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Faithful resetting of the epigenetic memory of a somatic cell to a pluripotent state during cellular reprogramming
requires DNA methylation to silence somatic gene expression and dynamic DNA demethylation to activate pluri-
potency gene transcription. The removal of methylated cytosines requires the base excision repair enzyme TDG, but
the mechanism by which TDG-dependent DNA demethylation occurs in a rapid and site-specific manner remains
unclear. Here we show that the XPC DNA repair complex is a potent accelerator of global and locus-specific DNA

demethylation in somatic and pluripotent stem cells. XPC cooperates with TDG genome-wide to stimulate the
turnover of essential intermediates by overcoming slow TDG-abasic product dissociation during active DNA
demethylation. We further establish that DNA demethylation induced by XPC expression in somatic cells over-
comes an early epigenetic barrier in cellular reprogramming and facilitates the generation of more robust induced
pluripotent stem cells, characterized by enhanced pluripotency-associated gene expression and self-renewal ca-
pacity. Taken together with our previous studies establishing the XPC complex as a transcriptional coactivator, our
findings underscore two distinct but complementary mechanisms by which XPC influences gene regulation by
coordinating efficient TDG-mediated DNA demethylation along with active transcription during somatic cell

reprogramming.
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DNA methylation, specifically 5-methylcytosine (5mC),
is highly correlated with gene silencing and is an essential
epigenetic regulator of transcription that must be both
faithfully maintained and dynamically regulated through-
out development (Bird 2002; Smith et al. 2014). Similar
to the wholesale epigenetic reprogramming that occurs
during zygotic fertilization on paternal DNA and during
primordial germ cell specification, somatic cell repro-
gramming requires global and locus-specific removal of
somatic DNA methylation in order to reactivate the tran-
scriptional network for pluripotency (Reik 2001). Indeed,
efficient removal of 5mC at gene regulatory elements is
essential for the proper resetting of the “epigenetic mem-
ory” of a somatic cell into a pluripotent state, and failure
to do so compromises the fidelity of the resulting induced
pluripotent stem cells (iPSCs) (De Carvalho et al. 2010;
Kim et al. 2010; Polo et al. 2010; Ohi et al. 2011).
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Despite several decades of research, the precise mecha-
nism underlying DNA demethylation remains elusive. It
is generally accepted that mammalian DNA demethyla-
tion is a multistep process initiated by the deamination
and/or oxidation of 5mC. Spontaneous or enzymatic
deamination of 5mC produces thymine (T), which can
be further oxidized to 5-hydroxymethyluracil (5hmU) by
the TET family of hydroxylases (Pfaffeneder et al. 2014).
However, TETs can also catalyze the iterative oxidation
of 5mC to generate 5-hydroxymethylcytosine (5hmC), 5-
formylcytosine (5fC), and finally 5-carboxylcytosine
(5caC) (Tahiliani et al. 2009; Ito et al. 2010, 2011; He
et al. 2011). These structurally diverse intermediates can
subsequently be repaired through the base excision repair
(BER) pathway.
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Although the pathways through which 5mCs can be ac-
tively removed appear to be quite diverse, current prevail-
ing models favor the repair by thymine DNA glycosylase
(TDG), which can catalyze the base excision of all known
derivatives of 5mC; namely T, 5hmU, 5fC, and 5caC (Ned-
dermann et al. 1996; He et al. 2011; Maiti and Drohat
2011; Hashimoto et al. 2012). TDG is the only member
of the uracil N-glycosylase family whose knockout leads
to embryonic lethality due to developmental defects and
associated aberrant DNA methylation patterns (Cortazar
et al. 2011; Cortellino et al. 2011). Consistent with TDG
as the predominant enzyme responsible for oxidative
DNA demethylation, TDG-deficient mouse embryonic
stem cells (ESCs) show a marked accumulation of 5{C
and 5caC at gene regulatory elements genome-wide, un-
derscoring that DNA methylation status is a balancing
act in which clearance of 5mCs must be actively main-
tained to counteract DNA methylase activities in PSCs
(Shen et al. 2013). Furthermore, TETs are required for
global erasure of DNA methylation during zygotic fertili-
zation and somatic cell reprogramming, indicating that
the oxidation of 5mC by TETSs and the ensuing repair by
TDG/BER is a key enzymatic mechanism of DNA deme-
thylation during development (Ito et al. 2010; Gu et al.
2011, Hu et al. 2014).

However, biochemical studies of TDG kinetics have
shown that, following cleavage of a mismatched base,
TDG binds the abasic site with unusually high affinity.
This results in a slow dissociation rate of TDG, leading
to a binding half-life of 10 h in vitro that effectively con-
signs TDG to operate as a single-turnover enzyme (Waters
and Swann 1998; Waters et al. 1999). This remarkably
stable interaction suggests that there must exist mecha-
nisms to increase substrate turnover by TDG in vivo in
a manner that is compatible with the fast kinetics associ-
ated with active DNA demethylation. Indeed, a number of
studies have implicated DNA repair factors such as APE1,
NEIL1/2, and XPC in promoting TDG activity in vitro
(Waters et al. 1999; Shimizu et al. 2003; Schomacher
et al. 2016). However, these studies did not address the
fundamental mechanism by which these factors stimu-
late base excision by TDG, a catalytic process that can
be broken down into three core steps: substrate recogni-
tion, base cleavage, and product dissociation. Further-
more, it is unknown whether these factors can stimulate
the excision of not just classical mismatch base pairs
such as T:G that can result from DNA damage but sub-
strates that are structurally distinct and more relevant
to the DNA demethylation pathway; namely, 5fC:G and
5caC:G. More critically, the relevance of these putative
cofactors in TDG-dependent DNA demethylation in
vivo has not been tested (Waters et al. 1999; Shimizu
et al. 2003).

Depletion of TDG in ESCs leads to ectopic 5fC and
5caC signals at active gene enhancers bound by pluripo-
tency transcription factors, suggesting that, despite a
lack of sequence specificity, TDG may be recruited to
these regulatory sites to maintain a hypomethylated state
by an unknown mechanism. Interestingly, the XPC DNA
repair complex, a DNA damage sensor in nucleotide exci-
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sion repair (Nemzow et al. 2015), was shown recently to
function as a critical transcriptional coactivator for stem
cell-specific transcription factors OCT4 and SOX2 (Fong
et al. 2011). Similar to TDG, the XPC complex occupies
both distal enhancers and promoters that are also bound
by OCT4, SOX2, and potentially other transcription
factors expressed in ESCs (Cattoglio et al. 2015). Taken to-
gether, these data raise the intriguing possibility that the
XPC complex, in addition to acting as a classical transcrip-
tional coactivator, can regulate transcription by cooperat-
ing with TDG to stimulate active DNA demethylation at
regulatory regions across the genome in PSCs.

Here, we report an unexpected role of the XPC complex
in influencing the epigenetic landscape of 5mC in human
dermal fibroblasts (HDFs) and PSCs independent of XPC’s
DNA repair activity. Using complementary in vivo single-
molecule imaging and in vitro biochemical techniques,
we showed that XPC promotes TDG activity by reducing
product inhibition of TDG, thereby increasing substrate
turnover. ChIP-seq (chromatin immunoprecipitation
[ChIP] combined with high-throughput sequencing) and
MeDIP-seq (methylated DNA immunoprecipitation
[MeDIP] combined with high-throughput sequencing)
analyses revealed that XPC colocalizes extensively with
TDG at gene promoters and regulatory elements. This
TDG-XPC association promotes locus-specific DNA
demethylation genome-wide in XPC gain-of-function
somatic cells and PSCs. Furthermore, we demonstrated
that ectopic expression of XPC during somatic cell repro-
gramming significantly improves the quality of the result-
ing iPSCs. In short, XPC operates as a reprogramming
facilitator by overcoming an early epigenetic barrier
through preferential DNA demethylation in HDFs. Our
findings thus suggest that the coordinated action of XPC
and TDG in active DNA demethylation may be crucial
for not only improving the efficiency and quality of
somatic cell reprogramming but also understanding the
dynamic nature of epigenetic regulation of transcription.

