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The E3 ubiquitin ligase STUB1 attenuates cell senescence by
promoting the ubiquitination and degradation of the core

circadian regulator BMALT1
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Cell senescence is one of the most important processes deter-
mining cell fate and is involved in many pathophysiological con-
ditions, including cancer, neurodegenerative diseases, and
other aging-associated diseases. It has recently been discovered
that the E3 ubiquitin ligase STIP1 homology and U-box—
containing protein 1 (STUB1 or CHIP) is up-regulated during
the senescence of human fibroblasts and modulates cell senes-
cence. However, the molecular mechanism underlying STUB1-
controlled senescence is not clear. Here, using affinity purifica-
tion and MS-based analysis, we discovered that STUB1 binds to
brain and muscle ARNT-like 1 (BMALI, also called aryl hydro-
carbon receptor nuclear translocator-like protein 1 (ARNTL)).
Through biochemical experiments, we confirmed the STUB1-
BMALL interaction, identified their interaction domains, and
revealed that STUB1 overexpression down-regulates BMAL1
protein levels through STUB1’s enzymatic activity and that
STUBI knockdown increases BMALLI levels. Further experi-
ments disclosed that STUB1 enhances BMAL1 degradation,
which is abolished upon proteasome inhibition. Moreover, we
found that STUB1 promotes the formation of Lys-48 —linked
polyubiquitin chains on BMALI, facilitating its proteasomal
degradation. Interestingly, we also discovered that oxidative
stress promotes STUB1 nuclear translocation and enhances its
co-localization with BMAL1. STUB1 expression attenuates
hydrogen peroxide—induced cell senescence, indicated by a
reduced signal in senescence-associated [3-gal staining and
decreased protein levels of two cell senescence markers, p53 and
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p21. BMALI knockdown diminishes this effect, and BMAL1
overexpression abolishes STUB1’s effect on cell senescence.
In summary, the results of our work reveal that the E3 ubiq-
uitin ligase STUB1 ubiquitinates and degrades its substrate
BMALI1 and thereby alleviates hydrogen peroxide—induced
cell senescence.

Senescence is an irreversible form of cell-cycle arrest with
specific morphologic, molecular, and functional characteristics
(1). Certain types of stress, including oxidative stress, can cause
cellular senescence (2). Reactive oxygen species—induced cell
senescence is involved in the response to DNA damage, epige-
netic regulation, and activation of tumor suppression pathway.
The hallmarks for senescent cells are reduced proliferative
Ki-67 protein level, enhanced activity of senescence-associated
B-gal (SA-B-Gal)® (3), and elevated expression of cell cycle
inhibitors, such as p21, and tumor suppressors, such as p53 and
retinoblastoma protein pRB (4, 5). The p53-p21 signaling path-
way has been implicated in the initiation of cell senescence, and
their high expression could be considered as an indicator for
cell senescence (5).

Cell senescence can also be accelerated by the activation of
oncogenes, such as ras (6, 7), or the inhibition of important
biological pathways, including the ubiquitin-proteasome sys-
tem (UPS) (8). In the UPS, besides E1 activating enzymes and E2
conjugating enzymes, E3 ubiquitin ligases are the major
enzymes that determine substrate specificity (9), leading to the
modulation of specific signaling pathways through the ubiquiti-
nation of downstream targets. Different types of ubiquitination,
such as monoubiquitination and polyubiquitination, alter the
biological functions of the modified substrates (10—-12). Most
notably, the Lys-48 —linked polyubiquitin chains are recognized
by the 26S proteasome for subsequent degradation of the mod-
ified substrates (10). Several E3 ubiquitin ligases, such as
MDM2 and SCEF*9%, have been found to modulate cell
senescence through degrading specific substrates (13, 14).

3 The abbreviations used are: SA-B-Gal, senescence-associated $-gal; HEK,
human embryonic kidney; UPS, ubiquitin-proteasome system; PSM, pep-
tide spectrum match; CHX, cycloheximide; PEI, polyethyleneimide; RIPA,
radioimmune precipitation assay.
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STIP1 homology and U-box—containing protein 1 STUB1
(also called C terminus of HSP70-interacting protein (CHIP))
possesses chaperone activity and U-box— dependent E3 ubiqui-
tin ligase activity (15, 16). This protein plays essential roles in
protein quality control by coupling the molecular chaperone
machinery with the UPS (17). It has been found that STUB1
regulates the ubiquitination of diverse substrates, including
endonuclease G (18), expanded polyglutamine proteins (19),
FOXP3 (20), RIPK3 (21), SMAD3 (22), tau (23), unfolded pro-
teins (24), and oxidized proteins (25). Thus, STUB1 mediates a
variety of biological processes, including the regulatory T-cell
function, necroptosis, TGF-B signaling, unfolding protein
response, and stress response, although not all of the modified
substrates are degraded by the 26S proteasome in these pro-
cesses. It has been discovered that STUBLI protein level is up-
regulated in senescent human fibroblasts (26), whereas Stubl
knockout mice have reduced life span (27) and STUBI silencing
induces premature senescence (25). However, the exact molec-
ular mechanism by which STUBLI regulates cell senescence is
still not completely clear.

