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Reading cytosine modifications within chromatin
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ABSTRACT
Zinc-finger and homeodomain transcription factors have been shown in vitro to bind to recognition
motifs containing a methylated CpG. However, accessing these motifs in vivo might be seriously
impeded by the inclusion of DNA in nucleosomes and by the condensed structure adopted by
chromatin formed on methylated DNA. Here, we discuss how oxidation of 5-methylcytosine into 5-
hydroxymethylcytosine could provide the initial destabilizing clue for such transcription factors to
get access to nucleosomal DNA and read epigenetic information.
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Introduction

“Epicytosine”, also known as 5-methyl-deoxycytidine
(5mC), was discovered in mammalian DNA in the
mid 20th century, well before being recognized as an
epigenetic mark capable of influencing transcription
[1]. Although the biological impact of the presence of
5mC in DNA is probably multifaceted, our general
understanding of how 5mC can alter transcription
relies mainly on two non-exclusive concepts: (i) 5mC
can affect the stability of DNA interaction with
sequence-specific DNA binding proteins like tran-
scription factors (TFs), and (ii) the presence of 5mC
in CpG dinucleotides allows interaction with methyl-
DNA binding domain (MBD) proteins such as
MeCP2, which in turn recruit protein complexes
favouring chromatin condensation [2–4]. Accord-
ingly, enhancers (one of the main TF binding plat-
forms together with promoters), are genomic regions
showing cell-type specific DNA methylation profiles
and undergoing methylation/demethylation pro-
cesses. These dynamic modifications pertain to adap-
tative changes in the transcriptional program of cells
including rewiring of transcription factor networks
[5–9]. Seminal work from A. Rao’s and N. Heintz’s
laboratories on 5mC oxidation into 5-hydroxyme-
thylcytosine (5hmC) by Ten Eleven Translocation

(TET) dioxygenases paved the way to investigations
on active DNA demethylation events and their link
to transcription regulation [10,11]. TET proteins
were then further shown to be implicated in iterative
oxidation of 5hmC into 5-formylcytosine (5fC) and
5-carboxylcytosine (5caC) [12,13]. Both 5fC and
5caC are recognized and eliminated by the base exci-
sion repair (BER) machinery, including the T:G mis-
match DNA glycosylase TDG which interacts with
and processes 5fC and 5caC [14,15]. Accordingly,
data from Y. Zhang’s group showed that, upon deple-
tion of TDG in mouse embryonic stem cells
(mESCs), a significant fraction of 5hmC-marked
enhancers become enriched in 5fC and 5caC [16].
Whereas 5fC and 5caC are labile entities in DNA due
to removal by the BER system, 5hmC is readily
detectable in genomic DNA and appears to be quite
stable in certain genomic regions according to kinetic
studies, suggesting that it may not just be a mere
intermediate of demethylation but could also bear
signalling potential [17–19]. Interestingly, the obser-
vation that TET enzymes can act in a non-processive
manner suggests that each demethylation intermedi-
ate could serve specific functions and allow their rec-
ognition by selective readers, including transcription
factors [20].
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Transcription factor families rule 5mC sensitivity
of TF binding to DNA in vitro

Although initial studies on the influence of 5mC on
TF binding to DNA were devoted to single motifs and
single TFs (for review see Tate and Bird [21]), recent
technological advances like protein and DNA micro-
arrays, SELEX (systematic evolution of ligands by
exponential enrichment) coupled to deep sequencing,
and mass spectrometry (MS) analysis of pull-down
assays have allowed to run in vitro investigations at a
larger scale [22–25]. Despite the fact that each of these
techniques has its own drawbacks (for discussion see
Zhu et al. [26]), they generated valuable information
on how TFs can sense DNA methylation. Table 1
compiles the DNA binding preferences of given TFs
and shows a striking dichotomy between families of
TFs. Indeed, TFs from the basic Helix-Loop-Helix
(bHLH) and the basic-Zipper (bZIP) families tend to
prefer motifs with unmethylated CpGs, whereas Zinc-
finger and Homeodomain (HD) TFs clearly prefer
5mCpGs. This striking difference between different

