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Abstract 22 

The autophagy-lysosome pathway plays a fundamental role in the clearance of aggregated 23 

proteins and protection against cellular stress and neurodegenerative conditions. Alterations in 24 

autophagy processes, including macroautophagy and chaperone-mediated autophagy (CMA), 25 

have been described in Parkinson disease (PD). CMA is a selective autophagic process that 26 

depends on LAMP2A (Lysosomal associated membrane protein 2A), a mammal and bird-specific 27 

membrane glycoprotein that translocates cytosolic proteins containing a KFERQ-like peptide 28 

motif across the lysosomal membrane. Drosophila reportedly lack CMA and use endosomal 29 

microautophagy (eMI) as an alternative selective autophagic process. Here we report that 30 

neuronal expression of human LAMP2A protected Drosophila against starvation and oxidative 31 

stress, and delayed locomotor decline in aging flies without extending their lifespan. LAMP2A 32 

also prevented the progressive locomotor and oxidative defects induced by neuronal expression 33 

of PD-associated human SNCA (synuclein alpha) with alanine-to-proline mutation at position 30 34 

(SNCAA30P). Using KFERQ-tagged fluorescent biosensors, we observed that LAMP2A expression 35 

stimulated selective autophagy in the adult brain and not in the larval fat body, but did not 36 

increase this process under starvation conditions. Noteworthy, we found that neurally 37 

expressed LAMP2A markedly upregulated levels of Drosophila Atg5, a key macroautophagy 38 

initiation protein, and of the Atg5-containing complex, and that it increased the density of 39 

Atg8a/LC3-positive puncta, which reflects the formation of autophagosomes. Furthermore, 40 

LAMP2A efficiently prevented accumulation of the autophagy defect marker Ref(2)P/p62 in the 41 

adult brain under acute oxidative stress. These results indicate that LAMP2A can promote 42 
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autophagosome formation and potentiate autophagic flux in the Drosophila brain, leading to 43 

enhanced stress resistance and neuroprotection.  44 

 45 

Abbreviations 46 

Act5C: actin 5C; a.E.: after eclosion; Atg5: autophagy-related 5; Atg8a/LC3: autophagy-related 47 

8a; CMA: chaperone-mediated autophagy; DHE: dihydroethidium; elav: embryonic lethal 48 

abnormal vision; eMI: endosomal microautophagy; ESCRT: endosomal sorting complexes 49 

required for transport; GABARAP: GABA typeA receptor-associated protein; Hsc70-4: heat shock 50 

protein cognate 4; HSPA8/Hsc70: heat shock protein family A (Hsp70) member 8; LAMP2: 51 

lysosomal associated membrane protein 2; MDA: malondialdehyde; PA-mCherry: 52 

photoactivable mCherry; PBS: phosphate-buffered saline; PCR: polymerase chain reaction; PD: 53 

Parkinson disease; Ref(2)P/p62: refractory to sigma P; ROS: reactive oxygen species; 54 

RpL32/rp49: ribosomal protein L32; RT-PCR: reverse transcription polymerase chain reaction; 55 

SING: startle-induced negative geotaxis; SNCA/α-synuclein: synuclein alpha; SQSTM1/p62: 56 

sequestosome 1; TBS: Tris-buffered saline; UAS: upstream activating sequence.  57 

 58 

Introduction 59 

Autophagy is an essential cellular process conserved in all eukaryotic systems that degrades or 60 

recycles cellular components through delivery to lysosomes and plays essential function in 61 

development, cell physiology and protection against various stresses and diseases [1-4]. Three 62 

main autophagic pathways are described: macroautophagy, microautophagy and chaperone-63 
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mediated autophagy (CMA). Macroautophagy involves the formation of a phagophore that 64 

sequesters parts of the cytoplasm, including protein aggregates or organelles such as damaged 65 

mitochondria (mitophagy); upon completion, the phagophore matures into a double-membrane 66 

autophagic vesicle (autophagosome). The autophagosomes then fuse with lysosomes leading to 67 

degradation of the vesicle content [4-6]. Microautophagy in contrast only implicates lysosomes 68 

or late endosomes that directly entrap cytoplasmic materials or proteins by membrane 69 

invagination [7-9]. 70 

Approximately 30% of cytosolic proteins contain a KFERQ-like pentapeptide motif [10] 71 

recognized by the chaperone HSPA8/Hsc70 (heat shock protein family A [Hsp70] member 8) 72 

[11,12]. These proteins are selectively degraded either by endosomal microautophagy (eMI), 73 

which involves engulfment by late endosomes [8,13,14], or, alternatively, by CMA, in which the 74 

substrate proteins are unfolded and translocated one by one through the lysosomal membrane 75 

[15-17]. CMA depends on the LAMP2A (Lysosomal associated membrane protein 2A) receptor, a 76 

membrane glycoprotein involved in protein translocation from the cytosol to the lysosomal 77 

lumen [18]. Structurally, LAMP2A consists of a heavily glycosylated large N-terminal lumenal 78 

domain, a single transmembrane spanning region and a short (12 amino acids) C-terminal tail 79 

exposed in the cytosol [19,20]. Alternative splicing of the human LAMP2 gene produces 3 80 

protein isoforms (LAMP2A, LAMP2B and LAMP2C) that each carries out specific roles in 81 

autophagy [19,21], but only LAMP2A can function in CMA [22].  82 

CMA alterations have been observed in several neuropathologies, including Parkinson disease 83 

(PD), Alzheimer disease and Huntington disease, in which neurodegenerative symptoms are 84 

associated with the accumulation of aberrant protein oligomers or aggregates [15,16,23-25]. 85 
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Pathogenic mutations in 2 PD-associated genes, SNCA (synuclein alpha) and LRRK2 (leucine rich 86 

repeat kinase 2), have been reported to disrupt CMA-mediated cytosolic protein degradation 87 

[26,27]. Enhancing CMA through LAMP2A overexpression in the rat substantia nigra counteracts 88 

SNCA pathogenicity, leading to lower SNCA levels and decreased dopaminergic neuron 89 

degeneration [28]. This indicates that CMA is a potential target to prevent or treat PD and other 90 

neuropathologies.  91 

Drosophila is a widely used model to study the mechanisms and regulations of autophagy in vivo 92 

[29-32]. In this organism, macroautophagy has prominent developmental functions [33] and 93 

plays a protective role against starvation and oxidative stress [34,35], whereas eMI is required 94 

for protein turnover at synapses [13] and to be induced by prolonged starvation [14]. The 95 

LAMP2A protein contains in its C-terminal tail a specific peptide motif required for CMA that is 96 

known to be present only in mammals and birds. This suggests that CMA does not occur in 97 

Drosophila [13,14].  98 

Here, in order to learn more about LAMP2A-mediated neuroprotective mechanisms, we studied 99 

whether this protein can act as a stress-protectant in the fly. We show that the pan-neuronal 100 

expression of human LAMP2A is sufficient to significantly enhance Drosophila resistance to 101 

various stresses, and to protect against mutant SNCA pathogenicity and prolong locomotor 102 

ability in aging flies. By using eMI fluorescent sensors and antibodies against autophagy-related 103 

proteins, we found that LAMP2A expression promoted both selective autophagy and 104 

autophagosome formation in the fly brain. LAMP2A also prevented Ref(2)P/SQSTM1/p62 105 

(Refractory to sigma P) accumulation under oxidative stress, indicating that the neural 106 

expression of this lysosomal protein can stimulate autophagic flux in Drosophila.  107 
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 108 

Results 109 

Neuronal LAMP2A expression protects flies from starvation and oxidative stress 110 

To study the function of the human LAMP2A receptor in Drosophila, we generated UAS-LAMP2A 111 

strains. Pan-neuronal (elav>LAMP2A) expression yielded viable fly progeny that developed 112 

normally to adults and did not have apparent behavioral defects. Reverse transcription 113 

polymerase chain reaction (RT-PCR) analysis performed on adult head RNA extracts from these 114 

flies, as well as whole-mount brain immunostaining with a specific antibody, confirmed the 115 

transgenic expression and stability of human LAMP2A in the fly (Fig. S1A and B). We then 116 

examined the effects of the neural expression of this protein on Drosophila resistance to 117 

nutrient deprivation, a typical inducer of autophagy. A significant protection against prolonged 118 

(>24 h) starvation was observed when LAMP2A was ectopically expressed in all Drosophila 119 

neurons (Fig. 1A, see statistical data in Table S3). While the median survival was ~48 h for 120 

control starved flies, it rose to ~72 h for elav>LAMP2A flies in the same conditions. This higher 121 

resistance suggests that human LAMP2A expression enhances autophagy in Drosophila.  122 

