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Functional characterization of transcriptional regulatory elements in the
upstream region and intron 1 of the human S6 ribosomal protein gene
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Expression of housekeeping genes involves regulation at com-
parable levels in a wide spectrum of cells. To define the cis-
regulatory elements in the human S6 ribosomal protein (rpS6)
gene, we made a series of deletions of the upstream non-
transcribed region, including or excluding exon 1 or intron 1
sequences. The mutated rpS6 gene regulatory regions were fused
to the chloramphenicol acetyltransferase reporter gene and
transfected into HeLa and COS-1 cells. The results have identified
three parts of the rpS6 gene that are required for efficient and
specific transcription. The core promoter includes only a 40 bp
region upstream of the transcription start site and initiation
region. Both upstream and intronic elements enhance tran-

scription from the core promoter. Furthermore, mutation of the
splice donor site of intron 1 almost completely abolished the
enhancing activity of the intronic transcriptional modulator. We
used gel retardation assays to identify sequence-specific binding
sites in the upstream region and in the proximal half of intron 1.
Both common and different nuclear factors that bind the rpS6
gene promoter were identified in extracts from HeLa and COS-
1 cells, suggesting that different transcription factors may bind
specifically to the same binding region and might be inter-
changeable in their function to ensure high-level expression of
housekeeping genes independently of the cell type.

INTRODUCTION

The formation of ribosomes, which is a prerequisite for protein
synthesis (e.g. during G1 progression), requires the co-ordinated
expression of over 80 different ribosomal proteins. In pro-
liferating cells, the steady-state levels of different ribosomal
protein mRNAs are remarkably uniform, although during differ-
entiation the transcription of ribosomal protein genes is co-
ordinately down-regulated [1-5]. Since ribosomal protein genes
are not found clustered in the mammalian genome, their uniform
expression is rather the result of common trans-acting tran-
scription factors and/or post-transcriptional regulation.

Comparisons of the mammalian ribosomal protein trans-
criptional promoters analysed to date reveal a number of common
features. These include the absence of a TATA box motif,
location in a CpG island and the location of the transcription
initiation point(s) at C residues embedded within a polypyri-
midine tract. In several mouse ribosomal protein genes, binding
motifs for ubiquitously expressed transcription factors have been
identified located upstream and/or downstream of the tran-
scription initiation point(s). The cis-acting binding elements
present in the regulatory regions of the L30 ribosomal protein
(rpL30), rpL32 and rpS16 genes are quite similar, yet the trans-
acting factors that actually bind to particular regulatory elements
of rpS16 appear to be different from those interacting with the
corresponding elements of rpL30 and rpL32 [6-14].

We are interested in the organization and expression of the S6
ribosomal protein (rpS6) gene, which encodes the major target
for phosphorylation by serine kinases in the 40 S ribosomal
subunit. Phosphorylation of rpS6 has been demonstrated on
stimulation of a variety of cells by mitogenic agents and oncogene
products, and is associated with facilitating the translation
initiation and selective translation of certain mRNAs [15]. In an
earlier report, we described the organization and chromosomal
localization of the human rpS6 gene. This gene exhibits typical

features of a ribosomal protein gene, including a small first exon,
a short untranslated leader sequence, the transcription start sites
at cytidine residues embedded in a polypyrimidine tract, the
absence of a TATA box and location of the 5" end within a CpG-
rich island [16].

In the present study we have analysed the transcriptional
promoter region of the human rpS6 gene. The effects of various
5" deletion mutants and of the deletion of various regions of the
first intron on the transcriptional regulation of the rpS6 gene
have been evaluated in transfected HeLa cells and COS-1 cells.
Our findings reveal that, although the contribution of various
elements to rpS6 promoter activity is similar in both cell types,
clear differences are detected in the binding of nuclear factors to
corresponding elements. Some of the differences, detected in the
gel mobility shift experiments, showed a clear correlation with
differences in the promoter activity of deletion mutants. These
results indicate that, in housekeeping genes such as ribosomal
protein genes, regulatory elements may be abundant and some
transcription factors binding to such sites may be interchangeable
in order to achieve similar levels of expression in different cell

types.

EXPERIMENTAL

Cell culture, DNA transfection, chloramphenicol acetyliransferase
(CAT) assays and f-galactosidase (f-GAL) assays

COS-1 cells and HeLa cells were transfected with 20 ug of test
plasmid and 5-10 ug of pJ7 lacZ (5-GAL) by electroporation
(270 V/960 uF for HeLa cells and 450 V /250 uF for COS-1 cells)
in PBS. At 48 h after transfection the cells were harvested and
resuspended in 250 mM Tris/HCI, pH 8.0, and cell extracts were
prepared for CAT and f-GAL assays by three cycles of freeze/
thawing as recommended by the suppliers of the assay kits
(Promega).

