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Abstract

SUMOylation plays a crucial role in regulating diverse cellular processes
including ribosome biogenesis. Proteomic analyses and experimental
evidence showed that a number of nucleolar proteins involved in ribo-
some biogenesis are modified by SUMO. However, how these proteins
are SUMOylated in cells is less understood. Here, we report that USP36,
a nucleolar deubiquitinating enzyme (DUB), promotes nucleolar
SUMOylation. Overexpression of USP36 enhances nucleolar SUMOyla-
tion, whereas its knockdown or genetic deletion reduces the levels of
SUMOylation. USP36 interacts with SUMO2 and Ubc9 and directly
mediates SUMOylation in cells and in vitro. We show that USP36
promotes the SUMOylation of the small nucleolar ribonucleoprotein
(snoRNP) components Nop58 and Nhp2 in cells and in vitro and their
binding to snoRNAs. It also promotes the SUMOylation of snoRNP
components Nop56 and DKC1. Functionally, we show that knockdown
of USP36 markedly impairs rRNA processing and translation. Thus,
USP36 promotes snoRNP group SUMOylation and is critical for ribo-
some biogenesis and protein translation.
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Introduction

SUMOylation, a posttranslational modification of proteins by small
ubiquitin-like modifiers (SUMOs), plays a crucial role in the

regulation of diverse cellular processes, including transcription,
chromatin dynamics, genome maintenance, DNA repair, RNA splic-
ing and processing, cell cycle control, and metabolism and is essen-
tial for normal cell growth and animal development (Bergink &
Jentsch, 2009; Finkbeiner et al, 2011; Jentsch & Psakhye, 2013;
Chymkowitch et al, 2015; Nuro-Gyina & Parvin, 2015; Sarangi &
Zhao, 2015; Zhao, 2018). Mammals express three main SUMO
isoforms: SUMO2 and SUMO3 are 97% identical (referred to as
SUMO02/3) and both are 45% identical to SUMO1. SUMOylation is
ATP-dependent and occurs through sequential reactions involving a
heterodimeric SUMO-activating enzyme SAE1/SAE2 (E1), a single
SUMO-conjugating enzyme Ubc9 (E2) and one of a few SUMO
ligases (E3) (Muller et al, 2001; Geiss-Friedlander & Melchior, 2007;
Jentsch & Psakhye, 2013). Ubc9 transfers SUMO to substrate
acceptor lysine (Lys, K) residues, which is facilitated by SUMO E3s,
via an isopeptide linkage (Muller et al, 2001; Geiss-Friedlander &
Melchior, 2007; Jentsch & Psakhye, 2013). The SUMO acceptor Lys
is often present within a conserved WKXE motif, where ¥ is a large
hydrophobic amino acid and x is any amino acid (Rodriguez et al,
2001; Sampson et al, 2001; Geiss-Friedlander & Melchior, 2007;
Gareau & Lima, 2010). While there are over 600 ubiquitin E3s in
human (Deshaies & Joazeiro, 2009; Metzger et al, 2012), only a
small number of bona fide SUMO E3 have been identified, including
the SP-RING family members PIAS1, PIAS3, PIASxa, PIASxf, PIASy
(Kahyo et al, 2001; Sachdev et al, 2001; Nakagawa & Yokosawa,
2002; Nishida & Yasuda, 2002; Schmidt & Muller, 2002), and Nse2
(Andrews et al, 2005; Potts & Yu, 2005; Berkholz et al, 2014), the
nuclear pore Ran Binding Protein 2 (RanBP2) (Pichler et al, 2002;
Reverter & Lima, 2005), and the ZNF451 family proteins (ZNF451-1,
ZNF451-2, ZNF451-3) (Cappadocia et al, 2015; Eisenhardt et al,
2015; Varejao et al, 2020). In addition, a few other proteins have
been shown to possess SUMO E3 activity such as Pc2, TRIM28, and
SLX4 (Kagey et al, 2003; Ivanov et al, 2007; Guervilly et al, 2015).
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SUMO modification is also highly dynamic and reversible. Removal
of SUMO from substrates (deSUMOylation) is catalyzed by a group
of deSUMOylating enzymes or SUMO proteases, including SENP1-3
and SENPS-7, DESI-1, DESI-2, and USPL1 (Hickey et al, 2012; Kunz
et al, 2018).

SUMOylation also plays an important role in ribosome biogene-
sis, a multi-step cellular process for making the ribosome in eukary-
otes, requiring synthesis of ribosomal RNA (rRNA) and ribosomal
proteins, TRNA processing, the assembly of the mature ribosome
subunits in the nucleolus and transport into the cytoplasm, as well
as the participation of many accessory factors (Rodnina & Wintermeyer,
2009; Kressler et al, 2017; Tomecki et al, 2017). Impairment of
ribosome biogenesis is associated with a group of diseases called
ribosomopathies whereas aberrant over-activation of ribosome
biogenesis is tightly linked to human cancers (Mills & Green, 2017;
Pelletier et al, 2018). Therefore, it is crucial to understand how
ribosome biogenesis is properly regulated during normal cell home-
ostasis. It was first found that many yeast ribosome biogenesis
factors and pre-ribosomal particles are modified by SUMO, which is
critical for efficient ribosome biogenesis (Panse et al, 2006). In
human, a number of nucleolar proteins involved in ribosome
biogenesis, including nucleophosmin (NPM) (Tago et al, 2005; Liu
et al, 2007), nucleolin (Zhang et al, 2015), and LaslL (Finkbeiner
et al, 2011; Castle et al, 2012), are modified by SUMOylation.
Proteomic studies found that ribosome biogenesis-related proteins
are one of the major classes of SUMOylated proteins in cells (Vertegaal
et al, 2004; Matafora et al, 2009; Amente et al, 2012; Hendriks et al,
2014). Likewise, deSUMOylation is also important for ribosome
biogenesis. Removal of SUMO from NPM by SENP3 is critical for
28S rRNA maturation and the subsequent nucleolar export of the
60S pre-ribosomal subunit (Haindl et al, 2008). DeSUMOylation of
LaslL by SENP3 is essential for ribosome particles partitioning
from the nucleolus to cytoplasm (Finkbeiner et al, 2011; Castle
et al, 2012). SUMOylation of PELP1, a component of the PELPI-
TEX10-WDR18 complex critical for ribosome maturation, promotes
the recruitment of MDN1, an AAA ATPase that removes assembly
factors from the pre-60S particles (Chen et al, 2018), to pre-60S
particles, while deSUMOylation is needed to release both MDN1 and
PELP1 from pre-ribosomes (Raman et al, 2016). Depletion of SENP3
inhibits TRNA processing reminiscent of the NPM knockdown (Yun
et al, 2008). Further, Nop58 and Nhp2, components of the small
nucleolar ribonucleoprotein (snoRNP) complexes responsible for
rRNA 2'-O-ribose methylation and pseudouridylation and critical for
rRNA processing (Mannoor et al, 2012; Watkins & Bohnsack, 2012;
Lui & Lowe, 2013; Dupuis-Sandoval et al, 2015), are also modified
by SUMO (Matic et al, 2010; Westman et al, 2010). SUMOylation of
Nop58 is required for its high-affinity binding to snoRNAs and the
nucleolar localization of snoRNAs (Westman et al, 2010). Thus,
balanced levels of SUMOylation and deSUMOylation of ribosome
biogenesis factors are critical for ribosome biogenesis and matura-
tion in the nucleolus. However, how these nucleolar proteins are
SUMOylated is less understood.

In this study, we identified that the ubiquitin-specific protease
USP36 mediates nucleolar SUMOylation. We show that USP36
directly interacts with SUMO2 and Ubc9, directly promotes the
SUMOylation of Nop58 and Nhp2 in cells and in vitro, and enhances
their binding to snoRNAs. Functionally, USP36 is required for multi-
ple steps of TRNA processing and translation. Thus, USP36, a
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nucleolar deubiquitinating enzyme (DUB) (Endo et al, 2009; Sun
et al, 2015), also acts to promote nucleolar SUMOylation and is criti-
cal for ribosome biogenesis.