Oxidative stress promotes protein damage and aggregation that can be mitigated by increased 123 

autophagy [15,35,36]. ROS produced mainly from mitochondrial source under starvation or 124 

other stressful conditions can directly induce autophagy by a mechanism that is not fully 125 

understood [37]. Increased LAMP2A transcription and CMA activation were previously 126 

demonstrated in rats under paraquat-mediated oxidative stress [38]. Here we find that flies 127 

with pan-neuronal LAMP2A expression showed much higher tolerance to paraquat compared to 128 

the driver and UAS controls: around 50% of LAMP2A flies were still alive after 72 h of paraquat 129 
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exposure, at a time when all control flies were dead (Fig. 1B). Therefore, LAMP2A potently 130 

protects Drosophila neurons against acute oxidative stress.  131 

 132 

LAMP2A delays locomotor senescence but does not prolong lifespan 133 

Previous studies showed that restoring CMA by increasing LAMP2A levels could protect from 134 

age-related liver function decline in mice [39]. Here we monitored startle-induced negative 135 

geotaxis (SING), a frequently used behavioral paradigm to test for locomotor ability in 136 

Drosophila. SING progressively declines with age or in various mutant neuropathological 137 

conditions [40-45]. We observed that flies expressing human LAMP2A in neurons had a better 138 

preservation of climbing performance with age compared to controls, which was prominent 139 

after 6 weeks of adult life (Fig. 1C). In contrast and interestingly, neuronal LAMP2A expression 140 

did not extend Drosophila longevity, indicating that it increased fly healthspan rather than 141 

lifespan (Fig. 1D).  142 

 143 

LAMP2A coexpression reduces neuronal SNCA accumulation and prevents SNCAA30P-induced 144 

locomotor defects 145 

Accumulation of the chaperone protein SNCA plays a central role in PD pathogenesis [46]. This 146 

accumulation is normally mitigated by proteasomal degradation and lysosomal clearance, 147 

involving in particular CMA activation through LAMP2A and HSPA8 induction [47,48]. SNCA 148 

mutations promote protein aggregation and disrupt CMA [26], and this probably contributes to 149 

neuronal loss and subsequent motor symptoms in PD. Furthermore, regional variations in CMA 150 

activity and LAMP2A expression appear to correlate with differential vulnerability of brain 151 
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regions to protein aggregation [49]. Both LAMP2A and HSPA8 mRNAs and proteins are reduced 152 

in the substantia nigra pars compacta of PD patients, leading to lower CMA activity and 153 

increased SNCA level [50,51].  154 

In Drosophila, the expression of human mutant SNCA (alanine-to-proline at position 30, 155 

SNCAA30P) in neurons causes precocious locomotor impairments in aging flies [40,42,52-54]. 156 

Remarkably, we observed that the SING defects induced by neuronal accumulation of SNCAA30P 157 

(elav>SNCAA30P flies) were fully prevented when LAMP2A was coexpressed (elav>LAMP2A, 158 

SNCAA30P)  (Fig. 2A). We also observed a reduced accumulation of SNCAA30P protein in 30-day-old 159 

flies when human LAMP2A was coexpressed with the pathogenic protein in all neurons (Fig. 2B). 160 

Neither SNCAA30P nor LAMP2A mRNA levels were decreased when these transgenes were 161 

coexpressed compared to each protein alone (Fig. S2A), indicating that the reduced 162 

accumulation of SNCAA30P protein was not related to the presence of 2 UAS transgenes in the 163 

genome. The lower SNCAA30P accumulation in elav>LAMP2A, SNCAA30P flies compared to 164 

elav>SNCAA30P is therefore likely to result from a faster degradation of the pathogenic mutant 165 

protein. This further indicates that human LAMP2A can activate autophagic clearance in flies. 166 

Taken together, these observations are reminiscent of the neuroprotective effect of LAMP2A 167 

overexpression in the rat substantia nigra, which prevents dopaminergic neurodegeneration 168 

induced by human SNCA and reduces SNCA levels in this PD model as well [28]. 169 

 170 

LAMP2A prevents SNCA-induced ROS accumulation and oxidative defects  171 

Previous reports in Drosophila and mouse suggest that the neurotoxicity of SNCA could be 172 

partly caused by an increase in oxidative stress associated with the abnormal accumulation of 173 
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this protein [52,55-58]. This prompted us to analyze the levels of reactive oxygen species (ROS) 174 

in whole-mount Drosophila brains using dihydroethidium (DHE) dye fluorescence. Flies 175 

coexpressing SNCAA30P together with LAMP2A in all neurons showed significantly decreased ROS 176 

abundance compared to flies expressing SNCAA30P alone, both at 2 and 30 days after eclosion 177 

(a.E.) (Fig. 2C and Fig. S2B). We also determined the brain level of malondialdehyde (MDA), a 178 

compound used to assess the level of lipid peroxidation, as a test for oxidative stress-induced 179 

damage [59,60]. While the MDA amount in brain was found to be elevated in the presence of 180 

SNCAA30P, particularly in 30-day old flies, coexpression of LAMP2A in neurons fully restored brain 181 

MDA to normal levels (Fig. 2D). This shows that LAMP2A can counteract the noxious pro-oxidant 182 

effect of mutant SNCAA30P in the Drosophila brain.  183 

 184 

LAMP2A increases KFERQ motif-selective autophagy in the adult brain of fed flies but not in 185 

the larval fat body 186 

In mammals, LAMP2A is a limiting step for CMA and changes in its levels modulate CMA activity 187 

[61]. All conditions known to activate CMA, including prominently starvation, up-regulate 188 

LAMP2A level at the lysosomal membrane [38,61,62]. Protection against starvation, oxidative 189 

stress and SNCAA30P conferred by LAMP2A expression in Drosophila suggests that this protein 190 

may be able to stimulate a KFERQ motif-selective autophagy process in this organism. A 191 

fluorescent biosensor containing a KFERQ peptide fused to photoactivable mCherry (KFERQ-PA-192 

mCherry), has recently been shown to localize in the late endosome and lysosome 193 

compartment in larval fat body upon prolonged starvation, an effect dependent on Hsc70-4, the 194 

fly ortholog of HSPA8, and the ESCRT (endosomal sorting complexes required for transport) 195 
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machinery [14]. This was interpreted as an evidence of eMI rather than CMA. We therefore 196 

used this biosensor to probe for the effect of LAMP2A on the accumulation of fluorescent 197 

puncta in late endosomes and lysosomes, either in fed or starvation conditions [14]. Although 198 

we observed an increase in biosensor puncta per cell in the larval fat body upon LAMP2A 199 

expression under fed conditions in some experiments, the effect was found not to be significant 200 

when all data were pooled (Fig. 3Ai-ii’ and B). Starvation increased sensor puncta formation, as 201 

previously reported [14], but not further in LAMP2A-expressing larvae (Fig. 3Aiii-iv’ and B). 202 

Similar results were obtained with another eMI biosensor, KFERQ-Split-Venus [13], in which the 203 

KFERQ recognition motif was fused to both the N- and C-terminal part of the yellow fluorescent 204 

protein variant Venus [63]. Split-Venus reconstitution occurs when both moieties concentrate 205 

upon endosomal targeting, leading to a fluorescent signal [13]. In the larval fat body, LAMP2A 206 

expression did not increase Split-Venus fluorescence nor puncta formation under fed or 207 

starvation conditions (Fig. S3A-C). Therefore, LAMP2A expression does not seem to induce 208 

KFERQ-dependent autophagy efficiently in the larval fat body.  209 

To examine the effect of LAMP2A expression on selective autophagy in the brain, we expressed 210 

N- and C- KFERQ-Split-Venus together in all neurons, either with or without LAMP2A. Brains 211 

from fed or starved adult flies were dissected and mounted for confocal microscopy. 212 

Representative scans of whole brains are shown in Fig. S4A. Fluorescent puncta were detected 213 

in the neuropil at high resolution, in particular in the calyx region of the mushroom bodies, 214 

where they could be most easily visualized and quantified (Fig. 3C and Fig. S4B). These puncta 215 

likely represent Split-Venus reconstitution events in the late endosome and lysosome 216 

compartments. A small but significant increase in overall fluorescence intensity in the brain 217 



 

 11 

neuropil of fed flies was observed at low resolution when LAMP2A was coexpressed (Fig. 3D). 218 

We observed, remarkably, that the number of puncta in the calyx region was strongly increased 219 

(about twice as much) compared to controls without LAMP2A (Fig. 3E). In contrast, we could not 220 

see significant puncta increments under starvation condition (Fig. 3D and E). This suggests that 221 

human LAMP2A can promote KFERQ motif-dependent selective autophagy in the fly nervous 222 

system. However, this effect does not occur in all tissues and has not been observed under 223 

starvation.  224 

 225 

LAMP2A upregulates Atg5 expression and enhances macroautophagy in fly neurons 226 

