
Live imaging of Alu elements reveals non-uniform euchromatin 1 

dynamics coupled to transcription 2 

Yi-Che Chang1, Sofia A. Quinodoz2, and Clifford P. Brangwynne2,3,4,✉ 3 

1 Department of Chemistry, Princeton University, Princeton, NJ 08544, U.S.A. 4 
2 Department of Chemical and Biological Engineering, Princeton University, Princeton, NJ 08544, U.S.A. 5 
3 Omenn-Darling Bioengineering Institute, Princeton University, Princeton, NJ 08544, U.S.A. 6 
4 Howard Hughes Medical Institute, Princeton, NJ 08544, U.S.A. 7 
✉ Correspondence: Clifford P. Brangwynne <cbrangwy@princeton.edu> 8 

 9 

Abstract 10 

Chromatin structure and dynamics are crucial for eukaryotic nuclear functions. Hi-C and related 11 
genomic assays have revealed chromatin conformations, such as A/B compartments, in fixed 12 
cells, but the dynamic motion of such structures is not well understood. Moreover, elucidating 13 
the relationship between the motion of chromatin and transcriptional activity is hampered by a 14 
lack of tools for specifically measuring the mobility of active euchromatin. Here, we introduce a 15 
CRISPR-based strategy for live imaging of the gene-rich A compartment by labeling Alu 16 
elements — a retrotransposon family enriched within the transcriptionally active A 17 
compartment. Surprisingly, within euchromatin, microscopy analysis reveals that Alu-rich 18 
regions do not correlate with lower local H2B density, and form irregular foci of a few hundred 19 
nanometers in diameter, underscoring the heterogeneity of euchromatin organization. Alu-rich 20 
(gene-rich) chromatin is also more mobile than Alu-poor (gene-poor) chromatin, and 21 
transcription inhibition by actinomycin D results in decreased chromatin mobility of Alu-rich 22 
regions. These observations highlight the complexity of chromatin organization and dynamics 23 
and connect them to transcriptional activity on a genome-wide scale. 24 

Introduction 25 

Genomic technologies have revealed complex chromatin organization at different length scales 26 
and linked this structure to potential functional roles. For example, at the megabase level, 27 
genomic contact mapping approaches (e.g., Hi-C) demonstrate that the human genome is 28 
divided into A and B compartments, each of which tends to interact with genomic loci within 29 
the same compartment (Lieberman-Aiden et al., 2009; Rowley et al., 2017). The A compartment 30 
is enriched in epigenetic marks associated with active transcription (Lieberman-Aiden et al., 31 
2009), contains early-replicating regions (Marchal et al., 2019), occupies the interior of the 32 
nucleus (Kölbl et al., 2012), and largely overlaps with euchromatic areas devoid of densely 33 
packed heterochromatin (Rowley et al., 2017). Compartmentalization also changes during 34 
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differentiation (Dixon et al., 2015; Zheng and Xie, 2019), accompanying gene expression and 35 
replication timing changes (Miura and Hiratani, 2022). 36 

Despite these significant advances, genomic assays generally report on population-averaged 37 
structures and require chemical crosslinking. This limitation prohibits the measurement of 38 
chromatin dynamics in living cells, including spatiotemporal mobility of chromatin 39 
compartments, and how that relates to rapid processes occurring on the timescale of less than 40 
a minute, like transcription. Live-cell imaging methods have thus been crucial for studying real-41 
time relationships between chromatin structure and its functions at the single-cell level. For 42 
example, CRISPR/Cas9-based genomic imaging and single-locus tracking have revealed a 43 
connection between chromatin mobility and the transcriptional activity of individual genes (Gu 44 
et al., 2018). However, it has been challenging to expand this understanding to a larger genomic 45 
context. While some studies have observed increased chromatin mobility associated with active 46 
transcription (Gu et al., 2018), contrasting behavior has also been reported (Ochiai et al., 2015). 47 
These single-locus tracking methodologies are very effective in measuring selected genes within 48 
specific biological contexts, but are less optimal for generating a broader understanding of 49 
specific chromatin structures, such as A/B compartments, due to their inherently low-50 
throughput nature. 51 

Approaches to labeling and tracking bulk chromatin allow for investigating chromatin dynamics 52 
on larger scales. For example, the application of particle image velocimetry (PIV) to time-lapse 53 
sequences of H2B images has revealed that chromatin displays micron-scale local cohesion over 54 
several seconds (Zidovska et al., 2013). Alternatively, rather than labeling nearly all chromatin, 55 
chromatin can be sparsely labeled for single-nucleosome tracking, well-suited for studying 56 
chromatin dynamics over shorter time and length scales (Xie and Liu, 2021). Nevertheless, 57 
these methods generally lack information regarding the local chromatin environment (e.g., 58 
epigenetic state) and genomic context (e.g., A/B compartments and TADs). Interpretations 59 
derived from the analysis of chromatin dynamics are thus challenging to integrate with 60 
chromatin structures mapped by Hi-C and other genomics studies, limiting our understanding 61 
of sequence-dependent chromatin mobility. 62 

Here, we present a novel strategy for mapping the spatiotemporal dynamics of the A 63 
compartment of the human genome in living cells through sequence-specific chromatin 64 
labeling. This approach relies on targeting dCas9 to retrotransposon Alu elements, which are 65 
distributed throughout the genome but highly enriched in the A compartment, which is closely 66 
associated with transcriptionally active (Lieberman-Aiden et al., 2009) and more accessible 67 
regions of chromatin and is believed to coincide with euchromatin (Rowley et al., 2017). Our 68 
results reveal that while chromatin enriched in Alu elements is depleted in regions with high 69 
chromatin density, Alu density and chromatin density are not correlated in the less dense 70 
euchromatin. By integrating the live imaging of Alu elements with bulk chromatin labeling, we 71 
provide evidence that transcriptionally active chromatin spanning the A compartment exhibits 72 
increased mobility. Perturbations of transcription further revealed non-uniform impacts on 73 
chromatin dynamics. These results underscore the heterogeneity inherent within euchromatin. 74 
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Results 75 

Targeting Alu-elements genome-wide enables live imaging of chromatin across 76 
the A compartment 77 

We began by asking if there are repetitive sequences that can be targeted by dCas9 that would 78 
be representative of the majority of the A compartment. Bioinformatic analyses have shown 79 
that in the human genome, the A compartment is highly enriched in short interspersed nuclear 80 
elements, or SINEs (Lu et al., 2021), which constitute more than 10% of the human genome. 81 
The most abundant type of SINEs are Alu elements, a family of sequences averaging 300 base 82 
pairs in length and typically situated in gene-rich regions (Deininger, 2011; Lander et al., 2001). 83 
Indeed, sequences from Alu elements have previously been used as DNA FISH probes (Lu et al., 84 
2021; Solovei et al., 2009) for imaging euchromatic regions of the genome, but this has been 85 
limited to fixed samples. We were thus encouraged by the potential to target and label the 86 
consensus sequence from Alu elements using a dCas9-based strategy. However, despite the 87 
repetitive and widespread nature of Alu elements, its linear density is not high. Thus, we 88 
decided to leverage existing signal amplification technologies, previously developed in CasDrop 89 
(Shin et al., 2019) and built upon SunTag (Tanenbaum et al., 2014), to develop an Alu-element 90 
live-imaging strategy (Figure 1 A; Figure S1 A). SunTag amplifies the fluorescence signal at target 91 
loci while keeping the dCas9-fusion construct short enough to be packaged by lentivirus. 92 