Abbreviations used: rpS6 (etc.), S6 ribosomal protein (etc.); CAT, chloramphenicol acetyltransferase; f-GAL, fp-galactosidase; YY1, Yin-Yang 1;

GABP, GA binding protein.

" To whom correspondence should be addressed (e-mail Paul.Kiefer@rz.ruhr-uni-bochum.de).



328 M. Antoine and P. Kiefer

F-GAL activity was used as an internal reference of transfection
efficiency, and was assayed photometrically. The standard assay
was performed by adding a diluted extract sample to an assay
buffer (final concentrations: 0.1 M sodium phosphate buffer, pH
7.5, 1mM MgCl,, 45 mM p-mercaptoethanol) containing o-
nitrophenyl f-p-galactopyranoside (0.8 mg/ml). The reactions
were incubated at 37 °C for 30 min, terminated, and the absor-
bance at 420 nm was read. The readings were corrected using
blank values obtained from extracts from mock transfections.

The extracts were assayed for CAT enzyme activity after
incubation at 65 °C for 10 min to inactivate endogenous acetyl-
ase. The cell extracts were tested for acetylation of *C-labelled
chloramphenicol (at 0.025 mCi/ml; Amersham) in the presence
of n-butyryl-CoA (at 5 mg/ml; Sigma). The n-butyryl chloram-
phenicol partitions were extracted into the xylene phase and,
after two brief back-extractions, a portion of the xylene phase
was mixed with scintillant and radioactivity was counted in a
scintillation counter. A standard curve of CAT activity was
prepared using a blank from mock-transfected cell extracts and
CAT enzyme controls to ensure linearity of the enzyme reaction.
The CAT values of each extract tested were corrected by taking
account of the f-GAL activity.

RNase protection assay

Total RNA was isolated from transiently transfected HelLa or
COS-1 cells on a CsCl/trifluoroacetate gradient as recommended
by Pharmacia. Antisense **P-labelled RNA probes were syn-
thesized from DNA plasmids using SP6 polymerase under
conditions recommended by the supplier (Promega). Probe 1 was
prepared from plasmid CATRI S61, which contained nucleotides
—46 to +48 (46 nucleotides of the 5" region and exon 1) and
nucleotides 569-594 (part of exon 2) of rpS6, plus 268 nucleotides
of the CAT gene coding region, cloned in the vector pGEM4Z
[16]. Probe 2 was prepared from plasmid CATRI S62, which
contained nucleotides —35 to + 594 (including intron 1) of rpS6
plus 268 nucleotides of the CAT gene coding region cloned in the
vector pGEM4Z. Probe 3 was prepared from plasmid CATRI
S63, containing nucleotides —46 to +48, 701 to 1269 (intron 2)
and 1269 to 1277 (part of exon 3) of rpS6, plus 268 nucleotides
of the CAT gene coding region. For RNA synthesis, the plasmids
were linearized at a HindIII site (multicloning site of pGEM4Z).
The RNA was analysed by RNase protection as described [17].

Preparation of nuclear extracts and gel retardation assays

Nuclear extracts were prepared from HeLa cells and COS-1 cells
as described by Wildeman et al. [18]. Protein concentrations were
determined using the Bio-Rad protein assay procedure. Single-
stranded oligonucleotide probes were annealed to the respective
complementary oligonucleotide and labelled (100 ng) with poly-
nucleotide kinase. Unincorporated label was removed by Sepha-
dex G25 column chromatography. Between 10000 and
25000 c.p.m. of each probe (0.25 ng) was incubated with 10 xg of
HeLa or COS-1 cell extract and 3 g of poly(dA-dT) or poly(dG-
dC) in binding buffer (20 mM Tris, pH 8, 5 mM MgCl,, 1| mM
dithiothreitol, 1 mM EDTA, 60 mM KCI) at room temperature
for 20 min. Complexes were resolved on non-denaturing 59,
(w/v) polyacrylamide gels runin 0.5 x Tris/borate/EDTA buffer
at room temperature.

Plasmid constructions

rpS6—CAT fusion plasmids

These were constructed by replacing sequences between the
HindIlI and Xbal sites of the pCAT basic vector (Promega) with

rpS6 sequences generated by PCR. pCAT6.1 was constructed
using PCR with a sense primer around a Spel restriction site
(—876) including an additional HindIII site and an antisense
primer including the first 24 bases of exon 2 plus a Xbal site. We
used as a template the previously described genomic clone
pS6EcoRI, which covers about 3.5 kb of the 5" non-transcribed
region and exons 1 and 2, including intron 1 [16]. pCAT6.3 was
constructed by PCR with the same primer set but using as
template a plasmid in which an rpS6 genomic Spel (—876) to
Poull (4 32) DNA fragment was joined through the Poull site to
the corresponding rpS6 cDNA fragment. Plasmids pCAT6.2 and
pCAT6.4 were derived from plasmids pCAT6.1 and pCAT6.3
repectively by replacing a Poull/Xbal fragment with the cor-
responding double-stranded oligonucleotide, introducing a point
mutation to change the translation start codon ATG into ATC.
Plasmid pCAT6.5 was constructed by inserting the HindI11/ Pvull
fragment of pCAT6.3 between the HindIIl and Accl sites in the
pCAT basic vector.

