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Introduction

The RNA polymerase I (pol I) generates the largest fraction 
of all newly synthesized RNAs in growing eukaryotic cells by 
producing a single large rRNA (rRNA) precursor. This primary 
transcript (47S in mammalian species) undergoes processing into 
18S, 5.8S and 28S rRNAs and assembly into mature ribosomal 
subunits;1,2 reviewed in refs. 3–8. The rRNA processing consists 
in removing so-called external transcribed spacers (5'ETS and 
3'ETS) and internal transcribed spacers (ITS), of which eukary-
otic cells have at least two.3,9 The spacer sequences vary greatly in 
composition and length in different organisms, though the core 
elements in the mature rRNAs are highly conserved (reviewed 
in ref. 9). In human cells, the order of the processing events was 
chiefly determined in the early 1990s. The initial steps include 
cleavage of the primary transcript close to 5' end (position +414) 
and removal of 3'ETS. The resulting 45S rRNA may be cleaved 
at the 5' end of 18S RNA gene (the main pathway) or within 
the first internal transcribed spacer (relatively rare alternative 
pathway) (Fig. 1). In murine cells, the first processing cleavage of 
the primary transcript occurs in the position +650, then 3'ETS 
is removed.10-12 The resulting 45S rRNA may be cleaved either 
within ITS1 or at the additional cleavage site A0 which is situated 
within the 5'ETS and has an analog in human cells.10,13

Processing of rRNA in mammalian cells includes a series of cleavages of the primary 47S transcript and results in producing 
three rRNAs: 18S, 28S and 5.8S. The sequence of the main processing events in human cells has been established, but little 
is yet known about the dynamics of this process, especially the dynamics of its early stages. In the present study, we used 
real-time PCR to measure levels of pre-rRNA after inhibition of transcription with actinomycin D. Thus we could estimate 
the half-life time of rRNA transcripts in two human-derived cell lines, HeLa and LEP (human embryonic fibroblasts), as 
well as in mouse NIH 3T3 cells. The primary transcripts seemed to be more stable in the human than in the murine cells. 
Remarkably, the graphs in all cases showed more or less pronounced lag phase, which may reflect preparatory events 
preceding the first cleavage of the pre-rRNA. Additionally, we followed the dynamics of the decay of the 5'ETS fragment 
which is degraded only after the formation of 41S rRNA. According to our estimates, the corresponding three (or four) 
steps of the processing in human cells take five to eight minutes.
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Much less is known about the dynamics of the rRNA pro-
cessing. Pulse-chase analysis with L-methyl 3H methionine so far 
allowed to investigate only later steps of the processing.14,15 In the 
work of Lazdins et al.,16 inhibition of transcription with actino-
mycin D (ActD) and S1 nuclease analysis were used to estimate 
the pre-rRNA half-life time in rodent cells. But for the human 
cells, even the life-span of pre-rRNA remains unknown.

In the present study, we employed real-time qPCR to mea-
sure levels of pre-rRNA and the processing products. This 
method is extremely powerful and can generate reliable, repro-
ducible and biologically meaningful results; wherefore, in many 
cases qPCR is superseding other approaches, such as northern 
blotting and RNase protection essays.17,18 Using primers within 
5'ETS region, we measured the levels of pre-rRNA in the 
human derived transformed HeLa cells and diploid LEP cells, 
as well as in murine NIH 3T3 cells, after inhibition of rDNA 
transcription with ActD. The obtained data allowed us to esti-
mate the period of half-life of the human primary transcripts. 
Additionally, to estimate the rate of the few further steps of 
rRNA processing, we determined the expression of the part of 
5'ETS fragment which is to be degraded only after the third 
(or, alternatively, the fourth) cleavage of the primary transcript 
(Fig. 1).
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half-life time of pre-rRNA, we used the high con-
centration of ActD. The same concentration of 
the drug was used in the work of Lazdins et al.16

In such conditions, the possibility of side-
effects, even after a short period of treatment, 
cannot be excluded. But we found no signifi-
cant changes in the fibrillarin labeling pattern 
of the nucleoli after 10 min of the ActD treat-
ment. After 20 min, the structure of nucleoli was 
altered; after 30 min, nucleoli were disrupted and 
their contents largely spread over the nucleoplasm 
(Fig. 4A–L). Since fibrillarin is a most important 
component of the nucleolar structure and, being 
a component of U3 snoRNP, plays a key role in 
rRNA processing,20,22-24 our data indicate that 
rRNA processing was not significantly affected 
during the short period of treatment.