Suppression of macroautophagy in various models promotes neurodegeneration associated to 227 

the accumulation of polyubiquitinated protein aggregates [35,64-67]. Moreover, increasing 228 

basal macroautophagy is known to protect Drosophila against the deleterious consequences of 229 

oxidative stress [35,65,68]. We therefore considered macroautophagy as an alternative 230 

degradation process by which human LAMP2A could mediate neuroprotection. ATG5 is an E3-231 

like ligase that together with ATG12 and ATG16L1 constitutes an elongation complex required 232 

for the formation of autophagosomes [69]. Here we found by western blot analysis that 233 

LAMP2A expression in neurons considerably increased levels of Drosophila Atg5 protein and of 234 

the Atg12-Atg5  complex (Fig. 4A and B). Because it has recently been reported that Atg5 235 

inactivation induces locomotor defects in flies [44], the upregulation of Atg5 expression could in 236 

part explain the improvement in locomotion ability we observed upon LAMP2A expression in 237 

PD-like conditions and in aged wild-type flies.  238 
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Ref(2)P, the Drosophila ortholog of human SQSTM1/p62 (sequestosome 1), is an autophagosome 239 

cargo protein contributing to the clearance of ubiquitinated proteins [66,67,70], which is 240 

commonly used as a marker of autophagic flux in fly tissues [71]. Dopaminergic neurons are the 241 

primary target of paraquat in Drosophila [72]. We therefore compared anti-Ref(2)P 242 

immunostaining in brains of oxidative stress-challenged flies expressing or not expressing 243 

human LAMP2A in dopaminergic neurons. Whereas paraquat exposure increased Ref(2)P 244 

accumulation in neurons of control flies (Fig. 4Ci-ii and D), this effect was strikingly reduced 245 

upon LAMP2A expression (Fig. 4Ciii-iv and D). This indicates that human LAMP2A prevents 246 

paraquat-induced accumulation of Ref(2)P-containing aggregates in Drosophila neurons, most 247 

likely by enhancing clearance of these aggregates through Atg5-dependent macroautophagy.  248 

Recruitment of Atg8a/LC3, the major Drosophila ortholog of human GABARAP (GABA type A 249 

receptor associated protein) and MAP1LC3/LC3 (microtubule associated protein 1 light chain 3)  250 

ortholog families of yeast Atg8, during autophagosome assembly is an essential step in the 251 

macroautophagy process [73,74]. To search for a direct demonstration that LAMP2A increases 252 

autophagosome formation in fly neurons, we analyzed the density of Atg8a-positive puncta by 253 

immunostaining. As shown in Fig. 4E and F, we found that pan-neuronal expression of LAMP2A 254 

as a mean doubled the number of Atg8a-positive dots in the brain neuropil compared to control 255 

flies. This confirmed an expansion of the autophagosome compartment induced by LAMP2A 256 

expression in Drosophila neurons.   257 

 258 

Discussion 259 
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Expression of the lysosomal receptor LAMP2A confers stress resistance and neuroprotection in 260 

Drosophila 261 

The autophagy-lysosome pathway plays a fundamental role in cellular physiology. Impairment in 262 

this process, and particularly of macroautophagy and CMA, is often associated with the 263 

progression of neurodegenerative diseases, including PD [15,16,26,27,75-78]. These autophagic 264 

pathways are therefore major potential targets to improve the curative treatment of these 265 

neuropathologies. Selective protein degradation by CMA depends on the presence of a KFERQ 266 

peptide motif or related sequences in protein substrates [79]. These proteins individually 267 

interact with a complex containing the cytosolic chaperone HSPA8, the lysosomal membrane 268 

glycoprotein LAMP2A and other proteins, in which protein substrates are unfolded and 269 

translocated from the cytosol to the lysosomal lumen for degradation through LAMP2A [15,18]. 270 

Although CMA has been extensively characterized in mammals, it is currently considered that 271 

this process does not occur in invertebrates, including Drosophila. The only fly ortholog to 272 

human LAMP2A, named Lamp1, does not contain the amino-acid sequence present in the C-273 

terminal tail of LAMP2A that is required for CMA, and it apparently does not form a complex 274 

with Drosophila Hsc70-4, the ortholog of human HSPA8 [13]. Another selective autophagy 275 

process, eMI, seems to be used instead in the fly [13,14]. eMI has been described in mammals 276 

as a process whereby endosomes engulf cytosolic material through the formation of 277 

multivesicular bodies that later fuse with lysosomes [8]. Cytosolic proteins bearing a KFERQ 278 

motif can be selectively targeted to this autophagy pathway by a LAMP2A-independent process 279 

that involves Hsc70-4 and the ESCRT machinery [8,13,14].  280 
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Here we investigated the potential activity of ectopically expressed human LAMP2A in 281 

Drosophila. We found that pan-neuronal expression of LAMP2A is harmless for behavior and 282 

survival, but rather is potently neuroprotective in flies, conferring increased resistance to 283 

various stresses: nutrient starvation, paraquat exposure, or mutant SNCA accumulation. A 284 

common feature shared by all these stressors is that they induce a significant rise in neuronal 285 

oxidative stress. LAMP2A appears therefore able to activate a powerful protective response 286 

preventing the deleterious consequences of ROS accumulation in the Drosophila nervous 287 

system, suggesting that this membrane protein can stimulate autophagic mechanisms in this 288 

organism.  289 

 290 

LAMP2A expression in flies delays locomotor aging and SNCA-induced defects 291 

Impairment of intracellular proteolysis with age could be largely responsible for the deficient 292 

removal of oxidized proteins in old organisms [80]. We observed that neuronal LAMP2A 293 

expression significantly improved the locomotor performance of aging flies without modifying 294 

Drosophila lifespan. This suggests that preventing the accumulation of oxidized or damaged 295 

proteins can prolong healthspan but is not sufficient to increase longevity in Drosophila. As 296 

mentioned above, these results agree with reports in other models suggesting that a lower 297 

cellular oxidative stress during aging cannot by itself promote prolonged lifespan [81,82]. It is 298 

suspected that other age-related genetic and physiological processes, which are still largely 299 

unresolved, play a more decisive role in lifespan regulation [83].  300 

In humans, PD pathogenesis is associated with CMA impairments in the substantia nigra [50,51] 301 

and this may contribute to SNCA accumulation and neurotoxic effects in this disease. PD-302 
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associated SNCA and LRRK2 mutant proteins disrupt CMA-mediated cytosolic protein 303 

degradation [26,27], leading to the accumulation of SNCA oligomers and other damaged and 304 

potentially toxic proteins. Here we show in the Drosophila model that LAMP2A not only 305 

protected against SNCA-induced locomotor impairments, but also reduced ROS and MDA 306 

accumulation and so likely oxidative cellular damages, and at the same time decreased mutant 307 

SNCA protein level. Such a potent protection is quite comparable to the positive effects of 308 

virally-expressed LAMP2A against SNCA toxicity in the rat substantia nigra [28]. Our results 309 

indirectly suggest that LAMP2A selectively activates clearance of the pathogenic aggregated 310 

forms of SNCAA30P in Drosophila neurons, indicating again that an activation of autophagy is 311 

involved in its neuroprotective effects.  312 

 313 

LAMP2A induces a selective autophagy process in the fly brain  314 

We then assessed which type of autophagy can be activated by LAMP2A in Drosophila. It is 315 

known that starvation first activates macroautophagy within 1 h of nutrient deprivation [34,84]. 316 

Prolonged starvation then triggers LAMP2A-dependent CMA in mammalian cells [85,86] or 317 

ESCRT-dependent eMI in Drosophila [14]. Here we observed with 2 different eMI biosensors 318 

that LAMP2A expression did not alter either fluorescence intensity or puncta formation in the 319 

larval fat body under fed nor under starvation conditions. In contrast, when we expressed the 320 

KFERQ-Split-Venus eMI sensor in the adult brain, we observed that LAMP2A induced a 321 

significant increase in sensor fluorescence and puncta formation in fed but not in starved flies. 322 

This suggests that LAMP2A can induce a form of selective autophagy in the fly brain, but that 323 

this effect is unlikely to be involved in the increased starvation resistance induced by neuronal 324 
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expression of this human protein. In mammals, CMA can be induced by overexpression of its 325 

receptor LAMP2A [28,39]. As mentioned above, CMA is not expected to occur in Drosophila 326 

owing to the lack of a LAMP2A counterpart in invertebrates [13,14]. However, other key CMA 327 

partners are expressed such as Hsc70-4 that shares 87% identity with human HSPA8 [13], and a 328 

