Pulse-chase analysis

HEK293T cells stably expressing Flag-UCH37 were transfected with
siRNA for hRpn13 or control siRNA. Pulse-chase experiments were
performed as described previously (Hirano et al, 2005).

RT-PCR analysis

Total RNA (2.5pg) was reverse transcribed using SuperScript III
(Invitrogen) and oligo(dT),s primers. Specific primers for each
gene were as follows: 5-AAGGATCCATGAGCATCCTGGCCACG
ATGAACG-3' and 5-TTCTCGAGTCAGTCCAGGCTCATGTCCTCC-3'
for hRpni3, 5'-AAGGATCCATGACGGGCAACGCCGGGGAG-3' and
5'-TTCTCGAGTCATTTGGTTTCCTGAGCTTTC-3' for UCH37, and
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5'-ACCACAGTCCATGCCATCAC-3' and 5'-TCCACCACCCTGTTGCT
GTA-3' for G3PDH.

Supplementary data
Supplementary data are available at The EMBO Journal Online
(http://www.embojournal.org).
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SUMO-specific protease SUSP4 positively regulates
p53 by promoting Mdm?2 self-ubiquitination

Moon Hee Lee!, Sung Won Lee!, Eun Joo Lee!, Soo Joon Choi', Sung Soo Chung!, Jae Il Lee?, Joong Myung Cho?,
Jae Hong Seol', Sung Hee Baek!, Keun Il Kim? Tomoki Chiba®, Keiji Tanaka*, Ok Sun Bang'* and Chin Ha Chung"?

The p53 tumour suppressor has a key role in the control of cell
growth and differentiation, and in the maintenance of genome
integrity2. p53 is kept labile under normal conditions, but

in response to stresses, such as DNA damage, it accumulates
in the nucleus for induction of cell-cycle arrest, DNA repair

or apoptosis. Mdm2 is an ubiquitin ligase that promotes

p53 ubiquitination and degradation®-5. Mdm2 is also self-
ubiquitinated and degraded. Here, we identified a novel
cascade for the increase in p53 level in response to DNA
damage. A new SUMO-specific protease, SUSP4, removed
SUMO-1 from Mdm2 and this desumoylation led to promotion
of Mdm2 seif-ubiquitination, resulting in p53 stabilization.
Moreover, SUSP4 competed with p53 for binding to Mdm2,
also resulting in p53 stabilization. Overexpression of SUSP4
inhibited cell growth, whereas knockdown of susp4 by RNA
interference (RNAI) promoted of cell growth. UV damage
induced SUSP4 expression, leading to an increase in p53
levels in parallel with a decrease in Mdm2 levels. These
findings establish a new mechanism for the elevation of
cellular p53 levels in response to UV damage.

Small ubiquitin-related modifier (SUMO) is an ubiquitin-like protein
that is conjugated to a variety of cellular proteins®. Similarly to ubiqui-
tination, sumoylation occurs through three enzymatic steps catalysed
by the E1 enzyme Sacl-Sae2, the E2 enzyme Ubc9, and the E3 ligases,
including RanBP2 (ref. 8), Pc2 (ref. 9) and PIASs'™'!. Protein sumoyla-
tion participates in the control of diverse cellular processes, including
transcriptional regulation, nuclear transport and signal transduction'?*,
SUMO modification is a reversible process that is catalysed by a family
of SUMO-specific proteases. In yeast, two SUMO proteases, Ulpl and
Ulp2, have been identified'™. In humans, several SUMO proteases have
been identified, including SENP1, 2, 3, 5 and 6 (refs 12, 17, 18).

p53 is modified by SUMO-1 and overexpression of SUMO-1 or Ubc9
was reported to induce an increase in p53-dependent transcription'**.
However, it was also reported that sumoylation of p53 has no effects

on its transcriptional activity and coexpression of PIAS1 and SUMO-1
instead represses p53 activity?'~**. Mdm?2 is also modified by SUMO-1
(refs 24, 25). Interestingly, the nucleoli tumour suppressor p19**" (alter-
native reading frame), which inhibits Mdm2 and thereby stabilizes p53,
promotes sumoylation of Mdm2 (refs 24, 25). However, p19°* recruits
Mdm?2, Ubc9 and SUMO-1 to the nucleoli*’. Moreover, the CELO
(chicken embryo lethal orphan) adenovirus protein, Gam1 (gallus ante
morte 1), which inhibits Sae1~Sae2 (ref. 26) and leads to downregula-
tion of Ubc9, has no overt effect on the ability of p19**f to activate p53
(ref. 27). Thus, the functional relevance of sumoylation of Mdm?2, in
addition to p53, in the p53-Mdm?2 pathway remained unclear.

EST database searches for mouse genes identified a partial clone that has
a homologous sequence encoding the carboxy-terminal catalytic domains
of yeast Ulpl (ref. 15). Based on the sequence of the clone, we isolated
a cDNA for SUMO-1-specific protease from mouse brain mRNAs. The
¢DNA clone contained a 1,500 base-pair open reading frame encoding
a protein of 499 amino acids with a predicted relative molecular mass of
54,890 (M, 54.89K), which we named SUSP4. Similarly to other SUMO
proteases, SUSP4 has a conserved His-Asp-Cys catalytic triad (see
Supplementary Information, Fig. S1). The C-terminal active-site domain
and the remaining amino-terminal region of SUSP4 show approximately
65% and 30% identity with those of human SENP2 and mouse SuPrl,
respectively'”*, suggesting that SUSP4, like SuPr1, is a mouse homologue
of SENP2. SUSP4 was ubiquitously expressed in all tissues and cell lines
tested, although the protein levels of SUSP4 varied in different tissues and
cell lines (see Supplementary Information, Fig. 52).

p53 and Mdm2 were found to interact with SUSP4 on MALDI-
TOF mass spectrometric analysis of the proteins that bound to Myc-
SUSP4“%S (in which the active site Cys 460 was replaced by Ser), but not
to the Myc-tag itself (Fig. 1a). To confirm their interaction, His-tagged
SUSP4 and a His tag expressed in Escherichia coli (Fig. 1b) were incubated
with GST-p53 or MBP-Mdm?2. Pulldown assay with NTA resins showed
that GST-p53 and MBP-Mdm2 were coprecipitated with His-SUSP4,
but not with the His-tag (Fig. 1¢), indicating that the proteins directly
interact with SUSP4. Immunoprecipitation analysis also revealed that
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Figure 1 Interaction of SUSP4 with p53 and Mdm2 and their colocalization.
(a) NIH3T3 cells were transfected with pCMV-Myc or pCMV-Myc-
SUSP4%4s, Cell lysates were incubated with Sepharose beads crosslinked
with anti-Myc 1gG. After washing, bound proteins were released from the
beads by boiling, resolved by SDS-PAGE and silver-stained. Protein bands
that appeared only in cells expressing Myc-SUSP4%#%¢ were subjected to
MALDI-TOF MS analysis. (b) His-SUSP4 or His-tag itself were expressed

in E. coli. Cell extracts were subjected to SDS-PAGE followed by staining
with Coomassie blue R-250. (¢} Purified GST-p53 and MBP-Mdm2 were
incubated with the E. coli extracts obtained in b. After incubation, the
samples were treated with NTA resins for 1 h at 4 °C. Precipitates were
subjected to SDS-PAGE foliowed by immunoblot with anti-MBP or anti-GST
antibody. Input (20%) indicates the loading controls. (d) NIH3T3 cell lysates
were subjected to immunoprecipitation with control 1gG or anti-p53 or anti-
Mdm2 antibody followed by immunoblot with anti-SUSP4 antibody.

endogenous SUSP4 interacts with p53 and Mdm?2 (Fig. 1d). Flag-tagged
SUSP4 and SUSP4“** also interacted with ectopically expressed p53 or
Mdm2. (Fig. 1e). Inmunostaining of cells with purified anti-SUSP4 IgGs
showed that endogenous SUSP4 localizes predominantly to the nucleus,
although a minor fraction was also observed in the cytoplasm (Fig. 1f).
To confirm the localization of SUSP4, cytosolic and nuclear extracts were
obtained from NIH3T3 cells and immunoblot analysis of these extracts
revealed that both endogenous and ectopically expressed SUSP4 local-
ized predominantly to the nuclear fractions (Fig. 1g). As expected, the
marker proteins HDAC1 and a-tubulin were detected in the nuclear and
cytosolic fractions, respectively. On overexpression of Myc-SUSP4 with
P53 or Mdmz2, SUSP4 was found to colocalize with p53 and Mdm2 in
the nucleus (Fig. 1h). Collectively, these results demonstrate that SUSP4
interacts with p53 and Mdm?2 in the nucleus.

