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ABSTRACT

The Cockayne Syndrome Protein B (CSB) plays an essential role in Transcription-
Coupled Nucleotide Excision Repair (TC-NER) by recruiting repair proteins once
transcription is blocked with a DNA lesion. In fact, CSB-deficient cells are unable to
recover from transcription-blocking DNA lesions. 5-Aza-2'-deoxycytidine (5-azadC)
is a nucleoside analogue that covalently traps DNA methyltransferases (DNMTs) onto
DNA. This anticancer drug has a double mechanism of action: it reverts aberrant
hypermethylation in tumour-suppressor genes, and it induces DNA damage. We have
recently reported that Homologous Recombination and XRCC1/PARP play an important
role in the repair of 5-azadC-induced DNA damage. However, the mechanisms involved
in the repair of the DNMT adducts induced by azadC remain poorly understood. In
this paper, we show for the first time the importance of CSB in the repair of azadC-
induced DNA lesions. We propose a model in which CSB initiates a signalling pathway
to repair transcription blocks induced by incorporated 5-azadC. Indeed, CSB-deficient
cells treated with 5-azadC show a delay in the repair of trapped DNMT1, increased
levels of DNA damage and reduced survival.

INTRODUCTION (TCR), couples RNA polymerase blocks with the efficient
removal of DNA lesions in the transcribed strand. This
After millions of years of evolution, cells have evolved pathway is considered as a branch of the nucleotide excision
complex mechanisms to repair DNA breaks and prevent repair pathway (NER). In humans, mutations in NER lead
mutations. Although it has been known for many years that to a variety of DNA repair disorders, including Cockayne
transcriptional stress plays an important role in genomic syndrome (CS), in which there is a deficiency in TCR. Two
instability [1-5], it was in the mid-eighties when an additional complementation groups of CS, designed CSA and CSB have
DNA repair mechanism associated with transcriptionally been identified. Cells with mutations in any of these proteins
active genes [6-7] was discovered. This specialized DNA cannot resume transcription after the UV-induced blockage of
repair processes, called Transcription-Coupled Repair RNA polymerase [8, 9].
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CSB is a 168 kDa protein related to the SWI/SNF remodeling factor displacing nucleosomes and recruiting

family of ATP-dependent chromatin remodelers; this some protein complexes, including the CSA complex, core
protein has nucleosome remodeling activity and binds NER factors (XPA, TFIIH, XPG, XPF-ERCCI1, and RPA)
to core histone proteins in vitro. When transcription and histone acetyltransferase p300 (that also works as a
fork is blocked, CSB protein is recruited and strongly chromatin remodeling factor) [8]. The CSA complex acts
interacts with RNA pol II. This protein acts as a chromatin by ubiquitination and subsequent degradation of CSB,
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Figure 1: 5-azadC induces transcription-coupled DSBs. (A) Experimental schedule followed. AA8 cells were treated for 6h
with 15 uM of 5-azaC. DRB (30uM) was present during the last 3h. (B) In order to evaluate DNMT1 foci, DNMT1-GFP transfected
cells were treated as described above, fixed in paraformaldehyde and scored for DNMTI1 foci. Cells containing >5 DNMT1 foci were
scored as positive. (C) Alternatively the number of DNMT1 foci was scored using Image J software. (D) In order to analyze chromosomal
abnormalities after 5-azadC treatment (50uM), cells were treated with colcemid and metaphase spreads were made as described in the
material and methods section. The means and SEM of three independent experiments are shown. Data were statistically analyzed using
Student’s #-test. Data were considered statistically different when P <0.05 (%) or P <0.01 ().
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RNA pol II, CSA itself and histones [10]. This clearance
of proteins is needed for DNA repair and subsequent
resumption of transcription. Apart from its roles in
transcription coupled nucleotide excision repair (TC-
NER) and chromatin remodeling, CSB is thought to be
involved in oxidative damage [11], crosslink repair [12],
telomere maintenance [13], transcription associated DNA
recombination [14], double strand break repair choice and
checkpoint activation [15].

5-aza-2'-deoxycytidine (5-azadC), also called
decitabine, is a cytidine analogue that is incorporated
randomly in the genome during replication. This drug is
effective in the treatment of Myelodysplastic Syndromes
and Acute Myeloid Leukemia (AML), this latter especially
in elderly patients [16, 17]. Its mechanism of action
involves the covalent trapping of DNA methyltransferases
(DNMTs) onto DNA, generating a whole hypomethylation
state [18]. Therefore, this drug can reactivate the
expression of Tumour Suppressor Genes whose promoters
are highly hypermethylated [19]. Trapped DNMTs onto
DNA generate DNA damage, which also contributes to the
anticancer properties of this nucleoside [20-22].

The mechanisms involved in the repair of the DNMT
adducts induced by azadC remain poorly understood. We
recently reported that these bulky lesions can interfere
with replication forks and induce double strand breaks
(DSBs) that are repaired by Homologous Recombination
(HR) involving Fanconi Anemia (FA) proteins (21). Also,
we have proposed that XRCC1 and PARP could play a role
in the repair of DNMT adducts [22]. In the present paper,
we investigate the role of CSB in the repair of the lesions
induced by 5-azadC. We show that CSB is important in
the repair of the lesions induced by 5-azadC in a process
that is independent of classic TC-NER. We found that a
transcription coupled DNA damage response (TC-DDR)
is activated shortly after 5-azadC incorporation in a CSB
dependent manner. Furthermore, our results revealed that
CSB-deficient cells displayed a delay in the repair of
DNMTT adducts, resulting in hypersensitivity to 5-azadC.
Finally, we demonstrate that CSB and transcription act in
the same pathway to repair 5-azadC-induced DNA lesions
and promote survival.

RESULTS

5-azadC induces transcription-dependent double
strand breaks

We have recently reported that 5-azadC induces
DNA damage that depends on active replication, which
suggests that trapped DNMT collapses with oncoming
replication forks into DSBs (21). Here we wanted to
investigate the possible role of transcription elongation in
the generation of DNA breaks after 5-azadC treatment. In
order to distinguish between replication and transcription-
associated DNA DSBs, we exposed the cells to 5-azadC

for 6 h. This short exposure time impossibilities that
a second round of DNA replication takes place over a
5-azadC substituted DNA (Figure 1A).

DNA damage was monitored by the scoring of
chromosome aberrations as indicators of DSBs [23].
Cells were co-treated with the transcription inhibitor DRB
during the last 3 h to see if transcription elongation is
required for the formation of chromosomal abnormalities.
Under these conditions, when DNMT 1-GFP transfected
AAS cells were treated with 5-azadC, they presented
increased levels of DNMT1 foci as compared to control
cells (Figure 1B—-1C). Of interest, we could not find any
significant difference in the levels of trapped DNMTI
between 5-azaC treated and co-treated cells. This data
indicates that similar levels of the initial lesions are
present in both cases.

