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The control of rRNA transcription, tightly coupled to the cell cycle and growth state of the cell, is a key
process for understanding the mechanisms that drive cell proliferation. Here we describe a novel protein, ribin,
found in rodents, that binds to the rRNA promoter and stimulates its activity. The protein also interacts with
the basal rRNA transcription factor UBF. The open reading frame encoding ribin is 96% complementary to a
central region of the large rRNA. This demonstrates that ribosomal DNA-related sequences in higher eu-
karyotes can be expressed as protein-coding messages. Ribin contains two predicted nuclear localization
sequence elements, and green fluorescent protein-ribin fusion proteins localize in the nucleus. Cell lines
overexpressing ribin exhibit enhanced rRNA transcription and faster growth. Furthermore, these cells signif-
icantly overcome the suppression of rRNA synthesis caused by serum deprivation. On the other hand, the
endogenous ribin level correlates positively with the amount of serum in the medium. The data show that ribin
is a limiting stimulatory factor for rRNA synthesis in vivo and suggest its involvement in the pathway that
adapts ribosomal transcription and cell proliferation to physiological changes.

A major class of housekeeping genes, highly repeated and
clustered in the nucleolus in eukaryotes, encode rRNA. The
transcription of these genes, executed by RNA polymerase I
(Pol I) and assisting factors, is strictly cell cycle and growth
regulated (reviewed in references15, 32, and 34). It has been
demonstrated that both activating factors and repressors are
involved in a rapid adjustment of Pol I activity to the growth
state of the cell (9, 16, 23, 39). A Pol I-associated factor,
TIF-IA/C*, implicated in the growth regulation of rRNA tran-
scription in mammals, has recently been cloned (8). The activ-
ity of this factor fluctuates with the growth conditions, and its
binding to the polymerase is required for a transcription-com-
petent complex to form on the rRNA promoter (9, 39). Recent
studies have shown that other Pol I transcription factors are
also targets of regulation, finding that the phosphorylation
status and activity of UBF, SL1, and TTFI are cell cycle con-
trolled through cyclin-dependent kinases (20, 24, 41, 44). Ri-
bosomal transcription is a target of variety of factors affecting
cell proliferation, such as hormones and phorbol esters, viral
antigens, and the tumor suppressor proteins p53 and Rb (10,
15, 16, 48, 49).

Pol I transcription machinery is generally species specific
(15, 32). The structure divergence found in rRNA promoters
of different species could partially account for this. SL1 has
been shown to play a major role in selection of the rRNA
promoter by homologous Pol I transcription apparatus, al-
though UBF and Pol I can also contribute to this selectivity (5,

15, 37). The DNA-protein and protein-protein aspects of spe-
cific recognition of the rRNA promoter are not yet clear.
Previous data demonstrated that UBF and SL1 can interact
with the rRNA promoter. This interaction is synergistic over an
extended rDNA region, spanning the core promoter and an
upstream control element (6, 34). It has also been shown that
the core promoter sequence alone is sufficient to inhibit PolI
transcription in trans, presumably competing for a factor(s)
binding to it, and detection of such binding activity in cells
supported this finding (23, 30). A p70 protein that requires SL1
to bind the rRNA promoter has recently been isolated (47).

In an attempt to extend these studies, we used a Southwest-
ern binding assay (SWA) to identify and clone a polypeptide
that interacts with the core element of the rRNA promoter.
The coding region of this novel protein revealed 96% comple-
mentarity to rRNA. This protein was capable of modulating
ribosomal transcription and cell proliferation, and its cellular
level correlated with the growth state of the cells.

MATERIALS AND METHODS

Cells and extracts. Hamster BHK-21 cells, green monkey Vero cells, and rat
hepatoma N1S1 cells were obtained from the American Type Culture Collection
(ATCC, Rockville, Md.). BHK and Vero cells were grown in alpha minimal
essential medium (�-MEM) supplemented with 10% (or less, where indicated)
fetal bovine serum, nonessential amino acids, and MEM vitamins, plus 100 U of
penicillin and 100 �g of streptomycin per ml. Medium for N1S1 cells was Swims
S-77 supplemented as above with addition of pluronic F68 to 0.1%. Whole and
nuclear cell extracts and a transcriptionally competent 175 mM ammonium
sulfate-DEAE fraction (DEAE-175) were prepared according to published pro-
cedures (12, 26, 46).

