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Autophagy is a membrane-mediated degradation process
of macromolecule recycling. Although the formation of
double-membrane degradation vesicles (autophagosomes)
is known to have a central role in autophagy, the mechan-
ism underlying this process remains elusive. The serine/
threonine kinase Atgl has a key role in the induction of
autophagy. In this study, we show that overexpression of
Drosophila Atgl promotes the phosphorylation-dependent
activation of the actin-associated motor protein myosin II.
A novel myosin light chain kinase (MLCK)-like protein,
Spaghetti-squash activator (Sqa), was identified as a link
between Atgl and actomyosin activation. Sqa interacts
with Atgl through its kinase domain and is a substrate
of Atgl. Significantly, myosin II inhibition or depletion of
Sqa compromised the formation of autophagosomes under
starvation conditions. In mammalian cells, we found that
the Sqa mammalian homologue zipper-interacting protein
kinase (ZIPK) and myosin II had a critical role in the
regulation of starvation-induced autophagy and mamma-
lian Atg9 (mAtg9) trafficking when cells were deprived of
nutrients. Our findings provide evidence of a link between
Atgl and the control of Atg9-mediated autophagosome
formation through the myosin II motor protein.
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Introduction

Autophagy is a highly conserved catabolic process in which
long-lived proteins, RNA, and organelles are degraded in
lysosomes. It occurs at a relatively low level during normal
growth conditions but can be strongly induced under such
environmental stress as nutrient starvation, hypoxia, and
oxidative stress. Once autophagy is induced, cytoplasmic
components are engulfed within specialized double-membrane
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vesicles known as autophagosomes (Mizushima, 2007).
These vesicles subsequently fuse with lysosomes for degra-
dation and recycling. Although much of our knowledge on
autophagy was first obtained from morphological observa-
tion in mammalian cells, the molecular components of this
process were largely identified in yeast (Klionsky, 2007).
Through the genetic screening of yeast, about 30 autophagy-
related (ATG) genes have been identified (Yorimitsu and
Klionsky, 2005; Suzuki and Ohsumi, 2007). A subset of
these Atg proteins assembles into different protein com-
plexes, including the Atgl protein kinase complex, the
autophagy-specific phosphatidylinositol 3-kinase (PI3K)
complex, the Atg8 and Atgl2 ubiquitin-like conjugation
systems, and Atg9 recycling system (Xie and Klionsky,
2007), and is essential for the formation of autophagosomes.
Interestingly, many of these ‘core’ Atg proteins are also found
in mammals, suggesting the autophagic mechanism has been
conserved.

One major question about autophagy is where and how
autophagosomes emerge. In yeast, the pre-autophagosomal
structure (PAS) is thought to be the organizing centre for
formation of sequestering vesicles (Reggiori and Klionsky,
2005; Xie and Klionsky, 2007). It seems that for this formation
to begin, the PAS must be targeted by Atg proteins. The
molecular mechanism underlying this process is not known,
though the Atgl complex may be involved in the recruitment
of Atg proteins to PAS (Kawamata et al, 2008). The serine/
threonine protein kinase Atgl acts as an important link
between the nutrient-sensing target of rapamycin (TOR)
kinase signalling and autophagy. It has been shown that
Atgl associates with Atgl3 and Atgl7 in response to TOR
regulation (Kabeya et al, 2005). Moreover, Atgl is involved in
the recycling of Atg9 between PAS and multiple peripheral
structures (Reggiori et al, 2004), which may contribute to
cycling of autophagosome membrane. In mammals, two Atgl
homologues have been identified: the UNC-51-like kinases,
Ulk1 and Ulk2 (Kuroyanagi et al, 1998; Yan et al, 1999). It has
been reported that both Ulkl and Ulk2 can relocalize to
mammalian PAS (called isolation membrane/phagophore)
when cells are starved of nutrients and the formation of
autophagosomes is inhibited when either Ulkl or Ulk2 is
depleted (Hara et al, 2008). These findings suggest a func-
tional redundancy between these proteins. Like yeast Atgl,
Ulk1 has been found to regulate the trafficking of mammalian
Atg9 (mAtg9) from the trans-Golgi network (TGN) to forming
autophagosomes under starvation conditions (Young et al,
2006). More recent studies have shown that Ulkl also
interacts with mammalian Atgl3 (mAtgl3), the scaffolding
protein FIP200 (a functional analogue of yeast Atgl7),
and Atgl0l (Hara et al, 2008; Jung et al, 2009; Hosokawa
et al, 2009a,b). These proteins form a large, stable complex
and are essential for autophagosome formation. Apart
from the Ulkl-mAtg13-FIP200 complex, it is unclear what

©2011 European Molecular Biology Organization


http://dx.doi.org/10.1038/emboj.2010.338
http://dx.doi.org/10.1038/emboj.2010.338
mailto:gcchen@gate.sinica.edu.tw
http://www.embojournal.org
http://www.embojournal.org

other Ulkl downstream signals are generated to trigger
autophagy.

In a recent study, we identified an interaction between
Atgl and the cytoskeletal protein paxillin (Chen et al, 2008).
We also found that overexpression of Drosophila Atgl in-
duced autophagy and aberrant actin structures, suggesting a
link between Atgl and actin cytoskeleton in autophagy. As
actin filaments form cables that serve as tracks guiding the
movement of various cargos (Lanzetti, 2007), it may be that
the actin cytoskeleton functions as structural support or as a
track assisting the movement of autophagic components to
PAS. In fact, in mammalian cells treated with actin-depoly-
merizing drugs such as cytochalasins B and D, the formation
of autophagosomes has been found to be impaired (Aplin
et al, 1992; Seglen et al, 1996). In yeast, actin filaments are
reported to be essential for selective types of autophagy and
the movement of Atg9 between the peripheral sites and the
PAS (Reggiori et al, 2005; Monastyrska et al, 2008). However,
the precise role that Atgl has in the regulation of actin-
dependent Atg9 cycling and autophagosome formation
remains unknown.

In this study, we investigated the relationship between
Atgl and actin cytoskeleton and their possible involvement in
autophagy. We discovered in Drosophila a new substrate of
Atgl, Sqa, a myosin light chain kinase (MLCK)-like kinase.
Depletion of Sqa, its mammalian homolog zipper-interacting
protein kinase (ZIPK), and the inactivation of myosin II com-
promised starvation-induced autophagy in both Drosophila and
mammalian cells. In addition, depletion of ZIPK and inhibition of
myosin II markedly inhibited the redistribution of mAtg9 from
TGN to the peripheral pool in response to nutrient deprivation.
Our study not only identifies a novel role of Atgl in the
regulation of actomyosin activation, but also provides some
insight into the mechanism underlying Atgl regulation of Atg9
trafficking during the early stages of autophagosome formation.

