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C E L L  B I O L O G Y

Transcriptional suppression of ribosomal DNA 
with phase separation
Satoru Ide1,2*, Ryosuke Imai1,2, Hiroko Ochi1, Kazuhiro Maeshima1,2*

The nucleolus is a nuclear body with multiphase liquid droplets for ribosomal RNA (rRNA) transcription. How rRNA 
transcription is regulated in the droplets remains unclear. Here, using single-molecule tracking of RNA poly-
merase I (Pol I) and chromatin-bound upstream binding factor (UBF), we reveal suppression of transcription with 
phase separation. For transcription, active Pol I formed small clusters/condensates that constrained rDNA chro-
matin in the nucleolus fibrillar center (FC). Treatment with a transcription inhibitor induced Pol I to dissociate 
from rDNA chromatin and to move like a liquid within the nucleolar cap that transformed from the FC. Expression 
of a Pol I mutant associated with a craniofacial disorder inhibited transcription by competing with wild-type Pol I 
clusters and transforming the FC into the nucleolar cap. The cap droplet excluded an initiation factor, ensuring 
robust silencing. Our findings suggest a mechanism of rRNA transcription suppression via phase separation of 
intranucleolar molecules governed by Pol I.

INTRODUCTION
A subset of macromolecules self-organize into liquid droplets in a 
process termed phase separation, which allows specific molecules to 
form a concentrate while others are excluded (1, 2). According to 
this phase separation principle, cells organize liquid-like compart-
ments such as droplets, allowing the regulation of complex bio-
chemical reactions in space and time.

The first membraneless compartment to be found was the nucle-
olus, where ribosomes, or translation machinery, are synthesized 
(2–6). The nucleolus is thought to be composed of immiscible multi-
phase droplets in three layers (Fig. 1A). The inner layer is the fibrillar 
center (FC), which contains RNA polymerase I (Pol I) machinery 
responsible for the transcription of ribosomal RNA genes (rDNA). 
The intermediate and outer layers are the dense fibrillar component 
(DFC; fibrillarin rich) and granular component [GC; nucleophosmin 
(NPM1) rich], respectively.

While the DFC and GC droplet compartments of nucleoli can be 
recapitulated by purified fibrillarin and NPM1, which separate into 
two distinct phases in a droplet in vitro (5, 7), the nature of the FC 
remains unclear. According to observations of FC behavior in living 
cells, FC is likely organized by phase separation (8–10). Further-
more, it is well established that when RNA Pol I transcription is 
perturbed by treatment with actinomycin D (AMD) or other DNA 
intercalators (11, 12), the FC components segregate to the nucleolar 
periphery, where they coalesce to form large bodies called nucleolar 
caps. This transformation process resembles a liquid droplet fusion 
event (Fig. 1A) (8, 13).

Because Pol I is the major molecule present in the FC (14–16) 
and is involved in various cellular activities including ribosome bio-
genesis (14, 17, 18), maintenance of genome integrity (19), and 
aging (20), spatial and temporal regulation of Pol I behavior is a 
critical issue in cell biology. Fluorescence recovery after photo-
bleaching (FRAP) analysis has revealed the rapid turnover of nucleolar 
proteins including Pol I and shown that ~10% of Pol I has longer 

retention times and is correlated with transcription activity in living 
cells (21–23). Consistent with these findings, a recent study based 
on super-resolution microscopy and spatiotemporal clustering analy-
sis found that transcriptionally active nucleolar centers appeared as 
stable clusters of Pol I, whereas prolonged Pol I inhibition (24 hours) 
made the clusters dynamic (24). However, the distinctive behavior 
of nucleolar proteins, including Pol I, within multiphase droplets 
and the relationship of these behaviors within droplets with rRNA 
synthesis remain unclear, as we lack direct measurements of indi-
vidual molecule movements in these tiny spaces.

To address these questions, we performed single-molecule track-
ing of the largest subunit of Pol I, POLR1A (RPA194), and rDNA 
chromatin bound protein, upstream binding factor (UBF), in living 
human cells (25–29). Active Pol I molecules were relatively stable 
and formed small clusters that constrained rDNA chromatin. Treat-
ment with a transcription inhibitor resulted in encasement of Pol I 
in the large nucleolar cap, caused Pol I to move freely like a liquid, 
and released the chromatin constraint. On the other hand, accumu-
lation in the FC of a Pol I variant with an RPA194 mutation, which 
was identified in a patient with cardioskeletal malformation syn-
drome (30), caused the wild-type (WT) Pol I clusters to become 
unstable and rRNA transcription to decrease because the mutant 
Pol I bound stably to chromatin. An initiation factor was segregated 
from the cap, which could stably suppress transcription within the 
cap. Our results revealed transcription suppression of rDNA with 
phase separation of Pol I and other nucleolar proteins.

RESULTS
Generation of genome-edited cell lines to label Pol I
To study the dynamic behaviors of nucleolar molecules in living 
human cells, we first labeled the large catalytic subunit of Pol I, 
RPA194, in HeLa cells (Fig. 1B)(31). Using CRISPR-Cas9 genome 
editing, we introduced a sequence encoding a HaloTag at the initia-
tion site of the endogenous Pol I gene locus (Fig. 1B and fig. S1, A 
and B). Once proper insertion of the tag sequence into the RPA194 
gene had been verified using polymerase chain reaction (PCR), we 
isolated clones 1 and 2 with mono- and biallelic tagging, respectively 
(fig. S1C). Immunoblotting (Fig. 1C) showed that the entire RPA194 
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Fig. 1. Generation of cell lines expressing HaloTag-RPA194 or HaloTag-UBF and single-molecule imaging of HaloTag-RPA194 and HaloTag-UBF. (A) Diagram of 
nucleolar reorganization in response to transcription inhibition. (B) Genome-edited HeLa cell line used for labeling Pol I molecules. (C) Immunoblotting of the parental 
HeLa cells, clones 1 (monoallelic tagging) and 2 (biallelic tagging) cell lysates with antibodies of RPA194, HaloTag, and -actin. Asterisks indicate the position of 
HaloTag-RPA194. (D) Coimmunoprecipitation of RPA194-RPA135 in the Pol I complex from the clone 2 cell lysate. (E) Bright-field cell nucleus image (left) and oblique illumi-
nation microscopy image of HaloTag-RPA194 molecules (right) in a live HeLa cell. The nucleus and nucleolar area are indicated by white and dashed lines, respectively. 
(F) Left: Diagram of oblique illumination. Right: Sparse fluorescence labeling (red). (G) Single-step photobleaching of HaloTag-RPA194 dots. The vertical and horizontal 
axes represent the fluorescence intensities of the HaloTag-RPA194 dots and the tracking time series (the photobleaching point is set as time = 0; n = 35 cells), respectively. 
(H) Displacement (movement) distribution of HaloTag-RPA194 over 50 ms (n = 24 cells). (I) MSD plots of HaloTag-RPA194 molecules from 0.05 to 5 s (n = 24 cells). The data 
were fitted to a subdiffusive curve (gray line). Error bars indicate the 95% CI computed via bootstrap resampling. (J) Localization of TMR-HaloTag-UBF in the nucleolus. 
(K) MSD plots of HaloTag-UBF (red, n = 24 cells) and HaloTag-RPA194 (black, n = 24 cells) molecules with 95% CIs. N.S., not significant; P = 0.34 via bootstrapping for 
HaloTag-UBF versus HaloTag-RPA194.
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protein fraction in clone 2 was fused with the HaloTag, which was 
expressed at a level similar to that of endogenous RPA194  in the 
parental HeLa cell line. Further analysis via immunoprecipitation 
of HaloTag-RPA194 using HaloTag-PEG-biotin ligand and 
streptavidin beads confirmed the interaction between HaloTag-
RPA194 and another large subunit, RPA135, in the Pol I complex 
(Fig. 1D). HaloTag-RPA194 was fluorescently labeled with an 
excess amount of the HaloTag ligand tetramethylrhodamine (TMR) 
dye (fig. S2A) and exhibited the expected colocalization with the 
FC protein UBF (fig. S2B). Quantitative measurement of rRNA 
transcription showed that clone 2, with biallelic tagging, produced 
similar amounts of pre-rRNA as did the parental HeLa cell line 
(fig. S2C), indicating that the expressed HaloTag-RPA194 was 
functional in rRNA transcription. We used clone 2 for further 
analysis.

