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The human genome is characterized by an extent of functions thhirdeer than

its genetic rolendeed, the genome can also affect cellular processes by nongenetic
means through its physical and structural properties, specificgllyexerting
mechanical forces that shape nuclear morphology and architecture.

The balancing between two chromatin compartments with antagonist functions,
namely Transcriptional and Polycomb condensatesedsired for preserving
nuclear mechanical propees and its perturbation is causative of the pathogenic
conditionKabuki syndromgS)Fascianet al, 2020)

KSis a rare monogenic disease caused by the haploinsufficietiyKiMT2Dgene
encoding for MLL4 H3K4specific methyltransferasenportart for the regulation

of geneexpression By interrogating the effect dMT2Dhaploinsufficiency in
Mesenchymal Stem Cells1SCs)we discovered that MLL4 loss of functiioF)
impaired Polycomidependent chromatin compartmentalization, altering the
nuclea architecture andthe cell mechanorespomngness during differentiation
(Fascianet al, 2020) These results suggest that altered nuclear mechaeign
chromatin architecture andould potentially leado changes in cell responses to
external mechaigal stimuli.

In the present workwe investigatedthe role of Transcriptional and Polycomb
condensatesn tuning nuclear responses tifferent extenal mechanephysical
conditions To affect nuclear mechanics, weployed the use afeveramechanical
devices (e. g. substrate stiffness, microchannels with constrictiongnd cell
confinemen). We found that Polycomb and Transcriptional condensates are
modulated by changes in substraigidity in healthyconditionsand thatMLL4 LoF
impairs theMSCauclear condensateslriven mechanicatesponse Furthermore,

we observed that MLL4 LoF impaotsclear adaptation toconfined spacedy
incrementing susceptibility to nucleanvelope rupture. We also showed that the
increased nuclear fragility in MLL4 LoF dsompanied byan alteration of cell
migratory capacity and survival rate.

Altogether thesdindingssuggest that MLL4 Lafpairscell responses to external

mechanical stimulisheddinglight on the pathological connection betweéme
11
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1.1 Kabuki Syndrom@s)

Kabuki syndrome (OMIM #147920) is a congenital syndfostly describedn
Japan in 198{Niikawaet al, 1981) The name of the syndrome wpsovidedby
Niikaweet al because thaffected individualshowed peculiar facial dysmorphisms
NB YA Yy A a OS ysiagerdakeug iDtheiratiitidhal Japanese Kabuki theater
Besidesthese distinctive facial featuresaffected individualspresent a broad
spectrum ofabnormalities

It is a rare genetic diseaseith autosomal dominaninheritanceand a prevalence

of 1 per 32,000ndividualgNiikawaet al, 1988)

1.1.1Clinicafeatures

Beinga complexdisorder KS icharacterized by multiple abnormalities
and awide variety of additional symptoms affecting differergars. The
disease progress with age, involving differéissues and systemic
function, making it challenging for pediatricians mtoake a clinical
diagnosis.NonethelesskKS can be diagnosed the basiof the existence

of thefollowing featuregCheon and Ko, 2015)

{ f Q -Wide, arched eyebrows

- > -
\'4 /:(.7% \ p .// -Long palbebral fissure

Prominent ears] 9 \ / -lower eyelid eversion

i
Depressed nusallip—‘,/ ! (3
\ W,
\
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Figurel. Exampleof craniofacial anomalies in KS affected individtighlighted in
the image: arched eyebrows with lateral sparseness, eversion of the lower latel
eyelid, depressed nasal tip, and cupped ears (modifiedBooiel et al., 221).

craniofacial anomalie@rched eyebrows with lateral sparsenesgrsion
of the lower lateral eyelidjepressed asal tinp and cuppedearg (Figure
1);

skeletal anomalies (deformed spinal column with vertebrae
malformationscranial abnormalities

postnatal growth retardationpgrtially linked to feeding problems in
infancy);

infantile muscle hypotonia;

pergstentfetal finger pads;

varying degrees offitellectual disability

Cardiac malformations are also commonindividuals affected bKS
congenital heart defects are reportedth afrequeng of approximately
40% and 50%with most frequent malformations beingtrial septal
defects,andventricular septal defects and aortic coarctat{Bonielet al,
2021)

Individuals affected by KS also show #&hh prevalence of
immunopathological manifestationgrhich may worsenthe general
symptomatology 44.1% and 58.2%f KS individuals exhibihfection
susceptibility and hyp@gnmaglobulinemia, respectivel{3.6% havean
autoimmune diseas#yith the most frequenmanifestation beingnmune
thrombocytopenic purpura (7.3%) and autoimrauhemolytic anemia
(4.0% (Margotetal., 2020)

Even though the genetic cause of the disease is knguvtg the present
time there is no cure for KS antkatments aim to relieve individual
symptomsyeducethe risk of complications anchprovethe quality of life

of the affected individua.

1.1.2Genetic etiology

14



78 In 2010 wholeexome sequencing led tbe identificationof heterozygous
loss of function mutations ithe KMT2Dgene encoding for MLL4s

80 causativeof K§Nget al, 2010)
Theyperformed the exome sequencing of 10 unrelatedividualsand

82 identified heterozygousionsense or frameshift mutations in thkeMT2D
gene in 7individuals Followup Sanger sequencing detect&dT2D

84 mutations in 2 of the 3 remaining individuals and 26 of 43 additional cases.
In all, they identified 33listinct KMT2Dmutationsin 66% of affected

86 individuals Inthe cases for which DNA from both parents was available,
the KMT2Dmutationwasfound to have occurrede novan the majority

88 of cases, whereas parent to chitdnsmitted mutatiors were foundn a
lower percentage.

90 Two vyears later, another grouflLederer et al, 2012) identified
heterozygousnutations inKDM6Athe geneencodngthe Lysinespecific

92 demethylase 6AUbiquitously transcribed tetrattopeptide repeat, X
chromosome-UTX) as causate of KSin KMT2Dmutation-negative

94 individuals describingthree KSgirls with de novo partial or complete
deletionsin KDM6Agene.

96 Altogether themutation detection rate in K&ffected individualss about
75%for KMT2Dmutation and5% forKDM6ABonielet al., 2021).

98 About 3537%o0f the mutations identified so faare stop and frameshift

mutations that generate daruncated form of the protein leadingto

100 haploinsufficiencyMissense mutations and splisge mutationswere
°
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@ Missense :g o
© Frameshift $0 8
4 Stop 0 °0
® In-frame del/ins *9 oo
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Figure2. Distribution of KMT2D mutatioriBhe figure shows KMT2D protein
domains andall coding exons with the cosponding localization of KMT2D
mutations (Bégershausen and Wollnik, 2013).

found in a minority of casewith a frequency of 16 and 9%, respectively.
Only3% of the mutations areiframe deletions or duplication®©verall
these mutations do not show arsygnificant mutational hot spot in a
specific exon although the ones occurringn KMT2D appear to be
particularly enrichedoward the Germinus(Bogershausen and Wollnik,

2013)(Figure 2.

1.2 MLL4 role andfunction

1.2.1MLL4ACOMPAS&mMplex

TheKMT2Dgene encodes faviLL4 proteina histonemethykransferase
that deposis a monomethyl group on H3 lysidea hallmark ofinactive
transcription stateMLL4is part ofa macromoleculacomplex namedthe
COMPASS compl@gomplex Proteins Associated with $etdthin which

it interacts withits complexspecific subunit UTXa histone H3 lysine 27
(H3K27) dmethylase encoded b)KXDM6ASze and Shilatifard, 2016ike
all the histone methyltransferases, MLL4 possesheghly conserved SET
domain,which is responsible for the methyitansferase activityand the
postSET domain, botht the Gterminus.MLL4protein hasseveralplant
homeodomain (PHD) fingershagh-mobility group (HMG)and two FY
rich (FYR) motif{igure 2. Beyond UTXqther subunits, such @BTIRPAX
transcription activation domain interacting proteinPAl (PAXIP1
associatedglutamaterich protein 3, and NCOA6(Nuclear Receptor
Coactivator 6)were found to be associatedith MLL4 Other proteins
present within the complex ashared among all the MLL family members
including WDR5 (WD repeatcontaining protein § RDbBP5
(Retinoblastomdinding protein 5) ASH2L(Set1l/Ash2 histone methyl
transferase complex subunit ASH#)d DPY3(Protein dpy30 homolog)
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(Sze and Shilatifard, 2016}onsidering that MLL proteirentagonize
Polycomb group proteins ¢Bs)in the regulation of gene expréss and
that they bear homology to the Drosophila protéinxG(trithorax), these

enzymes are also referred to as the trithorax group proteins.

