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ABSTRACT

The nucleus iIis a unique feature of eukar
materi al is stored in the form of chromat.
devel opment of advanced met hods, such as Chr
technol ogi ese,sodmud ilminghmi croscopic techniques
stochastic organization of chromatin in the
mechani sms and factor s, t hat act i n an orct
nucl ear i ntegrntyar ahdt ecchtruornea.t i The mul tiple
organization i nclude, among ot her s, di st
chr omosome territories, | oopr ahgemamwerr f o
intrachr omosomal i nteractionisng TopAD®sYpg,) cas! w
interactions of chromatin domains NMuictlhe aat he
Lamina (Lamina Associated Domai ns, LADs) and
Domai ns, NADs) . The microenvironmemntcl|l ®fart he
envel ope have been extensively studied and h
establ i shment of the chromatin | andscape an
Conventionally, the nucl ear periphery serve
doami ns of heterochromatic nature, while hete
surface of nucl eol i or in distinct foci i n:
euchromatin is found to be dispersed in the
openi ngse weicltear pores. The inspectciedd sofofce
the rceftinmacturnal ma mmal s, wh itchhe ecxoivbeintt i @
chromatin architecture, revealed two major
mai ntain heterochromati noés-t @ptererp,hewhi clposoh
Lamin A/ C and its intetrathem, whiodlkei o r easgo

This work aimed to investigate the role |
mai ntenancei ofegmuictyyaand chromatin architect
fibroblasts that had been knocked out for t
periphery, either individually or in combina

properties a nydn aecnh cemaweirne di nvestigated usin

met hodfhe results obtained so far i ndi cated



t wo proteins can cause asymmetric |l ocalizati
periphery and alterations in the distributi
without affecting chromatin dynamics, or oth
On the other hand, single (LBR or Lamin A/C
mildly affected by the absence of one of t
aberrations, al |l mutant cell popul ations we
obser vatmpolnise d t he exi stence of ot her me c I
compensatory effect and make up for the abse
t here aeewegubelsitli ons that need to be clarifie
into the causal relationship between the | ac

generated, as well as the principles that ru
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Abbreviati ons

3C: Chromatin Conformation Capture
cHC: <conHettietruotcihvreo mat i n

DKO: DoublOaitKnock

EC: Euchromatin

ER: Endoplasmic Reticulum

f HC: f adtleil e m@a ¢ wreomat i n

FRAP: Fluorescence Recovery After Photobl eac
HC: Het erochromatin

HP1: Heterochromatin Protein 1

| NM: |l nner Nucl ear Membrane

KO: KRrwuft k

LAD: Lamina Associated Domain

LBR: Lamin B Receptor

LI NC: Linker of Nucleoskeleton and Cytoskel e

LLPS: -Liqguid Phase Separation

NE: Nucl ear Envel ope
NL: Nucl ear Lamina
NPC: Nucl ear Pore Compl ex

ON M: Outer Nucl ear Me mbr ane
ROI : Region Of I nterest

TAD: Topologically Associated Domain
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1l ntroducti on

11. The Eukaryotic Nucl eus

The <cell nu)c b ewas medbgade or ganel |l e common
eukaryotmaswc elell y, known as the compartment t
material of the cell. However, theyomwmdebe®ifng
aDNA storage organelle. This membranous stru
center of the cell, inside which i mportant
transcription and repair ofFdihenagrnez2d @3 )mat e

/ Nuclear Pore Complex

Inner
Nuclear
Membrane
Outer
Nuclear
Membrane\A

Heterochromatin

Fi gur8chematic representation of the eukaryotic
features of the nucleus) (Sazer &Schiessel, 2017

The inside of the nucleus, which ibsy knowr
a dodlalyer ed nmearblreachet he Nucl ear Envel ope (NE
of the I nner Nuclear Membrane (I NM), which f
Membr ane (ONM), which faces the cytoplasm al
roudmdopl asmic (E®Y) heauucllugparse and their corres
membr ane (HetzEhre rROdAIOgar pores hosdalllaerdg e

MPp



Nucl ear Pore Complraguslt &dteNeP €Ce Mmurhiadat i on bet
nucl ear inhercypytropahasm by facilitating | arge
the cytoplaspmmadHoel t z

The very fragile and sensitigwgteorigeedhehec 1
nucl eopl asm, or-gtamad lzaest i mammer , awserrw i sntgr it cht
regul ation of gene expression. I n addition,
DNA ree structures, call ed nucl eol i, t hat

nucl eopl as-mi gyi di phade separati olni,lkeshianvcieort. h e
Nucl eoli can be two or more in number per nu
syntsheamd assembl vy, as wel |l as other cellul
stress cOnbOoptsoB&ksBBODSvert

1. 2. The Nucl ear Lami na

Thé&élucl €aami &L)s an extensively studied anc
nucl ear periphery. The main buildkngwibl asks
| ami nBEhese proteimgpas¥ eimbtl er mawthioeheehd!| aimeghit
beneath the nucHeearmaenmv efdl. Aldehi s mes6@Gwortk al or
associated Brt ditee i mwc | femrsrk el et on which pl ays
regul ation of nuclear mechanics, wHhiDlee hiatt al
et. al 2010

Il n mammal s, there ar e tthwdeies tgienncets ttyhpaets eonf
A andyBe | atmime .| édAmins are all products of
single gene. The LMNA gene @&ncedésrimesr LhAeainh
LamiCn as well as pfecy ddiDlcea ntdi CRIle laanndi BL2a,mi n

which faltypret catkergoBy, are products of the
respectAdamy . 20IMN)B2 al so encoglerdm-fipecitfhiec r
i soform L&SmihgtatB3 200L5ami ns are also present
species, Gaenhordasabditi(diel.egglar@@@r osophil a
mel anogastremg & Stick, 1990)

Structurally, | ami ntseramienalompe ad eda odeminr

which conhaliinsal4d caoils (1A, 1B, 2 A, 2B) sepa

M C



f 1l ex,jabnidl i-teylCmi n al tail t hat contains a nucl «
domain that belmangsgflabnbiilhyn eof p ramtde ian CdacanXa inmost

( C: cysteine, a: aliphatic(@muenbacmd& Meda
2015)The | atter i's present in all l amin iso
farnesylation site that is critical -$pbepthe
process includes the addition of a -pamnhygl m (

A, -pamin Bl-l amdnpBeniy$ atobhowed by the prot
ofaaX and the methylation of cysteine by an
The maturation process of Lamin A includes a
Cterminal amino aci dmsoverde HPMBT ED4 YRACEINEY 1 €
(de Letuwl 201T)us, -ttmapgerleamMi ns remain farnes)
t o mhtture Lamin A. The retentiypre dfamimhe fhraen
associated with thei (Groeabaomi &nFwiwthhetheh®
absence of farnesylation combined with the
steps of the cell <cycl e i(Ador & aetd saln2hOel 5p)r.ot e i

Both types of | amins are mainly |l ocated
ol i gonfeFriige.e 2c)r eat e f |l exi bl e,aE3h S5fnygp enishsitci kn cfti |
(Fignd3d)spatially disti(RFRolgashadl reenesphpwovr &s ¢

use of modeswo!| i gbn mi cr oc&Otpri wcc ttuercehdn i iglulews

mi croscegwW)(,3Btochastic optical reconstruct.
et ,al201®gt ,d412016;etNmelz01 ¥t , studies have shi
absenof one isoform, the meshworks of the r
changes, implying that, even though distinct

each 6Bhemi,al2015)

Except for their | ocalizati on -tiynpe hlea miuncs
is also present in the nucl eopl asm. Ther e,
fil apeesntwel | asi nd etnhsee nfuocadireda rh a vnd erdaeor associ

the organization of chromatin and other nucl
and rebacdtat al2011l;etNpalialdwterestingly, ther e
t hat associate the namieop! €smi thf ereatchatomaof
al sontcahe l-asmsoai ated poLAP2psisdeUBaAPReen

found to cause alterationsA/rCe gar ckiurcdh rtomeathicn



as well as the euchromatin epigenetic marker
gain Lamin A/ C binding exhibit a decrease a
modi fications, respectivAal €, i nmphyi meegal abl
expressiomrt(B@s6)pn

Monomer Dimer

Polymer

Whe $hs Pl $he Vhe B0

Protofilament

Intermediate filament ~10 nm

Figur®chematic representation of how | ami
arranged in parall eloidsdamelres ,i nmthd cdo ii Inetd«

tail manner to form polymers. Lamin potlhame
build what is called a protofilament. Thr
form intermediate filaments with a diamet

My



Fi gwBrReconstredtMe d nmaalyes o fl avbEeRhdl teddu alndii bodi es ag
possible combinations of the different | amin iso

form mostly distinct meshwor ks wietth ad2nOlly5)a f ew ¢

|

Fi gurTORM i mages of 3 distinct cell tlyapteedl | ( ME F <
with antibodies against Lamin A/ C and Lamin Bl
di stinguishable networks ofethaR®&19Wwo | amin isof

