coated 10-centimeter petri dish
and incubated at 37 °C, 5% CQOs. After the fibroblasts were attached to the surface of the
culture dish (within approximately 30-60 min), they were washed twice with warm PBS
and cultured in MEF medium in incubator until they reached 80% confluence. All fibroblast
cultures were then frozen in MEF medium containing 20% FBS and 10% DMSO and kept in
liquid nitrogen until the genotyping results were known. Since Cre-Esr1 fusion construct is
activated by presence of phenol red in culture media, the MEF cells were strictly maintained
in media without this dye.

2.3. Cell Culture

MEFs were grown in DMEM culture medium without phenol red (Sigma-Aldrich,
5t. Louis, MO, USA). Cell count and viability were measured using trypan blue staining
and Bio-Rad TC20 automated cell counter. For conditional deletion of Smarcab? allele,
4-Hydroxytamoxifen (4-OHT) (100 nM final, H6278, Sigma-Aldrich) was added for 6 h into
the medium. Successful activation of the Cre-Esr1 fusion protein was verified by comparing
EYFP positivity of 4-OHT treated and untreated cells using a CytoFLEX flow cytometer
{Beckman Coulter, Brea, CA, USA). Smarcab? allele deletion in the Cre-Esr1 activated cells
was analyzed by PCR from genomic DNA using S5del-fwd and 55fl-rev primers.

2.4. Immunoblotting

METs were collected, washed with PBS and lysed 30 min in lysis buffer (150 mM NaCl,
50 mM Tris-Cl pH 7.5, 0.4% Triton-X, 2 mM CaClp, 2 mM MgCly, 1 mM EDTA, 5 mM NaF
in dH;0) supplemented with 1 mM DTT, protease (TPCK, TLCK, PMSF) and phosphatase
inhibitors (NazVOy) and 25U/ uL non-specific DNA nuclease (Benzonase; SC-391121, Santa
Cruz Bitoechnology; Dallas, TX, USA) on ice. After 30 min, 2% 5DS solution was added
into each lysate in 1:1 ratio (final conc. of SDS 1%) and tubes containing protein lysates
were heated for 5 min at 95 °C. Protein lysates were then cleared by centrifugation at
16,000 g, 10 min, 4 °C and subjected to bicinchoninic acid assay (Thermo Fisher; #23228,
Waltham, MA, USA) in order to determine total protein concentration. 20 pg of the protein
was resolved on SDS gradient 4-15% Mini-PROTEAN TGX Precast Protein gels (Bio-Rad
Laboratories, Basel, Switzerland) and semi-dry transferred by Trans-Blot Turbo Transfer
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System (Bio-Rad Laboratories) using manufacture’s settings to PVDF membrane (Bio-
Rad Laboratories; #162-0177). Primary antibodies used were anti-Smarca5 (1:1000; Bethyl
Laboratories; A301-017A, Montgomery, TX, USA), anti-p21 (1:1500; 5C-6246; Santa Cruz
Biotechnology, Dallas, TX, USA) and anti-GAPDH (1:2500; Sigma-Aldrich; HPA040067).
After overnight incubation with primary antibody, membranes were washed 3 x 10 min
with TBST and stained 1h with peroxidase-conjugated donkey Anti-Rabhit IgG secondary
antibody (1:10,000; ab20662; Abcam, Cambridge, UK) for anti-Smarcab, donkey Anti-Rabbit
IgG secondary antibody (1:10,000; 711-036-152; Jackson ImmunoResearch, Ely, UK) for
anti-GAFDH and donkey Anti-Mouse IgG secondary antibody (1:10,000; 715-036-150;
Jackson ImmunoResearch) for anti-p21 primary antibody. Protein signal was visualized
using Pierce™ ECL Western Blotting Substrate (Thermo Fisher; #P132106) and detected and
quantified with the ChemiDoc Imaging System (Bio-Rad Laboratories).

2.5. Detection of Cellular Senescence

MEFs were plated in 35-millimeter well plates and cultured as described above. The
senescence detection was carried out for each studied cKO genotype between 96 h and
passages 7-9 when the cells exhibited typical senescent morphology (enlarged cell size,
doubled nuclei), by using the Cellular Senescence Assay Kit (Merck; KAA002, Darmstadt,
Germany) which detects the pH-dependent senescence-associated B-galactosidase (SA-
B-gal) activity. The resulting blue cell staining was recorded by brightfield microscopy
(Primovert, Zeiss, Jena, Germany)/digital photography. The standard manufacturer’s
(Merck; KAA002, Darmstadt, Germany) protocol and instructions were used without
any modifications.

2.6. ATAC-Sequencing and Data Analysis

The cells were harvested four days after induction with 4-OHT and ATAC was per-
formed on 7.5 x 10% cells, in replicate for each condition, using a previously established
protocol [47]. Transposase enzyme and Illumina compatible primers and barcodes for
multiplexing were used as described earlier [48]. Multiplexed libraries were sequenced
as 75 bp paired-end reads on the lllumina NextSeq 500 sequencer. Reads in FASTQ files
were analyzed for data amount and quality using FastQC (v0.11.9) and trimmed with
Trim Galore (cutadapt 0.6.4_dev, https:/ / githuh.com /FelixKrueger / TrimGalore (accessed
on 24 September 2019)), then mapped on the mouse mm10 genome using the Burrows—
Wheeler Aligner (0.7.15) [49]. Duplicate reads were flagged by samblaster (v0.1.24) [50], and
the aligned reads further underwent base quality score recalibration and indel realignment
with the corresponding tools from GATK (v3.8) [51]. The Nextflow pipeline used is avail-
able at https://github.com /TARCbioinfo/alignment-nf., An average of 44 million reads
was sequenced per sample. Model-based analysis of ChIP-seq (MACS2) [52] was used to
call peaks within each sample, and a reproducible set of peaks between duplicates was
defined with IDR [53] (irreproducible discovery rate). These sets were used as input for the
DiffBind R/bioconductor package (Differential binding analysis of ChIP-Seq peak data), in
which they are merged and reduced to the same size (200 bp on each size from the summit).
Reads are counted in each sample for each peak of this global peak set, and this count is nor-
malized with DESeq2 (Differential gene expression analysis based on the negative binomial
distribution) native normalization method (referred to as DBA NORMALIZATION RLE
in DiffBind).

ATAC-seq peaks were annotated according to their genomic location (500 bp, 2 kb or 10
kb upstream of transcription start site (TSS), within gene body and /or overlapping exons)
based on GENECODE annotation [54], with closest gene name (from peak center to TSS),
replication timing information [55] (https://www2.replicationdomain.com/index.php,
accessed on 5 October 2021) and candidate cis-regulatory element information [56] (https:
/ /screen.encodeproject.org/, accessed on 3 February 2021) including histone mark and
CTCF binding information. Peaks were assigned to genes as described by lurlaro et al. [37],
except only the capture Hi-C interactions [57] common to hoth embryonic stem cells
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and fetal liver cells were used, assuming that promoter interactions comimon to both the
pluripotent and the committed fetal cells are non-cell-of-origin specific and thus likely to
be more relevant to MEFs than those exclusive to either of them. Using this approach, we
assigned about 60% of the identified ATAC-peaks to genes.

2.7. Motif Analysis

Fold-change was calculated for differentially accessible ATAC peaks by dividing
the average normalized count for the single or double allele knockout by the average
of the normalized count for the corresponding wildtype. The MOtif aNAlysis with Lisa
(monaLisa) suite [58] (https://fmicompbio.github.io /monal.isa/articles/monaLisa.html,
accessed on 14 January 2022) was used to group the genomic regions into five bins based
on fold-change assigned to each region for the single and the double allele knockout
individually. Motif enrichments were then calculated for each bin and stability selection-
based regression approach was used to predict binding preferences of transcription factors
or nucleic acid binding proteins using min.score cutoff (=10} for motif detection.

2.8. RNA-Sequencing and Data Analysis

Experiment was performed in duplicates. 1 x 10% cells were resuspended in Trizol and
RNA was extracted using phenol-chloroform extraction [59]. RNA quality was assessed
using Agilent Tapestation 4200 and all samples exhibited RNA Integrity Number (RIN})
of 9.5 or higher. RNA libraries were prepared using KAPA Stranded RNA-seq kit with
KAPA RiboFrase (HMR) kit (Roche, Basel, Switzerland) to deplete rRNA. Multiplexed
samples were sequenced as 75 hp paired-end reads on the lllumina NextSeq 500 sequencer.
Reads were trimmed and aligned against the mm10 genome build with STAR; then the read
number per gene per sample was counted with htseg-count (using the Nextflow pipeline
described in https:/ /github.com/TARCbicinfo/ RN Aseg-nf, accessed on 18 February 2020).
An average of 34 million reads was sequenced per sample. The read count was normalized
using the normalization method based on median of ratios, i.e., counts divided by sample-
specific size factors determined by median ratio of gene counts relative to geometric mean
per gene, embedded in DESeq2 R/Bioconductor package [60].

2.9. Differential Analysis of ATAC Accessibility Domains and Gene Expression

The globally normalized value matrices for both ATAC-seq and RNA-seq data were
further normalized by dividing the average values of the two Smarca5-deficient replicates
by the average of their respective wild-type baseline values, followed by log transforma-
tion. The gradual differential changes from the single to the double allele knockout were
identified using Pavlidis Template Matching (PTM) analysis tool [61] within the TMeV
suite [62,63]. PTM allows statistically significant matching of the experimentally obtained
data profiles to predefined profile templates. In the used PTM settings, the wild-type
for each condition was treated as baseline with a value of 0.5 (a midpoint between the
minimum of 0 and maximum of 1). For ATAC-seq, the gradual changes were probed based
on a template following the Smarca5 genotype (allele) increments (100% to 50% to 0%) with
a p-value of 0.025, i.e, for the downregulated genes, the single allele knockout was set at
0.25 and the double allele knockout was set at 0. Following this logic, for the upregulated
peaks or genes, the single allele knockout was set at 0.75 and the double allele knockout
was set at 1. The differential gene expression changes were probed based on both genotype
and protein levels (100%-Wild-type to 69.8%-single allele knockout to 17.4%-double allele
knockout; see Figure 1C) with a template matching p-value of 0.05.

2.10. One-Way-ANOVA

A one-way ANOVA was also performed for the four replicate experimental groups
(two knockout types and their corresponding wildtype samples) at p-value of 0.05 (alpha
settings). The common events from PTM for the gradual upregulation based on genotype
were subtracted from the resulting ANOVA-identified gene list. The same was done
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for downregulated genes based on genotype to obtain an ANOVA exclusive gene list
comprising of residual reproducibly modulated genes that follow patterns not overlapping
with those corresponding to the gradual increase or decrease along with the shift from the
single-allele to the double-allele knockout.

2.11. Pathway and Network Analysis

A union of the genotype and protein-level based differential expression gene lists
obtained by PTM was created. Upregulated and downregulated genes were individu-
ally analyzed by the functional annotation tool of DAVID v6.8 [64]. Deregulated and
differentially regulated genes were probed for gene ontology (GO BP, GO ME, GO CC)
and functional annotations with an EASE score of 0.1. Differentially regulated genes
were overlapped with custom-built lists of cancer drivers or epigenetic regulator genes
(ERGs) [13]. We curated the cancer driver gene list by combining information from Cancer
Gene Census [65], IntOgen database [66] and Cancer drivers as defined by Bailey et al. [67].
The derived list was converted to orthologous mouse genes using Ensembl BioMart
(https:/ /www.ensemblorg /biomart/martview /, accessed on 20 April 2021). Network
analysis using GeneMANIA [68] was performed on the deregulated cancer drivers and
ERGs using the tool’s default parameters. From the available GeneMANIA network
categories [68], interactions based on co-expression, physical interaction (based on protein-
protein interaction data), genetic interaction and co-localization were included. In addition,
when sufficient interactions were not available for these mentioned network categories,
predicted interactions were included.

2.12. MTS Assay

Cells were plated in 96-well plates in triplicates and exposed to a range of doses
of aristolochic acid-I (AA) for 24 h and methylnitronitrosoguanidine (MNNG) for 2 h.
Metabolic activity of the cultures, as a proxy for cell viability, was measured using CellTiter
96 AQueous One Solution Cell Proliferation Assay (Promega, Fitchburg, W1, USA). Plates
were incubated for 2h at 37 °C and absorbance was measured at 492 nm. The percentage of
viable cells in the carcinogen-exposed cultures was expressed relative to that of unexposed
control cells, which was set to 100%.

