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Mask mitigates MAPT- and FUS-induced degeneration by enhancing autophagy
through lysosomal acidification
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ABSTRACT
Accumulation of intracellular misfolded or damaged proteins is associated with both normal aging and
late-onset degenerative diseases. Two cellular clearance mechanisms, the ubiquitin-proteasome system
(UPS) and the macroautophagy/autophagy-lysosomal pathway, work in concert to degrade harmful
protein aggregates and maintain protein homeostasis. Here we show that Mask, an Ankyrin-repeat and
KH-domain containing protein, plays a key role in promoting autophagy flux and mitigating degeneration
caused by protein aggregation or impaired UPS function. In Drosophila eye models of human tauopathy or
amyotrophic lateral sclerosis diseases, loss of Mask function enhanced, while gain of Mask function
mitigated, eye degenerations induced by eye-specific expression of human pathogenic MAPT/TAU or FUS
proteins. The fly larval muscle, a more accessible tissue, was then used to study the underlying molecular
mechanisms in vivo. We found that Mask modulates the global abundance of K48- and K63-ubiquitinated
proteins by regulating autophagy-lysosome-mediated degradation, but not UPS function. Indeed,
upregulation of Mask compensated the partial loss of UPS function. We further demonstrate that Mask
promotes autophagic flux by enhancing lysosomal function, and that Mask is necessary and sufficient for
promoting the expression levels of the proton-pumping vacuolar (V)-type ATPases in a TFEB-independent
manner. Moreover, the beneficial effects conferred by Mask expression on the UPS dysfunction and
neurodegenerative models depend on intact autophagy-lysosomal pathway. Our findings highlight the
importance of lysosome acidification in cellular surveillance mechanisms and establish a model for
exploring strategies to mitigate neurodegeneration by boosting lysosomal function.
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Introduction

Misfolded protein aggregates in and outside of cells in the cen-
tral nervous system are pathological hallmarks of many neuro-
degenerative disorders including Alzheimer (AD), Parkinson
(PD), Huntington (HD) diseases and amyotrophic lateral scle-
rosis (ALS). Interestingly, many of the aggregated proteins
(such as MAPT (TAU) and APP for Alzheimer disease, SNCA/
a-synuclein for Parkinson disease, HTT (Huntingtin) for Hun-
tington disease, FUS, SOD1 and TARDBP/TDP-43 for ALS)
can serve as seeds for “prion-like” spreading of the aggregation
within and among cells.1 It is not entirely clear whether these
aggregates are the causes or the results of progressive and cell-
type-specific neurodegeneration. However, mounting evidence
suggests that clearance and prevention of these toxic protein
aggregates are beneficial for meliorating degeneration.2-4

Two major pathways collaborate in regulating intracellular
protein degradation: the ubiquitin-proteasome system (UPS)
and the autophagy-lysosomal system. Under the normal condi-
tions, UPS serves as the primary route for rapid protein

turnover while autophagy mainly degrades long-lived proteins
and large cellular organelles under basal conditions and can be
robustly induced in face of stresses such as starvation, organelle
damage or accumulation of misfolded proteins. However when
it comes to degradation of damaged proteins in diseased states,
autophagy has been shown to play at least an equally important
role as UPS.5 Many of the neurodegenerative disease-related
proteins are delivered to autophagic vacuoles,6,7 and degraded
by the autophagy pathway.8-10 Meanwhile, impairment of auto-
phagy in the mouse brain causes neurodegeneration associated
with ubiquitin-positive protein aggregation.11,12 These data
suggest that UPS and autophagy are both indispensable in
maintaining cellular protein homeostasis. Furthermore, recent
studies indicate that UPS and autophagy pathways coordinate
with each other to prevent accumulation of toxic protein aggre-
gates, so that enhanced activity of one pathway can compensate
if the other is compromised.5,13

Both UPS and autophagy degradation systems are com-
plex processes consisting of chains of sequential events
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orchestrated by a large group of proteins. To understand
their coordinated action, we need to identify novel players
that are necessary and sufficient to mediate the compensa-
tory function between the 2 systems. Here we show Mask, a
conserved protein with Ankyrin repeats and a KH domain,
as a novel and critical player in such a context. Initially iden-
tified as a modulator of receptor tyrosine signaling during
Drosophila development,14 Mask has recently been shown to
function as a cofactor of the Hippo pathway effector Yorkie
and together they regulate target gene transcription with
another transcription cofactor (Scalloped) during cell prolif-
eration.15,16 The human ortholog of Mask, ANKHD1, is
highly expressed in several cancer cell lines.17,18 We have
recently reported that loss of mask function rescues the
mitochondrial defects and muscle degeneration observed
with pink1 and park mutants.19 In the present study, we
show that in MAPT- and FUS-induced eye degeneration fly
models, loss of Mask function enhances degeneration, while
gain of Mask function suppresses degeneration. We demon-
strate that by enhancing V-type ATPase expression, Mask
promotes lysosome acidification and autophagic flux, and
that Mask is necessary and sufficient to mediate a compensa-
tory effect for partial loss of UPS function, to increase clear-
ance of ubiquitinated proteins, and to protect against
degeneration induced by aggregation-prone mutations.

Results

Mask activity suppresses eye degeneration induced
by expressing MAPT and FUS in the photoreceptors

We recently reported that loss of mask function rescues pink1
and park/parkin mutant mitochondrial defects and muscle
degeneration in flies.19 To test whether such a beneficial effect
of mask knockdown is specific to the pink1 and park mutant
background or a general phenomenon, we examined whether
altering Mask levels may impact other forms of neurodegenera-
tion. MAPT/TAU neurotoxicity plays a central role in the Alz-
heimer disease-frontotemporal dementia spectrum of
disorders.20 Ectopic expression of human MAPT protein in fly
neurons21 or fly eyes22 causes massive degeneration. When we
coexpress the UAS-human MAPT transgene with UAS-control
RNAi, UAS-mask RNAi or UAS-Mask transgenes, respectively,
in fly eyes using the GMR-Gal4 driver, we found that coexpres-
sion of Mask significantly suppressed the degeneration while
knocking down Mask enhanced the degeneration (Fig. 1B).
Mutations of FUS (FUS RNA binding protein/Fused in sar-
coma) are associated with familial forms of ALS.23,24 Ectopic
expression of human ALS-causing mutant FUS proteins in flies
causes neurodegeneration and early lethality.25 Similarly, we
found that coexpression of Mask significantly suppressed the
photoreceptor degeneration induced by human mutant FUS in
the fly eyes, while coexpression of mask RNAi enhanced the
degeneration phenotype (Fig. 1C).

