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Lgl reduces endosomal vesicle acidification and Notch
signaling by promoting the interaction between Vap33
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and the V-ATPase complex
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Epithelial cell polarity is linked to the control of tissue growth and tumorigenesis. The tumor suppressor and cell
polarity protein lethal-2-giant larvae (Lgl) promotes Hippo signaling and inhibits Notch signaling to restrict tissue
growth in Drosophila melanogaster. Notch signaling is greater in g/ mutant tissue than in wild-type tissue because
of increased acidification of endosomal vesicles, which promotes the proteolytic processing and activation of
Notch by y-secretase. We showed that the increased Notch signaling and tissue growth defects of Ig/ mutant tissue
depended on endosomal vesicle acidification mediated by the vacuolar adenosine triphosphatase (V-ATPase). Lgl
promoted the activity of the V-ATPase by interacting with Vap33 (VAMP-associated protein of 33 kDa). Vap33
physically and genetically interacted with Lgl and V-ATPase subunits and repressed V-ATPase-mediated endosomal
vesicle acidification and Notch signaling. Vap33 overexpression reduced the abundance of the V-ATPase component
Vha44, whereas Lgl knockdown reduced the binding of Vap33 to the V-ATPase component Vha68-3. Our data indicate
that Lgl promotes the binding of Vap33 to the V-ATPase, thus inhibiting V-ATPase-mediated endosomal vesicle
acidification and thereby reducing y-secretase activity, Notch signaling, and tissue growth. Our findings implicate
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the deregulation of Vap33 and V-ATPase activity in polarity-impaired epithelial cancers.

INTRODUCTION

Deregulation of cell polarity and the subsequent loss of tissue archi-
tecture is a hallmark of human epithelial cancers and contributes to
the initiation and progression of tumorigenesis (1-3). Epithelial cell
polarity (apico-basal polarity) is important for establishing and
maintaining specific membrane domains along the apical-basal axis
of epithelial cells and for positioning the adherens junctions that are
required for cell-cell adhesion and communication (4, 5). Several
key regulators of cell polarity were discovered in the vinegar fly,
Drosophila melanogaster, as neoplastic tumor suppressors. Among
these are lethal-2-giant larvae (Lgl), Scribbled (Scrib), and Discs large
(Dlg), all of which promote apical-basal cell polarity through their
interactions with other polarity regulators, including the Par complex
component atypical protein kinase C (aPKC) and the transmembrane
protein Crumbs (Crb). Lgl, Scrib, and Dlg also limit cell prolifera-
tion (2, 6-10) and localize to the basolateral (septate) junctions in
Drosophila epithelial tissues (11-13). The Scribble module (Scrib,
Dlg, and Lgl) is also involved in asymmetric cell division and the
proliferation of neural stem cells (14-17). Because of their key roles
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in cell polarity and proliferation control, loss-of-function mutations
in scrib, dlg, or Igl result in the formation of neoplastic epithelial and
brain tumors in Drosophila (11, 17-26). The Scribble module proteins
have a conserved tumor suppressor role in mammalian systems, as
evidenced by the rescue of the corresponding Drosophila tumorous
phenotypes by the expression of the mammalian orthologs (27-29)
and their involvement in mammalian tumorigenesis (2, 9, 30, 31).

Apico-basal cell polarity regulators control tissue growth by
modulating various signaling pathways (2, 7-9, 30-32). However,
Drosophila Lgl has functions that are distinct from those of DIg and
Scrib in the control of signaling pathways and tissue growth (33).
We have shown that Lgl’s role in tissue growth control is separable
from its function in cell polarity, because clonal depletion of Lgl in
the developing eye epithelium results in increased cell proliferation
and tissue overgrowth effects without affecting apico-basal cell po-
larity (33, 34). Moreover, in the eye epithelium, clonal depletion of
Lgl does not lead to activation of c-Jun N-terminal kinase (JNK) or
apoptosis of the Igl mutant tissue (33-35), whereas the loss of Igl in
the wing epithelium (36-39) or the loss of scrib or dlg in the eye
epithelium (20, 40-42) does. Thus, the developing Drosophila eye
represents an ideal system to observe the effect of Lgl depletion on
cellular signaling without the confounding effects of apico-basal cell
polarity disruption.

Lgl controls tissue growth independent of its apico-basal cell po-
larity role by regulating the Salvador-Warts-Hippo (Hippo) pathway
(8, 33-35, 43, 44). The Hippo pathway negatively regulates tissue
growth in response to cell-cell contact and tissue architectural cues
(8, 45). We found that Lgl depletion inhibits the Hippo pathway by
causing mislocalization of Hippo (Hpo) away from the apical cortex,
where it is normally activated by apical cues (33, 43). We have also
shown that Lgl inhibits signaling through the Notch pathway (46, 47).
Notch activation depends on a complex sequence of processing and
trafficking events. Upon binding to ligand, Notch is cleaved at the base
of the transmembrane region by a metalloproteinase, thus releasing
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the extracellular domain and leaving behind a membrane-anchored
cytoplasmic portion called the Notch extracellular truncation (NEXT).
NEXT is further processed by y-secretase to release the active form,
the Notch intracellular domain (NICD), into the cytoplasm. NICD
translocates into the nucleus to stimulate the transcription of target
genes, such as those encoding the HES (Hairy/Enhancer of split)
transcription factors in the Enhancer of split [E(spl)] complex (48).
Our previous analysis revealed that increased Notch signaling con-
tributes to the tissue growth effects of lgl mutant tissue by promoting
the expression of the cell proliferation gene Cyclin A and the cell
survival gene roughest (rst) (46, 47). Thus, increased Notch signaling,
together with impaired Hippo pathway signaling, causes the over-
growth defects in Igl mutant tissue (33, 46, 47).

Endocytosis promotes Notch signaling (49), and endosomal vesicle
acidification promotes the activity of y-secretase, which cleaves and
activates Notch (50-52). Consistent with the defects in Notch signal-
ing in Lgl-depleted tissue, we found that Igl mutant tissue exhibited
endocytic defects and increased endosomal vesicle acidification (46,
47). Moreover, reduction in intracellular acidification by treatment
with the deacidifying drug chloroquine normalized Notch signaling
in lgl mutant tissue and rescued the gl mutant adult eye phenotype
(46, 47). Thus, the higher Notch signaling in [gl mutant tissue is due
to increased endosomal vesicle acidification and thereby increased
y-secretase activity and Notch cleavage-mediated activation. Whereas
chloroquine has a documented role in blocking autophagy (53), Igl
mutant eye disc epithelial clones do not show altered autophagy (47),
and therefore, it is likely that chloroquine is rescuing the lgl mutant
defects by normalizing the cell signaling defects. Together, our pre-
vious data suggest that Lgl regulates endosomal vesicle acidification
and thereby Notch signaling; however, the mechanism of this regu-
lation was unclear.

Here, we investigated the mechanism by which Lgl regulates en-
dosomal vesicle acidification. The endosomal vesicle acidification and
Notch signaling defects in lgl mutant tissue depended on the vacuolar
adenosine triphosphatase (V-ATPase), a multisubunit proton pump
that drives endosomal acidification (54). Through proteomics analysis
of Lgl-interacting proteins, we identified Vap33 (VAMP-associated
protein of 33 kDa, also known as VAPB) as a protein that links Lgl to
the V-ATPase complex. Vap33 genetically and physically interacted
with Lgl and V-ATPase components to inhibit Notch target gene
expression and tissue growth. Moreover, Lgl depletion reduced the
interaction of Vap33 with the V-ATPase component Vha68-3, con-
sistent with a mechanism wherein Lgl promotes the ability of Vap33
to inhibit V-ATPase-mediated endosomal vesicle acidification. In
addition, Vap33 reduced the abundance of the V-ATPase component
Vha44. Thus, we have uncovered the molecular mechanism linking
the tumor suppressor Lgl to the control of V-ATPase activity and
Notch signaling, which may have important implications for the treat-
ment of epithelial cancers in which cell polarity is impaired.

RESULTS

V-ATPase activity is required for increased Notch target
gene expression in Ig/ mutant eye epithelial tissue

We have previously shown that [gl mutant clones in the third-instar
Drosophila larval eye epithelium exhibit increased LysoTracker in-
corporation (46, 47), indicative of increased endosomal vesicle acid-
ification, which is controlled by the V-ATPase (54). The V-ATPase
has been previously shown to be important for Notch signaling be-

