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Chaperone-like protein p32 regulates ULK1 stability
and autophagy

H Jiao', G-Q Su?, W Dong', L Zhang', W Xie', L-m Yao', P Chen', Z-X Wang?, Y-C Liou* and H You*'

Mitophagy mediates clearance of dysfunctional mitochondria, and represents one type of mitochondrial quality control, which is
essential for optimal mitochondrial bioenergetics. p32, a chaperone-like protein, is crucial for maintaining mitochondrial
membrane potential and oxidative phosphorylation. However, the relationship between p32 and mitochondrial homeostasis has
not been addressed. Here, we identified p32 as a key regulator of ULK1 stability by forming complex with ULK1. p32 depletion
potentiated K48-linked but impaired K63-linked polyubiquitination of ULK1, leading to proteasome-mediated degradation of ULK1.
As a result, silencing p32 profoundly impaired starvation-induced autophagic flux and the clearance of damaged mitochondria
caused by mitochondrial uncoupler. Importantly, restoring ULK1 expression in p32-depleted cells rescued autophagy and
mitophagy defects. Our findings highlight a cytoprotective role of p32 under starvation conditions by regulating ULK1 stability, and
uncover a crucial role of the p32-ULK1-autophagy axis in coordinating stress response, cell survival and mitochondrial

homeostasis.
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Mitophagy is a selective form of autophagy by which
mitochondria are degraded in autolysosomes. p32 is a critical
regulator of mitochondrial bioenergetics." It primarily localizes
to the mitochondrial matrix, but has also been reported to be
present in other subcellular locations.2™ Many human tumors
exhibit higher p32 expression levels than their nonmalignant
counterpart tissues.®® Depleting p32 in human cancer cells
strongly shifts their metabolism from oxidative phosphorylation
to glycolysis.” Consistently, p32 knockout causes mid-gestation
lethality of knockout embryos and defects in oxidative
phosphorylation. Mouse embryonic fibroblasts (MEFs) gener-
ated from p32 knockout embryos exhibited impaired ATP
production and reduced mitochondrial membrane potential,
which is in agreement with the observation that p32 silencing
leads to increased mitochondrial fragmentation.’®'" Notably,
p32 was found to form protein complex with a variety of
molecules” 2% and has been suggested that it may act as a
multifunctional chaperone protein.'2"

ULK1 has a crucial role in mitophagy induction."® Despite
the pivotal role of ULK1 in mitochondrial clearance, little is
known as how ULK1 itself is regulated. ULK1 is a relatively
stable protein and is subject to proteasome-mediated
degradation. Post-translational modifications including K63-
linked ubiquitylation'®'” and phosphorylation'®2° have been
reported to modulate the rates of ULK1 turnover and kinase
activity in different cellular contexts. Hsp90 and Cdc37 have
been shown to regulate ULK1 stability and activity by
forming complex with ULK1, which subsequently influences

Atg13-mediated mitophagy.?' Here, we found p32 regulates
ULK1 stability by forming protein complex with ULK1. The
interaction between ULK1 and p32 is crucial for maintaining
the steady-state levels and activity of ULK1. We further
show that p32 ablation results in a defect in autophagy in
EBSS-starved cells, and impairs clearance of dysfunctional
mitochondria in cells exposed to mitochondrial uncoupler.
Importantly, these autophagy and mitophagy defects can be
restored by re-introducing ULK1 into p32-deficient cells,
demonstrating ULK1 functions as a crucial downstream
effector of p32.

Results

p32 interacts with ULK1. ULK1 is an essential regulator in
the autophagy-mediated clearance of mitochondria. To gain
insights into ULK1 regulation, we transfected wild-type ULK1
and the dominant negative form of ULK1 (K46l) into
HEK293T cells and isolated ULK1-associated proteins by
immunoprecipitation approach (Figure 1a). ULK1-binding
proteins were analyzed by LC-MS/MS. Candidate binding
partners were further validated through immunoprecipitation
with ectopically expressed proteins. p32 was identified as
ULK1 binding protein. p32-Myc was co-immunoprecipitated
with ectopically expressed wild-type ULK1 and mutant ULK1
(K461), indicating ULK1 kinase activity is dispensable for their
interaction (Figure 1b). The interaction between ULK1 and
p32 was not affected by nutrient conditions, as endogenous
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p32 and ectopically expressed ULK1 formed protein complex
under normal conditions and upon Earles’ Balance Salt
Solution (EBSS)-induced starvation (Figure 1c). Furthermore,
we were able to show the ULK1-p32 association in Hela
cells, which express endogenous ULK1 and p32 (Figure 1d).