Mask regulates abundance of ubiquitinated protein

In addition to modulating the FUS-induced eye phenotype,
Mask also regulates FUS abundance in larval muscles. We

found that coexpression of Mask with human FUSR521H mutant
protein in larval muscles significantly reduced the protein
abundance of FUSR521H in the nuclei (Fig. 2A and 2B).
Although Mask knockdown did not alter nuclear abundance of
FUSR521H, it clearly showed an increased presence of FUSR521H

in the muscular cytoplasm (Fig. 2A and 2B). Abnormal cellular
accumulation of MAPT and FUS have been the hallmarks of
neurodegenerative diseases such as Alzheimer disease-fronto-
temporal dementia and ALS, and many of these cytoplasmic
inclusions are also immunoreactive for ubiquitin.23,24 Given the
ability of Mask to suppress the MAPT- and FUS-induced
degeneration, and to regulate FUS abundance, we hypothesized
that Mask activity may regulate the degradation of ubiquiti-
nated proteins.

To test this notion, we turned to fly larval muscles for their
accessibility to study the underlying molecular and cellular
mechanisms. We found that muscle-specific knockdown or
overexpression of Mask altered the global level of ubiquitina-
tion, with Mask knockdown increasing the ubiquitination level
while Mask overexpression reducing it, as measured by immu-
nostaining of an antibody that recognizes both mono- and
poly-ubiquitin chains (FK2) (Fig. 2C and 2D). Western blot
analysis of total cell lysate of the larval body walls confirmed
the enhanced total ubiquitination level by Mask knockdown
(Fig. 2E). When the E3 ubiquitin ligase Park was overexpressed
in the larval muscles, an elevated level of ubiquitination was
observed (Fig. 2C and 2D), consistent with the ability of Park
to change the landscape of the ubiquitinome and overall pro-
tein turnover.26,27 Muscle-specific coexpression of Park with
mask RNAi further enhanced the ubiquitination level while
coexpression with the UAS-Mask transgene significantly
reduced the elevated ubiquitination level induced by Park
(Fig. 2C and 2D). Thus, Mask protein negatively regulates both
basal and Park-induced abundance of ubiquitin-conjugated
proteins.

Mono- and poly-ubiquitin chains can be formed through
many lysine residues within ubiquitin. K48-linked polyubiquiti-
nation acts as the canonical signal for targeting the substrate to
the proteasome for degradation, while K63-linked ubiquitina-
tion plays a proteasome-independent role in the regulation of
several cellular processes, including endocytosis, signal trans-
duction, and DNA damage repair.28 We found that loss of
mask function in muscle resulted in increase of both K48- and
K63-linked ubiquitination (Fig. 2E-H), indicating that Mask is
a key regulator controlling the overall abundance of ubiquiti-
nated proteins in the cell.

Mask promotes autophagic flux but not UPS function

Mask may modulate the abundance of ubiquitinated proteins
through promoting UPS function or autophagy activity, or
both. To distinguish these possibilities, we first directly assayed
autophagic flux in larval muscle by monitoring the degradation
of a transgenic autophagosome marker protein mCherry-Atg8
a.29 When autophagosomes fuse with lysosomes, Atg8a is
degraded, while the remaining free mCherry is more resistant
to degradation. Therefore, the level of free mCherry can serve
as an indicator of autophagic flux.29 In early third instar larvae,
when the basal autophagy level is low, we detected no
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significant change of autophagic flux by manipulating Mask
levels.19 However, at the wandering larval stage when auto-
phagy level is high (see below), knocking down Mask in larval
muscle significantly reduced autophagic flux while overexpres-
sion of Mask significantly increased autophagic flux, as shown
by the relative amount of free mCherry proteins in the muscles
(Fig. 3A and 3B), suggesting that Mask positively regulates
autophagy. The nonprocessed form of Atg8a (often referred to
as Atg8a-I) can be easily distinguished from the membrane-
associated, faster migrating active form (Atg8a-II) in SDS-
PAGE. We also quantified the amount of mCherry-Atg8a-II

and found a significant increase in Mask-knockdown larval
muscles and no significant change in Mask-overexpressing lar-
val muscles (Fig. 3C). Such an increase in the amount of
mCherry-Atg8a-II caused by mask loss of function indicates
decreased autophagic degradation or increased autophagosome
formation (see below), or both.30

To further confirm that Mask is required for normal
autophagy flux, we analyzed the endogenous Ref(2)P pro-
tein levels. Ref(2)P (SQSTM1/p62 in mammals) interacts
with Atg8a and facilitates selective autophagic degradation
of ubiquitinated proteins.31 Accumulation of Ref(2)P

Figure 1. Mask suppresses eye degeneration induced by MAPT and FUS expression. (A) Light micrographs of d 3 adult eyes expressing UAS-control RNAi, UAS-mask RNAi
or UAS-Mask under the control of the GMR-Gal4 driver. Notice that GMR-Gal4 caused a mild rough eye phenotype in control, Mask knockdown and overexpression. ((B)
and C) Light micrographs of d 3 adult eyes expressing human MAPT (B) or human mutant FUSR521H (C) under the control of the GMR-Gal4 driver. For each of the 2 dis-
ease-linked transgenes, UAS-control RNAi, UAS-mask RNAi or UAS-Mask were coexpressed, respectively, in the fly eyes to evaluate how change in Mask activity modifies
the degeneration defects. When coexpressed with control RNAi, MAPT induces necrotic scar (arrowheads) and FUSR521H induces patchy red pigmentation. Loss of mask
function enhanced eye degeneration—indicated by increased necrotic scar in (B) and further loss of pigmentation in (C). Gain of mask function suppresses eye degenera-
tion induced by both human-disease-linked transgenes.
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protein level is a reliable indicator of impaired autophagy
degradation rate.29,30 Compared to control, larval muscles
expressing mask RNAi showed a significant increase of
endogenous Ref(2)P, suggesting that Mask is required for
normal autophagy degradation (Fig. 3D and E). Overexpres-
sion of Mask in larval muscles did not change Ref(2)P pro-
tein level (Data not shown).