1.2.2Molecular pathogenesis

Duringdevelopment and imdult organism, TrxGplays an important role

in the epigenetic regulation of transcription, where they act as the
antitheticalfactorsto repressive €G (Bogershausen and Wollnik, 2013).
Of note,the finetuning of gene expressiom space and timés required
for a proper cell lineage commitment during dréatiation and tissue
homeostasigChouet al, 2016)

Precise spatiotemporal patterns of gene expression areatady among
other factors,by cisregulatory elements known as enhancesshich are
capable to booghe transcription of related promotersver long genomic
distances (up to few megabasésagnocchi, Poli and Zippo, 2018)ese
noncoding DNA sequencesntainarrays of shortnodules that serve as
bindingsites for sequencspecific transcription factors, which recruit a
combination ofcompaents that in concert dictate the function of the
enhancer(Maniatiset al, 1987 Calo and Wysocka, 201¥hranatin
signatures for enhanceisclude Histone podranslational modifications
(PTMspand chromatin featuressuch as increased chromatin acietity.
For instance, one of thBTMsthat prime activeenhancerds H3K4mel
introduced by theMLL4complex H3K27ads demsited upon enhancer
activation, and since it ishighy enriched on active enhancers it is
commonlyused for their genoma&vide identification (Fagnocchi, Poli and
Zippo, 2018)Poised or repressed enhancers bear instdd27me3, the
repressive histone modification introducegd BcGKim and Shiekhattar,

2015)
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Several players orchestrate the deposition of the histone marks which
specify the function ofenhances. Interestingly, whin the MLL4 complex

it has been suggested that UTX may act as an enhapeeific H3K27
demethylase to facilitate the transition from inactive to active enhancers
(Herzet al, 2012)

The MLL4 complextas a major enhame regulator in mammalian cells,
affecting several biological processes, includoeyelopment and
differentiation.

Considering the role of MLL4 in orchestrating the interplay of different
epigenetic marks during developmerit, is not surprising thatthe
dysregulatiorof this compleXeads to a developmental disorder such as
KS, even though the underlying pathogenesis of the disease remains
unclear.

For instanceMLL4 is essential for regulating cardiac gene expression
during heart deglopment(Anget al, 2016) This notiorshedslight on the
pathological connection between cardiac defects it 2Dmutations in

KS. Another study in 2015 demonstrattb@ critical roles of MLL4in
craniofacial, heareind brain developmerity knocking dwnthe zebrafish
orthologuesof KMT2Dand KDM6A Knockdown animals showedefects

in tissues affected inthe majority ofindividuals affected bKS (Van
Laarhoveret al, 2015) More recent work repored that MLI4 regulates

the development of growth horanereleasing hormone (GHRH)
producing neurons in the mouse hypothalamgsiggestingthat the
dysregulation of MLL4 transcriptional controlplays a role in the
development of GHRHReurons and dwarfism phenotype in mice
feature also present in KS indivaéds(Huismaret al, 2021)

Furthermore KMT2Dis one of themost inactivated epigenetic modifiers

in cancer, with dumor-suppressive rolelt has recently been published
that lung-specificKMT2Ddeficiency promotes tumorigenesis in mice and
upregulatespro-tumorigenic programssuch asglycolysis(Alamet al,

2020) Although cancer has beerported insomeindividuals with KS
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there is so fano clear association betwedS and an increased risk for

cancer(Bogershausen and Wollnik, 2013)

1.3 Meserchymal Stem Cells (M§Ca Kabuki Syndrome disease
model

In order todissectthe molecular mechanisms behimBpathogenesisan in vitro
modelof the disease has been developed in thetatory wherel worked during
my PhDConsidering thathe tissueghat are mostly affectetty KS symptomere
bones, cartilagesand tendons and that they all shaes common precursor
mesenchymal stem cells (M$@se rationale for developing tha vitromodel was
to use these cells

Tostudy the effecof MLL4dss of function (Lofi) KS a frameshift mutation in the
coding region (exon 39) 8MT2Dvia CRISRRas9mediatededitingwas inserted

In this waywe generatedwo MSCsndependent clone@VILLA*92andMLLA09%)

carrying heterozygous frameshift mtitms that truncate the MLL4 protein

(Fascianet al, 2020)(Figure 3. Specifically, we found that, despite the unaltered

407¢ SQLLLVQPQPQPQPSSLQLQP 4093

WT cell 12.219 ACAACT AACCC TCT GCC 12.278
A 60 SQLLLVQPQPQPQPSSLQLQP

WT allele
mutant allele

4074 SQLLLVQPQPQPQPSSLQLQP 4093
SQLLLVQPQPQPQPSSLQLQP

WT cell 12219 A
mutant allele N
WT allele

Figure3. An illustrdion ofthe KMT2D genand its corresponding proteifihe position of the
inserted mutations Q4092X/ P4093X and the relative changes in the coding sequences
highlighted(Fasciani et al., 2020).

transcript levels, the presence of the mutations reduced the protein abundance of
MLL4. Of importance, in the same setfing detemined a parallel reduction of
UTX, suggesting that its protein stability is regulated by the abundance of MLL4, in
line with previous finding@erzet al, 2012) This reductiorwasalso mirrored by a
decreasdn H3K4mel and H3K27kvels. The mutation @l not alter insteadthe
abundance obthercomponents of the MLIGCOMPASS complex suchMé@3R5%and
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PA1 These results have also been confirmiedorimary fibroblasts isolated from
individuals affected biS

We further investigatedvhether the presencefahe frameshift mutation in the
aforementioned chromatin regulator might affexiclear compartments associated
with transcriptionally active and repressed chromatates

Interestingly we found thatMLL4 LoFmutation leads to an unbalane between
these two nuclear compartments, resulting in an increa@sabundance of PcG
proteins anddecreasedevelsof enhancerassociateccofactorsMED1 and BRD4
which mirrorthe pattern of MLL4

Surprisingly, te changesof thesechromatin state are associated witmuclear
morphological alterationanddifferentiation defectsindicating a key role of MLL4
in the maintenance of nuclear mechanics aali fate determinatiorfFascianét al,
2020)

1.4Phase separation guides nuclear condensates assembly

Liquidliquid phase separatiofLLPShas recently beeproposd to be anong the
physicabrocesss that carguidenuclear compartmeralizationandit is emerging
as amodelto explain the seHassembly and ganization of membrankess bodies
within the cell Thesebodies appar as droplets and are callddomolecular
condensats({ 6 F NA X 5FffQ! J)ySasS IyR , 2dzy3x
There are several levels of biomolecular condensates inside the nuclgis ¢ase
also referred to asuclear condensatesjuch asnteractions letween histone tails,
transcriptional condensates involving theterplay between enhancer elements
and transcription factors, angenesilenced regions compacted in heterochromatin
(Feric and Misteli, 2021)

1.4.1Liquidliquid phase separation

LLPS ia phase transition process whereby a substance changes from one
physical state to anothefe.g. solid to liquid transition)n biological

systems, LLR&cus when a supersaturated solution wfacromolecules
20
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(proteinsand nucleic acidsgpontaneously sepates into two coexisting
phases, a dense phasigat is enrichedor thesemacromoleculegand a
phasethat is depletedrom them(Figure 4. The interfacébetween these
dropletsactsas aboundary that allows the selective passagesp#cific
molecules, hus giving liquid droplets the possibility tofunction as
membranelesscompartmentgAlberti, 2017)
Among the factors that can influentize phase separation behaviof
proteins, there are:
1 weak multivalent interactions that can peomoted by
a) the preence of Intrinsically Disordered Regigi3Rswhich are
characterizedby low sequence complexity armtb not contain
sufficient hydrophobic amino acids iteduce cooperative folding.
Theycontain a higher proportion of polar or charged amino acids
anddo not fold into a threedimensional structure
b) modular protein domains
1 protein solubility;
1 physical and chemical parameteesy(temperature, ionic strength)
1 localavailability of interactorsr binding partnerge.g.other proteins
nucleic acids);
1 PostTranslational Modifications (PTMs).
All the abovementioned factors have the ability to tune the critical
concentration(C criticalpbove which phase separation occiiise phase
separated droplets are steady as long as the total concentration is above
the critical thresholdof concentration, but once the total protein
concentration falls belowhis thresholdagain, the molecules come back

to be evenly distributedFigure 4 (Alberti, 2017) For instance, the
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Figure4. Phas diagram for LLP8. protein formd_ LPSbove theC critical for phase
separation The phaseeparated droplets are stable as long as the total concentration
is above the critical threshold of concentration, but once the total protein concentratio
fallsbelow C critical the molecules come back to aptiase state (Alberti, 2017).

presence of IDRsithin protein amino acidsesjuence reduceshe
solubility of proteins in water and promotes multivalent interactions, thus
lowering the C criticafor reaching phase separatiorand allowing
compartmentalization at lower concentratiorisaportantly, a protein's
IDR is frequentlgssumed to bediagnostic of its ability to go through phase
separation(Martin and Holehouse, 2020)

1.4.1.1Biological functionef Liquidliquid phase separation

The cellular space is finely organized in memblamend and membrane

less compartments to allv control over biochemical reactions in space
and time (Feric and Misteli, 2021)One mechanism to reach
spatiotemporal control is to physically organiz¢he celithe localization

of reaction components. For example, reaction kinetics candreagd

by concentrating these components or inhibited by segregating them in a
confined space(Bananiet al, 2017) Classic organellesre able to

surroundreactions with their lipid bilayer membranes aedulatetheir
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content by specialized transporhachinery securingthe longterm

stability of reactions However, many cellular compartments, such as

nucleoli andCajal bodies in the nucleus, as well as stress granules in the

cytoplasm, are able to achieve spatiotemporal control of biochemical

reactions withoutany physical barrier(Feric and Misteli, 2021)n

condensates, phase boundaries permitlecules to concentrate within
& R N2 Lwhils doatibuously exchanging with the surroundamlipwing a
flexibleregulation of single componentsa highly dynamiand reversible

system The physicochemicalcharacteristics of condensates present

unique features for controlling the biochemical environment of the cell. As

previously mentioned, biomolecular condensates can strongly affect

cellular processedby increasig or inhibiting reactionkinetics by

sequestration as well asdetermining reaction specificity with the

important advantage afpidlyswitching on and off the formation atioe

dissolution of the condenases(Bananket al, 2017)

1.4.2 Nuclear condesates

Several nuclear

regulatory activitiestake place

in biomolecular

condensates,where proteins and nucleic asicare concentratedor

selectively portioneat specific genomic lofor promotingprocesses like

DNA replicationDNA repair transcriptio, and chromatin remodeling
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Figure5. Example of nuclear condensatésp panel: Immunofluorescence images
acquired by Structured lllumination Microscopy for the target pratelicated in
parentheses (in green in the imagée,blue color represents nuclei). For each nuclear
condensate is specified its name and function. Bottom panel: Cartoon explaining t
organization of nuclear condensates (grey line: chromatin fiber, gremm: active
OGN yAONRLIGAZ2Y adGFNI aAxidSz NBR aljdzi33
2020). Abbreviations: CTCF (Cd@ldng factor), FIB1 (fibrillarin), SRSF2
(Serine/arginineich splicing factor 2).