KFERQ-like motif is present in about 43% of the fly proteins [14]. Further work is needed, 329 

therefore, to determine whether human LAMP2A can induce a CMA-like process in the 330 

Drosophila brain.  331 

 332 

Human LAMP2A upregulates Atg5 and stimulates macroautophagy in Drosophila 333 

Quite unexpectedly, we observed that human LAMP2A expression in fly neurons strongly 334 

increased levels of Atg5 and of the Atg12-Atg5 macroautophagy complex. This was apparently 335 

associated with an enhancement of autophagic flux because paraquat-induced Ref(2)P 336 

accumulation was prevented when LAMP2A was expressed. Finally, we observed that LAMP2A 337 

expression also markedly increased the density of Atg8a-positive puncta in the brain neuropil. 338 

Taken together, our results indicate that the ectopic expression of LAMP2A can increase 339 

autophagosome formation and enhance macroautophagy in flies. This is not contradictory to 340 

the effect we observed on LAMP2A-mediated clearance of mutant SNCAA30P, as it has been 341 

shown that SNCA can be degraded either by CMA or macroautophagy in mammalian neurons 342 

[47]. Accordingly, it was recently reported that paraquat-induced oxidative stress or MPTP (1-343 

methyl-4-phenyl-1,2,3,6-tetrahydropyridine) toxicity both impaired autophagic flux in human 344 

dopaminergic neuroblastoma cells and in zebrafish dopamine neurons, respectively, and that 345 

Atg5 appeared protective as well in these 2 PD models [68,87]. Our report also suggests a 346 
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potential inductive effect of LAMP2A on the expression or activity of autophagy-related 347 

proteins. A recent article indicated that the lack of LAMP2 gene in mouse embryonic fibroblasts 348 

prevented STX17 (syntaxin 17) incorporation into autophagosomes, leading to a failure of their 349 

fusion with lysosomes [88], which is another indication that the LAMP2 proteins can contribute 350 

to autophagosome maturation.  351 

In humans, LAMP2 gene deficiency leads to Danon disease, histologically characterized by an 352 

extensive accumulation of autophagic vacuoles in various tissues and defects in the 353 

autophagosom and lysosome fusion process [21,89,90]. A similar apparent block of autophagy 354 

could be reproduced in lamp2 knock-out mice, leading to the accumulation of autophagic 355 

vacuoles and of SQSTM1-positive aggregates in the brain [91-93], or by LAMP2 inactivation in 356 

mouse and human cultured cells [88,94-96]. The LAMP2 gene products appear to play a specific 357 

role in the fusion of autophagosomes with lysosomes [88,95,97]. A role for LAMP2 in 358 

macroautophagy in human cells was also previously indicated by functional mapping [98]. 359 

However, the matter is not simple as LAMP2 produces three protein isoforms with distinct roles 360 

in autophagy [19,21]. It would be therefore important to determine the respective function of 361 

these LAMP2 proteins in macroautophagy, possibly by comparing their neuroprotective effects 362 

in Drosophila. Our present study suggests that the human LAMP2A isoform can increase both 363 

KFERQ motif-dependent selective autophagy as well as macroautophagy in the fly brain. These 364 

effects could potentially reflect the diverse functions of this protein in the mammalian brain.  365 

In future work, based on the highly positive effects of sustained LAMP2A expression reported 366 

here and the tractability of the Drosophila model, it should be possible to identify additional 367 

factors involved in LAMP2A-mediated neuroprotection. Such conserved factors or mechanisms 368 



 

 18 

could represent novel therapeutic targets potentially useful to improve human health during 369 

aging and the treatment of PD and other degenerative diseases through autophagy activation.  370 

 371 

Materials and Methods 372 

Drosophila culture and strains 373 

Flies were raised on a standard cornmeal-yeast-agar nutrient medium containing as an antifungal 374 

agent methyl 4-hydroxybenzoate (VWR International, 25605.293), at 25˚C and ~50% humidity 375 

with 12 h-12 h light-dark cycles. The following strains were used: w1118 as wild-type control, elav-376 

Gal4 (elavC155) from the Bloomington Drosophila Stock Center, TH-Gal4 [99], cg-Gal4 [100], UAS-377 

SNCAA30P [40] (kindly provided by Mel Feany, Harvard Medical School, Boston, MA), UAS-378 

GFP::LAMP1; UAS-KFERQ-PA-mCherry [14], UAS-KFERQ-N-Venus, UAS-KFERQ-C- Venus [13] 379 

(kindly provided by Patrik Verstreken, KU Leuven, Center for Human Genetic, Leuven, The 380 

Netherlands) and UAS-LAMP2A (this report). A strain carrying both UAS-LAMP2A and UAS--381 

SNCAA30P on the second chromosome was generated by meiotic recombination. For purpose of 382 

simplification, we used the driver>effector convention to indicate genotypes: elav-Gal4; UAS-383 

LAMP2A flies, for example, were denoted as elav>LAMP2A.  384 

DNA constructs 385 

The human LAMP2A cDNA (clone H05D091G15) was obtained from Kabushiki Kaisha DNAFORM. 386 

The 1250 base pair LAMP2A insert was PCR amplified using primers with added restriction sites 387 

(Table S1). The sequence upstream of the ATG initiation codon in the forward primer was 388 

modified to match the Drosophila translation start consensus sequence. The PCR fragment was 389 

inserted into pUAST [101] and verified by sequencing (GATC Biotech). The UAS-LAMP2A plasmid 390 
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was sent to BestGene Inc. for P-element transformation by random insertion. Non-recessive 391 

lethal second- and third-chromosome insertions that yielded strong expression were selected 392 

and used thereafter.  393 

RNA detection 394 

RT-PCR analysis was carried out and analyzed as previously described [72]. Total RNA was 395 

isolated by standard procedure generally from 20 heads of 10-day-old flies collected on ice and 396 

lysed in 600 µl QIAzol Reagent (Qiagen, 79306). Total RNA (1 μg) was reverse transcribed using 397 

oligo(dT) primers with Maxima First Strand cDNA Synthesis Kit (Thermo Fisher Scientific, K1671). 398 

Approximately 1 ng of the first strand cDNA was amplified in 25 μl of reaction mixture using 399 

PrimeStar Max DNA polymerase (Takara Bio, R045A). The program cycles included 10 s 400 

denaturation at 98°C, 10 s annealing at 55°C and 30 s elongation at 72°C, repeated 25 to 35 401 

times. PCR product levels were estimated after electrophoresis by densitometry with the Fiji 402 

software [102]. Data were normalized to amplification level of the ribosomal RpL32/rp49 403 

transcript. Sequences of the primers used are indicated in Table S2.  404 

Adult brain immunostaining 405 

Whole-mount brains from adult flies aged 8 days a.E. were dissected and processed for 406 

immunostaining as previously described [43,72]. The primary antibodies were: mouse 407 

monoclonal anti-human LAMP2 used at 1:200 dilutions (Developmental Studies Hybridoma 408 

Bank, H4B4), rabbit polyclonal antibody against Drosophila Ref(2)P [103] used at 1:100 (kindly 409 

provided by Sébastien Gaumer, Université Versailles-St-Quentin-en-Yvelines, France) and mouse 410 

monoclonal anti-human GABARAP (anti-Atg8) used at 1:500 (Santa Cruz Biotechnology, sc-411 

377300). Note that the amino acid sequences of human GABARAP and Drosophila Atg8a shares 412 
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92% identity and we also checked by western blot that this GABARAP antibody that cross-reacts 413 

with multiple species recognizes Drosophila Atg8a. Brains were mounted in Prolong Gold 414 

Antifade Mountant (Thermo Fisher Scientific, P36930) and images were acquired on a Nikon 415 

A1R confocal microscope (Nikon Instruments, Tokyo, Japan). Laser, filter and gain settings 416 

remained constant within each experiment. The number of Atg8a particles was scored after 417 

selecting the area of interest by using the particle analysis tool of the Fiji software.  418 

Starvation and oxidative stress resistance 419 

To monitor starvation resistance, 10-day-old female Drosophila were kept in vials containing 420 

Whatman blotting paper (Sigma-Aldrich, WHA3001917) soaked with water and no nutrient 421 

medium. Dead flies were scored every 12 h. At least 100 flies were tested per genotype. 422 

Oxidative stress resistance was assayed by exposure to paraquat (methyl viologen dichloride 423 

hydrate; Sigma-Aldrich, 856177) using a previously described dietary ingestion procedure [72]. 424 

Non-virgin 8-day-old female Drosophila (~100 per genotype) were starved for 2 h in empty vials. 425 

