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. The p53 tumour suppressor regulates the transcription initiation of selected genes by binding to specific
DNA sequences at their promoters. Here we report a novel role of p53 in transcription elongation in

 human cells. Our data demonstrate that upon transcription elongation blockage, p53 is associated

. with genes that have not been reported as its direct targets. p53 could be co-immunoprecipitated with

. active forms of DNA-directed RNA polymerase Il subunit 1 (RPB1), highlighting its association with

. the elongating RNA polymerase Il. During a normal transcription cycle, p53 and RPB1 are localised at

- distinct regions of selected non-canonical p53 target genes and this pattern of localisation was changed

. upon blockage of transcription elongation. Additionally, transcription elongation blockage induced

. the proteasomal degradation of RPB1. Our results reveal a novel role of p53 in human cells during

* transcription elongation blockage that may facilitate the removal of RNA polymerase Il from DNA.

. The transcription of protein-coding genes in eukaryotic cells is catalysed by a 12-subunit (RPB 1-12) enzyme,
: RNA polymerase I (RNAPII). In the process of initiation, the general transcription factors (TFIIB, D, E, F and H)
: are recruited to promoters and the unphosphorylated RNAPII associates with them, forming the pre-initiation
* complex (PIC)'. At this stage, the C-terminal domain (CTD) of RPB1 becomes phosphorylated at its Ser-5 resi-
. dues (S5P) by Cdk-7, while during a later phase of transcription elongation, RPB1 CTD will be phosphorylated
. atits Ser-2 residues (S2P) by Cdk-92. These modifications are tightly associated with RNA capping, splicing and
. polyadenylation®*.

: Additionally, DNA damage-induced transcription blockage also affects the phosphorylation state of RPB1.
. This could activate the binding of specific factors to the RNAPII complex with various outcomes®. If irrevers-
. ible transcription blockage occurs, the RNAPII is polyubiquitylated and degraded by the 26S proteasome®’.
. The ubiquitin-proteasome system (UPS)-mediated elimination of RNAPII from the site of DNA damage allows
. the repair of DNA lesions®-!!. It has been shown that proteins in different DNA damage repair processes, such
as CSA (Cockayne syndrome A), BRCA1 (Breast cancer 1), BARD1 complex (BRCA1-associated RING) and
© NEDD4 (neural precursor cell expressed, developmentally down-regulated 4), are involved in the ubiquitylation
 of RNAPII'>"V7. Recently it has also been reported that the 26S proteasome can be directly recruited to the dam-
. aged chromatin region for the efficient degradation of the ubiquitylated RNAPII*®. In accordance with this, it has
. been demonstrated that the S2P forms of RPBI are better substrates for proteasomal degradation, which indicates
© that the elongating form of RNAPII can be targeted for degradation'. Finally, the proteasome itself is also present
© at transcriptionally active gene regions where RNAPII density is high, which underlines the notion that the pro-
: teasome might have a role at chromatin sites, where transcription arrest occurs***!.
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P53 is a stress-activated, sequence-specific transcription factor, which binds to consensus sequences at the
promoter and distal regions of its target genes (e.g. Bax, Bad, and P21). p53 also acts as a tumor suppressor that
can induce apoptosis upon serious DNA damage by releasing pro-apoptotic factors from the mitochondria or
activating the transcription of pro-apoptotic factors, and it can also induce cell cycle arrest?>?>.

Upon DNA damage, transcription blockage occurs, p53 is phosphorylated by ATR (ataxia telangiectasia and
Rad3 related) kinase, and DNA repair proteins are activated to remove the lesions®. Additionally, upon tran-
scription elongation blockage, ATM-mediated Ser-15 phosphorylation and p300-mediated Lys-382 acetylation
stabilises p53>2*2°, These two post-translational modifications of p53 have an indispensable role in p53-mediated
signalisation during cell cycle arrest and apoptosis induction*-2,

In addition to its role as a sequence-specific DNA-binding factor in transcription initiation, p53 could
facilitate transcription by interacting with proteins involved in transcription elongation (e.g. TFIIH, ELL and
hPAF1C)?-*1. In accordance with this, the human p53 protein has been reported to associate with coding regions
of RNAPII-transcribed genes in a heterologous system?2. It was previously shown that Dmp53 (Drosophila mela-
nogaster p53) was localised at transcriptionally active regions on the Drosophila polytene chromosomes and that
the phosphorylation state of RPB1 CTD influenced its localisation®?.

Here we describe the results of experiments investigating whether the p53 protein was able to bind to gene
regions that were not its direct targets, due to the presence of specific binding site(s) at their regulatory regions.
We examined whether the binding of p53 to non-canonical target gene regions changed upon transcription elon-
gation blockage induced with a high dose of actinomycin D (ActD). Furthermore, we asked whether an inter-
action between p53 and phosphorylated forms of RPB1 (S2P and S5P) could be detected in human cells and
how it was altered upon ActD-induced inhibition of transcription elongation. We found that p53 binds to gene
regions that are non-canonical targets and the binding takes place presumably through the interaction between
p53 and RPB1. During transcription elongation blockage, RPB1 occupancy is reduced on the chromatin, while
p53 binding can be detected at most of the examined promoters and distal gene bodies, particularly shortly after
the induction of the transcription blockage. Upon transcription stress, the cellular p53 level is increased, while the
RPBI protein level is decreased as a result of proteasomal degradation of RPBI1.

These observations highlight a mechanism by which transcription blockage that occurs due to different types
of DNA damage could be resolved. The mechanism we propose here helps to understand how the RNAPII is
degraded on a damaged transcribed unit in order to allow access for repair proteins. We assume that by this
mechanism, cells can avoid producing truncated or mutated transcripts from essential genes that would endanger
cell viability.

