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Abstract

Transcription hasurned out to be a discontinuopsocess when imaged atingle
cell level. This observation is referred to as transcriptional bursting or pulsing and has been
detectedn a variety of organismsangingfrom bacteria to mammalian cellBhe dynamics of
transcriptional pulsing anafluencedby the properties intrinsic to the transcriptional process,
as well as by upstream factors: chromatin environment, signalling molecelesycle stage
etc. In the first part of this thesis, we focused on the regulation of transcriptional pulsing in the
nucleolus.Using imaging of living cells, @& detected pulsatile transcription of a transgene
with nucleolar Igalization whose expressi wasmediatedby RNA polymerase II. In the
second part of the thesis, we investigated the relationship between chromatin decondensation
and transcriptional dynamics. We used hyperosmotic medium to induce global condensation
of chromatin and revealed thaipon chromatin decondensation, a transient spike in
transcriptional intensity occums induvialliving cells Next, weanalysed expression of TFRC
and POLR2A genes in several cell cycle stages using singlecale RNA FISH. We
detectedincrease in botlirequency and size of transcriptional pulses during a limited time
window which coincided with chromatin decondensatiamirdy telophase/early G1. This
upregulationof transcriptionwas controlledby processeslistinct from the interphase. We
suggestthat transcriptional output is largely affected by chromatin decondensation through

specific and unspecific mechanisms.

Key words: cell nucleus,nucleolus transcription, trangiptional pulsing, microscopy,

chromatin, chromatin decondensation, mitosis



Abstrakt
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1. Review of literature
1.1 Introduction

The process of gene expression determines long term characteristics of cells, tissues
and organismslin this process, the information encoded by DNA molecules is transcribed to
MRNA molecules, serving as a template foanslation to proteins that forrthe actual
structural and functional units of each cdh. this study, we focus on the process of

transcription.

A major opinion on transcription has been based on molecular mechanisms and on
integrating pieces of inforation to a rather deterministic view of cascades of reactions,
leading to production of RNA molecules. A lack of suitable methods made it difficult in the
past to consider the temporal and spatial features of the process in the first place and the
behaviow of single cells versus cell populations in the second pladih a recent
development of tools for single cell gene expression analysis like fluorescence in situ
hybridization (FISH) and for live cell imaging, transcription has turned out to be a highly
variable process. Individual genes are turned ON and OFF on a timescale ranging from
seconds to hourer days andat each time pointhe mRNA output ofthesegenes differs

significantly amongsingle cells in a population.

The cell biology approach twanscription integrates new levels of gene regulation
that emerge from applications of the recently implemented methods, working with single cells
and single genes. Although it is not capable of bringing novel insights into the molecular heart
of the proess of transcription and oftero@s not explain mechanisticalyow genes are
activated or repressed, its valgan the observations of single cells, fixed or living, and in the
fact that itinvolves a dimension of timen the analysis of gene expressiorhis view is

necessary for complementing any classical molecular biology studies which bring a steady
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state image of cellular populations, although nowadays such image often spans a situation of a

whole genome or transcriptome.

1.2  Noise in gene expression

Transcriptional process is a cascade of binding eanisg a subset of proteins and
DNA leading to formation of macromolecular complexes that are responsible for RNA
synthesisEven when all conditions of this process are constgmbpalation of cellghat are
identical in their genetic backgrourekhibits a substardti cell-to-cell variation in their
phenotype defined as gene expression noisRis was shown experimentally Escherichia
coli in a simple setup of two gene reporters encoding different fluorescent prdieths
controlled by the same promoti&iowitz et al., 2002 Results of such experiments prove that
the identically controlled reporters produce different amounts of proteins and that this

imbalance is different from one cell to another.
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Figure 1-1: Kinetics of individual transcription events. In A, single transcriptional evei
occur with a constant probability. B, the ON periods when transcription is stochasti
activated are interspersed with OFF periods. Adapted (@ofding and Cox, 2006

The noise in gene expression can be divided into two components: intrinsithabise
is inherent to any biologicalrocess where on a microscopic scaieall number of molecules
interacts with each othen a stochastic manneand extrinsic noise where the differential
gene expression is determined by upstreamfactors in the system, likechromatin
environment or cell cycle stagElowitz et al., 2002Swain et al., 2002 The noise strength is
regulated mainly at the stagegdnetranscriptionand not translatigrgiven by the regulatory
mechanisms of various protein factors which influence the statprahoter and its
accessibility for transcription initiatio(Blake et al., 2008E a ¢ h  gremotioscillates
between states that are either permissive orpssmissive for transcription, followed by
periods ofmRNA synthesis or repressiprespectively Thus,different proteinlevels among

individual cells originatérom transcription, not translatidiRaser and O'Shea, 2004



The level of noise in a certain system is sometimes described by a Fano factor which
is the variance divided by the mean of a given distributctdnmRNA count per cellThe
greaterthe Fano factor isthe noisier the gene expression in guylation (Sanchez and
Golding, 2013. The findings associated with tippenomena ofioisy transcriptiorcalled for
a development of mathematical models which wdalthfully describe the stochastic nature

of gene expressiomhe situation whemhe promoter is activated withanstant probability

A

Reporter gene mRNA

Xt Flucrescent DNA
ke probes

Protein coding
region

3' untranslated region containing
32 probe binding sites

Figure 1-2: Gene expression analysis by single molecule RNA FISHA)X the mRNA
molecule of a gene of intergsh this case a reporter gene) is bound by multiple fluoresc
labelled DNA oligonucleotide probesB) in the cell, each mRNA molecule is visible ¢
diffraction limited spot. Adapted frorfRaj et &, 20086.

over time andhe mRNA distribution in acell populationfollows a Poissonfunction can be
described by a orstate model(Fig. 1-1) (Golding and Cox, 2006 This is principally
accurate fohighly expressed genes ihe yeast cell§Larson et al., 2011Zenklusen et al.,
2008. In higher eukaryotes, the twsiate mode(the Random telegraph modé€hig. 1-1) is
more accurate. According to this modéle promoter is in either th@ermissivestate during
which thebursts of transcription occwith a certain probabilt or in the nonpermissive
state when transcription is inactivie.the two-state modedescribeghe experimental data

correctly the transcriptional burst durationfrequency distributioncan be fitted byan



exponential functionwhich reflects the existee of a rate limiting step determining the

switching between staté&olding and Cox2006.

1.3

Novel methodsadvance thenoise analysis

The emerging models of gene expression noise proposed by these studies were

gained by using protein ‘el reporters, e. g. fluorescent proteins and the superior role of

transcription to translation in noise generation was suggested. Nevertheless, the lack of

suitable methods made it impossible to test the hypothesis directly at the stage of transcription

—>
. MS2/PP7 coat protein .
NLS

—>

—-| MS2/PP7 repeat gene of interest

fluorescent protein

MS2 / PP7 coat protein

' | MS2 / PP7 stem loop

Figure 1-3: The MS2 and PP7 reporter systems for RNA visualization in living cellsThe
co-expression of two transcription units, first one for the riisgent protein tagged MS2
PP7 capsid protein and second one for the gene of interest carrying a repeat of the

PP7

stem |l oops in its 5E for i nstance

(Lenstra and Larson, 2016
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in single and/or living cells. Fluorescenioesitu hybridization (FISH) is a detection method

for nucleic acids visualization in fixed cells that has been known for a longRinw&.FISH

has been updated by usage of sets DNA oligo probes, each conjtgated or more
fluorophores, that span a substantial part of mMRNA to gain a single molecule sensitivity
(Fig. 1-2) (Femino et al., 1998 Single molecule RNA FISH (smRNA FISHY)lows precise

and automatizedocdization and quantification ofranscription spat as well as mature
MmRNAs (Mueller et al., 2018 Although limited to a temporal snapshot, this method was used
for setting up a number afhathematical models describing gene expression in various
organismsln one of thepioneer stuiks of gene expression noige mammalian cell§Raj et

al., 2009, transcription of transgenes as wadl endogenous genes was analysed by RNA
FISH with single molecule precisioi\ll tested genes exhibited large cell to cell variations in
MRNA abundancewhich confirmed that gene expression noise is establishedgdthie
transcriptional process and thatettmain source of noise is the intrinsic variability in
frequency of particular gene activation and inactiva(i@aj et al., 2006 The observation

that not all nuclei in a cellular population contaitranscription spohas been referretd as
transcriptional burstingThe adaptation of RNA phage based reporter systems for RNA
imaging in living cells, particularly the MS2 systéRig. 1-3) (Bertrand et al., 1998meant a

real breakthrough in the investigation of noise sources and gene expression regulation. This
reporter is based on a sequence speaifieraction of the MS2 phage capgidteinwith its

RNA operator present in the viral genonféalegard etal., 1997%. The MS2 binding
sequence, respectively its slight modification, can be inserted to any gene of interest,
prefeably in multiple copies. Wdm a gene is transcribestem lo@ structures are formed on

the RNA that are specifically regmized and bound by the MS2 cappiwtein (MCP), each

stem loop by a pair of MCP. Once MCP is fused to a fluorescent protein of choice, and once it

is expressedn a cell along with the MS2 sequence taggegortergene, a site o0RNA

11



localization(Bertrand et al., 1998-usco et al., 2003r nascent RNA productiof@anicki et
al., 2004 ShavTal et al., 200% can be detected in living cell&oing even further, the
technology was employed in detecting endogenous mRNAs in living mice titsoleset et

al., 201).

The first studies in prokaryot¢&olding et al., 200pand simple eukaryotg§€hubb
et al.,, 200 employing the MS2 systeradvancedthe field of transcriptional burstg or
pulsing in terms of real time transcriptional imagihgbacteria, a plasmid encoded reporter
gene that had been tagged with 96 MS2 stem loops was transcribed in bursts of varying
frequency and size. The length of the ON and OFF periods of the gene activity followed
exponential distribution which is in agreent with the stochastic model of prokaryotic gene
activation and inactivatiorfGolding et al., 2006 In the important study by Chubb and
colleagues, an endogenous developmentally regulated gédetpdsteliumdiscoideumwas
tagged by the MS2 sThismaslthe firgt saseiofliving tra;mscription UT R .
observation in eukaryotic cells. ThdscA gene is indeed transcribed in variable pulses.
Strikingly, the parameters of these pulses do not change as the cells receive signals for
differentiation, pointing to the robustness of the gene circuits and the eeisténthe

transcriptional memorgChubb et al., 2006

A complementary system to MS2 called RBim et al., 200) was first employed in
Saccharomyces cerevisigells toimagetranscription initiation, elongation and termination

events with single molecule sensitiv{lyarson et al., 20])1

12



1.4  Pulsatile transcription is in action many organisms

It has turned out that bursts or pulses of transcription are an evolutiooafigrved
feature of gene expressionhe first evidence was collected in bacté@alding et al., 2006
and Dictyostelium(Chubb et al., 2006which both have become a popular model system for
transcriptional imaging, as described lafEranscription of the bacterial genes tends to be
bursty with varying duration of activity pulses. This variability is fioked to a specific
promoter orupstieam stimulus but rather acts across the bacterial chromosome in a gene
unspecific way(So et al., 2011 The situation is more conmgy in yeastwhere n contrast to
gene expression regulation in higher eukaryotes, most gensst behave in a burstyanner
but get activated by a singitochastievent and then are transcribed constitutively. This fact
might be explained by the high speed of ahllision typical for yeast, as well as by the
characteristics of the transcriptional complexes formed by these orgafliamsen et al.,
2011 Zenklusen et al., 2008In addition, RNA polymerase (RNApoll) driven pulsing of
transcription was observed in yeast cells, wherestipeession of a reporter gene inserted to

therDNA was monitored by RNA FISKTan and van Oudenaarden, 2010

In Caenorhalditis elegansthe deterministic development functions in buffering any
stochastic fluctuations in gene expression. Nevertheless, in embryos harbouring mutation of a
gene that masters a small gene network, phenotypic variations were ascribed to stychastici
of gene expressiowhich was revealed by RNA FISKRaj et al., 201p FISH hasalsobeen
employed to show a proof of transcriptional bursts in tissues of multicellular organisms like
Drosophila melanogasteDuring development, Hox gen8grin parasegments PS2 and PS3
are expressed in a stochastioda until a certain threshold mMRNA numbe is reached. The
MRNA abundancés then maintained by bursts of transcript{@are et al., 2009The crucial
role of transcriptional bursting in pattern formation of Bresophilapre-cellular embryo has

been demonstrated by the MS2 syst@othma et al., 2004 In the plant model organism

13



Arabidopsis thalianaoscillating expression of a luciferase based reporter gene was detected.
The function of these periodical bursts is to mark position of future lateral ([doteno

Risueno et al., 2030

Indeed, a growing body of research has been conductedstly mammalian cells
with focus on details of bursting origin, regulatiand molecular mechanisms. Some of them

will be mentionedn thefollowing chapters.

A Propagation of
upstream fluctuations Spontaneous bursting

Upstream | /4 4 R e e e
activator M "t.l'l,"u.r-.,f'lp" W‘,J
Promoter |—“| |_| |_!~ [ J-|,

state

mina | | | S | 01

Time Time

Figure 1-4. Extrinsic and intrinsic factors drive transcriptional bursting. Left, pulses ¢
transcription follow the upstream factors, acting in trans. Right, transcription occurs ir
intrinsically without the influence of any upstream factors. Adapted ftaonnet and Singe
2012.

1.5 Modes of transcriptional bursting regulation

Numerous studies have shown that transcriptional bursting is a general feature of
gene expressionA range of mathematical maels hasbeen postulated to describe the
temporal behaviour of transcription in individual cells. However, questions remain to be
answered about the regulation of switching gene activity between the periods of ON and OFF.

Cis mechanisméintrinsic to partcular gene)nclude influence othe genomic context and

14



various regulatory sequences, particulgngmoterarchitecture. Mechanisms acting in trans
(extrinsic mechanisms)nclude mainly the chromatin environmenand protein factors
involved in transcriptioal regulation through the extracellular signalling (Figt)XCoulon et

al., 2013.

The nuclear sp=e is highly organized and its properties differ among individual loci
[reviewed in (Lanctot et al., 200f. A global analysis of human reporter cell lines
investigated bursting of transcription on severalugands of distinct genomic contexts.
Indeed, most of the human genome is transcribed in a pulsatile fashion and not in a
constitutive one. Bursts vary in size and frequency and once a certain frequency ceiling is
reachedonly the burst size can be modidd (Dar et al., 2012 One known exception in
human cells is transcription driven by the exogenodemegalovirugCMV) promoteri it

was shown to be constitué (Yunger et al., 2010

Two simple types oforomoterarchitecture and #ir influence on noise in gene
expression were tested Escherichiacoli, a constitutivepromoterand apromoterwhose
activity is influenced by binding of a simple repressor. Tihiguence of parameters of
promoterarchitecture in terms of RNA polymeraard Lac repressor binding sites strength
wastested by RNA FISH and the data were fitted to models of gene expression noise. Indeed,
the architecture opromotes was crucial for the cetb-cell variability in RNA molecules
number(Jones et al., 20)4In yeast, a high throughput scresgiof thousands gfromoter
sequences showgulomoterdriven noise, increasing with number of transcription fa€t®)
binding sites and decreasing with sequence characterised by lower nucleosome occupancy
(Sharon et al., 2034 Another work carried out in yeast focused on promoter sequence
manipulation. The stronger thé binding site is, the more mRNA molecules are produced

during each pulse of transcription and the noise level is therefore re(lDadni et al.,
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2013. Additional study performed in the same organism showed distinct promoter
sequencesanswerdifferentially to the binding of the samdF, leading to gene specific

transcriptional output@Carey et al., 2013

Theinfluenceof enhancersn transcriptional pulsing of specific genes has emerged
only recently The i nt globinddcus @ontrolorégionb(LCR) enhancer with the
b-globin gene promoter is well-establishednodel for such regulation. Employing a novel
Zinc finger nucleaseechniquefor forced DNA looping in living cells, Bartman and
colleagues examinetie role of LCR- promoter contact during the maturation of murine and
human erythroid cells. They showed that bivdguency of busting and burst sisereduced
in the absence of LCH&trikingly, the burst frequency is predominanthcieased upon forced
LCR cont ac-g!| ovib it-giobiw pmoenotdmvhile the bust size remains unchanged
When LCR is recruit ed-atndadglahh genes argactvdtee bylthec u s ,
enhancer which rapidly switches between the two pteragBartman et al., 2096 The
majorinfluence of enhancenediated regulatioon the bursting frequency was confirmed in
Drosophila The authors imaged the expression of two transgene units tagged by MS2 and
PP7 stem loops, respectively, and both regulated bgnthshadow enhancer placed between
them either symmetrically or asymmetricalspectiveo their promotes. In theasymméric
case, the transgene transcription differed in bursting frequency. As a contrary to Bartman and
colleagues, transcription of the two transgenes regulated by the same enh&mwospphila
exhibited robustly synchronous bursts, even when one of thegeaes was separated by an
insulator sequenc@~ukaya et al., 2006 Additional cis-acting elementontributing to the
pulsing regulatiorare thenoncodingRNAs. In a well described galactose gene network in
yeast, stochastic pulses GAL10 transcription in repressive conditions are blocked by
stochastic production of GAL10on-codingRNA which is encoded by the antisense strand

(Lenstra et al., 2025
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Transcription ofa certain subset oflenes is activated by a specific signal coming
from outside ofthe cell and leading to differentiation or changes in the cell fate. In
Dictyostelium signalling through cAMP and DIF initiates adoption of a stalk fatenediate
earlyresponse to this signal is accomplishedebgnAgene transcription, occurring in pats
of irregular size and duration. Growing doses of cAMP and DIF only increase the proportion
of activated cells but do not change the properties of transcriptional [{Skesense et al.,
2010. In general, his type of regulation i1 actionfor Dictyosteliumgenes associated with
differentiation, where only the probability of gene firing changes upon various stimulations
but theburstsize stays unchanged. Moreover, the mRNAEdifferentiation associated genes
are characterised by a high turnover rate. The opposite is true for housekeeping genes, whose
bursty transcription can be tuned by changing the size of pulses during@ddterentiation
(Muramoto et al., 2002 To sum up, while developmentally associated genes respond to
stimuli in astochastidashion, housekeeping genes that are necessatlgef@urvival of the
cell aresubject to tighter regulatica thus finer tuningThe temporal profile of transcriptional
bursts is driven by upstream oscillatory signals, e.g. cAMP signalling that isdsbgse
populations ofDictyostelium cells. Although heterogeneity in transcriptional response is
present in individual cells, the population average responds synchrorouskgracellular

signalsto gain proper developmental timing in a particular nigderigan and Chubb, 2014