They were then exposed to 20 mM paraquat diluted in 2% (wt:vol) sucrose (Euromedex, 200-426 

301-B) (or sucrose only for controls) in 2-inch (5.2 cm) diameter Petri dishes (10 flies per dish) 427 

containing 2 layers of Whatman blotting paper (Sigma-Aldrich, WHA3001917) soaked with the 428 

paraquat solution and incubated at 25°C in saturating humidity conditions. Fly survival was 429 

scored after 24, 48 and 72 h. In some experiments, brains from flies exposed to 20 mM 430 

paraquat for 24h were dissected and processed for immunostaining.  431 

Locomotion assay 432 

Locomotor decline during aging was monitored by a SING test as previously described [42,45]. 433 

For each genotype, 50 adult males divided into 5 groups of 10 flies were placed in a vertical 434 
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column (25-cm long, 1.5-cm diameter) with a conic bottom end and left for approximately 25 435 

min for habituation. They were tested individually by gently tapping them down (startle), and 436 

scoring the number of flies having reached the top of the column (above 22 cm) and remaining 437 

at the bottom end (below 4 cm) after 1 min. Each group was assayed 3 times at 15 min intervals. 438 

The performance index for each column was calculated as follows: ½[1 + (ntop-nbot)/ntot], where 439 

ntot is the total number of flies, and ntop and nbot the number of flies at the top and at the 440 

bottom, respectively. Results are the mean and SEM of the scores obtained with the 5 groups of 441 

flies per genotype.  442 

Longevity studies 443 

Lifespan analysis was performed as described [43]. Drosophila adult males (~50 animals/bottle 444 

in triplicate for each genotype) were collected within 24 h of emergence and incubated at 25°C. 445 

They were transferred into fresh bottles or vials every 2 or 3 days and the number of surviving 446 

flies was scored. Data are expressed as percentage of the initial fly number as a function of 447 

time.  448 

Fluorescent biosensors 449 

To monitor eMI activity in larvae, we first used a fluorescent sensor containing a KFERQ motif 450 

fused to photoactivable mCherry (KFERQ-PA-mCherry) as previously described [14]. Briefly, cg-451 

Gal4, UAS-GFP::LAMP-1; UAS-KFERQ-PA-mCherry virgins were mated to w1118 or UAS-LAMP2A 452 

males. Early 3rd instar progeny larvae of these crosses were photoactivated and then incubated 453 

for 25h on 20% sucrose with heat-killed yeast paste for fed conditions, or 20% sucrose only for 454 

starvation. Following which, they were cut open, fixed in 4% paraformaldehyde (VWR 455 

International, 100503-917), and processed for fat body tissue imaging on an ApoTome.2 system 456 
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(Carl-Zeiss, Oberkochen, Germany). Around 150 cells were quantified in total per genotype in 4 457 

independent experiments.  458 

In other sets of experiments, we have used a Split-Venus eMI sensor [13], in which the 459 

recognition motif KFERQ is fused both to the N- or C-terminal portion of the yellow fluorescent 460 

protein  variant Venus [63]. Split-Venus reconstitution occurs when both moieties concentrate 461 

upon eMI targeting, leading to a fluorescent signal [13]. UAS-KFERQ-N-Venus, UAS-KFERQ-C-462 

Venus (here named UAS-KFERQ-Split-Venus-NC, control) or recombined UAS-KFERQ-Split-Venus-463 

NC, UAS-LAMP2A flies were crossed to cg-Gal4 or elav-Gal4 for expression in fat body cells or in 464 

all neurons, respectively. 3rd instar larvae (3 to 5 per genotype in each experiment) were either 465 

fed on 20% sucrose plus yeast paste or starved for 4 h on 20% sucrose, before being processed 466 

for fat body tissue imaging. Whole-mount brains (3 to 7 per genotype and feeding condition in 467 

each experiment) were dissected from progeny adults aged 7 to 10 days a.E that were either 468 

normally fed or starved for 24 h. Brains were then fixed in 4% paraformaldehyde for 20 min and 469 

washed in 1X phosphate-buffered saline (PBS) pH 7.4 (Thermo Fisher Scientific, 70011044) for 470 

15 min, twice. Split-Venus reconstitution in tissues was monitored by yellow fluorescence 471 

imaging (excitation at 515 nm, emission at 528 nm) on a Nikon A1R confocal microscope. Laser, 472 

filter and gain settings remained constant within one experiment. Overall fluorescence intensity 473 

was determined with the Fiji software by measuring relative mean density on Z projections of 474 

portions of fat body or on the whole brain, respectively, and the data were normalized to 475 

respective control values. The number of puncta was scored after selecting the area of interest 476 

by using the particle analysis tool of the Fiji software. Results are mean ± SEM of 3 independent 477 

experiments.  478 
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Western blot analyses 479 

Fly heads (20) were homogenized in 100 μl RIPA buffer (Sigma-Aldrich, R0278) containing 480 

protease inhibitors (cOmplete mini Protease Inhibitor Cocktail tablets; Roche Diagnostics, 481 

11836153001) using a Minilys apparatus (Bertin Instruments, Montigny-le-Bretonneux, France). 482 

The lysates were incubated on ice for 30 min and centrifuged at 8,000 g for 10 min at 4°C. 483 

Protein samples were prepared by diluting the supernatant in 1 x final NuPAGE LDS Sample 484 

Buffer (Thermo Fisher Scientific, NP0001) and reducing agent (Thermo Fisher Scientific, 485 

NP0009), followed by 10-min denaturation at 70°C and 5 s centrifugation at 1,000 g. Proteins 486 

were separated in 4-12% NuPAGE Bis-Tris precast polyacrylamide gels (Thermo Fisher Scientific, 487 

NP0321BOX), using PageRuler Plus Prestained Protein Ladder (Thermo Fisher Scientific, 26619) 488 

as migration marker, and electrotransferred to Hybond ECL nitrocellulose (GE Healthcare Life 489 

Sciences, RPN3032D) or Amersham Hybond P 0.45 PVDF membranes (GE Healthcare Life 490 

Sciences, 10600023). Membranes were blocked after transfer for 2 h at room temperature in 1X 491 

Tris-buffered saline (TBS) pH 7.4 (Thermo Fisher Scientific, 10648973) containing 0.05% (v/v) 492 

Tween 20 (Sigma Aldrich, P1379) (TBS-Tween) supplemented with 5% skim milk. For 493 

immunodetection of human SNCA, transferred membranes were first fixed with 0.4% 494 

paraformaldehyde in PBS for 30 min to prevent the detachment of SNCA monomers as recently 495 

described [104]. The fixed membranes were then washed in TBS-Tween 3 times for 10 min and 496 

blocked for 2 h at room temperature in TBS-Tween + 5% skim milk. Membranes were then 497 

incubated overnight at 4°C in TBS-Tween containing 1% (w/v) bovine serum albumin 498 

(Euromedex, 04-100-812-C) with the following primary antibodies: rabbit polyclonal anti-SNCA 499 

used at 1:1,000 dilutions (Sigma-Aldrich, S3062), rabbit polyclonal anti-Atg5 at 1:500 (Novus 500 
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Biologicals, NB110-53818) and mouse monoclonal anti-ACTB (actin beta) at 1:5,000 (Abcam, 501 

ab20272) that cross-reacts with Drosophila Act5C (Actin 5C). Membranes were washed three 502 

times for 10 min in TBS-Tween and then incubated for 2 h at room temperature with 503 

horseradish peroxidase (HRP)-conjugated anti-rabbit (Abcam, ab7132) or anti-mouse (Jackson 504 

ImmunoResearch, 115-035-146) secondary antibodies at 1:5,000. Immunolabeled bands were 505 

revealed by using ECL RevelBlOt Intense (Ozyme, OZYB002-1000) as chemiluminescent HRP 506 

substrate and digitally acquired at different exposure times using ImageQuant TL software (GE 507 

Healthcare Life Science, Chicago, USA). Densitometry measures were made using Fiji software 508 

and normalized to Act5C measures as internal controls.  509 

ROS detection and quantification 510 

Reactive oxygen species (ROS) level was determined with the fluorescent dye dihydroethidium 511 

(DHE) (Thermo Fisher Scientific, D11347) following a published protocol [105] adapted to 512 

whole-mount Drosophila brains. DHE is preferentially oxidized by superoxide (O2
.-) but it is also 513 

sensitive to other ROS, such as H2O2 and •OH, producing bright-red fluorescent products 514 