5 deletion mutants

A set of progressive 5" deletion mutants was created by PCR with
selected 5 primers (as indicated in Figure 2) which included a
HindIII site, and a common 3’ primer which included the unique
BamHI site (4 136) present in the first rpS6 intron. These PCR
products were ligated into HindIIl/BamHI-digested pCAT6.2
and successively numbered pCAT6.21-pCAT6.26.

Intron and splice site mutants

The 3’ deletion construct pCAT6.6 was generated by cloning a
635 bp PCR product into BamHI/Ncol-digested pCAT6.2, delet-
ing the intronic sequences between nt 141 and 527 of the rpS6
gene. The PCR product included 42 nt from the 3" end of intron
1 and a new BamHI cloning site; the 3" primer was derived from
the region around the unique Ncol site present in the CAT
coding sequence. A second 3’ deletion construct, pCAT6.7, was
generated by fusing a 234 bp PCR DNA fragment amplified
from the pCAT6.2 region spanning nt —46 (including the single
Nrul site) to nt + 136 (BamHI site) to the 635 bp BamHI/Ncol
PCR product described above, and cloning into Nrul/Ncol-
digested pCAT6.2. In order to destroy the donor splice site of
intron 1, a PCR product was generated to mutate the consensus
sequence AG:gtaggt into AG:ctcgag, and the mutated DNA
fragment was inserted into pCAT6.2 to generate pCAT6.8. The
plasmid pCAT6.9 was constructed by ligating a 908 bp Spel/
Poull fragment of pCAT6.3 to intron 2 sequences generated by
PCR and cloning the product into Spel/Xbal-digested pCAT6.2.
The 5" primer contained 13 bases of exon 1 (nucleotides 36-48),
including the Pvull cloning site and the proximal 25 nt of intron
2. The 3’ primer contained a 3" Xbal cloning site, the proximal 9
bases of exon 3 (nt 1269-1277) and 14 nucleotides of intron 2 (nt
1268—-1255) for specific priming. The exon/intron boundaries
should ensure correct processing of the intron 2 sequences.
Where possible, DNA fragments derived from PCR products
were replaced by the corresponding genomic sequences, and all
plasmid constructs were verified by DNA sequencing.

RESULTS
Sequences important for efficient promoter activity

In order to identify functionally important regions of the human
rpS6 gene, a number of rpS6—CAT chimaeras were prepared by
linking various parts of the rpS6 gene to a promoterless CAT
gene. After transfection into COS-1 or HelLa cells, the trans-
criptional activity of the constructs was assessed by measuring
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Figure 1

rpS6 promoter and influence of intron 1 sequences on transcription

(R) Structure of the 5" region of the rpS6 gene showing exons 1 and 2 (black and hatched boxes respectively), intron 1 and 900 bp of the 5" upstream region. (B) Schematically depicted structure
of rpS6—CAT fusion plasmids. The position of the translation initiation site in exon 1 is marked. The intronic sequences and the 3" upstream region are represented as thin lines, while exon 1
is depicted as a black box and exon 2 as a hatched box. (C) The values of the CAT activities were normalized to #-GAL activity as an internal reference of the transfection efficiency, and are
expressed as a percentage of the CAT activity of the pCAT6.2 plasmid (taken as 100%). The data are expressed as means + S.D., with the numbers of independent transfections in parentheses.
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Figure 2 Deletion analysis of the rpS6 5 upstream region in the presence of intron 1

(R) Schematic diagram depicting the extent of 5" deletion in a set of mutants based on plasmid pCAT6.2. (B) Relative levels of CAT expression in cell extracts from Hela and COS-1 cells transfected

with the various deletion mutants (see the legend to Figure 1 for details).

