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Gene promoters contain several classes of functional sequence elements (cis elements) recognized
by protein agents, e.g. transcription factors and essential components of the transcription machin-
ery. Here we describe a common DNA regulatory element (tandem TCTCGCGAGA motif) of hu-
man TATA-less promoters. A combination of bioinformatic and experimental methodology sug-
gests that the element can be critical for expression of genes involved in enhanced protein syn-
thesis and the G1/S transition in the cell cycle. The motif was identified in a substantial fraction
of promoters of cell cycle genes, like cyclins (CCNC, CCNG1), as well as transcription regulators
(TAF7, TAF13, KLF7, NCOA2), chromatin structure modulators (HDAC2, TAF6L), translation ini-
tiation factors (EIF5, EIF2S1, EIF4G2, EIF3S8, EIF4) and previously reported 18 ribosomal protein
genes. Since the motif can define a subset of promoters with a distinct mechanism of activation
involved in regulation of expression of about 5% of human genes, further investigation of this
regulatory element is an emerging task.
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INTRODUCTION

The regulation of transcription is the major
process modulating expression of genes on both
qualitative and quantitative levels. Regulatory ele-
ments concentrated in gene promoters include sev-
eral classes of functional DNA sequence motifs (cis
elements) recognized by protein agents (trans ele-
ments), i.e. essential components of the DNA-direct-
ed RNA polymerase transcription machinery (GTF,
general transcription factors) and complementary
transcription factors (TFs). The efficiency of tran-
scription is enhanced by specific interactions be-
tween DNA-binding proteins and sequence elements
present in promoters (TFBSs, transcription factor
binding sites). Apart from the cis—trans cooperation
other regulating mechanisms include variations in

chromatin composition wvia histone modifications
(Barrera & Ren, 2006).

The regulation of gene expression is a complex
process resulting in enhanced activity of the encoded
gene products (proteins). Previously, groups of co-
regulated genes (so called gene expression modules)
has been identified by comparative measurements of
gene expression in various tissues (Segal et al., 2004).
For the yeast model gene-expression clusters were
effectively translated into regulatory networks defin-
ing a molecular background of co-expression (Segal
et al., 2003). Specific functions have been assigned to
several cis elements and the presence (or activation)
of the related trans agents (TFs) shown to activate
specific molecular switches triggering the expression
of respective genes (Hughes et al., 2000). Since the
regulation of gene expression in higher Eukaryotes
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is more complex (Jura et al., 2006), the progress in
the field is less advanced. So far, specific regulatory
mechanisms has been assigned to a limited number
of functional groups of genes (Hardison ef al., 1997;
Frech et al., 1998; Yoshihama et al., 2002), cellular
processes (Kel ef al., 2001) and tissue-specific expres-
sion patterns (Wasserman & Fickett, 1998).

The interplay between the activity of TFs in
a given cell and the presence of TFBS in promoters
is one of the most important mechanisms respon-
sible for inducible or tissue-specific transcription.
Therefore identifying functional elements of a gene
promoter allows prediction of the gene’s expres-
sion in various tissues and different environmental
conditions (Tronche et al., 1997). The description of
the full repertoire of transcription factors (trans) and
their binding specificities (cis elements) is one of the
most important tasks of bioinformatics in the analy-
sis of gene expression (Pennacchio & Rubin, 2001).

Here we present a common DNA element of
human promoters involved in regulation of genes
associated with protein translation. Using genome-
wide scanning we suggest that the element can take
part in regulation of expression of nearly 5% of hu-
man genes, mostly those transcribed from TATA-
less promoters.

METHODS

Sequence neighborhood. Whole genome hu-
man-mouse alignments (genome builds: “hgl7”,
May 2004; “mmb5”, May 2004) were obtained from
the Genome Browser (Kent et al., 2002). Promoter
sequences, defined as 1000 base pairs (bp) upstream
and 100 bp downstream from transcription start site
(TSS), of the 16749 human genes (non-redundant set
from the Reference Sequence project) (Kent et al.,
2002) were retrieved from sequence alignments.

The promoter alignments were scanned for
occurrences and evolutionary preservation of all k-
mers ranging from 6 to 8 bases. A k-mer was rec-
ognized as conserved only when it occurred in both
genomes at corresponding (homologous) locations
with no differences in sequence. The observed con-
servation ratio (c¢) of a motif was determined as the
proportion of human occurrences (k) that were pres-
ent in conserved form (non-mutated) in a homolo-
gous locus of the mouse genome to all the motif’s
occurrences in human promoters (n; c=k/n).

To analyze the degree of conservation of a
k-mer we tested each motif against its “sequence
neighborhood” (SN; Table 1) which was defined by
all k-mers differing by exactly one nucleotide (e.g.:
SN of AAAAA consists of: CAAAA, GAAAA, TA-
AAA, ACAAA, .., AAAAT). Such algorithm was
introduced to avoid the problem of unequal conser-

vation ratio of motifs of different nucleotide con-
tent.

The conservation ratio of each sequence motif
was assessed against the average conservation ratio
of the other sequences from its sequence neighbor-
hood (C) using a binomial distribution model (prob-
ability of k conserved instances out of total n in-
stances for given probability (C) of conservation for
any one instance). Z score was calculated according
to the binomial approximation of the normal distri-
bution formula (Feller, 1968). Motifs with the Z score
of binomial statistics above 4.0 were selected.

