Single nucleosome imaging reveals
loose genome chromatin netwoska
active RNA polymerase Il

Nagashima, Ryosuke

Doctor of Pilosopy

Department of Genetics
School of LifeScience
SOKENDAI

(Graduate University for Advanced Studies)

2018 (school year)



Contents

ADSITACT ... 1

INEFOAUCTION ..oeiii e e e 4

RESUILS.....eeeee e e 7
Single nucleosome imaging in human RPE cellS.......cccoooeviiiiiiiiiiiiiceeeee 7
Transcriptional i raimanibni diminished congtraimisRoBlocalr U
Chromatin MOVEMENTS........cciiiiiiiiei e e e e e e aaaes 16

Transcriptional inhibition by actinomycin D increased constraints of local

ChromMatin MOVEMENTS. .......uuiiiiiiiiiiii et reer e e e e e 25
Transcri pti on a laffectthédphysioldgicabemvirehmehtn..f.t....26
Transcriptional i nhibition didndét affect t
(LT 101 1= USSP 28
Rapid depletion of RNAPII by auxin-inducible degron (AID) system diminished
the chromatin CONSIrAINTS............eiiiiiiiie e 30
Decreased chromatin constraints in the GO state of RRE cells....................... 34
Serum re-addition restored the chromatin constraints..............cccccoovviivicennnen. 39
Loose genome chromatin domain network via active RNA polymeradl| ......... 43
DISCUSSION......uuiiiieeii ettt e e e e e 47
Materials and Methods...............oiiiiiiiiiiiie e 51
Plasmid CONSIIUCTION.........oooiiiiiiieeee e eeea e ens 51
Cell CUIUIE ... e 52
Establishment of cell INeS..........ooo e 52

Biochemical fractionation of nuclei from cells expressing H2BHalotag............. 53



[ F= 10T = To T = 1= 1] o OSSP 54

Chemical tre@tMENL.......cooiiiiiiee e ee e e e 55
RNA INEITEIENCE. ....eiiiiiiee e 55
5-ethyl uridine (EU) labeling and quantification..............c.cooovvivviiicccrnveeveeiiinns 55
(T a1 T aTo] o] o) 11 o T 56
IMmmuNOfluOresSCeNnce StaINING..........coevvvviiiiiiii e errn s 56
Quantification of immunNOStaiNiNg IMAJES..........oovvvviiiiiiiieeeee e 57
Total density estimation in the nucleoplasm...........ccccceeiiiiiiicecciiiie e 58
Measurements of free Mg+ in the Cells............ooovvviiiiiiiiiccceecee e 59
Single nucleosome imaging MICIOSCOMY........c.uuurruuuuuiieesieerrrrnnnaraeeeeeeeeeeeeans 59
Single nucleosome tracking analySiS...........ceeeiiiiiiieeieceeeiciiie e eeeeeee 60
RNA preparation and quantitative real-time PCR..............cccccoviviiiiiieenn e, 60
Acknowledgements.............cooeiiii i, 62

R O NS . . 64



List of Figures

Figure 3. CBB staining and immunoblotting against for H2B protein regarding nuclei
of H2B-Halo expressing RRE cellswhich were biochemically fractionated.

Figure 4. Scheme of oblique illumination. -+« v 10

............................................................................................ 10
Figure 7. Singlestep photobleaching of two representative nucleosome{Hz2B-
TMR] OOt v e e e e 11
Figure 8. The position determination accuracy of Halotag ligand TMR labeled H2B
Halo proteins_ .......................................................................... 12
Figure 9. Trajectories of NUCIEOSOMES: « -+« +xrveerrriii 13

Figure 10. Mean square displacement plots of single nucleosomes ifh &HE13

Figure 11. A singlenucleosome [H2B°A-mCherry] image of a living RRE nucleus.