Results
USP36 promotes SUMOylation in cells, mainly in the nucleolus

In our initial investigation of the SUMO regulation of USP36, we
serendipitously observed that USP36 markedly increased the levels of
protein SUMOylation in cells. We confirmed that overexpression of
USP36 significantly promoted SUMO2/3-conjugation in H1299
(Fig 1A), HeLa, and U20S (Fig 1B) as well as other tested cell lines
such as 293 (Fig EV1A) and breast cancer T47D (Fig EV1B) cells. This
effect is specific for USP36 as SUMOylation was not increased by over-
expression of either JOSD3, another nucleolar DUB (Fig EV1C), or the
nuclear DUB USP7 (Fig EV1D). We focused on SUMO?2 in this study
but USP36 also promotes SUMO1 conjugation (Fig EVIE and F).
Nickel (Ni*-NTA beads) purification methods demonstrated that
overexpression of USP36 drastically enhanced SUMOylation by exoge-
nous His-SUMO2 in cells (Fig EV1G). To test whether endogenous
USP36 also regulates the levels of protein SUMOylation in cells, we
performed knockdown experiments. As shown in Fig 1C, knockdown
of USP36 by two individual shRNAs drastically reduced the levels of
SUMOylated species in H1299 cells. Similarly, knockdown of USP36
also reduced the levels of SUMOylated species in HeLa (Fig 1D) and
U20S (Fig 1E) cells. Thus, endogenous USP36 also promotes
SUMOylation and this effect is not cell-type specific.

USP36 is mainly localized in the nucleolus (Endo et al, 2009;
Sun et al, 2015) (Fig EVIH). To determine whether USP36
promotes SUMOylation in the nucleolus, we performed cell frac-
tionation assays. As shown in Fig 1F, USP36 markedly increased
the protein SUMOylation in the nucleolus, but not the nucleo-
plasm, in H1299 cells. Similar results were also observed in
HeLa cells (Fig EV1I). Thus, USP36 mainly promotes SUMOyla-
tion of the nucleolar proteins.

The USP36 N-terminus is necessary for promoting SUMOylation

To understand how USP36 regulates SUMOylation, we examined
whether it controls the levels of the SUMO pathway enzymes, given
that USP36 is a DUB (Endo et al, 2009; Sun et al, 2015). However,
USP36 neither increased the levels of SUMO E1 (SAE1 and SAE2) or
SUMO E2 (Ubc9; Fig EV2A), nor reduced the levels of the nuclear
SUMO proteases SENP1, SENP2, SENP3, SENP5, SENP6, SENP7,
and USPL1 (Fig EV2B and C), suggesting that USP36 does not
promote SUMOylation by controlling the levels of the SUMO path-
way enzymes. These results prompted us to test whether USP36
directly promotes SUMOylation. We then examined which region of
USP36 involves in promoting SUMOylation. We transfected cells
with different fragments of USP36 and found that the N-terminal
USP domain containing region (amino acids 1-420), but not the
middle and C-terminal regions, is essential for promoting SUMOyla-
tion by SUMO2/3 (Fig 2A), suggesting that this N-terminal region
might harbor SUMO E3 activity (Fig 2B).

As this N-terminal region contains both DUB activity and
the activity to promote SUMOylation, we next asked whether

© 2021 The Authors
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Figure 1. USP36 promotes SUMOylation in cells.

A, B Overexpression of USP36 promotes SUMOylation in cells. Whole cell lysates (WCL) from H1299 (A), U20S and Hela (B) cells transfected with control empty vector or

Flag-USP36 were assayed by IB.
C-E
were assayed by IB.
F
nucleolus (No) fractions and assayed by IB.

Data information: SUMO2/3 conjugates are indicated in all the top panels.

Source data are available online for this figure.

© 2021 The Authors
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Knockdown of USP36 reduces SUMOylation in cells. H1299 (C), HelLa (D), and U20S (E) cells infected with scrambled (scr) or USP36 shRNA encoding lentiviruses

USP36 promotes nucleolar SUMOylation. H1299 cells transfected with control or V5-USP36 were fractionated to the cytoplasm (Cyto), nucleoplasm (Np), and
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Figure 2. The N-terminus of USP36 is necessary for promoting SUMOylation.

A
B

C
D
E

H1299 cells were transfected with Flag-USP36 or the indicated deletion mutants and assayed by IB. FL, full length.

Schematic diagram of USP36 indicating that the N-terminus of USP36, which contains the USP catalytic domain, is required for its SUMO E3 activity. Catalytic
residues C131 and H382 are shown.

H1299 cells transfected with WT USP36, the C131A, or H382A mutant were assayed by IB to detect SUMOQylated proteins.

H1299 cells transfected with WT USP36 or the indicated mutants and V5-SUMO2 were assayed by IB using anti-V5 antibody to detect total protein SUMOylation.
H1299 cells transfected with WT USP36 or the indicated mutants and His-SUMO2 were subjected to Ni**-NTA agarose beads pulldown (PD) followed by IB using anti-
SUMO2/3 antibody.

Source data are available online for this figure.
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the SUMO promoting activity is related to the DUB activity. To
this end, we examined the effect of catalytically inactive USP36
mutants (Figs 2B and EV2D) on SUMOylation. Interestingly,
mutating the DUB catalytic Cys 131 to Ala (C131A) also abol-
ished the activity of USP36 to promote SUMOylation by either
endogenous SUMO (Fig 2C) or exogenously expressed SUMO2
(Fig 2D), whereas mutating the DUB catalytic proton acceptor
His 382 to Ala (H382A) promotes SUMOylation as efficiently as
wild-type (WT) USP36 (Fig 2C and D). Ni?*-NTA pull-down
assays further confirmed that the H382A, but not the C131A,
mutant enhanced SUMOylation by His-SUMO2 in cells (Fig 2E).
Further, examination of SUMOylation using purified nucleoli
also confirmed that the H382A, but not the C131A, mutant
promotes SUMOylation of the nucleolar proteins (Fig EV2E).
Thus, the SUMO promoting activity of USP36 does not depend
on its DUB activity. These results also suggest that C131 may
be structurally important for the proper conformation of USP36
to mediate SUMOylation.

USP36 binds to SUMO and Ubc9 and mediates
SUMOylation in vitro

Next, we examined whether USP36 indeed possesses SUMO ligase
activity. SUMO ligases bind to both Ubc9 and substrates to facili-
tate the transfer of SUMO to substrates and also bind to SUMO
(Bernier-Villamor et al, 2002; Kagey et al, 2003; Yunus & Lima, 2009;
Guervilly et al, 2015; Streich & Lima, 2016). Therefore, we first exam-
ined whether USP36 binds to Ubc9 and SUMO. Indeed, USP36 inter-
acts with Ubc9 in cells as determined by co-immunoprecipitation (IP)
assay (Fig 3A). Glutathione S-transferase (GST) pull-down assays by
incubating recombinant Ubc9 with GST-fusion USP36 proteins
showed that USP36 directly interacts with ubc9 in vitro (Fig 3B). The
N-terminus (aa 1-420), but not the middle and C-terminal regions, of
USP36 is also sufficient for binding to Ubc9 (Fig 3B and EV2F). To
test whether USP36 interacts with SUMO, we performed co-IP assays.
As shown in Fig 3C, Flag-USP36 binds to SUMO2/3-conjugated
proteins in cells. Also, GST-USP36, but not GST alone, directly inter-
acts with SUMO2, preferentially the polymeric SUMO2 chains,
in vitro (Fig 3D). Again, the N-terminus (aa 1-420), but not the
middle and C-terminal regions, binds to the SUMO2 chains in vitro
(Fig 3D) and in cells (Fig EV2G). These results reveal that USP36
interacts with both Ubc9 and SUMO?2 via its N-terminus.

