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ADP-ribose polymer depletion leads to nuclear Ctcf re-localization and
chromatin rearrangement1
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Ctcf (CCCTC-binding factor) directly induces Parp [poly(ADP-
ribose) polymerase] 1 activity and its PARylation [poly(ADP-
ribosyl)ation] in the absence of DNA damage. Ctcf, in turn, is a
substrate for this post-synthetic modiÞcation and as such it is
covalently and non-covalently modiÞed by PARs (ADP-ribose
polymers). Moreover, PARylation is able to protect certain DNA
regions bound by Ctcf from DNA methylation. We recently
reported thatde novo methylation of Ctcf target sequences
due to overexpression of Parg [poly(ADP-ribose)glycohydrolase]
induces loss of Ctcf binding. Considering this, we investigate to
what extent PARP activity is able to affect nuclear distribution
of Ctcf in the present study. Notably, Ctcf lost its diffuse nuclear
localization following PAR (ADP-ribose polymer) depletion and
accumulated at the periphery of the nucleus where it was
linked with nuclear pore complex proteins remaining external

to the perinuclear Lamin B1 ring. We demonstrated that PAR
depletion-dependent perinuclear localization of Ctcf was due to
its blockage from entering the nucleus. Besides Ctcf nuclear
delocalization, the outcome of PAR depletion led to changes in
chromatin architecture. Immunoßuorescence analyses indicated
DNA redistribution, a generalized genomic hypermethylation and
an increase of inactive compared with active chromatin marks in
Parg-overexpressing or Ctcf-silenced cells. Together these results
underline the importance of the cross-talk between Parp1 and Ctcf
in the maintenance of nuclear organization.

Key words: chromatin structure, CCCTC-binding factor (Ctcf),
poly(ADP-ribose) glycohydrolase (Parg), poly(ADP-ribose)
polymerase 1 (Parp1), poly(ADP-ribosyl)ation (PARylation).

INTRODUCTION

PARylation [poly(ADP-ribosyl)ation], a post-translational modi-
Þcation catalysed by enzymes of the PARP [poly(ADP-ribose)
polymerase] family, leads to the covalent introduction of the ADP-
ribose units on to acceptor proteins and also on to PARPs them-
selves [1]. Parg [poly(ADP-ribose) glycohydrolase] degrades
PARs (ADP-ribose polymers), reversing the modiÞcation by
its exo- and endo-glycosydase activities [2]. PARs, present on
covalently PARylated proteins, are able to interact non-covalently
with other proteins binding a 20-amino-acid PAR-binding motif
[3], as well as the PBZ (PAR-binding zinc Þnger) motif [4] and
the well-characterized Ômacro domainÕ [5]. Parp1 (also termed
ARTD1 on the basis of recent nomenclature [6]) is the founder
of the PARP family [1]; in its PARylated form Parp1 participates
in emergency and housekeeping roles, being involved in DNA
damage repair and in the control of gene expression respectively.

Parp1 also orchestrates genome organization by regulating
genome-wide transcription [7] and epigenetic states of chromatin
[8]. In the latter, Parp1 leads to chromatin decondensation,
PARylating itself as well as core histones and the linker histone

H1, whereas the absence of PARylation induces chromatin
condensation [8,9]. Chromatin condensation can be mediated
by the histone macro2A variant, whose NHD (non-histone
domain) recruits Parp1, inducing its inhibition [5,10]. Moreover,
Parp1 activity is also involved in counteracting the ATP-
dependent nucleosome-remodelling factor ISWI [11] and in
inhibiting enzymes involved in chromatin repression such as the
histone demethylase KDM5B [9]. PARylation is also important
for maintaining DNA methylation patterns of the genome. In
fact, PARylated Parp1 and Dnmt1 (DNA methyltransferase 1)
interact and PARs, present on Parp1 itself, bind non-covalently
with Dnmt1 preventing its access to DNA and thus its DNA
methyltransferase activity. As a consequence, PAR depletion,
induced through the treatment of cells with a competitive inhibitor
of PARP activity [12] or through ectopic overexpression of
Parg [13], leads to the introduction of new anomalous methyl
groups on to unmethylated DNA regions. Concerning genome
regions, where the non-methylated state is necessary for their
functions and the outcome of the process they control, the
presence of PARs on them has been found to be important [13,14Ð
18]. The multifunctional Ctcf (CCCTC-binding factor) has been

