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ABSTRACT 28 
The protein arginine methyltransferase 3 (PRMT3) forms a stable complex with the 40S ribosomal 29 
protein S2 (RPS2) and contributes to ribosome biogenesis. However, the molecular mechanism by 30 
which PRMT3 influences ribosome biogenesis and/or function still remains unclear. Using 31 
quantitative proteomics, we identified the human Programmed Cell Death 2-like (PDCD2L) as a 32 
novel PRMT3-associated protein. Our data suggest that RPS2 promotes the formation of a 33 
conserved extra-ribosomal complex with PRMT3 and PDCD2L. We also show that PDCD2L 34 
associates with 40S subunit precursors that contain a 3’-extended form of the 18S rRNA (18S-E 35 
pre-rRNA) and several pre-40S maturation factors. PDCD2L shuttles between the nucleus and 36 
cytoplasm in a CRM1-dependent manner using a leucine-rich nuclear export signal that is sufficient 37 
to direct the export of a reporter protein. Although PDCD2L is not required for the biogenesis and 38 
export of 40S ribosomal subunits, we found that PDCD2L-null cells accumulate free 60S ribosomal 39 

subunits, indicative of a deficiency in 40S subunit availability. Our data also indicate that PDCD2L 40 
and its paralog, PDCD2, function redundantly in 40S ribosomal subunit production. Our findings 41 
uncover the existence of an extra-ribosomal complex consisting of PDCD2L, RPS2, and PRMT3, 42 
and support a role for PDCD2L in the late maturation of 40S ribosomal subunits. 43 
 44 
 45 
 46 
 47 
 48 
  49 
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INTRODUCTION 50 
Proliferating cells greatly rely on protein synthesis to provide a continuous source of 51 

structural and catalytic proteins to grow, duplicate, and expand. The ribosome is the evolutionarily 52 
conserved macromolecular machine responsible for protein synthesis, and consists of a 53 
ribonucleoprotein complex composed of four noncoding ribosomal RNAs (rRNAs) and ~80 54 
ribosomal proteins (RPs) in eukaryotes. Ribosome biogenesis necessitates a major commitment in 55 
terms of cellular energy consumption, involving transcription from all three eukaryotic RNA 56 
polymerases, the spatial and temporal action of more than 300 ribosome assembly factors, and 57 
several quality control checkpoints to ensure proper ribosome assembly (1). In fact, given the 58 
substantial amount of resources invested in making ribosomes, the past few years have seen a 59 
growing body of evidence linking ribosome biogenesis to nutrient, growth factor, and stress 60 
responses (2), thereby implicating regulation of ribosome biogenesis in stem cells homeostasis (3, 61 
4) and cancer biology (5). 62 
 In eukaryotes, ribosome biogenesis begins in the nucleolus with the synthesis of a 63 
precursor rRNA that is co-transcriptionally assembled into a large ribonucleoprotein particle (RNP) 64 
via the recruitment of specific RPs and early maturation factors (6). This large ~90S pre-ribosome 65 
complex is then rapidly converted into precursors of the 40S and 60S ribosomal subunits via a 66 
complex series of endonucleolytic and exonucleolytic RNA cleavage events (6). Pre-40S particles 67 
are rapidly exported from the nucleus and further processed in the cytoplasm, whereas maturation 68 
of the pre-60S continues in the nucleus before export to the cytoplasm. Nuclear export of pre-40S 69 
and pre-60S particles both depend on the RanGTP-binding exportin, CRM1, which recognizes a 70 
leucine-rich nuclear export signal (NES) in adaptor proteins to facilitate export from the nucleus (7). 71 
Interestingly, whereas the NES-containing adaptor Nmd3 has been shown to be essential for pre-72 
60S export in yeast and vertebrates (8-11), the identification of a similar NES adaptor essential for 73 
pre-40S subunit export has remained elusive.  74 
 Historically, the ribosome is viewed as a generic machine that translates all mRNAs equally. 75 
However, findings in the past decade challenge this simplistic view and suggest that heterogeneity 76 
in ribosome composition may give rise to specialized ribosomes (12). One of the mechanisms 77 
proposed to promote ribosome heterogeneity is the addition of post-translational modifications to 78 
RPs. Interestingly, whereas RPs are subject to a variety of posttranslational modifications (13-15), 79 
few RP-modifying enzymes have been identified. Methylation of RPs at arginines in both the 80 
eukaryotic 40S and 60S ribosomal subunits is evolutionarily conserved (16-18) and fluctuates 81 
depending on growth conditions (19, 20). Work in the fission yeast Schizosaccharomyces pombe 82 
identified the first eukaryotic RP methyltransferase, PRMT3, which methylates the 40S ribosomal 83 
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protein S2 (RPS2) (21). PRMT3 is an evolutionarily conserved cytosolic arginine methyltransferase 84 
that contains a single C2H2-type zinc finger (22), which is required for interaction with RPS2 (23). 85 
Arginine methylation of RPS2 was also demonstrated in human cells (24) and in S. cerevisiae (25), 86 
indicating the existence of a conserved RP modification. Consistent with a role in ribosome 87 
function, disruption of PRMT3 results in aberrant ribosome profiles in S. pombe and Arabidopsis 88 
(21, 23, 26). Furthermore, hypomorphic PRMT3 mice and PRMT3-null plants show developmental 89 

defects reminiscent of ribosome biogenesis mutants, including reduced embryo size and growth 90 
retardation (26, 27). As yet, however, the exact role of PRMT3 in ribosome biogenesis and/or 91 
ribosome function remains poorly understood.  92 
 Here, we used quantitative proteomics in human cells to identify novel PRMT3-associated 93 
proteins. High-resolution mass spectrometry analysis of PRMT3 purifications uncovered a stable 94 
complex consisting of PRMT3, RPS2, and the Programmed Cell Death 2-like (PDCD2L) protein. 95 
PDCD2L belongs to a protein family that contains a TYPP (TSR4, YwqG, PDCD2L, and PDCD2) 96 
domain, which has been proposed to promote protein-protein interactions based on structure 97 
prediction (28). Although the S. cerevisiae ortholog of PDCD2L, Trs4p, is required for processing of 98 
the 20S pre-rRNA into mature 18S rRNA (29), the functional role of human PDCD2L had remained 99 
unknown. In this study, we show that a fraction of PDCD2L associates with late stage 40S 100 
ribosomal subunit precursors that contain a 3’-extended form of 18S rRNA. PDCD2L contains a 101 
leucine-rich NES that is both necessary and sufficient for interaction with CRM1 and 102 
nucleocytoplasmic shuttling. Disruption of PDCD2L expression in human cells resulted in the 103 
accumulation of free 60S ribosomal subunits, a phenotype suggestive of defects in 40S ribosomal 104 
subunit availability. Our data also reveal some level of redundancy between PDCD2L and its 105 
paralogs, PDCD2, in 40S ribosomal subunit biogenesis. Our findings uncover the existence of an 106 
extra-ribosomal complex consisting of PDCD2L, RPS2, and PRMT3, and support a role for 107 
PDCD2L in the late maturation of 40S ribosomal subunits. 108 
  109 
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MATERIALS AND METHODS 110 
Cell culture. HEK 293, U-2 OS, and HeLa cells were grown in Dulbecco’s modified Eagle’s 111 

medium (DMEM) supplemented with 10% of tetracycline-free fetal bovin serum (FBS). Inducible 112 
expression of GFP, GFP-PRMT3, GFP-PDCD2L, GFP-PDCD2LNESmut, GFP-PABPN1, Flag-113 
PDCD2L, and Flag-PABPN1 was achieved by site-directed recombination using the Flp-FRT 114 
system in HEK 293-FT and U-2 OS-FT cells, as previously described (30). Induction of GFP- and 115 
Flag-tagged proteins was achieved with 500 ng/mL of doxycycline for 20h-72h. siRNAs were 116 
transfected with Lipofectamine 2000 at a final concentration of 25nM (siControl and siPDCD2L) or 117 
32 nM (siBystin and siRPS2) for 72 h. 118 
 119 
Generation of PDCD2L-null cells using the CRISPR-Cas9 system. For deletion of PDCD2L in 120 
HeLa cells, 2 gRNAs, the Cas9 nickase and a template DNA were used. The following gRNAs, A) 121 
5’-CGTGCACCGGCGCATCTCGAAGG-3’ and B) 5’-TGCCTGGACTGCTAGCAAGCTGG-3’, were 122 
designed via the CRISPR Desing webtool available at crispr.mit.edu. These sequences were 123 
inserted in the pSpCas9n(BB)-2A-GFP vector (Addgene) as previously described (31). For the 124 
construction of the template DNA construct containing the puromycin resistance gene (Puromycin 125 
N-acetyl-tranferase - PAC) under the control of the CMV promoter flanked by two PDCD2L 126 
homology regions, pEGFP-C1 (Clontech) was used as the backbone vector. The PAC sequence 127 
was amplified from pTRIPZ (GE Dharmacon) and the CMV promoter and immediate-early 128 
enhancer sequences were amplified from pEGFP-C1 (Clontech). PDCD2L homology sequences 129 
were amplified from HeLa genomic DNA. For the 5’ PDCD2L homology arm, a 791 base pair 130 
sequence ending at the nucleotide before the gRNA-A was amplified. For the 3’ PDCD2L 131 

homology arm, a 784 base pair sequence starting at the nucleotide after the gRNA-B was 132 
amplified. Gibson assembly was used to insert the homology arms into the backbone vector. The 133 
PAC and CMV promoter sequences were joined by PCR fusion and inserted between the 134 
homology arms using BglII and NotI digestions.  135 

