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SUMMARY

Autophagy plays key roles in development, oncogen-
esis, cardiovascular, metabolic, and neurodegenera-
tive diseases. Hence, understanding how autophagy
is regulated can reveal opportunities to modify auto-
phagy in a disease-relevant manner. Ideally, one
would want to functionally define autophagy regula-
tors whose enzymatic activity can potentially be
modulated. Here, we describe the STK38 protein ki-
nase (also termed NDR1) as a conserved regulator
of autophagy. Using STK38 as bait in yeast-two-
hybrid screens, we discovered STK38 as a novel
binding partner of Beclin1, a key regulator of auto-
phagy. By combining molecular, cell biological, and
genetic approaches, we show that STK38 promotes
autophagosome formation in human cells and in
Drosophila. Upon autophagy induction, STK38-
depleted cells display impaired LC3B-II conversion;
reduced ATG14L, ATG12, and WIPI-1 puncta forma-
tion; and significantly decreased Vps34 activity, as
judged by PI3P formation. Furthermore, we observed
that STK38 supports the interaction of the exocyst
component Exo84 with Beclin1 and RalB, which
is required to initiate autophagosome formation.
Upon studying the activation of STK38 during auto-
phagy induction, we found that STK38 is stimulated
in a MOB1- and exocyst-dependent manner. In con-
trast, RalB depletion triggers hyperactivation of
STK38, resulting in STK38-dependent apoptosis un-
der prolonged autophagy conditions. Together, our
data establish STK38 as a conserved regulator of
autophagy in human cells and flies. We also provide
evidence demonstrating that STK38 and RalB assist
the coordination between autophagic and apoptotic
events upon autophagy induction, hence further pro-
posing a role for STK38 in determining cellular fate in
response to autophagic conditions.
Current
INTRODUCTION

Autophagy is a catabolic process in which cytoplasm bulk, pro-

teins, and organelles are sequestered in autophagosomal vesi-

cles followed by lysosomal degradation [1]. This ensures cellular

homeostasis by turning over stable and defective proteins. How-

ever, autophagy is not only a sink, as degraded material is re-

cycled [2]. The metabolic state of a cell influences autophagic

processes, allowing cells to adapt to poor growth conditions

and environmental stresses [3]. Therefore, autophagy studies

represent a research area with increasing interest in pathological

conditions such as oncogenesis and cancer therapy resistance,

as well as cardiovascular, metabolic, and neurodegenerative

disorders [4]. The successful manipulation of the autophagic

process to improve the management of these pathophysiolog-

ical disorders requires the identification and characterization of

potential drug targets among regulators of autophagy. Recent

screens have uncovered new key players in autophagy [5–7].

Many of these key players promote or prevent the initiation

of autophagosome formation controlled by the ULK complex

(composed of ULK1 or ULK2, FIP200, ATG13, and ATG101)

and the Beclin1-PI(3)KC3 (class III phosphatidylinositol 3-kinase)

complex (composed of Beclin1, Vps34 and its adaptor Vps15,

ATG14L, UVRAG, AMBRA1, and others) [8, 9]. For example,

autophagy induction triggers activation of the RalB GTPase

and binding to Exo84, a subunit of the exocyst complex. This

in turn leads to the recruitment of the Beclin1/Vps34 complex

to nascent autophagosomes, thereby promoting autophago-

some formation [10].

STK38 (serine-threonine kinase 38), also known as NDR1, be-

longs to the AGC kinase family being regulated by phosphoryla-

tion [11]. Ser281 auto-phosphorylation on the T-loop of STK38

is stimulated by binding of MOB1A/B to an N-terminal regulatory

(NTR) domain of STK38, whereas Thr444 phosphorylation in the

hydrophobic motif of STK38 is performed by members of the

MST kinase family [12]. Phosphorylation of both sites is required

for STK38 activation and plays a role in apoptosis and cell-cycle-

related processes [12]. STK38 kinases are highly conserved

between flies and humans [11], sharing very similar regulatory

mechanisms [11, 13, 14]. Noteworthy, human STK38 can even

rescue the loss of function of Tricornered (Trc) [14], the fly
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counterpart of human STK38, suggesting that human and fly

STK38 can share identical cellular functions.

Here, we define STK38 as a novel positive regulator of auto-

phagy. By studying several autophagic markers and events,

we show that STK38 depletion severely impairs early autopha-

gosome formation. Our study further revealed that Trc (the fly

NDR kinase) is required for autophagy in Drosophila, indicating

that the autophagic role of STK38 is conserved from flies to

humans. Moreover, because hyperactivation of STK38 results

in STK38-dependent apoptosis under prolonged autophagy

conditions, we discovered that STK38 assists the coordination

between autophagic and apoptotic events upon autophagy

induction.

RESULTS

STK38 Is a New Binding Partner of Beclin1, a Key
Regulator of Autophagy
To identify new binding partners of STK38, two independent

yeast-two-hybrid (Y2H) screens were conducted with human

full-length STK38 wild-type (WT) or constitutively active STK38-

PIF [15] as baits. In both screens, Beclin1, a key regulator of

autophagy [8], was identified as binary binding partner of

STK38 (Figure S1). Thus, we tested STK38/Beclin1 interactions

by co-immunoprecipitation experiments in HEK293 cells, re-

vealing that Beclin1 interacted with STK38 (Figure 1A). Kinase-

dead versions of STK38 (K118R or D230N) associated with

Beclin1 comparable to STK38(WT) (Figure 1B), indicating that

STK38 kinase activity is dispensable for STK38/Beclin1 complex

formation. Next, STK38 lacking either the NTR (83–465) or C-ter-

minal (1–380) domains was subjected to co-immunoprecipita-

tions with Beclin1, revealing that Beclin1 binding to N-terminally

truncated STK38 was reduced (Figure 1C). Moreover, STK38

versions carrying Y31A or R41A mutations abolishing hMOB1/

STK38 complex formation [16] interacted with Beclin1 as effi-

ciently as STK38(WT) (Figure 1D). Thus, the MOB1/STK38

interaction is not a prerequisite for STK38/Beclin1 complex

formation. To rule out overexpression artifacts, we examined

the interaction between endogenous STK38 and Beclin1 (Fig-

ure 1E), showing that Beclin1 co-immunoprecipitates STK38

from HEK293 whole-cell extracts. Additionally, confocal micro-

scopy showed that STK38 and Beclin1 can co-localize in human

cells upon autophagy induction (Figure 1F). In EBSS-treated

cells, a fraction of STK38 also co-localizes with Vps34 and

ATG14L (Figures 1G and 1H), two Beclin1 complex components

[8]. A fraction of STK38 further partially co-localized with ULK1

(Figure 1I), a central component of the ULK complex [8, 9].

