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ABSTRACT

To ensure error-free duplication of all (epi)genetic
information once per cell cycle, DNA replication
follows a cell type and developmental stage spe-
cific spatio-temporal program. Here, we analyze
the spatio-temporal DNA replication progression
in (un)differentiated mouse embryonic stem (MES)
cells. Whereas telomeres replicate throughout S-
phase, we observe mid S-phase replication of
(peri)centromeric heterochromatin in mES cells,
which switches to late S-phase replication upon dif-
ferentiation. This replication timing reversal corre-
lates with and depends on an increase in conden-
sation and a decrease in acetylation of chromatin.
We further find synchronous duplication of the Y
chromosome, marking the end of S-phase, irrespec-
tively of the pluripotency state. Using a combination
of single-molecule and super-resolution microscopy,
we measure molecular properties of the mES cell
replicon, the number of replication foci active in
parallel and their spatial clustering. We conclude
that each replication nanofocus in mES cells cor-
responds to an individual replicon, with up to one
quarter representing unidirectional forks. Further-
more, with molecular combing and genome-wide ori-
gin mapping analyses, we find that mES cells activate
twice as many origins spaced at half the distance
than somatic cells. Altogether, our results highlight
fundamental developmental differences on progres-
sion of genome replication and origin activation in
pluripotent cells.

INTRODUCTION

DNA replication, together with DNA transcription and re-
pair, is a fundamental nuclear metabolic process. Complete
and error-free genome duplication once every cell cycle is
essential for genome integrity and maintenance. In eukary-
otic cells, DNA replication can be subdivided in two main
stages: recognition and subsequent licensing of origins of
replication (ORIs) at the transition from mitosis (M-phase)
to the gap 1 (G1) phase (1,2), and the activation of only
a subset of these origins at the beginning of the synthesis
(S) phase. The latter is eventually followed by the dupli-
cation of the (epi)genetic information by the multi-protein
DNA synthesis complex (replisome) (3,4). After the initial
unwinding of the DNA replication bubble at the origin of
replication, the replisome ensures the semi-conservative du-
plication of the underlying DNA template (reviewed in (5)).
Many features of DNA replication organization share high
similarities between different species, including yeast, fruit

ies, mice and humans (6-10), and homologues for the key
factors involved have been identi ed in most of these species
(3). Genome duplication follows a spatio-temporal program
generally correlating with transcriptional activity, speci ¢
epigenetic marks and 3D genome architecture (11). Cyto-
logical methods relying on the detection of components of
the replisome or nascent DNA via incorporation of mod-
i ed nucleotides, allow the in situ visualization of newly
synthesized DNA and sites of ongoing DNA replication
(replication foci (RFi)). These replication foci form distinct
spatial patterns, characterized by the dynamic intra-nuclear
distribution of the replication signals during S-phase pro-
gression (5-7,12-14). In metazoan cells, three main patterns
are observed, at early (1), mid (Il) and late (I11) S-phase,
corresponding to the replication of euchromatin, facultative
and constitutive heterochromatin, respectively (10,15,16).
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Fluorescence recovery after photobleaching (FRAP) exper-
iments showed the de novo assembly of replisomes adjacent
to previously activated sites (17), suggesting that, instead of
persisting as permanent factories throughout S-phase (18),
replisomes are activated in a ‘next in-line’ manner (domino
model). Hence, complete DNA replication depends on the
initial stochastic activation/spontaneous ring of a few ori-
gins with high ring probability within euchromatic regions
of each chromosome and the subsequent domino-like acti-
vation of adjacent origins with decreasing ring probability
during S-phase progression (19-22).

In early autoradiographic ber studies of single DNA
molecules it was observed that replicons resulted from indi-
vidual initiation events at origins of replication, which are
organized and activated in clusters of, on average, 1 Mb in
size and consisting of 2-9 smaller replicons of 100-200 kb
(6,23,24). DNA halo analysis showed that these replicon
sizes are in good agreement with measured sizes of chro-
matin loops. Hence, loop structures, potentially mediated
by cohesins or functionally related proteins (25,26), repre-
sent the DNA element that de nes replicons as functional
unit in the DNA replication context (reviewed in (27)).
Labeling cells with modi ed nucleotides revealed that the
replicon clusters observed on DNA bers become visible as
the before-mentioned replication foci in interphase nuclei
(15). With higher optical resolution levels, the number of
replication foci measured in cells increased and each repli-
cation nanofocus in somatic mammalian cells was shown
to be equivalent to a replicon unit (28,29). Besides loop
structures, chromatin signatures and the associated changes
in chromatin structure and accessibility, in uence licensing
and activation of origins of replication and, thus, replica-
tion timing programs in mammalian cells (30). In that re-
gard, major changes in DNA replication timing have been
correlated with changes in histone acetylation levels, as hi-
stone hyperacetylation was shown to advance origin ring
and DNA replication timing (31-34).

DNA replication studies in early developmental stages of
Drosophila and Xenopus embryos revealed very rapid cell di-
visions with no gap phases and short S-phase duration (35—
37). The latter is based on high origin activation levels, short
inter-origin distances and concomitant differences in repli-
con sizes (36-38). While early developing mouse cells do not
exhibit such fast cell division rates, they are characterized by
short gap phases and the (almost complete) absence of tran-
scription in the rst zygotic cleavage stage (3,35-37,39-41).
Additionally, speci c spatial replication patterns already ex-
ist at the one-cell stage in mouse embryos (42) and repli-
cation programs of differentiating cells undergo large rear-
rangements during lineage commitment (43,44).

Here, we analyzed the replication dynamics in pluripo-
tent mouse embryonic stem (mES) cells by characteriz-
ing the replication timing program and the replicon or-
ganization, and ultimately comparing it to known fea-
tures of mouse somatic cells. We demonstrate that mES
cells exhibit a distinct replication timing in comparison
to differentiated and somatic cells, marked by early/mid
replication of pericentromeric heterochromatin. We fur-
ther show that this changes during mES cell differentia-
tion when pericentromeric heterochromatin becomes late
replicating. This major change correlates with differences

in chromatin compaction and histone acetylation levels and
can be emulated by targeting histone deacetylases to peri-
centromeric heterochromatin. Analysis of the replication
timing of (sub)chromosomal elements, revealed in addition
a synchronous replication of the Y chromosome that con-
comitantly marks the end of S-phase in mES cells, as well
as in differentiated and somatic cells. Using a combination
of molecular and super-resolution imaging techniques, we
characterized the mES cell replicon, the essential functional
unit of DNA replication. We found by DNA combing and
genome-wide origin pro ling data analyses that mES cells
activate more origins of replication compared to somatic
cells resulting in shorter inter-origin distances, which in turn
leads to smaller replicon sizes. Furthermore, in contrast to
human somatic cells, duplication of the mES cell genome re-
lies on a substantial amount of single (unidirectional) repli-
cation forks.