HeLa cells were seeded in a 15-cm plate. The next day, cells were transfected with 10 µg of 136 
pSpCas9n(BB)-2A-GFP-gRNA-A, 10 µg of pSpCas9n(BB)-2A-GFP-gRNA-B, and 20 µg of the 137 
linearized DNA template using 80 µL of Lipofectamine 2000 (Life Technologies). 48h post-138 
transfection, positive cells were selected by the addition of 2 µg/mL of puromycin (Wisent) to the 139 
cell culture medium. Following the visual detection of puromycin-resistant colonies, cells were 140 
detached, counted, and diluted sufficiently to obtain 1 cell/well in a 96-well plate. Following cellular 141 
expansion of individual clones in puromycin-supplemented media, the cells were divided into two 142 
24-well plates: one was used for screening by Western blot and the other was used for cell 143 
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maintenance. In total, five independent PDCD2L-null clones were frozen and kept in liquid 144 
nitrogen. The inactivation of PDCD2L alleles was confirmed by DNA sequencing and western 145 

blotting.  146 
 147 
SILAC and label-free purifications. For SILAC experiments, proteins were labeled with stable 148 
isotopes of arginine and lysine in cell culture, as previously described (32). Briefly, HEK 293-FT 149 
cells expressing GFP- or Flag-tagged versions of proteins were grown in media containing labeled 150 
amino acids (Cambridge Isotope Laboratories). 24-48h after induction with doxycycline, cells were 151 
collected in lysis buffer (50mM Tris-HCL, pH 7.5, 150 mM NaCl, 0.1% Triton X-100, 10% glycerol, 152 
2 mM MgCl2, 1 mM dithiothreitol [DTT] and 1X Complete protease inhibitor cocktail [Roche]) and 153 
incubated at 4°C for 20 min. Lysates were centrifuged for 10 min at 13,000 × g at 4°C and equal 154 
amount of proteins were incubated with GFP-trap agarose beads from ChromaTek (Martinsried, 155 
Germany) or Anti-Flag M2 affinity gel (Sigma Aldrich) for 3 h at 4°C. Beads were then washed 5 156 
times with lysis buffer and proteins were subjected to two rounds of elution by adding 100µl of 157 
denaturing buffer (50 mM Tris-HCl pH 6.8, 2% SDS, 0.1 mM DTT) for 10 min at 90°C. Eluates 158 
were concentrated by speedvac and resuspended in reducing buffer (125 mM Tris-HCl pH 8.0, 159 
1.25% SDS, 37.5% glycerol, 60 mM DTT, 0.025% bromophenol blue). Gel electrophoresis, in-gel 160 
digestions, LC-MS/MS, and analysis of SILAC ratios were performed as described previously (32).  161 
 162 
Protein analysis and antibodies. Proteins were separated by SDS-PAGE, transferred to 163 
nitrocellulose membranes, and analyzed by immunoblotting using the following primary antibodies: 164 
anti-PABPN1 (Epitomics); anti-tubulin, anti-actin, and anti-Flag (T5168, A5441 and F1804, 165 
respectively; Sigma-Aldrich); anti-PRMT3 (A302-526A; Bethyl); anti-PDCD2L (A303-783A; Bethyl); 166 
anti-hRRP12, anti-PNO1, and anti-Bystin (sc-139043, sc-133263 and sc-271722, respectively; 167 
Santa Cruz Biotechnology); anti-hLTV1 (ab122100; Abcam); anti-RPL17 (GTX111934; GeneTex), 168 
and anti-RPS2 (a generous gift from Dr. Mark Bedford). Membranes were then probed with either a 169 
donkey anti-rabbit antibody conjugated to IRDye 800CW (926-32213; LI-COR) or a goat anti-170 
mouse antibody conjugated to Alexa Fluor 680 (A-21057; Life Technologies). Proteins detection 171 
was performed using an Odyssey infrared imaging system (LI-COR).  172 
 173 
Yeast two-hybrid assays. PRMT3, RPS2 and PDCD2L cDNAs were cloned in pVP16 and 174 
pLexNA plasmids and transformed in Saccharomyces cerevisiae strain L40. Levels of β-175 

galactosidase activity were measured by liquid assays within the linear response range, as 176 
previously described (33).  177 
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 178 
Sucrose gradient analysis. To analyze the cosedimentation of PDCD2L with ribosomal particles, 179 

sucrose gradient centrifugation was performed as previously described (21). Briefly, cells were 180 
washed with PBS, centrifuged, resuspended, and incubated in lysis buffer (10 mM Tris-HCL, pH 181 
7.4, 100 mM KCl, 10 mM MgCl2, 1 mM DTT, 1% Triton X-100, Complete protease inhibitor cocktail 182 
[Roche], 40U/mL RNase OUT [Life Technologies] and 50 µg/mL cycloheximide [Sigma Aldrich]) for 183 
20 min at 4°C. Following clarification of the lysate by centrifugation at 13,000 rpm for 10 min at 184 
4°C, 7-10 mg of total protein was loaded onto a 10-45% sucrose gradient and centrifuged for 6 h at 185 
40,000 rpm at 4°C in a SW41 rotor (Beckman Coulter). The gradient was then fractionated by 186 
upward displacement with 55% (w/v) sucrose using a gradient fractionator (Brandel Inc.) 187 
connected to a UA-6 UV monitor (Teledyne Isco) for continuous measurement of the absorbance 188 
at 254 nm. 0.6-ml fractions were collected, proteins were precipitated with TCA (15% final), and 189 
analyzed by western blotting.  190 

For ribosome distribution profiles, cycloheximide-treated cells were washed twice with PBS 191 
and lysis buffer was added directly in the 15-cm dishes. Cells were scraped, incubated 20 min at 192 
4°C, and centrifuged. Five percent of the supernatant was kept for western analysis and the 193 
remainder (3,5 mg of total protein) was loaded onto a 5-50% sucrose gradient and centrifuged for 194 
3h at 40,000 rpm. 40S, 60S, and 80S subunits curves were reproduced in Excel and the area 195 
under the curve was calculated using the rectangle method.  196 
 197 
RNA analysis. Total RNA was prepared using TRIzol (Life Technologies) and pre-rRNA species 198 
were analyzed by Northern blotting, as previously described (34), with the following modifications: 199 
4 µg/well of total RNA, mixed with 5 volumes of loading dye (10mM EDTA, 60% glycerol, 0.04% 200 
bromophenol blue), were loaded on a 0.8% denaturing agarose gel (0.8% agarose, 20 mM MOPS, 201 
5 mM sodium acetate, 1 mM EDTA, 6.3% formaldehyde) and run in MOPS buffer (20 mM, 5 mM 202 
sodium acetate, 1 mM EDTA) at 110V. Northern blots were hybridized using 32P-labeled probes 203 
(5’-ITS1: 5’-CCTCGCCCTCCGGGCTCCGTTAATGATC-3’, 18S: 5’-204 
TTTACTTCCTCTAGATAGTCAAGTTCGACC-3’ and 28S: 5’-205 
CCCGTTCCCTTGGCTGTGGTTTCGCT-3’). Signals were detected and quantified using a 206 
Typhoon Trio instrument.   207 
 208 
RNA coimmunoprecipitation (RIP) assay. A 15-cm dish of HEK 293-FT conditionally expressing 209 

