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Abstract
TORC1 is a master regulator of metabolism in eukaryotes that responds to multiple

upstream signaling pathways. The GATOR complex is a newly defined upstream regulator

of TORC1 that contains two sub-complexes, GATOR1, which inhibits TORC1 activity in

response to amino acid starvation and GATOR2, which opposes the activity of GATOR1.

While the GATOR1 complex has been implicated in a wide array of human pathologies

including cancer and hereditary forms of epilepsy, the in vivo relevance of the GATOR2

complex remains poorly understood in metazoans. Here we define the in vivo role of the

GATOR2 component Wdr24 in Drosophila. Using a combination of genetic, biochemical,

and cell biological techniques we demonstrate that Wdr24 has both TORC1 dependent and

independent functions in the regulation of cellular metabolism. Through the characterization

of a null allele, we show that Wdr24 is a critical effector of the GATOR2 complex that pro-

motes the robust activation of TORC1 and cellular growth in a broad array of Drosophila tis-
sues. Additionally, epistasis analysis betweenwdr24 and genes that encode components

of the GATOR1 complex revealed that Wdr24 has a second critical function, the TORC1

independent regulation of lysosome dynamics and autophagic flux. Notably, we find that

two additional members of the GATOR2 complex, Mio and Seh1, also have a TORC1 inde-

pendent role in the regulation of lysosome function. These findings represent a surprising

and previously unrecognized function of GATOR2 complex components in the regulation of

lysosomes. Consistent with our findings in Drosophila, through the characterization of a

wdr24-/- knockout HeLa cell line we determined that Wdr24 promotes lysosome acidifica-

tion and autophagic flux in mammalian cells. Taken together our data support the model

that Wdr24 is a key effector of the GATOR2 complex, required for both TORC1 activation

and the TORC1 independent regulation of lysosomes.

Author Summary

TORC1 is a conserved multi-protein complex that regulates metabolism and cell growth
in response to many upstream inputs including nutrient availability. When amino acids
are limiting, the GATOR1 complex inhibits TORC1 activation. The inhibition of TORC1
slows cellular metabolism and promotes cell survival during times of protein scarcity. A
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second critical response to amino acid limitation is the activation of autophagy. During
autophagy cells degrade intracellular components in specialized membrane-bound organ-
elles called autolysosomes that are formed when lysosomes fuse with autophagosomes. In
times of nutrient stress, the process of autophagy allows proteins and other building blocks
of the cell to be broken down and repurposed for vital cellular functions. Here we demon-
strate that Wdr24, a component of the multi-protein GATOR2 complex, has a dual role in
the regulation of cellular metabolism in Drosophila. First, Wdr24 is required to oppose the
activity of the GATOR1 complex, thus activating TORC1 in a broad array of Drosophila
tissues. Second, Wdr24 promotes the acidification of lysosomes and thus facilitates autop-
hagic flux. Our data support the model that Wdr24 uses both TORC1 dependent and inde-
pendent pathways to regulate cellular metabolism.

Introduction
In metazoans multiple conserved signaling pathways control the integration of metabolic and
developmental processes. TORC1 is an evolutionarily conserved multi-protein complex that
regulates metabolism and cell growth in response to an array of upstream inputs including
nutrient availability, growth factors and intracellular energy levels [1]. The catalytic component
of TORC1 is the serine/threonine kinase Target of Rapamycin (TOR). When nutrients are
abundant, TORC1 activity promotes translation, ribosome biogenesis as well as other pathways
associated with anabolic metabolism and cell growth. However, when nutrients or other
upstream activators are limiting, TORC1 activity is inhibited triggering catabolic metabolism
and autophagy [2].

The Seh1 associated/GTPase-activating protein toward Rags (SEA/GATOR) complex is a
newly identified upstream regulator of TORC1 that can be divided into two putative sub-com-
plexes GATOR1 and GATOR2 [3–5]. The GATOR1 complex, known as the Iml1 complex or
the Seh1 Associated Complex Inhibits TORC1 (SEACIT) in yeast, inhibits TORC1 activity in
response to amino acid limitation [3,5,6]. SEACIT/GATOR1 contains three proteins Npr2/
Nprl2, Npr3/Nprl3 and Iml1/DEPDC5. Recent evidence, from yeast and mammals, indicates
that the components of the SEACIT/GATOR1 complex function through the Rag GTPases to
inhibit TORC1 activity [3,5]. Notably, Nprl2 and DEPDC5 are tumor suppressor genes while
mutations in DEPDC5 are a leading cause of hereditary focal epilepsies [7–16].

The GATOR2 complex, which is referred to as Seh1 Associated Complex Activates TORC1
(SEACAT) in yeast, activates TORC1 by opposing the activity of GATOR1 [3,5,17,18]. The
SEACAT/GATOR2 complex is comprised of five proteins, Seh1, Sec13, Sea4/Mio, Sea2/
WDR24, and Sea3/WDR59. Computational analysis indicates that multiple components of the
GATOR2 complex have structural features characteristic of coatomer proteins and membrane
tethering complexes [4,19]. In line with the structural similarity to proteins that influence
membrane dynamics, in Drosophila the GATOR2 subunits Mio and Seh1 localize to multiple
endomembrane compartments including lysosomes, the site of TORC1 regulation, and autoly-
sosomes [18]. In metazoans, members of the Sestrin and Castor family of proteins bind to and
inhibit the GATOR2 complex in response to leucine and arginine starvation respectively [20–
25]. This interaction is proposed to inhibit TORC1 activity through the derepression of the
GATOR1 complex [22,23,26]. However, how GATOR2 opposes GATOR1 activity, thus allow-
ing for the robust activation of TORC1, remains unknown. Additionally, the role of the
GATOR2 complex in the regulation of both the development and physiology of multicellular
animals remains poorly defined.
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Recent evidence from Drosophila indicates that the requirement for the GATOR2 complex
may be context specific in multicellular animals [18]. In Drosophila, null alleles of the
GATOR2 componentsmio and seh1 are viable but female sterile [27,28]. Surprisingly, somatic
tissues frommio and seh1mutants exhibit little if any reductions in cell size and have nearly
normal levels of TORC1 activity [18]. In contrast, TORC1 activity is dramatically decreased in
ovaries frommio and seh1mutant females [18]. This decrease in TORC1 activity is accompa-
nied by the activation of catabolic metabolism in the female germ line, a dramatic reduction in
egg chamber growth and difficulties maintaining the meiotic cycle [27,28]. Thus, there is a sur-
prising tissue specific requirement for the GATOR2 components Mio and Seh1 during oogene-
sis. However, the in vivo role of the other members of the GATOR2 complex in the regulation
of cellular metabolism remains undefined.

Here we define the in vivo requirement for the GATOR2 component Wdr24 in Drosophila.
We find that Wdr24 has two distinct functions. First, Wdr24 is a critical effector of the
GATOR2 complex that promotes TORC1 activity and cellular growth in a broad array of tis-
sues. Second, Wdr24 is required for the TORC1 independent regulation of lysosome function
and autophagic flux. Notably, two additional members of the GATOR2 complex, Mio and
Seh1, also have a TORC1 independent role in the regulation of lysosome function. Taken
together our data support the model that multiple components of the GATOR2 complex have
both TORC1 dependent and independent roles in the regulation of cellular metabolism.

Results

The GATOR2 component Wdr24 localizes to lysosomes and
autolysosomes
Sea2/Wdr24 is a conserved component of the SEA/GATOR complex in yeast and mammals
and has been implicated in the regulation of TORC1 activity and autophagy [3–5]. The genome
of Drosophila melanogaster contains a single Sea2/Wdr24 homolog encoded by the gene
CG7609 that shares 25% identity and 44% similarity to yeast Sea2 and 37% identity and 54%
similarity to the human homolog WDR24. In the work presented here Drosophila CG7609 is
referred to as Wdr24. To confirm the association of Wdr24 (CG7609) with other components
of the SEA/GATOR complex in Drosophila, we co-expressed GFP-Wdr24 with HA-Mio,
HA-Seh1, and V5-Nprl3 in S2 cells and found that GFP-Wdr24 co-immunoprecipitated with
all three SEA/GATOR complex components (Fig 1A–1C). Moreover, we found that the immu-
noprecipitation of a FLAG-Mio-HA tagged protein expressed in the female germ line co-
immunoprecipitated all 7 additional members of the GATOR complex strongly suggesting that
the association of these proteins is conserved in Drosophila (S1 Table). Thus, as is observed in
mammals and yeast, Wdr24 is a conserved component of the SEA/GATOR complex in Dro-
sophila. We recognize, however, that these data do not rule out the possibility Wdr24 is present
in additional complexes.

Next, we wanted to determine the intracellular localization of Wdr24. Notably, the
GATOR2 components Mio and Seh1 localize to lysosomes, the site of TORC1 activation,
and autolysosomes [3,18]. Consistent with the localization of Mio and Seh1 we found
Wdr24-mCherry expressed in the female germ line co-localized with GFP-Lamp1, a marker
for both lysosomes and autolysosomes, under fed and starved conditions (Fig 1D–1E”).
Additionally, we examined if Wdr24 co-localized with LysoTracker, a dye that marks acidic
compartments including late endosomes, lysosomes and autolysosome [29]. Similar to
GFP-Lamp1, GFP-Wdr24 co-localized with LysoTracker (Fig 1F–1G”). We noted in both sets
of experiments that there was a substantial increase in the Wdr24-mCherry / GFP-Lamp1 and
Wdr24/LysoTracker positive puncta in ovaries from starved versus fed females. We reasoned
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that the increased number and size of the puncta under starvation conditions was likely the
result of the onset of autophagy and the production of autolysosomes. Consistent with this
idea, GFP-Wdr24 co-localized with mCherry-Atg8a, a component of autophagosomes and

Fig 1. Wdr24 associates with GATOR complex components and localizes to lysosomes and autolysosomes. (A-C) S2 cells were co-transfected with
HA-tagged Seh1, HA-tagged Mio, V5-tagged Nprl3 and GFP-taggedWdr24 or GFP (control) plasmids. Cells were lysed and immunoprecipitated with GFP
antibody. Cell lysates (input) and immunoprecipitates (IP) were detected byWestern blot using HA, V5 and GFP antibodies. (D-K) Live cell imaging of
Drosophila egg chambers from females cultured on standard fly medium (fed) or on 20% sucrose (starved). (D-E”) Wdr24-mCherry co-localizes with
GFP-Lamp1. (F-G”) GFP-Wdr24 co-localizes with LysoTracker. (H-I”) GFP-Wdr24 co-localizes with mCherry-Atg8 under starvation conditions. (J-K”)
Wdr24-mCherry co-localizes with GFP-Nprl2. Size bar is 10 μm.

doi:10.1371/journal.pgen.1006036.g001
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autolysosomes, under starvation conditions. However, this co-localization was not observed
when ovaries were taken from females cultured in nutrient rich conditions (Fig 1H–1I”).
Finally, Wdr24-mCherry colocalizes to puncta with the GATOR1 component GFP-Nprl2
when co-expresses in the female germline under conditions of amino acid starvation. Minimal
co-localization was observed under nutrient replete conditions (Fig 1J–1K”). Taken together
these data demonstrate that as is observed with the GATOR2 components Mio and Seh1, the
Wdr24 protein localizes to lysosomes, the site of TORC1 regulation, and to autolysosomes.