By means of real time PCR, we measured the 
fold changes of corresponding rRNA in relation 
to the control without ActD treatment in HeLa, 
LEP and 3T3 cells. As the internal control, we 
selected human, respectively murine, β actin 
gene. Expression of this gene did not change sig-
nificantly during the incubation with ActD in the 
conditions of our experiments (data not shown). 
The results of the RT PCR measurements are 
presented in Figure 5A–C. After 11 min of ActD 

treatment in HeLa cells, after eight minutes in LEP cells and 
after seven minutes in 3T3 cells, the expression fell below 5% 
of the original level. In case of the LEP cell line, we observed no 
correlation of the results with the number of passages when the 
latter varied from 26 to 29.

After exponential fitting of the experimental curves, we 
obtained the following results for the half-life of the primary 
transcripts (mean value ± standard deviation): 2.29 ± 0.53 min 
in HeLa cells (Fig. 5A), 1.64 ± 0.16 min in LEP cells (Fig. 5B) 
and 1.29 ± 0.19 min in 3T3 cells (Fig. 5C). Additionally, we 
perceived that each experimental curve had an initial lag phase  
(Fig. 5). As a measure of the corresponding lag periods we used 
the offset values of the model exponents: 0.84 min for HeLa cells, 
1.05 for LEP cells and 0.36 min for 3T3 cells (shown in the bot-
tom graphs of Fig. 5). It should be observed that these values 
in the human cells exceeded the time required for the arrest of 
rDNA transcription with ActD. Moreover, the lag period for 3T3 
cells (derived from the murine fibroblasts) was shorter than for 
LEP cells (derived from the human fibroblasts). These circum-
stances suggest that the observed lag phase is a regular feature 
of the rRNA processing dynamics, rather than a consequence of 
still continuing transcription. Apparently, these relatively short 
lag periods can be detected only if measurements of the ETS-1 
begin as early as one minute after introduction of ActD.

Life time of ETS-2 in human cells. To estimate the rate of a 
few further processing steps in the human cells, we studied the 
life-time of ETS-2. This fragment located downstream of the 
primary processing site (+1317 to +1497) belongs to the part of 
5'ETS that remains intact after the first processing cleavage, but 

Results

Estimation of the half-life of the human and murine pre-rRNA. 
Since in human cells the primary transcript is cleaved inside 5'ETS 
at position +414,11,19 reviewed in ref. 10, we estimated the pre-
rRNA half-life time in HeLa, LEP by amplification of the 246 bp 
long (from +302 to +548) 5'ETS fragment (ETS-1, Fig. 1), after 
inhibition of rDNA transcription with 20 μg/ml actinomycin D 
(ActD) for 1, 2, 5, 10, 15 and 20 min. ActD is known to inhibit 
pre-rRNA synthesis, but allows processing of previously tran-
scribed rRNA intermediates.20,21 Similarly we treated murine 3T3 
cells in which we amplified the fragment mETS (see Methods).

