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Mitochondrial outer-membrane E3 ligase
MUL1 ubiquitinates ULK1 and regulates

selenite-induced mitophagy
Jie Li,1 Wei Qi,1 Guo Chen,1 Du Feng,2 Jinhua Liu,1 Biao Ma,1 Changqian Zhou,1 Chenglong Mu,1 Weilin Zhang,3

Quan Chen,1,3,* and Yushan Zhu1,*
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Abbreviations: ACTB, actin, b; ATG5, autophagy-related 5; BECN1, Beclin 1, autophagy-related; BAF, bafilomycin A1; CHX,
cycloheximide; FCCP, carbonyl cyanide 4-(trifluoromethoxy) phenylhydrazone GST, glutathione S-transferase; MAP1LC3B/LC3B,
microtubule-associated protein 1 light chain 3 b; MFN1/2, mitofusin 1/2; MG132, carbobenzoxy-L-leucyl-L-leucyl-L-leucinal;

MUL1, mitochondrial E3 ubiquitin protein ligase 1; MUL1DR, mitochondrial E3 ubiquitin protein ligase 1 lacking the RING finger
domain; PARK2, parkin RBR E3 ubiquitin protein ligase; PINK1, PTEN-induced putative kinase 1; ROS, reactive oxygen species;
SQSTM1/p62, sequestosome 1; TIMM23, translocase of inner mitochondrial membrane 23 homolog (yeast); TOMM20, translocase

of outer mitochondrial membrane 20 homolog (yeast); Ub, ubiquitin; ULK1, unc-51 like autophagy activating kinase 1.

Mitochondria serve as membrane sources and signaling platforms for regulating autophagy. Accumulating evidence
has also shown that damaged mitochondria are removed through both selective mitophagy and general autophagy in
response to mitochondrial and oxidative stresses. Protein ubiquitination through mitochondrial E3 ligases plays an
integrative role in mitochondrial outer membrane protein degradation, mitochondrial dynamics, and mitophagy. Here
we showed that MUL1, a mitochondria-localized E3 ligase, regulates selenite-induced mitophagy in an ATG5 and ULK1-
dependent manner. ULK1 partially translocated to mitochondria after selenite treatment and interacted with MUL1. We
also demonstrated that ULK1 is a novel substrate of MUL1. These results suggest the association of mitochondria with
autophagy regulation and provide a new mechanism for the beneficial effects of selenium as a chemopreventive agent.

Mitochondria utilize oxygen and nutritional sources to pro-
duce ATP.1 These organelles also produce ample reactive oxygen
species (ROS) as an inevitable byproduct of oxidative phosphory-
lation.2 Mitochondria are highly sensitive to the changes of free
radical status and intracellular bioenergetics, and function as sen-
tinel to these changes to regulate distinct signaling pathways such
as HIF1a and AMPK, which are key regulators for autophagy.3,4

AMPK, a conserved cellular and mitochondrial energy sensor,
can phosphorylate ULK1 which functions as a master regulator
for the initiation of both general autophagy and also mitophagy.5

The genetic ablation of ULK1 in mice reveals an unremarkable
phenotype, except for a defect in the clearance of mitochondria
and ribosomes during red blood cell maturation.6 Mitochondria-
derived ROS increase autophagy.7,8 For example, ROS activate
autophagy through the oxidation of ATG4, leading to the inacti-
vation of this protein, thereby facilitating LC3 conjugation to
autophagosomes.9 In addition, mitochondria provide a mem-
brane source for autophagosomes through mitochondria-associ-
ated membranes (MAM).10,11

On the other hand, mitochondria are also subjected to
destruction through autophagy in response to bioenergetics crises
and oxidative stresses.12,13 Eukaryotes have evolved elaborate
mechanisms to selectively remove damaged and unwanted mito-
chondria through mitochondrial autophagy or mitophagy, in
which double-membrane vesicles, called autophagosomes,
enclose damaged or unwanted mitochondria and are subse-
quently transported to lysosomes for degradation.14 How these
cellular homeostatic events are integrated in response to cellular
or environmental cues remains unknown. Mitochondrial outer
membrane protein ubiquitination likely plays an integrative role
in stress responses.15,16 It is well documented that mitochondrial
outer membrane protein ubiquitination determines proteasomal
degradations under mild oxidative stress, and the selective
mitophagy upon chronic and severe stresses that cause the loss of
mitochondrial membrane potential.17,18 Mitochondria-localized
E3 ligases and deubiquitinases have been implicated in mito-
chondrial dynamics and mitochondrial autophagic activities.19,20

In an effort to understand the mechanism of selenite-induced
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Figure 1. For figure legend, see page 1218.
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mitophagy, we have demonstrated that ULK1 is a novel substrate
of MUL1. These data suggest a new link between mitochondria
and the regulation of autophagy.

