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Using a combination of in silico and experimental approaches, we present evidence that the G-quadruplex
(G4) motif (an alternative higher-order DNA conformation) has regulatory potential. Genome-wide analyses
of 99980 human, chimpanzee, mouse, and rat promoters showed enrichment of sequence with potential to
adopt G4 (potential G4 or PG4) motifs near transcription start sites (TSS; P < 0.0001), supporting earlier
findings. Interestingly, we found >700 orthologously related promoters in human, mouse, and rat conserve
PG4 motif(s). The corresponding genes have enriched (z score > 4.0) tissue-specific expression in 75 of 79
human tissues and are significantly overrepresented in signaling and regulation of cell-cycle (P < 10(-05)).
This is supported by results from whole genome expression experiments in human HeLa S3 cells following
treatment with TMPyP4 [5,10,15,20-tetra(N-methyl-4-pyridyl) porphine chloride], which is known to bind
the G4 motif inside cells. Our results implicate G4-motif mediated regulation as a more general mode of
transcription control than currently appreciated.

Introduction

To understand the transcriptional network of a genome,
characterization of all encoded regulatory elements is a funda-
mental prerequisite. Although specific nucleotide arrangements
are established as regulatory elements at the sequence level,1

the role of their potential to form alternate conformation is
relatively unexplored in a regulatory context. The role of non-
B-DNA structures has been implicated in recombination,
replication, and regulation of gene expression in particular2-6

both in prokaryotes (reviewed in ref 7) and eukaryotes (reviewed
in refs 3, 8). Systematic prediction and determination of
regulatory elements at the sequence level have been addressed
in many studies,1,9,10 however, very few have investigated DNA
structure in a similar fashion.11 Herein, we focus on searching
and investigating the role of a particular type of non-B DNA
motif, the G-quadruplex (G4a) motif, as a structural regulatory
element.

G4 motifs are structural conformations composed of consecu-
tive stacking of coplanar array of four cyclic reverse Hoogsteen
hydrogen bonded guanines (G-tetrads, Figure 1A).12,13 It is
highly polymorphic due to the multiple combinations possible
with respect to strand orientation and loop composition (re-
viewed in ref 14). These conformations were first reported in
telomeres15 and subsequently in other genomic regions, viz.
immunoglobinheavychainswitchregions,16G-richminisatellites,17,18

and rDNA.19 Apart from genome-wide prevalence,20,21 several
gene promoters like �-globin,22 retinoblastoma susceptibility

genes,23 the insulin gene,24 adenovirus serotype 2,25 PDGF,26

c-KIT,27 hypoxia inducible factor 1-alpha,28 BCL-2,29 and
c-MYC30,31 harbor PG4 motifs. Recent evidence of in vivo
presence of G4 motif in the telomeres of Stylonychia nano-
chromosomes32 and the distinct role of RNA quadruplexes in
translation modulation33,34 strongly suggest the possibility of
G4 motifs as functional elements. Moreover, telomere shortening
induced by G4 motif specific molecules35,36 and repression of
c-MYC on stabilization of the PG4 motif in its promoter (using
the G4 binding ligand TMPyP4)37 and, conversely, overexpres-
sion in case of site-specific mutations that destabilized a PG4
motif within the c-MYC promoter30 indicated the functional role
of G4 motif in transcription.

In genome-wide studies, enrichment of PG4 motifs in
promoters of mammalian genomes including human,38-41

chicken,42 and several bacteria43 has been observed, suggesting
widespread regulatory influence of G4 motifs. Keeping this in
view, we asked whether G4 motifs present structural cis-
regulatory sites. This was tested in a genome-wide context using
a combination of bioinformatics and experimental methods
wherein conservation within related species and other charac-
teristics that are hallmarks of regulatory elements, e.g., position
with respect to TSS, association with core promoter elements,
and tissue-specific expression were analyzed. This was followed
by experimentally observing whole genome expression of cells
under the influence of a G4-interacting ligand and analyzing
results in the context of G4 motif-mediated regulation. Our
results support DNA structure in the form of G4 motifs as cis-
regulatory sites with wide-ranging biological implications.