The asterisk indicates the igG heavy chain. (e) pcDNA-p53 or pcDNA-Mdm2
were transfected into HEK293T cells with pCMV2-Flag-SUSP4, pCMV2-
Flag-SUSP4¢4% or an empty vector (Mock). After incubation for 24 h, cell
lysates were subjected to immunoprecipitation with anti-p53 or anti-Mdm2
antibody followed by immunoblot with anti-Flag antibody. Cells lysates were
also directly probed with anti-Flag antibody. (f) NIH3T3 cells were stained
with purified anti-SUSP4 1gGs. The nuclei were stained with DAPI. The
scale bar represents 10 um. (g} Cytosolic {C) and nuclear extracts (N) were
prepared from NIH3T3 cells and from the cells that had been transfected
with pCMV2-Flag~SUSP4. They were then subjected to immunoblot with
anti-SUSP4, anti-HDAC1 or anti-a-tubulin antibodies. th) pCMV-Myc-
SUSP4 was transfected to NIH3T3 cells with pcDNA-p53 or pcDNA-Mdm2.
After incubation for 24 h, cells were immunostained for Myc-SUSP4 (red)
and p53 or Mdm2 {green). They were then observed using a fluorescent
microscope. The scale bar represents 10 uym.

To determine the binding regions of p53 and Mdm?2 within SUSP4,
His-tagged deletions of SUSP4 were expressed in HEK293T cells with
p53 or Mdm?2. An SUSP4 truncated mutant containing the N-termi-
nal 200 amino acids (Sd1) interacted with p53, whereas the mutants
containing the 201-300 sequence (Sd3 and Sd4) bound to Mdm?2 (see
Supplementary Information, Fig. S3a). These results indicate that p53
and Mdm?2 bind to the N-terminal and middle regions of SUSP4, respec-
tively. To locate the binding regions of SUSP4 within p53 and Mdm2,
various deletions of the latter proteins were expressed. The Mdm2
mutants containing the N-terminal 1-158 sequence (Md1l and Md2)
interacted with SUSP4 (see Supplementary Information, Fig. $3b), and
the p53 mutants carrying the C-terminal 301-393 sequence (Pd3 and
Pd4) bound to SUSP4 (see Supplementary Information, Fig. 83c). These
results indicate that the SUSP4-binding sites reside within the N- and
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Figure 2 Desumoylation of p53 and Mdm2 by SUSP4. (a) In vitro-transiated
Myc—p53, HA-Mdm?2 and PML were sumoylated and immunoprecipitated with
their antibodies. The samples were incubated for 2 h at 37 °C with or without
partially purified SUSP4 (0.05, 0.1 and 0.2 pg), SUSP4%4% (0.2 pg) or Ulpl
(0.1 pg). After incubation, the samples were subjected to SDS-PAGE followed
by immunoblot analysis. Ulpl and SUSP4 were probed with their antibodies.
(b-d) pcDNA-Myc-p53 (b), pcDNA-HA~-Mdm2 (c) or pcDNA-HA-PML (d)
were transfected into HEK293T cells with pcDNA-HisMax-SUSP4 (wild type;
WT) or pcDNA-HisMax-SUSP4¢45% (mutant; MT). Cells were also transfected

C-terminal regions of Mdm?2 and p53, respectively. These results suggest
that SUSP4 and p53 may compete with each other for binding to the
same N-terminal region of Mdm2.

To determine whether SUSP4 shows desumoylating activity, in vitro-
translated p53, Mdm2 and PML (promyelocytic leukaemia protein) were
sumoylated and incubated with SUSP4 or Ulp1. SUSP4 removed SUMO-
1 from p53 and Mdm2, but not from PML, p63, p73 or RanGAP1 (Fig. 2a
and data not shown). Although SUSP4%** could not release SUMO-1
from any of the substrates, Ulp1 could desumoylate all of them. SUSP4
also showed desumoylating activity under in vivo conditions towards
p53 (Fig. 2b) and Mdm2 (Fig. 2c), whereas SUSP4“*** did not. Neither
SUSP4 nor SUSP4“ acted on PML, p63, p73 or RanGAP1 in vivo
(Fig. 2d and data not shown). We then examined whether SUSP4 over-
expression may cause nonspecific cleavage of cellular proteins modi-
fied by endogenous SUMO-1 or its isoforms. SUSP4 showed little or no
activity towards cellular proteins modified by SUMO-1, -2 or -3, whereas
SuPr1 showed strong desumoylating activity only towards SUMO-1-
modified proteins (Fig. 2e). Neither SUSP4“** nor SuPr1'%%, in which
the active site Cys 466 was replaced by Ser, acted on any of the SUMO
conjugates. Thus, SUSP4 seems to specifically act on SUMO-1-modified
p53 and Mdm?2. SUMO-1 is synthesized in cells as a precursor protein
with an extension of several amino acids at its C-terminus. To determine

with pSG5-Flag-SUMO-1 and pCMV2-Flag-Ubc9. After incubation for 36 h,
sumoylated proteins were subjected to immunoprecipitation followed by
immunoblot analysis. (e) NIH3T3 cells were transfected with pCMV2-Flag-
SUSP4 (WT) or pCMV2-Flag-SUSP4%45%S (MT) or with pCMV2-Flag-SuPrl
(WT) or pCMV2-Flag-SuPr1¢45%s (MT). After incubation for 36 h, cell lysates
were immunoblotted with anti-SUMO-1 or anti-SUMO-2 and -3 antibody.

(f) SUMO-GFP and SUMO-B-Gal were incubated with Ulpl (0.1 pg) or SUSP4
(0.05, 0.1 and 0.2 pg) at 37 °C for 2 h. After incubation, the samples were
immunoblotted with anti-GFP or anti-B-Gal antibodies.

whether SUSP4 can process the SUMO-1 precursor, SUMO-1-GFP and
SUMO-1-B-galactosidase were incubated with SUSP4. Neither of the
linear fusions was cleaved by SUSP4, whereas both were hydrolysed by
Ulp1 (Fig. 2f). In addition, SUSP4 could not cleave a mouse SUMO-
1 precursor containing the C-terminal extension of His-Ser-Thr-Val
(data not shown). These results suggest that SUSP4 acts only SUMO-1
molecules attached to target proteins.

Mdm? is a ubiquitin ligase that targets itself, as well as p53. To deter-
mine whether sumoylation of Mdm?2 influences its activity, p53, Mdm?2
and His-ubiquitin were overexpressed in p53~~mdm2~- MEF cells with
SUSP4 or SUSP4%, SUSP4, but not SUSP4“**, caused an increase
in Mdm?2 ubiquitination in parallel with a decrease in p53 ubiquitina-
tion (Fig. 3a). These results raised the possibility that SUMO modifica-
tion influences Mdm2 in a manner that switches the ubiquitin ligase
activity from Mdm2 to p53. To examine this possibility, Mdm2 and
sumoylated Mdm?2 were isolated and incubated with p53 and fluores-
cein-labelled ubiquitin. The ability of sumoylated Mdm2 to self-ubig-
uitinate was much lower than that of unmodified Mdm2 (Fig. 3b),
indicating that SUMO modification attenuates the self-ubiquitinating
activity of Mdm2. In contrast, sumoylated Mdm?2 could ubiquitinate
p53 better than unmodified Mdm?2. Thus, it seems that the sumoyla-
tion status of Mdm?2 is important in controlling the switch between
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Figure 3 Effect of SUSP4 on ubiquitination and stability of Mdm2 and p53.
{a) pcDNA-Myc—p53, pcDNA-HA-Mdm2 and pcDNA-HisMax-ubiquitin
(Ub) were transfected to p53~mdm2- cells with pCMV2-Flag-SUSP4 (2,

4 and 8 pg) or pCMV2-Flag-SUSP4%4% (8 yg). After incubation for 4 h with
10 uM MG132, ubiquitinated proteins were pulled down by NTA resins and
subjected to immunoblot analysis with anti-Mdm2 or anti-p53 antibodies.
Uncropped images of the upper two panels are shown in the Supplementary
information, Fig. $5a. (b) MBP-Mdm2, Sael-Sae2 and UbcO were incubated
with or without SUMO-1. Mdm2 and sumoylated Mdm2 were separated using
a DEAE-Sepharose column and each was incubated with p53, fluorescein-
N-terminal ubiquitin, Ubal, UbcH5 and an ATP-regenerating system for 1 h.
The reaction was stopped by adding 150 mM Tris-HCI (pH 7.6) containing
5% SDS and 30% glycerol. The mixtures were immunoprecipitated by
anti-Mdm2 or anti-p53 antibodies and the precipitates were quantified

using a fluorometer. The same amounts of the input p53, Mdm2 and
SUMO-Mdm2 proteins were subjected to SDS-PAGE and Coomassie stained.
The data represent the mean = s.d. of three experiments. (c) NIH3T3

cells transfected with an empty vector (Mock), pCMV2-Flag-SUSP4 or

self-ubiquitination and p53 ubiquitination. Furthermore, pulse-chase
analysis using *S-methionine reveals that SUSP4, but not SUSP4“**%, causes
amarked decrease in Mdm?2 stability (Fig. 3c). SUSP4 also caused p53 stabi-
lization. These results indicate that SUSP4 destabilizes Mdm?2 by promoting
its self-ubiquitinating activity, thereby leading to p53 stabilization.
Surprisingly, however, expression of SUSP4%*S, which cannot des-
umoylate Mdm?2, caused a marked decrease in the level of ubiquitinated
p33 (Fig. 3a). Moreover, SUSP4“", which showed little or no effect
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pCMV2-Flag-SUSP4%4% were iabelled with 35S-methionine followed by
treatment with uniabeiled methionine. The labelled proteins were subjected to
immunoprecipitation with anti-Mdm2 or anti-p53 antibodies followed by SDS~
PAGE, and visualized by autoradiography. (d) Mdm?2 (0.1 pg) was incubated
with SUSP4%4%%s (0.1, 0.2 and 0.5 pg) for 30 min at 4 °C. The samples

