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Abstract

Posttranslational modifications of histone tails are a key contributor to epigenetic regulation. 

Histone H3 Arg26 and Lys27 are both modified by multiple enzymes and their modifications have 

profound effects on gene expression. Citrullination of H3R26 by PAD2 and methylation of H3K27 

by PRC2 have opposing downstream impacts on gene regulation; H3R26 citrullination activates 

gene expression and H3K27 methylation represses gene expression. Both of these modifications 

are drivers of a variety of cancers and their writer enzymes, PAD2 and EZH2, are the target of 

drug therapies. After biochemical and cell-based analysis of these modifications, a negative 

crosstalk interaction is observed. Methylation of H3K27 slows citrullination of H3R26 30-fold, 

whereas citrullination of H3R26 slows methylation 30,000-fold. Examination of the mechanism of 

this crosstalk interaction uncovered a change in structure of the histone tail upon citrullination 

which prevents methylation by the PRC2 complex. This mechanism of crosstalk is reiterated in 

cell lines using knockdowns and inhibitors of both enzymes. Based our data, we propose a model 

in which, after H3Cit26 formation, H3K27 demethylases are recruited to the chromatin to activate 

transcription. In total, our studies support the existence of crosstalk between citrullination of 

H3R26 and methylation of H3K27.

Introduction

Posttranslational modifications (PTMs) of the histone tails of chromatin have long been 

understood to be one of the key regulatory mechanisms that control eukaryotic gene 
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expression.1–3 The epigenetic landscape, however, has been further complicated by a 

plethora of other processes including chromatin remodeling,3–5 DNA methylation,6 and 

PTM crosstalk.7–9 PTM crosstalk is a documented source of complexity serving as a 

regulatory mechanism on both histone and non-histone proteins.10, 11

Protein citrullination (deimination) is a PTM catalyzed by the Protein Arginine Deiminase 

(PAD) family of enzymes. Compared to more canonical PTMs like methylation and 

acetylation, citrullination is relatively uncharacterized.12, 13 Citrullination is the 

transformation of the terminal guanidinium group of an arginine to a urea, neutralizing the 

positive charge of this residue. While the change in molecular weight is minimal (+0.98 Da), 

neutralizing the positive charge is significant and can affect protein structure and catalysis as 

well as protein-protein and protein-nucleic acid interactions. Histone citrullination occurs on 

Histone H1,14 H2A,15 H3,16, 17 and H418 and can have either activating or silencing effects 

on transcription.17–19 While most studies of citrullination and PAD activity focus on 

autoimmune and inflammatory disease,19–21 applications in cancer have also been 

explored.22, 23 Specifically, in breast cancer, PAD inhibition has been shown to be a potential 

route of therapy.17, 24–26 Notably, PAD2 is highly expressed in breast cancer and contributes 

to cell proliferation via its ability to citrullinate H3R26, which drives the expression of ERα-

target genes in ER-positive breast cancer.27 Citrullination of H3R26 was shown to occur on 

the promoters of a number of ER-responsive genes in MCF7 cells. This PTM was reduced in 

PAD2 knockdown cells, along with transcript levels of target genes, establishing a 

mechanistic relevance for PAD2 in ER (+) breast cancer.17

The neighboring residue, on histone H3, Lys27 (H3K27), is methylated by EZH2. Di- and 

Tri-methylated H3K27 is a repressive pro-oncogenic mark described in numerous cancers 

including leukemia,17 lymphoma,28, 29 bladder,30 colon,31 glioma,32 and ovarian.33 In 

addition to the oncogenic effect of EZH2, activating mutations of the enzyme have been 

shown to generate higher levels of trimethylated H3K27 (H3K27Me3).29, 34 Cancers with 

these mutations are associated with poor prognosis.35

Inhibition of EZH2 is of great interest as a potential treatment for these conditions and a 

number of compounds have emerged as potential therapeutics.29, 30, 36, 37 EZH2 is a 

component of the polycomb repressive complex 2 (PRC2) along with Suz12, EED, and other 

accessory proteins. While Suz12 and EED are required for the methyltransferase activity of 

PRC2, the other members of the complex are not.38, 39 Disruption of the PRC2 complex is 

also an effective method of inactivating EZH2 function.40 Notably, methylation and other 

modifications on H3K27 are highly dynamic. Demethylases (UTX, JMJD3), 

acetyltransferases (p300/CBP) and deacetylases (HDAC1/2) all impact the posttranslational 

modifications present on H3K27.41

Given the significance of both the H3Cit26 and H3K27Me3 marks, information concerning 

the crosstalk between these two PTMs is critical in designing epigenetic therapeutic 

strategies. Herein, we show that citrullination of H3R26 inhibits methylation of H3K27 by 

both wild-type (wt) and mutant EZH2. We also show that methylation of H3K27 impairs the 

citrullination of H3R26 by PAD2. This example of negative crosstalk is recapitulated in cells 

where we show that in B cell lymphoma lines, knockdown or inhibition of one enzyme 
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results in an increased level of the alternate PTM. In ER (+) breast cancer cell lines, an 

inducible system of H3Cit26 formation, a more complex mechanism of crosstalk is observed 

involving the recruitment of the histone lysine demethylases UTX and JMJD3 and the 

regulation of the GDNF-RET pathway, which is implicated in aromatase inhibitor resistance.

Results and Discussion

Citrullination of Histone H3 Blocks its Methylation by the PRC2 Complex

To initially evaluate the potential for crosstalk between the citrullination of H3R26 and 

methylation of H3K27, we first incubated recombinant H3 with either PAD2 or PAD4 for 60 

min to allow for complete citrullination. In vitro, both isozymes have been shown to 

citrullinate histone H3 on R2, R8, R17 and R26.18, 42 Following this incubation, PRC2, 

along with its cofactor, S-adenosyl methionine (SAM) was added to prompt methylation of 

H3K27. Compared to the buffer control, PAD2 and PAD4 preincubation both reduced the 

PRC2-catalyzed methylation activity by more than 75% (Figure 1B). The effect of PAD2 

was particularly robust, blocking more than 90% of PRC2 activity. This loss in activity is 

dependent upon citrullination as both PAD2 and PAD4 were able to decrease PRC2 

catalyzed methylation in a time- and dose-dependent manner (Figure S1A and B). Formation 

of H3Cit26 and H3K27Me3 was confirmed by Western blotting (Figure S1C).

