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PRMT1 promotes the tumor suppressor function
of p14ARF and is indicative for pancreatic
cancer prognosis
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Abstract

The p14ARF protein is a well-known regulator of p53-dependent and
p53-independent tumor-suppressive activities. In unstressed cells,
p14ARF is predominantly sequestered in the nucleoli, bound to its
nucleolar interaction partner NPM. Upon genotoxic stress, p14ARF

undergoes an immediate redistribution to the nucleo- and cyto-
plasm,where it promotes activation of cell cycle arrest and apoptosis.
Here, we identify p14ARF as a novel interaction partner and substrate
of PRMT1 (protein arginine methyltransferase 1). PRMT1 methylates
several arginine residues in the C-terminal nuclear/nucleolar local-
ization sequence (NLS/NoLS) of p14ARF. In the absence of cellular
stress, these arginines are crucial for nucleolar localization of p14ARF.
Genotoxic stress causes augmented interaction between PRMT1 and
p14ARF, accompanied by arginine methylation of p14ARF. PRMT1-
dependent NLS/NoLS methylation promotes the release of p14ARF

from NPM and nucleolar sequestration, subsequently leading to p53-
independent apoptosis. This PRMT1-p14ARF cooperation is cancer-
relevant and indicative for PDAC (pancreatic ductal adenocarcinoma)
prognosis and chemotherapy response of pancreatic tumor cells. Our
data reveal that PRMT1-mediated arginine methylation is an impor-
tant trigger for p14ARF’s stress-induced tumor-suppressive function.
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Introduction

The INK4a/ARF (CDKN2A) gene locus on human chromosome 9p21

encodes two structurally unrelated proteins with distinct tumor

suppressor functions, p14ARF and p16INK4a. While p16INK4a blocks

the kinase activity of CDK4/CDK6, thus preventing Rb phosphoryla-

tion and subsequently S-phase entry, p14ARF exerts p53-dependent

and p53-independent cell cycle arrest and apoptosis (Kim & Sharpless,

2006). Consistent with these functions, the INK4a/ARF locus is

frequently mutated in human malignancies, e.g., in ≥ 80% of sporadic

pancreatic ductal adenocarcinomas (PDACs; Hezel et al, 2006), indicat-

ing that inactivation of this locus is essential for abnormal cell prolifer-

ation and loss of genomic stability.

p14ARF is an important sensor of different types of cellular stress

and hence positively regulated in response to oncogenic signals and

genotoxic stress (Ozenne et al, 2010). In unstressed healthy cells,

p14ARF is usually expressed at low levels as a result of efficient N-

terminal ubiquitination and subsequent proteasomal degradation

(Kuo et al, 2004; Chen et al, 2010). Moreover, in the absence of

DNA damage, p14ARF is sequestered in the nucleoli due to its inter-

action with the abundant nucleolar protein NPM (nucleophosmin)

leading to a functionally inactive, but more stable protein fraction

(Rodway et al, 2004; Korgaonkar et al, 2005). Upon genotoxic

stress, p14ARF redistributes from the nucleolus to the nucleo- and

cytoplasm, where it, among others, promotes activation of the p53

pathway by inhibiting the E3 ubiquitin ligase MDM2 (Lee et al,

2005; Sherr, 2006). Importantly, p14ARF governs also tumor-

suppressive activities independent of p53 and interacts with a vari-

ety of proteins, such as TIP60, TOPO I, and p32 (C1QBP), thereby

regulating their function in DNA damage signaling, DNA repair, and
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apoptosis (Karayan et al, 2001; Ayrault et al, 2003; Eymin et al,

2006; Itahana & Zhang, 2008). Enforced nucleolar retention of

p14ARF inhibits these tumor-suppressive activities (Korgaonkar et al,

2005). The molecular mechanisms, which lead to the stress-induced

redistribution of p14ARF, have not been elucidated.

Targeting of p14ARF to the nucleus and nucleolus is mediated by

an arginine-rich sequence motif (amino acids 85–101) in its C-terminus

(Zhang & Xiong, 1999; Rizos et al, 2000). Tumor-associated muta-

tions of several arginine residues within this nuclear/nucleolar local-

ization sequence (NLS/NoLS) have been reported to cause an altered

subcellular localization of the protein. These NLS/NoLS mutations

disrupt the p53-independent pro-apoptotic functions of p14ARF, for

example, attenuating p32-mediated apoptosis (Itahana & Zhang,

2008). The fact that p14ARF is a highly basic protein, overall composed

of 20% arginine residues, raises the question whether arginine methy-

lation participates in the functional regulation of p14ARF. The enzymes

responsible for this post-translational modification are the protein

arginine methyltransferases (PRMTs), which constitute a family

of nine members in mammals (Yang & Bedford, 2013). They

transfer methyl groups from the ubiquitous methyl-group donor

S-adenosyl-L-methionine (SAM) to the terminal guanidino nitrogens

of arginine residues, catalyzing monomethyl arginine (MMA), asym-

metric dimethyl-arginine (ADMA), or symmetric dimethyl-arginine

(SDMA). A multitude of nuclear and cytoplasmic proteins are post-

translationally modified by arginine methylation. Thereby, PRMTs

regulate a wide range of essential cellular processes, for example,

signal transduction, nucleo-cytoplasmic transport, transcriptional

regulation, and RNA splicing (Yang & Bedford, 2013).

In the present study, we investigated the potential impact of argi-

nine methylation on the function of p14ARF. We show that p14ARF is

arginine-methylated in vivo and that PRMT1 is responsible for the

generation of ADMA-modified p14ARF. Using mass spectrometry, we

identified four arginine residues (R87/88/96/99) within the NLS/

NoLS of p14ARF as the major methylation sites of PRMT1. Overexpres-

sion or depletion of PRMT1 leads to perturbed subcellular localization

and turnover of endogenous p14ARF and defects in apoptosis signaling.

Moreover, mutation of these PRMT1 methylation sites to amino acids

that do not preserve the basic charge causes relocalization of the

mutant p14ARF proteins from the nucleoli to the nucleo- and cyto-

plasm. Genotoxic stress, such as UVC irradiation, results in an

enhanced interaction between PRMT1 and p14ARF and concomitantly

increased levels of arginine-methylated p14ARF, which contribute to

the release from its nucleolar binding partner NPM. In addition,

arginine methylation of p14ARF enforces its interaction with the pro-

apoptotic factor p32 and promotes apoptosis. Our data suggest that

PRMT1-mediated arginine methylation causes crucial changes in the

interaction network of p14ARF and triggers stress-induced relocalization

and tumor-suppressive functions of p14ARF. Finally, we find that the

PRMT1-p14ARF cooperation is cancer-relevant and indicative for PDAC

prognosis and chemotherapy response of pancreatic tumor cells.

Results

Arginine residues in p14ARF are methylated by PRMT1 and PRMT5

Given that cancer-associated mutations of certain arginine residues

within p14ARF disclose an important role in the regulation of

apoptosis (Itahana & Zhang, 2008), we raised the question whether

p14ARF is arginine methylated and whether this post-translational

modification is relevant for its tumor suppressor function. To this

end, we analyzed the occurrence of in vivo methylation of p14ARF by

metabolic labeling. EGFP-tagged p14ARF and empty vector (control)

expressing HEK293 cells (Appendix Fig S1A) were cultured in the

presence of L-[3H-methyl]-methionine, which is intracellularly

metabolized to SAM. Additionally, cells were treated with transla-

tional inhibitors to avoid incorporation of radiolabelled methionine

by de novo-protein biosynthesis (Liu & Dreyfuss, 1995). Subsequent

to immunoprecipitation and SDS–PAGE, p14ARF methylation was

detected by fluorography, as depicted in Fig 1A (upper panel). Treat-

ment with the global methyltransferase inhibitor adenosine dialde-

hyde (AdOx) resulted in hypomethylated cell extracts and in the loss

of detection of methylated p14ARF (Appendix Fig S1B, Fig 1A, upper

panel). The overexpression and precipitation of EGFP-tagged p14ARF,

which typically occurred in a doublet band, were verified by Western

blot analysis (Fig 1A, lower panel). Since p14ARF does not contain

any lysine residues, but a high number of arginines, this result indi-

cates that p14ARF is methylated at arginine residues in vivo.

To identify responsible PRMTs, we performed in vitro methyl-

transferase (MT) assays using bacterially expressed and purified

GST-tagged p14ARF and PRMTs (expressed/purified either from

E.coli, mammalian cells or Sf9 cells) in the presence of radiolabeled

methyl-group donor SAM. Here, PRMT1 and PRMT5 were found to

methylate p14ARF, whereas PRMT4 did not modify the protein

(Fig 1B and C). PRMT1 and PRMT5 are known to share common

substrates, but deposit different dimethylation marks, ADMA, and

SDMA, respectively, which elicit diverse functional properties (Favia

et al, 2019). In the present study, we focussed on the role of

PRMT1-mediated methylation of p14ARF. Using recombinant GST-

tagged p14ARF deletion constructs, we mapped the methylation sites

of PRMT1 within the C-terminus of p14ARF (aa 65–132), which

encompasses an arginine-rich NoLS/NLS, whereas the N-terminal

region (aa 1–64) also containing a basic charged NoLS/NLS was

not modified by PRMT1 (Fig 1D). Mass-spectrometric analysis of

in vitro methylated full-length GST-tagged p14ARF protein was

performed to identify the specific arginine residues that are modified

by PRMT1. After tryptic digestion, LC-MS/MS identified two argi-

nine residues (R96/R99) within the NoLS/NLS of p14ARF as the

major mono- and dimethylation sites (Fig 1E). In addition, fragment

ion spectra provided some evidence of methylation of arginine 87

and 88 (R87/R88) with a lower degree of modification (data not

shown). Remarkably, these four amino acid positions overlap with

published cancer-associated mutations within the C-terminus of

p14ARF (Zhang & Xiong, 1999). Mutation of the four arginines to

glycines in the full-length p14ARF protein (p14ARF RG) abolished

in vitro methylation by PRMT1 and confirmed that PRMT1 predomi-

nantly modifies these four arginines in p14ARF (Fig 1F). Further-

more, co-immunoprecipitation experiments showed that overexpressed

Myc-tagged PRMT1 and Flag-tagged p14ARF interact in U2OS cell

extracts (Fig 1G). These results identify p14ARF as a novel substrate

and interaction partner of PRMT1.