Taken together, triggered by two independent Y2H screens, we

dissected the interaction of STK38 and Beclin1, establishing

STK38 as a novel binding partner of Beclin1, a known regulator

of early autophagosome formation [8].

STK38 Is a Novel Positive Regulator of Autophagy
Based on the STK38/Beclin1 interaction (Figure 1), we hypothe-

sized that STK38 might be implicated in autophagy. Thus, we

analyzed trehalose- and starvation-induced autophagy [17, 18]

in STK38-depleted cells (Figure 2). The conversion of LC3B-I

into LC3B-II, which correlates with autophagosome numbers

[19], was evaluated by immunoblotting, revealing that LC3B-II
2480 Current Biology 25, 2479–2492, October 5, 2015 ª2015 The Au
accumulation was significantly decreased in STK38-depleted

cells (Figures 2A, 2B, S2A, and S2B). In parallel, the autophagic

flux was analyzed using bafilomycin A1 (BafA1), an inhibitor

of autophagic degradation of LC3B-II by blocking autophago-

some-lysosome fusion [19]. Consistent with autophagic flux be-

ing inhibited in STK38-depleted cells, BafA1 had little effect on

LC3B levels (Figures 2A, 2B, S2A, and S2B). To rule out RNAi

off-target effects, a rescue experiment was performed using

RNAi-resistant STK38 (Figure S2C). Expression of RNAi-resis-

tant STK38(WT) in STK38-depleted cells promoted normal treha-

lose-induced LC3B-II conversion (Figure S2C), demonstrating

that STK38 is required for autophagy. Significantly, STK38

knockdownmirrored defective autophagy induction as observed

upon Beclin1 depletion (Figure S2D). Collectively, these findings

indicate that STK38 is required for productive autophagy.

To probe the autophagic role of STK38 with an alternative

technique, HeLa GFP-LC3B cells [19] were treated with treha-

lose or EBSS to induce autophagy and the number of autopha-

gosomes marked by GFP puncta was determined (Figure 2C),

revealing that autophagosome numbers per cell were sig-

nificantly decreased upon STK38 knockdown (Figure 2C). Immu-

nofluorescence studies of endogenous LC3B confirmed this

observation (Figure 2D). STK38 depletion also impaired treha-

lose-induced autophagy in untransformed human HEK-HT and

RPE1 cells (Figures 2E and 2F), demonstrating that STK38 plays

a positive role in autophagy in different human cell lines. Further-

more, we examined levels of p62/SQSTM1, a known autophagy

substrate accumulating upon autophagy impairment [20]. Upon

EBSS starvation of STK38-depleted cells, p62 levels remained

higher than in controls (Figures 2G and S2E), suggesting an

impairment of autophagy. In summary, these independent mo-

lecular and cellular approaches consistently support a positive

role of human STK38 in autophagy.

The Role of STK38/Tricornered in Autophagy Is
Conserved in Drosophila melanogaster

Because autophagy is conserved among eukaryotes, we next

studied autophagy in flies with mutant forms of Trc (CG8637).

Trc is the functional fly ortholog of human STK38 [21] because

human STK38(WT) can compensate for loss of Trc function

[14]. After starvation, which induces autophagy in fly larvae

[22], most fat bodies of control larvae (w1118) have lost their

regular intracellular structure, and large Atg8/LC3-positive struc-

tures together with smaller puncta were observed (Figure 3A,

left panels). In contrast, in larvae with Cg-Gal4-driven expres-

sion of a Trc RNAi transgene (TrcIR), which can efficiently knock-

down Trc levels (Figure S3A), fat bodies mostly preserved their

regular appearance with the nuclei in the middle surrounded by

dark lipid droplets (Figure 3A, right panels), and the number

and size of Atg8-positive structures was significantly lower

than in controls (Figures 3B and 3C). As shown in Figures 3A–

3C, these results were confirmed by a second experimental

approach using larvae expressing a dominant-negative form

of Trc (TrcS292A,T453A) [14]. In addition, larvae expressing a con-

stitutively active form of Trc (TrcS292E) [14] displayed the opposite

phenotype, with increased numbers of large Atg8 puncta when

compared to controls (Figures 3A–3C). Significantly, these

Atg8 structures were already observed in fed larvae of TrcS292E

flies (Figure 3A) and were increased in term of numbers and
thors



Figure 1. STK38 Is a Novel Binding Partner of Beclin1, a Key Regulator of Autophagy

(A–D) HEK293T cells were co-transfected with indicated vectors expressing Beclin1-HA and selected variants of myc-STK38. D230N, Mg-binding mutant;

K118R, ATP-binding mutant; WT, wild-type; Y31A and R41A, MOB1A/B-binding mutants. Beclin1-HA was immunoprecipitated (IP) with anti-HA, and Beclin1-

associated STK38 was detected with anti-myc. Input lysates are shown.

(E) Endogenous Beclin1 was IP with anti-Beclin1 antibody, and Beclin1-associated STK38 was detected by western blotting. Beads, control sepharose beads

only; IgG, control antibody.

(F–I) HeLa cells were co-transfected with indicated plasmids. Twenty-four hours later, cells were subjected to EBSS treatment for 2 hr, fixed, and stained.