Expression vectors and plasmids. Sindbis virus-based expression vector
pSinRep21 (2), generously provided by C. Rice, was used for establishing cell
lines overexpressing ribin. A 990-bp BglI-EcoRI fragment of cDNA containing
the ribin open reading frame (ORF) was ligated at the PmlI cloning site of this
vector in the sense and antisense orientation with respect to the viral subgenomic
promoter. The same cDNA was used to generate ribin-green fluorescent protein
(Rib/GFP) and GFP/Rib fusion constructs by ligating it in frame to the N or C
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terminus of the GFP ORF, provided in the pEGFP-N1 and pEGFP-C1 vectors
from Clontech. In the glutathione S-transferase (GST)-ribin fusion construct
(pGST/Rib), ribin cDNA was ligated to the C terminus of the GST ORF in the
SalI site of a pGEX2T-derived pT7-GT expression vector, kindly provided by I.
Verma. DNA manipulation steps were performed according to conventional
procedures (3, 38).

Transfection and selection of cell lines. Subconfluent (50 to 60%) BHK or
Vero cells seeded in 35-mm dishes were transfected with 1 �g of plasmid DNA
from pSinRep21, pSin21/RibS, pSin21/RibAS, pEGFP-N1 or -C1, pRib/GFP, or
pGFP/Rib. Transfection was done with 6 �l of Lipofectamine in Opti-MEM
(Life Technologies) according to the manufacturer’s recommendations for 5 h at
37°C. At 24 to 48 h posttransfection, cells were seeded in selective medium
containing 2 �g of puromycin or 300 �g of gentamicin per ml. After about a week
of selection, when no control (mock-transfected) cells survived, the transformed
cells were pooled and expanded for stock freezing and experiments. For expres-
sion analysis of the GFP fusion constructs, transfected cells were processed for
GFP detection after 6 to 8 days of growth in selective medium, or the selection
was omitted and cells were analyzed 42 h posttransfection.

Expression screening of cDNA library. The Southwestern technique, probing
phage plaques with radiolabeled DNA (3, 40), was used to screen a rat liver
cDNA expression library (Stratagene; Lambda ZAPII vector) with a labeled
double-stranded oligonucleotide probe derived from rat ribosomal DNA
(rDNA) core promoter (rCPr) and spanning nucleotides �36 to �18 with re-
spect to the transcription initiation site (36) (sequence given below). The probe
was 3�-end labeled by Klenow fill-in reaction (38), gel purified, and used in
binding reactions at 4 � 105 to 8 � 105 cpm/ml. The lysed colonies were
transferred to nitrocellulose filters and subjected to stepwise renaturation with
guanidine hydrochloride as described (40), followed by blocking in 5% nonfat
milk. Filters were preincubated for 30 min in binding buffer containing 25 mM
Tris-HCl (pH 7.5), 50 mM KCl, 5 mM MgCl2, 0.2 mM EDTA, 0.04% NP-40, 5%
glycerol, and 2 �g of poly(dI:dC) per ml. The binding reaction was started by
addition of the labeled probe and incubated for 2 h at 25°C. The filters were
finally washed three to four times in the binding buffer containing 100 mM KCl,
dried, and exposed to X-ray film. About 1.5 � 106 plaques were screened for
DNA-binding activity through several cycles, ending with three identical positive
cDNA clones. The cDNA sequence was determined following the USB Seque-
nase kit protocol and confirmed in some regions by fluorescent DNA sequencing
(ABI Prism 377; Perkin Elmer).

Western and Southwestern blotting. Immunoblotting was performed following
established procedure (38). Equal amounts of protein from total cell extracts,
determined by the Bio-Rad protein microassay kit, were electrophoresed in
sodium dodecyl sulfate–10% polyacrylamide gel electrophoresis (SDS-PAGE)
and transferred to nitrocellulose filters. A polyclonal antibody raised in a rabbit
against bacterially expressed and gel-purified protein was used at a 1:500 to
1:1,000 dilution, in 1 h of incubation at 25°C. For immunodetection of ribin, the
Amersham ECL kit including horseradish peroxidase-conjugated anti-rabbit im-
munoglobulin G (IgG) was used according to the manufacturer’s protocol. In
some experiments, cell extracts were immunoprobed in parallel with a mouse
monoclonal antiactin antibody (1:2,000 dilution), as a normalization control.

In Southwestern analysis, after the protein-blotting step, the filter membranes
were processed for DNA binding as described for library screening, including a
prolonged prebinding reaction of 1 h and 150 mM KCl in the filter-washing steps.
The rCPr probe or an analogous mouse core promoter probe (mCPr [23]),
spanning nucleotides �43 to �13 with respect to transcription initiation (22),
was end labeled, purified, and used as described above. In some experiments, a
mutant variant of the rCPr probe, with a G to A change at the �16 position was
used (rCPrMut). For testing bacterially expressed protein for promoter binding,
the GST-ribin fusion was induced with IPTG (isopropylthiogalactopyranoside)
as described below, and 10 to 20 �g of cell lysates was subjected to SWA.