Results

Overexpression of Atg1 induces myosin Il activation

In one of our previous studies, as well as in one by Scott et al
(2007), overexpression of Drosophila Atgl was found to
increase autophagy and result in apoptotic cell death (Chen
et al, 2008). We also found that high levels of Atgl led to
abnormal cell morphology and F-actin reorganization
(Figure 1B), as has been found previously (Chen et al,
2008). This suggests an increase in actomyosin contractility.
As myosin II activity is regulated by the phosphorylating state
of the myosin regulatory light chain (MRLC), we used a
phospho-specific MRLC antibody that would recognize the
pSer21 of Drosophila MRLC homolog Spaghetti squash (Sgh)
to assess the myosin II activity of wing imaginal discs
expressing Atgl (Matsumura et al, 1998). Overexpression of
Atgl in the developing wing with ptc-GAL4 driver resulted in
a dramatic increase level of phospho-MRLC and F-actin
accumulation in GFP-marked Atgl-expressing cells, but not
in ptc-GAL4 controls or in cells expressing the kinase-defi-
cient Atgl, Atgl-KR (Figure 1A-C). Furthermore, the Atgl-
induced MRLC phosphorylation could be suppressed by co-
expressing the non-phosphorylatable form of Sqh, Sqgh#*°4!
(Figure 1D) (Jordan and Karess, 1997). Taken together, these
data suggested that Atgl mediated the activation of actomyosin
in a kinase-dependent manner. In addition to wing imaginal
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discs, we also found a robust increase in phopho-MRLC in
response to Atgl expression in fat-body cells (Supplementary
Figure S1A) and in cultured S2R+ cells (Supplementary
Figure S1B), suggesting that the Atgl-induced actomyosin
activation is not tissue specific.

We next examined whether the increased MRLC phosphor-
ylation in Atgl-expressing cells was caused by Atgl-induced
cell death or autophagy. We found that neither expression of
the caspase inhibitor p35, nor RNAi-mediated downregula-
tion of Atgl2 suppressed the Atgl-induced MRLC phosphor-
ylation (Figure 1E and F), indicating that Atgl-induced
myosin II activation occurred through a caspase and
autophagy-independent process. We further investigated
whether actomyosin activation had a mediating role in
Atgl-induced cell death and autophagy. We found the
Atgl-induced caspase activation and autophagosome forma-
tion to be significantly suppressed by co-expressing Sqh2042!
(Supplementary Figure S2), suggesting that myosin II activa-
tion is required for Atgl-induced autophagy and cell death.

CG1776 encodes a novel MLCK-like protein

To investigate the possibility of a direct relationship between
Atgl and Sqgh, we first tested whether Sgh could be a direct
phosphorylation target of Atgl. Using His-tagged Sgh as a
substrate in our in vitro kinase analysis, we did not find Atgl
to directly phosphorylate Sqh (Figure 1H). Therefore, it might
be possible that Atgl induces MRLC phosphorylation through
myosin II activators, as phosphorylation of MRLC has been
reported to be regulated by a spectrum of stimulating kinases,
including MLCK, Rho-associated protein kinase (ROK), and
the death-associated protein kinase (DAPK) family proteins
(Vicente-Manzanares et al, 2009).

In Drosophila, Stretchin-Mlck (Strn-Mlck) is the MLCK
most closely related to the vertebrate smooth muscle/non-
muscle MLCKs (sm/nmMLCK) and skeletal MLCKs
(skMLCK). In a BLAST homology search against the BDGP
database using the kinase domain of Strn-Mlck, we found a
new MLCK-like protein, CG1776. The kinase domain of
CG1776 is 50 and 49% identical with that of Strn-Mlck and
smMLCKs, respectively (Figure 1G). However, unlike
Strn-Mlck and smMLCK, CG1776 does not contain a Ca®*/
calmodulin regulatory domain. We also found the kinase
domain of CG1776 to be highly homologous to that of the
DAPK family proteins such as DAPK1 and DAPK3/ZIPK
(Figure 1G). Interestingly, a recent study has implicated a
role of CG1776 in Drosophila S6 kinase (S6K) phosphoryla-
tion (Findlay et al, 2007). As Atgl has been found to inhibit
TOR/S6K-dependent cell growth via a negative feedback
regulation (Lee et al, 2007; Scott et al, 2007), we wanted to
study the relationship between Atgl and CG1776. We
renamed CG1776 as sqa for the following reasons. First, we
performed in vitro kinase assays using Sgh as a substrate to
assess whether the sequence homology of Sqa and MLCK
extends to their biochemical activity. We found that wild-type
Sqa could phosphorylate itself and Sqh (Figure 1H), but the
catalytically inactive form, Sqa-KA, could not. Second, when
Sqa was clonally expressed in wing imaginal discs using the
flip-out GAL4 system (Ito et al, 1997), a dramatic increase of
Sqgh phosphorylation was detected in GFP-positive Sqa-
expressing cells (Figure 3C). Thus, both our biochemical
and immunostaining analyses indicated that Sqa is a bona
fide MLCK-like protein capable of activating Sqh.
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Figure 1 Atgl induces myosin II activation and spaghetti-squash activator (Sqa) identification. (A-F) Atgl-induced myosin II activation
depends on the kinase activity of Atgl. Third-instar wing imaginal discs from ptc-GAL4 UAS-GFP controls or flies expressing indicated
transgenes were stained with phospho-MRLC (blue) and TRITC-labelled phalloidin (red). Low level of phospho-MRLC staining was observed in
controls (A) and cells overexpressing kinase-deficient Atgl-KR (C), whereas a robust increase in phospho-MRLC was found in cells
overexpressing Atgl (B). Co-expression of Atgl and spaghetti-squash (Sqh*?°*%!) exhibited low level of phospho-MRLC staining (D). Atgl-
induced high level of phospho-MRLC staining was not suppressed by expression of caspase inhibitor p35 (E) or by depletion of Atgl2
(AtngRNA‘) (F). Bar, 20 um. (G) Schematic diagram of Drosophila and mammalian MLCK family. The quantities within the kinase domains
indicate the degree of amino acid identity to the kinase domain of Sqa (CG1776). Ank, ankyrin repeats; Death, death domain; Fn, fibronectin
domain; Ig, immunoglobulin domain; NLS, nuclear localization signal. (H) Sqa, but not Atgl, directly phosphorylated Sgh in vitro. Flag-Atg1,
Flag-Atgl-KR, HA-Sqa and HA-Sqa-KA were immunoprecipated from lysate of transfected cells and incubated in an in vitro kinase reaction
mixture containing [y->*P]ATP and bacterially expressed recombinant wild-type Sqh or Sqh®?°4?'. As shown on the autoradiogram (top panel),
Wild—tnge but not the kinase-deficient Atgl (Atgl-KR) and Sqa (Sqa-KA) was autophosphorylated. No phosphorylation was seen with
Sqh?2%4?! The equal input of His-fusion proteins is shown on the Coomassie staining. Anti-Flag and anti-HA immunoblottings (IBs) were used
as controls to quantify the amount of proteins precipitated.
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Sqa genetically interacts with Atg1

