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Histone methylation plays key roles in regulating chromatin structure and function. The recent identifica-
tion of enzymes that antagonize or remove histone methylation offers new opportunities to appreciate histone
methylation plasticity in the regulation of epigenetic pathways. Peptidylarginine deiminase 4 (PADI4; also
known as PAD4) was the first enzyme shown to antagonize histone methylation. PADI4 functions as a histone
deiminase converting a methylarginine residue to citrulline at specific sites on the tails of histones H3 and H4.
This activity is linked to repression of the estrogen-regulated pS2 promoter. Very little is known as to how
PADI4 silences gene expression. We show here that PADI4 associates with the histone deacetylase 1 (HDAC1).
Kinetic chromatin immunoprecipitation assays revealed that PADI4 and HDAC1, and the corresponding
activities, associate cyclically and coordinately with the pS2 promoter during repression phases. Knockdown of
HDAC1 led to decreased H3 citrullination, concomitantly with increased histone arginine methylation. In cells
with a reduced HDAC1 and a slightly decreased PADI4 level, these effects were more pronounced. Our data
thus suggest that PADI4 and HDAC1 collaborate to generate a repressive chromatin environment on the pS2
promoter. These findings further substantiate the “transcriptional clock” concept, highlighting the dynamic
connection between deimination and deacetylation of histones.

Until recently, it was unclear whether enzymes capable of
antagonizing histone methylation existed. However, recent
studies have revealed a growing number of lysine demethylases
that can reverse histone lysine methylation, such as LSD1/
KDM1 and the JmjC-domain-containing proteins (16, 21, 31,
37, 43, 45, 47).

In addition to the methylation of lysine, histones can also be
methylated on arginine (6, 34). Recent work has identified the
JMJD6 protein as an H3R2 and H4R3 demethylase (5). An
alternative pathway for the reversal of arginine methylation
has been identified in mammals. In this pathway, a methyl
group is removed from a methylarginine residue by conversion
of this residue to citrulline. The reaction is termed deimination
because the methyl group is removed along with the imine
group of arginine (7, 42). The enzyme that catalyzes this reac-
tion is peptidylarginine deiminase 4 (PADI4; also known as
PAD4) (7, 42). PADI4 has a relatively broad substrate speci-
ficity, since the enzyme can deiminate multiple arginine sites
on histones H3 (R2, R8, R17, and R26) and H4 (R3) (42).
PADI4 is a Ca2�-dependent enzyme (1). Functionally, the
induction of PADI4-mediated deimination has been best stud-
ied as part of the estrogen signaling pathway, particularly in the
context of the estrogen-regulated pS2 promoter.

Chromatin immunoprecipitation (ChIP)-based kinetic anal-
yses performed on human breast cancer cell lines have shown
that in the presence of estrogen (E2), pS2 expression is con-

trolled by the estrogen receptor alpha (ER�), which cycles on
its promoter. Not only does the receptor cycle, it also follows a
sequence of cofactor recruitment (20, 30). For example, during
transcriptional activation by the estrogen receptor, arginine
methylation of histone H3 appears transient and cyclic (20).
After the initial hormone-induced transcriptional activation
phase, PADI4 is recruited to the promoter region of pS2,
where its presence correlates with loss of arginine methylation,
acquisition of citrullinated histones, and disengagement of
RNA polymerase II (Pol II) from the gene (7, 42). Thus,
methylation of arginine residues followed by deimination by
PADI4 seems to participate in the normal cyclic on-and-off
regulation of pS2 transcription. Although these studies have
begun to shed light on how PADI4-mediated histone deimina-
tion silences gene expression, much remains to be discovered
in order to understand the mechanistic basis of this process.

In the present study we have sought to better understand
how PADI4 represses transcription. Our starting point was an
effort to identify proteins that associate with PADI4. We re-
port that PADI4 interacts with histone deacetylase 1 (HDAC1)
both in vitro and in vivo. We provide evidence that PADI4 and
HDAC1, and their corresponding enzymatic activities, associ-
ate cyclically with the pS2 promoter and are present simulta-
neously on this promoter in the presence of estradiol. Finally,
RNA interference (RNAi) experiments suggest a coordinated
action of the PADI4 and HDAC1 enzymes on the pS2 pro-
moter.