It is worth mentioning that a 6 h treatment with 5-azadC
induced chromosome aberrations (Figure 1D); this suggests that
the breaks arising as a consequence of collapsed replications
forks is not the only mechanism by which 5-azadC induces
DNA damage. Indeed, transcription inhibition abrogates the
levels of 5-azadC induced chromosome aberrations (Figure
1D). Also, we observed that this abrogation was not caused by
areduction in the mitotic index (Supplementary Figure 1A) or
by variations in cell cycle profiles (Supplementary Figure 1B
and 1C). Furthermore, our experimental schedule is similar to
other previously published in relation with Topoisomerase I
adducts [23].

A transcription dependent DNA damage
response (TC-DDR) is activated after 5-azadC
incorporation

It has been shown that Topoisomerase [-DNA
complexes can block transcription forks resulting in the
activation of a DDR involving ATM-CHK2, y-H2AX,
53BP1 and DNA-PK [24, 25]. H2AX is phosphorylated
at Serine 139 in response to several types of DNA damage
such as DNA DSBs [26] and replication stress [27].
53BP1 foci are a more restrictive marker for DSBs and
are thought to be indicative of a NHEJ repair [28, 29].

Using the same experimental design described
above (Figure 1A), we wanted to analyze if a TC-DDR
is activated. We used human cells defective in CSB
from a Cockayne syndrome patient complemented with
human CSB (CS1AN CSB-GFP). According to the results
presented before, 5-azadC induced an increase in the
phosphorylation of H2AX which was reduced when cells
were co-treated with DRB (Figure 2A). Similar results
were found when examining 53BP1 foci (Figure 2B).

CSB has been recently proposed to have a role in the
repair of Topoisomerase I cleavable complexes stabilized
by Camptothecin (CPT) [30]. Under our experimental
design we found an accumulation of CSB in foci after
a treatment with 5-azadC that seems to be transcription
dependent (Figure 2C).
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We found that y-H2AX co-localized with CSB foci, when 5-azadC was administered at short times without

and that the frequency of 5-azadC induced co-localized foci the interference of a second replication round (Figure
was reduced when transcription was inhibited (Figure 2D). 2E). Under these conditions, y-H2AX also co-localized

When looking at co-localization in DNMT1-GFP with 53BP1 foci (Figure 2F). All these data suggest
transfected cells, we found that DNMT1 foci co-localized that transcription has a role in the sensing of the lesions
with y-H2AX. This data indicates the activation of a DDR induced by 5-azadC.
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Figure 2: A transcription dependent DNA damage response is activated after 5-azadC incorporation. CSIAN CSB-GFP
complemented cells were treated following the schedule presented in Figure 1A and y-H2AX (A), 53BP1 (B) and CSB (C) foci were
analyzed. The average of y-H2AX foci colocalizing with CSB per cell is representated in (D). Representative micrographs are depicted in
(E). (F) Co-localization between DNMT1 and y-H2AX foci. AAS8 cells were transfected with DNMT1-GFP plasmid, treated for 6 h with
5-azadC and immunomarked for y-H2AX. (G) Co-localization between 53BP1 and y-H2AX. AAS cells were treated for 6 h with 5-azadC
and cells were fixed and marked for immunofluorescence. Confocal micrographs are depicted. The means and SEM of two-three independent
experiments are shown. Statistical significance was determined using Student’s #-test, n.s. = non-significant, “P < 0.01, "P < 0.05.
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CSB mutant cells have defects in the signaling of
DNA damage induced by 5-azadC

Once described that the initial DNA lesions induced
by 5-azadC are sensed in a transcription dependent
fashion, we wanted to address the importance of CSB
in the setup of this process. We use UV61 and CS1AN
cells (CSB deficient) and data were compared with AAS8
(wild type) or CSIAN CSB-GFP (CSB complemented)
cells. Cells were treated for 6 hour with 5-azadC and the
frequency of DNMT1 foci was monitored in wild type and
CSB deficient cells. Our results showed no difference in
the number of DNMTT1 foci in both cell lines after 5-azadC
treatment (Figure 3A—-3B). Therefore, the frequency of
initial lesions seems to be similar, which makes possible
to compare the DDR activated in both cell lines. We found
that UV61 cells were unable to phosphorylate H2AX
in response to 5-azadC (Figure 3C). Accordingly, we
could not find an increase in the co-localization between
v-H2AX and DNMTT in response to 5-azadC in CSB
mutant cells (Figure 3D).

When we wanted to analyse y-H2AX and 53BP1
foci in human cells, a similar pattern was found, which
demonstrates a similar behaviour of hamster and human
cells (Figure 3E-3F).

A classical feature of CSB-deficient cells is related
with its transcriptional incapability to recover from a
transcription block [8]. In order to monitor the effect of
5-azadC in the transcription rates, we incubated AA8
and UV61 cells with increasing doses of 5-azadC for 6
h. Then, cells were pulse-labelled for 15 minutes with
*H-Uridine and transcription rates were measured in a
scintillation counter. Our data shows a consistent decrease
in transcription rates in UV61 cells from the first dose
assayed (5uM). However, the block started to be evident
only when high doses of the drug were assayed for wild
type cells (Figure 3G). Altogether, our results show that
CSB is involved in the signaling of 5-azadC lesions
required to resume transcription.

Delayed repair of trapped DNMT1 in CSB
mutant cells

Trapped DNMTs are the primary lesion induced by
5-azadC responsible for tumour cell death [31]. It has been
recently shown that trapped Topoisomerases by poisons
are obstacles to transcription, causing blocks that act as
sensors for the repair of the adducts and the resumption
of transcription [24]. Moreover CSB has been recently
implicated in this mechanism [30].

Based on the evidence reported above, our data
suggests an implication of CSB in the signaling of trapped
DNMTI. If this is the case, it is conceivable to think that
CSB deficient cells would be defective in the repair of
trapped DNMT1 induced by 5-azadC. To address this
question, we performed cellular fractionation to isolate

chromatin in which we detected trapped DNMT1. We
show that DNMT1-GFP transfected AA8 and UV61 cells
presented similar levels of native and ectopic DNMTT1 in
the whole lysates (Figure 4A).

In order to monitor the repair of trapped DNMT],
DNMT1-GFP transfected cells were treated with 15uM
of 5-azadC for 24 h, washed and allowed to recover for
different times in drug free media. When looking at the
levels of remaining DNMT1-GFP trapped in chromatin,
we found a clear increase in UV61 cells compared to
wild type cells (Figure 4B). Taking into account that
there is some repair during the treatment time, a plausible
explanation would be a defect in the repair in CSB
deficient cells, responsible for the increased level of
trapped DNMT1 observed after treatment. Also, we think
that this repair defect in CSB mutant cells would be the
cause for the delayed repair observed as well.