The dataset of regulatory motifs. The col-
lected motifs were grouped before compilation into
a database of potential regulatory signals. The rules
for clustering were as follows: sequences could dif-
fer by a maximum of one nucleotide and could be
shifted by a maximum of one position and no gaps
were allowed in the alignment. The distribution of
clustered motifs was evaluated by the Student’s f-
test for paired data and the clustering was allowed
only for motifs of consistent distribution (P<0.05,
motifs’ occurrences were counted in a 20 bp win-
dow along the promoter sequences). The dataset is
available for browsing at URL: http://promoter.bio-
info.pl (Wyrwicz L.S., Rychlewski L., Ostrowski].,
manuscript in preparation).

The impact of the motif presence on promoter
activity was assessed for gene expression profiles

Table 1. The sequence neighborhood of core 8 bp (CTC-
GCGAG) fragment of TCTCGCGAGA motif

Sequence Z score
CTCGCGAG 21.7013
ATCGCGAG 3.4648
GTCGCGAG -1.3939
TTCGCGAG —2.6871
CACGCGAG -0.4366
CCCGCGAG -0.5648
CGCGCGAG -1.3154
CTAGCGAG -2.0048
CTGGCGAG -3.8648
CTTGCGAG -1.6411
CTCACGAG -0.7837
CTCCCGAG —2.4787
CTCTCGAG -3.2008
CTCGAGAG -1.9628
CTCGGGAG -2.9035
CTCGIGAG -2.1266
CTCGCAAG ~1.342
CTCGCCAG -2.1097
CTCGCTAG -1.1389
CTCGCGCG 0.1945
CTCGCGGG -0.4507
CTCGCGTG 0.9418
CTCGCGAA -1.6187
CTCGCGAC -0.0373
CTCGCGAT 0.8702
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obtained from publicly available results of SAGE
experiments (Serial Analysis of Gene Expression)
(Velculescu et al., 1995) deposited in the GEO da-
tabase (http://www.ncbinlm.nih.gov/geo) (Edgar et
al., 2002). The SAGE method was preferred instead
of microarrays or other platforms for estimation of
gene expression as it has previously been shown to
exhibit more precise discrimination between high
and low abundance transcripts (van Ruissen ef al.,
2005). A total of 164 gene expression libraries of 10
bp tags associated with NIalll restriction sites repre-
senting various tissues and cell lines derived from
human normal and cancerous cells were selected
(Edgar et al., 2002). The previously published al-
gorithm (Klimek-Tomczak et al.,, 2004) was used to
match the expression data to the set of Reference
Sequence project genes. Genes from each SAGE ex-
periment corresponding to tags found in the SAGE
library were sorted by the number of tag counts
and grouped into: “high expression” (HE; top 40%
of expressed genes) and “low expression” (LE; 40%
of genes with lowest tag count). Chi-square test was
used to compare the number of conserved motif oc-
currences in both groups of promoters.

Annotation of human promoters. We tested
the presence of the motif of interest in human pro-
moters retrieved from the Eukaryotic Promoter Da-
tabase (EPD) (Schmid et al., 2006) and the UCSC
Genome Browser (Kent et al., 2002) databases (“up-
stream1000” data set) using proprietary scripts writ-
ten in PERL programming language. The functional
annotation of genes was performed with the Gene
Ontology (http://geneontology.org) (Harris et al,
2004) and UniProt (http://www.uniprot.org) resourc-
es (Bairoch et al., 2005). The scripts, datasets and
search results are available as Supplementary mate-
rials (URL: http://lucjan.bioinfo.pl/supplemental/cell-
cycle).

Electrophoretic mobility shift assay. Starved
HeLa cells were stimulated with 15% fetal calf se-
rum for: 0, 1, 6 and 24 h. Non-histone nuclear pro-
tein extracts were isolated as previously reported
(Ostrowski et al., 1991). The sequences of oligonucle-
otides used in the study were as follows: XPC-sin-
gle (5 CTT TCC CGC CIC TCG CGA GAA CAC
AAG AGC), COX11 (5" AGG TCA AAT CTC GCG
AGG CGT GCT CCG ICT CGC GAG ATC TGG G),
XPC (5" TCC TCA CGI_TTC CGG AGA TTG ACG
TTG CTC TTG TGT TCT CGC GAG AGG CGG G),
COX11-d1 (5 AGG TCA AAT CGG CGT GCT CCG
TCT CGC GAG ATC TGG G), COX11-d2 (5" AGG
TCA AAT CTC GCG AGG CGT GCT CCG ICG
ATC TGG G), COX11-d12 (5" AGG TCA AAT CGG
CGT GCT CCG TCG ATC TGG G), HNRPK (5" AGT
TGT TAG ATC TCG CGA GAG GTT CGC CCC).
Double stranded DNA was phosphorylated with [y-
32PJATP using T4 polynucleotide kinase (Fermentas)

according to the manufacturer’s protocol. The bind-
ing mixture consisted of 3 ul of binding buffer (20%
glycerol, 5 mM MgCl,, 2.5 mM EDTA, 2.5 mM DTT,
250 mM NaCl, 50 mM Tris/HCl, pH=7.5), 2.5 ug of
nuclear protein extract and 1.4 pmol of oligonucle-
otide. The reaction was carried out in a total volume
of 15 pl (30 min at 25°C). EMSA was performed
using 4 pl of the product on an 8% non-denaturat-
ing polyacrylamide gel (37.5:1, Promega) for 1 h at
7.5 V/em. Autoradiograms were obtained using Im-
aging screen K and Molecular Imager FX (BioRad).