CAT activity in the cell extracts in comparison with a co-
transfected f-GAL control. Initially, we constructed rpS6—-CAT
chimaeras containing about 1 kb of the non-transcribed 5’ region
and combinations of exon 1, intron 1 and 5 sequences of exon
2 to ensure correct splicing, as illustrated schematically in Figure
1. On average, construct pCAT6.2 showed the highest level of
promoter activity, which was designated 1009, relative CAT

activity (Figure 1). The ATG codon in exon 1, which normally
initiates rpS6 protein synthesis, severely represses CAT activity,
since its conversion into ATC increased CAT levels 10-fold
(Figure 1; compare pCAT6.1 with pCAT6.2). An enhancement
of CAT activity was also apparent if the intervening sequences
encompassing the ATG codon and intron 1 were deleted (Figure
1; pCAT6.5). A comparison of similar constructs lacking intron
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Figure 3 Promoter efficiency, cap site usage and processing efficiency of the pCAT6.2 deletion mutants determined by RNase protection assay

Schematic diagrams of CATRI S61 (A) and CATRI S62 (B), derived from pCAT6.4 and pCAT6.2 respectively, are shown in the upper panels. The locations of the antisense RNA probes (1 and
2) are depicted as thin lines, and the predicted sizes of the protected fragments [in nt (‘nuc’)] are indicated as thickened lines. Autoradiographs showing the protected fragments obtained with
probe 1 (C) and probe 2 (D) are shown in the lower panels. Total RNA from HeLa cells transiently transfected with the indicated deletion mutants was analysed. The sizes of the protected fragments
were calculated by comparison with a known sequencing ladder run in parallel. Constructs: pCAT6.2 (lanes G1 and D8), pCAT6.4 (lane G2), CAT basic (lanes G4 and D2), pCAT6.21 (lanes C5
and D4), pCAT6.24 (lanes €6 and D5), pCAT6.25 (lanes C7 and D6), pCAT6.26 (lanes C8 and D7). Controls were extracts from non-transfected HeLa cells (lanes €3 and D1) and cells transfected
with pCAT basic (lanes C4 and D2) as negative controls, and from cells transfected with pCAT control (lane D3) as a positive control.

1 with and without the ATG codon confirmed the importance of
removing the ATG start site for rpS6 synthesis. This comparison
also indicated a cell-type difference in transcriptional activity
between fibroblast-like COS-1 and epithelial-like HeLa cells,
since COS-1 cells required intron 1 in order to show activity
comparable with that of HeLa cells (Figure 1; compare pCAT6.4
with pCAT6.2). Although transcription factors should be highly
conserved between human cells and monkey cells, these differ-
ences may also be species-related. However, intron 1 sequences
placed in different orientations with respect to a simian virus 40
promoter did not show similar differential effects, suggesting that
they do not function as a classical enhancer (results not shown).

The rpS6 core promoter is contained within a region of fewer
than 43 bp upstream of the transcription start site

To identify the 5 flanking regions that regulate rpS6 gene
expression, these sequences in plasmid pCAT6.2 were subjected
to a progressive deletion analysis (Figure 2). A deletion from nt
—900 to nt —200 (from the 5" end of pCAT6.2) had only a
modest effect on CAT activity; removal of a further 100 nt
reduced CAT activity in both cell lines by approx. 50 %,. However,
deletion to nt —43 had little effect on the CAT activity in HeLa
cells, but caused more than 90 9, loss of the original activity in
COS-1 cells, suggesting that different transcription factors are
utilized in these two cell lines. Deletion to nt —5 essentially
abolished CAT activity in both cell lines. To ensure comparability
between experiments, a complete set of mutant plasmids was
transfected and the CAT activity standardized to the internal
standard provided by f-GAL activity, as described.

To assess whether the presence of intron 1 sequences may
influence the requirement for 5 upstream sequences for trans-
criptional activity, plasmid pCAT6.5 (which is similar to
pCAT6.2, but lacks the intron 1 region) was subject to a similar
5" sequence deletion analysis and the resultant plasmids were

tested in COS-1 and HeLa cells. For each mutant, a similar
decrease in CAT activity was observed for both cell lines; in
particular, the construct containing only 5 nt upstream gave no
detectable CAT activity. Interestingly, the deletion mutant with
a 5" region deletion corresponding to mutant pCAT6.24 (see
Figure 2) did not show the higher activity associated with HeLa
cells, but rather the lower activity reminiscent of COS-1 cells.
Likewise, deletion of the region between nt —64 and —43
resulted in a sharp decrease in CAT activity to less than 59, of
that of the parent plasmid in both cell lines (results not shown).

To demonstrate that the observed CAT activities are based on
correctly initiated and spliced transcripts, total RNA isolated
from transfected HeLLa and COS-1 cells was analysed by RNase
protection assay (Figure 3). The amounts of transcript derived
for each mutant were measured using 3?P-labelled antisense
RNA probes which encompassed the polypyrimidine tract and
46 bp of upstream rpS6 sequence. Probe 1 was derived from
pCATRI S61, and probe 2 (which includes intron 1) was from
pCATRI S62. The results show that protected fragments corres-
ponded to transcripts initiated correctly at the polypyrimidine
tract, as described for the rpS6 gene, and that intron 1 had been
removed. We conclude from these results that, in the absence of
intron 1 sequences, 40 bp of the 5" non-transcribed region are
sufficient for correct initiation at the polypyrimidine tract;
however, in the presence of intron 1, as few as 5 bp upstream
results in correctly initiated transcripts in HeLa cells.

