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Su(var)3–9, Enhancer-of-zeste, and Trithorax (SET) domain-
containing protein 8 (SET8) is the sole enzyme that monom-
ethylates Lys-20 of histone H4 (H4K20). SET8 has been impli-
cated in the regulation of multiple biological processes, such as
gene transcription, the cell cycle, and senescence. SET8 quickly
undergoes ubiquitination and degradation by several E3 ubiqui-
tin ligases; however, the enzyme that deubiquitinates SET8 has
not yet been identified. Here we demonstrated that ubiquitin-
specific peptidase 17–like family member (USP17) deubiquiti-
nates and therefore stabilizes the SET8 protein. We observed
that USP17 interacts with SET8 and removes polyubiquitin
chains from SET8. USP17 knockdown not only decreased SET8
protein levels and H4K20 monomethylation but also increased
the levels of the cyclin-dependent kinase inhibitor p21. As a
consequence, USP17 knockdown suppressed cell proliferation.
We noted that USP17 was down-regulated in replicative senes-
cence and that USP17 inhibition alone was sufficient to trigger
cellular senescence. These results reveal a regulatory mecha-
nism whereby USP17 prevents cellular senescence by removing
ubiquitin marks from and stabilizing SET8 and transcription-
ally repressing p21.

Su(var)3–9, Enhancer-of-zeste, and Trithorax (SET)5 domain-
containing protein 8 (SET8) (also known as SETD8, PR-Set7,

and KMT5A) is the sole enzyme required to catalyze mono-
methylation of histone H4 lysine 20 (H4K20me1) (1–3). Besides
H4K20me1, SET8 can methylate nonhistone proteins, includ-
ing p53, proliferating cell nuclear antigen, Numb, and androgen
receptor and estrogen receptor � (4). SET8 is involved in vital
cellular processes such as DNA replication, mitosis, DNA
repair, and gene transcriptional regulation (5, 6). Therefore,
precise modulation of SET8 levels is important for proper cell
cycle regulation, and deregulation of SET8 expression has been
suggested to cause cellular transformation and contribute to can-
cer progression (7). Aberrant expression of SET8 has been
detected in many types of tumors (8–11). High levels of SET8 are
also associated with poor survival in cancer patients (9–11). More-
over, recent studies have shown that SET8 prevents cellular senes-
cence through epigenetic regulation (12, 13). Loss of SET8 is
sufficient to establish cellular senescence, and H4K20me1 modifi-
cation of the cyclin-dependent kinase inhibitor p21 gene during
cellular senescence is regulated by SET8 (12, 13). Because knock-
down of p21 alleviates the senescence state of SET8 knockdown
cells, SET8 suppresses induction of cellular senescence by repress-
ing p21 transcription (13).

SET8 is regulated at several levels, including the transcriptional
level (14), posttranscriptional level (15), and posttranslational level
(7). Some E3 ubiquitin ligases have been shown to induce SET8
ubiquitination and degradation, which regulate cell cycle progres-
sion (7). The anaphase-promoting complex APC/CCdh1 induces
ubiquitination and degradation of SET8 during G1 phase (16). In
addition, Cullin-RING ubiquitin ligase 4Cdt2 (CRL4Cdt2) and
Skp1–Cullin-1–F-box protein (SCF)–Skp2 (SCFSkp2) mediate the
degradation of SET8 in S phase (17–20). SCF�-TRCP also promotes
cell growth by targeting SET8 for degradation (21). Thus, the ubiq-
uitination machinery plays an important role in regulating SET8
protein turnover and its activity.

