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Abstract

Genome replication requires duplication of the complete set of DNA sequences together with
nucleosomes and epigenetic signatures. Notwithstanding profound knowledge on mechanistic details
of DNA replication, major problems of genome replication have remained unresolved. In this
perspective article, we consider the accessibility of replication machines to all DNA sequences in due
course, the maintenance of functionally important positional and structural features of chromatid
domains during replication, and the rapid transition of CTs into prophase chromosomes with two
chromatids. We illustrate this problem with EdU pulse-labeling (10 min) and chase experiments (80 min)
performed with mouse myeloblast cells. Following light optical serial sectioning of nuclei with 3D
structured illumination microscopy (SIM), seven DNA intensity classes were distinguished as proxies for
increasing DNA compaction. In nuclei of cells fixed immediately after the pulse-label, we observed a
relative under-representation of EdU-labeled DNA in low DNA density classes, representing the active
nuclear compartment (ANC), and an over-representation in high density classes representing the
inactive nuclear compartment (INC). Cells fixed after the chase revealed an even more pronounced shift
to high DNA intensity classes. This finding contrasts with previous studies of the transcriptional
topography demonstrating an under-representation of epigenetic signatures for active chromatin and
RNAPII in high DNA intensity classes and their over-representation in low density classes. We discuss
these findings in the light of current models viewing CDs either as structural chromatin frameworks or
as phase-separated droplets, as well as methodological limitations that currently prevent an integration
of this contrasting evidence for the spatial nuclear topography of replication and transcription into a

common framework of the dynamic nuclear architecture.
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Introduction

The era of the 4D nucleome research

When the first, still unfinished reports of human genome sequencing were published in 2001, little was
known about how the space-time dynamics of nuclear organization influences the gene expression
patterns of different cell types . During the last two decades, Hi-C together with a wealth of other
molecular biological tools as well as advanced microscopy, have led into the era of 4D nucleome
research 2%, This research has revealed an intricate space-time organization of nuclei with chromosome
territories (CTs) built up from chromatin domains (CDs) with a DNA content in the order of 1 Mb.
However, we still do not understand, how the 4D nucleome dynamically interacts from the level of the
smallest chromatin structures to the level of entire CTs and possibly even larger networks of interacting
CTs and how it is maintained during genome replication in cycling cells. In addition to epigenetic
modifications, spatiotemporal changes of chromatin compaction and arrangements play a crucial role

in cell type-specific gene expression patterns and other nuclear functions.

DNA replication, a key process of nuclear function

In cycling cells, this functional 4D architecture must be transmitted from one cell cycle to the next.
Replication of CTs with a single chain of CDs present in G1 yields CTs with two sister chromatids in G2.
The resulting spacetime architecture of G2-CTs must allow the seemingly instantaneous formation of
prophase chromosomes with two chromatids and the formation of daughter nuclei, preserving all
functionally important structural features of the mother nucleus notwithstanding modifications
necessitated by cell differentiation. Many details and mechanisms of how this is accomplished, have
remained elusive.

At the molecular level, extensive knowledge has been gained on the replication process 3.
Already in G1, accumulating prereplication complexes mark about 30.000 — 50.000 replication origin
sites in mammalian cell nuclei, allowing the gradual accumulation of interacting components at
replication origin sites *. This gradual assembly yields functional replisome complexes during S-phase.

1> where an individual replisome controls and

Replisomes are complex macromolecular machineries
accomplishes DNA replication in discrete units (replicons) with a mean length of 175kb (Fig. 1A), for
review see 191213 ‘Microscopic studies have essentially contributed to the current state of knowledge
on replication . For instance, early studies on stretched DNA fibers, prepared from nuclei after pulse-
replication labeling, revealed that several adjacent replicons are synchronously activated resulting in
replication domains (RDs) with a length of ~0.5—1Mb *” (Fig. 1B). Several RDs can be arranged in blocks
up to ~10 Mb with similar replication times 8,

2D and 3D microscopic studies on replication labeled interphase nuclei demonstrated the genome-

wide partitioning into discrete structural entities, called replication domains (RDs) with typical


https://doi.org/10.1101/2024.03.22.586000
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.03.22.586000; this version posted March 22, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY-NC-ND 4.0 International license.

75 replication patterns for early, mid and late replication '°. These patterns have been evolutionary

76  conserved 292!

and indicate the tight coupling of replication timing with nuclear architecture (Fig. 1C).

77  Globally, transcriptionally competent/active gene-rich domains in the nuclear interior replicate early,
78  followed by (mid)-replication of more condensed chromatin domains harboring repressed DNA,
79 preferentially located at the nuclear and nucleolar periphery. Heterochromatin blocks, largely
80  constituted by repetitive sequences in clusters of pericentomeric heterochromatin (chromocenters),
81 represent the major part of late replicating chromatin, for review see 22, RDs were microscopically
82  defined as ~1Mb chromatin domains (CDs) ?*** (see below for further details). They persist as stable
83 chromatin units throughout interphase and during subsequent cell cycles. Using super-resolution
84  microscopy, RDs can be optically resolved down to clusters of a few single replicons (150-200 kb) 2

&5  oreven smaller structures 2728,

86
87  Challenging issues of DNA replication in the context of a functional nuclear architecture

88 Fig 2A presents an overview on a recent study on true-to-scale DNA-density maps of chromatin where
89  absolute chromatin compaction differences in the range between <5 Mb/um3 up to >300 Mb/um3
90  were described using single molecule localization microscopy (SMLM) %°. Such massive differences, if
91 confirmed by future studies, have a strong impact on the accessibility of individual macromolecular
92  complexes to their DNA target sites such as the replisome assembly 3 . According to Maeshima and

3132 nucleosome arrangements at a density <40 Mb/um? provide sufficient space to allow a