Major requirements for transcription enhancement by intron 1 of
rpS6

To investigate the effect of intron 1 on the transcription of the
rpS6 gene, we generated a new series of plasmids in which parts
of intron 1 were deleted or exchanged for intron 2, including 5
sequences of exon 3 to facilitate splicing (Figure 4A). In another
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Figure 4 Effect of the presence of intron 1 of rpS6 on CAT activity

(A) A series of mutant cDNAs, all derivatives of pCAT6.2, are depicted schematically. In the constructs pCAT6.6 and pCAT6.7 the intron sequences are deleted between nt 141 and 527 and between
nt 104 and 527 respectively. In the mutant pCAT6.8 the donor splice site is mutated, and in pCAT6.9 intron 1 is replaced by intron 2. (B) The different plasmids were introduced into Hela and
C0S-1 cells by electroporation, and 48 h later the relative CAT activities were measured (see the legend to Figure 1 for details).
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Figure 5 Common and cell-type-specific nuclear factors binding to the 5" upstream region and exon 1 of the rpS6 gene determined by gel mobility shift

assay

(A) *P-labelled fragments (nt — 64 to —33) were incubated in the absence (lane 1) or the presence (lanes 2—4) of nuclear extracts isolated from Hela cells. Lanes 3 and 4 show the effects
of competition with unlabelled oligonucleotide — 64 to —33 (50 ng and 100 ng respectively). Poly(dG-dC) was used as a non-specific competitor. (B) 3P-labelled fragment —33 to 410 was
incubated in the absence (lane 1) or the presence of Hela cell extracts (lanes 2 and 3) or COS-1 cell extracts (lanes 4 and 5). The effects of specific competition (unlabelled oligonucleotide — 33
to +10) are shown in lanes 3 and 5. In these assays, poly(dA-dT) was used as a non-specific competitor. (C) 3*P-labelled oligonucleotide —5 to 448, encompassing exon 1, was incubated
in the absence (lane 1) or the presence of Hela cell extracts (lanes 2 and 3) or COS-1 cell extracts (lanes 4 and 5). Lanes 3 and 5 show the effect of competition with 50 ng of unlabelled

oligonucleotide. Poly(dG-dC) was used as a non-specific competitor.
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construct, the splice donor site of intron 1 was mutated to
determine whether the intron had to be removed in order to
enhance rpS6 transcription. The mutant constructs were tran-
siently transfected into COS-1 and HeLa cells, and the resultant
CAT activities were shown to be comparable for the two cell
lines. Deletion of the intronic sequences between nt 104 and 527
or between nt 141 and 527 resulted in a decrease in CAT activity
to less than 259, of the values obtained with the parent plasmid
pCATG6.2 (Figure 4B). An almost complete loss of activity was
recorded when the donor splice site was mutated. As expected
from results with the deletion mutants, replacement of intron 1
with intron 2 sequences could not restore CAT activity. However,
this mutant showed a significantly higher activity than the
construct with the non-functional splice site. RNase protection
assays showed that construct pCAT6.9 gave correctly processed
transcripts (results not shown). Taken together, the data indicate
that the effect of intron 1 is sequence-specific, and in order to
gain full transcriptional activity the intron has to be removed.

Gel retardation analysis of the core promoter and exon 1 region
of the human rpS6 gene

Given the array of functional elements and the obvious differences
between COS-1 and HeLa cells, it was of considerable interest to
determine whether the locations of deletions causing a change in
transcriptional activity of the rpS6 gene correlated with the
position of candidate binding sites for nuclear factors. Gel
retardation analysis was used to identify the binding of nuclear
factors to rpS6 sequences present in nuclear extracts prepared
from both COS-1 cells and HeLa cells. Since we were particularly
interested in identifying factors which may be cell (type)-specific
or species-related, we focused our search for binding sites on the
region encompassing 64 nt of the 5" non-transcribed region, the
first exon and the first 52 nt of intron 1. Our gel retardation assay
with a *?P-labelled oligonucleotide extending between nt —64
and —33 of rpS6 demonstrated at least three nuclear factors
binding to this region in both COS-1 and HeLa cells. However,
we found that the choice of the non-specific competitor had a
profound effect on the binding of nuclear factors to this oligo-
nucleotide. Apart from three highly retarded bands (Figure 5A,
bands 1-3 in lane 2) found with nuclear extracts from both cell
lines, an additional band specific to COS-1 cell nuclear extracts
was observed when using poly(dA-dT) as non-specific com-
petitor. The specificity of these bands was demonstrated by
competition experiments with an excess of unlabelled olignucleo-
tides (Figure 5A, lanes 3 and 4).