Brain and muscle ARNT-like 1 (BMALI; also called aryl hydro-
carbon receptor nuclear translocator-like protein 1 (ARNTL) or
basic-helix-loop-helix-PAS protein MOP3) is one of the master
regulators for the circadian clock, and its knockout in mice com-
pletely disrupts the rhythmic behavior in constant darkness (28).
Dysregulation of the circadian clock is associated with premature
aging in Bmall knockout mice (29). Many enzymes in the UPS
interact with BMAL1 and regulate its ubiquitination and degrada-
tion (30-33). However, the E3 ubiquitin ligases in the upstream
signaling pathways of BMALI and their roles in the regulation of
cell senescence have not been explored.

In this work, using MS and biochemical approaches, we iden-
tify an E3 ubiquitin ligase, STUB1, which interacts with BMAL1
and regulates its stability, ubiquitination, and degradation. We
further use SA-B-Gal staining and immunoblotting of cell
senescence markers to demonstrate that STUB1 attenuates
hydrogen peroxide—induced senescence in HEK293T cells.
Detailed mechanistic studies reveal that this regulation is medi-
ated by BMALI and that restoration of BMALLI protein level
abolishes the effect of STUB1 on cell senescence. Our work
reveals a novel molecular mechanism by which STUB1 regu-
lates hydrogen peroxide—induced cell senescence.

Results
MS analysis identifies STUB1 as a BMAL 1-interacting partner

It has been discovered that BMALI1 regulates the transcrip-
tion activity of the cell senescence marker p53 and its down-
stream targets (34, 35). Therefore, to further explore potential
upstream modulators for cell senescence, we carried out immu-
noprecipitation and MS analyses for BMAL1-interacting part-
ners using a procedure described previously (31). MS analyses
of FLAG immunoprecipitates from cell lysates resulting from
HEK293T cells expressing FLAG-BMALL identified the E3
ubiquitin ligase STUB1 as a BMALI-interacting protein. Two
biological MS replicates detected 14 and 5 peptide spectrum
matches (PSMs) of STUBI in the experimental samples, but no
peptides were identified in the control samples (PSMs = 0). The
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sequence coverage of STUB1 was 27.39% (Fig. 1A4). In total,
eight different tryptic peptides plus one containing an oxidized
methionine were derived from STUBI1 (Fig. 1B and Fig. S1). The
Amass was less than 1 ppm, the charge state was 2, and Xcorr
was larger than 2.5 for all of the identified peptides. The anno-
tated MS/MS spectrum of one representative peptide showed
clear b- and y-ions. These data indicate the confident identifi-
cation of STUBI as a BMALLI binding partner.

Biochemical validation of the interaction between STUB1 and
BMALT1

Next we used biochemical approaches to validate the discov-
ery obtained from MS analyses. We expressed either FLAG-
BMALL1 or Myc-STUBI1 in HEK293T cells and purified them
using FLAG affinity gel or Myc magnetic beads, respectively.
Western blotting of immunoprecipitates demonstrated the
presence of endogenous STUB1 or BMALL in the experimental
samples but not in the control samples (Fig. 2, A and B). Fur-
thermore, immunoprecipitation of endogenous BMALI in
HEK293T cell lysate with an anti-BMAL1 antibody demon-
strated that BMALI and STUBLI interact endogenously (Fig.
2C). These results confirmed the interaction between BMAL1
and STUBI1 biochemically, validating the MS results.

STUBT1 preferentially interacts with BUAL1 over CLOCK

Because BMALLI forms a heterodimer with CLOCK (36), we
next asked whether STUB1 could also interact with CLOCK.
To do so, we transfected HA-CLOCK plasmid along with the
control or Myc-STUBI plasmid and then carried out immuno-
precipitation. The Western blotting images showed that
STUBLI could also co-immunoprecipitate CLOCK (Fig. 2D).
Here, HSP70 and HSP90B were used as positive controls
because it was previously reported that they interacted with
STUBI and could modulate its biological function (24, 37). To
examine whether BMALLI could affect the interaction between
STUBI and CLOCK, we performed the same experiment as
described above in the presence or absence of BMALL. The
immunoprecipitation and Western blotting results indicated
that STUB1 did not interact with CLOCK any more when
BMALI was expressed (Fig. 2E), suggesting that BMALI might
disrupt the interaction between STUB1 and CLOCK through
the competitive interaction. However, the interaction between
STUBI and HSP70 or HSP90 was not affected by BMALI (Fig.
2E). To further verify the effect of BMALL on the interaction
between STUB1 and CLOCK, we expressed Myc-STUB1 and
HA-CLOCK and then knocked down BMALI in HEK293T
cells. Immunoprecipitation of HA-COCK and immunoblotting
experiments indicated that BMALI depletion slightly increased
STUB1-CLOCK interaction (Fig. 2F).

