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response via poly(ADP-ribosyl)
ation
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Published: 06 March 2017 CCCTC-binding factor (CTCF) plays an essential role in regulating the structure of chromatin by binding
: DNA strands for defining the boundary between active and heterochromatic DNA. However, the role
. of CTCF in DNA damage response remains elusive. Here, we show that CTCF is quickly recruited to
. the sites of DNA damage. The fast recruitment is mediated by the zinc finger domain and poly (ADP-
. ribose) (PAR). Further analyses show that only three zinc finger motifs are essential for PAR recognition.
 Moreover, CTCF-deficient cells are hypersensitive to genotoxic stress such as ionizing radiation (IR).
. Taken together, these results suggest that CTCF participate in DNA damage response via poly(ADP-
. ribosylation).

. Chromatin is dynamically regulated to higher order structures'?. In response to DNA damage, a proper chroma-
. tin state is formed for facilitating DNA repair. Otherwise, it may cause genomic instability and result in human
* disorders, such as cancer®*. Recent evidences showed that DNA-damage-induced chromatin modifications regu-
. late the architecture of the chromatin at DNA lesions by recruiting chromatin remodeling factors>>¢. One of the
© early chromatin modifications in response to DNA damage is poly (ADP-ribosyl)ation (PARylation)”*.

PARylation is mediated by a group of poly (ADP-ribose) polymerases (PARPs), especially PARP1, the funding

: member of this family enzymes. In response to DNA damage, PARPs quickly catalyze PARylation at DNA lesions

. with NAD™ as ADP-ribose donor in this reaction. Within a few minutes following DNA damage, PARPs are able

. to use up to 90% cellular NAD* to build massive PAR at DNA lesions. PAR not only brings huge amount of neg-

© ative charges to relax the chromatin, but also is recognized by various types of PAR-binding motifs that mediate

. chromatin remodeling and facilitate DNA damage repair®'>. However, the underlying molecular mechanism of
PAR-mediated chromatin remodeling remains elusive.

Once DNA damage occurs, DNA damage repair factors are recruited hierarchically at and surround the
sites of DNA damage!®!”. Their assembly at DNA damage sites involves complex spatial and temporal coordi-
nation of many dynamic interactions among repair proteins, and one key regulator during these processes is
PARP1-depedent PARylation. We and others have shown that numerous DNA damage response factors recognize
PARylation signals at DNA lesions, which mediates early and fast recruitment of these DNA damage response
factors!®!®, Over the past few years, many PAR-binding motifs have been identified, including the PBZ, MACRO,
BRCT, FHA, RRM, OB-fold, PIN domains, in various DNA damage response factors'"!#18-21, This early and fast

: wave of the recruitment brings DNA damage response factors to the proximity of DNA lesions. With additional
selection signals, such protein phosphorylation and ubiquitination, DNA damage response factors are anchored
at DNA lesions for DNA damage repair®.

CTCE, a highly conserved nuclear polypeptide with 11 zinc finger motifs, is reported to bind to a variety
of DNA loci and establish chromatin barriers between transcriptionally active and heterochromatic DNA?3-2,
Recent studies show that CTCF regulates three-dimensional structure of the chromatin fiber in the nucleus, based
on its ability to mediate interactions between distant sequences?»*”?%. With this unique feature, CTCF is involved
in diversified regulatory functions, including promoter activation or repression, regulating transcriptional paus-
ing and alternative mRNA splicing, methylation-dependent chromatin insulation, and genomic imprinting®-3!.
However, the molecular mechanism of CTCF’s recruitment to DNA lesions is still unclear.
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Figure 1. CTCF is quickly recruited to DNA lesions. (A) Schematic representation of the domain architecture
of CTCE. (B) GFP-tagged CTCF (GFP-CTCF) co-localizes with YH2AX at laser irradiated DNA damage tracts.
Left panel: Expression levels of exogenous and endogenous CTCF were measured by IP and Western blot with
indicated antibodies. The CTCF blot was cropped and the full-length blot was included in the Fig. S5A.