We next tested whether USP36 directly promotes SUMOyla-
tion in vitro using well-studied SUMO target PARP1 involved
in cell cycle progression (Ryu et al, 2010a). As shown in
Fig 3E, in vitro SUMOylation reaction using recombinant El
(SAE1/SAE2), E2 (Ubc9), SUMO2, and ATP resulted in
marginal SUMO conjugation of PARP1 (lane 2), consistent with
the notion that SUMO El1 and E2 can mediate SUMOylation
in vitro, although less efficiently (Bernier-Villamor et al, 2002;
Geiss-Friedlander & Melchior, 2007; Ryu et al, 2010a; Ryu et al,
2010b). Notably, USP36 drastically increased PARP1 SUMOylation
in vitro (compared lane 3 to lane 2, Fig 3E). These results suggest
that USP36 may possess a novel SUMO E3 activity. As many
SUMO E3s such as PIAS1 (Eisenhardt et al, 2019) and ZNF451
(Cappadocia et al, 2015; Eisenhardt et al, 2015; Koidl et al, 2016;
Eisenhardt et al, 2019) family members require a SUMO interac-
tion with the backside of Ubc9 for their SUMO E3 activity, we

© 2021 The Authors
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tested whether this interaction could also play a role in USP36’s
SUMO E3. As shown in Fig EV2H, either mutating Phe 22 of
Ubc9 to Ala (Ubc9%?4), which weakens the SUMO-Ubc9 backside
interaction (Capili & Lima, 2007), or mutating Asp 63 of SUMO2
to Arg (SUMO2P®R), which disrupts the SUMO-Ubc9 backside
interaction (Knipscheer et al, 2007), markedly inhibited USP36
activity to promote PARP1 poly-SUMOylation. These results suggest
that although USP36 directly interacts with Ubc9 or the F22A
mutant (Fig EV2I), its full activity to promote poly-SUMOylation
requires the SUMO-Ubc9 backside interaction, further suggesting
that USP36 acts as a SUMO E3.

USP36 promotes SUMOylation of Nop58 and Nhp2 in cells

To identify proteins whose SUMOylation is increased by USP36, we
performed proteomic analysis. SUMOylated proteins were purified
from cells transfected with His-SUMO2 together with control or
USP36 plasmid using Ni**-NTA beads purification followed by mass
spectrometry analysis. Among the SUMOylated proteins including
USP36 itself (Dataset EV1), we found that the number of assigned
MS2 spectra of Nop58 and a number of nucleolar proteins involved
in ribosome biogenesis increased in the USP36 transfected sample,
(Fig EV3A). Nop58 and Nhp2, components of the box C/D and box
H/ACA snoRNP complexes, respectively, were previously shown to
be SUMO substrates (Westman et al, 2010), yet a SUMO E3 mediat-
ing such SUMOylation has not been reported. Therefore, we tested
whether USP36 promotes the SUMOylation of Nop58 and Nhp2.
Indeed, in vivo SUMOylation assays using Ni*-NTA pulldown
showed that USP36 markedly promoted the SUMOylation of exoge-
nous Nop58 (Fig EV3B) and Nhp2 (Fig EV3D) as well as endoge-
nous Nop58 (Fig 4A) and Nhp2 (Fig 4B). Cell fractionation assays
showed that USP36 drastically promoted the SUMOylation of both
Nop58 and Nhp2 in the nucleolus (Fig 4C), consistent with its role
in the nucleolar SUMOylation. We also confirmed that the two
previously reported Lys residues, K467 and K487, in Nop58 and the
single Lys 5 (K5) in Nhp2 were the SUMOylation sites. Mutation of
the K467 and K487 to Arg in Nop58 (Nop58*%) (Fig EV3C) and K5
to R in Nhp2 (thZKSR) (Fig EV3E) abrogated their SUMOylation in
cells. Thus, both Nop58 and Nhp2 are the endogenous SUMO
substrates of USP36. Of note, USP36 does not increase the SUMOyla-
tion of nucleolar protein NOLC1 (Fig EV3F), a previously identified
SUMO substrate (Westman et al, 2010), suggesting that not all
nucleolar proteins are SUMO targets of USP36. Consistently, knock-
down of USP36 significantly reduced the levels of SUMOylated
Nop58 (Fig 4D) and Nhp2 (Fig 4E) in cells.

USP36 SUMOylates Nop58 and Nhp2 in vitro

To determine whether USP36 directly SUMOylates Nop58 and Nhp2
in vitro, we expressed and purified recombinant GST-Nop58 and
GST-Nhp2 from bacteria for SUMOylation assays in vitro. As shown
in Fig 4F, in vitro SUMOylation reaction containing recombinant E1,
E2, SUMO2, and ATP resulted in marginal SUMO conjugation
of Nhp2. Adding recombinant USP36 significantly promoted
Nhp2 SUMOylation in vitro in dose-dependent (Fig 4F) and time-
dependent (Fig 4G) manners. Similarly, USP36 also promotes
Nop58 SUMOylation in vitro (Fig 4H). Thus, USP36 SUMOylates
both Nop58 and Nhp2 in vitro.

EMBO reports  22:e50684 2021 5 0of 18
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Figure 3. USP36 interacts with Ubc9 and SUMO and mediates SUMOylation in vitro.

A USP36 interacts with Ubc9 in cells. H1299 cell transfected with the indicated plasmids was subjected to co-IP with anti-Flag antibody followed by IB.
B USP36 interacts with Ubc9 in vitro. Purified His-Ubc9 was incubated with GST, GST-USP36%®% or GST-USP36#%°. Bound protein was detected by IB. GST and GST-

fusion proteins were shown in the bottom panel by coomassie staining.

C USP36 interacts with SUMO in cells. H1299 cells transfected with either control or Flag-USP36™ 2% were assayed by co-IP using anti-Flag, followed by IB with anti-

SUMO2/3 antibodies.

D USP36 interacts with SUMO2 chains in vitro. Recombinant SUMO2 chains were incubated with GST or indicated GST-USP36 fragments. Bound proteins were assayed
by IB using anti-SUMO2/3 antibodies. Coomassie staining of the recombinant proteins was shown in bottom panel.
E USP36 SUMOylates PARPL in vitro. Recombinant T7-PARP1 protein (0.1 pM) was incubated with SUMO E1 (30 nM), Ubc9 (50 nM), SUMO2 (4 uM) in the presence of

USP36 8% (50 nM) and/or ATP (2.5 mM) at 30°C for 5 h and then assayed by IB.

Source data are available online for this figure.

USP36 promotes snoRNP protein group SUMOylation

Emerging evidence suggests that SUMOylation tends to target a
group of functionally and physically connected proteins called
protein group SUMOylation (Psakhye & Jentsch, 2012; Jentsch &
Psakhye, 2013), which allows multiple SUMO-interacting motif
(SUMO-SIM) interactions that contribute to the formation and stabi-
lization of the multi-protein complexes (Psakhye & Jentsch, 2012;
Jentsch & Psakhye, 2013). Therefore, we examined whether USP36
promotes snoRNP protein group SUMOylation. There are two
main classes of snoRNPs (Mannoor et al, 2012; Watkins & Bohn-
sack, 2012; Lui & Lowe, 2013; Dupuis-Sandoval et al, 2015).
Box C/D snoRNPs contain box C/D snoRNAs and four core
proteins, Nop58, Nop56, Nhp2Ll, and fibrillarin (FBL, a

6 of 18  EMBO reports 22: €50684 | 2021

methyltransferase) and mediate rRNA 2’-O-ribose-methylation,
whereas box H/ACA snoRNPs contain box H/ACA snoRNAs and
four other core proteins, Nhp2, Nop10, Garl, and DKC1 (a pseu-
douridine synthase) and mediate TRNA pseudouridylation. These
snoRNPs are assembled in the nucleoplasm in Cajal bodies and
transferred into the nucleolus where they bind to pre-rRNA and
mediate rRNA modifications critical for rRNA processing (Richard
et al, 2003; Watkins & Bohnsack, 2012; Dupuis-Sandoval et al,
2015). We examined SUMOylation of all these snoRNP proteins
and found that Nop56 and DKCI1, but not FBL, Nhp2Ll, Garl,
and Nopl0, are also SUMOylated with both SUMO1 and SUMO2
in cells (Fig EVAA-H). Further, USP36 also markedly promoted
the SUMOylation of Nop56 (Fig 5A) and DKC1 (Fig 5B). Thus,
USP36 promotes snoRNP group SUMOylation.

© 2021 The Authors
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Figure 4. USP36 SUMOylates Nop58 and Nhp2 in cells and in vitro.