were subjected to in vitro ubiguitination followed by immunoprecipitation

with anti-p53 antibodies. They were then immunoblotted with anti-ubiquitin
antibodies. (e) Mdm2 (0.5 ug) was incubated with His-SUSP4%46% or His-

tag itseif for 30 min and then with purified GST-p53 (0.2 pg) for 1 h. The
samples were subjected to immunoprecipitation with anti-Mdm2 antibodies.
(f) pcDNA-Mdm2 (1 ug) and pcDNA-Myc-p53 (1 pg) were transfected to
p53+mdm2-- cells with pCMV2-Flag-SUSP4%%% (0.5, 1 and 2 pg). After
culturing for 24 h, cell lysates were subjected to immunoprecipitation with
anti-Mdm2 antibodies followed by immunoblot with anti-Flag, anti-p53 or
anti-Mdm2 antibodies. (g) p53“mdm2- cells were transfected with pcDNA-
Myc-p53 and pCMV2-Flag-SUSPA. After incubation as in a, cell lysates were
subjected to immunoprecipitation with anti-p53 antibodies and probed with
anti-ubiquitin antibodies.

on Mdm?2 stability, caused p53 stabilization (Fig. 3¢c). We showed that
SUSP4 binds to the N-terminal region of Mdm?2 (see Supplementary
Information, Fig. $3). The binding site of p53 has also been identified to
reside within the N-terminal region of Mdm2 (ref. 29). Thus, it seemed
possible that competition between SUSP4“*** and p53 for binding to
Mdm? results in p53 stabilization. To investigate this possibility, we first
examined whether SUSP4“*** can block p53 ubiquitination by Mdm?2
in vitro. The level of ubiquitinated p53 was decreased by SUSP4%**
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Figure 4 SUSP4-mediated inhibition of cell growth. (a) NIH3T3 cells were
transiently transfected with pCMV-Myc-SUSP4. After incubation for 24 h,
cells were stained with anti-Myc or a mixture of anti-phospho-histone H1
and H3 antibodies. The scale bar represents 10 um. (b) Cells transfected
with pCMV2-Flag-SUSP4 or an empty vector (Mock) were cultured for

the indicated times and subjected to FACS analysis to determine their
DNA content. They were also subjected to immunoblot analysis with anti-
SUSP4 or anti-p21 antibodies. The data represents the mean = s.d. of
three experiments. (c) Cells transfected with pCMV2-Flag-SUSP4 were
incubated for 24 h. After incubation, they were transfected with control
shRNA (shControl) or shRNA-3 and cultured for a further 24 h. FACS and
immunoblot analyses were then performed as in b. (d) Cells cultured as in
b were assayed for *H-thymidine incorporation. (e) Each of three shRNAs
(1-3) or control ShRNA (C) was transfected for two rounds into celis

with a vector encoding GFP as a transfection control. After incubation

for 24 h, cells were subjected to immunoblot analysis with anti-SUSP4

treatment in a dose-dependent manner (Fig. 3d), indicating that
SUSP4%6% ig capable of inhibiting Mdm2-mediated p53 ubiquitina-
tion. We then examined whether SUSP4%** actually competes with p53
for binding to Mdm?2. Purified Mdm2 was incubated with increasing
amounts of His-SUSP4¢'"* and then with p53. Immunoprecipitation
analysis using anti-Mdm?2 antibodies revealed that the amount of
SUSP4“% bound to Mdm?2 gradually increased in parallel with
a decrease in the amount of p53 bound to Mdm2 (Fig. 3e). In vivo
competition experiments were also performed. Mdm?2 and p53 were
expressed in p537 mdm2- cells with increasing amounts of SUSP4“*%,
The amount of SUSP4“*™ coprecipitated with Mdm? increased in par-
allel with a decrease in the amount of p53 coprecipitated with Mdm2
(Fig. 3f). Nearly identical resuits were obtained with wild-type SUSP4
in both in vive and in vitro competition experiments (data not shown).
These results indicate that both SUSP4 and SUSP4“** are capable of
competing with p53 for binding to Mdm2.

or anti-GFP antibodies. (f) Celis transfected with increasing amounts

of shRNA-3 were subjected to immunoprecipitation with anti-Mdm?2 or
anti-p53 antibodies followed by immunoblot with anti-ubiquitin or anti-
SUMO-1 antibodies. Uncropped images of the second and fourth panels
are shown in the Supplementary Information, Fig. S5b. The asterisk
indicates the IgG heavy chain. (g) Control shRNA or increasing amounts
of shRNAs (1-3) were transfected to cells with pG13-Luc and pcDNA-B-
Gal. After incubation for 24 h, cells were subjected to fuciferase assay.
Data represents mean = s.d. of three experiments. Cell lysates were also
subjected to immunoblot with anti-SUSP4 antibodies. (h) p53+* and
p53 cells were transfected with control shRNA or shRNAs (1-3). They
were then assayed for 3H-thymidine incorporation. The level of SUSP4
was determined in cells transfected with shRNA-3 by immunoblot with
anti-SUSP4 antibodies. The data represents the mean + s.d. of three
experiments. Uncropped images of the upper panels are shown in the
Supplementary Information, Fig. S5c.

As SUSP4 can also desumoylate p53, we examined the effect
of SUSP4 on p53 ubiquitination under conditions where Mdm2
is absent by expressing p53 with increasing amounts of SUSP4 in
P537-mdm27- cells. In contrast with the results obtained in the presence of
Mdm? (see Fig. 3a), SUSP4 showed little or no effect on p53 ubiquitination
in the absence of Mdm?2 (Fig. 3g). These results indicate that the effects
of SUSP4 on the stability of p53, as well as of Mdm2, are mediated by its
action on Mdm?2 but not on p53. Taken together, these results suggest that
SUSP4 can stabilize p53 in two different modes: by interfering with the
interaction between p53 and Mdm2; and by promoting self-ubiquitination
and destabilization of Mdm?2 through desumoylation of Mdm2.

As SUSP4 increased p53 stability, we examined the effect of SUSP4 on p53
transcriptional activity when NIH3T3 cells were transfected with reporter
vectors. SUSP4 caused a marked increase in the activity of both endogenous
and ectopically expressed p53 (see Supplementary Information, Fig. S4a).
Immunoblot analysis of the same cell lysates again showed that SUSP4
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Figure 5 Induction of SUSP4 expression by UV. (a) NIH3T3 celis were
irradiated with UV (50 J m=) for 30 s and incubated for the indicated
times. Total RNAs were prepared from cells using Triazol reagent. RT-PCR
was then carried out using specific primers for susp4, p21 and GAPDH.
(b} Cells were transfected with control shRNA or shRNA-3 for two rounds.
After incubation for 24 h, cells were irradiated with UV. They were then
subjected to immunoblot with respective antibodies. (c) Cells were treated
with 20 uM etoposide or 10 pg ml-! of camptothesin, and incubated for

stabilizes p53. SUSP4°"™* also increased the stability and activity of p53.
However, SUSP4 had little or no effect on the stability and activity of p50
(NF-xB; see Supplementary Information, Fig. $4b). These results suggest
that both SUSP4 and SUSP4“** pasitively regulate p53 activity by antagoniz-
ing endogenous Mdm?2. These results also suggest that the SUSP4-mediated
increase in p53 activity is independent of p53 sumoylation. To confirm this,
P53 or p53¥**® (in which the SUMO-accepting Lys residue was replaced by
Arg) were expressed in cells with SUSP4. SUSP4 caused a marked increase
in the stability and activity of both p53 and p53*** (se¢ Supplementary
Information, Fig. S4c). Thus, it seems that p53 sumoylation itself has little
or no influence on the SUSP4-mediated increase in p53 activity,

We then examined the effect of SUSP4 on the stability and activity of
p53 in conditions where Mdm?2 was overproduced. As expected, Mdm2
expression resulted in a dramatic reduction in p53 activity by destabilizing
it (see Supplementary Information, Fig. $4d). Coexpression of SUSP4 or
SUSP4%* reversed the Mdm2-mediated decrease in p53 activity. On the
other hand, neither SuPr1 nor SuPr1%** could stabilize p53 or reverse the
Mdm2-mediated decrease in p53 activity, indicating that Mdm?2 is a spe-
cific target of SUSP4. Moreover, Mdm?2 expression resulted in a marked
reduction in p21 mRNA levels, but coexpression of SUSP4 or SUSP4%
reversed the inhibitory effect of Mdm?2 (see Supplementary Information,

the indicated times. They were then subjected to immunoblot with anti-
SUSP4 or anti-p53 antibody. (d) Cells that had been treated without (-) or
with UV {+) were incubated for 1 h. After incubation, cells were subjected

to immunoprecipitation with anti-SUSP4 or anti-p53 antibody foliowed by
immunoblot with respective antibodies. Uncropped images of the left upper
two panels and the right lower two panels are shown in the Supplementary
information, Fig. 55d. (e) A schematic representation of a model for SUSP4-
mediated control of the p53-Mdm2 pathway by SUSP4

Fig. $4e). Little or no accumulation of p21 mRNA was observed on
expression of NF-kB, regardless of whether SUSP4 or SUSP4“"*® was
coexpressed. These results further demonstrate that SUSP4 positively
regulates p53 activity by antagonizing Mdm2 function.