93  colleagues
94 high degree of accessibility for macromolecular protein complexes that have been typically assigned
95  with asize >20nm diameter 3233, Above this density (marked in brown color in Fig. 2A) their accessibility
96  becomes severely constrained for individual macromolecules, and access of macromolecular aggregates
97  formed outside is excluded, for review see *.
98 Fig. 2B-E show state-of-the-art models of chromatin landscapes and problems, which arise
99  when we consider genome replication in the context of these models. Spatial access of replication
100  machines may be taken for granted on the assumption of expanded chromatin loops (Fig. 2B), whereas
101 the access to highly compacted chromatin provides a challenging problem (Fig. 2C).
102 Both microscopy and Hi-C studies demonstrated chromosome territories built up from ~1 Mb
103 sized CDs or topologically associating domains (TADs) composed of multiple nucleosome clutches and

104  chromatin nanodomains (CNDs) 272

as basic substructures of chromosome territories (CTs). The DNA
105 content of microscopically defined CDs is comparable to estimates for TADs detected in Hi-C
106  experiments. TADs and CDs/RDs are used synonymously 1333, This equivalence, however, neglects the
107 profound differences of both methods to describe different aspects of higher order chromatin
108  structures above the level of individual nucleosome (for a critical comparison see also Supplementary

109  Table 1in*® ), namely folding of chromatin fibers, the superior task area of contact-matrix based Hi-C
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110  studies, and the quantitative analysis of DNA/chromatin compaction and intranuclear positions, the field
111 of high-resolution microscopy.

112 Despite intense ongoing research, the space-time organization of CDs has remained a
113 challenging problem. Evidence has been reported for both microphase separation of chromatin droplets
114 3% and for a defined structural organization*®’. Transitions between states of phase-separation and a
115 defined structural organization seem possible *. In this respect, the size of the investigated structures
116  plays a decisive role. Whereas small CDs or smaller structures, such as chromatin nanodomains and
117 nucleosome clutches can behave like chromatin droplets, a structural organization is evident for CTs
118  and in particular for mitotic chromosomes, which require physical stiffness and rigidity for proper
119  separation *. Ronald Hancock pioneered research into the role of macromolecular crowding in the

120  assembly and function of nuclear compartments “042,

Arguably, in the presence of cations and a
121 macromolecular crowder CDs can take on the state of liquid droplets that become stiffer, more solid-
122 like and further condensed by additional crowders 3.

123 Our currently favored model argues for a well-defined structural organization of CDs with a
124 compact core region present in the CD interior, attributable to the inactive nuclear compartment (INC)
125  and a transcriptionally active periphery, the active nuclear compartment (ANC) %374 (Fig. 2C-D).
126 Nuclear landscapes show a nanoscale zonal organization of CDs (Fig. 2D) with density peaks forming a
127 highly compacted repressed core in the center, surrounded by a decondensed periphery, the

3137 expand into the lining interchromatin

128  perichromatin region (PR) ** where active chromatin loops
129  compartment (IC), a system of wider lacunae largely void of chromatin but containing nuclear speckles
130  and bodies and of channels connected to nuclear pores 3448 Microscopic studies support diameters
131 of CDs between 200-400 nm *’. However, it is difficult to delineate individual CDs in the mountainous
132 chromatin density landscape illustrated in (Fig.2A). Caution is recommended when comparing such data
133 from different studies, as measurements are strongly influenced by the inclusion of a decondensed
134 periphery or of only the compact core region and can be influenced by fixation protocols. Furthermore,
135 it is important to realize that liquid droplet models of CD organization and structural models have

49 For example, in a structured CD

136  strongly different biophysical implications for CD duplication
137 individual DNA sequences may be permanently located within the center of the compact core region. A
138 positional change toward the periphery in order to form a transcriptionally competent loop may require
139 & particular molecular mechanism. In a liquid droplet, by contrast, positions are permanently
140  changeable. Accordingly, a sequence recorded at the center of the core region in a high-resolution live
141  cell snap shot may be found soon after at its surface.

142 Fig. 2E illustrates implications of CD duplication based on our currently favored model. When a

143 mother chromatid domain (mCD) present in CTs at G1 of the cell cycle yields two homologous sister

144  chromatid domains (sCDs) during S-phase, functionally important structural features of the mCD must
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145 be maintained during replication or restored thereafter. How long this spatial reconstruction takes is
146  not known. Problems of a special reconstruction are mitigated in droplet models of CDs. Here, the
147 internal organization of CDs is based on inherent features of phase separation and does not require
148  special mechanisms for movements of nucleosome clutches towards the CD periphery prior to
149 replication and back into interior movement thereafter. Moreover, in G2-chromosome territories sCDs
150  are arranged along the two newly formed sister chromatids. The actual spatial arrangements of these
151 interphase sister chromatids are still not well understood, but they must meet the functional
152 requirements to separate and form the two chromatids of prophase chromosomes at the onset of
153 mitosis, as well as the formation of daughter nuclei, preserving functionally important structural
154  features.

155

156  Topography of DNA replication compared with transcription in the context of the ANC-INC model
157  Previously, our research team demonstrated that transcription occurs in the ANC 36444748  The
158  experiments were performed with 3D structured illumination microscopy (3D-SIM) and quantitative
159 image analysis of SIM serial sections of nuclei following immune-cytochemical detection of RNA
160 Polymerase Il (RNAPII) and epigenetic markers associated with transcriptionally competent or silent
161 chromatin, respectively 34, Essential features of this approach and pertinent results are summarized in
162  Fig. 3.

163

164 In the present study, we used this approach to study the nuclear topography of replication domains
165 (RDs). Cells were pulse-labeled for 10 min with EdU, and fixed either immediately or after a chase of 80
166  min, considered sufficient for the completion of DNA duplication of a pulse-labeled RD/CD. As our
167  working hypothesis, we predicted to observe the same topography for DNA replication as previously
168  found for transcription (Fig. 3E). Our results clearly argue against this hypothesis. We discuss the
169  consequences of this rejection both with regard to methodological shortcomings of our preliminary
170  study, in particular the resolution limit of 3D SIM and potential limits of the pulse-labeling (10 min) and
171 chase period (~80 min), but also with regard to limitations of and contradictions between current

172  models of CD/TAD organization.

