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Abstract

Numerous studies show that various genes in all kinds of organisms are transcribed discon-

tinuously, i.e. in short bursts or pulses with periods of inactivity between them. But it remains

unclear whether ribosomal DNA (rDNA), represented by multiple copies in every cell, is also

expressed in such manner. In this work, we synchronized the pol I activity in the populations

of tumour derived as well as normal human cells by cold block and release. Our experiments

with 5-fluorouridine (FU) and BrUTP confirmed that the nucleolar transcription can be effi-

ciently and reversibly arrested at +4˚C. Then using special software for analysis of the

microscopic images, we measured the intensity of transcription signal (incorporated FU) in

the nucleoli at different time points after the release. We found that the ribosomal genes in

the human cells are transcribed discontinuously with periods ranging from 45 min to 75 min.

Our data indicate that the dynamics of rDNA transcription follows the undulating pattern, in

which the bursts are alternated by periods of rare transcription events.

Introduction

Numerous studies show that genes in all kinds of organisms, from prokaryotes to mammals,

can be transcribed in short bursts or pulses alternated by periods of silence (reviewed in Smir-

nov et al. [1]) The probability of such mode of expression was suggested long ago;[2] now it

seems that the discontinuous transcription is a common feature of the gene expression, at least

in mammalian cells.[3–12] The periodical switches of the promoter between the active and

“refractory” states may be crucial in the efficient regulation of the gene expression.[13–17]

General considerations suggest even more significant role of the phenomenon in the dynamic

organization of the cell, since the pulsing mode of one process is likely to be a cause and a con-

sequence of pulsing in other processes. Thus, RNA processing, which is closely linked to the

RNA synthesis, seems to be discontinuous.[9] A spontaneous heterogeneity of gene expression

occasioned by transcriptional fluctuations may influence cell behaviour in changing environ-

mental conditions and in the course of differentiation.[18]
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The discontinuous character of transcription has been detected by various methods

(reviewed in Smirnov et al. [1]) The number of transcripts produced in a certain (sufficiently

short) period of time may be determined with high precision by single molecule RNA fluores-

cence in situ hybridisation (smFISH).[19–21] The results of such quantification alone provide

indirect, but valuable information for modelling the expression kinetics in a cell population or

tissue, when the studied gene is supposed to be transcriptionally active in all the cells. Methods

based on the allele-sensitive single-cell RNA sequencing also allow to reveal and characterize

the transcription bursting.[22] To monitor gene expression in real time, cells are transfected

with constructs providing a fluorescent signal that corresponds to the expression of a particu-

lar gene. In a gene trap strategy, a luciferase gene is inserted under the control of endogenous

regulatory sequences. Since both the luciferase protein and its mRNA are short-lived, the

method allows to calculate the key parameters of the transcriptional kinetics. Probably the

most popular in vivo method is based on the use of bacteriophages derived fluorescent coat

proteins, such as MS2 or PP7, fused with GFP, which allows to visualize a bunch of the nascent

RNA molecules accumulated around one gene.[4, 23, 24]

So far, the pulse-like transcription is well documented only in the genes transcribed by RNA

polymerase II. It is not clear yet whether ribosomal DNA (rDNA) is also expressed discontinu-

ously. In human cells, the clusters of multiple rDNA repeats, known as Nucleolus Organizer

Regions (NORs), are situated on the short arms of the acrocentric chromosomes. Each repeat

includes a gene coding for 18S, 5.8S and 28S RNAs of the ribosomal particles and an intergenic

spacer.[25–30] In the interphase nucleus the rDNA provides the basis for the formation of nucle-

oli. The transcription by pol I and the first steps of rRNA processing take place in the special

nucleolar units (FC/DFC) composed of fibrillar centers (FC) and dense fibrillar components

(DFC).[31–42] The units correspond in light microscopy to the “beads” forming nucleolar neck-

laces,[43–46] and each unit is believed to accommodate a single transcriptionally active gene.[33,

39, 47, 48] The intensity of the rDNA transcription is usually very high throughout the entire

interphase, especially at the S and G2 phases.[49] Now most of the methods used for the detection

of the transcription fluctuation are hardly applicable to the ribosomal genes, since one cell usually

contains hundreds of such genes. An alternative method was designed for direct measurements of

rDNA transcription in the live cells by using the label-free confocal Raman microspectrometry.

