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Tumor suppressor PNRC1 blocks rRNA maturation
by recruiting the decapping complex to
the nucleolus
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Abstract

Focal deletions occur frequently in the cancer genome. However,
the putative tumor-suppressive genes residing within these
regions have been difficult to pinpoint. To robustly identify these
genes, we implemented a computational approach based on non-
negative matrix factorization, NMF, and interrogated the TCGA
dataset. This analysis revealed a metagene signature including a
small subset of genes showing pervasive hemizygous deletions,
reduced expression in cancer patient samples, and nucleolar func-
tion. Amid the genes belonging to this signature, we have identi-
fied PNRC1, a nuclear receptor coactivator. We found that PNRC1
interacts with the cytoplasmic DCP1a/DCP2 decapping machinery
and hauls it inside the nucleolus. PNRC1-dependent nucleolar
translocation of the decapping complex is associated with a
decrease in the 50-capped U3 and U8 snoRNA fractions, hampering
ribosomal RNA maturation. As a result, PNRC1 ablates the
enhanced proliferation triggered by established oncogenes such as
RAS and MYC. These observations uncover a previously unde-
scribed mechanism of tumor suppression, whereby the cytoplasmic
decapping machinery is hauled within nucleoli, tightly regulating
ribosomal RNA maturation.
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Introduction

The cancer genome is extensively rearranged, harboring somatic

point mutations, chromosomal translocations as well as focal and

large copy number alterations (CNAs). While there is overwhelm-

ing evidence that genes mutated or involved in chromosomal

translocations exert crucial roles in carcinogenesis, the putative

tumorigenic role of genes residing within gained or lost regions

remains often elusive. In particular, identifying bona fine tumor

suppressor genes (TSGs) within regions of chromosomal losses

remains a daunting challenge. Building upon a survey that has

collected genetic losses frequently present throughout various

cancer types (Beroukhim et al, 2010), complementary approaches

combining RNAi screens with sequencing-based information have

led to the identification of novel TSGs (Nijhawan et al, 2012;

Solimini et al, 2012). In particular, Solimini et al (2012) have

revealed that within recurrent hemizygous focal deletions there is

an enrichment of so-called STOP genes, which negatively affect

proliferation. These studies have uncovered several unexpected

TSGs that have been subsequently validated in depth (Solimini

et al, 2013). However, a potential limitation of these approaches

rests on the potential lack of cellular context (Goff, 2008;

Mullenders & Bernards, 2009). Indeed, to vouch for consistency

across experiments, oftentimes a single or, at most, a few reliable

cell lines are used in these screens. As such, the appropriate

biochemical and genetic environment might be missing, for cancer

genes to unleash their oncogenic potential (Goff, 2008; Mullenders

& Bernards, 2009). Furthermore, genes required for cancer cell

survival in vivo are non-overlapping with those required in vitro

(Miller et al, 2017). Hence, the exploitation of more extensive

genomic data, including transcriptomic data, is warranted, for a

more extensive and robust identification of potential TSGs.
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Nucleoli are highly dynamic structures where ribosomal RNA

(rRNA) is synthesized and processed. rRNA originates from specific

DNA sequences called nucleolar organizer regions (NORs) spread

along the short arms of all human acrocentric chromosomes (Babu

& Verma, 1985). NORs contain several copies of tandem-repeated

sequences of ribosomal DNA genes (rDNA) (Sylvester et al, 2004),

which are extensively transcribed by RNA polymerase I (PolI) as

long polycistronic RNA molecules containing three of the four

mature rRNA species, separated by spacer sequences (Cui & Tseng,

2004). These long rRNA precursors are then extensively processed

to release the mature 28S, 18S, and 5.8S rRNA isoforms, reviewed

in Mullineux and Lafontaine (2012). Several classes of enzymes

participate to this complex series of reactions, including RNA heli-

cases, endonucleases, and exonucleases belonging both to the 5–30

or 30–50 RNA-degrading pathways (Mullineux & Lafontaine, 2012;

Preti et al, 2013; Sloan et al, 2013). In addition, a class of non-

coding nucleolar RNAs called small nucleolar RNAs (snoRNAs)

exerts a crucial role in rRNA maturation, mainly driving the editing

of rRNA precursor molecules (Matera et al, 2007; Kiss et al, 2010).

Of note, a subgroup of 50-capped snoRNAs, including U3 and U8,

promotes specific cleavage steps of pre-rRNA molecules, directly

influencing rRNA processing rates (Peculis & Steitz, 1993; Fayet-

Lebaron et al, 2009; Perez-Fernandez et al, 2011).

The size and number of nucleoli vary according to the rate of

rRNA biosynthesis, which is carefully regulated according to various

stimuli and stresses, and are frequently altered in different diseases

(Boisvert et al, 2007) including cancer (Pianese, 1896). Indeed,

aggressive tumors present hyperactivated rDNA transcription, which

is required to boost ribosome biogenesis (Hein et al, 2013). Intrigu-

ingly, it is becoming evident that the increase in rRNA biogenesis

triggered by oncogenic pathways is causally linked to cancer devel-

opment (Barna et al, 2008; Chan et al, 2011). On the overall, the

most established oncogenes, as, for example, MYC, RAS, and PI3K,

strongly accelerate ribosome assembly by acting at the level of rRNA

transcription and translation of ribosomal proteins (Boon et al,

2001; Arabi et al, 2003; Gomez-Roman et al, 2003; Schlosser et al,

2003; Zhao et al, 2003; Grandori et al, 2005; Mayer & Grummt,

2006; Drygin et al, 2010).

While the general roles of oncogenic pathways in promoting

rRNA transcription have been defined, the mechanistic wiring

underlying rRNA maturation remains largely unknown. Within this

frame, we have identified a novel tumor suppressor gene, the

proline-rich nuclear receptor coactivator 1 (PNRC1), as a novel

regulator of rRNA maturation. PNRC1 is formally labeled as a

nuclear receptor (NR) co-activator as it interacts with several NRs

and trans-activates exogenous NR reporter targets in a ligand-depen-

dent manner (Zhou et al, 2000). In addition, PNRC1 has been

proposed as a negative regulator of the cytoplasmic RAS signaling

pathway (Zhou et al, 2004). A putative role for PNRC1 in promoting

rRNA transcription was inferred from its nucleolar localization and

its interaction with NPM1 nucleolar protein (Wang et al, 2011), as

well as from its ability to interact with a subunit of RNA polymerase

III (Zhou et al, 2007). PNRC1 also interacts with the RNA helicase

UPF1, even though PNRC1 downregulation does not interfere with

the RNA decay processes controlled by UPF1 (Cho et al, 2009).

In this study, we show that PNRC1 re-expression in cancer

cells interferes with rRNA processing through a novel molecular

mechanism that relies on the nucleolar activity of the cytoplasmic

DCP1a/DCP2 decapping complex, ultimately blocking oncogene-

driven proliferation.

Results

Genes associated with the nucleolus are pervasively deleted and
downregulated in several cancer types

Seeking to identify novel TSGs, we combined RNA-seq with copy

number alterations (CNAs) data derived from 28 TCGA cancers, for

which both datasets were available. As in previous genetic screen

efforts (Nijhawan et al, 2012; Solimini et al, 2012), we focused on

82 focal deletion peaks reported as frequently lost in cancers of vari-

ous origins. These regions harbor a total of 2,060 genes (Beroukhim

et al, 2010). We applied a novel iteration of non-negative matrix

factorization (NMF) to extract tumor-specific signatures, subse-

quently analyzed to create a generalized set of signatures, to capture

the mutual distribution of CNAs and variation of expression (Brunet

et al, 2004; Carrasco et al, 2006; Fig EV1A). One signature stood

out, whereby concomitant copy number loss and gene expression

reduction were evident (Fig 1A). Unlike the other signatures, where

residing genes presented also instances of increased expression, the

158 genes underlying this cluster were consistently downregulated,

across several cancer types (Appendix Table S1). Moreover, these

genes were included in regions of the genome presenting mostly

hemizygous deletions. We next asked whether these genes

presented any shared biological feature. Analysis of Cellular

Compartment annotation revealed that the nucleolus was the GO

term most significantly associated with this signature. Mindful that

gene annotations are often outdated (Riba et al, 2016; Wadi et al,

2016), we sought evidences from the literature associating the

nucleolus with the list of STOP genes included in this cluster. Of

note, we found that among the genes belonging to this cluster, four

were both STOP and implicated with the nucleolus, namely TP53,

SMAD4, HMGN1, and PNRC1.

In all, these observations reveal that a subset of putative TSGs

resides within regions of hemizygous deletions, is consistently

downregulated throughout tumor samples and is enriched for

features associated with nucleolar activities.