In mammalian cellsa vast range of signalling cascades influencing transcription is in
operation. For instancdranscription of thectgf gene can be activated by both TGF
signalling and serum stimulatio@nce followed in living cells,hese two types of upstream
signalsgain two different types of transcriptional responses of the same gkaeserum
response was characterised by a single long burst anebTGBy a s eswhogesizeof bur
could be modulated by the dose of the activating molec{Msdina et al., 2013 The

existence of distinct responses of iagee gene to various stimuli points to physiological
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significance of busting regulatioBteroid receptors regulate pulsing of transcription in a dose
dependent manner, where the increase in steroid ligand concentration increases the bursting
frequency. Te size and duration of bursts remains unaffe@itadson et al., 200)3The ¢Fos
genepresents a good model for investigation of signal activated transcriptional bursting
without the influence of chromatin dynamics as the promoter of this gene is devoid of
nucleosomegAdelman and Lis, 20)2and the expression of this gene responds to serum and
zinc stimulation viaMAPK pathway anddifferent TFs. This signalling scheme leads to
frequency modulated bursts ofFos transcription. Moreover, a synergistic response to
multiple TFs binding thesamepromote has been detectg&enecal et al., 2014Another
serum r es p oactnicentainsgaenime respdnse elementits promoter and th
transcriptionaloutput of this gene can thus by modulated by the levelsestim response

factor. I n a reacti on t-actinsmRNA impralucedrmualstzatp ipudsa of t h e
transcriptional activation. It was shown that the dMRmediated reduain of the serum
response factgorotein leads to a substantial alteratiorbiactin transcriptional pulse shape

with a delayed and reduced response to serum stimulus, and a reduced number of activated
b-actin alleles. Interestingly, this gene can "sérnbke amount of its protein product. When

t h eactib level decreases upon a treatment with a respective siRNA, the transcription pulses
increase irboth size anddurationto a maximal possible outp(iKalo et al., 201k Recently,

an interesting phenomenamtranscriptional rgulation has been described in human foreskin
cells. When cells increase in volume, the bursts of transcription increase accordingly in their
size to maintain the concentration of particular mRNA species cor{§tadovanAVierhar et

al., 2015. Discontinuous transcription was proven to be in actbso in intact tissues.
Transcriptional bursting was detected in mouse liver cells for several metabolic genes,
including those with glycolytic and gluconeogenic function. Strikingly, distinct mechanisms

work in the intact tissue toegulatethe transcptional noise arising from the pulsintpw
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MRNA degradation rate and polyploidy, both compensating for the stochastic activation of the

promotes (Bahar Halpern et al., 2015

The chromatin environment is essential for the existence of transcriptional bursting
since transietly transfected, unintegrated trariptional units are transcribed a constitutive
fashion(Larson et al., 20)3Initial studies suggested a role of chromatin remode(lBigke
et al., 2003Raj et al., 200pRaser and O'Shea, 2004 yeast cells, thpromotes inan array
of the CUP1 genes are activated by Acelp transcriptional activator. A cyclic pattern of
binding of Acelp to its cognate sequence was observed in individual living cells and shown to
be driven by ATP dependent chromatin remodel(ikgrpova et al., 2008 A complex paper
from the lab of Felix NaefSuter et al., 200)1worked with short lived luciferase reporters,
where the protein products of the reporter genes are characterised by ébwflstability.

The study focused on imaging of expression from a single reporter allele in mammalian
3T3-NIH cells driven by differenfpromotertypes and genomics contexts and revealed a
highly gene specific behaviour of transcriptional bursts. An auditi finding was that
chromatin acetylation had a minor effect on bursting characteristics, as opposed to the role of
promoterarchitecture(Suter et al., 2001 In a study working with twdifferent proten
reporters frolactin genefused with luciferase and GFP, respectiyelasynchronous
transcriptional cycles were detected in individual mammalian cells. This lead to a conclusion
that local chromatin dymaics are the main driver of activation and inhibition of individual
genes and that the return to the ON state is prevailed by a refractive period possillygause

a nonpervasive chromatin environmef(itarper et al., 2001 Using a series of cell lines
expressing the same transgene but differing in its integration site, Vinuelas and colleagues
showed that the local chromatin dynamics were fuldgponsible for varying pulsing
parameters among these clones. In their hands, the length of the OFwiststehromatin

configuration was closed for transcription, turned out to be particularly important for
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discrimination between the properties offelient genomic locf{Vinuelas et al., 2013 It was
demonstrated by electronieroscopic imaging of thgeastPHOS5 promoter and gene body
isolated with is cognate chromatin contekiat the promoter region randomly cycles through
distinct nucleosomal configurations, each characterised by a different permissiveness for
transcription initiation. The local nucleosome dynamics might thus present a structural basis
for transcriptional pising (Brown et al., 2018 Moreover, when lower nucleosomal
occupation is achieved through promoter sequence manipulation, the prdimogerate
increases and transcriptional initiation is accomplished with higher freq@Pacyani et al.,

2013.

The randomtelegraph(or two state)model of gene expressidharson et al., 2013
Larson et al., 2009~hich considers that theromoterfinds itself either in an ON state or an
OFF state, where the ON state is characterized by a certain transcription initiation rate, has
been challenged by severtiidies suggesting existence of multiptemoterstatesduring the
period of gene activityDar et al., 2012Neuert et al., 2013enecal et al., 20)4A complex
analysis of transcriptional dynamics of thet5 gene inDictyosteliumhas shown that there is
indeed a spectrum @lctive promoterstates which can be characterized as a transcrgbtion
state continuum. The authorsiggest that every transcriptional event is influenced by
fluctuations in the initiatiorrate andelongation rate and that these parameters can change
during each burst. Switching to the more productive promstees is influenced by the
binding ofmembes of the transcriptional machinery to the promoter, as was demonstrated by

the TATA boxsequencenutants(Corrigan et al., 2006

The molecular mechanisms of transcriptional pulsing were not known for a long
time, with a few exceptional studies that have emerged recently. An elegant study in

prokaryotic cells suggested a pivotal role of positive supercoiling accumulation on DNA
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temphtes that are subject to multiple rounds of transcription, leading to transcriptional
repression. When the supercoiling tension is released by the gyrase, the gene switches from
the OFF back to the ON stat@hong ¢ al.,, 2014. Novel findings about general
transcriptional mechanisms shed light on the nature of transcriptional pulses which are
generated by muHRNA poymerasell (RNApolll) convoys moving across the gene body.
The authors put forward the idea of mgtiale transcriptional burstingy a pernssive state

of the gene, the ON periods generated by individual convoys are separated byistubet,

range OFF periods, whereas no activity is detected dthiigng termnonpermissivestate
(Tantale et al., 2036 Upon a knocidown of one member of the Mediator complex,
shortened and less intense convfysrsts)were sptted, but without any change in bursting
frequency. In contrast, the inspection of TATA begquencemutants proved that the
compromised TATAbinding proteinassociation wittthe promoter results in more frequent
long term norpermissiveperiods One carthus assume that the modulation of transcriptional
pulsing is achieved throaghe action of Mediator and TATFBinding proteinvia short term

and longterm interactions with the promoter, respectivdljantale et al., 2036 When
compared withCorriganand colleaguesthe TATA box mutations seem to have a greater
impact on transcriptional pulsing regulatioin multicellular eukaryotes than in the

Dictyosteliumcells.

1.6  Therole of chromatin condensationin transcription al dynamics

In general terms, chromatin condensation level is one of the main drivers of
transcriptional regulation. Two distinct types of chromatini euchromatin and

heterochromatiri are characterized by transcriptional activity and transcriptional silencing,
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respectivelyThe euchromatin part of the nuclear space is generally considered to be the open,

decondensed arichnscriptionally permissive compartment, as opposed to heterochromatin.

The degree of transcriptional activity has beeiggested to bknked to chromatin
compaction or condensation statnd vice versaA classic example ofthe functional
relationshp of chromatin condensation and transcription are the polytene choomes in
insect salivary glandsn Drosophilafor instance.lt was demonstrated that transcriptional
activation leads to formation of large regions of decondensed chromatin called puffs
(Daneholt, 197p These regions are characterized by a massive recruitmaRNApolll
molecules(Lis, 2007. Transcriptional induction by acidic activation domains like VP16
targeted to transgene loci leads to Uofoy of heterochromatin domains and recruitment of
chromatin modifying enzymearpenter et al., 2003 umbar et al., 1999 Chromain can
also get decondensea response to hormone mediated transcriptional activation of a gene
array, with the degree of decondensation being proportional to the level of transcriptional

activity(M¢ I | er et al ., 2001

The higher order chromatin structure is even more important for regulation of
endogenous genes. Thartscription of HoxB gene clusteluring mouse embryonic stem
(ES) cell differentiationis accompanied by chromatin decondensation as well as by looping
out from the chromosome territories, as visualized by in situ hybridizé@bambeyron and
Bickmore, 2004 Recently,a novel super resolution microscopy technigadled binding
activatable localization microscopyhelped to detect deconé&nsed chromatin at
transcriptionally active loci, providing further evidence for a link between chromatin

compaction levels and gene activitfyang et al., 2014b

All the studies cited above point to a correlation between transcriptional activation

and chromatin decondensation. However, none sought to determine whether the opposite
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scenario is in operation, thus if decondensation of chromatinetessaryto trigge
transcriptional activation. A recentvork used the transcription activatelike effector
technology to address this isgfdnerizols et al., 2004 Targeting of the effd¢ors to specific

genes revealed that chromatin decondensation could be uncoupled from transcriptional
activation. However, this study was carried out in fixed cells which makes it difficult to study

direct effects of chromatin decondensation on the orisetszent transcription.

In addition to the techniques used to modulate the chromatin compaction levels of
transgenic arrays or at specific genssyeralapproaches can be used to do the same on the
scale of the whole nucleu®ne of them isdepletion ofcellular ATP by treatment with
glycolytic and respiratory inhibitor€ushman et al., 2004° r i s ¢ h egShavaal et |, 200
al., 2004. Such treatment leads reversiblechanges in chromatin condensatandits effect
has beenmaged in livingcellf L1 r es elttwasaptoposethatid th® gonditions of
ATP depletion,chromatin ondensation is an outcome tife neutralization of repulsive
charges on the DNAtriggered by the increaseof polyamines and divalent cations
concentraion, respectivelyVisvanathan et al., 20).3Undersuchconditions, transcriptiors
repressed and ATBependent chromatiremodellingmachineries are shut dovKlinker et
al., 2014 Lusser et al.2005 Saha et al., 2006ran et al., 200 Another example of global
chromatin condensation is the induction of experimental ischemia triggered bgxygn
and nutrition depletion from the cells. Upon recovery from this treatment, chromatin adopts
more open configuration than in the untreated cells which is more permissive to transcription

(Kirmes et al., 2016

An increaseof the osmolarity of the cultunmedium (Robbins et al., 1978as been
shown to lead toformation of so calledhypercondensation of the chromatin (HCC),

characterised bg decrease in nuclear volume, the formation of chromatin bundles and the
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expansion of the interchromatin compartmétbiez et al., 2008 Such condensation of
chromatin redges levels comparable to mitogidartin and Cardoso, 20).0 The treatment
was prove to be fully reversible since hypercondenshtbmatinreturns to the initial state
immediatelyupon returning the cells to isotonic mediAlbiez et al., 200h Fluorescence
recvery after photobleachind=RAP) experiments revealed that histone dynamics is slower
and access of histones and nbistone proteins to the nucleoplasm is restriciedhe

hypercondensed chromatfiMartin and Cardoso, 2010

As discussed above, miple models of globally compacted chromatin were
experimentally tested. Nevertheless, an evidence of a direct influence of chromatin
condensation and decondensation dynamics on transcriptional bursting has not been
established. To do so, one needs to esnaehniques comprising both the direct imaging of
transcription in living cells and the reversible manipulation of global chromatin condensation

State.

1.7  Transcriptional regulation and chromatin dynamicsduring mitotic exit

As discussed in previous chapters, the upstream factors such as signalling cascades
and chromatin compaction state influence transcriptional pulses and bursts. Another
transcription drivingforce is the cell cycle whosendividual stages have been extensely
studiedin terms of gene expressiorhe influence of DNA replication on transcription during
and after the Phase is one of such cas&¥ith regard tothe dynamics ofchromatin
compaction statehe G1 stage when chromatin decondensatiors alkeeis of a particular
interest. Mathematical analysis suggests that the effect of random partitioning of mMRNA
molecules between the two daughter cells at cell division presents a substantial source of gene

expression heterogeneity in cellular populatidah and Paulsson, 201 During G1 phase
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the cellsneed tarespond to this significant shift in mRNA conteimt.C. elegansembryos, the
timing of transcriptional onset of particular genes follows the progression through the cell
cycle and is affected by changes in proliferation and development rate of the organism.
Transcription is thus somehow coordinated with the entry fo (Rair et al., 2018
Furthermore, there is little evidence about the propagation of active transcriptional states
between mother and daughter cells since duBid, the pramitotic state of chromatin should

be restored. What is the role of chromatin decondensation in these iBasas#ly, the two
processe$ transcription and chromatin decondensatiomave been investigated separately

although a G1 specifimnctional relationship between them is a tempting hypothesis.

During the early prophasechromatin condensesirough the action of condensin
and the nuclear envelope breaks down to allow numerous cytoplasmic proteins to access the
chromosomes and easkeir compaction.The trigger for chromatin condensation is the
phosphorylation of condensins by cyclinB/Cdiagliuca et al., 2031 Surprisngly, some
authors suggest thahe level of mitotic chromatin condensationjist two to threefold
higher than that of the interphase chrom#tiagnarelli, 2012 The exact pathway through
which the mitotic chromosomes condense is currently a subject of controversy. Holever, t
establishmenof the X shaped mitotic chromosome is accomplishwth cooperationof
condensis, scaffold proteins and posttranslational modifications of histone Tdikye is a
contribution ofthe processes dbop formation axial compression and lateral compaction

[reviewed in(Antonin and Neumann, 20)]6

The maximal level of chromatin compaction is reached in anaghse-Bermudez
et al., 2007. During late anaphase and telophase, the reversal of chromatin compaction occurs
to restore the interphase staide exat molecular mechanisms behind this process remain

elusive. The mitotic exit in mammalian cells requires the removal of mitotic phosphorylation
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by phosphatase PPA2 whose depletion delays the mitotic spindle breakdown and nuclear
envelope reassembi§schmitz et al.,, 200)0but it is not clear if PP2A is responsible for
chromatin decondensat i owarkindAin a cdmplexeitherrwihs p h at a
Ki-67 (Booth et al., 2014or with RepeaMan is targeted to the anaphase chromatin and plays
arole in removal of mitotic histone modifications and #sablishment of thearly contacts

of the reforming nuclear envelope with telophase chromosdxregnarelli et al., 2011 In

addi t i gmsphaRasebalind by its nuclear subunit PNUTS is targeted to the reforming
nuclei in telophase. PNUTS was shown to accelerate chromatin decondemmsatitno
(Landsverk et al., 20Q05Another prerequisite for mitotic exit is the removal of the mitotic
kinase Aurora B by p97 ATPase from the condensed chromatin which facilitates its
decondensation(Ramadan et al.,, 20D7Using a Xenopusoriginated cell free system,
Magalska and colleagues identified that the RiikB ATPases decondense metaphase
chromosomes in an active manner, with a crucial role of the ATPase activity in this process

(Magalska et al., 2034but the exact molecular mechanisms remain unknown

The inner organization of the mitotic chromosonies beenstudied using high
throughput techniques that map the global genomdinigl through contacts between
sequenceknown as hromosome conformation captute Hi-C, contacts of all sequences to
all sequences are mappedaumova and colleagues showbeg Hi-C that the mitotic
chromosomes preserve very little structural features of the interphase chromosomes and that
the mitotic arangement in different cell lines is similar. The short and long range interactions
of DNA elements formed in the interphase are lost as the cells proceed through mitosis
(Naumova et al., 2033This implies that the higher order chromatin structiwrasemblegie
novoin each G1Moreover,in comparison to the resf the interphase, chromatin mobility in
early G1 increases and individual loci aaetively repositionedrelative to the nuclear

compartmentgHeun et al., 200IThomson et al., 20Q4Valter et al., 2003
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A classical view of eukaryotic mitosis assumes that transcription is completely
repressedvith the mitotic onse(Johnson and Holland, 196Brescott and Bender, 1962nd
the transcriptional machinergs well as thel'Fs are evictedfrom chromatin(Parsons and
Spencer, 1997Spencer et al., 2000A first sign of active transcriptiom mammalian cells
occursin telophase, synchronized wittuclear entry of the transcriptionally competent form
of RNApolll (Prasanth et al.,, 20D3During mitosis, he gene expression machinery
components are stored in the cytoplasm and the cell reuses them in the next round of
transcriptionm late telophase or early GRrasanth et al., 20D3rhese mitotic paradigms are
challenged by the recent papers which propose that the complete transcriptional shut down
might not be a universal rulBirstly, the engaged complexesRNApolll pausedn the gene
bodyare released by-PEFb phosphorylation to finish tra
at the beginning of mitosigLiang et al., 201p Secondly,thousands of genes being
transcribed at a low leveludng mitosis were identified bythynyl uridine (EU) pulse
labelling followed by sequencin@Palozola et al., 20)7and by Global RunrOn seqiencing
(Liu et al., 2017a These findings seem more plausible when one considers that in general
terms, the mitotic chromatin remains accessible tjinout mitosis to the same exteat in
the interphasdnterestingly, he accessible genomic loci which are characterized by DNAse |

sensitivity often coincide with gene promoters dkcbinding siteHsiung et al., 2015