RESULTS AND DISCUSSION

The applied algorithm allowed the identifica-
tion of a subset of the human genome as potential
regulatory motifs. The summary of the motifs” selec-
tion is shown in Table 2. Since palindromes consti-
tute one of the most important group of regulatory
elements, the dataset was tested for the presence
of such motifs. The top scoring palindrome motifs
identified are summarized in Table 3.

An uncharacterized palindrome motif TCT-
CGCGAGA was identified among the most conserved
motifs in a genome-wide human-mouse assessment
of 6-8 nucleotide segments and is deposited in Pro-
moSignalDB under the accession number H-26.1
(http://promoter.bioinfo.pl/data.pl?acc=H-26.1).  The
core part of the motif (CTCGCGAG) was conserved
in 151 cases out of 283 occurrences in the analyzed
human promoters (53%). The conservation ratio in-
creased to 66% for motifs located between base —180
and +40 in relation to TSS.

The motif distribution in human promoters
is shown in Fig. 1A. Detailed analysis of the motif
distribution within human promoters suggested that
the motif tended to be present in more than one
copy. In the “upstream1000” dataset the consen-
sus element was present in a duplicated form 12.62
times more often than expected. The motifs within a
pair were usually separated by up to 200 nucleotides
(Fig. 1B). Selective conservation of the two copies
in homologous genomic loci of related species and
accumulation of mutations in the spacer sequence
were observed (an example motif shown in Fig. 1C).

Table 2. Summary of the motif identification procedure

Sequ- Total Potential regula-
ence number  Observed tory motifs
length of motifs  motifs (fraction of ob-
(nt) (4m) served motifs)

6 4096 4096 (100%) 361 (0.0888)
7 16384 16375 (99.95%) 578 (0.0353)
8 65536 63730 (97.24%) 685 (0.0108)




L. S. Wyrwicz and others

2007

ing we selected native oligonucleotides containing a
motif nearly identical to the consensus sequence. The

sequences were obtained from proximal promoters
of XPC (xeroderma pigmentosum, complementation
group C) and COX11 (cytochrome c¢ oxidase assem-

bly protein 11). In the selected promoters two cop-
ies of the element were present in close proximity,
spaced by 18 and 9 nucleotides, respectively. Both
elements were conserved in homologous loci of dif-
ferent species of vertebrates (mouse, rat, dog).

The binding of nuclear proteins to the double
stranded oligonucleotides (dAsDNA) was assessed by
EMSA. To induce transcription, HeLa cells were first
starved for 48 h, then stimulated with fetal calf se-
rum for 0, 1, 6 or 24 h. We observed a specific mo-
bility shift for dsDNA probes containing two copies

92
Table 3. Summary of top scoring palindromes of 6 and 8
nucleotides
Fraction of
Sequence  Z score conserved Description
occurrences
1. CACGTG 31.70 0.51591 cMyc
2.  TCGCGA 27.00 0.69642 Unknown
3. CCATGG 26.38 0.37763 CCAAT
4. TGCGCA 22.23 0.37326 Unknown
E 5 GAcGTC 2100 053813 AP1
L 6. GCGCGC 17.19 0.31609 GC rich motif
7. GCATGC 17.00 0.35995 Unknown
8. CAGCTG 12.09 0.28532 AP1
9. TAATTA 8.76 0.29905 TATA-box
10. CTGCAG 8.42 0.23389 Unknown
1. CTCGCGAG 21.701 0.53356 Unknown
2. TGACGTCA 15535 0.58663 CREB / AP1
3. GCCATGGC 11.843 0.41535 Unknown
4., CTGCGCAG 10.600 0.31567 Unknown
E 5. TCACGTGA 10.568 0.56554 cMyc
£ 6. CGCATGCG 8526 050967 Unknown
7. CCACGTGG 6.858 0.3913 cMyc
8. TCAGCTGA 6.060 0.31578 AP1
9. GCGCGCGC 5.495 0.28672 GC rich motif
10. TTCCGGAA 4.809 0.33139 Ets

of the motif (Fig. 2B, C), while no shift was observed
for an oligonucleotide containing a single copy of
the element (XPC-single; Fig. 2A) or for a single
nearly identical motif retrieved from promoter of
HNRPK (not shown). The specific shift was present
only when nuclear protein extract from induced cells
was used and the amount of shifted probe increased
with extension of time of serum induction.

To investigate the function of the presence of
two copies of the motif, deletion mutants of COX11

native element were assayed (Fig.3). No shift was
observed for probes with the central six nucleotides

The preference of the motif to occur in more
than one copy is unusual. To assess if the motif can
be recognized in the single or double configuration
an experimental study of electrophoretic mobility
shift assay (EMSA) of an oligonucleotide containing
the TCTCGCGAGA motif was performed. For test-

deleted in either one (lanes 3, 4) or both copies
(lane 5).