The different t ypseppecoffilcamiynsr egxahidbhintg t F

devel opment al stages in whichB-ttyhpeey laarnei npr eas
ubi quitous 1 n all nucl eat etdy pra mmaarhii msn ared | e &
at |l ow | evels i n pluripotency i n comparis
characterizes more differMadgleian, atk.0da8l;1 Wonmge
Stewart, 2020) . Il n addition, di fferent typ
physicochemical properties. Asmearres-iBtijochbi

M ¢



type |l amins can change the structural <charac
and contractility. Through their interaction
nucl ear envelope and the nucl ear pefracpthoerrsy,
t hat participate, not only in the maintenanc
and mechanics, but also in the regulation
(VahabekaalRiO22),

1. 3. Chromatin

1. 3. INudlheosome and the Histone Code

base pair at dyad The genetic mat eri al
packed inside the eukar)
M | Ko g2 the form of chromatin.

chromaeiers to a compl
contains t he DNA al on
structur al and regul a
partnesid ber,t2I00.5) The
ndament al structur al
the chromatin fibre is

which consists of an oct

a9 x proteins and 147 DNA |
| wr a e d al masbuntdwi t i s

EMH3 EH4 " H2A EH2B PP |
protei fMc@Girety & .Tan, z
Fi gub.eSchematic represFOur core histones part
nucleosome partMecGientsy N1 stone octamer compos
2015) . H2 B, HI Fi H4 Th)ese protei
are rich in arginine an

and, thue,6pddietyi wmely charged. This feature f
negatively charged phosphates of the DNA ba
nucl eosome particle. l nside the nucl eosome ¢

t hat i nt etrwaoc tHH2ABvi dihmers via hydrogen bonds.



seal ed wi t h a sitnlgd ien krea | eltiud teo nef H1, whi cFh
nucl eoprotdiCutdaempl&e Xayes, 2015)
Hi stones are highly conserved among euka

hi stones there are also histone variants whi

are expressed in specific differentiation ¢
exampl esHar & vaei ant of histone H3 that 1 s s
variant of histone H2A, which is presoefnt on

DNA darnflaagleber t & OHeln)i.k of f

Structurally, hi-seomesaktohgdsopbbdbbacChi st
responsi ble for histone: histaomdke amrdNnhnhatona:
t hat extends out si de t he nucl eosome, of f er
modi fi ¢vaatritBfaon2 eez al2,Zth7amreg ,al2020hese modi fi cas
are associated with the regalnateinen exfpreksomw
They i nclude met hyl ati on, acetylation, p |
SUMOy | atnidohney <col |l ectively <constitute the At
Ahi stone coded hypothesi s, di fferent combi neé
more histone tails can result in difference:
cell (Tateer.,, TWeO2¢pi genetic histone mndodi fic
removed from specific residues of the histo
Aferaserso, respectively. Enzymes called fArea
moi eties and recruit other proteinsoft hgaetne | a
expregNiacmelts,oanl2.015T)he trimethyl ation of |y s
(H3K9me3) and the trimethylation of |lysine 2
common heterochromatin markers andAiakluc& t
Mi mur 201 ays wel |l as the acetylation of | ysin
has been found to be enriched on (pGwinmoltemet toe
et ,al201hAye only a few representative exampl ¢

hi st one mo(dhifg.ca@) ons



methylation .— phosphorylation
@— acetylation Su sumoylation

Ub ubiquitination

Figwr®chematic illustration of the maitnerenpiingaelnet
ta( Asaki & Mimura, 2017).

1.3.2. Chromatin organization in 3D space

During the past codeVel o martc aafe smod diren t
investigation of chromatin architecture, su
(FI SH) , Chromatin Conformation Capture (3
| mmunoprecipitation (Chl P) pr oteoacto | psr, 0 gerneasbsl ¢
this field. |l ntensive studies |l ed to gaining
organization and revealed that the formatior
mul tiple | evelasnd iinnctl miada sngma In siemmtnaer & ditrioonat i n
formati on, serving the need for efficient ;
materi al (Fi g. 8) (Kempfer & Pombo, 2020).

On the macroscale, chromosomes occupy spe
called chromosome territories, as has been
arrangement of chromosome territories appeal
each chronmnosdscoegebeci fi c while it aldswmsidepeandd

chromosome size, as well as the stage of di



| arge apdogeaoabBromosomes tend to reside in th

and geincech chr omosomes accumul ate in the nucl
altered in case there are alterati omg ,ian .t he
2019) . Even t hough chr omosomeschapeo ssopraatl i &
i nteractions ar e present, wi t h t he mo st
heterochromatic foci of murine nuclei where
Atranscrfiapcttioor i es o, in which the transcripti
genes of different ethapodDzbzeepse (EsHridA)dsle

At the chromatin | evel, there are two ty
euchromatin (EC) and heterochromatiitmtey p€) . T
of chromatin that is | ess condensed and mor e
DNA / RNA polymerases, compared to heterochr
is generally renderedd, ail22.00@x)t .i velét €rGod lbreog ma't
di stinguished into two subtypes: constituti
genes, lerctl uadreesr &€& and tel omere seqguences and
nd facultative HE€ypfeHG)p,ecwliich aingd calnl adap:
its genes according to the develop®aeksablbkand
et ,al201Modern stutdhesclpaopiofsiecati on of chro
nucl ear compart ment s, i n respect to euchro
compartmento i s mostly euchromati c, i's enr
el ements (S| NEsi)staommde fmeartkevresd ahnd i s access
factors. The fAB compartmento corresponds to
contains mainly pericentromeric satellite re
(LI NEs) and | ong tser niSmealq arRd0pleba;t sZ h(eLnTgR & Xi e

Conventionally, the two types of <chromat |
inside thEhemiughleywscondensed HC forms a dens
proximity with the nuclear envelope, as wel |l
nucl eol i . EC occupies the rest of the nucle
nuclgamres where it can interact ewi,tan2.0t1h6e; NF
Feodoeoval2020) . The role of heslpeatn wd!| eoarg amd rz
of theegiemomonsidered to be highly significa
participating in the correct folding of ch
mai nt enance of the conventional nucl ear arch

H O



[Jec [Juc [lcHC [RF Sopereer

;'é ko ich (n) Nucleolus

Fi gurRepresentative i mages of the conventional n
nucl €éA%. El ectron microscopy i mage showing HC as
NE, the nucleol i, as welandsiEGnas dei dthtel ynustl a®ior
di stributed in the rest of the nucleus and adj ac

of the distribution of EC andt H&€RI028&)de the nucl

On t he mi croscal e, di stinct chr omosomes
di stant | oci i n cl ose ptrhouxsi,miitnyc rwei atshi nega cthh eo f
their interaction. These architectur a-l chro

Associated Domains (TADs) and are evolutior
kingdom. TADs have been f ouonfd geonefsacwiltiht adies
regul ator ywheilleemeintt shas al so been proposed t
coordinated expression of groupsvaorfissguasges sp
of di fferent ivaet-dkbofni.nreTdd Bs @&@rew aeraathe oftrhaer , wi t
mi nor-TADtenteractions, f | amiktehd sbpye diofuinad ageyn et
ancar ked with CTCF and Dd cehlvesailln0 1c2o;entpS zadb@os 9 ;

Radlag| eesti,assR0O18hese complexes are of high si
integrity of TADs, as well as(Zmmandg h& Xnad ,nt 2l



a Nuclear Nuclear b ;Compartment B \Compartment A Fi gur e 8. Schematic
speckle lamina .“‘ I ‘
Nuclear representation of t
membrane | . =¢\ & ‘F
: genome is organized in
(a)lnterphase chr omos

(depicted wi t h di ffer

occudgiysti nct territori

compart ment A chr oma
Nucleolus di spersed inside
e nucl eoplasm, while co
. prs— -y B preferentially inte
ﬁgﬁo ‘3@ NE and t he nadx! eol u:
------------ & 0-9 5 Topologi<caRAbygociated
9o 5 O Fron domains (TADs)- cont ai
Ogo 'T"IAPSEO """" = won and icihitr mano s o ma |
% @Hf@ PR i nrteecti ons t hat depe
w"‘*"“éacpo 0 CTCF cohemeai at ed chr omat
l ooping. CTCF acts
bordens nassul ator, setting boundaries between the

1. 3H8t erochromatin Protein 1 and the biop

Extensive investigations that combine exp
have revealed that chromatin and its protei
polymers in a sbiamaonomnlde cfudram cdndgeun sdat e

phase separaftCiagmmgde h R32.020)he theory suggest
compartmentalization of chromatin could be
such as histone modification reader s, or nu
tendency to undergo phase seanprheaont oLdPSho
compaction gradient and the subseqeéntaltran
2020 Demmeetr,lael2)0.2 3