The STUBT1 U-box domain interacts with BMAL1 and the
BMALT1 middle domain interacts with STUB1

Next, we conducted two experiments to determine the interac-
tion domains between STUB1 and BMALL. First, pulldown of
FLAG-BMALL from cell lysate with GST-tagged STUBI and its
truncations expressed in Escherichia coli found that the full-length
STUBI, ATPR and U-box truncations interact with BMALI, but
other domains do not (Fig. 3, A and B), indicating that U-box
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Figure 1. Immunoprecipitation and MS analysis identified STUB1 as an interacting partner of BMAL1. A, PSMs for BMAL1 and STUB1 identified from two
biological replicates of MS analyses for the FLAG immunoprecipitates of cell lysates from HEK293T cells expressing control or FLAG-BMAL1 plasmid, respec-
tively. The number of peptides, sequence coverage, and PSMs for BMAL1 and STUB1 were provided. B, information for the MS-identified tryptic peptides
derived from STUB1 in two biological replicates. The peptide sequence, charge state (z), MH*, Amass, Xcorr, and amino acid position of the peptides derived
from STUB1 were provided. C, a representative annotated MS/MS spectrum of an identified STUB1 tryptic peptide. The amino acid sequence, MH™, charge state
(2), and Amass of the identified peptide were also shown along with the annotated b- and y-ions.

domain interacts with BMALL. Second, STUB1 was present in the
immunoprecipitates of FLAG-tagged BMALI1 and its truncations
but not of the negative control (Fig. 3, Cand D). All BMALI trun-
cations used in our experiments contain the middle domain
(amino acids 143-325, PAS-A and the disorder 1 region). There-
fore, the above data suggest that the middle domain of BMALI1
interacts with STUBL.

STUB1 down-regulates BMAL1 through its E3 ligase activity

STUBI mediates the ubiquitination and proteasomal deg-
radation of many substrates, including FOXP3, SMAD3, and
RIPK3 (20-22). Therefore, we first tested whether STUB1
could also down-regulate BMALI1. The endogenous BMAL1
protein was significantly reduced after expressing Myc-
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STUB1 (Fig. 4A). Gradient increase of the transfected
STUBLI led to a progressive reduction of BMAL1 (Fig. 4B).
Next, we asked whether the enzymatic activity of STUBI is
required for this regulation. We transfected the control, WT,
or catalytically inactive H260Q STUBI plasmid (20) into
HEK293T cells. Immunoblotting of endogenous BMALLI in
cell lysates showed that the H260Q mutant did not affect the
BMALL protein level, although the WT STUB1 unambigu-
ously reduced BMAL1 (Fig. 4C), indicating that the enzy-
matic activity is required for this regulation. Similar results
were also obtained when we examined the effect of STUB1
on CLOCK protein level (Fig. S2).

To further validate the regulation of BMAL1 by STUBI, we
transfected the control or STUBI-specific siRNAs, respectively,
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into HEK293T cells using Lipofectamine 2000 transfection re- Proteasome inhibition abolishes the effect of STUBT on BMAL1
agent. Immunoblotting of cell lysates clearly demonstrated the Next, we asked whether the regulation of BMALI1 by STUBI1

increase of BMALL protein level after STUBI knockdown (Fig.  worked through the UPS. To test this, we first expressed FLAG-
4D). Taken together, our experiments demonstrated the regula- BMAL1 with the control or Myc-STUBI in HEK293T cells,

tion of BMAL1 by STUBI. split the cells, and examined the BMAL1 protein level at differ-
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Figure 3. BMAL1 interacts with the STUB1 U-box domain and STUB1 interacts with the BMAL1 middle domain. A, illustration of domains for the
GST-tagged full-length STUB1 and its truncations. B, BMAL1 preferably interacts with the STUB1 U-box domain. GST-tagged STUB1 and its truncations were
expressed in E. coli, purified with GSH-agarose beads, incubated with cell lysate from HEK293T cells expressing FLAG-BMAL1, washed, and eluted by heating
with 2X SDS loading buffer. The eluates were stained with Ponceau S or immunoblotted (WB) with an anti-FLAG antibody. C, illustration of domains for the
FLAG-tagged full-length BMAL1 and its truncations. D, STUB1 interacts with the BMAL1 middle domain. FLAG-tagged full-length BMAL1 and its truncations
were co-transfected with Myc-STUB1 into HEK293T cells. Cells were lysed, and BMAL1 and its truncations were immunoprecipitated with an anti-FLAG
antibody. Cell lysates and immunoprecipitates were immunoblotted with the indicated antibodies.

ent time points after the addition of cycloheximide (CHX),
which blocks protein synthesis. The result showed that STUB1
significantly increased the BMALIL degradation rate (Fig. 54).
Second, we expressed the control or Myc-STUBI plasmid, split
the cells, and treated them with DMSO or MG132 (a protea-
some inhibitor), respectively. Similar to the above result,
STUB1 significantly reduced BMALL protein level in the
DMSO-treated samples. However, after the addition of
MG132, the BMALL protein level was no longer regulated by
STUBLI (Fig. 5B). These data indicate that STUB1 mediates
BMAL1 degradation most probably through the UPS.