In 2017, A. R. Strom et al. provided the first evidehe¢ chromatin
compartmentalization is mediated by LI8®om et al., 20175 pecifically,
they found that the formatio of heterochromatin domains is driven by
phase separation through the condensation of HP1la (heterochromatin
protein 1) in both Drosophila and mammalian celleeir model of
heterochromatin formation explains how the process starts with
nucleation of HPlain which the highly mobile protein fosnfioci via
multivalent, weak hydrophobic interactions, and how these foci undergo
maturation over time by forming larger domains througtondensates
coarseningUltimately mature domains are formed of both chronmati
bound HP1,an immobile fraction of HP1 that identified stable
compartments, and a liquignobile and dynamiane.

One year lateranother study proposed a phase separationdeiofor
transcriptional controht superenhancers sitesvhichconsist of clugrs

of enhancers that are densely occupiedrayscription factors, cofactors
and chromatin regulatoréSabariet al, 2018)(Hnisz et al., 2013B. R.
Sabariet al. discoveredthat coactivators of transcription such as MED1
(Mediator Complex Subunit 1and BRD4(Bromodomaircontaining
protein 4) form liquid-like condensates that compartmentalize the
transcription machineryat superenhancer sitesat cell identity genes
bridging interactions betweeghromatin, TFs and RNA polymerase |
(Sabariet al, 2018) This phenomenorwas proposed to explain the
bursting behavior otranscriptionand the simultanegs activation of
multiple genes, ensured by the high local concentrations of the
transcriptionalapparatusandthe highfrequency of interactions between
superenhancer sitesand the promoter of the regulated genes within

condensatesConsidering their critical role in transcription, thégeesof
24
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biomolecular condensates are also specificallyedatlanscriptional
condensates(Sabari et al., 2018)Of motice, n our last work, we
demonstrated thatMLL4 isamong the proteins that participate the
transcriptional condensates, of whiclntrols assembly and clustering
dynamics(Fasciani et al.,, 2020)ndeed the presence ofMLL4 LoF
mutation reduces the nucleation efficacy and the kineticef
transcriptional condesates.

Another exampleof nuclear condensates, with opposite functiaith
respect to the one just described, are the PcG condendabesnstance,

it has been demonstrated th&RC1 Polycomhlsunits carpromotethe
formation of multtcomponent condensates through which thegn
induce the writing of repressive histone mavlisich subsequently drive
chromatincompaction(Eeftens et al., 2021n another workit has been
seen thatthe phase sparation behavior of PRC1 is specifically driven by
the CBX2(chromobox protein homolog 2ubuni), and that point
mutations inits internal domain that abrogate nucleosome compaction in
vitro and induce developmental defects in mice also disrupt phase

separation(Plys et al., 2019)

1.4.2.1Nuclear conderates affect chromatin structure

All the examples of nuclear condensagggestthat LLPScan play
important rolesin chromatincompartmentsreorganiation. Indeed, as
previously mentioned, phase septima can drive chromatin compaction
through the condensatioaf HP1a and Polycomb proteins

The spatial organization of chromatin can be finathgetuby biomolecular
condensatesto concentrate molecules at specific genomic loci and
enhance biological relant processes, as the caseof transcriptional
condensatesThe phase separation of chromatin itselfiven byhistone
tails in physiologic saltonditions together with the one of other

chromatinbindingproteins,enables theestablishment and maintance

25



356

358

360

362

364

366

368

370

372

374

376

378

380

382

384

of chromatin subcompartments (Gibsonet al, 2019) Gibsonet al.

identified several factors that mediatée intrinsic ability of chromatin to

undergo LLPS. For instanclee tinker histone H1, which binds to the

nucleosome and imvoled in chronatin condensation, increases the

density of dropletswhile decreasingheir dynamics. On the contrary

acetylation of histone tailsauseshe dislution of chromatin droplets,

which can be restoredby the addition ofthe multi-bromodomain

containing proein BRD4which is ableof associating with acetjsine

modifications in a multivalent mannéerhe hghly acetylated chromatin

gives rise toa new phaseseparated state with dropletsavingdistinct

physical properties, which can be immiscible with unifiextichromatin

droplets, mimicking nuclear chromatin subdomaifi$iese finding

suggest that the recognition of histone modifications diwomatin

binding proteinsnaylocallyinduce or facilitate the formatioof genomic

compartmentgGibsoret al, 2019).

Anothermechanism underlying the phase separatioheterochromatin

wasidentified by Sanulket al, which demonstratedhat the binding of

multiple molecules of Swithe Schizosaccharomyces pontifel protein,

to the nucleosome triggera conformatonal change in the nucleosome

that results in increased dynamics and accessibilibyried core histone

residue® { 6Ac AAYdz GFyS2dzat e

8 yhdix i S &

H2B, andhucleosomal DNAdestabilimg histoneghistone and histoeg

DNA interations within thenucleosome Thisallows buried regions of the

nucleosome tobe exposedto additional multivalent intenucleosomal

interactionsthat promote LLP$Sanullet al, 2019)

Overall, these studiedemonstratethat chromatin can undergo LLPS

under physiological conditions aritat this intrinsic physicochemical

property can be regulated

1.5Non-genetic function of the genome
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Besides its genetic functions, the genome could also affect cellular processes by non
genetic means through its psical and structural properties, specifically by exerting
mechanical forces that shape nuclear morphology and archite¢Bustin and
Misteli, 2016) Indeed, chromatin can be considered a viscoelastic polymer with a
mass, volume, and density determingdibtrafiber, intrachromosomal, and inter

chromosomal interaction@Figure §. As a physical entity, the genome is not only

———

Nuclear pore LINC
Active force transmission

Cytoplasm

Nuclear membrane.

Intrafiber
forces

" Mechanical forces
Passive transmission

Figureb. The genome as physicdentity with amass, volume, and density

In the nucleus, the genome exerts (red arrows) and is exposed to (gret
arrows)mechanical forceshich may be transmitted eithér a passive
way (contact points between the nuclear envelape chromatin) or in

an active way (via the LINC comp(&«)stin and Misteli, 2016)

committed to establising forces between chromatin domains, but it is also able to
exert mechanical forces that are then transeitfrom the nucleus to the cytoplasm
via the LINC complex, the linker betwdleanucleoskeleton anthe cytoskeleton.
The nongeneticfunction of the genome comprehends its role in affectinglear
morphology, the cellular response to mentwal force, cell migration, cell
signalingandphysiological funabns such as vision in nocturaaimals.

Demonstrationof the structuralfunction of the genome in establishimgiclear

architecture comesfrot KS FAYRAY 3 GKIFIG YAONRmyg2SOIi

Xenopus eggsauses the assembly around thenetic materiabf doublebilayer
membranes resembling typical eucaryotic cell nucl@&orbes, Kirschner and

Newport, 1983)Anotherscaffold functiorof the genomerefersto its involvement
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in nuclearassemblyduring the formation ohuclear pore complexes (NPCie
nuclear pore protein ELYi8itiates the assembly process lmgediating the
interactions between chromatin and the Nf@ue and Zhang024)

Furthermore sveral studiessuggest thatperipheral heterochromatirdoes not
serve only aa means to facilitate gene silencitoyt also enhancethe strudural
robustness of the nucleugrengtheringits ability towithstand physical challenges
(Bustin and Misteli, 2016)

Interestingly, various observatioatso indicate anonrgeneticsignaling activity of
chromatin. Indeedthe condensation status dhe chromatin can be sensed by
components of the DNAathage response (DDR) machin&iyr instace, thecell
cycle checkpoint kinase ATR activated in response tohanges in chromatin
structure induced by mechanicstrain (e.gunwinding during replicatigniKumar
et al, 2014)

Thenon-genetic propertyof the genomecanalsoaffectthe biologi@l functiors of
an entire tissue as is seen in the physiology of vision in nocturnal animals.
Comparative analysis of thgenome organizatiom rod photoreceptor cells from
distant species revealeth associatiobetween heterochromatin organization and
the capacity of night vision animals. Of notan rod cells of nocturnal animgatke
majority of theheterochromatinis in the nuclear interioinstead of being at the
nuclear periphery The inverted pattern of heterochromatin locatioms
evolutionarilybeneficial, leadingp an increasedefractive index at the center of the

nucleus, thereby reducirtye scatteringof the light(Soloveet al, 2009)

1.5.1Factordefiningthe nuclearmechanical properties

Besides chromatin, other nucleaomponentsdefining the mechanical
properties of the nucleus are the nuclear envelap®l the nuclee
cytoskeletal onnectiongLINC compleXBustin and Misteli, 2016)

