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ABSTRACT

DNA cytosine methylation in mammals modulates
gene expression and chromatin accessibility. It also
impacts mutation rates, via spontaneous oxidative
deamination of 5-methylcytosine (5mC) to thymine.
In most cases the resulting T:G mismatches are re-
paired, following T excision by one of the thymine
DNA glycosylases, TDG or MBD4. We found that C-
to-T mutations are enriched in the binding sites of
CCAAT/enhancer binding proteins (CEBP). Within a
CEBP site, the presence of a T:G mismatch increased
CEBP� binding affinity by a factor of >60 relative
to the normal C:G base pair. This enhanced binding
to a mismatch inhibits its repair by both TDG and
MBD4 in vitro. Furthermore, repair of the deamina-
tion product of unmethylated cytosine, which yields
a U:G DNA mismatch that is normally repaired via
uracil DNA glycosylase, is also inhibited by CEBP�
binding. Passage of a replication fork over either a
T:G or U:G mismatch, before repair can occur, results
in a C-to-T mutation in one of the daughter duplexes.
Our study thus provides a plausible mechanism for
accumulation of C-to-T human somatic mutations.

INTRODUCTION

Genomic DNA is constantly being damaged by insults that
range from UV irradiation or (aging-associated) oxidative
stress, to interactions with environmental mutagens and
cancer chemotherapeutic drugs (1). Somatic mutations ac-
cumulate if not repaired prior to DNA replication. As a re-

sult, accrual of somatic mutations is a likely consequence
of anything that reduces DNA accessibility by the DNA
repair machinery. This impaired access can result from
three-dimensional chromatin organization, nucleosome oc-
cupancy, binding of transcription factors (TFs) and other
stable protein-DNA interactions (2–5). Characterization
of somatic mutations from cancer genomes has identified
mutational signatures, including 49 single-base-substitution
(SBS) patterns with probable biological origins ((6) and ref-
erences therein). Some SBS signatures include all six types
of substitutions (C-to-A/G/T or T-to-A/C/G; in which the
mutated basepair is represented by the pyrimidine) (Supple-
mentary Figure S1A). Other SBS signatures are dominated
by one type; for instance, C→T, C→A, or T→G (Supple-
mentary Figure S1B–D). In contrast, some signatures are
missing one or two types of SBSs, particularly T→G (Sup-
plementary Figure S1E). There are substantial differences
in the numbers and types of SBSs across tumors examined
by the Pan-Cancer Analysis of Whole Genomes (PCAWG)
Consortium (7) (Supplementary Figure S1F).

Here, we focus on evidence for a plausible mechanism
to explain methylation effects on substitutions, involving
methylation of C (yielding 5-methylcytosine, 5mC). The
proposed mechanism involves limiting repair enzyme access
to the deamination product of 5mC (T), boosting C→T
substitutions, which are the most abundant substitution.
The suggested aetiology of C→T mutation begins with
spontaneous or APOBEC-mediated deamination of C→U
(generating a G:U mismatch) or of 5mC→T (generating a
G:T mismatch) (8–11). These two mismatches can be re-
paired, beginning with base excision by repair enzymes that
remove T or U opposite to G (thymine DNA glycosylases
– TDG and MBD4 – for T; and uracil DNA glycosylase –
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UDG – for U) (12,13). However, if the mismatch is inacces-
sible to repair enzymes, or the latter are reduced in activ-
ity or amount, then DNA polymerases can pair A with the
inappropriate T (or U) in the template, resulting in C→T
mutation (Figure 1A). Here, we examine for the first time
the effects of binding by a regulatory protein (CEBP�) on
C→T mutation rates, after we noticed enhanced frequen-
cies of such mutations within CEBP binding sites.

MATERIALS AND METHODS

Somatic mutation mapping with the CEBP footprints

In order to evaluate the somatic mutation occurrence
rate in human TF binding sites, we utilized our (KCA)
recently-published cancer somatic mutation data, gen-
erated from 3000 human tumor and matched-normal
whole-genome sequences (2). To identify the CEBP
binding sites in the genome, we downloaded ‘consen-
sus footprints and collapsed motifs hg38.bed’ from the
ENCODE study (14). We converted the obtained CEBP
footprints from this file to hg19 human genome assem-
bly by using the UCSC genome browser LiftOver tool,
which resulted in 85 204 footprints. We overlapped the
somatic mutation data with these footprints to estimate
the CEBP binding site mutation rates in human cancers.
Next, we generated an estimate of the expected number of
mutations by shuffling randomly the CEBP footprints on
the same chromosome and calculating the total number
of mutations at the random locations. We performed this
shuffling exercise 1000 times and an empirical P-value was
calculated.