Previous studies show that a truncated MAPT protein (MAPT
(DC)) is preferentially degraded through autophagy in mamma-
lian cortical neurons and flies, as MAPT(DC) protein levels are
significantly increased by loss of autophagy but not UPS.32 There-
fore, MAPT(DC) can be used to study autophagy-dependent deg-
radation. Targeted coexpression of MAPT(DC)-GFP with mask
RNAi in larval muscles showed a significant increase of MAPT

Figure 2. Mask regulates the abundance of ubiquitinated proteins. (A) Projections of z-stack confocal images of HA-FUSR521H in larval muscle 12 coexpressing UAS-control
RNAi, UAS-mask RNAi or UAS-Mask, driven by M12-Gal4. Note cytoplasmic localization of mutant FUS protein only in Mask-knockdown muscles. (B) Quantification of HA-
FUSR521H intensity in muscle nuclei and cytoplasm. � P< 0.001, # P< 0.05, vs. control. (C) Representative confocal images of anti-FK-2 (mono- and poly-ubiquitin conjuga-
tion) staining in 3rd instar larval muscles of wild-type fly, and flies with muscle expression (24B-Gal4 driven) of UAS-mask RNAi, UAS-Mask, UAS-mCherry-Park, or UAS-
mCherry-Park with UAS-mask RNAi, or UAS-Mask. (D) Quantification of the number and intensity of FK-2-positive puncta in larval muscles. ((E)to G) Western blot analysis
of endogenous Mask protein, total ubiquitinated proteins (E), K48- (F) and K63-ubiquitin-conjugated proteins (G) in 3rd instar larval body walls with muscle expression of
UAS-control RNAi or UAS-mask RNAi. (H) Quantification of the ubiquitin-conjugated proteins of the western blot analysis in E to G. Relative protein intensities were normal-
ized to TUBB/b-tubulin. � P < 0.001.vs. Control RNAi. Scale bar: 10 mm.
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Figure 3. Mask promotes autophagy. (A) Western blot analysis of mCherry-Atg8a in larval muscles expressing 24B-Gal4-driven UAS-mCherry-Atg8a together with
UAS-control RNAi, UAS-mask RNAi or UAS-Mask, at 114 h AEL. (B) Quantification of the levels of free mCherry as readout of autophagic flux. Intensities of free
mCherry were normalized to those of TUBB/b-tubulin. (C) Quantification of relative mCherry-Atg8a-II intensity normalized to TUBB/b-tubulin. (D) Western blot
analysis of endogenous Ref(2)P/p62 protein (indicated by arrowhead) levels in larval muscles expressing control RNAi or mask RNAi, with ACTA/a-actin serving as
the loading control. (E) Quantification of relative Ref(2)P/p62 intensity normalized to ACTA. (F) Western blot analysis of MAPT(DC)-GFP in larval muscles expressing
24B-Gal4-driven UAS-MAPT(DC)-GFP together with UAS-Td-Tomato (as control), the UAS-control RNAi (as another control), the UAS-mask RNAi or UAS-Mask, at
»114 h AEL. The bracket indicates MAPT(DC)-GFP. (G) Quantification of MAPT(DC)-GFP levels. Intensities of MAPT(DC)-GFP were normalized to TUBB/b-tubulin,
and were shown as relative to control. (H) Pictures of pupae expressing no transgene, UAS-control RNAi, UAS-mask RNAi or UAS-Mask, with or without UAS-DTS5,
under the control of muscle driver 24B-Gal4. Flies were cultured at 25oC. Arrows in the lower row indicate empty holes in the middle part of the pupae suggest-
ing degeneration of muscle tissues. (I) Percentage of flies that successfully eclose from pupae were measured by dividing the number of empty pupae by the total
number of pupae. Coexpression of only UAS-Mask drastically rescued the pupal lethality caused by UAS-DTS5 muscle expression. n D 8, � P < 0.001, compared
with all the other DTS5 expression groups.
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(DC)-GFP when compared with controls, while coexpression of
MAPT(DC)-GFP with UAS-Mask significantly reduced the
MAPT(DC)-GFP signal (Fig. 3F and G). These data suggested
that Mask is capable of promoting clearance of ubiquitinated and
misfolded proteins through enhancing autophagic degradation,
which may contribute to its ability to suppress degeneration
induced by toxic MAPT protein in the fly eyes.

We next used CL1-GFP,13 a fluorescent reporter of UPS
function, to directly test whether Mask regulates UPS function.
CL1-GFP is a fusion protein generated by introducing a
degradation signal to GFP, which is rapidly degraded by the
proteasome, therefore its levels reflect the functionality of the
UPS.33 The fidelity of CL1-GFP in reporting UPS function was
first validated using a temperature-sensitive proteasome mutant
DTS7, as the CL1-GFP level significantly increased in the DTS7
mutant (Fig. S1A). In contrast, down- or upregulation of Mask
showed no significant change in the strength of CL1-GFP fluo-
rescent signal at the larva eye discs, compared with control,
suggesting that Mask does not directly regulate UPS function
(Fig. S1B).

We then assessed the impact of Mask-mediated autophagy
on impaired UPS. DTS5 is another temperature-sensitive, dom-
inant-negative mutation of the b6 subunit of the proteasome.
At a nonpermissive temperature, this mutation significantly
impairs the degradation functions of the proteasome.34 When
we expressed DTS5 in Drosophila muscle, the fly developed
normally from embryo to adult at 18oC (data not shown).
However, at 25oC, substantial muscle degeneration occurred in
these flies due to muscular proteasome impairment. We
observed cessation of pupal development and lack of the mid-
dle thoracic portion of their bodies (Fig. 3H and I). Under this
condition, coexpression of UAS-Mask almost completely sup-
pressed the muscle degeneration and the associated lethality, as
»80% of such flies showed normal pupal morphology and
eclosed normally (Fig. 3H and I). Meanwhile, muscle-specific
knockdown of Mask slightly enhanced the degenerative pheno-
type as the pupal size was further reduced when compared with
control (Fig. 3H). Collectively, these data suggested that in the
event of UPS impairment, Mask overexpression is sufficient to
compensate the partial loss of UPS activity.