Flag-PDCD2L or Flag-PABPN1 were induced using doxycycline for 72h. Cells were washed twice 210 
with PBS and 5% of cells were kept for total RNA extraction (input fraction). Cells were then 211 
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resuspended in lysis buffer (50mM Tris-HCL, pH 7.5, 150 mM NaCl, 0.1% Triton X-100, 10% 212 
glycerol, 2 mM MgCl2, 1 mM DTT, Complete protease inhibitor cocktail [Roche] and 40U/mL 213 
RNase OUT [Life Technologies]) and incubated 20 min at 4°C. Lysate was centrifuged at 13,000 214 
rpm for 10 min at 4°C and 5% of the lysate was kept for protein analysis. The remainder of the 215 
lysate was incubated with anti-Flag M2 affinity gel (Sigma Aldrich) for 3 h at 4°C. The beads were 216 
washed 5 times with lysis buffer and 10% of the beads were kept for protein analysis. RNA was 217 
extracted from the remainder of the beads using TRIzol reagent (Life Technologies) and analyzed 218 
by Northern blotting.  219 
 220 
rRNA pulse-chase assays. Pulse-chase analyses of pre-rRNA processing were performed based 221 
on a previously described method (35), but with some modifications. Briefly, wild-type and 222 
PDCD2L-null cells were incubated in serum-free and methionine-free medium for 30 min, after 223 

which the cells were pulsed for 30 min using the same medium, but supplemented with 25μCi of L-224 
[methyl-3H]methionine (1 μCi/ml). The cells were then rinsed with regular medium and chased in 225 
complete DMEM for the indicated time points. Cells were rinsed with ice-cold PBS and 226 

resuspended in 500 µl of Trizol reagent for RNA extractions. 15,000-20,000 c.p.m. of radioactivity 227 

were resolved on 1.25% agarose-formaldehyde gels. RNAs were then transferred to Hybond-N+ 228 
(GE Healthcare) membranes, UV cross-linked, and exposed to film for 3–4 weeks at −80°C.  229 
 230 
Microscopy. Leptomycin B (LMB) was purchased from Sigma Aldrich and used at a final 231 

concentration of 10 nM in 70% methanol. Visual analysis of GFP-tagged proteins in human cells 232 
was as previously described (36). U-2 OS cells were washed twice with PBS, fixed with 4% 233 
paraformaldehyde for 10 min at room temperature, and washed twice again with PBS. Fixed cells 234 
were permeabilized using a 0,2% triton X-100/PBS solution for 10 min and washed 3 times with 235 
PBS. For Fig. 5, cells were equilibrated for 20 min in PBS/1% BSA followed by a 1 h incubation 236 
with primary antibody dilution in PBS/1% BSA (anti-fibrillarin 1/400 [Cell Signaling Technology]). 237 
Cells were washed 3 times with PBS/1% BSA and incubated with a secondary antibody dilution 238 
(rabbit Alexa Fluor 568 [Invitrogen], 1/1000 in PBS/1% BSA) for 1 h. After 3 washes, coverslips 239 
were mounted on a slide with SlowFade Gold Antifade solution (Life Technologies). Images were 240 
captured by Zeiss Axio Observer microscope with either a 63X or 100X oil objective. 241 
 242 
CRM1-binding assay. The flow cytometry-based in vitro binding assays were performed as 243 
previously described (37). PDCD2L cDNA was transferred into pDEST15 plasmid using LR 244 

Clonase II (Life Technologies). To obtain pDEST15-PDCD2LNESmut, we substituted leu162, leu165, 245 
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and leu167 for alanine residues by site-directed mutagenesis. GST alone, GST-PDCD2L, and 246 
GST-PDCD2LNESmut proteins were produced in E. coli BL21 cells and purified using glutathione 247 

sepharose beads. Nine pmol of Cy3-labeled CRM1 alone or in presence of 180 pmol RanQ69L-248 
GTP and 70 pmol Nup214 (amino acids 1916-2033) were used in the binding assays. 249 
  250 
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RESULTS 251 
Identification of PDCD2L as a new PRMT3-associated protein 252 

We and others have previously reported the identification of a complex between PRMT3 and the 253 
40S ribosomal protein S2 (RPS2) (21, 24). However, with the exception of RPS2, the protein 254 
interaction network of PRMT3 has remained largely unknown. To investigate the network of 255 
PRMT3-associated proteins, we generated a Flp-In T-Rex HEK 293 cell line expressing a 256 
tetracycline-inducible and N-terminally GFP-tagged version of PRMT3. Specific PRMT3 interaction 257 
partners were determined using the stable isotope labeling in cell culture (SILAC) methodology 258 
(38), followed by GFP-PRMT3 purification and high-resolution mass spectrometry (MS). The 259 
presence of the GPF-PRMT3 bait protein in the eluate was confirmed by western blotting before 260 
MS analysis.  261 
 The SILAC-coupled MS approach classifies interactions by specificity (ratio of peptide 262 
intensities between the GFP-PRMT3 purification and a control purification) and protein abundance, 263 
as estimated from the sum of peptide signal intensities of a given protein normalized to its 264 
molecular mass (Fig. 1A). As expected, RPS2 was the strongest PRMT3-associated protein 265 
identified by SILAC, detected at high levels in the PRMT3 pull-down. In total, 151 proteins showed 266 
at least 2-fold enrichment in the SILAC ratio in the GFP-PRMT3 purification relative to the control 267 
(Table S1 and Fig. 1A). Notably, besides RPS2, the programmed cell death 2-like (PDCD2L) 268 
protein was among the strongest PRMT3-associated proteins, showing a robust SILAC ratio and 269 
high abundance (Fig. 1A and Table S1). A reciprocal immunoprecipitation assay validated the 270 
PRMT3-PDCD2L association, as PRMT3, but not actin, was detected in the eluate of an anti-Flag 271 
purification of Flag-PDCD2L (Fig. 1B, lane 8). In contrast, PRMT3 was not detected in eluates of 272 
control purifications (Fig. 1B, lanes 5-7). Importantly, we could show that immunoprecipitation of 273 
endogenous PRMT3 copurified endogenous PDCD2L and RPS2, whereas PDCD2L and RPS2 274 
were not detected in a control immunoprecipitation (Fig. 1C, lanes 2-3). As an additional control, 275 
immunoprecipitation of endogenous PRMT3 using extracts prepared from PDCD2L-null cells 276 
(using CRISPR/Cas9-mediated genomic targeting, see Methods section) did not detect PDCD2L; 277 
yet, RPS2 was still copurified with PRMT3 (Fig. 1C, lane 4). Consistent with this, the distribution of 278 
endogenous PRMT3 across a density gradient was not altered by a deficiency in PDCD2L (Fig. 279 
S1). Together, these results uncover PDCD2L as a new PRMT3-associated protein and indicate 280 
that PDCD2L is not required for the association between PRMT3 and RPS2.  281 
 282 
RPS2 is required for the association between PRMT3 and PDCD2L 283 
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The predicted homolog of PDCD2L in Drosophila, TRUS (CG5333), was previously identified as an 284 
RPS2-interacting protein using a high-throughput two-hybrid screening approach (39). To test 285 
whether PDCD2L associates with RPS2 in human cells, we investigated the presence of RPS2 in 286 
immunoprecipitates of Flag-PDCD2L. As shown in Fig. 2A, endogenous RPS2 and PRMT3 were 287 
both detected after the purification of Flag-tagged PDCD2L (lane 4), but not in the purification of a 288 
control Flag-tagged protein (lane 3). We next analyzed the association between human RPS2, 289 
PRMT3, and PDCD2L using the yeast two-hybrid system. We found that RPS2 strongly interacts 290 
with both PDCD2L (Fig. 2B, panel i) and PRMT3 (Fig. 2B, panel ii). Interestingly, the interaction 291 
between PRMT3 and PDCD2L was roughly 5 times weaker than the interaction between PRMT3 292 
and RPS2 (Fig. 2B, panel ii), suggesting that RPS2 may promote and/or stabilize the association 293 
between PRMT3 and PDCD2L.  294 
 To test the possibility that RPS2 bridges the association between PRMT3 and PDCD2L, we 295 
analyzed the effect of depleting RPS2 on the association between PRMT3 and PDCD2L. To this 296 
end, cells that stably expressed GFP-PRMT3 and a control GFP-tagged protein were treated with 297 
either RPS2-specific or control non-target siRNAs. RNAi-mediated depletion of endogenous RPS2 298 
generally resulted in a 50% knockdown efficiency; yet, total levels of PDCD2L and GFP-PRMT3 299 
were not affected by the depletion of RPS2 (Fig. 2C, compare lane 3 to lanes 1-2). Notably, 300 
purification of GFP-PRMT3 from RPS2-depleted cells showed a significant decrease in the 301 
recovery of PDCD2L as compared to purification of GFP-PRMT3 prepared from cells treated with 302 
control siRNAs (Fig. 2C, compare lanes 5-6; quantification in Fig. 2D). We also examined whether 303 
the association between RPS2 and PDCD2L in human cells required the presence of PRMT3. As 304 
shown in Fig. 2E, depletion of PRMT3 reduced the levels of RPS2 copurified with PDCD2L 305 