Somatic mutations in MCF-7

The CEBP� enriched regions in MCF-7 breast cancer cell
line was generated from dataset GSM1010889 (total peaks
= 92 896; within exons = 12 259; with C→T mutation =
2143). The mutations in coding regions (exons) in breast
cancer were identified using the dataset available in Cosmic
(total SPNs of exons = 1 160 476; total C→T of exons = 197
281; C→T within CEBP� peaks = 2311). We performed
integrative analysis between these two datasets, to calculate
the C→T mutations within CEBP� binding regions that are
located within exons. Motif analysis was performed using
Multiple Expression motifs for Motif Elicitation (MEME)
(15). A summary of assessments of CEBP� binding speci-
ficity is available (16).

Protein expression and purification

The highly purified recombinant proteins used in this
study, except for UDG, were all characterized previously
in our laboratories: CEBP� (pXC1599, residues 269–344)
(17), TCF4 (pXC2002, residues 569–628) (18), MBD4
(pXC1063, residues 411–554) (19,20), TDG (pXC1168,
residues 1–306) (21–23). Uracil–DNA glycosylase (UDG)
was purchased form NEB (catalog # M0280S).

Fluorescence-based DNA binding assay

Fluorescence polarization assays were performed using a
Synergy 4 microplate reader (BioTek) to measure DNA

binding affinity. The 6-carboxy-fluorescein (FAM)-labeled
double stranded DNA probe (5 nM) was incubated with in-
creasing amounts of proteins (monomer concentration 0.6
nM to 10 �M) for 15 min in 20 mM Tris (pH 7.5), 5% (v/v)
glycerol, 500 mM NaCl. GraphPad Prism software (version
7.0) was used to do curve fitting. KD values were calculated
as [mP] = [maximum mP] × [C]/(KD + [C]) + [baseline mP],
where mP is millipolarization, [C] is protein concentration,
and �mP = ([mP] – [baseline mP]). Error bars represent the
standard deviation from two independent experiments, each
done in quadruplicate. For those binding curves that did not
reach saturation, the lower limit of the binding affinity was
estimated.

Isothermal titration calorimetry

ITC experiments were performed at 25◦C using a MicroCal
PEAQ-ITC automated system (Malvern instrument Ltd).
Double stranded oligonucleotides and protein were diluted
in buffer (20 mM Tris, pH 7.5 and 500 mM NaCl, 5% glyc-
erol). DNA was maintained in the sample cell and the pro-
teins were injected into the cell by syringe. The amount of
each injection was 2 �l with continuous stirring (750 rpm)
and the reference power was set to 8 �cal/s. The duration
of each injection was fixed at 4 s, and the spacing time be-
tween the injections was 200 s in order to achieve equilib-
rium. For each oligo, a reference titration of buffer to DNA,
protein to buffer and buffer to buffer were subtracted from
experimental data to control for heat of dilution and non-
specific binding. Binding constants were calculated by fit-
ting the data using the ITC data analysis module supplied
by the manufacturer.

DNA glycosylase activity assays

Indicated amounts of CEBP� or TCF4, with 40 nM FAM-
labeled 32 nt-DNA (either a CEBP-binding site or a ran-
dom control sequence), were incubated in reaction buffer
(20 mM Tris, pH 8.0, 1 mM EDTA, 1 mM TCEP, 0.1
mg/ml BSA) at room temperature for 10 min. Addition of
200 nM DNA glycosylase (TDG, MBD4 or UDG) started
the reaction. The reactions were incubated at room tem-
perature for 60 min and quenched by addition of 0.1 M
NaOH with heating to 95◦C for 10 min. Samples were mixed
with 2× loading buffer (98% formamide, 1 mM EDTA and
trace amount of bromophenol blue and xylene cyanole) and
heated at 95◦C for 10 min and cooled on ice. A 5-�l sam-
ple was loaded onto a 10 cm × 10 cm denaturing PAGE gel
containing 15% acrylamide, 7 M urea and 24% formamide
in 1 × Tris-borate-EDTA (TBE). The gel was run at 1× TBE
buffer at 200 V for 35 min. A Bio-Rad ChemiDoc MP Imag-
ing system was used to scan the gel.