Methylation of Histone H3 by the PRC2 Complex Blocks PAD Activity

In the reverse experiment, Histone H3 was incubated with PRC2 and SAM for 120 min to 

allow for methylation of H3K27, the only site of methylation catalyzed by PRC2 on Histone 

H3.17 Following the methylation reaction, PAD2 or PAD4 was added to the mixture and 

allowed to citrullinate the histone for 30 min. Total citrulline levels were determined using a 

citrulline-specific chemical probe, Rh-PG.43 As in the previous experiments, methylation of 

H3K27 negatively impacted the ability of PAD2 and PAD4 to citrullinate histone H3 (Figure 

1C). Together, these two experiments establish the biochemical potential for negative 

crosstalk between the PADs and PRC2 on Histone H3 (Figure 1A).

Citrullination of PRC2 does not affect its methyltransferase activity

To rule out the possibility that the observed decrease in methylation of Histone H3 is due to 

the citrullination of PRC2, we conducted two experiments using the pan-PAD inhibitor F-

Amidine.44, 45 First, Histone H3 was incubated with either PAD2 or PAD4 for 60 min. Both 

samples were then treated with F-Amidine to irreversibly inhibit PAD activity before adding 

PRC2 and SAM to assay residual methyltransferase activity; F-Amidine is a highly 

selective, irreversible pan-PAD inhibitor.46 As shown in Figure 2A, incubation of Histone 

H3 with PAD2 greatly decreased the methyltransferase activity of PRC2. These data are 

consistent with the notion that the decrease in PRC2 activity is due to the citrullination of 

Histone H3. Second, PRC2 was incubated with the PAD isozymes followed by the inhibition 

of PAD activity with F-Amidine. Histone H3 and SAM were then added to evaluate the 

effect on the methyltransferase activity of PRC2. As depicted in Figure 2B, the 

methyltransferase activity of PRC2 was not affected by this treatment. In total, these data 

indicate that the inhibitory effect of PAD incubation on PRC2 activity is due to the 

modification of Histone H3 rather than a direct modification of PRC2.
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Citrullination of H3R26 blocks PRC2-catalyzed methylation of H3K27

As PAD2 and PAD4 citrullinate multiple sites on Histone H3 in vitro,18, 46 we synthesized a 

series of Histone H3 peptide tail analogs, centered around H3K27, that only contain one 

arginine, H3R26. These peptides, which are comprised of residues from 23–39, were used to 

evaluate the effects of citrullination at H3R26 on PRC2 activity. Initially, AcH3[23–39] was 

incubated with PAD2 before treatment with PRC2 and SAM. Consistent with our previous 

findings with Histone H3, methylation of the peptide was greatly reduced (Figure 2C). In 

contrast, preincubation with PAD4 showed little effect on methylation. The latter result is 

explained by the fact that PAD2 (and not PAD4) preferentially modifies H3R26 in vitro and 

in vivo.17

To more directly evaluate crosstalk between these two modifications, we incorporated 

citrulline in the place of R26 in the AcH3[23–39] peptide. Notably, we were unable to detect 

any methyl transfer to the citrulline containing peptide or to the negative control K27Ac 

peptide (Figure 2D). These studies confirm that the presence of an arginine at position 26 of 

histone H3 is critical for proper substrate recognition by PRC2.

To further explore this phenomenon, the steady-state kinetic parameters for PRC2 

complexes containing either WT (Figure 2E, Table S2) or mutant (Figure 2F, Table S3) 

EZH2 (Y641N) were determined with a variety of histone H3 substrates. As described in 

previous publications,17 the monomethylated peptide is the best substrate for wt EZH2. 

Other reports postulate that EZH1 is primarily responsible for monomethylating H3K27 

whereas EZH2 performs the di- and tri-methylation processes.47, 48 That data is upheld in 

this study with an increase in catalytic efficiency of over 100-fold when comparing the 

monomethylated peptide to the unmodified peptide. Compared to the unmodified peptide, 

the kcat/KM for the Cit26 peptide is decreased more than 1,000-fold. Cit26 was also 

incorporated into a peptide with different methylation states of K27 in order to probe the 

most efficient potential substrates for EZH2. Consistent with the above results, the 

replacement of R26 with citrulline in the AcH3[23–39] K27Me1 peptide, causes kcat/KM to 

decrease by a factor of over 104-fold. These results reveal a crucial role for H3R26 in 

substrate recognition.

Activating mutations of EZH2 in PRC2 have been described in B-cell lymphoma.35, 47 

These mutations cause hyper-trimethylation of H3K27, exacerbating the repressive traits of 

this PTM and increasing the oncogenic nature of the tumor.36, 49, 50 The hypothesis for the 

increased trimethylation activity is a more open active site cavity, allowing for the binding of 

a bulkier, dimethylated lysine substrate.51, 52 The question then arose if citrullination at 

H3R26 would also impede K27 methylation in the activating mutation of EZH2, Y641N. 

The same substrates tested against wt EZH2 were also tested with EZH2 Y641N (Figure 2F, 

Table S3). As expected, the best substrate for the activated EZH2 mutant was the 

dimethylated K27 peptide (kcat/KM = 1.2 × 103 M−1min−1). Any peptide containing 

citrulline in the 26 position showed a >1,000-fold decrease in activity. For example, 

comparing AcH3[23–39] K27Me2 and AcH321–39 Cit26K27Me2 peptides, the catalytic 

efficiency is decreased by 10,000-fold. Thus, the EZH2 (Y641N) mutant does not overcome 

the barrier of citrullination and further confirms the essential role of H3R26 in substrate 

recognition.
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Increasing methylation states of K27 reduce citrullination of R26

The peptide-based Histone H3 substrates described above were also pretreated with PRC2 

complex and PAD activity on these substrates was evaluated. The results show that 

methylation decreases citrullination catalyzed by either PAD2 or PAD4 (Figure 3A). 