The rRNA promoter-binding probes (noncoding strand) were rCPr (CTTTG
CTATCTCTCCTTATTGTACCTGGAGATATATGCTGACACGCTGTCCT
TT), rCPrMut (same as rCPr but with the italic G changed to A), and mCPr
(TTGTGATCTTTTCTATCTGTTCCTATTGGACCTGGAGATAGGTACTG
ACACG).

GST fusion protein purification and pull-down binding assay. Escherichia coli
BL-21(DE3) was transformed with the pGST/Rib fusion construct or with the
parental vector expressing GST alone, and protein expression was induced with
1 mM IPTG for 4 h. To obtain bacterial extracts, cells were suspended in ice-cold
extraction buffer (50 mM Tris-HCl [pH 7.5], 2 mM EDTA, 1 mM dithiothreitol
[DTT], 2 mM phenylmethylsulfonyl fluoride [PMSF], and 10 �g/ml each of
pepstatin A, leupeptin, and aprotinin), followed by rapid freezing and thawing.
Cells were then lysed with 0.5 mg/ml lysozyme for 15 min at 4°C, NaCI was added
to 1 M for an additional 15 min, and the cell debris was removed by centrifu-

gation. Lysate proteins were precipitated with 65% ammonium sulfate and sus-
pended in phosphate-buffered saline (PBS) buffer containing 0.5% NP-40 and
protease inhibitors as above. The GST fusion was affinity purified by glutathione-
Sepharose beads (Pharmacia), as described (1). Protein bound to beads was
washed five times and suspended in HEN buffer (10 mM HEPES-KOH [pH 7.9],
100 mM KCl, 0.5 mM EDTA, 1 mM DTT, 0.5 mM PMSF, 0.25% NP-40, 10%
glycerol).

Nuclear extracts from BHK cells used in the binding assay were precleared
with glutathione-Sepharose beads equilibrated with the above buffer by rocking
for 1 h at 4°C and brief centrifugation. Protein-protein interaction was performed
with 5 �l of protein-loaded beads and 20 �l of nuclear extract for 1 h at 4°C in
a final volume of 100 �l, adjusted with HEN buffer. Bead-bound complexes were
precipitated by brief centrifugation, and the pellet was washed five times with
HEN buffer and resuspended in 60 �l of the same buffer. Then 20-�l samples
were taken from the binding reaction before precipitation (total), from the
supernatant (unbound), and from the suspended pellet (bound), boiled in SDS
sample buffer, and analyzed by Western blotting with an antiserum (1:1,000)
raised against Xenopus laevis UBF (kindly provided by C. Pikaard).

PCR amplification. From 60 to 80 ng of rat, mouse, or human genomic DNA
(Novagen) was amplified with primers A plus B or A plus C, 10 pmol of each (see
Fig. 1b for primer locations). Primer A was TTAGAGCCAATCCTTATCCCG
AAGTTACG, primer B was ATCGAAAGGGAGTCGGGTTCAGATCT, and
primer C was TGAGAGATGGGCGAGTGCCGTTCCGAA. KlentaqLA en-
zyme (DNA Polymerase Technology) was used with the manufacturer’s buffer in
50-�l reactions, including 1.3 M betaine (Sigma). Samples were heated for 4 min
at 94°C, followed by 35 to 38 amplification cycles of 50 s at 94°C and 2 min at
68°C in a RoboCycler (Stratagene). Amplified products were analyzed in
ethidium bromide-stained 2% agarose gel, along with a 100-bp DNA ladder.

In vitro translation and transcription. “Capped” RNA transcripts of the
ribin cDNA clone in the BlueScript II vector (Stratagene) were synthesized in
vitro according to the Promega Guide protocols. From 1 to 2 �g of RNA
template was then used in the translation reaction (25 to 50 �l) with rabbit
reticulocyte lysate (Promega) containing unlabeled (1 mM) or 35S-labeled (20
�Ci) methionine for 90 min at 30°C. In mock translation controls, the RNA
template was omitted.

For testing the transcriptional activity of the synthesized protein, aliquots of
unlabeled translation reactions were added directly to the transcription assay.
pB7-2.0 plasmid (kindly provided by L. Rothblum), encompassing the transcrip-
tion initiation site of the rat rRNA gene in a 2-kb SalI fragment, was used as the
runoff template. It was linearized with HindIII to produce 124-nucleotide (nt)
transcripts (36). Transcription conditions were essentially as described previously
(23). rDNA template (50 ng) was transcribed in a 25-�l reaction with 4 �l of
DEAE-175 fraction obtained from rat N1S1 cells, with addition of 2 to 4 �l of
ribin or mock translation reactions in the presence of �-amanitin (100 �g/ml).
The labeled transcripts were purified and analyzed in 5% polyacrylamide–7 M
urea gels.