As SUSP4 mediates p53 stabilization, we examined whether SUSP4 is
involved in p53-dependent control of cell growth. NIH3T3 cells trans-
fected with pCMV-Myc-SUSP4 were strongly stained by anti-Myc anti-
bodies (Fig. 4a). However, the same cells were barely stained by a mixture
of anti-phospho-histone H1 and H3 antibodies, which is a characteristic
feature of G1-phase cells. These results suggest that SUSP4 overexpression
leads to cell-cycle arrest at the G1 phase. To confirm this, cells transfected
with pCMV2-Flag-SUSP4 were cultured for various times and subjected
to FACS analysis to determine their DNA contents. The fraction of cells in
G1 phase was significantly increased up to 48 h in culture (Fig. 4b). The
level of p21 protein was also gradually increased up to 48 h in culture.
Both the fraction of Gl-phase cells and p21 levels decreased thereaf-
ter, most likely due to an increase in the number of cells that were not
transfected with pPCMV2-Flag-SUSP4, as SUSP4 levels also decreased at
72 h. Furthermore, cotransfection of a susp4-specific short hairpin RNA
{shRNA-3; see below), but not a negative control vector (shControl),
resulted in a decrease in both the fraction of cells in the G1 phase and p21
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levels (Fig. 4c), indicating that shRNA-3 can reverse the cell-cycle arrest
caused by SUSP4 overexpression. We then examined whether SUSP4-
mediated cell-cycle arrest leads to inhibition of cell growth. The rate of
3H-thymidine incorporation was significantly reduced by transfection of
cells with pCMV2-Flag-SUSP4 compared with that of an empty vector
(Fig. 4d). Taken together, these results suggest that overproduced SUSP4
can downregulate the growth of cells by stabilizing p53.

To clarify the involvement of SUSP4 in p53-mediated control of cell
growth, three susp4-specific shRNAs (indicated by 1-3) were transfected
into NIH3T3 cells with a vector encoding GFP. All three shRNAs effec-
tively reduced endogenous SUSP4 levels (Fig. 4e). Therefore, we exam-
ined the effect of shRNA-3 on ubiquitin and SUMO-1 modification of
Mdm?2. shRNA-mediated knockdown of susp4 caused a decrease in the
level of ubiquitinated Mdm?2 in parallel with an increase in the level
of sumoylated Mdm?2, leading to stabilization of endogenous Mdm?
and destabilization of endogenous p53 (Fig. 4f). Consistently, all three
shRNAs caused a decrease in the transcriptional activity of endogenous
p53 in a dose-dependent manner (Fig. 4g). Moreover, the rate of *H-
thymidine incorporation was significantly increased by transfection of
P53 cells with the shRNAs, compared with that observed with the
control shRNA (Fig. 4h), indicating that SUSP4 is involved in downregu-
lation of cell growth. In contrast, knockdown of susp4 had little or no
effect on the proliferation of p53~ cells (Fig. 4h), demonstrating the link
between p53 and SUSP4 in the control of cell growth. Taken together,
these results reveal that SUSP4 has an important function in the control
of cell growth by p53.

Given that UV damage is one of the major stresses that provokes p53
action, we examined whether UV induces susp4 gene transcription.
susp4 mRNA levels dramatically increased as early as 15 min after UV
irradiation (Fig. 5a). p21 mRNA level also increased about 1 h after the
irradiation. These results suggest that SUSP4 is an UV-inducible protein
that stabilizes p53, leading to an increase in p2]1 mRNA levels. To deter-
mine whether UV-induced SUSP4 influences the endogenous levels of
Mdm2 and p53 proteins, NTH3T3 cells transfected with control shRNA
or shRNA-3 was irradiated with UV. Concurrent with an increase in
SUSP4 levels, Mdm2 levels were sharply declined in cells transfected with
control shRNA (Fig. 5b). p53 levels then gradually increased, followed by
an increase in endogenous p21 levels. On the other hand, shRNA-medi-
ated knockdown of susp4 resulted in a marked delay in the accumulation
of p53 and p21. These results indicate that SUSP4 has a critical role in the
control of the cellular levels of Mdm?2 and consequently of p53 and p21,
when cells are damaged by UV. However, etoposide and camptothesin,
which also cause DNA damage, showed little or no effect on SUSP4
induction (Fig. 5¢), suggesting that SUSP4 responds to a limited range
of stresses, such as UV.

We then examined whether UV damage causes an alteration in the
amounts of p53 and Mdm?2 that bind to SUSP4. UV irradiation led to an
increase in the amount of Mdm?2 bound to SUSP4, with a decrease in the
interaction between p53 and SUSP4 (Fig. 5d). UV also caused a decrease
in the amounts of SUSP4 and Mdm?2 that bind to p53. These results sug-
gest that UV damage leads to an increase in relative abundance of the
SUSP4-Mdm?2 complex over p53-Mdm?2 complex through competition
of accumulated SUSP4 with p53 for binding to Mdm2.

Mdm?2 targets not only p53, but also itself for ubiquitination, and
the fate of p53 is determined accordingly. Recently, Daxx (a multifunc-
tional protein involved in the control of apoptosis and transcription)

was shown to have a key role in switching the Mdm2 activity from p53
to itself in response to DNA damage™. Here, we have provided an addi-
tional mechanism for the control of Mdm?2 function and a model for
the involvement of SUSP4 in the control of the p53-Mdm?2 pathway,
based on the results obtained in this study, is shown in Figure 5d. On
UV damage, SUSP4 accumulates and replaces p53 for binding to Mdm2,
leading to stabilization of p53 for induction of cell-cycle arrest and cell-
growth inhibition. Desumoylation by SUSP4 would then promote self-
ubiquitination and degradation of Mdm?2 for further stabilization of p53.
However, under normal conditions (that is, when SUSP4 levels are low),
the SUMO-modification system, including Ubc9, may override SUSP4
and sumoylate Mdm?2, leading to promotion of p53 ubiquitination. Thus,
SUSP4 seems to have a critical role in switching the Mdm?2 activity from
P53 to itself in response to UV damage. O

METHODS .
Plasmids and antibodies. susp4 cDNA was isolated from a mouse brain cDNA
library and cloned into pcDNA-Myc, pcDNA-HisMax, pCMV-Myc and
pCMV2-Flag. It was also cloned into pET-32a for bacterial expression. Therefore,
His-SUSP4 and His-tag itself contain an extra-amino acid sequence of approxi-
mately 20K corresponding to the multicloning site region of the vector. susp4-
specific shRNAs were synthesized and cloned into pSilencer 2.0-U6 (Ambion,
Austin, TX). Oligonucelotides used were: 1, GATCAGGGATGGTATTTAA; 2,
GATGAGGTCATCAATTTCT; 3, GAATGTTTACCTGTAAAT.

Antibodies against Myc (9E10), SUMO-1 (D-11), p53 (DO-1 and N-19),
p50 (H-119), p21 (C-19) and Mdm?2 (SMT4) were obtained from SantaCruz
(Santa Cruz, CA). Peroxidase-conjugated AffiniPure goat anti-rabbit and.anti-
mouse, and donkey anti-goat IgGs, FITC-conjugated goat anti-rabbit IgG,
and TRITC-conjugated goat anti-mouse IgG were purchased from Jackson
ImmunoResearch Laboratories (West Glove, PA). Anti-Flag M2, anti-Xpress,
anti-Ub (FK1; Affiniti Res, Manhead, UK), and anti-SUMO-2 and -3 (Zymed,
San Francisco, CA) antibodies were also used. Rabbit polyclonal anti-SUSP4
antiserum was raised against a recombinant His-tagged N-terminal fragment
of SUSP4 (that is, amino acids 1-320). Anti-SUSP4 IgGs were purified by
applying the serum onto an affinity column, which had been generated by
conjugation of the N-terminal SUSP4 fragments to NHS-activated Sepharose
4 Fast Flow. Anti-SUSP4 IgGs bound to the resins were eluted with 100 mM
glycine buffer (pH 3.0).

Cell culture and transfection. HEK293T, NIH3T3, MEF cells (p53'", p53~-, and
p337-mdm2-) were grown at 37 °C in DMEM) supplemented with 100 units
ml™ penicillin, 1 pg mi-! streptomycin and 10% FBS. Transfections in HEK293T
and NIH3T3 cells were carried out using LipofectaminePlus. MEF cells were
transfected by electroporation.

