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ABSTRACT

The RNA exosome is an essential 3′ to 5′ exori-
bonuclease complex that mediates degradation, pro-
cessing and quality control of virtually all eukaryotic
RNAs. The nucleolar RNA exosome, consisting of a
nine-subunit core and a distributive 3′ to 5′ exonu-
clease EXOSC10, plays a critical role in processing
and degrading nucleolar RNAs, including pre-rRNA.
However, how the RNA exosome is regulated in the
nucleolus is poorly understood. Here, we report that
the nucleolar ubiquitin-specific protease USP36 is
a novel regulator of the nucleolar RNA exosome.
USP36 binds to the RNA exosome through direct in-
teraction with EXOSC10 in the nucleolus. Interest-
ingly, USP36 does not significantly regulate the lev-
els of EXOSC10 and other tested exosome subunits.
Instead, it mediates EXOSC10 SUMOylation at lysine
(K) 583. Mutating K583 impaired the binding of EX-
OSC10 to pre-rRNAs, and the K583R mutant failed
to rescue the defects in rRNA processing and cell
growth inhibition caused by knockdown of endoge-
nous EXOSC10. Furthermore, EXOSC10 SUMOyla-
tion is markedly reduced in cells in response to per-
turbation of ribosomal biogenesis. Together, these
results suggest that USP36 acts as a SUMO ligase to
promote EXOSC10 SUMOylation critical for the RNA
exosome function in ribosome biogenesis.

INTRODUCTION

Ribosome biogenesis is a multi-step and highly orches-
trated cellular process for making the ribosome, includ-
ing rRNA synthesis and processing, ribosome subunit as-
sembly in the nucleolus and subsequent transport into the
cytoplasm (1,2). It requires the assistance of >200 ribo-
some biogenesis accessory factors (1), including the nucle-
olar RNA exosome (3–5). The eukaryotic RNA exosome is
a multi-subunit protein complex that catalyzes 3′ to 5′ pro-
cessing or degradation of RNA substrates (3–5). Its func-
tion includes the processing and degradation of virtually all
RNAs including rRNA, tRNAs, small nuclear RNAs (snR-
NAs) and small nucleolar RNAs (snoRNAs) in the nucleus,
mRNA turnover in the cytoplasm and the surveillance of
aberrant RNAs throughout the cell (3–9). The complex
contains a barrel-shaped nine-subunit catalytically inactive
core (called Exo9) consisting of a three-subunit S1-KH ‘cap’
and a hexameric PH ‘ring’ (Supplementary Figure S1A).
The ‘cap’ is composed of the S1 and KH RNA-binding do-
main containing proteins Csl4, ribosomal RNA processing
protein 4 (Rrp4) and Rrp40. The PH ‘ring’ contains six
RNase PH-like domain-containing proteins Rrp41, Rrp42,
Rrp43, Rrp46, Mtr3 and Rrp45 (3–5,10–12). The core com-
plex associates with the processive 3′ to 5′ exo- and en-
doribonuclease Dis3 at the bottom of the PH-protein bar-
rel and/or the distributive 3′ to 5′ exonuclease Rrp6 at
the cap side, forming the exosome complexes Exo10Dis3,
Exo10Rrp6 and Exo11Dis3+Rrp6, respectively (3–5,10–12). In
yeast, Exo10Dis3 exists in the cytoplasm, whereas the nu-
clear RNA exosome is Exo11Dis3+Rrp6. In human, Dis3 is
excluded from the nucleolus and the Dis3 homolog Dis3L
associates with the exosome core in the cytoplasm, whereas
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the nucleolar RNA exosome is Exo10hRrp6 (3–5,13,14) (Sup-
plementary Figure S1B).

As a critical player in ribosome biogenesis, human Rrp6
(also known as exosome component 10, EXOSC10) has
been shown to function in the turnover of the 5′-external
transcribed spacer (ETS) (15) and the processing of inter-
nal transcribed spacer (ITS) 1 (16) and ITS2 (7,8,16,17)
of the precursor rRNA (pre-rRNA), and mature snoRNA
turnover (17). A recent study showed that the main di-
rect targets of human EXOSC10 include 3′-extended 5.8S
rRNA and 3′-extended snoRNAs, indicating that EX-
OSC10 mainly functions in 5.8S rRNA maturation and
the final steps of snoRNA processing (17). In addition, a
number of cofactor proteins are required for proper exo-
some function (3–5). For example, the DExH helicase Mtr4
and superkiller 2 (Ski2) are required for RNA degrada-
tion in the nucleus and the cytoplasm, respectively (18,19).
Mtr4 interacts with a non-canonical poly(A) polymerase
(Trf4 or Trf5 in yeast and PAPD5 in human) and a Zn-
knuckle RNA-binding protein arginine methyltransferase-
interacting RING finger 1 (Air1) or Air2 (ZCCHC7 in
human) to form the Trf4/5-Air1/2-Mtr4 polyadenylation
(TRAMP) complex (20–23). In human, the TRAMP com-
plex consists of MTR4 (also called Skiv2l2), PAPD5 and
ZCCHC7, and is exclusively present in the nucleolus and
involved in rRNA processing (4,5,24). Thus, rRNA process-
ing involves complex exosome proteins and their cofactors.
However, how these processes are regulated in the nucleolus
is largely unknown.

The nucleolar deubiquitinating enzyme (DUB) USP36
plays a critical role in ribosome biogenesis (25–29) by deu-
biquitinating and stabilizing several nucleolar proteins, in-
cluding nucleophosmin (NPM) (26), fibrillarin (FBL) (26),
the RNA helicase DHX33 (27) and the RNA polymerase
I (Pol I) subunit Rpa190 (28). USP36 also deubiquitinates
and stabilizes c-Myc, a master regulator of ribosome bio-
genesis (30,31), and controls c-Myc degradation in the nu-
cleolus (29,32). Interestingly, we recently identified that
USP36 also acts as a novel SUMO ligase that promotes
small nucleolar ribonucleoprotein (snoRNP) protein group
SUMOylation (33). SUMOylation is a post-translational
modification of proteins by small ubiquitin-like modifiers
(SUMOs) and plays critical roles in regulating protein lo-
calization, trafficking, stability and activity (34,35) by inter-
fering with protein–protein interactions through steric hin-
drance (36) or competing with other lysine-directed modi-
fications such as acetylation or ubiquitination (37). Conse-
quently, SUMOylation regulates diverse cellular processes,
including transcription, chromatin dynamics, DNA repli-
cation and repair, RNA splicing and processing, cell cy-
cle control and ribosome biogenesis (34,35,38–40). A num-
ber of nucleolar ribosome biogenesis-associated proteins
are modified by SUMO, such as NPM (41,42), nucleolin
(43), Las1L (44,45), Pelp1 (46) and snoRNP complex com-
ponents Nop58, Nop56, Nhp2 and DKC1 (33,47,48). Pro-
teomic studies also found that ribosome biogenesis-related
proteins are one of the major groups of SUMOylated pro-
teins (49–53). Thus, USP36 acting as a SUMO E3 reveals
an additional mechanism underlying its crucial role in ribo-
some biogenesis (33).

In this study, we found that USP36 associates with the
RNA exosome through interaction with its catalytic subunit
EXOSC10. USP36 does not significantly affect the levels of
EXOSC10 and other tested exosome subunits. Instead, it
mainly acts as a SUMO ligase to mediate the SUMOyla-
tion of EXOSC10 at lysine (Lys, K) 583. Mutating K583
impaired the binding of EXOSC10 to pre-rRNAs, and the
K583R mutant failed to rescue the defects in rRNA process-
ing, protein translation and cell growth caused by knock-
down of endogenous EXOSC10. These results suggest that
USP36 acts as a SUMO ligase to SUMOylate EXOSC10
and promote the nucleolar RNA exosome function in ribo-
some biogenesis and cell growth.

MATERIALS AND METHODS

Cell culture, plasmids and recombinant proteins

Human H1299, HeLa, 293 and U2OS cells were cultured
in Dulbecco’s modified Eagle’s medium (DMEM) supple-
mented with 10% (v/v) fetal bovine serum (FBS), 50 U/ml
penicillin and 0.1 mg/ml streptomycin at 37◦C in a 5% CO2
humidified atmosphere as previously described (29,33,54).

