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ABSTRACT

Gene transcription by RNA polymerase Il (RNAPol I1) is a tightly regulated process in the genomic,
temporal, and spatial context. Recently, we have shown that chromatin exhibits spatially coher-
ently moving regions over the entire nucleus, which is enhanced by transcription. Yet, it remains
unclear how the mobility of RNA Pol Il molecules is affected by transcription regulation and
whether this response depends on the coordinated chromatin movement. We applied our Dense
Flow reConstruction and Correlation method to analyze nucleus-wide coherent movements of
RNA Pol Il in living human cancer cells. We observe a spatially coherent movement of RNA Pol |I
molecules over ~ 1 pm, which depends on transcriptional activity. Inducing transcription in
quiescent cells decreased the coherent motion of RNA Pol Il. We then quantify the spatial
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correlation length of RNA Pol Il in the context of DNA motion. RNA Pol Il and chromatin spatially
coherent motions respond oppositely to transcriptional activities. Our study holds the potential of
studying the chromatin environment in different nuclear processes.

Introduction

Genome structure, dynamics, and transcription are
highly coordinated to ensure proteins punctually
find the proper places on the genome for a correct
gene expression [1]. This interplay between the
dynamics of genome organization and transcription
alters and supports the activity of the other [2].
Transcription by RNA Polymerase II (Pol II) takes
place for all protein-coding genes in eukaryotic gen-
omes and is vital for many physiological processes [3].
Transcription often takes place in so-called transcrip-
tion factories, domains of clustered transcription fac-
tors, whose formation has been explained by liquid-
liquid phase separation [4-6]. These transcription fac-
tories are highly dynamic macromolecular that permit
transcription initiation and elongation [7,8].
Transcription factories have been proposed to
strongly bind DNA, likely regulatory elements,
thereby constraining chromatin diffusion nuclear-
wide [9,10].

Advances in live-cell imaging and genetic mod-
ification tools have revealed the dynamic

properties of both RNA Pol II and chromatin
and their importance for transcriptional regulation
[11,12]. Live-cell imaging of endogenous RNA Pol
IT using fluorescence recovery after photobleach-
ing uncovered several dynamic states of RNA Pol
IT [13]. Single-molecule tracking technologies have
been applied to image and quantify single RNA
Pol IT molecules as they bind at nonspecific sites
throughout the genome [14], and a single gene
[12,15,16]. Nucleus-wide analysis of RNA Pol II
in single living cells has also been analyzed and
mapped at high resolution, using a new approach
called Hi-D [10]. Recently, super-resolution ima-
ging studies showed the physical relationship
between RNA Pol II and chromatin clutches, but
the cell fixation hindered deducing dynamic infor-
mation of RNA Pol II [17,18]. In conclusion, it
remains elusive if and how the diffusion of RNA
Pol II is coordinated within the context of its
surrounding chromatin.

Recently, we developed Dense Flow reConstruction
and Correlation (DFCC), a method to study spatial
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and temporal long-range correlations of abundant
nuclear macromolecules over entire single nuclei
[19]. DFCC combines light microscopy and computer
vision (Optical Flow) technology to reconstruct the
dynamics of bulk chromatin in diffraction-limited
optical microscopy images at nanoscale resolution
throughout the entire nucleus simultaneously. DFCC
does not rely on the identification and tracking of
single molecules, as compared to single-particle track-
ing methods, and can thus be applied to abundant
nuclear proteins, allowing the estimation of their
dynamics in living cells [11,20,21]. By applying
DFCC to genome dynamics during transcription, we
detected the formation of long-range correlated chro-
matin domains, extending up to several micrometers
across the nucleus [19,22]. These large coherent
domains were reduced by the inhibition of transcrip-
tion elongation [19].

Here, we apply DFCC to RNA Pol II in non-
transcribing and actively transcribing cells to study
the nucleus-wide coherent movements of RNA Pol
IT in living human cells. We find that RNA Pol II
exhibits spatially coherent movement, which is
markedly reduced upon transcription activation
but only partially affected by inhibition of tran-
scription elongation. We then calculate the spatial
correlation length of RNA Pol II in the context of
DNA motion. In contrast to DNA, inducing tran-
scription in quiescent cells decreased the coherent
motion of RNA Pol II. We thus conclude that the
spatially coherent movement of RNA Pol II
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domains is largely independent of the underlying
chromatin domains.

