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Abstract

Multiple Sclerosis (MS) is an autoimmune disease associated with abnormal expression of a subset of cytokines, resulting in
inappropriate T-lymphocyte activation and uncontrolled immune response. A key issue in the field is the need to
understand why these cytokines are transcriptionally activated in the patients. Here, we have examined several transcription
units subject to pathological reactivation in MS, including the TNFx and /L8 cytokine genes and also several Human
Endogenous RetroViruses (HERVs). We find that both the immune genes and the HERVs require the heterochromatin
protein HP1a for their transcriptional repression. We further show that the Peptidylarginine Deiminase 4 (PADI4), an enzyme
with a suspected role in MS, weakens the binding of HP1a to tri-methylated histone H3 lysine 9 by citrullinating histone H3
arginine 8. The resulting de-repression of both cytokines and HERVs can be reversed with the PADI-inhibitor Cl-amidine.
Finally, we show that in peripheral blood mononuclear cells (PBMCs) from MS patients, the promoters of TNFe, and several
HERVs share a deficit in HP1a recruitment and an augmented accumulation of histone H3 with a double citrulline 8 tri-
methyl lysine 9 modifications. Thus, our study provides compelling evidence that HP1a and PADI4 are regulators of both
immune genes and HERVs, and that multiple events of transcriptional reactivation in MS patients can be explained by the
deficiency of a single mechanism of gene silencing.
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Introduction

Multiple Sclerosis (MS) is a progressive inflammatory disease of
the central nervous system in which leukocytes and antibodies
attack myelin sheaths, resulting in demyelination and ultimately
destruction of the axons [1]. Many lines of evidence point at
inappropriate activation of T cells as an initiating event of the
pathological process, although the mechanism at the root of this T
cell activation 1is still poorly defined (for a recent review see [2]).

In MS patients, activation of the T cell population is associated
with increased expression of a series of cytokines [3,4]. The
abnormally abundant expression of the genes encoding these
regulators of the immune system may be a consequence, but also
possibly a cause of the activation of the T cells. It is therefore
essential to explore the mechanisms that keep these genes in check
in normal cells and that may be defective in MS patients.

Interestingly, in MS and other autoimmune diseases including
Rheumatoid Arthritis and Systemic Lupus Erythematosus, tran-
scription of Human Endogenous RetroViruses (HERVs) is also
increased in T cells [5,6,7]. HERVs are abundant vestigial
retroviral sequences that in healthy cells are largely silenced by the
epigenetic mechanisms repressing most repeated DNA sequences.
These mechanisms include DNA methylation and histone H3
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lysine 9 (H3K9) methylation. DNA methylation favors chromatin
compaction by promoting recruitment of histone deacetylases
(HDAC:S) or alternatively by directly reducing the affinity of
transcription factors to their cognate DNA binding sites [8].
Consistent with this, deletion of the de novo DNA methyltransferase
Dnmtl results in massive re-expression of ERVs in the mouse
embryo [9]. DNA methylation at ERV promoters is particularly
high in differentiated mouse cells [10], while it may be partially
dispensable in mouse embryonic stem (ES) cells [11].

In these cells, the major source of silencing appears to be H3K9
methylation [12,13,14]. This histone modification is recognized by
a number of proteins containing either chromo- [15,16,17,
18,19,20], MBT- [21], PHD- [22], or Tudor- [21,23] domains.
Mainly HP1 proteins have been detected on mouse ERV
promoter sequences [24,25], although their role in the repression
of these sequences in mouse ES cells is still at debate [26].

HP1 proteins are particularly interesting in the context of MS
because in addition to their possible function in the silencing of
repeated DNA [27,28], they are present on the promoters of a
number of genes involved in immune defense, including the
immunomodulatory cytokine ZNFa [29], the interleukins ILIf
[30,31], IL6 [32], and IL8 [33], and several interferon-inducible
genes [34]. They also participate in the regulation of the HIV1
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Author Summary

In patients suffering from Multiple Sclerosis (MS), T
lymphocytes express abnormally high levels of a subset
of cytokines. The same cells also transcribe a series of
vestigial retroviral sequences normally silenced by chro-
matin factors. In this study, we have searched for
regulatory mechanisms shared between the cytokines
and the retroviral sequences. We find that the repressor
protein HP1a is present on the promoter of both types of
transcription units in normal cells and that the recruitment
of this protein to these promoters is decreased in MS
patients. Furthermore, we show that the delocalization of
HP1a from these promoters can be caused by citrullination
of histone H3, and we provide evidence indicating that
levels of this histone modification is augmented in MS
patients. Together our data provide a possible explanation
for the simultaneously increased transcriptional activity of
cytokines and endogenous retroviruses in MS-patient T
lymphocytes and suggest that inhibitors of the enzyme
responsible for the increased citrullination of histone H3
could help restore normal levels of cytokine activity in the
patients.

long terminal repeat (LTR) that shares several regulatory
mechanisms with immune genes [35,36,37].

Consistent with their role in the transcriptional control of
inducible genes, the binding of HP1 proteins to chromatin is
subject to regulation. In particular, the methylation mark on
histone H3 can be removed by histone demethylases [38]. A more
transient regulation of HP1 binding may occur by modification of
residues neighboring H3K9, including phosphorylation of serine
10 and acetylation of lysine 14 [39,40,41]. The histone H3
arginine 8 (H3R8) located immediately upstream of H3K9, is also
subject to modifications [42] that theoretically could interfere with
HP1 binding, although this has never been investigated. This
arginine can be either methylated [43] or converted into the non-
coding amino acid citrulline [44,45,46,47,48].