This result was confirmed by fluorescence
microscope in DNMT1-GFP transfected cells (Figure 4D).
In this case, DNMT1 foci were scored over time after a
24 hour treatment with 5-azadC. Our data show that CSB
cells present more DNMTT1 foci all along the repair time
course. These findings agree very well with data presented
above and highlight the importance that CSB has in the
repair of trapped DNMTT.

Increased levels of DNA damage and reduced
survival in CSB mutant cells after 5-azadC
treatment

Recently, we have shown that trapped DNMTs
interfere with replication and generate DNA damage [21].
If CSB mutant cells have defects in the repair of trapped
DNMTI, the levels of DNA damage should increase
over time. To test this hypothesis, we treated cells with
5-azadC for 24 h and allowed to repair for another 24 h.
DNA damage was evaluated by the scoring of y-H2AX,
53BP1 and RADSI foci (Figure 5A-5D). We found
that, in contrast to the data obtained when we used short
treatments (Figure 2), CSB mutant cells display increased
levels of DNA damage foci. In our opinion this apparent
contradiction can be explained considering that foci
arising after short treatments indicate initial signaling of
the repair of 5-azadC lesions. On the contrary, many of the
foci visualized after long treatments could be related with
the signaling of secondary lesions i.e. collisions with the
replication fork with trapped DNMTT.

On the other hand, CSB deficient cells showed
a high increase in 5-azadC induced RADS51 foci as
compared to wild type cells (Figure 5D). We hypothesize
that CSB cells could present increased levels of collapsed
forks as a result of unrepaired DNMTT1 triggering RADS51-
dependent HR for repair.

Of interest, CSB deficient cells showed increased
micronuclei frequency, which is indicative of residual
DNA breaks (Figure 5E).
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Next we wanted to examine if DNA repair defects with this, CSB mutant cells also showed a reduced growth

observed in CSB mutant cells have a negative consequence when they were chronically exposed to 5-azadC (Figure
in survival. We performed clonogenic assays both in 6C—6D). Cell cycle profiles agree very well with the above
hamster and human cells (Figure 6A—6B). As can be seen, data and showed increased levels of cell death (sub-G1
CSB mutant cells (UV61 and CS1AN) presented reduced cells) in CSB mutant cells when treated with 5-azadC
survival when exposed to 5-azadC. In good agreement (Figure 6E—-6H).
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Figure 3: CSB mutant cells have defects in the signaling of the initial DNA damage induced by 5-azadC. (A-B) Similar
levels of trapped DNMT]1 in wild type AA8 and CSB defective UV61 cells. DNMT1 CSB-GFP cells were treated for 6 h with 15uM of
5-azadC, fixed and prepared for scoring of DNMT1 foci. Cells > 5 foci were scored as positive (A). Alternatively the number of DNMT1
foci/cell is also represented (B). (C) CSB cells have defects forming y-H2AX foci in response to a short 5-azadC treatment (6 h). (D)
5-azadC induces DNMT1-yH2AX co-localization in a CSB dependent fashion. DNMT1-GFP transfected cells were treated for 6 h with
5-azadC, fixed and immunolabelled for YH2AX. Mander’s co-localization index was employed (Image J). (E and F) Importance of CSB in
the formation of y-H2AX and 53BP1 foci in human cells. CS1AN and CS1AN CSB-GFP cells were treated for 6 h with 5-azadC (15uM),
fixed and immunolabelled for the indicated proteins. A clear increase in foci was observed for complemented cells. However CSB cells
couldn’t form repair foci. (G) CSB cells present transcription blocks after a short treatment with 5-azadC. AA8 and UV61 cells were treated
with increasing doses of 5-azadC for 6 h and labelled with tritiated uridine for 15 minutes in order to monitor transcription rates. CSB cells

presented blocks in transcription elongation from the first dose assayed. However for wild type cells blocks are evident only for higher
doses assayed.
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Transcription and CSB work in the same
pathway to promote survival after treatment
with 5-azadC

Apart from TC-NER, CSB has been implicated
in several processes such as Base Excision Repair [11,
32, 33], nucleosome positioning [34] and mitochondrial

DNA repair [35]. As far as we know, many of these
processes are not closely related to transcription
elongation. Therefore, we analyzed if the function of CSB
is epistatic with transcription elongation in response to
5-azadC. We treated AA8 and UV61 cells with 5-azadC
for 24 h. During the last 12 h cells were cultured in the
presence/absence of the transcription inhibitors DRB or
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Figure 4: Delayed repair of trapped DNMT1 in CSB mutant cells. (A) Validation of the fractionation protocol followed. AA8

and UV61 cells were transfected with DNMT1-GFP plasmid before lysis. Whole (W) or fractionated lysis were carried out. Cytoplasmic
(Cyt), nuclear soluble (Nu.sol.) and chromatin (Chr.) fractions were obtained. Our data show that endogenous and ectopic DNMT1 are
equally expressed in both cell types. The expected localization of GADPH, Fibrillarin and y-H2AX in the cytosolic, nuclear, and chromatin
enriched fractions, respectively is shown. (B) Repair of chromatin bound DNMT1-GFP in wild type AA8 and CSB deficient UV61 cells.
Cells were treated for 24h with 15uM of 5-azadC and allowed to repair in drug free media for the indicated times. Cells were fractionated
and chromatin fractions were loaded analyzed by SDS-PAGE. (C) A densitometric analysis of the chromatin bound DNMT1-GFP in relation
to the chromatin marker H3 is shown. (D) Alternatively DNMT1-GFP transfected AA8 and UV61 cells were treated for 24h with 15uM of
5-azadC and allowed to repair in drug free media for different times, fixed and scored for DNMTT1 foci in a fluorescence microscope. The
means and SEM of two independent experiments are shown. Data were considered statistically different when P < 0.05 (") or P < 0.01(™).
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a-Amanitin. Next, we monitored DNA repair foci (Figure observed when looking at micronuclei induction (Figure

7A-7C) or micronuclei (Figure 7D) induction. An increase 7D). The lack of potentiation in micronuclei induction
of DNA repair foci induced by 5-azadC was observed in CSB deficient cells cannot be explained by a delay in
when transcription was blocked in wild type cells but cell cycle, as no difference in the progression of the cell
not in UV61 cells (Figure 7A—7C). The same pattern was cycle was observed (Supplementary Figure 2). Overall
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Figure 5: Increased levels of DNA damage in CSB mutant cells after a prolongued 5-azadC treatment. (A-D) AAS8
and UV61 cells were treated for 24 h with 5-azadC (2uM) washed and allowed to repair for 24h. Then were fixed and prepared for
immunological staining of y-H2AX (A-B), 53BP1 (C) and RADS51 (D). (E) In order to monitor residual DNA damage after a 24h treatment
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in cytochalasin B containing media for 18h. Cells were then fixed and scored for the number of micronuclei in binucleated cells. The
means and SEM of three independent experiments are shown. Data were statistically analysed using Student’s #-test. Data were considered
statistically different when P < 0.05 (") or P < 0.01(™).
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these results suggest that transcription works in the same
pathway than CSB to repair lesions induced by 5-azadC.

