DNA methylation, cellular stress response and expressi
of inner nuclear membrane proteins

Steve Levesque

Thesis submitted to the
Faculty of Graduate and Postdoctoral Studies
University of Ottawa
in partial fulfillment of the requirements for the
M.Sc. degree in the
Ottawa-Carleton Institute of Biology

Thése soumise a la
Faculté des études supérieures et postdoctorales
de I'Université d'Ottawa
en vue de I'obtention de la Maitrise és science de
I'Institut de Biologie d’Ottawa-Carleton

© Steve Levesque, Ottawa, Canada, 2011



TABLE OF CONTENTS

ACKNOWLEDGEMENTS

ABSTRACT
RESUME

ABBREVIATIONS

LIST OF FIGURES

[. INTRODUCTION

1. The nuclear envelope
2. Inner nuclear membrane proteins
2.1 LEM bearing proteins
2.1.1 LAP2
2.1.2 Emerin
2.1.3MAN 1
2.2 The nuclear Lamina
2.3 Other nuclear proteins
2.3.1 2H12
2.3.2 Fibrillarin
3. Epigenetic control through DNA methylation
3.1 Mechanism of gene silencing through DiNéthylation
4. Nuclear stress response in human cells
4.1 Nuclear stress bodies
4.2 Mechanism of stress body formation
5. Objectives

[Il. MATERIALS AND METHODS

. Materials

. Cell culture

. Heat shock

. Sodium dodecyl sulfate - polyacrylamide gjectrophoresis and
immunoblotting

. Indirect immunofluorescence staining

. Fluorescenda situ hybridization

. Antibodies

A WNPE

0 O O1

10

12

12
13
13
14
15
15
19
19
19
20
12
21
23
23
26
28

31

31
31
32

32
34
34
35



[ll. RESULTS

1. DNA demethylation and the repercussions on the AFR/splicing factor
and the assembly of nSBs.
1.1Induction of nuclear stress bodies, localizatiolsBR/ASF.
1.2 Protein levels of SF2/ASF, quantifying a splicirgtor.
1.3 Localization of Sat Ill sequences, the initial stemSB formation.
1.3.1Cellular localization of Sat Ill sequences
2. Expression of nuclear antigens and their localuratiin relation to DNA
demethylation
2.1 Nucleolar antigens
2.2 Inner nuclear membrane antigens
2.2.1LEM proteins
2.2.Nuclear Lamins

V. DISCUSSION

1. nSB assembly and expression of splicing factors
1.1 SF2/ASF
1.2 Satlll
2. Nuclear antigens in relation to HS
2.1 Nucleolar antigens
2.2 LEM proteins
2.3 Nuclear Lamins A and B

V. CONCLUSIONS

REFERENCES

APPENDIX 1: Mechanically guided analysis of nuclear membraastility;
nuclear strength assessment.

36

36
36
45

49

49

55
56
68
68
83

98

99

99
101
101
101
103
105

109

111

121



ACKNOWLEDGEMENTS

This work is dedicated to Dr. Micheline Paulin-Lesaur. | am thankful for her
technical and moral support, comments and suggestidder constant availability has
proven very helpful throughout the elaboration of project. | also want to thank my
committee members: Dr. Thomas Moon and Dr. Bill Iivdre for their encouraging
comments and suggestions and Dr. Marc Ekker f@pstg in to offer his guidance and
expertise when he was most needed. | am alsothankful to Andrew Ochalski for his
help with the Zeiss microscope. An honorable nmenfjoes to Caro-Lyne Desroches,
Sara Jirari, Jennifer Kasbary, Paul Valette, F&b¥oboua and Saad Ahmed who were
there to lend a helping hand when needed. FinbHyn forever grateful to my fiancée
Annie Drouin as well as my brother Kevin Levesqune any parents Aurel and Joanne

Levesque for their loving encouragements and nsupport.



ABSTRACT

Human diseases such as Hutchinson-Gilford Proggmalrome (HPGS) are classified as
Laminopathies. Specifically, HPGS is described asutation within the lamin A gene
giving rise to progerin a truncated protein whicecwmulates in the nucleus contributing
to premature aging. Through a mechanism still goariderstood, this will affect the
epigenetic control of the cell. Epigenetic consoth as DNA methylation relies on DNA
methyltransferase (DNMT) enzymes which usually itssa transcriptional silencing of
genes. Exposure to environmental stress such asitmeek implies modifications on cell
structure and function induced for survival. Humeells display a stress-defense
mechanism through the formation of ribonucleoprotaggregates known as nuclear
stress bodies (nSBs). During nSB assembly, hetsyoddtic silent satellite 111 sequences
become actively transcribed into stable RNAs whas$sociate with RNA-binding
proteins including the serine-arginine rich (SR)tpm SF2/ASF. The objectives of this
study were to determine if cells displaying distiapigenetic status (i.e.: varying states of
DNA methylation) respond differently to environmainstresses. Moreover, to verify if
nuclear proteins such as Lamin A and others arectaffl by similar factors. Five cell
lines including four HCT116 clonal lines known t@gsess varying epigenetic status
were examined by targeting SF2/ASF as a marken8B formation as well as other
nuclear proteins to assess nuclear shape and itptetpanges. Prior to heat shock,
SF2/ASF is uniformly distributed within the nucleud/estern blot analysis reveals
significant differences in the expression of SFZAfetween cell lines before heat shock.
However, following a one hour heat shock at 42°C detect varying response

coefficients (Rc) and numbers of nSBs between dlorie addition, a significant



reduction in SF2/ASF expression is noted. Togethesults show that epigenetic
modifications do not impede stress response. Homvéwve extent of the response may be
affected. In addition, results demonstrate thagepetic modifications may not impede
the functions of most examined nuclear antigenereednd after HS. More evidence has
come through detailing Lamin A is not the limitifegctor in nuclear stiffness. In fact it is
most likely the sum of interactions at the inteefaaf the inner nuclear membrane and

nuclear Lamina that results in nuclear strength.



RESUME

Les maladies humaines telles que Hutchinson-Gilfarageria Syndrome (HPGS) sont
classées comme Laminopathies. Plus précisémentSHeGIécrit comme une mutation
dans le gene de la lamine A donnant lieu a la phogene protéine tronquée qui
s'accumule dans le noyau et qui contribue a utlisggment prématuré. Par I'entremise
d'un mécanisme encore mal connu, cela affecterale épigénétique de la cellule. Le
contrdle épigénétique tel que la méthylation ddONAest possible grace aux enzymes
ADN méthyltransférases (DNMT). L'activité de cezwnes résulte habituellement en la
répression transcriptionnelle des genes. L'exposidi des stress environnementaux tel
que le choc thermique (HS) implique également dedifications de la structure et des
fonctions cellulaires nécessaires pour la survies tellules humaines présentent un
mécanisme de défense au stress par la formatigrédats ribonucléoprotéiques appelés
corps de stress nucléaires (nSBs). Lors de l'adagmmSBs, les séquences de type
satellite Il de I'hétérochromatine péricentroméggsont activement transcrites en ARN
stable qui s'associe a des protéines liant I'ARBYmpris le facteur de transcription riche
en sérine-arginine (SR) SF2/ASF. Les objectifseteecdtude étaient de déterminer si des
cellules présentant un statut épigénétique distiext divers états de méthylation de
I'ADN) réagissent differemment au HS. Nous vouliégalement vérifier si des protéines
tel que la lamine A, entre autres, sont affect€asq lignées cellulaires clonales dont
quatre de la lignée HCT116 connues pour possédersdétats épigénétiques ont été
examinées en ciblant SF2/ASF comme marqueur pofartaation des nSBs ainsi que
d'autres protéines nucléaires pour évaluer la foeheun éventuel changement de

l'intégrité du noyau. Avant le HS, SF2/ASF est aniiément répartie dans le noyau.



L'analyse par Western blot révele des différendgnifgcatives dans I'expression de

SF2/ASF entre les lignées cellulaires avant le E¥pendant, suite & un choc d'une heure
a 42 ° C, nous détectons divers coefficients densg (Rc). De plus, une réduction

significative de I'expression de SF2/ASF est ndEfesomme, les résultats montrent que
les modifications épigénétiques ne génent paspange au stress. Toutefois, l'intensité
de la réponse peut étre affectée. Aussi, les asultémontrent que les modifications
épigéneétiques ne font pas entrave aux fonctionlddupart des antigéenes nucléaires
examinés avant et apres HS. Nous apportons desgzaupplémentaires comme quoi
I'expression reéduite de la lamin A n'est pas lé fseateur limitant la rigidité nucléaire. En

fait, il est plus probable que la somme des inteyas a linterface de la membrane

nucléaire interne et la lamina permettent la rigiét I'intégrité du noyau.



ABREVIATIONS

a-MEM Alpha-minimum essential medium
BAF Barrier to autointegration factor
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I. INTRODUCTION

1. The nuclear envelope

The nucleus is delimited by the nuclear envelopE)(Momprised of a double
lipid envelope which consists of the outer and immeclear membranes (ONM and INM)
and separates the nucleoplasm from the cytoplasoe(Baunet al., 2000).This double
envelope is punctured by ~120 000 kDa proteinidearcpore complexes (NPC) which
periodically join the inner and outer membranes arel the sites of signal-mediated
import and export of substrates through the NE (Gend Wilson, 1997, Kingt al.,
2006). Moreover, it also comprises a perinucleaaceplocated between the two
membranes (Gruenbauehal., 2000). The outer membrane and the perinuclesrespre
in continuity with the rough endoplasmic reticulu(@R), which is covered with
ribosomes (Gruenbauet al., 2000). This area, paired with the perinucleacsp is the
site of protein translation and modification (Grbaomet al., 2000). The INM is viewed
as a specialized region of the ER where speciiestmembrane proteins link the nuclear
lamina which resides inside the nucleus (Georgettak, 1994, Grant and Wilson, 1997,
Tsuchiya, 2007). This structure provides a highigbke framework for the nuclear
envelope and is the site of heterochromatin anogowhich occurs through DNA-
binding proteins including Barrier-to-Autointegm@ti Factor (BAF) and other regulatory
proteins (Tsuchiya, 2007; Mansharamani and Wil295; Delbarreet al., 2006).It is
composed of a fibrous meshwork of intermediaterféat proteins including lamins A/C,

B1 and B2 in mammals (Worman,1988).
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2. Inner nuclear membrane proteins

The number of proteins known to be specificallyoagged with the INM is
rapidly increasing. This is mostly due to the fiet several genetic diseases have been
associated with INM protein expression and confaionaproblems. All INM proteins
possess at least one transmembrane domain anacintéth nuclear lamins or DNA. In
light of these interactions, INM proteins are thbugp have an impact on chromatin

organization and remodeling.

2.1 LEM bearing proteins

Numerous proteins are integral to the INM and cartdvgeted to study nuclear
organization (Fig 1). The LEM proteins are greatdidates for studying the interfaces
flanked by the nuclear envelope and the nucleaetugiven their localization and most
importantly since they varied widely in form andhétion and are found within most
species fronC. elegans to humans. LEM proteins compose a family of gratdearing
a 40-50 residue domain termed the LEM domain. s Hleimain is appropriately defined
as an acronym utilizing the first three proteinarfd to contain this domain at their N-
terminus;_Lamia-associated polypeptide 2 (LAP2) isoformseein, and MAN1. LEM
proteins are part of a group of proteins which setry link the nuclear envelope to the
chromatin through protein-protein interactions orrotpin-DNA interactions
(Mansharamani and Wilson 2005; Lahal., 2000). Other members of the family include
otefin (Wagneret al., 2004), LEM-3 (Leeet al., 2000 and Lee and Wilson, 2004),

Bocksbeuteb andp isolated fromDrosophila and others (Wagnet al., 2004).



14

2.1.1 Lamina-Associated Polypeptides

The LAP2 isoformsd, B,y, 8, € and{) initially described as thymopoietins, are
products of alternative splicing, (Haresal., 1995; Bergeset al. 1996). Consequently
they have very similar structures belonging to type Il integral proteins of the INM.
All isoforms possess one transmembrane domain;candedomain located at the N-
terminus, which varies in length and possessed HiM domain. This second domain
serves as the functional area of the protein ataceted in the nucleoplasm. Finally, all
isoforms possess a short luminal C-terminus doméilch does not appear to have any
functional properties (Dechadt al., 2000 and Linet al., 2000) (Fig 1). All LAP2
isoforms bind to chromatin either directly or thbugn intermediate protein termed
Barrier to Auto-integration Factor (BAF) proposirgn ability to regulate gene
expression. This is achieved through two distinethanisms. First, BAF possesses the
ability to bind the transcription repressor gerni-tess (GCL) and second, it is able to
down regulate effects of the E2F-DP complex (Worraad Courvalin, 2000; Cat al.,
2001 and Niliet al., 2001). Conversely, LAP2 and( lack the transmembrane domain
thus are not integrated to the INM but are rathacleoplasmic isoforms (Liret al.,
2000). Moreover, a LEM-like domain is found betweesidues 1-88 on LAP2 isoforms
allowing similar interactions as with the LEM domaie. chromatin and BAF (Ligt al.,
2000; Caiet al., 2001). Finally, it is through Lamin binding that LAP2 iswfns
distinguish themselves. LAHRandy are capable of binding Lamin B1 linking it to the
INM while LAP2 o will bind to Lamins A and C anchoring them to thacleoplasmic

interface of the INM (Foisner and Gerarce, 1993 Radhatet al., 2000).
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2.1.2 Emerin
Emerin is an INM protein with a relative mobilitj) of 34 kDa comprising a single
transmembrane domain (Manild al., 1996). Similarly to the LAP2 isoforms, the
functional amino-terminal LEM domain is found irethucleoplasm. Moreover, emerin
binds nuclear Lamins A and B through its middleisag Tews, 1999; Liret al., 2000,
Shimiet al., 2003) as well as BAF which once more competel Gierm cell less (GCL)
(Holaskaet al., 2003). Thus emerin is found forming stable comgdewith either Lamin
A-BAF or Lamin A-GCL. Additionally, emerin was imlly characterized as a missing
protein in individuals who are affected by the Kkied form of Emery-Dreiffus muscular
dystrophy (EDMD). This alternative form of the mleseveakening disease differs from
the autosomal form in several aspects. Classicttly autosomal form of muscular
dystrophy, is described as a mutation within tmeifeA (LMNA) gene which codes for
lamin A and Lamin C thus making it a LaminopathyaiWvian, 2005; Mansharamani and
Wilson, 2005). However, EDMD patients possess tatian within the emerin gene that
renders it absent from the INM. Moreover, micragrranalysis has demonstrated
significant up-regulation of 28 genes related t® litss of emerin (Tsukahara, T., 2002;
reviewed by Bengtsson, L., 2007). In light of thiscovery and of its several gene
regulating binding partners, emerin has since Ipeeposed to be an essential protein for

normal development.