Wdr24 promotes TORC1 activity and growth in germline and somatic
cells
To examine the in vivo function of Wdr24, we obtained the wdr24mutant CG76091 from the
Bloomington Stock Center, which contains a 1.3 kb deletion removing 1163 bp of coding
region including the start codon (S1A Fig). In this study, the CG76091mutant is referred to as
wdr241. We find that wdr24 is not required for viability in Drosophila. RT-PCR demonstrated
that the wdr24mRNA is present in WT (wild type) but not in wdr241 homozygous or wdr241/
Df adults (S1B Fig). These data confirm that wdr241 is a null allele.

Inmio and seh1mutants, the constitutive inhibition of TORC1 in the female germ line
results in female sterility and a dramatic reduction in egg chamber growth [18]. Similarly,
wdr241 females have small ovaries and exhibit a 90% reduction in eggs laid per day relative to
heterozygous controls (Fig 2A and 2B, S1C and S1D Fig). Homozygous germline clones of
wdr241 result in reduced egg chamber growth, indicating that wdr24 acts cell autonomously in
the germ line to promote growth (Fig 2C). Surprisingly, however, we did not observe an oocyte
loss phenotype in wdr241 mutant egg chambers, as has been reported in a high percentage of
the egg chambers from bothmio and seh1mutant females (S2 Fig) [27,28]. Finally, the small
ovary and egg laying deficits of wdr241 females were rescued by expressing GFP-Wdr24 in the
wdr241 mutant background using the germline specific driver Nanos-Gal4 (S1C and S1D Fig).
These data confirm that Wdr24 is required for ovary growth and female fertility. Thus, while
the GATOR2 components Mio, Seh1 and Wdr24 are required for female fertility and egg
chamber growth, our data suggest that individual GATOR2 subunits have unique functions,
and/or make differential contributions to the regulation of oocyte development.

Next we examined multiple somatic tissues to determine if there is a requirement for
Wdr24 outside of the female germ line. Under standard culture conditions, null mutations of
mio and seh1 do not result in dramatic changes in cell size or TORC1 activity in somatic tissues
[18]. In contrast, we noted that wdr241 mutant adults appeared smaller than their heterozygous
siblings (Fig 2D). Consistent with this observation, well-fed wdr241 and wdr241/Dfmutant
males weigh approximately 30% less than sibling controls (Fig 2E). The decreased body weight
phenotype was rescued by expressing GFP-tagged Wdr24 in the wdr241 mutant background
using the ubiquitous driver, Ubi-Gal4 (S3 Fig). Thus, wdr24mutant adults have an overall
decrease in body size and weight. In order to determine if the effects of wdr24 on cell growth
were cell autonomous, we generated homozygous mutant clones of the wdr241 null allele. We
found that wdr241 homozygous mutant clones generated in both the adult fat body and the
somatically derived follicle cells have a decreased nuclear size relative to adjacent wild-type het-
erozygous cells (Fig 2F–2I). From these results we infer that there is a cell autonomous require-
ment for wdr24 to promote cellular growth in multiple somatic tissues. In summary, we find
that there is a critical requirement for the GATOR2 component Wdr24 in promoting cell
growth in both germline and somatic tissues of Drosophila.

In order to determine if the decreased growth observed in wdr241 mutants is accompanied
by decreased TORC1 activity, we examined the phosphorylation status of S6 kinase, a
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Fig 2. Wdr24 promotes TORC1 activity and cell growth in both germline and somatic cells. (A)
Dissected ovaries from controlwdr241/TM6 (control), wdr241 andwdr241/Df females. Size bar is 100 μm. (B)
Bar graph shows the number of eggs laid by controlwdr241/TM6,wdr241 andwdr241/Df females. Error bars
represent the standard deviation for three independent experiments. ** p value < 0.01 (C) Ovariole
containing awdr241 mutant germline clone stained with anti-GFP and DAPI. Egg chambers containing
wdr241 germline clones are marked by the absence of GFP. Note that thewdr241mutant egg chamber
(yellow arrow) is smaller than a younger WT egg chamber (white arrowhead). Size bar is 10 μm (D)
Representative images of controlwdr241/TM6,wdr241 andwdr241/Df adult males. Size bar is 100 μm. (E)
Quantification of body weights ofwdr241/TM6,wdr241 andwdr241/Df adult males. Error bars represent the
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downstream TORC1 target [30] in wild-type and wdr24mutant males and females. We found
that wdr241 mutant males had an approximately three-fold decrease in TORC1 activity relative
to control males while wdr241 mutant females had a four-fold decrease in TORC1 activity rela-
tive to control females (Fig 2J and 2K). Taken together our data demonstrate that unlike the
GATOR2 components Mio and Seh1, Wdr24 plays a central role in promoting TORC1 activity
and growth in both germline and somatic tissues of Drosophila under standard culture
conditions.

wdr24mutants accumulate autolysosomes
TORC1 activity inhibits catabolic metabolism and autophagy [1]. Thus, we next examined if
the low TORC1 activity observed in wdr241 mutants resulted in the induction of autophagy in
the absence of starvation. To assess the metabolic state of wdr241 egg chambers, we followed
GFP-Lamp1 and the autophagy marker Atg8a in ovaries from well-fed wild type and wdr241

mutant females. Consistent with the activation of autophagy, egg chambers from well-fed
wdr241 mutant females are filled with Atg8a positive puncta that are also positive for the lyso-
somal marker GFP-Lamp1 (Fig 3A–3B”). This co-staining strongly suggests that these cyto-
plasmic puncta are autolysosomes. Thus, wdr241 mutant egg chambers activate autophagy and
accumulate autolysosomes in the female germ line independent of nutritional status. Next we
examined the regulation of autophagy in somatic tissues. Under rich culture conditions, the
larval fat bodies from wild-type and seh1 null mutants contain a relatively small number of
LysoTracker positive puncta (S4 Fig) [18]. In contrast, as is observed in wdr241 mutant ovaries,
fat bodies from well-fed wdr241 larvae are filled with GFP-Lamp1 and Atg8a positive structures
(Fig 3C–3D”). Importantly, this phenotype was rescued when GFP-tagged Wdr24 protein was
expressed in the fat bodies of wdr241mutant larvae (S5 Fig). Taken together our data indicate
that the Wdr24 component of the GATOR2 complex prevents the inappropriate accumulation
of autolysosomes in both germline and somatic tissues of Drosophila.

In Drosophila, a tagged version of the autophagic marker Atg8a (GFP-mCherry-Atg8a) can
be used to examine autophagic flux [29]. The double-tagged Atg8a protein is yellow (green
merged with red) in autophagosomes, which are nonacidic structures but is red in autolyso-
somes due to the quenching of GFP fluorescence in acidic conditions [31]. To monitor autop-
hagic flux we expressed GFP-mCherry-Atg8a protein in the fat body of wild-type and wdr241

mutant larvae. In wild-type larvae starvation activates autophagy resulting in the accumulation
of Atg8a positive puncta that are predominantly red, reflecting the accumulation of acidic auto-
lysosomes (Fig 4A–4B”). In contrast, under both fed and starved conditions, the puncta in
wdr241 mutant fat bodies were yellow (Fig 4C–4D”). Similar yellow GFP-mCherry-Atg8a auto-
lysosomes are observed in the fat body after starvation in knockdowns of subunits of the
V-ATPase that is responsible for the acidification of lysosomes [32]. Thus, our data indicate
that Wdr24 is required for autolysosome acidification and autophagic flux.

standard deviation for three independent experiments (8 males per group). **p value < 0.01 (F and G)
Somatically derived cells from an adult fat body (F) and follicle cells (G) from a stage 10B egg chamber
stained with anti-GFP and DAPI. Thewdr241 mutant cells are marked by the absence of GFP and are
outlined by a red line. Note thatwdr241mutant cells have a smaller nuclear size suggesting decreased
ploidy. Size bar is 10 μm (H and I) Quantification of nuclear size fold change ofwdr241mutant cells compared
to wild type cells from adult fat bodies (H) and follicle cells (I). Error bars represent the standard deviation from
4 individual fat body clones and 9 individual follicle cell clones. **p value < 0.01, *** p value < 0.001 (J)
Proteins isolated fromWT,wdr241 and starvedWT (positive control) females and males were analyzed by
Western blot probed with pS6K and S6K antibodies (K) Quantification of phospho-S6K levels relative to the
total S6K. Error bars represent the standard deviation for three independent experiments. **p value < 0.01.

doi:10.1371/journal.pgen.1006036.g002
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Fig 3. Wdr24 inhibits the accumulation of autolysosomes in the presence of amino acids. (A-B”)wdr24mutants
accumulate autolysosomes in the female germline. Ovarioles from GFP-Lamp1/ CyO; wdr241/TM6 (A-A”) and
GFP-Lamp1/ CyO; wdr241 (B-B”) females stained with GFP, Atg8a antibodies and Hoechst. (C-D”)wdr241 mutants
accumulate autolysosomes in the larval fat body. Fat bodies from GFP-Lamp1/ CyO; wdr241/TM6 (C-C”) and
GFP-Lamp1/ CyO; wdr241(D-D”) third instar larvae stained with GFP, Atg8a antibodies and Hoechst. Size bar is 10μm.

doi:10.1371/journal.pgen.1006036.g003
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Wdr24 opposes the activity of the GATOR1 complex in germline and
somatic cells
The GATOR2 components Mio and Seh1 promote TORC1 activation by opposing the activity
of the GATOR1 complex [3,5,18]. Therefore, in order to determine whether the phenotypes

Fig 4. Wdr24 promotes autophagic flux. (A-B”) Live cell imaging of Drosophila fat bodies from Cg-Gal4/GFP-
mCherry-Atg8a; wdr241/TM6 (control) third instar larvae cultured on standard fly medium (fed) (A-A”) or on PBS
(starved) (B-B”). (C-D”) Live cell imaging of Drosophila fat bodies from Cg-Gal4/GFP-mCherry-Atg8a; wdr241

(mutant) third instar larvae cultured on standard fly medium (fed) (C-C”) or on PBS (starved) (D-D”). Size bar is
10 μm.

doi:10.1371/journal.pgen.1006036.g004
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observed in wdr24mutants are due to the unopposed TORC1 inhibitory activity of GATOR1,
we examined the epistatic relationship between wdr24 and the GATOR1 components nprl2
and nprl3. First, we depleted nprl2 and nprl3 in the female germline of wdr241 mutant females
using RNAi. Notably, depleting nprl2 or nprl3 substantially rescued the wdr241 ovarian pheno-
type, resulting in a dramatic increase in ovary size and a nearly six-fold increase in the number
of eggs laid per female per day (Fig 5A–5E). In order to determine whether the reduced body
size in wdr241 mutant adults also reflects the unopposed TORC1 inhibitory activity of the
GATOR1 complex, we used the ubiquitous GAL4 driver Hsp70-GAL4 to globally deplete the
nprl3 and nprl2 transcript in the wdr241 mutant background. Similar to our results from the
germline, depleting nprl3 and nprl2 in somatic tissues significantly rescued the reduced body
weight phenotype of wdr241 mutants (S6 Fig). Thus, in DrosophilaWdr24 is required to
oppose the activity of the GATOR1 complex in both germline and somatic tissues.