Figure 12. A photoactivated localization microscopy (PALM) image of {#2B
mCherry protein._ ...................................................................... 14

Figure 13. The Hunction plot of live RPEL cells expressing H2BA-mCherry.15

Figure 14. Long term MSD plots of single nucleosomes in HH2aRk expressing

Figure 15. Chromatin heatmaps of RPEells -+« v vviiei 16

Figure 16. Scheme for RNAPII regulation by phosphorylations of its CTD repeats,
(YSPTSPS) X B2 ttttttttttttttiiiiiiiiiiiiiiit it 18

Figure 17. Immunostaining for phosphorylated serine 5 of CTD in transcription
INIDItOr treated CellS. - - rrrrrrrr i i ittt e 18

Figure 18. Immunostaining for phosphorylated serine 2 of CTD in transcription



Figure 19. Distribution of RNAPIBErSP: -« vveeiiiie 20
Figure 20. Verification of RNA synthesis inhibition withebhynyl uridine (EU)
incorporation._ .......................................................................... 21
Figure 21. MSD plots of single nucleosomes in RNAPII inhibitor treated REds.
............................................................................................ 22
Figure 22. MSD plots of single nucleosomes in DRB treated-RE@&lls:---:---- 23

Figure 23. Chromatin heatmaps of -t he
amanitin (|eft) ......................................................................... 23

Figure 24. Long term MSD plots of single nucleosomes in transcription inhibitor

Figure 30. MSD plots of single nucleosomes on the interior and peripheral layers of
The RPEL Cel S+ rrrererrara it s it ittt ti e aaas 30

Figure 31. A schematic illustration of the auxin inducible degron (AID) system
(Natsume et a|_, 2016) .............................................................. 31

Figure 32. Experimental scheme of how to inseHOsTIR1 and mAID tag into
DLD -1 CellIS e ere e e e e 32

Figure 33. Verification of mAID tag insertion and confirmation of the AID system.

Figure 35. MSD plots of nucleosomes in DilDcells beforeand after auxin

u



G O I O T T O T T T T T T 33
Figure 36. Experimental scheme of serum starvation and serum stimulatioB4

Figure 37. Verification of GO state of RPEcells by immunostaining with
pro”feration Marker KiB for e rer e et 35

Figure 38. Verification of GO state of RPEcells by immunostaining with
proliferation mar ker -Fo0-p-0i-s-0me+r3Ibse

Figure 39. MSD plots of nucleosomes after serum starvation inIRfefls. - --- 36

Figure 40. Verification of RNAPII activity after serum station by using RNAPH
Ser5P antibody._ ....................................................................... 37

Figure 41. Verification of RNAPII activity after serum starvation by using RNAPII

Figure 44. MSD plots of nucleosomes in RPEells after serum raddition.---- 41

Figure 45. Verification of RNAPII activity after serumaedition by using RNAP

Ser5P antibody._ ....................................................................... 42
Figure 46. Verification of RNAPI&ctivity after serum raddition by using RNAP
Ser2P antibody._ ....................................................................... 43
Figure 47. A model for the formation of a loose spatial genome cimometwork
VT I TN 2 | Y=Y £ = 45
Figure 48. MSD plots of nucleosomes in CDK®ockdown RPEL cells:---:---- 46



Abstract

In our body,2 m of genomic DNA, which encodes genetic informationpaskagedn

the cell nucl eus wThe long atrartied D heis verapped dround 1 0
histone octamers to form nucleosomes and tbdmeensionally organized in thelteas
chromatin.In the process of information output (gene transcription), which specifies
cellular function and subsequdates,both chromatin organization and dynamics play a
critical role in governing accessibility to genomic informati@enerally,people think
thattranscribed chromatin regions are more open and dyn&uitdraryto this general

view, however, we previously revealed that transcrigtiorhibition by an inhibitoi5, 6-
Dichloro-1-b-D -ribofuranosyl benzimidazol@PRB) treatment glohlly upregulated the
chromatin movements in whole nucleus in living human cells. This suggested that
transcriptional process globally constrained the chromatin dynamics. In this thesis, |
investigated the mechanism how the chromatin dynamics is globailstrainedby
transcription. For this purpose, | performed single nucleosome imaging under several
conditionsthat affectglobal transcriptionby inhibitor treatments of RNA polymerase I
(RNAPII), RNAPII rapid depletion, and serum starvation to entecdiie into quiescent

(GO) state

To measure the chromatin dynamics, | establisadduman RPEL cell line stably
expressing histone H2B tagged wiH{hloTagand performed single nucleosomeging.

