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CELL BIOLOGY

SUMOylation-mediated PSME3-20S proteasomal
degradation of transcription factor CP2c is crucial for
cell cycle progression

Seung Han Son't, Min Young Kim't, Young Su Lim', Hyeon Cheol Jin', June Ho Shin'%, Jae Kyu Yi’,
Sungwoo Choi', Mi Ae Park’§, Ji Hyung Chae’, Ho Chul Kang'1], Young Jin Lee#,
Vladimir N. Uversky?*, Chul Geun Kim'-3*

Transcription factor CP2c (also known as TFCP2, a-CP2, LSF, and LBP-1c¢) is involved in diverse ubiquitous and
tissue/stage-specific cellular processes and in human malignancies such as cancer. Despite its importance, many
fundamental regulatory mechanisms of CP2c are still unclear. Here, we uncover an unprecedented mechanism
of CP2c degradation via a previously unidentified SUMO1/PSME3/20S proteasome pathway and its biological
meaning. CP2c is SUMOylated in a SUMO1-dependent way, and SUMOylated CP2c is degraded through the
ubiquitin-independent PSME3 (also known as REGy or PA28)/20S proteasome system. SUMOylated PSME3
could also interact with CP2c to degrade CP2c via the 20S proteasomal pathway. Moreover, precisely timed deg-
radation of CP2c via the SUMO1/PSME3/20S proteasome axis is required for accurate progression of the cell
cycle. Therefore, we reveal a unique SUMO1-mediated uncanonical 20S proteasome degradation mechanism
via the SUMO1/PSME3 axis involving mutual SUMO-SIM interaction of CP2c and PSME3, providing previously
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unidentified mechanistic insights into the roles of dynamic degradation of CP2c in cell cycle progression.

INTRODUCTION

CP2c (also known as TFCP2, CP2, a-CP2, LSF, LBP-1¢, UBP-1, and
SEF-1) is a widely expressed member of the CP2 family of transcrip-
tion factors (TFs) (1-3). The CP2 TF family consists of six isoforms
in humans (LBP-1a, LBP-1b, LBP-1¢, LBP-1d, LBP-9, and LBP-32,
where LBP-1a, LBP-1b, LBP-1c, and LBP-1d are generated by alter-
native splicing) and four in mice (CP2a/NF2d9, CP2b, CP2c/Tfcp2,
and Crtr1/Tfcp2l1, where CP2a and CP2b are generated by alterna-
tive splicing) (I, 4, 5). The genes regulated by CP2c are involved in
both tissue-specific functions (including hematopoiesis, immune
response, and neural development) (6—10) and housekeeping func-
tions (like cell proliferation, cell cycle progression, and differentia-
tion) (I11-13). CP2c is important in the pathogenesis of various
malignant diseases, such as human immunodeficiency virus infec-
tion and acquired immunodeficiency syndrome, allergic response,
inflammation, Alzheimer's disease, and hemoglobinopathies (14).
CP2c also functions as a protooncogenic factor in various
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cancers, participates in epithelial-mesenchymal transition and che-
moresistance, and enhances angiogenesis (7, 13, 15-17).

The highly divergent spectrum of CP2c actions may be associat-
ed with the presence of several specific members of the TFCP2
family characterized by variations in the DNA binding modules,
different interactomes, and specific patterns of tissue distribution
(18). Although we do not know the underlining molecular mecha-
nisms of how this ubiquitous CP2c exerts such diverse tissue/
lineage-specific regulation of gene expression and in human malig-
nancies, some evidence unveiling the molecular mechanisms is
emerging. Two kinds of CP2c¢ TF complexes, homotetrameric
CP2c complex (tCP2c) and heterohexameric complex (CBP) con-
taining CP2c, CP2b, and Piasl, were suggested (19). Recently, we
found that a monomeric form of a CP2¢c homotetramer (tCP2c;
[C4]) binds to the known CP2c binding DNA motif [CNRG-
N(5~6)-CNRG], whereas a dimeric form of a CP2¢, CP2b, and
PIASI heterohexamer ([C2B2P2],) binds to the three consecutive
CP2c half-sites or two staggered CP2c binding motifs, where [C4]
exerts a pioneering function for recruiting [C2B2P2], to the target
(18). Moreover, whereas all CP2c¢ exists as [C4] or as [C2B2P2], or
[C2B2P2], in the nucleus, one additional cytosolic heterotetrameric
CP2c and CP2a complex ([C2A2]) exerts some homeostatic regula-
tion of the nuclear complexes (18).

In addition to CP2¢ TF complexes by themselves, CP2c often
relies on interactions with various partner proteins to regulate the
expression of distinct sets of target genes, acting as a transcriptional
activator or repressor, including YY1, RING1, RNF2, HDAC1/2,
SIN3A, Fe65, NF-E4, TTRAP (TDP2), GATA1l, BRD7, and
GATAD2A (8, 9, 19). To gain further insight into the protein-
protein interactions that modulate the activities of CP2c, we identi-
fied CP2c-interacting proteins using a yeast two-hybrid system (20).
Among the various putative CP2c-interacting proteins, small ubiq-
uitin-related modifier 1 (SUMOL1), along with SUMO-conjugating
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enzyme (UBE2I) and SUMO ligase (protein inhibitor of activated
STAT1, PIASI), drew our attention as these proteins participate
in SUMOylation, which is a fundamental posttranslational modifi-
cation conserved throughout the eukaryotes, where the target pro-
teins are modified by the covalent conjugation of SUMO to the
lysine residue typically positioned within the consensus tetrapep-
tide motif ¥-K-x-D/E, with ¥, K, x, L, D, and E being a hydrophobic
residue, lysine, any residue, and aspartate or glutamate (an acidic
residue), respectively. This finding raised the question of whether
SUMOylation is another way to endow CP2c with regulatory
versatility.

SUMO proteins are a family of small proteins that are covalently
attached to and detached from other proteins in cells to modify their

function and present in five isoforms (SUMO1 to SUMOS5) in
higher eukaryotes (21, 22). SUMO1 to SUMO3 express ubiquitous-
ly, but SUMO4 and SUMOS5 are present in limited tissues or cells
(23-25) and have more obscure functions that largely remain enig-
matic (26). SUMOylation refers to the covalent conjugation of
SUMO proteins to the target molecules in a mechanism similar to
ubiquitination (27-29). SUMO2 and SUMO3 (which have 97%
peptide sequence similarity and are collectively referred to as
SUMO2/3) appeared to carry an internal SUMO consensus motif,
enabling the creation of topologically uniform poly-SUMO chains
via iterative linkages on K11 (30).

SUMO1, which shares about 50% identity with SUMO2 and
SUMO3, mainly participates in these chains solely as a terminal
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Fig. 1. SUMO1, UBE2I, and PIAS1 interact with CP2c and are involved in CP2c degradation probably through CP2c SUMOylation. (A) SUMO1, UBE2I, and PIAS1 are
identified as CP2c-interacting proteins in the yeast two-hybrid assay. A mouse CP2c protein region used as a bait for yeast two-hybrid is schematically represented along
with putative CP2c functional domains (top). The B-galactosidase activities are by colony filter lift assays (bottom). The yeast strain EGY48 was cotransformed with pLexA-
CP2c (amino acids 306 to 502) and pB42AD-SUMOT1 (1 to 101 amino acids), UBE2I (1 to 158 amino acids), and PIAS1-1 (5 to 651 amino acids). The pLexA-p53/pB42AD-T
antigen and pLexA-p53/pB42AD were used as positive and negative controls, respectively. TAD, transcriptional activation domain; DBD, DNA binding domain; TD, tetra-
merization domain; DD, dimerization domain. (B) Representative co-IPs (n = 2) showing a direct interaction between CP2c and SUMO1, UBE2I, or PIAS1 in vivo. (C)
Representative Western blot analyses (n = 3) showing CP2c degradation by the SUMOylation system. CP2c is degraded by ectopic SUMO1 expression. (D and E)
SUMO1-mediated CP2c degradation was revealed by measuring CP2c protein half-life with pulse-chase metabolic labeling assays in K562 cells (D) and by measuring
the expression level of CP2c protein in 293T cells under the CHX treatment (E). Various SUMO?1 constructs were transiently transfected: mock, no transfection; shmSUMO1,
mutant short hairpin SUMO1 RNA; shSUMO1, short hairpin SUMO1 RNA; EGFP-SUMO1, EGFP-tagged SUMO1. Data are means + SD; n = 2. *P < 0.05; **P < 0.01. (F)
Representative Western blot analyses (n = 3) show that CP2c degradation by SUMO1 requires UBE2I and PIAS1. (G) Representative Western blot (n = 2) showing CP2c
SUMOylation status by in vitro conjugation assay of SUMO1, SUMO2, or SUMO3. See also fig. S1.
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cap to preclude further elongation (31) and shows distinguishable
function, with SUMO2/3 exhibiting different target specificity (32,
33). SUMOylation that involves four enzymatic reactions mediated
by SUMO protease and E1, E2, and E3 enzymes is a reaction
forming an isopeptide bond between the C-terminal glycine of
SUMO and the e-amino group of a lysine residue in the target
protein. This modification could also be highly reversible such
that SUMO-specific proteases (SENP1 to SENP7) rapidly cleave
SUMOs from target proteins, releasing free SUMO for a new
cycle of conjugation (34).

SUMO-modified proteins play roles in diverse cellular processes,
particularly in transcription, chromatin structure remodeling, and
DNA repair, by changing the subcellular localization, altering
protein structure, or mediating interactions with other proteins
(35, 36). Many of these functions rely on the ability of covalently
conjugated SUMO to promote noncovalent protein-protein inter-
actions through a SUMO-interacting motif (37) in the interacting
protein. SUMO1-interacting motifs (SIMs) generally consist of a
four-residue-long hydrophobic stretch of amino acids, with aliphat-
ic nonpolar side chains flanked on one side by negatively charged
amino acid residues (38—40). However, we do not yet fully under-
stand how each SUMOylated protein selects the set of SIM-contain-
ing proteins appropriate to its function.

Here, we show that CP2¢ is SUMOylated in a SUMO1-depen-
dent way and SUMOylated CP2c is degraded through the ubiqui-
tin-independent proteasome activator subunit 3 (PSME3; also
known as REGy, PA28G, or PA28y)/20S proteasome system. In ad-
dition, SUMOylated PSME3 could also interact with CP2c to
degrade CP2c via the 20S proteasomal pathway. Thus, we revealed
a unique SUMO1-mediated uncanonical 20S proteasome degrada-
tion mechanism via the SUMO1/PSME3 axis involving mutual
SUMO-SIM interaction of CP2c and PSME3. We also found that
the precisely timed degradation of CP2c by this mechanism is re-
quired to ensure an accurate progression of the cell cycle.