Materials and Methods

Sequence Retrieval and Analysis. The 10 kb regions centered
at TSS were retrieved from NCBI Genbank files (ftp://ftp.ncbi.
nih.gov/genomes/) build 35 for Human, build 1 for chimpanzee,
build 34 for mouse, and build 3 for rat. CpG island and “intron”
data were obtained from http://genome.ucsc.edu/cgi-bin/hgTables.
Potential G4 (PG4) motif forming sequences (with stem size three
(Figure 1A)) were searched with a customized algorithm as
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described earlier43 within 10 kb, centered at annotated transcription
start sites (TSS) of 25706 human, 23156 chimpanzee, 26360 mouse,
and 24758 rat genes (Table 1). Briefly, we adopted a general pattern
Gn-NL1-Gn-NL2-Gn-NL3-Gn where G is guanine and N is any
nucleotide including G. The PG4 stem (number of consecutive
G-tetrad stacking) is given by n, which could be varied from 2-6,
maintaining a constant n within a single motif while the number
of nucleotides within loops (L1, L2 and L3) could vary from 1-7.
The program was rerun with cytosine (C) instead of guanine (G)
to identify motifs on the complementary strand and later ap-
propriately corrected for strand orientation before mapping their
position in the context of genes. The motif finding algorithm is
conceptually similar to ones published earlier.20,21

We restricted our program to a stem size of 3 and loop length
of 1-7 after considering the following points. PG4 motifs with

larger stem sizes (4, 5, and 6) were relatively few (Supporting
Information Table S1). PG4 motifs with stem size 3 were selected
for our study because most of the in vitro characterizations and
experiments with G4 motifs within the human genome (telomeric
and other genomic sequences) studied have stem size 3.20,21 The
loop length was restrained to a maximum of seven nucleotides
arbitrarily for practical reasons. An unrestrained loop length would
make searching difficult, moreover, we found that PG4 motifs exist
as short nucleic acids (length between 10-39 bases was predomi-
nant (data not shown)), which is also supported by earlier
evidence.43

Using this algorithm, we found that PG4 motifs were enriched
within a ( 1 kb region centered at TSS for human, chimpanzee,
mouse, and rat genomes compared to the rest of genomic regions.
We collated this information in a database EuQuad, which allows

Figure 1. Enrichment of PG4 motifs near transcription start sites (TSS). (A) Schematic representation of G4 motif: red planes show three G-tetrads
constituting the stem (left panel) and hydrogen bonding scheme of guanines forming a G-tetrad is shown in right panel. (B) Upper panel: distribution
of PG4 motifs in ( 5 kb region flanking TSS and a control pattern (in human) that will not adopt G4-motif; PG4 motif density in 100 base windows
(ratio of number of nucleotides that contribute to PG4 in each window) averaged over the number of promoters in the respective genomes is shown.
Lower panel: distribution of PG4 motifs after “shuffling” the above human sequences 10000 times, repeated five times. (C) Distribution of PG4
motifs as a ratio of the control pattern in ( 1 kb centered at TSS (red), 4 kb region beyond (upstream (black) and downstream (green)), and >129
Mb of the last two introns (gray) within the human genome. Statistical comparisons were done in pairwise mode for the different regions and
significance tested using the two-tailed nonparametric signed Wilcoxon test. (D) Relative enrichment of PG4 motifs near TSS across all chromosomes.
Heat map showing chromosome wise PG4 density in 100 base windows in the human genome (averaged over all genes in respective chromosomes).

Table 1. Distribution of PG4 Motifs Near Transcription Start Sites (TSS)

10 kb centered at TSS (1 kb centered at TSS

ORFs
studied

promoters with at
least one motif

no. of
PG4 motifs

promoters with
at least one PG4

motif (% of ORFs studied)

total no. of
PG4 motifs (% of
motifs in 10 kb)

human 25706 19809 89455 14267 (55.5) 38757 (43.3)
mouse 26360 22144 73095 12701 (48.2) 24460 (33.5)
rat 24758 19537 54560 9923 (40.1) 16948 (31.1)
chimpanzee 23156 15498 56534 9469 (40.9) 20140 (35.6)
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searching for PG4 motifs across human, chimpanzee, mouse, and
rat promoters with relative ease (http://quadbase.igib.res.in44).

