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ABSTRACT

PDCD2 is an evolutionarily conserved protein with
previously characterized homologs in Drosophila
(zfrp8) and budding yeast (Tsr4). Although mam-
malian PDCD2 is essential for cell proliferation and
embryonic development, the function of PDCD2 that
underlies its fundamental cellular role has remained
unclear. Here, we used quantitative proteomics ap-
proaches to define the protein-protein interaction
network of human PDCD2. Our data revealed that
PDCD2 specifically interacts with the 40S ribosomal
protein uS5 (RPS2) and that the PDCD2-uS5 com-
plex is assembled co-translationally. Loss of PDCD2
expression leads to defects in the synthesis of the
small ribosomal subunit that phenocopy a uS5 defi-
ciency. Notably, we show that PDCD2 is important for
the accumulation of soluble uS5 protein as well as its
incorporation into 40S ribosomal subunit. Our find-
ings support that the essential molecular function
of PDCD2 is to act as a dedicated ribosomal protein
chaperone that recognizes uS5 co-translationally in
the cytoplasm and accompanies uS5 to ribosome
assembly sites in the nucleus. As most dedicated
ribosomal protein chaperones have been identified
in yeast, our study reveals that similar mechanisms
exist in human cells to assist ribosomal proteins co-
ordinate their folding, nuclear import and assembly
in pre-ribosomal particles.

INTRODUCTION

Ribosomes are evolutionarily conserved molecular struc-
tures required for protein synthesis and consist of ribonu-
cleoprotein (RNP) complexes composed of ~80 ribosomal
proteins and four noncoding ribosomal RNAs (rRNAs) in
eukaryotes. The synthesis of new ribosomes imposes a ma-
jor commitment in terms of cellular energy consumption,

involving transcription of all three RNA polymerases as
well as the spatial and temporal action of >300 ribosome
assembly factors (1). Ribosome biogenesis begins in the nu-
cleolus with the RNA polymerase [-dependent synthesis of
a precursor TRNA (pre-rRNA) that is co-transcriptionally
assembled into a large RNP particle via the recruitment of
specific ribosomal proteins and early ribosome maturation
factors (2). This large pre-ribosome particle is rapidly con-
verted into precursors of the small (40S) and large (60S)
ribosomal subunits via a complex sequence of endonucle-
olytic and exonucleolytic RNA cleavage events (1). Ulti-
mately, the 40S ribosomal subunit comprises 33 ribosomal
proteins assembled around the 18S rRNA, whereas the 60S
subunit is constituted of three different rRNAs (28S, 5.8S
and 5S) along with 47 ribosomal proteins.

During ribosome biogenesis, millions of ribosomal pro-
teins are produced in the cytoplasm and need to be
imported into the nucleus for incorporation into pre-
ribosomal particles (3). As most ribosomal protein genes
are essential for cell viability, the central mechanisms re-
sponsible for recognition of the 80 ribosomal proteins in the
cytoplasm and how each ribosomal protein is imported into
the cell nucleus for ribosome assembly still remain poorly
understood. In the past few years, the idea that dedicated
chaperones assist ribosomal proteins to coordinate their
folding, nuclear import, and/or assembly in pre-ribosomal
particles has gained significant interest (4). To date, most of
the evidence supporting the existence of specific ribosomal
protein chaperones has been reported in the budding yeast,
Saccharomyces cerevisiae. In this species, specific binding
partners to a handful of ribosomal proteins have been iden-
tified and shown to be important for the accumulation of
free ribosomal proteins, the import of ribosomal proteins
into the nucleus, and accompanying ribosomal proteins to
assembly sites in the nucleolus (5-10). Accordingly, muta-
tions in dedicated ribosomal protein chaperones usually re-
sult in ribosome biogenesis defects that resemble those ob-
served upon depletion of their ribosomal protein partners.
In humans, the protein BCCIPR has been proposed to act
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as a nuclear chaperone for the 60S ribosomal subunit pro-
tein uL14/RPL23 (11). However, BCCIPR does not appear
to be required for the synthesis of 60S ribosomal subunits
(11). Therefore, the extent to which the requirement for ded-
icated ribosomal protein chaperones is conserved in mam-
malian cells remains unclear.

As ribosomal proteins are abundant, ubiquitous, with po-
tential for binding nucleic acids, they are also prime candi-
dates for specialized functions via extra-ribosomal activi-
ties. Indeed, specific ribosomal proteins have been shown
to contribute to important cellular processes and biolog-
ical pathways beyond the ribosome (12,13). Furthermore,
the wealth of data emerging from protein-protein inter-
action studies strongly suggests the occurrence of riboso-
mal proteins involved in extra-ribosomal complexes whose
function remains unknown. We previously uncovered that
the 40S ribosomal protein uS5 (RPS2) forms an extra-
ribosomal complex with the protein arginine methyltrans-
ferase PRMT?3 in fission yeast (14), and notably, that the
uS5-PRMT3 complex is conserved from yeast to humans
(15,16). More recently, we disclosed the existence of a new
extra-ribosomal complex between uS5 and the zinc finger
protein ZNF277, revealing that ZNF277 and PRMT3 com-
pete for association with uS5 by forming mutually exclu-
sive complexes (17). Human uS5 also forms mutually exclu-
sive complexes with the programmed cell death 2 (PDCD2)
and PDCD2-like (PDCD2L) proteins (15). Interestingly,
PDCD2 and PDCD2L show homology to S. cerevisiae
Tsr4, an essential protein that was recently reported to func-
tion as a dedicated chaperone for uS5 in budding yeast (5,9).
However, in contrast to S. cerevisiae Tsr4, PDCD2L is not
essential in human cells and its absence does not result in
obvious defects in pre-40S maturation (15), arguing against
a role for PDCD2L in chaperoning uS5 in human cells. In
contrast, loss of PDCD2 function results in ribosome bio-
genesis defects (15), but the underlying molecular mecha-
nism remains unknown.

Studies therefore support an intricate network of evolu-
tionarily conserved protein-protein interactions involving
extra-ribosomal uS5 (5,9,14,15,17-19). In this study, we in-
vestigated the functional significance of the uS5-PDCD?2 as-
sociation (15). PDCD2 was originally identified in a screen
for mRNAs upregulated upon apoptosis in rat cells (20).
PDCD?2 is essential for embryonic development in mice and
Drosophila (21,22). Interestingly, PDCD?2 is also essential
for the maintenance of embryonic stem cells in mice (22),
a finding consistent with experiments using hematopoietic
stem cells in Drosophila (23). Despite harboring a MYND-
type zinc finger, a domain that has been shown to promote
protein-protein interactions within transcriptional repres-
sor complexes (24,25), and evidence of interactions with
the Host Cell Factor 1 (26), no transcription-related activ-
ity has yet been reported for PDCD2. Thus, the molecular
mechanism underlying the functional role of PDCD2 in cell
growth and self-renewal remains elusive.

Here, we report that PDCD2 functions as a dedi-
cated chaperone for the 40S ribosomal protein uS5 in hu-
man cells. We show that PDCD?2 associates with uS5 co-
translationally and that a loss-of-function of PDCD?2 in
human cells results in 40S maturation defects that pheno-
copy a deficiency in uS5. The PDCD2-uS5 association is
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required for 40S ribosomal subunit biogenesis, as PDCD2
variants impaired for the interaction between PDCD?2 and
uS5 were not able to restore the ribosome biogenesis de-
fects caused by a PDCD2 deficiency. Importantly, we show
that PDCD?2 promotes the cellular accumulation of free uS5
and its incorporation into 40S ribosomal subunit precur-
sors. Our findings, together with recent work by others (5,9),
indicate that PDCD2 supports an evolutionarily conserved
and essential function in chaperoning nascent uS5, sustain-
ing the view that the requirement for dedicated ribosomal
protein chaperones is conserved in mammalian cells.

