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Super-Resolution Compatible DNA Labeling Technique
Reveals Chromatin Mobility and Organization Changes

During Differentiation

Maruthi K. Pabba, Miroslav Kuba, Tomds Kraus, Kerem Celikay, Janis Meyer,
Sunil Kumar Pradhan, Andreas Maiser, Hartmann Harz, Heinrich Leonhardt, Karl Rohr,

Michal Hocek,* and M. Cristina Cardoso*

Chromatin dynamics play a crucial role in cellular differentiation, yet tools for
studying global chromatin mobility in living cells remain limited. Here, a novel
probe is developeded for the metabolic labeling of chromatin and tracking its
mobility during neural differentiation. The labeling system utilizes a newly
developed silicon rhodamine-conjugated deoxycytidine triphosphate
(dCSRTP). It is shown that this dCTP is efficiently delivered into living human
induced pluripotent stem cells (iPSCs) and neural stem cells (NSCs) via a
synthetic transporter (SNTT1). Using correlative confocal microscopy and
stimulated emission depletion (STED) super-resolution microscopy, the sizes
of labeled chromatin domains are quantified. Time-lapse super-resolution
microscopy combined with single particle tracking revealed that chromatin
mobility decreases during the transition from iPSCs (pluripotent state) to
NSCs and neurons (differentiated state). This reduction in mobility correlates
with the differentiation state, reflecting changes in chromatin organization
during cell fate commitment. Concomitant mechanistic insights obtained
from micrococcal nuclease digestion assays, chromatin compaction, and
histone modification analyses revealed a decrease in chromatin accessibility
during neuronal differentiation. These data indicate that chromatin adopts a

1. Introduction

The 3D organization and dynamics of
chromatin play crucial roles in regulating
gene expression and cellular identity.?
While the structural aspects of chromatin
organization have been extensively stud-
ied through techniques like Hi-C and
microscopy, our understanding of real-
time chromatin mobility during cellular
differentiation remains limited.>*] This
dynamic behavior of chromatin is partic-
ularly relevant in the context of cellular
differentiation, where large-scale reorgani-
zation of the genome occurs to establish
and maintain cell type-specific gene ex-
pression programs.’) Multiple studies
have established the fundamental changes
in chromatin structure during cellular
differentiation.l®8] Particularly in neural
development, epigenomic reprogramming
involving chromatin accessibility, histone

more constrained structure with reduced accessibility and increased
heterochromatin-associated histone modifications. These findings provide
new insights into chromatin regulation during neurogenesis.

modifications, and 3D chromatin architec-
ture has been extensively documented.®]
These studies have established that de-
velopmental processes are accompanied
by progressive chromatin compaction
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(characterized by reduced accessibility to nucleases and increased
heterochromatin marks), though direct visualization of these dy-
namics in living cells has remained challenging.

The differentiation of human induced pluripotent stem cells
(iPSCs) into neurons represents an excellent model system to
study chromatin dynamics during cell fate transitions. Pluripo-
tent stem cells are characterized by a unique nuclear architecture,
featuring a more open and accessible chromatin landscape that
is thought to contribute to their developmental flexibility, with
the capacity to differentiate into a plethora of cell lineages.[1*!1]
During neural differentiation, dramatic changes in chromatin ar-
chitecture have been documented. These include the formation
of new topologically associating domains (TADs), the establish-
ment of neural-specific enhancer-promoter interactions, and the
separation of neuronal lineage specific genes from the nuclear
lamina.l'21%]

Recent single-nucleosome imaging has revealed that chro-
matin exhibits continuous motion with distinct organizational
states in living cells."*1] Chromatin mobility serves as a sensi-
tive marker of cellular differentiation, with studies showing tran-
sitions from high-mobility pluripotent states to more constrained
differentiated states.!'”"'®] These mobility differences reflect dis-
tinct chromatin states and regulatory factor dynamics.[2]

The local diffusion of chromatin structures within the nucleus
has emerged as a parameter that may influence gene regulatory
processes.?!72%] Recent studies using various particle-tracking
approaches have revealed that chromatin displays complex mo-
tion patterns that can be classified into multiple distinct models,
including confined diffusion, directed motion, and anoma-
lous diffusion.[?22*%7] Importantly, the relationship between
chromatin mobility and compaction appears more complex than
initially assumed, with some studies suggesting that mobility can
be uncoupled from compaction in certain cellular contexts.!?3]

Single-cell studies have revealed unprecedented heterogene-
ity in chromatin states during neural differentiation, with dis-
tinct chromatin accessibility patterns emerging even before fate-
determining transcriptional programs are activated.[?®! Advanced
imaging techniques have shown that chromatin compaction
states correlate strongly with cell fate commitment, where re-
gions containing neural-specific genes undergo significant struc-
tural reorganization during differentiation.”! Notably, disrup-
tion of chromatin remodeling factors during neural differenti-
ation can lead to severe neurodevelopmental disorders, high-
lighting the critical importance of proper chromatin dynamics in
neural development.[*] Recent developments in live-cell imaging
have enabled visualization of chromatin dynamics with unprece-
dented temporal resolution, revealing rapid local reorganization
events that occur on timescales of seconds to minutes.1-**] Pre-
vious studies have established that histone exchange changes
during cellular differentiation across multiple cell types. It has
been shown that architectural chromatin proteins exhibit hyper-
dynamic binding in pluripotent embryonic stem cells and be-
come immobilized upon differentiation.[’) Chromatin dynam-
ics decrease during muscle differentiation, with nuclear protein
mobility serving as a differentiation index.'®) More recently, stud-
ies have demonstrated that chromatin undergoes a sol-gel tran-
sition during differentiation.'””] However, most of these stud-
ies quantified individual histone protein dynamics using fluo-
rescence photobleaching analysis, while the mobility behavior of
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chromatin domains themselves during human neural differenti-
ation remains unclear.

Studies have used artificial DNA sequences in genomic loci
and used a large array of chromatin binding proteins to visu-
alize the loci, chromatin dynamics may be altered.**) There-
fore, a more direct way to measure chromatin dynamics is to
label and track the DNA directly.*>] Stable fluorescent label-
ing of DNA is essential for tracking dynamic changes in chro-
matin components in cellulo. Intercalative dyes, while readily
available, are unsuitable due to their non-specific, homogeneous
staining of all DNA and their toxic effects. Metabolic labeling
of DNA, in contrast, offers both stability, through covalent at-
tachment of fluorophores, and topological specificity, by label-
ing only replicating DNA segments. This allows for the subse-
quent precise segmentation and image analysis. Various fluo-
rescent tags and incorporation strategies have been developed
for covalent DNA labeling.**! In vitro enzymatic synthesis of
fluorescently labeled DNA using modified deoxyribonucleoside
triphosphates (ANTPs) leverages the tolerance of non-natural
DNA polymerases (e.g., KlenTaq, KOD, and Vent(exo-)) toward
these modified substrates.!’”-38] However, in cellulo, metabolic la-
beling is significantly more challenging.3**1 The anionic na-
ture of ANTPs prevents their penetration across cell membranes,
with rare exceptions.[*!] Conversely, cell-permeable modified nu-
cleosides are often poor substrates for endogenous kinases, hin-
dering their phosphorylation and subsequent incorporation into
DNA.3% This “deadlock,” which undoubtedly serves as a natural
safeguard for the genetic code, has been circumvented by various
“chemical” strategies, each with its own advantages and limita-
tions in live-cell applications.

Traditional methods!*?! utilizing 5-halogenated uridines (e.g.,
CldU, BrdU, IdU) exploit their membrane permeability and
compatibility with cellular enzymatic machinery. However, the
requirement for cell fixation and secondary labeling with fluo-
rescent antibodies precludes their use in live-cell imaging.3*4"]
Click-chemistry approaches, designed to eliminate laborious im-
munostaining, employ nucleosides with small reactive “handles”
like ethynyl or vinyl groups; these nucleosides are endogenously
phosphorylated and incorporated into genomic DNA. Cu(I)-
catalyzed azide-alkyne cycloaddition (CuAAC) using 5-ethynyl-
2'-deoxyuridine (EdU) and azide-functionalized fluorophores!**!
has become a widely adopted technique in cell biology, but
still necessitates cell fixation, precluding live-cell imaging.
Copper-free alternatives, such as inverse electron-demand Diels-
Alder (IEDDA) reactions, have been explored using 5-vinyl-2'-
deoxyuridine (VdU) as a DNA reporter in replicating cells,[**]
including light-induced variants.*-% Strain-promoted azide-
alkyne cycloadditions (SPAAC) with azide-substituted de-
oxyadenosine have also been utilized.®!l Despite significant
advancements in I[EDDA and SPAAC labeling, these two-step
procedures still face practical limitations for routine cell biology
applications. These include prolonged incubation times with
the primary nucleoside (15-48 h),[*5% cytotoxicity,[*°! and low
incorporation efficiency under standard culture conditions.[*’]

Since phosphorylation often represents the bottleneck in
the DNA labeling pathway, direct delivery of fluorescently
labeled dNTPs has been attempted. Mechanicall®°%53 and
electroporation’**l methods have enabled rapid delivery of modi-
fied dNTPs and, in some cases, incorporation into genomic DNA.
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However, these techniques lack versatility for high-throughput
experiments involving diverse cell types, both adherent and sus-
pension. The TriPPro approach, employing protective groups
on the triphosphate moiety of 2-TCO-modified 2’-deoxycytidine
triphosphate, enabled visualization of de novo synthesized cel-
lular and viral DNA via [EDDA with cell-permeable fluorescent
dye-tetrazine conjugates.>*] Rapid intracellular DNA labeling has
also been achieved with TAMRA-dATP, though this appears to be
an exceptional case of unassisted delivery.[*!]

The development of synthetic nucleoside triphosphate trans-
porters (SNTTs) capable of delivering modified dNTPs has pro-
vided novel tools for labelling chromatin while maintaining cel-
lular viability. SNTT1 facilitates the rapid delivery of various la-
beled dNTPs into various types of live-cells. The incorporation of
fluorescently labeled dNTPs into genomic DNA proceeds within
minutes, and fluorescent labeling is achieved either via a single-
stepl®%% or a two-step procedure.[®!] However, our previous ef-
forts to develop a labeled ANTP with a far-red fluorophore suit-
able for STED microscopy have been only partially successful due
to either low incorporation efficiency!®®! or cytotoxicity.!%?]

Here, we present a novel approach to study global chromatin
structure and dynamics throughout neural differentiation in hu-
man cells. Our newly developed dCSiRTP nucleotide, delivered
via SNTT1, overcomes the limitations of our prior work by achiev-
ing high DNA-incorporation efficiency in metabolic labeling of
stem cells with a far-red emitting fluorophore. This technologi-
cal advance enabled us to employ live-cell super-resolution STED
microscopy, tracking the dynamics of chromatin structures with
unprecedented resolution throughout the entire process of neu-
ral differentiation.