Single Pol I imaging and tracking in living cells
We fluorescently labeled a small number of RPA194 with a low con-
centration of the HaloTag ligand TMR. Using oblique illumination 
microscopy, which can illuminate a limited area within the cell 
(Fig. 1F) (27, 28, 32, 33), we detected clear HaloTag-RPA194-TMR 
dots (Fig. 1E and left, movie S1). Single-step photobleaching of 
these dots suggested that each dot represented a single Pol I mole-
cule (Fig. 1G; for multiple molecules, see fig. S2D). Although some 
Pol I molecules diffused rapidly in the nucleus, most remained in 
the dense area visible in bright-field images, which corresponded to 
the nucleolus (Fig. 1E and left, movie S1). Simultaneous expression 
of enhanced green fluorescent protein (EGFP)–fibrillarin showed 
that in terms of localization, Pol I remained adjacent to the DFC in 
living cells (Fig. 1A and fig. S2E). We tracked Pol I movements in the 
nucleoli at 50 ms per frame (20 Hz) for 5 s (27, 28). The median Pol I 
displacement over 50 ms was 47.1 nm (Fig. 1H). When plotted, the 
mean square displacements (MSDs) of Pol I fitted to a subdiffusive 
curve (Fig. 1I), suggesting that Pol I movement in the FC was somehow 
constrained. With a tracking time of 5 s, the curve approached a 
plateau (p), which was proportional to the square of the radius of 
constraint [Rc; p = 6/5 × Rc2; (34)]. The diameter of the constrained 
space of Pol I was estimated at approximately 224.2 nm, which is 
consistent with the diameter of the FC in HeLa cells measured via 
electron microscopy (~270 nm) (35, 36), validating our imaging 
analysis. These results indicate that Pol I movement is restricted 
and that the molecules are relatively stable in the FC. Furthermore, 
the observed Pol I dynamics in the FC were unaffected by inhibition 
of posttranscriptional rRNA maturation in the DFC (fig. S3, A and B) 
(37) and GC (fig. S3, C and D) (38).

Pol I constrains rDNA chromatin motion
We next analyzed the behavior of rDNA chromatin in the FC by 
tracking UBF, which binds extensively across transcriptionally 
active rDNA repeats (39, 40). We established a cell line expressing 
HaloTag-UBF from endogenous loci in a similar manner to HaloTag-
RPA194 and performed single-molecule imaging of HaloTag-UBF 
(Fig. 1J). The MSD plot showed that UBF movement is highly re-
stricted and appears very similar to that of Pol I (Fig. 1K). As ac-
tive Pol I is known to form clusters on active rDNA in the FC (24), 
as shown in fig. S3E, clustered active Pol I appears to constrain 
rDNA chromatin, which is consistent with observations of RNA Pol II 
(27, 28, 41) and the transcription factory model of RNA transcrip-
tion (42, 43).

Transcription inhibitor treatment drastically changes the 
movements of RNA Pol I and UBF
We explored effects of transcription inhibition on the behaviors of 
Pol I and rDNA chromatin. We monitored Pol I and UBF move-
ments by selectively inhibiting Pol I transcription initiation using 
the drug CX-5461, which prevents the selective factor-1 (SL-1) 
complex from binding to the rDNA promoter (fig. S4A) (44). Treatment 
with CX-5461 for 2 hours decreased transcription to <20% (Fig. 2A), 
and conventional microscopy images showed that the treatment 
quickly transforms the FC, including the molecules Pol I and UBF, 
into larger condensates around the nucleolar periphery (Figs. 1A and 
2B and fig. S4, B to D); these condensates are referred to as nucleolar 
caps (11). In the nucleolar caps, Pol I was much more dynamic than in 
the FC (right, movie S1). Displacement distribution and MSD analyses 
showed that following CX-5461 treatment, Pol I dynamics were sig-
nificantly greater than those in the untreated control (Fig. 2, C and D). 
The Rc of Pol I motion after inhibition was 193.7 nm, which is 
highly similar to the reported size of the nucleolar cap (12).

Following 2-hour treatment with CX-5461, UBF movement in 
the nucleolar caps increased (Fig. 2D), while UBF continued to bind 
stably to rDNA under CX-5461 treatment in a previous study (45). 
The MSD plots of UBF and Pol I indicate that transcription inhibi-
tion causes the dynamics of UBF-bound rDNA chromatin to be-
come lower than those of Pol I (Fig. 2D). A log-log plot of UBF 
MSD data (fig. S4E) revealed that the MSD of UBF under inhibited 
transcription conditions was proportional to t~0.5. This property 
represents the dynamics of a Rouse polymer (46), an ideal chain 
consisting of beads connected by harmonic springs, which is driven 
by thermal fluctuations. Consistent with this concept, the local 
motion of UBF-bound chromatin in the nucleolar cap did not 
require adenosine 5′-triphosphate (ATP), as ATP depletion via 
treatment with sodium azide and 2-deoxyglucose did not signifi-
cantly affect UBF movement under transcriptional inhibition with-
in 1.0 s (fig. S4, F and G).

We then investigated how much of the Pol I population in the 
FC was bound to rDNA chromatin and how this population changed 
upon transcription inhibitor treatment. We, therefore, labeled Pol I 
with photoactivatable mCherry (PAmCherry) (27, 47). This type of 
labeling allowed us to label many more Pol I molecules with shorter 
bleaching time than we might have with HaloTag labeling. We performed 
single-molecule imaging at a higher frame rate (100 Hz; 10 ms per 
frame) and calculated the diffusion coefficients (D) of individual 
Pol I molecules (Fig. 2E). As expected, the D distribution for Pol I 
molecules fitted a two-species model with slow (DS) and fast (DF) 
components, which presumably correspond to rDNA-bound Pol I 
and freely mobile Pol I in the FC, respectively (left, Fig. 2E). Upon 
inhibitor treatment, the slow Pol I fraction disappeared and the fast 
fraction became prominent (right, Fig. 2E), leading to an increase in 
MSD, whereas 70.6 and 29.4% of Pol I molecules were slow and fast 
in the untreated control, respectively (Fig. 2F). DF was greater than 
D under inhibition, presumably because the nucleolar caps, in 
which high levels of materials such as RNA accumulated, might 
have higher density and provide a more viscous environment than 
the FC, which slows the movement of the molecules.