Analysis of Motif Conservation in “Orthologous” Promo-
ters. Using the human gene names that have at least one PG4 motif
within ( 2 kb centered at TSS, we searched for the orthologous
gene name in rat and mouse using KEGG database.45 We retrieved
62509 mouse- and 24930 rat-human promoter pairs. Then for
each gene pair, a PG4 motif was searched within 200 bp on the
either side in the corresponding rat and mouse orthologous promoter
with respect to the human PG4 motif position. All PG4 motifs
identified within human, chimpanzee, mouse, and rat promoters
along with PG4 motifs that are conserved across multiple species
is available from the database at http://quadbase.igib.res.in.44

Tissue-Specific Enrichment of Gene-Set with PG4 Motifs
in Promoters. Tissue-specificity of genes harboring motifs within
putative promoters was checked in 79 human tissues.46 Analysis
was largely based on a previously described method.1 The expres-
sion data of each gene across all tissues was first normalized to be
mean 0 and variance 1 before ranking them as per their normalized
expression level in each tissue, hence generating 79 tissue-specific
ranked gene lists. We generated four different sets of genes (S1-S4)
for evaluation of expression enrichment (details in text) and
significance analysis.

Enrichment of expression of each gene set S in a particular tissue
and its significance was analyzed from the ranked list of genes T
specific for that tissue after evaluating the nonrandomness of ranks
of S within T, using the Mann-Whitney rank sum statistic. After
summing the ranks of S in list T, we tested the significance of this
rank sum against the rank sum of control set (all genes in T,
excluding S). If µ and σ2 are the mean and variance of the control
set than enrichment (z-score) of S is given by (µ - S)/σ, which
measures enrichment in terms of number of standard deviations
away from the mean of the control set. A z-score of g4.0 is
considered to be significant in the present study.

Association of PG4 Motifs with Core Promoter Elements.
14252 human promoters (with at least one core promoter element
and one PG4 motif) were considered and the percentage of PG4
motifs associated with core promoter elements checked, association
was defined as overlapping and/or presence of core promoter
element within 20 bases flanking (either side) each PG4 motif.
Statistical significance of association was analyzed as detailed before
from estimation of random expectancy of co-occurrence.47 Briefly,
the expected frequency of occurrence of sequence elements within
an interdistance of m bp in a length of n bp sequence was computed
within a reference promoter data set of size N. Then the actual
occurrence frequency of each core promoter element in the same
data set N was found along with the frequency of co-occurrence
within m bp. The statistical significance in discrepancy of observed
versus expected frequencies was estimated using degree of freedom
1 to exclude false positives (Bonferroni correction). Significance
of the enrichment of PG4 motifs within CpG islands was tested by
first calculating the expected number of PG4 motif occurrences
within each CpG island and then comparing this with actual number
of occurrences. Statistical significance of the discrepancy was
analyzed using a simple �-square test.

Gene Expression and Significance Analysis. HeLa S3 and
A549 cells (from NCCS, Pune, India) were maintained under
recommended conditions and treated with 100 µM TMPyP4
(Porphyrin Systems GbR, Germany) for 24 or 48 h prior to RNA
isolation and hybridization on cDNA microarray slides (Human-
19k, University Health Network, Canada). All treatments were
checked for c-MYC repression due to TMPyP4 treatment by
luciferase expression (Promega) using Del-4 plasmid (as reported
previously,30 Del-4 harbors -850 bp of c-MYC sequence with two
major promoters P1 and P2 in a luciferase reporter cassette; a gift
from Bert Vogelstein) and quantitative RT-PCR before hybridiza-
tion. Cell viability at both time points was checked (MTT assay;
96.5% and 87.4% cells were viable at 24 and 48 h, respectively
(average of experiments in triplicate)). Microarray experiments (in
HeLa S3 cells only) were done in quadruplicate at each time point
(biological replicates). SAM was run on normalized data (log2 ratio).

Genes were retrieved at e20% false discovery rate (FDR). Gene
Ontology analysis was done using GO ToolBox (http://www.
geneontology.org).48 HPRD (http://www.hprd.org/) was used for
determining the multiple protein partners. We used quantitative RT-
PCR (ABI 7900 from Applied Biosystems) to independently
determine the level of gene expression using SYBR Green Assay
in HeLa S3 and A549 cells with �-2-microglobulin as the
endogenous control.

Further details of methods used in this study are provided as
Supporting Information.

