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Abstract: Neuronal cells are believed to rely on autophagy to maintain cellular homeostasis. Nevertheless, 
autophagy may be a therapeutic target for neurodegenerative diseases because of the role it plays in neuronal 
cell death. Despite Beclin 1 association with autophagy and apoptosis, the molecular mechanisms that underlie 
Tau-induced vesicular pathology and Tau protein aggregates in humans remain poorly understood. Here, we 
set out to examine the role of three genes-ATG14L, Beclin 1 and VPS34- in autophagy nucleation failure-
associated Tau disorders in fruit fly models. We found that either reduced ATG14L levels improve neuronal 
outcomes, or transgenic expression of ATG6/Beclin 1 greatly reduced age-dependent neurodegeneration and 
Tau pathology; whereas, the loss of Beclin 1 exacerbated these effects. Prior to p-Tau accumulation, the 
neuronal Beclin 1 network is critical for reducing p-Tau accumulation, indicating that the loss of Beclin 1 causes 
Tau pathology and neurodegeneration. As neurodegeneration progressed, glial cells showed an upregulation 
of vesicular Beclin 1 immunoreactivities. The reduced VPS34 also resulted in p-Tau accumulation, suggesting 
that neurons require both Beclin 1 and VPS34 to reduce p-Tau accumulation. Our results provide mechanistic 
insight into the molecular pathways that cause age-dependent Tau pathology and neurodegeneration due to 
an excess of autophagy nucleation processes and autophagy activity, and we derive novel inferences on the 
therapeutic possibilities of rebalanced Beclin 1 network by reducing autophagic specific nucleation component 
of ATG14L. 

Keywords: Autophagy; Alzheimer’s disease; ATG14L; Beclin 1; VPS34; Neurodegenerative disease; 
GFP-mCherry-LC3; Tau 

 

1. Introduction 

Tau, as described by Cleveland (1977), is a protein known as microtubule-associated protein tau 
(MAPT) that regulates the transportation of axonal vesicles and the stability of axonal microtubules 
[1,2]. In age-dependent neurodegenerative diseases such as Alzheimer’s disease and frontal temporal 
dementia, progressive accumulation of hyperphosphorylated tau cause neurodegenerative diseases 
across the late age spectrum referred to as tauopathies [3–10]. Neurons are more vulnerable to 
disruption of vesicular transport, which is dependent on axonal Tau associated microtubules. Not 
surprisingly, the widespread autophagy-related vesicle pathology suggests the disruptions of axonal 
transport in major neurodegenerative diseases. The precise correlation between Tau and the role of 
autophagy in neurodegenerative diseases remains poorly understood [11–17].  

The molecular mechanism of autophagy has been conserved through evolution and is 
responsible for recycling damaged cellular components through lysosomal degradation for repair 
and cellular renovation [18–20]. The autophagic process is mediated by double-membrane 
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autophagosomes, which allow for the lysosomal destruction of pathogens (xenophagy), protein 
aggregates and damaged mitochondria (mitophagy) [21–23]. As a result of this recycling into 
fundamental building blocks, hydrolase enzymes in vacuoles or lysosomes degrade biological 
components [24]. Selective autophagy is crucial for the survival of post-mitotic neurons that require 
autophagy to remove protein aggregates and damaged mitochondria [25]. Ohsumi and colleagues 
had identified that more than 30 ATG genes are required during autophagy processes in yeast. The 
cup-shaped double membrane phagophore can be formed by the ATG1 (ULK1/2) complex in the 
absence of nitrogen [22,26]. After initiating nucleation through Beclin 1 complex I of ATG14L-Beclin1-
VPS15-VPS34, this double-membrane phagophore elongates and envelopes the enclosed cytoplasmic 
components, resulting in the formation of an autophagosome [27–30]. Neuronal cells may endure 
stress conditions because of autophagy.  

One autophagy component that inhibits autophagy and apoptosis is Beclin 1, which is a protein 
with Bcl-2 homology 3 (BH3) domain [31–34]. Binding of Beclin 1 to Bcl-2 in the endoplasmic 
reticulum and mitochondria disrupts the connections among ATG14L, Beclin 1, VPS15, and VPS34 
inhibiting autophagy in normal condition [35,36]. During induction, autophagic nucleation process 
consists of ATG14L-Beclin 1-VPS15-VPS34 complex I at the phagophore is activated by the multiple 
layer regulation to disrupt Beclin 1 binding with Bcl-2 in response to stress [37–42]. In order to activate 
autophagic progresses, the newly generated nucleation acts as a docking site for PI3P-binding 
components and facilitates membrane transfer [43]. In order to safeguard neurons, autophagy is 
enhanced to eliminate damaged mitochondria and protein aggregates [44]. On the other hand, 
autophagic vesicle pathology and autophagy dysfunction are common in neurodegenerative 
diseases, leading some to speculate that autophagy failure could exacerbate protein pathology, 
especially the accumulation of phosphorylated Tau in Alzheimer’s disease [14,45,46]. However, it is 
incompletely understood the Beclin 1 mechanisms that maintain neuronal survival and regulate their 
quality control within neurons, which are lost in neurodegenerative diseases that develop with age 
[47–49].  