PNRC1 loss is a frequent event in a wide variety of cancer types

While the nucleolar and cancer roles for TP53, SMAD4, and HMGN1

are established, PNRC1 is deemed a nuclear receptor coactivator,

with only one report suggesting a nucleolar localization (Wang

et al, 2011). PNRC1 resides within a region that is pervasively lost

in a large arrays of tumors, including prostate cancer (Verhagen

et al, 2002; Lapointe et al, 2007; Boyd et al, 2012; Kluth et al,

2013), pancreatic cancer (Johansson et al, 1992), breast cancer

(Poplawski et al, 2010), T-cell neoplasms (Remke et al, 2009;

Lopez-Nieva et al, 2012), and hepatocellular carcinoma (Lee et al,

2008).

We thus decided to explore in detail the potential role of PNRC1

as a putative tumor suppressor gene, in relationship with the nucle-

olus. We first substantiated the data emerging from the NMF analy-

sis by analyzing PNRC1 expression levels in matched and

unmatched tumor and normal samples. In line with the NMF
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Figure 1. PNRC1 tumor suppressor hinders oncogene-induced hyperproliferation.

A Visual representation of the signature found associated with hemizygously deleted and downregulated genes across multiple cancer types. The image represents
the joint distribution of gene expression regulation (x-axis, z-score vs. normal tissue) and copy number alteration (CNA) (y-axis, exact segmentation value). Color
intensity is proportional to the density value of the distribution.

B Quantification of PNRC1 expression levels in primary normal (blue circles) and cancer (red circles) samples by real-time PCR.
C, D Immunofluorescence staining of PNRC1 (red) and Ki-67 (green) performed on a primary healthy colon (C) or a malignant lymphoma (D). DAPI was used to stain cell

nuclei. Scale bars: 50 lm.
E Proliferation curves of HeLa cells transfected with HRASG12V (R), PNRC1 (P), their combination (RP), or a LacZ control (L). The results shown are the average � SD of

two biological replicates with three technical replicates each. A one-way ANOVA with Tukey multiple comparison test was performed for 72-h dataset; the
statistically significant comparisons are: L vs. R (P < 0.002), L vs. P (P < 0.02), R vs. P (P < 0.0002), and R vs. RP (P < 0.0004).

F Proliferation curves of MCF7 cells transfected with HRASG12V (R), PNRC1 (P), their combination (RP), or a LacZ control (L). The results shown are the average � SD
of two biological replicates with three technical replicates each. A one-way ANOVA with Tukey multiple comparison test was performed for 72-h dataset; the
statistically significant comparisons are: L vs. R (P < 0.003), L vs. P (P < 0.0002), L vs. RP (P < 0.0001), R vs. P (P < 0.0001), and R vs. RP (P < 0.0001).

G Proliferation curves of KRASG12S-mutated A549 cells transfected with PNRC1 or LacZ control. A representative experiment with the average � SD of three technical
replicates is shown. An unpaired t-test was performed for 144-h dataset (P < 0.0003).

H Proliferation curves of BJ-T cells transduced with a non-targeting (NT sh) or a PNRC1-specific shRNA construct (PNRC1 sh5). Results are shown as the average � SD
of three biological replicates with three technical replicates each. An unpaired t-test was performed for each time point (**P < 0.01, ***P < 0.005, ****P < 0.001).
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analysis of TCGA data, PNRC1 expression was consistently lower in

cancer compared to normal tissues (Figs 1B and EV1B). We also

explored PNRC1 expression by immunofluorescence. Remarkably,

both in cancer and in healthy tissues, the distribution of PNRC1 and

the distribution of a proliferation marker, Ki-67, were steadily mutu-

ally exclusive (Figs 1C and D, and EV1C and D), suggesting that

PNRC1 expression is a feature of non-proliferative cells.

In all, these results suggest that PNRC1 might represent a novel

tumor suppressor gene, based on its pervasive downregulation and

localization within regions of hemizygous loss in cancer.

PNRC1 thwarts RAS and MYC-driven proliferation

As a first appraisal of the potential role of PNRC1 as a TSG, we

tested whether PNRC1 could interfere with oncogene-induced

enhanced proliferation in HeLa and MCF7 cell lines, which show

low endogenous PNRC1 expression levels (Fig EV1B). The exoge-

nous expression of PNRC1 by itself significantly reduced prolifera-

tion, when compared with the mock transfection, in HeLa (Fig 1E

and Appendix Fig S1A) and MCF7 (Fig 1F and Appendix Fig S1B)

cells in the absence of apoptosis (Fig EV2C), in line with a previous

report (Zhou et al, 2004). To determine whether PNRC1 could

impede oncogene-induced proliferation, we transfected PNRC1

alongside the HRASG12V oncogene. Remarkably, the increased prolif-

eration following HRASG12V overexpression was completely ablated

by the co-expression of PNRC1 in both cell lines (Fig 1E and F and

Appendix Fig S2A). As a confirmation, PNRC1 expression reduced

proliferation also of A549 cells, which endogenously express

KRASG12S (Fig 1G and Appendix Fig S1C), as well as the anchorage-

independent growth of HeLa (Fig EV2A) and A549 cells (Fig EV2B).

We then explored whether the suppressive effect of PNRC1 on

proliferation was more pervasive, extending also to other oncogenic

pathways. We thus expressed PNRC1 alongside MYC in HeLa cells.

As for HRASG12V overexpression, PNRC1 completely ablated MYC-

induced proliferation (Fig EV1E and Appendix Fig S1D). To corrobo-

rate these results, we also silenced endogenous PNRC1 by shRNA.

Whereas an almost complete PNRC1 silencing triggered apoptosis in

HeLa cells (Fig EV2D and E, and Appendix Fig S2B), its mild down-

regulation resulted in an increased proliferative ability of immortal-

ized BJ-T fibroblasts (Fig 1H and Appendix Fig S1E). Taken

together, these data demonstrate that PNRC1 restrains the enhanced

proliferation conferred by the expression of potent oncogenes and

suggest that PNRC1 is endowed with tumor-suppressive activities.

PNRC1 affects nucleolar RNA dynamics

Since from the TCGA data PNRC1 belongs to a signature character-

ized by the nucleolus GO term, we next explored whether PNRC1

had any broad activity in the regulation of nucleolar RNA dynamics.

To this end, we initially performed an unbiased experiment taking

advantage of the Click-iT pulse-chase approach. We exogenously

expressed an RFP-tagged form of PNRC1 or an RFP control in HeLa

cells (Appendix Fig S2C) and we pulsed cells with 5-ethynyl uridine

(EU) for 16 h. Cells were then chased and the intensity and localiza-

tion of neo-transcribed RNAs were followed by confocal micro-

scopy. In line with a previous work (Wang et al, 2011), we could

observe the accumulation of RFP-PNRC1 fusion protein in nuclear

structures resembling nucleoli. Moreover, whereas control

RFP-expressing cells showed an intense RNA signal inside nucleoli

at earlier times, in RFP-PNRC1-transfected cells we could observe a

dramatic reduction in the overall neotranscribed RNA, with a strong

decrease in nascent RNA signal inside nucleoli (Fig 2A). In all, these

results suggest that PNRC1 might negatively regulate rRNA

biogenesis.

We next aimed to determine the molecular role of PNRC1 in the

repression of rRNA synthesis. According to the literature, rRNA

transcription occurs between the inner nucleolar fibrillar centers

(FC) and the surrounding dense fibrillar component (DFC), where

rDNA is complexed with UBF1 transcription factor and RNA PolI

machinery (Raska, 2003; Moss et al, 2007). Once transcribed, rRNA

is processed in a contiguous sub-nucleolar compartment, the outer

granular component (GC), defined by the presence of nucleophos-

min (NPM1) protein (Boisvert et al, 2007; Ma & Pederson, 2008).

To initially define whether PNRC1 participates in rRNA transcription

or in rRNA processing, we aimed to define PNRC1 sub-nucleolar

localization in relationship with UBF1 and NPM1 nucleolar markers,

respectively. As reported (Wang et al, 2011), HA-PNRC1 co-precipi-

tated with NPM1 (Fig EV3A). In line with this observation, our

confocal microscopy experiments showed a strict co-localization

between GFP-PNRC1 and NPM1 (Fig 2B). Notably, however, GFP-

PNRC1 localization was mutually exclusive with UBF1 (Fig 2C),

indicating that PNRC1 resides exclusively within the nucleolar GC.

These data hence suggest that PNRC1 does not participate in rRNA

transcription, as previously proposed (Wang et al, 2011), but

instead regulates rRNA processing.

To strengthen these observations, we performed a pulse-chase

rRNA processing assay. HeLa cells transiently transfected with

PNRC1 or a LacZ control (Appendix Fig S2D) were pulsed with 3H-

uridine for 15 min. RNA was then collected at different time points

after the chase, was resolved onto a denaturing gel, blotted, and

subjected to autoradiography. As a positive control, 5-fluorouridine

(FU) was used, which blocks rRNA processing (Wilkinson et al,

1975). Upon PNRC1 expression, the levels of the mature 28S rRNA

form decreased, as well as of its 32S precursor, while a transient

accumulation of the 47S pre-rRNA was evident (Fig 2D). Accord-

ingly, we observed an increase in the ratios between the 47S precur-

sor and the 32S and 28S rRNA molecules in PNRC1-expressing cell

lines compared to the control (Fig 2E). To corroborate these obser-

vations, we then measured the steady-state levels of the 47S pre-

rRNA intermediate in HeLa cells expressing PNRC1 or GFP control

(Appendix Fig S2E) by real-time PCR. In line with the pulse-chase

experiments, PNRC1 expression led to a significant increase in both

50-ETS (Fig 2F) and ITS1 (Fig EV3B) as a result of 47S pre-rRNA

accumulation.

