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Widespread displacement of DNA- and
RNA-binding factors underlies toxicity of
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Abstract

Due to their capability to transport chemicals or proteins into
target cells, cell-penetrating peptides (CPPs) are being developed
as therapy delivery tools. However, and despite their interesting
properties, arginine-rich CPPs often show toxicity for reasons that
remain poorly understood. Using a (PR)n dipeptide repeat that
has been linked to amyotrophic lateral sclerosis (ALS) as a model
of an arginine-rich CPP, we here show that the presence of (PR)n
leads to a generalized displacement of RNA- and DNA-binding
proteins from chromatin and mRNA. Accordingly, any reaction
involving nucleic acids, such as RNA transcription, translation,
splicing and degradation, or DNA replication and repair, is
impaired by the presence of the CPPs. Interestingly, the effects of
(PR)n are fully mimicked by protamine, a small arginine-rich
protein that displaces histones from chromatin during spermato-
genesis. We propose that widespread coating of nucleic acids and
consequent displacement of RNA- and DNA-binding factors from
chromatin and mRNA accounts for the toxicity of arginine-rich
CPPs, including those that have been recently associated with the
onset of ALS.
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Introduction

Efforts to develop methods to introduce nucleic acids or proteins

into cells started in the mid-XXth century, with the realization that

alkaline conditions favored the infectivity of poliovirus RNA in HeLa

cells (Sprunt et al, 1959). Soon thereafter, it was found that the addi-

tion of basic proteins such as histones or protamine also enhanced

the uptake of RNA or ALBUMIN by tumor cells in culture (Smull &

Ludwig, 1962; Ryser & Hancock, 1965). These early studies already

noted that arginine-rich histone fractions were more efficient than

lysine-rich ones in stimulating the cellular uptake of proteins. In

fact, several factors with arginine-rich domains such as fibroblast

growth factor (bFGF), pancreatic Ribonuclease A (RNase A), or the

cytokine midkine (MK) are known to freely enter into cells (re-

viewed in (Fuchs & Raines, 2006)). The field of protein transfection

regained attention in 1988 when 2 groups independently discovered

that the HIV-1 trans-activator protein TAT could enter cells, accu-

mulate at nuclei and nucleoli and be functional in trans-activating

HIV-1 RNA transcription (Frankel & Pabo, 1988; Green & Loewen-

stein, 1988). The arginine-rich dodecapeptide GRKKRRQRRRPQ was

later defined as the minimum functional sequence from TAT, which

when fused to any given protein enables its cellular uptake (Park

et al, 2002). Today, cell-penetrating peptides (CPPs) are intensively

being developed due to their capacity to facilitate the uptake of

nucleic acids, small molecules, proteins, or even viruses (reviewed

in (Borrelli et al, 2018)).

Despite the interesting properties of arginine-rich CPPs, their

development has been in part limited by their toxicity. For instance,

and despite its clinical use as an antidote of the anticoagulant

heparin, protamine has important side effects which are driving the
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search for alternative heparin antidotes (Sokolowska et al, 2016). In

addition, HIV-1 TAT is neurotoxic in vitro, an observation that has

been proposed as a potential explanation for AIDS-associated

neurodegeneration (King et al, 2006). Interestingly, studies done in

the last decade have revealed that the pathogenicity of the most

frequent mutation found in patients of amyotrophic lateral sclerosis

(ALS) and frontotemporal dementia (FTD), which occurs at a gene

named C9ORF72, might also be related to the production of argi-

nine-rich CPPs. C9ORF72 mutations involve the expansion of a

GGGGCC hexanucleotide within the first intron of the gene, which is

amplified to hundreds or even thousands of copies in ALS/FTD

patients (DeJesus-Hernandez et al, 2011; Renton et al, 2011).

Through repeat-associated non-AUG (RAN) translation sense and

antisense GGGGCC expansions are translated into several dipeptide

repeats (DPR), including (PR)n and (GR)n (Ash et al, 2013; Mori

et al, 2013; Zu et al, 2013). Significantly, synthetic (PR)n and (GR)n

peptides added to culture media enter cells accumulate at nucleoli

and kill cells, thus behaving as toxic CPPs (Kwon et al, 2014).

Accordingly, the expression of these DPRs is toxic in cells and

animal models (Kwon et al, 2014; Mizielinska et al, 2014; Wen et al,

2014; Chew et al, 2015; Stopford et al, 2017; Swaminathan et al,

2018; Zhang et al, 2018). While the toxicity of arginine-rich CPPs

seems to underlie several pathologies, the mechanisms by which

this occurs remain unknown. We here reveal that the exposure to

arginine-rich CPPs leads to a generalized displacement of RNA- and

DNA-binding factors from chromatin and RNA, providing a mecha-

nism that explains their toxicity and widespread effects on reactions

involving nucleic acids.

Results

(PR)20 peptides impair the assembly of 80S ribosomal particles
on mRNA

Proteomic and genetic studies have revealed that arginine-rich

DPRs arising from C9ORF72 mutations have a particular impact on

mRNA translation (Kanekura et al, 2016; Lopez-Gonzalez et al,

2016; Chai & Gitler, 2018; Zhang et al, 2018). To further investi-

gate how these DPRs affect translation, we performed a proteomic

characterization of ribosomes purified from HeLa cells exposed to

synthetic (PR)20 peptides. Ribosome purification was done by

immunoprecipitation of a streptavidin-binding peptide (SBP)-tagged

RPS9. The most prominent observation in ribosomes isolated from

(PR)20-treated cells was a generalized decrease in the abundance

of L ribosomal proteins (RPLs) from the 60S subunit (Fig 1A,

Appendix Table S1), which was not due to a reduction in the total

levels of these factors (Fig 1B). Since ribosome purification was

performed by pulling down RPS9, a component of the 40S riboso-

mal subunit, the observed reduction in 60S factors suggested that

the peptide could be impairing the assembly of 80S ribosomes

from 40S and 60S subunits. Accordingly, ribosome profiling from

HeLa cells treated with (PR)20 peptides revealed an accumulation

of polysome halfmers (Fig 1C), which is indicative of an incom-

plete assembly of 80S ribosomes at sites of translation initiation.

Interestingly however, (PR)20 did not impair the in vitro assembly

of 80S particles from purified 40S and 60S subunits in the absence

of mRNA, as evaluated by electron microscopy, arguing that the

peptide did not directly affect the components of the 40S or 60S

subunits (Fig 1D and E).

To further investigate how (PR)20 impairs translation, we

performed in vitro translation reactions in rabbit reticulocyte

lysates. Consistent with previous work (Kanekura et al, 2016),

in vitro translation of a luciferase mRNA was impaired by (PR)20 in

a dose-dependent manner (Fig 1F and G). The presence of polysome

halfmers and the lower abundance of RPLs on ribosomes purified

from (PR)20-treated cells led us hypothesize that the peptide could

be preventing the assembly 80S ribosomes by binding to mRNA at

translation initiation sites, as this is the step where 40S and 60S

subunits assemble into 80S ribosomes in cells. In fact, arginine-rich

peptides have very high biochemical affinity for RNA (Tan &

Frankel, 1995) and ALS-associated arginine-rich DPRs specifically

have been shown to bind to and form aggregates in the presence of

RNA (Kanekura et al, 2016; Boeynaems et al, 2017; White et al,

2019). In support of this model, extending the length of the non-

coding 50UTR of the luciferase mRNA led to a further decrease in

translation by (PR)20 (Fig 1H), which we reasoned could be due to

an increased probability of DPR binding to the 50UTR impairing initi-

ation. Of note, the binding to (PR)20 does not irreversibly alter RNA

molecules, as mRNA purified from (PR)20-treated reticulocyte

extracts was efficiently translated in a subsequent in vitro transla-

tion reaction performed in the absence of the DPR (Fig. 1I). Collec-

tively, these experiments indicate that the mechanism by which

(PR)n peptides impair translation is due to interactions of the

peptide with mRNA that prevent the assembly of 40S and 60S subu-

nits into 80S ribosomes at active polysomes.