This work aimed to investigate the hypothesis that the upregulated ATG14L-Beclin 1-VPS34 
complex I has a negative impact on neurons and contributes to human Tau-induced 
neurodegeneration by regulating autophagosome formation and autophagic activity. Our 
investigation revealed that expression of human Tau induced autophagy and leading to a failure in 
the autophagic processes in Drosophila melanogaster. Investigating the autophagy-specific gene 
ATG14L using reverse genetics has shown that reduced ATG14L inhibits the development of Tau 
pathology and neurodegeneration. Conversely, the expression of the Beclin 1 transgene improves 
neuronal outcomes, instead of reducing Beclin 1 expression. Ultimately, we demonstrated that 
increased VPS34 is essential for maintaining neuronal quality control by reducing the buildup of p-
Tau and altering Tau-induced neurodegeneration. Our findings indicate that neuronal balanced 
beclin 1 network has the potential to be used as a therapeutic target such as reducing upregulated 
ATG14L for suppressing neurodegeneration caused by Tau pathology. 

2. Materials and Methods 

2.1. Husbandry and Genotypes of Flies 

The maintenance of fly stocks was authorized by the Bureau of Animal and Plant Health 
Inspection and Quarantine Council of Agriculture regulation in Taiwan. The fruit flies were housed 
in a room that was controlled by automation. The room followed a 12-hour cycle of light and 
darkness. The temperature in the room ranged from 20°C to 25°C, and the humidity was maintained 
at 70 %. The flies were kept in bottles or vials and cultivated using a cornmeal-yeast-agar medium. 
The transgenic flies with Tau abnormalities utilized in this investigation were previously generated 
[50]. The young flies were in the age range of 1-3 days, whereas the old flies were in the age range of 
14-21 days. This age difference revealed age-related neurodegeneration, which was determined using 
a binary expression system called GAL4/UAS system. The fly strains utilized in this investigation are 
as follows: Canton S; Gmr-Gal4 UAS-Tau; UAS-GFP-mCherry-Atg8; UAS-LacZ; 
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P{TRiP.HMC04086}attP2; M{UAS-Atg6.ORF.3xHA.GW}ZH-86Fb; 
P{TRiP.HMS00261}attP2.P{TRiP.GL00085}attP2. 

2.2. Histochemistry Examination of Transgenic Retinas 

Following prior descriptions, the compound eyes of the flies were dissected [51,52]. We fixed the 
compound eyes in 4% paraformaldehyde (PFA) for 1 hr. The fly compound eyes were washed three 
times in phosphate-buffered saline containing 0.3% Triton X-100 (PBST); then, they were blocked 
with 5% goat serum and incubated with primary antibodies together with either rhodamine-
conjugated phalloidin (Sigma) or Alexa FluorTM 633 conjugated phalloidin (Thermo Fisher) at 4°C 
overnight. Next, the retinal tissues were washed three or four times; then, they were stained with 
immunofluorescent-conjugated secondary antibodies in PBS containing 5% goat serum. Tissues 
were mounted in VectaShield antifade mounting medium (Vector Laboratories, Burlingame, CA, 
USA) after three washes with PBST. The mCherry-GFP-Atg8a reporter was used to visualize 
autophagy in retina. Two anti-human Tau antibodies had been used in this study: one anti-Tau (aa. 
243-441; 1:200, Dako) and the other monoclonal antibody AT8 (anti-pSer202, Thr205; Thermo Fisher 
Scientific). There were two LC3 antibodies tuilized in the study: LC3 and GABARAG. We utilized 
anti-VPS34 polyclonal antibody and anti-Beclin 1 monoclonal antibody both from invitrogen. The 
specificity of the antibodies was examined by utilizing transgene expression to knockdown gene 
expression as a negative control and transgene expression as a positive control. 