Wdr24 regulates lysosome dynamics independent of TORC1 activity
As described above, wdr241mutants accumulate autolysosomes in the germline-derived nurse
cells and oocytes of developing egg chambers as well as in the somatically derived cells of the lar-
val fat body (Fig 3). One model to explain this phenotype, is that in wdr24mutants, the deregula-
tion of the GATOR1 complex results in low TORC1 activity leading to the constitutive activation
of catabolic metabolism and autophagy [18]. In this model, the accumulation of autolysosomes
in wdr241mutant egg chambers is downstream of GATOR1 deregulation and low TORC1 activ-
ity. Surprisingly, we find that while depleting nprl2 or nprl3 in the germline of wdr241mutant
females rescues the egg chamber growth defect, these egg chambers continue to accumulate a
large number of LysoTracker positive puncta (Fig 5F–5I). The accumulation of these acidic
puncta occur even though the levels of TORC1 activity in nprl2RNAi; wdr241, and nprl3RNAi,
wdr241ovaries are similar or higher to those observed in wild-type ovaries (Fig 5J and 5K). Con-
sistent with increased TORC1 activity, the acidic puncta in the nprl2RNAi; wdr241, and nprl3RNAi,
wdr241 ovaries are not positive for the autophagic marker Atg8a indicating the autophagy path-
way has not been activated (Fig 5F’–5I’). These data strongly suggest that the accumulation of
autolysosomes in wdr241mutant ovaries is not solely the result of low TORC1 activity, but may
reflect a second role for wdr24 in the regulation of lysosome function and autophagic flux.

To confirm that Wdr24 affects lysosome dynamics independent of TORC1 activity, we
knocked down tuberous sclerosis 1 (tsc1) in the germline of wdr241mutant females. The Tsc1/2
complex is a potent inhibitor TORC1 activity that functions independently of the GATOR1 com-
plex [33,34]. InDrosophila, mutations in tsc1 and tsc2 (gigas) increase the baseline levels of
TORC1 activity independent of nutrient status [35–38]. We found that similar to what was
observed for depleting nprl2 and nprl3, depleting tsc1 in the wdr241mutant background rescues
the ovary growth deficit and results in TORC1 activity that is markedly higher than that observed
in wild-type ovaries (S7A and S7B Fig). However, tsc1RNAi; wdr241 egg chambers continue to
accumulate large numbers of LysoTracker positive puncta (S7C–S7E Fig). These data confirm
that low TORC1 activity is not the cause of autolysosome accumulation in wdr24mutant ovaries.

Finally, we used epistasis analysis to formally test the model that wdr24 regulates lysosome
dynamics independent of the GATOR1 component nprl3. To accomplish this goal we gener-
ated a deletion allele of the GATOR1 component nprl3, that we named nprl31, which removes
90% of the nprl3 ORF (S8 Fig). A high percentage of nrpl31 single mutant females die as pupae
or pharate adults. Thus, we focused our analysis on phenotypes observed in the larval fat body.
First we assayed TORC1 activity by determining the phosphorylation status of the downstream
TORC1 target S6 kinase. TORC1 activity was dramatically increased in larval fat bodies from
nprl31 null mutants but was slightly decreased in larval fat bodies from wdr241 null mutants. In
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Fig 5. Germline depletions of nprl2 and nprl3 inwdr241mutant ovaries. (A-D) Dissected ovaries from
wild type (WT) (A),GFPRNAi; wdr241 (B), nprl2RNAi; wdr241 (C) and nprl3RNAi; wdr241 (D) females.GFPRNAi;
wdr241 was used as a negative control. Size bar is 100 μm. (E) Bar graph shows the number of eggs laid by
WT,GFPRNAi; wdr241, nprl2RNAi; wdr241 and nprl3RNAi; wdr241 females. Error bars represent the standard
deviation for three independent experiments. ** p value < 0.01 (F-I’) Depleting nprl2 and nprl3 fails to rescue
the LysoTracker accumulation phenotype inwdr241 ovaries. Ovarioles fromWT (F and F’)GFPRNAi; wdr241

(G and G’), nprl2RNAi; wdr241 (H and H’) and nprl3RNAi; wdr241 (I and I’) females were stained with
LysoTracker and Hoechst. Size bar is 10 μm. (J) Proteins isolated fromWT,GFPRNAi; wdr241, nprl2RNAi;
wdr241 and nprl3RNAi; wdr241 ovaries were analyzed byWestern blot probed with pS6K and S6K antibodies.
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wdr241, nprl31 double mutants, TORC1 activity was dramatically increased in the larval fat
body relative to fat bodies from wild-type and wdr241 mutant larvae (Fig 6A and 6B). These
data confirm that nprl3 is epistatic to wdr24 with respect to the regulation of TORC1 activity.
However, although TORC1 activity is high, the fat bodies from wdr241, nprl31 double-mutants
accumulate large numbers of GFP-Lamp1 positive puncta. Importantly, these GFP-Lamp1
positive puncta are not observed in fat bodies from nprl31 single mutants (Fig 6C–6F). Thus,
wdr24 is epistatic to nprl3 with regards to the accumulation of GFP-Lamp1 positive puncta.
Taken together our data strongly suggest that the Wdr24 component of the GATOR2 complex
has TORC1 dependent and independent functions.

Finally, GFP-Lamp1 positive puncta in wdr241 single mutants, that activate autophagy, are
greatly enlarged relative to GFP-Lamp1 positive puncta that accumulate in wdr241, nprl31 dou-
ble mutants, which fail to activate autophagy (compare Fig 6D to 6E). These observations are
consistent with the model that wdr24mutants fail to properly digest the contents of autolyso-
somes resulting in the accumulation of partial digested cellular components. This possibility is
examined in greater detail below.

Wdr24 regulates lysosome dynamics independent of autophagy
TORC1 inhibition activates the autophagy pathway initiating the formation of autophago-
somes, which fuse with lysosomes to produce autolysosomes [2]. Thus, the accumulation of
autolysosomes could be the result of a disruption in the regulation of autophagy or a disruption
in the regulation of lysosome biogenesis and/or function. The high TORC1 activity observed in
the fat bodies of wdr241, nprl31 double-mutants should inhibit the activation of the autophagy
pathway. Consistent with this idea, although wdr241, nprl31 double-mutants have a large num-
ber of GFP-lamp1 positive puncta they have very few puncta that are positive for the autophagy
marker Atg8a (Fig 6C’–6F’). Thus, the majority of the abnormal GFP-Lamp1 positive puncta
found in wdr241, nprl31 mutants represent late endosomes or lysosomes not autolysosomes.
Similar observations were also made in nprl2RNAi, wdr241, and nprl3RNAi, wdr241ovaries (Fig
5F’–5I’). From these data we infer that wdr24 regulates lysosome dynamics independent of the
down-regulation of TORC1 activity and the activation of the autophagy.

In order to formally test the hypothesis that wdr24mutants accumulate abnormal lysosomes
independent of the activation of the autophagy we generated wdr241 and atg7d14/d77 double
mutants. atg7d14 and atg7d77 are deletion alleles of atg7 that function as null alleles [39,40]. In
Drosophila, atg7 is required for the activation of autophagy in response to starvation [41].
Therefore, if the autolysosome accumulation we observed in wdr241 mutant egg chambers
requires the activation of autophagy, the LysoTracker positive puncta should be dramatically
reduced or absent in atg7d14/d77, wdr241 double mutant egg chambers. Notably, however, we
continue to observe a large number of LysoTracker puncta in atg7d14/d77, wdr241 double-
mutant egg chambers (S9 Fig). Again, these puncta are not Atg8a positive, strongly suggesting
they are late endosomes/lysosomes not autolysosomes. Taken together, our data demonstrate
that wdr24 regulates lysosome dynamics independent of the activation of autophagy.

Wdr24 promotes lysosome acidification and autophagic flux in HeLa cells
TheWDR24 protein is conserved from yeast to mammals [17]. Thus, to investigate the cellular
mechanism of lysosome/autolysosome dysfunction observed in the wdr24mutants in

(K) Quantification of phospho-S6K levels relative to the total S6K. Error bars represent the standard deviation
for four independent experiments. ** p value < 0.01.

doi:10.1371/journal.pgen.1006036.g005
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Fig 6. Wdr24 influences lysosome dynamics independent of TORC1 activity. (A) Proteins isolated from
wild type (WT),wdr241, nprl31,wdr241 and nprl31 third instar larvae were analyzed byWestern blot probed
with pS6K and S6K antibodies. (B) Quantification of phospho-S6K levels relative to the total S6K. Error bars
represent the standard deviation for three independent experiments. * p value < 0.05. (C-F’) Fat bodies from
GFP-Lamp1/ CyO (C-C”), GFP-Lamp1/ CyO; wdr241 (D-D”), GFP-Lamp1/ CyO; wdr241, nprl31 (E-E”) and
GFP-Lamp1/ CyO; nprl31 (F-F”) third instar larvae stained with GFP, Atg8a antibodies and Hoechst. Size bar
is 10 μm.

doi:10.1371/journal.pgen.1006036.g006
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Drosophila, we knocked out theWDR24 gene in human HeLa cells using CRISPR/CAS9 [42].
Specifically, we deleted theWDR24 genomic region from 587–882 bp, which includes the start
codon (S10A Fig). Western blot analysis showed that the wdr24-/- cell line did not express the
WDR24 protein (S10B Fig). To confirm the role of WDR24 in TORC1 regulation, we analyzed
the phosphorylation status of S6 kinase and 4E-BP1 inwdr24-/- cells. As expected, the wdr24-/- cell
line had significantly reduced TORC1 activity (Fig 7A, S10C and S10D Fig). Moreover, the levels
of S6 kinase phosphorylation were rescued when an HA taggedWDR24 protein was expressed in
the wdr24-/- cells (S10E Fig). Thus, WDR24 functions to promote TORC1 activity in HeLa cells.

In addition to having decreased TORC1 kinase activity, wdr24-/-HeLa cells accumulate large
numbers of autolysosomes, suggesting a conserved function for WDR24 in the regulation of
autophagic flux inDrosophila and mammals (Fig 7B–7E). To better define the role of WDR24 we
measured the levels of the autophagy protein LC3-II. Upon autophagy activation, the LC3-I pro-
tein is lipidated to generate LC3-II, which is hydrophilic and can integrate into autophagosomal
membranes [43,44]. We found that LC3-II levels were dramatically increased in wdr24-/- cells rel-
ative to controls (Fig 7A). Increased LC3-II levels can be associated with either enhanced autop-
hagosome synthesis or reduced autophagosome turnover due to diminished lysosomal
degradation [44] To differentiate between these two mechanisms we measured p62 expression in
wdr24-/- cells. p62 is a ubiquitin-binding protein that is degraded by autophagy; when autophagic
flux is blocked, the degradation of p62 is reduced and the protein accumulates [45]. Conversely, if
autophagic flux is increased, the degradation of the p62 protein is accelerated and thus the level
of the protein decreases [46,47]. As predicted from our work inDrosophila, p62 levels are
increased in wdr24-/- cells (Fig 7A and S11 Fig), indicating that autophagic flux requires the
GATOR2 component WDR24. An additional assay to measure autophagic flux utilizes the lyso-
somal inhibitor chloroquine. In wild-type cells LC3 II levels are dramatically increased upon
treatment with chloroquine (Fig 7F and 7G). This increase in LC3 II results from a block to
autophagic flux due to decreased lysosomal activity. However, wdr24-/-mutant cells treated with
chloroquine do not have increased LC3 II levels indicating that these mutants have diminished
autophagic flux independent of chloroquine treatment (Fig 7F and 7G). Taken together these
data strongly suggest that wdr24-/- cells exhibit reduced autophagic flux.