We optimized dCas9-expression level and generated clonal lines to image Alu elements. Their 93 
nuclear signal exhibits a textured pattern, distinct from the diffuse pattern observed in the non-94 
target sgRNA control groups (Figure 1 B & C). We find that the expression levels of the specific 95 
components in the dCas9-based genomic imaging system are critical for imaging Alu elements 96 
with high signal-to-noise ratio. To this end, we generated clonal lines of U2OS cells expressing 97 
the dCas9-SunTag system stably at low levels. We identified desired clonal lines showing clear 98 
target foci for telomeres or the PPP1R2 locus after transducing cognate sgRNA lentivirus for 99 
telomeric repeat sequence TTAGGG or an approximately 500-copy repeat that exists in the 100 
PPP1R2 gene, respectively (Figure S1 B). These clonal lines were further screened by expressing 101 
a single sgRNA targeting 20 nucleotides of the 5’-end consensus sequence of Alu elements 102 
(Castanon et al., 2020) (Figure S1 C). A non-target sgRNA (sgNT) with non-human target 103 
(Castanon et al., 2020) was used as control throughout this study. The textured pattern of 104 
dCas9 observed is specific to Alu-targeting sequences (sgAlu) and is similar to previously 105 
described fixed-cell images of DNA FISH probing Alu elements (Bolzer et al., 2005; Lu et al., 106 
2021). 107 

To validate the specificity of our labeling approach, we mapped dCas9 binding using a 108 
CUT&RUN assay (Skene and Henikoff, 2017), which is akin to chromatin immunoprecipitation 109 
sequencing (ChIP-seq). Specifically, we performed CUT&RUN on a clonal cell line expressing the 110 
Alu-targeting or non-targeting sgRNA. CUT&RUN sequencing reads produced fragment size 111 
distributions comparable to those reported (Miura and Chen, 2020), with a major fraction 112 
between 120 to 270 bp (Figure S2 A). We find that dCas9 is highly enriched at Alu elements only 113 
when the cognate guide sgAlu is expressed and not when sgNT control is expressed (Figure 1 D). 114 
To measure whether dCas9 binding is enriched near actively transcribed loci, we performed 115 
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CUT&RUN for H3K4me3, an epigenetic mark occurring at transcriptionally active promoters 116 
(Talbert et al., 2019), in the same cell line. We observe that Alu-targeted dCas9 localization 117 
correlates with H3K4me3 marks, suggesting dCas9 localization is enriched near sites of active 118 
transcription and within the A compartment (Figure 1 D), consistent with bioinformatic 119 
characterizations of Alu element distributions (Lander et al., 2001; Lu et al., 2021). To validate 120 
whether dCas9 binding is enriched at Alu elements genome-wide, we measured dCas9 binding 121 
across all annotated Alu repeat subfamilies. Specifically, we compared dCas9 enrichment at 122 
several Alu subfamily annotations and found that dCas9 binding is highly enriched at Alu-123 
containing DNA sites in cells expressing sgAlu, but not in cells expressing sgNT control. As 124 
examples, the coverages around three subfamilies, Alu Y, Sp, and Jb, show enriched signal 125 
within annotated Alu element regions, and drop at the boundaries of those regions (Figure 1 E). 126 
The increased signal further away from Alu regions is likely due to adjacent Alu elements. 127 
Furthermore, there is a positive correlation between Alu-targeted dCas9 localization per 128 
megabase and the density of number of Alu annotations per megabase, confirming the 129 
specificity of Alu-element targeting genome-wide (𝜌 = 0.63) compared to non-targeted dCas9 130 
localization (𝜌 = 0.29) (Figure 1 F). These clonal lines expressing the dCas9-SunTag system are 131 
thus suitable for live-cell imaging of the A compartment using a sequence-specific approach and 132 
are used throughout the rest of this study unless otherwise specified. 133 
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Figure 1: Live imaging of Alu elements with CRISPR/Cas9-based system. (A) Schematic illustrating how genome-
wide Alu elements are targeted with dCas9 constructs. (B) Fluorescence images of U2OS cells labeled with Alu 
elements (sgAlu) or non-target control (sgNT) sgRNAs. Scale bar, 10	μm. (C) Coefficient of variance (standard 
deviation normalized by mean) of fluorescence intensity in nuclear pixels from (B). Notch represents s.d., box 
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represents quartiles (lower, Q1; center, Q2; and higher, Q3), whiskers extend to data points that lie within 1.5 IQR 
(interquartile range = Q3 - Q1) of the lower (Q1) and higher (Q3) quartiles. 𝑛 ≥ 300 nuclei for each group. *** 
denotes 𝑃 < 0.001 using two-sided Brunner-Munzel test with t-distribution. (D) Genomic tracks of CUT&RUN 
sequencing assay against dCas9 compared to Alu-element annotations (from RepeatMasker), CUT&RUN against 
promoter-specific epigenetic mark (H3K4me3), and A/B compartments (A compartment > 0; B compartment < 0). 
For dCas9 CUT&RUN tracks, data ranges were scaled to account for total read counts for each condition. sgRNAs 
used in dCas9 CUT&RUN: control (sgNT) or Alu-targeting (sgAlu). A/B compartments were assigned from an 
existing Hi-C dataset from the same cell type (Arnould et al., 2021). Genomic range shown: chr2 5-80 Mb. (E) 
Averaged profiles and heatmaps showing mapped CUT&RUN reads at three Alu-repeat families annotated across 
the hg38 genome. (F) Relationship between density of sgNT or sgAlu-targeted dCas9 CUT&RUN reads across the 
genome per megabase and density of Alu annotations for the same window of 1 Mb. Spearman correlation 
coefficient: 𝜌 = 0.63 for sgAlu, and 𝜌 = 0.29 for sgNT. 

  134 

.CC-BY 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted March 17, 2024. ; https://doi.org/10.1101/2024.03.15.585287doi: bioRxiv preprint 

https://doi.org/10.1101/2024.03.15.585287
http://creativecommons.org/licenses/by/4.0/


 

Figure S1: Optimized dCas9 cell line for targeting consensus sequence of Alu family. Related to: Figure 1. (A) 
Constructs for dCas9-based Alu-imaging. (B) Clonal line expressing dCas9-SunTag system optimized for genomic 
imaging. Fluorescence images from the dCas9 channel are shown. Repetitive targets include telomeres 
(sgTelomere) and PPP1R2 (sgPPP1R2) as well as a non-target control (sgNT). (C) Alignment of Alu family sequences 
and sgAlu guide RNA target (green shaded). Zoomed-in: aligned sequence, and annotations for protospacer and 
PAM of sgAlu guide RNA design. 
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Figure S2: CUT&RUN sequencing verified the specificity of Alu targeting. Related to: Figure 1. (A) dCas9 CUT&RUN 
library insert size post adapter trimming for (top) sgAlu and (bottom) sgNT. (B) U2OS Hi-C contact matrix on 
chromosome 2 (5-80Mb) alongside genomic tracks shown in Figure 1 D. Hi-C data obtained from an existing 
dataset (Arnould et al., 2021). 