Portela et al., Sci. Signal. 11, eaar1976 (2018) 5 June 2018

cause endosomal acidification promotes the activity of y-secretase
(50-52, 55). To confirm whether the increased Notch signaling in gl
mutant tissue depended on V-ATPase activity (Fig. 1, A to F), we ex-
amined whether a mutation in Vha68-2 (Vha68-2%°) (51), a V1 subunit
component of the V-ATPase that has been shown to reduce V-ATPase
activity (Fig. 1G) (51), would rescue the increased Notch target gene
expression observed in gl mutant clones. We monitored Notch acti-
vation using the Notch target reporter line E(spl)lacZ™®*%'? (56, 57)
(denoted as E(spl)lacZ), which we have documented as a robust re-
porter of Notch activity in the posterior region of the developing eye
epithelium (46, 47). LacZ expression in this line corresponds to high
ligand-dependent Notch signaling within and posterior to the mor-
phogenetic furrow of the Drosophila third-instar larval developing
eye tissue, where the Notch ligand Delta is present and Delta-Notch
signaling promotes G;-S cell cycle progression and the initiation of
neural development (Fig. 1A) (58-61). lgl” 53 mutant clones, generated
using ey-FLP-mediated recombination and marked by the absence
of green fluorescent protein (GFP), showed increased E(spl)lacZ ex-
pression, indicating increased Notch signaling, in the posterior region
of the eye epithelium relative to the surrounding normal tissue (Fig. 1C,
quantified in Fig. 1H) and resulted in adults with distorted and dis-
organized eyes (Fig. 1D), as we have previously shown (46). In ad-
dition, as previously shown (51), Vha68-2% mutant clones showed
reduced E(spl)lacZ expression (fig. S1A and Fig. 1H) and resulted in
a slightly disorganized arrangement of ommatidia in the adult eye
(fig. S1B). Consistent with V-ATPase activity contributing to the in-
creased Notch signaling in [gl mutant tissue, lg””>> Vha68-2%¢ double-
mutant clones showed a partial restoration of the expression of E(sp)lacZ
relative to the surrounding normal tissue (Fig. 1, E and H) and I[gF*"*
mutant clones (Fig. 1B). Consistent with this, the Vha68-2%¢ mutation
partially rescued the lgF”>* mutant mosaic adult eye phenotype (Fig. 1F).
This rescue of the Igl””>* mutant eye defect by Vha68-2" was not due
to death of the lgl mutant tissue, because mutant clones (marked by
the absence of GFP) were still observed in the pupal retinas (fig. S1D).
Thus, these results show that genetically reducing V-ATPase activity
normalizes Notch signaling in gl mutant tissue.

To confirm the genetic interactions, we tested whether specific
pharmacological inhibition of V-ATPase could rescue the increased
Notch signaling in lgl mutant tissue (Fig. 1, I to L). Accordingly, we
used bafilomycin A1, which binds to the V-ATPase Vo subunit ¢ (62)
and has been shown to inhibit V-ATPase-mediated, y-secretase-
dependent Notch activation (50). We orally administered bafilomycin
Al to developing Drosophila lgF”>* mutant mosaic larvae and compared
the effect of feeding the larvae with the vesicle de-acidifying compound
chloroquine, which rescues the increased Notch signaling in IgF”’>> mu-
tant tissue, as we have previously shown (46, 47). Bafilomycin Al
treatment nearly completely rescued the ectopic expression of the
Notch reporter E(spl)lacZ that was observed in Igi””>’ mutant clones
(Fig. 1], quantified in Fig. 1L) relative to the vehicle (ethanol)-treated
Ig”’%? mutant mosaic control (Fig. 1, I and L). Chloroquine treatment
also restored the normal expression of the Notch reporter (Fig. 1, K
and L). Thus, chemically inhibiting V-ATPase confirms our results
from genetic studies, demonstrating that V-ATPase activity was re-
quired for the increased Notch signaling in gl mutant tissue.

Vap33 links Lgl to the V-ATPase

To provide molecular insight into how Lgl affects the V-ATPase, we
conducted an affinity purification-mass spectrometry (AP-MS) analysis
of Lgl binding partners from Drosophila S2—cultured cells using Lgl
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Fig. 1. V-ATPase activity is required for the increase in Notch reporter expression in /gl mutant tissue in the larval eye epithelium. (A) Confocal planar section of
a control (ey-FLP; FRT40A Ubi-GFP/FRT40A) mosaic eye-antennal disc from larvae expressing GFP in all tissues and harboring the Notch target reporter E(spl)lacZ stained
for B-galactosidase (BGal; gray in single-channel images and red in merged images), showing expression of E(spl)lacZ within and posterior to the morphogenetic furrow.
Ey-FLP mediated recombination generates GFP-positive and GFP-negative clones. Arrowheads indicate clones showing normal E(spl)lacZ expression. (B) WT mosaic adult
female eye. (C) Mosaic disc containing IgF’*> mutant clones (GFP-negative cells, arrowheads), stained for pGal (gray, red). (D) IgF¥’** mosaic adult female eye. (E) IgF”>
Vha68-2%¢ double-mutant mosaic disc stained for BGal (gray, red). Mutant tissue is GFP-negative. (F) lgl2753 Vha68-2%¢ mosaic adult female eye. (G) Schematic of the V-ATPase
protein complex showing all the subunits and the corresponding names of the genes for those analyzed in this study. The V-ATPase complex consists of an integral
membrane subunit (Vo) and a cytoplasmic subunit (V1). (H) Quantification of the pGal pixel intensity ratio between mutant clones relative to WT clones in experiments
shown in (A), (C), and (E). n = 3 independent experiments, n = 3 samples analyzed for each genotype in each independent experiment. Error bars indicate SEM. ***P <
0.0001 (t tests with two-tailed distribution and unequal or equal variance) *P = 0.04 (Mann-Whitney U test). (I to K) Confocal planar images of Igl2753 mosaic third-instar
larval eye discs stained for BGal (gray). Mutant tissue is GFP-negative. Discs were from untreated flies (I) or flies that were exposed to bafilomycin A1 (J) or chloroquine (K).
(L) Quantification of the BGal pixel intensity ratio between lglzm and WT tissue, from experiments (I) to (K). n = 3 independent experiments, n = 3 or 4 samples ana-
lyzed for each genotype per experiment. Error bars indicate SEM. ***P < 0.0001 (t tests with two-tailed distribution and equal variance). Insets (A, C, E, and | to K) show
high-magnification images. In all images, posterior is to the left. Scale bars, 50 um.

tagged with streptavidin-binding peptide (SBP) at the C terminus
(fig. S2A). We conducted two independent AP-MS analyses of Lgl-SBP—
interacting proteins and ranked the results using the Significance
Analysis of INTeractome (SAINT) statistical analysis software (data
file S1) (63). Among the highly significant Lgl interactors (SAINT
score = 1) were the expected cell polarity proteins, aPKC and Pare6,
both of which are known to interact with Lgl (7). We then assessed
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the other highly significant interactors (SAINT score >0.9) for those
with links to V-ATPase subunits and other proteins involved in en-
docytosis. We identified one Lgl-interacting protein, Vap33 [VAP33A,
VAP-33-1, VAMP (v-SNARE)-associated protein 33], that has also
been shown to interact with endocytic regulators and the V-ATPase
components, Vha68-2 and Vhal00-4 (Fig. 1G), in a global Drosophila
proteomics analysis, archived in the Drosophila protein interaction

30of 15

8T0Z 'S aunr uo /B10"Bewaouslds ayIs//:dny woiy papeojumod


http://stke.sciencemag.org/

SCIENCE SIGNALING | RESEARCH ARTICLE

map (DPiM) database (Fig. 2A) (64). Vha68-2, Vhal00-4, and other
V-ATPase components were also identified among our Lgl interactors
with SAINT scores <0.9, indicating interactors of lower confidence.
Consistent with the interaction of Drosophila Vap33 with V-ATPase
components from the DPiM database, we found that global proteomics
analyses in human cells also identified that one of the human orthologs
of Vap33, VAPA, interacts with several V-ATPase components with
high confidence (BioGrid) (65-67): ATP6V1A, ATP6V1E1, ATP6V1B2,
ATP6V1Gl, and ATP6VOD1, which are orthologous to Drosophila
Vha68-1 to Vha68-3, Vha26, Vha55, Vhal3, and AC39-1 and AC39-2,
respectively. In addition, Vap33’s human orthologs, VAPA and VAPB,
physically interact with endocytic regulators (65, 67-70), and muta-
tions in Drosophila Vap33 and human VAPB result in endocytic defects
with the accumulation of the early endosome marker Rab5 (71), a
phenotype we also observed in Drosophila Igl mutant tissue (46, 47).
Thus, the interactions between Vap33 and V-ATPase components and
the involvement of Vap33 in endocytosis appear to be evolutionarily
conserved. However, physical or genetic interactions between human
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Fig. 2. Lgl interacts with Vap33 in vitro and in vivo. (A) Protein interaction map
summarizing the results of our proteomic data linking Lgl to Vap33 (red) and data
from the DPiM linking the indicated proteins to Vap33 (blue). Proteins shown in yellow
are subunits of the V-ATPase, and their known interactions are indicated in light gray.
Proteins for which the human homolog interacts with the human Vap33 ortholog
VAPA are outlined in green. (B) Representative immunoblot showing coimmuno-
precipitation of Lgl-SBP and Vap33-V5 from S2 cells. Vap33-V5 was immunoprecipitated
(IP) with an antibody recognizing V5 and immunoblotted (IB) with an antibody recog-
nizing SBP. The experiment was performed twice. (C and D) Confocal planarimages
showing in situ PLA in third-instar larval eye discs. The positive PLA signals are punc-
tate and shown in gray and magenta. Nuclei are stained with 4’,6-diamidino-2-
phenylindole (DAPI; green). Insets show high-magnification images of the PLA foci.
(C) PLA on MI07575 Igl-eGFP-Igl eye discs using GFP and Vap33 antibodies. (D) PLA
on GMR>Vap33-HA eye discs using HA and Lgl antibodies. The anterior region of
the eye disc where the GMR>Vap33-HA is not expressed, and hence there is no HA
epitope, acts as an internal negative control. n = 3 independent experiments, n =3
or 4 samples per experiment. Scale bars, 50 um.
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Lgl orthologs (LLGL1 and LLGL2) and VAPA or VAPB have not been
documented, which, given our findings in Drosophila, warrants fur-
ther analysis.