STUBT promotes the formation of Lys-48 -linked polyubiquitin
chains on BMAL1

To further test whether STUB1 enhances the BMALI1 ubig-
uitination, we carried out two more experiments. In the first
experiment, we expressed FLAG-BMALL in HEK293T cells
and then divided the cells into four plates. Cells were further
transfected with the control, WT, or H260Q STUBI1 plasmid
and treated with DMSO or MG132. BMALI1 was immunopre-

cipitated with FLAG affinity beads, and the resulting immuno-
precipitates were immunoblotted with an anti-ubiquitin anti-
body. The results clearly showed the increase of BMALI
ubiquitination upon the expression of WT STUB1 but not the
H260Q mutant, indicating that the E3 ligase activity is required
for STUB1 to modulate BMAL1 ubiquitination (Fig. 5C), which
is consistent with the above discovery that WT STUBI but not
the H260Q mutant reduces BMALI protein level (Fig. 4C). In
the second experiment, HEK293T cells were transfected with
FLAG-BMALI1 and Myc-STUBI plasmids, divided into four
plates, and transfected again with control, WT, K48R, or K63R
HA-ubiquitin plasmid followed by MG132 treatment. The
anti-HA (ubiquitin) immunoblotting of FLAG immunoprecipi-
tates showed the significant decrease of BMALLI ubiquitination
when the K48R ubiquitin was expressed (Fig. 5D), suggesting
that STUB1 promotes the formation of Lys-48 —linked polyu-
biquitin chains on BMALIL. Taken together with previous
results, these data indicate that STUB1 mediates BMAL1 ubiq-
uitination for proteasomal degradation.

Figure 2. STUB1 preferably interacts with BMAL1 over CLOCK. A and B, STUB1 co-immunoprecipitates BMAL1 (A) and BMAL1 co-immunoprecipitates
STUB1 (B). HEK293T cells were transfected with pcDNA3.1, Myc-STUB1, or FLAG-BMALT plasmid using PEI transfection reagent for 48 h. STUB1 or BMAL1 was
immunoprecipitated (/P) with Myc or FLAG antibodies, respectively. C, STUB1 interacts with BMAL1 endogenously. Endogenous BMAL1 in cell lysate from
HEK293T cells was immunoprecipitated with an anti-BMAL1 antibody. IgG was used as a control. D, STUB1 interacts with CLOCK. HEK293T cells were trans-
fected with HA-CLOCK plasmid and then split into two plates for the transfection of control or Myc-STUB1 plasmid for 48 h, respectively. STUB1 was immuno-
precipitated with an anti-Myc antibody. HSP70 and HSP90 were used as positive controls for their interaction with STUB1. E, STUB1 preferably interacts with
BMAL1 over CLOCK. HEK293T cells were co-transfected with HA-CLOCK and Myc-STUB1 plasmids and then split into two plates for the transfection of control
or FLAG-BMAL1 plasmid, respectively. STUB1 was immunoprecipitated with anti-Myc magnetic beads. F, BMAL1 knockdown enhances the interaction between
STUB1 and CLOCK. HEK293T cells were co-transfected with HA-CLOCK and Myc-STUB1 plasmids and then split into two plates for the transfection of control or
shBMALT plasmid, respectively. CLOCK was immunoprecipitated with anti-HA magnetic beads. The cell lysates and immunoprecipitates in A-F were immu-
noblotted with the indicated antibodies.
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Figure 4. The E3 ligase activity is required for the STUB1-mediated BMAL1 reduction. A, STUB1 expression down-regulates BMAL1 protein. HEK293T cells
were transfected with the control or Myc-STUB1 plasmid, respectively. Cell lysates were immunoblotted for endogenous BMAL1, Myc-STUB1, and B-tubulin.
The experiments were carried out three times, and means =+ S.D. (error bars) were plotted with GraphPad Prism. p value was calculated using Student'’s t test.
** p < 0.01.B, gradient-increased transfection of STUB1 gradually reduces BMAL1 protein level. HEK293T cells were transfected with different amounts of the
control or Myc-STUB1 plasmid in 6-well plates. Cell lysates were immunoblotted for endogenous BMAL1, Myc-STUB1, and B-tubulin. The experiments were
carried out three times, and means =+ S.D. were plotted with GraphPad Prism. Student’s t test was used: *, p < 0.05; ns, not significant. C, the regulation of BMAL1
by STUB1 requires its E3 ligase activity. HEK293T cells were transfected with the control, WT STUB1, or H260Q STUB1 (inactive mutant) plasmid, and cell lysates
were immunoblotted. Student’s t test was performed for the data from triplicates, and means = S.D. were plotted. ***, p < 0.001; ns, not significant. D, STUBT
knockdown increases BMAL1 protein level. HEK293T cells were transfected with control or STUBT specific siRNAs, respectively, for 48 h using Lipofectamine
2000 transfection reagent. Cell lysates were immunoblotted with the indicated antibodies. The experiments were performed in triplicates, and means = S.D.

were plotted. Student'’s t test was used: ***, p < 0.001.