Results

XPC expression affects global DNA methylation
independent of its DNA repair activity

To determine whether the XPC complex regulates DNA
demethylation, we first manipulated XPC expression in
both human somatic cells and ESCs and measured the
amount of global 5mC. XPC loss of function through
shRNA-mediated knockdown in H9 human ESCs (Fig.
1A) and HDFs (Supplemental Fig. S1A,B) and the Cas9-
mediated knockout of XPC in H9 ESCs (Supplemental
Fig. S1C,D) led to an increase in global 5mC, as deter-
mined by a 5mC-specific ELISA. This global increase of
5mC is consistent with a previous report using siRNAs
against XPC in HeLa cells (Le May et al. 2010). We also
confirmed these results in mouse ESCs, suggesting that
this is not a human-specific phenomenon but may be a
conserved function of XPC in regulating DNA demethyla-
tion across multiple mammalian cell types (Supplemental
Fig. SIE-H).

GENES & DEVELOPMENT 831


http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.295741.116/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.295741.116/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.295741.116/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.295741.116/-/DC1
http://genesdev.cshlp.org/lookup/suppl/doi:10.1101/gad.295741.116/-/DC1

Ho et al.

>
w

LE, CNT LE’ 3 Control c 5mC MB D ;é;
5 B shXPC-203 6 08 = wr DNA(ug) 20 1.0 05 1.0 £
® 2 [ shXPC-503 © [ W690S .5 80
2 2 e Control @ @ ©® O = -
] o w
$ g o wr @ @ ® ]
k= s a
8 8 o2 §
@ & wess @ @ (] =
©, 00 S 00
Control XPC
E F WT W690S
wr W690S s

U o o & o o U & o= o= a» o

% cleavage
% cleavage

C = = " = w- C = = = - -

51C:G "~ 5caC:G

Figure 1. Global DNA methylation is inversely correlated with XPC expression independent of DNA repair activity. Relative global
DNA methylation was assayed by 5mC-specific ELISA using genomic DNA from XPC knockdown H9 human ESCs (A) and HDFs over-
expressing wild-type (WT) or DNA repair-deficient (W690S) human XPC (B). Relative global DNA methylation in HDFs was also assayed
by 5mC dot blot (C) and MeDIP enrichment (D). Methylene blue (MB) staining was used to control for total DNA transferred to the mem-
brane. (E,F) TDG cleavage activity of a 5'-labeled 37mer double-stranded oligonucleotide DNA (0.2 M) in the presence or absence of de-
creasing amounts of wild-type or W690S mutant XPC (0.2-0.4 uM). The 37mer dsDNA contains either a 5{C:G (E) or 5caC:G (F) base pair
as substrate for TDG. Uncleaved intact 37mer (U) and its cleaved product (C) were separated on a denaturing PAGE gel. Representative gels
are shown. The intensity of the cleaved product indicates the efficiency of base excision by TDG and is calculated in the graphs as the
percentage of total labeled substrate [=C/(U + C)]. Error bars represent the standard deviation. n=3. (***) P<0.001; (**) P<0.01; (*) P<

0.05, calculated by two-way ANOVA.

Remarkably, overexpression of the XPC complex (XPC-
RAD23B-CETN2) or the XPC subunit alone led to a dra-
matic decrease in global 5mC when assayed by ELISA,
dot blot, and MeDIP using an antibody specific for 5mC
(Fig. 1B-D). Since the ectopic expression of the XPC sub-
unit alone is sufficient to reduce global 5mC similar to
that of the heterotrimeric complex and since overex-
pressed RAD23B and CETN2 subunits have no effect on
their own (Fig. 1B; Supplemental Fig. S11I), XPC is likely
the active subunit for promoting DNA demethylation.
More importantly, we observed a similar reduction in
global 5mC levels even when a DNA-binding-impaired
and repair-defective mutant of XPC identified in a xero-
derma pigmentosum patient (XPC W690S) was overex-
pressed in HDFs (Fig. 1B,C; Bunick et al. 2006; Maillard
et al. 2007; Yasuda et al. 2007). Taken together, these re-
sults suggest that XPC is limiting in HDFs and that the
DNA repair activity of XPC is dispensable and functional-
ly separable from its role in DNA demethylation. We sur-
mise that the slightly less pronounced effect of mutant
XPC on DNA demethylation is likely due to the limiting
levels at which we were able to overexpress the W690S
mutant XPC proteins in HDFs (Supplemental Fig. S1J).
This is consistent with previous reports showing that
the missense mutation destabilizes XPC (Yasuda et al.
2007). It is worth noting that we did not observe a signifi-
cant change in doubling time or growth rate of HDFs upon
XPC overexpression (Supplemental Fig. S2), suggesting
that stimulation of DNA demethylation by XPC is by an
active process as opposed to passive, replication-depen-
dent dilution of 5mC content.

To address the in vivo relevance of other putative cofac-
tors implicated in DNA demethylation, such as APE1 and
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NEIL1/2, we performed analogous gain- and loss-of-func-
tion studies in HDFs and measured their global 5mC lev-
els. We focused on APE1 and NEIL2 because we failed to
detect NEIL1 expression in HDFs (data not shown). In con-
trast to what we observed with XPC, we found that acute
depletion or overexpression of APE] or NEIL2 in HDFs did
not significantly alter global DNA methylation levels
(Supplemental Fig. S3). While we cannot exclude the pos-
sibility that APE1 and NEIL proteins may still play some
role in regulating DNA demethylation in vivo, it appears
to be minor. Our results suggest that global 5mC level is
exquisitely sensitive to changes in the expression level
of XPC but not APE1 or NEIL2. Collectively, our results
uncovered a novel function of the XPC complex as a po-
tent facilitator of DNA demethylation in vivo.

A major pathway for active 5mC demethylation in
mammalian cells is mediated by enzymatic oxidation of
5mC and the ensuing removal of these oxidized interme-
diates by TDG (Cortézar et al. 2007; Kohli and Zhang
2013). To test whether XPC can stimulate TDG-depen-
dent removal of key demethylation intermediates of
5mC (namely, 5fC and 5caC), we performed TDG glyco-
sylase assays in vitro using these substrates with and
without purified recombinant XPC complex. We found
that XPC is able to stimulate the glycosylase activity of
recombinant human TDG on a 5'-labeled doubled-strand-
ed oligonucleotide containing 5fC or 5caC (Fig. 1E,F; Sup-
plemental Fig. S4A). We focused on the 5fC and 5caC
substrates, given their importance in TET/TDG-mediat-
ed oxidative demethylation, but further showed that the
XPC-mediated stimulation of TDG activity is similar
across all known 5mC demethylation intermediates
(T, 5hmU, 5fC, and 5caC) (Supplemental Fig. S4B,C).
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Furthermore, the addition of the DNA repair-deficient
XPC mutant (XPC W690S) to the TDG glycosylase assays
also stimulated base excision by TDG, consistent with
our in vivo findings that the DNA repair activity of
XPC is not required for promoting DNA demethylation
(Fig. 1E,F; Supplemental Fig. S4B,C). These data suggest
a model in which XPC promotes DNA demethylation at
least in part by directly stimulating TDG glycosylase
activity.

Genome-wide analyses reveal extensive colocalization
of XPC with TDG in ESCs

TDG knockout in mouse ESCs leads to the accumulation
of 5fC and 5caC at proximal and distal regulatory ele-
ments (Shen et al. 2013), which are enriched in motifs
for hypoxia-inducible factor 1A (HIF1A), ESRRB, OCT4,
and SOX2 (Lu et al. 2015). These results suggest that
TDG may act with core ESC-specific transcription factors
to regulate DNA demethylation at their target genes. Sim-
ilarly, RAD23B, a subunit of the XPC complex, has been
shown to cobind with OCT4 and SOX2 at regulatory ele-
ments in mouse ESCs (Fong et al. 2011; Cattoglio et al.
2015). Taken together, these data raise the possibility
that XPC and TDG may colocalize in the mouse ESC
genome. To evaluate the extent to which XPC and TDG
interact in vivo, we compared a recently published bio-
tin-TDG ChlIP-seq data set (Neri et al. 2015) with our
previously published ChIP-seq data set on endogenous
RAD23B in mouse ESCs (Fong et al. 2011; Cattoglio
et al. 2015).

Our analysis revealed a striking ~93 % overlap between
TDG and RAD23B ChiIP-seq peaks as identified by
MACS?2 (Fig. 2A). Further analysis of the ChIP-seq data
sets revealed a strong enrichment of TDG and RAD23B
at the transcription start sites (TSSs) of many genes (Fig.
2B). As we predicted, TDG and RAD23B co-occupy en-
hancer and promoter elements of several pluripotency
genes, including Nanog, Oct4 (Pou5f1), and Tcf3, and of
housekeeping genes such as Actb (Fig. 2C; Supplemental
Fig. S5). Although there is overwhelming evidence sug-
gesting that XPC and TDG act preferentially at promoters
and regulatory regions, it is intriguing that two DNA re-
pair proteins with no known sequence specificity would
bind in an apparent sequence-specific manner. We specu-
late that the recruitment of TDG and XPC to gene pro-
moters and enhancers is likely mediated by their
interactions with sequence-specific transcription factors
(Fong et al. 2011; Cattoglio et al. 2015).