A potenti al candidat e t hat drives heter
separation i s Mette( h€.Hl) Dhmat meamber s of t he HF

evolutionarily conserved proteins t hat ar e

HP



mai nt enance of genome -togrgminnuexaticam.r i e eiar
organizati on rnboodx)f | deo@dbcpharto neol | ows t hem t o r
interactandgi thidiethyl ated (Wsebéefl2df0 2hii d teo n «
t heitrer@i nus contahasow dbOsaDmor esponsi ble fo
homand hedtitemeoi g8mobhers & HeniThotk, i 2000) m
present i n nbamnda IbsRh i1 are mainly present i
and HAhich can béofbumrdclonomatic and heter
Constitutively heterochromatic regions of

tel omeres, exhibit enrichment for HP1l. These
nucl ear periphery, with tchenponentsr @d¢t itdre W

LBR, being a possible explanatioat f@alR00B) s |

HP1 awe-bt udi ed offr edahckerhd st one epigeneti c mq

and plays a major role in the establishment
conttahiins modi fication. More specifically, HPI
attracts met h(ySIUVI3a®OmHslf e(rnmaasnensa F9sD(, rBeail( &/MdRg 8st e
whi,¢ m jtaudrdn mor e met hyl moi eties on adjacent

heterochsrprnaatddndgt i o H®Ll has al so been found

rol e i n ot her cellul ar bicaes 9@s ,anslucrhepas |
establishment of nuclear architecture, via i
functwaors & Wor kman,nt20@&&tingly, HP1 has al
euchromatic areas of the genonreeggubmtliyn ntgh as
areas. tlono fact, HP1 proteins act -par tenecont
dependent manner and can have an activating
of a (gemeel z & Ri.ddl e, 2022

Regarding the involvement of HP1 in chro
been reported that HP1 tends teot (faol20nl ;0 nSftemas
et ,al2.017), whil e ectUomi cs pteariddtci ngge nofmi P 1 o
condensation of thett at2t3dd rThgisends i (nldii ngs
fact that HP1 can bind to DNA strongly and t
with neighboring di mers and form oligomer s,
idea a@afying pl role in chromatin condensati ol

Dekker, 2020) .



1. 3CHromaNumnl ear Lamina Rel ationships

Studies using Chromatin | mmunoprecipitatd.i
investigate the principles of c hregnadn s ofr
chromatin that extensively interact with th
Lami-Asasoci at ed( LDMD®wa)i nand form a dense heterc
underlines the NE (Guerreiro & Kind, 2019).
, but

the proteins thattharLeADass sroecvieaatleedd wan over |l a

interact with the NL components or not

i mplying that the proteins that are common
medi atloAB ifnding to thet NARQEFLp. DbDADEONaAaNg g
| ate repl-siicabhimggi dng of chromatin that are
Nucl ear El ements (LI NEs) and heterochromatic
(Rullens & Kind, 2021). A mammadlmaare-lgiedmdmeé c

LADs, with the | atter corresponding to arour
& van Steensel, 2014).
Nesprin 2 \ Endoplasmic
Syne \ \ Reticulum /
I T - ONM
g ! iz lNM»as?coiated “
N Nesprin
;) ] INM

]Lamins

Zone3 Zone2

Chromosome Replication .
Integrity Licensing Chromatin

(gray=inactive)

LEM= Lap2f, Emerin, Man1, Lemd3

Fi gwrbeepi ction of a putative model of how protei
proteomes (zone 1: NL proteome, zone 2: overl app
may contribute to the maintenamce pofoploAR#etibry tWoe
al . 2021.

Same a@hlsr omati nccamldAsbs be di snhitompui dihetdi nc
categori es:( ccLoAndsstdli tfuatciuvlet(aftli A/sesc)L ADs ar e pres

HT



al | cedndrteg pmesst |l y depMhatleed fdfA Dggemgeee i d e lcl an
mai nly contain de(iVegh€pmantialvage 5¢8ehlsehs &0
Kind, .RARsl)are also highly heterogeneous. Wh
NL are maintained, the subset of fLADs that
(Briand and Coll as, 2020). The heterogeneity
di ston baft if LADs i n daughter nuclei aftreamr mit c
to the nucl ear pereitphadr2y0 13Fi.g. 10) (Kind

Mother Daughter

Fi gulrO&sr aphi cal representdtbeoni bbtibe et otbhABDSI b

mitotic( Amendaolom & van Steensel, 2014).

Theroteome of the nucl ®tac tphee i fphremaygt icomt c
mi croenviwhinamiesntat first consi der eHloweovelre st
this is not the case. Although the majority
there are severrelip ogiesneedsr stthahtye @ 0 b d ne xfpaeca s, s e d
NL atsttrraacntscr i pti onal irndgmree s olrosc al i nccorhecaesa t r
chromat itrhle&Dshiighdydensed and, t htus,cHresmataicn
rel ated factotrteer éDeispia ef rtahcatti,on of genes t he
the, Nescape the repremsdivReareqe i roeaimeneéexpr es
Nevertheless, detachment of a gene from the
not al ways mean that the gene beconfd&s iantdi va

& Coll as, Aeoaa)hl vy, changigegpet hespdsei tihen naf

increase the possibility of the gene intera
facilitate 1 ts eXXAmersddlom &rvasn.l ineamgel , 20
The LAD borders are a very important f ec

enriched for H3K27+#medhdamgg tthret©OCCTCTCF), a ¢

HY



an insulator t hat prevents @uolki on@mat ieruchpoa
regions (Briand & €0l a&8R96212020ntE0oekitnagly,
that the variation observed between fLADs i s
LAD bordetrsamat herentire LAD (Briand & Col |l a

Apart from L ADseraendarTeéADasl so ot her domai ns
associated with distinct -Assbeiaat ed mMpamaimest
are a great example of such domai ns. NADs ar
contact with theimbtelrachki osumeadceateanby mech
yedl ear . NADs have been shown to overlap wi
LADs maw heehbbdbWwling of these domains bet ween
t he posteamsttaoldliics rmeantta nafhi d (ekcideamdr, @ 12.01 3 not her

type of nuclear peripheral chromatin d-omains
Only Domains (KODs). These domains are enric
only | imited interaction with Lamin Be- They

specific enhancers that are able to escape t

modi fications t hat mar k these genomic | oci
enhancers in a wiongetdhemate, baddme rapidly
required and, thus, facilitating the spatiot

or genes invol veldriign dLigf}Xf ca&datinat i on

H
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Fi gurlér aphi cal represe®Onbyi ®@o maf nNKEBKsK @& 2) .enr i ch
for H3K@me&speci fic enhanmnddesrps,aywhoinlley tlhhemi t ed cor
Be(dited i mageSmioghtt ,aailh@al )b.y

1. 4. Proteins of the Nuclear Envelope

The nucl earcoemnmwelh@apege number moft ppyeteand
overl appi ngAfftienrctbh®inrsg synthesi zed i n t he
specifically targeted to either the inner o
di stinct functions of the two nuclear envelo

sets ofdprotrebbbhgone(8tht hememr & Foisner, 200

The proteins of the nuclear envelope shar
medi ate their Il nteraction with other compor
representative example of such -ldodmal ns met it f
abl e to iithh eclarcamavm i n vi a -bitisddiimgi petootod i rn hi
Autointegration Factor (BAF). l'ts name i s a
firstly f oundLatmo -alses opcrieasteendt pion :y/p2Bmer de anhnha (
Manl (BeataltoR015) . Ot her features of the nucl



their ability to form compl exes, not only wi
components, epigenetic markers, transcriptio
related to chr oimatte rnascetwvoinhsgt hbee NE proteins
targeting specific genomic | oci to the nucl
|l andscape (Briand &tcCal2l02sl,) .2020; Mir za

1.4. 1. LI NC and NPC: two major features

One of the most i mportant complexes that

(7]

the Linker of Nucleoskeleton and Cytoskel

its apparent role of connecting the inside ¢

s®enbdéd ound to play a role in the maintenan
etail, the LINC complex is comprised of pr
amilies: SUN and KASH I2p0r20lt)e.i nTsh e( Jparhoetde i ns o f

e temmsane proteins etfertnhienallNM awilt ht haant N r

- o o

Q

e nucleopl asm where i tr ebliantdesd tfhaecttdern® ,mdasrc d |

—+

at carries a SUN domain and protrudes towa
mai nscti nwietrrm t he KASH-t@éomainms obn prloe¢ eCns t
e KASH family, and which are mainly-found
rrmi nal tails are found on the <cytopl asmi
mponents of nt h(eWachygtaol2B8 2 et oThe LI NC compl e
t as a |link between the nucleoplasm and
tracel l ul ar environment (Fi g. 12). Via tt

rface of the cell can bwhemrantshme t tarde itnrsa rd

o oo o 95 O 0
>0 £ X O o o - o oS T

anges in gene eextip,radxs0li)n. (Bouzi d
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Fi gur26&chematic representat iTohne oKIA StHh ep rlolt NG ncso nopf |
(Nesfri Ne-82pr Ne-3pr Ne4printeract with SUN protein
forming bridges between chromatin and the nucl e
cytoskeletonet( vaBAaBRkashi