Flag-tagged full-length USP36 [wild type (WT) and
the C131A mutant] and deletion mutants were previ-
ously described (29,33). V5-tagged EXOSC10 was obtained
from Addgene (plasmid No: 64916). V5-EXOSC10K168R

and V5-EXOSC10K583R mutants were generated by site-
directed mutagenesis using the QuikChange Kit (Agi-
lent). EXOSC10 cDNAs (WT and the K583R mutant)
were also cloned by polymerase chain reaction (PCR)
into the pcDNA3-2Flag vector to generate Flag-EXOSC10
and Flag-EXOSC10K583R plasmids. All flag-tagged EX-
OSC10 deletion mutants were constructed by inserting
PCR products into pcDNA3-2Flag vector. His-tagged
SUMO1, SUMO2 and ubiquitin (Ub) plasmids have
previously been described (33,55). The EXOSC10 cD-
NAs were also cloned into the pcDNA4-TO vector (Life
Technologies) to generate pcDNA4-TO-EXOSC10 and
pcDNA4-TO-EXOSC10K583R plasmids. These plasmids
were then used to construct the EXOSC10 siRNA Res
plasmids by mutagenesis to generate tetracycline (Tet)-
inducible expression of siRNA-resistant EXOSC10 (WT
and the K583R mutant), in which the EXOSC10 small
interfering RNA (siRNA) targeting sequence (siRNA-
1) 5′-GGATGAGTCCTACCTTGAA-3′ was mutated to
5′-GGACGAATCTTATTTGGAA-3′. EXOSC10 cDNA
was subcloned into the pGEX.4T.1 vector (GE Healthcare)
to express the glutathione S-transferase (GST)–EXOSC10
fusion protein. USP36 cDNA was inserted into the pET30a
vector to generate pET30a-His-USP36 for the expression of
recombinant His-USP36 protein in bacteria. All the plas-
mids were confirmed by sequencing.

Recombinant proteins were expressed in Escherichia
coli (BL21) by induction with isopropyl-�-D-1-
thiogalactopyranoside (IPTG) and purified using glu-
tathione agarose for GST fusion proteins and Ni2+-NTA
agarose beads for His-tagged proteins. The expression
and purification were described previously (29,33,54). Re-
combinant SUMO E1 (SAE1/SAE2), Ubc9 and SUMO1
proteins were purchased from Boston Biochem.
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Antibodies and reagents

Anti-Flag (M2, F3165, Sigma), anti-V5 (R960-25, Life
Technologies), anti-EXOSC10 (sc-374595, Santa Cruz
Biotechnology), anti-EXOSC10 (A303-98A,Bethyl Labo-
ratory), anti-hRrp40 (EXOSC3) (sc-166568, Santa Cruz
Biotechnology), anti-EXOSC3 (sc-98776, Santa Cruz
Biotechnology), anti-hRrp41(EXOSC4) (sc-166772, Santa
Cruz Biotechnology), anti-hRrp4 (EXOSC2) (A303-886A,
Bethyl Laboratory), anti-MTR4 (A300-614A, Bethyl
Laboratory), anti-Dis3 (A303-765A, Bethyl Laboratory),
anti-Nop58 (A302-719A, Bethyl Laboratory), anti-Las1L
(A304-438A, Bethyl Laboratory), anti-puromycin (clone
12D10, MABE343, EMD Millipore), anti-Ub (sc-9133,
Santa Cruz Biotechnology), anti-c-Myc (ab32072, abcam),
anti-SP1 (07–645, EMD Millipore), anti-Digoxigenin-AP
(11093274910, Roche), anti-USP36 (14783–1-AP, Protein-
tech) and anti-RPL30 (sc-98106, Santa Cruz Biotechnol-
ogy) antibodies were purchased. Anti-RPL5, anti-RPL11
and anti-RPS27a were described previously (56–58). Rabbit
polyclonal anti-SUMO1 and anti-SUMO2/3 antibodies
were provided by Dr Yoshiaki Azuma (University of
Kansas). Rabbit anti-USP36 serum was provided by Dr
Masayuki Komada (Tokyo Institute of Technology, Japan)
(26,29). Puromycin (Life Technologies), doxycycline (Dox;
Sigma), actinomycin D (Act D; Sigma), CX-5461 (Sigma),
RNase A (Thermo Scientific) and RNase T1 (Thermo
Scientific) were purchased.

Generation of Tet-inducible EXOSC10 expression cell lines

To generate Tet-inducible expression of EXOSC10,
HeLa cells were first transfected with pcDNA6-TR (Life
Technologies) followed by selection in 5 �g/ml blasticidin-
containing medium to establish HeLa cells stably expressing
TR (HeLa-TR). HeLa-TR cells were then transfected with
pcDNA4-TO-EXOSC10si1-res (WT and the K583R mutant)
and selected in medium containing 5 �g/ml blasticidin and
100 �g/ml zeocin for up to 2 weeks. Single colonies were iso-
lated, expanded and screened by immunoblot analysis for
Dox (2 �g/ml)-induced expression of EXOSC10 using anti-
EXOSC10 antibody. All the cells were cultured in DMEM
supplemented with 10% tetracycline system-approved
FBS.

Transfection, immunoblot (IB) and co-immunoprecipitation
(co-IP) analyses

Cells were transfected with plasmids using Lipofectamine
2000 (Life Technologies) or TransIT®-LT1 reagents
(Mirus Bio Corporation) following the manufacturers’ pro-
tocol. Cells were harvested at 36–48 h post-transfection and
lysed in NP-40 lysis buffer consisting of 50 mM Tris–HCl
(pH 8.0), 0.5% Nonidet P-40, 1 mM EDTA, 150 mM NaCl,
1 mM phenylmethylsulfonyl fluoride (PMSF), 1 mM dithio-
threitol (DTT), 1 �g/ml pepstatin A and 1 mM leupeptin.
Equal amounts of total protein were used for IB analysis.
Co-IP was conducted as described previously (29). Bound
proteins were detected by IB using antibodies as indicated
in the figure legends.

Affinity purification of human USP36-associated protein
complexes and mass spectrometry analysis

293 cells stably expressing control or Flag-USP36 were es-
tablished by transfecting with control pcDNA3-Flag and
Flag-USP36 plasmids, respectively, followed by selection
in medium containing 0.5 mg/ml neomycin (G418) for
single clones. The cells were lysed in NP-40 lysis buffer
supplemented with protease inhibitors at 4◦C for 1 h fol-
lowed by centrifugation. A 20 mg aliquot of the cleared
cell lysates from either control or Flag-USP36-expressing
cells was incubated with 0.1 ml of anti-Flag (M2) agarose
beads at 4◦C for 4 h. The beads were washed four times
in lysis buffer containing protease inhibitors. The bead-
bound proteins were eluted in 0.2 ml of Tris-buffered saline
(TBS; 50 mM Tris–HCl, 150 mM NaCl, pH 7.4) contain-
ing 0.1 mg/ml Flag peptides. Eluted proteins were run into
a sodium dodecylsulfate–polyacrylamide gel electrophorsis
(SDS–PAGE) gel for 6 min, the gel was stained, and pro-
tein bands at the top of the gel were excised, cut into 1 mm
pieces, reduced/alkylated and digested with trypsin for 1 h
at 50◦C in the presence of ProteaseMax™ detergent using
the method recommended by the manufacturer (Promega).
Recovered peptides were then dried by vacuum centrifuga-
tion, dissolved in 5% formic acid and loaded onto an Ac-
claim PepMap 0.1 × 20 mm NanoViper C18 peptide trap
(Thermo Scientific) for 5 min at 10 �l/min in a 2% ace-
tonitrile (ACN), 0.1% formic acid mobile phase. Peptides
were then separated using a PepMap RSLC C18, 2 �m
particle, 75 �m × 50 cm EasySpray column using a 7.5–
30% ACN gradient over 90 min in a mobile phase contain-
ing 0.1% formic acid and a 300 nl/min flow rate provided
by a Dionex NCS-3500RS UltiMate RSLC nano UPLC
(Thermo Scientific). Tandem mass spectrometry (MS/MS)
data were collected using an Orbitrap Fusion mass spec-
trometer (Thermo Scientific) configured for data-dependent
analysis. MS1 scan resolution was set to 120 000 (at m/z
200) and the MS1 automatic gain control (AGC) target
was 200 000 with a maximum injection time of 50 ms.
Mass range was set at 400–1500. MS1 data were acquired
in profile mode using positive polarity, a MIPS filter on
with relaxed conditions and charge states from +2 to +7
accepted. The linear ion trap AGC target value for frag-
ment spectra was set at 10 000, intensity threshold was
5000 and a rapid scan rate was used. Quadrupole isolation
width was set at 1.6 m/z. Normalized higher-energy colli-
sional dissociation (HCD) was set at 35%. Dynamic exclu-
sion was set to ±10 ppm with a duration of 30 s. The pro-
gram Comet (v. 2016.01, rev. 3) was used to search MS2
Spectra against a June 2019 version of a UniProt FASTA
protein database containing 20 960 canonical Homo sapi-
ens sequences with the addition of the human USP36 se-
quence, and 179 common contaminant sequences. To es-
timate error rates, sequence-reversed forms of all proteins
were concatenated to the FASTA file. The database process-
ing was performed with Python scripts available at https:
//github.com/pwilmart/fasta utilities.git and Comet results
processing used the PAW pipeline from https://github.com/
pwilmart/PAW pipeline.git. Comet searches for all samples
were performed with trypsin enzyme specificity. Monoiso-
topic parent ion mass tolerance was 1.25 Da. Monoisotopic
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fragment ion mass tolerance was 1.0005 Da. A static mod-
ification of +113.084 Da was added to all cysteine residues
and a variable modification of +79.9663 Da to serine, thre-
onine and tyrosine residues. Comet scores were combined
into linear discriminant function scores, and discriminant
score histograms were created separately for each peptide
charge state (2+, 3+ and 4+). Separate histograms were cre-
ated for matches to forward sequences and for matches to
reversed sequences for all peptides of seven amino acids
or longer. The score histograms for reversed matches were
used to estimate peptide false discovery rates (FDRs) and
to set score thresholds for each peptide class. After removal
of contaminants, this resulted in the identification of ∼953
proteins with at least two unique peptides per protein and an
estimated protein FDR <0.5%. Estimation of protein abun-
dance differences in the immunoprecipitates from control
or Flag-USP36 cell lysates was performed using the num-
bers of assigned MS/MS spectra (spectral counts) to each
peptide from protein across the two samples. Putative inter-
acting proteins were defined by having three or more spec-
tral counts in the Flag-USP36 sample and either 0 spectral
counts in the control sample or a ratio of ≥2.5 when di-
viding the numbers of spectral counts in the Flag-USP36
sample by the spectral counts in the control sample.