Abbreviations used: CLSM, confocal laser-scanning microscopy; CRM1, chromosome region maintenance 1; Ctcf, CCCT-binding factor; DMR1,
differentially methylated region 1; Dnmt1, DNA methyltransferase 1; EGFP, enhanced green ßuorescent protein; ER, endoplasmic reticulum; LMB,
leptomycin B; 5-MeCyt, DNA 5-methylcytosine; H3K4me2, histone H3 dimethylated at Lys 4; H3K9me3, histone H3 trimethylated at Lys9; NPC, nuclear pore
complex; PAR, ADP-ribose polymer; Parg, poly(ADP-ribose) glycohydrolase; PARP, poly(ADP-ribose) polymerase; PARylation, poly(ADP-ribosyl)a tion; ROI,
region of interest; siRNA, small interfering RNA; TRITC, tetramethylrhodamine � -isothiocyanate.
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identiÞed as an important player by which PARylation preserves
the unmethylated state of some regulatory DNA sequences
[15,16,18]. In fact, Ctcf by itself is able to activate PARylation
of Parp1 even in the absence of DNA damage [19]. Moreover,
Ctcf undergoes covalent [14] and non-covalent PARylation [18]
and how Ctcf selects these modiÞcations to perform its numerous
functions remains to be deÞned.

The fact that Ctcf selectively binds non-methylated DNA
sequences and that out of the numerous Ctcf-binding sites on
the genome, many of them coincide with those of Parp1 [16],
indicates that Ctcf can mark those regions that must be maintained
as non-methylated in the genome. Maintaining of non-methylated
states could be reached through the formation of a CtcfÐParp1
complex, PARylation of Parp1 and, in turn, inhibition of Dnmt1
activity [19]. This mechanism has been indicated as the one
involved in maintaining the non-methylatedp16 gene promoter
CpG island [15] and in preserving the methylation proÞle of
the DMR1 (differentially methylated region 1) at theIgf2/H19
imprinted locus [18]. On the basis of the above, PARylated Parp1,
following binding with Ctcf, would become an epigenetic mark of
DNA regions that have to be maintained as non-methylated in the
genome [20]. Considering that DNA hypermethylation dependent
on PAR depletion induces the loss of Ctcf binding from DNA
regions and that putative target sequences for Ctcf and Parp1
often overlap, the aim of this research is to verify whether Ctcf
localization is inßuenced by PARs.

EXPERIMENTAL

Subcellular fractionation and Western blot analysis

Nuclear and cytosolic fractions were collected from trypsinized
and PBS-washed cells by centrifugation following incubation
(30 min) in isolation buffer containing 10 mM Hepes, pH 7.9,
10 mM KCl, 1.5 mM MgCl2, 50 mM NaF, 0.5 mM dithiothreitol
and 0.3 mM PMSF. The nuclear fraction was lysed in RIPA
buffer (50 mM Tris/HCl, pH 8, 150 mM NaCl, 0.5% sodium
deoxycholate, 0.1% SDS, 1% Nonidet P40 and 1 mM EDTA).
Both buffers were supplemented with protease inhibitors
(CompleteTM EDTA-free, Roche Applied Science). Protein
concentration was determined using the Bradford protein assay
reagent (Bio-Rad Laboratories) using BSA (Promega) as a
standard. Equal protein amounts were subjected to SDS/PAGE
(8% gels) and blotted on to Hybond-ECL nitrocellulose
membranes (Amersham Biosciences). The antibodies employed
were as follows: mouse monoclonal anti-PAR antibody (10
HA, Trevigen), mouse monoclonal anti-Myc antibody (9E10
clone, hybridoma-conditioned medium) [13], mouse monoclonal
anti-Parp1 antibody (C2-10, Alexis), rabbit polyclonal anti-
Ctcf antibody (Millipore), goat polyclonal anti-Ctcf antibody
(Santa Cruz Biotechnology), mouse monoclonal anti-� -tubulin
antibody (clone B-5-1-2, SigmaÐAldrich), rabbit polyclonal anti-
(lamin B1) antibody (AbCam), mouse monoclonal anti-NPC
(nuclear pore complex) antibody (AbCam), donkey anti-goat, goat
anti-mouse and anti-rabbit horseradish peroxidase-conjugated
antibodies (Santa Cruz Biotechnology).

Transfection of cells

In transfection experiments 0.7× 106 cells were seeded
in 60 mm× 15 mm culture dishes and transfected with
LipofectamineTM Plus reagent (Invitrogen), following the
manufacturerÕs protocol. Assays were performed with 4µg/dish
of puriÞed plasmid DNA of either empty Myc-vector (pcs2) as the
control or MycÐPARG construct (pcs2-Myc-PARG) [13] together

with 0.4µg/dish of pBabe-puro (Addgene) vector for puromycin
selection of transfected cells. After 24 h, cells were incubated for
a further 72 h in culture medium supplemented with puromycin
(2.5µg/ml, Calbiochem). In pcs2-Myc-PARG/EGFP (enhanced
green ßuorescent protein)-Ctcf or pcs2-Myc-PARG/EGFP-Ctcf
mutated co-transfection experiments, 1.5× 105 cells were seeded
in a 35-mm-diameterµ -Dish (ibidi GmbH) and transfected
with LipofectamineTM Plus reagent (Invitrogen) adopting the
manufacturerÕs protocol.