To determine whether Sqa is involved in the Atgl-mediated
activation of myosin II, we examined the effects of RNAi-
mediated inhibition of Sqa on the Atgl-induced wing defects.
Overexpression of Atgl with ptc-GAL4 resulted in disappear-
ance of anterior cross-veins in adult wings (Figure 2B), as
was found in a previous study (Chen et al, 2008).
Importantly, we found that ablation of Sqa expression by
Sqa-RNAi strongly reversed the Atgl-induced disappearance
of the cross-veins (Figure 2G). Moreover, similar to that of
Atgl, overexpression of Sqa in wing discs using ptc-GAL4
resulted in an anterior cross-vein missing phenotype
(Figure 2C). The Sqa-induced wing vein defects could be
suppressed by co-expressing either Sqa-RNAi or Sgh#*04
(Figure 2I and J), suggesting the observed phenotype is Sqa
specific and depends on myosin II activation. However,
epistasis analysis revealed that depletion of Atgl did not
suppress the Sqa-induced wing vein defects (Figure 2K),
suggesting that Sqa might function as a downstream target
of Atgl. To determine whether Sqa is required for Atgl-
induced activation of myosin II, we investigated whether
ablation of Sqa expression could suppress the activation of
myosin II and the disorganization of actin cytoskeleton
induced by Atgl. Using anti-phospho-MRLC antibody in our
immunofluoresence analysis, we found a marked decrease in
MRLC phosphorylation and normal actin organization in the
regions where Atgl and Sqa-RNAi were co-expressed
(Supplementary Figure S3A and B). Furthermore, consistent
with our findings in Supplementary Figure S2, we found that
inhibition of myosin II activation by depletion of Sqa strongly
suppressed the Atgl-induced cell death and autophagy
(Supplementary Figure S3C-F). These results together indi-
cate that Sqa functions as an important downstream target of
Atgl in the regulation of myosin II activation and is required
for Atgl-induced autophagy and cell death.

Sqa is a substrate of Atg1

To further elucidate the interaction between Atgl and Sqa, we
investigated whether Sqa physically interacted with Atgl.
HEK 293T cells were transfected with Flag-tagged wild-type
Atgl together with HA-tagged Sqa. Immunoblotting of the
anti-Flag immunoprecipates from cell lysates revealed no
co-precipitation between wild-type Atgl and Sqa
(Figure 2M). It has been reported that protein kinases gen-
erally interact with substrates transiently and with relatively
low affinity (Manning and Cantley, 2002). To overcome this
problem for our binding assay, we employed a kinase sub-
strate-trapping approach in which the catalytically inactive
kinase variants formed a stable interaction with their sub-
strates (Deminoff et al, 2006). We found that Sqa specifically
co-immunoprecipitated with the kinase inactive form of Atgl,
Atgl-KR, but not with the wild-type Atgl (Figure 2M).
Conversely, the kinase inactive form of Sqa, Sqa-KA, did
not interact with wild-type Atgl. These results indicated
that Sqa may be a substrate of Atgl. Next, to determine the
region of Sqa responsible for its interaction with Atgl, two
HA-tagged Sqa mutants, HA-Sqa-K and HA-Sqa-C
(Figure 2L), were constructed and tested for their ability to
pull down Flag-tagged Atgl-KR. Co-immunoprecipitation as-
says revealed that Atgl-KR specifically interacted with Sqa-K,
which contains the N-terminal kinase domain (amino acids
1-301), but not with Sqa-C, which contains only the
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C-terminal region (amino acids 291-446) (Figure 2N).
Taken together, these results suggest that Sqa is an Atgl-
interacting protein, and the interaction is mediated through
the kinase domain of Sqa.

Both our genetic and biochemical data suggested that Sqa
might be a direct substrate of Atgl. To find out, we performed
in vitro kinase assays using Atgl isolated from 293T trans-
fectants and various recombinant Sga mutants as substrates.
As shown in Figure 20, Atgl phosphorylated the kinase
domain region of Sqa, Sqa-K1 (amino acids 1-189) and
Sqa-K2 (amino acids 190-301), but not the C-terminal region
of Sqa, Sqa-C, suggesting that there are multiple Atgl phos-
phorylation sites within the N-terminal kinase domain of Sqa.
Furthermore, the kinase-inactive Atgl-KR was not able to
phosphorylate either region of the Sqa (Figure 20).
Therefore, consistent with the binding assay, our data
strongly suggest that Sqa is a direct substrate of Atgl.

Phosphorylation of Sqa at Thr-279 is required for
Atg1-mediated myosin Il activation

It has been shown that MLCK activity is regulated by multi-
site phosphorylation through various protein kinases, includ-
ing cAMP-dependent protein kinase (PKA), protein kinase C,
and CaM kinase II (Stull et al, 1993; Gallagher et al, 1997).
However, these kinases phosphorylate MLCK at sites in the
Ca®* /calmodulin regulatory domain, which is not found in
Sqa. A recent study by Graves et al (2005) revealed that
phosphorylation of Thr-180, Thr-225, and Thr-265 in the
kinase domain of the ZIPK (also known as DAPK3) is
essential for full enzymatic activity to occur . Our sequence
analysis showed Sqa to be highly homologous to ZIPK and to
exhibit three corresponding phosphorylation sites at Thr-194,
Thr-239, and Thr-279 (Supplementary Figure S4A). We
further determined the Atgl phosphorylation sites of Sqa
using mass spectrometry-based analyses. Notably, MS/MS
analysis revealed a single phosphorylation site at Thr-279 in a
peptide corresponding to residues 273-285 of Sqa
(Supplementary Figure S4B). We thus mutated Thr-194,
Thr-239, and Thr-279 of Sqa-K2 to alanine and assayed
their ability to be substrates for Atgl in an in vitro kinase
assay. Compared with the wild-type Sqa-K2, the substitution
of Ala for Thr-279, but not for Thr-194 or Thr-239 strongly
attenuated the phosphorylation of Sqa-K2 by Atgl
(Figure 3A). On the basis of these findings, it is likely that
Thr-279 of Sqa is a major phosphorylation site of Atgl and an
additional site(s) may be present within the stretch of resi-
dues spanning from amino acids 1 to 301.