Alu elements do not correlate with histone density within euchromatin 136 

Our dCas9-SunTag approach to label Alu-rich regions of the genome enables us to probe the 137 
localization of chromatin across the A compartment in live cells. We began by comparing the 138 
Alu pattern to other subnuclear structures that Alu elements are known to be enriched or 139 
depleted at, such as nuclear speckles and heterochromatin, respectively. Specifically, we 140 
expressed fluorescent protein miRFP670-fusion of markers of these structures in the clonal line, 141 
and transduced lentivirus for either sgRNA targeting the consensus Alu element sequence 142 
(sgAlu) or non-target control (sgNT) sgRNA. We then imaged these dual-labeled cells, and 143 
analyzed their spatial patterns (Figure 2 A, B; see Methods). We found that Alu elements are 144 
generally depleted in dense constitutive heterochromatin regions labeled by HP1𝛼, consistent 145 
with Alu depletion in heterochromatin (Lu et al., 2021). By contrast, Alu elements and nuclear 146 
speckles, labeled by SRRM1, have a higher correlation, consistent with previous findings 147 
showing Alu elements are enriched around nuclear speckles and genes of high transcriptional 148 
activity (Chen et al., 2018; Su et al., 2020). 149 

We next considered the relationship between Alu elements and histone density. First, we 150 
expressed H2B-emiRFP670 in the Alu-imaging clonal line, and compared the distribution of Alu 151 
intensity in regions with low or high histone density. The histone-dense regions, or 152 
heterochromatin, were segmented based on H2B intensity (top 5% H2B pixel intensity; see 153 
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Methods), and we defined the euchromatin regions in our images by excluding 154 
heterochromatin and nucleolar areas. To enable comparison across various nuclei, pixel 155 
intensities were normalized (see Methods). We find that the mean Alu intensity per cell is 156 
significantly higher in euchromatin than in heterochromatin (Figure 2 C & Figure S3 A). This is 157 
consistent with previous observations that Alu elements tend to be biased towards the A 158 
compartment, which is typically thought to overlap with euchromatin, genome-wide (Chen et 159 
al., 2018; Lu et al., 2021). However, within the euchromatin region, we find a negligible 160 
correlation between Alu intensity and H2B intensity (𝑟 = −0.07) (Figure 2 D & Figure S3 B). This 161 
suggests that Alu-element density and histone density each provide potentially complementary 162 
information – Alu elements as chromatin identity (gene-rich vs -poor) and histone density as 163 
chromatin environment (compact or open) – that can be utilized to differentiate local 164 
chromatin contexts when analyzing chromatin behavior with subnuclear resolution. 165 

 

Figure 2: Alu-rich regions are depleted in heterochromatin but Alu elements are not correlated with histone 
density within euchromatin. (A) Fluorescence images of Alu-labeled cells co-expressing markers of distinct 
subnuclear regions: HP1𝛼 for heterochromatin and SRRM1 for nuclear speckles. Images are shown in individual 
and merged channels (magenta: marker; green: Alu elements) as annotated. Scale bar, 10	μm. (B) Change in 
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Pearson correlation coefficient (PCC) of pixel intensities in nucleoplasmic regions between the marker and Alu 
elements (Alu-targeted dCas9) channels in (A), compared to the mean of control sgRNA (sgNT). Data is shown as 
violin plots (estimated probability density) with median (blue solid line, middle) and first and third quartiles 
(dashed lines, bottom, and top, respectively) inside. Grey solid line: change = 0 (mean of PCC for sgNT). 𝑛 ≥ 150 
nuclei for each group. ** denotes 𝑃 < 0.01 and *** 𝑃 < 0.001 using two-sided Brunner-Munzel test with t-
distribution to compare sgAlu and sgNT conditions for each marker. (C) Mean standardized Alu intensity in 
euchromatin and heterochromatin regions. Each dot corresponds to a nucleus. 𝑛 = 15 nuclei. *** denotes 𝑃 <
0.001 using Mann-Whitney U rank test. See Figure S3 A for Alu- and H2B-intensity distributions in an example cell. 
(D) Joint distribution of Alu and H2B pixel intensities within euchromatin. Pearson correlation coefficient 𝑟 =
−0.07. 
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Figure S3: Relationship between Alu and H2B pixel intensities in euchromatin and heterochromatin regions. 
Related to: Figure 2. (A) Mean standardized H2B (left) and Alu (right) intensity distributions in euchromatin (light) 
and heterochromatin (dark) regions in a single cell provided as an example. (B) Joint distribution of Alu and H2B 
pixel intensities within either euchromatin or heterochromatin regions. Pearson correlation coefficients: 𝑟 =
−0.07 for euchromatin, and 𝑟 = 0.35 for heterochromatin. The Euchromatin panel is the same as Figure 1 and is 
shown here for direct comparison with the heterochromatin panel. 

Alu-element density positively correlates with euchromatin mobility 167 

We next asked if these gene-dense and gene-poor regions, identified by Alu-rich and Alu-poor 168 
regions, respectively, have unique chromatin dynamics. Because we can simultaneously image 169 
Alu elements and H2B in the same cell, we leveraged our Alu-element labeling to spatially 170 
encode genomic identity (Alu-rich or Alu-poor) as a context for H2B chromatin dynamics 171 
(Figure 3 A, B, C). This allows us to test if there is chromatin context-dependent H2B mobility 172 
behavior within the euchromatin region (Figure 3 D & Figure S4 A, B). For example, we can ask if 173 
H2B (chromatin) displacement is larger in the Alu-rich area than in the Alu-poor area. 174 

To measure chromatin dynamics, interphase chromatin was labeled by expressing histone 175 
protein H2B tagged with fluorescent protein miRFP670 in the optimized Alu-imaging cell line 176 
(Figure 3 C). Movies of nuclei were recorded every 0.5	s for 60	s, using two cameras for 177 
capturing images in both channels simultaneously. We then measured chromatin network 178 
dynamics using particle image velocimetry (PIV), previously used to report chromatin dynamics 179 
from fluorescent histone H2B protein images (Zidovska et al., 2013). For each pair of two 180 
images from one such movie, PIV was applied to extract the displacement field; the resulting 181 

.CC-BY 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted March 17, 2024. ; https://doi.org/10.1101/2024.03.15.585287doi: bioRxiv preprint 

https://doi.org/10.1101/2024.03.15.585287
http://creativecommons.org/licenses/by/4.0/


displacement field corresponds to a specific lag time 𝜏 = 𝛥𝑡, which is the difference in time 182 
between the two chosen frames (Figure S4 B). We excluded displacement vectors from nucleoli, 183 
nuclear envelope, and heterochromatin regions (Figure S4 A) in our analysis because PIV is 184 
sensitive to sharp changes in intensity around these boundaries. Repeating these procedures 185 
for all possible pairs and all accessible lag times yields displacement fields 𝑑!"#(𝑡, 𝜏)’s whose 186 
average — mean square network displacement (MSND) — reports the network dynamics 187 
(Figure S4 B). Our measurements of total chromatin dynamics at lag time 𝜏 = 5	s are typically 188 
on the order of 10$"	μm" (Figure 3 A, B), in agreement with past studies (Shaban et al., 2020; 189 
Zidovska et al., 2013). 190 