(compare lanes 7-8). Together, these data suggest that RPS2 and PRMT3 are both required for 306 
the formation of a stable PRMT3-Rps2-PDCD2L complex.  307 
 308 
PDCD2L associates with 40S ribosomal subunit precursors 309 

PDCD2L exhibits sequence homology to budding yeast Tsr4p, a protein identified in a genetic 310 
screen for factors required for the processing of the 20S rRNA precursor (29), which gives rise to 311 
the mature 18S rRNA of the 40S ribosomal subunit. As yet, however, a molecular function for 312 
human PDCD2L has remained unknown. To begin to explore the functional role of human 313 
PDCD2L, we used quantitative proteomics to define the protein-protein interaction network of 314 
PDCD2L via SILAC. As for PRMT3, we generated a HEK293 cell line conditionally expressing a 315 
tetracycline-inducible and GFP-tagged version of PDCD2L. The analysis of PDCD2L-associated 316 
proteins identified by SILAC-coupled MS is presented in Figure 3A. In total, 25 proteins were 317 
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copurified with PDCD2L with a SILAC enrichment ratio >2.0 and a minimum of two detectable 318 
peptides (see Table S2). Notably, RPS2 and PRMT3 were the strongest interaction partners of 319 
PDCD2L, showing high specificity and peptide intensity (Fig. 3A), suggesting the existence of a 320 
stable PDCD2L-RPS2-PRMT3 complex. The purification of PDCD2L also recovered several 321 
factors that have been shown to be pre-ribosomal factors composing the pre-40S particle or are 322 
yeast homologs of known pre-40S components (40-42): hRRP12, Bystin/ENP1, C21orf70, PNO1, 323 
hLTV1, and NOC4L (Fig. 3A and Table S2). Validation experiments confirmed that the enrichment 324 
of 40S pre-ribosomal factors in the GFP-PDCD2L SILAC experiment was not dependent of the use 325 
of a GFP fusion protein, as a Flag-tagged version of PDCD2L specifically recovered hRRP12, 326 
hLTV1, and PNO1 (Fig. 3B). Furthermore, analysis of the SILAC/MS data revealed a significant 327 
enrichment of ribosomal proteins from the small subunit compared to the large ribosomal subunit 328 
(Fig. S2). These results suggest that a fraction of PDCD2L is associated to pre-40S particles.  329 

 We next used sucrose gradient coupled to velocity sedimentation to examine the 330 
distribution of endogenous PDCD2L relative to known 40S maturation factors. As shown in Fig. 331 
3C, the majority of PDCD2L was present in the low-density fractions, steadily decreasing from 332 
fractions 3-7. Notably, a fraction of PDCD2L clearly co-sedimented with free 40S subunits/pre-40S 333 
particles, as demonstrated by the increased levels of PDCD2L detected in fractions 9-10, which 334 
are enriched in hLTV1, hRRP12, and RPS2. Fractions corresponding to free 60S, 80S 335 
monosomes, and polyribosomes showed barely detectable levels of PDCD2L (Fig. 3C, fractions 336 

11-12 and data not shown).  337 
The aforementioned results suggest that a fraction of PDCD2L physically associates with 338 

immature pre-40S particles and/or mature 40S ribosomal subunits. To clarify the nature of the 40S 339 
particle associated with PDCD2L, we analyzed the type of rRNA associated with PDCD2L using 340 
RNA co-immunoprecipitation (RIP) assays. Two major forms of 3’-extended 18S rRNA precursors 341 
are associated with pre-40S particles in mammalian cells (see Fig. 3D): the 21S pre-rRNA that is 342 
found in the nucleus and the 18S-E pre-rRNA that can be both in the nucleus and the cytoplasm 343 
(43). Northern blot analysis of RNAs prepared from PDCD2L immunoprecipitates using a probe 344 
complementary to internal transcribed spacer 1 (ITS1) sequences (Fig. 3D, red probe) revealed a 345 
robust enrichment of the 18S-E rRNA precursor relative to the control purification (Fig. 3E, 346 
compare lanes 3-4; quantification in Fig. 3F). A slight enrichment (1.5-2-fold) in 21S pre-rRNA was 347 
also detected after a long exposure (data not shown), but was substantially less compared to the 348 
marked enrichment of 18S-E pre-rRNA (Fig. 3F). In contrast, similar levels of mature 18S rRNA 349 
were detected between PDCD2L and control immunoprecipitates (Fig. 3E). Taken together, the 350 
data presented in Figure 3 indicate that PDCD2L associates with pre-40S particles.  351 
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 352 
PDCD2L shuttles between nucleus and cytoplasm and interacts directly with CRM1 353 

Recent studies aimed at identifying shuttling substrates of CRM1, the major transport receptor for 354 
export of proteins and RNPs from the nucleus, have identified peptides corresponding to 355 
endogenous PDCD2L (44, 45). To validate that PDCD2L is exported from the nucleus in a CRM1-356 
dependent manner, we analyzed the localization of GFP-PDCD2L after incubation with the CRM1 357 
inhibitor, leptomycin B (LMB) (46). Whereas GFP-PDCD2L mainly localized to the cytoplasm in the 358 
absence of LMB (Fig. 4A, panels a-c), the majority of cells displayed PDCD2L localization 359 
throughout the nucleus after LMB treatment (Fig. 4A, panels d-f). Notably, most cells showed 360 
PDCD2L accumulation in the nucleus after only 40 min of LMB treatment (Fig. S3). In contrast, 361 
PRMT3 did not show CRM1-dependent shuttling in U-2 OS cells, as the cytoplasmic localization of 362 
GFP-PRMT3 was not affected by the inhibition of CRM1 by LMB (Fig. 4A, panels g-l). 363 

 The rapid retention of PDCD2L in the nucleus after LMB treatment suggested that PDCD2L 364 
might be a direct substrate of CRM1-mediated export. We therefore analyzed the amino acid 365 
sequence of PDCD2L using computer algorithms (47, 48) to predict the presence of a leucine-rich 366 
nuclear export signal (NES), which is recognized by CRM1 (49). Notably, both prediction tools 367 
identified a putative leucine-rich NES between amino acid 162 and 167 of human PDCD2L, a motif 368 
that appears to have been conserved in diverse PDCD2L homologs (Fig. 4B). To test the 369 
functional importance of this motif for PDCD2L nucleocytoplasmic shuttling, we substituted leu162, 370 
leu165, and leu167 for alanine residues (PDCD2LNESmut). The triple alanine substitution did not 371 
disrupt the folding of PDCD2L, as wild-type and NES mutant versions of PDCD2L recovered 372 
similar levels of RPS2 and PRMT3 after affinity purification (Fig. S4). However, in contrast to wild-373 
type PDCD2L, the NES mutant version was completely retained in the nucleus (Fig. 4C, compare 374 
panels a and d). We also addressed whether the NES of PDCD2L could promote CRM1-375 
dependent nuclear export of a GFP reporter, which predominantly localizes to the nucleus at 376 
steady state (Fig. 4D, panel a). We thus fused 28 amino acids (aa 153-181) of PDCD2L containing 377 
either wild-type or mutant versions of the NES to the C-terminus of GFP (see Fig. 4E). Amino 378 
acids 153-181 of PDCD2L were sufficient to stimulate export of the GFP reporter to the cytoplasm 379 
(Fig. 4D, compare panels a and g). Nuclear export of the GFP-NES-PDCD2L reporter was 380 
dependent on CRM1, as it accumulated in the nucleus after LMB treatment (Fig. 4D, compare 381 
panels g and j). Importantly, the GFP reporter fused to the mutant version of the PDCD2L NES 382 
remained primarily localized to the nucleus (Fig. 4D, panel m). We therefore conclude that the 383 