173

174 Materials & Methods
175

176 Cells

177 PMI28 cells, a near-diploid mouse myoblast cell line, were grown in HAM-F10 Medium supplemented
178  with 20% FCS and 1x Penicillin/Streptomycin. To prevent differentiation into myotubes, cells were
179  constantly kept in subconfluent culture conditions. Mouse embryonic stem cells (mESCs), derived from
180  the clone 16.7 of a Mus musculus x Mus castaneus hybrid female mESC line were grown in DMEM with
181 GlutaMAX medium, supplemented with 16% FBS, 1x Non-essential amino acids, 0.1mM B-
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182 Mercaptoethanol. Maintenance of the undifferentiated state was achieved by adding 1000 U/ml LIF,
183  1uM PD 0325901, 1 uM CHIR 99021 to the medium. In addition, care was taken to thoroughly separate
184  cells during the passage procedure and to prevent the formation of large colonies.

185  Pulse replication-labeling of replication domains (RDs), fixation and DNA staining

186 For pulse-replication labeling cells were incubated in medium containing 5-Ethynyl-dU (EdU) at a final
187 concentration of 10 uM for 10 min. After 10min incubation in EdU, cells were washed in 1xPBS, and
188  fixed with 2% formaldehyde/PBS for 15min. Cells were washed in 1xPBS and incubated with 0.5 U/m|
189 RNase A and 20 U/ml RNase T1 (Ambion, USA) for 1 h at 37°C, followed by permeabilization with 0.5%
190  Triton X-100/PBS/ Tween 0.02% for 10 min. EdU detection was performed by a Cu(l) catalyzed
191 cycloaddition reaction that covalently attaches a fluorescent dye (azide modified Atto655 for mouse
192 myoblast cells, azide modified Alexa488 for mouse embryonic stem cells) to the ethynyl-group of the
193 nucleotide according to manufactures instructions (baseclick). For cells with an additional chase after
194  replication labeling, EAU containing medium was replaced after careful washing in 1xPBS by normal
195  growth medium for 80 min before fixation. Mouse myoblasts were counterstained in Sytox Orange (0.5
196  mM), mESCs were stained in DAPI (5 mg/ml), postfixed in 4% formaldehyde/PBS for 10 min and
197  mounted in antifade mounting medium (Vectashield).

198  3D-structured illumination microscopy (3D-SIM)

199  Super-resolution structured illumination imaging was performed on a Zeiss Elyra 7 microscope equipped
200  witha63x/1.46 alpha Plan-Apochromat oil immersion objective (Carl Zeiss, Jena). Raw data image stacks
201 were acquired with 13 raw images per plane and an axial distance of 116 nm. Dual color images were
202 recorded sequentially. 561 nm and 640 nm lasers were guided by a quadband reflector module (LBF
203 405/488/561/642) to the sample. Fluorescence was collected and then split by a Duolink filter (SBS
204 BP490 — 560 + LP650, Carl Zeiss, Jena) onto two cameras. Atto655 was excited using the 640 nm laser
205 and wavelengths above 650 nm were imaged on camera 1, and Sytox Orange fluorescence was excited
206 by the 561 nm Laser and wavelengths between 560 nm and 640 nm were collected on camera 2.

207  SIM image reconstruction was done in the Zeiss Zen Black software.

208 For replication studies of chromocenters shown in Fig. 6, 3D-SIM was carried out using an OMX
209  Version 3 (Applied Precision) microscope equipped with a UPlan APO 100x 1.4 NA oil-immersion
210  objective (Olympus), illumination lasers for 405 and 488 nm and Photometrics Cascade || EMCCD
211 cameras for the respective color channels. Samples were screened on a personal Delta Vision (pDV,
212 Applied Precision) microscope, a conventional wide field microscope equipped with a motorized stage,
213 a 60x 1.4 NA oil-immersion objective, a Xe-illumination and a Photometrics Cool-Snap camera. For each
214 image taken with the pDV, the position of the motorized stage, which is compatible to the OMX stage,
215  wassaved. Samples were mounted on the OMX (1.512 oil), stage coordinates were transferred and the
216  respective positions were imaged. According to the size of the nucleus depicted, image stacks with a z-
217  distance of 0.125 um were acquired at a resolution of 512 x 512 or 256 x 256 pixels, corresponding to
218  animaging area of 40 x 40 um or 20 x 20 um, respectively (acquisition software: DeltaVisionOMX Vers.
219  2.25). Theimage raw data was subsequently reconstructed to high resolution images using the SoftWorx
220 Vers. 5.1.0 software. Final processing (i.e. thresholding and composition) of reconstructed images was
221  donein Fiji (Imagel) and Photoshop.

222

223 3D assessment of Sytox intensity classes as proxy for chromatin compaction classification.

224 Nuclei voxels were identified automatically from the Sytox channel (560 nm — 640 nm) intensities using
225 Gaussian filtering and a fixed threshold of 0.003. We found that due to different noise levels the fixed
226 threshold was more reliable than an automatic threshold determination. For chromatin quantification
227  a 3D mask was generated in R to define the nuclear space considered for the segmentation of Sytox
228  signals into seven classes with equal intensity variance by a previously described in house algorithm °°
229 available on request. In brief, a hidden Markov random field model classification was used, combining
230  a finite Gaussian mixture model with a spatial model (Potts model), implemented in the statistics
231 software R . This approach allows threshold-independent signal intensity classification at the voxel
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232 level, based on the intensity of an individual voxel. Color or gray value heat maps of the seven intensity
233 classes in individual nuclei were generated in Image).