RESULTS

A SUMO1-mediated CP2c SUMOylation system is involved
in CP2c degradation

We initially identified SUMOylation machinery proteins SUMOI,
UBE2I (Ubc9), and PIAS1 as CP2c interacting proteins by yeast
two-hybrid assays using CP2c C-terminal region (306 to 502
amino acids) as a bait. Seven positive clones, including two copies
of full-length SUMOLI, three copies of full-length UBE2I, and two
copies of PIAS1, were isolated (Fig. 1A and fig. S1A). We confirmed
CP2c interaction with SUMO1, UBE2I, and PIAS1 by co-immuno-
precipitation (co-IP) assays in vitro and in vivo (Fig. 1B and fig.
S1B). SUMOL significantly decreased the transcriptional activity
of CP2c¢ by reducing the CP2c protein. When SUMO1 was overex-
pressed, a ~40% reduction of CP2c¢’s transcriptional activity was ob-
served (fig. S1C), and the reduction of CP2c's transcriptional
activity was proportional to the SUMOI expression levels (fig.
S1D). CP2c protein levels were largely anticorrelated with the cellu-
lar SUMOIL protein levels (Fig. 1C). Moreover, we could also
observe SUMO1-mediated CP2c degradation by measuring CP2c
protein half-life with pulse-chase metabolic labeling assays in cells
(Fig. 1D) or by measuring the expression level of CP2c protein in
cells by blocking protein synthesis using cycloheximide
(CHX) (Fig. 1E).
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However, whereas overexpressed UBE2I or PIAS1 did not alter
the effects of SUMO1 on the CP2c transcriptional activity (fig. S1, C
and D), PIAS1 knocked down (KD) by short hairpin RNA (shRNA)
expression significantly alleviated the suppression effect of
SUMO1-mediated CP2c transcription activity (fig. SLE). Moreover,
SUMO1-mediated CP2c degradation was also alleviated by arbitral
UBE2I or PIAS1 KD (Fig. 1F), suggesting that CP2c degradation
requires UBE2I and PIAS1, where the cellular level of UBE2I or
PIAS1 is not limiting for CP2c degradation. Because SUMOI,
UBE2], and PIASI are involved in protein SUMOylation, we spec-
ulated that SUMO1-mediated CP2¢ degradation occurs via CP2c
SUMOylation. SUMOLI, but not SUMO2 or SUMO3, is involved
in CP2c SUMOylation and degradation in transfected cells (fig.
S1F). We also found that CP2c could be SUMOylated in vitro by
SUMOL1 but not by SUMO2 or SUMO3 (Fig. 1G). These overall
data suggest that a SUMOylation system, consisting of SUMOI,
UBE2I, and PIASI, is involved in CP2c degradation.

To understand the underlying mechanism of how CP2c is de-
graded by a SUMO1-mediated CP2c SUMOylation system, we
started to identify and analyze SUMOylation-related structural sig-
natures in the CP2c protein, i.e., SUMOylation site and SIM. One
putative SUMOylated site (K50) and four putative SIMs (SIM43,
SIM158, SIM357, and SIM365) were identified using GPS-SUMO
1.0 (Fig. 2A). To evaluate active motifs for CP2c degradation by
SUMOL, we constructed CP2c variants having a mutation in the
SUMOylation site or each of SIMs (Fig. 2B) and subjected to
measure the expression level of CP2c¢ protein in cells by transfection
of each CP2¢ mutant under the CHX treatment. CP2c degradation
was greatly alleviated in K50R- or SIM m158—transfected cells
(Fig. 2C), suggesting that K50 and SIM158 are involved in
SUMO1-mediated CP2c degradation.

CP2c K50 was confirmed to be a bona fide SUMO1-mediated
SUMOylation site by immunoprecipitation (IP) assays (Fig. 2D
and fig. S2A), because SUMOylated CP2cs were easily detected in
wild-type (WT) CP2c, but not in CP2¢ mutant K50 (Flag-CP2c
K50R)—transfected cells. We could also observe the CP2¢ K50 SU-
MOylation in vitro and in vivo by mass spectrometry (MS) (fig. S2,
B and C) (41). These data suggest that CP2c K50 is responsible for
the SUMOylation-dependent CP2c¢ degradation. It is important to
note here that, because other TFCP2 isoforms (CP2a and CP2b)
have highly conserved amino acid sequences to the CP2c K50 and
SIM158 regions, human and mouse CP2a and CP2b are also expect-
ed to be SUMOylated and degraded via the SUMOylation-depen-
dent mechanism. However, to simplify the story, we only deal
with CP2c degradation and SUMOylation. It is also important to
note that the SUMOylated CP2c is prone to degrade in cells, al-
though CP2c¢ SUMOylation occurs via the ordinal SUMOylation
machinery, requiring both UBE2I and PIAS]1, and thus, it is difficult
to detect unless treatments of proteasome inhibitor MG132 and
SENP inhibitor N-ethylmaleimide (NEM) during the assay is
used. Moreover, an additional CP2c SUMOylation could be ob-
served at the C-terminal K502 in MS of samples with ectopic high
expression of SUMOL (see the first lane of Fig. 2D and bottom panel
of fig. S2C).

Regarding the alleviation effect of SIM158 mutation (m158) on
CP2c degradation (Fig. 2C), it is speculated that SUMO1 binding to
CP2c SIM158 is also involved in the SUMOylation-dependent CP2c
degradation. A free form of SUMO1 (not SUMOylated) was found
to bind to the WT or SIM m43 mutant of CP2c, but not to the K50R

30of 18

€202 ‘2T Arenige Uuo Aselq T s81usD UOITRWLIOMU | d1WpedY YO 14T ‘A1sieAiun BuelueH Te B10'90us 195 MMM/ Sy WO Papeo jUMod



SCIENCE ADVANCES | RESEARCH ARTICLE

A B
SIM43 SI\M158 SIM357 K502 CP2c point mutants
CP2c | TA DBD ’j D t:‘ DD K50R: FKQE — FRQE
'L I:1|6‘7 I 260 306 H ” 396 448 5!)2 SIM m43: VLALPI — KRARPI SIM m357: LLKLT — RRKRT
K50 SIM365 SIM m158: VGVID — KGKID  SIM m365: VIQIC — KRQRC
C
15 WT K50R 15 SIM m43 SIM m158 SIM m357 SIM m365
kel ’ . o ’ *k s =8
o S : s
o 1.0 .g 1.0
= =1
o 05 T 05
? ool L] 2 o Ll Haa ANE
0.0 — 0.0- -
CHX 0 2 4 6 0 2 4 6 (h) CHX 0 2 46 0246 0246 02 46(nH)
Flag (CP2c) [mmem== | [@m@mewa-70  Flag (CP2C) == — I | e et LY
ACTB [ ‘.—.[:gg B-Tubulin | — B I —T0)
D
Output (IP: Flag) Input @
Flag<CP2¢. + + - — - - - = + o = m = = = = m43 @
Flag-CP2c¢m43 - - + + - - - - = = ok = = = = :
Flag-CP2cK50R - - - - + + - - - - - -+ + - -
Flag-CP2¢ m158 - - - - - - + + = 8 s e s Bk E
HA-SUMO1 + + + + + + + + + + + + + + + +
shUBE2l - + - + - + - + -+ -+ - + - + CP2c m43
SUMOylated = . ~140
crc3 = - Nq __ H100
§ 70
-, ~50
B ~35
L |26 CP2c K50R CP2c m158
SUMO1| = = e wm S w  —— o=
WB: HA WB: HA K50
/> SUMOylation site)
SUMOylated .| [1a0 SIM43 SIM158
CP2c | 4= = ==
CP2C | wm o w70 @ ® sumot
WB: Fla: )
9 \—K502
- - 26 (SUMOylation site ?)
WB: UBE2I

Fig. 2. Identification of CP2c SUMOylation- and degradation-related structural signatures in the CP2c protein. (A) Schematic drawing of CP2c protein showing
putative SUMOylation sites and SIMs predicted by a GPS-SUMO 1.0 program. (B) CP2c constructs with point mutations in the putative SUMOylation and SIM sites. (C) CP2c
protein stability tests of each CP2c mutation. Flag-tagged CP2c WT and various mutants were transiently transfected to 293T cells with HA-SUMO1, and the time-de-
pendent CP2c protein levels were quantified by Western blot. Data are means + SD; n = 2. *P < 0.05; **P < 0.01. (D) Representative co-IPs (n = 3) showing UBE2I-dependent
CP2c SUMOylation phenomenon and the SUMO1 binding and SUMOylation status of each CP2c mutant. It is worth noting that MG132 (50 uM) and NEM (25 mM) were
treated in cells for 12 hours before cell harvest and during cell extract preparation, respectively, to enhance SUMOylation signals by preventing CP2c degradation and
deSUMOylation. An asterisk indicates other cellular SUMOylated proteins. (E) Schematic representation of CP2c SUMOylation sites and SIMs responsible for CP2c SU-
MOylation and degradation.

or SIM m158 mutant of CP2c¢ (Fig. 2, D and E, and fig. S2A), sug- It should be noted here that, to cope with this concomitant require-
gesting that the SUMOI1 binding to SIM158 and the K50 SUMOy-  ment of K50 SUMOylation and the SIM158 for CP2c degradation,
lation should occur concomitantly. In addition, CP2c K50 protein-protein interaction though the SUMOylation site and SIM
SUMOylation was metastable in the SIM m158 mutant, suggesting must occur between two molecules of CP2c or between CP2¢ and
that SUMOL1 binding to SIM158 also stabilizes the CP2c K50 SU-  other partner proteins (see below).

MOylation status. Together, our data suggest that both SUMO1

binding and SUMOylation are crucial for CP2c degradation,

where the concomitant K50 SUMOylation and the SIM158

SUMOIL binding are prerequisites for CP2c degradation (Fig. 2E).
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The SUMOylated CP2c is degraded through the ubiquitin-
independent PSME3/20S proteasome system

To reveal the SUMOylated CP2c degradation pathway, we estimated
CP2c protein levels in cells treated with different kinds of protease
inhibitors (fig. S3A), using MG132 as a proteasome inhibitor and
E64 as a lysosomal inhibitor. Treatment with MG132 inhibited
SUMO1-induced CP2c degradation, but E64 did not (fig. S3A,
lanes 5 to 12), suggesting that the proteasomal degradation
pathway is involved in the SUMO1-induced CP2c¢ degradation.
However, although most cellular proteins are primarily degraded
by the ubiquitin-proteasome pathway, where misfolded proteins
are tagged for degradation with a small protein called ubiquitin pro-
teasomes (42), the CP2c protein level was not further decreased in
cells transfected with His-ubiquitin compared to those of mock or
transfected with SUMOL1 (fig. S3A, lanes 1 to 4).