2.13. Senescence Bypass and Immortalization

Twenty-five independent MEF cultures (T75 flasks) for each of the 4 conditions, i.e.,
4-OHT induced and the corresponding un-induced wild-type cells, were cultured until
the cells underwent growth arrest and cellular senescence. Cell count and viability were
measured using trypan blue staining and Bio-Rad TC20 automated cell counter. This period
of cellular senescence typically lasts several weeks [40]. Senescence onset and bypass were
assessed by plotting growth curves for each culture, as population doublings against
number of days in culture [69]. This extensive experiment was repeated and validated
twice more using ten and six independent MEF cultures for each condition, respectively.

3. Results
3.1. Loss of Smarca Deregulates Global Chromatin Accessibility and Gene Expression

The Smarca5 double allele knockout has profound phenotypic effects [30]; therefore,
we developed single allele knockout MEFs to allow us to inspect dosage-specific molecular
and phenotypic changes associated with gradual Smarca5 loss. Floxed Smarcab single
(cS51/%Yy and double allele (cS58/8) MEFs (Figure 1A}, in conjunction with conditional Cre-
mediated recombination, were used to generate a Smarcab frame-shift null mutation [30]
upon induction with 4-OHT. The same cells without the 4-OHT induction were used as
corresponding wild-type controls. The Smarcab deletion status of the MEFs was confirmed
by PCR and flow cytometry (Figure 1B,D and Supplementary Figure S1A). We assessed the
Smarca5 protein levels by immunoblotting and observed about 17% of residual protein in
double allele knockout cells in the bulk culture compared to the wild-type samples 96 h
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after deletion. The single allele knockout cells expressed about 70% of residual protein at
the same time point (Figure 1C). Thus, the conditional knockout MEFs exhibited a gradual
decrease in gene and protein dosage from wild type to single and single to double allele
knockout cells. Since Smarca5 protein levels in the double allele knockout cells are largely
diminished 96 h after induction of deletion, we investigated genome-wide molecular
changes four days after the knockout (Supplementary Figure S1B). At this time point, the

knockout cells remain mostly viable (>90% viability).
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anti-Smarca5 antibody reveal protein level depletion over time (48 h and 96 h} in the 4OHT induced,
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To study the effects of loss of chromatin remodeler Smarcab on global chromatin acces-
sibility, we used ATAC-seq, a technique that allows genome-wide identification of accessible
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sites using a hyperactive transposase [48]. RINA-seq was used in parallel to assess gene
expression changes, another key process controlled by Smarca5 [45]. We first inspected the
obtained ATAC-seq and RNA-seq data for quality and reproducibility between replicates
{Supplementary Figure S1C,D) and then performed differential peak calling and expression
analysis on the datasets. All described analyses were carried out specifically considering
the gradually decreasing Smarcab doses between single and double knockout cells, i.e., only
those differential changes in chromatin accessibility and gene expression that manifested
in the same direction (up or down) in both genotypes and reflected the gradual change
of Smarca5 doses (smaller differential change in single allele knockout, larger differential
change in double allele knockout) were considered for interpretation. This strategy not only
minimized the inclusion of changes attributable to compromised cellular fitness observed
in the double allele knockout MEFs but also allowed us to focus on molecular changes
that are Smarca5 dosage-dependent. For RINA-seq, the directional analysis was carried
out using either genotypic (Supplementary Tables 51 and 52) or protein-based dosage
determined in Figure 1C (Supplementary Tables S3 and S4) (see Section 2). A one-way
ANOVA was also performed to identify all statistically meaningful differential changes,
from which the above-mentioned genotypic dosage-dependent changes were subtracted.
This resulted in an additional 805 differentially expressed genes that are provided in the
Supplementary Materials (Supplementary Table S5). These genes, however, had a distinct
and varied profile behavior and were thus not considered and biologically interpreted in
association with targeted probing of Smarca5 dosage-dependent molecular programs.

ATAC-seq analysis revealed thousands of regions following a dosage-specific pattern
of either increased (Figure 2A, Supplementary Table 56) or decreased chromatin accessi-
bility (Figure 2C and Supplementary Table 57). We noticed a slightly higher number of
regions that gained accessibility (higher accessibility sites: HAS) compared to those with
decreased accessibility (lower accessibility sites: LAS). Motif analysis of LASs with the
highest fold-change revealed enrichment of, among others, the CTCF and FOS:JUN motifs
in the single allele knockout cells (Supplementary Figure 52, Binl). This is in keeping with
the established role of Smarca5 in facilitating CTCF chromatin binding [45]. Interestingly,
LASs with the highest fold-change in the double allele knockout show enrichment for
only FOS:JUN binding motifs (Supplementary Figure 53, Binl), indicative of increased
deregulation of cell proliferation and stress response [70,71] with stepwise loss of Smarca5.
Differential gene expression analysis on the replicates also revealed more than a thousand
genes exhibiting gradual deregulation (up- or downregulation) (Figure 2B,D and Supple-
mentary Tables 51-54). These findings indicate massive chromatin and transcriptomic
remodeling following the loss of Smarca5.
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Figure 2. Epigenomic and transcriptomic remodeling upon the gradual loss of Smarca5. (A) Heatmap
showing differentially accessible ATAC peaks displaying higher accessibility in the knockout cells,
p-value—0.025. Notice the gradual increase in accessibility from the single allele knockout (cS571/"t,
4-OHT) to the double allele knockout (cS51/fl, 4-OHT) compared to their respective wildtypes (WT),
HASs = higher accessibility sites. (B) Heatmap showing gradually upregulated genes from single to
double-allele knockout MEFs, p-value-0.05. DEGs = differentially expressed genes. Notice the gradual
increase in gene expression from ¢S51/%!, 4-OHT to the ¢$571/f, 4-OHT compared to their respective
wildtypes. (C) Heatmap showing differentially accessible ATAC peaks displaying lower accessibility
in the knockout cells, p-value-0.025. Notice the gradual decrease in accessibility from the single allele
knockout to the double allele knockout. LASs = lower accessibility regions. (D) Heatmap showing
the gradually downregulated genes in the knockout cells, p-value-0.05. (E) Gene Ontology pathways
(GO) in upregulated genes as interrogated by DAVID. Text in red shows events (pathways/genes)
common in both chromatin accessibility and gene expression dataset as inspected by ATAC-seq and
RNA-seq. (F) GO pathways in downregulated genes as interrogated by the DAVID tool (human
orthologue gene symbols are shown as a default output of DAVID). Text in red font shows events
(pathways/genes) common to both chromatin accessibility and gene expression datasets. WT = cells
untreated with 4-OHT; log2 FC-log2-transformed fold-change from the WT baseline condition; R1,
R2 = experimental replicates 1 and 2.

3.2. Loss of Smarca5 in Primary Cells Leads to Dosage-Specific Deregulation of Pathways Involved
in Cell Proliferation and Genomic Stability

To better understand the biological pathways affected by this major Smarca5 dosage-
specific transcriptional reprogramming, a union of gradually deregulated genes based
on the gene and protein dosage (see Section 2) was interrogated for Gene Ontology (GO)
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attributions. This analysis revealed marked enrichment of gradually downregulated genes,
from single to double allele knockout, involved in various aspects of cell proliferation.
We also observed enrichment for genes involved in the maintenance of genomic integrity,
including the major DNA damage repair pathways (nucleotide excision repair, base excision
repair, double-strand break repair via homologous recombination and non-homologous
end-joining (Supplementary Table S8). Similarly, genes involved in nucleosome remodeling,
chromatin organization and histone modification were affected. The datasets were also
probed for KEGG and BIOCARTA pathways and we observed an enrichment of similar
biological pathways (data not shown). To further support our findings, we interrogated the
deregulated genes using EnrichR, the results of which were largely in agreement with the
observations described above (data not shown). For upregulated genes, GO annotation
revealed Smarca5 dosage-dependent enrichment of processes related to cell stress and
cell death including autophagy, apoptosis and negative regulation of cell proliferation
(Supplementary Table 59). This is in line with the enrichment of FOS:JUN motifs in LASs
in the knockout cells (Supplementary Figures 52 and 53). In addition, upregulated genes
were found involved in Cytokine response and a number of signaling pathways, including
Wnt, MAP kinase, mTOR, p53 and Ras signaling. A total of 50 p53 targets (Supplementary
Tahle 510) [72] were induced in the knockout cells (Figure 3A), which further validates the
cellular stress response in the absence of Smarca5. We also observed enrichment of cell
aging/cellular senescence, including the Trp53-Cdknla/p21 pathway. This is consistent
with the increased levels of p21 at the mRNA and protein levels (Figure 3B), deregulation
of senescence and cell cycle exit markers (Figure 3C) and increased SA-P-gal activity
(Figure 3D).

We noticed that the expression of many genes involved in chromatin and epigenetic
regulation was altered upon gradual Smarcab loss. Therefore, we took advantage of a
previously curated list of epigenetic regulator genes (ERGs) [13] that write, modify/revert
and read epigenetic modifications in the cell to cross-reference them with the deregulated
genes identified in expression analysis. Numerous ERGs were deregulated in primary
MEFs upon Smareab inactivation (Supplementary Table 810). Network analysis of the
deregulated ERGs (Supplementary Figures S4 and 85), using GeneMANIA [68], confirmed
their involvement in processes already identified by the GO analysis of all deregulated
genes (e.g., DNA damage response-downregulated; cell aging—upregulated). More than
25 ERGs also exhibit differential chromatin accessibility changes upon knockout, including
Fbxol7, Smyd2 (Supplementary Figure 56).

Pathway analysis using genes that exhibit both differential accessibility and gene
expression revealed a set of phenotypically relevant and commonly deregulated pathways
between ATAC-seq and RINA-seq data (Figure 2E,F). If the analysis is extended beyond
differential ATAC peaks found in gene promoters/proximal elements (Supplementary Table
511), using gene enhancer interactions based on available Hi-C data [57], as described in the
methods, we find even more overlap between the two datasets. More than 180 differentially
accessible chromatin regions can be linked to deregulated genes, with concerted changes
in accessibility and gene expression (Supplementary Tables 512 and 513, Supplementary
Figures 56 and 57). Thus, we report for the first time a catalogue of gradually deregulated
genes and associated differentially accessible regulatory regions in the absence of Smarca5
that are linked to the disruption of major homeostatic pathways required for cellular fitness.
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Figure 3. Effects of Smarca5 loss on senescence markers and phenotypes. (A) Induction of 50 direct
P53 target genes upon treatment with 4-hydroxy-tamoxifen (4-OHT). (B) Immunoblotting and RNA-
seq analyses of p21/Cdknla, a p53-dependent inducer of senescence. (C) RNA-seq analysis of
senescence and cell-cycle exit markers. (D) Staining for senescence—associated SA-B-gal activity
observed in the 4-OHT-treated cultures (already at 96 h post-treatment for Smarca5 double-knockout
(cS5f1/1)). Scale bar = 100 pum.