234

235  Semi-automatic segmentation of EdU-labeled signals and their quantitative allocation on 3D

236  chromatin compaction (Sytox intensity) classes

237 Individual voxels of EdU signals of the respective marker channel were segmented using a semi-
238  automatic thresholding algorithm (using custom-built scripts for the open-source statistical software R
239 http://www.r-project. org, available on request). Xyz-coordinates of segmented voxels were mapped to
240  the seven DNA intensity classes. The relative frequency of intensity weighted signals mapped on each
241 Sytox intensity class was used to calculate the relative distribution of signals over chromatin classes. For
242 each studied nucleus, the total number of voxels counted for each intensity class and the total number
243 of voxels identified for the respective EdU signals were set to 1. As an estimate of over/under
244 representations (relative depletion/enrichment) of marker signals in the respective intensity classes, we
245 calculated the difference between the fraction of voxels calculated for the EdU signals and the
246  corresponding percentage points obtained for the fraction of voxels for a given Sytox intensity class.
247  This difference was then normalized (oder divided by?) to the respective fraction of voxels in a given
248  Sytox class. Calculations of Sytox intensity classes and relative distributions of EdU signals were
249 performed on single-cell level. Average values over all nuclei were used for evaluation of the relative
250  depletion and enrichment of EdU signals and plotting. For a detailed description, see *"*°.

251 Calculation of ratio images

252 Ratio images were calculated using Fiji. First, the mask of the cell nucleus as determined under “3D
253 assessment of Sytox intensity classes as proxy for chromatin compaction classification” was applied to
254  both the SYTOX Orange SIM images and the EdU SIM images. The resulting z-stacks contained the total
255  Sytox and total EdU signal intensities inside the 3D cell nucleus. The sum intensity across the 3D stacks
256  vyields then the total intensities of SYTOX Orange and EdU channels corresponding to the total amount
257  of SYTOX bound to DNA and the total EdU signals within the cell nucleus. We then divided for each
258  channel every image of the masked 3D SIM stack by the respective sum intensity. For the SYTOX image,
259  each pixel intensity in such a normalized image then corresponds to the fraction of DNA bound SYTOX
260  molecules, and for the EAU image, each pixel corresponds to the fraction of EAU signals. EdU to SYTOX
261 ratio images were calculated by dividing the normalized EdU images by the normalized SYTOX images.
262  The ratio Riin a pixel i is given by

263
[V
&8
otla
264 R; = JSYTOX”
L
R
265

266  with I¥%; being the intensity in pixel i of the EJU channel, %% being the intensity of pixel i in the SYTOX
267  channel, and 159, and 1%, being the total intensity in the EAU and SYTOX channel respectively.
268

269

270

271  Results

272

273 Using 3D-SIM, we addressed the topography of DNA replication in the context of the ANC-INC model

274  with the following questions: are active replication sites preferentially seen in decondensed chromatin
275 classes assigned to the ANC, similar to transcriptionally active/competent chromatin? To what extent
276  differs the distribution of labeled RDs during ongoing replication from RDs after accomplished

277 replication indicating a dynamic process of chromatin during/after replication?
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278 Nuclei of mouse myoblasts (Pmi28 cells) were pulse-replication labeled for 10 min with EdU and
279  fixed either immediately thereafter or after an additional chase of 80 min respectively. These two time
280  points were chosen for the following rationale: replication in mammalians proceeds with a speed of
281 about 2-3kb/min along the DNA strand '* where one replicon (the DNA segment replicated by a single
282 initiation site) covers on average 150-200kb . As 3-6 adjacent replicons typically fire synchronously
283  and form 0.5 - 1Mb replication domains *°? (see also Fig. 1), the full replication of an entire RD takes
284  about 1h. In reverse, within a 10 min replication pulse about 10-20% of an individual RD are labeled.
285  This approach yields >1000 3D-SIM detectable EdU foci at a given time point (data not shown, compare
286  2>%%37) Within a subsequent 80min chase the replication of an entire ~1Mb RD should be fully
287  accomplished, accordingly this condition represents the post-replication status of a labeled RD. The
288 replication of clustered replication foci in large heterochromatin blocks, constituting chromocenters of
289  several Mb in mouse nuclei, may take longer >*°*,

290 Nuclei were counterstained with Sytox Orange, a fluorescent DNA dye without DNA sequence
291 binding preference **. Optical serial sections of labeled nuclei with either replicating CDs (10min EdU
292 pulse) or replicated CDs (10min EdU pulse + 80min chase) state were categorized visually with either a
293 typical early or late replication pattern. (Figs. 4 and 5). The respective inset magnifications of both series
294  in nuclei with an early replication pattern showed replication foci covering all density classes on
295 respective heatmaps, with labeled segments often expanding over several classes (Figs. 4A-B). In nuclei
296  after an 80 min chase (Fig. 4B) the preferential localization of EdU labeled sites in the small compacted
297 island-like cores which are part of early replicating ‘euchromatic’ regions is of note.

298 The visual impression in nuclei with a late replication pattern, which is essentially, though not
299  exclusively characterized by the replication of large heterochromatin blocks (chromocenters) differed
300  remarkably between both series: as exemplified in Fig. 5, in cells with replicating CDs (10 min pulse) EdU
301 signals were preferentially located in regions of decreased chromatin compaction permeating the
302  chromocenters (Fig. 5A). In contrast, nuclei with replicated CDs recorded after the 80 min chase (Fig.
303 5B) revealed labeled DNA segments mostly in highly compacted clusters of chromocenters. 3D-stacks
304  of whole nuclei are provided in supplementary movies S1-4.