To compare if gene-rich and gene-poor (Alu-rich and Alu-poor, respectively) chromatin have 191 
different mobility, we focus on the MSND at lag time 𝜏 = 5	s to compare the measured 192 
displacement. This is the timescale over which mesoscale chromatin structure (across several 193 
μm) has been observed to have coherent movement (Zidovska et al., 2013). We observed an 194 
approximate power law relation between resulting H2B MSND (at regions with different Alu-195 
element density or H2B density) and lag time (Figure 3 E), validating sufficient statistics 196 
obtained with our context-aware analysis framework. As Alu intensity increases, chromatin 197 
MSND increases and then plateaus, suggesting the average chromatin mobility is similar above 198 
a certain level of Alu density (Figure 3 F). This suggests that Alu-rich chromatin has a higher 199 
mobility than Alu-poor chromatin. Indeed, direct tracking of individual Alu foci with enhanced 200 
spatial resolution (Figure S5 A) suggests an anomalous exponent close to 0.5 (Figure S5 B), 201 
consistent with subdiffusive behavior reported for gene loci (Gu et al., 2018). Additionally, 202 
applying PIV and MSND analysis to Alu signal also showed similar behavior within the same 203 
timescale (0.5	s ≤ 𝜏 ≤ 1	s) (Figure S5 C). Conversely, we observed a more gradual transition in 204 
chromatin MSND with respect to chromatin density. Interestingly, high histone density within 205 
euchromatin regions (defined as whole nucleus excluding heterochromatin and nucleolus, as 206 
described earlier) is associated with higher mobility (Figure 3 F & Figure S4 C). This is consistent 207 
with recent studies showing that euchromatin can be condensed while maintaining its high 208 
mobility (Maeshima et al., 2023; Miron et al., 2020; Nozaki et al., 2023). To further investigate 209 
the dependencies and interactions between H2B density and Alu intensity, we created a two-210 
dimensional map of chromatin mobility (MSND) (Figure 3 G & Figure S4 D). The horizontal and 211 
vertical axes represent H2B density and Alu intensity, respectively. This analysis confirmed the 212 
trends from the one-dimensional context-dependent mobility analysis (Figure 3 F). Taken 213 
together, our data suggests that Alu-rich (gene-rich) regions have increased chromatin mobility 214 
compared to Alu-poor (gene-poor) regions. 215 
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Figure 3: Context-aware histone mobility analysis integrating local Alu-element intensity uncovers sequence-
specific mobility across euchromatin. (A) Chromatin MSND in euchromatin regions plotted against lag time. Data 
is shown as mean (thick line) over 𝑛 = 15 individual nuclei (thin lines). Triangle represents slope = 0.5. (B) An H2B 
displacement field corresponds to the nucleus shown in (C). Displacement vectors from nucleoli and 
heterochromatin regions are excluded (see Methods). (C) Representative images for Alu and H2B channels. (D) 
Framework for context-aware chromatin mobility analysis. H2B displacement fields are spatially combined with 
context image(s), allowing for the analysis of chromatin mobility in different chromatin context(s). (E) H2B MSND 
plotted against lag time and stratified against respective chromatin context (Z-score): Alu density (top) and H2B 
density (bottom). Colors represent relative context image intensity. Triangles represent slope = 0.5. (F) 
Dependence of H2B MSND at lag time 𝜏 = 5	s on chromatin contexts (Z-score): Alu density (top) and H2B density 
(bottom). (G) Heat map showing H2B MSND at different combinations of Alu density (Z-score) and H2B density (Z-
score), at lag time 𝜏 = 5	s. Colors represent the squared displacement in μm!. In (E), (F), and (G), 𝑛 = 15 nuclei. 
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Figure S4: Details for PIV workflow and H2B MSND at different lag times. Related to: Figure 3. (A) Representative 
images of H2B and Alu channels and the masks for nucleoli and heterochromatin regions used in MSND analyses. 
(B) Schematics illustrating PIV workflow to estimate chromatin network displacement field(s). (C) Dependence of 
H2B MSND at different lag time 𝜏 on chromatin contexts: H2B density (top) and Alu density (bottom). Lag times 
𝜏 = 0.5	s, 1.0	s, 5.0	s and 11.0	s are shown. (D) Heat maps showing H2B MSND at different combinations of Alu 
density (sfGFP) and H2B density (miRFP670) at different lag times 𝜏 = 0.5	s, 1.0	s, 5.0	s and 11.0	s. Colors 
represent the squared displacement in μm!. In (C) and (D), 𝑛 = 15 nuclei. 
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Figure S5: Alu-element mobility probed by single-particle tracking and PIV. Related to: Figure 3. (A) Fluorescence 
image of higher resolution, compared to Figure 1 B, allowing visualization of individual Alu-element foci. Scale bar, 
10	μm. (B) MSD plotted against lag time for single particle tracking of Alu-elements domains. Data shown as time-
averaged MSD (grey) and their mean (blue). (C) Alu MSND plotted against lag time and stratified against respective 
chromatin context: Alu density (right) and H2B density (left). Colors represent relative context image intensity (Z-
score). Triangles represent slope = 0.5. 𝑛 = 15 nuclei. Figure 3 E is the H2B MSND equivalent. Shaded areas in (B) 
and (C) correspond to the same range of lag time. 

Changes in chromatin mobility upon transcription inhibition are context-specific 218 

Given that A-compartment regions are enriched in Pol II occupancy and histone acetylation 219 
marks on a genome-wide scale (Saxton et al., 2023) and that these gene-dense (Alu-rich) 220 
regions exhibit higher mobility than gene-poor (Alu-poor) regions (Figure 3), we hypothesized 221 
that the dynamics of Alu rich chromatin are coupled to Pol II transcriptional activity. To test this, 222 
we investigated how these unique regions of the genome respond to perturbations of Pol II 223 
transcription. 224 

We treated cells for 4 to 6 hours with a panel of Pol II transcription inhibitors previously 225 
reported (Ku et al., 2022; Nagashima et al., 2019; Zidovska et al., 2013) to affect nucleosome 226 
mobility: 𝛼-amanitin (aAM), flavopiridol (FVP), and actinomycin D (ActD) (Figure 4 A). We first 227 
examined the mean chromatin displacement across the entire euchromatin compartment. 228 
Chromatin mobility is either not affected or may become slightly more mobile (by 10-20%) 229 
upon inhibition of Pol II transcription using 𝛼-amanitin and flavopiridol (Figure 4 B; Figure S6 A), 230 
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comparable to results from both bulk-chromatin and single-nucleosome tracking (Nagashima et 231 
al., 2019; Zidovska et al., 2013). In contrast, actinomycin D, which blocks both Pol I and II 232 
transcription at the applied concentration of , significantly slows down chromatin dynamics by 233 
approximately 40% (Figure 4 B; Figure S6 A), consistent with previous studies (Nagashima et al., 234 
2019; Zidovska et al., 2013). 235 