3.3. Stepwise Allelic Knockout of Smarca5 Results in Dosage-Specific Effects on Cellular Fitness

Considering the above-described deregulated molecular programs, we characterized
Smarca5 single and double knockout primary MEFs with respect to their growth potential.
For this, the cells were cultured for an extended period of 35-40 days and growth curves
were generated (Figure 4A). The double knockout cells underwent growth arrest almost
immediately after 4-OHT induction, entering a prolonged phase of a cellular senescence-
like state (SLS), while the corresponding wild-type cells entered the SLS considerably
later (Figure 4A, right panel). This SLS is characterized by an almost complete absence
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of cell growth, low cell viability and SA-{3-gal activity (Figures 3D and 4) and is typical
for primary MEFs under stress conditions [40,73]. Analysis of the knockout cells revealed
the accumulation of SA-f-gal staining in the double allele knockout already four days
after Smarca5 deletion, in morphologically still pre-senescent cells (Figure 3D}, in keeping
with the accelerated induction of SLS shown in Figure 4. The SLS was also characterized
at the molecular level by inspecting levels of p21/Cdknla, a p53-dependent inducer of
senescence (Figure 3B), and senescence markers like cell-cycle exit marker Mki67 and p19
ARF or lamin Bl (Figure 3C). We observed concomitant gene upregulation (Figure 3A)
and increased accessibility of p53 targets like Dapkl, Igfbp3 and Bcl2l11 (Supplementary
Figure S7) in the knockout cells, further validating this SLS in response to the Smarcab loss.
The single knockout MEFs displayed growth cessation and SLS onset ten to fourteen days
after 4-OHT addition (Figure 4A, left panel), i.e., later than the double allele knockout MEFs
but slightly earlier than their corresponding 4-OHT un-induced, wild-type cells These
findings highlight dosage-dependent effects of Smarca5 on cell proliferation in extended
growth assays, in line with the deregulated cell cycle, senescence and apoptosis programs
identified by the molecular characterization of the cells.
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Figure 4. Impact of the stepwise Smarcad deletion on cell growth and cell viability upon genctoxic
insults. (A) Growth curve for the Smarca5 knockout MEFs when grown in culture for prolonged
periods of time, (left): single allele knockout, (right): double allele knockout. Red dotted lines
indicate the point of 4-OHT induction, arrowheads indicate the onset of senescence-like state (SLS).
(B) Cell viability of single and double allele knockout Smarca5 MEFs as measured by MTS assay upon
exposure to different doses of AA in triplicates (left) and MNNG (right). NOTE: p-values in (B) are
based on paired #-test for each genotype group.
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In the past, Smarca5 loss has been linked to DNA repair defects [20,74] and has been
studied in response to radiation damage [21,36,74,75]. In support of this, we found several
DNA damage pathways gradually deregulated in the primary MEF knockout cells. Thus,
we decided to study the impact of Smarcab dosage on the cells” sensitivity to genotoxic
insult as a substitute functional readout for their deregulation of DNA damage repair.
After deleting Smuarca5 allele(s), we exposed the cells to strong mutagens, namely AA and
MNNG, a potent environmental /iatrogenic mutagen and a research mutagenic compound,
respectively. AA induces ample TA to AT transversions via specific adduct formation while
MNNG, an alkylating agent, causes high rates of CG to TA transitions [41] The double
knockout cells showed the highest level of sensitivity to either exposure, displaying the
most prominent decrease in cell viability (Figure 4B). The single knockout cells also showed
higher sensitivity to mutagen exposure than the corresponding wild-type culture, but
the effect was less pronounced than in the double knockout cells (Figure 4B). To exclude
the possibility that the observed differences in cell viability are the result of underlying
(genotypic) differences between the single and the double allele knockout MEFs since
they are derived from different crosses, we directly compared the wild-type MEFs of the
two genotypes side-by-side, for all exposure doses (Supplementary Figure 58). We did
not observe major differences hetween the two wild types (Supplementary Figure S8A,B,
left panels). However, we did observe differences between the two knockout conditions
(Supplementary Figure S8A,B, right panels). This suggests that the differences in cell
viability between the single and the double allele knockout MEFs are likely due to changes
in Smarca5 levels rather than the baseline genetic make-up of the cells. In summary,
characterization of the single and double allele knockout MEFs revealed Smarca5 dosage-
dependent effects on cell growth, SLS onset and the sensitivity of the cells to mutagen
exposure.

3.4. Smarca5 Loss Impairs the Capacity of Primary Cells to Immortalize

Since Smarcab is overexpressed in different human cancers [24-26,28], we next asked
whether known cancer driver genes were deregulated in the obtained gene expression
and chromatin accessibility data. The cancer driver genes used for this analysis were
based on an in-house curated list from a set of seminal studies [65-67] as described in the
methods section. More than fifty cancer driver genes showed gradually altered chromatin
accessibility upon single and double-allele Smarca5 knockout and more than 100 driver
genes exhibited differential gene expression (Supplementary Table 510). Some cancer
drivers displayed hoth decreased accessibility and decreased mRNA levels, e.g., Breal, E2f7
and Myhl1 (Supplementary Figure S6), while others displayed increased accessibility and
associated mRNA upregulation, e.g., Msi2, Bace2? (Supplementary Figure 57). Network
analysis of these deregulated cancer drivers revealed a general trend for the downregulated
genes to be involved in processes important for cellular and genetic stability, such as
DNA damage repair, telomere maintenance and chromosome segregation (Supplementary
Table S8 and Supplementary Figure 59). The upregulated cancer drivers, in line with the
observed Smarcab dosage-dependent phenotypic outcomes, were principally involved in
processes including apoptosis and response to cellular stress (Supplementary Table 59 and
Supplementary Figure 510).

We observed the dosage-dependent deregulation of numerous cancer driver genes, as
well as of expression programs involving the gradual downregulation of proliferation and
upregulation of apoptosis and cellular senescence, as an immediate- or intermediate—early
response to Smarcab knockout induction in the primary MEFs. Based on this finding, we
set out to determine the long-term phenotypic impact of Smarca5 loss on cellular fitness
by taking advantage of the inherent ability of primary MEFs to bypass the prolonged SLS
phase, induced by internal (e.g., oxidative /replicative) stress that can be accelerated by
external stress factors (e.g., mutagen exposure), and to clonally immortalize (Figure 5A). To
address this, we designed a large-scale functional experiment, involving 100 individual
primary MEF cultures (Figure 5B). Twenty-five cultures each for the single and double allele
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knockout MEFs and the same number of corresponding un-induced wild-type cultures were
grown for several months until they either bypassed senescence or died in the process. The
loss of Smarca5 in MEFs resulted in accelerated growth arrestand senescent-like phenotype,
compared to the wildtype controls (Figures 4 and 5) [76]. Notably, the inherent ability of
MEEF cells to overcome senescence and immortalize was strongly compromised upon loss
of Smarcab in a dosage-dependent manner (Figure 5C). As expected, almost all wild-type
cultures were immortalized. Single knockout cells overcame the SLS far less efficiently
than wild-types and the double allele knockout MEFs rarely gave rise to immortalized
cell lines. This experiment was repeated two more times applying the same general setup
but using MEFs from different embryos and smaller numbers of individual cultures and
resulted in the same findings (Supplementary Figure S11A). The Smarca5 deletion status was
confirmed by PCR and flow cytometric analysis after 4-OHT induction at the beginning
of the experiment and then again by PCR in the immortalized knockout clones at the
end of the experiment, to rule out the immortalization of rare wild-type cells within the
Smarca5 knockout population (data not shown). During the course of the experiment, we
further noticed that the Smarca5 knockout cultures that did overcome senescence took
longer to do so than their corresponding wild-type controls (Supplementary Figure S11B).
These findings, together with the reported molecular analyses, suggest an important role
for Smarcab in maintaining regulatory programs that favor cell proliferation, senescence
bypass and primary cell immortalization, thereby contributing to the early stages of primary
cell transformation.
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Figure 5. Large-scale analysis of the Smarca5 requirement for primary cell immortalization.
(A) A schema showing senescence bypass and clonal immortalization in MEFs (top panel) and
the representative cell culture images from the Smarca5 single and double allele knockout (bottom
panel). Black arrowheads in the middle panels indicate the SA-B-gal staining of cells with typical
senescent morphology. Scale bar = 50 um. (B) Immortalization setup for Smarca5 knockout MEFs,
twenty-five flasks for each condition were cultured over periods of several weeks until they bypassed
senescence or died, to check the ability of the MEFs to overcome senescence and immortalize; created
with BioRender.com. (C) Bar graphs show the total number of cultures out of twenty-five starting
cultures that managed to immortalize when cells were grown for prolonged periods of time. NOTE:
the P-value in (C) reflects the significance of difference between the conditions and it was calculated
based on X? test with the degree of freedom equal to 3.
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4, Discussion

We exploit an established mammalian model of primary cell immortalization to under-
stand the role of an essential chromatin remodeler in the early stages of cell transformation
using omics analyses and functional phenotypic validations. The differential gene expres-
sion changes observed are in keeping with previously observed roles of Smarca5 in cell
cycle progression [24,30], initiation of DINA replication at origins [77] and the finding that
the absence of Smarca5 inhibits replication fork velocity [78], thus retarding cell prolifera-
tion. Likewise, upregulation of the p53 pathway [79], including its downstream effector
Cdknla, has been reported upon Smarcab loss [30]. Altogether, we observe pronounced
deregulation of genes contributing to overall cellular fitness, including downregulation
of genes involved in cell proliferation, genomic stability and DNA damage repair, while
senescence- and apoptosis-related genes were upregulated. Based on the stepwise reduc-
tion of Smarcad dosage, we were able to define a comprehensive set of gene expression
and chromatin accessibility changes associated with Smarca5 loss, while minimizing the
contribution of secondary alterations due to effects on cell health and viability observed
in homozygous knockout cells. These molecular changes are supported by functional
observations in Smarca5 knockout MEFs: (i) the gradually increased sensitivity of knockout
cells to exposure with chemical mutagens (wild-type < single-allele knockout < double-
allele knockout), and (ii) the Smarca5 dosage-dependent failure of primary MEFs to escape
senescence and immortalize. These findings imply, for the first time, an important role for
Smarcab in cell immortalization, one of the critical initial steps during the transformation
process. Interestingly, this is in agreement with the predominantly observed upregulation
of Smarcab in human cancer [24,27,28,80,81]. Moreover, the deregulated expression of many
cancer genes in our data reinforces the link between Smarca5 and the control of important
cancer-related pathways.

Suppression of Smarca5 renders human cells sensitive to X-rays [75] and other studies
reported similar results for ionizing radiation [21,36]. Interestingly, we recapitulate sim-
ilar results with chemical mutagens in the exposure experiments, and because we could
eliminate that differences in sensitivity to mutagen exposure stem from underlying genetic
differences between the crosses, we propose that the sensitivity to versus tolerance of
mutagen exposure is at least partially attributable to DNA damage repair defects. These
observations are in concurrence with previous studies [74,75] showing a role of Smarcab
in DNA repair, and with the presented gene expression data showing downregulation of
several pathways involved in repair in primary MEFs. SMARCADS rapidly accumulates
at DNA damage sites, where it is essential for the repair of DSBs [75,82] by recruitment
of RADS1 and BRCALI [33], and we observe downregulation of Rad51 and Breal gene
expression as well as HR and NHE] pathway genes in our experimental model. Moreover,
interference with cohesin function has been shown to impede DNA repair [83,84] and
several genes involved in sister chromatid cohesion are downregulated in our data. Chro-
mosomal aberrations, polyploidy [34] and cohesion defects [85], all of which are linked
to genomic stability, have been reported in the absence of Smarca5. We also observed the
downregulation of genes involved in telomere maintenance. Together, these findings point
towards an important role of Smarca5 for genomic stability /fitness in primary MEFs.

The deregulation of ERGs in the absence of Smarcab raises the possibility that Smarcab
is not only directly involved in chromatin-associated functions through its role as an ATPase
but also by affecting the transcription of other genes involved in these processes. As the
absence of Smarca5 initiates a regulatory cascade involving the misexpression of other epige-
netic regulator genes, the applied experimental setup does not allow a distinction between
genes regulated by Smarcab in a direct versus indirect manner. This is due to the general
unavailability of well-performing Smarca5 antibodies for chromatin-immunoprecipitation
and the current lack of publicly available good-quality data for Smarcab ChIP-seq in MEFs.
Future studies aimed to better understand the role of Smarcab will strongly depend on the
development of new experimental tools to circumvent these issues.
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5, Conclusions

The ability of primary cells to overcome cellular senescence and subsequent immor-
talized growth is a key characteristic of cancer formation. We describe the gene dosage-
dependent compromised the ability of Smarcab-depleted MEFs to undergo these processes,
in conjunction with deregulation of corresponding gene regulatory programs, thus directly
implicating this important chromatin remodeler as a key determinant for cell fate decisions
associated with early stages of cell transformation and initiation of cancer development.
Follow-up characterization of direct contributions of Smarcab to the observed gene regula-
tory programs, as well as the roles of other chromatin remodeling factors during primary
cell immortalization, is warranted to better understand the maintenance of cellular and
genomic health and the possible roles of chromatin remodelers in cancerous transformation.

Supplementary Materials: The following supporting information can be downloaded at https:
/ /www.mdpi.com/article/10.3390/ cells11050808/ 51, Figures §1-511, Tables §1-514.

Author Contributions: 5.T., ].Z. and M.K,; Generation of genetically modified mice and validation:
T.T. and T.Z.; All cellular and melecular characterization: S.T.; Data processing: C.R. and V.C.;
Data analysis: 5.T., C.R. and ].Z,; Data interpretation: S.T., ].Z. and M.K.; Writing—original draft
preparation: S.T., M.K. and ].Z.; Writing—review and editing: |.Z., M.K. and T.5.; Supervision, |.Z.,
M.K. and T.5,; Funding acquisition: 5.T. All authors have read and agreed to the published version of
the manuscript.