A B H1299 cells transfected with His-SUMO2 and/or USP36 were subjected to Ni**-NTA agarose beads pulldown (PD) followed by IB to detect SUMOylation of Nop58

(A) and Nhp2 (B). *indicates a non-specific anti-Nhp2 antibody-reacting band.
@
Ni**-NTA PD, followed by IB.
D, E
Nop58 (D) and Nhp2 (E) are indicated.
F-H

USP36 promotes Nop58 and Nhp2 SUMOylation in the nucleolus. Nucleoli isolated from HeLa cells transfected with His-SUMO2 and/or USP36 were subjected to
Knockdown of USP36 reduces Nop58 and Nhp2 SUMOylation in cells. Cells infected with scr or USP36 shRNA lentiviruses were assayed by IB. The SUMOylated

USP36 SUMOylates Nhp2 and Nop58 in vitro. In vitro SUMOylation assays were performed by incubating recombinant Nhp2 (F, G) or Nop58 (H) (0.1 uM) with

SUMO E1 (30 nM), Ubc9 (50 nM), SUMO2 (4 puM) in the absence or presence of USP36*%%° (50 nM, 1x; 100 nM, 2x) and/or ATP (2.5 mM) at 30°C for 2 h or the
indicated times. The reactions were assayed by IB using anti-Nhp2 and anti-Nop58 antibodies, respectively.

Source data are available online for this figure.
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Figure 5. USP36 interacts with snoRNPs and promotes snoRNP protein group SUMOylation.
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A, B USP36 promotes SUMOylation of DKC1 and Nop56. H1299 cells transfected with indicated plasmids were subjected to Ni**-NTA PD followed by IB to detect
SUMOylated Nop56 and DKC1, respectively. The protein expression was shown in the bottom of each panel.

CD

USP36 interacts with both box C/D (C) and H/ACA (D) snoRNP complexes. H1299 cells transfected with empty vector or Flag-USP36 plasmid were assayed by IP with
anti-Flag antibody, followed by IB to detect the indicated proteins.

E USP36 interacts with snoRNP proteins in the nucleolus. The nucleoli purified from H1299 cells transfected with empty vector or Flag-USP36 plasmid were assayed
by co-IP with anti-Flag antibody, followed by IB to detect the indicated proteins.
F Half-life assays. The WCL from H1299 cells treated with 50 pg/ml cycloheximide (CHX) for indicated time were assayed by IB for the indicated snoRNP proteins.
USP36 does not change the levels of endogenous snoRNP proteins. Hela cells infected with scrambled or the indicated USP36 shRNA lentiviruses were assayed

by IB.

Source data are available online for this figure.
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USP36 interacts with snoRNPs

To test whether USP36 associates with snoRNP proteins, we performed
co-IP assays. As shown in Fig 5C and D, all endogenous box C/D and
box H/ACA snoRNP proteins were co-immunoprecipitated with
Flag-USP36. Immunofluorescene (IF) staining showed that USP36
co-localizes with Nop58 and Nhp2 in the nucleolus (Fig EV3G and
H). The interaction of USP36 with snoRNP proteins in the nucleolus
was also confirmed by co-IP assays using lysates from purified
nucleoli (Fig SE). These data reveal that USP36 binds to snoRNPs
and promotes snoRNP protein group SUMOylation.

USP36 does not affect the levels of snoRNP proteins

To understand how USP36 might affect snoRNP function, we first
examined whether it regulates the levels of these snoRNP proteins,
given that USP36 is a DUB and that SUMOylation crosstalks with
protein ubiquitination (Hendriks & Vertegaal, 2016; Lamoliatte et al,
2017). We examined the half-lives of these snoRNP proteins and
found that all these snoRNP proteins are stable proteins (Fig SF).
Neither overexpression (left two lanes in Fig 5C and D) or knock-
down (Fig 5G) of USP36 significantly changed the levels of endoge-
nous snoRNP proteins. Consistently, the steady-state levels of
Nop58 and Nhp2 ubiquitination are below detectable levels
(Fig EV4I), suggesting that USP36 mainly acts to promote snoRNP
protein SUMOylation.

USP36 promotes the binding of Nhp2 and Nop58 to snoRNAs

It has been previously shown that SUMOylation of Nop58 is critical
for high-affinity binding to snoRNAs (Westman et al, 2010). Thus, we
next examined whether USP36-mediated SUMOylation promotes the
binding of Nop58 and Nhp2 to snoRNAs using RNA-IP assays. As
shown in Fig 6A and B, overexpression of USP36 significantly
promoted the binding of Nop58 to the tested Box C/D class of
snoRNAs, including U3, U13, U15b, and U22, but not control UG6.
Similarly, USP36 also significantly promoted the binding of Nhp2 to
the tested box H/ACA class of snoRNAs, including SNORAI1O,
SNORA24, SNORAG6, SNORA?5, and U64, but not U6 (Fig 6C and D),
suggesting that USP36-mediated SUMOylation plays an important role
in the regulation of snoRNP association with snoRNAs and thus the
snoRNP function in rRNA processing and ribosome biogenesis.

USP36 is critical for rRNA processing, translation, and cell growth

USP36 has been implicated in rRNA processing, yet the detailed role
in this function has not been fully studied (Endo et al, 2009). Pre-
rRNA is processed to mature rRNAs via the major and the minor
pathways as illustrated in Fig 7A. We examined the role of USP36 in
rRNA processing using Northern blot with probes specifically
hybridizing regions at the 5'-external transcribed spacer (ETS),
internal transcribed spacer 1 (ITS1), and ITS2 (Fig 7A) to detect dif-
ferent processed rRNA species. As shown in Fig 7B, knockdown of
USP36 by either siRNA or shRNA lentiviruses (Sun et al, 2015)
attenuated multiple steps of rRNA processing, leading to the
profound accumulation of 47S and the reduction of 21S and 12S
rRNA precursors. Consistently, knockdown of USP36 markedly
inhibited protein translation in cells as determined by Click-iT OPP

© 2021 The Authors

EMBO reports

protein synthesis assays (Fig 7C and D). Thus, USP36 is essential
for ribosome biogenesis and protein translation.

To further test the role of USP36 in SUMOylation, translation,
and cell growth, we generated immortalized USP36™*; Cre-ER and
USP36°*/"; Cre-ER mouse embryonic fibroblast (MEF) cells. Treat-
ment of USP36'°/©%; Cre-ER MEF cells with 4-hydroxytamoxifen
(4-OHT) reduced protein SUMOylation (Fig EV5A) and markedly
inhibited protein translation (Fig EV5B and C) and cell proliferation
(Fig EV5D and E). The inhibition of protein translation upon
depletion of mouse USP36 was significantly rescued by lentiviral-
mediated expression of WT human USP36, but not its DUB
catalytically inactive C131A or H382A mutants (Fig EV5C and E).
The efficient deletion of endogenous mouse USP36 and the exoge-
nous expression of human USP36 were confirmed by reverse
transcriptase-quantitative polymerase chain reaction (RT-qPCR)
(Fig EV5D) and immunoblot (Fig EV5C), respectively. Since the
H382A mutant retains SUMO promoting activity, our results suggest
that the role of USP36’s SUMO promoting activity of the H382A
mutant is likely overshadowed by the essential role of its DUB
activity in translation and cell growth.

Discussion

USP36 is a member of ubiquitin-specific protease family that
removes ubiquitin from ubiquitinated substrates. The main function
of USP36 is so far attributed to its nucleolar role in ribosome biogen-
esis by deubiquitinating and stabilizing several proteins critical for
ribosome biogenesis, including NPM (Endo et al, 2009), DHX33
(Fraile et al, 2018) and the yeast RNA Pol I subunit Rpal90 (human
RPA194) (Richardson et al, 2012), as well as c-Myc (Sun et al,
2015), a master regulator of ribosome biogenesis (van Riggelen
et al, 2010). In addition, USP36 has been shown to deubiquitinate
H2B (DeVine et al, 2018), regulate autophagy (Taillebourg et al,
2012), and play a role in oxidative stress response by deubiquitinat-
ing mitochondria protein SOD2 (Kim et al, 2011). Like many nucleo-
lar proteins critical for ribosome biogenesis (Newton et al, 2003;
Grisendi et al, 2005; Zhu et al, 2006; Blomen et al, 2015), USP36
knockout is embryonic lethal in mice (Fraile et al, 2018) and abla-
tion of USP36 expression in various cell lines impairs cell growth
and proliferation (Sun et al, 2015; Fraile et al, 2018). However, the
detailed mechanism underlying the essential role for USP36 in ribo-
some biogenesis and cell growth is not well understood. Our finding
here showing that USP36 promotes snoRNP protein group
SUMOylation thus reveals a novel mechanism for its role in ribo-
some biogenesis.