[50] This work revealed an undulatory character of the ribosomal RNA production in the whole

nucleoli. In our earlier study on tumour-derived cells expressing a GFP-RPA43 (a subunit of pol

I) fusion protein, we have observed specific fluctuations of the fluorescence signal in the individual

FC/DFC units.[51] We also found high correlation of pol I and incorporated FU signals within

the units. These data suggested that the ribosomal genes are transcribed in a pulse-like manner.

In the present work we used a different approach to the study of the discontinuous transcription

of ribosomal genes in human cells. In our experiments with 5-fluorouridine (FU) and BrUTP, we

found that the nucleolar transcription can be efficiently arrested at +4˚C and quickly restored at

normal conditions. Based on this finding, we synchronized the pol I activity in the cell population

by cold block and release. Then using specially designed software we measured the intensity of

transcription signal (incorporated FU) in the nucleoli and individual FC/DFC units at different

periods after the release. This enabled us to detect transcription fluctuations of ribosomal genes in

tumour derived as well as normal human cells and to reveal special properties of this fluctuation.

Methods

Ethics

The study followed the standards of the Ethics Committees of the General Teaching Hospital

and the First Faculty of Medicine of Charles University, Prague, Czech Republic (Ethics
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Committee of General Univeristy Hospital, Prague approval no. 1570/11 S-IV (held on Octo-

ber 13, 2011, and updated January 18, 2018. The name of project: Pathogenesis of hereditary,

degenerative and systemic diseases with manifestations in the eye, transplantology. Study of

healthy and control tissue), and adhered to the principles set out in the Helsinki Declaration.

We obtained human cadaver corneoscleral rims from 10 donors, which were surplus from sur-

gery and stored in Eusol-C (Alchimia, Padova, Italy), from the Department of Ophthalmology,

General University Hospital in Prague, Czech Republic, for the study. On the use of the cor-

neoscleral rims, based on Czech legislation on specific health services (Law Act No. 372/2011

Coll.), informed consent is not required if the presented data are anonymous in the form."

Cell cultures

Human limbal epithelial cells (LECs) were obtained from XY cadaver corneoscleral rims after

cornea grafting at University Hospital Kralovske Vinohrady, Prague, Czech Republic. The

mean donor age ± standard deviation (SD) was 63.5 ± 6.5 years. Tissue was stored in Eusol-C

(Alchimia, srl., Ponte San Nicolò, Italy) preservation medium at +4˚C. The mean storage

time ± SD (from tissue collection until explantation) was 7.2 ± 3.6 days. The corneoscleral

rims were prepared as described before.[52, 53] Shortly, corneoscleral rims were cut into 12

pieces and placed in a 24-well plate (TPP Techno Plastic Products AG, Trasadingen, Switzer-

land) on Thermanox plastic coverslips (Nunc, Thermo Fisher Scientific, Rochester, NY, USA).

Explants were cultured in 1 ml of complete medium [1:1 DMEM/F12, 10% FBS, 1% AA, 10

ng/ml recombinant EGF, 0.5% insulin-transferrin-selenium (Thermo Fisher Scientific), 5 μg/

ml hydrocortisone, 10 μg/ml adenine hydrochloride and 10 ng/ml cholera toxin (Sigma-

Aldrich, Darmstadt, Germany)]. The culture media were changed every 2–3 days until the

cells were 90–100% confluent (after 2–4 weeks).

HeLa cells were cultivated at 37˚C in Dulbecco modified Eagle’s medium (DMEM, Sigma)

containing 10% fetal calf serum, 1% glutamine, 0.1% gentamicin, and 0.85g/l NaHCO3 in stan-

dard incubators. For the transcription synchronization, the cells were incubated in cold

medium (+4˚C) for 1 h, then transferred to the normal conditions and fixed at different time

points from 15 to 150 min with the interval of 15 min.