To assess the importance of Thr-279 on the function of Sqa,
we generated the T279A mutation in the full-length Sqa and
determined its enzymatic activity both in vivo and in vitro.
Compared with the wild-type Sqa, T279A mutant showed
markedly reduced autophosphorylation in an in vitro kinase
assay (Figure 3B). Consistent with the autophosphorylation
data, T279A mutant dramatically reduced the catalytic activity
of Sga in phosphorylating Sgh in vitro (Figure 3B).
Furthermore, both immunofluorescence and immunoblotting
analyses showed that T279A mutant failed to stimulate MRLC
phosphorylation in vivo (Figure 3C and D). Notably, co-expres-
sion of T279A mutant also reduced Sqa-induced wing vein
defects (Supplementary Figure S5E). These findings indicated
that T279A mutant could behave as a dominant negative
mutation. We further investigated whether it would suppress
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Figure 2 Genetic and biochemical interactions between Atgl and spaghetti-squash activator (Sqa). (A-K) Genetic interactions between Atgl,

Sqa, and spaghetti-squash (Sqh). Compared with the ptc-GAL4 controls (A), expression of Atgl or Sqa by Btc -GALA4 resulted in mlssmg anterior
cross-vein phenotypes (B, C). However, RNAi-mediated downregulation of Atgl (AtglRNA‘) or Sqa (Sqa®™*) did not cause w1ng vein defects

(D, E). Depletion of Atgl and Sqa suppressed Atgl and Sqa-induced wing vein defects, respectively (F, I). Atgl-induced wing defects were
modulated by depletion of Sqa (G) or b{ co-expression of Sgh*?°4?! (H). Nevertheless, Sqa-induced wing vein defects were suppressed by co-
expression of Sqgh®2°4? (J) but not Atg1®™4! (K). (L) Schematic presentation of the domain structures of Sqa and deletion mutants. (M-N) Atgl
physically interacted with Sqa. (M) 293T cells were transfected with HA-tagged Sqa WT (wild-type) or KA, together with Flag-tagged Atgl WT
or KR. The cells were lysed 48 after transfection and immunoprecipitated (IP) with anti-Flag antibodies. The immunoprecipitated proteins
and the total cell lysates (TCL) were analysed by immunoblotting (IB) with antibodies as indicated. (N) 293T cells transfected with Flag-Atgl-
KR and various HA-tagged Sqa contracts were subjected to immunoprecipitations with anti-HA antibody. The immunoprecipitated proteins and
the total cell lysates were analysed by immunoblotting with antibodies as indicated. (O) Atgl directly phosphorylated Sqa in vitro. Flag-tagged
Atgl WT or KR immunoprecipated from lysate of transfected cells was used to phosphorylate bacterially expressed recombinant Sqa-K1, Sqa-
K2, and Sqa-C in an in vitro kinase assay. The lower panels represent equal input of His-fusion proteins and Atgl immunoprecipitates.
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Figure 3 Phosphorylation of spaghetti-squash activator (Sqa) at Thr-279 is required for Atgl-mediated myosin II activation. (A)
Characterization of Atgl-dependent phosphorylation sites on Sqa. 293T cells transfected with Flag-tagged Atgl or Atgl-KR were subjected
to immunoprecipitation with anti-Flag antibodies, followed by in vitro kinase assays with bacterially expressed Sqa-K2, Sqa-K2-T194A, Sqa-K2-
T239A, and Sqa-K2-T279A as substrates. Atgl but not Atgl-KR was autophosphorylated (top panel). Relative phosphorylation levels of
substrates were quantified. Data are represented as mean = s.e. of triplicates. (B-D) Phosphorylation of Sqa at Thr-279 is critical for the kinase
activity of Sqa. (B) HA-tagged Sqa or Sqa-T279A immunoprecipated from lysate of transfected cells was used to phosphorylate bacterially
expressed recombinant spaghetti-squash (Sqgh) WT and A20A21, in an in vitro kinase assay. (C) Clonal expression of Sqa but not Sqa-T279A
(GFP-positive cells) in the larval wing imaginal discs resulted in a marked increase in phospho-MRLC staining (blue) and actin reorganization
(red). Bar, 20pum. (D) The larval fat body of denoted genotypes were dissected, lysed, and subjected to western blot analysis using anti-
phospho-MRLC and anti-Sgh antibodies. For quantification, the levels of MRLC phosphorylation in each genotype were measured with ImageJ
and normalized to the Sgh levels. Data are expressed as a fold change compared with the wild-type controls. Each value represents mean = s.e.
from triplicate experiments. See Supplementary data for genotypes.

wing vein defects caused by Atgl. We found that co-expression tary Figure SSF and G), indicating that Atgl-mediated phos-
of Sqa-T279A mutant markedly suppressed the Atgl-induced phorylation of Thr279 is required for Sga activation, which
wing phenotypes and the activation of myosin II (Supplemen- subsequently stimulates the activation of myosin II downstream.
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Myosin Il activation is required for starvation-induced
autophagy

It has been reported that a robust autophagic response is
induced in Drosophila larval fat body in response to nutrient
deprivation (Scott et al, 2004). This process depends on the
downregulation of TOR signalling and activation of Atgl
kinase. To investigate the physiological role of myosin II in
autophagy, we first tested whether the myosin II activity of
larval fat body was altered during starvation conditions, and
found a robust increase in MRLC phosphorylation
(Figure 4A). Importantly, starvation-induced myosin II acti-
vation was markedly abolished in Atgl null but not in Atgl
heterozygous animals (Figure 4A), suggesting that the ob-
served MRLC phosphorylation occurred in an Atgl-depen-
dent manner. As the Atgl-induced autophagy could be
modulated by the TOR pathway, we tested whether increased
TOR activity affected starvation-induced activation of myosin
II. As shown in Figure 4B, overexpression of TOR activator,
the Rheb GTPase, in the starved larval fat body strongly
suppressed myosin activation, compared with GFP controls.
Moreover, we found that expression of either Sqa-RNAi or
Sqa-T279A in larval fat body significantly blocked the upre-
gulation of myosin activity under starvation conditions
(Figure 4B). However, neither ablation of Atg7 nor Atgl2
expression affected MRLC phosphorylation (Figure 4B, data
not shown). These results suggest that the starvation-induced
myosin II activation is regulated by TOR activity and through
the Atgl-Sqa-mediated pathway.

As we found that the activation of myosin II had a critical
role in the Atgl-induced formation of autophagosomes
(Supplementary Figure S2H), we investigated whether deple-
tion of Sqa or inhibition of myosin II activation would affect
the formation of autophagic vacuoles induced by starvation.
For these experiments, we analysed the GFP-Atg8a distribu-
tion in fat-body clones generated by the flip-out system. GFP-
Atg8a was redistributed from a uniformly diffuse cytoplasmic
localization under nutrient-rich conditions to punctate struc-
tures in response to starvation (compare Figure 4C and D).
The formation of these GTP-Atg8a punctae was blocked by
depletion of Atgl2 (Figure 4E), suggesting that these punctate
structures are autophagy-related vesicles. Co-expression of
Sqh®2042! with GFP-Atg8a strongly inhibited the starvation-
induced GFP-Atg8a punctae (Figure 4H and K). Consistent
with this finding, co-expression of Sqa-T279A or Sqa-RNAi
with GFP-Atg8a also resulted in a significant decrease in size
and number of GFP-Atg8a punctae (Figure 4F, G and K) in
response to starvation. Moreover, we found that the consti-
tutively active Sgh (Sgh®°E# and SqhP2°P?!) (Dorsten et al,
2007; Mitonaka et al, 2007) restored the autophagic defects
caused by Sqa-T279A and Sqa-RNAi (Figure 41-K). Together,
these findings strongly support the hypothesis that
Sqa-mediated Sgh activation has an essential role in starva-
tion-induced autophagy.