A general effect of (PR)20 peptides in reactions using DNA or
RNA substrates

Besides translation, a number of cellular processes using RNA inter-

mediates have been reported to be altered by C9ORF72-associated

arginine-rich peptides including splicing (Kwon et al, 2014; Yin

et al, 2017), rRNA biosynthesis (Kwon et al, 2014), and mRNA

export (Rossi et al, 2015). While each of these effects has been

proposed to be due to the binding of the DPRs to specific factors

such as the splicing regulator U2 snRNP (Yin et al, 2017), we

reasoned that if the effects of arginine-rich peptides on translation

were due to RNA coating, any reaction using an RNA template

should be affected. Supporting this view, in vitro reactions using

RNA substrates such as reverse transcription or RNase A-mediated

RNA degradation were impaired by (PR)20 or (GR)20 peptides in a

dose-dependent manner, but not by (GA)20 or BSA (Fig 2A and B,

and Appendix Fig S1A and B). Regarding the cellular effects of

(PR)20 related to RNA reactions, we could confirm an overall

decrease in RNA biosynthesis (Kwon et al, 2014) (Fig 2C) together

with an accumulation of polyadenylated mRNA in the nucleus that

is indicative of deficient mRNA export (Rossi et al, 2015) (Fig 2D) in

U2OS cells exposed to (PR)20. In addition, the presence of the

peptide decreased the number of Cajal Bodies identified by COILIN

or SMN, which are membrane-less nuclear organelles made up of

RNA and proteins that are involved in various aspects of RNA meta-

bolism including snRNA modifications, histone mRNA assembly, or

telomeric RNA processing (Fig 2E) (Nizami et al, 2010). Notewor-

thy, the effects of (PR)20 are not restricted to cellular RNAs as the

intracellular replication of Sindibis virus, which contains a single-
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stranded RNA genome, in Baby Hamster Kidney cells (BHK-21) was

also impaired by the presence of (PR)20 (Fig 2F), further supporting

the notion that (PR) DPRs have a general effect on cellular reactions

using RNA substrates.

In addition to RNA, arginine-rich peptides are also known to bind

avidly to DNA and promote its compaction (Tan & Frankel, 1995;

Mascotti & Lohman, 1997; DeRouchey et al, 2013). Consistently,

electrophoretic mobility assays (EMSA) revealed a similar affinity of

A

C

F G H I
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B

Figure 1. Translation inhibition by (PR)20.

A Protein levels of RPL factors in ribosomes purified from Hela RPS9SBP cells exposed to 10 lM of (PR)20 for 16 h, as identified by LC-MS/MS.
B Protein levels of RPL factors in the input extracts used for ribosome purification from Hela RPS9SBP cells exposed to 10 lM of (PR)20 for 16 h, as identified by LC- MS/

MS.
C Representative polysome profiles obtained from HeLa cells untreated or treated with 10 lM of (PR)20 for 16 h. The presence of halfmers is indicated (arrows).
D Electron microscopy images from purified 40S and 60S ribosomal complexes (1 pmol each) assembled in vitro in the presence of MgCl2, and in the presence or

absence of 5 pmol of (PR)20. Assembled 80S particles are indicated (red arrows). Scale bar (white) represents 10 nm.
E Quantification of 80S particles identified in (D) (n = 1,000) in non-assembly (1 mM MgCl2) or assembly (5 mM MgCl2) conditions.
F In vitro translation of 100 ng of luciferase mRNA (quantified by Relative Luciferase Units [RLU]) in the presence of increasing doses of (PR)20.
G In vitro translation of 100 ng of luciferase mRNA in the presence or absence of 0.5 lM (PR)20. Translation products were labeled with [35S]-Met/Cys and analyzed by

SDS–PAGE and autoradiography.
H In vitro translation of 100 ng of luciferase mRNA with different 50 UTR lengths in the presence (orange columns) or absence (grey column) of 0.5 lM (PR)20 (n = 3).

Data represent mean values � SD (*P < 0.05; t-test).
I In vitro translation of 100 ng of luciferase mRNA in the presence or absence of 0.5 lM (PR)20. In the right two columns, the mRNA was extracted from a translation

reaction done in the presence of the DPR, and subsequently used in a new translation reaction performed in the absence of (PR)20 (n = 3). Data represent mean
values � SD.
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(PR)20 for DNA and RNA in single- or double-stranded forms

(Fig 3A). We thus explored the impact of (PR)20 in reactions using

DNA substrates. In vitro, (PR)20 and (GR)20, but not BSA or (GA)20,

inhibited DNA polymerase chain reactions in a dose-dependent

manner (Fig 3B and C and Appendix Fig S1C). When added to U2OS,

the presence of (PR)20 reduced DNA replication rates (Fig 3D) and

impaired the repair of DNA breaks generated by ionizing radiation as

measured with antibodies detecting the phosphorylated form of

A

C

E F

D

B

Figure 2. (PR)20 peptides impair reactions using RNA substrates in vitro and in vivo.

A Reverse transcription of RNA (500 ng) with oligo dT in the presence of increasing doses of (PR)20. Data represent the fluorometric quantification of the resultant
cDNA (n = 3), mean values � SD.

B Percentage of RNA (1 lg) remaining after a 150 digestion with increasing doses of RNase A in the presence or absence of (PR)20 (5 lM; n = 3). Data represent mean
values � SEM.

C, D High-throughput microscopy (HTM)-mediated analysis of 5-ethynyl-uridine (EU) (C) and polyA+ mRNA (D) levels per nucleus found in U2OS cells exposed to 10 lM
(PR)20 for 16 h. EU was added 300 prior to fixation (n = 3). Black lines indicate median values in both panels. In (D), boxes define upper and lower quartiles and
whiskers mark the highest and lowest observations.

E Effect of (PR)20 (10 lM, 16 h) in the number of Cajal Bodies (CB) identified by immunofluorescence with anti-COILIN and anti-SMN antibodies (n = 3). Data
represent mean values � SD.

F Accumulation of Sindibis virus (SV) genomic RNA in BHK-21 cells in the absence or presence of increasing doses of (PR)20. The amount of viral and cellular RNA was
quantified from total RNA isolated 4 h after infection by quantitative real-time PCR (qRT–PCR) with specific primers (n = 3). Data represent mean values � SEM.

Data information: **P < 0.01; ***P < 0.001; ****P < 0.0001; t-test. Representative images from these analyses (C–E) are provided in each case. Scale bar (white) indicates
2–5 lm. See also Appendix Fig S1.