The described regulatory motif was previous-
ly identified in other genome-wide studies but no
details on its activity were provided. FitzGerald and
coworkers (2004) identified this element as a com-
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Figure 2. Electrophoretic mobility shift assay of in vitro
binding of novel cis element TCTCGCGAGA.

Starved HeLa cells were stimulated with 15% fetal calf
serum for: 0 (lane 1); 1 h (lane 2), 6 h (lane 3) and 24 h
(lane 4). A, XPC-single; B, COX11; C, XPC. The locations
of the delayed probe likely corresponding to a specific in-
teraction of nuclear extract protein(s) with the tandem mo-
tif oligonucleotide are marked with arrowheads.

mon motif clustering in the human genome in close
proximity to transcription start sites. Xie et al. (2005)
identified the element as a conserved motif in sever-
al mammalian genomes. Haun and coworkers (1993)
investigated the role of the TCTCGCGAGA element
in promoter of ARF3 and concluded that mutation
of a single copy of the element diminished the tran-
scriptional activity of the ARF3 promoter in vivo.
Notably — the ARF3 promoter also contains a sec-
ond imperfect copy of the motif 23 nucleotides apart,
which was present in the analyzed gene construct,
but not reported by Haun and coworkers (TCT CGC
GAG AAC TGC CGC TAG CTA CCG CGC AGC
TCT CGC GCG A). The effect of mutation or dele-
tion of the latter site was not investigated.

The presence of similar motifs was postu-
lated by Roepcke and coworkers (2006) (motif M4;
AGTCTCGCGAGATCT) and Perry (2005) in their
studies on sequence elements overrepresented in
promoters of human ribosomal genes. None of the
presented studies suggested the tandem composition
of the active element.

We performed a search of human promoters
containing the composite tandem motif in the Eu-
karyotic Promoter Database. Other genes contain-
ing the motif in their promoters were functionally
related to enhanced protein synthesis and included
translation initiation factors (EIF5, EIF251, EIF4G2,
EIF3S8, EIF4), cell cycle genes active in G1/S phase
(CDK8, CDC25A, CUL1), cyclins (CCNC, CCNGI),
genes linking gene expression and cell cycle regu-
lation (TAF7), transcription regulators (TAF13,
PROX1, KLF7, NCOA2) and chromatin structure
modulators (HDAC2, TAF6L). The motifs identified
in promoters of the mentioned genes are shown in
Table 4.
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Figure 3. Electrophoretic mobility shift assay of in vitro
binding of native elements and mutants.

Protein extracts were obtained from starved HeLa cells
stimulated with 15% fetal calf serum for 24 h. 1, XPC; 2,
COX11; 3, COX11-d1; 4, COX11-d2; 5, COX11-d12. The lo-
cation of the delayed probe corresponding to a specific in-
teraction is marked with the arrowhead.

Since the role of the motif in gene expression
had not been investigated before, we tested wheth-
er the motif occurs in promoters of tissue-specific
genes. Analysis of gene expression profiles obtained
with the SAGE method revealed that the motif was
overrepresented in promoters of highly expressed
genes when compared with the low expression sub-
set in 121 of 164 tested tissues and cell lines. Similar
results (association in >50% of tested gene expres-
sion profiles) were achieved for the general or very
common regulatory elements which do not exhibit
tissue selectivity, i.e. TATA-box, CAAT enhancer,
Octl and Ets motifs, as well as the Kozak sequence
(a motif associated with highly efficient translation)
(Kozak, 1987). The results of the analysis are avail-
able as Supplementary materials (URL: http://lucjan.
bioinfo.pl/supplemental/cellcycle).

Although the consensus motif has been de-
termined, analysis of reference human promoters
(EPD) and comparative genomics analysis suggests
that a certain degree of variation is accepted with-
in the site, as can be shown for the tandem motif
of COX11 promoter (Fig.1C, human: TCTCGCGA-
GA N, CCTCGCGAGA, mouse: TACCGCGAGA N,
TCTCGCGAGA). Moreover, in several promoters of
ribosomal protein genes we identified two imperfect
copies of the motif located in close range, where nei-
ther the proximal nor the distal copy matched 10 bp
consensus (Table 4).

An analysis of human promoters retrieved
from the UCSC Genome Browser dataset matching
the tandem element was performed and ribosomal
protein genes were observed among the most abun-
dant class of genes (Table 5). Since the bioinformatic
identification of the full repertoire of genes associ-
ated with a motif relies on an assumption of a mini-
mal degree of similarity to its consensus sequence
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Table 4. List of selected genes involved in protein translation and cell cycle regulation with the duplicated motif

within their promoters.

Promoter sequences retrieved from genome assembly (not deposited in EPD) are marked with asterix.