Citrullination of H3R8 is catalyzed by the calcium-dependent
peptidylarginine deiminase PADI4. This enzyme, that is the only
member of its family to enter the nucleus, also citrullinates histone
H3 on arginines 2, 17, and 26, as well as histones H2A and H4 on
their respective arginine 3 [44,45,46,49]. Many reports describe
PADI4 as a regulator of transcription. On p53 targets [50,51], and
estrogen-regulated genes, including pS2 [44,45,52], it functions as
a repressor either by interfering with activating arginine-methyl-
ation events [44], or by favoring recruitment of HDACs [52].
Inversely, PADI4 also associates with a number of transcriptionally
active promoters and functions as an activator of ¢-Fos va a
mechanism that involves facilitated phosphorylation of the ET'S-
domain protein Elk-1 [53]. In Asians, hyperactivity of PADI4 has
been associated with Rheumatoid Arthritis [54,55,56], and
contributes to the generation of antibodies directed against
citrullinated proteins during the development of this disease
[57]. An ecarlier study has also reported increased nuclear
localization of this enzyme in white brain matter of MS patients
[58]

The transcriptional deregulation of both cytokines and HERVs
i MS patient T cells prompted us to investigate a possibly co-
regulation of these two types of transcription units by HPI
proteins. At cytokine genes and HERVs we examined in tissue
culture cells, transcriptional repression required HPlo, while
PADI4 functioned as an activator by destroying the HP1a binding
site on the tail of histone H3. Consistent with this, we observed
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that in circulating blood cells from MS patients, recruitment of
HP1a to the promoter of the master cytokine TNFa and to HERV
sequences 1s significantly reduced, while citrullination of H3R8 at
these positions is increased. Taken together, our data strongly
suggest that increased citrullination of histone H3 can antagonize
gene-specific chromatin-mediated silencing in T cells and thereby
participate in increased cytokine expression during the normal
inflammatory response and in MS patients.

Results

The transcriptional regulator HP1a is shared by HERVs
and cytokines

While several reports describe an implication of HP1 proteins
in the regulation of genes involved in immune defense
[29,30,31,32,33,34], the role of these proteins in the silencing
of HERVs in human cells needed to be clarified. We carried out
these experiments in MCF7 cells, a breast tumor-derived cell line
frequently used to examine expression of HERVs (see for
example [59]). Chromatin Immunoprecipitation (ChIP) assays
demonstrated that in these cells, HPla accumulates on HERV-
K, HERV-W, and HERV-H promoters at levels similar to those
observed on Satellite-2 sequences (Figure 1A). As expected, HP1ow
was also detected on the promoters of cytokines TNFo and IL8.
Consistent with this, depletion of HPla with small interfering
RNAs (siRNAs) resulted in increased expression of the HERVH/
env62, HERVH/env59, HERVH/env60, ERVWE], HERVK/
env102, TNFo, IL8, and IL16, a cytokine also relevant for MS
[60] (Figure 1B, Figure SIA and S1B). In these experiments,
expression of IL23 [61] was unaffected, while the control
estrogen-responsive pS2 gene was repressed rather than activated.
Reactivation of HERVs and TNFo was also observed upon
depletion of HPIP and HPly, two other members of the HPI
family (Figure 1C).

PADI4 citrullinates the binding site of HP1a on histone
H3 in vivo

HPlo binds tri-methylated histone H3 lysine 9 (H3K9me3).
The neighboring H3R8 residue is one of the 3 arginines
recognized by the anti-H3cit (2, 8, 17) antibody used to show
increased histone H3 citrullination in MS patients [58]. This
raised a possibility of interference between citrullination of H3R8
and HP1la binding to histone H3. We therefore explored whether
citrullination of histone H3R8 occurs i vivo on histone H3 tails
already tri-methylated on K9. To this end, we generated an
antibody recognizing the double citrullination-methylation mod-
ification H3cit8K9me3 (Figure 2A).

The specificity of this antibody was verified by dot blots using
synthetic peptides mimicking modified histone tails (Figure 2B)
and by testing the ability of the same peptides to compete with the
binding of the antibody to cellular targets in fixed breast cancer-
derived MCF7 cells (Figure 2C). In the later assay, the anti-
H3cit8K9me3 antibody yielded an immunofluorescent staining
very similar to that obtained with anti-H3cit(2,8,17) antibody
(Figure 2D).

We next focused our attention on PADI4, the partially nuclear
peptidylarginine deiminase responsible for the citrullination of
histone H3. To determine whether this enzyme can citrullinate
H3R8 when H3K9 is methylated, we generated HEK293-derived
cell lines expressing either wild-type (WT), hyperactive [62], or
hypoactive [63] versions of PADI4 under the control of a
ponasterone-inducible promoter (Figure 2E). Induction of PADI4
synthesis and activity with ponasterone and the ionophore
A23187, respectively, allowed detection of the H3cit8K9me3
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Figure 1. HP1a involved in silencing of HERVs and cytokines. (A) HP1a is present on the promoter of HERVs and cytokines in MCF7 cells.
Chromatin prepared from MCF7 cells were subjected to ChIP using anti-HP1a antibodies. The relative enrichment was measured by qPCR on Satellite
2 sequences, the LTR regions of shown HERVs and on the promoter regions of TNFa, pS2 and GAPDH. Data are normalized to the values obtained with
non-immune IgGs and expressed relatively to GAPDH (set to 1). Shown data are means +/— SEM from four experiments. (B and C) Total RNA from
MCF?7 cells transfected with the indicated small interfering RNAs (siRNAs) was quantified with RT-qPCR. Changes in mRNA levels are shown relative to
the siGAPDH transfection (set to 1), which was not affecting the mRNA levels of the genes of interest (Figure. S1B). The data are presented as the

means * SEM of triplicate experiments.
doi:10.1371/journal.pgen.1002934.g001

double modification when the cells were expressing WT or
hyperactive versions of PADI4. Under these conditions, we also
observed a general increase in histone H3 citrullination, but no
change in the levels of H3K9me3, indicating that H3R8
citrullination and H3K9 tri-methylation are not antagonistic.