Liquid like movement of inactive Pol I molecules in the 
nucleolar caps
Pol I molecules that are engaged in transcription are constrained by 
binding with rDNA chromatin (fig. S4H). We inferred that Pol I 
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Fig. 2. Dynamics of Pol I and UBF with and without transcription inhibitor. (A) 47S pre-rRNA levels in the cells treated with (right) or without (left) CX-5461. Error 
bars represent the SD calculated from four to five independent experiments. ***P < 0.001, two-sided unpaired Student’s t test. (B) Localizations of fluorescently labeled 
HaloTag-RPA194 in clone 2 HeLa cells with (right) or without (left) CX-5461. (C) Top: Three representative trajectories of HaloTag-RPA194 dots in untreated (left column) 
and CX-5461-treated (right column) cells over 2 s. Bottom: Displacement distributions of HaloTag-RPA194 molecules over 2 s in CX-5461–treated (pink) and untreated 
control (blue) cells. Significant differences were determined using the Wilcoxon rank sum test (P < 0.01). (D) MSD plots of HaloTag-RPA194 molecules without (green, n = 24 
cells) and with CX-5461 treatment (red, n = 23 cells) and HaloTag-UBF molecules without (black, n = 29 cells) and with CX-5461 treatment (blue, n = 29 cells) with 95% CIs. 
***P < 0.0001 via bootstrapping for HaloTag-RPA194 in untreated control versus CX-5461–treated cells (P = 1.0 × 10−6) and ***P < 0.001 via bootstrapping for HaloTag-UBF 
in untreated control versus CX-5461–treated cells (P = 2.2 × 10−4). (E) D distributions of PAmCherry-RPA194 in untreated control (left, n = 20 cells) and CX-5461–treated cells 
(right, n = 20 cells) with a logarithmic scale. The D distributions of untreated control and CX-5461 treatment were fitted with a mixture of two slow (red) and fast (blue) 
Gaussian distributions and a single Gaussian distribution (green), respectively. (F) Summary table of the D of PAmCherry-RPA194. DS is the diffusion coefficient of the 
slow fraction, and DF is that of the fast fraction in untreated cells. (G) Fitting of the MSD of PAmCherry-RPA194 to a subdiffusion (top) or free-diffusion model (bottom). 
The AIC (48) for each fit is shown.
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molecules dissociate from rDNA upon transcription inhibition and 
move like a liquid in the nucleolar caps. To test this hypothesis, we 
statistically analyzed PAmCherry-RPA194 tracking data by fitting 
them to a free-diffusion or subdiffusion model (Fig. 2G). According 
to the Akaike information criterion (AIC) (48), the MSD of untreated 
cells fitted a subdiffusive curve better (AIC, −139.4), whereas that of 
CX-5461–treated cells fitted a linear curve better (AIC, −138.4) 
(Fig. 2G). Together, these findings suggest that transformation of 
the FCs into nucleolar caps upon transcription inhibition caused 
Pol I to be released from rDNA chromatin and to acquire liquid-like 
behavior through further phase separation (fig. S4H). This conclusion 
supports the concept of the classical nucleolar cap as a distinct droplet 
in the nucleolus. Consistently, this liquid-like Pol I movement in 
the nucleolar cap did not require ATP, as depletion of ATP upon 
treatment with sodium azide and 2-deoxyglucose did not change 
Pol I movement significantly upon transcriptional inhibition (fig. S4I).

Mutant Pol I associated with cranioskeletal  
malformation syndrome
To investigate the phase separation during rRNA transcription sup-
pression in a more physiological context, we focused on a mutant 
Pol I, an RPA194 variant causing cranioskeletal malformation syn-
drome (Fig. 3A, c.1777G > C [p. Glu593Gln], [E593Q]) (30). In the 
patient, one mutant allele of the RPA194 gene, a de novo mutation 
near the active site for Mg2+ binding, was sufficient to cause a major 
deficit in cranioskeletal development (30), although how the Pol I 
mutation affects its behavior and activity remains unknown. We 
first transiently expressed RPA194-E593Q fused with HaloTag at 
the N terminus (Fig. 3B). The mutant Pol I exhibited slightly faster 
movement than normal Pol I (Fig. 3C), but slower than WT Pol I 
with inhibitor treatment (Fig. 3C).

Mutant Pol I compromises the stable clustering of WT Pol I
To investigate the behavior of mutant Pol I and its effects on other nu-
cleolar components, we generated a stable cell line with a tetracycline-
inducible system consisting of RPA194-E593Q fused with EGFP at 
the safe-harbor AAVS locus using CRISPR-Cas9 (Fig. 3, D and E). 
In these cells, two versions of RPA194 are expressed, HaloTag-
RPA194 (WT) and EGFP-RPA194-E593Q (mutant); the system 
allowed us to distinguish these two types. Immunoblotting showed 
that the expression of EGFP-RPA194 induced by doxycycline in-
creased approximately twofold compared with endogenous HaloTag-
RPA194 (fig. S5, A to C). When binding of the two largest subunits 
in the mutant Pol I complex, RPA194-E593Q and RPA135, was 
tested via immunoprecipitation (fig. S5D), mutant Pol I exhibited 
impaired association ability compared with the WT (Fig. 3F).

We then examined the localization of mutant Pol I. Upon induc-
tion, the mutant RPA194 was segregated at the nucleolar periphery 
in most cells (EGFP-RPA194-E593Q; Fig. 4, A and C), in a manner 
reminiscent of its localization in the nucleolar cap following tran-
scription inhibitor treatment. Mutant Pol I condensate formation 
was dependent on the amount of RPA194-E593Q expressed (fig. 
S5E). By contrast, WT RPA194 expression did not affect Pol I localiza-
tion (WT RPA194; Fig. 4A). Not only the mutant but also the WT 
Pol I was localized to the condensates (HaloTag-WT RPA194; 
Fig. 4A), suggesting that mutant Pol I compromised the stable Pol I 
cluster. Extensive immunofluorescence observations (fig. S6) of 
other subunits of Pol I (RPA43 and RPA34) and other FC compo-
nents [UBF and treacle ribosome biogenesis factor 1 (TCOF1)] con-

firmed that they were all colocalized with the RPA194-E593Q con-
densates. We then monitored the Pol I population’s behavior using 
time-lapse live-cell imaging following induction of the mutant 
RPA194 (Fig. 4B) and found that Pol I foci often fused with one 
another to form large condensates like droplets. Collectively, mutant 
Pol I transformed the FC into the nucleolar cap structure, which is 
a hallmark of the inactive status of rRNA transcription.

We inferred that the WT Pol I molecules also behave in a dynamic 
manner in the nucleolar cap following expression of RPA194-E593Q. 
Single-molecule imaging of endogenous HaloTag-RPA194 demon-
strated that following induction of RPA194-E593Q, WT Pol I moved 
faster than those without induction, whereas ectopic expression of WT 
RPA194 had little effect (Fig. 4D). These results suggest that upon mu-
tant Pol I accumulation, WT Pol I clusters become unstable and dis-
sociate from rDNA chromatin, leading to liquid-like behavior (fig. S7A).

Mutant Pol I can stably bind to UBF-bound rDNA chromatin 
and competitively inhibit WT Pol I binding
To further explore the behavior of mutant Pol I, we performed single-
molecule imaging of mutant Pol I at a higher frame rate (100 Hz; 10 ms 
per frame) based on transient expression of PAmCherry-RPA194-
E593Q (Fig. 4E). The D distribution obtained for mutant Pol I mole-
cules could be well fitted with a single component model, similar to 
the slow DS of Pol I (left, Fig. 2E), which presumably corresponds to 
rDNA-bound Pol I in the FC. This finding suggests that the mutant 
form stably binds to rDNA.

Furthermore, we studied UBF behavior in the nucleolar caps 
based on the expression of RPA194-E593Q (Fig. 4F). The MSD 
plots showed that UBF movement was quite similar to that of 
RPA194-E593Q (Fig. 4F). Together, our findings suggest that the 
RPA194-E593Q mutant can bind stably to UBF-bound rDNA chro-
matin and competitively inhibit WT Pol I-binding (fig. S7A).