MATERIALS AND METHODS

Expression plasmids. We cloned full-length PADI4 into pcDNA3.1-HA and
PADI4 fragments into the vector pGex (Pharmacia) using appropriate sets of
primers. We also cloned various domains of HDAC1 into the pGex vector by
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PCR using appropriate primers. The following plasmids were used: pGex PADI4
full-length (23), pcDNA3 Flag RbBP5 (Addgene), pcDNA3 HDAC1-Flag (3),
and pING14A-HDAC1 (10).

GST fusion, in vitro translation, and pulldown assays. We expressed gluta-
thione S-transferase (GST) and GST fusion proteins in Escherichia coli Top10 or
BL21 using the pGex (Pharmacia) vector system. Bacteria were disrupted by
using an ultrasonicator (Bioruptor; Diagenode), and proteins from crude bacte-
rial lysates were purified using the glutathione-Sepharose 4B (Pharmacia) used
according to the manufacturer’s instructions. We used the TNT system (Pro-
mega) to carry out in vitro transcription and translation. The PADI4, HDAC1,
and control RbBP5 genes were in vitro transcribed and/or translated from
pcDNA3.1-HA PADI4, pcDNA3 HDAC1-Flag, and pcDNA3 Flag RbBP5, re-
spectively. The GST pulldown experiments were performed as described previ-
ously (40).

Cell culture and transient transfections. 293T cells were maintained in Dul-
becco modified Eagle medium (DMEM; Sigma) supplemented with 5% fetal calf
serum (FCS; BioWest) and antibiotics (Roche) at 37°C under 5% CO2. MDA-
MB231 cells stably expressing ER (MDA::ER�) (19) were grown in DMEM
complemented with 5% FCS. 17�-estradiol (E2) was purchased from Sigma.
Transfections were performed with polyethylene imine (Euromedex) as de-
scribed previously (9).

Immunoprecipitations and Western blot analyses. 293T cells were transiently
transfected in culture dishes (10-cm diameter) with a total of 6 �g of plasmids as
described previously (9). Standard procedures were used for coimmunoprecipi-
tations and Western blotting (9). Antihemagglutinin (anti-HA; ab18181; Ab-
cam), anti-Flag (M2; Sigma), and anti-HDAC1 (pAb-053-050; Diagenode) an-
tibodies were used for immunoprecipitations from preparations of transfected
293T cells. For immunoprecipitations of endogenous proteins from preparations
of MDA::ER� cells, antibodies were incubated at 4°C with MDA::ER� whole
nuclear extracts in IPH buffer (4). Antibodies to HDAC1 were purchased from
Diagenode (pAb-053-050). Immunoglobulin G (IgG; ab3745; Abcam), IgG (sc-
2027; Santa Cruz), HA (ab9110; Abcam), and RNA Pol II (sc-899; Santa Cruz)
were used as control antibodies. PADI4 antibody has been described previously
(24).

Histone deimination assay. The assay was done essentially as described pre-
viously (7). 293T cells were transiently transfected with mammalian expression
plasmids encoding HA-PADI4 or HDAC1 or with both of these plasmids.
Whole-cell extracts were prepared in IPH lysis buffer (4) and incubated over-
night at 4°C with the relevant antibodies. Antibody complexes were collected on
protein A/G-Sepharose beads, washed, and then tested for histone deiminase
activity. The reaction mixture containing 100 mM Tris-HCl (pH 7.6), 5 mM
dithiothreitol (DTT), 10 mM CaCl2, and 10 �g of histones (Roche) was incu-
bated at 37°C for 1 h. Reaction products were then resolved by sodium dodecyl
sulfate (SDS)-polyacrylamide gel electrophoresis and Western blotted. Anti-
histone H3 (citrulline 17�2�8) antibody (ab5103; Abcam) was used to reveal the
presence of deiminated histones. Levels of PADI4 and HDAC1 in the immu-
noprecipitates were checked by Western blot analysis with anti-HA (ab18184;
Abcam) and anti-HDAC1 (pAb-053-050; Diagenode) antibodies, respectively.