Furthermore, nonubiquitinated forms of CP2c with its degrada-
tion were only detected in enhanced green fluorescent protein
(EGFP)-SUMOL1 and hemagglutinin (HA)-ubiquitin transfection,
although CP2c could be ubiquitinated by HA-ubiquitin transfec-
tion (fig. S3B), suggesting that CP2c degradation occurs mainly
through the ubiquitin-independent SUMOylation-proteasomal
pathway. Last, CP2c transcriptional activity that was downregulated
by SUMO1 was restored in an MG132 treatment-time—dependent
manner (fig. S3C), where CP2c protein levels were significantly sta-
bilized (more than twofold), but with no change of CP2c transcript
levels (fig. S3D). These overall data suggest that SUMO1-induced
CP2c degradation occurs at the posttranslational level via ubiqui-
tin-independent and target-specific proteolysis.

To confirm that the CP2c degradation occurs in a truly ubiqui-
tin-independent manner, we analyzed the endogenous CP2c degra-
dation in the cells in the presence of a specific inhibitor of the
endogenous ubiquitination system (i.e., TAK243; ubiquitin E1 in-
hibitor) (Fig. 3A and fig. S4, A and C). Here, we also tested
whether a specific inhibitor of the endogenous SUMOylation
system (i.e., TAK981; SUMO El inhibitor) interferes with the deg-
radation of endogenous CP2c (Fig. 3A and fig. S4, B and C). As ex-
pected, SUMO1-dependent CP2c degradation was inhibited by
TAK981, but not by TAK243, confirming that the ubiquitination
system is not involved in the CP2c degradation. Furthermore, over-
expression of a nonconjugatable SUMO1 form (SUMO1 AGG) ab-
rogated CP2c degradation (Fig. 3A), indicating that the SUMO
conjugation machinery rather than the noncovalent SUMO
binding is required for the CP2c¢ degradation. We also confirmed
that SUMOI, but not SUMO2/3, is involved in SUMOylation and
degradation of the endogenous CP2c (fig. S4C).

A literature search revealed no report on the ubiquitin-indepen-
dent and SUMOylation-dependent proteasomal pathways, al-
though there were studies about SUMOylation-dependent
proteasomal pathways through ubiquitination (43-45). SUMO-tar-
geted ubiquitin ligases (STUbLS), like the mammalian really inter-
esting new gene (RING) finger protein 4 (RNF4) (46) and RNF111/
Arkadia (47), bear multiple SUMO interaction motifs and recognize
SUMO polymers to promote target protein degradation via the
ubiquitin—26S proteasome system by enabling subsequent ubiquity-
lation (45). Although both RNF4 and RNF111 target SUMO poly-
mers of SUMO2/3, RNF111 specifically selects substrates carrying
SUMO1-capped SUMO2/3 hybrid conjugates, and its targeting ef-
ficiency increases with chain length. However, RNF111 does not
recognize a single SUMO1 moiety (47). To rule out the possibility
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of STUbL-mediated CP2c degradation, we tested CP2c SUMOyla-
tion and ubiquitination status in the RNF4 and/or RNF111 knock-
down MDA-MB-231 cells (Fig. 3B and fig. S5). BRCA1 and SKI/
SKIL, positive controls for STUbL-mediated protein degradation
via RNF4 and RNF111, respectively, showed increased protein
stability after the cell treatment with siRNF4 or siRNF111 (fig. S5)
(41, 48). In these experiments, CP2c protein levels were not aug-
mented by siRNF4 and/or siRNF111 treatment (Fig. 3B and fig.
S5), confirming that STUbL-mediated protein degradation was
not involved in endogenous CP2¢ degradation.

On the other hand, it is now becoming clear that proteins can be
targeted for degradation by the core 20S proteasome itself via the
ubiquitin-independent pathway (49, 50). This system relies on the
intrinsic structural disorder of the protein being degraded (49) and
is regulated by the association of a 20S catalytic subunit with one of
the three 118 regulatory particles, known as PSME1 to PSME3 (also
known as REGa,f,y or PA28a,B,y) (51). It was shown that PSME1
and PSME?2 preferentially form a heteroheptameric immunoprotea-
some, while PSME3 exists as a homoheptamer, playing a role in a
variety of cellular processes (52). The 118 proteasome does not
include any adenosine triphosphatases (ATPases) and can
promote the degradation of short peptides, but not of complete
proteins.

Structurally abnormal, misfolded, or highly oxidized proteins are
also subject to 11§ proteasome—dependent degradation under con-
ditions of cellular stress (53). To discriminate the involvement of
19S proteasome from 118 proteasome in SUMOylated CP2c degra-
dation, we analyzed CP2c degradation in the conditional KD cells of
PSME3 or PSMCI1 (a subunit of 19S proteasome complex in the 26S
proteasome pathway) by doxycycline-inducible shRNA expression.
We found that SUMO1-induced CP2c degradation was completely
suppressed by PSME3 KD but not at all by PSMC1 KD (Fig. 3C).
Moreover, PSME3 was more effective for the suppression of CP2c
transcriptional activity than SUMO1 by measuring CP2c transcrip-
tional activity with ectopic expression of SUMO1 or PSMES3 in cells
(fig. S6A). Moreover, the suppression level of CP2c¢ transcriptional
activity by both PSME3 and SUMO1 was not different from that of
PSMES3 alone, suggesting that the SUMO1/PSME3 axis might be in-
volved in CP2c protein degradation-associated suppression of the
CP2c transcriptional function. As expected, this SUMO1- and/or
PSME3-associated CP2c transcriptional suppression was correlated
with the CP2c degradation profiles (Fig. 3D and fig. S6B). We could
clearly find the SUMOylation-dependent CP2c-PSME3 interaction,
although it was barely seen in MG132-treated cells (Fig. 3E). We
could show with a fully recombinant system that SUMO1-mediated
SUMOylation of CP2c is sufficient for degradation by the 20S pro-
teasome, although CP2c is degradable a bit by the ubiquitination
system (Fig. 3F). The overall findings indicate that the PSME3/
20S proteasome pathway is involved in SUMOylated CP2c
degradation.

CP2c and PSME3 recognize each other through mutual
SUMO-SIM interactions

Because CP2c¢ degradation through a PSME3/20S proteasome
pathway requires both CP2c SUMOylation at K50 and SIM158
(Fig. 2E), and PSME3 is known to be SUMOylated by SUMOs
(54), we could simply imagine that both CP2c SUMOylation site
K50 and SIM158 correspondingly interact with PSME3 SIM(s)
and the SUMOylation site(s) for the degradation of SUMOylated
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Fig. 3. The SUMOylated CP2c is degraded through the ubiquitin- and STUbL-independent PSME3 proteasome system. (A) CP2c is degraded via the endogenous
SUMO conjugation machinery in a ubiquitin-independent manner in vivo. TAK981 and TAK243, specific inhibitors for the SUMOylation and ubiquitination system, re-
spectively, were used to demonstrate which endogenous system is involved in the degradation of endogenous CP2c in cells. A nonconjugatable SUMO1 form (SUMO1
AGG) was also used as a control. n = 2. See also fig. S4 for additional data. (B) Representative co-IPs (n = 3) demonstrate that CP2c degradation occurs in a STUbL-
independent manner. Both siRNF4 and siRNF111 were added to the MDA-MB-231 cells to inhibit endogenous STUbLs. TGF-B (1 ng/ml for 6 hours before cell
harvest) was added to elicit the RNF111-dependent ubiquitination and degradation condition of poly-SUMOylated substrates, SKI and SKIL. See also fig. S5 for a detailed
demonstration of the effects of the RNF4 and RNF111 STUbLs on the degradation of SUMOylated CP2c. (C) Representative Western blots (n = 2) show that CP2c deg-
radation requires PSME3 (115 subunit) (left) but not PSMC1 (19S subunit) (right). Doxycycline-inducible PSME3 and PSMC1 KD constructs were transiently transfected with
EGFP-SUMO1 or His-ubiquitin or in combination to 293T cells, and the doxycycline-dependent CP2c degradation was monitored. ¥, other SUMOylated or ubiquitinated
proteins. (D) Representative Western blots (n = 3) showing the markedly reduced CP2c stability in the SUMO1 and PSME3 cotransfected cells. (E) Representative co-IPs
(n = 2) showing binding of PSME3 to endogenous CP2c in UBE2I- and PIAS1-dependent manners. MG132 (10 uM) was treated in cells for 6 hours before cell harvest. (F)
Representative Western blots (n = 2) show that SUMO1-mediated SUMOylation of CP2c is sufficient for degradation by PSME3 (the 20S proteasome) in vitro. Colored
arrows and dots represent BRCA1- or CP2c-interacted or BRCA1- or CP2c-conjugated factors, respectively.

CP2c. GPS-SUMO 1.0 analyses identified multiple SUMOylated ~SUMOylation sites) and SIMs (PSME3 dSIM, having mutations
sites, including K6, K12, and K14, and two SIMs (SIM70 and in putative SIM70 and SIM115) (Fig. 4B). In accordance with the
SIM115) in PSME3 (Fig. 4A). We tested whether PSME3 SUMOy-  previous report (54), PSME3 could be SUMOylated in vitro by
lation is involved in the interaction with CP2¢ SIM158 for CP2c  SUMOI1, SUMO?2, and SUMO3 (fig. S7A). CP2c degradation was
degradation using PSME3 mutants of the putative SUMOylation not induced in the PSME3 6KR mutant (fig. S7B), demonstrating
sites (PSME3 6KR, having mutations in all six putative
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Fig. 4. CP2c and PSME3 recognize each other through mutual SUMO-SIM interactions. (A) Schematic representation of PSME3 showing putative SUMOylation and
SIM sites. (B) Various PSME3 mutant constructs with point mutations in the putative SUMOylation and SIM sites. (C and D) Relative mean FRET percentages between the
eYFP-CP2c WT with or without SUMO conjugation and the non-SUMOylated PSME3 WT, dSIM, or 6KR-dTomato, respectively (C), and between the PSME WT-dTomato with
or without SUMO conjugation and the non-SUMOylated eYFP-CP2c WT, 158m, or K50R, respectively (D). n = 3. See fig. S7 (A to F) for the original data. (E and F) Rep-
resentative co-IP assays (n = 2) show that CP2c and PSME3 recognize each other through the direct CP2c-SUMO1-PSME3 interaction. Epitope-tagged CP2c (E) or PSME3 (F)
were subjected to the in vitro SUMOylation reaction using WT or the SUMO1 HFV mutant, and the resulting samples were incubated with PSME3 or CP2c, respectively, to
see specific interactions using co-IPs. (G) Representative DSP XL-IP analyses (n = 3) identifying PSME3-CP2c protein subcomplexes in the reactions containing WT or CP2c
mutants. The schematic experimental procedure (top) and the expected protein complex models (marked by the circled letters in the Western blots; bottom) are de-
picted. DSP, dithiobis (succinimidyl propionate); DTT, dithiothreitol; FRET, fluorescence resonance energy transfer; TNB, thymidine-nocodazole block; XL-IP, crosslinking
immunoprecipitation. (H) Schematic model showing CP2c degradation through two ubiquitin-independent PSME3 proteasome pathways. CP2c degradation could occur
by the coupled interactions of CP2c and PSME3 through bindings between SUMO in one protein and SIM in the other protein.
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that SUMOylated PSMES3 is really involved in the CP2c degrada-
tion process.