(C) The relocation kinetics of GFP-CTCF to DNA damage sites. GFP-tagged CTCF was expressed in U20S
cells, and the relocation kinetics was monitored in a time course following laser microirradiation. (D) GFP-
tagged CTCF truncated mutants (N-terminus, C-terminus and ZNF1-11) were expressed in U20S cells and
the relocation kinetics was monitored in a time course following laser microirradiation. GFP signal intensities
at the laser lines were converted into a numerical value using Image J software. Normalized fluorescent curves
from 20 cells were averaged. Scale bar = 10 pm. The error bars represent the standard deviation. Significance of
differences was evaluated by Student’s t test. ***p < 0.001. Signal intensities were plotted using GraphPad Prism
software.

In this study, we show that CTCF is quickly recruited to sites of DNA damage, which is mediated by
PARylation. We have mapped the essential PAR-binding motif of CTCEF. Thus, our study provides a novel regula-
tion mechanism in DNA damage response.

Results

CTCF is quickly recruited to the sites of DNA damage. To investigate whether CTCF participates
in DNA damage response, we ask if CTCF is recruited to the sites of DNA damage. We first generated a con-
struct with a GFP tag at the N-terminus of CTCF and expressed it in U20S cells (Fig. 1A). The GFP-CTCF
was expressed in U20S cells with lower expression level compared to the endogenous level of CTCE, and the
cells were treated with laser microirradiation to induced DNA lesions. Interestingly, GFP-tagged CTCF was
quickly recruited to the site of DNA damage and co-localized with Y\H2AX (Fig. 1B). We carefully measured
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Figure 2. PAR mediates the early recruitment of CTCF to DNA lesions. (A) Olaparib treatment suppresses
the recruitment of GFP-CTCF to DNA damage sites. (B) The effect of Olaparib treatment on the recruitment
of GFP-CTCF-ZNF1-11 to DNA damage sites. GFP-CTCF (A) or GFP-ZNF1-11 (B) was expressed in U20S
and treated with 1 pM Olaparib for 1 hour. The relocation was monitored in a time course following laser
microirradiation. GFP signal intensities at the laser line were converted into a numerical value using Image

J software. Normalized fluorescent curves from 20 cells were averaged. Scale bar = 10 pm. The error bars
represent the standard deviation. Significance of differences was evaluated by Student’s t test. *** p < 0.001.
Signal intensities were plotted using GraphPad Prism software.

the recruitment kinetics of CTCF and found that CTCF reached to DNA lesions within 30 seconds, indicating
that CTCF may participate in early events during DNA damage response (Fig. 1C). To examine which domain
in CTCF mediates such quick recruitment, we dissect each domain by generating truncation mutants of CTCFE.
Since CTCF includes an N-terminal region, a zinc finger domain with 11 zinc finger motifs, a C-terminal region.
We fused GFP to each truncation mutant and found that only the zinc finger domain, but not the N or C-terminal
regions, was able to reach the sites of DNA damage (Fig. 1D). Moreover, similar to that of the full length of CTCE,
the zinc finger domain itself was quickly recruited to DNA lesions within 30 seconds, indicating that the zinc
finger domain is responsible for the early recruitment of CTCF to DNA lesions.

PAR mediates the early recruitment of CTCF to DNA lesions. Next, we sought what mediates the
recruitment of CTCF to DNA lesions. Since the relocation kinetics of CTCF to DNA damage sites is very similar
to that of PARylation, one of earliest signals generated at DNA lesions, we ask if PARylation mediates the early
recruitment of CTCE. We treated the U20S cells expressing GFP-CTCF with Olaparib, a potent PARP inhibitor
to suppress PAR synthesis, and found that the recruitment of CTCF was remarkably abolished (Fig. 2A). Since the
zinc finger domain mediates the recruitment, we also ask if PAR is required for the recruitment of the zinc finger
domain of CTCE Similar to the full length of CTCE, the recruitment of the zinc finger domain was abolished with
the treatment of Olaparib as well (Fig. 2B). To exclude the possible off-target effect of Olaparib, we verified the
recruitment of CTCF in the PARP1 null U20S cells. Again, the results showed that the CTCF recruitment was
disrupted in the PARP1 null U20S cells (Fig. S1). Collectively, these results suggest that PARylation is required
for the early recruitment of CTCF to DNA lesions.