Plasmids and transfection

The GFP-RPA43 and GFP-Fibrillarin vectors were received from Laboratory of Receptor Biol-

ogy and Gene Expression Bethesda, MD.[54] The constructs were transfected into HeLa cells

using Fugene (Qiagen).

Labeling of the transcription sites

For visualization of the transcription sites, sub-confluent cells were incubated for 5 min prior

to fixation with 5-fluorouridine (FU) (Sigma). The cells were fixed in pure methanol at -20˚C

for 30 min and processed for FU immunocytochemistry. BrUTP (Sigma) was introduced into

cells by the scratch procedure.[55, 56] Here we followed the same procedure as for the labelling

of replication in the cited works. Briefly, the cells were grown on the coverslips; a drop of

medium containing 20μg/ml BrUTP was applied upon each coverslip; then the latter was

scratched by the tip of a syringe needle and incubated for 5 min at 37˚C. Thus permeabilized,

the cells were incubated for 10 min in the usual medium and then fixed and processed as after

the incorporation of FU.

Incorporated FU and BrUTP signal was visualized using a mouse monoclonal anti-BrdU

antibody (Sigma) and secondary goat Cy3-conjugated anti-mouse antibody (Abcam).
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Light microscopy

Confocal images were acquired by means of SP5 (Leica) confocal laser scanning microscope

equipped with a 63×/1.4NA oil immersion objective. For in vivo cell imaging we used a spin-

ning disk confocal system based on Olympus IX81 microscope equipped with Olympus

UPlanSApo 100×/1.4NA oil immersion objective, CSU-X spinning disk module (Yokogawa)

and Ixon Ultra EMCCD camera (Andor). The live cells were maintained in glass bottom Petri

dishes (MatTek) at 37˚C and 5% CO2 within a microscope incubator (Okolab).

Software and data analysis

For measurement and counting of the transcription and other signals corresponding to indi-

vidual FC/DFC units in 3D confocal images, we developed a MatLab based software.[51] The

program identifies each unit by creating a maximum intensity projection of the confocal stack

and blurring the projection with a Gaussian filter (σ = 8–10 pixels), defining the blurred image

with a value obtained by Otsu’s method for automatic threshold selection. After that, the opti-

cal section whereupon the unit had maximum intensity was identified. The final result con-

tains 3D coordinates of each unit, its size (full-width half-maximum), the value of χ2, and

integral intensities in the spheres with radii 1.0, 1.5, 2.0, 2.5, 3.0, 3.5, and 4.0 pixels. The values

corresponding to 1.5 pixels seemed to be the most resistant to noise and were used for presen-

tation of the data. FC/DFC units were counted after deconvolution with Huygens software.

For measuring signals in the entire nucleoli we used a custom ImageJ plugin available at

https://github.com/vmodrosedem/segmentation-correlation.[45] Based on the confocal stacks,

the program identifies the regions occupied by the cell nuclei as well as nucleoli, measures

their areas (in pixels), and the intensities, both integral and average, of the signal within these

areas.

Results

1. Effects of low temperature on the nucleolar transcription

In the control the incorporated FU is accumulated predominantly in the nucleolar beads

which, according to our earlier study,[55] correspond to the FC/DFC units of the nucleoli (Fig

1). The transcription signal in the nucleoplasm appeared as multiple small foci of much lower

intensity. After 15 min of incubation at +4˚C (without additional supply of CO2), both HeLa

and LECs lost the ability to incorporate 5-fluorouridin (FU). When the cells were returned to

the normal conditions (37˚C, 5% CO2), transcription was partly restored in 15 min, and in 30

min the FU incorporation did not visibly differ from the control (Fig 1).

Since incorporation of FU is preceded by its penetration in the cell and phosphorylation,

we performed an additional experiment with another RNA predecessor, BrUTP, which was

introduced in the HeLa cells by the scratch procedure (Fig 1B).[55, 56] When cells were per-

meabilized by scratching in the presence of BrUTP for 5 min and then immediately fixed (Fig

1B, left) or washed and incubated for further 10 min at +4˚C (Fig 1B, middle), there was no

significant incorporation of the nucleotide. But when the permeabilization was followed by 10

min incubation in the normal conditions (Fig 1B, right), the cells situated along the scratch

track displayed the transcription signal in the nucleoli and nucleoplasm. This result confirmed

that the transcription was efficiently arrested in our experiments at +4˚C.