2.1.3MAN 1
MAN1, a protein with an approximate Mf 100 kDa, was found to be a target for an

autoantibody isolated from the serum of a patidfliceed with a collagen vascular
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disease (Lin, F..et al., 2000; reviewed by Bengtsson, 2007). It posses$ses
transmembrane segments: an amino and a carboxintexnboth facing the nucleoplasm
(Worman, 2005; Worman, 2006; Lin, Ft al. 2000). The LEM domain at the amino-
terminus of MAN1 interacts with Lamin A, Lamin BIné emerin (Worman, 2005).
Other interactions of MAN1 resemble those of emeaimd include transcription
regulators and other DNA-binding proteins such &% BWorman, 2005; Mansharamani
and Wilson, 2005; Bengtsson, L., 2007). It hasnbg®posed that MAN1 and emerin
share certain functions; however it remains uncledrether a redundancy exists
(Bengtsson, L.,2007). Recent publications elabonategfound possible roles for MAN1.
There is evidence showing that MANL is able to gotéze transforming growth factor
B/bone morphogenic protein (TEMMP) known as pleiotropic cytokines which possess
several different functions, mainly: the stimulatiand/or inhibition of cell proliferation;
the synthesis and/or disintegration of extra-callumatrices and epithelial and/or
mesenchymal interactions during embryogenesis a§ age during wound healing.
(Osada, Set al., 2003; Raju, G.Pet al., 2003; Hellemans, Jet al., 2004; Lin, F. et al.
2005; Pan, D.et al., 2005; Reviewed by Bengtsson, L., 2007). Moreow&N1 binds
regulatory Smads (R-Smad) including Smad 1-5 anddSBiwhich in response to the
binding of TGP or BMP, will be phosphorylated and bind to Smaa do-Smad acting
as transcription factors for other genes (DerymiRk.et al., 1998; Massague, X al.,
2005). In short, deregulation of MAN 1 within tHeN leads to several developmentally

related illnesses, cancers, fibrosis and immunieidet disorders.
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Figure 1: Schematization of the NE delimiting the nucleus wit a simplified version

of the proteinaceous nuclear pore complex (NPC)Major proteins such as BAF,
chromosomal factor; E2F, transcription factor; geef less (GCL), transcription factor;
heterochromatin protein 1 (HP1), inner nuclear mamé protein; Lamina associated
protein 1 and 2 (LAP1,2), emerin and MAN 1 makimmthbe initial LEM domain protein
family, Lamin A, Lamin B and retinoblastoma protg@RB, functioning within the INM

are represented (from: Maidment and Ellis, 2002).
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2.2 The nuclear lamina

There are four nuclear lamins in mammals: lamin&2 kDa), C (64 kDa), B1 and B2
(both 67 kDa) (Wormaret al., 1988). All four lamins form the nuclear Lamina ialin
gives the nucleus its strength and supg@formanet al., 1988). Lamins A and C are
expressed in differentiated cells as alternativécisg products from a single gene
termedLMNA. Lamins B1 and B2 are expressed in all cells from ggned MNB1 and
LMNB2 (Worman and Bonne, 2007; Delbaeteal., 2006). Lamins are partly responsible
for nuclear dynamics. It was recently discoveredt ttamins A and C are largely
responsible for nuclear stiffness (Lammerda@l., 2006). However, B type lamins are
reported to be regulators of nuclear integrity bot of stiffness (Delbarret al., 2006,
Lammerdinget al. 2006). lamin B has also been shown to form micneaios that have
the ability to bind epigenetically marked DNA andypically link it to the nuclear
Lamina (Makatsoret al., 2004). Lastly, new evidence has recently begorted that
lamins themselves through their interactions wiNMland other nuclear proteins or lack
thereof, can greatly affect epigenetically conedlpathways within the nucleus (Vicek

and Foisner, 2007).

2.3 Other nuclear proteins
2.3.12H12
2H12 was first described as a protein with @#M38-40 kDa human isoelectric variant of
B23, a nucleolar protein with cell cycle dependexpression levels (Paulin-Levasseur,
M. et al., 1995). Unlike 2H12 which is believed to be exsed at similar levels

throughout the cell cycle, B23 is most prominentimy interphase and found to have
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very strong affinity for the nuclear matrix as wa#l having shuttling properties between
the nucleus and the cytoplasm (Paulin-LevasseurgtMl., 1995). Conversely, 2H12
was shown through human-mouse heterokaryons toimetigatly bound to nucleoli, the
site of ribosomal RNA (rRNA) gene transcription ridig interphase but diffused in the
cytoplasm at other key points of the cell cycle ulfaLevasseur, M.et al., 1995).
Further investigation of this finding by Paulin-lamseuret al. (1995) demonstrated a
phosphorylation dependent delocalization of the 2Hdtigen from the nucleolar matrix.
Functional analysis through a series of one-dinmvadi and two dimensional
immunoblots as well as localization and co-locdlaa of the 2H12 antigen with other
know nucleolar components has demonstrated a higtdpable role in nucleolar or
karyoskeletal architecture maintenance during jritese and retention of key functional

molecules within the ribonucleoprotein complexes.

2.3.2 Fibrillarin

An autoimmune serum from a patient with sclerodereveealed in 1985 a novel protein
with a M. of 34 kDa found exclusively in both the denseilidor and fibrillar center of
the fibrillar region of the nucleolus recognizedtls largest transcription factory as well
as vital for the synthesis of ribosomal subunitsHS, R. L.et al., 1985; Bartova, Eet

al., 2010). More specifically, fibrillarin was fourtd localize on chromosomal nucleolar
organizer regions (NORs) during metaphase and asephAnd also reported to be a
marker of newly forming nucleoli in telophase (O¢HS& L. et al., 1985). Moreover,
similarly to B23 and the later 2H12 antigen, filaiiin has been shown through RNase

and DNase assays to be a common non-histone protssessing a structural and/or
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functional role within nucleoli (OcHS, R. let al., 1985). More recent publications
pertaining to the function of this protein relatesthe small nuclear RNA components
U3, U8 and U13 (Nicolet al., 2000; reviewed by Bartova, Egf al., 2010) which

suggests an important implication in the proceseinge rRNA.

3. Epigenetic control through DNA methylation

Epigenetic control is a process that allows callsindergo different biochemical
pathways without altering the genetic code. Maqpectically, it allows for heritable
changes in gene function to occur without chanddNA sequences (Lomberk, 2007).
DNA methylation is a basic form of epigenetic cohtwhich relies on the enzyme DNA
methyltransferase (DNMT) (Karpf and Matsui, 20091eRet al., 2000). In mammals,
DNMT will add a methyl group to carbon 5 of cytasiresidues found in CpG islands,
transcriptionally silencing regions of the genon@¥oas and Bird, 1995; Rhes al.,
2000). The silencing occurs in two different butated events. First, methylation
sterically hinders DNA-binding proteins requiredr foranscription; and second, the
recruitment of histone deacetylases and chromatimdeling complexes will result in
euchromatin compacting into heterochromatin (Crared Bird, 1995; Bird and Wolffe,

1999).

3.1 Mechanism of gene silencing through DNA methylian
The majority of cellular DNA methylation is estadlied and maintained by two
subtypes of DNMT enzymes. The establishment of DiN&thylation patterns is assured

by thede novo DNMT3b during embryonic development (Rheteal., 2000; Rheest al.,
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2002). Maintenance DNMT1 preferentially methylate& sequences that are based-
paired to GC sequences which are already methyld@ed 2). Other, less common
DNMT enzymes such as DNMT3a and 3L which have amahrole inde novo DNA
methylation and DNMT2 which methylates RNA sequenaes also found within the
nucleus (Gollet al., 2006; Jiaet al., 2007). Since methylation is restricted to cytesi
nucleotides found in CG sequences, which are baseepto the identical sequence (in
the opposite orientation) on the complementary Ddtrand, DNA methylation patterns
can be inherited by daughter DNA strands duringissmservative DNA replication
(Fig. 2) (Croas and Bird, 1995; Bird and Wolffe,989. Moreover, methylation is
implicated inembryonic gene regulation. This process dictatasiwhenes are activated
during differentiation togenerate a committed cell. DNA methylation is thae
essential for normal development and cell func{®ind, 1999; Oligny, 2001; Paulen and
Ferguson-Smith, 2001).

Recently, a series of human colorectal cancerioels (HCT116) were generated
at the John Hopkins School of Medicine (Rieeal. 2000; Rheet al., 2002) displaying
various genotypes pertaining to their ability tothytate DNA. More specifically, a
parental or unmodified cell line identified as HOB#28 was used to generate the other
cell lines. The remaining three clones possessypes of deletions or alterations. First
HCT116 #38 has a DNMT3b deletioBNMT3b™). This type of mutation is known to
reduce global methylation by less than 3% (Ré&eal., 2002). HCT116 #30 initially
reported to have a DNMT1 knockout only displayedagproximately 20% reduction in
total DNA methylation, mainly in pericentromericgiens such as the 9gq12 region where

satellite 11l sequences are found (Rhetal., 2002; Espadat al., 2004; Espadat al.,



23

2007). However further studies based on the wi@elgepted hypothesis stating that
DNMTL1 is essential for survival, revealed HCT116#@&s not a knockout cell line but
rather an alternative form of knockdown known asiwgpomorph which expresses a low
level of functional truncated DNMT1 (Egger, Gt,al., 2006). This mutation was also
shown to result in nucleolar architecture disruptiespadaet al., 2004; Espadat al.,

2007). Unexpectedly, a double mutatiddNMT3b” and DNMT1"") in HCT116#66

reduced global methylation by ~ 95% (Rheteal., 2002). This suggests a synergistic

effect between the two enzymes in the epigenetitrabof genes (Rhegt al., 2002).

4. Nuclear stress response in mammalian cells

4.1 Nuclear stress bodies

Nuclear stress bodies (nNSBs) are a category okauskructures which appear in
the nucleus of any human cell type under stressniBnti, 2004)The role of the nSB is
still not fully understood. However, we know thiditese structures arise from the
exposure to a variety of physical and chemicalsses (Chiodiet al., 2004). Such
conditions will eventually profoundigffect the expression program of genes and the core
organization othe cell (Chiodiet al., 2004). In order to resist deleterious effectdls
will activate the expression of heat-shock prot€lSP), molecular chaperones that will
protect against the accumulatiohnon-native proteins (Chiodt al., 2004). It is thus a

mechanism of defense.



24

Figure 2: Faithful inheritance mechanism of DNA mehylation patterns. In

vertebrate DNA, a large fraction of the cytosinecleatides in the sequence CG are
methylated. Because of the existence of a methgtthd methylating enzyme (the
maintenance methyltransferase), once a patterr\N# Bethylation is established, each
site of methylation is inherited in the progeny Did# shown. (Reproduced from Alberts,

2004)
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4.2 Mechanism of stress body formation

Time-lapse microscopy has shown that short (1h) sleacks at 42°C, separated
by 1 hour recovery periods at 37°C, induce the &iom of nSBs recurring in the same
nuclear position time and again (Joly al., 1997; Jollyet al. 1999). In fact, nSBs
assemble near nucleoli or the nuclear membranehoomosomes 9, 12 and 15, for
instance where the satellite Il locus on the 9g&Bion of the genome is found
comprising the main site of nSB formation (Denigrial., 2001; Denigriet al., 2002;
Biamonti 2004; Jollyet al., 2002; Metzt al., 2004). The assembly of nSBs has recently
been extensively studied in various contexts. Ugdministration of a form of stress,
Heat Shock Factor 1 (HSF1), a cytoplasmic chapeprotein, trimerizes (Metet al.,
2004).The trimerized complex will then re-localize to thecleus to bind the promoter
region of HSPs leading to their expression (Mstal., 2004). Interestingly, HSF1 will
also bind to the satellite 11l regions throughdut genome leading to the transcription of
stable satellite Il RNAs which will remain assadeid with this region for several hours
during recovery (Denigret al., 2001; Biamonti, 2004; Metet al., 2004). Non-coding
satellite 11l RNA transcripts are reported to beesgial for assembly of nSBs (Biamonti,
2004; Metzet al., 2004). Lastly, it has been shown through immureyégcence
microscopy that the recruitment of the serine/angitrich (SR) splicing factor protein
SF2/ASF (~33kDa) to the nSBs requires the presaicstress-induced satellite 11l
transcripts (Metzt al., 2004). In fact, targeting of SF2/ASF to the nSEBlependent on

its second RNA Recognition Motif (RRM2) (Metzal., 2004; Chiodit al., 2004).
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Interestingly, individuals who suffer from HutchorsGilford Progeria syndrome
(HGPS) have a deleterious mutation in their LMNAgéWorman, 2005). LA5O0 is the
resulting protein with a deletion of 50 amino ag8sumakeet al., 2006). The mutation
leads to abnormally shaped nuclei due to the ackation of LAAS0 within the nuclear
Lamina, the pathological hallmark of Progeria (Shigret al., 2006). As Lamin A is
largely responsible for nuclear and cellular meatsnit is of no surprise to find that a
truncated Lamin A leads to a Laminopathy such agétia (Lammerdingt. al., 2006).
HGPS is defined as a premature aging diseaserdtest by hair loss, growth retardation
(average height: 109 cm; average weight: 14.5 lapk of subcutaneous fat, aged-
looking skin, osteoporosis, arteriosclerosis, argh hrisk of stroke (Shumakest al.,
2006). Additionally, HPGS cells exhibit a down-réggion of DNMT activity and a
subsequent loss of pericentromeric constitutiveedoehromatin; as well as histone
methyltransferase activity (Paradesial., 2005; Shumakeet al., 2006). This is in fact
the root cause of misshapen nuclei (Espeadal., 2004). As observed in heat shock
response, non heat shocked HPSG cells show angufatien of pericentromeric
satellite Il transcripts observed within nucletnustures due to loss of heterochromatin
(Shumakeset al., 2006). These alterations can be detected pritret changes in nuclear
shape (Shumaket al., 2006). Also, HPGS cells are reported to be wemnsitive to heat
stress as they take a very long time to recoveur(@ikeret al., 2006). Lastly, conditions
leading to the formation of nSB have deleteriodsat$ on the cell. Premature aging in
HGPS is proposed to be caused by the accumulati®nogerin i.e. LAAS0 within the
Lamina engaging a relentless “stressed” state e$ehcells (Shumakest al., 2006;

Russo-Menna, I., and Arancibias, C., 2009).
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5. Objectives

The main focus of my research was to study thectsffef epigenetic variations on
environmental stimuli response in a premature adiegase context such as HGPS. This
was achieved taking advantage of four human cdargéamor cell lines (HCT116)
characterized by different states of DNMT activithus distinct DNA methylation
patterns, mimicking the loss of DNA methylation amdclear disruption displayed in
HGPS cells without the negative effects of a trtedalamin A protein. The first
objective of my study was to determine if cellspihying distinct epigenetic status will
respond differently to stress (i.e. heat shock aesp). This was determined via the
induction of cellular stress through a 1 hour Iedaick treatment.