Process Gene Motif 1 Spacer Motif 2 Relation to TSS
. CCNC TCTCGCGAGA 10 CGCCGCGAGC -172
P CCNG1 GATCGCGGAG 47 TCTCGCGAGA —44
; E CDC10 TCTCGCGAGA 199 GGICGCGGAG 21
:>\ = CDC5L TCTCGCGAGA 136 TCTCGCGAGA -37
= CDKS8 * GTTCGCGAGT 100 GCGCGCGAGA -29
© CULT * GCTCGCGAGG 141 CCACGCGAGC -278

TAF7 TCTCGCGAAA 107 CGICGCGACG -5

é o TAF13 * GATCGCGCCA 317 ACTCGCGACC -192
% % KLF7 * GCTCGCGCTG 381 GATCGCGAGA -108
é —éo NCOA2 * AGTICGCGCCT 666 GCTCGCGAGC -129
E & HDAC2 GCTCGCGGCA 21 CTICGCGACA -361
TAF6L * AGICGCGAAA 16 ACTCGCGAGC -309

é ® EIF5 AGTCGCCATG 120 TCTCGCGAGA -260
E .8 EIF4B * GCTCGCGTGT 23 TTTCGCGACA -180
-% £ EIF2S1 ATGCGCGAAG 160 ATTCGCGAGG —686
g é EIF4G2 * GCACGCGAGG 291 CTTCGCGAAT -194
& = EIF3S8 AATCCCGACA 15 ATTCGCGACG ~667
RPS15 TCTCGCGATA 55 TGITGCGATT +63

RPS19 TCTCGCGAGC 9 TCTCGCGAGA —40

RPS9 TCTCGCGAGA 11 CTCCGCGAGG 74

RPS7 CCICGCGCTG 39 TCTCGCGAGA -8

RPS6 TCTCGCGAGA 98 GGIGGCGAGT +65

RPS5 GCTCGGGATC 4 GCTCGCGAGC -544

,% RPS28 GTCCGCGATA 60 TATCGCGAGA =57
‘é RPS19 TCTCGCGAGC 9 TCTCGCGAGA —40
2‘ RPS11 TCTCGCGATA 73 TCTCGCGAGA -187
E RPLPO CAACGCGAGG 10 CTICGCGACC -180
% RPL9 GATCGCGAGG 6 GTTICGAGACC +29
"é RPL37A AGICGCGAGC 130 TGICGCTAGC —-467
RPL35 CATGGCGAAA 134 GATCGCGACA -618

RPL27A TCCCGCGAGA 73 CCTCGCGAGA -17

RPL24 CCTCGCGATG 139 TGTCGCCATG +8

RPL12 CATGGCGACA 35 TCTCGCGATA —47

RPL10A GGGCGCGAAT 165 TATCGCGAGA —41

RPL10 TCTCGCGGTC 122 TCTCGCGACC -334

(Hoh et al., 2002), the list of genes presented here is
only an approximation.

The structure of human ribosomal genes has
previously been studied and distinct features of
their promoters were identified, including: oligopy-
rimidine tract around TSS, GC-rich promoters with
TATA-like sequences, but usually lacking a typical
TATA-box (Yoshihama et al.,, 2002). We assessed
whether the mentioned features are present in pro-
moters containing the motif. Since the exact position
of the transcription start site for the “upstream1000”
dataset remains uncertain (Makalowski, 2001), we
were not able to analyze the neighborhood of TSS
in this data. However, for the promoters retrieved
from the EPD database we confirmed the presence
of the mentioned features characteristic for ribos-
omal promoters and selected other genes (example

entries are shown in Table 6). Since we observed the
similar characteristics of the gene promoters present-
ed here we can assume that the described tandem
motif complements the previous observation of the
functional elements of ribosomal protein gene pro-
moters.

Based on our genome-wide promoter analy-
sis, experimental work and previously published
studies we conclude that a tandem TCTCGCGCA-
GA motif is a common regulator interacting with
unknown protein(s) induced during enhanced pro-
tein synthesis or/and cell proliferation. The motif
consists of a palindrome sequence and is active in
a tandem arrangement. Due to the close proximity
between the studied element and the transcription
start site we also suggest that it may play a central
role in expression of a significant fraction of human
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genes transcribed from a distinct class of TATA-
less promoters previously described as ribosomal
protein gene-specific promoters (Yoshihama et al.,
2002). The identification of the motif in the func-
tionally associated sets of genes of translation and
the cell cycle suggests the existence of a common
process-specific mechanism of gene expression.
Since the previously described specific features of

ribosomal gene promoters have a low information
content (oligopyrimidine tract around TSS, GC-rich
promoters with TATA-like sequences, but usually
lacking typical TATA-box) their usefulness in the
identification of co-regulated genes is limited. The
identification of the described motif enables the
identification of a full repertoire of genes regulated
in this manner.

Table 5. Search for genes with the tandem motif in promoters.

The genes were grouped into functional classes according to assigned Gene Ontology terms.