Ribosome biogenesis-related proteins are among the major group
of functionally interconnected SUMO targets in cells (Hendriks &
Vertegaal, 2016), and SUMOylation plays a key role in ribosome
biogenesis in the nucleolus (Panse et al, 2006; Finkbeiner et al, 2011;
Raman et al, 2016). Yet, how these proteins are SUMOylated in the
nucleolus remains to be understood. In this study, we show that
USP36 associates with both box C/D and Box H/ACA snoRNPs and
promotes SUMOylation of two proteins in each complex (Nop58 and
Nop56, Nhp2 and DKCI1, respectively), demonstrating that USP36
promotes snoRNP group SUMOylation. Our results support the
recently emerged view that SUMOylation tends to modify multiple
proteins in functional protein complexes such as DNA damage repair

EMBO reports 22:e50684 12021 9 of 18



EMBO reports

Hyunju Ryu et al

A
30 20 35 25 30
U3 AREE Uisb x| = [u22 U6 =196
5 %7 2% T 6 | 30 20 x| 25 s anti-Flag
O @©
DL 20 - 20
o= 12 15 -
S g 15 15
£ § K 8 - 10
2 i 10 10
- - 4 5 -
& 5 5 -

0. o L o ni o Jua mll all b
Flag-Nop58 - - + + - -+ 4+ - -+ 4+ - -+ 4
V5-USP36 - + - + - 4+ - + -+ - + - 4+ - +

B C
- - + - 50 45 80
+ * Flag-Nops8 SNORA10 SNORA2Z %] *° TSNORAGG =
- + - +V5USP36 X, « [0 H 70 =
100 — ° o 35 60
Flag-Nop38 g @ 30
75 - |l-sumo S £ 30 - 25 50 -
50 &= == |[Flag-Nop58 ge 20 40
150 o Z 207 30 -
w= == (\/5-USP36 S T R[5
w e 20 - =
»n 10 A 10 A
5 | — tubulin . - 10
0 e 1 0 -
Flag-Nhp2 - - + - - 4+ - - 4+
V5-USP36 - + - + - o+ - -+ -
D
25 80 30
- - + + Flag-Nhp2 SNORA75 ., 70 |U64 £k U6 mlgG
- + - + V5.USP36 20 N | 25 =anti-Flag
>0 _Flag-Nhp2- o0 | 20
37 SUMO 151
M 40 15
25 — == e | Flag-Nhp2 10 1 30 - 10
5 | 20 - .
1507 = e |v5.USP36 10 - 5 'm‘j
. 0 - = 0 - 0 - -
50 | ———— tubulin Flag-Nhp2 - - + + - -+ o+ - -t
V5-USP36 - + - + - + - + -+ -

Figure 6. USP36 promotes Nop58 and Nhp2 binding to snoRNAs.

A, B USP36 promotes the binding of Nop58 to box C/D snoRNAs. H1299 cells transfected with Flag-Nop58 and V5-USP36 individually or together were assayed by RNA-
IP with anti-Flag or control mouse IgG, followed by RT-qPCR detection of the indicated box C/D snoRNAs (A). The expression of Nop58 and USP36 proteins is shown
in (B). Shown is one representative experiment of three independent experiments. Data were presented as mean + SD, n = 3 technical replicates. *P < 0.05,

compared with Nop58 alone (Student’s t-test).

USP36 promotes the binding of Nhp2 to snoRNAs. H1299 cells transfected with Flag-Nhp2 and V5-USP36 individually or together were assayed by RNA-IP with

anti-Flag or control mouse 1gG, followed by RT-qPCR detection of the indicated box H/ACA snoRNAs (C). The expression of Nhp2 and USP36 proteins is shown in
(D). Shown is one representative experiment of three independent experiments. Data were presented as mean + SD, n = 3 technical replicates. *P < 0.05;

**P < 0.01, compared with Nhp2 alone (Student’s t-test).

Source data are available online for this figure.
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Figure 7. USP36 is critical for rRNA processing and translation.

Hyunju Ryu et al

A Diagram of the pre-rRNA processing showing the pre-rRNA processing intermediate products and the location of probes (5'-ETS, ITS1 and ITS2) used in Northern
blot analysis (left) as well as the major (black) and minor (gray) processing pathways (right).

B USP36 is required for rRNA processing. Hela cells transfected with scr or USP36 siRNA (left panels) or infected with scr or USP36 shRNA lentiviruses (right panels)
were assayed for rRNA processing by Northern blot using 5'- ETS, ITS1, and ITS2 probes as indicated.

C, D Knockdown of USP36 inhibits translation. HeLa cells infected with scr or USP36 shRNA lentiviruses were incubated with O-propargyl-puromycin (OPP) followed by
Click-iT OPP protein synthesis assays. Representative images (C) and quantification from three independent experiments (D). Data were presented as mean =+ SD,
n = 3 biological replicates. ***P < 0.001, compared with scr control (Student’s t-test). Scale bar = 50 pm.

Source data are available online for this figure.

proteins (Psakhye & Jentsch, 2012), telomeres (Potts & Yu, 2007;
Ferreira et al, 2011; Hang et al, 2011), and ribosome biogenesis-related
proteins (Panse et al, 2006; Finkbeiner et al, 2011; Castle et al, 2012).
Interestingly, the snoRNPs are quite stable and neither USP36 overex-
pression nor its knockdown significantly affected the levels of snoRNP
proteins in cells. Consistently, endogenous Nop58 and Nhp2 do not
undergo significant ubiquitination (Fig EV4I), Thus, USP36 mainly
functions to mediate Nop58 and Nhp2 SUMOylation to regulate their
activity, but not levels. It is possible that under normal conditions,
USP36 acts mainly to SUMOylate nucleolar proteins and regulate their
function, whereas its DUB activity may play a role in maintaining
these proteins assembled in multi-protein complexes in their deubiqui-
tinated state in the nucleolus. SUMOylation of Nop58 has been shown
to be essential for its binding to snoRNAs (Westman et al, 2010).
Consistently, we show that USP36 augments the binding of Nop58
and Nhp2 to respective snoRNAs. Therefore, USP36 might be essential
for high-affinity binding to snoRNAs in the nucleolus by promoting
snoRNP group SUMOylation and thus critical for snoRNP biogenesis,
rRNA modifications, and rRNA processing. Indeed, knockdown of
USP36 markedly impairs multiple steps of rRNA processing and
protein translation (Fig 7).