We next used the context-aware approach to analyze the mobility of sub-categories of 236 
chromatin upon transcription inhibition. When we compared 𝛼-amanitin- and flavopiridol-237 
treated conditions to the control (media), H2B MSND at lag time 𝜏 = 5	s in the Alu-rich regions 238 
showed a modest increase in MSND, by approximately 10% (Figure 4 C, D; Figure S6 B). 239 
Conversely, transcription inhibition induced by actinomycin D slows down the entire analyzed 240 
euchromatin region by approximately 40%, irrespective of its Alu density (Figure 4 C, D; Figure 241 
S6 B). These results highlight the complexity of chromatin behavior and emphasize the 242 
importance of considering multiple factors that describe the identity and environment of 243 
chromatin locally. 244 

 

Figure 4: Alu element-specific chromatin mobility is reduced upon Pol II transcription inhibition. (A) 
Representative fluorescence images of U2OS cells treated with transcription inhibitors 𝛼-amanitin (aAM), 
flavopiridol (FVP), and actinomycin D (ActD) for individual channels or merged. Magenta, H2B; green, Alu 
elements. Scale bars, 10	μm. (B) H2B MSND euchromatin region plotted against lag time for each treatment. 
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Triangles represent slope = 0.5. (C) Percent change in H2B MSND, at lag time 𝜏 = 5	s, in Alu-rich or Alu-poor 
regions after treatment. Data represented as mean ± s.e.m. ** denotes 𝑃 < 0.01, *** 𝑃 < 0.001, and n.s. not 
significant using two-sided Brunner-Munzel test with t-distribution to compare each treatment to the control 
(media). (D) Heat maps showing (top) H2B MSND at different combinations of Alu density and H2B density, at lag 
time 𝜏 = 5.0	s, after treatment, and (bottom) corresponding fold-change compared to control (media). Colors 
represent (top) squared displacement, in μm!, and (bottom) fold change. For (B), (C), and (D), 𝑛 ≥ 10 nuclei for 
each condition. 
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Figure S6: H2B MSND behaviors upon Pol II transcription inhibition. Related to: Figure 4. (A) Individual ensemble 
MSND traces for each nucleus are shown (light) together with the corresponding mean (heavy). Triangles 
represent slope = 0.5. Related to Figure 4 B. (B) (Top) H2B MSND at different degrees of Alu density (Z-score), at 
lag time 𝜏 = 5	s, after each treatment, and (bottom) corresponding fold-change (compared to media-only). Alu-
rich (dark-shaded) or -poor (light-shaded) regions are separated at standardized Alu intensity (Z-score) = 0. Data 
represented as mean ± s.d. For (A) and (B), 𝑛 ≥ 10 nuclei for each condition. 

Discussion 246 

Chromatin dynamics are intimately coupled to genome organization and function. Our study 247 
sought to characterize the dynamic mobility and organization of active chromatin in living cells 248 
by microscopy. Previously, chromatin organization has primarily been examined in fixed cells 249 
using crosslinking-based genomic techniques like Hi-C (Lieberman-Aiden et al., 2009) or in a 250 
limited capacity in live cells through individual locus labeling (Chen et al., 2013; Gu et al., 2018; 251 
Ku et al., 2022; Ochiai et al., 2015). We introduce a flexible strategy that targets dCas9 to Alu 252 
elements, which are ubiquitous and widely distributed within euchromatic chromatin regions, 253 
to characterize the dynamics of euchromatic regions in living cells. In contrast to live tracking 254 
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techniques that focus on selected gene loci, our approach allows imaging of an entire class of 255 
chromatin structure while maintaining sequence-specificity. 256 

Our simultaneous imaging of Alu elements and histone protein H2B revealed that the density of 257 
Alu elements is decoupled from histone density in non-heterochromatic regions. This is 258 
surprising, as transcriptionally active euchromatic regions are generally characterized to be 259 
anti-correlated with chromatin density, but agrees with recent studies where densely packed 260 
nucleosome domains were observed in regions with transcriptionally active marks (Miron et al., 261 
2020; Nozaki et al., 2023). This decoupled view of H2B density (as a proxy of chromatin density) 262 
and Alu-element density (as a proxy of gene density) is also consistent with recent studies 263 
identifying high density chromatin regions within “euchromatin” regions. ATAC-PALM 264 
demonstrated that transposase-accessible chromatin forms spatially segregated domains that 265 
are 150	nm in diameter and transcriptionally active (Xie et al., 2020). Labeling individual 266 
nucleosomes in early-replication foci combined with single nucleosome tracking suggested that 267 
histones in euchromatin form condensed solid-like structures of similar size (Nozaki et al., 268 
2023). Our Alu-element imaging also reveals distinct domains of comparable size, and they 269 
exhibit subdiffusive behavior with an anomalous exponent of around 0.5 in living cells (Figure 270 
S5 B). These lines of evidence suggest that while euchromatin can be, on average, more open 271 
than heterochromatin, it is nevertheless heterogeneous in its internal organization. 272 

We observed that chromatin enriched in Alu elements are either unaffected or may become 273 
slightly more mobile (Figure 4) when transcription is perturbed by 𝛼-amanitin, which degrades 274 
Pol II (Bensaude, 2011), and flavopiridol, which inhibits CDK9 (Bensaude, 2011), implying that 275 
machinery involved in active transcription could slow down chromatin dynamics. The change in 276 
mobility of Alu-rich chromatin upon Pol II transcription inhibition is unlikely to be caused by the 277 
transcription of Alu elements themselves, which are transcribed by Pol III and only at a low level 278 
(Liu et al., 1994; Paulson and Schmid, 1986). Instead, chromatin mobility in Alu-rich areas most 279 
likely reflects the mobility of Pol II-regulated genes, a lot of which contains intronic Alu 280 
elements. Increased chromatin mobility in Alu-rich regions upon flavopiridol and and 𝛼-281 
amanitin has been reported inprevious studies, which suggested that Pol II transcription can 282 
slow down chromatin mobility (Nagashima et al., 2019; Ochiai et al., 2015; Zidovska et al., 283 
2013). Interestingly, transcription inhibition by actinomycin D resulted in the opposite effect: a 284 
decrease in chromatin mobility globally across the nucleus, irrespective of the degree of Alu 285 
density (Figure 4). This effect may arise from accumulation of stalled polymerases (Kimura et 286 
al., 2002), which could slow down overall chromatin dynamics. A recent simulation-based study 287 
has proposed a unified view on the opposite effects of transcription inhibition on chromatin 288 
dynamics, wherein polymerases exert forces on chromatin and thus slow down its dynamics 289 
(Shin et al., 2023). 290 

While polymerase activity clearly impacts chromatin dynamics, various processes directly or 291 
indirectly associated with transcription could also influence chromatin dynamics and contribute 292 
to the overall higher chromatin mobility in the Alu-rich areas. These include chromatin 293 
remodeling and loop extrusion, epigenetic modifications, changes in compaction states, and 294 
tethering to subnuclear structures like the nuclear lamina and nuclear speckles. Although we 295 
have successfully investigated chromatin dynamics, focusing on the interplay between Alu 296 
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elements and histone density, there remains a possibility that we were blind to some of these 297 
factors. These non-monitored factors might explain the different impacts of transcriptional 298 
inhibition on chromatin mobility, observed here (Figure 4) and previously reported in the 299 
literature. 300 