As autophagy-mediated degradation and recycling of cel-
lular components are known to have an important role in
organism survival under unfavourable conditions (Juhasz
et al, 2007), we examined the effects of myosin II activity
on adult fly viability under starvation conditions. Compared
with control flies, those in which myosin II activity was
inhibited by expressing the non-phosphorylatable Sqh”204!
or dominant-negative form of myosin heavy chain zipper
(Zip-DN) had a significantly shortened life span under

The EMBO Journal VOL 30 | NO 4| 2011

starvation conditions (Figure 4L). Similarly, reduced expres-
sion of Sqa and overexpression of Sqa-T279A mutant resulted
in increased death rate (Figure 4L). Taken together, these
observations suggest that Sqa and myosin II activation are
required for autophagy and are also crucial for animal
survival under starvation conditions.

Myosin Il is involved in the regulation of autophagy
in mammalian cells
Autophagy has been shown to be a highly conserved process
from yeast to mammals (Suzuki and Ohsumi, 2007; Yang and
Klionsky, 2010) . To determine whether Atgl-Sqa-mediated
myosin II activation and autophagosome formation is con-
served in mammalian cells, we first performed transient
transfection experiments to test whether Ulkl interacted
with the Sqa mammalian homolog ZIPK. Co-immunoprecipi-
tation assays showed that, similar to Atgl-Sqa interaction,
ZIPK specifically interacted with the kinase inactive form of
Ulk1, Ulk1-KI, but not with the wild-type Ulkl (Figure 5A).
Moreover, we found that the kinase-inactive ZIPK-KA showed
a mobility shift in cells co-transected with wild-type Ulk1, but
not with Ulk1-KI (Figure 5B). The mobility shift of ZIPK-KA
was abolished by the CIP phosphatase treatment. These
results together suggest that ZIPK may be a substrate of
Ulkl. Next, we investigated whether the myosin II activity
would be affected in cells deprived of nutrients. Consistent
with our observation in Drosophila, we found a marked
increase of phospho-MRLC in MCF?7 cells during amino acid
and serum starvation (Figure 5C). The myosin II activity was
decreased after the medium was replaced with a nutrient-rich
medium. Kinetic assays revealed that the activation of MRLC
occurred within 30 min after nutrient deprivation, and the
phosphorylation of MRLC coincided with the autophagic flux
(Supplementary Figure S6). We further used Ulkl- and ZIPK
shRNAs to downregulate Ulkl and ZIPK expression in MCF7
cells. We found that the starvation-induced activation of
myosin II was reduced by Ulkl and ZIPK depletion
(Figure 5D), indicating a role of Ulkl and ZIPK in the
regulation of myosin II activation on nutrient deprivation.
To further test the function of myosin II in autophagy, we
used three independent methods to specifically inhibit myo-
sin II function. MCF7/GFP-LC3 cells were transfected with
non-muscle myosin heavy chain-IIA (NMHC-IIA) shRNA or
treated with ML-7, a highly specific inhibitor of MLCK, or
blebbistatin, a myosin II inhibitor. The cells were incubated
in a starvation medium (EBSS) in the presence or absence of
the lysosomal inhibitor bafilomycin Al (BafAl). We found
that the depletion or inactivation of myosin II significantly
reduced the size and number of GFP-LC3 and Atgl6 punctae
when the cells were deprived of nutrients (Figure 6A and
Supplementary Figure S7). Moreover, LC3 conversion assay
revealed that myosin II inhibition strongly suppressed the
conversion of cytosolic LC3 (LC3-I) to the lipidated form of
LC3 (LC3-1I) (Figure 6B and Supplementary Figure S7B).
Notably, although treatment with BafAl led to a marked
increase of GFP-LC3 signal and LC3II/LC3I ratio in control
cells, the fact that a reduction of GFP-LC3 puncta formation
and GFP-LC3 lipidation was unchanged when myosin II was
inhibited indicates that the decrease in autophagic flux was
not due to an increase in autophagosome turnover. It has
been shown that expression of the constitutively active form
of ZIPK leads to the induction of autophagy (Shani et al,
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Figure 4 Atgl-spaghetti-squash activator (Sqa)-mediated myosin II activation is required for starvation-induced autophagy. (A, B) Activation
of myosin II on nutrient deprivation. The larval fat body of denoted genotypes under fed or starved conditions were dissected, lysed, and
subjected to western blot analysis using antibodies specific for phospho-myosin regulatory light chain (MRLC) and total MRLC. The Rheb,
SqaNAl Sqa-T279A, spaghetti-squash (Sqh#2°4%!), and Atg7" 4! transgenes were expressed under the control of hs-GAL4 driver (B). For
quantification, the relative phosphorylation levels of MRLC were quantified as in Figure 3D. Data are represented as mean * s.e. of triplicates.
(C-J) Starvation-induced autophagosome formation was compromised by inhibition of myosin II activation. Compared with the fed condition
(C), starvation induced a robust formation of GFP-Atg8a puncta in larval fat-body cells (D). Clonal expression of AtngRNAi (E), Sqa-T279A
(F), Sqa®™* (G), or Sqh****?" (H) markedly suppressed GFP-Atg8a puncta formation during starvation. The autophagic defects caused
by Sqa-T279A and Sqa™ ! were rescued by co-expression of the constitutively active Sqgh®°®?!' (I) and SqghP?°®* (J), respectively. Bar, 20 pm.
(K) The average number of GFP-Atg8a marked autophagosomes per cell is shown (data are represented as mean + s.e. of 20 fat-body samples
imaged per genotype; ***P<0.001). (L) Inhibition of myosin II activity increased sensitivity to starvation. Flies carrying transgenes under the
control of fat body-specific Cg-GAL4 driver were used for further analysis. Histogram illustrating the survival curve of adult female flies of
denoted genotypes when placed under starved conditions. Data are mean + s.e. from triplicate experiments (n = 100 flies/genotype/treatment).
*P<0.05, **P<0.01, ***P<0.001. See Supplementary data for genotypes.

2004). To investigate the role of ZIPK in starvation-induced
autophagy, control and ZIPK knockdown MCF7/GFP-LC3
cells were fed and starved for 2h with and without BafAl.

ZIPK depletion led to a significant decrease in the number
and size of GFP-LC3 and Atgl6 punctae and in LCII/I ratio,
compared with control cells (Figure 6 and Supplementary
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Figure 5 UNC-51-like kinase (Ulkl) and zipper-interacting protein kinase (ZIPK) are essential for starvation-induced myosin II activation.
(A) UIK1 interacted with ZIPK. 293T cells transfected with HA-tagged ZIPK together with Flag-tagged Ulkl or Ulkl-KI were subjected to
immunoprecipitations with anti-Flag antibody. The immunoprecipitated proteins and the total cell lysates were analysed by immunoblotting
with antibodies as indicated. (B) HA-tagged kinase-inactive ZIPK-KA (K42A) was expressed in 293T cells with Flag-tagged Ulk1 or Ulk1-KI. Cell
lysates were incubated with or without alkaline phosphatase (CIP) and analysed by immunoblotting with antibodies as indicated. (C) Myosin II
was activated upon nutrient deprivation in MCF7 cells. MCF7 cells were cultured in serum containing DMEM medium (nutrient-rich condition)
or in Earle’s balanced salt solution (EBSS; starved condition) for 2 h. The myosin II activity was significantly downregulated after EBSS-starved
cells were replenished with fresh DMEM medium containing 10% FBS for 2 h. The myosin II activity was quantified and expressed as a fold
changes compared with the DMEM controls. Each value represents mean = s.e. of triplicates. (D) MCF7 cells stably infected with lentivirus
expressing control (shLuc), Ulk1 or ZIPK shRNA were cultured in nutrient-rich DMEM medium (F) or EBSS (S) for 2 h. Effects of Ulkl and ZIPK
knockdown on starvation-induced myosin II activation were analysed by immunoblotting with antibodies as indicated. Data are mean + s.e. of
triplicates.