2. Results and Discussion

2.1. Synthesis of STED-Compatible Fluorescently Labeled
Nucleotides and Labeling of Chromatin

Silicon rhodamine-modified nucleoside triphosphate dCSRTP
was prepared by strain-promoted azide-alkyne cycloaddition reac-
tion of azido-propargyloxy-triethylene glycol-conjugated deoxycy-
tidine triphosphate dCPe8N*TPI®] with bicyclononyne-linked sil-
icon rhodamine fluorophore SiR-BCN (Figure 1A). The product
was isolated in 50% yield after purification by reverse-phase high-
performance liquid chromatography (HPLC). The solution of
modified nucleotide dCSIRTP in phosphate buffered saline (PBS)
showed an absorption maximum and an emission maximum at
651 and 672 nm, respectively (Table S1 and Figure S1A, Support-
ing Information). The corresponding extinction coefficient and
quantum yield in PBS were calculated to be 124 800 M~'cm™!
and 54%, respectively.

The modified dCSIRTP was tested as a substrate for KOD XL
DNA polymerase in primer extension (PEX) and polymerase
chain reaction (PCR) experiments. PEX with 19-mer (Table S2,
Supporting Information) encoding for incorporation of a sin-
gle modification proceeded smoothly and the product was de-
tected by polyacrylamide gel electrophoresis (PAGE) (Figure S2A,
Supporting Information) and by MALDI-TOF mass spectrome-
try analysis (Figures S3-S7, Supporting Information). The SiR-
labeled DNA in PBS showed an absorption maximum and an
emission maximum at 651 and 672 nm, respectively (Figure 1B),
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with a quantum yield of 48% (Table S1, Supporting Information).
Thus, no significant change in the photophysical properties of
the SiR fluorophore was observed. PCR was tested using mix-
tures with varying ratios of dCS'*TP and dCTP (0-100%). Ampli-
con formation was detectable with up to 60% of dCSRTP used in
the reaction mixture. (Figure S2B and see Tables S2, S3, Support-
ing Information for primer and template sequences).

Using the modified dCSRTP nucleotide, with a STED-
compatible (super-resolution microscopy) fluorophore, we pro-
ceeded to test it on cultures of human induced pluripotent stem
cells (iPSCs) (Table S4, Supporting Information). First, the iP-
SCs were checked for pluripotency using immunofluorescence
detection of the pluripotent markers Sox2 and Oct 3/4, and active
DNA replication was verified using incorporation and detection
of EdU. The iPSC cultures were positive for pluripotent mark-
ers and were actively replicating the genomic DNA (Figure S8,
Supporting Information).

Subsequently, we labeled chromatin by incubating cells in a
tricine buffer (pH 7.4) containing 10 uM SNTT1 and 10 uM
dCSRTP for 15 min at 37 °C (Table S5, Supporting Information).
SNTT1 facilitated the transport of labeled nucleotides into the
cells, allowing for an efficient incorporation of the labeled nu-
cleotides into the genome of the replicating cells. This method
has proven effective for the rapid labeling of DNA in cells with-
out altering their native chromatin state. By directly labeling chro-
matin/DNA in replicating S phase cells, we can label any chro-
matin type (euchromatin, facultative heterochromatin, constitu-
tive heterochromatin) as well as DNA repeat elements like LINEs
and SINEs, as well as tandem repeats, which are overlooked in
most studies. Using directly labeled deoxyribonucleotides we can
label the DNA genome-wide and examine chromatin dynamics in
its native state over several cell cycles. As a larger portion of ge-
nomic DNA is packaged into heterochromatin, this would also be
reflected by this labeling method. Using the SNTT1 has allowed
us to perform rapid chromatin labeling (within 10-15 min) with-
out disrupting cell morphology by avoiding the trypsinization re-
quired by electroporation-based intracellular delivery methods.
This allowed immediate imaging (Movie S1, Supporting Infor-
mation). After labeling chromatin in live-cells with dCS*TP and
staining of total DNA with a live-cell DNA dye, the iPSCs were
fixed for correlative microscopic imaging. The fluorescently la-
beled chromatin structures we track represent DNA segments
labeled with dCSRTP during DNA replication, which we term
“chromatin domains” hereafter. These domains represent stable
3D folded structures of newly replicated DNA.

Cells with labeled chromatin (dCS*TP) were imaged, compar-
ing different spatial resolution techniques including STED mi-
croscopy, laser scanning confocal microscopy, and Airy scan mi-
croscopy (Figure 1C; Table S6, Supporting Information). Repre-
sentative gray-scale images of the DNA dye (Abberior 590 DNA
dye) and dCSRTP obtained from both confocal and STED imag-
ing are shown in Figure 1D. The overlay image (Figure 1E) dis-
plays the same labeled chromatin visualized with STED (cyan)
and confocal (magenta) microscopy. We observed that each clus-
tered focus detected by confocal microscopy contained multiple,
distinct foci when resolved with STED microscopy (Figure 1E).
We then segmented the labeled foci at different spatial reso-
lutions and plotted (Figure 1F) the foci count (y-axis: density)
against the total DNA content within the segmented foci (x-axis:
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Figure 1. Synthesis and chromatin labeling using dCS'RTP, A) Chemical synthesis and metabolic DNA labeling in living cells. SiR-BCN click reaction with
azido-terminated dCPe8N3TP precursor. B) Absorption and fluorescence spectrum of DNAT9_1C5R in PBS. C) A schematic representation of transport
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SUM DNA). The results demonstrated that STED microscopy
provided significantly higher resolution of chromatin structure
compared to confocal microscopy and Airy scan imaging. Addi-
tionally, to quantify the resolution gain between STED and con-
focal microscopy, a Full Width at Half Maximum (FWHM) anal-
ysis of the normalized fluorescence intensity profiles was per-
formed (Figure 1G). We observed that the average measured val-
ues of FWHM for STED and confocal microscopy are 0.14 and
0.3 um, respectively. Thus, there is a significant resolution gain
in STED microscopy (Methods: resolution gain analysis of STED
microscopy). Moreover, we quantified the bleaching properties
of dCSIRTP using 20% and 40% full STED laser power levels over
time, which showed that the fluorescent nucleotides are quite re-
sistant to photobleaching (Figure 1H).

2.2. Chromatin Mobility Decreases Upon Neural Differentiation

We next performed in vitro differentiation of iPSCs to obtain pre-
cursor neural stem cells (NSCs) as described (method S6, Tables
S4, S7 and Figure S9, Supporting Information). Then, we estab-
lished a protocol for differentiation of NSCs to neurons (methods
S6, Table S7, Supporting Information). Differential interference
contrast (DIC) images of live-cells, where NSCs were differenti-
ated into neurons for 10 days, are shown in Figure S10 (Support-
ing Information). The DIC images clearly show the neuronal net-
work showing successful neuronal differentiation (Figure S10,
Supporting Information). To further visualize the cellular mor-
phology of iPSCs, NSCs, and neurons, we acquired DIC images
concomitantly with images of cells stained with the live-cell DNA
dye (cyan) and a tubulin live-cell dye (red) (Figure 2A). Clear mor-
phological differences between the differentiated stages were ev-
ident with the double live-cell dye staining.

To ensure no bias toward any specific type of chromatin (eu-
chromatin or heterochromatin), we sorted cells into early and late
replication patterns based on the dCSRTP label replication pat-
tern. We then classified the total DNA (DAPI) into seven differ-
ent compaction classes based on intensities (Methods: chromatin
compaction analysis). We further mapped the spatial location of
the replication label within the chromatin compaction classes for
early and late replication IPSC cells (Figure 2A). We observed that
early replicating cells have the dCS'RTP intensities in classes 1-4,
whereas late replicating cells have dCSIRTP intensities in classes
4-7. Therefore, by sorting the cells based on replication patterns,
we ensured that there is no bias toward the type of chromatin
within our next analysis steps.

To validate the in vitro differentiation of iPSCs into neurons,
we performed immunofluorescence staining on iPSCs, NSCs,
and neurons using specific markers for pluripotency, neural stem
cells, and mature neurons (Figure 2B; Figures S11 and S12, Sup-
porting Information). Immunostaining revealed that only iPSCs

www.advancedscience.com

were positive for the pluripotency marker Oct3/4, whereas NSCs
and neurons were not, confirming the loss of pluripotency factors
during differentiation. Moreover, we observed that NSCs exclu-
sively expressed neural stem cell markers such as NeuN, Nestin,
and Pax6 (Figure 2B; Figures S11 and S12, Supporting Infor-
mation). In contrast, neurons were positive for mature neuronal
markers tubulin beta 3 and MAP2, while only a few NSCs were
positive for these markers (Figure 2B; Figures S11 and S12, Sup-
porting Information). We further corroborated these findings us-
ing western blot analysis of whole cell lysates from iPSCs, NSCs,
and neurons. The western blot analysis included detection of
Oct3/4, MAP2, tubulin beta III, NeuN, and DCX, with lamin
B1 and Ponceau Red staining serving as a loading control (Table
S8, Supporting Information; Figure 2C). The western blot results
were consistent with the immunostaining findings, confirming
the successful differentiation of iPSCs into neurons.

Having established the neuronal differentiation system, we
aimed to determine whether chromatin dynamics are affected
during differentiation. To investigate this, we cultured iPSCs
and NSCs on coated high-precision coverslips and labeled their
chromatin using SNTT1 and dCSIRTP (Figure 2A). Following
labeling, we replaced the buffer with growth medium and al-
lowed the cells to recover for 1-2 h. This allowed us to label
DNA/chromatin directly using fluorescently labelled nucleotides.
These labeled chromatin domains/foci represent the fluores-
cently labeled DNA/chromatin structures folded in the 3D space.