MATERIALS AND METHODS
Expression constructs

To generate the expression vector containing a fu-
sion protein of eGFP and human HDAC1 (peGFP-
hHDACL1, pc2447), hHDAC1 was ampli ed from human
cDNA with the following primers containing Bglll and
Eco47111 restriction enzyme sites: fw: 5 - AAAGATCTAG
CAAGATGGCGCAGACGCAG-3 and rev: 5-AAAG
CGCTGGGCCAACTTGACCTCCTCC-3. PCR ampli-
con and pCR2.1-TOPO vector (Thermo Fisher Scienti c,
Walham, MA, USA) were double digested with Bglll
and Eco47111 and ligated. The nal peGFP-hHDAC1 was
generated by double digesting pCR2.1-TOPO-hHDAC1
with Bglll and Xhol and hHDACL1 was inserted into the
Bglll/Sall digested backbone vector pEGFP-C1 (pc0592,
Clontech Laboratories, Mountain View, CA, USA). Sall
and Xhol form compatible ends that allow ligation. The

nal plasmid eGFP-hHDAC1 was veri ed by restriction
enzyme digest, sequencing and enzymatic activity was
analyzed via histone acetylation stainings (H4K5ac and
H4K8ac, Figure 3B) in transfected cells.

All plasmid characteristics are summarized in Supple-
mentary Table S1.

Cell culture, differentiation and transfection

All cells used were mycoplasma free. J1 (45) and E14
(46) mouse embryonic stem cell lines were cultured in
Dulbecco’s modi ed Eagle’s medium (DMEM) high glu-
cose (Cat. No.: D6429, Sigma-Aldrich Chemie GmbH,
Steinheim, Germany) supplemented with 15% fetal calf
serum (FCS), 1x non-essential amino acids (Cat. No.:
M7145, Sigma-Aldrich Chemie GmbH, Steinheim, Ger-
many), 1x penicillin/streptomycin (Pen/Strep) (Cat. No.:
P4333, Sigma-Aldrich Chemie GmbH, Steinheim, Ger-
many), 1x L-glutamine (Cat. No.: G7513, Sigma-Aldrich
Chemie GmbH, Steinheim, Germany), 0.1 mM beta-
mercaptoethanol (Cat. No.: 4227, Carl Roth, Karlsruhe,
Germany), 1000 U/ml recombinant mouse LIF (Millipore)
and2i (1 MPD032591and3 M CHIR99021 (Cat. Nos.:
1408 and 1386 respectively, Axon Medchem, Netherlands))
on gelatin-coated culture dishes (0.2% gelatin; Cat. No.:
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G2500, Sigma-Aldrich Chemie GmbH, Steinheim, Ger-
many). Culture medium was changed every day and cells
were split every 2 days.

Mouse embryonic broblasts (MEF W8 (47)) and
mouse myoblasts (C2C12 (48)) were cultured in DMEM
high glucose supplemented with 1x L-glutamine, 1 M
gentamicin (Cat. No.: G1397, Sigma-Aldrich Chemie
GmbH, Steinheim, Germany) and 10% and 20% FCS,
respectively.

Mouse primary broblasts were isolated from ear tissue
of adult mice (C57BL/6) sacri ced according to the ani-
mal care and use regulations (Government of Hesse, Ger-
many). The tissue was shaken at 37°C with 2 mg/ml collage-
nase NB8 (Serva Electrophoresis, Heidelberg, Germany) in
DMEM supplemented with 1> Pen/Strep and vortexed re-
peatedly. Dissociated ear tissue was pipetted through a cell
strainer (Cat. No.: 352235, Corning, N, USA), single cells
were plated on a gelatin-coated (0.2%) dish and cultivated
in DMEM supplemented with 10% FCSand1 M gentam-
icin at 37°C and 5% COs.

Differentiation of naive pluripotent stem cells was per-
formed as previously described (49) with the exception that
the differentiation medium contained 10 M retinoic acid
(Cat. No.: R2625, Sigma-Aldrich Chemie GmbH, Stein-
heim, Germany).

For live cell experiments, J1 mES cells were co-transfected
with plasmids encoding for mRFP-tagged hPCNA (50)
and MaSat-GFP (51) using AMAXA nucleofection (B016,
Amaxa Nucleofector Il, Lonza Ltd., Basel, Switzerland)
and plated on gelatin-coated p35 dishes containing a glass
bottom that allowed for optical imaging.

For HDACL targeting to chromocenters, J1 mES cells
were co-transfected with plasmids encoding for GBP-
MasSat (52) and eGFP-hHDAC1/eGFP-C1 using AMAXA
as described above. Twenty-four hours after transfection,
cells were pulse chased and EdU, PCNA and histone mod-
i cations were detected as described below.

All cell line and plasmid characteristics are summarized
in Supplementary Tables S1 and S2, respectively.

DNA replication labeling and (immuno) uorescent visualiza-
tion

For immunostaining experiments, cells were grown on glass
coverslips coated with 0.2% gelatin.

To visualize and analyze progression of DNA replication,
cells were labeled with 10 M 5-ethynyl-2 -deoxyuridine
(EdU) for 12 min, chased for varying times with medium
supplemented with 50 M thymidine, xed with 3.7%
formaldehyde/1x phosphate-buffered saline (PBS) (Cat.
No.: F8775, Sigma-Aldrich Chemie GmbH, Steinheim,
Germany) for 10 min and permeabilized with 0.5% Tri-
tonX100 in 1x PBS for 20 min. All washing steps were
performed with PBS-T (1= PBS/0.02% Tween-20). For de-
tection of PCNA, cells were further incubated for 5 min
in ice-cold methanol on ice for antigen retrieval. Block-
ing (1% bovine serum albumin, 0.5% sh skin gelatin and
0.02% Tween-20 in 1> PBS) was performed for 30 min
at room temperature. EAU was detected using the Click-
IT assay as described by the manufacturer (1:200 3-azido-
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7-hydroxycoumarin, 1:1000 6-carboxy uorescin (6-FAM
azide) or 1:2000 5/6-Sulforhodamine azide; Cat. No.: 7811,
7806 and 7776 respectively, Carl Roth, Karlsruhe, Ger-
many). Primary mouse anti-PCNA and secondary don-
key anti-mouse 1gG conjugated with Cy3 were diluted in
blocking buffer and incubated for 1 h at room temperature.
DNA was counterstained with DAPI (4 ,6-diamidino-2-
phenylindole, 10 g/ml, Cat. No.: D27802, Sigma-Aldrich
Chemie GmbH, Steinheim, Germany) for 10 min and sam-
ples were mounted in Mowiol4-88 (Cat. No.: 81381, Sigma-
Aldrich Chemie GmbH, Steinheim, Germany) contain-
ing 2.5% DABCO (1,4-diazabicyclo[2.2.2]octane, Cat. No.:
D27802, Sigma-Aldrich Chemie GmbH, Steinheim, Ger-
many).