4 of 16 The EMBO Journal 40: e103311 | 2021 ª 2021 The Authors

The EMBO Journal Vanesa Lafarga et al



histone H2AX (cH2AX; Fig 3E). The efficiency of gene deletion of an

EGFP cDNA by CRISPR/Cas9 using a sgRNA against EGFP was also

significantly affected by (PR)20 (Fig 3F), although this observation

could reflect effects of the peptide on DNA and/or RNA. Interest-

ingly, (PR)20 also bound to dNTPs in vitro, which could certainly

contribute to the effects of the peptide on nucleic acid reactions

(Fig 3G and H). In contrast to the widespread effects of arginine-rich

peptides on RNA and DNA metabolism, the presence of (PR)20 did

not affect the efficiency of biochemical reactions not using nucleic

acids such as an in vitro phosphatase assay (Appendix Fig S2) or the

previously mentioned in vitro assembly of 80S ribosomal particles

from purified 40S and 60S subunits (Appendix Fig S1E and F).

Collectively, the experiments presented above revealed that argi-

nine-rich DPRs have a general effect in limiting cellular reactions that

use nucleic acid substrates.

Protamine recapitulates the cellular and biochemical effects of
(PR)20 and (GR)20

We next explored if the effects observed with (PR)20 or (GR)20
peptides would be similar to those triggered by other arginine-rich

CPPs. To this end, we evaluated the effects of protamine, a sperm-

specific polypeptide that has the highest percentage of arginine

content from the animal proteome (24 or its 51 aminoacids are

arginines) (Balhorn, 2007). Like (PR)20 or (GR)20, protamine is also

a CPP (Scheicher et al, 2015) and is known to be toxic for poorly

understood reasons (Sokolowska et al, 2016). Interestingly, while

protamine is known for its DNA-binding properties during sper-

matogenesis, EMSA assays revealed a similar affinity of protamine

for DNA and RNA (Fig 4A). In addition, and like (PR)20 or (GR)20,

protamine had an inhibitory effect on DNA- or RNA-based reactions

such as PCR and RNA degradation (Fig 4B and C). In what regards

to the cellular effects of protamine, these were remarkably similar to

those associated with (PR)20 and (GR)20 peptides. Accordingly,

exogenously added protamine entered into U2OS cells, accumulated

at nucleoli as evidenced by its colocalization with UBF1 (Fig 4D)

and reduced transcription and translation rates (Fig 4E and F).

Exposure to protamine also triggered abnormal splicing (Fig 4G), an

effect that was previously observed with (PR)20 (Kwon et al, 2014),

and that we could also detect with (PR)20 and (GR)20 but not (GA)20
or (PK)20 peptides (Fig 4H). In summary, the widespread cellular

effects on nucleic acid metabolism that have been associated with

ALS-associated (PR) or (GR) DPRs are a general property of argi-

nine-rich CPPs.

Exposure to arginine-rich CPPs leads to a generalized
displacement of RNA- and DNA-binding factors

The biological function of protamine is to bind all genomic DNA,

without any particular sequence bias, where it displaces histones

and High Mobility Group (HMG) proteins from chromatin allowing

a higher compaction of the sperm genome. Given the similar

phenotypes triggered by protamine and arginine-rich CPPs in

somatic cells, we reasoned that these could be due to a widespread

effect of the DPRs in displacing DNA-binding factors from chro-

matin. Consistent with this hypothesis, proteomic analyses showed

a highly significant overlap in the changes that are induced by

(PR)20 or protamine on chromatin-bound factors (Fig 5A and B).

Moreover, linker histone H1 variants or High Mobility Group

(HMG) proteins were among the proteins that showed a highest

reduction in their chromatin-bound levels upon (PR)20 or prota-

mine exposure, further supporting that (PR)20 peptides phenocopy

the cellular effects of protamine (Appendix Table S2). Next, and

given that protamine and (PR)20 also bind to RNA (Figs 2A and

4A), we evaluated whether these peptides had a similar effect on

displacing RNA-binding factors from cellular RNAs. Indeed, and

through the use of a proteomic pipeline that allows an analysis of

the RNA-bound proteome (Castello et al, 2013), we observed that

both protamine and (PR)20 exposure led to a generalized reduction

in the amount of RNA-binding factors that were bound to RNA

(Fig 5C). In addition, and similar to what happens on chromatin,

there was a highly significant correlation between the factors that

were displaced from RNA upon treatment with protamine or (PR)20
(Fig 5D and Appendix Table S3). Interestingly, the list of proteins

that are displaced from RNA by both peptides included well-known

ALS-associated RNA-binding proteins such as TARDBP (TDP-43) or

FUS. In summary, the presence of arginine-rich peptides such as

protamine or (PR)20 leads to a generalized displacement of RNA-

and DNA-binding factors from cellular RNA and chromatin, provid-

ing a unifying mechanism that explains the widespread defects

in nucleic acid metabolism that are observed upon exposure to

these peptides.

Non-coding oligonucleotides or heparin rescue of the toxic
effects of arginine-rich CPPs

Based on the model of generalized DNA and RNA binding, we inves-

tigated whether the effects of arginine-rich peptides could be allevi-

ated by the presence of non-coding oligonucleotides that could

scavenge the DPR and thus limit the amount of free peptide that is

able to interfere with nucleic acid metabolism. In support of this

hypothesis, addition of a 646 nucleotide (nt) RNA-lacking ATG

rescued the effect of (PR)20 on in vitro translation reactions in a

dose-dependent manner (Fig 6A). Similarly, a non-coding ssDNA

oligonucleotide rescued the effects of (PR)20 peptides in translation

(Fig 6B) and reduced the toxicity of the DPR in U2OS cells (Fig 6C).

Importantly, oligonucleotides did not prevent the entry of (PR)20 into

the nucleus or its accumulation at nucleoli (Fig 6D and Appendix Fig

S3A). On the contrary, the presence of the DPR enabled the entry of

ssDNA and, to a lesser extent, ssRNA, into cells, and their accumula-

tion at nucleoli (Fig 6E and Appendix Fig S3B). Similar observations

were made with (GR)20 but not with (GA)20 or (PK)20 peptides

(Appendix Fig S3C–F). The data from (PK)20 peptides are particularly

interesting as even if this peptide behaves as a CPP and enters into

cells, it does not accumulate at nucleoli nor has the capacity to trans-

fect oligonucleotides into the cell, highlighting the unique affinity of

arginines for nucleic acids. Of note, arginine-rich histone fractions

and protamine were the first transfection reagent ever discovered

(Smull & Ludwig, 1962), and arginine-rich CPPs have in fact been

developed as non-lipidic transfection reagents for decades (Emi et al,

1997; Schwarze et al, 1999). Interestingly, the capacity to transfect

nucleic acids correlates with toxicity as protamine, (PR)20 and

(GR)20 but not (GA)20 or (PK)20 displayed toxicity in clonogenic

assays in U2OS cells (Appendix Fig S3G).

The properties of protamine gave us an additional idea as to how

to rescue the toxicity of arginine-rich CPPs. Since protamine is
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clinically used as antidote of the anticoagulant heparin, we tested

whether heparin could revert the toxic effects of protamine and

other arginine-rich CPPs. In fact, heparin rescued the viability of

U2OS cells exposed to protamine, (PR)20, and (GR)20 in clonogenic

assays (Fig 6F). However, and in contrast to the effects of oligonu-

cleotides, the use of heparin partly reduced the amount of the DPR

A

D

F G

H

E

B C

Figure 3. Effects of (PR)20 on DNA-based reactions.