Results

To investigate whether the mobility of RNA Pol II
molecules exhibits coherent movement within the
nucleus, we applied our recently developed DFCC
method (Figure 1a) [19]. DECC applies Optical Flow
on time-resolved fluorescence image series to esti-
mate the flow field of fluorescently labeled macro-
molecules between successive images (Figure 1b).
The displacement magnitude and direction are
obtained for every pixel across the entire nucleus,
which allows computing the spatial and temporal
correlation function of both flow magnitude and
direction (Figure 1c). A quantitative description of
these correlation functions is obtained by regression
to the Matérn covariance function (Figure lc inset;
Methods). To characterize flow fields of RNAP II,
the correlation length ¢ is obtained from the regres-
sion, describing how quickly correlations decay over
distance [23]. Illustratively, Supplementary Figure S1
displays flow fields exhibiting various degrees of
magnitudinal and directional correlation. In brief,
the magnitudinal and directional correlation lengths
quantify the distance over which the magnitude
(direction, respectively) of displacement vectors is
correlated (or ‘similar’). A flow field may in principle
exhibit correlations in neither, either displacement
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Figure 1. DFCC workflow. a) RNAP-Dendra2 stained nuclei of U20S cells are imaged with a time interval of At by confocal
microscopy. b) Flow fields between successive images are computed using Optical Flow. ¢) The spatial correlation in flow field
direction (upper panel) and flow magnitude (lower panel) is computed over increasing space lags (averaged over the two spatial
dimensions) and over accessible time lags (from blue to red). The spatial directional and magnitudinal correlation length,
respectively, is obtained via regression to the Whittle-Matérn covariance model for every time lag (insets).
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magnitudes or directions, or both. Suppose a flow
field of a collection of biomolecules locally moving in
the same direction, but each with a different speed
(or magnitude), the directional correlation length
will be large, while the magnitudinal correlation
will decay quickly. Thus, the magnitudinal correla-
tion length will be low (e.g., Figure S1b).

Time-resolved movies of RNA Pol II (RPBI1-
Dendra2, subunit of RNA Pol II) in the U-2 OS
human osteosarcoma cell line were recorded at
150 frames with an exposure time of 0.2 s. Cells
were grown in a medium in the absence of serum
for 24 h to obtain a reference state of less tran-
scription activity [9,10,16,24]. In the absence of
transcription, the correlated motion of RNA Pol
IT molecules was detected in both flow direction
and magnitude, while the directional correlation
length slightly increased with increasing time lag
(Figure 2).

To study the correlated motions of RNA Pol II
and its changes at different transcriptional stages,
we imaged RNA Pol I in two different conditions:
serum-stimulated cells (actively transcribing) and
serum-starved cells (less actively transcribing).
Our and other studies have shown that transcrip-
tion is largely turned off in serum-starved cells, yet
promptly activated when serum is added for
15 minutes to the same cells [9,10,16]. For serum-
starved cells, DFCC analysis showed that the cor-
relation length for RNA Pol 1II is time dependent
with a directional correlation length increasing
from =~ lym to ~ 2um within a lag time of
10 seconds. In contrast, the directional correlation
length is time-independent (§ ~ 1ym) for serum-
stimulated cells as the normal growth condition
(Figure 2b). Note that the serum-stimulated con-
dition showed the same dynamic response as the

a b Direction
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normal growth condition. The time dependence of
the magnitudinal correlation length may reflect the
dynamic movement of RNA Pol II molecules in
forming their coherent domains at their target
sites. The correlation of displacement magnitudes
in actively transcribing cells was also slightly lower
compared to the serum-starved case for most time
lags, yet qualitatively following a similar trend
(Figure 2c). The non-vanishing spatial correlation
of RNA Pol II molecules within the nucleus might
hint at the clustering of RNA Pol II during the
formation of transcription factories [25,26].

