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c-Myc binds to human ribosomal DNA and stimulates 
transcription of rRNA genes by RNA polymerase I
Carla Grandori1,3,4, Natividad Gomez-Roman2, Zoe A. Felton-Edkins2, Celine Ngouenet3, Denise A. Galloway1, 
Robert N. Eisenman3 and Robert J.White2

c-Myc coordinates cell growth and division through 
a transcriptional programme that involves both RNA 
polymerase (Pol) II- and Pol III-transcribed genes. Here, 
we demonstrate that human c-Myc also directly enhances 
Pol I transcription of ribosomal RNA (rRNA) genes. rRNA 
synthesis and accumulation occurs rapidly following 
activation of a conditional MYC-ER allele (coding for a 
Myc–oestrogen-receptor fusion protein), is resistant to 
inhibition of Pol II transcription and is markedly reduced by 
c-MYC RNA interference. Furthermore, by using combined 
immunofluorescence and rRNA-FISH, we have detected 
endogenous c-Myc in nucleoli at sites of active ribosomal DNA 
(rDNA) transcription. Our data also show that c-Myc binds 
to specific consensus elements located in human rDNA and 
associates with the Pol I-specific factor SL1. The presence of 
c-Myc at specific sites on rDNA coincides with the recruitment 
of SL1 to the rDNA promoter and with increased histone 
acetylation. We propose that stimulation of rRNA synthesis by 
c-Myc is a key pathway driving cell growth and tumorigenesis.

Production of ribosomal RNA (rRNA) is a fundamental step in ribosome 
biogenesis and in determining the protein synthesis capacity of the cell. 
Pol I is uniquely responsible for rRNA gene transcription (for a review, 
see ref. 1). The rate of rRNA transcription is highly responsive to the 
cellular demand for protein synthesis, being stimulated during cell-cycle 
entry and progression, or downregulated in response to deprivation of 
nutrients or growth factors.

c-Myc is an essential protein that coordinates a transcriptional pro-
gramme driving cell growth and division (for reviews, see refs 2,3). 
Deregulated overexpression of c-Myc leads to cancer4. c-Myc expres-
sion is induced by extracellular signals that trigger the G0/G1 transition. 
Its expression is necessary and sufficient for cell-cycle entry as activa-
tion of a conditional MYC-ER allele in low amounts of serum promotes 
cell-cycle entry and growth5. c-Myc has also been shown to drive of cell 
growth in Drosophila melanogaster, in which loss-of-function mutations 
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in dMyc result in reduced cell and organ size6. Similarly, tissue-specific 
deletions of c-Myc and N-Myc (neuronal Myc) in mice and in cell lines 
leads to decreased cell growth and proliferation7–9. By contrast, dMyc 
overexpression in D. melanogaster or c-Myc in mammalian cells can lead 
to a prominent increase in nuclear, nucleolar and overall cell size6,10–12.

But what is the mechanism underlying the profound effects of c-Myc 
on cell growth? Expression array and proteomic studies13–16, as well as 
analyses of c-Myc DNA binding sites17,18, indicate that c-Myc transcrip-
tionally regulates a wide range of Pol II-transcribed genes, including 
ribosomal protein genes, that are involved in metabolism and protein 
biosynthesis. In addition, c-Myc interacts with the Pol III transcrip-
tion apparatus to enhance transcription of transfer RNAs (tRNAs), 5S 
rRNA and a subset of other small RNA genes19. The broad stimulation 
of translation-related genes raised the question of whether c-Myc might 
also cooperate with Pol I to coordinate the synthesis of rRNA with ribos-
omal protein and translational components that are generated by Pol II 
and Pol III. Expression of c-Myc correlates with increased synthesis of 
rRNAs and their precursors, as indicated by labelling c-Myc-overex-
pressing primary human fibroblasts with 3H-uridine or with 3H-methyl-
methionine (Fig. 1a–c). This effect was not obtained using wild-type or 
mutant versions of the nucleolar RNA helicase DDX18 (ref. 20), which 
is implicated in rRNA processing (C.G., unpublished observations). A 
marked increase in the steady-state levels of mature rRNAs in cells over-
expressing c-Myc was also observed (Fig. 1b,c).

To more directly determine if induction of c-Myc stimulates Pol-I 
transcription, we used the human B cell line P-493-6, which carries a tet-
racycline-regulated c-MYC gene11. Reverse transcription PCR (RT-PCR) 
analysis showed increased expression of the 45S pre-rRNA when c-Myc 
was induced by the removal of tetracycline (Fig. 1d). The primers used 
for pre-rRNA recognize the 5´-external transcribed spacer (5´-ETS), 
which is processed rapidly during transcription and therefore reflects the 
rate of Pol-I transcription initiation. An increase in rRNA transcription, 
within 4 h of tetracycline withdrawal, was confirmed by nuclear run-on 
assays using the 5´-ETS and 28S coding regions of rRNA genes (Fig. 1e), 
whereas no change was observed with probes for Max and the tubulin 
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gene TUB. These results indicate that c-Myc overexpression stimulates 
the transcription of rRNA genes in vivo. RNA interference was used to 
determine whether or not pre-rRNA synthesis is sensitive to the level 
of endogenous c-Myc. RT-PCR showed that pre-rRNA expression is 
decreased significantly by c-Myc depletion from HeLa cells using two 
different small interfering RNAs (siRNAs; Fig. 1f,g). Specificity is indi-
cated by the lack of effect of siRNAs against glyceraldehyde-3-phosphate 
dehydrogenase (GAPDH) or lamin. As predicted19, c-Myc depletion 
also reduces 5S rRNA expression by Pol III, but does not affect nega-
tive-control mRNAs encoding TFIIB or ARPP P0. Titration of siRNAs 
indicated that reduction of pre-rRNA is dose dependent (Fig. 1g, and see 
Supplementary Information, Fig. S1).