To analyze replication foci in 3D super-resolution mi-
croscopy (3D-SIM), samples were prepared as described
(28,53). Brie vy, cells were seeded on gelatin-coated high
precision coverslips (Cat. No.: LH22.1, Carl Roth, Karl-
sruhe, Germany), grown for 6-8 h to ensure attachment
but avoid 3D colony formation, and labeled with 100 M
5-bromo-2 -deoxyuridine (BrdU) for 25 min followed by
a thymidine chase (50 M) of 0, 30 or 60 min. Fixation
and prestaining treatments were performed as described
above. BrdU was detected with a rat anti-BrdU antibody
diluted in buffer consisting of a 1:1 mixture of blocking
and 2x DNase | reaction buffer (60 mM Tris/HCI pH
8.1, 0.66 mM MgCl,, 1 mM beta-mercaptoethanol) and 25
U/ml DNase | (Cat. No.: D5025, Sigma-Aldrich Chemie
GmbH, Steinheim, Germany). Samples were incubated for
1 h at 37°C and DNase | digestion was stopped by wash-
ing with PBS-TE (PBS-T with 1 mM EDTA). PCNA de-
tection was done as described above. After secondary an-
tibody incubation with donkey anti-rat 1gG AlexaFluor
488 and donkey anti-mouse 1gG AlexaFluor 594, samples
were mounted in Vectashield (Invitrogen, Carlsbad, CA,
USA).

All nucleotide and antibody characteristics are summa-
rized in Supplementary Tables S3 and S4, respectively.

Immuno uorescence

For pluripotency marker detection, cells were grown, xed,
permeabilized and blocked as described for DNA replica-
tion visualization. Primary mouse anti-Oct3/4, rabbit anti-
Sox2 and secondary goat anti-rabbit 1IgG Alexa647 and
goat anti-mouse 1gG Alexa647 were diluted in blocking
buffer and applied for 1 h at room temperature.

For histone modi cation analysis, cells were grown, EdU
labeled, xed, permeabilized and blocked as described
above. EdU was detected as described by the manufac-
turer (1:1000 6-FAM azide). The following primary and sec-
ondary antibodies were diluted in blocking buffer: mouse
anti-H3K9ac, rabbit anti-H3K9m3, rabbit anti-H4K5ac,
rabbit anti-H4K8ac, donkey anti-mouse 1gG Cy3 and don-
key anti-rabbit 1gG Cy3. Incubation was done for 1 h at
room temperature.

DNA counterstaining and mounting using Mowiol was
performed as described above.

All nucleotide and antibody characteristics are summa-
rized in Supplementary Tables S3 and S4, respectively.
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Major satellite (MaSat) polydactyl zinc nger (PZF) xa-
tion

Since transfected MaSat-GFP (pc1803 and (51)) is not x-
able with standard formaldehyde or methanol xation pro-
tocols, we made use of a gradient xation protocol com-
bined with a simultaneous mild permeabilization on ice.
Twenty-four hours after transfection with MaSat-GFP, J1
MES cells were put on ice and 3.7% formaldehyde/1x PBS
with 0.1% Nonidet™ P 40 Substitute (Cat. No.: 74385,
Sigma-Aldrich Chemie GmbH, Steinheim, Germany) was
added to the medium to achieve a nal concentration of
0.1% formaldehyde. After 10 min, formaldehyde concen-
tration was increased to 0.2% and incubated for 10 min.
This procedure was repeated 6 times (0.5%, 1%, 1.5%, 2%,
2.5%, 3% formaldehyde). Increasing formaldehyde concen-
tration to 1.5% was performed with a 0.1% Nonidet P 40
substitute containing formaldehyde stock solution. Ina -
nal step, the medium/formaldehyde mixture was replaced
by 3.7% formaldehyde (10 min incubation) and exchanged
with PBS-T.

Molecular combing

Molecular combing experiments were performed using the
FiberPrep® kit (Cat.No.: EXTR-001, Genomic Vision,
Bagneux, France) and as described before (54). Brie vy,
J1 mES cells were pulse labeled for 15 min with 10 M
5-chloro-2 -deoxyuridine (CldU), washed twice with pre-
warmed PBS, labeled with 100 M 5-iodo-2 -deoxyuridine
(1dU) for 15 min, washed extensively and chased for 1 h
with 50 M thymidine. Cells were subsequently embedded
in low-melting point agarose, genomic DNA was isolated by
proteinase K (Cat. No.: 7528, Carl Roth, Karlsruhe, Ger-
many) digestion and single high molecular weight DNA
molecules were stretched on silanized glass coverslips (Cat.
No.: COV-002-RUO, Genomic Vision, Bagneux, France),
using the FiberComb®-Molecular Combing System (Cat.
No.: MCS-001, Genomic Vision, Bagneux, France) as de-
scribed by the manufacturer. Incorporated nucleotides and
single stranded DNA were detected using mouse anti-
BrdU/1dU, rat anti-BrdU/CldU and mouse anti-single
stranded DNA (IgG2a) primary antibodies and goat anti-
mouse 1gG Chromeo 546, donkey anti-rat IgG AlexaFluor
488 and goat anti-mouse 1gG2a AlexaFluor 647 secondary
antibodies.

All nucleotide and antibody characteristics are summa-
rized in Supplementary Tables S3 and S4, respectively.

Probe generation, metaphase and (Repli-)FISH ( uorescence
in situ hybridization)

Probes against major satellites, minor satellites and telom-
eres were generated as described in (55).

The Y chromosome probe was generated via DOP-
PCR (degenerated oligonucleotide-primed-PCR). For tem-
plate stock generation, PCR reactions contained mouse
Y chromosome-speci ¢ template DNA (kind gift of Prof.
Dr. Diane Krause, Yale University School of Medicine),
2 M 6Al primer (5-CCGACTCGAGNNNNNNTACA
CC-3), 0.25 mM dNTPs and 2.5 U Taq polymerase in 1x
PCR buffer (10 mM Tris/HCI pH 8.3, 50 mM KCl and 1.5

mM MgCl,) and cycling conditions were set to (45 at94°C,
45 at15°C, 12 at37°C) %1, (40 at94°C,45 at37°C,4 at
66°C) x5and (40 at94°C, 45 at54°C, 4 at66°C) x24.Y
chromosome template DNA was labeled with biotinylated
nucleotides (55) in the following reaction: template stock
DNA was mixed with a nucleotide mixture containing un-
labeled nucleotides (0.2 mM each dATP, dCTP and dGTP
with 0.1 mM dTTP), biotinylated dUTPs (0.1 mM biotin-
16-dUTPs), 2 M 6Al primer, 2.5 U Taq polymerase and
1x PCR buffer. Cycles were set to (5 at 94°C) %1, (30 at
94°C, 30 at54°C,90 at72°C) =x35and (5 at 72°C) x1.