Mask promotes a late step of autophagy—
autophagosomal degradation

Autophagy is a dynamic event involving sequential steps from
induction of autophagy, autophagosome formation to its fusion
with the lysosome and subsequent autophagosome degrada-
tion,35 and each step is highly regulated by multiple factors.36

Before we tested how Mask regulates autophagy in larval
muscles, we first characterized the baseline autophagy land-
scape in developing wild-type larval muscles using a 24B-Gal4-
driven GFP-mCherry dual-tagged Atg8a transgene as the
marker.37,38 During autophagosome induction and formation,
the dual-tagged Atg8a proteins are recruited to the phagophore
membrane, and these structures, as well as completed autopha-
gosomes, are positive for both green and red fluorescence. Dur-
ing autophagosomal degradation, autophagosomes fuse with
lysosomes to form autolysosomes, GFP fluorescence is
quenched due to its sensitivity to acidic environment in the

lysosome, whereas the acid-resistant mCherry still emits red
fluorescence. Therefore, autolysosomes are positive for only red
fluorescence.39 Expression pattern and intensity of both GFP
and mCherry autofluorescent signals in larval muscles were
analyzed at 6 developmental stages from very early (»84 h after
egg laying [AEL]) to very late (120 h AEL) third instar. We
identified 2 types of puncta: one group with relatively bigger
size but irregular shapes is localized closely to the muscle
nuclei, and emits only red fluorescence, which likely represents
autolysosomes; the other group with a smaller size and spheri-
cal shape distributes sporadically in the muscle cytoplasm, and
emits both red and green fluorescence, which likely represents
autophagosomes. Very few autophagosomes and autolyso-
somes can be detected before 108 h AEL. Soon after, more
dynamic change in autophagy occurs in the second half of the
third instar larval stage. The number of autophagosomes peaks
at about 114 h AEL, while the number and size of perinuclear
autolysosomes reach their plateau at about 117 h AEL. The
autolysosomes at 114 and 117 h AEL show very strong red fluo-
rescence and faint green fluorescence, possibly representing
rapid fusion of autophagosome with lysosome and transient
state of degradation. At 120 h AEL (late wandering stage), only
small, red-only, late-stage autolysosomes are observed in mus-
cle cytoplasm. Meanwhile, all muscle nuclear GFP-mCherry-
Atg8a proteins are released to the cytoplasm (Fig. S2). These
data together suggested that there is an abrupt burst of auto-
phagy when larvae enter wandering stage (from »114 h to
120 h AEL), consistent with the previous findings on a pro-
grammed burst of autophagy induced by ecdysone signaling in
fat bodies of wandering-stage larvae.40 Such a burst was also
accompanied by a sudden release of Atg8a proteins from nuclei
to the cytosol, consistent with recent findings that deacetylation
and nuclear release of Atg8a (whose mammalian orthologs
include the MAP1LC3/LC3 family) play central roles in con-
trolling the level of autophagy.41

We next tested whether change of Mask activity alters the
landscape of autophagy during larval muscle development. At
mid-third instar (stage 96 and 108 h AEL), when control larval
muscles showed very few autophagosomes in the cytoplasm,
substantially more autophagosomes are accumulated in Mask-
knockdown muscles (Fig. 4A, B and 4F), these data are consis-
tent with our previous finding that loss of mask function
enhanced the colocalization of Atg8a-positive autophagosomal
puncta and mitochondria at early third instar larval muscles.19

While Mask-knockdown muscles showed diffused localization
of autolysosomes, Mask-expressing muscles showed signifi-
cantly more and bigger autolysosomes around the nuclei
(Fig. 4A, B and E). At stage 114 h AEL, when autophagosomes
reached their highest presence at control muscles, Mask-knock-
down muscles showed much stronger autophagosomal GFP
signaling and weaker autolysosomal signal than control, while
Mask-expressing muscles continued to show enhanced size and
number of autolysosomes (Fig. 4C, E and F). At the peak of the
autophagy burst in larval muscles (120 h AEL), the control
muscles showed exclusively small and red-only late-stage auto-
lysosomes in the cytoplasm and no nuclear accumulation of
GFP-mCherry-Atg8a, while Mask-knockdown muscles still
showed dual-tagged-Atg8a labeled puncta with both green and
red fluorescence, suggesting defective degradation of
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Figure 4. Mask promotes autophagy flux by enhancing degradation of autophagosomes. (A to D) Projections of z-stack confocal images of GFP-mCherry-Atg8a in larval
muscle coexpressing UAS-control RNAi, UAS-mask RNAi or UAS-Mask in 4 indicated developmental stages (from 96 to 120 h AEL). Arrow heads indicate autophagosomes
and arrows indicate autolysosomes. Dotted lines denote muscle nuclei. Note that Mask knockdown boosted formation of autophagosomes, and prevented perinuclear
localization of autolysosomes at early stages, and blocked the degradation of autophagosomes and nuclear release of Atg8a at the peak of autophagy (120 h AEL). Also
note that Mask overexpression in muscle enhanced the size and strength of autolysosomes across the developmental stages. (E and F) Quantification of relative autolyso-
some intensity (E) and number of autophagosomes (F) as described in (A)to D. � P < 0.001, �� P < 0.05, compared with control RNAi. # P < 0.005, ## P < 0.01, ###
P < 0.05, comparing mask RNAi to control RNAi. n � 4. (G) Representative autofluorescence confocal images of GFP-mCherry-Atg8 a expressed in the muscle of wild
type, mask null-mutant mask10.22/Df or mask null-mutant plus muscle-driven UAS-Mask. Note that mask mutant larval muscle showed defects very similar to those of the
muscle-specific knockdown of mask at the same developmental stage, and that muscle expression of UAS-Mask completely rescued the phenotype, and due to the high-
level of Mask expression, showed much stronger presence of autolysosomes. Scale bar: 10 mm.
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autophagosomes after autolysosome formation (Fig. 4D and F).
Meanwhile Mask-expressing muscles showed red-only autoly-
sosomes with a greater level of intensity for mCherry fluores-
cence than that of the controls, suggesting enhanced lysosome-
mediated degradation (Fig. 4D and E). While nuclear GFP-
mCherry-Atg8a proteins were absent in control and Mask-
expressing muscles, they were clearly detectable in the Mask-
knockdown muscles (Fig. 4D), suggesting reduced usage of the
Atg8a pool in the nuclei under mask loss of function.