How is the onset of transcription of specific genes accomplished after mitosis?
Promoters of genes important for céiuidentity are often bound BiFs persisting through
mitosis and helping to restart transcription of such genes after the mitotic exit. This
phenomenon is called transcriptional memory and the binding of protein factors to regulatory
sequences across osis is referred to agene bookmarkingrhe molecular bookmarks play a
role in transmitting the active transcriptional states from mother cell to daughter cells. One

example of such factor the MLL transcriptional regulator, a human ortholog of Trithoma
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Drosophila which facilitates reactivation of praitotically active housekeepinggenes
(Blobel et al., 200p Brd4, a bromodomain containing activator of transcription, binds
promotors of genes specific for mitosis/G1 transition. The level of Bitdingis maximal at

the telophase and positively correlates with H3 and H4 acetyléfieg et al., 200 In
addition, the Brd4 containing loci are subject to prefererRBlApolll recruitment and
chromatin decondensatiofzhao et al., 2011 The master regulator of transcription of
erythroid development associated genes call&dTAl binds theloci hypersensitive to
DNAse | in mitosis due to an open chromatin staiewhole genome analysis of GATAL
binding sites occupancy showed thabdokmarks a subset efythroidtissue specific genes

in mitosis and facilitates the onset of their expression in early G1 while theao&marked
genes are activated in a later wave of transcripi@dauke et al., 20)2FaxAl, a pioneer
factor involved in earlfiver developmentbinds mitotic chromatin in either a specific or a
nonspecificway, both leading to enhancedstmitotic activation of the target genéd/hile

the specifically bound portion of FoxAl remains on the target sites in the interphase, the
nonspecific binding in mitosis arises from the increased affinity of the factor for the

nucleosomal DNACaravaca et al., 2013

The bookmarking mechanisms that are in operatiok$ncells are of particular
interest since the ES cells need to preserve thewressdfving ientity of pluripotency and
undifferentiationacross multiple cell divisiondvitotic chromosomes in ES cells are bound
by the major pluripotency regulator Esrrb but not by Nanog. Esrrb facilitates an immediate
peak of transcription of pluripotency assoethgenes in GIMoreover, its mitotic target sites
are enriched for RNApolll binding and H3K27 acetylatifffestuccia et al., 2016The
important pluripotency network members SOX2 and T@Cwere also shown to bind

chromosomes in mitosis, but the bookmarking activity was detected for SOX2 only on a small
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subset of genes. In the absence of SOX2 bookmarks, the pluripotency maintenance is

impaired(Deluz et al., 2016

The posttranslational modifications of histoneself presentan additional level of
bookmarking. The chromatin features that remassociated with promoters and coding
regions of the active genes throughout mitosis include H3 and H4 acetylation and H3K4
H3K9 andH3K27 methylatiorfor instancg(/Aoto et al., 2008Blobel et al., 2009Kouskouti
and Talianidis, 2005Kruhlak et al., 200AdMcManus et al., 20Q6valls et al., 2005Zaidi et
al., 2003. H3K27 acetylation of promotem mitosis was detected on a genome wide scale in
EScells(Liu et al., 2017 Interestingly, this modificain also correlates with preferentially

reactivated G1 genes in murine erythroid c@isiung et al., 2016

Not only proteins but alssmRNA molecules can act as mitotic bookmarks. The
MRNA coding for aTF Runx2 is produced in a large quantity directly before mitosis in
osteoblasts and partitions symmetrically into daughter cells. It is than translated to protein in
early G1 when Runx2 bis its target to maintain the cell fate of osteoblé@gtsela et al.,
2016. Bookmarking can work in a negative manner as well. Rufor instance, binds the
ribosomal DNA (rDNA)loci in mitosis and interphase in a complex with UBF1 and RNApoll

and negatively regulates the transcriptiomRINA (Young et al., 200

The whole idea of bookmarking by a small groupTdéfs persisting on mitotic
chromosomes has been challenged by a recent §lieggs et al., 20)6vhich demonstrates
a paraformaldehyde (PFA) mediated fixation caused artefact. During PFA fixation in mitotic
cells where the nuclear membraseabsenta wave of the fixative preferentially crosslinks
the cytoplasmic pool of Fs. Because of that, éneffectiveassociation ratef the TF binding
to mitotic chromosomesiecreases andissociation rateincreases, which implies that a

significant portion of thel'Fs dissociate fronthe chromatin. The lower th&ssociation rate
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and thus more mobil€F, the more vulnerable it is to the PFA artef@atves et al., 20)61n
a light of this finding, the whole body of evidence concerning the booknuaily certain
factors should be revisited to analyse the actual extefitFsfeviction from the mitotic

chromosomes.

In terms of gene expression analysisthe G1cells, subset of around 200 G1
specific genes was identifidd a microarray analysiBeyrouthy et al., 2008 A different
group of genes wagscified in aother microarray basestudy aiming for early G1 genes
where the candates were chosen based ondhtntof nascentmnRNA production(Fukuoka
et al., 2013 assuming that the nascent transcription is a more precise indicator of
transcriptional upregulationNevertheless, these and other studiBtobel et al., 2009
Caravaca et al., 201Dey et al., 2009Whitfield et al., 2002 used bulk cell populations to
acquire the data about Gfenestranscription.By using such approachthe fundamenta
observations about transcriptional bursting in individual cells are obscured &g #uy state
average measured acrasdl populationssmRNA FISH brings the advantage of analysing
individual cells from a given population and the ability of calcutatine exact number of

nascent and matureRNA molecules in each cell cycle stage.

The limitations of bulk approaches were owvenein severalrecentpapersfocusing
on the S phasd?adovanAvierhar and colleagues demonstratedsbyRNA FISH in human
foreskin fibroblasts that the frequency of transcriptional bursts decrease® a gene is
replicated to maintain the dosage of transcripts constant after the number ahbiRéules
doubles(PadovarMerhar et al., 2015 The investigation ofNanog and Oct4 expression
through the cell cycle confirmed tefindings, with a similar extentf post S phase
transcriptional compensatigiskinner et al., 2006 In yeast cellsjn contrast transcription

rate increases two fold in S/G2/M phaskich is suggested by the autheosbethe mapr
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source ofgene expressioheterogeneityn this organism(Zopf et al., 2018 To buffer the
difference in DNA copy number during S phase itself, the homogenous rate of transcription
from early versus late replicating yeasinge is maintained bii3K56 acetylation on the

freshly replicated DNAVoichek et al., 2016

Regardingthe gene expression analysis in single G1 cells, the current knowledge is
limited to two papersMuramoto and colleagues usBittyosteliumcells for direct imaging
of act gene transcription via the MS2 system. Interestingly, they revealed that imsthe fi
1-2 hours after mitosis, transcriptional bursts were more frequent than in the rest of the
8-12hours long cell cycle. The busting frequency was similar between cell generations,
implying that the active transcriptional states are directly transféiwedthe mother cells to
their daughtergMuramoto et al., 2000A recent studycarried out in murine erythroid cells
demonstrated that during the transition from mitosis to the early G1, there is a spike in
RNApolll occupancy at mmoters and enhancers of thousands of genes. Moreover, the
authorsusedsmRNA FISH to showthat two of thesegenesexhibit a transientincrease in
transcriptional activity in individual early G1 cellslsiung et al., 2016 The transition from
mitosis to early G1 thus presents a time window in which the genome becomes highly

competenfor transcription.
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2. Aims of the thesis

The main goal of the thesis was to study transcription in four dimensions. We were
particularly interested in the temporal scale of transcriptional regulation in individual living
cells with respect to the phenomenafritranscriptional bursting or pulsing. The next subject
of our interest was the process of chromatin decondensation and its relationship to

transcriptional dynamics.

We stated the following aims:

l. To examine if transcriptional pulsing is regulated by #rmevironmental

factors

Il. To image transcription during condensaticand decondensatiorof
chromatin; to study the influence of chromatin decondensation on

transcriptional output.

[l To analyse gene expression in single cells during individual cell cycle stages
to decipher the role gbostmitotic chromatin decondensation in early G1

transcriptional dynamics.
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3. Materials and methods

3.1 Materials

Plasmids

Table 1: plasmids

Plasmid name

Origin

pIRESpuro3 Clontech, Mountainview, USA

pMCP-GFP Addgene; a kind giftrom Dr. R. H. Singer,
Albert Einstein College of Medicine

pSL-MS2-12X Addgene; a kind gift from Dr. R. H. Singer|
Albert Einstein College of Medicine

pEGFRGPI a kind gift of Dr. G. Kondoh, Kyoto
University

pCR424XPP7SL Addgene; a kind gift from Dr. RH. Singer,
Albert Einstein College of Medicine

H2B-mRFP a kind gift of M. Cremer, Ludwig

Maximilians-University Munich

33



Antibodies

Table 2: antibodies

Epitope recognized by the Species of | Origin
antibody/antibody nickname production
CTD of humarRNApolll mouse Millipore (Billerica, USA)

phosphorylated at Serine 5

Fibrillarin human Autoimmune serum (Charles

University in Prague, CR)

Secondary arinouse and anti goat Jackson ImmunoResearch (Baltimore

human USA)

RPA194 subunit of humaRNA rabbit Santa Cruz Biotechnology (Dallas,

polymerase | USA)

Normal IgG rabbit Santa Cruz Biotechnology (Dallas,
USA)

CTD of human RNAolll (8WG16) | mouse Abcam (Cambridge, UK)

CTD of human RNApadl mouse a kind giftof Prof. Hiroshi Kimura

phosphorylated at Serine 5 (Tokyo Institute of Technology, Japar

b-tubulin (clone E7) mouse Developmental Studies Hybridoma

Bank at the University of lowa (lowa

RNA FISH Probes

The probe against the MS2 stem lsos a Cyblabelled oligonucleotide
( BAEATGGGTGATCCTCATGTF3 E) . The human GAPDH and TFRC(
detected by prelesigned sets of Quasar Sabelled oligonucleotide Stellaris RNA FISH

probes (Biosearch Technologies, Petaluma, USA).
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The PPftagged mMRNA was detected by a mixture of Quasar -tilled
37 20-meroligonucleotide Stellaris RNA FISH probes covering the PP7 repeats)té¢neal
ribosome entry sit¢lRES) and the puromycin coding sequence. The human POLR2A gene
and the first intron of PCR2A were detected by mixtures of 48 and 47-n2ér

oligonucleotides labelled with Quasar 670 and Quasar 570, respectively.

Table 3: RNA FISH probes set detecting the PBgged mRNA

probe name

sequen3cke 5E

VH17 Luc+PP7+Ires+Puro_1

atcttcgagtgtgaagacca

VH17 Luc+PP7+lres+Puro 2

tgttcaaggacttggtccag

VH17 Luc+PP7+Ires+Puro 3

ccccgagattctgaaacaaa

VH17 Luc+PP7+Ires+Puro 4

ctttggatcggagttacgga

VH17 Luc+PP7+Ires+Puro 5

attttcaccgctcaggacaa

VH17 Luc+PP7+Ires+Puro 6

gacatggatgtcgatcttca

VH17 Luc+PP7+Ires+Puro 7

tcagaccttcatacgggatg

VH17 Luc+PP7+Ires+Puro 8

tgatgatcatccacagggta

VH17 Luc+PP7+Ires+Puro 9

atagtgcaggatcaccttaa

VH17 Luc+PP7+Ires+Puro_1i

aatagtcgatcatgttcgge

VH17 Luc+PP7+lres+Puro 1

aacacggcgatgccttcata

VH17 Luc+PP7+lres+Puro 1]

ttacagtgatctttttgccg

VH17 Luc+PP7+lres+Puro 1|

cgtcgataattttgttgccg

VH17 Luc+PP7+lres+Puro_ 1|

atggttactcggaacagcag

VH17 Luc+PP7+lres+Puro 1|

tatagacaaacgcacaccgg

VH17 Luc+PP7+Ires+Puro 1|

cctcacattgccaaaagacg

VH17 Luc+PP7+lres+Puro 1]

aagaagacagggccaggttt

VH17 Luc+PP7+Ires+Puro 1|

aaagacccctaggaatgctc

VH17 Luc+PP7+lres+Puro 1]

ttgcattcctttggcgagag

VH17 Luc+PP7+lres+Puro 2|

cttccttcacgacattcaac

VH17 Luc+PP7+Ires+Puro 2

aaagggtcgctacagacgtt

VH17 Luc+PP7+Ires+Puro 2|

gtgtatcttatacacgtggce

VH17 Luc+PP7+Ires+Puro 2|

caactcacaacgtggcactg

VH17 Luc+PP7+Ires+Puro 2

ccatttgactctticcacaa

VH17 Luc+PP7+Ires+Puro_2|

ccttgttgaatacgcttgag

VH17 Luc+PP7+Ires+Puro_2|

atcagatcccatacaatggg

VH17 Luc+PP7+lres+Puro 2]

atgtaaagcatgtgcaccga

VH17 Luc+PP7+lres+Puro 2|

gcctagacgtttttttaacc

VH17 Luc+PP7+lres+Puro 2]

tcaaaggaaaaccacgtccc

VH17 Luc+PP7+lres+Puro_3i

ttgtggcaagcttatcatcg

VH17 Luc+PP7+lres+Puro 3

ttgtactcggtcatggaagg

VH17 Luc+PP7+Ires+Puro_ 3]

tgaggaagagttcttgcagc
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VH17 Luc+PP7+Ires+Puro_3| tcgtagaaggggaggttgcg
VH17_ Luc+PP7+Ires+Puro_3{ aagcggcttcggccagtaac
VH17 Luc+PP7+Ires+Puro_3| aggccttccatctgttgctg
VH17 Luc+PP7+Ires+Puro_3| atatgctctgctggtticta
VH17 Luc+PP7+Ires+Puro 3| cgccatatcgtctgctectt

Table 4: RNA FISH probes set detecting the human POLR2A gene

probe name sequen3cke 5E
hPOLR2A 1 agttgggaggaaaaagccgg
hPOLR2A 2 tcactacaaaaagcctgcgc
hPOLR2A 3 gactcaggactccgaactgg
hPOLR2A 4 agacattcgcttcagttcat
hPOLR2A 5 tcgtctctgggtatttgatg
hPOLR2A 6 cagttcaatgtggccaaagt
hPOLR2A 7 gggttgttagagtccacaag
hPOLR2A 8 aggtcgtagacatgtgtgag
hPOLR2A 9 ctgagagtcctcattaacgt
hPOLR2A 10 ttgatcttcacgatgtcagc
hPOLR2A 11 tctgtcaatgttgaagggag
hPOLR2A 12 agtcaatgcgatcaccattg
hPOLR2A 13 tgtacggagttgtcacacta
hPOLR2A 14 ggaacatcaggaggttcatc
hPOLR2A 15 gagggagaagatttgcttgc
hPOLR2A 16 agaagaggcgagtgatgtca
hPOLR2A 17 gatgaggagccagttgttaa
hPOLR2A 18 tagtgttctgaatgtcctgg
hPOLR2A 19 tcgatgacctctattacgtc
hPOLR2A 20 gcatcgttaagaatgcggtt
hPOLR2A 21 agacagggatttctgagcag
hPOLR2A 22 gacctgggagatgttaatct
hPOLR2A 23 cggtgcttgaagccaaatgg
hPOLR2A 24 aggtaggagttctccacaaa
hPOLR2A 25 cttgttggaaggcttaagcg
hPOLR2A 26 caactcgttctggatgtgtg
hPOLR2A 27 ttcttgctcaattccttgac
hPOLR2A 28 caggtggatgttgaagagca
hPOLR2A 29 ggaaatgttgatgagctcct
hPOLR2A 30 taagcgaaggagtctttggc
hPOLR2A 31 atcttttcagcaatctgctc
hPOLR2A 32 catatctgtcagcatgttgg
hPOLR2A 33 ccgtgatgatgatcttcttc
hPOLR2A 34 tctccacaatgtcattggac
hPOLR2A_35 ggagccatcaaaggagatga
hPOLR2A 36 cacacaagagagccaagtgt
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hPOLR2A 37 ctggcccagcatgatattct
hPOLR2A 38 aataagagggactctggggt
hPOLR2A 39 ctatagttgggactggttgg
hPOLR2A 40 gaatagctgggtgatgttgg
hPOLR2A 41 ggaaggggagtaacttggtg
hPOLR2A_42 tataggttggagactgtggt
hPOLR2A 43 gctgggactgtaagaaggac
hPOLR2A_44 ggtgggtgaatatttgggac
hPOLR2A 45 ggagatgttggggagtattt
hPOLR2A_46 ctagtaggtgagtacttggg
hPOLR2A_47 aacgggatccagaagttcac
hPOLR2A 48 acccctaagttaaaataccc

Table 5: RNA FISH probes set detecting the intron 1 of human POLR2A gene

probe name sequen3cke 5E
hPOLR2A i1 1 cataagcagcgagaaagcgc
hPOLR2A i1 2 ctgctcaactctttgcaaaa
hPOLR2A i1 3 catctcggacaaagcgctac
hPOLR2A i1 4 ctggagtgtgaaatcagtca
hPOLR2A i1 5 atcgcctttaacgtcggtaa
hPOLR2A i1 6 gtaaagactccctaggattc
hPOLR2A i1 7 ggtttggcttcttaaccaaa
hPOLR2A i1 8 cagaagaggaggaagctacc
hPOLR2A i1 9 cttagcgccacaagggaaaa
hPOLR2A i1 10 cttaactccattctttccag
hPOLR2A i1 11 ggtctctatccacaaacagc
hPOLR2A i1 12 tgaactttctcccagcaaaa
hPOLR2A i1 13 acgttctgactcctgacata
hPOLR2A i1 14 ctgttctagctgttcttaca
hPOLR2A i1 15 ttcactctgcatacttctga
hPOLR2A i1 16 cgtaaatacgttcccacttt
hPOLR2A i1 17 tttgtcaacagtgtcccata
hPOLR2A i1 18 ccagagatgactctggtaga
hPOLR2A i1 19 atcgaagcccaacaatccta
hPOLR2A i1 20 aactgcaagacatgcagagc
hPOLR2A i1 21 ggtccctcaaaatacagaca
hPOLR2A i1 22 ctacccaaaattgaaccgtc
hPOLR2A i1 23 caacaagaggcaccttactc
hPOLR2A i1 24 atacactctgacccctaaga
hPOLR2A i1 25 aattcaaagacccctccgta
hPOLR2A i1 26 cttctaacagcaaggacaac
hPOLR2A i1 27 caaagctctagtaccaaccc
hPOLR2A i1 28 aaattttgtgcacacgctgg
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hPOLR2A i1 29 gaaatccagcaccctctttc
hPOLR2A i1 30 aataggggtcaactactgcg
hPOLR2A i1 31 gcattccatgatagacagtt
hPOLR2A i1 32 caatgtagcccacactctac
hPOLR2A i1 33 caaggatcatcttctcactc
hPOLR2A i1 34 tccctcacaagattataggt
hPOLR2A i1 35 ctcccacatttatgttctaa
hPOLR2A i1 36 acagctttatttggtaccac
hPOLR2A i1 37 gcaaagctaacaaggtcctt
hPOLR2A i1 38 ggagctgtcattgaatctca
hPOLR2A i1 39 cctgaggccacaataacaaa
hPOLR2A i1 40 tgggttctcttigggttctg
hPOLR2A i1 41 ttaaacacttgagggggtgg
hPOLR2A i1 42 ctcactgcctacaggataaa
hPOLR2A i1 43 cattttaaattagcccccaa
hPOLR2A i1 44 tccatcaccaagttcacgaa
hPOLR2A i1 45 tgtcctagacagcagacacg
hPOLR2A i1 46 tgctttcaggctttctgaga
hPOLR2A i1 47 ccacccttctaatgactaat

Oligos forchromatin immunoprecipitatioChIP)

Table 6: oligos for ChIP

Oligo name

Sequenrcke 5E

rDNA detection forward

ACGGTCGAACTTGACTATCTAGAGG

rDNA detection reverse

CGGAAACCTTGTTACGACTTTTACTT

Mypn promoter forward TGCAGGCTAAGAACATCGGT
Mypn promoter reverse GTGCCATGAAGGAAATGTGA
MS212x12 and MS212x15 transgen&rward | CCCTGGCTCACAAATACCAC
MS212%12 and MS21245 transgeneeverse | GAGTCGACCTGCAGACATGG
5E of -IRES®urcRrnsgentorward CGGCCGCATAGATAACTGA

5E of -IRBES®urdtrAnsgeneverse TTTTCTGACCAGATGGACGC
3E of -IRESB®urcRrnsgentmrward CATGACCGAGTACAAGCCCA
3 E of -IRBES®urdtrAnsgeneverse ACACCTTGCCGATGTCGAG
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3.2  Methods common tomore projects

The text in this chapter waslgptedfrom the manuscripts of my publicatiofBioRxiv (doi:

https://doi.org/10.1101/04095Q)Yankova Hausnerova and Lanctot, Z81b)].