To validate the interaction between Lgl and Vap33 detected by
MS, we assessed whether the reverse interaction could be detected by
coimmunoprecipitation. Lgl-SBP and simian virus 5 epitope (V5)-
tagged Vap33 were expressed in S2 cells, and cell extracts were immu-
noprecipitated with an antibody recognizing V5. Immunoblotting
of the eluted proteins with the SBP antibody revealed that Lgl-SBP
coimmunoprecipitated with Vap33-V5 (Fig. 2B), thereby confirming
their physical interaction in S2 cells. Using a similar approach, we also
found that the V-ATPase component Vha44 (also called protein C)
coimmunoprecipitated with SBP-tagged Lgl, although this interaction
was not robust (fig. S2B).

We next tested whether Lgl and Vap33 interact in vivo. We de-
termined whether Lgl and Vap33 were in close proximity in Drosophila
epithelial cells using the in situ proximity ligation assay (PLA) (72), which
detects interactions between proteins that are located within <40 nm of
one another (73). We first confirmed that the PLA could detect the
interaction between known binding partners, Crb and Patj, in the
eye-antennal epithelium and that no PLA foci were detected using
various negative controls (fig. S2, C to E). To determine whether inter-
actions occurred between Lgl and Vap33, we made use of a MiMIC
(Minos-mediated integration cassette) Lgl-GFP protein fusion line
(MI07575, a homozygous viable line, indicating that a functional Lgl
protein is produced) (74, 75) and examined interactions using anti-
bodies recognizing GFP and Vap33. PLA foci were observed in the
eye-antennal disc (Fig. 2C). We also overexpressed a hemagglutinin
(HA)-tagged Vap33 (UAS-Vap33-HA) (76) using a GMR-GAL4 driver
(77) that is expressed in the posterior region of the eye disc and used
antibodies recognizing Lgl and HA to detect interactions between
Lgl and Vap33 (Fig. 2D). We observed many intensely staining foci
in the posterior region of the eye disc, indicating an interaction of
Lgl and Vap33. In addition to the eye epithelia, we also detected PLA
interactions between Lgl-GFP and Vap33 in epithelial cells of the wing
and salivary gland (fig. S2, F and H) but not in the control without
Vap33 antibody (fig. S2, G and L). In addition, using conventional
immunofluorescence staining, Lgl-GFP colocalized with Vap33 at the
cell cortex and in the cytoplasm in eye and salivary gland epithelial
cells (fig. S2, ] to M). Together, these data demonstrate that Lgl and
Vap33 localized in close proximity to one another in epithelial cells
at the cell cortex and in the cytoplasm.

Vap33 represses Notch signaling in the Drosophila

eye epithelium

To test whether Vap33 represses Notch signaling, similarly to Lgl
(46, 47), we analyzed the effect of Vap33 overexpression or knockdown
on the expression of the Notch transcriptional target reporter E(sp))lacZ
in the Drosophila third-instar larval eye epithelium and on the adult
eye phenotype (Fig. 3, A to L). Relative to the GFP-negative wild-type
control (Fig. 3, A and B) and lng7S3 mutant clones (Fig. 3, C and D),
overexpression of Vap33 (Vap33°°) in IgF”>* mutant clones [GFP-
positive, achieved using the mosaic analysis using a repressible marker
(MARCM) system and UAS-GFP to mark the Igl mutant tissue and
express UAS-Vap33] in the Drosophila eye epithelium normalized
Notch reporter expression (Fig. 3, E and F, quantified in Fig. 3M),
whereas overexpression of Vap33 alone in wild-type, GFP-positive
clones (MARCM system) did not significantly affect E(spl)lacZ expres-
sion (Fig. 3, G and H, quantified in Fig. 3M). These data indicate
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that Vap33 overexpression opposed the effect of Lgl depletion on
Notch signaling. In addition, Vap33 overexpression in [gl*”** mutant
clones led to a strong suppression of the Igl mutant mosaic adult eye
phenotype (Fig. 3F). To rule out the possibility that this suppression
might simply be due to the death of the mutant tissue, we analyzed
late-stage pupal retinas to determine whether clones were present
after the developmental cell death phase that occurs during eye pat-
terning. GFP-positive tissue, which marks the mutant tissue (using
the MARCM system), was present in the Vap33-overexpressing Igl
mutant mosaic pupal retinas (fig. S3, A and B), indicating that the
1g175} mutant adult eye tissue growth and morphology defects were
rescued by Vap33 overexpression. Thus, Vap33 overexpression sup-
presses the increased Notch signaling and adult eye defects of Igl mu-
tant eye tissue.

We then tested whether knockdown of Vap33 in clones using
UAS-Vap33™¥4 which effectively reduced Vap33 protein abundance
(fig. S3C), modulated expression of the E(spl)lacZ Notch reporter
in eye disc clones (Fig. 3, I and J). Vap33 knockdown clones (GFP-
positive) led to a modest but significant increase (1.2-fold increase)
in E(spl)lacZ expression relative to the surrounding wild-type cells
(Fig. 31, quantified in Fig. 3M), relative to the wild-type control eye
discs (Fig. 3A), and similar to, albeit not as strong as, that observed
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Fig. 3. Vap33 represses Notch reporter expr:

with lgl” 53 mutant clones (GFP-negative) (Fig. 3C). However, stronger
depletion of Vap33, using the Vap33*?’ null allele, resulted in a ro-
bust accumulation of intracellular Notch, as detected by an anti-
body specific to the NICD, N-intra (fig. S3, D to F), as occurs in
1g1?753 mutant clones and is associated with increased Notch reporter
expression (46). In addition, Vap33A20 clones (GFP-negative) led to
a significant increase (1.35-fold increase) in E(spl)lacZ expression
relative to the surrounding wild-type cells (fig. S3, H and I, quantified
in fig. S3G). Together, these results provide evidence that Vap33
knockdown increases Notch signaling.

We then asked whether Vap33 knockdown could modulate the
increased Notch signaling in lgl” 53 mutant clones (Fig. 3, Kand L).
In third-instar larval eye epithelia, the increased E(spl)lacZ expression
observed in [gF"”>* mutant clones (GFP-positive) was not significantly
further increased by Vap33 knockdown (Fig. 3, K and M). However,
the adult eye phenotype of Igl””>* Vap33RN4i double-mutant mosaic
adult eyes was strongly affected (reduced in size with altered mor-
phology; Fig. 3L) relative to Ig’”** mosaic adult eyes (Fig. 3D) and
Vap33RNAi mosaic adult eyes (Fig. 3]) compared to the wild-type
control (Fig. 3B). The effect of Vap33*™¥4' on the Igl*”>* adult eye
morphology, without apparent effects on Notch signaling in the
third-instar larval eye epithelium, might be due to stronger Notch
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in the Drosophila eye epithelium. (A) Confocal planar sections of control mosaic third-instar larval eye-antennal

discs (marked by GFP) from flies carrying the Notch reporter E(spl)lacZ stained for fGal (gray, red) showing expression of E(spl)lacZ in GFP-positive WT tissue and in
GFP-negative clones. (B) WT mosaic adult female eye. (C) IgF””>> mosaic eye-antennal disc stained for BGal. Igi”’>> mutant tissue is GFP-negative and marked by arrow-
heads. (D) IgF¥”>* mosaic adult female eye. (E) /gl mutant and Vap33-overexpressing (IgF¥’>> Vap33°) mosaic eye-antennal disc stained for BGal. Mutant tissue is GFP-
positive and marked by arrowheads (and also in panels G, I, and K). (F) IgF”>* Vap33°¢ mosaic adult female eye. (G) Vap33°® mosaic disc stained for BGal. (H) Vap33” mosaic
adult female eye. (1) Vap33™"4 mosaic disc stained for BGal (P = 0.002). (J) Vap33™ mosaic adult female eye. (K) IgF’> Vap33™ 4 mosaic eye-antennal disc stained for pGal.
(L) 1gFP7>3 vap33™4 mosaic adult female eye. Scale bars, 50 um. Insets show higher magnification. (M) Quantification of the pixel intensity ratio in control and mutant
clones relative to WT clones. n = 3 independent experiments, n = 5 samples analyzed for each genotype per experiment. Error bars indicate SEM. ***P < 0.0001, *P = 0.002.
ns, differences not significant (t tests with two-tailed distribution and unequal or equal variance).
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signaling activation occurring later in development, when it would
be expected that the Lgl and Vap33 proteins would be further de-
pleted. Alternatively, there might be additional effects of Vap33
knockdown on other cellular processes and on tissue architecture
alterations during pupal development. Together, our results indicate
that Vap33 functions to repress Notch target gene expression. More-
over, because overexpression of Vap33 rescues the increased Notch
signaling defects of Igl mutant tissue and suppresses the Igl mutant
mosaic adult eye phenotype, this suggests that Vap33 function might
be defective in Lgl-depleted tissue.