Metaphase FISH and co-visualization of DNA replica-
tion and DNA probes were performed as previously de-
scribed (55), using rabbit anti-digoxigenin, anti-rabbit 1gG
Cy3 antibodies and Streptavidin Alexa488 or Streptavidin
Cy5 (1:500, Cat. No.: S11223 and SA1011, Thermo Fisher
Scienti ¢, Waltham, MA, USA).

Triple FISH was performed by a combination of biotiny-
lated, Cy3 and Cy5 labeled probes.

To visualize MaSat repeat sequences in MaSat-GFP
transfected cells, cells were xed using a gradient xation
protocol described above and FISH was done as described
above. Since heating GFP expressing cells to 80°C dramat-
ically reduced GFP uorescence, cells were stained with a
mouse anti-GFP antibody to re-visualize MaSat-GFP. Af-
ter probe annealing and washing, cells were rst incubated
with the anti-GFP primary antibody followed by the sec-
ondary donkey anti-mouse Alexa488 antibody and Strepta-
vidin Cy5 incubation for 1 h in blocking buffer (1% bovine
serum albumin, 0.5% sh skin gelatin and 0.02% Tween-20
in 1x PBS).

All nucleotide and antibody characteristics are summa-
rized in Supplementary Tables S3 and S4, respectively.

Karyotype analysis

To prepare J1 mES cell metaphase spreads, cells were ar-
rested in mitosis by adding 0.02 g/ml colcemid (Cat. No.:
10 295 892 001, Roche Diagnostics GmbH, Basel, Switzer-
land) for 1.5 h at 37°C. The supernatant and harvested cells
were pelleted by centrifugation for 5 min at 300 % g, cells
were resuspended in 10 ml pre-warmed hypotonic solution
(0.075 M KCI) and incubated for 6 min at 37°C. After cen-
trifugation for 5 min at 300 x g, cells were xed by dropwise
addition of xative solution (3:1 methanol:acetic acid) and
incubation for 45 min on ice. Etched microscope slides were
prepared by submerging the slides for 15-20 min in etch-
ing solution (0.1 N HCI in 95% ethanol) followed by clean-
ing steps in 95% EtOH and ddH,O (3 times each). Finally,
spreads were generated by dropping xed cells onto etched
slides and air-drying. Individual metaphase spreads were
imaged by phase-contrast microscopy and analyzed man-
ually.

Doubling time and S-phase duration

For growth curve analysis, 2 < 10° J1 mES cells were seeded
as technical quadruplicates at day 0 and cell numbers were
counted with a Neubauer haemocytometer for four con-
secutive days. Population doubling times were derived with
logz(nk/ng)/t (h) (ny: cell number at day X, ng: cell number
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at day 0, t: hours after seeding). To determine the percent-
age of cells in every cell cycle and S-phase substage, asyn-
chronously growing J1 cell cultures were pulse labeled with
10 M EdU for 12 min, xed and EdU was detected as
described. Cells were manually grouped into S-phase sub-
stages (stage | to Y), non S-phase or mitosis, and percent-
ages were calculated. S-phase (substage) duration was de-
rived by multiplying the doubling time with the percentage
of cells in the respective phase.

Microscopy

All characteristics of the microscopy systems, including
lasers, Iters and objectives used, are summarized in Sup-
plementary Table S5.

Molecular combing samples were imaged using a Zeiss
Axiovert 200 wide eld microscope.

Confocal z-stacks of live cells were acquired using the
Ultra-View VoX spinning disk microscopy system. Time-
lapse microscopy was carried out in a closed live-cell mi-
croscopy chamber at 37°C, with 5% CO, and 60% humidity.
MRFP-PCNA and MaSat-GFP double transfected J1 mES
cells were imaged every 30 min for 24 h to follow cell cycle
progression.

Confocal z-stacks were acquired with a Leica TCS SP5
Il confocal laser scanning microscope or the spinning disk
microscope.

3D SIM images were acquired with a DeltaVision OMX
V3 system (56).

Image analysis

Image analysis was done wusing ImageJ (http:
[Irsh.info.nih.gov/ij/, v1.51s and earlier), Volocity 6.3
(Perkin  Elmer), ilastik (57) (https://www.ilastik.org,
v1.3.3post3) and Python with the scipy-stack and scikit-
image (58) (Anaconda distribution 2020.07).

Quantitative analysis of replication foci features. EdU la-
beled RFi in manually cropped confocal image stacks of
mES cells were segmented by supervised pixel classi cation
using ilastik (57). A subset of pixels was manually anno-
tated as belonging to the background or to a replication fo-
cus (RF) and used to train a random forest classi er on pixel
features to propagate the classi cation to the remaining pix-
els in all images. Similarly, a 3-class (background/nuclear
border/nuclear interior) classi er was created for genera-
tion of nuclear marks. To separate touching nuclei, the cen-
ter of each individual nucleus was manually labelled in the
cropped images. Using Python and scipy/scikit-image (58),
an instance segmentation was created via marker-controlled
watershed using these manual markers and the probability
of the ‘border’ class as the ridge image. For each crop, only
the nucleus with centroid closest to the image center was
used for the subsequent steps. The RFi mask was used to
generate features for each RF in the EAU channel. Touching
objects were separated by a watershed transform on the Eu-
clidean distance transform (EDT) of the mask. For feature
calculation, the stacks were scaled in z to achieve isotropic
resolution. For each object overlapping more than 50% with
the nuclear mask, a series of features were calculated (Sup-
plementary Figure S1). RF objects smaller than 200 px3 (1
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confocal PSF) were discarded. For each image, a single fea-
ture vector consisting of medians and standard deviation of
the RFi features (see Supplementary Figure S1 for complete
list of analyzed parameters), as well as the number of RFi
and the chase duration was created.

Further analysis was performed using scikit-learn. Miss-
ing features were lled with the mean value of that feature
in all images. The feature vectors were normalized to zero
mean and unit variance and visualized in a 2D embedding
via t-distributed stochastic neighbor embedding (t-SNE).

The analysis pipeline is summarized in Supplementary
Figure S1 and the Python code for the pipeline is available
at https://doi.org/10.25534/tudatalib-220.

Replication signal and chromocenter colocalization analysis.
To determine the degree of colocalization of replication sig-
nals (EdU) and constitutive heterochromatin (chromocen-
ters) in differentiated mES cells, cells were grouped into
early, mid and late replicating cells (Se, Sm and S;) accord-
ing to their EAU pattern. Chromocenters were segmented
based on the DAPI signal, EdU signal intensities within the
segmented regions were measured and EdU intensities in
chromocenters were plotted for S, Sy, and S; cells.