Mechanistically, we show that USP36 may possess a novel SUMO
ligase activity. SUMO ligases act as scaffolds to facilitate the transfer
of SUMO from charged Ubc9 to the substrates requiring binding to
Ubc9 (E2), SUMO, and substrates (Bernier-Villamor et al, 2002;
Yunus & Lima, 2009; Guervilly et al, 2015; Streich & Lima, 2016;
Pichler et al, 2017; Varejao et al, 2020). We show that USP36 binds
to both Ubc9 (E2) and its substrates Nop58 and Nhp2. It also inter-
acts with SUMO2 in cells and in vitro. Importantly, USP36 directly
promotes SUMOylation of multiple substrates including Nop58,
Nhp2, and PARP1 in vitro using recombinant proteins (Figs 3E and
4F-H). Thus, our data suggest that USP36 acts like a SUMO ligase to
mediate nucleolar protein SUMOylation. Biochemical and structural
analyses have revealed the action mechanism underlying the three
families of bona fide SUMO E3s. SP-RING family SUMO E3s utilize
the SP-RING domain similar to ubiquitin E3 RING domains and
adjacent SP C-terminal domain (SP-CTD) containing SIM-like motifs
(Yunus & Lima, 2009; Gareau & Lima, 2010). The RanBP2 SUMO E3
activity was mapped to an internal repeat (IR)1-M-IR2 region (Pichler
et al, 2002; Pichler et al, 2004), whereas the ZNF451 family E3s
utilize their N-terminal tandem SIM region called SIM1-M-SIM2
motif (Cappadocia et al, 2015; Eisenhardt et al, 2015). These SUMO
E3 domains mediate interaction with SUMO and Ubc9 and promote
the transfer of SUMO from the SUMO charged Ubc9 to the
substrates. Of note, while RanBP2 directly interacts with the back-
side of Ubc9 (Eisenhardt et al, 2019), many SUMO E3s such as
PIAS1 (Eisenhardt et al, 2019) and ZNF451 (Cappadocia et al, 2015;
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Eisenhardt et al, 2015; Koidl et al, 2016; Eisenhardt et al, 2019)
family members require the SUMO-Ubc9 backside interaction for
their SUMO E3 activity. We show that the full SUMO promoting
activity of USP36 also requires the SUMO-Ubc9 backside interac-
tion, as disruption of the interaction by either the SUMO2P%*® or the
Ubc9™?A mutant suppressed the activity of USP36 to promote poly-
SUMOylation, further supporting USP36 as a SUMO E3, although it
remains possible that USP36 acts as a cofactor to enhance SUMOyla-
tion (Eisenhardt et al, 2019). Intriguingly, both the DUB and SUMO
promoting activities are located to the N-terminal region of USP36.
Yet, the SUMO promoting activity is independently of its DUB activ-
ity as the H382A mutant lacking DUB function retains the SUMO
promoting activity (Fig 2). Therefore, we can differentiate the two
activities by this single point mutation. As mutating the DUB cata-
lytic residue C131 also abolished USP36’s SUMO promoting activity,
C131 might be structurally required for the SUMO E3. Future struc-
tural studies would clarify whether USP36 is a bona fide SUMO E3,
the mechanisms underlying the potential switches between its DUB
and SUMO E3 activities, and aid in finding USP36 mutants that
specifically inactivate SUMO E3, but not DUB. Such mutants would
be critical for elucidating the SUMO E3-specific function in ribosome
biogenesis and cell growth, given that USP36"%%% failed to rescue
the inhibition of protein translation and cell growth by the deletion
of endogenous USP36 (Fig EV5).

As USP36 increases the total levels of nucleolar SUMOylation
(Figs 1E and EV1I), it is conceivable that USP36 may promote
SUMOylation of other nucleolar proteins associated with ribosome
biogenesis and act as a central regulatory hub for the nucleolar
SUMOylation to regulate ribosome biogenesis and translation.
Further proteomic analyses are warranted to identify additional
USP36 SUMO targets in the nucleolus. As hyperactivation of ribo-
some biogenesis is tightly linked to human cancers (Mills & Green,
2017; Pelletier et al, 2018) and USP36 itself is overexpressed in vari-
ous human cancers (Sun et al, 2015), USP36 could be a promising
therapeutic target in human cancers.

Materials and Methods
Plasmids and recombinant proteins

V5-tagged USP36 plasmid were described previously (Sun et al,
2015). The full-length USP36 ¢cDNAs (WT and the C131A mutant)
were also cloned into the pcDNA3-2Flag vector to generate Flag-
tagged USP36 plasmids. Flag-USP36'™*%°, Flag-USP36**' %, Flag-
USP36°°1-1121 - 4nd Flag—USl’361 800 deletion mutants were also
described (Sun et al, 2015). The above cDNAs were also cloned into
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PGEX-4T.1 vector (GE Healthcare) to express GST-USP36'#*°, GST-
USP36*21789%  GST-USP365%%1 112! GST-USP36' % fusion proteins.
His-tagged SUMO1, SUMO?2, and SUMO3 were cloned by PCR into
pcDNA3-His vector. Flag-USPL1 was described (Sun et al, 2018).
Nhp2 cDNA was amplified from HeLa c¢DNA and cloned into
pcDNA3-2Flag to generate Flag-Nhp2 plasmid. Flag-Nhp2®® was
generated by site-directed mutagenesis using QuikChange Kit (Agi-
lent). Flag-NopS8 (WT and K467R/K487R (2KR) mutant) plasmids
were cloned into pcDNA3-2Flag vector by PCR using pcDNA3-
His-Nop58 (WT and 2KR mutant) (provided by Dr. Angus I. Lamond,
University of Dundee, UK) (Westman et al, 2010) as templates. Nhp2
and Nop58 cDNAs were also subcloned into pGEX-4T.1 to generate
GST-Nhp2 and GST-Nop58 plasmids for recombinant proteins
expression in bacteria. USP36' % ¢cDNA was subcloned into pET30a
vector for bacterial expression of His-tagged proteins. Flag-Nop56,
Flag-Nhp2L1, Flag-DKC1, Flag-GAR1, Flag-Nopl0, and Flag-Ubc9
plasmids were cloned into pcDNA3-2Flag vector by PCR. Lentiviral
vectors expressing Flag-USP36, pLenti4-Flag-USP36"", and pLenti4-
Flag-USP36°"*'* were described previously (Sun et al, 2015). pLen-
ti4-Flag-USP36"°%%4 was generated by site-directed mutagenesis.

All the plasmids were confirmed by sequencing.

Recombinant proteins were expressed in Escherichia coli (BL21)
by induction with Isopropyl B-b-1-thiogalactopyranoside (IPTG) and
purified using glutathione agarose for GST-fusion proteins and Ni*'-
NTA agarose beads for His-tagged proteins. Recombinant SUMO E1
(SAE1/SAE2), Ubc9, and T7-tagged PARP1 were kindly provided by
Dr. Yoshi (Ryu & Azuma, 2010; Ryu et al, 2010a). Ubc9 and SUMO2
cDNAs were also subcloned into the pProxEX HTa vector (Life tech-
nologies) to generate pProxEX-His-Ubc9 and pProxEX-His-SUMO2
vectors. His-Ubc9¥?A and His-SUMO2P®*® mutant plasmids were
generated by site-directed mutagenesis. The expression and purifica-
tion of these proteins were described (Ryu & Azuma, 2010; Ryu
et al, 2010a; Sun et al, 2015).

Antibodies and reagents

Anti-Flag (M2, F3165, Sigma), anti-V5 (R960-25, Life technologies),
anti-Nop58 (A302-719A, Bethyl), anti-Nhp2 (ab180498, abcam), anti-B23
(19-7288, Zymed), anti-Nop56 (A302-720, Bethyl), anti-FBL (sc-
25397, Santa Cruz Biotech), anti-Nhp2L1 (A304-030A, Bethyl), anti-
DKC1 (ab64667, abcam), anti-Garl (A12748, ABclonal), anti-Nop10
(ab134902, abcam), anti-GST (A00865, GenScript), anti-Ubc9 (4918,
Cell Signaling), anti-SAE1 (13585, Cell Signaling), anti-SAE2 (A302-
926A, Bethyl), anti-T7-HRP (69048, Millipore), and anti-puromycin
(clone 12D10, MABE343, EMD Millipore) antibodies were purchased.
Rabbit polyclonal anti-SUMO1 and anti-SUMO2/3 antibodies were
provided by our collaborator Dr. Yoshiaki Azuma (University of Kansas).
Rabbit anti-USP36 serum was provided by Dr. Masayuki Komada
(Tokyo Institute of Technology, Japan) (Endo et al, 2009; Sun et al,
2015). Puromycin (Invitrogen) and 4-OHT (Sigma) were purchased.

Cell culture, transfection, immunoblot (IB), and
co-immunoprecipitation (co-IP) analyses

Human H1299, HeLa, U20S, and 293 cells (from ATCC) were cultured
in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with
10% fetal bovine serum (FBS), 50 U/ml penicillin and 0.1 mg/ml
streptomycin at 37°C in a 5% CO, humidified atmosphere. Cells
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transfection were performed using TransIT®-LT1 (Mirus Bio Corpora-
tion) or Lipofectamine 2000 (Life technologies) reagents following
the manufacturers’ protocol. Cells were harvested at 3648 h post-
transfection and lysed in 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 DTT, 1 pg/ml pepstatin
A, and 1 mM leupeptin. Equal amounts of cell lysates were used for
IB analysis. Co-IP was conducted as described previously (Sun et al,
2015; Sun et al, 2018). Bound proteins were detected by IB using
antibodies indicated in figure legends.