The number and localization of nSBs was assessedgh immunofluorescence
microscopy and compared between HCT116 clones @&t idontrol using the SF2/ASF
splicing factor as a marker for nSB formation. c®inl did not expect to observe nSBs
before HS, the distribution of the marker withintreated cells provided a base for
comparison. These experiments were accompaniedsdmi-quantitative Western
blotting to detect and compare the expression $eg€ISF2/ASF between the different
clones before and after HS. This goal was achievgdanswering the following
questions. What is the distributiarf the SF2/ASF splicing factor in the differenbroés
before and after HS? How does nSB formation varyvéen the clones in number,

morphology and localization? What is the degreeasfation in the_expression levef

SF2/ASF between clones before and after HS?
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As described earlier, the recruitment of satelliteranscripts is a necessary step
in the formation of the nSB (Metet al., 2004). These transcripts remain segregated
within nuclear domains for an extended period ofetiafter heat shock. As such, the
presence of satellite 11l transcripts within nucleggregates of SF2/ASF served as proof
the different clones respond to stress by formatibnSBs. This part of my project was
performed using RNA-fluorescenn-situ hybridization (RNA-FISH) to localize the
transcripts. Data variations between clones anatrab were analyzed. Here we
answered the following question. What is the disttion of satellite 11l transcripts in the

different clones before and after HS?

The second objective of my project is to determihéhe composition and
organization of INM proteins are affected by thégepetic status of cells. Moreover, is
the expression of INM proteins changed during stresponse and are these changes
attributable to epigenetic distinctions? As canelpected, modified DNA methylation
patterns should result in different gene exprespatterns. The INM proteins described
in the introduction interact at various levels witie nuclear Lamina and chromatin itself.
Moreover, the high response of nucleoli to extemstahuli (Bartova, E.et al., 2010)
pushed us to also examine internal nucleoli marlsersh as fibrillarin and 2H12.
Modifications in protein composition or organizatiavould certainly imply further
consequences on the DNA itself. Therefore, progipression levels were quantified
through Western blots before and after HS. Intaldiprotein distribution was assessed
through immunofluorescence microscopy before amer &a1S. The data collected was

analyzed and compared between clones and confra. specific questions addressed in
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this part of our study include. What are the eggi@n levelof the INM proteins before

and after HS? How do the levels_of INM protein megsionvary between clones before

and after HS? What are the main differences betwee clones in terms of INM protein
expressiorduring stress response? What is the distributiotNM proteins before and
after HS? How is the distribution of INM proteiaffected between clones before and
after HS? What are the main differences in INMt@iro distribution between the clones

in terms stress response?

Currently, there has not been any literature phbtison the effects of epigenetic
variations on HS response in HCT116 clones. Mageothe apparent link existing
between epigenetic markers and various illnessels as Hutchinson Gilford Progeria
Syndrome (HPGS) is a great incentive for such gepto Therefore, the initial steps of
the study were dedicated to establishing obsemsipertaining to epigenetic variability

and HS response.
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. MATERIALS AND METHODS

1. Materials

General chemical supplies were purchased from BDHle( St-Laurent, Québec,
Canada), Invitrogen Canada Inc (Burlington, ON, &) and Sigma Aldrich (St Louis,

MO, USA).

2. Cell culture

HelLa cells and HCT116 clones were obtained from #merican Type Culture
Collection (ATCC, Manassas, VA, USA) and Dr. Berbgélstein (Howard Hughes
Medical Institute, MD, USA) respectively. Hela celivere cultured ino-minimum
essential mediumo¢MEM; Gibco BRL, Burlington, ON, Canada) suppleneshtwith
10% fetal calf serum (FCS; Gibco BRL) and antilmst(50 U/mL penicillin and 50
pg/mL streptomycin; Gibco BRL). HCT116 28, 30, 38dat6 were derived from a
human colorectal tumor (Rhe# al., 2000 and Rheet al., 2002) and cultured in
McCoy’s 5A medium modified with L-glutamine (Gib&RL) supplemented with 10%
FCS and antibiotics. Clone 30 was selected foistase to hygromycin by
supplementing the medium with 0.1 mg/mL hygromy&n (Invitrogen). All five
epithelial monolayer cultures were grown in a huridmber at 37°C in 5% GQ@nd

95% Q, atmosphere.
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3. Heat Shock

Cell monolayers were incubated for 1 hour at 42P@ Precision water bath (model 183;
Precision Scientific Inc., Chicago, IL USA) with esheated complete medium
supplemented with 10mM N- [2-hydroxyethyl] piperaziN’-[2-ethansulfonic acid]

(HEPES, BDH) at pH 7.0 and allowed to recover fdfedent times as later detailed

within the text in order to evaluate the recovemygess on the different clones.

4. Sodium dodecyl! sulfate — polyacrylamide gel elisophoresis and immunoblotting

Subsequent to defined treatments, attached cefls washed with tissue culture specific
phosphate buffered saline (TC-PBS 1X; 68.44mM NaCB4mM KCI, 40.4mM
NaHPQ,, 0.73mM KHPQ,) at pH 7.4, trypsinized (0.025% trypsin and 1mM
ethylenediamine tetraacetic acid (EDTA) in PBS 1) 10 min at 37°C and transferred
to centrifuge tubes. Cells were harvested by dagation at 1,500g for 5 min. Proteins
were then solubilized in sodium dodecyl sulfate $SDBIO-RAD Laboratories,
Mississauga, ON, Canada) 2X sample buffer (SB; 28,9.0% glycerol, 10mM Tris pH
6.8, 25mMpB-mercaptoethanol and 0.005% bromophenol bluagmmli, 1970) in a ratio
of 3.0x10 cells/mL. TenuL were loaded on the gel for analysis by SDS-patylamide
gel electrophoresis (PAGE) (5% acrylamide for ttaeling gel and 12% acrylamide for

the resolving gel) using a BIO-RAD minigel appasatu

Protein profiles of cells were visualized by Coosi@sBlue staining (0.1%
Coommassie Blue, 10% acetic acid and 25% methamoljvere eletrophoretically

transferred to nitrocellulose membranes (WhatmanH8&thcare, Baie d’Urfé, Québec,
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Canada) tested in Ponceau red and processed farrobiotting as recommended in the
Western Blotting Kit (Amersham Canada, Oakville, OBhanada). Membranes were
incubated in 5% milk in PBS-Tween 20 (PBS 1X; 130MECI, 5mM NaHPQ;, 1.5mM
KH,PO, PBST; 1:200) for 1h followed by: 1) three times rhih washes in PBST; 2)
incubation with primary antibodies in 5% milk/PBSdr 1h; 3) three times 10mins
washes; and 4) incubation with an appropriate iytdied secondary antibody in 5%
milk/PBST for 1h. Following three times 10min washwith PBST, immunoblots were
incubated with streptavidin-conjugated to horsestagieroxidase (1:9 000: Amersham,
Canada) for 1h. Blots were developed using therecdd chemiluminescence (ECL) kit
(Amersham Canada) and reactivity was visualized Hyperfilm ECL (Amersham
Canada). Alternatively, blots were processed usihg Western-SuperStar
Immunodetection System (Applied Biosystems, Fositgy, CA, USA). Membranes
were incubated in Western-SuperStar Blocker forthban with primary antibodies in
Western-SuperStar Blocker for 1h, followed by thteees 5 min washes in Western-
SuperStar Wash Buffer and incubation with the gtediappropriate secondary antibody
in Western-SuperStar Blocker for 1h. Following ttumes 5min and two times 2min
washes with Western-SuperStar Wash Buffer and WeSweperStar Assay Buffer
respectively, immunoblots were incubated in a sofutof 15QL Nitro-Block-II
Enhancer and 3mL of Western-SuperStar Substratenfiar and finally were blotted dry.

Reactivity was visualized on Hyperfilm ECL (Amersha
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5. Indirect immunofluorescence staining

HelLa cells and HCT116 clones grown on coverslipsewiexed, permeabilized and
stained as previously described (Chetlyal., 1984). Fixation was performed with 4%
paraformaldehyde (PFA) (MERCK KGaA, Darmstadt, Gamy) in PBS 1X for 5

minutes and cells were then washed several timgsRBS 1X. Aldehydes were reduced
with sodium borohydride (1mg/ml in PBS 1X; BDH) ihes for 4 minutes each. Cell
membrane was permeabilized in 0.2% Triton X-100 KBIn PBS 1X for 20 min and

cells were washed several times with PBS 1X. Amtbincubations were done at room
temperature for 1 hour. DNA staining occurred isbbenzimide 33258 (HoecHSt 33258;

1mg/mL; Sigma Aldrich).

6. Fluorescencen situ hybridization

Cells grown on coverslips were fixed with 3% (PFAMIERCK KGaA, Darmstadt,
Germany) in PBS 1X for 5 min. Cells were then waskeveral times with PBS 1X.
Aldehydes were reduced with sodium borohydride (fomhgn PBS 1X; BDH) 3 times for
4 minutes each. Cell membrane was permeabiliz€ib Triton X-100 (BDH) in PBS
1X for 20 minutes and cells were washed severakdirm PBS 1X and 2X SSC.
Coverslips were incubated overnight in hybridizatiouffer (2X SSC, 5X Denhardt’s
solution (Sigma-Aldrich), 25% formamide andigImL yeast tRNA (Sigma-Aldrich))
containing 5ng of the appropriate Dig-labelled mgrotinvitrogen). Coverslips were
washed twice in 2X SSC and PBS 1X, incubated ire@rsdary anti-Dig-fluorescein
antibody and counterstained to reveal the SF2/ASEem as described above. Staining

of DNA occurred in bisbenzimide 33258 (HoecHSt 32bmg/mL; Sigma Aldrich). A



35

total of 3 RNA directed probes (forward, reverse aontrol) were utilized as described

by Rizziet al. (2004).

7. Antibodies

Primary antibodies used in this study are: 1) 8M2/ASF (ZYMED, Carlsbad, CA,
USA) at a dilution of 1:500 for immunofluorescenaad for blotting; 2) anti-actin
(Cedarlan&, Hornby, ON, Canada) at a dilution of 1:500 foptbhg; 3) anti-2H12
(Paulin-Levasseuet al., 1995) undiluted for immunofluorescence and fattiohg; 4)
anti-emerin (Novocasttd Leica Microsysems, Wetzlar, Germany) at a dilutidrl:20
for immunofluorescence and 1:500 for blotting; Bjidibrillarin serum (provided by Dr.
Ricardo Benavente, University of Wuirzburg, Germary) a dilution of 1:20 for
immunofluorescence; 6) anti-Lamins A/C (Santa CBiatechnology Inc, Santa Cruz,
CA, USA) at a dilution of 1:1000 for immunofluoreswe; 7) anti-Lamins A/C (provided
by Dr. Georg Krohne, University of Wurzburg, Germprat a dilution of 1:1000 for
blotting; 8) anti-Lamin B (Cedarlafid_abs Ltd, Burlington, ON, Canada) at a dilution
of 1:50 for immunofluorescence and 1:200 for bigti9) anti-LAP2 (13D4; provided
by Dr. Ricardo Benavente, University of WirzburGermany) at a dilution of 1:20 for
immunofluorescence and for blotting; 10) fluorescdabeled anti-digoxigenin Fab
fragments (Roche Diagnostics GmbH, 68298 Manheiernany) at a dilution of 1:200
for FISH. Secondary antibodies used in this stumtjuded: 1) a biotinylated donkey
anti-mouse (Amersham, Piscataway, NJ, USA) at atidil of 1:400 for blotting; 2) a

donkey anti-mouse Cy3 conjugate (Jackson ImmunaiReseWest Grove, PA, USA) at
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a dilution of 1:400 for immunofluorescence; anda3jlonkey anti-goat Cy3 conjugate

(Jackson ImmunoResearch, West Grove, PA, USAYdugon of 1:400.

. RESULTS

1. DNA demethylation and the repercussions on the SFREF splicing factor and the

assembly of nuclear stress bodies (nSBs).

Several types of environmental stresses resulta@rfdrmation of nSBs which are
thought to be the sites of alternative splicingaddtill poorly defined subset of genes in
human cells in order to survive and recover (Valgdottir ¢ al., 2007). This
consideration stems from the recruitment of sev@malteins such as the SF2/ASF
splicing factor within nSBs. Changes in the exgi@s or localization of SF2/ASF before
and after HS due to differences in methylationustahay offer a glimpse into further
understanding of the process and its relevanceltolar recovery after an environmental

shock such as HS that is used in this study.

1.1 Induction of nSBs.

Multiple sets of experiments have been performede.he Controls to my
experiments include a human cervical cancer ce# HelLa as well as the parental
HCT116 #28 cell line which expresses normal DNMTivéty and was used to generate
the different mutant clones (Rheteal., 2002). Initially, HeLa, HCT116 # 28, HCT116 #

30, HCT116 # 38 and HCT116 # 66 were subjected toomparative analysis by
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immunofluorescence microscopy utilizing-tubulin as in order to confirm the
methodology (data not shown). Subsequently, th&Y/AAFF splicing factor served as a
marker, and its distribution between the differelines was compared (Fig. 3). Since
the SF2/ASF splicing factor was found to be homegesly distributed within the
nucleus and excluded from nucleoli in all clones,ratially expected, HS experiments

were performed to examine the formation of nSBs.