Taken together, these results indicate that PNRC1 inhibits rRNA

processing, thus leading to the accumulation of unprocessed rRNA

precursors and to a decrease in mature rRNA molecules.

PNRC1 interacts with the cytoplasmic RNA decapping machinery

PNRC1 presents several protein–protein interaction domains but

lacks any intrinsic enzymatic activity. Therefore, we reasoned that

PNRC1-mediated block of rRNA processing might result from the

activity of its interacting proteins. To corroborate this hypothesis,

we first sought to identify PNRC1 interactors by analyzing PNRC1

co-immunoprecipitating proteins by mass spectrometry in
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Figure 2. PNRC1 interferes with nucleolar RNA metabolism.

A Click-iT RNA imaging assay performed on HeLa cells expressing RFP-PNRC1 or RFP control. Confocal images of transfected cells pulsed with EU for 16 h were
collected at the indicated time points after EU removal (green: Alexa 488-EU, red: RFP, blue: DAPI, scale bar: 5 lm). RFP-PNRC1-transfected cells are indicated with
arrowheads.

B, C Confocal microscopy images of HeLa cells expressing GFP-PNRC1 and stained with antibodies against NPM1 (B) or UBF1 (C) nucleolar proteins (nuclei are stained
in blue with DAPI, scale bar: 5 lm). Two representative cells are shown for each staining. A magnification of the merged channel images is provided for UBF1
staining.

D Agarose/formaldehyde gel separation of neotranscribed rRNAs collected from LacZ and PNRC1-expressing cells pulsed for 15 min with 3H-uridine and chased for
the reported time points (minutes). Samples were loaded according to the amount of incorporated 3H, quantified by liquid scintillation. 5-fluorouridine (FU) was
included as a control of a blocked rRNA processing.

E Ratios between the intensity of 47S pre-rRNA band and bands belonging to 32S or 28S rRNA species relative to panel (D) and measured at 60 min after the chase
for both LacZ or PNRC1-expressing cells.

F Real-time PCR quantification of 50-ETS steady-state levels in HeLa cells expressing PNRC1 or GFP control. The average � SD of three biological replicates is shown.
Statistical significance was calculated by an unpaired two-tailed t-test (P < 0.0001).
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PNRC1-expressing HeLa cells. As expected, we could observe a

strong enrichment of PNRC1 protein by both Western blot and mass

spectrometry analysis (Fig 3A and B, and Table 1). Intriguingly, we

identified the regulatory RNA decapping protein DCP1a and the

enhancer of decapping EDC3 as two of the most enriched PNRC1

co-immunoprecipitating proteins (Table 1). Moreover, other RNA

decapping-related proteins were identified as specifically enriched in

the PNRC1-IP fraction, including the RNA helicases DDX6 and UPF1

(Table 1 and Appendix Table S2), previously identified as a PNRC1-

interacting protein (Cho et al, 2009). All these proteins are known

to form a complex in the cytoplasm that promotes the removal of

the 50 m7G cap from aberrant messenger RNAs, as part of the NMD

pathway, reviewed in Parker and Sheth (2007).

Prompted by these results, we initially validated the hits identi-

fied by mass spectrometry by co-immunoprecipitation. Using an

anti-HA antibody, we confirmed a strong enrichment of DCP1a
among HA-PNRC1 co-immunoprecipitating proteins (Fig 3C).

Notably, this interaction was maintained even upon treatment of

cell lysates with RNase A, thus suggesting that it is not mediated by

RNA molecules (Fig 3C and Appendix Fig S2F). This protein–protein

interaction was further confirmed by a reverse DCP1a co-immuno-

precipitation performed on PNRC1-expressing HeLa cells (Fig 3D)

and by a PNRC1 co-immunoprecipitation performed on non-trans-

fected HeLa cells (Fig 3E), suggesting that the endogenous PNRC1

can interact with DCP1a.
To assess whether PNRC1 could interact with the whole decap-

ping machinery, we expanded our analysis to other members of the

RNA decapping complex. Indeed, by immunoprecipitation, we were

able to show that PNRC1 co-purifies with crucial players of the

decapping machinery, including the catalytic RNA decapping

subunit DCP2 and the DDX6 RNA helicase (Fig 3F and G).

Taken together, these results show that PNRC1 binds the cyto-

plasmic decapping machinery and suggest that PNRC1 might play a

role in regulating RNA decapping dynamics.

PNRC1 recruits the RNA decapping machinery inside nucleoli

Our data imply that PNRC1 is exclusively nuclear, mainly local-

ized in the nucleolar GC. Conversely, the DCP1a/DCP2 decapping

complex has been reported as cytoplasmic, acting in specialized

structures called processing bodies (P-bodies). There, the DCP1a/
DCP2 decapping machinery accumulates alongside RNA-degrading

enzymes and their substrate RNAs (Parker & Sheth, 2007). To clar-

ify the reciprocal localization of PNRC1 and the DCP1a/DCP2
decapping complex, we initially studied whether PNRC1 may

impact on the subcellular distribution of P-bodies protein. To this

end, we performed immunofluorescence staining for the decapping

complex proteins DCP1a, DDX6, or LSM1 in HeLa cells expressing

RFP-PNRC1 or RFP control. We then counted the cells according

to the presence of these markers inside P-bodies. As shown in

Fig 4A and B, in the vast majority of RFP-expressing cells DCP1a,
DDX6 and LSM1 proteins localized in sharp cytoplasmic dots

corresponding to P-bodies. On the contrary, we could observe a

complete loss of the P-body localization of these three markers in

almost every RFP-PNRC1-transfected cell. This result indicates that

PNRC1 expression alters the canonical cytoplasmic localization of

P-bodies proteins.

We then reasoned that PNRC1 interaction with the decapping

machinery might promote its re-localization inside nucleoli. To

explore this hypothesis, we evaluated whether PNRC1 expression

could drive DCP1a re-localization by a biochemical cell fractionation

assay (Fig 4C). Strikingly, upon PNRC1 expression, we could
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Figure 3. PNRC1 interacts with cytoplasmic RNA decapping proteins.

A, B Coomassie blue staining and Western blot analysis of the SDS–PAGE gel corresponding to PNRC1 immunoprecipitation. Red arrows represent the gel areas excised
both from the IgG and IP lanes for mass spectrometry analysis. Input, unbound, and IP fractions were loaded as reported. The protein band corresponding to
PNRC1 is indicated.

C Co-immunoprecipitation performed on HeLa cells expressing HA-PNRC1 with a specific anti-HA antibody in absence or presence of 1 mg/ml RNaseA.
D Co-immunoprecipitation of DCP1a-interacting proteins performed on HA-PNRC1-expressing HeLa cells with a specific anti-DCP1a antibody.
E Co-immunoprecipitation performed on wild-type HeLa cells with an anti-PNRC1 antibody and probed for DCP1a.
F, G Co-immunoprecipitation performed on HeLa cells expressing HA-PNRC1 with a specific anti-HA antibody and probed with antibodies specific for proteins involved

in RNA decapping. The white arrow indicates the specific DCP2 band, as reported in the datasheet of the antibody employed.

Source data are available online for this figure.
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appreciate a remarkable enrichment of DCP1a in the nucleolar frac-

tion, confirming that PNRC1 interacts with DCP1a in this cellular

compartment (Fig 4C and D). To corroborate these data, we co-

expressed a shRNA-resistant GFP-DCP1a in combination with RFP-

PNRC1 or RFP control in HeLa cells knocked-down for endogenous

DCP1a (Appendix Fig S3A). As expected, GFP-DCP1a accumulated

inside P-bodies in RFP control-expressing cells while it co-localized

with RFP-PNRC1 inside nucleoli upon the expression of RFP-PNRC1

fusion protein (Fig 4E). Moreover, after pre-permeabilizing cells

with CSK buffer supplemented with RNase A, immunofluorescence

experiments revealed that endogenous DCP1a co-localizes with

RFP-PNRC1 and NPM1 while it is excluded from nucleoli in control

RFP-expressing cells (Fig EV3C).

In all, these data show that PNRC1 interaction with the RNA

decapping machinery elicits its translocation inside nucleoli.

W300A mutation impairs PNRC1 interaction with DCP1a/DCP2
molecular machinery and its nucleolar recruitment

To determine whether the nucleolar interaction between PNRC1 and

DCP1a/DCP2 is required for the PNRC1-dependent block in rRNA

biogenesis, we sought to generate a PNRC1 mutant form unable to

bind to the decapping machinery. The PNRC1 paralog PNRC2

resides in the cytoplasm where it interacts with DCP1a inside P-

bodies (Cho et al, 2009, 2012, 2015). PNRC2 P108 and W114 resi-

dues are mainly responsible for PNRC2 binding to DCP1a, as

alanine substitutions of each of these amino acids (in particular

W114A) prevent PNRC2-DCP1a interaction (Lai et al, 2012).