Results

Human p53 interacts and co-localises with RNAPII on chromatin. p53 has been reported to interact
with proteins involved in transcription elongation, such as TFIIH (Transcription Factor II H)*, ELL (Elongation
factor RNA polymerase I1)*! and hPAF1C (RNA polymerase-associated factor 1 complex)*, which suggests that
p53 may have a role during transcription elongation. Interaction between human p53 and RPB1 has been shown
in yeast®, however, the interaction between the two proteins in human cells in relation to transcription elongation
has not been investigated yet. In order to study whether interaction between human p53 and RPB1 is detectable
in U20S cells, we performed co-immunoprecipitation (co-IP) experiments using specific antibodies that recog-
nise Ser2-phosphorylated RPB1 (S2P RPBI) or Ser5-phosphorylated RPB1 (S5P RPB1) forms (Fig. 1A,B). We
performed the co-IP experiments both under normal conditions and after 6 and 24 h of transcription blockage
induced by actinomycin D (ActD). We found that p53 was co-immunoprecipitated with S2P and S5P forms of
RPBI (lane 1 of Fig. 1A,B, upper panel, respectively). To prove that RPB1 interacts with S15-phosphorylated p53
(S15P p53), which is the active form of p53, we performed co-IP experiments in control and ActD-treated cells. We
found that the S15P p53 interacts with S2P and S5P RPB1 (lane 1 of Fig. 1A,B, middle panel, respectively). These
results indicate that p53 interacts both with the initiating (S5P) and elongating (S2P) froms of RPB1 under normal
conditions. To reveal whether the interaction between the two proteins was mediated by DNA, we used MNase
before immunoprecipitation in order to eliminate DNA. We found that under normal conditions, the removal of
DNA did not change the interaction between p53 and the elongating S2P RPB1 (Supplementary Figure 1A, lane 4).

To examine whether p53 also interacts with S2P and S5P forms of RPB1 during transcription blockage
induced by a high concentration of ActD, we performed further co-immunoprecipitation experiments on samples
obtained 6 and 24 h after ActD treatment. p53 could be co-immunoprecipitated with the phosphorylated forms
of RPBI1 at both time points after ActD treatment (lane 2-3 of Fig. 1A,B, upper panel, respectively). Similarly,
we found that the S15-phosphorylated p53 also interacted with S2P and S5P RPB1 (lane 2-3 of Fig. 1A,B, mid-
dle panel, respectively). Additionally, the interaction of S2P RPB1 and p53 in MNase-treated samples could be
detected both after 6 and 24 h of ActD treatment (Supplementary Figure 1A, lane 5-6).

To verify the above results on p53 and RNAPII interaction, we performed reciprocal co-IP experiments by
immunoprecipitating with a p53-specific antibody and detecting specific RPB1 forms by Western blot analysis in
the precipitated material (Fig. 1C). The results strengthened our previous experimental data that the two proteins
interact with each other.

Taken together, the results of the co-immunoprecipitation experiments demonstrated that, both under normal
conditions and upon transcription elongation blockage, p53 and S15P p53 interacted with the S2P form of RPB1
(Fig. 1A-C). This could imply that p53 has a role in transcription elongation during transcription-coupled stress
conditions in human cells.

To further support these results, we performed immunostainings on U20S cells to detect the localisation of
p53 and RPB1 protein forms upon treatment with a low (5nM) or high (200 nM) concentration of ActD. In order
to detect only the chromatin-bound proteins, we eliminated the soluble nuclear proteins before performing the
immunostaining experiments. Upon ActD treatment, we detected higher levels of chromatin-bound p53 and
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Figure 1. Human p53 interacts with RPB1 both under normal circumstances and upon ActD treatment.
(A,B) The transcriptionally active forms of RPB1 (S2P and S5P) were immunoprecipitated and the RPB1-p53
interaction was validated by detection of p53 and S15P p53 with immunoblot using specific antibodies. (C)
Asterisks show the unspecific signal of the IgG heavy chain. The reversal immunoprecipitation was performed
by a p53-specific antibody. The p53-S2P RPB1 and p53-S5P RPBI interactions were detected by specific
antibodies against S2P and S5P RPB1 while IgG controls were used as the negative controls. (D,E) Western
blots were performed on the input protein samples to prove the equal protein quantity for each sample used for
the S2P S5P RPB1 (D) and p53 (E) immunoprecipitations. GAPDH was used to show the equal loading of the
samples.

lower levels of RPB1 compared to the untreated controls (Fig. 2A). Our results show that p53 co-localises with the
S2P and S5P forms of RPB1 when treated with a high concentration of ActD (Fig. 2B,C), which is in accordance
with the co-IP results shown on Fig. 1.

Interestingly, 24 h after treatment with a high concentration of ActD, S2P and S5P RPBI co-localise with p53
at discrete nuclear foci, suggesting that strong RPB1-p53 interactions might take place at locations where DNA
damage-induced transcription blockages occur (Fig. 2B,C).

ActD treatment results in DNA double-strand breaks leading to transcriptional silencing. It
has been reported recently that ActD treatment results in DNA double-strand breaks*. In addition, in response to
DNA damage, DNA-PK- (DNA-dependent protein kinase) and ATM-(Ataxia telangiectasia mutated) mediated
local inhibition of transcription occurs at the site of the damage, leading to the ubiquitin-mediated degradation
of RNAPII”*!. In order to demonstrate that, in our experimental setup, the ActD-induced transcription blockage
resulted in DNA double-strand breaks (DSBs), we examined the distribution of YH2AX and p53 by immunos-
taining, 6 and 24 h after ActD treatment (Fig. 3). While in control cells, low levels of \H2AX and p53 could be
observed, both YH2AX and p53 foci numbers increased 6 and 24 h after ActD treatment (Fig. 3A), highlighting
the locations of DSBs. Additionally, after 6 and 24 h ActD treatment, YH2AX and p53 co-localise in discrete
nuclear foci, marking the sites where active DNA damage repair takes place (Fig. 3A, middle and lower panel).

To reveal whether the ActD-induced DNA damage leads to transcriptional silencing, we performed immu-
nostainings and tested the co-localisation frequency between YH2AX and the phosphorylated forms of RPB1
following 6 and 24 h of ActD treatment. We found that neither YH2AX and S2P RPB1 nor YH2AX and S5P RPB1
co-localise with each other (Fig. 3B,C), strengthening the hypothesis that transcription is inhibited where DNA
repair takes place.