Immunofluorescence

All incubations were performed at room temperature. Cells grown on uncoated
18 mmx 18 mm coverslips were fixed with 4% formaldehyde in pKosphate buffered
saline PBS for 10minutes. Cells were washed with 1X PBS and permeabilized with
0.2%(v/v) Triton X-100 for 10minutes. After blocking with 1% (w/\jovine serumalbumin
(BSA) in 1X PBS (PBSBSA) for 30 minutes, cells were incubated with primary antibodies
for 1 hour (1/106 1/1000 dilution in PBEBSA). After 3 washes with 1X PBS for 5 minutes,
cells were incubated with secondary antibodies for 30 minutes (1/400 dilution HBBBS
After final washes with 1X PBS, samples were counterstained with
4' 6-diamidino2-phenylindole (DAPI) (10 g/ ml ) and mount ed i n Pr

technologies, WalthanySA). For the information on antibodies, see Table 2.

Single molecul®&NA fluorescence in situ hybridizatisnRNA FISH)

Cells were grown on uncoated @#nx 18 mm #1.5 coverslips and fixed with
4% formaldehyde in 1X PBS for 10 minutes at room tempegatéfter washing in 1PBS,
samples were permeabilized in 70% ethanol 0V
were rehydrated in 10% formamide/2X SSC for 30 minutes. The hybridization mixture
contained the probes (at final concentrations of dM5n Projects | and Il and 62 nM in
Project lll, respectively), 2hM ribonucleoside vanadyl complex (New England Biolabs,
Ipswich, USA), 2X SSC, 10%extran sulfate and 10% formamide. Hybridization was carried

out for6l12hour s at 37 AC.h 18% formamide/2XsSBC forg30 minutes at
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37AC and wi t minukeXat ®@Qempearvature,5samples were stained with DAPI
106g/ ml) and mounted in Prolong Gold (Life
stored at room temperature foi32days bafre imaging. Fomformation onprobe sequences,

seeMaterials section an@lables 35.

FRAP analysis

FRAP was performed using the FRAPPA module on Andor Revolapoming disc
microscope Images were acquired using an Olympus UPLSAPO 100X/1.4NA oil isiome
objective. A region of interest (ROI, a square of approximatelx 1.50 ) containing the
MCP-GFP spot was bleached using a 405 nm diode lasernf¥00 Prebleach and
postbleach images were acquired for 2 andto 12.5 minutes, respectivelyn lboth cases,
xyzstacks of about 68 68 x 3 O mcentredon the MCPGFP or PCFGFP spot were captured
every 5seconds. Data was corrected for overall nucleoplasmic signal using the ImageJ FRAP
profiler plugin developed by the Hardin Lab
(http://worms.zoadgy.wisc.edu/research/4d/4d.html#fyap smaller square ROl was drawn
around the transcription spot so that the signal which reappeared after the bleaching and
which may have moved laterally was within this ROI. A bigger ROl was drawn around the

whole nuteus and was used to define the nucleoplasmic signal for the FRAP profiler plugin.
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3.3  Project I: Transcriptional pulsing of a nucleolar transgene

The text in this chapter was adapted from the manuscripts of my publications [B{dBixiv

https://doi.org/10.1101/04095Q)ankova Hausnerova and Lanctot, 2019&

Cell culture and drug treatment

HeLacells (ATCC no. CCL2) were cultured in DMEM containing 4ddl of glucose
(Life Technologies, Waltham, USA) and supplemented with 10% foetal bovine $EBBY)
penicillin (50units/ml) and streptomycin (80 g / ml ) . For treatment wit!l
were grown to 6€¥0%confluence on uncoated B@nx 18 mm glass coverslips and then
incubated with actinomycin D (Sigm@drich, St. Louis, USA) at a concentration of

0.050g/ ml OMD . dar 1

Construction of expression vectors (perfor me

A 2109bp blunted Asel fragment from pIRESpuro3 (Clontech, Mountainview,
USA) was inserted into the 4809 blunted ClalXhol fragment of pMCRGFP to geneta a
vector expressing a bicistronic mRNA encoding MGPP and puromycin acetyltransferase
(PMS2GFRIRESPURO). A 654opBamHIBgll fragment from pSEMS2-12X was cloned
into the Bglll site of pEGFPI, after which the EcoRXhol EGFP fragment was replaced
with a PCR fragment encoding G4fésistance. The resulting vector (pN&GS2'2X)
contains a CMYc h i c lkaetim (CAG) promoter driving the expression of the neomycin

phosphotransferase coding sequence fused at
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Generation of cell lines (performedByh r i st i &an Lanct et

Three micrograms of the pMS2GHRES-PURO vector were transfected into £10
HeLacel | s using the FuGene HD reagent accordi
Applied Science, Basel, Swidand). Cells were selected by treatment wit® @ / ml| of
puromycin (SigmaAldrich, St. Louis, USA) for 5 days. The pool of resistant colonies was
expanded and ~8xY(f these cells were transfected withO2) o f -MS2E Ging
FuGene HD as before. G4k&lection (50D g/ ml |, 74. 1% potency, p u
Technologies, Waltham, USA) was begurlas after transfection and lasted 14 days.
Individual clones were grown after limiting dilution of the G4®8istant pool. A total of 44
clones were screengetivo displayed a prominent MGBFP spot in the nucleus and were
subsequently referred to as M3212 and MS2*-15. To assess the integrity of the transgene,
genomic DNA was extracted with DNeasy Blood and Tissue Kit (Qiagen, Hilden, Germany)
and analyse by PCR using either CloneAmp HiFi PCR Premix (Clontech, Mountain View,

USA) or Q5 DNA polymerases (New England Biolabs, Ipswich, USA).

Chromatin immunoprecipitation (ChIP)

ChIP was performed as described previoBliermeier et al., 2013uskova etl.,
20149). In brief, cells were fixed with 1% formaldehyde in 1X PBS, lysed in SDS lysis buffer
(1% SDS, 50 mM TrigdCl pH 8.0, 20 mM EDTA protease inhibitors) and chromatin was
sonicated using a Bioruptor sonicator (Diagenode, Denville, USA). The rabbit polyclonal
antibody against the RPA1%®Ubunit of human RNApobland the normal rabbit IgG were
purchased from Santa Cruz Biotechnologyll@a USA). The mouse monoclonal antilyo
against theC-terminal domain(CTD) of human RNApdl (8WG16) was purchased from

Abcam (Cambridge, UK). Antibodies (5 Og), ch
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Cruz Biotechnology, Dallas, USA) were dildten IP buffer (20 mM Tris HCI, 2 mM EDTA,

1% Triton X-1 0 O , 150 mM NacCl, pH 8. 0, protease i nhi
Beads were extensively washed in IP buffer, then in LiCl buffer (0.25 M LIiCl, 1% NP40,

1% Deoxycholate, 1 mM EDTA, 10 mM riB-HCI, pH 8.0), and finally in TE buffer

(10mM Tris-HCI, 1 mM EDTA pH 8.0). Immunocomplexes were eluted using

70mM Tris-HCI, 1mM EDTA, 1.5% SDS, pH 6.8, reverse crosslinked by incubation in
200mM NaCl at 65AC and treated @gtml 1p0o0tOgi ma
DNA was isolated by Qiaquick PCR Purification Kit (Qiagen, Hilden, Germany) and
analysed by gR-PCR. Results were normalized as percentage of input. For oligos sequence,

see Tablé.

Image acquisition and live cell fluorescence micaysy

For immunofluorescence and RNA FISH, images were acquired on an Olympus
IX71 inverted epifluorescence microscope using a 60X/1.35NA oil immersion objective, an
Andor Clara CCD camera (Andor Technology, Belfast, UK) and an automated4&age
(Prior Scientific Instruments, Cambridge, UK). Live cell imaging was performed using an
Andor Revolution system mounted on an Olympus IX81 microscope equipped with a
Yokogawa CSLX spinning disk confocal unit, an iXon Ultra Andor E®ICD Camera, an
automated XYstage and a piezd stage from Prior Scientific Instruments. Images were
acquired using a UPLSAPO 60X/1.3 NA silicon oil immersion objective. Excitation light at
488nm was from a 50mW solid state laser. Fluorescence was collected using arb25/50
bandpas filter. For acquisition of time lapse movies, cells were seeded on untreated MatTek
glass bottom dishes (MatTek Corporation, Ashland, USA) and grown in medium without

phenol red.xyz stacks of ~114 114x 100 m were acquired at multiple positions every
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15minutes for22 4 hour s. Al i mages wer ezatmospherer ed a

using a live cell observation chamber (Okolab, Naples, Italy).

Image analysig Cel | Tracker software designed by Payv

We processed imagéom RNA FISH using Imagehftp://imagej.nih.gov/i). The
percentage of cells containing any number of hGAPDH or MS2 transcription spots was
determined visually and the DAPI counterstain was used to ascertain their nuclear
localization. Images were acged and processed identically for both untreated and

actinomycin Dtreated samples.

Time series images were analysed using Cell Tracker, a custom designed software
written in MATLAB. Data processing and measurements were performed on maximum
intensity Zprojection images. To segment nuclei, we applied a Gaussian filter followed by an
algorithm based on adaptive threshold selection. Once the nuclei had been segmented,
spotlike signals were localized by finding local intensity maxima in images that had been
previously smoothed with a Gaussian filter of full width at half maximum (FWHM) equal to a
userdefined average spot size. Spots were further processed only if their peakcigriae
ratio (PSNR) was above a user specified threshold (usually set/Attth)s stage, the PSNR

was estimated according to
03.270 &

where’O is the maximum intensity in the localized spotis the average intensity of the
nucleoplasmic signal for a given nucleus, and the level of the nucleoplasmic bacgnd
computed as the standard deviation of all intensity values within a given nucleus. The
intensity, size and precise position of the spots were then determined by fitting a symmetric
two-dimensional Gaussian function
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oy T o Agpld @O
G,

to the raw image data using nbnear leastsquares method®v e s n1 e ). Had . |, 20
"‘Oufto are intensity values of the imagt integer coordinatesy the fitted parametel

is the maximum spot intensity ¢“, 0 corresponds to the sum of all intensity

values in the spo& 7 ( - ¢®& v,uis the fitted sizeof the spot, coordinateiftocorrespond

to the fitted entre of the spot, ant[is the average nucleoplasmic intensity in the local

nei ghbour hood of -torhiec!| speptl asmbhhe siigmpalta strer
signatto-noise ratio (SNR)yccording to3 . 2 0 " . The software generates a time

lapse movie of maximum intensity-@tojections in which nuclei are segmented and
transcription spat are labelled at each time point. These output files were used to visually

validate the results of the algorithm.

3.4 Project II: Transcriptional spike upon chromatin decondensation

The text in this chapter was adapted from the manuscripts of my publications [B{dBixiv

https://doi.org/10.1101/04095Q)ankova Hausnerova and Lanctot, 2019)&

Cell culture and drug treatment

U-2 OS cells (ATCC no. HT®6) were routinely cultured in DMEM containing
1.5g/l of glucose (Life Technologies, Waltham, USA) and supplemented with AB%
penicillin (50units/ml) and streptomycin (80 g/ ml ) . To inhibit trans
treated with 5,6-dichlorobenzimidazole -b-D-ribofuranoside (DRB) (SigmaAldrich, St.
Louis, USA at 250M f or 45 minutes. The drug was di

medi um, which was thenslgeer fused through the
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Construction of expression vectors (performec€Cdyr i st i an Lanctet

A Dblunted 1.4%b BamHIBglll fragment from pCR4{L4XPP7SL was inserted
between the synthetic intron and the IRES sequence in pIRESpuro3 to generatetmsddV
vector expressing an mRNAggged with 24 PP7 stem |l oops 1in
and directing the synthesis of puromycirabetyl transferase from an internal ribosome entry
site. This expression vector is referred to as CL56. An expression vector for the PP7 capsid
protein ised to GFP (PGBFP) was generated by replacing the MS2 moiety (sl
fragment) in pMCRGFP by an 422 bp Age8pel fragment encoding a mammalian cedon
optimized PCP which is missing the FG loop (residue§®8to prevent oligomerization

(Chao et al., 2008

Generation of a L2 OS reporter celline (perfformedbyChr i st i an Lanct et

The U2 OS reporter cell line used in the present work was generated in two steps.
First, 5ny of the CL56 vector along with 2@y of salmon sperm DNA was transfected in
4 million cells using a BTX ECM630 electroporator set at 5@B50nF and 173hms.
Selection (Ing/ml puromycin) was applied 48 hours after transfection and lasted for 10 days,
after which the pool of resistant cells was passaged and frozen. The expression of a
PP*#tagged mRNA in this cell population was validated by pinesence of a clear GFP spot
in a subset of cell nuclei (~10%) after transient transfection of the GHFP expression
vector. In the second step, the pool of CL56 puromyesistant cells (~1.5 million cells) was
transfected with 3g of the PCPGFP vetor, 2ng of the H2BmRFP vector and 0.8y of the
pGK-neomycin phosphotransferase vector usirgexne Gene (Roche, Basel, Switzerland) at
a lipofection reagent:DNA ratio of 2:1. Cells were passagedo8@s postransfection and

selection applied for l@ays (800rg/ml G418 in the presence of 0vd/ml puromycin).
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Single colonies were picked and grown in a 96 well plate at the following concentration of
antibiotics: 200mg/ml G418 and 0.4rg/ml puromycin. A clone expressing both RGFP

and H2BRFP was epanded and used throughaole project

Chromatin immunoprecipitation (ChIP)

The protocol for ChIP was modified based(Buskova et al., 2649). In brief, cells
were first incubated in hyperosmotic or normal medium for 20 minutes and then fixed with
1% formaldehyde in 1X PBS for 5 minutes. The fixative was then quenched with 125 mM
glycine and the cells were lysed in RIPA buffer (50mM Nal® Nonidet NP40, 0.5%
sodium deoxycholate, 0.1% sodium dodecyl sulfate (SDSiMOrris-HCI pH 8.0, 5 mM
EDTA). Chromatin was sonicated using a Bioruptor Pico sonicator (Diagenode, Denville,
USA). Normal rabbit IgG was purchased from Santa Cruz BiotéogngDallas, USA). The

mouse monoclonal antidyg against the CTD of human RNApo(8WG16) was purchased

from Abcam (Cambridge, UK). Antibodies (5 Oc
(Santa Cruz Biotechnology, Dallas, USA) were diluted in a witdl000m of RIPA buffer
and incubated at 4AC overnight. Beads were e

IP wash buffer (0.5 M LiCl, 1%lonidet NR40, 1% sodium deoxycholate, 100 mM THEI,

pH 8.5), again in RIPA buffer and finally in TE fiber (10mM Tris-HCI, 1 mM EDTA pH

8.0). Immunocomplexes were eluted usingm@ Tris-HCI, 1 mM EDTA, 1.5% SDS,

pH 6.8, reverse crosslinked by incubation in 2000 Na C | at 65AC for 4 h
treated with 40@ g / ml pr ot ei nas e uskgtheM@uickvRCR Purificatibna t e d
Kit (Qiagen, Hilden, Germany) and analysed yTePCR. Results were normalized as

percentage of input. For oligos sequence, see Bable
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Live cell imaging

Live cell imaging was performed using an Andor Revolution systesanted on
anOlympus 1X81 microscope equipped with a Yokogawa ©SWpinning disk confocal
unit, an iXon Ultra Andor EMCCD Camera, an automated XY stage and a plestage
from Prior Scientific Instruments. Images were acquired using a UPLSAPO 60XA.34
immersion objective. PGBFP and H2BnRFP were excited with the 4881 and 561m
laser lines, respectively. Emitted light was acquired from both fluorescent proteins
simultaneously using a 440/521/607/#0@ Brightline quaeband bandpass filter (8eock,
Rochester, USA). Cel | s slieles@bids Magtidseeadl, Germany)nt r e a
and grown in medium without phenol rexyz stacks of ~119 mx 1140 mx100m wer e
acquired at multiple positions. Cells were imaged every 5 minutes ksfdrduring HCC or
treatment with DRB, and either everyb3ninutes after HCC release or every 3 minutes after
the removal of DRB. Al | I ma g e s .atmesphere usicgq ui r e

alive cell observation chamber (Okolab, Naples, Italy).