Representative confocal pictures are shown. White arrowheads indicate co-localizations between STK38 and Beclin1-ATG14L-Vps34 complex components or

ULK1. The scale bars represent 5 mM.
size (Figures 3B and 3C), suggesting that elevated Trc activity is

sufficient to increase autophagosome formation in this setting.

To exclude the possibility that the observed effects are due to

different genetic backgrounds, we performed mosaic studies

with the TrcIR line. In starved larvae, cells expressing the Trc

RNAi transgene (marked by GFP) did not form autophagosomes,

whereas their neighboring cells displayed large Atg8 punctae

(Figure 3D), further supporting our notion that Trc is critical for

autophagosome formation in fly larvae.
Current
To validate the autophagic role of Trc with a different method,

we performed a GFP cleavage and accumulation assay by

studying the GFP::Atg8a transgene in the presence or absence

of Trc manipulations. As expected, in fat bodies collected from

WT larvae, GFP readily accumulated upon starvation (Figure 3E),

indicating increased autophagy activity upon starvation. Con-

trarily, in samples collected from the TrcIR line, the GFP levels

barely increased, accompanied by lower levels in fed conditions

(Figure 3E). In larvae expressing activated TrcS292E, the increase
Biology 25, 2479–2492, October 5, 2015 ª2015 The Authors 2481



Figure 2. STK38 Is a New Positive Regulator of Autophagy

(A and B) HeLa cells were transfected with indicated siRNAs. Seventy-two hours later, cells were incubated with trehalose for 16 hr (A) or EBSS for 4 hr (B) with or

without bafilomycinA1 (Baf) for 4 hr, followed by immunoblotting using indicated antibodies (left panels). Histograms represent LC3B-II/GAPDH ratios obtained by

densitometric analysis (n = 3 ± SEM) of western blots (right panels).

(legend continued on next page)
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in GFP was more pronounced upon starvation and the levels in

fed conditions were also elevated compared toWT samples (Fig-

ure 3E). Collectively, these data described in Figure 3 support

our conclusion that Trc is necessary for starvation-induced auto-

phagy in flies.

Finally, we used fly genetics to determine whether Trc can

function upstream or downstream of Atg6 (fly Beclin1). Mutant

larvae for atg6 display melanotic blood cell mass formation

and die at the third instar stage [23]. Thus, we wondered whether

expression of activated TrcS292E would be sufficient to compen-

sate for atg6 loss of function in this context. Significantly, atg6

mutant larvae expressing activated Trc displayed decreased

formation of blood cell mass in contrast to control atg6 mutant

animals (Figures S3B and S3C), suggesting Trc can function

downstream of Atg6.

Together with Figure 2, these data demonstrate that STK38

kinases are conserved regulators of autophagy in flies and hu-

mans, further proposing that Beclin1 can function upstream of

STK38.

STK38 Is Required for Early Autophagic Events
Based on the results presented in Figures 1 and 2, we hypothe-

sized that STK38 is implicated in autophagosome formation

rather than later autophagic steps such as autophagosome-

lysosome fusion. To probe this hypothesis, we performed time-

lapse experiments using RPE1-GFP-LC3B cells (Figures 4A

and 4B; Movies S1 and S2). In basal autophagic conditions, au-

tophagosome numbers decreased upon STK38 knockdown

(Figures 4A and 4B). Upon EBSS treatment, the formation of

intense GFP dots gradually increased over time in controls,

whereas in STK38-depleted cells, autophagosome numbers

did not change significantly (Figures 4A and 4B), illustrating

that STK38 depletion severely impaired autophagosome forma-

tion. Alternatively, we evaluated LC3B-II accumulation upon

EBSS starvation in the presence of BafA1 (Figures 4C and 4D).

In controls, as expected, LC3B-II progressively accumulated

upon prolonged starvation when combined with BafA1. In con-

trast, LC3B-II accumulation was decreased in STK38-depleted

cells (Figures 4C and 4D). Taken together, these experiments

(Figures 4A–4D) strongly suggest a role for STK38 in early steps

of autophagosome formation.

To further expand on the role of STK38 in autophagosome for-

mation, we monitored the subcellular localization of ATG14L,

WIPI-1, and ATG12 (Figures 4E, 4F, and S4). ATG14L is needed

for autophagosome biogenesis [8]. WIPI-1 and ATG12 are pre-

sent on pre-autophagosomes [1]. Therefore, these approaches

allowed us to study newly formed autophagosomes. First, we
(C) HeLa GFP-LC3B cells were transfected with indicated siRNAs. Seventy-two

processed for immunofluorescence analysis. Representative confocal pictures (le

number of GFP-LC3B puncta per cell (n = 3 ± SEM).

(D) HeLa cells were transfected with indicated siRNAs. Seventy-two hours later, c

DAPI. Representative confocal pictures are shown. The scale bar represents 10

LC3B dots performed with the Image J software on at least 50 cells through a m

(E and F) HEK-HT and RPE1 cells were transfected with indicated siRNAs. Sev

mycinA1 (Baf). LC3B-II levels were assessed by western blots.

(G) HeLa cells were transfected with indicated siRNAs. Seventy-two hours later, c

western blotting (left panel). Histograms showp62/adaptin and p62/GAPDH ratios

To determine statistically significant differences, unpaired two-tailed Student’s t

Current
confirmed that STK38 was also required for autophagosome for-

mation in U2OS cells upon EBSS treatment (Figure S4A), as

observed in HeLa, HEK-HT, and RPE1 cells (Figure 2). Then,

we assessed the number of GFP-WIPI-1 puncta in U2OS GFP-

WIPI-1 cells, revealing that the number of WIPI-1 puncta was

considerably reduced upon STK38 knockdown (Figures S4B

and S4C). In EBSS-starved HeLa, the percentage of cells dis-

playing GFP-ATG14L dots was also significantly reduced in

STK38-depleted cells (Figures 4E and 4F). Similar results were

obtained when endogenous ATG12 was examined (Figures

S4D and S4E). Based on the evaluation of PI3P dots in EBSS-

starved cells as described [24], we further concluded that

Vps34 activity was decreased upon STK38 depletion (Figures

4G and 4H). Collectively, these data along with the observation

that STK38 associates with Beclin1 (Figure 1), a key regulator

of vesicle nucleation [8], are consistent with STK38 regulating

either the induction or vesicle nucleation stages during early au-

tophagosome formation.