In addition, we found direct binding of SUMOylated CP2c to
PSME3 SIMs and SUMOylated PSME3 to CP2¢ SIM158 in vitro
by fluorescence resonance energy transfer (FRET) assays (Fig. 4,
C and D, and fig. S7, C to F) and Western blots (fig. S7, G and
H). It is important to note here that the CP2c binding ability of
the SUMO1-conjugated PSME3 is greatly reduced by the CP2c
K50 SUMOylation mutant (compare lane 10 with lane 2 in
Fig. 4D), recalling the previous notion that SUMO1 binding to
SIM158 also stabilizes the CP2c K50 SUMOylation status (Fig. 2,
D and E). SUMO2- or SUMO3-conjugated PSME3 could also inter-
act with CP2c, where they showed the effective binding capability to
the SUMOylation-defective CP2¢ (K50R mutant) when compared
with the SUMO1-conjugated PSME3, although their binding capa-
bility to the WT CP2c was less effective (compare lanes 2 to 4 with
lanes 10 to 12 in Fig. 4D). These findings indicate that CP2c is de-
graded by 20S proteasome when either the SUMOylated CP2c in-
teracts with the PSME3 SIMs or the SUMOylated PSME3 interacts
with the CP2c SIM, showing some synergism to induce mutual in-
teraction between them.

To further validate the SUMO1-SIM—dependent binding of
CP2c and PSME3, we used a SUMO1 HFV (H35A/F36A/V38A)
mutant, a SUMOI variant that is defective in SIM binding (55).
As expected, a SUMO1 HFV mutant did not invoke CP2c¢ degrada-
tion in the cell-based assays (fig. S7I), as SUMOylated CP2c and
PSME3 by SUMO1 HFV did not interact with PSME3 or CP2c, re-
spectively, irrespective of its SUMOylation status (fig. S7, ] and K).
When we performed in vitro reconstituted binding studies, in con-
trast to the SUMOylated CP2c and PSME3 by WT SUMOI, both
SUMOylated CP2c and PSME3 by SUMO1 HFV did not interact
at all with PSME3 and CP2c, respectively (Fig. 4, E and F). These
findings confirm that the SUMO1-mediated SUMOylation of
CP2c and PSMES3 is involved in the interaction with the corre-
sponding partner PSME3 or CP2c¢ SIMs, respectively, to induce
CP2c degradation.

To test whether the specific interactions between CP2¢ and
PSMES3 really occur through SUMO-SIM, we also performed di-
thiobis (succinimidyl propionate) (DSP) crosslinking and immuno-
precipitation (DSP XL-IP) analysis in cells transfected with WT or
mutant CP2c in the K50 SUMOylation site or SIM158 (Fig. 4G,
top). Because DSP is a disulfide bond—containing crosslinking
reagent and can be chemically cleaved by reducing reagent treat-
ment, DSP XL-IP could identify components in the crosslinked
complex and estimate their stoichiometry. However, it is of note
that, because crosslinked protein complexes do not migrate accord-
ing to molecular weight standards and the molecular weight stan-
dards are only in the range of 50 to 240 kDa, our estimation of the
mass of crosslinked proteins by determining the relative migration
distance of the protein standards may have inherent caveats. Never-
theless, we could distinguish several CP2c-PSME3 subcomplexes
formed by DSP crosslinking and/or SUMOylation.

When comparing the nature of crosslinked subcomplexes and
the SUMOylation status of CP2c and PSME3, specific interactions
between CP2c and PSME3 were impaired by CP2c K50R or
SIM158m mutation. Further validation of interactions between
the CP2¢ SUMO and PSME3 SIM(s) and between the PSME3
SUMO and CP2c SIM was obtained by MS in vitro and in vivo, pro-
viding structural models about specific interactions between SUMO
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and SIMs (fig. S8). CP2c SUMOylation was not observed in the
three kinds of nuclear CP2c¢ transcription complexes (namely,
[C4], [C2B2P2],, and [C2B2P2],) (18), although the amounts of
these complexes were reduced by CP2c¢ mutation in K50 or
SIM158 (Fig. 4G, bottom), suggesting that either CP2c SUMOyla-
tion occurring in the CP2c complexes rapidly induces complex dis-
sociation or CP2c SUMOylation does not occur in CP2c¢ within
the complex.

In addition, the crosslinked CP2c dimer (denoted by band ® in
Fig. 4G) was observed in CP2c WT, but not in the K50 or SIM158
mutant, suggesting that the intact SUMO-SIM interaction between
two CP2cs is required for the formation of stable CP2c dimer. Band
©® was observed in CP2¢ WT, but not in the K50 or SIM158 mutant,
and based on the project molecular weight is expected to have one
PSME3 with two SUMOs, suggesting that two SUMO1s might be
simultaneously conjugated to the six putative SUMOylation sites
of PSME3, where either one of the SUMOylation sites is engaged
in binding to CP2c SIM. Together, our data indicate that CP2c
and PSME3 recognize each other via interactions between K50 SU-
MOylated CP2c and PSME3 SIMs and between SUMOylated
PSME3s and CP2c SIM158 to induce CP2c degradation by 20S pro-
teasome (Fig. 4H).

SUMO1/PSME3/20S proteasome axis—mediated CP2c
degradation is required for proper cell cycle progression
As we witnessed, the steady-state CP2c protein level was greatly
reduced in cell extracts prepared in the absence of protease inhibitor
MG132, and the SUMOylated CP2 was not easy to see in cell ex-
tracts prepared in the absence of MG132 and SENP inhibitor
NEM (Fig. 2D and fig. S4C). Furthermore, about 25% of nuclear
CP2c was in the process of degradation (i.e., SUMOylated or com-
plexed with PSME3 via mutual SUMO-SIM interaction), when cells
were arrested at the G,-M phase in the presence of MG132 (Fig. 4G).
Because all CP2c was found in CP2c transcription complexes [C4],
[C2B2P2],, and [C2B2P2],, with no degradation intermediate or
free form of CP2c in the nuclear extracts prepared in the absence
of MG132 (18), we speculate that high levels of CP2c might be de-
graded through the SUMO1/PSME3/20S proteasome axis in cells,
raising the question of why CP2c should degrade so highly in the
cells, and when it occurs during regular cell cycle progression.

The PSME3/20S proteasome is known as an important pathway
in multiple biological processes, including cell growth, cell cycle
regulation, and apoptosis, by promoting the degradation of the
cell cycle regulatory proteins like p21(WAF/CIP1), p16(INK4A),
and pl19(ARF), and oncogene SRC3 in adenosine triphosphate
(ATP)- and ubiquitin-independent manner (56, 57). PSME3,
which is largely confined to the nucleus (58), was revealed to
show cytosolic translocation by SUMOylation, causing increased
stability of this proteasome activator to enhance degradation of
the cell cycle regulator p21 (54). Meanwhile, CP2¢c has been
known as a regulator in the progression from the G; to the S
phase of the cell cycle by inducing thymidylate synthase, promoting
DNA synthesis, and functioning as an antiapoptotic factor (12).
Moreover, CP2c¢ functions as an oncogene in hepatocellular carci-
noma, showing a positive correlation of CP2c expression levels to
the progression stage of tumors (17).

Accordingly, we hypothesized that CP2c should also degrade
timely and massively after the completion of oncogenic transcrip-
tion function in the S phase, as timely up-regulation of CP2c might
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be required for the G; to S transition. SUMOylated CP2c is expected
to be degraded by the PSME3/20S proteasome pathway in the
nuclear periphery because RanGAP1, the major cellular reservoir
for the limited amount of SUMO1 and from where the modifier
can be dynamically mobilized to be conjugated onto other targets
as needed, localizes around the nuclear pore complex (26), whereas
most of the PSME3/20S proteasome exists in the nucleus (59, 60). It
is also expected, however, that SUMOylated CP2c could also be de-
graded in the cytosol by PSME3/20S proteasome as nuclear mem-
brane breakdown at the M phase. On the contrary, because
SUMOylated PSME3 appears to translocate into the cytosol (54),
SUMOylated PSME3 could also degrade CP2c in the cytosol
through the PSME3/20S proteasome. Therefore, it is speculated
that the timely and massive CP2c degradation through the
SUMO1/PSME3/20S proteasome pathway has biological meaning
in maintaining proper levels of CP2c¢ during cell cycle progression.

We set up several different experiments to test our hypothesis.
First, to see the cell cycle-dependent colocalization of CP2¢ and
PSME3, we chased the FRET signals at different time points after
release from the G;-S or G,-M stage synchronization in 293T
cells, where the CP2c enhanced yellow fluorescent protein
(eYFP)-tagged CP2c and the dTomato-tagged PSME3 were trans-
fected, by confocal microscopy (Fig. 5, A and B). MG132 and NEM
were treated in cells for 6 hours before releasing the cell cycle arrest
and during cell extract preparation, respectively, to enhance the
FRET signals by preventing CP2c degradation.