2.3. Confocal Microscopy Detection of Fluorescence 

Imaging was captured using a Zeiss LSM-610 confocal laser-scanning microscope located in the 
Brain Research Center, as well as a Zeiss LSM-800 confocal laser-scanning microscope manufactured 
by Carl Zeiss, located in Oberkochen, Germany. The software utilized for this imaging was Zen 2012 
SP1. Labeling the F-actin cytoskeleton was done with the rhodamine or Alexa FluorTM 633 
fluorescence-conjugated phalloidin (Thermo Fisher Scientific). Donkey anti-rabbit and anti-mouse 
secondary antibodies, which were fluorescently tagged, were used for fluorescent 
immunohistochemistry analysis to detect appropriate primary antibody immunoreactivity. The 
following secondary antibodies were utilized at a dilution of 1:200 dilution: Alexa Fluor 488, 
AlexFluor 647 (Invitrogen), donkey anti-mouse Cy3-, and anti-rabbit Cy3-, anti-mouse Cy5-
conjugated secondary antibodies (Jackson Immuno Research Laboratories). 

2.4. Scanning Electron Microscope (SEM) Image Acquisition 

We normalized the pixel intensity and recreated the SEM images in greyscale for each fly 
compound eye examination. Furthermore, blinding analysis validated the representative SEM 
images, and measurements of changes in eye size were also taken simultaneously in parallel groups 
[53].  

3. Results 

3.1. The Impairment of Autophagy Caused by Human Tau in Drosophila  

In order to investigate the role of autophagy in neurodegeneration, we utilized a fly model, by 
which the longest human tau isoform (known as 2N4R with 441 amino acids) transgene is driven by 
the multiple glass promoter and expressed in the photoreceptor cells and other retinal cells (referred 
to as the Tau-expressing retina. The compound eye in Drosophila consists of ~780 unit eyes which has 
a compound eye structure that appears as a hexagonal neurocrystalline observed under a scanning 
electron microscope [52]. In contrast to normal adult retina, the surface of Tau-expressing eye seemed 
uneven and absent in most bristles as shown in Figure 1A. Within each unit eye, it contains seven 
outer sensory neurons. The apical surface of each neuron is structured into thousands of finger-like 
membrane protrusions that contain axial actin. This specialized region, known as the rhabdomere, 
exhibited minimal LC3-II immunoreactivity in normal eyes (Figure 1B). However, in the presence of 
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human Tau-induced neurodegeneration, we observed significant autophagic LC3-II puncta 
associated with the degeneration caused by Tau. 

We developed a visualization platform that utilizes GFP-mCherry-LC3 to monitor autophagic 
activity induced by human Tau. This platform allows for a straightforward visualization of 
convertible fluorescent transformation from yellow GFP-mCherry-LC3-labeled autophagosomes to 
red GFP-mCherry-LC3-labeled autolysosomes [54]. In the wild-type retina, neurons and glial cells 
showed a specific group of autophagosomes marked with yellow GFP-mCherry-LC3 and 
autolysosomes marked with red GFP-mCherry-LC3. These autolysosomes are responsible for the 
normal degradation of the inner membrane and its content in the GMR-GAL4/UAS-GFP-mCherry-LC3 
retina (Figure 1C-D). In order to study the effect of Tau on autophagy, we employed two transgenic 
modified fly lines to simultaneously express the UAS-GFP-mCherry-LC3 transgene. Confocal 
microscopy was used to visualize the fluorescent signals of this reporter. The gl-tau eye produced the 
elevated amounts of yellow autophagosomes or non-acidic autolysosomes in GMR-Gal4, gl-tau/UAS-
GFP-mCherry-LC3 (Figure 1C). In order to examine the malfunction of autophagy that is linked to 
age-related neurodegeneration, we analyzed changes of autophagy between young and elderly 
retinas. The expression of Tau resulted in increased autolysosomes, which were characterized by red 
GFP-mCherry-LC3 in young GMR-GAL4, UAS-Tau/UAS-GFP-mCherry-LC3 retina, compared to 
normal retina. However, the presence of autophagosomes, marked by yellow red GFP-mCherry-LC3 
was rarely observed. The phenotype of the young individuals was transformed into a phenotype, 
resembling yellow autophagosomes or yellow non-acidic autolysosomes caused by gl-tau, in old 
GMR-GAL4, UAS-Tau/UAS-GFP-mCherry-LC3 retina (Figure 1D) [7]. The presence of increased 
autophagy microtubule-associated protein light chain 3 (LC3-II) at a given time can indicate either an 
increase in autophagy or a malfunction in the process of autophagic flux. Our observations indicate 
that the neurotoxicity caused by human Tau in Drosophila is linked to a significant impairment in 
autophagy, as seen by the presence of either red GFP-mCherry-LC3-labeled autolysosomes, or 
exclusively yellow GFP-mCherry-LC3-labeled autophagosomes and non-acidic autolysosomes. 