Anot her compl ex of the nucl ear envel ope

Nucl ear Pore Comwhlos>x mMéRPE@))cul ar weight can r

vertebrates. TBbé BPCotahsiost 30 proteins, re
(Nups), which can form channels that run thr
role in the communication between the3nucl ea
(Hoedtt zal2.00OWnNni ng the | ast delrtawveahomm! ttihmlte apte
from thlatrorryegmuole in the transport of I ar
nucl eopl asm, NPCs also contribute to other
organization i nsitdeantsicte ipudcloamasd armdul ati on
201.9)
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NUP45 Mip2 Nup82 NUP88 Nup59 Aladin
L |
Core scaﬁ‘cold Nups
i gur3dchematic representation of thesNbplagdrs Bdr

n NPC consi st of the nucleoporins stowmd) n t |

(St arDdeCiacstetl.l ala2010) .
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c

I nterestingly, a specific member of the
nteract with components of the NPC and i s
ssembly in inteetphal2@0nhucl Blor v er , CoOmpone
ompl ex appear to play a role in the right |
t ,al2016). A similar relationship between th
een reveal ed. A couple of studies have shao
omponent sexthitbhe NMBEymmetric | ocalization pe
oincide with abnormalities in the NE, such
Sul leitvagn 1999; eThani29dlr) . Such studies pinp
unctional relationships between the numero
nderl ining the fact that they act cooperati



1.4. 2. The Lamin B Receptor, LBR

The Lamin B Receptor (LBR)udisedonneucodfe atrhee
proteins. 't resimlés i fanctheomn&NIM asams membr a
fraction of it can also be found in the endo|j
(Hol mer and WorlmBR,w&290O0fl)r st recogetza@di nn 1
turkey erythrocytes, as a 58kDa protein (p58
a high affinity fernbawmknof®n t o beexepvroelsusteidon

in all met azoans
LBR is structurally comprised of a regio
domaifdisa,nked by -bet mngalklmi aiol atnedr nma nsahlo retn dc,ar

protruding intdFt gd Whu daaa,0ogll 2% 0n)

Transmembrane Domains
(C14 Sterol Reductase activity)
L J

-

INM

a
T %

:
|

Fi gurd8chematic repr d=xamgttdat iLamiwnf Bf Rlelceptor ' s mai

Nucleoplasmic Domain
(Chromatin Tethering)
Lamin B & DNA

Histones H3/H4

as some ofntesambons and t heinraghei,n doibrtgaisnietde sb y( eN
et ,al2017) .

The transmembrane segments of LBR di spl

structure similarit ystwirtohl yreeadsutc taansde sp,I aanst wll



that have sterol reducaldld9d®8gctilwni taydd(i Holomer |
found to be capable of restoring +fsSheragh erc

reducdefsecti ve yeast cell s. These d4dsmelryl t he

-

eductase actiegttgllad9®98wel Il nt8rleseingly, a st

LBR seems to be essenti al for chol esterol
existence of an ER enzyme, called TM7SF2, wh
chol edi esgiht heti cepaalRWAadY) (Tsai

Apart from its enzymatic activity, LBR h
components of the nuclear periphery, a funct
terminal taiérmiThak @i hois comprised of thr

anderves as a docking site for other proteirHl
nucl ear | amins and proteins related to <chr
structur al components Bne@iom cClamga-inedoegaei n ,
di pept Sden®t ( R) and a second globular domai n
barrieke structure and has been found to bi
mol ecul es, implying a potential role in hist
(Liokat,as2012) . Regarding the second part, [
which provides sites for phosphoryl atd4¢cén by
SRPK1 is a kinase that phosphoryl ates RS mc
splicing frlckdaoplsor yllhaet i on of LBR by SRPK1

oligomerization as well as its interaction \
via changes i n,aist shacso nbfeoernrmasthioonnn by i n silic
experiments ( PeatpoaultdNdDFolbkaklil,;BEddti sal2012) .

P349°?s a mitotic kinase that regulates LBROS
cycl e ( Netk.odlalkvabk&) RS moti f has been found to

platform nloamioml B, flmutH4alodd gloanmer i3 and f ul |\
nucel osomest(bROK2)i.slI nterestingly, the | ack
of the NPC, has been found to I ead to the pl
the RS domai n, causing defective LBR Il ocal |

compromi sed nuclegarn tegngtVj and® 4i6nt The | ast pe
amino terminal tail i s a second gl obul ar (o
conformation <cat egobreyen Trha o rdtoenta i ans htaltse one
LBRO0s indirect interaction with Heterochr oma

op



h

Il stone H3/ H4 edl,iagldbme7s Rae,jaolDddak). LBR can
nteract wi tbh nMe tnlgylprog@®@in 2 (MeCP2). The r

t wo proteins underlines the role of the nucl
of heterochromatin in the nucgleenaer spielreinpchienrgy ¢
cel |l di ffereetiatiO®®)( Guar da

LBRan bAkesmodi f-b-N-AcébyylOgl ucosaminyl transf e
enzyme known -GbcNAddmogetdOi es on serine and t
wide variety of proteins. The biological I mp
clear, but what hasNdoreeah. ashowa byudyeof 201
potenti al cr osGltcaN Ac ybl eattweoenn ahnd phosphoryl at
affect -biitnsd i hNJA a KNiolcietay, a(l2S0meq& ) .

LBR6s biosynthesis takes place in the E
Subsequentl vy, the protein is laterally diff.
envel ope until it reaches the I NM where it i

ntranucloenponentset(antfifarsi mechaaet sm)2.01Bngr i

Regarding LBRO6s mobility, it is far from hort

n

ot only as a free molecule in the ER and

mi crodomaimasl e@edulL8B8R ohatgoaree i zeldf and accumul
Gi annios et al. 1in 2017 showed -dtbpenHdBRs0 @y

t
L

o x -

he ER fraction of LBR being wulmé froosntl ymabisl &

BR mol ecull M (offradhemol ecul es andetmiacld®ld)ma i

Anot her rather i mportant role of LBR is t
nd postoti c NE IrnermtsesregniBRyeappears to be [ oca
NM of the NE giving a clear nuclear rim, wl
s also found on the ER membranes, where its
inases phosphoryl ate BBRing cestdenachmedtue
omponents, that participate in its retentio

nto the ER and the NE breakdown. -binndiang a
bility and brings ER memboaméde icondéonsedpc
esulting gradually in its compartmentali zat
eassembl y etEIlallleédmbrer. g



Taking LBRO6s bifunctionality into conside
et tahlat the gene that encodes for LBR may ha

two distinct primordi al genes, gi vientg, atlh.e p
1994) . I n 20&7. dlbksesbalpaliposed a model t hat
characteristics of LBR. According to this p
creation of lipid rafts in the I NM via its

of fderfeor the accommodation of the compl exes
nucl ear periphery and may serve as heteroch
envel ope (eNi.,kaod ;ak7a)k.i

Il nterestingly, i n recent studies, LBR ha:c
cellul ar senescence, a cellular state chara
mammal i an cell s. Mo-dews peftci fucati gnaknbBR se
celdubanescence, by inducing changes in <chr

formation ofassemeadcemdcenet erochromatic foci
i nteracti on wastsho csieanteescc egnecrees ® ( SAGs) promot ¢
activat ihen pamdnoti on of-as$&eciseetneedsceacreetory
( SASP)et(. Eanl 2A0r2a0t . a | 2L0UlkO8 geotv.8a 1 2017 ) .

1. 5. Nucl emassbBrovaltepe pat hol ogi es

The nuclear envelope integrity and the ma
are often cagaprreosnuifgstetdat i ons i n genes encodi
envel ope and nucl ear | amuitnma i ®momp ccmenn tlse.a dT hteo

humapnat hol ogi catolcloamditeirtwwadiwuckebeeaael opat Mihes

high number and the multifunctionality of th
are translated to an extensive spectrum of
these diseases. Envel esppaetchiifeisc aarned noahienyl yh atvies
affect the heart and skel et al muscl es, adi pc
(Jamtnal017).

