
Adam Blattler and Peggy J. Farnham
  
Methylation States
Transcription Factors and DNA 
Cross-talk between Site-specific
Minireviews:

doi: 10.1074/jbc.R113.512517 originally published online October 22, 2013
2013, 288:34287-34294.J. Biol. Chem. 

  
 10.1074/jbc.R113.512517Access the most updated version of this article at doi: 

  
.JBC Affinity SitesFind articles, minireviews, Reflections and Classics on similar topics on the 

 Alerts: 

  
 When a correction for this article is posted•  

 When this article is cited•  

 to choose from all of JBC's e-mail alertsClick here

  
 http://www.jbc.org/content/288/48/34287.full.html#ref-list-1

This article cites 79 references, 33 of which can be accessed free at

 by guest on A
pril 28, 2014

http://w
w

w
.jbc.org/

D
ow

nloaded from
 

 by guest on A
pril 28, 2014

http://w
w

w
.jbc.org/

D
ow

nloaded from
 

http://affinity.jbc.org/
http://genereg.jbc.org
http://genpro.jbc.org
http://www.jbc.org/lookup/doi/10.1074/jbc.R113.512517
http://affinity.jbc.org
http://www.jbc.org/cgi/alerts?alertType=citedby&addAlert=cited_by&cited_by_criteria_resid=jbc;288/48/34287&saveAlert=no&return-type=article&return_url=http://www.jbc.org/content/288/48/34287
http://www.jbc.org/cgi/alerts?alertType=correction&addAlert=correction&correction_criteria_value=288/48/34287&saveAlert=no&return-type=article&return_url=http://www.jbc.org/content/288/48/34287
http://www.jbc.org/cgi/alerts/etoc
http://www.jbc.org/content/288/48/34287.full.html#ref-list-1
http://www.jbc.org/
http://www.jbc.org/


Cross-talk between Site-specific
Transcription Factors and DNA
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From the ‡Department of Biochemistry and Molecular Biology, Keck School
of Medicine, University of Southern California, Los Angeles, California
90089 and the §Genetics Graduate Group, University of California,
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DNA methylation, which occurs predominantly at CpG
dinucleotides, is a potent epigenetic repressor of transcription.
BecauseDNAmethylation is reversible, there ismuch interest in
understanding the mechanisms by which it can be regulated by
DNA-binding transcription factors. We discuss several models
that, by incorporating sequencemotifs, CpG density, andmeth-
ylation levels, attempt to link the binding of a transcription
factor with the acquisition or loss of DNA methylation at pro-
moters and distal regulatory elements. Additional in vivo
genome-wide characterization of transcription factor binding
patterns and high-resolution DNA methylation analyses are
clearly required for stronger support of each model.

DNA methylation is a potent epigenetic repressor of tran-
scription; promoters and enhancers that display high levels of
methylation are essentially inactive (1, 2). Patterns of DNA
methylation are tightly regulated in a tissue-specific manner,
resulting in epigenetic specification of gene expression. Addi-
tionally, widespread genomic DNA hypomethylation in con-
junctionwith local promoter-specific hypermethylation (which
leads to inappropriate gene silencing) is centrally implicated in
a myriad of human diseases from immunodeficiency-centro-
meric instability-facial anomalies syndrome to cancer (3–7).
DNA methylation is potentially reversible (8), and there is
much interest in understanding the mechanisms by which
DNA methylation patterns are established. In this review, we
focus on regulation of methylation patterns at mammalian
genomic elements such as promoters and enhancers; for a sum-
mary of the regulation of large scale changes in methylation
during development, we suggest a recent review by Smith and
Meissner (9). It has been proposed that site-specific regulation
of DNA methylation is mediated by DNA-binding transcrip-
tion factors (TFs)3 that interact with specific promoter or

enhancer regions (10–14). The functional relationship between
DNA methylation and TF binding has been a subject of much
interest for decades. Several models have been put forth that
attempt to integrate the ability of a TF to bind to hyper- or
hypo-methylatedDNAwith the acquisition and/or loss ofDNA
methylation at regulatory elements (Fig. 1). These include (a)
protection from acquisition of DNAmethylation upon binding
of a TF to unmethylated DNA, (b) promotion of DNA methyl-
ation upon binding of a TF to unmethylated DNA, (c) reversal
of DNAmethylation upon binding of a TF to a region contain-
ingmethylatedDNA, and (d) reinforcement of repression upon
binding of a TF to methylated DNA.
In mammalian genomes, DNA methylation occurs predom-