A Quantification of EMSA assays evaluating the binding of (PR)20 to 19 nt-long ssDNA, ssRNA, dsDNA and dsRNA molecules. Each probe (0.2 lM) was incubated with
increasing concentrations of (PR)20 for 100 . Curve-fitting was performed using non-linear regression with the Hill equation.

B, C Percentage of GAPDH or 5.8 rRNA levels quantified by qPCR in reactions containing increasing doses of (PR)20 (n = 3).Data represent mean values � SEM.
D HTM-mediated analysis of 5-ethynyl-deoxyuridine (EdU) levels per nucleus found in U2OS cells exposed to 10 lM (PR)20 for 4 h. EdU was added 300 prior to

fixation. Representative images from these analyses are provided (right). Black lines indicate median values. Scale bar (white) indicates 5 lm.
E HTM-mediated analysis of cH2AX levels per nucleus in U2OS cells exposed to 3 Gy of IR in the presence or absence of 10 lM (PR)20 for the indicated times. Note

the accumulation of cells with persistent DNA damage (cH2AX) 10 h after IR in the presence of the DPR. Representative images from these analyses are provided
(right). Black lines indicate median values. Scale bar (white) indicates 5 lm.

F Efficiency of CRISPR-mediated gene deletion quantified in mouse embryonic stem cells stably expressing EGFP, a doxycycline-inducible Cas9 and an EGFP-
targeting sgRNA. The percentage of EGFP-positive cells was quantified by flow cytometry 72 h after inducing Cas9 expression with doxycycline in the presence or
absence of 10 lM (PR)20 (n = 3). Data represent mean values � SEM.

G, H Turbidity of solutions containing (PR)20 mixed with the different dNTPs measured by the optical density at 600 nm (O.D. 600) (G) (n = 3). Data represent mean
values � SEM. A representative image of these assays is provided in (H).

Data information: **P < 0.01; ***P < 0.001; ****P < 0.0001; t-test. See also Appendix Fig S2.
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that entered into cells (Appendix Fig S3H). We believe that the

effects of heparin could reflect the fact that cell entry of CPPs is

thought to be initiated by binding of the peptides to heparanated

receptors on the cell surface (Borrelli et al, 2018). Consistently, in

the presence of heparin some of the peptide accumulated at the cell

membrane (Fig 6G).

Our model of generalized DNA and RNA binding by arginine-

rich CPPs implies that the mechanism of their toxicity should be

similar regardless of the cell type. Nevertheless, since (PR) and

(GR) DPR toxicity have been associated with ALS, we finally tested

the effects of heparine and ssDNA oligonucleotides in two indepen-

dent models of motoneurons: motoneurons differentiated from

mouse embryonic stem cells (mMN) and differentiated NSC34 cells,

which derive from a fusion of mouse spinal cord motoneurons

with mouse neuroblastoma (NSC34DIFF). Exposure to protamine or

(PR)20 was toxic on both models, whereas (GA)20 or (PK)20 peptides

A

D

G

H

E F

B C

Figure 4. Protamine inhibits reactions using nucleic acid templates.

A Quantification of EMSA assays evaluating the binding of protamine to 19 nt-long ssDNA and ssRNA molecules. Each probe (0.2 lM) was incubated with increasing
concentrations of (PR)20 for 100 . Curve fitting was performed using non-linear regression with the Hill equation.

B Percentage of GAPDH levels quantified by qPCR in reactions containing increasing doses of protamine (n = 3). Data represent mean values � SEM.
C Percentage of RNA (1 lg) remaining after a 150 digestion with increasing doses of RNase A in the presence or absence of protamine (5 lM). Data derive from one

representative experiment that was repeated twice.
D Immunofluorescence of Cy3-labelled salmon protamine (red) and the nucleolar factor UBF1 (green) in U2OS cells treated with 30 lM Cy3-protamine for 4 h. Scale

bar (white) indicates 2.5 lm.
E, F HTM-mediated quantification of the EU levels per nucleus (E) and O-propargyl-puromycin (OPP) levels per cell (F) in U2OS cells exposed to 30 lM protamine for 16

(E) or 24 (F) h. EU and OPP were added 300 prior to fixation. Black lines indicate median values (****P < 0.0001; t-test).
G RT–PCR of NACA and GADD45A mRNAs in U2OS cells treated with protamine (30 lM) or (PR)20 (20 lM) using primers in non-consecutive exons to monitor

alternative splicing events. A scheme of the primers used is provided on the right side of the panel.
H RT–PCR of GADD45A mRNAs in U2OS cells treated with HA-tagged (PR)20, (GR)20, (PK)20 and (GA)20 peptides (20 lM) using the pipeline defined in (G).
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were not (Appendix Fig S4). Moreover, and as in U2OS, heparin or

a 38 nt-long ssDNA oligonucleotide significantly rescued the toxicity

of (PR)20 peptides in mMN and NSC34DIFF cells (Fig 7A–F). Both

strategies also rescued neurite lengths motoneurons, which were

severely reduced by the CPP (Fig 7A and D). Collectively, these

experiments illustrate that the cellular toxicity of arginine-rich CPPs

can be alleviated by heparin or non-coding oligonucleotides in

several cell types, including motoneurons.

Discussion

Facilitating the delivery of nucleic acids or proteins into cells is an

intense area of biomedical research, particularly in these days where

the use of biological agents is gaining momentum for the treatment

of human disease (Bruce & McNaughton, 2017). In this context,

while arginine-rich oligopeptides are among the most efficient CPPs,

their clinical applications have been limited by their toxicity as first

noticed during the medical use of protamine (Sokolowska et al,

2016). Interestingly, the toxic properties of arginine-rich CPPs have

also been exploited in the animal kingdom. For instance, PR-39 is

an antibacterial arginine-rich peptide that is present in the small

intestine of pigs, the toxicity of which was early on associated to its

effects on DNA synthesis and translation (Boman et al, 1993). The

discovery of toxic arginine-rich CPPs in a subset of ALS/FTD

patients has now made the study of this phenomenon even more

relevant. Still, identifying the fundamental mechanism by which

arginine-rich CPPs kill cells has remained elusive.

The work presented here provides a unifying mechanism to

explain the toxic effects of arginine-rich CPPs. We propose that the

high affinity of arginine-rich peptides for RNA or DNA leads to a

widespread coating of nucleic acids in cells, with a consequent

generalized displacement of RNA- or DNA-binding factors from

chromatin and RNA. This model implies that any reaction using

nucleic acid substrates such as RNA transcription, splicing, and

translation or DNA replication and repair will be affected by argi-

nine-rich CPPs, and in fact alterations on all of these reactions have

been linked to ALS/FTD (Hardiman et al, 2017). Based on the

remarkable similarities that we found on the effects of protamine

and (PR)20 peptides in displacing factors from chromatin and RNA,

A

B

C

D

Figure 5. Arginine-rich peptides trigger a widespread displacement of proteins from chromatin and RNA.

A Distribution of the chromatin-bound levels of all proteins identified by proteomics in U2OS cells treated with protamine (30 lM) or (PR)20 (20 lM) for 900 . Numbers
indicate the Pearson’s correlation coefficient (R) and the P-value, which was obtained by a t-test to evaluate the Pearson correlation between both samples.