To assess the efficiency of the inhibition, the cells were incu-
bated with 5-fluorouridine (FU), then fixed and processed for 
immunocytochemistry. An intensive fluorescent signal within 
nucleoli was observed in control after 1.5 min of incubation, but 
no signal after one minute of incubation with FU (Fig. 2). Thus 
we established that more than one minute is required for the effec-
tive incorporation of FU by the cells, but 1.5 min is sufficient for 
that. When, after incubation of the cells with FU for one minute, 
we added Act D in concentration 20 μg/ml for 0.5 min, without 
changing the cultivating medium, there was again no transcrip-
tion signal in the nucleoli. From these results we inferred that 
the activity of pol I was efficiently arrested by ActD within half a 
minute. In other experiments we found that at lower concentra-
tions of this inhibitor (0.05 μg/ml and 1 μg/ml) rRNA synthesis 
in the nucleoli continued for a long period (Fig. 3A–E). In such 
conditions, the levels of ETS-1 would not give us reliable data on 
the dynamic of processing. Therefore, for the estimation of the 

Figure 1. First steps of human pre-RNA processing. (A) represents the main pathway. (B) 
is a relatively rare alternative. 01, Cleavage of 5'ETS at position +414; 02, elimination of 
3'ETS; 1, cleavage at the 5' end of 18S sequence, which is followed by degradation of 5'ETS 
remnant; 2, alternative cleavage within the first ITS. ETS-1 and ETS-2 are the fragments of 
5'ETS amplified by real-time PCR in our work. Site A0 within 5'ETS is not shown.
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in the nucleoli of HeLa cells after two minute incubation with 
FU. In the absence of ActD, all interphase cells showed intensive 
transcription signal in both nucleoli and nucleoplasm (Fig. 3A). 
After two minutes of the incubation with low dose ActD, the cells 
appeared as in the control; after five minutes of the treatment, the 
intensity of labeling was significantly decreased (Fig. 3B); after 
10 min, the transcription signal disappeared from the nucleoli, 
though it was still intensive in the nucleoplasm (Fig. 3C). Thus 
the pol I was completely inactivated only after 10 min of the low 
dose ActD treatment. Accordingly, the peculiar results of our RT 
PCR measurements may be attributed to accumulation of aborted 
transcripts at low concentration of ActD. In these conditions, pol 
I activity is inhibited only partly,27,28 and the short products of 
transcription are likely subjected to a polyadenylation dependent 
decay.28 The remarkable coincidence of the expression curves for 
ETS-1 and ETS-2 at low doses of ActD (compare Figs. 5A, B 
and 6) suggests that these curves reflect the degradation of the 
incomplete transcripts rather than the processing itself. This may 
account for the absence of the lag phase on the graphs (Fig. 6).

Discussion

The results of our work show that RT PCR may be used for 
the study of early stages of rRNA processing. One particular 

decays after the formation of 41S rRNA, i.e., after the third pro-
cessing cleavage (or the fourth in case of a relatively rare alterna-
tive pathway) (Fig. 1). Upon arresting the rRNA transcription 
with ActD, as in the above described experiments, we found that 
the level of ETS-2 expression was reduced to a half of its original 
value after 8.1 ± 1.9 min in HeLa cells (Fig. 5A) and after 6.1 
± 1.one minute in LEP cells (Fig. 5B). Comparing these data 
with the results for ETS-1, we may roughly estimate the period 
between the first and third (or fourth) cleavage events as five 
minutes in HeLa cells and three minutes in LEP cells.

Levels of ETS-1 and ETS-2 in human cells after treatment 
with low doses of ActD. In mammalian cells, ActD in concen-
tration of 0.05 μg/ml inhibits pol I, but largely spares the activ-
ity of RNA polymerase II.25,26 Here we examined the effects of 
this low ActD concentration on the expression levels of ETS-1 
and ETS-2. HeLa and LEP cells were incubated with 0.05 μg/ml  
ActD for 10, 30, 50, 70, 90 and 120 min. In these experiments, 
the level of ETS-1 expression was decreased to one half of its 
original value in HeLa cells after 16 min (Fig. 6A) and in LEP 
cells after 8 min (Fig. 6B). Surprisingly, we observed the same 
dynamics in the expression of ETS-1 and ETS-2 (Fig. 6A and B), 
though the ETS-2 RNA persists longer than the ETS-1 RNA at 
the higher dose of ActD. To assess the efficiency of pol I inhibi-
tion in our experiments, we visualized the transcription signal 