Proper erasure of DNA methylation in the somatic cell
genome during iPSC induction is a major barrier to reacti-
vation of genes essential for reacquisition of pluripotency.
The highly dynamic and relatively rapid nature of DNA
demethylation makes it particularly sensitive to perturba-
tions in enzymes that catalyze this process. Indeed, both
TDG and XPC are required for somatic cell reprogram-
ming (Fong et al. 2011; Hu et al. 2014). The pronounced ef-
fect of XPC on reducing 5mC levels and its apparent
cobinding with TDG across the genome—particularly at
key genes that confer pluripotency—suggest that XPC
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Figure 2. TDG is enriched at enhancers and promoters genome-
wide and colocalizes with the XPC complex subunit RAD23B. (A)
The number of ChIP-seq peaks identified using MACS2 for each
data set. Approximately 93% of biotin-TDG (Neri et al. 2015)
ChIP-seq peaks overlap with RAD23B in mouse ESCs. (B) Heat
map of TDG- and RAD23B-bound regions over a +5-kb window
around the TSSs of genes. Genes in each heat map are sorted ac-
cording to descending levels of TDG ChIP-seq signal. (C) Integra-
tive Genomics Viewer (IGV)-computed ChIP-seq tracks are
plotted as (number of reads)x[1,000,000/(total read count)| for
pluripotency genes Nanog and Pou5f1. Mock and normal IgG
were used as specificity controls for the TDG and RAD23B
ChIP, respectively.

could help reshape the epigenetic landscape in induced
somatic cells conducive for productive reprogramming.
We reasoned that early induced, partially reprogrammed
iPSCs (pre-iPSCs) would likely be most sensitive to XPC
expression because their epigenome is highly malleable
and metastable (Stadtfeld et al. 2008). Therefore, to exam-
ine the potential impact of XPC expression on DNA
demethylation during this critical early phase of repro-
gramming, we performed MeDIP-seq. MeDIP-seq allows
us to specifically profile the 5mC status in XPC gain-of-
function HDFs and pre-iPSCs on a genome-wide scale
(Down et al. 2008; Bock et al. 2010; Harris et al. 2010).
HDFs were transduced with control or XPC-expressing
lentiviruses (Fig. 3A). Following selection and expansion
of the infected HDFs, we induced reprogramming via epi-
somal vectors expressing OCT4, SOX2, KLF4, L-MYC,
LIN28A, GFP, and an shRNA against p53 (Okita et al.
2011). Sequencing libraries were made from either unin-
duced HDFs or FACS-sorted GFP-positive pre-iPSCs (Sup-
plemental Fig. S6A).

In agreement with our bulk methylation experiments
(Fig. 1B-D), XPC overexpression results in a loss of
DNA methylation in both HDFs and pre-iPSCs. In XPC
gain-of-function cells, not only does DNA methylation
occur in fewer regions compared with control wild-type
cells (29,895 vs. 205,466 in HDFs and 85,456 vs.
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Figure 3. Ectopic expression of XPC results in loss of DNA methylation genome-wide in both HDFs and pre-iPSCs. (A) Design of MeDIP-
seq experiments. Reprogramming factors are cotransfected with a GFP-expressing plasmid to allow for sorting of transfected cells. (B) Up-
regulation of XPC expression results in lower enrichment over background and fewer peaks called in MeDIP-seq analyses for both unin-
duced HDFs (left) and pre-iPSCs (right; 7 d post-induction). The number of peaks identified for each data set using MACS?2 is shown below
the graphs. (C) Distribution of MeDIP-seq reads by their distance +5 kb from the TSSs of RefSeq genes, input subtracted. (D) Motif discov-
ery of pre-iPSC MeDIP peaks enriched in the control but not the XPC gain-of-function data set.

230,179 in pre-iPSCs), but overall methylation levels are
also lower than in wild-type cells, as shown by reduced
MeDIP enrichment over background (Fig. 3B). Moreover,
when we analyzed the reads in relation to their distance
from the closest TSS, we observed reduced MeDIP en-
richment in XPC gain-of-function cells compared with
wild-type cells at nearly all regions +5 kb from the TSS,
with the exception of the proximal promoter (+250 base
pairs [bp] from the TSS), suggesting that demethylation
occurs preferentially at upstream and downstream en-
hancer elements rather than at the promoter itself (Fig.
3C; Supplemental Fig. S6B). It is also worth noting that
the amount of methylated DNA fragments recovered
from XPC-overexpressing HDFs, expressed as MeDIP
fragment coverage, is remarkably similar to pre-iPSCs =+
5 kb from the TSS, suggesting that the methylation levels
in XPC gain-of-function HDFs have already been reduced
to that of pre-iPSC levels (Fig. 3C). In other words, ectopic
expression of XPC alone may create a DNA methylation
landscape more favorable toward iPSC generation by
lowering the epigenetic threshold for somatic cell
reprogramming.

Recent methylome studies have reported dynamic
methylation changes occurring preferentially at promot-
ers and regulatory elements of silent and poised genes
(Shen etal.2013; Song et al. 2013; Lu et al. 2015). Although
XPC overexpression is sufficient to cause an apparent
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widespread reduction of 5mC levels in the genome, it re-
mains possible that XPC, by interacting with sequence-
specific transcription factors such as OCT4 and SOX2
(Fongetal.2011; Cattoglio et al. 2015), may also drive local
DNA demethylation at specific gene promoters and en-
hancers to prime gene transcription.

To identify these potential local XPC-driven DNA
demethylation events, we performed an unbiased analysis
of motifs that are preferentially demethylated upon XPC
overexpression in pre-iPSCs. We identified a number of se-
quence motifs for transcription factors involved in cell cy-
cle regulation, mitogenesis, and metabolism; namely,
HIF1, MYC, and CREBI but, surprisingly, not OCT4 or
SOX2 (Fig. 3D; Supplemental Fig. S6C; Supplemental Ta-
ble S1).Itis currently unclear why we failed to detect motif
enrichment for OCT4 and SOX2. However, it has been
shown that XPC can be recruited to active gene promoters
by other transcription factors (Le May et al. 2010). It has
also been suggested that the ability of OCT4 and SOX2
to bind their cognate high-affinity target sites normally
found in ESCs may be attenuated in HDFs and pre-iPSCs
by closed chromatin and the prevalent but sequence-non-
specific interaction of SOX2 with nucleosomal DNA
(Soufi et al. 2012). Nonetheless, our identification of spe-
cific classes of transcription factor-binding motifs is
consistent with our hypothesis that XPC may act on spe-
cific gene loci to promote DNA demethylation and their
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subsequent reactivation during reprogramming. Inciden-
tally, TDG deficiency has been shown to preferentially
compromise DNA demethylation at regulatory regions en-
riched for HIF1 motifs (Lu et al. 2015). Taken together,
these observations support the idea that XPC cooperates
with TDG to catalyze genome-wide DNA demethylation
at specific gene enhancers.

Single-particle tracking (SPT) of TDG shows interaction
between TDG and XPC in vivo

To investigate the potential mechanism by which XPC
promotes TDG-dependent DNA demethylation in vivo,
we used SPT to study the effects of XPC on TDG-binding
dynamics to DNA in living cells. We generated the fusion
proteins SNAP-tagged XPC (SNAP-XPC) and Halo-tagged
TDG (TDG-Halo), two orthogonal protein tags that allow
for the covalent addition of bright organic fluorophores to
facilitate single-molecule experiments. Both fusion pro-
teins were correctly targeted to the nucleus upon transient
transfection into U20S cells (Supplemental Fig. S7A),
which were chosen because they are an ideal cell type for
live-cell imaging (Darzacq et al. 2007). The expression lev-
els of XPC, TDG, and the predominant DN A methyltrans-
ferase in somatic tissues, DNMTI, in U20S cells are
comparable with HDFs (Supplemental Fig. S7B). In addi-
tion, XPC'’s effect on global DNA demethylation appears
to be cell type-independent, thus suggesting a conserved
mechanism (Fig. 1; Supplemental Fig. S1; Le May et al.
2010). Given that TDG activity is constrained primarily
by its product inhibition and not substrate recognition
(Waters and Swann 1998), we hypothesized that XPC could
increase TDG activity by promoting substrate turnover
and thus decrease TDG DNA-bound residence times.