To further explore the proteolytic capabilities of lysosomes in wdr24-/- mutant cells, we used
DQ BSA Bovine Serum Albumin (BSA) Red dequeching assay, a derivative of BSA labeled with
BODIPY dyes that are strongly self-quenched. The proteolysis of the BSA molecule in lyso-
somes releases dequenched protein fragments, thus lysosomal proteolytic activity can be moni-
tored by fluorescent intensity [48]. Notably, while wdr24-/- cells have a large increase in the
number of autolysosomes there are fewer dequenched DQ-BSA-containing vesicles in wdr24-/-

cells relative to wild-type cells (Fig 7H–7I’). These data indicate that wdr24-/- lysosomes have
decreased proteolytic activity. As a further measure of lysosomal proteolytic activity we mea-
sured cleaved Cathepsin D levels by Western blot. Cathepsin D is a lysosomal protease that is
cleaved in lysosomes into a mature enzyme [49]. We find that the levels of processed Cathepsin
D are significantly reduced in wdr24-/- cells, again strongly suggesting that the lysosomes have
diminished proteolytic activity (Fig 7J and 7K). However, it is possible that Wdr24 influences
the trafficking of lysosomal enzymes, such as Cathepsin D, to lysosomes [50]. In order to test if
Cathepsin D is properly localized to lysosomes in the wdr24-/- mutant cells, we stained mutant
and wild type HeLa cells with antibodies against LAMP1 and Cathepsin D. Notably, these pro-
teins strongly co-localize to lysosomes in both wild-type and wdr24-/- cells (S12 Fig). These
data strongly suggest that trafficking of lysosomal enzymes to lysosomes is not dramatically
diminished in the wdr24-/- HeLa cells.

Chloroquine blocks autophagic flux by increasing lysosomal pH [51]. Thus we reasoned
that loss of Wdr24 protein might increase lysosomal pH. In order to test this possibility we
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Fig 7. WDR24 regulates lysosomal acidification and autophagic flux in HeLa cells. (A) Proteins isolated fromWT and
wdr24-/- HeLa cells were analyzed byWestern blot probed with pS6K, S6K, LC3, p62 and actin antibodies. (B-E) Wild type
(WT) (B and D) andwdr24-/- (C and E) HeLa cells were stained with LC3 antibody, LysoTracker and DAPI. (F) Lysates from
WT andwdr24-/- HeLa cells treated or untreated with chloroquine were analyzed byWestern blot probed with LC3 and
GAPDH antibodies. (G) Quantification of relatively fold changes of LC3II level after chloroquine treatment. Error bars
represent the standard deviation for three independent experiments. ** p < 0.01. (H and I) Confocal images show the
fluorescent degradation products of the DQ-BSA in lysosomes in WT (H) andwdr24-/- (I) HeLa cells. (H’ and I’) Bright field
images of WT andwdr24-/- HeLa cells in H and I respectively. (J) Western blot probed with antibodies against Cathepsin D.
Actin was used as an internal control. (K) Quantification of cleaved Cathepsin D levels relative to actin is shown. Error bars
represent the standard deviation for five independent experiments. ** p < 0.01. (L) Quantification of relatively fluorescent
intensity frommicroplate reader measurement of Lysosensor DND-189 stained cells. Error bars represent the standard
deviation for three independent experiments. * p< 0.05. (M) Quantification of lysosomal pH in lysosomes in WT andwdr24-/-
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used two different reagents, LysoSensor Green DND-189 and LysoSensor Yellow/Blue DND-
160, to measure lysosome acidification. LysoSensor Green DND-189 fluorescent intensity
increases in more acidic environments [51–53]. As shown in Fig 7L, wdr24-/- HeLa cells had
lower fluorescent intensity, and thus higher lysosomal pH, relative to wild-type HeLa cells.
Additionally, using LysoSensor Yellow/Blue DND-160, a ratiometric dye that can be used to
measure the pH of acidic organelles, we found that the pH of lysosomes in wdr24-/- cells was
increased to 5.25 relative to the pH of lysosomes in controls cells 4.92 (Fig 7M). Taken together
these data support the model that the inhibition of autophagic flux observed in wdr24-/- knock
out HeLa cells is due in part to the impairment of lysosomal acidification.

The transcription factor EB (TFEB) regulates lysosome biogenesis and function by promot-
ing lysosomal gene expression [54–57]. Under non-starvation conditions, TFEB is phosphory-
lated by mTORC1 and is retained in the cytoplasm. When cells are starved, TFEB becomes
dephosphorylated and is subsequently translocated into the nucleus to drive lysosomal and
autophagic gene expression [54–56,58]. We find that the majority of TFEB is located in the
nucleus of wdr24-/- cells indicating that TFEB has been activated (Fig 7N–7O’). This observa-
tion is consistent with the reduced TORC1 activity of wdr24-/- cells (Fig 7A). These data suggest
that Wdr24 does not affect lysosome function by preventing the activation of TFEB.

Finally, consistent with the immunofluorescence and biochemical studies, Transmission
Electron Microscopy (TEM) of wdr24-/- cells reveals a dramatic accumulation of autolysosome
like structures that contain partially digested material (S13 Fig). Taken together our results pro-
vide strong evidence that in addition to regulating TORC1 activity the WDR24 protein pro-
motes lysosome function and autophagic flux in mammalian cells.

Additional GATOR2 components regulate lysosome function
independent of TORC1 status
Finally, an important question remained. Does Wdr24 regulate lysosome function in the context
of the GATOR2 complex or doesWdr24 function in an alternative complex to regulate lysosome
dynamics? To address this question we examined if other GATOR2 complex components regu-
late lysosomal dynamics independent of their role in the regulation of TORC1 activity. For these
experiments we returned to Drosophila. Specifically, we depleted the GATOR1 components
nprl2 and nprl3 in themio2and seh1Δ15mutant backgrounds. As was previously reported, we
found that nprl2 and nprl3 depletions rescue the small ovary and fertility deficits ofmio2and
seh1Δ15mutants [18]. Importantly, however, although we found that the nprl2 and nprl3 deple-
tions rescued the low TORC1 activity ofmio2 and seh1Δ15 ovaries, the depletions failed to rescue
the accumulation of lysotracker positive puncta (Fig 8). From these data we infer that multiple
components of the GATOR2 complex function in the TORC1 independent regulation of lyso-
somal function and autophagic flux inDrosophila. However, we note that we have not shown
that all components of GATOR2 complex function in the regulation of lysosomes.

Discussion
Here we describe a dual role for the GATOR2 component Wdr24 in the regulation of TORC1
activity and lysosome dynamics. We demonstrate that Wdr24 is a critical effector of the
GATOR2 complex that promotes TORC1 activity in both germline and somatic tissues. This

HeLa cells as determined by lysosensor Yellow/Blue DND-160 stained cells. Error bars represent the standard deviation for
three independent experiments. * p< 0.05. (N-O’) Wild type (WT) (N, N’) andwdr24-/- (O, O’) HeLa cells were stained with
TFEB antibody and DAPI.

doi:10.1371/journal.pgen.1006036.g007
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Fig 8. Mio and Seh1 influence lysosome dynamics independent of TORC1 activity. (A-H) Depleting
nprl2 and nprl3 by germline specific driver Nanos-Gal4 fails to rescue the LysoTracker accumulation
phenotype inmio2 and seh1Δ15 ovaries. Ovarioles fromWT (A)mio2; mCherryRNAi (B),mio2; nprl2RNAi (C)
andmio2;nprl3RNAi (D) or fromWT (E), seh1Δ15; mCherryRNAi (F), seh1Δ15; nprl2RNAi (G) and seh1Δ15;
nprl3RNAi (H) females were stained with LysoTracker and Hoechst. Size bar is 10 μm. (I and J) Proteins
isolated fromWT,mio2; mCherryRNAi,mio2; nprl2RNAi,mio2;nprl3RNAi ovaries, or protein isolated fromWT,
seh1Δ15; mCherryRNAi, seh1Δ15; nprl2RNAi and seh1Δ15;nprl3RNAi ovaries were analyzed byWestern blot
probed with pS6K and S6K antibodies. (K and L) Quantification of phospho-S6K levels relative to the total
S6K. Error bars represent the standard deviation for three independent experiments. ** p value < 0.01.

doi:10.1371/journal.pgen.1006036.g008
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lies in contrast to the GATOR2 components Mio and Seh1, which have a limited role in the
regulation of TORC1 activity in many cell types [27,28]. Surprisingly, we identify a second
function of Wdr24 that is independent of TORC1 status, the regulation of lysosome acidifica-
tion and autophagic flux (Fig 9). Taken together our data support the model that the GATOR2
complex regulates both the response to amino acid starvation and lysosome function.

Wdr24 is a critical effector of the GATOR2 complex
Whole animal studies often reveal tissue-specific and/or metabolic requirements for genes that
are not readily observed in cell culture. In mammalian and Drosophila tissue culture cells,
RNAi based depletions of the GATOR2 components Mio, Seh1, Wdr59, and Wdr24 result in
decreased TORC1 activity in return to growth assays [3,18]. These data have resulted in the
model that all components of the GATOR2 complex are generally required for TORC1 activa-
tion (3). However, the characterization ofmio and seh1 null mutants in Drosophila, demon-
strated that Mio and Seh1 are critical for the activation of TORC1 and inhibition of autophagy
in the female germ line, but play a relatively small role in the regulation of TORC1 activity and
autophagy in somatic tissues under standard culture conditions [18,27,28]. Thus, the require-
ment for at least a subset of GATOR2 complex components is tissue and/or context specific.

Here we report that the GATOR2 component Wdr24 is required for the full activation of
TORC1 in both germline and somatic cells of Drosophila. Consistent with the global down-reg-
ulation of TORC1 activity in the absence of Wdr24, we find that wdr24mutant adults are nota-
bly smaller than controls and are female sterile. Depleting the GATOR1 components nprl2 and
nprl3 in the wdr24mutant background rescued the low TORC1 activity, growth defects, and
female sterility of wdr24mutants. Thus, the GATOR2 component Wdr24 is required to oppose

Fig 9. A dual role for the GATOR2 component Wdr24 in the regulation of TORC1 activity and
lysosome function.Wdr24 promotes TORC1 activation by opposing the activity of the GATOR1 complex.
Additionally, independent of TORC1 status, Wdr24 promotes lysosome acidification, which is required for
autophagic flux.

doi:10.1371/journal.pgen.1006036.g009
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GATOR1 activity in both germline and somatic cells of Drosophila. From these results we pro-
pose that Wdr24 is a key effector of the GATOR2 complex required for the full activation of
TORC1 in most cell types.

There are several potential models to explain the differential requirement for individual
GATOR2 proteins in Drosophila. First, there may be tissue specific requirements for individual
GATOR2 subunits. In this model the different phenotypes observed in the seh1 andmio versus
wdr24mutants reflects a qualitative difference in the requirement for these proteins in different
tissues. However, we favor an alternative model in which Wdr24 is the core effector of
GATOR2 activity, with Mio and Seh1 functioning primarily as positive regulators of GATOR2
activity. In this second model, the differential phenotypes observed in the seh1 andmio versus
wdr24mutants reflects a quantitative difference in the requirement for GATOR2 activity in dif-
ferent tissues. The distinction between these two models awaits the identification of the molec-
ular mechanism of Wdr24 and GATOR2 action.

Wdr24 regulates lysosome function independent of TORC1 status and
autophagy
We have identified a novel TORC1 independent role for Wdr24 in the regulation of lysosome
dynamics and function. In wdr24mutants, the down-regulation of TORC1 activity and the
accumulation of autolysosomes occur independent of nutrient status. Our initial hypothesis
was that in the absence of the GATOR2 component Wdr24, the deregulation of the GATOR1
complex results in low TORC1 activity, triggering the constitutive activation of autophagy and
the accumulation of autolysosomes. Surprisingly, however, our epistasis analysis determined
that the accumulation of lysosomes could be decoupled from both the chronic inhibition of
TORC1 activity and the activation of autophagy. Raising TORC1 activity in the wdr24mutant
background, by depleting either components of the GATOR1 or TSC complex, failed to rescue
the accumulation of abnormal lysosomal structures. Notably, we determined that two addi-
tional members of the GATOR2 complex, Mio and Seh1, also regulate lysosomal behavior
independent of both GATOR1 and the down-regulation of TORC1 activity. From these data
we infer that multiple components of the GATOR2 complex have a TORC1 independent role
in the regulation of lysosomes.