MATERIALS AND METHODS
Human cell culture

HEK293-FT, U20S, HeLa-FT and HelLa cells were grown
in Dulbecco’s modified Eagle’s medium supplemented with
10% of tetracycline-free fetal bovine serum. Inducible ex-
pression of GFP, GFP-uS5, BirA, and BirA-PDCD?2 was
achieved by flippase-mediated recombination in HEK293-
FT or HeLa-FT cells, as previously described (27). In-
ducible shRNA-expressing cells were generated using the
pTRIPZ lentiviral inducible vector (GE Healthcare). In-
duction of GFP-tagged proteins was achieved with 500
ng/ml of doxycycline for 24 h, whereas the induction of
shRNA cell lines was achieved with 2 x 48 h incubation
with 1500 pg/ml doxycycline. Activation of BirA-tagged
proteins was achieved with 50 wM biotin for 24 h. siRNAs
were transfected with Lipofectamine 2000 at a final concen-
tration of 25 nM (siControl, siPDCD2-1, siPDCD2-2 and
siPDCD2L) or 32 nM (siuS5) for 72 h.

Affinity purification (AP) and proximity-dependent biotiny-
lation (PDB) assays

For SILAC-based AP and PDB experiments, proteins were
metabolically-labeled with stable isotopes of arginine and
lysine in cell culture, as previously described (17). Briefly,
HEK 293-FT cells expressing GFP- or BirA-tagged ver-
sions of proteins were grown in media containing labeled
amino acids. 24-48 h after induction with doxycycline
(SILAC) or biotin (BioID) cells were collected in lysis
buffer and incubated at 4°C for 20 min. Lysates were cen-
trifuged for 10 min at 13 000 rpm at 4°C and equal amount
of proteins were incubated with GFP-trap beads from
ChromoTek (Martinsried, Germany) or Dynabeads M-270
Streptavidin (Thermo Fisher) for 3 h at 4°C. Beads were
then washed and proteins were subjected to two rounds of
elution. SILAC eluates were vaccum-concentrated and re-
suspended in reducing buffer. Gel electrophoresis, in-gel di-
gestions, LC-MS/MS, and analysis of SILAC ratios were
performed as described previously (15,17).

Protein analysis and antibodies

Proteins were separated by SDS-PAGE, transferred onto ni-
trocellulose membranes, and analyzed by immunoblotting
using the following primary antibodies: anti-PDCD2 and
anti-LTV1 (ab133324 and ab122100, respectively; Abcam),
anti-PNO1, anti-bystin, anti-e[.19 and anti-uS3 (sc-133263,
sc-271722, sc-100830 and sc-376008, respectively; Santa
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Cruz Biotechnology), anti-GFP (11814460001; Roche),
anti-tubulin (T5168; Sigma-Aldrich) and anti-uS5 (a gener-
ous gift from Mark Bedford). Membranes were then probed
with either a donkey anti-rabbit antibody conjugated to
IRDye 800CW (926-32213; Li-Cor) or a goat anti-mouse
antibody conjugated to Alexa Fluor 680 (A-21057; Life
Technologies). Protein detection was performed using an
Odyssey infrared imaging system (Li-Cor).

Reconstitution assay in E. coli

HA-tagged PDCD?2 and Flag-tagged uSS5 proteins were co-
expressed in E. coli Rosetta 2 cells. For the co-expression
of both proteins, the PDCD2 cDNA was cloned in the
pCDFDuet-1 vector (Millipore Sigma) in frame with DNA
sequences encoding a C-terminal HA tag, while the uS5
cDNA was cloned in the pETDuet-1 vector (Millipore
Sigma) in frame with DNA sequences encoding a C-
terminal Flag tag. For the control experiment express-
ing PDCD2-HA alone, E. coli Rosetta 2 cells were co-
transformed with the pETDuet-1 vector alone. Bacterial
cultures, induction, cell lysis and binding assays were per-
formed as previously described (17).

Sucrose gradient analysis

To analyze the sedimentation pattern of PDCD?2, ultracen-
trifugation using sucrose gradients was performed as previ-
ously described (15,17). Briefly, cycloheximide-treated cells
were washed with PBS, and lysis buffer (supplemented with
50 wg/mL cycloheximide) was added directly to a 15-cm
dish. Cells were scraped, incubated 15 min at 4°C, and
centrifuged for 10 min at 4°C to remove cell debris. Ap-
proximately 5-10 mg of total protein was loaded onto a
5-50% sucrose gradient and centrifuged for 3 h at 40 000
rpm in a SW41 rotor (Beckman Coulter). The gradient was
then fractionated by upward displacement with 55% (w/v)
sucrose using a gradient fractionator (Brandel Inc.) con-
nected to a UA-6 UV monitor (Teledyne Isco) for con-
tinuous measurement of the absorbance at 254 nm. 0.6-
ml fractions were collected, proteins were precipitated us-
ing a chloroform-methanol method, and analyzed by west-
ern blotting. For ribosome distribution profiles, 5% of the
cleared lysate was kept for western blotting analysis. Ribo-
some subunits curves were reproduced using a DI-1100 in-
strument and the WinDaq software (DATAQ Instruments).

RNA analysis

Total RNA was prepared by using TRIzol (Life Tech-
nologies) and pre-rRNA species were analyzed by North-
ern blotting as previously described (15) with the follow-
ing modifications: 5 pg/well of total RNA were mixed
with 0.6 volume of loading dye (75% formamide, 45 mM
tricine, 45 mM triethanolamine, 0.75 mM EDTA, 0.03%
bromophenol blue, 0.6 M formaldehyde) and loaded onto
a 0.8% denaturing agarose gel (0.8% agarose, 30 mM
tricine, 30 mM triethanolamine, 0.4 M formaldehyde) in
running buffer (30 mM tricine, 30 mM triethanolamine) at
200 V. RNAs were then transferred onto nylon membranes
and hybridized using DNA probes. Oligo probes used

in this study were ITS1 (5-CCTCGCCCTCCGGGCTCC
GTTAATGATC-3), SETS (5-AGACGAGAACGCCT
GACACGCACGGCAC-3), ITS2 (5-GGGGCGATTG
ATCGGCAAGCGACGCTC-3), 18S (5-TTTACTTCCT
CTAGATAGTCAAGTTCGACC-3') and 28S (5-CCCG
TTCCCTTGGCTGTGGTTTCGCT-3'). Signals were de-
tected using a Typhoon Trio instrument and quantified by
ImageQuant TL (GE Healthcare).

Chromatin immunoprecipitation (ChIP)

ChIP assays were performed as previously described (28)
using antibodies specific for RNA polymerase 1 subunits,
RPA116 and RPA194 (generous gift from Ingrid Grummt)
as well as a IgG control antibody (abcam ab46540). Briefly,
cells were washed and cross-linked for 10 min at 37°C by
addition of formaldehyde at a final concentration of 1%.
Cells were washed and sonicated with a Branson Soni-
fier 450 at 20% amplitude with 10-s pulses at 3 min cy-
cle. The chromatin extracts were diluted 10-fold in ChIP
dilution and precleared by incubating with 40 wl salmon
sperm DNA /protein A-agarose 50% gel slurry for 2 h at
4°C. Proteins were immunoprecipitated at 4°C overnight
and washed extensively. DNA-protein cross-links were re-
versed by incubation at 65°C overnight followed by pro-
teinase K treatment. DNA was recovered by purification
with the Qiaquik PCR purification column (QIAGEN).

RNA-seq analysis

Libraries for control and PDCD2-depleted HelLa cells were
prepared using total RNA from two independent knock-
down experiments and analyzed using the Illumina HiSeq
technology. Reads containing adapter sequences (>11 nt)
were removed from the dataset, and low quality bases at
read termini were trimmed using the fastx toolkit (http:
//hannonlab.cshl.edu/fastx_toolkit/index.html), discarding
short reads (<32 nt) after trimming. Tophat was used to per-
form a spliced alignment to the human reference genome
build hgl9. After mapping, CoCo (29) was used to assign
reads to features while correcting read counts for nested
genes and multiple mapping reads. Differential gene expres-
sion analysis was performed using the DESeq2 R pack-
age (v1.24) (30). The list of genes annotated as ribosome
biogenesis genes was downloaded from the amigo website
(http://amigo.geneontology.org/amigo/term/G0O:0042254).