We next examined the ULK1 domain responsible for p32
interaction. Data from GST pull-down experiments suggest
that both the N-terminal (amino acids 1-278) and the
C-terminal regions (amino acids 828—1051) of ULK1 mediates
p32-ULK1 association (Figure 1e). To identify key amino acid
residues of p32 required for ULK1 interaction, we constructed
mutant p32 expression vectors bearing point mutations within
the N-terminal and the C-terminal regions of p32. Deletion of
R41/P42 or L235/Y236 of p32 impaired its interaction with
ULK1, while combined deletion of these four amino acids
(denoted as p32A) completely disrupted p32—-ULK1 complex
formation (Figure 1f). Furthermore, purified His-ULK1-CT was able
to interact with GST-p32 under cell-free conditions, suggesting a
direct interaction between ULK1 and p32 (Figure 1g). To explore if
p32 also associates with other ULK1-interacting proteins, we
checked Atg13, which is also a ULK1 substrate. Interaction
between p32 and Atg13 was readily detectable (Figure 1h),
indicating p32, ULK1 and Atg13 associate together as a
complex. However, GST-Atg13 failed to interact with His-p32
in vitro (Figure 1i), suggesting p32 may indirectly bind to Atg13.

p32 can be recruited to several subcellular compartments,
whereas ULK1 is usually in the cytoplasm. To determine which
subcellular compartment that p32 and ULK1 might interact
with, we fractionated cell lysates into cytoplasmic (Cyto) and
mitochondrial (Mito) fractions and examined the relative
abundance of ULK1 and p32 in each of the fractions. A subset
of total p32 protein was found in the cytoplasm fractions, in
addition to majority p32 in the mitochondrial fractions in Hela
cells (Figure 1j). On the other hand, ULK1 was found
exclusively in the cytoplasm, as previously reported.?’??
Immunofluorescent staining further revealed that p32
majorly localized in the mitochondrion, whereas ULK1
predominantly localized in the cytoplasm (Supplementary
Figure S1a). However, a very small proportion of cytosolic
p32 was found to co-localize with ULK1. These results
indicate that ULK1 and p32 may form complex in the
cytoplasm. p32 has been shown to relocalize its interacting
protein to mitochondria via protein complex formation.
However, we failed to detect any endogenous mitochondrial
ULK1 signal in 293 T cells overexpressing p32 by western
blotting, which is likely attributed to low cellular abundance of
ULK1 protein (data not shown). By contrast, a subset of
ectopic ULK1 can be distributed to mitochondria in cells
expressing WT p32, but not p32A (Supplementary Figure
S1b). These data suggest that upon binding to p32, a subset of
ULK1 protein may translocate to mitochondria.

p32 regulates ULK1 stability and kinase activity. We next
explored the biochemical consequence of p32-ULK1 inter-
action. Ectopically expressed p32 induced ULK1 protein
expression (Figure 2a), while p32 ablation led to down-
regulation of ULK1 (Figure 2b). Notably, ULK1 mRNA levels
remain unchanged in p32-depleted cells. We tested
three additional human cancer cell lines and observed
deduction of ULK1 expression levels upon p32 knockdown
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(Supplementary Figure S1c). We also found Atg13 phos-
phorylation was markedly decreased in p32-ablated cells
(Figure 2b), likely due to reduced ULK1 expression levels. To
test whether p32 regulates the steady-state levels of ULK1,
we measured ULK1 protein half-life. In cells expressing
ectopic p32, the half-life of ULK1 was extended from 16 h to
around 28 h (Figure 2c). Conversely, silencing p32 shortened
ULK1 turnover rate from 16 h to less than 10h (Figure 2d).
ULK1 has been suggested to undergo proteasome-mediated
degradation.'”?! We, therefore, tested whether ULK1 reduc-
tion in p32-depleted cells could be attributed to increased
proteolysis of ULK1. Indeed, proteasomal inhibitor MG132
treatment completely blocked downregulation of ULK1 in
p32-ablated cells (Figure 2e), demonstrating that depletion of
p32 leads to increased proteasomal degradation of ULK1. To
ensure the specificity of p32-mediated ULK1 stabilization, we
performed a rescue experiment by introducing a shRNA-
resistant form of p32 into Hela cells stably depleted of p32.
Reconstitution with shRNA-resistant p32 not only restored
ULK1 expression levels, but also largely restored its kinase
activity towards Atg13 (Figure 2f), suggesting p32 is essential
for maintaining ULK1 stability and activity.

p32 was reported to be overexpressed in human cancers.
We assessed the correlation between p32 and ULK1 in human
colon cancers by analyzing 36 human colon cancer tissues.
Strikingly, we found 22 tumor samples bearing p32 over-
expression when compared with nonmalignant tissues.
Notably, in these colon cancer samples harboring elevated
p32 levels, 16 tumor samples showed significantly increased
ULK1 levels (Figure 2g). These data suggest that over-
expression of p32 may lead to elevated ULK1 expression in
human colon cancers.

p32 interferes with the polyubiquitination of ULK1.
Previous studies reported that ULK1 is a K63-linked but
not K48-linked ubiquitylated protein.'®'” We investigated
whether p32 regulates ULK1 stability via modulating its
ubiquitylation. Unlike previous studies, when we used
ubiquitin - mutants Ub-K48 and Ub-K63, which contain
arginine substitutions on all their lysine residues except the
one at position 48 and 63, respectively, we found ULK1 is
subject to both K48-linked and K63-linked ubiquitylation
in vivo (Figure 3a). To confirm this finding, we used K48R
and K63R ubiquitin mutants that contain a single lysine to
arginine mutation at position 48 and 63, respectively. As a
control, we also included a polymerization-defective mutant
of ubiquitin (Ub-KO). As shown in Figure 3a, overexpression
of Ub-K63R or Ub-K48R mutant partially blocked the
polyubiquitination of ULK1, whereas polyubiquitination of
ULK1 was completely abolished by replacement of Ub-WT
with Ub-KO. Taken together, these data suggest that the
polyubiquitination we observed on ULK1 depends on both
K48-linked and K63-linked ubiquitin. We next assessed the
ubiquitylation status of ULK1 in cells depleted of p32.
Interestingly, p32-depleted cells exhibited an increase of
K48-linked (Figure 3b) and a decrease of K63-linked
ubiquitylation in the ULK1 immunoprecipitates (Figure 3c),
suggesting p32 may prevent K48-linked but facilitate K63-
linked polyubiquitination of ULK1.
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TRAF6 is the only known E3 ligase that mediates ULK1 K63
ubiquitylation and its subsequent stabilization.'” We, there-
fore, tested whether there is an interplay between TRAF6 and