PRMT1 regulates the cellular localization of p14ARF

Given that p14ARF is arginine methylated within its C-terminal

NLS/NoLS by PRMT1, we investigated the subcellular localization
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of endogenous p14ARF in different human cells upon ectopic

expression of PRMT1 by immunofluorescence staining. In control

transfected HeLa cells, endogenous p14ARF displayed predomi-

nantly nucleolar localization (*) with rare detection in the nucleo-

and cytoplasm (<), as illustrated in Fig 2A. Upon overexpression

of PRMT1, p14ARF showed an altered cellular distribution, namely

predominant localization in the nucleo- and cytoplasm (Fig 2A).

This finding was further corroborated by cell counting, in which

the cell number with exclusively nucleolar p14ARF staining was

strongly reduced upon PRMT1 overexpression (Fig 2B). The

PRMT1-dependent alteration of p14ARF’s localization was not due

to nucleolar disruption, as staining of the nucleolar protein NPM

indicates the regular presence of nucleoli also in PRMT1-overex-

pressing cells (Appendix Fig S2). Similar observations were

obtained in U2OS cells, which do not endogenously express

p14ARF (Stott et al, 1998). Exogenous p14ARF was primarily found

in the nucleoli of U2OS cells (Fig 2C and D). Overexpression of

PRMT1 coincided with a redistribution of p14ARF to the nucleo-

and cytoplasm, whereas this redistribution was diminished upon

overexpression of catalytically inactive PRMT1 (Fig 2C–E). More-

over, siRNA-mediated depletion of PRMT1 resulted in a more

pronounced, exclusively nucleolar localization of p14ARF (Fig 2F–

I). In the PRMT1 depletion analysis, p14ARF’s relocalization into

the nucleoli was subtle due to the already predominant nucleolar

localization of p14ARF in the siControl transfected HeLa cells

(Fig 2H and I). Altogether, these results indicate that PRMT1 regu-

lates the cellular localization of p14ARF and that its methyltrans-

ferase activity contributes to this function.

The basic charge of the PRMT1-targeted arginine residues is
important for the nucleolar localization of p14ARF

To investigate whether the PRMT1-targeted arginine residues within

the NLS/NoLS are important for mediating the cellular localization

of p14ARF, we established several methyl-deficient mutant p14ARF

proteins. To this end, the four arginines (R87/88/96/99) were either

mutated to glycines (RG) or phenylalanines (RF), which do not

preserve the basic charge, or to lysines (RK), which retain the basic

charge, but cannot be methylated by PRMTs (Fig 1E). EGFP-tagged

p14ARF wild-type and mutant proteins were overexpressed in U2OS

cells and their cellular distribution (either exclusively nucleolar,

not-exclusively nucleolar but additionally nucleo-/cytoplasmic or

exclusively cytoplasmic) was investigated. Mutation of the four

arginines to lysines resulted in a mutant protein (p14ARF RK) with

predominant, exclusively nucleolar localization similar to the wild-

type protein (Fig 3A and B). In contrast, p14ARF RG- and RF-mutant

proteins showed a significant redistribution from the nucleolus to

the nucleo- and cytoplasm, with the p14ARF RF mutant displaying

the highest cell number with exclusive localization in the cytoplasm

(Fig 3A and B). Our results conform with the literature (Rizos et al,

◀ Figure 1. Arginine methylation of p14ARF by PRMT1.

A For in vivo methyltransferase (MT) assay, HEK293 cells were transfected with either empty vector (e.v., control) or EGFP-tagged p14ARF-containing plasmid.
Subsequently, cells were treated with the global methyltransferase inhibitor adenosine dialdehyde, AdOx (+) or left untreated (�) for 72 h and then cultured in the
presence of L-[3H-methyl]-methionine. Cell lysates were subjected to a-GFP immunoprecipitation (IP) and then assayed by fluorography (upper panel) and
immunoblotting using a-GFP antibody (lower panel). EGFP-epitope tagged p14ARF typically migrated as a doublet band, indicated by the bracket. Corresponding
Appendix Fig S1 confirms p14ARF overexpression in the cell lysates and hypomethylation caused by AdOx treatment.

B Recombinant GST-tagged substrates (p14ARF, GAR) and PRMT1/PRMT4 enzyme purified from bacteria or PRMT5 overexpressed/immunoprecipitated from HeLa cells
(HA-tagged PRMT5/Myc-tagged MEP50) were subjected to in vitro methyltransferase (MT) assays in the presence of [14C-methyl]-SAM. Reactions were separated by
SDS–PAGE, blotted, and assayed by autoradiography. GST-GAR, histone H3, and bulk histones served as a positive control for PRMT1, PRMT4, and PRMT5 activity,
respectively. The two depicted negative controls (�) for PRMT1 are identical. The asterisks indicate the methylated p14ARF protein. Corresponding autoradiography
results show representative images and derive from the same blots and exposure times with white lines indicating where tracks were cut. Size markers (in kDa) are
shown on the right.

C Recombinant GST-tagged p14ARF purified from bacteria and Flag-tagged PRMT1, PRMT4, or PRMT5 enzyme purified from baculoviral infected Sf9 cells were subjected
to in vitro methyltransferase (MT) assays in the presence of [14C-methyl]-SAM. Reactions were separated by SDS–PAGE, blotted and assayed by autoradiography.
Histone proteins H4, H3 and bulk histones served as a positive control for PRMT1, PRMT4 and PRMT5 activity, respectively. The asterisk indicates the methylated
p14ARF protein. Size markers (in kDa) are shown on the right.

D GST-tagged full-length ORF (aa 1–132) and deletion constructs (aa 1–64, aa 65–132, and aa 31–132) of p14ARF as well as GST alone were subjected to in vitro MT
assays in the presence of GST-PRMT1 as described in (B). Methylation activities were detected by autoradiography (upper panel). Asterisks indicate methylated p14ARF

proteins, whereas the arrowhead marks p14ARF-unrelated background signals (likely deriving from PRMT1 automethylation). Amounts of p14ARF proteins and GST
alone were visualized by immunoblotting using a-GST antibody (lower panel). Asterisks highlight the expected size and location of the different proteins. Size markers
(in kDa) are shown on the left.

E NLS/NoLS of p14ARF (aa 85–101) is depicted at the top, with the PRMT1-methylated arginine residues distinguished in green and mutations to glycine (G),
phenylalanine (F), or lysine (K) in red. For mass spectrometry, GST-tagged p14ARF (full-length protein) was in vitro methylated by PRMT1, separated by SDS–PAGE, in-
gel digested with trypsin and analyzed by LC-MS/MS. Fragment ion spectrum resulted from the doubly charged precursor ion of the R99-methylated (upper panel)
and the R96-methylated (lower panel) p14ARF peptides showing y-ions and b-ions by consecutive fragmentation reactions. Relevant ions were labeled according to
the accepted nomenclature. Dimethylation of R99 was confirmed by detection of methylated N-terminal b-ions and unmethylated C-terminal y-ions. Dimethylation
of R96 was detected in the mass of the b7, y6 and y7 ions.

F Full-length GST-tagged wild-type (wt) and RG mutant p14ARF protein, GST alone as well as GST-PRMT1 were purified from bacteria, as visualized by SDS–PAGE and
Coomassie Blue staining (left and middle panel), with asterisks indicating the corresponding PRMT1 and p14ARF protein bands. GST and GST-p14ARF proteins (wt, RG)
were subjected to in vitro MT assays in the presence of GST-PRMT1 as described in (B). Methylation activities were detected subsequent to protein blotting by
autoradiography (upper right panel). The asterisk highlights the methylated p14ARF wt protein, whereas the arrowhead indicates p14ARF-unrelated background signals
(likely deriving from PRMT1 automethylation). Amounts of p14ARF proteins were detected by immunostaining of the autoradiographed blot using a-p14ARF antibody
(lower right panel). Size markers (in kDa) are shown on the left.

G U2OS cells were transfected with the indicated plasmids (e.v., empty vector/control). Immunoprecipitation (IP) from cell lysates was performed using a-Myc antibody
(exogenous PRMT1) or IgG as negative control. IP reactions and input lysates were analyzed by immunoblotting using the indicated antibodies.

Source data are available online for this figure.
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2000) that the basic charge of these arginine residues is crucial for

the predominant nucleolar localization of p14ARF.

To answer the question whether the four arginines R87/88/96/

99 and their potential to be methylated are pivotal for the influence

of PRMT1 on the p14ARF localization, we determined the effect of

PRMT1 overexpression on the relocalization of wild-type p14ARF

into the nucleo- and cytoplasm compared to p14ARF RK. Thereby,

exogenous PRMT1 caused a higher cell fraction with predominant

nucleo-/cytoplasmic localization of wild-type p14ARF compared to

the RK mutant (Fig 3C). Thus, our results suggest that these specific

arginines in the NLS/NoLS are important for the PRMT1-mediated

redistribution of nucleolar p14ARF into the nucleo- and cytoplasm,

possibly due to their capability to be methylated.