Complementation assay

To generate an shRNA-resistant version of PDCD2, the
sequence 5'-ca/gat/cat/ctg/gac/cat/at-3’ in the PDCD2
cDNA was mutated to 5-cc/gac/cac/cte/—/—/— -3/
to prevent siRNA-mediated targeting of the trans-
genic PDCD2 mRNA. This shRNA-resistant version of
PDCD?2 is deleted for three nonconserved amino acids
(D179/H180/1181) and reconstituted a stable complex
with uSS similar to the full-length version of PDCD2
(data not shown). Functional complementation assays
were performed using HeLa cells conditionally expressing
PDCD2-specific or nontarget control shRNAs. Briefly,
shCtrl and shPDCD?2 cells were induced with 1500 ng/mL
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doxycycline for 72 h and then transferred into 60-mm cell
culture dishes. Twenty-four hours later, cells were trans-
fected with the empty pgLAP1 vector, the pgLAP1 vector
containing the shRNA-resistant version of PDCD2, or
pgLAP1 vectors containing the shRNA-resistant version
of PDCD2 with additional mutations in the PDCD2 TYPP
and MYND domains (shown in Figure 4A). Induction of
GFP and the various versions of GFP-tagged PDCD?2 was
allowed for 48 h using 1500 ng/mL doxycycline. Total cell
extracts were prepared for analysis of protein levels and
pre-RNA processing was analyzed by Northern blotting
using total RNA.

RNA co-immunoprecipitation assay

The RNA co-immunoprecipitation assays were performed
as previously described (17). 15-cm dishes of HEK293-FT
cells conditionally expressing GFP, GFP-PDCD2L, GFP-
PDCD2, and GFP-PDCD2 TYPP mutant were induced
using doxycycline for 48 h. Cells were washed twice with
PBS and 5% of cells were kept for total RNA extraction
(input fraction). Cells were then resuspended in lysis buffer
and incubated 15 min at 4°C. Lysate was centrifuged at 13
000 rpm for 10 min at 4°C and 5% of the lysate was kept for
protein analysis. The remainder of the lysate was incubated
with GFP-Trap beads for 3 h at 4°C. The beads were washed
5 times with lysis buffer and 10% of the beads were kept for
protein analysis. RNA was extracted from the remainder
of the beads using TRIzol reagent (Life Technologies) and
analyzed by RT-qPCR. Total and copurified RNAs were
analyzed by RT-qPCR using the following gene-specific
primers: uS5 (5-TATGCCAGTGCAGAAGCAGACC-
3'/5-CCTCCTTGGAGCACTTAACAC-3), uS3 (5-
CAAGAAGAGGAAGTTTGTCGC-3'/5-GAACATTC
TGTGTTCTGGTGG-3), ul4 (5-GCAGGTCATCAG
ACTAGTGC-3'/5-GGTTTTGGTTGGTGCAAAC-3),
GAPDH (5-GTCAGCCGCATCTTCTTTTG-3'/5'-
GCGCCCAATACGACCAAATC-3").

Fluorescence microscopy

For the visual analysis of YFP-tagged uS5, a stable HeLa-
FT cell line that conditionally induces the expression
of uS5-YFP were first transfected with various siRNAs
(siRNA control, siPDCD2 and siPDCD2L). Forty-eight
hours post-transfection, the expression of uS5-YFP was in-
duced using 500 wg/ml of doxycycline for 24 h. Cells were
fixed, permeabilized, and analyzed for YFP fluorescence
and nucleolar staining using a fibrillarin-specific antibody
(Santa Cruz biotechnology). BiFC experiments were per-
formed as previously described using human U20S cells
(17). Briefly, cells were co-transfected with Venus vector
N (VN-) or Venus vector C (VC-) fusion proteins and
fixed 24 h post-transfection before analysis by fluorescence
microscopy. For all microscopy experiments, slides were
mounted on a coverslip with Slowfade Gold antifade so-
lution (Life Technologies). Images were captured by a Zeiss
Axio Observer microscope using a 63x oil objective. Im-
ages used for quantifications of fluorescence pixel intensi-
ties come from samples of two independent experiments
that were processed and imaged identically. Quantifications
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of YFP signal intensities were made on 137-154 nucleoli
from 63 to 70 cells of each condition in experimental dupli-
cates using ImageJ (31). The Kruskal-Wallis test, the un-
corrected Dunn’s tests, and the graphic representations were
performed using GraphPad Prism™ version 8 (GraphPad
Software).

Ribosome fractionation

Preparation of ribosomes and nonribosomal fractions was
performed as described previously (32) with minor mod-
ifications. Briefly, HeLa-FT cells conditionally expressing
GFP or GFP-uS5 were first transfected with nontarget con-
trol and PDCD2-specific siRNAs. Forty-eight hours post-
transfection, the expression of GFP and GFP-uS5 was in-
duced for 24 h using 500 pg/ml of doxycycline and cells
were treated with 100 ug/ml of cycloheximide for 1 minute
at 37°C. Cells were then washed with PBS, scraped in PBS,
and centrifuged for 3 min at 4°C. Cells were resuspended in
lysis buffer (32) and incubated for 20 min on ice. After cen-
trifugation, the cleared lysate was layered over a 20% (w/v)
sucrose cushion and centrifuged at 70 000 rpm at 4°C in a
TLA-110 ultracentrifuge rotor for 4 h. The cytosolic nonri-
bosomal fraction was collected, and proteins were precip-
itated with methanol and chloroform. The ribosome pel-
lets were directly resuspended in SDS-PAGE loading buffer.
Proteins from ribosomal and nonribosomal fractions were
subjected to western blot analysis.

RESULTS
Human PDCD?2 interacts with free ribosomal protein uS5

As a first step toward defining the molecular function of
PDCD?2 in human cells, we screened for PDCD2-associated
proteins using two independent, yet complementary ap-
proaches: affinity purification coupled to mass spectrome-
try (AP-MS) and proximity-dependent biotinylation cou-
pled to MS (PDB-MS). Importantly, both AP-MS and
PDB-MS were coupled to quantitative proteomics, as as-
sessed by stable isotope labeling by amino acids in cell cul-
ture (SILAC) that classifies interactions on the basis of
specificity (ratio of peptide intensities between the exper-
imental pulldown and a control purification) and protein
abundance, as estimated by the sum of peptide signal inten-
sities of a given protein normalized to its molecular mass
(33). The AP-MS analysis of PDCD2 was previously de-
scribed (15), using a stable cell line that conditionally ex-
presses a GFP-tagged version of PDCD?2. For the PDB-
MS analysis, we generated a stable cell line that condition-
ally expresses PDCD?2 fused to the BirA* biotin ligase. In
total, the AP-MS and PDB-MS approaches identified 64
(15) and 8 (see Supplementary Table S1) PDCD2-associated
proteins, respectively, with a SILAC enrichment ratio >2.0,
a minimum of two unique peptides, and an amino acid se-
quence coverage >5% (Figure 1A-C). Notably, four pro-
teins were identified in both the AP-MS and PDB-MS anal-
ysis (Figure 1C): PDCD2, the 40S ribosomal protein uSS5,
the General Transcription Factor II-I (GTF2I), and the al-
pha subunit of the nascent polypeptide-associated complex
(NACA). Noteworthy is the identification of PRMT3 and
ZNF277 in the AP-MS analysis of PDCD2 (Figure 1A), as
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Figure 1. PDCD2 forms a complex with the free uS5 protein in human cells. (A) Scatterplot showing results from GFP-PDCD?2 affinity purification-
coupled to mass spectrometry (AP-MS) plotted by SILAC ratio on the x-axis (peptide intensity originating from the GFP-PDCD?2 purification versus
the GFP control), which reflects specificity; and relative peptide intensity up the y-axis (total peptide intensity for each protein), reflecting the relative
abundance of each protein in the purification. (B) Scatterplot showing results from proximity-dependent biotinylation (PDB) assay using BirA-PDCD2
coupled to SILAC-based mass spectrometry (MS) quantifications, as described in (A). (C) Venn diagram showing overlap between PDCD2-associated
proteins identified by AP-MS (n = 64) and PDB-MS (n = 8). (A-C) The four proteins common to AP-MS and PDB-MS are shown in color. (D) Western
blot analysis of cell extracts (lanes 1-2) as well as uS5 (lanes 5-6) and IgG (lanes 3-4) immunoprecipitates prepared using extracts from HeLa cells that
conditionally express control (lanes 1, 3 and 5) and PDCD2-specific (lanes 2, 4 and 6) shRNAs. Antibodies used for Western blotting are indicated on
the right. The asterisk (top panel) indicates the presence of a non-specific protein detected using the PDCD?2 antibody. (E) Western blot analysis of total
extracts (Input, lanes 1-2) and anti-Flag precipitates (IP, lanes 3-4) prepared from E. coli that co-expressed PDCD2 and uS5 (lanes 2 and 4) or that
expressed PDCD?2 alone (lanes 1 and 3). (F) Western analysis of the indicated proteins (right) using fractions of centrifuged sucrose gradients that were
prepared using extracts of HeLa cells. The positions of the 40S, 60S/80S, and polysomes sedimentation are indicated at the bottom.

these two proteins are known to form independent extra-
ribosomal complexes with uS5 (15-17). Accordingly, this
study will focus on the functional significance of the uS5-
PDCD2 association.