Results

MUL1 is involved in selenite-induced mitophagy
Mitophagy is activated through mitochondrial stresses, such as

oxidative stress and the loss of membrane potential. Previous
studies have shown that sodium selenite induces mitochondrial
oxidative stress and the loss of membrane potential.21,22 At low
doses, selenite effectively induces GFP-LC3 aggregation and the
mitochondrial protein degradation (Fig. S1A–C), hallmarks for
mitophagy as we previously reported,23 but does not induce apo-
ptosis (Fig. S2). We reasoned that mitochondria-localized E3
ligases might play a role in selenite-induced mitophagy. Several
E3 ligases, such as RNF185, AMFR, MARCH5, SMURF1,
PARK2, and MUL1, mediate mitochondrial outer membrane
protein ubiquitination, mitochondrial dynamics, and/or mitoph-
agy.19,20,24,25 To identify roles for these E3 ligases in selenite-
induced mitophagy, we synthesized 2 siRNAs for each of these
proteins and examined the effects of genetic silencing on selenite-
induced mitophagy based on mitochondrial marker protein deg-
radation. The results showed that siRNAs targeted to MUL1 in
HeLa cells, but not to other mitochondrial E3 ligases, inhibited
the degradation of the mitochondrial marker proteins, TIMM23
and TOMM20 (Fig. 1A, B; Fig. S3A, B). However, MUL1
siRNA minimally affected mitochondrial protein degradation
induced through FCCP, amino acid starvation or hypoxia, well-
known inducers of autophagy or mitophagy (Fig. 1C, D). Fur-
ther experiments of immunofluorescence microscopy demon-
strating GFP-LC3 puncta formation colocalizing with
mitochondria, confirmed the function of MUL1 in selenite-
induced mitophagy (Fig. 1E, F). Although the degradation of
mitochondrial marker proteins was detected after selenite treat-
ment, MUL1, a mitochondria outer-membrane protein,
remained relatively stable (Fig. 1A), reflecting the transcriptional
upregulation of MUL1 through selenite (Fig. S1D). MUL1
expression also enhanced mitochondrial protein degradation,

which could be inhibited with bafilomycin A1 (BAF), an autoph-
agy flux blocker,26 and pepstatin, a protease inhibitor, but not
with the proteasome inhibitor MG132 (Fig. 1G, H). As shown
in Figure 1I and Figure S1E, an accumulation of the sequestered
mitochondria could be clearly observed in double-membrane
autophagic vesicles in the cells transfected with plasmids express-
ing MUL1-MYC under the electron microscope. To demonstrate
that MUL1 is a specific regulator of selenite-induced mitophagy,
we performed rescue experiments using MUL1 knockdown cells.
As expected, wild-type MUL1 restored the reduction of
TIMM23 and TOMM20, and SQSTM1, a marker for general
autophagy (Fig. 2A). Taken together, these data indicate that
MUL1 is involved in selenite-induced mitophagy.

Both ULK1 and ATG5 are required for selenite-induced
mitophagy

Next we determined whether MUL1 regulates selenite-
induced mitophagy in a ULK1- or ATG5-dependent manner.
ULK1 is the most upstream ATG protein for autophagy initia-
tion in response to stress signals, and the ATG12–ATG5 system
mediates ubiquitin-like conjugation for autophagosomal mem-
brane expansion.27-29 The results obtained from both immuno-
fluorescence and western blotting analysis showed that selenite-
induced mitophagy was abrogated in Ulk1- or Atg5-deficient
MEFs (Fig. 2B–D). PARK2, an E3 ubiquitin ligase associated
with Parkinson disease, is required for mitophagy after mito-
chondrial damage.17,30 However, in the absence of PARK2, sele-
nite induced the appearance of LC3B-II and the reduction of
mitochondrial marker proteins (Fig. 2B, D, right panel). These
results suggest that selenite induced mitophagy through ULK1
and ATG5, but not PARK2. In addition, the ectopic expression
of MUL1 induced mitophagy in a similar fashion (Fig. S4).

ULK1 partially translocates onto mitochondria and interacts
with MUL1

The results of the above rescue experiments revealed ULK1
degradation following selenite treatment, which was blocked when
MUL1 was knocked down using siRNA. However, this effect was
regained when MUL1 was reintroduced into the knockdown cells.
Similar results were not observed for other ATG proteins, such as