The nuclear envelope (NE) encloses the genomecantprises three
structures: the nuclear membranthe nuclear pore complex (NPC), and

the lamina. The nuclear membrane is divided into the inner nuclear
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membrane (INM) md outer nuclear membrane (ONM), whicre
contiguous with each other and with the ER. The nuclear membrane
restricts nuclearcytogagnic trafficking to the NPCs, regulatitige
passage of macromolecules between the nucleus and the cytoplasm with
molecular weighteiboveD40 kCa (Hatch and Hetzer, 2014)he nuclear
lamina iSormed bya dense meshwork geveralaminfilamentsattached
to the INM.There are twaypes oflamin proteinswhich are different
isoforms of the same genthe Btype (lamins B1 and B2) and théype
(lamins A and @bechatet al, 2010) The lamin proteinsave contact®n
one sidewith the nuclear membrane by interacting wilansmembrane
INM proteinge.g lamin B receptoandLaminaassociated polypeptid2)
andon the other side with thehromatinbinding proteinsat the nuclear
periphery(e.g.Barrierto-autointegration factorBAF)YHatch and Hetzer,
2014) Overall, these interactiorierm a stable network thagtrengthens
the nuclearmembrane angbhysicallyjlinks tre INM to the chromatinthe
connections between the nucleus and the cytoskeletoraks@pivota for
nuclear mechanicgBustin and Misteli, 2016)Specifically, he LINC
complex connectthe INMwith the ONMthat faces the cytoplasrandis
formed by two transmembrane proteinKASH (Klarsicht, ANC Syne
homology alsoknown as nesprinsomaincontaining proteins at the
ONM and SUN (Sad1 and U domaincontaining proteins at the INM
Being on the ONM, Nespringssociate with the cytoskeleton
(microtubules, actinand inteamediate filaments) whereas the SUN
proteins interact with the nuclear lamirzend laminaassociated proteins
(Maurer and Lammerding, 2019hroughthis complex of transmembrane
proteing mechanical forceare transferredrom the actomyosin network
to the NEand when this connectionis perturbed cells may become

insensitive tacertainstimuli(e.g. tensile forces).
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1.52 Nuclear mechanical properties in physiology and disease

Multiple pieces of evidence suggest that mechanical forces generated by
the nucleus affect several cellular procesdadgeed the nucleus, being
the larger and stiffer organelle of the cell, if not able to adapt to external
stimuli may limit the ability of cells to sustain mechanical stFessthis
reason the mechanical propes of the nucleusgdetermined by the
viscoelastic genomand thenuclear envelope with thelasticperipheral
nuclear lamingarefinely controlled withirtissues.

For instance, it is known that chromatin contricut® determining
nuclear sizeln the alsence of condensins, whiphysiologicallpromote
chromosome compaction duringmitosis nuclear size increasein
mammalian cells with relevant consequences. Specificadlyse T cells,

by failingto compactheir nuclejdo not enter quiescendgawlinget al,
2011) Another example is theresence operipheralheterochromatinin

the nucleus,which not only allows gene silencingout also provides
structural robustnesso withstandsome of themechanicalinsultsthat
cells encounter intheir tissueof origin or during migratioriBustin and
Misteli, 2016) It has been shown th#te overexpression diMGNSHigh
Mobility Group Nucleosome Binding Domain, &n architectural
chromatin protein provokeschromatin decompactioand consequently
decreases theoverall rigidity of the nucleu§~urusawaet al, 2015)
Interestingly nite overexpressqn HMGNSdevelop hypertrophidearts
with cardiomyocytes havindeformed nuclei and disrupted laminBhis

last aberration isonly in adult cardiomyocytesn which theloss of
chromatin compactiomiminishes the ability of the nucleus to withstand
the stress coming from the contraction of the hedrhesedata suggest
that the interplay betweerneterochromatinandnuclear laminarranges

the maintenance ofuclearstrudure and elasticityFurusawat al, 2015)
During processes such as cell migration, the nucleus need to counteract

multiple sources of mechanical stressice it must undergeconsiderable
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structuralchangedo allow squeezinghrough the constrictiongmposed

by tissuesor blood vesselsThe nuclear laminglaysa key ole in this
process: cells ovexpressinghuclear lamingoresentincreasel nuclear
stiffnessthat lower the rate of cell migrationhut at the same time
decreased lamina leveteduce theviability of migrating cellsndicating

the need forbalancing in lamina abundance for a successful migration
(Haradeet al, 2014) In another workit is shown that nuclear movement
duringthis proces isfacilitated by global chromatin condensati@elitz

and Bustin, 2010)

1.6 Mechanical cues

Tissuesrepresenta dynamic landscapean which cellsare exposed toseveral
numbersof mechanical inputsuch asdlccell and celExtra Cellular Matrix (ECM)
adhesion compression stress, interstitial flylessure and shear stressAs an
example, actomyosin contraction due to ECM stiffness ecaigsesile stress,
whetherthe over-proliferation of cells in a confined spagerycommon in tumorg
microenvironmat, imposesompressive stregdlorthcottet al, 2018) The process
through which cells sense and respond to mechanicaes is called
mechanotransduction and it is the mechanism thatallows cells to convert
mechanical $inuli into biochemical signals theffect cell morphology arfdnction

(Maurerand Lammerding, 2019)

1.6.1Sensors and mediatoo$ nuclear mechanotrasduction

Nuclear mechanotragsduction can be mediated by different key players,
such agroteins that intervene imucleocytoskeletal onnections(LINC
complex) nuclear envelop€NE) and peripheralamina(LAMIN A/G)as
well as thenuclear translocation of transcription regulators (YAP/TAZ).
Interestingly, wo independent works have showecently that the

nucleus can act aa ruler to measure cellular shape variatiottswas
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demonstrated that he nuclear envelopeansense cell deformation and
that charges in its tension and foldirartivatea mechanotransduction
pathway that controls actomyosin conttdity and migration via a
calciumdependent phospholipase cPL#ignding (Lomakinet al, 2020;
Venturiniet al, 2020)

Lamins are also key contributors in mediating nuclear
mechanotransductionThe nuclear lamina is a filamentous network of
proteins thatlocalizeunderthe INM. It containsA-type laminsl@minA/C)
present inspecialized tissueand B-type lamins(B1 and Bf, ubiquitously
expressedDechatet al, 2008) Interestingly, while Bype lamins do not
regulate nuclear mechanicsamin AC expression correlates with tissue
stiffness.Specificallyit is highly expiesed in tissues that are subjected to
high mechanical stre¢s.g. bones andartilagg, butits expression is low
in soft tissues thatare not subjected to greatechanical stress, such as
brain or adipose with protein phosphorylation and turnover coreging
inversely with matristiffness(Swiftet al, 2013) Lamin A/GQunction is to
maintain nuclear structure, inadingits stiffness, anthe organization of
chromatin with which interacts such as the Laassociated domains
(LADs]Schoeret al, 2017). Furthermore A-type lamins arealsoinvolved

in the regulation of cell differentiation and stemn@ssesponse to ECM
stiffness. It has been demonstrated that in a soft matrix MSCs
differentiation is promoted towarddipogenesis and that this procass
associated with inhibited lamin A/C productidn contrast, lamin A/C
overexpressionin a stiff matrixenhances cell differentiation toward
osteogenesigMalashicheva and Perepelina, 20Z)rthermore lamin
A/C overexpressiotteads to the activation of stressrelated proteins
involhed in cell differentiation, andf the transcriptional regulat&YAP1
(yesassociated protein 1gnd TAZTranscriptional coactivator with PDZ
binding motij of the Hippo pathway, whiclpromotes growth and
regeneration(Swft et al, 2013)

32



550

552

554

556

558

560

562

564

566

568

570

572

574

576

In particular,YAP and TAZre conserved mechanotransduceable to
respond toa vast number of different mechanical cues (e.g. shear stress,
ECM rigidityand geometry)When they are mechanically activated, YAP
and TAZ translocate frothe cytoplasm to the nucleushere theycan
interact with TEAD factors to regulate gene expresaimhactivate cell
specific transcriptiongbrograms(Panciereet al, 2017) For examplgin

cell differentiation, they havebeen reported to be excludeddm the
nucleusof MSCslaced ina soft matrixduring adipogenesiand to be
insteadfunctionally localizedto the nucleus during osteogenesifghen
cells perceive high mechanical inputs (e.g. cellsa oigid substrate,
stretched, plated at low densityr in large adhesive area condition) YAP
and TAZ are nucleawhile they remainevenly distributed at more

intermedate levels of mechanical streg$%ancieraet al, 2017)

1.7Unbalance between Transcriptional and PcG in M&&x=d Kabuki
Syndrome disase model

By investigating the effect of MLL4 LoF in MSCs we founidsthaiploinsufficiency
impaced chromatin compartments which show an unbalancing between
Transcriptional and PcG condensdteascianet al, 2020)