Immunocytochemistry. NIH3T3 cells plated on gelatin-coated cover-glasses
were fixed with 2% formaldehyde in PBS for 30 min at room temperature and per-
meabilized with 0.5% Triton X-100 in PBS. All subsequent dilutions and washes
were performed with PBS containing 0.1% Triton X-100 (PBS-T). Nonspecific
binding sites were saturated by incubation for 30 min with a blocking solution
consisting of 10% goat serum, 1% BSA and 1% gelatin in PBS. Cells were incu-
bated with primary antibody for 1 h and washed with PBS-T four times at 10 min
intervals. They were then incubated with FITC- or TRITC-conjugated secondary
antibody for 1 h and washed four times. DAPI was used for counterstaining the
nuclei. The cover glasses were mounted in Vectashield and cells were visualized
under a Zeiss Axioplan II microscope.

Assays for protein-protein interaction. Cells were lysed in buffer A consisting of
50 mM Tris-HCI (pH 7.4), 120 mM NaCl, 0.5% NP40 and 1x protease inhibitor
cocktail. Cell lysates were incubated with appropriate antibodies for 2h at 4 °C
and then with 50 pl of a 50% slurry of protein A-Sepharose for 1 h. The resins
were collected by centrifugation and washed five times with buffer B consisting of
20 mM Tris-HCl (pH 7.4), 500 mM NaCl, 1 mM EDTA and 0.5% NP40. Bound
proteins were eluted by boiling in 0.2% SDS and subjected to SDS-PAGE followed
by immunoblot with appropriate antibodies.
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To analyse the competition of SUSP4*** with p53 for binding to Mdm?2 in vitro,
Mdm2-affinity resins were prepared by incubation of 0.5 g of purified Mdm?2
for 2 h at 4 °C with protein A-Sepharose that had been treated with anti-Mdm2
antibody. The resins were incubated with increasing amounts of His-SUSP4™™
for 30 min at 4 °C and then with 0.2 pg of GST-p53 for the next 1 h. The resins
were washed three times with buffer A to remove SUSP4“*"and p53 that did not
bind to Mdm2. Proteins bound to the resins were then eluted by boiling in 0.2%
$DS and subjected to SDS-PAGE.

Assays for sumoylation and desumoylation. For in vitro assays, in vilro-trans-
fated Myc-p33, HA-Mdm2 and PML were prepared by using TNT-coupled
reticulocyte lysate systems. The resulting proteins were sumoylated by incu-
bation with 10 ug of purified SUMO-1, 1.5 ug of Sael-S$ae2, 2 pg of UbcY, an
ATP-regenerating system (50 mM Tris-HCl at pH 7.5, 5 mM MgCl,, 10 mM
creatine phosphate, 5 units mi of phosphocreatine kinase and 5 mM ATP),
and 1x protease inhibitor cocktail. After incubation, SUMO-modified proteins
were immunoprecipitated with anti-p53, anti-Mdm2 or anti-PML antibody fol-
lowed by washing with PBS containing 500 units ml™' of apyrase and 1 mM
N-ethylmaleimide and then with 2 mM DTT. The substrates were then incu-
bated at 37 °C for 2 h with recombinant His-tagged SUSP4 or SUSP4“**, After
incubation, the samples were subjected to SDS-PAGE on 8% gels followed by
immunoblot with the same antibodies.

For in vivo assays, Myc-p33, Flag-SUMO-1 and Flag-Ubc9 were expressed
in HEK293T cells with or without HisMax-SUSP4. HA-Mdm?2 or HA-PML
were also expressed in cells as above. After culturing for 36 h, cells were lysed by
boiling for 10 min in 130 mM Tris-HCl (pH 6.7) buffer containing 5% SDS and
30% glycerol. Cell lysates were diluted twentyfold with buffer A containing 1x
protease inhibitor cocktail, incubated with appropriate antibodies for 2 hat 4 °C
and treated with protein-A-Sepharose™. To assay sumoylation by endogenous
SUMO-1, NIH3T3 cells that had been transfected with susp4-specific shRNAs
were cultured for 36 h and then treated as above. The resins were collected by
centrifugation and washed five times with buffer B. The samples were then sub-
jected to SDS-PAGE followed by immunoblot analysis.

’H-Thymidine incorporation. NIH3T3 and MEF cells (2 x 10* cells per well)
were seeded in 12-well plates and grown for various periods. They were then
cultured in serum-free media for 2 h and treated with *H-thymidine (1 pCi per
well). After incubation for 6 h, cells were subjected to trichloroacetic acid extrac-
tion followed by scintillation counting.

Flow cytometry. NIH3T3 cells were transfected with an empty vector or
pCMV2-Flag-SUSP4 in 60-mm dishes. After incubation, cells were harvested
and washed twice with PBS. They were fixed by treatment with 1 ml of 70%
ethanol, gently vortexed and kept at 4 °C until used. Fixed cells were washed
once with PBS and resuspended in a propidium iodide solution (10 pg mi)
containing 4% NP40 and RNase A (250 ug ml™). Propidium iodide-stained cells
were then analysed for their DNA contents by using a FACS instrument (BD
Biosciences, Franklin Lakes, CA).

Pulse-chase analysis. NIF3T3 cells that had been transfected with appropriate
vectors were cultured for 18 h. Cells were divided into four fractions and further
cultured on 60-mm dishes for 12 h. They were then incubated with 100 pCiml*
of ¥S-methionine in methione-free DMEM for 30 min at 37 °C. After incubation,
cells were washed twice with PBS and further incubated in DMEM supplemented
with 10% FBS and 2 mM unlabelled methionine for various periods. Cell lysates
prepared in buffer A were subjected to immunoprecipitation with anti-p53 or
anti-Mdm?2 antibodies, followed by SDS-PAGE. Gels were then fixed, dried and
visualized by autoradiography.

Accession numbers The GenBank accession number for susp4 cDNA is
AF366264.

Note: Supplementary Information is available on the Nature Cell Biology websitc.
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Figure S1 Sequence of SUSP4. Schematic diagrams compares the primary
structure of mouse SUSP4 with that of other SUMO-specific proteases. The
boxes denote the conserved domains carrying the His-Asp-Cys catalytic triad
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(upper). The sequences of conserved active site domains of SUSP4 were
compared with those of other SUMO proteases. The catalytic residues were
indicated by the triangles, and the invariant residues were shaded (lower).
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Figure S2 Expression of SUSP4 in various tissues and cell lines. Extracts
were prepared from various mouse tissues and cell lines. Aliquots of them
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(50 ug) were then subjected to SDS-PAGE foliowed by immunobiot with anti-
SUSP4 or anti-a-tubulin antibody.
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Figure $3 Mapping of binding regions within SUSP4, p53, and Mdm2,

(a) pcDNA-p53 and pcDNA-Mdm2 were co-transfected to HEK293T cells
with pcDNA-HisMax-SUSP4 or vectors expressing SUSP4 deletion mutants
(Sd1-Sd4). His-tagged proteins were puiled down (PD) by treatment with
NTA resins and subjected to immunoblot with anti-p53, anti-Mdm2, or
anti-Xpress antibody. The abilities of SUSP4 and its deletions to interact
with p53 and Mdm2 were shown as “+" or "~". {b) pCMV2-Flag-SUSP4
was transfected to cells with pcDNA-HA-Mdm2 or vectors expressing Mdm2
deletions (Md1-Md4). Cell lysates were subjected to immunoprecipitation
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with anti-HA antibody followed by immunoblot with anti-Flag or anti-HA
antibody. The asterisks indicate the lgG heavy and light chains, and the
arrows show the deletion mutants. The abilities of Mdm2 and its deletions
to interact with SUSP4 were shown as “+” or “~". (¢) pCMV2-Flag-SUSP4
was transfected to cells with pcDNA-Myc-p53 or the vectors expressing p53
deletions {Pd1-Pd4). Cell lysates were subjected to immunoprecipitation
with anti-Myc antibody followed by immunoblot with anti-Flag or anti-Myc
antibody. The abilities of p53 and its deletions to interact with SUSP4 were

shown as “+" or
b

“w_n

oy G Tl |« NF B
e SR— g SUSP4

30
[+ e
2 20 £
£ £
Q [5}
<
3 10 z
£ g
0
- + pS3 - - - + + + NFxB
- wt mt - wt mt SUSP4 - wt mt - wt mt Sysp4
c d *mmw «p53 e