Taken together, these experiments demonstrate that the
H3cit8K9me3 double modification exists @ wviwo and that its
formation is favored by increased PADI4 activity.

Citrullination of H3R8 inhibits binding of HP1a to the
histone H3 tail

We next investigate the impact of the H3R8 citrullination on
the binding of HPla to histone H3 tails tri-methylated on K9.
When histone H3 peptides were spotted on membrane, HP1a
bound a peptide carrying the single K9me3 modification, but not
a peptide with a double cit8K9me3 modification (Figure 3A). We
also tested the ability of these peptides to interfere with the binding
of HP1a to its endogenous target sites. For this, we took advantage
of the fact that recombinant GST-HPla protein incubated on
fixed permeabilized cells distributes in a pattern indistinguishable
from that of the endogenous protein [64]. In this assay, while
H3R8K9me3 peptide competed with the cellular sites for GST-
HPlo binding, H3cit8K9me3 peptide did not (Figure 3B). As
expected, H3cit8K9 and H3R8K peptides also failed to compete
for GST-HPla binding.

Surface plasmon resonance allowed us to quantify the effect of
H3R8 citrullination and indicated a more than 200-fold decrease
in the affinity of HPla for H3cit8K9me3 compared to
H3R8K9me3 (K4 313£28 uM and 1.39£0.06 uM, respectively;
Figure 3C—-3D). We noted also that citrullination of H3R8 exerted
a 10-fold higher effect on HPla binding than did its methylation
(Kq 29.6£1.3 pM).

To document that citrullination compromises transcriptional
repression of HERVs and cytokines, we finally used siRNAs
against PADI4 in the MCF7 cells known to express relatively high
levels of PADI4 [65]. Depletion of this protein had an effect
mverse to that of HP1a depletion and resulted in decreased levels
of HERYV transcripts (Figure 3E, Figure SIA and S1C). Levels of
Satellite 2 transcripts (but not o-Satellite transcripts) were also
decreased, suggesting a broad yet selective effect of citrullination
on the silencing of repeats. PADI4 depletion also decreased
expression of the immune genes TNFu, IL16, and IL8, as well as
1123 and IL14, but not TGFEp! (Figure 3F). The control pS2 gene
known to be negatively regulated by PADI4 [44,45], was, as
expected, moderately stimulated.

Endogenous PADI activity can be artificially regulated
and directly controls HP1a-mediated repression

MCEF7 cells are estrogen-responsive and an estradiol (E2)
treatment combined with an ionophore increases total levels of
both PADI4 (Figure S2A and [65]) and H3cit8K9me3 modifica-
tion (Figure 4A, compare lanes 1 and 2). In contrast, reduced
PADI activity can be obtained with the specific inhibitor CI-
amidine [66]. This drug affects the nuclear PADI4 as illustrated by
the decreased levels of H3Cit8K9me3 in MCF7 cells (Figure 4A;
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compare lanes 1 and 3). Thus, treatment with either E2/A23187
or Cl-amidine allowed us to control endogenous nuclear PADI
activity at will.

As in the PADI4-depletion experiments, treatment of the
MCF7 cells with Cl-amidine reduced expression of HER V-H/
env62, ERVWEL, and the selected cytokine genes, but not o-
Satellite and 7GFEf1 (Figure 4B, black bars). Inversely, augment-
ing PADI4 activity by treating the MCF7 cells with E2 and
ionophore resulted in a Cl-amidine-sensitive increase in expres-
sion of the same HERVs and cytokines (Figure 4B, grey and
white bars & S2B).

Finally, we performed ChIP to follow the impact of endoge-
nous nuclear PADI activity on the citrullination of histone H3
and the recruitment of HPla to the LTRs of HERV-H and
ERVWEI] (HERV-W/LTR) and the promoter of ZNFu. These
assays confirmed that stimulation of PADI4 activity with E2 and
ionophore locally increases levels of citrullinated histone H3, as
detected with either anti-H3cit (2, 8, 17) or anti-H3cit8K9me3
antibody (Figure 4C—4D and Figure S2C), while the levels of
HPlo recruitment were markedly decreased (Figure 4E, black
and grey bars). These levels of HPlo occupancy were partially
restored by further treating the cells with Cl-amidine (Figure 4E,
white bars), illustrating that this inhibitor can overcome the
detrimental effect of excessive PADI activity. The level of HP1a
recruitment at the pS2 control promoter region was low and was
not substantially affected by changes in citrullination levels
(Figure 4C—H4E).

Taken together, these results demonstrate that HPlo and
citrullination antagonistically regulate several immune genes and
HERVs, and that this regulation is druggable.

