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Methylation and deamination of CpGs generate
p53-binding sites on a genomic scale
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The formation of transcription-factor-binding sites is an
important evolutionary process. Here, we show that
methylation and deamination of CpG dinucleotides gen-
erate in vivo p53-binding sites in numerous Alu elements
and in non-repetitive DNA in a species-specific manner.
In light of this, we propose that the deamination of
methylated CpGs constitutes a universal mechanism
for de novo generation of various transcription-factor-
binding sites in Alus.
Methylated TEs as a source of transcription-factor-
binding sites
The mobility of transposable elements (TEs) has been
proposed to have an important role in spreading regulatory
elements throughout the genome [1]. In mammals, most
TEs are rendered silent by DNA methylation of cytosines
in the context of CpG dinucleotides. Methylated cytosines
can easily be converted to thymine residues via deamina-
tion and this mutational process has the highest rate
among all base substitutions [2]. Therefore, it becomes
an attractive hypothesis that these silenced TEs are a
source of transcription-factor-binding sites generated by
means of cytosine deamination-driven mutagenesis.

In vivo p53-binding sites in Alus
Until recently, no efficient technique was available for
identification of transcription-factor-binding sites resid-
ing in TEs on a genome-wide scale. However, a recently
proposed approach that combines chromatin immunopre-
cipitation (ChIP) with paired end tag (PET) sequencing
made it possible to detect p53-binding sites in the repeti-
tive portion of the human genome [3]. This study has
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Figure 1. Methylation and deamination of pairs of CpG dinucleotides generates the preferred p53-binding sites. (a) Regions overlapping with the A-Box (Figure S2) in both

arms of Alu consensus sequences containing CpG dinucleotides at the positions corresponding to the core of p53-binding motif are turned into functional motifs, as shown

by ChIP–PET data. R-AluS/J and L-AluS/J/Y indicate the right and the left arm consensus sequences of the S, J and Y Alu subfamilies; p53 BS in Alus indicates the frequency

logo of in vivo p53-binding sites in Alu elements, for sites see Tables S1, S2; BID p53 responsive element (RE) in R-AluSx indicates p53-responsive element in the right arm

of AluSx element inserted within the BID gene loci. p53 indicates the consensus sequence of the p53-binding motif. (b) Pairs of CpG dinucleotides comprise perfect

templates for deamination-driven formation of the preferred core motif in the p53-binding sequence. A proper pattern of cytosine deamination in both DNA strands

generates the preferred p53 core motif.
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revealed a potential link between tumor-suppressor
protein p53 and transposable elements in the context of
a human colorectal cancer cell line, HCT116. TEs belong-
ing to the primate-specific long terminal repeat (LTR)
class I endogenous retrovirus (ERVLTR) family have been
shown to contain in vivo p53-binding sites. It has been
suggested that the p53 site was present in the founder of
the LTR subfamilies rather than it having arisen by
mutations in the individual sequences [4]. Here, our
analysis of the ChIP–PET data [3] revealed that as
many as 106 of the 161 in vivo p53 sites reside within
different classes of transposable elements, with the short
interspersed nuclear element (SINE)-derived sites
accounting for �15% (Figure S1 and Table S1 in the
supplementary material online). All p53-binding sites in
the 19 primate-specific Alu elements (SINE) and three
Alu-precursor free left arm monomer (FLAM) and free
64
right arm monomer (FRAM) sequences were composed of
two directly repeated half-sites matching the p53-binding
site consensus sequence RRRCWWGYYY [5] and con-
tained at most three mismatches, located in the flanking
RRR and YYY sequences, but not in the core CWWG
sequence (Figure 1a and Table S2). The core sequences
were invariantly found to be CATG, a sequence that has
been shown to be bound preferably by p53 both in vivo and
in vitro [6,7] (Figure 1a).We found that all these siteswere
located at the same position and overlapped with the A-
Box of a bipartite RNA polymerase (Pol) III promoter in
one of the two arms of Alu elements (Figure S2), with a
very strong preference for the right arm (18 of 19 siteswere
located in the right arm; see Table S2). The reason for this
is unclear at present, although it has been documented
that the right arm possesses unique structural features
[8], and one can speculate that this might result in higher
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incidence of p53 binding to the right arm compared with
the left arm.