PDCD2L NES is necessary and sufficient for CRM1-dependent nuclear export.  384 
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 Next, we examined whether the NES of PDCD2L can mediate a direct interaction with 385 
CRM1. To this end, we performed flow cytometry-based in vitro binding assays using fluorescently-386 

labeled recombinant CRM1 (37) together with recombinant versions of wild-type and mutant GST-387 
PDCD2L. Bindings assays were performed in the absence and presence of RanQ69L-GTP and a 388 
fragment of Nup214, which stabilize the interaction between CRM1 and its substrates (37). A GST-389 
tagged version of HIV-1 Rev, which contains a leucine-rich NES (50), was used as a positive 390 
control and bound to CRM1 in a RanGTP-dependent manner, whereas GST alone did not (Fig. 391 
4F). Notably, direct binding between CRM1 and PDCD2L was observed, but was significantly 392 
reduced when the NES mutant version of PDCD2L was analyzed (Fig. 4F). These results indicate 393 

that PDCD2L is a nucleocytoplasmic shuttling protein that is an export substrate of CRM1.  394 
 395 
PDCD2L transits through the nucleolus 396 

Although PDCD2L predominantly localizes to the cytoplasm at steady state, analysis of higher 397 
magnification images showed punctate nuclear signals that were reminiscent of nucleolar staining 398 
(Fig. 5, panel g), which are sites of ribosome biogenesis. To test the possibility that the punctate 399 
nuclear staining of PDCD2L corresponded to nucleoli, we combined GFP-PDCD2L localization 400 
with an immunostaining procedure for endogenous fibrillarin, which is a nucleolar marker protein 401 
(Fig. 5, panel d). Comparison of the different staining methods showed that GFP-PDCD2L was 402 
concentrated in nuclear regions that coincided with anti-fibrillarin staining (Fig. 5, panels d, g, and 403 

j). The observation that GFP-PDCD2L localizes to nucleoli is consistent with proteomic studies that 404 
found PDCD2L as part of the nucleolar proteome (51). Interestingly, the GFP-PDCD2L nucleolar 405 
signal increased shortly after LMB treatment (Fig. 5, panel h), but was gradually lost over time 406 
(Fig. 5, panel i). These results suggest that PDCD2L transits through the nucleolus before it is 407 
exported to the cytoplasm.  408 
 409 
Deletion of PDCD2L results in the accumulation of free 60S ribosomal subunits 410 

Our results showing that PDCD2L associates with factors involved in late stages of 40S ribosomal 411 
subunit maturation (Fig. 3A-3B), copurifies with pre-40S particles (Fig. 3C-3F), and shuttles 412 
between the nucleus and cytoplasm using a leucine-rich NES (Fig. 4) suggested that PDCD2L 413 

could act as an adapter protein for CRM1-mediated export of pre-40S particles. We therefore 414 
performed RNAi experiments to examine the effect of PDCD2L depletion on pre-40S export from 415 
the nucleus. Two independent assays were used to monitor pre-40S localization: (i) fluorescent in 416 
situ hybridization (FISH) using an ITS1-specific probe to detect accumulation of 18S-E pre-rRNA in 417 
the nucleoplasm and/or reduction in the cytoplasm; and (ii) immunostaining of the late pre-40S-418 
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associated factor, hLTV1, for nuclear accumulation in PDCD2L-deficient cells. Whereas CRM1 419 
inhibition using LMB showed the expected accumulation of 18S-E pre-rRNA and hLTV1 in the 420 
nucleoplasm, PDCD2L depletion did not result in a detectable change in pre-40S subcellular 421 
localization (data not shown). We also analyzed the levels of 40S pre-rRNA species by northern 422 
blotting using probes complementary to ITS1-specific sequences. Control experiments targeting 423 
the pre-40S maturation factor, Bystin (Fig. 6A, lane 3), resulted in the accumulation of 21S pre-424 
rRNA together with reduced levels of mature 18S rRNA (Fig. 6B, compare lane 3 to lane 1; Fig. 425 
6C-6D for quantifications), consistent with previous observations (34). In contrast, despite efficient 426 
PDCD2L depletion (Fig. 6A, lane 2), a deficiency in PDCD2L did not result in the accumulation of 427 
21S and 18S-E rRNA precursors (Fig. 6B-6D). To test the possibility that residual levels of 428 
PDCD2L after RNAi-mediated depletion could be sufficient to promote pre-40S nuclear export, we 429 
used CRISPR/Cas9-mediated genomic targeting in HeLa cells to generate multi-allelic mutations in 430 
PDCD2L, resulting in cells with undetectable levels of PDCD2L protein (Fig. S5). Consistent with 431 
siRNA-mediated depletions of PDCD2L, PDCD2L-null cells did not reveal major defects in the 432 
maturation of pre-40S particles as determined by Northern analysis (data not shown) and rRNA 433 
pulse-chase assays (Fig. S6). However, the analysis of ribosome distribution by sucrose gradient 434 

centrifugation showed the accumulation of free 60S ribosomal subunits using two independent 435 
knockout clones of PDCD2L (Fig. 7A, compare 1A3 and 3B2 to WT); yet, the levels of free 40S 436 
ribosomal subunits did not appear to change between PDCD2L knockout and control parental cells 437 
(Fig. 7A). The accumulation of free 60S subunits in PDCD2L-null cells significantly altered the 438 
stoichiometry between free 40S and 60S ribosomal subunits (Fig. 7B), but not the overall content 439 
of 80S monosomes and polyribosomes (Fig. 7A).  440 

To ensure that the accumulation of free 60S ribosomal subunit in PDCD2L knock-out cells was 441 
indeed caused by a deficiency in PDCD2L, we performed rescue experiments using a Flag-tagged 442 
version of PDCD2L. Expression of wild-type PDCD2L restored the increased levels of free 60S 443 
ribosomal subunits detected in PDCD2L-null cells (Fig. 7C, compare panels 2 and 3), resulting in 444 
levels of free 60S similar to parental control cells (Fig. 7C, panel 1). In contrast, PDCD2L-null cells 445 
transfected with the empty vector control showed the expected accumulation of free 60S ribosomal 446 
subunits (Fig. 7C, panel 2).  447 

 448 
PDCD2L and its paralog, PDCD2, function redundantly in ribosome biogenesis 449 
In addition to PDCD2L, our analysis of PRMT3-associated proteins also identified PDCD2 (see 450 
Table S1), a paralog of PDCD2L that is 30% identical (52% similar) to human PDCD2L. Based on 451 
sequence analysis, PDCD2 is thought to have arose from duplication of the PDCD2L gene prior to 452 
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the divergence of animals, fungi, and plants from a common ancestor (28). Interestingly, it was 453 
recently found that the Drosophila homolog of PDCD2, Zfrp8, interacts with Rps2 (52). Considering 454 
the seemingly similar functions ascribed to human PDCD2L and Drosophila PDCD2 (Zfrp8), we 455 
examined whether human PDCD2 contributes to ribosome biogenesis and potentially acts 456 
redundantly to PDCD2L. As shown in Fig. 8A, PDCD2 was efficiently depleted from the parental 457 
HeLa cell line (lane 2) as well as from PDCD2L-null cells (lane 4). Analysis of ribosome production 458 

using extracts prepared from PDCD2-depleted cells showed reduced levels of free 40S ribosomal 459 
subunits together with increased levels of free 60S subunits (Fig. 8B, compare panels a-b), 460 
affecting the levels of 80S monosomes, but not polysomes level. We next examined the effect of 461 
depleting PDCD2 in PDCD2L-null cells to characterize the functional relationship between PDCD2 462 
and PDCD2L. Notably, the combined deficiency of both PDCD2 and PDCD2L resulted in a 463 
synergistic increase in the 60S:40S free subunit ratio relative to either PDCD2 or PDCD2L single 464 
depletion (Fig. 8B, compare panel d to panels b-c). Cells deficient for both PDCD2 and PDCD2L 465 
also showed reduced levels of 80S monosomes as well as a reduction in the amplitude of 466 
polysomes peaks relative to PDCD2 and PDCD2L single depletions (Fig. 8B). The functional 467 
relationship between PDCD2 and PDCD2L in 40S ribosomal subunit biogenesis demonstrated by 468 
sucrose gradient analyses was supported by Northern blot assays of pre-rRNA processing using 469 
an ITS1-specific probe. Accordingly, cells deficient for PDCD2 showed accumulation of 18S-E and 470 
21S pre-rRNAs (Fig. 8C, lane 2), an accumulation that was further increased by the co-depletion of 471 
both PDCD2 and PDCD2L (Fig. 8C, lane 4; quantifications in Fig. 8D-8E). Cells deficient for both 472 
PDCD2 and PDCD2L also showed reduced levels of mature 18S rRNA (Fig. 8C, lanes 4). From 473 
these results, we conclude that PDCD2 is important for optimal 40S ribosomal subunit production 474 
and that PDCD2 and PDCD2L have partially overlapping functions in 40S biogenesis.  475 
 To further investigate the functional relationship between PDCD2L and PDCD2, we used 476 
SILAC-based quantitative proteomics to determine the protein interaction network of human 477 
PDCD2. Using a stable cell line conditionally expressing a GFP-tagged version of PDCD2, we 478 
identified 80 proteins that copurified with PDCD2 with a SILAC enrichment ratio >2.0 and a 479 
minimum of two detectable peptides (see Table S3). As for PDCD2L, RPS2 and PRMT3 were the 480 
strongest interaction partners of PDCD2, showing robust peptide intensities (Fig. 8F). Interestingly, 481 