To determine whether or not c-Myc activates Pol I transcription 
directly, we monitored pre-rRNA synthesis in fibroblasts during induc-
tion of a conditional MYC-ER allele21. Activation of Myc-ER with 
4-hydroxy-tamoxifen (4-OHT) led to a rapid increase in pre-rRNA 
synthesis that was resistant to the Pol II inhibitor α-amanitin (Fig. 2a), 
showing that Myc-ER is not enhancing rRNA transcription as a sec-
ondary response mediated by Pol II. Also, the ∆-MYC-ER mutant allele 
that was deleted in the transactivation domain (Fig. 2a) had no effect. 
Accumulation of full-length rRNA precursors was also demonstrated 
by in vivo labelling with 3H-uridine following a time course of Myc-
ER activation in quiescent human fibroblasts that had been exposed 
to 4-OHT (Fig. 2b). rRNA synthesis was evident 3–4 h after Myc-ER 
activation, but not in cells that had been transduced with ∆-Myc-ER or 

with an empty retroviral vector. Myc-ER-expresing cells also accumulate 
higher levels of processed rRNAs (28S, 18S and 5.8S). The increased 
pre-rRNA synthesis in the Myc-ER-expressing cells is also resistant to 
treatment with α-amanitin (see Supplementary Information, Fig. S1b). 
The low levels of rRNA synthesis in the controls reflects the fact that 
the cells were quiescent, whereas the increased baseline levels in the 
Myc-ER sample is due to leakiness of the Myc-ER. The rapid increase 
of rRNA synthesis following Myc-ER activation and its resistance to 
α-amanitin strongly indicates that c-Myc affects the Pol I transcription 
machinery directly. Furthermore, induction of Pol I transcription could 
be mimicked in vitro using an rRNA gene plasmid and nuclear extracts 
prepared from Myc-ER-transduced murine fibroblasts that had been 
treated with 4-OHT (Fig. 2c).

Human rRNA genes are organized into clusters of ~43 kb repeats that 
are distributed among different chromosomes22. These gene clusters then 
colocalize in the nucleolus, where rRNA synthesis and processing occurs. 
We examined c-Myc subcellular localization in human fibroblasts during 
the G0/G1 transition, a phase of the cell cycle when c-Myc expression 
peaks and when rRNA transcription increases. Although little, if any, 
c-Myc-specific signal is detected in quiescent cells, within a few hours 
after serum addition discrete c-Myc foci are detected throughout the 
nucleus, including the nucleolus. This was indicated using wide-field epi-
flourescence deconvolution microscopy (DeltaVision) of cells that had 
been doubly stained with the nucleolar marker Mab 1277 and anti-Myc 
(Fig. 3a). This staining pattern was observed in all cells in which c-Myc 
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Figure 1 rRNA synthesis responds to c-Myc levels. (a) Schematic 
diagram of mammalian rRNA processing from the large 47S precursor34. 
(b) Detection of pre-rRNA synthesis by 3H-uridine in human primary 
fibroblasts (WI38) transduced by retroviruses expressing c-Myc and, 
for comparison, the DDX18 RNA helicase and a dominant-negative 
mutant DDX18-KA, shown in duplicates20. Pre-rRNAs, normalized by 
cell number, were analysed by northern blots and autoradiography. 
Total rRNA was visualized by ethidium bromide staining (EtBr). (c) 
Pre-rRNA synthesis and processing monitored by pulse labeling with 
3H-methyl-methionine in cells, as in b. (d) Reverse transcription PCR 
(RT-PCR) analysis of pre-rRNA and ARPP P0 mRNA in P-493-6 cells at 

the indicated times after c-Myc induction by tetracycline (Tet) release. 
(e) Nuclear run-on assays showing transcription of the 5´-ETS and 28S-
coding regions of rRNA genes, as well as MYC, MAX and tubulin (TUB) 
genes, in P-493-6 cells at the indicated times after c-Myc induction 
by tetracycline release. (f) RT-PCR analysis of 5S rRNA, pre-rRNA and 
ARPP P0 mRNA from growing HeLa cells transfected with 50 nM siRNAs 
against c-Myc or glyceraldehyde-3-phosphate dehydrogenase (control). 
Western blots confirm the specific downregulation of c-Myc but not 
actin. (g) RT-PCR analysis of c-Myc mRNA, pre-rRNA and TFIIB mRNA 
from growing HeLa cells transfected with 1 µg or 2 µg (as indicated) of 
pSUPER vectors encoding siRNAs against C-MYC or lamin (control).
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staining was strongly induced following serum stimulation (Fig. 3b). 
Although complete overlap between c-Myc and Mab 1277 is not evident 
(Fig. 3a,b), c-Myc is present within the nucleolar boundary that is defined 
by Mab1277 in this focal plane. A three-dimensional view of c-Myc and 
nucleoli, showing how c-Myc staining is embedded within nucleoli, was 
reconstructed from images collected at 0.2 µm sections throughout the 
nucleus (see Supplementary Information, Movies 1 and  2). In contrast 
to c-Myc (Fig. 3a), the transcription factor c-Jun (green) is excluded from 
the nucleolus, as defined by antibodies against the main rDNA binding 
protein, upstream binding factor (UBF), thereby producing a ‘black hole’ 
within the nucleus (Fig. 3a). The presence of c-Myc in nucleoli during 
the G0/G1 transition was confirmed using a different antibody against 
c-Myc (see Supplementary Information, Fig. S2).