In order to assess XPC-dependent changes in TDG bind-
ing, we first established a stable U20S cell line with dox-
yeycline-inducible expression of TDG-Halo. Cells were
then transfected with a M.SssI-methylated luciferase re-
porter plasmid containing an SV40 minimal promoter
(pGL4.13[Luc2/SV40]) as a substrate for TDG and cotrans-
fected with either SNAP-XPC or the SNAP tag with a
nuclear localization signal (SNAP-NLS) as a control.
SNAP fusion proteins were then labeled with JF646-
SNAP ligand and TDG-Halo with photoactivatable
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JF549-HaloTag ligand 24 h after transfection, at a time
when the transfected cells began to express luciferase, in-
dicating transcriptional reactivation of the reporter plas-
mid (Supplemental Fig. S7C). In parallel, TDG-Halo-
expressing cells were also transduced with lentiviruses
containing shRNAs against XPC (shXPC) or a nontarget-
ing (NT) control. Sparse illumination with 405-nm light
stochastically activated labeled TDG-Halo molecules,
which were subsequently imaged using long exposure
times (500 msec). This imaging modality causes bound
molecules to appear as a diffraction-limited spot, while
fast-moving unbound populations are “blurred out.” It is
worth emphasizing that the number of detectable TDG-
Halo diffraction-limited spots, also termed trajectories,
increased dramatically when cells were transfected with
methylated plasmid DNA but not its unmodified counter-
part (Supplemental Fig. S7D). This suggests that the over-
whelming majority of these trajectories represents the
high-affinity interactions between TDG and the newly
generated abasic sites on plasmid DNA following base ex-
cision. Furthermore, the number of TDG-Halo trajecto-
ries detected did not appreciably change as a function of
XPC concentration (data not shown), indicating that in-
creasing or decreasing XPC protein levels had no effect
on substrate recognition by TDG.

Tracking of individual TDG molecules over consecu-
tive frames allowed us to plot the probability of a long
TDG-binding event—thereby generating a “survival
curve” for the dwell times of TDG—in either the XPC
gain- or loss-of-function background (Fig. 4A; Supplemen-
tal Fig. S7E-J; Supplemental Movie S1). Fitting of a two-
component exponential decay model to TDG dwell times
allowed us to address changes in “specific” and “nonspe-
cific” binding events in response to changes in XPC pro-
tein levels in the nucleus. Overexpression of XPC
reduced the specific binding time of TDG by nearly two-
fold (~31.9 to ~17.4 sec), while sShRNA-mediated knock-
down of XPC dramatically increased TDG-specific
binding time approximately threefold longer than in con-
trol cells (~33.7 to ~93.9 sec) (Fig. 4B; Supplemental Fig.
S7K). Taken together, these live-cell imaging data are con-
sistent with a model in which XPC increases TDG dy-
namics by overcoming product inhibition of TDG
during oxidative DNA demethylation.

Figure 4. XPC modulates TDG-binding dynamics
to DNA in vivo. (A) Survival probability of an in-
dividual TDG-Halo molecule being bound as a
function of time. Individual molecules were
tracked using single-molecule imaging over con-
secutive frames and binned by their total length
in cells cotransfected with SNAP-NLS or SNAP-
XPC or transduced with lentiviruses containing a
control NT shRNA or shRNA against XPC
(shXPC). Bold lines represent the mean probabili-
S ty; shaded regions denote the 95% confidence in-

terval. (B) Quantification of TDG DNA-bound

residence time using a two-exponential decay

model after correction for photobleaching using Halo-H2B (see Supplemental Fig. S7K). Error bars depict the standard deviation

of the model fit.
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Functional characterization of the XPC-TDG
interaction

Taking advantage of our reconstituted in vitro TDG glyco-
sylase assay, we next sought to further delineate the XPC-
TDG interaction by identifying their functional domains
required for DNA demethylation. We purified a series of
N-terminal and C-terminal truncations of XPC complex-
es as well as an internal truncation that removes a highly
disordered mammalian-specific domain (A338-519) (Fig.
5A; Supplemental Fig. S8A; Bunick et al. 2006). When add-
ed to the in vitro glycosylase assay, the AN (residues 195-
940) and A338-519 truncations of XPC were able to
enhance TDG activity similarly to full-length XPC (Fig.
5B; Supplemental Fig. S8B). However, the C-terminal
truncation of XPC (AC) was inactive (Fig. 5B), indicating
an important function at the C terminus of XPC in regu-
lating TDG activity. It is worth noting that the C-terminal
truncation also disrupts XPC'’s ability to bind its subunit,
CETN2 (but not RAD23B) (Popescu et al. 2003; Nishi et al.
2005). To eliminate the possibility that CETN2 contrib-
utes to XPC'’s activity in vitro, we showed that a hetero-
dimer of XPC and RAD23B is sufficient to stimulate
TDG activity (Fig. 5C; Supplemental Fig. S8C). Although
the C-terminal domain of XPC appears to be important for
optimal TDG activity in vitro, it is dispensable for OCT4/
SOX2-dependent transcriptional activation (Fong et al.
2011; Cattoglio et al. 2015). Thus, the domains required
for DNA repair, transcriptional coactivation, and regula-
tion of TDG-dependent DNA demethylation all appear
to be distinct.
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We next determined the protein domain of TDG re-
quired for the functional interaction between XPC and
TDG. Serial truncations of TDG that remove portions of
the N-terminal and C-terminal domains down to the cat-
alytic core domain (residues 111-308) were purified to
near homogeneity (Fig. 5D; Supplemental Fig. S8D,E).
As expected, these truncated TDG proteins retain in vitro
cleavage activity using physiologically relevant 5fC:G
(Fig. 5E, left) or 5caC:G (Fig. 5E, right) DNA substrates.
However, XPC failed to stimulate the glycosylase activity
of TDG lacking the first 111 amino acids. Because stimu-
lation was still observed using the 51- to 410-amino-acid
TDG truncation mutant, our results suggest that residues
51-111 confer responsiveness to XPC stimulation (Fig. 5E;
Supplemental Fig. S8F). Interestingly, this domain (51-
111 amino acids) has also been implicated in the removal
of some but not all mismatch substrates. For example, we
showed that TDG lacking the 51- to 111-amino-acid re-
gion (111-410 amino acids) largely failed to catalyze the
base excision of a 5ShmU:G substrate yet retained signifi-
cant activity toward 5fC and 5caC (Supplemental Fig.
S8F). Indeed, this region encompasses a previously pro-
posed “regulatory domain” that imparts TDG with the
ability to discriminate various mismatch substrates and
bind a host of regulatory factors (Gallinari and Jiricny
1996; Tini et al. 2002; Chen et al. 2003; Smet-Nocca
et al. 2008). Therefore, the N-terminal region of TDG ap-
pears to be multifunctional in nature, and its activity may
be modulated by interacting with different protein factors.

To corroborate our in vitro data demonstrating the
requirement of the C-terminal domain of XPC in

=oma Figure 5. XPC-mediated stimulation of TDG ac-
= wr tivity requires the C terminus of XPC and N ter-
= 1338 minus of TDG. (A) Schematic representation of
I e human XPC (wild-type [WT]) highlighting the

DNA-binding domain (DBD) and various pro-

tein—protein interaction domains. XPC trunca-

tions used in this study—AN (195-940 amino

acids), A338 (del338-519 amino acids), and AC

(1-814 amino acids)—are also shown. (B) TDG
=3 Control cleavage activity of a 5'-labeled T:G mismatch-
— containing oligonucleotide dsDNA in the pres-

ence of wild-type XPC or various XPC truncation
complexes (AN, A338, and AC). (C) The CETN2
subunit is dispensable for stimulation of TDG-
mediated base excision. TDG cleavage activity
of a 5'-labeled T:G mismatch DNA substrate in
the presence of the XPC-RAD23B heterodimer
or a heterodimer containing AC XPC and
RAD23B. (D) Schematic representation of full-
length human TDG (FL) and truncations used in
the in vitro glycosylase assay. The domains shown
previously to be essential for G:U and G:T mis-
match repair are indicated (Gallinari and Jiricny
1996). (E) Glycosylase activity of TDG truncations
in the presence or absence of wild-type XPC was
assayed using 5fC:G (left) and 5caC:G (right) sub-
strates. The concentrations used were 0.2 pM

X Control
= wTr

DNA, 0.4 pM XPC complexes, and 50 nM TDG. (F) Relative global DNA methylation assayed by 5mC-specific ELISA using genomic
DNA purified from HDFs overexpressing wild-type or AC human XPC. Error bars represent the standard deviation. n=3. (***) P<
0.001; (**) P<0.01; (n.s.) nonsignificant, calculated by two-way ANOVA.
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stimulating TDG activity, we next asked whether the
ability of the AC XPC in promoting global DNA demethy-
lation is also compromised. Indeed, overexpression of the
AC XPC abolished the gain-of-function phenomenon that
we observed with full-length XPC in decreasing global
DNA methylation, indicating that the same domain in
XPC critical for TDG stimulation in vitro is also required
for DNA demethylation in vivo (Fig. 5F). Collectively, our
results reveal the specific influence of XPC on TDG-medi-
ated DNA demethylation in vivo.