inantly at CpG dinucleotides. Regions of the genome are gen-
erally classified as those that have high CpG density (e.g. pro-
moters) versus low CpG density (most of the genome).
Additionally, the genome can be divided into categories based
onCpGmethylation levels: lowmethylation (promoters), inter-
mediate methylation (distal regulatory elements), and high
CpG methylation (most of the genome) (15). Both the CpG
density and the methylation status of a region can have impor-
tant implications with respect to the influence of DNAmethyl-
ation on TF binding. For example, the interaction of TFs that
contain a CpG dinucleotide in their recognition motif with
DNAwill be influenced bymethylation status in regions having
both high and low CpG density, whereas TFs that do not have a
CpG in their motif may interact differently with genomic
regions that have sparse or dense methylation levels. In addi-
tion, some factors specifically recognize methylated versus
unmethylated CpGs in the absence of an extended DNAmotif.
These issues, DNA recognition sequence, CpG density, and
methylation levels, are considered in each of the models
described below.

Model A: Protection from Acquisition of Methylation
upon Transcription Factor Binding to Unmethylated
DNA

Approximately 70% of promoters in the human genome are
classified as CpG island promoters, having a high density of
CpG dinucleotides. However, although CpG dinucleotides are
the substrate for DNA methylation in mammalian genomes,
they are largely protected from methylation events at CpG
island promoters, which are characterized by active, unmeth-
ylated chromatin in most cell types. It has been proposed that
CpG island promoters can be protected from acquisition of
DNA methylation by binding of TFs. For example, proteins
having a CXXC zinc finger domain have been identified that
bind to unmethylated CpGs in a sequence-independent man-
ner. The first factor discovered with these properties was
CXXC1,4 which binds to clustered, unmethylated CpGs (16–
18). CXXC1 (which is also sometimes called CFP1) can recruit
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a histone H3 lysine 4 (H3K4) methyltransferase and protect
bound regions fromDNAmethylation (18).Other proteins that
have a CXXC domain, such as mixed lineage leukemia family
members, can also recognize unmethylated CpGs (17). Inter-
estingly, the methyl CpG-binding domain (MBD) protein
MBD1 (see Model D) has a CXXC domain that is responsible
for low levels of methylation-independent DNA binding, sug-
gesting that it may have multiple roles in genome regulation
(19). DNA methyltransferase (DNMT) 1 is also a CXXC
domain-containing protein. Binding to unmethylated CpGs
may seem contradictory for a factor whose role is to maintain
DNAmethylation through DNA replication. However, the tar-
geting specificity of DNMT1 is largely dictated by its interac-
tion with UHRF1, which recognizes hemi-methylated DNA.
Studies suggest that when DNMT1 binds to unmethylated
DNA via the CXXC domain, it is catalytically inactive (20).
Therefore, the CXXC domain may help to limit the activity of
DNMT1 to hemi-methylated, as opposed to unmethylated,
DNA. CXXC domain-containing proteins require access to
both the major and the minor grooves and therefore must
either bind to nucleosome-free regions or bind to the linker

DNA between nucleosomes because the physical association of
DNA with histone octamers can prevent simultaneous access
to the major and minor groove (21). This suggests that CXXC
domain-containing proteins may help to block de novo DNA
methylation at unmethylated, nucleosome-free regions. Rever-
sal of new methylation events at an unmethylated region may
be anothermechanismbywhichCXXCproteins function. Ten-
eleven-translocation (TET)1 andTET3 areCXXCproteins that
can generate 5-hydroxymethylcytosine (5hmC) by oxidation of
5-methylcytosine (5mC); TET proteins can further oxidize
5hmC to 5-formylcytosine and 5-carboxylcytosine, but no
enzyme has been found that can completely convert 5mC to C
(22). TET1 has been shown to localize to unmethylated promot-
ers, suggesting that it may reverse inappropriate de novomethyla-
tion at a nearby CpG by converting newly formed 5mC to 5hmC.
Because 5hmC is not a good binding substrate forMBD proteins,
this could help to keep promoter regions unmethylated.However,
due to lack of sequence specificity and the need to access both the
major and theminor grooves, it is likely that interactionwithother
DNA-binding factors is required forTETproteins to access highly
methylated regions (seeModel C).