Hyperosmotic shock treatment

For perfusion experiments, cells were grownte870 % conf | ue-slides i n |
(Ibidi, Martinsried, Germany). At the microscope, perfusion tubes were inserted in the intake
and outtake ports of thexslide Fig. 412). To ceate hyperosmotic conditions, cells were
perfused with medium having an osmolarity of 570 mOsm. The hyperosmotic medium was
prepared as follows: 20X PBS was diluted to 1X in complete culture mgdilmez et al.,
2006. After the hyperosmotic shock, cells were returned to normal osmolarity (290 mOsm)

by perfusion of complete normal medium.
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Analysis otranscription spat intensity

Imaging data was processed using ImageJ. Fluorescence intensities of the
PCRGFP-positive transcription spa were quantified in individual cells using the Object
Counter 3D ImageJ plugirhigp://rsb.info.nih.gov/ij/plugins/track/objects.himiThis plugin
was used to define thteanscription spa based on manual setting of threshold lev&tter
visual inspection, a constant threshold value was set for a complete sergtaakls acquired
at each position throughout each movie. For each time frame, the mean intensity and the
volume of the nascent transcription spots were measured. Tvesalties were multiplied to
obtain the integrated intensity dfanscription sp@ These intensities were normalized

relative to the values obtained from the first time frame of each movie.

Replication labelling of chromatin

In order to fluorescently kel replicating DNA, scratch labelling was performed
(Schermelleh et al.,, 20D1U-2 OS cells were seeded in a MatTek glass bottom dishes
(MatTek Corporation, Ashland, USA). After 24 hours of growth, the nmeditas removed,
cells were incubated in a minimal volumenfy of a 1mM solution of Cy3dUTP in
complete DMEM medium and scratched with a 27G needle. An aliquot of complete medium
(100m) was added to the cells after scratching and the dish was incubated 3 7 AC f or
15 minutes before the medium was changed for fresh one. Cells were then allowed to grow at
37 AC -3 days, a2 which time discrete fluorescently labelled foci could be observed.
Cy3-dUTP labelled replication foci were imaged with a UPLSAPQ0X/1.4 NA oil
immersion objective on a Andor Revolution spinning disk microscope. Single plane images of
fluorescently labelled chromatin and DIC image of the cell were taken every 5 seconds for

10minutes. The trajectories of selected replication focrewmllowed using the Manual
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Tracking plugin in Fiji bttp://fiji.sc/Manual_Trackingg The xy coordinates of two foci
located in different chromosome territories were used to calculate the pairwise distances
throughout the movies. The difference betweassé¢hdistancedXl) at each time point was

averaged to provide a mean change in pairwise distances for both HCC and NCC.

3.5 Project lll: A peak of transcription activity at the very beginning of cell cycle

The text in this chapter was adapted from the manuscripts of my publications [B{dBixiv

https://doi.org/10.1101/04095Q)ankova Hausnerova and Lanctot, 2019)&

Cell culture and drug treatmefpartially performedbyChr i st i an Lanctet

HepG2 (ATCC no. HB3065) and HT1080 (ATCC no.CCLt121) cells were cultured
in DMEM containing 4.5 g/l of glucose and supplemented with 1BB&, penicillin
(50 units/ml) and streptomycin (830 g / m#F2)OS (ATUCC no. HTBO6) cells were cultured
in DMEM contaning 1.5 g/l glucose and the same supplements. For the treatment with DRB
(100 eM), flavopiridol (1 €M) or actinomycin
containing the drug at the indicated concentration for 1 hour before being processed for
smRNA FISH. For culture in low serum conditions, HepG2 cells were extensively washed
with Hanksdé buffered saline solution and i

supplemented with 0.2% FBS.

smRNA FISH image acquisition and analysis-{tH0B0 work pedrmed byChristian
Langtet

Optical sections (3@0 at 250nm intervals) were acquired on an Olympus IX71

inverted epifluorescence microscope using a 100X/1.3NA oil immersion objective, an Andor
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Clara CCD camera (Andor Technology, Belfast, UK) and an aatidnpiezeZ stage (Prior
Scientific Instruments, Cambridge, UK). Typical xy pixel size was 67 nm. The dynamic range
of the images was 12 bits. The counting of cytoplasmic mMRNAs as well as the quantification
of the nascent transcription signals were pentt usingthe MATLAB-based FISHQuant
program fttps://code.google.com/p/figfuant) (Mueller et al., 2018 Cells were segmented
manually. Typically, images were filtered using Gaussian kernels of 5 (for background
subtraction) and 0.5 (for featuraltencement). For mRNA counts, images were processed in
batches and randomly validated. Nascent transcription spots, all being brighter than single
cytoplasmic molecules, were identified visually and sometimes confirmed by ésaadlding
function of the FSH-Quant software. The number of RNA molecules tfiatm the
transcription site was determined usithg pointspreadfunction superposition approach in

FISH-Quant.

Live recording of cell growth

Cells (1 to 2 10°) were seeded in glass bottom, grid@&nm petri dish (cat. no.
81168, Ibidi, Martinsried, Germany) and left to grow to ~50% confluence. One hour before
imaging, medium was changed to &£i@dependent medium (Life Technologies, Waltham,
USA) supplemented with serum and antibiotics. Growth werded with a 20X oll
objective on a Leica SP5 confocal microscope. Optical staektezof 3mm, image size of
512 pixelsx 512 pixels) were recorded for 25 positions atn@@ute intervals using the XY
tile scan function of the microscope set at 5¥be duration of movies ranged from
7-17 hours. Once recording was stopped, cells were immediately fixed. SmMRNA FISH was
performed as described above, except that hybridization was carried out directly in the petri

dish as follows. A 10@i drop of hybridiation mix was pipetted on a round ii2n coverslip,
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which was then flipped onto the central part of the gridded coverslip. A2 22 mm
coverslip was put on top of the hybridization sandwich to prevent drying. After washes, cells
were mounted with ProlgnGold (Life Technologies, Waltham, USA). Cells fixed at different
times after division were identified from the movies and their positions determined on the
grid, which allowed to trace them back on the mounted coverslips and thus image smRNA

FISH signalsat specific time points of the cell cycle.

Preparation of metaphase spreads (performe€lhyr i st i an Lanct et

Growing cells (HepG2 and HIO080) were incubated in medium containing
0.1ng/ml colchicine for 20 minutes. Cells were then trypsinized, incubatesh hypotonic
solution (0.56M KCI) for 12 minutes at 37U0C
20minutes at2 0 U C.. Drops of fixed cells were deposi
chamber (water bath) a tutessMetaghasa spbads weefetaged at  d r

room temperature for at least 5 days.

FISH on metaphase spreads with BAC probes (performé€lhby i st i an Lanct et

Bacterial artificial chromosomes (BAC) comprising the human POLR2A gene
(RP1:104H15, CHORI BACPAC Resoce Center) or sequences 4 Mb centromeric to the
human TFRC gene (3928, RR1&3L23, a kind gift of Dr. Marion Cremer,
Ludwig-MaximiliansUniversity of Munich) were extracted from 1 ml of bacterial cultures
and linearly amplified using the GenomHiPhi KaE Healthcare, Chicago, USA). Labelling
of BAC DNA and FISH on metaphase spreads were performed as previously described

(Cremer et al., 2008Briefly, DNA was labelled either with DIG (POLR2A) or biotin (3g28).
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Before hybridization, samples were treated with pepsin@t0 O g/ ml FOmMmindtes0 1 N f «
at room temperature, dehydrated anddair i e d . Probes (at final con
target DNA were denatured simultaneously by
2 minutes. Hybridization was carriedut at 37UC for 2 days. Aftel
were detected with antibodies against DIG coupled to Cy5 (POLR2A) or streptavidin coupled

to Cy3 (3928/TFRC). Samples were counterstained with DAPI and imaged on a Nikon TiE

widefield fluorescence mioscope.

Analysis of the mean DAPI intensitytegnscription spat

We have quantified the DAPI signal intensity in the regiongasfscription spatin
the telophase/early G1 nuclei in the following way. 1) tfeection containing the focus of a
given transcription spot was determined manually; 2) DAPIthe pixel value at the spot
maxima was determined in the corresponding DAPI channel; 3) the DAPI pixel intensity
values were determined ilrROlof ~3 Om x 3 Om (50 pi xtkd s by
transcription spoi@and distributed into 256 bins of equal size; 4) the bin comprising the

DAPI*tvalue was noted. The above steps were repeated for 15 spots for each gene.

ImmuneRNA FISH

HepG2 cells were grown on uncoatedm@ x 18 mm #1.5 coverslips, fixed with
4% formaldehyde in 1X PBS for 10 minutes, washed and stored overnight in 70% EtOH at
4 AcC. After rehydration in PBS, cel |l mgmver e bI
BSA (PBSBSA) and 10mM ribonucleoside vanadyl complex (New England Biolabs,
Ipswitch, USA), which was also included in all antibody solutions during the subsequent

immunostaining procedure. Cells were then incubated in a 1:20 dilution of a mouse
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monoclonalant b o d y  atupalin (oclené E7pDevelopmental Studies Hybridoma Bank at
the University of lowa) in PBBSA and 10mMribonucleoside vanadyl complex for

30 minutes at room temperature. After brief washes with PBS (2 times 2 minutes), cells were
incubatedn a 1:200 dilution of a secondary biotinylated antibody (goatrantise, Jackson
ImmunoResearch, Baltimore, USA) for 30 minutes at room temperature. After brief washes
with PBS (3 times 2 minutes), the immunocomplexes were fixed for 10 minutes with
2% (v/v) formaldehyde in PBS. After successive washes with PBS (1 minute) and 2X SSC
(2 minutes), followed by equilibration in 2XSSC/10% formamide (5 minutes), SmRNA FISH
was performed as described above. After the last wash with 2X SSC, cells were further
staned for 20 minutes at room temperature with DAPIngImI) and a 1:400 dilution of
avidin-Alexa 488 (Life Technologies, Waltham, USA). Finally, samples were washed twice

with 2X SSC and mounted in Prolong Gold (Life Technologies, Waltham, USA).
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4. Results

4.1  Project I: Transcriptional pulsing of a nucleolar transgene

The data presentedthischaptea r e part of a Tnasesoript®m@lrpulgngofent it

a nucleolar transgete whi ch is publicly available on t

hasnot been peereviewed. The preprint has a D®Ltps://doi.org/10.1101/040956

The text in this chaptevas adapted from the manuscript

Authors:ViolaVa Rkda s ner o v Sk, GRyalvHagen, ICI8idtign a n ¢ t "Et

Author contribution:l performed all of the experimental woakd image analysisxcept for
the construction of the plasmids and generation of the cell lingsgticipated on writing of

the manuscript.

Pavel KS &kéand Guy M. Hagen generated €l Tracker program.

ChristianL a n cclonét the plasmidgienerated the cell linesd wrote the manuscript

RNA polymerase ddiriven transcription of a MSfagged transgene that is localized in the

nucleolus

To be able to study the process of traimional pulsing and its regulation by the
outer factorswe generated a vector expressing a neomycin phosphotransferase cassette fused
to 12 repeats of t he MS2 st e.diradsaigign ofitms t h e
constructis controled bythe CAG promoterKig. 41A) (Niwa et al., 1991 To get a stable
cell line, his plasmidwas transfected in &leLa cells stably expressinghe MS2 capsid
protein fused to green fluorescent protein and to a nuclear localization SWOBIGFP).
After neomyin selection and screeningve identifiedtwo cloneswith a single dolike
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MCP-GFPsignal in the nucleus. We refer to these clones as'#92 and MS%*-15. We
observedthat in a population of fixed cellsjot all cells displayed a nuclear edike
MCP-GFP signal; the proportions ofranscription dot positive cells were on average
41%N7% (231 cellsanalysedl for MS2'2%-12 and 339 10% (261 cellsanalysedl for
MS2'2X.15. The intensity of the signal was mostly uniform in the population of positive cell
We initially noticed that the dolike MCP-GFP signal appeared to be localized in the
nucleolus in both clone3.o confirm the nucleolar localization of our construct, we performed
immunostainingvith an antibody againgibrillarin, a prerRNA processig enzyme. Indeed,

the MCP-GFPspotwas localizedn the nucleolusKig. 41B).

A

beta-globin

polyA
J x12

B

Figure 4-1. The MS2tagged transgene is active in the nucleolugA) Scheme of the
expression unit. The CM¢hickenb actin (CAG) enhancer and promoter sequences drive the
expression of the neomycin phosphotransferase coding region fused to 12 MS2 stem loops in
the 3 fEntranslatedregion. (B) Immunostaining ofHeLa MS2!2%-12 cells with an antibody
against fibrillarin, anucleolar marker. Left paneMCP-GFP (green) accumulates in a
fibrillarin-positive compartment (red). Right panel: DAS%4ined DNA (blue) of the same

cells. Single optical sections are shoBoale la r 10 Om.

56



W anti-RNA pol |

25 i MS2-GFP merge MS2-GFP
MG212x transgene anti-RNA pol Il ; b +DAPI
20 IIgG
g 15
g ]
LT
05
0.0 i : - I
o0 [DNA. RNA pol II

(phospho-Ser5)

=150

-

a

£

* 100

50

00 X wk = I I =k

Mypn promotor

A 100 4 RNA polymerase Il
— {phospho-Ser5)
] 80 - [ MS2-GFP
Y20 I ) transcription spot
2]
E 5 w0
® 15 !
1.0 4 E 40
05 4 w0 | . ;
0.0 Lo S B o = = f ;
0 . . — - N"‘""" ,
Parent MS212x MS212 a 5 10 15 20 25 30
clone12 clone 15 distanca {um)

Figure 4-2. The MS2-tagged nucleolar transgene is transcribed by RNA polymerase Il in

HelLa MS2' cells.(A) Chromatin immunoprecipitation with antibodies against the RPA194
subunit ofRNApoll, the CTD of RNApolll (clone 8WG16) and cdrol serum (IgG). The
gPCR target sequences are indicated above each chart. Théead®8 transgene that is
active in the nucleolus is bound BNApolll (n = 2). Positive controls were performed for
RNApoll binding to rDNA (n= 3) andRNApolll binding tothe promoter of th&1YPNgene

(n=2). (B) Immunostaining of thédeLaMS2!?%15 cells with an antibody against tadD

of RNApolll phosphorylated on Ser5 (bottom left panel, red). M@&P-GFP (top left panel,

green) and DAPI MCP-GFP (top right panel) signals are also shown. Faint accumulation of
RNApolll can be detected at the nucledMEP-GFP spot (arrows). Higher magnification of

the boxed cell is shown in the bottom right panel. Single optical sections are shown in all
casesScde ba r 10 Om. Bel ow ar MCPGHPEblug BroRNApoIH o f i1 | e s
(orange) signals across the line drawn in the bottom right panel. The rectangle highlights the
colocalization of these two signals.
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Considering te unexpected finding of tHdCP-GFP signal nucleolar localizatign
we decided to test thategrity of transgene integration sieend to analyse if the transgene
transcripts were generated BRNApolll. Analysis of genomic DNA by PCR revealedtthe
entire expression cassett@s intgrated only a part oft he 36 untr awassl at ed
absent (not shown). Importantly, the MS2 sequences were found to be linked to the
CMV-chicken b actin (CAG) enhancer and promoter sequencédhromatin
immunoprecipitation (ChlPwas usedto determinewhether RNApoll or RNApolll was
transcriptionallyactive on the MS2 sequences. In both cloties MS2 sequences could be
immunoprecipitated with an antibody against thee@ninal domain (CTD) repeats of
RNApolll (Fig. 42A). Immunoprecipitation with annéibody ajainst the large subunit of
RNApoll led to thepull downof rDNA sequences, but not of the MS2 repeats. These results
strongly suggested th&NApolll wasresponsible for the synthesis of the M8gged RNA
in the nucleolus. To further confirm e results, wperformedmmunofluorescence with an
antibody against the initiating form &NApolll (phosphoylatedSeine 5 on the CTD)This
experiment was used to shawat if the MS2 sequencesere transcribed byRNApolll,
asignal should be detected at MEP-GFPdot, aswe already showebly the ChIP data. This
was found to be the cas€ig. 42B). A weak but reproducibledot like RNApolll signal
co-localized with theMCP-GFP nucleolar signal in 60ut the 66 cells that weranalysed
(91%). In the cells that lack RICP-GFP dot in the same papation, no accumulation of

RNApolll was detected in the nucleolus (71 celtalysedl
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Figure 4-3. Nucleolar transcription of the MS2-tagged transgene is sensitive to low
concentrations of actinomycin D.RNA FISH was performed with probes against the MS2

stem loops A-B, pseudecoloured in green) or hGAPDHC(D, pseudecoloured in red).

Cells were treated with 0.02f9/ml actinomycinD to inhibit nucleolar transcriptio(B, D).

DNA was counterstained with DAPI (blue$cale fr, 100 m. Note t-tagged t he |
transcripts are detected only at the transcription site in the nucleus. For hGAPDH, both
nascent and cytoplasmic mRNAs areed&td. (E) Proportion of cells with at least one

labelled transcription site in the nucleus for each prolaefan control and actinomycin D

treated cells (101 cells analysed).

Altogether, we unintentionally generated a cell line whichexhibits
RNApolll-mediatedtranscription in the nucleolusVe thus decided to study this cellular
activity in more detailThe first step was to probe whetlieis disruptedunder conditions that
are known to affect nucleolar structure and activiGells were incubated inow
concentrations of actinomycin DOvhich leads to preferentiainhibition of nucleolar

transcription(Perry and Kelley, 197®&choefl, 1964 To evaluatehe extent of transcriptional



inhibition, we performed RNA FISH using fluorescertypelled probes against the MS2
stem loop sequence or, as a control, against hum#&ytemldehyde Phosphate
dehydrogenase hGAPDH) gene After 1 hour of teatment with actinomycin D at
0.025ng/ml, the proportion of MS2 dot positive cells decreasedold (from 65% to 6% of

cells, Fig. 43). Moreover, the signal in the cells that remained Mg@dsitive after
actinomycin D treatment (6% of the population) was greatly decreas@tensity (not
shown). Neither the proportion of cells displaying hGAPDH transcription sites nor the
intensity ofthese nuclear signals were affected under these conditions. Taken together, these
results suggest thaince relocated to the nucleoluBNApolll-mediated transcriptions

affected by theonditions that inhibiRNApoll.