To further confirm that Mask regulates autophagosome deg-
radation in larval muscles, we analyzed the pattern of dual-
tagged Atg8a in mask null-mutant larval muscles, as well as
muscle-specific rescue using the same UAS-Mask transgene. At
114 h AEL, mask10.22/Df mutant larval muscles showed almost
identical pattern of dual-tagged Atg8a puncta (positive for both
green and red) as Mask knockdown. At the same time, muscle
expression of UAS-Mask in mask10.22/Df mutant larvae not only
rescued the phenotype, but also showed an enhanced mCherry
red fluorescence due to the high-level expression of the UAS-
Mask transgene (Fig. 4G). Collectively, our time-course analysis
suggested that loss of mask function does not prevent the for-
mation of autophagosomes (induction), however it suppresses
the lysosome-mediated degradation of autophagosomes (flux),
and that overexpression of Mask is sufficient to enhance degra-
dation of autophagosomes in larval muscles.

Mask promotes autophagosome degradation
through enhancing lysosomal function

The impaired degradation of autophagosomes caused by
loss of mask function can result from either failure in the
fusion of autophagosome with lysosome, or impaired lyso-
some function. To distinguish these 2 possibilities, we first
used a lysosomal marker, GFP-LAMP1, to assess lysosomal
function in Mask-knockdown and Mask-overexpressing lar-
val muscles. The GFP moiety of the GFP-LAMP1 fusion
protein is located in the lysosomal lumen while the LAMP1
moiety is integrated in the lysosomal membrane. Therefore,
less GFP signal will be detected in functioning lysosomes,
whereas more GFP signal will be detected in defective lyso-
somes.42 We found that the intensity of GFP signal
increased substantially in Mask-knockdown muscles, while
the same signal was hardly detectable in Mask-overexpress-
ing muscles when compared with control (Fig. 5A and 5B).
The change of GFP-LAMP1 protein levels in larval muscles
in response to Mask activity was confirmed by western blot
analysis of GFP-LAMP1 (Fig. 5C). These results together
indicated that lysosomal function is decreased in mask loss
of function and increased in mask gain of function. Second,
we found colocalization between mCherry-Atg8a (autopha-
gosomes) and GFP-LAMP1 (lysosomes) in Mask-knock-
down muscles (Fig. 5D), suggesting that autophagosome-
lysosome fusion events occur in Mask-knockdown muscles.
Third, we found substantial colocalization of autophago-
somes and ubiquitin-conjugated proteins (by FK2 immu-
nostaining) in Mask-knockdown larval muscles (Fig. 5E),
suggesting that loss of mask function does not impair rec-
ognition and encircling of ubiquitinated protein aggregates
by autophagosomes, but rather prevents the degradation of

the protein contents inside autophagosomes. These findings
together suggested Mask positively regulates lysosomal func-
tion. To directly test this notion, we stained dissected larval
muscles with a fluorescent dye LysoTracker Red (DND-99)
that preferentially accumulates in vesicles with acidic pH.
Indeed, at both early and late third instar larvae, we
observed an enhanced LysoTracker Red signal in Mask-
overexpressing larval muscles and a much weakened Lyso-
Tracker Red signal in Mask-knockdown larval muscles
(Fig. 5F). Together, these data strongly suggested that Mask
is necessary and sufficient to promote lysosomal acidifica-
tion, and by doing so it enhances lysosomal function.

Mask promotes lysosomal acidification by enhancing
the expression of V-type ATPases in a TFEB-independent
manner

Lysosomes generate and maintain their acidic pH environment
via a proton-pumping V-type ATPase (V-ATPase), a large
enzymatic complex consisting an 8-subunit catalytic domain
(V1), a 6-subunit membrane-spanning domain (V0) and 2
accessory subunits. To further explore the mechanism through
which Mask regulates lysosomal acidification, we tested
whether Mask regulates the expression of V-ATPase subunits.
We identified 3 Drosophila lines, Vha55::YFP (V1 B subunit),
Vha13::GFP (V1 G subunit) and VhaSFD::GFP (V1 H subunit),
in protein trap databases that each expresses a YFP or GFP-
fused V-ATPase subunit from its genomic locus.43,44 Therefore,
the amount of these GFP (or YFP) tagged proteins will reflect
their endogenous expression levels. We found that protein lev-
els of all 3 V1 subunits show significant reduction in
Mask-knockdown larval muscles, and significant increase in
Mask-overexpressing larval muscles (Fig. 6A and B). To further
support this notion, we performed western blots on the V1B
subunit (Vha55::YFP) by dissecting out larval muscle cells from
larval body wall preparation (to remove the high-level expres-
sion of Vha55::YFP in larval epidermis). Mask knockdown
showed significantly reduced Vha55::YFP, while Mask overex-
pression showed significantly increased Vha55::YFP (Fig. 6C).
To further confirm these results, we chose VhaSFD::GFP to
analyze its expression in mask null-mutant larval muscles.
mask10.22/Df mutant larval muscles show a very similar decrease
of VhaSFD expression as Mask knockdown, and such a
decrease is completely rescued by expression of the UAS-Mask
transgene in muscles (Fig. 6D). These data suggested that Mask
is necessary and sufficient to promote the expression of 3V-
ATPase V1 subunits, which contributes to the enhanced lyso-
somal acidification by Mask.

The Drosophila genome contains 5 genes (vha16–1 to
vha16–5) encoding V0 c subunits. We obtained a GFP-trapped
line of vha16–1. Our data indicated that knockdown or upregu-
lation of Mask in larval muscle does not affect the expression
levels of Vha16–1 (Fig. 6E). It was reported that Mitf, the sole
homolog of the Mit family of transcription factors (including
TFEB) in flies, regulates the transcription of Vha16–1.42

