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SUMMARY

Protein arginine methyltransferase 1 (PRMT1) is
overexpressed in various human cancers and
linked to poor response to chemotherapy. Various
PRMT1 inhibitors are currently under development;
yet, we do not fully understand the mechanisms un-
derpinning PRMT1 involvement in tumorigenesis
and chemoresistance. Using mass spectrometry-
based proteomics, we identified PRMT1 as regu-
lator of arginine methylation in ovarian cancer
cells treated with cisplatin. We showed that DNA-
dependent protein kinase (DNA-PK) binds to and
phosphorylates PRMT1 in response to cisplatin,
inducing its chromatin recruitment and redirecting
its enzymatic activity toward Arg3 of histone H4
(H4R3). On chromatin, the DNA-PK/PRMT1 axis
induces senescence-associated secretory pheno-
type through H4R3me2a deposition at pro-inflam-
matory gene promoters. Finally, PRMT1 inhibition
reduces the clonogenic growth of cancer cells
exposed to low doses of cisplatin, sensitizing
them to apoptosis. While unravelling the role of
PRMT1 in response to genotoxic agents, our find-
ings indicate the possibility of targeting PRMT1 to
overcome chemoresistance in cancer.
INTRODUCTION

Arginine (R)-methylation is a protein post-translational modifica-

tion (PTM) that occurs both on histones and non-histone pro-

teins, implicated in the physio-pathological regulation of different

cellular processes (Bedford and Clarke, 2009; Bedford and Ri-

chard, 2005). Three types of R-methylation exist in mammalian

cells: mono-methyl-R (MMA), asymmetric di-methyl-R (ADMA),

and symmetric di-methyl-R (SDMA). This PTM has attracted
1208 Cell Reports 30, 1208–1222, January 28, 2020 ª 2019 The Auth
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increasing interest due to its emerging role in several biological

pathways, including RNA splicing and metabolism, translation,

DNA damage signaling, and inflammatory response (Blanc and

Richard, 2017; Kim et al., 2016). Nonetheless, the comprehen-

sive study of R-methylation has been hindered by several

technical challenges, thus delaying the global analysis of this

modification compared to others, such as serine threonine/tyro-

sine (ST/Y)-phosphorylation, lysine (K)-ubiquitination, and

acetylation (Wang et al., 2017). The recent optimization of

biochemical workflows for the affinity enrichment of R-methyl-

ated peptides from total protein extracts, coupled to state-

of-the-art liquid chromatography-tandem mass spectrometry

(LC-MS/MS), as well as automated pipelines for MS-data anal-

ysis, has led to the significant expansion of the annotated human

R-methyl proteome (Larsen et al., 2016; Massignani et al., 2019;

Musiani et al., 2019; Sylvestersen et al., 2014).

In mammals, R-methylation is catalyzed by a family of nine

PRMTs, of which PRMT1 is the predominant, as it mediates

the deposition of most arginine methylation in human cells

(Tang et al., 2000). On the contrary, no bona fideR-demethylases

have been identified so far, leaving unanswered the question

whether R-methylation is reversible or not (Guccione and Ri-

chard, 2019).

The critical role played by PRMT1-dependent protein methyl-

ation is underscored by the fact that PRMT1 loss is embryonic

lethal in mice and the derived mouse embryonic fibroblasts

display severe genetic defects, such as polyploidy and sponta-

neous DNA damage (Yu et al., 2009). Interestingly, this specific

phenotype suggests that this enzyme, and the modification

set, contribute to the maintenance of genome stability (Boisvert

et al., 2005).

PRMT1 is a type I R-methyltransferase that catalyzes MMA

and ADMA on an ample panel of protein substrates involved in

various cellular processes, including double-strand break

(DSB) repair (e.g., MRE11) (Boisvert et al., 2005), RNA process-

ing (e.g., hnRNPA1) (Tang et al., 2000), and transcriptional acti-

vation (e.g., through histone H4) (Wang et al., 2001). PRMT1 is

overexpressed in various tumors (Cheung et al., 2016), and its

level positively correlates with poor clinical outcomes of cancer
or(s).
creativecommons.org/licenses/by-nc-nd/4.0/).
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patients (Altan et al., 2016). Therefore, PRMT1 is emerging as an

attractive target for cancer treatment and several small molecule

inhibitors targeting its catalytic activity are under development

(Guccione and Richard, 2019).

Despite the increasing interest in the function of PRMTs, our

understanding of the impact of R-methylation regulation on

most cellular processes is still limited. For instance, the role of

PRMT1 in the repair of ionizing radiation-induced DSBs was re-

ported to be duemainly to themodification of a few specific sub-

strates, such as 53BP1 and MRE11, which were found to be

methylated by candidate-based approaches (Boisvert et al.,

2005). However, a systematic assessment of the effect of

PRMT1 on the R-methyl proteome during DNA damage

response (DDR) and replication stress response is still missing.

Here, we carried out the MS profiling of protein-R-methylation

upon cisplatin (CDDP) in dependence of PRMT1, and observed

widespread changes in protein-R-methylation of ovarian cancer

cells. In particular, we found decreased methylation on a subset

of RNA-binding proteins (RBPs) and increased modification on

various chromatin-associated proteins that are linked to the

cellular response to genotoxic stress.

We also observed that PRMT1 increases in the chromatin

compartment upon replicative stress and that DNA-dependent

protein kinase (DNA-PK) is required for this chromatin accumu-

lation. On chromatin, PRMT1 methylates its target H4R3, thus

leading to the activation of genes involved in the senescence-

associated secretory phenotype (SASP), which protects from

apoptosis cells confronted with sustained DNA damage.

Overall, our data show that PRMT1 activity contributes to the

adaptive response of cancer cells to replicative stress agents, so

that the pharmacological blockade of this regulatory mechanism

sensitizes cancer cells to CDDP.

RESULTS

MS-Profiling of PRMT1-Dependent Protein-R-
Methylation in Response to CDDP
To study the role of R-methylation in cell response to CDDP, we

exploited stable isotope labeling by amino acids in cell culture

(SILAC)-based proteomics to analyze global changes of this

modification triggered by the drug, in SK-OV-3 ovarian cancer
Figure 1. Modulation of the Cellular R-Methyl-Proteome in Response t

(A) Schematic representation of the experimental setup of SILAC labeling coup

MaxQuant software for methyl-peptide identification and quantification. An aliquo

levels and used to normalize the values of the respective methylation changes.

(B) Pie chart displaying the percentage of hmSILAC-validated methyl peptides.

(C) Bar graph showing the number of SILAC-quantified and hmSILAC-validated m

DMA, methyl sites exclusively di-methylated; MMA, methyl sites exclusively mon

(D) Pie chart displaying the percentage of the CDDP-regulated and not-regulated

(E) Volcano plot showing the methyl peptides significantly changing in response t

SILAC-based CDDP/untreated (UT) samples. Significantly regulated peptides ha

(F) Logo analysis of the dynamically regulated methyl peptides upon CDDP perfo

proteome. The motif is centered on the methylated R.

(G) Scheme of the experimental workflow of triple-SILAC labeling, coupled with RP

analysis.

(H) Unsupervised clustering analysis of the log2-transformed SILAC ratios of meth

of changes. Only methyl peptides that were reproducibly identified in the forward a

analyzed.
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cells. We carried out three independent R-methyl proteomics ex-

periments, each performed in two biological replicates (forward

and reverse: see Table S1, and STAR Methods for the experi-

mental details) by combining SILAC labeling with R-methyl-pep-

tides affinity enrichment using anti-pan MMA and ADMA anti-

bodies, as well as MS-based analysis (Figure 1A). We thus

reproducibly quantified 441 methyl peptides that we orthogo-

nally validated by the heavy methyl SILAC (hmSILAC) strategy

(Bremang et al., 2013; Musiani et al., 2019; Ong et al., 2004) to

reduce the false discovery rate (FDR) associated to our methyl-

peptide dataset. In particular, we compared our dataset with a

repository of hmSILAC-labeled methyl sites that was generated

using 127 raw files frommultiplemethyl-proteomics experiments

from three distinct human cancer cell lines (Massignani et al.,

2019). The majority (400/441) of peptides composing our dy-

namic methyl proteome were hmSILAC validated and then

used for subsequent analysis (Figure 1B). These 400methyl pep-

tides belonged to 136 proteins and contained 296 methyl sites in

total, corresponding to 238 mono-methylation and 115 di-

methylation events (Figure 1C; Table S1).

The analysis of the six paired CDDP/untreated (UT) experi-

ments allowed defining statistically significant changes in

R-methylation induced by the drug (Figure 1D), with 59 and 18

methyl peptides being significantly down- and upregulated,

respectively (Figure 1E). When we carried out a logo analysis

on these regulated methyl sites, we found the emergence of

the RG/RGG sequence, thewell-known PRMT1 consensusmotif

(Figure 1F; Thandapani et al., 2013). When we linked the CDDP-

regulated sites to their respective proteins, we observed that

they belonged to 41 proteins, of which 17 were previously

described as PRMT1 targets (Table S1; Figure S1A).

Interestingly, we identified among the proteins whose methyl-

ation was reduced by the drug mainly RBPs involved in stress

granules formation, such as G3BP1, hnRNPA1, and SAM68

(Guil et al., 2006; Henao-Mejia and He, 2009; Matsuki et al.,

2013). Instead, among the proteins whose methylation was

increased we found various chromatin-associated factors, such

as the RNA helicase DDX17 and RBMX, both described to

localize to DNA-damaged sites (Adamson et al., 2012), and the

chromatin target of PRMT1 (CHTOP), whichwas shown to recruit

PRMT1 to DNA regions containing 5-hydroxymethylcytosine,
o CDDP

led with affinity enrichment of methylpeptides, followed by MS analysis with

t of the input prior to immuno-enrichment was MS analyzed to measure protein

ethyl sites grouped based on the modification level and the response to CDDP.

o-methylated; MMA/DMA, methyl sites found both mono- and di-methylated.

methyl peptides that were hmSILAC validated.

o CDDP treatment. The methyl peptides derived from 6 biological replicates of

ve p < 0.05 and a CDDP/untreated SILAC ratio > 0.5.

rmed with IceLogo, using as background random sequences from the human

-HpH fractionation and affinity enrichment of methyl peptides, followed byMS

yl peptides in response to CDDP and PRMT1 depletion reveals 5major patterns

nd reverse experiments with a SILAC ratio above/below the m ± 1s cutoff were
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Figure 2. PRMT1 Increases in Chromatin and Triggers H4R3me2a in Response to Replication Stress

(A) Time course WB profiling of H4R3me2a in SK-OV-3 treated with 20 mM CDDP for the indicated time points. The displayed image is representative of 3

biological replicates (n = 3).

(B) Left: WB analysis of H4R3me2a and gH2a.x (both unmodified and mono-ubiquitinated forms) in SK-OV-3 cells infected with lentiviral particles for

the expression of either the control short hairpin scramble (shScramble) or a shRNA for PRMT1 and treated with 20 mM CDDP, at the indicated time points.

The image displayed is representative of 3 biological replicates (n = 3). Right: quantification of H4R3me2a in cells treated as in (left), normalized over histone

H4 and presented as fold change over untreated (UT) shScramble cells. Data displayed represent the mean ± standard deviation (SD) from 3 biological replicates

(n = 3).

(legend continued on next page)
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leading to H4R3 methylation and transcription activation (Takai

et al., 2014).

To better define the role of PRMT1 in the protein R-methylation

changes triggered by CDDP, we focused on the triple-SILAC

experiment performed from whole cell extracts and assessed

the combined effect of CDDP treatment and PRMT1 depletion.