Because the —43 deletion mutant showed a clear difference in
CAT activity when transfected into COS-1 cells or HeLa cells, we
expected that an oligonucleotide extending from nucleotide — 33
to + 10 may have a cell-specific factor binding pattern. In fact,
three band shifts are common to both cell lines (bands 1, 2 and
6, lanes 2 and 4, Figure 5B) and three additional retarded bands
are observed with HeLa extracts (bands 4, 5 and 6, lane 2, Figure
5B). All these bands were shown to be specific as they were
successfully competed by the unlabelled oligonucleotide (lanes 3
and 5, Figure 5B). No difference was noted with the band shift
pattern of the —33 to + 10 oligonucleotide when using either
poly(dG-dC) or poly (dA-dT) as a non-specific competitor.
When poly(dI-dC) was included in the assay as a non-specific
competitor some factor binding was lost with extracts from both
cell lines. Interestingly a specific competitor encompassing nt
—39 to — 15 overlapping with oligonucleotide —33 to +10 by
19 nt abolishes a major band using COS-1 cell extracts, and less
convincingly a band using HeLa cell extracts, suggesting that at

-19 to +1
o h 9 g
28 28
1 2 3 4 5

[

Figure 6 Oligonucleotidle —19 to +1 encompasses a possible ETS
binding site

Hela cell extracts (lanes 2 and 4) or COS-1 cell extracts (lanes 3 and 5) were incubated with
labelled oligonucleotide —19 to +1, which includes an ETS factor binding consensus
sequence (GGAA). A 50 ng portion of unlabelled competitor was enough to abolish protein—DNA
complex-formation (lanes 4 and 5). Lane 1 shows the labelled oligonucleotide incubated without
protein extract. Poly(dG-dC) was used as a non-specific competitor.

least one factor binds to the 5" half of the oligonucleotide —33
to + 10 (results not shown).

Using an oligonucleotide from nt —5 to nt +48, which
encompasses all of exon 1, a major fast-migrating band and one
weaker slow-migrating band were detected in extracts from both
cell types (Figure 5C, bands 1 and 2 in lanes 2 and 4). In addition,
a slower-migrating band was detected only with COS-1 cell
extracts (Figure 5C, band 3 in lane 4). No differences in the band-
shift pattern were detected using an oligonucleotide in which the
ATG codon was mutated to ATC.

When an oligonucleotide encompassing nt —19 to +1 was
used in a gel mobility shift assay, a single retarded band was
revealed using COS-1 extracts, and an equally intense second
band was revealed using HeLa extracts (Figure 6). Interestingly,
this oligonucleotide probe contains a core consensus sequence,
GGAA, for the ETS family of transcription factors.

Recombinant YY1 (Yin-Yang 1) protein binds to the rpS6 intronic
transcription modulator

Overlapping oligonucleotides derived from the 5" region of the
first intron were also tested for their abiltiy to bind nuclear
factors from HeLa and COS-1 cells. In Figure 7 the results are
presented from this analysis using HeLa cell extracts and
oligonucleotides from nt 68 to nt 47, which includes a YY1
consensus binding site (GCCACCATCAC), from nt 40 to nt 82
and from nt 70 to nt 100. At least three sets of the multiple band
shifts observed using the nt 40-82 oligonucleotides were common
to the nuclear extracts from both cell types (Figure 7A). However,
depending on the non-specific competitor used, some of the
minor bands were detected exclusively with one or the other cell
extract.

The nt 6847 oligonucleotide revealed one shifted band
migrating in a similar position to a major band detected with the
nt 40-82 fragment, suggesting that the binding of additional
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Figure 7 Analysis of intron 1 binding factors in COS-1 and HeLa nuclear
extracts by gel retardation assay

(M) *2P-labelled fragments (nt 40-82) were incubated in the absence (lane 1) or the presence
of Hela cell extracts (lanes 2 and 3). Lane 3 shows the effect of competition with 50 ng of
unlabelled oligonucleotide 40—82. (B) Labelled oligonucleotide 68—47, carrying a possible YY1
binding site, was incubated without protein extracts (lanes 1 and 5), with Hela cell extracts
(lanes 2—4 and 10) or with bacterially expressed YY1 protein (lanes 6—9). For the experiments
presented in lanes 6 and 7, 400 ng and 800 ng of recombinant YY1 protein was used
respectively. Lanes 4 and 9 show the result of an incubation of labelled oligonucleotide 40—82
with Hela cell extracts and recombinant YY1 protein respectively. Lanes 3 and 8 show
competition with unlabelled oligonucleotide 68—47. A complex between a protein from Hela cell
extracts and oligonucleotide 68—47 is shown in lane 10. A 250 ng portion of poly(dG-dC)
was used as a non-specific competitor with the recombinant protein, and 3 g of poly(dG-dC) was
used with Hela cell extracts. (C) *P-labelled fragment 70—100 was incubated in the absence
(lane 1) or the presence of Hela cell extracts (lanes 2 and 5) or COS-1 cell extracts (lanes 3
and 4). The formation of a labelled protein—DNA complex was challenged by the addition of
50 ng of unlabelled competitor oligonucleotide (lanes 3 and 5). Poly(dG-dC) was used as a non-
specific competitor.

