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Citrullination is the post-translational conversion of an arginine residue within a protein to the
non-coded amino acid citrullinel. This modification leads to the loss of a positive charge and
reduction in hydrogen bonding ability. It is carried out by a small family of tissue-specific
vertebrate enzymes called peptidylarginine deiminases (PADIs)? and is associated with the
development of diverse pathological states such as autoimmunity, cancer, neurodegenerative
disorders, prion diseases and thrombosis?3. Nonetheless, the physiological functions of
citrullination remain ill-defined, though citrullination of core histones has been linked to
transcriptional regulation and the DNA damage response*-8. PADI4 (or PAD4/PADV), the only
PADI with a nuclear localization signal®, was previously shown to act in myeloid cells where it
mediates profound chromatin decondensation during the innate immune response to infection?.
Here we show that the expression and enzymatic activity of PADI4 are also induced under
conditions of ground state pluripotency and during reprogramming. PADI4 is part of the
pluripotency transcriptional network, binding to regulatory elements of key stem cell genes and
activating their expression. Its inhibition lowers the percentage of pluripotent cells in the early
mouse embryo and significantly reduces reprogramming efficiency. Using an unbiased proteomic
approach we identify linker histone H1 variants, which are involved in the generation of compact
chromatin!, as novel PADI4 substrates. Citrullination of a single arginine residue within the DNA
binding site of H1 results in its displacement from chromatin and global chromatin
decondensation. Together, these results uncover a role for citrullination in the regulation of
pluripotency and provide new mechanistic insights into how citrullination regulates chromatin
compaction.

Pluripotent cells have the capacity to self-renew and differentiate into all somatic and germ
cell lineages and, hence, possess immense therapeutic potential for a multitude of medical
conditions. Their generation by reprogramming of differentiated somatic cells has been
achieved by nuclear transfer, cell fusion and transduction of transcription factors, such as
Oct4, Sox2, KIf4 and c-Myc12. Pluripotent cells have a distinctly open chromatin structure
that is essential for unrestricted developmental potential’314 and reprogramming involves an
almost complete epigenetic resetting of somatic cells'3. The ability of PADI4-mediated
histone citrullination to induce chromatin decondensation in neutrophils' prompted us to
ask whether it can play a role in pluripotency, where chromatin decondensation is also
necessary. To investigate this we first assessed the expression of Padi4in the embryonic
stem cell line ES Oct4-GIP (ES), the neural stem cell line NSO4G (NS) and in induced
pluripotent stem (iPS) cells derived NSO4G (see Methods). Padi4 is expressed in pluripotent
ES and iPS but not multipotent NS cells (Fig.1a). Culture of ES cells in 2i/LIF medium
establishes a ground state of pluripotency®®. This leads to the down-regulation of lineage
specific markers and the up-regulation of pluripotency factors, as well as rapid induction of
Padi4 (Fig. 1b). The pattern of Padi4 expression follows closely that of AManog, an essential
transcription factor for the transition to ground state pluripotency8(Fig 1a,b). While other
PADIs are expressed in pluripotent cells, PADI4 is the only one whose expression clearly
associates with naive pluripotency (Extended Data Fig. 1a,b). Citrullination of histone H3
(H3Cit), a modification shown previously to be carried out specifically by PADI47, is
detectable in ES and iPS cells (Extended Data Fig. 1c), indicating that PADI4 is also
enzymatically active. H3 and global citrullination are undetectable in NS cells (Extended
Data Fig. 1c,d).
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To determine the kinetics of PADI4 activation during the establishment of pluripotency, we
examined RNA and protein samples collected daily during the course of reprogramming of
NSOA4G into iPS cells!®. Padi4 s rapidly induced in NS cells after transduction of
reprogramming factors but only becomes active to citrullinate H3 after introduction of 2i/
LIF, closely following the onset of Nanog expression (Fig. 1c). These observations strongly
suggested that PADI4 activity is associated with ground state pluripotency and prompted us
to examine whether Padi4 is part of the pluripotency transcriptional network.