Figure 1 (See previous page). Identification of MUL1 in selenite-induced mitophagy. (A) HeLa cells transfected with siRNAs specifically targeting RNF185,
AMFR, MARCH5 or MUL1 were treated with 5 mM of selenite for 12 h, followed by western blot analysis of the indicated proteins. (B) Quantitative analysis
of the TOMM20 protein level described in (A). TOMM20 protein level was determined by dividing the intensity of TOMM20 with the intensity of tubulin
on the blot. (The intensity of bands was measured with ImageJ software; mean §SEM, from 3 independent experiments, 2-way ANOVA, ***P < 0.001, N.
S., not significant.) (C) HeLa cells transfected with siMUL1 or scrambled RNA (Scr) were treated with the indicated stresses (5 mM FCCP, 6 h; EBSS, 6 h; hyp-
oxia with 1% O2, 12 h), followed by the analysis of the indicated protein levels. (D) Quantitative analysis of the TOMM20 protein level described in (C).
TOMM20 protein level was determined by dividing the intensity of TOMM20 with the intensity of tubulin on the blot (the intensity of bands was mea-
sured with ImageJ software; mean §SEM, from 3 independent experiments, 2-way ANOVA, ***P < 0.001). (E) HeLa cells expressing GFP-LC3 were trans-
fected with scrambled RNA or siMUL1-CY5, followed by treatment with 5 mM of selenite for 12 h and immunofluorescence microscopy to detect GFP-
LC3 puncta. (F) Quantification of GFP-LC3 punctate structures associated with the mitochondria (TOMM20) described in (E) (mean §SEM; n D 50 cells
from 3 independent experiments, one-way ANOVA, **P < 0.01, ***P < 0.001). (G) HeLa cells transfected with MUL1-MYC were treated with 5 mM of sele-
nite for 12 h with or without 10 nM BAF, 5 mMMG132 or 10 mg/mL pepstatin for 6 h and subjected to western blotting analysis of the indicated protein
levels. (H) Quantitative analysis of the TOMM20 protein level described in (G). TOMM20 protein level was determined by dividing the intensity of
TOMM20 with the intensity of tubulin on the blot (The intensity of bands was measured with Image J software. mean §SEM, from 3 independent experi-
ments, 2-way ANOVA, *P < 0.05, N.S., not significant). (I) HeLa cells were overexpressed with MUL1-MYC for 24 h, and then the samples were analyzed by
electron microscopy. Arrows indicate that mitochondria are enclosed within autophagosomes.
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Figure 2. For figure legend, see page 1220.
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ATG5, ATG7, and BECN1 (Fig. 2A). As MUL1 is an E3 ligase
that mediates protein degradation,20 we wanted to determine
whether MUL1 interacts with ULK1 to regulate ULK1 protein
stability. Immunofluorescence microscopy analysis showed that
ULK1 was partially recruited to mitochondria in response to sele-
nite treatment (Fig. 3A). Subcellular fractionation analysis further
confirmed ULK1 translocation to mitochondria (Fig. 3B). The
translocation of ULK1 to mitochondria was dynamic, as the levels
of mitochondrial and cytosolic ULK1 were reduced at later time
points, likely reflecting protein degradation. Coimmunoprecipita-
tion revealed that MUL1 interacts with ULK1 (Fig. 3C–E; Fig.
S5A, B), which is enhanced by treatment of selenite (Fig. 3G).
Purified GST-MUL1 protein pulled down endogenous ULK1
from HeLa cell lysates, suggesting that the ULK1 complex physi-
cally interacted with MUL1 (Fig. 3F). Since ULK1 forms a stable
functional complex with ATG13 in mammalian cells,31,32 we fur-
ther examined whether MUL1 interacted with the ULK1-ATG13
complex. The result showed that both ULK1-MYC and GFP-
MUL1 were coimmunoprecipitated with Flag-ATG13 (Fig. 3H).
Truncations of ULK1 were constructed according to its functional
domains and further immunoprecipitation analyses revealed that
this interaction with MUL1 is mediated through the C-terminal
domain of ULK1 (Fig. 3I).

To clarify whether the interaction between MUL1 and ULK1
was crucial in selenite-induced mitophagy, rescue experiments
were carried out in Ulk1¡/¡ MEFs using wild-type ULK1
(ULK1WT) and truncated ULK1 with the absence of C-terminal
domain (ULK1D CTD). Western blotting results revealed that
ULK1WT, but not ULK1D CTD, restored mitophagy and
LC3B-II transformation in Ulk1¡/¡ MEFs, suggested that the
interaction between MUL1 and ULK1 was important in mitoph-
agy (Fig. 3J).

ULK1 is a novel substrate of MUL1 in selenite-induced
mitophagy

Cycloheximide (CHX) chase experiments showed that sele-
nite-induced ULK1 degradation was inhibited by MG132
(Fig. 4A, B). This effect was not detected when cells were
treated with FCCP, hypoxia, or EBSS (Fig. 4C; Fig. S5C). As
MUL1 is a mitochondria-localized E3 ligase, we further tested
if MUL1 promoted the degradation of ULK1 in a proteasome-
dependent manner. To this end, we examined the ULK1 pro-
tein level when MUL1 is overexpressed. As shown in
Figure 4D, E, the expression of wild-type MUL1 significantly
reduced exogenous and endogenous ULK1, and these effects
could be partially abrogated with both BAF and MG132, sug-
gesting that both proteasomes and autolysosomes may be

involved in MUL1-mediated ULK1 degradation and mitoph-
agy,33,34 similar to other mitophagy paradigms (i.e., PARK2-
and CCCP-induced mitophagy).35,36 Conversely, the deletion
of the RING-domain of the MUL1 E3 ligase showed no effect
(Fig. 4F), suggesting that ULK1 degradation is dependent on
the E3 ligase activity of MUL1. Next, we examined the effect
of MUL1 on ULK1 stability using a CHX chase assay. MUL1
overexpression significantly facilitated ULK1 degradation,
which was blocked by MG132 (Fig. 4G, H). These results sug-
gested that MUL1 mediates ULK1 degradation through a pro-
teasome-dependent pathway. The results of a subsequent
ubiquitination assay showed that MUL1 enhanced the ubiqui-
tination of ULK1 depending on its E3 ligase activity (Fig. 5A).
In vitro ubiquitination assays further substantiated this finding
(Fig. 5B). Importantly, knockdown of MUL1 expression
reduced the ubiquitination and degradation of ULK1
(Fig. 5C, D). Lys48-linked polyubiquitination is a canonical
targeting signal for proteasome degradation.37 Indeed, MUL1
induced the polyubiquitination of ULK1 in the presence of
wild-type or Lys48 ubiquitin (Fig. 5E). We also showed that
selenite effectively promoted the ubiquitination of ULK1, and
this effect was attenuated through siMUL1 (Fig. 5F–H). Simi-
lar experiments were performed using normal NIH-3T3 cells;
the results showed that selenite effectively induced ULK1 ubiq-
uitination and subsequent degradation through proteasome
pathway as well as mitophagy just as it did in HeLa cells
(Fig. 5I, J). Taken together, these results demonstrated that
ULK1 is a candidate substrate for MUL1, which regulates sele-
nite-induced mitophagy.