On the other hand, ubiquitination is a reversible reaction,
and ubiquitin is removed by deubiquitinases (DUB). DUBs
are classified as ubiquitin C-terminal hydrolases, Mpr1, Pad1
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N-terminal (MPN) domain– containing metalloenzymes, ubiq-
uitin-specific processing proteases (USPs), ovarian tumor
(OTU) domain ubiquitin-aldehyde– binding proteins, and the
motif interacting with the Ub-containing novel DUB family (22,
23). DUBs control the stability and activity of multiple proteins
that are crucial for cellular proliferation and survival, including
p53, Mdm2, c-Myc, and histones (24). However, the mecha-
nisms by which SET8 is deubiquitinated and stabilized remain
unclear. Here we report that USP17 is a novel SET8 deubiquiti-
nase. Overexpression of WT USP17, but not its catalytically
inactive mutant (C89S), stabilized SET8. USP17 interacted with
SET8 and removed polyubiquitin chains from SET8. Further-
more, we found that knockdown of USP17 not only decreased
SET8 protein levels and H4K20me1 but also increased p21 lev-
els. As a result, knockdown of USP17 suppressed cell prolifera-
tion. USP17 was down-regulated in replicative senescence,
and inhibition of USP17 alone was sufficient to trigger cellular
senescence. These results reveal a regulatory mechanism
whereby USP17 removes ubiquitin marks to prevent cellular
senescence, stabilizing SET8 and repressing p21.

Results

USP17 stabilizes the SET8 protein

To identify the DUBs that stabilize the SET8 protein, we
expressed HA-SET8 and several DUBs in COS7 cells. Cell
lysates were subjected to immunoblotting using anti-HA anti-
bodies. We found that USP17 significantly increased SET8 pro-
tein levels (Fig. 1, A and B, and Fig. S1). USP17 robustly inter-
acted with SET8 (Fig. 1C). Thus, we focused on USP17 in
subsequent functional studies.

Overexpression of USP17 led to increased SET8 protein lev-
els in a dose-dependent manner (Fig. 2A). However, expression
of the mutant USP17, in which the catalytic cysteine was
replaced by serine (C89S) (25), failed to stabilize the SET8 pro-
tein (Fig. 2B). Overexpression of WT USP17, but not the C89S
mutant, markedly prolonged the half-life of the SET8 protein
(Fig. 2C). These results suggest that the enzymatic activity of
USP17 is required for SET8 protein stabilization.

We then knocked down endogenous USP17 expression in
several cancer cell lines and examined the effects on the endog-

Figure 1. Identification of USP17 as a novel deubiquitinase of SET8. A, COS7 cells were transiently transfected with HA-SET8 in the presence of FLAG-Strep-
USPs. After 24 h, cell lysates were immunoblotted (IB) with the indicated antibodies. B, quantitative analysis of the HA-SET8 protein bands shown in Fig. S1. Data
in the bar graph are the means and standard deviations (n � 3). **, p � 0.01. C, COS7 cells were transiently transfected with the indicated constructs. After 24 h,
cell lysates were subjected to Strep-Tactin pulldown and immunoblotting with an anti-HA antibody.
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enous SET8 protein. As shown in Fig. 2, D and E, and Fig. S2,
depletion of USP17 decreased SET8 protein levels without
affecting SET8 mRNA levels. Other known USP17 substrates
(Snail and HDAC2) (26 –28) were also reduced by USP17

knockdown (Fig. 2D). Furthermore, SET8 protein was less sta-
ble in MDA-MB-231 cells depleted of USP17 in a CHX half-life
assay (Fig. 2F). Collectively, these results suggest that USP17
plays a role in maintaining the abundance of the SET8 protein.

Figure 2. USP17 regulates the stability of SET8 protein. A, HA-SET8 was coexpressed with increasing amounts of FLAG-Strep-USP17 in COS7 cells. After 24 h,
cell lysates were immunoblotted (IB) with the indicated antibodies. B, HA-SET8 was coexpressed with FLAG-Strep-USP17 (either the WT or the catalytically
inactive mutant (C89S)) in COS7 cells. After 24 h, cell lysates were immunoblotted with the indicated antibodies. CS, C89S. C, USP17 (WT), but not USP17 (C89S),
delayed SET8 protein turnover. COS7 cells were transiently transfected with the indicated constructs. After 24 h, cells were treated with 25 �g/ml CHX for the
indicated periods and harvested for immunoblotting with the indicated antibodies. D, depletion of USP17 decreases SET8 protein levels. Cells were transiently
transfected with the indicated siRNAs. After 72 h, cell lysates were immunoblotted with the indicated antibodies. Ctrl, control. E, cells were transiently
transfected with the indicated siRNAs for 72 h. The expression of each gene was assessed by qPCR. The expression level of SET8 was normalized to that of �-actin
mRNA. Results are shown as mean � S.D. (n � 3). F, time course of CHX treatment of MDA-MB-231 cells transiently transfected with the indicated siRNAs. The
protein stability of SET8 was analyzed at the indicated times by immunoblot analysis (left panel). Quantification of the SET8 protein level was normalized to
�-actin. Data represent the means and S.D. of three independent experiments (right panel). *, p � 0.05; n.s., not significant.
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USP17 deubiquitinates SET8

