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ABSTRACT

Somatic mutations in skin cancers are highly enriched at binding sites for CCCTC-binding factor (CTCF).
We have discovered that CTCF binding alters the DNA structure to render it more susceptible to UV
damage. Elevated UV damage formation at CTCF binding sites, in conjunction with subsequent repair

inhibition, promotes UV mutagenesis.

Genome sequencing of tumors has revealed that somatic muta-
tion rates vary widely across the genome, being particularly
enriched at the DNA-binding sites of many transcription factors
(TFs).! Mutation hotspots at transcription factor binding sites
(TFBS) may in some cases reflect positive selection for a non-
coding driver mutation, such as for recurrent mutations in the
promoter of the telomerase reverse transcriptase (TERT) gene.>’
However, non-coding driver mutations at TFBS appear to be
special cases,” as many recurrent TFBS mutations may instead
be neutral ‘passenger’ mutations. These recurrent passenger muta-
tions are not under selection due to a putative role in carcinogen-
esis, but instead arise from mutagenic processes associated with
TF binding to DNA. For example, the binding of ETS (E26
transformation specific) TFs alters the DNA structure to render
it more susceptible to damage by ultraviolet (UV) light,">* result-
ing in very high rates of somatic mutations in skin cancers at ETS
binding sites.

Somatic mutation rates in skin cancer are also highly elevated
at the DNA binding sites of CCCTC-binding factor (CTCF),
which functions as a key regulator of chromatin topology (in
conjunction with the cohesin complex) and an insulator factor
that controls enhancer function during transcriptional
regulation.” CTCF binding sites (CBS) are mutation hotspots in
many gastrointestinal cancers and skin cancers,"*®” among
others. Whether these mutation hotspots are associated with
potential driver mutations or simply reflect elevated rates of
neutral passenger mutations has not been fully elucidated.
Previous bioinformatics analyses have suggested that CTCF bind-
ing may increase the rates of passenger mutations in skin cancers
by inhibiting repair of UV-induced cyclobutane pyrimidine
dimers (CPDs) at CBS, so that lesions persist to eventually form
mutations.”® However, whether CTCF can remain bound to
a lesion-containing binding site to directly inhibit repair was
unclear.

In our recent study, we used an in vitro system to show
that purified CTCF protein can readily bind a CBS con-
taining a site-specific CPD lesion, with only a slight
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(~2-fold) loss of aﬁ‘inity.9 In contrast, the presence of
a CPD lesion has a much greater impact on binding
affinity for other TFs, with binding affinity decreasing
~10- to 60-fold."® Analysis of CTCF-DNA structures indi-
cates that CTCF makes relatively few direct contacts with
the pyrimidine-rich DNA strand of the CBS, which may
explain why lesions on this strand do not significantly
disrupt CTCF binding. A key question was whether
CTCF bound to a CPD-containing site would inhibit its
repair. Previous bioinformatics analysis had suggested that
binding of the cohesin complex in conjunction with CTCF
was required for repair inhibition.” However, our in vitro
data indicated that CTCF binding inhibited repair of the
CPD lesion by a model repair enzyme, even though cohe-
sin was absent from this reaction. Moreover, bioinfor-
matics analysis indicated that active CBS that had low
cohesin occupancy (i.e. lacked a RAD21 binding site)
also were associated with inhibited CPD repair activity
and elevated mutation enrichment in melanoma.” Taken
together, these findings indicate that CTCF is able to bind
and directly inhibit the repair of CPD-containing binding
sites, independent of cohesin.

A lingering mystery was why the mutation hotspot at CBS in
skin cancers was largely confined to a pair of nucleotides (i.e.,
gCCccCTnnTGG, underline indicates mutation hotspot), while
CTCF-mediated repair inhibition broadly extended throughout
the CBS and adjacent DNA (Figure 1a). One possibility was that
CTCF binding might specifically induce UV damage at sites in the
binding motif that coincide with the mutation hotspot, similar to
what was previously observed for ETS transcription factors.">*
We used our CPD-seq method* to map CPD lesions across the
human genome in UV-irradiated human skin cells. This revealed
that UV damage levels are significantly elevated in CBS at nucleo-
tides corresponding to the mutation hotspot (Figure 1b), but are
largely depleted at other positions in the motif.” Parallel experi-
ments using purified CTCF protein and UV-irradiation of oligo-
nucleotides containing a CBS confirmed that CTCF binding also
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Figure 1. CTCF modulates UV damage fixation and inhibits repair to promote recurrent mutations at CTCF-binding sites (CBS) in skin cancers.

a) Inhibition of repair

activity by CCCTC-binding factor (CTCF) occurs broadly throughout CTCF binding sites (CBS), while mutation enrichment in skin cancers is prlmarlly Iocallzed to a specific

hotspot in the CBS. Adapted from previous bioinformatics analysis®.

(b) CTCF binding modulates UV (ultraviolet light) damage formation to promote mutations at

a hotspot in the CBS motif. Upper case letters in motif indicate highly conserved positions of CBS motif; lower case letters indicate less conserved positions; ‘n’ is any

nucleotide. Adapted from

% (c) CTCF-bound DNA structures demonstrate a contacted CC dinucleotide (green) that comprises the mutation hotspot. The C5 and C6

atoms involved in CPD formation are highlighted as spheres. CTCF is rendered in cartoon.

induces CPDs at the location of the mutation hotspot in vitro.
These experiments indicate that CTCF binding directly modulates
UV damage formation, which, coupled with repair inhibition,
likely causes the observed mutation hotspot at CBS in skin
cancers.

Finally, we wondered how CTCF binding modulates UV
damage formation. Analysis of published structures
revealed that CTCF binding induces a DNA structure
more susceptible to UV damage (Figure 1c). Specifically,
the C5-C6 double bonds of adjacent pyrimidines compris-
ing the mutation hotspot adopt smaller distance and tor-
sion angles that are poised for CPD formation.” In contrast,
CTCF binding induces unfavorable geometries at a number
of other locations in the CBS, thereby explaining why CPD
formation is suppressed at these locations. This analysis was
confirmed by molecular dynamics (MD) simulations of
a DNA fragment containing a CBS in the presence or
absence of bound CTCF.

In summary, these findings reveal the molecular etiol-
ogy of passenger mutation hotspots at CBS. It will be
important in future studies to determine whether the
mechanism of UV damage induction and repair inhibition
are responsible for all CBS mutation hotspots in skin
cancers, or if selected binding sites may also be potential
driver mutations under positive selection. It will also be
important to determine whether related mechanisms (i.e.,
alterations in DNA damage formation and/or repair inhi-
bition) are responsible for CBS mutation hotspots in gas-
trointestinal cancers.
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