Gene knockdown by RNA interference

Lentiviral vectors encoding shRNAs against USP36 were purchased
(Open Biosystems). The shRNA sequences are 5-GCGGTCAGTCAG-
GATGCTATT-3’ (shRNA-1, used for all experiments, except where
indicated) and 5'-CGTCCGTATATGTCCCAGAAT-3' (shRNA-2). The
plasmids were transfected with VSVG, pLP1, pLP2 plasmids into
293FT cells using calcium chloride (Promega). The viruses were
then used to infect cells in the presence of polybrene (6 pg/ml). The
cells were harvested at 72 h post-transduction for IB analysis. For
siRNA-mediated USP36 knockdown, the 21-nucleotide siRNA
duplexes with a 3’ dTdT overhang were synthesized by Dharmacon
Inc (Lafayette, CO). The target sequence for USP36 is 5-TGT
CCTGAGTGGAGAGAAT-3'. The control scrambled RNA sequence
has been described previously (Sun et al, 2012). These siRNA
duplexes (100 nM) were introduced into cells using Lipofectamine
2000 (Life technologies) following the manufacturer’s protocol.

In vivo SUMOylation assays

In vivo SUMOylation assays under denaturing conditions was
conducted using a Ni**-NTA pull-down method. Briefly, cells trans-
fected with His-SUMO and indicated plasmids were lysed in 8 M
urea lysis buffer containing 100 mM NaH,P04, 10 mM Tris-HCl
pH8.0, 250 mM NaCl, 5% Glycerol, 0.1% Triton X-100, 10 mM
imidazole and 10 mM B-mercaptoethanol (B-ME), followed by brief
sonication to reduce viscosity. The cell lysates were then incubated
with Ni*-NTA agarose beads for 4 h at room temperature. The
beads were collected by spinning at 750 g for 5 min, washed with
8 M urea lysis buffer containing 20 mM imidazole, and eluted in
elution buffer containing 150 mM Tris-HCl (pH 6.7), 150 mM
NaCl, 10% Glycerol, 5% SDS, 300 mM imidazole, and 0.72 M B-
ME. The elution was boiled in 1x SDS sample buffer and assayed
by IB.

In vitro SUMOylation assays

In vitro SUMOylation assays were carried out as described previously
with minor modification (Ryu & Azuma, 2010; Ryu et al, 2010a). In
brief, reaction buffer consists of 100 mM NacCl, 5 mM MgCl,, 20 mM
HEPES (pH 7.6), 5% glycerol, and 1 mM DTT. Unless otherwise
specified, the in vitro reactions contained SUMO E1 heterodimer,
Ubc9 (E2), USP36'%%° processed form of SUMO2, ATP, and
substrates at the final concentration of 30 nM, 50 nM, 50 nM, 4 uM,
2.5 mM, and 0.1 pM, respectively. The reactions were incubated at
30°C for 2 h or different times as indicated and stopped by adding an
equal volume of 2x SDS sample buffer, followed by IB.

EMBO reports 22:e50684 12021 13 of 18



EMBO reports

Nucleolar fractionation

Nucleolar fractionation was performed as described previously
(Challagundla et al, 2011; Sun et al, 2015). Briefly, freshly
harvested cells were washed with 1x PBS, resuspended in hypo-
tonic buffer A (10 mM HEPES pH7.8, 10 mM KCl, 1.5 mM MgCl,,
0.5 mM DTT) in the presence of PMSF and incubated for 10 min
on ice. The cells were homogenized using B pestle douncer
followed by spinning down at 228 g for 5 min at 4°C. The super-
natant (cytoplasmic fraction) was supplemented with 1/10 volume
of buffer B (0.3 M Tris—HCI pH 7.8, 1.4 M KCl, 30 mM MgCl,). The
nuclear pellets were washed with buffer A and then resuspended in
buffer S1 (0.25 M sucrose, 10 mM MgCl,), layered over buffer S2
(0.35 M sucrose, 0.5 mM MgCl,), and centrifuged at 1,430 g for
10 min at 4°C. The pelleted nuclei were resuspended in buffer S2
with PMSF and sonicated using a microtip probe at power setting
of 50%. The sonicated nuclei were then layered over buffer S3
containing 0.88 M sucrose and 0.5 mM MgCl, and centrifuged at
3,000 g for 10 min at 4°C. The pellet contained purified nucleoli
and the supernatant represented the nucleoplasm. The nucleoli
were then lysed in high salt RIPA buffer containing 50 mM Tris pH
7.5, 500 mM NaCl, 1% Nonidet P-40, 0.5% deoxycholate, and
protease inhibitors in the presence of 80 U/ml DNase I on ice for
15-30 min. The lysates were then added with 2x volume of RIPA
buffer without salt, left on ice for an additional 10 min, followed
by centrifugation at maximal speed for 15 min. The supernatant
was collected as soluble nucleolar fraction for IP analysis (Sun
et al, 2015).

Glutathione S-transferase-fusion protein association assays

Poly-SUMO2 chains were purchased from Boston Biochem. GST-
fusion protein—protein association assays were conducted as
described (Tatham et al, 2008; Guervilly et al, 2015). Briefly,
SUMO2 chains (200 ng) were incubated with the glutathione
Sepharose 4B beads (Sigma) containing 1.5 pg of GST or GST-
USP36 fragments in SUMO binding buffer containing 50 mM Tris—
HCI (pH 7.4), 250 mM NaCl, 0.1% NP-40, 2 mM DTT, and 5% glyc-
erol at 4°C for 2 h. After wash, bound proteins were analyzed using
IB with anti-SUMO2 and anti-GST antibodies.

Mass spectrometry

H1299 cells transfected with His-SUMO2 with or without Flag-
USP36 were lysed in 8 M urea lysis buffer, and total SUMOylated
proteins were purified using the Ni**-NTA agarose bead pull-down
method as described above. The eluted proteins were analyzed by
mass spectrometry to identify the SUMOylated proteins. Briefly,
samples were run into a SDS-PAGE gel for 6 min, the gel stained,
protein bands at the top of the gel excised, reduction, and alkylation
of cysteines performed using dithiothreitol and iodoacetamide,
respectively, and proteins in-gel trypsinized as previously described
(Ritchie et al, 2015). Dried peptides were then dissolved in 5%
formic acid, injected onto a 75 pm x 250 mm nano C18 column via
a peptide trap, and data-dependent MS/MS data for peptides were
acquired using a LTQ Velos linear ion trap (Thermo Scientific) as
before (Ritchie et al, 2015), except using a 7.5-30% acetonitrile
gradient over 195 min. MS/MS data were then searched using
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SEQUEST vs 28 (rev. 12) against a human database containing both
Swissprot and TrEMBL sequences, plus 179 common contaminates
and the reversed forms of all those proteins (269,858 total
sequences). A static modification +57 was specified on Cys, and a
dynamic modification of +16 on Met. Average parent ion mass toler-
ance was 2.5 Da, and monoisotopic fragment ion mass tolerance
was 1.0 Da, with trypsin specified as the enzyme. A linear discrimi-
nant transformation was then used to improve the identification
sensitivity from the SEQUEST analysis (Keller et al, 2002; Elias &
Gygi, 2007; Wilmarth et al, 2009), score histograms of forward and
reverse sequence entries generated, and matches to forward
sequence proteins filtered as previously described (Ritchie et al,
2015), except a protein false discovery rate under 1% was used.
After removal of contaminates, this resulted in the identification of
203 proteins. Estimation of protein abundance differences in the
His-SUMO2 pulldowns with or without Flag-USP36 was performed
using the numbers of assigned MS/MS spectra to each protein
across the two samples.

Immunofluorescence staining

Cells were fixed and stained with monoclonal anti-B23 and poly-
clonal anti-Nop58 or anti-Nhp2 antibodies followed by staining with
Alexa Fluor 488 (green) goat anti-mouse antibody and Alexa Fluor
546 (red) goat anti-rabbit antibody (Life technologies) as well as
DAPI for DNA staining. Stained cells were analyzed under a Leica
inverted fluorescence microscope.

RNA-IP

Cells were lysed in HNTG buffer containing 20 mM HEPES pH 7.9,
150 mM NaCl, 1 mM MgCl,, 1 mM EGTA, 10% glycerol, 1% Triton
X-100 in the presence of EDTA-free complete protease inhibitor
cocktail (Roche), and 20 U/ml RNase inhibitor (Invitrogen) for
30 min, briefly sonicated, and centrifuged at 15,000 g for 10 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 wash
with lysis buffer for four times, the beads were suspended in 100 pl
NT2 buffer (50 mM Tris-HCl pH 7.4, 150 mM NaCl, 1 mM MgCl,,
0.05% NP-40) containing 10 U DNase I and incubate at 37°C for
10 min. RNAs were then extracted using TRIzol-reagent (Life tech-
nologies) and subjected to reverse transcription (RT) using iScript
cDNA synthesis kit (Bio-Rad), followed by qPCR analysis.