First, we asked whether the reprogramming factors regulate Padi4 expression, utilizing the
ZHBTc4.1 and 2TS22C cell lines where Oct4 and Sox2, respectively, can be deleted acutely
in response to doxycycline treatment (see Methods). Deletion of Oct4, but not Sox2, led to a
decrease in Padi4 mRNA levels (Extended Data Fig. 1e). Furthermore, while Oct4 and KIf4
occupy the Padi4 promoter in ES, but not NS cells, Sox2 is bound in both cell types
(Extended Data Fig. 1f). To understand the effects of PADI4 on transcriptional regulation in
pluripotent cells, we analyzed the transcriptome of ES cells upon PADI4 over-expression
and inhibition. Several key pluripotency genes are up-regulated in response to PADI4 over-
expression (Fig. 1d, Extended Data Figure 2a and Supplementary Table 2), including K/72,
Tcl1, TefapZe, and Kit. Tell was previously identified as the only regulator of self-renewal
up-regulated in ground state pluripotency® and over-expression of 7c/1 or Tcfap2c
positively influence this processi8. Gene Ontology (GO) analysis of this dataset indicates an
enrichment of genes involved in stem cell development and maintenance (Fig. 1e). In
addition, knockdown of Padi4 in mES cells leads to decreased expression of 7¢/Z and
Nanog, which is rescued by exogenous expression of RNAi-resistant human PADI4 (Fig. 1f,
Extended Data Fig. 2b,c). These genes are under the control of PADI4 enzymatic activity
since treatment with the chemical inhibitor Cl-amidine, which disrupts citrullination by
PADI41, down-regulates their expression (Fig. 1g). Chromatin immunoprecipitation (ChIP)
analysis indicated that H3Cit is present on regulatory regions of 7¢/Z and Nanogin ES and
iPS cells, but not NS cells (Fig. 1h and Extended Data Fig. 3a). Accordingly, exogenously
expressed human PADI4 localizes to and is enzymatically active on these regions, as well as
regulatory regions of K/f2and Kitin ES cells (Extended Data Fig. 3b,c). In contrast to
PADI4 over-expression, treatment of ES cells with Cl-amidine led to up-regulation of
differentiation markers such as Prickle1, EphA1and Wnt8aand down-regulation of
pluripotency markers such as K/f5 (Extended Data Fig. 4a,b, and Supplementary Table 3), in
addition to Manog and Tc/1 (Fig. 1g). GO analysis of this dataset indicated enrichment in
genes involved in cell differentiation (Extended Data Fig. 4c). Pou5f1 (Oct4), Kif4, Sox2
and c-Myc, were not affected by PADI4 modulation (Extended Data Fig. 2a and
Supplementary Tables 2 and 3). Cumulatively, the above results place PADI4 within the
pluripotency transcriptional network, suggesting that it acts downstream of some of the
cardinal reprogramming factors to regulate a specific subset of pluripotency genes.

Prompted by the above observations, we investigated whether PADI4 is necessary for
pluripotency, as assessed during reprogramming (Extended Data Fig. 5a) and in the early
stages of embryo development. NSO4G cells express a GFP reporter under the control of the
Oct4 regulatory sequences, which is activated upon acquisition of pluripotency?®, allowing
us to trace reprogrammed cells. Knock-down of Padi4 in NSO4G-derived pre-iPS cells
impaired the ability of the cells to establish H3Cit upon switch to 2i/LIF medium and led to
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a clear reduction in reprogramming (Fig. 2a,b, Extended Data Fig. 5b-e and Extended Data
time-lapse video). Consistent with this, levels of 7¢/Z and Nanog were not elevated upon
reprogramming to the same extent as in control cells (Fig. 2b and Extended Data Fig. 5f).
Cl-amidine treatment led to a dramatic reduction of reprogramming efficiency and H3Cit
(Fig. 2c and Extended Data Fig. 5g-i), suggesting that the catalytic activity of PADI4 is
important for the induction of pluripotency.

Padi4 expression and H3Cit are detected in the early embryo29-21 and Padi4-null mice are
born in lower numbers than would be expected by Mendelian inheritance?2, suggesting that
PADI4 loss affects embryonic development. To assess the role of PADI4 in early
development, we cultured mouse embryos in Cl-amidine-containing medium from the 2-cell
stage and throughout pre-implantation development (see Methods and Extended Data Fig.
6a-c). Using 200uM Cl-amidine resulted in a complete developmental arrest of the embryos
at the 8-cell stage (Extended Data Fig. 6a). We therefore used the maximum dose of Cl-
amidine that reduced H3Cit (Extended Data Fig. S6b,c) but did not induce arrest (10uM).
This led to a reduced percentage of pluripotent Nanog-positive epiblast cells and an
increased percentage of differentiated trophectoderm cells at the blastocyst stage (Fig. 2d,e
and Extended Data Fig. 6d,e). Time-course analyses of the cleavage patterns and cell fate
decisions in early embryos showed that Cl-amidine increased the number of symmetric cell
divisions at the expense of asymmetric divisions at the 8 to 16- and 16 to 32-cell transitions
(Fig. 2f,g). This resulted in 16-cell stage embryos with fewer inner cells (destined for
pluripotency) and greater numbers of outer cells (destined for differentiation into
trophectoderm, reviewed in 23) (Extended Data Fig. 6f). Treatment with another PADI4
inhibitor, TDFA24, but not the HDAC inhibitor TSA, had similar effects (Extended Data Fig.
7, 8). These results indicate that PADI4 activity also promotes the maintenance of
pluripotent cells in the early mouse embryo.

To elucidate the molecular mechanisms by which PADI4 regulates pluripotency, we aimed to
identify PADI4 substrates in the chromatin fraction of mES cells using Stable Isotope
Labeling of Amino acids in Cell culture (SILAC) (Fig. 3a and Extended Data Fig. 9a,b).
Among the identified PADI4 substrates were Atrx, Dnmt3b, Trim28 and variants of linker
histone H1 (Fig. 3b-e, Extended Data Fig. S9c-f, S10 and Supplementary Table 4), all of
which can impact pluripotency. Histone H1 stabilizes the nucleosome and facilitates
chromatin condensation, a state that is less permissive to processes that require access to the
DNA, such as transcription!!. The identified citrullinated H1 peptides correspond to, and are
common between, variants H1.2, H1.3 and H1.4 (Fig. 3d,e), while an additional peptide
corresponds to the same residue in H1.5 (Extended Data Fig. 10a,b). In ES cells, H1.2, H1.3
and H1.4 are required for chromatin compaction2®, while their depletion leads to increased
expression of pluripotency genes such as NManog and stalls them in a self-renewal state with
impaired differentiation capability25. Notably, H1 is more loosely bound to chromatin in ES
cells than in differentiated cells*4 and its genomic localization in cancer cells was shown to
anti-correlate with that of PADI4’.