An increased number of autolysosomes is often associated with reduced autophagic flux
due to diminished lysosomal degradation [44]. Consistent with reduced autophagic flux, in
Drosophila wdr24-/- mutants accumulated enlarged autolysosomes filled with undegraded
material. Moreover, lysosomes in the wdr24-/- mutants failed to quench the GFP fluorescence
of a GFP-mCherry-Atg8a protein. These phenotypes are consistent with decreased lysosomal
pH and degradative capacity [44]. In order to examine in detail the role of Wdr24 in the regula-
tion of lysosome function we generated a wdr24-/- knockout HeLa cell line that recapitulated
the phenotypes observed in Drosophila wdr24-/- mutants. Specifically, wdr24-/- HeLa cells had
have decreased TORC1 activity and accumulate a large number of autolysosomes. Using multi-
ple assays we determined that wdr24-/- lysosomes had reduced degradative capacity and autop-
hagic flux and thus accumulate proteins that are normally degraded by lysosomal enzymes
such as p62, LC3II and Cathepsin D. Additionally, we determined that wdr24-/- lysosomes have
increased pH relative to wild-type cells, again consistent with reduced lysosomal function.
Taken together these data confirm that Wdr24 plays a key role in the regulation of lysosomal
activity.

Here we show that components of the GATOR2 complex function in the regulation of
TORC1 activity and in the TORC1 independent regulation of lysosomal dynamics and autop-
hagic flux. These two functions suggest that the GATOR2 complex may regulate cellular
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homeostasis by coordinating TORC1 activity with the dynamic regulation of lysosomes during
periods of nutrient stress. Intriguingly, several recent reports describe a very similar dual func-
tion for the RagA/B GTPases in both mice and zebrafish [59,60]. RagA/B play a critical role in
the activation of TORC1 in the presence of amino acids [61,62]. Surprisingly, however, TORC1
activity was not found to be significantly decreased in cardiomyocytes of RagA/B knockout
mice (56). Nevertheless, the RagA/B mutant cardiomyocytes have decreased autophagic flux
and reduced lysosome acidification. From their data, the authors conclude that the RagA/B
GTPases regulate lysosomal function independent of their role in the regulation of TORC1
activation in some cell types [59]. Similarly, RagA is required for proper lysosome function and
phagocytic flux in microglia [60]. Notably, Mio, a component of the GATOR2 complex is
found associated with RagA [3]. Thus, in the future it will be important to determine if compo-
nents of the GATOR2 complex function in a common pathway with the Rag GTPases to regu-
late lysosomal function.

In Saccharomyces cerevisiae single mutants of wdr24/sea2 and wdr59/sea3 do not exhibit
defects in TORC1 regulation but do have defects in vacuolar structure [4,5,63]. Moreover, sev-
eral recently identified genes that regulate the GATOR2-GATOR1-TORC1 pathway in
response to amino acid limitation are restricted to metazoans [20–25]. These data make it
tempting to speculate that the ancestral function of the GATOR2 complex maybe the regula-
tion of lysosome/vacuole function and autophagic flux. Indeed, the finding that GATOR2 com-
ponents regulate lysosome dynamics is particularly intriguing in light of the observation that
GATOR2 complex is comprised of proteins with characteristics of coatomer proteins and
membrane tethering complexes [17]. Notably, the GATOR2 complex components Mio, Seh1
andWdr24 localize to lysosomes and autolysosomes [18]. Similarly, these proteins associate
with the vacuolar membrane in budding yeast [17]. Thus, going forward it will be important to
examine if the GATOR2 complex acts directly on lysosomal membranes to regulate their struc-
ture and/or function. More broadly, future studies on the diverse roles of the SEACAT/
GATOR2 complex will further our understanding of the complex relationship between cellular
metabolism and the regulation of endomembrane dynamics in both development and disease.

Materials and Methods

Drosophila strains and genetics
MTD-GAL4, UASp-mCherry-Atg8a (y1 w1118; P{UASp-mCherry-Atg8a}2; Dr1/TM3, Ser1),
UASp-GFP-mCherry- Atg8a (y1 w1118; P{UASp-GFP-mCherry-Atg8a}2, wdr241 (CG76091),
UAS-Tsc1 RNAi (y1 sc� v1; P{TRiP.GL00012}attP2), HS-FLP; Ubi-GFP FRT82B/TM3 and Df
(3R)BSC547 lines were obtained from the Bloomington Stock Center. Themio1,mio2, seh1Δ15,
nprl RNAi and nprl3 RNAi lines were described previously [18,64]. GFP-Lamp1 (w1118; P{W+,
Tub>GFP-Lamp1}1/CyO; TM6b, Hu boss1/Sb boss1) was kindly provided by Helmut Kramer
(UT Southwestern). Nanos-Gal4 (P{NANOS GAL4 VP-16}, yw; D/TM3, Ser, Sb) was kindly
provided by Sharon Bickel (Dartmouth College). atg7d77/Cyo-GFP and atg7d14/CyO-GFP were
kindly provided by Thomas P. Neufeld (University of Minnesota) [41]. All fly stocks were
maintained on JAZZ-mix Drosophila food (Fisher Scientific) at 25°C.

Generation of transgenic lines
The wdr24 coding region was cloned into a pENTR-1A vector (Invitrogen). ThemCherry cod-
ing region was inserted into pENTR-wdr24 plasmid. The pENTR-wdr24 and pENTR-
wdr24-mCherry plasmids were recombined with pPGW vector (DGRC) and pPFHW vector
(DGRC) separately and to generate UASp-GFP-wdr24 and UASp-wdr24-mCherry using Gate-
way LR Clonase II Enzyme (Invitrogen). UASp-GFP-wdr24 and UASP-wdr24-mCherry
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plasmids were used to generate transgenic lines (Best gene Inc). All primers used for PCR
amplification are listed in S2 Table.

Tandem affinity purification and mass spectrometry
Ovaries from the transgenic flies that stably express Mio proteins tagged with FLAG and HA
were homogenized in 50 mM Tris-HCl (pH 7.4), 300 mM NaCl, 5 mM EDTA, and 1% Triton
X-100 supplemented with proteinase inhibitor cocktail (Roche) [27]. Cell lysates were cleared
by centrifugation at 15,000 × g for 15 min and Proteins were purified using FLAG-HA tandem
affinity purification kit (Sigma) Proteins were precipitated with 10% trichloroacetic acid
(TCA), washed with acetone, air-dried, and analyzed by liquid chromatography (LC)/MS at
the Taplin MS facility (Harvard Medical School).

S2 cell transfection, immunoprecipitation (IP)
S2 cell transfection and immunoprecipitation were performed as previously described [18]. 2
μg GFP antibody (Roche), 20 μl protein G agarose (Millipore) and 10 μl protein A agarose
(Roche) were used for each experiment.

Western blot analysis
Whole flies or HeLa cells were lysed in RIPA buffer containing complete protease inhibitors
and phosphatase inhibitors (Roche). Western blots were performed as described previously
[18]. Antibodies were used at the following concentrations: rabbit anti-P-S6K T398 at 1:1000
(Cell Signaling), guinea pig anti-S6K at 1:10,000 (24), mouse anti-actin at 1:10,000 (Abcam),
rabbit anti-LC3A/B at 1:1000 (Cell Signaling), rabbit anti-P-S6K T389 at 1:1000 (Cell Signal-
ing), rabbit anti-S6K at 1:1000 (Cell Signaling), rabbit anti-GAPDH at 1:3000 (Cell Signaling),
rabbit anti-P-4E-BP1at 1:1000 (Cell Signaling), rabbit anti-4E-BP1 at 1:1000 (Cell Signaling),
rabbit anti-GFP at 1:500 (Cell Signaling), rabbit anti-SQSTM1/p62 at 1:500 (Cell Signaling),
Mouse anti- SQSTM1/p62 at 1:1000 (Novus Biologicals), rabbit anti-WDR24 at 1:1000 (Novus
Biologicals) and goat anti-Cathepsin D at 1:500 (Santa Cruz). The band intensity was quanti-
fied using Image J analysis tool (NIH).

Immunofluorescence and live cell imaging
Immunofluorescence was performed as described [65], using the following antibodies: goat
anti-GFP FITC conjugated (1:400, Abcam), rabbit anti-LC3A/B (1:1000, Cell Signaling),
mouse anti- SQSTM1/p62 (1:100, Novus Biological), rabbit anti-TFEB (1:100, Cell Signaling),
rabbit anti-CathD (1:100, Calbiochem) and rabbit anti-Atg8a (1:200, Abcam). Anti-rabbit and
anti-mouse Alexa Fluor secondary antibodies (Invitrogen) were used at 1:1000. Nuclei were
visualized by staining the DNA with DAPI or Hoechst 33324 (Invitrogen). Images were
acquired using a Leica TCS SP5 confocal microscope. Live cell images were obtained as previ-
ously described [18].

Clonal analysis
To generate wdr241 homozygous clones, HS-FLP; Ubi-GFP FRT82B/wdr241 FRT82B third
instar larvae were heat shocked for 1hr in a 37°C water bath two times per day. The adult
females were collected and aged for 5 to 7 days. Fat bodies or ovaries from adult flies were dis-
sected and stained with GFP antibody (Abcam) and Hoechst 33324 (Invitrogen). Homozygous
wdr241 clones were marked by the absence of GFP expression.
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Generation of CRISPR/Cas9 knock out flies
To generate knock out nprl3 flies, guide RNAs (gRNA) that target nprl3 were designed using
the online CRIPR design tool (http://crispr.mit.edu/). To make the deletion mutants, two dif-
ferent gRNAs were cloned into pBFv-U6.2B as previously described [66]. pBFv-U6.2B-nprl3
plasmids were injected into y[1], vas-Cas9, w[1118] embryos. All the oligonucleotides used for
cloning and screening are listed in S2 Table.

Generation of CRISPR/Cas9 knock out cells
To generate knock outWDR24 HeLa cells, two pairs of oligonucleotide encoding the guide
RNAs were cloned into px330 vector [42]. On day one, 50,000 cells were seeded into 24-well
plate. Each well was transfected with a total of 1 μg of a pair of px330 guide constructs. The
third day, cells were pooled into 10 cm dishes with 200 cells each dish. After 10 days, all the
clones were collected and seeded into 24 well plates. Cells were grown and expanded, and the
positive colonies were identified by PCR and sequencing. All primers used for PCR amplifica-
tion are listed in S1 Table.

HeLa cell culture, transfection and DQ BSA Red assay
HeLa cells and knock out cells were cultured at 37°C, 5% CO2 in DMEMmedium (Life Tech-
nology) supplemented with 10% fetal bovine serum (FBS, Life Technology), 50 U/ml penicillin
and 50 μg/ml streptomycin. Plasmid transfection was performed using Lipofectamine 2000
(Life Technologies). HAWDR24 pRK5 (Plasmid #46335) was obtained from Addgene. For the
DQ BSA Red (Life Technology) assay, Cells were incubated for 4 h with DQ BSA (10 μg/ml)
and then washed twice with HBSS. Subsequently the cells were incubated in the starvation
medium (HBSS, starvation media; Life Technology) to induce autophagy. After 1 hour the DQ
BSA fluorescence was detected using a Leica TCS SP5 confocal microscope.