Knockdown experiments

In experiments with Ctcf, Parp1 and Parp2 silencing,
0.16× 106 cells were seeded in 60 mm× 15 mm culture
dishes and transfected for 48 h with siRNA (small interfering
RNA) (Dharmacon) at a Þnal concentration of 50 nM using
LipofectamineTM 2000 reagent (Invitrogen) following the
manufacturerÕs instructions.

Co-immunoprecipitation

Nuclear and cytosol fractions or total L929 cells were lysed
in immunoprecipitation buffer (50 mM Tris/HCl, pH 7.5, 5 mM
EDTA, 300 mM NaCl, 1% Nonidet P40 and 1% Triton X-
100) supplemented with protease inhibitors (CompleteTM EDTA-
free, Roche Applied Science). Lysates (1.5 mg) were pre-cleared
with Protein A-agarose beads (Upstate) on a rotating shaker at
4� C for 2.5 h. Pre-cleared lysates were incubated with rabbit
polyclonal anti-Ctcf antibody (Millipore) and with normal rabbit
IgG (Santa Cruz Biotechnology) on a rotating shaker overnight
at 4� C. The agarose beads, previously saturated with BSA
(1 µg/µ l) overnight, were added to the lysate/antibody solutions
and incubated for 2 h on a rotating shaker at 4� C. Subsequently,
beads were washed in immunoprecipitation buffer, then boiled in
SDS/PAGE sample buffer, and the eluted proteins were analysed
by Western blotting.

Confocal and time-lapse video microscopy

Cells were Þxed in paraformaldehyde and permeabilized in 0.2%
Triton X-100 in PBS supplemented with 0.5% BSA for 1 h at
room temperature (23� C). Cells were incubated with primary
antibody, then washed in PBS and incubated with the second-
ary antibody. As regards 5-MeCyt (DNA 5-methylcytosine)
staining, cells were permeabilized in PBS, 1% BSA and 0.5%
Triton X-100 for 30 min, then washed with PBS and treated with
4 M HCl for 30 min at 37� C. Following extensive PBS washes,
cells were blocked in PBS, 1% BSA and 0.1% Triton X-100
for 30 min and incubated with anti-5-MeCyt antibody at 4� C
overnight. The cells were then extensively washed and incubated
for 1 h at room temperature with the secondary antibodies, and
then treated with RNase A (1 mg/ml) for 30 min.

The antibodies employed were the same used in Western blot
experiments. Other antibodies used were: rabbit polyclonal anti-
nucleophosmin/B23 antibody (AbCam), mouse monoclonal anti-
5-MeCyt antibody (Eurogentec), rabbit polyclonal anti-H3K4me2
(histone H3 dimethylated at Lys4) antibody (Millipore) and
rabbit polyclonal anti-H3K9me3 (histone H3 trimethylated at
Lys9) antibody (Millipore). Cells were stained with TO-PRO-3
(Invitrogen) according to the manufacturerÕs instructions.

Secondary antibodies employed were the following: TRITC
(tetramethylrhodamine � -isothiocyanate)-conjugated donkey
anti-rabbit; FITC-conjugated donkey anti-goat; and TRITC-
conjugated donkey anti-mouse (Jackson Immunoresearch).
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Figure 1 Analysis of cellular localization of Ctcf in L929 mouse Þbroblasts

(A) CLSM of L929 cells incubated with anti-Ctcf antibodies (green). Coloured squares represent areas at different distances from the nucleus used for the quantitative analysis of �uorescence.
The right-hand panel shows the histogram representing the �uorescence evaluated in the nucleus (N) and in the cytosol at different distances from thenucleus (P1, P2, P3 and P4). A.U., arbitrary
units. Results are means+Š S.E.M. (B) CLSM of control (siRNA-CT) and Ctcf silenced (siRNA-Ctcf) L929 cells incubated with anti-Ctcf antibodies. (C) Western blot analysis of nuclear and cytosolic
fractions isolated from control and Ctcf-silenced L929 cells performed with anti-Ctcf antibodies (T, total cell extract; N, nuclear extract; C, cytosolic extract). Lamin B1 and� -tubulin were used as
the control for purity of nuclear and cytosolic fraction respectively. (D) CLSM of L929 cells incubated with anti-Ctcf (green) and anti-� -tubulin (red) antibodies, the merged image is shown in the
right-hand panel. (E) Ctcf immunoprecipitation experiments carried out using L929 nuclear (N) and cytosolic (C) fractions with anti-Ctcf and anti-� -tubulin antibodies used to demonstrate fraction
purity. Scale bars, 20µm.

