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IntroductIon

Alzheimer’s disease (AD), a neurodegenerative disease highly 
prevalent in elderly people, mainly manifests as progressive 
memory loss and other cognitive dysfunctions. Mutations 
in genes encoding amyloid precursor protein (APP), 
Presenilin1, or Presenilin 2 can cause familial early‑onset 
AD; however, the etiology of the more common sporadic 
AD remains unclear.[1]

The neuropathological hallmarks of AD include intraneuronal 
neurofibrillary tangles and extracellular senile plaques 

consisting of amyloid‑β (Aβ), both of them play pivotal roles 
in the evolution of neurodegeneration.[2,3] Recent studies 
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have discovered that APP, the precursor of Aβ, is processed 
via the endosomal–autophagic–lysosomal (EAL) pathway.[2] 
APP is internalized by endocytosis, then sorted in the early 
endosomes, and finally delivered to the late endosomes. 
The late endosomes then fuse with either lysosomes or 
autophagosomes for lysosomal degradation.[2] Mounting 
evidence has suggested that EAL dysfunction is one of the 
early neuropathological features in AD. EAL dysfunction 
is characterized by progressive accumulation of autophagic 
vacuoles (AVs) and enlargement of endosomes.[4] It has 
been proven that endosomes in brains of AD patients and 
AD mouse models are enriched in APP and APP secretases 
compared with healthy controls.[4,5] Therefore, trafficking, 
catabolism, and elimination of APP via the EAL pathway 
may be crucially involved in the pathogenesis of AD.

Autophagy is a highly regulated process that is responsible 
for degrading long‑lived or aggregated proteins and 
damaged organelles and is characterized by sequestration 
of cytoplasmic cargoes into double‑membrane vesicles 
called autophagosomes. Autophagy maintains neuronal 
homeostasis, and its role in the turnover of aggregated 
proteins is important but controversial in neurodegenerative 
disorders, including AD, Parkinson’s disease, amyotrophic 
lateral sclerosis, and corticobasal degeneration.[6] On the one 
hand, increasing autophagy could promote the clearance of 
aggregated proteins. On the other hand, overactive autophagy 
can induce neurodegeneration and apoptosis.[7] The results 
of studies targeting autophagy have been conflicting each 
other on therapeutic effects.[8] Since a balance between the 
formation and clearance of AVs is required for maintaining 
normal autophagic flux, accumulation of AVs could be 
considered as an aspect of dysregulation of EAL pathway. 
Targeting specific markers that modulate this crucial process 
is a potential therapeutic strategy.

Recent studies have demonstrated that both trafficking of APP 
among organelles and fusion of vesicles in EAL pathway are 
precisely regulated by Rab proteins. Rabs, a family of small 
GTPases, are key players in endocytosis, recycling of cell 
surface molecules, identifying types of vesicles, and regulating 
the formation, movement, and fusion of vesicle membranes.[9] 
Rab proteins include the early endosome constituent Rab5 and 
the late endosome effector Rab7. Specifically, Rab5 regulates 
early endosome uptake and fusion; Rab7 is required for 
initiation of early‑to‑late endosome transition, facilitation of 
late endosome maturation, and crosstalk between endosomes 
and autophagosomes.[10] Activation of Rab5 contributes to 
APP‑induced axonal blockage,[11] while Rab7 knockdown 
blocks the fusion of autophagosomes/endosomes with 
lysosomes.[12] Abnormal expression of Rabs has been observed 
in some neurodegenerative disorders, such as Charcot–Marie–
Tooth type 2B, dementia with Lewy bodies, mild cognitive 
impairment, and AD;[13,14] however, the mechanisms by which 
Rabs participate in EAL pathway dysregulation in AD have 
yet to be elucidated.