Mass spectrometric analysis accounted for all arginine residues within H1 but indicated that
Arg54 (H1R54) is the only site citrullinated by PADI4 (Fig. 3e and Extended Data Fig. 9c).
Indeed, we found that while H1.2 is citrullinated in ES cells (already by endogenous PADI4,
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and significantly increased upon PADI4 over-expression), it is refractory to modification
when Argb54 is mutated (Fig. 3f). Similar results were obtained in /n vitro citrullination
assays (Extended Data Fig. 11a). H1R54 lies within the globular domain of H1 (Extended
Data Fig. 11b), which is highly conserved among the linker histone family and is necessary
for interaction with nucleosomal DNAZ27:28, To test whether H1R54 is necessary for binding
of H1 to nucleosomes, we mutated and assessed it in nucleosome-binding assays. Figure 3g
shows that an R54A mutant, which mimics the charge change that accompanies
citrullination, is impaired for nucleosome binding. An R54K mutant, which retains the
positive charge, is impaired to a lesser extend (Fig. 3g) suggesting that H1R54 is important
for electrostatic interactions between H1.2 and the nucleosome.

The above results open up the possibility that PADI4 may affect chromatin compaction in
pluripotent cells. To test this hypothesis, we first assessed whether citrullination by ectopic
PADI4 can lead to decondensation of differentiated cell chromatin. Recombinant PADI4 was
added to permeabilized and stabilized differentiated C2C12 mouse myoblast nuclei (Fig.
4a). This protocol ensures stabilization of the nuclear component while allowing the free
diffusion of non-chromatin bound nuclear proteins into the extra-nuclear fraction, and their
collection by washing. Incubation with active PADI4 (Extended Data Fig. 12a,b), leads to
the eviction of H1 from the chromatin and its diffusion out of the permeabilized nucleus
(Fig. 4b). The evicted H1 is citrullinated on R54, as determined by mass spectrometry
(Extended Data Figure 12c¢,d). Consistent with this, PADI4-treated cells showed evidence of
decondensed chromatin, as determined by nuclear swelling, diffuse DAPI staining and
increased sensitivity to micrococcal nuclease (Fig. 4c,d and Extended Data Figure 12e).
Similar results were observed when PAD/4 was over-expressed in C2C12 cells (Fig. 4e) or
NS cells (data not shown). To monitor if PADI4 can affect H1 binding on pluripotent cell
chromatin, we performed ChIP-qPCR analyses of H1.2 on the regulatory regions of 7¢/1
and Nanog and found that it is stabilized upon Padi4 knockdown (Fig. 4f). The ability of
PADI4 to disrupt the binding of H1 to nucleosomal DNA provides a novel mechanistic
example of how citrullination regulates protein function and chromatin condensation.

The work described above identifies citrullination of chromatin components by PADI4 as a
feature of pluripotency (Fig. 4g), in addition to its previously described role in the myeloid
lineage. One of the reasons for the restricted expression pattern of PADI4 may be the
requirement for an open chromatin state in these cell types. The selective expression
characteristics and the inducible nature of the catalytic activity of PADI4, suggest that it is
under tight spatial and temporal regulation, giving it a unique status among chromatin
modifying enzymes. As such, inappropriate PADI4 activity may have deleterious
consequences, which may explain its activation in cancers of varying origin during
progression to malignancy2°. Indeed, citrullination is a common feature of several unrelated
diseases, suggesting that strict regulation is likely to be a requirement for the physiological
function of all PADIs. During review of this manuscript, Coonrod and colleagues suggested
that PADI2, thought to be mainly cytoplasmic, can also citrullinate histones and lead to
transcriptional activation3. This opens the intriguing possibility that other PADIs may
mediate nuclear events in specific contexts, including in pluripotent cells. Further research
into the function and targets of PADIs is likely to shed light into the etiology of several
pathologies.
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Extended Data Figure 1:

(a) Transcript levels for Padil, Padi? and Padi3in ES, NS and iPS cells, as assessed by gRT-
PCR. Padi6 was undetectable in all three cell types. Expression normalized to endogenous
levels of Ubiguitin (UbC). Error bars represent the standard error of the mean of three
biological replicates.

(b) Transcript levels of Padil, Padi? and Padi3in ES cells upon switch to 2i containing
medium for one passage, as assessed by gRT-PCR. Padi6 was undetectable in both
conditions. Expression normalized to UbC. Error bars represent the standard error of the
mean of three biological replicates.

(c) Immunoblot analysis of H3Cit levels in ES, NS and iPS cells. Total H3 is presented as
loading control.
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(d) Immunoblot analysis of total citrullination the levels in ES, NS and iPS cells, using an
antibody against Modified Citrulline (ModCit) which recognizes peptidylcitrulline
irrespective of amino acid sequence. Total H3 is presented as loading control.