First, we wanted to validate the uS5-PDCD2 association
by testing whether a complex is formed between the endoge-
nous proteins in human cells. We therefore performed a re-
ciprocal coimmunoprecipation (colP) assay where we affin-
ity purified endogenous uS5 and examined for copurifica-
tion of endogenous PDCD2 by Western blotting. As shown
in Figure 1D, a band revealed using a PDCD2-specific anti-
body was detected in the uS5 precipitate (lane 5, top panel),

but not in the control immunoprecipitation (lane 3). As
an additional control, immunoprecipitation of endogenous
uS5 using extracts prepared from PDCD2-deficient cells
(using a PDCD2-specific shRNA [see Materials and Meth-
ods]) did not result in the detection of PDCD2 in uS5 pre-
cipitates (Figure 1D, compare lanes 5-6). We thus conclude
that endogenous versions uS5 and PDCD2 form a protein
complex that can be biochemically isolated from human
cells.

Next, we addressed whether uS5 directly interacts with
PDCD2 by testing if a uS5-PDCD2 complex could be re-
constituted in vitro using recombinant proteins. Notably,



co-expression of uS5 and PDCD?2 in Escherichia coli was
able to reconstitute a complex as demonstrated by the de-
tection of PDCD2 after affinity purification of uS5-Flag un-
der stringent conditions (Figure 1E, lane 4). In contrast, a
control purification using extracts of E. coli that did not ex-
press uS5-Flag did not recover PDCD?2 (Figure 1E, lane 3),
despite the presence of PDCD?2 in the extract (Figure 1E,
lane 1). These data using a heterologous expression system
support a direct physical interaction between PDCD2 and
uSs.

As uS5 was the only ribosomal protein detected in both
AP-MS and PDB-MS analyses of PDCD?2, this suggested
that PDCD2 likely associates with free, non-ribosomal uS5.
Accordingly, assessment of PDCD?2 distribution after ve-
locity sedimentation on sucrose gradients showed that the
majority of PDCD2 was distributed in the low-density frac-
tions (Figure 1F, see fractions 1-3), with the remaining low
level of PDCD2 signal gradually decreasing into higher den-
sity fractions (fractions 4-11). This fractionation analysis
thus supports the view that PDCD2 primarily associates
with free uSS, which is consistent with the protein-protein
interaction assays of PDCD2 (Figure 1A and B).

PDCD?2 is required for small ribosomal subunit production in
human cells

We previously reported that siRNA-mediated depletion of
PDCD2 results in a 40S ribosomal subunit deficit that leads
to the accumulation of free 60S ribosomal subunits (15). To
further characterize the ribosome biogenesis defects asso-
ciated with a deficiency in PDCD2, we attempted to gen-
erate PDCD2-null cell lines by using genome editing via
CRISPR/Cas9. However, we could not get clones lacking
complete expression of PDCD?2, in contrast to its paralog
PDCD2L (15). This is consistent with results from genome-
scale loss-of-function screenings in cancer cell lines indicat-
ing that PDCD2, but not PDCD2L, is essential for cell vi-
ability (34). We therefore generated conditional human cell
lines that induce PDCD2-specific sShRNAs after addition of
doxycycline to the culture media. Using this system, we de-
pleted more than 90% of the total cellular levels of PDCD2
in a doxycycline-dependent manner (see Figure 1D, lanes
1-2). Importantly, conditional depletion of PDCD2 caused
a marked accumulation of free 60S subunit, resulting in a
2.5-fold increase in the free 60S:40S ratio relative to con-
trol cells (Figure 2A, yellow profile). The altered stoichiom-
etry between 40S and 60S ribosomal subunits in PDCD2-
deficient cells also caused a marked reduction in the levels
of 80S monosomes (Figure 2A).

The accumulation of free 60S ribosomal subunits is gen-
erally the consequence of a deficiency in 40S subunit pro-
duction and/or availability (35). We therefore examined
rRNA precursors associated with 40S ribosomal subunit
production by northern blotting using a probe complemen-
tary to internal transcribed spacer 1 (ITS1) sequences (see
Supplementary Figure S1 for position of ITS1 probe). As
can be seen in Figure 2B, depletion of PDCD?2 in HelLa
cells using independent methods and targeting sequences
(siRNA and shRNA) resulted in similar changes in pre-
rRNA levels relative to control cells (compare lanes 2-3
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to lane 1). Although the steady-state level of mature 18S
rRNA was not visibly affected by knocking down PDCD?2,
cells deficient for PDCD2 showed robust accumulation of
the 21S pre-rRNA (Figure 2B and D), which is consistent
with defective maturation of pre-40S particles (35). Because
steady-state levels of the 18S-E precursor were low in our
cell line (Figure 2B), it was difficult to accurately measure
the impact of PDCD?2 depletion on this pre-rRNA species.
Levels of 43S, 41S and 26S rRNA precursors were also in-
creased after PDCD2 knockdown. Conversely, a marked re-
duction in 30S pre-rRNA levels was noted in cells deficient
for PDCD2 (Figure 2B and D). The accumulation of 43S
and 41S pre-rRNA was also seen using a probe comple-
mentary to ITS2 sequences (see Supplementary Figure S1
for details about ITS2 probe), together with reduced levels
of 47S/458S precursors (Figure 2C and D). In addition, a
small reduction in the levels of 32S pre-rRNA was also de-
tected with the ITS2 probe (Figure 2C and D). The greater
effect of the PDCD2 knockdown on the levels of the 30S
pre-tfRNA relative to 32S precursors (Figure 2D) is con-
sistent with a more important contribution of PDCD?2 to
40S ribosomal subunit biosynthesis compared to the 60S
ribosomal subunit (see Supplementary Figure S1). Collec-
tively, the effects of a PDCD2 deficiency on ribosome bio-
genesis are consistent with altered ITS1 processing (reduced
cleavage at site 2), uncoupling of cleavage at sites A0 and
1 (accumulation of 43S and 26S), and a reduction in 3’
end processing of the 21S pre-rRNA (see Supplementary
Figure S1).

Since PDCD2 mainly associated with the uS5 ribosomal
protein in human cells (Figure 1), we next compared the
effects of depleting PDCD2 and uS5 on pre-rRNA pro-
cessing. The effects of knocking down uS5 on pre-rRNA
processing were generally consistent with a previous anal-
ysis of pre-rRNA profiles resulting from the individual de-
pletion of 40S ribosomal proteins (36). Although the pre-
rRNA processing defects associated with the knockdown
of uS5 were generally more robust than for PDCD2, the de-
pletion of uS5 largely phenocopied the pre-rRNA process-
ing defects associated with PDCD?2 loss-of-function: 21S
and 26S accumulation, 30S reduction, as well as 41S and
43S accumulation (Figure 2E, compare lanes 2-3). The fact
that depletion of either uS5 or PDCD?2 resulted in virtu-
ally the same pre-rRNA processing defects suggests that
their cooperation is indispensable for proper ribosome bio-
genesis. In S. cerevisiae, increased dosage of a client ri-
bosomal protein can partially compensate for the absence
of the dedicated ribosomal protein chaperone (5,9). To as-
sess whether increased dosage of uS5 can rescue the pre-
rRNA processing defects associated with a PDCD?2 loss-
of-function, we transfected PDCD2-deficient cells with a
construct that expresses a Flag-tagged version of uS5 or
a vector control. As shown in Figure 2F-G, increased ex-
pression of uSS5 significantly restored the pre-rRNA defects
detected in PDCD2-depleted cells relative to the control
vector (compare lane 3 to lane 2; quantifications in Fig-
ure 2G). Taken together, these data support the conclusion
that PDCD?2 is required for optimal production of 40S ri-
bosomal subunit via a mechanism that involves interaction
with uS5.
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rDNA transcription and expression of ribosome biogenesis
genes are not affected in PDCD2-deficient cells