For this experiment, we included a step of high-pH reversed-

phase liquid chromatography (HpH RPLC) separation prior to

the methyl-peptide affinity enrichment, in order to increase the

methyl-proteome coverage, as previously described (Batth

et al., 2014). We analyzed two biological replicates in ‘‘forward’’

and ‘‘reverse’’ SILAC setups, whereby the medium- and heavy-

SILAC labels were swapped among two functional states (Fig-

ure 1G). We robustly quantified 334 hmSILAC-validated methyl

peptides that belonged to 130 proteins and harbored 234R sites,

corresponding to 188 mono- and 89 di-methylations (Figures

S1B and S1C; Table S2).

To address the PRMT1 dependency of the changes induced

by CDDP, we compared the regulation of R-methyl peptides

elicited by CDDP between control and PRMT1-depleted cells

by unsupervised clustering analysis of the peptide SILAC log2
ratios. Five main clusters emerged, corresponding to distinct

patterns of response to CDDP treatment and PRMT1 knock-

down and revealing the complexity associated to the

R-methyl-proteome dynamics in response to these combined

stimuli (Figure 1H; Table S2). Cluster 1 contains methyl pep-

tides unresponsive to CDDP and/or PRMT1 knockdown while

cluster 2 contains methyl peptides downregulated by shPRMT1

that we considered as bona fide targets of PRMT1. Cluster 3

includes methyl peptides downregulated by CDDP also upon

PRMT1 knockdown whereas cluster 4 comprises methyl pep-

tides whose decrease upon CDDP is reverted upon PRMT1

ablation, likely through substrate scavenging by other PRMTs

(Dhar et al., 2013). Cluster 5 contains methyl peptides upregu-

lated by CDDP and reduced in PRMT1-depleted cells, a

behavior that indicates them as bona fide PRMT1 targets re-

sponding to CDDP. Interestingly, while chromatin-associated

proteins were mainly represented in cluster 5, RBPs could be

found in all of the other clusters displaying a dynamic behavior

(clusters 2–4). We confirmed the MS data by protein immuno-

precipitation (IP) followed by western blot (WB) profiling of

ADMA on hnRNPA1, which belongs to cluster 4 and whose

methylation decreased upon CDDP (Figure S2A) and on

PSPC1 that belongs to cluster 5 and whose methylation

increased in response to CDDP and was impaired by PRMT1

depletion (Figure S2B). In line, the MMA level of the p82 isoform

of DDX17, also belonging to cluster 5, was increased upon
(C) Left: time course WB analysis of the indicated histone PTMs in SK-OV-3 treate

MS023 (10 mM). The displayed image is representative of 4 biological replicates (n

panel, normalized over the total level of the respective histone protein and reported

SD from 4 biological replicates (n = 4).

(D) Top: WB analysis of the subcellular fractions of SK-OV-3 cells, untreated or t

equal loading of the cytosolic and chromatin fractions, respectively. The displayed

of PRMT1 in the chromatin-enriched fraction in the presence or absence of CD

untreated (UT) cells. Data displayed represent the mean ± SD from 4 independe

(E) Chromatin-binding assay of PRMT1 in HeLa cells, irradiated or not with UV 40 J

into nucleosolic and chromatin-enriched compartments. Vinculin and histone H4

fractions, respectively.
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CDDP, while this effect was inhibited in PRMT1-depleted cells

(Figure S2C).

We observed the following distribution of the different methyl-

ation species in clusters 2–5: 85 mono-methylated sites were

equally distributed among them, while the 30 di-methylated sites

weremainly accumulating in clusters 3 and 5 (Table S2). Of these

peptides, more than 70%were asymmetrically di-methylated, as

demonstrated by the visual inspection of the respective MS2

spectra, with detection of diagnostic neutral loss ions (Musiani

et al., 2019). This evidence corroborates the interpretation that

clusters 3 and 5 mainly include PRMT1 targets, in agreement

with the dynamic behavior of their methylations.

Overall, our quantitative MS analysis shows that PRMT1 is

involved in the protein R-methylation changes observed upon

CDDP and raises the question whether this event contributes

to the response to genotoxic stress of ovarian cancer cells.

PRMT1 Increases in Chromatin and Triggers H4R3me2a
in Response to Replication Stress
The observation that several chromatin-associated proteins are

hyper-methylated in a PRMT1-dependent manner in response to

CDDP suggests that the activity of this enzymemay be preferen-

tially channeled toward this subcellular compartment. Since the

MS analysis did not detect any histone methylated arginines,

most likely due to the underrepresentation of histone peptides

from tryptic digestions in LC-MS/MS shotgun proteomics (Soldi

et al., 2014), we profiled byWB the asymmetric di-methylation of

H4R3 (H4R3me2a) in SK-OV-3 cells treated for increasing time

intervals with CDDP. We observed a time-dependent increase

of this modification (Figure 2A), which was reduced when we

knockdown PRMT1 by cell transduction with specific small

hairpin RNA (shRNA) carrying lentiviral particles infection, con-

firming that the change is specifically dependent on this methyl

transferase (Figure 2B). As a further confirmation, we observed

that the CDDP induction of H4R3me2a was impaired in cells

pre-treated with the pan-type I PRMT inhibitor MS023 (Eram

et al., 2016), and not in those treated with the inactive compound

MS094 (Figure 2C). In the same experiment, bulk levels of

H3R17me2a and H3R2me2a—set by CARM1 and PRMT6,

respectively—did not change significantly upon CDDP, suggest-

ing that these PRMTs are not activated by the drug.

Interestingly, we observed a time-dependent increase of

H4R3me2a also in response to other replicative stress inducing

agents, such as hydroxyurea (HU), gemcitabine (GEM), and ul-

traviolet (UV) light, whereas ionizing radiation (IR) increased

this methyl mark only marginally and with a different kinetics

than the one observed for gH2A.x (Figures S3A–S3C).
d with 20 mMCDDP following 24 h pre-treatment with either MS094 (10 mM) or

= 4). Right: quantification of the histone PTMs levels in cells treated as in the left

as fold change over untreated (UT) cells. Data displayed represent themean ±

reated with 20 mM CDDP for 24 h. Detection of vinculin and histone H4 shows

image is representative of 4 biological replicates (n = 4). Bottom: quantification

DP, normalized over the histone H4 level and expressed as fold change over

nt biological experiments (n = 4).

/m2 for 24 h, with andwithout DNase treatment of the nuclei before fractionation

detection confirms the equal loading of the cytosol and the chromatin-bound
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Figure 3. DNA-PK Binds to PRMT1 and Mediates Its Chromatin Recruitment in Response to CDDP

(A) Analysis of PRMT1 interactors within chromatin by ChroP experiment. Intensity-based label free quantification (LFQ) values of proteins unambiguously

identified by LC-MS/MS upon PRMT1 immunoprecipitation from SK-OV-3 cross-linked chromatin. Known PRMT1 targets and the DNA-PK holoenzyme subunits

are highlighted in red and black, respectively.

(B) Nuclear PRMT1-interaction network analysis by protein co-immunoprecipitation (coIP) followed by LC-MS/MS. Volcano plot displays the proteins significantly

enriched in the PRMT1 coIP experiment (red squares) relative to the mock IP, by plotting �log p value over fold difference from three biological replicate ex-

periments. FDR < 0.01, minimal fold change (S0) = 0.4 (n = 3).

(C) Functional analysis of the PRMT1 interactome. Proteins enriched in both the native and cross-linked PRMT1 IPs (coIP and ChroP, respectively) were analyzed

using the STRING interaction database and the proteins belonging to the same STRING network were visualized using Cytoscape. Primary and secondary

interactors of PRMT1 are displayed in dark and light orange, respectively; PRMT1 and DNA-PK are indicated in red and green, respectively.

(D) CoIP followed byWB analysis from SK-OV-3 cells treated with 20 mMCDDP and 10 mMNU7026; coIPs were carried out in the presence and absence of 2003

molar excess of PRMT1 blocking peptide, as indicated. The image displayed is representative of 3 biological replicates (n = 3).

(E)WB analysis of PRMT1 levels in the soluble and chromatin-enriched fractions of SK-OV-3 cells treated for 24 hwith CDDP 20 mM,with or without pre-treatment

with NU7026 (10 mM). H4R3me2a and gH2a.x were used asmarkers of PRMT1 activity and activated DDR, respectively. The image displayed is representative of

3 biological replicates (n = 3).

(F) WB analysis of PRMT1 andDNA-PK levels in different subcellular compartments of control (shScramble) and DNA-PK knockdown (shDNA-PK) SK-OV-3 cells,

treated or not with CDDP 20 mM for 24 h. The image is representative of 2 biological replicates (n = 2).

(legend continued on next page)
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Importantly, less than 7% of cells were Annexin V-positive at

24 h, the latest time point of treatment, confirming that

H4R3me2a increase is not a mere consequence of apoptosis

(Figure S3D).

Since PRMT1 is constitutively active and localized in both nu-

cleus and cytoplasm at basal state and that its modulation can

be achieved by regulating its sub-cellular compartmentalization

(Goulet et al., 2007; Herrmann et al., 2005), we reasoned that the

protein-R-methylation changes observed upon CDDP could be

due to a differential subcellular localization of PRMT1. We thus

profiled its level by WB, upon the biochemical separation of

SK-OV-3 cells into cytosolic, nucleosolic, and chromatin-en-

riched fractions.We observed that PRMT1 increased in the chro-

matin fraction of cells treated with both CDDP and UV irradiation

(Figures 2D and 2E), while the subcellular distribution of another

chromatin modifier used as control, i.e., HDAC1, did not follow

the same trend (Figure 2E). The DNase treatment of nuclei prior

to fractionation released PRMT1 from chromatin (Figure 2E,

compare lane 8 to lane 12), confirming the specific increase of

PRMT1 in the chromatin compartment under replicative stress.

Together, these data demonstrate that replicative stress-

inducing agents lead to increased association of PRMT1 to chro-

matin, where the enzyme directs its catalytic activity toward

histone H4.

DNA-PK Binds to PRMT1 and Mediates Its Chromatin
Recruitment in Response to CDDP
PRMT1 does not possess a recognizable DNA-binding domain;

hence, we reasoned that its chromatin accumulation during

replication stress could bemediated by the interaction with other

DNA-binding proteins. We thus carried out a MS-based analysis

of the PRMT1-interaction network in the chromatin context,

applying the chromatin proteomics (ChroP) approach, which

couples preparative chromatin immunoprecipitation (ChIP) to

MS-based proteomics (Soldi and Bonaldi, 2013, 2014). We iden-

tified known PRMT1 binders in the PRMT1 ChroP, such as

histone H4 and the non-histone proteins hnRNPA1 and ILF3 (Fig-

ure 3A; Table S3). We further investigated the nuclear PRMT1

interactome in native conditions, by MS analysis of PRMT1 co-

immunoprecipitation (coIP), using the SK-OV-3 nuclear extract

as input. From the label-free quantification of proteins in 3 coIP

replicates, we identified 129 proteins significantly co-enriched

with PRMT1, whose specificity was verified by repeating the

coIP in the presence of a large excess of a soluble peptide

competing with the bait for the binding to the antibody, followed

by the assessment of the selective eviction of the bait and the

relative interactors (Figure 3B; Table S3). By intersecting these

two interactomic datasets, we identified 49 proteins that appear

specifically co-enriched with PRMT1 and represent the nuclear

PRMT1 interaction network (Figure 3C; Table S3). This is charac-

terized by the overrepresentation of various RBPs previously

known as direct PRMT1 targets, such as Sam68 (Côté et al.,
(G) Left: WB analysis of PRMT1 phosphorylation, following protein IP and using as

20 mM CDDP for 24 h, as indicated. PRMT1 phosphorylation was detected using

phosphorylated and total PRMT1, detected by the pan-phospho S/T (top) and P

logical replicates (n = 2). Right: quantification of the phosphorylated form of PR

expressed as fold change over CDDP treated cells. Data displayed represent the
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2003) and hnRNPA1 (Wada et al., 2002), and whose methylation

was indeed found to be dynamically regulated in the triple-SILAC

methyl-proteomics experiment (Table S3); these results are in

line with previous evidence of the preferential affinity of PRMT1

toward its own enzymatic substrates (Rust et al., 2014).