Selenite-induced mitophagy was inhibited by NAC and
GSH-EE

Previous reports including our own studies have suggested
that the perturbation of the redox system and subsequent
ROS generation are causally linked to the effects induced by
selenite. Also, ROS were able to trigger both general autoph-
agy and mitophagy. We thus were prompted to test if ROS
are important for selenite-induced MUL1-ULK1-dependent
mitophagy. We first detected selenite-induced ROS produc-
tion by MitoSox staining and found that selenite induced
ROS production in a dose-dependent manner (Fig. 6A).
Moreover, selenite-induced mitochondrial protein degradation
and ULK1 ubiquitination were significantly attenuated by the
ROS scavenging agent NAC (N-Acetyl-L-cysteine) and GSH-
EE (glutathione reduced ethylester), respectively (Fig. 6B, C).
Knockdown of MUL1 by siMUL1 prevented mitochondrial
protein degradation by selenite and other known ROS

Figure 2 (See previous page). Both ULK1 and ATG5 are required for selenite-induced mitophagy. (A) HeLa cells with MUL1 was knocked down were res-
cued by exogenous wild-type MYC-tagged MUL1, followed by treatment with selenite for 12 h before western blotting analysis of the indicated proteins.
(B) Wild-type MEFs, Atg5¡/¡, Ulk1¡/¡ and park2¡/¡ MEFs transfected with GFP-LC3 were treated with or without 5 mM of selenite for 12 h, followed by
staining with MitoTracker Red for mitochondria and immunofluorescence microscopy to visualize GFP-LC3 puncta. (C) Quantification of GFP-LC3 punc-
tate structures associated with mitochondria (TOMM20) described in (B) (mean §SEM; n D 50 cells from 3 independent experiments, one-way ANOVA,
***P < 0.001, N.S., not significant). (D) The MEFs cells described in (B) were treated with or without selenite for 12 h, followed by subjected to western
blotting analysis of the indicated proteins.
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inducers (Fig. 6D). These results suggested that MUL1 was
able to sense the mitochondrial ROS signal. The alignment
among species from human to zebrafish show 2 conserved
cysteines at Cys62 and Cys87 on the intermembrane loop of
MUL1 (Fig. 6E). MYC-tagged mutants C62S and C87S

were then constructed and transfected into HeLa cells, and
both mutants located well on mitochondria as wild-type
MUL1-MYC did (Fig. S8). It is interesting to find that these
2 mutants failed to restore selenite-induced mitophagy com-
pared with that of wild-type MUL1 in MUL1 knockdown

Figure 3. For figure legend, see page 1222.
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cells (Fig. 6F). Collectively, our data suggest that mitochon-
drial ROS are involved in selenite-induced MUL1-ULK1-
dependent mitophagy, which was probably facilitated by the
conserved cysteine on MUL1.

Discussion

The results of the present study demonstrated that ULK1 is a
novel substrate of the mitochondria-localized E3 ligase MUL1.
Here, we demonstrated that selenite-induced mitophagy is
dependent on ULK1 and ATG5, but not PARK2 (Fig. 2). We
showed that MUL1 mediates the ubiquitination of ULK1, for
the subsequent degradation of this protein. Notably, the knock-
down of MUL1 or expression of the RING mutant, lacking E3
ligase activity, did not show these effects. As ULK1 is a key regu-
lator for intracellular energy sensing and the initiation of both
autophagy and mitophagy, these results suggest a novel associa-
tion between mitochondria and autophagy regulation.

It is rather paradoxical that MUL1 enhances mitophagy and
promotes ULK1 degradation. Indeed, we have observed that
mitophagy is inhibited in Ulk1-deficient MEF cells after selenite
treatment or MUL1 overexpression. In addition, ULK1 partially
translocated to mitochondria. It is likely that under normal con-
ditions, MUL1, as an E3 ligase, monitors the mitochondrial
outer membrane quality20,38,39 and prevents ULK1 from initiat-
ing mitophagy. However, under stress conditions, higher
amounts of ROS within the intermembrane space promote
ULK1 translocation to mitochondria to initiate mitophagy. In
addition, we showed that MUL1-mediated mitophagy is highly
sensitive to mitochondrial ROS, and both NAC and GSH-EE
diminish intracellular ROS and prevent selenite-induced mitoph-
agy (Fig. 6). We also identified 2 highly conserved cysteine resi-
dues in MUL1, and the mutation of these 2 cysteine rendered
cells insensitive to ROS (Fig. 6). MUL1 is also induced through
ROS, likely mediated the redox-sensitive FOXO1 transcription
factor.20 In mammalian cells, BNIP3L/NIX,40 FUNDC123 and
PINK1-PARK2 pathway participate in selective mitophagy. Our
results suggested that MUL1-ULK1 mediated mitophagy

pathway was independent with PARK2 and FUNDC1 pathway
(Fig. 2; Fig. S7).