To test whether STK38 may also have a role in subsequent

autophagy events like the fusion between autophagosomes

and lysosomes, we used the mRFP-GFP-LC3B tandem probe

[25]. This dual-color analysis enables a direct assessment

of the level of autophagosome-lysosome fusion events and

permits one to distinguish between autophagosomes (yellow)

and autophagolysosomes (red) [19]. This approach revealed

that, upon starvation, in spite of a total reduction of autopha-

gosomes by 50% in STK38-depleted cells, the ratio between

yellow and red signals remained unaffected (Figures S4F

and S4G). Because a defect in fusion of autophagosomes

with lysosomes would manifest by an accumulation of yellow

dots (autophagosomes) with decreased red (autophagolyso-

somes) signals, these data are in agreement with a role

for STK38 in early autophagosome formation rather than

maturation.

STK38Supports the Interaction of Beclin1 andRalBwith
Exo84
One key event promoting early autophagosome formation is

the RalB-mediated formation of Beclin1/Exo84 complexes

[10]. Given our findings that STK38 is a novel binding partner

of Beclin1 (Figure 1) and regulator of early autophagic events

(Figures 2, 3, and 4), we hypothesized that STK38 might play

a role in regulating RalB/Exo84 interactions, which are known

to facilitate the recruitment of the Beclin1/Vps34 complex to

nascent autophagosomes by supporting Beclin1/Exo84 com-

plex formation [10, 26, 27]. Therefore, we assessed these inter-

actions by co-immunoprecipitation experiments in control and
hours later, cells were treated with trehalose for 16 hr or EBSS for 2 hr and

ft panels; scale bar, 10 mM) are shown. Histograms (right panels) represent the

ells were subjected to EBSS treatment for 2 hr, fixed, and stained for LC3B and

mM. Histogram shows the quantification of the percentage of cells displaying

inimum of five pictures.

enty-two hours later, cells were treated with trehalose with or without bafilo-

ells were subjected to EBSS treatment as indicated. p62 level was assessed by

obtained by densitometric analysis (nR 3 ± SEM) of western blots (right panel).

tests were carried out (*p < 0.05; **p < 0.01).
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Figure 3. The Fly STK38 Kinase Tricornered Is Required for Autophagy in Larvae of Drosophila melanogaster

(A) Single confocal scans of fat bodies from fed or starved larvae of different trc transgenic alleles and control strain (w1118). GFP::Atg8a is shown in green, and

membrane-bound RFP is red. The scale bar represents 50 mM. Bottom right insets represent magnifications of areas indicated by white arrows. The scale bar in

magnifications represents 10 mM.

(legend continued on next page)
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Figure 4. STK38 Plays a Role in Early Auto-

phagosome Formation

(A) RPE1-GFP-LC3B cells were transfected with

indicated siRNAs. Seventy-two hours later, cells

were treated with EBSS for 2 hr and subjected

to time-lapse video microscopy. Representative

images (before and end of EBSS treatment) are

shown. The scale bar represents 10 mM. See

Movies S1 and S2 for the entire video sequence.

(B) Quantifications for experiments in (A) per-

formed on at least 12 cells spread on aminimum of

five fields. Graph represents the number of LC3B

dots per cell during EBSS treatment.

(C) HeLa cells were transfected with indicated

siRNAs. Seventy-two hours later, cells were

treated with EBSS as indicated (± bafilomycinA1;

Baf), and processed for western blotting.

(D) Quantification of experiment shown in (C).

Graphs represent LC3B-II/adaptin ratios.

(E) HeLa cells were transfected with indicated

siRNAs. Forty-eight hours later, cells were trans-

fected with GFP-ATG14L and treated the following

day with EBSS for 10 min.

(F) Quantifications for experiments shown in (E).

Graph represents the number of GFP-ATG14L

dots per cell (n = 3 ± SEM).

(G) HeLa cells were transfected with indicated

siRNAs. Seventy-two hours later, cells were

treated with EBSS for 10 min. To measure PI3P

dots formation (Vps34 activity), cells were fixed

and PI3P was marked with recombinant FYVE-

FYVEGST protein, followed by FITC-conjugated

anti-GST antibody.

(H) Quantifications for experiments shown in (G).

Graph represents the number of PI3P dots per cell

(n = 3 ± SEM). To determine statistically significant

differences, unpaired two-tailed Student’s t tests

were carried out (*p < 0.05).
STK38-depleted cells (Figure 5). As reported [10], EBSS starva-

tion increased the association of Exo84 with RalB in controls

(Figure 5A). In contrast, the Exo84/RalB interaction was dimin-

ished in starved STK38-depleted cells (Figure 5A). Notably, this

interaction was also decreased at basal conditions (Figure 5A).

Similarly, the binding of Exo84 to constitutively active RalB

G23V was reduced in STK38-depleted cells at basal conditions

(Figure 5B), suggesting that STK38 is needed to support the

autophagy-driving interaction between Exo84 and RalB. In full
(B and C) Quantification of the number (B) and size (C) of GFP::Atg8a-positive structures. Histograms show d

(starved) analyzed with ImageJ software. For statistical analysis, one-tail unpaired t test (B) and one-way A

comparison test (C) were performed (*p < 0.05; **p < 0.01; ***p < 0.001).

(D) Single confocal section of a flip-on clone for the TrcIR transgene in the fat body of a starved larva. Cells exp

(green). mCherry::atg8 is shown in red. The scale bar represents 30 mM. The bottom panel represents a hig

image above.