When we scored the percentage of cell populations in each phase
of the cell cycle and quantified FRET signals in confocal images,
FRET signals were maximal in the G,-M phase in both experiments,
culminating up to 20% of cells (Fig. 5, A and B). The endogenous
CP2c and PSME3 also showed a similar percentage of colocalization
signals in the cytosol at the G,-M phase of the cell cycle as revealed
by immunocytochemistry/confocal microscopy of MDA-MB-231
and 293T cells prepared by the same TNB & R and DTB & R pro-
tocols (fig. S9, A to D). Next, we found that CP2c degradation
started at the late S phase and was maximal at the G,-M phase
when we analyzed the CP2c protein levels in the cells obtained
using the TB & R protocol (without MG132 treatment) by
Western blots (Fig. 5C) and in cells obtained by using the TNB &
R and DTB & R protocols (without MG132 treatment) by immuno-
cytochemistry/confocal microscopy (fig. S9, E to H). Therefore, the
timely and massive CP2c degradation through the SUMO1/PSME3/
208§ proteasome pathway mainly correlates with the nuclear enve-
lope breakdown in the mitotic cells. Because of this nuclear enve-
lope breakdown in mitotic cells, there is no possibility to distinguish
between the cytoplasm and nucleus anymore, and therefore, SU-
MOylated CP2c and PSME3 could easily meet with SIMs of their
partners, PSME3 and CP2c, to degrade CP2c¢ protein. Furthermore,
a small fraction (1 to 3%) of cellular SUMO1 was identified in the
cytosol of G;-S-G; phase cells with a clear nuclear envelope (fig.
S10). Our data are consistent with the previous reports that
PSME3 SUMOylation mediates cytosolic translocation and increas-
es the stability of PSME3 (54, 61), and suggest that cytosolic CP2¢
could also be degraded by SUMOylated PSME3 in the cytosol.
Therefore, most CP2c colocalizes with SUMO1 and PSME3 in the
cytosol of cells to be degraded by 20S proteasome at G,-M-G;.

Last, when the cell cycle-dependent SUMOylation profiles of
CP2c and PSME3 were analyzed in cell cycle-synchronized cells
by co-IPs, CP2c SUMOylation appeared in most of the cell stages
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with maximal at the G,-M stage, whereas the SUMO1-conjugated
PSME3 SUMOylation appeared at the G,-M stage, while the
SUMO2/3-conjugated PSME3 SUMOylation appeared in most
cell stages with different SUMOylation profiles in a cell stage—de-
pendent manner (Fig. 5D). Together, these data suggested that
the SUMO1/PSME3/20S proteasomal degradation of CP2c occurs
starting from the late S phase until Gy-G; phase through G,-M,
with a maximum at the G,-M phase.

To demonstrate whether CP2c degradation through the
SUMO1/PSME3/20S proteasome axis is critical for proper cell
cycle progression, we analyzed the CP2¢ SIM or SUMOylation mu-
tation effect on cell cycle progression in 293T cells, in which endog-
enous CP2c expression was suppressed by transfection of the CP2c
shRNA (Fig. 5E and fig. S11A) or the CP2¢ dominant negative (fig.
S11B) (62), by flow cytometry. We found that the CP2¢ SIM- or SU-
MOylation-mutant cell line showed abnormal cell cycle progression
at each phase with increased polyploidy and cell death (sub-G;
phase cells) (Fig. 5E and fig. S11). These results suggested that
proper spatiotemporal degradation of CP2c is required for normal
cell cycle progression. Consequently, we propose two different CP2c
degradation mechanisms for proper cell cycle progression (Fig. 5F).
CP2c is SUMOylated by SUMO1 during the S to the G,-M phase
transition, and the SUMOylated CP2c¢ binds to PSME3 in the
nuclear envelope to induce CP2c degradation via 20S proteasome
at the G, phase. As the nuclear membrane breaks down at the M
phase, the SUMOylated CP2c could also degrade in the cytoplasm.
On the other hand, during the M to the Gy-G; phase transition,
CP2c binds to the cytosolic SUMOylated PSME3, resulting in
CP2c¢ degradation in the cytosol.

The SUMO1/PSME3/20S proteasome system is also

involved in the cell cycle-dependent degradation of some
other nuclear factors

To our knowledge, this study is the first report describing the
SUMO1/PSME3/20S proteasome axis—mediated protein degrada-
tion, although PSME3/20S proteasome—mediated protein degrada-
tion (49) or SUMOylated PSME3-mediated protein degradation
(54, 63) was reported. We expect that there might exist additional
proteins to be degraded through the SUMO1/PSME3/20S protea-
some axis if this protein degradation mechanism really functioned
in eukaryotic cells. Accordingly, we attempted to search for proteins
that concomitantly interact with SUMO1 and PSME3 using the
DSP crosslinking sequential IP-MS protocol (Fig. 6A). The
MASCOT analyses revealed BRD4, p53, BRCA1, and CP2c as
target proteins simultaneously interacting with both SUMO1 and
PSME3 (Fig. 6B). When we analyzed CP2c peptide fragments cross-
linked to the SUMOylated PSME3 peptide fragments, we could
identify CP2c SIM158 as a putative target for interaction with the
PSME3 SUMO (fig. S12A).

In a similar analysis, we could identify putative SIMs in all of the
selected target proteins (fig. S12A), suggesting that these selected
proteins really interact with PSME3 via SUMOylation. Moreover,
as revealed by Western blots of target proteins in cells with
various modulations of PSME3 and SUMOL protein levels, we
found that all target proteins showed PSME3- and SUMO1-depen-
dent degradation, although the degradation levels were somewhat
different among target proteins (Fig. 6C and fig. S12B). Moreover,
all target proteins showed cell cycle-specific degradation through
interaction with PSME3 and SUMO1—while CP2c is degraded at
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Fig. 6. The SUMO1/PSME3/20S proteasome system is also involved in the cell cycle-dependent degradation of some other nuclear factors. (A and B) Experi-
mental scheme identifying the cellular proteins simultaneously interacting with both SUMO1 and PSME3 (A) and the identified proteins (B). A protein was scored as
positive when it appeared repeatedly in duplicated experiments. See also fig. S12A. (C) Western blot testing the SUMO1/PSME3 proteasome-dependent protein deg-
radation in 293T cells, where various constructs were transiently transfected. See also fig. S12B. (D and E) Cell stage—dependent protein levels and protein interactions
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stage—specific protein degradation profiles in cell stage—synchronized PSME3 KD cells (see also fig. S12E). (G and H) Tests discriminating two mechanisms of protein
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the G,-M phase, BRCA1 and BRD4 are degraded at the Go-G; degradation pathways, the SUMO1/PSME3/20S proteasome

phase, and p53 is degraded at all stages of the cell cycle (Fig. 6, D
and E, and fig. S12, C and D).

Moreover, by analyzing protein degradation profiles in doxycy-
cline-induced PSME3 or PSMC1 knockdown cells, we found that all
target proteins could be degraded through both 26S and SUMO1/
PSME3/20S proteasome pathways—regardless of the major

Son et al., Sci. Adv. 9, eadd4969 (2023) 27 January 2023

pathway is involved in a cell cycle—specific target protein degrada-
tion in all cases (Fig. 6F and fig. S12E). CP2c degradation occurred
mainly through the SUMO1/PSME3/20S proteasome pathway, deg-
radation of BRCA1 and BRD4 was equally through the 26S and
SUMO1/PSME3/20S proteasome pathways, and p53 degradation
occurred mainly through the 26S proteasome pathway (Fig. 6G
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and fig. S12E). We validated protein degradation of these nuclear
factors through both 26§, probably through the STUbL pathway,
and SUMO1/PSME3/20S proteasome pathways in endogenous
cells by using specific inhibitors of SUMOylation and/or ubiquiti-
nation (Fig. 6H and fig. S12, F and G). Together, a protein degrada-
tion system through the SUMO1/PSME3/20S proteasome axis
functions in cells to degrade some nuclear proteins, including
CP2¢, BRCA1, BRD4, and p53, in a cell cycle-specific manner.

DISCUSSION

In this study, we demonstrated that an unforeseen SUMO1/PSME3/
20S proteasome pathway is involved in a cell cycle—specific CP2c
degradation via mutual SUMO-SIM interactions of CP2c and
PSME3—the SUMO1-conjugated CP2c interacts with PSME3
SIMs to be degraded ubiquitin-independently via the 20S proteaso-
mal pathway, while SUMOylated PSME3 could also interact with
CP2c SIM158 to degrade CP2c. Moreover, the precisely timed deg-
radation of CP2c by the SUMO1/PSME3/20S proteasome axis is re-
quired to ensure an accurate progression of the cell cycle. Therefore,
our results highlight the identification of a unique SUMO1-mediat-
ed uncanonical PSME3/20S proteasome degradation mechanism
and provide previously unidentified mechanistic insights into the
roles of dynamic degradation of CP2c in cell cycle progression
with mutual SUMO-SIM interactions of CP2¢ and PSME3.

In this study, we found that CP2c is SUMOylated at K50 through
the SUMO1-mediated system, but not through the SUMO2/3-me-
diated system, in vivo and in vitro. In our in vitro SUMOylation
analysis, we could easily see SUMOylated PSME3 and BRCA1,
but not CP2¢, by SUMO2 and SUMO3 (Figs. 1G and 3F and fig.
S7A). We also could not see any endogenous or native SUMOylated
CP2c by SUMO?2/3 even in the presence of proteasome inhibitor
MG132 and SENP inhibitor NEM, where SUMO1-mediated SU-
MOylated CP2c was easily seen (figs. S4 and S5). However, Hen-
driks et al. (64) reported that the endogenous and natural CP2c
could be SUMOylated at K50 by SUMO2/3. Although SUMO2/3
system—mediated CP2c SUMOylation did not significantly affect
the CP2c degradation, whether CP2c could be SUMOylated by
SUMO2/3 is controversial. One explanation would be that
SUMO2/3-mediated CP2c¢ SUMOylation could occur but would
be vulnerable to proteolysis and/or deSUMOylation during the han-
dling of samples.

Here, our results show another ubiquitin-independent, 20S pro-
teasome—involved proteolytic pathway, which corresponds to a
unique SUMO1-mediated uncanonical PSME3/20S proteasome
degradation mechanism (i.e., a SUMO1/PSME3/20S proteasome
pathway), involving mutual SUMO-SIM interactions in between
PSME3 and the protein target to be degraded by the 20S protea-
some. This SUMO1/PSME3/20S proteasome—involved proteolytic
pathway has been known to be implicated in viral infection and rep-
lication. For example, the host SUMO system (SUMO1/UBCY9/
PIAS2) is required for hepatitis C virus (HCV) replication by ubiq-
uitin-independent degradation of the HCV core proteins, NS3 and
NS5A, through the PSME3 SUMOylation—dependent proteasome
pathway (65-67). In addition, during coxsackieviral infection, the
host SUMO1/PSME3/20S proteasome system induces a redistribu-
tion of PSME3 from the nucleus to the cytoplasm to degrade p53 via
20S proteasome in the cytosol, rendering viral replication (63).