Our results showed that ULK1 is a novel substrate of MUL1,
and the ULK1 protein level is regulated by MUL1 E3 ligase-
dependent proteasomal pathway (Fig. 5). We have shown that
ULK1 is translocated onto mitochondria where it interacts with
MUL1 upon selenite treatment. Similarly, it was reported that
both FCCP and hypoxia induce ULK1 transloaction and mitoph-
agy.41 As a master regulator of autophagy and mitophagy, ULK1
activity is tightly regulated by AMPK and MTOR, which are the
key energy sensing kinases. AMPK is able to directly activate
ULK1 through phosphorylation of Ser317 and Ser777 while
MTOR prevents ULK1 activation by phosphorylating ULK1 at
Ser757.42 Activated ULK1 (a mammalian ortholog of yeast Atg1)
can also phosphorylate ATG943 and BECN1 for the initiation of
autophagy.28 Previous studies have also shown that ULK1 stability
is regulated through its interaction with AMBRA1, which recruits
the E3-ligase TRAF6 and promotes ubiquitination of Lysine-63-
linked chains.44 To our knowledge, MUL1 is the first mitochon-
drial E3 ligase for regulating the stability of ULK1, which play a
critical role for selenite-induced mitophagy. Our work further sup-
ports mitochondria as a platform for both general autophagy and
mitophagy through regulating ULK1 stability.

MUL1 has been widely implicated in regulating mitochon-
drial dynamics.20,45 The E3-active, C-terminal RING finger of
MUL1 faces the cytosol, where this domain has access to the
components of the Ub system and other cytosolic substrates.39

MUL1 promotes the sumoylation of DNM1L/Drp1 to promote
mitochondrial fission,38,46 and retards mitochondrial fusion
through the ubiquitination and degradation of MFN2, involved
in mitophagy during muscle wasting.20 Our result showing that
MUL1-induced mitochondrial fragmentation was not restrained
by merely expressing MFNs also supported the duel function of
MUL1 in both MFN and Drp1-dependent mitochondrial mor-
phology control (Fig. S6). It also remains to be examined
whether MUL1 can sumoylate ULK1 that may protect it from
degradation and this may also account for the paradoxical role of
MUL1 in ULK1-mediated autophagy initiation and termination.
Additionally, the ubiquitination sites of ULK1 need to address
and will help us to understand the roles of ULK1 in both

Figure 3 (See previous page). MUL1 interacts with the ULK1 kinase in mammalian cells. (A) HeLa cells transfected with GFP-ULK1 (Green) were treated
with 5 mM of selenite for the indicated time followed by staining with MitoTracker Red for mitochondria and DAPI (blue) for the nucleus. (B) HeLa cells
were treated with 5 mM of selenite for the indicated times. Mitochondria were isolated and subsequently subjected to western blotting analysis of the
indicated proteins. (C) Immunoprecipitation was performed with an ULK1 antibody. Coimmunoprecipitated endogenous MUL1 was detected through
western blotting with an anti-MUL1 antibody. (D) ULK1-MYC was transfected into HEK 293T cells, and immunoprecipitation was performed with an anti-
MYC antibody. Coimmunoprecipitated endogenous MUL1 was detected through western blotting with an anti-ULK1 antibody. (E) MUL1-MYC was trans-
fected into HEK 293T cells, and immunoprecipitation was performed with an anti-MYC antibody. Coimmunoprecipitated endogenous ULK1 was detected
through western blotting with an anti-ULK1 antibody. (F) HeLa cells transfected with MYC-vector or MUL1-MYC were treated with selenite for the indi-
cated time and immunoprecipitation was performed with an anti-MYC antibody. Coimmunoprecipitated endogenous ULK1 level was detected through
western blotting with an anti-ULK1 antibody. (G) Purified GST and GST-tagged MUL1 protein were used for the GST affinity isolation of endogenous
ULK1, and blotted with an anti-ULK1 antibody. (H) GFP-MUL1 and ULK1-MYC were cotransfected with Flag-ATG13 or Flag vector, and immunoprecipita-
tion was performed with an anti-Flag antibody. Coimmunoprecipitated ULK1 and MUL1 were detected through western blotting with anti-GFP and anti-
MYC antibodies respectively. (I) Truncated forms of ULK1-MYC were constructed based on its functional domains. GFP-MUL1 was cotransfected with full-
length or truncated forms of ULK1-MYC, and immunoprecipitation was performed with an anti-MYC antibody. Coimmunoprecipitated MUL1 was
detected using an anti-GFP antibody. (J) Ulk1¡/¡ MEFs were transfected with exogenous wild-type ULK1 or truncation ULK1D CTD, followed by treatment
with selenite for 12 h before western blotting analysis of the indicated proteins.
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mitophagy and autophagy. Mitochondria undergo constant fis-
sion and fusion, providing a sorting mechanism for dysfunctional
mitochondria to undergo mitophagy.47 These results suggest that
MUL1 plays integrative roles in both mitochondrial segregation

and subsequent mitophagy. The precise molecular details of these
roles warrant further investigation.