Figure 4 depicts different aggregations of the 88 splicing factor showing
what is thought to be classic nSB formation in @l lines independently of the
epigenetic status. However, variations in the nemdd nSBs per cell as well as in the
number of cells that responded to the treatmeng weticeable and are detailed in Tables
1 and 2. The number of nSBs found within a cetlitectly related to its ploidy (Jollgt
al., 1997; Jollyet al., 1999). As such we expected that our differeomets would display
no more than 1-6 nSBs (Valgardsdo#tial., 2007). As reported by the mode in Table 1,
most cell lines assembled between 2 and 6 nSBsylmmating earlier observations on
nSB formation. However, the variation range in bens of nSBs did not correlate with
our expectations. In fact we observed up to 15s8Bsome cells. Moreover, we
observed micronuclei in aging cells (data not shosuggesting that HCT116 clones do
not have a stable genome in culture as it was quely believed. Perhaps this
observation is in part due to lack of methylatiomhus we report a higher number of
nSBs, which varies not only between clones but ®algbin populations of a single cell

line.
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Cell Line Mean + S.E.M Mode Maximum Minimum
HelLa 6.15-> 6 +2 6 12 2
HCT116 #28 3.60-4+2 2 9 1
HCT116 #30 522-5+3 4 11 2
HCT116 #38 581-6+4 6 15 1
HCT116 #66 559->6+4 2 15 1

Table 1. Table showing the differences between the clonégsipeng to the formation of
nSBs after 1 hour induction of physiological ramtfe plus 1 hour recovery period. Three
blinded independent counts resulting from sepdi&dreatments were obtained and the

averages as well as the mode (i.e. the most redurtenber) of nSBs were assessed.
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CellLine  Cellscounted D8, pocponse  costfient (R0
HelLa 410 231 179 0.56
HCT116 #28 415 191 224 0.46
HCT116 #30 398 281 117 0.71
HCT116 #38 446 232 214 0.52
HCT116 #66 410 137 273 0.33

Table 2. Table showing the differences between the clomegming to their response
after one hour induction under physiological ramtfe plus one hour recovery period.
Three blinded independent counts resulting fromassp HS treatments were obtained

and the number of cells which responded to thertreat was assessed.
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The response coefficient (Rc) quantifying the degpé positive response to HS
(Table 2) varies between clones and seems to be ldawever, there seems to be a
correlation with SF2/ASF expression and DNA methgta after HS. As a baseline, it
seems that HS is only effective on 56% of HeLasceMoreover, the innate response of
HCT116 cells as outlined by HCT116 #28 seems tbnhiéed to 46% of the population.
Peculiarly, 20% and 3% reductions in overall DNAthyation in HCT116 #30 and #38
will respectively induce different Rcs. In genera, higher sensitivity to HS is
demonstrated by a higher Rc. However, HCT116 #&6,DNMT1 hypomorph which
also displays a mutation in the DNMT3b enzyme anchiaracterized by a 95% reduction
in global methylation seems to demonstrate a eesist to the HS treatment, with a

reduced Rc of 33%.
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Figure 3: Distribution of the SF2/ASF splicing facor before HS. HeLa and HCT116
clones marked with a mouse anti-SF2/ASF and costaieed with an anti-mouse Cy3
antibody display a homogenous distribution of SFEFAwithin the nucleus. Three
independent assays were done from which 100 celsagsay were observed. Note the
exclusion of the splicing factor from the nucleelhich are visible in the SF2/ASF Cy3,
the DNA DAPI stain as well as in the phase cont(R§) pictures. Cells are shown at

1000x magnification and scale bar j#®
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Figure 4: Distribution of the SF2/ASF splicing facor after HS. HelLa and HCT116
clones marked with a mouse anti-SF2/ASF and costaieed with an anti-mouse Cy3
antibody display an alternate distribution pattesh SF2/ASF within nSBs (note
variations in numbers, sizes and shapes of nSBsgebet clones) after a one hour HS
treatment and a one hour recovery period. Thrdependent assays were done from
which 100 cells per assay were observed. Once at@splicing factor is excluded from

nucleoli. Cells are shown at 1000x magnificatiod aoale bar isjtm
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1.2 Protein levels of SF2/ASF: quantifying a splicingdctor.

Given that SF2/ASF follows published data pertagnia its localization before
and after HS, we proceeded to analyze its levekxpfession in the same conditions in
order to determine if variations in methylation Ivaffect its expression. Pre-HS and
post-HS cellular homogenates of the cell lines warepared and analyzed by SDS-
PAGE gels and Western blotting techniques. The umoblots targeted the SF2/ASF
splicing factor and included an actin loading cohtrThe goal here was to detect any
variations in the expression of the splicing fadietween clones and between the control
cell line, outlined as a possibility in the rela&iintensity assay (data not shown). This
might permit to correlate them to the previouslyaded Rc results. Figure 5 illustrates
the expression levels of SF2/ASF before and aftér &3 well as detailing a semi-
quantitative measurement on SF2/ASF expression.sul®eshow that the baseline
expression of SF2/ASF before HS in the parentalioel does not vary from the external
control set at 1. This allows for an easier intet@tion of further results since any

variation might be directly linked to the DNA methtyon states.

The expression of SF2/ASF is variable dependingvbich DNMT enzyme is
deleted before and after HS. Repeated measures/AN@ave revealed that before HS,
HCT116 #38 shows no significant variation compatedhe parental cell line while
HCT116 #30 and HCT116 #66 demonstrate a signifidactease in expression. After
HS, clones #30, #38 and #66 display no signifisaniations from the parental cell line.
One way ANOVAs demonstrate that the innate resptm$¢S is a significant reduction

in SF2/ASF expression as observed with the parestbline HCT116 #28. HCT116 #38
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demonstrated an innate response, with a down rsguleesembling that of the parental
cell line HCT116 #28. The double mutated cell Istwed an even stronger decline in
expression. Interestingly, HCT116 #30 does notshay significant changes in the

expression of the splicing factor.

When compared to Rc results detailed in Table 2seiéms upon further
examination that the level of expression of the/8BF splicing factor follows a trend
with very similar values of expression versus Ritiea. Taken as a whole, these results
suggest that the partial loss of function in the NDNL enzyme leading to a 20%
reduction of overall DNA methylation correlates kvd non-native molecular response to
HS, i.e different from the parental cell line, vehthe deletion of DNMT3b seemingly has
no effect. In other words, the higher yield oflealisplaying nSBs combined with the
higher than normal expression of the SF2/ASF spiicfactor might indicate a

deregulation in the programmed ability to recovenf stress.
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Figure 5: Expression profile of the SF2/ASF splicig factor before and after heat
shock. A) Three independent cell homogenates of 3 milliomsgal were subjected to
an SDS-PAGE gel analysis then transferred to aggtiulose membrane and exposed to
a primary mouse anti-actin and anti-SF2/ASF, thee@ndary biotinylated anti-mouse
and streptavidin-HRMB) Quantification of SF2/ASF where the star repressignificant
differences from the parental cell line and triasgsignificant differences for before and
after HS. An actin loading control was establisifi@dsemi-quantification. A repeated
measures ANOVA (=0.05) before HS, reveals that there is a sigmtiaaduction of
expression in clone #3@+{alue=0.001) compared to #28 and clone #66 (pera001)
compared to clone #28. Clone #38 displays a namfgignt increasep-value=0.372)
compared to the parental cell line. After HS, elé#80 shows a non significant increase
(p-value=0.173) from the parental cell line. CloneB#®oes not display significantly
different levels of SF2/ASF from the parental deie (p-value=1.000). Lastly, clone
#66 depicts non significant reduction from the pgakcell line p-value=0.713). One
way ANOVAs comparing pre and post HS data for eaelh line reveal that there are
significant expression reductions in clones #284lue=0.001), #3&tvalue=0.000) and

#66 (-value=0.000) but not in #3@4{alue=0.500).
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1.3Localization of Sat Ill sequences the initial steppo nSB formation.

1.3.1 Cellular localization of Satlll sequences

In light of the results that were obtained, witle #tmnowledge that nSB formation
is always initiated by the expression of a collectof pericentromeric satellite DNA
sequences termed Satlll, we proceeded to tracKoitedization of Satlll RNAs with
respect to the HS response. Thus we ensued torpefRNA fluorescencen situ
hybridization (RNA FISH) using probes known to cmdlize with the transcripts under
several types of environmental stresses (Valgattsab al., 2007). Additionally, we
opted to include a co-localization step identifyi8§2/ASF in the same cells in order to
certify that we were indeed observing nSBs and #imgt signal generated by the RNA
probes was localized within nSBs. As previousisatibed by (Valgardsdottat al.
2007), Satlll sequences are rich in G and C nuidest As such, one strand is said to be
C rich while the other is by default G rich. P studies led by Valgardsdogiral. in
2007, demonstrated that the expression of Satjieseces is biased and thus more G rich
RNAs are produced. This led to the conclusion thase RNA strands lead to nSB
formation more so when HS is involved as a formstéss. As such, we opted to

examine nSB formation with probes against G richlS&aNAs.

Before HS, there was no clear signal of the forwamabe in any of the five cell
lines indicating that Satlll DNA is generally nokpgessed or only transcribed in
negligible amounts since it is for the most parthykated (Fig. 6). Moreover, no signal
was detected with the reverse and control probata (dot shown). However, HCT116
#30, #38 and #66 encompass demethylation in regi@tsnclude the Satlll sequences.

This had initially led to the belief that Satlll gression might be observed and could
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even lead to nSB-like formations within the nucldaefore HS. Ultimately this last
hypothesis was rejected since there is no co-lai@din of Satlll-SF2/ASF complexes.
Nevertheless, a molecular analysis using RT-PCRitmgyeal an up-regulation in Satlll

expression before HS since these regions are saie demethylated.

After HS, minuscule speckles illustrating aggregatof Satlll RNAs are clearly
noted in all cell lines independently of their fataethylation state when hybridized with
the forward probe (Fig. 7) while no signal was degd for the reverse and control probes
(dsta not shown). Moreover, when overlapped, thages of Satlll and SF2/ASF show
clear co-localization of both targets. This thosfams that what has been observed so
far are nSBs but more importantly that these n&Bsmable in a classical way as initially

described, independently of which DNMT enzyme hesnbdeleted if any.
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Figure 6: Fluorescencen situ hybridization (FISH) of pericentromeric Satellite 111
sequences before HSThree independent samples of HeLa and HCT116 slone
harvested before HS were initially exposed to avésd digoxygenin labelled Sat Il
probe. Secondly, fluorescein labeled anti-digomigeFab fragments were utilized to
allow visualization of Sat Il transcripts. Thisitial preparation was then subjected to an
immunolocalization assay with SF2/ASF and Cy3 ligelsecondary antibodies. As
previously 100 per sample were observed and no n8&® observed before HS.
Moreover, no aggregates of Sat Ill are observedjifitation is 1000x and scale bar is

5um.
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Figure 7: Fluorescencein situ hybridization (FISH) of pericentromeric Sat |lI
sequences after HS.HelLa and HCT116 clones were harvested and seljeota HS
treatment. Three independent preparations weresexpas above to a forward Sat Il
probe and fluorescein labeled anti-digoxigenin Fé&bgments which allowed
visualization of Sat Il transcripts and 100 ceflfer sample were observed. As
previously, an immunolocalization assay of SF2/ASknterstained with Cy3 labelled
mouse anti-SF2/ASF was performed. Here, confimnatf nSB formation is obtained
through co-localization of Sat Il sequences and2/8BF in ribonucleoprotein

aggregates. Cells are shown at 1000x magnificainmhscale bar is.én.



HelLa

HCT116
#28

HCT116
#30

HCT116
#38

HCT116
#66

SF2/ASF

Sat Il

DAPI

PC

54



58

2 Expression of nuclear antigens and their localizatinmin relation to DNA

demethylation

Subsequently, we proceeded to analyze the effédcRNé& methylation on the
expression of nucleolar and INM proteins. It isneoon knowledge that in mammals,
most genes rely on a methylation/demethylation ggecin order to be available or
unavailable for expression. As described earlieredulation in the expression of these
proteins has been shown in many cases to comprotmésentegrity as well as the
strength of the entire nucleus and can be the caase for several developmentally
related diseases. Moreover, HS will induce a geized demethylation process, which
could further disturb normal protein metabolismheTmethodology adopted for this part
of the study is straightforward but has provenhe past to be very effective at the
cellular and/or tissue level. First, SDS-PAGE edir with semi-quantitative
immunoblotting analyses of the nuclear antigensiefest were completed and followed
by indirect immunofluorescence staining and micopycto locate the antigens and
examine nuclear shape. Primarily, we observectteet of demethylation on nucleolar
antigens such as 2H12 and fibrillarin followed yotsubclasses of INM proteins; the

LEM proteins emerin and LAP2 and nuclear Laminsd 8.

In the past, similar studies had been performedguklieLa cells. As such we
proceeded to compare the parental cell line withalevhich is known to express normal
protein levels, to determine if any significant obas are seen. Subsequently, we
proceeded to compare the modified clones to thenpalrcell line in order to determine if

epigenetic modifications have an impact on the esgion of detailed antigens.
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2.1 Nucleolar antigens

Nucleolar proteins such as 2H12 and fibrillarin g mainly structural roles
pertaining to nucleoli but can also in the casdilofillarin possess RNA processing
capabilities by association with small nuclear RébAnponents (Bartovet al., 2010). In
this part of the study we tried to determine if mficetions within the normal methylation
metabolism of a cell would alter the expressionso€h nucleolar proteins and thus
possibly further modify the cellular dynamics dwe ibhconsistent nucleolar strength,
conformation or function. Moreover, we proceededhalyze if further demethylation

due to HS create, worsen or has no effect on thesexisting conditions.

Figures 8 — 12 illustrate the expression and laatibn of the 2h12 and fibrillarin
antigens before and after heat shock. Observatbmsterphase cells demonstrate that
the 2H12 antigen depicted in figures 8 and 9 isntbas expected within nucleoli.
Moreover, a subtle signal is depicted around nuicléesults are similar before and after
HS in all cell lines. However, the expression lewa the 2H12 antigen detailed in figure
10 is variable between cell lines. When compatirgparental cell line to HeLa before
HS, the expression of 2H12 is up-regulated by #ofaaf approximately 1.2 though this
difference is not significant. A decrease in tddIA methylation however small, as
marked by clones #30, #38, translates into an &seren total 2H12 expression when
compared to the parental cell line. However, thisease is not significant. Conversely,
clone #66 does not display any apparent changegpression when compared parental

cell line.

After HS, no significant variations between callds are notable. However, when

observing the response to HS, differences do octhe natural expression of 2H12 after
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HS as observed with the parental cell line is anifitant reduction to a level

approximately 0.7 times that of HelLa cells. Thasult is duplicated in clone #38 but not
in clones #30 and 66. Finally, it seems no permadamage is caused by HS given
protein levels seem to have reverted to pre HSdawmea 24 hour post HS analysis (data

not shown).