We then examined whether USP17 regulates SET8 protein
stability through deubiquitination. We coexpressed 6Myc-
SET8 and FLAG-Strep-ubiquitin (Ub) with the WT or C89S
mutant of USP17 in COS7 cells. After precipitating ubiquitin-
conjugating proteins from cells treated with the proteasome
inhibitor MG132, we found that SET8 was heavily ubiquiti-
nated, as reported previously (16 –21). However, coexpression
of WT USP17, but not the C89S mutant, significantly reduced
the ubiquitinated species of SET8 (Fig. 3A). Conversely, SET8
ubiquitination increased in USP17-knockdown MCF7 cells
(Fig. 3B). To clarify whether USP17 directly deubiquitinates
SET8 in vitro, we purified ubiquitinated SET8 proteins from
COS7 cells transfected with 6Myc-SET8 and Strep-Ub using
affinity purification with Strep-Tactin–Sepharose and desthio-
biotin elution. We incubated ubiquitinated SET8 proteins with
purified USP17 (WT or C89S mutant) or control buffer. As

shown in Fig. 3C, WT USP17, but not the C89S mutant, specif-
ically reduced the ubiquitinated species of SET8. These results
indicate that USP17 stabilizes SET8 by directly removing its
ubiquitination.

Mapping of binding regions between USP17 and SET8 proteins

As shown in Figs. 1C and 4A, ectopic HA-SET8 was pulled
down with FLAG-Strep-USP17 in COS7 cells. The USP17 C89S
mutant also interacted with SET8, indicating that the catalytic
activity of USP17 was not required for the interaction with
SET8 (Fig. 4A). Furthermore, endogenous USP17 was immu-
noprecipitated by anti-SET8 antibodies (Fig. 4B). The results of
the immunoprecipitation assay revealed that recombinant
FLAG-USP17 and recombinant 6Myc-SET8 bound to each
other in vitro, suggesting a direct interaction (Fig. 4C).

We then investigated the interaction between SET8 and
USP17 in more detail using a GST pulldown assay. SET8 bound

Figure 3. USP17 mediates SET8 deubiquitination. A, an empty vector or a plasmid expressing USP17 WT or C89S was coexpressed with 6Myc-SET8 and a
FLAG-Strep-Ub expression plasmid into COS7 cells. Cells were treated with 20 �M MG132, and cell lysates were subjected to Strep-Tactin pulldown and
immunoblotting (IB) with the indicated antibodies. CS, C89S. B, MCF7 cells transfected with control or USP17 siRNA were treated with 10 �M MG132 for 6 h. Cell
lysates were subjected to immunoprecipitation (IP) with anti-SET8 antibody, and the polyubiquitination of SET8 was assessed by immunoblotting using an
anti-ubiquitin antibody. C, USP17 deubiquitinates SET8 in vitro. Ubiquitinated SET8 was purified from MG132-treated COS7 cells expressing 6Myc-SET8 and
FLAG-Strep-Ub and then incubated with purified USP17 WT or C89S in a deubiquitination assay as described under “Experimental procedures.” The polyubiq-
uitinated state of SET8 was examined by immunoblotting with an anti-Myc antibody.
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USP17 through its N-terminal domain (1–191) (Fig. 4, D and
E). In addition, the C-terminal domain (399 –530) of USP17
was specifically pulled down with GST-SET8N (1–191) (Fig.
4, F–H).