Funding: This research was funded by Grant Agency of the Charles University (GAUK), grant no.
1528120 to 5.T; T.S., T.T. were supported by the Grant Agency of the Ministry of Health of the Czech
Republic, grant no. NU21-08-00312; T.S., S.T., T.T. and T.Z. received institutional stipend support
from the Charles University (SVV260521, UNCE /MED /016, Progres Q26).

Institutional Review Board Statement: All mouse experiments were conducted in accordance with
regulations and guidelines of the Czech Animal Protection Act (No. 246/1992) and with the approval
of the Ethics Committee of First Faculty of Medicine of Charles University in Prague, Czech Republic
(Approval Code 521/13, issued on 27 March 2013).

Informed Consent Statement: Not applicable.

Data Availability Statement: The original sequencing data is publicly available from the NCBI's
Sequence Read Archive (SRA) under the accession number PRINA746698.

Acknowledgments: We would like to acknowledge the kind help of Marie-Pierre Cros, now a retired
member of the [ARC EGM Branch team, for expert help with sample sequencing. We would like
to thank Bjorn Magnus Otnert for help on the statistical analysis and we also wish to extend our
gratitude to the members of the EGM Branch at IARC for the productive discussions on the project
and their helpful suggestions.

Conflicts of Interest: The authors declare no conflict of interest.

Disclosure: Where authors are identified as personnel of the International Agency for Research on
Cancer/World Health Organization, the authors alone are responsible for the views expressed in
this article and they do not necessarily represent the decisions, policy or views of the International
Agency for Research on Cancer/World Health Organization.

1.  Felsenfeld, G.; Groudine, M. Controlling the double helix. Nature 2003, 421, 448-453. [CrossRef] [PubMed]

2. DBiegel, ].A,; Busse, T.M.; Weissman, B.E. SWI/SNF chromatin remodeling complexes and cancer. Am. J. Med. Genet C Semin.
Med. Genet. 2014, 166, 350-366. [CrossRef] [PubMed]

3. Wang, G.G,; Allis, C.D.; Chi, P Chromatin remodeling and cancer, Part II: ATP-dependent chromatin remodeling, Trends Mol. Med.
2007, 13, 373-380. [CrossRef] [PubMed]

4. Lafon-Hughes, L.; Di Tomaso, M.V.; Méndez-Acufia, L.; Martinez-Lépez, W. Chromatin-remodelling mechanisms in cancer.
Mutat. Res. 2008, 658, 191-214. [CrossRef] [PubMed]

5. Bourdeaut, I; Bieche, [. Chromatin remodeling defects and cancer: The SWI/SNF example. Bull. Cancer 2012, 99, 1133-1140.

[CrossRef]

6.  Wolffe, A.P. Chromatin remodeling: Why it is important in cancer. Oncogene 2001, 20, 2988-2990. [CrossRef]

121



Cells 2022, 11, 808 18 of 20

10.

11.

12.
13.
14.
15.
16.
17.
18.

19.

20.

21

22

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

Nair, 5.5.; Kumar, R. Chromatin remodeling in cancer: A gateway to regulate gene transcription. Mol. Oncol. 2012, 6, 611-619.
[CrossRef]

Kadoch, C.; Crabtree, G.R. Mammalian SWI/SNF chromatin remodeling complexes and cancer: Mechanistic insights gained
from human genomics. Sci. Adp. 2015, 1, 1500447, [CrossRef]

Okawa, R.; Banno, K,; Iida, M.; Yanokura, M.; Takeda, T.; Iijima, M.; Kunitomi-Irie, H.; Nakamura, K.; Adachi, M.; Umene, K.; et al.
Aberrant chromatin remodeling in gynecological cancer. Oneol. Lett. 2017, 14, 5107-5113. [CrossRef]

Oike, T.; Ogiwara, H.; Nakano, T.; Yokota, ].; Kohno, T. Inactivating mutations in SWI/SNF chromatin remodeling genes in
human cancer. Jpn. J. Clin. Onceol. 2013, 43, 849-855. [CrossRef]

Shigetomi, H.; Qonogi, A.; Tsunemi, T.; Tanase, Y,; Yamada, Y.; Kajihara, H.; Yoshizawa, Y,; Furukawa, N.; Haruta, S.;
Yoshida, S,; et al. The role of components of the chromatin modification machinery in carcinogenesis of clear cell carcinoma of the
ovary (Review). Oncol. Lett. 2011, 2, 591-597. [CrossRef] [PubMed]

Gui, Y,; Guo, G.; Huang, Y.; Hu, X,; Tang, A,; Gao, S.; Wu, R.; Chen, C.; Li, X.; Zhou, L.; et al. Frequent mutations of chromatin
remodeling genes in transitional cell carcinoma of the bladder. Nat. Genet. 2011, 43, 875-878. [CrossRef]

Halaburkova, A.; Cahais, V.,; Novoloaca, A.; Araujo, M.; Khoueiry, R.; Ghantous, A.; Herceg, Z. Pan-cancer multi-omics analysis
and orthogonal experimental assessment of epigenetic driver genes. Genome Res. 2020, 30, 1517-1532. [CrossRef] [PubMed]
Cairns, B.R. Chromatin remodeling: Insights and intrigue from single-molecule studies. Nat. Struct. Mol. Biol. 2007, 14, 989-996.
[CrossRef] [PubMed]

Co6té, |.; Quinn, ].; Workman, ].L.; Peterson, C.L. Stimulation of GAL4 derivative binding to nucleosomal DNA by the yeast
SWI/5NF complex. Science 1994, 265, 53—60. [CrossRef] [PubMed]

Khorasanizadeh, 5. The nucleosome: From genomic organization to genomic regulation. Celf 2004, 116, 259-272. [CrossRef]
Clapier, C.R.; Caimns, B.R. The biology of chromatin remodeling complexes. Annu. Rev. Biochem. 2009, 78, 273-304. [CrossRef]
Corona, D.F.; Tamkun, J.W. Multiple roles for ISWI in transcription, chromosome organization and DNA replication. Biochim.
Biophys. Acta 2004, 1677, 113-119. [CrossRef]

Collins, N.; Poot, R.A.; Kukimoto, I.; Garcia-Jiménez, C.; Dellaire, G.; Varga-Weisz, P.D. An ACF1-1SWI chromatin-remodeling
complex is required for DNA replication through heterochromatin. Nat, Genet. 2002, 32, 627-632. [CrossRef]

Atsumi, Y,; Minakawa, Y.,; Ono, M., Dobashi, S.; Shinohe, K.; Shinchara, A, Takeda, S.; Takagi, M., Takamatsu, N.;
Nakagama, H.; et al. ATM and SIRT6/SNF2H Mediate Transient HZAX Stabilization When DSBs Form by Blocking HUWEL to
Allow Efficient yH2AX Foci Formation. Cell Rep. 2015, 13, 2728-2740. [CrossRef]

Aydin, 0O.Z.; Vermeulen, W.: Lans, H. ISWI chromatin remodeling complexes in the DNA damage response. Cell Cycle 2014, 13,
3016-3025. [CrossRef]

Helfricht, A.; Wiegant, W.W.; Thijssen, P.E.; Vertegaal, A.C,; Luijsterburg, M.5.; van Attikum, H. Remodeling and spacing factor 1
(RSF1) deposits centromere proteins at DNA double-strand breaks to promote non-homologous end-joining. Cell Cycle 2013, 12,
3070-3082. [CrossRef]

Erdel, E; Rippe, K. Chromatin remodelling in mammalian cells by ISWI-type complexes—Where, when and why? FEBS [. 2011,
278, 3608-3618. [CrossRef]

Zhao, X.C.; An, B; Wu, XY.; Zhang, L.M.; Long, B.; Tian, Y.; Chi, X.Y,; Tong, D.Y. Overexpression of hSNF2H in glioma promotes
cell proliferation, invasion, and chemoresistance through its interaction with Rsf-1. Tumor Biol. 2016, 37, 7203—7212. [CrossRef]
[PubMed]

Stopka, T.; Zakova, D.; Fuchs, O.; Kubrova, O.; Blafkova, ].; Jelinek, ].; Necas, E.; Zivny, ]. Chromatin remodeling gene SMARCAS
is dysregulated in primitive hematopoietic cells of acute leukemia. Lewkemia 2000, 14, 1247-1252. [CrossRef] [PubMed]
Tommasi, 5.; Pinto, R.; Danza, K,; Pilato, B.; Palumbo, O.; Micale, L.; De Summa, S. miR-151-5p, targeting chromatin remodeler
SMARCADB, as a marker for the BRCAness phenotype. Oncotarget 2016, 7, 80363-80372. [CrossRef] [PubMed]

Jin, Q.; Mao, X; Li, B.; Guan, S; Yao, F,; Jin, E. Overexpression of SMARCAS correlates with cell proliferation and migration in
breast cancer. Tuwmor Biol. 2015, 36, 1895-1902. [CrossRef] [PubMed]

Gigek, C.O; Lisboa, L.C; Leal, M.E; Silva, PN.; Lima, EM.; Khayat, A.S.; Assumpgao, P.P; Burbano, R.R.; Smith Mde, A.
SMARCAS methylation and expression in gastric cancer. Cancer Investig. 2011, 29, 162-166. [CrossRef] [PubMed]
Sanchez-Molina, 5.; Mortusewicz, O.; Bieber, B.; Auer, 5.; Eckey, M.; Leonhardt, H.; Friedl, A.A,; Becker, P.B. Role for hRACF1 in
the G2/M damage checkpoint. Nucleic Acids Res. 2011, 39, 8445-8456. [CrossRef]

Kokavec, ].; Zikmund, T.; Savvulidi, F; Kulvait, V.; Edelmann, W,; Skoultchi, AI; Stopka, T. The ISWI ATPase Smarca5 (SnfZh)
Is Required for Proliferation and Differentiation of Hematopoietic Stem and Progenitor Cells. Stem Cells 2017, 35, 1614-1623.
[CrossRef]

Zhang, C.; Chen, Z,; Yin, Q.; Fu, X,; Li, Y; Stopka, T,; Skoultchi, A.L; Zhang, Y. The chromatin remodeler SnfZh is essential for
oocyte meiotic cell cycle progression. Genes Dev. 2020, 34, 166-178. [CrossRef] [PubMed]

Stopka, T.; Skoultchi, Al The ISWI ATPase Snf?h is required for early mouse development. Proc. Natl. Acad. Sci. USA 2003, 100,
14097-14102. [CrossRef] [PubMed]

Nakamura, K.; Kato, A.; Kobayashi, ].; Yanagihara, H.; Sakamoto, S.; Oliveira, D.V.; Shimada, M.; Tauchi, H.; Suzuki, H.;
Tashiro, 5.; et al. Regulation of homologous recombination by RNF20-dependent H2B ubiquitination. Mol. Cell 2011, 41, 515-528.
[CrossRef] [PubMed]

122



Cells 2022, 11, 808 19 of 20

34

35.

36.

37.

338.

39.
40.

41.

42,

43,

44,

45,

46.

47.

48.