ChIPs and Re-ChIPs. ChIP assays were performed essentially as described
previously (20). A total of 5 � 107 MDA::ER� cells were synchronized by 3 days
of culture in DMEM–0.5% dextran-charcoal-treated FCS (BioWest) and then
treated with 2.5 �M �-amanitin (Sigma) for 2 h, followed by exposure to 10�8 M
E2 (Sigma) or ethanol. After cross-linking for 10 min with 1.5% formaldehyde
(Sigma) at room temperature, the cells were collected in 5 ml of collection buffer

(100 mM Tris-HCl [pH 9.4] and 100 mM DTT) and incubated first on ice for 10
min and then at 30°C for 10 min. The cells were then lysed sequentially, with
pipetting and a 5-min centrifugation (at 2,000 � g and 4°C) between steps. The
lysis steps were as follows: (i) 5 ml of phosphate-buffered saline; (ii) 5 ml of buffer
A (10 mM EDTA, 0.5 mM EGTA, 10 mM HEPES [pH 6.5], and 0.25% Triton
X-100); (iii) 5 ml of buffer B (1 mM EDTA, 0.5 mM EGTA, 10 mM HEPES [pH
6.5], and 200 mM NaCl); (iv) lysis for 15 min at room temperature in 2.5 ml of
lysis buffer (10 mM EDTA, 50 mM Tris-HCl [pH 8.0], 1% SDS, 0.5% Empigen
BB [Sigma]). Then, 500-�l aliquots were sonicated three times by 15 pulses at
50% duty and power 3 (Sonifier cell disruptor; Branson). After centrifugation,
50 �l of the combined supernatants was used as inputs, and the remainder was
diluted 2.5-fold in immunoprecipitation buffer (2 mM EDTA, 100 mM NaCl, 20
mM Tris-HCl [pH 8.1], and 0.5%Triton X-100). This fraction was first precleared
by incubation for 3 h at 4°C with 15 �g of sheared salmon sperm DNA, and 1 ml
of 50% protein A-Sepharose beads (Amersham Pharmacia Biosciences) slurry. A
portion (1/20) of the precleared chromatin was then subjected to immunopre-
cipitation overnight at 4°C under rocking with appropriate antibodies (purchased
from Santa Cruz, Upstate Biotechnology, or Abcam). Complexes were recovered
after 2 h of incubation at 4°C with 2 �g of sheared salmon sperm DNA and 50 �l
of protein A-Sepharose. Precipitates were then serially washed with 300 �l of
washing buffers WB I (2 mM EDTA, 20 mM Tris-HCl [pH 8.1], 0.1% SDS, 1%
Triton X-100, 150 mM NaCl), WB II (2 mM EDTA, 20 mM Tris-HCl [pH 8.1],
and specific combinations of detergent and salt, as indicated in Table 1), and WB
III (1 mM EDTA, 10 mM Tris-HCl [pH 8.1], 1% NP-40, 1% deoxycholate, 0.25
M LiCl) and then twice with 1 mM EDTA–10 mM Tris-HCl (pH 8.1). Precipi-
tated complexes were removed from the beads by three sequential 10-min incu-
bations with 50 �l of 1% SDS–0.1 M NaHCO3.

In Re-ChIP assays, DNA-protein complexes were extracted twice from the
beads by adding 25 �l of 10 mM DTT, followed by incubation for 20 min at 37°C
with vortexing every 5 min. Supernatants were then diluted 10 times in immu-
noprecipitation buffer, and the immunoprecipitation procedure was performed
again. Cross-linking was reversed by an overnight incubation at 65°C. DNA was
purified on Qiaquick columns (Qiagen). In subsequent semiquantitative PCR
analysis (Taq; Qiagen), performed on a total volume of 25 �l including 15 mM
MgCl2 (final concentration), 2 �l of input material or 3 �l of ChIP samples was
used, with the following primers (Proligo): left, 5�-GTTGTCAGGCCAAGCCT
TTT-3�; and right, 5�-GAGCGTTAGATAACATTTGCC-3� (54°C; 15 mM
MgCl2 [final concentration]).