Figures 11 and 12 depict the localization of theilfarin antigen before and after
HS. Similarly to 2H12, the localization of fib@altin does not vary much within
interphase cells before and after HS. In fact #ntigen is found within and loosely
around nucleoli in both situations. However, respertaining to the expression levels of
this antigen are not available due to the lack rofaatibody that performs properly in
quantitative analyses. As such the protein lewélgbrillarin were not assessed during
this study. Nonetheless, our results show thah bacleolar antigens, regardless of their
expression levels, are found within the expectegdore As such we propose they are
most certainly capable of performing their normalndtions pertaining to the
maintenance of nucleolar shape and structure andhe case of fibrillarin, RNA

processing.
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FIGURE 8: Distribution of the 2H12 nucleolar antigen before HS. Three
independent samples of HeLa and HCT116 clones &tmdebefore HS were labelled
with a mouse anti-2H12 and counterstained with 8 @pelled secondary antibody.
Observations done on 100 cells per sample showecklkllines displaying a specific
distribution of 2H12 within the nucleolus. Notesthxclusion of 2H12 from other areas
of the nucleus and its faint distribution around thucleolus. Cells are shown at 1000x

magnification and scale bar igrB.
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FIGURE 9: Distribution of the 2H12 nucleolar antigen after HS. HeLa and HCT116
clones harvested after a HS treatment were labaBaareviously described. Similarly to
pre HS results, three independent samples of 10€ per cell line display a specific

distribution of 2H12 within and faintly around tin@icleolus. Cells are shown at 1000x

magnification and scale bar igrb.
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FIGURE 10: Immunoblotting analysis and expressiondvels of 2H12 antigen before
and after HS. A) Cell homogenates (3 million cells/mL) were subjdcte an SDS-
PAGE gel analysis, transferred to a nitrocellulasambrane and exposed to a primary
mouse anti-actin and anti-2H1B) Quantification of 2H12 where the star represents
significant differences from the parental cell liswed triangles significant differences for
before and after HS. A repeated measures ANOY.05) before HS, reveals an up-
regulation by a factor of 1.2 times in the parerdall line when compared to Hela.
However, this is not significanp{value=1.000). Clone #30 displays a non significant
increase compared to the parental cell Imedlue=0.255). Clone #38 also depicts a non
significant up-regulation when compared to the plecell line p-value=0.096). Clone
#66 displays no significant up-regulatiopsvalue=1.000). After HS, Clone#30 displays
no significant changes from clone #28value=1.000). The same is observed for clone
#38 (-value=1.000) and clone #66p-yalue=1.000). However, when observing the
response to HS, a one way ANOVA shows differenaesatur. The parental cell line
depicts a significant reduction to a level apprceadiety 0.7 times that of HeLa cellp-(
value=0.019). This result is duplicated in clors8 #p-value=0.004) but not clones #30

(p-value=0.077) and 66{value=0.100).
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FIGURE 11: Distribution of the fibrillarin nucleola r antigen before HS.HelLa and

HCT116 clones harvested in three independent sang®e cell line before HS were
labelled with anti-fibrillarin and Cy 3 labelled esgific primary and secondary antibodies
respectively. Comparably to the previous 2H12ysEa0 cells per sample depict all cell
lines display a specific distribution of fibrillariwithin the nucleolus excluded from other

areas of the nucleus. Again, faint distributionwsrd the nucleolus is visible. Cells are

shown at 1000x magnification and scale baris5
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FIGURE 12: Distribution of the fibrillarin nucleola r antigen after HS. Three
different samples from all five cell lines harvestdter a HS treatment were labelled as
above. Results from 100 cells per cell line shawdifferences are notable and are

similar to what is described in terms of nucledlacalization and exclusion of other

nuclear regions. Cells are shown at 1000x magtio and scale bar isubn.



HelLa

HCT116
#28

HCT116
#30

HCT116
#38

HCT116
#66

Fibrillarin

PC

67



68

2.2Inner nuclear membrane antigens

Following the study of nucleolar components and éffects of HS on these
proteins, we moved on to assess the possibility ¢haleregulation in the normal
methylation patterns and methyltranferase enzymghtrimduce discrepancies within the
normal metabolism i.e. expression and localizabddNM proteins as well as nuclear
shape and deduced integrity. As detailed eardies, was done for two sub-classes of
proteins; LEM proteins as well as Lamins A and @|dwing the same methodology as

with the nucleolar proteins.

2.2.1 LEM proteins

LEM proteins are, as detailed earlier, part oflihsic components that lead to the
correct development and function of cells, morecsjally, nuclear dynamics. Their
mutual interactions, a well as interactions with Aldnd other proteins render LEM
proteins relevant in the study of the effects ofAdiethylation in HS and HS recovery.
This part of the study focuses on the effect ofd#iShe expression of LAP2 and emerin
antigens. Figures 13 to 18 illustrate and quarthfy distribution and expression levels
respectively of these two antigens before and &fter Moreover, this part of the study
encompasses the first glimpse into the effects ARlemethylation on nuclear shape, a
clue as to the overall health of the nucleus. HGEIS%, as for many other disease-
derived cell lines, demonstrate general demettoriadnd misshapen nuclei. However, in
the case of HGPS cells it is not known whether dbyiation or accumulation of
progerin, truncated Lamin A, is the cause. Thus,opted to include such observations

in our analysis.
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Figures 13 and 14 depict the localization of embésfore and after HS. In both
instances, the protein is clearly localized witthie constraints of the nuclear membrane
as expected. However, the shape of the nucleussvaetween the in-group and out-
group control cell lines and the different HCT116nes. In fact, the nucleus of clones
#30, #38 and #66 are not spherical as expectedathér are irregular in shape and size
and seem lobulated similarly to a nucleus aboutléd. The irregular shape is at times
such that the task of obtaining a clear image efrthcleus was very difficult. This is the
case mainly in clones #30 and #66 which both haveommon a truncated version of

DNMTL1 and 20% and 95% reductions in methylatiospestively.

The expression levels and immunoblotting analy$isroerin before as well as
after HS are found in figure 15. Before HS, theep#al cell line expresses emerin to a
similar level as Hela cells, which leads to theaidleat HCT116 cells express emerin at
normal levels in a stable environment. When examithe expression in the modified
clones, it seems a 20% loss of methylation due touacated maintenance DNMT
enzyme (DNMT1) leads to a non-significant increiastihne expression of emerin in clone
#30. Similarly, a 3% loss of methylation due te fack of the developmentally vital
DNMT3b enzyme in clone #38 leads to a non-significencrease in expression.
Interestingly, a synergy seems to arise with clé6é where the increase in emerin
expression is significant from the parental catleli After HS, the parental cell line
expresses emerin to a level significantly lowaemthtieLa cells. Moreover, modified

clones express emerin at levels comparable todrenfal cell line.
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FIGURE 13: Distribution of the emerin INM antigen before HS Three independent
samples of all five cell lines were treated as dbed and labelled with anti-emerin. 100
cells per sample were observed. Note the locatimatif the protein exclusively at the
periphery of the nucleus and excluded from withiiso note the nuclear shape and size,

which vary between cell lines. Cells are showd@0x magnification and scale bar is

Spm.
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FIGURE 14: Distribution of the emerin INM antigen after HS. Cell lines were
harvested in three independent samples after HS labdlled with anti-emerin.
Observations made on 100 cells per cell line sh@atmve the localization of the protein
is limited to the nuclear periphery which in tushvariable in shape between cell lines.

Cells are shown at 1000x magnification and scatesogum.
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FIGURE 15: Immunoblotting analysis and expression levels ofneerin before and
after HS. A) Cell homogenates were subjected to an SDS-PAGEagalysis then
transferred to a nitrocellulose membrane and exptsea primary anti-actin and anti-
emerin.B) Quantification of emerin where the star repressigsificant differences from
the parental cell line and triangles significanffedences for before and after HS. A
repeated measures ANOVA~0.05) before HS, reveals there is no significafieence

in expression in the parental cell linp-alue=1.000) compared to HelLa. Clone #30
displays no significant change in expression coegbathe parental cell linep{
value=1.000). Similarly, clone #38 shows a no i§icemt differences from its parental
cell line (p-value=0.062). However, clone #66 displays sigaifitcup-regulation when
compared to the parental cell line-\@lue=0.008) respectively. After HS, the parental
cell line displays a significant reduction when @ared to Hela f-value=0.001).
Clones #30, #38 and #66 display similar resultsrmt@mpared to the parental cell line
(p-value=1.000), g-value=0.753) andpfvalue=0.763) respectively. When observing the
response to HS, a one way ANOVA shows the pareefaline and clone #30 show no
significant reductions pfvalue=0.242) andpfvalue=0.167) respectively. However, a
significant reduction in expression is noted innels #38 [§-value=0.025) and clone #66

(p-value=0.002) respectively.
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After analyzing the expression and localization evherin, we moved on to
perform the same experiments to analyze LAP2. L&P@und in several isoforms of
varying lengtHS. As mentioned before, these isufomare all found within the INM
except for LAP2y that lacks the trans-membrane domain and is thwusdf bound within
the nuclear Lamina at the interface of the INM #melnuclear lumen. For the purpose of
simplifying the methodology and for reasons of tiommstraints, we localized the LAP2
a, B andy isoforms with an isoform non-specific antibody loutantified expression of
only the LAP2y with an isoform specific antibody. Figures 16 ahd depict the
localization of the aforementioned LAP2 isoforms.There is no method for
discriminating between the INM and the nuclear LzaniAs such, we assume before and
after HS, LAP2 isoforms are observed within knovemstraint proper to each isoform’s
biochemical properties. This assumption is juglifisince the signal is clean and
undiffused to other areas of the nucleus. Althotigise results were expected, it should
be noted that variations in the localization of L2ABr of other nuclear proteins would

potentially have serious consequences for the cell.

We then proceeded to analyze the expression |e¥dl®\P2 y before and after
HS as shown in Figure 18. Interestingly, unlikbestnuclear antigens analyzed in this
study, the expression of LAP2 remains relativebbkt between cell lines. In fact, the
parental cell line shows a significantly increasggression of LAP2 compared to HelLa
cells, before HS. This increase is also seenlidexivatives of this parental cell line.
Moreover, clone #30 depicts a significant incremsexpression when compared to the
parental cell line. After HS, the parental ceheiand clone #30 show significant

reductions in expression. Clones #38 and #66skew a decrease in expression
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FIGURE 16: Distribution of LAP2 INM antigens before HS. Three independent
samples of all cell lines harvested before HS Madelled with anti-LAP2. Results from
100 cells per sample display similar results toraméAP2 is exclusively limited to the
periphery of the nucleus and is excluded from withi Once more nuclear shape

variations are notable. Cells are shown at 100@gmification and scale bar igi®.
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FIGURE 17: Distribution of LAP2 INM antigens after HS. Independent samples of
HelLa and HCT116 clones harvested after HS werdlémbeith anti-LAP2. Results of

100 cells per sample show similar nuclear shapetans between cell lines as well as
localization of the antigen as before HS. Cells gitewn at 1000x magnification and

scale bar is jpm.
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FIGURE 18: Immunoblotting analysis and expressionievels of LAP2 before and
after HS. A) Cell homogenates were subjected to an SDS-PAGEmgysis, transferred
to a nitrocellulose membrane and exposed to primanyi-actin and anti-LAP2
antibodiesB) Quantification of LAP2y where the star represents significant differences
from the parental cell line and triangles significdifferences following HS. A repeated
measures ANOVA ¢=0.05) in absence of HS, reveals significant up#a&ipns in the
expression on LAP2 in the parental cell linepfvalue=0.000) when compared to Hela.
When compared to the parental cell line, only cl8rg80 is significantly up-regulateg-(
value=0.019) while clone #38 and #66 are rwvdlue=0.362) andpfvalue=1.000)
respectively. After HS, the parental cell linepdgs/s no significant changes from HelLa
(p-value=1.000). When compared to the parentalliced| clones #30, #38 and #66 do
not display significant changeg-yalue=1.000) in all cases. When observing the
response to HS, a one way ANOVA shows the paragdihlline and clone #30 show
significant reductions in expression of LAPP-Value=0.035) and pfvalue=0.011)
respectively. However, no significant reductiorexpression is noted in clones #38 (

value=0.152) and clone #6p-Yalue=0.149) respectively.
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compared to the parental cell line. However theserahses did not reach statistical

significance.

2.2.2 Nuclear Lamins

In this final section of our study, in light of theesults we have obtained
pertaining to nuclear shapes and sizes, we proddedevaluate the integrity of nuclei of
our epigenetically modified cell lines. As detdilearlier, nuclear shape is a strong
indicator of general cellular health. Nuclei ofaltay cells are generally smooth, circular
or semi circular structures. However, in many satige cell line derivatives used in this
study had smaller, misshapen nuclei accompanieddé&yved nuclear structures.
Together these observations suggest the integritijeonucleus has been affected or at
the very least is not stable. Here, we describddbalization and the expression levels

of Lamins A and B, which are responsible for nuckteength and integrity.

Figures 19 through to 22 illustrate the localizatof Lamins A and B before and
after HS. Although not integrated directly inteetiNM, Lamins A and B represent a
major part of the nuclear Lamina which is situaitegide the nucleus directly associated
to the INM and other proteins, as described earlidgoth before and after HS, images
show similar localization of the Lamin A and Lanfhantigens. This observation is
important for two reasons. First, it suggests tloglifred clones express essential nuclear
Lamina proteins and second that these are welllitech within their expected
constraints. However, our goal here was more gear@bserve nuclear shape which is

an indicator of nuclear and cellular health. Helweclei are smooth and circular, thus
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healthy cells. Although smaller, nuclei from thargntal cell line are similar in
morphology to HelLa nuclei. Nonetheless, the shape texture of nuclei from a vast
majority of the epigenetically modified clones a@ably different. Moreover, many of
these cells also demonstrated a type of nucledbbig (data not shown), which can
suggest two things. First, the genome of theds o&y not be very stable. As cells age
in culture, the nucleus will bleb to form derivetustures. Second, the levels at which
Lamins A and B are expressed may not be suffidersiupport a strong nucleus and as

such it will collapse and form alternative struetsir

In order to further elucidate this situation, wegeeded to study the levels at
which Lamins A and B are expressed before and Bffeas well as 24hrs post HS (data
not shown) as depicted in figures 23 and 24. EBxef8, the expression of Lamin A in
the parental cell line is not significantly chandesim HelLa cells. In clones #30 and #38,
a significant reduction in the expression of LarAins observed compared the parental
cell line. Conversely, clone #66 expresses Lamiat Aevels comparable to the parental
cell line. After HS, a significant reduction inetlexpression of Lamin A in the parental
cell line is observed. Clone #30 depicts a sigaift reduction when compared to the
parental cell line. However, clone #38 displaysoa-significant increase in expression.
Conversely, clone #66 displays a significant insee&n the expression of Lamin A
compared to the parental cell line. However theression is comparable to levels before
HS in this clone. The expression of Lamin A infbof these clones does not seem to be

affected by HS to the same level as with othergangtor in other clones.
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FIGURE 19: Distribution of the Lamin A nuclear antigen before HS.HelLa and
HCT116 clones were harvested into three indepenskemples before HS and labelled
with anti-Lamin A. As previously with emerin and\B2, the localization of the protein
is exclusive to the periphery of the nucleus agdadhrough the observation of 100 cells
per sample. However here, Lamin A is depicteddboaround the nuclear membrane,
nonetheless excluded from within. Variations irclear shape can also be seen here.