(ethidium, 2-hydroxyethidium, and dimers) measured at 555 nm as an index of intracellular 515 

oxidant formation [106]. 5 to 8 adult brains per genotype were dissected in Schneider insect 516 

medium (Sigma Aldrich, S0146) and incubated on an orbital shaker for 10 min at room 517 

temperature in 30 μM DHE diluted in the same medium. The brains were then washed 3 times 518 

in Schneider medium and fixed for 6 min in 7% formaldehyde (Thermo Fisher Scientific, 28908) 519 

in PBS. After rinsing in PBS and mounting in Vectashield Antifade Mounting Medium (Vector 520 

Laboratories, H-1000), the brains were immediately scanned at constant gain setting on a 521 
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Nikon A1R confocal microscope. Relative ROS levels were measured by quantification of whole 522 

brain average intensity level of the dye fluorescence using the Fiji software.  523 

Estimation of lipid peroxidation 524 

The quantification of MDA is an index of lipid peroxidation and ROS-induced damage [59]. MDA 525 

was determined in Drosophila brain extracts using a described procedure [107]. Ten brains were 526 

homogenized in 200 µl of ice-cold 20 mM Tris-HCl (Euromedex, EU0011C) (5 replicates of 10 527 

brains per genotype) using a Minilys apparatus (Bertin Instruments, Montigny-le-Bretonneux, 528 

France)  and the homogenate was microcentrifuged at 3,000 g for 20 min at 4°C. Then, 1 µl of 529 

the supernatant was added to 1.3 ml of acetonitrile-methanol 3:1 (vol:vol) solution containing 530 

7.7 mM 1-methyl-2-phenylindole (Sigma Aldrich, 404888) and 0.3 ml of 37% HCl was added. 531 

After vortexing, the tubes were incubated at 45°C for 40 min, cooled on ice and 532 

microcentrifuged at 1,500 g for 10 min at 4°C. Optical density of the supernatants was 533 

measured at 586 nm. 534 

Statistical analysis 535 

Data from locomotor assays and oxidative stress resistance have been analyzed by one-way 536 

ANOVA with the post-hoc Tukey-Kramer test. Survival curves for starvation resistance and 537 

longevity experiments were generated and compared using the log-rank test. Statistical analysis 538 

of DHE, MDA and eMI biosensor quantifications was performed by the Student t-test or one-539 

way ANOVA with Tukey pairwise comparisons. All statistical analyses were performed with the 540 

Prism 6 software (GraphPad Software, San Diego, California). Significant values in all figures: 541 

*p<0.05, **p<0.01, ***p<0.001.  542 

 543 
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Figure Legends 

 

Figure 1. The LAMP2A receptor promotes stress resistance and neuroprotection in Drosophila. 

(A) Starvation resistance. Expression of the human LAMP2A protein in all neurons significantly 

extended Drosophila survival upon prolonged starvation (elav>LAMP2A flies) compared to elav-

Gal4/+ (elav/+) driver and UAS-LAMP2A/+ (LAMP2A/+) effector controls. (B) Paraquat exposure. 

Survival of elav>LAMP2A flies fed with 20 mM paraquat for 72 h was markedly increased 

compared to the elav/+ and LAMP2A/+ controls. (C) Effect on age-related locomotor decline. 

Pan-neuronal LAMP2A expression (elav>LAMP2A flies) significantly delayed age-related 

decrements in climbing performance (SING assay) compared to driver and effector controls that 

behaved like the wild type. (D) Lifespan assay. elav/+ and elav>LAMP2A flies showed similar 

longevity curves (median lifespan 57 and 55 days, respectively) indicating that neuronal 

LAMP2A expression does not affect Drosophila lifespan.  

 

Figure 2. LAMP2A prevents SNCA-induced behavioral and oxidative defects in Drosophila. (A) 

LAMP2A coexpression fully prevented the progressive locomotor defects induced by pan-

neuronal SNCAA30P. Climbing ability (SING assay) of elav>LAMP2A, SNCAA30P flies was compared 

to that of elav>SNCAA30P and elav>LAMP2A flies at 10, 31 and 38 days after a.E. (B) Human 

LAMP2A reduced neuronal SNCA accumulation. Western blots of head protein extracts from 30-

day-old elav>SNCAA30P flies compared to elav>LAMP2A, SNCAA30P probed with anti-SNCA 

antibody. Act5C was used as a loading control. Quantification of SNCAA30P protein level from 3 

independent experiments. Coexpression of LAMP2A reduced SNCAA30P accumulation without 
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decreasing its mRNA level (see Fig. S2A). (C) Brain ROS levels in the brain of elav>LAMP2A, 

SNCAA30P flies were lower than those of elav>SNCAA30Pand comparable to the elav/+ control at 

both 2 and 30 days a.E. Representative pictures of DHE-labeled brain are shown in Fig. S2B. (D) 

MDA concentration assayed in the brain of 2- and 30-day-old adult Drosophila as an index of 

lipid peroxidation. Brain MDA level was markedly increased in elav>SNCAA30P flies but not in 

elav>LAMP2A, SNCAA30P flies that show similar levels as the elav/+ control.  

 

Figure 3. Effect of LAMP2A on selective autophagy in the larval fat body and adult brain. (A) In 

3rd-instar larval fat body cells, LAMP2A expression (LAMP2A, bottom panels) did not increase 

KFERQ-PA-mCherry fluorescent sensor puncta formation 25 h after photoactivation, either 

under fed (i, ii) or starvation (iii, iv) conditions, compared to controls (top panels). In composite 

images, mCherry fluorescence is in red and DAPI-stained nuclei are in blue. i’-iv’ monochromatic 

images show the KFERQ-PA-mCherry single channel. Scale bars: 20 µm. (B) Quantification of 

puncta number per cell in larvae expressing photoactivated KFERQ-PA-mCherry in fat body with 

or without (control) LAMP2A under fed or starvation conditions. Starvation-induced sensor 

puncta formation was not further increased by LAMP2A expression. Similar results were 

obtained using a different eMI biosensor (KFERQ-Split-Venus) (shown in Fig. S3). (C) Localization 

of reconstituted KFERQ-Split-Venus sensor fluorescent puncta (arrowheads) in a posterior 

region of the adult brain of elav>KFERQ-Split-Venus-NC flies expressing the eMI sensor in all 

neurons. The square in the scheme (top inset) shows localization of the magnified brain region 

that surrounds the calyx of the mushroom body, where fluorescence was prominent and in 

which puncta were scored. Mb, mushroom body; Kc, cell bodies of the Mb Kenyon cells; ca, 
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calyx. Representative scans of whole brain and calyx region for the different genotypes and 

feeding conditions are shown in Fig. S4A and B, respectively. (D, E) Reconstitution of KFERQ-

Split-Venus eMI sensor was increased in adult brain of fed, but not starved, flies expressing 

LAMP2A in all neurons (elav>KFERQ-Split-Venus-NC, LAMP2A) (LAMP2A, right panel), as 

indicated by higher overall fluorescence level (D) and increased density of eMI-positive puncta 

in the calyx region (E), compared to elav>KFERQ-Split-Venus-NC controls. Quantification from 3 

independent experiments.  

 

Figure 4. Human LAMP2A enhances macroautophagy in the Drosophila brain. (A, B) Effect of 

LAMP2A on Atg5 expression. (A) Western blot of head protein extracts from 10-day old control 

flies (elav/+) and flies expressing human LAMP2A in neurons (elav>LAMP2A) probed with anti-

Atg5 antibody. LAMP2A expression markedly increased levels of Atg5 and of the Atg12-Atg5 

complex that is required for autophagosome formation. Act5C served as a loading control. (B) 

Quantification of Atg5 protein and the Atg12-Atg5 complex from 3 independent western blot 

experiments. (C, D) Effect of LAMP2A on paraquat-induced Ref(2)P accumulation. (C) Anti-

Ref(2)P immunostaining in whole-mount adult brains of LAMP2A/+ (panels i and ii) and 

TH>LAMP2A (panels iii and iv) flies exposed to paraquat (panels ii and iv) or not (panels i and iii). 

LAMP2A expression prevented paraquat-induced Ref(2)P accumulation (black puncta) 

suggesting that the human protein is able to maintain efficient autophagic flux under oxidative 

stress. Scale bar: 100 μm. (D) Quantification of Ref(2)P immunostaining in the central brain 

region normalized to LAMP2A/+ control not exposed to paraquat (n = 4 or 5 independent brains 

per condition). (E, F) Effect of LAMP2A on the number of Atg8a-positive puncta. (E) Anti-Atg8a 
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immunostaining in whole-mount adult brains of elav/+ (panel i) and elav>LAMP2A (panel ii) 

flies. The inset scheme on top shows the posterior neuropil region that was magnified in panels i 

and ii and in which Atg8a puncta were counted. Scale bars: 10 µm. (F) Quantification of Atg8a-

positive dots. Each black circle (elav/+) or square (elav>LAMP2A) represents the score for a 

different brain. The number of Atg8a puncta that reflect autophagosome formation was 

markedly increased in LAMP2A-expressing flies. Similar results were obtained in 3 independent 

experiments.  
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Supplementary figure legends 

 

Figure S1. Expression of human LAMP2A in transgenic flies. (A) RT-PCR analysis performed on 

adult head RNAs detects LAMP2A mRNA in elav>LAMP2A flies and not in elav-Gal4/+ (elav/+) 

control. The tiny band amplified in the UAS-LAMP2A/+ (LAMP2A/+) control could originate from 

a small amount of Gal4-independent transgene expression or genomic DNA contamination. 