Dynamics of thtMCP-GFP-labeled tanscription spot as measured by FRAP

We analyzedhe transcriptionadynamics of the MS2agged nucleolatransgene by
the FRAP method.The MCP-GFP spot was selectively photobleached and3mm thick 3D
region in the nucleuthat included the bleached region was scanned on ashigd spinning
disk confocal microscope atdecond intervals. Signal recovery wasedétd 2 minutes after
bleaching. Since the FRAP @CP-GFP spot measures nascent RNA synthesignal
reappearare indicateshat active transcriptiaal processs presentat the MCP-GFP spot
(Fig. 44A). The shape oFRAP curvesndicatesa rapid recovery in the first minutehich is
followed by a slower recovery phadéid. 44B). Thelarge variabilitythat is preent in the
FRAP data, especiallyt dater time points, indicategifferences in the speed and extent of
fluorescence recovery between individual cells. Indeed, for a significant fraction of cells the
recovery was not complete at the end of the imaging perioohifies).The average mobile

fraction was76% and 65% ofhe
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Figure 4-4. FRAP analysis of theMCP-GFP transcriptional dot. (A) A representative

image series showing reappearance ofMi&P-GFP dotlike signal within 2 minutes after

bleaching. Shown are maximumtensity projections of image stacks. Time is indicated in
minutes and secondsScale lar, 100 m.(B) Average intensity profile during FRAP
experiments performed on 15 cellsof clone %2 5. Val ues (N s.d.) ar e
nucleoplasmic signal.cans were taken every 5 seconds for 14.5 minutes. Maximum intensity
projections were used for the evaluation.

initial value for clonesviS22%-12 and MS2*-15, respectively. This result suggests that up to
35% of the dotike MCP-GFPsignal consists of relatively loAgyed RNA molecules that are
retained at the site of transcriptidn.these experimental settings, the FRAP technique does
not displayonly the process of transcription but also the downstream activities of RNA
processig, maturation and degradatioifhe accumulation and/or degradation of the
MS2-containingRNAs at the site of transcription would prevent their appea@away from

the nucleolar spot, which would explaihe result wegained byRNA FISH, a lack of

MS2-labelled RNA in the cytplasm(seeFig. 43).

61



00:00 30 06:00

£ 260 {
0.3 03 E’ }
= 5 £ o0 & {
e [ ——
a -] E
302 2 0.2 o 150 §
H g »
g 1o
01 o1 E
50
0 4 a
0 80 120 180 240 300 360 420 480 540 S00 0 80 120 180 240 300 360 420 480 540 €00 o 200 400 =] 800
ON duration {minutas) OFF duration {minutas) pulss duration {minutes}

Figure 4-5. Transcription of the MS2-tagged RNA occurs in pulses(A) A representative

image series showing the appearance and disappearanceMCB&FP transcription spot

over time. Shown are maximum intensity projections of image stacks. Time is indicated in
hours and minutes. Bar, fm (B) Frequency distribution for the duration of ON periods
(1104pulses imaged from 268 cells). The exponentialffthe experimental data is shown in

red. (C) Frequency distribution for the duration of OFF periods (876 pulses fronce2i8®

The exponential fit of the experimental data is shown in(2pPlot of the maximum signal

strength (relative units) that ieached during pulses of increasing duration. The plotted data

is the average N s.d. A plateau is reached w

Transcription of the MSfabeled nucleolar transgene occurs in pulses in living cells

Taking theadvantage of the MS2 system, which allowed us to image transcription in
living cells, we investigated the temporal behaviour of the transgene expre$sien
transcription spots were tracked and quantified using a custom MAJWa&SBd program
called Cell Tacker(Fig. 46, see Materials and Methods for detailganscriptionspots were

identified as local intensity maxima in the nucleMge included aly thosespotswith a
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spotto-nucleoplasm intensity ratio higher than a wdefined value (not less than. &ignal
strength was determined computationally and corresponds to the sum of intensities of all

pixels belonging to the Gaussiéitied spot.

We acqured 3D time lapse movies for 24 hours in-abnute intervalsand imaged
total of 268 cells from 21 moes acquired in 3 different experimeri2% of cellsncluded in
our analysis expressed the transgahene point or another. Transcription was discontinuous
in all cells we observed, witle duration o©ON periods ranging from less than 15 minutes to
21 hours. The pulsatile nature of transcriptionllustrated onFig. 45A. Thecompletedata
setdisplayed o Fig. 47 comprises the interphase periods of cells that were tradies.
transcriptional track of the individual cells are representeam the longest to the shortest
one The distributions of the lengths of ON#$r1104) and OFF (& 876) periodsareplotted
on Fig. 45B, C. The dataare fitted toan exponential functignon which we based our
calculation ofthe average pulse lengthith the following results: an averag@®N period)is

20.3 minutes\ 1.1 minute and an average Op&riodis 29.3 minutes\ 1.7 minute.

In addition tothe information about the duration of transcriptional pulses, we used
the Cell Tracker to determine their strengdilhe relationship between pulse length and the
maximum signal strength reached during the pulse is showigi#5D. The signal strength
correlates with pulse length for durations of up to 300 minutes, at wimeh it reaches a
maximum value. When we concentrated on the progression of individual puksastieed
that theMCP-GFP spot intensityoften increases and decreaggsgressivly during the ON
periods. To better characterize this behavior, we analyzed more closely the signal strength for
the first and last time points of pulses. These values were divided by the maximum signal
strength that is reached at any time during the pulskthase ratios were used as a rise index

(in the case of the first time point of the pulse) and a decline index (ca$leeof the last time
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Figure 4-6. Automated detection and assessment tfanscription spots from 4D movies
using customdesigned MATLAB-based software(A) A representative output image series
showing segmented nuclei (circled and numbered in yellow) as wala@scription spat
(circled and numbered in green). Daughter cells are assigg@didentification numbers.
Time is indicated in hours and minutéB) Profile of signal strength in the mother (blue) and
two daughter cells (red and green).
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Figure 4-7. Representation of the imagingdata set.ON periods in green, OFF periods in
red. Transcriptional traces in the 268 cells that were imaged. Only the interphase portion of
the movies are drawn. Time is indicated at the top.

point of the pulse)These terms basically refer to the shapeazh pulse strength. The higher

the index, the steeper is the border between the ON and OFF periods, and vice versa.
Interestingly, theshapeof pulsesstrength differed between those lasting for a short and long
period.For short pulses, i.e., for thokesting between 460 minutes (= 187), the rise index

was 0.780.23 and the decline index was 0N6.22 Fig. 48A, C-D). In contrast, for
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pulses lasting more than 120 minutes=@40), the rise and decline indexes were
significantly lower at 0.4810.22 and 0.5X0 . 2 5, respecti veltyest,(t wo t
p’ 0.001,Fig. 48B, C-D). Hence, the shorter the pulse, the ntay@d are the increase and

decrease in the strength of the transcription signal.
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Figure 4-8. Progressive increase and decrease of transcription during short or long

pulses. (A, B) Normalized intensity profiles for 3 typical short (66 minutes) and long

(more than 120 minutes) transcriptional pulses, respectiy€ly.D) Average normalized

intensities of the first (rise index, dark grey) and last (decline index, light y€p-GFP

spot for both classes of transcriptional pu
pulses and 240 long pulses.

Transcription resumes asynchronously in daughter cells after cell division

Finally, our dataset allowed us to follow a large number of cells through mitosis and
to determine the extent of transcriptional memory from mother to daughter cells
(Fig. 4-9A, B). From a total of 121 daughter cell pairs that were imaged, 16 pairs (13.2%) did
not show any expression over the entire imaging pefibeé resumption of transcriptiasf
the MS2tagged RNA was synchronizedn only 9 (7.4%) daughter cell paits The
96 remaning pairs (79.3%) showed asynchronamsetof transcription after cell divisiorin
28 of thesepairs the signal of the MCP-GFP spot could be detected in none of the

daughter cellsFor the rest (& 68), thetranscriptionspot could be detected both of the
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daughter cells, with differences in the onset of expression ranging from 15 minutes to

13.5hours Fig. 49C).
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Figure 4-9. Onset of transcription after mitosis is asynchronous in daughter
cells.(A) A representative image series through mitosis (asterisk) and in interphase.
Transcription resumes in one of the daughter cells (arrow) three hours before it does in the
other (arrowhead). Shown are maximum intensity projections of image stables.
transcription spot is circled in the mother cell. Time is indicated in hours and miSutds.

bar, 100 m(B) The frequency of each type of event for 121 daughter cell pairs that were
imaged, i.e., no expression, asynchronous transcription, syncisraramscription(C) Time
intervals between the onset of pastotic transcription in daughter cells (68 pairs of cells
analysed).
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4.2  Project ll: Transcriptional spike upon chromatin decondensation

The dta presented in this chaptare part of a manuseprit e n tChromatend i
decondensation is accompanied by a transient increase in transcriptionaboutputh i c h  wa's

published in Biology of the Cell journaBiol Cell. 2017 Jan;109(1):639.)

The text in this chapter waslapted from the manuscript

Authors:ViolaVa Rk lda 8 s n,eChristiar®. a n c t "Et

Author contribution:l performed allof the experimental work and image analysis except for
the construction of the plasmidsdageneration of the cell lines. | participated on writing of

the manuscript.

ChristianL a n cclonét theplasmidsgenerated the cell linesd wrote the manuscript

Generation of ell linesto image nascent transcript and chromatin condensation

Dynamic switching between chromatin condensation levels is a feature of chromatin
structure being a subjedo gene expression regulatiaand/or cell divisions. Ongoing
transcriptionshapeshromatin, and vice verselowever, to our knowledge, whether and how
transcription responds to changes in chromatin condenseviels remaisto be investigated
In order to do sowe decided to imageanscription of a tagged transgene in living cells while
modulating global chromatin condensation levels by varying the osmolarity of the culture
medium To be able to image chromatin condensation state along tveitiscriptional
intensity, wegeneratea transgenic L2 OS cell line stably expressingcassette containing a
reporter gene with a short synthetic intron and 24 PP7 stem folbpsed by an internal

ribosome entry site (IRES) and the puromyciradétyttransferase coding sequendene
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expres®on of the transgene is under control of strong viral Cldmoter(Fig. 410A).

Since the reporter RNA contains PP7 stem loops, the site of its nasoeatiption ismark
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Figure 4-10. Transcription of the reporter gene does not occur in pulses in the
PP7-IRES-Puro U-2 OS cell line. (A) Scheme of the transcription unit that is stably
integrated in theJ-2 OSreporter cell line. Expression is driven by the CMV promoter.
Nascent transcripts are bound by the R&FP protein. The puromycin resistance selection
marker is translated from an IRES sitB) RNA FISH analysis reveals a single intense spot

of PP#taggal RNA (red) in the cell nucleus of transgenic cells (left). A control cell is shown
(right). DAPI counterstain in blue. The dashed lines mark cell borders. Scale kam (©,

D) Live cell imaging of the PP7 capsid protein (PCBJFP signal at -minute (Q or
10-minute (D) intervals. Snapshots from representative movies are shown as maximum
projections of optical sections (left). The
plotted over time in each case (right). Transcriptional pulsing is notraakeScale bar,
100m.
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ed by PP7 capsid protei(PCP}GFP fusion protein being expressed along with the reporter
gene Fig. 4-10A, C). We refer to this transgene as PIRES-Puro. RT-PCR analysis
confirmed that full length polyadenylated RN& expressed in our transgenic cell l{imet
shown). We performed RNA FISH to ascertain that we caldddetect the sites of nascent
transcription of the PRIRES-puro RNA. Indeedthe signal of thd®P7 stem loopappeared

as clearand intense trans@tion spotin every cell nucleusHig.4-10B). We noticed a
relatively low abundance of cytoplasmic transcripts by RN8H, which might be due to the
adjacentPP7 stem loop repeat and the IRES sequembese sequences possibly adopt

complex secondary stctures that impair RNA processing or transport.

Stable expression of nuclet@rgeted PE-GFP and H2BnRFP fusion proteins was
used to visualize nascent transcription of the tagged transgene and chromatin, respectively.
Optical sections were acquired atdrvals of 0.40m on a spinning disk confocal microscope
with an approximate axial resolution of 250m. The transcriptional dotshus occupy
multiple optical sections. Signal quiication was performed in 3D using the Object Counter
ImageJ pluginWe confirmed that the transgene transcription was continuouméaging of
the PCPGFP signal at either-thinute or 18minute intervalsindicating that transcription
does not pulsd€Fig. 410C, D). This observation is in agreement with previous results

showing that transcription from the viral CMV promoter is not pulsdtfenger et al., 2010

The transgene remains transcribed in conditions of hypercondensed chromatin

Chromatin condensation can be experimentallyanipulatedby increasing the
osmolarityof the cell culture mediurfRobbins et al., 1930A number of chromathnelated
activities have been shown to be affected in hypertamneonditions, including the activation

of osmostresselatedTFs, DNA damage, nucleocytoplasmic shuttling and the dynamics of
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protein:nucleic acid bindingBurg et al., 2007 Martin and Cardoso, 2010NVang et al.,
20143. In a previous workHeLacells were treated with hypertonic medium (37Qsm) in

order to image nuclear architecture in conditions which the etheferred to as
hypercondensation of thehromatin (HCC) the opposite state was referred & reormally
condensed chromatin (NCCAlbiez et al., 2006 The HCC could be reversed back to NCC
within 1 minute by returning the cells back to isotonic culture medium (290 mOsnmjoand
effect on cell viability due to such treatment was observed even aftéipledycles of
switchingfrom NCC to HCC and backVe took advantage of our engineeree? OS cell

line to simultaneous image live transcription and chromatin state during cycles of HCC and
NCC. Using Andor Revolution Spinning Disc confocal system, wegadaour cells using

Ibidi channel slidedevice éeeFig. 412). This device has been developed for continuous
imaging of living cells while being subject to various treatments. The cells grow inside a
channel which can be perfused with different mediaauncase, hypertonic a normal media
was perfusedA seriesof optical sections of both P@GBFP and H2BRFP was acquired every
35minutessWe i nitially sought t o c genefal RNApdIAl bi ez
transcriptional shutdown in HCC conditionBo our surprisetranscription of our transgene
was active throughout the imaging periadth thePCRGFPRlabellednuclear spotbeingstill
present in cells that underwent HCC, although their fluorescence intensity decreased on
average to 51.81 1 3 n=83%xpériments, 80 cellsfuch observation is in contrast with the
results of Albiezet. al., who did no detect any transcript production during HCC, except for
some activity in the nucleoly#lbiez et al., 2005 However, he extent of the transcriptional
inhibition that we observe is fact similar to that reported in the originafork on the effect

of hypertonic medium on transcription in the same condit{Peslerson and Robbins, 1970

To validate that we were indeed imaging active transcription, amalysedthe

dynamics of PCR5SFP nuclear spots using the AR techniquein both NCC and HCC
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conditions The PCPGFP spots were bleached and subseqtieatescence recovery was
imaged in three ichensions at $Second intervals fod minutes. In normal conditions, the
PCRGFP spots reappeared after as little as 20 secéigls411A). This recovery time is
comparable tohat reported for RNApdll at another active transgeii@arzacq et al., 2007
Similar kinetics were aterved in HCC anditions Fig. 411B), suggesting that the persistent
PCRGFP signafrecoveryin the hypercondensed chromatin represents active transcription of
nascent RNAs and not entrapmehthetagged RNA. In addition, the FRAP curves for both
NCC and HCC condition exhibit similar shape, with a steep recovery in the initial
30seconds after the bleadhig. 411C). Taken together, these results indicate thedpite a
clear difference irtranscription spotntensity, transcriptional rates are comparable in NCC

and HCC.

The decondensation of chromatin is accompanied by a transientggcia transcriptional
activity

In order to image transcriptional activity during cycles of chromatin condensation
and decondensationye usedthe Ibidi channel slidesn a setup for continuous imaging
(Fig. 4-12A, left). In the present work, transcriptional activity was imagedL®20 minutes

in normal conditions (NCC), after which hypertonic mediwas perfusednd imagingconti
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Figure 4-11. FRAP analysis of the PCPGFP-labelled transcription spot. Representative
image series showing rapid-appearance of thganscription spogfter bleaching in NCC
conditions(A) or in HCC conditiongB). Shown are maximum projections of optical sections.
Time stamp in minutes:seconds. Scale bars) t®(C) Average intensity profiles during
FRAP experiments performed on NCC (blue) and HCC (orange) cells. Intensity values
( H.d.)are corrected for total nucleoplasmic signal. 3D images were acquired every 5 seconds
for 7 minutes.
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nued for 25 minutesn hypercondensed chromat{rilCC) (Albiez et al.,2006 Martin and

Cardoso, 2010 Chromatin decondensatiomas subsequentlynduced by returning cells to

normal mediunandtranscriptional activity was further imaged for-25minutes We refer to
thisperi od as Or el eas e wasmpeformdd @Caiding tsthemdlpadsr f usi o
shown on Fig4-12A. To make sure that chromatin was actually condensed, we medsarred t
average nuclear area and the HBRFP signal intensity in NCC and HCC conditions. As
expected, the area of the nucleus was found to be significantly decreased ritorigpe
medium, whereas the H2BnRFP signal intensity was significantly inased in these

conditions Fig. 412B). These changes are indicative of chromatin condensation.

Series of optical sections for both the PGPP and H2BRFP signals were acquired
every 5 minutes for the entire duration of the experiment (typically 60 mintieguarantee
that the entire volume of thteanscription spat could be imaged throughout the experiment,
irrespective of nuclear movements adgianges in the signal shape along thaxiz we
imaged some extra space on the top and on the bottom of the nucleus, respeittaehytd-
twenty zsectionscentredon the PCPGFP spot were acquired at @ intervals (for a total
axial thickness of ® O m)Three independent experiments were performed, providing a total
of 32 individual time series (9, 8 and 15, respectively). From these maxggsckeda total

of 131cellsfor imageanalysig(53, 36 and 42 from the respective experiments).
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Figure 4-12. Release from HCC conditions is accompanied by a spike in transcriptional

output. (A) Scheme of thebli d i OSlide device that was used
perfusion with normal and hyperostitomedium (left). Design of the imaging experiments,

with time points at which normal and hyperosmotic media were perfused indicated by arrows
(right). B) The average (N s. d. ) -mREPcfluoeeacenceainteasity ( | e f
(right) measured onrsgle optical sections are plotted for cells in NCC and HCC conditions,
respectively. Note that in conditions of HCC, the nuclei decrease in size and theREZB

fl uorescence itresty*mE9.6001.(C, B)YSnapshatst frons representative

movies recorded at -Binute intervals during the perfusion cycle with normal and
hyperosmotic media. Top panels: RGPP signal in green. Time stamp in hours:minutes.