For immunolocalization, a Leica confocal microscope (Laser
Scanning TCS SP2) equipped with Ar/ArKr and HeNe lasers was
utilized. The images were acquired utilizing the Leica confocal
software. Laser line was at 488 nm for FITC, 543 nm for TRITC
and 633 for TO-PRO-3 excitation respectively. The images were
scanned under a 40× oil immersion objective. In addition to the
qualitative analysis of antigen distribution, a quantitative analysis
was carried out using the Leica confocal software. Optical spatial
series, each composed of approximately 15 optical sections with a
step size of 1µm, were performed. The ßuorescence intensity in
equivalently sized ROIs (regions of interest) was determined by
the Leica confocal software [21]. Regarding the time-lapse video
experiments, cells were subjected to video microscopy for 24 h at
37� C.

Generation of the mutant form of pcs2-Myc-PARG overexpression
vector

The catalytically inactive MycÐPARG (E757N) mutant was
obtained using the QuickChange¨ site-directed mutagenesis
method (Stratagene).The plasmid pcs2-Myc-PARG was used as
a template, and the primers for mutagenesis were: Parg (E757N)
forward, 5�-GCAGGACTTGTGCAAGAAAACATCCGCTTTT-
TAATCAA-3 �; and Parg (E757N) reverse, 5�-GCGGATGTTT-
TCTTGCACAAGTCCTGCACTGG-3� (the mutated nucleotides

are in bold). The reaction was performed using the primers
at a Þnal concentration of 200 nM, 50 ng of plasmid template,
10 units of Pfu turbo DNA polymerase (Stratagene) and 100µM
dNTPs in 50µ l of reaction mixture. The reaction conditions
were: one step at 95� C for 5 min; 15 cycles at 95� C for 30 s,
55� C for 1 min, 68� C for 1 min, and a Þnal step at 68� C for
7 min. To selectively digest template DNA, the PCR product was
treated with DpnI enzyme for 2 h at 37� C and then transformed
into TOP10 chemically competentEscherichia colicells. Clones
were sequenced using the primer PargMut seq 5�-GTCTGA-
AGTGAAGAGCATCGAT-3�.

RESULTS

Cellular localization of Ctcf

We Þrst analysed Ctcf distribution in L929 mouse Þbroblasts
by CLSM (confocal laser-scanning microscopy). Although Ctcf
is located mainly in the nucleoplasm, a clear signal was
also observed in the cytoplasm (Figure 1A, right-hand panel).
Quantitative analysis of Ctcf ßuorescence in the nucleus and
in the cytoplasm at different distances from the nucleus
showed a decrease in signal going from the centre to cell
periphery. Endogenous Ctcf was diffusely distributed throughout
the nucleoplasm and it was undetectable in the nucleoli
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Figure 2 Role of PARs in Ctcf nuclear re-localization

(A) CLSM of L929 cells overexpressing pcs2-Myc-PARG vector and the corresponding control (pcs2) using the anti-Ctcf antibodies. The histogram presenting Ctcf �uorescence in Parg-overexpressing
L929 cells relative to the �uorescence in control cells is shown on the right-hand side. Results are means+Š S.E.M. (B) Western blot analysis of L929 cells overexpressing PARG, pcs2-Myc-PARG
(E757N) and the empty vector pcs2, after 72 h of treatment with puromycin. Analyses were performed with the anti-PAR, anti-Myc and anti-(lamin B1) (control) antibodies. (C) CLSM of L929 cells
overexpressing pcs2 and pcs2-Myc-PARG (E757N) incubated with the anti-Ctcf (green) and anti-Myc (red) antibodies, the right-hand panel shows the merged image. (D) CLSM of L929
cells co-overexpressing pcs2/EGFP-CTCF wild-type (1 and 3) and pcs2-Myc-PARG/EGFP-CTCF wild-type (2 and 4) vectors. In 3 and 4, the same images are displayed in transmitted light. (E) CLSM
of L929 cells co-overexpressing the pcs2/EGFP-CTCF mutant de�cient for PARylation (1 and 3) and pcs2-Myc-PARG/EGFP-CTCF mutant (2 and 4) vectors. In 3 and 4, the same images are displayed
in transmitted light. Scale bars, 20µm.