PADI activity is required for normal activation of T cells

An inflammatory response can be induced in Jurkat T cells
stimulated with an ionophore and the phorbol ester PMA. The
stimulation of the Jurkat cells correlates with an eviction of HP1a
from the promoter region of TNFo and IL8 (Figure 5A), and also
from HERV-H/LTR62 and HERV-W/LTR (Figure S3A). The
treatment also results in an approx. 6-fold increase of PADI4
accumulation (Figure 5B) and is expected to increase PADI
activity as a consequence of the ionophore-induced calcium
influx. We therefore used this system to determine whether
increased PADI activity is associated with normal transcriptional
activation of immune genes. Stimulation of the Jurkat cells
resulted in a rapid and very transient recruitment of PADI4 to
the promoters of TNFu and IL8, and at HERV-H/LTR62 and
HERV-W/LTR (Figure S3B). This recruitment correlated with
increase levels of H3Cit8K9me3 at these positions (Figure 5C and
Figure S3C). Finally, inhibition of PADI activity with Cl-amidine
reduced the kinetic and the abundance of 7NFu and /L8 mRNA
accumulation in Jurkat cells stimulated by ionomycin and PMA
(Figure 5D and Figure S3D). Together, these observations suggest
that PADI activity participates in the modification of the
epigenetic landscape at the promoter of immune genes upon
stimulation of T cells, and thereby facilitate the transcriptional
activation of these genes.
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Figure 2. An antibody specific for histone H3cit8K9me3 reveals increased levels of this double modification catalyzed by PADI4. (A)
Epitope used to generate the anti-H3cit8K9me3 antibody. The antibody was raised against a peptide mimicking histone H3 citrullinated at position 8
and tri-methylated on K9. (B) Dot blot highlighting the specificity of the anti-H3cit8K9me3, performed with 1, 0.2, and 0.04 ug of H3 peptides bearing
the indicated post-translational modifications. (C) Specificity of the anti-H3cit8K9me3 antibody test by competition with H3 peptides. MCF7 cells
were extracted, fixed and incubated with the indicated peptides along with anti-H3cit8K9me3 antibodies and DAPI. Scale bar 5 um. (D) Similar
staining with anti-H3cit8K9me3 and anti-H3cit(2,8,17) antibodies. Indirect immunofluorescent staining of MCF7 cells with DAPI to visualize the DNA
and either anti-H3cit8K9me3 (b1-b2) or anti-H3cit(2,8,17) (b3-b4). (E) HEK293 cells that stably integrate a ponasterone A-inducible construct with
either no insert (NI) or an insert coding for wild-type (WT), hyperactive (Mut+), or hypoactive (Mut—) PADI4 were cultured without or with ionophore
(A23187). Total protein extracts were immunoblotted with the indicated antibodies. Signals were quantified with the Image J software (NI without

treatment set to 1).
doi:10.1371/journal.pgen.1002934.9002

Reduced recruitment of HP1a on the promoter of the

TNFa gene and on several HERVs in MS patients

To investigate whether levels of HPla recruitment and
H3cit8K9me3 double modification at HERV and cytokine
promoters were affected in MS, we collected PBMCs from 18
families, each family consisting of one MS patient and a genetically
related healthy control (Table S1). The patients suffered from
either relapsing-remitting (n = 10), or secondary progressive (n = 8)
MS. As PBMCs yield only minute amounts of chromatin, our
analysis was restricted to the LTRs of the unique HERV-H locus
LTR59 [67] and the unique HERV-W locus ERVWEL [68], and
to the promoter of the cytokine TNFa. Consistent with previous
observations [4,5,6,7], transcription of these loci was significantly
augmented in the MS patients (Figure 6A—6B).

ChIP assays revealed that recruitment of HP1at to the TNFu and
the examined HERV promoters was significantly reduced in the
MS patients compared to their genetically related healthy controls,
while recruitment to a control promoter (RPLP0) was unchanged
(Figure 6C). We also observed a significant correlation between
HP1la levels on the TNFu promoter and HPla levels on the LTRs
of the HERVs, further suggesting that a single pathway regulates
HP1a binding to both types of transcription units (Figure S4).

In ChIP assays, the anti-H3cit8K9me3 antibody was functional,
but with a relatively poor sensitivity. Therefore, our analysis was
restricted to the 9 families (9 patients and their respective healthy
relatives) from whom we had the most abundant material. In these
samples, levels of H3cit8K9me3 at the promoters of HERV-W/
ERVWEI and 7NFu were significantly increased in the patients
when compared to the genetically related healthy controls
(Figure 6D-6E). On HERV-H/LTR)59, levels of H3cit8K9me3
also appeared increased in the patients, but the p value associated
with this data (0.06) is above the significance level of 0.05.

We finally questioned whether PADI4 could be linked to the
increased levels of H3cit8K9me3. To this end, we examined
PBMC:s collected from the 18 families described above. Analysis of
these samples by RT-PCR showed that PADI4 mRNA levels were
significantly elevated in MS patients compared to the genetically
related healthy controls (approx. 1.5-fold, Figure 6F).

Altogether, these experiments showed that in the patients,
increased expression HERV-W/ERVWEI and TNFu transcripts
and decreased recruitment of HPla at their promoter region is
accompanied by a local increase in H3R8 citrullination and a
moderate up-regulation of PADI4 expression.

Discussion

In this report, we show that dependence on HPla-mediated
silencing is a common denominator between cytokines and
HERVs, both expressed at abnormally high levels in T cells from
MS patients, and we suggest that a decreased efficiency of the
HP1-mediated silencing may participate in the pathological
deregulation of these transcription units.

PLOS Genetics | www.plosgenetics.org

In this context, we find that one source of defective HPI-
mediated silencing is citrullination of H3RS8. This histone
modification reduces the affinity of the chromo domain of the
HP1 proteins to the methylated histone H3K9 residue and thereby
defines a novel mechanism regulating HP1-binding to chromatin.

Using an antibody specifically recognizing H3cit8K9me3, we
show that this double modification is induced in the presence of
elevated levels of PADI4, the only known nuclear peptidylarginine
deiminase. Interestingly, when an inflammatory response is
induced in Jurkat T' cells, expression of PADI4 is increased and
levels of H3cit8K9me3 rise at the promoters of the immune genes
IL8 and TNFu. Under these conditions, inhibiting PADI activity
with the chemical inhibitor Cl-amidine results in reduced kinetic
and amplitude in the activation of the two immune genes. These
observations show that PADI activity and citrullination of histone
H3 are required for normal activation of immune genes and define
PADI4 as a novel regulator of cytokine expression. We speculate
that H3cit8, together with other histone modifications such as
H3S10 and H3S28 phosphorylation participate in creating an
epigenetic landscape favorable for the transcriptional activation of
a subset of immune genes.