Transmission electron microscopy
Cells grown on coverslips were fixed in 2% (wt/vol) formaldehyde and 2% (wt/vol) glutaralde-
hyde in 0.1 M sodium cacodylate (pH 7.4), postfixed in 1% aqueous OsO4, and stained en bloc
with 2% (wt/vol) uranyl acetate. Upon dehydration and embedding in EMBed-812 (EM Sci-
ence, Horsham, PA), the coverslips were removed by hydrofluoric acid, cells were thin-sec-
tioned parallel to the glass, and sections were stained with uranyl acetate. The samples were
examined on an FEI Tecnai 20 transmission electron microscope operated at 80 kV, and
images were recorded on a Gatan Ultrascan CCD camera.

HeLa cell lysosomal pH measurement
Lysosomal pH measurements were performed as describe [67]. In brief, cells were stained with
1μM LysoSensor Green DND-189 in DMED regular medium for 20 min at 37°C, 5% CO2.
Subsequently, cells were washed with PBS twice and analyzed by a microplate reader (485/530
nm) in triplicate. Lysosomal pH quantification was performed using LysoSensor Yellow/Blue
DND-160. Cells were labeled with 1μM LysoSensor Yellow/Blue DND-160 for 30 min at 37°C,
5% CO2 in DMEMmedium and then washed twice with PBS. To generate a calibration curve
cells were treated for 10 min with 10μMmonensin and 10μM nigericin in 25mMMES calibra-
tion buffer, pH 3.5–6.0, containing 5 mMNaCl, 115 mM KCl, and 1.2 mMMgSO. The fluores-
cence was measured with a microplate reader (340/440 nm and 380/530 nm) at 37°C. These
experiments were performed in triplicate.
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Supporting Information
S1 Fig. Generation of wdr241 deletion mutant. (A) Schematic map shows the wdr241 dele-
tion. Dashed line marks the deletion position. (B) RT-PCR demonstrates that wdr24mutants
do not produce full length mRNA. Integrator subunit 11 (intS11) was used as the internal con-
trol in order to demonstrate that the deletion only affects wdr24 gene expression but not the
neighboring gene intS11. (C-D) Expression of GFP-Wdr24 using the germline specific Nanos-
Gal4 driver rescues the ovarian and fertility phenotypes of wdr24mutants. (C) Dissected ova-
ries from control wdr241/TM6, wdr241 and Nanos-Gal4; GFP-Wdr24; wdr241 females. Size bar
is 100 μm. (D) Bar graph shows the number of eggs laid by Nanos-Gal4; wdr241/TM6, Nanos-
Gal4; wdr241 and Nanos-Gal4; GFP-Wdr24; wdr241 females. Error bars represent the standard
deviation for three independent experiments. �� p value< 0.01.
(TIF)

S2 Fig. Wdr24 is not required for the maintenance of the oocyte fate.Wdr24 is not required
for the maintenance of the oocyte fate. Ovaries stained with DAPI (DNA, blue) and Orb anti-
body (oocyte marker, red). (A) wdr241/TM6 (B) wdr241 (C)mio1/Df. Note that the wdr241/
TM6 and wdr241 mutant egg chambers all contain ooctyes (white arrow), but multiplemio1/Df
egg chambers have no apparent oocyte (white arrowhead). Size bar is 10 μm.
(TIF)

S3 Fig. Expression of GFP-Wdr24 using the Ubi-Gal4 driver rescues the body weight pheno-
type of wdr24mutants. Bar graph shows that overexpression of GFP-Wdr24 using the Ubi-Gal4
driver in wdr241mutant background significantly increases body weight. �� p value< 0.01. n.s.
indicates not significant.
(TIF)

S4 Fig. seh1mutants do not accumulate large numbers of autolysosomes in somatic tissues
and have a normal body weight. Fat bodies form seh1Δ15/CyO-GFP (A) and seh1Δ15 (B) third
instar larvae stained with LysoTracker and Hoechst. Size bar is 10 μm. (C) Quantification of
body weights of seh1Δ15/SM6a and seh1Δ15/Df adult males. Error bars represent the standard
deviation for three sets of experiments (8 male flies per group). n.s. indicates not significant.
(TIF)

S5 Fig. Expression of GFP-Wdr24 rescues the LysoTracker accumulation defect in wdr24
mutants. (A-C’) Expression of GFP-Wdr24 using the Cg-Gal4 fat body driver in wdr241

mutant background rescues the LysoTracker accumulation phenotype. Fat bodies from
GFP-Wdr24; wdr241 /TM6 (A and A’), wdr241 (B and B’) and GFP-Wdr24; wdr241 (C and C’)
third instar larvae were stained with LysoTracker and Hoechst. Size bar is 10 μm.
(TIF)

S6 Fig. Wdr24 opposes the GATOR1 complex to promote growth inDrosophila. Bar graph
shows that depleting nprl2 and nprl3 in the wdr241 mutant background results in an increased
body weight. GFPRNAi; wdr241 served as a negative control. � p value< 0.05.
(TIF)

S7 Fig. Tsc1 depletions result in increased TORC1 activity but do not prevent the inappro-
priate accumulation of lysosomes in wdr24mutant ovaries. (A) Proteins isolated fromWT,
GFPRNAi; wdr241 ovaries and tsc1RNAi; wdr241 were analyzed by Western blot probed with
pS6K and S6K antibodies. (B) Quantification of phospho-S6K levels relative to the total S6K.
Error bars represent the standard deviation for three independent experiments. �� p
value< 0.01. (C-E) Depleting tsc1 fails to rescue the lysosomal phenotype in wdr241 ovaries.
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Ovarioles fromWT (C) GFPRNAi; wdr241 (D) and tsc1RNAi; wdr241 (E) females were stained
with LysoTracker and Hoechst. Size bar is 10 μm.
(TIF)

S8 Fig. Generation of nprl3 gene deletion. Schematic map shows the deletion end points of
the nprl31 allele. Dashed line marks the deletion position. N-terminal break point starts at 61th
amino acid from start codon. The deletion causes frame shift and generates a new stop codon
after 5 amino acids from the C-terminal break point.
(TIF)

S9 Fig. Wdr24 regulates lysosome organization independent of autophagy. (A-D’) Ovarioles
from wdr241/TM6 (A, A’), wdr241 (B, B’), atg7d14/d77 (C, C’) and atg7d14/d77; wdr241 (D, D’)
females stained with LysoTracker, anti-Atg8a and Hoechst or DAPI. Note that atg7;wdr24 dou-
ble-mutant ovaries accumulate lysotracker positive puncta that are not positive for the autop-
hagy marker ATG8a. Size bar is 10 μm.
(TIF)

S10 Fig. Generation of aWDR24 knock out HeLa cell line. (A) Schematic map shows the
position of wdr24-/- deletion. (B) Western blot of wild type (WT) and wdr24-/- probed with
WDR24 and actin antibodies. Note that the wdr24-/- mutant cells do not express the WDR24
protein. (C) Western blot of wild type (WT) and wdr24-/- probed with phospho-4E-BP and
4E-BP antibodies. Note that the wdr24-/- mutant cells have lower phosphor-4E-BP level sug-
gesting a decrease of mTORC1 activity. This experiment has been done in triplicates. (D)
Quantification of phospho-4E-BP levels relative to the total 4E-BP. Error bars represent the
standard deviation for three independent experiments. � p value< 0.05. (E) Western blot of
cell lysates fromWT, wdr24-/- and wdr24-/- HA-WDR24 rescued cells probed with antibodies
against pS6K and S6K. Note that the overexpression HA tagged WDR24 protein in wdr24-/-

mutants increases mTORC1 activity as indicated by pS6K levels.
(TIF)

S11 Fig. wdr24-/- knock out HeLa cells accumulate p62. (A and B) Wild type (WT) (A) and
wdr24-/- (B) HeLa cells were stained with p62 antibody and DAPI. Size bar is 10 μm.
(TIF)

S12 Fig. Cathepsin D trafficking is not affected in wdr24-/- knock out HeLa cells. (A–B”)
Wild type (WT) (A-A”) and wdr24-/- (B-B”) HeLa cells were stained with Cathepsin D and
LAMP1 antibodies. Size bar is 10 μm.
(TIF)

S13 Fig. TEM images of autolysosomes in in wdr24-/- knock out HeLa cells. (A-B’) TEM
images of lysosomes or autolysosomes fromWT (A) and wdr24-/- (B) cells. Autolysosomes are
shown at higher magnification for both WT (A0) and wdr24-/- (B0) mutant HeLa cells. Yellow
arrows mark autolysosomes. Size bar is 1 μm.
(TIF)

S1 Table. Identification of the GATOR complex in Drosophila.
(DOCX)

S2 Table. Primer list.
(DOCX)

Wdr24 Regulates TORC1 Activity and Autophagic Flux

PLOS Genetics | DOI:10.1371/journal.pgen.1006036 May 11, 2016 24 / 28

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pgen.1006036.s008
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pgen.1006036.s009
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pgen.1006036.s010
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pgen.1006036.s011
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pgen.1006036.s012
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pgen.1006036.s013
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pgen.1006036.s014
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pgen.1006036.s015


Acknowledgments
We thank Juan Bonifacino, Rafael Mattera and members of the Lilly laboratory for comments
on the manuscript. Multiple stocks used in this study were obtained from the Bloomington
Stock Center. We acknowledge Henrietta Lacks and her surviving family members for the con-
tributions that she and the HeLa cell line have made to scientific and biomedical research.

Author Contributions
Conceived and designed the experiments: MALWC YW JR. Performed the experiments: WC
YWMJ JR. Analyzed the data: MALWC YW JR. Wrote the paper: MALWC.

References
1. Laplante M, Sabatini DM (2012) mTOR signaling in growth control and disease. Cell 149: 274–293.

doi: 10.1016/j.cell.2012.03.017 PMID: 22500797

2. Chang YY, Juhasz G, Goraksha-Hicks P, Arsham AM, Mallin DR, et al. (2009) Nutrient-dependent reg-
ulation of autophagy through the target of rapamycin pathway. Biochem Soc Trans 37: 232–236. doi:
10.1042/BST0370232 PMID: 19143638

3. Bar-Peled L, Chantranupong L, Cherniack AD, ChenWW, Ottina KA, et al. (2013) A Tumor suppressor
complex with GAP activity for the Rag GTPases that signal amino acid sufficiency to mTORC1. Science
340: 1100–1106. doi: 10.1126/science.1232044 PMID: 23723238

4. Dokudovskaya S, Waharte F, Schlessinger A, Pieper U, Devos DP, et al. (2011) A conserved coato-
mer-related complex containing Sec13 and Seh1 dynamically associates with the vacuole in Saccharo-
myces cerevisiae. Mol Cell Proteomics 10: M110 006478.