 

Figure 1. The control of impaired autophagy and the development of neurodegeneration caused by 
human Tau in Drosophila. (A) Scanning electron microscope images of Drosophila compound eyes are 
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shown. The left SEM image was of wild-type Canton S (left); whereas the right SEM image was a 
transgenic eye that carries a human Tau transgene driven by an eye-specific promoter, w; Gmr-Gal4 
UAS-Tau/+. Anterior-posterior axis: left to right. (B) Confocal images of ommatidia (horizontal 
section) double-stained using antibodies targeting phosphorylated Tau and LC3, along with 
phalloidin labelling F-actin. The F-actin was stained with rhodamine-conjugated phalloidin, 
appearing as magenta. The anti-phosphorylated Tau (AT8) was labeled with Alexa Fluor 488-
conjugated anti-mouse IgG, appearing as green. The sample was stained with a red fluorescent dye, 
specifically anti-LC3 labeled with Cy3-conjugated anti-rabbit IgG. Genotypes identical to A. (C) The 
confocal images show a GFP-mCherry-Atg8a reporter in the control retina of w; Gmr-Gal4/ UAS-GFP-
mCherry-Atg8 (left), and the Tau-induced phenotype of GFP-mCherry-Atg8a in the retina of w; Gmr-
Gal4, gl-Tau/ UAS-GFP-mCherry-Atg8 (right). The blue color represents the presence of anti-phospho-
tau, and Cy5-conjugated anti-mouse IgG. (D) The confocal images show a GFP-mCherry-Atg8a 
reporter in the retina of young control, w; Gmr-Gal4/ UAS-GFP-mCherry-Atg8 (left), as well as in the 
retina with Tau-induced phenotype at a young age (middle) and at an elderly age (right) from w; Gmr-
Gal4, UAS-Tau/ UAS-GFP-mCherry-Atg8 flies. Magenta: F-actin stained with rhodamine-conjugated 
phalloidin. A: scale bar, 100 µm; B-D: scale bars, 10 µm. 

3.2. The Role of ATG14/Barkor in Regulating Autophagic Activity and Neurodegeneration Triggered by Tau  

The specific role of ATG14L, also referred to as Barkor, in human Tau-induced 
neurodegeneration has not been established, despite its known involvement in autophagy induction 
and nucleation as part of the ATG14L-Beclin 1-VPS15-VPS34 complex I [55]. To identify whether 
ATG14L gene implicated in the autophagic failure induced by Tau, we conducted reverse genetic 
study by reducing the upregulated ATG14L gene expression using Atg14L RNAi transgenic 
expression in Tau expressing retina. ATG14L plays a crucial role as an autophagy specific component 
that is necessary component of autophagy nucleation complex. It is responsible for sensing the 
curvature of the pre-autophagosome membrane, as well as facilitating the tethering and fusion of 
vesicles. Contrary to our expectations, it indeed improved, rather than worsened, the 
neurodegeneration caused by Tau. We found that reduction in ATG14L protein involved in 
autophagy nucleation process, significantly reduced the loss of neurons and decreased the buildup 
of phosphorylated Tau burdens in neurons in the retina of GMR-GAL4, UAS-Tau/+; UAS-ATG14L-
RNAi/+ flies. The rescue effect was confirmed by expression of additional UAS-ATG14L-RNAi 
transgene in Tau expressing retina (not shown), as well as in another fly model expressing Tau 
(Figure 2A) from GMR-GAL4, gl-Tau/+; UAS-ATG14L-RNAi/+ retina (Figure 2A). These findings 
suggest that decreasing the expression of the autophagy-specific protein ATG14L could potentially 
be used as a therapeutic approach to prevent neurodegeneration caused by Tau.  