Amplification of the reference gene RpL32 was used as a control of total mRNA level. (B) Anti-

LAMP2 immunostaining in adult brains reveals expression of the LAMP2A protein in 

elav>LAMP2A flies (panel ii) and not in UAS-LAMP2A/+ (Lamp2a/+) control (panel i). Note that a 

single optical section is shown at the level of the mushroom body lobes because the signal was 

too intense in panel ii to show a projection of the whole brain. Other sections show that 

expression was equally high in all parts of the brain, including in the optic lobes. Scale bars: 100 

µm. (Related to Fig. 1).  

 

Figure S2. LAMP2A prevents SNCAA30P-associated increase in brain ROS level. (A) RT-PCR analysis 

performed on adult head RNA indicates no reduction in SNCAA30P or LAMP2A transcripts when 

both transgenes are coexpressed in neurons compared to expression of each transgene alone. 

elav>LAMP2A, SNCAA30P flies rather showed apparent increase in SNCAA30P mRNA levels 

compared to elav>SNCAA30P flies (left panel) and similar LAMP2A mRNA levels compared to 

elav>LAMP2A flies (right panel). Expression of both transgenes was absent in the driver alone 

flies (elav/+) and very low in the UAS construct alone flies (SNCAA30P/+, LAMP2A/+ and LAMP2A, 

SNCAA30P/+). Amplification of the reference gene RpL32 was used as a control of total mRNA 
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level. (B) Representative scans of DHE-labelled brain from adult flies at 2 (top panels) and 30 

(bottom panels) days a.E. showing differences in ROS levels. Fluorescence intensity was 

increased in brains of elav>SNCAA30P flies compared to elav/+ controls (elav), and it was brought 

back to control levels in brains of elav>LAMP2A, SNCAA30P flies. Scale bar: 100 µm. (Related to 

Fig. 2).  

 

Figure S3. Lack of effect of LAMP2A on selective autophagy in the larval fat body. (A) In 3rd-

instar larval fat body cells expressing KFERQ-Split-Venus eMI biosensor, reconstituted Split-

Venus-positive fluorescent puncta were not detected under fed condition (panels i, ii) but were 

induced by 4 h of starvation (panels iii, iv), either in controls (cg>KFERQ-Split-Venus-NC, panels i, 

iii) or in larvae coexpressing LAMP2A (cg>KFERQ-Split-Venus-NC, LAMP2A flies, panels ii, iv). 

Examples of puncta are indicated by arrowheads. Note that the fluorescence gain has been set 

to a higher value for the pictures of panels iii and iv to allow for a clear display of the puncta. 

The cells that appear brightly fluorescent in these 2 panels actually had similar fluorescence 

levels as the cells in panels i and ii and did not show puncta. Scale bars: 30 µm. (B, C) 

Quantification of overall fluorescence intensity and puncta number per cell in fat body of larvae 

expressing KFERQ-Split-Venus eMI biosensor with or without (control) LAMP2A. Fluorescence 

intensity in fed or starvation conditions (B) and starvation-induced sensor puncta formation (C) 

were not increased by LAMP2A expression. (Related to Fig. 3A and B).  

 

Figure S4. Representative fluorescent scans of whole-mount brains and mushroom body calyx 

region from adult Drosophila expressing KFERQ-Split-Venus sensor in all neurons. (A) Whole-
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mount brains of flies expressing KFERQ-Split-Venus sensor without (elav>KFERQ-Split-Venus-NC, 

panels i and iii) or with (elav>KFERQ-Split-Venus-NC, LAMP2A, panels ii and iv) LAMP2A 

coexpression, under fed (panels i and ii) or starvation (panels iii and iv) conditions. Fluorescence 

was prominent in a posterior region comprising the calyx (ca) of the mushroom bodies (Mb). Kc, 

cell bodies of the mushroom body intrinsic Kenyon cells. Scale bars: 100 µm. (B) Representative 

pictures of the calyx region in brains revealing reconstituted KFERQ-Split-Venus-positive 

fluorescent puncta at high resolution (examples are indicated by arrowheads in panel i). The 

images are shown in negative to allow a better visualization of the puncta. Same panel 

nomenclature as in A. Results of puncta quantification are shown in Fig. 3E. Scale bars: 20 µM. 

(Related to Fig. 3D and E).  
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Figure 1. The LAMP2A receptor promotes stress resistance and neuroprotection in Drosophila. 
(A) Starvation resistance. Expression of the human LAMP2A protein in all neurons significantly 
extended Drosophila survival upon prolonged starvation (elav>LAMP2A flies) compared to elav-
Gal4/+ (elav/+) driver and UAS-LAMP2A/+ (LAMP2A/+) effector controls. (B) Paraquat exposure. 
Survival of elav>LAMP2A flies fed with 20 mM paraquat for 72 h was markedly increased 
compared to the elav/+ and LAMP2A/+ controls. (C) Effect on age-related locomotor decline. 
Pan-neuronal LAMP2A expression (elav>LAMP2A flies) significantly delayed age-related 
decrements in climbing performance (SING assay) compared to driver and effector controls that 
behaved like the wild type. (D) Lifespan assay. elav/+ and elav>LAMP2A flies showed similar 
longevity curves (median lifespan 57 and 55 days, respectively) indicating that neuronal 
LAMP2A expression does not affect Drosophila lifespan.  
  



 

 43 

 