[22] (Supplementary Figure S1 at http://www.biochemj.org/
bj/449/bj4490623add.htm). Ctcf knockdown was performed in
L929 cells to verify the speciÞcity of Ctcf staining in the cytosolic
compartment. The CLSM showed a dramatic decrease in the
Ctcf signal intensities both in the nucleus and in the cytoplasm
(Figure 1B). In addition, Western blot experiments using total,
nuclear and cytosolic cell extracts showed that the Ctcf levels
decreased in all the cellular subfractions obtained from the Ctcf-
silenced cells compared with controls (Figure 1C). Using lamin
B1 as the nuclear marker and� -tubulin as a cytosolic marker,
the purity of nuclear and cytosolic fractions was conÞrmed
(Figure 1C). The cytosolic distribution of Ctcf was further
characterized by co-staining cells for anti-� -tubulin, one of the
major structural constituents of the cytoskeleton. The merged
image showed that Ctcf and� -tubulin co-localize in the cytosol
of L929 cells (Figure 1D). Moreover, co-immunoprecipitation
experiments conÞrmed that Ctcf and� -tubulin interactin vivo
(Figure 1E).

PAR depletion induces Ctcf perinuclear accumulation

To analyse whether PARylation can affect Ctcf localization,
depletion of the endogenous PARs was achieved by semistable

ectopic overexpression of MycÐPARG, as described previously
[13]. After 72 h of puromycin selection, cells overexpressing
MycÐPARG or the corresponding control vector (pcs2) were
stained using the anti-Ctcf antibody and then subjected to
CLSM. Figure 2(A) and Supplementary Figure S2(A) (at
http://www.biochemj.org/bj/449/bj4490623add.htm) show that
PARG overexpression leads to a net change of Ctcf distribution
with reduced intranuclear staining and perinuclear accumulation.
Quantitative analysis of Ctcf ßuorescence recovered in the
nucleus of PARG-overexpressing cells was approximately 60%
less than in control cells. To conÞrm that the observed re-
localization of Ctcf from the nucleus was due to a PAR decrease
dependent on PARG activity, we transfected L929 cells with
the pcs2-Myc-PARG (E757N) expression vector, which carries
a mutation in the PARG catalytic site completely abolishing its
enzymatic activity. Western blot analysis showed that transfection
of MycÐPARG (E757N) did not affect PAR levels (Figure 2B).
Accordingly, CLSM using anti-Ctcf and anti-Myc antibodies
showed no relocation of Ctcf in cells overexpressing the mutant
form of PARG (Figure 2C). Immunoßuorescence using anti-
Myc antibodies showed that the PARG mutant did not show any
difference from the wild-type in its nuclear localization (Figure 2C
and Supplementary Figure S2A).
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Figure 3 Ctcf interactions at the nuclear periphery

(A) CLSM of L929 cells overexpressing pcs2-Myc-PARG and the corresponding empty vector pcs2 using the anti-Ctcf (green) and anti-lamin B1 (red) antibodies. Merged immuno�uorescence
images are shown on the right-hand side. (B) Co-immunoprecipitation of Ctcf in L929 lysates immunoblotted using anti-NPC, anti-Ctcf and anti-PAR antibodies. Normal IgGs were used as a negative
control. Scale bars, 20µm.

To identify the member of the Parp family involved in the
control of Ctcf localization, silencing experiments of Parp1 and
Parp2, the two enzymes mainly responsible for PAR synthesis
in the nucleus, were performed. Confocal microscopy analysis in
Parp1-silenced cells showed a decrease of the nuclear level of Ctcf
of approximately 30% (Supplementary Figure S2B). Conversely,
silencing of Parp2 does not seem to affect Ctcf localization
(Supplementary Figure S2C). These results were conÞrmed in
Þbroblast cells from Parp1-knockout mice (A1 cells) where the
nuclear level of Ctcf was 75% less than Parp1-proÞcient cells
(Supplementary Figure S2D).

Time-lapse experiments, carried out by co-transfecting cells
with pcs2-Myc-PARG and EGFPÐCTCF wild-type, conÞrmed
that PARG overexpression affects Ctcf localization, showing that
EGFPÐCTCF is not able to enter the nucleus (Figure 2D freezes
the sequence at 16 h post transfection).

To investigate whether perinuclear localization of Ctcf
dependent on PAR depletion was due to a hindrance to its entering
the nucleus or to its difÞculty to be retained within it, we treated
cells with an inhibitor of exportin CRM1 (chromosome region
maintenance 1), LMB (leptomycin B). However, no difference in
Ctcf perinuclear distribution was observed in cells co-tranfected
with pcs2-Myc-PARG and EGFPÐCTCF and treated with LMB
(results not shown). Therefore, it is likely that Ctcf perinuclear
accumulation was linked to the hindrance preventing Ctcf from
entering the nucleus.

To assess the effect of covalent PARylation on Ctcf nuclear
distribution, L929 cells were co-transfected with both pcs2-Myc-
PARG and EGFPÐCTCF mutant deÞcient for PARylation [16].
As shown in Figure 2(E), the mutated Ctcf is still present in the
nucleus of cells in which PARylation was unaffected (Figure 2E,
frames 1 and 3), whereas it relocalized at the nuclear periphery
after PAR depletion (Figure 2E, frames 2 and 4), suggesting
that covalent PARylation of Ctcf does not play a role in the
maintenance of its nuclear localization, which is in agreement
with a previous report [16].