Overexpression of Vap33 suppresses the tissue overgrowth
phenotype caused by y-secretase-mediated activation

of Notch

We tested whether Vap33 could repress the y-secretase-mediated
activation of Notch, similarly to Lgl (47). To achieve this, we used
NEXT, the truncated form of Notch resulting from metalloproteinase
cleavage, which is the substrate for y-secretase (51). We overexpressed
a UAS-NEXT transgene (78) in the notum region of the developing
wing epithelium, which generates the adult thorax, in wild-type and
various transgenic and mutant flies using the Eq1-GAL4 (eq>) driver
(79). The expression of red fluorescent protein (RFP) and lacZ (as
neutral transgene controls) using the eq> driver did not affect the
growth of the thorax (Fig. 4A). Knockdown of Vap33 (Vap33RNA’,
Fig. 4B) or overexpression of Vap33 (Vap33”*, Fig. 4C) using the eq>
driver also did not affect thoracic growth, although overexpression
of Vap33 resulted in a loss-of-bristle-and-socket phenotype in the
thorax (fig. S4, A and B), consistent with decreased Notch signal-
ing (80). Knockdown of the V-ATPase component Vha55 (Vha55™NAL
Fig. 4D) also had no effect on thorax growth, but overexpression of
the V-ATPase component Vha44 (Vha44°”, Fig. 4E) caused mild
thoracic morphology defects. Expression of the NEXT transgene using
the eq> driver resulted in overgrowth of the thorax (47) in flies ex-
pressing the neutral transgene control, lacZ (Fig. 4F). This overgrowth
phenotype was not modified by expression of Vap33*¥4 (Fig. 4G).
In contrast, and consistent with previous studies showing that y-
secretase activity depends on endosomal vesicle acidity, overexpres-
sion of Vap33 (Fig. 4H) or knockdown of Vha55 (Fig. 41) strongly
suppressed the NEXT-driven thorax overgrowth phenotype. Over-
expression of Vha44 in the eq>NEXT background resulted in lethality.
Similar to our previous observations with Lgl (47), Vap33 overex-
pression did not suppress the overgrown thorax phenotype-induced
overexpression of NICD (using a UAS-NICD transgene) (81), the
active form of Notch that is generated by y-secretase-mediated cleav-
age of NEXT (fig. S4, C and D). However, expression of a dominant-
negative form of the Notch pathway transcriptional coactivator
Mastermind (mam®™) (82) strongly suppressed the NICD overex-
pression phenotype (47). As expected, expression of mam™ sup-
pressed the NEXT overexpression phenotype (Fig. 4]). The results
of the overexpression or knockdown of Vap33 and V-ATPase com-
ponents on thoracic size in the eq>RFP control and in the eg>NEXT
flies were quantified and statistically analyzed (Fig. 4K), revealing the
robustness of these genetic interactions.

Thus, Vap33 modulates the NEXT overexpression phenotype,
but not the NICD overexpression phenotype, consistent with Vap33
modulating endosomal vesicle acidification and y-secretase-mediated
cleavage and activation of Notch. Vap33 overexpression phenocopied
the effect of Vha55 knockdown on the NEXT-induced thoracic pheno-
type, which is consistent with Vap33 inhibiting V-ATPase function
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and y-secretase-mediated cleavage of NEXT. In addition, that over-
expression of Vap33 and NEXT phenocopied the overexpression of
Lgl with NEXT (47) indicates that Lgl and Vap33 function similarly
in their regulation of Notch signaling.

Vap33 reduces endosomal vesicle acidification in the
Drosophila eye epithelium

We tested whether Vap33 knockdown or overexpression affected
V-ATPase activity in vivo, as assessed by LysoTracker staining, which
indicates endosomal vesicle acidification. Relative to control third-
instar larval eye discs (Fig. 5A), Vap33 null mutant (Vap33A20) (83)
clones in eye discs (GFP-negative) showed increased LysoTracker
incorporation relative to the surrounding GFP-positive wild-type
tissue (Fig. 5B), similar to Igl*” 53 mutant tissue (Fig. 5C) (46, 47). In
addition, we found that overexpression of Vap33 (Vap33°*) strongly
suppressed the increased LysoTracker staining in [gl*”>* mutant tissue
(Fig. 5D), and clones of Vap33°* alone also showed reduced Lyso-
Tracker staining (Fig. 5E). These results (quantified in Fig. 5F) are
consistent with the notion that both Lgl and Vap33 negatively reg-
ulate V-ATPase activity and that Vap33 function is reduced in Igl mu-
tant tissue.

Vap33 interacts with the V-ATPase component Vha44 and
suppresses the Vha44 overexpression eye phenotype
Having shown that Vap33 represses V-ATPase-mediated endosomal
vesicle acidification, we next investigated whether Vap33 interacts
with V-ATPase components in vivo physically and genetically. First,
we used the PLA to determine whether Vap33 interacts with the V-
ATPase V1 subunit, Vha44, in situ in the third-instar larval eye-
antennal epithelium (Fig. 6A and fig. S5A). Because we were unable
to use the Vha44 antibody (which was raised in guinea pig, for which
there is no established secondary antibody for use in the PLA), we
used the MI11080 MiMIC line, which carries a transposon insertion
that leads to a protein fusion of Vha44 with GFP (74), to mark Vha44
expression. Although MI11080 is homozygous lethal, the localization
of the GFP fusion protein is similar to Vha44 antibody staining (fig. S5,
B and C). Vha44-GFP and Vha44 proteins were present throughout
the eye-antennal disc, concentrated around the cell cortex (fig. S5, B and
C). We conducted the PLA using the MI11080 line and GFP and Vap33
antibodies, which revealed many foci throughout the eye-antennal
disc (Fig. 6A) relative to the negative control (fig. S5A), indicating
that Vha44 and Vap33 are in close proximity to one another. Consis-
tent with this finding, conventional immunofluorescence staining
showed Vap33 and Vha44-GFP to colocalize in many foci, although
Vap33 staining showed a broader cellular distribution (fig. S5E) than
Vha44. Together, these results show that Vap33 and Vha44 are in
close proximity to one another in eye-antennal epithelial cells.

We next assessed whether Vap33 genetically interacts with Vha44
in the eye using the eye-specific driver GMR-GAL4 (Fig. 6, B to E)
(77) to direct the expression of Vap33 and Vha44. As a control, we
expressed a neutral transgene, UAS-luciferase™*', which showed no
effect on normal eye development (Fig. 6B). Vap33 overexpression
caused minor defects in the arrangement of the ommatidia without
affecting eye size (Fig. 6C), whereas overexpression of Vha44 (using
a UAS-Vha44 transgene) (84) resulted in a small eye with a glassy ap-
pearance, indicating that there were defects in the differentiation of the
cells that make up the ommatidia (facets) (Fig. 6D). Combined GMR-
driven overexpression of both Vha44 and Vap33 resulted in a strong
suppression of the reduced eye phenotype of Vha44 overexpression
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Vhad4°° abundance of Vha44 protein in the pos-
terior region of the eye disc, as expected
(Fig. 61). Vap33°* reduced Vha44 protein
abundance in Vha44%* tissue (Fig. 6] com-
pared to Fig. 61, quantified in Fig. 6K). In
the overexpression experiment (Fig. 6]),
because expression of Vap33 and Vha44
are under heterologous promoter control
(GMR-UAS) and the endogenous abun-
dance of Vha44 is low (Fig. 6G), the ef-
fect on Vha44 protein abundance is most
likely at the level of protein stability,
rather than reflecting the documented
feedback loop of V-ATPase activity on
Vha44 endogenous transcription (85).
Together, these data reveal a role for
Vap33 in regulating Vha44 protein abun-

Average thorax area (number of pixels*10')

dance and therefore V-ATPase activity.

Lgl promotes the interaction of
Vap33 with the V-ATPase
component Vha68-3
Conceivably, the mechanism by which Lgl
represses the activity of the V-ATPase
might occur through Lgl modulating the
abundance or localization of Vap33 pro-
tein, enabling Vap33 to interact with the
V-ATPase. If so, then Vap33 abundance
might be reduced or the Vap33 protein
may be mislocalized in Lgl-depleted tis-
sue. However, in [gF"”>? mutant larval eye
N N epithelial tissue, Vap33 protein abun-
<«§§ é& dance was unaltered, and its localization
<& N was not obviously perturbed (fig. S5F).

Furthermore, neither the abundance nor

eq>RFP eq>NEXT

Fig. 4. Overexpression of Vap33 or knockdown of the V-ATPase component Vha55 suppresses the NEXT over-
expression phenotype. (A to E) Lateral views of the adult thorax of flies expressing the indicated transgenes in
flies expressing RFP under the control of the eg> driver: (A) Control eq>RFP, lacZ; (B) eq>RFP, Vap33™A; (C) eq>RFP,
Vap33°%; (D) eq>RFP, Vha55™4; (E) eq>RFP, Vha44°. Arrowheads indicate the notum. (F to J) Lateral views of the
adult thorax of flies expressing the indicated transgenes in the eq>NEXT background: (F) eg>NEXT, lacZ; (G) eq>NEXT,
Vap33fNV4i. (H) eq>NEXT, Vap33°%; (1) eq>NEXT, Vha55*": (J) eq>NEXT, mam®". (K) Quantification of the thoracic area
in all genotypes in (A) to (J). n = 2 independent experiments, n = 3 samples analyzed for each genotype per experiment.
Error bars indicate SEM. ***P < 0.0001, *P = 0.01. ns, differences not significant (t tests with two-tailed distribution and

the localization of Vha44 was obviously
perturbed in [gF”>? mutant larval eye epi-
thelial tissue (fig. S5D).