We subsequently assessed the association between ATG14L expression and autophagy activity. 
In the Tau-expressing retina, GMR-GAL4, UAS-Tau/+, we observed an increase in autophagy activity, 
as shown by the strong presence of LC3-II puncta immunoreactivity. This was in contrast to the 
normal level of LC3-II puncta immunoreactivity observed in the wild-type retina (Figure 2B). In 
addition, we noticed that the inhibition of upregulated ATG14L led to a decrease in autophagy 
activity, resulting in a lack of strong LC3-II immunoreactivity induced by human Tau from GMR-
GAL4, UAS-Tau/+; UAS-ATG14L-RNAi/+ retina (Figure 2B). This suggests that increased autophagy 
activity and the presence of autophagic vesicle pathology may be associated with an increased 
susceptibility of neurons to Tau toxicity. Nevertheless, the beneficial effect found when one copy of 
the UAS-ATG14L-RNAi transgene was no longer evident when two copies were co-expressed 
simultaneously. The findings suggest that increased levels of ATG14L are linked to impaired 
autophagy, while decreasing ATG14L expression can enhance neuronal cell survival by mitigating 
neurodegeneration caused by human Tau in Drosophila. 
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Figure 2. The neurodegenerative process caused by Tau is improved when the expression of ATG14 
gene is decreased. (A) Scanning electron microscopes were used to examine the Drosophila compound 
eyes with the following genotypes: w; Gmr-Gal4, gl-Tau/+ (first), w; Gmr-Gal4, gl-Tau/+; UAS-ATG14-
RANi/+ (second), w; Gmr-Gal4, UAS-Tau/+; UAS-LacZ/+ (third), w; Gmr-Gal4, UAS-Tau/+; UAS-ATG14-
RNAi/+ (fourth). (B) Confocal images of ommatidia (horizontal section) double-stained with 
antibodies targeting phosphorylated Tau and LC3, along with phalloidin labelling F-actin. Magenta: 
F-actin stained rhodamine-conjugated phalloidin; Green: anti-phosphorylated Tau antibody (AT8) 
labeled with Alexa Fluor 488-conjugated anti-mouse IgG; Red: anti-LC3 antibody labeled with Cy3-
conjugated anti-rabbit IgG. The genotypes are as follows: The upper panels show the wild-type Canton 
S strain. The middle panels show the w; Gmr-Gal4, UAS-Tau/+; UAS-LacZ/+ strain. The bottom panels 
show the w; Gmr-Gal4, UAS-Tau/+; UAS-ATG14-RNAi/+ strain. A: the scale bars, 100 µm; B: the scale 
bars, 10 µm. 

3.3. The Expression of the Beclin 1 Transgene Protects Neurons Against the Accumulation of p-Tau and 
Age-Related Neurodegeneration 

The intricate regulatory role of ATG14L in autophagy activity indicates that increased levels of 
ATG14L have a multifaceted and contradictory regulatory function in Tau-induced 
neurodegeneration. Based on these findings, we proposed the hypothesis that the increase in ATG14L 
might potentially have a detrimental effect on neurons via decreasing other Beclin 1 complexes and 
VPS15-VPS34 complexes. This, in turn, could have an effect on both healthy and disease development 
[56]. The Beclin 1-Bcl-2 Complex exerts a negative regulatory effect on Beclin 1 complex I and 
autophagy. Consequently, we examined whether the increased activity of autophagy nucleation 
process of the ATG14-Beclin 1-VPS15-VPS34 activity led to impaired autophagy by diminishing the 
inhibition of the Beclin 1 complex. If the loss of Beclin 1 network regulation is the cause, we 
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hypothesized that the expression of Beclin 1 transgene may have a beneficial effect on the regulation 
of autophagy and neuronal survival in a reverse manner [57]. To clarify the function of Beclin 1 and 
autophagy, we crossed human Tau transgenic flies, GMR-GAL4, UAS-Tau, with UAS-ATG6/VPS30 
transgenic flies. The expression of the Beclin 1 transgen from GMR-GAL4, UAS-Tau/+; UAS-Beclin 
1/ATG6/VPS30/+ retina, had a suppressive effect on human Tau-induced neurodegeneration, as 
observed in Figure 3A. The expression of the Beclin 1 transgene indicates that the Beclin 1 network 
has a positive impact on the regulation of neuronal protein quality control and neuronal viability. 
Given that human Tau-induced progressive neurodegeneration during aging, we proceeded to 
investigate the impact of Beclin 1 transgenic expression on Tau-induced neurodegeneration at two 
additional time points: 10 days and 20 days post-eclosion. The number of visual sensory neuronal 
degeneration in the old retina was higher compared to the young retina from GMR-GAL4, UAS-Tau/+ 
retina. Conversely, the introduction of the Beclin 1 transgene inhibited the degeneration of neurons 
caused by Tau in both young and old retinas. There were seven visual sensory neurons present in the 
unit eyes of both young and aged retinas from GMR-GAL4, UAS-Tau/+; UAS-Beclin 1/+ retina. This 
indicates that the Beclin 1 network plays a critical role in preventing age-dependent 
neurodegeneration produced by Tau (Figure 3A). In order to ascertain how Beclin 1 transgene 
expression protects neurons from Tau toxicity, we conducted an analysis of the p-Tau 
immunoreactivity. The expression of Beclin 1 transgene is sufficient to both prevent the buildup of 
p-Tau in neurons and the progressive neurodegeneration (Figure 3B). This indicates that Beclin 1 
plays a vital role in maintaining a low level of p-Tau and promoting neuronal survival. 