Notably, both these residues lie in a region that is exceedingly

conserved between PNRC2 and PNRC1. We thus reasoned that

mutations on these residues might be crucial to mediate the interac-

tion between PNRC1 and DCP1a. We hence mutagenized PNRC1

W300 residue, corresponding to W114 on PNRC2, into an alanine.

Of note, PNRC1W300A did not show any evident reduction in protein

stability and localized inside nucleoli as the wild-type isoform

(Fig EV4A and Appendix Fig S3B). We then explored the effects of

W300A mutation on the binding between PNRC1 and its interacting

partners. As control, we generated HA-PNRC1ΔNLS mutant by delet-

ing the NLS/NoLS sequence that grants PNRC1 nucleolar localiza-

tion through its interaction with NPM1 (Wang et al, 2011). We

observed that W300A mutation almost completely abolished PNRC1

ability to co-purify with DCP1a, while maintained its ability to inter-

act with NPM1 (Fig 5A) and localize to the nucleolus (Fig EV4A).

Conversely, PNRC1ΔNLS mutant did not interact with NPM1 but

intriguingly maintained the binding to DCP1a. We then broadened

our analysis to other members of the decapping complex. To this

end, HeLa cells were transfected with HA-tagged forms of

PNRC1W300A and co-immunoprecipitation using an anti-HA antibody

was performed. PNRC1W300A mutant did not co-purify with both

DCP1a and DCP2 decapping proteins, as well as with DDX6 RNA

helicase (Fig 5B and C). Altogether, these results indicate that the

W300A substitution abolishes the ability of PNRC1 to interact with

the decapping machinery.

To determine whether PNRC1W300A was still able to re-localize

the decapping machinery to the nucleolus, we performed confocal

microscopy experiments by expressing the sh-resistant form of GFP-

DCP1a in combination with RFP-PNRC1WT, RFP-PNRC1W300A, or

RFP control transgenes in HeLa cells silenced for endogenous

DCP1a (Appendix Fig S3A). Whereas RFP-PNRC1W300A showed the

same nucleolar localization of RFP-PNRC1WT, we could not detect

any co-localization of GFP-DCP1a with RFP-PNRC1W300A inside

nucleoli. Indeed, GFP-DCP1a localized in the nucleolus only when

co-expressed with RFP-PNRC1WT, while it remained almost comple-

tely embedded in cytoplasmic P-bodies in the presence of RFP-

PNRC1W300A (Fig 5D). In line with these results, immunofluores-

cence experiments on pre-permeabilized cells showed that endoge-

nous DCP1a does not localize inside nucleoli in RFP-PNRC1W300A-

expressing cells (Fig EV3C). Moreover, the expression of RFP-

PNRC1W300A did not interfere with the cytoplasmic localization of

DCP1a, DDX6, and LSM1, as shown by immunofluorescence experi-

ments (Fig 5E and F). Specifically, whereas almost every cell

expressing RFP-PNRC1WT was devoid of P-bodies (Figs 4A and B,

and 5E central panel), the three markers localized in the P-bodies in

about 60% of RFP-PNRC1W300A-transfected cells (Fig 5E and F).

These results suggest that the W300A mutation on PNRC1 impedes

the re-localization of the decapping machinery inside the nucleolus.

To conclusively demonstrate that PNRC1 is required for this re-

localization, we evaluated whether DCP1a could complex with NPM1

in presence of PNRC1WT, PNRC1W300A, or PNRC1ΔNLS mutants by

performing a co-immunoprecipitation experiment with an anti-DCP1a
antibody. As shown in Fig 5G, we observed that DCP1a interacted

with NPM1 only in cells expressing HA-PNRC1WT. Indeed, both

W300A mutation and NLS deletion in PNRC1 impaired DCP1a-NPM1

interaction. These data thus demonstrate that DCP1a can indirectly

interact with NPM1, and this interaction is mediated by PNRC1WT.

Taken together, these results indicate that the recruitment of

DCP1a/DCP2 decapping machinery to the nucleolus is a direct

consequence of DCP1a-PNRC1 binding and suggest that PNRC1

Table 1. Highest enriched proteins obtained by mass spectrometry.

Protein name
UniProt
ID

MW
(kDa)

IgG
peptides

IP
peptides

Proline-rich nuclear
receptor coactivator 1
OS = Homo sapiens
GN = PNRC1

Q12796 35 11 27

mRNA-decapping
enzyme 1A
OS = Homo sapiens
GN = DCP1A

Q9NPI6 63 0 21

Enhancer of mRNA-
decapping protein 3
OS = Homo sapiens
GN = EDC3

Q96F86 56 0 21

Regulator of nonsense
transcripts 1
OS = Homo sapiens
GN = UPF1

Q92900 124 2 10

Enhancer of mRNA-
decapping protein 4
OS = Homo sapiens
GN = EDC4

Q6P2E9 152 0 4

Probable ATP-
dependent RNA
helicase DDX6
OS = Homo sapiens
GN = DDX6

P26196 54 0 8
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Figure 4. Re-localization of the RNA decapping machinery upon PNRC1 expression.

A Confocal microscopy images of RFP or RFP-PNRC1-expressing cells stained for DCP1a, DDX6, and LSM1. RFP-PNRC1-transfected cells are indicated with arrowheads.
Scale bar: 10 lm.

B Quantification of cells classified according to the P-body localization of the three stained proteins. The average � SD of three independent experiments is reported.
C Nucleolar fractionation performed on LacZ- or PNRC1-expressing HeLa cells. Total lysates, cytoplasmic (Cyto), nucleoplasmic (Nucl), and nucleolar (No) fractions were

collected. UBF1, RNA PolII, and MEK2 were used as markers for the nucleolar, non-nucleolar and cytoplasmic fractions, respectively. The electrophoretic mobility of
proteins in the nucleoplasmic lanes is slightly diminished due to nuclear lysis buffer composition.

D Densitometric quantification of DCP1a nucleolar pool obtained from the Western blot shown in panel (C) and normalized upon the amount of nucleolar UBF1 and
the levels of DCP1a in the input fraction.

E Confocal microscopy images of HeLa cells silenced for the endogenous DCP1a and expressing a shRNA-resistant GFP-DCP1a in combination with RFP or RFP-PNRC1
transgenes (green: GFP, red: RFP, blue: DAPI, scale bar: 5 lm).

8 of 18 The EMBO Journal 37: e99179 | 2018 ª 2018 The Authors

The EMBO Journal PNRC1 halts rRNA synthesis via decapping Marco Gaviraghi et al



C

E

RFP
RFP-PNRC1

WT
RFP-PNRC1

W300A

αDCP1α
RFP
DAPI

αDDX6
RFP
DAPI

αLSM1
RFP
DAPI

75

37

37

La
cZ

W
T

W
30

0A

Input

ΔN
LS

La
cZ
W

T
W

30
0A

ΔN
LS

αDCP1α IP

DCP1α

HA

NPM1

G

F

GFP-DCP1α
RFP

DAPI

RFP-PNRC1
W300A

RFP-PNRC1
WT

RFP
A D

PNRC1

DCP1α

NPM1

37

37

75

Ig
GW

T
W

30
0A

W
T

W
30

0A

Input αHA IP

∆N
LS

∆N
LS

B

In
pu

t
αH

A IP

Ig
G

37 PNRC1
75 DCP1α

50 DDX6
150 UPF1

20 LSM1

50 DCP2

37 PNRC1
75 DCP1α

In
pu

t
αH

A IP

Ig
G

DCP1 DDX6 LSM1
0

25
50
75

100

%
 o

f c
el

ls

P-bodies Delocalized

Figure 5. W300A mutation impairs PNRC1 interaction with DCP1a and its nucleolar translocation.

A Co-immunoprecipitation performed on HeLa cells expressing HA-PNRC1WT, HA-PNRC1W300A, or HA-PNRC1DNLS with a specific anti-HA antibody and probed with
anti-NPM1 and anti-DCP1a antibodies.

B, C Co-immunoprecipitation performed on HeLa cells expressing HA-PNRC1W300A mutant with a specific anti-HA antibody and probed with antibodies specific for
PNRC1-interacting proteins. The white arrow indicates the specific DCP2 band.

D Confocal microscopy images of HeLa cells silenced for the endogenous DCP1a and expressing an shRNA-resistant GFP-DCP1a in combination with RFP, RFP-
PNRC1WT, or RFP-PNRC1W300A mutant (green: GFP, red: RFP, blue: DAPI, scale bar: 5 lm).

E Confocal microscopy images of RFP-, RFP-PNRC1-, or RFP-PNRC1W300A-expressing cells stained for DCP1a, DDX6, and LSM1. RFP-PNRC1WT- or RFP-PNRC1W300A-
transfected cells are indicated with arrowheads. Scale bar: 10 lm.