Indeed, MLL4 Lokmpairs enhaner-associated cofactor clusteringausing a
decrease in the number and size of BRD4 and MED1 conderSaes TA.
Considering the knowantagonism betwen the TrxG and PcG complexe®
sought to investigatevhetherthe MLL4 Lofrivenperturbationof Transcriptional
condensatesould affect Pc@pressive compartmentélithoughthe abundance of
Polycomb repressive complex(RRC2componens was unaltered, aalysis of
Polycomb repressive complex 1 (PRC1) components revealed incRI&KeiB
(RING fingr protein 1B and BMI1 B lymphoma MeMLV insertion region 1

homologsignal$ protein clustering in MLL4Econdition(Figure 7§ even though
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Figure7. Unbalancing between active (Transcriptional condensates) and repressive (PcG condens
compartments in MLL4 Ld#L(L 44992}, Aand B) STORM images of Immunofluorescence staining again:
BRD4 (A) or RING1B (B) (on the left) with relative quantificatibe mimber of clusters per nucleus
and distribution of the area (on the right). Scale barm $or the right panel, 3m for the left panel
representing an enlargement of the previous image highlighting the distribution of the clusters.
Confocal images of Immunofluorescence staining against H3K27me3 (gray) with nuclear quantifica
normalized on DRAQ5 signal intensity (blbegle bar 28m. Modified fromFasciani et al., 2020.
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their transcriptslevelswere unalered. The augmentedevel of PRCglusteringis

also mirrored by increasedeposition of H3K27me3, which is the histone

580

modification associated withcBactivity (Figure 7¢
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By rescuing MLL4 protein expression G&RISPRACRISPRnediated gene
activation), we confirmed thathe augmented PcG clustering and H3K27me3
depositionweredependent on MLL4 abundasc

Of note, he evidence that thdransient reestablishment of MLL4 protein levels
counteracted the augmented PcG clustering and H3K27me3 depasiticates
that MLL4 LoF affects repressive compartments, with increas€d pPatein

clustering

1.7.1 Kabuki Syndrome is characterized by impairment of the
mechaneresponse

Considering that chromatctompartmentsexert forces that shape nuclear
structure, wefurther investigatedthe effects of MLL4 LoF on nuclear
architecture. We noticed that MLL4 LoMSCspresented an altered
nuclear morphologywith respect to thewild-type counterpart with a
reduction inthe nuclear areayolume, and flatness (Figure 8A This
morphological phenotype was rescued in MLL4 liaeFCRISPRa-re
edablishment of MLL4 expression, suggesting tadhough MSCs were
grown instandard cultureconditionsthat allowforce transmission to the
nuclej MLL4 LoRffects nuclear architectureKnowinghat the Lamin A/C
level ismodulated in response to changestensile forceswe testedits
protein abundance in our modalNe found thatMLL4 Lofad reduced
Lamin A/Qevelswhencompared with WT cells, with an increagedttion
of the protein being in th@hosphorylagd state, indicating an increased
protein turnover (Figure 8) (Fascianiet al, 2020) Furthermore,the
altered MLL4 LoFnuclear morphology leads taeduced nuclear

localization of the mechanoeffectoY?®AP and TAZ.
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Figure8. Kabuki Syndrome is characterized by impairment of the meobspmanseA) Upper
panel: on the left are depicted images of nuclei of WT and¥f?2 & O £ S 6 leNA X
left, reconstructe@D images of the nuclear shape highligintlear volume and flatness. Lower
panel: quantification of Nuclear Volume, Araad Flatness. R)pper panel: confocal images
of Immunofluorescence of LamiALlMNA and phLaminA on Ser2@L MNA(Ser22pf WT and
MLLR492XOSt fad {OFfS O6FNE wMn xY® [28SN LI Y
normalized on DRAQS5 signal (not shown), and ratio between pLMNA (Ser22) nuclear signal
LMNA. Cl.eft panelmaps of the stiffness distributionWT and MLI%#%?0f images acquired
with Brillouin microscopy. A higher Brillouin shift (GHz) corresponds to a higher stiffness in
OStf o { O fRightparelNFErplotshowing Yhequantification of the nuclear Brillouin
shift. Fascianiteal., 2020.

Overall, these results lagsto hypothesizehat MLL4 LoF resembles cells

that areunder lownuclearstress conditions
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Tofurther investigatenuclear mechanical properties, waok advantage
of Brillouin microscopy to measure nuclear stiffness, which can be
determined by quantifying thiengitudinal elastic modulusalculatedon
the base ofthe Billouin frequency shif{Antonacciet al, 2018) The
increased Brillouin shifin MLL4 LoFRndicated thatthese cellswere
characterized byincreased nuclear stiffnessith respect toWT cells
(Figure &)(Fascianet al, 2020)

To testwhether the altered nuclear morphology observed degendent

by the increased Pe@ustering driven by MLLHaploinsufficiency we
rescued Pc@bundancein MLL4 LoFoy overexpressing histone H3.3
harboringa mutation of lysine 27 (K27) to methionine lie tNterminal

tail (H3.3K27M), whicks known to have dominant regative effect on
PcG activitfLewiset al, 2013) As expectedH3.3K27M overexpression
reducedBMI1 and RING1B protein abundaasevell a$i3K27me3 levels
in MLL4 LoFMSCs Interestingly PcG rescuee-established nuclear
architecture parameters such asaclearvolume, area, flatness as well as
lamin A/C proteimbundanceand nuclear stiffness MLL4 LoMSCs

To investigatethe relevance of these resuli®n the context of the
pathology we assessed whether MLL4 LoF affectdISG
mechanoresponsiveness duringfferentiation, fnding that MLL4 LoF
commitment towards chondrocytes was strongly affected, while
osteogenesisvas mildly impaired Interestingly, i releasing the nuclear
mechanichstres through inhibition of theuclear mechanosensor ataxia
telangiectasia and Rad8lated protein (ATR), we -gstablished the
mechanosignaling oMSCs. Specifically, the treatment with the ATR
inhibitor restored YAP/TAZ nuclear localizatiotMinL4LoF, as well as
MSCs commitmentward chadrocytes and osteocytes. Furthermore,
blocking ATR ianin vivoKabuki syndrome moddkeveloped in medaka
fish, restored the observedchondrogenic and skeletal defects, rescuing

proper head morphogenesis withioevidenceof toxicity.
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Altogether these results indicate that MLL4 is necessary for preserving

nuclear mechanical properties and that its haploinsufficiencys ladn

increased PcG clustering which strongly a$feciclear structure and

mechanoresponséOf importancejnhibiting ATR could represent a novel

therapeutic option for rstoring nuclear mechanical properties awell

mechanoresponsiveness

1.8 Nuclear phase separation mechanobiology

LLP®as recently beedemonstrated to be cruciabrganizng principleor the cell,

resulting in the formation of membranelesscompartments that work as

organizational hubs, sequestratioenters, or reaction acceleratogalberti, 2017)

Within the nucleusseveralaspects ofjene expressioappear to be factted by

multiple condensates includingrepressive heterochromatin foand the super
enhancergStromet al, 2017; Sabasgt al, 2018; Sanulét al, 2019) Although the

role of biomoleculail©2 Yy RSy & (1S &

Ay

iKS

findStBrezifthel A 2y 2 F

genome(e.g.gene transcriptionhas been investigated, their connection wtitle

non-genetic functions of the genome still remains elusive. Indeed, evauitiple

studies suggest that thesyructurally shapehromatincompartmens, little is known

about how they contributeto the regulation ofnuclear mechanical properties.

However, it is reasonable to think that if they have a role in shagirgmatin

domains which in turn affect nuclear mechanics, they are likely to be one of the

structural elemats of mechanobiologf note, in Fasciast al, we demonstrated

the existence of aonnection betweeithe unbalancing of nuclear condensatesl

nuclear mechanics in Kabuki Syndromesn though we did not further investigate

this aspect and other sties will be required to clarify their interplay in the

regulation of biological processes.
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The main aim ofhis thesiswasto investigate the rolef nuclear condensates,
specificallyTranscriptional and PcG condensategegulathg the response of the
nucleugo mechanical stimulOur hypothesis is thatfterent sources of mechanical
stress may impinge on the nuclear structure affecting tme-organization of
chromatin biomolecular condensates

Considering that our recent findinggyhlighted a functional connection between
defects on chromatin compartmengnd nuclear mechanicsy Kabuki Syndrome
we hypothesized that nuclear condensates could be key factousing nuclear
responses to external stimuli. Therefore, we testedrésponseof Transcriptional
and RGcondensates to different mechasphysical conditios, with the idea that
cells can exploit the synerggpd efficiency of the process phase separatiofor
cellular sensing, as well as the sensibility and the vetdatyndensates formation,
occurring in a timescale of seconds. This timespan would also be compatible with a
mechaneresponse,ensuring an adaptive and fast resporfse survivalunder
stressful conditions

First in order to characterize the phase sepama behaviorof MLL4 inMLLA'T
MSCsandMLL4°FMSCswe useda HaloTag basedoptogenetictool to control the
spatioctemporal asembly of condensates. Secone registered the response of
biomolecular condensates MLL4'TMSCsandMLL4°"MSCst different substrate
stiffness, both at the steady state abg stimulating MLL4 condensaté living
cells

Last we sought to assess the effect of MLL4 haploinsufficiencyiuatear
deformation capacitycell migration and survival rate biaking advantagef two

devicesmicrochannels with restrictions of different widttind static confinement.
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3.1Cell linesand cell cliure conditions

All the experimentsvere carried out usinTERAImmortalized human adipose
derived MSCs (a gffom P. TatraiMSCs were cultured in 1:1 DMEM/E medium
(Gibco; 1132@74) supplemented with 10% fetal bovine serum (Euroclone;
ECS0180Lgnd 100 U/mL Penicillin/StreptomyciiGibco;15140122) Cells were
YFEAYGFEAYSR Fid 01 ¢/ dzyRSNJI p2 / h

3.1.1Generation of stable cell lines

MLLA4092gnd MLLAO9SX(MLLA=and MLL4¥"? respectively carrying
frameshift mutation in thexon 3%f KMT2Dvere generated and genome
edited via CRISP®as9 by lgssandra Fasciani as describe&ascianet
al., 2020.