classes of TF was recently confirmed in a large scale
study interrogating the preference of 542 full-length
TFs by high throughput (HT) SELEX [27]. However,
the preference of bZIP and bHLH TFs for unmethy-
lated CpGs does not systematically apply. The bZIP
factor CREB1, for instance, binds preferentially to the
unmethylated consensus motif TGACGTCA whereas
CEBPa and CEBPb prefer TGAmCGTCA [28,29]. In
addition, a same bZIP factor can prefer either methyl-
ated or unmethylated CpGs in their motifs, depending
on their sequence. ARNT2, for instance, prefers
AAAmCGCTTCCC, whereas binding to the canonical
sequence CACGTG requires an unmethylated CpG
[25,27]. Contrary to bZIP and bHLH, Zinc-finger and
HD TFs show a clear in vitro preference for 5mC (see
Table 1). Such a behaviour can be inferred from stud-
ies using various technologies, leaving no doubt that
these proteins indeed interact better with methylated
sequences. Interestingly, KLF4 recognition of 5mCpG
involves an arginine/glutamate pair of residues con-
tacting the methyl group of 5mC, and such a pair is

Table 1. DNA binding preference of transcription factors.
Transcription factor Family Binding site/probe Technology Preference Reference

MAX bHLH CACGTG Gel-shift C, 5caC [48]
MAX bHLH TGACGCGCGCG Pull-down, MS/MS C [22]
MAX bHLH CACGTG SELEX C [27]
Tcf3/Ascl1 bHLH CGCAGGTG Gel-shift 5caC [49]
Tcf4 bHLH ACACGTG DNA array 5hmC [50]
USF-1 bHLH ACACGTG DNA array C [50]
ARNT2 bHLH AAACGCTTCC Protein microarray 5mC [25]
CREB1 bZIP TGACGTCA DNA array C [28]
CREB1 bZIP (TGAT)GCAA DNA array 5mC, 5hmC [28]
CREB1 bZIP TGACGCGCGCG Pull-down, MS/MS C [22]
JUN/FOS bZIP TGACTCG Gel-shift 5mC [51]
JUN bZIP TGACGCGCGCG Pull-down, MS/MS C [22]
FOS bZIP TGACGCGCGCG Pull-down, MS/MS C [22]
CEBPB/ATF4 bZIP CGATGCAA DNA array and gel-shift 5mC [24]
CEBPB bZIP ATTGCGCAA DNA array and gel-shift 5mC [24]
ATF4 bZIP ATTGCGCAA DNA array and gel-shift C [24]
CEBPA/B bZIP TGACGTCA Gel-shift 5mC [29]
ELF3/5 ETS ACCCGGAAGT SELEX C [27]
HOXB9 HD TGACGCGCGCG Pull-down, MS/MS 5mC [22]
HDX HD TGACGCGCGCG Pull-down, MS/MS 5hmC [22]
ZHX1/2 HD/Zinc-finger TGACGCGCGCG Pull-down, MS/MS 5hmC [22]
HOXA5 HD AAACGCTTCC Protein microarray 5mC [25]
HOXB13 HD CTCGTAAAA SELEX 5mC [27]
CDX1/2 HD GTCGTAAAA SELEX 5mC [27]
PBX1 TALE-HD TGACGCGCGCG Pull-down, MS/MS 5mC [22]
MEIS1 TALE-HD TGACGCGCGCG Pull-down, MS/MS 5mC [22]
MEIS1 TALE-HD TGACAG Pull-down 5mC, 5hmC [19]
MEIS1 TALE-HD TGATTTACG Pull-down 5mC, 5hmC [19]
HOX/PBX HD TGATTTACG EpiSELEX-Seq 5mC [23]
OCT4 POU domain ATGCGCAT SELEX 5mC [27]
KLF4 Zinc-finger TGACGCGCGCG Pull-down, MS/MS 5mC [22]
KLF4 Zinc-finger CCCGCC Protein microarray 5mC [25]
SALL2 Zinc-finger TGACGCGCGCG Pull-down, MS/MS 5mC [22]
SALL4 Zinc-finger CG rich long probe Pull-down and gel-shift 5mC/5hmC [47]
GATA4 Zinc-finger AAACGCTTCC Protein microarray 5mC [25]
P53 TGACGCGCGCG Pull-down, MS/MS 5fC [22]
P53 RRRCACGYYY EpiSELEX-Seq 5mC [23]
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also implicated in 5mC interaction with KAISO,
another Zinc-finger protein [30,31]. KAISO binds
both mCpG and TpG containing sequences, with the
Thymine methyl group being engaged in similar inter-
actions than its 5mC counterpart [31–33]. Since meth-
ylation of cytosines in the context of CpAs has been