To determine whether c-Myc foci in nucleoli coincide with sites 
of active rRNA gene transcription, we performed rRNA-FISH (fluo-
rescence in situ hybridization) in combination with immunostaining. 

The experiment was carried out after serum stimulation of quiescent 
fibroblasts, as above. To enhance c-Myc detection in nucleoli, cells 
were exposed for 2 h to MG132 proteasome inhibitor, which blocks 
c-Myc turnover and allows its accumulation in the nucleolus23. 
Immunofluorescence with anti-Myc antibodies, anti-UBF or rabbit 
immunoglobulin (Ig) as control was followed by hybridization with 
a probe to the 5´-ETS to selectively detect nascent pre-rRNA. A sub-
stantial number of bright c-Myc-containing bright nucleolar spots 
(red) coincided with pre-rRNA precursors and the general pattern 
of c-Myc localization mirrored that of the rRNA-FISH (Fig. 3c, and 
see Supplementary Information,Fig. S3a). During this short treatment 
with MG132, the levels of pre-rRNA synthesis did not change (see 
Supplementary Information, Fig. S3b). As expected, anti-UBF staining, 
combined with rRNA-FISH performed in cells not exposed to MG132, 
similarly indicated colocalization with rRNA precursors (Fig. 3d). 
Hybridization and immunostaining specificity was monitored with a 
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Figure 2 Analysis of pre-rRNA synthesis following Myc-ER activation. 
(a) Human primary fibroblasts (WI38) expressing the conditional Myc-
ER protein, the deletion mutant ∆-Myc-ER or empty pBabe vector were 
cultured to quiescence and then induced with 4-hydroxy-tamoxifen (4-
OHT), with or without 2 µg ml–1 α-amanitin, as described previously19. 
RNA was extracted at the indicated time points and analysed by reverse 
transcription PCR using primers specific for the 5´-ETS and for mRNA 
encoding TFIIB. (b) In vivo labelling with 3H-uridine of cells as in a. For 
each set of viruses, samples were normalized by cell number. The higher 

basal levels of rRNA synthesis and accumulation in Myc-ER is due to the 
functional leakiness of Myc-ER. Total rRNA was visualized by ethidium 
bromide (EtBr) staining (c) Pol I transcription of linearized pMrWT 
template using nuclear extract (7.5 µg) prepared from Balb/c mouse 
fibroblasts transduced with Myc-ER, density-arrested, serum-starved and 
then stimulated with 4-OHT for the indicated times (in h). Quantitation 
shows means and standard errors (SEM) from three separate inductions. 
Also shown are data from parallel control experiments using cells that had 
been transduced with empty vector.
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rRNA sense probe and with rabbit Ig, respectively (Fig. 3d). Therefore, 
c-Myc localizes in nucleoli at sites of rRNA transcription.

 c-Myc binds to DNA as a heterodimer with Max, enabling recognition 
of the E-box sequence CACGTG. Inspection of human rDNA for the 
presence of potential c-Myc binding sites, and of CACGTG and a vari-
ant sequence, CAC/TGCG20, revealed several potential hexamers within 
rDNA genes (Fig. 4a, asterisks). A cluster of sites was detected adjacent to 
the transcription termination region, with 15 sites located within a 3.5-kb 
region of the rDNA locus, a frequency that far exceeds the calculated ran-
dom distribution. To determine whether or not c-Myc is bound in vivo, 
we performed chromatin cross-linking and immunoprecipitation (ChIP) 
assays in P-493-6 cells, with either anti-c-Myc or rabbit Ig as a negative 
control. DNA enrichment was assayed by real-time PCR using sets of 
primer pairs spanning the entire human rDNA repeat24. Mapping of c-
Myc binding throughout the rDNA locus, with a resolution of ~ 0.5–1 kb 
(see Fig. 4a,b) indicated that c-Myc bound to the predicted region near 
the transcription termination signal (H13, indicating ~13 kb from the 

start site, +1), with an enrichment of 10–40-fold (Fig. 4b). This enrich-
ment was abolished following addition of Tet and c-Myc repression. We 
also detected c-Myc binding downstream, with primers H14 and H16 
(data not shown). In addition, another peak of c-Myc binding covered a 
~  2 kb region that included the transcription initiation region (H1), the 
promoter (H42.9) and a region upstream of the promoter (H42) (Fig. 4b), 
where three potential consensus sites are located.

To investigate how c-Myc binding to rDNA loci might activate tran-
scription, we tested the possibility that c-Myc interacts with the Pol I 
transcriptional machinery. Despite the high abundance of UBF in cells, 
we were unable to detect its co-immunoprecipitation with c-Myc (data 
not shown). By contrast, the much less abundant SL1 (also known as 
TIF-IB) was reproducibly found associated with endogenous c-Myc 
(Fig. 4c). SL1 is an essential complex that is composed of the TATA-bind-
ing protein (TBP) and three Pol I-specific TBP-associated factors (TAFs), 
TAFI110, TAFI63 and TAFI48. Immunoprecipitations using antisera 
against TBP, TAFI48 or TAFI110, as well as the positive control Max, 

a b

c d

c-Myc (red) +
Mab1277 (green) c-Myc only (2 h + serum)Hoechst (−serum)