nuclear factors is due to the flanking sequences (Figure 7B, lanes
2 and 4). As expected, bacterially expressed recombinant YY1
protein bound to both fragments (Figure 7B, lanes 6, 7 and 9)
[19]. It appears that the recombinant YY1 protein has a higher
binding affinity with the nt 40-82 oligonucleotide than with

fragment nt 68-47, indicating that sequences around the core
binding site are probably stabilizing the binding. However, the
complex between bacterially expressed YY1 and oligonucleotide
nt 68—47 runs faster on native gels than does the major complex
between HeLa nuclear extracts and oligonucleotide nt 68-47
(Figure 7B, lanes 6, 7 and 10). This difference in mobility could
be due to a post-translational modification or to proteolytic
degradation.

The third oligonucleotide derived from intron 1 sequences (nt
70-100) was also used in a gel retardation assay with HelLa or
COS-1 cell extracts. Two bands (numbered 1 and 2 in Figure 7C)
were common to extracts from both cell types. At least one major
slow-migrating band (Figure 7C, band 3) was only detected with
the COS-1 cell extracts.

DISCUSSION

In this paper we describe cis-acting sequence elements in both the
promoter region and the first intron of the rpS6 gene that are
important for its transcription. Nuclear factors from COS-1 and
HeLa cells were found to bind to sequences in the promoter
region and first intron of the rpS6 gene. Some differences were
detected between the factor binding capacities of the two cell
extracts. The rpS6 gene, like a number of other ribosomal
protein genes, requires a limited amount of 5’ upstream sequence
for efficient transcription. Although sequences upstream of nt
—100 and —64 are required for maximal activity in both COS-
1 and HeLa cells, their contribution to the transcription of the
rpS6-CAT gene s less than 40 9,. Deletion of sequences upstream
of nt —43 reduced transcription by 90 9%, in COS-1 cells. However,
in HeLa cells, downstream transcriptional regulatory elements in
the intron-containing rpS6—CAT gene can compensate for the
deletion of the sequences upstream of —43 to restore about 50 %,
of transcriptional activity.

Thus we detected three additional nuclear factors in HeLa
extracts which bind to the sequence between nt —33 and + 10.
This region contains a sequence (nt —22 to — 16) which shows
marked identity with the so-called y-element motif first identified
in the mouse rpL.32 and mouse rpL30 promoters [10,14]. One of
the transcription factors which binds to the y-element motif also
displayed a strong affinity for the canonical TATA box motif
[20]. Similarly, recombinant transcription factor IID binds to the
y-element of mouse rpL32 [10]. Although this evidence is
intriguing, transcription of rpL.30 only depended on the presence
of the y-element when the promoter strength was decreased by
deleting binding sites for other transcription factors [14].

Ribosomal protein genes and several other housekeeping
genes have a GC-rich content in the vicinity of their transcription
start sites. Conceivably these regions are potential targets for
transcriptional regulatory factors such as Spl, AP2 (adaptor
protein 2), E2F and USF (upstream stimulatory factor) [21,22].
The presence of Spl binding site(s) in the promoter region is a
common feature of housekeeping genes, especially in the CG-
rich regions in and around their 5" ends. Two Sp1 binding motifs
are found in the 5" upstream region of human rpS6 (nt —89 to
—94 and nt —384 to —379), and one consensus sequence is
present in the first intron (nt 241-246) [23]. However, 5" deletion
analysis indicates that the two upstream Spl motifs contribute
less than 209, of the transcriptional activity in COS-1 cells. In
contrast, deletion of the region containing both of these upstream
Sp! binding elements seems to increase rather than decrease the
expression of the rpS6-CAT gene in HeLa cells, indicating
the possible presence of an inhibitory factor in HeLa cells which
may bind to this region.

In an earlier report, a region called box A was described in the
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5" upstream region of the mouse rpL7a gene which was conserved
in the corresponding position in the chicken and human rpL7a
genes and appears to be crucial for maximal expression of mouse
rpL7a transcriptional activity [24]. High identity with the rpL7a
box A motif can be found in the region from nt —44 to nt — 54
of the human rpS6 gene. In the band-shift analysis, at least three
nuclear factors bound to regions between nt —64 and nt —33
containing this box A sequence.