We concluded that the DNA damage response may result in complete transcriptional silencing at the DNA
break sites. Since ATM and DNA-PK could phosphorylate the serine-15 residue of p53 in response to DNA dam-
age, we believe that RNAPII degradation is mediated by p53°¢->°. This mechanism is likely to be activated by the
stalling of RNAPII and further promoted by the DNA damage-induced PI3K kinases.
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Figure 2. p53 and RPBI1 co-localise to discrete nuclear foci in U20S cells upon ActD-induced transcription
elongation blockage. (A-C) Co-immunostaining with p53 (green) and RPB1 (red), S2P RPBI (red) or S5P
RPBI (red), respectively. Only chromatin-bound proteins are detected, because nuclear soluble proteins were
eliminated during the immunostaining process (see Methods). Immunostainings were performed both under
normal conditions and after 6 and 24 h treatments of 5 and 200 nM doses of ActD. Staining with DAPI (blue)
was used to visualise nuclei.
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Figure 3. p53 and yH2AX co-localise at discrete nuclear foci upon transcription elongation blockage.
(A) Co-immunostaining with yH2AX (red) and p53 (green). (B,C) Co-immunostaining with yH2AX (green)
and S2P RPBI (red) or S5P RPBI (red), respectively. Only chromatin-bound proteins were detected, because
nuclear soluble proteins were eliminated during the immunostaining process (see Materials and methods).
Immunostainings were performed both under normal conditions and after 6 and 24 h treatments of 200 nM
ActD. Staining with DAPI (blue) was used to visualise nuclei.
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Figure 4. ActD treatment destabilises RPB1 through proteasome-mediated degradation. Western blot
detection of RPB1, S5P RPB1 and S2P RPB1 proteins in U20S cells both under normal conditions and when
treated with 5 and 200nM ActD. Each experiment was performed in the absence (left panel) or in the presence
of 20 pM MG132 proteasome inhibitor (right panel). Coomassie Brilliant Blue staining was used to show the
equal loading of the samples.

p53 protein is stabilised, while RPB1 is degraded upon ActD treatment. To further investigate
the changes in the levels of p53 and RPB1 during transcription elongation blockage, we treated U20S cells for 6
or 24h with low (5nM) or high (200 nM) concentrations of ActD then we examined p53 and RPB1 protein levels
in whole cell extracts. The total p53 level increased shortly after treatments of both low and high concentrations
of ActD (Supplementary Figure 2). Conversely, we detected Ser15-phosphorylated p53 (S15P p53) only upon
200nM ActD treatment, which supports the hypothesis that this post-translationally modified form of p53 is pres-
ent only following transcription elongation blockage or DNA double-strand breaks® (Supplementary Figure 2).
On the other hand, RPB1, as well as S5- and S2-phosphorylated RPB1, levels were reduced particularly after 24h
of high concentration ActD treatment (Fig. 4, left panel). These results indicate that p53 is stabilised, while RPB1
may be degraded upon transcription elongation blockage.

It has already been demonstrated that transcription blockage can lead to ubiquitin-mediated proteasomal
degradation of RNAPII”?!. To reveal whether the reduction in the level of RPB1 protein was a consequence of
its proteasomal degradation, we treated the cells with MG132 proteasome inhibitor (20 pM). We found that the
levels of both RPB1 and its transcriptionally active forms (S5P and S2P) remain mostly unchanged upon ActD
treatment (Fig. 4, right panel; Supplementary Figure 2). These results support the hypothesis that during exposure
to stress, RPB1 is degraded by the 26S proteasome.

p53 binds to gene regions that are not its direct targets and its binding affinity is strongly
affected by transcription elongation blockage. Since our data support the idea that p53 interacts with
the elongating RNAPII complex, we re-analysed published ChIP-seq data that revealed the localisation of p53
(srr847010, srr847017), S2P RPBI1 (srr987275), S5P RPB1 (srr987273) and RPB1 (srr987271) in U20S cells, in
order to validate whether p53 binds to transcribing units (Fig. 5A)**#!. We investigated p53 occupancy profiles on
every gene annotated in RefSeq (https://www.ncbi.nlm.nih.gov/refseq) by calculating p53 tag densities +=1.5kb
distances around the annotated loci. By using a k-means clustering method on the occupancies of p53 and RPB1,
we could sort the genes into three distinct clusters. Cluster 1 showed high p53 and RPB1 occupancies at the tran-
scription start site. Cluster 2 genes showed elevated p53 and RPB1 bindings along the transcribed units. In Cluster
3 we could detect low RPB1 binding at the TSS (Transcription start site), while p53 could not be detected on those
genes (Fig. 5A). These data suggest a correlation between p53 occupancy and gene expression level: p53 localises
on the genes that show higher expression rate.

Since ChIP-seq data indicated that p53 was localised at specific genes and our data also revealed that p53 was
associated with the elongating RNAPII, we decided to perform ChIP in order to validate the binding of p53 at spe-
cific gene regions (promoter, gene body and 3'UTR) of selected groups of genes which included ActB (Cluster 1),
Cdk12 (Cluster 1), Bratl (Cluster 1) and Sdcbp (Cluster 2). As a positive control, we examined the regulatory
region of a well-known p53 regulated gene, P21, while as a negative control we included an intergenic region in
our analysis.

We found that under normal conditions, p53 associated with specific regions of genes that are not its direct
targets, as they do not contain canonical binding sites of p53. Under normal conditions, a low level of p53 occu-
pancy could be detected at most of the examined gene regions (Fig. 5C-F, white columns). Only ActB seems to
be an exception, since on this gene, a high level of p53 occupancy could be observed at the promoter and distal
gene body (indicated as ‘Gene body 2’; Fig. 5B, white columns). RPB1 associated strongly at promoter regions and
distal gene bodies of the examined genes, but showed weaker binding at the proximal gene bodies (indicated as
‘Gene body I’) and at 3’ end regions of the genes (Fig. 5B-F, white columns).

To investigate whether p53 occupancy is altered by transcription elongation blockage, we measured the dis-
tribution of p53 and RPB1 at the examined gene regions using a similar experiment, but after treating cells with
a high concentration (200 nM) of ActD for 6 and 24 h (Fig. 5B-G, grey and black columns, respectively). RPB1
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Figure 5. Human p53 binds to regions of genes which are not its direct targets. (A) ChIP-seq analysis of
p53, RPB1, S2P RPB1 or S5P RPB1 occupancies results in the classification of 3 gene clusters. (B-E) p53 and
RPBI occupancies at the promoter, proximal (Gene body 1) and distal (Gene body 2) gene body and 3’UTR of
ActB, Cdk12, Bratl, Sdcbp genes, respectively. On each graph, white columns represent untreated control, while
grey and black columns indicate samples treated with 200nM ActD for 6 and 24 h, respectively. The schematic
structure for each gene and the location of the products amplified with qPCR are indicated. (F) For the positive
control, p53 and RPB1 occupancies at the promoter of P21, a direct target gene of p53, are shown. (G) p53 and
RPBI1 occupancies at an intergenic region, which was used as a negative control. Each data point represents the
average of measurements taken on two independent chromatin samples.

occupancy was reduced 6 h after ActD treatment, and then it increased 24 h after transcription blockage induc-
tion, except at the promoter regions of ActB, Bratl and P21 (Fig. 5B,D and F, respectively). Conversely, increased
p53 binding was detected after ActD treatment, mainly at the promoters and distal gene bodies of the examined
genes (Cdk12, Bratl, Sdcbp and P21), and this increase was time-dependent (Fig. 5C-F, respectively). In the case
of the ActB gene (Fig. 5B), p53 occupancy showed a similar change over time as did RPB1: the binding level was
reduced 6 h after ActD treatment (Fig. 5B, grey columns), then it was restored 24 h after transcription blockage
induction (Fig. 5B, black columns).