Given that the nucleolar protein NPM has been reported to

sequester p14ARF in the nucleoli (Korgaonkar et al, 2005), we exam-

ined next whether the association of p14ARF with NPM is influenced

by PRMT1. Co-immunoprecipitation analyses showed that upon

overexpression of PRMT1, endogenous p14ARF interacts less effi-

ciently with endogenous NPM in HeLa cell extracts, which was also

confirmed in reciprocal precipitations (Fig 3D). Interestingly, NPM

has previously been found to associate with multiple protein regions

of p14ARF, including also the C-terminus encompassing the arginine

methylation sites of PRMT1 (Moulin et al, 2008). Therefore, we

raised the question whether methylation of these arginines directly

influences the interaction between p14ARF and NPM. We performed

peptide pull-down assays using two NLS/NoLS peptides of p14ARF

(aa 91–99 and aa 92–103) comprising the adjacent methylation sites

R96 and R99, either unmodified or premodified by asymmetric

dimethylation (single-modified R96me2a in peptide aa 91–99 and

double-modified R96/R99me2a in peptide aa 92–103). Recombinant

NPM protein displayed a binding preference for the unmodified

NLS/NoLS peptides, whereas the single R96me2a and the double

R96/R99me2a modification led to reduced NPM binding (Fig 3E).

These data suggest that arginine methylation of the NLS/NoLS of

p14ARF by PRMT1 contributes to the release from its nucleolar

binding partner NPM.

PRMT1 regulates p14ARF protein stability

Previously, several reports showed that redistribution of nucleolar

p14ARF into the nucleo- and cytoplasm is accompanied by reduced

protein stability (Rodway et al, 2004; Moulin et al, 2008). We

therefore examined the protein levels of wild-type p14ARF versus

mutant proteins by Western blot. Of note, the a-p14ARF antibodies

used in this study were able to equally efficiently recognize

p14ARF wild-type and mutant (RG/RF/RK) proteins, as confirmed

by Western blot analysis of recombinant GST-tagged p14ARF

proteins (Fig 1F, Appendix Fig S3A). Upon overexpression of the

different p14ARF proteins in various human cell lines, the p14ARF

RG and RF mutants showed strongly reduced protein levels

compared to wild-type p14ARF (Fig 4A), which was not due to

diminished transcript levels of the RG and RF mutants (Fig 4B,

Appendix Fig S3B and C). In contrast, the RK mutant displayed

only moderately altered protein levels, which were not reflected

by transcriptional changes in U2OS and HeLa cells, but in HEK293

cells. Furthermore, siRNA-mediated depletion of PRMT1 led to

elevated endogenous p14ARF protein levels, while overexpression

of PRMT1 caused a reduction in p14ARF protein levels (Fig 4C and

D). Since these observations could also not be explained by an

alteration of p14ARF gene transcription (Appendix Fig S3D), we

investigated whether PRMT1 influences p14ARF protein stability.

We applied doxycycline (Dox)-inducible shRNA to knock down

endogenous PRMT1 in HeLa cells (Fig 4E) and monitored p14ARF

protein turnover following addition of the translational inhibitor

cycloheximide (CHX). Depletion of PRMT1 upon doxycycline addi-

tion caused an increase in the level and stability of p14ARF protein

(Fig 4E–G). However, the interaction between p14ARF and its

reported ubiquitin ligases ULF, MKRN, and SIVA1 was not influ-

enced by PRMT1 (data not shown; Chen et al, 2010; Ko et al,

2012; Wang et al, 2013). Together, these results indicate that

PRMT1-mediated displacement of p14ARF from the nucleolus leads

to a reduction in protein stability likely due to its release from

nucleolar sequestration (Rodway et al, 2004).

◀ Figure 2. PRMT1-dependent redistribution of nucleolar p14ARF.

A, B HeLa cells were transfected with empty vector (e.v., control) or Myc-tagged wild-type PRMT1-containing plasmid. Immunofluorescence (IF) staining was performed
using a-p14ARF (red, endogenous p14ARF), a-Myc (green, exogenous PRMT1) antibodies, DAPI (blue, nuclei/DNA), and Phalloidin (gray, cytoplasm/F-actin). In (A),
representative IF results are shown, with asterisks indicating cells with exclusive nucleolar and arrowheads indicating cells with predominantly
nucleo-/cytoplasmic p14ARF localization. The merge displays the combination of p14ARF and PRMT1 staining. Scale bars: 15 lm. The quantification of exclusive
nucleolar p14ARF was performed by cell counting (percentage of cells) and is shown for three independent experiments in (B) (mean � SD).

C, D U2OS cells were transfected with EGFP-tagged p14ARF alone or in combination with Myc-tagged wild-type PRMT1-containing plasmids. p14ARF-EGFP
(green), DAPI (blue, nuclei/DNA), and PRMT1 (red, using a-Myc antibody) were visualized by fluorescence microscopy, for which representative results are
shown in (C), with the lower images displaying a magnification as indicated in the upper images by the rectangles. Scale bars: 10 lm. The subcellular
distribution of p14ARF-EGFP (exclusively nucleolar or not-exclusively nucleolar but predominantly nucleo-/cytoplasmic) was quantified in p14ARF-positive and
p14ARF/Myc-PRMT1-double-positive cells by cell counting (percentage of cells) for three independent experiments in (D) (mean � SD, ***P ≤ 0.001 using
Welch´s t-test).

E U2OS cells were transfected with EGFP-tagged p14ARF alone or in combination with Myc-tagged wild-type (wt) or catalytically inactive (mut) PRMT1-
containing plasmids. The cellular distribution of p14ARF-EGFP was quantified as in (D). The relocalization of p14ARF out of the nucleolus upon
overexpression of PRMT1 (wt or mut) was determined by cell counting (percentage of cells) for four independent experiments (mean � SD, *P ≤ 0.05 using
the paired t-test).

F–I HeLa cells were transfected with the indicated siRNAs (two control/non-targeting siRNAs and three PRMT1-specific siRNAs). PRMT1 depletion was verified by
immunoblotting using a-PRMT1 and a-b-TUBULIN (loading control) antibodies ((F); depicted staining results derive from the same blot as well as exposure times
with white lines indicating where tracks were cut). The cellular p14ARF distribution was determined by immunofluorescence staining (IF) using a-p14ARF antibody.
Representative IF images for the siControl_1 and siPRMT1_1 condition are shown in (G) (endogenous p14ARF in red and the merge additionally with DAPI in blue
for nuclei/DNA). Scale bars: 15 lm. The subcellular localization of p14ARF (exclusively nucleolar or not-exclusively nucleolar but predominantly nucleo-/cytoplasmic)
was quantified by cell counting (percentage of cells) for all used siRNAs in (H) and for siControl_1/siPRMT1_1 from three independent experiments in (I)
(mean � SD, ***P ≤ 0.001 using Welch´s t-test).
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Figure 3. Involvement of the PRMT1-targeted arginines in p14ARF’s nucleolar localization.

A, B U2OS cells were transfected with EGFP-tagged wild-type (wt) or mutant (RG, RF, RK) p14ARF-containing plasmids. p14ARF-EGFP (green), endogenous NPM as a
nucleolar marker (red, using a-NPM antibody), DAPI (blue, nuclei/DNA), and Phalloidin (gray, cytoplasm/F-actin) were visualized by fluorescence microscopy, for
which representative results are shown in (A). Scale bars: 10 lm. The subcellular distribution of p14ARF-EGFP (exclusively nucleolar, not-exclusively nucleolar but
additionally nucleo-/cytoplasmic or exclusively cytoplasmic) was quantified by cell counting (percentage of cells) for three independent experiments in (B)
(mean � SD, **P ≤ 0.005 using Welch´s t-test).

C U2OS cells were transfected with EGFP-tagged wild-type (wt) or mutant (RK) p14ARF, either alone or in combination with Myc-tagged wild-type PRMT1-containing
plasmids. Cells with predominant nucleo-/cytoplasmic localization of p14ARF-EGFP (for both wt and RK) were quantified in the absence or presence of PRMT1
overexpression, i.e., in p14ARF-positive as well as p14ARF/Myc-PRMT1-double-positive cells, by immunofluorescence staining and cell counting. Relocalization of
p14ARF wt and RK into the nucleo/cytoplasm upon overexpression of PRMT1 was defined in percentage of cells for five independent experiments (mean � SD).

D HeLa cells were transfected with empty vector (e.v., control) or Myc-tagged wild-type PRMT1-containing plasmid. Immunoprecipitation (IP) of endogenous p14ARF

or NPM was performed from cell lysates using the corresponding antibodies or IgG as negative control. IP reactions and input lysates were analyzed by
immunoblotting using the indicated antibodies. Staining results of the IP reactions derive from the same blot and exposure times with the white lines indicating
where tracks were cut.

E Indicated NLS/NoLS p14ARF peptides (aa 91–99 or aa 92–103) either unmodified or premodified (asymmetric dimethylation of R96 in peptide aa 91–99 and of R96/
R99 in peptide aa 92–103) were covalently coupled to Sulfolink-beads and incubated with recombinant, baculoviral purified Flag-tagged NPM. Pull-down reactions
and input of NPM protein were resolved by SDS–PAGE and analyzed by a-NPM immunoblotting.
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DNA damage leads to PRMT1-dependent methylation of p14ARF

Next, we investigated which cellular pathways might utilize the

PRMT1-mediated regulation of p14ARF’s function. Interestingly,

when cells encounter genotoxic stress, p14ARF has been described to

be activated, namely to redistribute from the nucleolar compartment

to the nucleo- and cytoplasm, where it functions as a tumor

suppressor, coinciding with decreased protein stability (Lee et al,

2005; Gallagher et al, 2006; Chen et al, 2013). To address whether

stress-induced p14ARF activation is influenced by PRMT1, we
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irradiated wild-type and PRMT1-depleted HeLa cells with UVC and

subsequently assessed p14ARF localization by immunofluorescence

staining. Upon exposure to UVC radiation, nucleolar staining of

p14ARF was strongly reduced in wild-type cells compared to the

untreated condition (Fig 5A and B) in agreement with previous

reports (Lee et al, 2005). However, PRMT1 depletion led to a higher

accumulation of p14ARF in the nucleolar compartment of unstressed

cells, as observed before (Fig 2G–I). This effect was even more

pronounced in UVC-stressed cells (Fig 5A and B) indicating that

PRMT1 depletion antagonizes the UVC-induced redistribution of

p14ARF into the nucleo- and cytoplasm. Furthermore, PRMT1 knock-

down increased the p14ARF protein levels also in UVC-treated cells,

which was not due to enhanced p14ARF gene transcription (Fig 5C,

Appendix Fig S4A). Similar results were obtained upon treatment

with the DNA-damaging agent etoposide, where PRMT1 depletion

counteracted the damage-stimulated relocalization and destabiliza-

tion of p14ARF (Appendix Fig S4B and C). Together, these data

suggest that PRMT1-mediated p14ARF regulation might be relevant

for DNA damage-induced cellular responses.