despite of the fact that both PDCD2 and PDCD2L associated with the RPS2-PRMT3 duo, PDCD2L 482 
peptides were not detected in the PDCD2 purification, and reciprocally, PDCD2 was not identified 483 
as a PDCD2L-associated protein. Furthermore, the mass spectrometry analysis of PDCD2-484 
associated proteins did not recover pre-ribosomal maturation factors, which is in striking contrast to 485 
PDCD2L for which several pre-40S components were identified and validated (Fig. 3). Taken 486 
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together, our data suggest some level of redundancy between PDCD2L and PDCD2 paralogs in 487 
40S ribosomal subunit biogenesis, contributing to parallel pathways that would converge to the 488 
RPS2-PRMT3 complex.  489 
  490 
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 491 
DISCUSSION 492 

In this study, we report that human PDCD2L forms a stable complex with RPS2 and the protein 493 
arginine methyltransferase, PRMT3. Our results also indicate that PDCD2L is a nucleocytoplasmic 494 
shuttling protein that associates with pre-40S particles and that disruption of PDCD2L expression 495 
leads to the accumulation of free 60S ribosomal subunits, findings that suggest a role for PDCD2L 496 
in the supply of mature 40S ribosomal subunits. 497 
 498 
RPS2 forms an extra-ribosomal complex with PRMT3 and PDCD2L 499 

Our analysis of PRMT3- and PDCD2L-associated proteins using SILAC-based proteomics 500 
revealed that both PRMT3 and PDCD2L strongly associate with RPS2. Notably, levels of RPS2 501 
were 1000-times and 200-times the levels of the next most abundant ribosomal protein detected in 502 
the PRMT3 and PDCD2L purifications, respectively. Consistent with our results, a recent study 503 
using high-throughput affinity purification coupled to mass spectrometry detection also supports the 504 
existence of a stable PRMT3-RPS2-PDCD2L complex in human cells (53). The robust levels of 505 
RPS2 detected after the purification of human PRMT3 (Fig. 1A) is also consistent with data in 506 
fission yeast, where RPS2 was the predominant ribosomal protein identified after purification of S. 507 
pombe Rmt3 (21). In addition, a two-hybrid-based interaction map of the Drosophila proteome (39) 508 
reports interactions between SOP and TRUS (RPS2 and PDCD2L) as well as between SOP and 509 
ART3 (RPS2 and PRMT3), but not between ART3 and TRUS (PRMT3 and PDCD2L). These 510 
observations are consistent with our data (Fig. 2C-2D) indicating that RPS2 is required for the 511 
copurification of PDCD2L and PRMT3. Collectively, the aforementioned interactions detected in S. 512 
pombe, Drosophila, and humans support the existence of a conserved complex consisting of 513 
PRMT3, RPS2, and PDCD2L. An increasing number of studies suggest functional roles for 514 
ribosomal proteins outside of the ribosome (54, 55). Although the extra-ribosomal function of RPS2 515 
remains to be determined, its association with proteins that are functionally linked to ribosome 516 
biosynthesis, namely PRMT3 and PDCD2L, suggests that the extra-ribosomal role of RPS2 will be 517 
related to the regulation of ribosome biogenesis, which appears to be the case for many of the 518 
extra-ribosomal functions of ribosomal proteins (56).  519 
 520 
PDCD2L contributes to small ribosomal subunit biogenesis  521 
In addition to the identification of a complex between PDCD2L, RPS2, and PRMT3, our study 522 
suggests that a fraction of PDCD2L escorts late precursors of the 40S ribosomal subunit to the 523 
cytoplasm. The conclusion that PDCD2L physically associates with pre-40S ribosomal particles is 524 
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supported by several observations: (i) SILAC-based proteomic analysis of PDCD2L-associated 525 
proteins identified several maturation factors found in late pre-40S ribosomal particles, including 526 
hRRP12, hLTV1, PNO1, Bystin, NOC4L, and C21orf70 (Fig. 3A-3B); (ii) immunoprecipitates of 527 
PDCD2L were preferentially enriched for ribosomal proteins of the 40S subunit relative to 60S 528 
subunit (Fig. S2); (iii) PDCD2L co-sedimented with 40S/pre-40S particles on sucrose gradients 529 
(Fig. 3C), and (iv) PDCD2L-bound 40S particles were enriched for 18S-E pre-rRNA (Fig. 3E-3F), 530 

the last precursor to mature 18S rRNA. Important to this study is also the demonstration that 531 
PDCD2L actively shuttles between the nucleus and the cytoplasm via binding to the major cellular 532 
exportin, CRM1, using a leucine-rich nuclear export signal (NES) (Fig. 4). Accordingly, the 533 

association of PDCD2L with pre-40S particles, together with the ability of PDCD2L to rapidly export 534 
the nucleus via a direct interaction with CRM1, suggest a model in which PDCD2L serves as an 535 
adaptor protein for CRM1-mediated export of pre-40S particles. In this model, nucleolar PDCD2L 536 
(Fig. 5) would be recruited to 40S precursors via interactions with RPS2, a late-associating 537 
ribosomal protein that has been shown to be important for the nuclear export of pre-40S subunits 538 
(57-59). The leucine-rich NES of PDCD2L could then recruit CRM1 to nuclear pre-40S particles to 539 
stimulate transit through the nuclear pore complex to the cytoplasm. However, our data revealed 540 
that PDCD2L is not absolutely required for export of 40S precursors in HeLa cells, as PDCD2L-null 541 
cells are viable and do not show a global retention of pre-40S particles in the nucleus.  542 
 In contrast to steady state RNA analyses and fluorescent in situ hybridization (FISH) 543 
assays, which may not readily detect a modest reduction in the biogenesis and function of 544 
ribosomes, ribosome profiles by sucrose gradient sedimentation can provide a highly sensitive 545 
assay, as ribosomes are analyzed as free subunits, single monosomes, and polysomes. Since 5-546 
10% of the ribosomal subunits are not assembled into ribosomes (60, 61), a slight deficiency in 547 
ribosomal subunit availability can result in a detectable change in the ratio between free ribosomal 548 
subunits, which may not be detected on the whole ribosome population. Accordingly, despite the 549 
absence of noticeable changes in monosome and polysome distributions, analysis of ribosome 550 
profiles using extracts from PDCD2L-null cells revealed the accumulation of free 60S ribosomal 551 
subunits. Such accumulations of free 60S subunits are generally the consequence of alteration in 552 
40S subunit production as a result of a deficiency in a factor that promotes small subunit 553 
biogenesis (21, 35, 62-64). Consistent with this view, depletion of the putative homolog of PDCD2L 554 
in S. cerevisiae, Tsr4p, results in a striking accumulation of free 60S subunit together with reduced 555 
levels of free 40S ribosomal subunits (29). Intriguingly, the accumulation of free 60S subunits 556 
detected in PDCD2L-null cells was not accompanied by an apparent decrease in the levels of free 557 
40S ribosomal subunits. Although the core features of ribosome assembly are similar from yeast to 558 
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humans and several proteins involved in the biogenesis of 40S subunits are evolutionarily 559 
conserved, data suggest that ribosome biogenesis has increased in complexity and flexibility 560 
during the course of evolution (65, 66). Accordingly, whereas the TSR4 gene is indispensable for 561 
budding yeast viability, our data indicate that PDCD2L is not essential in HeLa cells, suggesting 562 
the presence of redundant factors that can compensate for the absence of PDCD2L in mammalian 563 
cells or the acquisition of a specialized function.  564 