Results

First, we took a closer look at the prevalence of PG4 motifs
near TSS in order discern any strand or chromosome specificity
of G4 motif presence and also to confirm that the observed
enrichment was due to sequence with structure forming potential.
Two different methods were used to rule out artifactual
prevalence of the G4 motif. First, we independently shuffled
each of the 25706 human regions ((5 kb centered at TSS),
10000 times, keeping the nucleotide composition the same and
searched for PG4 motifs. A random distribution was found with
∼10-fold decrease in overall PG4 density relative to actual
occurrence (Figure 1B, lower panel). Second, to check whether
the observed enrichment of PG4 motifs within ( 1 kb region
centered at TSS was unique to motif forming patterns, we
analyzed the distribution of a control pattern within the human
genome (Figure 1B). The control sequence had three G-runs
instead of four required for quadruplex formation and hence
would not be able to adopt structure (see Supporting Informa-
tion). We found ∼5-fold increase in PG4 density relative to
the control-sequence density near TSS ((1 kb), supporting
significance of the structural form (Figure 1B,C; P < 0.0001).
About 2.5-fold enrichment of PG4 motif density relative to the
control sequence was observed in regions beyond 1 kb of TSS
(up to 5 kb upstream/downstream) and also when compared
with sequence obtained from last two introns of human genes
(Figure 1C, P < 0.0001). We selected more than 129 Mb of
sequence from the last two introns to use as control regions as
they are largely devoid of regulatory elements.1 It is interesting
to consider the control sequence vis-à-vis the PG4 motif. Both
the control sequence and PG4 motif are expected to be
influenced by GC-content by an approximately equivalent factor,
therefore normalizing for the control sequence rules out any
bias due to GC-content. This underscores the significance of
PG4 occurrence in regions immediate to TSS.

Interestingly, we noted a sharp decrease in PG4 density at
the TSS. Further analysis showed 480 human genes harbored a
PG4 motif at the TSS, and these genes were over-represented
in regulation of cell cycle (Gene Ontology (GO) analysis; P <
0.005). Interestingly, ∼77% (19809) and ∼55.5% (14267) of
human promoters harbored at least one PG4 motif within the
(5 or (1 kb region (with respect to TSS), respectively (Table
1). Similar prevalence was also found in the other genomes
studied (Table 1). To check whether the PG4 motif enrichment
had any chromosome or strand-specific characteristics, distribu-
tion of PG4 motif across all chromosomes in both strands was
analyzed. PG4 motif enrichment near TSS was a general feature
observed across all chromosomes (Figure 1D) and in both the
strands (Supporting Information Figure S1). Similar observations
were made in chimpanzee, rat, and mouse genomes (data not
shown).

PG4 Motifs are Conserved in Promoters. To infer regula-
tory significance of G4 motif(s), which is a higher-order
conformation, we searched for conservation of sequences that
would form the structural PG4 motif but not necessarily have
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identical sequence. For every PG4 motif present in (2 kb of
human TSS, corresponding rat and mouse promoters were
searched for PG4 motif within (200 bp regions with respect
to the human PG4 motif (Methods). This window size was
carefully selected based on a recent whole genome comparative
study of human, mouse, chimpanzee, and dog, which showed
that generally regulatory elements were conserved within a
window of (200-250 bases.1 We found 1414 PG4 motifs
within 773 human promoters that were conserved in corre-
sponding promoters of orthologous mouse and rat genes. We
reasoned that the set of 773 promoters harboring one or more
conserved PG4 motifs had the maximum likelihood of being
relevant in the context of G4 motif-mediated transcription and
tested this aspect for characteristics of cis-regulatory sites in
multiple ways.

First, we looked into the positional preference (with respect
to TSS) as usually found for cis-regulatory elements. The 1414
conserved PG4 motifs observed within 773 human promoters
were considered for this analysis. The respective positions of
the 1414 PG4 motifs with respect to the TSS in each promoter
was compared with positions of all other conserved PG4 motifs
(in other promoters) in order to find if there are any preferred
positions that are evident across many promoters. Figure 2A
was the result of a cluster analysis, which shows distinct sets
of promoters with preferred positions for PG4 motifs in a (2
kb region flanking TSS across 773 human promoters. A detailed
figure with all gene names is available online (http://
quadbase.igib.res.in/conservedPG4.html). Enrichment of the
conserved PG4 motifs near TSS was also observed in this case
(upper panel, Figure 2A), consistent with the enrichment for
all PG4 motifs near TSS observed earlier (Figure 1B). This
analysis clearly indicated preferred positions for conserved PG4
motifs in most cases. We reasoned that the conserved PG4
motifs were most likely to be functionally relevant and checked
the functional classes represented by the 773 human genes with
conserved PG4 motif in promoter using Gene Ontology (GO)
database.49 Interestingly, significant over-representation (P <
0.05; after Bonferroni correction for multiple hypothesis testing)
was observed in several important biological processes related
to signaling, including cellular communication, regulation of
cell-cycle, and phosphate/protein metabolism. All enriched GO
categories are given in Supporting Information Table S2.