After this period, both iPSCs and NSCs were imaged using
Airyscan microscopy. For a subset of chromatin-labeled NSCs,
we replaced the medium with differentiation medium and cul-
tured the cells for 10 days to induce differentiation into neurons
before imaging. We then identified cells with chromatin labeled
by dCSRTP (magenta) and performed live-cell time-lapse mi-
croscopy with Airyscan microscopy using two channels: dCSRTP
(magenta) and a live DNA stain (cyan). Images were acquired
using an Airyscan microscope (Zeiss) with 2 channels imaging
and 3D z-stacks (5 stacks per channel, x-y: 48 nm and z—170 nm)
with a frame interval of At = 5 s (Figure 2D; Movie S2, Sup-
porting Information). Movie S2 (Supporting Information) illus-
trates cell movement and labeled chromatin mobility over time,
along with nuclear shape changes over time. To compensate
for cell movement and accurately measure chromatin mobility
within the cell, we performed 3D image registration of the live-
cell time-lapse movies. Representative images of labeled chro-
matin at the time point 1 (T1, cyan) and 100 (T100, magenta) of
the time-lapse were overlaid before and after registration (At=5
s) (Figure 2E). In the unregistered image, we observed directed
chromatin motion due to cell movement, an effect eliminated by
the 3D image registration (Figure 2E). This effect is further visu-
alized by comparing chromatin tracks before and after registra-
tion (Figure 2F). We observed that after image registration, the
chromatin tracks (random colors) lost their “apparent” directed

of dCSIRTP across the cell membrane by synthetic nucleoside triphosphate transporter (SNTT1) and subsequent visualization of labeled DNA foci by
correlative microscopy. D—F) Chromatin labeled with dCSIRTP and imaged using correlative microscopy including stimulated emission depletion (STED)
microscopy, confocal microscopy and Airyscan joint deconvolution microscopy (Table S6, Supporting Information). The representative images show the
total DNA and dCSRTP labeled chromatin sites in grey scale and overlay image of dCSRTP foci in cyan — STED, magenta — confocal. The SUM DNA (total
DNA content) was plotted for different spatial resolutions. Scale bars: 5 um. (G) Normalized averaged fluorescence intensity profiles for foci in confocal
(blue) and STED (orange) microscopy. Full Width at Half Maximum (FWHM) values are provided in the figure legend. (H) The bleaching property over
time was plotted as relative fluorescence intensity for SiR-dCTP with different laser powers.
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motion over time, as clearly seen in Movie S3 (Supporting In-
formation) and Figure 2F. Subsequently, we performed detection
and tracking of the 3D chromatin foci followed by mean square
displacement (MSD) analysis on the registered time-lapses for
iPSCs (green), NSCs (blue), and neurons (magenta), and plot-
ted the results (Figure 2G). Generally, a higher MSD curve indi-
cates greater chromatin diffusivity. We investigated whether dif-
ferent foci sizes corresponded to differences in diffusivity (Figure
S13A,B,C, Supporting Information). For iPSC, the large foci ex-
hibit somewhat less motion than the small foci. For NSC, we
observed basically no differences. For the neurons, some differ-
ences could be detected, which may be attributed to a much lower
number of trajectories with more noise. Interestingly, the volume
of foci increases significantly during differentiation, suggesting
that the labeled chromatin domains get larger (Figure S13A,B,
Supporting Information).

Previous studies have shown that chromatin undergoes con-
strained diffusional motion,!* yielding a characteristic MSD
curve, which we observe in our data. Therefore, we used a stan-
dard diffusion model that is fitted to the linear part at the begin-
ning of the MSD curves to determine diffusion rates (short-range
diffusion). We observed (Figure 2G,H) that chromatin in iPSCs
(14.99 x 1075 um? s7!) is more mobile than in NSCs (8.38 X 107>
pm? s71) and neurons (10.47 X 10> um? s7!). As a control for
imaging system vibrations, we performed time-lapse microscopy
on formaldehyde-fixed labeled cells. As shown in Movie S4 (Sup-
porting Information), these fixed cells exhibit minimal motion or
diffusion. Interestingly, NSCs and neurons showed similar dif-
fusion rates, with chromatin in neurons appearing slightly more
mobile than in NSCs (Figure 2G,H). Previous studies have used
RNA seq and ATAC seq to understand the changes in chromatin
during neuronal differentiation(®®! and have shown chromatin ac-
cessibility and transcription profiles are altered during differenti-
ation. Itis interesting to speculate whether this reduction in chro-
matin mobility correlates with compositional changes in chro-
matin remodeling complexes from pluripotency-associated es-
BAF to neural-specific nBAF complexes,[® expansion of lamin-
associated domains that physically anchor chromatin to the nu-
clear envelope,l®”] and HP1la-mediated heterochromatin forma-
tion through phase separation.®® Our analysis reveals that the
pluripotent state has higher chromatin mobility, and this de-
creases upon neural differentiation to NSCs and neurons, rais-
ing the question of whether global chromatin structural change,
including altered histone modifications and reduced nuclease ac-
cessibility, contributes to these observed dynamics. Our findings
are consistent with previous studies demonstrating chromatin
mobility changes during differentiation!!*¥ 8] but extend this
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concept by providing direct DNA labeling measurements during
human neural differentiation.

2.3. Chromatin State Changes During Differentiation Correlate
with Its Dynamics

To analyze the DNA distribution of different cell types, we stained
the DNA of iPSCs, NSCs, and neurons using DAPI. High-
throughput imaging was then employed to quantify the stan-
dard deviation (Std DAPI) and total DNA amounts (SUM DAPI),
which are shown in Figure 3A. Briefly, the nuclei were first seg-
mented using Knime analytics software, and the total DNA inten-
sities (SUM DAPI) and standard deviation of DAPI (Std DAPI)
measurements per cell were obtained. A higher standard devi-
ation indicates greater variability in DNA compaction (euchro-
matin versus heterochromatin) across the cell population. Con-
versely, a lower standard deviation implies an excess of one state
of chromatin. Our findings reveal that iPSCs exhibit a greater
variation in standard deviation compared to NSCs and neurons,
indicating a distribution of both euchromatin and heterochro-
matin within the iPSC population (Figure 3A). The histogram
comparing total DNA amounts (SUM DAPI) across the cell types
displays that iPSCs (green) include populations in the G1, S, and
G2 phases, whereas NSCs contain a lower number of cells in the
G2 phase relative to iPSCs. Notably, neurons predominantly con-
sist of G1 phase cells (Figure 3A). Additionally, we obtained 3D
stacks of the DNA dye from all cell types and measured the vol-
ume (in pm?) and shape factor, presenting the results as boxplots
in Figure 3B. During neuronal differentiation, both NSCs and
neurons significantly decrease in volume compared to iPSCs and
exhibit increased irregularity in shape (Figure 3B).

We, then, examined whether the observed changes in global
chromatin reorganization affect chromatin accessibility. To test
this hypothesis, we performed a micrococcal nuclease (MNase)
digestion assay to assess global chromatin accessibility in iPSCs,
NSCs, and neurons. Briefly, we applied 5 U mL~! MNase for
various time intervals (0, 3, 5, 8, 10, and 15 min) to isolated ge-
nomic DNA. Subsequent agarose gel electrophoresis analysis re-
vealed that, over time, the MNase-digested genomic DNA (de-
tected by ethidium bromide staining) progressively transitioned
from larger fragments, indicative of multiple nucleosomes, to-
ward single nucleosome-sized fragments, observed between 10
and 15 min of digestion (Figure 3C). Next, we quantified the ra-
tio of intensities of DNA fragments under 0.5 kbp (DNAmono)
and total DNA (DNAtotal) within the same gel lane. The plot of
the DNAmono/DNAtotal ratio (y-axis) against time (x-axis) re-

and late replication patterns (dCS'RTP) of iPSC cells was plotted as a histogram. Class 1 corresponds to the less compacted chromatin and class 7
the highest compacted chromatin. The representative images show the chromatin labeled cells with DAPI (gray) and dCS'RTP(magenta) and heat map
of chromatin compaction. B) Immunodetection of pluripotent and neuronal lineage specific markers in iPSC, NSC and neurons (Methods, Table S8,
Supporting Information). Scale bars: 50 um. C) Western blot detection of pluripotent and neuronal lineage specific markers in iPSC, NSC and neurons (2
biological replicates). D) Chromatin labeled iPSC, NSC and neurons using SNTT1 + dCSRTP complex (DNA — cyan, dCSRTP — magenta) (> 4 biological
replicates). E) Labeled chromatin in all cell types was imaged using live-cell microscopy and foci from time frame 1 (T1- cyan) was overlaid with time
frame 100 (T100- magenta). Scale bars: 10 um. F) Registration of chromatin was performed using the live-cell DNA dye as reference to estimate the actual
chromatin mobility. The tracks in unregistered versus registered movies over time are illustrated to show the importance of 3D live-cell registration. G)
Mean square displacement (y-axis, um?) over time (x-axis, At in seconds) for iPSC (green), NSC (blue) and neurons (magenta). The fixed cells MSD
(gray shade) for each cell differentiation state was plotted in grey. H) The diffusion constant (D — um?/s x 107°) and the a values with corresponding
standard deviations are listed.
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vealed that chromatin accessibility was significantly higher in iP-
SCs compared to NSCs and neurons (Figure 3C). Interestingly,
we found no significant differences in chromatin accessibility be-
tween NSCs and neurons (Figure 3C).

To investigate whether changes in histone modifications dur-
ing neuronal differentiation affect global chromatin profiles and
accessibility, we extracted histones from iPSC, NSC, and neuron
cell pellets using established acid extraction protocols. A repre-
sentative image of a gel analysis, visualized by Ponceau stain-
ing, revealed the presence of extracted proteins, including the
different histones (H1, H2A, H2B, H3, H4) (Figure 3D). We
then detected by western blot analysis prominent histone mod-
ifications associated with different chromatin states using spe-
cific antibodies (Figure 3D). These included H3K9me3 (constitu-
tive heterochromatin mark), H3K9ac (euchromatin mark), and
H3K27me3 (facultative heterochromatin mark). Canonical his-
tone H3 was also detected, and its levels served as a loading con-
trol for normalization. The intensity of each histone modification
band was normalized to the corresponding H3 band intensity,
and the relative signal levels were plotted as bar graphs using
Image Lab software (Figure 3D). The western blot results indi-
cated that global levels of H3K9ac decreased, while H3K27me3
levels increased (Figure 3D). Notably, the levels of H3K9me3
did not change significantly. To further validate these findings,
we performed immunofluorescence staining for H3K9ac and
H3K27me3, along with total histone H3 (Figure 3E). Representa-
tive grayscale images illustrate the localization of these histone
modifications and DNA staining within the cells (Figure 3E).
Quantification of the fluorescence intensity in individual nu-
clei was performed using Knime analytics software and pre-
sented as boxplots (Figure 3E; Table S9, Supporting Information),
which corroborated the western blot results. During neuronal
differentiation, H3K9ac levels decreased while H3K27me3 lev-
els increased. iPSCs showed high H3K9ac levels, indicating ac-
tive chromatin, which aligns with findings in mouse pluripotent
stem cells.[®) The co-occurrence of H3K4me3 and H3K27me3
marks in iPSC populations has been associated with “poised”
chromatin states that support stem cell pluripotency, though
our population-level analysis cannot distinguish between true
bivalency at individual loci versus cellular heterogeneity.”! iP-
SCs high proliferation rate leads to many cells in S phase with
shorter G1 phase  ."}72] However, slower H3K27me3 restora-
tion after replication results in diluted marks.l”3] As cells differ-
entiate, iPSCs” hyperactive chromatin state reduces, with lower
H3K9ac levels. The poised chromatin becomes silenced through
H3K27me3 deposition. More cells enter G1 phase (NSCs) or stop
replicating (neurons), creating a transcriptionally repressed chro-
matin state with increased H3K27me3 marks, demonstrated by
reduced chromatin accessibility to MNase digestion (Figure 3C)
and altered DNA intensity distributions (Figure 3A) in differen-

www.advancedscience.com

tiated states. The increased H3K27me3 levels may mechanisti-
cally contribute to reduced mobility through H1-mediated nucle-
osome compaction and PRC2 feedback loops, while decreased
H3K9ac may reduce chromatin accessibility.”#”] To quantita-
tively define chromatin structural changes during differentiation,
we measured chromatin accessibility using MNase digestion as-
says, which revealed significantly reduced nuclease sensitivity in
NSCs and neurons compared to iPSCs (Figure 3C). We define
“chromatin compaction” here as this measurable reduction in ac-
cessibility to enzymatic digestion, rather than overall chromatin
volume changes. Similarly, we define “reduced plasticity” as the
observed decrease in chromatin mobility (measured by mean
square displacement analysis) combined with increased repres-
sive histone modifications that correlate with reduced transcrip-
tional competence.