(E) GFP cleavage assay in fat bodies collected from fed or starved larvae expressing indicated transgenic allel

is shown. Levels of GFP::Atg8a and cleaved GFP were detected by western blot. Actin served as loading c

Current Biology 25, 2479–2492
support of these observations, our anal-

ysis of STK38-depleted cells further re-

vealed that STK38 is also required to

promote the Exo84/Beclin1 interaction

(Figure 5C). As reported [10], EBSS star-
vation increased the association of Exo84 with Beclin1 in

controls (Figure 5C). However, in STK38-depleted cells, Exo84/

Beclin1 complex formation was reduced under basal and starva-

tion conditions (Figure 5C). Collectively, these results suggest

that STK38 is necessary for efficient Exo84/Beclin1 and Exo84/

RalB complex formations, which are essential for autophagy

induction during nutrient restriction. This mechanistic insight

further strengthens our model, in which STK38 promotes early

autophagosome formation (Figure 5D).
ata from approximately 150 cells (fed) and 400 cells

NOVA followed by post hoc Bonferroni’s multiple

ressing the Trc RNAi transgene are labeled by GFP

her magnification image of the area marked in the

es together withActin5c-Gal4. Control strain (w1118)

ontrol.

, October 5, 2015 ª2015 The Authors 2485



Figure 5. STK38 Supports Exo84/Beclin1

and Exo84/RalB Complex Formation

(A–C) HEK293T cells were transfected with indi-

cated siRNAs. Forty-eight hours later, cells were

transfected with indicated vectors and processed

the following day for Exo84-HA IP using anti-HA. In

(A) and (C), indicated transfected cells were treated

with EBSS for 90 min before processing for IP.

Exo84-associated RalB or Beclin1 were detected

by western blotting. Total input lysates are shown.

(D) Working model of STK38-dependent induction

of autophagy. STK38 loss of function interferes

with Exo84/RalB and Exo84/Beclin1 interactions,

which are required to efficiently initiate PI3P for-

mation by the Beclin1-ATG14L-Vps34 complex.

Therefore, upon STK38 depletion, PI3P levels are

lower and ATG14L recruitment to autophago-

somes is impaired, consequently resulting in

reduced autophagosome formation.
STK38 Is Activated upon Induction of Autophagy
Given that our findings established STK38 as a novel auto-

phagy player (Figures 1, 2, 3, 4, and 5), we wondered whether

STK38 is regulated upon autophagy induction (Figure 6). To

monitor endogenous STK38 activity, we used an antibody raised

against phosphorylated Thr444 (Thr444-P), considering that

Thr444 phosphorylation is essential for and reflects STK38

activity [12]. In full support of a function of STK38 in autophagy,

trehalose and EBSS treatments induced STK38 activation (Fig-

ures 6A–6C). To explore this regulation further, we pursued three

avenues. First, we compared the effect of WT and kinase-dead

STK38 (Figures 6D, 6E, and S5A). Second, we examined the

involvement of MOB1 (Figures 6F and 6G), a known STK38 co-

activator needed for Thr444 phosphorylation in cells [28]. Third,
2486 Current Biology 25, 2479–2492, October 5, 2015 ª2015 The Authors
we studied whether STK38 activation re-

quires early autophagic processes (Fig-

ures 6H, 6I, S5, and S6).

Overexpression of kinase-dead (kd)

STK38 inhibited trehalose- or EBSS-

induced LC3B-II accumulation, whereas

cells overexpressing STK38(WT) dis-

played no statistically significant differ-

ence (Figures 6D, 6E, and S5A). Because

STK38(kd) can function as a dominant-

negative form [29], this finding com-

plements our previous RNAi-mediated

loss of function approaches of STK38

(Figures 2, 3, and 4). Moreover, we as-

sessed whether MOB1 is required for

Thr444 phosphorylation and autophagy

in this setting, revealing that MOB1 deple-

tion reduced autophagy-induced STK38

phosphorylation, paralleled by an im-

pairment of starvation-induced LC3B-II

accumulation (Figures 6F and 6G). In

summary, these results indicate that

STK38 is rapidly activated upon auto-

phagy induction and requires its co-acti-

vator MOB1 for supporting autophagy.
Next, given that EBSS and trehalose treatments resulted in

a rapid rise of STK38 phosphorylation (Figures 6A–6C), we

wondered whether inhibition of early autophagy events would

affect STK38 activation. Therefore, we interfered with autophagy

induction on four different levels. First, we depleted cells of RalB,

which blocks EBSS and trehalose-induced autophagy (Figures

S5B and S5C) [10]. Second, Exo84 was depleted, because this

exocyst component is crucial for autophagy induction [10]. Third,

we blocked early autophagosome formation by interfering with

the PI(3)KC3 complex by either treating cells with 3-methylade-

nine (3-MA), which inhibits Vps34 [24] or depleting Beclin1.

Fourth, ULK1 was depleted, because the ULK complex is critical

for activation of the Beclin1-PI(3)KC3 complex [30, 31]. Signifi-

cantly, these approaches revealed that blocking autophagy by
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Figure 6. The STK38 Kinase Is Activated upon Autophagy Induction

(A) HeLa cells were treated with EBSS or trehalose as indicated, before processing for western blot analysis.

(B and C) Quantification of experiments shown in (A). Graphs represent phospho-STK38/total STK38 ratios (n = 4 ± SEM).

(D) HeLa cells were transfected with indicated plasmids. Twenty-four hours later, cells were treated with trehalose for 8 hr and processed for western blot

analysis. EV, empty vector; K118R, kinase-dead. See also Figure S6.

(E) Quantification of experiments shown in (D). Histogram shows LC3B-II/GAPDH ratios (n = 3 ± SEM).

(F) HeLa cells were transfected with indicated siRNAs. Seventy-two hours later, cells were treated with EBSS for 2 hr ± bafilomycinA1 (Baf) and processed for

western blot analysis.

(G) Quantification for experiment shown in (F). Histograms show phospho-STK38/total STK38 ratios (left panel) and LC3B-II/adaptin ratios (right panel).

(H) HeLa cells were transfected with indicated siRNAs (B). Seventy-two hours later, cells were treated with trehalose for the indicated times, followed by pro-

cessing for immunoblotting using indicated antibodies.