Gene knockdown by RNA interference

Lentiviral vectors encoding short hairpin RNAs
(shRNAs) against USP36 and EXOSC10 were pur-
chased (Open Biosystems). The shRNA sequences
are 5′-GCGGTCAGTCAGGATGCTATT-3′ (USP36
shRNA) and 5′-ATGAAAGACCTTAACGATGGC-3′
(EXOSC10 shRNA). The plasmids were transfected
with VSVG, pLP1 and pLP2 plasmids into 293FT cells
using calcium chloride (Promega). The viruses were
then used to infect cells in the presence of polybrene (6
�g/ml). The cells were harvested at 72 h post-transduction
for IB analysis. For siRNA-mediated knockdown, the
21 nucleotide siRNA duplexes with a 3′-dTdT over-
hang were synthesized by Dharmacon Inc. (Lafayette,
CO, USA). The target sequences for EXOSC10 are
5′-GGATGAGTCCTACCTTGAA-3′ (siRNA-1) and 5′-
GCAAGACATGTTTGCACAT-3′ (siRNA-2). The target
sequence for USP36 is 5′-TGTCCTGAGTGGAGAGAAT-
3′. The control scramble (scr) RNA was described (55).
These siRNA duplexes (100 nM) were introduced into
cells using Lipofectamine 2000 (Invitrogen) following the
manufacturer’s protocol.

Glutathione S-transferase fusion protein association assays.

GST fusion protein–protein association assays were con-
ducted as described (29,33,54). Briefly, purified His-
USP36 proteins (200 ng) were incubated with glutathione–
Sepharose 4B beads (Sigma) containing 200 ng of GST–
EXOSC10 and GST alone, respectively, in a final volume of
50 �l of binding buffer containing 50 mM Tris–HCl 7.5, 5
mM MgCl2, 100 mM NaCl, 10% glycerol, 0.5 mg/ml bovine
serum albumin (BSA), 5 mM �-mercaptoethanol for 45 min
at room temperature with gentle agitation. The beads were
then washed five times with 500 �l of the binding buffer and

bound proteins were analyzed using IB with anti-USP36 an-
tibody.

In vivo ubiquitination and SUMOylation assays

In vivo ubiquitination and SUMOylation assays under de-
naturing conditions were conducted using an Ni2+-NTA
pulldown (PD) method as previously described (54,55,59).
For ubiquitination assay, cells were transfected with His-Ub
and the indicated, plasmids and treated with 40 �M MG132
for 6 h before harvesting. The cells were harvested at 48 h af-
ter transfection; 20% of the cells were used for direct IB and
the rest of cells were subjected to Ni2+-NTA PD under dena-
turing conditions. The bead-bound proteins were analyzed
using IB. For SUMOylation assay, cells were transfected
with His-SUMO1 and the indicated plasmids followed by
Ni2+-NTA PD under denaturing conditions similar to that
above.

In vitro SUMOylation assay

In vitro SUMOylation assays were carried out as de-
scribed previously (33) in a 20 �l reaction mixture contain-
ing SUMO E1 heterodimer (50 nM), Ubc9 (E2, 50 nM),
SUMO1 (2 �M), ATP (2.5 mM), Flag-EXOSC10 (20 nM)
and Flag-USP36 (0.25 �M) purified from 293T cells in reac-
tion buffer consisting of 20 mM HEPES (pH 7.8), 100 mM
NaCl, 5 mM MgCl2, 5% glycerol and 1 mM DTT. The re-
actions were incubated at 30◦C for 5 h and then stopped by
adding an equal volume of 2× SDS sample buffer, followed
by IB.

Nucleolar fractionation

Nucleolar fractionation was performed as described previ-
ously (29). Briefly, freshly harvested cells were washed with
phosphate-buffered saline (PBS), resuspended in hypotonic
buffer A (10 mM HEPES pH7.8, 10 mM KCl, 1.5 mM
MgCl2, 0.5 mM DTT) in the presence of PMSF and incu-
bated for 10 min on ice. The cells were homogenized using a
B pestle douncer followed by spinning down at 3000 rpm for
5 min at 4◦C. The supernatant (cytoplasmic fraction) was
supplemented with 1/10 volume of buffer B (0.3 M Tris–
HCl pH 7.8, 1.4 M KCl, 30 mM MgCl2). The nuclear pellets
were washed with buffer A and then resuspended in buffer
S1 (0.25 M sucrose, 10 mM MgCl2), layered over buffer S2
(0.35 M sucrose, 0.5 mM MgCl2) and centrifuged at 1430 g
for 10 min at 4◦C. The pelleted nuclei were resuspended in
buffer S2 with PMSF, and sonicated using a microtip probe
with the power setting at 50%. The sonicated nuclei were
then layered over buffer S3 containing 0.88 M sucrose and
0.5 mM MgCl2, and centrifuged at 3000 g for 10 min at 4◦C.
The pellet contained purified nucleoli and the supernatant
represented the nucleoplasm.

Size exclusion chromatography (SEC)

Nuclear extracts were prepared from the above 293 cells
stably expressing Flag-USP36 as previously described (59).
Briefly, cells were resuspended in hypotonic buffer A, ho-
mogenized and centrifuged as above. The resulting nuclear
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pellets were lysed in buffer C consisting of 20 mM HEPES
(pH 7.9), 420 mM NaCl, 0.2 mM EDTA, 1.5 mM MgCl2,
0.5 DTT, 25% glycerol with protease inhibitors. A total of
250 �l of the nuclear extracts were loaded onto a Superose 6
10/300 GL column (24 ml, GE) equilibrated with PBS (pH
7.2). The flow rate was 0.03 ml/min, and 56 fractions (300 �l
each) were collected automatically. A calibration curve was
obtained with standard proteins (Sigma-Aldrich) as run on
the same system. Every two fractions were analyzed using
IB with antibodies as indicated in the figure legends.

Immunofluorescence (IF) staining

Cells were fixed and stained with monoclonal anti-Flag,
anti-EXOSC10, anti-Nop58 and anti-USP36 antibodies as
indicated, followed by staining with Alexa Fluor 488 (green)
goat anti-mouse antibody and Alexa Fluor 546 (red) goat
anti-rabbit antibody (Invitrogen) as well as 4′,6-diamidino-
2-phenylindole (DAPI) for DNA staining. Stained cells
were analyzed under a fluorescence microscope (Apotome,
Zeiss).