It is known that pol I and fibrillarin are particularly sensitive to stress, and their redistribu-

tion in the cell nuclei is a common symptom of nucleolar pathology. Therefore, to assess the

effect of cold on the FC/DFC units, which are the centers of rDNA transcription and early

rRNA processing, we transfected the cells with GFP-RPA43 or GFP-Fibrillarin. At the low
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temperature the GFP-Fibrillarin signal did not change significantly, but the intensity of the

RPA43 signal was decreased as average to about 60% of the control level (Fig 2).

Observation of the individual cells also showed that after transferring the cells from the

cold to the normal conditions, the intensity of GFP-RPA43 signal in all FC/DFC units

increased, although the number of the detectable units did not change (Fig 3).

These experiments show that low temperature causes a quick inhibition of the rDNA tran-

scription, as well as significant though not complete depletion of the pol I pools in the nucleoli.

On the other hand, we observe a quick recovery of the cells without any lasting symptoms

of pathology.

2. Synchronization of the nucleolar transcription in HeLa and human

limbal cells by cold treatment

The experiments described in the previous section indicate that at the low temperature the

ribosomal genes are brought to a silent state with a diminished RPA-GFP signal within the

FC/DFC units which implies a decreased number of pol I complexes bound to the genes. This

synchronization procedure was used for the study of the discontinuous expression of the

rDNA in HeLa and LEC cells. Namely, the cells were incubated in cold medium (+4˚C) for 1

h, then transferred to the normal conditions and fixed at different time points from 15 to 150

min with the interval of 15 min. FU was added to the cultivation medium 5 min prior to each

fixation. The transcription signal visualized by antibody was then measured in the nucleoli by

means of the ImageJ plugin software (see Methods). The results are presented in Fig 4.

In all such experiments the intensity of the transcription signal increased during the first 30

min, then began to decrease. Altogether two cycles of rise and fall have been observed within

the period of 150 min, the coefficient of variation (CV) was 0.26. The spectral analysis revealed

a significant peak corresponding to the period of 60 min. Since the interval between the mea-

surements was 15 min, the values of the period may be varying from 45 min to 75 min. An

additional lower peak at 15 min probably reflected a high frequency noise. In the control,

when the cells were kept at 37˚C and fixed at different time points as in the experiment, the

fluctuations of the transcription signal intensity were irregular. CV was only 0.07, and the peri-

odogram had two peaks of low amplitude (compare the left and right parts of the Fig 4). In two

experiments the period of observation was extended to 210 min, but between 150 and 210 min

the fluctuations of the transcription signal appeared irregular with the CV values 0.06, i.e. just

like in the control, which indicated that the synchrony in the cell population was lost. These

results showed that in HeLa cells the activity of pol I transcription machinery was synchro-

nized by the cold treatment for the period of 150 min, but not longer.

The same experimental procedure was applied to the LECs (Fig 5). In this case the first two

cycles were more pronounced and the difference between control and experiment was more

significant (compare Fig 5 and Fig 4). Otherwise, the dynamics of the transcription activity

after the cold treatment proved to be similar in the studied cell lines. In the LECs, the periodo-

gram had a more distinct peak at 60 min, but the synchronization also did not last longer than

150 min. CV was 0.29, i.e. slightly higher than in HeLa cells. It seems worth mentioning that

Fig 1. (A) Transcription in HeLa cells is quickly inhibited at +4˚C and restored at the normal conditions. The transcription signal

(FU incorporation) is accumulated in the nucleoli. The signal disappeared after 15 min of cold treatment (top right); when the cells were

transferred to the normal conditions, the signal was partly restored in 15 min and appeared like in the control in 30 min (bottom). (B)

Incorporation of BrUTP. No significant signal in the cells fixed after the permeabilization immediately (left) or following 10 min of

incubation at +4˚C (middle); when permeabilization was followed by 10 min incubation at +37˚C, specifically labelled cells could be

observed along the scratch track (right). Scale bar: 10μm.

https://doi.org/10.1371/journal.pone.0223030.g001
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our attempt to synchronize the transcription in human fibroblasts failed, for only a few of

these cells recovered quickly enough after the cold treatment.