305 For comparison, a series of EdU-replication patterns of chromocenters in undifferentiated
306  female mouse embryonic stem cells (mESCs), pulse-labeled with EdU for 10 min, and fixed immediately
307 after the pulse or after an additional chase of 20, 40, 60 and 80 min, is provided in Fig. 6. In these cells
308  the width of major IC-channnels pervading the chromocenters appears wider compared to the somatic
309  cells shown in Fig. 5. This experiment illustrates the location of replicating DNA located both within and
310  at the edge of wide IC-channels pervading the interior of chromocenters in the first three time points
311 (0, 20, 40 min chase), followed by a subsequent relocation into the lining heterochromatin (60, 80 min

P12 chase).
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313 For the mouse myoblast (Pmi28) cells a 3D quantitative assessment of the distribution of EdU-
314  labeled signals over the seven DNA intensity classes was performed from five nuclei of each series. The
315 delineation as relative over- or underrepresentation in each DNA density class confirmed their
316  representation in all classes (Fig. 7, compare also Fig. 3 E). For early replicating DNA (Fig. 7A, blue
317  columns) these plots reveal a slight underrepresentation in classes 1-2 and an overrepresentation in
318  classes 4-6 (marginal in class 7) in nuclei fixed after the 10 min pulse. In contrast, after the additional
319  80min chase the replicated DNA was found strongly overrepresented in classes 5-7 (grey columns in Fig.
320 7A), with the most prominent increase in class 7, the latter, however, represents only a small fraction
321 (<5%) of the total DNA. This shift toward high intensity classes indicates a dynamic behavior of early
322 replicating chromatin during the chase. Quantitative assessment of late replicating chromatin (Fig. 7B)
323 shows essentially similar results, however, the overrepresentation of late replicating DNA in intensity
324 classes 6-7 is higher (Fig. 7B, brown bars), in agreement that late replicating DNA mainly comprises
325 pericentromeric heterochromatin. This over-representation becomes distinctly more pronounced after
326  the 80 min chase. The distribution of EdU labeling clearly refutes our prediction that labeling should be
327  predominantly observed in low DNA intensity classes.

328 Evidence for a dynamic behavior of pulse-labeled chromatin during the chase period is
329  supported by color-coded ratio images of normalized EdU signals and DNA signal intensities (Fig. 8). 3D-
330  stacks of whole nuclei are provided in supplementary movies S_5-8. In case of a rapid redistribution of
331 replicated chromatin we would expect ratios close to 1 (dark purple) indicating that the amount of
332 replicated chromatin reflects the DNA density at a given site. Instead, we observed in nuclei with
333 replicating domains (Fig. 8 left panels, in A and B) still big clusters with increased ratios >4 (yellow/white)
334  indicating an excess of labeled chromatin surrounded by larger EdU-labeled regions with ratios of 1-3
335 (purple-red). In nuclei studied after the 80 min chase (Fig. 8 right panels in A-B) purple/red colored
336  regions are more prominent at the cost of the yellow/white clusters suggesting a more uniform
337  distribution of the EAU signal. Notably, distinct white dots mark preferably the periphery of EdU-labeled
338  earlyand late replicated regions indicating that the process of the redistribution of replicated chromatin
339  was not completed during the chase period.

340

341

342 Discussion

343 With this study we tested the hypothesis that genome replication, like transcription, also takes place in
344  the ANC (see Introduction, Fig. 3C). Previous studies on transcriptional topography based on
345 guantitative 3D image analysis of nuclei in human, mouse and bovine cell types recorded with 3D SIM
346  had consistently demonstrated a relative over-representation of RNAPII and of epigenetic marks for

347  active chromatin in low DNA density classes, attributed to the ANC, and an under-representation in high

9


https://doi.org/10.1101/2024.03.22.586000
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.03.22.586000; this version posted March 22, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY-NC-ND 4.0 International license.

348  DNA intensity classes, attributed to the INC 3637444648 (for an example, see Fig. 3E). Unexpectedly,
349 replication pulse-labeling experiments (10 min EdU) with replicating CDs demonstrated a relative under-
350  representation of EdU-labeled DNA in low intensity classes 1-2, and an over-representation in high
351 density classes 5-7 (Fig. 7). This disproportional distribution became even more prominent after an
352  additional 80 min chase and emphasizes a dynamic process between these two time points. A decisive
353 difference between transcription and replication of DNA arises from the fact that only a very limited set
354  of DNA sequences is involved in active transcription within the ANC at any given time point. Such
355  sequences are likely to remain there for a considerable time even in case of transcription going on in
356  bursts *°. Relocation of coding and regulatory sequences into the compact core region of a CD is
357  considered only for cases, where genes are permanently shut off. In contrast, the requirements of
358 replication where each sequence must be replicated once within a given time window are strongly
359  different.

360 At face value, our results suggest that DNA replication is accomplished on site also within INC-
361 chromatin. A similar observation was reported in a recent paper of the group of Cristina Cardoso ¢,
362  where quantitative mapping of EdU labeled replication foci on chromatin compaction classes in
363 different cell types revealed a substantial fraction of early replicating DNA in higher compaction classes.
364  Similarly, Miron et al.*” showed a remarkable co-localization of early replicating chromatin with
365 H3M20me3, a histone marker assigned to heterochromatin *’. Still, the relative under-representation
366  of EdU signals in low DNA intensity classes does not exclude ongoing replication occurring in the ANC,
367 in line with previously published data that late replicating chromatin in the large heterochromatin blocks
368  of chromocenters recorded by super-resolved images was preferentially noted in rather decondensed

3758 and recently also in plant cells *°. Notably, wide IC-channels

369  channels pervading these blocks
370  pervading chromocenters provide particularly fitting experimental situations to study the replication of
371 repetitive DNA within decondensed DNA (ANC) and their re-location into heterochromatin lining these
372  channels (Figs. 5 and 6). Arguably, similar movements take place in chromatin domains with regard to
373  the replication of repressed core regions (Fig. 2). Further studies are necessary to prove or falsify this
374  hypothesis.