PADI4 activity could also be artificially increased in MCF7 cells
treated with estradiol and an ionophore. This allowed us to show
that abnormally elevated levels of PADI activity result in
transcriptional stimulation of several immune genes. Consistent
with this, PBMCis collected from MS patients (and compared to
healthy relatives) showed in average increased expression of TNFu,
increased levels of H3cit8K9me3 at the promoter of this gene, and
increased expression of PADI4. These observations strongly
suggest that inappropriate activity of PADI4 can participate in
the deregulation of immune genes relevant for MS (see model
Figure 7). We here note that the estrogen/ionophore treatment
inducing PADI4 expression in MCF7 cells also stimulated
production of this enzyme in Jurkat T cells (data not shown).
We therefore speculate that PADI4 could be involved in the
activating effect of estrogen on TNFa expression observed in T
cells under some conditions ([69] and references therein) and could
thereby play a role in the higher incidence of MS in females [70].

Other enzymes affecting the affinity of HPI1 proteins for
chromatin may also be good candidates for an implication in MS.
For example, Jak2 that is expressed at increased levels in MS Th17
cells [71] also cause exclusion of HPla from chromatin by
phosphorylating H3Y41, a residue contacted by the C-terminal
region of the HP1 proteins [72]. Along the same lines, we note that
levels of arginine methylation of myelin basic protein MBP is
increased in MS patients [73], while we find that methylation of
H3R8 reduces affinity of HPla for the neighboring methylated
H3K9 approximately 10-fold. Possibly, the same arginine meth-
ylases may be involved in the modification of both MBP and
histones. In addition, PADI4 has earlier been described as
involved in arginine demethylation, although methylated arginines
are rather poor substrates for this enzyme w wvitro [44,45,47].
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Figure 3. The H3cit8K9me3 double histone modification reduces the affinity of HP1a for the H3K9me3 single modification. (A) Dot
blot showing that HP1a does not bind to histone H3 peptides carrying a H3Cit8K9me3 double modification. Indicated histone H3 peptides of 1, 0.2,
and 0.04 ug were spotted on the membranes. Then binding of recombinant GST-HP1a was tested by labeling of the retained protein with anti-GST
antibodies. Blots are representative of the experimental replicates. (B) Purified recombinant GST-HP1a (red) was bound to fixed MCF7 cells in
“overlay” assays, and then challenged by competition with 1 pg of the indicated peptides. DNA is labeled with DAPI (blue), scale bar: 5 um. (C) Real-
time association and dissociation surface plasmon resonance (SPR) profiles corresponding to the injection of the indicated H3 peptides at 12.5 uM
over immobilized GST-HP1a. (D) Percentage of bound GST-HP1a sites as a function of the peptide concentration. (E-F) Total RNA from MCF7 cells
transfected with the PADI4 small interfering RNAs (siRNAs) was quantified with RT-gPCR. Changes in mRNA levels are shown relative to the siGAPDH
transfection (set to 1), which was not affecting the mRNA levels of the genes of interest (Figure S1C). The data are presented as the means = SEM of

triplicate experiments.
doi:10.1371/journal.pgen.1002934.g003

Methylation and citrullination may therefore allow for a gradual
activation of HPla target genes in response to external stimuli.

The fact that PADI4 is a regulator of cytokines that can be
cither positively regulated by cellular stimuli or negatively
regulated by specific inhibitors provides yet unexplored avenues
to the control of inflammation, and in the case of MS, molecules
such as Cl-amidine may potentially allow restoring chromatin-
mediated repression of over-activated cytokine genes.

While HPI proteins are best described as heterochromatic
silencers and suppressors of variegation, our observations confirm
that these proteins are also highly relevant for the transcriptional
control of inducible genes that require a transient phase of
silencing. The sharing of regulatory mechanisms between euchro-
matic cytokine genes and repeated sequences such as HERVs
suggests that many bridges may exist between active and inactive
chromatin, and that there is a continuum and not a clear-cut
boarder between euchromatin and heterochromatin. Therefore,
probing the status of heterochromatic silencing as well as its defects
may provide much new insight on the transcriptional programs in
which cells are engaged.

Materials and Methods

Study population: Ethics statement

Blood samples were collected from each participant after
informed consent as approved by the local Danish ethical
committee.

Study population: Description and methods

The study population consisted of 36 subjects, encompassing 18
MS patients clinically diagnosed for MS and fulfilling the
diagnostic criteria of Poser et al.,, 1993 [75] and 18 unaffected
(healthy) first or second degree relatives, one for each of the MS
patients. The participants were from a homogenous population
(Caucasian, Northern FEuropean descent). Venous blood was
drawn and processed on the same day in our laboratory. The
clinical and demographic data of each participant are summarized
in Table S1. The mean age of both the MS patients and their
unaffected relatives was 52 years. The gender ratios for MS
patients (11 female/7 male) and unaffected relatives (9 female/9
male) were also comparable. Peripheral blood mononuclear cells
(PBMCs) were prepared by standard Isopaque-Ficoll centrifuga-
tion. The separated cells were cryo-preserved in RPMI with
addition of 20% inactivated human serum (HS) and 10% DMSO,
at —135°C until use. For the assays, PBMCs were thawed and
cultured for 24 h in RPMI-1640 with 10% inactivated human
serum, and 100 Uml-1 penicillin-streptomycin at 37°C in a 5%
COy incubator prior to use. For each family, PBMCs from the
patient and the control individual were analyzed at the same
time.The data were analyzed by using the software XLSTAT
(version 2010.5.06, www.xlstat.com). When indicated in the text,
Wilcoxon signed rank test [76] was used to determine whether a
significant (p<<0.05) difference.