Histone modi cation analysis. To determine the histone
modi cation accumulation at chromocenters, cells were seg-
mented at single mid planes according to the DAPI chan-
nel and DAPI intensities were measured. S-phase cells
were identi ed based on the EdU signal and cells were
grouped into G1, S and G2 phases (intensity[DAPI]s;
< intensity[DAPI]s < intensity[DAPI]g2) (20). For subse-
quent histone modi cation analysis, only G1 phase cells
were considered. Within the DAPI channel, four circu-
lar regions of interest (ROI) were drawn inside DAPI in-
tense chromocenters at mid planes, and four ROIs out-
side chromocenters. Histone modi cation levels were mea-
sured inside the eight ROIs. The analysis pipeline is sum-
marized in Supplementary Figure S2. Mean intensity av-
erages were calculated for the four regions inside chromo-
centers (chromocenter) and accordingly for regions outside
chromocenters (nucleoplasm). Histone modi cation accu-
mulation at chromocenters was determined as a ratio of
chromocenter/nucleoplasm.

To determine histone modi cation changes after HDAC1
targeting to chromocenters, histone acetylation levels were
measured in mid focal planes of individual transfected cell
nuclei. Background in the histone channel was subtracted
and uorescence intensities were measured. Results are
plotted as a ratio to GFP control cells.

Chromocenter characteristic analysis. Images of DAPI
stained nuclei of (un)differentiated J1 mES cells and pri-
mary mouse ear broblasts were imported into Volocity
6.3 (Perkin Elmer). Pericentromeric heterochromatin (chro-
mocenters) were segmented based on uorescence intensity
and the total number of chromocenters per cell as well as
the volume, the degree of compaction and the shape factor
of every chromocenter were calculated.

Repli-FISH analysis. To determine the replication timing
of speci ¢ (sub)chromosomal elements, 3D masks of in-
dividual cell nuclei were manually generated based on the
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DAPI counterstaining (single FISH) or the EdU staining
(triple FISH). FISH signals were segmented independently
after applying a Gaussian Iter (sigma = 1) and subtracting
background (rolling ball algorithm with radius = 10). Sim-
ilarly, PCNA images were background corrected and basic
PCNA signal from non replicating cells (non S-phase cells)
was subtracted. The 3D nucleus mask was subsequently ap-
plied to the segmented FISH signals and the generated nu-
clear FISH ROIs were used to mask the PCNA signals.
PCNA intensities within the mask were measured and plot-
ted. The analysis pipeline is summarized in Supplementary
Figure S3.

To analyze if the replication timing of telomeres is depen-
dent on their 1D proximity to chromocenters, telomere sig-
nals (visualized by Repli-FISH in combination with PCNA)
in stage Il S-phase cells were segmented and grouped
according to their location compared to chromocenters.
Telomeres located on the short arm of acrocentric mouse
chromosomes are in close 1D proximity of pericentromeric
heterochromatin (referred to as telomeres in chromocen-
ters), while telomeres capping the long arm of chromosomes
are more distant from major satellite repeats (referred to as
telomeres out of chromocenters). PCNA intensities within
the segmented telomere signals were measured and plotted.

Replication foci analysis. Quanti cation of replication foci
within individual cell nuclei was mainly performed as de-
scribed in (28,53). In brief, 3D-SIM images were recon-
structed, exported from the DeltaVision software (soft-
WoRx 6.0 Beta 19, Applied Precision) and raw 3D-SIM im-
ages were converted to 16-bit images using a custom-written
F1J1 (59) macro. Individual cell nuclei were segmented using
maximum intensity projections of the DAPI signal. Repli-
cation signals were segmented by auto-thresholding using
the Triangle method. The resulting binary images were used
to mask the original replication foci signals of interest and
to discriminate them from background (set to ‘0’). These
images and the corresponding DAPI images were imported
to the image analysis software Volocity 6.3 (Perkin Elmer)
and replication foci were quanti ed for individual nuclei.
First, nuclear masks were generated based on the DAPI im-
ages and de ned as regions of interest (ROIs). Next, 3D-
SIM replication foci were detected by intensity excluding
only black pixels (i.e. background with intensity ‘0’), touch-
ing foci were separated (object size guide =0 m?) and sig-
nals smaller than 0.0002 m? were excluded from the nal
counting as they represented unspeci ¢ background signal.
Only foci within the nuclear ROI were counted. A detailed
analysis pipeline is summarized in Supplementary Figure
S4.

Pseudo wide- eld (pseudoWF or pWF) replication sig-
nals were generated from the same datasets (C2C12 and J1
mMES cells labeled with BrdU). Generation of the pseudo
wide- eld data was described in (60). For correlation anal-
ysis, the pseudoWF images were initially processed in Im-
ageJ to match the image dimension of the 3D-SIM data.
To achieve similar voxel sizes (40 < 40 =< 125 nm), the im-
ages were scaled using a bicubic interpolation, doubling the
number of pixels in x and y. Next, pseudoWF images were
corrected for pixel shifts by translating the image stack —2
pixels in x and y. For segmentation of the pseudoWF repli-

cation signals, the histogram was normalized and a back-
ground subtraction was performed using a rolling ball al-
gorithm with radius = 10. Segmentation was performed
by auto-thresholding using the Otsu algorithm. 3D-SIM
replication signals were processed as described above. Fi-
nally, segmented and masked pseudoWF and 3D-SIM im-
age stacks were merged and used for foci counting in Voloc-
ity. Detection of pWF RFi was based on intensity as for
3D-SIM images, separation of touching objects was based
on object size (object size guide = 0.02 m?®) and signals
smaller than 0.02 m?3 were excluded. Overlapping signals
used for nanoRFi counting within pWF RFi were Itered
by an additional compartmentalization step. The analysis
pipeline is summarized in Supplementary Figure S5.

DNA ber analysis. For replication signal analysis from
molecular combing experiments, uorescent DNA  ber
tracks were selected according to their pattern. Only lengths
of the second pulse (CldU) of progressing forks (CldU track
preceded by a clear 1dU signal on bers with a ssDNA sig-
nal up- and downstream of the marked tracks) were consid-
ered. Replication fork speed (RFS) was calculated as a ratio
of the track length (track length < 2000 due to the constant
stretching factor resultingin1 m 2000 nts) and the time
of nucleotide application. Inter-origin distance (I10D) was
calculated in kb as the product of the measured track length
and the conversion factor of 2 (1 m 2000 nts or 2 kb).
Bidirectional fork asymmetry was analyzed as the ratio of
the long track and the short track and percentage of uni-
directional forks was calculated by dividing the number of
unidirectional forks by the total number of analyzed forks
(uni- and bidirectional forks). A graphical summary of the
selection of the ber tracks and the corresponding calcula-
tions are depicted in Figure 7A and Supplementary Figure
S6.