I L T R e ~ ~p53

T e esmeEh | Mim2

80
=
g :
2 s
g a0 g
3 15 o
2 2
¢ wt wt mt mt p53
- m =
- + - + - + SUSP4 oot or

Figure S4 SUSP4-mediated promotion of p53 transcriptional activity. (a)
pG13-Luc and pcDNA-B-Gal reporter vectors were transfected to NIH3T3
cells with indicated combinations of pCMV2-Flag-SUSP4 {(wt), pCMV2-Flag-
SUSP4-C460S {mt), and pcDNA-Myc-p53. Cell lysates were subjected to
immunoblot analysis and luciferase assay. The luciferase activities seen with
transfection of the indicated vectors were expressed as relative folds to the
activity seen with transfection of empty vectors after normalization with p-
galactosidase activity. Total amounts of transfected DNA were kept constant
by supplementing proper amounts of empty vectors. Data represents mean
(SD of triplicates. (b-d) Experiments were performed as in a, but using
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different combinations of the vectors. In b, pGL2-Luc and pcDNA-p50 were
used in place of pG13-Luc and pcDNA-Myc-p53. In ¢, both pcDNA-Myc-
p53 (wt) and pcDNA-Myc-p53-K386R (mt) were used. in d, pcDNA-Mdm2,
pCMV2-Flag-SuPrl (wt), and pCMV2-Flag-SuPr1-C466S (mt) were also
used. {e) NIH3T3 cells were transfected with the indicated combinations of
pcDNA-Myc-p53, pcDNA-Mdm2, pcDNA-p50, and pCMV2-Flag-SUSP4 (wt)
or pCMV2-Flag-SUSP4-C460S (mt). Cell lysates were immunoblotted with
anti-p53 or anti-Mdm2 antibody (upper). Total RNAs were extracted from
the cells using Trizol reagent (Invitrogen), and subjected to real-time RT-PCR
using specific primers for p21 and GAPDH (lower).
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Summary

The 20S proteasome is a catalytic core of the 268 pro-
teasome, a central enzyme in the degradation of ubig-
uitin-conjugated proteins. It is composed of 14 distinct
gene products that form four stacked rings of seven
subunits each, oy_7B1-7B1_74_7. It is reported that the
biogenesis of mammalian 20S proteasomes is assis-
ted by proteasome-specific chaperones, named PAC1,
PAC2, and hUmp1, but the details are still unknown.
Here, we report the identification of a chaperone, des-
ignated PAC3, as a component of « rings. Although it
can intrinsicaily bind directly to both « and 8 subunits,
PAC3 dissociates before the formation of half-protea-
somes, a process coupled with the recruitment of B
subunits and hUmp1. Knockdown of PAC3 impaired
o ring formation. Further, PAC1/2/3 triple knockdown
resulted in the accumulation of disorganized half-
proteasomes that are incompetent for dimerization.
Our results describe a cooperative system of muitiple
chaperones invoived in the correct assembly of mam-
malian 20S proteasomes.

*Correspondence: smurata@rinshoken.or.jp

Introduction

The ubiquitin-proteasome system is the main nonlyso-
somal route for intraceliular protein degradation in
eukaryotes. Short-lived proteins as well as abnormal
proteins are recognized by the ubiquitin system and
are marked with ubiquitin chains as degradation signals.
Polyubiquitinated proteins are then recognized and de-
graded by 26S proteasomes. The 26S proteasome is
composed of one proteolytically active 20S proteasome
and two 19S regulatory particles, each attached to one
end of the 20S proteasome. The 20S proteasome is a
barrel-shaped complex made of two outer « rings and
two inner B rings that is a conserved architecture in
eukaryotes (Groll et al., 1997, 2005; Unno et al., 2002).
The o and B rings are each made up of seven structurally
similar subunits, of the o or § type, respectively. The pro-
teolytic activity is exerted by three of the § subunits,
namely B1, f2, and 5, which are synthesized in an inac-
tive precursor form and whose propeptides are removed
to allow the formation of active sites, accompanied by
the assembly of 20S proteasomes.

Our previous work indicated that the assembly of
mammalian 20S proteasomes is an ordered multistep
process, starting from « ring formation with the help of
proteasome-specific chaperones named PAC1 (protea-
some assembling chaperone 1) and PAC2 (Hirano et al.,
2005). The PAC1-PAC2 heterodimer binds to early a sub-
unit assembly intermediates that contain a restricted
subset of o subunits and promotes the formation of
heteroheptameric o rings. Moreover, PAC1-PAC2 is re-
sponsible for suppressing the formation of off-pathway,
nonproductive « ring dimers and thus is important for ef-
ficient half-proteasome formation (Hirano et al., 2005).
Mammalian half-proteasomes are composed of seven
« subunits, seven B subunits, some of which are in pre-
cursor forms, and proteasome-dedicated chaperones
such as hUmp1 (POMP, Proteassembiin, a homolog of
yeast Ump1) (Burri et al., 2000; Griffin et al., 2000; Ramos
et al., 1998; Witt et al., 2000) and PAC1-PAC2 (Hirano
et al., 2005). Lastly, dimerization of the two half-protea-
somes occurs with the help of hUmp1, which completes
the maturation of 20S proteasomes, with removal of
propeptides of B subunits followed by degradation of
hUmp1 and the PAC1-PAC2 heterodimer (Chen and
Hochstrasser, 1996; De et al., 2003; Heinemeyer et al.,
2004; Hirano et al., 2005; Kingsbury et al., 2000; Nandi
et al., 1997; Ramos et al., 1998; Schmidtke et al., 1996).
However, the mechanism responsible for half-protea-
some formation after the assembly of « rings, i.e., how
B subunits and hUmp1 are assembled on « rings, re-
mains elusive. We speculated that another chaperone
might be involved in this step.

Results and Discussion

Identification of PAC3 as a Component of « Rings

To identify molecules that are potentially involved in 20S
proteasome maturation, we purified o rings from HEK293T
cells stably expressing Flag-PAC1 and analyzed them
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Figure 1. ldentification of PAC3 as a Component of « Rings

(A) 2D-PAGE and CBB staining of purified a rings. The « rings were purified from HEK293T cells stably expressing Flag-PAC1 by glycerol gradient
centrifugation followed by immunoprecipitation of « ring fractions with M2 agarose. All the spots were identified by MS/MS. The two spots
indicated by circles represent hypothetical protein MGC10911. Asterisks indicate nonspecific spots.

(B) 4%-24% glycerol gradient centrifugation of the extracts of HEK293T cells treated with or without MG132. Fractions were immunobilotted as
indicated. Arrowheads depict the iocations of subcomplexes of proteasomes. Half-PSM, half-proteasomes; 208, 20S proteasomes. Note that
268 proteasomes sediment near the bottom fraction.

(C) Fractions from (B) were immunoprecipitated with anti-«6 antibody, followed by immunoblotting.

(D) The half-life of PAC3 and hUmp1. Cycloheximide was added to HEK293T cells pretreated with or without 20 1M MG132 for 20 min, and the
cells were chased for the indicated time points in the presence or absence of MG132, respectively. The cell lysates were subjected to immuno-
blotting for PACS3, hUmp1, and B-actin {loading control, bottom). The decay curves of PAC3 {top, left) and hUmp1 (top, right) were generated from
the band quantification of the bottom paneis. Data are mean = SEM values of three independent experiments.

by two-dimensional polyacrylamide gel electrophoresis any other known proteins, and its function was entirely
(2D-PAGE). In addition to the spots of a subunits and unknown. We found genes with significant similarity
PAC1-PAC2 heterodimer, we found two spots of ~14 in metazoans, plants, and fungi, as for PAC2, PAC3,
kDa. Using tandem mass spectrometry (MS/MS), we and hUmp1, but in metazoans and fungi as for PAC1
identified the two spots as a protein called MGC10911 (Figure S1 in the Supplemental Data available with this
(Figure 1A). We renamed it PAC3 (for proteasome as- article online).

sembling chaperone-3). PAC3 is a small protein of 122 First, to examine the behavior of endogenous PAC3,

amino acids with no distinct domains or homology to extracts from HEK293T cells were separated by glycerol
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gradient centrifugation. PAC3 was located in the a ring
fractions (fractions 10-12), i.e., in fractions without B
subunits but with a subunits and PAC1-PAC2 (Figure 1B,
left). The association of PAC3 with a subunits and PAC1-
PAC2 was confirmed by immunoprecipitation with anti-
«6 antibody followed by immunoblotting, indicating that
PACS3 is a component of o rings, similar to PAC1-PAC2
(Figure 1C, left). Interestingly, when the cells were
treated with a proteasome inhibitor, MG132, PAC3 was
increased in the light fractions (fractions 2-6), whereas
PAC1-PAC2 accumulated in the 20S proteasome frac-
tions (fractions 22-24) as reported previously by our
group (Figure 1B, right panels) (Hirano et al., 2005).
This suggests that PAC3 dissociates from precursor

proteasomes during the maturation pathway, unlike.

PAC1-PAC2 and hUmp1 (Hirano et al., 2005; Ramos
et al., 1998). The increase in PAC3 in the light fractions
does not represent an increase in newly synthesized
PAC3 upon MG132 treatment, because PAC3 messen-
ger RNA was not increased at this point of time (data
not shown). To examine whether the stability of PAC3
is also regulated differently from that of PAC1-PAC2
and hUmp1, which have been shown to be short-lived
proteins {Hirano et al., 2005; Ramos et al., 1998), we
measured the half-life of PAC3 as well as that of hUmp1
by determining the protein levels at various time
points after treatment with cycloheximide. As shown in
Figure 1D, hUmp1 had a short half-life of about 20 min,
which was greatly prolonged by MG132. This observa-
tion is consistent with the previous report (Ramos et al.,
1998). As for hUmp1, we noted accumulation of its free
forms (Figure 1B, right, fractions 2-6) as well as its
cleaved forms in 20S proteasome fractions upon MG132
treatment (Figures 1B-1D). In contrast, PAC3 had amuch
longer half-life, which was not affected by MG132. These
results suggest that PACS3 is involved in the maturation
of 20S proteasomes and behaves differently from
PAC1-PAC2 and hUmp1.