Crystallography

An Art Robbins Gryphon Crystallization Robot was used
to set up screens of the sitting drop at ∼19◦C via vapor dif-
fusion method. For crystallization of CEBP� in the pres-
ence of 16-bp G:T mismatch oligonucleotide (5′- AGG ATT
GTG CAA TAT A-3′ and 3′-T TCC TAA CGC GTT ATA-
5′ where T:G mismatch is in bold and underlined), equal
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Figure 1. C→T mutations are enriched in CEBP binding sites. (A) Examples of single-base-substitutions (SBS) associated with deamination in DNA.
The deamination products of cytosine and 5-methylcytosine (5mC or M) create G:U or G:T mismatches, respectively. Binding of the mismatch by TFs,
limiting access to the damaged site. (B) Overlap of somatic mutations with CEBP footprints (85 204 sites with 20-bp length). Observed mutation rates
within CEBP footprints are shown with a vertical bar (red for C→T; blue for T→G and orange for other four mutation types; note that the axis scales
differ). The empirical P-value (0.001) was derived from 1000 randomly generated (curves) overlaps. The Y-axis is the density of the randomness in arbitrary
units. (C) C→T mutation rates in exon with and without CEBP� enrichment in MCF7 breast cancer cells (using dataset GSM1010889). (D) Overlap of
somatic mutations with footprints of ETS1 (119 962 binding sites) with enriched C→T mutations. (E) No enrichment of mutations within SOX1 binding
sites (116 875). X-axis is the number of cumulative mutations at the TF footprints. The Y-axis is the density of the randomness at the curve.
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amounts of purified protein (2 mM) and double-stranded
oligonucleotide (2 mM) were incubated at 4◦C for 30 min
in 20 mM Tris (pH 7.5), 300 mM NaCl, 5% (v/v) glycerol
and 0.5 mM TCEP before crystallization. Crystals were ob-
served under many conditions and X-ray diffraction data
were collected from the crystals that formed in solutions 50
mM ammonium sulfate, 50 mM Bis–Tris pH 6.5, 30% (v/v)
pentaerythritol ethoxylate (15/4 EO/OH).

Single crystals were flash frozen in liquid nitrogen by
equilibrating in a cryoprotectant buffer containing the crys-
tallization solution and 20% (v/v) ethylene glycol. X-ray
diffraction data were collected at the SER-CAT beamline
22ID of the Advanced Photon Source at Argonne Na-
tional Laboratory at wavelength of 1.0 Å. Crystallographic
datasets were processed with HKL2000 (24). Molecular
replacement was performed with the PHENIX PHASER
module (25) by using respectively the known structures of
the human CEBP� (PDB 1GU4) as a search model. Struc-
ture refinement was performed with PHENIX Refine (26)
with 5% randomly chosen reflections for the validation by
the Rfree value. COOT (27) was used for the manual build-
ing of the structure model and corrections between refine-
ment rounds. DNA models were built into difference den-
sity during the first several rounds of refinement for the two
complex structures. Structure quality was analyzed during
PHENIX refinements and finally validated by the PDB val-
idation server (28). Molecular graphics were generated by
using PyMol (Schrödinger, LLC).

RESULTS

Human C→T mutations are enriched in CEBP binding sites

Previous studies have suggested that nucleotide excision re-
pair can be compromised by the binding of TFs to DNA
(3,4,29–31). We analyzed and mapped mutations, obtained
from whole-genome sequencing data of 42 different cancer
types (2), onto the ENCODE TF footprints. These EN-
CODE footprints represent TF occupancy, at nucleotide
resolution, from hundreds of human cell and tissue types
(14). We noted a strong correlation between C→T mu-
tations and CEBP footprint locations. CCAAT/enhancer
binding proteins (CEBPs) constitute a six-member fam-
ily of TFs, that regulate gene expression in a variety of
cells/tissues/organs at different developmental stages, un-
der both physiological and pathological conditions (32–35).
CEBP proteins have been described as being both tumor
promoters and tumor suppressors (36).