MSCs expressimgl RIPSFFAEGFINLS pCDEMiniNesprintGFP, pCDH
MiniNesprintGFRPcpstFRET, pCREFtMCSIRESPURQH3.3K27M,
PGKH2BmMCherryandPGKH2BeGFRvere obtained transducingith the
corresponding lentiviral vectoFor the FLIMFRET experiments, after-co
transduction withPGKH2BmCherryand PGKH2BeGFPR positive cells
were sorted at single cedlith FACS Aria llu (BD Biosciemté)\W96for
singleclonegeneration.

MSCs gxressing piggBAGMLL4PrLBHaloBg-Cry2 werebtained byco-
nucleofectings0.000cellswith piggyBAGILL4PrLDHALOtagCry2(1ug)
and pCMVPbase(.2ug) usingP1 Primary €l 4DNucleofectorTM X Kit L
(Lonzay4XP1024) Amaxa Nucleofector (prograrr104Lonza) folling
YIydzZFl OGdzNBEND&a AyailuNdzOGAzyaod

3.2DNA constructs
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For thein vitro droplet formation assaypltase separation experimeitthe pEF

mCherryMLL4PILD/ PrLip v g & & dzo pEFRCGASIRVIEDINIR 4 gift

from Richard A. Young laboratojheMLL4 PrLD regidiffrom amino acid 3560 to

4270) was amplified by PCR (oligonucleotides:

FW_GCCAGATCTGGTGATGCTGAGAAGCTCAAGCT

RV .GCCGTCGACTTTACTGTGGTCCAGGGAAGOIRd between the Bglll and

Sall si¢s in the pET mCherMED1 IDR, while the[ [ n  t NJ 5

nv

obtained by overlaqgxtension ER and cloned between the Bgiitl Sall s in the
pPpEFTMCherryMED1IDR (oligonucleotides:
FW GCTCAGCCCATGGGCTCTTTTCCHMBWGTCGAACTTTACTGTCTC

RV TAAAGAGCCCATGGGCTGAGCGCTEs @ d @togeretic experimentsthe

constructpiggyBA@ILL4PrLBHalo g Cry2was cloned by Lisa Fad followsthe

HaloTag sequence  was PCR  amplified(oligonucleotides:
GCCGCTAGCATGGCAQRZBATACTGG

FW_

RV

GCCACGCGTGCCGGAAATCTOGHIRAGIKRR restriction sites for Nhelnd Mlul

The fragment was then cloned in thgyggyBAGhCherryMLL4PrLDCry2(Fasciani

et al, 2020)betweenthe Nhel/Mlul siteskor the generation of the stable cell line

pCMW- Pbase (PiggyBac transpogasenated from Luca Tiberi laboratory, was also

used.

For the FLIMFRET experimentise plasmid$?GKH2BmCherryandPGKH2BeGFP

wereused(Addgene plasmid24217and#21210)

The plasmid used to generate the stable cedislifor assessing Nuclear Envelope

rupture inside microchannels with restrictions wasTRIPSFFNEGFRNLS

purchased on Addgene§&677).

The lentiviral vectorspCDHMiniNesprinkGFP for Nesprin overexpression and

pCDHMiniNesprintGFRcpstFRET for studginNuclear Envelope tension were

kindly gifted from Paolo Maiuaboratory

The construct for performing PcG resaueMLL4°"MSCspCDIHEFEMCSIRES

PUR@H3.3K27M, was fied from the Allis laboratory.
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3.3Immunofluorescence

746 MSCsavere seededit a dengiy of 7.500 cells/ ci(low density conditiorgr 15.000
cells/ cnion coverslips coated with 0.1gélatin (SigmeAldrich; G1393Cellswere
748 fixedafter 48hg A G K > LI NI F 2 NI | fodrnStétripdRaBure TRINI M YAy
washed three timesvith phosphatebuffered saline (PBSInd then processed as
750 follows: permeabilization and blocking witRB% 1% bovine serum albumin
(Millipore; 126579/ 5% goat serurfFishe Scientific 1147505% 0.5% Triton .00
752 (blocking solutig 0 F2 NJ m K | { inoNEadiy with FivagSanNtibatylzNB >
dAf dziSR Ay (GKS 0t201Ay3a az2ftdziaAzy F2NJ 0 K |
754 washes in PBS and inctiba with secondary aribdies (Alexa Fluaonjugatel

produced in goaby Thermo Fisher)diluted in the blockig solution, andDAPI

756 (SigmagAldrich;D9542 for nuclear staininfpr 1h at RT
The primary antibody used addutionsare listed belowBRD4 (abcanab128872
758 1:200, BMI1 (Millipore; 05-637) 1:100, RING1B (Cell SignaliB§94 1:200,
phospheLamin A/C (Ser22g¢éll Signalindl3448 1:100, H4K16ac (Milliporé6-
760 762) 1:200, YAP/TAZ (Cell Signalg®f;8 1:100, H3K27me3 (Millipore7-449)
1:100, Lamin A/CApcam ab40567 1:200,KMT2D (lvitrogen 701869) 1:200
762 Vinculin (Sign@Aldrich;V9264 1:200

Coverslips were mountezh glass slides usiRyoLong Goldinvitrogen;P36934.
764 Images were acquired using a Leica TCS SP8 confocal microscope with a HCX Plan

Apo x6381.40 objective. Wen needednuclear volume and flatness quantification)

766 za il 01 a ©SNB | Olj dzA>MmBriragesasquisitionss&tidgs were/kapt 2 T n dp
constant fo downstream image analysis.
768
3.3.1Image analysis
Images acquired by confocal were analyzed using Inflaigésoftware.
770 For 2D analysishe DAPIsignalwas used todefine the ROI(region of
interest)of the nucleus To measurehte nuclear mean intensitgnd area,
772 LIF files werdfirstly converted to TIFFEomposite images,hen the
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minimum value of the thresholdnd the size range parameters were
determined foreachindependent experimertb identify the nuclei on the
binary image

For the measure ohuclear volume and flatness, a 3D analygias
performed by using the 3D plugin suii@@geJ plugirgnd segmenting the
nuclei on the DAPI signal.

Formeasuring clstersize, mean intensifpand area ir2Dthe analysisvas
performed in ImageJ as follows: firegckground subtraction was applied
(rolling ball correction), themnsharp masking and median filters were
applied. The clusters wertnally identified with the Shanbhag dark
automatic threshold.

To quantify the nuclear to cytosolic localization of YAP/AAZATLAB
routine deposited in GitHub
(https://github.com/SZambranoS/RoutinesNucCytgYAwas used. In
brief, images of thd®APkBnd YAP/TAZ channels were saved astTBHFF

files.Nuclei were segmented on the basis of the DAPI signal, after choosing
the correct physical parameters (e.g. areaing of 30pixel width around

each segmented rlei was foundto calculate the YAP/TAZ cytosolic
fraction. Lastly,hlte nuclear to cytosolic intensityas calculateds the

ratio of the nuclear and cytosolic average YAP/TAZ intensities.

For calculating nuclear envelope (NE) invaginations, the perimeter

measured by quantifying the Nesp@+P nuclear signal.

3.4 Protein extraction and Western Bl0WB)analysis

For histone and histonemodifications,acid extracts were obtainedvith the
following procedure cells were washetivice with cold PBS, harted in 1 mlof
cold PBSand centrifuged for 5 minutes 4600 rpm. Pellet was resuspendedha
histone extractionbuffer (10mM Heps pH 8, 10mM KCI, 0,1mM Mg@2Z mM
EDTA pH 8, 2mM PMSF, 0,1mM Bdaghieve a concentration of 1€ells/ml Cells

were left at 4°C follO minutes and then centrifuged for 10 minutes at 50890 at
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4°C. The supernatant, corresponding to cytosolic extveas, discarded and the
pellet was resusperd in 0,2N HCI (4x1@ells/ml)and left O/N at 4C onthe
rotating wheel. BPoteins were then recovered yentrifugation forl0 minutes at
4000rpm at 4°C, andupernatant, containing histones proteimas quantified to
measure protein concentration Bradford assayBiorad; 5000006) according to
YIydzZFl OGdzNENDa AyailiNdzOGAzyaod

Forwestern blots analysig, 8 or 15>g of protein samples were subjected to SDS
PAGE ingradientge(b dzt ! D9 u n -ThigInvitregenXP032RBOXunned

in MES Buffer (InvitrogetNP0O002. Proteinswere transferrel to a nitrocellulose
membrane, thatvassubsequentlyplocked in PB®ween containing 5% milk for one
hour at RIn agitation and incubated witprimaryantibody O/N at 4 °&Keeping the
membrane in motionThe membrane was then washed three times with RB&%n
for 5 min and incubatedith HRR conjugatedsecondary antibody for one hour at
RT. The chemiluminescent signal was captuattdr incubation with ECL reagents
(GE Healthcard&PN2232)usingChemiDoc XRS+ Syst@io-Rad. When needed,
relative optical density was quantified wkh (http://fiji.sc/). Primary antibodies
with corresponding dilion usedand specific amounbdf proteinloaded for each
antibodyare the followingH2B(Abcam; ab1790) 1:50q8>g), H3(Cell Signaling;
9715) 1:100@2 >g), H3k27me3Millipore; 07449) 1:50 (15>g), mCherry(Abcam,;
AMab167453) 1:100@ >g), GFRSanta Cruz; €2996) 1:20Q2 >g).