In conclusion, our results on chromatin dynamics reveal that (1) H2B density alone, which is 301 
typically used as a measure of chromatin density, does not adequately differentiate mobility in 302 
Alu-rich and -poor areas with similar chromatin density, and (2) the impact of transcription on 303 
chromatin mobility is not uniform across different chromosomal contexts: Alu-rich chromatin 304 
may be more sensitive upon flavopiridol and 𝛼-amanitin treatments compared to Alu-poor 305 
chromatin (Figure 5). It could prove insightful to simultaneously monitor a set of chromatin 306 
contexts (e.g., epigenetic marks or specific DNA sequences) and the mobility of chromatin itself. 307 
Future work combining CRISPR-based labeling, histone PTM imaging in living cells (Sato et al., 308 
2013; Saxton et al., 2023), and chromatin dynamics measurement would help comprehensively 309 
characterize the relationship between chromatin mobility and transcriptional activity. It is also 310 
possible to leverage iLID (Guntas et al., 2015; Shin et al., 2019), the optogenetic module already 311 
part of our labeling implementation, to bring in epigenetic writers to induce targeted chromatin 312 
remodeling (Bintu et al., 2016; Eeftens et al., 2021) and measure their effect on chromatin 313 
dynamics. 314 

 

Figure 5: Distinct euchromatic sub-domains with higher mobility coupled to transcription. Schematic illustrating 
the non-uniform changes in euchromatin mobility between Alu-rich and -poor areas. Mobility of Alu-rich 
chromatin might increase upon Pol II transcription inhibition, where transcription machinery falls off from 
chromatin (e.g., 𝛼-amanitin and flavopiridol), and might decrease if transcription machinery gets stalled on 
chromatin (e.g., actinomycin D). 
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Limitation of study: Our live-cell A-compartment imaging is powerful as it targets and labels a 315 
ubiquitous sequence genome-wide. Nevertheless, we cannot rule out the possibility of changes 316 
in transcriptional activity upon recruiting dCas9 onto chromatin at potentially thousands of Alu 317 
elements. That said, other work tracking gene loci, such as promoter or enhancer regions, using 318 
dCas9 demonstrated no significant change in the transcriptional activity of genes (Gu et al., 319 
2018). Because Alu-element distribution is correlated with promoters and enhancers (Lu et al., 320 
2021, 2020), we assume dCas9 targeting in this study similarly has minimal impact on 321 
transcription and chromatin mobility. 322 
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Materials and Methods 346 

Table 1: Key resources 

Reagent or Resources Source Identifier 
Plasmids   
dCas9-SunTag(10X) Tanenbaum et al., 2014 Addgene Plasmid #60903 
scFv-sfGFP-iLID Shin et al., 2019 Addgene Plasmid #121966 
H2B-emiRFP670 This study yP434 
HP1𝛼-miRFP670 Shin et al., 2019 yP162 
SRRM1(2-730)-mCherry This study N/A 
sgAlu This study yP350 
sgNT This study yP349 
sgTelomere Shin et al., 2019 Addgene Plasmid #122659 
sgPPP1R2 This study yP274 
   
Cell lines   
U2OS ATCC HTB-96 
HEK293T ATCC CRL-11268 
   
Antibodies   
Anti-HA tag EpiCypher 13-2010 
Anti-H3K4me3 EpiCypher Included in 14-1048 
   
Kits   
CUTANA ChIC/CUT&RUN Kit v3 EpiCypher 14-1048 
NEBNext Ultra II End Prep NEB E7546 
   
Chemicals   
𝛼-amanitin Sigma A2263 
Flavopiridol MedChemExpress HY-10005 
Actinomycin D Sigma A4262 
   
Molecular biology reagents   
NEB Stable Competent E. coli NEB C3040 
QIAGEN Plasmid Plus Midi Kit QIAGEN 12943 
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NEBNext Ultra II End Prep NEB E7546 
Instant Sticky-end Ligase Master 
Mix 

NEB M0370 

Q5 Hot Start High-Fidelity 2X 
Master Mix 

NEB M0494 

CleanNGS DNA & RNA Clean-Up 
Magnetic Beads 

Bulldog Bio CNGS005 

   
Cell culture reagents   
DMEM (high glucose, pyruvate) Thermo Fisher 11995073 
Fetal bovine serum R&D Systems S11150 
Penicillin-streptomycin Thermo Fisher 15140122 
FuGENE HD Promega PRE2311 
Opti-MEM Thermo Fisher 31985062 
Lenti-X concentrator Takara Bio 631231 
ViralBoost Reagent ALSTEM Bio VB100 
   
Imaging reagents   
96-well glass bottom plate Cellvis P96-1.5H-N 
Fibronectin Sigma F1141 

 

 347 
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Sample preparation 349 

Plasmids 350 

All plasmids used in this study are listed under the Plasmids section in Table 1. sgRNAs for 351 
PPP1R2 (sgPPP1R2), Alu elements (sgAlu), and non-target control (sgNT) were based on plasmid 352 
pBA392 (a kind gift from Britt Adamson, Princeton University), a lentiviral vector for expressing 353 
sgRNA under a U6 promoter and BFP-T2A-PuromycinR under EF1𝛼 promoter. The target 354 
sequence (protospacer) for each sgRNA can be found in Table 2. H2B-emiRFP670 and SRRM1(2-355 
896)-mCherry were cloned into a lentiviral vector under a UbC promoter with a GS-linker; 356 
emiRFP670 were PCR amplified from Addgene Plasmid #136571 (Matlashov et al., 2020). 357 
Plasmids were isolated from NEB Stable Competent cells using the QIAGEN Plasmid Plus Midi 358 
Kit. 359 

Table 2: Protospacer sequences for sgRNAs used in this study 

Plasmid Target Name Target Sequence (5’ to 3’) 
sgAlu Alu consensus CAGGCGTGAGCCACCGCGCC 

sgNT Non-target control GAGACGATTAATGCGTCTCG 

sgTelomere Telomere GTTAGGGTTAGGGTTAGGGTTA 

sgPPP1R2 PPP1R2 TCCTCTGTATGATATCACAG 
 

Cell culture 360 

U2OS (female) and HEK293T (female) cells were cultured in DMEM supplemented with 10% 361 
fetal bovine serum and 10 U/mL Penicillin-Streptomycin, at 37	°C and 5% CO2, in a humidified 362 
incubator. 363 

Transgene expression in cultured cells 364 

Lentiviral vectors were produced by co-transfecting HEK293T cells at ~70% confluency in 6-well 365 
plates with transfer plasmid, pCMV-dR8.91 and pMD2.G (9:8:1 ratio) using FuGENE HD 366 
according to the manufacturer’s protocol. Each well received 3 μg of plasmid DNA and 9 μL of 367 
transfection reagent. After 12 hours, the media was replaced with fresh media containing 368 
ViralBoost reagent (at 1:500 dilution). 48, 60, and 72 hours after transfection, the media 369 
containing lentiviral particles was filtered through a 0.45 μm filter (Pall Life Sciences) and stored 370 
at 4	°C. The viral supernatant was then pooled and concentrated ten-fold to 20-fold with Lenti-371 
X Concentrator, and then aliquots were stored at −80	°C for later use. U2OS cells were 372 
passaged and seeded at 20% confluency together with viral supernatant at the desired MOI, 373 
and fresh media was added 24 hours later. Cells were imaged at least 72 hours post-374 
transduction. 375 