To test this hypothesis, we screened commercially available pan-

methyl-arginine antibodies, but could not identify any antibodies

specifically binding methylated p14ARF. We therefore generated a

monoclonal methyl-arginine-specific antibody (a-me-p14ARF) that

recognizes the PRMT1-dependent methylation of R96 and R99 in

p14ARF, as validated by peptide dot blot analysis and Western blot

analyses of in vitro MT assays, overexpressed wild-type p14ARF

versus RK mutant and PRMT1-depleted cell extracts (Appendix Fig

S5A and Fig 5D and E, Appendix Fig S5B). By using the anti-

me-p14ARF antibody, we observed that UVC radiation caused an

increase in the methylation of endogenous p14ARF protein compared

to low methylation levels in unstressed HeLa cells (Fig 5F). Detec-

tion of this DNA damage-induced methylation coincided with

decreased p14ARF protein levels indicating that p14ARF methylation

and p14ARF protein stability counter-correlate. To address whether

UVC-dependent arginine methylation of p14ARF is mediated by

PRMT1, we established PRMT1 knockout and control HeLa cell lines

using the CRISPR/Cas9 technology (Appendix Fig S6). Control cells

displayed UVC-dependent methylation and reduced protein levels of

endogenous p14ARF, whereas PRMT1 knockout cells showed

elevated p14ARF protein levels and no detectable methylation of

p14ARF (Fig 5G). To ensure that this lower level of p14ARF detected

in control cells is actually caused by reduced protein levels and not

by impaired antibody recognition of the endogenous protein due to

epitope masking, we investigated the behavior of N-terminally Flag-

tagged p14ARF protein overexpressed in HeLa cells by a-Flag and

a-p14ARF immunostaining. The exogenous p14ARF also exhibited an

UVC-mediated reduction of its protein levels, similar to the endoge-

nous p14ARF protein (Appendix Fig S7). Consistent with the observa-

tion of a stress-dependent role of PRMT1 in p14ARF regulation, the

interaction between endogenous p14ARF and endogenous PRMT1

was enhanced in co-immunoprecipitation experiments using wild-

type HeLa cells upon UVC irradiation and coincided with endoge-

nous p14ARF methylation (Fig 5H). Altogether, these data suggest

that genotoxic stress triggers the interaction between p14ARF and

PRMT1 accompanied by methylation and nucleolar release of

p14ARF, which results in a less stable but likely functionally active

tumor suppressor protein.

Depletion of PRMT1 results in defects of apoptosis signaling

To assess whether PRMT1 influences the tumor suppressor activities

of p14ARF, such as cell cycle arrest and apoptosis induction, we

examined the cell cycle distribution by flow cytometry using propid-

ium iodide staining (PI-FACS) in PRMT1-depleted HeLa cells. In

unstressed cells, siRNA-mediated depletion of PRMT1 did not cause

significant changes in the cell cycle distribution compared to control

cells (Fig 6A and B, Appendix Fig S8). Likewise, overexpression of

wild-type p14ARF and methyl-deficient mutant proteins (RG, RF, RK)

caused a similar extent of G1 phase arrest in U2OS cells

(Appendix Fig S9A). Furthermore, wild-type p14ARF and mutants

◀ Figure 4. Influence of PRMT1 and PRMT1-targeted arginines on p14ARF protein stability.

A, B U2OS, HeLa, and HEK293 cells were transfected with Flag-tagged wild-type (wt) or mutant (RG, RF, RK) p14ARF-containing plasmids. Overexpression was analyzed
by immunoblotting using a-Flag (exogenous p14ARF proteins) and a-b-TUBULIN (loading control) antibodies (A). As visualized here, p14ARF with the Flag-epitope
tagged reproducibly showed a clear migration difference between wt and mutant p14ARF proteins, with the mutants (especially the RK mutant) migrating slowlier
than wt protein in the SDS–PAGE. The staining signals of the p14ARF bands were densitometrically quantified and normalized to the respective b-TUBULIN signal,
as specified by the numbers below the blots, with the protein signals of p14ARF wt set to 1. Transcript levels of wt and mutant p14ARF were determined by RT–qPCR
in U2OS cells (B) as well as in HeLa and HEK293 cells (Appendix Fig S3B and C). Values were normalized to GAPDH expression and presented relative to wt p14ARF,
mean � SD of triplicates.

C HeLa cells were transfected with the indicated siRNAs (five control/non-targeting siRNAs and four PRMT1-specific siRNAs). PRMT1 depletion and endogenous
p14ARF protein levels were analyzed by immunoblotting using a-PRMT1, a-p14ARF and a-b-TUBULIN (loading control) antibodies. The p14ARF signals were
densitometrically quantified and normalized to the respective b-TUBULIN signal, as specified by the numbers below the blot, with the siControl_2 condition set to
1. Transcript levels of p14ARF were determined by RT–qPCR (Appendix Fig S3D).

D HeLa cells were infected with recombinant adenovirus encoding GFP (control) or wild-type PRMT1. PRMT1 overexpression and endogenous p14ARF protein levels
were analyzed by immunoblotting using a-PRMT1, a-p14ARF, and a-CDK2 (loading control) antibodies. The p14ARF signals were densitometrically quantified and
normalized to the respective CDK2 signal, as specified by the numbers below the blot, with the control condition set to 1.

E–G HeLa cells expressing a doxycycline-inducible shRNA targeting PRMT1 were treated or not with doxycycline (Dox) for 6 days. PRMT1 depletion was monitored by
immunoblotting using the indicated antibodies (E). The p14ARF signals were densitometrically quantified and normalized to the respective b-TUBULIN signal, as
specified by the numbers below the blot, with the -Dox condition set to 1. PRMT1-proficient (�Dox) and PRMT1-depleted cells (+Dox) were further treated with the
protein synthesis inhibitor cycloheximide (CHX) and harvested after 0, 0.5, 1, 2, 3, 4, and 6 h. Cell lysates were subjected to immunoblotting using a-p14ARF and a-
b-TUBULIN (loading control) antibodies and conventional ECL detection (F). For precise quantification of the p14ARF protein stability in the �/+ Dox conditions
during the CHX time course, immunoblotting was performed with independent cell lysates and primary antibodies, as in (F), which were then detected using
fluorescence dye-coupled secondary antibodies and the LI-COR Odyssey system. The quantitative p14ARF signals were normalized to the corresponding quantitative
b-TUBULIN signals and displayed in (G). The CHX-untreated samples (0 h) were set to 100% for each condition.

ª 2021 The Authors The EMBO Journal 40: e106777 | 2021 9 of 21

Antje Repenning et al The EMBO Journal



A

C

G H

D E F

B

Figure 5.

10 of 21 The EMBO Journal 40: e106777 | 2021 ª 2021 The Authors

The EMBO Journal Antje Repenning et al



equally stabilized p53 protein levels and showed the same capability

to interact with the ubiquitin ligase MDM2 (Appendix Fig S9B–E).

These results indicate that PRMT1-mediated arginine methylation of

p14ARF does not impact the cell cycle distribution of unstressed cells

or the arrest functions of p14ARF linked to p53 regulation.

Strikingly, upon UVC irradiation PRMT1-depleted HeLa cells

displayed a significantly lower cell number in the subG1 phase than

control cells, as quantified by PI-FACS analysis (Fig 6A and B,

Appendix Fig S8). Furthermore, in contrast to control cells, PRMT1-

depleted cells showed no detectable increase of endogenous p14ARF

methylation upon UVC treatment (Fig 6C). To corroborate the

observation on the pro-apoptotic effect of PRMT1 upon genotoxic

stress, we investigated additional apoptosis markers in the PRMT1

knockout HeLa cell lines, i.e., PARP cleavage by Western blotting

and Annexin V staining by flow cytometry. Consistently, the knock-

out cell clones showed diminished PARP cleavage and Annexin V-

positive cell numbers upon UVC treatment compared to control

clones (Fig 6D and E, Appendix Fig S10). To address whether

PRMT1 promotes apoptosis via its methylation sites in p14ARF, we

overexpressed the nucleolar, basic charged p14ARF RK mutant and

the non-nucleolar p14ARF RF mutant in PRMT1 knockout HeLa cells

and exposed the cells to UVC irradiation. The apoptosis defect of

PRMT1 knockout cells was more efficiently restored by the non-

nucleolar RF mutant, which likely mimics functionally active

p14ARF, than by the nucleolar RK mutant (Fig 6F). These results

suggest that PRMT1 and arginine methylation of p14ARF contribute

to the activation of apoptosis upon genotoxic stress.