Analogs were also synthesized with increasing methylation states at K27 to include mono-, 

di-, and trimethylated lysine. As shown in Figure 3B, monomethylation of K27 has little 

effect on PAD2 activity. However, di- and tri-methylation significantly inhibits citrullination 

of H3R26. Trimethylation of K27 results in a ~30-fold drop in catalytic efficiency. The 

kinetic analysis of PAD2 activity on these peptide substrates is summarized in Figure 3C and 

Table S3.

Structural Rationale for PTM Crosstalk

In an effort to provide an explanation for the observed negative crosstalk interaction, 

peptides derived from the histone H3 sequence were examined in the PRC2 complex (PDB 

ID: 5HYN) and in PAD4 (PDB ID: 3B1U) with the PAD2 structure (PDB ID: 4N2C) 

overlaid. The PRC2 structure contains H3 peptide H3[21–33] with the K27M mutation. 

After changing position 27 back to a lysine and minimizing energies in the binding site, we 

then calculated interaction energies between H3 wt and R26Cit peptides. The PAD4 

structure used was solved with a substrate-based inhibitor (o-F-Amidine), allowing for facile 

modeling of H3 peptide substrates into the active site preserving R26 secondary structure 

according to the structure of o-F-Amidine in PAD4. PAD2 structures bound to substrate have 

not been determined. However, this isozyme shows strong structural and sequence homology 

with PAD4 (>75% of the catalytic domain).

Interaction energies for the enzyme/substrate interaction were calculated for both the native 

sequence and the sequence containing the crosstalk modification for both enzymes. Focusing 

first on PAD2, trimethylation of H3K27 decreases the binding interaction by ~31.5 kcal/mol 

(Figure 4A). This change is due to the loss of hydrogen bonding interactions between the 

K27 sidechain and carboxylate residues on PAD2 as well as weaker Van der Walls 

interactions. There are no observable steric clashes between the methyl groups on K27 and 

PAD2. For PRC2, the change in binding energy upon citrullination of R26 is only 15 kcal/

mol. This small change is consistent with a lack of major structural perturbations and only 

minor alterations in the distances between R26 and the enzyme (Figure 4B). Despite 

considering possible electrostatic and non-bonded effects of substrate/enzyme interactions, 

these calculations fail to account for the >103-fold change in activity observed upon 

citrullination. Therefore, we further investigated the effect of PTMs on the substrate itself, 

electronically and structurally.

For these studies, each histone peptide (i.e., wt, R26Cit and K27Me3) was examined through 

10 ns dynamics simulations to understand the peptides’ conformational space preferences 

before and after modification. Crystal structures of PRC2 and PAD4 provide conformational 

preferences, measured by ΦΨ angles, for H3 to be a substrate for each of these enzymes. In 

PRC2, K27 adopts a β conformation while, in PAD4, R26 prefers an α conformation. With 

this knowledge we analyzed the dynamics trajectory by calculating ΦΨ angles for each 

annealed conformation. Analysis of the ΦΨ angles at position 26 and position 27 of these 

Clancy et al. Page 5

ACS Chem Biol. Author manuscript; available in PMC 2018 June 16.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



peptides involved 1600 annealed conformers resulting from 10 ns simulations. 

Ramachandran plots summarizing these data are depicted in Figure 4C,D. The conformation 

of R26 (Figure 4C) undergoes only very minor changes upon trimethylation of K27, 

adopting a slight increase in α-turn character. In contrast, citrullination of the peptide, 

dramatically alters the positioning of K27 and the Ramachandran plot indicates a complete 

change from β-character to α-character (Figure 4D). Helping to validate our models, the 

peptide dynamics simulations generated conformations of wt H3 peptides similar to that 

found in the crystal structure of PRC2 (Figure S2). Moreover, an increase in α-helical 

character is also observed by CD analysis when comparing the R26Cit peptide with the wt 

sequence (Figure S3).

Taken together, the structure based modeling and dynamics simulations indicate that the 

capability of PAD2 to citrullinate substrates with trimethylated K27 is mainly reduced by 

less favorable enzyme/substrate interactions with minimal impact due to the conformation of 

the trimethylated peptide substrate. However, methylation of citrullinated substrates is only 

slightly affected by enzyme/substrate interactions. Instead, the dynamics simulation suggest 

that R26 citrullination causes a conformation that precludes its methylation by the PRC2 

complex.

Cellular models of PTM crosstalk

To investigate this example of negative crosstalk in a cellular context, diffuse large B-cell 

lymphoma (DLBCL) lines (which express high levels of both PAD2 and EZH2) were 

manipulated by either knocking down or inhibiting PAD2 or EZH2 and evaluating the levels 

of different PTMs. Upon stable lentiviral knockdown of EZH2 in SU-DHL-10 cells, 

H3K27Me3 levels drop and H3Cit26 levels increase dramatically, consistent with the 

negative crosstalk observed in biochemical assays (Figure 5A). Cells were then treated with 

EZH2 or PAD2 siRNA expressing lentivirus, treated with the EZH2 inhibitor EPZ-6438 or 

the PAD inhibitor BB-F-Amidine, or a combination of knockdown and inhibitor treatment. 

H3K27Me3 levels show a 4-fold increase in the PAD2 knockdown cells and also in the cells 

treated with this PAD inhibitor. This effect is attenuated when the PAD2 knockdown cells 

are treated with the EZH2 inhibitor or the EZH2 knockdown cells are treated with PAD 

inhibitor, emphasizing the antagonistic relationship between these two PTMs (Figure 5B).