CTCF directly binds to PAR.  The fast recruitment by PARylation indicates that CTCF recognizes PAR at
DNA lesions. Since the zinc finger domain of CTCF targets the relocation, we ask if the zing finger domain is a
PAR-binding module. We first synthesized and purified PAR, and performed an in vitro binding assay by incu-
bating the recombinant GST-CTCF with PAR. The pull down assays show that GST-CTCF but not GST protein
bound to PAR. Similar to full length CTCE, the zinc finger domain of CTCF was sufficient to bind PAR (Fig. 3A).
Moreover, in the reciprocal pull down assays, PAR was able to pull down full length CTCF as well as the zinc
finger domain of CTCF (Fig. 3B). Taken together, these results suggest that the zinc finger domain mediates
PAR-binding.

To examine if CTCF interacts with PAR in vivo, we performed immunoprecipitation (IP) with anti-CTCF
antibody and dot blotting assays with anti-PAR antibody. We found that CTCF associated with PAR in vivo,
especially when PAR was massively synthesized following DNA damage (Fig. 3C). This interaction was further
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Figure 3. CTCF directly binds to PAR. (A) The recombinant GST-fusion proteins were incubated with PAR.
Protein-associated PAR was examined by glutathione agarose beads pull down and dot blotting with anti-PAR
antibody. Recombinant GST was used as the negative controls. (B) CTCF and ZNF1-11 interact with PAR. Left
panel: the recombinant GST-CTCF and CTCF truncated mutants (N-terminus, C-terminus and ZNF1-11) were
incubated with or without biotin-PAR. The interaction was examined by streptavidin beads pull-down and
Western blotting with anti-GST antibody. GST was used as the negative controls. (C) The in vivo interaction
between CTCF and PAR was examined by co-IP and reciprocal co-IP (D). U20S cells were treated with 0 or

10 Gy of IR. 5 min after IR, cells were lysed and analyzed with indicated antibodies. Samples of input or IP were
analyzed by dot blotting (C) or Western blotting (D) with the indicated antibodies. The CTCEF blot was cropped
and the full-length blot was included in the Fig. S5C. (E,F) The in vivo interaction between CTCF and PAR

was examined by co-IP and reciprocal co-IP in the presence or absence of Olaparib (100 nM) and IR treatment
(10 Gy) with the indicated antibodies. Irrelevant IgG was included as the IP control. The CTCF blot was cropped
and the full-length blot was included in the Fig. S5D.

confirmed by reciprocal IP (Fig. 3D). Moreover, we treated cells with Olaparib to suppress PAR synthesis and
found that CTCF no longer interacted with PAR following DNA damage (Fig. 3E and F). Taken together, these
results suggest that CTCF recognizes PAR in vivo, especially following DNA damage.

Specific zinc finger motifs are essential to mediate the recruitment of CTCF.  CTCF contains con-
served 11 zinc finger motifs. To assess which exact zinc finger motif(s) is essential for the recruitment of CTCF
to DNA lesions, we generated various truncation mutants and fused them with a GFP tag, and investigated the
kinetics of relocation of these mutants (Fig. 4A). We first generated three large truncation mutants including
ZNF1-6, ZNF4-9 and ZNF7-11. Both ZNF1-6 and ZNF4-9, but not ZNF7-11, were recruited to DNA damage
site quickly (Fig. 4B). Moreover, to define the minimal region that mediates the relocation of CTCFE, we generated
second round truncation mutants including ZNF1-3, ZNF2-4, ZNF3-5, ZNF4-6, ZNF7-9 and ZNF9-11. Only
ZNF4-6, but not other zinc finger motifs, was able to relocate to the sites of DNA damage (Fig. 4C). However,
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Figure 4. Specific zinc finger motifs are essential to mediate the recruitment of CTCF. (A) Schematic
representation of the truncated ZNF. (B) The effect of Olaparib treatment on the recruitment of ZNF1-6,
ZNF4-9 and ZNF7-11. GFP-ZNF1-6, GFP-ZNF4-9 and GFP-ZNF7-11 were expressed in U20S cells treated
with or without 1 pM Olaparib. The relocation kinetics was examined. (C) The ZNF 4-6 of CTCF is sufficient for
the relocation to DNA lesions. GFP-ZNF1-3, ZNF2-4, ZNF3-5, ZNF4-6, ZNF7-9, ZNF9-11, ZNF4-5, ZNF5-6
were expressed in U20S. The relocation was kinetics was examined. (D) Deletion of ZNF4-6 abolishes the
relocation. ZNF1-11 was used a positive control. Normalized fluorescent curves from 20 cells were averaged.
The error bars represent the standard deviation. Significance of differences was evaluated by Student’s t test.