Genes
. Gene Ontology ~ with
Functional class D tandem Gene Ontology term  Gene name (HUGO)
motif
cytosolic large ribo-
GO:0005842 6 somal subunit (sensu RPLP0, RPL29, RPL35, RPL12, RPL10, RPL6
Eukaryota)
CO0003743 b translation initiation  EIF2B5, EIF2B4, DENR, EIF5, MRPLAY, ITGB4BP, BZW1,
| factor activity EIF2S1, EIF5A2, EIF4G2, EIF3S8, FIF4B
RPS11, RPL10A, RPLPO, RPL29, RPL35, RPL12, MRPL2,
GO:0005840 17 ribosome UBA52, MRPL49, RPL10, RPS2, MRPS7, RPL37A,
RPL23A, RPL6, RPS16, MRPS18B
structural constituent RPS1L RPLIOA, RPLPO, RPSS, RPL29, RPL35, RPS28,
GO:0003735 20 ) RPL12, MRPL2, UBA52, MRPL49, RPL10, RPS2, MRPS7,
of ribosome
RPS11, GFM2, RPL10A, RPLPO, RPS5, RPL29, RPL35,
EIF5, RPS28, RPL12, PABPC4, MRPL2, UBA52, MRPLA9,
GO:0006412 32 protein biosynthesis ~ SCYE1, RPL10, RPS2, MRPS7, ITGB4BP, RPL37A,
< MRPS6, EIF5A2, QRSL1, RPL23A NACA, EIF3S8, RPL6,
(] . . Y.
2 GO:0016567 6 gg:em ubiquitina-  1p )13 FBXO11, UBA52, TRAF7, BARDI, UBC
= GO:0008565 7 g’;ﬁ:lt“‘] transporter  ~5ppy  Ap1S3, KPNA2, SORTI, SNX1, CCT6B, STX16
[
g -
2 CO0051082 I unfolded protein CALR3, DNAJB1, FUSIP1, HSPA9B, CCTS, PTGES3,
biouitin_brotein ANAPC4, BRAP, TRIM23, HECTD1, UBE2F FBXO11,
GO:0004842 13 ubiquitm=prote UHRF2, UBE2H, DZIP3, TRAF7, BARD1, UBE2D3, UBE-
ligase activity D2
GO:0006886 1 intracellular protein ~ COPB2, AP1S3, KPNA2, SORT1, TLK1, SNX1, NAPB,
LOC541473, CALR3, DNAJB1, HSPA9B, GNG10, CCTS,
) ) BAG2, PTGES3, HSPA4, HSPAS, NFYC, CHAF1A,
GO:0006457 20 protein folding SEC63, BAG5, MDN1, CCT5, CABC1, CCT6B, DNAJB6,
EKBP6
FXC1, VPS33A, RAB33B, GLEIL, SNX5, STX18, ARF1,
) RAB32, LRSAM1, GDI2, SEC63, RAB6B, ARF3, RABIA,
GO:0015031 23 protein transport APBA3, NACA, SCAMP5, LIN7C, POM121, SNX14,
AP4E1, ATG4A, EXOC6
mRNA export from
GO:0006406 6 o ens FUSIP1, UPF3A, SMG5, KHSRP, UPF3B, POM121
GO:0030528 12 transcr.lpltlon regula- FIGLA, UBA52, FALZ, NEUROG2, BRF1, PROX1, TCF3,
TORR® % toractivity  ASH2I, HEY2, NCOA2, SMARCAL, UBC
transcription initia-
g GO:0006367 6 tion from RNA poly- CRSP7, GTF2A2, GTF2F1, PPARBP, TBPL1, CRSP2
-8 merase I promoter
Qq . " _
5 CO:0008134 7 tr.ans.crlptlon factor SMAD?2, DIP2A, FALZ, HDAC2, LMO4, TRAPPC2, RA
2 binding B1A
= f‘ﬂiﬁ";‘g E‘?X CRSP7, KLF7, SAP18, TEAD3, RBBPS, HCFC2, TARBP2,
GO:0006357 15 f or.  POUA4FIL, HIRA, HTATSFL, NFYC, POU2F3, FOXO14,
potymerase 1L PO TADA3L, TAF6L
moter
RNA polymerase II
CO0003700 ” transcription factor CRKRS, GTF2A2, TBPL1, TEAD3, HCFC2, HTATSFI,

activity

BRF1, NFYC, CUTL1, TAF6L, MEF2C
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Transcription

GO:0006350

GO:0003713

GO:0006355

100

11

121

transcription

transcription coacti-

regulation of trans-
cription, DNA-de-
pendent

VDR, CRSP7, PTMA, PRDM14, PRDMS, HNRPUL1,
ZNF84, RBPSUH, SMAD2, ZNF174, LEO1, NR4A2,
GTF2H1, ZNF582, ZFP91, KLF7, TAF13, GTF2A2, FOX]1,
KLF16, ZNF141, GTF2F1, PPARBP, ZNF694, CDKS,
PRDM16, ZNF596, RAP80, SAP18, THAP7, TEAD3,
ZNF286, ZNF41, SUPT5H, TBL1XR1, SSX7, MYEF2,
ESRRA, ZNF687, MKL2, HDAC2, DIDO1, HLF, KHSRP,
MED?28, HTATSF1, EGR1, FUBP1, ZF, HNRPK, LMO4,
TRAF7, ERN2, ZNF263, NFYC, TCF3, ASH2L, CHAF1A,
CCNL2, DEAF1, FIZ1, GRHL1, EGR2, ZFP95, FOXO1A,
ZBTB16, TADA3L, CNOTS, RBBP4, TRAPPC2, ZFP30,
ASXL1, SOX11, ZNF167, CRSP2, ZNF497, ZBTB7A,
DEDD?2, POLR3F, NACA, NR6A1, PCGF2, PNRC1,
PPPIR10, NRBF2, THRAP2, ZNF398, CCNC, MAFF,
TBX15, ZNF3, TAF6L, ZNF260, JM]D2A, SMARCAL,