To further explore the mechanism by
which Lgl and Vap33 regulate the V-
ATPase, we examined the interaction of an-
other V-ATPase subunit, Vha68-2 (protein
A of the V-ATPase V1 subunit, Fig. 1G),

equal variance or Mann-Whitney U test). Scale bars, 50 um.

alone and a slight improvement of the differentiation defects, because
some ommatidia could now be discerned (Fig. 6E). These results
(quantified in Fig. 6F) show that Vap33 antagonizes the overexpression
of Vha44 in the developing Drosophila eye epithelium.

We examined how overexpression of Vap33 affected the Vha44
overexpression phenotype by monitoring Vha44 protein abundance
and localization. Vha44 protein, as detected by an antibody specific
for Vha44, was present throughout the eye-antennal disc and con-
centrated around the borders of the ommatidia in the posterior region
of the control (UAS-lacZ) eye disc (Fig. 6G). Expression of Vap33
(Vap33°*) in the posterior region of the eye disc using GMR-GAL4
resulted in a reduction of Vha44 protein abundance (Fig. 6H). Expres-
sion of Vhad4 (Vha44°"°) using the GMR driver resulted in increased

Portela et al., Sci. Signal. 11, eaar1976 (2018) 5 June 2018

and its paralog Vha68-3 with Vap33 in

S2 cells by coimmunoprecipitation anal-

ysis. By expressing HA-tagged Vha68-3
and V5-tagged Vap33 and immunoprecipitating with the V5 anti-
body, we saw robust interaction of Vha68-3 with Vap33 (Fig. 7A),
and a similar result was obtained using the opposite direction for the
immunoprecipitation (fig. S6A). Likewise, HA-tagged Vha68-2 co-
immunoprecipitated with V5-tagged Vap33 when the V5 antibody
was used for the immunoprecipitation (fig. S6B). These results support
the interaction of Vap33 with the V-ATPase complex as revealed
from our MS analysis and data mining (Fig. 2A). Next, to determine
the importance of Lgl for the interaction of Vap33 with Vha68-3, we
knocked down Lgl using RNAi in S2 cells expressing Lgl-SBP, which
resulted in robust depletion of the Lgl-SBP protein after 96 hours,
relative to the B-lactamase (Bla) double-stranded RNA (dsRNA)
control (Fig. 7B). We then assessed the interaction of Vap33-V5
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through destabilization of Vha44 and
perhaps other V-ATPase proteins (Fig. 7F).
Reduction of V-ATPase activity, in turn,
reduces endosomal vesicle acidification,
y-secretase activity, Notch signaling, and
tissue growth.

DISCUSSION

In addressing the mechanism by which
Lgl controls vesicular acidification and
Notch activity, we have shown that Lgl
ai restricts endosomal V-ATPase activity
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Fig. 5. Vap33 reduces endosomal vesicle acidification in the Drosophila eye epithelium. (A to E) Confocal images
of mosaic third-instar larval eye discs stained with LysoTracker (gray in single-channel images and red in merged
images) and showing GFP, which is absent in the mutant clones in B, C, and present in the mutant clonesin D, E
(MARCM system). (A) Control WT clones. (B) Vap33°?° clones. (C) Igi¥”’* clones. (D) Igi¥”’** Vap33° clones. (E) Vap33%*
clones. Mutant and WT tissue is indicated in each panel. (F) Quantification of the number of LysoTracker" puncta in
the mutant clones relative to the same area of surrounding WT tissue. The graph shows the average mutant/WT
ratio of the number of LysoTracker puncta per unit area for each genotype. n = 2 independent experiments, n = 3
samples analyzed per genotype per experiment. Error bars indicate SEM. ***P < 0.0001, **P = 0.002. ns, differences
not significant (t tests with two-tailed distribution and unequal or equal variance). Scale bars, 10 um.

with Vha68-3-HA in transfected S2 cells upon knockdown of Lgl or
the Bla control (Fig. 7C). Lgl depletion resulted in a robust reduc-
tion in the amount of Vha68-3-HA that immunoprecipitated with
Vap33 relative to the Bla-RNAi control, whereas Vha68-3-HA pro-
tein abundance in the lysate was not visibly altered (Fig. 7C). This
result shows that Lgl is required for the strong association of Vap33
with the Vha68-3 component of the V-ATPase and acts to stabilize
that interaction. A similar result was observed in an in vivo experiment
using the PLA technique. Using the Vha44 MiMIC line, in which
Vha44 is fused to GFP, we conducted the PLA using GFP and Vap33
antibodies in Igi”** mutant eye discs (Fig. 7D). The results revealed
that there was a threefold reduction of the number of foci in Ig*”*?
mutant clones (RFP-negative) relative to wild-type surrounding tissue
(RFP-positive) in the eye epithelium (Fig. 7E). Overall, our results
support a mechanism whereby Lgl binds to Vap33, which, in turn,
promotes the interaction of Vap33 with the Vha68 component of the
V-ATPase, thereby leading to the inhibition of V-ATPase activity,

Portela et al., Sci. Signal. 11, eaar1976 (2018) 5 June 2018

0
Control Vap33*% IgPs?

by demonstrating that Lgl depletion in-
creases vesicle acidification, as evidenced
by LysoTracker staining, and that reduc-
ing V-ATPase function suppresses the
increased Notch signaling and adult eye
phenotype of Igl mutant mosaics. Using
proteomic analysis of Lgl in S2 cells, we
discovered Vap33 (an endosomal Vamp-
—ns interacting protein and an ortholog of
mammalian VAPA and VAPB) as an Lgl-
interacting protein that mediates Lgl
interactions with V-ATPase components.
We show in S2 cells that Lgl binds to
Vap33 and the V-ATPase component
Vha44 and that Vap33 binds to the V-
ATPase component Vha68-3. Consistent
with this, in Drosophila tissues, Lgl is lo-
calized in close proximity to Vap33, and
Vap33 to Vha44. We show that Vap33
genetically interacts with Lgl and V-
ATPase components. Overexpression of
Vap33 suppresses lgl mutant defects, con-
sistent with Vap33 and Lgl working in a
similar manner in the same genetic path-
way. In regard to this, it should be noted
that Vap33 overexpression probably does
not bypass Lgl loss, because although
16175 is a zygotic null mutant, Lgl is ma-

ternally supplied and maternal protein
or preclonal protein function lasts to the third-instar larval stage
(34, 36). Thus, in gl mutant clonal tissue, overexpression of Vap33
might enable increased binding between the Vap33 and the remaining
Lgl protein, thereby facilitating Vap33’s function in restricting V-
ATPase activity. Furthermore, we also demonstrate that Vap33 re-
presses V-ATPase-mediated endosomal vesicle acidification and
Notch signaling. Mechanistically, we show that Lgl knockdown reduces
the interaction of Vap33 with the V-ATPase component Vha68-3
and that Vap33 overexpression reduces the abundance of Vha44.
Thus, our studies have revealed a role for Vap33 in linking Lgl to
V-ATPase inhibition (Fig. 7F). Our results provide evidence that Lgl
promotes the interaction of Vap33 with the V-ATPase component
Vha68 and that Vap33 reduces Vha44 protein abundance. In turn,
areduction of Vha44 protein abundance would be expected to reduce
V-ATPase-mediated endosomal vesicle acidification and thereby limit
y-secretase activity and Notch cleavage-mediated activation. Thus,
upon Lgl depletion, Vap33-mediated repression of the V-ATPase is