Similarly, we tested how the spatial correlation
of RNA Pol II responds to the inhibition of tran-
scription elongation by using 5,6-Dichloro-1-f-
D-ribofuranosylbenzimidazole (DRB). DRB pauses
transcription elongation by interrupting cyclin-
dependent kinase 9 (CDK9) phosphorylation
[27,28]. Several imaging studies of RNA Pol II
proposed that transcription inhibition using DRB
drug prevents the dissociation of the formed RNA
Pol IT clusters from the promoter-proximal paused
state [14,16,29,30]. DRB was added to cells grown
in the normal condition (serum-supplied). In
comparison to serum-stimulated cells, DRB trea-
ted cells showed a slight increase in directional
correlation length and no change in the magnitude
of correlation (Figure 2b, c¢). Our results suggest
that the spatially coherent movement of RNA Pol
IT domains is affected by transcription initiation
and to a smaller extent by elongation.

We then asked whether the coordinated RNA
Pol II motion depends on the spatially coherent
motion of chromatin [19]. For this aim, the corre-
lation length of RNA Pol II dynamics was com-
pared to one of the chromatin (DNA labeled SiR-
Hoechst) in the same cell line and conditions
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Figure 2. Spatial correlation of RNAP dynamics in the absence of serum, upon serum-stimulation and DRB treatment. a) Exemplary
RNAP-Dendra2 stained nucleus. b) Directional and c¢) magnitudinal correlation length of RNAP over increasing time lag.



(Figure 3a, b). Contrary to RNA Pol II, chromatin
showed an increase in correlation length
(¢ = 6pym) in serum-stimulated cells (active tran-
scription state) and reaches a plateau after a lag
time of 20 sec (Figure 3a). Similarly, the correla-
tion length of DNA was reduced in cells treated
with DRB (plateau value £ ~ 4ym and £ ~ 0.6ym
for flow direction and magnitude, respectively)
(Figure 3a, b). Since chromatin exhibits
a considerably longer correlation length than
found for RNA Pol II and contrasting responses
of the correlation length upon transcriptional acti-
vation/inhibition, we conclude that the observed
spatial correlation of nuclear RNA Pol II mole-
cules cannot solely be explained by its binding to
DNA (see Discussion).
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Discussion

In this work, we have demonstrated the capability
of DFCC for detecting the spatially coordinated
movement of RNA Pol II motion at nano-scale
resolution. We performed nucleus-wide live-cell
imaging of RNA Pol II at different transcriptional
states and in the context of chromatin motion. We
found that RNA Pol II molecules move in
a spatially correlated manner (the correlation
length reaching up to ~ 2um), yet their range is
considerably reduced compared to the motion of
chromatin and exhibit the opposite trend upon
serum stimulation and DRB treatment (Figure 4).
The formation of these spatially coherent RNA Pol
IT domains may be explained by the assembly of
RNA Pol II into ‘transcription factories’ which
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Figure 3. Spatial correlation of DNA and RNA Pol Il dynamics for serum-starved, active, and stalled transcription. a) Superimposed
directional correlation length for DNA and RNA Pol Il in the absence of serum. b) Analogous for the magnitudinal correlation. c-d)
Analogous for serum-stimulated cells. e-f) Analogous for DRB treatment in the presence of serum. While DNA dynamics become
spatially correlated upon serum stimulation, RNA Pol II's directional and magnitudinal correlation decreases slightly. Upon stalling
RNA Pol Il at the initiation step by addition of DRB to the medium, RNA Pol II's directional correlation slightly increases, while the
opposite trend is observed for DNA dynamics. In contrast, DRB treatment reduces the magnitudinal correlation length of both RNA

Pol Il and DNA.
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Figure 4. Schematic representation of the observed spatially coherent motion of chromatin versus RNA Pol Il in serum-starved,
active, and promoter-paused states of transcription. Spatially coherent chromatin and RNA Pol Il motion exhibit opposite trends

upon transcription stimulation.

were previously observed in fixed cells using super-
resolution techniques [25,26]. We report a decrease
in the correlation length of RNA Pol II molecules
upon transcription activation (Figure 4). This
decrease may be due to the organization of
unbound molecules into small, clustered regions
such as transcription factories [31,32]. Upon inhi-
biting transcription elongation by DRB treatment,
the spatial correlation of RNA Pol II only partially

recovers the non-transcribing state, hinting at
a combined action of transcription initiation and
elongation to the observed spatial coherence of
RNA Pol IT motion.