Genes with Conserved PG4 Motifs in Promoters Show
Tissue-Specific Expression. Next, to evaluate the regulatory
potential of PG4 motifs, we analyzed expression of the above
set of 773 genes in human tissues. This was largely based on
the understanding that regulatory control of a group of genes
by a specific motif is likely to result in significantly enriched
(or altered) expression response (either up or down regulation)
within specific tissues relative to other randomly picked genes.1

Using gene expression data from 79 human tissues,46 we
observed significantly enriched expression-response (z-score >
4.0, Methods) for the above gene set of 773 genes (S1) in most
tissues (75/79, Figure 2B). We also tested a gene set S2, having
at least one PG4 motif within (1 kb centered at TSS (both
conserved and nonconserved). Surprisingly, 66 out of 79 tissues
exhibited significantly enriched expression for gene set S2
(Figure 2B), suggesting that even “nonconserved” PG4 motifs
may be functionally relevant. Control gene sets, with PG4 motif
occurrences beyond (2 kb of TSS (S3) or with no motif(s)
within (2 kb centered at TSS (S4) showed no significant change
in gene expression (Figure 2B, Methods).

PG4 Motifs are Associated with Core Promoter Elements.

Enrichment of PG4 motifs near TSS and its putative regulatory
potential prompted us to analyze association of PG4 motifs with
known core promoter elements and also with CpG islands, which
are known to be enriched in regulatory elements. Five core
promoter elements were selected for this study, INR, DPE, BRE,
CCAT, and TATA,50 and the co-occurrence frequency and its
statistical significance estimated (Methods). We found that DPE,
BRE, and INR were significantly associated with the motif (P
< 0.005) and 46.8% of PG4 motifs present on CpG containing
promoters were found within CpG islands (P < 0.0001).
Significant association with TATA box was not observed, which
may suggest a preference of the PG4 motifs for TATA-less and
DPE-enriched promoters; similar (∼10%) association with both
DPE and INR is consistent with the finding that DPE/INR
function cooperatively in the absence of TATA box.51 Notably,
a recent study also observed that active human promoters were
not significantly associated with the TATA box element.52

PG4 Motifs Affect Gene Expression Genome-Wide. To test
our prediction that G4 motif(s) may be involved in relatively
widespread regulatory activity, we experimentally analyzed the
effect of PG4 motifs on genome-wide expression. To do this,
we selected human cervical carcinoma cells, HeLa S3, and
treated with the intracellular G4-binding molecule TMPyP430,53,54

as a case study. We reasoned that this would allow us to largely
distinguish the effect of G4 motifs, as intracellular ligand-
induced stabilization/destabilization of motifs is expected to lead
to perturbation of gene expression. The cationic porphyrin
TMPyP4 has been studied extensively for its G4 motif
binding.54-60 However, on the other hand, TMPyP4 is also
known to bind double-strand DNA. At least two lines of
evidence indicated that TMPyP4 was sufficiently specific toward
G4 motifs inside cells. First, direct and specific effect of
TMPyP4 on G4 motif-mediated suppression of c-MYC30 and
recently PDGF-A61 has been reported. It was demonstrated that
on introducing specific nucleotide substitutions that disrupted
the G4 motif in the promoter of c-MYC, the suppressive effect
of TMPyP4 was lost.30 Second, it was shown that TMPyP2 a
close homologue of TMPyP4, which had lower affinity toward
G4 motifs but not double-strand DNA did not suppress c-MYC
expression.30 Taken together, these studies demonstrated that
the effect of TMPyP4 under intracellular conditions could be
reasonably specific for G4 motifs. Furthermore, this is by far
the only molecule that has been reported to stabilize G4 motifs
intracellullarly, leading to change in gene transcription. Keeping
these in mind, we selected TMPyP4 for testing genome-wide
regulatory role of G4 motifs.