49,

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

Zikmund, T.; Paszekova, H,; Kokavec, |.; Kerbs, E; Thakur, 5.; Turkova, T.; Tauchmanova, P.; Greif, P.A.; Stopka, T. Loss of ISWI
ATPase SMARCADB (SNF2H) in Acute Myeloid Leukemia Cells Inhibits Proliferation and Chromatid Cohesion. Int. J. Mol. Sci.
2020, 21, 2073. [CrossRef] [PubMed]

Hanahan, D.; Weinberg, R.A. Hallmarks of cancer: The next generation. Cell 2011, 144, 646-674. [CrossRef] [PubMed]

Smeenk, G.; Wiegant, W.W.,; Marteijn, ].A; Luijsterburg, M.S.; Sroczynski, N.; Costelloe, T.; Romeijn, R.].; Pastink, A.; Mailand, N.;
Vermeulen, W,; et al. Poly(ADP-ribosyljation links the chromatin remodeler SMARCAS5/SNF2H to RNF168-dependent DNA
damage signaling. J. Cell Sci. 2013, 126, 889-903. [CrossRef] [PubMed]

[urlaro, M.; Stadler, M.B.; Masoni, F,; Jagani, Z.; Galli, G.G.; Schiibeler, D. Mammalian SWI/SNF continuously restores local
accessibility to chromatin. Nat. Genet. 2021, 53, 279-287. [CrossRef]

Barisic, D.; Stadler, M.B.; Iurlaro, M.; Schiibeler, D. Mammalian ISWI and SWI/SNF selectively mediate binding of distinct
transcription factors. Nafure 2019, 569, 136-140. [CrossRef]

Hahn, W.C.; Weinberg, R.A. Modelling the molecular circuitry of cancer. Nat. Rev. Cancer 2002, 2, 331-341. [CrossRef]

Odell, A.; Askham, J.; Whibley, C.; Hollstein, M. How to become immortal: Let MEFs count the ways. Aging 2010, 2, 160-165.
[CrossRef]

Olivier, M.; Weninger, A.; Ardin, M.; Huskova, H.; Castells, X,; Vallée, M.P,; McKay, ]J.; Nedelko, T.; Muehlbauer, K.-R.;
Marusawa, H.; et al. Modelling mutational landscapes of human cancers in vitro. Sci. Rep. 2014, 4, 4482, [CrossRef] [PubMed]
Korenjak, M.; Zavadil, ]. Experimental identification of cancer driver alterations in the era of pan-cancer genomics. Cancer Sci.
2019, 110, 3622-3629, [CrossRef] [PubMed]

Huskova, H.; Ardin, M.; Weninger, A.; Vargova, K; Barrin, 5,; Villar, 5.; Olivier, M.; Stopka, T.; Herceg, Z.; Hollstein, M.; et al.
Modeling cancer driver events in vitro using barrier bypass-clonal expansion assays and massively parallel sequencing, Oncogere
2017, 36, 6041-6048. [CrossRef]

Dluhosova, M.; Curik, N.; Vargova, ].; Jonasova, A.; Zikmund, T.; Stopka, T. Epigenetic control of SPI1 gene by CTCF and ISWI
ATPase SMARCADB. PLoS ONE 2014, 9, e87448, [CrossRef] [PubMed]

Wiechens, N; Singh, V.; Gkikopoulos, T.; Schofield, P; Rocha, 5.; Owen-Hughes, T. The Chromatin Remodelling Enzymes SNF2H
and SNE2ZL Position Nucleosomes adjacent to CTCF and Other Transcription Factors. PLoS Genet, 2016, 12, e1005940. [CrossRef]
Hayashi, 5.; McMahon, A.P. Efficient recombination in diverse tissues by a tamoxifen-inducible form of Cre: A tool for temporally
regulated gene activation /inactivation in the mouse. Dev. Biol. 2002, 244, 305-318. [CrossRef] [PubMed]

Corces, M.R; Trevino, A.E,; Hamilton, E.G.; Greenside, P.G.; Sinnott-Armstrong, N.A.; Vesuna, S; Satpathy, A.T,; Rubin, A.J.;
Montine, K.S.; Wu, B.; et al. An improved ATAC-seq protocol reduces background and enables interrogation of frozen tissues.
Nat. Methods 2017, 14, 959-962. [CrossRef]

Buenrostro, ].D.; Wu, B.; Chang, H.Y.; Greenleaf, W.]. ATAC-seq: A Method for Assaying Chromatin Accessibility Genome-Wide.
Curr. Protoc. Mol. Biol. 2015, 109, 21.29.21-21.29.29. [CrossRef]

Li, H.; Durbin, R. Fast and accurate short read alignment with Burrows-Wheeler transform. Bioinformatics 2009, 25, 1754-1760.
[CrossRef]

Faust, G.G.; Hall, LM. SAMBLASTER: Fast duplicate marking and structural variant read extraction. Bioinformatics 2014, 30,
2503-2505, [CrossRef]

McKenna, A.; Hanna, M.; Banks, E.; Sivachenko, A.; Cibulskis, K.; Kernvtsky, A.; Garimella, K.; Altshuler, D.; Gabriel, S.;
Daly, M.; et al. The Genome Analysis Toolkit: A MapReduce framework for analyzing next-generation DNA sequencing data.
Genome Res. 2010, 20, 1297-1303. [CrossRef] [PubMed]

Zhang, Y.; Liu, T.; Meyer, C.A.; Eeckhoute, ].; Johnson, D.S.; Bernstein, B.E.; Nusbaum, C.; Myers, R.M.; Brown, M.; Li, W.; etal.
Model-based Analysis of ChlP-Seq (MACS). Genome Biol. 2008, 9, R137. [CrossRef] [PubMed ]

Qunhua, L.; James, B.B.; Haiyan, H.; Peter, ].B. Measuring reproducibility of high-throughput experiments. Aun. Appl. Stat. 2011,
5,1752-1779. [CrossRef]

Frankish, A.; Diekhans, M.; Ferreira, A-M.; Johnson, R.; Jungreis, I; Loveland, J.; Mudge, ] M.; Sisu, C.; Wright, ]
Armstrong, ].; et al. GENCODE reference annotation for the human and mouse genomes. Nucleic Acids Res. 2019, 47, D766-D773.
[CrossRef] [PubMed]

Weddington, N; Stuy, A.; Hiratani, L.; Ryba, T.; Yokochi, T.; Gilbert, D.M. ReplicationDomain: A visualization tool and comparative
database for genome-wide replication timing data. BMC Bioinform. 2008, 9, 530. [CrossRef]

Moore, J.E.; Purcaro, M.].; Pratt, HLE.; Epstein, C.B.; Shoresh, N.; Adrian, J.; Kawli, T.; Davis, C.A.; Dobin, A.; Kaul, R,; et al.
Expanded encyclopaedias of DNA elements in the human and mouse genomes. Nafure 2020, 583, 699-710. [CrossRef]
Schoenfelder, S.; Furlan-Magaril, M.; Mifsud, B.; Tavares-Cadete, F; Sugar, R.; Javierre, B.M.; Nagano, T,; Katsman, Y.;
Sakthidevi, M.; Wingett, SW.; et al. The pluripotent regulatory circuitry connecting promoters to their long-range interact-
ing elements. Genome Res. 2015, 25, 582-597. [CrossRef]

Machlab, D.; Burger, L.; Soneson, C.; Rijli, EM,; Schijbeler, D.; Stadler, M.B. monaLisa: An R/Bioconductor package for identifying
regulatory motifs. bioRxiv 2021. [CrossRef]

Rio, D.C.; Ares, M., Jr; Hannon, G.].; Nilsen, T.W. Purification of RNA using TRIzol (TRI reagent). Cold Spring Harb. Protoc. 2010,
2010, pdb.prot5439. [CrossRef]

Love, M.L; Huber, W.; Anders, 5. Moderated estimation of fold change and dispersion for RNA-seq data with DESeq2. Genome Biol.
2014, 15, 550. [CrossRef]

123



Cells 2022, 11, 808 20 of 20

6l.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84,
85.

Pavlidis, P.; Noble, W.5. Analysis of strain and regicnal variation in gene expression in mouse brain. Genome Bicl. 2001,
2, researchQ042, [CrossRef] [PubMed]

Saeed, A.lL; Sharov, V.; White, ].; Li, |.; Liang, W.; Bhagabati, N.; Braisted, ].; Klapa, M.; Currier, T.; Thiagarajan, M.; et al. TM4:
A free, open-source system for microarray data management and analysis. Biotechnigues 2003, 34, 374-378. [CrossRef] [PubMed]
Howe, E.; Holton, K.; Nair, S.; Schlauch, D.; Sinha, R.; Quackenbush, ]. MeV: MultiExperiment Viewer. In Biomedical Informatics for
Cancer Research; Ochs, M.E, Casagrande, |.T,, Davuluri, R.V,, Eds.; Springer: Boston, MA, USA, 2010; pp. 267-277.

Huang, W.; Sherman, B.T.; Lempicki, R.A. Bicinformatics enrichment tools: Paths toward the comprehensive functional analysis
of large gene lists. Nucleic Acids Res. 2009, 37, e16. [CrossRef] [PubMed]

Sondka, Z.; Bamford, S.; Cole, C.G.; Ward, 5.A.; Dunham, I.; Forbes, 5.A. The COSMIC Cancer Gene Census: Describing genetic
dysfunction across all human cancers. Nat. Rev. Cancer 2018, 18, 696-705. [CrossRef] [PubMed]

Martinez-Jiménez, F; Muifios, E; Sentis, [.; Deu-Pons, |.; Reyes-Salazar, 1.; Arnedo-Pac, C.; Mularoni, L.; Pich, O.; Bonet, ].;
Kranas, H; et al. A compendium of mutational cancer driver genes. Nat. Rev. Cancer 2020, 20, 555-572. [CrossRef] [PubMed]
Bailey, M.H.; Tokheim, C.; Porta-Pardo, E.; Sengupta, 5.; Bertrand, D.; Weerasinghe, A.; Colaprico, A.; Wendl, M.C.; Kim, ].;
Reardon, B,; et al. Comprehensive Characterization of Cancer Driver Genes and Mutations. Cell 2018, 173, 371-385.¢18. [CrossRef]
Warde-Farley, D.; Donaldson, S.L.; Cames, O.; Zuberi, K.; Badrawi, R.; Chao, P; Franz, M.; Grouios, C.; Kazi, E; Lopes, C.T.; et al.
The GeneMANIA prediction server: Biological network integration for gene prioritization and predicting gene function. Nucleic
Acids Res. 2010, 38, W214-W220. [CrossRef]

Celis, ].E.; Carter, N.; Simons, K.; Small, |.V.; Hunter, T.; Shotton, D. Cell Biology: A Laboratory Handbook; Elsevier: Amsterdam,
The Netherlands, 2005.

Mehic, D.; Bakiri, L.; Ghannadan, M.; Wagner, E.F; Tschachler, E. Fos and jun proteins are specifically expressed during
differentiation of human keratinocytes. J. Investig. Derm. 2005, 124, 212-220. [CrossRef]

Angel, P.; Karin, M. The role of Jun, Fos and the AP-1 complex in cell-proliferation and transformation. Biochim. Biophys. Acta
1991, 1072, 129-157. [CrossRef]

Fischer, M. Census and evaluation of p53 target genes. Oncogene 2017, 36, 3943-3956. [CrossRef]

Whibley, C.; Odell, A,; Nedelko, T.; Balaburski, G.; Murphy, M.; Liu, Z.; Stevens, L.; Walker, |.; Routledge, M.; Hollstein, M.
Wild-type and Hupki (human p53 knock-in) murine embryonic fibroblasts: p53/ARF pathway disruption in spontaneous escape
from senescence. J. Biol. Chem. 2010, 285, 11326-11335. [CrossRef] [PubMed]

Toiber, D.; Erdel, F; Bouazoune, K.; Silberman, D.M.; Zhong, L.; Mulligan, P.; Sebastian, C.; Cosentino, C.; Martinez-Fastor, B.;
Giacosa, S.; et al. SIRT6 Recruits SNF2H to DNA Break Sites, Preventing Genomic Instability through Chromatin Remodeling,.
Mol. Cell 2013, 51, 454468, [CrossRef] [PubMed]

Lan, L.; Ui, A.; Nakajima, 5.; Hatakeyama, K.; Hoshi, M.; Watanabe, R.; Janicki, 5.M.; Ogiwara, H,; Kohno, T.; Kanno, 5.; et al. The
ACF1 complex is required for DNA double-strand break repair in human cells. Mol. Cell 2010, 40, 976-987. [CrossRef]
Parrinello, S.; Samper, E.; Krtolica, A.; Goldstein, ].; Melov, S.; Campisi, ]. Oxygen sensitivity severely limits the replicative
lifespan of murine fibroblasts. Nat. Cell Biol. 2003, 5, 741-747. [CrossRef] [PubMed]

Sugimoto, N.; Yugawa, T.; lizuka, M.; Kiyono, T.; Fujita, M. Chromatin remodeler sucrose nonfermenting 2 homolog (SNF2ZH)
is recruited onto DNA replication origins through interaction with Cdcl0 protein-dependent transcript 1 (Cdtl) and promotes
pre-replication complex formation. J. Biol. Chem. 2011, 286, 39200-39210. [CrossRef] [PubMed]

Bhaskara, S.; Jacques, V,; Rusche, ] R.; Olson, E.N,; Cairns, B.R.; Chandrasekharan, M.B. Histone deacetylases 1 and 2 maintain
S-phase chromatin and DNA replication fork progression. Epigenetics Chromatin 2013, 6, 27. [CrossRef]