Ctcf accumulates out of the Lamin ring

To investigate the effect of PAR depletion on Ctcf nuclear
re-localization to the nuclear periphery in more detail, MycÐ

PARG transfected cells were co-stained with the anti-Ctcf and
anti-(lamin B1) antibodies. As shown in Figure 3(A), Ctcf
accumulates out of the Lamin ring upon PARG overexpression;
co-immunoprecipitation experiments revealed the absence of
interaction between Ctcf and lamin B1 (results not shown).
Notably, speciÞc co-immunoprecipitation between Ctcf and
proteins of the NPC was observed only in L929 cells
overexpressing PARG (Figure 3B), therefore it is likely that there
is an interaction between Ctcf and these proteinsin vivo.

PARG overexpression induces redistribution of genomic DNA at the
nuclear periphery

Previous reports demonstrated that removal of Ctcf from its DNA-
binding sites leads to the silencing of some Ctcf target genes by
DNA methylation [23,24]. Furthermore, we demonstrated that
such Ctcf removal occurs following PAR depletion [18]. On
the basis of this evidence we hypothesized that the depletion
of nuclear Ctcf in PARG-overexpressing cells was associated
with chromatin rearrangements towards repressive conÞgurations.
We analysed chromatin status in three different ways using
immunoßuorescence experiments: (i) studying DNA distribution
by nuclear staining with TO-PRO-3 (Figure 4A); (ii) analysing
5-MeCyt levels using anti-5-MeCyt antibodies; and (iii)
measuring levels of H3K4me2 and of H3K9me3 as marks of
active/inactive chromatin regions respectively (Figure 4B).

The distribution of chromatin in pcs2-Myc-PARG and control
cells was evaluated by means of confocal microscopy using the
Leica confocal software to determine the ßuorescence intensity of
TO-PRO-3 in equivalently sized regions. This analysis was carried
out considering approximately 50 optical sections recovered in
different spatial series in both samples. Figure 4(A) shows a
representative stack proÞle of ten ROIs randomly drawn along the
nuclei both in control and MycÐPARG overexpressing cells. The
groups of peaks of the Figures represent the ßuorescence intensity
detected by the confocal microscope from the beginning to the
end of the sample that is in the total thickness of the examined
nuclei.

The image analysis revealed that the position of the maximal
amplitude of ßuorescence is differently localized in the two
samples. In control cells the mean of the value was located at
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Figure 4 DNA rearrangement dependent on PAR depletion

(A) Nuclear DNA staining with TO-PRO-3 of pcs2 and pcs2-Myc-PARG overexpressing cells. The insets show enlarged details of the respective images. On the right-hand side there is a graph
showing �uorescence intensity as a function of the distance (measured inµm) of multiple peaks recovered in different nuclear areas of randomly chosen cells. (B) CLSM of L929 cells overexpressing
pcs2-Myc-PARG and the relative empty vector pcs2 using anti-H3K4me2, anti-5-MeCyt and anti-H3K9me3. (C) CLSM of Ctcf-silenced L929 and the relative control cells incubated with both
anti-Ctcf and anti-H3K4me2, anti-5-MeCyt and anti-H3K9me3 antibodies. Scale bars, 20µm.

approximatelyŠ 10.91µm from the beginning of the sections,
whereas in the MycÐPARG overexpressing cells the mean was
located at approximatelyŠ 12.54µm. This Þnding suggested
that chromatin is mainly located at the periphery region of nuclei
in MycÐPARG overexpressing cells.

An investigation of changes in genome methylation levels
conÞrmed our previous data [13], showing that the level of 5-
MeCyt dramatically increases in PAR-depleted cells (Figure 4B).
At the same time, immunoßuorescence analysis using anti-
H3K4me2 and anti- H3K9me3 antibodies demonstrated a strong
increase in condensed compared with decondensed chromatin
structure in Myc-PARG overexpressing cells (Figure 4B).

Ctcf-knockdown experiments were performed to evaluate
Ctcf involvement in the maintenance of the proper chromatin
arrangement. Similar to the observations made under PAR
depletion conditions, levels of H3K4me2 considerably decreased,
whereas levels of 5-MeCyt and H3K9me3 increased dramatically
(Figure 4C).