Son et al., Sci. Adv. 9, eadd4969 (2023) 27 January 2023

Furthermore, SUMOylation-deficient PSME3 had reduced ac-
tivity in p21 degradation (54), suggesting that the SUMO1/
PSME3/20S proteasome is involved in eukaryotic cellular protein
degradation. Because the loss of the SUMOylation pathway is
known to impair cell cycle progression at the G, stage and cancer
proliferation by targeting other cell cycle regulators (68, 69), the
SUMO1/PSME3/20S proteasome axis—dependent protein degrada-
tion system is expected to be broadly involved in the regulation of
cell cycle progression. Last, we found that other nuclear factors, like
BRD4, BRCA1, and p53, could be additional targets of this SUMO1/
PSME3/20S proteasome axis—dependent protein degradation
system, although their preference for protein degradation via the
PSME3/20S proteasome or 26S proteasome pathway (possibly in a
STUbL-dependent manner) was variable among them (Fig. 6 and
tig. S12). Therefore, the SUMO1/PSME3/20S pathway is speculated
to function as another major cellular function of protein degrada-
tion, although further studies are required for the elucidation of the
detailed molecular mechanisms and cellular meaning.

Protein homeostasis is a process that controls the amount of cel-
lular protein to ensure normal cellular dynamics, but the exact
mechanism of proteolysis through posttranslational modification
such as SUMOylation is still not fully understood. Although both
SUMOylation and ubiquitination are important reversible post-
translational modifications that occur at Lys residues, the key differ-
ence between them is that ubiquitination can mark proteins for
proteolytic degradation via proteasomes or have other signaling
functions, whereas SUMOylation is not used to mark proteins for
degradation (70, 71). However, it was recently reported that the SU-
MOylation pathway exhibits cross-talk with ubiquitination via
STUDLS to ubiquitinate and tag SUMOylated proteins for proteaso-
mal degradation (44, 45). This SUMO-STUbL-mediated 26S pro-
teasomal degradation of target proteins is crucial for DNA
damage/genomic integrity (72-74), transcription/methylation (75,
76), and tumor suppression (77, 78).

On the contrary, our SUMO1/PSME3/20S proteasome axis—me-
diated system is quite in contrast to this system, although both
systems use SUMOylation. We provided evidence that the stability
of the CP2c TF is negatively regulated by the SUMO1-mediated
PSME3/20S proteasome pathway in a ubiquitin- and STUbL-inde-
pendent manner (Fig. 3B and fig. S5). Regarding the proteasomal
degradation mechanism by this SUMO1/PSME3/20S proteasome
axis, it is speculated that SUMO1-mediated SUMOylation may
add disorderedness of a target protein suitable for PSME3/20S pro-
teasomal degradation because the 11S proteasome activator
(PSME3)/20S proteasome is known to target for degradation of
structurally abnormal, misfolded, or highly oxidized proteins (49,
50), and the N- and C-terminal regions of SUMOI show high “in-
trinsic disorder” (26). In addition, we found that SUMO1-conjugat-
ed mono-SUMOylation of CP2c and PSME3 is mainly involved in
the PSME3/20S proteasomal pathway, although SUMO2/3-conju-
gated poly-SUMOylation of PSME3 could also be involved in this
process (Fig. 4D).

It is well known that SUMOL1 acts as a chain terminator, as none
of its Lys residues can be further conjugated by any SUMO (44) and
are mostly used for poly-SUMOylation via internal SUMOylation
sites in their flexible N-terminal domains (30, 79), forming homo-
polymerized or heteropolymerized chains, mainly via conjugation
to their conserved N-terminally located residue at K11, which is
absent in SUMOIL. Therefore, regarding the choice of

12 of 18

€202 ‘2T Arenige Uuo Aselq T s81usD UOITRWLIOMU | d1WpedY YO 14T ‘A1sieAiun BuelueH Te B10'90us 195 MMM/ Sy WO Papeo jUMod



SCIENCE ADVANCES | RESEARCH ARTICLE

SUMOylation-dependent degradation via the 26S or 20S proteaso-
mal pathways, we speculate that it depends on the substrates’ SU-
MOylation characteristics—while SUMO2/3-mediated poly-
SUMOylation is required for the SUMO-STUbL-mediated 26S pro-
teasomal degradation, SUMO1-mediated mono-SUMOylation is
involved in the SUMOI1/PSME3-mediated 20S proteaso-
mal pathway.

The major driving force underlying cell cycle progression is the
sequential activation of cyclin-dependent kinases (CDKs), which is
achieved in part by the ubiquitin-mediated 26S proteasomal prote-
olysis of their cyclin partners and kinase inhibitors. However, SU-
MOylation also plays critical roles during cell cycle progression, and
many important cell cycle regulators, including many oncogenes
and tumor suppressors, are functionally regulated via SUMOylation
(45, 80). As many of the identified SUMO target proteins are known
as oncogenes and tumor suppressors, deregulation of these path-
ways via overexpression of the SUMO system is known to contribute
to increased cell proliferation and cell invasion and reduced apopto-
sis in tumors.

Our findings are consistent with previous reports that SUMOs
have essential functions at each phase of the cell cycle (45), and
we show that precisely timed degradation of CP2¢c by SUMO1/
PSME3/20S proteasome-mediated machinery is essential to
ensure accurate progression through the cell cycle. As the SUMO2
mRNA accounts for most of the entire SUMO mRNA pool, SUMO2
would SUMOylate the key cell cycle regulators, including CDKs,
topoisomerase 11, Nuf2, BubR1, CDCAS8, RhoGDIa, and FoxM1,
to induce proper cell cycle progression in connection with other
protein modification systems (80). In addition, the other SUMO2
SUMOylated factors by themselves or partner proteins that interact-
ed with them through the SUMOylation-SIM interaction could also
trigger the formation of complexes at centromeric regions, allowing
chromosome alignment, condensation, and segregation, and
spindle assembly in mitotic stage—specific manner. These SUMOy-
lated proteins would degrade by STUbBL system and/or SENP6/7 as
completion of mitotic progression. Therefore, the SUMO2 system
would function as a major cellular machinery, although the detailed
mechanisms underlying these events are not known.

On the contrary, SUMO1 may function to simply turn over
nuclear factors during the cell cycle via SUMO1/PSME3/20S pro-
teasome—mediated machinery—CP2c should degrade timely and
massively after completion of oncogenic transcription function in
the S phase, as timely up-regulation of CP2c is required for the
G; to S transition. We found that SUMO1/PSME3/20S proteasome
axis—mediated CP2c degradation is required for proper cell cycle
progression. The endogenous and natural CP2¢ is SUMOylated
by SUMOI1 during the S to the G,-M phase transition, and the SU-
MOylated CP2c binds to PSME3 in the nuclear envelope to induce
CP2c degradation via 20S proteasome at the G, phase. As the
nuclear membrane breaks down at the M phase, the SUMOylated
CP2c could also degrade in the cytoplasm. On the other hand,
during the M to the Go-G; phase transition, CP2c binds to the cy-
tosolic SUMOylated PSME3, resulting in CP2c degradation in the
cytosol. Therefore, the cellular steady-state level of CP2c is expected
to be regulated partly by the CP2c transcription rate and CP2c tran-
scriptional complex formation, and also by stage-specific degrada-
tion through the SUMO1/PSME3/20S proteasome axis. Further
efforts to identify the effects of CP2c degradation by cell cycle
stage—specific SUMOylation of PSME3 as well as CP2c will

Son et al., Sci. Adv. 9, eadd4969 (2023) 27 January 2023

provide additional functional insights into the role of CP2c as an
anticancer target. It is important to note that SUMO1/PSME3/
20§ proteasome axis—mediated cell stage—specific degradation is
not limited to CP2c, as we find additional nuclear factors that are
regulated by cell cycle stage-limited degradation through the
SUMO1/PSME3/20S proteasome axis—these factors are degraded
not only by the SUMO1/PSME3/20S proteasome axis but also by
ubiquitination-dependent proteolysis (Fig. 6 and fig. S11).

There are still many limitations in understanding the SUMO1/
PSME3/20S proteasome axis—mediated protein degradation. First,
further studies are required for elucidation of the detailed molecular
mechanisms, such as the distribution of the SUMO machinery pro-
teins and the dynamic signals required for accurate localization of
this SUMO machinery during cell cycle progression, and identifica-
tion of other SUMO1/PSME3/20S proteasome targets and elucida-
tion of their cell cycle-dependent regulation mechanism. Second,
selectivity in SUMO-SIM interactions of CP2c and PSME3 is not
known. Given a large number of SUMO-interacting proteins, it is
essential to determine the basis for specificity in SIM-SUMO inter-
actions, an issue that remains largely unaddressed, although several
possible explanations have been suggested, including additional
binding surfaces in the target protein (81), one or more additional
protein-protein interactions, and other modulatory posttranslation-
al modification in the protein (81, 82). Third, because a recent par-
adigm shift in the field of transcriptional regulation has put forward
a phase separation model for transcriptional control, in which mul-
timolecular assemblies would form by phase separation bridging
enhancers and promoters allowing gene activation (83), we need
to understand cell cycle stage—specific protein homeostasis
through the SUMO1/PSME3/20S proteasome pathway in the
context of phase separation.

In conclusion, our work provides previously unidentified mech-
anistic insights into the roles of dynamic degradation of CP2c in cell
cycle progression with SUMO1-mediated SUMOylation of CP2c
and PSME3, and these SUMOylation events allow CP2c to be spa-
tiotemporally degraded via the 20S proteasome. These findings
highlight an important function of CP2c signaling in the context
of cell cycle progression and open new ways to address other
veiled puzzles in the functions of CP2c as a TF and for a better un-
derstanding of the functions of the SUMO1-mediated 20S protea-
somal degradation pathway in general. In addition, we reveal a
unique SUMOI1-mediated uncanonical 20S proteasome degrada-
tion mechanism via the SUMO1/PSMES3 axis involving mutually al-
ternative SUMOylation of the target protein or PSME3.