**p < 0.01 and ***p < 0.001. Signal intensities were plotted using GraphPad Prism software. Scale bar =10 pm.

further deletion of any zinc finger motif inside of ZNF4-6 abolished the recruitment, suggesting that all three zinc
finger motif are essential for the recruitment. Moreover, we confirmed the results by deletion of ZNF4-6 from
the whole zinc finger domain, which abolished the recruitment (Fig. 4D). Thus, these results indicate that CTCF
recruited to DNA damage sites by the minimal region with at least three zinc fingers.

ZNF4-6 recognizes PAR.  Since ZNF4-6 is able to relocate to DNA lesions, we ask if ZNF4-6 recognizes
PAR. We first treated the cells with PARPs inhibitor Olaparib and found that the recruitment of ZNF4-6 was
abolished, suggesting that the recruitment is likely mediated by PAR (Fig. 5A). We next performed an in vitro
binding assay by incubating PAR and recombinant ZNF1-11, ZNF1-6, AZNF4-6 and ZNF4-6, respectively. The
pull-down results show that ZNF4-6 is sufficient to bind PAR, and loss of ZNF4-6 (AZNF4-6) abolishes the bind-
ing with PAR (Fig. 5B). Similar results were obtained using a reverse pull-down assay (Fig. 5B), suggesting that
ZNF4-6 is the minimal PAR-binding module inside of CTCE. We also performed co-IP and dot blotting assays
with anti-PAR and anti-GFP antibodies, and confirmed that ZNF4-6 recognized PAR in vivo (Fig. 5C and D).

Besides PAR-binding, it has been shown that the zinc finger domain of CTCF recognizes specific DNA
sequence to establish boundary between euchromatin and heterochromatin for higher order of nuclear archi-
tecture. Here, we sought to determine whether PAR-binding of CTCF interferes its DNA binding. We performed
a gel mobility shift analysis by incubating the recombinant GST, ZNF or AZNF4-6 with 3?P-labeled DNA with
conserved sequence of insulator*?-3>. Not only ZNF1-11 but AZNF4-6 bound DNA, indicating that PAR-binding
module is not essential for DNA-binding (Fig. S2A). Moreover, the affinity between insulator DNA and AZNF4-6
was only slightly reduced compared to that between full length zinc finger domain and insulator DNA (Fig. S2B).
The results suggest that although ZNF4-6 might facilitate DNA binding, other zinc finger motifs (e.g. ZNF1-4 and
7-11) are able to largely compensate the loss of ZNF4-6 for DNA binding.
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Figure 5. ZNF4-6 of CTCF recognizes PAR. (A) The effect of Olaparib treatment on the recruitment of
GFP-ZNF4-6 to DNA damage sites. (B) Pull down assays were performed to detect the interaction between
GST-ZNF1-11, ZNF1-6, AZNF4-6, ZNF4-6 and biotin-PAR. The recombinant mutants of CTCF-ZNF were
incubated with biotin-PAR. The interaction was either examined by streptavidin beads pull-down assay and
western blotting with anti-GST antibody or was examined by Glutathione Sepharose pull-down and western
blotting with Streptavidin-HRP. The interaction between GFP-ZNF1-11, ZNF1-6, AZNF4-6, ZNF4-6 and PAR
was examined by co-IP (C) and reciprocal co-IP (D). The blots were cropped and the full-length blots were
included in the Fig. S5E, F and G.