(e) ZHBTc4.1 and 2TS22C ES cell lines were treated with 1pg/ml doxycycline for 48 hours,
resulting in depletion of Oct4 or Sox2 (data not shown). Padi4 mRNA was significantly
reduced upon Oct4, but not Sox2 knockdown, as assessed by gPCR. Error bars represent
standard error of the mean of four biological replicates.

(f) ChIP-gPCR for Oct4, Sox2, KIf4, RNA polymerase Il (Polll), H3K4me3 and H2A on the
promoter of Padi4in mES and NS cells. For each cell condition, the signal is presented as
fold enrichment over Input and after subtracting background signal from the beads. Error
bars represent the standard deviation of three technical qPCR replicates.

Asterisks denote difference with ES cells (a) or media (b), and Oh time point (¢); - not
significant, * P<0.05, ** P<0.01, *** P<0.001, **** P<0.0001 by ANOVA (a) or t-test (b,e).
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Extended Data Figure 2:

(a) Validation of selected targets from the PADI4 over-expression microarray dataset by
gRT-PCR. Expression of Pou5f1, Sox2, Klf4and c-Myc is not affected by PADI4 over-
expression. Expression normalised to UbC. Error bars presented as standard error of the
mean of three biological replicates.

(b) Transcript levels of mouse Padi4and human PAD/4in mES cells after transient knock-
down with Padi4 or control (Ctrl) sShRNA, and over-expression of human PAD/4 or control
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vector (pPB CTRL), as assessed by gRT-PCR. Expression normalized to UbC. Error bars
represent the standard error of the mean of three biological replicates.

(c) Transcript levels of mouse Padi4, Tcl1and Nanog in mES cell clones stably expressing
Padi4 or control (Ctrl) shRNA, as assessed by gRT-PCR. Expression normalized to UbC.
Error bars represent the standard error of the mean of three biological replicates.

Asterisks denote difference with Ctrl (a,b,c) and between samples (b); - not significant, *
P<0.05, ** P<0.01, *** P<0.001, **** P<0.0001 by ANOVA (b) or t-test (a,c).

Extended Data Figure 3:

(a) Representative ChIP-gPCR for H2A on regulatory regions of 7¢/Z and Nanog in mES,
NS and iPS cells (corresponding to Fig. 1h). For each cell condition, the signal is presented
as fold enrichment over Input and after subtracting background signal from the beads. Error
bars represent the standard deviation of three technical gPCR replicates.

(b) ChIP-gPCR for hPADI4 on regulatory regions of 7c¢/1, Nanog, KIf2 and Kit, which are
up-regulated by hPADI4 over-expression, in mES cells stably expressing hPADI4. For each
cell condition, the signal is presented as fold enrichment over Input and after subtracting
background signal from the beads. Error bars represent the standard deviation of three
technical gPCR replicates.

(c) Representative ChIP-gPCR for H3Cit on regulatory regions of 7¢/Z and Nanog in mES
cells stably expressing hPADI4 and treated with 200uM Cl-amidine for 48h. For each cell
condition, the signal is presented as fold enrichment over Input and after subtracting
background signal from the beads. Error bars represent the standard deviation of three
technical gPCR replicates.
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Extended Data Figure 4:

(a) Heat map of the top 70 genes that showed differential expression after PADI4 inhibition
in ES cells by with 200uM Cl-amidine for 48h, as determined by microarray analysis.
Displayed values are normalized log intensities, minus the mean expression of the gene
across the two samples. Hierarchical clustering based on correlation.

(b) Validation of selected targets from the above microarray dataset by qRT-PCR.
Expression normalised to UbC. Error bars presented as standard error of the mean of three
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biological replicates. Asterisks denote difference with Ctrl; - not significant, * P<0.05, **

P<0.01, *** P<0.001, **** P<0.0001 by t-test.

(c) Gene Ontology for Biological Process (GOBP) analysis for the most regulated gene
categories within the microarray dataset of Cl-amidine treatment in mES cells. P-value is
corrected for multiple testing using Benjamini and Hochberg FDR.

a b c
Retroviral ) .
infection of pre-iPS iPS Ctrl shRNA mPADI4 SshRNA #4
NS04G cells cells ] %
1 NS ES 2iLIF 8 3 q —
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> s 8
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Cl-amidine 200uM & & 1 2 3 4 102 3 4
e f g i
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Extended Data Figure 5:
(a) Scheme of reprogramming of neural stem cells to pluripotent state. NSO4G cells were

retrovirally transduced with Oct4, KIf4 and c-Myc. After 6 days, partially reprogrammed
pre-iPS cells arose. For sShRNA experiments, pre-iPS cells were stably transfected with Ctrl
or PADI4 shRNA and then full reprogramming was performed in the presence of 2iLIF
media for 8 days. For PADI4 enzymatic inhibition, pre-iPS cells were immediately changed
to 2iLIF media in the presence of the inhibitor Cl-amidine for 8 days.