Supranutritional levels of selenium have benefits in prevent-
ing several types of cancer, including lung, colorectal, and

Figure 4. Overexpression of MUL1 and treatment with selenite promotes ULK1 degradation through the proteasome pathway. (A) HeLa cells were
treated with CHX (10 mM, 12 h) and selenite (5 mM) for the indicated time, with or without MG132, and subjected to western blotting analysis of the
ULK1. (B) Quantification of ULK1 protein levels in (A) (mean §SEM, from 3 independent experiments). (C) HeLa cells were treated with the indicated
agents (FCCP 5 mM; hypoxia with 1% O2; selenite 5 mM), and then subjected to western blotting analysis of ULK1 (The intensity of indicated bands was
measured with ImageJ software). (D) After transfection with plasmids as indicated, HeLa cells were treated with BAF (10 nM, 6 h) or MG132 (5 mM, 6 h)
prior to harvesting, followed by western blotting analysis of the GFP-ULK1 level. (E) After transfection with MUL1-MYC as indicated, HeLa cells were
treated with BAF (10 nM, 6 h) or MG132 (5 mM, 6 h), followed by western blotting analysis of the ULK1 protein level. (F) HeLa cells were transfected with
MUL1-MYC or MUL1DR-MYC (MUL1 with absence of the RING finger domain) for 24 h, and subjected to western blotting analysis of the indicated protein
levels (The intensity of indicated bands was measured with ImageJ software). (G) HeLa cells transfected with MUL1-MYC for 24 h, followed by treatment
with CHX (10 mM) for the indicated time, with or without MG132, and subjected to western blotting analysis of the ULK1 protein level. (H) Quantification
of ULK1 protein levels in (G). Mean §SEM, from 3 independent experiments.
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prostate cancers. Previous studies have shown that selenite indu-
ces mitochondrial superoxide flash,48 autophagy49,50 and apo-
ptosis21 in response to graded oxidative stress. MUL1-mediated
protein ubiquitination likely plays an integrative role in graded
stress responses, including proteasomal protein degradation,

mitochondrial segregation, autophagy, and apoptosis.20,39 The
results obtained in the present study suggested potential roles
for MUL1 and ULK1 in selenite-induced mitophagy, represent-
ing novel aspects of the beneficial effects of selenium for
chemoprevention.

Figure 5. For figure legend, see page 1225.
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Materials and Methods

Reagents and antibodies
The following antibodies were purchased from commercial

manufacturers as indicated. BD Biosciences: TIMM23
(611222), TOMM20 (612278), SQSTM1 (610832), BECN1
(612113). Santa Cruz Biotechnology: MYC (SC-40), GFP (SC-
9996), HA (SC-7392), ULK1 (SC-33182). Sigma: polyclonal
anti-MYC (C3956), Flag (F7425), GFP (G1544), ATG5
(A0731), ATG7 (A2856). MBL: LC3B (PM036). Sungene:
tubulin (KM9003). Biomol: monoclonal anti-Ub (PW8805).
Polyclonal MUL1 antiserum was generated after immunizing
rabbits with affinity-purified peptides MUL1.

The following fluorescent secondary antibodies were pur-
chased from Invitrogen: goat anti-mouse IgG-FITC (1:200;
626312); goat anti-mouse-Cy3 (1:200; M30010); and goat anti-
mouse-Cy5 (1:500; M35011). BAF was purchased from Sangon
Biotech (BF1116), and MG132 was purchased from Selleck
Chem (S2619).

Cell culture and plasmid transfection
The Ulk1¡/¡ MEFs used in this study was kindly provided by

Prof. Li Yu (Tsinghua University, Beijing, China). Ulk1¡/¡

MEFs, Atg5¡/¡ MEFs, park2¡/¡ MEFs, HeLa, and HEK 293T
cells were grown in DMEM (GIBCO, 11965-118) supple-
mented with 10% fetal bovine serum (HyClone, SV30087.02)
and 1% penicillin/streptomycin at 37�C under 5% CO2. Full-
length MUL1 and ULK1 cDNA were cloned into the pcDNA4/
TO/myc-His B (Invitrogen, V103020) and pEGFP-C1(BD Bio-
sciences Clontech, 6084-1) vectors, respectively. Truncations
and mutations of MUL1 were generated through PCR using dif-
ferent primers and the plasmids pcDNA4TO- MUL1 and
pEGFP-C1-MUL1 as templates. Truncations of ULK1 were gen-
erated through PCR using different primers and the plasmids
pcDNA4TO-ULK1 as templates. DNA transfections were per-
formed using PEI (Polysciences, 23966) according to the man-
ufacturer’s instructions.