At first, to examine the role of the transcriptional ggss in consaint of chromatin
motion, | treated the RRE cells with DRBor U-amanitin (-AM). Both inhibitors are
known to reduce active RNAPIbn chromatn. Indeed both inhibitor treatments

significantly reduced the amount of active RNAPII and globally upregulelbedmatin

m.



dynamics as consistent with our previous report. Based on these résufsthesized

that active RNAPIIs on chromatin restricted the chromatin dynamics.

To test thishypothesis| examined the effect of another inhibitor, actinomycin D (ActD),
which induces stalling of active RNAPII on chromatin. While ActD treatment reduced
global RNA synthesis in the cells, the amounts of active RNAPII marks in the treated
cells were similar oslightly higher than those of untreated control cells, suggesting more
active RNAPIIs on the chromatiin contrastto t h e D R BAMaresults, BictD
treatment decreased the chromatin dynamics and induced more chromatin constraints.
This result supported théte active RNAPII complexes on chromatin constrained the

chromatin movements.

To demonstrate the involvement of RRII in the chromatinconstraints more direlgt |
generatedLD-1 cells that enable me to perform rapid and specific degradation of RPB1,
the largest subunit of RNAPII, by an awimducible dgron (AID) system. The DLEL

cells were also expreasg H2B-HaloTag In the established cells, RPB1 was rapidly
depleted within one hour after auxiaddition and the chromatin dynamics was
significantly increased. This result strengthemeyg hypothesis that RNAPII directly

constrains chromatin movements.

Furthermoe, © investigate chromatin constraints by active RNAPII in a more
physiological state, | induced the RREells into d&ranscriptionallylessactive GO state
by serum removal from the culture medium. GO entry was confirmed by loss of the

proliferation makers Ki67 or TopoisomeradeUin the treated cells. | showed the -GO




induced cells increasethe chromatin dypamics and decreased actiRNAPIIs, as
compared with un&ated control cells. In additipone day after serum restoration into
medium, the cellsbecame Ki67 positive and suppressed chromatin movement
Concurring with thishromatindynamics decreadeactive RNAPII marks were restored

in the serunre-addedcells. Taken together, these results revealed chromatin constraints

by active RNAPII in phgiological context.

Using single nucleosome imagirignvestigated genome&ide chromatin dynamics in a
whole nucleus of livinghumancells, and demonstrated the constraints on chromatin
movements via active RNARWhat is the underling molecularechanism for globally
constraining chromatin motiorRelated to this issue, it has been long proposed that stable
clusters of RNAPII work as transcription factories and immobilize chromatin to be
transcribed Recent studies have also shown that active RNAnd P-TEFb complex
consisting of Cyclin TYCYCT1) and CDK9 kinase, which interact twiRNAPII, form
clustersn living cells.Based orntheavailable and obtained datasonsider the following
model: Tanscription complexklusters including activRNAPII weakly connect multiple
chromatin domains for a loose spatial genome chromatin net@romatin isthus
globally stabilized or constrained by the loose netwbrkhis model, PTEFb clusters
work as fAhubsd and active RNARI lakr thdiagrl kuiers®
multiple weak interactions in the network. Consistent with this, knockdown of ARK9
siRNA upregulated chromatin movements upon reduction of CDK9 protein lavibis

RPE1 cells.




Introduction

Genomic DNA, which encodes gergiformation, is spatially and temporally organized

in the cell axhromatin (Bickmore, 201¥ ardoscet al., 2012Dekker and Heard, 2015;
Hubneret al., 2013 In the process of information output (gene transcription), which
specifies cellular functiorand subsequent fates, both chromatin organization and
dynamics play a critical role in governing accessibility to genomic information. Emerging
evidence reveals that the nucleosomesnOfibers), consisting of genomic DNA
wrapped around the core historfesgeret al., 1997)seema be folded rather irregularly
(Chenet al., 2016Eltsovet al., 2008Fussneet al., 2012Hsiehet al., 2015Maeshima

et al.,, 2016Qu et al., 2017Ricci et al., 2015Riscaet al., 2017 Sanborret al., 2015)