STUBT1 attenuates cell senescence through down-regulating
BMAL1

It has been discovered that STUB1 is up-regulated in senes-
cent human fibroblasts (26) and modulates the senescence in
HFL-1 human lung fibroblast cells (25). Moreover, both STUB1
and BMALI regulate the cell senescence markers p53 and p21.
Therefore, we sought to test whether STUB1 modulates cell
senescence through regulating BMALL. First, we examined the
effect of hydrogen peroxide (H,0,) on the protein level of p53
and p2l1. The immunoblotting results showed that H,O,
increased the expression of p53 and p21 in HEK293T cells, indi-
cating the occurrence of cell senescence. Their expression level
reached a maximum at 400 um H,O, (Fig. S3). Therefore, in the
following experiments, we used this concentration to treat cells
to induce cell senescence. Next, we examined the effect of H,O,,
on the localization of STUB1 and BMALIL. To do so, we
expressed Myc-STUB1 and FLAG-BMALI in HEK293 cells for
immunofluorescence experiments (Fig. 6A4). In the mock PBS
treatment, the majority of STUBL is located in the cytoplasm,
and only a small fraction of STUBL is localized in the nucleus.
Upon H,0, treatment, the majority of STUBL is translocated to
the nucleus. However, under both experimental conditions,
BMALLI is mainly localized in the nucleus, although it is a nucle-
ocytoplasmic shuttling protein (38). This experiment also dem-
onstrates that H,O, enhances the co-localization of STUB1 and
BMALL. Next, we used SA-B-Gal staining (3) and immunoblot-
ting of p53 and p21 to evaluate the effect of STUB1 on the
regulation of H,O,—induced cell senescence. When HEK293T
cells were transfected with STUBI plasmid and treated with
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H,0,, cell senescence was significantly reduced when com-
pared with the mock transfection, demonstrated by the
decrease of SA-B-Gal—positive cells and by the reduction of p53
and p21 (Fig. 6, B and C).

To further examine whether this reduction worked through
the down-regulation of BMAL1 by STUBI, we used shBMALI
to knock down endogenous BMALL and then transfected the
control or STUBI plasmid. The SA-B-Gal staining and immu-
noblotting experiments showed that after BMALI knockdown,
the effect of STUBI on the percentage of SA-B-Gal-positive
cells or the relative amount of p53 and p21 was significantly
altered (Fig. 6, D and E). These data unambiguously indicate
that STUBI attenuates H,O,-induced cell senescence at least
partially through BMALL. To further validate this conclusion,
we restored the BMALL protein level through transfecting
BMALLI plasmid into the STUB1-expressing cells. The SA-3-
Gal staining and Western blotting analyses clearly indicated
that STUBI reduced cell senescence and further restoration of
BMALLI abolished the effect of STUBI on cell senescence (Fig.
6, Fand G). Taken together, these data further support the idea
that STUBI regulates cell senescence through down-regulating
BMALI.

Discussion

In this work, using affinity purification and MS analysis, we
identified STUB1 as a BMALLI interactor and found that it
reduced BMALL stability and promoted its ubiquitin-mediated
degradation. In a model cell line, we further discovered that
STUBI expression attenuated hydrogen peroxide—induced cell
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senescence through down-regulating BMALI1, demonstrated
by the reduced SA-B-Gal-positive cells and by the decreased
cell senescence markers p53 and p21. Knockdown of BMALI
and restoration of BMAL1 almost completely abolished the
effect of STUBLI on cell senescence, indicating that the reduc-
tion of BMALI1 by STUBL is the primary mechanism for the
decreased senescence mediated by STUBI. Therefore, our
work identified a new regulator and a new molecular mecha-
nism for the regulation of hydrogen peroxide—induced cell
senescence (Fig. 7).

Using biochemical approaches, we not only discovered that
STUBL interacted with BMALI but also revealed that STUB1
could bind to the BMAL1-interacting partner CLOCK. How-
ever, co-expression of BMAL1 and CLOCK eliminated the
interaction between STUB1 and CLOCK. Moreover, we found
that the interaction between STUB1 and BMAL1 or CLOCK
led to the reduction of both proteins in the absence of the other
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binding partner, and the E3 ligase activity of STUB1 was
required for this reduction. These data also suggest that the use
of HEK293T cells, which do not express CLOCK protein, might
facilitate the identification of STUB1 as a BMALLI binding part-
ner through immunoprecipitation and MS analysis.

It has been reported that the percentage of SA-B-Gal-
positive cells is lower but not statistically significant in Bmall
knockout mouse embryo fibroblast cells when treated with a
low concentration of hydrogen peroxide (39). Our results
showed that treatment with a higher concentration of hydrogen
peroxide in BMALI knockdown cells resulted in a significant
reduction of senescent cells. It should be noted that it might
also be possible that different cell lines have distinct effects
upon BMALI knockdown and oxidative stress.

In our experiments, we found that STUB1 expression
reduces BMALL, p53, and p21 protein level, which is consistent
with the previous discovery that BMALI activates the tran-
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Figure 7. Proposed model for the regulation of cell senescence by STUB1.
Upon hydrogen peroxide treatment, STUB1 is translocated to the nucleus,
promotes the ubiquitination and proteasomal degradation of BMALT,
decreases the BMALT1 protein level, and further reduces the expression of two
cell senescence marker proteins, p53 and p21, leading to the attenuated cell
senescence induced by hydrogen peroxide.

scription of p53 and its downstream genes (34, 35). It has been
reported that STUBI reduces p53 protein level during cellular
senescence and that proteasome inhibition prevents its reduc-
tion (26). However, it is unknown whether this regulation
occurs directly through the ubiquitination of p53 by STUBI1
even though STUBI1 can ubiquitinate p53 in cooperation with
E2 UBCH5B and HSC70 (40). Our experiments might suggest a
possible alternative mechanism for the regulation of p53 by
STUBI during cell senescence. In this mechanism, STUB1
down-regulates BMALLI through promoting its ubiquitination
and proteasomal degradation, thus leading to the reduced
BMALL transcription activity and p53 expression. It is interest-
ing to know how the interaction between BMALI and STUBLI is

regulates. Our experiments revealed that oxidative stress pro-
moted the STUBI nuclear translocation and enhances its co-
localization with BMALL, although the molecular mechanism
for STUBI nuclear translocation is unknown. Therefore, we
expect that other signals that trigger the translocation of
STUB1 to the nucleus would most probably enhance their
interaction and promote the STUB1-mediated ubiquitination
and degradation of BMALL. It would also be valuable to dis-
cover other physiological and pathological conditions that reg-
ulate this interaction because cell senescence is involved in
many diseases (41).