USP17 knockdown not only decreases H4K20 monomethyla-
tion but also increases p21 levels

As described above, SET8 is the sole enzyme required to cat-
alyze H4K20me1 (1–3). To clarify the role of endogenous

Figure 4. USP17 interacts with SET8. A, COS7 cells were transiently transfected with the indicated constructs. After 24 h, cell lysates were subjected to
Strep-Tactin pulldown and immunoblotting (IB) with an anti-HA antibody. B, endogenous SET8 was immunoprecipitated (IP) from MCF7 cells, and bound
endogenous USP17 was examined by immunoblotting. C, in vitro binding assay for recombinant FLAG-USP17 and 6Myc-SET8. In vitro translated FLAG-USP17
and 6Myc-SET8 were used for the in vitro binding assay. D, schematic of full-length and deletion mutants of SET8. E, mapping of the binding region of USP17
on SET8 using SET8 deletion mutants. COS7 cells were transfected with FLAG-Strep-USP17. After 24 h, cell lysates were incubated with GST or GST-SET8 and
subjected to GST pulldown, followed by immunoblotting with an anti-FLAG antibody. F, schematic of full-length and deletion mutants of USP17. UCH, ubiquitin
C-terminal hydrolase G, mapping of the binding region of SET8 on USP17 using USP17 deletion mutants. COS7 cells were transfected with FLAG-Strep-USP17
(N) or FLAG-Strep-USP17 (C). After 24 h, cell lysates were incubated with GST or GST-SET8 (N) and subjected to GST pulldown, followed by immunoblotting with
an anti-FLAG antibody. K, schematic of protein–protein interactions between SET8 and USP17.
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USP17 in the regulation of SET8, we investigated whether
knockdown of USP17 affected H4K20me1 levels. As shown in
Fig. 5A, knockdown of SET8 was associated with a reduction in
H4K20me1 levels in MCF7 cells. Knockdown of USP17 par-
tially but significantly decreased H4K20me1 levels in MCF7
cells. Previous studies have shown that knockdown of SET8
increases p21 levels (12, 13). Therefore, we also investigated
whether knockdown of USP17 increased the expression of p21
by down-regulating SET8 expression. Similar to knockdown of
SET8, knockdown of USP17 increased the expression of p21 in
MCF7 cells (Fig. 5B). However, combined knockdown of
USP17 and SET8 showed that p21 expression could not be
increased further compared with knockdown of SET8. We also
demonstrated that USP17 knockdown-induced p21 up-regula-
tion was suppressed by SET8 overexpression in H1299 cells
(Fig. 5C). These results suggest that SET8 is a downstream
effector of USP17 in the regulation of p21.

A flow cytometry analysis showed that knockdown of USP17
induced G1 phase arrest and apoptosis in MCF7 cells (Fig. 5, D
and E). As a result, proliferation of MCF7 cells was suppressed
by knockdown of USP17, and the effects were simultaneously
decreased by knockdown of p21 (Fig. 5, F and G). These results
suggest that USP17 affects the status of H4K20me1 and the
expression of p21 by regulating the stability of SET8 (Fig. 5H).

USP17 is down-regulated in senescent cells, and loss of USP17
induces senescence in human fibroblasts

Tanaka et al. (12) showed that SET8 is down-regulated in
senescent cells, induced by oncogenic and replicative stress.
Depletion of SET8 induces senescence in human fibroblasts
(12, 13). We also found that SET8 protein levels decreased (Fig.
6A), whereas SET8 mRNA levels did not vary (Fig. 6B) in the
late passage of human diploid fibroblast TIG1 cells. mRNA
expression of p21 and p16 was up-regulated in the late passage
of TIG1 cells (Fig. 6B). We also found a discernable decrease in
USP17 expression in a prolonged culture of TIG1 cells (Fig. 6, A
and B). These results suggest that the reduction in SET8 protein
levels associated with cellular senescence may be due to
decreases in USP17 protein levels. To investigate this possibil-
ity, we used lentiviral shRNA to knock down USP17 in prolif-
erating TIG1 cells. Similar to the results shown in Fig. 5A,
knockdown of USP17 decreased SET8 protein and H4K20me1
levels (Fig. 6C). Knockdown of USP17 was sufficient to trigger
cellular senescence in TIG1 cells (Fig. 6, D and E). As reported
previously (12, 13), we found that the knockdown of SET8
induced senescence of TIG1 cells (Fig. S3). However, additional
depletion of USP17 did not affect senescence induction. Collec-
tively, our results suggest that USP17 regulates cellular senes-
cence by controlling SET8 stability and transcriptional repres-
sion of p21.