Hoechst + c-Myc + pre-rRNA
(anti-sense probe)

c-Myc (red) + Mab1277 (green)

c-Jun (green) + UBF (red) c-Jun only

c-Myc + pre-rRNA
Hoechst + UBF + pre-rRNA

(anti-sense probe) UBF + pre-rRNA

(4 h + serum) (6 h + serum)

pre-rRNA
(anti-sense probe)

Hoechst + UBF + control
(sense probe)

Hoechst + rabbit Ig + pre-rRNA
(anti-sense probe)

c-Myc

5 µm

5 µm 5 µm

5 µm

Figure 3 Endogenous c-Myc localizes in nucleoli during the G0/G1 transition. 
(a) Human TERT-immortalized human primary fibroblasts were synchronized 
by serum starvation and stimulated to re-enter the cycle with 10% fetal bovine 
serum. c-Myc staining at 2 h after serum addition (red) versus nucleoli (green) 
indicates the presence of bright spots in the nucleoli in marked contrast to c-
Jun, which shows a ‘black hole’ pattern. In this case, upstream binding factor 
(UBF) was used as nucleolar marker (red). A projection of seven individual 
0.2 µm sections is shown for both c-Myc and c-Jun; a three-dimensional 
view of c-Myc staining throughout the whole nucleus, reconstructed from 
several 0.2 µm images can be seen as a quicktime movie (see Supplementary 
Information, Movie 1 and 2). (b) Time course of c-Myc staining in cells as in 
a, indicating that following serum stimulation c-Myc is present in nucleoli, 

although it is barely detectable in quiescent cells. Following longer exposure, 
weak staining of both c-Myc and Mab1277 can be detected in quiescent 
cells, but after normalization with the +serum images the signal is negligible. 
Each image represents a single section of 0.2 µm through the nucleus. (c) c-
Myc and UBF staining colocalizes with pre-rRNA (as in a). Serum-stimulated 
human fibroblasts (total of 4 h) were exposed to MG132 for 2 h before fixation. 
c-Myc staining colocalizes with pre-rRNA as detected by fluorescence in situ 
hybridization (FISH) with an antisense probe (green). (d) UBF staining (red) 
and pre-rRNA (green) is shown as positive control in cells not treated with 
MG132. A sense probe was used as negative control of pre-rRNA FISH; rabbit 
immunoglobulin (Ig) was used as negative control for the immunostaining. All 
images represent a single section of 0.2 µm.
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revealed the presence of associated c-Myc (Fig. 4c). Two distinct regions 
of c-Myc seem to be capable of this interaction. SL1 binds strongly to a 
glutathione-S-transferase (GST) fusion containing the carboxy-terminal 
92 residues of c-Myc, which encompasses its DNA-binding and dimeri-
zation domain, whereas an additional, weaker but specific interaction is 
seen with the MBII region of the amino-terminal transcription activa-
tion domain (Fig. 4d). Consistently, Pol I transcription is not induced 
by the ∆−MYC-ER mutant, and the deletion of the ∆−MYC-ER allele in 
this mutant encompasses MBII (Fig. 2). A direct interaction is suggested 
by the fact that the same regions of c-Myc will bind to an isolated SL1 
subunit in a reticulocyte lysate (Fig. 4e).

The interaction of c-Myc with the SL1 complex indicates that c-Myc 
binding to rDNA may influence the occupancy of the basal Pol I tran-
scription complex, perhaps by facilitating recruitment or stabilization. 
To test this, we used ChIP assays with anti-TBP antibody to monitor 
the presence of SL1 along the rDNA repeat in P-493-6 cells expressing 
Tet-Myc. This revealed a pronounced c-Myc-responsive peak (~300-fold 
enrichment) of SL1 binding using primer set H42.9, which amplifies the 
region from –57 base pair (bp) to +33 bp, including the transcription 

start site (+1) and the rDNA basal promoter elements (Fig. 5a). This 
overlaps with one of the c-Myc binding peaks, although the latter extends 
further, both upstream (H42) and downstream (H1) (Fig. 4b). ChIP anal-
ysis with anti-UBF antibodies indicated that UBF binds preferentially 
to the transcription initiation region and throughout the transcribed 
region, but was not detectable in the intergenic region. Repression of 
c-Myc by tetracycline caused a slight (~ twofold) decrease in binding of 
UBF around the promoter (H1 and H42.9) and a slight increase within 
the coding region (H4 and H8) (Fig. 5b). Binding of c-Myc to Pol II 
promoters is thought to enhance transcription via recruitment of histone 
acetylases25. ChIP analysis with anti-histones H3 and H4 indicated that 
minor peaks of histone acetylation overlapped with c-Myc binding sites 
that are adjacent to the transcription termination (H13) regions, as well 
as the initiation regions (H1). However, the main wave of histone acetyla-
tion peaked at H42 (Fig. 5c), just 1 kb upstream from the peak of TBP 
binding (detected at H42.9)22. Acetylation levels are greatly diminished 
following c-Myc shut-off (Fig. 5c).