B Venn diagram illustrating the overlap among the proteins that show reduced levels on chromatin upon treatment of U2OS cells with protamine (30 lM) or (PR)20
(20 lM) for 900 . The P-value was obtained by a hypergeometric test. See also Table S2.

C Distribution of the levels of all proteins identified after isolation of the RNA-bound proteome in U2OS cells treated with protamine (30 lM) or (PR)20 (20 lM) for 1800 .
RNA-binding proteins (RBPs) were identified as those significantly enriched after the isolation of mRNA-binding factors. Note that treatment with either peptide leads
to a selective reduction in the levels of RBPs bound to mRNA that is not observed for the rest of the factors (Not RBPs) (n = 2). P values were calculated with two-
sided two-sample t-tests assuming equal variances. Center lines indicate median values; box limits indicate the 25th and 75th percentiles; whiskers extend 1.5 times
the interquantile range from the 25th and 75th percentiles and outliers are represented by dots.

D Venn diagram illustrating the overlap among the proteins that show reduced levels on mRNA upon treatment of U2OS cells with protamine (30 lM) or (PR)20
(20 lM) for 900 . The P-value was obtained by a hypergeometric test. See also Appendix Table S2.
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A B

D

F

G

E

C

Figure 6. Non-coding oligonucleotides rescue the effects of arginine-rich CPPs.

A In vitro translation of a luciferase mRNA with or without of 0.5 lM (PR)20 and in the presence of increasing amounts of a 646 nt non-coding RNA (n = 3). Data
represent mean values � SEM.

B HTM-mediated quantification of OPP levels per cell (PR)20 (10 lM, 16 h) alone or together with a 38 nt ssDNA oligonucleotide at the indicated doses. Black lines
indicate median values.

C Percentage of viable cells as evaluated with a CellTiter-Glo luminescent assay in U2OS cells treated with increasing doses of (PR)20 alone or together with 2 lM of
ssDNA oligonucleotides (19 or 38 nt; n = 3). Data represent mean values � SEM.

D Immunofluorescence of HA-(PR)20 (green) and the nucleolar factor UBF1 (red) in U2OS cells treated with 7.5 lM HA-(PR)20 alone or together with 2 lM of a 19 nt
ssDNA oligonucleotide for 8 h.

E Immunofluorescence of HA-(PR)20 (green) and Cy5 (red) in U2OS cells treated with 7.5 lM HA-(PR)20 alone or together with 4 lM of Cy5-labeled 19 nt ssDNA or
ssRNA oligonucleotides for 8 h.

F Clonogenic survival assay of U2OS cells exposed to 7.5 lM with the indicated peptides or protamine (PROT.) alone or together with 2 lM of a 38 nt ssDNA
oligonucleotide or 0.5 lM Heparin.

G Immunofluorescence of HA-(PR)20 (green) and the nucleolar factor UBF1 (red) in U2OS cells treated with 7.5 lM HA-(PR)20 alone or together with heparin (0.5 lM).

Data information: See also Appendix Fig S3. Scale bar (white) in (D), (E) and (G) indicates 2.5 lm. *P < 0.1; ***P < 0.001; t-test. See Appendix Fig S3 for an HTM-mediated
quantification of the image analyses.
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we propose that the cellular effects driven by (PR)n and (GR)n

peptides in cells from ALS/FTD patients would be equivalent to

what could be expected if protamine were to be accidentally

expressed in adult motoneurons. Of note, the fact that arginine-rich

CPPs also bind to nucleotides can certainly contribute to the effects

of these peptides in nucleic acid metabolism and should be taken

into consideration when analyzing their cellular effects.

Our model helps to further understand a number of observations

that have been linked to the biology of arginine-rich DPRs. For

instance, proteomic studies have consistently found an enrichment

of RNA-binding factors among (PR)n interactors (Kanekura et al,

2016; Lin et al, 2016; Yin et al, 2017). However, the fact that (PR)20
and (GR)20 peptides protect RNA from degradation might affect the

interpretation of these studies, since a control step during the purifi-

cation of protein–protein interactions is to degrade RNA in order to

exclude indirect interactions that mediated by binding to the same

RNA. We thus believe that RNA molecules—and not proteins—are

the primary target of arginine-rich CPPs, which in addition explains

A

D

B C

E F

Figure 7. Rescue of the toxicity of (PR)20 in mouse motor neurons.

A Immunofluorescence of the neuronal marker TUBB3 (red) in mouse motor neurons differentiated from mESC (mMN) or from NSC34 cells (NSC34DIFF) exposed to
2.5 lM (PR)20 for 24 and 48 h, respectively, with or without 2 lM of a non-coding 38 nt oligonucleotide. Nuclei were stained with DAPI (blue). Scale bar (white),
10 lm. Note that besides its impact on overall survival, the presence of the oligonucleotide also had a marked effect in rescuing neurite lengths that had been
shortened by the peptide.

B, C Cell viability quantified CellTiter-Glo luminescence assays mMN (B) and NSC34DIFF (C) treated as in (A) (n = 3). Data represent mean values � SEM.
D Immunofluorescence of the neuronal marker TUBB3 (red) in mouse motor neurons differentiated from mESC (mMN) or from NSC34 cells (NSC34DIFF) exposed to

2.5 lM (PR)20 for 24 and 48 h, respectively, with or without heparin (0.5 lM). Nuclei were stained with DAPI (blue). Scale bar (white), 10 lm.
E, F Cell viability quantified CellTiter-Glo luminescence assays mMN (E) and NSC34DIFF (F) treated as in (D) (n = 3). Data represent mean values � SEM.

Data information: **P < 0.01; ***P < 0.001. See also Appendix Fig S4.
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why the peptides accumulate at nucleoli as this is where the high-

est concentration of RNA exists in cells. The very high affinity of

arginine-rich peptides for RNA should also contribute to the

reported property of these CPPs to undergo phase separation (Boey-

naems et al, 2017; Jafarinia et al, 2020), as these reactions are

seeded by RNA. In addition to their own phase separation,

C9ORF72-associated argine-rich DPRs perturb the integrity of

membrane-less organelles such as the nucleolus or stress granules,

which we reason can be driven by displacing the RNA-binding

proteins that mediate the phase separation of these structures (Lee

et al, 2016; Boeynaems et al, 2017; White et al, 2019). Besides RNA

interactions, the very high affinity or arginine-rich CPPs for DNA

can also contribute to their impact on chromatin. For example, a

GFP-(PR)50 peptide was found to accumulate at heterochromatin

leading to the loss of HP1a (Zhang et al, 2019), which was proposed

to be due to a specific interaction of (PR)50 peptides with HP1a. We

believe however that this observation reflects a more general effect

of arginine-rich peptides on displacing chromatin-bound factors,

which is consistent with our proteomic analysis indicating that

histones and HMG proteins are among the top factors that are

displaced by protamine or (PR)20 peptides.