CTCF participates in DNA damage response. The relocation of CTCF to the sites of DNA damage indi-
cates that CTCF participates in DNA damage response. To test this hypothesis, we depleted CTCF using siRNA in
U20S cells, and treated the cells with IR and MMS. The expression level of CTCF protein in the CTCF knockdown
cells was dramatically decreased (Fig. S3). Interestingly, cells lacking CTCF were hypersensitive to both IR and
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Figure 6. CTCF participates in DNA damage repair. Cells lacking CTCF are hypersensitive to DNA
damaging agents. U20S cells were treated with indicated siRNA and/or expressing indicated proteins before IR
treatment (A), or MMS treatment (B). Significance of differences was evaluated by Student’s t test. *p < 0.05 and
X%

p<0.01.

MMS (Fig. 6A and B), both of which are able to induce massive PARylation®®. Moreover, reconstituting the cells with
full length CTCF but not ZNF4-6 deletion mutant (del ZNF4-6) rescued the cellular phenotype (Fig. 6A and B),
suggesting that PAR-mediated relocation of CTCF plays an important role for DNA damage response.

Discussion

Our study provides the first evidence that CTCF is recruited to DNA lesions, suggesting that CTCF participates
in DNA damage response. The recruitment is mediated by its zinc finger domain and PAR. Since PAR is one of
the early signals at the sites of DNA damage”'®, CTCF is quickly recruited to DNA lesions within 30 seconds.
This early recruitment is similar to the recruitment of other zinc finger motif-containing proteins, such as Chfr?!.
We and others have shown that similar to CTCE, Chfr also uses the zinc finger motifs to recognize PAR, which
mediates early recruitment of Chfr to the site of DNA lesions?*”. Different from Chfr, CTCF has 11 zinc finger
motifs. Only zinc finger motif 4-6 mediates the binding of PAR. It has been shown that the zinc finger domain
of CTCF binds DNA as well**. Here, we found that lacking zinc finger motif 4-6 did not significantly weaken
the DNA-binding. However, the binding with PAR was largely abolished by AZNF4-6, suggesting that CTCF
may use different zinc finger motifs to recognize different functional partners. Structurally, poly (ADP-ribose)
is similar to single-stranded DNA. Both DNA and PAR contains ribose, phosphate group and adenine. It would
be intriguing to examine the molecular details of the PAR-binding and DNA-binding of CTCF with structural
analysis in future.

The early recruitment of CTCF indicates the early DNA damage response mediated by CTCE. It has been
shown that CTCF is a chromatin barrier defines the boundaries between euchromatin and heterochromatin®%.
Following DNA damage, DNA damage response boundary is also formed to prevent the extensive spreading of
the damage signals®?. Here, we measured the IR-induced foci formation (IRIF) of YH2AX, a surrogate marker of
DNA double-strand breaks. Although CTCF did not affect the IRIF formation of N\H2AX, lacking CTCF slightly
increase the foci quantity in each cell as well as the number of foci positive cells (Fig. S4A and B). More interest-
ingly, we found that the average size of each focus might be increased in cells lacking CTCE, suggesting that CTCF
might play a role for controlling the expansion of DNA damage response region (Fig. S4C and D). Moreover,
reconstitution siRNA treated cells with full length CTCF restored the size of IRIF of YH2AX, whereas the cells
only expressing del ZNF4-6 failed to rescue the cellular phenotype (Fig. S4C and D). Limiting the DNA dam-
age response may protect the high order structure of adjacent chromatin and facilitate gene transcription in
non-DNA damage regions??. In particular, DNA damage-induced transcription of DNA damage repair genes
plays a key role for lesion repair®. Thus, loss of the boundary may suppress DNA damage repair and induce cell
lethality. Consistently, we found that CTCF is important for cell survival following DNA damage. Although the
size of IRIF of YH2AX was significantly increased in the absence of CTCF, YH2AX was still limited to a certain
compartment. It is possible that besides CTCE, other factors or other layers of regulation may also play roles
to limit DNA damage response. In particular, the size of IRIF of YH2AX is still growing during DNA damage
repair even in the presence of CTCEF. Thus, it is likely that CTCF is only required for the early limitation of DNA
damage response. And other factors may play important role for the regulation of late DNA damage response.
Consistently, CTCF is recruited by PARylation, an early DNA damage response signals.