p32 in regulating the steady state of ULK1. As both TRAF6
and p32 could bind to ULK1, we wondered whether these two
molecules may form protein complex. To address this, we
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co-transfected Hela cells with ectopic p32 and TRAF6 and
then performed immunoprecipitation assay. However,
we failed to detect TRAF6 in p32 immunoprecipitants
(Figure 3d), suggesting that p32 and TRAF6 may not coexist
in the same complex. Given that p32-depletion abrogated
K63-linked polyubiquitination of ULK1, which phenocopied
TRAF6 silencing, to further explore a possible epistatic
relationship between TRAF6 and p32 in regulating ULK1, we
asked whether ectopically expressed AMBRA1 or TRAF6
could at least partially rescue ULK1 defect in p32-depleted
cells. However, ectopic AMBRA1 or TRAF6 failed to restore
ULK1 stability and activity in p32-ablated cells (Figures 3e and f),
suggesting p32 did not act through AMBRA1/TRAF6
regulating ULK1.

We next investigated whether TRAF6 and p32 could exert
additive or synergistic effects on ULK1 stabilization. To
address this, we silenced p32 in Hela cells depleted of
TRAF6. Co-depleting p32 and TRAF6 resulted in a reprodu-
cible, albeit modest, further reduction of ULK1 protein levels
compared with p32 knockdown alone (Figure 3g), indicating
p32 may act on distinct mechanisms regulating K63-linked
ubiquitylation of ULK1. To ensure this possibility, we con-
ducted the rescue experiment by overexpressing p32-Myc in
cells depleted of TRAF6. Ectopically expressed p32 failed to
rescue ULK1 degradation upon TRAF6 knockdown, ruling out
the possibility that p32 may function downstream of TRAF6
signaling regulating ULK1. Taken together, these data
demonstrate that by interfering with K48- and K63-linked
polyubiquitination of ULK1, p32 has an essential role in
maintaining the steady-state levels of ULK1.

p32 regulates starvation-induced autophagy. As ULK1 is
essential for starvation-induced autophagy,® we investigated
the effects of p32 ablation on autophagy induction. We first
monitored the amounts of p62, a protein that is degraded by
autophagy. Immunoblot analysis revealed reduction of p62
levels in cells expressing ectopic p32, and elevation of the
p62 protein in p32-depleted cells, respectively (Figures 4a
and b). This indicates that p32 deficiency may cause
autophagy defect. We next introduced ULK1 into cells
knocked down for p32 and examined the extent of autophagy
upon EBSS treatment. p32-ablated cells reconstituted with
ULK1 had reduced p62 levels in the absence or presence of
EBSS treatment (Supplementary Figure S2a), suggesting
ULK1 acts as a crucial downstream effector of p32 regulating
starvation-induced autophagy.
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To further verify p32 has a role in autophagy, we conducted
the autophagy flux assay by comparing the levels of LC3-II
(the lipid modified form of LC3) in p32-depleted cells. When
control cells were cultured in EBSS medium containing
lysosomal protease inhibitors E64D and pepstatin A (PepA),
LC3-II levels markedly increased, indicating an autophagic
flux. By contrast, the level of LC3-Il in p32-depleted cells failed
to increase upon serum starvation and/or E64D plus PepA
treatment (Figure 4c). It should be noted that the levels of
LC3-Il were profoundly decreased in p32-ablated cells under
normal conditions, suggesting that low-level autophagy
constitutively occurs in p32-depleted cells or that LC3
conversion occurs independently of autophagy (Figure 4c).
To provide additional evidence supporting autophagy defect in
p32 knockdown cells, we treated Hela cells with Rapamycin in
combination with the lysosomal inhibitor Bafilomycin A (Baf A).
In control cells, Rapamycin treatment induced a sharp
increase of LC3-Il levels in the presence of Baf A, as well as
a profound induction of p62 degradation. By contrast, the
accumulation of LC3-Il protein and p62 degradation were
significantly impaired in p32-ablated cells (Supplementary
Figure S2b). These results further support the notion that p32
inhibition leads to autophagy defect. Consistently, electron
microscopic analysis revealed the presence of numerous
autophagic vacuoles upon EBSS treatment, which were
significantly reduced in cells depleted of p32 (Figure 4d).
Taken together, we conclude that autophagy flux is severely
impaired in the absence of p32.