Nucleus isolation, run-on transcription, and dot hybridization. Control or
ribin-overexpressing BHK or Vero cell lines were grown to strictly equal density
(60 to 70% confluency), and the same amounts of cells were then harvested for
nucleus isolation. Transcriptionally active nuclei were prepared by the NP-40
lysis method, and run-on transcription was performed in the presence of
[�-32P]UTP as described for the basic protocol (3). The amount of nuclei used in
the reactions was equalized based on the 280 nm absorbance of the total nuclear
lysate. Where indicated, �-amanitin was present at 150 �g/ml in order to block
Pol II and Pol III transcription.

The transcription reaction, carried out for 30 min at 30°C, was stopped, and
the radiolabeled nuclear RNA was isolated following the abovementioned pro-
tocol except using acidic (100 mM Tris-acetate [pH 5.2] saturated) phenol for
RNA extraction. RNA preparations were checked in an agarose gel for absence
of DNA, and the specific activity of RNA (disintegrations per minute [dpm] per
microgram) was estimated after trichloroacetic acid filter precipitation of RNA
aliquots. For identification of the newly transcribed RNA, 1 to 3 �g of the
following plasmid DNAs was denatured and immobilized on nitrocellulose filters
(3) as dot hybridization samples: pBS-28SBE plasmid, containing a 2,029-bp
BglII-EcoRI fragment of mouse 28S rRNA (obtained from a pGEM2-28S plas-
mid [18], a kind gift from J.-P. Bachellerie); and pTri-GAPDH plasmid (Am-
bion), containing a 316-bp fragment of human glyceraldehyde-3-phosphate de-
hydrogenase (GAPDH) cDNA. pBS/SK vector DNA (Stratagene) was used as a
negative hybridization control. In some experiments 0.1 to 0.2 �g of sense RNA
transcript of the ribin cDNA clone in the pBS/SK vector was used as an addi-
tional rRNA hybridization substrate.

Nitrocellulose strips containing identical dotted DNAs were UV cross-linked
and hybridized with equal amounts (usually 15 �g) of radiolabeled nuclear RNA
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probes. After 6 h of prehybridization, 24 to 36 h of hybridization was carried out
at 68°C in 6� SSC (1� SSC is 0.15 M NaCl plus 0.015 M sodium citrate)–2�

Denhardt’s reagent–0.2% SDS–100 �g of tRNA per ml. Filters were washed
twice with 2� SSC for 1 h at 65°C, treated with 2� SSC containing RNase A (10
�g/ml) for 30 min at 37°C, and washed additionally with fresh 2� SSC for 1 h at
37°C. After drying, filters were exposed to x-ray film or a phosphorimager screen.
Hybridization dot intensities were quantified using the Image J Program (Na-
tional Institutes of Health).

Cellular localization of ribin-GFP fusion proteins. BHK cells were ana-
lyzed for GFP fluorescence 42 h or 7 days posttransfection with Rib/GFP or
GFP/Rib fusion constructs. Control cells were transfected with the parental
plasmid pEGFP. Transfected cells were processed for GFP fluorescent de-
tection basically as recommended in the Clontech protocol. Cells were seeded
on cover slips and allowed to attach and grow for 24 h. Cells were then
washed with PBS, fixed with 4% paraformaldehyde–5% sucrose–PBS for 30
min, and mounted on microscope slides. Samples were examined on Zeiss
Axioplan fluorescence microscope equipped with the Bio-Rad MRC 1024
laser confocal scanning system. Digital images were processed using Adobe
Photoshop (Adobe Systems).

Nucleotide sequence accession number.The GenBank accession number for
the cDNA sequence reported in this work is U77931.

RESULTS

Detection and cloning of an rRNA core promoter binding
protein, ribin, present in rodent cells. An rRNA core pro-
moter binding activity was previously detected in mouse
cells by a gel mobility shift assay, where the specificity of
binding was demonstrated by nonspecific competitors (22,
23). To test if this activity resides in a monomer polypeptide
and estimate the size of the potential promoter binding
protein(s), we made use of the SWA. This technique, suc-
cessfully used in studies on the Pol I transcription factor
UBF, proved useful in expression cloning of DNA-binding
proteins and testing the specificity of DNA-protein interac-
tion (31, 40).

Applying a high-stringency SWA protocol which eliminates
UBF binding, we detected a 32-kDa protein in rodent cell extracts
that binds to the core rRNA promoter (illustrated in Fig. 2A and
3C). This binding was sensitive to a G to A mutation in the probe