(b) Quantification of flow cytometry analysis for the assessment of Oct4-GFP reporter
expression in a reprogramming assay using pre-iPS cells stably expressing Padi4 shRNA #4
and Ctrl shRNA. Error bars represent standard error of the mean of triplicate samples within
a representative from four reprogramming experiments.

(c) Quantification of Oct4-GFP positive colonies in the reprogramming assay where pre-iPS
cells were Padi4 shRNA #4 versus control (see Fig. 2a), after time-lapse image acquisition
with Biostation CT. Error bars represent standard error of the mean of triplicate samples
within a representative reprogramming experiment. Time-lapse video in supplementary data
online.

(d) Immunoblot analysis of H3Cit in pre-iPS cells treated with 2i, after Padi4 knock-down
(PADI4 shRNA #4) versus control cells (Ctrl ShRNA). 2i-containing medium was added on
day 2. Total histone H3 presented as loading control.

Nature. Author manuscript; available in PMC 2016 April 25.
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(e) Quantification of flow cytometry analysis for the assessment of Oct4-GFP reporter
expression in a reprogramming assay using pre-iPS cells stably expressing Padi4 shRNA #3
and Ctrl shRNA. Error bars represent standard error of the mean of triplicate samples.

(f) gRT-PCR analysis for the expression of 7c/, Nanogand Padi4 mRNAs at the end of the
above reprogramming assay (e). Error bars represent standard error of the mean of triplicate
samples.

(g9) Quantification of flow cytometry analysis for the assessment of Oct4-GFP reporter
expression in a reprogramming assay were treated with 200uM Cl-amidine. Error bars
represent standard error of the mean of triplicate samples within a representative from three
reprogramming experiment.

(h) Quantification of Oct4-GFP positive colonies in the reprogramming assay where pre-iPS
cells were treated with 200uM Cl-amidine (see Fig. 2c) after time-lapse image acquisition
with Biostation CT. Error bars represent standard error of the mean of triplicate samples
within a representative reprogramming experiment.

(i) Immunoblot analysis for the presence of H3Cit at the end of the above reprogramming
assay (g). Total histone H3 presented as loading control.

Asterisks denote difference with Control; - not significant, * P<0.05, ** P<0.01, ***
P<0.001, **** P<0.0001 by t-test
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Blastocysts

4 cell stage

E4.5 Blastocysts

Phase

II Citrullinated H3 II

Hoechst

I Citrullinated H3 II

Hoechst

Ctrl

Cl-amidine

Ctrl

Cl-amidine

Ctrl

Cl-amidine

Lineage in E4.5 bl ysts developed in the presence of Cl-amidine
Number of Percentage Number of Percentage Number of Percentage Total
EPI cells of EPI cells TE cells of TE cells PE cells of PE cells (meanzSE)
(meanzSE) (meanzSE) (meanzSE) (meanzSE) ( SE) ( SE)
Soniroi 10,00+0,73 12,37+0,91 60,15+3,23 77,10£1,43 6,61+0,76 7,60+0,78 77,84x3,94
Cl-amidine 10,26+0,63 9,48+0,40* 82,29+4,30* 80,79+0,87* 820,43 7,590,44 101,33+4,69*
Data from 3 replicates and 50 E4.5 blastocysts (n = 24-26 per group)
*Asterisks indicate difference within the same column (Unpaired T-test, P<0.05)
EPI: epiblast, TE: trophectoderm, PE: primitive endoderm
8to 16
[ E4.5 Blastocysts ] cell transition
Il Hoechst Merge 1004 :
[H Outer Cells

Extended Data Figure 6:
(a) Embryos at 2-cell stage were treated with 200uM Cl-amidine and snapshots were taken
at E3.0, E3.5 and E4.0. 200uM Cl-amidine embryos arrested at 8-cell stage, while Control
embryos continued development to form blastocysts. Phase contrast images are shown.

(b) Embryos at 2-cell stage were treated with 10uM Cl-amidine for 12 hours, fixed and
stained for H3Cit at the 4-cell stage. Phase contrast, H3Cit (white) and HOECHST 33342

(blue) images are shown. Bar represents 20pm.

Distribution of cells in 16 cell embryo (%)
o
<

= Inner cells

(c) Embryos at E3.5 were treated with 10uM Cl-amidine for 24 hours, fixed and stained for
H3Cit at E4.5. H3Cit (green) and HOECHST 33342 (blue) images are shown. Bar represents

20um.
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(d) Table with quantifications of lineage commitment in E4.5 blastocysts treated with 10uM
Cl-amidine from the 2-cell stage. Asterisks denote difference with Control, unpaired t-test, *
= p<0.05. n=3 (50 embryos).

(e) Embryos were cultured in medium supplemented with 10uM Cl-amidine from 2-cell
stage and through preimplantation development. E4.5 blastocysts were fixed and stained for
SOX17 (primitive endoderm marker, red), Cdx2 (trophectoderm marker, green) and
HOECHST 33342 (blue). Bar represents 20um.

(f) Time-lapse analysis of distribution of inner and outer cells at the 8 to 16-cell transition,
upon culturing of embryos with medium containing 10uM Cl-amidine from 2-cell stage.
Error bars represent standard error of the mean. Statistical significance was determined by
unpaired t-test or Mann Whitney test upon non-normal distribution. Asterisks denote
difference with Control; * P<0.05.