These results show p53 accumulation at transcriptionally active chromatin regions upon transcription elonga-
tion blockage. Based on our data, we propose that p53 protein co-traverses with the elongating RNAPII and when
transcription elongation blockage occurs, additional p53 protein molecules are recruited while the occupancy of
RNAPII is reduced. We assume that p53 plays a role in the removal of the stalled RNAPII from the chromatin.

Discussion
Here we report that p53 interacts with the transcriptionally competent forms of RNAPII and that p53 is present
at transcriptionally active gene regions. Furthermore, we show that upon ActD-induced transcription blockage,
the occupancy of RNAPII decreases, while p53 binding increases at regions of selected genes that harbour no
canonical p53 sites. Our data suggest a novel role of p53, which might be required during transcription arrest.
Depending on its dosage, ActD can induce different molecular pathways. At a low concentration (5nM),
ActD mimics the effect of the Mdm?2 inhibitor, nutlin-3, by abolishing RNAPI-mediated rRNA production. This
leads to the accumulation of free ribosomal proteins, such as L11 and L23 that interact with and inhibit Mdm?2.
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Conversely, at a high concentration (200 nM), ActD induces DNA double-strand breaks leading to the inhibition
of transcription elongation®. Indeed, it has been demonstrated that ActD treatment—similarly to UV irradia-
tion—can cause transcription elongation blockage by inhibiting the progression of the elongating RNAPII*>4,

During DNA double-strand break repair and UV-induced nucleotide excision repair, RNAPII becomes stalled
at transcription units and these processes act as a so-called ‘last resort’ mechanism, finally activating the ubiqui-
tylation and degradation of RNAPII”'*!8, UV-induced transcription blockage leads to p53 activation and helps
the recruitment of DNA repair proteins to the DNA lesions, which can ensure genome stability and reduce the
chance of tumour formation®. p53 activation by phosphorylation at its Ser-15 residue was also described as an
essential step during DNA double-strand break repair. We found that transcription elongation blockage activated
the Ser-15 phosphorylation of p53.

We detected the co-localisation of p53 with the S5P and S2P forms of RPBI. Interestingly, 24 h after treatment
with a high concentration of ActD, p53 co-localised with RPB1 to discrete nuclear foci, presumably at the sites
of DNA damage. This observation is in agreement with a previous demonstration that in Caenorhabditis elegans,
upon transcription inhibition, RNAPII is localised to discrete chromatin “degradation centres” and is degraded
by the 26S proteasome?!. Another explanation for the co-localisation of S5P RNAPII and p53 could be that at
these sites, transcription has already been reinitiated following the successful repair after ActD-induced DNA
damage. Finally, these sites could mark stress-responsive genes, which remain transcriptionally active following
DNA damage*.

Re-analysis of existing ChIP-seq data revealed that p53 and RNAPII recruited to promoters (Cluster 1) and
gene bodies (Cluster 2) of highly transcribed genes during the normal transcription cycle. High p53 enrichment
detected by ChIP-seq data was also confirmed by the chromatin immunoprecipitation method on ActB, Cdk12,
Brat1 and Sdcbp genes. Our data are in agreement with previous results®®, which showed that in yeast, human
p53 was bound to gene regions that do not contain any canonical p53 binding sites. At most of the examined
regions of the four randomly chosen, non-direct p53 target genes, p53 occupancies increased after 6 and 24 h of
transcription elongation blockage. On the other hand, RPB1 occupancy was reduced 6 h after ActD treatment
and then restored after 24 h. ActB, however, behaved differently, since p53 and RPB1 occupancies showed similar
distributions on this gene.

In this study, we showed that human p53 interacts with the largest subunit of RNAPII and that p53 co-traverses
with the elongating RNAPII during transcription. If a transcription elongation blockage occurs, p53 and RPB1
show different distributions in their chromatin association: the binding of the p53 protein to chromatin increases,
while RPB1 occupancy decreases. These results suggest that in human cells, p53 can regulate transcription elon-
gation by a mechanism involving its interaction with RNAPII. Several studies have reported that the structural
changes of the hyperphosphorylated S2P form of RPB1 promote its ubiquitin-mediated proteasomal degradation
upon DNA damage'**. In the case of UV-induced DNA damage, the hyperphosphorylation state of RPB1 does
not allow a new PIC formation***¢. Furthermore, transcription blockage also induces the proteasomal degra-
dation of RPB1'8. Our results are in accordance with this phenomenon, as we report here that in human cells,
upon induction of transcription elongation blockage, the degradation of the elongating form of RPB1 by the 26S
proteasome might be influenced by p53.

Our data suggest that p53 may co-traverse with RNA polymerase II, similar to a transcription elongation
factor, due to its interaction with RPB1. Our results indicate that RPB1 is degraded at the transcribed units by
resolving the transcription blockage. This might serve to allow access for the repair proteins to the damaged DNA.
The data we present in this paper provide a better understanding of how cells resolve transcription blockages
when exposed to different stress conditions and the feedback mechanisms involved.

Methods

Celllines, media and culture conditions. The U20S cell line was cultured at 37°C in DMEM (Dulbecco’s
Modified Eagle Medium; Lonza) supplemented with 10% foetal calf serum (Lonza), 4 mM glutamine (Sigma-
Aldrich) and 1x antibiotic (Sigma-Aldrich).

Actinomycin D and MG132 treatment. Cells were treated with actinomycin D (ActD; Sigma-Aldrich)
for 6 or 24 h. The cells were also treated with the proteasomal inhibitor, MG132 (Tocris Bioscience), 1 h before
ActD treatment. ActD was used at concentrations of 5nM or 200 nM and the final concentration of MG132 was
20 pM.