FIGURE 1. The effect of site-specific factors on DNA methylation. A, site-specific factors, such as SP1, bind unmethylated DNA, preventing DNA methyl-
transferases from accessing the promoter or enhancer. B, site-specific factors, such as NR6A1, can recruit DNA methyltransferases to unmethylated DNA,
resulting in CpG methylation (meCpG). C, site-specific factors such as PPARG, which do not have a CpG in their motifs, can bind between methylated CpGs
within a methylated region, recruiting TET proteins that oxidize 5-methylcytosine and reverse DNA methylation. D, site-specific factors, perhaps ZNF proteins,
bind methylated motifs, recruiting histone methyltransferases and other repressive machinery.
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Certain site-specific DNA-binding TFs have been shown to
bind to unmethylated regulatory regions and protect them
frommethylation by blocking de novomethylation events (Fig.
1A). One such factor is SP1, which binds the consensus motif
CCGCCC, a sequence that is overrepresented in CpG islands
(23–25). Lienert et al. (26) showed that mutating SP1-binding
sites within the Gtf2a1l promoter resulted in increased DNA
methylation of the region and silencing of the Gtf2a1l gene.
CTCF has also been shown to block methylation of a bound
region (27, 28). CTCF binds the Igf2/H19 imprinting control
region and acts as a boundary element for the control of
imprinted expression of maternal and paternal copies of Igf2
and H19 genes (29, 30). Schoenherr et al. (27) showed that
introducing mutations at the four CTCF-binding sites within
the imprinting control region resulted in loss of CTCF binding
and a substantial increase in methylation. Thus, binding of fac-
tors such as SP1 and CTCF can protect regulatory regions from
gaining methylation. Binding of transcription factors to pro-
moter regions can also influence DNA methylation by causing
active transcription. Active transcription of GC-rich promoter
regions results in the formation of DNA-RNA hybrids
(R-loops), which protect the promoter-proximal transcribed
region from the action of DNMTs (31).

Model B: Promotion of Methylation upon Transcription
Factor Binding to Unmethylated DNA

Several DNA-binding factors have been shown to associate
withDNMTs and promote themethylation of an unmethylated
genomic region (32, 33). For example, in vitro experiments by
Brenner et al. (33) showed that MYC can interact with
DNMT3B, forming a ternary complex with MIZ1, which can
bind to the CDKN1A promoter, and Velasco et al. (34) showed
that E2F6 can recruit DNMT3B to a set of promoters, resulting
in their methylation and subsequent repression. Similarly,
Suzuki et al. (35) demonstrated an interaction of DNMT3B
with SPI1 (commonly known as PU.1), and ChIP experiments
confirmed that DNMT3A and DNMT3B bind a reporter pro-
moter only in the presence of SPI1; repression of the reporter
gene occurredwhen SPI1was co-transfectedwithDNMT3Aor
DNMT3B. Experiments by de la Rica et al. (36) confirm that
SPI1 interacts with DNMT3B and show that the factors co-lo-
calize at promoters that gain DNA methylation during oste-
oclastogenesis. Sato et al. (37) showed that NR6A1 (commonly
known as germ cell nuclear factor (GCNF)) interacts with
DNMT3A and DNMT3B and that co-expression of NR6A1
with DNMT3A is sufficient to drive DNA methylation of an
engineered promoter containing an NR6A1-binding site. In
addition to site-specific factors that can directly interact with
DNMTs, there are several examples of indirect recruitment of
DNMTs to the genome by TFs involved in the deposition of
repressive histone modifications. Recent studies have demon-
strated a spatial relationship between DNA methylation and
the trimethylation of histone H3 lysine 9 or 27 (H3K9me3,
H3K27me3) (38, 39). TheH3K9methyltransferase SETDB1 is a
known component of heterochromatin maintenance machin-
ery and works in conjunction with MBD1, HP1, and histone
deacetylase proteins to silence gene expression (40–42). Li (43)
showed that the N-terminal domain of SETDB1 can directly