Some plausible scenarios could potentially
explain our observations. It is well established
that chromatin moves in a spatially coherent man-
ner [19,33,34], while independently diffusing
molecules do not exhibit spatially coherent



dynamics. Given that RNA Pol II is a DNA-
binding protein, the observed spatial correlation
may result from the binding of a fraction of RNA
Pol IT molecules to DNA. Nucleus-wide imaging of
RNA Pol II would thus sample both DNA-
unbound and DNA-bound fractions. If all RNA
Pol II would be DNA-bound, the correlation
length of RNA Pol II should recover the one of
the chromatin, and there would be no correlation
if no RNA Pol II is bound to DNA. If this argu-
ment would be correct and RNA Pol II only exhi-
bits spatially correlated motion when bound to
DNA, however, the correlation length of DNA
should set an upper limit to the correlated motion
of RNA Pol II in all conditions. This is in stark
contrast with the fact with the observation that
RNA Pol II exhibits a higher correlation length
(both in direction and magnitude) than DNA in
serum-starved cells (Figure 3c-d).

A second plausible scenario is that the observed
spatial correlation is due to RNA Pol II transcrib-
ing chromatin in trains of up to tens of protein
copies. Transcription proceeds at an average speed
of 2-4 kb/min [13,35,36]. Within the acquisition
time of our experiments (30 seconds), we thus
expect an average transcribed length of 1-2 kb.
Taking the upper limit and stretching such
a segment fully, we arrive at a maximum length
of the transcribed gene of  roughly
2000bp - 0.34nm =~ 0.7um. More conservative esti-
mates arrive at an average length of a 10 kb gene
around 0.5 pm [37]. Most genes are indeed packed
with nucleosomes and considerably smaller than
the contour length of DNA alone. Given that we
observe a directional correlation length >1 pm, we
find it highly unlikely that the observed spatial
correlation of RNA Pol II is due to the transcrip-
tion of highly active genes. Using high-resolution
imaging, recent studies have also revealed the dis-
similarity of RNA Pol II and DNA mobility -
characterized by diffusion constant and anomalous
exponent — in serum stimulated cells [9,10]. These
studies explained the constrained motion of chro-
matin by the formation of transcription ‘hubs’ or
factories, which globally constrains chromatin
motion. The short correlation length (£ <2 ym)
of RNA Pol II may reflect the presence of tran-
scription factories, to which freely diffusing RNA
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Pol II molecules are attracted. In contrast, the
correlation length of chromatin in actively tran-
scribing cells is roughly threefold higher, hinting at
the possibility that clustering of RNA Pol II mod-
ulates the spatial organization of chromatin on
a scale spanning several micrometers. This finding
might be explained by the transcription factor
model where specific and nonspecific protein-
chromatin interactions create protein and chroma-
tin clusters in the size range of transcriptional
condensates (0.1 to 1.0 pm) [32,38]. RNA Pol II
clustering, even in the absence of active transcrip-
tion, therefore affects the spatial chromatin orga-
nization and possibly helps to reactivate
transcription [39]. A molecular picture of how
RNA Pol II molecules can exhibit spatially corre-
lated movement and how transcription initiation
and elongation separately contribute to this phe-
nomenon is currently lacking and requires further
research. We envision that the combination of
nucleus-wide live-cell imaging of chromatin and
transcription factors, sequencing, and modeling
approaches will be a powerful approach to answer
outstanding questions in how chromatin organiza-
tion and dynamics interact and shape and are
shaped by transcription.

Methods
Cell culture, treatment, and imaging

Cell culture, starvation, stimulation, treatment,
and imaging are performed as described in (18).
Briefly, a human U20S osteosarcoma cell line (for
DNA imaging) was maintained in Dulbecco’s
modified Eagle’s medium including phenol red-
free (Sigma-Aldrich). This cell line stably expresses
RPBI1 fused with Dendra2 as already described in
(13). The medium was supplemented with 10%
fetal bovine serum, 1mM sodium pyruvate
(Sigma-Aldrich), Glutamax containing 50 ug/ml
gentamicin (Sigma-Aldrich), and G418 0.5 mg/ml
(Sigma-Aldrich). Cells were cultivated at 37°C
with 5% CO,.

For serum starvation, cells were plated with
a serum-free medium and incubated for 24h at
37°C before imaging. Before imaging, the cells

were mounted in the L-15 medium. For
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stimulation, 10% fetal bovine serum was added to
the medium for 15min. Serum removal arrests
cells in GO and due to the short stimulation with
serum, cells are expected to be in the G1 phase of
the cell cycle.