The human genome includes ∼85 200 CEBP 8-bp
binding sites, the palindromic consensus for which
(TTGC|GCAA) includes two of each of the four normal
base pairs, and has at its center a methylatable CpG
dinucleotide. As a control, we randomly selected the
same number (85 200) of 8-bp sequence segments, and
compared the two sets of sites for the presence of muta-
tions. After repeatedly performing this analysis with 1000
independently-chosen sets of 85 200 random 8-bp sequence
segments, we noted that C→T mutations are significantly
enriched among CEBP binding sites compared to the
randomly selected regions (Figure 1A; P < 0.001). Interest-
ingly, all the other five potential mutations are significantly

underrepresented in CEBP sites, relative to the random se-
quences (Figure 1B; P < 0.001). As noted above, the CEBP
family consists of six isoforms (�-to-� ) (32). Focusing on
one CEBP family member, in MCF-7 breast cancer cells,
and using the Catalogue Of Somatic Mutations In Cancer
(Cosmic) database, we found that C→T mutations are
preferentially enriched within identified CEBP� binding
regions, compared to randomly-selected regions (Figure
1C).

The enrichment of C→T mutations is not unique to
CEBP. As with CEBP binding sites, ETS1 sites can con-
tain a methylatable CpG dinucleotide and, indeed, are also
enriched for C→T mutations (Figure 1D). Previous stud-
ies noted a significant increase in the mutation rate within
ETS1 binding sites (3), and reported that ETS-related mu-
tation hotspots exhibit strong increases in UV-induced cy-
clobutane pyrimidine dimers (37,38), which are more prone
to undergo spontaneous deamination (39), resulting in C-
to-T mutations. For comparison, no mutation enrichment
was observed within SOX1 binding sites which do not in-
clude a CpG motif (Figure 1E).

CEBP� DNA binding domain has a significant increased
affinity for T:G mismatch

In order to understand the connection of DNA mutation
to the binding of CEBP proteins, we used the isolated hu-
man CEBP� basic leucine-zipper DNA binding domain
and an oligonucleotide containing the consensus sequence
(TTGC|GCAA). We used two biophysical assays (fluores-
cence polarization and isothermal titration calorimetry) to
measure the dissociation constants (KD) of CEBP� to DNA
(Figure 2 and Supplementary Figure S2). In agreement with
previous observations, CEBP� accommodates 5mC at the
central CpG site, with a modestly-increased (<3×) binding
affinity relative to the unmodified cognate sequence (Figure
2A) (17,40,41). This relatively small increase in binding of
methylated DNA corresponds well with the genome-wide
occupancy of CEBP� irrespective of 5mC levels in H1 hu-
man embryonic stem cells (17).

As the deamination of 5mC yields T, we next measured
the binding of CEBP� to oligos containing a G:T mis-
match. Under the same conditions, the G:T mismatch oli-
gos exhibited greatly increased binding affinity, relative to
the normal Watson-Crick G:C base pair, by a factor of ∼60
(from 2 �M to 30 nM) (Figure 2A). This large increase in
binding affinity (∼30×) is still evident for a G:U mismatch
(Figure 2B), and remains if the G following the mismatch
is paired to 5mC on the opposite strand (Figure 2C). This
result suggests that the G:T or G:U mismatch has a very
substantial positive effect on CEBP� binding to DNA. If
the mismatch is not repaired in time, a round of replication
would generate C:G to T:A substitution (to TTGTGCAA),
which reduces CEBP� binding affinity (KD > 13 �M or
>7× lower than for C:G; Figure 2A). DNA cytosine methy-
lation generates 5mC which, like thymine, has a methyl
group at the pyrimidine 5-carbon position, and increases
the binding affinity modestly (<3×) but it does not change
the relative order of binding affinities. Thus, CEBP� binds
DNA in the decreasing order of affinity with mismatch
(T:G) >> normal base pair (5mC:G or C:G) > normal but
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Figure 2. CEBP� binding DNA. (A–C) Binding affinities of CEBP� with oligos containing normal base pairs (C:G, 5mC:G and T:A) or mismatches (T:G
and U:G), as measured by fluorescence polarization assays. (D, E) Tabular and graphical summary of concentrations of DNA and CEBP� (monomer) used
in the titration and derived binding affinity (KD), stoichiometry (N) and entropy and enthalpy of the binding reaction by isothermal titration calorimetry
(Supplementary Figure S2).