Cells are shown at 1000x magnification and scatesbgum
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FIGURE 20: Distribution of the Lamin A nuclear antigen after HS. HeLa and
HCT116 clones were harvested after HS and treatedbave. After HS results are
similar in terms of nuclear shape and protein laeéibn. Cells are shown at 1000x

magnification and scale bar igrb.
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FIGURE 21: Distribution of the Lamin B nuclear antigen before HS.HelLa and
HCT116 clones harvested before HS labelled with-laanhin B. 100 cells from 3
independent samples per cell line show that sifgitarLamin A, Lamin B is depicted at
the nuclear membrane excluded from within. Unlikenin A, the localization is clean at

the nuclear periphery. Once more, variations inlear shapes are visible. Cells are

shown at 1000x magnification and scale baruis5
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FIGURE 22: Distribution of the Lamin B nuclear antigen after HS. Described cell
lines harvested after HS were labelled with antkhiraB. Results from 100 cells per
sample from 3 independent samples for each cellditer HS are comparable to what is
observed and described previously with Lamin B teetdS.Cells are shown at 1000x

magnification and scale bar igrb.
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FIGURE 25: Immunoblotting analysis and expressiondvels of Lamin A before and
after HS. A) Cell homogenates were subjected to an SDS-PAGEagalysis then
transferred to a nitrocellulose membrane and expaseanti-actin and anti-Lamin A.
B) Quantification of Lamin A where the star represesignificant differences from the
parental cell line and triangles significant diffieces for before and after HS. A repeated
measures ANOVA=0.05) before HS, reveals no significant differenEexpression in
the parental cell linepfvalue=1.000) compared to HelLa. Clone #30 disptagsificant
down regulation compared to parental cell lipezélue=0.005). Clone #38 also depicts a
significant down regulation when compared the palerell line p-value=0.008). Clone
#66 displays a non-significant up-regulations witempared the parental cell linp-(
value=1.000). After HS, the parental cell line dkys a significant reduction when
compared to Hela pfvalue=0.002). Clone#30 displays a non-significatdwn
regulation from clone #28+{value=1.000). Clone #38 displays no significamarges
when compared to the parental cell lipevalue=0.211). Clone #66 depicts a significant
up-regulation when compared to the parental ced [p-value=0.006). When observing
the response to HS, a one way ANOVA shows cloned&#ficts a significant reduction
in expressiong-value=0.004) while clones #30, #38 and # 66 do(melue=0.057) ¢-

value=0.326)¢-value=0.317) respectively.
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FIGURE 24: Immunoblotting analysis and expressiondvels of Lamin B before and
after HS. A) Cell homogenates were subjected to an SDS-PAGEagalysis then
transferred to a nitrocellulose membrane and expdgeanti-actin and anti-Lamin B.
B) Quantification of Lamin B where the star represesignificant differences from the
parental cell line and triangles significant diffieces for before and after HS. A repeated
measures ANOVA¢=0.05) before HS, reveals a significant differentexpression in
the parental cell lingpfvalue=0.000) compared to HelLa. Clone #30 dispéaggnificant
down-regulation from the parental cell linp-(alue=0.000). Clone #38 depicts a no
significant changes from the parental cell ligevélue=1.000). Clone #66 displays a
significant reduction when compared to the parecedllline p-value=0.001). After HS,
the parental cell line displays results similaHeLa (-value=1.000). Clone#30 displays
non significant down regulation from clone #28value=0.149). Clone #38 displays no
significant changes when compared to the pareetilice (p-value=0.169). Clone #66
depicts no significant change from the parentdlloced (p-value=0.213). When observing
the response to HS, a one way ANOVA shows clone #38, #28 and #66 depict a
significant reduction in expressiom-yalue=0.001), g-value=0.020), g-value=0.001)

and p-value=0.020) respectively.
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Before HS the expression levels of Lamin B arealdd. In fact before HS the
expression in the parental cell line is 2x moresated than in HelLa cells. Clone #30
expresses Lamin B to a similar level as HelLa aslésaning a significant reduction in
expression from the parental cell line. Clone #8&®plays similar levels as the parental
cell line. Lastly, clone # 66 expresses Lamin Beteels similar to those of clone #30
thus significantly less than the parental cell limdter HS, the expression profile is much
less variable. In fact, all cell lines display ignsficant decrease in the expression of
Lamin B. In the parental cell line, the expressitops to a level comparable to HeLa
cells. In all other clones, the expression is lotug not significantly different from the
parental cell line.

As expected by the images obtained through immuadscence microscopy the
expression of Lamins A and B seems to be variadterden cell lines, which could mean
the integrity, and strength of the nucleus is afdc In order to determine if that is the
case, a mechanical analysis of the elasticity efribclear membrane was performed.
This was done in collaboration with the laboratofydr. Andrew Pelling, Department of
Physics at the University of Ottawa. Appendix 1idepthe stiffness of the nucleus in
kilo Pascals (kPa). Stiffness is a degree of ieiast By definition, a rigid surface is able
to witHStand more pressure and thus is more elastie graph in Appendix 1 seemingly
places HelLa cells and HCT116 cells in two differeategories in terms of nuclear
membrane rigidity, the latter being less elasgc able to witHStand lesser amounts of
pressure. That being said, clone #30 and #38 are nigid than the parental cell line
and clone #66. Although small, the differencesnmclear stiffness were highly

significant between clones. As detailed in thimeaappendix, clones #30, #38 and #66
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are significantly different from the parental ckile (p-value=0.000), ¢-value=0.000),
(p-value=0.000) respectively.

There is no clear correlation between stiffnesssmeaments and levels of Lamin
expression. Being a descriptive analysis, caysa@ithard to determine. However,
assuming causality, the observations between theession of these proteins and nuclear
stiffnress would have been more similar than whatdepicted. Nevertheless,
immufluorescence microscopy of HCT116 clones hasaked changes in nuclear sizes,
shapes and in some cases numbers. These datademdbelieve that although the
adequate expression levels of Lamins A and B asengsl for nuclear integrity, perhaps

another factor such as nuclear Lamina assemblypédss an important role.

V. DISCUSSION

In this study, the main goals were to determinepigenetic modifications would
alter the ability of a cell to initiate and maintaa HS response through the formation of
nSBs. In addition, we set out to evaluate if clegnop methylation levels would have
effects on the nucleus. More specifically, measwats of nucleoli and INM proteins
were obtained before and after HS in modified HGI tlbnes and compared to a non-
modified HCT116 cell line. The parental cell limeas then compared to the well
characterized HeLa cell line in order to identiBtural variations between both cell lines.
Results lead us to conclude that the epigenetidfroations comprised within HCT116

clones #30 #38 and #66 do not hinder the initiatbbra HS response. However, the
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extent of the response may be affected as demtetstlay Rc and nSB amounts.
Moreover, epigenetic modifications seem to havenapact on nuclear shape. Finally,
results also showed epigenetic modifications mase teamild effect on the expression of

INM and nuclear Lamin proteins.

1. nSB assembly and expression of splicing factors

In this part of the study, the objective was toed®iine if epigenetic status will
have an impact on the ability of a cell to induoel anaintain a HS response. This was
also the main focus of the project. In order teeas this, we observed the expression
levels and the localization of SF2/ASF as well@slization of Satlll sequences before

and after HS.

1.1. SF2/ASF

The localization of SF2/ASF followed expected gats. It was diffuse in the
nucleus before HS and aggregated within granulesusated to be nSBs after HS. As
reported earlier, on average, the parental cedl éind clones #30 #38 and #66 presented
4, 5, 6 and 6 nSBs respectively. However, mods aikplayed 2, 4, 6 and 2 nSBs
respectively. Throughout the cell lines, none s\ess than one nSB nor more than 15
nSBs. The expression of SF2/ASF before HS wasibiari In fact, the parental cell line
expresses the splicing factor at a level thatnslar to HelLa cells. Furthermore, clone
#38 expressed SF2/ASF at a level comparable tgp#énental cell line. This is not
surprising since clone #38 possess a mere 3% feduct total methylation thus

resembles the parental cell line the most. Howegkmes #30 and #66 depict a



100

significant reduction in SF2/ASF expression whempared to the parental cell line. It
seems partial loss of function of DNMT1 and/or a%®20oss of total methylation
translates into a down-regulation of the spliciagtoér regardless of DNMT3b. After HS,
the parental cell line showed a significant reducin expression compared to HeLa and
itself before HS. Clone #38 presents similar esgign levels when compared to the
parental cell line while clone #66 depicts a sigaifit reduction. However clone #30
shows only relative response to HS expressing SER2/At a level significantly higher
than the parental cell line while showing veryldittown-regulation compared to results
before HS. Given the apparent sensitivity of thel dine illustrated by the lower
expression level before HS as well as in clone #6,was not expected. Nevertheless,
there seems to exist a correlation between thenBdre expression of the splicing factor
after HS. The higher the Rc the higher are theesgioon levels. This is an interesting
fact because it may mean that HS response is inde@endant on the availability of
essential proteins and not on general cellulartheal epigenetic status. As such we
propose that the more the protein is expressethtre available it is to partake in the HS
response and the stronger this response will leth&r inquiries should perform similar
experiments with other known nSB constituents sagtithe HSF 1 tanscription factor,
and the SRp30 and 9G8 splicing factors among otimersrder to determine if this
correlation is also observed (Biamonti and Vour@810). When compared to nSB
amounts, there does not seem to exist such a atorel In light of these results, we
conclude that epigenetic modifications do not inged the ability of a cell to generate
stress granules as seen with SF2/ASF aggregatethéextent at which cells respond

through modification in the numbers of Rc and nS8/rdepend on methylation states.
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1.2.Satlll

Initial steps in NnSB formation involve DNA reamngements and demethylation in
areas known to contain Satlll DNA. Shortly thetegfthere is transcription of an array
of Satlll sequences of variable lengtHS. Satéljisences have been proposed to be the
committing step to nSB formation as a recruitersetondary constituents such as
SF2/ASF which possess RRMs and are able to remthet proteins to the area. The end
result is an aggregate of RNA and proteins knownggl as nSBs. In this part of the
study, the goal was to confirm that what had bdeseosed thus far were in fact nSBs.
As such, the localization of Satlll sequences waternined through colocalization
studies of SF2/ASF and Satlll. Experiments withaMard, reverse and control probes
were performed (data not shown for the reversecamtirol probes). Results show that
before HS no Satlll signal is detected in FISH gssavioreover, as before the SF2/ASF
was diffused within the nucleus excluded from naltle However, after HS, punctual
aggregates of Satlll are visible. Moreover, thgragates are perfectly aligned with
SF2/ASF aggregates in all cell lines. As such wectude that had been observed in the

previous part of the study were in fact nSBs.

2. Nuclear antigens in relation to HS
2.1. Nucleolar antigens

Nucleoli are essential for cell survival. In tiart of our study we proceeded to
analyze the effect epigenetic modifications mightsén on these regions through the
analysis of 2H12 and fibrillarin. These are knotenbe essential for the structure and

integrity of this specialized nuclear region. Sfieally, the 2H12 protein is thought to
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be essential in nucleolar structure maintenance ratehtion of key molecules in the
ribonucleoprotein complex (Paulin-Levaseur, &lal., 1995). Fibrillarin is known to be

associated with nucleoli, the largest transcriptiaatories of ribosomal subunits, and
localized on NORs during metaphase and anaphasalsmdeported to be a marker of

newly forming nucleoli in telophase (OcHS, R.etal., 1985; Bartova, Eet al., 2010).

My results had shown very similar localization dfi12 as well as fibrillarin
before and after HS in all clones for both antigeBefore HS, the expression of 2H12
indicates HCT116 #30, #38 and #66 displayed siméaels when compared to the
parental cell line which in turn expressed 2H12 #&vel similar to HeLa. With respect
to the fact that 2H12 studies have been conduatéteLa cells, it is thought that this cell
line possesses a “normal” or well characterizeéllef 2H12 as such we propose all cell
lines express healthy levels of 2H12 (Paulin-Legaset al., 1995). After HS, only the
parental cell line and clone #38 has a significaauction in 2H12 expression while
clone #30 and #66 show a reduction in expressiahishnot significantly different from
the parental cell line. As such while the sigrfice of results varies between clones
after HS, all express similar levels of 2H12 whempared to the parental cell line.
These observations lead us to conclude that lo&NMT enzymes does not affect the
integrity of the nucleoli. Moreover, fibrillarin vBaobserved within its normal constraints.
This led us to believe epigenetic modifications Iwilot hinder its function.
Unfortunately, the unavailability of an antibody a@gst fibrillarin that performs
adequately in immunoblotting analyses precluded dssessment of measuring the

expression levels.
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2.2. LEM proteins

As detailed earlier, emerin is an essential proi@irdevelopment. In fact its loss
is associated with a form of muscular dystrophy.orébver, it is able to bond with
Lamins A and B making emerin a key player in theegnity of the nuclear structure;
BAF and GCL thus DNA and MAN1 through BAF (Tews,989 Lin et al., 2000,
Holaskaet al. 2003; Shimiet al., 2003). In all cell lines, before and after H8\egin was
observed at the nuclear membrane. Before HS, theegsion of emerin in the parental
cell line is comparable to HeLa. Moreover clon® #Xpresses similar levels of emerin
as the parental cell line. Clones #38 and #66 esphigher levels when compared the
parental cell line. This was significant in theseaf #66. In itself we do not view higher
levels of emerin to be a negative thing. In faastpstudies have only demonstrated a
negative impact in cells with no emerin expressian developmental disorders.
Conversely, after HS, all three modified clonesregped comparable levels of emerin
which resemble that of the parental cell line. tRemmore, the parental cell line
expressed emerin to a level significantly lowemtliéeLa. Lastly, clones #38 and #66
show a significant drop in expression comparedesults prior to HS. Although the loss
DNMT enzymes seem to have an impact on the expressiemerin before HS, this is
not the case after HS. As such we conclude tleaexipression of emerin post HS in the
modified clones is not affected by epigenetic miodifons since the parental cell line
naturally expresses lower levels of emerin. Néwaeiss, in light of the fact that loss or
reduction in emerin expression leads to the uplagign of 28 other genes (Tsukahara,
T., 2002), the observations made in this sectiergaite important. It is not known if the

above 28 genes or a subset of these are expressiag the establishment of a HS
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response. This could be the object of a futurdystiHowever, significant reductions in
emerin will surely translate in reduced interacsiovith its binding partners which in turn
will induce significant changes in protein-proteand protein-DNA interactions at the
nuclear periphery.