F Quantification of HeLa cells expressing RFP-PNRC1W300A classified according to the P-body localization of the three stained proteins. The average of three
independent experiments � SD is reported.

G Co-immunoprecipitation performed on HeLa cells expressing LacZ control, HA-PNRC1WT, HA-PNRC1W300A, or HA-PNRC1DNLS constructs with a specific anti-DCP1a
antibody and probed with anti-PNRC1 and anti-NPM1 antibodies.

Source data are available online for this figure.
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promotes the localization of the decapping complex to nucleoli

bridging DCP1a and NPM1 proteins.

The DCP1a/DCP2 decapping complex re-localization to the
nucleolus modulates rRNA processing

We next explored the role of the nucleolar DCP1a/DCP2 complex in

modulating rRNA dynamics. To this end, we performed a Click-iT

pulse-chase assay on HeLa cells expressing RFP-tagged fusions of

PNRC1WT, PNRC1W300A or RFP control (Appendix Fig S3B). While

RFP-PNRC1WT expression deeply reduced nascent nucleolar RNA

signal, RFP-PNRC1W300A, as RFP control, did not exert any effect,

suggesting that PNRC1W300A does not significantly alter nascent rRNA

biogenesis (Fig 6A). To corroborate these results, we evaluated the

steady-state levels of 47S pre-rRNA in PNRC1W300A-expressing cells

(Appendix Fig S3C) as a readout of rRNA processing block. Unlike

PNRC1WT (Fig 2F), PNRC1W300A did not induce any accumulation of

the 47S polycistronic rRNA molecule, as shown by the real-time PCR

quantification of 50-ETS and ITS1 sequences (Figs 6B and EV4B).

In all, these data indicate that the PNRC1-mediated re-localiza-

tion of the decapping complex inside nucleoli is responsible to

restrain rRNA biogenesis.

DCP2 catalytic subunit is required to promote PNRC1-dependent
block in rRNA processing

To conclusively prove that the rRNA processing block mediated by

PNRC1 relies on the decapping activity of the DCP1a/DCP2
complex, we evaluated whether the silencing of DCP2 catalytic

subunit could prevent the PNRC1-triggered accumulation of 47S

pre-rRNA molecule. To this end, we knocked-down DCP2 in HeLa

cells with a specific shRNA construct. DCP2-silenced cells were

further infected with GFP control, PNRC1WT, or PNRC1W300A trans-

genes (Appendix Fig S3D) and the steady-state levels of 50-ETS were

measured by real-time PCR. In agreement with our previous results,

HeLa cells infected with a non-targeting shRNA displayed a signifi-

cant increase in 50-ETS levels following PNRC1WT expression that

was almost completely blunted in PNRC1W300A-expressing cells

(Fig 6C). Intriguingly, DCP2 silencing ablated the increase in 50-ETS
levels elicited by PNRC1WT, suggesting that DCP2 is essential in

inducing PNRC1-dependent accumulation of rRNA precursors.

Nucleolar DCP1a/DCP2 complex is associated with the decapping
of U3 and U8 snoRNAs

We have shown that PNRC1-dependent block in rRNA processing is

dependent on the activity of the DCP1a/DCP2 decapping machinery

inside nucleoli. However, rRNA species do not harbor cap structures

at their 50 ends. We then hypothesized that the PNRC1-orchestrated

nucleolar decapping complex might indirectly block rRNA process-

ing by promoting the decapping of other nucleolar RNAs that in turn

regulate rRNA maturation dynamics. Along this line, the early clea-

vage steps of the 47S pre-rRNA transcript require the base pairing of

U3 and U8 snoRNAs to sequences contained respectively in the 50-
ETS region of the 47S rRNA precursor and in the 50 portion of the

maturing 28S rRNA (Peculis & Steitz, 1993; Peculis, 1997; Marmier-

Gourrier et al, 2011; Mullineux & Lafontaine, 2012). Interestingly,

both U3 and U8 snoRNAs are transcribed by RNA polymerase II and

receive a mono-methylated (m7G) 50 cap that is further converted

into a tri-methylated cap structure (m3G) during their maturation

(Peculis & Steitz, 1994; Verheggen et al, 2002; Matera et al, 2007).

Stemming from these evidences, we assayed whether U3 and U8

could represent potential targets for the nucleolar DCP1a/DCP2
decapping machinery. To this end, we collected total RNA from

HeLa cells expressing PNRC1WT, PNRC1W300A, or a GFP control and

we immunoprecipitated RNAs harboring a tri-methylated 50 cap with

an anti-m3G cap antibody. We then measured the abundance of total

or immunoprecipitated U3 and U8 in the different conditions by

real-time PCR. Whereas we could not detect significant changes in

the expression levels of both snoRNAs between the three conditions

assayed (Fig EV4C), we observed a remarkable decrease in the

immunoprecipitated U3 and U8 in PNRC1WT-expressing cells,

partially recovered in cells expressing PNRC1W300A (Fig 6D and E).

As a control, we did not observe any significant differences among

the three conditions in the amount of the immunoprecipitated U1

small nuclear RNA (snRNA) that, like U3 and U8, is endowed with a

50 m3G cap (Fig EV4D).

To further corroborate these results, we analyzed the capping

status of these RNAs taking advantage of a linker ligation assay by

ligating a specific 50 linker (5LINK) to uncapped RNA molecules. In

line with m3G-cap IP results, the levels of ligated U3 and U8 snoRNAs,

but not of U1 snRNA, increased specifically in PNRC1WT-expressing

cells compared to PNRC1W300A or GFP control conditions (Fig EV4E).

Finally, to assess whether DCP2 is directly responsible for

PNRC1-mediated snoRNA decapping, we immunoprecipitated m3G

RNAs in cells silenced for DCP2 and expressing GFP control,

PNRC1WT, or PNRC1W300A transgenes (Appendix Fig S3D) and we

observed that DCP2 silencing prevented the reduction in the levels

of immunoprecipitated U3 observed in PNRC1WT-expressing cells

(Fig 6F).

Taken together, these data indicate that the PNRC1-recruited

nucleolar DCP1a/DCP2 complex is likely responsible for U3 and U8

snoRNA decapping, ultimately blocking rRNA processing.

PNRC1 binds to U3 and U8 snoRNAs

Our data show that PNRC1 function relies on its ability to bind

DCP1a/DCP2 decapping machinery inside nucleoli. We next asked

whether PNRC1 could also bind its substrate RNAs. To this end, we

performed an RNA immunoprecipitation (RIP) in HeLa cells by

precipitating Flag-tagged GFP, PNRC1WT, or PNRC1W300A with anti-

Flag-coated beads (Fig 6G). Strikingly, we observed a significant

increase in U3 and U8 snoRNAs co-precipitating with PNRC1WT

compared to GFP control, but not of the U1 snRNA (Fig 6H).

Intriguingly, the levels of co-precipitated snoRNAs were similar

between PNRC1WT and PNRC1W300A, suggesting that PNRC1 RNA-

binding capacity is not altered by W300A mutation.

In all, these data suggest that PNRC1 directly binds U3 and U8

snoRNAs likely conferring specificity to DCP2 toward these

snoRNAs.

PNRC1W300A mutant does not hinder the enhanced proliferation
induced by RAS

We finally asked whether PNRC1 antiproliferative capacity is medi-

ated by its role in restraining rRNA biosynthesis. To this end, we
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Figure 6. PNRC1 reduces DCP1a-/DCP2-dependent rRNA processing and snoRNA decapping.

A Confocal images of a Click-iT RNA imaging assay performed on HeLa cells expressing RFP, RFP-PNRC1WT, or RFP-PNRC1W300A pulsed with EU for 16 h and collected
after EU removal (green: Alexa 488-EU, red: RFP, blue: DAPI, scale bar: 5 lm). RFP-PNRC1WT- or RFP-PNRC1W300A-transfected cells are indicated with arrowheads.

B Real-time PCR quantification of 50-ETS steady-state levels in HeLa cells expressing PNRC1W300A or GFP control. The average of three independent experiments � SD
is reported.

C Quantification of 50-ETS RNA levels in HeLa cells infected with an anti-DCP2 or a non-targeting shRNA and expressing GFP, PNRC1WT, or PNRC1W300A transgenes.
The average of two independent experiments � SD is reported.

D, E Levels of U3 (D) and U8 (E) snoRNAs immunoprecipitated by the anti-m3G cap antibody measured by real-time PCR in HeLa cells infected with GFP, PNRC1WT, or
PNRC1W300A transgenes. Values represent the average of two biological replicates with three technical replicates and are expressed as percentages of enrichment
compared to the input � SD. Where indicated, a two-tailed t-test was performed combining the technical and biological replicates (****P < 0.0001, ***P < 0.0002,
**P < 0.002).

F Levels of U3 snoRNA immunoprecipitated by the anti-m3G cap antibody in HeLa cells infected with an anti-DCP2 or a non-targeting shRNA and expressing GFP,
PNRC1WT, or PNRC1W300A transgenes. The average � SD of two independent experiments with three technical replicates is reported.