Synthesis of rRNA by Pol I, which drives ribosome biogenesis, is an 
important determinant of the cellular growth response. We have shown 
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Figure 4 c-Myc binds to specific regions of human ribosomal DNA (rDNA). 
(a) Schematic representation of a human rDNA repeat with c-Myc 
binding sites marked by asterisks (canonical CACGTG and non-canonical 
CAT/CGCG). Primer pairs (solid bars) and their approximate positions 
relative to the transcription start are indicated. (b) Enrichment of rDNA 
obtained with anti-c-Myc versus rabbit immunoglobulin (Ig), determined 
by chromatin cross-linking and immunoprecipitation (ChIP) analysis using 
chromatin prepared from P493-6 cells with (Myc-off) or without (Myc-on) 
tetracycline11. DNA was quantitated by real-time PCR with primer sets, 
as indicated in a. Data are the means and standard error (SEM) derived 
from four independent ChIP experiments, each tested by at least two 

independent PCR reactions. (c) c-Myc interacts with the Pol I-specific 
factor SL1. Whole-cell extracts (500 µg) of human primary fibroblasts 
immortalized with human TERT were immunoprecipitated using antibodies 
against Max (H-2), TBP (MTBP-6), TAFI110 (M-18), TAFI48 (C-19), cyclin 
D1 (R-124) and HPV16 E7 (TVG710Y); precipitates were immunoblotted, 
alongside 10% of input, with c-Myc antibody N-262. (d) Pull-down assay 
with the indicated glutathione-S-transferase (GST) fusion proteins and 
400 µg HeLa nuclear extract; precipitates were immunoblotted with 
antibodies against TAFI63 and Max. (e) Pull-down assay with the indicated 
GST fusion proteins and reticulocyte lysate (2 µl) containing in vitro 
translated 35S-Met-labelled TAFI48.
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that the oncoprotein c-Myc — a major cell growth regulator — directly 
influences Pol I transcription of rRNA genes. Some of the effects of c-
Myc on rRNA transcription could be secondary consequences of c-Myc 
stimulation of other growth pathways. However, both the rapidity of the 
Pol I response to c-Myc and its resistance to α-amanitin indicates that 
a direct effect is also involved. In support of this idea, c-Myc colocalizes 
with nucleolar markers and with sites of rRNA transcription during 
the G0/G1 transition (Fig. 3). Moreover, c-Myc is associated with E-box 
binding sites in the rDNA promoter and terminator regions (Fig. 4) and 
c-Myc binding correlates with increased histone acetylation and recruit-
ment of TBP to the rDNA promoter (summarized in Fig. 5). The latter 
can be explained by a physical interaction between c-Myc and the SL1 
component of the basal Pol I machinery.

Two other groups have recently reported a link between c-Myc func-
tion and rRNA biosynthesis. First, Schlosser et al. showed that c-Myc 
stimulates processing of the 45S primary transcript but, in contrast to 
our findings, stated that there is no change in transcription of rRNA26. 
Nonetheless, their data showed increased unprocessed Pol I primary tran-
script when c-Myc is induced in P493-6 cells (Fig. 2c, ref. 26). Poortinga et 
al.27 reported that c-Myc stimulates UBF transcription, thereby resulting 
in an increase in rRNA. We also found a modest increase in UBF asso-
ciated with the rRNA promoter, but believe that direct c-Myc binding 
to rDNA and concomitant histone acetylation and recruitment of Pol 

I machinery is likely to drive rRNA transcription. In an accompanying 
paper (see note added in proof), Arabi et al. demonstrate a role for c-Myc 
in stimulating rRNA transcription. They propose that c-Myc turnover 
by ubiquitin-mediated degradation by the SKP2 ubiquitin ligase might 
be necessary for c-Myc to stimulate Pol I transcription, as shown for Pol 
II reporter genes28. However, we did not observe decreased synthesis of 
pre-rRNA after exposure to MG132 and, indeed, were able to colocalize 
c-Myc protein with sites of rRNA transcription (Fig. 3). In this regard, it 
is intriguing that the ubiquitin ligase isoform Fbw7γ, which also targets c-
Myc for degradation and does not stimulate c-Myc transcriptional activ-
ity29, is located exclusively in the nucleolus30. Furthermore, its knockdown 
leads to accumulation of c-Myc in nucleoli and increased cell growth30. 
We speculate that a nucleolar subpopulation of c-Myc, the abundance of 
which is determined by Fbw7γ-mediated degradation, regulates rRNA 
transcription during the G0/G1 transition.

Other data, from Grewal et al. (see note added in proof), show that 
the D. melanogaster orthologue of c-Myc (dMyc) is an important regu-
lator of rRNA synthesis. Therefore, the control of rRNA synthesis is 
an evolutionarily conserved c-Myc function. However, dMyc seems to 
stimulate rRNA transcription indirectly, by inducing components of the 
Pol I machinery. This indicates that, during evolution, vertebrate c-Myc 
has acquired a direct mechanism of rRNA regulation, perhaps reflecting 
tighter coupling of growth with proliferation in vertebrate cells.
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Figure 5 Changes in Pol I machinery and histone acetylation at ribosomal 
DNA (rDNA) in response to c-Myc. (a) Chromatin cross-linking and 
immunoprecipitation (ChIP) analysis with anti-TATA-binding protein (TBP) 
antibodies in P493-6 cells with c-Myc on or off. TBP binding is strictly 
localized to the promoter region and sharply declines following c-Myc shut-
off. (b) Parallel analysis with anti-upstream binding factor (UBF) antibodies, 
indicating strong binding throughout the transcribed region but not in the 
intergenic region. In contrast to TBP, UBF binding is only reduced ~ twofold 
following c-Myc shut-off at the promoter region (H1 and H42.9), whereas it 

increased slightly within the transcribed region. (c) ChIP analysis with anti-
acetylated H3 and H4 antibodies (anti-acH3 and -acH4, respectively) indicates 
increased acetylation with c-Myc induction, starting in the upstream H32 
region and peaking at H42, ~ 1 kb upstream of the promoter. Data for TBP and 
acetylation are means and SEM from a representative experiment that was 
analysed by at least three independent PCRs. For UBF, data are from three 
independent ChIP experiments. SEM are indicated. (d)Schematic summary 
of c-Myc (red), acetylation (ac, green), TBP (monitoring SL1, blue) and UBF 
(yellow) binding to human rDNA and changes following c-Myc shut-off.