Micrococcal endonuclease (MNase) treatment. We treated cells with MNase (Thermo Fisher
Scientific) in order to study whether the interaction between p53 and the transcriptionally active forms of RPB1
was DNA-dependent. Before MNase treatment, 5mM CaCl, was added to each sample, which were then incu-
bated for 1 minute at 37 °C. MNase was added to the samples at a concentration of 0.066 U/ul and they were incu-
bated for 10 minutes at 37 °C. The samples were then placed on ice in order to inactivate the enzyme.

ChIP-seq analysis. Published datasets were downloaded from The European Nucleotide Archive (http://
www.ebi.ac.uk/ena) under the following accession numbers: p53 and related input files (srr847010, srr847017);
S2P RPBI (srr987275); S5P RPB1 (srr987273); RPB1 (srr987271). All data were generated from the U20S cell
line.

The reference human genome (GRCh38/hg38 assembly) and annotated gene list were downloaded from the
UCSC Genome Browser (www.ucsc.org). For the analysis described here, we have considered only the RefSeq
genes that are reviewed and validated.
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ChIP-seq tag density values were extracted for every RefSeq gene over the annotated gene body and
+/—1500bp upstream and downstream from the loci, using the program seqMINER***’. The average gene profile
of ChIP-seq tags and differential binding patterns were identified using the methods described in Anamika et al.***,

Chromatin immunoprecipitation. Chromatin samples were prepared from U20S cells. Cells were
cross-linked with 1% formaldehyde (Sigma-Aldrich) for 10 minutes then incubated with 125 mM glycine
(Sigma-Aldrich) for 5 minutes to stop fixation. Cells were collected using centrifugation for 5 minutes at 2000 rpm
and 4°C. Cell pellets were resuspended in a cell lysis buffer [5mM PIPES (Sigma-Aldrich) pH 8.0, 85 mM KCl
(Sigma-Aldrich), 0.5% NP-40 (IGEPAL; Sigma-Aldrich), 1x PIC-C (Protease Inhibitor Cocktail, Calbiochem)]
and incubated on ice for 10 minutes. Cells were collected using centrifugation (2000 rpm, 5 minutes, 4 °C). Pellets
were resuspended in a nuclear lysis buffer [50 mM Tris-HCI pH 8.0 (Sigma-Aldrich), 10mM EDTA pH 8.0
(Sigma-Aldrich), 0.8% SDS (Sigma-Aldrich), 1x PIC-C (Calbiochem)] and incubated on ice for 1h. Chromatin
samples were fragmented by sonication using Bioruptor (Diagenode). Chromatin samples were diluted four-fold
with a dilution buffer [10 mM Tris-HCI pH 8.0 (Sigma-Aldrich), 0.5 mM EGTA pH 8.0 (Sigma-Aldrich), 1%
Triton-X-100 (Sigma-Aldrich), 140 mM NacCl (Sigma-Aldrich), 1x PIC-C (Calbiochem)]. 30 ug of pre-cleared
chromatin was used for each immunoprecipitation. Immunoprecipitations were incubated overnight at 4 °C with
the antibodies listed below, then chromatin-antibody complexes were collected with 40 pl Sheep anti-Rabbit
IgG Dynabeads (Novex) at 4°C. After washing, chromatin-antibody complexes were eluted from beads, then
DNA fragments were precipitated overnight at —80°C. After centrifugation, pellets were resuspended in TE
(Tris-EDTA) buffer then reverse cross-linked at 50 °C for 2h. DNAs were purified with phenol-chloroform
extraction, then precipitated overnight with absolute ethanol at —80 °C. The amount of extracted DNA was deter-
mined by Q-PCR using SYBR Green PCR Master Mix (Fermentas) in Thermo PikoReal 96 Real-Time PCR sys-
tem (Thermo Fisher Scientific). Sequences of primers used in the Q-PCR are listed in Supplementary Table S1.

Samples were quantified using a TIC (total input control) standard curve. The amount of DNA specifically
precipitated by the given antibody was calculated by deducting the amount of DNA in the no-antibody control
(NAC) from the total. The following antibodies were used in the ChIP experiments: hp53 ab17990 (Abcam),
RPBI (N-20) and sc-899 (Santa Cruz).

Co-immunoprecipitation. U20S cells were lysed in a lysis buffer (150 mM NaCl, 1% Triton X-100, 50 mM
Tris-HCI pH 8.0) containing 1x PIC-C (Calbiochem) and 1X PhosSTOP (Roche) on ice for an hour. After lysis,
cell debris was pelleted by centrifugation at 2000 rpm, 4 °C for 5 minutes, then was discarded. 300 pg lysates
were pre-cleared for 2 h with blocked Protein A-Sepharose beads (Sigma-Aldrich). Polyclonal RNAPII antibody
against S5P or S2P CTD (Abcam) was used for the immunoprecipitation. To control the co-immunoprecipitation,
we used a p53 (Abcam) antibody for the reverse experiment. For detection of non-specific protein binding (IgG
control) we added Protein A-Sepharose beads to the cell lysate, without a specific antibody. The protein-antibody
complexes were collected with 40 pl of blocked Protein A-Sepharose beads (Sigma-Aldrich). Then beads were
washed for four times with lysis buffer supplemented with 1x PIC-C (Calbiochem). After washing, beads were
boiled in 2x SDS loading buffer for 5 minutes and centrifuged at 13,000 rpm for 5 minutes at 4 °C. To detect the
interaction between RPB1 and the p53 protein, monoclonal hp53 antibody (Dako) was used in 1:750 or 1:1500
dilutions and polyclonal S15P p53 antibody (Cell signalling) was used in 1:250 or 1:500 dilutions in the immuno-
precipitated and input samples, respectively. For reverse immunoprecipitation, the antibody against S5P CTD of
RPB1 (Abcam) was used in 1:1000 or 1:2000 dilutions, and the antibody against S2P CTD of RPB1 (Abcam) was
used in 1:500 or 1:1000 dilutions, in the immunoprecipitated and input samples, respectively. For p53 detection,
we used the anti-kappa light chain secondary antibody (from L. Tora, IGBMC).