evidenced in ES cells and 5mCpAs are efficiently oxi-
dized by TET enzymes, binding of TFs to 5mCpAs
could indeed occur in vivo and be regulated through
active demethylation [34,35]. Thymine mimicry could
also explain the impact of cytosine methylation on the
binding of HD proteins [23]. Indeed, a number of HD
TFs, including HOX proteins and the HOX partners
two amino acids tale extension (TALE)-HD proteins,
bind sites containing a TpG dinucleotide which are
also efficiently bound when the TpG is replaced by a
5mCpG [23]. In particular, the TALE-HD protein
PBX1 interacts with both TGATTG and 5mCGATTG
but poorly with a CGATTG sequence [23]. PBX1
form heterodimers with the TALE-HD protein MEIS1
and we showed that enhancers bound by these TFs are
particularly enriched in 5hmC, suggesting that these
factors could also bind 5hmCpGs [18,19]. Interest-
ingly, analysis of the structure of MEIS1 dimers bound
to a TGACAG site (RCSB number 4XRM – Fig. 1A)
shows that HD residues I50 and R54 from the DNA
recognition helix establish contacts with the methyl
group of the thymine whereas residue N47 does not
contact the adjacent cytosine but a water molecule.
When superimposed with the recognition helix from
HOXB13 bound to a 5mCpG containing TTACGA
motif (RCSB number 5EGO), N47 is predicted to be
engaged in an interaction with the methyl group, sug-
gesting that cytosine modifications at this position
could stabilize MEIS1 binding. We recently investi-
gated the ability of 5mC and 5hmC to modulate in
vitro DNA binding of TALE-HDs in pull-down assays
using nuclear extracts of neural progenitor cells
(NPCs) differentiated from embryonal carcinoma cells
(EECs) [19]. Consistent with our structure-based
hypothesis, the presence of 5mC and 5hmC at posi-
tion 4 of the consensus MEIS1 site TGACAG could
equally increase binding of MEIS1 (Fig. 1B). Nonethe-
less, binding of MEIS1 to the TGATTTACGA probe
(known to bind PBX1/HOXA9 heterodimers) [36]
was significantly more enhanced by 5mCpG than by
5hmCpG (Fig. 1B). Apart from favouring contacts
between residues of the DNA recognition helix and
the cytosine bases, 5mC and 5hmC could indirectly

impact on the stability of TALE-HD and/or TALE-
HD/HOX dimers by influencing DNA shape. The N-
terminal extension of the homeodomain in TALE-
HD/HOX heterodimers forms a loop enriched in basic
residues that sense minor groove width and stabilize
binding to DNA (for review see Merabet and Mann)
[37,38]. Remarkably, insertion of arginine 5 (R5) in
the minor groove has been directly correlated to the
presence of a CpG which was found to influence
minor groove width [37]. Importantly, cytosine meth-
ylation further decreases minor groove width as
appreciated by the shape-sensitive clivage of DNA by
DNAse I. [39] To examine whether 5mC could influ-
ence the binding of HD N-terminal basic residues, we
interrogated 5EGO and its unmethylated counterpart
5EG0 crystal structures. Results indicate that indeed
the minor groove is narrowed by methylation of the
CpG and that the HOXB13 residue R5 adopts different
configurations and is engaged in 5 H-bonds in 5EGO
versus only 2 in 5EG0 (Fig. 1C). This observation sup-
ports the idea that 5mCpGs confer optimal character-
istics to DNA for its recognition by HD proteins.