(I) Quantification of experiments shown in (H). The graph shows the phospho-STK38/total STK38 ratios obtained by densitometric analysis of western blots (at

least n = 3 ± SEM). To determine statistically significant differences, unpaired two-tailed Student’s t tests were carried out (*p < 0.05; **p < 0.01).
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Exo84, Beclin1, ULK1 depletion, or 3-MA treatment impaired

STK38 phosphorylation upon EBSS starvation (Figures S5 and

S6), whereas in RalB-depleted cells, STK38 activation was

elevated when compared to controls (Figures 6H, 6I, and S5).

In contrast, upon nutrient starvation, the phosphorylations of

p70(S6K) and ULK1 mediated by mTOR [32, 33] decreased in

STK38-depleted cells comparable to controls (Figures S6C

and S6D). These findings cumulatively suggest that ULK1 and

Beclin1 are likely to act upstream of STK38 upon autophagy in-

duction, whereas STK38 appears to be dispensable for the sup-

pression of mTOR activity upon nutrient deprivation.

Intriguingly, upon prolonged autophagy induction, increased

STK38 phosphorylation in RalB-depleted cells was paralleled

by augmented levels of cleaved PARP (Figure S5), suggesting

that the observed increase of STK38 phosphorylation upon

RalB depletion could be related to the reported pro-apoptotic

role of STK38 [34]. Collectively, these observations indicate

that autophagy induction as a consequence of nutrient starva-

tion is required for STK38 activation. Moreover, we were temp-

ted to speculate that RalB depletion combined with autophagy

induction might trigger activation of STK38 to drive apoptosis.

STK38 and RalB Support the Balance between
Autophagy and Apoptosis
Considering that, upon autophagy induction, STK38 was hyper-

activated in RalB-depleted cells (Figures 6 and S5), we hypo-

thesized that RalB-STK38 signaling might contribute to the

important interplay between autophagy and apoptosis [35]. To

test this hypothesis, we expanded our analysis of RalB-depleted

cells in EBSS starvation conditions (Figure 7). Despite blocked

autophagy upon RalB depletion (Figures S5B and S5C), STK38

phosphorylation dramatically increased upon prolonged EBSS

treatment (Figure 7A). In parallel to elevated STK38 activation,

RalB depletion also caused apoptosis as judged by the accumu-

lation of cleaved PARP and caspase 3 (Figure 7A). These find-

ings suggested that elevated STK38 activity might have led to

apoptosis of RalB-depleted cells. Indeed, STK38 depletion alone

or co-depletion of RalB and STK38 abrogated EBSS-induced

PARP cleavage (Figures 7B and 7C), indicating that STK38

activation upon autophagy induction was triggering apoptosis

in the absence of RalB. Overexpression of constitutively active

STK38-PIF [15] was sufficient to enhance EBSS-induced PARP

cleavage without RalB depletion (Figure S7A), suggesting that

elevated STK38 activity is sufficient to trigger apoptosis. In full

support of this interpretation, we also observed elevated levels

of apoptosis in Drosophila larval imaginal wing discs upon

expression of activated TrcS292E (Figures S7B and S7C). Collec-

tively, these observations support our notion that, upon auto-

phagy induction, the activation of STK38 must be tightly regu-

lated to prevent pre-mature apoptotic signaling.

To monitor apoptosis by an independent method, annexin V/

PI stainings were quantified by flow cytometry to visualize

apoptotic cells (Figure 7D). In RalB-depleted cells, the number

of annexin-V-positive cells was dramatically increased after

EBSS treatment, whereas co-depletion of RalB and STK38 re-

verted this apoptotic phenotype (Figure 7D). Next, to rule out

the possibility that STK38 phosphorylation in RalB-depleted

cells was due to RalA activation, we silenced RalA alone (Fig-

ure 7E) or co-depleted RalA and RalB (Figure 7F). This revealed
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that RalA depletion causes a slight decrease in STK38 phosphor-

ylation when compared to control cells (Figure 7E), whereas co-

depletion of RalA and RalB resulted in the same phenotype as

observed upon RalB depletion only (compare Figures 7A and

7F), namely STK38 overactivation and increased PARP cleavage

upon prolonged EBSS starvation. This final set of data showed

that RalA is not required and not responsible for STK38 hyperac-

tivation upon RalB depletion during autophagy induction.

Collectively, these findings indicate that STK38 activation is

enhanced upon RalB knockdown combined with autophagy

induction, leading to increased apoptosis in a STK38-dependent

manner. Therefore, in the absence of RalB, STK38 activity fails to

be directed toward autophagy induction, which instead triggers

apoptosis in response to autophagic stimuli. Our data would

therefore suggest that RalB normally serves to limit STK38

activation and apoptosis induction upon nutrient deprivation,

indicating that STK38 and RalB, in addition to their roles in

autophagy, also support the balance between autophagy and

apoptosis.

DISCUSSION

Here,wedefine thepro-apoptoticSTK38kinaseasanewBeclin1-

binding partner. Therefore, we studied STK38 in autophagy,

unveiling STK38 as a novel positive regulator of autophagy.

Specifically, STK38 depletion severely impaired autophagosome

formation. Upon autophagy induction, STK38 is phosphorylated

on Thr444, a key residue for STK38 activation, suggesting that

STK38 is activated upon autophagy. Our study further revealed

that Trc, the fly counterpart of STK38, is required for normal auto-

phagy in fly larvae, strongly indicating that the positive role of

STK38 kinase in autophagy is conserved from flies to humans.

Finally, we found that STK38 as pro-apoptotic kinase supports

the balance between autophagy and apoptosis upon nutrient

deprivation.

