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ABSTRACT
Background: Alzheimer’s disease (AD) is one the most common types of dementia. Plaques of amyl-
oid beta and neurofibrillary tangles of tau are two major hallmarks of AD. Metabolism of these two
proteins, in part, depends on autophagy pathways. Autophagy dysfunction and protein aggregation in
AD may be involved in a vicious circle. The aim of this study was to investigate whether tau or amyl-
oid beta 42 (Ab42) could affect expression of autophagy genes, and whether they exert their effects
in the same way or not.
Methods: Expression levels of some autophagy genes, Hook, Atg6, Atg8, and Cathepsin D, were meas-
ured using quantitative PCR in transgenic Drosophila melanogaster expressing either Ab42 or
Tau R406W.
Results: We found that Hook mRNA levels were downregulated in Ab42-expressing flies both 5 and
25days old, while they were increased in 25-day-old flies expressing Tau R406W. Both Atg6 and Atg8
were upregulated at day 5 and then downregulated in 25-day-old flies expressing either Ab42 or Tau
R406W. Cathepsin D expression levels were significantly increased in 5-day-old flies expressing Tau
R406W, while there was no significant change in the expression levels of this gene in 5-day-old flies
expressing Ab42. Expression levels of Cathepsin D were significantly decreased in 25-day-old transgenic
flies expressing Tau R406W or Ab42.
Conclusion: We conclude that both Ab42 and Tau R406W may affect autophagy through dysregula-
tion of autophagy genes. Interestingly, it seems that these pathological proteins exert their toxic
effects on autophagy through different pathways and independently.
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Introduction

Alzheimer’s disease (AD) is characterized by progressive mem-
ory impairment and dementia. This neurodegenerative disease
is also one of the main causes of death in the elderly popula-
tion (1). Neurofibrillary tangles (intracellular inclusion of hyper-
phosphorylated tau) and Ab plaques (extracellular inclusion of
Ab42 peptide) are two major markers in the brain of AD
patients (2). The mechanism underlying AD pathology is not
fully understood. Some hypotheses point to these aggrega-
tions as the reason for developing AD symptoms. On the
other hand, recent investigations have shown that aggregate
formation is a defense mechanism against soluble and aggres-
sive forms of Ab and hyperphosphorylated tau (3,4).

Although these aggregates may exert protection against
their soluble oligomer forms, they block axonal/dendritic trans-
port (5) and cause damage to mitochondrial complexes (6,7),
leading to increased levels of reactive oxygen species (ROS) in
the brain of AD patients. Autophagy (self-eating) is one of the
pathways responsible for clearing these aggregations in order
to prevent their accumulation (8). To eliminate the aggregates,

they are transferred via a dynein/dynactin motor complex to a
perinuclear aggresome. Then, they are encapsulated by neuro-
filaments, and the aggresome is formed. Ultimately, aggregates
are cleared when the aggresome is fused to a lysosome (9).
Hook protein is an adaptor facilitating the association of motor
complex with its cargos (10).

Many stimuli can trigger the initiation of autophagy by
ULK1/Atg1 protein kinase complex (11). This serine/threonine
kinase phosphorylates Beclin1/Atg6 in the Beclin1-VPS34 PI3
kinase complex involved in nucleation of autophagosome
formation (phagophore). Following Atg6 phosphorylation,
VPS34 PI3 kinase can convert phosphatidylinositol (PtdIns or
PI) to PI 3-phosphate (PI3P), which is essential for expansion
of the autophagosome membrane (12,13). Next, elongation
phase and phagophore formation occur (14). Two ubiquitin-
like pathways, Atg5–Atg12 and the LC3 conjugation systems,
are involved in this phase. LC3 (I)/Atg8 is cleaved by Atg4 at
the carboxyl-terminal site. Later, LC3 is converted to its active
form, LC3II, through covalent bonding to phosphatidyl etha-
nolamine, which assists the fusion of the autophagosome
membrane with the lysosome (15,16). Ultimately, the internal
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components are degraded by lysosome hydrolases such as
Cathepsin D (17–19).