Given that the PRMT1-mediated methylation of p14ARF did not

result in p53 activation, we hypothesized that the p53-independent

tumor suppressor functions of p14ARF are regulated by PRMT1. TIP60

and p32 have both been identified as direct interaction partners of

p14ARF that cooperate with p14ARF to enable a p53-independent DNA

damage response and apoptosis induction in cellular stress situations

(Eymin et al, 2006; Itahana & Zhang, 2008). Using co-immunoprecipi-

tation experiments, we found that the interaction between TIP60 and

p14ARF is not influenced by PRMT1 or the RF mutation (Appendix Fig

S11A and B). Remarkably, R87, R88, and R99 in p14ARF, which we

identified here as PRMT1 methylation sites, have been reported to

mediate the interaction with the pro-apoptotic protein p32 (Itahana &

Zhang, 2008). Cancer-derived mutations of these arginine residues

disrupt the p14ARF-p32 association and the pro-apoptotic function of

p14ARF. Using recombinant, purified proteins, we investigated in

direct interaction assays whether the PRMT1-targeted arginines

within p14ARF influence its binding capability toward p32. The corre-

sponding pull-down experiments revealed that the p14ARF RF mutant,

which in vivo seems to mimic functionally active p14ARF (Fig 6F),

exhibits a stronger interaction with p32 than wild-type p14ARF

(Fig 6G). Moreover, endogenous co-immunoprecipitation analyses

showed that p14ARF interacts less efficiently with p32 in PRMT1

knockout HeLa cell lines than in control cell lines (Fig 6H). These

results suggest that PRMT1, likely via methylation of p14ARF,

enhances the interaction between p14ARF and its pro-apoptotic bind-

ing partner p32 and thereby promotes p53-independent apoptosis.

PRMT1 expression levels are indicative for clinical PDAC
prognosis and chemotherapy response of pancreatic tumor cells

Altered expression levels of PRMT1 have been reported in many

human cancer types (Yoshimatsu et al, 2011). Given that our find-

ings disclosed a novel tumor-suppressive activity of PRMT1, we

investigated the clinical relevance of the PRMT1-p14ARF connection

in one of the most aggressive and lethal solid human tumors,

namely PDAC. Initial survival analysis using the TCGA mRNA data

set on PDAC (Anaya, 2016) indicated that high transcript levels of

PRMT1 correlate with an extended long-term survival of PDAC

patients (> 500 days), whereas this correlation was not observed for

the short-term survival group (< 500 days, Fig 7A). To enable

comparative expression analyses of PRMT1 and p14ARF on protein

level in PDAC, we performed immunohistochemistry (IHC) stainings

on surgical resection specimens of a cohort of 75 PDAC patients that

◀ Figure 5. PRMT1-dependent p14ARF methylation in response to DNA damage.

A–C HeLa cells were transfected with the indicated siRNAs (two control/non-targeting siRNAs and two PRMT1-specific siRNAs) and irradiated at 150 J/cm2 UVC or not
irradiated. After 24 h, the cellular distribution of endogenous p14ARF was determined by immunofluorescence (IF) staining using a-p14ARF antibody (red, endogenous
p14ARF) and in the merge additionally DAPI (blue, nuclei/DNA). Representative IF results are shown for two conditions (siControl_4 and siPRMT1_1) in (A), with
asterisks indicating exclusively nucleolar and arrowheads indicating not-exclusively nucleolar but additionally or predominantly nucleo-/cytoplasmic p14ARF

localization. Scale bars: 15 lm. The subcellular distribution of p14ARF, as determined by IF, was quantified by cell counting (percentage of cells) for all conditions (B).
PRMT1 depletion and p14ARF protein levels were analyzed by immunoblotting using the indicated antibodies (C). The p14ARF signals were densitometrically
quantified and normalized to the respective b-TUBULIN signal, as specified by the numbers below the blot, with the siControl_4 condition set to 1.

D GST-tagged p14ARF and PRMT1 proteins purified from bacteria were subjected to an in vitro methyltransferase (MT) assay in the presence of SAM. Reactions were
separated by SDS–PAGE and analyzed by immunoblotting using a-me-p14ARF and a-p14ARF antibodies.

E U2OS cells were transfected with Flag-tagged wild-type (wt) or mutant (RK) p14ARF-containing plasmids. Methylation and overexpression of p14ARF were analyzed
by immunoblotting using a-me-p14ARF, a-p14ARF, and a-b-TUBULIN (loading control) antibodies. The me-p14ARF antibody predominantly recognizes the p14ARF

protein on the immunoblot, but weakly also other protein bands with higher molecular weights.
F HeLa cells were irradiated at 150 J/cm2 UVC. After 0, 8, 16, and 24 h, methylation of endogenous p14ARF was analyzed by immunoblotting using a-me-p14ARF, a-

p14ARF, and a-b-TUBULIN (loading control) antibodies. The methylated p14ARF and the p14ARF signals were densitometrically quantified and normalized to the
respective b-TUBULIN signal, as specified by the numbers below the blots, with the not irradiated condition (0 h) set to 1.

G HeLa cells either CRISPR/Cas9 control (CTR) or PRMT1-deleted (KO_1) were irradiated at 150 J/cm2 UVC. After 0, 2, and 4 h, cell lysates were analyzed by
immunoblotting using the indicated antibodies. Depicted staining results derive from the same blot and exposure times with white lines (between CTR and KO_1)
indicating where tracks were cut. The percentage of PARP cleavage was densitometrically quantified and is indicated below the blot.

H HeLa cells were irradiated at 150 J/cm2 UVC. After 0, 2, 4, and 6 h, immunoprecipitation (IP) of endogenous p14ARF was performed from cell lysates using a-p14ARF

antibody or IgG as negative control. IP reactions and input lysates were analyzed by immunoblotting using the indicated antibodies. Short and long exposure times
are indicated. The p14ARF and the methylated p14ARF signals were densitometrically quantified and normalized to the respective b-TUBULIN signal, as specified by
the numbers below the blots, with the not irradiated condition (0 h) set to 1. The percentage of PARP cleavage was also densitometrically quantified and is
indicated below the blot.
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all received post-operative adjuvant chemotherapy with gemc-

itabine. We scored the PRMT1 staining intensity in tumor cells of

the PDAC tissues into three categories, namely highly elevated,

moderately elevated and not elevated PRMT1 protein levels

compared to the expression levels in normal pancreas tissue, which

shows PRMT1 expression in pancreatic islet and acinar cells, but

not in ductal cells (Fig 7B, Appendix Fig S12). In the present PDAC

cohort, 45% of patients exhibited highly elevated, 32% moderately

elevated, and 23% not elevated/normal PRMT1 protein levels

(Fig 7C) indicating that the majority of PDAC patients (77%,

n = 58) revealed elevated PRMT1 expression in their tumor cells.

Moreover, elevated PRMT1 protein levels were positively correlated

with survival. Of the 31 patients who survived at least 24 months

after surgery, 55% displayed a highly elevated PRMT1 expression

and 26% a moderately elevated PRMT1 expression, whereas only

19% showed a normal and not elevated PRMT1 expression

(Fig 7D). On the opposite, 60% of patients with shorter survival

times, for example, less than 12 months, exhibited not elevated or

moderately elevated PRMT1 levels and only 40% showed highly

elevated PRMT1 expression. These results suggest that very high

PRMT1 expression levels correlate with a favorable prognosis of

PDAC patients after potentially curative resection.

Given the here identified p14ARF-mediated tumor-suppressive

function of PRMT1, we hypothesized that PDAC patient survival

might benefit from co-expression of p14ARF with very high levels of

PRMT1, but not with PRMT1 co-expressed at lower or not elevated

levels in tumor cells. To this end, we determined the p14ARF protein

expression levels in the tumor cells of the PDAC cohort using

immunofluorescence staining. We found that 29% of the patients

exhibited a strong cytoplasmic/nuclear and pronounced nucleolar

p14ARF staining in their pancreatic neoplastic cells, indicating high

p14ARF expression levels similar to normal pancreas tissue (Fig 7E).

Therefore, in this subgroup of PDAC patients, the tumor suppressor

function of p14ARF is likely to be relevant for chemotherapy response.

The remaining 71% of PDAC specimens were scored as p14ARF-

negative, consistent with the literature reporting that the CDKN2A

locus is very often inactivated in PDAC (Hezel et al, 2006).

Subsequent comparative analysis of the p14ARF and PRMT1 protein

levels in the PDAC cohort revealed that the percentage of patients

co-expressing p14ARF and highly elevated PRMT1 levels was consid-

erably larger in the long-term survival group (35%, ≥ 24 months) than

in the short-term survival group (12.5%, ≤ 12 months) (Fig 7F). In

contrast, the percentage of p14ARF-positive patients co-expressing not

elevated or only moderately elevated PRMT1 levels was rather equal

in the short-term (21%) and long-term (25%) survival group. These

correlation analyses confirm our hypothesis that the long-term

survival of PDAC patients might benefit from co-expression of p14ARF

with high PRMT1 levels, but not with low PRMT1 levels.

Given that PDAC patients generally undergo post-operative adju-

vant chemotherapy with nucleoside analogues (gemcitabine or 5-

fluorouracil as part of folfirinox) to eradicate remaining tumor cells,

we questioned next whether DNA damage caused by gemcitabine

also triggers p14ARF activation. Therefore, we initially examined

several human pancreatic tumor cell lines for their p14ARF expres-

sion. In agreement with the literature and the observation of a high

mutation and inactivation rate of p14ARF in primary PDACs (Hezel

et al, 2006; Deer et al, 2010), we found that the majority of the

tested cell lines do not express p14ARF, such as MiaPaCa-2, S2-007

and Panc1 cells, but PaTu8988t cells showed high expression

levels of p14ARF, which was also predominantly localized in the

nucleoli (Fig 8A, Appendix Fig S13). All PDAC cell lines tested

expressed high levels of PRMT1 (Fig 8A). Remarkably, treatment of

PaTu8988t cells with gemcitabine caused a redistribution of p14ARF

from the nucleolar compartment into the nucleo- and cytoplasm

(Appendix Fig S14). Furthermore, this resulted in decreased protein

levels and in increased p14ARF methylation (Fig 8B and C), suggest-

ing that p14ARF acts also as a stress sensor in response to this kind

of chemotherapeutic drugs. Therefore, we hypothesized that PRMT1

influences the efficiency of anti-cancer drugs such as gemcitabine.