Figure 2. Visualization of the transcription signal and nucleolin in the nucleoli of HeLa cells. Incubation with FU for 60 sec (A and D), 75 sec (B and E), 
90 sec (C and F). (A–C): FU; (D–F): nucleolin. Scale bar: 10 μm.
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The presence of a lag phase on all the curves depicting the 
expression of ETS-1 (Fig. 5) indicates that the early processing 
of the 47S rRNA may be divided into two periods. We sup-
pose that the first of them, lasting for about one minute in the 
human-derived HeLa and LEP cells, is required for the prepara-
tory events (such as recognition of the specific rRNA targets, 
base modification, formation of various secondary structures, 
etc.9,10) which precede the first cleavage of the transcript. Then 
the second period, corresponding to the exponential decay, is 
probably occupied by the cleavage alone. In conformity with our 

advantage of this approach, as compared with the hybridization 
methods,16,20,21 is the possibility of detecting regions with precisely 
defined 5' and 3' ends by selection of the proper couples of prim-
ers. Thus, we do not need to presume an immediate degradation 
of the removed spacers, but focus on the concrete cleavage events.

In this work we show that treatment of the human and murine 
cells with ActD in high concentration (20 μg/ml) efficiently 
inhibits rDNA transcription in less than half a minute. This find-
ing allowed us to study the early dynamics of the rRNA process-
ing in different cell lines by RT PCR.

Figure 3. Effect of actinomycin D on rDNA transcription in HeLa cells. Transcription signal was visualized after incubation with FU for 2 min. Arrows 
show the transcription signal in the nucleoli. (A) Control. Intensive transcription signal in the nucleoli and dot-like signals in the nucleoplasm of the 
cells. (B) 0.05 μg/ml ActD, 5 min. (C) 0.05 μg/ml ActD, 10 min. (D) 1 μg/ml ActD, one minute. (E) 1 μg/ml ActD, 2 min. (F) 20 μg/ml ActD, one minute. In 
contrast to (F), a reduced FU signal is still observed within the nucleoli in (B, D and E). Scale bar: 10 μm. (G) Integral intensities of the transcription (FU) 
signal in the nucleoli after ActD treatment.
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DNA was removed from the RNA samples by incubation for  
45 min with RNase-free DNase I (Fermentas, # EN0525) accord-
ing to manufacturer’s instructions.

Reverse transcription was performed using RevertAid Reverse 
Transcriptase (Fermentas, #EP0441). The cDNA was prepared 
from 2 μg DNA-free RNA in a 20 μl reaction mixture con-
taining: reaction buffer [50 mM TRIS-HCl (pH 8.3 at 25°C), 
50 mM KCl, 4 mM MgCl

2
 and 50 mM DTT]; 1 mM each of 

dATP, dTTP, dCTP, dGTP; 20 U rRNasin ribonuclease inhibi-
tor; 100 U moloney murine leukemia virus reverse transcriptase 
(M-MuLV RT); and 100 pmol of random hexamer primer. The 
reactions were incubated initially at 25°C (10 min) and then at 
42°C for one hour. To stop the reaction, the mixture was heated 
at 65°C for 10 min.

Real-time PCR. Two different fragments of human 5'ETS 
(ETS-1 and ETS-2, Fig. 1) and one fragment of murine 5'ETS 
(mETS) were amplified after transcription inhibition with ActD. 
ETS-1 is positioned between +302 and +548 (246 bp). This frag-
ment includes the first processing cleavage site at +414, so it was 
used for estimation of the pre-rRNA half-life time. ETS-2, posi-
tioned between +1317 and +1497 (180 bp), was selected for the 
evaluation of 5'ETS life span, because it is contained within that 
part of 5'ETS which is to be degraded after the cleavage at the 5' 
end of the 18S segment. The murine mETS is situated between 
+444 and +683 (240 bp). This fragment included the first cleav-
age site at position +650. Fragments of human β-actin (253 bp) 
and mouse β-actin (238 bp) were used as the internal control for 
normalization of the relative quantification results, respectively 
in human and murine cells.