Genome-wide replication origin pro ling

The GEO (Gene Expression Omnibus, https:
[lwww.ncbi.nlm.nih.gov/geo/) samples GSM3602315,
GSM3602316 and GSM3602317 from the dataset
GSE126477 (61) and samples GSM2651111 and
GSM2651112 from the dataset GSE99740 (62) were
used for genome-wide replication origin pro ling in mES
cells. The samples GSM2651107 and GSM2651108 from
the dataset GSE99740 (62) were used for genome-wide
replication origin pro ling in MEF cells. The above-
mentioned datasets correspond to ve replicates of origin
mapping in MES cells and two replicates in MEF cells
realized by sequencing of isolated small nascent DNA
strands (SNS-seq). The analysis was performed using
peaks reproducibly found in at least two replicates using
the multilntersectBed command in bedtools (63).

The GEO samples GSM3227970, GSM3227971 and
GSM3227972 from the dataset GSE116321 (64) were used
for genome-wide replication origin pro ling in activated
mouse B cells using Okazaki fragment sequencing method
(OK-seq). The coordinates of OK-seq replication initia-
tion zones were kindly provided by Andre Nussenzweig
and Sridharan Sriram. The mmZ10 reference genome (http://
hgdownload.cse.ucsc.edu/goldenPath/mm10/bigZips/) was
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used in all data analysis. The operations on genomic inter-
vals were performed using bedtools (63).

The 10Ds were calculated between the middle point of
each replication origin zone identi ed and the distances be-
tween origins anking chromosomal regions unmapped in
sequencing analyses (centromeres, etc.) were omitted from
the plots.

All genome-wide origin mapping datasets and samples
are summarized in Supplementary Table S6.

Data visualization and statistical analysis

Data visualization and statistical analysis (independent
two-group student’s t-tests and Mann-Whitney—Wilcoxon
tests) were performed with RStudio (v1.0.143-v1.1.447,
https://rstudio.com/).

Visualization of origin replication pro les was performed
with IGV (Integrative Genomics Viewer, version 2.8.6,
https:/software.broadinstitute.org/software/igv/).

Statistical values (number (#) of cells (N), mean, me-
dian, standard deviation (SD), standard error of the mean
(SEM), 95% con dence interval (Cl) and P-values) are indi-
cated in the plots or summarized in Supplementary Tables.

Boxplots and violin plots represent the median (cen-
ter line) with the box depicting the 25-75 percentiles and
the lines the upper and lower whiskers with 1.5 times the
IQD (inter-quartile distance) (Supplementary Figure S7).
Barplots show averaged values and error bars the respective
standard deviation.

All cells analyzed (N numbers stated in Supplementary
Tables) showed the reported behavior of the representative
images shown in the respective gures.

RESULTS AND DISCUSSION

Characterization of the spatio-temporal DNA replication
patterns in mouse embryonic stem cells reveals differences to
somatic cells

Replication patterns are a direct visual representation of
the spatial organization and temporal order of DNA repli-
cation and, in somatic cells, have been shown to re ect
the chromatin organization level (10,15,16). DNA replica-
tion timing pro les (RT-pro les) from large cell popula-
tions (43,65-68) revealed distinct replication domains (1.5-
2.5 Mb), that exhibit sharp boundaries between neighbor-
ing domains with different replication timing, alternating
along individual chromosomes (43). While RT-pro les can
directly be linked to the underlying DNA sequence, they fall
short on temporal resolution and do not provide 3D spa-
tial information. Single cell microscopy analysis, however,
allows a speci ¢ 4D analysis of DNA replication. Impor-
tantly, it allows to map replication timing of DNA repeat
elements, which are largely not mappable by sequencing-
based approaches and constitute a very large portion of
mammalian genomes (69). To investigate and compare the
spatio-temporal organization of DNA replication (5) of
pluripotent cells, we rst analyzed S-phase progression in
mouse MES cells by live cell imaging experiments. There-
fore, we transfected J1 mES cells with plasmids encoding
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for mRFP-PCNA and a GFP tagged polydactyl zinc n-
ger protein speci cally binding to major satellite sequences
(MaSat PZF) and imaged the cells every 30 min for 24
h (Figure 1A). To exclude artifacts introduced by trans-
fection and overexpression of uorescently tagged PCNA,
we validated mRFP-PCNA localization during S-phase by
immunostaining with a PCNA speci ¢ antibody on trans-
fected mES cells (Supplementary Figure S8A). Addition-
ally, we validated binding of the MaSat PZF to major satel-
lite repeats. Due to its high mobility and fast binding ki-
netics, MaSat PZF is not xable with standard formalde-
hyde or methanol xation protocols. We, therefore, estab-
lished a gradient formaldehyde xation protocol with si-
multaneous permeabilization, and performed uorescence
in situ hybridization (FISH) with a probe speci cally bind-
ing to MaSat repeats. MaSat-GFP colocalized with the ma-
jor satellite probe signal, as well as with DAPI intense nu-
clear regions (Supplementary Figure S8B). The live cell
microscopy approach provided a detailed spatio-temporal
analysis of S-phase progression in vivo and revealed visu-
ally distinguishable spatial replication patterns in mouse J1
mES cells (Figure 1A, Supplementary Figure S8C, Movies
1 and 2). At the beginning of S-phase, replication foci dis-
tributed homogeneously in the nuclear interior (stage 1),
possibly re ecting duplication of the euchromatic portion
of the genome, as seen in somatic cells. Next, and differ-
ing from somatic cells, MaSat PZF-labeled and condensed
clusters of pericentromeric heterochromatin (chromocen-
ters, Figure 1B) were replicated (stage I1). Although this ob-
servation might be unexpected in view of the late replication
timing of heterochromatin in somatic cells, it has been previ-
ously shown that in Drosophila, satellite sequences became
increasingly heterochromatic and late replicating only with
successive differentiation at later developmental cycles (70).
After pericentromeric heterochromatin replication, dupli-
cation of chromatin located at the nuclear and nucleolar
borders was observed in mES cell (stage 111), which, in so-
matic cells, re ects duplication of facultative heterochro-
matin. Next, the cells displayed a pattern with a decreased
number of foci which however increased in size, suggest-
ing clustering of the underlying chromatin ber. Replication
signals were mostly, but not exclusively, located at the nu-
clear periphery (stage 1V). The end of S-phase was marked
by a strong accumulation of replication signals within one
particular region of the mES cell nucleus (stage 1V,). Addi-
tionally, we measured the duration of the individual S-phase
substages from the live cell microscopy. While early and mid
S-phase (stage | and Il) lasted over 3.5 and 4.5 h, respec-
tively, the subsequent phases were relatively short, with av-
erage durations of 1 heach (stage 111, 1V and 1V?, Supple-
mentary Figure S8D and Supplementary Table S7).