Mutant pol I represses rRNA transcription
Next, we confirmed that the ectopic expression of mutant Pol I 
results in a defect in rRNA transcription by measuring 5-ethynyl 
uridine (5-EU) incorporation into nascent rRNA in the nucleolus 
(fig. S7B) (49). This induction reduced the level of 5-EU in the 
nucleolus to 16.3% (Fig. 5A and fig. S7B). Consistently, the 47S 
pre-rRNA transcript was decreased to 30% in cells expressing 
RPA194-E593Q compared with control cells (Fig. 5B). These reduc-
tion rates may be underestimated; in some cells, mutant Pol I was 
not expressed at high levels upon induction and rRNA transcrip-
tion was not suppressed. Nonetheless, the obtained results indicate 
that the mutant Pol I complex with the RPA194 variant is defective 
in its transcription ability. Accumulation of the mutant form severely 
perturbed rRNA transcription by preventing WT Pol I from bind-
ing to rDNA (fig. S7A).

We then explored how mutant Pol I expression stably silenced 
rDNA chromatin in the nucleolar cap droplets, where WT Pol I dif-
fuses freely around UBF-bound rDNA chromatin. To address this 
topic, we investigated the locations of specific transcription initia-
tion factors (fig. S7C). We found that upon mutant Pol I expression, 
TAF1A, which is a TATA box–associated factor (TAF) (fig. S7C), 
segregated from the cap droplets, whereas it was localized in the 
nucleolar cap with transcription inhibitor treatment (Fig. 5C and 
fig. S7D). By contrast, RRN3, which forms a bridge between Pol I 
and TAFs (fig. S7C), was colocalized with the cap droplets with 
mutant Pol I expression (Fig. 5D). Segregation of TAF1A from the 
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cap droplets was also observed in living cells expressing mutant Pol 
I (Fig. 5E). We found that the disorder tendency exhibited by the 
TAF1A polypeptide was much lower than those of primary FC com-
ponents (fig. S8A) that we previously identified using mass spectrom-
etry analysis (16), suggesting that differences in the disorder tendency 
of FC proteins drive the exclusion of SL-1 from cap droplets, which 
is induced by mutant Pol I.

Although cap droplet formation with inhibitor treatment is 
often accompanied by DNA damage (50, 51), DNA damage is not a 
prerequisite to the transformation of Pol I clusters on the mutant 
accumulation pathway because -H2AX foci, which are DNA dam-
age indicators, were not detectable in mutant-expressing cells, in 
contrast with observations from CX-5461 treatment (fig. S8, B and 
C). Together, these findings suggest that the exclusion of an essential 

Fig. 3. Mutant Pol I with an RPA194 variant (RPA194-E593Q) that causes a craniofacial disorder. (A) Amino acid sequence comparison of RPA194 including the active 
site for Mg2+ binding among Homo sapiens, Mus musculus, Danio rerio, Xenopus laevis, Drosophila melanogaster, Saccharomyces cerevisiae, and Escherichia coli. In the RPA194 
variant from the patient, the conserved glutamic acid residue (E) at position 593 (highlighted orange) was substituted with glutamine (Q). (B) Diagram of plasmids express-
ing HaloTag-WT RPA194 and HaloTag-RPA194-E593Q used for single-molecule imaging. (C) MSD plots of HaloTag-RPA194 molecules after expressing HaloTag-RPA194 
(WT, black, n = 18 cells) or HaloTag-RPA194-E593Q (E593Q, red, n = 17 cells), with 95% CIs. For comparison, MSD data for WT HaloTag-RPA194 with CX-5461 treatment are 
reproduced from Fig. 2D (red). **P < 0.01 via bootstrapping for the WT RPA194 versus RPA194-E593Q (P = 5.2 × 10−3). (D) Diagram of the clone 2 cell line (Fig. 1B) ex-
pressing EGFP-RPA194-E593Q (or EGFP-RPA194) from an exogenous AAVS locus. (E) Expression of EGFP-RPA194-E593Q induced by doxycycline (DOX; 2 g/ml) for 
24 hours. (F) Coimmunoprecipitation of endogenous HaloTag-RPA194 with EGFP-RPA194 or EGFP-RPA194-E593Q. I, input; N, negative control precipitant (HaloTag-ligand 
minus); P, precipitant (HaloTag-ligand plus).
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Fig. 4. Expression of mutant Pol I with RPA194-E593Q induces nucleolar cap structure formation. (A) Localizations of HaloTag-RPA194 (magenta) and conditional-
ly expressed EGFP-RPA194 (top, green) or EGFP-RPA194-E593Q (bottom, green) in cells fixed with formaldehyde. Note that HaloTag-RPA194 was fluorescently labeled 
with an excess amount of the HaloTag ligand TMR. (B) Time-lapse images of RPA194 foci in a cell expressing HaloTag-RPA194 (magenta) and EGFP-RPA194-E593Q (green). 
HaloTag-RPA194 was fluorescently labeled with an excess amount of the HaloTag ligand TMR. Left: Nucleolar regions were identified using Hoechst 33342 DNA staining 
in the same live cell. Right: Enlarged time-lapse images of the boxed region on the left. Arrows indicate individual RPA194 foci fusing. (C) Live-cell images of the localization of 
EGFP-RPA194. (D) MSD plots of HaloTag-RPA194 molecules before (black) and after induction of EGFP-RPA194 (WT, red), or before (green) and after induction of EGFP-
RPA194-E593Q (E593Q, blue) with 95% CIs. For each condition, n = 23 to 26 cells. ***P < 0.0001 via bootstrapping for WT expression (red) versus E593Q expression (blue) 
(P = 6.8 × 10−5) and no expression of E593Q (green) versus E593Q expression (blue) (P = 8.0 × 10−6). (E) D distribution of PAmCherry-RPA194-E593Q (n = 30 cells) with a 
logarithmic scale (for details, see Materials and Methods), which was fitted to a single Gaussian distribution (red). (F) MSD plots of HaloTag-UBF molecules before 
(black) and after induction of EGFP-RPA194 (blue) with 95% CIs. For each condition, n = 40 to 45 cells. For comparison, the MSD plot of HaloTag-RPA194-E593Q 
(red) was reproduced from Fig. 3C. ***P < 0.0001 via bootstrapping for UBF (black) versus UBF with RPA194-E593Q (blue) (P = 1.0 × 10−6). P = 0.29 for UBF with 
RPA194-E593Q versus RPA194-E593Q.
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Fig. 5. Accumulation of RPA194-E593Q in the nucleolus inhibits rRNA transcription. (A) rRNA synthesis was monitored by incorporating EU. Boxplot of fluores-
cence intensity of EU conjugated with Alexa Fluor 594 in cells before and after DOX induction of RPA194 (WT) or RPA194-E593Q (E593Q). Median values are indicated. 
***P < 0.001, Wilcoxon rank sum test. (B) 47S pre-rRNA levels before and after DOX induction of RPA194 or RPA194-E593Q. Error bars represent SD calculated from three 
to five independent experiments. **P < 0.01, Student’s t test. (C) Localization of the TAF1A-HaloTag (red) in cells transiently expressing EGFP-WT RPA194 (first row) or 
EGFP-RPA194-E593Q (second row). Third row: WT RPA194 localization in a CX-5461–treated cell. Insets show enlarged images of regions indicated in the box. Scale bars, 
1 m. (D) Localization of RRN3 in cells expressing EGFP-RPA194-E593Q. Insets show enlarged images of the regions indicated in the box. Scale bar, 1 m. (E) Localizations 
of the TAF1A-HaloTag and transiently expressed EGFP-RPA194-E593Q in a living HeLa cell. The merged image has line plots of measurements along the dotted line.
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factor stably silenced transcription within the droplet cap and that 
silencing by mutant Pol I accumulation is a distinct mechanism from 
that of the inhibitor treatment (fig. S7A).