2.4. Chromatin Motion is Confined During Neural Differentiation

To investigate whether the labeled chromatin sites exhibit dif-
ferent diffusion or mobility based on their chromatin state, we
classified total DNA into two major categories based on pixel in-
tensity (Figure 4A; heterochromatin-red, euchromatin-yellow)
in live-cell imaging using a live-cell DNA dye. We then applied
this classification as a mask to categorize the labeled tracks into
corresponding euchromatin or heterochromatin tracks. This al-
lowed us to track and obtain the MSD of labeled tracks located
within either euchromatin or heterochromatin regions of the nu-
cleus (Figure 4B). Consistent with previous reports,[?!22 we ob-
served that chromatin labeled as heterochromatin is less mo-
bile than chromatin labeled as euchromatin. As we observed in
the histone modifications experiments, the decrease in the eu-
chromatin mark (H3K9ac) during neuronal differentiation sug-
gests that the reduced mobility of chromatin foci in heterochro-
matin regions contributes to the overall decrease in chromatin
mobility observed in NSCs and neurons, as compared to iPSCs
(see Figure 2G,H). However, the relative difference in mobility
between heterochromatin tracks and the combined pool of all
tracks was not greater in NSCs and neurons compared to iP-
SCs. Earlier studies have also shown that chromatin changes
are initiated by neural pioneer transcription factors (Sox4, Sox11,
Pax6, NeuroD1) that directly access nucleosomal DNA and re-
cruit chromatin remodelers, integrating developmental signaling
pathways to shift from accessibility-promoting to compaction-
favoring activities.[”®77]

Additionally, we have computed the radius of gyration (um),
which essentially quantifies how much nuclear space the chro-
matin can explore within a given time. We plotted the ra-
dius of gyration (um) for 500 s of imaging time for euchro-
matin, combined (all), and heterochromatin chromatin tracks

B) Box plots quantifying the changes in the volume of the nucleus (um?) and shape factor properties of the cell differentiation states as indicated (3

U mL™") over time. The line plot shows the DNA mono/DNA total (y-axis) and time (x-axis) in minutes (2 biological replicates, p values: ™ (p < 0.01)). D)
The histone fractions were isolated from different cell differentiation states using the acid extraction method and western blots were used to detect the
different histone modifications. The bar plots show the relative histone modification levels normalized to the total histone H3 level (2 biological replicates,
p values: “*, p <0.001). E) Representative images show different histone modifications, total histone H3 and DNA (DAPI) using immunostaining. The
data was analyzed and represented as a boxplot for different modifications normalized to histone H3 and nuclear area. The representative microscopy
images are shown in gray scale (2 biological replicates, p values: “(p < 0.001) and *(p < 0.05)). Scale bars: 50 um.
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for iPSCs, NSCs, neurons, and observed that overall heterochro-
matin is more constrained than euchromatin or both combined
(Figure 4C). We then compared the radius of gyration (um) for
500 s of imaging time for iPSCs, NSCs, and neurons and ob-
served that the iPSCs have a larger radius of gyration (um) than
NSCs and neurons, allowing us to conclude that the chromatin
in the neural differentiation state is more constrained than in the
pluripotent state (Figure 4D). We propose that the restriction in
chromatin accessibility during differentiation is the main cause
for the reduction of chromatin mobility (Figure 4E).

In conclusion, we have developed a novel STED-compatible
method for labeling genomic DNA in living human induced
pluripotent stem cells (iPSCs) and neural stem cells (NSCs).
Our study contributes to the growing understanding of chro-
matin dynamics during differentiation by providing direct DNA
labeling rather than (single) protein-based measurements, quan-
tifying chromatin mobility at a super-resolution scale during
human neural differentiation. While the general concept of
differentiation-associated mobility changes has been established
across different cell types, our approach offers novel mechanistic
insights into the molecular basis of these changes during human
neurogenesis.

Our method utilizes a novel silicon rhodamine-linked deoxy-
cytidine triphosphate (dCSiRTP), which is delivered to live-cells
by the SNTT1 transporter. The dCSiRTP/SNTT1 combination en-
abled rapid chromatin labeling (within 10-15 min) without dis-
rupting cell morphology, allowing for immediate high-resolution
imaging and for unimpaired cell proliferation and differentia-
tion. This approach is straightforward and highly efficient, of-
fering significant advantages over previously reported methods,
including our own.[?1:3233] Using this system, we achieved high-
resolution quantification and tracking of chromatin dynamics in
living cells throughout the differentiation process from iPSCs to
NSCs and ultimately to neurons. Our analyses reveal a progres-
sive decrease in chromatin mobility that correlates with cellular
differentiation state, strongly suggesting a relationship between
genome dynamics and developmental potential. As NSCs are
still proliferating but show similar reduced chromatin mobility to
neurons, this effect cannot be explained by cell cycle differences
alone. Our observation of reduced chromatin mobility during cel-
lular differentiation is consistent with recent studies that demon-
strated, using fluorescent recovery after photobleaching (FRAP),
that chromatin mobility serves as a readout of the cellular differ-
entiation state and reflects the underlying changes in chromatin
organization.l’8] The reduced chromatin mobility observed dur-
ing neural differentiation (from 14.99 to 8.38 x 10~> um? s~!) may
reflect the establishment of stable transcriptional programs es-
sential for neuronal function, correlated with reduced chromatin
accessibility (as measured by MNase sensitivity) and increased
repressive histone modifications (H3K27me3), providing a phys-
ical basis for cellular memory and identity maintenance.

www.advancedscience.com

Our quantitative measurements of chromatin mobility pro-
vide new mechanistic insights into how chromatin organiza-
tion changes during differentiation. The progressive reduction
in chromatin mobility we observe (from 14.99 to 8.38 x 107°
pm? s7!) suggests that restricted movement may be mechanis-
tically coupled to differentiation rather than merely correlative.
Reduced mobility may serve to enforce irreversible cell fate de-
cisions by creating “chromatin state barriers” that restrict ac-
cess to pluripotency sites!”! could actively contribute to cell
fate commitment by constraining enhancer-promoter search pro-
cesses, limiting transcriptional noise, and stabilizing cell type-
specific gene expression programs through restricted chromatin
accessibility.®%] This mobility-accessibility relationship provides
a foundation for understanding how the physical properties of
chromatin domains facilitate the transition from pluripotent to
differentiated states, opening new avenues for investigating the
mechanistic role of chromatin dynamics in cell fate decisions.
Our labeled chromatin domains likely encompass multiple lev-
els of chromatin organization, spanning from tens of kilobases
to megabases of DNA, i.e., from chromatin loop-size to TAD-size
structures. The mobility changes we observe may reflect reorga-
nization at multiple scales: from nucleosome-level compaction to
higher-order folding within and between chromosomal domains,
providing a complementary perspective to Hi-C-based structural
studies. Our findings align with recent work demonstrating that
transcription-coupled changes in chromatin mobility!®*#2! and
replication-dependent labeling approaches(®! yield insights into
the physical properties governing chromatin organization during
cellular differentiation.

3. Experimental Section

Synthesis of dCSRTP: dCSRTP was prepared by reaction of azido-
propargyloxy-triethylene glycol conjugated deoxycytidine triphosphate
dCPeeN3TP with commercially available bicyclononyne-linked silicon rho-
damine fluorophore SiR-BCN in dimethylsulfoxide at room temperature.
The product was isolated in 50% yield after purification by reverse-phase
HPLC. Experimental conditions for the reaction, analytical data of the
product ("H and "*C NMR, MS), photophysical characterization data, as
well as description of the biochemical experiments (in vitro DNA incorpo-
ration: PEX, PCR) are provided in Tables S1-S3 and Figures S1-S7 (Sup-
porting Information).

Cells:  All cells used were tested for mycoplasma and deemed free of
contamination. All cell lines were authenticated by STR profiling (ATCC).
All cells were grown in a humidified atmosphere of 5% CO2 at 37 °C. The
details of the cell lines used were described in Table S4 (Supporting In-
formation). To grow the human induced pluripotent stem cells clone B4
(hiPSC),184] surfaces were first coated with vitronectin (VTN-N) recombi-
nant human protein (VTN) 5 ng mL~! (Cat.No.: A14700, Thermo Fisher
Scientific, USA) for 1 h. The iPSCs clone B4 were grown in iPSC growth
media containing IPS-Brew basal medium (Cat.No: 130-107-086, Miltenyi
Biotec, Germany) supplemented with IPS-Brew 50x supplement (Cat.No:
130-107-087, Miltenyi Biotec, Germany) and Revita Cell supplement (1x)

within the chromatin states were further classified and used to perform mean square displacement analysis. The MSD (um?) over time (At, seconds)
was plotted for euchromatin, heterochromatin and combined. C) The chromatin tracks within the cells were further classified into early and late cate-
gories based on nucleotide label and used to perform mean square displacement analysis. The MSD (um?) over time (At, seconds) was plotted for early,
late, and all (combined). D) Radius of gyration (um) for euchromatin, combined (all), and heterochromatin chromatin tracks as boxplots with mean and
median values for iPSCs, NSCs, neurons. E) Comparison of radius of gyration (all) for iPSCs, NSCs, neurons as boxplots. F) Graphical illustration of the
relationship between chromatin mobility, accessibility and neuronal differentiation. Scale bars: 5 um.
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(Cat.No: A2644501, Fisher Scientific, USA) without antibiotics. For subcul-
turing of iPSCs, the cells were detached using 1x accutase (Cat.No: A6964,
Sigma Aldrich Chemie, Germany) at 37 °C for 3 min, followed by centrifu-
gation at 300 x g for 3 min. The excess media was then removed, and
cells were resuspended in the growth media and seeded on vitronectin
(VTN-N) coated dishes. All iPSCs cells were grown till they started forming
colonies before performing experiments (Figure S8, Supporting Informa-
tion). The iPSCs were differentiated in vitro to neural stem cells (NSCs)
(Figure S9, Supporting Information), and the detailed protocol and media
compositions are described in the Section S6 and Table S7 (Supporting
Information).

Immunofluorescence: Cells on coverslips were fixed with 3.7%
formaldehyde for 10 min. Cells were permeabilized with 1x PBS supple-
mented with 0.7% Triton X-100 for 20 min. After washing three times with
PBS-T for 5 min, cells were blocked with 1% BSA/PBS for 30 min and sub-
sequently incubated for an hour with the primary antibody, followed by
three washing steps with PBS-T. Cells were incubated with a secondary
antibody for 45 min, followed by three washing steps with PBS-T. DNA
was counterstained with 4’,6-diamidino-2-phenylindole (DAPI) (Cat. No.
6335.1, Carl Roth, Germany) for 10 min. Coverslip was mounted onto glass
slides using Vectashield before proceeding to imaging.

iPSCs were seeded and cultured on glass coverslips until colonies were
obtained. The media was replaced with media containing 10 uM EdU and
pulsed for 10 min (Table S5, Supporting Information). Subsequently, the
cells were fixed with 3.7% formaldehyde for 10 min. The samples were
used to detect pluripotent stem cell markers (Sox2, Oct3/4), and EdU
was detected using Click-IT chemistry (Table S8 and Figure S8, Supporting
Information).