Figure S7). Taken together, our results demonstrate the im- 2002). Under nutrient-rich conditions, Sgh-GFP and
portance of ZIPK and myosin II to the starvation-induced phospho-MRLC were predominantly localized on plasma
autophagy in mammalian cells. membranes, especially at cell-cell junctions (Figure 7A).

Under starvation conditions, Sqh-GFP and phospho-MRLC
Redistribution of myosin Il during starvation not only localized to the cell junctions but also enriched in
Myosin II has been shown to function in diverse cellular the perinuclear region of the cell (Figure 7A). Next, we
processes, including cell adhesion, migration, and cytokinesis assessed whether the cellular distribution of myosin II was
(Sellers, 2000). Recent findings have indicated that myosin II affected by starvation in mammalian cells. MCF7/GFP-LC3
also has a role in membrane trafficking (Duran et al, 2003; cells were incubated in either full medium or starvation
DePina et al, 2007). Myosin II undergoes dynamic subcellular medium. Myosin II was localized to peripheral region of
translocation during these processes. To determine the dis- MCF?7 cells under nutrient-rich conditions (Figure 7B). We
tribution of myosin II during starvation-induced autophagy, found that both MRLC and phospho-MRLC were redistributed
we first examined the localization of total and activated to the perinuclear region and were co-localized with GFP-
myosin 1I in the larval fat-body cells of sgh®*®; sqh-GFP, in LC3-labelled autophagosome under starvation condition
which Sqh-GFP is the only source of MRLC (Royou et al, (Figure 7B). We further tested whether starvation would
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Figure 6 Involvement of zipper-interacting protein kinase (ZIPK) and myosin II in starvation-induced autophagy. (A) MCF7/GFP-LC3
cells stably infected with lentivirus expressing control (shLuc), ZIPK, or non-muscle myosin heavy chain-IIA (NMHC-IIA) shRNA were
cultured in nutrient-rich medium (DMEM) or starvation medium (Earle’s balanced salt solution; EBSS) in the presence or absence of
lysosomal inhibitor bafilomycin Al (BafAl) for 2h. Depletion of ZIPK and NMHC-IIA markedly inhibited starvation-induced GFP-LC3
puncta formation. Quantification of the number of GFP-LC3 dots per cell (lower panel) was shown (data are represented as mean = s.e.
of 100 cells, ***P<0.001). (B) Cells as in (A) were cultured in nutrient-rich medium (F) or EBSS (S) with or without BafA1l for 2 h. Effects
of ZIPK and NMHC-IIA knockdown on starvation-induced GFP-LC3 conversion were assessed by immunoblotting with anti-LC3,
anti-ZIPK, anti-NMHC-IIA, and anti-tubulin antibodies. The relative ratio of LC3II/LC3I is shown at the right panel. Data are mean+s.e.

of triplicates.

increase the population of myosin II on membrane using
subcellular fractionation. Under nutrient-rich condition, we
observed that most myosin II existed in the cytosol compared
with the membrane pellet (Figure 7C). However, under the
starvation condition, both MRLC and phospho-MRLC were
significantly decreased in the cytosolic fraction and increased in
the membrane pellet (Figure 7C). These results show that
nutrient starvation induces myosin II redistribution and that
this process is conserved from Drosophila to mammalian cells.

©2011 European Molecular Biology Organization

The starvation-induced mAtg9 trafficking is regulated
by myosin Il

Atg9 is a multispanning membrane protein that cycles be-
tween the PAS and peripheral punctate structures (Reggiori
et al, 2004). As the cycling of Ag9 is essential for autophagy, it
has been proposed that Atg9 may have a pivotal role in
supplying lipids to forming autophagosomes (Mari and
Reggiori, 2007; Webber et al, 2007). In yeast, Atgl, actin
filaments, and a myosin-like protein Atgll have been shown
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Figure 7 Redistribution of myosin II during nutrient starvation. (A) The fat body of spaghetti-squash (sqgh”**?); sqh-GFP larva under fed or
starved conditions were dissected and subjected to immunofluorescence analysis. Sgh-GFP and phospho-myosin regulatory light chain
(MRLC) were enriched in cell-cell junction under nutrient-rich (fed) condition. Under starvation conditions, Sgh-GFP and phospho-MRLC
were localized to both cell-cell junction and perinuclear region. Actin was stained with TRITC-labelled phalloidin (red) and nucleus was
stained with DAPI (blue). Bar, 20 pm. (B) Starvation induced redistribution of myosin II in MCF7/GFP-LC3 cells. Both phospho-MRLC and
MRLC were localized in peripheral region of cells in nutrient-rich medium (DMEM), whereas they redistributed to the perinuclear region and
co-localized with GFP-LC3 under starvation conditions (Earle’s balanced salt solution; EBSS). Bar, 10 pum. (C) MCF7/GFP-LC3 cells cultured in
nutrient-rich (DMEM) or starved (EBSS) conditions were homogenized and subjected to centrifugation, and the resulting post-nuclear
supernatant (PNS) was fractionated by high-speed centrifugation into membrane pellet and cytosol. Proteins were resolved by SDS-PAGE and
immunoblotted with anti-TGN46 antibody as a control for membrane-association proteins, anti-caspase-3 as a control for cytosolic proteins.
The levels of phospho-MRLC and MRLC in each fraction were quantified using ImageJ and plotted relative to their amounts in PNS (n=3).
Each value represents mean + s.e. of three experiments. *P<0.05, **P<0.01.

to regulate the cycling of Atg9 (He et al, 2006); however, the
molecular mechanism underlying this process is not clear. In
this study, we assessed whether myosin II might act as a
motor protein in the regulation of Atg9 trafficking during
autophagy. In mammalian cells, mAtg9 has been found to
cycle from the TGN to a dispersed peripheral pool upon
nutrient deprivation (Young et al, 2006). We generated
MCF?7 cells that stably expressed GFP-mAtg9 and found

646 The EMBO Journal VOL 30 | NO 4 | 2011

that, consistent with previous findings, GFP-mAtg9 is en-
riched in a juxta-nuclear region and co-localizes with the
trans-Golgi marker TGN46 under nutrient-rich conditions
(Figure 8A). GFP-mAtg9 also partially co-localizes with the
cis-Golgi marker GM130 but not with the marker for lyso-
somes (LAMP1) (Supplementary Figure S8A and B). During
starvation, GFP-mAtg9 was dispersed to a peripheral
region and appeared to co-localize with late endosomes and