To further explore this relationship in cell systems with inducible citrullination, we 

examined two ER (+) breast cancer cell lines, MCF7 and T47D. These cells were stimulated 

with estradiol (E2) following hormone starvation for 48 h. In this inducible model of 

H3Cit26 formation,53 both lines show an increase in H3Cit26 at 30–60 min post treatment 

with E2. As well, both lines show a modest reduction in H3K27Me3 levels at 4 h (MCF7) or 

1 h (T47D) (Figure 5C) indicating a potentially more complex crosstalk mechanism. To 

further probe the mechanism of this crosstalk, nuclear extracts from MCF7 cells were 

isolated post E2 stimulation. Consistent with previous studies, PAD2 and ERα co-

immunoprecipitate.17 Notably, PAD2 also co-immunoprecipitates UTX and JMJD3, the two 

known H3K27 demethylases (Figure 4D). The lack of IP interaction between these 

demethylases and ERα indicates that the role of ERα is only to recruit PAD2 to the 
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chromatin. It is then the role of PAD2 to recruit UTX/JMJD3 to facilitate the demethylation 

of H3K27Me3.

Crosstalk Regulation of Gene Expression

Using the ER (+) breast cancer model to look directly at gene expression, cells were 

pretreated with inhibitors or knockdowns of PAD2, EZH2 and UTX/JMJD3 followed by 

stimulation with E2 and analysis of known ERα-responsive transcripts.17, 54, 55 By 

comparing the magnitude of transcriptional stimulation (Figure 6A), the role of each 

chromatin modifier can be elucidated in the E2-stimulation pathway. Several genes (e.g. 

GDNF and KRT13) were shown to be downregulated in both the PAD2 KD as well as after 

treatment with the lysine demethylase inhibitor GSK-J456 (Figure 6A). This indicates that 

PAD2 and the lysine demethylases are both necessary to stimulate transcription in response 

to E2.

In the cells pretreated with the EZH2 inhibitor EPZ-6438, the basal transcriptional level is 

increased relative to control cells, even in the absence of estradiol (Figure 6B). These data 

indicated that reduced methylation of H3K27 facilitates transcription with or without 

citrullination at key promoters. These results are consistent with a negative crosstalk 

mechanism resulting in the transcriptional regulation of certain ERα-target genes.

Conclusions

Histone modification crosstalk is a burgeoning facet of epigenetic regulation. While the 

effect of substrate modifications has a clear impact on enzymatic activity, the multitude of 

possible histone modifications and modifying enzymes is staggering. Previous studies have 

cited crosstalk between two or three modifications with gene expression changes. 57–59 In 

this work, we extend this hypothesis to EZH2-catalyzed H3K27 methylation and PAD2-

catalyzed H3R26 citrullination.

Our biochemical studies show a strong negative crosstalk relationship between H3Cit26 and 

H3K27Me3 wherein citrullination of H3R26 completely blocks methylation on K27 and 

methylation on H3K27 slows citrullination at R26. To understand why citrullination 

drastically impacts the methyltransferase activity of EZH2 we modeled peptide substrates 

with sequences matching histone H3 incorporating either an arginine or citrulline residue at 

position 26 (Figure 4B). The simplest hypothesis to explain this negative crosstalk would 

involve the loss of electrostatic interactions between the histone peptide and EZH2 upon the 

neutralization of the arginine residue. Interestingly, structure based modeling studies show 

an energetic impact of only a few kcal/mol upon citrullination, not enough to explain the 

>10,000-fold decrease in kcat/KM.

Another factor to consider is whether citrullination of the substrate induces a conformational 

change. Dynamics simulations of the substrate peptides discovered a shift in the ΦΨ angles 

upon citrullination, where there is a drastic change in structure from β-character to α-

character. Such a conformational change would effectively prevent the binding of histone H3 

into the active site of EZH2. In support of this analysis, the ΦΨ angles of the H3 peptide 

modeled into the PRC2 complex (PDB ID 5HYN) agree with those of the wt peptide from 
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the dynamics analysis (Figure S2). Further supporting our computational findings, CD 

experiments show a spectral shift consistent with a change in secondary structure upon 

citrullination of H3R26. In total, our computational and CD measurements are consistent 

with the citrullination of R26 introducing α-helical character into the region surrounded by 

this modification (Figure S3).

The effect of methylation on citrullination was less dramatic with a change in catalytic 

efficiency of 30-fold. This was reflected in the dynamics analysis with only a modest change 

in the conformation of R26 after trimethylation of the peptide. However, the energetics of 

the modeling showed a loss of binding energy of around 31 kcal/mol, indicating that the loss 

of the interaction of the terminal amino group of K27 with different carboxylate residues of 

PAD2 is the main source of this negative crosstalk interaction.

The negative crosstalk model defined by our biochemical data was recapitulated in cell-

based assays in both DLBCL lines as well as an ER (+) breast cancer model. The 

transcriptional analysis of ERα-target genes under different epigenetic inhibitors and 

knockdowns provides key insight into the crosstalk regulation of transcription. While it was 

previously shown that PAD2 is necessary for transcription of several ERα-target genes,60 

this is the first work to suggest that a concurrent K27 demethylation event is also required. 

By pretreating with the KDM inhibitor GSK-J4, transcription was blocked at many of these 

promoters similarly to when PAD2 is knocked down. Interestingly, treatment with the EZH2 

inhibitor EPZ-6438 increased baseline transcription prior to E2 stimulation. This result 

could indicate a number of possible epigenetic states: first, the absence of methylation on 

K27 could allow for faster citrullination of H3R26 (perhaps even without E2 stimulation) 

and second, that in a K27 unmethylated state, citrullination of R26 is no longer necessary. In 

this second scenario, the role of PAD2 is entirely to recruit KDMs to the chromatin to 

demethylate K27 in order to activate transcription.

It should be noted that not all of the gene expression patterns obtained from our qPCR 

analysis respond in accordance with our model. While all of the genes tested are 

documented ERα-target genes, they have not all been shown to be PAD2-dependent. If a 

gene is not PAD2-dependent, that could preclude it from this method of regulation. 