Ctrl

TDFA

4 cell stage ] b Lineage commitment in E4.5 blastocysts developed in the presence of TDFA
| Phase || Hacit || Hoechst |
- Percentage of EPI cells Percentage of TE cells Percentage of PE cells
(mean+SE) (mean=SE) (meanzSE)
Control 12,60+0,79 77,02+0,94 10,38+0,60
TDFA 10,43+0,62* 78,70+0,68 10,87+0,62

Data from 3 replicates and 60 E4.5 embryos (n=28-32 per group)
* Asterisks indicate difference within the same column (Mann Whitney test, P<0.05)
EPI: epiblast, TE: trophoectoderm , PE: primitive endoderm

E4.5 Blastocysts
Sox17 | Cdx2 I Hoechst

[ |
Extended Data Figure 7:

(a) Embryos at 2-cell stage were treated with 100uM TDFA for 12 hours and fixed and
stained for H3Cit at 4-cell stage. H3Cit and HOECHST 33342 images are shown.

(b) Table representing the percentage of cells committed to each embryonic lineage in E4.5
blastocysts upon treatment of embryos at 2-cell stage with 100uM TDFA. Bars represent
mean percentage (£SEM). Asterisks denote difference with Control, Mann-Whitney test, * =
p<0.05. n=3 (60 embryos).

(c) Embryos at 2-cell stage were treated with 100uM TDFA and fixed at embryonic day
E4.5. Phase contrast, Nanog (green), Sox17 (purple), Cdx2 (red) and HOECHST 33342
(blue) images are shown.

I | merge

.

Ctrl

TDFA
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Li . hlast, §
2 cell stage g in E4.5 ysts developed in the presence of TSA
“ H3K9ac " Hoechst Percentage of EPI cells Percentage of TE cells Percentage of PE cells
|
\ (mean=SE) (meanzSE) (meanzSE)
Control 10,060,67 77,29+0,86 12,64+0,61
TSA 10,71x0,80 79,34x0,91 9,95+0,60*

Data from 2 replicates and 32 E4.5 embryos (n=15-17 per group)

* Asterisks indicate difference within the same column (unpaired T-test, P<0.05)

EPI: epiblast, TE: trophoectoderm , PE: primitive endoderm

E4.5 Blastocysts

Sox17 | | Cdx2

Hoechst | I

merge

|| Ctrl

TSA

Extended Data Figure 8:

(a) Embryos at 2-cell stage were treated with 10nM TSA for 12 hours, and fixed and stained
for H3K9ac at 4-cell stage. H3K9ac and HOECHST 33342 images are shown.
(b) Table representing the percentage of cells committed to each embryonic lineage in E4.5
blastocysts upon treatment of embryos at 2-cell stage with 10nM TSA. Bars represent mean
percentage (xSEM). Asterisks denote difference with Control, unpaired t-test, * = p<0.05.

n=2 (32 embryos).

(c) Embryos at 2-cell stage were treated with 10nM TSA and fixed at embryonic day E4.5.
Phase contrast, Nanog (green), Sox17 (purple), Cdx2 (red) and HOECHST 33342 (blue)

images are shown.
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a Measured mass deviations on HCD fragment ions b
70000, (based upon >490.000 b- and y- ions)
b-ion TheoMass Mass PPM
60000 b2 287.1355 287.1343 4.18
b3 374.1676 374.1649 7.22
56000 8 b4 431.1890 431.1849 9.51
c
8 y-ion TheoMass Mass PPM
5 yi 153.1335 153.1325 6.53
« 40000, ] y2 287.2486 287.2474 4.18
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= Y5 542.4069 542.4055 2.58
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0. ...-ulllll”l II“IIIln.
20 15 10 5 0 5 10 15 20 -8 -4 0 4
Peptide mass deviation bins [ppm] log,, ratios (Heavy/Light)
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Sequence coverage of H1f2 Cit Bion TheoMass Wass PPM
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b4 430.2050 430.2068 4.18
70 80 90 100 110 120 b5 529.2734 529.2703 5.86
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b7 729.3895 729.3867 3.84
130 140 150 160 170 180 b8 800.4266 800.4236 3.75
KRAGRER < KNBAGARK« <« BEGARNPRKA AKKTPKKAKK BABRBVERKY AKSPKKAKVT b9 871.4638 871.4616 2.52
b10 984.5478 984.5458 2.03
190 200 210 b1l 1118.6629 1118.6654 2.23
KPKKVKSASK AVKPKAAKPK VAKAKKVAAK KK y-ion TheoMass Mass
. Identified peptide sequence vl 153.1335 153.1326 5.88
d by mass spectrometry y2 287.2486 287.2474 4.18
100 1 y3 400.3326 400.3318 2.00
v4 471.3698 471.3679 4.03
b y5 542.4069 542.4033 6.64
E |i|s'|(;'|v'|_s'|_|:|_Aw_'LK1K V6 655.4909 655.4884 3.81
¥ y7 742.5230 742.5139 12.26

50 4

Relative Abundance

Extended Data Figure 9:

100 200 300 400 500 600 700 800 900 1000 1100 1200

(a) Histogram demonstrating the mass accuracies of all fragment ion masses used for
identifying citrullinated peptides in our HCD MS/MS spectra. >490.000 y- and b-ion masses
are depicted. The average absolute mass accuracy for all of these fragment ions is 3.97 ppm.
(b) Scatter plot representing SILAC ratios in ES cells cultured in 13Cg L-Lysine (HEAVY)
and LIGHT medium separately, to assess extend and quality of SILAC labeling. No
significant outliers are observed, indicating equal labeling.