Optimization for genomic imaging 376 

U2OS cells were seeded at 20% confluency and reverse-transduced with lentiviruses expressing 377 
dCas9-HA-SunTag(10X) and scFv-sfGFP-iLID at MOI << 1. After two passages, single cells were 378 
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gated to include low sfGFP signal and sorted into 96-well plates on BD FACSAria Fusion (BD 379 
Biosciences) at the Flow Cytometry Resource Facility at Princeton University. While there is a 380 
BFP marker on the dCas9 construct, the desired expression level of dCas9 is too low to allow 381 
the separation of the BFP-positive population from untransduced control cells. Single cells were 382 
then cultured and expanded for up to two weeks, passaged into 24-, 12-, and 6-well plates as 383 
necessary. Each of the successfully expanded clonal lines was split into two parts: half for 384 
maintenance, and the other half was screened for positive telomere labeling. Briefly, cells were 385 
seeded at 20% and reverse-transduced with lentivirus expressing sgRNA targeting telomere. 386 
Fresh media was added 24 hours later, and cells were passaged once before being imaged at 387 
72-96 hours post sgRNA transduction. Positive clones identified were next screened for Alu 388 
labeling, using the half without receiving any sgRNA lentivirus and sgRNA targeting the 389 
consensus part of Alu elements. Finally, we identified clones that exhibit nucleoplasmic dCas9 390 
signal with its CV >= 0.25 for >80% of cells to be used throughout the rest of this study. See 391 
Quantification of dCas9 image pattern for quantification details of this last step. The parental 392 
clones (without any sgRNA), were then expanded and frozen down for long-term storage for 393 
future experiments. 394 

CUT&RUN-Seq 395 

Sample & library preparation and Illumina Sequencing 396 

CUT&RUN was performed using CUTANA ChIC/CUT&RUN Kit following the manufacturer’s 397 
protocol. For CUT&RUN against dCas9 (with anti-HA tag antibody), 0.5 million U2OS cells 398 
expressing dCas9-HA-SunTag(10X) and scFv-sfGFP-iLID (described above and in Figure 1 A) each 399 
were harvested for sgAlu or sgNT conditions. For CUT&RUN against H3K4me3 (with anti-400 
H3K4me3 antibody), 0.5 million non-transduced U2OS cells were harvested. 0.0005% digitonin 401 
was used to permeabilize the cells. All antibodies were used at 0.5	μg per reaction. 2.5 to 15 μg 402 
of purified DNA for each condition was obtained. 403 

Illumina-compatible DNA libraries were prepared by end repair, dA-tailing, and Y-shaped 404 
adapter ligation. Briefly, NEBNext Ultra II End Prep was used to convert DNA to end-repaired 405 
DNA with 5’ phosphorylated and 3’ dA-tailed ends, and the products were cleaned up with 3X 406 
SPRI bead purification (CleanNGS beads). Next, Y-shaped adaptor-ligation was performed using 407 
Instant Sticky-end Ligase Master Mix, and adaptor-ligated products were cleaned up twice with 408 
SPRI beads (0.95X then 0.8X). Finally, DNA libraries were amplified by PCR enrichment for 12 409 
cycles using Q5 Hot Start High-Fidelity Mastermix with dual-indexing primers incorporating the 410 
full Illumina sequencing adaptors, and cleaned up once with 0.9X SPRI. Libraries were pooled 411 
and sequenced on an Illumina Nova Seq 6000 with 150 x 150 paired-end reads. 412 

CUT&RUN sequencing data processing and visualization 413 

First, sequencing reads were trimmed using Trimmomatic (Bolger et al., 2014) v0.39 to remove 414 
sequencing adapters and low quality bases. Reads were then aligned to the human genome 415 
(GRCh38/hg38 UCSC) using STAR (Dobin et al., 2013) v2.7.8a, multi-mapping reads were filtered 416 
by removing reads with MAPQ scores < 20 using Samtools, and reads for unique alignments 417 
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were finally sorted and indexed using Samtools (Danecek et al., 2021) v1.11 for visualization 418 
using pyGenomeTracks (Lopez-Delisle et al., 2021) and downstream analyses. 419 

Visualizing U2OS A/B compartments 420 

U2OS cell HiC data analyzed in this study is available in the BioStudies database 421 
(http://www.ebi.ac.uk/biostudies) under accession number: E-MTAB-8851 and source name: 422 
HiC_mOHT_rep1 (Arnould et al., 2021). To assign A and B compartments, eigenvectors were 423 
calculated using HiCExplorer (Wolff et al., 2020) with the ‘Lieberman’ method. To compare the 424 
U2OS A/B compartment annotations (aligned to hg19) to other genomic datasets generated in 425 
this study (aligned to hg38), eigenvalues were converted from hg19 to hg38 using LiftOver 426 
(UCSC) and visualized using pyGenomeTracks. Heatmaps were visualized using Juicebox 427 
(Durand et al., 2016). 428 

Analyses for targeting specificity 429 

To confirm that dCas9 localizes to Alu-containing DNA loci, we first identified which Alu repeat 430 
families match the Alu sgRNA sequence used in this study (Figure S2 B). Genomic coordinates 431 
for these sgAlu-containing Alu repeat families were then obtained from repeat masker 432 
(GRCh38/hg38 genome) (UCSC). For each subfamily, dCas9 CUT&RUN read coverage was 433 
calculated around the corresponding Alu element (+/- 500 bp) at 1-bp resolution using mapped 434 
reads with MAPQ quality scores of at least 20, using bamCoverage and computeMatrix 435 
commands from deepTools (Ramıŕez et al., 2016). Heatmaps and profiles were generated using 436 
plotHeatmap, also from deepTools. 437 

To compare the CUT&RUN dCas9 (sgAlu and sgNT) mapped-read density with Alu-repeat 438 
annotation density genome-wide, uniquely mapped reads with quality scores of at least 20 439 
were used. hg38 genome was binned every 1 megabase, and the read count for each bin was 440 
calculated with pair-end reads extended to match the fragment size defined by the two read 441 
mates, and normalized into counts per million (CPM) using the bamCoverage command from 442 
deepTools. The number of Alu annotations obtained from DFAM (Storer et al., 2021) version 443 
3.7, for each bin was also counted using the intersect command from bedtools (Quinlan and 444 
Hall, 2010). 445 

Microscopy 446 

Live cell imaging 447 

For live cell imaging, cells were plated on the fibronectin-coated 96-well glass bottom plates 448 
and grown typically overnight before imaging. 449 

Images shown or used for characterizing Alu-element pattern (Figure 1 B, C, Figure S1 B, and 450 
Figure 2 A, B) were acquired using a spinning disk (Yokogawa CSU-X1) confocal microscope with 451 
an EMCCD camera (Andor DU-897) and a 100X Apo TIRM objective with NA = 1.49 (MRD01991) 452 
on a Nikon Eclipse Ti body. An Okolab stage incubator was used to keep samples at 37	°C and 453 
5% carbon dioxide during imaging sessions. 454 
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Images used for comparing H2B and Alu signals (Figure 2 C, D, and Figure S3) were acquired on 455 
a second spinning disk confocal microscope equipped with a W1 scan head (50	μm-pinhole 456 
disk), two ORCA Fusion BT back-illuminated sCMOS cameras, and a Nikon 100X Plan Apo 𝜆 D 457 
immersion objective (NA = 1.45), on a Nikon Ti2 body, and controlled by NIS-Elements AR 458 
software (version 5.42). A Tokai Hit stage-top incubation system was maintained at 37	°C and 459 
5% carbon dioxide. Other images for PIV and single-particle tracking purposes were also 460 
acquired on this second microscope with protocols detailed below. 461 