LAP2 isoforms are known to interact with severtiev proteins located at or
within the nuclear Lamina. In this part of thedtuve specifically focused on LAR2
which interacts with Lamin B1, BAF as well as DNAs such, this isoform plays a key
role in the attachment of DNA at the nuclear pegighas well as a site of anchor for the
nuclear Lamina. Changes in the availability oktprotein would have effects on DNA
anchoring and anchoring of the nuclear Lamina ¢orthiclear periphery. Before HS, the
parental cell line and all other clones display réases in LAPR expression
independently of which DNMT enzyme is available gartly functional. Moreover,
clone #30 displays LARZlevels significantly higher than the parental dele. Given
what has been observed in immunofluorescence gs#ais safe to say that DNA
methylation does not affect the availability, tbedtion or the function of LAR2 After,
HS levels of LAP2 are reduced and are similar in all clones to theeqtal cell line.
Moreover, there is a significant loss of expressiothe parental cell line and clone #30
while non-significant in clones #38 and #66 whempared to levels before HS. As
such, we suggest a drop in LAP@uld be an innate response to HS. However, nbne
the examined cell lines display expression levieds are different from HelLa. As such
we conclude that HS seemingly has no effect orfuhetion of LAPZ, thus it maintains

its role at the interface of the INM and nucleanén.
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2.3. Nuclear Lamins A and B

The nuclear Lamina is an intricate meshwork of giret mainly composed of A
type and B type Lamins; Lamins A, C and B1, B2 (Wan, 1988 and Worman and
Bonne, 2007). The particular functions of Lamingaid B are similar in many aspects
but are also very different in others. Lamin A, detailed earlier, is reported to be
primordial in nuclear stiffness (Lammerdirgg al., 2006). Lamin B, however, is
responsible for nuclear integrity and is able tarfanicrodomains with epigenetically
marked DNA to anchor it to the Lamina (Makatsetrial., 2004; Delbarrest al., 2006;
Lammerdinget al., 2006). Most importantly, through their interacisowith other INM
proteins nuclear Lamins greatly affect epigenetiycabntrolled pathways (Vicek and
Foisner, 2007). It is then not surprising that angdifications in localization or
expression of these proteins could potentially Ispetious effects on the nucleus itself
and general cellular health through environmentdlity and changes.

Immunofluorescence assays have demonstrated tfaaelend after HS there is
no significant change in the localization of LanAiror Lamin B. In terms of expression
however, some changes are noted. Before HS, tleataacell line expresses Lamin A
to a level very similar to HeLa. However, clones3& and #38 which have reduced
DNMT1 function and loss of DNMT 3b, respectiveljjosv significant reductions in
Lamin A expression. Moreover, this reduction isoakignificantly different from the
parental cell line. Reduced Lamin expression aaergially result into a softer nucleus,
as the indirect consequence of demethylation. Mehess, clone #66, the double mutant
expresses Lamin A to a level higher than the paferell line resembling more the

normal levels seen in Hela cells. This is unexg@and seems to go against the two
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preceding observations. As detailed in earliertiges, modified clones possess
decreases in overall DNA methylation. It shouldnoted that only methylation levels
were assessed in these clones. No previous sthdies examined exactly where
methylation is retained. As such, we proposetti@tocation at which DNA methylation
is retained may have an impact on the expressignodéins, namely Lamin A.

Nuclear stiffness assays performed before HS retvealparental cell line and
clone #66 possess a nucleus that is softer thamegl&#30 and #38 which possess a
nucleus with similar stiffness. Moreover, the mud of the parental cell line is softer
than that of HeLa cells. Immediately it is evidémat the patterns at which Lamin A is
expressed follow the same trend as nuclear stéfmdsen comparing clones. However,
the relationship is inverted. In fact, when conmpgthe graph for Lamin A expression to
the graph for nuclear stiffness, more Lamin A iol@ne seems to translate into a softer
nucleus. This was not expected since it is in reaittion with known functions for
Lamin A. As mentioned, the parental cell line gr&s a nucleus that is softer than HelLa
cells. However, before HS, the parental cell lie@presses Lamin A to a similar level
than Hela cells. This might offer a clue into wilig obtained such contradicting results.
The fact that a softer nucleus paired with normamin A expression is observed
suggests Lamin A alone is not responsible for rarc#iffness. As such, we propose
more Lamin A does not necessarily translate ingtifeer nucleus. The opposite is also
true; Lamins A expressed in lesser amounts doesi@wdssarily translate into a softer
nucleus. In sum, these observations lead us toluwda that changes in methylation due
to partial or total loss of DNMT1 and DNMT3b respeely translates into modified

expression of Lamin A which in turn is not solestated to changes in nuclear stiffness
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before HS. This is not very surprising since lamipossesses many different interaction
partners that contribute to a stiff nucleus.

After HS, the expression of lamin A is significanteduced in the parental cell
line, which is expected. The same result is se¢h alone #30. However, there is no
significant change in the expression of lamin Aliones #38 and #66 contrarily to what
was expected. For many other proteins, reductioegpression after HS are proposed to
be due to lack of production and destruction ohggiroteins. In the present case, lack
of reduction post HS is not as easy to explainotdins age and are usually replaced
accordingly. As such we propose that the loss dfiVID3b does not impede the
maintenance of lamin A production after HS as olestrwith the to lack of down-
regulation. How this occurs is not yet understadoolever may be subject to further

inquiries.

Before HS, the parental cell line expresses laBnat a significant up-regulation
of 2 fold compared to Hela cells. Moreover, clgt88 expresses lamin B to a similar
level as the parental cell line, while clones #8d #66 display levels similar to HeLa
significantly lower than the parental cell. As swel propose that partial loss of DNMT
1 function as seen in clones #30 and #66, leattseege changes in expression. However,
the integrity of the nucleus does not seem to bpgedized since none of the cell lines
express levels of lamin B that are lower than Hehawn to have a nucleus with good
integrity. After HS, all clones express signifilgireduced levels of lamin B comparable
to the parental cell line. Moreover, the parergll line expresses lamin B to a level

similar to HelLa cells. Interestingly, all clonexpeess levels that are similar,
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independently of pre-HS levels and of epigenettust As such we propose that partial
loss of DNMT1 function and total loss of DNMT3b, wh imply altered/impaired
epigenetic modifications, do not alter the intggat the nucleus after HS.

In terms of their interactions in epigeneticallyrtwlled pathways, Lamins A and
B are proposed to be affected at different levétvidently if a protein is expressed to
lower levels, it is not available to perform theu&atory steps it is usually involved in.
For example clones #30 and #38 express lower lefeleamin A. However, in these
two cell lines, Lamin B is expressed at normal loo\ee normal levels. Although nuclear
shape is affected in all epigenetically modifiedngs, they survive well in culture. As
such we propose that effects imposed on the expresd Lamins A and B due to
epigenetic modifications may be dampened by mutwahplementation. As such,
regulatory functions of both proteins may the nest be maintained.

General cellular metabolism results in the degradaf aging proteins. When
ideal living conditions are met, these proteins r@@aced by newer ones on a regular
basis. When environmental stress is encountered aacHS, protein metabolism is
altered. During that time several proteins i.e. ARNre thought to be heavily subjected
to alternative splicing (SF2/ASF) (Biamonti and Voh, 2010). This is thought to
impede on the production translation of proteiret #wre not essential for the recovery
process i.e nSB formation. As such, many protaslly found at high levels during
interphase become much less available as degradeeins are not replaced. Our
observations show most proteins examined in thidystemonstrate at least a modest if

not significant drop in expression after HS excipbne instance where Lamin A is
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expressed at similar levels before and after HStalless of DNMT3b function. As such

we propose these proteins are not vital to thevesgoprocess.

V. CONCLUSIONS

In conclusion, | have demonstrated throughoutghigly that exposure to stressful
environmental conditions such as HS induces a dascéd events independently of
epigenetic modifications. More specifically, DNArdethylation is ensued leading to the
expression of Satlll sequences and a re-localizatfdhe SF2/ASF splicing factor within
nSBs. | have also offered more evidence showiag & response is in fact a series of
non-apoptotic mechanisms which are not dependenh®meneral methylation state of
DNA. Instead, response to HS involves coping advery processes that occur through
rearrangements of several cellular components. fHueiced expression of several
proteins is proposed to be the consequence of egerellular metabolic response. This
is contrary to earlier thoughts which stipulatet thgpgrammed cell death or apoptosis is
the only mechanism by which a cell can cope with i@al conditions. Furthermore, the
functions of the nuclear antigens examined in $tigly, for the most part, may not be
affected by epigenetic modifications or HS. Iniidd, more evidence has come through
suggesting Lamin A expression is not a limitingtéador nuclear stiffness. This is not
surprising given the amount of proteins within M and the nuclear Lamina with
similar interactions. Further studies particuldidgusing on the transcription of RNAs
leading to the expression of the proteins assessdtis study would provide even

stronger arguments toward my findings. Taken afale, the results of this study shed
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more light on diseases such as HGPS and otherfwhiolve general demethylation of
DNA and are hypersensitive to environmental steessh as HS (Shumaketral., 2006).

Although epigenetic modifications do not affect #iaility to respond to HS, data has
demonstrated that the extent of this responseugfrdRc and nSB amounts, may be

affected. Recovery experiments would further elatg this matter.



111

REFFERENCES

Alberts, B., Johnson, A., Lewis, J., Raff, M., Rdbe K., and Walter, P. (2002).
Molecular biology of the cell, 4th edition (New YQiGarland Science).

Bartova, E., Horakova, A.H., Uhlirova, R., Raska,Galiova, G., Orlova, D., and
Kozubek, S. (2010). Structure and Epigenetics ofléali in Comparison With
Non-nucleolar Compartments. Histochem. Cytocherb8: 391-403.

Bengtsson, L., (2007). What MAN 1 does to the Sma@beta/BMP signaling and the
nuclear envelope. FEBS2i4: 1374-1382.

Berger R., Theodor L., Shoham J., Gokkel E., Brokeéhi F., Avraham K.B., Copeland
N.G., Jenkins N.A., Rechavi G., Simon A.J. (199Bhe characterization and
localization of the mouse thymopoietin/Lamina-asstec polypeptide 2 gene and

its alternatively spliced products. Genome Re861-370.

Biamonti, G. and Vourc’h, C. (2010). Nuclear strémxlies. Spring Harbor Perspect.
Biol. 2, 695-707.

Biamonti, G. (2004). Nuclear stress bodies: A leteromatin affair? Nat. Rev. Mol.
Cell. Biol. 5, 493-498.

Bird A. (1999). DNA methylation and chromatin madétion. Curr. Opin. Genet. Dev.,
9: 158-163.

Bird A. P. and Wolffe, A.P. (1999). Methylation-inced repression — belts, braces and
chromatin. CelB9, 451-454.

Cai, M., Huang, Y., Ghirlando, R., Wilson, K.L., &gie, R., and Marius Clore, G.

(2001). Solution structure of the constant regidnnoclear envelope protein



112

LAP2 reveals two LEM-domain structure: one bindsBand the other binds
DNA. EMBO J.20: 4399-4407.

Chaly, N., Little, J.E. and Brown, D.L. (1984). ladization of nuclear antigens during
preparation of nuclear matrix antigens during theote cycle. J. Cell Biol 99:
661-671.

Chiodi, I., Corioni, M., Giordano, M., ValgardsdottR., Ghigna, C., Cobianchi, F., Xu,
R.M., Riva, S. and Biamonti, G. (2004RNA recognition motif 2 directs the
recruitment of SF2/ASF to nuclear stress bodiesl®ic Acids Res., 32, 4127-
4136.

Croass, S.H. and Bird A.P. (1995). CpG islands geres. Curr. Opin. Genet. Déy.
309-314.

Dechat, T., Clcek, S., and Foisner, Rt, al., (2000). Review: Lamina-associated
polypeptide 2 isoforms and related proteins in aitle-dependent nuclear
structure dynamics. J. struct. Bidl29: 335-345

Dechat, T., Korbei, B., Vaughan, O.A., Clcek, Syt¢hison, C.J., and Foisner, R.,
(2000). Lamina-associated popypeptide #nds inranuclear A-type Lamins. J.
Cell Sci.113: 3473-3484.

Delbarre, E., Tramier, M., Coppey-Moisan, M., Gaill, C., Courvalin, J.-C., and
Buendia, B. (2006). The truncated preLamin A in ¢tirtson-Gilford progeria
syndrome alters segregation of A-type and B-typmibahomopolymers. Hum.
Molec. Genetl15, 1113-1122.

Denigri, M., Chiodi, 1., Corioni, M., Cobianchi, FRiva, S. and Biamonti, G. (2001).
Stress induced nuclear bodies are sites of acctiowlaf pre-mRNA processing
factor., Mol. Biol. Cell 12: 3502-3514.



113

Denigri, M., Moralli, D., Rocchi, M., Biggiogera, MRamondi, E., Cobianchi, F., De
Carli, L., Riva, S. and Biamonti, G. (2002). Hun@dmomosomes 9,12 and 15
contain the nucleation sites of stress-induceddsdilol. Biol. Cell.13: 2069-
2079.

Derynck, R., Zhang, Y., and Feng, X. H. (1998). 8maranscriptional activators of
TGF-beta responses. Céb: 737-740.