Beside the establishment of the boundary, it has been reported that CTCF is important for the formation
of higher-order chromatin structure, such as maintaining the three-dimensional organization of chromatin®.
Genomes DNA is packaged into multiple levels of organization dynamically, from nucleosomes to chromosome
when DNA damage occurs®. Thus, it is possible that loss of CTCF abolishes higher-order chromatin structure and
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affects the DNA damage repair. Nevertheless, our study demonstrates that CTCT is quickly recruited to the sites
of DNA damage by PARylation and plays an important role in early DNA damage response.

Materials and Methods

Plasmids, siRNA and CRISPR/Cas9 sgRNA Sequence. Human CTCF full length cDNA (ACCESSION
BT009915), N-terminus (1-268 aa), zinc finger domain (266-577 aa), C-terminus (577-727 aa) were cloned into
PEGFP-C1 or pGEX-4T-1 vectors. Deletion mutants of pEGFP-C1/AZNF4-6 or pGEX-4T-1/AZNF4-6 were
constructed by site-directed mutagenesis. All the PCR products were digested with the restriction enzymes
EcoRI and Sall and cloned into EcoRI- and Sall-digested (NEB) null plasmid vector. Single Zinc finger
domain was cloned into pEGFP-C1 with nuclear localization sequence (NLS) at N terminus. NLS sequence is
CCGAAGAAGAAGCGGAAGGTT. ON-TARGET plus CTCF siRNA (L-020165-00-0005) were purchased from
Dharmacon. The siRNA were transfected into cells using Oligofectamine (Invitrogen) according to manufac-
turer’s instructions. pSpCas9(BB)-2A-Puro (PX459) V2.0 was purchased from Addgene (plasmid #62988). The
single guide RNA (sgRNA) sequence for PARP1 used in this study was 5-CCACCTCAACGTCAGGGTGC-3'.

Cell Culture, antibody, immunoprecipitation and Western blotting. U20S or 293 T cells were
maintained in DMEM medium with 10% fetal bovine serum and cultivated at 37 °C in 5% CO, (v/v). U20S cells
were transfected with PX459 vector containing PARP1-sgRNA for PARP1 knockout. Transfected cells were plated
atlow density in 1.5 mg/ml puromycin (Invitrogen). Single colonies were propagated, and individual clones were
assessed by western blotting. Loss of PARP1 in U20S cells was validated by anti-PARP1 antibody which was pur-
chased from Cell Signaling Technology (Cat# 9542).

Cells were lysed with NETN buffer (0.5% NP40, 50 mM Tris-HCI pH 8.0, 100 mM NaCl, 2mM EDTA)
with Roche Protease Inhibitor Cocktail. Inmunoprecipitation and Western blotting were performed following
standard protocol as described previously?. Rabbit anti-CTCF antibody was purchased from Cell Signaling.
Monoclonal anti-PAR antibody was purchased from Trevigen. Mouse monoclonal anti-GFP antibody was pur-
chased from Cell Signaling.

Gel mobility shift analysis. The affinity binding between the ZNF or mutants of CTCF and DNA was
measured by gel mobility shift assays. 1 pmol of each of the purified proteins were incubated with 0.5 pmol of the
32P-labeled duplex oligonucleotide (CCCCCAGGGATGTAATTACGTCCCTCCCCCGCTAGGGGGCAGCAG)
in HEPEs buffer (25 mM HEPES pH 8.0, 50 mM KCI, 50 mM MgCl,, 1% NP40, 10% glycerol and 200 ng poly (dI/
dC)) for 20 min at 4°C. The samples were analyzed with 7.5% polyacrylamide gel (Acrylamide: Bis-Acrylamide
29:1, 40% Solution, Thermo Fisher Scientific).