PDCD2 contains a MYND-type zinc finger, a protein—
protein interaction domain that has been linked to chro-
matin remodeling and other transcription-related processes
(37). Accordingly, the reduction in 47S/45S precursors de-
tected by both ITSI- and ITS2-specific probes in cells de-
ficient for PDCD?2 (Figure 2B-D) could be explained by a
role of PDCD2 in regulating rDNA transcription by RNA
polymerase I (RNAPI). Yet, as ITS1 and ITS2 probes can-
not readily distinguish between the primary 47S precursor
and its processed 458 intermediate, we used a specific probe
to assess the levels of 47S primary transcript (see Supple-
mentary Figure S1 for the position of the SETS probe).
As shown in Figure 3A and B, the use of a 47S-specific
probe did not reveal changes in the level of the primary
rRNA transcript in PDCD2-depleted cells. Yet, as RNA de-
tection is an indirect measure of transcription activity, we
used chromatin immunoprecipitation (ChIP) assays to as-
sess RNAPI occupancy along the human rDNA locus. An-
tibodies specific to two independent subunits of the RNAPI
complex, namely RPA194 and RPA116, were used for the
immunoprecipitation procedure using chromatin prepared
from PDCD2-depleted and control human cells. ChIP as-
says of RPA194 and RPA116 at the rDNA locus showed
similar density profiles in both PDCD2-deficient and con-
trol cells (Figure 3C). Together with the 47S-specific North-
ern blot analysis, the RNAPI ChIP assays indicate that hu-
man PDCD?2 is not required for normal rDNA transcrip-
tion. Accordingly, these data argue that the reduced levels of
47S/45S precursors detected using ITS1- and ITS2-specific
probes in cells deficient for PDCD2 can be largely attributed
to decreased levels of the 45S pre-rRNA intermediate.

Next, we examined whether PDCD2 controls the expres-
sion of ribosomal protein genes and/or genes encoding ri-
bosome biogenesis factors as an explanation for the defects
in 40S ribosomal subunit production caused by knocking
down PDCD2 in human cells. We therefore analyzed total
RNA prepared from two independent PDCD?2 knockdown
experiments in HeLa cells by strand-specific RNA-seq. In
total, few genes were mis-regulated in PDCD2-deficient
cells: 17 genes were up-regulated and 2 were down-regulated
(Figure 3D; Supplementary Table S2), including PDCD?2
that was one of the two significantly down-regulated genes.
Importantly, expression analysis of genes annotated with
a biological function related to ribosome biogenesis, in-
cluding ribosomal protein genes, did not reveal changes in
mRNA abundance based on RNA-seq (see Figure 3D, blue
dots). We also monitored the protein levels of specific 40S
subunit maturation factors, including LTV1, BYSL, and
PNOI, which were not affected by a deficiency in PDCD2
(Figure 3E). We therefore conclude that the defects in 40S
ribosomal subunit production caused by the depletion of
human PDCD?2 are unlikely to be the consequence of a role
of PDCD?2 in controlling the expression of ribosome bio-
genesis genes.

The PDCD2-uSS5 interaction is required for 40S ribosomal
subunit biogenesis

PDCD2 belongs to a family of proteins containing TYPP
(Tsr4, YwqG, PDCD2L, PDCD2) domains (38). The
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TYPP domain is structured around two similar repeats,
each consisting of GGxP and CxxC-like motifs as well as
a highly conserved glutamine (Q) residue (see Figure 4A).
In PDCD2, the two repeats of the TYPP domain are sep-
arated by a MYND-type zinc finger (Figure 4A). To deter-
mine whether the association between PDCD2 and uSS5 is
required for the PDCD2-dependent defects in pre-40S mat-
uration (Figure 2), variants of human PDCD?2 that can no
longer bind to uS5 were needed. We therefore generated a
set of PDCD? alleles that express variants with amino acid
substitutions or deletion to characterize the functional do-
mains of PDCD2. Substitutions were introduced at evolu-
tionarily conserved residues within various domains of hu-
man PDCD2, including the GGxP and CxxC-like motifs
in the N-terminal and C-terminal repeat of the TYPP do-
main (Figure 4A). We also generated a version of PDCD2
that displays a 38-aa deletion, removing the entire MYND
zinc finger domain (Figure 4A). These PDCD? alleles were
transfected into HeLa cells and expressed as GFP fusion
proteins to define regions of PDCD?2 necessary for uS5 as-
sociation using a copurification assay. Immunoprecipitates
were prepared to isolate PDCD2 using GFP-based affin-
ity purification and analyzed for the ability of the differ-
ent PDCD?2 variants to copurify with uS5 by Western blot-
ting. As shown in Figure 4B, endogenous uS5 was recov-
ered in GFP immunoprecipitates prepared from extracts
of cells that expressed wild-type GFP-PDCD?2 (lane 7),
but not from extracts of control cells that expressed GFP
alone (lane 6), demonstrating the specificity of the copu-
rification assay. Notably, amino acid substitutions of con-
served residues within the individual repeats of the TYPP
domain of PDCD?2 abolished the interaction between uS5
and PDCD?2 (Figure 4B, lanes §-9; quantifications in Fig-
ure 4C). In contrast, the PDCD2-uS5 association was only
reduced by 30% when the MYND zinc finger domain of
PDCD?2 was deleted (Figure 4B, lane 10 and Figure 4C).
These results indicate that the TYPP domain is a critical de-
terminant of PDCD2 required for the interaction with uS5.

To test whether the ribosome biogenesis defects associ-
ated with the loss-of-function of PDCD2 was dependent
on the interaction with uS5, we established a functional
complementation assay to assess the ability of the differ-
ent PDCD2 mutants to rescue the altered pre-rRNA profile
caused by a PDCD2 deficiency (Figure 2). For this, we engi-
neered shRNA-resistant versions of wild-type and mutant
PDCD? alleles (see Experimental Procedure for details) to
allow transient expression of PDCD2 in HeLa cells express-
ing a PDCD2-specific shRNA. Expression of a wild-type,
shRNA-resistant version of GFP-tagged PDCD?2 signifi-
cantly restored the perturbed pre-rRNA levels observed in
cells deficient for endogenous PDCD2 compared to the ex-
pression of GFP alone (Figure 4D, compare lane 3 to lane
2, and see Supplementary Figure S2). We next examined the
extent to which the TYPP mutants and the MYND deletion
complemented a PDCD2 deficiency. As shown in Figure
4D, PDCD2 mutants in the N- and C-terminal repeats of
the TYPP domain showed altered pre-rRNA levels similar
to PDCD2-depleted cells that expressed GFP alone (com-
pare lanes 4-5 to lane 2), whereas wild-type PDCD?2 rein-
stated a pre-rRNA profile similar to human cells express-
ing a control nontarget ShRNA (compare lane 3 to lane
1). Interestingly, a version of PDCD2 with a deletion of
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the MYND zinc finger domain was able to partially sup- PDCD2 associates with uS5 co-translationally
press the aberrant pre-rRNA profile detected upon knock-
down of PDCD2 compared to wild-type PDCD2 (Fig-
ure 4D, compare lane 6 to lane 3). Notably, quantification
analysis of multiple independent experiments revealed that
the MYND deletion was significantly more effective than
the TYPP mutants at complementing a PDCD?2 loss-of-
function (Figure 4E), similar to analysis of PDCD2-uS5 in-
teractions (Figure 4C). Together, these results indicate that

the ability of PDCD2 to form a complex with uS5 depends b : f dedicated rib ol o1 che
on a functional TYPP domain and is important for the role quent observation of dedicated ribosomal protein chaper-
one is a co-translational recruitment via the nascent ribo-

of PDCD?2 in small ribosomal subunit synthesis. somal protein (4,7). To test whether PDCD?2 is recruited to

Because uS5 was identified as the main PDCD2-associated
ribosomal protein as determined by independent pro-
teomics approaches (Figure 1) and since the uS5-PDCD2
interaction is important for 40S ribosome biogenesis (Fig-
ure 4), we explored the possibility that PDCD?2 could play
a chaperoning role to nascent uS5. Accordingly, the S. cere-
visiae homolog of PDCD?2, Tsr4, was recently shown to
act as a dedicated chaperone for uS5/Rps2 (5,9). One fre-