interact with both DNMT3A and DNMT3B and that SETDB1
and DNMT3A co-localize at the RASSF1 promoter. Although
SETDB1 is not a DNA-binding protein, it does associate with
the TRIM28 (commonly known as KAP1) repression complex
(44) and is recruited along with TRIM28 to specific genomic
sites by KRAB domain-containing zinc finger proteins (KRAB-
ZNFs) such as ZNF274 (44–47). There are over 300 KRAB-
ZNFs, representing the largest class of TFs encoded in the
human genome. Cell type-specific expression of KRAB-ZNFs
could provide a mechanism by which DNMTs are targeted to
promoters in a tissue-specific manner. However, very few
KRAB-ZNFs have been functionally characterized due to their
relatively low expression in most tissue types. Therefore, the
importance of these factors in specifyingDNAmethylation pat-
terns remains to be seen. Finally, Viré et al. (48) showed that the
H3K27methyltransferase EZH2, a component of the polycomb
repressive complex PRC2, can interact with DNMT1,
DNMT3A, andDNMT3B. EZH2does not directly interactwith
DNA, but rather is recruited to its binding sites by factors such
as JARID2 (49) and by long noncoding RNAs (50). EZH2 bind-
ing to the MYT1 promoter is required for the recruitment of
DNMTs, suggesting that EZH2may be involved in establishing
DNA methylation at promoter regions (48). However, other
studies have shown that DNA methylation is retained at pro-
moters upon the depletion of EZH2 (51). Although it is possible
that EZH2 plays a role in the recruitment of DNMTs at some
genomic loci,more information is necessary to elucidate its role
in regulating DNAmethylation. In summary, although recruit-
ment of a DNMT to an unmethylated regulatory element by
interactionwith a site-specific DNA-binding factor is an attrac-
tive model to explain methylation of specific promoters and
enhancers, most of the studies to date have focused on a single
promoter. ChIP-seq experiments have not yet identified a TF
whose genome-wide binding sites show a large degree of over-
lap with the binding of a DNMT.

Model C: Reversal of Methylation upon Transcription
Factor Binding to Methylated DNA

A small number of studies have shown that TFs can bind to a
methylated region and mediate the reversal of DNA methyla-
tion. Stadler et al. (15) used homologous recombination to
insert an in vitro methylated DNA fragment into mouse cells
and measured its methylation at a later time point. They found
that a fragment containing a wild-type, but not mutated, CTCF
motif showed loss of methylation. This seems to be contradic-
tory to in vitro studies showing that methylation of the CTCF
motif abrogates binding (52).However, theDNAregionused by
Stadler et al. (15) had low CpG density and only partial methyl-
ation; perhaps in that study, CTCF binding occurred between
methylated CpGs. In a similar experiment, genomic regions
corresponding to REST-binding sites were analyzed in wild-
type and REST knock-out embryonic stem cells. Regions sur-
rounding the REST-binding sites were unmethylated in wild-
type cells, but those same locations were methylated in the
knock-out cells. Rescue of REST expression in the knock-out
cells resulted in loss ofmethylation at the binding sites, suggest-
ing that REST could bind to themethylated region andmediate
a loss of methylation. Again, this study analyzed low CpG den-
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sity and partially methylated genomic regions, suggesting that
REST may have bound to an unmethylated motif within a par-
tially methylated domain (15). In fact, the REST consensus-
binding motif does not contain a highly conserved CpG, indi-
cating that DNA methylation likely does not play a role in its
physical interaction with DNA, allowing the protein to bind in
regions containing methylated CpGs (15). The mechanism by
which the binding of factors such asCTCF andREST could lead
to demethylation of once methylated regions is not yet clear. A
possible mechanism could be via interaction with TET pro-
teins. However, a direct interaction of CTCF or REST with a
TET protein has not yet been demonstrated. Recent studies by
de la Rica et al. (36) have shown that TET2 can interact with
SPI1 and that both factors bind promoters that loseDNAmeth-
ylation during osteoclastogenesis. This link between SPI1 and
low DNAmethylation levels is in agreement with data showing
that SPI1-binding sites are unmethylated in acutemyelogenous
leukemia cells that highly express SPI1.5 As noted above, SPI1
can also interact with DNMT3B. Thus, SPI1 may play multiple
roles in regulatingDNAmethylation. TheDNA-bindingmotifs
for the activator protein 1 (AP-1) complex and NFKB1 were
also found to be enriched within regions that become demeth-
ylated during osteoclastogenesis, suggesting that these proteins
may also play a role in TET protein recruitment. Another
recent study has identified a TF that can indirectly recruit TET
proteins to a methylated enhancer region (53). PPARG is a
nuclear hormone receptor that interacts with co-activators to
regulate the expression of adipocyte-specific genes. The
PPARG co-activator complex is poly(ADPribosyl)ated when
recruited to the DNA. The TET proteins can bind to the poly-
(ADPribosyl)ated complex and catalyze the conversion of 5mC
to 5hmC, thereby inducing region-specific demethylation (53).
The bZIP protein CEBPA has been shown to bind methylated
DNA in vivo and in vitro, andRishi et al. (54) found that 15–25%
of CEBPA-binding sites are methylated in keratinocytes and
adipocytes. Binding of CEBPA resulted in enhanced expression
of target promoters. However, contrary to Model C, the
CEBPA-bound promoters, which are enriched for the sequence
TGACGTCA, remainedmethylated. It is not clear how the pro-
moters of CEBPA-bound genes are expressed when meth-
ylated, but perhaps these regions have low CpG density and
therefore cannot effectively recruit repressive machinery.
Another possibility is that at a subset ofCEBPA-boundpromot-
ers, one allele is unmethylated and expressed whereas the other
allele is methylated and repressed. This phenomenon has been
observed for a small number of human promoters in a recent
study (55).