Interestingly, among the identified interactors we found DNA-

PK, the catalytic subunit of the non-homologous end joining

(NHEJ) DNA-PK complex, which is encoded by the PRKDC

gene. WB probing of PRMT1 co-IP proteins confirmed that

PRMT1 and DNA-PK interact in SK-OV-3 cells irrespective of

CDDP treatment and that the interaction between the two pro-

teins is increased when the cells are pre-treated with the specific

DNA-PK inhibitor NU7026 (Willmore et al., 2004; Figure 3D).

Interestingly, the increased interaction of PRMT1 with DNA-PK

upon NU7026 treatment is reminiscent of the behavior of kinase

dead mutants, which trap their substrates in the binding pocket

leading to an increased binding; in this case, our results suggest

that the ATP-competitive inhibitor NU7026 may affect the DNA-

PK/PRMT1 interaction in a similar manner (Deminoff et al., 2006;

Iliuk et al., 2012). The specificity of the DNA-PK/PRMT1 interac-

tion was also corroborated by performing the PRMT1 coIP in the

presence of an excess of the competing peptide, leading to se-

lective reduction of DNA-PK (Figure 3D).

We then testedwhether PRMT1 recruitment to chromatin could

be dependent on DNA-PK activity by treating SK-OV-3 cells with

NU7026 prior to CDDP, fractionating cells into soluble and chro-

matin compartments, and profiling PRMT1 by WB. We found

that NU7026 reduced both PRMT1 recruitment and H4R3me2a

accumulation on chromatin (Figure 3E). The efficiency of the

drug was assessed by confirming that the phosphorylation of

DNA-PK induced by CDDP was blocked. Last, the functional

link between DNA-PK activity and PRMT1 recruitment to chro-

matin was further supported by the results obtained following

DNA-PK depletion by RNA interference (RNAi) (Figure 3F).

In light of these data and of published evidence of PRMT1

phosphorylation at seven potential serine/threonine (S/T) sites

(Hornbeck et al., 2015), we tested whether DNA-PK can phos-

phorylate PRMT1. We measured PRMT1 phosphorylation by

WB with a pan-phospho-S/T antibody upon protein enrichment

by IP, using as input the chromatin fraction from cells treated

with CDDP, which were either pre-treated or not with NU7026.

The phosphorylation of chromatin-bound PRMT1 in CDDP-

treated cells was reduced when the pre-treatment with

NU7026 was performed (Figure 3G, arrow). Notably, treatment

of the chromatin fraction from CDDP-stimulated cells with l

phosphatase led to a further decrease of the phosphorylation

signal of the IPed PRMT1, which confirmed that the signal de-

tected with the pan-phospho-S/T antibody is a true phosphory-

lation (Figure 3G). We confirmed that DNA-PK phosphorylates

PRMT1 by repeating the experiment in DNA-PK RNAi-depleted

cells and observing a reduced PRMT1 phosphorylation upon

CDDP exposure, similarly to NU7026 treatment (Figure S3E).
input the chromatin fraction of SK-OV-3 cells, treated with 10 mMNU7026 and

a pan-phospho-S/T antibody. The arrows indicate the band corresponding to

RMT1 (bottom) antibodies, respectively. The image is representative of 2 bio-

MT1 normalized over the total level of PRMT1 in the chromatin extract and

mean ± variation from 2 biological replicates (n = 2).
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These data indicate that DNA-PK interacts with PRMT1 and

that its kinase activity is required for CDDP-triggered recruit-

ment of PRMT1 to chromatin. Furthermore, the observation

that in CDDP-treated cells the chromatin-bound PRMT1 is

phosphorylated and that the phosphorylation signal is dimin-

ished upon NU7026 suggests that this modification may be

the signal directing PRMT1 to chromatin. Whether DNA-PK

phosphorylates PRMT1, directly or indirectly, remains to be

assessed.

PRMT1 Mediates the Activation of the SASP during
Replicative Stress Response
As a histone modifier deposing asymmetric di-methylation on

H4R3, PRMT1 acts as a transcriptional coactivator (Wang

et al., 2001). Recently, H4R3me2a has been also associated to

the transcriptional-mediated maintenance of stem cell-like prop-

erties of esophageal squamous cell carcinoma (Zhao et al.,

2019).

Prompted by the observation of the PRMT1-dependent in-

crease of H4R3me2a upon treatment with different replication

stress agents, we set up to investigate the transcriptional

response of SK-OV-3 upon CDDP, in dependence of PRMT1

by RNA sequencing (RNA-seq) analysis (Figures 4A and S4A):

while at basal conditions no major changes were observed

following PRMT1 ablation (Figure S4B), significant differences

in mRNA levels were measured upon CDDP treatment between

control and PRMT1-silenced cells (Figure 4A; Table S4). In line

with the transcriptional repression typically associated to the

DNA damage response (Gentile et al., 2003), we found that

CDDP caused the downregulation of 315 genes and the upregu-

lation of 136 genes (Figure 4A, top panel).

When focusing on the dependency of the CDDP-triggered

transcriptional response on PRMT1, we observed that the

�1:2.3 ratio between the upregulated and the downregulated

genes in control cells shifted to �1:6 in PRMT1-depleted cells,

due to the further reduction in the number of the upregulated

genes (63) (Figure 4A, bottom panel). Moreover, by intersecting

the CDDP-differentially regulated genes in the presence or

absence of PRMT1, we observed that 96 out of the 136 upre-

gulated genes in control cells were not induced when PRMT1

was depleted, indicating that their upregulation by CDDP is

truly dependent on PRMT1 (Figure 4B, top panel). Through

functional analysis of the genes induced by CDDP in a

PRMT1-dependent fashion, we found that the Gene Ontology

(GO) terms ‘‘inflammatory response’’ and ‘‘immune response’’

were specifically enriched, while the genes induced by CDDP

independently from PRMT1 were slightly enriched in the
Figure 4. PRMT1 Mediates the Activation of the SASP during Replicati

(A) Volcano plots of RNA-seq analysis of shScramble (top) and shPRMT1 SK-OV-

genes significantly upregulated (red and orange) and downregulated (dark and li

(B) Overlap of genes significantly up- (top) or down- (bottom) regulated by CDDP

(GO) analysis of the CDDP upregulated genes in shScramble (red) and shPRMT

CDDP-downregulated genes between control (dark green) and PRMT1 knockdo

(C) RNA-seq data of the 20 most upregulated genes by CDDP, in control (red) an

(D) Validation of RNA-seq by quantitative real-time PCR and WB profiling of mRN

pre-treated for 24 h with either MS023 or MS094 before subsequent incubation w

replicates (n = 2) (top) and 4 technical replicates (bottom), respectively.
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generic functional category ‘‘positive regulation of smooth mus-

cle cell proliferation.’’ On the contrary, no GO categories

emerged as enriched in the genes downregulated by CDDP, ir-

respective of PRMT1 presence/absence (Figure 4B, bottom

panel). Interestingly, within the 20 top-induced genes in control

cells, the inflammatory genes belonging to the SASP response

(Salama et al., 2014), such as IL1A, IL1B, IL6, and TNFa, were

overrepresented (Figure 4C). The expression of IL12a, consid-

ered a non-SASP-associated cytokine (Davalos et al., 2010),

did not display PRMT1 dependency, which confirmed that

PRMT1 sustains specifically the SASP-transcriptional program

(Figure 4C).

SASP consists in the expression of various growth factors and

inflammatory-like cytokines triggered in response to various

stress conditions. In cells experiencing a persistent replicative

stress, SASP enforces the maintenance of cell-cycle arrest, thus

providing time for lesion repair (Coppé et al., 2010). We first vali-

dated the RNA-seq data by quantitative real-time PCR profiling

of a panel of representative SASP genes in both SK-OV-3 (Fig-

ure S4C) and HeLa cells (Figure S4D). Then, we evaluated the

role of PRMT1 in SASP onset, following GEM, employed as part

of the second-line treatment in platinum-resistant advanced

ovarian cancer patients (Bruzzone et al., 2011). GEM triggered

IL1A, IL1B, and IL6 transcription, which was however abrogated

in PRMT1-knockdown cells (Figure S4E). Thus, we could

conclude that PRMT1 plays a role in the modulation of SASP in

non-inflammatory cells undergoing replicative stress response.

We also observed that MS023 abrogated the CDDP-induced

SASP genes expression (Figure 4D, top panel) and, on the

same line, that amultiplexed bead-based immunoassay analysis

showed a significant reduction of all the tested cytokines in the

conditioned medium of MS023 pre-treated cells, compared to

that of cells treated with MS094 (Figure 4D, bottom panel). We

also evaluated the involvement of DNA-PK in the regulation of

SASP: the NU7026 inhibitor blocked SASP gene induction in

response to CDDP (Figure S4F), which indicates that the SASP

transcriptional program ismediated by the DNA-PK-PRMT1 reg-

ulatory axis.

To test whether PRMT1-mediated SASP gene induction in-

volves H4R3me2a, we profiled this mark by ChIP-qPCR at the

promoters of a set of canonical SASP genes, at basal state

and upon CDDP. We observed a mild increase of H4R3me2a

upon CDDP at the promoters of four SASP genes analyzed,

which did not occur on a negative control genomic region (Fig-

ure S4G); in line with the gene expression results, we observed

that NU7026 pre-treatment partially reduces H4R3me2a binding

in three out of the four genes analyzed.
ve Stress Response

3 cells (bottom), harvested 24 h after treatment with 20 mMCDDP. Numbers of

ght green) are shown (4-fold change cutoff, adjusted [adj] p % 0.05).

whereby control and PRMT1 knockdown cells are compared. Gene Ontology

1 (orange) cells. No specific GO categories were significantly enriched in the

wn (light green) cells.

d PRMT1-depleted (orange) cells, displayed as RPKM values.

A (top) and protein (bottom) levels of the indicated genes, from SK-OV-3 cells

ith 20 mMCDDP for 24 h. Data represent the mean ± variation from 2 biological
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PRMT1 Inhibition Dampens the Activation of the NF-kB
Pathway and Sensitizes Cells to CDDP
Nuclear factor kB (NF-kB) is the master regulator of SASP (Sal-

minen et al., 2012) and its activation in the context of DDR

occurs downstream of a complex signaling network that origi-

nates from the detection of the DNA lesions and is mediated

by the activity of the three major PIKKs (ATM/ATR/DNA-PK)

and of the p38 MAPK (Freund et al., 2011; Sabatel et al.,

2011). Since PRMT1 has been reported to regulate the NF-

kB-dependent gene expression (Hassa et al., 2008; Reintjes

et al., 2016) and given our experimental evidence showing

that SASP genes are regulated by PRMT1, we set to investigate

whether PRMT1 induces SASP through the modulation of the

NF-kB pathway. We first profiled the effect of CDDP on the

subcellular localization of p65, the main subunit of the NF-kB

transcription factor family, whose cytosol-to-nucleus transloca-

tion is associated to NF-kB activation (Maguire et al., 2011):

both immunofluorescence (IF) and WB analysis following sub-

cellular fractionation showed that p65 nuclear translocation is

induced by CDDP and this effect is reduced when cells are

pre-treated with the NF-kB inhibitor BAY-117085, as expected,

and NU7026 (Figures 5A and 5B, bottom panel). In addition, we

observed a mild but reproducible reduction of p65 nuclear

translocation also when we pre-treated cells with MS023 (Fig-

ures 5A and 5B, top panel).