RNA-immunoprecipitation (RNA-IP) and quantitative re-
verse transcription–PCR (RT–qPCR)

Cells were lysed in lysis buffer containing 20 mM HEPES
pH 7.9, 150 mM NaCl, 1 mM MgCl2, 1 mM EGTA, 10%
glycerol, 1% Triton-X100, 0.1% sodium deoxycholate in
the presence of EDTA-free complete protease inhibitor
cocktail (Roche) and 20 U/ml RNase inhibitor (Invitrogen)
for 45 min, briefly sonicated and centrifuged at 15 000
g for 15 min at 4◦C. The supernatants were pre-cleared
with protein G beads for 30 min, followed by incubation
with anti-Flag (M2)-conjugated beads (Sigma) or control
IgG-coated beads for 4 h at 4◦C. After washing with
lysis buffer four times, the beads were suspended in 100
�l of NT2 buffer (50 mM Tris–HCl pH 7.4, 150 mM
NaCl, 1 mM MgCl2, 0.05% NP-40) containing 10 U of
DNase and incubated at 37◦C for 10 min. RNA–protein
complexes were eluted with elution buffer (10 mM Tris–
HCl pH 8.0, 1 mM EDTA, 1% SDS, 20 U/ml RNase
inhibitor) at 65◦C for 10 min. The eluates were incubated
with Proteinase K (1 mg/ml) at 50◦C for 5 h. RNAs
were then extracted using Trizol reagent (Invitrogen) and
subjected to reverse transcription using the RevertAid
RT Reverse transcription Kit (K1691, Thermo Scientific).
For EXOSC10 IP, cells were cross-linked with UV light
(� = 254 nm) in an XL-1000 ultraviolet Spectrolinker
device at 150 mJ/cm2 before harvesting. Quantitative
real-time PCR was performed on an ABI StepOne™
real-time PCR system (Applied Biosystems) using SYBR
Green Mix (Applied Biosystems) as described previously
(55). All reactions were carried out in triplicate. Relative
gene expression was calculated using the �C� method
following the manufacturer’s instruction. The primers
used were: 5′-TGCAGGACACATTGATCATCG-3′ and
5′-CGATTGATCGGCAAGCGAC-3′ for the 5.8S–ITS2
junction; 5′-TGAGAAGACGGTCGAACTTG-3′ and
5′-TCCGGGCTCCGTTAATGATC-3′ for the 18S–ITS1
junction; and 5′-ACGAGCGCACGTGTTAGGAC-3′ and
5′-TGCACGTCAGGACCGCTACG-3′ for 28S rRNA.

Northern blot

Non-radioactive northern blot for rRNA processing was
conducted as described previously (33). For analysis of high
molecular weight species, 4 �g of total RNA was loaded
onto agarose denaturing gels (6% formaldehyde/1.2%
agarose in HEPES-EDTA buffer) and electrophoresed for
4 h at 75 V. After washing, gels were transferred to ny-
lon membranes by capillarity overnight in 10× saline
sodium citrate (SSC). For analysis of low molecular
weight species, 4 �g of total RNA was separated on de-
naturing acrylamide gels [8% acrylamide–bisacrylamide
19:1/8 M urea in Tris-borate-EDTA (TBE) buffer] for
2.5 h at 150 V, followed by semi-dry transfer in 0.5×
TBE for 1 h at 150 mA. After UV cross-linking (120
mJ/cm2), membranes were pre-hybridized in 50% for-
mamide, 5× SSPE, 5× Denhardt’s solution, 1% w/v SDS,
200 �g/ml fish sperm DNA solution (Sigma) for 1 h
at 65◦C. The digoxigenin-labeled oligonucleotide probe
was added and incubated for 1 h at 65◦C and then
overnight at 37◦C. Sequences of northern blot probes are
as follows: 5′-CTGCGAGGGAACCCCCAGCCGCGCA-
3′ (ITS2); 5′-CAATGTGTCCTGCAATTCAC-3′ (5.8S-
ITS2). After washing with 2× SSC, membranes were
blocked in 1× blocking buffer (Roche) for 0.5 h at room
temperature and incubated with anti-digoxigenin antibody
(Roche, 1:10 000 dilution) for 0.5 h at room temperature, fol-
lowed by washing steps (twice, each for 15 min) with wash-
ing buffer [0.1 M maleic acid, 0.15 M NaCl at pH 7.5, 0.3%
Tween-20 (v/v)]. After equilibration in detection buffer (0.1
M Tris, 0.1 M NaCl at pH 9.5), membranes were incubated
with chemiluminescent substrate CDP star® (Roche, 1:200
dilution) at room temperature for 10 min and then exposed
to films.

Translation assay

Global protein translation was measured by puromycin la-
beling as previously described (33). Briefly, cells were pre-
treated with 10 �g/ml puromycin (Invitrogen) for 10 min.
The cells were then harvested for IB detection of puromy-
cylation of nascent peptides using anti-puromycin (clone
12D10; EMD Millipore).

Cell proliferation assay

Cell viability was measured by 3-(4,5-dimethylthiazol-2-
yl)-2,5-diphenyltetrazolium bromide (MTT) assays. Briefly,
cells were incubated with 0.5 mg/ml MTT in medium for
3 h. After incubation, MTT medium was removed and
dimethylsulfoxide (DMSO; 100 �l per well) was added
to fully dissolve the purple formazan. The absorbance
was measured at OD560 nm and OD690 nm. The reduced
absorbance (Abs560 nm – Abs690 nm) represents the rela-
tive number of viable cells per well. For colony forma-
tion assays, an equal number of cells transfected with
scrambled or EXOSC10 siRNA were cultured in DMEM
containing 10% FBS for up to 2 weeks. The colonies
were visualized by staining with 0.5% crystal violet in
50% ethanol.
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RESULTS

USP36 associates with the nucleolar RNA exosome by di-
rectly binding to EXOSC10

To understand the mechanisms underlying the role of
USP36 in ribosome biogenesis, we sought to identify
USP36-interacting proteins. We performed an affinity pu-
rification of USP36-associated protein complexes from 293
cells stably expressing Flag-USP36 using anti-Flag anti-
body (M2) agarose gels, followed by elution with Flag pep-
tides (Supplementary Figure S1C) and MS analysis. A to-
tal of 482 proteins were found in the eluates from Flag-
USP36-expressing cells with higher abundance than in the
control 293 cells (Supplementary Dataset S1). Gene On-
tology (GO) analysis revealed that USP36-associated pro-
teins are mainly enriched in the nucleolus and play critical
roles in rRNA processing, snoRNA processing, ribosome
assembly and translation (Figure 1A), highlighting the role
of USP36 in ribosome biogenesis. Interestingly, all 10 com-
ponents of the nucleolar RNA exosome, EXOSC1 to EX-
OSC10, but not Dis3, are present in the complexes (Figure
1B). Co-IP assays confirmed that Flag-USP36 binds to EX-
OSC10, the ‘cap’ subunit EXOSC3/hRrp40 and the ‘ring’
subunit EXOSC4/hRrp41 in 293 (Figure 1C) and HeLa
(Supplementary Figure S1D) cells, but not with Dis3 (Fig-
ure 1D), the catalytical subunit of the RNA exosome in
the nucleoplasm, consistent with the notion that USP36 in-
teracts with the nucleolar RNA exosome. Flag-EXOSC10
also co-immunoprecipitated with USP36 using anti-Flag
antibody (Figure 1E). Further, endogenous USP36 co-
immunoprecipitated with endogenous EXOSC10 in both
293 (Figure 1F) and HeLa cells (Supplementary Figure
S1E). To understand USP36 association with the RNA ex-
osome in cells, we extracted the nuclear fraction of 293
cells transfected with Flag-USP36 and performed SEC. As
shown in Supplementary Figure S1F, EXOSC10, EXOSC3
and EXOSC4 have the same elution peak, with the corre-
sponding molecular weight of 400 kDa which is similar to
the size of Exo10hRrp6. Interestingly, these RNA exosome
proteins also co-elute with USP36, the exosome cofactor
MTR4, ribosomal proteins L5, L11 and S27a, as well as
ribosome biogenesis accessory factors such as NPM and
Las1L in high molecular weight fractions (≥669 kDa), fur-
ther supporting the association between USP36 and the ex-
osome complex in pre-ribosome particles.

To further understand how USP36 interacts with the ex-
osome, we tested whether this interaction is mediated by
EXOSC10, as both peptide counts and peptide coverage
of EXOSC10 in MS analysis are the highest among all the
exosome subunits (Figure 1B) and it is among the top 20
binding proteins based on MS/MS spectral counts (Sup-
plementary Table S1). As shown in Figure 1G, knockdown
of EXOSC10 abrogated the interaction of USP36 with the
exosome core components EXOSC3 and EXOSC4, sug-
gesting that USP36 interaction with EXOSC10 is critical
for its interaction with the core RNA exosome complex.
Given that USP36 may interact with the exosome com-
plex in pre-ribosome particles (Supplementary Figure S1F),
we next examined whether the USP36–exosome interac-
tion is dependent on RNA. We found that RNase treat-

ment indeed reduced, but did not abolish, the interaction
between USP36 and EXOSC10 in both 293 (Figure 1H)
and HeLa cells (Supplementary Figure S1G), whereas the
interaction of USP36 with RPL30 and RPS27a was abol-
ished by the RNase treatment, suggesting that USP36 may
directly interact with EXOSC10 and that this interaction
is facilitated by RNA-containing pre-ribosome particles.
We then tested whether USP36 directly interacts with EX-
OSC10 using GST PD assays. As shown in Figure 1I, re-
combinant His-USP36 protein purified from bacteria (Sup-
plementary Figure S1H) was specifically bound by purified
GST–EXOSC10, but not GST alone, indicating that USP36
directly interacts with EXOSC10 in vitro. Together, these re-
sults suggest that USP36 interacts with the RNA exosome
via direct binding to EXOSC10 and this binding is facili-
tated by association with RNA.