To this end, we treated p14ARF-proficient (PaTu8988t) and p14ARF-

deficient (MiaPaCa-2) pancreatic tumor cell lines with gemcitabine

in the absence or presence of the type I PRMT inhibitor MS023,

which has been demonstrated to efficiently inhibit PRMT1 (Eram

et al, 2016). Using Annexin V/propidium iodide staining and flow

◀ Figure 6. Apoptosis regulation by PRMT1-mediated arginine methylation of p14ARF.

A–C HeLa cells were transfected with the indicated siRNAs (two control/non-targeting siRNAs and two PRMT1-specific siRNAs) and irradiated at 150 J/cm2 UVC or not
irradiated. After 24 h, cell cycle distribution was analyzed by flow cytometry using propidium iodide (PI) DNA staining for a representative experiment ((A),
Appendix Fig S8). The subG1 fraction of the siControl_4 and siPRMT1_4 condition was quantified for three independent experiments in (B) (mean � SD,
**P ≤ 0.005 using Welch´s t-test). PRMT1 depletion and p14ARF methylation of the samples (from (A)) were monitored by immunoblotting using the indicated
antibodies (C). The p14ARF and the methylated p14ARF signals were densitometrically quantified and normalized to the respective b-TUBULIN signal, as specified by
the numbers below the blots, with siControl_4 condition set to 1.

D CRISPR/Cas9 control (CTR_1 and CTR_2) or PRMT1-deleted (KO_1 and KO_2) HeLa cell lines were irradiated at 150 J/cm2 UVC. After 0, 2, and 4 h, cell lysates were
analyzed by immunoblotting using the indicated antibodies. The percentage of PARP cleavage was densitometrically quantified and is specified below the blot.

E CRISPR/Cas9 control (CTR_1 and CTR_2) or PRMT1-deleted (KO_1 and KO_2) HeLa cell lines were irradiated at 150 J/cm2 UVC. After 4 h, the apoptotic cell fraction
was analyzed by flow cytometry using FITC-labeled Annexin V and propidium iodide (PI). The increase in the apoptotic cell fraction upon UVC irradiation was
quantified for three independent experiments (mean � SD, **P ≤ 0.005 and *P ≤ 0.05 using Welch´s t-test).

F HeLa CRISPR/Cas9 PRMT1 deleted (KO_1) cells were transfected with Flag-tagged-mutant RK or RF p14ARF-containing plasmid and subsequently irradiated at
150 J/cm2 UVC. After 4 h, the apoptotic cell fraction was quantified by flow cytometry using FITC-labeled Annexin V and propidium iodide (PI) for seven
independent experiments (mean � SD, *P ≤ 0.05 using the paired t-test).

G GST alone, GST-tagged wild-type (wt), and mutant (RF) p14ARF proteins were coupled to Glutathione beads and incubated with baculoviral expressed, purified Flag-
tagged p32. Pull-down reactions and input of p32 protein were resolved by SDS–PAGE and analyzed by immunoblotting using a-Flag and a-p14ARF antibodies.
Short and long exposure times are specified. Staining results derive from the same blot and exposure times with white lines indicating where tracks were cut.

H CRISPR/Cas9 control (CTR_1 and CTR_2) or PRMT1-deleted (KO_1 and KO_2) HeLa cell lines were irradiated at 150 J/cm2 UVC or not irradiated. After 4 h,
immunoprecipitations (IP) of endogenous p14ARF were performed from cell lysates using a-p14ARF antibody or IgG as negative control. IP reactions and input
lysates were analyzed by immunoblotting using the indicated antibodies. Short and long exposure times are specified.
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cytometry, we found that both p14ARF-proficient and p14ARF-

deficient PDAC cells undergo cell death upon gemcitabine treatment

(Fig 8D, Appendix Fig S15). However, co-treatment with MS023

resulted in diminished gemcitabine-induced cell death of PaTu8988t

(p14ARF-proficient), but not of MiaPaCa-2 cells (p14ARF-deficient).

Furthermore, addition of MS023 alone reduced the numbers of dead

PaTu8988t cells compared to the untreated condition, which was

not the case for MiaPaCa-2 cells. These observations in PaTu8988t

cells were also corroborated by Western blot analysis of PARP cleav-

age, which was decreased upon co-treatment with gemcitabine and

MS023 in comparison with single treatment with gemcitabine

(Fig 8E). Moreover, MS023 treatment resulted in elevated p14ARF

protein levels, reminiscent of the effect caused by PRMT1 depletion

or deletion (Figs 5C and G, and 6C and D).

Given that PaTu8988t and MiaPaCa-2 cells have accumulated

multiple mutations, which might contribute to their specific apop-

totic behavior apart from their PRMT1 and p14ARF status, we gener-

ated PaTu8988t cells depleted for p14ARF (Fig 8F) and MiaPaCa-2

cells exogenously expressing p14ARF (Fig 8H). Both sets of isogenic

cell lines were then analyzed for their ability to undergo gemc-

itabine-dependent apoptosis and for their response toward MS023

treatment. Control siRNA transfected PaTu9888t cells showed simi-

larly to wild-type PaTu8988t cells (Fig 8D) that gemcitabine-induced

apoptosis was diminished upon MS023 treatment (Fig 8G). In

contrast, siRNA-mediated depletion of p14ARF led to unchanged or

increased gemcitabine-induced apoptosis of PaTu8988t cells in the

presence of MS023 (Fig 8G), reminiscent of the behavior of p14ARF-

deficient MiaPaCa-2 cells (Fig 8D) indicating that p14ARF and PRMT1

cooperate in apoptosis induction of PaTu8988t cells. Overexpression

of p14ARF in MiaPaCa-2 cells did not change the apoptotic rate in the

untreated condition (Fig Appendix S16), but strikingly, resulted in

reduced levels of MS023- and MS023/gemcitabine-mediated apopto-

sis compared to control transfected cells (Fig 8I), thereby converting

the apoptotic behavior of these cells into that of p14ARF-proficient

PDAC tumor cells. PRMT1 activity seems to contribute to an efficient

chemotherapy response, at least in the context of certain cancer cell

genome states, e.g., in the presence of wild-type p14ARF. Altogether,

our results reveal that p14ARF and PRMT1 functionally cooperate in

their tumor-suppressive activities in vivo and that their synergy

might be relevant for tumor prognosis and clinical outcome of PDAC.

Discussion

In the present study, we identify the tumor suppressor protein

p14ARF as a novel interaction partner and substrate of PRMT1. Our

findings show that the interaction between PRMT1 and p14ARF is

reinforced upon genotoxic stress leading to arginine methylation of

the NoLS/NLS in p14ARF (Fig 9). This methylation event concomi-

tantly causes crucial changes in the interaction network of p14ARF.

On the one hand, p14ARF methylation weakens the association with

its nucleolar interaction partner NPM and enables its release from

the nucleolar compartment. Upon relocalization to the nucleo- and

cytoplasm p14ARF becomes functionally active, albeit less stable. On

the other hand, the stress-induced methylation of p14ARF seems to

enforce its interaction with the pro-apoptotic factor p32 and

promotes p53-independent apoptosis. Our data unravel PRMT1-

mediated arginine methylation as an important trigger for the stress-

induced tumor-suppressive function of p14ARF (Fig 9).

Given that nothing is known so far about the mechanism leading

to stress-induced arginine methylation of p14ARF, we hypothesize

that post-translational modifications, such as DNA damage-induced

phosphorylation, might alter PRMT1’s binding affinity and activity

toward its substrate p14ARF. Phosphorylation of PRMT1 has been

reported to regulate protein–protein interactions and substrate speci-

ficity (Rust et al, 2014; Bao et al, 2017). Recently, replication stress

stimulated by cisplatin treatment and other agents has been shown

to induce a PRMT1-dependent arginine methylome in ovarian

cancer cells (Musiani et al, 2020). Cisplatin exposure triggers the

interaction between PRMT1 and DNA-PK, a kinase required for

NHEJ (non-homologous end joining)-mediated DNA repair, leading

to phosphorylation and concomitant chromatin recruitment of

PRMT1. This stress-induced redirection of the activity of PRMT1

enhances methylation of histone H4 at arginine 3 (H4R3me) in chro-

matin and promotes the activation of a pro-inflammatory and cell

cycle arrest gene expression program (Musiani et al, 2020).

◀ Figure 7. Prognostic relevance of PRMT1 for clinical PDAC outcome.

A Kaplan–Meier plot was generated using the transcriptome data set of PDAC from TGCA and OncoLnc to visualize the survival of PDAC patients with low or high
PRMT1 transcript levels and short-term (< 500 days, left plot) and long-term survival (> 500 days, right plot).

B Representative immunohistochemistry (IHC) stainings of PRMT1 (brown) are shown for normal human pancreatic tissue and three PDAC specimens deriving from the
cohort of 75 patients. Based on the immunostaining intensity and the percentage of stained tumor cells, all specimens were divided into three PRMT1 expression
scores: not elevated, moderately elevated, and highly elevated PRMT1 expression in tumor cells in comparison with normal pancreas. Right images are magnifications
of the left images, as indicated by the black rectangles. Scale bars in the left images: 100 lm. Scale bars in the right images: 50 lm.

C The pie chart depicts the percentage of patients of the PDAC cohort (n = 75) belonging to the three PRMT1 expression scores: not elevated, moderately elevated, and
highly elevated PRMT1 expression.

D Patients of the PDAC cohort were grouped according to their survival time in months into three survival groups: short-term (≤ 12 months), medium-term (13–
23 months), and long-term survivors (≥ 24 months). Subsequently, the percentage of patients belonging to the three different PRMT1 expression scores (legend as in
(C)) are displayed for each survival group.

E Immunofluorescence (IF) stainings of the 75 PDAC specimens were performed using a-p14ARF (red), a-CK8/18 (green, staining ductal cells in normal pancreas and
neoplastic cells in PDAC) antibodies and DAPI (blue, nuclei/DNA). Representative IF images are shown for normal human pancreatic tissue, two PDAC specimens
displaying no p14ARF expression and three PDAC specimens displaying strong p14ARF expression in tumor cells. Left and corresponding right images show the same
tissue section. Asterisks indicate nucleolar p14ARF localization in neoplastic cells of PDAC. The last image pair shows a magnification of the image pair above
(indicated by the rectangle). Scale bars: 35 lm.