Egger, G., Jeong S., Escobar, S. G., Cortez, QiCI, W., Saito, Y., Yoo, C. B., Jones,
P. A., Liang, G. (2006). Identification of DNMT1 A methyltransferase 1)
hypomorpHS in somatic knockouts suggests an esseolie for DNMT1 in cell
survival. Proc Natl Acad Sci U S A. 103: 14080-1808

Espada, J., Ballestar, E., Santoro, R., Fraga, M.VHar-Garea, A., Juarranz, A.,
Stockert, J.C., Robertson, K. D., Fuks, F. andlEs{eM. (2004). Human DNA
methyltransferase 1 is required for maintenancéhefhistone H3 modification
pattern. The J. Biol. Cherd79, 37175-37184.

Espada, J., Ballestar, E., Santoro, R., Fraga,.MWilar-Garea, A., Németh, A., Lopez-
Serra, L., Ropero, S., Aranda, A., Orozco, H., MoxeV., Juarranz, A., Stockert,
J.C., Langst, G., Grummt, I., Bickmore, W. and HsteM. (2007). Epigenetic
disruption of ribosomal RNA genes and nucleolar hiecture in DNA
methyltransferase 1 (Dnmtl) deficient cells. Nuckcids Res35, 2191-2198.

Foisner, R., and Gerarce, L. (1993). Integral memérprotein of the nuclear envelope
interact with Lamins and chromosomes, and bindsgnobdulated by mitotic
phosphorylation. Cell3: 1267-1279.

Georgatos, S. D., Meier, J.,, and Simon, G. (1924mins and Lamin-associated
proteins. Curr. Opin. Cell Biob: 347-353



114

Goll M. G, Kirpekar F, Maggert K. A., Yoder J.A.,.Sith C.L., Zhang X., Golic K.G.,
Jacobsen S.E., Bestor T.H. (2006). Methylation RNA Asp by the DNA
methyltransferase homolog Dnmt2. ScieBt#&:395-398.

Grant, T. M. and Wilson, K. L., (1997), Nuclear @sbly. Annu. Rev. Cell. Dev. Biol.
13: 669-695.

Gruenbaum, Y., Wilson, K. L., Harel, A., GoldbeM,, and Cohen, M. (2000). Review:
Nuclear Lamins - Structural proteins with fundanaritinctions. J. Struct. Biol.
129, 313-323.

Harris, C.A., P.J. Andryuk, S. Cline, H.K. Chan, Natarajan, J.J. Siekierka, and G.
Goldstein. (1994). Three distinct human thymopagetre derived from
alternatively spliced mRNAs. Proc. Natl. Acad..®di 6283-6287.

Hellemans, J., Preobrazhenska, O., Willaert, Apd2e, P., Verdonk, P. C. M., Costa, T.,
Janssens, K., Menten, B., Van Roy, N., Vermeuled, $., Savarirayan, R., Van
Hul, W., Vanhoenacker, F., Huylebroeck, D., De Raep., Naeyaert, J.-M.,
Vandesompele, J., Speleman, F., Verschueren, Kickeo P. J., Mortier, G. R.
(2004). Loss-of-function mutations in LEMD3 resuitosteopoikilosis, Buschke-
Ollendorff syndrome and melorheostosis. Nat. Ge361.213-1218.

Holaska J. M., Lee K. K., Kowalski, A. K., WilsorK. L. (2003). Transcriptional
repressor germ cell-less (GCL) and barrier to aegration factor (BAF)
compete for binding to emerin in vitro. J. Biol. €h.,278: 6969-6975

Jia D., Jurkowska R.Z., Zhang X., Jeltsch A., Ch&ng2007). Structure of Dnmt3a

bound to Dnmt3L suggests a model for de novo DNAhylation. Nature449,
248-251.



115

Jolly, C., Morimoto, R., Robert-Nicoud, M. and Valir, C. (1997). HSF1 transcription
Factor concentrates in nuclear foci during heatckhaelationship with
transcription sites. J. Cell Sdil0: 2935-2941

Jolly, C., Usson, Y., and Morimoto, R. I. (1999)apgd and reversible relocalization of
heat shock factor 1 within seconds to nuclear stgganules. Proc. Natl. Acad.
Sci. USA96, 6769-6774.

Jolly, C., Konecny, L., Grady, D. L., Kutskova, X., Cotto, J.J., Morimoto, R.l. and
Vourc’h, C. (2002). In vivo binding of active heatock transcription factor 1 to

human chromosome 9 heterochromatin during stre€ellBiol. 156, 775-781

Karpf, A. R., and Matsui, S.-l. (2005). Genetic rdgion of cytosine DNA
methyltransferase enzymes induces chromosomalbitistain human cancer
cells. Cancer Re$b, 8635-8639.

King, M. C., Lusk, C. P. and Blobel, G. (2006). Kapherin-mediated import of integral
inner nuclear membrane proteins. Natdd&: 1003-1007.

Laemmli, U. K. (1970). Cleavage of structural pmogseduring the assembly of the head
of bacteriophage T4. NatuP27: 680-685.

Lammerding, J., Fong, L.G., Ji, J.Y., Reue, K. w&iet, C.L., Young, S.G. and Lee, R.
(2006). Lamins A and C but not Lamin B1 regulatelear mechanics. J. Biol.
Chem.281, 25768-25780.

Lee, K. K., Gruembaum, Y., Spann, P., Liu, J., &idson, K. L. (2000).C. elegans
nuclear envelope proteins emerin, MAN1, Lamin andl@oporins reveal unique
timing of nuclear envelope breakdown during mitoMel. Biol. Cell 11: 3089-
3099.



116

Lee, K. K. and Wilson K. L. (2004). All in the falyi evidence for four new LEM-
domain proteins Lem2 (NET-25), Lem3, Lem4 and Lem&e human genome.
Symp. Soc. Exp. Biob6: 329-339

Lin, F., Blake, D. L., Callebaut, I., SkerjancSl., Holmer, L., McBurney, M. W., Paulin-
Levasseur, M., and Worman, H. J. (2000). MAN1, aner nuclear membrane
protein that shares the LEM domain with Lamina-asded polypeptide 2 and
emerin. J. Biol. Chen®75, 4840-4847.

Lin, F., Morrison, J. M., Wu, W., and Worman, H.(4005). MAN1, an integral protein
of the inner nuclear membrane, binds Smad2 and S$naaml antagonizes
transforming growth factor-beta signaling. Hum. M8knet14: 437-445

Lomberk, G. (2007). Epigenetics. Pancreatoldg$96-397.

Maidment S.L. and Ellis J.A. (2002). Muscular dgsties, dilated cardiomyopathy,
lipodystrophy and neuropathy: the nuclear connactixpert Rev Mol Med 4, 1-
21.

Makatsori, D., Kourmouli, N., Polioudaki, H., Styll_.D., McLean, K., Panayiotis, A.,
Theodoropoulos, P.A., Singh, P.B. and Georgatog2004). The inner nuclear
membrane protein Lamin B receptor forms distinccrodomains and links
epigenetically market chromatin to the nuclear épe J. Biol. Chem279,
25567-25573.

Manilal S, Nguyen T.M., Sewry C.A., Morris G.E. @. The Emery-Dreifuss muscular
dystrophy protein, emerin, is a nuclear membraoépr. Hum. Mol. Genet. 5:
801-808.

Mansharamani, M. and Wilson, K.L. (2005). Direatding of nuclear membrane protein
MANL1 to emerinin vitro and two modes of binding to barrier-to-autointeigrat
factor. J.Biol. Chem280, 13863-13870



117

Massagué, J., Seoane, J. and Wotton, D. (2005)d $raascription factors. Genes Dev.
19: 2783-2810.

Metz, A., Johann, s., Vourc’'h, C., Tazi, J. andyJdC. (2004). A key role for stress-
induced satellite 11l transcripts in the relocatima of splicing factors into nuclear
stress granules. J. Cell Sti7, 4551-4558.

Nili, E., Cojocaru, G. S., Kalma, Y., Ginsberg, [@ppeland, N. G., Gilbert, D. J.,
Jenkins, N. A, Berger, R., Shaklai, S., Amarighb, Brok-Simoni, F., Simon, A.
J., and Rechavi, G. (2001). Nuclear membrane proleAP23 mediates
transcriptional repression alone and together stivinding partner GCL (germ-
cell-less). J. Cell Scil14: 3297-3307.

Nicol, S. M., Causevic M, Prescott AR, Fuller-P&dé (2000). The nuclear DEAD box
RNA helicase p68 interacts with the nucleolar groférillarin and colocalizes

specifically in nascent nucleoli during telophaSep. Cell Res257: 272-280.

OcHS, R. L., Lischwe, M. A., Spohn, W. H. and Busth(1985). Fibrillarin: a new
protein of the nucleolus identified by autoimmueess Biol. Cell. 54: 123-133.

Oligny L.L. (2001).Human molecular embryogenesis.oaerview. Pediatr. Dev. Pathol,
4: 324-343.

Osada, S., Ohmori, S.-Y., and Taira, M. (2003). XIN1A an inner nuclear membrane
protein, antagonizes BMP signalling by interactiwgh Smadl inXenopus
embryos. Dev130:1783-1794.

Pan, D., Estevez-Salmeron, L. D., Stroschein, SZhu, X., He, J., Zhou, S., and Luo,
K. (2005). The integral inner nuclear membrane g@rotMAN1 physically



118

interacts with the R-Smad proteins to repress $liggaby the TG superfamily
of cytokines. J. Biol. CelR80: 15992-16001.

Paradisi, M., McClintock, D., Boguslavsky, R. L.edkelli, C., Worman, H. J. and
Djabali, K. (2005). Dermal fibroblasts in HutchimsGilford progeria syndrome
with the Lamin A G608G mutation have dysmorphic laucand are

hypersensitive to heat stress. BMC Cell Biol. 6:337

Paulen M. and Ferguson-Smith A.C. (2001). DNA. ryktion in genomic imprinting,
development, and disease. J. Pati®b; 97-110.

Paulin-Levaseur, M. Julien, M., Horner, M. and Ch@n (1995). Characterization of the
2H12 antigen as a nonshuttling human isoelectriartiof the nucleolar protein
B23. Exp. Cell Re219: 514-526.

Raju, G. P., Dimova, N., Klein, P. S. and Huang,@.(2003). SANE, a novel LEM
domain protein, regulates bone morphogenetic protsignaling through
interaction with Smad1. J. Biol. Che&v.8: 428-437.

Rhee, I., Jair, KW., Yen R.-W. C., Lengauer, Ceridan, J. G., Kinzler, K. W.,
Vogelstein, B., Baylin, S. B. and Schuebel, K. EOQ0). CpG methylation is
maintained in human cancer cells lacking DNMT1.uxa#i04, 1003-1007.

Rhee, I., Bachman, K. E., Park, B.H., Jair, K\WenYR.-W. C., Schuebel, K. E., Cui, H.,
Feinberg, A. P., Lengauer, C., Kinzler, K. W., BaylS. B. and Vogelstein, B.
(2002). DNMT1 and DNMT3b cooperate to silence gandsuman cancer cells.
Nature416, 552-556.

Rizzi, N., Denegri, M., Chiodi, 1., Corioni, M., Valgamisttir, R., Cobianchi, F., Riva, S. and
Biamonti, G.(2004).Transcriptional activation of a constitutive hetdrmmatic domain

of the human genome in response to heat sidck. Biol. Cell. 15: 543-551.



119

Russo-Menna, I, and Arancibias, C., (2009). Thetchinson Gilford Progeria

Syndrome: a case report. Minerva Anestesiologid51-154.

Shimi, T., Koujin, T., Segura-Totten, M., Wilson, K., Haraguchi, T. and Hiraoka, Y.
(2003). Dynamic interaction between BAF and emeewvealed by FRAP, FLIP,
and FRET analyses in living HeLa cells. J. StrBabl. 147: 31-41.

Shumaker, D. K., Dechat, T., Kohlmaier, A., AdamAS Bozovsky, M. R., Erdos, M.
R., Eriksson, M., Goldman, A. E., Khuon, S., CdllinF. S (2006). Mutant
nuclear Lamin A leads to progressive alterations epigenetic control in
premature aging. Proc. Natl. Acad. Sci. USJS, 8703-8708.

Tews, D. S. (1999). Molecules in focus. Emerin. lntBiochem. Cell. Biol31, 891-894.

Tsuchiya Y. (2007). Till disassembly do us parhappy marriage of nuclear envelope
and chromatin. J. Biocheni43, 155-161.

Tsukahara, T., Tsujino S, Arahata K. (2002). CDNAcnmarray analysis of gene
expression in fibroblasts of patients with X-link&mery-Dreifuss muscular
dystrophy. Muscle Nerve5: 898-901.

Valgardsdottir R, Chiodi I, Giordano M, Rossi A,Z#i S, Ghigha C, Riva S, Biamonti
G. (2008). Transcription of Satellite Il non-codirRNAS is a general stress

response in human celNucl. Acids Res2, 423-434.

Vicek, S. and Foisner, R. (2007). Lamins and Laasseciated proteins in aging and
disease. Cur. Opin. Cell Bidl9, 298-304.

Wagner, N., Schmitt, J., and Krohne, G. (2004). Tvavel LEM-domain proteins are
spice products of the annotatedrosophila melanogaster gene CG9424
(Bocksbeutel). Eur. J. Cell Bid2: 605-616.



120

Worman, H. J., Lazaridis, I., and Georgatos, S(1088). Nuclear Lamina heterogeneity
in mammalian cells. Differential expression of thajor Lamins and variations in
Lamin B phosphorylation. J. Biol. Che263, 12135-12141.

Worman, H. J., and Courvalin, J.-C., (2000). Theeimnuclear membrane. J. Membrane
Biol. 177: 1-11

Worman, H. J. (2005). Inner nuclear membrane agrebsiransduction. J. Cell. Biochem.
96, 1185-1192.

Worman, H. J. (2006). Inner nuclear membrane argllagon of Smad-mediated
signaling. Biochim. Biophys. Acta — Mol. Cell Bidlipids. 1761, 626-631.

Worman H.J. and Bonne G. (2007). "Laminopathies"wide spectrum of human
diseases. Exp. Cell R&l3, 2121-2133.



121

APPENDIX 1 - Mechanically guided analysis of nuclear membrane asticity;

nuclear strength assessmentlin collaboration with Dr. Andrew Pelling, Depaent of
Physics, University of Ottawa, a mechanically dnienalysis of nuclear stiffness was
conducted where the star represents significafgrdifice from the parental cell line and
the triangle from HeLa. HelLa and HCT116 cells wWeaevested before HS. A total of
25 randomly selected living cells per cell line eaneasured. Statistical analysis was

performed and returned to us by Dr. Pelling’s regeteam.
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