Micrococcal Nuclease Chromatin Accessibility Assay: A total of 10 x 108
cells were harvested, and cell pellets were resuspended in a hypotonic lysis
buffer (10 mM Tris, pH 7.5, 10 mm NaCl, 3 mm MgCl, and 0.5% NP-40)
for 5 min on ice. Cell nuclei were pelleted (5 min, 120 X g), washed once
in digestion buffer (50 mm Tris, pH 8, 5 mm CaCl,), and resuspended in
digestion buffer. Microccocal nuclease (MNase) (cat# ENO181, Thermo
Fisher Scientific, Waltham, MA, USA) was diluted in MNase storage buffer
(20 mwm TrispH7.6, 50 mm NaCl, 50% glycerol), 5 U mL™" and added to
the nuclei in a final volume of 100 uL. Reactions were incubated for dif-
ferent time points at 37 °C, stopped by the addition of stopping buffer
(20 mm EDTA, 0.4% SDS, 0.5 mg mL~" proteinase K), and incubated at
50 °C overnight. DNA was recovered by adding 0.1 volumes of 3 M NacCl
and 2 volumes of 100% ethanol and storing at —20 °C for an hour. Af-
ter centrifugation (15 min, 15000 X g) and washing with 70% ethanol, the
DNA pellet was air-dried and resuspended in 50 uL ddH,O. Equal amounts
of DNA were loaded on a 1.5% agarose gel and electrophoresed for 45 min
at 100 V. Gels were stained with ethidium bromide in 1x TAE buffer (Tris-
acetate-EDTA) and imaged using an Al600 imager. Integrated intensities of
monomeric DNA and total DNA in each lane were measured with Image)
(Table S9, Supporting Information) and plotted as a DNA monomer/DNA
total ratio.

Western Blot: The cells were cultured as described above. The cells
were detached using 2 mL of accutase (Cat.No: A6964, Sigma—Aldrich
Chemie, Germany) and counted, and 2 x 10° cells were collected into
a tube. The lysis buffer NP-40 was supplemented with the protease in-
hibitors: 1mM PMSF (phenylmethylsulfonyl fluoride, Cat.No: 6367.2, Carl-
Roth, Germany), T mM AEBSF (4-(2-Aminoethyl) benzyl sulfonyl fluo-
ride hydrochloride, Cat.No: A1421.0100, VWR, USA), 1 mM E64 (Cat.No:
E3132, Sigma-Aldrich, USA) and 1 nM Pepstatin A (Cat.No: 77170, Sigma—
Aldrich, USA). Cells were homogenized in cell lysis buffer containing
150 mM Nacl (Cat.No.: 0601.2, Carl Roth, Karlsruhe, Germany), 200 mM
TrisCl pH 8 (Cat.No.: A1086.500, Diagonal, Miinster, Germany), 5 mM
EDTA (Cat.No.: 8040.2, Carl Roth, Karlsruhe, Germany) 0.5% NP-40
(Cat.No.: 74385, Sigma-Aldrich Chemie GmbH, Steinheim, Germany and
incubated for 30 min at 4 °C. The lysates were cleared by centrifuging for
30 min at 14 000 g at 4 °C. Protein concentration was determined us-
ing Pierce 660 nm Protein Assay Reagent (cat# 22660, Thermo Fisher
Scientific, Waltham, MA, USA) according to the manufacturer’s instruc-
tions. Protein lysates were denatured in 6x protein loading dye (560 mM
Tris-HCl, pH 6.8, 60 mM DTT, 6 mM EDTA, 30% glycerol, and 0.6% bro-
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mophenol blue) for 5 min at 95 °C. Denatured protein lysates were sep-
arated by 10% SDS-PAGE and transferred onto 0.45 um nitrocellulose
membranes (GE Healthcare/Whatman; Catalog #10600002). The mem-
branes were blocked with 3% low-fat milk for 30 min and subsequently
incubated with primary antibodies diluted in blocking solution for 2 h at
4 °C (Table S8, Supporting Information). After washing three times with
PBS-T for 5 min each, membranes were incubated with secondary antibod-
ies for 1 h at room temperature (Table S8, Supporting Information). Fol-
lowing two wash steps with PBS-T, protein bands on the membranes were
visualized using an AI600 imager (GE Healthcare) (Table S6, Supporting
Information).

Acid Extraction of Histones: The histone proteins were acid-extracted
using the protocol described in.[8] ~106 cells were taken from each cell
type and centrifuged. The cells were washed with 1x PBS before resus-
pending in 1 mL of hypotonic lysis buffer (10 mm Tris-Cl pH 8.0, T mm KCl,
1.5 mm MgCl,, and 1 mm DTT. Protease inhibitors were supplemented be-
fore use). The cells were incubated for 30 min on a rotator for hypotonic
swelling and lysed by mechanical shearing. The nuclei were pelleted using
centrifugation at 10000 x g for 10 min at 4 °C. The nuclei were resuspended
in 0.4 N H,SO, and incubated overnight. The cells were then carefully re-
suspended using 200 uL pipette tips. The nuclei debris was removed by
centrifuging the mixture at 16 000 x g at 10 min, and the supernatant was
transferred to a new tube. ~#132 uL of 100% TCA (Trichloroacetic acid) was
added dropwise to make a final concentration of 33% and inverted several
times to precipitate the histones. The samples were incubated on ice for
30 min. The lysate was centrifuged at 16 000 x g for 10 min at 4 °C. The
supernatant was removed, and the pellet was washed twice with ice-cold
acetone to remove the acid. After drying the histones at room temper-
ature for 20 min, they were dissolved in 50 uL of ddH,O. The concen-
tration of the proteins was measured using Pierce 660 nm Protein Assay
Reagent (cat# 22660, Thermo Fisher Scientific, Waltham, MA, USA). Pro-
tein lysates were denatured in 6x protein loading dye (560 mm Tris-HCl
pH 6.8, 60 mm DTT, 6 mm EDTA, 30% glycerol and 0.6% bromophenol
blue) for 5 min at 95 °C. 10 ug of denatured protein lysates were resolved
using 10% SDS-PAGE and transferred onto 0.45 um nitrocellulose mem-
branes (GE Healthcare/Whatman; Catalog #10600002). The membranes
were blocked with 3% low-fat milk for 30 min and subsequently incubated
with primary antibodies diluted in blocking solution for 2 h at 4 °C (Table
S8, Supporting Information). After washing three times with PBS-T for
5 min each, membranes were incubated with secondary antibodies for
1 h at room temperature (Table S8, Supporting Information). Following
two wash steps with PBS-T, protein bands on the membranes were vi-
sualized using an Al600 imager (GE Healthcare) (Table S6, Supporting
Information).

Chromatin Labeling Using SNTT1: The iPSCs and NSCs were cultured
as described above. The cells were split onto glass bottom culture dishes
for chromatin labeling and incubated with tricine buffer (pH 7.4) contain-
ing 10 um SNTT1 (Cat.No: SCT064, Merck Millipore, Germany) + 10 um
dCSRTP for 15 min at 37 °C (Table S5, Supporting Information). The cells
were then washed with 1 x PBS to remove excess nucleotides. The cells
were subsequently incubated in media containing 10 um of Abberior DNA
live 590 dye (Cat.No: LV590-0143-50UG, Abberior, Germany) or Abberior
tubulin live 610 dye (Cat.No: LV610-0141-50UG, Abberior, Germany) for 3
h (Table S5, Supporting Information).

Chromatin Compaction Analysis of Replication Labeling:  1PSC cells were
labeled with nucleotides using scratch loading on coverslips. The next day,
the cells were fixed using 3.7% formaldehyde for 10 min. Then, T mg mL™!
4’,6-diamidino-2-phenylindole (DAPI) (Cat. No: 6335.1, Carl Roth, Ger-
many) was used to stain the DNA for 10 min. The cells were then im-
aged in 3D (Z stacks) using super-resolution 3D-SIM to image DNA and
nucleotides. The reconstructed and thresholded 16-bit super-resolved im-
ages were analyzed using the “Nucim” library available on the platform
“R” to subdivide individual nuclei into chromatin compaction classes and
map signals from other channels to individual compaction classes. First,
the DAPI channel was segmented and used to mask the region of interest.
Individual voxels within a single nucleus were assigned to a certain com-
paction class based on the probability of this voxel belonging to the same
class computed from a hidden Markov random field (HMRF) stochas-
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tic model, classifying the nuclei into seven different compaction classes,
where the first class represents interchromatin (IC), as opposed to the
chromatin compartment of chromatin domain clusters (CDCs). Classes
two and three represent less compacted perichromatin located toward the
surface of CDCs, which together with |C form the active nuclear compart-
ment (ANC), whereas classes four to seven, located toward the interior of
chromatin domain clusters (CDC), represent the more compacted inac-
tive nuclear compartment (INC) (Figure 2A). Spots from other channels
were further mapped into these subclasses based on a combined thresh-
old and intensity method, where first the spots were segmented with the
threshold method, followed by an intensity-weighted calculation of the rel-
ative fraction, leading to more intense signals having a larger impact and
low-intensity signals having less impact.

Super-Resolution Time-Lapse Microscopy: The chromatin and total
DNA were labeled in live-cells as described above. Following the labeling,
the cells on the glass bottom were used to perform live/fixed cell time-
lapse microscopy for chromatin mobility measurements. Briefly, time-
lapse imaging was performed within 1-2 h after labeling of the cells us-
ing a Zeiss LSM 900 Airyscan system (Zeiss, Germany) equipped with a C
Plan- Apochromat 63x oil objective and Axiocam 820 mono SONY IMX541
CMOS camera with Airyscan detector for high-speed stack acquisition.
The details of the microscope are described in Table S6 (Supporting In-
formation). The DNA dye was used to find the focal plane of cells to min-
imize bleaching in the chromatin (dCS'RTP) channel. The DNA dye and
dCSRTP were excited using 561 and 640 nm lasers, respectively. All chro-
matin motion time-lapse microscopy was performed using two-channel
imaging and 5 z-stacks per channel with a lateral (x-y) resolution of 48 nm
and axial resolution (z) of 170 nm with 5 s interval. The raw data were pro-
cessed to obtain super-resolution time-lapse movies using Airyscan joint
convolution with 20 iterations of processing (Zeiss) (Table S9, Support-
ing Information). The time-lapse imaging was performed at 37 °C with a
humidified atmosphere using an environmental chamber (Table S6, Sup-
porting Information). The standard protocol for examining chromatin mo-
bility in dCSRTP labeled nuclei proceeded in the following manner: first, a
reference overview image of dCS'RTP and Abberior DNA live 590 dye using
wide-field mode was collected from a single focal plane corresponding to
the middle of the nucleus. Second, while maintaining the same central fo-
cal plane, a time series (frame interval of 5 s, 5 z-stacks, 200 frames) and
3D volume with fewer stacks were captured to minimize photo toxicity. The
imaging was performed over multiple experiments to have reproducibility
and sufficient replicates.