Knockdown of PAC3 Attenuates « Ring Formation

To elucidate the role of PAC3 in the assembly of the 20S
proteasome in vivo, we performed small interfering RNA
(siRNA)-mediated knockdown of PAC3 as well as
PAC1+PAC2 (PAC1/2), PAC1+PAC2+PAC3 (PAC1/2/3),
and hUmp1 to specify their distinct roles. In PAC3
knockdown cells, where we achieved a 75% reduction
of PAC3 mRNA (data not shown), polyubiquitin-conju-
gated proteins accumulated to a level comparable to
that in PAC1/2 knockdown cells (Figure 2A). In PAC1/
2/3 knockdown cells, the accumulation of polyubiquiti-
nated proteins was enhanced, and the effect of such
knockdown was as large as with hUmp1 knockdown
(Figure 2A). Consistent with these observations, the de-
crease in chymotrypsin-like activity of proteasomes was
comparable between PAC3 and PAC1/2 knockdown,
and the activity was profoundly reduced in PAC1/2/3
knockdown, similar to that in hUmp1 knockdown. These
results suggest that PAC1-PAC2 and PAC3 are not
epistatic with each other but rather work differently or
compensate each other.

To determine the role of PAC3 in the assembly of
20S proteasomes, extracts of knockdown cells were
subjected to glycerol gradient analysis (Figure 2C and
Figure S2). To compare the quantity of relevant compo-

nents in each fraction, fractions corresponding to a ring,
half-proteasome, and 20S proteasomes in each knock-
down experiment were electrophoresed in the same
gel (Figure 2D). PAC1/2 knockdown resulted in reduc-
tion of « ring peak and emergence of « ring dimers in
the half-proteasome fractions (fractions 14-16) as were-
ported previously (Hirano et al., 2005), and it turned out
that PAC3 was a component of this abnormal structure
(Figure 2C, bottom left, and Figure 2D, lane 7}, indicating
that PAC3 plays no role in inhibiting the formation of
o ring dimers. The accumulation of PACS in light frac-
tions (Figure 2C, bottom left, fractions 4-6) was probably
due to ineffective « ring formation in PAC1/2 knockdown
cells. Ectopic expression of PAC3 in PAC1/2 knock-
down cells did not complement the phenotypes in re-
gard to the formation of o ring dimers and reduction in
proteasome activity (Figure S3), indicating that PAC3
and PAC1-PAC2 play distinct roles in a ring formation
and do not function redundantly.

In PAC3 knockdown cells, we also observed a reduc-
tion of the « ring peak, but no « ring dimers (Figure 2C,
top right). Consequently, half-proteasomes, which in-
cluded o subunits, pro-§ subunits, and hUmp1 in pro-
portions like those observed in control cells, were
formed to a lesser extent, resulting in decreased forma-
tion of 208 proteasomes (Figure 2D, lanes 8 and 13). In
addition, PAC1-PAC2 accumulated in light fractions,
and free forms of o subunits were increased in PAC3
knockdown cells as well as PAC1/2 and PAC1/2/3
knockdown cells (Figure 2C, top right, and Figure S4).
These results suggest that PAC3 plays an important
role in o ring assembly and that poor o ring formation
resulted in surplus PAC1-PAC2 heterodimer and free
« subunits in light fractions.

Simultaneous Loss of PAC1-PAC2 and PAC3 Causes
Accumulation of Disorganized Half-Proteasomes
Intriguingly, in PAC1/2/3 knockdown cells, severai a sub-
units and B subunits, including pro-p2 and hUmp1, cose-
dimented in the half-proteasome fractions to levels com-
parable to, or even higher {for example, hUmp1, pro-p1,
and pro-f32) than, those in control cells, but still the
formation of 20S proteasomes was severely impaired
(Figure 2C, bottom right, and Figure 2D, lanes 9 and 14).
Specifically, the amount of pro-B5, whose propeptide is
essential for 20S proteasome formation in yeast (Chen
and Hochstrasser, 1996), was much smaller in the com-
plex observed in the half-proteasome fraction of PAC1/
2/3 knockdown cells than control cells (Figure 2D, lanes
6 and 9, and Figure 2E}. Considering that « ring formation
is attenuated by knockdown of both PAC1/2 and PACS,
these results suggest that this complex of abnormal
half-proteasomes, observed in PAC1/2/3 knockdown
cells, accumulated because it could not dimerize to
form mature 20S proteasomes, at least due to a shortage
of pro-5, which should accompany a disorganized con-
stitution of this abnormal half-proteasomes.

Taken together, the knockdown experiments suggest
that both PAC1-PAC2 and PAC3 contribute to « ring
formation by separate mechanisms, and thus, the ef-
fects of knockdowns are additive. In addition, our
results suggest that PAC1-PAC2 and PAC3 act cooper-
atively on the correct formation of half-proteasomes. On
the other hand, knockdown of hUmp1 did not influence
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Figure 2. siRNA-Mediated Knockdown of PAC3 Causes Defect in Proteasome Assembly

siRNAs targeting PAC1/2, PAC3, PAC1/2/3, hUmp1, or control were transfected into HEK293T cells. The whole-cell extracts (A) and fractions
separated by 8%-32% (B) or 4%-24% (C-E} glycerol gradient centrifugation were immunoblotted (A, C, D, and E} or assayed for Suc-LLVY-
MCA hydrolyzing activity of proteasomes (B). in (D), the peak fractions of the indicated subcomplexes from (C) (« ring, fraction 12; Half-PSM,
fraction 16; and 208, fraction 22) were subjected to SDS-PAGE in the same gel to compare the quantity of subunits. (E) Fraction 16 of control
or PAC1/2/3 knockdown cells from (C) was immunoprecipitated with anti-26 antibody, followed by immunoblotting. Data are representative

of four experiments.

the sedimentation pattern of PAC3 or PAC1-PAC2

(Figure S2), consistent with the notion that hUmp1

volved in the last step of the assembly, i.e., dimerization
of half-proteasomes, and not in a ring and half-protea-
some formation (Hirano et al., 2005; Ramos et al., 1998).

PAC3 Directly Associates with Both « and 8 Subunits

is in- To gain mechanistic insight into the action of PAC3 and

the differences between PAC3 and PAC1-PAC2, we set
up in vitro binding experiments. First, we examined di-
rect interactions between PACs. PAC3 did not bind fo
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PAC1 or PAC2 (Figure 3A). Next, we tested the interac-
tions between PAC3 and each 20S proteasome subunit.
PAC3 could directly bind to not only an o subunit («2) but
also to several B subunits, strongly to 3 and B4 but
weakly to 1 and B5 (Figure 3B). This is in contrast to
the property of PAC1-PAC2, which directly associated
with o5 and a7, but not with any of the § subunits {(Hirano
et al., 2005). These results indicate that PAC1-PAC2 het-
erodimer and PAC3 are distinct entities that work at dif-
ferent aspects in the maturation of 20S proteasomes.

PACS3 Is Released from Precursor Proteasomes
during Half-Proteasome Formation

Because PAC3 seemed to be released from precursor
proteasomes during the maturation pathway (Figure 1B),
we analyzed the precursor proteasomes that contain
PAC3. An extract of HEK293T cells stably expressing
Flag-PAC3, -hUmp1, or -PAC1 was separated by glyc-
erol gradient centrifugation, and fractions 8-20, which
included « rings (fraction 12) and half-proteasomes
(fractions 16-18) were immunoprecipitated with anti-
Flag antibody, followed by immunoblotting (Figure 4A).
Flag-PAC3 did not precipitate hUmp1 or B subunits in
half-proteasome fractions, and Flag-hUmp1 did not pre-
cipitate PAC3 at all {(Figure 4A). Subsequently, we puri-
fied o rings and half-proteasomes from Flag-PAC2 and
Flag-hUmp1 expressing cells, respectively, and sub-
jected them to immunoblotting and CBB staining. Al-
though half-proteasomes were loaded in much larger
molar amounts, a band corresponding to PAC3, which
was clearly visible in « rings, was not observed in half-
proteasomes (Figure 4B and Figure S5). These results
clearly show that the release of PAC3 from precursor
proteasomes is coupled to the recruitment of hUmp1
and B subunits. Considering that PAC3 can directly
bind to several § subunits in vitro (Figure 3B) and that
PAC3 knockdown together with PAC1/2 knockdown re-
sulted in production of disorganized half-proteasomes
that were not competent for 20S proteasome formation
(Figure 2), it is suggested that the association between
PAC3 and B subunits is either intrinsically unstable
in vivo or destabilized upon half-proteasome formation
and that the release of PAC3 from precursor protea-

somes is an obligatory step for the correct assembly
of half-proteasomes by mediating interactions between
a rings and B subunits.