G Western blot analysis of input and Flag-IP fractions of RNA immunoprecipitation (RIP) experiment performed in HeLa cells infected with GFP control (G), PNRC1WT

(P) or PNRC1W300A (W) transgenes.
H RNA levels of U3, U8, and U1 co-immunoprecipitating with GFP, PNRC1WT, or PNRC1W300A. Results are shown as the average � SD of two biological replicates.
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performed cell proliferation studies comparing HeLa cells expressing

PNRC1W300A mutant with PNRC1WT-expressing cells (Appendix Fig

S1F). PNRC1WT hampered proliferation while cells expressing

PNRC1W300A mutant grew at a similar rate as LacZ control

(Fig EV5A). We then evaluated whether PNRC1W300A mutant could

counteract RAS-driven increased proliferation, as seen with PNRC1WT.

Cells transfected with both HRASG12V and PNRC1W300A (Appendix Fig

S1G and H) showed the same proliferation rate as compared to cells

expressing HRASG12V alone, unlike PNRC1WT-expressing cells that

reduced HRASG12V-driven proliferation (Fig EV5B).

Taken together, these results suggest that PNRC1 antiprolifera-

tive and tumor-suppressive function relies on the nucleolar recruit-

ment of the cytoplasmic decapping complex and on the consequent

block in rRNA biosynthesis.

Discussion

In this study, we have identified a metagene signature that includes a

small subset of genes consistently downregulated and hemizygously

deleted in several tumor types. These genes are enriched for nucleolar

localization. Among them, we have identified PNRC1, up to now clas-

sified as a nuclear receptor coactivator. We found that PNRC1 drags

the cytoplasmic decapping complex, usually located within the cyto-

plasm, inside the nucleolus. Here, acting together with several

members of the decapping machinery, PNRC1 stimulates U3 and U8

snoRNA decapping, ultimately hampering rRNA maturation (Fig 7,

model). As a result, PNRC1 overexpression ablates the enhanced

proliferation triggered by established oncogenes such as RAS and

MYC. These results suggest that the partial loss of PNRC1 is a perva-

sive event in carcinogenesis, required to unleash ribosomal synthesis

and the translation boost required for oncogenesis.

The two-hit hypothesis by Knudson posits that tumor suppressor

genes are lost through genetic or epigenetic events that lead to their

biallelic inactivation (Knudson, 1971). More recently, however, a

more nuanced perspective has emerged, suggesting that in several

cases tumor suppressor genes need not to be completely ablated.

This model hypothesizes a sort of dosage-dependency of TSG func-

tion (Berger et al, 2011). Recent studies have submitted an even

more radical perspective. Large-scale screens based on siRNA have

identified putative haploinsufficient tumor suppressor genes that are

located within regions of hemizygous deletions. The partial down-

regulation of these genes briskly increases cancer cell proliferation,

in vitro and in vivo (Greenman, 2012; Xue et al, 2012). However,

these screening-based approaches present limitations (Goff, 2008;

Mullenders & Bernards, 2009; Miller et al, 2017). To validate and

potentially identify additional TSGs, we undertook a complementary

strategy, integrating data on copy number and gene expression from

TCGA. Starting from the same list of shared deletions, a novel itera-

tion of NMF revealed a metagene signature designated by hemizy-

gous deletions and reduced expression. While STOP genes were

enriched in this cluster group, notwithstanding we identified several

genes not present in the previous screens, suggesting that these two

complementary strategies may provide a more comprehensive anno-

tation of putative TSGs.

One of the most notable findings of our NMF analysis was the

identification of the nucleolus as the most enriched GO term within

this gene cluster. While the role of the nucleolus and more broadly

of processes occurring within this nuclear compartment has long

been associated with cancer, the mechanisms underlying the hyper-

activation of rDNA transcription have been linked for the most part

to the altered activity of specific oncogenes and tumor suppressor

genes (Hein et al, 2013). Instead, genetic lesions affecting genes

directly related to the nucleolus have been lacking. Based on our

findings, we gather that at least a subset of genes directly implicated

in nucleolar function are consistently lost and downregulated in

several cancer types. One potential implication would be that nucle-

olar activity is generally tightly controlled in healthy cells. For

cancer to ensue, a pervasive loss of these checks needs to emerge,

owing to the concomitant loss of several nucleolar genes, dispersed

throughout the genome. The finding that the deletions impacting

nucleolar genes were for the most part hemizygous is intriguing and

suggests that nucleolar proteins are tightly regulated in cancer cells.

In fact, the deletions in the 6q15 locus, where PNRC1 resides, are

hemizygous in all the tumor types where they have been reported

(Johansson et al, 1992; Verhagen et al, 2002; Lapointe et al, 2007;

Lee et al, 2008; Remke et al, 2009; Poplawski et al, 2010; Boyd et al,

2012; Lopez-Nieva et al, 2012; Kluth et al, 2013), suggesting that

nucleolar genes are likely essential for cell survival. Along this line,

we showed that a complete PNRC1 knock-down massively induced

apoptosis in HeLa cells, suggesting that the ablation of PNRC1 is

lethal for cancer cells (Fig EV2D and E and Appendix Fig S2B). This

pattern is reminiscent of ribosomal proteins, whose levels are also

tightly controlled. As an example, a recent survey of genomewide

shRNA screening data has shown how the reduced expression with

shRNAs of hemizygously deleted ribosomal protein genes inhibits

cell growth (Ajore et al, 2017). Accordingly, these genes present

heterozygous mutations and hemizygous deletions in cancer (Ajore

et al, 2017), and in zebrafish, heterozygous mutations of ribosomal

genes promote tumorigenesis (Mayer & Grummt, 2006).

Our findings show that the nuclear receptor co-activator PNRC1

interacts with the cytoplasmic 50–30 RNA decapping complex and

demonstrate that PNRC1 itself is responsible for the translocation of

DCP1α

PNRC1 U3/U8

m3G

nucleolus

DCP2

47S

18S 5.8S 28S

Figure 7. Molecular model for PNRC1-dependent nucleolar RNA
decapping.
Schematic model of the molecular events triggered by PNRC1 inside nucleoli.
PNRC1 functionally interacts with DCP1a/DCP2 decapping complex acting as a
scaffold to tether the decapping machinery inside nucleoli and promoting the
m3G-cap hydrolysis from U3 and U8 snoRNAs, ultimately leading to rRNA
processing block.
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this molecular machinery inside nucleoli. This is an intriguing

finding since the DCP1a/DCP2 complex has long been known to

reside within the P-bodies (van Dijk et al, 2002; Parker & Sheth,

2007), acting in concert with PNRC2 in the cytoplasmic decay of

aberrant mRNAs (Cho et al, 2009, 2012, 2013; Lai et al, 2012). On

the other side, our results may help explain the puzzling interaction

that has been reported between PNRC1 and the UPF1 RNA helicase

(Cho et al, 2009). In agreement with our data, previous observa-

tions have shown how cytoplasmic RNA decapping proteins might

shuttle between the cytoplasm and the nucleus, where they exert a

role in RNA transcription (Brannan et al, 2012; Haimovich et al,

2013). We now provide first-time evidence that the DCP1a/DCP2
decapping complex localizes also inside nucleoli. Moreover, we

show that the nucleolar import of the cytoplasmic RNA decapping

machinery has a functional relevance in restraining rRNA process-

ing rates, since it leads to the accumulation of the long polycistronic

rRNA precursor and a consequent decrease in mature rRNAs.

Indeed, the expression of a mutant form of PNRC1 unable to bind to

the DCP1a/DCP2 decapping machinery, as well as the silencing of

DCP2 catalytic decapping protein, prevented PNRC1-induced alter-

ations in rRNA processing, demonstrating that PNRC1 requires the

presence and the catalytic activity of the decapping complex inside

nucleoli to hamper rRNA maturation. Interestingly, enhancers of

decapping (like EDC3) involved in RNA polymerase II transcription

termination (Brannan et al, 2012) are likely dispensable for DCP2

nucleolar activity as EDC3 knock-down did not prevent PNRC1-

induced accumulation of rRNA precursors (data not shown).

50 cap structure is a feature of mRNAs, required for their nuclear

export, translation, and stability. On the contrary, rRNAs are gener-

ally devoid of cap structures, as both precursors and mature mole-

cules, suggesting that rRNA species might not represent the direct

target of PNRC1-organized nucleolar decapping complex. Therefore,

it is reasonable to hypothesize that the identified DCP1a-/DCP2-
dependent regulation of rRNA maturation governed by PNRC1

might involve other nucleolar RNA species whose decapping ulti-

mately leads to rRNA processing block. Along these lines, modified

50 cap structures, such as the m3G tri-methylated cap, are found on

nuclear RNA classes different from mRNAs, including some small

nucleolar RNAs (Matera et al, 2007), whose capping status was

shown to be crucial for their stability. Among these, U3 and U8

represent candidate targets for the nucleolar DCP1a/DCP2 complex

as they are capped with a m3G moiety and are required to aid the

early cleavage reactions on the 47S rRNA precursor (Peculis &

Steitz, 1993; Verheggen et al, 2002; Mullineux & Lafontaine, 2012).