©2011 European Molecular Biology Organization
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Figure 8 The starvation-dependent cycling of mammalian Atg9 (mAtg9) is blocked by inhibition of myosin II activity. (A)
Immunofluorescence analysis of GFP-mAtg9 and phospho-myosin regulatory light chain (MRLC) in MCF7/GFP-mAtg9 cells. GFP-mAtg9
was enriched in the trans-Golgi network (TGN) labelled with anti-TGN46 antibody and phospho-MRLC localized to cell peripheral in nutrient-
rich condition (DMEM). GFP-mAtg9 redistributed and co-localized with phospho-MRLC in starvation condition (Earle’s balanced salt solution;
EBSS). (B) mAtg9 interacted with non-muscle myosin heavy chain-IIA (NMHC-IIA) under starvation conditions. 293T cells (right panel) or
293T cells stably infected with lentivirus expressing control (shLuc), UNC-51-like kinases (Ulkl) or zipper-interacting protein kinase (ZIPK)
shRNA (left panel) were transfected with V5-tagged mAtg9 and GFP-tagged NMHC-IIA. At 48 h after transfection, cells were incubated in either
serum-containing medium (DMEM) or EBSS for 2 h with or without the treatment of 50 uM ML-7 and blebbistatin (Blebb). Cell lysates were
immunoprecipitated with anti-V5 antibody and immunoblotted with indicated antibodies. (C) MCF7/GFP-mAtg9 cells were stably infected
with lentivirus expressing control (shLuc), ZIPK, or NMHC-IIA shRNA. Under starved conditions, mAtg9 was redistributed from the TGN to a
dispersed peripheral pool in control cells (shLuc). Starvation-induced GFP-mAtg9 redistribution was blocked in ZIPK and NMHC-IIA
knockdown cells. The images were analysed by quantifying mAtg9 localization in cells for either a TGN-enriched or dispersed pattern. Data
are represented as mean * s.e. of 70 cells. *P<0.05, **P<0.01. Bar, 10 pm.
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autophagosomes (Supplementary Figure S8C and D) (Young
et al, 2006). Intriguingly, we found that NMHC-IIA, MRLC,
and phospho-MRLC co-localized with GFP-mAtg9 under
starvation conditions (Figure 8A and data no shown).
Furthermore, our co-immunoprecipitation experiments re-
vealed that mAtg9 physically interacted with NMHC-IIA on
nutrient deprivation (Figure 8B). RNAi-mediated depletion of
Ulk1 and ZIPK, or myosin II inhibition disrupted the interac-
tion between mAtg9 and NMHC-IIA (Figure 8B). As Ulkl is
essential for the starvation-induced redistribution of mAtg9
(Young et al, 2006), we tested whether ZIPK and myosin II
were also involved in the regulation of mAtg9 trafficking.
Confocal microscopic analysis revealed that ZIPK depletion
and myosin II inhibition significantly restricted mAtg9 loca-
lization to the TGN during nutrient starvation conditions
(Figure 8C and Supplementary Figure S9). Taken together,
our results demonstrate that Ulk1-ZIPK-mediated myosin II
activation is required in starvation-induced mAtg9 trafficking
and suggest that myosin II might act as the motor protein
involved in regulating the movement of Atg9-mediated complex.

Discussion

In this study, we found that Atgl is involved in the regulation
of actomyosin activity that is achieved through the mediation
of an Atgl-interacting protein, which we newly identified in
the study, Sqa. We demonstrated that Sqa and myosin II
activity are essential to the starvation-induced autophagy in
Drosophila larval fat-body cells. Moreover, we found that the
redistribution of mAtg9 requires myosin activity in mamma-
lian cells, suggesting that myosin II functions as a motor
protein in Atgl-dependent cycling of Atg9 during the forma-
tion of autophagosomes.

Myosin II is a conventional two-headed myosin composed
of two heavy chains, two essential light chains, and two
regulatory light chains (Sellers, 2000). Myosin II activation is
regulated by the phosphorylation of its regulatory light chain
via MLCKs. Rho GTPase and Rho kinase have been impli-
cated in the regulation of myosin activation (Fukata et al,
2001). However, we found that neither RNA-mediated knock-
down of dRok nor mutations in Rhol or dRhoGEF2 could
suppress the Atgl-induced wing defects (G-C Chen, unpub-
lished data). Instead, we did find that depletion of Sqa
rescued Atgl-induced wing defects. Our epistasis analysis
showed that Sqa functioned downstream of Atgl. Moreover,
we found that Sqga but not Atgl could directly phosphorylate
Sqh in the in vitro kinase assay, suggesting that Atgl stimu-
lates myosin activity via Sqa. Importantly, Atgl phosphory-
lates and interacts with Sqa, indicating that Atgl-Sqa
functions in a kinase cascade to regulate myosin II activation.
Moreover, Atgl has been found to have a critical role in the
regulation of autophagy induction under stress conditions in
yeast, Drosophila, and mammalian cells (Kamada et al, 2000;
Scott et al, 2004; Hara et al, 2008). Our results provide the
first evidence that nutrient starvation stimulates myosin II
activation in an Atgl-Sqa-dependent manner. Most signifi-
cantly, we found a dramatic decrease in the size and number
of autophagosomes in cells expressing Sqa-T279A, Sqa-RNAi,
and Sqh®*°*?' on nutrient deprivation, indicating that Atgl-
Sqa-mediated actomyosin activation has a critical role in
autophagy.
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The kinase domain of Sqa is also highly homologous to
that of the mammalian DAPK family proteins. Recent studies
have indicated that DAPK1 regulates autophagy through its
association with MAP1B and Beclinl, or by modulating the
Tor signalling pathway (Harrison et al, 2008; Stevens et al,
2009; Zalckvar et al, 2009). As DAPK family proteins also
regulate myosin II phosphorylation (Bialik et al, 2004), one
might speculate that Sqa may be the Drosophila counterpart
of DAPK protein. Indeed, although overexpression of Sqa
does not induce cell death (H-W Tang, G-C Chen, unpub-
lished data), Sqa shares several characteristics with DAPK3/
ZIPK. First, unlike MLCK family proteins, both Sqa and ZIPK
contain an amino-terminal kinase domain that has 42%
sequence identity and 61% similarity. Moreover, like ZIPK,
our recent sequence analysis from FlyBase identified a Sqa
isoform (FBpp0289207) that also contains a leucine-zipper
domain (G-C Chen, unpublished data). Second, as phosphor-
ylation of Thr-265 in ZIPK is essential for its kinase activity
(Sato et al, 2006), we found that Atgl phosphorylates Sqa at
the corresponding Thr-279, and is critical for Sqa activity.
Third, just as Sqa specifically associates with kinase-inactive
Atgl, our results indicate a similar interaction between ZIPK
and UIk1. Importantly, depletion of Sqa and ZIPK resulted in
autophagic defects in response to nutrient deprivation. These
findings together suggest that ZIPK may act as a mammalian
homolog of Sqa during starvation-induced autophagy.
Further investigation is needed to determine whether the
mammalian Atgl (Ulkl) directly phosphorylates ZIPK at
Thr-265, and the role of this regulation in autophagy.