PLOS Genetics | www.plosgenetics.org

Antibodies, peptides, and chemicals

Anti-H3cit8K9me3 antibody was produced in rabbits using a
peptide coupled to KLH with the following sequence: ARTKQTA
(cit) Kme3)STGGKAPRC. Anti-PADI4 (ChIP: P4749; immuno-
blots: ab50332), anti-H3cit(2,8,17) (ab5103), anti-H3(ab1791), and
anti-H3K9me3 (ab8898) antibodies were purchased from Abcam.
Anti-HP1lo (ChIP: 1H5; immunoblots: 2G9) and anti-Brgl (2E12)
were from Euromedex. Calcium ionophore A23187 (used on
HEK293 and MCF7 cells) and ionomycin (only ionophore
tolerated by Jurkat cells), and 17-B-estradiol (E2758) were
purchased from Sigma. DNA was labeled with 4’,6-diamidino-2-
phenylindole  (DAPI; Invitrogen) at a concentration of
150 ngml~'. The peptide ARTKQTARKSTGGKAPRC was
used for competition, overlay, and surface plasmon experiments,
either unmodified or with K9me3, R8meK9me3, cit8K9me3, or
cit8 modifications. Peptides were carefully quantified by amino
acid analysis, and the presence of the modifications was confirmed
by mass spectrometry.

Chromatin immunoprecipitation (ChIP)

ChIP was carried out essentially as previously described [74],
with minor alterations. MCF7 or Jurkat cells, or PBMCs were
cross-linked in phosphate-buffered saline (PBS) containing 1%
formaldehyde (Sigma) for 10 min at room temperature. The
crosslinking reaction was quenched with PBS containing 125 mM
glycine, followed by three washes with ice-cold PBS. The
chromatin was fragmented by sonication to produce average
DNA lengths of 0.5 kb. After ChIP, the eluted DNAs were
detected by quantitative PCR using the primers listed in Table S2.
Levels of histone modifications are expressed as % of H3, and
levels of HPla. are expressed relatively to the signal obtained for
ChIP using non-immune IgGs. Values are averaged from 3
independent experiments.

In vitro binding studies by surface plasmon resonance
(SPR)

Real-time SPR assays were performed at 25°C in PBS. GST-
HPlo was covalently coupled to a CM5 sensor chip, using a
Biacore 2000 instrument and an Amine Coupling Kit (GE
Healthcare), achieving three different immobilization densities
(Rimmo) of 3500, 6500, and 15000 resonance units (RU; 1RU
~1 pg.mm 7). On the remaining flow cell, 5700 RU of GST were
immobilized to prepare a reference surface. A series of 10
concentrations of peptides (50 nM-25 uM for H3R8K9me3,
200 nM—-100 pM for the H3cit8K9me3, H3cit8K9, and unmod-
ified peptides) were injected for 2 min over the GST-HPla and
GST surfaces at a flow rate of 50 pL.min~". After following the
dissociation for 5 min, the surfaces were regenerated with a 3-min
wash of 2 M NaCl, and two 15-sec washes with 10 mM glycine-
HCI (pH 1.5) and 0.05% SDS.

The association and dissociation profiles were double-refer-
enced using the Scrubber 2.0 software (BioLogic Software) (.e.
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Figure 4. PADI4 activity controls HP1a occupancy and histone H3 citrullination at TNFo and HERV promoters. (A) Total protein extracts
from MCF7 cells treated either estradiol (E2) or ionophore (A23187) and/or Cl-amidine were immunoblotted with the indicated antibodies. (B) Total
RNA from MCF7 cells either untreated or treated with estradiol followed by ionophore (E2+A23187) and/or Cl-amidine (E2+A23187+Cl-amidine)
treatment was quantified by RT-gPCR. Data are shown relative to the un-induced condition (set to 1). Values are mean = SEM from four experimental
replicates. (C-E) ChIP with the listed antibodies was carried out with chromatin from MCF7 cells either untreated or treated with estradiol and
ionophore (E2+A23187) in the absence or presence of Cl-amidine. The relative enrichments of the indicated antibodies on the shown LTRs or
promoters were measured by qPCR. Data are presented as a percentage of histone H3 or relative to non-immune IgG as indicated. Enrichments are
presented relative to indicated controls (set to 1). Values are means = SEM from four PCR measures of representative ChIP experiments.
doi:10.1371/journal.pgen.1002934.9g004
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Figure 5. PADI activity facilitates activation of TNFa and IL8 transcription in T cells. (A) ChIP with anti-HP1a antibodies was carried out
with chromatin from Jurkat cells either untreated or treated with PMA and ionophore (ionomycin). The relative enrichments of HP1a on the indicated
promoters were measured by qPCR. Data are presented relative to non-immune IgG. Changes in enrichment are presented relative to the un-induced
control (set to 1). Values are means * SEM from two PCR measures of two independent ChIP experiments. (B) Total RNA was isolated from Jurkat cells
either un-stimulated or treated with ionomycin and PMA for 2 hour. Changes in mRNA levels for the indicated genes were quantified by RT-qPCR. The
data are presented as the means = SEM of triplicate experiments. (C) ChIP with anti-H3cit8K9me3 antibodies was carried out as in A. Data are
presented as a percentage of histone H3. Changes in enrichment are presented relative to the un-induced control (set to 1). Values are means = SEM
from two PCR measures of two independent ChIP experiments. (D) Total RNA was isolated from Jurkat cells treated as in B minus or plus PADI-
inhibitor cl-amidine as indicated. Changes in mRNA levels for the indicated genes were quantified by RT-qPCR. The data are presented as the means
+ SEM of duplicate experiments.