3.5RecombinanProtein Purification

The Protein purification waserformedas follows: bacterial pell@BL21(DE3)pLysS
bacterial strainyvas resuspendeth 25mLof NiNTA Lysis BufféliNTA LB) (50 mM
TrisHCI pH 7.5, 500mM NacCl), and sda@: The lysate wasentrifugated at
12,0009 for 20 minutes at 4°C and added téNINiAgarose (Qiagen; 30210g-
equilibrated with NNTA LBFalconcontaining the agaresard the lysate was
rotated at 4°C for 1 hour, theagarose beads were collected by centrifugafor 5
min at 200 g and werganderred to the gravity columnThe beadassociated with

the protein of interestwere firstlywashed with the NINTAB containig 10mM
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ImidazoleAfterward,the protein was &ted with NiNTA LB containirig)/100/250
mM imidazoleEluatesvere cleared of norspecific proteins by taking advantage of
gel filtration chromatography (Superdex 200 rnease 10/300 GL, GE Healthcare;
2899(M44) andequilibrated with Buffer D (50mM TCl pH 7.5, 125mM NacCl,
1mM DTT, 10% glycerol).

Fractionscontaining the protein of interest were poolethd concentrated using

t ASNOSxu t NP (G SAy1l0H MWCDSVharid ScmiiR8529){ The

gualty of eluted fractionsvasfinallyandyzed by Coomassie stained gel.

3.6 Droplet formation Assay

The recombinant protein was added to Buffer D containing 10% Polyethylene glycol
(PEG) 8000 (Sigma; B805) at varying proteinjrfal NaC| and 1.6 hexanedil
(Santa Cruz; s237791)concentrationsProtein in Buffer D waspotted ona glass
slide and covered with a coverslip. The solutionlafast RTor 5 minutesand the
formed droplets wereacquired using a Zeiss Axio Observer inverted microscope
with an AxioCam 503 mono D camera and a -Rlaochromatic 100x/1.4 ell
immersion objective equipped with a prism for DIC (Zeiss).

Images were analyzed with FlHe intensityof the signal inside and outside the
droplets was determinedby setting a threshold othe base of theminimum
intensity seenat the lower concentratiotested in whichdropletswere present.

This threshold waskept constantin every other condition. The a&turation
concentrationwas quantified as specifiedpnevious worKWanget al, 2018). The
fluorescence intensityvas measurednside (Idroplet) and outsiddmedia)the
droplets. The amount of condensed protevasdefined by the ratio of Idroplet to

Imedia. If no dropleta/ere present, the ratiowas set to zero.

3.7 Migration Assay

20,000 cells/ crhiwere plated ina mediumdeprived ofgrowth factors and placed

onto collagencoated(PureCol® Type | Collagen Solution, Advanced Bioma@ix;
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transwells withpolycarbonate membranbarboringpores of different size:8Y
(Corning;3422) 5> Y{(Corning;3421) and 12> Y{(Cell Biolabs IncCBAL07). The
medium, complete with growth factors, was added at the bottdrthe transwell

as achemoattractant. After 8 and 24h samples were fixeddbh PFAS previously
described. fie upper part of the transwell was cleaned with a cotton steab
facilitate imaging at SP8 Confocal Microscoffter that, DAPI staining was
performed as previously described and membranes were mounted on coverslips
and acquired at SRBonfocal Microscopeith a 40X objectiverhepercentageof
migrated cellsvas calculatedy countingthe number of migrated celléon the

bottom ofthe membranepver the number of seeded cells

3.8 Plates at different substrate stiffness

Forassessing the effect of differesubstrate stiffness on MS@ytoSoft® Imaging
24-well Plats (Advanced Biomatrix; 51-8&A) of 0.5, 8 and 32kPa were used. Plates
were washed three times with PBS and then coated Maitkg/pl fibronectin (Santa
Cruz:sc2901]) for 1h at RTCells werglated with adensity 0f7.500 cells/ crilow
density conditionpr 15.000 cells/ cf grown for 48h and fixed with 4% PFA
Immunostaining was performetirectly on the platesthen samples were acquired

at SP8 Confocal Microscope and analyzepreviosly described

3.9 Microchannels with restrictions

We used for this assay a 35mm Petri dighich contains a set of molded
microchannels, with variable dimensicasd restrictionswhere cells can migrate
within (4DCell; MC011, MCO18)icrochannetlishesvere washed three times with

PBS for 5 minute3he last washing was replaced in each chamber pyofQQug/pl
fibronectinmage analysis and singlell trackingandincubated for 1h at RTAfter

the coating, the device was washed again three times RBS, andell culture
medium containing 2% FBS was added to cover each chamber and left for 15
minutes at 37°C. Then, a droplet of cell solution (100.000 cell¥/tD2% FBS
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containing medium was added to each access port and kept again for 30 mainutes
37°C before adding another 2ml 26 FBSulture medium. Cells were grown for
48h. 6 hours before live imaging a gradient of FBS was created by addipiet

of 10% FBSontaining medium in the access polbsest to where the cells have
been platedand with whom they communicate=inally, 10% FB$ontaining
medium was added to fill each chamber afichelapsevideo microscopy was
LISNF 2 NY SR | { »usimgtheNikorEofipRe Tjiith ah %20/ 0.7%r 60x/
1.40it £y ! LR < 2idegrat@ivkndadumencdr BpegfraxX LED light
source system and a EMCCD seoanrera Andor iXon Ultra 8§8or the detection
Images were acquireglvery 5 minutes for at least 12lmage analysiand sngle-

cell tracking wereperformed using the NIS s$afire. Specifically, the time of
residence(time of migration)was calculatedy counting how many frames cells
take to pass through the restrictionstfirst frame in whicla protrusion of the cell

in the restrictions visibletina=first frame inwhich the cell is out dhe restriction).
Nuclear Envelope Rture was quantified on the basis thfe NLSGFP signal as
described irprevious workRaatet al, 2016) For measuring the NK&-P Intensity

in the cytoplasm andutleoplasma small ROI wagsut in front of the nucleus at
each time framén which the nucleus enters and passes through the restriction (ROI
corresponding to the cytoplasnihe average intensity of the ROI of the cytoplasm
was divided by the average intensity of the nuclear-GiESsignal before the
nucleus entered the constrictiofCytoplasm/Nucleoplasm rati@r viceversa
(NucleoplasriCytoplasnratio). The percentage of rupture was calculatedttzes
ratio between the number of cellsndergoingnuclear envelope rupture anithe
number of cells passing through the constrictiome percentage of cell death was
measuredoy calculating the ratio betweetihhe number of cellslyingwhile passing
through the restriction andthe total number of cellspassingthrough the

constriction.

3.10 Cellconfinement
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In order to confine cells at 3 and>fh the CSOW 62€)static confine(4DCellwas
used Theheight of confinements controlled bypolydimethylsiloxangPDM$
micropillarsfabricated in a glass slidaedattached to a PDMS pistofhe confiner
was handled and assembled following 4DCelucisons. Pistons and confinement
slides were equilibrated for Ht 37°0nthe culture mediunmbefore performing the
imaging To ensure cell adherence, thkass bottont-well plate provided with the
confiner was coated withO pg/pl fibronectin for 1h &RT.

20.000 cells were plated the central circular part of the wedind after 24h were
confined by placing the confiner lid on top of the well. Imagingpsdermed at

the NikonEclipse Ti2withaRH nk ndTp tt 1y | aeontrolle® 62SO0GA D
temperature and COImages were taken after at least 20 minutes of confinement

and after that every 5 minutes for 12h.

3.11 FLIMFRET

Forster resonanceenergy tansfer (FREJhased assay usingnultiphoton
fluorescence lifetime inmgaing microscopyFLIM)was carried out on MSCdones
expressingsFPH2B (donor aloneand 2FPsH2B FRET pairstonor and acceptor:
GFPH2B and mChen#i2Bjato T ¢ / | )plRtedmtza dénsity of 20.000 cells/
cn? eitherin a classic petri dish or @ytoSoft® Imaging 24ell Plats. FLIM was
performed using an inverted laser scanning multiphoton LSM780 microscope (Zeiss)
with a 40xPlarApochromat objective NA 1(Zeis$. Twaphoton excitation was
performed using Chameda Ultra Illaser at 890 nm.The HPM100 module
(Hamamatsu R104640 GaAP hybrid photomultiplier tuellowed the @tection
of the emitted photonsThe fluorescence lifetime imaginvas achievety time
correlated singlgphoton counting (TCSPC) electosn(SP®30; Becker & Hickl),
which measures the time elapsed between laser puls@d the fluorescence
photons. During acquisitiothe laserpower was adjusted tprovidea mean photon
count rate of about 1®photons per second-LIMmeasurements were aglired
over D s, and fluorescence lifetimes wepgantified andcalculated for all pixels in

eachcell by selecting specific ROIlusyng SP@lage software (Becker & HicKihe
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FRET efficiencywas measued by comparing the FLIM values obtained dells
expressinghe GFP donor fluorophosdonewith the complete FRET paifltheFRET
efficiencywascakulated asE FRET= {1/ _2)¢, 8 K S Nithe mean fluorescence
lifetime of the donor in the presence of the acceptor in 2HPBMSCsand_2 is the

mean fluorescence lifetime of the donor expressed in-B&Pcells In the nor

FRET conditions, the mean fluorescence lifetime value of the donor was calculated
from a mean of the, by applying a monexponential decay model to fit the
fluorescence lifetira decaysin the FRET conditiares birexponential fluorescence
decay model to fithe experimental decay curves was appligg.fixing the non
AYUSNI OGAyY 3 LIWNEdSdiegtimade tHevaluBwith tieSSPCGhage

software.