FIG. 1. Amino acid sequence of ribin ORF, rDNA homology region, and PCR detection of the cloned gene. (A) Amino acid sequence of the
295-amino-acid ribin ORF. NLS-type sequences are underlined. (B) The ribin gene is homologous to an internal region of 28S rDNA; the ribin
ORF is oriented opposite to rRNA polarity. About half of this ORF overlaps the D8 variable domain of the rRNA gene. (C) Rat, mouse, and
human DNAs are PCR amplified with primers A plus B (lanes 1 and 3) or A plus C (lanes 2 and 4) (primer positions are shown in panel B). Primers
A and C are derived from rDNA, where A is within the ribin coding region, while C is located beyond the 3� end of ribin cDNA. Primer B ends
in a ribin-specific BglII site at the 3� terminus of the gene (shown by the asterisk in panel B). The AB and AC products should therefore represent
ribin and the bulk rRNA genes, respectively. In lanes 3 and 4, the template DNA was digested with BglII prior to PCR. Amplified products (386
and 450 bp, shown by arrows) were resolved in a 2% ethidium bromide-stained agarose gel, along with a 100-bp DNA ladder (lanes M).
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at position �16 (Fig. 2A), known to significantly inactivate the
rRNA promoter (6, 30, 46).

The same SWA protocol was then applied to screen a rat
cDNA expression library. After multiple rounds of screening
three identical clones expressing core promoter binding activ-
ity were obtained. The cDNA (GenBank U77931) reveals a
1,008-bp sequence that is 96% similar to an internal region of
the 28S rRNA gene (positions 2252 to 3260, Fig. 1). This
sequence contains a 295-amino-acid open reading frame ori-
ented opposite the direction of rRNA and is followed by a
30-nt nonribosomal sequence matching the 3�-end polyadenyl-
ation signal of ferritin mRNA (GenBank J04716). Thus, the
message of the cloned gene is essentially an antisense tran-
script of rRNA (giving the name ribin for the encoded pro-
tein). Interestingly, the 5� half of the rRNA homology region
(nt 2 to 611) corresponds to the largest variable domain in

rRNA, D8, and shows the best match to a D8 sequence found
in the mouse (18).

We were able to amplify the cloned sequences from genomic
DNA using combinations of an rDNA-derived primer and a
selective primer from the 3� terminus of ribin cDNA that
covers a specific BglII site present in the clone. As expected,
the amplified product was sensitive to BglII digestion (Fig. 1C,
lanes 3), while amplification of the corresponding region of
rRNA genes with two bona fide ribosomal primers was not
(lanes 4). This shows that the conditions used favor selective

FIG. 2. Binding of ribin to rRNA core promoter, effect on Pol I
transcription, and interaction of the protein with UBF. (A) SWA of
extracts from rat N1S1 cells (lanes 1 and 2) or bacterial cells induced
with IPTG to express the GST-ribin fusion (lanes 4 and 6) or unin-
duced (lanes 3 and 5). Duplicate samples of each extract were probed
with the wild-type (WT; rCPr, lanes 1, 3, and 4) or point-mutated (M;
rCPrM, lanes 2, 5, and 6) rat rRNA core promoter probe. The binding
signals corresponding to ribin and the GST fusion are marked by black
and white arrowheads, respectively, and the positions of protein stan-
dards are shown (in kilodaltons) on the right. (B) Ribin was translated
(trl) in the presence of [35S]methionine, and the radiolabeled product
was analyzed by SDS–10% PAGE (lane 2, shown by arrowhead). In
mock translation, the RNA template is omitted (lane 1). (C) In vitro-
translated (unlabeled) ribin was tested directly in a cell-free tran-
scription assay. pB7-2.0/HindIII-cut rat rDNA template (50 ng) was
transcribed with 4 �l of DEAE-175 fraction alone (lane 1) or supple-
mented with 4 �l of mock translation reaction (lane 2), 4 �l of ribin
translation (txn) reaction (lane 4), or 2 �l of each (lane 3). The specific
transcript of 124 nt is marked by an arrow. (D) Nuclear extract from
BHK cells was incubated with GST-ribin fusion protein (lanes 4 to 6)
or GST alone (lanes 1 to 3), followed by sedimentation of the products
formed on glutathione-Sepharose bead complexes. Aliquots taken
from the total reaction mix before precipitation (T), from the super-
natants (unbound fraction, U), and from the resuspended pellets
(bound fraction, B) were subjected to immunoblotting with an anti-
UBF antibody.

FIG. 3. Ribin expression levels upon serum depletion and after
transfection. (A) Total cell extracts from hamster BHK cells and
mouse N2a cells were probed in Western blotting with antiribin serum
(lanes 1 and 2) or preimmune serum (lanes 3 and 4). In both types of
cells, endogenous ribin (approximately 32 kDa) was detected. The
positions of protein standards are shown (in kilodaltons) on the left.
(B) BHK cells were cultured for 22 h with 10, 0, or 1% serum (lanes
1 to 3). Portions of the last two (serum deficient) samples were cul-
tured for an additional 18 h with (lanes 4 and 5) or without (lanes 6 and
7) addition of serum back to 10%. Lane 8, control cells incubated
continuously with 10% serum. Equal amounts of total cell protein from
each variant were used for immunoblotting with antiribin antibody.
The same cell extracts were also immunoprobed for actin as a refer-
ence control. (C) BHK and Vero cells stably transfected with
pSinRep21 expression vector carrying ribin cDNA (lanes 2 and 4) or
with blank vector (lanes 1 and 3) were probed for ribin by immuno-
blotting or Southwestern technique. In the latter, a mouse rDNA core
promoter fragment, mCPr, was used as a binding probe.
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amplification of the ribin sequence, minimizing the potential
background from the ribosomal genes. The data also suggest
that despite its homology to 28S rDNA, the ribin gene is in
lower copy number than the rRNA genes. Identical PCR re-
sults were obtained with rat, mouse, and human DNA (Fig.
1C), suggesting the existence of ribin-type rDNA sequences in
mammals.