substituted base pair (T:A). This observation has probable
significance beyond CEBP� alone, as other members of the
basic leucine-zipper (bZIP) family of TFs would accommo-
date DNA cytosine methylation within their recognition se-
quences (42), and may thus have similar binding preferences
for the T:G product of 5mC:G deamination.

Structure of CEBP� DNA binding domain in complex with
T:G mismatch

To understand how CEBP� binds G:T mismatches prefer-
entially, we next co-crystallized the CEBP� DNA-binding
domain with a 15-bp duplex oligo (with a 3′ overhang
nucleotide A or T) containing the G:T mismatch within
the central CpG dinucleotide. The sequence chosen for co-
crystallization is the same (except for the mismatch) as was
used for characterizing CEBP� bound to normal DNA
(PDB 1GU4), and the resulting structure has the same res-
olution of 1.8 Å in the same space group (Supplementary
Table S1). Except for the side chain of residue Arg289 and
the mismatched thymine, there are no global changes in
the overall structure of the dimeric CEBP� and the associ-
ated DNA conformation between the two complexes, with
root-mean-square deviations of <0.3 Å across 112 pairs of
residues.

Each monomer recognizes half of the CEBP element by
occupying the major groove of the DNA (Figure 3A). For
the unaltered half site, Arg289 takes two alternative confor-
mations, shifting between two neighboring guanines at base
pair positions 3 and 4 (Figure 3B), as observed previously
(17). For the altered half site, Arg289 is fixed onto the G:T
mismatch at base pair position 2 (Figure 3C). For the DNA
component, the major difference between the two structures
lies in the shift from a three-H-bond G:C base pair at posi-
tion 2 to a two-H-bond G:T mismatch, resulting in move-
ment by ∼1.2 Å of the T away from the opposite G (Figure
3D). This movement might locally destabilize the DNA du-
plex were it to occur in naked DNA. However, in addition

to the conventional bidentate contacts between Arg289 and
G, an additional H-bond forms between the O4 keto oxy-
gen atom of T and the Arg289 guanidinium group (Figure
3E), forming a tighter G-Arg-T triad interaction upon pro-
tein binding. In addition, a water-mediated interaction in
the DNA minor groove bridges between the N2 atom of G
and O2 atom of T (Figure 3E).

We note that Arg289 is highly conserved, among verte-
brates from Mammalia to Chondrichthyes, among both �
and � CEBP orthologs (see Supplementary Figure S5 of ref-
erence (17)). For comparison, a positively charged residue
(Arg61 in pol � and Lys679 in pol �), located in the ac-
tive sites of human DNA polymerases, stabilizes a T:G mis-
match in the major groove (43,44) (Figure 3F). In pol �, mu-
tants of Lys679 to alanine or to threonine have full activity
during normal Watson-Crick base pairing, but poorly in-
corporate T opposite template G (45), which seems consis-
tent with our structural observation on CEBP Arg269 sta-
bilizing a T:G mismatch.

CEBP� binding prevents G:T and G:U mismatch repairs in
vitro

Two mammalian DNA glycosylases, TDG and MBD4, ex-
cise the mismatched U or T (the deamination products of
C and 5mC, respectively) opposite to G (12,13). On the ba-
sis of the strong binding to DNA mismatches we observed,
we asked whether CEBP� interferes with G:T mismatch
repair in vitro. We incubated the recombinant glycosylase
domains of human TDG or MBD4 with a fluorescently-
labelled oligonucleotide duplex, containing a single G:T
mismatch within a CEBP consensus element. We observed
that an abasic site was generated by the removal of the mi-
spaired pyrimidine, by glycosidic bond cleavage (lane 2 in
Figure 4A-B). However, in the presence of CEBP�, the gly-
cosylase activity was inhibited when CEBP� concentration
was at or above that of the DNA probe (lanes 7 and 8 of
Figure 4A, B). Similarly, the glycosylase activities on a G:U
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Figure 3. Structure of CEBP� DNA binding domain in complex with G:T mispair (colored in magenta). (A) Each CEBP� monomer (yellow and grey)
recognizes one half-site. (B) Arg289 of one monomer bridges between two guanines at positions 3 and 4 of an unmutated half site. (C) Arg289 of the second
monomer recognizes the mispaired T:G at position 2. (D) Comparison of T:G and C:G. The mispaired T of T:G moves away from the normal C position of
a C:G pair (PDB 1GU4). (E) Interactions of Gua-Arg-Thy triad. The electron density (light grey) is contoured at 1.5� above the mean. (F) R61 of human
DNA pol � forms similar interactions with a T:G mismatch in the active site (PDB 4J9N).