RNA interference
The siRNA directed against MUL1 and the scrambled, non-

targeting control RNA, was obtained from Guangzhou RiboBio
Co., Ltd. For the siRNA-mediated knockdown of MUL1 expres-
sion in HeLa cells, 1.3 £ 105 cells/mL were transfected with

siRNA against human MUL1 at a final concentration of 50 nM
using Lipofectamine RNAiMAX (Invitrogen, 13778075), accord-
ing to the manufacturer’s instructions, in serum-free medium
and changed into DMEM containing 10% fetal bovine serum at
4 h after transfection. Subsequently, the cells were incubated at
37�C under 5% CO2 and harvested at the indicated times.

Western blotting, immunoprecipitation, and GST affinity
isolation

Following treatment, the cells were lysed in lysis buffer
(20 mM Tris, pH 7.4, 137 mM NaCl, 2 mM EDTA, 10% glyc-
erol, 1% NP-40 (NEW industry, 728601), and protease inhibi-
tor cocktail (Roche, 04693132001) for 40 min on ice as
previously described.51 The gray scale values of the bands were
measured using ImageJ software. For immunoprecipitation, the
cells were lysed for 40 min on ice in lysis buffer containing prote-
ase inhibitors (Roche Applied Science, 04693132001). The cell
lysates were incubated with the indicated antibodies, followed by
incubation with protein A/G-agarose beads (Abmart, A10001)
overnight at 4�C. The beads were extensively washed with lysis
buffer. The immune complexes were dissolved in sample buffer
containing 1% SDS for 5 min at 95�C analyzed through SDS-
PAGE and western blotting. For GST affinity isolation using
HeLa cell lysates, 4 mg of GST-MUL1 protein was incubated
with glutathione Sepharose 4 fast flow beads (Amersham Bio-
sciences, 17-5132-01) for 2 h at 4�C, followed by washing
5 times with 1 mL lysis buffer. The beads were incubated with
500 mL (»1,000 mg) of whole HeLa cell lysates at 4�C over-
night, followed by washing 5 times with 1 mL lysis buffer. The
precipitate complex was eluted in sample buffer, followed by
boiling for 5 min at 95�C and analysis through SDS-PAGE and
western blotting.

Recombinant protein purification and protein expression
in vitro

Bacterial expression constructs (pGEX-4T-1; Amersham
Pharmacia biotech, 27-4580-01) containing the indicated genes
were transformed into Trans BL21 (DE3) (Transgen Biotech,
CD601-01). Protein expression was induced with 0.05 mM
IPTG (isopropyl b-d-1-thiogalactopyranoside; Sangon Biotech,
SD1007) at 18�C for 12 h. The cells were resuspended in phos-
phate buffered saline (137 mM NaCl, 2.7 mM KCl, 10 mM
Na2HPO4, 2 mM KH2PO4) containing 1% FOS-CHOLINE-

Figure 5 (See previous page). MUL1 promotes ubiquitination of ULK1. (A) HEK 293T cells were transfected with MUL1-MYC, MUL1DR-MYC, or the
empty MYC-vector together with GFP-ULK1 and HA-Ub. Ubiquitination assays were performed as described in Materials and Methods. The ubiquitination
level of GFP-ULK1 was detected using an anti-HA antibody. (B) In vitro ubiquitination assays were performed as described in Materials and Methods. The
ubiquitinated form of ULK1 was immunoblotted using an anti-ULK1 antibody. (C) MUL1 knockdown cells transfected with GFP-ULK1 were subjected to
ubiquitination assays for analysis with an anti-Ub antibody. (D) Quantitative analysis of ubiquitinated GFP-ULK1 level as described in (C) (The intensity of
bands was measured with Image J software. mean§SEM; from 3 independent experiments). (E) HEK 293T cells were transfected with the indicated plas-
mids for 24 h, and subsequently a ubiquitination assay was performed for analysis with an anti-Ub antibody. (F) HeLa cells transfected with GFP-ULK1
were treated with 5 mM of selenite for the indicated time, followed by ubiquitination assays for analysis with an anti-Ub antibody. (G) HeLa cells were
treated with 5 mM of selenite for the indicated time, followed by ubiquitination assays for analysis with an anti-Ub antibody. (H) Scrambled RNA- or
siMUL1-transfected cells were treated with or without selenite for 12 h, followed by ubiquitination assays for analysis with an anti-Ub antibody. (I) NIH-
3T3 cells were treated with 5 mM of selenite for the indicated time, followed by ubiquitination assays for analysis with an anti-Ub antibody. (J) NIH-3T3
cells were treated with selenite for the indicated time, with or without MG132, and subjected to western blotting analysis of the ULK1 protein level.
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Figure 6. MUL1 response to selenite-induced ROS stress depending on conserved cysteines 62 and 87. (A) HeLa cells treated with selenite as indicated
were stained with MitoSox Red and subjected to flow cytometry. (B) HeLa cells were pretreated with NAC (10 mM) or GSH-EE (10 mM) for 30 min, fol-
lowed by treatment with 5 mM of selenite for 12 h. Cell lysates were subjected to western blotting analysis of the indicated proteins. (C) HeLa cells trans-
fected with GFP-ULK1 were pretreated with NAC (10 mM) or GSH-EE (10 mM) for 30 mins, followed by treatment of selenite (12 h). The ubiquitination
assays were performed as described in Materials and Methods. (D) Alignment of the MUL1 amino acids in different species. (E) HeLa cells with MUL1
knockdown were transfected with exogenous MYC-tagged wild-type MUL1 or MUL1 with cysteine mutations (C62S, C87S), followed by treatment with
selenite (5 mM, 12 h) before western blotting analysis of the indicated proteins (The intensity of the indicated bands was measured with ImageJ
software.).
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12 ANAGRADE (Affymetrix, F308), followed by ultrasonica-
tion. The recombinant proteins were isolated and eluted using
Glutathione-Sepharose 4 Fast Flow beads according to the man-
ufacturer’s instructions. The purified proteins were dialyzed
against 20 mM Tris, pH 8.0. ULK1 was translated in vitro using
the TNT� SP6 High-Yield Wheat Germ Protein Expression Sys-
tem (Promega, L3261) according to the manufacturer’s
instructions.