For all experiments reported here, we measured c-MYC levels
by quantitative RT-PCR and luciferase reporter assays before
hybridization on microarray slides and suppression was noted
in all cases, consistent with earlier observations (Figure 3A).30,37

We also used the concentration of TMPyP4 (100 µM) that was
used earlier to report TMPyP4-mediated suppression of c-MYC
promoter activity.30 Many significantly differentially expressed
genes (e20% false discovery rate (FDR), using significant
analysis of microarray (SAM, Methods62), harbored one or more
PG4 motifs in (5 kb centered at TSS (67/93 and 46/69 genes
at 24 and 48 h, respectively; see Supporting Information Table
S3), and 21 genes were common among the ones down-
regulated at 24 and 48 h, confirming the reliability of expression
profiles (Figure 3B,C). To further confirm the differential
expression analysis from cDNA microarray, quantitative RT-
PCR was performed on 20 randomly selected genes. It was
observed that 18 of 20 cases (Figure 3D) show gene expression
levels similar to those obtained from microarray analysis (while
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Figure 2. Functional relevance of PG4 motifs within promoters. (A) Conserved human PG4 motifs occur at preferred distances with respect to the
TSS. Clustering of PG4 motifs in the array of 773 human promoters harboring 1414 PG4 motifs that are conserved with “orthologous” mouse and
rat promoters (lower panel, red boxes indicate PG4 motif(s) in 100 bp window and each row represents one promoter). Upper panel: conserved PG4
motifs are enriched near TSS. Number of PG4 motifs found in each 100 bp window for all the 773 promoters is shown. (B) Genes harboring
conserved PG4 motifs in promoters show enriched tissue-specific expression. Statistical enrichment (z score > 4.0) is represented in pseudocolor
for different gene-sets (S1-S4) in 79 human tissues; S1: genes considered in (A); S2: genes with at least one PG4 motif (both conserved and
nonconserved) within (1 kb centered at TSS; S3: genes with PG4 motif beyond (2 kb of TSS (up to 5 kb upstream and downstream); S4: no PG4
motif occurrence within ( 2 kb centered at TSS.
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Figure 3. PG4 motifs induce gene expression changes. (A) c-MYC repression with 100 µM TMPyP4 was observed using luciferase expression (in
Del-4 constructs, see Methods) and quantitative RT-PCR. Fold change is with respect to untreated cells. (B, C) Association of PG4 motifs with
gene expression. (B) Greater or lower signal in observed data over expected signal in permuted data indicates selective amplification (in red) or
suppression (in green) respectively, on treatment with TMPyP4. (C) Relative expression of probes with significant response (<20% FDR; see
Supporting Information Table S3) in four replicates (columns 1-4). Presence (red) or absence (black; also not determined in case of transcripts
with Hs IDs) of PG4 motif within 2 kb centered at TSS is shown. Genes with promoters harboring motifs that are conserved in mouse and rat (*)
and are common (underlined) in the 24 and 48 h list are indicated. (D) Validation of microarray results by quantitative RT-PCR. All selected genes
(16) were below 20% FDR at the respective time point except MAP3K8 (at 24 h) and SDC1, DDIT3, and GADD45A (at 48 h).
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for AKR1B1 and NOV at 48 h, it was different); 10 of 12
reactions tested gave similar results in A549 (lung carcinoma)
cells also (Supporting Information Table S4). We did not find
any clear statistical enrichment (observed over expected) of
genes with PG4 motifs in promoters among the genes that
responded to TMPyP4 treatment. This is not surprising given
that >75% of human genes have one or more PG4 motif(s)
within (5 kb of TSS (>50% on considering (1 kb (Table 1)),
which accounts for a substantially high number of genes that
are expected to be affected by chance. Therefore, inference from
statistical enrichment would be limited. Nevertheless, to gain
an initial understanding of the biological implications and also
to test the bioinformatics predictions indicating genome-wide
regulatory role, we analyzed the biological implications of gene
expression change after considering a reasonably conservative
set of genes (e20% FDR).