An i mportant subcategory of envel opathi e
di seases caused by mutations in the genes e
interact with the nucl ear l ami na, for exam



muscul ar dystrophi es, cardiomyopathies, |0

syndromes. Collectivelly, these diseases are
including changes in the nuclear shape and

t he Wutsiton of cétr.omaazadn9;( CWdr man, 2012). Suct
Hut chiGiddmrd Progeria Syndrome (HGPS), a ra
by a mutation in the LMNA gene that | eads tc
called .Onogé@eiocell ular | evel, the accumul ati

in the heterochromatin positioning on the nu

as wel |l as gene e«prakROLOnh. (Martbdkobrgani s me
present early ageing features and wuswually d
complicatiens al2alBgMut ati ons in the LBR gen
associated wi t h | ami nopat hi eMduzitn amwmean sy, as
Greenberg skeletemdHutitysphamahy Patgents who
for LBR mutations exhibit neutrophils with |
are homozygous for LBR mutations the phenoty
The neutrophils of thmed, pahsegmenteagdi butl deEe
suffer from a wide range of defects, such as
Greenberg skeletal dysplasia i$eamsoaoasabéd L\
and i s developmental Ity Ibet lmalcholl tesiteromdn gnied &

since the transmembrane domains of the prote
synthesis defi cciteemd2y0 I(7Ni. kol akak:i

Mul tiple studies have been focused on ga

mut ations of the proteins of the nuclear I
characterize | aminopathies. Two main expl ana
one sughgeetstdkeftect s of the nuclear | amina or
defective gene expression profiles, underlin
regul ation of transcription. The second one
| ami nmmecihnanotransduction and signalling, pr o
nucl ear | amina meshwork may cause mechanica
explanation could be a combination of the f
reactionnicameshaess can cause Ii-mespaseidveaec
signalling pathways, which can be transl ated

and Worman, 2020) .

oy



Al t hough such diseases are quite rare, t
investigating the roles of the nuclear perig
chromatin architecture and gene expression.
|l ami meailmh and di sease can also find applica
such as cardiomyopathies and metabolic syndr
the mol ecul ar basis of tissue and organ alte

proscse (Wong and Stewart, 2020).

1. 6. | nverted Chromatin Architecture
Apart from the abnormalities in chromatin
by sciept ifsatrs i n sever al pathol ogi cal condi
chromatin |l andscapes that deviate from conve
found in nature. The most representative exsz¢
chromatinuarechiftadhhe rod photoreceptors in t
(Feodertowd®2 02T he nuclei of these cells are c¢ch

of heterochromatin from the nuclear peripher

t heenbérthe nucleus. Specifically, in murine
is tightly packed in a central het erochr oma:
heterochromati n, foll owed by euchromatin,

envel(dpeg. 15¢t (&B@DO6OTRI s single chromocenter
hi gh densli tays, raesf rmeedt i vity, resembling a | ens
and, thus, f aci(lSotlativeesa I12n0i0goh;t eKirieayizsd in@) .

The inverted nuclear architecture i s ren
t he conventional nuclei, since changes in th
the nucleus as well as changes in the access

iyene expardeésioafficiesntr abMA bdowkl eetepali r (|
201.4)Thawxpl ain why chromatin inversion is o0

types, in which it serves other purposes, su



Rod cell Ganaglion cell Fibroblast

w— MSR w— L1

Fi gur5él SH i mages of three differentdcetti bypeaen s
constitutive heterochromati n, f aculTthateieveprlhdteer
wer e used for t he pur poses of t his expieri ment
representative of €¢€BEL, L4hotwwvhei mabbuecl ass of the
seguencepresentative of fHC, (3) Bl (the major <c
seguences r el Altaeedg uteori chaugyasnsent ati ve of euchr omat
(edited i mage, oett.aald@@9)hy Sol ovei

Mouse rod cells have been extensively use
in studies that attempted to investigate the
the spati al organi zation of the genome. The
maj or pphenr al tethers for heterochromatin bin

and thet Ber-teTherAis comhphCsaldomd Wwiatmh not her
the nucl ear per itpyhpeer yl amit rhs whooarptekrtaht eer, rwehfi el res
t hemiLm B RéSeoepwooyral2013)

Murine rod cells |l ack both peripheral het
A/ C. I n fact, rod cells express LBR during e
This is normally followed by LBR downregul at
expsrsei on of Lamin A/ C, with the exception of
t hat express both proteins. I n rod <cell s,
gradually declined, Lamin A/ C never starts
heterocmrtoemater s | eads to a global spatial =c
in the complete inversion oéet ¢alrzomat)i.n S> Ani
alterations in chromatin architecture have a
as mouse olfactory neurons. Il n this type o

di fferentiation coincides with dt hheh ep gorotsiiali on



of certain alleles in specific | ocations 1in
going to be expressed or not. However, the i
these cells to maintain the convent i oental chr
al . 2012) .

(A) po/* ps @ P14/ @ P21 ’ P28 adult
,.iw.\. =8 = (09 = = @
rods O .l ®
| o » :
~ SINE-rich LINE-rich
\ ( R euchromatin heterochromatin

chromocenters
(&) (satellite DNA) () nucieoli

(B) ‘ e \ // \\ e Olfactory receptor
[, ‘ ®® gene clusters
[ \ [ \
olfactory eV | = | . ; ® active allele
\ J \ |
neurons \ 2 2 . ' J e Clustered
- 3 % \ i ®® repressed alleles
basal cells differentiated neuron
Fi gureesc hemaepcesent ation of the alterations in

occur during the differentiation of (A¢dimoade r
i mage obtained,bi036)ovei

I nterestingly, studies hawd | shhowre tthhatt n
normally express Lamin A/ C are inverted, whi
nul | mi c e t hat do not endogenously expres
conventionagl ecMorpeaaxcverxpression of LBR in mot
inverted phenotype. On the other hand, ect o]
type cannot fully restore the conventional |
t hat -tdeéteheArdsc hhreotneat in binding ability also
partners, which may not be expressedtthbemsel

20123 Despite the continuous research -on the

type I aminsd partners have not been recogni z
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The main goal of this study was to invest
the nuclear envelope and the nuclear | amina
and the regulation of Thcehmtoenae $sth was hifobeaus e
phenotypes gener at efdi b mo tiNbl eHy t3kMo3d Rnmodulls@mi n
A/ Cegarding the nuclear envel ope, pasopwerltli eass

the mechanistic aspects of these effects. Mo

i .l nvestigateompwnmaierof the nuclear pering
of LBR and/or Lamin A/ C.

ii Assess whether there are any alterations

and dynawmitchse cell s that | ack LBR and/ or |

i i iExamine how caenilgrmdtiiolni tayyidndy might be a
of LBR and/or Lamin A/ C.






Material s x






2 . Materials and Met hods

2. Experi ment al mo d e |

All experiments weérTe3 ccoen/8 T8t ENARH KONI HMNA
LBR MNA DKO andBR MDNKO stable cel | ulsiinnegs twheer e
CRI SPR/ Cas9 gene eandiaolmanacthernil ocgdy by ot her
lab (Martzi GCouPsmaqi Ktaite,r i na, Tassou Vassil.i
2. Cel | Cul ture

NI H/ 3T3 cell s were cultured in Dulibeccobs

high glucose with sodi dOn29py r usvuaptpe e(m&init cead, w4
glutamine (Bi oser a, MSO014N10OO0OP), 2mM pen
MS012B100A) and 10% ome d46r(BebpRBBSHIOD)2TO! | s

were kept in an incubatoratwf@3unpmlee mgmptrreop rr i
5% COhewer e asppplriotx ienvaetreyl y?vheéay $ hey reached a ¢
percentage of 8 0 %. Thi s pr otcweideuertu | ibrecclcuoddbesd
Phosphate BufDP8IS¢gRIiI Ssadrn aa,e NSO0AStSAdOWi2n g atnlde m U
aTrypsin/ EDTA solution (Biosera,. MBOYWALODOM:a
deact ibwah e daddfiuliloyn soufppl| e mentandd gtrtoevt eahp prreap r

amount of sceeeldlesdt wenew cel | cultteurrne sdtiosrhaegse., F
were detached afsr oarh otvheen tpaliaftte@ € mp muéed 3
resuspended in Freezing 30¢&diw/nyy, BRehS candcoh

Di metSluy If oxi dei n( DIMSBMW. Theyt rvaenrsd et hed ,i nto
slowly froB8®Qamdodwnt ated i nCéihgsidenetregemner
t hlei qui d bnyi tgruoigceknl v bei $Cg wtalt ewdd tihn &rx%dh wa
was added and theyi nwer ecetl i anflétrurceed Idi Bhees

regularly tested for mycoplasma contaminati o



23.Pl asmi ds

Alpl asmi ds used I n this wongt rapoatee ticheesri g
members of the | ab (Soupsana Katerina) usi n
constructthreessecdu ef cerx per i ment sp Bv@RF RING LhaemifnoA | o
( Filgl., pE&FPAMI MBFilgd. and p2EGBR\FIld.. pPycagip
eGF-RuHPla2@QFiwas used for FRAP experi ments.