Reverse transcriptase-quantitative polymerase chain reaction

Quantitative real-time PCR was performed on an ABI StepOne™
real-time PCR system (Applied Biosystems) using SYBR Green Mix
(Thermo Fisher Scientific). All reactions were carried out in tripli-
cate. Relative gene expression was calculated using the ACt method
following the manufacturer’s instruction. The primers used were as
follows: 5'-CTCGCTTCGGCAGCACA-3’ and 5-AACGCTTCACGAAT
TTGCGT-3' for U6; 5-CGTGTAGAGCACCGAAAACC-3’ and 5'-CAC
TCAGACCGCGTTCTCTC-3' for U3; 5-TTCATGAGCGTGATGATT
GG-3' and 5-GTAATGTGCCCACGTCGTAA-3' for U13; 5-CAGTGA
TGACACGATGACGA-3' and 5-GGACACTTCTGCCAAAGGAA-3' for
U15b; 5-TTTCACATGTCTTACTCTCTGTCC-3' and 5-CCTCAGACA
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GTTCCTTCTGGA-3' for U22; 5'-TCTCAGCTCCGCTTAACCA-3' and
5'-CGTGCATTAGGAGAGCCTTT-3' for SNORA10; 5-TCCATGTA
TCTTTGGGACCTG-3' and 5-TGGTGACAGCTTTGCCAATA-3" for
SNORA24; 5-GCAAACTCGATCACTAGCTCTG-3' and 5-ACTTTT
GCAAACCTGGTTCC-3' for SNORAG66; 5'-TCACCCGTGTGACTTT
CGTA-3' and 5'-ACTTTTGCAAACCTGGTTCC-3' for U64; 5'-TCTTC
TCATTGAGCTCCTTTCTG-3' and 5'-TTCTTCTCGTGCGAATCCAT-3’
for SNORA75; 5'-CCATTGATGCGATGCAGAAG-3’ and 5'- TGTCT
GCCGATCCAACTTAGC-3' for mouse USP36; 5'- CATGGCCTTC
CGTGTTCCTA-3" and 5'-CCTGCTTCACCACCTTCTTGAT-3' for mouse
GAPDH.

Translation

Translation in individual cells was measured by using Click-iT® Plus
OPP Protein Synthesis Assay Kit (Invitrogen) following the manufac-
turer’s protocol. Briefly, cells were incubated with 20 pM O-propar-
gyl-puromycin (OPP) for 30 min, fixed in 3.7% formaldehyde in
PBS for 15 min, and then permeabilized in 0.5% Triton X-100 in
PBS for 15 min at room temperature. The cells were then incubated
with Click-iT® Plus OPP reaction cocktail at room temperature for
30 min for “click” reaction between the Alexa Fluor® picolyl azide
and the alkyne OPP. After wash, the cells were counterstained with
NuclearMask™ Blue Stain, mounted with antifade mountant (Life
technologies), and imaged by fluorescence microscope (Zeiss
Apotome) for the fluorescent labeled newly synthesized peptides.
The intensity of the fluorescent OPP stain in single cells was quanti-
fied by image J. For detecting global protein translation, Cells were
pre-treated with 10 pg/ml puromycin (Invitrogen) for 10 min for
puromycylation of nascent peptides. Cell lysates were then assayed
by IB using anti-puromycin as previously described (Schmidt et al,
2009; David et al, 2012).

Northern blot

rRNA processing was examined using non-radioactive Northern blot
method as described (Tafforeau et al, 2013; Wu et al, 2013; Sharma
et al, 2015). Briefly, a total of 5 ng of total RNAs was loaded onto
agarose denaturing gels (6% formaldehyde/1.2% agarose in HEPES-
EDTA buffer) and electrophoresed for 4 h at 75 V. After wash, gels
were transferred to nylon membranes by capillarity overnight in
10x saline sodium citrate (SSC). Membranes were UV cross-linked
(120 mJ/cm?), followed by prehybridization in 50% formamide, 5x
SSPE, 5x Denhardt’s solution, 1% w/v SDS, 200 pg/ml fish sperm
DNA solution (Sigma) for 1 h at 65°C. The digoxigenin-labeled
oligonucleotide probe was then added and incubated for 1 h at 65°C
and then at 37°C overnight. The sequence of Northern blot probes
are as follows: 5- CGGAGGCCCAACCTCTCCGACGACAGGTCGCCA
GAGGACAGCGTGTCAGC-3' (5'-ETS); 5'-CCTCGCCCTCCGGGCTC
CGGGCTCCGTTAATGATC-3' (ITS1); 5- CTGCGAGGGAACCCCC
AGCCGCGCA-3' (ITS2) (Tafforeau et al, 2013). After washed with
2x SSC, membranes were blocked in 1x blocking buffer (Roche) for
0.5 h at room temperature and incubated with anti-digoxigenin anti-
body (Roche, 1:10,000 dilution) for 0.5 h at room temperature,
followed by washing steps (twice, each 15 min) with washing 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
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CDP star ® (Roche, 1:200 dilution) at room temperature for 10 min
and then exposed to films.

Generation of mouse embryonic fibroblast cell lines

ES cell clones containing the knockout-first (targeted) USP36 alleles
(USP36"™%) were purchased from the European Mutant Mouse
Archive (http://www.knockoutmouse.org/martsearch/project/25050)
(Testa et al, 2004). The USP36"™“ allele generated through homo-
logous recombination contains a B-gal-neo expression cassette
inserted in intron 5 of the USP36 gene. The advantage of this target-
ing is that removal of the B-gal-neo cassette by Flp converts the
targeted allele into a conditional allele (USP36"™¢, named USP36"%*
in this study) such that Cre recombination removes exon 6, leading
to deletion of most of the USP36 protein (1,098 amino acids), possi-
bly making a truncated peptide containing only the N-terminal 218
amino acids (deletion allele, USP36"™!9). The ES cells were used to
generate chimeric mice as described (Fedorov et al, 1997). The
chimeric mice were then crossed with C57BL/6 mice to generate
USP36"™%* mice. Heterozygous USP36"™'** mice were subse-
quently crossed with C57BL/6a mice expressing a flipase recombi-
nase, Tg(ACTFLPe) (Flp mice, Jackson laboratory stock no:
003800), which recognizes the FRT sites and excises the B-gal-neo
expression cassette, to generate conditional USP36'** and
USP36°*/% mijce. The USP36°*/"* mice were crossed with the indu-
cible Tg(UbC-cre/ERT2) Cre expressing mice (Jackson laboratory
stock no: 007001 (Ruzankina et al, 2007) to generate USP36 “°*/*;
Cre-ER mice. All mice are C57BL/6 background. Mice were handled
in accordance with the OHSU Institutional Animal Care and Use
Committee (IACUC). Primary MEF cells were isolated from E13.5
embryos resulting from the USP36 '*/*; Cre-ER x USP36 '*/*; Cre-ER
crossings. Briefly, single embryos were separated by removing
placental and any maternal tissues and then dissected by removing
head as well as heart and liver red tissues. The heads were used for
genotyping. Embryos were minced with razor blade in 1ml 0.05%
trypsin and incubated in incubator at 37°C for 30 min. DMEM
medium supplemented with 15% FBS, and 50 U/ml penicillin and
0.1 mg/ml streptomycin were added to quench trypsin followed by
culture for 2-3 days to allow cells to grow to confluency. The result-
ing USP36”* and USP36'*/"* MEFs were then immortalized by
SV40 T antigen.

Statistical analysis

Unless otherwise stated in the figure legend, all the statistical dif-
ferences were analyzed using a standard Student’s t-test analysis
from three independent experiments. P < 0.05 was considered
statistically significant.

Data availability

The mass spectrometry proteomics data were deposited to the
ProteomeXchange Consortium via the PRIDE partner repository with
the dataset identifier PXD022987 (https://www.ebi.ac.uk/pride/arc
hive/projects/PXD022987).

Expanded View for this article is available online.
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