Vapaso/e Igl27S3'-
Vap33e

8of 15

8T0Z 'S aunr uo /B10"Bewaouslds ayIs//:dny woiy papeojumod


http://stke.sciencemag.org/

SCIENCE SIGNALING | RESEARCH ARTICLE

PLA: GFP-Vap33

F’LA GFP
Vap33°¢/lucifiV  Vha44°¢/lucifiN  Vap33°¢/Vha44°°

MI11080 Vha44-eGFP-Vha44

Control lucifiNi

GMR-GAL4

Vha44°¢/lacZ Vap33°¢/Vha44°°

GMR-GAL4

Pixel intensity ratio of Vha44 staining

S ¢ r——
o{\(\ Q(gg .Q’IPP‘ &%@vﬁ
AR SR R

Fig. 6. Vap33 physically and genetically interacts with the V-ATPase compo-
nent Vha44 and reduces Vha44 protein abundance. (A) Confocal planar images
of the PLA in MI11080 Vha44-eGFP-Vha44 third-instar larval eye-antennal discs us-
ing GFP and Vap33 antibodies. The eye-antennal discs were also stained to show
Vha44-GFP. Nuclei were stained with DAPI (blue). (B to E) Images of adult female
eyes in which the indicated RNA interference (RNAi) or overexpression (o/e) con-
structs were expressed under the control of the eye-specific GMR-GAL4 driver. (B)
GMR>luciferase®™ (control). (C) GMR>Vap33% and luciferase™". (D) GMR>Vha44
and luciferase®™"'. (E) GMR>Vha44 and Vap33. (F) Quantification of eye size (pixels)
from experiments illustrated in (B) to (E). n = 3 independent experiments, n = 3
samples per genotype per experiment. Error bars indicate SEM. ***P < 0.0001; ns,
differences not significant (t tests with two-tailed distribution and unequal or
equal variance). (G to J) Confocal planar images of third-instar larval eye-antennal
discs from flies expressing the indicated transgenes under the control of the GMR-
GAL4 driver and stained to show Vha44. (G) GMR>lacZ (control). (H) GMR>Vap33
and lacZ. () GMR>Vha44 and lacZ. (J) GMR>Vha44 and Vap33. Scale bars, 50 um.
(K) Quantification of the pixel intensity ratio of the mutant GMR posterior domain
compared to the anterior WT domain from eye discs in (G) to (J). n = 3 independent
experiments, n = 3 samples per genotype per experiment. Error bars indicate SEM.
***P < 0.0001, *P = 0.008. ns, differences not significant (t tests with two-tailed dis-
tribution and unequal or equal variance).
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Fig. 7. Lgl facilitates Vap33 interaction with the V-ATPase component Vha68-3.
(A) Representative immunoblot showing coimmunoprecipitation of Vha68-3-HA
and Vap33-V5 from S2 cells. Vap33-V5 was immunoprecipitated (IP) with an anti-
body specific to V5 and immunoblotted (IB) with an antibody specific for HA.
(B) Representative immunoblot showing the abundance of Lgl-SBP in S2 cells in which
Lgl or Bla (control) was knocked down by RNAI. (C) Representative immunoblot
showing coimmunoprecipitation of Vha68-3-HA and Vap33-V5 from extracts of 52
cells in which Lgl was knocked down. Vap33-V5 was immunoprecipitated with an
antibody specific for V5 and blotted with an antibody specific for HA. The experi-
ments in (A) to (C) were conducted twice. (D) Confocal planar images showing the
PLA for Vha44-GFP and Vap33 in the posterior region of third-instar larval IgF*”**
mosaic eye discs. Mutant tissue is marked by the absence of RFP in the posterior of
the eye disc, using GMR-RFP as a clonal marker in eye discs expressing the Vha44
protein trap Vha44-GFP throughout the tissue. The positive PLA signal is punctate
and shown in gray (left) or green (right). Scale bar, 10 um. (E) Quantification of the
PLA foci in IgF”>3 mutant tissue compared to WT tissue, plotted as average density
per megapixel. n = 3 independent experiments, n = 4 samples analyzed per geno-
type per experiment. Error bars indicate SEM. **P = 0.005 (t tests with two-tailed
distribution and unequal variance). (F) Model for the regulation of V-ATPase ac-
tivity by Lgl through Vap33. Lgl binds to and activates or stabilizes Vap33, which, in
turn, binds to V-ATPase subunits and inhibits V-ATPase activity, thereby reducing
y-secretase activity and Notch activation.

impaired, endosomal vesicle acidification is increased, and thereby
y-secretase-mediated cleavage and activation of Notch is increased.

The molecular mechanisms for how Lgl controls Vap33 associa-
tion with Vha68 and how Vap33 affects Vha44 protein abundance
and represses V-ATPase function remain to be resolved. We envisage
three possible molecular mechanisms for Lgl-Vap33 regulation of
V-ATPase. (i) Lgl and Vap33 may reduce V-ATPase subunit stability,
as suggested by the reduction of Vha44 protein abundance by Vap33
overexpression (Fig. 6, G to K). (ii) Lgl and Vap33 may interfere
with V-ATPase holoenzyme assembly, which occurs by association of
the V1 cytoplasmic complex with the Vo integral membrane com-
plex (Fig. 1G) (86). (iii) Lgl and Vap33 may inhibit the activity of
the V-ATPase holoenzyme. However, these regulatory mechanisms
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may be connected, because studies in yeast have shown that deletion
of any V-ATPase subunit, except H or ¢”, disrupts the formation of
the V-ATPase holoenzyme (86); therefore, a reduction in Vha44 might
result in a corresponding decrease in the V-ATPase holoenzyme
assembly and thereby V-ATPase activity. Our results support the first
of these potential mechanisms.

Comparison between Lgl and Vap33 functions

Our finding that Lgl binds to Vap33 and that Vap33 represses V-
ATPase activity is a role not previously recognized for Vap33, al-
though it has been implicated in many cellular processes (87). Vap33
(known as VAPA and VAPB in vertebrates) is evolutionarily con-
served from yeast to humans (87, 88) and has been intensely studied
in different organisms and different cell types. It contains at its N
terminus a domain of ~120 amino acids that is homologous to the
major sperm protein of Caenorhabditis elegans, and this motif in-
teracts with proteins containing a Phe-Phe- Ala-Thr motif, such as the
oxysterol-binding protein, which is involved in sterol lipid metabolism,
and the phosphatidylinositol transfer proteins, which are involved
in the transport of phospholipids (87, 89). At Vap33’s C terminus,
there is a membrane-binding domain, tethering the protein to en-
dosomal membranes (87). Mutations in human VAPB are causative for
a form of the neurodegenerative disease amyotrophic lateral sclerosis
type 8 (ALS8), and Drosophila models of the disease mutation (Vap33-
P58S, which acts as a dominant-negative) show neurodegenerative
phenotypes, which can be rescued by expression of the wild-type
human VAPB (90-93). Tissues from ALS patients who did not harbor
the C3o0rf72 expansion, which gives rise to another form of ALS,
accumulate the early endosomal marker Rab5 (71). Rab5 accumulation
is also observed in Drosophila tissues upon expression of Vap33-P58S
(71). We have observed a similar phenotype in Drosophila Igl mu-
tant tissue, wherein early, recycling, and early-multivesicular body
endosomes accumulate (46, 47). Thus, lgl mutants show defects similar
to Vap33 mutants, consistent with our data showing that Lgl and
Vap33 physically and genetically interact. Whether the increased
V-ATPase activity in Igl and Vap33 mutants is connected with the
observed endocytosis defects remains to be determined. Although
Lgl and Vap33 function similarly in V-ATPase regulation and en-
docytosis, they have distinct functions in other processes, because
Vap33, in contrast to Lgl (2, 9), has not been implicated in cell polarity
regulation or as tumor suppression (87).

The function of Lgl and Vap33 in Notch signaling
pathway regulation
Our findings have revealed a regulatory role for Vap33 in inhibiting
Notch signaling by inhibiting V-ATPase activity in Drosophila eye
epithelial tissue. In comparison with the effect of Lgl loss on Notch
reporter expression, Vap33 loss had much less of an effect (Fig. 3, C, 1,
and M, and fig. S3, G to I). Possible reasons for this might be Vap33
maternal protein perdurance or functional redundancy of Vap33 with
its paralogs CG33523 and farinelli (CG7919), which are also expressed
in Drosophila imaginal disc tissues. It is also possible that Lgl also
inhibits Notch signaling through an additional mechanism that does
not depend on Vap33 or Vap33 paralogs. Further studies are needed
to elucidate these possibilities. Because we also identified CG33523
as an Lgl-binding protein in our AP-MS analysis (data file S1), its
potential involvement in Lgl function is of particular interest.
Whether the Lgl-Vap33-V-ATPase regulatory mechanism we have
uncovered in the Drosophila eye epithelial tissue occurs in other tissues
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remains to be determined. However, our analysis of the interaction
of Lgl with Vap33 by PLA has revealed that Lgl and Vap33 interac-
tions occur in the wing and salivary gland epithelial cells, and there-
fore, it is possible that Lgl also acts through Vap33 to inhibit the
activity of the V-ATPase in these tissues. Our previous studies (47),
as well as this study, have revealed that Igl or Vap33 overexpression
or V-ATPase knockdown can repress the activation of NEXT in the
developing wing notum, which becomes part of the adult thorax.

The relationship between Lgl regulation of Notch

and Hippo signaling

Because we have previously shown that Igl mutant tissue has reduced
Hippo signaling (33), and because altered Notch trafficking has been
observed in Hippo pathway mutant tissues (94, 95), impaired Hippo
signaling could potentially contribute to the increased Notch sig-
naling in Igl mutant tissue. However, this is unlikely to be the case
for the following reasons: (i) Maitra et al. (94) observed that Hippo
pathway impairment affected the trafficking of the Notch receptor in
a ligand-independent manner, whereas we found that Igl depletion
increases ligand-dependent Notch signaling, and we saw no effect
on the trafficking of full-length Notch (46, 47). (ii) The apical accu-
mulation of Notch receptor in the Hippo pathway mutants is due to
apical membrane expansion (95), and we do not observe an expan-
sion of the apical membrane in third-instar larval [gl mutant clones,
which only impairs the Hippo pathway mildly compared with core
Hippo pathway mutants (33, 34). (iii) We have shown that [gl depletion
results in impaired Hippo pathway signaling in an aPKC-dependent
manner (33), whereas gl mutants result in increased Notch signaling
in an aPKC-independent manner (46). The precise manner by which
Lgl and aPKC control Hippo signaling in Drosophila epithelial tissues
remains to be determined; however, because inhibiting the V-ATPase
rescues the adult eye defects of Igl mutant mosaics, which are due to
both Hippo and Notch signaling perturbations [this study and (46, 47)],
it is possible that Vap33-mediated regulation of the V-ATPase and
vesicle acidification also affect the Hippo pathway.