Our present work provides a model (Figure 4C) where
the chaperone PAC3 assists in the formation of « rings,
together with PAC1-PAC2 heterodimer, and mediates
correct formation of half-proteasomes in cooperation
with PAC1-PAC2. PAC3 itself is then released and re-
cycled in further rounds of proteasome assembly. The
unique feature of PAC3 is its ability to interact with var-
ious B subunits, raising the possibility that it plays a role
in the assembly of B subunits on « rings. In the present
model, we emphasize that correct assembly of mamma-
lian 20S proteasomes is achieved by the cooperative
actions of multiple proteasome-specific chaperones.

Experimental Procedures

DNA Constructs

The ¢cDNA encoding PAC3 was synthesized from total RNA isolated
from Hela cells using Superscript |l {invitrogen). PCR was carried
out on the cDNA by using Phusion DNA polymerase (FINNZYMES).
The cDNAs encoding PAC1, PAC2, PAC3, hUmp1, and proteasome
a and B subunits were cloned into pcDNA3.1 (Invitrogen) and/or piR-
ESpuro3 (Clontech). All constructs were confirmed by sequencing.
For expression of Flag-fusion protein, the cDNA was subcloned
into pET22b (Novgen) in frame with a C-terminal Flag tag. For ex-
pression of GST and MBP-fusion proteins, the cDNAs were subci-
oned into pGEX6P-1 (Amersham) and pMAL (NEB), respectively.

Cell Culture

HEK293T cell lines were cultured in Dulbecco’s modified Eagle’s
medium (Sigma), supplemented with 10% fetal calf serum (FCS),
100 1U/ml penicillin G, and 100 ug/ml streptomycin sulfate (all from
Gibco-Invitrogen). Transfections of plasmids into HEK293T cells
were performed with Fugene 6 (Roche). To generate stable cell lines,
transfected HEK293T cells were selected with 5 ug/ml of puromycin.
We used 20 1M MG132 (Peptide Institute) to inhibit proteasome ac-
tivities for 2 hr before harvest. For cycloheximide-chase experi-
ments, HEK293T cells were treated with 100 pg/mi cycloheximide
(Sigma).

Protein Extracts, immunological Analysis, and Antibodies

Cells were lysed in ice-cold lysis buffer (50 mM Tris-HCI [pH 7.5],
0.5% [v/v] NP-40, and 1 mM dithiothreitol [DTT]) with 2 mM ATP
and 5 mM MgCl, and the extracts were clarified by centrifugation
at 20,000 x g for 10 min at 4°C. The supermnatants were mixed with



Molecular Cell
982

A B
Flag-PAC3 Flag-hUmp1 Flag-PAC1 cBB B
Fr# 8101214 16 18 20 8 1012 14 16 18 20 8 1012 14 16 18 20 a-Ring A2l

PACS3

a-Ring ;{SKA

PAC3
hUmp1 it
PAC2 g
(XG - M
pro-2 i

hUmp1

PAC1

PAC2

PAC3E. i
pro-f2 e e N

83
B4

pro-§5 Z
pro-p7

o7 D

a-ring dimer

disorganized
haif-proteasome

20S proteasome

dimerization

T

NS NS
half-proteasome
~NJ S
A
propeptides/hUmp1
degradation
PAC1/PAC2
degradation

Figure 4. Mutually Exclusive Incorporation of PAC3 and hUmp1 into Precursor Proteasomes

(A) HEK293T celis stably expressing Flag-PAC3, -hUmp1, or -PAC1 were fractionated as in Figure 1B. The indicated fractions were immunopre-
cipitated with M2 agarose, resolved, and analyzed by SDS-PAGE and immunoblotting.

(B) SDS-PAGE followed by CBB staining (left) and immunoblotting (right) of purified « rings and half-proteasomes. « rings were purified from
fraction 12 of Flag-PAC2 expressing cells. Half-proteasomes were purified from fraction 16 of Flag-hUmp1 expressing cells in (A). The band
for PAG3 was identified by MS/MS. The 2D-PAGE analyses of these complexes are shown in Figure S5.

(C) A model for proteasome assembly assisted by multiple chaperones. PAC1-PAC2 heterodimer and PAC3, which probably forms homodimers
based on the analysis of molecular sieve chromatography of the recombinant PAC3 (data not shown), assist « ring formation. Whereas PAC1-
PAC2 suppresses off-pathway aggregation of a subunits and keeps « rings competent for half-proteasome formation, PAC3, which can bind
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SDS sample buffer. SDS-PAGE (12% gel or 4%-12% gradient Bis-
Tris gel [invitrogen]) was performed according to the instructions
provided by the manufacturer. The separated proteins were trans-
ferred onto polyvinylidene difluoride membrane and reacted with
the indicated antibody. Development was performed with Westem
Lighting reagent (PerkinElmer). 2D-PAGE was performed as de-
scribed previously (Murata et al., 2001).

For immunoprecipitation, we used antibodies MCP20 bound to
protein G Sepharose {Amersham) in Figure 1C, antibodies MCP20
crosslinked to NHS-activated Sepharose (Amersham) in Figure 2E,
or M2 Agarose (Sigma) in Figures 1A, 4A, and 4B. These beads
were added to the extracts, mixed under constant rotation for 2 hr
at 4°C, washed four times with lysis buffer with 30 mM NaCl, and
boiled in SDS sample buffer. Otherwise, these washed samples
were eluted with 100 pg/ml Flag peptides (Sigma} or with 0.2 M gly-
cine-HCl (pH 2.8).

Anti-PAC1 and PAG2 polyclonal antibodies were described previ-
ously (Hirano et al., 2005). Anti-PAC3 polyclonal antibodies were
raised in rabbits by using recombinant PAC3 (full-length) proteins,
which were produced by cleavage of GST by PreScission protease
{Amersham) after purification of GST-fused PAC3 proteins. Anti-
hUmp1 polyclonal antibodies were raised in rabbits by using re-
combinant MBP-hUmp1 (full-length) proteins. Antibodies against
proteasome a2 subunit (MCP21), «3 (MCP257), a4 (MCP34), o5
{MCP196), a6 (MCP20), a7 (MCP72), B1 (MCP421), B2 (MCP168),
83 (MCP102), and 7 (MCP205) were purchased from BioMol. Anti-
85 (P93250) and B4 (55F8) were prepared as described previously
(Tanahashi et al., 2000). Anti-ubiquitin antibodies were obtained
from Dako. Anti-B-actin antibodies were from Chemicon.

Glycerol Gradient Analysis

Cell extracts (1 mg of protein) were separated in 32 fractions by
centrifugation (22 hr, 100,000 X g) in 4%-24% [v/V] or 8%-32% [v/V]
linear gradients, as described previously (Hirano et al., 2005).

Binding Assay

In vitro labeling was performed by using TNT T7 Quick for PCR DNA
system (Promega) with 3°S-labeled methionine, according to the
procedure supplied by the manufacturer. Recombinant Flag-PAC3
proteins were expressed in E. coli and purified with M2 Agarose.
Binding assay was performed in lysis buffer, and the resulting prod-
uct was washed with lysis buffer with 150 mM NaCl before elution
with Flag peptides. The eluates were separated by SDS-PAGE and
visualized by autoradiography.

RNA interference

siRNA targeting human PAC1, PAC2, PAC3, and hUmp1 with the fol-
lowing 19 nucleotide sequences were designed by B-Bridge and
synthesized by Dharmacon. The targeting sequences of PAC1,
PAC2, and hUmp1 were described previously (Hirano et al., 2005).
These of PAC3 are 5-CCGUGAAGGACAAAAGCAU-3' and 5'-GAU
CAAUUGUAGGAGGAAA-3'. Control siRNA (Non-specific Control
Duplex VIil) was purchased from B-Bridge. Transfections of siRNAs
into HEK293T cells were performed by using Lipofectamine 2000 at
afinal concentration of 50 nM. it was performed three times at inter-
vals of 24 hr. The cells were analyzed 96 hr after first transfection.

Assay of Proteasome Activity

Peptidase activity was measured by using a fluorescent peptide
substrate, succinyl-Leu-Leu-Val-Tyr-7-amido-4-methylcoumarin
(Suc-LLVY-MCA), as described previously (Murata et al., 2001).
Note that the assay was carried out in the presence of 0.03% SDS,
which is a potent artificial activator of the latent 20S proteasome,
as previously reported (Tanaka et al., 1988).

Supplemental Data

Supplemental Data include five figures and can be found with
this article online at http//www.molecule.org/cgi/content/full/24/6/
977/DC1/.
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directly to several § subunits, dissociates before the formation of half-proteasomes, a process coupled to the recruitment of B subunits and
hUmp1. Loss of both PAC1-PAC2 and PAC3 before B subunit incorporation causes formation of disorganized half-proteasomes that lack
pro-B5 almost completely. Released PAC3 is recycled. Two half-proteasomes dimerize with the help of hUmp1, and propeptides of 8 subunits
{B1, B2, B5, B6, and B7) were cleaved. hUmp1 and PAG1-PAC2 are subsequently degraded by the newly formed active 20S proteasomes.