The deduced amino acid sequence of ribin revealed two
motifs, QSRRRRRPPR and GRKGR (Fig. 1A, positions 42 to
51 and 119 to 123), homologous to the nuclear localization
signal (NLS) of the Tat and Rev proteins (19, 35). A
PGAPAGXXG sequence present in the enhancer-binding pro-
tein C/EBP (25) was located at positions 248 to 256. Multiple
putative protein kinase C and casein kinase II phosphorylation
sites were found clustered at the C-terminal portion of the
protein.

We generated a GST fusion of the cloned protein and as-
sessed its rRNA promoter binding activity. As in SWA per-
formed with the rat cell extract, the point mutation at position
�16 in the promoter probe abolished binding (Fig. 2A). A
minor binding signal corresponding to about 32 kDa was also
observed. It too was sensitive to that mutation and most prob-
ably reflected partial cleavage of the fusion.

We also detected ribin in cells by using a polyclonal antibody
raised against the cloned protein (Fig. 3A). The apparent mass
of 32 kDa of the reacting protein corresponded to the binding
signal obtained in SWA (Fig. 2). Thus, both Western and
Southwestern assays confirmed the ORF predicted in the
cDNA clone. With the antiribin antibody, we have been able to
detect related proteins in rat, mouse, and hamster cells. In
SWAs a mouse rDNA core promoter probe, shown earlier to
inhibit Pol I transcription in trans (23, 30), produced a stronger
binding signal with rodent than primate cells (Fig. 3C). These
results suggest that divergent ribin orthologues may exist in
more distant species.

Ribin activates rRNA transcription in vitro and interacts
with the basal Pol I transcription factor UBF. The specific
interaction of ribin with the rRNA promoter raised the obvious
question of whether the protein can also affect promoter func-
tion. We tested the transcriptional effect of the in vitro-trans-
lated protein directly in a cell-free assay. As shown in Fig. 2B,
the ribin ORF can be efficiently translated in a rabbit reticu-
locyte lysate. A rat rDNA template, pB7-2.0, was transcribed
with a DEAE-175 cell fraction that contains basal Pol I tran-
scription activity (46). When portions of the ribin translation
reaction were added to this assay, a significant dose-dependent
increase in the specific 124-nt transcripts was obtained, while a
mock translation reaction had no effect (Fig. 2C). These results
show that ribin is capable of enhancing the rRNA promoter-
driven transcription in vitro. Furthermore, a pull-down assay
performed with highly purified GST fusion protein showed
that ribin interacts with UBF (Fig. 2D). The latter is known to
bind to some Pol I factors, and it is also a target of repressors
of rRNA transcription (reviewed in reference 15).

Cellular level of ribin correlates with amount of serum in
medium. We next determined whether the expression of the
cloned protein changes with the growth state of the cells. Im-
munoblotting was performed with cells subjected to serum
variations. Serum and growth factor deficiencies are known to
arrest cell division at the G0/G1 phase of the cell cycle, while

readdition of serum stimulates quiescent cells to progress
through G1 (reference 15 and references therein). The ribin
level was found to correlate with the serum level. When the
serum amount was highly reduced or completely withdrawn,
the ribin was barely or not detectable, while when cells were
growth stimulated by readding serum, the protein level was
restored close to normal (Fig. 3B). This implies a possible link
of ribin to the serum-triggered regulatory pathways.

Overexpression of ribin in mammalian cells results in en-
hanced ribosomal transcription and proliferation rate. It is
well documented that rRNA synthesis fluctuates with the se-
rum changes to adapt ribosome biogenesis to the growth rate
of the cells (15, 34). Since ribin was capable of stimulating Pol
I transcription in vitro, we entertained the possibility that a
target of ribin function in vivo might be rRNA synthesis. We
explored a Sindbis virus-based expression system (2) to estab-
lish cell lines overexpressing ribin and examine the protein’s
effect in vivo. As shown in Fig. 3C, the ribin level, as detected
by Western or Southwestern techniques, was either increased
(more than twofold) or only detectable in these cells. This test
also demonstrates that the cloned protein, expressed upon
transfection, comigrates with the endogenous one.