In ChIP assays, quantitative PCRs were performed on 1 �l of input or ChIP
sample DNA, with a Bio-Rad MyiQ apparatus and Bio-Rad iQ SYBR green
supermix, in a total volume of 20 �l containing 10 mM MgCl2, with the following
primers (Proligo): left pS2 promoter, 5�-TTCCGGCCATCTCTCACTAT-3�;
right pS2 promoter, 5�-CGGGGATCCTCTGAGACA-3�; forward unrelated
control region (cf. Fig. 4B), 5�-AAGCTGCGTGTTGTCAGATG-3�; and reverse
unrelated control region, 5�-AAGGAAGGGCCCTCTATTCA-3�.

The relative levels of the fragments of interest in the immunoprecipitated
DNA were determined from the threshold cycle (CT) for each PCR. To ensure
the reliability of our ChIP data, two control samples specific for the ChIP
experiment have been included, as we have previsously reported (20): the input
sample (indicative of the presence and amount of chromatin used in the ChIP
reaction) and the control antibody (HA antibody) sample (indicative of the
amount of background signal generated by the chromatin preparations and ChIP
procedure). The calculations of the relative enrichment values were as described
below. (i) We normalized the quantitative PCR signals obtained from the im-

TABLE 1. Antibodies used and ChIP conditions

Protein Provider (catalog no.) or reference Amt (�g) Washing conditionsa

ER� Santa Cruz (sc-543) 1.0 WB I, WB II (Det. I, 500 mM NaCl ��1	), WB III
Pol II Santa Cruz (sc-899) 1.0 WB I, WB II (Det. II, 500 mM NaCl ��2	)
HA Santa Cruz (sc-805) 1.0 WB I, WB II (Det. I, 500 mM NaCl ��1	), WB III
H3K14ac Upstate Biotech (06-911) 0.5 WB I, WB II (Det. I, 500 mM NaCl ��1	), WB III
H3R17me2 Upstate Biotech (07-214) 0.5 WB I, WB II (Det. II, 500 mM NaCl ��2	)
H3R(17�2�8)cit Abcam (ab5103) 0.5 WB I, WB II (Det. I, 500 mM NaCl ��1	), WB III
H4R3me2 Upstate Biotech (07-213) 0.5 WB I, WB II (Det. I, 250 mM NaCl ��2	)
H4R3cit Upstate Biotech (07-596) 0.5 WB I, WB II (Det. I, 250 mM NaCl ��2	)
PADI4 Nakashima et al. (24) 0.2 WB I, WB II (Det. I, 250 mM NaCl ��3	)
HDAC1 Abcam (ab7028) 1.5 WB I, WB II (Det. II, 500 mM NaCl ��2	)

a Washings used three washing buffers (WB), with WB II containing different salt concentrations and detergent (Det.) mixes as indicated. Det. I 
 0.1% SDS, 1%
Triton X-100. Det. II 
 1% Triton X-100. The numbers in brackets indicate the number of washes done with WB II.
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munoprecipitated ChIP sample to the input sample, i.e., CT input – CT ChIP. The
PCR efficiency, corresponding to the different sets of primers used in our quan-
titative PCR, was then raised to the power of this CT difference, i.e., (primer PCR
efficiency)(CT input � CT ChIP). (ii) The enrichment (n-fold) of the immunoprecipi-
tated sequence of interest was obtained by normalizing the values to the ChIP
background (relative to IP HA antibody). (iii) To ensure that the observed
binding of the tested proteins or histone marks reflect specific binding to the
pS2/TFF1 promoter, we also amplified an unrelated control region (cf. Fig. 4B)
in a quantitative PCR. The relative enrichment values were calculated by divid-
ing the enrichment (n-fold) derived from the sequence of interest (pS2/TFF1
locus) by the signal derived from this control locus (unrelated control region).