Fig 2. Following GFP-RPA43 and GFP-Fibrillarin signals in the transfected HeLa cells in vivo. The intensity of the GFP-RPA43 signal is reduced after 15min

incubation at +4˚C (left, top) and restored after subsequent 30 min incubation at normal conditions (top, right). The GFP-Fibrillarin signal was not significantly affected

by the cooling/warming procedure (bottom). Scale bar: 5μm.

https://doi.org/10.1371/journal.pone.0223030.g002
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Fig 3. Effects of cooling/warming (as in Fig 2, top) on the FC/DFC units in vivo in the transfected HeLa cells. (A)

intensity of the GFP-RPA43 signal in the individual units after 15min incubation at +4˚C (black columns) and after

subsequent 30 min incubation at 37˚C (grey columns). Five cells were observed, and five selected units were followed

in each cell. The error bars show SEM. (B) the total number of the GFP-RPA43 positive units in five cells after 15min

incubation at +4˚C (black columns) and after subsequent 30 min incubation at 37˚C (grey columns). The experiment

indicates that at the low temperature pol I escapes from the FC/DFC units.

https://doi.org/10.1371/journal.pone.0223030.g003
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Thus, our experiments indicated that transcription of the ribosomal genes proceeds in a

wave-like manner, although the employed synchronization procedure is not equally efficient

in various cells.

3. Fluctuation of the pol I signal in the cells synchronized by chilling

To confirm our result by an independent set of data, we used chilling shock to synchronize

HeLa cells transfected with GFP-RPA-43 (see Fig 6). Measuring the intensity of the pol I signal

in the nucleoli of the individual cells, we observed fluctuations similar to those of the transcrip-

tion signal (Figs 4 and 5). The fluctuations had a relatively low amplitude, and the distinct

undulations persisted for no longer than two hours, apparently because only a minor portion

of the pol I molecules within FC/DFC units are engaged in the current transcription, as was

indicated, for instance, in our earlier work.[51] Nevertheless, the initial increase of the signal

intensity during the first 30 min after the cold treatment was followed by a noticeable decrease

during the next half hour, which could not be attributed to the effects of recovery. Together

with the other results of the present study (Figs 4 and 5) this indicates, that fluctuations of the

transcription intensity and pol I levels in the nucleoli are synchronous.

4. Synchronization of the transcription in the nucleoplasm by cold

treatment

When the LECs or HeLa cells were incubated at +4˚C, the transcription ceased completely in

their nucleoplasm as well as in the nucleoli. Measurement of the total FU signal after transfer-

ring the cells from the cold to the normal conditions showed symptoms of synchronization:

the signal in the nucleoplasm increased for 30 min and then began to decrease (Figs 4A, 4C,

5A and 5C). The average intensity of the transcription signal in the nucleoli and nucleoplasm

positively correlated, with the correlation coefficients 0.65 for the HeLa cells and 0.74 for the

LECs. But, as one could expect, the total expression of the nucleoplasmic genes was less syn-

chronized. After the initial recovery and subsequent decrease, the signal became rather noisy.

The CV was 0.17 and 0.19 in the HeLa and LECs respectively. The periodograms showed a not

very distinct peak at 75 min as well as a sharper peak corresponding to higher frequencies. The

second peak probably reflects a noisier character of the fluctuations in the nucleoplasm as

compared to the nucleoli.

5. The FC/DFC units in the course of the transcription fluctuation

Since the measurement of the transcription signal in the whole nucleoli is significantly affected

by the fluorescence between the FC/DFC units, we measured the signal also within the units.

According to the data presented in the sections 2 and 3 (Figs 4 and 5), the intensity of FU sig-

nal in the nucleoli at 15 min and 30 min after the cold treatment may be taken as representa-

tives of the two extreme states of the transcriptional fluctuation in the synchronized cells.