CRSP7, TAF7, KLF7, GTF2F1, NFKB2, HCFC2, MKL2,

VDR, TAF5L, PRDM14, PRDMS8, HNRPUL1 ZNF84,
ZNF174, CDC2L1, LEO1, NR4A2, GTF2H1, TAF7,
ZNF673, ZNF582, ZFP91, SCAND2, KIAA1718, TAF13,
SIX5, FIGLA, GTF2A2, FOX]1, KLF16, ZNF141, GTF2F1,
SIRT5, KIAA1542, PPARBP, TBPL1, ZNF694, CDKS,
PRDM16, ZNF596, RAP80, THAP7, NFKB2, TEAD3,
UHRF2, ZNF286, ZNF41, SUPT5H, EMX2, TBL1XR1,
SSX7, ESRRA, NCOR1, FALZ, ZNF687, MKL2, HDAC2,
NEUROG?2, DIDO1, MYBL2, HLF, KHSRP, MED?2S8,
EGR1, FUBP1, ZF, PHF8, HNRPK, LMO4, BRF1, TRAF7,
PROX1, ERN2, ZNF263, TCF3, POU2F3, ASH2L, CHA-
F1A, CCNL2, SIM1, MNT, DEAF1, FIZ1 GRHL1, EGR2,
ZFP95, FOXO1A, CNOTS, HEY2, RBBP4, TRAPPC2,
NCOA2, STRA13, ZFP30, ASXL1, RABIA, SOX11,
ZNF167, ZNF497, DEDD2, NR6A1, TLE4, PCGF2,
PNRC1, CDC5L, NRBF2, THRAP2, RPL6, ZNF398,
LASS3, CCNC, HOXD1, MAFF, TBX15, RBAK, ZNF3,
ZNF260, JM]D2A, SATB1, SMARCA1, ING2, EAF2,
EMX1, HDAC6, ZNF471, CDC21.2, RERE, MEF2C

GO:0016568

chromatin modifi-
cation

TBL1XR1, NCOR1, HDAC2, TLK1, H2AFY2 TLK2, |MJ-
D2A, ING2, HDAC6

GO:0006366

12

transcription from
RNA polymerase II
promoter

TAF5L, GTF2H1, NCOR1, MYBL2, HLF, FUBP1, LMO4,
ASH2L, MNT, DEAF1, MAFF MEF2C

GO:0003677

71

DNA binding

THAP2, PRDM14, PRDMS, HNRPUL1, ZNF84, HI-
ST1H1B, DMC1, ZNF582, ZFP91 NUCB2, HIST1H2BG,
FIGLA, KLF16, ZNF141, GTF2F1, SIRT5, PPARBP, TBPL1
ZNF596, THAP7, PDCDS, UHRF2, NUP153 ZNF286,
MYEF2, HELLS, NCOR1, ZNF687, MKL2, NCL, NEU-
ROG2, HIST2H2AA3, SYCP1, KHSRP, KIF15, HNRPK,
TMPO, PROX1, KIN, ASH2L, DEAF1, GRHL1, ZBTB16,
HEY2, MBD4, ZFP30, RAD51C, SOX11, H2AFY2,
ZNF497, ZBTB7A, DEDD2, POLR3F, NACA, LIG4, ZZ73,
CDC5L, PPPIR10, INOC1, ANG, SF3B2, RPL6, ZNF398,
NMEI1, GLI4, TAF6L, ZNF260, SMARCA1, ING2,
ZMYM3, ZNF471

Cell cycle

GO:0051301

GO:0000074

GO:0007049

19

20

36

cell division

regulation of pro-
gression through cell

cell cycle

ANAPC4, CDKS8, STAG1, LLGL2, CCNG1, CDC2L6,
SYCP1, MAD2L1, CDKe, CIT, MIS12, CCDC16, MADI1L]1,

PTMA, ANAPC4, CDC2L1, DUSP6, IGF2, CDKS, F2R,
MYBL2, NFYC, CDK6, MNT, PDGFD, TADA3L, JAK2,

ANAPC4, CDC2L1, MN1, DMC1, CDKS8, PRC1, STAGI,
LLGL2, DBC1, CCNG1, GADD45GIP1, UBA52, SYCPI,
LIN9, MAD2L1, CHAF1A, CDKe, CIT, TLK1, MIS12,
RBBP4, CCDC16, MAD1L1, LIG4, TLK2, CDC5L, WWOX,
CCNC, NME1, CCND3, STAG3, HDACé6, UBC, CDC2L2,
CUL1, CDC25A