This implies that the chromatin is less physically constrained and more dynamic than
expected in theagular static structures mod®lgeshimeet al, 201@G). Consistently, live

cell imaging studies have long revealed a highly dynamic nature of chrousatio
LacO/LackGFP and related systerf@Ghubbet al., 2002Germieret al., 2017Hajjoul et

al., 2013;Heunet al., 2001} evi et al., 2005 Marshallet al., 1997)and more recdily,
single nucleosome imaginbliharaet al., 2012Nozakiet al., 2017and CRISPR/dCas9

based strategies (Chen et al., 20&8et al., 2018Ma et al., 2016)

Regarding largescale chromatin organization, several models have been proposed, for
example, ccomonema fibersBelmontand Bruce, 1994Hu et al., 2009 Kireevaet al.,
2004)or nucleosome clusters/domaimogakiet al., 2017with a diameter of 10@200
nm, and globular DNA replication foci/domains with an average diameter 61300 m
observed via fluorescent pulse labeligijbiez et al., 2006;Baddeleyet al, 2010;

Berezneyet al., 2000Cseresnyest al., 2009;JacksorandPombq 1998;Markaki et al,




201Q Xiang et al., 2018) Recently chromosome conformation capture (3C)ratated
methods including HC (LiebermanAiden et al., 2009have enabled the @duction of
a fine contact probability map of genomic DNA and supported the formation of numerous
chromatin domains, designated as topologically assongidtmains (TADs|Dekkerand
Heard, 2015Dixon et al., 2012Naganoet al., 2017Noraet al., 2012;Sextonet al.,
2012; Smallwood and Ren, 2013Szaboet al., 2018) and more recently contact
domains/loop domaind&agenet al., 2015Raoet al., 2014Raoet al., 2017Vian et al.,
2018) which are considered functional units of the geaonith different epigenetic
features. These contact probability maps have also suggested varicahriotnmsomal
and interchromosomal domain contacts for global control of gene trigmiscr (Dekker
and Heard, 2019)ixon et al., 2012Eagenet al., 205; Nagancet al., 2017Noraet al.,
2012;Raoet al., 2014;Sextonet al., 2012;Smallwoodand Ren, 2013)although the

underlying mechanism remains unclear.

An interesting observation, which might explain the relationship between global
chromatinbehavior and gene transcription, came from single nucleosome imaging to see
local chromatin movements in a whole nucleus off@€al plane in human cells treated
with  RNA polymerase [l (RNAPII) inhibitor (5:®ichloro-1-b-D-ribofuranosyl
benzimidazole; DRB(Kwak and Lis, 2013)Contrary to the general view that transcribed
chromatin regions are more open and dynamic, the inhibitor treatment globally
upregulated the chromatin dynamidddzakiet al., 2017)While recent studies reported

that some specificepmomic loci in human breast cancer and mouse embryonic stem cells
became less damic when actively transcribe@érmieret al., 20170chiaiet al., 201%,

the transcribed chromatin regioimsthe whole genomare very limted in human cells




(Djebali et d., 2012) Then how can transcription globally affect chromatin dynamics?
Related to this issue, it has been long proposed that stable clusters of RNAPII work as
transcription factories and immolaziéthe chromatin to be transcribe8ckleyand Lis,

2014; Feuerbornand Cook, 2015)Recent single molecule tracking studies have also
shown that active RNAPII and other factors form transient and dynamic cl(Sterst

al., 2016;Cho et al., 2018;,Chonget al., 2018;Cisseet al., 2013) Takentogether, |
hypothesized that chromatin domains form loose network via transcription complexes for
efficient gene transcription and that chromatin is globally stabilized or constrained by
such a network. | inferred that inhibition or removal of RNAPII damtupt the network

connections and increase chromatin movements.