Fixed cell imaging was performed as an imaging control, where the cells
were labeled with chromatin (dCSIRTP) and Abberior DNA live 590 dye.
Post labeling, the cells were fixed using 3.7% formaldehyde for 10 min at
room temperature. The imaging was performed as described above.

For fixed cell STED super-resolution imaging, the iPSCs were cultured
as described above and seeded on high precision (18 x 18 mm) square
coverslips. The cells were labeled with chromatin (dCS'RTP) and Abberior
DNA live 590 dye. The cells were allowed to recover from the labeling for
2-3 h and fixed using 3.7% formaldehyde for 10 min at room temperature.
The coverslip was then mounted using Vectashield before proceeding to
imaging using STED 775 QUAD Scan microscope (Abberior Instruments)
(Table S6, Supporting Information).

3D Motion Analysis of Chromatin: To decouple the movement of the
chromatin structures from the movement and deformation of the cell,
joint affine and non-rigid 3D image registration was performed using the
method inl®] adapted for 3D registration. To ensure that image registra-
tion does not affect the motion of the chromatin structures, registration
was performed using the DNA (DAPI) channel images. The transforma-
tion parameters obtained were subsequently applied to the chromatin (la-
beled nucleotide) channel. Each frame of a live-cell image sequence was
registered to the first frame.

The 3D chromatin structures within cell nuclei were tracked in the
registered 3D live-cell fluorescence microscopy image sequences using a
probabilistic particle tracking method.[#”] The method combines Kalman
filtering with particle filtering and uses sequential multi-sensor data fu-
sion and separate sensor models to integrate multiple measurements.
Detection-based and prediction-based measurements were obtained by
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elliptical sampling.[33] For detecting 3D chromatin structures (foci), the
spot-enhancing filter (SEF)[3°] was used, which uses the Laplacian of
Gaussian (LoG) filter followed by thresholding and computing local max-
ima. The threshold was automatically determined for each image se-
quence as the mean of the LoG filter responses plus the standard devia-
tion times a factor. The factor was chosen so that all relevant foci were de-
tected while detections due to noise were avoided. To investigate whether
different foci sizes lead to differences in diffusivity, the median foci size
of a trajectory was determined, and the foci were distinguished into small
and large by having an even split (same number of trajectories) (Figure
S13A-C, Supporting Information).

To quantify the mobility of the 3D chromatin structures, a mean-square
displacement (MSD) analysis was performed.l?? For this, the MSD over
time intervals At was calculated for each trajectory and then averaged. To
determine the (short-range) diffusion coefficient D [um?s~'], the diffusion
model 6Dt + b was fitted to the linear part at the beginning (first 50 s) of
the averaged MSD curves[®! (Figure S13D, Supporting Information). The
bias parameter b accounts for localization errors. In addition, the anoma-
lous diffusion model 6I't* was fitted to the whole averaged MSD curves
(Figure S13E, Supporting Information) yielding the motion type parame-
ter a, where a value of @ < 0.9 indicates sub-diffusion and a decrease in
a corresponds to more constrained motion. To improve the robustness
of the motility analysis, only trajectories with a minimum time duration of
~50 s (10 time steps) were considered. To further characterize the 3D mo-
tion of the chromatin structures, the radius of gyration[®l was computed
for each trajectory.

In addition, the mobility of the 3D chromatin structures was analyzed
with respect to the 3D nuclear landscape. The 3D cell nucleus was divided
into two compaction classes based on the intensity values of the DAPI
channel using the method in.[°?] For each frame of an image sequence,
first the cell nucleus was segmented, and then intensity-based classifica-
tion using a Gaussian Mixture Model was performed. Computed trajecto-
ries were assigned to the compaction class containing the majority of the
track points.

Resolution Gain Analysis of STED Microscopy: The resolution gain be-
tween confocal and STED microscopy was quantified using chromatin
foci in 2D images of the same cell. For this, the foci were detected in
both confocal and STED data using the spot-enhancing filter (SEF) as de-
scribed above. The two sets of foci were then matched using the Hungar-
ian method.[®] To quantify the resolution of the detected foci, the fluores-
cence intensity profile was determined along a horizontal line with length
1 um centered at each detection. The intensity profiles were then averaged
over all detections for each imaging method and normalized to the range
between 0 and 1, and plotted (Figure 1G). From the normalized averaged
intensity profiles, the Full Width at Half Maximum (FWHM) was calcu-
lated.

Statistical Analysis: ~ Statistical analyses were performed using RStudio
(Version 2024.12.1 + 563) and KNIME Analytics (version 5.4.2). Data were
presented as mean + standard deviation unless otherwise specified. For
comparison between groups, statistical significance was assessed using
appropriate tests as follows:

Chromatin mobility analysis: mean square displacement (MSD) curves
were fitted using standard diffusion models (6Dt + b for short-range
diffusion and 6I't"a for anomalous diffusion) with a minimum trajectory
duration of 500 s (100-time steps) for robust analysis.

Chromatin accessibility (MNase assays): two-way analysis was performed
with biological replicates (n = 3), and significance was determined using
a t-test (statistical test) with p-values indicated as * (p < 0.01).

Histone modification analysis: Western blot quantification was normalized
to histone H3 loading controls, with biological replicates (n = 3). Im-
munofluorescence quantification was performed on individual nuclei us-
ing KNIME analytics software with significance levels indicated as ™ (p
<0.001), ™(p <0.01), and *(p < 0.05).

Nuclear morphology analysis: volume and shape factor measurements
were analyzed across biological replicates (n = 3), and significance was
determined using a t-test (statistical test) with significance indicated as
“*(p <0.001) and ™ (p < 0.01).
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Radius of gyration analysis: statistical comparison between cell types was
performed using median and mean values with significance levels of
¥ (p < 0.001).

All experiments included appropriate biological replicates as indicated
in figure legends, and statistical significance was set at p < 0.05 unless
otherwise specified.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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1. Synthesis

1.1. General remarks

Solvents and reagents were purchased from commercial suppliers (Sigma-Aldrich, AlfaAesar,
Spirochrome). The reactions were monitored by thin-layer chromatography (TLC) using Merck silica gel
60 F254 plates and visualized by UV (254 nm). Purification by column chromatography was performed
using silica gel (40-63 pum). Separations of dCSRTP were performed using HPLC (Waters modular
HPLC system) on a column packed with 10 um C18 reversed phase (Phenomenex, Luna C18). NMR
spectra were measured on Bruker AVANCE 500 ('H at 500.0 MHz, 3C at 125.7 MHz, 3'P at 202.3
MHz,) NMR spectrometer in D20 at 25 °C. Chemical shifts (in ppm, d scale) were referenced to tBuOH
= 1.24 ppm. Coupling constants (J) are given in Hz, chemical shifts in ppm (& scale). Complete
assignment of all NMR signals was achieved by using a combination of H,H-COSY, H,C-HSQC and
H,C-HMBC experiments. Mass spectra and high-resolution mass spectra were measured by ESI
ionization technique and spectra were measured on a LTQ Orbitrap XL spectrometer (ThermoFisher
Scientific). dCP*SN3TP was prepared according to a published procedure [,

1.2. Silicon rhodamine modified deoxycytidine-5’-O-triphosphate (dCSRTP)

A solution of SiR-BCN (2.5 mg, 3.23 pymol, in 420 yl DMSO) was added to a solution of dCP*IN3TP (3.5
mg, 3.23 pmol, in 140 pyl HPLC grade H20) and the reaction mixture was stirred overnight at room
temperature. Then, the DMSO was removed by lyophilization, and the reaction mixture was purified by
reverse-phase HPLC (eluent: H20/0.1 M triethylammonium acetate/acetonitrile 37/20/43). Collected
fractions were lyophilized, and the excess of the buffer was removed by repetitive freeze-drying from
water. The product was obtained as a pale yellow solid (2.84 mg, 50%).

"H NMR (500.0 MHz, D20, ref(tBuOH) = 1.24 ppm): 0.46, 0.58 (2 x s, 2 x 3H, CH3Si); 0.66 — 0.78 (bm,
2H, H-5a,6a-CPCOT); 0.86 (bm, 1H, H-6-CPCOT); 1.10 — 1.24 (bm, 2H, H-5b,7b-CPCOT); 1.27 {,
27H, Jvic = 7.3, CH3CH2N); 1.91, 2.02 (2 x bm, 2 x 1H, H-5a,7a-CPCQOT); 2.18, 2.38 (2 x bm, 2 x 1H,
H-2"); 2.54 — 2.66 (bm, 1H, H-4b,8b-CPCOT); 2.69 — 2.83 (bm, 1H, H-4a,8a-CPCOT); 2.95 — 3.15 (bm,
2H, NCH2CH20); 3.15 - 3.30 (bm, 30H, (CHs)2N, CH3CH2N); 3.40 — 3.56, 3.56 — 3.71, 3.71 - 3.77, 3.77
—3.85, 3.92 (5 x bm, 22H, OCH2CH20, NCH2CH20, triazole NCH2CH20, CH20); 4.09 — 4.23 (bm, 3H,

H-4',5"); 4.30 — 4.41 (bm, 4H, CH2C=C, triazole NCH2CH20); 4.55 (bm, 1H, H-3'); 6.12 (bm, 1H, H-1');

6.49, 6.60 (2 x bm, 2 x 1H, H-2,8-DHBS); 6.90 — 7.04 (bm, 2H, H-1,9-DHBS); 7.20 — 7.29 (bm, 2H, H-
4,6-DHBS); 7.69 (bm, 1H, H-3-Ph); 7.95 — 8.03 (H-5,6-Ph); 8.05 (bm, 1H, H-6).

13C NMR (125.7 MHz, D20, ref(fBuOH) = 30.29 ppm): -2.79, -0.31, -0.28 (CHsSi); 8.92 (CHsCH2N);
17.65, 17.69 (CH-6-CPCOT); 19.28, 19.36, 19.78, 19.81 (CH-5a,6a-CPCOT); 21.79, 22.23 (CH»-5,7-
CPCOT); 23.04, 25.87 (CH2-4,8-CPCOT); 40.14 (CHo-2'); 40.50 (NCH2CH:0); 40.70, 40.75, 40.79

((CHs)2N); 40.84 (NCH2CH20); 47.36 (CHaCH:N); 48.46 (triazole-NCH2CH-20); 59.19 (CH.C=C); 63.80
(CH20); 65.90 (CHz-5'); 69.45, 69.65, 69.79, 70.07, 70.22, 70.78 (OCH2CH-0, triazole-NCH2CH-0,
NCH:CH:0); 71.21 (CH-3'); 77.61 (CH2C=C); 86.27 (d, Jcp = 7.3, CH-4'); 87.10 (CH-1'); 92.40 (C-5,
CHoC=C); 114.28, 114.42, 114.49 (CH-2,8-DHBS); 121.02, 121.07, 121.16 (CH-4,6-DHBS); 128.12
(CH-5-Ph or CH-6-Ph); 128.58 (C-9a,10a-DHBS); 129.28 (CH-3-Ph); 129.78 (CH-5-Ph or CH-6-Ph);
135.64 (C-4-Ph); 140.21, 140.25, 140.53 (CH-1,9-DHBS); 140.63 (C-1-Ph); 145.69 (CH-6); 147.64,
147.67, 147.79 (C-4a,5a-DHBS); 153.85, 153.95 (C-3,7-DHBS); 155.95 (C-2); 158.69 (OCONH);
165.20 (C-4); 169.88 (CONH-4-Ph); 173.66 (COO-1-Ph); C-2-Ph, C-10-DHBS and C-3a,8a-CPCOT not

detected.