Rab7 is known to be closely linked to the class III 
phosphatidylinositol 3‑kinase (PI3KC3) complex, an 

important regulator of intercellular vesicle transport.[15] It 
has recently been shown that UVRAG, a component of the 
PI3KC3 complex, binding to Beclin1 component via its central 
conserved domain to stabilize the Beclin1–PI3KC3 complex, 
could induce autophagy.[16] In UVRAG overexpressing cells, 
a marked increase in autophagosomes and Rab7 activity was 
detected.[17] Another component of the PI3KC3 complex, 
Rubicon, is a negative regulator of endosomal maturation 
and autophagy. Rubicon competes with Rab7 for UVRAG 
binding.[18] However, the relationship between Rab7 and 
PI3KC3 in AD has not been analyzed.

To investigate the dysregulation of EAL pathway and a 
possible involvement of PI3KC3 component(s) in the 
neurodegeneration in AD, we employed a transgenic AD 
mouse model (the APP/PS1 mouse) that expresses mouse/
human APP (Mo/Hu APP695swe) and mutant human 
PS1 (PS1‑dE9) protein. We analyzed changes of early 
endosomal constituent Rab5, late endosomal marker Rab7, 
autophagosome marker LC3B, lysosomal marker Lamp1/2 of 
EAL pathway, and further detected the alterations of UVRAG, 
Beclin1, and Rubicon in cortex and hippocampus, the two 
main vulnerable regions at different aged AD mouse brain.

Methods

Mice
B6Cg‑Tg (APPswe, PSEN1dE9) 85Dbo mice were 
purchased from the Jackson Laboratory (Bar Harbor, USA) 
and crossed with C57BL/6J to maintain this line. Genotyping 
of tail biopsies was performed by PCR. In this study, 3‑, 
7‑, and 12‑month‑old male and female transgenic mice and 
age‑ and gender‑matched wild‑type (Wt) littermate controls 
(4–7 mice per group) were used. All mice were maintained 
in specific pathogen‑free facilities in 12‑h light‑dark 
cycle rooms and had free access to water and standard 
rodent chow. All animal procedures were approved by the 
Institutional Animal Care and Use Committee of Tongji 
Hospital, Tongji Medical College, Huazhong University of 
Science and Technology and were in accordance with the 
National Institutes of Health Guide for the Care and Use of 
Laboratory Animals.

Immunohistochemistry
The mice were sacrificed by decapitation and the brains were 
quickly removed. The left halves of the brains were fixed 
in 4% paraformaldehyde and embedded in paraffin, while 
the right halves were quickly frozen and stored at −80°C 
for biochemical analysis. Immunohistochemistry was 
performed according to methods described previously.[19] 
For 6E10 staining, which detects Aβ, the blocking step was 
preceded by treatment with 70% formic acid for 10 min. The 
following primary antibodies were used: 6E10 (monoclonal 
mouse anti‑Aβ1‑16 1:1000, Biolegend, USA), polyclonal 
rabbit anti‑Rab5 (1:300, Abcam, USA), polyclonal goat 
anti‑Rab7 (1:100, Santa Cruz, USA), polyclonal rabbit 
anti‑LC3B (1:200, Cell Signaling Technology, USA), 
polyclonal rabbit anti‑Lamp1 (1:400, Abcam), polyclonal 
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goat anti‑Beclin1 (1:100, Santa Cruz), polyclonal rabbit 
anti‑UVRAG (1:400, Millipore, USA), polyclonal rabbit 
anti‑Rubicon (1:50, LifeSpan Biosciences, USA), Alexa 
Fluor‑conjugated antibodies (Molecular Probes, USA), and 
HRP‑conjugated antibodies (chromogenic). Nuclei were 
labeled with DAPI or hematoxylin. Images were acquired 
using a confocal microscope (Fluoview10, Olympus, Tokyo, 
Japan) or an epifluorescence microscope (Olympus).