Deamination of CpGs creates the preferred in vivo

p53-binding sites in Alus
Are p53-binding sites present in the founders of the differ-
ent Alu subfamilies, as proposed for the ERV LTR families
or did they arise by mutation? To answer this question, we
compared the sequences of the in vivo p53-binding sites in
Alu elements to the reconstructed consensus sequences of
different Alu subfamilies. Crucially, the comparison
revealed that the consensus sequences contained CpGs
at the locations corresponding to CpA and TpG in the core,
and that p53-binding sites arose viamutation andwere not
present in the founding members of the subfamilies
(Figure 1a, Table S2). Likewise, we detected four ortholo-
gous Alu loci in the rhesus and the chimp genomes that
contained CpGs at the positions corresponding to the cores
in the in vivo human p53 sites (Table S2), indicating that
these sites arose in a species-specific manner, although we
cannot rule out binding of p53 to these sites. Collectively,
this implies that theCATG core sequencewas generated by
deamination of methylated cytosines in the context of
CpGs (Figure 1b). In line with this interpretation, it has
been established that methylation and deamination of
CpGs, resulting in CpG exchange to either TpG or CpA,
is one of the most prevalent mutational forces in Alu
elements [9–11]. This process is time-dependent [12] and
we found that the in vivo p53 site harboring AluJo
sequences belonging to the oldest Alu subfamily, AluJ,
contain at most one CpG per sequence.

Even though we detected in vivo p53 sites in sequences
belonging to the oldest Alu subfamily, AluJ, and inter-
mediate AluS subfamily, no single in vivo p53 site origi-
nated from the youngest AluY subfamily. An analysis of
the right arm consensus sequence of the AluY subfamily
revealed that the GG dinucleotide was present at the
position corresponding to the CG dinucleotide in the core
of the second half-site (positions corresponding to nucleo-
tides [nts] 14–15 in the p53 dimer motif). This clearly
reduced the capacity of the youngest Alu subfamily to be
a template for p53-binding sites (see later).

Our findings indicate that Alu sequences can serve as
templates for the generation of p53- binding-sites on a
genome-wide scale. To confirm this idea, we compared the
number of putative preferred p53-binding sites with the
core motif CATG in both half-sites residing in Alu
sequences with the total number in the human genome
(Supplementary Methods). We found �87 000 sites in the
human genome matching our criteria (Table S3). Of
these, �80 000 resided within the repetitive portion of
the genome, among which �68 000 were harbored by Alu
sequences, overlapped with the A-Box in both arms of
different Alu subfamilies and were created via deamina-
tion of cytosines (Table S4). The majority of the detected
sites (94%) originated from the sequences of the AluJ and
AluS subfamilies. Only very few sites were present in the
sequences of the AluY subfamily and a clear (> fivefold)
enrichment of these was observed in the left arm com-
pared with the right arm. This could be explained by
the presence of the GG dinucleotide instead of the CG
dinucleotide in the core region, further indicating that the
process of CpG deamination has a dominant role in
generation of p53 sites in Alus (Table S4). Up to �34%
(11 417) of all (33 452) transcriptional units contained at
least one Alu element with the putative preferred p53 site
(Supplementary Table S5). Importantly, we found that
one of these sites was located within the AluSx element
residing in the first intron of the p53-responsive BID gene
(Table S2), a member of the pro-apoptotic B-cell lym-
phoma 2 (Bcl-2) family. This Alu-derived site bound to
p53 in vivo and mediated p53-dependent transactivation
of a reporter gene, but its origin was not recognized [13].
Moreover, two preferred p53-binding sites detected by
ChIP–PET residing in Alu elements inserted in theNCK2
and NAV3 genes, with potential roles in growth, differ-
entiation and apoptosis, were found to be direct p53
targets by expression analyses [3]. Our analysis of a
set of 209 genes identified as true p53 targets in colorectal
cancer HCT116 cells [14] revealed that 112 of them are
among the transcriptional units containing at least one
Alu element with the putative preferred p53 site
(Table S6; Fisher’s exact test, P < 10�8).