XPC enhances human iPSC generation

Given the critical role of the XPC complex as a transcrip-
tional coactivator for OCT4 and SOX2 in pluripotency
gene activation, it is not surprising that our ability to gen-
erate both mouse and human iPSCs is diminished upon
XPC depletion (Supplemental Fig. S9A,B; Fong et al.
2011). However, reprogramming of XPC loss-of-function
cells unexpectedly halts prior to reactivation of endoge-
nous NANOG, OCT4, and other pluripotency genes that
normally takes place late in the reprogramming process
(Stadtfeld et al. 2008). Therefore, XPC likely assumes an
additional role in iPSC induction by facilitating repro-
gramming initiation. Based on the data presented in this
study and a previous report showing that loss of TDG
leads to a similar early arrest in reprogramming (Hu
etal. 2014), we decided to investigate whether TDG-medi-
ated DNA demethylation is an early roadblock in repro-
gramming that can be overcome by elevating XPC levels
in HDFs and pre-iPSCs.

Baseline XPC expression is significantly lower in
somatic cells compared with ESCs (Fong et al. 2011). Giv-
en that TDG substrate turnover and DNA demethylation
are sensitive to XPC concentration, we hypothesize that
low endogenous levels of XPC in somatic cells may act
as a barrier or limiting factor in reprogramming. Thus,
we set out to examine the effect of XPC overexpression
on iPSC conversion. HDFs were transduced with control
or XPC-expressing lentiviruses. Following selection and
expansion of the HDFs, we induced reprogramming via
episomal vectors, as described in Figure 6A (Okita et al.
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2011). Flow cytometry analysis revealed that repro-
grammed XPC gain-of-function cells contained a signifi-
cantly higher proportion of iPSCs expressing TRA-1-60,
a marker of late stage mature human iPSCs, 24 d post-in-
duction (Fig. 6B). Importantly, the number of iPSC-like
colonies obtained from control and XPC gain-of-function
cells remains the same (Fig. 6C). These results suggest
that XPC enhances TRA-1-60 expression not by increas-
ing the number of iPSCs but by facilitating the derivation
of more robust iPSCs that more closely resemble bona fide
ESCs.

Human PSCs survive poorly when passaged as single
cells. They readily undergo apoptosis and differentiation
upon single-cell dissociation, in part due to the metastable
state of “primed” epiblast-like human PSCs (Ohgushi and
Sasai 2011). To examine the self-renewal capacity of both
control and XPC gain-of-function iPSCs, iPSCs were dis-
sociated to single cells, subjected to colony-forming as-
says, and scored by the number of iPSC colonies formed
that stained positive for alkaline phosphatase (AP), a
marker of undifferentiated PSCs. iPSCs derived from
XPC gain-of-function HDFs resulted in ~2.7-fold more
AP colonies following single-cell dissociation compared
with the control (Fig. 6D). The increase in cell survival
and renewal remained apparent when both control and
XPC gain-of-function iPSCs were treated with the selec-
tive Rho-associated kinase inhibitor Y-27632, a potent in-
hibitor of dissociation-induced apoptosis (Watanabe et al.
2007; data not shown). These results suggest that the in-
crease in cell survival in XPC gain-of-function iPSCs is
unlikely to be due to enhanced suppression of apoptosis
caused by single-cell dissociation. To understand at a mo-
lecular level the enhanced fidelity of these XPC gain-of-
function iPSCs, RT-qPCR analyses on bulk iPSCs ob-
tained 30 d post-induction were performed. We observed
amild but consistent increase in the expression of key plu-
ripotency genes such as NANOG, OCT4, SOX2, and
REX1 (ZFP42) in XPC gain-of-function iPSCs. The elevat-
ed expression level of these genes may help stabilize the
pluripotent state in XPC gain-of-function iPSCs when
challenged with conditions that favor the exit of pluripo-
tency (Supplemental Fig. S9C). Furthermore, we found

Figure 6. XPC increases somatic repro-
gramming fidelity and iPSC self-renewal ca-
pacity. (A) Schematic diagram for human
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28 Okita et al. (2011). (B) Flow cytometry anal-

ysis of control and XPC complex (XPC-
RAD23B-CETN2) gain-of-function cell
* populations 24 d post-induction for the
late stage human iPSC marker TRA-1-60.
(C) The average number of colonies ob-
tained in the reprogramming experiment
depicted in B. (D) iPSCs derived from con-
trol or XPC-RAD23B-CETN2-overexpress-
ing HDFs were challenged with single-cell
dissociation and allowed to recover for 3-4
d before staining with alkaline phosphatase
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(AP). The average number of AP* colonies formed per 2.5 x 10* single cells plated. Error bars depict the standard deviation. n = 3. (*) P < 0.05,

calculated by two-tailed Student’s t-test.
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that XPC overexpression enhances the expression of both
early and late iPSC markers SSEA-4 (data not shown) and
TRA-1-60 (Supplemental Fig. S9D), respectively, as early
as 7 d post-induction, suggesting that its positive effect
on reprogramming manifests early. This is consistent
with the early arrest phenotype observed when attempt-
ing to reprogram XPC-deficient HDFs (Supplemental
Fig. S9A,B; Fong et al. 2011).

To discern whether it is the transcriptional coactivator
or the DNA demethylation function of XPC that contrib-
utes to the enhanced expression of iPSC markers in XPC
gain-of-function pre-iPSCs, we compared the ability of
wild-type and AC XPC to promote cellular reprogram-
ming. We found that the AC XPC truncation is inactive
in stimulating TDG-dependent DNA demethylation
(Fig. 5B,C,F) but is fully active as a transcriptional coacti-
vator (Fong et al. 2011). Given that the positive effect of
XPC on reprogramming occurs early (Supplemental Fig.
S9D), we focused our analysis at the relatively early
time point of 14 d post-induction. In contrast to wild-
type XPC, ectopic expression of AC XPC completely failed
to elevate the expression of SSEA-4 and TRA-1-60 (Supple-
mental Fig. S10), suggesting that stimulation of DNA
demethylation by XPC appears to be critical in overcom-
ing early barriers to reprogramming. Taken together, our
results indicate that XPC overexpression leads to higher-
fidelity reprogramming, likely by lowering the epigenetic
threshold for the re-establishment of a more robust pluri-
potency transcriptional network in iPSCs.

Discussion

In stark contrast to previous biochemical studies, we
showed that TDG residence times for binding to methyl-
ated DNA substrates in living cells is two orders of magni-
tude lower in vivo than in vitro. This fast off rate is more
in line with previous observations that implicated DNA
demethylation by a rapid and active mechanism (Mayer
et al. 2000; Zhang et al. 2007; Bhutani et al. 2010; Ito
et al. 2010; Cortézar et al. 2011; Cortellino et al. 2011;
Gu et al. 2011; Shen et al. 2013; Hu et al. 2014). While a
number of protein factors (e.g., APE1 and NEIL1/2) and
post-translation modifications (Hardeland et al. 2002;
Steinacher and Schir 2005; Smet-Nocca et al. 2011) have
been proposed to facilitate TDG substrate turnover, their
effects have been demonstrated largely in vitro. Here, us-
ing SPT in live cells, we showed that the rate-limiting step
for TDG activity (that is, the dissociation of TDG from the
abasic sites in the nucleus) is remarkably sensitive to
changes in protein levels of XPC but not APEl or
NEIL2, suggesting that XPC is the predominant factor in
vivo that enhances TDG-dependent DNA demethylation
by alleviating product inhibition of TDG. This is sup-
ported by the cobinding of XPC and TDG genome-wide,
particularly at gene regulatory regions that are often sub-
jected to dynamic DNA demethylation by TDG. Our
model is also confirmed by loss-of-function studies show-
ing that depletion of XPC resulted in global and locus-spe-
cific changes in DNA methylation that are reminiscent of
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those observed in TDG-deficient mouse embryos (Corta-
zar et al. 2011; Cortellino et al. 2011).