EXOSC10 and USP36 interact via their C-terminal domains

To understand how USP36 interacts with EXOSC10, we
mapped the binding domains between USP36 and EX-
OSC10 using co-IP–IB assays. We first transfected cells
with a panel of Flag-tagged USP36 deletion mutants fol-
lowed by co-IP using anti-Flag antibody and IB with anti-
EXOSC10 antibody. As shown in Figure 2A, the C-terminal
nucleolar localization signal (NoLS)- (25,26) containing
region (amino acids 801–1121), but not the N-terminal
USP domain-containing (amino acids 1–420) and the mid-
dle (amino acids 421–800) regions, interacts with EX-
OSC10, indicating that EXOSC10 binds to the C-terminus
of USP36 (Figure 2B). EXOSC10 contains multiple func-
tional domains including the N-terminal PMC2NT, the
central EXO and HRDC domains required for its exonucle-
ase activity, as well as the C-terminal exosome-associated
region (EAR) and recently characterized Lasso domains
that bind to RNA substrates and stimulate the degrada-
tion and processing activities of exosome substrates (60,61).
To examine which domain USP36 binds, we constructed
a panel of Flag-tagged EXOSC10 deletion mutants. We
co-introduced full-length EXOSC10 or its deletion mu-
tants with V5-USP36 into H1299 cells and performed co-
IP using anti-Flag antibody. As shown in Figure 2C, V5-
USP36 specifically co-immunoprecipitated with the mu-
tants containing the C-terminal Lasso domain (amino
acids 738–885), but not the mutants lacking this region.
Endogenous USP36 also co-immunoprecipitated with the
C-terminal Lasso domain (Figure 2D). GST PD assays
showed that the recombinant His-tagged Lasso domain of
EXOSC10 protein purified from bacteria was specifically
bound by the purified GST-fused C-terminus of USP36
(GST–USP36801–1121), but not by GST alone (Supplemen-
tary Figure S2A, B). Furthermore, RNase treatment also
reduced, but did not abolish, the interaction of USP36
with the C-terminal Lasso domain of EXOSC10 (Supple-
mentary Figure S2C) or the interaction of EXOSC10 with
USP36801–1121 (Supplementary Figure S2D). Together, these
results indicate that the C-terminal region of USP36 directly
interacts with the C-terminal Lasso domain of EXOSC10
(Figure 2B, E) that can also be facilitated by the association
with RNA.
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Figure 1. USP36 interacts with the RNA exosome. (A) GO analysis of the USP36-interacting proteins identified by MS analysis of anti-Flag immunopre-
cipitates from Flag-USP36-expressing 293 cells. A vertical dashed line represents the significance score, P = 0.05. (B) RNA exosome components revealed
by MS analysis of immunoprecipitates from 293-Flag-USP36 cells by anti-Flag antibody. Shown are the percentiles of peptide coverage of each RNA exo-
some component with the numbers (blue) of peptides indicated on the right from Flag-USP36-expressing cells. The peptide numbers from control 293 cells
are shown in black. (C) USP36 interacts with the RNA exosome. 293 cells transfected with Flag-USP36 were subjected to co-IP with anti-Flag antibody
followed by IB. (D) USP36 does not interact with Dis3. H1299 cells were transfected with Flag-USP36 and assayed by co-IP using anti-Flag antibody
followed by IB. (E) EXOSC10 interacts with endogenous USP36. Cell lysates from H1299 cells transfected with Flag-EXOSC10 were immunoprecipitated
with anti-Flag antibody followed by IB. (F) Endogenous USP36 interacts with endogenous EXOSC10. 293 cell lysates were immunoprecipitated with
anti-USP36 antibody (Proteintech) followed by IB with anti-EXOSC10. (G) Flag-USP36 associates with the RNA exosome through EXOSC10. H1299
cells were transfected with empty vector or Flag-USP36 and infected with scrambled or EXOSC10 shRNA lentiviruses, followed by co-IP with anti-Flag
and IB. (H) Interaction between USP36 and EXOSC10 is partially dependent on RNA. 293 cells transfected with Flag-USP36 were subjected to co-IP
with anti-Flag antibody in the presence or absence of 100 �g/ml RNase A and 100 U/ml RNase T1 treatment followed by IB. (I) USP36 directly interacts
with EXOSC10 in vitro. Purified GST or GST–EXOSC10 immobilized on glutathione beads was incubated with purified His-USP36. Bound proteins were
assayed by IB with anti-USP36 (top). Coomassie staining of GST and GST–EXOSC10 proteins is shown in the bottom panel.

USP36 interacts with the RNA exosome in the nucleolus

USP36 is predominantly a nucleolar protein (26,29). Its C-
terminal NoLS-containing region is required for interact-
ing with EXOSC10 (Figure 2B). IF staining indicates that
USP36 co-localizes with EXOSC10 in the nucleolus (Fig-
ure 2F). To further examine whether USP36 interacts with
the RNA exosome in the nucleolus, we performed cell frac-
tionation assays. As shown in Figure 2G, EXOSC10 is lo-
calized in both the nucleoplasm and the nucleolus, and the
exosome core component EXOSC4 is located in both the cy-
toplasm and the nucleus, whereas USP36 is mainly localized
in the nucleolus, consistent with the distribution of different
RNA exosomes in different cell compartments (4). We per-
formed co-IP assay using the lysates from the isolated nu-

cleolar fraction and further confirmed that USP36 interacts
with EXOSC10 in the nucleolus (Figure 2H). Thus, USP36
mainly associates with the nucleolar RNA exosome.

USP36 SUMOylates EXOSC10 in cells and in vitro

We next asked whether USP36 regulates EXOSC10 ubiq-
uitination as USP36 is a DUB (26,29). However, while
we did observe the marginal ubiquitination of the exoge-
nously expressed EXOSC10 that can be deubiquitinated
by WT USP36, but not the catalytically inactive C131A
mutant (Supplementary Figure S3A), the ubiquitination
of endogenous EXOSC10 is undetectable (Supplemen-
tary Figure S3B), indicating that the steady-state levels of
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Figure 2. USP36 interacts with EXOSC10 via their C-terminal domains in the nucleolus. (A and B) EXOSC10 binds to the C-terminal domain of USP36.
H1299 cells were transfected with Flag-USP36 or its deletion mutants as indicated, followed by co-IP with anti-Flag and IB analysis (A). The C-terminal
EXOSC10-binding domain of USP36 is shown in (B). USP, ubiquitin-specific protease; NoLS, nucleolar localization signal. (C–E) USP36 binds to the Lasso
region in the C-terminal domain (CTD) of EXOSC10. H1299 cells transfected with Flag-EXOSC10 or its deletion mutants together with (C) or without (D)
V5-USP36 were subjected to co-IP with anti-Flag followed by IB. The diagram of EXOSC10 domains is shown in (E). PMC2NT, polycystin 2 N-terminal;
EXO, exonuclease; HRDC, helicase and RNase D C-terminal; EAR, exosome-associated region. * indicates IgG. (F) Co-localization of Flag-USP36
and EXOSC10. HeLa cells transfected with Flag-USP36 were immunostained with anti-Flag (red) and anti-EXOSC10 (green). The nuclei were stained
with DAPI (blue). (G) Subcellular distribution of Flag-USP36, EXOSC10 and EXOSC4 proteins. HeLa cells were fractionated into cytoplasmic (Cyto),
nucleoplasmic (Np) and nucleolar fractions (No) followed by IB. Tubulin, SP1 and FBL were used as cytoplasmic, nucleoplasmic and nucleolar markers,
respectively. (H) Co-IP of USP36 with EXOSC10 in the nucleolar fraction. Lysates from the nucleolar fraction shown in (G) were immunoprecipitated
with anti-Flag antibody followed by IB with anti-EXOSC10 antibodies.