. 
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Figure 3. The expression of ATG6/Beclin 1 in Drosophila helps to safeguard neurons against age-
related neurodegeneration linked with p-Tau. (A) At three distinct ages, confocal images of 
ommatidia (horizontal section) showing phalloidin-tagged-F-actin. Retinas of flies that were 1, 10, 
and 20 days old were studied. Retinas from flies with the following genotypes were displayed in the 
figure: upper panels: w; Gmr-Gal4, UAS-Tau/+; UAS-LacZ/+, and lower panels: w; Gmr-Gal4, UAS-
Tau/+; UAS-ATG6/+. (B) Confocal images of ommatidia (horizontal section) labeled with an antibody 
specific to phosphorylated Tau along with phalloidin labeled F-actin. Magenta: rhodamine-
conjugated phalloidin stained F-actin; Green: anti-phosphorylated Tau (AT8) that is associated with 
Alexa Fluor 488-conjugated anti-mouse IgG. Top and bottom panels show genotypes that are the same 
as in A for. A: the scale bars, 5 µm; B: the scale bars, 10 µm. 

3.4. The loss of Beclin 1 Promotes Neuronal Accumulation of p-Tau and Exacerbates Age-Related 
Neurodegeneration 

To clarify the mechanism by which Beclin 1 may inhibit Tau-induced neurodegeneration, we 
proceeded to investigate the consequences of reducing Beclin 1 gene expression and analyzing its 
effects on the Tau-induced phenotype. Tau-induced neurodegeneration was strongly related with a 
significant decrease of neuronal Beclin 1. Aligned with the pattern of connection between the absence 
of Beclin 1 and the development of neurodegeneration caused by Tau, we noted that reducing the 
expression of Beclin 1 gene increased Tau-induced phenotype. Neurodegeneration was detected in 
the young retina of GMR-GAL4, UAS-Tau/+; UAS-Beclin 1-RNAi/+ flies, in contrast to the absence of 
significant neurodegeneration in the control retina of the same age (Figure 4). However, the 
confirmation of this improved phenotype was not always confirmed by the utilization of all distinct 
UAS-Beclin 1-RNAi transgenes (not shown). This indicats that the impact of Beclin 1 loss on neurons 
is influenced by both beneficial and detrimental effects, and is contingent upon the dosage. Given the 
prominent role of Tau aggregates associated with neurodegeneration, we investigated whether the 
loss of Beclin 1 was associated with any changes of Tau pathology. To do this, we utilized the UAS-
Beclin 1-RNAi transgene. During the initial time period of young (1-7 day), a significant amount to 
Tau pathology was observed to be insoluble and formed aggregates in neurons and glial cells of the 
GMR-GAL4, UAS-Tau/+; UAS-Beclin 1-RNAi/+ retina (Figure 4). In contrast, the young control retina 
without Beclin 1 knockdown did not exhibit any Tau aggregates. This suggests that the loss of Beclin 
1 plays a critical role prior to the accumulation of phosphorylated Tau in neurons, leading to result 
in Tau aggregate associated neurodegeneration.  
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Figure 4. Loss of ATG6/Beclin 1 in Drosophila enhances both phosphorylated p-Tau in neurons and p-
Tau associated neurodegeneration. The confocal images show the retina of w; Gmr-Gal4, UAS-Tau/+; 
UAS-LacZ/+, and a retina of w; Gmr-Gal4, UAS-Tau/UAS-ATG6-RNAi. The images were processed in 
a horizontal section and were stained with an antibody against phosphorylated Tau and phalloidin 
labeled F-actin. Magenta: rhodamine-conjugated phalloidin stained F-actin; Green: anti-
phosphorylated Tau (AT8) with Alexa Fluor 488-conjugated anti-mouse IgG. The scale bars, 5 µm. 

3.5. Beclin 1 in Neurons is Essential for Neuronal Protection, Whereas Beclin 1 in Degenerative Illness is 
Associated with Glial Cells  