Reflecting on the evidence that the SASP transcriptional pro-

gram is impaired upon PRMT1 depletion and/or pharmacologi-

cally inhibition, we asked whether PRMT1 catalytic activity

may facilitate p65 binding to the SASP promoter genes by

H4R3me2a deposition at the same regulatory regions. By

ChIP-qPCR analysis, we found that, upon CDDP, p65 binds to

the promoters of two out of four investigated SASP genes,

namely IL6 and IL8, with a trend similar to H4R3me2a, while

not binding to an unrelated genomic region, used as negative
Figure 5. PRMT1 Inhibition Dampens the Activation of the NF-kB Path

(A) Left: representative IF image analysis of p65 localization in SK-OV-3 cells, untrea

10 mM MS023, and 1 mM BAY11-7085 for 24 h. Immunostaining of p65 and DA

displayed. Images were taken using a 403 dry objective, and a scale bar of 50 mM

3 biological replicates (n = 3). Right: percentage of cells positive for p65 nuclear s

mean intensity values (ratio R 1.1) and expressed over the total number of cells (D

quantified from 3 biological replicates (n = 3) using an in-house developed plug-in o

(B) Left: WB analysis of p65 cellular localization after sub-cellular fractionation of S

with 10 mMMS023 and 1 mMBAY 11-7085 (top panel), and 10 mMNU7026 (bottom

and insoluble fractions, respectively. pDNA-PK levels show the activation of DNA-

treated with NU7026. The image displayed is representative of 3 biological replica

of cells treated as in the left panel. Data were normalized over lamin B1 signal and

SD from 3 biological replicates.

(C) ChIP-qPCR of p65 and immunoglobulin G (IgG), used as negative control, fro

absence of 10 mMMS023. Data were normalized over the respective input and ar

the mean ± variation from 2 biological replicates (n = 2). The dashed line is set to 2

IgG control. Statistical significances were determined by applying the unpaired t

(D) Quantitative real-time PCR analysis for profiling themRNA of the indicated gen

24 h) upon PRMT1 knockdown with the indicated shRNA constructs. Data repre

(E) Clonogenic survival assay of SK-OV-3 cells pre-treated withMS094 orMS023 i

either MS094 or MS023 and then treated for 2 h with CDDP before drug washout.

using ImageJ. Data represent mean ± SD from 4 biological replicates (n = 4). S

*p < 0.05.

(F) Apoptosis assay after 72 h of CDDP (20 mM) exposure of control and PRMT1 k

represent mean ± SD from 3 biological replicates (n = 3). Statistical significances
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control (Figure 5C). Moreover, p65 binding to these two pro-

moters was reduced by MS023/CDDP co-treatment in a statisti-

cally significant manner (Figure 5C). These data suggest that

di-methylation of H4R3 by PRMT1 at the promoter of SASP

genes correlates with the p65 binding at the same genomic re-

gions, thus pointing towards a possible role of H4R3me2a in sus-

taining the activation of the NF-kB-SASP axis upon CDDP.

To further verify the role of PRMT1 on p65 activation, we

measured the transcription of the NFKBIA gene, which encodes

IkBa (the major NF-kB inhibitor protein), and of NFKB1, NFKB2,

and RELB (Huxford andGhosh, 2009), which are direct p65-tran-

scriptional targets. As expected, we observed that their induc-

tion following CDDP was impaired upon PRMT1 knockdown

(Figure 5D). On the same line, both MS023 and BAY-117085

impaired the CDDP-induced transcription of NFKBIA, as well

as of other SASP genes tested (Figure S4H).

SASP is considered a mechanism underpinning resistance to

chemotherapy, achieved through the protection of tumor cells

from drug-induced apoptosis through the maintenance of the

cell-cycle arrest upon DNA lesions detection (Salminen et al.,

2011; Sun et al., 2018). Our findings suggest that PRMT1 may

have a role in the protection of cancer cells from the deleterious

effects of replicative stress agents. To assess this hypothesis,

we measured the clonogenic survival of SK-OV-3 cells exposed

to increasing doses of CDDP in the presence of either MS023 or

MS094 and the results showed that PRMT1 inhibition sensitizes

cells to the drug (Figure 5E). Furthermore, PRMT1 depletion

sensitized SK-OV-3 cells to CDDP-triggered apoptosis, as

measured by increased Annexin V binding and DAPI staining

(Figure 5F).

Altogether our study reveals a role for PRMT1 in mediating the

transcriptional SASP program in cancer cells subjected to sus-

tained replicative stress and supports the concept of the

use of PRMT inhibitors in combination with conventional
way and Sensitizes Cells to CDDP

ted and treatedwith 20 mMCDDP, alone or in combinationwith 20 mMNU7026,

PI staining (for nuclei visualization) and the respective merged IF images are

has been included in each figure. The images displayed are representative of

taining based on the ratio of the nuclear versus cytoplasmic p65 fluorescence

API positive, n > 200 cells for each condition). The images were automatically

f ImageJ and data represent themean ± SD of the 3 biological replicates (n = 3).

K-OV-3 cells, treated or not with 20 mMCDDP for 24 h, alone or in combination

panel). Detection of vinculin and lamin B1 confirms equal loading of the soluble

PK in response to CDDP treatment and the impairment of its activity in cells pre-

tes (n = 3). Right: quantification of p65 protein amount in the chromatin fraction

displayed as fold change over the untreated (UT) cells. Data represent mean ±

m SK-OV-3 cells treated or not with 20 mM CDDP for 24 h in the presence or

e displayed as fold enrichment over the respective IgG control. Data represent

, which indicates the 2-fold chromatin immuno-enrichment over the respective

wo-tailed t test. *p < 0.05; **p < 0.01

es belonging to the NF-kB family in SK-OV-3 cells treated with CDDP (20 mM for

sent mean ± variation from 2 biological replicates (n = 2).

n response to the indicated doses of CDDP. Cells were pre-treated for 24 hwith

Cells were grown for 6 days and then stained with Crystal violet and quantified

tatistical significances were determined applying the unpaired 2-tailed t test.

nockdown SK-OV-3 cells (shPRMT1#1, #3) analyzed by flow cytometry. Data

were determined using ANOVA two-factor test; *p < 0.05.



chemotherapeutic agents to sensitize cancer cells and reduce

chemotherapy resistance and eventually tumor relapse.

DISCUSSION

In this study, we unravel the role of PRMT1, and itsmediated pro-

tein R-methylation, in the response of cancer cells to the replica-

tive stress triggered by genotoxic drugs.

The methyl-proteomics analysis in response to CDDP re-

vealed some changes in protein-methylation that can be specif-

ically ascribed to PRMT1 activity; however, we cannot exclude

that other PRMTs may also be involved

Interestingly, we observed a more prominent downregulation

of methylation in various RBPs. Since R-methylation is known

to modulate various RBPs by either affecting their nuclear/cyto-

plasmic localization or their protein-RNA and protein-protein in-

teractions, as well as liquid-liquid phase separation (Kedersha

et al., 2013; Thomas et al., 2011), the observed hypo-methylation

of this set of proteins may bemechanistically linked to the forma-

tion of stress granules (SGs), known to be triggered by genotoxic

agents. This interesting hypothesis is supported by the evidence

that arginine demethylation of G3BP1 promotes SGs assembly

(Tsai et al., 2016); however, further investigations will allow us

to assess systematically, beyond individual cases, if and how

PRMT1-dependent protein R-methylation can modulate SGs

formation.

With an opposite trend to RBPs, various chromatin factors—

such as DDX17, RBMX, and CHTOP—displayed increased

methylation upon CDDP, which indicates that the activity of

PRMT1 is directed toward the chromatin compartment during

replicative stress response. As a perspective, it will be inter-

esting to investigate whether R-methylation of other chro-

matin-bound PRMT1 substrates beyond H4R3 are involved in

the nuclear response of tumor cells to genotoxic drugs, as

already reported for MRE11 and 53BP1 (Boisvert et al., 2005;

Yu et al., 2012).

Our experimental evidence indicates that DNA-PK, which is

activated in response to genotoxic stress, is upstream of

PRMT1 recruitment to chromatin and consequent H4R3me2a

deposition. We hypothesize that PRMT1 phosphorylation trig-

gered by this kinase may modulate its activity, either in specific

cellular compartments, or on a selected set of substrates.

Different scenarios supporting this model remain to be as-

sessed: one possibility is that DNA-PK modulates the substrate

affinity of PRMT1 through phosphorylation, in line with a previous

study demonstrating that PRMT1 phosphorylation at tyrosine

291 can regulate the differential affinity of the enzyme toward

its own substrates (Rust et al., 2014). Alternatively, PRMT1 phos-

phorylation could directly favor PRMT1 accumulation on chro-

matin, as it was recently shown for PRMT1 phosphorylation

mediated by CSNK1a1 (Bao et al., 2017).

RNA-seq analysis allowed dissecting the impact of the DNA-

PK/PRMT1/H4R3me2a signaling cascade on transcription,

revealing that PRMT1 mediates the activation of SASP

genes. Although the increased deposition of H4R3me2a at

the CDDP-induced pro-inflammatory genes fits with the well-

documented association of this methyl mark to actively tran-

scribed regions (Zhao et al., 2019), we could not acquire
H4R3me2a ChIP-seq data with the only antibody available

(Active Motif), thus preventing the genome-wide assessment

of the CDDP-induced changes of this methyl mark. Hence,

the poor performance of this antibody in the ChIP setup is to

be taken into account. The availability of better-performing

ChIP-seq grade antibodies against this methyl_mark will be

greatly beneficial in addressing the role of PRMT1 in transcrip-

tional regulation during cisplatin response. Also, we cannot

exclude that the activity of other PRMTs may be involved in

the regulation of SASP: first, because MS023 is a type I inhib-

itor (Eram et al., 2016) not uniquely selective for PRMT1 and,

second, because the observed downregulation of several

methyl sites in response to cisplatin may lead to the substrate

scavenging effect by other PRMTs, including the type II en-

zymes, as strongly suggested by the dynamic behavior of

methyl peptides in cluster 4 (Figure 1H).

Nevertheless, the evidence that PRMT1-depleted cells were

not able to induce the expression of SASP genes supports the

concept that PRMT1 is specifically involved in this transcriptional

response to genotoxic stress. In particular, PRMT1 methylation

of R3 of histone H4 at promoters of the SASP upon CDDP treat-

ment seems to correlate with p65 binding, suggesting that this

histonemarkmay participate in chromatin changes that facilitate

or stabilize p65 to the promoters of these genes.

The harmful effects of chemotherapy drugs in cancer cells

reside in the capability to induce apoptosis when DNA lesions

are not efficiently repaired. In this scenario, SASP-mediated

cell-cycle arrest represents a barrier that preserves cells from

death commitment, hence leading to drug resistance. Impor-

tantly, SASP is also triggered in vivo in response to CDDP and

other DNA-damaging chemotherapeutics (Coppé et al., 2008),

thus limiting the effectiveness of anticancer therapies that are

based on genotoxic stress. We demonstrate here that PRMT1

mediates the onset of SASP and protects cells from the cytotoxic

effect of CDDP, including drug-induced apoptosis. Hence, tar-

geting of PRMT1 by small molecule inhibitors may provide a

route to overcome SASP and to increase the effectiveness of

CDDP-based chemotherapy on tumors.
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Yu, Z., Chen, T., Hébert, J., Li, E., and Richard, S. (2009). A mouse PRMT1 null

allele defines an essential role for arginine methylation in genomemaintenance

and cell proliferation. Mol. Cell. Biol. 29, 2982–2996.