For DRB treatment, cells were treated by adding
100 uM DRB (Sigma-Aldrich) to the L-15 imaging
medium that contained 10% fetal bovine serum.

Cell fixation. First, the U20S cells were gently
washed with a pre-warmed (37°C) phosphate-
buffered saline (PBS), then the cells were incu-
bated in 4% (vol/vol) paraformaldehyde in PBS
for 10-20 min at room temperature. Just before
imaging, the cells were washed with PBS (three
times, 5 min each). Images were recorded at
room temperature in PBS.

For DNA staining, U20S cells were labeled by
SiR-DNA (SiR-Hoechst) at a final concentration of
2uM at 37°C for 30-60 min. Before imaging, the
medium was changed to the L-15 medium for live
imaging.

Image series of RNA Pol II were recorded as in
(9). Image series of 150 frames were acquired at 5
frames per second using a Nipkow-disk confocal
system. For Dendra2 excitation, a single wave-
length of 488 nm (Coherent) at 10% laser power
passed through a 100 x oil immersion objective
was applied. The images were detected on
a cooled electron-multiplying charge-coupled
device camera (iXon Ultra 888), with a sample
pixel size of 88 nm. The same imaging conditions
were applied for DNA imaging, but with an exci-
tation wavelength of 647 nm (Coherent) at 20%
laser power.

Data analysis

Single fluorescent nuclei were manually cropped
and then processed as described in [19]. In brief,
denoised and drift-corrected images were subject
to Optical Flow [40], which results in an estima-
tion of the average displacement of fluorescently
stained molecules between consecutive frames for
every pixel within the nucleus. The DFCC method
first computes the spatial autocorrelation
r(Ax, Ay) of the resulting flow fields’ magnitude
and direction for all accessible lag times between
flow fields via

FUFy) - F(y)
() (y) ’

and averages over time. Here, 7 '(-) is the inverse
Fourier transformation, and F7(-) is the complex
conjugate of the Fourier transformation. The 2D

r(Ax, Ay) = (1)

correlation function was projected as a radial aver-
age onto one dimension using the space lag
p* = Ax* + Ay*. Thus, the correlation function
turns to a function of the space lag only, i.e.,
r =r(p). Regression of these correlation curves
over distance was performed to the Whittle-
Matérn covariance function [41]

035 0)=()

where T'(-) denotes the gamma function; K,(-) the
modified Bessel function of the second type of
order v, ¢ is the correlation length and v denotes

the smoothness parameter. While ¢ describes the
long-range behavior (over which distance are two
measurements correlated), the smoothness para-
meter v describes the local, high-frequency com-
ponent of the correlations (if the flow field can be
described as rough or smooth, direction/magni-
tude of spatially close displacement vectors
tends to (not) align on a local scale). While v is
also a regression parameter, we found no signifi-
cant difference in v across the transcriptional con-
ditions and therefore excluded the analyses of the
smoothness parameter.

We validated that all obtained correlation
lengths are above the detection limit of DFCC by
applying DFCC to the image series of chemically
fixed cells (Supplementary Figure S2). We found
that the obtained correlation lengths for both
chromatin and RPBI-Dendra2 are overall well
below the values found for living cells and do not
show any dependence on the time lag, thus setting
the sensitivity baseline for the DFCC method for
the live-cell imaging of chromatin and RNA Pol II,
respectively.

Error bars of the shown correlation lengths dis-
play the standard error of the mean (SEM) of 19, 21,
and 21 cells for serum-starved, serum-stimulated,
and DRB-treated cells, respectively. For fixed cell
analyses, 17 and 22 cells were analyzed for chroma-
tin and RNA Pol II-stained nuclei.



Generation of spatially correlated flow fields

Flow fields in Figure S1 were generated on
a 100 x 100 grid by separately sampling the displa-
cement vectors from a distribution according to the
simulated scenario. For flow fields without correla-
tion (in either magnitude or direction or both), the
magnitude was sampled from a normal distribution
with a mean of 0.5 and a standard deviation of 0.05.
The direction values were sampled from a uniform
distribution from 0 to 27. Spatially correlated values
(for either magnitude or direction or both) were
generated as a stochastic two-dimensional multi-
fractal random field [42].
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