Finally, we wanted to see if the epistatic interaction
could be also observed when looking at cell survival
(Figure 7E). In good agreement with the data presented
above, a clear sensitization by DRB was obtained just in
wild type cells. As a whole, data suggest that transcription
works upstream to CSB in response to lesions induced by
5-azadC.
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Several DNA damaging agents are known to form
DNA-protein cross-links (DPC), including topoisomerase
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In recent years, some mechanisms involved in the repair
of these DNA insults have been elucidated [36], although
many questions remains unanswered for the DPC induced
by 5-azadC.
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cells were scored. Data are plotted in relation to the survival of control cells (100 %). (C and D) Cell growth after a continuous exposure to
5-azadC (15pM). Cells were collected at the indicated times and viable cells were scored (tripan blue negative). (E-H) Cell cycle profiles
after a continuous exposure to 5-azadC (15uM) in AA8-UV61 (E), CSIAN-CS1AN CSB-GFP (F) and quantifications of subG1 cells (G-H).
The means and SEM of three independent experiments are shown. Data were statistically analized using Student’s #-test. Data were

considered statistically different when P < 0.05 (*) or P < 0.01(*").
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Immobilized proteins onto DNA are described to synthesized RNA and if the block is prolonged in time,

be very effective disruptors of transcription [37], and leads into apoptosis.
are preferentially repaired if they are in the transcribed It has been shown that transcription blocks trigger a
strand [38]. The arrest of RNApol II at transcription different ATM-dependent DNA damage response named
blocking lesions stops the elongation of the newly non-canonical ATM activation [24, 25, 39]. In this paper
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Figure 7: Prolonged transcription inhibition potentiates 5-azadC-induced DNA damage in a CSB dependent manner.
(A—C) Cells were treated for 24h with 5-azadC (2uM), DRB (10uM) was added in the last 12h. Cells were then fixed and immunomarked
for y-H2AX (A), 53BP1 (B) and RAD51 (C). (D) DNA damage was also scored with the micronucleus test. Exponential cell cultures
were treated 5-azadC (15 uM) alone or in combination with DRB (20uM) or a-Amanitin (1pM) and allowed to recover in cytochalasin
B containing media for 18h, fixed and the frequency of micronucleus was scored in binucleated cells. The means and SEM of three
independent experiments are shown. Data were statistically analyzed using Student’s #-test. Data were considered statistically different
when P < 0.05 () or P < 0.01(*"). (E) Transcription inhibition sensitizes wild type cells but not CSB deficient cells to 5-azadC. AA8 and
UV61 cells were seeded at low density and 4h later treated for 36h with increasing doses of 5-azadC. Last 24h cells were in the presence of
DRB (20uM). Cells were then washed and allowed to form colonies in drug free media for 7-9 days. Colonies were then fixed and stained
with methylene blue in methanol (4g/L). Data are plotted as percentage of survival in relation to control cells (100 %). A representative
experiment is shown.
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we designed a 6 hour schedule to monitor the initial events
in the repair of trapped DNMT1 by 5-azadC. Under these
conditions we assume that the canonical ATM response
that arises when replication forks are collapsed with
trapped DNMT1 is not activated [40].

Firstly we demonstrate that a short treatment with
5-azadC induces either DNA breaks (Figure 1) and repair
foci (Figure 2) in a transcription dependent manner. As far
as we know this is the first demonstration that a TC-DDR
is activated soon after trapping of DNMT1. These repair
foci including y-H2AX and 53BP1 depends on functional
CSB to be established, as no induction of foci was found
when CSB deficient cells were treated for a short time with
5-azadC (Figure 3A-3F). Furthermore, we demonstrate
that the treatment with 5-azadC for a short time, decreases
the transcription rates of CSB mutant cells (Figure 3G),
which suggests that transcription in mutant cells cannot
be resumed after 5-azadC treatment. Similarly, a lack of
53BP1 and y-H2AX foci induction was found when CSB
deficient cells were treated for a short time with CPT [41]
or Ecteinascidin 743 [42] respectively. Both drugs are well
known inductors of transcription coupled DNA damage.
However, there is another recent contribution where it is
shown that the levels of 53BP1 foci are increased in CSB
deficient cells soon after a ionizing radiation exposure
[15]. A plausible explanation to this controversy could

5-azadC incorporation DNMT trapped on DNA

5-azadC \‘};}\ﬁw z
&,-& 7:‘ > TTTITIT I I T >

DNMT

CSB mutant cells

l

Delayed Repair of
DNMT1 adducts

v

DSBs

\

Cell death

be the different implications of TC-DDR in relation with
the agents studied. It is likely that the role of CSB when
recruited to IR-induced DSBs differs from its implication
in bulky lesions such as those induced by Ecteinascidin
743, Topoisomerase I poisons or 5-azadC.

When RNApol II is stalled at damage sites, a
CSB-dependent recruitment of CSA/E3 ubiquitin ligase
complex is followed by the recruitment of other NER
factors [43]. However, classic NER proteins do not seem
to be important in survival after 5-azadC exposure, so the
repair mechanism behind DNMTs-DNA adducts is not a
classical TC-NER (see reference [44] and Supplementary
Figure 3).

We also show an increase in the colocalization
levels between DNMT1 and y-H2AX when exposed for
a short time to 5-azadC in wild type cells, which indicates
that the activated DDR is related to trapped DNMT]1
(Figure 2F and 3D). In support of this notion, we show
a delayed repair of trapped DNMT1 in CSB deficient
cells (Figure 4). Future work is needed to elucidate the
exact mechanism of this repair; however it is interesting
to mention that CSB contains a PARP binding site and
that there is epistatic evidence that PARP1 and CSB act
together in repair of oxidative lesions [45]. Interestingly,
we have reported that the PARP inhibitor Olaparib delays
the clearance of DNMTT foci after 5-azadC [22]; we can

Transcription
direction

D EE——

CSB wild type

Repair of DNMT1
adducts

Figure 8: Proposed model of CSB in the toxicity of 5-azadC. 5-azadC is randomly incorporated instead of normal cytosine during
DNA replication and attempted to be methylated at inter- and intragenic CpG islands by DNMT1 which remain trapped generating protein-
DNA adducts. Transcription forks are blocked at these adducts generating DNA DSBs that need to be properly signaled in a CSB dependent
manner. CSB proficient cells are able to repair the adducts but not CSB deficient cells. If these adducts are not repaired, they could interfere
with the progression of the replication forks of the following cell cycle and generate DSBs and cell death.
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speculate that PARP and CSB are working in an epistatic
fashion to repair these DNA lesions.