Pol I is a modulator of phase separation in the nucleolus
Transcription inhibitor treatment and expression of the mutant 
form transform the FC into nucleolar caps through further phase 
separation processes (figs. S4H and S7A). As both methods of tran-
scription inhibition release active Pol I clusters from rDNA chro-
matin, we tested whether Pol I could act as a modulator of phase 
separation in the nucleolus. To test this idea, we exploited the rapid 
depletion of Pol I by the auxin-inducible degron (AID) system (52) 
to minimize the risk of various indirect effects from Pol I depletion. 
Using CRISPR-Cas9–based genome editing, we introduced a cas-
sette encoding mini-AID (mAID) and the fluorescent protein mClover 
(mAID + mClover) at the initiation site of the endogenous RPA194 
gene locus (Fig. 6A) in human colon adenocarcinoma HCT116 
cells expressing OsTIR1, which is involved in the induced degradation 
process (for details of the establishment of this cell line, see Materials 
and Methods) (52). In the established cells, RPA194 was depleted 
within 3 hours after auxin addition (+auxin; Fig. 6B). In accordance 
with previous observations (figs. S4D and S6B), rapid depletion of 
RPA194 transformed the FCs into nucleolar caps (Fig. 6C), sup-
porting our conclusion that Pol I is a modulator of phase separation 
in the nucleolus. Pol I and/or synthesized RNAs might drive the 
nucleolar phase separation.

DISCUSSION
The nucleolus is thought to be composed of three subcompartments 
with liquid-like properties—the FC, DFC, and GC (Fig. 1A) (4, 5). 
The DFC and GC droplet compartments in nucleoli can be recapit-
ulated by purified components in vitro (5, 7). Recent studies have 
suggested that the phase separation process of the nucleolus is con-
nected to ribosome biogenesis and that this process drives the initial 
processing of pre-rRNA in the DFC (53) and facilitates selective 
exclusion of fully assembled ribonucleoprotein complexes from the 
nucleolus (54). Moreover, the phase-separated GC compartment 
serves as a storage vessel for a subset of misfolded proteins under 
stress conditions, such as heat shock (55). However, the nature of 
the FC remains unclear.

Our single-molecule imaging study of Pol I and UBF revealed 
that these molecules formed stable clusters in the FC for rRNA tran-
scription and that upon transcription inhibitor treatment, Pol I 
acquired liquid-like behavior that coincided with nucleolar-cap 
droplet formation (Fig. 6D). Although the dynamic turnover of 
nucleolar components has been previously investigated using FRAP 
analysis (21, 22), recent studies have highlighted the difficulties of 
validating liquid-like properties in macromolecular condensates using 
FRAP (2, 56). Our study eliminated these difficulties by directly 
measuring the movement of molecules that remained within the 
FC; as a result, we found that approximately 70% of Pol I in the FC 
was bound to rDNA chromatin (Figs. 2F and 6D). Considering that 
approximately 10% of Pol I molecules are engaged in transcription 
elongation with rDNA (22), most active Pol I molecules are in-
volved in cluster/condensate formation through self-association, 
together with other FC components, and constrain UBF-bound 
rDNA chromatin (Fig. 6D). This finding is consistent with the 
observation in our recent report that active Pol II globally con-

strains chromatin (27, 28, 41), suggesting that chromatin constraint 
by clusters/condensates of RNA polymerases may be a general 
mechanism for efficient transcription.

CX-5461 treatment and mutant Pol I expression revealed two 
distinct pathways for the suppression of rDNA transcription based 
on multilayered phase separation in the nucleolus (Fig. 6D). Pol I is 
a modulator of the phase separation process (Fig. 6C). CX-5461 
inhibitor treatment released active Pol I clusters from rDNA chro-
matin, causing their movement to resemble that of a liquid in the 
nucleolar cap, which forms through transformation of the FC (top, 
Fig. 6D), presumably because CX-5461 treatment prevents the SL-1 
complex from binding the rDNA promoter and further recruiting 
Pol I (fig. S7C) (44). Considering that transcription inhibitor treat-
ment often causes DNA damage (50, 51), the repair process may be 
efficiently enhanced by the flexibility of rDNA chromatin in the 
cap. Consistently, it is well known that the nucleolar cap is also 
induced by ataxia-telangiectasia mutated (ATM) kinase–dependent 
signaling pathways with double-strand breaks in rRNA genes (57, 58).

Expression of the mutant Pol I, which is associated with a 
craniofacial disorder, leads to another form of transcription sup-
pression (bottom, Fig. 6D). After mutant Pol I, which exhibits stable 
rDNA binding with low self-association, accumulated in the nucle-
olus, the WT Pol I clusters became unstable, and the whole Pol I 
population exhibited rapid movement in the nucleolar cap (bottom, 
Fig. 6D). The initiation factor TAF1A was segregated from the cap, 
ensuring robust suppression of transcription. Although the detailed 
segregation mechanism remains unknown, differences in the disor-
der of FC proteins may drive the exclusion of SL-1 from cap drop-
lets induced by mutant Pol I (fig. S8A). Upon inhibitor treatment, 
SL-1 complex modification or other factors may overcome the low 
protein disorder tendency to maintain the complex within the 
nucleolar cap droplet.

Transcription inhibition induced Pol I to behave like a liquid in 
the nucleolar cap and released the chromatin constraint. Both the 
local motion of UBF-bound chromatin and the liquid-like Pol I 
movement did not require ATP (fig. S4, G and I), suggesting that 
both types of movement in the nucleolar cap are driven by thermal 
fluctuations. UBF-bound chromatin behaves like a Rouse polymer 
(46), which is an ideal chain consisting of beads connected by har-
monic springs; these dynamics are likely sufficient to create specific 
cis- or trans-chromatin contacts over distances of less than ~400 nm 
(46). Therefore, the state of rDNA chromatin in the nucleolar cap 
may be sufficient for rapid and efficient recruitment of repair 
machinery and subsequent homologous recombination to repair 
spontaneously damaged regions (58) or regions damaged by inhibitor 
treatment (50, 51). This rDNA chromatin status would also facili-
tate the restarting of rRNA gene transcription and subsequent 
nucleolus reorganization.

This finding is consistent with the recent observation of stable 
clusters of active Pol I (24) and reports that active Pol II, mediator, and 
other transcription factors form dynamic clusters/condensates, 
presumably through a phase separation process (25, 26, 59–63). 
Within the clusters/condensates, RNA polymerases and other tran-
scription factors may be concentrated together to promote functional 
interactions between factors, leading to highly efficient transcrip-
tion initiation reactions and subsequent entry into elongation. 
Because the mutant form of Pol I, which exhibits stable rDNA binding 
and low self-association, compromises stable clustering/condensation 
of the WT and represses rRNA transcription, our findings also suggest 
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Fig. 6. Rapid depletion of Pol I and diagram of two distinct suppression mechanisms of rRNA transcription. (A) Diagram of a genome-edited HCT116 line ex-
pressing mAID-mClover-RPA194 from the endogenous RPA194 gene locus. (B) Rapid Pol I degradation in HCT116 cells after auxin addition. (C) Localization of UBF in 
the cells before (first row, untreated control) and after rapid depletion of Pol I (second row, +auxin). Insets show enlarged images of the regions indicated with boxes. Scale 
bars, 1 m. (D) Left: Active Pol I molecules form a stable cluster/condensate to transcribe rRNA genes (rDNA), constraining rDNA chromatin. Top: Once transcription 
is inhibited by a drug, the Pol I cluster/condensate detaches from chromatin, thus releasing the chromatin constraint. Pol I behaves like a liquid in the nucleolar cap 
through further phase separation. Bottom: Mutant Pol I stably binds to rDNA chromatin and inhibits WT Pol I cluster/condensate formation. The whole Pol I population 
becomes mobile in the nucleolar cap. An initiation factor is excluded from the cap, ensuring robust transcription suppression within the cap. Figure 6D consists of illustra-
tions reproduced from figs. S3E, S4H, and S7A. Note that this model is highly simplified.
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that RNA polymerase cluster/condensate formation is important 
during the transcription process. However, to our knowledge, 
transcription inhibition–dependent Pol II droplets have not been 
observed. Liquid droplet formation by RNA polymerases, which is 
associated with transcription suppression, may be a system that is 
unique to Pol I.