Discussion

SET8 is the sole enzyme required to catalyze H4K20me1. In
addition to histones, a number of nonhistone proteins are also
methylated by SET8, leading to changes in their function or
stability. Previous studies reported that overexpression of SET8
contributes to cancer tumorigenesis (15). Consequently, the
mechanisms responsible for precise modulation of SET8 levels

for proper cell cycle progression have been attracting increas-
ing attention. Protein ubiquitination and deubiquitination are
involved in the regulation of virtually all aspects of cellular biol-
ogy, with effects ranging from altered protein stability to
changes in protein function. Several E3 ligases have been
reported to promote the ubiquitination and degradation of
SET8 (7). In contrast, the DUB(s) of SET8 require further inves-
tigation. In this study, we identified USP17 as a novel SET8
DUB. USP17 interacts with SET8 and deubiquitinates SET8 in
cells and in vitro. We also demonstrated that knockdown of
USP17 not only decreased SET8 protein levels but also those of
H4K20me1. These results contribute to our knowledge of the
diverse mechanisms regulating SET8.

Humans have about 100 DUBs, divided into six different sub-
families (22, 23). Numerous DUBs are associated with cancer
development and progression, some of which have been re-
ported to be involved in epigenetic regulation (30). Although
we have identified USP17 belonging to the USP family of DUBs
as a SET8 DUB, other subfamilies of DUBs (e.g. OTU DUBs and
MPN DUBs) may also regulate SET8. We tested whether other
subfamilies of DUBs stabilize SET8 proteins. As shown in Fig.
S4, only USP17 increased SET8 protein levels. However, the
possibility that other DUBs may contribute to the regulation of
SET8 protein under diverse cellular conditions cannot be ruled
out. Further investigation is needed to clarify these concerns.

USP17 is an immediate-early gene and induced by the cyto-
kines IL-4 and IL-6 (22, 31). USP17 has been reported to play an
important role in tumor progression, such as cell proliferation
and migration (31, 32). For example, USP17 exhibits oncogenic
activity by stabilizing Cdc25A and contributes to the mainte-
nance of pluripotency by controlling Cdc25A protein abun-
dance in mouse embryonic stem cells (25). McFarlane et al. (32)
also showed that depletion of USP17 blocks translocation and
proper activation of Ras and RhoA in G1 phase, resulting in
accumulation of the cyclin-dependent kinase inhibitors p21
and p27. We observed that knockdown of USP17 increased the
expression of p21 in MCF7 and TIG1 cells. Previous studies
showed that depletion of SET8 up-regulates p21 by reducing
deposition of H4K20me1 at its gene loci (12, 13). Therefore, we
speculated that knockdown of USP17 results in a decrease
in SET8 protein levels, which induces p21 by decreasing
H4K20me1 on the p21 gene. Furthermore, proliferation of
MCF7 cells was suppressed by knockdown of USP17, and the
effects were simultaneously decreased by knockdown of p21.
USP17 appears to promote cell proliferation by decreasing p21
expression levels via regulation of SET8.