5. Panchaud N, Peli-Gulli MP, De Virgilio C (2013) Amino Acid Deprivation Inhibits TORC1 Through a
GTPase-Activating Protein Complex for the Rag Family GTPase Gtr1. Sci Signal 6: ra42. doi: 10.1126/
scisignal.2004112 PMID: 23716719

6. Neklesa TK, Davis RW (2009) A genome-wide screen for regulators of TORC1 in response to amino
acid starvation reveals a conserved Npr2/3 complex. PLoS Genet 5: e1000515. doi: 10.1371/journal.
pgen.1000515 PMID: 19521502

7. Ji L, Nishizaki M, Gao B, Burbee D, Kondo M, et al. (2002) Expression of several genes in the human
chromosome 3p21.3 homozygous deletion region by an adenovirus vector results in tumor suppressor
activities in vitro and in vivo. Cancer Res 62: 2715–2720. PMID: 11980673

8. Li J, Wang F, Haraldson K, Protopopov A, Duh FM, et al. (2004) Functional characterization of the can-
didate tumor suppressor gene NPRL2/G21 located in 3p21.3C. Cancer Res 64: 6438–6443. PMID:
15374952

9. Beye M, Gattermeier I, Hasselmann M, Gempe T, Schioett M, et al. (2006) Exceptionally high levels of
recombination across the honey bee genome. Genome Res 16: 1339–1344. PMID: 17065604

10. Anedchenko EA, Dmitriev AA, Krasnov GS, Kondrat'eva TT, Kopantsev EP, et al. (2008) [Down-regula-
tion of RBSP3/CTDSPL, NPRL2/G21, RASSF1A, ITGA9, HYAL1 and HYAL2 genes in non-small cell
lung cancer]. Mol Biol (Mosk) 42: 965–976.

11. Kurata A, Katayama R, Watanabe T, Tsuruo T, Fujita N (2008) TUSC4/NPRL2, a novel PDK1-interact-
ing protein, inhibits PDK1 tyrosine phosphorylation and its downstream signaling. Cancer Sci 99:
1827–1834. doi: 10.1111/j.1349-7006.2008.00874.x PMID: 18616680

12. Otani S, Takeda S, Yamada S, Sakakima Y, Sugimoto H, et al. (2009) The tumor suppressor NPRL2 in
hepatocellular carcinoma plays an important role in progression and can be served as an independent
prognostic factor. J Surg Oncol 100: 358–363. doi: 10.1002/jso.21241 PMID: 19274676

13. Jayachandran G, Ueda K, Wang B, Roth JA, Ji L (2010) NPRL2 sensitizes human non-small cell lung
cancer (NSCLC) cells to cisplatin treatment by regulating key components in the DNA repair pathway.
PLoS One 5.

14. Dibbens LM, de Vries B, Donatello S, Heron SE, Hodgson BL, et al. (2013) Mutations in DEPDC5
cause familial focal epilepsy with variable foci. Nat Genet 45: 546–551. doi: 10.1038/ng.2599 PMID:
23542697

15. Ishida S, Picard F, Rudolf G, Noe E, Achaz G, et al. (2013) Mutations of DEPDC5 cause autosomal
dominant focal epilepsies. Nat Genet 45: 552–555. doi: 10.1038/ng.2601 PMID: 23542701

16. Malpass K (2013) Epilepsy: Discovery of DEPDC5mutations provides further evidence of a genetic link
to inherited focal epilepsies. Nat Rev Neurol 9: 237. doi: 10.1038/nrneurol.2013.77 PMID: 23609619

Wdr24 Regulates TORC1 Activity and Autophagic Flux

PLOS Genetics | DOI:10.1371/journal.pgen.1006036 May 11, 2016 25 / 28

http://dx.doi.org/10.1016/j.cell.2012.03.017
http://www.ncbi.nlm.nih.gov/pubmed/22500797
http://dx.doi.org/10.1042/BST0370232
http://www.ncbi.nlm.nih.gov/pubmed/19143638
http://dx.doi.org/10.1126/science.1232044
http://www.ncbi.nlm.nih.gov/pubmed/23723238
http://dx.doi.org/10.1126/scisignal.2004112
http://dx.doi.org/10.1126/scisignal.2004112
http://www.ncbi.nlm.nih.gov/pubmed/23716719
http://dx.doi.org/10.1371/journal.pgen.1000515
http://dx.doi.org/10.1371/journal.pgen.1000515
http://www.ncbi.nlm.nih.gov/pubmed/19521502
http://www.ncbi.nlm.nih.gov/pubmed/11980673
http://www.ncbi.nlm.nih.gov/pubmed/15374952
http://www.ncbi.nlm.nih.gov/pubmed/17065604
http://dx.doi.org/10.1111/j.1349-7006.2008.00874.x
http://www.ncbi.nlm.nih.gov/pubmed/18616680
http://dx.doi.org/10.1002/jso.21241
http://www.ncbi.nlm.nih.gov/pubmed/19274676
http://dx.doi.org/10.1038/ng.2599
http://www.ncbi.nlm.nih.gov/pubmed/23542697
http://dx.doi.org/10.1038/ng.2601
http://www.ncbi.nlm.nih.gov/pubmed/23542701
http://dx.doi.org/10.1038/nrneurol.2013.77
http://www.ncbi.nlm.nih.gov/pubmed/23609619


17. Dokudovskaya S, Rout MP (2011) A novel coatomer-related SEA complex dynamically associates with
the vacuole in yeast and is implicated in the response to nitrogen starvation. Autophagy 7: 1392–1393.
doi: 10.4161/auto.7.11.17347 PMID: 21804352

18. Wei Y, Reveal B, Reich J, LaursenWJ, Senger S, et al. (2014) TORC1 regulators Iml1/GATOR1 and
GATOR2 control meiotic entry and oocyte development in Drosophila. Proc Natl Acad Sci U S A.

19. Algret R, Fernandez-Martinez J, Shi Y, Kim SJ, Pellarin R, et al. (2014) Molecular architecture and func-
tion of the SEA complex, a modulator of the TORC1 pathway. Mol Cell Proteomics 13: 2855–2870. doi:
10.1074/mcp.M114.039388 PMID: 25073740

20. Chantranupong L, Scaria SM, Saxton RA, Gygi MP, Shen K, et al. (2016) The CASTOR Proteins Are
Arginine Sensors for the mTORC1 Pathway. Cell.

21. Chantranupong L, Wolfson RL, Orozco JM, Saxton RA, Scaria SM, et al. (2014) The Sestrins interact
with GATOR2 to negatively regulate the amino-acid-sensing pathway upstream of mTORC1. Cell Rep
9: 1–8. doi: 10.1016/j.celrep.2014.09.014 PMID: 25263562

22. Kim JS, Ro SH, Kim M, Park HW, Semple IA, et al. (2015) Sestrin2 inhibits mTORC1 through modula-
tion of GATOR complexes. Sci Rep 5: 9502. doi: 10.1038/srep09502 PMID: 25819761

23. Parmigiani A, Nourbakhsh A, Ding B, WangW, Kim YC, et al. (2014) Sestrins inhibit mTORC1 kinase
activation through the GATOR complex. Cell Rep 9: 1281–1291. PMID: 25457612

24. Saxton RA, Knockenhauer KE, Wolfson RL, Chantranupong L, Pacold ME, et al. (2016) Structural
basis for leucine sensing by the Sestrin2-mTORC1 pathway. Science 351: 53–58. doi: 10.1126/
science.aad2087 PMID: 26586190

25. Wolfson RL, Chantranupong L, Saxton RA, Shen K, Scaria SM, et al. (2016) Sestrin2 is a leucine sen-
sor for the mTORC1 pathway. Science 351: 43–48. doi: 10.1126/science.aab2674 PMID: 26449471

26. Chantranupong L, Wolfson RL, Sabatini DM (2015) Nutrient-sensing mechanisms across evolution.
Cell 161: 67–83. doi: 10.1016/j.cell.2015.02.041 PMID: 25815986

27. Senger S, Csokmay J, Iida-Jones T, Sengupta P, Lilly MA (2011) The nucleoporin Seh1 forms a com-
plex with Mio and serves an essential tissue specific function in Drosophila oogenesis. Development
138: 2133–2142. doi: 10.1242/dev.057372 PMID: 21521741

28. Iida T, Lilly MA (2004) missing oocyte encodes a highly conserved nuclear protein required for the
maintenance of the meiotic cycle and oocyte identity in Drosophila. Development 131: 1029–1039.
PMID: 14973288

29. Mauvezin C, Ayala C, Braden CR, Kim J, Neufeld TP (2014) Assays to monitor autophagy in Drosoph-
ila. Methods 68: 134–139. doi: 10.1016/j.ymeth.2014.03.014 PMID: 24667416

30. Hahn K, Miranda M, Francis VA, Vendrell J, Zorzano A, et al. (2010) PP2A regulatory subunit PP2A-B'
counteracts S6K phosphorylation. Cell Metab 11: 438–444. doi: 10.1016/j.cmet.2010.03.015 PMID:
20444422

31. Nezis IP, Shravage BV, Sagona AP, Johansen T, Baehrecke EH, et al. (2010) Autophagy as a trigger
for cell death: autophagic degradation of inhibitor of apoptosis dBruce controls DNA fragmentation dur-
ing late oogenesis in Drosophila. Autophagy 6: 1214–1215. PMID: 20935512

32. Mauvezin C, Nagy P, Juhasz G, Neufeld TP (2015) Autophagosome-lysosome fusion is independent of
V-ATPase-mediated acidification. Nat Commun 6: 7007. doi: 10.1038/ncomms8007 PMID: 25959678

33. Inoki K, Li Y, Xu T, Guan KL (2003) Rheb GTPase is a direct target of TSC2 GAP activity and regulates
mTOR signaling. Genes Dev 17: 1829–1834. PMID: 12869586

34. Zhang Y, Gao X, Saucedo LJ, Ru B, Edgar BA, et al. (2003) Rheb is a direct target of the tuberous scle-
rosis tumour suppressor proteins. Nat Cell Biol 5: 578–581. PMID: 12771962

35. Ito N, Rubin GM (1999) gigas, a Drosophila homolog of tuberous sclerosis gene product-2, regulates
the cell cycle. Cell 96: 529–539. PMID: 10052455

36. Tapon N, Ito N, Dickson BJ, Treisman JE, Hariharan IK (2001) The Drosophila tuberous sclerosis com-
plex gene homologs restrict cell growth and cell proliferation. Cell 105: 345–355. PMID: 11348591

37. Gao X, Zhang Y, Arrazola P, Hino O, Kobayashi T, et al. (2002) Tsc tumour suppressor proteins antag-
onize amino-acid-TOR signalling. Nat Cell Biol 4: 699–704. PMID: 12172555

38. Radimerski T, Montagne J, Hemmings-Mieszczak M, Thomas G (2002) Lethality of Drosophila lacking
TSC tumor suppressor function rescued by reducing dS6K signaling. Genes Dev 16: 2627–2632.
PMID: 12381661

39. Juhasz G, Erdi B, Sass M, Neufeld TP (2007) Atg7-dependent autophagy promotes neuronal health,
stress tolerance, and longevity but is dispensable for metamorphosis in Drosophila. Genes Dev 21:
3061–3066. PMID: 18056421

40. Juhasz G, Neufeld TP (2008) Drosophila Atg7: required for stress resistance, longevity and neuronal
homeostasis, but not for metamorphosis. Autophagy 4: 357–358. PMID: 18216496