In line with this hypothesis, we showed that PNRC1 expression is

associated with a reduction in the m3G-capped fraction of both U3

and U8 snoRNAs and we also provided evidence that the DCP1a/
DCP2 decapping machinery is involved in this process. These data

support the idea that RNA decapping proteins exert broader roles,

which go beyond the cytoplasmic degradation of aberrant mRNAs.

Along this line, another member of NUDIX hydrolase family, the

X29 decapping protein identified in Xenopus, was shown to be able

to remove the m3G cap moiety from U8 (Ghosh et al, 2004; Peculis

et al, 2007). Intriguingly, X29 human orthologous NUDT16 main-

tained the ability to decap U8 snoRNA in vitro (Lu et al, 2011) but

was shown to exert a more prominent effect on cytoplasmic mRNA

decapping (Song et al, 2010). However, we did not observe any

direct interaction of NUTD16 with PNRC1 (Appendix Table S2 and

data not shown), thus indicating that it does not participate in

PNRC1-dependent snoRNA decapping.

Our data also show that PNRC1 binds both U3 and U8 snoRNAs

and that its interactions with these RNAs are direct as the highly

denaturing RIP conditions used in the experiment led to the disrup-

tion of protein–protein interactions, as demonstrated by the absence

of co-precipitation of DCP1a with PNRC1WT in Fig 6G. These find-

ings are in line with reports showing that decapping accessory

proteins contribute to bind DCP1a/DCP2 target RNAs (Deshmukh

et al, 2008; Arribas-Layton et al, 2013; Mugridge et al, 2018) and

suggest that PNRC1 may act as a molecular platform able to confer

substrate specificity to DCP1a/DCP2 complex by keeping the decap-

ping machinery in close proximity to its nucleolar targets.

In all, these data strongly indicate that U3 and U8 snoRNA are

candidate targets of the nucleolar decapping machinery ultimately

responsible for PNRC1-dependent block in rRNA processing. Curi-

ously, we did not appreciate any significant alteration of total U3

and U8 RNA levels upon PNRC1 expression, despite the pronounced

effect on its decapping. This observation suggests that snoRNA 50

cap may regulate other features of the molecule rather than its

stability. Along this line, it was reported that the tri-methylation of

U3 and U8 50 caps is essential for their correct translocation from

Cajal bodies to nucleoli (Jacobson & Pederson, 1998; Boulon et al,

2004). Stemming from these evidences, we might speculate that the

DCP1a/DCP2-dependent decapping may interfere with the correct

localization of these snoRNAs inside nucleoli, ultimately reducing

their active nucleolar pool involved in rRNA processing.

Our findings also support the view that both members of PNRC

protein family may exert a crucial role in driving the activity of the

RNA decay complex. Indeed, PNRC1 and PNRC2 show high

sequence conservation, including the residues required for DCP1a
interaction, but diverge in terms of cellular distribution, as PNRC1

harbors a NLS/NoLS domain that dictates its nucleolar localization

(Wang et al, 2011). We thus propose that both PNRC1 and PNRC2

act as organizing proteins for the recruitment of the same RNA

processing machinery in two different cellular compartments.

Nevertheless, while PNRC2 is crucial for the relocation of the hyper-

phosphorylated UPF1 toward DCP1a already residing in P-bodies

(Cho et al, 2009), our data suggest that PNRC1 competes with

PNRC2, displacing DCP1a and the entire RNA decapping machinery

from their canonical P-bodies localization toward the nucleolus.

Notwithstanding, there does not seem to be functional redundancy

between the two proteins, since forcing PNRC1 in the cytoplasm by

deleting its NLS/NoLS domain did not result in its incorporation

inside P-bodies. On the contrary, PNRC1ΔNLS mutant showed a

diffused cytoplasmic staining and maintained its ability to delo-

calize DCP1a and the whole decapping machinery from P-bodies

(Fig EV5C and D).

Finally, our data suggest that PNRC1 expression is associated

with a general reduction in ribosome biogenesis and may account

for its tumor-suppressive function. In fact, re-expression of PNRC1

in cancer cell lines with exceedingly low levels of the endogenous

protein halts the hyper-proliferative phenotype induced by mutant

RAS or MYC oncogenes. Instead, PNRC1W300A is unable to counter-

act the oncogenic potential of mutated RAS. Therefore, these

evidences reinforce the notion that PNRC1-dependent block is an

important hurdle that cancer cells need to overcome to unleash their

oncogenic proliferative potential.
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In conclusion, our results suggest a role for PNRC1 as a gate-

keeper tumor suppressor that regulates cell proliferation by tuning

the available pool of rRNAs through a novel mechanism acting in

concert with the cytoplasmic DCP1a/DCP2 decapping complex that

PNRC1 hauls within nucleoli.

Materials and Methods

Non-negative matrix factorization analysis

Data retrieval

Raw segmentation values and RNA-seq median z-scores were down-

loaded from cBioPortal (Cerami et al, 2012), and only tumors,

detailed in Appendix Table S3, with both datasets available were

considered.

For our analysis, we extracted 2,060 genes annotated by

GENCODE v19 (Harrow et al, 2012) and included in 81 regions

described by Solimini et al (2012).

Signature extraction

For each gene–tumor pair, we computed two-dimensional binning

of raw CNA values and z-scores, using 16 bins in the range (�2, 2)

for CNA and (�4, 4) for RNA. The flat version of such two-dimen-

sional matrices was concatenated in a genewise manner, in order to

obtain a 2,060 × 256 matrix T describing each tumor.

We applied non-negative matrix factorization (Lin, 2007) imple-

mented in scikit-learn v 0.18.1 on each tumor separately; we

extracted 10 non-negative components CT and assigned a gene to a

component according to its maximal value in the decomposed

matrix.

To aggregate data from different tumors, we calculated pairwise

distances among the 280 components using Pearson’s r correlation,

we clustered data with Ward’s method, and finally, we cut the tree

at 10 clusters. The average value of components included in a clus-

ter represents a signature. We assigned a gene to a signature by

counting the number of occurrences of the appropriate CT compo-

nent in each cluster; we assigned a gene to a signature according to

the maximal count value.

GO Term Enrichment

Gene Ontology Term Enrichment was performed with Enrichr

(Chen et al, 2013) using GO Cellular Component 2017 as source of

annotation.

Cell culture, transfection, and lentiviral infection

HeLa, MCF7, and HEK293T cells were grown in Dulbecco’s Modi-

fied Eagle Medium (DMEM, EuroClone), supplemented with 10%

heat-inactivated fetal bovine serum (FBS, EuroClone) and 1% Peni-

cillin/Streptomycin (EuroClone). A549 cells were grown in RPMI-

1640 medium, supplemented as above. HeLa and MCF7 transient

transfections were performed with FuGENE� HD Reagent

(Promega), while A549 cells were transfected with JetPRIME� trans-

fection reagent (Polyplus transfections) according to the manufac-

turers’ instructions. For lentivirus production, HEK293T cells were

transfected with the calcium phosphate method. To this end, a mix

containing 10 lg of transfer vector, 6.5 lg of packaging vector Dr

8.74, 3.5 lg of Env VSV-G, 2.5 lg of REV, ddH2O to 450 ll, 50 ll of
2.5 M CaCl2, and 500 ll of 2× HBS was added dropwise over a

monolayer of HEK293T cells seeded on a 10-cm2 dish. After 16 h,

the medium was replaced. Twenty-four hours later, the medium

containing virus particles was collected and filtered on a 0.22-lm
filter. HeLa cells were infected overday with 2 ml viral medium in

6-well plates and subsequently selected with 1 lg/ml puromycin

(Life Technologies) for at least 3 days. Silencing of PNRC1, DCP1a,
and DCP2 was obtained through infection of HeLa cells with pLKO.1

lentiviral vectors carrying specific shRNA sequences. The gene-

specific constructs derive from the repository generated by

Dr. William C. Hahn of Dana-Farber Cancer Institute—The RNAi

Consortium (TRC) shRNA Library (https://portals.broadinstitute.

org/gpp/public/), while the non-mammalian shRNA control plas-

mid was purchased from Sigma-Aldrich. The siRNA sequences

cloned in pLKO.1 vectors are provided in the Appendix Supplemen-

tary Methods section.

Proliferation studies

HeLa, MCF7, and A549 cells were plated in 60-mm dishes and

transfected with the indicated constructs as described above. For

co-expression studies, equal amounts of the two expression

vectors (containing either LacZ or specific ORFs) were trans-

fected simultaneously. Twenty-four hours following transfection,

cells were plated in triplicate in 6-well plates (50,000 cells/well

for HeLa and A549 cells, 200,000 cells/well for MCF7 cells) with

complete medium. Cells were detached and counted in triplicate

at the indicated time points with a Bürker cell chamber after

Trypan Blue staining to exclude apoptotic/necrotic cells. 0 h time

point was counted to confirm an equal number of plated cells,

approximately 4 h post-replating. Where indicated, a two-tailed

unpaired t-test was applied.