DISCUSSION

Genome-wide studies have indicated the presence of thousands
of Ctcf-binding sites [25,26]. Ctcf, by mediating long-range
chromatin interactions, does not only play an important role in the

organization of chromatin architecture, but also in the regulation
of gene expression. By bringing the ends of DNA loops together,
Ctcf deÞnes distinct chromatin domains; their transcriptional
activity depends on whether, where and how different types of
methylated histones, RNA polymerase II and p300 localize on
them [27,28]. Ctcf acts both as an enhancer blocker and a barrier
insulator [29]. In the Þrst mechanism, it leads to gene silencing
or activation, preventing or driving contacts between enhancer
and promoter respectively [30,31]. As a barrier insulator, Ctcf
is able to insulate chromatin regions preventing the diffusion of
their active/inactive states into neighbouring chromatin regions
[30,31]. Ctcf is multifunctional as seen in its ability to participate
in diverse important biological events and this versatility can be
explained by speciÞc structural features of Ctcf. The 11 zinc
Þngers present in the Ctcf central domain are responsible for
recognizing numerous DNA sequences [32], whereas all domains
are involved in the important interactions with protein partners
[33,34] and undergo post-translational modiÞcations [35]. In
particular, covalent PARylation occurs within the N-terminal
domain [14]. Among the Ctcf-binding partners, the interaction
of the cohesin subunit SA2 with the C-terminal tail of Ctcf is
involved in important Ctcf functions [36]. This protein complex
acts at theIgf2/H19 locus, where epigenetic modiÞcations also
play an important role in the control of imprinting. Ctcf generally
binds unmethylated target sequences [29,37] and PARP activity
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may be essential for the maintenance of correct Ctcf regulation.
Previous studies have shown that the presence of PARylated
Parp1 is necessary for the expression of some genes controlled
by Ctcf [13Ð18] and that DNA methylation due to the absence of
PARylation leads to the removal of Ctcf from DNA [15,18].

Ctcf has been generally described as a nuclear protein.
The nuclear Ctcf has been reported to associate with both
chromosomal arms and centrosomes in metaphase [38], whereas
its distribution is relatively uniform in interphase, with binding
sites described to the periphery of the nucleolus [39] and to
the proximity of the matrix [40]. In the present study we show
that Ctcf is also detectable in extra-nuclear cell compartments as
described previously [41]. The speciÞcity of the cytosolic staining
of Ctcf was conÞrmed in Ctcf-silenced cells showing a decrease of
ßuorescence in both nucleus and cytosol. Furthermore, the
cytosolic localization of Ctcf was conÞrmed by speciÞc co-
immunoprecipitation experiments with� -tubulin performed in
the puriÞed cytosolic fraction.

PAR depletion leads to a loss of the diffuse presence of Ctcf
within the nucleus with an approximate 60% reduction and
evident re-distribution at its periphery. SpeciÞcally, Ctcf localizes
outside the lamin ring and immunoprecipitation experiments
showed that it was interacting with proteins within nuclear pores
only after PAR depletion. Despite the fact that PARs are needed
to retain Ctcf in the nucleus, the covalent Ctcf PARylation does
not affect its localization [16], indeed the Ctcf mutant deÞcient
for PARylation [16] shows a nuclear diffuse localization similar
to that of the wild-type protein. In both cases, re-localization to
the nuclear periphery takes place following PAR depletion. The
possibility remains that the non-covalent interactions between
PARs and Ctcf play a role in the maintenance of the nuclear
localization of Ctcf; indeed, it is well known that Ctcf is able to
link very strongly and non-covalently with both Parp1-associated
and protein-free PARs [18].

The results of the present study indicate that PARylation is
pivotal for maintaining nuclear functions of Ctcf. Notably the
Ctcf-null mice phenotype is lethal [42], whereas knockout of
Parp1 is predominantly normal [43]. In agreement, the results
of the present study show that Parg overexpression is more
effective than Parp1 knockdown experiments. This indicates that
the control of PARylation-mediated Ctcf nuclear localization
could be only partially ascribed to Parp1, which might be replaced
by another member of the PARP family in its absence.

The Þnding that, in the absence of PARs, Ctcf loses its
intranuclear localization provides an interesting parallel with
the data showing that PARylation regulates the intranuclear
trafÞcking of important proteins such as p53 and NF-� B (nuclear
factor� B) [44,45]. In both cases the presence of PARs on proteins
prevents and blocks their interaction with the CRM1 exportin and
thus their nuclear export [45].

Our results from the present study indicate that nuclear
localization of Ctcf, even if it is dependent on the leavel of PAR,
does not share the molecular mechanism described above. The
results and the time-lapse analysis support the hypothesis that,
under condition of PAR depletion, the re-localization of Ctcf to
the nuclear periphery was due to its difÞculty in entering the
nucleus, instead of the activation of its export from the nucleus.

Altogether we have demonstrated that PAR levels regulate
Ctcf cellular distribution, although it remains to be deÞned how
decreasing levels of PAR induce Ctcf perinuclear re-localization.
The nuclear export of Ctcf may be mediated by an export
system different from the CRM1 that is yet to be identiÞed.
Alternatively, the import system may be affected, as suggested
by our experiments showing that Ctcf can interact with NPC,
but it cannot pass through the nuclear pore to enter the nucleus.