In vivo constraints to TF interaction with
cytosine modifications

Despite effects of cytosine methylation on DNA bind-
ing by TFs can be appreciated in vitro, their ability to
access modified cytosines in vivo is complicated by the
fact that DNA associates with histones to form chro-
matin. Indeed, insertion of a DNA sequence into a
nucleosome can decrease binding site accessibility.
This is the case for PBX1 that can be enriched in pull-
down experiments with methylated naked DNA but
not when this DNA is wrapped around histones,
whereas the opposite is observed for MeCP2, raising
the possibility that TALE-HDs may not efficiently
bind to methylated nucleosomal DNA in cells [40]. It
is established that, in nucleosomes, DNA is bent such
as narrow minor groove sections facing the octamer
favour insertion of histone arginines whereas minor
grooves facing out of the nucleosome are enlarged
above the limit required for arginine insertion [41].
Hence, as suggested by superimposition of the 5EGO
structure with a nucleosome structure (5B2J), the rec-
ognition helix of a nucleosome-bound HD could
access to the modified cytosines in the major groove
but binding stabilization by arginines from the N-ter-
minal part of the HD could be impeded by the
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Figure 1. Homeodomain transcription factor interaction with methylated and hydroxymethylated DNA. (A) HD recognition helix con-
tacts with CpA (4XRM) or 5mCpGs (5EGO). Contacts between the T or 5mC methyl groups (coloured in green) and HD residues are col-
oured in red. Contacts shown in the middle panel are predicted by the superimposition of the MEIS1 recognition helix to the one of
HOXB13 bound to methylated DNA (5EGO), whereas the ones shown in the left and right panels are those observed in the 4XRM and
5EGO crystal structures. All structures were visualized with the UCSF Chimera 1.4.1 software. (B) In vitro pull-down assays showing
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enlargement of the minor groove (Fig. 1D). Another
level of potential in vivo interference with TF binding
to 5mCpGs could be attributed to MBDs. Indeed,
MeCP2 could compete with homeodomains for
5mCpG binding. FRAP experiments have shown that
wtHOXC13 and MECP2 have quite similar residency
times in living cells (i.e. t1/2 recovery after photo-
bleaching: 40 sec and 29 sec respectively) [42,43].
However, when R5 is mutated in HOXC13, t1/2 drops
to 9 sec, twice as low as the one of a triple mutant
(I47A, Q50A, N51A) in the recognition helix of
HOXC13 (17.5 sec) [42]. Collectively, these observa-
tions suggest that R5 is a major determinant of HD
stability in living cells and that impeding R5 function
by inclusion of a binding site in a nucleosome could
allow MeCP2 to outcompete HDs. In addition to a
putative competition between MBDs and HDs for
engaging interactions with 5mCpGs, there is evidence
for a role of MeCP2 in condensing chromatin, either
directly, as shown by atomic force microscopy for a
tetranucleosome, or indirectly though recruiting
repressor complexes containing histone deacetylases
and H3K9 methyltransferases, leading to condensed
nucleosomal arrays which are likely to decrease
engagement of TFs [3,4,43]. Hence, although HD
binding to naked DNA is clearly stabilized by
5mCpGs, for it to happen in vivo would require mech-
anisms that likely impact MeCP2/DNA interaction as
well as nucleosome stability. In this context, oxidation
of 5mC into 5hmC could initiate a reconfiguration of
the chromatin structure leading to a more relaxed
state more amenable to HD binding. Indeed, at physi-
ological salt concentrations, MeCP2 affinity for sym-
metrically hydroxymethylated CpGs is 20 fold lower
than that for fully methylated CpGs, and nucleosomes
formed on an hydroxymethylated template tend to be
less stable in vitro and likely in vivo [44–46]. Consis-
tent with these observations, we evidenced that the
presence of 5hmC in chromatin increases DNA