It has been reported that STUBI regulates the ubiquitination
and degradation of many proteins, such as FOXP3, SMAD3,
and RIPK3 (20 -22), and thus executes its biological functions.
Here, using shRNA to knockdown BMALI, we also demon-
strated that STUB1 may down-regulate p53 and its down-
stream target p21, at least partially, through the regulation of
the ubiquitination and degradation of BMALI1. This is in
accordance with our finding that STUBI attenuates cell senes-
cence through down-regulating BMALI1, supported by the
alteration of p53 and p21 protein level. Several possible reasons
may explain the role of BMALLI but not other STUBI substrates
in cell senescence. First, some STUBI substrates, such as
CLOCK, may not be expressed in our model cell line. Second,
other proteins mediated by STUB1 might not exhibit a pro-
found effect on the modulation of cell senescence under our
experimental conditions. Third, BMAL1 might be the most sig-
nificant influencing player in mediating H,O,-induced cell
senescence in the cell line we used here. However, we cannot
rule out the possibility that different cell lines might have dis-
tinct signaling pathways modulating cell senescence.

It should be mentioned that STUB1 exhibits protective roles
in oxidative stress—induced cell death through down-regulat-
ing endonuclease G in cancer cells and primary rat cortical
neurons (18). Here we found that STUBI protected cells from
senescence through the ubiquitination and degradation of
BMALL. These results suggest that STUB1 exhibits its protec-
tive roles through different downstream targets in different
cells and biological processes. Indeed, the protective function of
STUBLI has also been associated with the neurodegenerative
diseases (42), by targeting the misfolded proteins, such as
expanded polyglutamine proteins, premature cystic fibrosis
transmembrane conductance regulator, a-synuclein, and tau,
for proteasomal degradation (19, 23, 24).

BMALL is one of the master regulators in maintaining the
integrity of the circadian clock, the roughly 24-h wake and sleep

Figure 6. Hydrogen peroxide enhances STUB1 nuclear localization, and STUB1 reduces cell senescence by down-regulating BMAL1. A, H,0, elevates
STUB1 nuclear translocation and promotes the co-localization between STUB1 and BMAL1. HEK293 cells were first transfected with Myc-STUB1 and FLAG-
BMALT, split into two plates, and treated with PBS or 400 um H,O, for 24 h. Cells were fixed and incubated with anti-Myc and anti-FLAG antibodies for
immunofluorescence measurement. Scale bar, 5 um. B and C, STUB1 attenuates H,0,-induced cell senescence. HEK293T cells were first transfected with the
control or Myc-STUB1 plasmid and then treated with 400 um H,O, for 24 h. Half of the cells were stained with an SA-B-Gal staining kit (B), and the other half were
used for immunoblotting (C). Images were taken under a microscope, and the senescent cells (blue cells) were counted. Three images were taken for quanti-
fication (means = S.D. (error bars)). Scale bar, 50 um. Student’s t test was used: ***, p < 0.001. The experiments were repeated in triplicates, and similar results
were obtained. D and E, BMALT knockdown almost completely eliminates the effect of STUB1 on hydrogen peroxide-induced cell senescence. HEK293T cells
were first transfected with the control or BMAL1-specific ShRNA, and then each was split into two plates for the transfection of the control or Myc-STUB1
plasmid. Cells were treated and processed as described in B and C. Scale bar, 50 um. Student’s t test was used: *, p < 0.05; **, p < 0.01; ***, p < 0.001. Fand G,
BMAL?1 expression abolishes the effect of STUB1 on cell senescence. HEK293T cells were transfected with the control or Myc-STUB1 plasmid with or without
FLAG-BMALT plasmid. Cells were treated and processed as described in Band C. Scale bar, 50 um. Student'’s t test was used: **, p < 0.01; ***, p < 0.001; ns, not
significant.
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cycle. Genetic knockout of Bmall in mice completely disrupts
the circadian rhythm in constant darkness (28). Modulating
BMALLI by E2, E3, and deubiquitinase may affect the mouse
circadian rhythm or cellular clock behaviors (30-33). Because
our experiments were carried out in HEK293T cells, which are
deficient in CLOCK, we did not test the effect of STUB1 on
cellular circadian behavior. A different cell line should be used if
one wants to explore this behavior. However, it should be noted
that analysis of gene expression in a circadian database (Cir-
caDB, RRID:SCR_018078) (43) did not detect a profound and
significant oscillation of Stubl mRNA in major mouse tissues.
In addition, several important functions of BMALI, such as
regulation of protein synthesis (44) and metabolism (45, 46),
were not explored in this work. Because STUB1 profoundly
down-regulates BMALL, it might also participate in the regula-
tion of these processes.