ncb1224.indd   316ncb1224.indd   316 15/2/05   5:46:07 pm15/2/05   5:46:07 pm

Nature  Publishing Group© 2005



NATURE CELL BIOLOGY VOLUME 7 | NUMBER 3 | MARCH 2005 317   

L E T T E R S

It is intriguing that c-Myc binds within both the rDNA promoter and 
terminator regions (Figs 4, 5). The recent crystal structure of c-Myc–Max 
bound to E-box DNA demonstrated that the c-Myc–Max heterodim-
ers can themselves dimerize to form a bivalent heterotetramer31. A c-
Myc–Max tetramer may have the potential to spatially juxtapose rRNA 
terminator and initiator elements. Indeed, it has been suggested that 
looping within the rDNA locus facilitates rRNA transcription32.

In contrast to positive regulation of Pol I transcription by c-Myc, the 
tumour suppressors RB, p53 and ARF exert negative control of rRNA 
production (see refs 1,33 for reviews). So, deregulating the opposing 
activities that control rRNA synthesis may accompany tumour forma-
tion. Our data on c-Myc activation of Pol I transcription, together with 
previous reports on c-Myc regulation of Pol II and Pol III, indicate that 
the profound effects of c-Myc on several aspects of cellular function 
involve a capacity to directly influence transcription by all three nuclear 
RNA polymerases.
Note added in proof: accompanying manuscripts by Grewal, S. S. et al.  
(Nature Cell Biol. 7, 295–302 (2005)) and Arabi et al. (Nature Cell Biol. 
7, 303–310 (2005)) are published in this issue.

METHODS
Cell cultures and retroviral vectors. Human primary foreskin fibroblasts or 
WI38 cells were cultured in DMEM media and transduced with retroviral 
vectors expressing c-MYC (pB-Myc), DDX18 (ref. 20), a dominant-negative 
DDX18 mutant with a lysine to alanine substitution in the DEAD-box domain, 
or empty retroviral vector pBabe. Cells were selected in puromycin and used 
for labelling experiments within 2–4 passages after selection. For the Myc-ER 
experiments, WI38 were transduced with pB-MYC-ER or ∆-MYC-ER (dele-
tion 106–143 (ref. 21)). Cells were density-arrested and serum-starved before 
induction with 4-hydroxy-tamoxifen (4-OHT). Wild-type and c-MYC–/– fibrob-
lasts were cultured as described previously9.

Transcription analysis. rRNA precursors were analysed by labelling cells with 
either 3H-uridine or 3H-methyl-methionine, as described previously34. At the 
indicated time points, cells were washed in cold phosphate-buffered saline (PBS) 
once and lysed in Trizol for RNA isolation. RNA was separated on 1% agarose-for-
maldehyde gels, transferred to nylon membranes and sprayed with EN3HANCE 
(#NEF970; PerkinElmer, Boston, MA) before carrying out autoradiography.

Reverse transcription PCR (RT-PCR) of human pre-rRNA used primers 5´-CCT
GCTGTTCTCTCGCGCGTCCGAG-3´ and 5´-AACGCCTGACACGCACGGCA
CGGAG-3´; for rat pre-rRNA, primers used were 5´-TCGCGCTCCTTACCTGG-
3´ and 5´-CGGCATGTATTAGCTCTA-3´; in both cases, cycling parameters were 
95 oC for 3 min, followed by 25 cycles of [95 oC for 1 min, 65 oC for 1 min, 72 oC for 
1 min] and then 72 oC for 5 min. RT-PCR of 5S rRNA and ARPP P0 mRNA was 
conducted as described previously19. RT-PCR of TFIIB mRNA used primers 5´-
CAGTTGTAATCAAATCCACAC-3´  and 5´-GCAGACAGAATCAATCTAC-3´; 
cycling parameters were 95 oC for 3 min, followed by 20 cycles of [95 oC for 30 s, 
57 oC for 30 s, 72 oC for 30 s] and then 72 oC for 5 min.

Run-on assays were performed with P-493-6 cells, collected either in the pres-
ence of tetracycline or following release after 4 and 8 h. Approximately 108 cells were 
lysed in hypotonic buffer containing 0.5% NP40 and nuclei were washed in nuclear 
buffer as described previously20. Nuclei were resuspended in 50 mM Tris pH 8, 5 mM 
MgCl2, 40% glycerol, 1 mM DTT and then frozen. Nascent RNAs were labelled, 
after adjusting to 150 mM KCl, by the addition of nucleoside triphosphates and α-
32P cytidine-triphosphate. Nuclei were incubated at 30 oC for 30 min, treated with 
DNAse I, followed by proteinase K digestion. Nuclear RNA was extracted using Trizol 
(Invitrogen, Carlsbad, CA) and resuspended in hybridization buffer. Plasmid probes 
for rRNA corresponded to the 5´-ETS (+414 to +700) and 28S human sequences, 
whereas human cDNAs for MYC, MAX and TUBULIN were used for controls.

In vitro transcription monitored synthesis by nuclear extracts of radiolabelled 
run-off transcripts from pMrWT, which contains mouse rRNA gene sequences 
from –169 to +155; the plasmid was linearized with EcoR1 at +158 and reactions 
were conducted as described previously19.