3.12 Nuclear EnvelopERET sensor

MSCs expressing@CDHMiniNesprin GFPcpstFRETvere seeded at a density of
20.000 cells/ crin an IBIDIplate 82426 and stained with 1:1000 SirDNA
(Spirochrome;SCO00Y, a nuclear dyecompatible with live imaging. Cellgere
acquiredusingLeica TCS SP8 confocal microscope with a HCX Plan Apo x63/1.40
objective Donor €¢pCeruleah was excitedat 458 nmand amission peaks of
cpCerulearand cpVenuswere captured respectivelyin a windw of 470490nm

and 520540nm. Thernverted FRET indexas calculated as the ratio between
cpCerulean and cpVenusean intensity Data were analyzed usitige SirDNA

channel to define nuclear ROI as described in section 3.3.1.

3.13 Optogenetics experiments

To allow the visualization of the MERA.D proteinMSCsexpressing piggyBAC
MLL4PrLBHaloBgCry2 were stained witB0OnM of 646 Janelia Fluor® HaloTag®
(Promega; GA1120) diluted in complete culture medium for 20 minutes at 37°C. The

substrate was then quickly washed once in PBS bedplacingthe medium.
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978 The time-lapsevideowascarried out corihuously for the indicated timingsd ot ¢ /
and 5% Cg@usingthe NikonEclipse Tizvith a Plan Apo d0x/1.45 Oilobjective
980 implemented witha EMCCD or CMOS sensor camera (And@ges of fluorescent
cells were acqued before and after the stimulus (bldight activatiorwith LED 470
982 100% intensity foB second¥as indicated in the figuseand quantifiedo obtain
the number, areaand mean intensity of clustees follows: maximum intensity
984 projection in z was p&rmed(zstep size o ®m), then the ROI was drawn on the
basisof the HaloTag 646 fluorescent intensity signattoa pre-stimulus condition
986 After background subtractiom which theolling ballcorrection waskept constant
for everyexperimentthe following thresholdw & dzA SR (2 ARy GAFe& Of
988 intensity of the nucleus on the petimulug + @X standard deviatianeThis allows
to takeinto accountvariations in the expression of the proteirfdre the stimulus
990 at the singlecell level.The functiondFind Maime with a prominence of 20 was
used to further define the clusters.
992 We alsostate that we noticed variability in ternes clusternumber and sizéy
acquiring witrthe two differenthardware settingsalthough the differences and the
994 trend among samptkeare preservedIndeed, he two cameras used have different
sensitivity characteristicsand pixel sizethat could influence cluster analysis. In
996 particular,the sSCMOS Andor Zyla 4.2 PIH3S a pixel size af dp >Y [E codp >Y
whereas the EMCCD sengartor iXon Ultra 888as a pixel sizeefo >Y E Mo >Y
998

3.14 Cell cycle assay

1000 MSCs were harvested, washed in PBS, and fixed in 7@#dcethanol for 30
minutes at 4°C. After another wash in PBS, the pellet was resuspenties in

1002 propidium iodide (PI) stainiraplutiors O2y il Ay Ay 3 ody Ya &az2RAdzy
ml RNasgt Y R p n (TEermo SBdientiticl66764.M in order toobtain 10°

1004 cells/ml.Cells were incubated f@0 minutes at R&nd thenacquired athe Flow
CytometeFACS Cantaacording at leasl0.000 events and analyzed with the Flow

1006 Jo softwareCell Cycle platforjn
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3.15 Statistical Analysis

All experiments were performed on independent biologieplicates, asspecified

in the resultssection For the imaging data, images were acquired byd@mn
samplingby acquiringat least 15non-overlapping fields of view, and, asf
differently specified, one representative replicateslsown even though the
experiment was performed at least three times independently obtaining similar
results.The exacstatistical parameters used for each experiment are reported in
figure captionsThe satisticaltests performed aréwo-tailed orone-tailedunpaired

{ G dzR Stgst) @dé&wayi ANOVAor multiple comparisa P-values are indicated

in the figures anthe corresponding figure captions &s:p<0.05 ** = p<0.01, *** =

pF ndnn wE JF P psmot sighificant (p<0.05).
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4. wSadAf Ga

In this section| present the resultebtained during myPhD which have been
carried outin the Laboratory of ChromatiBiology and Epigeties led by Prof.
Alessio Zippat the Department of Cellular, Computational adntegrative Biology
(CIBIO, University of Trento). The majority of the ressiiswn beloware
unpublished, howeverparagraph 4.1 contains resultsbtained by nyself and
published orNature Genetics in 2020 (Fascietnal, 2020), of which | share the-co
first authorships. My contribution to thigublicationwas to performthe phase
separation and immunofluoresces experiments and participaie data analses
Part of these results has been mentioned inititeoductionof this thesis.
Furthermore, Bice tis project required a multidisciplinary appro@&itompassing
molecular biology, cell biologypicroscopy, physicand material sciencspme of
the experiments and ata analyses were performed @ollaboration withother
laboratories having the expertise needed #oispecific application: FLINRET
experiments and analyses were carried out in tight collaboratitm@avid Llees
from Dr. RobertFeillaboratory at thenstitute of Molecular Genetics of Montpellier
Brillouin microscopy imaging and data analysis were performed by Claudia Testi
from Prof. Ruocco laboratory at the Italisstitute of Technology of Romghese
research activities includedso my onsite visit during which | applied FERET and
Brillouin Microscopy to assess the level of chromatin compaction and nuclear
stiffness, respectively, in our modéle also thanlPaolo Maiuri (AIRC Institute of
Molecular Oncology, Milan) and hesllaborators Alessandro P@ind Fabrizio
Pennacchio for scientifidiscussiongand help with the nuclear envelope tension

experimentsandcluster dynamics data analysis.

4.1 MLL4 undergoes Phase Separation in vitro

The evidencethat within cells MLL4 progin presentsa punctalike
distribution (clusters)typical of proteins that participate in nuclear
condensatesled us to hypothesizéhat the MLL4COMPASS complex
could beorganked in biomolecular condensat@sascianet al, 2020)
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Indeed, superesolution microscopy (STORM) of the endogenous MLL4
protein in MSCs showed that it is organized in heterogeneousrslugta
variable size, similao what ha been deteceéd for BRD4 and RNA Pol
proteins. For these reasons, we sought to investigate thigyadf MLL4

to undergo phase separation.

4.1.1In silico analysis of IDRs

The presence of IDRs in protein amino acids seguisnknown to be
predictiveof whether a protein will likelghaseseparate In orderto study
the features of the amino acidsequence of MLL4 and search for the
presence of IDRge usedhe tool PONDRpfedictor of natural disordered
regions, http://www.pondr.com)). The in silico analysgerformed with
PONDRecognized4473 disordered resiges out of 5537, with an overall
percentage of disorder of 80.7&igure 9showedthe output of the
analysis, which highlightdhe presence ofthree major IDRs with a
percentage of disordeabove thePONDRscore (black line) segment
[353}1363] (IDR1)egment [2055]3415] (IDR2), segment [3532U61]
(IDR3)Analysis by PLAARriprtLike Amino Acid Compositjoimdicated
that this last regiortontaineda prion-like domain (PrUzharacterized by

a PolyQ stretctof 78 amino acid¢Figure 9 (Fascianet al., 2020) PrLDs
are often found in RNBinding proteins that drive protein aggregation in
neurodegenerative disorders such as amyotrophic lateral sclerosis. They
contain low-complexity regions£omposedof stretches of polar amm
acids that favo the nucleation of macromolecular assemblidxy
promotingmultivalent interactiongAlberti, 2017)

Overall, this analyssuggestghat MLL4 maysustain the formation of
phaseseparated droplets

Tounderstand whether the peculiar features of IDR3 (hereinedterred

to asMLL4 PrLD) were able to drive MLL4 phase separation, we sought to

purify this domair(from amino acid 3560 to 4270) fused to the mCherry
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fluorescent proteingontaining or deprived of theolyQ region (MLL#wo
xQ) and assess their ability to form droplets by in vitro droplet formation

assay

Figured. Representation of the predicted MLL4 IDRs retrieved by PONDR ditadysis.
image shows The PONDR score for each amino acid residue of humanokéin.4
MLL4 IDRs (IDR1, IDRAd IDR3) that have a pentage of disorder above the
PONDR score (black bolded line) are highlighted with éindu@he red square is a
zoomhy 2F GKS LRfév aGdNBGIEOK O2yidl AySR
the amino acids sequence indicates that the region hers pedicted by VSL2 to be
disordered.

4.1.2 Protein purification and Gel Filtration

To purify mCherryMLL4 prpikg recombinant proteinsve used NNTA
affinity chromatography, which all@vexploiing the binding of the
polyhistidinetag (HisTag, placed atthe N-G SNXY Ay dza 2F GKS
sequence, with Nickelontaining NINTA resin. Tpurify the protein, the
resin was exposed to increasing concentrations of imidazobenpetitive
agent forthe elution of histidinetagged proteinsAfter purification, the
eluted fractions were loaded on a 12% polyacrylamidéogesDSPAGE
and analyzethy @omassie staining he proteinwasvisible in thesoluble

fraction (SF)total lysate TL, and in thefraction elted at 100mM
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