Finally, in support of our model of nucleic acid coating by argi-

nine-rich CPPs, we here show that their toxicity can be alleviated by

non-coding oligonucleotides that can scavenge the peptides and

limit their effective concentration available to interact with cellular

nucleic acids. While heparin also limits the toxicity of arginine-rich

peptides, it is important to note that it also affects their cellular

uptake. This observation could nevertheless be relevant in the

context of the paracrine toxic effects that have been reported for

C9ORF72-derived DPRs, although the relevance of this phenomenon

to the disease remains to be proven (Westergard et al, 2016; Zhou

et al, 2017). Paracrine toxicity of arginine-rich peptides has also

been proposed to contribute to AIDS-related neurodegeneration

driven by the arginine-rich TAT protein from the HIV-1 virus (King

et al, 2006). In any case, we want to end our discussion with a clear

statement in that by no means we want our results to be interpreted

as a suggestion for therapy in ALS/FTD or any other disease. We

simply used these experiments to provide further support to the

model that the toxicity of arginine-rich CPPs is due to widespread

DNA and RNA binding. Collectively, the experiments presented here

provide a unifying mechanism that explains the widespread effects

of arginine-rich CPPs in nucleic acid metabolism and provides some

initial proof-of-principle ideas as to how this knowledge could be

used to limit their toxicity in mammalian cells.

Materials and Methods

Cell culture

U2OS, BHK-21, RPE, HeLa-SBP, HeLa-RPS9SBP, and NSC34 cells

stably expressing RPS9-Flag-TEV-SBP were cultivated in standard

DMEM medium supplemented with 10% FBS, 2 mM L-glutamine,

and 1% penicillin/streptomycin. U2OS, BHK-21, RPE, and NSC34

cells were acquired from ATCC as the parental HeLa from which

stable transfectants were made. mES and the previously described

mouse ESCas9 cells (Ruiz et al, 2016) were grown on gelatin in

DMEM (high glucose) supplemented with 15% knockout serum

replacement (Invitrogen), LIF (1,000 U/ml), 0.1 mM non-essential

amino acids, 1% glutamax, and 55 mM b-mercaptoethanol. All cell

lines are regularly tested for mycoplasma contamination.

Motor neuron differentiation

For NSC34 differentiation, cells were seeded onto plates containing

DMEM supplemented with 10% FBS, 2 mM L-glutamine, and 1%

penicillin/streptomycin. On the next day, the media was exchanged

to Neurobasal medium (Thermo Fisher scientific, 21103049)

containing a B-27 supplement (Thermo Fisher scientific, 17504044)

for 48h. For the differentiation of spinal motor neurons from mESCs,

we used the previously described protocol (Wichterle et al, 2002).

Briefly, embryo bodies (EBs) were generated by culturing mESCs in

suspension in non-adherent plates under constant shaking over

2 days. Differentiation was promoted by exposing EBs to the

smoothened agonist SAG (500 nM, PeproTech #9128694) and reti-

noic acid (100 nM, Sigma # R2625-100MG) for 5 days, at the end of

which they were dissociated and plated in 96-well plates at 200,000

cells/cm2. The plates were previously coated with poly-L-ornithine

(Sigma-Merck #A-004-C), followed by laminin (Sigma # L2020-

1MG). mMN cultures were maintained in medium supplemented

with GDNF and BDNF (10 ng/ml, PeproTech, #450-02, #450-10).

Peptides and oligonucleotides

(PR)20, (GR)20, (PK)20, and (GA)20 dipeptide repeats with a C-termi-

nal HA epitope tag were synthesized at Genscript. Protamine

isolated from salmon sperm was obtained from Sigma (P4005).

Fluorophore-labelled oligonucleotides were synthesized by Sigma,

with the following sequences: Cy3-50-DNA (CCACTGCACCGCTGC-

TAGG); Cy5-50-DNA (CCTAGCAGCGGTTGCAGTGG); Cy3-50-RNA
(CCACUGCACCGCUGCUAGG); and Cy5-RNA (CCUAGCAGCGGUU

GCAGUGG).

Immunofluorescence and high throughput microscopy

For immunofluorescence using HA (Roche; #11867423001), COILIN

(kind gift of Angus Lamond), TUBB3 (Biolegend; #801202), SMN

(Santa Cruz; #sc-32313), and UBF (Santa Cruz; #sc-13125) antibod-

ies, cells were fixed with 4% PFA prepared in PHEM buffer (60 mM

Pipes, 25 mM Hepes, 10 mM EGTA, 2 mM MgCl2 pH 6.9) contain-

ing 0.2% of Triton X-100, and permeabilized with 0.5% Triton

X-100 after fixation. For HTM, cells were grown on lCLEAR
bottom 96-well plates (Greiner Bio-One) and immunofluorescence

of cH2AX (Millipore; #05-636) was performed using standard proce-

dures. Analysis of DNA replication by EdU, transcription by EU,

and translation by OPP incorporation were done using Click-It kits

(Invitrogen) following manufacturer’s instructions. All secondary

antibodies were from Life Technologies (Anti-Mouse IgG-488; #A11029,

Anti-Mouse IgG-555; #A21422, Anti-Rabbit IgG-488; #A11008,

Anti-Rabbit IgG-555; #A31572). In all cases, images were automat-

ically acquired from each well using an Opera High-Content

Screening System (Perkin Elmer). A 20× or 40× magnification lens

was used, and images were taken at non-saturating conditions.

Images were segmented using DAPI signals to generate masks

matching cell nuclei from which the mean signals for the rest of

the stainings were calculated.
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Cell viability

4,000 cells were seeded per well in a 96-well tissue culture plate and

treated with the indicated concentrations of (PR)20 alone or together

with 4 lM of 19 or 38 nt-long Cy5-RNA or Cy5-DNA oligonucleotides.

36 h after the treatment, cell viability was measured using a lumines-

cent system (CellTiter-Glo, Promega), according to the manufac-

turer’s protocol. Viability is plotted as percentages compared with

untreated controls.

Clonogenic assays

2,000 U2OS cells were plated in six-well tissue culture plates in culture

medium. The following day, cells were incubated with 10 lM (PR)20
alone or in combination with 2 lM of 19 (CCACTGCACCGCTGC

TAGG) or 38 (CCACTGCACCGCTGCTAGGATCGCCTGAAATCGTT

GGC) nucleotide-length ssDNA molecules. After 2 days, the medium

was changed and cells were then grown for 8 additional days in

untreated medium. At the end of the experiments, cells were fixed and

stained with 0.4%methylene blue in methanol for 30 min.

Peptide labeling

The Cy�3 Mono 5-pack kit (Sigma) was used for the labeling of

protamine. Briefly, 0.150 mM salmon protamine was incubated with

0.850 mM of Cy3 NHS Ester in 20 mM Hepes and 150 mM NaCl

buffer overnight at 4°C, followed by the addition of 1 M Tris pH 7.5

in order to quench the reaction. Cy3-protamine was purified using

3K Amicon Ultra 0.5 ml centrifugal filters (Sigma).

Immunoprecipitation

10 × 106 Hela-SBP and Hela RPS9SBP cells were lysed in cold RNA-

IP lysis buffer (50 mM Tris pH 8.0, 150 mM NaCl, 1 mM MgCl2, 2%

NP-40, 10% glycerol, and freshly added Complete protease inhibi-

tors) and incubated with 30 ll of Strep-Tactin beads (IBA) for 1 h at

4°C with constant shaking. Beads were washed 6 times in NET2

buffer (50 mM Tris pH 7.5, 150 mM NaCl, 0.5% Triton X-100).