In summary, our work discovered a new upstream regulator,
an E3 ubiquitin ligase, STUB1, for BMALLI and elucidated the
underlying regulatory molecular mechanism. We also discov-
ered that STUBI1 attenuates hydrogen peroxide—induced cell
senescence through down-regulating BMALIL. Because
BMALI has a more profound effect on many biological pro-
cesses, this regulation might have diverse impacts on aspects
other than cell senescence.

Experimental procedures
Materials

The HEK293T cell line was from American Type Culture
Collection. Antibodies were from the following companies:
FLAG M2 affinity gel for immunoprecipitation from Sigma;
anti-Myc and anti-HA magnetic beads from Bimake (Houston,
TX); STUBI and p21 antibodies from ProteinTech Group
(Wuhan, Hubei, China); BMAL1, HA, and ubiquitin from Santa
Cruz Biotechnology, Inc.; FLAG, Myc, and glyceraldehyde-3-
phosphate dehydrogenase from HuaAn Biotechnology (Hang-
zhou, Zhejiang, China); a-tubulin, B-tubulin, and B-actin from
Vazyme Biotech Co. (Nanjing, Jiangsu, China); HSP70,
HSP90p, and p53 from Cohesion Biosciences (Suzhou, Jiangsu,
China); horseradish peroxidase—labeled secondary antibodies
from Beyotime Biotechnology (Haimen, Jiangsu, China); and
Alexa Fluor 594 goat anti-mouse IgG and Alexa Fluor 488 goat
anti-rabbit IgG from Thermo Fisher Scientific (Waltham, MA).
FLAG peptide (DYKDDDDK) was synthesized by ChinaPep-
tides (Hangzhou, Zhejiang, China); CHX was from Sigma and
MG132 was from Selleck (Houston, TX); reagents for SA-3-Gal
staining were ordered from Beyotime Biotechnology; and H,O,
was from Lingfeng Chemical Reagent Co., Ltd. (Shanghai,
China).

Plasmids

Myc-tagged WT STUBI and catalytically inactive H260Q
mutant plasmids (20) were kindly provided by Dr. Bin Li (Insti-
tut Pasteur of Shanghai, Shanghai Institutes for Biological Sci-
ences, Chinese Academy of Sciences). Plasmids expressing
GST-STUBI and its truncations in E. coli were provided by Dr.
Zijie Chang (Tsinghua University). FLAG-BMAL1 and
HA-CLOCK plasmids (47) were gifts from Dr. Ying Xu, and
WT, K48R, and K63R HA-ubiquitin plasmids were from Dr.
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Xinliang Mao (Soochow University). FLAG-BMALL1 trunca-
tions were from a previous study (31).

Cell culture

High-glucose Dulbecco’s modified Eagle’s medium (Gibco),
supplemented with 10% fetal bovine serum (Lonsera, Shanghai,
China), 1% penicillin, and streptomycin (Gibco), was used to
culture HEK293T cells in a humidified 37 °C incubator contain-
ing 5% CO.,.

Transfection

Control (catalog no. 160818) and STUBI siRNAs were syn-
thesized by RiboBio Co. (Guangzhou, Guangdong, China). The
siSTUBI sequences were as follows: #1, 5'-AUACAUGGCAG-
AUAUGGAUTT-3’ (sense) and 5'-AUCCAUAUCUGCCAU-
GUAUTT-3’ (antisense); #2, 5'-AACAGGCACUUGCUGAC-
UGTT-3" (sense) and 5'-CAGUCAGCAAGUGCCUGU-
UTT-3' (antisense). Control or STUBI siRNAs (25 pmol) were
used to transfect HEK293T cells in 12-well plates using Lipo-
fectamine 2000 transfection reagent in a similar way as
described previously (48). pLKO.1-shBMALI was constructed
using the primers CCGGGCAGAATGTCATAGGCAAGTT-
CTCGAGAACTTGCCTATGACATTCTGCTTTTTG (for-
ward) and AATTCAAAAAGCAGAATGTCATAGGCA-
AGTTCTCGAGAACTTGCCTATGACATTCTGC (reverse)
according to a method published previously (49). HEK293T
cells were transfected with shBMALI alone or with the indi-
cated plasmids using polyethyleneimide (PEI) (Sigma) transfec-
tion reagent. Control shRNA or pcDNA3.1 was used to balance
the total amount of plasmids transfected in each sample. Fresh
medium was replaced 6 h after transfection. Cells were cultured
for the subsequent experiments.

Immunoprecipitation

Cells were washed twice with ice-cold PBS and incubated
with the RIPA lysis buffer (150 mm Tris-HCI, pH 7.4, 150 mm
NacCl, 1% Triton X-100, 0.1% SDS, and 1 mm EDTA) containing
10% glycerol and fresh protease inhibitor (Selleck) for 30 min
on ice. After brief sonication, the mixture was centrifuged at
16,000 X g (4 °C) for 10 min to obtain the cell lysate.