Apart from protein-DNA adducts, 5-azadC also
induces base damage that can be converted into single
strand breaks (SSB) after BER processing [22] and
SSB can also be a strong block to transcription [46].
As 5-azadC is incorporated all over the genome but
concentrated in CpG islands, it is possible that clustered
lesions (comprised by SSB and trapped DNMTs) can be
formed in those islands and transcription could be stopped
by both types of lesions.

DNA methylation is key epigenetic mechanisms
consisting on the covalent addition of a methyl group
to the carbon at position 5 of the cytosine in the CpG
dinucleotides. Around 80% of methylation occurs at CpG
sites in mammalian genomes [47]. These palindromic
dinucleotides are concentrated in regions called CpG
islands, that can be found both in gene promoters as well
as in gene bodies, where they can regulate splicing [48]
and expression of noncoding RNAs [49]. Single CpGs are
often found in repetitive DNA elements and centromeric
regions that are not related to transcription.

During replication, methylation pattern is
maintained by DNMT1 [50]. This 180 kDa enzyme
methylates hemimethylated DNA acting just after
replication forks. 5-azadC is randomly incorporated into
DNA instead of normal cytosine. Therefore, DNMTs could
be trapped either in islands surrounding the transcription
start site as well as in intragenic islands. We think that the
transcription fork could be blocked with the incorporation
of DNMT1-DNA adducts in those places triggering a
DDR.

When 5-azadC is administered for prolonged
periods (24 h), we found higher levels of DNA repair
foci in CSB deficient cells (Figure 5). Increased levels
of 53BP1 and RIF1, as well as reduced levels of RAD51
foci, have been found in CSB deficient cells treated with
ionizing radiation. These data support an active role of
CSB in the DSB repair pathway choice: facilitating HR
and suppressing Non-Homologous-End-Joining (NHEJ)
[15]. After a 5-azadC treatment, we found higher levels
of y-H2AX and 53BP1 foci, as well as increased levels
of RADS1 foci, which suggests that HR is not impaired
in our CSB deficient cells. We believe that foci arising
after long 5-azadC treatments differ from those observed
when 5-azadC is present only for 6 h. We hypothesize that
a short treatment schedule reveals only the initial DNA
damage repair, i.e., transcription coupled repair of trapped
DNMTs. However, when long treatment schedules were
assayed, both repair of trapped DNMTs and its collisions
with replications forks (probably occurring at the same
time) are visualized. The reduced levels of the initial repair
foci in CSB deficient cells are explained by a possible role
of CSB in a DDR response after transcription blocks. If
CSB is not functional, then more unrepaired lesions are

present in DNA which can interfere with second round
replication forks, leading to more DBSs with time.

All data compiled in this paper can be summarized
as follows (Figure 8). While replication forks advance,
DNMT1 methylates cytosines present in CpG sites. When
5-azadC is in the place of normal cytosine, DNMT1
remains trapped generating DNA damage. These bulky
lesions block transcription forks and generate DNA
breaks. According to our data, CSB orchestrates a DDR
of these lesions. If cells have functional CSB, then a
proper DNA damage response is activated and DNA repair
proteins are recruited; this allows repair and resumption of
transcription. In the absence of CSB, DNA adducts are not
repaired and could represent an obstacle to next replication
and as a consequence DNA breaks and cell death.

MATERIALS AND METHODS

Cell culture and chemicals

Chinese hamster ovary cells AAS8 (wild-type) and
UV61 (CSB deficient) were a gift from Larry Thompson
and were cultured in DMEM media. The human CSB
(ERCCO6) gene corrects the transcription coupled repair
defect in UV61 cells [51].

CS1AN cells are SV40 immortalized patient
fibroblasts deficient in CSB and were a gift from
Jurgen Marteijn (Erasmus MC, Department of Genetics,
Wytemaweg 80 3015 CN Rotterdam). These cells were
complemented with CSB-GFP [52].

All cell lines were cultured with 10% fetal bovine
serum, penicillin (50 U/ml) and streptomycin (50 pg/ml),
at37°C in a 5% CO, atmosphere.

5-aza-2'-deoxycytidine (Sigma) was dissolved in
phosphate buffered saline (PBS), aliquoted and stored at
—80°C. 5,6-Dichlorobenzimidazole 1-B-D-ribofuranoside
(DRB), a-Amanitin and Cytochalasin B (Cyt B) were
obtained from Sigma, dissolved in DMSO, aliquoted
and stored at —80°C. DRB inhibits CK2 kinase which
phosphorylates and activates RNA polymerase II, resulting
in repression of transcription elongation [53] and dramatic
reduction in mRNA levels [54].

Immunofluorescence

Exponential growing cells were treated for 24 h with
5-azadC. During the last 12 h of this treatment cultures
were grown in the presence or absence of DRB (10uM).

Alternatively, cells were treated with 5-azadC
(15uM) for 6 h and DRB (30uM) was present during the
last 3 h.

After treatments, cells were washed in PBS and
incubated for 30s with ice cold 0.1% PBS containing
Triton-X in order to pre-extract soluble protein. Then cells
were fixed in 4% paraformaldehyde at room temperature
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for 10 min. Immunofluorescence of y-H2AX (millipore),
53BP1 (Santa Cruz) and RADS1 (Santa Cruz) were carried
out as previously described (21). Cells were photographed
using a Zeiss LSM 7 duo confocal microscope.

The number of foci per cell was assessed using
Image J software (NIH). Also, the percentage of cells with
more than 10 or 20 foci were scored. At least 200 nuclei
were counted on each slide.

Plasmids and transfection procedures

The plasmid expressing GFP-tagged DNMTI1
was a gift from Keith Robertson and has been described
previously [20].

All transient transfections were performed using
JetPRIME® transfection reagent according to the
manufacturer’s protocol (PolyPlus). Cells were allowed
to express DNMTI1-GFP for 24 h, cells were then
treated with 5-azadC (15uM) for 6 h and fixed using 4%
paraformaldehyde. Samples were then processed for the
detection of y-H2AX foci according to previous papers
(21). Manders colocalization index was measured using
Fiji software (Coloc2 plugin, where 1 means perfect co-
localization and 0 no co-localization).

For repair experiments, 24 h after DNMTI-
GFP transfection, cells were trypsinized reseeded and
treated with 5-azadC (15uM) for 24 h. Media was then
replaced and cells were fixed at different times using
paraformaldehyde 4%. The percentage of cells with > 10
DNMT1 foci in transfected cells was scored [22].