375 In the following, we attempt to integrate our current observations into the context of current
376  knowledge about the 4D nucleome based on a critical assessment of the limited spatial resolution with
377  3DSIM, and the limited time resolution of the entire genome replication process achieved with an EdU-
378 pulse labeling of 10 min and a chase period of 80 min. Several possibilities can be considered to explain
379  the apparent execution of DNA replication within the INC. First, heterochromatin may be less densely
380  compacted than suggested by % thus enabling the penetration of replisome complexes formed in the

381 IC-channels into zonal regions with increasingly compact chromatin (Fig. 2C-D). This explanation would

382 be in line with a relatively open configuration of CDs (Fig. 2B). Second, an interpretation could, however,
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383 also be reconciled with the CD model predicting a highly compact core region surrounded by

384  decondensed chromatin 2>’

(Fig. 2A, C), with additional assumptions on the space-time dynamics
385 during and after CD replication. A replicon may be considered responsible for the replication a
386 chromatin nanodomain (CND) of about 100 kb, (for review see ®°) located in the core region of such a
387  CD. Local decondensation of such a CND would not solve the accessibility problem of a replisome
388  complex formed outside the CD in case that the CND is still surrounded by a rim of highly compact
389  chromatin, but leaves the option that individual components of such a machine move into the core
390  region and form the replisome complex inside. Alternatively, the whole CND may be moved into the
391 periphery of the CD, forming a replicon there composed of decondensed chromatin. With a lateral
392 resolution of ~120 nm and an axial resolution of ~¥300 nm, 3D-SIM lacks the spatial resolution to explore
393 chromatin substructures within CDs. The true size and compaction of a CND or even a smaller sized
394  nucleosome clutch (<10 kb) 27?8 (for review see®®) with a physical configuration below the resolution
395 limit cannot be measured. With 3D SIM, we can dissect only the formation of EdU labeled clusters with
396  sizes exceeding the resolution limit resulting from a spatial accumulation of numerous submicroscopic
397  events of chromatin duplication.

398 In addition to the limited spatial resolution of 3D SIM, the observation of details of genome
399 replication within CDs is also limited by a lack of time resolution of snap-shots of nuclei recorded and
400  quantitatively assessed after two time points, either fixed immediately after a 10 min pulse or after an
401 additional 80 min chase. Both shorter and longer time points need to be studied for a more detailed
402 insight into the dynamic movements of chromatin involved in CD replication. Under the assumption that
403 replication of CDs occurs along decondensed stretches of nucleosome clutches, followed by rapid
404  compaction and further that the replicated nucleosome clutches are closely spaced and form larger
405 compacted aggregates already within a pulse-labelling period of 10 min, they will be detected in high
406  density classes attributed to the INC despite all ongoing replication taking place in decondensed
407  chromatin. This could explain our observation of an overrepresentation of EdU signals in high density
408 DNA classes in “snapshots” of early replicating nuclei recorded with 3D SIM already after 10 min pulse-
409 labelling notwithstanding a necessity for a rapid, transient chromatin decondensation at sites of ongoing
410  replication. A replication fork acts at both sides of a replicon with a speed of 2-3kbp/min of newly
411 replicated DNA 2°. Accordingly, the replication of a 10 kb nucleosome clutch may require less than 5
412 min. Even with higher microscopic resolution, a 10 min EdU pulse may be too long to confirm or exclude
413 a rapid local decompaction and recompaction of nucleosome clutches.

414 A chase time of 80 min was likely sufficient for completion of DNA replication of pulse-labeled
415 CDs, but apparently too short for a complete restoration of the replicated CDs within the context of the
416  nuclear landscape (Fig. 2D, E, Fig. 7). Understanding the spatial dynamics of labeled chromatin awaits

417  further studies with both improved spatial and time resolution, ideally live cell approaches ®*. Arguably,
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418  condensed chromatin is the default chromatin state in higher eukaryotic cells 3%, In line with this,
419 replication of a mother CD with a condensed core region and transcriptionally active periphery (Fig. 2C)
420  may initially yield two largely inactive daughter CDs. This default state requires an ATP-dependent
421 process for the reformation of transcriptionally active loops, likely including ATP-dependent remodeling
422  complexes like SWI/SNF 8% . Apparently, the restructuring of each replicated CDs takes much longer than
423  the time of ~1 hour needed for DNA replication. For more detailed insights into the entire dynamic
424 process, CD replication microscopy with higher resolution than 3D SIM is required to study genome
425 replication at the level of nucleosome clutches of individual replicons. It also essential to visualize the
426  replication machinery together with replicating DNA, as well as other machineries involved in the
427 reconfiguration of replicated chromatin. Ideally, one would like to study these events live in individual
428 cells. Recently developed Hi-C methods, such as sister-chromatid-sensitive Hi-C, where Hi-C contacts
429 can be classified as cis- or trans-sister contact, enable the discrimination of sister chromatids in
430  replicated chromosomes . This opens a way to reveal how sister chromatids fold relative to each other
431 and enable investigations on the conformation of replicated chromosomes.

432 For a comprehensive understanding of genome replication, it is necessary to understand the
433 space-dynamics of an interphase chromatin organization that allows the apparently instantaneous
434  formation of mitotic chromosomes with two sister chromatids at the onset of prophase required for the
435  faithful separation of chromatids during anaphase® and the rapid reformation of functional 4D
436  nucleomes in daughter cells. The spatial separation of daughter CDs arranged along the two sister
437  chromatids formed in each CT during S-phase likely starts as soon as such a pair is formed. Separation
438  of sister chromatids in G2-CTs precedes the rapid formation of mitotic chromosomes with distinct sister
439  chromatids ®>®’. According to a recent study, the loop-extruding activity of cohesin is required to
440  resolve sister chromatids during G2 ®. Cohesin depletion, however, does not prevent cells to enter
441 mitosis forming mitotic chromosomes with distinct chromatids able to perform chromatid segregation,

442  though frequently with misalignment 3.
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665 INC = inactive nuclear compartment

666 Mb(p) = Megabase (pair)

667 ND = nucleosomal domain

668 RD = replication domain

669 RNAPII = RNA polymerase ||

670 TAD = topologically associating domain
671
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672  Figures and Figure legends
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676  Fig. 1. DNA replication in one and three dimensions. (A) Simplified scheme of DNA replication along the
677 DNA strand starting with the activation of the replication machinery (replisome) at a replication origin site (marked
678 as blue ellipsoids) with bidirectional unwinding and subsequent reduplication of the DNA strand. An individual
679 replisome controls and accomplishes DNA replication in discrete units (replicons) with a mean length of ~175kb (for
680 references see text). (B) Early microscopic evidence (“1D-microscopy”) for distinct replication sites and estimation
681 of replication speed) on stretched DNA fibers after pulse labeling of CHO nuclei with *H thymidine for different time
682 length. The predicted calculated length of a stretched DNA fiber is 0.34 um/kbp. Values for the 8, 24 and 40 min
683 label times fit quite well with a replication speed of ~2kb/min (Fig. modified from " with permission). (C) Single
684 optical sections of super-resolved images after EdU labeling obtained by 3D-structured illumination microscopy
685 (3D-SIM). Typical replication patterns for early, mid and late replication in interphase nuclei demonstrates the
686  tight coupling of replication time with genome architecture.