These fragments were amplified using BioRad CFX 1000 
real-time PCR system and iQ SYBR Green Supermix (BioRad, 
#170–8880). The reaction mix volume (25 μl) included 10 pM 
of each primer and 2 μl of cDNA diluted 1:10. All samples had 
duplicates. Calibration curves based on five serial cDNA dilu-
tions (1, 10-1, 10-2, 10-3 and 10-4) were used for calculation of 
the reactions efficiencies. Primers were designed with freely avail-
able Primer3 software (http://biotools.umassmed.edu/bioapps/
primer3_www.cgi). The following primer sequences were used:

For ETS-1: 5'-gtg cgt gtc agg cgt tct-3'(forward); 5'-ggg aga 
gga gca gac gag-3'(reverse).

For ETS-2: 5'-cct tcc cca ggc gtc cct cg-3' and 5'-ggc agc gct 
acc ata acg ga-3'.

For mETS: 5'-ttt tgg gga ggt gga gag tc-3' and 5'-aga gaa ctc 
cgg agc acc ac-3'.

For human β-actin: 5'-tgc gtc tgg acc tgg ctg gc-3' and 5'-gcc 
tca ggg cag cgg aac cg-3'.

For murine β-actin: 5'-cgt gca ccg caa gtg ctt-3' and 5'-gct gtc 
gcc ttc acc gtt-3'.

Amplification of ETS-1 was performed at the following ther-
mal conditions: initial DNA denaturation—94°C for 3 min fol-
lowed by 40 cycles including denaturation at 94°C for 45 sec, 
annealing at 58°C for 30 sec, DNA synthesis at 72°C for 30 sec. 

hypothesis, we can obtain new estimates for the half-life time of 
the primary transcript by adding the values of lag periods to the 
values of the half-life calculated from the exponents (Fig. 5). In 
this way, we find the “complete” half-life of pre-rRNA for HeLa 
cells: 2.29 + 0.84 = 3.1 ± 0.8 min; for LEP cells: 1.64 + 1.05 = 
2.7 ± 0.3 min. In the case of the murine 3T3 cells, the lag period 
is much shorter, and we cannot exclude that it just equals the 
time required for the inhibitory action of ActD upon the pol I  
activity. Nevertheless, if we make similar calculation of the 
“complete” half-life time for these cells, i.e., 1.29 + 0.36 = 1.7 ± 
0.5 min, the result will coincide with the data obtained earlier 
by other authors for the murine Ltk and hamster CHO cells.16 
The human primary transcripts seem to be more stable (with 
the half-life about 3 min) than those of rodents. This supposi-
tion agrees with the data of earlier works25,29,30 indicating that 
the first processing steps are more rapid in murine cells than in 
human cells.

Following the expression of ETS-2 in the absence of transcrip-
tion, we could shed some more light on the temporal course of 
the early steps of rRNA processing in human cells. The curves 
(Fig. 5A and B) show that the first cleavage of the primary tran-
script and the final degradation of the 5'ETS are spaced by three 
to five minutes. This period slightly exceeds the half-life of the 
primary transcript.

To summarize, our data suggest that in mammalian cells 
there is a preparatory period (about one minute in human cells) 
between the formation of primary transcript (47S rRNA) and 
its first cleavage. Considering this, we have the following rough 
estimates for the “complete” half-life times of the primary rRNA 
transcript: in human-derived HeLa and LEP cells, about three 
minutes; in the murine NIH 3T3 cells, about two minutes. 
Additionally, according to our results, the formation of 41S 
rRNA (the third or fourth step of the processing) from the pri-
mary human transcript takes five to eight minutes.

Materials and Methods

Cell culture and drug treatment. HeLa and primary LEP 
(human embryonic fibroblast, Sevapharm, Czech Republic) cells 
were cultivated at 37°C in Dulbecco modified Eagle’s medium 
(DMEM, Sigma, #D5546) containing 10% fetal calf serum, 1% 
glutamine, 0.1% gentamycin and 0.85 g/l NaHCO

3
 in atmo-

sphere supplemented with 5% CO
2
. Mouse NIH 3T3 cells were 

maintained in DMEM supplemented with 10% calf serum and 
1 mg/ml penicillin/streptomycin. Sub-confluent cells (in 60 mm 
plastic dishes) were incubated with 0.05, 1.0 and 20 μg/ml acti-
nomycin D (Sigma, #A1410) for various periods from one min-
ute to two hours.