EXOSC10 ubiquitination under normal cell growth condi-
tions is too low to be regulated by USP36. We recently found
that USP36 possesses a novel SUMO ligase activity and
mediates nucleolar protein group SUMOylation (33).
Therefore, we examined whether USP36 promotes the
SUMOylation of EXOSC10. H1299 cells were trans-
fected with Flag-EXOSC10 together with control, His-
SUMO1 or His-SUMO2 plasmid, followed by Ni2+-NTA
PD assays under denaturing conditions and detection of
SUMOylated EXOSC10 by IB. As shown in Figure 3A,
EXOSC10 is mainly modified by SUMO1. Interestingly,
USP36 markedly promoted EXOSC10 SUMOylation by
both SUMO1 (Figure 3B) and SUMO2 (Supplementary
Figure S3C). Consistently, knockdown of USP36 signifi-
cantly reduced the levels of EXOSC10 SUMOylation in
cells by both exogenously expressed SUMO1 as deter-
mined by Ni2+-NTA PD assays (Figure 3C) and endoge-
nous SUMO shown as the modified EXOSC10 band in
IB assays (Figure 3D). This modified band is the SUMO-
modified EXOSC10 as it was also abolished by knock-
down of either SUMO E1 subunit SAE2 or Ubc9 (Sup-
plementary Figure S3D) and can be immunoprecipitated

by using anti-EXOSC10 antibody and detected by anti-
SUMO1 antibody (Supplementary Figure S3E). To test
whether USP36 directly SUMOylates EXOSC10, we per-
formed in vitro SUMOylation assays using recombinant
proteins. As shown in Figure 3E, in vitro SUMOylation re-
action using recombinant E1 (SAE1/SAE2), E2 (Ubc9),
SUMO1 and ATP resulted in marginal SUMO conjuga-
tion of EXOSC10, consistent with the notion that SUMO
E1 and Ubc9 can directly mediate SUMOylation in vitro,
although less efficiently (62,63). Notably, USP36 markedly
increased EXOSC10 SUMOylation by SUMO1 in vitro,
demonstrating that USP36 acts as a SUMO E3 for EX-
OSC10. To map the SUMOylation sites in EXOSC10, we
mutated the consensus SUMO lysines, K168 and K583, pre-
dicted by the GPS-SUMO tool (64), as well as other re-
ported SUMO lysines by high-throughput proteomic anal-
ysis including K19, K710, K826, K833, K859 and K873
(49,53,65,66), to Arg (R) and examined their SUMOyla-
tion in cells. As shown in Figure 3F and Supplementary Fig-
ure S3F and G, mutating K583, but not K168, K19, K710,
K826, K833, K859 or K873, abolished EXOSC10 SUMOy-
lation, indicating that K583 is the predominant acceptor
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Figure 3. USP36 SUMOylates EXOSC10 in cells and in vitro. (A) EXOSC10 can be modified mainly by SUMO1. H1299 cells transfected with the indicated
plasmids were subjected to Ni2+-NTA PD under denaturing conditions, followed by IB with anti-Flag antibody. (B) USP36 promotes SUMO1 modification
of EXOSC10. H1299 cells transfected with the indicated plasmids were subjected to Ni2+-NTA PD followed by IB to detect EXOSC10 SUMOylation.
The SUMO1-modified EXOSC10 is indicated. The protein expression is shown in the bottom panels. (C) Knockdown of USP36 attenuates SUMO1
modification of EXOSC10. HeLa cells transfected with His-SUMO1 and infected with scrambled (scr) or USP36 shRNA lentiviruses were subjected to
Ni2+-NTA PD under denaturing conditions, followed by IB. * indicates SUMOylated EXOSC10 in cell lysates. (D) Knockdown of USP36 attenuates
EXOSC10 modification by endogenous SUMO. HeLa cells infected with scr or USP36 shRNA lentiviruses were assayed by IB. (E) USP36 promotes
SUMO1 modification of EXOSC10 in vitro. In vitro SUMOylation assays were performed with recombinant SUMO E1, Ubc9 (E2), SUMO1 and purified
Flag-EXOSC10 with or without ATP and purified USP36 as indicated. (F) EXOSC10 is SUMOylated at K583. H1299 cells transfected with the indicated
plasmids were subjected to Ni2+-NTA bead PD under denaturing conditions followed by IB.

Lys for EXOSC10 SUMOylation. Of note, mutating K583
did not affect the ubiquitination of EXOSC10 (Supplemen-
tary Figure S3H), suggesting that K583 is not subjected to
the ubiquitination modification.

USP36 does not significantly affect the levels of EXOSC10
and its association with the RNA exosome

To understand whether USP36-mediated SUMOylation af-
fects EXOSC10 protein levels, we performed USP36 knock-
down experiments. As shown in Supplementary Figure
S4A, knockdown of USP36 did not reduce the levels of EX-
OSC10 or other tested exosome core subunits including EX-
OSC2, EXOSC3 and EXOSC4. These exosome proteins are
highly stable (Supplementary Figure S4B, C). Knockdown
of USP36 did not reduce the half-life of EXOSC10 (Supple-
mentary Figure S4D). These results suggest that EXOSC10
is not mainly regulated by ubiquitination-mediated protea-
some degradation and that USP36-mediated SUMOyla-
tion of EXOSC10 does not significantly regulate its protein
levels.

To examine whether USP36-mediated SUMOylation reg-
ulates EXOSC10 localization and association with the
RNA exosome in the nucleolus, we performed IF staining
in cells with or without USP36 knockdown. As shown in
Supplementary Figure S4E, knockdown of USP36 did not
apparently alter the predominant nucleolar localization of
EXOSC10 in cells. Also, mutating the K583 SUMO site did

not alter the nucleolar localization of EXOSC10 in HeLa
(Supplementary Figure S5A) and U2OS (Supplementary
Figure S5B) cells. Knockdown of USP36 also does not in-
terfere with the association of EXOSC10 with the core ex-
osome subunit EXOSC4 as determined by co-IP assays us-
ing anti-EXOSC10 antibody (Supplementary Figure S5C).
Furthermore, the K583R mutant binds to the exosome as
efficiently as WT EXOSC10 as probed by the presence of
the core exosome subunits EXOSC3 and EXOSC4 (Sup-
plementary Figure S5D). Also, the K583R mutation does
not affect the interaction of EXOSC10 with USP36 (Sup-
plementary Figure S5E). Thus, USP36-mediated SUMOy-
lation does not significantly affect the nucleolar localiza-
tion of EXOSC10 and its association with core exosome and
USP36.

Ablation of EXOSC10 SUMOylation inhibits rRNA
processing

Next, we sought to examine whether USP36-mediated
SUMOylation of EXOSC10 regulates the nucleolar RNA
exosome function in rRNA processing. The 47S pre-rRNA
is processed to mature 18S, 5.8S and 28S rRNAs via multi-
ple steps of processing cleavage, as illustrated in Figure 4A.
The RNA exosome has been shown to play a key role in
the processing of the 3′ end of 5.8S (from 12S intermedi-
ates to 5.8S, Figure 4B) and 18S (from 21S to 18SE) precur-
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Figure 4. SUMOylation of EXOSC10 plays a critical role in pre-rRNA processing. (A) Diagram showing the intermediate rRNA products of the major
(black) and minor (gray) pre-rRNA processing pathways. (B) Diagram of the 12S rRNA processing. The positions of ITS2 and 5.8S–ITS2 junction probes
for northern blot are indicated. (C and D) EXOSC10 is required for 12S rRNA processing. HeLa cells transfected with scr or two different EXOSC10
siRNAs were assayed for rRNA processing by northern blot (top panels) using the 5.8S–ITS2 junction (C) and ITS2 (D) probes as indicated. Ethidium
bromide (EB) staining of the RNA gels is shown in the bottom panels. (E and F) WT EXOSC10, but not the K583R mutant, rescued EXOSC10 depletion-
induced attenuation of 12S rRNA processing. HeLa cells stably expressing Dox-inducible siRNA-resistant EXOSC10 (WT or the K583R mutant) were
transfected with scr or EXOSC10 siRNAs and treated with or without Dox. Total RNAs extracted from the cells were assayed by northern blot using the
5.8S–ITS2 junction probe and IB detection of the expression of EXOSC10 (E). The 7S and 5.8S + 40 nt species were quantified and the rescue efficiency
is calculated from three independent experiments (F). **P <0.01, comparison between WT and the K583 mutant as determined by Student’s t-test.

sors (7,16,67) as well as the degradation of the 5′-ETS (15).
Using northern blot with a probe hybridizing to the 5.8S–
ITS2 conjunction (Figure 4C) and the ITS2 (Figure 4D),
respectively, we confirmed that knockdown of EXOSC10
by two different siRNAs markedly impaired rRNA process-
ing, leading to accumulation of 5.8S precursors including
12S, 7S and 5.8S + 40 nt (Figure 4C, D). To examine the
role of EXOSC10 SUMOylation in rRNA processing, we
performed EXOSC10 knockdown and rescue experiments.
We established HeLa cells stably expressing Tet-inducible
siRNA-resistant EXOSC10 (WT or the K583R mutant),
whose expression can be induced by Dox. These cells were
transfected with control scr RNA or EXOSC10 siRNA in

the absence or presence of Dox and then assayed by north-
ern blot using a 5.8S–ITS2 probe to monitor the 12S rRNA
processing. As shown in Figure 4E and summarized in Fig-
ure 4F, the accumulation of 7S and 5.8S + 40 nt rRNA upon
EXOSC10 knockdown was markedly alleviated by the Dox-
induced expression of siRNA-resistant WT EXOSC10, but
not the K583R mutant. Together, these data suggest that
EXOSC10 SUMOylation by USP36 plays a critical role in
rRNA processing. USP36 is critical for multiple steps of
rRNA processing and its depletion results in the reduction
of both 21S and 12S rRNA species (27, 33). Consistently, we
showed that knockdown of USP36 significantly reduced the
levels of 12S rRNA (Supplementary Figure S6A, B). Fur-
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ther analysis showed that knockdown of USP36 markedly
impaired 12S rRNA processing, as indicated by the accu-
mulation of 7S species and the marked increase of the ra-
tios of 7S and 5.8S + 40 nt species to 12S rRNA precursors
(Supplementary Figure S6C, D). These results suggest that
USP36 plays an important role in 5.8S rRNA maturation,
correlating with its role in regulating EXOSC10 and RNA
exosome function in processing 5.8S precursors.