Middle panels: zoorn on thetranscription spat Valuesn the top right corners indicate the

intensity of thetranscription sp@ normalized to the first time point. Bottom panels:
H2B-mRFRlabeled chromatin. Shown are single optical sections. Scale bdbsnl0 For e ac |
image series, the transcriptional irdép profiles for the entire imaging period are shown on

the right. Values are normalized to the intensity measured for the first time point. The spikes

in transcriptional output are indicated by arro@Es, F) Average normalized transcriptional

75



intensitypr of il es (N s.e. m.) for cel {espoglihgocells ng a
(F).

The PCRGFP signal of thdranscription spatwas quantified for each time point
separately. We used the Object counter 3D ImageJ plugin which Wwgrlssimming the
intensties of all voxels that belong to a given spot and that matemsity values above a
certainthresholdwhich is set from visual inspection of the optical sections acquired at the
start of the movieDespite the celto-cell variability that is inheent in live cell imaging, the
threshold values that were used to define f8FRpositivetranscription spat did not differ
by more than 10% within each experiment. Cells in which the-BEP spot was found to be
either too weak or too small to providdiable results were excluded from the analysis. In the
first experiment for instanceye decided to reje@ out of 53 cells (15%). The magutcome
that we madef these experiments was the observation of a transient spike of transatiption
intensityupan release from HCC conditions. Snapshots from two reprsentmovies are
shown onFig. 412C-D. As observed above, the intensity of the R&P spot decreased
during HCC. However, a clear overshdoof transcription was observeditiin the first
15minutes afr release from HCC conditionsften reaching intensity values more than

60-70% higher than those measured before HCC.

To be able tocompare the results obtained from different movies and in different
experiments,we normalized thentensity \alues of eachranscription spa to the one
measured at the start of the respective movie. In the first experiment, the average spot
intensity value for the ¢ i me points before HCC was 0. 9C
n=180spots). A cell was conservativelglefined as a responder, thusexhibiting
transcriptional overshoot if 1f) displayed a normalized spot value of 1.25 or more within the

first 15 minutes after release from HCC; 2) this value was the highest recorded during the
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entire movie.A cell lacking these criteriawas defined as neresponder.Using these

conditions we classified73% of cells included in the analysis of Experimeas Iresponders

HCC HCC | Hce | HCC | HCC

SH3IANOdS3d

normalized intensity

SHIANOJSIENON

time (minutes)

Figure 4-13. Typical transcriptional intensity profiles of cells undergoing a cycle of
chromatin condensation and decondensationThe intensities oftranscription spat are
normalized to the those measured on the first time point. Shown are 25 profiles of cells which
displayed a transcriptional spikar{ows) after release from HCC conditions (responders, top)

and 10 norresponding cells (bottom).

displaying aspike intranscriptonal intensity (33 out of 45 cellsfhe averagéranscriptional
intensityprofiles for responden&3%of cells) and nowresponders (27% of cells) identified in

Experiment | are shown oRig. 412E-F, respectively. The individual temporal profiles of
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transcriptional output in a subset of responders ameresponders are shown &ig. 413.
The proportion of responders were28t Experiment Il and 60% in Experiment 11l (data not
shown).We were aware ofhe fact that some cells failed to show a transient transcriptional

spike after release from HCCThis phenomenoremains to belucidated (see Discussion).

We aimed to furthecharacterize the shape of transcriptional response during our
movies.The meantranscriptional intensity of the respondatsthe beginning and at the end
of the moviesvas comparable and no statistical difference was revéalke® . 9 8 , Studen
t test). However, the mean value calculated for the spike regibs (@inutes after HCC) was
significantly different from both the mean value t€C (p<0. 0000 1, Student 06s
the mean value for the last two time points of the mgve0.0001, $ udent desumn t est |
up, hese characteristidarther confirm that there is particularbehaviourof transcriptioml

responsehortly after the transition from a hypercondensed to a normal chromatin state.

Transcriptional elongation is obstrted inhypercondensed chromatin

Next, we wanted t@dvanceour insight into the regulation dRNApolll activity in
NCC and HCC conditionsThe first step was the immunostaining of NG@dHCC treated
cells with amonoclonal antibody against RNApollTD phosphoylated at serine Svhich
was recently generated in a laboratory of prof. Kim{(@sasevich et al., 20)4 This
posttranslational modification is generally associated with transcriptional initiation
(Komarnitsky et al., 2000 The result isshown on Fig4-14A-B. Although the signal
intensity increased slightlythe distribution of initiating RNApolll remained largely
unchangedn HCC. The phosphoylated Seiine 5-RNApolll signal intensityis comparable to

theincrease oDAPI signalwhich we view as aesult ofgeneral chromatin clustering in HCC
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conditions. Interestingly, thicalization of thePCRGFRIlabelledtranscriptional dotén the
nuclear space ibhoth NCC and HCC conditions highly similar to the spatial pattern of the
putatve transcription factorg nuclear loci of increased concentrationdfating RNApolll.
This observationis consistent with ouffindings of continuedtranscriptionalactivity in
hypercondensed chromatin (d&g. 411) and suggests th&NApolll can accumulate on the

transgenérrespective of the chromatin condensation levels.

To gainbetter resolution and quantification of the distributioiRdfApolll along the
transgene, we performed chromatin immunoprecipitation (ChIP) using an antibody against the
RNApolll CTD (8WG16) Using gRT-PCR we analysedthe amount of bound DNA
fragments correspondi ofghe eodinghsequenctifg. 4140)ein 56 or
normal conditionsthe abundance &@NApolll i n t regen d the transgengas twafold
higherthaninthe 8 r egi on. | n H atiG mareotimad dotubledrig. s+14D)t hi s r
suggesting an accumulation of RNAjpioln the Sregionand depletion in the@egion We
therefore propose that there & block of transcriptional elongation upon chromatin

hypercomlensation.

The transient spike in transcriptional intensity is specifically linked to chromatin

decondensation

Our subsequent goal was determine whether the transiespike intranscriptional
activity that we observed after release from HCC conditions is linked with chromatin

decondensation or simplyitlv resumption of RNApdl elongation activity We performed
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Figure 4-14. RNA polymerase Il elongaton is impeded in hypercondensed chromatin.

(A, B) Representative immunofluorescent staining results-@f @S cells with arantibody

against the CTD of RNApdtl phosphorylated on Serine 5 (CMA603) in NCC and HCC
conditions, respectively. The white arrowllsamark the PCIEFRIabelled site of nascent
transgene transcription (green, top left) and the overlapping sites op&INAccumulation

(red, top right). The bottom panels show a merged image (left) and the DAPI counterstain
(right). Shown are maximum @rj ecti ons of optical (@dfdwmti ons.
amaunt of RNApol | associated with t hensbfahe ffabsigemee) an
was analyzed by ChIPandgi®PTCR. The graph shows the fracti
s.d.) that was immumecipitated in NCC (n=5) or HCC (n=4) catidns for each region.

The RNApollli s enri ched at t(D)&NApdl Ie nadc ci unmubloatthe sc aaste
uponHCC, as shown by the increase in the ratio
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maging experiments similar to the ones described above,irtstiéad of manipulating the
chromatin by the increase of osmolaritfythe culture mediumwe treated cells wittbRB.

This drug works aa reversible inhibitor of transcriptional elongati@ensaude, 2031
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Figure 4-15. Transcriptional recovery is not associated with an intensy spike in the
absence of chromatin decondensation. (AJnapshots from live cell imaging taken before,
during and after treat ment -GWA sighal i2geenONMeDRB .
stamp in hours:minutes. Middle panels: zoom in ontrtéwescriptionspos. Values in the top

right corners indicate the intensity wénscription sp@ normalized to the first time point of
imaging. Bottom panels: H2BIRFRIlabeled chromatin. Shown are maximum projections of

optical sections. Scale bars, @in. T h eiptidnal anterssity profiles for the entire
imaging period is shown on the right. Values are normalized to the intensity measured on the
first time point.(B) Aver age normalized transcriptional

cells included in the atysis (n=17). Transcriptional recovery is progressive, without any
signs of spike.

Cells were imaged at-Binute intervals before and during DRB treatmentr(Rb
for 45minutes) and every 3 minutes thereafter. Snapshots from a representativearsovie
shown onFig. 415A. Treatment with DRB led to the rapddminution of transcription spat
Importantly, chromatin condensation levetemained uohange during DRB treatment,
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which is shown by the appearance of the HBBFP signaktaying similarthroughout the
movies Fig. 415A, bottom panels). We performed gantification of transcription spot
intensities afteremoval of the drugand revealed progressive recovery in transcriptional
activity, without any transcriptionaspike at any timgoint. Simlar results were observed on
the plot of average transcriptionalensities from 17 celldHg. 415B). Using the criteridor

the identification of respondedefined abovewe found only 2 cells (11.7 %) showiray
slight spike in transcriptional outputpon wash out of the DRB inhibitor. These results
suggest that the transient spikeranscriptional intensitthat weobserved after HCC release
is linked neither to transcriptional inhibition nor to medium exchange, but rathelettrease

in chromath condensation levels.

Chromatin mobility is reduced in HCC

While studying the effects of HCC on our transgene behaviour, we noted that there is
a limited informationabout the impact of hypercondensation on chromatin biology. We were
interested to compare the mobility of chromatin in NCC and HCC conditions. To do so,
replicating DNA wadabelledwith Cy3-dUTP in U2 OS wild type cells(for details on the
procedure, s Materials and methods)he labelledcells were left togrow anddivide for
2-3 days to obtain spatially segregated fluorescent replication($atiermelleh et al., 20D1
We identified the cells with theegired signal of replication foci in the chromatin and imaged
them at high speed {&cond intervals) for 1@inutes in both NCC and HCC conditions.
From these movies, we immediately saw that chromatin mobility was clearly slowed down in
cells incubated itHCC medium (data not shown). To quantify this observation and to exclude
the possibility that the difference was mainly due to noorestrainednovement of the whole

nucleus the movement of labelle@plication foci from two different chromosome terries
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Figure 4-16. Hypercondensed chromatin displays reduced mobility(A, B) Fluorescently

labelled replication foci were imaged every 5 seconds for 10 minutes. The trajectories of two
representative foci per nucleus are displayed in conditions of NCC (A) or HCC (B). Scale

bars 100 m. Shown bel ow -fogirdstanges$ @5tsecona intervals fore 10

minutes. The range and extent of movement is diminished in HCC condi@nAverage

changes indistanc®di n nm, Ns.d.) bet ween -seavralintergap | i c at
for NCC and HCC conditions @9 for each conition).

insidea single nucleus was tracked and distances between the 2 foci wetradedvery
time point.Fig. 416 shows representative results from cells incubated in NCC (left) or HCC
(right) conditions. Results from 9 distance tracksath conditions showed that distances
varied to a lesser extent in HCC conditid88 nm N9 nm per 5 seconds HCC conditions

vs. 97nmN18nm per 5 second# normal conditions, &9, p=0.001), confirming that

chromatin is indeed less mobile in tmgpercondensed state.
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4.3  Project lll: A peak of transcriptional activity at the very beginning of cell cycle

The data presentdd this chaptear e part of a Treastriptocal Quipudt
Transiently Spikes Upon Mitotic ExXit wh i ¢ h wdisScigniifib RepostshjourndlSci

Rep 2017 Oct 3;7(1):12607).

The text in this chapter waslapted from the manuscript

Authors:ViolaVa Rk lda 8 s n,eChristiar®. a n c t "Et

Author contribution:1 performed all of theRNA FISH experimentsand image analysis

concerning theaJ-2 OS cell line and thélepG2 cell linegxcept the low serum experiments

andthe 2D FISH

Christian Lanct performed all of the RNA FISH experiments and image analgsiseening
the HT-1080 cell linethe low serum experimentmd the 2D FISHon the HepG2 cell line

and wrote the manuscript.

The mRNA count changes progressively during the cell cycle

ent i

Because a little is known about the progression of transcriptional pulsing throughout

the cell cycle, we decided to image tieneexpressionn its individual stagedVe performed

SmRNA FISH on established human cell lines (HepG2-1880 andU-2 O using

fluorescent oligonucleotide probes against the transferrin receptor (TFRC) and the large

subunit of RNAolll (POLR2A). Both geneshave around 30 kb sizeare moderately

expressed in the chosen cell lines and are located in gene dense regions of the genome (HSA

3928 for TFRC and HAS 17pl13 for POLR2A)o quantify thesmRNA FISH dotlike

signals wereused the MATLABbased FISHQuant dgorithm (Mueller et al., 2018 Based
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on DAPI staining,we classified thecells as interphasic (G1/S/G2) or mitoti8ince our
particular interest was focused on the very start of the cell cycle, sp#eiation was given

to cells in metaphase and telophaseCytometry of HepG2 cells immunostained for the
Serine 16phosphorylated form of histone H3 indicated that ~3% of cells were in mitosis
underthe conditions that we used (data not shown). We thus estimate that less than 1 cell out

of 150 is intelophase at the time of cell fixation.

To clearly define this class of cells, we established the following criteria: 1) the cell
and its neighbour appeared to be a pair of freshly divided daughter cells, 2) the DAPI signal
of the pair was irregular, witintensity between that of metaphase and interphase cells,
indicating ongoing decondensation of chromatin and 3) in the DIC lightning, the shape of the
cells was rounded without signs of flattenil@hromatin decondensation and cytokinesis are
triggered bydephosphorylation vi@P2AB 5 5Spblosphatasat the end of anaphaggundell
et al., 2013Schmitz et al., 2070 Since chromatin decondensation and cytokinesis both occur
at the same time and progress continuously, it is sometimes difficulsttogdiish between
the end of telophase and the beginning of G1 according to the DAPI and DIC signals. We

therefore term the pairs of neighbouring daughter cells as telophase/early G1

When acquiring our smRNA FISH data, we concentrated on 3 classeslof cel
metaphase, interphase, telopheady G1 Fig. 417A-C shows examples of the FISH signals
obtained for each of these 3 classes of HepG2 cells. All cells that we imaged expressed TFRC
and POLR2A. When we quantified the cytoplasmic mRNA counts whidbatedthe number
of mature RNA molecules in each cell, we revealed a-@aassian distribution of these
counts at all stages. The average mRNA counts werdfisagrily different between the
3stages FKig. 417D-E). Importantly, the average mRNA count metaphase cells

was~1.5fold higher than in interphase cellg/e assume that the interphase population
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comprises both 2n and 4n cells. Assuming nearly a doubling of transcriptional output after

DNA replication, with a compensation towards keeping theesafRNA production rate
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Figure 4-17. Quantitative SmRNA FISH reveals gene expression dynamics in single cells
during the cell cycle. (AC) Representative SmRNA FISH images of HepG2 cells are shown

on the left for each of the target stages (A, interphase; B, metaphase; C, telophase/early G1).
The images are projections of consecutive optical sections havimgi@ thickness. Green
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dots, POLRA RNA molecules; red dots, TFRC RNA molecules. DAPI counterstain in grey.

Scale bar, ® m. Frequency distributions of mRNA cou
analysed are shown on the right (20 bins of equal size for each @@t9)mRNA countgfor

TFRC (D, red) and POLR2A (E, green) at each target stag&(imterphase, open circles,

64 cells; metaphase, triangles, 17 cells; telophase/early G1, filled circles, 52 cells). Each data
point represents the mRNA count in an individual cell. Mealnes (thick linesNs.d. ****,

p < 0.0001.

(PadovarMerhar et al., 2015 Skinner et al., 2016 this heterogeneity is a possible
explanation for observation that the increase in mRNA count in metaphase cells is less than
two-fold. As expected, the mRNA counts were halved in telophadg/€1 daughter cells

when compared with metaphase cells (&@mn 231N58 to 114N30 for POLR2A). When
dividing the mRNA counts in one daughter cell by the other one, we gained an average ratio
of 0.89N0.06 for TFRC and0 . 8 7  For FIDLR2A, respectivelyn = 50 daughter cell

pairg. These ratios suggest thtte distribution of the mRNA molecules between most
daughter cells during mitosis is unbiased, as opposed to predictions of mathematical models
(Huh and Paulssor2011). Nevertheless, we found a significant fractardaughter cell pairs

which differed in mRNA count by 280%. We suggest that this unequal mRNA distribution
might translate into a gene expression heterogeneity in the population further in tyeleell

To make sure that these results we observed in HepG2 cells were not restricted to a specific
cell line, we performed the same setup of SmRNA FISH also ¥1®8D cells. Indeed, the
situation in this cell line was similar to HepG2d. 418). Takenogether, these quantitative
SmRNA FISH results show a progressive increase in mRNA counts during interphase and a

halving in the number of mMRNA after cell division.
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Figure 4-18. Quantitative smRNA FISH analysis inHT-1080 cells. (AC) Representative

smRNA FISH images of HIL080 cells are shown on the left for each of the target stages (A,
interphase; B, metaphase; C, telophase/early G1). The images are projections of consecutive
optical sectionshaving2 mm in thickness. Green dots, POLR2A RNA molecules; red dots,

TFRC RNA molecules. DAPI counterstain in gray. Scale b&,ns. Frequency di st
of MRNA counts in the population of cells that were analyzed are shown on th€iigbr

26 bins of equal size for each gen@):E) mRNA counts for TFRC (D, red) and POLR2A

(E, green) at each target stage=(@; interphase, open circles, 76 cells; metaphase, triangles,
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42 cells; telophase/early G1, filled circles, 98 cells). Eaahbsy represents the mRNA count
in an individual cell. Mean values (thick lind$s.d. *** p <0.0001.