We showed previously that the XPC complex functions
as a critical transcriptional coactivator for OCT4, SOX2,
and likely other transcription factors in PSCs. Therefore,
it was perhaps not surprising that XPC is required for effi-
cientiPSC generation (Fongetal. 2011). However, based on
the findings in this study, our identification of XPC as a
critical regulator of DNA demethylation better explains
the early reprogramming arrest phenotype associated
with XPC loss-of-function cells, which occurs at a stage
prior to when the pluripotency transcriptional network
is reactivated. Furthermore, we found that, contrary to
wild-type XPC, the ectopic expression of a transcriptional-
ly active but demethylation-defective AC XPC failed to
enhance reprogramming fidelity. We therefore propose
two distinct and potentially equally important molecular
mechanisms for XPC to influence reprogramming: first
as a regulator of DNA demethylation by modulating
TDG activity, which is critical during early stages of repro-
gramming, and second by acting as a classical transcrip-
tional coactivator to directly drive pluripotency gene
expression during iPSC maturation. Indeed, there is strong
evidence indicating that transcription factor binding, gene
activation, and DNA demethylation are interdependent
and highly intertwined events. For example, introduction
of transcription factor-binding motifs into a methylated
DNA element can lead to local demethylation. Likewise,
removal of transcription factor-binding sites can lead to lo-
cal methylation of regions otherwise unmethylated (Bran-
deis et al. 1994; Macleod et al. 1994; Kirillov et al. 1996;
Siegfried et al. 1999; Hejnar et al. 2001). These observa-
tions also underscore the dynamic nature of DNA methyl-
ation, where, even at transcribed genes, active DNA
demethylation at gene regulatory regions must occur in or-
der to counteract the robust DNA methylation activities
present in mammalian cells. It is therefore tempting to
speculate that the recruitment of XPC to gene enhancers
by sequence-specific transcription factors to stimulate
transcription can also promote local DNA demethylation
of critical regulatory elements such that they remain
hypomethylated and permissive to transcription factor
binding and gene activation. In support of this notion,
our data and others’ showed that depletion of XPC or
TDG in ESCs results in specific alterations of DNA meth-
ylation status at gene regulatory regions even though nei-
ther protein exhibits overt known sequence specificity.
This epigenetic feedback loop may indeed be a prevalent
two-pronged strategy to sustain gene transcription by
recruiting transcriptional coactivators that can simultane-
ously antagonize the silencing effects of DNA methylases
by promoting active DNA demethylation.

The somatic cell nucleus is largely refractory to direct
reprogramming, in part due to its high levels of DNA
methylation, a major epigenetic barrier to the reactivation
of PSC-specific genes in somatic cells. Remarkably, over-
expression of XPC alone in HDFs is sufficient to reduce
DNA methylation to the low levels found in PSCs, sug-
gesting that the epigenetic threshold for cellular repro-
gramming may be significantly lowered in these XPC
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gain-of-function HDFs. Unexpectedly, however, the re-
programming efficiency of these cells is identical to con-
trol HDFs. Genome-wide DNA demethylation induced
by XPC expression did not endow more HDFs with the po-
tential to give rise to iPSCs. Instead, we found that XPC
gain-of-function iPSCs express higher levels of mature
iPSC marker and key pluripotency genes and display en-
hanced clonogenic ability—characteristics that are indic-
ative of enhanced fidelity in reprogramming. Our finding
is instructive in that most factors previously shown to im-
prove reprogramming, such as c-Myc overexpression or
p53 depletion, often do so at the cost of reprogramming fi-
delity (Okita et al. 2007; Li et al. 2009; Marién et al. 2009;
Araki et al. 2011). Our data revealed that sequence motifs
such as those recognized by HIFs and MYC became prefer-
entially demethylated in XPC gain-of-function pre-iPSCs.
Pertinent to cellular reprogramming, these transcription
factors are required to induce a requisite early metabolic
switch from oxidative to glycolytic metabolism (Yoshida
et al. 2009; Varum et al. 2011; Zhou et al. 2012; Mathieu
et al. 2014). Furthermore, HIFs have also been implicated
in the transcriptional regulation of key pluripotency
genes, including NANOG and OCT4 (Gustafsson et al.
2005; Covello et al. 2006; Das et al. 2012; Petruzzelli
et al. 2014). Therefore, in addition to its role as a stem
cell coactivator, the XPC complex may promote the faith-
ful rewiring of the somatic cell transcriptome toward plu-
ripotency by coupling efficient DNA demethylation and
robust ESC-specific transcription through the recruit-
ment of TDG activity to sites bound by the XPC complex
and transcriptional activators.

Materials and methods

DNA constructs and antibodies

¢DNAs for human XPC and TDG were generated from total RN As
isolated from human NTERA-2 (NT2) cells. Mammalian expres-
sion plasmids were cloned using the pHAGE-EF1a-STEMCCA
construct (Sommer et al. 2009), in which OCT4, KLF4, SOX2,
and ¢c-MYC were replaced with ¢cDNAs for XPC, RAD23B,
RAD23B-CETN2, or mCherry, which was used as a control
(PHAGE-EF1a-XPC, pHAGE-EF1a-RAD23B, pHAGE-EFla-
RAD23B-CETN?2, and pHAGE-EFla-mCherry, respectively). For
expressing full-length and truncated human TDG in Escherichia
coli, N-terminal His6-tagged TDG was cloned into a pST44 poly-
cistronic expression plasmid (Tan et al. 2005). Constructs for XPC
expression in Sf9s were described previously (Fong et al. 2011).
The TDG-HaloTag construct for single-molecule imaging experi-
ments was subcloned into the pTRE3G plasmid (Clontech).
shRNAs against XPC were cloned using the pLKO.1 system as de-
scribed previously (Moffat et al. 2006); sequences are provided in
Supplemental Table S2. The commercial antibodies used were
as follows: anti-ACTB (A2228) from Sigma-Aldrich, anti-XPC
(A301-122A) and anti-RAD23B (A302-306A) from Bethyl Labora-
tories, anti-CETN2 (15977-1-AP) from ProteinTech, anti-5mC
(33D3) from Diagenode, and anti-SSEA4 (clone MC-813-70) and
anti-TRA-1-60 (clone TRA-1-60-R) from Biolegends.

Cell culture

Normal adult HDFs were obtained from Lonza and cultured in
DMEM high glucose with GlutaMAX (Life Technologies) supple-
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mented with 10% fetal bovine serum (FBS; HyClone) and nones-
sential amino acids (Life Technologies). U20S cells were cultured
in DMEM low glucose with GlutaMAX (Life Technologies) sup-
plemented with 10% FBS (HyClone). Human ESC line H9
(WiCell) was maintained in feeder-independent conditions using
Synthemax SC-II substrate (Corning) and grown in mTeSR1
(Stem Cell Technologies). Medium was changed daily, and cell
cultures were passaged using Dispase (Stemcell Technologies) ac-
cording to the manufacturer’s protocol. Mouse embryonic fibro-
blasts (MEFs) were prepared from embryonic day 13.5 (E13.5)
CF-1 embryos (Charles River) and cultured in HDF medium. Inac-
tivation of MEFs was accomplished using mitomycin C (Sigma-

Aldrich).

Overexpression and shRNA-mediated knockdown of XPC
by lentiviral transduction

For lentivirus production, mammalian expression plasmids were
cotransfected with packaging vectors into 293T cells using Lipo-
fectamine 2000 (Invitrogen). Supernatants were collected at 48
and 72 h after transduction, and viruses were pelleted by ultracen-
trifugation. Lentivirus titers were determined using the lentivi-
rus-associated p24 ELISA kit (Cell Biolabs). HDFs were infected
at a multiplicity of infection (MOI) of 5 in the presence of 4 ng/
mL polybrene (Millipore) and replaced with fresh medium with-
out polybrene after 24 h. All other cell types were infected in
the presence of 8 pg/mL polybrene (Millipore).