Figure 2. LAMP2A prevents SNCA-induced behavioral and oxidative defects in Drosophila. (A) 
LAMP2A coexpression fully prevented the progressive locomotor defects induced by pan-
neuronal SNCAA30P. Climbing ability (SING assay) of elav>LAMP2A, SNCAA30P flies was compared 
to that of elav>SNCAA30P and elav>LAMP2A flies at 10, 31 and 38 days after a.E. (B) Human 
LAMP2A reduced neuronal SNCA accumulation. Western blots of head protein extracts from 30-
day-old elav>SNCAA30P flies compared to elav>LAMP2A, SNCAA30P probed with anti-SNCA 
antibody. Act5C was used as a loading control. Quantification of SNCAA30P protein level from 3 
independent experiments. Coexpression of LAMP2A reduced SNCAA30P accumulation without 
decreasing its mRNA level (see Fig. S2A). (C) Brain ROS levels in the brain of elav>LAMP2A, 
SNCAA30P flies were lower than those of elav>SNCAA30Pand comparable to the elav/+ control at 
both 2 and 30 days a.E. Representative pictures of DHE-labeled brain are shown in Fig. S2B. (D) 
MDA concentration assayed in the brain of 2- and 30-day-old adult Drosophila as an index of 
lipid peroxidation. Brain MDA level was markedly increased in elav>SNCAA30P flies but not in 
elav>LAMP2A, SNCAA30P flies that show similar levels as the elav/+ control.  
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Figure 3. Effect of LAMP2A on selective autophagy in the larval fat body and adult brain. (A) In 
3rd-instar larval fat body cells, LAMP2A expression (LAMP2A, bottom panels) did not increase 
KFERQ-PA-mCherry fluorescent sensor puncta formation 25 h after photoactivation, either 
under fed (i, ii) or starvation (iii, iv) conditions, compared to controls (top panels). In composite 
images, mCherry fluorescence is in red and DAPI-stained nuclei are in blue. i’-iv’ monochromatic 
images show the KFERQ-PA-mCherry single channel. Scale bars: 20 µm. (B) Quantification of 
puncta number per cell in larvae expressing photoactivated KFERQ-PA-mCherry in fat body with 
or without (control) LAMP2A under fed or starvation conditions. Starvation-induced sensor 
puncta formation was not further increased by LAMP2A expression. Similar results were 
obtained using a different eMI biosensor (KFERQ-Split-Venus) (shown in Fig. S3). (C) Localization 
of reconstituted KFERQ-Split-Venus sensor fluorescent puncta (arrowheads) in a posterior 
region of the adult brain of elav>KFERQ-Split-Venus-NC flies expressing the eMI sensor in all 
neurons. The square in the scheme (top inset) shows localization of the magnified brain region 
that surrounds the calyx of the mushroom body, where fluorescence was prominent and in 
which puncta were scored. Mb, mushroom body; Kc, cell bodies of the Mb Kenyon cells; ca, 
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calyx. Representative scans of whole brain and calyx region for the different genotypes and 
feeding conditions are shown in Fig. S4A and B, respectively. (D, E) Reconstitution of KFERQ-
Split-Venus eMI sensor was increased in adult brain of fed, but not starved, flies expressing 
LAMP2A in all neurons (elav>KFERQ-Split-Venus-NC, LAMP2A) (LAMP2A, right panel), as 
indicated by higher overall fluorescence level (D) and increased density of eMI-positive puncta 
in the calyx region (E), compared to elav>KFERQ-Split-Venus-NC controls. Quantification from 3 
independent experiments.  
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Figure 4. Human LAMP2A enhances macroautophagy in the Drosophila brain. (A, B) Effect of 
LAMP2A on Atg5 expression. (A) Western blot of head protein extracts from 10-day old control 
flies (elav/+) and flies expressing human LAMP2A in neurons (elav>LAMP2A) probed with anti-
Atg5 antibody. LAMP2A expression markedly increased levels of Atg5 and of the Atg12-Atg5 
complex that is required for autophagosome formation. Act5C served as a loading control. (B) 
Quantification of Atg5 protein and the Atg12-Atg5 complex from 3 independent western blot 
experiments. (C, D) Effect of LAMP2A on paraquat-induced Ref(2)P accumulation. (C) Anti-
Ref(2)P immunostaining in whole-mount adult brains of LAMP2A/+ (panels i and ii) and 
TH>LAMP2A (panels iii and iv) flies exposed to paraquat (panels ii and iv) or not (panels i and iii). 
LAMP2A expression prevented paraquat-induced Ref(2)P accumulation (black puncta) 
suggesting that the human protein is able to maintain efficient autophagic flux under oxidative 
stress. Scale bar: 100 μm. (D) Quantification of Ref(2)P immunostaining in the central brain 
region normalized to LAMP2A/+ control not exposed to paraquat (n = 4 or 5 independent brains 
per condition). (E, F) Effect of LAMP2A on the number of Atg8a-positive puncta. (E) Anti-Atg8a 
immunostaining in whole-mount adult brains of elav/+ (panel i) and elav>LAMP2A (panel ii) 
flies. The inset scheme on top shows the posterior neuropil region that was magnified in panels i 
and ii and in which Atg8a puncta were counted. Scale bars: 10 µm. (F) Quantification of Atg8a-
positive dots. Each black circle (elav/+) or square (elav>LAMP2A) represents the score for a 
different brain. The number of Atg8a puncta that reflect autophagosome formation was 
markedly increased in LAMP2A-expressing flies. Similar results were obtained in 3 independent 
experiments.  
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 Table S1. Primers used for human LAMP2A cDNA cloning. 

Gene* GeneBank Accession  Primers Sequences* 

LAMP2A X77196.1 P1-BglII (forward)** 5’-gccgccagatctgctacaaaatggtgtgcttccgcctctt 

  P2-XhoI (reverse) 5’-atcaatctcgaggcagattctaaaattgctcat 

*The added restriction sites are in bold type.  
**The bases modified to match the Drosophila translation start consensus sequence are underlined.  

 

 

 Table S2. Primers used for RT-PCR and real-time PCR. 

Gene* GeneBank Accession Primers Sequences 

LAMP2A X77196.1 LAMP2A (forward) 5’-gatctgctacaaaatggtgtgcttccg 

  LAMP2A (reverse) 5’-atcaatctcgaggcagattctaaaattgctcat 

SNCA L08850.1 SNCA (forward) 5'-ctccaaaaccaaggagggagt 

  SNCA (reverse) 5'-gcctcattgtcaggatccaca 

RpL32 NM_079843.4 RpL32 (forward) 5'-gacgcttcaagggacagtatc 

  RpL32 (reverse) 5'-aaacgcggttctgcatgag 
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Figure S1. Expression of human LAMP2A in transgenic flies. (A) RT-PCR analysis performed on 
adult head RNAs detects LAMP2A mRNA in elav>LAMP2A flies and not in elav-Gal4/+ (elav/+) 
control. The tiny band amplified in the UAS-LAMP2A/+ (LAMP2A/+) control could originate from 
a small amount of Gal4-independent transgene expression or genomic DNA contamination. 
Amplification of the reference gene RpL32 was used as a control of total mRNA level. (B) Anti-
LAMP2 immunostaining in adult brains reveals expression of the LAMP2A protein in 
elav>LAMP2A flies (panel ii) and not in UAS-LAMP2A/+ (Lamp2a/+) control (panel i). Note that a 
single optical section is shown at the level of the mushroom body lobes because the signal was 
too intense in panel ii to show a projection of the whole brain. Other sections show that 
expression was equally high in all parts of the brain, including in the optic lobes. Scale bars: 100 
µm. (Related to Fig. 1). 
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Figure S2. LAMP2A prevents SNCAA30P-associated increase in brain ROS level. (A) RT-PCR analysis 
performed on adult head RNA indicates no reduction in SNCAA30P or LAMP2A transcripts when 
both transgenes are coexpressed in neurons compared to expression of each transgene alone. 
elav>LAMP2A, SNCAA30P flies rather showed apparent increase in SNCAA30P mRNA levels 
compared to elav>SNCAA30P flies (left panel) and similar LAMP2A mRNA levels compared to 
elav>LAMP2A flies (right panel). Expression of both transgenes was absent in the driver alone 
flies (elav/+) and very low in the UAS construct alone flies (SNCAA30P/+, LAMP2A/+ and LAMP2A, 
SNCAA30P/+). Amplification of the reference gene RpL32 was used as a control of total mRNA 
level. (B) Representative scans of DHE-labelled brain from adult flies at 2 (top panels) and 30 
(bottom panels) days a.E. showing differences in ROS levels. Fluorescence intensity was 
increased in brains of elav>SNCAA30P flies compared to elav/+ controls (elav), and it was brought 
back to control levels in brains of elav>LAMP2A, SNCAA30P flies. Scale bar: 100 µm. (Related to 
Fig. 2).   
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Figure S3. Lack of effect of LAMP2A on selective autophagy in the larval fat body. (A) In 3rd-
instar larval fat body cells expressing KFERQ-Split-Venus eMI biosensor, reconstituted Split-
Venus-positive fluorescent puncta were not detected under fed condition (panels i, ii) but were 
induced by 4 h of starvation (panels iii, iv), either in controls (cg>KFERQ-Split-Venus-NC, panels i, 
iii) or in larvae coexpressing LAMP2A (cg>KFERQ-Split-Venus-NC, LAMP2A flies, panels ii, iv). 
Examples of puncta are indicated by arrowheads. Note that the fluorescence gain has been set 
to a higher value for the pictures of panels iii and iv to allow for a clear display of the puncta. 
The cells that appear brightly fluorescent in these 2 panels actually had similar fluorescence 
levels as the cells in panels i and ii and did not show puncta. Scale bars: 30 µm. (B, C) 
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Quantification of overall fluorescence intensity and puncta number per cell in fat body of larvae 
expressing KFERQ-Split-Venus eMI biosensor with or without (control) LAMP2A. Fluorescence 
intensity in fed or starvation conditions (B) and starvation-induced sensor puncta formation (C) 
were not increased by LAMP2A expression. (Related to Fig. 3A and B).  
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Figure S4. Representative fluorescent scans of whole-mount brains and mushroom body calyx 
region from adult Drosophila expressing KFERQ-Split-Venus sensor in all neurons. (A) Whole-
mount brains of flies expressing KFERQ-Split-Venus sensor without (elav>KFERQ-Split-Venus-NC, 
panels i and iii) or with (elav>KFERQ-Split-Venus-NC, LAMP2A, panels ii and iv) LAMP2A 
coexpression, under fed (panels i and ii) or starvation (panels iii and iv) conditions. Fluorescence 
was prominent in a posterior region comprising the calyx (ca) of the mushroom bodies (Mb). Kc, 
cell bodies of the mushroom body intrinsic Kenyon cells. Scale bars: 100 µm. (B) Representative 
pictures of the calyx region in brains revealing reconstituted KFERQ-Split-Venus-positive 
fluorescent puncta at high resolution (examples are indicated by arrowheads in panel i). The 
images are shown in negative to allow a better visualization of the puncta. Same panel 
nomenclature as in A. Results of puncta quantification are shown in Fig. 3E. Scale bars: 20 µM. 
(Related to Fig. 3D and E).  