Ablation of EXOSC10 SUMOylation inhibits its binding to
pre-rRNA

To understand how USP36-mediated SUMOylation may
regulate EXOSC10’s activity in rRNA processing, we tested
whether USP36-mediated SUMOylation promotes EX-
OSC10 binding to rRNA. To this end, we performed RNA-
IP assays followed by RT–qPCR assays using primers
amplifying different regions of pre-rRNA (Figure 5A).
As shown in Figure 5B, mutating K583 significantly at-
tenuated the binding of EXOSC10 to pre-rRNA across
the 5.8S–ITS2 junction and 18S–ITS1 junction, consis-
tent with the role of EXOSC10 in processing the 5.8S and
18S precursors. These data suggest that USP36-mediated
EXOSC10 SUMOylation promotes the targeting of EX-
OSC10 to pre-rRNAs. Of note, although EXOSC10 binds
to 28S as reported by CLIP-seq assays (17), mutating K583
only slightly, but not significantly, reduced the binding of
EXOSC10 to mature 28S rRNA (Figure 5B), suggesting
that EXOSC10 SUMOylation may specifically affect the
exosome-mediated maturation of 5.8S and 18S rRNA. We
also examined whether USP36 could regulate the exosome
function by binding to rRNA precursors. Indeed, RNA-
IP assays showed that USP36 strongly binds to pre-rRNAs
(Figure 5C), suggesting that USP36 itself may act as a
pre-rRNA-binding protein or associate with pre-rRNA by
binding to the exosome in pre-ribosome particles to regulate
exosome function at the pre-rRNA.

Ablation of EXOSC10 SUMOylation inhibits translation
and suppresses cell proliferation

Given the critical role of EXOSC10 SUMOylation in rRNA
processing, we next sought to examine the role of USP36-
mediated EXOSC10 SUMOylation in protein translation
and cell growth. To do so, we first measured nascent pep-
tide synthesis using puromycin pulse labeling in cells fol-
lowed by IB with anti-puromycin antibody. As shown in
Figure 6A, knockdown of EXOSC10 by two different siR-
NAs markedly inhibited protein translation. Consistent
with the role of EXOSC10 SUMOylation in rRNA process-
ing (Figure 4), Dox-induced expression of WT EXOSC10,
but not the SUMOylation-defective K583R mutant, largely
restored the protein translation (Figure 6B, C). Cell prolif-
eration assays measured by MTT (Figure 6D) and colony
formation (Figure 6E, F) assays also showed that Dox-
induced expression of WT EXOSC10, but not the K583R
mutant, markedly rescued cell growth inhibition by knock-
down of endogenous EXOSC10, demonstrating that EX-
OSC10 SUMOylation at K583 plays a critical role in pro-
tein translation and cell proliferation.

Ribosomal stress attenuates EXOSC10 SUMOylation by re-
ducing USP36

To further understand the role of USP36-mediated EX-
OSC10 SUMOylation in ribosome biogenesis, we asked
whether EXOSC10 SUMOylation could be regulated in
cells in response to ribosomal stress caused by the pertur-
bation of ribosome biogenesis. We first treated cells with a
low dose (5 nM) of Act D, which specifically inhibits rRNA
synthesis and causes ribosome stress (56,59,68), and exam-
ined the EXOSC10 SUMOylation. Ni2+-NTA PD assays
showed that Act D treatment markedly reduced the lev-
els of EXOSC10 SUMOylation by exogenously expressed
SUMO-1, but not the total levels of EXOSC10, in a time-
dependent manner (Figure 7A). EXOSC10 SUMOylation
by endogenous SUMO shown as the modified EXOSC10
band in IB is also significantly inhibited by the treatment
with Act D in both HeLa and H1299 cells (Figure 7B, C).
To further validate the reduction of EXOSC10 SUMOy-
lation in response to ribosomal stress, we treated cells
with the small molecule RNA Pol I inhibitor CX-5461
(69). Indeed, CX-5461 treatment also significantly impaired
EXOSC10 SUMOylation by both exogenously expressed
SUMO1 (Figure 7D) and endogenous SUMO (Figure 7E)
in HeLa cells. Similar results were also observed in other
tested cell lines including H1299 cells (Supplementary Fig-
ure S7A, B). Interestingly, both Act D treatment and CX-
5461 treatment significantly reduced the levels of USP36 in
HeLa, H1299 (Figure 7E, F; Supplementary Figure S7B)
and U2OS cells (Supplementary Figure S7C), whereas the
levels of EXOSC10 and the examined core exosome sub-
unit EXOSC4 were not changed by the Act D or CX-5461
treatment (Figure 7E, F; Supplementary Figure S7B), in-
dicating that the attenuated EXOSC10 SUMOylation fol-
lowing ribosomal stress is associated with the reduction of
USP36 protein. Together, these results suggest that the lev-
els of USP36 and EXOSC10 SUMOylation are reduced in
cells in response to ribosomal stress, thus coordinating with
ribosome biogenesis.

DISCUSSION

The RNA exosome plays a critical role in RNA process-
ing, degradation and quality control, thus being essential
for normal cell growth and proliferation. The nucleolar
RNA exosome is critical for ribosome biogenesis by pro-
cessing pre-rRNAs and snoRNAs (16,17). Although Rrp6
is the only non-essential component among the 11 exosome
subunits for yeast cell growth, human EXOSC10 (hRrp6)
is essential for cell growth (17). EXOSC10 knockout mice
are embryonic lethal, with embryogenesis arrested at the
morula stage (70), suggesting that EXOSC10 plays an in-
dispensable role in early embryogenesis and animal devel-
opment. As ribosome biogenesis is a complex and dynamic
cellular process and is subjected to extensive regulation in
response to growth signals and cellular stressors, it is con-
ceivable that the function of the nucleolar RNA exosome is
also highly regulated.

In this study, we report that the key RNA exosome com-
ponent EXOSC10 is SUMOylated at K583 by USP36 in
the nucleolus. USP36-mediated EXOSC10 SUMOylation is
critical for the nucleolar RNA exosome function in rRNA
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B

C

Figure 5. The SUMOylation of EXOSC10 is critical for its binding to pre-rRNA. (A) Diagram of 47S pre-rRNA showing the primers used for RT–
qPCR assays indicated in the bottom. (B) Mutating K583 impairs the binding of EXOSC10 to rRNA precursors. 293 cells transfected with control or
Flag-EXOSC10 (WT and the K583R mutant) plasmids were subjected to RNA-IP with anti-Flag followed by RT–qPCR. Shown is the fold reduction
of relative rRNA binding of EXOSC10K583R compared with EXOSC10WT and normalized to empty vector-transfected cells from five independent ex-
periments. The relative RNA enrichment was calculated by dividing RNAs in anti-Flag immunoprecipitates by that in control IgG immunoprecipitates.
**P <0.01, compared with Flag-EXOSC10WT-transfected cells. P-values were calculated by Student’s t-test. The expression of Flag-EXOSC10WT and
Flag-EXOSC10K583R assayed by IB is shown on the right. (C) USP36 binds to pre-rRNA. HeLa cells transfected with control or Flag-USP36 were sub-
jected to RNA-IP using anti-Flag or control mouse IgG, followed by RT–qPCR analysis. Shown are percentage enrichment relative to input from three
independent experiments. P-values were calculated by Student’s t-test. ***P <0.001.