Quantification of global methylation

Genomic DNA was purified using the DNeasy blood and tissue
kit (Qiagen). Relative global methylation by 5mC-specific ELISA
was determined using the MethylFlash methylated DNA 5mC
quantification kit (Epigentek) according to the manufacturer’s
protocol. For 5mC dot blots, genomic DNA was denatured for
10 min at 95°C, quickly placed on ice, and neutralized with 0.1
vol of 6.6 M ammonium acetate. Denatured DNA was spotted
onto a Hybond-N* membrane (GE Healthcare). The DNA was sub-
sequently UV cross-linked to the membrane and blocked in 10%
milk, 1% BSA, and 0.1% Tween-20 in PBS. The member was suc-
cessively incubated with anti-5mC antibody (clone 33D3, Diage-
node) overnight at 4°C and then with HRP-conjugated anti-mouse
IgG secondary antibody (Pierce) for 30 min at room temperature.
Chemiluminescence was detected using the Western Lightning
ECL" detection system (Perkin Elmer). Methylene blue was used
as a control for total DNA cross-linked to membrane.

ChIP-seq analysis

For TDG, we reanalyzed ChIP-seq data by Neri et al. (2015) ob-
tained from an ESC line expressing a biotin-tagged TDG (GSE
55660; bioTDG: SRR1184633; mock control: SRR1184632). For
the XPC complex, we reanalyzed our previously published
RAD23B ChiIP-seq data set in mouse ESCs (GSE64040; RAD
23B: SRR1702685; control IgG: SRR1702684). Raw reads were
first quality checked with FastQC and aligned onto the mouse ge-
nome (mm10 assembly) using Bowtie (Langmead et al. 2009, al-
lowing for two mismatches (-n 2) and no multiple alignments
(-m 1). Enriched regions were visualized on the mm10 genome
with the Integrative Genomics Viewer (IGV) (Robinson et al.
2011; Thorvaldsdottir et al. 2013) after creating tiled data files
from alignment files (igvtools count --w 50 --e 200). Peaks were
called with MACS (--pvalue=1x 1073 --shiftsize =60 --gsize =
mm) against the mock control for TDG and the IgG data set for
RAD23B.
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To create heat maps, we used deepTools (version 2.4.1) (Ramirez
et al. 2016). We first ran bamCoverage (--binSize 50
--normalizeTol x 2150570000 --extendReads 60 -ignoreDupli-
cates -of bigwig) and normalized read numbers to 1x sequencing
depth, obtaining read coverage per 50-bp bins across the whole ge-
nome (bigWig format). We then used the bigWig files to compute
read numbers +5 kb around the TSSs of all annotated RefSeq genes
(computeMatrix reference-point -R RefSeqGenes_mm10.bed
--referencePoint = TSS --upstream 5000 --downstream 5000
--sortRegions =no). We sorted the output matrix by decreasing
TDG enrichment, calculated as the total number of reads within
+1 kb around the TSS of each RefSeq gene. Finally, we created heat
maps with the plotHeatmap tool (--averageTypeSummaryPlot =
mean --colorMap="YIOrRd’ --sortRegions = no).

MeDIP

Genomic DNA from HDFs or pre-iPSCs was sheared using the
Covaris S2 focused ultrasonicator (10.0 duty power, 175 peak pow-
er, 200 cycles per burst, 430 sec in 130 pL of AE buffer). Size selec-
tion was performed using the Agencourt AMPure XP beads
(Beckman Coulter) to obtain DNA fragments averaging 150-250
bp in length. End repair was performed using the NEBNext end re-
pair module (New England Biolabs) followed by A-tailing with
Klenow (New England Biolabs). TruSeq adapters were ligated to
the sample DNA and subjected to another round of size selection
to remove adapter dimers. DNA was denatured for 10 min at 95°C,
quickly spun down, and placed on ice. Denatured sample DNA
and anti-5mC antibody (clone 33D3, Diagenode) or mouse IgG
(015-000-003, Jackson) were incubated together overnight at 4°C
in MeDIP buffer (1 mM EDTA, 0.05% TritonX-100, in PBS). Input
DNA was kept processed alongside the samples. The immunopre-
cipitate was added to precleared equilibrated M-280 anti-mouse
IgG Dynabeads (Life Technologies) for 2 h at 4°C. Following the
immunoprecipitation, DNA was recovered by proteinase K treat-
ment and subsequently converted to dsDNA with KAPA HiFi
HotStart polymerase (Kapa Biosystems) for four cycles. No sample
DNA was recovered for IgG immunoprecipitations, indicating
that very little background binding occurred. Sample DNA was
subsequently subjected to another round of size selection to ob-
tain fragment sizes averaging 200-400 bp in length, suitable for se-
quencing. Libraries were amplified using KAPA HiFi HotStart
polymerase (Kapa Biosystems) for a final 10 cycles. Fragment
size, purity, and concentration of the libraries were verified using
the Agilent Technologies 2100 Bioanalyzer.

MeDIP-seq analysis

Input and MeDIP raw reads from wild-type and XPC-overexpress-
ing HDFs and pre-iPSCs (GSE92445) were first quality checked
with FastQC and aligned onto the human genome (hgl9 assem-
bly) using Bowtie (Langmead et al. 2009), allowing for two mis-
matches (-n 2) and no multiple alignments (-m 1). MeDIP
enrichment over input was calculated by calling peaks with
MACS?2 (callpeak -g hs -nomodel; --extsize was set to 160 for
HDFs and 250 for pre-iPSCs) (Feng et al. 2012).

The average MeDIP-seq enrichment around the TSSs of all
RefSeq genes annotated in the human genome was computed
with deepTools (version 2.4.1) (Ramirez et al. 2016). We first
ran bamCompare (--binSize 50 --ratio subtract --normalizeTolx
2451960000 --ignoreDuplicates -of bigwig; --extendReads was set
to 160 for HDFs and 250 for pre-iPSCs) to normalize read numbers
to 1x sequencing depth and subtract input reads, obtaining in-
put-subtracted read coverage per 50-bp bins across the whole ge-
nome (bigWig format). We then used the bigWig files to compute
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read numbers in 250-bp bins +5 kb around the TSSs of RefSeq
genes (computeMatrix reference-point -R RefSeqGenes_hgl9.
bed --referencePoint = TSS --upstream 5000 --downstream 5000
----sortRegions=no --binSize 250 --averageTypeBins sum
--skipZeros). We finally plotted the average read numbers by plot-
Profile (--averageType mean --plotType lines --refPointLabel TSS
--perGroup).

For motif discovery analysis in pre-iPSCs, we first identified re-
gions enriched in wild-type but not in XPC-overexpressing cells
using Galaxy (operate on genomic intervals [on MACS2 called
peaks]; join the intervals of two data sets side by side; 1-bp mini-
mum overlap) (Afgan et al. 2016). We then used the MEME suite
(Bailey et al. 2009) and determined which motifs were most
centrally enriched 250 bp around MACS2 called peaks with
CentriMo (meme-chip —-db JASPAR_CORE_2009_vertebrates_
MEME).

Expression and purification of recombinant XPC complexes and TDG

Expression and purification of recombinant XPC complexes from
Sf9 cells were performed as described previously (Fong et al. 2011).
For bacterial purification of recombinant TDG, pST44 expression
plasmids were transformed into BL21-Codon Plus RIPL-compe-
tent cells (Agilent). Cultures were induced overnight at 18°C
with 0.5 mMIPTG. Cell pellets were lysed in high-salt lysis buffer
(HSLB; 25 mM HEPES at pH 7.9, 0.6 M NaCl, 0.6% TritonX-100,
0.05% NP-40, 10% glycerol, 10 mM 2-mercaptoethanol, protease
inhibitors) and 0.5 mg/mL lysozyme. Sonicated lysates were
cleared by ultracentrifugation, supplemented with 10 mM imid-
azole, and incubated with Ni-NTA resin for 16 h. Bound proteins
were washed extensively with HSLB with 20 mM imidazole,
equilibrated with 0.2 M NaCl HGN (25 mM HEPES at pH 7.9,
10% glycerol, 0.01% NP-40) with 20 mM imidazole, and eluted
with 0.2 M NaCl HGN supplemented with 0.25 M imidazole.
Eluted fractions were analyzed by SDS-PAGE followed by
PageBlue staining. Peak TDG fractions were pooled and dialyzed
to 0.1 M NaCl HGN. Dialyzed peak Ni-NTA fractions were ap-
plied to a Poros 20 HQ column (Applied Biosystems) and subjected
to a linear gradient from 0.1 M to 0.6 M NaCl. Full-length TDG
was eluted from the column at ~0.15 M NaCl. Peak fractions
from the Poros-HQ were pooled and dialyzed to 0.2 M NaClHGN.