Yu, Z., Vogel, G., Coulombe, Y., Dubeau, D., Spehalski, E., Hébert, J., Fergu-
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This paper N/A
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This paper N/A
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This paper N/A

shRNA DNA-PK;
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This paper N/A

Software and Algorithms

MaxQuant software Cox et al., 2014 https://maxquant.org/

Andromeda search engine Cox and Mann, 2008; Cox

et al., 2011

https://www.maxquant.org/maxquant/

Perseus Tyanova et al., 2016 https://www.maxquant.org/perseus/

STRING Snel et al., 2000 https://string-db.org/

Cytoscape 3.0 Su et al., 2014 https://cytoscape.org/cy3.html

hmSEEKER Massignani et al., 2019 N/A

hmLINKER Musiani et al., 2019 N/A

iceLogo web application Maddelein et al., 2015 https://iomics.ugent.be/icelogoserver/

PhosphoSite Plus database Hornbeck et al., 2015 https://www.phosphosite.org/home

Action.action

Nuclear/cytoplasmic ratio IF images quantification In this paper N/A

DESeq2 Love et al., 2014 https://bioconductor.org/packages/release/

bioc/html/DESeq2.html

DAVID Huang da et al., 2009 https://david.ncifcrf.gov/

ImageJ plugin ‘‘analyse particles’’ ImageJ https://imagej.nih.gov/ij/download.html
LEAD CONTACT AND MATERIALS AVAILABILITY

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Tiziana

Bonaldi (tiziana.bonaldi@ieo.it). All plasmids generated in this study will be made available on request and may require a completed

Materials Transfer Agreement if there is potential for commercial application.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cell culture conditions and reagents
SK-OV-3 cell line derived from a serous ovarian carcinoma was purchased from the American Type Culture Collection (ATCC, Man-

assas, VA, USA) in 2011. SK-OV-3 cells were cultured in RPMI 1640 supplemented with 10% Fetal Bovine Serum (FBS, Life Tech-

nologies), 1% glutamine, 100 U/ml penicillin,100 mg/ml streptomycin and cultured at 37�C in a 5% CO2 humidified atmosphere.

HeLa derived from cervix adeno carcinoma were purchased from ATCC. HEK293T derived from embryonal kidney were purchased

from DMSZ. The cell lines were authenticated by short tandem repeat (STR) analysis using the Geneprint kit of Promega (B9510).

HeLa, HEK293T cell lines were grown in DMEM with glutamine, 10% FBS and antibiotics. All the cell lines were tested free of

mycoplasma contamination. Cisplatin (CDDP) and gemcitabine (GEM) were obtained from the hospital pharmacy at the European

Institute of Oncology (Milan, Italy), while hydroxyurea (HU 2mM; H8627) was purchased from Sigma Aldrich. MS023 (10 mM) and

its inactive structural analog MS094 (10 mM) were provided by Structural Genomic Consortium (SGC, University of Toronto, Toronto,

Ontario, Canada). NU7026 (DNA-PKi; S2893) inhibitor was purchased from Selleckchem. CDDP was used at a concentration of
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20 mM for SK-OV-3 and 10 mM for HeLa cells, if not otherwise indicated. All the other compounds were used at the indicated doses.

Cells were exposed to UVC (254 nm) at a dose of 40 J/m2 using a Stratalinker 2400 UV cross-linker (Stratagene, La Jolla, CA) and to

ionizing radiation IR (10Gy) generated by a high-voltage X-ray-generator tube (Faxitron X-Ray Corporation).

METHOD DETAILS

SILAC and heavy methyl SILAC cell culture conditions
For SILAC, SK-OV-3were grown in ‘‘Light’’, ‘‘Medium’’ and ‘‘Heavy’’ SILACRPMI (Thermo Fisher Scientific, # 89984), supplemented

with either L-Arginine, L-Lysine or their medium (Arg: Sigma-Aldrich, 643440; Lys: Sigma-Aldrich, 616192) or heavy (Arg: Sigma-Al-

drich, 608033; Lys: Sigma-Aldrich, 608041) isotope-counterparts. Arginine and Lysine were added at a concentration of 84mg/L and

146 mg/L, respectively. The SILAC media were then supplemented with 10% dialyzed FBS (GIBCO, Life Technologies 26400-044),

1% glutamine, 100 U/ml Penicillin and 100 mg/ml Streptomycin.

For hmSILAC, SK-OV-3 cells were cultured in ‘‘Light’’ and ‘‘Heavy’’ hmSILAC RPMI media (PAA, custom) supplemented with

L-Arginine (Sigma-Aldrich, A6969) L-Lysine (Sigma-Aldrich, L8662), plus either L-[13CD3]-Methionine (Met-4, heavy, Sigma-Aldrich,

299154) or L-[12CH3]-methionine (Met-0, light, Sigma-Aldrich, M5308), respectively. Concentration of L-Methionine was 30 mg/L.

The hmSILAC media were then supplemented with 10% dialyzed FBS (GIBCO, Life Technologies 26400-044), 1% glutamine,

100 U/ml Penicillin and 100 mg/ml Streptomycin.

Both SILAC and hmSILAC SK-OV-3 cells were grown in the respective heavy-isotopes containing media for at least 9 replication

cycles to ensure full incorporation, with a careful monitoring of growth rate, viability and overall morphology, to guarantee that normal

physiology was preserved.

Vectors and infections
Viral particles for the generation of the knockdown cell lines used in this study were produced as previously described (24903273).

The following sequences of the shRNA were used for PRMT1 and DNA-PK knockdown, respectively: 50-CCGGCAGTACAAAGAC

TACAA-30 (sh#1, PRMT1), 50-GTGTTCCAGTATCTCTGATTA-30 (sh#3, PRMT1), 50- GATCGCACCTTACTCTGTT �30 (shDNA-PK).
All the shRNA sequences were cloned into pLKO.1 vector to generate the knockdown cell lines.

Cell lysis, sub-cellular fractionation and Western Blot analysis
For whole cell lysis, harvested cell culture pellets were rinsed with PBS, lysed in SDS-containing Buffer (4.8% SDS, 20% glycerol,

0.1 M Tris-HCl, pH 7.5) and sonicated. Protein lysates were centrifuged at maximum speed for 10 min.

For sub-cellular fractionation into cytosol, nucleosol and chromatin compartments, cell lysates were obtained according to the

protocol described in Méndez and Stillman (2000). Briefly, cells were resuspended at a concentration of 4 3 107cells/ml in Buffer

A (10 mMHEPES, [pH 7.9], 10 mM KCl, 1.5 mMMgCl2, 0.34 M sucrose, 10% glycerol, 1 mMDTT and 1X Roche Protease Inhibitors).

Cytosolic fractions were obtained incubating the cells for 5 min on ice upon addition of Triton X-100 (0.1%) to Buffer A, followed by

low-speed centrifugation (4 min, 1,3003 g, 4�C). The cytosolic fraction (supernatant) was further clarified by high-speed centrifuga-

tion (15 min, 20,0003 g, 4�C) to remove cell debris and insoluble aggregates. Nuclei (pellets) were washed once in Buffer A and then

lysed in Buffer B (3 mM EDTA, 0.2 mM EGTA, 1 mM DTT, 1X Roche Protease Inhibitors as described above) for 30 min at 4�C. Insol-
uble chromatin was collected by centrifugation (4 min, 1,700 3 g, 4�C), washed once in Buffer B, and centrifuged again under the

same conditions. The final chromatin pellet was resuspended in SDS-containing Buffer and sonicated for 10 s. Alternatively, for

the immuno-purification of proteins from the chromatin fraction, after the wash in Buffer B the chromatin pellet was resuspended

in 2 volumes of Buffer C420 (420 mM NaCl; 20 mM HEPES KOH pH 7.9; 1.5 mM MgCl2; 0.2 mM EDTA; 0.1% NP-40; 0.5 mM

DTT) and rocked for 30 min at 4�C. Subsequently, the NaCl concentration was reduced to 150 mM, and 50U of Benzonase

(1.01654.0001 Millipore Merck) was added to each extract and incubated for 15 min at 37�C to release the chromatin-associated

proteins. Finally, the lysates were centrifuged for 1h at 13000 x g at 4�C for 1 h and the chromatin proteins were collected and

quantified.

For the preparation of cytoplasmic and nuclear extracts, cell pellets were processed according to a slightly modified version of a

previously published protocol (Vermeulen et al., 2010). Briefly, cells were harvested, washed once with PBS and resuspended in 2

volumes of Lysis Buffer A (10mMHEPES-KOHpH7.9, 1.5mMMgCl2, 10mMKCl, 0.2%NP-40, 1X Roche Protease Inhibitors, 1U/mL

NEB RNase Inhibitors) and left for 10 min on ice. After 40 strokes with a dounce homogenizer, cells were centrifuged 15 min at

3750 rpm. The supernatant (representing the cytoplasmic extract) was collected and the pellet (corresponding to crude nuclei)

was washed twice with PBS and re-suspended in 2 volumes of Buffer C (420 mM NaCl, 0.1% NP40, 0.5 mM DTT, 20 mM

HEPES-KOH pH 7.9, 2 mM MgCl2, 0.2 mM EDTA and 20% glycerol, 1X Roche Protease Inhibitors, 1U/ml NEB RNase Inhibitors).

The suspension was rocked 1h at 4�C to extract proteins by high-salt extraction and afterward diluted with Buffer C without NaCl

to reduce the NaCl to a final concentration of 150 mM. The nuclear extract was then treated with 125U of Benzonase (Sigma Aldrich)

for 30min at 37�C in a thermo-mixer at 900 rpm to digest the nucleic acids and release all the chromatin associated protein and finally

ultracentrifuged at 33000 rpm for 1h. The supernatant representing the nuclear extract was collected and quantified.

Protein extracts from total, cytosolic, nuclear and chromatin-enriched lysates were quantified using BCA (Pierce BCA Protein

assay kit, 23225) and equal amounts of proteins were resolved by SDS-PAGE electrophoresis and blotted on Transfer membrane
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(Immobilon-P, Merck Millipore IPVH00010). Membrane blocking (10% BSA/TBS 0.2% Tween-20 for 30 min at RT) was followed by

incubation with the appropriate primary antibodies and HRP-conjugated secondary antibodies (Cell Signaling Technology). Proteins

were detected by ECL (Bio-Rad). The following primary antibodies were used: Lamin B1 (ab16048), phospho-Ser139 H2A.x (ab2893),

DNA-PK (ab70250), phospho-DNA-PK S2056 (ab18192), PRMT1 (ab73246, ab3768), GAPDH (ab8245), H3R17me2a (ab8284),

H3R2me2a (ab194706), histone H3 (ab1791), histone H4 (ab7311) were purchased from Abcam; Phospho-(Ser-Threo) (CST,

#9631), NF-kB p65 (CST, #8242) were purchased from Cell Signaling Technology; vinculin (06-866) from Merck Millipore;

H4R3me2a (#39705) was purchased from Active Motif; NF-kB p65 C20 (sc-372) was purchased from Santa Cruz Biotechnology;

H4R3me2a (07-213-I).

PRMT1 protein co-Immunoprecipitation (PRMT1 co-IP)
Three biological replicates of PRMT1 co-immunoprecipitation (PRMT1 co-IP) were performed, each using 2 mg of SK-OV-3 nuclear

lysate as input, prepared as follows. Briefly, 100x106 SK-OV-3 cells were harvested, washed twice with cold PBS and re-suspended

in 2 volumes of Lysis Buffer A (10 mM HEPES KOH pH 7.9, 1.5 mMMgCl2, 10 mM KCl, 0.2% NP40, 1X Roche Protease Inhibitors).