Nucleic Acids Research, 2020, Vol. 48, No. 22 12909

D shCtrl shPDCD2
A R R & &
GGXP--(15)--CxxC—(8)-Q AMYND: GIxP--(16)--CxC(8)-Q & L& ,;\Q ,;\Q N
VVXA -~(15)--AxxA--(8)--Q C135-C172 VVXA--(16)--AxXA-(8)-Q (kDa) -
/ 75- . -— - . - >GFP-PDCD2
‘ 50-
I D DD = o e

50_':— S "> gy ww» W Tubulin

B \‘ ' ' -455/478
gt IP: GFP - - - - 215

GFP GFP-PDCD2 GFP GFP-PDCD2 : »

ALY S
L L L& $ & L &
<D NSRS
(kDa) e e s0s
75'] - — e || - e = -‘— GFP-PDCD2

37’—-——--.--43# &

25|---——" - -I_u35
1T 2 3 4 5 6 7 8 9 10

W e -26S NB

......—213

C
o 127 - - -18S-E
N
%8 1.0 — T 2 3 4 5 6
50 *
<=0 0.8 E
wE : .
€S 064 IN
52 1 ® 8 147
E 0 0.4 NA 1.2 . . S
g E E g o :]] 2- *%
S8 02 - = 1.0] e 1
o® 02 I - =z -
0.0 — s r—-.'-—| ‘5 2 0'8-.
- T T T T T 20 0.6 - *x
GFP  WT TYPP1 TYPP2 AMYND S
£ 04
° o ]
35 0.21
= T 0.0 T T T

V\I/T TYPP1 TYPP2 AMYND

Figure 4. The capacity of PDCD2 to form a complex with uS5 is required for the function of PDCD?2 in 40S ribosomal subunit biogenesis. (A) Schematic
representation of human PDCD?2 and modifications introduced in this study. The evolutionarily conserved TYPP domain and the MYND type zinc finger
are shown. Valine and alanine residues shown in red represent the various substitutions introduced into the N- and C-terminal repeats (TYPP1 and TYPP2,
respectively) of the TYPP domain. The AMYND version of PDCD2 harbors a 38-aa deletion from residue 135 to 172. (B) Western analysis of total extracts
(lanes 1-5) and anti-GFP precipitates (lanes 6-10) prepared from HeLa cells that were transiently transfected with the indicated versions of PDCD?2 (lanes
2-5and 7-10) or the with a GFP control plasmid (lanes 1 and 6). (C) Quantification of uS5 levels recovered in GFP immunoprecipitates normalized to the
levels of GFP-PDCD2. Values were expressed relative to the wild-type (WT) version of PDCD?2, which were set to 1.0. The data and error bars represent
the average and standard deviation from three independent experiments. *P < 0.05, ***P < 0.001, ****P < 0.0001; Student’s z-test. (D) Western blot
(WB) and northern blot (NB) analysis from HeLa cells induced to express a nontarget control (lane 1) and PDCD2-specific (lanes 2-6) shRNA before
transfection with plasmids expressing either GFP alone (lanes 1-2) or the indicated shRNA-resistant versions of GFP-PDCD?2 (lanes 3-6). Pre-rRNAs
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relative to cells expressing the wild-type shRNA-resistant version of PDCD2 (WT). * P-value < 0.05; ** P-value <0.01 , as determined by Student’s  test.

uS5 in a co-translational manner, we affinity-purified GFP-
PDCD2 from human cell extracts (Figure 5A, lane 5) that
were previously treated with cycloheximide to block transla-
tion elongation, thereby maintaining ribosome-mRNA as-
sociations. In addition, we also affinity-purified the paralog
of human PDCD2, PDCD2L (Figure 5A, lane 6) as well as
GFP alone (Figure 5A, lane 4). RNA was subsequently iso-
lated from the GFP-Trap beads and analyzed by RT-qPCR
for the specific enrichment of S5 mRNA. The data were
normalized to the GAPDH mRNA to control for experi-
mental variations, and the values were set to 1.0 for the con-
trol GFP purification. As shown in Figure 5B, we observed
a significant enrichment of S5 mRNA in GFP-PDCD2

pull-downs, whereas the u.S5 mRNA did not copurify with
GFP-PDCD2L. The enrichment of uS5 transcripts in GFP-
PDCD2 was specific, as mRNAs encoding uS3 (RPS3) and
ul4 (RPL4) were not found to be selectively enriched with
GFP-PDCD2 (Figure 5B). We next examined whether a
TYPP mutant of PDCD2, which fails to associate with uS5
(Figure 4), can copurify the S5 mRNA. Notably, affinity
purification of PDCD?2 with substitutions in the N-terminal
TYPP repeat (TYPP1) did not show any enrichment of S5
transcripts (Figure 5C-D), suggesting that a PDCD2-uS5
protein-protein interaction is required for the copurification
of the uS5 mRNA with PDCD2. We therefore conclude that
PDCD2 recognizes uSS5 in a co-translational manner.
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We also used bimolecular fluorescence complementation
(BiFC) assays to address the subcellular localization of the
uS5-PDCD?2 interaction in living cells. BiFC consists of
fusing two non-fluorescent fragments of the yellow fluores-
cent protein (YFP) to two proteins from a stable complex
leading to restoration of fluorescence within a cell by recon-
stituting the split YFP, thereby providing indication about
the cellular localization of a complex (39). We used an im-
proved version of YFP named Venus (40) to create fusions
with uS5 and PDCD2: the N-terminal fragment of Venus
(VN) was fused to the N-terminus of PDCD?2, whereas the
C-terminal fragment of Venus (VC) was fused to the C-
terminus of uS5 (Figure SE, lane 1). The VN-PDCD2 and
uS5-VC constructs were co-transfected in U20S cells, and
24 h post-transfection, the cells were fixed and visualized
by fluorescence microscopy. As shown in Figure 5F, the
uS5-PDCD?2 interaction resulted in a reconstituted Venus
signal that was found to localize to the nucleolus, the nu-
clear periphery, and the cytoplasm (see panel b). This signal
was specifically triggered by the PDCD2-uS5 interaction,
as combining fusions of uS5 and a TYPP mutant version
of PDCD2 produced background signal (Figure 5F, panel
f), consistent with biochemical data indicating that a func-
tional TYPP domain is required for PDCD2 to interact with
uS5 (Figure 4). As controls, we confirmed that each fusion
protein was properly expressed (Figure SE, lanes 1-2) and
that the BiFC localization pattern of the uSS-PDCD?2 inter-
action was observed in multiple cells (Supplementary Fig-
ure S3). These results reveal that the uS5-PDCD2 complex
is found in the cytoplasm, at the nuclear periphery, and in
the nucleolus.

PDCD2 promotes the accumulation of soluble uS5 protein
and its incorporation into 40S ribosomal subunits