Immunocytochemistry. U20S cells were washed with PBS (Phosphate-buffered saline), then rinsed
twice for 3 minutes with CSK (Cytoskeletal) buffer [10 mM HEPES pH 7.0 (Sigma-Aldrich), 100 mM NaCl
(Sigma-Aldrich), 300 mM sucrose (Molar Chemicals), 3 mM MgCIl, (Molar Chemicals), 0.7% Triton-X-100
(Fluka) and 0.3 mg/ml RNase A (Sigma-Aldrich)]. Cells were rinsed twice with PBS, then fixed with 4% formal-
dehyde (Sigma-Aldrich) for 10 minutes. After washing, cells were permeabilised for 5 minutes in PBS containing
0.2% Triton-X-100 (Fluka). Non-specific staining was blocked with 5% BSA in PBST [0.1% Tween 20 (Molar
Chemicals) in PBS] for 20 minutes. Cells were incubated with the following primary antibodies: anti-p53 (Dako,
1S616), N-20 anti-RPB1 (Santa Cruz, sc899), anti-S2P RPB1 (Abcam, ab5095), anti-S5P RPB1 (Abcam, ab5131),
anti-S139P H2AX (Millipore, 05-636-I) and anti-S139P H2AX (ab2893). After washing, the following secondary
antibodies were used: GAM Alexa 488 (Molecular Probes, A11029) and GAR DyLight 550 (Abcam, ab96984).
Both the primary and secondary antibodies were applied in 1% BSA-PBST. Coverslips were mounted on glass
slides using DAPI containing ProLong Gold Antifade reagent (Life Technologies). Samples were visualised with
Olympus FluoView FV1000 confocal microscope. The same exposition time was used to capture each image.

Western blot. U20S cells were harvested in lysis buffer (150 mM NaCl, 1% Triton X-100, 50 mM Tris-HCl
pH 8.0; Sigma-Aldrich) supplemented with 1x PIC-C (Calbiochem), incubated on ice for an hour, then centri-
fuged (13,000 rpm at 4 °C for 5 minutes). The supernatant lysates were mixed with the same amount of 2x SDS
loading buffer containing 5% (3-mercaptoethanol (Sigma-Aldrich) and boiled for 5 minutes. The lysates were sep-
arated in SDS-PAGE, transferred to Amersham Hybond ECL-membrane (GE Healthcare) and incubated with the
following primary antibodies: anti-p53 (Dako, 1S616), anti-S15P p53 (Cell signalling, 9284), 1BP7G5 anti-RPB1
(from L. Tora, IGBMC), anti-S2P RPB1 (Abcam, ab5095) and anti-S5P RPB1 (Abcam, ab5131), anti-GAPDH
(Millipore, MAB374); then the following secondary antibodies: RAM-HRP (Dako, P0260) and GAR-HRP (Dako,
P0448). Chemiluminescent detection was conducted using Immobilon Western Chemiluminescent HRP sub-
strate (Millipore).

SCIENTIFIC REPORTS | 7:40960 | DOI: 10.1038/srep40960 9



www.nature.com/scientificreports/

References

1.

G W N

10.
11.
12.

13.

14.

15.
16.
17.
18.

19.

20.
21.
22.

23.
24.

25.
. Dumaz, N. & Meek, D. W. Serinel5 phosphorylation stimulates p53 transactivation but does not directly influence interaction with

27.
28.
29.
30.
31.
32.
33.
34.
35.

36.
37.

38.
39.

40.
41.

42.

Pokholok, D. K., Hannett, N. M. & Young, R. A. Exchange of RNA polymerase II initiation and elongation factors during gene
expression in vivo. Mol Cell 9, 799-809 (2002).

. Price, D. H. P-TEFDb, a cyclin-dependent kinase controlling elongation by RNA polymerase II. Mol Cell Biol 20, 2629-2634 (2000).
. Hirose, Y. & Manley, J. L. RNA polymerase II and the integration of nuclear events. Genes Dev 14, 1415-1429 (2000).

. Proudfoot, N. Connecting transcription to messenger RNA processing. Trends Biochem Sci 25, 290-293 (2000).

. Ljungman, M., O’'Hagan, H. M. & Paulsen, M. T. Induction of ser15 and lys382 modifications of p53 by blockage of transcription

elongation. Oncogene 20, 5964-5971, doi: 10.1038/sj.onc.1204734 (2001).

. Daulny, A. et al. Modulation of RNA polymerase II subunit composition by ubiquitylation. Proceedings of the National Academy of

Sciences of the United States of America 105, 19649-19654, doi: 10.1073/pnas.0809372105 (2008).

. Pankotai, T., Bonhomme, C., Chen, D. & Soutoglou, E. DNAPKcs-dependent arrest of RNA polymerase II transcription in the

presence of DNA breaks. Nature Structural & Molecular Biology 19, 276-U229, doi: 10.1038/Nsmb.2224 (2012).

. Derheimer, E A. et al. RPA and ATR link transcriptional stress to p53. Proceedings of the National Academy of Sciences of the United

States of America 104, 12778-12783, doi: 10.1073/pnas.0705317104 (2007).

. Pankotai, T. & Soutoglou, E. Double strand breaks: hurdles for RNA polymerase II transcription? Transcription 4, 34-38, doi:

10.4161/trns.22879 (2013).

Shanbhag, N. M., Rafalska-Metcalf, I. U., Balane-Bolivar, C., Janicki, S. M. & Greenberg, R. A. ATM-Dependent Chromatin Changes
Silence Transcription In cis to DNA Double-Strand Breaks. Cell 141, 970-981, doi: 10.1016/j.cell.2010.04.038 (2010).

Zhou, Z. L. et al. The protein Aly links pre-messenger-RNA splicing to nuclear export in metazoans. Nature 407, 401-405, doi:
10.1038/35030160 (2000).

Anindya, R., Aygun, O. & Svejstrup, J. Q. Damage-induced ubiquitylation of human RNA polymerase II by the ubiquitin ligase
Nedd4, but not Cockayne syndrome proteins or BRCA1. Molecular Cell 28, 386-397, doi: 10.1016/j.molcel.2007.10.008 (2007).
Beaudenon, S. L., Huacani, M. R., Wang, G. L., McDonnell, D. P. & Huibregtse, ]. M. Rsp5 ubiquitin-protein ligase mediates DNA
damage-induced degradation of the large subunit of RNA polymerase II in Saccharomyces cerevisiae. Molecular and Cellular Biology
19, 6972-6979 (1999).