Function of Lgl-Vap33 in V-ATPase regulation in tissue
homeostasis and cancer

The inhibition of the V-ATPase by Lgl-Vap33 might be important
physiologically in limiting Notch activation in developing epithelial
tissues. Consistent with this, we found that the interaction of Lgl with
Vap33 by PLA (Fig. 2C) appeared to be greater within and posterior
to the morphogenetic furrow of the eye epithelium, corresponding
to the region in which the Notch ligand Delta is present and stimu-
lates Notch signaling. The regulation of V-ATPase activity by Lgl and
Vap33 might also be important in response to epithelial wounding,
where cell morphology and polarity changes would be expected to
impair Lgl function (9), and the resulting increases in V-ATPase activity
and endosomal vesicle acidification would then promote Notch sig-
naling to induce cell proliferation and tissue repair. Moreover, because
the human Vap33 ortholog VAPA also interacts with V-ATPase com-
ponents (65-67), our findings suggest that the regulation of endosomal
vesicle acidification by Lgl might also be evolutionarily conserved.
Given the involvement of the human Lgl homologs Ligl1 (also known
as Hugl1) and Llgl2 (also known as Hugl2) as tumor suppressors in
mammalian cells and in human cancer (2, 9, 27, 31, 96, 97), our findings
also suggest that Lgl-depleted and cell polarity-impaired epithelial
cancers might have deregulated Vap33 and V-ATPase activity. How-
ever, LIgll or LIgl2 interaction with VAPA or VAPB has not been
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reported, and further studies are required to elucidate whether this
mechanism is conserved in human cells. Although the mammalian
Vap33 orthologs VAPA and VAPB have not been shown to be tu-
mor suppressors (87), this might be due to genetic redundancy or
pleiotropic functions of these genes. However, increased V-ATPase
activity and endosomal vesicle acidification is prevalent in many
human cancers and associated with deregulation of various signaling
pathways including the Notch pathway (50, 55, 98-103). Because
perturbations in cell polarity regulators are involved in the initiation
of cancer and are connected to the deregulation of signaling path-
ways (2, 9, 30, 32, 104-110), our findings on the connection of Lgl
and Vap33 to V-ATPase regulation might reveal new insights into,
and avenues for the treatment of, cell polarity—impaired cancers.

MATERIALS AND METHODS

Mutants and transgenes

Fly stocks were generated in house previously or obtained from other
laboratory or stock centers (as detailed in table S1). For the geno-
types of samples analyzed in all figures, see table S2.

Clonal analysis

Negatively marked eye-antennal disc clones of [gF””> were generated
using the ey-FLP/FRT system (111) using ey-FLP; FRT40, Ubi-GFP or
ey-FLP; GMR-RFP, FRT40A. The FRT19A Vap33“%° and FRT19A,
Ubi-GFP; ey-FLP (generated in this study) were used for the Vap33*%’
clonal analysis. GFP positively marked mutant clones were generated
using the mosaic analysis with a repressible cell marker [MARCM
(GFP+)] system (112) using ey-FLP, UAS-GFP; Tub-GAL80, FRT40A;
Tub-GAL4/TM6B (MARCM 2L), as previously described (33). Flies
were raised on standard cornmeal-agar food at 25°C.

Immunofluorescence

Third-instar larval eye-antennal discs were dissected in phosphate-
buffered saline (PBS), fixed in 4% paraformaldehyde for 30 min,
washed in PBS + 0.1 or 0.3% Triton X-100 (PBT), and blocked in
PBT + 1% bovine serum albumin (PBT/BSA). The tissues were in-
cubated with the primary antibody in PBT/BSA overnight at 4°C. After
washing off the primary antibodies, the tissues were incubated with
the secondary antibodies in PBT for 1 hour at room temperature. After
washing off the secondary antibodies, the samples were mounted in
80% glycerol or Vectashield (Vector Laboratories). For all eye imaginal
disc experiments, we repeated the experiment at least twice with two
independent biological samples from each genotype including the
control genotype.

Antibodies used were as follows: mouse fGal (Sigma, 1:500), rabbit
GFP (Invitrogen A11122, 1:500), mouse GFP (Invitrogen A11120,
1:500), rabbit Lgl (J. Knoblich, 1:500), mouse HA [Developmental
Studies Hybridoma Bank (DSHB), 1:100], mouse N-intra (DSHB,
1:100), guinea pig Vha44 (M. Simmons, 1:100), rabbit Vap33 (H.
Bellen, 1:1000), mouse Crb (DSHB, 1:50), and rabbit Patj (M. Bhat,
1:500). Secondary antibodies were as follows: anti-mouse Alexa 488,
568, 633, and 647; anti-rabbit Alexa 488, 568, 633, and 647; and anti-
guinea pig Alexa 568. All secondary antibodies were used at a dilution
of 1:500. DNA was stained with 1 uyM DAPL

Chloroquine and bafilomycin A1 treatment
Chloroquine (Sigma) diluted in PBS or PBS alone (vehicle control)
was added to standard cornmeal-agar food for a final concentration
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of 1 mg/ml. Bafilomycin A1 dissolved in ethanol (Sigma) or ethanol
along (vehicle control) was added to standard cornmeal-agar food
to a final concentration of 400 nM. Crosses were set up in normal
vials and transferred 24 hours later to chloroquine, bafilomycin A1, or
the corresponding control vials. Third-instar larvae were collected,
dissected, and processed for immunofluorescence.

LysoTracker assay

Third-instar larval eye-antennal discs were dissected in PBS, incu-
bated with LysoTracker Red DND-99 (Invitrogen) for 5 min, and then
fixed in 4% paraformaldehyde for 30 min, washed in PBS, and mounted
in 80% glycerol or Vectashield (Vector Laboratories). LysoTracker
analysis after fixation of Drosophila tissues is a documented proce-
dure (113).

Proximity ligation assay

The interaction between Lgl and Vap33 or Vap33 and Vha44 in
Drosophila larval tissues was detected in situ using the DU092101
Duolink In Situ Red Starter Kit Mouse/Rabbit (Sigma) according to
the instructions of the manufacturer. Briefly, primary antibody in-
cubation was applied using the same conditions as immunohisto-
fluorescence staining. Duolink secondary antibodies against the
primary antibodies were then added. These secondary antibodies were
provided as conjugates to oligonucleotides that were able to form a
closed circle through base pairing and ligation using Duolink liga-
tion solution when the antibodies were in close proximity (72) at a
distance estimated to be <40 nm (73). The detection of the signals was
conducted by rolling circle amplification using DNA polymerase in-
corporating fluorescently labeled nucleotides into the amplification
products. The resulting positive signals were visualized as bright fluo-
rescent dots, with each dot representing one interaction event. As a
technical negative control, one of the primary antibodies was not added
therefore, no positive signals were obtained from that assay. An addi-
tional negative control was performed in a tissue without one of the
antigens (GFP), and the full protocol was performed in those tissues.
As a positive control, antibodies against two well-known interactors
in this tissue, Crb-Patj, were used. The tissues were visualized using a
confocal microscope system (Leica TCS SP5, Zeiss Confocal LSM780
PicoQuant FLIM).

Primary antibody pairs used were mouse Crb with rabbit Patj
(fig. S2D), mouse HA with rabbit Lgl (Fig. 2D), and mouse GFP with
rabbit Vap33 (Figs. 2C, 6A, and 7D and fig. S2, F and H). A GFP-
tagged version of Lgl was used to detect interactions with Vap33
because the Lgl and Vap33 antibodies were both raised in rabbit.
GFP-tagged Vha44 was used because the available Vha44 antibody
was raised in guinea pigs, and the PLA is not designed for use with
antibodies raised in guinea pig.

Imaging

Fluorescently labeled samples were mounted in 80% glycerol and
analyzed by confocal microscopy (Leica TCS SP5, Zeiss Confocal
LSM780 PicoQuant FLIM). Images were processed using Leica LAS
AF Lite and Fiji (Image] 1.50e). Images were assembled using Adobe
Photoshop CS5.1 or CC. Adult eyes and thorax were imaged on a
dissecting microscope using a Scitec Infinityl camera.

Statistical analysis of signal intensity
Relative E(spl)m8-lacZ BGal staining within eye discs was determined
from images taken at the same confocal settings. Average pixel
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intensity was measured using the measurement log tool from Adobe
Photoshop 5.1 in an area between 400 and 2500 pixels depending on
clone size. Clones were chosen just posterior to the morphogenetic
furrow of each eye disc. Average pixel intensity was measured in
mutant clones/domains and the wild-type adjacent tissue of the same
areas (n = ~10 for each sample) and expressed as a ratio of mutant
clone/domain pixel intensity/wild-type tissue pixel intensity.

The number of LysoTracker, PLA foci, or N-intra—positive puncta
was measured in the mutant clones and in the adjacent wild-type tissue
by using the Imaris 6.3.1 software. Quantification of Vha44 was deter-
mined from images taken at the same confocal settings. Vha44 staining
of eye discs was determined by quantification of the average pixel
intensity, by using measurement log tool from Adobe Photoshop 5.1,
in the GMR domain relative to the same area of the adjacent wild-type
tissue and expressed as a ratio. Data were plotted using Microsoft
Excel 2013 and analyzed using ¢ test or Mann-Whitney U test statistical
analysis, and IBM SPSS Statistics 23.0 (SPSS Inc.) was used for sta-
tistical analyses. The a level for statistical significance was set at P =
0.05. Error bars represent SEM, and significance was **P < 0.0001,
**P <0.001, or *P < 0.05 or 0.01, as indicated in the figure legends.

Cloning

The full length of Lgl open reading frame was amplified by polymerase
chain reaction (PCR) with the addition of the Xho I and Pme I re-
striction sites at the N and C terminus, respectively. The primers used
were as follows: Lgl-Xho I, 5'-ACGTCTCGAGCAACATGTTA-
AAGTTTATC-3'; Lgl-Pme I, 5'-ACGTGTTTAAACGCAAATTG-
GCTTTCTTC-3'. The PCR products were digested and inserted into
the Xho I/Eco RV sites of the pMK33-C-SBP vector.