To test this hypothesissing single nucleosome imaginigifiaraet al., 2012Nozakiet

al., 2017) | investigated genomeide chromatin dynamics in a whole nucleus in living
human RPEL cells treated with various transcriptamhibitions. | found that treatments

o f RNAPI | i n hi {amanitnr giobally Pas@& the ohdomdiin fluctuation,
suggesting less constraints of chromatin movements. A conditional rapid depletion of
RNAPII had a similar effect. Furthermore, the chromatin mobility increased in quiescent
GO phase cells with serum starvation, which are less transcriptionally active. My imaging
results suggest that chromatin is globally stabilized by loose connections through
transcriptionally active RNAPII. Taken together with available dat#gef the existence

of loose chromatin domain networks for various wdh@omosomal and inter

chromosomal contacts via transiehistering of active RNAPII




Results

Single nucleosomémaging in human RPE-1 cells

| performed single nucleosome imaging to accurately measure local chromatin dynamics
in a whole nucleus and to get a clue on chromatin orgamiz&wor the imaginga H2B-
HaloTag(H2B-Halo) transgene was stabéxpressedn RPE1 cells, wich is a retinal
pigment epitheaal cell line immortalized by hTER{Bodnar et al., 1998) (Figure 1). To
label the H2BHalo, a HaloTag ligand TMR (Tetramethylryodamine) which can bind
specifically to a HaloTag in living cells was usddhe HaloTagfusedhistone H2B is
incorporated into the nucleosomes throughout the genome including euchromatic and
hetrochromatic regions (Figur®), presumably by histoneplacement on a scale of
hours Kimura and Cook, 2001)Stepwise salt washing of clei isolated from the
established H2BHalo-expressing cells confirmed that HHBalo behaved similar tthe
endogenus H2B (Figure3), suggesting that the H2Balo molecules were incorporated
properly into the nucleosomes in these cells. For single nucleosome imaging, | used
oblique illumination microscopy, which allowed me to illuminate a thin area within a
single nucleus with redudérackgroundhoise (green line in Figure Mozakiet al., 2017
Tokunagaet al., 2008 Prior to imaging, H2BHalo moleculeswere labeled with low
concentration of TMR (Figur&) to produce a relatively small number [~12@0/time

frame (50 ms)/nucleus]fdluorescent nucleosomeontainingH2B-Halo. Clear and
well-separatediots were detected (Figufg, with a singlestep phtobleaching profile
(Figure7), which suggested that each dot represents a singleHd2BTMR molecule

in a single nucleosome. TAMR dye has higher intensity and 10 times longer life time
before photoleach than those of PARCherry Subachet al., 2009that our laboratory

previously used(Nozaki et al., 2017) Both of these characteristics of the TMR




contributed to improve singleucleosome imaging.
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Figure 1 Immunoblotting against for H2B protein.
Expression of H2BHaloTag (H2BHalo) in RPEL cells was confirmed by Immubtotting withantk
H2B antibody (Lane 1). In Lane 2, parental RPEells shows no H2Blalo signals.

DAPI H2B-Halotag-TMR Merge

Figure 2 HaloTag ligand staining on H2Blalo expressing RPRE cell.

A image ofRPE-1 cell expressing H2Blalo which wadfluorescently labeled with TMRIaloTag

ligand (center). The left panel is DNA stained with DAPI. The merged image (DNA, blueHdRB

red) is shown at right. Putative inactive X chromosome, which is highly condensed, is marked with an

arrow head. Notehaat the TMR labeling pattern is very similar to DNA staining one.
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Figure 3 CBB staining and immunoblottinggainstfor H2B protein regarding nuclei of H2Blalo
expressing RPH cells which were biochemidglfractionated.

Thenuclei isolated from the RREcells expressing H2Blalo were washed with the indicated buffers
including various concentrations of NaCl. The resultant nuclear pellets (left) and supernatants (right)
were analyzed by SDBAGE, and subsequent CBB stainingpiger) and Western blotting (bottom)

with anttH2B antibodies. Note that H2B and H2lo started to dissociate frochromatin with 1

M NaCl and weraletected in the supernatant fraction, suggesting thatH#l8 was incorporated

into nucleosome structursanilar to endogenous H2B.




Oblique illumination

Cell Observed
optical layer

Coverslip

Figure 4 Scheme obblique illumination

This illumination laser (green) can excite fluorescent molecules within a limited thin optical layer

(red) of the nucleus and reduce background noise.

Nucleosome (H2B)-
Halo (TMR)

Figure 5 Scheme o MR-labeled nucleosomes

A small fraction of H2BHalo was fluorescently labeled with TMRaloTag ligand (red).