F p14ARF-positive patients of the PDAC cohort were grouped according to their survival time in month into two survival groups: short-term (≤ 12 months) and long-
term survivors (≥ 24 months). Subsequently, the percentages of patients with either not/moderately elevated PRMT1 expression or highly elevated PRMT1 expression
are displayed for the two survival groups.
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The relevance of the methylation sites in p14ARF is emphasized

by the fact that these arginine residues are frequently mutated in

cancer, thereby disrupting the pro-apoptotic function of p14ARF

(Itahana & Zhang, 2008). Similarly, PRMT1 expression has been

reported to be altered, mostly upregulated, in many human tumors

(Yoshimatsu et al, 2011; Yang & Bedford, 2013). PRMT1 is the most

abundant PRMT member and responsible for generating the major-

ity of arginine-methylated residues in mammalian cells (Tang et al,

2000). In agreement with its essential function in early embryonic

development, PRMT1 regulates progenitor cell renewal and lineage

commitment mainly on the level of transcriptional regulation by

methylation of H4R3 and other chromatin proteins (Pawlak et al,

2000; Zhao et al, 2008; Bao et al, 2017; Blanc et al, 2017). On the

one hand, in muscle stem cells, PRMT1 restricts the self-renewal

capacity and promotes the myogenic differentiation program,

whereas on the other hand the opposite is the case in epidermal

stem cell, where PRMT1 is responsible for progenitor proliferation

as well as maintenance and inhibits terminal differentiation (Bao

et al, 2017; Blanc et al, 2017). Thus, depending on the cell lineage,

PRMT1 executes opposing effects on proliferation and differentia-

tion, either pro-proliferative and differentiation-blocking or anti-

proliferative and differentiation-promoting activities. Consequently,

in the context of carcinogenesis, it is conceivable that PRMT1 func-

tions as an oncoprotein but also as a tumor suppressor protein. For

example, in acute myeloid leukemia PRMT1 cooperates with cancer

cell-specific transcription factors and coregulators, such as RUNX1

or oncogenic MLL-fusion proteins, leading to an aberrant pro-

proliferative and tumor-promoting transcriptional response (Cheung

et al, 2007, 2016; Shia et al, 2012).

Apart from affecting stem cell homeostasis and differentiation

processes, PRMT1 is also involved in important cellular house-

keeping functions, for example, in the maintenance of genome

stability and DNA damage response, for example, by methylation

of critical DNA repair proteins, such as MRE11, 53BP, and BRAC1

(Boisvert et al, 2005a, 2005b; Yu et al, 2009; Vadnais et al, 2018;

Montenegro et al, 2020). In line with this protection function in

◀ Figure 8. Impact of PRMT1 on chemotherapy response and apoptosis induction of PDAC cell lines.

A Cell lysates of the indicated human pancreatic tumor cell lines (S2-007, PaTu8988t, MiaPaCa-2, Panc1) were resolved by SDS–PAGE and analyzed by
immunoblotting for p14ARF (a-p14ARF) and PRMT1 (a-PRMT1) protein levels. GAPDH staining served as loading control.

B PaTu8988t cells were treated with 0, 1, 3, and 10 lM gemcitabine (GEM). After 48 h, cell lysates were analyzed by immunoblotting using the indicated antibodies.
The p14ARF signals were densitometrically quantified and normalized to the respective GAPDH signal, as specified by the numbers below the blots, with the
untreated condition (� GEM) set to 1. The percentage of PARP cleavage was also densitometrically quantified and is indicated below the blot.

C PaTu8988t cells were treated with 3 lM gemcitabine (GEM) or left untreated (0 h). After 0, 6, 12, 24, and 48 h, methylation of endogenous p14ARF was analyzed by
immunoblotting using a-me-p14ARF, a-p14ARF, and a-GAPDH (loading control) antibodies. The methylated p14ARF and the p14ARF signals were densitometrically
quantified and normalized to the respective GAPDH signal, as specified by the numbers below the blots, with the untreated condition (0 h) set to 1.

D, E PaTu8988t and MiaPaCa-2 cells were treated (+) with 20 lM MS023 or left untreated (�) for 3 days. For the last 2 days, the cells were additionally exposed to 0, 1,
or 3 lM gemcitabine (GEM). Subsequently, cell death was quantified by flow cytometry (in (D)) using FITC-labeled Annexin V and propidium iodide (PI) for four
independent experiments (mean � SD, *P ≤ 0.05 using Welch´s t-test). Additionally, PaTu8988t cell lysates were analyzed by immunoblotting using the indicated
antibodies. A representative result is displayed in (E). The p14ARF signals were densitometrically quantified and normalized to the respective GAPDH signal, as
specified by the numbers below the blots, with the untreated condition (� GEM, � MS013) set to 1. The percentage of PARP cleavage was also densitometrically
quantified and is indicated below the blot.

F, G PaTu8988t were transfected with the indicated siRNAs (two control/non-targeting siRNAs and two p14ARF-specific siRNAs) and treated (+) with 20 lM MS023 or
left untreated (�) for 3 days. For the last 2 days, the cells were additionally exposed 1 lM gemcitabine (+ GEM) or not (� GEM). p14ARF depletion was monitored
by immunoblotting using the indicated antibodies. A representative result is displayed in (F). The p14ARF signals in the siControl conditions were densitometrically
quantified and normalized to the respective CDK2 signal, as specified by the numbers below the blot, with the untreated condition (� GEM) of the siControl_2
sample set to 1. Apoptosis was quantified by flow cytometry (G) using FITC-labeled Annexin V and propidium iodide (PI) for six independent experiments
(mean � SD, **P ≤ 0.005, *P ≤ 0.05, ns: not significant using Welch´s t-test).

H, I MiaPaCa-2 cells were transfected with empty vector (e.v., control) or Flag-tagged wild-type (wt) p14ARF-containing plasmid and treated (+) with 20 lM MS023 or
left untreated (�) for 3 days. For the last 2 days, the cells were additionally exposed to 1 lM gemcitabine (+ GEM) or not (� GEM). p14ARF overexpression was
monitored by immunoblotting using the indicated antibodies. A representative result is displayed in (H). The p14ARF signals in the overexpression conditions were
densitometrically quantified and normalized to the respective GAPDH signal, as specified by the numbers below the blot, with the untreated condition (� GEM) set
to 1. Apoptosis was analyzed by flow cytometry (I) using FITC-labeled Annexin V and propidium iodide (PI). The increase in the apoptotic cell fraction upon
gemcitabine and/or MS023 was quantified for four independent experiments (mean � SD, ***P ≤ 0.001, *P ≤ 0.05 using Welch´s t-test).

Figure 9. Model for the regulation of the tumor suppressor protein
p14ARF by PRMT1.

In unstressed cells, p14ARF is predominantly sequestered in the nucleoli, bound
to its nucleolar interaction partner NPM. Upon genotoxic stress, the
interaction between p14ARF and PRMT1 is reinforced and the C-terminal NLS/
NoLS of p14ARF is methylated by PRMT1. This stress-induced arginine
methylation promotes the release of p14ARF from NPM and nucleolar
sequestration, leading to p53-independent apoptosis.
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cellular stress situations, PRMT1 also regulates apoptosis by

methylation of pro-apoptotic proteins, such as the transcription

factor FOXO1 and the BCL-2 antagonist BAD. These methylation

events inhibit AKT-dependent phosphorylation of FOXO1 and

BAD, thereby enabling apoptosis induction (Yamagata et al, 2008;

Sakamaki et al, 2011). Similarly, methylation of the transcription

factor E2F-1 by PRMT1 stabilizes the protein during DNA damage

and fosters E2F-1-dependent apoptosis (Zheng et al, 2013). Our

findings on the pro-apoptotic cooperation between PRMT1 and

p14ARF integrate into the general perspective that the cellular activ-

ities of PRMT1 upon DNA damage are anti-proliferative and acti-

vate tumor suppressor functions.

In cancer cells, in which PRMT1 mainly acts as an oncoprotein

by stimulating proliferation, blocking differentiation and apoptosis

or enhancing DNA repair efficiency, pharmacological inhibition of

PRMT1 will likely be therapeutically beneficial (Guccione & Richard,

2019). In these cases, PRMT1 inhibition in combination with classic

chemotherapy can help to prevent the PRMT1-driven oncogenic

transcriptional responses and cancer cells from evading apoptosis.

However, in cancer cells, in which the dominating stress-induced

function of PRMT1, e.g., during chemotherapy treatment, is pro-

apoptotic by methylation of p14ARF, FOXO1, BAD, or E2F-1, PRMT1

inhibition is counterproductive and harmful. In the majority of

human PDAC patients, we found elevated PRMT1 protein levels in

agreement with recent reports (Wang et al, 2016; Song et al, 2020).

Remarkably, PRMT1 expression levels positively correlated with an

extended long-term survival of PDAC patients suggesting that the

tumor-suppressive effects of PRMT1 might prevail in this tumor

entity. Furthermore, PDAC patients benefited in their long-term

survival from co-expression of p14ARF with high levels of PRMT1,

but not with lower levels of PRMT1. In agreement, p14ARF-positive

pancreatic tumor cells with high PRMT1 levels revealed increased

gemcitabine-induced apoptosis rates compared to cells co-treated

with a PRMT inhibitor, suggesting that here PRMT1 might contri-

bute to an efficient chemotherapy response. Upregulation of PRMT1

during tumor cell evolution might be conducive to increase the

tumor mass and malignancy, but PRMT1 inhibitor treatment should

not be taken per se as a promising therapeutic strategy. Instead,

further in-depth understanding of the molecular pathology and the

accompanying genetic alterations of specific tumor entities is strictly

necessary to decide on the advantage or disadvantage of pharmaco-

logical PRMT1 inhibition.