doi:10.1371/journal.pgen.1002934.g005
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Figure 6. Modified accumulation of HP1a and H3cit8K9me3 at HERVs and TNFa in MS patients. (A-B) Expression of HERVs and TNFa. in
PBMCs from 18 families (n =36 individuals) each consisting of one MS patient and a genetically related unaffected relative. Total RNA was prepared
from the PBMCs and indicated transcripts were quantified by RT-qPCR. Values are means *SE from at least 3 gPCR reactions for each individual. For
each family, the basal level used to calculate the fold-change was the average of at least 3 qPCR values obtained from the healthy control. (C) ChIP
with anti-HP1a on chromatin extracted at same time from PBMCs from above mentioned 18 families. The relative enrichment of HP1a on the LTR or
promoter region of HERVs and TNFa was measured by qPCR and normalized to the signal obtained with irrelevant non-immune IgGs. The reported
values are means = SEM from at least three qPCRs for each individual (n=36) from a representative ChIP experiment (* p<<0.05, significant and
°p>0.05 not significant, Wilcoxon signed rank test). (D-E) ChIP with anti-H3cit8K9me3 on chromatin extracted from PBMCs from 9 families. The
relative enrichment of H3cit8K9me3 on the LTR or promoter region was measured by qPCR and data are presented as a percentage of histone H3.
The reported values are means * SEM from at least three qPCRs for each individual (n = 18) from a representative ChIP experiment. The enrichment
of H3cit8K9me3 on the HERV/LTR59 is also higher in MS patients as compared to healthy individuals, but due to the small sample size, the p value (*°
p=0.06) is not significant and could not be interpreted (* p<0.05, significant and °p>0.05, not significant, Wilcoxon signed rank test). (F) PADI4
mRNA levels were quantified by RT-gPCR in total RNA prepared from PBMCs of 18 families each including one MS patients and one genetically related
control individual. Values are means +/—SE from at least 3 qPCR reactions for each individual. The p value (p<<0.0007) was calculated by Wilcoxon
signed rank test. In each panel, the boxes represent the interquartile range. The whiskers extend the box to the highest and lowest value. The line
across the box indicates the median value.

doi:10.1371/journal.pgen.1002934.9g006

both the signals from the reference GST surface and from blank The percentage of bound HP1a sites was determined as follows:
experiments using PBS instead of peptide were subtracted). The
steady-state SPR responses (R.) were plotted against the peptide % bound HP 14 sites = (Req/Rimmo)*

concentration (C) and fitted according to the following equation: (2)
(MW (GsT—1p12)/ MW (peptied) ) * 100

Req = (Rumax * C)/(Ka+C) (1)

where K is the equilibrium dissociation constant of the peptide/ Cell culture
GST-HPla interaction and R,,,,« the maximal binding capacity of MCF-7 and HEK293 cells were cultured in Dulbecco’s
GST-HPla. modified Eagle’s medium (DMEM, Gibco BRL), and Jurkat cells
b
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Figure 7. Model. HP1qa silences HERVs and represses several cytokines until they are stimulated. It binds the tri-methylated lysine 9 of histone H3 on
these promoters.This binding is in part regulated by PADI4 conversion of histone H3 arginine 8 into a citrulline, thereby reducing the affinity of HP1a
for the neighboring methylated lysine 9. In MS patients, PADI4 induces an enrichment of H3cit8K9me3 double histone modification resulting in
reduced accumulation of HP1o. on HERVs, on the promoter of TNFo and possibly on other cytokines genes. This in turn may be responsible for
excessive expression of HERVs and cytokines that inappropriately activate T lymphocytes and ultimately damages the central nervous system. It may
be possible to interrupt this sequence of event with the PADI4 specific inhibitor Cl-amidine.

doi:10.1371/journal.pgen.1002934.g007

PLOS Genetics | www.plosgenetics.org 12 September 2012 | Volume 8 | Issue 9 | 1002934



were cultured in RPMI-1640, all with 10% decomplemented fetal
bovine serum (FBS) and 100 U.ml ™" penicillin-streptomycin at 37°C
in a 5% COy incubator. MCF7 cells were treated with 200 nM of
estradiol (E2) for 24 h, washed three times with 1x PBS and then
incubated for 30 minutes in Locke’s solution (10 mM HEPES.HCI,
pH 7.3, 150 mM NaCl, 5 mM KCIl, 2 mM CaCl,, and 0.1%
glucose) supplemented with 5 uM A23187 (C7522, Sigma). Jurkat
cells were treated with phorbol myristate acetate (PMA) at 40 nM.
Ionophores were used at 1 uM. PADI4 inhibitor, Cl-amidine (from
Bertin Pharma) was dissolved in 1 X PBS as a 50 mM stock solution.
MCEF7 and Jurkat cells were treated with 200 uM Cl-amidine in
complete cell culture medium for exactly 72 h.

Generation of inducible PADI4-expressing HEK293 cells

The ¢cDNAs coding for either WT PADI4, hyperactive PADI4
(Mut+) [62], or hypoactive PADI4 (Mut—) [63] were inserted into
the pi_tk_hygro vector for retroviral delivery [77]. Two days after
transfection using FuGENE (Roche), the medium of packaging
HEK293 cells was filtered on a 0.45 pm filter (Millipore) and
supplemented with polybrene (AL-118, Sigma) at 100 pug.ml ™"
This medium was used to infect host HEK293 cells (3 consecutive
infections) followed by selection with hygromycin (H3274, Sigma)
at a final concentration of 100 pg.ml ™"

RNA interference, mRNA, and protein quantification

HP1 small interfering RNAs (siRINAs) were described previously
[35]. PADI4 (J-012471-05) and Glyceraldehyde-3-phosphate
dehydrogenase control siRNAs were purchased from Dharmacon.
Cells were harvested 72 h after transfection with DharmaFECT 1
(T 2001-03). Total RNA from PBMCs and MCF7 cells was
extracted with RNeasy (Qiagen) and quantified with an ND-1000
(Nanodrop). After DNase treatment (Roche), reverse transcription
was performed using SuperScript III (Invitrogen) and random
hexanucleotides according to the manufacturer’s instructions.
Complementary DNA was quantified by RT-qPCR as previously
described [35]. PCR primers are listed in Table S2. Proteins were
extracted as described previously [35] and detected by Western
blotting. Acid extraction of histones was conducted as described by
Shechter, et al., [78].