Ding, Y, Wang, W.; Ma, D.; Liang, G.; Kang, Z.; Xue, Y.; Zhang, Y.; Wang, L.; Heng, |.; Zhang, Y.; et al. Smarca5-mediated
epigenetic programming facilitates fetal HSPC development in vertebrates. Blood 2021, 137, 190-202. [CrossRef]

Shibayama, Y,; Takahashi, K,; Yamaguchi, H.; Yasuda, |.; Yamazaki, D.; Rahman, A.; Fujimori, T,; Fujisawa, Y.; Takai, S.;
Furukawa, T,; et al. Aberrant (pro)renin receptor expression induces genomic instability in pancreatic ductal adenocarcinoma
through upregulation of SMARCAS /SNF2H. Commun. Biol. 2020, 3, 724. [CrossRef]

Tan, Y.; Zhang, T.; Liang, C. Circular RNA SMARCAS is overexpressed and promotes cell proliferation, migration as well as
invasion while inhibits cell apoptosis in bladder cancer. Transl. Cancer Res. 2019, 8, 1663-1671. [CrossRef]

Erdel, E; Schubert, T.; Marth, C.; Langst, G.; Rippe, K. Human [SWI chromatin-remodeling complexes sample nucleosomes via
transient binding reactions and become immobilized at active sites. Proc. Natl. Aecad. Sci. USA 2010, 107, 19873-19878. [CrossRef]
Strém, L.; Lindroos, H.B.; Shirahige, K.; Sjogren, C. Postreplicative Recruitment of Cohesin to Double-Strand Breaks Is Required
for DNA Repair. Mel. Cell 2004, 16, 1003-1015. [CrossRef] [PubMed]

Nasmyth, K.; Haering, C.H. Cohesin: Its roles and mechanisms. Annu. Rev. Genet. 2009, 43, 525-558. [CrossRef] [PubMed]
Hakimi, M.A,; Bochar, D.A,; Schmiesing, ].A.; Dong, Y.; Barak, O.G.; Speicher, D.W.; Yokomori, K.; Shiekhattar, R. A chromatin
remodelling complex that loads cohesin onto human chromosomes. Nature 2002, 418, 994-998. [CrossRef] [PubMed]

124



Suppl. Figure 51

A

[0 —som ‘ : s
f}\ C55M4.0HT R1
Cre . z \ CE5MM4-OHT R2
I | CSEWEANT R
l Cre - N I (.\'f\ v( CS5MNAT R2
i\ CSEMA.OHT R
5 f ! CS5MAOHT R2
o \
= STOPE)EYFP £ HHHHBH i (
E - \
o B : = . E ."’I"J \\\\
Y ! H s : . Y| (Y
- B S R cast? A\
A 5 D * g2 Gt
cS51A  cgsMA ¢S5 cgaflm
WT 4-0QHT WT 4-0HT
flAnt
cS5H
Cs5fl,fwt WT 4-OHT
= ATAC-seq R? =0.996 R2 = 0.9937
20000 20000
g 15000 15000
_~"Smarca5-depleted RNA-seq - -
e MEFs & 10000 & 10000
. o &
sy ~ N=2 | ATAC-seq 5000 5000
N= 4 —— 0 0
Corresponding RMNA-seq 0 10000 20000 0 10000 20000
wildtype MEFs Rep_2 Rep_2
fl/fl
cS 5 cS5 4.04T
- ATAC-seq R2 = 0.9946
N=2 =Y R2=0.903
< 20000 4 it 20000 vt #
I‘jﬂ == T ¥, *
© | RNA-seq 15000 15000
p Smarcas-depleted - F.I
prim':w MEFs g' 10000 g 10000
= ATAC- & &
MEFs N=2 e 5000 5000
N=4 B -
- 0 0
vﬁﬁgg;go&ggg RNA-seq 0 10000 20000 0 10000 20000
Rep_2 Rep_2

Supplementary Figure 31. A) Schematics of the conditionally expressed EYFP cassette. The lox-P
flanked STOP sequence is excised upon 4-OHT induction and the EYFP is expressed in Cre-expressing
cells of the double mutant MEFs. Image created with BioRender.com B) Study design for assessing
chromatin accessibility and gene expression changes upon SmarcaS deletion in single allele (top) and
double allele knockout (bottom) MEFs. The readouts are taken four days (96 hours) after the knockout. C)
Box plot displaying log2 transformed nomalized read distribution for ATAC-seq samples (left) and line plot
displaying density of read distribution for the same samples (right). D) RNA-seq correlation plots for read

counts between replicates.
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Supplementary Figure S2. Motif analysis of LASs in Smarcab single-allele knockout MEFs as assessed
by ATAC-seq. Motif analysis using HASs didn't result in significant enrichment of motifs in any bin.
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Supplementary Figure 83. Motif analysis of LASs in Smarcab double allele knockout MEFs as assessed
by AT AC-seq. Motif analysis using HASs didn’t result in significant enrichment of motifs in any bin.
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Supplementary Figure $4. GeneMANIA network map of gradually upregulated ERGs in Smarca5
knockout MEFs. Network lines represent GeneMANIA network categories — yellow: predicted, purple: co-
expression, pink: physical interactions, blue: co-localization, green: genetic-interactions.
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Supplementary Figure $5. GeneMANIA network map of gradually downregulated ERGs in Smarca5
knockout MEFs. Network lines represent GeneMANIA network categories — yellow: predicted, purple: co-
expression, pink: physical interactions, blue: co-localization, green: genetic-interactions.
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Supplementary Figure S86. Concordance of ATAC-seq and RNA-seq MEF cell data for decreased
accessibility of select regulatory regions (low accessibility sites, LASs) and corresponding genes (DEGs)
down-modulated upon stepwise knock-out of Smarca5. Vertical histograms display the ATAC-seq peaks
for replicate (R1, R2) experiment across the studied genotypes (note that peaks represent raw data, before
across-experiment normalization shown in Suppl. Fig. $1C). The adjacent bar graphs show normalized
relative peak read counts for ATAC-seq (top graph) and the normalized relative mRNA levels (bottom
graph) for a given gene. The top two rows show six enhancers and their regulated genes, the bottom row
shows 3 proximal promoters and their genes. ¢S5 — conditional SmarcaS KO; fliwt and flffl — single- and
double allele knock-out, respectively; 4-OHT — treatment with 4-hydroxy-tamoxifen.
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Supplementary Figure S7. Concordance of ATAC-seq and RNA-seq MEF cell data for increased
accessibility of select regulatory regions (high accessibility sites, HASs) and corresponding genes (DEGs)
up-modulated upon stepwise knock-out of Smarca5. Vertical histograms display the ATAC-seq peaks for
replicate (R1, R2) experiment across the studied genotypes (note that peaks represent raw data, before
across-experiment normalization shown in Suppl. Fig. $1C). The adjacent bar graphs show normalized
relative peak read counts for ATAC-seq (top graph) and the normalized relative mRNA levels (bottom
graph) for a given gene. The top two rows show six enhancers and their regulated genes, the bottom row
shows 3 proximal promoters and their genes. ¢S5 — conditional SmarcaS KO; fliwt and flffl — single- and
double allele knock-out, respectively; 4-OHT — treatment with 4-hydroxy-tamoxifen.
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Suppl. Figure S8
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Supplementary Figure $8: A) Compatrison of the proliferative differences as assessed by absolute
absorbance measure via MTS assay of single and double allele knockout (right) and their respective
wildtypes (left) side-by-side upon exposure to various doses of aristolochic acid-1 (AA). B) Comparison of
the proliferative differences as assessed by absolute absorbance measure via MTS assay of single and
double allele knockout (left) and their respective wildtypes (right) side-by-side upon exposure to various
doses of methylnitronitrosoguanidine (MNNG).
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Suppl. Figure S9
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Supplementary Figure $9. The interaction network map of gradually downregulated cancer driver
genes in SmarcaS knockout MEFs. Network lines represent GeneMANIA network categories — purple: co-
expression, pink: physical interactions, blue: co-localization, green: genetic-interactions.
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Suppl. Figure S10
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Suppl. Figure S11
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Supplementary Figure S$11. A) Bar graphs show the total number of cultures out of ten (top) and six
(bottom) starting cultures that managed to immeortalize when cells were grown for prolonged periods of
time, WT = untreated with 4-OHT. B) Growth curves of the single allele (top) and double allele (bottom)
knockout MEFs with their corresponding wildtypes that bypassed senescence and immortalized.
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5 Diskuse

ISWI ATPaza SMARCAS je esencialni protein hrajici roli v mnoha pro bunku velmi
dilezitych procesech, jako je transkripce a replikace gent ¢i oprava DNA. Protein SMARCAS
je aktivni v komplexech s dalSimi proteiny, zejména s BAZ proteiny, kde v dusledku své
ATPazové aktivity plni funkci katalytické podjednotky, zatimco BAZ proteiny piedstavuji
protein-protein interagujici kofaktory rozpoznavajici modifikace histoni a DNA.
V ptedchozich studiich provedenych v nasi laboratofi bylo prokdzano, ze Smarca’ je esencialni
pro brzky embryonalni vyvoj, konkrétné v obdobi stadia blastocysty s poruchou gastrulace, jak
dokazal mysi model s deleci tohoto genu (Stopka and Skoultchi 2003). Model navazoval na
objev vyznamu Smarca5 v mysi krvetvorb¢ (a také klonovani prvni mysi sekvence Smarca5) a
praci o Smarca5 ve stresové erytropoéze. Dale také na odhaleni role Smarca5 v obnoveni
diferenciace po dosazeni kompletni remise u akutni myeloidni leukemie (Stopka, Zakova et al.
2000). Dalsim krokem ve studiu Smarca5 bylo vytvoreni modelu kondicionalni delece toho
genu v krvetvornych kmenovych bunkich (VavliCre model), jez umoznil odhaleni
nezastupitelné role Smarca5 pti asném vyvoji hematopoetickych kmenovych buné¢k a jejich
progenitord (Kokavec, Zikmund et al. 2017). Oba vySe zminéné mysi modely jsou letalni
(z davodu tézké anemie ve fetadlnim obdobi u Vavl modelu a v ptipad¢ klasického dele¢niho
modelu béhem €asného embryonélniho vyvoje), coz bohuzel neposkytlo moznost zkoumat
pozdéjsi stadia krvetvorby a také neumoznilo studovat, jak konkrétné se Smarca5 na vyvoji
kmenovych bunék a progenitorti podili. Zatimco pfitomnost erytropoézy je kritickym faktorem
pteziti mysiho modelu, lymfocyty jsou v mysi postradatelné, diky tomu model delece Smarca5
v lymfocytech neni letalni. Z toho diivodu, ale také i vzhledem k mozné ucasti SMARCAS na
opraveé dvouvlaknovych zlomi DNA (Lan, Ui et al. 2010), (Toiber, Erdel et al. 2013) (v naSich
piedchozich datech in vivo modelech prozatim neprokéazané), jsme se rozhodli zkoumat dopad
delece Smarca5 na vyvojovy proces lymfopoézy, béhem niz k fizenym dvouvlaknovym
zlomim na DNA pfirozen€ dochazi (b¢hem V(D)J rekombinace).

Pro studium lymfoidniho vyvoje a zjiSténi role Smarca5 v téchto procesech jsme vyuzili
mySsi model s kondicionalni deleci Smarca5 v bunikdch exprimujicich povrchovy marker CD2
(hCD2iCre model), coz v mysi zahrnuje vedle T lymfocyt 1 B lymfocyty a dale také nckteré
typy NK bunék. Ukdzalo se, ze Smarca$ je nezbytny i pro vyvoj téchto zminénych bunéénych
typl, jelikoz jedinci s deleci Smarca5 nemély témét zadné maturované T a B lymfocyty

v periferni krvi. Dalsi analyzou vyvoje téchto bunéénych linii v thymu a kostni dfeni, jsme
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zjistili, ze u T-lymfocytti dochézelo k bloku pfti pfechodu ze stadia DN3 do DN4 (odliSené na
zaklad¢ exprese povrchovych markeri CD25 a CD44) a u B-lymfocytl pfi pifechodu z pro-B
do pre-B stadia jejich diferenciace. Podrobngjsi studium vSak nepotvrdilo, ze by delece
Smarca5 vedla k poruse rekombinace T bunécného receptoru (TCR). Zkiizeni modelu
s kondicionalni deleci Smarca5 v CD2" bufikach s OT-II transgennim my$im modelem
exprimujicim af-TCR specificky pro ovalbumin, u kterého béhem diferenciace neprobiha
rekombinace TCR receptoru, nevedlo k ptekonani vyvojového bloku v DN3 stadiu diferenciace
T-lymfocytti. Déle data ze sekvenace transkriptomu ukazala, ze expresni vzorec konstantnich
(Trbc) a variabilnich (7rbv) genovych segmentd, a tedy jejich relativni vyuziti pfi prestavbe
TCRS, v DP T-lymfocytech neni deleci Smarca5 ovlivnéno (Zikmund, Kokavec et al. 2019).