31P{'H} NMR (202.4 MHz, D20): -22.52, -10.90, -10.18 (3 x bm).
HRMS (ESI): calculated for Ce2Hs2023N10P3Si: 1455.4542; found 1455.4529.



2. Photophysical properties
Molar absorption coefficients
Absorption coefficients were measured using 1 mL quartz cuvettes.

The absorption coefficients were calculated using the following equation

A=¢eXcXxl

where A is the absorbance of the sample, ¢ is the absorption coefficient, ¢ is the exact concentration of
the sample and / is the length of the path that the light travels through the cuvette.

Fluorescence quantum yields

Relative determination of the fluorescence quantum yields (®) was performed using Cresyl violet
perchlorate in MeOH (® = 0.54) as a reference. The absorbance of sample solutions was kept below
0.10 to avoid inner filter effects. The quantum yields were calculated using the following equation [,

b = b x E, 8 1 — 10 4bsst 8 n?z

fx T ISt T Fe T1 —1074bsx T 2,

where ®ris the quantum yield, F is the integrated fluorescence intensity, Abs is the absorbance of the
solution at the excitation wavelength, n is the refractive index of the solvent, and the subscripts x and
st stand for the sample and standard respectively. Samples were excited at 600 nm and the emission
spectra were recorded in the range of 620-800 nm.

Table S1. Photophysical properties of dCSRTP and DNA19_1CSR,

Sample Solvent Aabs? (nm) € (M cm™) Aem® (NM) DY (%)
dCSRTP PBS 651 124800 672 0.54
DNA19_1CSR PBS 651 n.d. 672 0.48

@ Position of the absorption maximum, ® molar extinction coefficients, ¢ position of the emission
maximum, ¢ fluorescence quantum yield measured using Cresyl violet perchlorate in MeOH (® =
0.54) as reference, n.d. = not determined.
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Figure S1. Absorption and fluorescence spectrum of dCSIRTP (A) and DNA19_1CSR (B) in PBS.
3. Biochemistry

3.1. Enzymatic synthesis of modified DNA bearing one silicon rhodamine modification by primer
extension (gel analysis)

The reaction mixture (20 ul) contained FAM labeled primer PrimPE*-FAM (for sequence see Table S2;
3 uM, 1 yL), template TempPEX (for sequence see Table S2; 3 uM, 1.5 pL), KOD XL DNA polymerase
(0.25 U/ul, 0.3 yL), natural dGTP (4 mM, 0.6 pL), either natural dCTP (4 mM, 0.3 L) or dCSRTP (4 mM,
0.3 pL) in corresponding reaction buffer (10x, 2 uL) supplied by the manufacturer. The reaction mixture



was incubated for 30 min at 60°C in the thermal cycler. The reaction was stopped by the addition of
PAGE stop solution (20 ul) and the reaction mixture was denatured at 95°C for 5 min and analyzed
using 12.5% denaturing PAGE. The PAGE gel was visualized by a fluorescent scanner (Figure S2A).

3.2 Preparation of modified dsDNA bearing one silicon rhodamine modification by primer
extension (semi-preparative scale)

The reaction mixture (50 ul) containing primer (for sequence see Table S2; Prim™EX 100 uM, 2.5 yl),
template (for sequence see Table S2; TempP®X, 100 uM, 2.5 pl), dGTP (4 mM, 1 ul), dCSRTP (4 mM,
2.5 pl), KOD XL DNA polymerase (recombinant Thermococcus kodakaraensis, Cat.No: 71087, Merck
Millipore, Germany) (2.5 U/ul, 1.5 pl) in corresponding reaction buffer (10%, 5 ul) supplied by the
manufacturer. The reaction mixture was incubated for 75 min at 60°C in a thermal cycler. The reaction
was stopped by cooling at 4°C. The modified dsDNA was purified using spin columns (QIAquick®
Nucleotide Removal Kit, QIAGEN) and eluted by milli-Q water. Prepared dsDNA (Table S3) was used
for the measurement of photophysical properties (Table S1, Figure S1). The product was analyzed
using MALDI-TOF MS; calculated for [M]: 6942.2 Da; found: 6940.9 Da.

3.3. Enzymatic incorporation of dCSRTP by polymerase chain reaction

The reaction mixture (20 ul) contained primer (for sequences see Table S2; Prim1°°R and Prim2PCR,
10 uM, 1 pl of each), template (Temp"°R, 1 nM, 0.5 pl), natural dNTPs (dATP, dGTP, dTTP, 0.4 mM
each, 1.5 pl) and either dCTP (0.4 mM, 1.5 pl), dCSRTP (0.4 mM, 1.5 pl) or mixture of dCSRTP with
natural dCTP (0-95% of dCTP), KOD XL DNA polymerase (2.5 U/ul, 0.5 pl) and corresponding reaction
buffer (10x, 2 ul) supplied by the manufacturer. After the initial denaturation for 3 min at 94 °C, 40 PCR
cycles were run under the following conditions: denaturation for 20 sec. at 94°C, annealing for 30 sec.
at 58 °C, extension for 30 sec. at 72 °C. The reaction was stopped by cooling to 4 °C. The PCR products
were analyzed by agarose gel electrophoresis in 2% agarose gel stained with GelRed™ (Biotium,
agarose gels are shown in Figure S2B).

Table S2. Table of oligonucleotide sequences used in enzymatic synthesis.

Oligonucleotide Length Sequence (5'-3")

PrimPEx 15-mer 5"-CATGGGCGGCATGGG-3’

Prim"=-FAM @ 15-mer 5-FAM-CATGGGCGGCATGGG-3’

TempPE* 19-mer 5'-CCCGCCCATGCCGCCCATG-3’

Prim1P°R 20-mer 5'-GACATCATGAGAGACATCGC-3’

Prim2PCcR 25-mer 5'-CAAGGACAAAATACCTGTATTCCTT-3’
5'-GACATCATGAGAGACATCGCCTCTGGGCTAATAGGACTA

Temp1PCeR 98-mer CTTCTAATCTGTAAGAGCAGATCCCTGGACAGGCAAGGA
ATACAGGTATTTTGTCCTTG-3"

Underlined: segments of templates complementary to primers.
@ 6-carboxyfluorescein (6-FAM) used for oligonucleotide labeling at 5'-end.

Table S3. Oligonucleotide prepared, isolated and characterized by MALDI-TOF mass
spectrometry.

Oligonucleotide Sequence (5'~3"). C*: modified nucleotide. Mcalculated (Da) Mtound (Da)

ON19_1CSR 5-CATGGGCGGCATGGGC*GGG-3’ 6942.19 6940.9




A) B)

P + -k L ct C C100 8o Cc60 40 C20 Cclo

Figure S2. (A) Page analysis of PEX using KOD XL polymerase, dCSRTP and template TempPFX.
Primer (P), positive control (+, PEX with all natural dNTPs), negative control (-, PEX in absence of
dCTP), PEX with dCSRTP (*). (B) Agarose gel electrophoresis analysis of PCR amplification of 98 bp
template TempCR with KOD XL DNA polymerase using dCSRTP. DNA ladder (L), primer (P), positive
control (C*, PCR with natural dNTPs), negative control (C, PCR in absence of dCTP), PCR with a
mixture of modified nucleotide with natural dCTP (C'%°-C™, the content of modified nucleotide

decreases from 100% to 10%).

4. Copy of 'H, '3C and 3'P NMR spectra (dCSRTP)
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Figure S3. "H NMR spectrum of dCSRTP in D20.
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Figure S4. 3C NMR spectrum of dCSRTP in D20.
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5. Copy of mass spectra
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Figure S7. MALDI-TOF mass spectrometry spectrum of single-modified PEX product (ON16_1CSiR)

obtained using dCSIRTP. Calculated for [M]: 6942.2 Da; found:

Da represents template Temp1PEX.

Table S4. Cell line characteristics

6940.9 Da. The peak at m/z = 5670.1

Name Species Type Gender Reference
hiPSC B4 Homo sapiens iPSC from human neonatal Male [3]
foreskin fibroblast (HFF1)
NSC B4 Homo sapiens Human neural stem cells Male This study




Table S5. Nucleotide and chemical characteristics

Name Application Detection Cat # Company
dCSRTP Replication labeling - - This study
(Labeling of nascent DNA)
NTP-Transporter Transport of dCSRTP across - SCTO064 Merck, Germany
Live Cell Dye (SNTT 1) cell membrane of living cells
EdU Replication labeling Click-IT 78451 Carl Roth, Germany
(5-ethynyl-2'-deoxyuridine) (Labeling of nascent DNA)
Abberior DNA live 590 dye Live cell labeling of total DNA - LV 590-0143 |Abberior, Germany
Abberior Tubulin live 610 dye Live cell labeling of tubulin - LV 610-0141 |Abberior, Germany
Table S6. Imaging systems characteristics
Microscope Lasers/lamps |Filters (ex. & | Objectives/ Detection Incubation Application
/ em. [nm])* lenses system system
Company
Zeiss LSM 900 Four LEDs - ex: 390/40 EC Plan- Axiocam 820 live cell incubation Super
Airyscan, (LED-Modul 385 | em: 450/40 & Neofluar mono SONY chamber for resolution
Zeiss, nm, LED-Modul | ex: 470/40 2.5x IMX541 CMOS ~ [temperature, local | microscopy
Germany 470nm, LED- | em: 525/50 & Plan- | backilluminated |"Uid1y and 02
Modul 540-580 | ex:550/25 | Apochromat |pixel size 2.74 pm | Segnto oo
nm, LED-Modul em: 605/70 20x X 2.74 ym 4512 x system for
625 nm) & Plan- 4512 pixel QE: 86 | hardware focus
ex: 640/30 Apochromat | % at 520 nm Full stabilization
Laser - Power em: 690/50 40x well capacity 10 | Al sample finder
405 nm- 5 mW Quad BP CPlan- | 000 e 20 fps full for automatic
488nm-10mW | 425/30+ | Apochromat | frame noise 2.3¢ | detection of the
sample carrier,
561 nm- 10 mW 514/30 + 63x at full well sample layout and
640 nm- 5 mW 592/25 + alpha Plan- | capacity GaAsP sub-samples
709/100 Apochromat Detectors photo
100x Additionally an manipulation is
Airyscan detector | available through
is available. the .regular user
interface
Nikon SPECTRA X light LED- 40x air (0.95 [Cooled Nikon Qi2 | Self-build - 37°C high
TiE2 engine DA/FI/TR/Cy5 | NA) & 250 camera and incubation throughput,
inverted 395/25 nm with 295 -4X-B pm WD*** 16.25-megapixel [chamber, with 5% [high content
with crest mW sCMOS sensor. C02 and 60% imaging and
spinning 440/20 nm with 256 |Quadbandpas readout noise is: | humidity chamber image
disk unit/ mW sex:390/18, 2.2. electron analysis
Nikon, 470/24 nm with 196 475/35,
Japan mW 535/50
510/25 nm with 62 | em:460/60,
mw 530/43,
540/30 nm with 231 580LP
mW
550/15 nm with 260
mwW
575/25 nm with 310
mW
STED 775 excitation laser STED Laser | 100 NA 1.4 Detectors: - Super
QUAD Scan pulsed diode laser | pulsed fiber Olympus APD: 605 nm - resolution
microscope 594 nm, <500mW | laser 775 nm, | UPlanSApo 625 nm microscopy
(Abberior (PDL 594, 1200mW APD: 650nm -
Instruments) Abberior (PFL-P-30- 720nm
Instruments) 775B1R,
pulsed diode laser | MPB
638nm, 20mWwW Communicati
(PiLOB3X, ons)
Advanced Laser 3D Module
Diode Systems) SLM based
(easy 3D,
Abberior
Instruments)