Cellular senescence is a tumor suppressor mechanism that
prevents proliferation of precancerous cells. It is established
and maintained by two major tumor suppressor pathways: the
p53/p21 and p16/pRB pathways (33). We found that the expres-
sion levels of USP17 and SET8 declined with cellular senes-
cence. USP17 repression is not only associated with the senes-
cence response but also contributes to its induction. Previous
studies revealed that loss of SET8 is sufficient to establish cel-
lular senescence (12, 13). Based on these findings and our
results, an USP17–SET8 axis suppresses p21 expression and
blocks the onset of cellular senescence.
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USP17 has been found to regulate breast cancer metastasis
through Snail deubiquitination and stabilization (26, 27). In
addition, USP17 has been shown to function as a deubiquitinat-
ing enzyme of Slug and Twist (34). Based on these findings,
USP17 stimulates not only cell proliferation but also cell migra-
tion and invasion, resulting in cancer progression and metasta-
sis. Up-regulated expression of USP17 has been detected in
many types of tumors (32). On the other hand, SET8 is also
overexpressed in multiple tumor types and has been implicated
in cancer progression and metastasis (35). Our results revealed
a novel link between USP17 and SET8. When considering
USP17 as a SET8 stabilization factor, it appears to facilitate
cancer progression and metastasis by stabilizing SET8. Future
studies are needed to clarify this issue. Based on the important
roles of SET8 in cancer, the contribution of USP17 to these
pathological and physiological processes warrants further
investigation.

Experimental procedures

Cell lines, plasmids, and transfections

MCF7, HCT116, MDA-MB-231, TIG-1, and COS7 cells
were maintained in Dulbecco’s modified Eagle’s medium
(Sigma) supplemented with 4.5 g/liter glucose, 10% FBS
(Sigma), 100 units/ml penicillin G, and 100 �g/ml streptomy-
cin. H1299 cells were cultured in Roswell Park Memorial Insti-
tute 1640 medium (Sigma) containing 10% FBS and penicillin/
streptomycin. Cells were grown in a 5% CO2 atmosphere at
37 °C.

Human DUBs were cloned from the cDNA of MCF7 cells or
H1299 cells into pcDNA3/FLAG-Strep or pCMV5/FLAG-
Strep. HA-SET8, 6Myc-SET8, and FLAG-Strep or Strep-Ub
were also inserted into pcDNA3. USP17 (C89S) was generated
using the QuikChange mutagenesis kit (Agilent Technologies,
La Jolla, CA). In shRNA-mediated gene silencing, gene-specific

Figure 5. USP17 knockdown not only decreases H4K20 monomethylation but also increases p21 levels. A, B, and G, MCF7 cells were transiently
transfected with the indicated siRNAs. After 72 h, an immunoblot (IB) analysis was performed with the indicated antibodies. Ctrl, control. C, H1299 cells were
transfected with the indicated constructs and siRNAs. The cell lysates were analyzed by immunoblotting with the indicated antibodies. D and E, MCF7 cells were
transiently transfected with the indicated siRNAs. After 72 h, a FACS analysis was performed (D). The percentages of cells in each phase of the cell cycle are
indicated (E). Data are the means and standard deviations of three independent experiments. F, MCF7 cells were transiently transfected with the indicated
siRNAs. After 72 h, cell viability was measured by a WST-8 cell proliferation assay. Data are the means and standard deviations of three independent experi-
ments. **, p � 0.01. H, a proposed model illustrating how USP17 induces SET8 protein stabilization through deubiquitination.

Figure 6. USP17 is down-regulated in senescent cells, and loss of USP17 induces senescence in human fibroblasts. A, USP17 was down-regulated in
replicative senescent TIG1 cells. Total protein was extracted from TIG1 cells with PD30 (growing (G)) or PD65 (replicative senescence (RS)), and an immunoblot
(IB) analysis was performed with the indicated antibodies. B, total RNA was extracted from TIG1 cells with PD30 (G) or PD65 (RS), and the expression of each gene
was assessed by quantitative RT-PCR. mRNA levels of the indicated genes were normalized with �-actin mRNA. Results are shown as means � S.D. (n � 3). C–E,
TIG1 cells were infected with lentivirus vectors containing shRNA for USP17 (shUSP17) or the control (shCtrl) for 144 h. C, total cell lysates were harvested for an
immunoblot analysis with the indicated antibodies. D, the expression of each gene was assessed by qPCR, and the mRNA levels of the indicated genes were
normalized with �-actin mRNA. Results are shown as means � S.D. (n � 3). E, cells were subjected to senescence-associated �-gal (SA–�-gal) staining. Bar
graphs below show the percentage of �-gal–positive cells in the indicated culture. **, p � 0.01; n.s., not significant.
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hairpin oligonucleotides were ligated into the pLKO vector
(Sigma). The sequence for USP17 shRNA was 5�-GCAGGAA-
GATGCCCATGAATT-3� (26). The SET8 Mission shRNA
plasmid (TRCN0000130139) was obtained from Sigma. All con-
structs were verified by sequencing.