Survival assay

Cells were seeded at low density in 10 cm Petri
dishes 4h prior to 5-azadC treatment for 24h. Media was
then replaced and colonies were allowed to grow for 8—10
days.

For combination experiments cells were treated for
12 h with increasing doses of 5-azadC. Then DRB (20uM)
was added to the cultures for 24 h. At this point media was
replaced and colonies were allowed to grow for 8-10 days.

Colonies were then fixed and stained (methylene
blue dissolved in methanol, 4g/1). The data are plotted as
percentage of survival referred to control cells.

Micronucleus assay

Cells were seeded and allowed to grow for 24 h.
Next day, cultures were treated with increasing doses of
5-azadC for another 24 h. For combined experiments,
cells were treated for 12 h with 5-azadC, media was then
replaced and cells were allowed to grow in the presence
of the transcription inhibitors a-Amanitin (1pM) or DRB
(20uM) for 12 h.

Finally, for all experiments, media was changed and
cultures were treated with 3 pg/ml of Cytochalasin B for
18 h. Cells were trypsinized and fixed in methanol-acetic

solution (3:1). Preparations were made by dropping cells
onto wet slides and staining with Giemsa (3% in Sorensen
buffer). Two thousand binucleated cells were scored for
micronucleus frequency in each treatment.

Chromosome analysis

Exponential growing AA8 and UV61 cells were
cultured for 6 h with 5-azadC (50uM). DRB (30uM) was
added during the last 3 h. Then mitotic arrest was achieved
with 2x1077 M of colcemid for 2.5h.

Cells were collected and incubated in hypotonic
solution (0.075M KCI) for 2 min, fixed in methanol: acetic
acid (3:1) and dropped onto microscope slides. Slides
were stained with 3% Giemsa/Sorensen’s buffer for 5 min
and mounted in D.P.X. (Sigma).

Two hundred complete metaphases were evaluated
in each experimental point. Images were taken with a
Nikon eclipse 50i microscope equipped with a Nikon
DS-Fil camera and using the 100-fold magnification
objective (numerical aperture 1.25) and the NIS Elements
3.0 adquisition software (Nikon).

Cellular fractionation and SDS-PAGE analysis

In order to measure the trapping and repair of
DNMTI1 in DNA, we performed cellular fractionation
as described before [22, 55]. After treatment, cells were
collected at different time points and counted separately
using a Bio-Rad TC20™ cell counter. In order to load
equal amounts of chromatin fractioned protein, 1x10°
cells were fractioned for each sample. All protein were
separated on sodium dodecylsulphate-polyacrylamide
gel electrophoresis (SDS-PAGE) gels and subsequently
transferred to nitrocellulose membranes. All subsequent
steps were carried out in TBS—-Tween (10 mM Tris-
HCI, pH7.6, 150mM NacCl and 0.05% Tween-20) either
containing 5% milk (blocking and antibody incubations)
or 5% BSA (phospho-specific antibody incubations).
Antibody binding was visualized by enhanced
chemiluminescence using the SuperSignal West Dura or
Pico reagents from Pierce™. Antibodies used: DNMT]1
(Abcam), Histone H3 (Santa Cruz), GAPDH (Abcam) and
Fibrilarin (Santa Cruz).

Transcription assay

In order to measure transcription rates we seeded
50.000 AA8/UV6I cells in 24 well plates. After 24h, they
were treated with increasing doses of 5-azadC. 6 h later,
1uCi of [*H]-Uridine was added for 15 minutes at 37°C,
washed once with PBS and ice cold-methanol extracted
for 30 minutes. Cells were washed again with PBS and
500pl of 0.01M NaPO,H, in 0.5% SDS buffer was added.
Cells were then dislodged with a cell scraper, transferred
to 1.5 ml tubes and sonicated in water bath for 10 minutes.
Finally lysates were transferred to scintillation tubes and
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3ml of Ultima Gold scintillation fluid were added before
analysis.

Flow cytometry

Exponential cells were treated with 5-azadC (15
uM) and collected at different time points. Then cells
were counted and cell viability was monitored using
trypan blue exclusion assay. Cells were washed in ice-
cold PBS and fixed in 70% ethanol for 24h at —20°C.
Subsequently, cells were washed and incubated with 500l
of a solution containing Propidium iodide (0.1 mg/ml) and
RNAse (8 pg/ml) for 1.5 h at 4°C. Cell cycle profiles were
obtained in a Beckman Coulter Flow cytome ter model:
CYTOMICS FC500-MPL.

Author contributions

EBM, JCM, NP, AH, ARC, ID, SM, NH, MLL and
MLO performed experiments. SM, TH, MLO conceived
the project and interpreted the results. MLO wrote the
paper. All authors approved the final version.

ACKNOWLEDGMENTS

We thank Keith Robertson (Mayo Clinic) and
Jurgen Marteijn (Erasmus MC) for materials. We also
thank Fundacion Progreso y salud, Junta de Andalucia
and Helleday Foundation for funding. We also thank
Modesto Carballo and Juan Luis Rivas from the Biology
and Microscopy Services of the University of Seville
(CITIUS) for their assistance in flow cytometry and
confocal microscopy.

CONFLICTS OF INTEREST

The authors declare no conflict of interest.

FUNDING

This work was supported by Fundacion Progreso
y Salud (PI-0073-2014) and Helleday Foundation
(http://helledayfoundation.org).

REFERENCES

1. Aguilera A, Garcia-Muse T. Causes of genome instability.
Annu Rev Genet. 2013; 47:1-32.

2. Mortusewicz O, Herr P, Helleday T. Early replication
fragile sites: where replication-transcription collisions cause
genetic instability. EMBO J. 2013; 32:493-95.

3. Poveda AM, Le Clech M, Pasero P. Transcription and
replication: breaking the rules of the road causes genomic
instability. Transcription. 2010; 1:99—-102.

10.

11.

12.

13.

14.

15.

16.

Hamperl S, Cimprich KA. The contribution of
co-transcriptional RNA:DNA hybrid structures to DNA
damage and genome instability. DNA Repair (Amst). 2014;
19:84-94.

Marteijn JA, Lans H, Vermeulen W, Hoeijmakers JH.
Understanding nucleotide excision repair and its roles
in cancer and ageing. Nat Rev Mol Cell Biol. 2014;
15:465-81.

Bohr VA, Smith CA, Okumoto DS, Hanawalt PC. DNA
repair in an active gene: removal of pyrimidine dimers from
the DHFR gene of CHO cells is much more efficient than in
the genome overall. Cell. 1985; 40:359-69.