Hyperphosphorylated tau and Ab aggregates can affect
mitochondrial complexes and its electron chain, leading to
increased levels of ROS and oxidative stress (6,7).
Interestingly, it has been shown that ROS is involved in the
induction of autophagy in AD. Lipinski et al. reported that
ROS can enhance autophagy through increase in type III PI3
kinase activity. They also confirmed that, unlike in normal
aging, autophagy genes are transcriptionally increased in AD
patients (20). On the other hand, many studies have shown
that ROS can lead to autophagy impairment by various path-
ways either directly or indirectly. ROS directly inhibits LC3 lip-
idation and also its translocation to the phagophore
membrane (21). ROS increases NF-jB and nitric oxide (NO)
synthase which, in turn, enhances NO levels (22). NO can
inhibit JNK1 via S-nitrosylation at C116, leading to reduction
of Bcl2 phosphorylation, which ultimately increases its inter-
action with Beclin1. This event disrupts the formation of the
hVps34/Beclin1 complex, and autophagy is eventually
impaired (23).

It seems that presence of protein aggregates and autoph-
agy dysfunction in AD create a vicious circle. The aim of this
study was to investigate the effect of pathological Tau
R406W and Ab42, two major causes of aggregate formation
in AD, on the expression of autophagy genes, Atg6, Atg8,
Hook, and Cathepsin D. These genes are involved in different
stages of autophagy. Considering that AD is an age-depend-
ent disorder, the expression levels of autophagy genes were
assessed at two different time points in Ab42 or Tau R406W
transgenic Drosophila melanogaster. Tau R406W is an auto-
somal dominant mutation that causes tau-positive fronto-
temporal dementia in human. Its expression in Drosophila
melanogaster, using a binary system, provides a proper tau-
opathy model (24).

Materials and methods

Chemicals

RNA extraction and cDNA synthesis kits were purchased from
CinnaGen and Parstous companies, Iran, respectively. Brilliant
II SYBR Green qPCR master mix was provided by Biofact,
Germany. Other materials used in this study were provided
from CinnaGen, Iran and Merck, Germany.

Fly strains

Drosophila melanogaster stocks were raised in standard rolled
oats-agar medium at 22± 1 �C, 60–70% humidity, and 12-h
light/12-h dark circadian cycle. MAPT R406W for tauopathy
(expression of this protein in transgenic fly is discussed in
Wittmann et al., in 2001) (24) and Ab42 for amyloidopathy
(Bloomington Stock No. 33769) (25) were expressed in neu-
rons using Dmel\P{GawB}elavC155 (Bloomington Stock No.
458) driver. While expressed tau remains in the cytoplasm,
presence of a signal peptide in the Ab42 construct (26)
causes Ab42 transportation to the endoplasmic reticulum

(27). To investigate the pathogenesis of Ab42 and Tau
R406W, GMR-Gal4 driver (Bloomington Stock No. 8605) (28)
was applied to express these proteins in the fly eyes.

Flies expressing UAS-Tau R406W were from Feany’s lab
(Harvard Medical School, Boston, MA, USA), and all other
lines were from Bloomington Drosophila Stock Centre. All
crosses and their counterpart controls (parental lines) were
applied in triplicate. All transgenic stocks were outcrossed to
w1118 for several generations to obtain the identical genetic
background of all lines, prior to the tests.

Climbing assay

For climbing assay analysis, nine groups of flies, with 10 flies
per group (mix of both genders), were prepared for every
single genotype. All 10 flies were transferred into a vial, and
the vial was tapped gently. After each tap, flies were
observed for the first 10 s to record the number of flies that
were able to climb above the 8-cm marked line on the vial.
This assay was repeated five times for each group with a 2-
min interval between each measurement (29,30).

Drosophila eye analysis

Transgenic (GMR-Gal4/Tau R406W and GMR-Gal4/Ab42) and
control (GMR-Gal4/+) flies from at least three independent
crosses (9 flies per group, per cross) were processed for light
microscopy and image analysis with three experimental repeats.

Imaging was performed using a Nikon 80i light micro-
scope to observe degeneration phenotype in the fly eyes. A
new plugin (FLEYE) in ImageJ software was used to analyze
the fly eyes. Regularity in the ommatidia was represented by
probability parameter (PP) including: PP0, green; PP1, blue;
PP2, yellow; PP3, orange; and finally PP4, red. Change in the
colour from green to red represents the degree of reduction
in eye regularity (28).