RNA isolation and reverse transcription. Total RNA was 
extracted from human HeLa, LEP and mouse 3T3 cells with 
TRIzol reagent (Invitrogen, #10296–028), dried and resuspended 
in diethyl pyrocarbonate-treated sterile water. Contaminating 

Figure 4 (See opposite page). Localization of fibrillarin (green) and nucleolin (red) after ActD treatment. (A–C): Control. (D–F): 20 μg/ml ActD, 10 min. 
Fibrillarin scaffold of the nucleoli appears to be intact. (G–I): 20 μg/ml ActD, 20 min. The size and shape of nucleoli are still preserved, but fibrillarin 
tends to form coarse clumps. (J–L): 20 μg/ml ActD, 30 min. Nucleoli are disrupted, fibrillarin is largely spread over the nucleoplasm. Scale bar: 7 μm.
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For visualization of fibrillarin in the nucleoli, we used primary 
monoclonal antibody against mouse fibrillarin (clone 17C12), 
kindly donated by Kenneth M. Pollard (Scripps Research 
Institute). Nucleolin was stained with rabbit anti-nucleolin anti-
body (abcam, #ab22758).
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The amplification program for ETS-2 was: 94°C for 3 min fol-
lowed by 40 cycles including denaturation at 94°C for 45 sec, 
annealing at 62°C for 30 sec and 72°C for 30 sec. Fragment of 
human β actin was successfully amplified with both of these pro-
grams. For the murine primers, the amplification program was: 
94°C for 3 min followed by 40 cycles including 45 sec at 94°C, 
30 sec at 59°C and 30 sec at 72°C.

Incorporation of fluorouridine. Cell cultures were incubated 
two minutes with 10 μM of the 5-fluorouridine (FU) (Sigma, 
#F5130) and fixed 30 min in methanol at -20°C. Such fixation 
improves the accessibility of the halogenated epitope.31 Inc. FU 
was then visualized using mouse monoclonal anti-BrdU antibody 
(Sigma, #B8434) diluted 1/50 and secondary Cy3-conjugated 
goat anti-mouse antibody (Jackson Laboratories, A10521). After 
several rinses, the slides were mounted with mowiol.

Figure 5. Expression levels of ETS-1, ETS-2 and mETS measured by qPCR after incubation of cells with 20 μg/ml ActD. (A) HeLa cells. Experimental data 
for ETS-1 and ETS-2 (top) and exponential fitting for ETS-1 (bottom). The top line represents the values of cycle threshold (Ct) for the internal control 
(the product of human β actin gene). These values do not change significantly in the course of the experiment. (B) LEP cells. Experimental data for 
ETS-1 and ETS-2 (top) and exponential fitting for ETS-1 (bottom). (C) 3T3 cells. Experimental data for ETS-1 (top) and exponential fitting for ETS-1 (bot-
tom). Three independent experiments were performed for each cell type. For each experiment, the exponential fitting was computed by constrained 
nonlinear least squares method32 in the Matlab environment (Mathworks). In the time interval from two to 15 min, we found optimal parameters a0 
and t0 of the function y(t) = exp[a0 × (t - t0)], where a0 is the exponential decay and t0 is the time offset. The only constraint used was t0 > 0. Each curve for 
ETS-1 has a short initial segment (lag phase) and a long part well approximated by the exponential model.
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Figure 6. Expression levels of ETS-1 and ETS-2 in HeLa (A) and LEP (B) cells after incubation with 0.05 μg/ml ActD. In both human-derived cell lines the 
levels of ETS-1 and of ETS-2 showed a very similar dynamic (compare with Fig. 5A and B). Each curve presents the data of three independent experi-
ments.