Together these data suggest that Mask does not affect the tran-
scriptional activity of Mitf. To directly test this notion, we
examined whether Mask regulates the expression of a Mitf
reporter gene that carries 4 tandem Mitf-binding motifs
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Figure 5. Mask positively regulates lysosomal function. (A) In vivo assessment of lysosomal function using the lysosomal activity sensor GFP-LAMP1 in Mask-knockdown and
-overexpressing larval muscles. Representative confocal images of GFP immunostaining were captured. Compared with control, knocking down Mask dramatically increased
GFP expression, indicating a failure of protein degradation. Mask overexpression substantially reduced GFP expression, indicating efficient GFP degradation. (B) Quantification of
GFP-LAMP1 mean intensity. P < 0.001, compared with control RNAi. (C) Western blot analysis of GFP-LAMP1 in larval muscles expressing 24B-Gal4-driven UAS-GFP-LAMP1
together with UAS-control RNAi, UAS-mask RNAi or UAS-Mask. TUBB/b-tubulin and GFP were blotted in the same membrane. Note that GFP was fused with the transmembrane
domain and cytoplasmic tail of LAMP1. Relative GFP-LAMP1 intensity was quantified by normalizing to TUBB/b-tubulin. (D) Mask knockdown does not alter autophagosome-
lysosome colocalization. Representative single-layer confocal images of GFP and mCherry autofluorescence were captured in larval muscles expressing GFP-LAMP1 and
mCherry-Atg8a with UAS-control RNAi or UAS-mask RNAi. Arrowheads indicate patchy colocalization of GFP-LAMP1 and mCherry-Atg8a in control. Arrows indicate many puncta
that are positive for both GFP-LAMP1 and mCherry-Atg8a. (E) Mask knockdown showed increased colocalization between autophagosomes and ubiquitinated proteins. Repre-
sentative single-layer confocal images of anti-GFP (green) and anti-FK2 (red) staining in larval muscles expressing mCherry-Atg8a with control or mask RNAi. Arrows indicate
FK2-positive puncta in the control muscle that are not positive for mCherry-Atg8a. Arrowheads indicate many puncta that are positive for both FK2 and mCherry-Atg8 a. (F)
LysoTracker Red staining of dissected larval muscles from early (108 h AEL) and late (120 h AEL) third instar larvae expressing UAS-control RNAi, UAS-mask RNAi or UAS-Mask.
Mask knockdown decreased while Mask expression increased the strength of the pH-sensitive dye. Scale bar: 10 mm.
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Figure 6. Mask functions as a positive and TFEB-independent regulator of V-ATPase V1 subunit VhaSFD, Vha13 and Vha55 expression. (A) Representative confocal images of
anti-GFP staining in 3rd instar larval body wall of flies with genomic GFP/YFP trapped in the loci of vhaSFD, vha13 or vha55. For each protein trap line, we analyzed control
(24B-Gal4 driver only), or muscle-driven UAS-mask RNAi, or UAS-Mask, respectively. (B) The mean GFP/YFP intensity of each genotype was quantified by selecting random body
wall muscle 6 areas in of segment A2. Mask knockdown significantly reduced, while Mask overexpression significantly increased, GFP/YFP intensity in all 3 protein trap lines,
comparing with control. � P < 0.001. (C) Western blot analysis of Vha55::YFP in Vha55::YFP protein trapped larval muscle expressing UAS-control RNAi, UAS-mask RNAi or UAS-
Mask. Wild-type larval muscle sample was loaded to show nonspecific GFP bands. Note that larval muscles were dissected out from larval bodywall preparation. Relative
Vha55::GFP intensity was normalized to ACTA and quantified. (D) Representative confocal images of anti-GFP staining in 3rd instar larval body wall of flies with genomic GFP
trapped in the loci of VhaSFD in the background of wild type (WT), mask10.22/Df mutant, or mask10.22/Df plus muscle-specific expression of UAS-Mask, with quantification of
VhaSFD::GFP mean intensity. Note that muscular expression of Mask rescued the phenotype and showed a level of VhaSFD expression even higher than wild type due to the
strong expression level of UAS-Mask transgene. � P < 0.001, comparing with WT. Scale bar: 10 mm. (E) Representative confocal images and quantification of Vha16–1::GFP in
Vha16–1 GFP-trapped larval muscles of control (24B-Gal4), mask knockdown (24B-Gal4-driven UAS-mask RNAi) or Mask overexpression (24B-Gal4-driven UAS-Mask). (F) Represen-
tative confocal images and quantification of GFP in 4MBox-GFP larval muscles of control (24B-Gal4), mask knockdown (24B-Gal4 driven UAS-mask RNAi) or Mask overexpression
(24B-Gal4-driven UAS-Mask). � P < 0.001, vs. control. Note that trachea and NMJs in all representative images serve as internal control of the V-ATPase subunits expression.
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(4Mbox-GFP). Our data showed that knocking down Mask
does not significantly alter the expression of the reporter gene
(Fig. 6F). Overexpression of Mask reduced, rather than
enhanced, the 4Mbox-GFP expression, possibly due to the
increased level of autophagy in larval muscle (Fig. 6F). There-
fore, Mask may regulate the expression of V-ATPase subunits
through a TFEB-independent mechanism.

Mask-mediated rescue of the DTS5 phenotype and MAPT-
and FUS-induced degeneration requires normal
autophagy and lysosome function

To understand how Mask suppresses the phenotype associated
with MAPT and FUS overexpression in fly eyes (Fig. 1), we
tested whether alteration of Mask levels in photoreceptors
changes autophagy and lysosomal function. When mCherry-
Atg8a or GFP-LAMP1 reporters were expressed in the photore-
ceptor cells, mask-RNAi-mediated knockdown showed no
effects on autophagic flux or lysosomal function in the eyes
(Fig. 7A and B). However, Mask overexpression significantly
enhanced autophagic flux as indicated by increased levels of
free mCherry (Fig. 7A), and lysosomal function as indicated by
reduced levels of GFP-LAMP1 (Fig. 7B). Similar effect was also
observed in adult brains, where pan-neuronal expression of
MASK led to a higher level of autophagic flux (Fig. S4). Next,
we tested the genetic interaction between Mask and the auto-
phagy pathway. Although autophagy is primarily cytoprotec-
tive,45 excessive upregulation of autophagy in fly eyes can lead
to photoreceptor degeneration. Eye-specific overexpression of
Atg1, a protein essential for the initiation of autophagosome,
caused severe eye degeneration (Fig. 7C). We tested whether
alteration of Mask levels can modify this phenotype. We found
no significant rescue of the eye phenotype by eye-specific
knockdown of mask, but a significant enhancement of the eye
degeneration by eye-specific overexpression of the UAS-Mask
transgene (Fig. 7C). These data are consistent with our finding
that Mask expression in fly eyes enhances the autophagy-lyso-
somal pathway. Moreover, they also suggest that the
Mask- mediated rescue of eye degeneration in the MAPT and
FUS disease models is not due to some intrinsic beneficial effect
of eye-specific Mask overexpression, but rather autophagy-
lysosome-mediated clearance of toxic proteins.