Quantitative real-time PCR

First filial generation (F1) and their parental lines (as control)
were collected at 5 and 25 days after eclosion. For RNA
extraction, flies were kept in acetone and stored in a �20 �C
freezer overnight (31,32). Then, flies were frozen at �80 �C.
After 10min, flies were shaken harshly in the tube in order
to separate the heads. RNA was extracted from 100 heads on
liquid nitrogen by RNX plus kit following the manufacturer’s
protocol. RNA concentration was measured using Nano drop
(Thermo Fisher Scientific), and 3 mg of total RNA was reverse-
transcribed to cDNA. Amplification of cDNA was performed
using Biofact SYBER Green master mix in an ABI 7500 PCR
machine. All primers were designed as the exon–exon junc-
tion primer. RPL32 was applied as reference gene to deter-
mine the relative expression levels of Hook, Atg6, Atg8, and
Cathepsin D using a 2(-delta delta C(T)) method (33). Each
sample was run in triplicate. The sequences of primers are
given in Supplementary Table S1.
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Statistical analysis

Here, we applied R (version 3.6.1) and SPSS (version 19) pro-
grammes to perform statistical analysis.

The number of samples in biological studies is usually small,
and the assumptions of parametric statistical models cannot
be achieved. One solution is to use alternative non-parametric
statistical models, which have lower power compared to the
parametric versions. Another solution is to use Bayesian infer-
ence, which is more powerful to infer reliable and reproducible
results (34–36). In this study, because Ab42 and Tau R406W
have two subgroups (cross and control), we used the Bayesian
hierarchical mixture model for testing. Our hypotheses were
that there are differential gene expression and climbing ability
in two biologic conditions (AD and control) at different time
points (5 and 25days). The proposed model exploits available
position-specific read counts, minimizing required data pre-
processing and making maximum use of available information.
Our analysis has been done by Stan language that is using a
state-of-the-art algorithm known as Hamiltonian Monte Carlo
(HMC), which builds upon the Metropolis–Hastings algorithm
by incorporating many theoretical ideas from physics.
Specifically, we used the rstanarm package in R software,
which is a powerful package for Bayesian hierarchical models
by stan_lme4 for estimating the model parameters. In this
paper, we considered a full multilevel model for group/sub-
group�time�
(genes) that means we assume random intercept and slope for
each category. We had to have an estimation of different inter-
cepts and slopes for each experimental condition, which was
clearly needed based on the raw data (see Figures 1 and 2).
The number of samples is selected to be 4000 (2000 for warm-
up), and four independent chains ran for the sake of conver-
gency and posterior sampling evaluation. The median estima-
tion and the highest posterior density (HPD) intervals with
probability of 0.95 are reported based on 2000 samples from
posterior distribution of model parameters. The Bayesian con-
trast estimations are evaluated by the emmeans package in R.

Besides the Bayesian model, we have also presented our
data as fold changes when comparing crosses and their
counterpart controls. Independent samples t test was
employed to compare the mean values. p values less than
0.05 were considered as statistically significant.

Results

Decrease in the climbing ability of Ab42 or Tau R406W
transgenic flies

Locomotive defects can be examined in transgenic flies as
one of the AD symptoms. Here, we tested negative geotaxis
ability as a behavioural assay to show that the expression of
our target genes can affect the natural tendency of flies to
move against gravity (29,30). To assess the climbing ability,
5- and 25-day-old transgenic flies were examined. It was
found that the ability of climbing in both transgenic flies
was remarkably decreased compared to their controls. The
raw data and Bayesian estimation of difference between con-
trols and transgenic flies are depicted in Figure 1 (for more
details see Table 1; and also Supplementary Table S2).

There was 0.32- and 0.42-fold decrease (p values � 0.001)
in 5-day-old Ab42 or Tau R406W-expressing flies, respect-
ively; 25-day-old flies expressing Ab42 or Tau R406W showed
0.44- and 0.53-fold reduction (p values �0.001) in the climb-
ing ability, respectively. For more details see Supplementary
Figure S1 and Supplementary Table S3.