Next, we validated the observed S-phase progression
in mES cells by pulse-chase experiments. Asynchronously
growing mouse J1 mES cells were pulse labeled for 12
min with the nucleotide analog 5-ethynyl-2 -deoxyuridine
(EdU), washed to remove nucleotide excess, chased with
thymidine for different periods of time and xed. Sub-
sequently, replication foci marked by the incorporated
EdU and the replisome component PCNA were (im-
muno) uorescently detected (Figure 1C and Supplemen-
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Figure 1. DNA replication dynamics in mouse embryonic stem cells. (A) Experimental setup of a live cell experiment to determine the in vivo spatio-
temporal progression of DNA replication in J1 mES cells. Cells were transfected with plasmids encoding mRFP-PCNA (magenta) and GFP-tagged
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tary Table S11). EAU marked DNA replicated during the
nucleotide pulse, while the PCNA pattern corresponded to
the active replication sites at the time of xation of the cells.
The different chase times resulted in different degrees of
replication foci separation and, with increasing chase times,
eventually also to transition from one S-phase pattern to the
next (Supplementary Figure 9A). To achieve visualization
of S-phase substage progression and, concomitantly, sepa-
ration of replication patterns of the different stages (Sup-
plementary Figure S9B), chase durations were changed ac-
cording to S-phase substage duration, as obtained from the
time lapse movies (Supplementary Figure S8D and Supple-
mentary Table S7). Live cell microscopy revealed substan-
tially longer durations of stage | and 1l compared to stage
11 and 1V (Supplementary Figures S8C, S8D and Supple-
mentary Table S7). Hence, to re ect stage to stage transi-
tions, chase times had to be adapted accordingly. To visual-
ize stage | to stage Il transitions in a signi cant number of
S-phase cells, chase times had to be longer than to visualize
transitions from stage 111 to stage IV (Supplementary Fig-
ure S9B). This approach allowed us to get a spatio-temporal
resolution of DNA replication in xed cells, underlining the
domino-like DNA replication model (Supplementary Fig-
ure 9C). As in the live-cell data, replication of the large het-
erochromatin clusters (stage I1), colocalizing with DAPI in-
tense nuclear regions (Figure 1D), took place after the early
S-phase stage | pattern and was followed by the nucle(ol)ar
periphery stage Il replication pattern. All other features
described in the live cell experiments were also reproduced
with the pulse-chase approach in  xed cells.

Since mouse ES cells grow in very speci ¢ microenviron-
ments in cell culture, which include the presence of leukemia
inhibitory factor (LIF) and two inhibitors (2i, PD032591
and CHIR99021) to preserve pluripotency and self-renewal
capacities, as well as form 3D colonies, we tested the in u-
ence of this stem cell speci ¢ microenvironment on the tem-
poral organization of DNA replication. S-phase progres-
sion from stage | to stage Il was observed for single mES
cells (Supplementary Figure S10A) and in cells grown in the
absence of the 2i (Supplementary Figure S10B), similar to
cells grown in 3D colonies in the presence of 2i and LIF. Ad-
ditionally, we analyzed the replication foci pattern distribu-
tion over time via the above mentioned pulse-chase exper-
iments in mouse E14 mES cells, and found similar spatio-
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temporal progression as observed for J1 cells (Supplemen-
tary Figure S11) indicating a conservation of S-phase char-
acteristics for mouse pluripotent cells.

In summary, the general characterization of the spatial
distribution of replication signals during S-phase progres-
sion in mouse embryonic stem cells by pulse-chase and live
cell experiments led to the identi cation and temporal clas-
si cation of a sequence of replication patterns, which differ
from somatic cells (Figure 1E).

Quantitative features of mouse embryonic stem cell replica-
tion foci patterns

To characterize the different replication patterns observed
in live cell and pulse chase experiments (Figure 1E), we de-
termined quantitative features of the underlying replication
foci (RFi) within the different S-phase substages (1-1V>).
EdU labeled cells were classi ed according to their S-phase
pattern, replication signals were segmented, separated us-
ing a watershed algorithm and location, shape and intensity
features were determined (Figure 1E and Supplementary
Figure S12). In a 2D embedding via t-distributed stochastic
neighbor embedding (t-SNE) the RFi features did not form
clearly separated clusters, but temporally adjacent stages
lied next to each other in the embedding, hinting at a con-
tinuum in feature space from the beginning to the end of
replication (Supplementary Figure S13). Stage | of mES cell
S-phase was characterized by the combination of a signif-
icant increase in the distance of the RFi from the nuclear
border (Figure 1E and Supplementary Figure S12) and a
decrease in RFi solidity (‘rougher’). In contrast, stage 11 was
marked by an increase in RFi numbers with a concomitant
increase in DAPI intensity. This is in agreement with our

ndings that DAPI intense nuclear regions, i.e. chromocen-
ters, are replicated during this stage (Figure 1A-D). More-
over, we determined speci c characteristic features for stage
1V,. At the end of S-phase, the amount of RFi decreased
dramatically, whereas solidity, i.e. smoothness, increased.
As RFi volumes as well as other features in stages 111 and
1V showed no signi cant differences, we additionally cal-
culated the percentage of the nuclear periphery covered by
replication foci in these two stages. The size of the mask used
to segment the nuclear periphery was set to the diameter of
the RFi located at the nuclear border in stage 111 (Figure

«

polydactyl zinc nger protein (PZF) speci cally binding to major satellite repeats (MaSat-GFP, green) fusion constructs to mark ongoing DNA replication
and pericentromeric heterochromatin (chromocenters), respectively. Imaging was performed for 24 h with 30 min intervals. Representative spinning disk
confocal images show the cell cycle progression of a representative mES cell and S-phase was further subdivided into ve main replication patterns (1-1V>).
The arrowhead in the 1V, stage marks a prominent accumulation of replication signals observed at the end of S-phase. (B) Schematic representation of
acrocentric mouse chromosome clustering in mES cell nuclei. At the chromosomal level, constitutive heterochromatin major satellite repeats (green) ank
the centromere (grey) and in interphase nuclei, pericentromeric DNA from different chromosomes clusters to chromocenters. (C) Experimental setup of a
pulse-chase experiment to determine the spatio-temporal progression of DNA replication in mouse J1 ES cells. Asynchronously growing mES cell cultures
were pulse labeled with the nucleotide analog EdU, followed by various thymidine chase periods (white arrows) and xation. EdU, i.e. nascent DNA
during the rst pulse labeling (cyan), and endogenous PCNA, i.e. ongoing replication at the time point of xation (magenta), were (immuno) uorescently
detected and allowed the identi cation and the temporal order classi cation of ve main replication patterns in mouse J1 ES cells. Representative spinning
disk confocal images of G1 to S-phase, S-phase substage transitions (I-1V>) and S-phase to G2 progression are shown. The arrowheads in the 1V, stage
mark a prominent accumulation of replication signals observed at the end of S-phase. (D) Line pro le analysis of PCNA uorescence intensities within
one chromocenter in a stage Il cell. (E) Schematic summary of the ve replication patterns observed in mES cells. Replication signals are shown in cyan,
pericentromeric heterochromatin in green and replicating chromocenters (stage I1) are marked in dark cyan. Table summarizing the signi cant RFi features
of the ve S-phase substages. Grey areas in stage 111 and 1V S-phase schematic cells represent the nuclear periphery segmented to determine the percentage
of the latter covered with RFi. The width of this area (*) corresponds to the diameter of stage 111 peripheral RFi (0.44 £ 0.13 m). All experiments were
done in at least three independent biological replicates. Detailed statistics are summarized in Supplementary Tables S7 and S11. Scale bars =5 m. Dotted
lines represent cell contours.
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1E). While almost half of the nuclear border exhibited RFi
in stage 111 cells, only 10% of the periphery contained RFiin
stage 1V cells. Since these observations suggest a difference
in the clustering of the underlying chromatin, we retained
the S-phase substage division into ve substages. Taken to-
gether, we identi ed several distinct location, shape and in-
tensity features of replication foci that characterize and dis-
tinguish mES cell S-phase substages.