Synthesis and purification of PAR and biotin-PAR. PAR was synthesized and purified as described
previously*!. His-PARP1 was expressed in BL21 and purified by Ni-NTA affinity resin. PAR was synthesized in a
1 ml incubation buffer containing 100 mM Tris-HCl pH 7.8, 10 mM MgCl,, 1mM NAD™, 10mM DTT, 1 mg his-
tone, 50 ug octameric oligonucleotide GGAATTCC and 100 pg recombinant PARP1. To generate biotinyl-PAR,
1 pM biotinyl-NAD™ (Trevigen) was included in the reaction. The mixture was incubated at 37 °C for 60 min
and stopped by an addition of 20 ml ice-cold 20% TCA. Oligo DNA was removed by DNase I and proteins were
digested by proteinase K. Procedure for PAR Purification was described previously.

PAR binding assays. Approximately 5pmol PAR and 1 pmol (5X) or 0.2 pmol (1X) of each recombinant pro-
tein were incubated together with 30 ul glutathione agarose in PBS. After incubation for 1 h at room temperature,
beads were extensively washed with PBS 3 times, and bound proteins were released by adding 30 ul sample buffer
followed by heating at 90 °C for 8 min. 2 pl aliquots of samples were dotted onto nitrocellulose membranes. After
incubation for 20 min at 60 °C, dot blotting assays were performed with anti-PAR antibody.

GST fusion protein expression and pull-down assay. GST fusion proteins were expressed in E. coli
BL21 and purified using standard procedures. Purified GST fusion proteins (0-40 pmol) were incubated with
biotin-labeled PAR (10 pmol) and streptavidin beads for 2h at 4°C. After washing with NETN-100 buffer for four
times, samples were boiled in SDS sample buffer and elutes were analyzed by Western blotting with anti-GST
antibody.

Laser microirradiation and microscope image acquisition. Cells transfected with GFP-tagged cor-
responding plasmids were grown on 35-mm glass bottom dishes (Corporation). Laser microirradiation was per-
formed on OLYMPUS IX71 inverted fluorescence microscope coupled with the MicroPoint Laser Illumination
and Ablation System (Photonic Instruments, Inc.). A 337.1 nm laser diode (3.4 mW) transmits through a specific
Dye Cell and then yields 365 nm wavelength laser beam that is focused through X60 UPlanSApo / 1.35 oil objec-
tive to yield a spot size of 0.5-1 um The pulse energy is 170 uJ at 10 Hz. Images were taken by the same microscope
with CellSens software (Olympus). The GPF fluorescence strips were recorded at indicated time points and then
analyzed with Image J software. 20 cells were analyzed from three independent experiments. Error bars represent
the standard deviation.

Immunofluorescence staining. For immunofluorescence staining, cells were treated with laser microir-
radiation or different dose of IR, and were washed 3 times by PBS. Then cells were fixed in 3% paraformalde-
hyde for 5min and permeabilized with 0.5% Triton X-100 in phosphate-buffered saline (PBS) for 5min at room
temperature. Samples were blocked with 8% goat serum and then incubated with the primary antibody for 1 h.
Samples were washed for three times and incubated with the secondary antibody for 45 min. Follow washing 3
times by PBS, sample were added 100 ul DAPI. Then the coverslips were mounted onto glass slides and visualized
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with OLYMPUS IX71 inverted fluorescence microscope. For the analysis of IRIF, 100 cells in each sample were
analyzed with Image J software. Monoclonal anti-phospho-Histone H2AX (Ser139) antibody was purchased from
EMD Millipore (Cat# 05-636).

Cell survival assays. One thousand cells were transfected with scramble siRNA or CTCF siRNAs. Cells
were seeded onto 60 mm dishes. Twenty-four hours after transfection, cells were treated with irradiated or MMS.
Medium was replaced 1h later and cells were then incubated for 10 days. The surviving cell fractions were cal-
culated by comparing the numbers of colonies formed in the cultures plates. For rescue assay, U20S transfected
with CTCF siRNA for 48 hours, and then transfected with plasmids encoding full length CTCF or mutants.

Statistical analysis. Data are represented as mean + SD as indicated from at three independent experiments.
Significance of differences was evaluated by Student’s t test. p < 0.05 was considered as statistically significant.
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