To visualize autophagy, H1299 cells stably expressing
green fluorescent protein (GFP)-LC3 were cultured in EBSS
medium for 6 h. The control cells displayed the conversion of
a diffuse cytosolic LC3 pattern to a punctate pattern upon
EBSS treatment, indicating the formation of autophagic GFP-
LC3 puncta. In contrast, p32 depletion failed to induce GFP-
LC3 puncta upon EBSS treatment, consistent with the
impaired autophagic flux in p32 knockdown cells. Importantly,
p32-depleted cells reconstituted with ULK1 exhibited signifi-
cantly increased GFP-LC3 puncta and decreased p62 levels
when cultured in EBSS medium (Figure 4e; Supplementary
Figures S2a and S2e), suggesting p32 acts on ULK1
regulating autophagy.

Autophagy is generally considered as a pro-survival
mechanism. We therefore analyzed the survival rate of p32-
depleted cells under starvation conditions. It has been
proposed that loss of mitochondrial function may underlie
the enhanced cell death in p32-depleted cells under

<
Figure 1

p32 interacts with ULK1. (a) HEK293T cells were transiently transfected with the indicated expression constructs. The anti-Myc immunoprecipitates were resolved

by SDS-PAGE, and the proteins were visualized by silver staining, and indicated bands were analyzed by mass spectrometry. (b) Western blotting analysis of input and anti-Myc
IP derived from HEK293T cells that were transiently transfected with WT or mutant ULK1 (K461) and p32-Myc. (c) Hela cells expressing Myc-ULK1 were grown either in normal or
in EBSS medium for 6 h. Cell lysates were immunoprecipitated with anti-Myc antibody followed by immunoblotting with anti-p32 antibody. (d) The interaction of endogenous ULK1
and p32 was detected in Hela cells. Normal rabbit IgG was used as a negative control for the immunoprecipitation procedure. (e) Purified GST-p32 was incubated with cell lysates
derived from HEK293T cells transfected with the indicated HA-ULK1 constructs. Proteins retained on Sepharose were then blotted with the indicated antibodies. (f) Extracts from
HEK293T cells transfected with HA-ULK1 were incubated with recombinant full-length (FL) GST-p32 or GST-p32 mutants coupled to GSH-Sepharose. Proteins retained on
Sepharose were then blotted with the indicated antibodies. (g) Purified recombinant His-ULK1-CT was incubated with GST-p32. Proteins retained on Sepharose were then blotted
with the indicated antibodies. (h) HEK293T cells were transfected with vectors encoding HA-ULK1, Flag-Atg13 and p32-Myc, as indicated. Cell lysates were immunoprecipitated
with anti-Myc antibody. Western blotting was performed using the indicated antibodies. (i) Purified His-ULK1-CT or His-p32 was incubated with purified GST-Atg13. Proteins
retained on Sepharose were then blotted with the indicated antibodies. (j) Hela cells were fractionated and analyzed by immunoblotting using antibodies against the indicated

proteins. Cyto, cytosol; Mito, mitochondria
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Figure 2 p32 regulates ULK1 stability and kinase activity. (a) Hela cells were infected with lentiviral vectors expressing p32-Myc. Cell extracts were then prepared and
analyzed by western blotting with the indicated antibodies. (b) Protein extracts from Hela cells infected with the indicated lentiviral sShRNA constructs were analyzed by western
blotting. Total RNA was isolated, and qRT-PCR was performed. (¢) Hela cells were infected with the indicated lentiviral vector encoding p32-Myc. Cells were then treated with CHX
(25 pg/ml) for the indicated time course. Cell lysates were harvested and analyzed by western blotting. Semiquantification with Actin as a loading control and relative ULK1 levels
attime 0 setas 1. (d) Hela cells expressing p32-shRNAs were treated with CHX for the indicated time course. The levels of ULK1 were determined by immunoblotting the total cell
lysates and quantification with Actin as a loading control. Results plotted are the amounts of ULK1 at each time point relative to the level at time 0. (e) Hela cells infected with
lentivirus encoding the indicated shRNAs were treated with DMSO or MG132 (20 um) for 6 h. Cell extracts were analyzed by western blotting using the indicated antibodies. p53
immunoblotting was shown as a positive control for inhibited proteasomal degradation by MG132. (f) Hela cells stably expressing shRNA-resistant forms of p32 were infected with
the indicated lentiviral ShRNA constructs. Cells were then collected and lysates were subjected to immunoblotting with the indicated antibodies. (g) Inmunoblotting analysis of p32
and ULK1 levels from tumor tissues (T) and their matched surrounding normal mucosal tissues (N). Actin was used as a loading control. A total of 36 samples of human colorectal
cancer were classified into nine groups based on the protein levels of p32 and ULK1 in tumor tissues compared with surrounding normal tissues. The correlation between p32 and
ULK1 expression was analyzed by Fisher's exact test

non-stress conditions. Indeed, p32 ablation largely impaired
cell survival in the absence of starvation treatment. In the
presence of EBSS, a significant portion of p32-depleted cells
underwent cell death, only 10% cells remained viable
(Figure 4f). To determine whether p32—-ULK1-autophagy axis
has a cytoprotective role upon starvation, we first determined
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the rescue effect on cell viability by shRNA-resistant form of
p32. Notably, when cells were cultured in complete medium,
the reduced cell viability in p32-depleted cells were completely
restored by both WT p32 and p324, indicating ULK1 is
dispensable for p32 depletion-induced cell death under
normal conditions. However, when p32-ablated cells were