Apoptosis assay

Cell apoptosis was evaluated by flow cytometry taking advantage of

the PE Annexin-V Apoptosis Detection Kit (BD Biosciences), accord-

ing to the manufacturer’s protocol. Briefly, cells and cell culture

supernatants were harvested, washed twice in calcium- and magne-

sium-free PBS, and resuspended in binding buffer at the concentra-

tion of 106 cells/ml. 100 ll of cell suspension was stained with

Annexin-V-PE and 7-AAD for 15 min at room temperature, and

samples were analyzed by flow cytometry at the GalliosTM (Beckman

Coulter). At least 20,000 events per sample were acquired, and

percentages of cells positive for Annexin-V and 7-AAD markers were

evaluated by analyzing the acquired events with FCS Express 4.0

software (De Novo Software).

Nucleolar fractionation

Nucleolar fractionation protocol was adapted from the method devel-

oped in Prof. Lamond’s laboratory (http://www.lamondlab.com/ne

wwebsite/Protocols%20for%20Website/Cellular%20Fractionation

%20Protocol.pdf). In brief, cytoplasmic fraction was separated from

intact nuclei by lysing cells in buffer A (10 mM HEPES pH 7.9,

10 mM NaCl, 1.5 mM MgCl2, 0.1% Triton� X-100, 0.34 M sucrose,

10% glycerol, 1 mM DTT, 1 mM PMSF, 1 mM Na3VO4, 1 mM NaF,

14 of 18 The EMBO Journal 37: e99179 | 2018 ª 2018 The Authors

The EMBO Journal PNRC1 halts rRNA synthesis via decapping Marco Gaviraghi et al

https://portals.broadinstitute.org/gpp/public/
https://portals.broadinstitute.org/gpp/public/
http://www.lamondlab.com/newwebsite/Protocols%20for%20Website/Cellular%20Fractionation%20Protocol.pdf
http://www.lamondlab.com/newwebsite/Protocols%20for%20Website/Cellular%20Fractionation%20Protocol.pdf
http://www.lamondlab.com/newwebsite/Protocols%20for%20Website/Cellular%20Fractionation%20Protocol.pdf


1× Roche Antiproteolytics) and pelleting nuclei by low-speed

centrifugation (5 min 1,300 × g, 4°C). Nuclei were washed once

with buffer A and subsequently resuspended in S2 buffer (0.35 M

sucrose, 0.5 mM MgCl2, protease inhibitors as above), 100 ll each
106 cells. Nuclei were then sonicated using a Bandelin SONOPULS

mini20 sonicator to lyse nuclear membrane and release intact nucle-

oli (15% power, four cycles, 10 s on/30 s off). The efficiency of

nuclear disruption was monitored by light microscopy. Samples

were layered over 200 ll S3 buffer (0.88 M sucrose, 0.5 mM MgCl2,

protease inhibitors as above) and centrifuged for 10 min at

2,800 × g, 4°C. Supernatant corresponding to nucleoplasmic fraction

was collected and further clarified by high-speed centrifugation

(15 min max speed, 4°C) to remove cell debris and insoluble aggre-

gates. Pelleted nucleoli were washed in S2 buffer, centrifuged (5 min

at 2,800 × g, 4°C), and lysed in Laemmli + 1× DTT, 100 ll each 106

cells. UBF1 was used as nucleolar marker, while PolII was exploited

as a marker of a non-nucleolar protein.

rRNA processing assay

To study rRNA maturation, cells were plated on 100-mm dishes

and transfected. Twenty-four hours after transfection, cells were

detached and seeded in 6-well plates. After 16 h, cell medium

was replaced with DMEM supplemented with 3 lCi/ml 3H-uridine

(PerkinElmer) and cells were pulsed for 15 min. Where indicated,

cells were pre-treated with 5 lM 5-fluorouridine (Sigma-Aldrich)

for 15 min to inhibit rRNA processing. Cells were then washed

twice with PBS and chased with fresh DMEM for different times.

Cells were harvested in TRIzol, and RNA was collected as

described in the Appendix Supplementary Methods section. 3H-

uridine incorporation in the recovered RNA samples was

measured by liquid scintillation using a Tri-Carb B2810TR b-
counter (PerkinElmer), and the obtained counts were used to

normalize the input RNA amounts. RNA samples were resus-

pended in denaturing loading buffer (containing 50% formamide

and 5% formaldehyde) and heat-denatured at 65°C for 5 min.

Samples were loaded on a 1% agarose/formaldehyde denaturing

gel and blotted onto a Hybond-N+ nylon membrane (GE Health-

care). RNA was crosslinked to the membrane with UV light using

a UV Stratalinker� 2400 crosslinker (Stratagene), and membranes

were sprayed with En3HanceTM Spray Surface Autoradiography

Enhancer (PerkinElmer) before autoradiography which was

performed for 6 days at �80°C.

Immunoprecipitation

HeLa cells were plated on 100-mm dishes (one dish per condition)

and transfected as indicated. Twenty-four hours after transfection,

cells were washed 2× in PBS and scraped. The pellet was resus-

pended in IP Lysis Buffer (50 mM HEPES, 150 mM NaCl, 0.1%

Tween-20, 1 mM EDTA, 2.5 mM EGTA, 1 mM PMSF, 1 mM

Na3VO4, 1 mM NaF, 1× Roche Antiproteolytics), and lysates were

sonicated on ice using a Bandelin SONOPULS mini20 sonicator

(10 s of 15% amplitude pulse and 30 s of pause for five cycles).

Lysates were then clarified by centrifugation for 30 min at max

speed (15,000 rpm), 4°C. In the meantime, 80 ll Dynabeads�

protein A magnetic beads (Life Technologies) were equilibrated with

IP Lysis Buffer. The clarified lysate was then loaded onto 40 ll

beads and pre-cleared for 30 min on a wheel at 4°C. After the

preclearing step, the supernatant was recovered and 5% of the

supernatant was stored and loaded on a gel as a total input control.

The remaining lysate was mixed with 40 ll of the equilibrated beads

and with 4 lg of a specific antibody or non-immunized control IgG

(Santa Cruz). Tubes were incubated on the wheel overnight at 4°C,

and bead supernatants were stored and loaded, where indicated, as

unbound fractions. Beads were then washed five times with 500 ll
IP Lysis Buffer, and final elution was obtained by resuspending

beads with 40 ll of Laemmli 2×. The bead supernatant represents

the immunoprecipitated fraction. Where reported, treatment with

RNase A (1 mg/ml) was carried out by directly adding the enzyme

to cell lysates during overnight incubation with beads and specific

antibodies. To verify RNase A efficiency, 5 ll of each unbound frac-

tion was retrotranscribed and GAPDH levels were quantified by

real-time PCR as described in the Appendix Supplementary Methods

section.

m3G-cap RNA immunoprecipitation was performed according to

the protocol published in Jia et al (2007). Briefly, 20 lg of total

RNA isolated from cells and treated with Turbo DNase (as

described in the Appendix Supplementary Methods section) was

resuspended in immunoprecipitation buffer supplemented with

300 U/ml RNaseOUT inhibitor (Life Technologies). RNA was pre-

cleared with Dynabeads protein G (Life Technologies) for 300 at

4°C and then incubated overnight with 4 lg of the anti-m3G cap

antibody (Santa Cruz Biotechnology) at 4°C with continuous shak-

ing. 2.5% of the pre-cleared RNA was stored as total input. The

antibody-bound RNAs were isolated by adding Dynabeads protein

G for 2 h at 4°C with continuous shaking, washed, eluted, and

extracted as described. Total and immunoprecipitated RNAs were

then reverse-transcribed with SuperScript III (Life Technologies)

and quantified by real-time PCR.

For RNA immunoprecipitation (RIP), cells expressing Flag-tagged

transgenes were exposed to UV-C (150 mJ/cm2) with a StrataLinker

(Stratagene) to promote covalent RNA–protein crosslinking. Cells

were lysed in RIP buffer (50 mM Tris/HCl pH 7.4, 100 mM NaCl,

1% NP-40 substitute, 0.1% SDS, 0.5 sodium deoxycholate, 300 U/ml

RNase OUT, protease inhibitor), and lysates were cleared by

centrifugation. Small lysate aliquots were stored as inputs for both

protein and RNA quantifications, while tagged protein–RNA

complexes were precipitated overnight at 4°C using anti-Flag M2-

coated magnetic beads (Sigma-Aldrich). Beads were washed twice

with RIP buffer 300 mM NaCl. One third of the beads were resus-

pended in Laemmli buffer 2× to elute proteins, and the other frac-

tion was subjected to Turbo DNase treatment (as reported in the

Appendix Supplementary Methods section), subsequently washed

twice with RIP buffer 300 mM NaCl, 10 mM EDTA and treated with

Proteinase K (PK, 5 lg/ll) to elute RNAs. RNA inputs and PK-eluted

fractions were purified by TRIzol extraction, and target RNAs were

quantified by real-time PCR after reverse transcription.

Expanded View for this article is available online.
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