Mellon I, Spivak G, Hanawalt PC. Selective removal of
transcription-blocking DNA damage from the transcribed
strand of the mammalian DHFR gene. Cell. 1987;

51:241-49.

M, Mullenders LH. Transcription-coupled
nucleotide excision repair in mammalian cells: molecular
mechanisms and biological effects. Cell Res. 2008;
18:73-84.

Lagerwerf S, Vrouwe MG, Overmeer RM, Fousteri MI,
Mullenders LH. DNA damage response and transcription.
DNA Repair (Amst). 2011; 10:743-50.

Groisman R, Kuraoka I, Chevallier O, Gaye N, Magnaldo T,
Tanaka K, Kisselev AF, Harel-Bellan A, Nakatani Y. CSA-
dependent degradation of CSB by the ubiquitin-proteasome

Fousteri

pathway establishes a link between complementation factors
of the Cockayne syndrome. Genes Dev. 2006; 20:1429-34.

Stevnsner T, Muftuoglu M, Aamann MD, Bohr VA. The
role of Cockayne Syndrome group B (CSB) protein in
base excision repair and aging. Mech Ageing Dev. 2008;
129:441-48.

Iyama T, Lee SY, Berquist BR, Gileadi O, Bohr VA,
Seidman MM, McHugh PJ, Wilson DM 3rd. CSB interacts
with SNM1A and promotes DNA interstrand crosslink
processing. Nucleic Acids Res. 2015; 43:247-58.
Batenburg NL, Mitchell TR, Leach DM, Rainbow AJ, Zhu
XD. Cockayne Syndrome group B protein interacts with
TRF2 and regulates telomere length and stability. Nucleic
Acids Res. 2012; 40:9661-74.

Gottipati P, Helleday T. Transcription-associated
recombination in eukaryotes: link between transcription,
replication and recombination. Mutagenesis. 2009;
24:203-10.

Batenburg NL, Thompson EL, Hendrickson EA, Zhu
XD. Cockayne syndrome group B protein regulates DNA
double-strand break repair and checkpoint activation.
EMBO J. 2015; 34:1399-416.

Liibbert M, Riiter BH, Claus R, Schmoor C, Schmid
M, Germing U, Kuendgen A, Rethwisch V, Ganser A,
Platzbecker U, Galm O, Brugger W, Heil G, et al. A
multicenter phase II trial of decitabine as first-line treatment
for older patients with acute myeloid leukemia judged

www.oncotarget.com

35082

Oncotarget


http://helledayfoundation.org

17.

18.

20.

21.

22.

23.

24.

25.

26.

27.

unfit for induction chemotherapy. Haematologica. 2012;
97:393-401.

Issa JP, Garcia-Manero G, Giles FJ, Mannari R, Thomas
D, Faderl S, Bayar E, Lyons J, Rosenfeld CS, Cortes J,
Kantarjian HM. Phase 1 study of low-dose prolonged
exposure schedules of the hypomethylating agent 5-aza-2'-
deoxycytidine (decitabine) in hematopoietic malignancies.
Blood. 2004; 103:1635-40.

Jones PA, Taylor SM. Cellular differentiation, cytidine
analogs and DNA methylation. Cell. 1980; 20:85-93.
Daskalakis M, Nguyen TT, Nguyen C, Guldberg P, Kohler
G, Wijermans P, Jones PA, Liibbert M. Demethylation
of a hypermethylated P15/INK4B gene in patients with
myelodysplastic syndrome by 5-Aza-2'-deoxycytidine
(decitabine) treatment. Blood. 2002; 100:2957—64.

Palii SS, Van Emburgh BO, Sankpal UT, Brown KD,
Robertson KD. DNA methylation inhibitor 5-Aza-
2'-deoxycytidine induces reversible genome-wide
DNA damage that is distinctly influenced by DNA
methyltransferases 1 and 3B. Mol Cell Biol. 2008;
28:752-71.

Orta ML, Calderén-Montaio JM, Dominguez I, Pastor
N, Burgos-Moroén E, Lopez-Lazaro M, Cortés F, Mateos
S, Helleday T. 5-Aza-2'-deoxycytidine causes replication
lesions that require Fanconi anemia-dependent homologous
recombination for repair. Nucleic Acids Res. 2013;
41:5827-36.

Orta ML, Hoglund A, Calderén-Montafio JM, Dominguez
I, Burgos-Morén E, Visnes T, Pastor N, Stréom C, Lopez-
lazaro M, Helleday T. The PARP inhibitor Olaparib disrupts
base excision repair of 5-aza-2'-deoxycytidine lesions.
Nucleic Acids Res. 2014; 42:9108-20.

Proietti De Santis L, Garcia CL, Balajee AS, Brea Calvo
GT, Bassi L, Palitti F. Transcription coupled repair
deficiency results in increased chromosomal aberrations and
apoptotic death in the UV61 cell line, the Chinese hamster
homologue of Cockayne’s syndrome B. Mutat Res. 2001;
485:121-32.

Sordet O, Redon CE, Guirouilh-Barbat J, Smith S, Solier
S, Douarre C, Conti C, Nakamura AJ, Das BB, Nicolas E,
Kohn KW, Bonner WM, Pommier Y. Ataxia telangiectasia
mutated activation by transcription- and topoisomerase
I-induced DNA double-strand breaks. EMBO Rep. 2009;
10:887-93.

Sordet O, Nakamura AJ, Redon CE, Pommier Y. DNA
double-strand breaks and ATM activation by transcription-
blocking DNA lesions. Cell Cycle. 2010; 9:274-78.

Bonner WM, Redon CE, Dickey JS, Nakamura AlJ,
Sedelnikova OA, Solier S, Pommier Y. GammaH2AX and
cancer. Nat Rev Cancer. 2008; 8:957-67.

Petermann E, Orta ML, Issaecva N, Schultz N, Helleday T.
Hydroxyurea-stalled replication forks become progressively

inactivated and require two different RADS51-mediated
pathways for restart and repair. Mol Cell. 2010; 37:492-502.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Chapman JR, Barral P, Vannier JB, Borel V, Steger M,
Tomas-Loba A, Sartori AA, Adams IR, Batista FD, Boulton
SJ. RIF1 is essential for 53BP1-dependent nonhomologous
end joining and suppression of DNA double-strand break
resection. Mol Cell. 2013; 49:858-71.

Di Virgilio M, Callen E, Yamane A, Zhang W, Jankovic M,
Gitlin AD, Feldhahn N, Resch W, Oliveira TY, Chait BT,
Nussenzweig A, Casellas R, Robbiani DF, Nussenzweig
MC. Rifl prevents resection of DNA breaks and promotes
immunoglobulin class switching. Science. 2013;
339:711-15.