cultured in EBSS medium, reconstitution with WT p32 restored
cell viability to a level comparable to that of control cells,
whereas p32A only exhibited partial, yet significant rescue
effect on cell death. This suggests that p32—ULK1-autophagy
axis contributes to cell survival under starvation conditions. To
assess the contribution of ULK1-dependent autophagy
induction in mediating the survival function of p32, we
reconstituted ULK1 in p32-depleted cells and found ectopic
ULK1 profoundly, albeit partially restored viable cell popula-
tions upon EBSS treatment (Figure 4g), demonstrating ULK1
is a pivotal downstream effector mediating the survival
function of p32 under starvation conditions. Collectively, p32
can protect cells from starvation-induced cell death partially
via ULK1-dependent autophagy induction.

Depletion of p32 leads to mitophagy defects. To maintain
proper mitochondrial homeostasis under stress conditions,
damaged mitochondria must be degraded through autop-
hagy. To determine whether p32 has a role in mitophagy, we
performed a well-established mitochondrial degradation
assay in cultured cells overexpressing parkin, mitochondrial
depolarization induced by the protonophore carbonyl cyanide
3-chlorophenylhydrazone (CCCP) results in loss of mitochon-
dria (measured by immunostaining for mitochondrial outer
membrane protein TOM20).2* In control cells, CCCP caused
a robust disappearance of TOM20 staining in more than 90%
of cells transfected with GFP-conjugated parkin. Strikingly,
p32 depletion robustly blocked this loss of TOM20 staining.
A significant proportion of the p32-depleted cells contained
mitochondria in small clusters that colocalized with parkin,
indicating the primary defect in clearance occurs after parkin
recruitment to depolarized mitochondria (Supplementary
Figure S2c). Reconstitution with ULK1 profoundly restored
mitochondrial clearance in p32 shRNA expressing cells,
indicated by diminished TOM20 staining (Figure 5a).

Next, we utilized live cell image to examine the influence of
p32 on the dynamics of parkin-mediated mitophagy. To this
end, we introduced parkin into Hela cells stably expressing
Mito-Red. Most parkin-expressing control cells exhibited
complete clearance of mitochondria following treatment with
CCCP in a time-dependent manner. However, p32 depletion
significantly retained parkin-targeted mitochondria even after
48 h of CCCP exposure. These data further demonstrate that
p32 is crucial for mitochondrial depolarization-induced mito-
phagy in parkin-expressing cells. Importantly, mitochondrial
clearance defect in p32-deficient cells following CCCP
treatment was restored when cells were reconstituted with
ULK1 (Figure 5b), suggesting ULK1 is a crucial downstream
effector of p32 to mediate mitochondrial clearance by
mitophagy. Notably, electron microscopy analysis of CCCP-
treated cells revealed typical autophagosomes containing
damaged mitochondria, whereas p32 knockdown significantly
reduced the number of autophagic vacuoles. Instead, these
cells exhibited swelling of all mitochondria and the number of
defective mitochondria per cell was significantly increased as
compared with that of control cells (Figure 5¢; Supplementary
Figure S2d). In line with the latter observation, we found COX
IV and TOM20 were profoundly elevated in p32-deficient cells
(Supplementary Figure S2e), which can be reverted by ectopic
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ULK1. Taken all together, our data indicate that p32 acts on
ULK1 to regulate mitophagy.

p32 regulates autophagy and mitophagy via interacting
with ULK1. To ensure p32 exerts a specific effect on
starvation-induced autophagy and autophagic degradation
of damaged mitochondria, we performed rescue experiment
by co-transfection of shRNA-resistant human p32 cDNA.
Stable lenti-viral reconstitution of a Myc-tagged WT p32
cDNA, but not p32A in p32 knockdown cells, restored both
ULK1 protein expression levels and Atg13 phosphorylation
(Figure 6a). As expected, WT p32 reconstitution also reduced
basal p62 protein levels in the absence of EBSS and restored
GFP-LC3 puncta upon EBSS treatment (Figure 6b). Collec-
tively, these data indicate p32 has a crucial role in autophagy
through binding to ULK1.

We next compared the rescue effect between WT p32 and
p32A on mitochondrial clearance in mitochondrial degradation
assay. p32-ablated cells reconstituted with WT p32, but not
p32A restored their ability to efficiently clear mitochondria
following CCCP treatment (Figure 6c). Therefore, p32 is
essential for parkin-dependent clearance of depolarized
mitochondria via interacting with ULK1.