Materials and Methods

Cell lines and reagents

U2OS, HeLa, HEK293T, PaTu8988t, MiaPaCa-2, S2-007, and Panc1

cells were maintained in DMEM supplemented with 10% fetal calf

serum (FCS, Gibco/BRL), 1% penicillin/streptomycin at 37°C and

5% CO2. Sf9 cells were cultured as described in (Berberich et al,

2017). Detailed information on cell culture reagents, manipulations,

plasmids, and antibodies (including the generation of a-me-p14ARF)

is supplied in the Appendix Supplementary Methods. Of note, all a-
p14ARF antibodies used in the present study were able to equally

efficiently recognize unmethylated and methylated p14ARF wild-type

(Fig 5C) and the p14ARF-mutant (RG/RF/RK) proteins (shown for a-

p14ARF from Bethyl in Fig 1F, Appendix Fig S3A; data not shown for

a-p14ARF from Novus and Sigma).

Human tissue

Patient material was obtained from the Department of Surgery at the

University Hospital Marburg and pancreatic tissue blocks were

archived in the Department of Pathology. All patients provided writ-

ten informed consent, and the study was approved by the Ethics

Committee of the Philipps-University Marburg (No. 05/2003).

In vivo MT assay

For detection of in vivo methylation of p14ARF, metabolic labeling of

HEK293 cells was conducted in the presence of radiolabeled

methionine, of which the 3H-labeled methyl-group is intracellularly

metabolized and incorporated into the cofactor SAM, as described

in (Liu & Dreyfuss, 1995). In detail, transfected HEK293 cells were

initially cultured for 3 days in the absence or presence of AdOx

(20 lM). For translational block, cells were pretreated with 40 µg/ml

chloramphenicol (Sigma-Aldrich) and 100 µg cycloheximide (Appli-

Chem). After 30 min of pretreatment, L-[3H-methyl]-methionine

(3H-methionine 10 µCi/ml; Perkin Elmer) was added in a methion-

ine- and cysteine-free medium for 3 h. Cell extracts were prepared

in RIPA buffer and subjected to benzonase treatment (0.25 U/ll in
presence of 7.5 mM MgCl2 for 1 h at 4°C). After centrifugation, 4–

6 mg lysates were employed in immunoprecipitation of EGFP-

tagged p14ARF. Immunoprecipitates were analyzed by SDS–PAGE

followed either by immunoblotting or fluorography. For fluorog-

raphy, gels were incubated with Enlight enhancing solution (Mo

Bi Tec) and vacuum dried at 80°C. Radioactive signals were

detected using X-ray films (Hyperfilm; Amersham) and intensify-

ing screens (Kodak).

In vitro MT assays

In vitro methylation assays were performed in the presence of radio-

labeled SAM (14C-labeld methyl-group) using recombinant GST-

tagged substrates and PRMT enzymes purified from bacteria or

eukaryotic cells as described in (Hyllus et al, 2007; Berberich et al,

2017). Eluted GST-tagged or Flag-tagged PRMT enzymes or

immunoprecipitated HA-tagged PRMT5/Myc-tagged MEP50 were

incubated with substrates (either bead-bound GST-tagged proteins

or histone H3, H4, or bulk histones from calf thymus; Sigma-

Aldrich) in the presence of [14C-methyl]-S-adenosyl-methionine

(14C-methyl-SAM 20 µCi/ml; Perkin Elmer) for 1–2 h at 37°C. Reac-

tions were separated by SDS–PAGE and blotted on PVDF membrane

for autoradiography and subsequent immunostaining. Radioactive

signals were detected using X-ray films (Hyperfilm; Amersham) and

intensifying screens (Kodak).

Pull-down assays

Pull-down assays using bead-coupled peptides or GST-tagged

proteins were performed as described in the Appendix Supplemen-

tary Methods. Unmodified and modified p14ARF NLS/NoLS peptides

followed by a C-terminal cysteine residue were obtained from

Peptide Specialty Laboratories (Heidelberg, Germany).
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Flow cytometry

For detection of cell cycle distribution and apoptosis/necrosis, flow

cytometry was used as recently described in (Streubel et al, 2013;

Bouchard et al, 2018). In detail, for quantification of cell cycle distri-

bution, cells were harvested, washed in ice-cold PBS, and fixed in

ice-cold 70% ethanol overnight. After complete permeabilization,

cells were washed twice with FACS buffer. DNA was then stained

with 54 µM propidium iodide (PI, Sigma-Aldrich) in the presence of

38 mM sodium citrate and 250 µg/ml RNase A for 30 min at 37°C

in the dark. For quantification of phosphatidylserine on the surface

of UVC-treated cells, 0.5–1 × 106 unfixed cells were incubated with

FITC-labeled Annexin-V and/or PI (BD Pharmingen) according to

the manufacturer´s instructions. All samples were analyzed using

BD FACSCalibur flow cytometer (BD Bioscience). Data were

processed using the CellQuestPro or FlowJo (FlowJo LLC) Software.

Immunofluorescence (IF) stainings

Localization and expression levels of p14ARF and PRMT1 were

detected in cell lines and human pancreatic tissue of PDAC patients

by immunofluorescence stainings (IF) and immunohistochemistry

stainings (IHC). For IF stainings of cells, cells were grown on glass

coverslips and fixed with either 4% formaldehyde at RT or

methanol at �20°C for 10–15 min, permeabilized in PBS with 0.3%

Triton X-100 for 5 min, and incubated with blocking solution (PBS;

0.1–0.3% Triton X-100 or without Triton X-100; 5% BSA) for 45–

60 min. Incubation with primary antibodies (Appendix Supplemen-

tary Methods) was performed in blocking solution at RT for 2 h.

Cells were washed three times in PBS, followed by incubation with

fluorophore-linked secondary antibodies (Appendix Supplementary

Methods) for 30–75 min. Subsequently, cells were stained with

DAPI (0.15 mg/ml; Sigma-Aldrich) in PBS for 2–4 min, washed

three times in PBS, once in water, and then embedded in mounting

medium (Mowiol4-88 with DABCO, Roth). Stainings were analyzed

using a Leica DMR fluorescence microscope and the Confocal Laser

Scanning microscope Leica SP8i, followed by analysis with the Leica

LAS AF and Fiji software. For quantification of subcellular p14ARF

localization, ≥ 200 cells per condition and biological replicate were

counted and grouped into exclusively nucleolar, not-exclusively

nucleolar but additionally/predominantly nucleo-/cytoplasmic or

exclusively cytoplasmic localization.

For IF staining of human tissue, formalin-fixed and paraffin-

embedded PDAC samples and corresponding normal pancreas were

deparaffinized and hydrated as for IHC. For antigen retrieval, tissue

sections were steam-heated for 35 min in citrate buffer (pH 6.0)

and then washed in PBS. For reducing the background staining,

sections were incubated twice 5 min in 100 mM glycine, followed

by rinsing three times in TBS with 0.1% Tween (TBS-T) and incuba-

tion in blocking solution (PBS; 10% chicken serum; 0.3% Triton

X-100) at RT for 60 min. Incubation with primary antibodies

(Appendix Supplementary Methods) was performed overnight at

4°C in blocking solution with 5% chicken serum. Subsequently, the

sections were washed three times with TBS-T and blocked for

30 min in blocking solution followed by incubation with secondary

antibodies (Appendix Supplementary Methods) and DAPI (0.15 lg/ml;

Sigma-Aldrich) for 90 min at RT. After 3 additional washing steps in

TBS-T and one washing step in water, the sections were embedded

in mounting medium (Mowiol4-88 with DABCO, Roth) and stored at

4°C. Fluorescence images were captured using the Confocal Laser

Scanning microscope Leica SP8i and analyzed using the Leica LAS

AF software.

Immunohistochemistry (IHC) stainings

Formalin-fixed and paraffin-embedded archived human PDAC

samples and corresponding normal tissues were stained as follows.

Tissue sections were heated to 60°C for 1 h, deparaffinized using

xylene, and hydrated by a graded series of ethanol washes. Antigen

retrieval was accomplished by steam-heating in target retrieval solu-

tion (pH 9.0, Dako) for 30 min. Endogenous peroxidase activity was

quenched by 5-min incubation in 3% H2O2. Sections were then

incubated with primary antibodies (Appendix Supplementary Meth-

ods) for 45 min at RT followed by biotinylated secondary antibodies

for 20 min also at RT. Bound antibodies were detected using the

avidin–biotin complex (ABC) peroxidase method (ABC Elite Kit;

Vector Labs, Burlingame, California, USA). Final staining was devel-

oped with the Dako DAB peroxidase substrate kit. For double stain-

ing, HRP Magenta Substrate Chromogen System was employed.

Counterstaining was performed using hematoxylin. All steps follow-

ing the antigen retrieval were performed using the DakoCytomation

Autostainer Plus. The quantitation of PRMT1 positive cells was

performed using the virtual software programs Fiji ImageJ (Schin-

delin et al, 2009) and ViewPoint software version 2018-02-05 from

PreciPoint GmbH (Freising, Germany). Quantitative expression

scores for PRMT1 were determined by counting of ≥ 100 tumor cells

per specimen. Scores (not elevated, moderately elevated or highly

elevated PRMT1 expression) are based on the immunostaining

intensity and the percentage of stained tumor cells in PDAC tissues

compared to normal pancreas.

Protein and RNA isolation

Protein and RNA isolation for immunoblotting, immunoprecipita-

tion, or reverse transcription quantitative PCR (RT–qPCR) was

performed as described in the Appendix Supplementary Methods.

Statistical analysis

All experiments were performed at least three times (biological repli-

cates, n-values as indicated in the figure legends) and are represented

as mean � SD. Reproducible and representative data sets are shown.

Corresponding statistical tests are mentioned in the figure legends.

Data availability

This study includes no data deposited in external repositories.

Expanded View for this article is available online.
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