Secondly, the inhibitors used, particularly the KDM inhibitor GSKJ4, have several off 

targets that can cause multiple epigenetic effects such as increased lysine methylation 

elsewhere on histone H3 and H4 which could generate unanticipated or off-target 

transcriptional changes.

Interestingly, one of the crosstalk-regulated genes is glial derived neurotrophic factor 

(GDNF). GDNF-Ret signaling has been shown to be a key pathway in ER (+) breast cancers 

that show resistance to aromatase inhibitors.17 Combined with our findings that PAD2 and 

KDM inhibition reduces transcription of GDNF, epigenetic therapy targeting this pathway 

could be effective against aromatase inhibitor resistant breast cancers.

H3Cit26 is mostly observed in ER (+) breast tumors. Even after E2 stimulation, H3Cit26 

signal is lost after 2 h in MCF7 cells and greatly reduced in T47D, indicating a short half-

life for the mark. However, basal levels of H3K27Me3 are higher in many cancer cell lines. 
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In a mass spectrometric analysis of lysine PTMs, LeRoy et al. quantified H3K27 

methylation states in a wide variety of cell lines. In the majority of cancer cell lines tested, 

H3K27 was either di- or trimethylated in over 50% of peptides analyzed.61 The results of 

our biochemical analysis would indicate that PAD2 is able to citrullinate next to a di- or 

trimethylated lysine, but at a slower rate. This makes sense as H3K27 spends a majority of 

time in a highly methylated state. However, EZH2 is strongly inhibited by citrullination in 

our biochemical model. In the citrullinated state, if UTX or JMJD3 is recruited to 

demethylate K27, EZH2 will not be able to re-methylate K27 until the citrulline mark is 

removed. It is likely during this state that transcription occurs. A low abundance and short 

half-life for H3Cit26 diminishes the inhibitory effect on the methyltransferase activity of 

EZH2 and reduces the active transcription state at these promoters.

In summary, we establish for the first time a negative crosstalk relationship between the 

citrullination of H3R26 and the methylation of H3K27. This is the first example of 

citrullination impacting the enzymatic activity of a histone lysine methyltransferase as well 

as a mutant form of the enzyme that is associated with cancer development. Given the 

abundance and close proximity of arginine and lysine residues on histones, coupled with the 

key roles that arginine residues play in substrate recognition for a variety of enzymes, we 

predict that this type of antagonistic crosstalk is likely to occur elsewhere. More broadly, 

such antagonistic PTMs may represent a common, yet understudied, mechanism to modulate 

cell signaling pathways.

METHODS

General

Cell lines (MCF7, T47D, SU-DHL-10, Will-2 and HEK-293T) were purchased from ATCC. 

Antibodies were purchased from Abcam (H3Cit26 (ab19847)), Cell Signaling (H3 (9715S) 

and Actin (4967)), Active Motif (H3K27Me3 (39155)), BD (EZH2 (61226)), and Protein 

Tech (PAD2 (12210-1-AP)). Histone H3, PAD2, PAD4, Rh-PG, BB-F-Amidine and F-

Amidine were prepared as previously described.44, 62–64

Peptides were synthesized on a PS3 peptide synthesizer (Protein Technologies) with Fmoc-

protected amino acids (EMD biosciences) on Rink amide resin (EMD biosciences). 

Following synthesis, peptides were cleaved from resin and purified by reverse-phase HPLC 

and correct masses were confirmed by ESI-MS.

Expression and purification of PRC2 complex

The nucleotide sequences encoding full-length human RBBP4 (NP_005601.1) and N-

terminal Flag tagged full-length human EZH2 (NP_001190176.1) were inserted into 

pFastBacDual vector (Invitrogen). The nucleotide sequences encoding full-length human 

EED (NP_0037 88.2) and N-terminal His-tagged full-length human SUZ12 (NP_056170.2) 

were inserted into pFastBacDual vector. The nucleotide sequence encoding N-terminal Myc 

tagged full-length human AEBP2 (NP_694939.2) was inserted into pFastBac1 vector 

(Invitrogen). Baculovirus generation was carried out according to the protocol of the Bac-to-

Bac Baculovirus Expression System (Invitrogen). Sf9 cells were infected at 1.5 × 106 
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cells/mL using 10 mL each of above three P1 virus per liter of culture and incubated at 

28 °C for 48 h. Cells were harvested and stored at −80 °C for subsequent protein 

purification. Protein purification was conducted at 4 °C. Frozen cell pellets from 2 L cultures 

were lysed by incubation with stirring in 100 mL of lysis buffer (50 mM Tris-HCl pH 7.5, 

300 mM NaCl, 10% glycerol, 0.1% Triton X-100, Roche complete protease inhibitor 

cocktail, 5 U/mL Benzonase) and homogenization. Cell lysates were clarified by 

centrifugation in a Beckman JA-18 rotor for 30 min at 16,500 rpm. The supernatant was 

incubated with 5 mL of anti-Flag M2 resin (Sigma) for 3 h. The resin was then packed onto 

a column and washed with buffer A (buffer (50 mM Tris-HCl pH 7.5, 300 mM NaCl, and 

10% glycerol) and buffer B (buffer (50 mM Tris-HCl pH 7.5, 150 mM NaCl, and 10% 

glycerol). The protein was eluted with buffer B containing 0.1 mg/mL of Flag peptide 

(Sigma). Fractions containing EZH2 complex were pooled and the protein concentration was 

determined by the Bradford assay using BSA as a standard. The protein was aliquotted and 

stored at −80 °C. The EZH2 (Y641N) complex was generated the same way as wild-type 

EZH2 complex except the above EZH2 wild-type sequences were replaced by EZH2 

(Y641N) sequences using PCR-based mutagenesis.