MS sample preparation

To identify Lgl binding proteins, we purified Lgl-containing protein
complexes from cultured Drosophila S2 cells, using the single-step
purification with the SBP tag (114-117), followed by nano-liquid
chromatography-MS/MS analysis of the interactors. Drosophila S2
cells were transfected with 1.5 ug of pMK33-Lgl-SBP plasmid, and
stable cell lines were selected for about 4 weeks in Schneider medium
containing 0.5 mM hygromycin B (Sigma). Cells were amplified to
50 ml of dense culture. Proteins were then induced with 0.07 mM
CuSO4 overnight and lysed in default lysis buffer [DLB; 50 mM tris
(pH 7.5), 5% glycerol, 0.2% Igepal, 1.5 mM MgCl,, 125 mM NaCl,
25 mM NaF, 1 mM Na3VOy]. Lysates were centrifuged at 13,000g
for 15 min and incubated with streptavidin beads (Pierce) for 2 hours
at 4°C. Beads were washed with DLB three times, and protein com-
plexes were eluted with 100 ul of 2 mM biotin (Sigma). The eluate
was loaded on SDS-polyacrylamide gel and electrophoresed so that
the dye front migrated ~1 cm in the separating gel. The gel was then
stained with Coomassie blue, and the lane was cut into two 5 mm X
5 mm pieces and sent for MS analysis (Taplin Mass Spectrometry
Facility, Harvard Medical School). The MS analysis was conducted
on two biological replicates for our experimental samples (Lgl) and
six biological replicates for controls (untransfected S2 cells).

Identification of proteins that interact with Lgl and Vap33

For each identified protein, total peptide numbers were analyzed by
the SAINT program as a comparison between the two experimental
(Lgl) samples and six controls. This analysis resulted in identification
of Vap33 as a high-confidence Lgl interactor (AvgP SAINT value =
0.998; see data file S1). To construct a protein interaction map shown
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in Fig. 2A, we first downloaded interactions for the 10 core subunits of
the V-ATPase complex from the STRING database (https://string-db.
org/). These subunits are highlighted in yellow color and are con-
nected by gray lines in Fig. 2A. We then searched the DPiM data-
base (https://interfly.med.harvard.edu/) using Vap33 (FBgn0029687)
as bait and identified an interaction with Vha68-2 with one peptide.
By searching the DPiM database with Vhal00-4 (FBgn0038613) as
bait, we identified an interaction with Vap33 with five unique peptides.
The Vap33/Vhal00-4 and Vap33/Vha68-2 interactions from DPiM
are shown as blue lines in Fig. 2A, and the Lgl/Vap33 interaction iden-
tified in our MS analysis is shown as a red line in Fig. 2A. Human
orthologs of Vha68-1 and Vha68-2 (ATP6V1A), Vha55 (ATP6V1B2),
and Vha26 (ATP6V1EL1) are interactors of the human ortholog of
Vap33 (VAPA), according to the BioGRID (https://thebiogrid.org/).
These interactions are indicated as green circles around the corre-
sponding Drosophila proteins in Fig. 2A. The MS proteomics data have
been deposited to the ProteomeXchange Consortium via the PRIDE
(118) partner repository with the data set identifier PXD009568.

Coimmunoprecipitation

Full-length Vap33 and Igl open reading frames were amplified by
PCR and inserted into pMT/V5-HisA vector (Life Technologies)
and pMK33-C-SBP vector, respectively. Vha44-HA (FMO05545),
Vha68-3-HA (FM010703), and Vha68-2-HA (FMO11859) plasmids
were purchased from the Drosophila Genomics Resource Center.
Drosophila S2 cells were maintained in Schneider medium (Life
Technologies), supplemented with 10% fetal bovine serum (Gibco),
at 25°C. Transfections of S2 cells were performed using the Effectene
transfection reagent (Qiagen). For immunoprecipitation, S2 cells
were grown in 10-cm plates. Equal amounts of pMT-Vap33-V5 and
PMK33-Lgl-SBP, pMT-Vha44-HA and pMK33-Lgl-SBP, or pMT-
Vha68-2(3)-HA and pMT-Vap33-V5 plasmids were transfected (a
total amount of 6 ug for each plate). For experiments involving
RNAI (Fig. 7), the cells were treated as described in the section on
RNAI below.

CuSOy4 was added to culture media at a final concentration of
0.35 mM for inducing expression of the proteins. Cells were lysed by
using DLB (see above) with 2x Complete Protease Inhibitor Tablets
with EDTA (Roche). Lysates were centrifuged at 13,000¢ for 10 min,
and the clear supernatants were incubated with anti-V5 beads or
anti-HA beads (Sigma) for 2 hours at 4°C. Beads were washed three
times with lysis buffer. The protein complexes were eluted with SDS
buffer, transferred onto polyvinylidene difluoride membranes (Merck
or Millipore), and probed with mouse anti-V5 (1:1000), rabbit anti-
tubulin (1:1000), mouse anti-SBP (1:1000), and rabbit anti-HA anti-
bodies (1:1000; Sigma). Secondary antibodies used were as follows:
IRDye 800CW Donkey anti-Rabbit IgG and IRDye 680CW Donkey
anti-Mouse IgG (LI-COR). Most coimmunoprecipitation experiments
were conducted at least twice.

RNAi
UAS-Vap33-RNAi was obtained from the Vienna Drosophila Resource
Center [VDRC ID: 30404; library: GD Stocks (GD) (119); construct
ID: 3990; CG number: CG5014; hairpin length: 310; inserted chromo-
some: 3]. Left primer, CGCGAATTCCCCTTCACCCGACCCGTTGT;
right primer, CGCTCTAGACGCACTTCAGTTTGGCGTCCAT.
UAS-Vha55-RNAi was obtained from the VDRC [VDRC ID: 46553;
library: GD Stocks (GD) (119); construct ID: 9363; CG number:
CG17369; hairpin length: 373; inserted chromosome: 3]. Left primer,
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CGCGAATTCCCACACCGACAACTTCGCCATC; right primer,
CGCTCTAGAGTCCGTTGCGTCCCTCCACAC.

For knocking down Lgl in S2 cells, dsRNA (Igl-RNAi) was prepared
(using the primers listed below), using the RiboMAX Kit (Promega).
As a negative control, B-lactamase dsRNA (Bla-RNAi) was also gen-
erated, as we have previously described (120). Cells were treated with
15 pg of dsRNA specific for lgl or the Bla negative control, for 96 hours
in six-well culture plates. After 96 hours, RNAi-treated cells were seeded
into 10-cm tissue culture dishes and transfected with the indicated
plasmids.

Primers, used to generate the Igl dSRNA, corresponding to the Igl-
RNAi construct v51247 (GD stocks, from VDRC) (119), which gen-
erates a 334-nucleotide dsRNA targeting the third exon region, were as
follows: Lgl-T7-forward, 5-TAATACGACTCACTATAGGGCGTT-
GCTGCCAATCAAAACACTACC-3'; Lgl-T7-reverse, 5'-TAATA-
CGACTCACTATAGGGGGGGCTATGTATGCTCGCTGGAC-3'.

SUPPLEMENTARY MATERIALS
www.sciencesignaling.org/cgi/content/full/11/533/eaar1976/DC1

Fig. S1. Vha68-2 mutant clones show reduced Notch reporter expression, and Ig/ Vha68-2
mutant tissue is retained in pupal retinas.

Fig. S2. Lgl physically interacts with Vap33 and the V-ATPase component Vha44.

Fig. S3. Vap33-overexpressing tissue is retained in the pupal retina, and Vap33 mutant tissue
accumulates N-intra and increases expression of the Notch reporter.

Fig. S4. Overexpression of Vap33 results in reduced bristle formation but does not suppress
the NICD-induced thoracic overgrowth phenotype.

Fig. S5. Vap33 colocalizes with Vha44-GFP, and Vap33 protein abundance and localization are
unaffected in Ig/ mutant tissue.

Fig. S6. Vap33 physically interacts with Vha68-3 and Vha68-2.

Table S1. Drosophila stocks and references.

Table S2. List of genotypes of the samples used in each figure.

Data file S1. Lgl-interacting proteins.
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Lgl reduces endosomal vesicle acidification and Notch signaling by promoting the interaction
between Vap33 and the V-ATPase complex

Marta Portela, Liu Yang, Sayantanee Paul, Xia Li, Alexey Veraksa, Linda M. Parsons and Helena E. Richardson

Sci. Signal. 11 (533), eaar1976.
DOI: 10.1126/scisignal.aar1976

Reducing endosome acidification to antagonize Notch signaling

Lethal-2-giant larvae (Lgl) is a tumor suppressor and cell polarity protein that inhibits Notch signaling. Portela et al.

found that Lgl inhibited Notch signaling by reducing endosome acidification, which is necessary for the proteolytic
processing and activation of Notch. The ability of Lgl to reduce endosome acidification and Notch signaling depended on
the vesicle-associated membrane protein Vap33. Lgl physically and genetically interacted with Vap33, which, in turn,
interacted with components of the vacuolar ATPase (V-ATPase), a multiprotein complex that drives endosome
acidification. Although the precise mechanism has not been elucidated, these findings show that Vap33 inhibits the
activity of the V-ATPase and that Lgl inhibits vesicle acidification by activating or stabilizing Vap33 or by promoting the
association of Vap33 with the V-ATPase.
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