After 20 strokes with a dounce homogenizer, cells were centrifuged 15 min at 3750 rpm. The supernatant (cytoplasmic extract) was

collected and the pellet (corresponding to crude nuclei) was washed twice with PBS and re-suspended into 2 volumes of Buffer C

(420 mMNaCl, 0.1% NP40, 0.5 mMDTT, 20 mMHEPES KOH pH 7.9, 2 mMMgCl2, 0.2 mM EDTA and 20% glycerol, 1X Roche Pro-

tease Inhibitors). The suspension was rotated 1h at 4�C and then ultra-centrifuged at 33000 rpm for 1h. After dilution of Buffer C to

150mMNaCl (IP Buffer), the lysate was rotated at 4� overnight with 5 mg of anti-PRMT1 antibody (ab73246), in presence and absence

of 50-fold molar excess of the specific competing peptide (ab73687), in order to selectively evict the antigen and the co-associated

proteins from the beads, which allow to discriminate specific binders from background proteins based on the protein intensity ratio

measured byMS in the two channels. G-protein-coupledmagnetic beads (Dynabeads, Thermo Fisher Scientific, 100.04D) were then

added and incubated for 2 hours; the captured immuno-complexes were washed 4 times with the IP Buffer and incubated with LSD

sample Buffer supplemented with 100 mM DTT in order to elute the immunoprecipitated proteins. Proteins were separated on 4%–

12% Bis-Tris acrylamide SDS-PAGE pre-cast gels (Novex Tris-Glycine Gels, Life technologies) and visualized using Colloidal Coo-

massie staining (Instant Blue, Sigma Aldrich), prior to protein digestion and LC-MS/MS analysis.

PRMT1 cross-linked chromatin immunoprecipitation (PRMT1 X-ChroP)
The immuno-enrichment of PRMT1 in the context of chromatin was achieved using the X-ChroP approach, as described in Soldi and

Bonaldi (2013) with minor modifications. Briefly, 100x106 SK-OV-3 cells were harvested and cell pellets were cross-linked in 1%

formaldehyde PBS for 20 min at room temperature to stabilize protein–DNA and protein–protein interactions. Formaldehyde was

quenched by the addition of 125 mM glycine for 5 min. After four washes with cold PBS, cells were suspended in Lysis Buffer

(50 mM HEPES KOH pH 7.5, 140 mM NaCl, 1 mM EDTA, 10% glycerol, 0.5% NP-40, 0.25% Triton X-100, 0.5 mM PMSF, protease

inhibitors) for 10 min at 4�C. After centrifugation, nuclear pellets were washed once and then re-suspended in ChIP incubation Buffer

(10 mM Tris-HCl pH 8, 100 mM NaCl, 1 mM EDTA, 0.5 mM EGTA, 0.1% sodium deoxycholate, 0.5% sodium lauroylsarcoside,

0.5 mM PMSF, protease inhibitors). Chromatin from nuclei was sonicated at 200 W for 15 min (cycles of 30 s ‘‘on’’ and 1 min

‘‘off’’ in a cooled Bioruptor (Diagenode inc. North America, USA)). After sonication, 1%Triton X-100was added to the sonicated chro-

matin to pellet the cell debris. Soluble nucleosomes -contained in the soluble supernatant after 10 min centrifugation at 13,000 rpm

(4�C) - were immunoprecipitated by adding 10 mg of the PRMT1 ChIP-grade antibody (ab3768), followed by G-protein-coupled mag-

netic beads capture for 4 hours. After 4 washes that were carried out in 10 mM Tris-HCl pH 8, 200 mM NaCl, 1 mM EDTA, 0.5 mM

EGTA, 0.5 mM PMSF, protease inhibitors, LDS sample Buffer (Thermo Fisher Scientific, NP0007) was added to the beads for 25 min

at 95�C to reverse the cross-linking and elute the immunoprecipitated proteins. Proteins were separated on 4%–12% Bis-Tris acryl-

amide SDS-PAGE pre-cast gradient gels (Thermo Fisher Scientific) and visualized using a Colloidal Coomassie staining kit (Instant

Blue, Sigma Aldrich).

In-gel digestion of immunoprecipitated proteins
Processing of gel-separated proteins prior to MS analysis was carried out as previously described, with minor modifications (Shev-

chenko et al., 2006). Briefly, slices were cut from gels and de-stained in 50% v/v acetonitrile (ACN)/50mMNH4HCO3. Reduction was

carried out with 10mMDTT, followed by alkylation with 55mM iodoacetamide. After each step, samples were dehydrated with 100%

ethanol and quickly dried in a centrifugal evaporator (SpeedVac). Subsequently, gel pieces were washed extensively with

50 mM NH4HCO3 and digested with 12.5 ng/ml trypsin (Promega, V5113) overnight at 37�C. Digested peptides were extracted

with Extraction Buffer (3% TFA, 30% ACN) and 100% ACN. Prior to MS, peptides are desalted and concentrated in a single step

through reversed phase chromatography on micro-column C18 Stage Tips (Rappsilber et al., 2007).

Arginine methyl-peptides enrichment for LC-MS/MS analysis
Three independent SILAC based-proteomics experiments were carried out, each in two biological replicates (Forward and Reverse

experiment) and named standard SILAC, triple SILAC total and triple SILAC nuclear, respectively. For the standard SILAC, equal

numbers of Light and Heavy-labeled SK-OV-3 cells were mixed in a 1:1 ratio, while for the triple SILAC experiments Light, Medium

andHeavy-labeled SK-OV-3 cells weremixed in a 1:1:1 ratio. For the standard SILAC and the triple SILAC total, cell pellets were lysed
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in Urea Lysis Buffer (9 M urea, 20 mM HEPES pH 8.0) supplemented with 1X Roche proteases and phosphatases inhibitors, soni-

cated and cleared from debris by ultracentrifugation (20.000 x g for 15 min at 15�C). For the triple SILAC nuclear experiment, cell

pellets were resuspended in Buffer A (10mMHEPES [pH 7.9], 10mMKCl, 1.5 mMMgCl2, 0.34M sucrose, 10% glycerol, 0.1% Triton

X-100, 1 mMDTT and 1X Roche Protease Inhibitors) for 5 min on ice, followed by low-speed centrifugation (4 min, 1,3003 g, 4�C) to
separate the cytosolic fractions (supernatant) from the nuclei (pellets). Nuclei were thenwashed twice in Buffer A without Triton X-100

and lysed in Urea Lysis Buffer supplemented with 1X Roche proteases and phosphatases inhibitors, sonicated and cleared by ultra-

centrifugation (20.000 x g for 15 min at 15�C). For in-solution digestion, 20/50 mg of proteins were reduced by adding 4.5 mM DTT

(Sigma-Aldrich) for 30 min at 55�C, alkylated with 5.5 mM iodoacetamide (IAA: 10% v/v for 15 min at room temperature in the dark,

Sigma Aldrich) and digested overnight with sequencing grade trypsin (1:100 w/w, Promega) after a four-fold dilution in 25mM ammo-

nium bicarbonate solution. Protease digestion was terminated by the addition of trifluoroacetic acid (TFA) to pH < 3. Precipitated

material was removed by centrifugation for 15 min at 1780 3 g at room temperature. Peptides were purified using reversed-phase

Sep-Pak C18 cartridges (Waters, Milford, MA) and eluted off the Sep-Pak with 40%ACNwith a subsequent step of removal of aceto-

nitrile by 48 hours lyophilisation. In the triple SILAC experiments, lyophilised peptides were dissolved in 25mM ammonium hydroxide

(NH4OH) and subsequently offline fractionated by High-pH (HpH) RP chromatography using a Phenomenex Jupiter� C12 4 mmPro-

teo 90Å, LC 2503 4.6 mm, Ea column on an ÄKTA-FPLC (fast protein liquid chromatography) system (GE Healthcare), operating at

1 ml/min, as previously described. Buffer A was 25 mM NH4OH and Buffer B was 25 mM NH4OH in 90% ACN. Fractions were

collected using a collector in a 96-deep well plate at 1-min intervals. Samples were initially loaded onto the column at 1 ml/min

for 3 min, after which the fractionation gradient was as follows: 5% B to 30% B in 60 min, 30% B to 60% in 2 min and ramped to

70% B for 3 min. At this point, fraction collection was halted, and the gradient was held at 100% B for 5 min before being ramped

back to 5%B, where the column was then washed. A total number of 56 fractions were collected and concatenated into 14 fractions

that were further analyzed, as previously described (Batth et al., 2014). After lyophilisation, each fraction derived from either the stan-

dard SILAC or the triple SILAC experiment was dissolved in 250 mL of 1x Immuno-Affinity Purification Buffer (IAP Buffer, #9993, Cell

Signaling Technologies) and subjected to two consecutive steps of methyl-R peptides enrichment using the ADMA antibody-conju-

gated beads PTMScan Asymmetric Di-Methyl Arginine Motif [adme-R] Kit #13474, Cell Signaling Technologies) and MMA antibody-

conjugated beads (PTMScan Mono-Methyl Arginine Motif [mme-RG] Kit #12235, Cell Signaling Technologies) following the manu-

facturer’s instruction. After peptides incubation with the antibody-conjugated beads for 2 hours at 4�C, the immunoprecipitates

were washed twice in ice-cold IAP Buffer, followed by three washes in water; then, bound methyl peptides were eluted with 2 3

50 mL 0.15% TFA. Peptide eluates were desalted on RP C18 StageTip microcolumns, as described previously (Rappsilber et al.,

2007) and subjected to a second round of trypsin digestion prior to LC-MS/MS analysis.

Nano-LC-MS/MS analysis
Peptide mixtures were analyzed by online nano-flow liquid chromatography tandem mass spectrometry using an EASY-nLC 1000

(Thermo Fisher Scientific, Odense, Denmark) connected to a Q-Exactive instrument (Thermo Fisher Scientific) through a nano-elec-

trospray ion source. The nano-LC system was operated in one column set-up with a 50-cm analytical column (75-mm inner diameter,

350-mm outer diameter) packed with C18 resin (EasySpray PEPMAP RSLC C18 2M 50 cm x 75 M, Thermo Fisher Scientific) config-

uration. Solvent A was 0.1% formic acid (FA) and solvent B was 0.1% FA in 80% ACN. Samples were injected in an aqueous 0.1%

TFA solution at a flow rate of 500 nL/min. SILAC and hmSILAC immuno-enriched methyl peptides were separated with a gradient of

5%–40% solvent B over 90 min followed by a gradient of 40%–60% for 10 min and 60%–80% over 5 min at a flow rate of 250 nL/min

in the EASY-nLC 1000 system. Label-free peptides from PRMT1 immunoprecipitation were analyzed in technical triplicates using a

top-15 method with a linear 90 min gradient from 5 to 30% of solvent B, a MS1 resolution of 60,000 at m/z 400 and an accumulation

time of 80msec for MS/MS.

The Q-Exactive was operated in the data-dependent mode (DDA) to automatically switch between full scan MS and MSMS acqui-

sition. Survey full scanMS spectra (fromm/z 300-1150) were analyzed in the Orbitrap detector with resolution R = 35,000 at m/z 400.

The ten most intense peptide ions with charge states R 2 were sequentially isolated to a target value of 3e6 and fragmented by

Higher Energy Collision Dissociation (HCD) with a normalized collision energy setting of 25%. The maximum allowed ion accumula-

tion times were 20ms for full scans and 50ms for MSMS and the target value for MSMS was set to 1e6. The dynamic exclusion time

was set to 20 s.

Data analysis of the PRMT1 interactome
Protein interactors from the PRMT1 co-IP and PRMT1 X-ChroP were identified and quantified using MaxQuant software v.1.5.2.8.

using the Andromeda search engine (Cox and Mann, 2008; Cox et al., 2011). In MaxQuant, the estimated false discovery rate

(FDR) of all peptide identifications was set to a maximum of 1%. The main search was performed with a mass tolerance of 6

ppm. Enzyme specificity was set to Trypsin/P. A maximum of 3 missed cleavages was permitted, and the minimum peptide length

was fixed at 7 amino acids. Carbamidomethylation of Cysteine was set as a fixed modification. The 2016 version of the Uniprot

sequence was used for peptide identification.