Immunofluorescence and FISH. Human TERT-immortalized fibroblasts were 
routinely used for the immunofluorescence experiments to detect endogenous 
c-Myc. Cells were plated on coverslips and cultured to confluency for at least 
1 week, then serum-starved in 0.1% fetal calf serum (FCS) for 72 h and re-
stimulated with complete media containing 10% FCS for the indicated times. 
For immunofluorescence, cells were fixed in 4% paraformaldehyde (#15710; 
Electron Microscopy Sciences, Hatfield, PA) for 10 min at room temperature, 
permeabilized in PBS/0.5% Triton X-100 for 5 min on ice, then incubated 
with the primary antibodies for 1–2 h at 37 oC. The following primaries were 
used: anti-c-Myc 1:50 (# 764; Santa Cruz Biotechnology, Santa Cruz, CA); 
anti-UBF 1: 100 (#9131; Santa Cruz); anti-nucleoli 1: 50 (Mab 1277; Chemicon 
International, Temecula, CA); anti-c-Jun 1: 50 (#822; Santa Cruz). Coverslips 
were washed and incubated with secondary antibodies 1:1000 (Rhodamine or 
Fluorescein AffiPure goat anti-rabbit or anti-mouse IgG, respectively; Jackson 
Immuno Research, West Grove, PA). Hoechst was included to visualize nuclei. 
Coverslips were mounted with Vectashield (Vector Laboratories, Burlingame, 
CA). Pictures were taken with a ×100 objective with an Olympus IX70 inverted 
microscope by wide-field epi-flourescence deconvolution microscopy (Delta 
Vision, Applied Precision, Issaquah, WA). The exposure times were kept con-
stant for each fluorescence channel within each experiment and antibody 
was used. Images were taken at each 0.2 µm section through the nucleus, and 
generally 40 sections per field were collected. Selected sections are shown as 
specified in the figure legends. Images were deconvolved using SoftWoRx 2.5 
software from Applied Precision. For rRNA-FISH analysis, cells were first sub-
jected to immunofluorescence as above, post-fixed in 4% paraformaldehyde 
and then hybridized with a 5´-ETS (spanning from +414 to +700) antisense 
or sense probe cloned into pCS-2 and transcribed using DIG RNA labelling 
mix (Enzo Biochem, Farmingdale, NY). Hybridizations were carried out at 
65 oC in the presence of 50% formamide and 2X SSC overnight. After washing 
(two times in 2X SSC at 37 oC, two times in 2X SSC and once in 1X SSC at room 
temperature), the coverslips were incubated with anti-digoxigenin-fluorescein 
Fab fragments for 1 h at 37 oC and washed four times in 4X SSC and 0.025% 
Tween 20 (Hoechst was included during the third wash). Mounting was in 
Vectashield, as above.

Chromatin cross-linking and immunoprecipitation (ChIP) analysis. P493-6 
cells11 expressing Tet-MYC were grown without (Myc-on) or with (72 h, Myc-
off) tetracycline in RPMI media with 10% fetal bovine serum. For crosslink-
ing, ~ 108–109 cells were resuspended in 50 ml warm medium containing 1% 
formaldehyde for 10 min at room temperature. Cells were lysed in 1–3 ml of 1% 
SDS, 50 mM Tris pH 8, 10 mM EDTA, 10 mM Na Butyrate and protease inhibitor 
cocktail (Roche Diagnostics, Mannheim, Germany) and sonicated seven times 
for 15 s to achieve a chromatin size of 100–500 bp. ChIP antibodies were for c-
Myc (#764; Santa Cruz), for UBF (#9131; Santa Cruz), for acetylated histone H3 
(#06-599; Upstate Biotechnologies, Waltham, MA), for acetylated histone H4 
(#06-866; Upstate) and for TBP (MTBP-6).

Equal numbers of cells (~ 2–5 × 107) were used for each immunoprecipitation 
(details available on request) and the extracted DNA for each immunoprecipita-
tion was resuspended in 25–75 µl of TE (10 mM Tris pH 8, 1 mM EDTA). In paral-
lel, an input DNA sample was prepared and resuspended in 100 µl TE. Real-time  
PCR was used to quantitate the immunoprecipitated DNA relative to a stand-
ard curve built with 1 µl of input dilutions. The fold enrichment was calculated 
relative to the background detected with non-specific rabbit Ig or prG for each 
primer set, as indicated in the figures. PCR conditions using SYBR GREEN mix 
(#4309155, Applied Biosystems, Foster City, CA) for all primers were as follows: 
96 oC × 2 min, followed by 45 cycles at 96 oC for 30 s, 58 oC for 1 min. Primers were 
derived from ref. 24, with a few exceptions. Sequence of the primers can be found 
in Supplementary Information, Table S1.

RNA interference. In Fig. 1f, growing HeLa cells were transfected using siPORTli-
pid (Ambion, Austin, TX) according to the manufacturer’s protocol, with siRNAs 
against c-Myc or glyceraldehyde-3-phosphate dehydrogenase that were purchased 
from Ambion. Fig. 1g used pSUPER vectors carrying siRNAs against c-Myc or 
lamin that were obtained from the Cancer Research UK siRNA library. These 
were transfected in optiMEM (GibcoBRL, Paisley, UK) using lipofectamine 
(Invitrogen, Paisley, UK). RNA and protein were harvested 24 h (Fig. 1f) or 48 h 
(Fig. 1g) after transfection.
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Pull-down and co-immunoprecipitation. Pull-down assays were carried out 
as described previously19, with HeLa cell nuclear extract or reticulocyte lysate 
containing 35S-Met-labelled TAFI48. GST fusion proteins contained the following 
c-Myc residues: GST-N262, residues 1–262; GST-C92, residues 347–439; GST-2-
39, residues 2–39; GST-MBI, residues 40–98; GST-MBII, residues 99–156; GST-
2-98, residues 2–98.