MATERIALS AND METHODS

Cell culture

The human embryonic kidney 293T (American Type Culture Col-
lection no. CRL-3216) and human breast cancer (the LM1 line of
MDA-MB-231, donation from S.-J. Lee) cell lines were maintained
in Dulbecco's modified Eagle’s medium (DMEM; HyClone,
SH30243.01) supplemented with 10% fetal bovine serum (FBS; Cell-
sera, AU-FBS/PG), penicillin (100 U/ml; Sigma-Aldrich, P3032),
and streptomycin (100 pg/ml; Sigma-Aldrich, $9137) at 37°C, 5%
CO, incubator. For transient transfections, cells were plated at a
density of 10° cells/100-mm culture dish 1 day before transfection.
Plasmids were transfected into cell lines using the calcium phos-
phate method or Effectene reagent (Qiagen, 301425), and small

13 of 18

€202 ‘2T Arenige Uuo Aselq T s81usD UOITRWLIOMU | d1WpedY YO 14T ‘A1sieAiun BuelueH Te B10'90us 195 MMM/ Sy WO Papeo jUMod



SCIENCE ADVANCES | RESEARCH ARTICLE

interfering RNAs (siRNAs) (listed in table S1) were transfected into
cell lines using Lipofectamine (Thermo Fisher Scientific,
11668027). For doxycycline-inducible gene expression regulation,
cell lines were incubated in the presence of doxycycline (1 ug/ml;
Sigma-Aldrich, D1822) for 2 to 3 days. For the protein degradation
inhibition experiments, cells were treated with the proteasomal in-
hibitor MG132 (Sigma-Aldrich, 474790) or the lysosomal inhibitor
E64 (Sigma-Aldrich, 324890). For the protein synthesis inhibition
experiments, cells were treated with CHX (Sigma-Aldrich,
239764). For the SUMOylation and/or ubiquitination inhibition ex-
periments, cells were treated with the SUMO E1 inhibitor TAK981
(Selleckchem, $8829) and/or the ubiquitin E1 inhibitor TAK243
(Selleckchem, S8341). For activation of STUbL (RNF111)-mediated
protein degradation, cells were treated with transforming growth
factor—p (TGF-B) (1 ng/ml) (Invitrogen, 10355488) for 6 hours.
For the single thymidine block, cells were incubated in a medium
containing thymidine (2 mM) for 19 hours. For the double thymi-
dine block (synchronization at G;-S phase), cells were incubated in a
medium containing thymidine (2 mM) for 19 hours, released in a
fresh medium for 10 hours, and incubated in a thymidine medium
(2 mM) for 19 hours. To synchronize with the G,-M phase, cells
were incubated in a medium containing thymidine (2 mM) for
19 hours and incubated in a medium containing nocodazole (100
ng/ml) for 16 hours.

Plasmid construction

For the yeast two-hybrid experiment, the Eco RI/Sal I-digested 306-
502 fragment of CP2c from pT7-Blue-CP2c was subcloned into the
pLexA yeast vector. For the construction of glutathione S-transfer-
ase (GST)-tagged CP2c bacterial expression vector, the CP2¢ com-
plementary DNA (cDNA) was amplified from mRNA of the mouse
erythroleukemia cells by various combinations of polymerase chain
reaction (PCR) primers. The amplified cDNA was digested with Eco
RI/Sal T and subcloned into the pGEX-2TK vector. For the con-
struction of the GST-tagged SUMOL bacterial expression vector,
the Bam HI/Xho I-digested fragment of SUMO1 from pCMV-
HA-SUMOI1 was subcloned into the Bam HI/Sal I site in the
PGEX-4T1 vector. The pCMV-HA-CP2c expression vector was
generated by cloning the Sal I/Kpn I-digested fragment of CP2c
from pT7-Blue-CP2c into the pPCMV-HA vector. The Flag-tagged
serial deletion mutant CP2c was amplified by various combinations
of PCR primers. The amplified cDNA was cloned into the Eco RI/
Xho I site of the pcDNA3-Flag vector. The Flag-tagged TEL was
generated by cloning the Eco RI-digested fragment of TEL from
pcDNA3-His-TEL into the pcDNA3-Flag vector.

For the construction of pcDNA3-Flag-SUMOI, the partially di-
gested Xho I/Eco RI fragment from the pB42AD-SUMO1 vector
was inserted into the Flag-tagged pcDNA3. The pEGFP-SUMO1
(AGG) vector containing C-terminal deletion of two glycine resi-
dues at Gog and Gy, was generated by inserting PCR-amplified
SUMOL1 open reading frame from pEGFP-SUMOI into the
pEGFP-C1 vector. A PCR-based site-directed mutagenesis ap-
proach was used to generate point mutants in the SIM domains
or SUMOylation sites of CP2c and PSME3 and in the SIM interac-
tion region (i.e., H35A/F36A/V38A) of SUMOLI. Oligonucleotides
containing the shRNA sequence with Bgl IT and Hind III restriction
enzyme sites that were compatible with cloning into the pSuper
puro vector were designed. Annealed double-strand oligonucleo-
tides in annealing buffer [100 mM NaCl and 50 mM Hepes (pH
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7.4)] were ligated into the predigested pSuper puro plasmid. For
doxycycline-inducible expression of shRNA, H1 promoter and
shRNA were subcloned into pDUAL-tet I/O plasmid using Eco
RI and Cla I.

For the in vitro FRET experiments, PCR products of CP2c WT,
SIM 158m, or K50R, and PSME3 WT, 6KR, and double SIM mutant
(SIM 70 and SIM115) were cloned into the pRSET-eYFP-cas-
dTomato vector using Bam HI and Eco RI or Kpn I and Hind III,
respectively. For the in vivo FRET experiments, PCR products of
CP2c WT and PSME3 WT were cloned into the eYFP-N1 vector
using Bgl IT and Eco RI or the mCherry-PSME3-pcDNA3 vector
using Xho I and Spe I, respectively. Primer sequences for PCR
and the specific synthetic oligonucleotides used were listed in
table S1.

We thank the following people for providing valuable constructs
or research materials: S. Y. Choe (for pcDNA3-His-hTEL), J. S. Lee
(for pGEX-SUMO1, pGEX-UBE2I, pcDNA3-Flag-UBE2I, pCMV-
HA-SUMOI, and pEGFP-SUMO1), J. J. Palvimo [for pEGFP-
SUMO(G97A)], S. Hong (for pcDNA3-His-ubiquitin), C.-Y. Choi
(for EGFP-SUMO?2 and EGFP-SUMO3), and G. Suske (for pGEX-
2TK-PIASI).

Yeast two-hybrid screening

Yeast two-hybrid screening was performed using the MATCH-
MAKER System (Takara, 630489). The interaction was analyzed
for P-galactosidase activity by filter lift experiments (84) and then
quantified by o-nitrophenyl-p-galactopyranoside assays as de-
scribed (85).

Purification of recombinant bacterial proteins and GST
pull-down assay

For expression of GST tag or His tag fusion proteins, BL21 (DE3)
pLysS strain cells were grown in Luria Bertani supplemented with
ampicillin (100 pug/ml). Cells were grown at 37°C while shaken at
200 rpm until the ODggo (optical density at 600 nm) value
reached between 0.4 and 0.6. Expression was induced with 0.4
mM isopropyl-p-p-thiogalactopyranoside (IPTG), and expression
conditions were optimized for individual constructs. Cells were
lysed in lysis buffer [50 mM Tris-HCI (pH7.4), 150 mM NaCl, 1
mM EDTA, and 1 mM phenylmethylsulfonyl fluoride (PMSF)]
for 30 min, sonicated two times with four pulses, placed on ice
for 10 s, and purified by glutathione-Sepharose 4B beads (Sigma-
Aldrich, GE17-0756-01) or Ni—nitrilotriacetic acid agarose beads
(Qiagen, 30210). For the in vitro GST pull-down, 293T cell lysates
were incubated for 3 hours at 4°C with GST and bound to the glu-
tathione—Sepharose beads. After washing three times with lysis
buffer, proteins were eluted by boiling in 2x SDS—polyacrylamide
gel electrophoresis (SDS-PAGE) loading buffer and subjected to
SDS-PAGE. For the His-tagging protein purification, beads were
washed with 1 ml of washing buffer (50 mM NaH,PO,4, 300 mM
NaCl, 20 mM imidazole, and 1 mM PMSF), and His-fusion proteins
were eluted with elution buffer (50 mM NaH,PO,, 300 mM NaCl,
250 mM imidazole, and 1 mM PMSE).

Co-IP assay

Cell lysates were harvested in lysis buffer [50 mM Tris-HCI (pH7.4),
150 mM NaCl, 1 mM EDTA, 1% NP-40, and 1 mM PMSF] with
freshly added 1 mM dithiothreitol (DTT) and protease inhibitor
cocktail (Sigma-Aldrich, P8340). For protein degradation assays,
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various expression plasmids with different tags and mutations were
transfected singly or in combinations into 293T cells and treated
with MG132 (50 uM) for 12 hours before being harvested. Input
samples (10% of lysate) were saved for Western blot analysis. For
normal IP, precleared extracts were incubated with 2 pg of antibod-
ies (listed in table S2) and protein A/G agarose beads (Santa Cruz
Biotechnology, sc-2003) by rotating overnight at 4°C. The immune
complexes were washed three times with lysis buffer; bound pro-
teins were eluted with 2x bed volume of 0.2 M glycine buffer, fol-
lowed by neutralization with an equal volume of 1 M Tris-HCI (pH
8.0). For Flag-tag IP, precleared extracts were incubated with Flag-
M2 bead (Sigma-Aldrich, A2220) by rotating overnight at 4°C. The
immune complexes were washed three times with lysis buffer, and
bound proteins were eluted with Flag peptide (100 pg/ml; Sigma-
Aldrich, F4799). Precipitated proteins were analyzed using
Western blot.

Western blot

Total cellular extracts were prepared using the lysis buffer [50 mM
tris-HCI (pH 7.4), 150 mM NaCl, 1 mM EDTA, 0.1% Triton X-100,
and 1 mM PMSEF]. For protein degradation assays, various expres-
sion plasmids with different tags and mutations were transfected
singly or in combinations into 293T cells and treated with
MG132 (10 or 50 uM) at various times before being harvested. To
accurately determine the SUMOylation pattern of CP2c or PSME3,
the lysate was extracted by adding 25 mM NEM to the lysis buffer.
The protein lysates were separated by SDS-PAGE and electroblotted
onto polyvinylidene difluoride membranes (GE Healthcare,
10600069). After blocking with PBS-T (phosphate-buffered
saline—0.1% Tween 20) containing 5% nonfat dry milk, membranes
were incubated with the indicated primary antibodies (listed in table
S2) overnight at 4°C. Horseradish peroxidase—conjugated second-
ary antibodies were treated for 1 hour at room temperature. The
polyclonal anti-ACTB or anti—p-tubulin antibody was used as the
loading control for the Western blot. Protein expression was visu-
alized by chemiluminescence using an ECL system (GE Healthcare,
RPN2106). Relative amounts of proteins were quantified using
Image]J (version 1.51) software.

Metabolic labeling and IP

Cell labeling was performed after ~1 hour of preincubation in me-
thionine- and cysteine-free RPMI containing dialyzed 10% FBS.
Cells were incubated with [>*S]cysteine/methionine (200 uCi/ml;
7900 Ci/mmol; Amersham Pharmacia Biotech, Little Chalfont,
UK) for 1 hour, washed three times in PBS, and chased with com-
plete RPMI for different periods of time. After IP with an anti-CP2c
antibody, proteins were fractionated by 10% SDS-PAGE and the
dried gels were autoradiographed.