In autophagy, the source of the autophagosomal mem-
brane and dynamics of autophagosome formation are funda-
mental questions. Studies in yeast and mammalian cells have
identified several intracellular compartments as potential
sources for the PAS (also termed isolation membrane/phago-
phore) (Tooze and Yoshimori, 2010). Axe et al (2008) reported
on the formation of PI(3)P-enriched ER subdomains (omega-
somes) during nutrient starvation and autophagy induction,
and Hayashi-Nishino et al (2009) observed a direct connec-
tion between ER and the phagophore using the 3D electron
tomography (Yla-Anttila et al, 2009). In addition, recent
studies in yeast cells have suggested Atg9 and the Golgi
complex have a role in the formation of autophagosomes
(Geng et al, 2010; Ohashi and Munro, 2010; van der Vaart
et al, 2010). It has been proposed that the integral membrane
protein Atg9 may respond to the induction signal in promot-
ing lipid transport to the forming autophagosomes (Mari and
Reggiori, 2007; Webber et al, 2007). The mAtg9 has been
found to localize on the TGN and the endosomes in nutrient-
rich conditions and translocate to LC3-positive autophago-
somes on nutrient deprivation (Young et al, 2006). Although
several proteins, including Ulkl, mAtgl3, and p38IP, have
been found to regulate starvation-induced mAtg9 trafficking
(Young et al, 2006; Chan et al, 2009; Webber and Tooze,
2010), the molecular motor that controls the movement of
mAtg9 between different subcellular compartments remains
unknown.

Our finding that myosin II redistributes from peripheral to
the perinuclear region of cells on starvation suggests that
myosin II has a role in membrane trafficking (Figure 7). In
fact, it has been reported that myosin II is required for the
trafficking of major histocompatibility complex (MHC) class
II molecules and antigen presentation in B lymphocytes
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(Vascotto et al, 2007). Myosin II has also been found to be
involved in the protein transport between ER and Golgi
(Duran et al, 2003). As seen in Figure 8, there is a molecule
link between mAtg9 and the actomyosin network, indicating
that myosin II may function as a motor protein for mAtg9
trafficking during early autophagosome formation. In conclu-
sion, our work has unravelled a regulatory mechanism
between Atgl activity and the Atg9-mediated formation of
autophagosomes (Supplementary Figure S10). Further stu-
dies are needed to determine the involvement of this signal-
ling process in other stress-induced or developmentally
regulated autophagy.

Materials and methods

Drosophila strains and genetics

Flies were raised at 25°C following standard procedures unless
otherwise noted. The following Drosophila strains were used:
AtgIA3D, UAS-Atg7"NAl UAS-Atg12RNA, UAS-GFP-Atg8a, Cg-Gal4
(Scott et al, 2004, 2007), UAS-Sqh****?'| UAS-Sgh™" ' (Dorsten
et al, 2007), UAS-SqhP?°"?! (Mitonaka et al, 2007), UAS-Rheb
(Saucedo et al, 2003), UAS-ZIP-DN (Escudero et al, 2007), and
sqh®®3; P(w+ sqh-GFP) (Royou et al, 2002). The gal4 lines,
act>CD2>gal4 UAS-GFP, and UAS-p35 were obtained from the
Bloomington Stock Center. UAS-Atgl, UAS-Atgl-KR, and UAS-
Atg1®NA were generated in our laboratory as previously described
(Chen et al, 2008). Viability assays were performed as described
previously (Kim et al, 2008).

Plasmids

Plasmid constructions and the details of various shRNAs are
included in the Supplementary data. GFP-NMHC-IIA and RFP-LC3
were obtained from Addgene. GFP-LC3 was a gift from T Yoshimori
(Kabeya et al, 2000). ZIPK cDNA was a gift from T Haystead (Graves
et al, 2005). Flag-Ulkl and Flag-Ulk1-KI were gifts from J Chung
(Lee et al, 2007) . mAtg9 cDNA was a gift from W-Y Yang (Academia
Sinica).

Cell culture and transfection

HEK293T and MCF7 cells were cultured at 37°C in DMEM
(Invitrogen) medium supplemented with 10% FBS (complete
medium). For nutrient starvation, cells were starved for 2h in
serum-free Earle’s balanced salt solution (EBSS) medium (Sigma)
plus 100 nM BafAl (Merck) where indicated. Lipofectamine 2000
reagent (Invitrogen) and PolyJet reagent (SignaGen) were used for
transfection.

Antibodies and reagents

Antibodies used for the study were: anti-cleaved Caspase-3 (Cell
Signaling), anti-Sqh (gift from Tien Hsu, Boston University), anti-
pSer19-MRLC (Cell Signaling), anti-MRLC (Abcam), anti-NMHC-IIA
(Cell Signaling), anti-LC3 (Novus), anti-Ulkl (Novus), anti-ZIPK
(Cell Signaling), anti-TGN46 (Serotec), anti-Atgl6L (MBL), anti-
LAMP1 (Abcam), and anti-GM130 (BD Biosciences). F-actin was
stained using TRITC-labelled phalloidin (Sigma). DAPI (1 pg/ml)
was used to stain nuclei.
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Immunofluorescence

GFP-marked overexpression clones in the larval fat body were
generated through heat shock-independent induction as previously
described (Scott et al, 2007). MCF7 cells stably expressing GFP-LC3
or GFP-mAtg9 were fixed with 4% paraformaldehyde and then
permeabilized with 0.1% triton. Cells were then processed for
immunostaining. Samples were examined using an epifluorescent
microscope (Olympus BX51) equipped with a x 100 objective lens
or a confocal laser scanning microscope (LSM510; Carl Zeiss Inc.)
equipped with a x 63 Plan-Apochromat (NA1.4) objective lens.

Immunoblotting

Larvae carrying transgenes under the control of hs-GAL4 driver
were collected 72-96h after the eggs were laid, subjected to heat
shock for 2h at 37°C, followed by 24h recovery at room
temperature, and cultured in fresh fly media supplemented with
yeast paste (fed) or in vials containing 20% sucrose (starved) for 4h
before dissection. After dissection, the samples were then boiled in
SDS sample buffer, run on 15% polyacrylamide gel, and then
transferred to Immobilon-P polyvinylidene fluoride (PVDF) mem-
brane (Millipore). The blot was probed with primary antibody,
followed by HRP-conjugated secondary antibody, and signal was
detected by enhanced chemiluminescence (ECL; Amersham). The
signal intensities were analysed using ImageJ software (NIH).

In vitro kinase assay
In vitro kinase assay was performed as previously described (Chen
et al, 2008, and detailed protocol in the Supplementary data).

Subcellular fractionation
Membrane association of myosin II was analysed according to a
previous reference (Webber and Tooze, 2010).

Supplementary data
Supplementary data are available at The EMBO Journal Online
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