687

688
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690 Fig. 2. Problems of genome replication in the context of higher order chromatin landscapes. (A) 100 nm optical
691 mid-section with 20 nm lateral resolution through a mouse fibroblast nucleus recorded with single molecule
692 localization microscopy (SMLM), adopted from %°. DNA was stained with Sytox and color coded (see color bar code)
693 for representation of absolute DNA densities noted within the ANC <40 Mb/um?. Inset magnification of boxed area:
694 white=interchromatin compartment (IC); blue/green/orange = perichromatin region (PR), assigned to the active
695 nuclear compartment (ANC); dark red/brown = compact chromatin with densities >40 Mb/um? up to >300 Mb/um?
696 (INC). (B) Cartoon of a topologically associated domain (TAD based on Hi-C) shows the folding of a contiguous
697 chromatin fiber (modified with permission from Fig. 4 in ). The access of individual components and large
698 macromolecular complexes into the interior appears virtually unrestricted but may be constrained depending on
699 the space-time dynamics of the fiber convolute (C) Cartoon of an ~1 Mb chromatin domain (CD) based on 3D-SIM
700 data shows a repressed core with densely compacted nucleosomes indicated as little grey dots (INC) and a
701 decondensed periphery (ANC) with transcriptionally active loops expanding from the compact core (adapted from
702 Fig. 4 in %" with permission). (D) Cartoon of the nanoscale topography of CDs embedded in the chromatin landscape
703 (adapted from Fig.4 in®” with permission) indicates a zonal map of a mountainous chromatin landscape with a
704 repressed zone in the center (INC). IC-channels and lacunae are lined by the PR. Together they constitute the
705 transcriptionally active ANC. These pronounced differences of DNA compaction suggest constrained movements of
706 replisome complexes in the ANC and exclusion from highly compacted chromatin segments (E) The ANC-INC model
707 predicts that genome replication, in addition to the replication of DNA nucleosome and epigenetic markers, requires
708 the faithful maintenance of the nuclear landscape. Accordingly, replication of a mother CD in G1 should yield two
709 sister CDs during or after S-phase with the same inside-outside structure. The underlying mechanisms have
710 remained elusive. In contrast, this problem would not exist for CD models with a random chromatin fiber
711 arrangement or a droplet-like organization based on chromatin phase separation.

712

689

19


https://doi.org/10.1101/2024.03.22.586000
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.03.22.586000; this version posted March 22, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is
made available under aCC-BY-NC-ND 4.0 International license.

B 0

i 5
8 ' <5 Mbp/m3 k
v ©
] Q
© £
Z o
b5 =
£ £
< s
= =
(=} =]
e 2
o =]
% >40 Mbp/pm3 5
v i 2
1 o
l \ 6| | 3
: ©
1 E
7 : 2

¥ >300 Mbp/m3

rel distribution

0
EIBEEIN(s| 6| 7|

\ compacted core of
chromatin domain

/ ) )
[ interchromatin  low density
compartment perichromatin

(IC) region (PR) | clusters (CDCs) DNA intensity (chromatin compaction)
\ classes
. ANC E & [WDNA WH3K4m3 WRNAPoI2
\:\:_/4. Tamm 5
= mam 2
active nuclear compartment inactive nuclear compartment 5
enriched in enriched in L] 2]: ] EGEd
splicing speckles H3K27m3 Lo
RNA Pol2, H3K4m3 H3K9m3 3 .g
C
- a ' | .
v 0 T T T T _ T T
.

713 Fig. 3. ANC-INC model and the topography of transcription. (A) Voxel-based classification of DAP! stained
714 DNA into seven intensity classes with equal intensity variance as proxy for relative chromatin compaction
715 differences visualized as color heat map in an optical SIM serial section of a mouse myoblast nucleus. Inset
716 magnification with encircled areas in each class exemplifies chromatin domain clusters (CDCs) with a zonal
717 organization of decondensed CDCs at the periphery adjacent to the interchromatin compartment (IC) and higher
718 compacted chromatin located in the CDC interior. (B) Voxels attributed to color-coded intensity classes 1-7 (note
719 the different color coding compared to the color coding shown in Fig. 2A for SMLM images). Voxels of classes 5-
720 7with estimated intensities >40 Mb/um?® (compare Fig. 2A) are attributed to the inactive nuclear compartment
721 (INC), and voxels with intensities <40 Mb/um? to the active nuclear compartment (ANC), compare Fig.2A. (C)
722 Schematic overview of functional assignment of DNA intensity (chromatin compaction) classes. The lowest DNA
723 density class 1 represents the interchromatin compartment (IC), proposed as the preferred transport system for
724 imported proteins, exported RNPs, and the formation of macromolecular aggregates. Intensity classes 2 — 3
725 comprise low-compacted chromatin lining the IC (perichromatin region, PR). The PR represents the periphery of
726 chromatin domains (CDs) and chromatin domain clusters (CDCs) and is the preferential nuclear subcompartment
727 for transcription. Class 4 denotes a transition zone, classes 5—7 comprise the compact chromatin of the INC. (D)
728 Relative distribution of DNA density classes based on a quantitative 3D SIM analysis of the DAPI stained nucleus
729 shown in A. (E) Example for the quantitative mapping of ‘active transcription’” marks H3K4m3 and RNAPII of a
730 human hematopoietic progenitor cell on DNA intensity classes delineated as relative distribution (top) or as
731 over/under-representation (bottom) in the respective intensity classes. The profiles show a clear enrichment of
732 these marks in the low intensity classes 1-4 and an under-representation in classes 5-7 indicating that transcription
733 occurs predominantly in the ANC (adapted from Fig. 5 in ¥, for experimental details see *°).
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734 Fig. 4. Light optical mid-sections from whole 3D-SIM acquisitions of nuclei with an early replication
735 pattern. (A) Nucleus fixed after 10 min EdU pulse labeling with replicating RDs/CDs. (B) Nucleus fixed after an 80
736 min chase shows replicated CDs. Representative inset magnifications show an overlay of labeled RD borders on
737 DNA intensity heatmaps (left: DNA staining, middle: corresponding heatmap of DNA intensity classes, right: labeled
738 RDs). Labeled RDs are seen both at decondensed chromatin sites and in or at the surface of compacted chromatin
739 domain clusters. Note the localization of replicated CDs in small condensed heterochromatic islets throughout early
740 replicating euchromatic regions (size bars = 5 um). 3D-SIM acquisitions of the whole nuclei are provided in
741  Supplemental Movies S_movie_land 2.