The nascent transcriptioin telophasegarly G1 is characterized by an overshoot

Taking the advantage of imaging RNA at the single cell level, we could distinguish
between mature cytoplasmic mMRNA molecules and nascent transcripts. It has been shown that
because certain steps in MRNA processing are ratgniting, nascent transcripts
accumulate at the site of transcription and can be detected as inten&agletsal., 2006 In
HepG2 population, the majority of cells were not transcribing the TFRC and POLR2A genes
at the timeof fixation (Fig. 419A). For POLR2A, an average of 87% of cells did not display
any nuclear dots (n 3 experiments, 131 cells). This observation is consistent with both genes
being transcribed in a pulsatile fashion characterized by relatively short éidg
interspersed with longer OFF periods. Since transcription is generally considered to undergo a
global shutdown during mitosi@rescott and Bender, 1962he metaphase cells did not

contain any transcription dotki¢. 419B).
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Figure 4-19. Nascent transcripion is increased upon mitotic exit. (AC) Frequenc
distribution of the number of active alleles per HepG2 cell for TFRC (red) and PC
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putative nascent transcription sit@lg. Number of nascent RNA molecules per active alle
interphase cells (open circles) or in telophase/early G1 (filledes). TFRC (red
interphase, 64 alleles; telophase/early G1, 117 alleles. POLR2A (green): interpt
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significant. **, p<0.01
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In telophase/aly G1 cells, we made astriking observation about nascent
transcription(Fig. 419C). We noticed arincrease in the number of nuclear dots, both in
terms of tle proportion of positive cell®63% for TFRC andb6% for POLR2A compared to
43% and13%, respectively,in interphase cellsandin terms ofthe number of active alleles
per positive cel(l . 0 4 fdr TBRC1af6dd . 8 9 for POLR@M compared witld . 50 K
0.06and0 . 1 7 ,Nespectiv@ly, in interphase cells). In a significant proportion of cells,
3 alleles were found to bactive at the same timén telophasefaly G1 cells. Wealmost
never observed suckituation in interphase cell8¥/e assumedthat this was due to the
aneuploidy of the HepG2 cell line that we usatl the associated ploisomy of the target
genesindeed, laryotype and FISH analysis confirmtwht this was the cag€ig. 420). To
demonstrate thathe increase in theroportion of cells displayingactive alleles at
telophaséearly G1 wasa common obervation,HT-1080 and L2 OS cellsvere analysednd
the findings confirmed that the situation was the same as in Hep®2 419 D).
Representativexy and xz projections of the POLR2Anascent transcriptiorsignal in
telophae/arly G1 cells are shown ofrig. 419E-F. Note that the nuclear dots, which
correspond to nascent transcripts, are many times bigger than the cytoplasmic dots, which
correspond to single mature mRNFhe results gained on HID80 cells were similar to the

ones described above for H&p (Fig. 421).

After performing ecloser inspection of individual optical sectioms noted that the
intense nuclear dots were often found to be localized to negid low DAPI intensity
(Fig. 4-19G-H), pointing to a link between chromatotecondensation and resumption of
transcription. We further analysed this observaligmplacing the DAPI intensity measured at
the transcription spot on a binnditribution of DAPI pixel values inROIof ~3 e m X

around thdranscription spot. Thianalysis was performed for 15 transcription spots for each
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gene andghowed that these were found in regions of low local DAPI intensity in 12/15 cases

for POLR2A and 15/15 cases for TFREJ. 4-22).

B 3q28 POLR2A
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Figure 4-20. Determination of gene copy number. (A, CRepresentative FISH results on
metaphase spreads from cell lines that were used in this study. Red: signals from a probe
against a region near the TFRC gene (3928, ~1 Mb away). Green: signals from a probe
comprising the POLR2A gene. DAPI counterstain. (A) HepG2. (C)1a80. (B, D)
Frequency distribution of the number of doublet signals per metaphase spread for a region
near TFRC (red) and POLR2A (green). 15 metaphase spreadanatysedor each marker.

Cells are aneuploid and the majority of them have 4 copies of each target gene. (B) HepG2.
(D) HT-1080.

Using the FISHQuant software,he size of the nuclear dotsvfiich isa number of
RNA molecules within tese dots) and thus the number of nascent mRigkecules couldbe
estimated through comparison with the signals produced by single mRNAs in the cytoplasm.
We termed this number t@anscriptional output per active alleéed wefound that it was
similar between interphase and telopheagy Glcells inthe case of TFRC5(. 7 N 2. 6
6.5N2.9 molecules/active alleleFig. 419, red), but significantly increased in the case of

POLR2A 6 . 3 N 03..20 Hwiesule§active allele, Figi-19, green).Based on tis
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observationwe proposethat both tle frequency and the size of transcriptional pulses can be

modulated upon mitotic exit. Taken together, our results indicateathagst in the cas#
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Figure 4-21. Increased transcription upon mitotic exit in HT-1080 cells. (AC) Frequency
distribution of the number of active alleles per-#080 cell for TFRC (red) and POLR2A
(green), at interphase (A, 76 cells), metaphase (B, 42 cells) or telophase/early G1 (C, 98
cells). n= 3. (D-G) Representative iages of SmMRNA FISH signals in a pair of daughter cells
shortly after mitotic exit (EE, POLR2A, green) or in individual nuclei (F, POLR2A, green;

G, TFRC, red). Shown arey (D, F and G) oxz (E) projections of optical sections (thickness

of 2 mm for panés D and E, 0.5rm for F and G). DAPI counterstain in gray. Scale bab, 5 .
Arrows point to intense nuclear dots which mark putative nascent transcription(ldites.
Number of nascent RNA molecules per active allele in interphase cells (open circles) or i
telophase/early G1 (filled circles). TFRC (red): interphase, 64 alleles; telophase/early G1, 147
alleles. POLR2A (green): interphase, 46 alleles; telophase/early G1, 118 cefls.Mean
values (thick linesNsd. ns, not significant.
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For legend, sethe next page.

94



POLR2A

Number of pixels

~
@
@

128 192

N
[
=]
o
@
IS

64 128 192

o
@
B
-y
N
@
-
©
~
I
o
@
o

Distribution of DAPI intensity (in 256 bins)

Figure 4-22. The transcriptional spots that are detected in telophase/early G1 cells a
preferentially localized in regions of low DAPI intensity. Each plot shows th
di stributions of DAPI i ntensities I n

transcriptional spot. The pixel values were distributed in 256 bins of equal sizea¢h
plot, bin 1 corresponds to the lowest DAPI intensity and b Bbthe highest. Results
shown for 15 POLR2A spots (green) and 15 TFRC spots (red). Arrows point to the t
comprises the DAPI intensity at the transcriptional spot.
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Figure 4-23. Intense nuckar smRNA FISH signals mark sites of nascent transcription.

(A) Representative smRNA FISH images of HepG2 cells hybridized simultaneously with an
exonic probe against POLR2A (left panel, green) and a probe against the first intron of
POLR2A (middle panelr e d ) . Contours of nucl ei are dott
enlargedtranscription sp@ showing cdocalization of the exon and intron signals in the
nucleus a8 on t he r i ghtAll im8&esadreeprojpcions of tlvo conmeecutive

optical setionshaving0 . 5 € m i n(B)tFlequen&ymrdistsbstions of the number of

active POLR2A alleles per cell in interphase (open bars, 152 cells) and telophase/early G1
(filled bars, 106 cells) detected using the exon (left) or intron (right) prégGe<ells were

treated with an inhibitor of transcriptional elongation (DRB) for 1 hour before being
processed for smRNA FISH. Frequency distribution of the number of intense nuclear dots per
HepG2 cell in telophase/early G1 for TFRC (red) and POLR2A (giearontrol (CTL) cells

(filled bars, a total of 52 cells) or DRBBeated cells (dashed bars, a total of 44 cells). n = 2.

(D) mRNA counts for TFRC (red) and POLR2A (green) in telophase/early G1 cells that were
either treated with DRB (crosses) ornoté¢fidl ci r c|l es ) . Meand. val ues (
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two moderately expressed housekeeping genes, exit from mitosis is accompanied by a marked

overshoot in nascent transcription intensity.

Next, to assure thdlhe intense nuclear SMRNA FISH diie signalswere really the
nascent transcripts that accuatelat the site of its synthestbe intense nuclear dots that we
detected using the exonic prohgainstPOLR2A proved to beco-labelled with a probe
against the first intron of the gen€id. 423A). This result indicates that thesggnals
originate from premRNA molecules and not from random entrapment pobcessed
transcripts during chromatin decondensation. Signals from exonic and inproties were
co-localized in 99% of cases (209 out of 212 sigretalysed in tefthaséearly G1 nuclei).
Accordingly, the observation of transcriptional spiking upon mitotic exitdugsicated using
the intron probeKig. 423B). In addition, weperformed areatment of cells with DRBan
inhibitor of CDK9 kinase thablocks transcriptional elongatio(Bensaude, 2031 The
exposure to DRBor 1 hour before fixation led to the complete disappearance of nuclear dots
from telophasearly Glcells Fig. 4230). Although the nascent transcription was inhibited,
the cytoplasmic mRNA counts were not significantly affectgd this short treatment
(Fig. 4-23D), consistent with the reported hdilfes of 6 and 8 hours for POLR2A and TFRC,
respectively(Yang et al., 2008 To validate that the nuclear spots mark the sites of nascent
transcription even further, we also treated the aeill two other transcriptional inhibitors,
flavopiridol and actinomycin D Both drugs induced disappearance of the nuclear dots

(Fig. 4-24).
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Figure 4-24. Intense nuclear smRNA FISH signals disappear upon transcriptional
inhibition. Cells were treated with an inhibitor of transcripabrelongation (flavopiridol,

1 QW) or with a DNA intercalating compound (actinomycin D, &§ml) for 1 hour before
being processed for smRNA FISKA) Frequency distribution of the number of intense
nuclear dots per HepG2 cell in interphase cells for CHRed) and POLR2A (green) in
control cells (CTL, filled bars, 54 cells), actinomycinti@ated cells (ACT, empty bars, 51
cells) and flavopiridotreated cells (FLA, dashed bars, 50 cells), n = 1 experin{Bit.
Frequency distribution of the number of @nse nuclear dots per HepG2 cell in
telophase/early G1 cells for TFRC (red) and POLR2A (green) in control cells (CTL, filled
bars, 32 cells), actinomycin-Deated cells (ACT, empty bars, 38 cells) and flavopiridol
treated cells (FLA, dashed bars, 32 gelts= 1.

Thetelophase/earlys1 window of active transcription is temporarily restricted

It is highly beneficial to study transcription in single cells and not a merged cell

population in which many interesting phenomena can be obscured. hButuge of
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unsynchronized fixed cellstill makes it difficult to precisely define the time winda

spikes of nascent transcription. @woid this limitation characteristidor working on fixed
material, we chose to record the growth of cells in real time bdiwmg the cells and
performing smRNA FISH. Cells were seeded on gridded glass coverslips and immediately
fixed and processed at the end of the imaging perieti7 (Fours at 20ninutes intervals).
Movies were scanned to identify daughter cells at differiemt points after mitosis. These
cells werethenfound backon the mounted gridded coverslip ath@ smRNAFISH signals
wereimaged.We first identified the time poirdat which a metaphase plate was obse i

which we tookas t=0. Snapshots from moviespng with the smRNA FISH results at
endpoint, aresshown onFig. 425A-D. At t=20 minutes, cells were still in anaphase. Multiple
intense nuclear signals were alregohgsentat the next time point (t=40 minutes), when
cytokinesis appeared to be almost pteted but cells were still rounded. One hour later
(t=100 minutes), the number of transcription spots had gone down to the levels that were
observed in populationsf interphase cells (e.dzig. 418A), with few examplesof nuclei
displayingmore than onective allele. Thdrequency distributions of the number of active
alleles per nucleus (0, 1, 2 or 3) was progressively shifted to the left as cells sgddres
telophase to G1Hg. 425E). Consequentlyquantification ofnascent transcriptiosignals at

the different time points revealed a progressive decrease in the transcriptional output per
nucleus, calculated as the sum of the number of nascent transcripts foeachadllele

(Fig. 4-25F). For POLR2A for instance, the mean transcriptia@uivity per allele went from

3 4 i\ascdnt transcripts 4f0inutes after metaphage= 3, 46cells) down to4  Nas@ent
transcriptsl00 minutes after metaphase<3, 30 cells). After counting the number of mature
MRNA molecules in the same cellse revealed that théncreased nascemitanscriptional
output at early time pointsanslated intaa statistically significantp < 0.00)} increase in

MRNA counts for both genest the last time pointHig. 425G; +1% in the case of TFRC
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and 5% for POLR2A. Interestingly, the cumulative number of nascent transaligtiscted

at telophase/early G1 was approximately edoathe increase in mature mRNA number
detected in the subsequent time poistggesting that the occurrence of transcriptional spikes
upan mitotic exit served to rapidly increase the number of mature mRNAs in daughter cells.

Since theexactkinetics of transcription, RNA processing and RB)port in the reforming
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Figure 4-25. Postmitotic transcriptional spikes occur early and are transient. (A, C)
Snapshots taken from a movie of HepG2 cell growth. When recording was stopped (last
panels), the pair of daughter cells in A was fixed 40 minutes after metaphase had occurred
(second panels) wilthe pair in C was fixed 100 minutes after metaph@seD) smRNA

FISH images for the pair of daughter cells shown in A and C, respectively. The TFRC signal
(middle panels) is pseudmlouredin red, the POLR2A signal (right panels) in green. The left
panels show a merged image with DAPI counterstaingiey. Arrows in B point to
transcription spots. Maximum intensity projections of 4 consecutive optical sections
(thickness of Irm). Scale bars, & m (E-G) Quantification of SmRNA FISH signals for
TFRC (ed) and POLR2A (green) in HepG2 cells at different times after metaphasg (n
t=40 minutes, 46 cells; t=60 minutes, 66 cells; t=80 minutes, 34 cells; t=100 minutes, 30
cells). Shown are frequency distribution of the number of active alleles per n({€)etlse
cumulative output per active nucleus (F) and the cytoplasmic mRNA count (G). Mean values
(thick lines)+ s.d.are indicated on scatter dot plots@y. ns, not significant. *, g 0.05. ***,

p <0.001.
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nucleus remain elusive more work in single iving cells is necessaryto evaluate the

contribution of the posmitotic spikes that we observe to the cytoplasmic mRIgAls.

To sum up, fitting our observations to a time aixidicates that the increase in
transcrigiion in telophase/early G1 maximalupon completion of cytokinesis but before the
flattening of daughter cellssynchronized withchromatin decondensation, atrdnsient, at
most lasting less than one hoMve further confirmedhe early and transient nature of the
transcriptional gike byimmunastaining for the abscission midbodyy-&ubulin-rich structure
that persists up to 3 hours after mitotic €dershony et al., 20)4along with the smRNA
FISH staining Analysis of immuneRNA FISH results showed thabme cells still linked by

a midbody, thus at the beginning of G1, already proceeded through thecpheseerized

DAPI + j tubulin TFRC POLR2A

EARLY

Figure 4-26. Transcriptional spikes occur early in the cellcycle. Representative images of
HepG2 cells cestained fora-tubulin (left panels), TFRC RNA (middle panels) and POLR2A
RNA (right panels). Arrowheads point to abscission midbodies. Arrows point to intense
nascentranscription spat Dotted lines mark theontours of the nuclei. The smRNA FISH
signal s ar e s hown colw scleemal i.engrong sgnats neyellawfwhite e 6
and weak ones in blue. Shown are pse8Doview for a-tubulin and maximum intensity
projections for the smRNA FISH signalA) 6 Ear | yé6 tel ophase/ G1
transcription spat for both geneqB) Daughtercells that are still joined by a midbody but

show no signs of nascent transcription of either genes. Scalerrar, 5
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by the spike in transcriptional activignd did not display the intense spots in the nucleus
(Fig. 426). We suggest that the window of highly active transcription thus occurs earlier in

the cell cycle than the complete cytokinesis.

Distinct mechanisms drive the overshoot of nastanscription at the mitotic exit

From the previous ressltit appearedo usthat theregulation of gene expression of
TFRC andPOLR2Awas qualitatively and quantitatively different in telophase/early G1 cells
and in interphase We speculated that the transcriptional state of the daughter cells was
somehow functionally linked to the interphase state of the respective mothaslfygested
previously (Muramoto et al., 2030Zhao et al., 2011 We were thereforenteresed in
investigatingif the frequency and intensity dfhe postmitotic transcriptional spikesvas
regulated in the same way #&&nscriptional pulses during interphase. To do so, we took
advantage of the fact that the TFRC gene is known toptegulated bymitogenic stimuli
(Biswas et al., 201)30ne can thusegatively regulatéranscriptioml outputof this geneby
cultivating cells in low serumAs expected, incubation of HepG2 cells in 0.2% sefam
48 hoursled to a2.4-fold decrase in average mRNA gats in interphase celld={g. 427A).
This decrease was nha consequence of changesimrstfrequency sincethe proportions of
active alleles per cell were comparable for both culoareditions(Fig. 427B). Instead, lhe
numberof nascent &inscripts per active alletiecrease@@.6N 4. 0 vs. 4.0 N 1.7
molecules/active allele, Figure2/D), suggesting that downregulation of the TFRC gene in

low serum conditiongvas accomplishethrough dower intensityof individual ON periods
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Figure 4-27. Distinct transcriptional regulation in telophase/early G1 HepG2 cells. &)
InterphasemRNA counts for TFRC in HepG2 cells cultivated in medium supplemented with
10% CTL, opencircles, 68 cells) or 0.2% I(OW, open squared6 cells) FBS. MeanNs.d.

(B) Frequency distributiomf HepG2 interphas@eft) and telophase/early G1 (rightuclei
displaying one or more active TFRC alleles. Normal serum concentrétipr,.ow serum
corcentration, bottom n=2. (C) Representative smRNA FISH images for TFRC in
telophase/early G1 cells grown imormal (top) or lowserum (bottom) conditions. In both
cases, transcriptional spots of similentensity are detected (arrowsJhe images are
maximum intensity projections obnly 4 consecutive optical sectiodgvingl e m i n
thicknes. The contours of the daughtall nuclei are dottedScale bar5 O m(D) Number of
nascat RNA transcripts per activallele in interphase cells (INTER, opeymbols) or
telophase/early G1 cells (TELO/edled symbols). In control conditions (CTL, circles), the
mean akle activity is the same at theo stages (INTER, 32 alleles; TELO/eG1, 56 alleles).

In low serum conditions, the meatiele activity is gynificantly increased upon mitotic exit
(INTER, 33 alleles; TELO/eG1, 4al | el es ) . Me an vad nesot (t hic
significant. *** p < 0.0001.
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