Model D: Reinforcement of Repression upon
Transcription Factor Binding to Methylated Binding
Motifs

InModel C, TFs bind tomethylated regions but not to meth-
ylated CpGs. However, proteins have been identified that bind
methylated CpGs with varying degrees of specificity, with or
without use of an extended recognitionmotif (56, 57). Although
it is unlikely that factors that bind to methylated CpGs in the

absence of an extended motif are involved in site-specific reg-
ulation of DNA methylation, they may be important for main-
taining global patterns of methylated and unmethylated
domains. Members of the MBD family, including MBD1,
MBD2, MBD4, and MECP2, contain specific domains respon-
sible for recognition of methylated sequences (58–60). MBD3,
another member of the MBD family, does not have the same
affinity for methylated DNA. A study using biotin-taggedMBD
proteins demonstrated that this family binds methylated DNA
in vivowith the highest affinity in regions with high concentra-
tions of methylated CpGs, whereas methylated regions with
lowCpG content dictate lower levels ofMBDbinding (19). This
affinity for binding to regions densely populated with meth-
ylated CpGs, along with the fact that MBDs can recruit repres-
sive histone modifying complexes to their binding sites (61–
63), could reinforce silencing of methylated CpG island pro-
moters, perhaps after methylation has been initiated by the
binding of site-specific factors.
Some site-specific TFs recognize a sequence that contains a

CpG within an extended DNA recognition motif. Because
methylation of the cytosine causes a major structural change in
the nucleotide, it is likely that DNA-protein interactions will be
influenced (either positively or negatively) by methylation of
the CpG. An analysis of the JASPAR motif database revealed
that 25% of all characterized motifs contain a CpG within the
recognition sequence.Of course, not all CpG-containingmotifs
have the CpG dinucleotide sequence at a critical position that
would influence DNA-protein interactions. However, there are
a few motifs for which the CpG is located in a critical position
(Fig. 2). One would predict that changes in the methylation
state of thesemotifs would impact protein binding. To date, the
influence of DNA methylation on protein-DNA interactions
has mainly been investigated in vitro using binding methods
such as gel mobility shift assays and structural methods such as
x-ray crystallography. Using such techniques, proteins have
been characterized as belonging to three classes: those that pre-
fer to bind to unmethylated DNA (27, 64), those that prefer to
bind tomethylated DNA (12, 14), and those that are agnostic to
the presence of DNA methylation (65, 66). For example, Cam-
panero et al. (67) showed that CpG methylation differentially
regulates the response of certain E2F elements to different E2F
family members. The E2F consensus motif can contain two
CpGs (TTTSSCGC can be TTTCGCGC); when unmethylated,
these are the strongest E2F recognitionmotifs. However,motifs
having two CpGs cannot be bound by E2F1–5 when the sites
are methylated. In contrast, methylation of an E2F-binding site
that contained only one CpG did not affect binding of E2F2–5,
but abrogated E2F1 binding (67). The helix-loop-helix DNA-
binding proteins MYC, USF1, and TFE3 can all bind to a
CACGTG motif. Methylation of the central CpG strongly
affected MYC, but not USF1 or TFE3, binding in vitro (65).
bZIP proteins bind to palindromic CREmotifs that have a cen-
tral CG dinucleotide; in vitro studies show that methylation
enhances CEBPA and CEBPB binding but inhibits binding of
CREB1, ATF4, JUN, JUND, CEBPD, and CEBPG (11, 54, 68).
Harrington et al. (66) found that methylation of the CpG in the
motif CCGCCC did not affect DNA binding by SP1, whereas
other studies have shown that methylation of the first C of the5 B. P. Berman, personal communication.
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motif in combination with the C of the CpG abrogates SP1
binding (64).
Whether methylation of a CpG within a motif has the same