Discussion

Investigating how ULK1 is maintained under physiological
conditions will provide mechanistic insights for understanding
the regulation of mitophagy. Previous studies showed that p32
regulates mitochondrial energy status and cell survival. In this
report, we identified p32 as a binding partner of ULK1. In the
absence of p32, ULK1 turnover rate is profoundly increased,
which in turn compromised its kinase activity towards Atg13.
Proteasome inhibitor MG132 completely blocked the destabi-
lization of ULK1 in p32-depleted cells, indicating p32 ablation
promotes ULK1 proteolytic destruction. Furthermore, we
found p32 depletion potentiated K48-linked but impaired
K63-linked polyubiquitination of ULK1. These data indicate
p32 may prevent the proteasome degradation of ULK1 by
interfering with its polyubiquitination. We excluded the
possibility that p32 works in concert with TRAF6 signaling
regulating K63-linked ubiquitylation of ULK1. Currently, the E3
ubiquitin ligase for ULK1, which is capable of generating K48-
linked ubiquitin chains remains unknown. We propose that
p32 may exert a positive effect on ULK1 stability and activity
via two possible mechanisms. One is that p32 may crosstalk
with the unidentified ubiquitination/deubiquitination processes
targeting ULK1. Alternatively, p32 has been proposed to act as
a multifunctional chaperone protein as evidenced by its
participation in different biological processes.'®1#2% There-
fore, it is likely that the chaperone-like activity of p32 is
essential for ULK1 regulation, a process similar to Hsp90-
Cdc37 complex-dependent regulation of ULK1.

ULK1 is essential for starvation-induced autophagy and
mitochondrial uncoupler-induced mitophagy. In line with
a crucial role of p32 in regulating ULK1 steady-state levels
and activity, p32 silencing resulted in accumulation of p62 and
reduced LC3-Il protein levels in EBSS-treated cells, indicative
of autophagy defect. Autophagy is a pro-survival mechanism
engaged by metabolic stress. p32 ablation augmented cell
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death following EBSS treatment, which can be partially but
significantly rescued by ULK1 reconstitution. This suggests
that p32 exerts a protective effect under starvation conditions
partially by inducing ULK1-dependent autophagy. p32 is often
found aberrantly over-expressed in human tumor tissues.
Consistent with this, we found p32 protein levels were
upregulated in human colon cancer tissues, and ULK1
proteins levels were significantly correlated with p32 status.
On the basis of our data, it is reasonable to speculate that the
p32-ULK1-autophagy axis may provide a survival advantage
when nutrients are scarce, which ultimately promotes
tumorigenesis.

Previous studies showed that p32 is an essential regulator
in maintaining mitochondrial oxidative phosphorylation.
However, the molecular mechanism underlying this p32-
mediated metabolic regulation remains completely unknown.
Our findings that upon CCCP treatment, damaged mitochon-
dria failed to be cleared in p32-deficient Hela cells stably
expressing parkin, unveiled an unexpected role of p32 in
mitophagy. Reconstitution with WT p32, but not the ULK1-
binding defective mutant p32A, rescued mitochondrial degra-
dation defect by p32 knockdown, indicating the ability of p32 to
regulate CCCP-induced mitophagy is through its interaction
with ULK1. Consistent with this notion, introducing ectopic
ULK1 effectively restored mitochondrial clearance in p32-
ablated cells treated with CCCP. Thus, p32 could act upstream
of ULK1 participating mitochondrial homeostasis. It has been
reported that the stimulation of mitochondrial oxidative
phosphorylation enhances mitochondrial renewal by increas-
ing its degradation rate.?® This indicates that mitochondrial
homeostasis and oxidative phosphorylation could be
mutually beneficial. Mitochondrial quality control may serve as
an important mechanism maintaining cellular energy home-
ostasis. Thus, our results likely provide a plausible explanation
for previously reported p32-mediated regulation of mitochon-
drial bioenergetics. Collectively, our findings underscore the
importance of p32 in fine-tuning the mitochondrial quality
control and mitochondrial metabolism via ULK1 under
physiological conditions.

Materials and Methods

Antibodies. Rabbit anti-Myc (cat. #2272), anti-LC3-Il (D11), anti-Total-MAPK
(cat. #9102), mouse anti-Myc (9B11) and anti-COX IV (#4844) antibodies were
purchased from Cell Signaling Technology (Beverly, MA, USA). Rabbit anti-ULK1
(H-240), anti-p32 (FL-282), anti-TOM20 (FL-145), anti-TRAF6 (D-10) and mouse
anti-p62 (D-3) antibodies were purchased from Santa Cruz Biotechnology (Santa
Cruz, CA, USA). Rat anti-HA (3F10) antibodies was purchased from Roche Life
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Science (Indianapolis, IN, USA). Rabbit anti-Atg13 (cat. SAB4200100), anti-ULK1
(cat. A7481), anti-Flag (cat. F7425), mouse anti-His (cat. SAB1305538), anti-Actin
(cat. A5441) and anti-Flag (cat. F3165) antibodies (Gilbertsville, PA, USA) were
purchased from Sigma (St. Louis, MO, USA). Rabbit anti-phosphorylated Atg13
(600-401-C49) antibody was purchased from Rockland (Gilbertsville, PA, USA).