Proteins identified both in the PRMT1 co-IP / X-ChroP experiments and in the corresponding negative controls (competition by

specific blocking peptide and IgG, respectively) were profiled by quantitative label-free analysis, activating the label-free software

MaxLFQ (Cox et al., 2014) as well as the ‘‘match between runs’’ feature. The ‘‘protein groups’’ MaxQuant output file was analyzed
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using Perseus (Tyanova et al., 2016), plotting the LFQ values in a volcano plot graph, where the proteins enriched in the PRMT1 im-

munoprecipitations were compared to the negative controls. p values were calculated by Perseus using a two-tailed t test. For each

protein, the variance of the LFQ quantitation in the 3 PRMT1 IPs and in the 3 control IPs was comparable. One missing value out of

three replicates in each experimental group was allowed. Threshold setting for differential protein expression were S0 = 0.4, FDR =

0.01 for the comparison between PRMT1 co-IP in presence and absence of the blocking peptide. The PRMT1 interaction network

was generated with experimentally validated protein-protein interactions from the STRING database (Snel et al., 2000) and visualized

using Cytoscape 3.0 (Su et al., 2014).

Data analysis of arginine methyl peptides (SILAC and hmSILAC)
Acquired raw data were analyzed using the integrated MaxQuant software v1.6.2.10, using the Andromeda search engine (Cox and

Mann, 2008; Cox et al., 2011). In MaxQuant, the estimated false discovery rate (FDR) of all peptide identifications was set to a

maximum of 1%. The main search was performed with a mass tolerance of 6 ppm. Enzyme specificity was set to Trypsin/P. A

maximum of 3missed cleavages was permitted, and theminimum peptide length was fixed at 6 amino acids. Carbamidomethylation

of Cysteine was set as a fixed modification. The September 2018 (2018_07) version of the Uniprot sequence database was used for

peptide identification.

To assign and quantify SILAC methyl peptides, N-terminal acetylation, Methionine oxidation, mono-methyl-K/R, di-methyl-K/R

were set as variable modifications.

The MaxQuant evidence.txt file was first filtered: potential contaminants and reverse sequences were removed; methyl peptides

were required to have an Andromeda score > 25 and individual modifications were required to have a Localization Probability > 0.75.

For the methyl peptides quantified more than once, the median SILAC ratio was calculated. Then, methyl peptide SILAC ratios were

normalized on the respective protein SILAC ratios, calculated using unmodified peptides in the ‘‘input’’ experiment. To define signif-

icantly up- or downregulated methyl peptides by CDDP, we usedmean (m) and standard deviation (s) based on the distribution of the

unmodified peptide SILAC ratios calculated separately in the forward and reverse experiments and we applied a m ± 1s cut-off to the

distributions of the modified peptides of the respective replicate. These distributions were normal.

To assign hmSILAC peptide sequences, we defined new modifications in MaxQuant with the mass increment and residue spec-

ificities corresponding to heavy mono-methylation (mono-methyl4-K/R) and di-methylation (di-methyl4-K/R). Additionally, we

defined new modifications for heavy Methionine (Met4) and oxidized heavy Methionine (OxMet4). To reduce the search complexity,

raw data were analyzed twice with the following sets of variable modifications: (1) N-terminal acetylation, Met4, OxMet4, oxidation,

mono-methyl-K/R, mono-methyl4-K/R; (2) N-terminal acetylation, Met4, OxMet4, oxidation, di-methyl-K/R, di-methyl4-K/R.

Identification of high confidence methyl sites was carried out with the Perl-based pipeline hmSEEKER (Massignani et al., 2019). To

increase the confidence of our findings, we used hmSEEKER to automatically remove from our data any peptide with Andromeda

score less than 25, Andromeda delta score less than 12 and/or carrying a modification with a localization probability less than

0.75. Heavy and light methyl-peptide pairs were considered true positive when the difference between calculated and expected

mass shift was < 2 ppm and their retention time difference was < 30 s.

Validation of the methylated peptide identified in the SILAC experiments through the hmSILAC identifications was achieved by us-

ing a second bioinformatics tool developed in house (hmLINKER), which compares the sequences of the peptides in the SILAC data-

set to those in the hmSILAC dataset. If a match is not immediately found at the sequence level, the peptide is not discarded, but a

second round of match-attempt is performed at the individual modification sites level, using a window sequence.

Clustering and motif analysis of R-methyl peptides
Unsupervised clustering of methyl peptides was based on the distinct patterns of response to CDDP and PRMT1 knockdown

(i.e., M/L, H/L, H/MSILAC ratios, in the forward and reverse experiment) and performedwith the ‘NbClust’ R package using ‘‘ward.D’’

as clustering method.

Motif analysis of R methyl sites was performed using the iceLogo web application (Maddelein et al., 2015), which allows the visu-

alization of significant enrichment variations between a reference set of sequences and a background set. In this work, the sequence

windows centered on eachmethyl site were compared to a background composed of all methyl sites annotated in PhosphoSite Plus

(Hornbeck et al., 2015). P-value threshold was set to 0.05.

Immunofluorescence analysis
Cells were plated on glass coverslips for 24 hours, fixed in 4% paraformaldehyde for 20 min at room temperature and permeabilized

with 0.1% Triton X-100 in PBS for 2min on ice. Then cells were incubated at RTwith 2%BSA in PBS for 30min and then with the anti-

p65 C20 antibody (1:250) in PBS containing 2% BSA for 2 hours at room temperature. After being washed, cells were stained with

Rabbit Alexa Fluor 488 secondary antibody (Molecular Probes, Eugene, OR, USA) diluted 1:400 diluted 1:100, in PBS containing 2%

BSA for 1 hour at room temperature. Nuclei were stained with 40,6-diamidino-2-phenylindole (DAPI). Images were obtained with a

Leica TCS SP2 or Olympus IX71 (Leica Microsystems, Heerbrugg, Switzerland). For the IF analysis, the fields of the coverslips

used for the quantification were randomly taken. Each field contained at least 50 cells and the quantification was performed using

an in-house script which automatically calculates the intensity of the staining in the cytoplasm and nucleus of each cell. p65 was

considered nuclear in the cells that display a p65 nuclear mean intensity/cytoplasm mean intensity R 1.1.
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RNA-seq analysis
RNA-seq was generated from Illumina platform. Data was aligned to human reference genome (GRCh37) using HISAT2 (Kim et al.,

2015). Reference guided alignment was performed with GENCODE annotated transcripts. Differential analysis was performed on the

basis of read counts using DESeq2 (Love et al., 2014). Genes with fold change of 4 and with adjusted P-value less than 0.05 are re-

garded as differentially regulated genes. Gene Ontology on differentially regulated genes was performed using DAVID (Huang da

et al., 2009). All statistical analyses were performed using the R platform. The Mann-Whitney U test was used to test whether the

differences between groups were significant or not.

RNA extraction, RT–PCR and qPCR
Total RNA was isolated from cells using Quick-RNA Miniprep kit (Zymo research), according to manufacturer’s instructions. One mg

of RNA from each sample was reverse-transcribed using ImProm-II Reverse Transcriptase (Promega) and random primers (Thermo

Fisher Scientific), according to themanufacturer’s protocol. Real-time quantitative PCR reactions were prepared using Fast SYBRTM

Green reaction mix (Thermo Fisher Scientific) and performed on an Applied Biosystems 7500 Fast Real-time PCR system. The rela-

tive expression level was calculated with the 2[�DDCt] method and expressed as a ‘‘fold change’’: data were normalized to house-

keeping gene (GAPDH) expression and compared to the untreated control. Primers used for profiling the mRNA expression

levels of inflammatory related genes are as follows: IL6 Fwd:5-CCAGAGCTGTGCAGATGAGT-3; Rev:5- ATTTGTGGTTGGGTCA

GGGG-3; IL1a Fwd:5- AGGTTCTGAAGAAGAGACGGT �3; Rev:5- GGTGCTGACCTAGGCTTGAT-3; IL1b Fwd: 5- CTCTTCAGCCA

ATCTTCATTGC-3; Rev: 5-GAACAAGTCATCCTCATTGCCA-3; IL8 Fwd:5-CTTGGCAGCCTTCCTGATTTCT-3; Rev:5-GTTTTCCT

TGGGGTCCAGACAG-3; TNFa Fwd:5-ACTTTGGAGTGATCGGCCC-3; Rev: 5- CATTGGCCAGGAGGGCATT-3.

Primers used for ChIP-qPCR analysis are the following: IL6 promoter Fwd: 5-ATGTGGGATTTTCCCATGAGTC-3; Rev:5-GCCTCA

GACATCTCCAGTCCTA-3; IL8 promoter Fwd:5-TTGAAGCCCTCCTATTCCT-3; Rev:5- AAGGACTGACTATATAGCAG-3; IL1A pro-

moter Fwd:5-ACTCCAACTGGGAACCCAAA-3; Rev:5-CTGTGGCCAGCCTAGTTCAG-3; IL1B promoter Fwd:5- GTGTCTTCCACT

TTGTCCCACAT �3; Rev:5- TGACAATCGTTGTGCAGTTGATG-3; Negative control genomic region Fwd: 5-AGCTATCTGTCGAG

CAGCCAAG-3; Negative control genomic region Rev: 5- CATTCCCCTCTGTTAGTGGAAGG-3.

Chromatin immunoprecipitation (ChIP) for DNA analysis
For the native ChIP, cells were harvested, washed twice with 1x PBS and pelleted. Cell pellets were re-suspended in 1 volume of

Buffer B (15 mM NaCl, 15 mM Tris pH 7.6, 60 mM KCl, 2mM EDTA, 0.5mM EGTA, 0.3 M sucrose, 1 mM DTT, 0.5 mM PMSF,

0.2 mM spermine, 1 mM spermidine, H2O as solvent) and then mixed with 1 volume of Lysis Buffer (15 mM NaCl, 15 mM Tris pH

7.6, 60 mM KCl, 2 mM EDTA, 0.5 mM EGTA, 1 mM DTT, 0.5 mM PMSF, 0.2 mM spermine, 1 mM spermidine, H2O as solvent)

and left 5 min on ice. Samples were then centrifuged at 1200 rpm for 5 min at 4�C and the nuclear pellets were washed with Buffer

D (15 mMNaCl, 15 mM Tris pH 7.6, 60 mMKCl, 0.3 M Sucrose, 1 mMDTT, 0.5 mM PMSF, 0.2 mM spermine, 1 mM spermidine, H2O

as solvent). Nuclei were then resuspended in MNase Buffer (20mM Tris pH7.6, 5mM CaCl2, H2O as solvent), counted, and the DNA

was digested using as proportion of 1.5U MNase (Merck) for 3 nuclei. MNase digestion was performed for 90 minutes at 37�C in a

thermomixer (700 rpm) and blocked afterward with 10 mM EDTA. The DNA was purified with the PCR purification kit (QIAGEN) and

2.5% of thematerial run on a 1% agarose gel, to verify that the DNA fragments were between 150-500 bp long. An aliquot (1%) of the

MNase-digested nuclear extract was stored as input material, while the remaining part complemented with S300 Buffer (10 mM

Tris pH7.6, 0.3M NaCl, 0.2% Igepal, H2O as solvent) and left on ice for 20 min. Afterward, samples were centrifuged in a table-

top centrifuge for 30 min at 10000 g in order to precipitate the cell debris, and the supernatant transferred into clean Eppendorf tubes

and adjusted to a final volume of 1mLwith S300 buffer. The nuclear extract was then rocked overnight on a rotating wheel at 4�Cwith

10 ug of either anti-H4R3me2a Ab, or rabbit IgG as negative control. On the following day, 40 uL of slurry protein-G Sepharose beads

(GE-Healthcare), pre-washed twice with S300 Buffer, were added to each sample and rocked for 3 hours on a rotating wheel at 4�C.
At the end of the incubation, the immuno-complexes were washed five times in S300 Buffer and the DNA was eluted and purified

using the PCR purification kit. The DNA of the input material was also extracted and purified using the same protocol. The DNA

(2,5% of the total volume) was then analyzed by real time PCR for selected target genes.