Amersham Chemiluminescen - - - - Western
AI600 imager ce, UV blots and
transillumination DNA
agarose
gels

* ex.: excitation & em.: emission, ** dichroic specification, *** WD: working distance.

6. Generation of neural stem cells (NSC) and neural differentiation

hiPSC A4 and B4 were seeded at low density on p60 (Cat.No: 83.3901, Sarstedt, Germany) in hiPSC
growth media (Methods: Cells) coated with vitronectin VTN 10 ng/ml (Cat.No.: A14700, Thermo Fisher
Scientific, USA) for one hour. The cells were then allowed to grow for 6-7 days to form colonies. The
cells were then treated with 1 mg/ml collagenase type IV (Cat.No: C4-28, Sigma Aldrich Chemie,
Germany) in DMEM for 30 minutes until the colonies were detached and floating. The collagenase IV
was deactivated using hiPSC growth media. The colonies with the media were then transferred to a 15
ml conical tube using a wide bore tip and were allowed to settle down for 10-15 minutes. The
supernatant was aspirated slowly and resuspended in embryoid bodies formation media (Table S7) and
were grown for 10 days in the media. The embryoid bodies were then transferred for attachment onto
a 6 well plate coated with poly-L-ornithine / laminin in ITSF media and cultured for 10 days (Table S7).
The attached embryoid bodies were disrupted using a glass hook and the cell clumps were transferred
into a culture dish with no coating and resuspended into neurosphere media (Table S7). The
neurospheres were cultured for another seven days. The neurospheres were then transferred into a 15
ml conical tube and were allowed to settle down for 10 - 15 minutes. The supernatant was then removed
and 1 mL of accutase was added to the tube to dissociate the neurospheres. The cells were then
resuspended in 5 mL neurosphere media, followed by centrifugation at 300 r.c.f for 5 minutes. The
supernatant was removed, and cells were resuspended in 5 mL NSC media and transferred to poly-L-
ornithine / laminin coated dishes. The NSCs were cultured and split every 5 days until the NSCs were
obtained.

For differentiation experiments, NSCs were seeded on poly-L-ornithine / laminin coated dishes at 10°
cells per cm? density. Next day, the media was replaced with neuronal differentiation media (Table S7).
The cells were allowed to differentiate for 10 days before proceeding with live cell imaging.



Table S7. Media composition.

Embryoid body media
Name Working Cat # Company
solution
IMDM (Iscove's Modified 75 % 12440053 Gibco, United States of America
Dulbecco's Medium)
Ham’s F12 nut mix 25 % 21765-029 Gibco, United States of America
penicillin/streptomycin (100x) 1x P0781 Merck Millipore, Germany
N-2 supplement 0.5 x N2-K Capricorn Scientific, Germany
B-27™ supplement minus vitamin A 0.5 x 12587010 Thermo Fisher Scientific, United States of America
knockout serum replacement 0.05 % 10828 Gibco, United States of America
L-ascorbic acid 50 pg/mL A5960 Sigma Aldrich, Germany
MTG (1-thioglycerol) 4x10*M M6145 Sigma Aldrich, Germany
Recombinant Human BMP-IA/ALK- 500 ng/mL 315-BR- PeproTech, Germany
3 Fc Chimera 100/CF
StemMACS™ SB431542 selective 10 uM SB431542 Miltenyi Biotec, Germany
inhibitor of ALK5/TGF-B type |
receptor)
human-FGF2 10 ng/mL 100-18G- PeproTech, Germany
250UG
ITSF media
Name Working Cat # Company
solution
DMEM / Ham's F12 nutrient mix 100 % 10565-018 Gibco, United States of America
Apo-transferrin 100 pg/mL 616395 Sigma Aldrich, Germany
Insulin 25 pg/mL 16634 Sigma Aldrich, Germany
Fibronectin 2.5 yg/mL 33010018 Thermo Fisher, United States of America
Sodium Selenite 5 ng/mL S5261 Sigma Aldrich, Germany
penicillin/streptomycin (100x) 1 X P0781 Merck Millipore, Germany
Neurosphere media
Name Working Cat # Company
solution
DMEM 33.33 % 41965039 Gibco, United States of America
DMEM/ Ham's F12 Nut mix 33.33 % 10565-018 Gibco, United States of America
Ham's F12 Nut mix 33.33 % 21765-029 Gibco, United States of America
N-2 supplement 0.5 x N2-K Capricorn Scientific, Germany
penicillin/streptomycin (100x) 1Xx P0781 Merck Millipore, Germany
h-FGF2 10 ng/mL 100-18G- PeproTech, Germany
250UG
NSC media
Name Working Cat # Company
solution
DMEM 33.33 % 41965039 Gibco, United States of America
DMEM/ Ham's F12 Nut mix 33.33 % 10565-018 Gibco, United States of America
Ham's F12 Nut mix 33.33 % 21765-029 Gibco, United States of America
N-2 supplement 1 X N2-K Capricorn Scientific, Germany
B-27™ supplement minus vitamin A 0.5 x 12587010 Thermo Fisher Scientific, United States of America
Insulin 20 pg/mL 16634 Sigma Aldrich, Germany
penicillin/streptomycin (100x) 1x P0781 Merck Millipore, Germany
human-EGF 10 ng/mL 100-15 PeproTech, Germany
human-FGF2 10 ng/mL 100-18G- PeproTech, Germany
250UG
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Differentiation media

Name Working solution Cat # Company
Neurobasal media - 21103049 Thermo Fisher Scientific, United
States of America
B-27™ supplement minus vitamin A 1x 12587010 Thermo Fisher Scientific, United
States of America
penicillin/streptomycin (100x) 1 x P0781 Merck Millipore, Germany
Glutamax 1x 35050038 Thermo Fisher Scientific, United
States of America

Table S8. Primary and secondary antibody characteristics

Reactivity Host Dilution Cat # Company
Sox2 rabbit 1:500 #ab92494 / Abcam, United Kingdom
EPR3131
Oct3/4 mouse 1:500 Clone 40/Oct-3 BD biosciences, United States of America
(RUO)
tubulin beta 3 mouse 1:200 TUJ1 MAB1195 Bio Techne GmbH, Germany
MAP2 goat 1:1000 A104327 antibodies.com, United Kingdom
GFAP rabbit 1:200 ab7260 Abcam, United Kingdom
Nestin mouse 1:200 ab11300 Abcam, United Kingdom
DCX goat 1:100 ab113435 Abcam, United Kingdom
Pax6 rabbit 1:1000 ab5790 Abcam, United Kingdom
NeuN rabbit 1:500 EPR12763 Abcam, United Kingdom
lamin B1 mouse 1:10 X 223 (65147C) Progen Biotechnik GmbH, Germany
Ki67 rabbit 1:500 ab16667 Abcam, United Kingdom
Histone 3 rat 1:1000 1C8B2 (61647) Active Motif, Carlsbad, CA, USA
H3 K9 me3 rabbit 1:500 39161 Active Motif, Carlsbad, CA, USA
H3 K36 me3 rabbit 1:500 ab9050 Abcam, United Kingdom
H3 K27 me3 mouse 1:500 MABI 0323 Active Motif, Carlsbad, CA, USA
H3 K9 ac rabbit 1:500 39917 Active Motif, Carlsbad, CA, USA
a-mouse IgG A488-conjugated goat 1:500 A11029 Thermo Fisher Scientific, USA
a-mouse IgG Cy3-conjugated donkey 1:500 JIM-715-165-150 Jackson ImmunoResearch Europe Ltd.,
United Kingdom
a-mouse IgG Cy5-conjugated donkey 1:500 JIM-715-175-150 Jackson ImmunoResearch Europe Ltd.,
United Kingdom
a-rabbit IgG A488-conjugated donkey 1:500 A11034 Thermo Fisher Scientific, USA
a-rabbit IgG Cy3-conjugated donkey 1:500 JIM-711-165-152 Jackson ImmunoResearch Europe Ltd.,
United Kingdom
a-rabbit IgG Cy5-conjugated donkey 1:500 JIM-711-175-152 Jackson ImmunoResearch Europe Ltd.,
United Kingdom
a-rat IgG Cy5-conjugated donkey 1:500 A10525 Thermo Fisher Scientific, USA
a-goat IgG A568-conjugated donkey 1:500 A-11057 Thermo Fisher Scientific, USA
Table S9. Software
Name Version Website Company/University Application
Volocity 6.3 - PerkinElmer, USA Analysis of DNA domain sizes
Fiji 1.53¢c https://imagej.net/softwar | Wayne Rasband, National | Image processing and image
effiji/ Institutes of Health, USA analysis
RStudio 1.1.447- https://rstudio.com/ RStudio Statistical analysis and plotting
1.2.5033
KNIME Analytics | 3.5.2 https://www.knime.com/k [ KNIME AG, Switzerland High content microscopy image
nime-analytics-platform processing and analysis
Adobe lllustrator | 2025 https://www.adobe.com/ | Adobe, USA Graphical sketch and figures
arrangement
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Zeiss Zen 3.9
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Super resolution processing of
time lapse microscopy raw data
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Figure S8. (A) Immunofluorescence detection and quantification of pluripotent markers (Oct3/4 and
Sox2) and detection of replicating cells using EdU (10 minutes, 10 um) nucleoside pulse in iPSC cells
(Methods). (B) Quantification of sum nuclear intensity of Sox2 and Oct3/4 quantified and represented
as box plots. Scale bars: 50 ym.
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