Co-immunoprecipitations were carried out as previously described19. TAFI63 
and MTBP-6 antibodies were from L. Comai and J. Flint, respectively. Other 
antibodies were from Santa Cruz Biotechnologies.

BIND identifiers. Seven BIND identifiers (www.bind.ca) are associated with this 
manuscript: 197248, 197249, 197250, 197242, 197243, 197244 and 197245. 

Note: Supplementary Information is available on the Nature Cell Biology website.
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Figure S1 rRNA synthesis correlates with c-Myc levels and it is induced 
independently of Pol II transcription. a) Dose-dependent inhibition of pre-
rRNA expression by titration of c-myc siRNA.  HeLa cells were transfected 
with siRNAMyc#1 to a final concentration of 20nM, 30nM or 50nM (lanes 
1-3, respectively), with 50nM control siRNA against GAPDH (lane 4) or with 

transfection mix alone in the absence of siRNA (lane 5).  b)  Effect of α-amanitin 
on rRNA synthesis as detected by 3H-uridine labeling of WI38 cells expressing 
Myc-ER, ∆-Myc-ER or empty retroviral vector.  Induction of rRNA synthesis, 
monitored after 3hr of 4-OHT addition by labeling cells for 1hr, occurs only in 
Myc-ER expressing cells and it is resistant to addition of α-amanitin.
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Figure S2 c-Myc localized in nucleoli as defined by anti-UBF staining during 
G0-G1 transition.  c-Myc and UBF co-staining.  H-TERT immortalized 
fibroblasts were serum stimulated after quiescence and fixed at 4 hr 
after serum addition.  Anti-UBF (red; Santa Cruz#9131) shows a clear 

enrichment in nucleoli, where also some c-Myc staining, detectable using 
the monoclonal antibody 9E10 (Santa Cruz), partially overlaps with UBF. The 
images represent a single section of 0.2µ through the nucleolus.
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Figure S3  Immuno-rRNA FISH indicating that c-Myc co-localizes with 
sites of pre-rRNA transcription. a) Additional pictures of c-Myc staining co-
localizing with pre-rRNA.  H-Tert immortalized fibroblasts were arrested by 
serum starvation for 72 hr and then restimulated with 10% serum for 4 hr. 
MG132 was added at 40µM, 2hr prior to fixation.  Under these conditions 
endogenous c-Myc is predominantly nucleolar and pre-rRNA synthesis is 
not inhibited  as shown below.  b) Short term MG132 treatment does not 

affect synthesis of pre-rRNA.  H-TERT immortalized fibroblasts treated 
as above were collected for RNA analysis.  Quantitation of pre-rRNA from 
equal number of cells was obtained by real time PCR of cDNA obtained with 
primers specific for the ITS-1 (internal transcribed spacer-1 from +6039 
to +6166, Genbank #U13369) region.  The average of two independent 
experiments is shown. 
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Table S1 List of all primers used to detect rDNA in ChIP experiments, nucleotide position is according to the rDNA sequence from Genbank accession #U13369

forward reverse amplifi ed region product size

H1 GGCGGTTTGAGTGAGACGAGA ACGTGCGCTCACCGAGAGCAG 952 to 1030 78

H4 CGACGACCCATTCGAACGTCT CTCTCCGGAATCGAACCCTGA 3990 to 4092 102

H8 AGTCGGGTTGCTTGGGAATGC CCCTTACGGTACTTGTTGACT 8204 to 8300 96

H13 ACCTGGCGCTAAACCATTCGT GGACAAACCCTTGTGTCGAGG 12855 to 12970 115

H18 GTTGACGTACAGGGTGGACTG GGAAGTTGTCTTCACGCCTGA 18155 to 18280 125

H27 CCTTCCACGAGAGTGAGAAGCG CTCGACCTCCCGAAATCGTACA 27366 to 27477 111

H32 GGAGTGCGATGGTGTGATCT TAAAGATTAGCTGGGCGTGG 32734 to 32859 125

H42 AGAGGGGCTGCGTTTTCGGCC CGAGACAGATCCGGCTGGCAG 41982 to 42075 93

H42.9 CCCGGGGGAGGTATATCTTT CCAACCTCTCCGACGACA 42943 to 33 89

Primer pairs used in ChIP experiments. The position is relative to the transcription start site at +1

Movie 1 c-Myc is not excluded from nucleoli of cells during G0-G1 transition. This is by the homogenous staining pattern in the nucleus reconstructed in 3-
D with the Volocity software (Improvision).  In order to visualize the whole nucleus, images obtained from ~40 individual sections at 0.2 µm intervals were 
utilized to recreate this image.
Movie 2 c-Myc is embedded within the nucleoli. The nucleolus from the same cell of movie 1 stained with Mab1277 (green) indicates that Myc (red ) is 
present in the same focal planes of this nucleolar marker.

siRNA sequences

 The sequences of the c-Myc siRNAs from Ambion are as follows:- 

Sense: CGAUUCCUUCUAACAGAAAtt

Antisense: UUUCUGUUAGAAGGAAUCGtt

BLAST search analyses indicate that besides c-Myc, these sequences are also expressed by the human gene for lysophospholipase 1 (also called acyl protein thioeste-
rase 1). This suggests that although specificity is high, it is not absolute. Since the additional target is a membrane protein and is not believed to be involved directly 
in gene expression, its potential knockdown is unlikely to contribute to the observed transcriptional responses.
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