GO:0007067

10

mitosis

CDC2L1, STAG1, CCNGI1, KIF15, MAD2L1, CIT, MIS12,
CCDC16, CDC2L2, CDC25A
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.. SMNDC1, SFRS2, SAP130, KHSRP, SFRS4, SF3A2,
GO:0008380 8 RNA splicing SNRPG. SE3R?
RBM15, HNRPUL1, SFRS2, MATR3, RPLP0, RPS5,
HNRPDL, NOM1, RPL29, AKAP1, FUSIP1, CSTF3,
RPL12, RBM4, PABPC4, MYEF2, CPEB4, UPF3A, DCP2,
e POLDIP3, NCL, KHSRP, HTATSF1, DZIP3, IREB2,
_ GO:0005723 46 RNA binding HNRPK, HNRPH1, SIAHBP1, LSM3 RPS2, RAVER?,
%0 RNH1, CPSF3, EIF251, SYN]2, BARD1, RNMT, UPF3B,
= SNRPG, EIF4G2, CDC5L, PPP1R10, RPL6, SERBPI,
:‘E RNPC3, EIF4B
E GO:0005681 spliceosome complex SMNDCI1, SAP130, SF3A2, SNRPG, CDC5L, SF3B2
GO:0006364 rRNA processing TRIM23, FRG1, ARF1, FTS]1, ARF3, UTP15
. nuclear mRNA spli-  SFRS2, SAP130, FUSIP1, RBM4, KHSRP, SFRS4, LSM3,
GO:0000398 10 cing via spliceosome  SF3A2, CDC5L, SF3B2
GO:0006397 6 mRNA processing GLE1L, UPF3A, SLBP, ERN2, UPF3B, POM121
. ribonucleoprotein HNRPUL1, MRPS34, MRPL2, HNRPK, SLBP, SIAHBP]I,
GO:0030529 8 complex LSM3, SRP19
GO:0006888 10 ER to Golgi vesicle- COPB2, STX18, ARF1, NAPB, TRAPPC2, RAB6B, ARF3,
. mediated transport RAB1A, TMED?2, ERGIC2
GO:0019992 7 d%acylglycerol bin- CDC42BPA, PRKD1, DGKA, CIT, CDC42BPB, PRKACA,
ding DGKQ
generation of precur-
GO:0006091 6 sor metabolites and ECHS1, PPP1R2, PHKA2, SLC25A4, INSR, ATP5C1
energy
GO:0005102 8 receptor binding ENSA, F2R, FIZ1, JAK2, GFRA1, GIPC1, ANG, SNX17
n . [ PHKA2, UBL3, ICMT, LCMT1, TTLL1, UBA52, TMUBI,
% GO:0006464 9 protein modification TMLIB2. LIBC
8 STK10, TRIO, CRKRS, STK32C, CDC2L1, STK25, GTF2F1,
2. CDK8, CDC42BPA, PRKD1, CDC2L6, WNK3, MASTL,
5 GO:0004674 33 protein serine/thre- TTBK2, ERN2, MAPK14, CDK6, STK11, MAP3K7, CIT,
g—‘ ’ onine kinase activity = TLK1, MAP2K2, CDC42BPB, PRKACA PCTK1, COL4A-
3BP, TLK2, CSNK1D, LIMK1, TAOK1, STK17B, CAM-
K2G, CDC212
GO:0006897 6 endocytosis AP1S3, ATP6V1H, ANKFY1, SORT1, SNX1 TFRC
GO:0005743 6 mitochondrial inner  ETFDH, SLC25A4, SLC25A11, SLC25A6, SLC25A19,
membrane Uucp2
BRAP, HECTD1, UBE2F, TTLL1, UHRF2, UBE2H,
GO:0016874 16 ligase activity LRSAM1, DZIP3, TRAF7, PAICS UBE2D3, ADSS, LIG4,

UBE2D2, GCLC, KARS

Table 6. Annotation of transcription start site region of selected human promoters from EPD database containing the

tandem motif.

RPL12, RPS7, RPL26, ribosomal protein genes; CCNGI, cyclin G1; HNRPH3, heterogeneous nuclear ribonucleoprotein
H3; ATP5F1, ATP synthase; H+ transporting, mitochondrial FO complex, subunit B1. Atypical TATA-box motifs shown in
yellow, polypyrimidine tract around TSS highlighted blue, TCTCGCGAGA motif shown in green.

RPL12
RPS7
RPL26

GGGCAGTGACGACAGT

CCNGI

COX7B

TTTCGTCRAAATCTCATTACGGATCCCGGCTGARAGCCH

AGCTCACT

HNRPH3

GTGGGGCCGGCCGCCTTCGCAGTTCTCGCTCCGCCCCCCACTTCTTGCTCG

ATCCCCCCRA

ATPSF1 TTGAAGGARGAGTACRARATTTTC

CTTGTGAGCGGCCATCTTGGTCCTGCCCTGACAGA

ATCGGGGTCAC

The analysis of gene expression profiles sug-
gests that the motif is rather involved in a general
mechanism of regulation of gene expression and is
not a tissue-specific cis element. Although the de-
tailed mechanism of its action remains undiscov-
ered, we assume that it may play a role of a central
GTF, alternative to the TATA-binding protein (TBP)
or is a highly active enhancer element recruiting the
assembly of the polymerase complex in the neigh-

borhood of TSS and its determination may result in
a development of novel therapeutic strategies (Gniaz-
dowski & Czyz, 1999).
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