The crosslinked ChIP experiments were, instead, performed according to the protocol previously described (Ferrari et al., 2014).

Briefly, cells were harvested, washed twice with 1x PBS and crosslinked with 1% formaldehyde for 10 min at room temperature. The

crosslinking process was stopped by addition of 0.125 M glycine for 5 min at room temperature. Fixed cells were then washed twice

with PBS, lysed in SDSBuffer (50mMTris at pH 8.1, 0.5%SDS, 100mMNaCl, 5 mMEDTA, and protease inhibitors) and sonicated to

sheared the chromatin to �500 bp. An aliquot of the sample (2.5%) was purified with the PCR purification kit (QIAGEN) and the iso-

lated DNA run on a 1% agarose gel, to verify that the DNA fragments were around 500 bp long. The sonicated lysates were then

diluted with IP Buffer (33 mM Tris-HCl pH 8, 100 mM NaCl, 5 mM EDTA, 0.2% NaN3, 0.33% SDS, 1.66% Triton X-100) to bring

all samples to the same final concentration and an aliquot of input material (5%) was taken. Samples were then incubated with 5

ug of either rabbit IgG (Millipore) or p65 antibody (Cell Signaling) overnight at 4�C. The following day, samples were incubated for

3 hours with protein-G Sepharose beads (GE Healthcare) and at the end of the incubation, beads were washed 3 times with low-

salt Buffer (150 mM NaCl, 20 mM Tris-HCl pH 8, 2 mM EDTA, 0.1% SDS, 1% Triton X-100) and once with high-salt Buffer

(500mMNaCl, 20mMTris-HCl pH 8, 2mMEDTA, 0.1%SDS, 1%Triton X-100). Finally, beads were re-suspended in de-crosslinking

solution (0.1 M NaHCO3, 1% SDS) and left at 65�C for 2h to decrosslinked the DNA and elute it from the beads. The DNA was
e8 Cell Reports 30, 1208–1222.e1–e9, January 28, 2020



subsequently purified with QIAquick PCR purification kit (QIAGEN) according to manufacturer’s instructions. The DNA (2,5% of the

total volume) was then analyzed by real time PCR for selected target genes.

Multiplexed immuno-based assay for cytokine quantification
Protein levels of IL6, IL8 and TNFa inflammatory cytokines in the supernatant of SK-OV-3 cells after 36 hours of CDDP treatment

(20 mM), with and without the pre-treatment with 5 mM MS023 were quantified using the Bead-based immunoassays, according

to the manufacturer’s instructions (CBA, BD BioSciences, 170116). Statistical analysis of the data was performed using ANOVA

(Microsoft Excel; Microsoft, Redmond, WA, USA). Four technical replicates (n = 4) were carried out.

Clonogenic assay
Cells were harvested, washed twice with ice-cold 1x PBS and fixed with ice-cold methanol for 10 min. Afterward, 1% crystal violet

solution (Sigma V5265) was added to the plates and incubated at room temperature for 10min. Plates were thenwashedwith distilled

H2O, until the unbound crystal violet was removed and plates were dried at room temperature. For the clonogenic assay, images

were acquired with ScanR and colonies counted using the ImageJ plugin ‘‘analyse particles.’’ Statistics analysis were performed us-

ing the t test and values were considered significative when the P-value was < 0.05. Biological replicates n = 4.

Apoptosis assay
Control and PRMT1-depleted SK-OV-3 cells were grown for 72 hours in the presence or absence of 20 mMCDDP and apoptosis was

measured by means of APC-conjugated Annexin V (Thermo Fisher Scientific) and propidium iodide (Thermo Fisher Scientific), in

accordance with the manufacturer’s instructions. The samples were acquired using the FACSCalibur platform (BD Bioscience)

and analyzed using the FlowJo software. Statistical analysis was performed using ANOVA (Microsoft Excel; Microsoft, Redmond,

WA, USA). Statistics analysis included in the Apoptosis assay were performed on samples which were normally distributed and

showing the same variance by applying the Two-Factor Without Replication -ANOVA test. Biological replicates n = 3.

QUANTIFICATION AND STATISTICAL ANALYSIS

All quantitative data were collected from experiments performed in biological replicates and expressed asmean ± standard deviation

(SD) as indicated in the figure legends. When biological replicates n = 2, the standard deviation is indicated as variation in the figure

legend. Differences between groups were assayed with the statistical test indicated in the respective figure legend using Microsoft

Excel, Perseus or R-platform. Significant differences were considered when P-value % 0.05.

Volcano Plot analysis
Label-free quantitative (LFQ) values derived from at least 3 biological replicates analyzed by MaxQuant were plotted with either

Perseus or R-platform in a volcano plot graph and P-values calculated using a two-tailed t test.

RNA-seq analysis
Genes with fold change of 4 and with adjusted P-value less than 0.05 were considered as differentially regulated genes. Statistical

analyses were performed using the R-platform. The Mann-Whitney U test was used to test whether the differences between groups

were significant or not.

Western Blot quantification
The quantification of the Western Blot images was done using Fiji (Schindelin et al., 2012).

DATA AND CODE AVAILABILITY

The accession number for the RNA-seq data reported in this paper is GEO Database: GSE106609.

The accession number for the MS-proteomics data reported in this paper is ProteomeXchange Database: PXD014799.

Perl codes used to process the SILAC data and to intersect it with the hmSEEKER output are available upon request.
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Supplementary Figure 1, related to Figure 1. Global R-methyl proteome analysis in response 

to CDDP. 

A) Table reporting the 41 proteins regulated by CDDP treatment in the global R-methyl proteome 

analysis. In the table, it is also indicated whether the protein was previously reported as PRMT1 

target. B) Venn diagram of the hmSILAC-validated methyl-sites identified in the triple SILAC total 

experiment grouped based on their modification level. MMA = mono-methylated sites; DMA= di-

methylated sites. C) Scatter-plot of the log2-transformed protein-normalized methyl-peptide SILAC 

ratios (CDDP / untreated (UT)), (shPRMT1 CDDP /CDDP) and (shPRMT1 CDDP / UT), 

quantified both in the forward (Fwd) and reverse (Rev) experiments; experiments show a positive 

linear correlation of ρ=0.747, ρ=0.730 and ρ=0.345, respectively. The scatter-plots indicate good 

reproducibility of the data, except for the SILAC ratios from the combined treatment (shPRMT1 

CDDP / UT), whose reduced reproducibility can be explained by the fact that the majority of 

methyl-peptides is unchanged in this channel, as a possible result of the counteracting effect that 

CDDP and shPRMT1 have on the same subset of R-methyl-peptides. Methyl-peptides significantly 

upregulated or downregulated upon the indicated treatments were defined by applying a µ±1σ cut-

off, calculated on the unmodified peptide ratio distributions, which are shown as histograms on the 

respective axes. 

 

 

 

 

 

  



 

  



Supplementary Figure 2, related to Figure 1. Validation of proteins identified in the Triple 

SILAC experiment and whose R-methylation profile is changing upon CDDP. 

A) Immuno-purification of hnRNPA1 from SK-OV-3 cells untreated or treated with 20 µM 

CDDP for 24 h followed by WB analysis using anti-R-asym-di (ADMA) and anti-hnRNPA1 

antibodies to assess the level of asymmetric R-di-methylated and unmodified hnRNPA1 protein, 

respectively. B) Immuno-purification of PSPC1 from SK-OV-3 cells expressing either the 

shScramble or the shRNA for PRMT1 KD and untreated or treated with 20 µM CDDP for 24 h, 

followed by WB analysis using anti-ADMA and anti-PSPC1 antibodies to assess the levels of 

asymmetric R-di-methylated and unmodified PSPC1 protein, respectively. C) Immuno-purification 

of DDX17 from SK-OV-3 cells expressing either the shScramble or the shRNA for PRMT1 KD 

and untreated or treated with 20 µM CDDP for 24 h followed by WB analysis using anti-MMA 

and anti-DDX17 antibodies to assess the level of mono-methylated and unmodified DDX17 

protein, respectively. The DDX17 antibody recognizes both the p72 and p82 DDX17 isoforms 

which were both found mono-R-methylated in the IP-WB analysis.  

 

 

 

 

 

 

 

 

 

 



 

  



Supplementary Figure 3, related to Figure 2 and 3. PRMT1 is activated in response to 

genotoxic stress.  

A-C) Western Blot analysis of H4R3me2a and γ-H2a.x (both unmodified and mono-ubiquitinated 

forms, when the second is detectable within same filter section) in SK-OV-3 cells treated with the 

indicated doses of hydroxyurea (HU) (A), UV and gemcitabine (GEM) (B) and ionizing radiation, 

IR (C). D) Apoptosis assay of SK-OV-3 cells treated with 20 µM CDDP for the indicated hours. 

The percentage of apoptotic cells includes both early (annexin V + / DAPI -) and late (annexin V + 

/ DAPI +) apoptotic cells. Data represent mean ± variation from two biological replicates (n=2). E) 

Western Blot analysis of the PRMT1 phosphorylation, following protein IP from nuclear extracts 

of SK-OV-3 cells expressing either the shScramble or shDNA-PK and treated with 20 µM CDDP 

for 24 hours, as indicated. PRMT1 phosphorylation was detected using a pan-phospho S/T 

antibody. The arrows indicate the band corresponding to phosphorylated and total PRMT1, 

detected by the pan-phospho S/T (top) and PRMT1 (bottom) antibodies, respectively.  

 

 

 

 

 

 

 

 

 

 

 



 



Supplementary Figure 4, related to Figure 4. PRMT1 Mediates the Activation of the 

Senescence-Associated Secretory Phenotype During Replicative Stress Response  

A) RT-qPCR pro f i l i ng  of PRMT1 mRNA in both control and shPRMT1 SK-OV-3 cells to 

assess the PRMT1 knockdown efficiency in samples subjected to RNA-seq analysis. Data represent 

mean ± variation from 2 biological replicates (n=2). B) Volcano plots of the RNA-seq data upon 

PRMT1 knock-down in SK-OV-3 cells. The numbers of the significantly up- (orange) and down-

regulated (green) genes are indicated. C-E) RT-qPCR expression profiling of representative SASP-

related genes in dependence of PRMT1, in HeLa (C) and SK-OV-3 (D and E) cells, in response to 

the indicated compounds. Hela and SK-OV-3 cells were treated for 24 hours with CDDP 10 µM 

and 20 µM, respectively. Data represent mean ± variation from 2 biological replicates (C-D) (n=2) 

and 3 technical replicates (E), respectively. F) RT-qPCR of the representative SASP genes in SK-

OV-3 cells treated with CDDP (20 µM for 24 hours) with NU7026 20 µM or  DMSO pre-

treatment. The data represent mean ± variation from 2 biological replicates (n=2). G) Native ChIP-

qPCR of H4R3me2a and IgG, used as negative control, from SK-OV-3 cells treated or not with 20 

μM CDDP for 24 hours, in the presence or absence of 20 μM NU7026. Data were normalized over 

the respective input and are displayed as fold enrichment over the respective IgG control. Data 

represent the mean ± standard deviation from 3 biological replicates (n=3). The dashed line is set to 

2, which indicates the two-fold chromatin immuno-enrichment over the respective IgG control. 

Statistical analysis was conducted using the unpaired two-tailed t-test but no significant differences 

were detected. H) RT-qPCR of the representative SASP genes in SK-OV-3 cells treated with CDDP 

(20 µM for 24 hours), with and without pre-treatment with either MS023 (10 µM) or BAY11-7085 

(1 µM). Data represent mean ± variation from 2 biological replicates (n=2). 
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