FLAG-BMALI1 was immunoprecipitated using a method
reported previously (50). In short, prewashed FLAG M2 affinity
gel (20 pl) was mixed with cell lysate. After overnight incuba-
tion at 4 °C, the affinity gel was washed six times with RIPA
buffer. Protein was eluted twice with 40 ul of 200 ng/ml FLAG
peptide in TBST (TBS with 0.1% Tween 20). For the purifica-
tion of Myc-tagged STUBI and its interacting proteins, cell
lysates were incubated with prewashed anti-Myc magnetic
beads overnight at 4 °C, and RIPA buffer was used to wash the
beads six times. SDS sample loading buffer (60 ul) was added to
the beads and heated at 98 °C for 10 min to elute the proteins.
HA-tagged CLOCK and its interacting partners were purified
by incubating the cell lysate with prewashed anti-HA magnetic
beads for 6 h, and the beads were then washed with RIPA buffer
three times. SDS sample loading buffer (60 wl) was added to the
beads and heated at 98 °C for 10 min to elute proteins. For the
immunoprecipitation of endogenous BMAL1, HEK293T cell
lysate was precleaned with protein A/G-agarose beads, incu-
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bated with IgG and anti-BMAL1 antibody (0.8 ug) overnight,
and again incubated with protein A/G-agarose beads (40 ul
slurry) for 3 h. The protein A/G beads were washed three times
with RIPA buffer, and proteins were eluted with SDS sample
loading buffer by heating at 98 °C for 10 min.

GST pulldown

GST-tagged proteins were expressed in E. coli and purified
with GSH-agarose beads according to a protocol published pre-
viously (51). The GSH-agarose beads with purified GST-tagged
proteins were incubated with cell lysate obtained from
HEK293T cells expressing FLAG-BMAL1 and washed with
RIPA buffer three times. The proteins were eluted by heating
the beads with 2X SDS loading buffer and separated by SDS-
PAGE. Proteins were transferred to polyvinylidene difluoride
membrane and stained with Ponceau S before performing
immunoblotting analysis.

CHX and MG132 treatment

For the CHX treatment experiment, HEK293T cells were
transfected with FLAG-BMALI1 plasmid and pcDNA3.1 or
Myc-STUBI plasmid using PEI transfection reagent. Cells were
then divided equally into 6-well plates. At 48 h after transfec-
tion, cells were treated with CHX (200 ug/ml) for different time
periods. For proteasome inhibition experiments, HEK293T
cells were transfected with pcDNA3.1 or Myc-STUB1 plasmid
and then divided into two sets of plates. Cells were treated with
DMSO or MG132, respectively, at the indicated concentration
and time. Cells were washed with ice-cold PBS and processed as
described above for subsequent experiments.

Immunoblotting

Immunoblotting experiments were performed as reported
previously (52). In short, samples (cell lysates or immunopre-
cipitates) were mixed with SDS sample loading buffer, heated
for 10 min at 98 °C, centrifuged for 10 min at 16,000 X g, and
loaded on SDS-PAGE for separation, and proteins were trans-
ferred to polyvinylidene difluoride membrane (Millipore, Bur-
lington, MA). Double-distilled water was used to briefly wash
the membrane, which was then incubated with 5% nonfat milk
for 1 h. Primary antibodies with a proper dilution were used to
incubate the membrane for 1-2 h at room temperature, fol-
lowed by washing three times (each for 10 min) with TBST on a
plate shaker. Then the membrane was incubated with second-
ary antibodies, followed by washing with TBST. The membrane
was incubated with hypersensitive ECL chemiluminescence re-
agents (NCM Biotech) for 5 min. A ChemiDoc MP or Tanon
5200 chemiluminescent imaging system was used to visualize
the target protein bands and to record chemiluminescent sig-
nal. Image] was used for densitometry quantification.

Immunofluorescence

HEK293 cells were transfected with Myc-STUB1 and FLAG-
BMALI plasmids for 24 h and treated with PBS or H,O, (400
uM) for 24 h, cells were washed with PBS, fixed with pre-chilled
4% paraformaldehyde for 15 min, and then permeabilized with
0.1% Triton X-100 for 15 min at room temperature. Cells were
further blocked with 5% BSA for 1 h at room temperature, incu-
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bated with an anti-FLAG mouse mAb (1:300 dilution) or anti-
Myc rabbit polyclonal antibody (1:300 dilution) at 4 °C over-
night. Cells were washed three times (5 min each) with TBST
and stained again with Alexa Fluor 594 goat anti-mouse IgG
and Alexa Fluor 488 goat anti-rabbit IgG (1:300 dilution) for
2 h at room temperature in the dark. Cells were washed three
times with TBST (5 min each), stained with DAPI (1:10,000
dilution) for 15 min at room temperature. Images were cap-
tured using a laser confocal microscope (LSM 710, Carl
Zeiss) with Plan-Apochromat X63/1.40 numerical aperture
oil DICM27 objective.

SA-B-Gal

An SA-B-Gal staining kit was used to analyze the senescent
cells. Cells were fixed with 4% paraformaldehyde for 15 min and
then washed three times with PBS. Cells were then incubated
with staining solution (a mixture of 10 ul of solution A, 10 ul of
solution B, 930 ul of solution C, and 50 ul of X-Gal solution) for
14 h in a nonhumidified incubator at 37 °C. A microscope was
used to record the images, and the blue-staining cells were
counted as senescent cells.

Statistical analysis

All of the data were plotted as mean * S.D. using GraphPad
Prism. Student’s £ test or two-way analysis of variance was used
for statistical analyses.
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