Bregman, D. B. et al. UV-induced ubiquitination of RNA polymerase II: A novel modification deficient in cockayne syndrome cells.
Proceedings of the National Academy of Sciences of the United States of America 93, 11586-11590, doi: 10.1073/pnas.93.21.11586
(1996).

Kleiman, E. E. et al. BRCA1/BARDI inhibition of mRNA 3’ processing involves targeted degradation of RNA polymerase II. Genes
& Development 19, 1227-1237, doi: 10.1101/Gad.1309505 (2005).

Laine, J. P. & Egly, J. M. When transcription and repair meet: a complex system. Trends in Genetics 22, 430-436, doi: 10.1016/j.
tig.2006.06.006 (2006).

Starita, L. M. et al. BRCA1/BARDI ubiquitinate phosphorylated RNA polymerase II. Journal of Biological Chemistry 280,
24498-24505, doi: 10.1074/jbc.M414020200 (2005).

Wilson, M. D., Harreman, M. & Svejstrup, J. Q. Ubiquitylation and degradation of elongating RNA polymerase II: the last resort.
Biochim Biophys Acta 1829, 151-157, doi: 10.1016/j.bbagrm.2012.08.002 (2013).

Mitsui, A. & Sharp, P. A. Ubiquitination of RNA polymerase II large subunit signaled by phosphorylation of carboxyl-terminal
domain. Proceedings of the National Academy of Sciences of the United States of America 96, 6054-6059, doi: 10.1073/pnas.96.11.6054
(1999).

Gillette, T. G., Gonzalez, E, Delahodde, A., Johnston, S. A. & Kodadek, T. Physical and functional association of RNA polymerase I
and the proteasome. Proc Natl Acad Sci USA 101, 5904-5909, doi: 10.1073/pnas.0305411101 (2004).

Scharf, A. et al. Distant positioning of proteasomal proteolysis relative to actively transcribed genes. Nucleic Acids Res 39, 4612-4627,
doi: 10.1093/nar/gkr069 (2011).

Chipuk, J. E. et al. Direct activation of Bax by p53 mediates mitochondrial membrane permeabilization and apoptosis. Science 303,
1010-1014, doi: 10.1126/science.1092734 (2004).

Mihara, M. et al. p53 has a direct apoptogenic role at the mitochondria. Mol Cell 11, 577-590 (2003).

Bode, A. M. & Dong, Z. Post-translational modification of p53 in tumorigenesis. Nat Rev Cancer 4, 793-805, doi: 10.1038/nrc1455
(2004).

Sakaguchi, K. et al. DNA damage activates p53 through a phosphorylation-acetylation cascade. Genes Dev 12, 2831-2841 (1998).

HDM2. EMBO ] 18, 7002-7010, doi: 10.1093/emboj/18.24.7002 (1999).

Fiscella, M. et al. Mutation of the Serine 15 Phosphorylation Site of Human P53 Reduces the Ability of P53 to Inhibit Cell-Cycle
Progression. Oncogene 8, 1519-1528 (1993).

Unger, T. et al. Mutations in serines 15 and 20 of human p53 impair its apoptotic activity. Oncogene 18, 3205-3212, doi: 10.1038/
sj.onc.1202656 (1999).

Balakrishnan, S. K. & Gross, D. S. The tumor suppressor p53 associates with gene coding regions and co-traverses with elongating
RNA polymerase II in an in vivo model. Oncogene 27, 2661-2672, doi: 10.1038/sj.onc.1210935 (2008).

Di Lello, P. et al. Structure of the Tfb1/p53 complex: Insights into the interaction between the p62/Tfb1 subunit of TFIIH and the
activation domain of p53. Molecular Cell 22, 731-740, doi: 10.1016/j.molcel.2006.05.007 (2006).

Shinobu, N. et al. Physical interaction and functional antagonism between the RNA polymerase II elongation factor ELL and p53.
Journal of Biological Chemistry 274, 17003-17010, doi: 10.1074/jbc.274.24.17003 (1999).

Kim, S., Balakrishnan, K. & Gross, D. S. p53 Interacts with RNA Polymerase II through Its Core Domain and Impairs Pol II
Processivity In Vivo. Plos One 6, doi: ARTN 22183 10.1371/journal.pone.0022183 (2011).

Schauer, T., Tombacz, L, Ciurciu, A., Komonyi, O. & Boros, I. M. Misregulated RNA Pol II C-terminal domain phosphorylation
results in apoptosis. Cellular and Molecular Life Sciences 66, 909-918, doi: 10.1007/s00018-009-8670-0 (2009).

Kim, J., Guermah, M. & Roeder, R. G. The Human PAF1 Complex Acts in Chromatin Transcription Elongation Both Independently
and Cooperatively with SII/TFIIS. Cell 140, 491-503, doi: 10.1016/j.cell.2009.12.050 (2010).

Choong, M. L., Yang, H., Lee, M. A. & Lane, D. P. Specific activation of the p53 pathway by low dose actinomycin D A new route to
p53 based cyclotherapy. Cell Cycle 8, 2810-2818 (2009).

Banin, S. et al. Enhanced phosphorylation of p53 by ATM in response to DNA damage. Science 281, 1674-1677 (1998).

Shieh, S. Y., Ikeda, M., Taya, Y. & Prives, C. DNA damage-induced phosphorylation of p53 alleviates inhibition by MDM2. Cell 91,
325-334(1997).

Siliciano, J. D. et al. DNA damage induces phosphorylation of the amino terminus of p53. Genes Dev 11, 3471-3481 (1997).

Woo, R. A., McLure, K. G., Lees-Miller, S. P.,, Rancourt, D. E. & Lee, P. W. DNA-dependent protein kinase acts upstream of p53 in
response to DNA damage. Nature 394, 700-704, doi: 10.1038/29343 (1998).

Walz, S. et al. Activation and repression by oncogenic MYC shape tumour-specific gene expression profiles. Nature 511, 483-487,
doi: 10.1038/nature13473 (2014).

Menendez, D. et al. Diverse stresses dramatically alter genome-wide p53 binding and transactivation landscape in human cancer
cells. Nucleic Acids Res 41, 7286-7301, doi: 10.1093/nar/gkt504 (2013).

Donahue, B. A., Yin, S., Taylor, J. S., Reines, D. & Hanawalt, P. C. Transcript cleavage by RNA polymerase II arrested by a cyclobutane
pyrimidine dimer in the DNA template. Proc Natl Acad Sci U S A 91, 8502-8506 (1994).