We also describe here a potential mechanism underlying a cra-
niofacial disorder. When primary progenitors of the craniofacial 
skeleton—i.e., neural crest cells—require abundant rRNA (64), they 
may increase levels of Pol I machinery components, thus increasing 
the production of the mutant RPA194. This process causes the failure 
of ribosome biogenesis up-regulation in a tissue-specific manner, 
followed by severe growth and differentiation defects. Some hetero-
zygous missense mutations in the genetic codes of other subunits of 
Pol I, such as POLR1C, and POLR1D, have been identified; these 
mutations cause a craniofacial development disorder called Treacher 
Collins syndrome (65). An allelic imbalance in the expression of 
these genes may also induce further phase separation of nucleolar 
components and perturbation of ribosome synthesis.

MATERIALS AND METHODS
Cell culture
HeLa S3 cells (66) were cultured in Dulbecco’s modified Eagle’s 
medium (DMEM; D5796-500ML; Sigma-Aldrich) supplemented 
with 10% fetal bovine serum (FBS; FB-1061/500, Biosera) at 37°C 
under 5% CO2.

Plasmid construction
Construction of the pX330 CRISPR-Cas9 plasmid (#42230, Addgene) 
expressing guide RNA for each target site and the donor plasmid 
was performed as follows. Gene-specific guide RNA sequences for 
RPA194, UBF, TCOF1, RPA34, RPA43, TAF1A, and AAVS1 were 
designed using the CRISPR design website and inserted into the 
pX330 Bbs I cloning site, as previously described (67). The guide 
RNA sequences were as follows: RPA194 gRNA, 5′-TGGGGTGTC-
GGAATTCAAAA-3′; UBF gRNA, 5′-TTCCAGGTCTGTGGGG-
CAGT-3′; RPA43 gRNA, 5′-ATTCCTAGGGGCGTGGTCG-3′; 
RPA34 gRNA, 5′-TCAACCCGCACCCTCACCGC-3′; TCOF11 
gRNA, 5′-AAGTAGCTCCCGCCGCTTCC-3′; TAF1-A gRNA, 
5′-TAGCTACACAGTAAGTAGCT-3′; and AAVS1 gRNA, 5′-GG-
CCACTAGGGACAGGAT-3′. For donor plasmids (fig. S1B), the 
left and right homologous arms were PCR amplified using KOD FX 
(KFX-101, Toyobo) from HeLa S3 genomic DNA, which was isolated 
using a Wizard Genomic DNA Purification kit (A1120, Promega). 
The HaloTag sequence was PCR amplified from the pFC14A HaloTag 
CMV Flexi Vector (G965A, Promega). The homologous arms, anti-
biotic resistance open reading frame, and HaloTag fragment were 
joined using standard overlapping PCR and inserted between the 
Eco RI and Sal I sites of the pGEM-T (Easy) vector (A1360, Promega) 
using In-Fusion (639648, Clontech). The primers used to amplify 
the homologous arms of the RPA194, UBF, RPA43, RPA34, TCOF1, 
TAF1A, and AAVS1 loci are shown in table S2. The HaloTag cod-
ing sequence of pGEM-HaloTag-RPA194 was replaced with the 
PAmCherry fragment from pPAmCherry-N1 (632584, Clontech) to 
generate pGEM-PAmCherry-RPA194.

To clone full-length RPA194, total RNA was isolated from 
human RPE-1 cells (CRL-4000, American Type Culture Collection) 
using an RNeasy Mini kit (74104; Qiagen), and first-strand cDNA 

was synthesized using a SuperScript III First-Strand Synthesis Sys-
tem (18080-400; Thermo Fisher Scientific) with oligo(dT). The 
coding region of RPA194 was amplified from first-strand cDNA 
using the following primers: 5′-GATCTGGTGGCGGCGGTTCAAT-
GTTGATCTCCAAGAACATGC-3′ and 5′-GCCACTGTGCTG-
GATCTATCTCAGAGGCTGCTTGAG-3′. The HaloTag fragment 
was amplified from pGEM-T easy-HaloTag-RPA194 using the fol-
lowing primers: 5′-TGGAATTCTGCAGATGCCACCATGGGATC-
CGAAATCGGTAC-3′ and 5′-CGCCGCCACCAGATCCACCTC-
CACCAGATCCACCTCCACCACCGGAAATCTCCAGAGTAG-3′. 
The amplified fragment was inserted into pEF1-FRT digest-
ed with Eco RV to generate pEF1-FRT-HaloTag-RPA194. For 
the mutant RPA194 (RPA194-E593Q), site-directed mutagenesis 
was performed to substitute G for C at 1777 base pairs (bp) down-
stream of the start codon using PCR with the following primers: 
5′-AGATGAATGCCCATTTCCCC-3′ and 5′-GGTCTCCAT-
CAAAGTCGGCA-3′ (the underlined letter represents the muta-
tion site).

To generate the inducible vector of RPA194-E593Q (pAAVS1-
EGFP-RPA194-E593Q), RPA194-E593Q fragments were amplified 
from pEF1-FRT-HaloTag-RPA194-E593Q using the following 
primers: 5′-GCAGTCGACGGTACCATGTTGATCTCCAAGAA-
CATGC-3′ and 5′-GGTACCGTCGACTGCAGAATTC-3′. The EGFP 
fragment was amplified from pEGFP-C1-fibrillarin (#26673, Addgene) 
using the following primers: 5′-GTAAACTTAAGGTTAATTAAC-
GCCACCATGGTGAGCAAGGGCGAGGAG-3′ and 5′-GGTAC-
CGTCGACTGCAGAATTC-3′. The amplified RPA194-E593Q and 
EGFP fragments were joined together using standard overlapping 
PCR and inserted into the Pac I and Age I sites of pAAVS1-NDi-
CRISPRi (#73498, Addgene) (68) using In-Fusion.

Construction of pEF1-EGFP-fibrillarin-FRT was performed as 
follows. First, pEGFP-C1-fibrillarin (Addgene, #26673) was digested 
with Bam HI and Age I to excise the EGFP-fibrillarin fragment. 
This fragment was then blunt ended using a DNA Blunting Kit 
(6025, TaKaRa) and inserted into the Eco RV site of a pEF5/FRT/
V5-DEST Gateway vector (V602020, Invitrogen) to obtain pEF1-
EGFP-fibrillarin-FRT.

Isolation of stable cell lines
To establish HeLa S3 cells that stably express HaloTag-RPA194 
from the endogenous locus, we used the CRISPR-Cas9 system 
(67, 69). HeLa S3 cells at 25% confluence in a 6-cm dish were 
cotransfected with 500 ng each of pX330 (with a target gene-specific 
guide sequence inserted) and an antibiotic resistance donor plasmid 
using Effectene Transfection reagent (301425, Qiagen). At 24 hours 
after transfection, the medium was changed, and at 48 hours after 
transfection, transformants in the 6-cm dish were transferred to a 
10-cm dish and selected using puromycin (1 g/ml; P8833-25MG, 
Sigma-Aldrich) or G418 (800 g/ml; ALX- 380-013-G001, Enzo Life 
Sciences). The medium with antibiotics was changed every 3 days until 
untransfected cells had all died (after 2 weeks of selection). To estab-
lish HeLa S3 cells that stably express EGFP-fibrillarin, we used an 
Flp-In system (K601002, Invitrogen) as previously described.