processing and cell growth, as the SUMO-defective K583R
mutant of EXOSC10 has significantly impaired function to
rescue the growth inhibition and pre-rRNA processing im-
pairment induced by knockdown of endogenous EXOSC10
(Figures 4 and 6), and knockdown of USP36 results in sim-
ilar defects in the processing of 5.8S rRNA precursors to
that by the knockdown of EXOSC10 (Supplementary Fig-
ure S6). We further show that the K583R mutant of EX-
OSC10 has impaired pre-rRNA binding activity (Figure
5). As USP36 does not significantly alter the protein lev-
els and cellular localization of the exosome proteins, the re-
duced binding of the K583R mutant to pre-rRNA might
be due to the impairment of conformational change of EX-
OSC10 upon SUMOylation. The K583 residue is located
close to the C-terminal Lasso motif (61), which is critical
for binding to RNAs. Thus, K583 SUMOylation could fa-
cilitate a conformational change of EXOSC10 that favors
its high-affinity binding to pre-rRNA. It has been suggested
that the exosome can be recruited to different pre-ribosome
particles via the binding of the TRAMP complex compo-
nent MTR4 to the adaptor proteins such as Nop53 and

UTP18 (5,15). Both Nop53 and UTP18 as well as MTR4
were present in our purified Flag-USP36-associated pro-
tein complexes as determined by MS analysis (Supplemen-
tary Dataset 1; Supplementary Table S1). We indeed ob-
served that USP36 interacts with the TRAMP complex
(data not shown). Therefore, it is also possible that EX-
OSC10 SUMOylation by USP36 could facilitate the as-
sembly and stabilization of the exosome–TRAMP–adaptor
protein complexes in the small subunit processome (SSU)
and the large subunit processome (LSU). Accumulating ev-
idence suggests that SUMOylation tends to target a group
of functionally and physically connected proteins, called
protein group SUMOylation (35,71), which allows multiple
SUMO–SIM (SUMO-interacting motif) interactions that
contribute to the formation and stabilization of the multi-
protein complexes (35,71). Previous proteomics analyses
observed the SUMOylation of the TRAMP complex pro-
teins ZCCHC7 and PAPD5 (49,66,72–76). The TRAMP
complex proteins each contain multiple putative SIMs pre-
dicted by the GPS-SUMO tool (64) (not shown). Thus,
it is interesting to examine whether USP36 also SUMOy-
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Figure 6. SUMOylation of EXOSC10 plays a critical role in protein translation and cell growth. (A) Knockdown of EXOSC10 inhibits global protein
translation. HeLa cells transfected with scr or one of the two EXOSC10 siRNAs were pulse-labeled with puromycin followed by IB with anti-puromycin
to detect new protein synthesis. (B and C) The K583R mutant of EXOSC10 rescues the translation inhibition by endogenous EXOSC10 depletion less
efficiently compared with WT EXOSC10. HeLa cells stably expressing Dox-inducible siRNA-resistant WT EXOSC10 or the K583R mutant were trans-
fected with scr or EXOSC10 siRNAs and treated with or without Dox, followed by puromycin labeling and IB analysis (B). The percentage rescue is
quantified from three independent experiments (C). Data were presented as mean ± standard deviation (SD). The P-value was determined by Student’s
t-test. **P <0.01. (D–F) The K583R mutant rescues the growth inhibition by knockdown of endogenous EXOSC10 less efficiently compared with WT
EXOSC10. HeLa cells stably expressing Dox-inducible siRNA-resistant WT EXOSC10 or the K583R mutant were transfected with scr or EXOSC10
siRNAs and treated with or without Dox, followed by MTT cell proliferation (D) and colony formation (E, F) assays. Shown are the fold changes of
absorbance from four independent experiments (D), one representative colony formation (E) and the average percentage changes of the colony numbers
(F) from three independent experiments. P-values shown were calculated by Student’s t-test. ***P <0.001, compared with cells transfected with EXOSC10
siRNAs without induction of siRNA-resistant EXOSC10.

lates the Nop53, UTP18 and TRAMP components, given
that they all physically interact with USP36, thus mediat-
ing exosome–TRAMP–adaptor protein group SUMOyla-
tion to promote and/or stabilize the exosome–TRAMP–
adaptor protein complex in pre-ribosome particles via mul-
tiple SUMO–SIM interactions. Together, our data reveal
that USP36 is a novel regulator of the nucleolar RNA ex-
osome by acting as a SUMO ligase to mediate EXOSC10
SUMOylation. Knight et al. (77) previously reported that
EXOSC10 SUMOylation is increased along with global
SUMOylation in cells in response to cooling, resulting in
reduced levels of EXOSC10 and defects in ribosome bio-
genesis. However, it is not clear whether such SUMOyla-
tion is the consequence or the cause of changes in cells un-
der cooling conditions and whether abolishing EXOSC10
SUMOylation could alleviate cooling-mediated suppres-
sion of rRNA processing and ribosome biogenesis. Com-
pared with mutating three lysine residues, K168, K201 and
K583, used in the study (77), we showed that mutating K583
alone can abolish EXOSC10 SUMOylation without affect-
ing EXOSC10 levels. Furthermore, we have shown that EX-

OSC10 SUMOylation is markedly reduced in cells in re-
sponse to the perturbation of ribosome biogenesis mediated
by treatment with a low dose of Act D or the RNA Pol I-
specific inhibitor CX-5461 (Figure 7), suggesting that EX-
OSC10 SUMOylation is tightly regulated and coordinated
with ribosome biogenesis.

EXOSC10 and the RNA exosome core subunit proteins
are all stable proteins and their levels are not significantly
affected by either overexpression or knockdown of USP36.
This is similar to the regulation of the snoRNP complex by
USP36 that mainly functions to mediate snoRNP SUMOy-
lation, but not ubiquitination (33). Consistently, the steady-
state levels of EXOSC10 ubiquitination are below the level
of detection (Supplementary Figure S3B), suggesting that
under normal conditions, USP36 mainly acts to SUMOy-
late EXOSC10 to regulate its function, but not its levels,
whereas its DUB activity may play a role in maintaining
RNA exosome subunit proteins assembled in the RNA ex-
osome in their deubiquitinated state in the nucleolus.

Interestingly, we also found that USP36 associates with
pre-rRNA (Figure 5C) and snoRNAs (not shown), indi-
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Figure 7. EXOSC10 SUMOylation and USP36 expression are reduced in cells following the perturbation of ribosome biogenesis. (A) EXOSC10 SUMOy-
lation is reduced in cells in response to the treatment with a low dose of Act D. H1299 cells transfected with or without His-SUMO1 were treated with
or without 5 nM Act D for different times, followed by Ni2+-NTA PD under denaturing conditions to detect SUMOylated EXOSC10 by IB. The protein
expression is shown in the bottom panels. (B and C) EXOSC10 modified by endogenous SUMO is also reduced in cells in response to the low dose Act D
treatment. HeLa (B) and H1299 (C) cells were treated with or without 5 nM Act D for different times, followed by IB. SUMOylated EXOSC10 is shown
in IB with longer exposure (LE) in the top panels. (D) EXOSC10 SUMOylation is reduced in cells by the treatment with CX-5461. HeLa cells transfected
with or without His-SUMO1 were treated with or without 1 �M CX-5461 for different times, followed by Ni2+-NTA PD under denaturing conditions to
detect SUMOylated EXOSC10 by IB. The protein expression is shown in the bottom panels. (E) CX-5461 treatment reduces USP36 levels and attenuates
EXOSC10 modification by endogenous SUMO. HeLa cells treated with 1 �M CX-5461 for different times were assayed by IB. (F) The level of USP36, but
not of EXOSC10 and the core exosome component EXOSC4, is reduced by the low dose Act D treatment. HeLa and H1299 cells treated with 5 nM Act
D for different times were analyzed by IB.

cating that USP36 itself could be an RNA-binding pro-
tein. A previous study using microRNA (miRNA) screen-
ing of RNA-binding protein has shown that USP36 is
able to bind to several miRNA precursors (78). Thus,
our finding reveals an additional mechanism underly-
ing USP36’s role in ribosome biogenesis: binding to pre-
rRNA and mediating rRNA processing, including its crit-
ical role in regulating the RNA exosome function to pro-
cess 5.8S and 18S rRNA. Future studies would aim to
evaluate whether USP36 directly binds to pre-rRNA or
indirectly through its association with the exosome and
other interacting proteins in pre-ribosome particles. As our
proteomic data showed that USP36 forms large protein
complexes by associating with many ribosome biogenesis-
related proteins and that the complex may contain addi-
tional RNAs, such as pre-rRNA and snoRNAs, USP36
may be critical for the nucleolar protein–RNA complex
formation via its DUB-, SUMO E3- and RNA-binding
activities. Thus, USP36 is a multi-functional nucleolar
protein and may play a central role in ribosome bio-
genesis and translation by acting as a central regula-
tory hub for nucleolar protein dynamics and ribosome
biogenesis.
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