Wdr24 Regulates TORC1 Activity and Autophagic Flux

PLOS Genetics | DOI:10.1371/journal.pgen.1006036 May 11, 2016 26 / 28

http://dx.doi.org/10.4161/auto.7.11.17347
http://www.ncbi.nlm.nih.gov/pubmed/21804352
http://dx.doi.org/10.1074/mcp.M114.039388
http://www.ncbi.nlm.nih.gov/pubmed/25073740
http://dx.doi.org/10.1016/j.celrep.2014.09.014
http://www.ncbi.nlm.nih.gov/pubmed/25263562
http://dx.doi.org/10.1038/srep09502
http://www.ncbi.nlm.nih.gov/pubmed/25819761
http://www.ncbi.nlm.nih.gov/pubmed/25457612
http://dx.doi.org/10.1126/science.aad2087
http://dx.doi.org/10.1126/science.aad2087
http://www.ncbi.nlm.nih.gov/pubmed/26586190
http://dx.doi.org/10.1126/science.aab2674
http://www.ncbi.nlm.nih.gov/pubmed/26449471
http://dx.doi.org/10.1016/j.cell.2015.02.041
http://www.ncbi.nlm.nih.gov/pubmed/25815986
http://dx.doi.org/10.1242/dev.057372
http://www.ncbi.nlm.nih.gov/pubmed/21521741
http://www.ncbi.nlm.nih.gov/pubmed/14973288
http://dx.doi.org/10.1016/j.ymeth.2014.03.014
http://www.ncbi.nlm.nih.gov/pubmed/24667416
http://dx.doi.org/10.1016/j.cmet.2010.03.015
http://www.ncbi.nlm.nih.gov/pubmed/20444422
http://www.ncbi.nlm.nih.gov/pubmed/20935512
http://dx.doi.org/10.1038/ncomms8007
http://www.ncbi.nlm.nih.gov/pubmed/25959678
http://www.ncbi.nlm.nih.gov/pubmed/12869586
http://www.ncbi.nlm.nih.gov/pubmed/12771962
http://www.ncbi.nlm.nih.gov/pubmed/10052455
http://www.ncbi.nlm.nih.gov/pubmed/11348591
http://www.ncbi.nlm.nih.gov/pubmed/12172555
http://www.ncbi.nlm.nih.gov/pubmed/12381661
http://www.ncbi.nlm.nih.gov/pubmed/18056421
http://www.ncbi.nlm.nih.gov/pubmed/18216496


41. Juhasz G, Neufeld TP (2008) Experimental control and characterization of autophagy in Drosophila.
Methods Mol Biol 445: 125–133. doi: 10.1007/978-1-59745-157-4_8 PMID: 18425447

42. Cong L, Ran FA, Cox D, Lin S, Barretto R, et al. (2013) Multiplex genome engineering using CRISPR/
Cas systems. Science 339: 819–823. doi: 10.1126/science.1231143 PMID: 23287718

43. Kabeya Y, Mizushima N, Ueno T, Yamamoto A, Kirisako T, et al. (2000) LC3, a mammalian homologue
of yeast Apg8p, is localized in autophagosome membranes after processing. EMBO J 19: 5720–5728.
PMID: 11060023

44. Klionsky DJ, Abdelmohsen K, Abe A, Abedin MJ, Abeliovich H, et al. (2016) Guidelines for the use and
interpretation of assays for monitoring autophagy (3rd edition). Autophagy 12: 1–222. PMID:
26799652

45. Vadlamudi RK, Joung I, Strominger JL, Shin J (1996) p62, a phosphotyrosine-independent ligand of
the SH2 domain of p56lck, belongs to a new class of ubiquitin-binding proteins. J Biol Chem 271:
20235–20237. PMID: 8702753

46. Joung I, Strominger JL, Shin J (1996) Molecular cloning of a phosphotyrosine-independent ligand of
the p56lck SH2 domain. Proc Natl Acad Sci U S A 93: 5991–5995. PMID: 8650207

47. Bjorkoy G, Lamark T, Brech A, Outzen H, Perander M, et al. (2005) p62/SQSTM1 forms protein aggre-
gates degraded by autophagy and has a protective effect on huntingtin-induced cell death. J Cell Biol
171: 603–614. PMID: 16286508

48. Voss EW Jr., Workman CJ, Mummert ME (1996) Detection of protease activity using a fluorescence-
enhancement globular substrate. Biotechniques 20: 286–291. PMID: 8825159

49. Gieselmann V, Hasilik A, von Figura K (1985) Processing of human cathepsin D in lysosomes in vitro. J
Biol Chem 260: 3215–3220. PMID: 3972822

50. Kornfeld S (1990) Lysosomal enzyme targeting. Biochem Soc Trans 18: 367–374. PMID: 2164980

51. Diwu Z, Chen CS, Zhang C, Klaubert DH, Haugland RP (1999) A novel acidotropic pH indicator and its
potential application in labeling acidic organelles of live cells. Chem Biol 6: 411–418. PMID: 10381401

52. Shimizu K, Del Amo Y, Brzezinski MA, Stucky GD, Morse DE (2001) A novel fluorescent silica tracer for
biological silicification studies. Chem Biol 8: 1051–1060. PMID: 11731296

53. Brazill DT, Caprette DR, Myler HA, Hatton RD, Ammann RR, et al. (2000) A protein containing a serine-
rich domain with vesicle fusing properties mediates cell cycle-dependent cytosolic pH regulation. J Biol
Chem 275: 19231–19240. PMID: 10747962

54. Settembre C, Zoncu R, Medina DL, Vetrini F, Erdin S, et al. (2012) A lysosome-to-nucleus signalling
mechanism senses and regulates the lysosome via mTOR and TFEB. EMBO J 31: 1095–1108. doi:
10.1038/emboj.2012.32 PMID: 22343943

55. Martina JA, Chen Y, Gucek M, Puertollano R (2012) MTORC1 functions as a transcriptional regulator
of autophagy by preventing nuclear transport of TFEB. Autophagy 8: 903–914. doi: 10.4161/auto.
19653 PMID: 22576015

56. Sardiello M, Palmieri M, di Ronza A, Medina DL, Valenza M, et al. (2009) A gene network regulating
lysosomal biogenesis and function. Science 325: 473–477. doi: 10.1126/science.1174447 PMID:
19556463

57. Settembre C, Ballabio A (2011) TFEB regulates autophagy: an integrated coordination of cellular deg-
radation and recycling processes. Autophagy 7: 1379–1381. doi: 10.4161/auto.7.11.17166 PMID:
21785263

58. Settembre C, Di Malta C, Polito VA, Garcia Arencibia M, Vetrini F, et al. (2011) TFEB links autophagy to
lysosomal biogenesis. Science 332: 1429–1433. doi: 10.1126/science.1204592 PMID: 21617040

59. Kim YC, Park HW, Sciarretta S, Mo JS, Jewell JL, et al. (2014) Rag GTPases are cardioprotective by
regulating lysosomal function. Nat Commun 5: 4241. doi: 10.1038/ncomms5241 PMID: 24980141

60. Shen K, Sidik H, Talbot WS (2016) The Rag-Ragulator Complex Regulates Lysosome Function and
Phagocytic Flux in Microglia. Cell Rep 14: 547–559. doi: 10.1016/j.celrep.2015.12.055 PMID:
26774477

61. Kim E, Goraksha-Hicks P, Li L, Neufeld TP, Guan KL (2008) Regulation of TORC1 by Rag GTPases in
nutrient response. Nat Cell Biol 10: 935–945. doi: 10.1038/ncb1753 PMID: 18604198

62. Sancak Y, Peterson TR, Shaul YD, Lindquist RA, Thoreen CC, et al. (2008) The Rag GTPases bind
raptor and mediate amino acid signaling to mTORC1. Science 320: 1496–1501. doi: 10.1126/science.
1157535 PMID: 18497260

63. Michaillat L, Mayer A (2013) Identification of genes affecting vacuole membrane fragmentation in Sac-
charomyces cerevisiae. PLoS One 8: e54160. doi: 10.1371/journal.pone.0054160 PMID: 23383298

Wdr24 Regulates TORC1 Activity and Autophagic Flux

PLOS Genetics | DOI:10.1371/journal.pgen.1006036 May 11, 2016 27 / 28

http://dx.doi.org/10.1007/978-1-59745-157-4_8
http://www.ncbi.nlm.nih.gov/pubmed/18425447
http://dx.doi.org/10.1126/science.1231143
http://www.ncbi.nlm.nih.gov/pubmed/23287718
http://www.ncbi.nlm.nih.gov/pubmed/11060023
http://www.ncbi.nlm.nih.gov/pubmed/26799652
http://www.ncbi.nlm.nih.gov/pubmed/8702753
http://www.ncbi.nlm.nih.gov/pubmed/8650207
http://www.ncbi.nlm.nih.gov/pubmed/16286508
http://www.ncbi.nlm.nih.gov/pubmed/8825159
http://www.ncbi.nlm.nih.gov/pubmed/3972822
http://www.ncbi.nlm.nih.gov/pubmed/2164980
http://www.ncbi.nlm.nih.gov/pubmed/10381401
http://www.ncbi.nlm.nih.gov/pubmed/11731296
http://www.ncbi.nlm.nih.gov/pubmed/10747962
http://dx.doi.org/10.1038/emboj.2012.32
http://www.ncbi.nlm.nih.gov/pubmed/22343943
http://dx.doi.org/10.4161/auto.19653
http://dx.doi.org/10.4161/auto.19653
http://www.ncbi.nlm.nih.gov/pubmed/22576015
http://dx.doi.org/10.1126/science.1174447
http://www.ncbi.nlm.nih.gov/pubmed/19556463
http://dx.doi.org/10.4161/auto.7.11.17166
http://www.ncbi.nlm.nih.gov/pubmed/21785263
http://dx.doi.org/10.1126/science.1204592
http://www.ncbi.nlm.nih.gov/pubmed/21617040
http://dx.doi.org/10.1038/ncomms5241
http://www.ncbi.nlm.nih.gov/pubmed/24980141
http://dx.doi.org/10.1016/j.celrep.2015.12.055
http://www.ncbi.nlm.nih.gov/pubmed/26774477
http://dx.doi.org/10.1038/ncb1753
http://www.ncbi.nlm.nih.gov/pubmed/18604198
http://dx.doi.org/10.1126/science.1157535
http://dx.doi.org/10.1126/science.1157535
http://www.ncbi.nlm.nih.gov/pubmed/18497260
http://dx.doi.org/10.1371/journal.pone.0054160
http://www.ncbi.nlm.nih.gov/pubmed/23383298


64. Wei Y, Lilly MA (2014) The TORC1 inhibitors Nprl2 and Nprl3 mediate an adaptive response to amino-
acid starvation in Drosophila. Cell Death Differ 21: 1460–1468. doi: 10.1038/cdd.2014.63 PMID:
24786828

65. Hong A, Lee-Kong S, Iida T, Sugimura I, Lilly MA (2003) The p27cip/kip ortholog dacapo maintains the
Drosophila oocyte in prophase of meiosis I. Development 130: 1235–1242. PMID: 12588841

66. Kondo S, Ueda R (2013) Highly improved gene targeting by germline-specific Cas9 expression in Dro-
sophila. Genetics 195: 715–721. doi: 10.1534/genetics.113.156737 PMID: 24002648

67. Lu Y, Hao BX, Graeff R, Wong CW,WuWT, et al. (2013) Two pore channel 2 (TPC2) inhibits autopha-
gosomal-lysosomal fusion by alkalinizing lysosomal pH. J Biol Chem 288: 24247–24263. doi: 10.1074/
jbc.M113.484253 PMID: 23836916

Wdr24 Regulates TORC1 Activity and Autophagic Flux

PLOS Genetics | DOI:10.1371/journal.pgen.1006036 May 11, 2016 28 / 28

http://dx.doi.org/10.1038/cdd.2014.63
http://www.ncbi.nlm.nih.gov/pubmed/24786828
http://www.ncbi.nlm.nih.gov/pubmed/12588841
http://dx.doi.org/10.1534/genetics.113.156737
http://www.ncbi.nlm.nih.gov/pubmed/24002648
http://dx.doi.org/10.1074/jbc.M113.484253
http://dx.doi.org/10.1074/jbc.M113.484253
http://www.ncbi.nlm.nih.gov/pubmed/23836916