The rpS6 5’ region also contains four possible binding sites for
the ETS transcription factor family. All the ETS binding motifs
are almost perfect fits for the proposed consensus sequences for
the GABP (GA binding protein) factor, a member of the ETS
DNA-binding protein family [25]. Using an oligonucleotide
containing nt —19 to nt +1, including the potential GABP
binding site, two complexes were formed with nuclear extracts
from HeLa cells, while only the slower-migrating complex was
formed with COS-1 cell extracts. A further GABP consensus
motif can be found in the first exon (nt 6-12). Band-shift analysis
of this region detected two retarded complexes with nuclear cell
extracts from both cell types using oligonucleotides representing
the entire exon 1 sequence. A cis-acting element called £ has been
described in the two mouse ribosomal protein genes rpL.30 and
rpL32 which exhibits a strong affinity for GABP binding proteins
[26].

The presence of sequences from the first rpS6 intron results in
a dramatic increase in gene expression. The effect of the rpS6
intron sequences on gene expression appears to be both context-
and promoter-specific. A similar promoter-specific effect of
intron sequences has been reported for immunoglobulin gene
transcription, for which the intron-dependence is lost when
the genes are regulated from a heterologous promoter [27]. Other
genes, including those encoding the simian virus 40 T-antigen,
mouse dihydrofolate reductase, purine nucleoside phosphorylase
and manganese superoxide dismutase, also require intron se-
quences for efficient expression ([27,29,30] and refs. therein).
Although other examples of ribosomal protein genes that require
the presence of intron sequences for efficient expression have also
been reported, efficient expression of mouse rpL.7a appears to be
independent of intron sequences [12,24,28].

The results presented here indicate that the intron-dependent
increase in rpS6-CAT expression requires correct processing of
the intron sequences. The replacement of rpS6 intron 1 by intron
2, which was in this context correctly spliced, was not sufficient
to result in high expression. This suggests that the increase in
gene expression may depend to some degree on the presence of
transcription regulatory elements in the first intron. Deletion
analysis of the intron 1 sequences revealed that sequence elements
mainly localized in the 5" region of intron 1 are the most
important for expression. However, our observation that deletion
of the middle part of intron 1 resulted in a partial loss of CAT
activity supports the notion that, besides the exon l-intron 1
boundary, other intronic regulatory elements may be important
for the intron-dependent effect on rpS6 expression. In a similar
fashion, sequence elements from the first intron have been shown
to be important for rpL32 gene expression [28].

The intron 1 sequence of the human rpS6 gene contains a
consensus binding site for the transcription factor YY1 (also
called 0, nuclear factor-E1 and UCRBP) first identified in the
Adeno-associated virus promoter. Putative YY1 binding motifs
have been found in a number of ribosomal protein genes in both
orientations of transcription. Deletion of the two YY1 binding
sites located in the first exon and in the first intron of mouse
rpL32 reduced transcription by about 90 9, [31-33]. Therefore
one of the multiple rrans-acting factors interacting with the 5'-
terminal intron 1 sequence and detected in both cell extracts

appears to represent the YY1 transcription factor. Besides
binding sites that are often found within regulatory domains of
housekeeping genes, the proximal intron 1 region contains
binding sites for nuclear factors implicated in cell-specific tran-
scription control. The sequence comprising nt 75-88 represents a
binding motif for the liver-specific transcription factor C/EBP
(CCAAT /enhancer binding protein), and nt 77-89 contain a
possible binding motif which is recognized by the lymphocyte-
restricted Tkaros-gene-encoded zinc finger DNA binding factors
[34,35].

As might be expected for a housekeeping gene promoter, a
high level of rpS6 gene transcription requires only a small region
comprising exon 1, a very limited amount of flanking 5" sequences
and adjacent intron sequences. However, the reason for the
multiplicity of band shifts and the differences (which may be cell-
type-specific and/or species-related) between COS-1 and HeLa
cell extracts obtained with most of the fragments tested remains
unclear. Both COS-1 cells and HeLa cells are fast proliferating;
therefore, if there is a common set of transcription factors that
ensure high transcription levels, it should be present in both
nuclear extracts. The differences may be due to the fact that the
majority of the factors recognize the rpS6 sequences with low
affinity and are in their function interchangeable, while binding
of only a few obligatory factors is needed for high transcriptional
activity. Alternatively, some factors may associate via protein—
protein interactions, and the recruited partners, which may
otherwise be involved in highly specific control of gene expression
and vary from cell type to cell type, may serve in such a complex
to ensure constitutive expression of housekeeping genes in a wide
range of cells.
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