RNAi and retroviral infection. RNAi PADI4 and RNAi HDAC1 were gener-
ated as previously described (2, 40). Briefly, the target sequence used to silence
HDAC1 or PADI4 was inserted as a short hairpin into the pRetroSuper (pRS)
retroviral vector according to the manufacturer’s (OligoEngine) recommenda-
tions to form RNAi PADI4 or RNAi HDAC1, respectively. Retrovirus produc-
tion by 293T GP cells and infection of target MDA::ER� were performed as
described. Infected cells were selected with 1 �g of puromycin (Sigma)/ml. The
primer sequences are available from the authors upon request.

RNA purification and RT-PCR analyses. Extraction of total RNA was carried
out with TriPure reagent (Roche) according to the manufacturer’s instructions.
DNase treatment was performed with a DNA-free DNase kit (Ambion) accord-
ing to the manufacturer’s protocol. cDNA was reverse transcribed from 1 �g of
RNA using random hexamers (Amersham/Pharmacia Biotech) and Superscript
II reverse transcriptase (Life Technologies, Inc.). The reverse transcription (RT)
reaction mixture was diluted with diethyl pyrocarbonate water (Fluka Bio-
chemika) before addition to the PCR. To quantitatively evaluate expression
levels under different conditions, real-time PCRs were performed in a Light-
Cycler 480 system (Roche). The primers sequences for PADI4 and HDAC1
amplifications were as follows: left PADI4, 5�-GACAAAGTGAGGGTGTTTC
A-3�; right PADI4, 5�-AGAAGTCCATGTTGTGCTTT-3�; left HDAC1, 5�-G
GATCGGTTAGGTTGCTTCA-3�; and right HDAC1, 5�-AGCATCAGCATA
GGCAGGTT-3�. SDHA was amplified as an internal control to measure the
amounts of the cDNAs (39).

Formaldehyde-assisted isolation of regulatory elements (FAIRE). After cross-
linking for 10 min with 1.5% formaldehyde (Sigma) at room temperature, cells
were collected in 5 ml of collection buffer (100 mM Tris-HCl [pH 9.4], 100 mM
DTT) and incubated first for 10 min and then at 30°C for 10 min. The cells were
then washed in 1 ml of PBS, lysed for 15 min at room temperature in 300 �l of
lysis buffer (10 mM EDTA, 50 mM Tris-HCl [pH 8.0], 1% SDS, 0.5% Empigen
BB [Sigma]), and sonicated for 14 min in a BioRuptor apparatus (Diagenode),
with 30-s on/off cycles. After centrifugation for 10 min at 10,000 � g, 30 �l of the
supernatant was used as input, and the remainder was subjected to three con-
secutive phenol-chloroform-isoamyl ethanol (25:24:1) extractions. Inputs and
extracted samples were then incubated overnight at 65°C to reverse formalde-
hyde cross-linking linking with 5 �g of proteinase K (Sigma). After a subsequent
incubation of the samples with 2 �g of RNase (Sigma) for 1 h at 37°C, the DNA
was then purified on NucleoSpin columns (Macherey-Nagel) in NTB buffer and
quantified with a Nanodrop apparatus (Thermo Scientific). Then, 20 ng of input
or purified DNA was used for quantitative PCRs. Quantitative PCR conditions
and primers were as described above. We typically calculated the relative en-
richment values using the comparative CT method. First, a ratio was calculated
using the signal from the FAIRE sample relative to the signal from the input
sample. Second, consistent with other reports using the FAIRE technique (11,
12), all ratios are then normalized to the unrelated control region (cf. Fig. 4B).

Statistical analysis. In ChIP and FAIRE experiments, statistical analysis of the
results was performed by using one-way analysis of variance, followed by Dunnett
(bilateral) post hoc comparisons and by using the Kruskal-Wallis test, followed
by Mann-Whitney comparisons when the conditions of the parametric tests were
not satisfied. The statistical software used was SPSS Statistics 17.0.