Biological Implications of Genes Regulated by PG4 Motifs. To
estimate the overall effect of genes that are up or down-regulated
in the microarray, we analyzed genes whose protein products
were either transcription factors or transcription regulatory
factors and/or have multiple binding partners. All these genes
responded at e20% FDR and harbored PG4 motifs within their
putative promoters. The widespread biological implications of
affecting the expression of these genes is discussed below (also
see Supporting Information for more details). Three genes
responded at both 24 and 48 h, and also harbor orthologously
conserved PG4 motifs, across human, mouse, and rat, within
(1 kb from TSS: (a) death associated protein kinase 1 (DAPK1),
a positive regulator of interferon gamma induced apoptosis was
most significant (0% FDR at both time points), (b) muscle
specific pyruvate kinase 2 (PKM2; 6.3 and 16.4% FDR at 24
and 48 h, respectively), and (c) a lysosomal factor involved in
fatty acid metabolism palmitoyl protein thioesterase 2 (PPT2;
0 and 3.84% FDR at 24 and 48 h, respectively). At 24 h, five
genes coding for transcription factors; STAT5B, HIC, TBX3,
TCF19, and c-MYC were down-regulated. STAT5B is a
transcriptional activator, which mediates signal transduction
triggered by IL2, IL4, CSF1, and other growth factors. TBX3
is a transcription repressor involved in limb development;
TCF19 is required for late cell cycle progression, while HIC
interacts with cyclin T1 and modulates P-TEFb-dependent
transcription and MYC, which plays a critical role in cell cycle
progression, apoptosis, and cellular transformation. All of these
genes harbored one or more PG4 motifs within (1kb of TSS.
Three transcription regulatory factors were down-regulated at
24 h; NFATC2, TRIM29, and the X-linked zinc finger protein
ZFX, which had PG4 motifs within either (1 or (5 kb
(TRIM29) of TSS.

At 48 h, several down-regulated genes harboring one or more
PG4 motifs in their promoters (within (1 kb from TSS) are
notable. The transcription factors: ELL2, KLF1, and MEF2B
were down-regulated. Elongation factor RNA polymerase II, 2
(ELL2), which can increase the catalytic rate of RNA poly-
merase II transcription by suppressing transient pausing by the
polymerase at multiple sites along the DNA and is frequently
translocated in acute myeloid leukemia; Kruppel-like factor 1
(KLF1), which regulates the adult beta globin locus and the
MADS box transcription enhancer 2 (MEF2B), which is
involved in regulation of muscle specific genes. Three transcrip-
tion regulatory proteins were down-regulated: delta sleep
inducing peptide, immunoreactor (DSIPI), nuclear receptor
coactivator 3 (NCOA3), and zinc finger protein (ZNF435). DSIPI
has key role in anti-inflammatory and immunosuppressive
effects; the nuclear receptor coactivator, NCOA3, which recruits

p300/CBP-associated factor and CREB binding protein for
transcriptional activation and the zinc finger protein ZNF435,
with putative transcription regulatory activity. Furthermore, to
identify “hub proteins” (factors that interact with multiple
partners63) that are differentially expressed in our microarray,
we focused on transcription regulatory factors present within
our data set. Among the genes that are down-regulated at both
the time-points, the protein products of NOV, overexpressed in
nephroblastoma, has a putative role in cell adhesion and
migration and binds to 15 other proteins. The protein product
of oncogene VAV3 interacts with 12 binding partners and
participates in signal transduction processes. The tissue plas-
minogen factor, PLAT, and VAV3 interact with 12 other
proteins (Supporting Information).

Discussion

Sequence analysis was used to test the possibility of any bias
in observed PG4 enrichment near TSS due to sequence artifacts.
Over-representation of genes harboring PG4 motifs within
promoters in certain functional categories (Supporting Informa-
tion Table S2) precluded this possibility because random
presence was expected to show even distribution across
categories. Several other observations supported statistical
significance over random occurrence (Supporting Information).
Next, we designed several bioinformatics experiments to test
the relevance of enrichment of PG4 motifs in promoters in the
context of regulatory activity. Finally, we extended our findings
to whole genome expression studies and show wide-ranging
biological implications of genes that could be regulated by G4
motifs. We found over 700 promoters of orthologous genes
harbored conserved PG4 motifs. Genes harboring conserved
PG4 motifs in putative promoters showed tissue-specific expres-
sion patterns supporting regulatory activity of the G4 motif and
were also over-represented in several important functional
classes related to cellular communication and signaling. Mo-
lecular function of the G4 motif as a cis-regulatory element was
supported by widespread changes in gene expression observed
in whole genome array experiments when treated with the G4
motif-binding ligand TMPyP4, lending support to genome-wide
predictions.