Immunofluorescence and image acquisition

Immunofluorescent labeling was performed in MCF7 cells after
sequential treatment with 200 nM of estradiol (E2) for 24 h in
culture media followed by 5 pM A23187 for 30 min in Locke’s
solution. Cells were permeabilized in ice cold CSK (20 mM PIPES
pH 6.8,200 mM NaCl, 600 mM sucrose, 6 mM MgCly, and 2 mM
EGTA) 0.5% Triton X-100 (v/v), 0.1 mM PMSF for 30 sec. Cells
were fixed with CSK-3.7% paraformaldehyde at room temperature
(RT) for 10 min, then blocked in PBS-0.05% Tween-20 (v/v), 10%
(v/v) FBS for 30 min at RT. In peptide competition experiments,
primary antibodies were pre-incubated with 1 pg of indicated
histone H3 peptides or without peptide for 30 min. Cells were
incubated with antibodies at 4°Ci overnight and then coverslips were
washed three times in PBS-BSA 0.5% (w/v). Coverslips were
incubated with secondary antibodies for 1 h at room temperature
protected from light, before being washed three times in PBS-BSA
0.5% (w/v), and once in PBS, before final staining with DAPL
Imaging was conducted on an Axiovert 200 M microscope (Zeiss)
coupled with an Apotome with Axiovision 4.7 (Zeiss).

Supporting Information

Figure S1 Depletion of HP1 proteins reactivates HERVs and
TNFa. (A) Total RNA from MCF7 cells transfected with the
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indicated small interfering RNAs (siRNAs) was quantified with
RT-qPCR. Changes in mRNA levels are shown relative to the
siGAPDH transfection (set to 1). The data are presented as the
means = SEM of triplicate experiments.(B and D) MCF7 cells
were transfected with the indicated siRNA as mentioned in
Figure 1B and Figure 3E-3F. Western blots were carried out with
total extracts with the indicated antibodies. Blots are representa-
tive of the experimental replicates.

(PDF)

Figure 82 PADI4 expression and activity is induced in MCF7
cells by a treatment with estradiol and an ionophore. (A) Extracts
from MCF7 cells treated either estradiol (E2) or ionophore
(A23187) and/or both as indicated were analyzed by Western-blot
with anti-PADI4 & anti-Brgl antibodies. Blots are representative
of the experimental replicates. (B) Treatment of MCF7 cells with
estradiol and an ionophore increases the expression of HERV-H/
env62 in 24 h. Total RNA from MCF7 cells uninduced (ethanol)
or treated with E2 and/or A23187 for the indicated times, was
quantified by RT-qPCR. Values were normalized to levels of
RPLPO. Indicated values were averaged from three experimental
replicates. (C) PADI4 activity does not reduce recruitment of
H3cit8K9me3 on the promoter of RPLP0O in MCF7 cells. Relative
enrichment of H3cit8K9me3 double mark on the RPLPO
promoter under the different condition as described in Figure 4.
(PDI)

Figure 83 PADI activity facilitates activation of HERVs in T
cells. (A) ChIP with anti-HPla antibodies was carried out with
chromatin prepared from Jurkat cells either untreated or treated
with PMA and ionophore (ionomycin). The relative enrichments
of HPla on the indicated LTRs were measured by qPCR. Data
are presented relative to non-immune IgG. Changes in enrich-
ment are presented relative to the un-induced control (set to 1).
Values are means * SEM from two PCR measures of two
independent ChIP experiments. (B) ChIP with anti-PADI4
antibodies was carried out as in A with indicated time points.
Data are presented relative to non-immune IgG. Changes in
enrichment are presented relative to the un-induced control (set to
1). Values are means £ SEM from two PCR measures of two
independent ChIP experiments. (C) ChIP with anti-H3cit8 K9me3
antibodies was carried out as in A. Data are presented as a
percentage of histone H3. Changes in enrichment are presented
relative to the un-induced control (set to 1). Values are means *
SEM from two PCR measures of two independent ChIP
experiments. (D) Total RNA was isolated from Jurkat cells either
un-stimulated or treated with ionomycin and PMA minus or plus
PADI-inhibitor cl-amidine as indicated. Changes in mRNA levels
for the indicated genes were quantified by RT-qPCR. The data
are presented as the means = SEM of duplicate experiments.
(PDF)

Figure 84 HPIla in the repression of HERVs and cytokines.
Correlation matrix representing the correlation between the
presence of HPla on the promoter regions of RPLPO, TNFa,
and HERVs in study individuals analyzed in Figure 6C.
Represented values are Spearman Rank correlation coefficients
followed by p-values calculated using two sided student t test.
p<<0.05 was considered as significant. The colour bar at the
bottom shows the colour scale according to Spearman’s Rank
correlation coeflicients.

(PDF)

Table S1 Clinical and demographic data for the lymphocyte
samples. The data given for age and duration (years), and EDSS
are: mean (range). Abbreviations are as follows: MS: MS patient;
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U: unaffected relative; PP primary progressive MS; RR: relapsing-
remitting MS; SP: secondary progressive MS; M: male; F: female;
y: years; EDSS: expanded disability status scale; active: disease
course with relapse within a year prior to sampling. None of the
patients had diagnosed infections at the time of sampling.

(DOC)

Table 82 List of primers used in this study.
(DOC)
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