RESULTS

PADI4 interacts with HDAC1 in vitro and in vivo. To iden-
tify proteins that associate with PADI4, we used an in vitro
GST pull-down assay. We found that PADI4 associates with
HDAC1. As shown in Fig. 1A, full-length PADI4 (residues 1 to
663) fused to GST was able to bind in vitro-translated (IVT)
radiolabeled full-length HDAC1 (lane 3), whereas GST did
not. As a further control for the specificity of the interaction,
we show that in vitro translation of the transcriptional regula-

tor RbBP5 (IVT RbBP5) was unable to bind to GST PADI4
(Fig. 1A). Mapping experiments revealed that the binding of
PADI4 to HDAC1 is mediated primarily by its C-terminal part,
spanning residues 460 to 663 (Fig. 1B). As shown in Fig. 1B
(lower part), the gel was Coomassie blue stained to check that
the amounts of GST fusion proteins used were equal.

We next sought to determine which part of HDAC1 medi-
ates the observed association with PADI4. To this end, various
GST fragments spanning the HDAC1 protein were incubated
with IVT full-length PADI4. Figure 1C shows that the associ-
ation with IVT PADI4 is mediated by the N-terminal portion
of HDAC1, encompassing residues 1 to 90. The Coomassie
blue-stained gel shows the input of GST fusion proteins used
(Fig. 1C, lower part).

To further substantiate the interaction between PADI4 and
HDAC1, we used coimmunoprecipitation. We cotransfected
293T mammalian cells with a vector expressing HA-tagged
full-length PADI4, a vector expressing Flag-tagged full-length
HDAC1, or with both vectors. We first analyzed the cell lysates
by immunoprecipitation with anti-HA antibody (for PADI4),
followed by Western blotting with anti-Flag antibody (for
HDAC1). Figure 2A shows that PADI4 interacts with HDAC1
(lane 3). No precipitate was detected after transfection of cells
with either the HA-PADI4-encoding plasmid or the HDAC1-
Flag-encoding plasmid alone (lanes 1 and 2, respectively). The
input levels were checked by Western blotting with anti-Flag or
anti-HA antibodies (input controls). The converse experiment,
i.e., immunoprecipitation of HDAC1-Flag followed by West-
ern blotting with HA-PADI4 detection, also revealed specific
association of the proteins (Fig. 2B).

The interaction between HDAC1 and PADI4 was also dem-
onstrated in untransfected cells. In this experiment, we used
MDA-MB231 cells stably expressing ER� (MDA::ER�), as
previously described (19). We stimulated the cells with estro-
gen, since this is known to increase their PADI4 level (7). We
first immunoprecipitated endogenous HDAC1 from estrogen-
stimulated MDA::ER� cells and detected PADI4 in the im-
munoprecipitates by Western blotting with anti-PADI4 anti-
body. Figure 2C shows that endogenous PADI4 associates with
native HDAC1 (lane 1). This association is specific, as dem-
onstrated by the following controls: no precipitation of PADI4
was observed with an antibody against another transcriptional
regulator (RNA Pol II, lane 2), the unrelated anti-HA anti-
body (lane 3), IgG (lanes 4 and 5), or the beads only (lane 6).
Taken together, our data show that the histone deiminase
PADI4 interacts with HDAC1 both in vitro and in vivo.

HDAC1 associates with PADI4-mediated histone deiminase
activity. Given the ability of PADI4 to deiminate histones
when presented with core histones (7, 42) and, in the light of
the above data showing an interaction between PADI4 and
HDAC1 (Fig. 1 and 2), we decided to test whether HDAC1
associates with PADI4-mediated histone deiminase activity
(removal of an imino group from peptidyl arginine to produce
peptidyl citrulline). The first step was to measure this activity in
293T cells overexpressing HA-PADI4. We used these cells
rather than MDA::ER� cells because they can be transfected
at high efficiency. Whole-cell extracts were then precipitated
with anti-HA antibody, and the immune complexes were added
to purified core histones. Histone deiminase activity was then
monitored in the presence or absence of calcium (Fig. 3A),
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