Constitutive heterochromatin shifts its replication timing dur-
ing loss of pluripotency

In somatic cells, S-phase progression follows chromatin
compaction and is commonly subdivided into early (Se),
mid (Sm) and late (S;) when euchromatin, facultative and
constitutive heterochromatin, respectively, are replicated
(1,7,14). Since we observed replication of mES cell chromo-
centers within the rst half of S-phase, we aimed to clarify if
and when during mES cell differentiation, replication tim-
ing of chromocenters switches to late replication. Therefore,
we differentiated mES cells in the absence of 2i and LIF and
in the presence of retinoic acid (RA) and performed pulse-
chase labeling from day 3 to day 7 of differentiation (Figure
2A). During differentiation, mES cell morphology changed
from round and compact 3D colonies (day 0) to more at
and spread out cells growing in a monolayer (day 7, Fig-
ure 2B). Concomitantly, levels of the pluripotency markers
Oct4 and Sox2 decreased dramatically already after 3 days
of differentiation and were almost undetectable after day 7
of differentiation (Figure 2C and Supplementary Table S8).
All together, these results indicated loss of the stem cell phe-
notype and pluripotency markers that are associated with
exit from pluripotency and cellular differentiation.

At day 7 of differentiation, the beginning of S-phase was
marked by very few replication foci (very early S-phase, Sye),
followed by a homogeneous distribution of replication foci
throughout the nucleus (Se, Figure 2D). Interestingly, and
in contrast to undifferentiated mES cells (Figure 1), replica-
tion signals were next observed at the nucle(ol)ar periphery
(Sm). Importantly, replication of chromocenters took place
at the end of S-phase (S;) and was followed by transition to
G2 phase. Colocalization analyses between DAPI intense
nuclear regions and EdU signals showed increased overlaps
of the two signals in cells showing a late S-phase pattern,
further con rming the switch to late replicating chromocen-
ters in differentiated mES cells (Figure 2E and Supplemen-
tary Table S8). In summary, the observed spatio-temporal
order of replication pattern in differentiated mES cells re-

ects the subdivision into Se, Sy and S; known from so-
matic cells (Figure 2F).

Replication timing of constitutive heterochromatin depends
on histone acetylation levels

Chromocenters are marked by the trimethylation of his-
tone H3 at lysine 9 (H3K9m3, (47)), by histone hypoacety-
lation (71), exhibit increased levels of DNA methylation
(72) and are bound by speci ¢ heterochromatin proteins
(73). Previous studies showed that cell types of a different
origin or developmental status have a different organiza-
tion of pericentromeric heterochromatin (74-76). In view

of this and since a more open chromatin state was pro-
posed to facilitate early replication onset, we characterized
pericentromeric heterochromatin clusters in DAPI stained
mES cells and compared them to chromocenters of differ-
entiated mES cells and primary mouse broblasts (Supple-
mentary Figure S14A and Supplementary Table S9). Av-
erage numbers of chromocenters doubled over cell differ-
entiation (Supplementary Figure S14B and Supplementary
Table S9), re ecting differences in clustering of the peri-
centromeric regions from multiple chromosomes. Coop-
eratively with the increase in chromocenter numbers, we
observed a decrease in the volume of individual chromo-
centers in differentiated cells (Supplementary Figure S14C
and Supplementary Table S9). In line with this, analysis
of the compaction state of the chromocenter clusters in
pluripotent cells showed a more decompacted chromatin
(Supplementary Figure S14D and Supplementary Table S9)
and a more irregular shape (Supplementary Figure S14E
and Supplementary Table S9). Accordingly, super-resolved
chromatin mobility assays demonstrated a more dynamic
chromatin and less de ned domain structures in mES cells
(77). In addition, chromatin associated proteins were found
to be more mobile in pluripotent cells (78,79). It is consid-
ered that such an open conformation represents a necessary
prerequisite of pluripotent cells to remain responsive to the
changes that occur during differentiation (80). Addition-
ally, the differences in clustering of chromocenters re ect
the chromatin reorganization that occurs during differenti-
ation and development (73,81). The observed differences in
heterochromatin morphology, volume, clustering and com-
paction may provide a mechanistic basis for the observed
changes in the DNA replication program of mES cells.
However, a general decompaction at the scale measured via
DAPI staining of DNA may not be suf cient to promote
early replication of pericentromeric heterochromatin. Ad-
ditionally, maintenance of late replication timing of peri-
centromeric heterochromatin in somatic cells was shown
to depend on histone hypoacetylation (32). We, therefore,
compared histone acetylation levels of chromocenters in
(un)differentiated and primary mouse broblasts (Figure
2G) and found higher H3K9ac and H4K8ac accumulation
at chromocenters in undifferentiated mES cells (Figure 2H
and Supplementary Table S8). Heterochromatin acetylation
levels decreased signi cantly during differentiation, con-
comitantly with the switch of replication timing of pericen-
tromeric heterochromatin from relatively early (stage 1) to
late replication (S). Since H3K9ac and H3K9m3, a marker
for constitutive heterochromatin, are found in a mutually
exclusive way in cells, we also analyzed accumulation of the
latter at chromocenters. In line with the increased acetyla-
tion levels, we found less H3K9m3 accumulation in pluripo-
tent stem cells and an increase in H3 lysine 9 trimethyla-
tion in differentiated cells (Figure 2H and Supplementary
Table S8). This result is in line with genome wide studies
as well as single cell microscopy analysis showing that hi-
stone acetylation is an important regulator of the replica-
tion timing of DNA. While genomic loci with increased hi-
stone acetylation levels and high accessibility tend to repli-
cate early during S-phase, loss of histone acetylation leads
to replication timing switch to late S-phase (32-34,82-89).
Taken together, mid S-phase replication of pericentromeric
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Figure 2. DNA replication dynamics in differentiated mouse embryonic stem cells. (A) Experimental setup of pulse-chase experiments in differentiated
mouse J1 ES cells. Naive pluripotent mES cells were cultured in 2i (two inhibitors (PD032591 and CHIR99021)) and LIF (leukemia inhibitory factor)
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