We found that reduced levels of mitochondrial or ER Beclin 1 network in neurons were 
associated with enhanced activity of autophagy-related processes in fly models that expressed 
human Tau. Figure 5 shows that glial cells surrounding the unit eyes of the GMR-GAL4, UAS-Tau/+ 
retina that showed an increase in Beclin 1 positive vesicles as a result of Tau-induced 
neurodegenerative process. Once again, neuronal loss of Beclin 1 during progressive 
neurodegeneration was correlated to an increased Beclin 1 immunoreactivity contained in the 
majority of glial cells. Figure 5 shows that this association was enhanced in the reduced Beclin 1 gene 
expression in the GMR-GAL4, UAS-Tau/UAS-Beclin 1-RNAi retina, which was accompanied with 
densely packed glial cell Beclin 1 positive vesicles. This provides more direct genetic evidence that 
glial cell adaptation during Tau-induced neurodegeneration involves the loss of Beclin 1 in neurons, 
more sensitive to the loss of Beclin 1, and the subsequent rise of Beclin 1-positive vesicles in glial cells. 
After the Beclin 1 transgene was expressed, the phenotype of autophagy dysregulation was 
mitigated. Beclin 1 transgenic expression was associated with increased neuronal Beclin 1 expression, 
but did not lead to the formation of Beclin 1 positive vesicles in hexagonal glial cells in GMR-GAL4, 
UAS-Tau/+; UAS-Beclin 1/+ retina (Figure 5). This indicates that neuronal Beclin 1 appears to have a 
crucial function in preventing the buildup of p-Tau.  
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Figure 5. Knocking down the ATG6 gene expression in Drosophila enhances the loss of neuronal ATG6 
and elevation of glial cell ATG6 induced by human Tau; whereas, ATG6 transgenic expression 
restores the neuronalATG6 network and prevents Tau-induced neurodegeneration. Horizontal slice 
of confocal images of ommatidia stained with Beclin 1 antibody and phalloidin labeled F-actin for w; 
Gmr-Gal4, UAS-Tau/+; UAS-ATG6/+ (left), middle section of w; Gmr-Gal4, UAS-Tau/+ (middle), and 
right section of w; Gmr-Gal4, UAS-Tau/UAS-ATG6-RNAi retina (right). Green: anti-Beclin 1 antibody 
with Alexa Fluor 488-conjugated anti-mouse IgG; Magenta: rhodamine-conjugated phalloidin stained 
F-actin. The scale bars, 5 µm. 

3.6. The Association between Buildup of Phosphorylated Tau and Age-Dependent Neurodegeneration is 
Influenced by the Absence of VPS34  

Given that Beclin-dependent autophagic process relies on VPS34 lipid signal for transporting 
vesicles, we investigated whether VPS34 plays a role in controlling the accumulation of p-Tau 
following the loss of Beclin 1. In that case, the absence of VPS34 would lead to a comparable 
phenotype. In order to assess this, we conducted a thorough examination of the impact of reducing 
the expression of the VPS34 gene. We next analyzed the autophagy activity induced by Tau and the 
levels of p-Tau which may potentially be altered due to the absence of VPS34. The relationship 
between p-Tau accumulation and age-dependent neurodegeneration was found to be influenced by 
the loss of VPS34, as anticipated. Phosphorylated-Tau was shown to accumulate in both neurons and 
glial cells of young GMR-GAL4, UAS-Tau/+; UAS-VPS34-RNAi/+ retina, but no accumulation of p-
Tau was observed in the young control retina (Figure 6). Consistent with this, p-Tau buildup in 
neurons was observed multiple times utilizing various UAS-VPS34-RNAi transgene (not 
shown).These data indicate that the decrease in p-Tau level in neurons is dependent on the presence 
of both Beclin and VPS34. The association of age-dependent p-Tau accumulation and 
neurodegeneration were found to be increased by the absence of Beclin 1. On the other hand, the loss 
of VPS34 from GMR-GAL4, UAS-Tau/+; UAS-VPS34-RNAi/+ retina, had a significant impact to modify 
the relationship between p-Tau buildup and age-dependent neurodegeneration, compared to control 
retina without VPS34 knockdown (Figure 6). Surprisingly, the connection between the buildup of p-
Tau in neurons and neurodegeneration was influenced in distinct ways by the absence of VPS34, 
resulting in a partial correlation. Remarkably, while p-Tau exhibited significant accumulation in 
neurons when VPS34 gene expression was reduced, it did not lead to an increase in Tau aggregates. 
This is in contrast to the distinct phenotype of Tau aggregates in young neurons when Beclin 1 gene 
expression was reduced (Figures 4 and 6). These findings suggest that the effects of p-Tau 
accumulation on neurons vary depending on the specific disease conditions, such as the loss of Beclin 
1 and the loss of VPS34.  
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Figure 6. Loss of VPS34 differently regulates neuronal phosphorylated Tau accumulation and p-Tau 
associated neurodegeneration. The confocal images show the retina of a retina of w; Gmr-Gal4, UAS-
Tau/+; UAS-LacZ/+ (upper panels) and a retina of w; Gmr-Gal4, UAS-Tau/+;UAS-VPS34-RNAi/+ (lower 
panels) stained with an antibody against phosphorylated Tau and phalloidin labeled F-actin. 
Magenta: rhodamine-conjugated phalloidin stained F-actin; Green: anti-phosphorylated Tau (AT8) 
with Alexa Fluor 488-conjugated anti-mouse IgG. The scale bars, 5 µm. 