Eye degeneration was observed in flies expressing
either Tau R406W or Ab42

To screen the pathogenesis of our genes of interest
(Ab42 and Tau R406W), we investigated the degeneration of
Drosophila retina as a model system by expressing the trans-
genes using the GMR-Gal4 driver. As can be seen in Figure 3,
there was more irregularity (yellow and red colors) in the eye
ommatidia of transgenic flies compared to parental lines

Figure 1. (A) Representing the raw data of the percent of flies (control and cross) above the target line in three independent biological repeats for 5- and 25-day-
old flies and the fitted Bayesian hierarchical model lines for each group and subgroup and their shaded 95% highest posterior density (HPD) region based on 2000
posterior samplings of model parameters. (B) Bayesian estimation of contrast between medians (control–cross) and their 95% HPD region based on 2000 posterior
samplings of each contrast. Because zero is not included in any of the reported HPD’s intervals, there is significant difference between the control and cross nega-
tive geotaxis ability with 5% error type (a¼ 0.05).
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with regular eye ommatidia (blue and green colour).
Interestingly, both Ab42 and Tau R406W transgenic flies
demonstrate irregularities in their eyes.

Quantitative real time PCR

Alteration in the expression of Hook, as a
pre-autophagy gene
As mentioned earlier, Hook is a mediator to facilitate inter-
action between motor proteins and their cargo as a pre-
autophagy protein (37). In the AD brain, reduction in Hook3
expression and increase in Hook2 mRNA levels have been
observed. Interestingly, when Hook3 is knocked down, there

is an increase in Ab production (38). While there are three
forms of Hook in humans, only one form of Hook has
been reported in Drosophila. Here, we assessed the effect of
Ab42 and Tau R406W on the expression levels of dHook
(Drosophila Hook) using transgenic flies. As can be seen in
Figure 2 and from Bayesian contrast estimations in Table 2,
although there was no significant change in the levels of
dHook expression in 5-day-old flies expressing Tau R406W, a
prominent increase was observed in the levels of this gene
in 25-day-old flies. It seems that Tau R406W exerts its effect
on the Hook expression at a later time point of the life cycle
of this fly. Regarding Ab42-expressing flies, there was a sig-
nificant decrease in the levels of Hook expression in both 5-

Figure 2. Representing the raw data of autophagy-related gene expression in three independent biological repeats of Ab42 or Tau R406W transgenic flies and the
fitted Bayesian hierarchical model lines for each group and subgroup shaded by their 95% HPD region based on 2000 posterior samplings of model parameters.

Table 1. Bayesian contrast estimation of medians (control–cross) for climbing assay in 5- and 25-day-old flies.

Time point Fly type Contrast estimate (control–cross) Lower HPD (2.5%) Upper HPD (97.5%)

5 days Ab42 29.92a 27.55 32.12
Tau R406W 39.49a 37.13 41.67

25 days Ab42 34.83a 32.44 37.04
Tau R406W 42.53a 40.15 44.74

aThe 95% highest posterior density (HPD) intervals for each contrast are reported. Therefore, there is a significant difference between
control and cross with 5% error type I (a¼ 0.05) in all of the cases thus marked.
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and 25-day-old flies. For more details see Figure 4; and also
Supplementary Table S4.

Regarding differential expression, there was about a 2.26-
fold increase in the Hook expression in 25-day-old flies
expressing Tau R406W (p¼ 0.018). The reduction in the
expression of Hook was around 0.5- and 0.59-fold for 5- and
25-day-old Ab42-expressing flies, respectively (p¼ 0.001 and
0.002). More details are in the Supplementary data,
Supplementary Figure S2 and Supplementary Table S5.

Alteration in the expression of autophagy genes
Expression of autophagy genes in fly is influenced by various
factors like age (39) and oxidative stress (40). On the other
hand, it has been shown that suppression or enhancement
of some autophagy genes like Atg8 can increase the sensitiv-
ity to aging and oxidative stress (41). Here, the expression
levels of three autophagy markers including Atg6, Atg8, and
Cathepsin D were assessed to track the autophagy process in

Drosophila models of AD. Transgenic flies expressing either
Tau R406W or Ab42 were applied as tauopathy or amyloid-
opathy models at two different ages, 5- and 25-day-old flies.
This could provide some information on how time might
affect the expression of some autophagy genes in the pres-
ence of two different types of amyloid-like aggregates.