PEGFPN2_huLaminA
6718 bp

e0/H0AN

0005
e

Fi gur.pEGFPIN@Lami nA plasmid map.



PEGFPN3_huLaminB1

6446 bp

Fi guwr8pEGFPINBGLami nB1 plasmid map.

PEGFPN2-mLBR

6585 bp

Fi gur9p EGFP-MR2BR pl as.mi d map

n o



pPycagip-eGFP-huHP1a
7713 bp

lac repressor encoded by lacl] | S
M13 rev

bGH pol

Fi gRrOpPyceaeg@FRPuUHPla plasmid map.

24. Pl asmid | sol ati on

Pl asmiedrse i sol ated using t hé&MaNuhcelNeegyBd nd X
74041)0.50

25. Transfecti on

Transfection of NI H/ 3T3 cells was .perfor
PElaisynthetic polymer that can form compl ex
backbone, due to itatpodsdiithev éeaten d su rbey, eanmdd c y t
specifizadd yof ¢©1f a3sbmamnd pPhiédsthe di | wt eod ifmr e25 DME
(Mi x 1) and 0. 9ul of working PEI solution (
(Bi oser a, MOl &@0dA) uted in 75ul free DMEM
werceombiinreda thimdxtdbedpngdi paeactubaged for 30n

temper &@ebte. were seeded the previous day so

pn



t hey had reached approxi mately 50% confl ue
i mmedi ately before the transfection procedu

suppl emented growth medium was used. Mix 3 w
4.5 houfC fatl | dIve d. At the end of the incub
changed again. This time, 2 ml of fresh full

to the cells and theyld8we s37@ tdregpwrnati endy foor t

experiment.

26.l ndilrmrenctnof | uor escence

Cell s were grown ©§6#Ngdrtsisl ctolveeyr sl e pshed t
confluenthWeyTwene rinsed t hred otrli Ofeisn wa tt hr oPoBr
temperasiumg@ a fixaonbai-siohtmeddmal dehyde (FA)
PBS. The concentration of the FA and tthhee dur
anti body wused. The fixatwwaslldepwiwtalmanPBRS | at
incubation with Quench buffer (0.07qgr gl yci
temper ampees e raigmasiendwo hn heafMBiB ey wer e per meab
and blocked witHh5BImMEMNian@ 0Bwf Hempes pH 7. 4,
0.5% Fi sh Skin GeXhOOn, 0010 fBGT AloSnmi n at
temper @ahane. pri mardi lanttd d oidn elseo cek iandgd ebdu ftfoe r
samplfes lhr at roiom aemMper Bt edechamber, pr o
Sampl e swansehteddr ee wi it me 1 ocki ng buffer, |l eaving
at room t eSweamdary anti bodies were added, [
aboVveri nsiwing hsftRkRB@ owea@ampivedse i ncubaGRRO wit h
i odi de (s6od 2u/t660oIn) (| nMidtirl wug eerd, 1T 3AAMPD O i n PBS)
temperptotected. fFRiosm hhp ehsaeg ann inn e d e wiitne s
PBSndounted on lni daeng i d aidn g mbantta nlgiHeMed i u
1000 Samples were stor€d prirolecectxadni hedmatli g
regarding the antiboditeashliessadAlcananbea bfoaured
previously tested for specificity and opti mu



Tabl.e Primary antibodies.

Anti bcSpeciDil ut Fi xat. Ref erence
a-L MNB2 Rabb 1:20 1% FA, ProteinTeLtAP 1
a-Nespr Rabb 1:20 1% FA, ProteinTelAP 2
a-Nups Mous 1:50 1% FA, Millipore, \%
a-TMPO Rabb 1:101% FA, Protei nTeLAP 1

Tab28econdary antibodi es.

Anti body Dil ut i Referenc
AnRabbit | gG, Al 1: 400 Il nvitrogen
AnMbuse | gG, Ale 1: 400 I nvitrogen

2. Confocal Mi croscopy

Unl ess statedi madhes awgeeviathl a Leica SP5
confocal mi croscope using Argon | asédri-oat 1C
pumped-sdaltied | as eHe N(e5 6llansne)r, (abnBIEXm)PLa NP O CS
63X/ 1. AandCA P APO CS 100XBidé4reckti obpecsicaea
a speed of 400ddrzd waspuempliiadd | mageée awagsi 86 ¢ d
| magesoweamasesd acks with 0.42um intervals anc
as 2 (drepending on theThbhbsemagé ysamplwa)ys 512
pi xellls.c®&nf ocal i mages were edited using LAS

Fiji softwar e.



2. 8. FIl uorescence Recovery After Photobl e

28. 1. Experimental procedure

FRAP experimentsowéeéedecaods®bciT€8I |l confoca
usitnlger gon | aser at 1p%wehdnhECKaRAIMAGRIOX/ 1. 4
oi |l obPecholve and zoom factor were aldZ,usted
respectively. |l mage analysis was set at 256:
was at 15%, with an emisS5hommdeTleti @i 0@ JE
( ROI's) werleunt idricaateatretr hey wer e bl eached usin
line at 100% of the maxi mum power. Bidirectd.i
was applied. Fifty i mages (one 1 mage every |
pul ses (one every 0. 11Bbkgawkeregped83bor mmdgeaAf
every 0.113s. At the end of the experi ment,
unbl eached R®DIci(uandlramp) ROI of lum di ameter i
whole nucleus anda )ritcaddagmRddcaomdt er outsid
nucl 8ampl es were kept at a °©oastdanhhetemmednt

changed to Minimum Essenti al Eagl ebs Medi um

2.8.2. FRAP data analysi s

The raw FRAP data wer e corrected for k
phobtloeaghibrnyg subtracting the backgjodmdmflither
bl eache@t )OF and t heunuentp)l)e arcehgeidon( Fi nt ensi ty f
and calcul ating the cor doecdlctegd) fflauroreacche ntciemes

"06°¢ "Qio M 0w Q

(Kang et Jal ., 2012
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The corrected data wer el tshcean en o rumalnigz e d ei

ation:
O O0ET | DOO@Q
0 o~
0Q "0
rei ssk the postbleach initiatorflaedpesdente
rage prebleach fluorescence intensity (Ka

For the quantitative analysis of FRAP d:
cul ated. For t his pur pose, the normaliz
ached ROls were plotted as a funhpcaaison of
dily extracted from the resultingquliwedes
a bleached spot to reach half of the ste
mobil M)f odact henf (uorescently | abelled pr
the fluorescence recovery curve and was ¢
of the 350 normalized postbleach fluore

st bl eacaht es tfelaudoyr esstcence i ntensity).

The diffusi dhg fcooreféachemi eacdhaldc ufboactuesd we
posed by Kang et al
AR

v,y e,k
Owe £ Q¢ w6~
P2 op7c

rre srthe nominal radius of the bleached sp
5um)ei antdthe effective radi use@f 5&5pamt blaes

ermined by coll eagues in previous experin

The mean, t he stanmdcarcdoeddgviicateinah codndraatrh at

Il abl e werAd Icaluctuliaetresd were i1identified by
tance and removed from the data sets. Th
ts in order to compare the mean and the

ween each data set.



29. Wound Healing Assay

29.1 Experimental procedure

For the wound,cleémelsien s eabs@sdedg toenl | dubbhaese
and incub®®uedi dat t®Bey reached Tahemo rcfetldeng amon
was created by scratching the monol ayer wit

After the generation of wounds, cell s were t
environment al chamber and they were eildcsubat
were monitored for a total of 48 hours wusin

Photos ofrabeaseWwéere dtuai nedneati nz ervals (4
using the phase contrast mode and the 4x ob
were conducted for each <c¢clone. The i mages
Photoshop CC 20fle amelathfe e&¢h ti me point wa
Fiji software.