Measurement of the FU signal in the individual FC/DFC units of the LECs and HeLa cells

using the MatLab based software (see Methods) showed an approximately threefold increase

Fig 4. Fluctuation of the intensity of the transcription signal (incorporated FU) in the whole nucleoli and nucleoplasm of HeLa cells after release from

the cold block. (A) Data of the individual experiments and the box-plot chart. (B) Mean values of the transcription signal intensity in the nucleoli after

release from the cold block (left, top) and in the nucleoli of the control cells, i.e. without cold treatment (right, top) In the experiment the signal reaches

maximal values at 30 min, 90 min, and 150 min. The graph shows mean values obtained from 50 cells in one experiment. Such experiment was repeated 8

times. CV- coefficient of variation. The error bars show SEM. The bottom graphs show the respective periodograms for the experiment (left) and control

(right) calculated as amplitudes of the Fourier transforms. The x-axis represents the period (min). (C) Mean values of the transcription signal intensity in the

nucleoplasm after release from the cold block (top) and the respective periodogram (bottom).

https://doi.org/10.1371/journal.pone.0223030.g004
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Fig 5. Fluctuation of the intensity of the transcription signal (incorporated FU) in the whole nucleoli and nucleoplasm of the limbal cells. (A) Data of

the individual experiments and the box-plot chart as in Fig 4A. (B) Mean values of the transcription signal intensity in the nucleoli after release from the cold
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of the signal intensity between 15 min and 30 min (Fig 7). But the transcription signal never

disappeared from the cells completely, so that the average number of the FU-positive FC/DFC

units did not change significantly (Fig 7B, right chart).

Discussion

In our experiments, when the human derived cells were incubated at +4˚C, transcription in

their nuclei seemed to be arrested completely (Figs 1 and 7). At the same time the pol I signal

in the FC/DFC units of the nucleoli was significantly reduced (Figs 2 and 6), whereas the

amount of fibrillarin, which is an essential component of the early rRNA processing, did not

change significantly (Fig 2). On the other hand, previous studies, including our own, indicate

that the mobile fraction of pol I, apparently responsible for the actual transcription, constitutes

less than a half of the entire pool of the enzyme in the units.[51, 54] Therefore, in all probabil-

ity, the pol I complexes do not “freeze” on their matrices after the arrest of the transcription by

the chill shock, but rather detach themselves and escape from the units. After returning to nor-

mal conditions, the pools of the enzyme are swiftly restored, and the rRNA synthesis in the

cells is synchronized. This effect was used in our work for detection of the pulse-like

transcription.

In our previous work we studied the fluctuations of pol I signal, but could not speak about

the discontinuous transcription otherwise than hypothetically, since the dynamics of this sig-

nal does not necessarily reflect the transcription.[55] Therefore, only after developing the cold/

release method of cell synchronization, we obtained the data related to the transcription fluctu-

ations directly.

In thus synchronized HeLa and LEC cells, we observed a wave-like modification of the

nucleolar transcription signal with two successive peaks (Figs 4 and 5). It should be mentioned,

that the recovery process, which seemed to be limited to the first 30 min after the cold treat-

ment, could not account for the observed dynamics, especially the regularly observed decrease

of transcription intensity after the initial increase, as well as more or less distinct second peak.

In both kinds of cells, the predominant fluctuation period estimated by the spectral analysis

was about 60 min. A similar value of the period was obtained in our previous work for the fluc-

tuations of the GFP-RPA43 signal.[51]. After the two distinct cycles, the waves were damped;

probably because of their irregularity and variability in the individual cells. Nevertheless, our

data indicate that the ribosomal genes are expressed discontinuously, with intervals of 45–75

min between the bursts.

In our review on the discontinuous transcription, we indicated what seemed to be four

main patterns in which this phenomenon may be manifested: the typical busts; the undulating

pattern; the regular pulsing; and the rare transcription events.[1] As mentioned above, the

fluctuations observed in our study do not seem to belong to the regular type. Rare events also

must be excluded, since rDNA transcription is very intensive throughout the entire interphase.