PAD pretreatment of PRC2 complex or Histone H3 followed by PAD inhibition

PAD2 or PAD4 (10 nM) was incubated with the PRC2 complex ( 0.1 mg/mL) for 60 min in 

PAD reaction buffer (100 mM Tris pH 7.6, 10 mM CaCl2, 2 mM DTT, and 50 mM NaCl) 

before adding 1 mM of F-Amidine. Inhibition was allowed to proceed for 15 min before 

adding Histone H3 (3 μM), S-[methyl-14C]-adenosyl methionine (SAM) (Perkin Elmer 

NEC363010UC) to a final concentration of 15 μM, and altering the buffer composition to 

PRC2 conditions (50 mM Tris pH 8.5, 10 mM DTT). The PRC2 methyltransferase reaction 

was allowed to proceed for 120 min before quenching with 6× SDS-PAGE loading dye and 

the samples were processed for analysis as described previously.46

The reverse preincubation reaction was also performed wherein PAD2 or PAD4 was 

preincubated with Histone H3 and the PRC2 complex and [methyl-14C] SAM was added. 

Briefly, PAD2 or PAD4 was incubated with Histone H3 (30 μM) for 60 min in PAD reaction 

buffer before adding F-Amidine (1 mM) to inhibit PAD activity. Inhibition was allowed to 

proceed for 15 min before adding PRC2 complex (0.01 mg/mL), [methyl-14C] SAM (Perkin 

Elmer NEC363010UC) (15 μM final) and altering the buffer composition to PRC2 

conditions (50 mM Tris pH 8.5 and 10 mM DTT). The PRC2 methyltransferase reaction was 

allowed to proceed for 120 min before quenching with 6× SDS-PAGE loading dye and 

analysis as described previously.65 Note that under these conditions, F-Amidine completely 

inhibits the PAD reaction, but has no effect on the methyltransferase activity of PRC2.

PAD Activity post PRC2 Incubation with H3 Substrates

Histone H3 or peptide substrates were incubated with PRC2 (13 μg/mL) in PRC2 reaction 

buffer (50 mM Tris pH 8.5, 10 mM DTT) and 15 μM of SAM (Sigma A7007) for 120 min 

before adding either PAD2 or PAD4 (100 nM) and PAD reaction buffer (100 mM Tris pH 

7.6, 10 mM CaCl2, 2 mM DTT, 50 mM NaCl). The citrullination reaction was incubated at 

37 °C for 30 min before quenching with 100% TCA to a final concentration of 20%. 

Citrullination levels were determined using the citrulline-specific probe Rh-PG using 
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methods described previously.65 Briefly, Rh-PG (1 mM final) was added to the acid-

quenched samples and allowed to incubate for 30 min at 37 °C. After this period, the probe 

was quenched with 500 mM citrulline in 50 mM HEPES pH 7.6 (to a final concentration of 

100 mM citrulline) for 30 min at 37 °C. The reactions were then placed on ice for 30 min to 

allow for protein precipitation followed by centrifugation at 16,000 × g for 15 min at 4 °C. 

The supernatants were removed and the pellet was washed with ice cold acetone and 

centrifuged again at 16,000 × g for 15 min at 4 °C. The supernatants were again discarded 

and the recovered pellets were allowed to air dry for 5 min at 100 °C to remove acetone. The 

pellets were resuspended in 100 mM arginine in 50 mM HEPES pH 7.6 before separating 

the reaction components by SDS-PAGE. Fluorescent bands were imaged on a Typhoon 

scanner (λex = 532 nm, λem = 580 nm). Gel bands were quantified using ImageQuant.

PAD Activity Assay

PAD2 or PAD4 (100 nM) was incubated in PAD reaction buffer (100 mM Tris pH 7.6, 10 

mM CaCl2, 2 mM DTT, 50 mM NaCl) with 1 mM Histone H3 peptide substrate for 30 min 

before quenching in liquid nitrogen. Samples were analyzed for citrulline content using the 

COLDER assay as previously described.44

PRC2 Activity Assay

PRC2 complex (0.66 μg/mL) in 50 mM Tris pH 8.5 plus 10 mM DTT with 15 μM 

[methyl-14C] SAM (Perkin Elmer NEC363010UC) and Histone H3 (3 μM) was incubated 

for 120 min at 25 °C before quenching with 6× SDS-PAGE loading dye and analysis by 

PAGE as described previously.66

Kinetic Analysis

Initial rates were analyzed using GraphPad Prism 6 software. Kinetic constants were 

determined using the following equation:

(1)

Generation of PAD2 and EZH2 Knockdown Cell lines

Mission shRNA constructs were purchased from Sigma (PAD2 TRCN0000051447, EZH2 

TRCN0000286227) and transfected into HEK 293T cells (FuGene HD) with lentiviral 

packaging mix (Sigma SHP001) according to the manufacturer’s protocols. Lentiviral 

particles were collected in the media 48 h post transfection and used to infect SU-DHL-10 

and Will-2 cells according to the Mission protocol for lentiviral infection of suspension cell 

lines. After 3 days of lentiviral incubation, 1 μg/mL of puromycin (Corning 61385RA) was 

used to select for infected cells to generate stable cell lines. SU-DHL-10 and Will-2 

knockdown cells were assayed 7–10 days after stable knockdown. For MCF7 and T47D 

cells, stable lines were not viable and cells were assayed 5 days post lentiviral infection.
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Analysis of H3K27Me3 Levels from Cell Lysate

Cells were lysed in 0.4 M HCl on ice for 30 min before centrifugation. Protein concentration 

was determined using the BioRad DC assay (BioRad 5000111). Acid extracted lysates were 

neutralized using Balance buffer (Epigentek OP-0006-100) diluted in buffer (MSD 

R60TX-3) to a final concentration of 8 μg/mL and kept on ice. Meanwhile, a custom 

MULTI-SPOT® 96-well 4-spot Histone H3 plate was blocked with 150 μL 3% BSA in wash 

buffer (MSD R61TX-1) for 1 h at room temperature on a plate shaker. The plate was washed 

three times with 300 μL wash buffer before adding 25 μL of cell lysate to the appropriate 

wells. Lysate was incubated on the plate overnight at 4 °C on a plate shaker. The following 

day, the plate was washed three times with 300 μL wash buffer followed by the addition of 

custom detection antibody (SULFO-TAG® Histone H3 K27Me3 antibody) for 2 h at room 

temperature on a plate shaker. The antibody solution was then removed and replaced 

immediately with 100 μL 2% formaldehyde (Mallinckrodt 5016-02) in PBS (Gibco 

14190-136) and incubated for 30 min at room temperature on a plate shaker. The plate was 

washed three times with wash buffer and 150 μL Read Buffer (MSD R92TC-3) was added 

immediately before reading on a SECTOR imager.