We have recently provided evidence of a close link between
ADP ribosylation and intracellular trafÞcking [46]. Karyopherin-
� 1/importin-� 1, which plays a key role in the shuttling of proteins
between the cytosol and the nucleus through the NPC, is ADP
ribosylated by the ER (endoplasmic reticulum)-resident ADP-
ribosyltransferase ARTD15 [46]. Future work will clarify the
protein(s) and the mechanism(s) involved in the nuclear entry
of Ctcf.

Recently, perinuclear localization of Ctcf has been observed to
be dependent on ER stress in mouse medulloblastoma cell lines
[47]. In this regard, the lack of nuclear PARylation could induce
ER stress-dependent Ctcf cellular re-localization.

As Ctcf and PARylation co-operate in the maintenance of the
unmethylated Ctcf target sequences, we veriÞed whether and how
PAR depletion or Ctcf silencing affect chromatin structure. As
expected, both conditions lead to the introduction of epigenetic
marks typical of condensed/inactive chromatin structure: the
genome becomes more methylated [48] and we observed that
H3K4me2 is less abundant in PAR-depleted cells than in control
cells, whereas the nuclear level of H3K9me3 increases. Analysis
carried out to verify possible changes in DNA distribution within
the nucleus also showed the rearrangement of the genome. The
intensity of the ßuorescence signal recovered in cells where DNA
had been stained with TO-PRO-3 DNA shifts to the proximity of
the nuclear periphery in PAR-depleted cells.

These results are in agreement with our previous evidence
showing that defective PARylation leads to anomalous
hypermethylation of CpG-rich DNA regions [20]. As Ctcf
is essential for protecting certain gene domains from DNA
methylation, reduced nuclear levels of Ctcf in PAR-depleted
cells could expose CpG-rich Ctcf-binding regions to aberrant
hypermethylation.

A recent study highlighted a role for Ctcf in the transcriptional
control of several key regulators of cell cycle control
and progression, whose expression is frequently altered in
tumors generally by promoter hypermethylation [18]. Notably,
PARylation is necessary for preserving the methylation proÞle
of the DMR1 upstreamIgf2 [18] and for the transcriptional
regulation of the tumor suppressor genesp16INK4a[15] andTP53
[49]. Therefore, we can speculate that defective PARylation by
reducing the nuclear level of Ctcf may be responsible for aberrant
hypermethylation and transcriptional deregulation of Ctcf target
genes.

Taken together, our results with the considerable co-localization
of Parp1 and Ctcf in the genome [16] reinforce the importance of
the cross-talk between Ctcf and PARylation in maintaining DNA
methylation patterns as well as chromatin organization.
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ADP-ribose polymer depletion leads to nuclear Ctcf re-localization and
chromatin rearrangement1
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Figure S1 Ctcf is undetectable in the nucleoli

CLSM of L929 cells incubated with the anti-Ctcf (green) and anti-nucleophosmin/B23 (nucleolar marker, red) antibodies. The merged image is shown onthe right-hand side. Scale bar, 20µm.

1 This paper is dedicated to the memory of our wonderful colleague and friend, Dr Maria Malanga, who recently passed away. Her bright mind and her
calmness in dealing with any matter will be forever engraved in our hearts.

2 These authors contributed equally to this work.
3 Correspondence may be addressed to either of these authors (email ciccarone@bce.uniroma1.it or caiafa@bce.uniroma1.it).

c� The Authors Journal compilationc� 2013 Biochemical Society



T. Guasta�erro and others

Figure S2 Parp1 activity is responsible for Ctcf nuclear re-localization

(A) CLSM of L929 cells transfected with pcs2-Myc-PARG vector and incubated with anti-Ctcf (green) and anti-Myc (red) antibodies. The merged image is shown on the right-hand side.
(B) Western blot analysis performed using Parp1-silenced L929 (siRNA-Parp1) and corresponding control cells. Lamin B1 was used as a control. The histogram showing Ctcf �uorescence recovered
in Parp1-silenced L929 and in the relative control cells is on the right-hand side. Results are means+Š S.E.M. (C) CLSM of control (siRNA-CT) and Parp2-silenced (siRNA-Parp2) L929 cells
incubated with anti-Ctcf antibodies. (D) CLSM of F20 (Parp1-pro�cient) and A1 (Parp1Š / Š ) cells incubated with anti-Ctcf antibodies. Scale bars, 20µm. Histogram presenting the Ctcf �uorescence
recovered in F20 and A1 cells is shown on the right-hand side. Results are means+Š S.E.M.
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