mismatch within the CEBP element, by TDG, MBD4 and
UDG, were also inhibited by the presence of CEBP� (Fig-
ure 4C–E).

Next, we asked whether the mismatch is also protected
if it occurs on the same DNA but outside of the CEBP
element. We designed an additional T:G mismatch placed
with 12-bp between it and the T:G at position 19, within the
CEBP binding site (i.e. T:G at bp positions 6 and 19), 10-bp
apart (T:G at positions 8 and 19), or 7-bp apart (T:G at po-
sitions 11 and 19) (Figure 5A). We evaluated two CEBP�
concentrations, differing by 2-fold, at which the higher con-
centration yield complete protection of a sole T:G at posi-
tion 19 (within the CEBP binding site; lane 3 in Figure 5B
and C). These experiments are done in the presence of a
tenfold molar excess of DNA glycosylase (TDG or MBD4)
over dsDNA probe. For both TDG and MBD4, T:G mis-
matches at positions 8 and 11 were partially protected by
CEBP� (lanes 5 and 7 in Figure 5B and C). Interestingly,
the competition between the glycosylase and CEBP� at po-
sition 11 (the closest position tested outside of the CEBP
binding site) seems to allow a small portion of T:G at posi-
tion 19 to be cleaved (lane 5 in Figure 5B and C). It may be
that CEBP� binding is marginally destabilized by the pres-
ence of the nearby mismatch. The largest difference between
the two DNA glycosylases TDG and MBD4 is in the T:G at
position 6, furthest away from the CEBP binding site – this

mismatch was completely cleaved by TDG (lanes 8 and 9
in Figure 5B), but incompletely by MBD4 (i.e. still exhibit-
ing partial protection by CEBP�) (lanes 8 and 9 in Figure
5C). Nevertheless, the cleavage product of MBD4 is propor-
tionally increased at T:G mismatches as the distance moves
away from the CEBP binding site (cleavage at site 6 > site 8
> site 11 > site 19).

Finally, the inhibition of DNA glycosylase activity is
unique to the mismatches occurring within or near the
CEBP element, because CEBP� does not inhibit TDG
cleavage activity when the mismatch is within a random se-
quence, nor is it inhibited by the DNA binding domain of
another TF, TCF4 (Figure 6A, B). There were also more
general inhibitory effects on MBD4 at the higher molar ra-
tio of TFs (CEBP� or TCF4) to DNA probe, which could
be the result of nonspecific DNA binding (Figure 6C, D; the
highest protein concentration used was 0.5 �M).

DISCUSSION

Our understanding of the effects of DNA methylation on
mutation varies widely. The risk of spontaneous oxidative
deamination of 5mC to T (or C to U) is relatively well un-
derstood, and has been documented to occur in organisms
ranging from bacteria (46) to humans (47). However, our
focus here has been on the effects of 5mC methylation on
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Figure 4. CEBP� binding prevents G:T mismatch repair at CEBP binding sites. (A, B) TDG and MBD4 glycosylase activities on T:G mismatch within
the CEBP binding site are inhibited by the incubation of CEBP� with an increasing concentration (maximum of 0.5 �M at lane 10 of each panel, followed
by serial 2-fold dilutions from lane 10 to lane 3, which thus has ∼4 nM). (C–E) The glycosylase activities of TDG, MBD4 and UDG, on a U:G mismatch
within the CEBP binding site, are inhibited by the incubation of CEBP�. However, the inhibition is incomplete at 125 nM for TDG and UDG.

the binding of specific proteins, and on how that protein
binding modulates the mutation rate. We provided biolog-
ical and bioinformatic, in vitro biochemical, and structural
evidence for a plausible mechanism, by which accumulation
of C→T mutation, following deamination of methylated cy-
tosine, is modulated by binding of a 5mC-reader protein
that has even higher affinity for T:G mismatches.