Despite the fact that PDCD2 is not a stable component of
40S ribosomal particles (Figure 1), knockdown of PDCD?2
in human cells results in 40S maturation defects that pheno-
copy a deficiency in uS5 (Figure 2), indicating that the effect
of PDCD2 on 40S production must be exerted through uS5.
Accordingly, the co-translational recognition of nascent
uS5 by PDCD2 (Figure 5) is consistent with a chaperoning
function for PDCD?2. Normally, chaperones dedicated to ri-
bosomal proteins are recruited co-translationally in the cy-
toplasm to coordinate the folding, nuclear import, and/or
incorporation of nascent ribosomal proteins into ribosomal
subunit precursors (5,7-9,41). To assess whether PDCD2
acted on newly-synthesized uS5, we designed an experimen-
tal strategy to analyze de novo synthesized uS5 in conditions
of PDCD?2 deficiency. Specifically, we used PDCD2-specific
and control nontarget siRNAs to knockdown PDCD?2 ex-
pression for 48 h. PDCD2-deficient and control cells were
subsequently induced to express a GFP-tagged version of
uS5 or GFP alone for 24 h. Extracts were prepared and sub-
jected to ultracentrifugation through a sucrose cushion to
separate ribosomal complexes from the ribosome-free cy-
tosol. Notably, these experiments revealed that the levels of
GFP-uS5 in the soluble and pellet fractions were weakly,
but significantly reduced in PDCD2-deficient cells relative
to cells transfected with control siRNAs (Figure 6A, lanes
5-6 and 8-9; Supplementary Figure S4A and B; Quan-
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tifications in Figure 6B). We also quantified the levels of
GFP-uS5 relative to independent ribosomal proteins: eL19
and uS3. This quantification analysis showed reduced lev-
els of GFP-uS5 in the ribosome pellet (Supplementary Fig-
ure S4C), but not in the soluble fraction (Supplementary
Figure S4D) of PDCD2-deficient cells. It should be noted,
however, that only a small proportion of ribosomal proteins
are recovered in the soluble fraction (between 0-4% of to-
tal), thereby resulting in increased variation in the quan-
tification analysis of soluble ribosomal proteins. Taken to-
gether, these data suggested that less uS5 reaches pre-40S ri-
bosomal subunits assembly sites in PDCD2-deficient cells.
To get further evidence that loss of PDCD?2 function im-
pairs the accumulation of uS5 into ribosome assembly sites,
we analyzed the subcellular localization of YFP-tagged uS5
in PDCD2-deficient cells. uS5-YFP was used for the fluo-
rescence microscopy as it gave a better signal-to-noise ra-
tio than GFP-uS5-expressing cells. Importantly, both uS5-
YFP and GFP-uS5 copurified similar levels of endogenous
PDCD?2 (Supplementary Figure S4E). As shown in Figure
6C and Supplementary Figure S4F, the overall nucleolar
signal of uS5-YFP was reduced in PDCD2-depleted cells
compared to control cells (compare panel e to panel b). As
an additional control, no such reduction of uS5-YFP nu-
cleolar signal was observed in cells deficient for the par-
alog of human PDCD2, PDCD2L (Figure 6C, panel h).
Quantification of uS5-YFP nucleolar fluorescence intensity
revealed a significant reduction in the mean nucleolar sig-
nal in PDCD2-depleted cells compared to control cells and
PDCD2L-depleted cells (Figure 6D). We also examined the
impact of increased dosage of PDCD2 on the subcellular
localization of uS5-YFP. Notably, we found that uS5-YFP
accumulated in the nucleoplasm of cells that overexpressed
a Flag-tagged version of PDCD2 (Figure 6E, panels e—f and
i—J; see arrowheads), whereas adjacent non-transfected cells
showed mainly cytoplasmic and nucleolar uS5-YFP signal.
As an additional control, the overexpression of a different
nuclear protein, Flag-PABPNI1, did not result in the accu-
mulation of uS5-YFP in the nucleoplasm (Figure 6E, panels
a-b). Collectively, the results presented in Figure 6 indicate
that PDCD2 is important for the accumulation of nascent
uS5 protein and its incorporation into nucleolar pre-40S ri-
bosomal subunits.

DISCUSSION

Ribosomal proteins are highly abundant, ubiquitous, and
basically charged proteins with potential for binding nu-
cleic acids. Accordingly, ribosomal proteins are prime can-
didates for non-specific interactions before they are stably
incorporated into ribosomal subunits. As ribosomal pro-
teins are synthesized in the cytoplasm and need to be trans-
ported into the nucleus for ribosome assembly, completing
this process becomes a demanding assignment given their
abundance and susceptibility for non-specific interactions.
Interestingly, the last few years have seen the emergence of
factors, termed ‘dedicated chaperones’, that recognize spe-
cific ribosomal proteins to facilitate their solubility, traf-
fic, and/or assembly, but that are not stable constituents
of the mature ribosome (4). To date, most of these spe-
cific factors have been identified in budding yeast and it has
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Figure 6. PDCD2 contributes to uS5 accumulation and pre-40S incorporation. (A) HeLa cells that were previously depleted of PDCD?2 using sequence-
specific siRNAs (lanes 3, 6, and 9) or treated with a control nontarget siRNA (lanes 1-2, 4-5 and 7-8) were induced to express GFP alone (lanes 1, 4 and
7) or GFP-tagged uS5 (lanes 2-3, 5-6, and 8-9) for 24 h. Cell extracts (lanes lanes 1-3) were fractioned on a sucrose cushion to separate the ribosomal
fraction (lanes 7-9) from the ribosome-free cytosol (lanes 4-6) and both fractions were subjected to Western blot analysis. (B) Levels of GFP-uS5 were
normalized to Tubulin levels and are expressed relative to values for cells treated with control siRNAs. Data and error bars represent the means and
standard deviations, respectively, from three independent experiments. * P-value < 0.05, as determined by Student’s ¢ test. (C) HeLa cells that conditionally
express uS5-YFP were transfected with a nontarget control siRNA (panels a-c), siRNAs that target PDCD?2 (panels d—f), and siRNAs targeting PDCD2L
(panels g-i). 48 h post-transfection, uS5-YFP expression was induced with doxycycline for 24 h, cells were then fixed and simultaneously analysed by
direct fluorescence (b, e and h) and immunostaining for the nucleolar marker fibrillarin (c, f and i). DNA staining with DAPI shows the nucleus of
each cell (a, d and g). (D) Violin plots with nucleolar YFP fluorescence mean intensity scores for cells transfected with the indicated siRNAs from two
independent replicates. Statistical differences were calculated using a Kruskal-Wallis test among the three groups (siCtrl, siPDCD2, and siPDCD2L), and
Dunn’s uncorrected tests for pairwise comparison. P-values are indicated as follows: ****P < 0.0001; ns, not significant. (E) HeLa cells that conditionally
express uS5-YFP were transfected with DNA constructs expressing Flag-PABPN1 (panels a—d) or Flag-PDCD2 (panels e-1) and simultaneously induced
to express uS5-YFP with doxycycline. 24 h post-transfection/induction, cells were then fixed and simultaneously analysed by direct fluorescence (b, f and
j) and immunostaining using a Flag antibody (a, e and 1). DNA staining with DAPI shows the nucleus of each cell (c, g and k). Arrowheads (e, f, i and j)
show Flag-PDCD2-transfected cells that accumulate uS5-YFP in the nucleus.




remained unclear if the function of dedicated chaperones
is conserved between yeast and humans. In this study, we
report that human PDCD?2 functions as an evolutionarily
conserved chaperone dedicated to the 40S ribosomal pro-
tein uS5 (RPS2). This conclusion is supported by several
observations: (i) PDCD2 specifically and directly interacts
with uS5 (Figure 1), (i) PDCD2 and uS5 form an endoge-
nous protein complex in human cells (Figure 1), (iii) a de-
ficiency in PDCD2 results in 40S ribosome biogenesis de-
fects that phenocopy a depletion of human uS5 (Figure 2),
(iv) increased uS5 dosage restored the ribosome biogenesis
defects associated with a PDCD2 deficiency (Figure 2), (v)
PDCD?2 recognizes nascent uS5 in a co-translational man-
ner (Figure 5), (vi) PDCD2 is important for the accumula-
tion of soluble uS5 and its incorporation into 40S particles
(Figure 6) and (vii) the yeast homolog of PDCD2, Tsr4, was
recently shown to function as a dedicated chaperone for S.
cerevisiae uSS5 (5,9). The role of PDCD?2 in chaperoning free
uS5is also likely conserved in invertebrates, as data support-
ing a physical interaction between uS5 and PDCD2/Zfrp8
was reported in Drosophila (18). Collectively, these findings
support that the need for a dedicated chaperone to promote
the accumulation of soluble uS5 protein is conserved from
yeast to humans.

Depletion of PDCD2 and uS5 from human cells led to the
accumulation of various rRNA processing intermediates re-
lated to 40S subunit production (Figure 2). Some of those
intermediates are associated with inefficient processing of
the 5’-ETS (458, 438, 418, 30S and 26S), which occurs in the
context of the Small Subunit (SSU) processome (1,2) before
uS5isincorporated into pre-40S particles (42). Accordingly,
the accumulation of these large rRNA processing interme-
diates is likely to be an indirect consequence of a deficiency
in uS5 and PDCD2, as certain factors that act in the SSU
processome may become limiting as they are inefficiently re-
cycled from late pre-40S particles (such as 21S-containing
precursors). Indeed, as 21S and 18S-E rRNA processing
intermediates exist in the context of pre-40S particles, the
robust accumulation of 21S (Figure 2) in cells depleted for
PDCD?2 and uS5 is more consistent with a direct effect of a
uS5 deficiency.