742
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743 Fig. 5. Light optical mid-sections from whole 3D-SIM acquisitions of nuclei with a late replication
744 pattern. (A) Nucleus fixed after 10 min EdU pulse labeling with replicating RDs/CDs. (B) Nucleus with replicated
745 CDs fixed after an 80 min chase. Representative inset magnifications show late replicating chromocenters (left:
746 DNA staining, middle: corresponding heatmap of DNA intensity classes, right: labeled RDs/CDs). Replicating CDs
747 (A) show the preferential localization of labeled RDs in decondensed chromatin, extending into or through
748 chromocenters. After the chase (B), fully replicated CDs are seen within highly condensed chromatin clusters (size
749 bars =5 um). 3D-SIM acquisitions of the whole nuclei are provided in Supplemental Movies S_movie_3-4.
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751 Fig. 6. EdU-Replication Patterns of DAPI stained chromocenters in undifferentiated mouse female
752 ESCs. Cells were pulse-labeled with EdU (green) for 10 min, and fixed immediately after the pulse (panel A) or after
753 an additional chase of 20, 40, 60 and 80 min (panels B-E). For comparison, panels A—E’ show the DAPI stained
754 chromocenters alone (grey). (bar = 1 um). This experiment illustrates the location of replicating DNA both within
|755 and at the edge of wide IC-channels pervading the interior of large heterochromatin blocks, called chromocenters
756 after a 10 min EdU pulse and chase periods of 20 and 40 min (evident in panels A-C), followed by a clearly
757 recognizable relocation into the lining heterochromatin during longer chase periods (D and E). Taken from
758 unpublished images from Michael Sterr, diploma thesis, “Three Dimensional Structured Illumination Microscopy
759 Studies of the Nuclear Architecture in Murine Embryonic Stem Cell and Preimplantation Embryos”, LMU 2012.
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Fig. 7. Relative representation of EdU-labeled RDs on respective DNA intensity classes in Pmi28
mouse myoblasts. Quantified levels of relative enrichment/over-representation (positive values) or
depletion/under-representation (negative values) of labeled RDs in the seven chromatin compaction classes plotted
as x-fold excess. (A) Early RDs after 10min pulse labeling (blue) and after 80min chase (grey). (B) Late RDs after
10min pulse labeling (brown) and after 80min chase (orange). An over-representation in classes 5-7 is higher in
RDs recorded after an 80min chase, both for early and late replicating chromatin. For each series 5 nuclei (each
comprising between 30-40 optical sections were evaluated. Note the different scales in Y-axis for “fold increase”.
Error bars delineate standard deviations.
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774  Fig. 8. Color-coded ratio images of normalized EdU signals and DNA signal intensities. (A-B)
775 Light optical mid-plane sections of the same nuclei as in Fig 4 and 5 are presented as color-coded ratio images of
776 normalized EdU signals and DNA signal intensities. Ratio 1 (dark purple) indicates an amount of EdU signals
777 proportional to the amount of DNA. Ratios 2 to 25 indicate the respective excess of EdU labeled DNA. Note clusters
778 with increased ratios >4 (yellow/white) surrounded by EdU-labeled regions with ratios of 1-3 (purple-red) in nuclei
779 of cells fixed immediately aft the 10 min EdU pulse (left). These clusters were much less pronounced in nuclei studied
780 after the 80 min chase (right). Distinct white dots at the periphery of EdU-labeled early and late replicated regions
781 indicate the presence little sites with a fivefold excess of EdU labeled DNA. We interprete these observations as an
782 indication of the not yet completed process of redistribution of EdU-labeled DNA required to restore the original
783 DNA landscape. After completion we would expect a rather uniform pseudo-coloring of EdU-labelled regions close
784 to ratio 1 (deep purple). Acquisitions of the whole nuclei are provided in Supplemental Movies S_movie_5-8
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Supplementary movies (on request to M.Cremer)

S_movie 1. Whole acquisition of nucleus shown in Fig. 4A (early replication, 10min EdU pulse)
S_movie 2. Whole acquisition of nucleus shown in Fig. 4B (early replication, 10min EdU pulse+80min
chase)

S_movie 3. Whole acquisition of nucleus shown in Fig. 5A (late replication, 10min EdU pulse)
S_movie 4. Whole acquisition of nucleus shown in Fig. 5B (late replication, 10min EdU pulse+80min
chase)

S_movie 5. Whole acquisition of nucleus shown in Fig. 8A left (ratio image, early replication, 10min
EdU pulse)

S_movie 6. Whole acquisition of nucleus shown in Fig. 8A right (ratio image, early replication, 10min
EdU pulse+80min chase)

S_movie 7. Whole acquisition of nucleus shown in Fig. 8B left (ratio image, late replication, 10min
EdU pulse)

S_movie 8. Whole acquisition of nucleus shown in Fig. 8B right (ratio image, late replication, 10min
EdU pulse+80min chase)
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