Several approaches suggest that PG4 motifs show general
characteristics of regulatory elements, particularly, preferred
positions of conserved PG4 motifs with respect to TSS
(positional clustering) and association with core promoter
elements. On the other hand, it may be argued that this could
be due to conserved occurrence of any G-rich transcription factor
binding site and may not be necessarily due to a G4 motif. For
example, conservation of G-rich SP1 sites could show such
global patterns. Our findings do not exclude this possibility, it
only indicates that there is a possibility that some of these sites
could in effect present structural elements, which gains support
from the observation that sequence patterns with specific
substitutions that exclude structure formation (and otherwise
are G-rich) show almost no enrichment near TSS (Figure 1B).
Indeed, two recent studies observed that many of the SP1 sites
upstream of TSS could contribute to G4 motifs.41,64 This also
raises the interesting possibility that formation of structural
motifs may disrupt SP1 binding and therefore affect transcription.

We noted widespread suppression of gene expression on
treatment of HeLa S3 cells with TMPyP4 (Figure 3C). It is
interesting to consider this result in light of recent bioinformatics
analyses correlating presence of G4 motifs downstream (500
bp) of TSS to enhanced gene expression, where authors
postulated that G4 motif-mediated stabilization of the transcrip-
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tion bubble leads to higher transcription rate.40 Ligand-induced
stabilization of G4 motifs, on the other hand, could lead to
“jamming” of the transcription bubble resulting in stalling of
RNAP II and therefore aborted transcription. This is in agree-
ment with our experimental observation where we noted
suppression of gene expression. Another recent study noted that
enriched occurrence of sequence with potential to form G4
motifs was a conserved phenomenon within the first introns in
human, mouse, chicken, frog, and zebra fish genomes.64

Although in overall agreement with our findings, this study
analyzed all intronic sequences of a particular genome at a time
to derive the enrichment unlike the pairwise comparison of
orthologously related genes considered by us.

Results presented herein (Table 1) show that more than 50%
of the human promoters harbor one or more PG4 motifs in (1
kb centered at TSS (Table 1). This is in line with previous
findings.38,39 However, the number of motifs actually rendering
function may be limited because intramolecular G4 motif
formation requires strand separation of the double-strand DNA.
Therefore, in a chromosomal context, it may be envisaged that
higher-order organization of chromosomal DNA, i.e., chromatin,
is an important factor regulating formation/deformation of G4
motifs. Formation of non-B DNA motifs when chromosomal
DNA is under physical stress and the consequent regulatory
role of such motifs have been demonstrated for several operons
in Escherichia coli.7 In an earlier study, our results predicted
role of G4 motifs in E. coli gene regulation when the genome
is supercoiled, which increases the propensity for strand
separation.43 Keeping these in mind, to select PG4 motifs with
maximum likelihood of having functional role, we looked for
conservation in related species. Perhaps surprisingly, more than
700 such promoters were found. We noted that these promoters
showed position-specific presence of PG4 motifs with respect
to TSS within the human genome (Figure 2A), which was not
observed when all PG4 motifs found in human promoters were
taken (Figure 1D), supporting our strategy for selection of
biologically meaningful G4 motifs and underscoring the im-
portance of conserved PG4 motifs.

In conclusion, the current results envisage substantial implica-
tions of G4 motifs as cis-regulatory factors on gene expression.
It is tempting to propose an additional/alternative form of
regulation that involves formation/deformation of the G4 motif
coupled with the state of chromatin (which must locally uncoil
(or melt) and become single stranded for replication, repair,
recombination and transcription), thereby leading to transcrip-
tional activation/silencing of specific genes. Interestingly, a
recent paper from the Levens’ laboratory shows that formation
of non-B DNA structures could directly result from supercoiling
induced during transcription. The non-B structural forms, in turn,
recruit structure-specific regulatory factors for specific gene
regulatory control.65 These observations further support the
genome-wide implications of results presented herein.
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