The typical bursts are separated by the relatively long periods of silence. But we observed no

diminishing of the number of FU positive (Fig 7B) or pol I positive (Fig 3) FC/DFC units in

the course of the experiment, although the mean intensity of the incorporated FU signal in the

individual units was greatly reduced at the points of minimal transcription activity (Fig 7B).

block (left, top) and in the nucleoli of the control cells (right, top). The figure is analogous to the Fig 4. But in this case, the undulating pattern in the

experiment (top, right) is more pronounced, and the periodogram related to the experiment (bottom, left) has a more distinct peak at 60 min. The data are

obtained from 8 independent experiments, and in each of them 50 cells were measured. (C) Mean values of the transcription signal intensity in the

nucleoplasm after release from the cold block (top) and the respective periodogram (bottom).

https://doi.org/10.1371/journal.pone.0223030.g005
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Therefore, the observed fluctuation of rDNA transcription most likely belongs to the undulat-

ing pattern, in which the bursts are alternated by periods of relatively rare transcription events.

Additionally, our method of synchronization allowed us to obtain averaged data concern-

ing the fluctuations in the nucleoplasmic genes, since their expression was also inhibited by

the cold treatment. After this procedure, the total transcription signal in the nucleoplasm

Fig 6. Fluctuation of the intensity of GFP-RPA43 signal in the nucleoli of HeLa cells after the cold treatment. The eight successive images of the same transfected

cell photographed every 15 min after the release from the cold block. The intensity of the signal at 15 min as well as at 60 min after the release is visibly lower than at

other points. The graph at the bottom right shows records of the pol I signal intensity in five cells at different time points after the release. Each curve represents one cell.

All curves have two peaks at 30 min and at 90 min or close to it, as in the case of FU incorporation (Figs 4 and 5). Scale bar: 5μm.

https://doi.org/10.1371/journal.pone.0223030.g006
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showed symptoms of fluctuations with two discernible, though not very distinct, peaks (Figs

4A, 4C, 5A and 5C). Evaluating these results, we have to keep in mind that various nucleoplas-

mic genes in the same cell display a wide range of transcriptional kinetic behavior (reviewed in

Smirnov et al. [1]).[4, 10, 57, 58] Moreover, some of these genes are expressed in typical bursts

with long periods of silence, during which they cannot be detected by FU incorporation. We

should also mention that the status of the nucleoplasmic RNA polymerases at the low temperature

Fig 7. The transcription signal (incorporated FU) in the FC/DFC units of the limbal epithelial cells after the cold treatment. (A) no FU incorporation in the cells

incubated at +4˚C for 15 min (left); a weak FU signal in the cell incubated at 37˚C for 15 min after the chilling (middle); 30 min; completely recovered FU signal in the

cell incubated at 37˚C for 30 min after the chilling (right). Scale bar: 5 μm. (B) the average (from 50 cells) intensity of the FU signal in the individual FC/DFC units

measured in the cells incubated at 37˚C for 15 min and 30 min after the chilling. The increase is statistically significant (P< 0.0001, according to the Student’s t-test)

(left). The average (from 50 cells) number of the FU positive FC/DFC units in the cells incubated for 15 min and 30 min at +37˚C after the cold treatment; the

differences are statistically insignificant (right). The data show an initial quick recovery of the transcription in the units without changing their number (see Fig 5).

https://doi.org/10.1371/journal.pone.0223030.g007
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was not examined in our experiments, and thus we do not know how efficiently the transcription

was synchronized. Nevertheless, the presence of two significant peaks on the periodograms (Figs

4C and 5C) suggests that numerous genes in the nucleoplasm were transcribed in a pulse-like

manner with periods close to 15 min and 75 min.

Thus, our results indicate that ribosomal genes in human cells are expressed discontinu-

ously, and their transcription follows undulating pattern with predominant period of about 60

min.
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1. Smirnov E, Hornáček M, Vacı́k T, Cmarko D, Raška I. Discontinuous transcription. Nucleus. 2018; 9

(1):149–60. https://doi.org/10.1080/19491034.2017.1419112 PubMed Central PMCID: PMC5973254.