Real-time PCR analysis
RNA was prepared using Trizol reagent (Invitrogen,

H10522). cDNA was synthesized using the SuperScript
VILOTM cDNA synthesis kit (Invitrogen, 11754-050). Real-
time PCR was performed using a FastStart Universal SYBR�

Green Master (Rox) (Roche Applied Science, 13800300) probe
and the thermal cycler (Mastercycler; Eppendorf, 22331 Ham-
burg, Germany). Result analysis was performed using software
RealPlex Service Real-time PCR System (Eppendorf).

Immunofluorescence microscopy
The cells were grown to 60% confluence on coverslips. After

treatment, the cells were fixed with freshly prepared 3.7% formal-
dehyde at 37�C for 15 min, followed by washing 3 times with
PBS. Antigen accessibility was increased after treatment with
0.2% Triton X-100 (ROTH, 3010244) on ice for 10 min. The
cells were subsequently incubated with primary antibodies at
room temperature for 1 h or 4�C overnight, followed by washing
4 or 5 times with 0.05% Triton X-100 and staining with the sec-
ondary antibody for 1 h at room temperature. The cell images
were captured with TCS SP5 (Leica Microsystems Inc., Buffalo
Grove, IL) confocal and Axio Imager Z1 (ZEISS, Regionalb€uro,
Hamburg,) microscopes. Colocalization analysis was performed
as previously described41 using software ImageJ.

Subcellular fractionation
The cells were collected and resuspended in hypotonic buffer.

After gentle homogenization using a Dounce homogenizer, the
cell lysates were subjected to differential and gradient centrifuga-
tion. The resulting membrane fractions were lysed and analyzed
through western blotting.

Ubiquitination assays
HEK 293T cells were transfected with the indicated tagged

constructs in each experiment using PEI. The cells were treated
with 5 mM MG132 for 6 h, followed by harvesting. The cells
were subsequently lysed in denaturing buffer containing 50 mM
Tris (pH 7.4), 70 mM b-mercaptoethanol and 0.1% sodium
dodecyl sulfate (SDS; Sangon Biotech, SS0228), with protease
inhibitors. The cell lysate was incubated with anti-GFP antibody,
followed by immunoprecipitation with protein A/G-agarose
beads. The precipitates were subjected to western blotting with
an antibody against HA or Ub. An in vitro ubiquitination assay
was performed as previously described.52 Briefly, 2 mg of GST,

GST-MUL1, or GST-MUL1DR (MUL1 lacking the RING fin-
ger domain), purified using an E. coli expression system, was
incubated with in vitro translated ULK1 (2 mg) in 50 mL of
ubiquitination reaction buffer, containing 50 mM Tris-HCl
(pH 7.5), 5 mM MgCl2, 2 mM DTT, 2 mM ATP (Promega,
P113B), 10 mg ubiquitin (Millipore, R0704D003B), 100 ng E1
(Upstate, 0611046111) and 200 ng E2 (UbcH5; Upstate,
0611046121). The reaction was incubated for 2 h at 25�C and
terminated through the addition of SDS loading buffer. The
reaction products were subsequently analyzed through western
blotting with an anti-ULK1 antibody.

Electron microscopy analysis
For electron microscopy, HeLa cells transfected with MUL1

for 24 h were fixed with 2.5% glutaraldehyde for 2 h, followed
by postfixation in 2% osmium tetroxide. Subsequently, the cells
were dehydrated with sequential washes in 50, 70, 90, 95, and
100% ethanol. The ultrathin sections were collected on copper
grids (smdj-0000; KYKY Technology) and counterstained using
uranyl acetate and lead citrate. The images were captured using a
transmission electron microscope (JEM-2100; JEOL, 3-1-2
Musashino, Akishimashi, Tokyo, Japan).

Statistical analysis
For quantitative analyses of cultured cells represented as histo-

grams, values were obtained from 3 independent experiments
and expressed as the mean§SEM. Statistical analyses were per-
formed using one- and 2-way ANOVAS with Tukey’s HSD as
post-hoc test or the Student t test. Significance levels of * P <

0.05,**P < 0.01,***P < 0.001 vs. the corresponding controls are
indicated.
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