One potential candidate that could compensate for small ribosomal subunit production in 565 
the absence of PDCD2L is its paralog, PDCD2. Indeed, the synergistic defect in 60S subunit 566 
accumulation in cells deficient for both PDCD2L and PDCD2 (Fig. 8) suggest functional 567 

redundancy between the two paralogs. Moreover, our data indicate that both PDCD2 and PDCD2L 568 
form a complex with RPS2 and PRMT3; yet, they appear to form two independent complexes as 569 
PDCD2L was not detected in the PDCD2 purification, and reciprocally, PDCD2 was not identified 570 
as a PDCD2L-associated protein. Members of a duplicate gene pair can follow different fates after 571 
a duplication event. For instance, one paralog might accumulate mutations and evolve a new 572 
function, whereas the other paralog retains its ancestral function; alternatively, mutations in both 573 
paralogous genes can lead to a partitioning of their ancestral function (67). PDCD2L and PDCD2 574 
belong to a family of proteins containing a TYPP (Tsr4, YwqG, PDCD2L, PDCD2) domain, which 575 
was interrupted by the insertion of a MYND zinc finger domain in PDCD2 (28). It is propable that 576 
the insertion of a MYND domain in PDCD2 allowed the acquisition of new functions, which may 577 
explain the lack of overlap between the protein interaction networks of PDCD2 and PDCD2L, with 578 
the exception of RPS2 and PRMT3. We therefore speculate that PDCD2L and PDCD2 contribute 579 
to 40S ribosomal subunit production via parallel pathways that converge to the RPS2-PRMT3 580 
complex. 581 
 The exact mechanism underlying PDCD2L-dependent accumulation of free 60S subunits 582 
still needs investigation, but may include possible influences on the export of pre-40S particles. We 583 
see at least two plausible scenarios that could explain the accumulation of free 60S subunit without 584 
apparent changes in the levels of 40S subunits in PDCD2L-null cells: (i) PDCD2L functions as one 585 
of several redundant adaptors that promote CRM1-mediated nuclear export of pre-40S particles or 586 
(ii) PDCD2L contributes to the export and/or maturation of a sub-population of 40S ribosomal 587 
particle that is involved in a specialized function. The first possibility is supported by evidence 588 
showing that Rio2, a conserved ribosome biogenesis factor that binds directly to CRM1 and 589 
associates with 40S precursors, promotes pre-40S export in yeast and humans (42, 68). Ltv1p and 590 
Dim2p, which are the homologs of mammalian hLTV1 and hDIM2/PNO1, respectively, have also 591 
been shown to promote pre-40S export in S. cerevisiae and were suggested as possible adaptors 592 
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for CRM1-mediated export of 40S precursors (69, 70). Evidence in yeast also indicates that the 593 
conserved Mex67-Mtr2 complex can facilitate nuclear export of pre-40S particles (71) and that 594 
Rrp12p binds to pre-rRNA to promote export of ribosomal subunits (72). It is therefore likely that 595 
redundant pre-40S export adaptors allow sufficient pre-40S export in the absence of PDCD2L to 596 
cause only minimal perturbations in 40S availability in the cytoplasm of PDCD2L-null cells. 597 
Consistent with the activation of compensatory pathways, we found trans-acting factors involved in 598 
the late stages of 40S subunit maturation to be up-regulated in PDCD2L-null cells (Fig. S7).  599 
 In summary, we provide evidence for the existence of an evolutionarily conserved extra-600 
ribosomal complex that includes PDCD2L, RPS2, and PRMT3. Furthermore, our functional 601 
characterization of human PDCD2L suggest a role in small subunit biogenesis, possibly acting as 602 
an adaptor protein for CRM1-dependent nuclear export of pre-40S particles. Given that PDCD2L 603 
appears to contribute to cell cycle progression and cell proliferation in humans (73) and Drosophila 604 

(74, 75), elucidating the cellular functions of PDCD2L should provide significant insights into the 605 
mechanisms that coordinate ribosome biogenesis and cellular proliferation.  606 
  607 
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FIGURES LEGENDS 817 
Figure 1. PDCD2L is a PRMT3-associated protein. (A) GFP-PRMT3 SILAC copurification results 818 
plotted by SILAC ratio out the x-axis (intensity of peptides originating from the GFP-PRMT3 819 
purification versus the control purification), which reflects signal specificity; and signal intensity up 820 
the y-axis (total peptide intensity for each protein normalized to molecular weight), which reflects 821 
the relative abundance of each protein in the purification. Proteins presenting SILAC ratios >2.0 822 
and <2.0 are shown as black and white dots, respectively. GFP-PRMT3 (blue), RPS2 (red), and 823 
PDCD2L (green) are shown in color. (B) Western analysis of total extracts (Input; lanes 1-4) and 824 
anti-Flag precipitates (IP; lanes 5-8) prepared from HEK 293 cells transfected with the empty 825 
vector (lanes 2 and 6), Flag-PABPN1 (lanes 3 and 7), and Flag-PDCD2L (lanes 4 and 8) 826 
constructs. The asterisk indicates IgG heavy chain. Areas from the same blot were spliced to 827 
remove irrelevant lanes (between lanes 3-4 and 7-8). (C) Western blot analysis of 828 
immunoprecipitates prepared using a PRMT3-specific antibody (lanes 3-4) and a control IgG 829 
antibody (lane 2) using extracts prepared from wild-type (lanes 1-3) and PDCD2L-null (1A3; lane 4) 830 
cells. The asterisk indicates IgG heavy chain. 831 
 832 
Figure 2. RPS2 is required for the association between PRMT3 and PDCD2L. (A) Western 833 
analysis of total extracts (lanes 1-2) and anti-Flag immunoprecipitates (lanes 3-4) prepared from 834 
HEK 293 cells that stably express Flag-PABPN1 (lanes 1 and 3) and Flag-PDCD2L (lanes 2 and 835 
4). The asterisk indicates IgG heavy chain. (B) Analysis of PDCD2L, RPS2, and PRMT3 836 
interactions by two-hybrid assay. (i) The LexA and LexA-PDCD2L fusion protein were coexpressed 837 
with the full-length VP16-RPS2 fusion. (ii) The LexA, LexA-RPS2, and LexA-PDCD2L proteins 838 

were coexpressed with the full-length VP16-PRMT3. Protein interactions were measured using 839 
liquid β-galactosidase assays in the S. cerevisiae L40 strain and reported as Miller units. Data and 840 
error bars represent the mean and standard deviation from three independent experiments using 841 
two independent transformants. (C) Western analysis of total extracts (lanes 1-3) and GFP 842 
immunoprecipitates (lanes 4-6) prepared from HEK 293 cells stably expressing GFP-PABPN1 843 
(lanes 1 and 4) and GFP-PRMT3 (lanes 2-3 and 5-6) that were previously treated with RPS2-844 
specific (lanes 3 and 6) and control nontarget (lanes 1-2 and 4-5) siRNAs. (D) Quantification of 845 
RPS2 and PDCD2L levels in GFP-PRMT3 immunoprecipitates. RPS2 and PDCD2L co-purification 846 
levels (normalized to GFP-PRMT3) were set to 1.0 for cells treated with control nontarget siRNAs. 847 
Data and error bars represent the mean and standard deviation from four independent 848 
experiments. , P<0.0001; Student’s t test. (E) Western analysis of total extracts (lanes 1-4) 849 
and Flag immunoprecipitates (lanes 5-8) prepared from HEK 293 cells stably expressing Flag-850 
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PDCD2L (lanes 3-4 and 7-8) and the empty vector control (lanes 1-2 and 5-6) that were previously 851 
treated with PRMT3-specific (lanes 2, 4, 6, and 8) and control nontarget (lanes 1, 3, 5, and 7) 852 
siRNAs. 853 
 854 
Figure 3. PDCD2L associates with late 40S precursors. (A) GFP-PDCD2L SILAC copurification 855 
results plotted by SILAC ratio out the x-axis (intensity of peptides originating from the GFP-856 