Atg6, a core protein in the nucleation stage
of autophagy

One of the main proteins for phagophore formation is Atg6.
According to the Bayesian model analysis, our data showed
(Figure 2 and Table 2) that Atg6 was upregulated in 5-day-
old flies expressing either Ab42 or Tau R406W while the
mRNA levels of this gene had a considerable decrease in 25-
day-old transgenic flies (for more details, see Figure 4; and
also Supplementary Table S4). It seems that both Tau R406W
and Ab42 aggregates exert the same effect on the expres-
sion levels of this gene at different time points.

Figure 3. Eye degeneration has been observed in flies expressing Tau R406W or Ab42. A and B, respectively, are analyses for eye ommatidium regularity in 5- and
25-day-old flies by ImageJ, and columns A, B, and C are GMR-GAL4/+, GMR-GAL4/Tau R406W, and GMR-GAL4/Ab42. (PP¼ probability parameter)

Table 2. Bayesian contrast estimation for medians of genes expressions (control–cross) in 5- and 25-day-old flies and different genes and fly types.

Gene type Time point Fly type Contrast estimate (control–cross) Lower HPD (2.5%) Upper HPD (97.5%)

Hook 5 days Ab42 0.512a 0.3964 0.625
Tau R406W �0.0002 �0.114 0.128

25 days Ab42 0.647a 0.525 0.764
Tau R406W �1.354a �1.475 �1.235

Atg6 5 days Ab42 �3.414a �3.530 �3.296
Tau R406W �5.353a �5.470 �5.231

25 days Ab42 0.569a 0.444 0.681
Tau R406W 0.829a 0.716 0.951

Atg8 5 days Ab42 �2.164a �2.290 �2.046
Tau R406W �5.229a �5.343 �5.106

25 days Ab42 0.452a 0.335 0.567
Tau R406W 0.685a 0.567 0.803

Cathepsin D 5 days Ab42 0.058 �0.065 0.173
Tau R406W �1.196a �1.309 �1.078

25 days Ab42 0.683a 0.564 0.800
Tau R406W 0.858a 0.743 0.977

aThe 95% highest posterior density (HPD) intervals for each contrast are reported. Therefore, there is a significant difference between control and cross with 5%
error type I (a¼ 0.05) in all of the cases thus marked.
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There was a 4.45- and 6.31-fold increase in the levels of
Atg6 in 5-day-old flies expressing Ab42 or Tau R406W,
respectively (p� 0.001). In contrast, 25 days after eclosion
these transgenic flies showed a significant decrease
(p� 0.001), around 0.58- and 0.85-fold, in the Atg6 expression
levels compared to their counterpart controls. For more
details see Supplementary Figure S2 and Supplementary
Table S6.

Atg8, as the main gene in the elongation phase

Atg8 is the marker protein in the elongation phase of the
autophagosome formation. This unique protein undergoes
two processing steps. In the first step, Atg8 is cleaved by
Atg4 and the next step is mediated by the
Atg5–Atg12–Atg16 complex to get conjugated with phos-
phatidylethanolamine. These two steps are necessary for
elongation and closure of the autophagic membrane (42).
The expression of this gene showed the same pattern as the
Atg6. There was a significant increase in the expression levels
of Atg8 in 5-day-old transgenic flies expressing either Tau
R406W or Ab42, followed by a prominent decline in the lev-
els of Atg8 mRNA expression in those flies 25 days after eclo-
sion (for more details on the Bayesian model see Figures 2
and 4, and Table 2; and also Supplementary Table S4).
Therefore, it seems that both forms of aggregates have simi-
lar impact on the Atg8 mRNA levels.

In the fold change analysis, 5-day-old Ab42 or Tau R406W
transgenic flies showed a 3.15- and 6.28-fold increase in the
levels of Atg8 (p� 0.001), while there was a significant
decline (p� 0.001) in the expression levels of this gene
(about 0.45- and 0.70-fold, respectively) in 25-day-old flies
expressing Ab42 or Tau R406W (See Supplementary Figure
S2 and Supplementary Table S7 for more details).