Mammalian PDCD?2 localizes to the cytoplasm and the
nucleus at steady state (Supplementary Figure S5), con-
sistent with previous data from the Human Protein Atlas
(43). Specifically, our BiFC analysis revealed the presence of
uS5-PDCD2 complexes in the nucleolus and the cytoplasm
of human cells (Figure 5). These observations suggest that
PDCD2 recognizes uS5 co-translationally in the cytoplasm
and accompanies uS5 to ribosome assembly sites in the nu-
cleus. Consistent with a model in which PDCD?2 escorts uS5
into the nucleus of human cells, uS5-YFP nucleolar signal
was significantly reduced in PDCD2-deficient cells (Figure
6D). We also found that overexpression of PDCD?2 results
in nuclear accumulation of uS5-YFP (Figure 6E), support-
ing the view that PDCD?2 accompanies uS5 into the nucleus.
A model in which PDCD2 escorts uS5 into the nucleus con-
trasts with the chaperoning function of Tsr4 in S. cerevisiae
where Tsr4 appears to be restricted to the cytoplasm (5).
Surprisingly, uS5-GFP accumulates in the nucleus of 7S R4-
deleted cells (9), raising the possibility that Tsr4 could con-
tribute to the nuclear pool of uS5in S. cerevisiae. However,
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as T'SR4-null cells show several morphological defects (9),
the nuclear accumulation of uS5-GFP in the tsr4A mutant
could also result from indirect consequences of ribosome
biogenesis defects. As for many ribosomal proteins, the nu-
clear import pathway of uS5 remains unknown. Although
ensemble algorithms (44) predict weak nuclear localization
signals (NLSs) in the N-terminal region of human PDCD2,
it remains to be determined whether PDCD?2 functions as
an import adaptor to promote uS5 nuclear import. An ac-
tive role in the nuclear import of uL5 (Rplll) and ulL18
(Rpl5) was previously shown for the Syol chaperone pro-
tein in S. cerevisiae (45). Alternatively, the association of
PDCD?2 with uS5 could induce a conformational change in
uS5 that exposes a cryptic NLS.

Our study established a critical role for the conserved
TYPP domain of PDCD2 in chaperoning uS5. Remark-
ably, a detailed computational analysis of this evolution-
arily conserved domain superfamily had predicted a gen-
eral role for the TYPP domain in chaperone-like activi-
ties by mediating protein-protein interactions (38). Based
on the structure of the B. subtilis YwqG protein (pdb id:
1PV5), the two-repeat structure of the TYPP domain stack
against each other by forming five-stranded B-sheets into
a single globular domain (38). Consistent with a similar
two-region globular fold in human PDCD?2, substitutions
in conserved residues in either the N- or C-terminal repeat
region of the TYPP domain abrogated the interaction with
uS5 and the ability of PDCD2 to complement a PDCD2
loss-of-function (Figure 4). Together with data indicating
that S. cerevisiae Tsr4 recognizes an unstructured region in
the N-terminus of uS5 (5,9), our findings suggest that the
TYPP domain could function in binding intrinsically dis-
ordered regions or unstructured peptides. Given that the
positively-charged N-terminal region of uS5 is specific to
eukaryotes, it is likely that bacterial proteins encompassing
a TYPP domain, such as the uncharacterized YwqG pro-
teins of B. subtilis and E. coli, will chaperone client pro-
teins other than the prokaryotic homologue of uSS5. Inter-
estingly, many ribosomal protein chaperones appear to rec-
ognize eukaryotic-specific regions in their client ribosomal
proteins (5,7-9,46). Whether the acquisition of eukaryotic-
specific extension/domains and dedicated chaperones are
linked to the emergence of a nuclear/nucleolar compart-
ment for ribosome biogenesis is an intriguing question in
evolutionary biology.

In humans, two different genes encode homologs of S.
cerevisiae Tsr4: PDCD2 and PDCD2L that share the pres-
ence of a TYPP domain and protein-protein interactions
with uS5. In contrast to PDCD2, however, PDCD2L is not
essential for cellular viability and pre-rRNA processing de-
fects are not readily detectable in PDCD2L-null cells (15).
Furthermore, our results revealed that whereas PDCD2
binds to uS5 co-translationally, PDCD2L does not (Figure
5). Thus, despite sharing sequence similarity with Tsr4 and
the ability to interact with uS5, it appears that the riboso-
mal protein chaperone-like function in humans is specific to
PDCD2, while PDCD2L was likely co-opted for new func-
tions in ribosome biogenesis. Indeed, PDCD2L physically
associates with pre-40S ribosomal subunits and contains a
strong leucine-rich nuclear export signal that is required for
CRM1 binding (15), which makes it a potential candidate
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as an adaptor protein to facilitate CRM1-mediated nuclear
export of 40S precursors, a function that is likely under-
taken by a redundant set of adaptor proteins. In addition,
the N- and C-terminal repeat regions of the PDCD2 TYPP
domain are separated by a MYND domain, a specialized
zinc finger that promotes protein-protein interactions (47)
that is not found in human PDCD2L and S. cerevisiae Tsr4.
Our results indicated that the MYND type zinc finger of
PDCD?2 was not essential for its interaction with uS5 (Fig-
ure 4), consistent with the fact that PDCD2L and Tsr4 ef-
ficiently bind to uS5 without the presence of a MYND do-
main. Future studies will therefore be required to define the
functional role of the PDCD2 MYND domain.

Our AP-MS analysis of GFP-PDCD2 recovered PRMT?3
and ZNF277, two proteins that we previously reported to
compete for binding to free uS5 (17). Accordingly, this sug-
gests that PDCD?2 can form two different higher-order com-
plexes with uS5, which either additionally contain ZNF277
or PRMT3. The functional relevance of these mutually ex-
clusive complexes (PDCD2-uS5-PRMT3 vs PDCD2-uS5-
ZNF277) remains to be determined. Interestingly, these
complexes appear to be evolutionarily conserved (48), sug-
gesting that they play important biological roles. However,
neither PRMT3 nor ZNF277 appear to be required for ri-
bosome biogenesis, as siRNA-mediated knockdowns show
no sign of altered ribosome production (15,17). As ZNF277
was shown to associate with RNA (49) and chromatin (50),
it will be interesting to see whether these higher-order com-
plexes contribute to gene regulation.

PDCD? is essential for embryonic development in mice
(22), Zebrafish (51) and Drosophila (21). In mouse embry-
onic stem cells, loss of PDCD2 results in loss of prolifer-
ation and failure of S phase entry (52). By virtue of asso-
ciations between PDCD2 and chromatin remodeling pro-
teins HCFC1 and NCORI1 (26), together with the fact that
MYND domain-containing proteins are known to interact
with nuclear factors that function in transcription regula-
tion (24,53,54), it was speculated that PDCD?2 functions
as a transcriptional regulator required for cellular prolifer-
ation and differentiation. As yet, however, direct evidence
to support that PDCD2 functions in transcription regula-
tion is still lacking. Our RNA-seq analysis in fact revealed
only a few genes that were misregulated in PDCD2-deficient
HeLa cells (Figure 3). Of potential interest is the observa-
tion that four (CFI, CFB, C4BPA, VTN) of the 17 signif-
icantly upregulated genes appear to function in the regu-
lation of complement activation, a system that plays key
roles in the defense against pathogens and the clearance
of apoptotic cells (55). It remains possible that PDCD2
may contribute to gene regulation in a cell type-specific
manner; however, PDCD?2 is ubiquitously expressed across
all tissues and cell types (56). Thus, given the data pre-
sented in this study, it is likely that the molecular function
of PDCD2 essential for cellular proliferation and embry-
onic development is related to ribosome biogenesis via its
critical role as a ribosomal protein chaperone. Consistent
with this model, the conditional inactivation of PDCD2
results in p53 activation and cell cycle arrest (52), which
are hallmarks of ribosome biogenesis defects as a result of
a ribosomal protein deficiency such as in ribosomopathies
(57,58).

In summary, our study reveals that the evolutionarily
conserved PDCD2 protein functions as a specific ribosomal
protein chaperone in human cells. The connection between
altered ribosome biogenesis and cancer is now well estab-
lished (3), supporting the idea that inhibition of ribosome
biogenesis is a promising strategy in cancer chemotherapy.
Because PDCD?2 is critical for ribosome biogenesis, essen-
tial for cell proliferation and down-regulated in differenti-
ated cells, PDCD?2 represents a potentially attractive tar-
get for cancer treatment. Targeting PDCD?2 could be par-
ticularly valuable for specific cancers, such as liver cancer,
where elevated PDCD?2 expression is associated with a sig-
nificantly reduced probability of patient survival (59).
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