Cell culture and reagents. HEK293T, H1299, RKO and Hela cells were
cultured in Dulbecco's modified Eagle's medium (DMEM, Invitrogen, Life
Technologies, Carlsbad, CA, USA), and HCT116 cells were grown in McCoy’s 5A
supplemented with 10% fetal bovine serum (FBS, Hyclone, Logan, UT, USA), all
supplemented with 10% (v/v) fetal bovine serum (FBS, Hyclone) and 100 U/ml
streptomycin and penicillin (Millipore, Bedford, MA, USA), at 37 °C in 5% CO,.
Earle's balanced salt solution (EBSS, Hyclone), Protein G sepharose (GE
Healthcare, Uppsala, Sweden), GSH Sepharose (GE Healthcare), MG132
(Calbiochem, San Diego, CA, USA), Rapamycin (Cell Signaling Technology),
pepstatin A (PepA, Sigma), E64D (Sigma), Bafilomycin A (Sigma), carbonyl cyanide
3-chlorophenyl-hydrazone (CCCP, Sigma), cycloheximide (Sigma), Annexin V-PE
Apoptosis Detection Kit (BD Biosciences, San Jose, CA, USA).

DNA constructs and RNA interference. ULK1 expression constructs
were generous gifts from Dr S Lin. p32 expression constructs were generated via
PCR-based approaches.

shRNAs sequences: human p32: 5-GGATGAGGTTGGACAAGAAGA-3’
and 5’-GCCTTATATGACCACCTAATG-3'. TRAF6: 5-CCACGAAGAGATAATG
GATGCCAAA-3'.

Immunoprecipitation, immunoblotting and ubiquitination assay.
HEK293T cell lysates prepared using ice-cold Triton cell lysis buffer (50 mM Tris-HCI
(pH 7.4), 150 mM NaCl, 1 mM EDTA, and 0.5% Triton X-100, containing 1x
complete EDTA-free protease inhibitor cocktails (Roche Life Science) and 1 mM
PMSF] were applied to IP or immunoblotting assays with appropriate antibodies.
H1299, RKO and Hela cells were harvested by RIPA lysis buffer (50mM Tris-HCI
(pH 8.0), 150 mM NaCl, 0.1% SDS, 1% sodium deoxycholine acid and 1% Triton
X-100, containing 1x complete EDTA-free protease inhibitor cocktails (Roche Life
Science) and 1 mM PMSF).

For immunoprecipitation, the cell lysates were incubated with antibody overnight at
4°C and precipitated using Protein G sepharose beads (GE Healthcare). The beads
were washed at least seven times with cold Triton cell lysis buffer. For ubiquitination
assay in cells, cell lysates were first subjected to IP with indicated antibodies, eluted
by 5 min bailing in 1% SDS to dissociate protein—protein interactions, then diluted 10-
fold with the same lysis buffer and reimmunoprecipitated with indicated antibodies as
previously described (2x IP). The ubiquitin-conjugated proteins were detected by
immunoblotting.

Quantitative real-time PCR. Total RNA was isolated with TRIzol (Invitrogen),
according to the manufacturer’s instructions. Real-time quantitative PCR was performed
using SYBR Green PCR Mix (Roche Life Science) according to the manufacturer’s
protocol. Real-time quantification was performed by using a Fast-Real Time PCR
System (Applied Biosystems, Life Technologies). Data were normalized to TBP.

Flow cytometry. For Annexin V staining, cells were washed once with PBS
and then were washed in 1x Annexin V buffer and treated as described by the
Annexin V staining protocol (BD Biosciences). Cells were then analyzed using an
Epics XL flow cytometer (Beckman Coulter, Mississauga, ON, Canada).

Figure 3 p32 interferes with the polyubiquitination of ULK1. (a) HelLa cells were transfected with HA-tagged WT or mutant ubiquitin constructs. Protein extracts were
immunoprecipitated using anti-ULK1 antibody or rabbit IgG as a negative control (IgG). Immunoprecipitates were analyzed by western blotting using anti-ULK1 and anti-HA
antibodies. (b) Hela cells expressing HA-Ubiquitin-k48 (HA-Ub-k48) were infected with the indicated p32-shRNAs. Cells were then treated with DMSO or MG132 (20 um) for 6 h
before being collected. Protein extracts were immunoprecipitated using anti-ULK1 antibody. The immunoprecipitates were subjected to western blotting with the indicated
antibodies. (c) HeLa cells expressing HA-Ubiquitin-k63 (HA-Ub-K63) were infected with p32 shRNA lentiviral vector. Endogenous ULK1 protein was immunoprecipitated and
immunoblotted with the indicated antibodies. Of note, ULK1 levels in the immunoprecipitation experiment do not change in this case in the p32 shRNA lane, owing to saturation of
the anti-ULK1 antibody. (d) The indicated expression constructs were transiently transfected into HEK293T cells. Protein extracts were immunoprecipitated using anti-Myc
antibody. The immunoprecipitates were subjected to western blotting with the indicated antibodies. (e) Hela cells stably expressing HA-AMBRA1 were infected with p32 shRNA
lentiviral vector. Cell lysates were collected and analyzed by western blotting with the indicated antibodies. (f) Hela cells stably expressing HA-TRAF6 were infected with p32
shRNA lentiviral vector as in e. Cell lysates were collected and analyzed by western blotting with the indicated antibodies. (g) Hela cells infected with lentivirus bearing TRAF6-
shRNA and p32-shRNA were collected. Protein extracts were subjected to western blotting with the indicated antibodies
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Immunofluorescence and live cell imaging assay. Cells grown on
glass coverslips were washed in PBS, fixed with 4% paraformaldehyde
and permeabilized with 0.5% Triton X-100. Coverslips were blocked in
5% normal serum for 1h at room temperature and then were incubated with
primary antibody diluted in blocking buffer and after washed secondary
antibodies were applied. Images were acquired by using Zeiss LSM 780
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laser-scanning confocal microscope and ZEN software (Carl Zeiss, Oberkochen,
Germany).