Live cell imaging for PIV 462 

Simultaneous imaging of H2B- and Alu-channel by 640-nm and 488-nm lasers, respectively, 463 
yielded movies spanning 60 seconds at 2 frames per second with 200-ms exposure time for 464 
each frame, with a pixel size of 65	nm. These movies would later be analyzed using PIV (see 465 
details below). To identify nucleoli locations within each nucleus, snapshots of H2B, Alu, and 466 
BFP channels were imaged sequentially, at 640 nm, 488 nm, and 405 nm, respectively, before 467 
and after each movie, with 200-ms exposure time for each channel. Related figures: Figure 3, 468 
Figure S4, Figure S5 C, Figure 4, and Figure S6. 469 

Live cell imaging for single-particle tracking 470 

The Alu channel was imaged at enhanced spatial resolution using 2.8X SoRa magnification 471 
changer and 50	μm-pinhole SoRa SR disk for an effective pixel size of 47	nm to track individual 472 
Alu domains at a frame rate of 50	ms for 10	s continuously. Related figures: Figure S5 A, B. 473 

Transcription inhibition 474 

For transcription inhibition experiments, cells were treated with 𝛼-amanitin (54	μmol/L), 475 
flavopiridol (1	μmol/L), actinomycin D (1	μmol/L), or media-only (as control) for 4 to 6 hours at 476 
37	°C prior to imaging. 477 

Image analysis 478 

All plots were generated using Python 3 with measurements obtained by software or custom 479 
scripts detailed below. Intensity-based metrics were calculated based on standardized intensity 480 
(mean-centered and standard deviation-rescaled, i.e., Z-score) to facilitate aggregation across 481 
nuclei over a range of expression levels. 482 

Alu element static pattern characterization 483 

For all static image analysis, nucleus regions were segmented based on dCas9 channel using 484 
CellPose pre-trained model for nuclei, and nucleoli regions were segmented based on BFP 485 
channel using ilastik pixel classifier. Nuclear pixels excluding nucleolar areas are referred to as 486 
nucleoplasmic regions hereon. 487 
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Quantification of dCas9 image pattern 488 

The coefficient of variation (standard deviation divided by mean) of pixel intensities of the 489 
dCas9 channel in the nucleoplasmic region was calculated using measurements made by 490 
CellProfiler. 491 

PCC analysis for comparing known subnuclear markers with Alu elements 492 

For each nucleus, the Pearson correlation coefficient between dCas9 pixel intensities and 493 
subnuclear marker intensities within nucleoplasmic regions was reported by CellProfiler. 494 

To determine the spatial correlation between Alu-rich, or A-compartment chromatin, and one 495 
of the sub-nuclear structures, we compute Pearson’s correlation coefficient (PCC) of the pixel 496 
fluorescence intensity between the two corresponding image channels (Figure 2 B). The mean 497 
of PCC values was normalized by that of the control group (sgNT). 498 

Heterochromatin and euchromatin segmentation 499 

H2B-dense region was segmented based on H2B intensity and hereon referred to as 500 
heterochromatin. The H2B image was first Gaussian-blurred (𝜎 = 0.5) before binarization with 501 
a threshold equal to the 95th percentile of pixel intensity. The binary image was then subjected 502 
to morphological closing using a disk-shaped structuring element with a radius of 2 pixels. 503 
Subsequently, small areas of less than 50 pixels were removed. Euchromatic region is defined 504 
as nuclear regions excluding nucleoli or heterochromatin. 505 

Alu distribution in euchromatin vs heterochromatin 506 

The mean Z-score of Alu-channel pixel intensity within euchromatic and heterochromatic 507 
regions was reported for each nucleus. 508 

Alu domain dynamics 509 

Single particle tracking of Alu domains was performed using TrackMate (7.11.1) in Fiji with the 510 
following settings: LoG detector with threshold of 10.0, radius of 0.1, median filtered, and 511 
subpixel localization; Simple LAP tracker with max frame gap of 3, linking max distance of 0.25, 512 
gap closing max distance of 0.2, no merging allowed, and missing coordinates from closed gaps 513 
were interpolated from closest timepoints. The resulting tracking data was exported and 514 
analyzed in Python 3 using trackpy. Briefly, drifts were corrected by center of mass movement 515 
estimated using all tracks. Ensemble-averaged time-averaged mean square displacement (MSD) 516 
was calculated. 517 

Chromatin dynamics tracking with PIV and MSND 518 

All analyses were orchestrated using snakemake (version 7.32.4) and scripted in Python 3 and 519 
MATLAB (R2019b), and performed on Princeton University’s high-performance cluster Della. 520 
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Particle image velocimetry (PIV) 521 

Calculations for PIV were done using MATLAB-based software matpiv (version 1.7). Briefly, 522 
𝑑!"#(𝑡, 𝜏), the chromatin displacement vector field for lag time 𝜏 at timepoint 𝑡, was calculated 523 
using the single-pass mode with a window size of 16 pixels and 75% overlap (resulting in 4-pixel 524 
spacing between vectors in either x and y directions), on H2B images taken at timepoints 𝑡 and 525 
𝑡 + 𝜏. All accessible pairs of images separated by 𝛥𝑡 = 𝜏 were considered. The resulting 526 
displacement fields were filtered to keep vectors (1) whose magnitudes lie within the mean and 527 
3 standard deviations and no more than 4 pixels, (2) where PIV correlation peak height at least 528 
0.3, and (3) where local image signal-to-noise ratio at least 1.1. Furthermore, vectors in 529 
nucleoli, heterochromatin, or nuclear periphery regions were excluded in downstream 530 
analyses. Similarly, Alu-element displacement fields, 𝑑%&'(𝑡, 𝜏), were calculated in the same 531 
way, except that Alu images and not H2B images were used. 532 

Context-aware MSND analysis 533 

To assign chromatin context (chromatin identity and environment) for each displacement 534 
vector obtained from PIV, we first Gaussian-blurring standardized context images 𝐼!"#(𝑡) and 535 
𝐼%&'(𝑡) with 𝜎 = 0.5, achieving approximate window-averaging with 4-pixel window size, 536 
matching the spatial resolution of displacement fields. Then, displacement fields 𝑑!"#(𝑡, 𝜏) (or 537 
𝑑%&'(𝑡, 𝜏)) were aligned with blurred context images. Each displacement vector now would 538 
have its chromatin context values associated and be ready for further analysis. 539 

MSND (mean square network displacement) was calculated as follows: Context values (in Z-540 
score) were first binned (bin width = 0.25), and time-averaged ensemble-averaged mean 541 
squares of displacement vectors were calculated for each context bin. Only one context (H2B or 542 
Alu elements) was used for single-context analysis. A combination of both H2B and Alu context 543 
values was used for dual-context analysis. After aggregating data from all nuclei, context bins 544 
with less than 30 displacement vectors (or 10 for dual-context analysis) were excluded from the 545 
analysis. 546 

  547 
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