To further test this notion in vivo, we examined genetically
whether the intact function of autophagy and lysosome is
required for the Mask-mediated rescue of the UPS mutant phe-
notype and MAPT and FUS-induced eye degeneration. The
rescue of DTS5-induced lethality by the UAS-Mask transgene
shown in Fig. 3H and I is a very quantitative assay. When het-
erozygous mutations of essential genes in autophagy (atg1¡/C,
atg2¡/C and atg18KG03090/C) or lysosome acidification (vha68–
2EP/C) were introduced to the same rescuing paradigm, the abil-
ity of the UAS-Mask transgene to rescue the muscle degenera-
tion and lethality is substantially reduced (Fig. 8A). Similarly,
heterozygous mutations in the autophagy pathway (atg2 and
atg18) as well as V-type ATPase (vha55) dominantly sup-
pressed Mask-mediated rescue of the eye degeneration induced
by human MAPT and FUS overexpression (Fig. 8B-D).
Together, these data indicated that even partial loss of auto-
phagy and lysosome function impairs Mask’s ability to

compensate the compromised UPS and to rescue the degenera-
tion induced by different human disease proteins.

Discussion

Autophagy, an evolutionarily conserved cellular mechanism that
preserves metabolic homeostasis during nutrient unavailability,
is traditionally regarded as a selfeating degradative process with
limited selectivity. However, mounting evidence suggests that
both micro- and macro-autophagy can play cytoprotective roles
to specifically target damaged and toxic organelles and proteins

Figure 7. Overexpression of Mask in fly eyes enhances autophagy and lysosomal
function. (A) Western blot analysis of mCherry-Atg8a in adult fly eyes expressing
GMR-Gal4-driven UAS-mCherry-Atg8 a together with UAS-control RNAi, UAS-mask
RNAi or UAS-Mask. Quantification of the levels of free mCherry, which were normal-
ized to those of TUBB/b-tubulin. (B) Western blot analysis of GFP-LAMP1 in adult
fly eyes expressing GMR-Gal4-driven UAS-GFP-LAMP1 together with UAS-control
RNAi, UAS-mask RNAi or UAS-Mask. Quantification of the levels of GFP-LAMP1,
which were normalized to those of TUBB/b-tubulin. (C) Mask overexpression
enhances fly eye degeneration induced by Atg1 overexpression. Light micrograph
of fly eyes expressing UAS-Atg1 with UAS-control RNAi, UAS-mask RNAi or UAS-
Mask. Atg1 overexpression induced severe eye degeneration indicated by liquefied
eye surface and patchy pigmentation. Mask coexpression enhanced the degenera-
tion phenotype as most of fly eyes showed necrotic scars in addition to pigmenta-
tion loss.
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for clearance under pathological conditions.46-48 The mechanism
of selective autophagy is unclear. There is some evidence that
autophagy receptors can recognize ubiquitin-dependent and
ubiquitin-independent signals for selective degradation.47-49

Autophagy is a multistep process including nucleation, autopha-
gosome formation and fusion with lysosomes,36,50 and each step
can be regulated to enhance degradation of damaged cellular
components. Recently, research has emerged showing TFEB as a
potent regulator of the autophagy-lysosomal pathway,51,52 whose
activation can promote lysosomal function and mitigate disease

in a range of neurodegenerative disorders.53 Here we show that
Mask acts in a TFEB-independent manner to boost the expres-
sion of V-ATPase subunits. Our study provides novel evidence
that lysosome function is not only required for the normal clear-
ance of ubiquitinated and misfolded proteins, but its activity can
also be boosted potential through enhanced lysosomal acidifica-
tion, to mitigate cellular degeneration caused by toxic protein
aggregation.

Mask is well positioned to regulate lysosome-mediated
clearance of ubiquitinated and misfolded proteins. As a

Figure 8. Normal autophagy-lysosome function is required for Mask-mediated rescue of the DTS5 phenotype and MAPT- and FUS-induced degeneration. (A) Quantifica-
tion of Mask-muscle-expression-mediated rescue of DTS5-induced lethality. Heterozygous mutations in atg1(unc-5125), atg2EP3697, atg18KG03090, or vha68–2EP2346 domi-
nantly suppressed the Mask-mediated rescue of lethality to various degrees. �� P < 0.001, comparing to DTS5 24B>WT; � P < 0.001, # P < 0.01, comparing to
Mask-expression-mediated rescue. (B) Heterozygous mutation of atg18KG03090 dominantly suppressed Mask-mediated rescue of the eye degeneration induced by expres-
sion of human FUSR518K and FUSR521H mutant proteins. (C) Light micrograph of fly eyes expressing UAS-FUS R518 K with UAS-Td-Tomato (as control), UAS-Mask, or UAS-
Mask with heterozygous vha5514 or vha5516 mutants. Note that the 2 vha55 mutants each dominantly suppressed Mask-mediated increase of eye pigment. (D) Light
micrograph of fly eyes expressing UAS-human MAPT with UAS-control RNAi, UAS-Mask, or UAS-Mask with heterozygous atg2EP3697, atg18KG03090 or vha5516 mutations. Note
that all 3 heterozygous mutations dominantly inhibited the Mask-mediated suppression of eye degeneration induced by human MAPT. Arrows indicate small necrotic
spots, and arrow heads mark a collapsed eye region with dying tissue.
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positive regulator of several V-type ATPase V1 subunits
expression, Mask function is necessary and sufficient to pro-
mote lysosomal acidification and autophagosome degradation
in a cell-autonomous manner. When the UPS function is
impaired, increased Mask expression is sufficient to increase
autophagic flux, which in turn compensates the partial loss of
the proteasome-mediated degradation (Fig. 3H and I). Inter-
estingly, even when UPS function is intact, levels of Mask
activity impact the abundance of UPS-dependent (K48) and
-independent (such as K63) ubiquitin-conjugated proteins,
suggesting that autophagy and lysosome-mediated degradation
plays an important role for basal protein homeostasis. Under
pathological conditions such as UPS inactivation or excessive
accumulation of disease proteins, upregulation of Mask activ-
ity substantially suppressed the cellular degeneration pheno-
types in both muscles and photoreceptors, potentially through
Mask-mediated increase of autophagy and lysosome activities
and subsequent degradation of harmful protein aggregates, as
suggested by our biochemical and genetic analyses. In support
of this notion, upregulation of Mask promotes autophagic flux
in larval muscles (Fig. 3A), adult eyes (Fig. 7A) and adult
brains (Fig. S4).