In vitro TDG glycosylase assay

5'-labeled Cy3 oligonucleotides were obtained containing a T,
5hmU, 5fC, or 5caC internal modification (Trilink Biotechnolo-
gies). Cy3-labeled oligonucleotides were annealed overnight and
subsequently purified twice by sequential native PAGE. Reac-
tions were performed in 10-pL volumes containing 20 mM
HEPES (pH 7.9), 100 mM NaCl, 1 mM EDTA, 0.1% BSA,
0.01% NP-40, 0.5 pmol TDG, and 2 pmol DNA substrate for 45
min at 30°C. For reactions containing XPC, 2.0-4.0 pmol of puri-
fied XPC complexes was added simultaneously with TDG to the
reactions. Samples were run on 15% denaturing PAGE contain-
ing 7 M urea at 200 V for 45-60 min. Cleavage products were vi-
sualized using the PharosFX Plus (Bio-Rad). Sequences of DNA
oligonucleotides used are provided in Supplemental Table S2.

Inducible human TDG-HALO cell line generation

TDG-Halo-inducible cell lines were generated by cotransfection
of pTRE3G-TDG-Halo and pEFla-Tet3G (Clontech) into U20S
cells. Cells were selected for stable integration of the plasmids us-
ing 500 ng/mL G418, subsequently labeled with 500 uM JF549-
HaloTag ligand (Grimm et al. 2015) in the presence of 10 pg/mL
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doxycycline, and subjected to FACS to identify TDG-Halo-ex-
pressing cells. Only cells that had >100-fold higher JF549 signal
compared with uninduced cells were retained and expanded.

Single-particle imaging

The 4.6-kb plasmid pGL4.13[Luc2/SV40] (Promega) was methyl-
ated using 4.0 U of M.Sssl (New England Biolabs) per microgram
of DNA and incubated for 4 h at 37°C followed by ethanol precip-
itation. The plasmid contained ~300 CpG motifs. TDG-Halo-in-
ducible U20S cells were transfected by nucleofection (Lonza)
and plated on 25-mm glass coverslips. The medium was supple-
mented with 3 ng/mL doxycycline to induce expression of
TDG-Halo at low levels (Supplemental Fig. S7B). Twenty-four
hours following nucleofection, cells were labeled for imaging in
100-250 nM PA-JF549-HaloTag ligand and 100-250 nM JF646-
SNAPTag ligand for 30 min in complete medium (Grimm et al.
2015,2016). Labeled cells were then washed once with PBS and re-
turned to phenol-free complete DMEM for a minimum of 30 min
prior to imaging. During imaging, cells were maintained at 37°C
and 5% CO, using an incubation chamber and thermal control
unit to control both chamber and objective temperature (Okolab).

Single-particle experiments were conducted on a custom-built
Nikon TI microscope outfitted for simultaneous single-molecule
data acquisition in two color channels as described previously
(Teves et al. 2016; Hansen et al. 2017). Briefly, samples were im-
aged using a 100x/NA 1.49 oil immersion TIRF objective (Nikon
apochromat CFI Apo TIRF 100x oil), a Perfect Focus System
(Nikon), and a motorized mirror arm to facilitate HILO illumina-
tion (Tokunaga et al. 2008). Samples were illuminated using 405-
nm (140 mW, OBIS coherent), 561-nm (1 W, genesis coherent),
and 633-nm (1 W, genesis coherent) lasers, which were focused
onto the back pupil plane of the objective via fiber and multi-
notch dichromatic mirror (405-nm/488-nm/561-nm/633-nm
quad-band; Semrock, NF03-405/488/532/635E-25). Excitation in-
tensity and pulse width were controlled through an acousto-optic
transmission filter (AOTFnC-VIS-TN, AA Opto-Electronic) trig-
gered using the camera’s TTL exposure output signal. Fluores-
cence emission from the sample was separated into two parallel
light paths with the use of a single-edge dichroic beam splitter
(Semrock, Di02-R635-25x36) to direct the JF646 emission and
the JF549 emission to two parallel EM-CCD cameras (Andor
iXon Ultra 897). A 676/37-nm bandpass filter (Semrock, FFO1-
676/37-25) was placed in front of the first camera, and a 593/40-
nm bandpass filter (Semrock, FF01-593/40-25) was used for the
second camera. The cameras were synchronized using a National
Instruments DAQ board (NI-DAQ PCI-6723). Two-color movies
were acquired at a frame rate of 2 Hz for 750 frames, with excita-
tion intensities set to maximize signal to noise while minimizing
photobleaching in the range of 2-5 mW at the coverslip. Photo ac-
tivation of PA-JF549 was achieved through 10-msec pulses of 405-
nm light at the beginning of each frame.

Binding time analysis

Long exposure times of single molecules caused freely diffusing
molecules to become “blurred out,” but bound molecules ap-
peared as diffraction-limited spots (Chen et al. 2014). To analyze
these bound spots, we used an adapted version of SLIMfast (Mat-
lab), an implementation of the MTT particle-taking algorithm
(Sergé et al. 2008; Normanno et al. 2015). Images were masked
to limit analysis to only trajectories within the nucleus. Single
molecules in each frame were detected using the following pa-
rameters: detection box, 9 px; emission max, 571 nm; localization
error, 1 x 1077; deflation loops, 0. Spots in successive frames were
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connected into trajectories using the following tracking settings:
maximum expected D, 0.5; number of gaps allowed, one; maxi-
mum number of competitors, three.

After pooling all of the calculated trajectories from a given con-
dition, we generated histograms of trajectory lengths and, from
these data, generated curves of the survival probability (1 minus
the cumulative distribution function) for each condition. In order
to estimate the error of our measurements, we first determined
which condition within a given experiment had the fewest trajec-
tories (Nm;,) and performed bootstrap resampling without replace-
ment using np,,/2 trajectories for each condition. We then
repeated this resampling process 1000 times to find the most like-
ly survival curve (mean) as well as determine the associated error,
reported as the 95% confidence interval. Binding rates were ex-
tracted from the survival probability data by fitting to the follow-
ing equation:

P(t) = A[Fe Kot empnsx0) 4 (1 — Fye(Kett.cmp. s X0,

where —Koff, emp, ns a0d —Koff, emp, s are the empirically measured
nonspecific and specific (respectively) binding times, and F is
the fraction of trajectories from each. Because SPT experiments
are dominated by short noisy trajectories, fitting was done only
on trajectories lasting >11 frames, as measured empirically by de-
termining the calculated —Kemp, s as a function of first fitting
frame (Supplemental Fig. S6C; for more details see Mazza et al.
2012; Hansen et al. 2017).

Finally, we corrected these fits for photobleaching. The length
of each trajectory can be thought of as a function of both a photo-
bleaching rate (Kpicacn) and an unbinding rate (Ko, s): Koft, emp, s =
Koff, s + Kpleach- In order to measure the true off rate (K, s), we per-
formed SPT first on the histone H2B-Halo, assuming that H2B un-
binding was negligible within the time scale of an imaging
experiment, and thus trajectory lengths reported solely on Kyjeach-
Kofi, s was then determined by subtracting Kpicach from Ko, emp, s-
These H2B measurements were made separately prior to each day
of imaging to account for any day-to-day fluctuations in the imag-
ing setup. Binding times were reported as t=1/Ko .

Human somatic cell reprogramming and flow cytometry

Human iPSC reprogramming was induced by the transfection of
episomal vectors containing cDNAs for OCT4, SOX2, KLF4, L-
MYC, LIN28A, and a shRNA against p53 (Okita et al. 2011)
into HDFs using nucleofection (Lonza) according to the manufac-
turer’s protocol. Following nucleofection, cells were plated in 60-
mm? dishes and cultured for 7 d in HDF medium. Cells were then
dissociated and plated (2 x 10* to 4 x 10* cells per well of a six-well
plate) on inactivated MEFs (2.5 x 10° cells per well of a six-well
plate) in human iPSC medium containing knockout DMEM/
F12 (Life Technologies), 20% knockout serum replacement
(Life Technologies), 2 mM GlutaMAX (Life Technologies), nones-
sential amino acids (Life Technologies), 0.1 mM 2-mercaptoetha-
nol (Sigma-Aldrich), and 4 ng/mL bFGF (Life Technologies).
Reprogramming was assayed by AP staining (Millipore) or flow
cytometry analysis on a BD LSRFortessa, performed according
to the manufacturers’ protocols.
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