Cumulatively, our evidence strongly suggests that STK38 is

required for early steps of autophagosome formation. In STK38-

depleted cells, LC3B-II conversion assays coupled with time-

lapse experiments clearly showed that autophagosome biogen-

esis is reduced (Figures 2 and 4). By using the mRFP-GFP-LC3B

tandemprobe,we discriminated between newly formed autopha-

gosomes and autophagolysosomes (Figure S4), showing that

STK38 depletion does not negatively impact autophagosome-

lysosome fusion. Moreover, ATG14L, ATG12, and WIPI-1 puncta

numbers were decreased in STK38-depleted cells. In full agree-

ment with these observations, Vps34 activity was significantly

reduced upon STK38 depletion (Figure 4). Furthermore, we

observed that STK38 supports Exo84/Beclin1 and Exo84/RalB

complex formations (Figure 5), which are important for initiating

autophagosome formation [10]. Overexpression of dominant-

negative STK38/Trc also inhibited autophagy (Figures 3 and 6),

further supporting our RNAi-based results. Therefore, all our evi-

dence collectively proposes a model in which STK38 is required

for early steps in autophagosome formation (Figure 5D).

In full agreement with our findings on human STK38 (Figures

2 and 4), Trc, the fly counterpart of STK38, is required

for autophagy in flies (Figure 3). Upon starvation to induce

autophagosome formation, larvae expressing either Trc RNAi

or dominant-negative Trc (TrcS292A,T453A) displayed an altered
thors
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Figure 7. Increased STK38 Activation Drives Apoptosis in RalB-Depleted Cells upon Autophagy Induction

(A–C) HeLa cells were transfected with indicated siRNAs. Seventy-two hours later, cells were treated with EBSS and processed for western blot analysis as

shown.

(D) HeLa cells were transfected with indicated siRNAs. Seventy-two hours later, cells were treated with EBSS for the indicated times, subsequently stained for

annexin V-FITC and propidium iodide (PI), and analyzed by flow cytometry (n = 3). Histograms represent the percentages of PI-positive cells (empty square) and

annexin-V-positive cells (filled square). To determine statistically significant differences, unpaired two-tailed Student’s t tests were carried out (*p < 0.05).

(E and F) HeLa cells were transfected with indicated siRNAs. Seventy-two hours later, cells were treated with EBSS and processed for western blot analysis as

indicated.
autophagy response (Figure 3). These findings demonstrate

that STK38 is required in human and fly cells for autophagy.

Most likely, the mechanism by which Trc regulates autophagy

in flies is very similar to human STK38, because the autopha-

gic function of Beclin1/ATG6 is conserved between flies and

humans [22]. Significantly, expression of constitutively activate

Trc in fly larvae was sufficient to induce autophagosome for-

mation (Figure 3), suggesting that Trc kinase activity is not

only required but also sufficient to drive autophagosome for-

mation in this setting.

MOB1 has been identified as a key activator of STK38 [12].

Because STK38 activation requires MOB1 binding to the NTR
Current
[12] and STK38 is necessary for autophagy induction (Figures

2, 3, and 4), we investigated whether MOB1 is also necessary

for autophagy induction. In full support of an autophagic func-

tion of STK38, we observed that endogenous MOB1 is, at least

to a certain extent, required for autophagy because MOB1

depletion impaired LC3B-II accumulation and autophagy-

dependent STK38 activation (Figure 6). Notably, we also map-

ped the Beclin1 interaction domain to the NTR (residues 1–82)

of STK38 (Figure 1), suggesting Beclin1 and MOB1 might com-

pete for the same binding sites. However, neither MOB1 bind-

ing to STK38, autophagy induction, nor STK38 kinase activity

is required for Beclin1/STK38 complex formation (Figure 1).
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Therefore, the initial activation of STK38 by MOB1 binding and

STK38/Beclin1 complex formation very likely represent two

separate molecular events. Additionally, the MST1/2 kinases

can promote STK38 activation in apoptotic and cell-cycle sig-

naling [12]. Intriguingly, MST1/2 kinases are necessary for auto-

phagy in flies and mammals [36, 37]. Consequently, future

research into the specific order of events and their regulation is

warranted using yet to be developed novel methods and mu-

tants. Considering further that Beclin1 can exist in distinct pro-

tein complexes [8, 38] and that our data suggest that Beclin1

can function upstream of STK38 (Figures S3 and S7), future

research is also warranted to dissect the relationships between

STK38 and different Beclin1-containing complexes to expand

our understanding even further. In this regard, as evident from

Figure S6B, the apparent dependency of STK38 activation on

ULK1 also deserves future investigations in the context of

signaling mechanisms involving ULK1 [30, 33]. One possibility

is that ULK1 supports the activation of STK38 by MOB1,

MST1/2, and/or yet to be identified upstream regulators of

STK38 upon autophagy induction. Alternatively, this may involve

the direct phosphorylation of STK38 by ULK1 in order to regulate

the Exo84/Beclin1/RalB interactions downstream of STK38. To

fully appreciate the role of STK38 as an integrator of ULK1 and

Beclin signaling in autophagy, it will also be important in the

future to define whether and how STK38 acts in feedback and

crosstalk mechanisms regulating autophagy.

By studying the regulation of STK38 upon autophagy induc-

tion, we further found that STK38 can serve as a link between

autophagy and apoptosis. As expected [10], RalB depletion led

to an autophagy block (Figure S5). However, this autophagy

block was coupled with elevated STK38 phosphorylation (Fig-

ure 7), suggesting that RalB, besides its key role in initiating auto-

phagy [10], is also required to fine-tune STK38 activation. This

point is important, because in our settings, enhanced STK38

activation resulted in increased apoptosis induction (Figures 7

and S7). Therefore, upon autophagy induction, RalB appears

to play a dual role by regulating autophagy and apoptosis. In

apoptosis signaling, STK38 functions downstream of RalB,

because co-depletion of RalB and STK38 decreased apoptosis

induction (Figure 7). In autophagy signaling, future research is

warranted to decipher how RalB and STK38 potentially regulate

together Exo84/Beclin1 complex formation. In this context, it is

notable that our data already suggest that a simple block of

autophagosome formation is not sufficient to trigger STK38-

dependent apoptosis, because neither Exo84, Beclin1, ULK1

depletion, nor Vps34 inhibition causes STK38 hyperactivation

(Figures S5 and S6). Blocking autophagy by Exo84, Beclin1,

ULK1 depletion, or 3-MA treatment rather negatively interferes

with STK38 activation (Figures S5 and S6), suggesting that acti-

vation of STK38 by autophagy induction or RalB depletion might

represent two separate molecular events. Therefore, our data

propose that RalB-STK38 signaling could potentially serve as a

specific switch between cell survival (through autophagy) and

cell death (through apoptosis), which when deregulated perhaps

can have severe pathophysiological consequences [35]. Conse-

quently, future research into the regulation of the relationship of

autophagy and apoptosis by RalB-STK38 signaling is warranted.