Chromatin fractionation

After treatment with PR20 or protamine, cells were washed twice with

ice-cold phosphate-buffered saline (PBS), resuspended in 180 ll of

ice-cold hypotonic lysis buffer (10 mM HEPES, pH 7.9, 10 mM KCl,

0.1 mM EDTA containing protease and phosphatase inhibitors), and

incubated on ice for 10 min, followed by addition of 20 ll of Nonidet
P-40; after 3 min at room temperature, cells were vortexed and the

cytosolic fraction was obtained by centrifugation for 5 min at 2,500 g.

The nuclear pellet was resuspended in high-salt-concentration extrac-

tion buffer (20 mM HEPES, pH 7.9, 0.4 M NaCl, 1 mM EDTA contain-

ing protease and phosphatase inhibitors) and incubated with shaking

at 4°C for 1 h. For chromatin fraction, the pellet was then extracted in

50 mM Tris, pH 7.5, 8 M urea, and 1% CHAPS.

Isolation of RNA-binding proteins

The systems-wide purification of RNA-binding proteins was devel-

oped as performed reported (Castello et al, 2013). Briefly,

5 × 150 cm2 dishes of 60% confluent U2OS cells were treated for 4 h

with 20 lM of PR20 or Protamine. RBPs and polyadenylated RNAs

were crosslinked by irradiating the cells with 0.15 J/cm2 (~ 1 min)

at 254 nm UV, and non-irradiated cells were used as a control. Cells

were lysated and proteins covalently to mRNA were captured with

oligo(dT) magnetic beads. After stringent washes, the mRNA interac-

tome was determined by quantitative mass spectrometry (MS).

Mass spectrometry

IP samples were eluted in urea, FASP-digested with Lys-C/trypsin,

and analyzed by LC-MS/MS. Label-free quantification was performed

using MaxQuant. Chromatin and whole-cell extract samples were

trypsin-digested using S-traps, isobaric-labeled with iTRAQ 8-plex

(chromatin) or TMT 11-plex (whole cell) reagents and pre-fractionated

with RP-HPLC at high pH. Fractions were then analyzed by LC-MS/

MS, and raw data were processed with MaxQuant. Statistical analyses

were performed with Perseus and ProStar.

For RNA-bound proteomics, proteins were digested by means

of standard FASP protocol. Briefly, proteins were reduced (15 mM

TCEP, 30 min, RT), alkylated (50 mM CAA, 20 min in the dark,

RT), and sequentially digested with Lys-C (Wako; o/n at RT) and

trypsin (Promega; 6 h at 37°C). Resulting peptides were desalted

using Sep-Pak C18 cartridges (Waters). LC-MS/MS was done by

coupling an UltiMate 3000 HPLC system to a Q Exactive Plus mass

spectrometer (Thermo Fisher Scientific). Peptides were loaded into

a trap column AcclaimTM PepMapTM 100 C18 LC Columns 5 lm,

20 mm length) for 3 min at a flow rate of 10 ll/min in 0.1% FA.

Then, peptides were transferred to an analytical column (PepMap

RSLC C18 2 lm, 75 lm × 50 cm) and separated using a 89 min

effective curved gradient (buffer A: 0.1% FA; buffer B: 100%

ACN, 0.1% FA) at a flow rate of 250 nl/min from 2 to 42.5% of

buffer B. The mass spectrometer was operated in a data-dependent

mode, with an automatic switch between MS (350–1,400 m/z)

and MS/MS scans using a top 15 method (intensity threshold

signal ≥ 3.8e4, z ≥ 2). An active exclusion of 26.3 s was used.

Peptides were isolated using a 2 Th window and fragmented using

higher-energy collisional dissociation (HCD) with a normalized

collision energy of 27. Protein interaction networks arising from

proteomic experiments were analyses with STRING (Szklarczyk

et al, 2015).

Polysome analyses

Hela RPS9SBP cells were treated with either water as control or

10 lM of (PR)20 during 16 h. Ribosomes were stalled by addition of

100 lg/ml cycloheximide (CHX) for 5 min, and cells were lysed in

polysome lysis buffer (15 mM Tris–HCl pH 7.4, 15 mM MgCl2,

300 mM NaCl, 1% Triton X-100, 0.1% b-mercaptoethanol, 200 U/

ml RNAsin [Promega], 1 complete Mini Protease Inhibitor Tablet

[Roche] per 10 ml). Nuclei were removed by centrifugation

(9,300 g, 4°C, 10 min), and the cytoplasmic lysate was loaded onto

a sucrose density gradient (17.5–50% in 15 mM Tris–HCl pH 7.4,

15 mM MgCl2, 300 mM NaCl and, for fractionation from BMDM,

200 U/ml Recombinant RNAsin Ribonuclease Inhibitor, Promega).

After ultracentrifugation (2.5 h, 126,000 g at 4°C in a SW60Ti rotor),

gradients were eluted with a Teledyne Isco Foxy Jr. system into 16

fractions of similar volume.
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In vitro ribosome assembly

Ribosomal subunits were purified from BHK-21 cells using previ-

ously described procedures (Pisarev et al, 2007). Briefly, the ribo-

somal fraction (P100) was treated with 1 mM puromycin for

15 min on ice and then for 15 min at 37�C. The suspension was

adjusted to 0.5 M KCl and loaded onto 10 to 30% sucrose density

gradients which were centrifuged at 61,255 g for 16 h at 4�C in a

SW40 rotor. The peaks corresponding to 40S and 60S subunits

were identified by optical density at 260 nm. Finally, fractions

were concentrated using YM-100 centricons. 1 pmol of 40S and

60S were incubated in assembly buffer (25 mM of Tris–HCl pH7.5,

100 mM KCl, 5 mM MgCl2, and 3mM of DTT) for 45 min at 30�C.
To control for non-assembly, the concentration of MgCl2 in the

buffer was reduced to 1 mM.

Electron microscopy

For negative staining, 3 ll of purified 40S + 60S ribosome fractions

or alternatively 3 ll of 40S + 60S ribosome fractions in the pres-

ence of (PR)20 (1:10 molar ratio) were deposited onto freshly

glow-discharged carbon-coated 400 mesh copper electron micro-

scopy (EM) grids (Electron Microscopy Sciences) and retained

on the grid for 1 min. Afterward, grids were washed with three

distinct 50 ll drops of MilliQ water. The excess of water was

removed with filter paper, and the grids were placed on the top of

three different 40 ll drops of 2% uranyl acetate and stained on the

last drop for 1 min. The grids were then gently stripped for 4 s

and air dried. Finally, grids were visualized on a Tecnai 12 trans-

mission electron microscope (Thermo Fisher Scientific Inc.) with a

lanthanum hexaboride cathode operated at 120 keV. Images were

recorded at 61,320 nominal magnification on a 4kx4k TemCam-

F416 CMOS camera (TVIPS).

In vitro translation

In vitro translation was performed in nuclease-treated rabbit reticulo-

cyte lysates (RRL; Promega cat #L4960) using a luciferase mRNAs in

the presence of the indicated concentrations of (PR)20. Reactions were

incubated for 60 min at 30�C, and a 5 ll alicuot was used to measure

luciferase activity in 100 ll of reaction buffer (15 mM K2HPO4,

15 mM MgSO4, 4 mM EGTA pH 8, 4 mM DTT, 2 mM ATP, and

0.1 mM luciferin) in a Berthold Luminometer. For radioactive

measurements, in vitro translation was performed in nuclease-treated

RRL (Promega) using 150 ng of luciferase mRNA in the presence of

15 lCi of [35S]-Met for 60 min at 30°C. Samples were denatured in

sample buffer and analyzed by SDS–PAGE and autoradiography.