Estradiol Stimulation of MCF7 Cells

MCF7 and T47D cells were maintained in phenol red-free MEM (Gibco 17-305-CV) with 

L-Glutamine (2 mM, Gibco 25030), non-essential amino acids (Gibco 11140-050) and 10% 

charcoal-stripped FBS (Corning 35072CV). Cells were treated with either 100 nM β-

estradiol (Sigma Aldrich E2758) or ethanol for times ranging from 30 min to 6 h. Cells were 

washed with ice-cold PBS and harvested by scraping into ice-cold PBS. Cells were lysed by 

acid extraction in 0.4 M HCl for the detection of histones by Western blotting.

Co-Immunoprecipitation of PAD2 and ERα

MCF7 cells were stimulated with estradiol as above followed by nuclear extract isolation 

using a Nuclear Extract Co-IP kit (Active Motif 54001). 1 mg of lysate from each sample 

was rocked overnight at 4 °C with either 1 μg PAD2, 1 μg ERα, or no antibody. The 

following day, IP samples were added to a protein G agarose column (Active Motif 53039) 

and rocked for 2 h at 4 °C. Washes were performed as indicated in the manufacturer’s 

protocol prior to elution with reducing buffer (130 mM Tris pH 6.8, 4% SDS, 0.02% 

Bromophenol Blue, 100 mM DTT) at 37 °C for 15 min. An equal volume of glycerol was 

added to the eluted samples prior to Western analysis.

qPCR Analysis

MCF7 or T47D cells (wt or PAD2 KD) were treated for 5 days total with 5 μM EPZ-6438 

(Cayman Chemical 10403254-99-8) or 400 nM GSK-J4 (Sigma SML0701) with the final 

two days in phenol red-free MEM (Gibco 17-305-CV) with L-Glutamine (2 mM, Gibco 

25030), non-essential amino acids (Gibco 11140-050) and 10% charcoal-stripped FBS 

(Corning 35072CV). Estradiol stimulation was conducted as described above. RNA was 

isolated from the cells using RNeasy Mini Kit (Qiagen 47104) and treated with DNase I 

(Invitrogen 18068-015) according to the manufacturer’s protocol. Reverse transcription was 

performed using Superscript III First-Strand (Invitrogen 18080-051) followed by treatment 
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with RNase (included in kit). qPCR primers were purchased from ThermoFisher TaqMan 

Gene Expression Analysis. Primer catalog numbers can be found in Table S1. qPCR was 

carried out using Maxima Probe/ROX qPCR Mastermix (Thermo K0233) and cDNA titrated 

in a linear range on a Applied Biosystems ViiA 7 Real Time PCR System.

Computational methods

We used molecular modeling tools to calculate interaction energies between H3 substrates 

and their receptors before and after post translational modification of R26Cit and K273Met. 

The interaction energies were calculated by Molecular Operating Environment (MOE) 

2013.08 (Chemical Computing Group Inc., Montreal, QC, Canada). To analyze the impact 

of K27 trimethylation on the binding energy to the PRC2 complex we used the X-ray 

structure of a human PRC2 bound to the H3K27M peptide.65 To investigate the impact of 

R26 citrullination, we used the X-ray structures of PAD267 and PAD4 in complex with o-F-

amidine,68 a peptide based inhibitor that mimics an arginine residue bound to the enzyme. 

For these studies, we superimposed the PAD2 structure (PDB ID: 4N2C) on to PAD4 (PDB 

ID: 3B1U) and then transferred the peptidomimentic inhibitor from PAD4 to PAD2. To 

assess H3 sequence propensity to adopt receptor binding conformation in solutions we ran 

dynamic simulations for 10 ns on each 3D representation of H3 WT and modified. For 

dynamics simulations we used Discovery Studio (DS) (Dassault Systèmes). Each of the 

simulations was started from the same conformation of H3 peptide. For both MOE and DS, 

we used the CHARMm force field for energy calculations and dynamics simulations.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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ABBREVIATIONS

BB-F-Amidine N1-[1,4′-Phenyl]benzoyl-N5-(2-fluoro-1-inimoethyl)-1-

(1H-benzo[d]imidazole-2-yl)-L-ornithine amide

E2 17-β-estradiol

EED Embryonic Ectoderm Development

ERα Estrogen receptor α

ER (+) Estrogen receptor positive

EZH2 Enhancer of Zeste Homolog 2

F-Amidine N-α-benzoyl-N5-(2-fluoro-1-iminoethyl)-L-ornithine 

amide

h Hour(s)
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HCl Hydrochloric Acid

H3 Histone H3

Rh-PG N-(((3-Glyoxal)phenylamino)propionyl)-1H-1,2,3-

triazol-4-yl)methyl-5(6)-carboxamidotetramethyl 

rhodamine hydrate

min minute(s)

PAD2 Protein Arginine Deiminase type-2

PAD4 Protein Arginine Deiminase type-4

PRC2 Polycomb Repressive Complex 2

PTM Posttranslational Modification

SAM S-Adenosyl Methionine

Suz12 Suppressor of Zeste Homolog 12

Wt wild-type
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Figure 1. 
Crosstalk between the citrullination activity of PADs 2 and 4 and the methyltransferase 

activity of the PRC2 complex on Histone H3. (A) Schematic representation of proposed 

crosstalk between H3R26Cit and H3K27Me3. (B) Recombinant histone H3 was citrullinated 

by 100 nM PAD2 or PAD4 for 1 h prior to the addition of 50 nM of the PRC2 complex with 

15 μM SAM for 2 h. PRC2 activity was measured in a 14C radiolabeled PAGE assay. (C) 

Recombinant histone H3 was methylated by 50 nM of the PRC2 complex with 15 μM SAM 

for 2 h before the addition of 100 nM PAD2 or PAD4 for 30 minutes. Citrulline levels were 

measured using the citrulline-specific chemical probe (Rh-PG).
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Figure 2. 
PADs 2 and 4 inhibit PRC2-mediated methylation of histone H3 by modifying the histone. 