Our in vitro study focuses on one particular pathway
of generating C→T mutations via binding of deamination
products of C or 5mC by one member of CEBP family
(COSMIC mutational signatures SBS1 and SBS2). How-
ever, there are many other pathways for generating C→T
mutation, such as defective DNA repair enzymes (SBS6 and
SBS30), treatment with alkylating agents (SBS11), or expo-
sure to ultraviolet light (SBS7a-c) (Supplementary Figure
S2B).

Possible involvement of other proteins in equivalent pro-
mutagenic mechanisms

A recent study on the UV-induced CPD lesion within and
around 64 binding motifs of 48 individual TFs of 10 dif-
ferent families revealed increased mutation rates within
the binding regions––with variation among families of
TFs––ascribed to TF binding having interfered with re-
pair efficiency (31). Our structural and biochemical study
on CEBP� is highly synergistic with that analysis. Like-
wise, our findings are probably relevant to other members
of the bZIP family of TFs that contain a conserved argi-
nine residue corresponding to Arg289 of CEBP� (42). That
list includes activator protein 1 (AP-1 or Fos/Jun), cAMP

response element (CRE) binding protein 1 (CREB1), acti-
vating transcription factor (ATF) and musculoaponeurotic
fibrosarcoma oncogene homolog (MAF).

The effects we report here with CEBP might only be seen
with DNA binding proteins having relatively high affini-
ties for their DNA binding sites (whether or not that is
affected by methylation or mismatches), and thus having
high residence times on the DNA. In contrast, the major-
ity of eukaryote TFs appear to have relatively low DNA
affinities, relying for their specificity on combinatorial bind-
ing and elevated local concentrations in specific regions of
the nucleus (48). Nevertheless, competition has been well
documented between different DNA-binding proteins [e.g.
(49–53)], and competition with a repair enzyme has been
adapted for use in footprinting assays (54), and between
a bZIP TF (CREB1) and DNA repair glycosylase UNG2
for damaged G:U mismatches within CRE element both in
vitro and in vivo (55). More significantly yet, for the pur-
poses of this study, is evidence that binding by other TFs
is associated with elevated mutation rates at their binding
sites (3,4,29–31).

Amount of binding protein required to have a pro-mutagenic
effect

One question about this model, for elevated mutation rate
within CEBP binding sites, is whether the amount of CEBP
protein in the nucleus is sufficient to significantly affect re-
pair enzyme accessibility of the roughly 85 000 CEBP sites
in the human genome (so 170 000 due to diploidy). This is a
difficult question to address; the question is not relevant just
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Figure 5. Partial protection of the T:G mismatch outside of the CEBP element. (A) Design of four DNA duplexes, all containing one T:G mismatch at bp
position 19 (within the CEBP binding site), with or without a second T:G mismatch at positions 6, 8 or 11. The underlining indicates the CEBP binding site,
while the green oval is meant to represent the area of DNA protected by CEBP binding (as illustrated in Figure 3). (B) Partial protection by CEBP� from
TDG cleavage at positions 11 and 8, and complete cleavage by TDG at position 6 (no protection). Note that TDG has thymine glycosylase activity in the
following substrate preference order (low-to-high): TpT (position 8) < TpC < TpA (position 11) < TpG (positions 6 and 19) (64). (C) Partial protection
by CEBP� from MBD4 cleavage.

for CEBP, but applies to all other TFs that have increasingly
been shown to boost mutation rates. Importantly, neither
our model nor the data suggest that 100% of sites are pro-
tected by CEBP in a given lineage, just that CpGs within
CEBP sites have a higher rate of mutation than expected
based on the overall rate. Thus the issue is whether the levels
of CEBP are high enough to protect some sites. We consider
here a few possibilities for ways that the effective number of
CEBP molecules might be higher than estimated.