(c) Peptide coverage of histone H1 by LC-MS analysis. Detected peptides are highlighted in
light green and cover >60% of H1. While all arginine residues of Histone H1 (highlighted in
dark green) were accounted for by the analysis, Arg54 was the only one found citrullinated.
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(d) Fragmentation spectra of the unmodified LysC peptide ERSGVSLAALKK surrounding
Arginine 54 of H1.2 (unmodified counterpart of citrullinated peptide depicted in Fig. 3d).
The y and b series indicate fragments at amide bonds of the peptide.

(e) Fragment ion table (expected and observed masses for detected y and b ions) for the
identified H1R54 citrullination of peptide ERSGVSLAALKK on histone H1.2 (as shown in
Fig. 3d). All measured fragment ions were detected with mass accuracies <10ppm,
unambiguously identifying that the detected peptide sequence harbors a citrullination at
position R54.

(f) Theoretical and measured b- and y-ion fragment masses for the corresponding
unmodified and heavy SILAC labeled H1.2 peptide, as presented in (d) above.
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Extended Data Figure 10:

(a) MS spectrum of Histone H1.5 in a SILAC proteomic screen for identification of PADI4
substrates. Linker histone H1.5 is deiminated by PADI4, as identified by a highly increased
SILAC ratio of the heavy labeled identified peptide (marked by a red dot).

(b) Fragmentation spectra of the doubly charged LysC peptide ERGGVSLPALK
surrounding Arginine 54 of H1.5. The y and b series indicate fragments at amide bonds of
the peptide, unambiguously verifying the citrullinated peptide.
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Extended Data Figure 11:
(a) Mutation of R54 renders histone H1.2 refractory to deimination. Immunablot analysis of

recombinant histone H1.2 using an antibody that detects all deimination events (ModCit).
Wild type and R54-mutant H1.2 were treated with recombinant PADI4, in the presence of
activating calcium. Only wild-type H1.2 can be deiminated, indicating that R54 is the only
substrate of PADI4 in H1.2. No-calcium reactions presented as negative controls. Total H1.2
presented as loading control.

(b) Schematic representation of the position of R54 within the globular domain linker

histone H1.2.
= PADI4 € 2
100+ MH
Clil y6
b
E RIS|SIVISILARLLK, .
PADI4 - + ]
e
== 2
g 504
2
2
Q
['4 Yg
d Ll bl al A
100 200 300 400 500 600 700 800 900 1000 1100
d e m/z
b-ion Theo.Mass Mass PPM =
b2 287.1355 287.1351 139 (ming =
b3 374.1676 374.1667 2.41
b4 431.1890 431.1902 2.78
y-ion Theo.Mass Mass PPM
vl 147.1134 147.1128 4.08
y2 260.1974 260.1969 1.92
y3 331.2345 331.2339 1.81
v4 402.2716 402.2711 1.24
y5 515.3557 515.3554 0.58
y6 602.3877 602.3871 1.00
y7 701.4562 701.4558 0.57
y8 758.4776 758.4770 0.79
y9 845.5096 845.5089 0.83

Extended Data Figure 12:

(a) Immunoblot analysis of the “Pellet” fraction of C2C12 permeabilised cells treated with

recombinant PADI4. Presence of H3Cit species indicates PADI4 activity. Total H3 is

presented as a control for equal use of starting material in the two experimental conditions.
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(b) Immunofluorescence analysis of C2C12 nuclei after treatment with recombinant PADI4.
Presence of H3Cit species indicates PADI4 activity. DNA is visualised by staining with
DAPI.

(c) Fragmentation spectra of the citrullination site R54 on the evicted H1.2 peptide
ERSGVSLAALK (corresponding to Fig. 4b). The evicted Histone H1 is citrulinated at R54.
(d) Theoretical and measured b- and y-ion fragment masses for the citrullinated H1.2
peptide (peptide sequence ERSGVSLAALK) evicted after treatment of C2C12 cells with
recombinant hPADI4 (corresponding to Fig. 4b).

(e) Micrococcal nuclease digestion of C2C12 nuclei after treatment with recombinant
PADI4, as described in Fig. 4a. M= size marker.

Supplemental Information

Refer to Web version on PubMed Central for supplementary material.
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Figure 1: PADI4 expression and activity are features of pluripotent cells
(a,b) gRT-PCR for Padi4 and Nanog expression in ES, NS and iPS cells (a), and in ES cells

upon culture in 2i/LIF for one passage (b). Pou5f1, Olig2 and Pax6 are presented as
controls. Expression normalized to Ubiquitin (UbC). Error bars: standard error of the mean
of three biological replicates.

(c) gRT-PCR for Padi4 and Nanog expression and H3Cit immunoblot during the course of
reprogramming (see also Extended Data Fig. 5a). Loading control: total histone H3.
Representative of four experiments.