For DNA transfection, plasmids were transiently transfected
with PEI (Polysciences, Warrington, PA) or Lipofectamine
2000 (Invitrogen). For siRNA transfection, siRNAs were trans-
fected using Lipofectamine RNAiMAX reagent (Invitrogen)
according to the manufacturer’s protocol. Human USP17
siRNA (sense, 5�-GCAGGAAGAUGCCCAUGAA-3�) (36) and
human USP17 #2 siRNA (sense, 5�-GAAUGUGCAAUAUCC-
UGAG-3�) (37) were purchased from FASMAC (Kanagawa,
Japan). siRNA targeting human SET8 (sense, 5�-CGAGGAAC-
AGAAGAUCAAA-3�) was purchased from Sigma (38). The
siRNA oligo targeting human p21 RNA has been described pre-
viously (39). Stealth RNAiTM siRNA Negative Control Med GC
Duplex was obtained from Invitrogen.

RNA extraction, reverse transcription, and quantitative PCR

Total RNA was extracted using Sepasol-RNAI Super G
(Nacalai Tesque, Kyoto, Japan) according to the manufacturer’s
protocol. First-strand cDNA was synthesized with the Prime-
Script first-strand cDNA Synthesis Kit (TaKaRa Bio Inc., Shiga,
Japan) as described previously (39). Quantitative PCR was per-
formed as described previously (40). The following primer
sequences were used: human USP17, 5�-CAGAAGACACAG-
ACAGGCGA-3� (forward) and 5�-GCTCTTTCCACCAAGT-
GCTC-3� (reverse); human SET8, 5�-AAGGTGGACTTGAA-
CAGATG-3� (forward) and 5�-ACCTGTGCTGAGTCTTT-
GAC-3� (reverse); human �-actin, 5�-TGGCACCCAGCACA-
ATGAA-3� (forward) and 5�-CTAAGTCATAGTCCGCCTA-
GAAGCA-3� (reverse); human p21, 5�-GATTTCTACCACT-
CCAAACGCC-3� (forward) and 5�-AGAAGATGTAGAGCG-
GGC-3� (reverse) (39); human p16, 5�-GAAGGTCCCTCAG-
ACATCCCC-3� (forward) and 5�-CCCTGTAGGACCTTCG-
GTGAC-3� (reverse) (41). The specificities of the detected
signals were confirmed by a dissociation curve, which consisted
of a single peak. Values were normalized by �-actin.

Immunochemical methods and antibodies

Immunoblotting, immunoprecipitation, and Strep-Tactin
pulldown were performed as described previously (42–44).
Immunoreactive proteins were visualized using enhanced
chemiluminescence Western blotting detection reagents (GE
Healthcare), and the light emission intensity was quantified
with a Lumino-image analyzer (LAS-3000 Mini) equipped with
Image Gauge software (GE Healthcare). The following com-
mercially available antibodies were used: anti-HA (Y-11, Santa
Cruz Biotechnology, Santa Cruz, CA), anti-GST (B-14, Santa
Cruz Biotechnology), anti-p21 (F-5, Santa Cruz Biotechnol-
ogy), anti-SET8 (D-11, Santa Cruz Biotechnology), anti-SET8
(C18B7, Cell Signaling Technology, Beverly, MA), anti-HDAC2
(3F3, Cell Signaling Technology), anti-�-actin (AC-15, Sigma),
anti-FLAG (IE6, Wako, Osaka, Japan), anti-H4K20me1
(ab9051, Abcam, Cambridge, UK), anti-SET8 (AM1191a,
Abgent, San Diego, CA), anti-histone H4 (MABI0400, MBL,
Nagoya, Japan), anti-Snail (AF3639, R&D Systems, Minneapo-

lis, MN), anti-ubiquitin-horseradish peroxidase (P4D1, Bioleg-
end, San Diego, CA), and anti-USP17/DUB3 (NBP1-79745,
Novus Biologicals, Littleton, CO). Anti-Myc (9E10) was ob-
tained from the culture supernatant of MYC 1-9E10.2 cells
(ATCC, Manassas, VA).