First, concentrations of TFs (and repair enzymes) are
likely to be inhomogeneous in at least two ways. Differ-
ent regions of the nucleus have different concentrations
of nuclear proteins (48), and the CEBP population is di-
vided among six subtypes whose relative expression varies
with tissue type and status (32) (see below). In particular,
mutually-compensatory roles have been observed between
CEBP� and CEBP	 (56,57).

Second, the exclusion of repair enzymes does not have
to be indefinite, but only until the next passage of a repli-
cation fork generates a mutated daughter duplex without a
mismatch. So the amount of CEBP would not have to be
so high in more-rapidly dividing cells (due to more frequent
passage of replication forks).

Third, somatic mutational load in cancer genomes is cor-
related with topologically-associated chromatin domains:
certain processes generate mutations in active chromatin
domains, whereas others generate mutations in inactive do-
mains (2). Only a small fraction of sites for a given TF are
actually bound by that TF, and this binding depends in part
on the surrounding 3D environment (58).

Finally, looking at levels of a single molecular species of
CEBP may underestimate the effective concentration. The
various subtypes vary by alternative initiation sites (there
are at least three translationally regulated sub-isoforms
of CEBP� and CEBP� respectively; reviewed in reference
(32)); though the DNA-binding domains are at the car-
boxyl termini, so all expressed isoforms are expected to
have similar DNA-binding properties. Further, intra- and
inter-family CEBP heterodimerizations, which effectively
lowers the concentration of any single binding species,
greatly expand the repertoire of DNA binding activities.
Examples of such heterodimerization include CEBP� and
ATF4 (59).

CEBP expression in cancer cells

A broad-scale survey of mutation associated with oxidative
stress in induced pluripotent stem cells suggests that closed
chromatin contributes to exclusion of repair enzymes (60).
Mutations across cancer genomes also vary with genome
position, in association with intrinsic molecular organi-
zation of chromatin status, replication timing, DNA re-
pair and transcription (61). Expression of CEBP family
members is associated with patients having different can-
cer types. For example, CEBP� protein expression level is
positively associated with colorectal cancer but negatively
associated with renal cancer (The Human Protein Atlas).

We examined gene expression levels of CEBP family
members from the GEPIA database (62) in various tu-
mors and matched normal tissues (match TCGA nor-
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Figure 6. CEBP� incubation with a non-specific DNA sequence, or TCF4 incubation with a CEBP binding sequence, does not inhibit TDG activity on
T:G or U:G mismatches (A, B). (C, D) Non-specific DNA binding by CEBP� or TCF4 at maximum concentration of 0.5 �M (lane 7 of each panel) inhibits
MBD4 activity. (E) Non-specific DNA binding by CEBP� or TCF4 does not inhibit UDG activity.

mal) (Supplementary Figure S3). There are a few rele-
vant observations to make. First, in multiple tumors (acute
myeloid leukemia, brain lower grade glioma, glioblas-
toma multiforme, rectum adenocarcinoma and ovarian
serous cystadenocarcinoma), CEBP� has elevated levels, to-
gether with one another isoform. Second, three isoforms
(CEBP�, 
 and � ) are produced in higher amounts in pan-
creatic adenocarcinoma. Third, opposing regulatory pat-
terns are seen: �, 	 and ε isoforms are down while 
 and
� isoforms are up, in lymphoid neoplasm diffuse large B-
cell lymphoma. Similarly, CEBPε levels are depressed while
those of the 
 and � isoforms are elevated in thymoma. The
synergy of compensatory roles has been observed between
CEBP� and CEBP	 in induction of proinflammatory cy-
tokines (56) and in mice that show defective adipocyte dif-
ferentiation (57).

To summarize, we provide structural, biochemical and
bioinformatic evidence for a mechanism to explain a pat-
tern of locally-elevated C-to-T mutation. This mechanism
involves TF binding that occludes a mismatch, and reduces
its accessibility to mismatch repair proteins. Further sup-
port for this mechanism may require a complex analysis that
links ChIP-seq, to determine binding site occupancy in a
given cell type, with the mutation rate at those specific sites.
Nevertheless, our results are consistent with those of a num-
ber of other studies, focusing on other TFs (Supplementary
Figure S4) (63), and provide them with a likely molecular
basis.
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