The rRNA transcription rate in these cell lines was then
analyzed by nuclear run-on/dot hybridization assays. In the
Vero cell line overexpressing ribin (Fig. 3C, lane 4), the esti-
mated rRNA transcription, performed in either the presence
or absence of �-amanitin, was increased by 62 to 68% com-
pared to the vector-transfected control cell line, as shown in
Fig. 4A. The data indicate that ribin can act as an activator of
rRNA synthesis in vivo. Consistent with this, expression of
ribin antisense RNA had a reverse effect on ribosomal tran-
scription, reducing it by one third of the control value. Thus,
the ribin-dependent modulation of cellular rRNA synthesis
ranged to 2.3- to 2.6-fold. These values, obtained from the dot
hybridization signals, were in agreement with the specific ac-
tivity of the nuclear RNA reached after run-on transcription.
Since, in the presence of �-amanitin, Pol II and Pol III poly-
merase activities should be negligible, if present at all, the
incorporated radiolabel will mostly reflect the amount of newly
synthesized rRNA.

In contrast, ribin overexpression had a minor effect on a Pol
II-transcribed reference gene, GAPDH, suggesting that the
Pol I machinery can be selectively activated by the cloned
protein. Furthermore, the three cell variants also exhibited
proliferation rates proportional to their rRNA transcription,
highest with the cells overproducing ribin and lowest with the
ones expressing its antisense RNA (Fig. 4B). The initial indi-
cation of this growth difference was the fastest recovery of the
ribin-overexpressing cells after selection, ahead of the rest of
the transfectants in establishing single-cell colonies (not illus-
trated).

These effects of ribin in vivo suggest that the protein is a
limiting stimulatory factor for rRNA synthesis and cell prolif-
eration. The estimated enhancing effect of ribin on endoge-
nous rRNA transcription is comparable to the increase in Pol
I activity observed earlier in serum-stimulated resting cells (33)
and in cells overexpressing UBF (17).

Ribin can counteract serum-mediated suppression of rRNA
transcription. In another set of experiments, we asked of
whether the Pol I-stimulatory effect of ribin could interfere
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with the known suppression of rRNA transcription upon serum
starvation. BHK cell lines overexpressing ribin were cultured
along with control cells in serum-deficient medium (0.5% se-
rum for 12 h), and rRNA transcription was analyzed again by
nuclear run-on assay. As shown in Fig. 5, this serum deficiency

caused 68% inhibition of rRNA transcription in the control
cells, while the cells overexpressing ribin were significantly less
inhibited (by 24%). Remarkably, the Pol I transcription rate in
the latter was above the control value even upon serum star-
vation. As with Vero cells, the dot hybridization values were

FIG. 4. Effect of ribin overexpression on rRNA synthesis and cell proliferation. (A) Nuclei isolated from Vero cells stably transfected with
pSinRep21 expression vector harboring ribin cDNA in the sense (S) or antisense (AS) orientation, or with blank vector (V), were used for a run-on
transcription assay in the absence or presence of �-amanitin (150 �g/ml, lower panel). The samples in lanes V and S are the same cell lines shown
in Fig. 3C, lanes 3 and 4, respectively. Radiolabeled nuclear RNA was then isolated and used in dot hybridization. Dot samples: D1 to D3, 1, 2,
and 3 �g, respectively, of pBS-28SBE plasmid DNA, containing a 2,029-bp fragment of mouse 28S rDNA; R, 0.1 �g of sense RNA transcript of
ribin cDNA; P, 3 �g of pBS vector DNA; GAP, 1 �g of plasmid pTRI-GAPDH, containing a 316-bp fragment of the GAPDH gene (note that
P and GAP dots were exposed eight times longer than rDNA dots). SA N-RNA, specific activity of the radiolabeled nuclear RNA obtained after
run-on transcription. Reactions were normalized by using equal amounts of nuclei for transcription and of nuclear RNA for hybridization. The
panels on the right show a densitometry quantitation of the hybridization signals and the relative effect of ribin overexpression on Pol I and Pol
II RNA transcription. (B) Growth rate of the cell transfectants. Equal starting amounts of the three cell variants were grown for 68 h (still
subconfluent), and cell number was counted in the time intervals.
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consistent with the relative amounts of rRNA synthesized, as
deduced from the specific activity of the nuclear RNA. These
results show that by enhancing rRNA transcription, ribin can
significantly relieve the serum-triggered inhibition of the Pol I
machinery.

Ribin-GFP fusion proteins localize in the nucleus. Two NLS
are apparent in the amino acid sequence of ribin. To test the
functionality of these elements, we transfected hamster BHK
cells with GFP fusion constructs having GFP at either the N or
C terminus of the ribin ORF. As illustrated in Fig. 6, in both
cases the expressed fusion protein localized clearly in the nu-
cleus, and this nuclear accumulation was observed with both
short- and long-term-transfected cells. Some cells showed
dominant nucleolar staining, and the subnuclear distribution of
ribin remains to be established.