A conditional AID mutant was generated in an HCT116 cell line 
expressing OsTIR1 (52). We transfected a CRISPR-Cas9 plasmid 
targeting the first methionine site of the RPA194 gene (POLR1A, 
CCTGGAGGATGTTGATCTCCAAGAACATG), along with a 
donor harboring a Hygro-P2A-mAID-mClover cassette flanked 
by a 700-bp homology arm using Effectene transfection reagent. 
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After selection with hygromycin (100 g/ml; 10687010; Thermo 
Fisher Scientific), colonies were isolated for further analysis through 
immunoblotting.

PCR genotyping of HaloTag tagging
Genomic DNA was isolated using proteinase K and phenol (Molec-
ular Cloning 6.1) and genotyped using KOD FX (KFX-101, Toyobo) 
and the following primers: dhRPA194-a3 5′-AAAGAGCGAGCA-
GAGAGTCG-3′ and dhRPA194-a4 5′-CGCCTGAACTGACACTT-
GAA-3′. The positions of the primers along the genomic sequence 
are shown in fig. S1B.

Single-molecule live-cell imaging
For single-molecule imaging of HaloTag- or PAmCherry-fused 
proteins in living cells, all cell types were plated onto glass-bottomed 
dishes (3970-035, Iwaki) treated with poly-lysine (P1524-500MG; 
Sigma-Aldrich). Before HaloTag-fused protein imaging, cells were 
incubated in a medium containing 100 pM TMR-HaloTag ligand 
(8251, Promega) for 30 min, washed three times with 1× Hanks’ 
balanced salt solution (HBSS; H1387, Sigma-Aldrich), and incubated 
with DMEM containing 10% FBS, without phenol red. To maintain 
constant cell culture conditions (37°C, 5% CO2) and humidity 
during imaging, we used a live-cell chamber (INU-TIZ-F1, Tokai 
Hit) and GM-8000 digital gas mixer (Tokai Hit).

Single-molecule live-cell imaging was performed using an in-
verted Nikon Eclipse Ti microscope with a 100-mW sapphire 561-nm 
laser (Coherent) and sCMOS ORCA-Flash 4.0 camera (Hamamatsu 
Photonics). Fluorescently labeled Halo with TMR or PAmCherry in 
living cells was excited with a 561-nm laser through an objective 
lens [100× PlanApo total internal reflection fluorescence (TIRF), 
numerical aperture 1.49, Nikon] and detected at 575 to 710 nm. 
An oblique illumination system with a TIRF unit (Nikon) was used 
to excite Halo-TMR or PAmCherry molecules within a limited 
thin area of the cell’s nucleus and reduce background noise. Movies 
of 600 sequential frames were acquired using MetaMorph soft-
ware (Molecular Devices) at 50 ms per frame under continuous 
illumination.

Data analysis for single-molecule live-cell imaging 
and tracking
The methods used for image processing, single-molecule tracking, 
and single-nucleosome movement analysis have been described 
previously (27). Briefly, sequential images were converted into 8-bit 
grayscale images, and background noise signals were subtracted 
using rolling ball background subtraction (50) in Fiji software (70). 
The nucleolar regions in the images were extracted manually. Fol-
lowing this step, the centroid of each fluorescent dot in each image 
was determined, and its trajectory was then tracked with u-track using 
MATLAB (MathWorks) (71). The numbers of trajectories obtained 
in each experiment are listed in table S1. The MSD was originally 
calculated in two dimensions. To obtain three-dimensional (3D) 
values, we multiplied 2D values by 1.5 (4 to 6 Dt). Histograms, MSD 
plots, and trajectories of the molecules were prepared using R soft-
ware (R Development Core Team). Error bars for each data point 
[representing the average MSD(t)] were calculated as 95% confi-
dence intervals (CIs) via bootstrap resampling of the population. 
Statistical analyses of single-nucleosome MSD values among tran-
scription conditions were performed using the bootstrap resam-
pling method.

Regarding the single-molecule imaging and tracking of UBF, 
which binds extensively across transcriptionally active rDNA repeats 
(39, 40), we considered the free fraction of UBF to be negligible. 
According to reported FRAP data for UBF (21), only ~3.8% of UBF 
molecules on rDNA can dissociate during our 0.5-s tracking period 
and ~14.3% over 2 s of tracking in the untreated condition. Upon 
transcription inhibition, only ~5.4% could dissociate within 2 s of 
tracking.

To generate super-resolution images of Pol I (fig. S2E), molecule 
positions were mapped using the R package base (65 nm per pixel), 
and Gaussian blur (sigma = 1 pixel) was added using ImageJ soft-
ware (National Institutes of Health) for smoother rendering.

Data analysis for determining D
To determine the D values of Pol I molecules, we plotted MSD 
(R2 > 0.8) against time (40 ms) using PAmCherry-RPA194 tracking 
data (three independent experiments, n = 20 cells per experiment) 
and then calculated D from the slope of the plot using the Einstein 
relation (MSD = 6 Dt). Tracking data for PAmCherry-RPA194 
molecules, which photobleach rapidly, were used for D measure-
ment, as acquiring fluorescence protein data over a shorter period 
reduces the bias toward slow-moving molecules.

Model-fitting analysis
To test the fit of models for each MSD plot, we calculated the AIC 
score (48) using R software following linear [MSD(t) = a × t + b] or 
nonlinear regression [MSD(t) = a × tb] analyses of PAmCherry-
RPA194 MSD data collected from 0 to 0.1 s.

Immunoblotting
A small proportion of cells were reserved for cell counting. Cells 
were lysed in Laemmli sample buffer supplemented with 10% 
2-mercaptoethanol (133-1457, Wako) and incubated at 95°C for 
5 min to denature proteins. We then performed 10% tris-glycine 
sodium dodecyl sulfate (SDS)–polyacrylamide gel electrophoresis 
to separate the proteins. Proteins in the gel were transferred to an 
Immobilon-P membrane (IPVH00010, Merck) and blocked with 
phosphate-buffered saline (PBS) with Tween 20 containing 5% 
nonfat milk (190-12865, Wako) for 30 min at room temperature. 
Proteins were detected using anti-RPA194 (1:1000 dilution; sc48385, 
Santa Cruz Biotechnology), anti–-actin (1:50,000 dilution; A5441, 
Sigma-Aldrich), anti-HaloTag (1:1000 dilution; G9211, Promega), 
and anti-GFP (1:2000 dilution; 632381, TaKaRa) antibodies.

Immunostaining
Cells were grown on coverslips coated with poly-lysine, washed 
twice in PBS, and fixed with 1.85% formaldehyde (063-04815, Wako) 
in PBS. For blocking, sections were treated with 5% normal goat 
serum (NGS; 143-06561, Wako) for 30 min. The fixed cells were 
stained with anti-RPA194 (1:500 dilution; sc48385, Santa Cruz 
Biotechnology), anti-UBF (1:250 dilution; sc13125, Santa Cruz 
Biotechnology), anti-fibrillarin (1:250 dilution; ab4566, Abcam), 
anti-NPM1 (1:1000 dilution; B0556, Sigma-Aldrich), anti–-H2AX 
(1:1000 dilution; B0556, Abcam), and anti-RRN3 (1:300 dilution; 
HPA049837, ATLAS) antibodies in PBS containing 1% NGS and 
incubated with the following mouse and/or goat secondary anti-
bodies in PBS containing 1% NGS for 1 hour: goat anti-mouse 
immunoglobulin G (IgG) Alexa Fluor 488 (1:1000 dilution; A11029, 
Thermo Fisher Scientific), goat anti-mouse IgG Alexa Fluor 594 
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(1:1000 dilution; A11032, Thermo Fisher Scientific), goat anti-mouse 
IgG Alexa Fluor 647 (1:1000 dilution; A21235, Thermo Fisher Sci-
entific), goat anti-rabbit IgG Alexa Fluor 594 (1:1000 dilution; 
A11037, Thermo Fisher Scientific), and goat anti-rabbit IgG Alexa 
Fluor 647 (1:1000 dilution; A21245, Thermo Fisher Scientific). 
After washing three times with PBS for 5 min and counterstaining 
with DAPI (4′,6-diamidino-2-phenylindole) (1 g/ml; 10236276001, 
Roche), coverslips (c018001, Matsunami) were mounted in PPDI 
[20 mM Hepes (pH 7.4), 1 mM MgCl2, 100 mM KCl, 78% glycerol, 
and paraphenylene diamine (1 mg/ml); 695106-1G, Sigma-Aldrich) 
and sealed with nail polish. To stain HaloTag-RPA194 and TAF1A-
HaloTag, cells were incubated in a medium containing 0.1 and 0.2 M 
TMR-HaloTag ligand for 24 hours, respectively. Section images 
were recorded using a DeltaVision Elite microscope (Applied Preci-
sion) or a DeltaVision Ultra microscope (Cytiva) and deconvolved 
using the DeltaVision Softworx software to eliminate out-of-focus 
blur to obtain clearer pictures. Deconvolved images were projected 
using the Quick Projection tool in the Softworx software to obtain 
the maximum intensity of focus signals.