Reverse transcription PCR

Total cellular RNA was isolated using QIAzol reagent (Qiagen,
79306) according to the manufacturer’s procedures. Purified RNA
was dissolved in diethylpyrocarbonate water. Reverse transcription
(RT) was performed using a High-Capacity cDNA Reverse Tran-
scription kit (Toyobo, FSQ-201) in the presence of 400 ng of total
RNA and 10 pmol of the random hexamer. PCR was performed
using a rTaq Plus 5x PCR master mix (Elpis-Biotech, EBT-1319).
Oligonucleotide primers used in RT-PCR are listed in table SI.
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Dual luciferase assay

A luciferase reporter construct containing tetrameric CP2c¢ half-
binding sites (CP2c-tet) was used for luciferase assays. 293T cells
were transiently transfected with 400 ng of DNA, including both
the luciferase reporter construct and various combinations of
CP2¢, CP2b, SUMOI, UBE2I, PIAS1, and PSME3 expression
vectors using calcium phosphate or Effectene method. The transfec-
tion ratio of the CP2c-tet-firefly luciferase vector and the renilla lu-
ciferase vector was 5:1. Cells were harvested 48 hours after
transfection with 100 pl of passive lysis buffer (Promega, E1941).
To estimate luciferase activity, 20-ul aliquots of each lysate were
used to quantify using the dual luciferase reporter assay system
(Promega, E1910) on the Lumat LB9501 Luminometer (Berthold).
Firefly luciferase activity was normalized against renilla luciferase,
and the data were represented as the ratio of firefly to renilla lucif-
erase activity (Fluc/Rluc).

Fluorescent and immunofluorescent microscopy

For immunofluorescence, 293T cells were grown as a monolayer for
2 days on glass coverslips in a 24-well plate. Cell cycle-based sorted
293T cells were attached to the poly-L-lysine—coated slide glasses in
Cytospin 4 (Thermo Fisher Scientific). Cells were fixed in coverslips
or slide glasses with 4% paraformaldehyde for 15 min, permeabi-
lized with 0.1% Triton X-100 for 10 min, rinsed with PBS, and
blocked in PBS containing 0.05% Triton X-100 and 3% horse
serum (Gibco, 16050-122) for 1 hour at room temperature. Fixed
cells were incubated with the indicated primary monoclonal anti-
bodies (listed in table S2) in PBS containing 1% bovine serum
albumin (BSA) solution overnight at 4°C. To the cells rinsed with
PBS, the corresponding fluorescein isothiocyanate (FITC)— or Cy3-
conjugated secondary antibodies (listed in table S2) were added in
PBS containing 1% BSA solution for 1 hour at room temperature.
Antibody-labeled cells were mounted with a mounting solution
containing 4',6-diamidino-2-phenylindole (DAPI) (Vector Labora-
tories, H1200-10). Images obtained with a fluorescent microscope
or a confocal laser-scanning microscope (Nikon) were analyzed
using Image] software (version 1.51).

FRET assay

For the in vitro FRET assay, the donor (eYFP-CP2c WT, SIM 158m,
and K50R) and receptor (PSME3 WT, 6KR, and double SIM
mutant-dTomato) protein-containing lysate were extracted from
the IPTG-induced BL21(DE3) pLysS strain. EYFP-CP2c WT and
PSME3 WT-dTomato proteins were conjugated with SUMO1,
SUMO?2, or SUMO3 using an in vitro SUMOylation kit (Abcam,
139470) according to the manufacturer’s procedures. EYFP-CP2c
WT with or without SUMOylation was mixed with each receptor,
whereas PSME3 WT-dTomato with or without SUMOylation was
mixed with each donor. Protein mixtures were incubated at 37°C for
30 min and seeded on a 96-well plate. Emission spectra from 500 to
600 nm, upon excitation at 480 nm with a bandwidth of 2 nm, were
obtained in the Varioskan Flash Spectral Scanning Multimode
Reader (Thermo Fisher Scientific). The intensities of each experi-
mental sample were normalized to average emission for dTomato
stimulation in samples where fluorescent proteins were not includ-
ed. The mean FRET efficiency (Rgrgr) Was calculated as Rgrer = 1A/
(IA + ID), where IA and ID represent acceptor and donor intensi-
ties, respectively. The reactants used in the in vitro FRET assay were
reverified by co-IP Western blot.
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For the FRET assay in the cells, 293T cells were grown on glass-
bottom dishes (SPL Life Sciences, 200350) in DMEM supplemented
with 10% FBS (HyClone, SH30084.03) and then transfected with
plasmids (dTomato-PSME3 and eYFP-CP2c) using Effectene
(Qiagen, 301425). From 12 hours after transfection, the cell cycle
was arrested at G;-S or G,-M, and MG132 was treated with 50
UM 6 hours before the cell cycle was released. FRET imaging was
performed by confocal microscopy (Nikon C2si) after replacing
the culture medium with DMEM without phenol red (Welgene,
LMO001-10). For the in-cell FRET analysis, the donor fluorescence
was excited at 488 nm by a laser, and the emission of the acceptor
was collected through a 570/613-nm filter (Nikon, 67-006-NKN).
Excitation and emission for eYFP fluorescence were 488 and 525/
561 nm, whereas those were 550 and 570/613 nm for dTomato fluo-
rescence, respectively. For the quantification of FRET efficiency, an
emission value at 588 nm, upon excitation at 488 nm, was obtained
in the Varioskan Flash Spectral Scanning Multimode Reader
(Thermo Fisher Scientific). Image processing was performed
using the Image] software (version 1.51). The relative FRET ratios
for compounds were calculated by FRETcomp/FRETmock.

In vitro protein degradation assay in a reconstituted cell-
free system

In vitro SUMOylation and in vitro ubiquitination of bead-bound
GST-CP2c were carried out with a SUMOylation kit (Enzo Life Sci-
ences, BML-UW8955-0001) or Ubiquitination kit (Enzo Life Sci-
ences, BML-UW9920-0001), respectively, according to the
manufacturer’s procedures. Following 1-hour incubation at 37°C,
the reaction was terminated by GST pull down. The modified
GST-CP2c samples were incubated with 20S proteasome (Enzo
Life Sciences, BML-AK740-0001) or 26S proteasome (Enzo Life Sci-
ences, BML-PW8950-0001) in each assay buffer. After 1 hour of in-
cubation at 37°C, the reaction was terminated with an SDS loading
buffer. The samples prepared above were analyzed using
Western blot.

DSP crosslinking

For determination of CP2¢c-SUMO1-PSME3—containing complex-
es, live cells were washed twice with the 2.5 mM sodium phosphate
(pH 7.4) buffer and crosslinked using 2 mM DSP in PBS for 3 hours
on the ice, and crosslinking was terminated with 50 mM Tris-HCl
(pH 7.4) for 15 min at room temperature. After intracellular DSP
crosslinking, cells were lysed in non—tris-based lysis buffer (50
mM HEPES, 150 mM NaCl, 1 mM EDTA, 1% NP-40, and 1 mM
PMSF) for 20 min at 4°C. Various samples were incubated over-
night at 4°C with the appropriate antibodies for co-IP. Half of
each sample (pull-down sample and immunoprecipitated sample)
was analyzed together with the crosslinker cleaved by adding DTT
(final 50 mM) by Western blot or MS.

Cell cycle analysis

Cells were washed with prechilled PBS, fixed with prechilled 70%
ethanol for 30 min at ice-cold temperature, and stored overnight
at —20°C freezer. Before analysis, fixed cells were incubated with ri-
bonuclease A (20 pg/ml) and stained with propidium iodide stain-
ing solution at room temperature for 20 min under dark conditions.
Samples were immediately analyzed on BD FACSCanto II using BD
FACSDiva software (BD Biosciences). The cell fractions in sub-Gj,
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Go-Gy, S, Go/M, and polyploidy states were quantified in histograms
with FlowJo software (BD Biosciences).

MS analysis

To analyze the binding pattern between proteins by matrix-assisted
laser desorption/ionization—time-of-flight (MALDI-TOEF), DSP
crosslinking, and IP or pull-down targeting the protein of interest
performed on the protein of interest as described above. Each
sample was alkylated by incubating with iodoacetamide (10 ug/ul
final) for 20 min in the dark and precipitated using 10% trichloro-
acetic acid. Sequencing-grade modified trypsin (0.3 pg) (Promega,
V5111) was added to each sample and allowed to incubate overnight
at 37°C. Each sample was analyzed on a Shimadzu Axima MALDI-
TOF mass spectrometer. One microliter of each digested sample in
30% acetonitrile and 50 mM NH,HCOj; was spotted on a MALDI
plate in a sandwich-style manner with a-cyano-4-hydroxycinnamic
acid matrix (10 mg/ml) at a total ratio of matrix and sample (1:1).
All MS spectra were acquired in linear mode with an average of 300
profiles per sample and an average power of 90. All peptide molec-
ular weights were identified using DataExplorer (Applied Biosys-
tems) and analyzed using ExPasy (PeptideMass and MASCOT).

All branch peptides were identified manually. To analyze the SU-
MOylation pattern of proteins, the lysine of protein of interest
capable of SUMOylation was predicted using GPS-SUMO1 1.0 soft-
ware, and the mass of each peptide fragment derived from lysine
conjugated to was calculated. We analyzed whether the mass peak
specifically observed in the SUMOylation-induced sample matches
the predicted mass of the SUMOI-conjugated lysine peptide
fragment.

To analyze the binding patterns between proteins (SIM domain
and protein-protein interaction), MALDI-TOF analysis was per-
formed using a DSP crosslinking sample and a decrosslinking
sample treated with DTT after crosslinking. The analysis was
carried out in the following steps: (i) observe whether the abnormal-
ly large mass peak caused by DSP crosslinking disappears after DTT
treatment in the region where proteins are closely bound to each
other and (ii) observe and analyze the combination of mass peaks
specifically observed only after DTT treatment and whether they
correspond to the previously observed abnormal peaks.

Predicted mass/charge (m/z) ratios were searched in the raw
data, and fragment ions of those precursor m/z ratios in corre-
sponding MS/MS spectra were matched to the theoretical
fragments.

Tertiary structure prediction

Tertiary structures of CP2¢c, SUMO1 and PSME3 were obtained
from the AlphaFold protein structure database (86). HADDOCK
was used to generate the structural models for CP2¢c-SUMO1-
PSME3~containing complexes in combination with DSP crosslink-
ing MS (87). All structures were visualized using PyMOL software.

Statistical analysis

Data are presented as means + SE. The sample size for each exper-
iment, n, was included in the Results and the associated figure
legend. Everywhere in the text, the difference between two subsets
of data was considered statistically significant if the one-tailed Stu-
dent's t-test gave a significance level P (P value) less than 0.05. Stat-
istical analysis was performed in GraphPad Prism 6.
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