effect on DNA binding in vivo has not yet been investigated for
most TFs. However, several TFs with CpG-containing motifs
have been studied by ChIP-seq in the same cells for which
genome-wide DNA methylation patterns are known. ZBTB33
(commonly known as Kaiso), ZBTB38, and ZBTB4 are highly
related proteins that have three tandem C2H2 zinc finger
(ZNF) domains responsible for methyl-DNA recognition in
vitro. A recent study showed that ZBTB33 binds unmethylated
promoters in vivo (69), indicating that in vitro analyses may not
reflect the binding properties of proteins in the context of a
chromatin environment. Methylation of CpG-dense regions
creates a highly condensed heterochromatin structure that can
prevent factors from accessing a methylated motif. Thus,
although a factor such as ZBTB33 may prefer binding to a
methylated motif, it is not found at methylated promoters in
vivo. A similar analysis of the binding patterns of Kaiso and five
other CpG motif-binding factors reveals an absence of DNA
methylation at the center of the binding sites, suggesting that in
general methylation is inhibitory to in vivo binding of these TFs
(Fig. 2).
Several proteins, such as KLF4, ZFP57, and CEBPB, have

been implicated in binding to methylated DNA in vivo. Using
ChIP-seq and whole genome bisulfite sequencing data, Spruijt
et al. (71) showed that �18% of the genomic regions bound by
KLF4, one of the four pluripotency factors identified by Taka-
hashi and Yamanaka (70), are highly methylated in mouse
embryonic stem cells. However, when the analysis was
restricted to the binding motif, the levels of DNA methylation

dropped significantly. Using a proteinmicroarray, Hu et al. (57)
also identified KLF4 in a set of 47 proteins (approximately half
of which were ZNFs) that can bind tomethylated DNA in vitro.
Interestingly, the methylated sequence bound by KLF4 was dif-
ferent from the preferred unmethylated motif. The authors
tested a small number of genomic sites and showed that KLF4
could bind tomethylated sequences in vivousingChIP followed
by bisulfite sequencing (57). However, the functional signifi-
cance of these binding sites is not yet clear. Quenneville et al.
(12) showed that the zinc finger protein ZFP57 can bind to a
methylated TGCCGC motif in vitro and used bisulfite treat-
ment of ChIP DNA to show that ZFP57 can bind to the meth-
ylated allele of three imprinted mouse genes. However, the
DNA methylation status of the other 11,000 ZFP57 ChIP-seq-
binding sites was not analyzed. CEBPB is a bZIP protein that
can bind to the 8-mer TTGCGCAA, and it has been shown that
methylation enhances in vitro binding to this motif (11). How-
ever, this motif is not a preferred binding motif in vivo, and the
few sites that do contain this motif are not in the top ranked
peak list as determined by ChIP-seq. The authors (12) suggest
that perhaps, similar to ZBTB33 (69), access of CEBPB to highly
methylated regions is prevented at condensed, heterochro-
matic regions. However, the study did identify �200 places in
the genome where CEBPB bound that had greater than 50%
methylation frequency. It is likely that CpG density, percentage
of methylation, and nucleosome density of a genomic region
greatly affect the ability of factors such as ZBTB33, KLF4,
ZFP57, or CEBPB to access a methylated motif in the genome
(69, 72, 73).
As described above, to date there are very few documented