For live cell imaging assay, Hela cells stably expressing Mito-Red were transiently
transfected with GFP-parkin, and then treated as indicated. The movie was monitored
by live-cell imaging confocal microscope equipped with a sensitive digital video
camera (OLYMPUS, Tokyo, Japan).
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Figure 5 p32 depletion leads to mitophagy defects. (a

) Hela cells stably expressing Myc-ULK1, GFP-Parkin and p32-shRNA were treated with CCCP (10 ) for 48 h. Cells
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were then immunostained with anti-TOM20 antibody (Ieft) and scored for the percentage of cells expressing GFP-parkin with TOM20 staining, which was shown as mean + S.D.
of five random areas (right). The scale bar represents 10 um. ***P<0.001. (b) Hela cells stably expressing Mito-Red were infected with the indicated lentiviral vectors. Cells were
then transiently transfected with GFP-Parkin followed by CCCP treatment (10 ) for the indicated time course. The process of removing damaged mitochondria in living cells was
monitored by live-cell imaging (left panel). Histogram represents the percentage of cells expressing GFP-parkin with uncleared mitochondria after 48 h of CCCP treatment (right
panel). The error bars represent the mean + S.D. of five random areas. ***P<0.001. (c) Hela cells stably expressing Myc-parkin were infected with lentivirus encoding control
shRNA or p32-shRNA. Cells were then placed in medium containing DMSO or CCCP (10 uw) for 24 h, followed by TEM analysis

<

Figure 4 p32regulates starvation-induced autophagy. (a) Protein extracts from Hela cells infected with p32-Myc lentiviral construct were analyzed by western blotting with the
indicated antibodies. (b) Hela cells infected with the indicated lentiviral p32 shRNAs were collected, and cell lysates were subjected to western blotting with the indicated
antibodies. (c) Hela cells stably expressing the indicated shRNAs were placed in normal or in EBSS starvation medium in the presence or absence of lysosomal protease
inhibitors PE for 6 h. Lysates were immunoblotted as indicated (upper panel). p62 and LC3-I levels were quantified by densitometry and plotted as mean + S.D. of three
independent experiments (middle and lower panel). (d) p32 knockdown Hela cells were untreated or treated with EBSS medium for 6 h. Cells were then fixed and analyzed by
transmission electron microscopy (TEM). The bottom panels show enlarged views of the boxed areas. Quantification of the autophagic vacuoles (AVs) was shown as mean + S.D.
of 15 random areas. **P<0.01. (e) H1299 cells stably expressing GFP-LC3 were infected with p32-shRNA and stably reconstituted with lentiviral Myc-ULK1 vector. Cells were
then placed in EBSS medium for 6 h. GFP-LC3 positive autophagosomes were determined by confocal microscopy. The scale bar represents 20 um (upper panel). Histogram
represents the percentage of cells containing positive LC3 punctas. The error bars represent the mean + S.D. of five random areas (lower panel). **P< 0.01. (f) Hela cells stably
expressing the indicated shRNA-resistant forms of p32 were infected with p32-shRNA lentiviruses. Histogram represents the percentage of viable cells scored by Annexin V
staining and FACS analysis after being cultured in EBSS medium for 6 h. The error bars represent the mean =+ S.D. of three independent experiments. ***P< 0.001. (g) Hela cells
were infected with p32-shRNA and stably reconstituted with lentiviral Myc-ULK1 vector. Histogram represents the percentage of viable cells scored by Annexin V staining and
FACS analysis after being cultured in EBSS medium for 6 h. The error bars represent the mean + S.D. of three independent experiments. **P<0.01, **P<0.001
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p32 regulates autophagy and mitophagy via interacting with ULK1. (a) Hela cells stably reconstituted with lentivirus bearing the indicated p32 cDNA were infected

with p32-shRNA lentiviruses. Lysates were immunoblotted with the indicated antibodies. (b) H1299-GFP-LC3 cells stably expressing the indicated shRNA-resistant forms of p32
were infected with p32-shRNA lentiviruses. Cells were then treated with EBSS medium for 6 h. GFP-LC3 positive autophagosomes were examined by confocal microscopy. The
scale bar represents 20 um (left panel). Histogram represents the percentage of cells containing positive LC3 punctas (right panel). The error bars represent the mean + S.D. of
five random areas. **P< 0.01. (c) Hela cells stably expressing GFP-Parkin and the indicated shRNA-resistant forms of p32 were infected with p32-shRNA lentiviruses. Cells then
were treated with CCCP (10 m) for 48 h. Cells were immunostained with anti-TOM20 antibody (upper) and scored for the percentage of cells expressing GFP-parkin with TOM20
staining, which was shown as mean + S.D. of five random areas (lower). The scale bar represents 10 pm. ***P<0.001

Statistical analysis. Values are the mean+S.D. from at least three
independent experiments. The data significance was evaluated using Student's
test unless stated otherwise. P-values <0.05 was considered statistically
significant (*P<0.05, **P<0.01 and ***P<0.001).
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