Vyvojovy blok pti prechodu z DN3 do DN4 stadia T-lymfocyti a pro-B do pre-B ptechodu
B-lymfocytl byl také popsan u mysiho modelu s neomorfni alelou Pole3, ktery se nachazi
s proteinem SMARCAS5 v komplexu CHRAC, coz naznacuje kli¢ovou tlohu tohoto komplexu
v lymfoidnim vyvoji (Siamishi, Iwanami et al. 2020). U dalSich delecnich modelti vazebnych
partnert Smarca’ vsak nebyly defekty v krvetvorbé pozorovany. Napiiklad delece AcfT (tvofi
se Smarca5 komplex ACF) vede k defektiim ve spermatogenezi, ale poruchy krvetvorby nebyly
pozorovany (Dowdle, Mehta et al. 2013). Delece genti pro dalsi vazebné partnery Smarca5 Rsf1
a Bptf jsou embryonaln¢ letalni a nebylo u nich tedy mozné studovat krvetvorbu (Koscielny,
Yaikhom et al. 2014), (Landry, Sharov et al. 2008). U mySich modeli s deleci genti pro Baz2a,
Chracl, Baz2b, Cecr2 (vSechny vytvaii komplexy s proteinem SMARCAS), nebyly také
popsany zadné defekty v krvetvorbé (Koscielny, Yaikhom et al. 2014), (Dicipulo, Norton et al.
2021).

Vyzkum dele¢nich modelt pro gen Smarca5 prokazal esencialni vyznam této ISWI
ATPazy pro proliferujici a diferencujici buniky, at’ uz se jedna o embryonalni kmenové bunky
(Stopka and Skoultchi 2003), hematopoetické progenitory (Kokavec, Zikmund et al. 2017),
(Zikmund, Kokavec et al. 2019), mySi embryonalni fibroblasty, které po deleci Smarcas
ptestavaji proliferovat a ztraci schopnost imortalizace (Thakur, Cahais et al. 2022), tak 1 rizné
leukemické linie derivované z pacientl s akutni myeloidni leukemii (Zikmund, Paszekova et
al. 2020). Vzhledem k tomu, Ze delece Smarca5 vedla ve vyse zminénych modelech k zastave
proliferace a diferenciace, ptipadné vstupu do senescence a nasledné apoptozy, tyto modely
neumoznily detailngjsi studium vlivu Smarca5 na diferenciaci bunék. Z toho divodu jsme se
rozhodli vytvofit mysi model exprimujici transgenni SMARCAS protein. Piivodné jsme se
domnivali, ze pokud budeme exprimovat Smarca5 v transgennim systému, povede to

k nadprodukci proteinu, nicméné, jak jsme ukdzali, vzhledem k prozatim nejasnému
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mechanismu, ktery nadprodukci na proteinové tirovni brani, dosahli jsme pouze zanedbatelného
navyseni exprese. Nasledné jsme zjistili, Ze exprese transgenniho SMARCAS proteinu je oproti
endogennimu naopak vyrazné nizsi, zvlasté pti pfitomnosti pouze jedné alely transgenu. Z toho
davodu jsme se rozhodli pouzit tento mysi model s transgenni expresi cDNA lidského
SMARCAS, ktery jsme dale nésledné zkiizili s delecnimi modely kondicialni inaktivace
Smarca5, coz ndm umoznilo studovat vliv riznych hladin SMARCAS proteinu na hematopoézu
(mnozstvi produkované z jedné ¢i dvou alel transgenu s vyuzitim dele¢niho modelu ve srovnani
s kontrolou). Transgenni model byl vytvoien vlozenim cDNA pro lidsky SMARCAS5 gen do
lokusu Rosa26, kde je exprimovan z endogenniho promotoru. Dale také obsahuje proteinovou
znatku FLAG na C-konci proteinu, kterd umoziuje identifikaci transgenniho proteinového
produktu od endogenniho mysiho proteinu, jez je prakticky identicky kromé nékolika
nekonzerovanych aminokyselin, nachédzejicich se zejména na nestrukturovaném N-koci
proteinu (homologie pies 97 %). Vyuziti lidské cDNA umoznilo odliSeni na trovni RNA od
mysi endogenni RNA a srovnani exprese transgenu i na této urovni. SMARCAS transgen je
exprimovany kondicionalné a jeho expresi je mozné spustit tkanové-specificky vyuzitim
transgenu Cre-rekombinazy exprimované pod pfisluSnym promotorem. Bez aktivace Cre
rekombinazou, je z transgenniho konstruktu exprimovan fluorescencni protein tdTOMATO,
ktery slouzi jako pozitivni kontrola pfitomnosti sekvence transgenu a je obklopen LoxP misty.
Po expresi Cre rekombinazy dochazi k jeho vystépeni a expresi SMARCAS RNA a proteinu.
Abychom ovéfili, zda je ndmi vytvoreny transgenni SMARCAS konstrukt funkéni a je
schopny nahradit funkce endogenni Smarca5, zkiizili jsme transgenni model s hCD2iCre
kondicionalnim Smarca5 deleénim modelem. Jak jsme ukézali diive, delece Smarca5 v CD2*
buikach vede k bloku diferenciace a zmenseni thymu, coZ vede ke ztraté¢ T bunék (a taktéz B
bunék, jelikoz u mysi je CD2 aktivni i v tomto podtypu lymfocytl) (Zikmund, Kokavec et al.
2019). V pfitomnosti transgenu, tj. exprese zhruba 85 % mnoZstvi endogenniho proteinu
z jedné alely transgenu, jsme pozorovali t¢éméf Uplnou zachranu fenotypu hCD2iCre dele¢niho
Smarca5 modelu, tedy odstranéni vyvojového bloku v pfechodu z DN3 do DN4 stadia u T
lymfocytli a pro-B do pre-B stadia B lymfocyti. Nicméné, jist¢ zmény fenotypu byly stale
zietelné, coZ ndm umoznilo se zabyvat tim, jak siln€ jsou jednotlivé krvetvorné podtypy zavislé
na ddvce SMARCAS proteinu. Ukazali jsme, ze pravé lymfoidni linie byla na pokles hladiny
SMARCAS nejcitlivejsi.
Pro ucely studia vlivu snizené hladiny SMARCAS na cely proces krvetvorby jsme nové
vytvofeny transgenni model zkiizili s Vav1iCre kondiciondlnim Smarca5 dele€énim modelem,

ktery exprimuje Cre rekombinadzu pod promotorem Vavl, tedy ve vétSiné stadii krvetvorby
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pocinaje hematopoetickou kmenovou buiikou. Exprese SMARCAS transgenu vedla k zachrané
embryonalni letality tohoto modelu, ke které u néj dochazi v 18. dni fetdlniho vyvoje na
podkladé t€zké anemie a poruchy vyvoje krvetvorného organu fetdlnich jater (Kokavec,
Zikmund et al. 2017). U transgennich zvifat exprimujicich VavliCre a soucasn¢ SMARCAS
transgen na pozadi delece tohoto genu byly pozorovany defekty v krvetvorbé, obzvlast pokud
mély jen jednu alelu transgenu (S57g), kdy byl protein SMARCAS exprimovan jen na Grovni
asi 10 % mnozstvi endogenniho proteinu v kostni dfeni a asi 27 % v thymu. Konkrétné byla
v periferni krvi pozorovana vyrazna lymfopenie a jen zcela mirnd anémie. Myelocytarni
parametry byly srovnatelné s kontrolnimi vzorky, coz ukazuje, ze myelopoéza neni zavisla na
vysoké expresi SMARCAS proteinu. Tento fenotyp byl spojeny s vyrazné nizSi expresi
SMARCAS proteinu, na irovni RNA vsak tento defekt pozorovan nebyl a mnozstvi Smarcas
RNA bylo srovnatelné u transgennich zvifat i jejich kontrol. Dle nasi hypotézy dochazi
k regulaci SMARCAS na proteinové Grovni béhem hematopoézy, tomuto fenoménu se v nasi
laboratofi dale vénujeme a radi bychom ho objasnili.

Pti studiu cCasn¢jSich vyvojovych stadii progenitorti, jez vychazeji z pluripotentni
hematopoetické kmenové buiiky, v kostni dfeni jsme pozorovali, ze dochazi k akumulaci
multipotentnich hematopoetickych progenitortt (MPP) — konktrétné zejména frakce MPP3 a
také MPP2. Zajimavé je, Zze u MPP4 progenitort, které diferencuji do lymfoidni linie, jsme
zménu zastoupeni a poctu nepozorovali. Pii analyze kostni dfené transgennich zvifat pomoci
pritokové cytometrie jsme pozorovali, Ze se u nich nachazi zvlastni populace buné&k
pfipominajici MPP2 a MMP3 progenitory, avSak neexprimujici CD34 molekulu typickou pro
toto stadium. Tato aberantni (tj. normalné se nevyskytujici) populace pravdépodobné pochazi
z populaci MPP2 a MMP3 progenitort, které nebyly schopné déle diferencovat a je dalSim
projevem defektu krvetvorby u transgennich zvifat. Déle bylo pozorovéano sniZené zastoupeni
jak myeloidnich, tak lymfoidnich progenitort. Na rozdil od periferni krve byly v kostni dfeni
pozorovany defekty pouze u jedinct s jednou alelou transgenu S5¢g, zatimco jedinci s dvéma
alelami S57g méli fenotyp srovnatelny s kontrolami. Konzistentné s hCD2iCre modelem bylo
pozorovano, Ze snizena hladina proteinu SMARCAS ma nejvétsi vliv na vyvoj lymfocytd, a to
predevsim B-lymfocytd. Také u VavliCre modelu bylo pozorovano, ze k bloku ve vyvoji
dochazi pii pfechodu z DN3 do DN4 stadia u T-lymfocytd a ze stadia pro-B do pre-B u B-
lymfocytl. Defekty ve vyvoji v neptitomnosti Smarca5 byly vSak u VavliCre modelu vyrazné

o 24

lymfoidnich stadiich ale zejména pro jejich liniové specifické hematopoetické progenitory.
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Déle jsme se zabyvali tim, zda dochazi k zménam v mnozstvi proteinu SMARCAS
behem diferenciace krvetvornych progenitori. Pomoci analyzy metodou kvantitativni cilené
proteomiky jsme zjistili, Ze pozorovany blok ve vyvoji progenitori koresponduje pravé se
zménénou mirou exprese proteinu SMARCAS. U kontrolnich zvifat bylo pozorovano, ze
dochazi k vyraznému navySeni mnozstvi tohoto proteinu pii piechodu z LSK (Lineage
negativni, Scal pozitivni, c-kit pozitivni) do LS'K (Lineage negativni, Scal negativni, c-kit
pozitivni) stadia. Transgenni zvifata s dvéma alelami transgenu méla celkové niz§i hladinu
SMARCAS proteinu a dochazelo u nich pouze malému navySeni mnozstvi pii prechodu z LSK
do LSK stadia. Zatimco u zvifat s pouze jednou alelou transgenu dochazelo dokonce
k mirnému sniZzeni mnozstvi SMARCAS proteinu u LSK stadia proti LSK. Toto pozorovani
odpovida diive zminénému vyvojovému bloku, protoze akumulované MPP patii do LSK stadia
a myeloidni (CMP) a lymfoidni (CLP) progenitory, u nichZ byl pozorovan ubytek, patii do LS~
K stadia. Vysledky ziskané z modelu se dvéma kopiemi transgenu ukazuji, ze Smarca5 je
béhem hematopoézy regulovan nezavisle na promotoru, ze kterého dochazi k jeho expresi,
jelikoz k této regulaci dochazi jak u endogenniho, tak u transgenniho proteinu, ktery je
exprimovan z Rosa26 promotoru. Pfedchozi vyzkum ukézal, Ze SMARCAS muizZe byt
degradovan cestami zavisejicimi na culinu a proteazomu (Emanuele, Elia et al. 2011), coz
predstavuje zajimavy a novy koncept, ktery je zjevné dulezity pro diferenciaci krvetvorby.
V soucasné dob¢ pracujeme na jeho objasnéni a, jak bylo zminéno vyse, regulaci SMARCAS
v hematopoéze na proteinové urovni se dale zabyvame. MiiZzeme vSak potvrdit, Ze minimalné
v nasSich mySich modelech dochdzi k této regulaci jak u lidského, tak u mySiho SMARCAS
proteinu. Tudiz zjiStény fenotyp nesouvisi s liniovou specificitou transgenu. V naSich
projektech mame také k dispozici model s mysi transgenni Smarca5 cDNA, jehoz konstrukt byl
u tohoto modelu také vloZzen do Rosa26 lokusu a je exprimovan ve vSech butikach ze silného
arteficidlniho CAG promotoru. I u tohoto modelu byla vSak pozorovana snizena exprese
SMARCAS proteinu v kostni dfeni, snizend produkce transgenni SMARCAS tedy neni dana
pritomnosti lidské cDNA pro tento protein.