Expression of the lysosome enzyme Cathepsin D,
involved in the final step of autophagy

In the central nervous system, the activity of Cathepsin D is
essential to control neuronal homeostasis, cell migration, and
interneuron communication. Cathepsin D-mediated proteoly-
sis plays a significant role in neuronal survival by accomplish-
ing the degradation of aggregated proteins that reach the
lysosomes via autophagy (43). There is evidence to reveal
that this protein is involved in amyloidogenic processing of
the amyloid precursor protein (APP), as a critical component
of a, b, and c secretase (44). We found that the mRNA levels
of Cathepsin D have different patterns in 5-day-old flies
expressing Tau R406W or Ab42. According to the Bayesian
model, there was no significant change in the levels of
Cathepsin D mRNA in flies expressing Ab42, while
Tau R406W-expressing flies showed a prominent increase in
the mRNA levels of this gene at day 5 after eclosion.
Interestingly, at day 25, both transgenic flies showed a

Figure 4. Bayesian estimation of median contrasts (control–cross) for gene expression in 5- and 25-day-old flies. Hook gene has different expression pattern in
Ab42- or Tau R406W-expressing flies either 5 or 25 days old, while Atg6 and Atg8 mRNA levels changed with similar pattern in both transgenic lines either 5 or
25 days after eclosion.
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remarkable decline in the expression levels of Cathepsin D
mRNA (Figures 2 and 4, and Table 2; and also
Supplementary Table S4).

The fold change analysis showed that there was a 2.24-
fold increase (p¼ 0.007) in the levels of Cathepsin D expres-
sion in 5-day-old flies expressing Tau R406W. In 25-day-old
Ab42 or Tau R406W-expressing flies, there was a 0.74- and
0.85-fold decrease, respectively (p� 0.001). More details are
included in Supplementary Figure S2 and Supplementary
Table S8.

Discussion

According to the amyloid cascade, proposed by Hardy and
Higgins in 1992, amyloid is the main culprit in AD pathology
(44). Other events in AD, including tau hyperphosphorylation
and subsequent neuronal death, were supposed to be down-
stream events of the amyloid pathway (45–47). Therefore,
most treatments for AD have been based on the removal of
Ab (reviewed in 46). Recently, there is increasing evidence to
support the idea that pathological tau can exert its own
toxic effect independently (48–50). On the other hand, there
are some studies showing that aggregations of Ab (senile
plaque, SP) and tau (neurofibrillary tangles, NFT) are, in fact,
a defensive mechanism against Ab monomers and the sol-
uble pathological tau (3,51). However, these aggregates, in
turn, block axonal/dendritic transport (5) and can lead to
mitochondrial damage and an increase in the levels of
ROS (6,7).

In order to shed light on the mechanism underlying the
relation between protein aggregates and autophagy dysfunc-
tion in AD, here, we investigated the differential expression
of autophagy genes in Ab42-expressing flies as an amyloid-
opathy model and flies expressing Tau R406W as a tauop-
athy model (24). We used Tau R406W transgenic flies as they
have been reported to exhibit AD-like phenotypes (52). On
the other hand, previous studies have shown that tau wild-
type transgenic flies have no aggregate formation (53).
Therefore, to clarify the effect of the aggregates of this pro-
tein on autophagy genes, this model was more suitable.

Our climbing assay and fly eye analysis showed that Ab42
and Tau R406W can cause defects in climbing ability and eye
regularity in transgenic flies. These data also showed that tau
can exert its toxicity independent of Ab42.

Neurons are highly dependent on the autophagy to
remove protein aggregates such as SP and NFT (8). Defects in
this pathway clearly lead to neurodegenerative disorders such
as AD. There is strong evidence to confirm the association of
autophagy dysregulation with AD (54). Herrmann and col-
leagues showed that Hook3 was co-localized with tau aggre-
gate and retained in those aggregates (38). Surprisingly, in our
current research, there was a remarkable increase in the levels
of dHook expression in 25-day-old flies expressing Tau R406W.
It is possible that Hook is the adaptor for tau aggregates in
the autophagy pathway and that is why the expression of
Hook is increased in Tau R406W-expressing flies. However, the
expression of this gene is downregulated in Ab42-expressing
flies. This may suggest that either the transportation of Ab

aggregates is mainly managed by another adaptor or Ab42
can affect autophagy through Hook downregulation. In sum-
mary, it seems that although both Tau R406W and Ab42 alter
the expression of Hook, their effects occur via differ-
ent mechanisms.

Several studies have shown that Beclin1 (ATG6), a main
protein to initiate autophagy, is downregulated in AD, while
some other evidence argues that autophagy genes are
increased during AD (20,55,56). Despite all the controversies,
it is clear that autophagy is deregulated in this disease.