Our work in the Drosophila model organism yielded new
insight into Mask-mediated cellular protective mechanisms
that regulate lysosomal function in normal and stressed condi-
tions caused by misfolding-prone disease proteins or impaired
UPS. Such mechanisms may provide a therapeutic approach
for the treatment of a group of neurodegenerative disorders
caused by intracellular inclusions.

Materials and methods

Fly stocks

Flies were maintained at 25 �C on standard food unless other-
wise indicated. UAS-Mask and UAS-mCherry-Park were
described previously.19 The following stocks were obtained
from the Bloomington Drosophila Stock Center: UAS-control-
RNAi [TRiP.JF01147], UAS-mask-RNAi [TRiP.HMS01045],
UAS-DTS5, UAS-DTS7, UAS-GFP-mCherry-Atg8 a, UAS-GFP-
LAMP1, UAS-Atg1, 24B-Gal4 GMR-Gal4, M12-Gal4,
maskDf317, vha68–2EP2864, atg2EP3697, atg18KG03090, vha5514,
vha5516, VhaSFD::GFP (vhaSFDG00259) and Vha13::GFP
(vha13CA07644). Vha55::YFP (vha55CPTI002645) and Vha16–1::
GFP (vha16–1G00007) is from Kyoto Stock Center. Other strains
used in this study were UAS-Wild-type-FUS, UAS-FUSR521H,
UAS-FUSR518K,25 atg1(unc-5125),54 UAS-human MAPT,22 UAS-
CL1-GFP,13 UAS-mCherry-Atg8a (From Tom Neufeld), UAS-
MAPT(DC)-GFP,32 4Mbox-GFP,42 UAS-Td-Tomato (a gift
from Richard Daniels), and mask.10.22,14

Immunocytochemistry

Larval muscles were dissected in ice-cold phosphate-buffered
saline (PBS; 137 mMNaCl, 10 mMNa2HPO4, 1.8 mMKH2PO4,
2.7 mM KCl, pH 7.4) and fixed in 4% paraformaldehyde for
30 min. For the detection of autofluorescence from proteins
tagged with fluorescent molecules, the fixed tissues were washed
with PBS, andmounted for imaging. For immunocytochemistry,

the fixed tissues were stained following standard procedures.
The primary antibodies used were: mouse anti-ubiquitin at
1:1000 (Millipore, Clone FK2, 04–263), rabbit anti-mCherry at
1:1000 (Clontech, 632496), Alexa Fluor 488-conjugated rabbit
anti-GFP at 1:1000 (Life Technologies, A21311), rat anti-HA at
1:1000 (Roche, 11867431001). The following secondary anti-
bodies were used: Cy3-conjugated goat anti-rabbit IgG at 1:1000
(Jackson ImmunoResearch, 111–165–144), Dylight 488 conju-
gated anti-mouse IgG at 1:1000 (Abcam, ab150113).

LysoTracker Red Staining

Larval muscles were dissected in PBS, incubated in 1 mM Lyso-
Tracker Red DND 99 (Molecular Probes, L7528) for 2 min,
washed with PBS, fixed in 4% paraformaldehyde for 2 min, and
mounted in PBS. Confocal imaging was performed right after
the mounting to capture the red fluorescence signal.

Confocal and light microscopy

Single-layer or z-stack confocal images were captured on a
Nikon C1 confocal microscope (Melville, NY). Unless other-
wise noted, images shown in the same figure were acquired
using the same gain from samples that had been simultaneously
fixed and stained. All larval muscle images were acquired at
muscle 6 in segments A3. The pupae and adult eye images were
captured using a Nikon Digital Sight DS-Fi1 camera (Melville,
NY) mounted on a Nikon AZ100 light microscope (Melville,
NY). For each eye picture, 3 to 4 images with sequential focal
points were taken to cover the entire eye, and these images
were then stacked into a single image using the Zerene Stacker
software. All quantifications of intensity were performed using
NIS-Elements (version 3.0).

Anti-Ref(2)P antibody

To generate anti-Ref(2)p antibody, cDNA sequence encod-
ing full-length Ref(2)p protein from EST clone GH06306
was fused in-frame into pET28a vector. His-tagged Ref(2)p
protein was expressed from E. coli and the purified protein
was used to immunize rabbits. The specificity of the anti-
bodies was validated for its ability to specifically recognize
the endogenous Ref(2)P protein that is present in wild-type
adult flies but absent from homozygous ref(2)p mutants
(c03993 line) (Fig. S3).

Western blots

Western blots were performed according to standard procedures.
The following primary antibodies were used: rabbit anti-Mask
(1:1,000),14 mouse anti-mCherry antibody (1:1000, Novus Bio-
logicals, clone 1C51, NBP1–96752), mouse anti-ubiquitin
(1:1000, Millipore, clone FK2, 04–263), rabbit anti-K48-Ub
(1:1000, Cell Signaling Technology, clone D9D5, mAb #8081),
rabbit anti-K63-Ub (1:500, Millipore, clone Apu3, 05–1308), rab-
bit anti-GFP (1:1000, Life Technologies, A11122), rabbit anti-Ref
(2)P (1:10,000), mouse anti-ACTA/a-actin (1: 5000, JLA20) and
mouse anti-TUBB/b-tubulin (1:1,000, E7) were obtained from
the Developmental Studies Hybridoma Bank, created by the
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NICHD of the NIH and maintained at the University of Iowa,
Department of Biology, Iowa City, IA. HRP-conjugated anti-rab-
bit or HRP-conjugated anti-mouse secondary antibodies were
used at 1:10000. Data were collected using Luminescent Image
Analyzer LAS-3000 (FUJIFILM, Valhalla, NY) and quantified
usingMulti Gauge (FUJIFILM, Valhalla, NY).

Statistical analysis

Statistical analysis was performed and graphs were generated in
Origin (Origin Lab, Northampton, MA). Each sample was
compared with other samples in the group (more than 2) using
a pertinent post-hoc test in ANOVA, or with the other sample
in a group of 2 using a Student t test. All histograms are shown
as mean § SEM.

Abbreviations

ACTA actin a

AEL after egg laying
ALS amyotrophic lateral sclerosis
DTS dominant temperature-sensitive
FUS fused in sarcoma
GFP green fluorescent protein
MAPT microtubule associated protein tau
PBS phosphate-buffered saline
TFEB transcription factor EB
TUBB tubulin b

UPS ubiquitin-proteasome system
V-ATPase vacuolar-type ATPase
YFP yellow fluorescent protein
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