For live-cell imaging of TAF1A-HaloTag following transient 
expression of RPA194-E593Q, cells were incubated in medium 
containing 5 M TMR-HaloTag ligand for 60 min and then washed 
as described above. The nucleolar region was identified using 
Hoechst 33342 DNA staining in the same live cell.

Immunoprecipitation
For immunoprecipitating RPA135 with HaloTag-fused RPA194, 
cells were resuspended in radioimmunoprecipitation assay buffer 
[25 mM tris-HCl (pH 7.6), 300 mM NaCl, 1% NP-40 (11754599001, 
Roche), 1% sodium deoxycholate (192-08312, Wako), 0.1% SDS, 
1 mM EDTA, 0.2 mM phenylmethylsulfonyl fluoride (PMS; P7626-
1G, Sigma-Aldrich), and protease inhibitor cocktail (11836153001, 
Sigma-Aldrich)] and incubated for 5 min on ice. After centrifuga-
tion at 13,000g for 10 min at 4°C, cell extracts were used for subse-
quent immunoprecipitation procedures. For immunoprecipitating 
EGFP-RPA194 with HaloTag-fused RPA194, cells were first har-
vested for nuclear extraction. Cell pellets were swollen in hypotonic 
buffer [10 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid 
(HEPES) (pH 7.8), 1.5 mM MgCl2, 10 mM KCl, 0.2 mM PMSF, and 
0.5 mM dithiothreitol (DTT)] and Dounce homogenized using 
five passes of a tight pestle. After centrifugation at 1500g for 5 min 
at 4°C, the nuclei were resuspended in a salt buffer [20 mM HEPS (pH 
7.8), 1.5 mM MgCl2, 0.2 mM EDTA, 25% glycerol, 125 mM KCl, 0.2 mM 
PMSF, 0.5 mM DTT, and protease inhibitor cocktail] and incubated 
at 4°C on a rotator. After centrifugation at 13,000g for 15 min, 
the supernatant was collected as nuclear extracts. For immuno-
precipitating EGFP-fused RPA194, we used the GFP-Trap (gtma-10, 
ChromoTek) following the manufacturer’s instructions for cell ex-
tract preparation.

For immunoprecipitating HaloTag-fused RPA194, cell extracts 
or nuclear extracts were split equally into two tubes. The contents of 
one tube was reacted with 500 pmol HaloTag-PEG-biotin ligand 
(G859A, Promega), and that of the other was mixed with 500 pmol 
d-biotin (B-20656, Thermo Fisher Scientific) to examine nonspecific 
binding of proteins on the beads (negative control) overnight at 4°C 
on a rotator. MyONE C1 magnetic beads (DB65002, Thermo Fisher 
Scientific) were added into both tubes. After washing five times, the 
beads were boiled in Laemmli buffer to obtain the binding proteins. 
We subjected 5% of the input fraction (Input), pull-down fraction 

without ligand (negative control), and pull-down fraction immuno-
precipitant (IP) to immunoblotting with antibodies against HaloTag-
RPA194, RPA135, and -actin.

EU labeling
EU incorporation was performed using Click-iT RNA Alexa Fluor 
594 imaging kits (C10330, Thermo Fisher Scientific) according to 
the manufacturer’s instructions. Section images were recorded 
using a DeltaVision microscope, and nondeconvolved pictures were 
used for the quantitative analysis of EU incorporation.

Quantification of pre-rRNA using quantitative PCR
Total RNA was isolated with TRIzol reagent (10296-010, Thermo 
Fisher Scientific) and reverse transcribed using a SuperScript III 
First-Strand Synthesis system (18080-400, Thermo Fisher Scientific) 
with random primers. First-strand complementary DNAs (cDNAs) 
were analyzed with SYBR Premix Ex Taq II (RR820A, TaKaRa) us-
ing a Thermal Cycler Dice Real-Time System TP800 (TaKaRa) for 
quantitative PCR (qPCR). Standard curves for relative quantifica-
tion with each primer set were obtained following fivefold dilution 
of the input sample. Pre-rRNA (47S pre-rRNA) and -actin were 
detected using the following primer pairs: 5′-CCTTCCCCAGGC-
GTCCCTCG-3′ and 5′-GGCAGCGCTACCATAACGGA-3′; and 
5′-TGCGTCTGGACCTGGCTGGC-3′ and 5′-GCCTCAGGGCAG-
CGGAACCG-3′, respectively. Pre-rRNA levels were normalized to 
-actin mRNA levels.

RNA interference
Transfection of siRNA was performed using Lipofectamine RNAiMAX 
(13778-075, Thermo Fisher Scientific) according to the manufac-
turer’s instructions. The small interfering RNA (siRNA) oligos for 
fibrillarin (#M-011269-00-0005, GE Healthcare) and the negative 
control from the siGenome siRNA library (#D-001206-14-05, GE 
Healthcare) were used. Cells were transfected with 20 nM siRNA 
and incubated for 60 hours before imaging.

Chemical treatments and perturbations
To inhibit RNA Pol I transcription, cells were treated with 0.5 M 
CX-5461(M66052-2 s; Xcess Biosciences Inc.) for 2 hours. To inhib-
it pre-rRNA processing, cells were treated with 75 M roscovitine 
(R7772-1MG, Sigma-Aldrich) for 2 hours. To rapidly degrade mAID-
mClover-RPA194, cells were incubated in medium supplemented 
with doxycycline (1 g/ml) for 24 hours and then treated with 500 M 
indole-3-acetic acid (19119-61, Nacalai), a natural auxin, in the pres-
ence of doxycycline for 3 hours. After treatment, the cells were imaged 
or chemically fixed.

ATP depletion and intracellular ATP measurement based 
on luciferase activity
Aliquots of 0.5 × 105 cells were seeded into a 12-well culture plate 
(IWAKI). For ATP reduction, the cells were incubated on coverslips 
with 10 mM sodium azide and 50 mM 2-deoxyglucose in HBSS 
(Gibco) for 10  min. To measure ATP, Cell ATP Assay Reagent 
(300-15363, Toyo B-Net Co. Ltd.) was used according to the manu-
facturer’s instructions. Bioluminescence was measured using a 
Lumat LB 9507 tube luminometer (EG&G Berthold). A standard 
plot of ATP concentration versus bioluminescence intensity veri-
fied that our measured ATP concentrations fell within a linear 
range. Both the reaction and measurement were performed at 23°C 
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in the dark. The incubation time was 5 min from the addition of 
assay reagent to measurement.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/6/42/eabb5953/DC1

View/request a protocol for this paper from Bio-protocol.
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