PDCD2L purification versus the control purification), which reflects signal specificity; and signal 857 
intensity up the y-axis (total peptide intensity for each protein normalized to molecular weight), 858 
which reflects the relative abundance of each protein in the purification. Proteins presenting SILAC 859 
ratios >2.0 and <2.0 are shown as black and white dots, respectively. Factors known to be 860 
associated with late pre-40S particles are shown in orange. (B) Western analysis of total extracts 861 
(lanes 1-2) and Flag immunoprecipitates (lanes 3-4) prepared from HEK 293 cells that stably 862 
express Flag-tagged versions of PABPN1 (lanes 1 and 3) and PDCD2L (lanes 2 and 4). (C) 863 
Western analysis of endogenous proteins using fractions of centrifuged sucrose gradients that 864 
were prepared using extracts of HEK 293 cells. The positions of the 40S, 60S, and 80S 865 
sedimentation are indicated at the bottom. (D) Schematic of 18S rRNA biogenesis in human cells. 866 
Following cleavage at sites 01/A’, A0, 1, and 2, the 21S pre-rRNA is matured into the 18S-E 867 
precursor in the nucleus. Final maturation of the 18S-E pre-rRNA into mature 18S rRNA is 868 
performed in the cytoplasm. Probes used to detect the 18S-E pre-rRNA (red) as well as mature 869 
18S (blue) and 28S (green) rRNAs are indicated. (E) Western (WB, upper two panels) and 870 
Northern (NB, lower three panels) analyses of protein and RNA, respectively, prepared from total 871 
cell extracts (lanes 1-2) and Flag immunoprecipitates (lanes 3-4) using HEK 293 cells that stably 872 
express Flag-tagged versions of PABPN1 (lanes 1 and 3) and PDCD2L (lanes 2 and 4). The 18S-873 
E, 18S, and 28S RNAs were detected using the specific probes shown in Fig. 3D. (F) 874 
Quantification of 18S-E pre-rRNA enrichment. 18S-E levels were normalized to levels of mature 875 
18S rRNA. The values were then set to 1.0 for the control Flag-PABPN1 purification. Data and 876 
error bars represent the average and standard deviation from three independent experiments. 877 
 878 
Figure 4. PDCD2L is a nucleo-cytoplasmic shuttling protein that exports the nucleus using a 879 
leucine-rich nuclear export signal (NES). (A) U-2 OS cells induced to express GFP-tagged 880 
versions of PDCD2L (panels a-f) and PRMT3 (panels g-l) were treated (d-f and j-l) or not treated 881 
(a-c and g-i) with leptomycin B (LMB) for 3h. DNA stained with DAPI shows the nucleus of each 882 
cell (b, e, h, and k). Scale bar, 20 μm. (B) Alignment of putative NES of PDCD2L proteins across 883 
multicellular organisms. The NES consensus sequence, Φx2-3Φx2-3ΦxΦ, is indicated on top, where 884 
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Φ is a large, hydrophobic amino acid and x represents any amino acid. (C) Visual analysis of U-2 885 
OS cells that were transiently transfected with DNA constructs expressing GFP-PDCD2L (a-c) and 886 
a version of GFP-PDCD2L with substitutions of leucines 162, 165, and 167 to alanines (NESmut, 887 
d-f). (D) Visual analysis of U-2 OS cells that were transiantly transfected with DNA constructs 888 
expressing GFP (a-f) as well as GFP fused to wild-type (g-l) and mutant (m-r) versions of the 889 
PDCD2L NES (amino acid 153-181, see Fig. 4E). Cell were treated (+) or not treated (-) with 890 
leptomycin B (LMB). (E) Schematic of wild-type and mutant versions GFP-NES-PDCD2L fusions 891 
used in Fig. 4D. (F) Direct interaction between PDCD2L and CRM1 in vitro. 50 pmol GST, GST-892 
PDCD2L, and GST-Rev fusion proteins were immobilized on beads and incubated with 9 pmol 893 
Cy3-labeled CRM1 alone or in the presence of 180 pmol RanGTPQ69L and 70 pmol Nup2141916-894 

2033. Bound Cy3-CRM1 was analyzed by flow cytometry and the fluorescence intensity relative to 895 
GST was plotted. Data and error bars represent the mean and standard deviation from six 896 
independent experiments. , P<0.001; , P<0.01, Student’s t test. 897 
 898 
Figure 5. PDCD2L transits through the nucleolus. U-2 OS cells conditionally expressing GFP-899 
PDCD2L were treated with leptomycin B (LMB) for 15 min (b, e, h, and k) and 90 min (c, f, i, and l), 900 
or left untreated (a, d, g, and j). Fixed cells were simultaneously analyzed by direct GFP 901 
fluorescence (g-i) and immunostaining for the nucleolar marker, fibrillarin (d-f). DNA stained with 902 
DAPI shows the nucleus of each cell (a-c). Scale bars, 20μm. 903 
 904 
Figure 6. Analysis of pre-rRNA processing in PDCD2L-depleted cells. (A) Western blot 905 
analysis showing depletion of PDCD2L and Bystin from HeLa cells. (B) Northern blot analysis of 906 
mature and precursor rRNAs using total RNA prepared from PDCD2L- and Bystin-depleted cells 907 
as well as control cells. Pre-rRNAs were detected using a probe complementary to sequences in 908 
the 5’ internal transcribed spacer (5’ ITS, red probe in Fig. 3D) region. Pre-rRNA species are 909 
indicated on the left. Areas from the same blot were spliced to remove irrelevant lanes (between 910 
lanes 2-3). (C-D) 18S-E (C) and 21S (D) pre-rRNA levels were normalized to the 28S rRNA and 911 
expressed relative to cells treated with control siRNA. Data and error bars represent the mean and 912 
standard deviation from eight (siBystin) and ten (siPDCD2L) independent experiments. () P-913 
value <0.01, Student’s t-test. 914 
 915 
Figure 7. Deletion of PDCD2L causes the accumulation of free 60S ribosomal subunits. (A) 916 
Sucrose gradient analysis of total extracts prepared from wild-type (WT) and PDCD2L-null HeLa 917 
cells (clones 1A3 and 3B2). The positions of free small (40S) and large (60S) ribosomal subunits, 918 
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monosomes (80S), and polysomes are indicated. (B) Quantification of 60S/40S free ribosomal 919 
subunit ratios expressed relative to wild-type HeLa cells. Data and error bars represent the mean 920 
and standard deviation from seven (1A3) and six (3B2) independent experiments. () P-921 
value <0.0001, Student’s t-test. (C) Sucrose gradient analysis of total extracts prepared from wild-922 
type (WT, panel 1) and PDCD2L-deleted HeLa cells (clone 1A3, panels 2-3) that were previously 923 
transfected with an empty vector (EV, panels 1-2) control or a DNA construct expressing Flag-924 
PDCD2L (panel 3). (D) Western blot analysis showing the expression of Flag-PDCD2L in 925 
PDCD2L-null cells (lane 3). The band co-migrating with endogenous PDCD2L in lane 3 is a 926 
degradation product generated from Flag-PDCD2L. 927 
 928 
Figure 8. Human PDCD2 and PDCD2L proteins contribute to 40S ribosomal subunit 929 
production. (A) Western blot analysis showing depletion of PDCD2 from wild-type HeLa cells 930 
(lanes 1-2) as well as PDCD2L-null HeLa cells (1A3; lanes 3-4). (B) Sucrose gradient analysis of 931 
total extracts prepared from wild-type (a, b) and PDCD2L-null (c, d) HeLa cells that were previously 932 
treated with PDCD2-specific (b and d) or control nontarget (a and c) siRNAs. The positions of free 933 
small (40S) and large (60S) ribosomal subunits, monosomes (80S), and polysomes are indicated. 934 
(C) Northern blot analysis of mature and precursor rRNAs using total RNA prepared from wild-type 935 
(WT; lanes 1-2) and PDCD2L-null (1A3; lanes 3-4) cells that were previously treated with PDCD2-936 
specific (lanes 2 and 4) or control nontarget (lanes 1 and 3) siRNAs. Pre-rRNAs were detected 937 
using a probe complementary to sequences in the 5’ internal transcribed spacer (5’ITS) region. 938 
Pre-rRNA species are indicated on the left. (D-E) 18S-E (D) and 21S (E) pre-rRNA levels were 939 
normalized to the 28S rRNA and expressed relative to cells treated with control siRNAs. Data and 940 
error bars represent the mean and standard deviation from six independent experiments. () P-941 
value <0.01, Student’s t-test. (F) GFP-PDCD2 SILAC copurification results plotted by SILAC ratio 942 
out the x-axis and signal intensity up the y-axis. Proteins presenting SILAC ratios >2.0 and <2.0 943 
are shown as black and white dots, respectively. GFP-PDCD2 (green), RPS2 (red), and PRMT3 944 
(blue) are shown in color. 945 
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