PMID: 29285985

2. McKnight SL, Miller OL. Post-replicative nonribosomal transcription units in D. melanogaster embryos.

Cell. 1979; 17(3):551–63. https://doi.org/10.1016/0092-8674(79)90263-0 PMID: 113103

3. Bahar Halpern K, Tanami S, Landen S, Chapal M, Szlak L, Hutzler A, et al. Bursty gene expression in

the intact mammalian liver. Mol Cell. 2015; 58(1):147–56. https://doi.org/10.1016/j.molcel.2015.01.027

PubMed Central PMCID: PMC4500162. PMID: 25728770

4. Chubb JR, Trcek T, Shenoy SM, Singer RH. Transcriptional pulsing of a developmental gene. Curr Biol.

2006; 16(10):1018–25. https://doi.org/10.1016/j.cub.2006.03.092 PubMed Central PMCID:

PMC4764056. PMID: 16713960

5. Dar RD, Razooky BS, Singh A, Trimeloni TV, McCollum JM, Cox CD, et al. Transcriptional burst fre-

quency and burst size are equally modulated across the human genome. Proc Natl Acad Sci USA.

2012; 109(43):17454–9. https://doi.org/10.1073/pnas.1213530109 PubMed Central PMCID:

PMC3491463. PMID: 23064634

6. Golding I, Paulsson J, Zawilski SM, Cox EC. Real-time kinetics of gene activity in individual bacteria.

Cell. 2005; 123(6):1025–36. https://doi.org/10.1016/j.cell.2005.09.031 PMID: 16360033

PLOS ONE Discontinuous transcription of ribosomal DNA in human cells

PLOS ONE | https://doi.org/10.1371/journal.pone.0223030 March 2, 2020 15 / 18

https://doi.org/10.1080/19491034.2017.1419112
http://www.ncbi.nlm.nih.gov/pubmed/29285985
https://doi.org/10.1016/0092-8674(79)90263-0
http://www.ncbi.nlm.nih.gov/pubmed/113103
https://doi.org/10.1016/j.molcel.2015.01.027
http://www.ncbi.nlm.nih.gov/pubmed/25728770
https://doi.org/10.1016/j.cub.2006.03.092
http://www.ncbi.nlm.nih.gov/pubmed/16713960
https://doi.org/10.1073/pnas.1213530109
http://www.ncbi.nlm.nih.gov/pubmed/23064634
https://doi.org/10.1016/j.cell.2005.09.031
http://www.ncbi.nlm.nih.gov/pubmed/16360033
https://doi.org/10.1371/journal.pone.0223030


7. Nicolas D, Phillips NE, Naef F. What shapes eukaryotic transcriptional bursting? Mol Biosyst. 2017; 13

(7):1280–90. https://doi.org/10.1039/c7mb00154a PMID: 28573295

8. Nicolas D, Zoller B, Suter DM, Naef F. Modulation of transcriptional burst frequency by histone acetyla-

tion. Proc Natl Acad Sci USA. 2018; 115(27):7153–8. https://doi.org/10.1073/pnas.1722330115

PubMed Central PMCID: PMC6142243. PMID: 29915087

9. Raj A, Peskin CS, Tranchina D, Vargas DY, Tyagi S. Stochastic mRNA synthesis in mammalian cells.

PLoS Biol. 2006; 4(10):e309. https://doi.org/10.1371/journal.pbio.0040309 PubMed Central PMCID:

PMC1563489. PMID: 17048983

10. Suter DM, Molina N, Gatfield D, Schneider K, Schibler U, Naef F. Mammalian genes are transcribed

with widely different bursting kinetics. Science. 2011; 332(6028):472–4. https://doi.org/10.1126/

science.1198817 PMID: 21415320

11. Suter DM, Molina N, Naef F, Schibler U. Origins and consequences of transcriptional discontinuity. Curr

Opin Cell Biol. 2011; 23(6):657–62. https://doi.org/10.1016/j.ceb.2011.09.004 PMID: 21963300

12. Wang Y, Ni T, Wang W, Liu F. Gene transcription in bursting: a unified mode for realizing accuracy and

stochasticity. Biol Rev Camb Philos Soc. 2018. https://doi.org/10.1111/brv.12452 PMID: 30024089
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