DISCUSSION

We isolated a cDNA clone expressing a 32-kDa rRNA core
promoter binding protein of rodent cells. The protein inter-
acted with the Pol I factor UBF and was capable of enhancing
rRNA transcription and cell proliferation.

The exact role of ribin in Pol I transcription activation re-
mains to be elucidated. Our data favor a model in which ribin,
by interacting with the rDNA promoter and UBF, could play a
“bridging” role in the formation and/or stability of the tran-
scription initiation complex. Since only a fraction of the eu-
karyotic rRNA genes are transcriptionally active, rRNA syn-
thesis could be enhanced either through activating of silent
genes or by increased transcription of the established active
ones (34 and references therein). Although our run-on assay
cannot discriminate between these possibilities, it is unlikely
that ribin affects the transcription elongation rate, because the
incubation time used should be sufficient for all nascent rRNA
transcripts to be completed.

Our in vivo data suggest that the ribin level can modulate
rRNA synthesis and cell proliferation. Moreover, ribin can

significantly relieve the serum-triggered repression of rRNA
synthesis, rendering cells less serum dependent. This is of par-
ticular interest, as tolerance to serum deprivation is a hallmark
of tumor cells. Furthermore, the findings that the cellular level
of ribin both depends on the serum and affects rRNA synthesis
suggest a mediator role for this protein in serum-responsive
rRNA regulation.

As the ribin-overexpressing cells manifest both enhanced
rRNA transcription and accelerated growth, an intriguing
question is whether the sole effect of this protein is activation
of rRNA synthesis. If so, this would be a key step in triggering
the cascade of events leading to cell division. Yet our data
cannot rule out another function of the protein related even-
tually to cell division.

It remains to be understood whether the ribin-mediated
effect on rRNA synthesis is linked to the pathway(s) control-
ling the activity of some Pol I factors, such as TIF-IA and UBF,
in a growth- and cell cycle-dependent mode (8, 24, 44).

A remarkable aspect of the ribin gene is its extensive ho-
mology to rDNA. Transcripts with sequence similarity to
rRNA are known to exist, such as small nucleolar RNAs (4)
and some mRNAs that contain relatively short segments sim-
ilar to rRNA (27). With its 1-kb complementarity to rRNA, the
ribin coding region is an extreme example of that kind, dem-
onstrating a heretofore unknown genetic potential of rDNA-
related sequences in higher eukaryotes to express protein-
coding messages.

Functional polypeptides encoded by transcripts complemen-
tary to the large rRNA or within 16S rRNA have been found
in some primitive eukaryotes and bacteria (7, 21, 42, 43). This
is in accord with the hypothesis that rRNA was originally an
agglomeration of individually transcribed genomic sequences,
where structural and protein-coding sequences might have
been intermingled (11). Interestingly, the large rRNA genes
ranging from Drosophila to humans all reveal inverted ORFs
overlapping the ribin homology region (M. Kermekchiev, un-
published analysis). This observation is rather unexpected,

FIG. 5. Effect of serum starvation on rRNA synthesis in cells overexpressing ribin. BHK cells stably transfected with the pSinRep21 expression
vector carrying ribin cDNA (S) or with the blank vector (V) were cultured with a control amount (10%, SER�) or a reduced amount (SER�)
of serum (0.5% for 12 h). Nuclei isolated from these cells were used for run-on transcription in the presence of 150 �g of �-amanitin, followed
by dot hybridization, as in Fig. 2. The dot samples D1, D2, P, and GAP are also as in Fig. 2. The specific activity of the radiolabeled nuclear RNA
is given as in Fig. 4 (SA N-RNA). A densitometric quantitation of the average transcriptional signals is shown on the right. The values for the
control (V, SER�) cells were taken as 100%, and the SER� values are presented by open bars.
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given the fact that this ORF region includes one of the largest
rRNA variable domains, D8. It has been assumed that in
rRNA evolution, selective constraints operate to preserve the
secondary structure rather than the nucleotide sequence of the
variable domains (13, 14, 28). This concept, established for the
bulk of rRNA genes, would presumably not apply to the ribin
gene. Furthermore, if the complementarity of ribin transcripts
to rRNA is significant for the control of ribosome synthesis, the
ribin gene must be maintained by more stringent selective
pressure. It remains to be determined if the cloned gene is
positioned near the rDNA repeats or if it is located outside the
nucleolus, similar to some “jumped” rRNA pseudogenes and
orphan rDNA sequences (29, 45). This gene might have orig-
inated by duplication of the above-mentioned portion of
rDNA with protein-coding potential.
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