Thus, we conclude that methylation and deamination of
cytosines generates a high number of preferred p53-bind-
ing sites in Alu elements, some of which were recruited to
regulate target gene expression. Given that the region
containing the A-Box of the RNA Pol III promoter is
present in SINE elements of various species, these trans-
posons might contribute to spreading p53-responsive
elements. Indeed, we found numerous (�8000) putative
preferred p53 sites in the mouse Alu-like B1 elements
(Table S7).

Furthermore, we found evidence that formation of the
p53 core motif was facilitated via methylation and deami-
nation of CpGs in LTR/ERVs (Figure S3), indicating that
our findings can be generalized to other TEs.

Deamination of CpGs creates the preferred in vivo

p53-binding sites in non-repetitive DNA
Remarkably, >50% of ChiP–PET in vivo p53 sites
(Table S1) and �4600 of the annotated preferred p53-
binding sites (Table S3) contained the core motif CATG
in both half-sites and resided within the non-repetitive
portion of the human genome. Among these, we identified
one of the best studied p53-responsive elements located
within the human GADD45 [7] locus. Multiple sequence
alignments across mammalian species indicated that the
core of the p53-responsive element of human GADD45
arose via methylation and deamination of CpGs (Figure
S4a). Interestingly, an orthologous location in the mouse
genome contains CpGs at the position corresponding to the
core motif (Figure S4a) and was found to be inactive for
p53-mediated transactivation [15]. Similarly, the earlier
exemplified four orthologous Alus in the primates that
contained CpGs at the positions corresponding to the cores
in the human Alu-derived in vivo p53 sites are likely not to
contain functional p53 sites. This is in line with the recent
observation that many p53-responsive elements arose in a
species-specific manner [16]. Similar data were collected
for few other p53-binding sites in the non-repetitive portion
(Figure S4).
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Up to thousands of p53-binding sites can be formed via
single deamination events
Finally, we used a statistical model (Supplementary
Methods) to identify and characterize 20-mers in the
human genome that lie on the fastest evolutionary trajec-
tories of p53-site formation. Up to �151 000 20-mers
resided in the highest probability range and required only
one cytosine deamination to become a p53 site. As
expected, most of these (�119 000) were located in Alu
sequences and �10 000 resided in the non-repetitive por-
tion of the genome (Figure S5). It has only recently been
shown that noncanonical sites built of a single half-site or a
3/4-site can also function as p53 responsive elements [17].
Readily, such sites can evolve much faster than canonical
sites in Alu sequences (i.e. a high number of noncanonical
sites resides in the group of 119 000 Alus), however, the
binding of p53 to noncanonical sites in Alus requires
experimental conformation.

Conclusions
Our findings strongly indicate that the formation of p53-
binding sites by CpG deamination, in particular in Alu
repeats but also in non-repetitive DNA, is an important
evolutionary process. Alu repeats, which amplified to over
one million copies, harbor one-third of the total number of
CpGs in the human genome [18], resulting from which,
most Alus are transcriptionally silenced by methylation
[19]. Because Alu elements are associated with gene-rich
regions [20,21], the process of cytosine deamination is
capable of transforming numerous silent Alus into func-
tional regulatory elements. As we pointed out here, this
process has assigned a role for Alus in spreading of p53-
binding sites and in recruiting new target genes to the p53
regulatory network in a species-specific manner. In other
work, it has been suggested that retinoic acid receptor
(RAR)-binding motifs, DR2 s, which are present in many
Alu sequences, likewise arose via deamination of a single
methylated CpG dinucleotide [22]. Similarly, PAX6 home-
odomain transcription-factor-binding motifs arose via dea-
mination of methylated CpGs in Alus [23]. Taken together
with our results, this implies that deamination of CpGs
constitutes a universal mechanism for generation of differ-
ent transcription-factor-binding sites in Alus.
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