Horibata K, Saijo M, Bay MN, Lan L, Kuraoka I, Brooks
PJ, Honma M, Nohmi T, Yasui A, Tanaka K. Mutant
Cockayne syndrome group B protein inhibits repair of
DNA topoisomerase I-DNA covalent complex. Genes Cells.
2011; 16:101-14.

Jittermann R, Li E, Jaenisch R. Toxicity of 5-aza-2'-
deoxycytidine to mammalian cells is mediated primarily
by covalent trapping of DNA methyltransferase rather
than DNA demethylation. Proc Natl Acad Sci USA. 1994;
91:11797-801.

Aamann MD, Hvitby C, Popuri V, Muftuoglu M,
Lemminger L, Skeby CK, Keijzers G, Ahn B, Bjords
M, Bohr VA, Stevnsner T. Cockayne Syndrome group B
protein stimulates NEIL2 DNA glycosylase activity. Mech
Ageing Dev. 2014; 135:1-14.

Wong HK, Muftuoglu M, Beck G, Imam SZ, Bohr VA,
Wilson DM 3rd. Cockayne syndrome B protein stimulates
apurinic endonuclease 1 activity and protects against agents
that introduce base excision repair intermediates. Nucleic
Acids Res. 2007; 35:4103-13.

Newman JC, Bailey AD, Weiner AM. Cockayne syndrome
group B protein (CSB) plays a general role in chromatin
maintenance and remodeling. Proc Natl Acad Sci USA.
2006; 103:9613-18.

Aamann MD, Sorensen MM, Hvitby C, Berquist BR,
Muftuoglu M, Tian J, de Souza-Pinto NC, Scheibye-
Knudsen M, Wilson DM 3rd, Stevnsner T, Bohr
VA. Cockayne syndrome group B protein promotes
mitochondrial DNA stability by supporting the DNA repair
association with the mitochondrial membrane. FASEB J.
2010; 24:2334-46.

Stingele J, Jentsch S. DNA-protein crosslink repair. Nat Rev
Mol Cell Biol. 2015; 16:455-60.

Nakano T, Ouchi R, Kawazoe J, Pack SP, Makino K, Ide
H. T7 RNA polymerases backed up by covalently trapped
proteins catalyze highly error prone transcription. J Biol
Chem. 2012; 287:6562-72.

Fang Q. DNA-protein crosslinks processed by nucleotide
excision repair and homologous recombination with base
and strand preference in E. coli model system. Mutat Res.
2013; 741-742:1-10.

Tresini M, Warmerdam DO, Kolovos P, Snijder L, Vrouwe
MG, Demmers JA, van lJcken WF, Grosveld FG, Medema

www.oncotarget.com

35083

Oncotarget



40.

41.

42.

43.

44,

45.

46.

47.

RH, Hoeijmakers JH, Mullenders LH, Vermeulen W,
Marteijn JA. The core spliceosome as target and effector of
non-canonical ATM signalling. Nature. 2015; 523:53-58.
Petermann E, Helleday T. DNA replication-associated
lesions: importance in early tumorigenesis and cancer
therapy. Biochem Soc Trans. 2007; 35:1352-54.

Sakai A, Sakasai R, Kakeji Y, Kitao H, Machara Y. PARP
and CSB modulate the processing of transcription-mediated
DNA strand breaks. Genes Genet Syst. 2012; 87:265-72.

Guirouilh-Barbat J, Redon C, Pommier Y. Transcription-
coupled DNA double-strand breaks are mediated via the
nucleotide excision repair and the Mrell-Rad50-Nbsl
complex. Mol Biol Cell. 2008; 19:3969-81.

Mullenders L. DNA damage mediated transcription arrest:
step back to go forward. DNA Repair (Amst). 2015;
36:28-35.

Nakano T, Katafuchi A, Matsubara M, Terato H, Tsuboi
T, Masuda T, Tatsumoto T, Pack SP, Makino K, Croteau
DL, Van Houten B, lijima K, Tauchi H, Ide H. Homologous
recombination but not nucleotide excision repair plays
a pivotal role in tolerance of DNA-protein cross-links in
mammalian cells. J Biol Chem. 2009; 284:27065-76.
Flohr C, Biirkle A, Radicella JP, Epe B. Poly(ADP-ribosyl)
ation accelerates DNA repair in a pathway dependent on
Cockayne syndrome B protein. Nucleic Acids Res. 2003;
31:5332-37.

Zhou W, Doetsch PW. Transcription bypass or blockage
at single-strand breaks on the DNA template strand: effect
of different 3’ and 5’ flanking groups on the T7 RNA
polymerase elongation complex. Biochemistry. 1994;
33:14926-34.

Tirado-Magallanes R, Rebbani K, Lim R, Pradhan
S, Benoukraf T. Whole genome DNA methylation:

48.

49.

50.

51.

52.

53.

54.

55.

beyond genes silencing. Oncotarget. 2017; 8:5629-37.
https://doi.org/10.18632/oncotarget. 13562

Shukla S, Kavak E, Gregory M, Imashimizu M, Shutinoski
B, Kashlev M, Oberdoerffer P, Sandberg R, Oberdoerffer
S. CTCF-promoted RNA polymerase II pausing links DNA
methylation to splicing. Nature. 2011; 479:74-79.

Deaton AM, Bird A. CpG islands and the regulation of
transcription. Genes Dev. 2011; 25:1010-22.

Dan J, Chen T. Genetic Studies on Mammalian DNA
Methyltransferases. Adv Exp Med Biol. 2016; 945:123-50.

Orren DK, Dianov GL, Bohr VA. The human CSB
(ERCC6) gene corrects the transcription-coupled repair
defect in the CHO cell mutant UV61. Nucleic Acids Res.
1996; 24:3317-22.

Dinant C, Ampatziadis-Michailidis G, Lans H, Tresini
M, Lagarou A, Grosbart M, Theil AF, van Cappellen
WA, Kimura H, Bartek J, Fousteri M, Houtsmuller AB,
Vermeulen W, Marteijn JA. Enhanced chromatin dynamics
by FACT promotes transcriptional restart after UV-induced
DNA damage. Mol Cell. 2013; 51:469-79.

Yamaguchi Y, Takagi T, Wada T, Yano K, Furuya A,
Sugimoto S, Hasegawa J, Handa H. NELF, a multisubunit
complex containing RD, cooperates with DSIF to repress
RNA polymerase II elongation. Cell. 1999; 97:41-51.

Peterlin BM, Price DH. Controlling the elongation phase
of transcription with P-TEFb. Mol Cell. 2006; 23:297-305.

Méndez J, Stillman B. Chromatin association of human
origin recognition complex, cdc6, and minichromosome
maintenance proteins during the cell cycle: assembly of
prereplication complexes in late mitosis. Mol Cell Biol.
2000; 20:8602—12.

www.oncotarget.com

35084

Oncotarget