29. 2bund Heal iantga aasmsaalyy sdi s

The analysis of the data obtained by the

as proposed in a paper publ Thbedebly Opbpek&mane

measured by manually drawing |ines along the
the -Hareee t ool of FRiQ.i1 software

Ohr 22hr 44hr

Fi g®lrlRepresentative images of the selected gap

over time (3 distinct time points), using F

pp



The measurements oft htghheo tgtaepd aarse aa weurnec t i 0
the gemaradli on of the trendline of the plotte

00 G0 w

Where A(t) i's the gap area at each timepoli
corresponds to the initial gap area (t=0).
To detervmlInecitthye at which cell s mi dgrhaet & otl d wanr

equation:was used

wa QA ®wo dE @ ésif Qua

Wheries the |l ength. oFhed heq watpi canr a@asbsouvmei nvga st hues
foll owing:
o Ol I PA Al TAO
o )T EOCEAl ' ApwheAA w ks@theg Fiddilt h of the ga
o Al TAO (LB&nAdxKAOs constant since cells
edge of t he wound
o AxTAO ¢ @ 61 ECOAOQEIT I

Ohr

Fi g®Rr2Representative i mage showing how the width

is measured, using Fiji software (scal e



210 Statistical Analysis

Statistical analysis of the data was perf
grobppartment of Mathemati)sandnSovepsany Kdt
The statistical atneds ttsh et hcaatladwel@aaet duds egibobusned i n
AliAS5in the AppeAsiariseksi ame used in the wvar
indicatatitései sal(* simgan0 .fOTENOCE: *OP:1 p
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Background of t he work

Thiworikpart | oft gapm o juenadter t allxre.n

For

t he

ol it ouds

al

pur posetsheoff otlhlioswipnrgog $etclith Hé 3wieS8rldc el | B8

generated by Soupsana KateillasapuM¥aszibiskiPan
CRI SEBxN% ec hn ¢ Fo2dgy

1
1
1
1

LMNA KiDwadt k

LBR Kmwdk

LMN-ABR Doubl-@utknock
LBR MNA D oKunbol-€2k t

Stable Cell Lines

.

prisrpiumsirpbier st LBR KO
+ R s Target 24PAM 2 ]
‘ u:;;x. PN
= TS LMNAKO
NIH/3T3 (DSB formation) i 2
cells ORI aast1 i
Stable Cell Lines
LBR KO LBR-LMNA DKO
+ 7
LMNA KO \ LMNA-LBR DKO

0SB repaired via NHEJ or HOR

Fi gwr3&chematic representation of the experiment :

cel |

gene

cel

DKO1,

Il i n
edi

Two

es (NIH/3T3) that do not expr €assn9L BR

ting technology.

clones from each cell |l i ne wer e

EENBNRA DKO2-L MUBRDKOLL MNLABRDKO2) ,

C M

al

an

stud
ne construction (LMNA KO1, LIVBNRR K O2,

ong

W i



respective controls (NIH WT 10% FBS, NI H WT
LBR exhibited a very | ow growth rate compar:
they were cultured in growth medium with a

This redqei madi ti onaylpeusceeldfs wihladk were being

same conditions as a control for these clone
and LBR in each case was <confirmed by West
experimentsiwstbhganhsebotdhe two proteins of i
for each protein wer ePCRl.soMoazerveeged thye @RE
caused in the LBR and L MMNA 9gne nteesc hbnyo Itohgey OaRal sS
using amplicon sequencing.

The charactersiizndftDeodoob| eh@®@@8deaxarted with
estimation of their -gMbAt DKOaa edB AL HRKKAX @, oLnBeRs
appeared to grow slower comparedtypetbent MDA
At the same ti me, the estimation ofl lté&eamit
each cell cycle stage (measured by FACS) rev.

the clones tested.

The morphology of cells was mainly assess
experi ments, i n which antibodies that recog
periphery were wused. The assessment of t hes
revealed atltther @tisoams$ bumi on of proteins | ocat
we l | as of mai n euchromatic and heterochr
specifically, a significant perced@haBRgOKOf e
and IBRA DKO cell pmiptud At aonsnexén distribi
protein markers of the marcd eerag @amnm TajpdtAe oyu n( da |
i n Aplpendi x se2dtainadn EP@gFi g.

Concurrent | abelling of nuclei with more
for the markers to follow the same pattern o
This phenotype was called fAasymmetrico and a
LMNABR DKO abBMNABRKO clones and with a | ower

KO clones, while it was quite rare among the



Nups Lamin B1 Merge

..
-.

LMNA KO1

LMNA-LBR
DKO1

LMNA-LBR
DKO2

Figuwuhe ndirect | mmunaonfalgesr eod ¢ eLNMENeA -LKBOR aKIO LrVINCAl e i
| abewilteld anti bodi es agail DNHA Bups nadnd :sLdadiPeRCBrl: 5 u
The DKO nucl ei exhibit asymmetric distribution

Panagiotis).

Nups Lamin B1 Merge

LBR KO1

LBR-LMNA
DKO1

..

Z

=9

=

4

rd 7

Fi gu2rbd eshi r ect i mmun afmauwoersB RKf@ nle e d-L MERKO nucl ei
| abewilted anti bodi es against Nups aXidslcamiedbaBl GMDI
The DKO nucl ei exhibit asymmetric di®Maribudvson

Panagiotis).




The chromatin mar ker s tested SO0 far s hoy

di stribution, that were mostlyhappatremochmnom
protei basnHPHPXLhi bited normal distribution in
clones, while all thedBRK@ndl MMB&RsD K ®)o t éax HiMNiAt
decreased number of heterochromatic foci, o
popul ati @8s (THhiege were only preliminary obs
overal/l vi sualhassespmeht vef mi croscopi c 1| mac

data had been obtained at that point.

Merge max.
HP1a DNA Merge proj.

Figureendi rect i mmuniomhges estendd&A -IKEDR abhkKlO LNl e i
| abewil el an taigbaoiéhslt( DNA st ai ni-3,g:s cTaOPRBesrter5 sm)s

mar k the nuclei that exhibit a decreased number
have also been made for t he MNAo DKL tchledtl Hdalnen bt

Panagiotis).

LMNA-LBR
DKO1 LMNA KO1

LMNA-LBR
DKO2

Al | these preliminary observations raised

relationship between |l oss of LBR and/ or L MN/



been observed, as well as the way chromatin
heterochromatin tethers of the nuclear perip

3.1. Loss of LBR and/ or Lamin A/ C causes a
components of the nuclear periphery.

I n the context of the mpredhehtogibcasi anady
mut ant wlaeneper for med biyndcoerdtuctimmgunof |l uo
experiments ugihrmag a repcriodgtondizees of t he nucl ear

nucl ear periphery.

Il nitially, all c¢clones were concurrently |
pores and LappA(aliPOpRsoforms). The antibody
the nuclear pores ide@Gktyc¢iesr ¢epemdated)y Gtah atn |
present in most of the nucleoporins of the
compl ex rat her t han Si nglLea b2auncdL a @Raorré n m o
transmembrane proteins Oifs tphreeddit wihrertels w
wher e it i nteractsThevi tthh ahame mbrlAane Lap?2 i
di stinguishable nuclear rim. Thus, 2&sndt bec
28 Lap2 exhibits asymmetric nucl eaBReawve&l op
LBR MNA DKO cl ones, while this phenomenon i s
or LMNA KOtwpd wel ds. Nevert heleess,t ot HeaclkNM |
proteins coincide with the parts of the NE
agreement with previous obseP)v,atriegqar diyng od il

combinations of NE mar ker s.



TMPO Nups DNA Merge

LMNA-LBR NIH WT
DKO1 LMNA KO2 LMNA KO1 (10% FBS)

LMNA-LBR
DKO2

Figwrrendirect i mmunmbbesr e $lcNMAI@ Wan d -IL BRI K O
nucl aebewi ed &drewmsighoallslt t hree Lap2 i(sbNA rsgntsa ianmidn gl
TOPR® scalebamswhdmgggasr t s of the NE from which

NPCs are excluded.



TMPO Nups DNA Merge

NIH WT
(15% FBS)

LBR-LMNA
DKO1 LBR KO2 LBR KO1

LBR-LMNA
DKO2

Figwr8é ndirect i mmunof |l afor NIslkdBERKIOe adinma gvERsR KO
nucl abewi ed dremsghodst al | t hraened LMNUudp2dAi sdfado mms g
TOPR® scal ebMamrsiwbdimttgpgaea t s of the NE from which

NPCs are excluded.
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The phenomenon of asymmetric di stributic
clear periphery, that has been obs-eEBRed wi
d LBRA DKO clones, could be attributed to
rphol oginmadli t gbmdr t he nucl ear envel ope me
ason, it was considered useful to also inv
on | oss of LBR and/or Lamin A/ C. For this

i's a member off y thed KRA&Ht ifainpates 1 n the

mpl ex. Cells of all c¢clones were concurrent
and the nuclear pores, in order to detect

I 1 s . I nt er gstiinngways dlhses fpawnd to frequen
calizationLBR arhcet MNBMRNADOKO ¢l ones, foll owi
stributasshepdfPCf80Bainkdi B g. The uneven distri
e markers that hawgabdkeass est edhepbhénmarthey
e INM (Lap2), the ONM (Nesprin 3), the nt
clear {tympiend aMmBns) , could mean that | oss

e total set of membranesatWway ftlhampri sestihle

cy



Nesprin 3 Nups DNA Merge

LMNA-LBR NIH WT
DKO1 LMNA KO2 LMNA KO1 (10% FBS)

LMNA-LBR
DKO2

Figwrendirect i mmunaombbesr e$c &héele WT, LLMB\NRA XKOO and
nucl aieal Iwi t hi easgtaiiNmessdp rainnd NDNA t @i ni ng3, TBSQRR@bar :
S5um)r.r sAwvndi clagaerts of the NE from which both Ne.

excluded.