In situ hybridization

In situ hybridization was carried out as previously described

(Palanca et al, 2014). Briefly, U2OS cells were fixed with 4% PFA

prepared in PHEM buffer. An oligo dT(50)-mer, 50-end-labeled with

biotin (MWG-Biotech, Germany) was used as a probe for in situ

hybridization to poly(A) RNA. After hybridization, cells were

washed and the hybridization signal was detected with FITC-avidin

for 30 min. All samples were mounted with the ProLong anti-fading

medium (Invitrogen).

RNA degradation assay

RNA was extracted from mouse embryonic stem cells using the

Absolutely RNA microprep kit (Agilent). 1 lg of RNA was pre-incu-

bated with 4.5 lg of (PR)20 or water for 10 min at room tempera-

ture, and subsequently treated with serially diluted RNase A

(Qiagen) at 37°C for 15 min, at the end of which the reaction was

halted by RNasin ribonuclaease inhibitor (Promega) and 1% SDS.

The resulting mixture was column-purified using the RNA Clean &

Concentrator-5 kit (Zymo Research), according to manufacturer’s

instructions. The recovered RNA was analyzed by agarose gel elec-

trophoresis and quantified by image analysis (ImageJ, NIH, USA).

Reverse transcription

500 ng of RNA isolated from mESC was pre-incubated on ice for

5 min with increasing concentrations of (PR)20. The mixture was

then used as template for cDNA synthesis using the SuperScript III

First-Strand Synthesis System (Thermo Fisher Scientific) according

to manufacturer’s instructions. The reaction mixture was subse-

quently treated with RNase A (15 min at 37°C), solubilized with

SDS 1%, and finally purified using PCR cleanup columns (Qiagen).

The yield of cDNA was visualized by agarose gel electrophoresis

and quantified by fluorometry using the Qubit kit (Thermo Fisher

Scientific), according to manufacturer’s instructions.

qRT–PCR

cDNA generated from mESC was pre-incubated on ice for 5 min with

increasing concentrations of (PR)20. Out of this mixture, 50 ng of

cDNA per reaction was used. The real-time PCR was carried out using

the 2X SYBR Select Master Mix (Life Technologies) in MicroAmp©

Optical 384-Well plates (Applied Biosystems) in the QuantStudioTM 6

Flex Real-Time PCR System (Thermo Fisher) using standard protocols.

The sequences of the primers used are as follows: Gapdh F TTCAC

CACCATGGAGAAGGC, Gapdh R CCCTTTTGGCTCCACCCT, 5.8S F

GTCGATGAAGAACGCAGCTA, 5.8S R AACCGACGCTCAGACAGG,

18S F CTGGATACCGCAGCTAGGAA, 18S R GAATTTCACCTCTAG

CGGCG, Eif1 F TGGTACTGTAATTGAGCATCCAG, Eif1 R CCTTAGC

CAGCCCAATCTCT. Each value was normalized against that of the

untreated reaction of the corresponding gene.

Viral infection

BHK-21 cells were infected with Sindbis virus (Alphavirus, ssRNA

genome with positive polarity) at a MOI of 20 viral PFU/cell

in the absence or presence of (PR)20. Cells were collected 4 h

after infection and total RNA was purified using RNeasy Mini Kit

(Qiagen). Virus-specific primers (F:GGTACTGGAGACGGATATC

GC and R:CGATCAAGTCGAGTAGTGGTTG) were used to detect

viral RNA by qRT–PCR, which were normalized against cellular

GAPDH.

Splicing

U2OS cells were plated at a density of 2.4 × 104 cells/ml on six-well

plates and treated on the following day with either 20 lM of (PR)20
or 30 lM protamine. RT–PCR was performed as described above
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using previously described primers to detect alternative splicing

events at GADD45A and NACAmRNAs (Kwon et al, 2014).

EMSA

To analyze the binding of (PR)20 or protamine to ssDNA and ssRNA,

0.2 lM of Cy3-RNA (CCACUGCACCGCUGCUAGG) or Cy3-DNA

(CCACTGCACCGCTGCTAGG) oligonucleotides were incubated with

increasing amounts of (PR)20 for 10 min at room temperature. To

evaluate the binding of (PR)20 or protamine to dsDNA and dsRNA,

Cy3-RNA and Cy3-DNA oligonucleotides were annealed with the

complementary RNA (CCUAGCAGCGGUUGCAGUGG) or DNA (CCTA

GCAGCGGTTGCAGTGG) molecule prior to incubation with (PR)20.

Reactions were supplemented with 4 ll of 6× loading buffer (30%

glycerol, bromphenol blue, xylene cyanol) and were resolved by

polyacrylamide gel electrophoresis in 4–12% TBE Gels (Invitrogen)

in 1%TBE buffer at 100 V for 45 min at 4°C. The gels were

scanned, and Cy3 intensity was measured using Typhoon Trio (GE

Health Care). Band quantification was performed using ImageJ

(Schneider et al, 2012) and data fitting was performed using

GraphPad Prism 7.

CRISPR/Cas9 efficiency

The previously described ESCas9 mESC line (Ruiz et al, 2016) which

carries a Doxycycline-inducible Cas9 was co-infected with lentiviral

vectors expressing EGFP (pLVTHM, Addgene, 12247) and an EGFP-

targeting sgRNA cloned in the pKLV-U6gRNA-PGKpuro2ABFP

backbone (Addgene, 50946). Two independent clones with stable

expression of all components were seeded on gelatin. After 6 h,

Doxycycline (1 lg/ml) and/or (PR)20 (10 lM) were added to the

medium. 72 h later, cells were recovered and the percentage of

GFP-positive cells was quantified by flow cytometry using the

FlowJo software (BD).

Phosphatase assay

Briefly, RPE cells were lysate with RIPA (150 mM NaCl, 25 mM

Tris–HCl, 1 mM EDTA, 0.5 mM EGTA, 1% Triton X-100, 0.1% SDS,

and protease inhibitors) and 100 mg of protein was used for each

condition. PP2A Immunoprecipitation Phosphatase Assay kit was

used for determining phosphatase activity following manufactured

instructions. The dephosphorylation of a KRpTIRR peptide activity

was measured by absorbance of Malakita green.

dNTP binding

The binding of peptides to dNTPs was done by measuring absor-

bance of peptide-dNTP solutions at 600 nm using NanoDrop 2000

(Thermo Scientific, Waltham, MA, USA) according to the manufac-

turer’s instructions.

Data availability

Correspondence and request of materials should be addressed to

O.F. Mass spectrometry proteomics datasets associated with this

work are available in the following databases:

• Impact of oligoarginine peptides in ribosome composition and

chromatin proteomes: PRIDE PXD010555 (http://www.ebi.ac.uk/

pride/archive/projects/PXD010555).

• Impact of oligoarginine peptides in RNA-binding proteomes:

PRIDE PXD014085 (http://www.ebi.ac.uk/pride/archive/projects/

PXD014085).

Expanded View for this article is available online.
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