Taken together, we identify herein the pro-apoptotic STK38

kinase as a novel positive regulator of autophagy in flies and hu-
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mans. Moreover, fine-tuning of STK38’s activity may represent a

critical switch between cell survival (autophagy) and cell death

(apoptosis). Therefore, we provide in this manuscript insight

into a new regulatory mechanism of cell homeostasis that could

possibly be exploited for the development of novel clinical com-

pounds, allowing the modulation of autophagy activity in human

diseases.

EXPERIMENTAL PROCEDURES

Further details on experimental procedures (e.g., reagents, plasmids, and

siRNAs) are provided in Supplemental Experimental Procedures.

Cell Lines, Transfections, and Autophagy Induction

U2OS (GFP-WIPI-1 and GFP-LC3B) and RPE1 Tet-on HA-STK38-PIF cells

were cultured as described [39, 40]. HeLa, HeLa GFP-LC3B, HEK293T,

RPE1, RPE1 GFP-LC3B, and HEK-HT were cultured as described in Supple-

mental Experimental Procedures. siRNA (Eurogentec) transfections were

carried out using RNAiMax (Invitrogen) and DNA transfections with Jet Prime

reagent (Poly Plus) or Fugene 6 (Promega) following manufacturer’s instruc-

tions. Autophagy was induced by EBSS or trehalose as defined in Supple-

mental Experimental Procedures.

Immunoprecipitation Experiments

Beclin1/STK38 co-immunoprecipitations were performed as described [16,

41] using anti-HA 12CA5 or anti-Beclin1 (sc-10087; Santa Cruz) antibodies.

HA-Exo84 immunoprecipitations were performed as defined [42].

Western Blot and Densitometry Analysis

After treatments, cells were washed with cold PBS and lysed at 4�C in lysis

buffer (20 mM Tris-HCl [pH 8], 150 mM NaCl, 10% glycerol, 1 mM Na3VO4,

1% NP40, 1% EDTA, 1 mM b-glycerophosphate, 50 mM NaF, 1 mM DTT,

and 13 protease inhibitor [Roche]). Cell lysates were cleared at 13,000 g for

10 min at 4�C. Protein concentrations were determined using the Bio-Rad

Dc Protein Assay Kit. Equal amounts of total protein were run on precast

gradient SDS-PAGE gels (Bio-Rad). After electrophoresis, proteins were trans-

ferred to a 0.2 mm nitrocellulose transfer membrane (Whatman). Membranes

were then blotted overnight at 4�C in TBST with 3% BSA with the appropriate

primary antibodies. Primary antibodies were detected using appropriate con-

jugated secondary antibodies and visualized by enhanced chemilumines-

cence detection (Western Lightning Plus-ECL; PerkinElmer). Densitometric

analyses of immunoblots were performed using the Multi Gauge software

(FujiFilm).

Flow Cytometry

To determine the number of apoptotic and dead cells, cells were washed,

trypsinized, and resuspended in annexin V binding buffer (PharMingen) at a

concentration of 1 3 10 E6 cells per ml. Annexin V-APC antibody (5 ml for

100,000 cells) was added and incubated for 15min in the dark. Before flow cy-

tometry analysis, PI was added to visualize DNA. Data were acquired on a

LSRII (BD) or Macsquant (Miltenyi) flow cytometer.

Drosophila Experiments

Strains used were w1118, Cg-Gal4, Act5c-Gal4, Act5c < FRT > CD2 <

FRT > Gal4, hsflp-1, UAS-GFP::Atg8a, UAS-mCherry::Atg8a, UAS-GFP,

atg6D1 UAS-mRFP, UAS-Trc[S292E], UAS-Trc[S292A+T453A], and UAS-

Trc[IR]TRiP.JF02961. All crosses and experiments were performed at 25�C
as described in detail in Supplemental Experimental Procedures.

Y2H Screens

Y2H screening was performed by Hybrigenics Services (http://www.

hybrigenics-services.com) with full-length human STK38 (GenBank: 31377778)

and STK38-PIF [15] as baits. See also Supplemental Experimental Procedures.

Reagents, Plasmids, and siRNAs

Anti-phospho-STK38 (Thr444-P) and Mob1 antibodies were previously

described [16, 41]. STK38 [41], Exo84-HA [42], and RalB [43] plasmids were
thors
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previously described. The sources of the remaining reagents, plasmids, and

siRNAs are defined in detail in Supplemental Experimental Procedures.

PI3P Formation Measurements, Immunofluorescence, Time-Lapse

Microscopy, and Image Analysis

PI3P formation wasmeasured as described [44]. LC3B and ATG12 immunoflu-

orescence staining and quantifications as well as time-lapse microscopy are

described in detail in Supplemental Experimental Procedures.

Statistical Analysis

Unless otherwise indicated, unpaired two-tailed Student’s t tests were carried

out. Quantitative data of the indicated number of independent experiments

(‘‘n =’’ in figure legends) are expressed asmeans ±SEM. For statistical analysis

of Drosophila data, one-tail unpaired Student’s t test and one-way ANOVA fol-

lowed by post hoc Bonferroni’s multiple comparison test were performed as

described in the respective figure legends. For all tests, differences were

considered statistically significant when p values were below 0.05 (*), 0.01

(**), or 0.001 (***). In the figures, p values are indicated as *p < 0.05, **p <

0.01, and ***p < 0.001.

SUPPLEMENTAL INFORMATION

Supplemental Information includes Supplemental Discussion, Supplemental

Experimental Procedures, seven figures, and two movies and can be found

with this article online at http://dx.doi.org/10.1016/j.cub.2015.08.031.
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