Abychom prokazali, Ze se u studovanych VavliCre transgennich mysi s S5¢g jedna
opravdu o defekt na irovni hematopoetickych progenitorii a Ze hematopoeticka ,,niche* (tedy
oblast pfezivani a zrani kmenové buiiky v krvetvorném orgéanu) jako takova neni poskozena,
provedli jsme sérii transplantacnich experimentl. Nejdiive jsme transplantovali kostni dien
z kontrolnich mysi divokého typu do S57g transgennich zvifat a kontrol. Pfijemci kostni dfené
byli ozéfeni rliznymi davkami zafeni (0-6 Gy), iradiace je zapotiebi pro uvolnéni ,,niche*

puvodnimi progenitory. Bylo pozorovano, ze zdrava kostni dfen z kontrolnich darcii je schopna
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pIn¢€ nahradit krvetvorbu transgennich jedinct, ktefi exprimuji pouze jednu alelu transgenu
S5tg, a to bez nutnosti jakékoli pfedchozi iradiace, tudiz pfijemci s S5zg genotypem maji
vyznamné permisivni ,,niche” pro transplantaci. U zvifat se dvéma alelami transgenu S5tg
dochazelo také k velmi dobrému ptihojeni darcovskych bunék a k nahrazeni krvetvorby
darcovskou dochézelo uz piinizsich davkach iradiace nez u kontrolnich zvitat. Toto pozorovani
dokazuje, ze hematopoeticka nika transgennich zvifat je schopna akceptovat transplantat a
obnovit celou krvetvorbu na turoven srovnatelnou s kontrolnimi zvifaty. V nasledném
kompetitivnim transplanta¢nim experimentu jsme transplantovali transgenni kostni dren
smichanou v poméru 3:1 s kostni dieni divokého typu do subletalné iradiovanych kontrolnich
zvitat. Kostni dien se dvéma alelami transgenu S5¢g byla schopna ¢aste¢né nahradit produkci
myelocytt, ale ne lymfocytl a kostni dieni s pouze jednou alelou S5zg transgenu nebyla schopna
kompetovat s kontrolni kostni dieni v produkci vSech bunéénych podtypti. Tento experiment
dale potvrdil, Ze defekt u S5zg mysi je opravdu na urovni transgennich hematopoetickych
progenitord a opét jsme nejveétsi defekt pozorovali predevsim u lymfocytd, a to zejména u B-
lymfocytli. Velmi podobnych vysledkli bylo dosazeno ve studii, kde byla kompetitivné (pomér
1:1) transplantovana kostni dfeil s neomorfni alelou Pole3 (vazebny partner Smarca5). V této
studii byl pozorovan defekt v repopulaci lymfoidni fady, ale myeloidni fada byla repopulovana
bez problému (Siamishi, Iwanami et al. 2020). Co se tyce jinych chromatin remodela¢nich
komplexii, byl podobny experiment proveden u knock-out mysiho modelu ARIDIA (SWI/SNF
rodina), delece zde vedla k defektliim ve vSech fadach hematopoetickych bun€k a akumulaci
hematopoetickych  progenitori, které nebyly schopny repopulovat hematopoézu
v kompetitivnim transplantacnim experimentu (Han, Madan et al. 2019).

Déle jsme chtéli zjistit, jestli je mozné pomoci SMARCAS transgenniho modelu
zachranit embryonalni letalitu celotélového Smarca5 dele¢niho modelu a vytvofit tak model,
ktery by exprimoval pouze transgenni SMARCAS. Dokézali jsme, Ze to je moZné pouze pii
pritomnosti dvou alel transgenu a embrya s timto genotypem jsou vyrazné¢ mén¢ zivotaschopna
nez kontroly. Pozorovali jsme vyrazné sniZenou €etnost narozeni genotypu s pouze transgenni
SMARCAS — pouze 1 % oproti 25 % ocekavané Mendelovské pravdépodobnosti. Embrya
z4avisld na jedné alele transgenu S5¢g umirala béhem raznych stadii vyvoje od ¢asnych az do
vyvojovych stadii t€sné pred porodem. Jedinci, kteti se narodili, v n€kterych ptipadech zemfteli
hned v prvnich dnech Zivota vzhledem k jejich snizené hmotnosti a vitalité. Ti jedinci, ktefi se
v$ak dozili odstavu (v€k 4 tydnt), vykazovali fenotyp shodny s Vavl transgennim modelem —
lymfopenii postihujici zejména B-lymfocyty. Mysi model s produkci S5¢g transgenu ve vSech

tkanich téla na pozadi endogenni exprese Smarcad jsme dale také vyuzili pro potvrzeni
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schopnosti transgenni lidské SMARCAS vytvaret komplexy s mySimi vazebnymi partnery.
Bylo potvrzeno, ze transgenni protein vytvaii vSechny komplexy dle o¢ekavani a potvrdili jsme
tedy, ze mize nahradit endogenni protein. Tento S5zg model ndm umoznil studovat slozeni
ISWI komplext tkanove specifickym zptisobem. Ackoli nasim vysledkiim dominuji kanonické
komplexy s proteiny BAZ (jak bylo aktualizovano v (Oppikofer, Bai et al. 2017)), rozhodné
nelze vyloucit, Ze mohou existovat i jiné interakce, které nejsou snadno detekovatelné
metodikou hmotnostni spektrometrie, kterou jsme pouzili. Tyto nekanonické komplexy mohou
byt zavislé na kontextu a obtizn¢ detekovatelné¢ ve smesi bunécnych populaci. Nicméné€ nasSe
data také ukazuji na zapojeni CTCF do komplexu ISWI v nékterych tkanich, zejména ve fetalni
hematopoéze, jak bylo popsano diive (Barisic, Stadler et al. 2019).

Pozorovani podobna vyse zminénym byla u¢inéna i u dele¢nich mysich modelt ostatnich
chromatin remodelujicich faktorti z SWI/SNF super-rodiny. Naptiklad u modelu s mutovanym
Baf57 (podjednotka BAF komplexu remodelujiciho chromatin), kde doslo k naruseni jeho
vazby na DNA, doslo k blokaci vyvoje CDS8 pozitivnich T-lymfocytd, a to i pfi mutaci pouze
jedné alely. Podobny blok diferenciace byl pozorovan u mysi s heterozygotni deleci Brgl,
podjednotky chromatin remodela¢niho komplexu BAF (Chi, Wan et al. 2002). Ale na rozdil od
Smarca5 delecniho modelu vede delece Brgl k bloku diferenciace v pfechodu z DN4 do DP
faze vyvoje T-lymfocyti, tedy pozdé&ji. Dochazi k snizeni exprese c-kit u Brgl deficitnich
thymocytt a pravdépodobné i naruseni Wnt signalizace, ktera expresi c-kit reguluje. Dale také
byly pozorovany defekty ve pre-TCR signaliza¢ni draze, kterd je zasadni pravé pro prechod
z DN3 do DN4 stadia (Chi, Wan et al. 2003). Dal$im chromatin remodelacnim faktorem s
vyznamnou ulohou v hematopoéze je Mi-2p (rodina Mi-2, komplex NuRD), ktery je také
nezbytny pro ptechod z DN4 do DP faze vyvoje T-lymfocytli a zejména pro vyvo; CD4
pozitivnich T-lymfocytl. Ukazalo se, ze Mi-2f hraje roli pii expresi CD4 a jeho delece
zpusobuje defekt ve vyvoji této linie, zatimco vyvoj CD8" je deleci Mi-2B ovlivnén pouze
minimalné (Williams, Naito et al. 2004).

Jednim z hlavnich divodu, pro¢ jsme se zaméfili na studium roli Smarca5 v kmenovych
bunikach, bylo to, ze v kmenovych bunkach dochazi k rozlicnym dé&jim, jeZ maji vztah
k cytopeniim, imunodeficitlim, autoimunitam az po stavy vedouci k malignim transformacim
krvetvorné kmenové buiiky. Neni tedy ndhodou, ze SMARCAS byl zvazovan jako onkogen,
ktery je prokazatelné nadmérné exprimovan jak u leukemii, tak u solidnich nadort (Li, Gong
et al. 2021), (Stopka, Zakova et al. 2000). Na druhou stranu se zda, ze jeho blizky homolog
SMARCA1 miiZe mit naopak spiSe tumor supresorickou lohu. SMARCAS byl nalezen v

komplexu s fuznim transgenem NUP98-NSD1 u détské akutni leukémie (Jevtic, Matafora et al.
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2022). To naznacuje, ze slozeni komplexi SMARCAS hraje vyznamnou roli v jeho
proonkogennim ucinku. Napftiklad exprese jeho interakéniho partnera Rsf7 (komplex RSF) byla
spojena s horsim ptezitim u nddorovych onemocnéni (Cai, Yang et al. 2021). Vysledky ziskané
z SMARCAS transgenniho modelu také ukazuji, Ze ackoli exprese mRNA z alely transgenu
byla srovnatelnd s endogenni alelou, jeji exprese na trovni proteinu byla vyrazné nizsi. To
naznacuje, ze regulace stability proteinu SMARCAS by mohla hrat dtlezitou roli pii prevenci
nadmérné produkce SMARCAS v kmenovych bunikach. Zasadni je urcit roli SMARCAS v
lymfopoéze a jeho zapojeni do lymfoidnich patologii, z nasich vysledki vyplyva, Ze pro tento
al. 2021)) o vyznamu SMARCAS a jeho vazebnych partnerti u lymfomu z plastovych bunék
(BPTF) a nehodgkinskych lymfomti (RBBP4, BPTF). Piesny mechanismus plisobeni
SMARCAS a jeho zapojeni do dalSich patologii, naptiklad agresivnich lymfomt, v§ak dosud
nebyl odhalen. Nase prace je vSak dokladem toho, Ze vyzkum souvislosti mezi expresi Smarca$,
s tim souvisejici vytvarenim konkrétnich epigenetickych komplex, a regulaci genové exprese

v kmenovych bunkéch je zapotiebi k pochopeni vzniku nékterych patologickych stavii.
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6 Zavér a grantova podpora

SMARCAS je esencialni pro proliferujici a diferencujici buiiky vcetné
hematopoetickych kmenovych bun¢k.

Delece Smarca)5 vede k zastaveni proliferace, akumulaci progenitorti a apoptoze.
Mysi model se snizenou transgenni expresi SMARCAS proteinu je schopny zachranit
letalitu Smarca5 dele¢nich modelt (VavliCre, celotélovy knock-out).

Transgenni SMARCAS se vaze ve vSech ocekavanych komplexech se svymi partnery
a jeho exprese je nizsi nez exprese endogenniho proteinu.

Snizena exprese Smarcab vede k akumulaci hematopoetickych progenitorti, vedouci
k tézké lymfopenii a lehké anémii. Nejvice jsou zasazeny B-lymfocyty.
Hematopoetické kmenové builky exprimujici pouze transgenni SMARCAS protein
nejsou schopné repopulovat hematopoézu v transplanta¢nich experimentech. Opét jsou
nejvyraznéji ovlivnéné lymfocytarni linie, hlavné B-lymfocyty.

Regulace hladiny SMARCAS proteinu je nezbytnou soucasti procesu hematopoézy.
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