Atg6 is downregulated in early and late stages of AD (55).
However, it has been shown that ATG8 expression is
increased in AD patients (56,57). According to our results,
while Atg6 and Atg8 showed upregulation in their mRNA lev-
els in 5-day-old flies expressing either Tau R406W or Ab42, a
remarkable downregulation was observed for both genes at
day 25 after eclosion. It appears that in earlier stages (5 day
after eclosion) autophagy genes are increased in order to
clear the aggregates. However, ultimately autophagy is
decreased at later time points, probably due to an increase
in the ROS production (6,7) or other mechanisms.

Association of autophagosome with lysosome is the last
step of autophagy. Finally, its internal components are
degraded by lysosome hydrolases like Cathepsin D (17).
Cathepsin D is the only proteolytic enzyme the expression of
which, in different tissues, is regulated in response to growth
factors, cytokines, and vitamins (58). Cathepsin D-mediated
proteolysis is essential to neurons because it degrades
unfolded/oxidized protein aggregates that continuously
reach the lysosomes via autophagy or endocytosis (43).
Many proteins produced in neurons are physiologic sub-
strates of Cathepsin D and will be abnormally accumulated if
they are not efficiently degraded (e.g. APP, a-synuclein, and
huntingtin). Therefore, dysfunction of Cathepsin D in the
lysosomal system is closely related to the mechanism under-
pinning neurodegeneration (43).

In 2006, Urbanelli et al. demonstrated that there was a
decrease in the Cathepsin D mRNA and protein levels in AD
(59). However, in 1995, Cataldo et al. demonstrated intense
Cathepsin D immunoreactivities and lowered Cathepsin D
mRNA levels in degenerating neurons (60). The upregulation
of Cathepsin D synthesis and accumulation of hydrolase-
laden lysosomes indicated an early activation of the endoso-
mal-lysosomal system in vulnerable neuronal populations,
possibly reflecting early regenerative or repair processes (60).
Urbanelli and colleagues provided evidence of altered bal-
ance of the Cathepsin D expression in skin fibroblasts from
patients with sporadic or familial forms of AD (59). In particu-
lar, they showed that the expression of this gene is downre-
gulated at both the transcriptional and translational levels
and its processing is altered in AD fibroblasts (59). High lev-
els of the constitutively active form of Ras in normal or AD
fibroblasts induce Cathepsin D downregulation. Furthermore,
the p38 MAPK signalling pathway also appears to downregu-
late the Cathepsin D levels. Urbanelli et al. proposed that the
impairment of lysosomes in AD can be one of the main fac-
tors for the progression of the disease (59).
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Finally, in 2018 Chai et al. investigated the Cathepsin D
immunoreactivities in the temporal and parietal cortices of
well characterized AD brains. Their results showed an
increase in the Cathepsin D immunoreactivities in AD tissues
and its correlation with neuropathological NFT scores, and
phosphorylated pSer396 tau burden (17).

Our data showed that there was a significant increase in
the mRNA levels of Cathepsin D in Tau R406W-expressing
flies just 5 days after eclosion. This increase could be due to
regenerative or repair processes occurring at earlier stages of
the disease (60). However, in 25-day-old transgenic flies, this
gene showed significant reduction. Following the increase in
Tau R406W and Ab42 aggregations at later time points (25-
day-old flies), probably due to an increase in ROS production,
Cathepsin D is downregulated (43). Moreover, cystatin C, as
an inhibitor of cathepsins (cysteine protease), is upregulated
by ROS and has been shown to be co-localized with the
Ab42 peptide (61,62).

Conclusion

In summary, our results suggest that both Ab42 and Tau
R406W can affect the autophagy pathway through gene
expression dysregulation. Interestingly, they showed a similar
effect on the genes involved in the nucleation and elong-
ation steps of autophagy. However, Tau R406W and Ab42
exert different effects on the expression of the pre-autoph-
agy gene, Hook, and a gene involved in the last step of
autophagy, Cathepsin D. We conclude that although both
Tau R406W and Ab42 can alter the process of autophagy
during AD, it seems that they act independently, through dif-
ferent mechanisms. Therefore, AD treatment involving the
removal of merely Ab42, without considering pathological
tau, will not be sufficiently effective in ameliorating
AD symptoms.
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