(A) PAD2 and PAD4 (10 nM) were preincubated with histone H3, followed by the addition 

of the PAD-specific inhibitor F-Amidine (1 mM). The residual methyltransferase activity 

was then measured using a gel-based radioactivity assay. Activity was normalized to the 

buffer control and is displayed as a fraction of this control. (B) PAD2 and PAD4 (10 nM) 

were preincubated with the PRC2 complex, followed by PAD inhibition with F-Amidine (1 

mM). The measurement of residual methyltransferase activity shows that citrullination of the 

PRC2 complex does not impair its methyltransferase activity. (C) PAD2 and PAD4 were 

preincubated with a histone H3 tail analog encompassing both R26 and K27. This peptide 

was used because it only contains one arginine residue (R26). Thus, any effects on PRC2 

activity can be attributed to the modification of R26 only. (D) A synthetic peptide containing 

citrulline in the place of R26 is not methylated by PRC2 complex. As a control, we show 

that a K27Ac containing peptide is also not methylated by the PRC2 complex. Both the 

Cit26 peptide as well as the K27Ac peptide showed no detectable product formation. (E,F) 

Methyltransferase activity of the PRC2 complex containing wt (E) or EZH2 (Y641N) (F) 
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was measured with the indicated peptide substrate. kcat/KM is plotted to show the reduction 

in activity upon citrulline incorporation into the peptide substrates in the place of R26. The 

steady-state kinetic parameters are provided in Tables S2 and S3.
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Figure 3. 
Citrullination of H3R26 is reduced by the methylation of H3 peptide substrates at K27. (A) 

The H323–39 peptide was preincubated with the PRC2 complex or a buffer control before 

assaying PAD2 or PAD4 deimination activity. Citrulline levels were determined with Rh-PG. 

(B) H323–39 peptides were synthesized with various K27 methylation states. The effect of 

these modifications on PAD2 activity was evaluated using the COLDER assay. (C) PAD2-

catalyzed deimination activity (kcat/KM) with different peptides displays the reduction in 

activity upon trimethylation of K27. The steady-state kinetic parameters are provided in 

Table S4.
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Figure 4. 
Structural Rationale for PTM Crosstalk. (A) H3[22–30] peptides were modeled into PAD4 

(PDB ID: 3B1U) with the PAD2 structure (PDB ID: 4N2C) overlaid. Wt sequence and 

K27Me3 together show no steric hinderance in binding upon methylation of K27. (B) 

H3[22–30] peptides were modeled into the PRC2 complex (PDB ID: 5HYN). Wt sequence 

show hydrogen bonding interactions between the peptide R26 and three EZH2 residues. 

R26Cit peptide shows a disruption of some interactions, causing a change in binding energy 

of 15 kcal/mol. (C,D) Peptide Dynamics Studies Show Conformational Change upon 

Citrullination. Ramachandran plots of H3R26 (C) and H3K27 (D) after dynamics analysis of 

histone H3 peptides [1–38]. (C) The conformation of R26 is only slightly altered between 

the wt sequence and K27Me3 indicating only a slight change in orientation of R26 after K27 

has been trimethylated by PRC2. (D) The conformation of K27 changes drastically from β-

character in the wt sequence to α-character when position 26 is citrulline.
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Figure 5. 
Cellular models of crosstalk between H3R26Cit and H3K27Me3. (A) SU-DHL-10 cells 

show changes in global H3 PTMs upon knockdown of PAD2 and EZH2. (B) Will-2 cells 

show changes in global H3K27Me3 levels upon knockdown of PAD2 and EZH2 as well as 

upon treatment with the PAD inhibitor BB-F-Amidine. * p < 0.05 (C) ER(+) Breast cancer 

lines were stimulated with 100 nM 17-β-estradiol post 48 h hormone starvation in phenol 

red-free media. Formation of H3Cit26 is observed over time as well as a modest reduction in 

H3K27Me3 levels at 4 h (MCF7) and 1 h (T47D). (D) Nuclear extracts from MCF7 cells 

treated as above with 17-β-estradiol were immunoprecipiated with antibodies for PAD2 and 

ERα to probe for interacting proteins. Two lysine demethylases for H3K27, JMJD3 and 

UTX, were pulled down with PAD2.
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Figure 6. 
Histone PTM Crosstalk Regulation of Gene Expression in ER(+) Breast Cancer Lines. (A,B) 

T47D cells were pretreated for 5 days with 5 μM EPZ-6438 or 400 nM GSK-J4, PAD2 

lentivirus or control with the final two days in hormone starvation medium. Cells were then 

stimulated with estradiol and harvested at key timepoints. (A) Baseline and peak of 

transcription (60 min) were compared to obtain the fold change in transcription stimulation. 

(B) Baseline transcription levels of EPZ-6438 treated cells compared to control cells show 

increases in transcription prior to estradiol stimuation. (C) Model of PTM crosstalk 

transcriptional regulation. Upon E2 stimulation, ERα recruits PAD2 to the chromatin to 

citrullinate H3R26. PAD2 recruits a KDM (either UTX or JMJD3) to demethylate K27, 

which activates transcription or ERα target genes.
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