4. Discussion 

Our investigations on genetic reversal of human Tau-induced neurodegeneration offer valuable 
insights into the intricate molecular mechanisms behind the failure of autophagy, which is a crucial 
factor in the neurodegeneration triggered by Tau in Drosophila. The common characteristic observed 
in both human AD or FTD patients and animal models is the malfunction of autophagy and the 
presence of autophagy-related vesicle pathology. The connection between neurodegenerative 
illnesses and impairment of autophagy, which leads to mitochondrial stress response and protein 
pathology, has been established indirectly. Specific autophagic abnormalities have been found to be 
linked to different states of neurodegeneration in the primary neurodegenerative disorders. Our 
findings suggest that an excessive increase in autophagy, through the upregulation of ATG14L, does 
not have a beneficial effect on the neuronal protein quality control mechanism, leading to 
neurodegeneration caused by human Tau accumulation in neurons. This is likely owing to the loss 
of neuronal Beclin 1 and the disruption of Beclin 1 inhibitory regulation of autophagy and apoptosis. 
Diminishing the expression of the ATG14L gene in Drosophila resulted in a reduction of 
neurotoxicity caused by human Tau. By targeting the expression of the Beclin 1 transgen, it is possible 
to safeguard neurons against the accumulation of p-Tau and decrease the connection between 
autophagy and death. To summarize, we have identified that targeting the expression of Beclin 1 
transgene or reducing the expression of ATG14L gene are two potential therapeutic strategies that 
might specifically mitigate the disruption of autophagy regulation and neurotoxicity caused by Tau. 

The molecular mechanism responsible for autophagic failure linked with Tau pathology is not 
fully understood, despite substantial studies on autophagic failure in various neurodegenerative 
illnesses [58]. Indeed, the failure of autophagy produced by Tau could result in a complicated and 
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different disease conditions connected to autophagy. This pathology involves various components 
involved in vesicle trafficking including autophagy components as VPS30/ATG6 and VPS34 [59]. The 
regulation of autophagy gene expression and protein activities indicates that VPS30/ATG6 and VPS34 
are necessary for neurons to decrease the buildup of p-Tau. Nevertheless, the impact of suppressing 
ATG14 is different from the impact of suppressing VPS30 and VPS34, indicating that the intricate 
coordination of Beclin 1 network is essential. Alternatively, the decrease in p-Tau levels may be 
influenced by an additional non-autophagic pathway, such as endosomal pathways. Moreover, there 
is a distinction between Beclin 1/VPS30 complex I, and complex II or III in terms of their divergence 
between the autophagic and endocytic trafficking routes. This divergence has been extensively 
studies and is known to lead to a greater affinity to ATG14L in the autophagic pathway, compared 
to the endosome UVRAG-containing Beclin 1 complex II pathway. Autophagy, namely in the 
formation of the 

ATG14L-VPS30/Beclin 1-VPS15-VPS34 complex I, may be connected to the endocytic pathway 
through the sharing of similar molecular machinery involved in vesicular nucleation and lysosome 
fusion processes [60]. The upregulation of ATG14L-Beclin 1-VPS34 complex I indicates autophagic 
failure. This suggests that the beneficial effects of reducing ATG14 gene expression may be due to the 
suppression of excessive failure of autophagic activity and the restoration of Beclin 1 network 
inhibitory regulation of autophagy and apoptosis [61]. To test this possibility, it will be necessary to 
identify the exact pathways that are dependent on Beclin 1 or independent of Beclin 1 for VPS34 
[62,63]. Currently, we can utilize fly genetics to investigate potential autophagy-related pathways 
involved in the development of Tau -induced neurodegeneration. Specifically, we can examine the 
impact of decreased levels of ATG14L, Beclin 1 and VPS34, on the progression of Tau-induced 
neurodegeneration.  

5. Conclusions 

Our experimental findings demonstrate that the buildup of p-Tau neurons is associated with a 
hierarchical system including the regulation of autophagy nucleation components ATG14, Beclin 1, 
and VPS34. This regulation is driven by expression of human Tau and leads to neurodegeneration. 
While it may be challenging to point to the exact defect in a particular autophagic mechanism, our 
findings indicate that the absence of Beclin 1 plays a role in the age-related buildup of p-Tau in 
neurons and upregulated autophagy activity which leads to subsequent neurodegeneration. 
However, our data indicate that autophagic failure occurs due to a process in which neurons increase 
autophagy, or vice versa, leading to autophagic failure, the formation of Tau aggregates, and 
neurodegeneration. This model elucidates the dispensability of inhibitory regulation of autophagy in 
degenerative neurons. It unveils novel molecular pathways behind Tau aggregation and 
neurodegeneration, which may have significant implications for the development of autophagy-
targeted treatment strategy.  
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Abbreviations 

MAPT microtubule-associated protein tau 
LC3 microtubule-associated protein 1 light chain 3 
VPS15 Serine/threonine-protein kinase VPS15 
VPS34 vacuolar protein sorting 34 
Barkor Beclin-1 associated autophagy-related key regulator  
AD Alzheimer’s disease 
FTD frontotemporal dementia 
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