Endogenous SET8 proteins were immunoprecipitated with
an anti-SET8 antibody preincubated for 2 h with Dynabeads
M-280 sheep anti-mouse IgG (Invitrogen). Immunoprecipi-
tates were washed three times with lysis buffer and then sub-
jected to immunoblotting. Recombinant FLAG-USP17 and
6Myc-SET8 were synthesized using the TNT T7 Quick Coupled
Transcription/Translation System (Promega, Madison, WI).

GST pulldown assay

cDNAs encoding full-length SET8 and its deletion
mutants were cloned into pGEX6P1 and expressed in the
Escherichia coli BL21 (DE3) strain, and GST fusion proteins
were purified as recommended in the instructions (GE
Healthcare). Cells were subjected to lysis in TNTE buffer (20
mM Tris-HCl (pH 7.5), 120 mM NaCl, 1 mM EDTA, and 0.5%
Triton X-100) supplemented with protease inhibitors and
pulled down with GST fusion proteins. Samples were then
subjected to immunoblotting.

In vitro deubiquitination assay

6Myc-SET8 and Strep-Ub were coexpressed in COS7 cells.
After cells had been treated with 20 �M MG132 for 4 h, ubiq-
uitinated SET8 was pulled down with Strep-Tactin–Sepharose,
followed by elution with 10 mM desthiobiotin. In a parallel
experiment, FLAG-Strep-USP17 (WT or C89S) was expressed
in COS7 cells, and FLAG-Strep-USP17 was also pulled down
with Strep-Tactin–Sepharose followed by elution with desthio-
biotin. In the in vitro deubiquitination assay, purified FLAG-
Strep-USP17 WT or the C89S mutant was incubated with ubiq-
uitinated 6Myc-SET8 in deubiquitination reaction buffer (150
mM Tris-HCl (pH 7.5), 50 mM NaCl, 1 mM EDTA, and 5 mM

DTT) at 37 °C for 2 h. The ubiquitination status of SET8 was
analyzed by immunoblotting with anti-Myc antibodies.

Cycloheximide half-life assay

Cells were transiently transfected with siRNAs. Cells were
incubated for the indicated periods with 50 �g/ml of cyclohex-
imide (CHX). Cell lysates were analyzed by immunoblotting.

Cell viability assay and SA–�-gal staining

Cell viability was assessed using WST-8 according to the
manufacturer’s instructions (Dojindo, Kumamoto, Japan).
Cells were transfected as described above. Twenty-four hours
after transfection, cells were trypsinized and reseeded at a con-
centration of 5 � 103 cells/well in a 96-well plate. After 48 h, the
WST-8 reagent was added, and cells were incubated at 37 °C for
3 h in a humidified atmosphere of 5% CO2. The absorbance at
450 nm of the medium was measured (39). SA–�-gal staining
was performed as described previously (29).

Cell cycle analysis

Cells were stained with propidium iodide using the Cyclet-
estTM Plus DNA Reagent Kit (BD Biosciences) according to
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manufacturer’s instructions. The cell cycle distribution of
nuclear DNA was assessed using a FACSVerseTM flow cytom-
eter (BD Biosciences) by analyzing at least 20,000 cells/sample.
The percentages of cells in sub G1, G0/G1, S, and G2/M were
analyzed using FACSuiteTM software (BD Biosciences).

Statistical tests

The significance of differences between two groups was eval-
uated using two-tailed Student’s t test. For multigroup analyses,
significance was assessed using a one-way analysis of variance
with post hoc Tukey-Kramer honestly significant difference
test.
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