cases of a site-specific factor binding robustly to a methylated

FIGURE 2. Site-specific transcription factors containing CpG dinucleotides within their recognition motif. An analysis of HOMER v4.3 and FactorBook
motif databases (78, 79) identified a small number of motifs having at least one CpG dinucleotide at a critical position. These included motifs bound by
members of the ATF family (ATF1, ATF3), EGR1, members of the ETS family (ETS1, ELF1, ELK4, GABPA), SP1, the MYC family (MYC, MAX, NMYC, USF1, BHLHE40),
ZBTB33, CRE-binding factors, HIF1A, NRF1, and members of the E2F family. Shown are examples of the motif for a member of each family that has a critical CpG
in its recognition sequence. ChIP-seq data for ATF3, EGR1, ELF1, SP1, USF1, and ZBTB33 produced by the ENCODE consortium (77) was compared with whole
genome bisulfite sequencing data (A. Blattler and P. J. Farnham, unpublished data); all data are from HCT116 colorectal cancer cells. On the right, the degree of
DNA methylation of a region �1500 from the center of each ChIP-seq peak is plotted for those TFs. In all cases, DNA methylation is absent from the center of
the TF-binding sites. To determine the in vivo relationship between TF binding and DNA methylation, experiments such as this must be performed comparing
ChIP-seq data with whole genome DNA methylation data in matched cell types.
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motif within a CpG-dense, highly methylated region. However,
Liu et al. (74) made the observation that both ZBTB33 and
ZFP57 contain zinc finger domains with a conserved arginine
preceding the first zinc-binding histidine residue (termed the
RH motif) and that this arginine interacts with the methyl
group of the 5mC. They postulate that this RH motif may be a
feature of zinc finger proteins that bindmethylatedDNA. If this
is true, 224 of the 330 human KRAB ZNFs may have the ability
to recognize methylated DNA, at least in vitro (74). Impor-
tantly, KRAB-ZNFs interact with repressive transcription com-
plexes. Perhaps a subset of these factors will have the ability to
bind tomethylated DNA and recruit DNMTs or repressive his-
tone-modifying complexes to the genome.

CONCLUSIONS

The models described above present four mechanisms by
which binding of TFs might promote or inhibit DNAmethyla-
tion and influence transcription. Unfortunately, it is not yet
possible to predict whether a TF will promote or inhibit meth-
ylation when bound to a specific regulatory element. TFs have
multiple protein interaction domains and can interact with
both co-activators and co-repressors; for example, SPI1 can
interact with both DNMT3B and TET2 (35, 36). It is likely that
the effect a TF has on DNA methylation at a given regulatory
element will be influenced by other proteins recruited to that
site. Therefore, it is extremely important that the relationship
between TFs and DNA methylation be examined in a relevant
physiological context. Much of the experimental evidence in
support of the four models has been collected using reporter
assays or single endogenous elements as a model system. For-
tunately, with the advent of new technologies that allow inves-
tigation of the genome-wide in vivo binding patterns of TFs
(75–77), along with comprehensive gene expression and DNA
methylation analyses, it is now possible to investigate the rela-
tionship between DNA methylation, TF binding, and gene
expression on a global scale in a variety of cell types under
diverse physiological and developmental conditions. Future
studies that intersect TF-binding sites with binding sites of
DNMTs or repressive histone-modifying complexes may iden-
tify factors that help establish or reinforce DNA methylation.
Conversely, intersection ofTF-binding siteswith sites boundby
the TET proteins may identify site-specific factors that are
important in blocking or reversing DNA methylation. The
recent introduction of experiments that combine traditional
chromatin immunoprecipitation with bisulfite treatment and
sequencing of the ChIP DNAmay also shed light on the meth-
ylation state of TF-boundDNA (38, 39). In conclusion, we hope
that the models described within this review will provide a use-
ful framework with which to interpret the expanding amounts
of genome-scale data and contribute to amore complete under-
standing of the transcriptional dysregulation that results in a
wide array of human diseases.
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