(d) Heat map of the genes regulated upon APAD/4 over-expression in mES cells, as
determined by microarray analysis. Displayed values are normalized log intensities, minus
the mean expression of the gene across the four samples. Hierarchical clustering based on
correlation.

(e) Gene Ontology for Biological Process (GOBP) analysis of the above microarray dataset.
P- value is corrected for multiple testing using Benjamini and Hochberg False Discovery
Rate (FDR).

(f,0) gRT-PCR for Tc/1and Nanog expression in mES cells after transient knock-down with
Padi4 or control (Ctrl) shRNAs, and over-expression of human PAD/4 or control vector
(pPB CTRL) (f), and after treatment with 200uM Cl-amidine (g). Expression normalized to
UbC. Error bars: standard error of the mean of three biological replicates.
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(h) ChIP-gPCR for H3Cit on regulatory regions of 7¢/Z and Nanogin mES, NS and iPS
cells. Error bars: standard deviation of three technical qPCR replicates. Representative of
three experiments.

Asterisks denote difference with ES cells (a) or media (b), Control (f, g) and between
samples (f); - not significant, * P<0.05, ** P<0.01, *** P<0.001, **** P<0.0001, by
ANOVA (a,f) or t-test (b,g).
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Figure 2: Citrullination and PADI 4 regulate pluripotency during reprogramming and early
embryo development

(a) Flow cytometry analysis and phase contrast/fluorescence images for the assessment of
Oct4-GFP reporter expression after reprogramming of pre-iPS cells stably expressing Padi4
and Ctrl shRNAs. Representative of four independent experiments. Time-lapse video in
supplementary data online.

(b) qRT-PCR for expression of 7c¢/1, Nanog and Padi4 at the end of the above
reprogramming assay. Error bars: standard error of the mean of triplicate samples.
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(c) Flow cytometry analysis and phase contrast/fluorescence images for the assessment of
Oct4-GFP reporter expression after reprogramming assay of pre-iPS cells treated with
200uM Cl-amidine. Representative of three independent experiments.

(d) E4.5 blastocysts from 2-cell stage embryos treated with 10uM Cl-amidine. SOX17
(primitive endoderm marker, red), Cdx2 (trophectoderm marker, green), Nanog (epiblast
marker, white) and HOECHST 33342 (blue).

(e) Distribution of inner cell mass versus trophectoderm cells in E3.5 blastocyst treated as
above.

(f,g) Time-lapse analysis of embryos in 10uM Cl-amidine from 2-cell stage. Number of
symmetric versus asymmetric divisions at the 8 to 16-cell transition (f) and type of divisions
at the 16 to 32-cell transition (g). Error bars: standard error of the mean.

Statistical significance was determined by unpaired t-test (b), or Mann Whitney test upon
non-normal distribution (e-g). Asterisks denote difference with Control; - not significant, *
P<0.05, ** P<0.01, *** P<0.001, **** P<0.0001.
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Figure 3: PADIA4 citrullinates Arg54 on linker histone H1 and affectsits binding to nucleosomal
DNA

(a) Experimental strategy for screening for PADI4 citrullination substrates in the chromatin
fraction of ES cells.

(b) Scatter plot representing the overall fold change for all identified citrullination sites. Red
diamonds: PADI4-regulated citrullinations.

(c) Table representing the 40 most highly regulated PADI4 substrates, their individual
citrullination sites and the log, SILAC ratio. Complete dataset in Supplementary Table 4.
(d) Quantification of citrullination site R54 on H1.2 through differential regulation of the
triply charged peptide ERSGVSLAALKK.

(e) Fragmentation spectra of the triply charged and heavy SILAC labeled LysC peptide
ERSGVSLAALKK surrounding Arginine 54 of H1.2. The y and b series indicate fragments
at amide bonds of the peptide.

(f) Citrullination immunoblot of wild-type and R54A mutant GFP-tagged H1.2 expressed
and pulled-down from ES cells expressing PAD/4 or control vector (Mock). Control for the
efficiency of the pull-down: GFP.

(g) Nucleosome pull-down assay using wild-type and R54-mutant H1.2. WB: Western Blot.
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Figure 4: PADI4 evicts histone H1 from chromatin and affects chromatin condensation

(a) Schematic representation of treatment of C2C12 myoblast nuclei with recombinant
PADI4.

(b) Immunoblot analysis of the wash fraction after the above treatment, for histone H1.2.
(c,d) Quantification of nuclear volume (c) and representative DAPI fluorescence (d) upon
treatment of permeabilized C2C12 nuclei with recombinant PADI4. Error bars: standard
error of the mean. Statistical significance determined by unpaired student t-test.

(e) Micrococcal nuclease digestion of C2C12 cells overexpressing an empty vector (Mock)
or hPADI4.

(f) ChIP-gPCR for H1.2 on the regulatory regions of 7¢/Z and Manogin mES cells stably
expressing Padi4 or Ctrl ShARNA. Error bars: standard error of the mean of three technical
gPCR replicates. Representative of two experiments.

(g) Proposed model for the role of PADI4 in the regulation of pluripotency.
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