Nesprin 3 Nups Merge

LBR-LMNA NIH WT
DKO1 LBR KO2 LBR KO1 (15% FBS)

LBR-LMNA
DKO2

Fi guwrOé ndiirmmnunof | uoirneasgeeesn ceef L BIKBD WhBR MNAKO
nucll @b ewiltetd &dredasg diomst &deMpp(SDNA3 st ai nirk3BngscaOBB@r :
S5um)r.r sAwvndi clagaerts of the NE from which both Ne:

excluded.



Il n order to further validate the existenc
t hleMN-ABR and MNBAR DKO cel l,apbpalanhesnwere stai

anti body that recognizes Lamin B2, a major
common mar ker of t he nucl ear periphery, t
asymmetrically Il ocalized with a hi3dgh3edr. freq
Then, the number of cells that exhibited t
phenotype was determined for a total of 70
experiment s, and thewerespeattcukbapedcemhel gs
obtained confirmed the visual observations ¢
very frequent anBodRn gantdbh MNBARMDNKO c el | popul at i ¢
smal | percentage of cells $owasd &vi $sbi asy mmetl
more detail s, 5% and 8% of the nucl ei i n t
popul ations, respectively, were found to be

24. 6% in -tBR DKINA cl one, 12 BR% DIKID2t ltdoln N A 2
in th-eMNBRDKO1 cl one andLNNSA4DKOZ dhgendBRFiIi g
di fferences between the tested clones and tt
signifTallng A1, . Alphpiesndwaxs) i n agreement with
experiments performed by other members of th

Panagioti s)



Lamin B2 DNA Merge

NIH WT
LMNA KO1 (10% FBS)

LMNA KO2

Fi gBrlendirect i mmunmbhbesrescNhdewi | d typbkadahd LM
wiaBlnti body against Lamin-3B2s¢cBNAbatrai diSmugn) . TOP



Lamin B2 DNA Merge

NIH WT
(15% FBS)

LBR KO1

LBR KO2

Fi gBrREndirect i mmunombhbeer escélhéelewi | d tlyapbeallaind LE
wi alanti body against Lamin-3B2s¢cBNAbatrai dibmugn) . TOP



Lamin B2 DNA Merge

LMNA-LBR NIH WT
DKO1 LMNA KO1 (10% FBS)

LMNA-LBR
DKO2

FigwBr3endirect i mmunaombbesr e$c&héele WT, LLMB\NRA XKOO and
nucl abewileelnt i body against Lamin-3B2s¢BNAbsatrai A5
Asterisks mark the nucl ei that exhibit an asymm

periphery.



Lamin B2

NIH WT
(15% FBS)

DKO1 LBR KO1

LBR-LMNA

LBR-LMNA
DKO2

FigWwrded ndirect i mmunoblgesr @$ c &Nih ide WT, -LMBR RROand
nucl abewileelnt i body against Lamin-3B2s¢BNAbsatrai A5
Asterisks mark the nucl ei t hat exhibithuaxn easy mm

periphery.
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in the following cell popul ations: (A) WNBR WT (1
DKO1, ELNBNRA DKO2, and (B) NIH WT (15% FBMNA LBR

DKO1l, -LLMBN\RA DK®@20. cells (3 independent experi ment

each clomd It dhteedl.i fferences between the mutant

are statistitagdl. 01g)n.i fi cant (
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32. Overexpression dfamain KAé&storomalmdmM iBsL not
sufficient to reverse t he abnor mal di stri bu

nucl ear periphery ob-kpowokdut ncehksdoubl e

I n 2014 a scientific etvvudenltye Ghatetwhaln. t

|l evel s of each | amin alone are sufficiently
meshwork that is able to maintain t(hGaeonor mal
al. 2014l 1l owing these observations, M»ther |

carriedtoptc expression of either Lamin A/ C,
LMNA-LBRand BRMNA dotkhloee kout. cllherses |'i nes were t
with the foll owi ne udlMdlsknigd s EIGH)ENGIPBIN( Fi g .

18) and pneElGBFRP N2F.i2gt. hbU)t s apmessftect i on cel |l s wer
anti bodies against the NPCs in order to inve
could be rescued. I nterestingly, the overexp
components appeatf etdot troe vheer s®u ftfhie pehveemo ttyhpee .
proteins that were overexpressed in each cas

nucl ear periphery, which coincided with the

The incidence of <cells in which the ecto
nor mal di stribution pattern, while the NPCs
more than 24 hours to fully reverse the abr
conducnotdhear series of experi ments, i n whi c|

mentioned above for 48 hours before being e;

no evidence on further phenotype reversal, s
Lamin B1l orxprBeRssawenr,e cell s with an asymmet
proteins as well as of the NPCknowekccutstdlldne
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The asymmetric phenotype was more apparen

mode of the LASX software was wused, whi ch a
sur f atchee ofwnlde mot onl y it s 3&gdulaFtroorm atlh ep [faitgeur
above it becomes clear that the ectopic expr
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Lamin Bl or LBR fails to reverse the asymmet
among nuclei of the DKO cell populations. 1In
nucl ear envelope that are emptied of snucl ea
overexpressed in each caselL®Br BKOt a-b BINABRs en
DKO clones. This finding does notetag@anlee i wi t h
could imply that the aberrations caused upo
severanigmd include the irreversible disrupt:.i

envel ope.

33. The number of heterochromatic foci i s de
of LBR and Lamin A/ C

One feature that characterizes interphase
of f oci of heterochromatic natur e, whi ch ar
These foci ar e call ed chromocenters and a

pericentredmemnichir dimati n coaleds ca&ln2cOel 5 Y S a kFsoor urk
me mber s ofSotuhpes alreeath MAr t ) @Is s e rtvheadt cell s whic
depleted for both Lamin A/ C and LBR exhibit
heterochromatic f ocLiBRc oomp anNtAk bot sand!l i | d

popul ati ons.

To further validate theskebbseclhaomanisc f
nucl eus was calculated for a total of 60 cel
From the violidnZapddtts bierofmegurgqaaus t e cl ear t he
number of foci per nucleus is not affected u
is a noticeable difference between the numbe
(LMNABR DKO abdMNABRKOt)hatmdof their respective
t he mean values were di ff ereencto nbpeatrweede,n btuhte ac
di stribution of data points around the mear
assessed by statistical analysis an@Taklre al
A2, Appendi x)
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The presence of nucl ei with fewerLBRteroc
DKO andLMMBAR DKO cell populations implies an
that maintain chromatin architecture of inte
t he invelradiedofnut he rod cell s odtlpn@a200®hal Tmha
could mean Hhdatahh UL BRRsamdnAy Cl ead to the part.i
heterochromatic foci, but is not sufficient

3. 4. Loss of LBR and/ or Lamin A/ C does not C

chromatin architecture and dynamics

The decreased mnbmkkeernvedf iNModihe DKOagl ereas
with thelLéamch Ah@thaanvde LbBeRen r epeat edtlhye asso
regul ation and maintenance. oOFRort htehicshrroemaasta r

decided to investigate whether there are any
dynamics upon | oss of Lamin A/ C and/ or LBR.

alterations, the distri buKd9nen3 owWwa st hset wedii egde nbe
i mmunofl uorescenfcuelsler wbsl eofa Fl uorescence R

Photobl eaching (FRAP) experimbhet puwppoeeal 8b

experiment s, cells from all the clones test
pl asmid pBF®RaiPiFi g. 20)xs. ePlched in the he
foci of murine cell nucl ei and its mobility
the heterochromatin condensation. At the sar

epigenetic markers HPla rea&lclogwmitzlkees amse rbv antdis

irregularities in chromatin organization upo
3.4.1. Assessing the chromatin | andscape us
mar ker

For the investigation of any potenti al [
|l andscape, cells from al/|l the clones examin



pl asmi d eBFRagPAFi gand0) 24 hours post transf

|l abell ed with an antibody that recognizes H:
confocal mi chkHd4Gopy d( Riog. reveal any visual |\
regarding the |l evels or | ocalization pattern

KO, LMBR DKO a-hMNABBKO c¢l ones, when they we
their respective cont rwalss .f oTuned & poi goeen eptriecs emd
nucl eopl asmi whméntani enthe chromocenters and
agreement with the dilsetGFiPbutni oanl |p atthtee rcnl oonfe st
no conclusion about how the | oss of the two
chromatin | andscape could be drawn from thi
assessmentdyrfarmiPcdls at the | evel of heterochc

assay.
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