SCIENTIFICREPORTS | 7:40960 | DOI: 10.1038/srep40960 10



www.nature.com/scientificreports/

43. Selby, C. P. & Sancar, A. Transcription preferentially inhibits nucleotide excision repair of the template DNA strand in vitro. ] Biol
Chem 265, 21330-21336 (1990).

44. Gyenis, A. et al. UVB Induces a Genome-Wide Acting Negative Regulatory Mechanism That Operates at the Level of Transcription
Initiation in Human Cells. Plos Genetics 10, doi: ARTN €1004483 10.1371/journal.pgen.1004483 (2014).

45. Cramer, P, Bushnell, D. A. & Kornberg, R. D. Structural basis of transcription: RNA polymerase II at 2.8 angstrom resolution.
Science 292, 1863-1876, doi: 10.1126/science.1059493 (2001).

46. Rockx, D. A. et al. UV-induced inhibition of transcription involves repression of transcription initiation and phosphorylation of
RNA polymerase II. Proc Natl Acad Sci USA 97, 10503-10508, doi: 10.1073/pnas.180169797 (2000).

47. Ye, T. et al. seqMINER: an integrated ChIP-seq data interpretation platform. Nucleic Acids Res 39, e35, doi: 10.1093/nar/gkq1287
(2011).

48. Anamika, K., Gyenis, A., Poidevin, L., Poch, O. & Tora, L. RNA polymerase II pausing downstream of core histone genes is different
from genes producing polyadenylated transcripts. PLoS One 7, 38769, doi: 10.1371/journal.pone.0038769 (2012).

Acknowledgements

We thank Gabriella Pankotai-Bodé for discussion and revisions. We also thank Gyuldné Okrds for help with
U20S cells and Edina Pataki for technical assistance. This work was supported by Kutatéegyetemi és Kivalosagi
EMMI tamogatas [29-39-0T147], OTKA-PD [112118], the Janos Bolyai Research Scholarship of the Hungarian
Academy of Sciences and ’A tehetség értékének kibontakoztatdsa a Szegedi Tudomdnyegyetem kivalosaga
érdekében’ [TAMOP-4.2.2.B-15/1/KONV-2015-0006] and the National Research, Development and Innovation
Office grant GINOP-2.3.2-15-2016-00020. A.Gy. was funded by EU ITN aDDRess consortium (GA number:
316390).

Author Contributions

Conceived and designed the experiments: B.N.B., T.P. Performed the experiments: B.N.B., LH., H.M., A.G.Y,,
Z.S.U,, PP, T.P. Analysed the data: BN.B., T.P, P.P,, LM.B. Contributed reagents/materials/analysis tools: T.P,
L.M.B., Z.S.U. Wrote the paper: B.N.B., T.P., LM.B.

Additional Information
Supplementary information accompanies this paper at http://www.nature.com/srep

Competing financial interests: The authors declare no competing financial interests.

How to cite this article: Borsos, B. N. et al. Human p53 interacts with the elongating RNAPII complex and
is required for the release of actinomycin D induced transcription blockage. Sci. Rep. 7, 40960; doi: 10.1038/
srep40960 (2017).

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

This work is licensed under a Creative Commons Attribution 4.0 International License. The images

BN o1 other third party material in this article are included in the article’s Creative Commons license,
unless indicated otherwise in the credit line; if the material is not included under the Creative Commons license,
users will need to obtain permission from the license holder to reproduce the material. To view a copy of this
license, visit http://creativecommons.org/licenses/by/4.0/

© The Author(s) 2017

SCIENTIFIC REPORTS | 7:40960 | DOI: 10.1038/srep40960 11


http://www.nature.com/srep
http://creativecommons.org/licenses/by/4.0/

	Human p53 interacts with the elongating RNAPII complex and is required for the release of actinomycin D induced transcripti ...
	Results

	Human p53 interacts and co-localises with RNAPII on chromatin. 
	ActD treatment results in DNA double-strand breaks leading to transcriptional silencing. 
	p53 protein is stabilised, while RPB1 is degraded upon ActD treatment. 
	p53 binds to gene regions that are not its direct targets and its binding affinity is strongly affected by transcription el ...

	Discussion

	Methods

	Cell lines, media and culture conditions. 
	Actinomycin D and MG132 treatment. 
	Micrococcal endonuclease (MNase) treatment. 
	ChIP-seq analysis. 
	Chromatin immunoprecipitation. 
	Co-immunoprecipitation. 
	Immunocytochemistry. 
	Western blot. 

	Acknowledgements
	Author Contributions
	﻿Figure 1﻿﻿.﻿﻿ ﻿ Human p53 interacts with RPB1 both under normal circumstances and upon ActD treatment.
	﻿Figure 2﻿﻿.﻿﻿ ﻿ p53 and RPB1 co-localise to discrete nuclear foci in U2OS cells upon ActD-induced transcription elongation blockage.
	﻿Figure 3﻿﻿.﻿﻿ ﻿ p53 and yH2AX co-localise at discrete nuclear foci upon transcription elongation blockage.
	﻿Figure 4﻿﻿.﻿﻿ ﻿ ActD treatment destabilises RPB1 through proteasome-mediated degradation.
	﻿Figure 5﻿﻿.﻿﻿ ﻿ Human p53 binds to regions of genes which are not its direct targets.



 
    
       
          application/pdf
          
             
                Human p53 interacts with the elongating RNAPII complex and is required for the release of actinomycin D induced transcription blockage
            
         
          
             
                srep ,  (2016). doi:10.1038/srep40960
            
         
          
             
                Barbara N. Borsos
                Ildikó Huliák
                Hajnalka Majoros
                Zsuzsanna Ujfaludi
                Ákos Gyenis
                Peter Pukler
                Imre M. Boros
                Tibor Pankotai
            
         
          doi:10.1038/srep40960
          
             
                Nature Publishing Group
            
         
          
             
                © 2016 Nature Publishing Group
            
         
      
       
          
      
       
          © 2016 The Author(s)
          10.1038/srep40960
          2045-2322
          
          Nature Publishing Group
          
             
                permissions@nature.com
            
         
          
             
                http://dx.doi.org/10.1038/srep40960
            
         
      
       
          
          
          
             
                doi:10.1038/srep40960
            
         
          
             
                srep ,  (2016). doi:10.1038/srep40960
            
         
          
          
      
       
       
          True
      
   