Figure®6. A singlenucleosome [H2BHalo-TMR] image of a living RPEL nucleus.

Each bright dot represents singlecleosomeScale bar is 5 um.
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Figure 7 Singlestep photobleaching of two representative nucleosome-B- TMR] dots.

The vertical axis represents the fluorescence intensity of individual TMR dothofibhental axis is

the tracking time series. The fluorescent intensity of each dot was approximately 120, and in the single
step photobleaching profile, the intensity dropped to around 10 (arrowhead and arrow), suggesting
that each dot represents a sing@B-Halo-TMR molecule in a single nucleosome.

| recorded the TMRabelednucleosome dots in the interphase chromatin at 50 ms/frame
(~100 frames, S total) in living cellsThe individual dots were fitted with a 2D Gaussian
function to estimate thprecise position of the nucleosome (the position detetiama
accuracy is 15.55 nm; Figure Betziget al., 2006Rustet al., 2006Selvinet al., 2007.

| first tracked each nucleosome movemesihg utrack software (Figur®; Jagamaret

al., 2008. Notably, | tracked only signals of H2Balo-TMR incorporated into
nucleosomes since free histones moved too fast to detect as dots and track under my
imaging conditions. Effects of nuclear movements were negligible in my conditions. The
plots of calculateanean square displacement (MSD) were well fitted sutadiffusion
model (black line in Figur&0), which is in a good agreement with those of HZB
mCherry similarly expgssed in RPH cells (gay line in Figure 10Figurell; Figure 12;

Figure 13. Chemcal fixation of the cells with formaldehyde (FA) to crosslink

11



nucleosomes severely suppressed the movements of-nidiBosomes (redine in
Figure 10), indicating that most of the observed movement was derived from real
nucleosome movements in living celM/hen | analyzed the nucleosome movements
within a longer time window, the MSD almost reaslto a plateau (p) (Figuid), which

is proportional to the square the radius of constraint (Rc; p < Bt5) (Dion and Gasser,
2013) The estimated radius obwestraint(Rc) of the nucleosome motion in living cells is
about 144 nm while that of nucleosomes in-fsfed cells is about 56 nm. Spatial

di stributions of the obtained nucl eosome mo

heat mapo in the nmoWvementl|l apgearshaemmbrae i
small er movement apaqold)aixes (Fgwelnor e fibl ued (or
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Figure 8.The position determination accuraafyHalotag ligand TMR labeled H2Balo proteins
Distribution of nucleosome siplacements from centroid of their localizations in theptane in the
50 ms interval. n = 10 nucleosomes in a formaldehyde-{ikadl cell. Standard deviations ($Bnd

SDy) were 13.4 nm and 15.1 nm, respectively.
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Figure9. Trajectories of nucleosomes.

Representative 3 trajectories of the tracked single nucleosomes. Bar, 100 nm.
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Figure 10 Mean square displacement plots of single nucleosomes iHLRIRHES.

Mean square displacement (MSD) plots (+ standaediation [s.d.] among cells) of single
nucleosoras in living interphase (black) afmmaldehyde (FAYixed (red) RPEL cells from 0.05 to

0.5 s. For comparison, MSD plots of single nucleosomes labeled witm@#erry (H2BPA-
mCherry) in living interphas RPEL cells (gray) are also shown. For each sample, ni 2526ells.

N.D. means not detected, Kolmogair®mirnov test for H2BHalo versus H2BPA-mCherry (p =
0.47).In the MSD analyses for single nucleosomes, the originally calculated MSD was in two
dimensions. To obtain thredgimensional values, the original values of MSD were multiplied by 1.5

(4Dt to 6Dt). The plots were fitted as a subdiffusion curve.
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H2B-PA-mCherry

Figurell.A singlenucleosome [H2B’A-mCherrylimage ofa living RPE1 nucleus
Each bright dot represents single HEB-mCherry protein. Bar, 5 um.

Figurel2. Aphotoactivatediocalization microscopyRALM) image of H2BPA-mCherry protein.
Live-cell PALM image of histone H2B of the same cell igl¥iel11.Bar, 5 pm.

14

























































































































