accessibility [19]. In an apparent contradiction with
the observation that TALE-HDs bind 5hmC-enriched
regions, we show in Fig. 1E that, in in vitro-differenti-
ated NPCs, the distribution of HD transcription fac-
tors is largely biased towards fully-methylated regions
(FMRs), compared to pluripotency TFs which signifi-
cantly occupy low (LMRs) or unmethylated (UMRs)
regions. However, this partition of the genome is
based on whole-genome bisulfite sequencing (WGBS),
a technique which cannot discriminate between 5mC
and 5hmC. In addition, our recent data indicate that
binding of the TALE-HD protein MEIS1 to its target
enhancers in ECC-derived NPCs is preceded by 5mC
conversion into 5hmC [18,19]. To extend the relation-
ship between DNA hydroxymethylation and HD
binding to chromatin, we interrogated HoxC9 ChIP-
seq and hMeDIP-seq data obtained in ESC-derived
NPCs (Fig. 1F). Similarly to Meis1 sites, HoxC9 sites
are highly hydroxymethylated in NPCs. Collectively,
these observations indicate that HDs bind to chroma-
tin sites that have experienced conversion of 5mC to
5hmC, a step that likely reverses the negative influence
of a tight nucleosome structure on HD/DNA
interaction.

Whether this requirement for 5mC to 5hmC con-
version also applies to zinc-finger TFs is an interesting
question. A recent study describing the relationship
between the recruitment of the Zinc-finger protein
SALL4 and the activity of TET enzymes in ESCs sug-
gests that it might indeed be the case [47]. SALL4
binds to DNA through 7 Zinc-finger modules grouped
into 3 clusters and each cluster has been tested in vitro
for binding to CpG-, 5mCpG- and 5hmCpG-contain-
ing probes. Results indicated that, these modules bind
preferentially to 5mCpGs and 5hmCpGs, although
one of the modules preferred 5hmC over 5mC [47]. In
ESCs, the recruitment of SALL4 to chromatin was
shown to be dependent on TET-mediated oxidation of
5mC [47]. Hence, despite being described as 5mCpG-

binding preference of MEIS1 from NPC nuclear extracts for 5mC and 5hmC in two different DNA probes. Experimental data are from
Mah�e et al. [19] (C) Insertion of residue R5 within the minor groove in crystals of HOXB13 bound either to an unmethylated (5EG0,
HOXB13 in red and DNA in blue) or to a methylated (5EGO, HOXB13 in orange and DNA in gray) TTACGA motif. (D) Superimposition of
the crystal structures of HOXB13 (orange)/MEIS1 (blue) heterodimer bound to methylated DNA (kaki – 5EGO) and a nucleosome formed
on methylated DNA (histones in dark gray and DNA in light green – 5B2J). The right panel shows an enlargement of the superimposed
structures with the widened minor groove of the nucleosomal DNA likely unable to stabilize R5 insertion. (E) Distribution of TF binding
sites in fully- (FMRs), low- (LMRs) and un-methylated regions (UMRs) of the mouse genome from ESCs and NPCs according to Stadler et
al. [9] Mesi1 and FoxA1 binding sites are from Mah�e et al. [19] NCBI GEO datasets for TF binding sites are as follows: GSM766061
(HoxC9), GSM1436068 (Nanog), GSM1436067 (Oct4), and GSM1436070 (Sox2). (F) Average ESC (GSM978374) and NPC (GSM978376)
5hmC profiles (hMeDIP-seq) centered on HoxC9 and Meis1 binding sites overlapping NPC FMRs.
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binding proteins, the biological activity of TFs from
the ZF and HD families is likely to depend in vivo on
an initial conversion of 5mC to 5hmC by TET pro-
teins leading to an increase in DNA accessibility
within chromatin.
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