Western blotting analysis
Western blotting analysis of the entire right hemispheres 
or dissected cortex/hippocampi of the right hemispheres 
was executed as described before.[19] Polyvinylidene 
difluoride membranes were incubated overnight with 
primary antibodies, and then HRP‑conjugated secondary 
antibodies (Jackson ImmunoResearch, USA) were applied, and 
chemiluminescence (Supersignal West Pico, Thermo Fisher 
Scientific, USA) was used to visualize the luminescence. The 
following primary antibodies were used for immunoblotting: 
polyclonal rabbit anti‑Rab5 (1:1000, Abcam), monoclonal 
mouse anti‑Rab7 (clone Rab7‑117, 1:1000, Sigma‑Aldrich, 
USA), polyclonal rabbit anti‑LC3B (1:1000, Cell Signaling), 
polyclonal goat anti‑Lamp2 (1:200, Santa Cruz), polyclonal 
rabbit anti‑UVRAG (1:2000, Millipore), monoclonal 
mouse anti‑Beclin1 (1:500, BD Biosciences, USA), and 
β‑actin (clone AC‑74, 1:10,000, Sigma‑Aldrich).

Statistical analysis
Data are presented as mean ± standard error. Quantification 
of Western blotting and immunofluorescence was carried 
out by Image J software (the National Institutes of Health, 
the US Department of Health and Human Services, USA). 
Normality and homoscedasticity assumptions were reached. 
The comparison between Wt and transgenic groups was 
done by two‑tailed t‑test with GraphPad Prism (Graphpad 
Software Inc., USA) and diagrams were also plotted with 
this software. Differences were considered statistically 
significant when P < 0.05.

results

Endosomal–autophagic–lysosomal pathway was 
dysregulated in 12‑month‑old APP/PS1 mice
The 12‑month‑old APP/PS1 mice exhibited abundant 
Aβ accumulation [Supplementary Figure 1] and also 
showed impaired spatial memory, which were similar to 
symptoms observed in AD patients. To confirm the EAL 
pathway dysfunction in AD mouse brain, we measured 
the expression of endosomal organizers Rab5 and Rab7, 
autophagosome marker LC3B, and lysosomal proteins 
Lamp1 and Lamp2. Western blotting revealed significantly 
increased expression of all markers above in hemisphere 
homogenates of 12‑month‑old APP/PS1 mouse brains 
compared to that of control mice (APP/PS1 vs. Wt, t = 3.718, 
P = 0.0040; t = 6.243, P < 0.0001; t = 7.669, P < 0.0001; and 
t = 2.421, P = 0.0360 for Lamp2, Rab5, Rab7, and LC3B 
II/I, respectively) [Figure 1a and 1b], indicating activation 
of EAL pathway in the AD mouse model.

We also analyzed the regional distributions of these markers 
in cortex and hippocampus via immunofluorescence 
staining (parietal and temporal lobes and CA1 were shown). 
Rab5 mainly concentrated in the neuronal soma, particularly 
in the perikarya, while Rab7 was located in the neuronal 
submembrane region and proximal neurites. LC3B was 
distributed both in the soma and neurites of neurons [Figure 1c]. 
Compared to Wt littermates, expression of Rab5, Rab7, 
and LC3B was significantly increased in the cortex of APP/
PS1 mice [Figure 1c]. Surprisingly, we discovered markedly 
decreased expression of Rab7, accompanied by elevation of Rab5 
and LC3B levels, in the hippocampi of AD mice [Figure 1c]. 
In addition, LC3B was primarily distributed in neuronal 
somata, rather than both in somata and neurites as found in 
the Wt mice [Figure 1c]. This may indicate a disturbance in 
autophagosome function in the AD mice. Similar to LC3B, 
Lamp1 expression was increased in the cortices and hippocampi 
of APP/PS1 mice and exhibited a plaque‑like distribution which 
is consistent with the previous studies which revealed strong 
immunoreactivity of Lamp1/2 in cells and in cell process 
surrounding plaques in AD brains [Figure 1c].[20,21] This may be 
due to the accumulation of lysosomes and autophagolysosomes 
in neurites or glial cells around amyloid plaques. Taken together, 
these findings indicate that the EAL pathway was dysregulated 
and distinct mechanisms may be involved in cortex and 
hippocampus of the 12‑month‑old AD mice.

Rab7 was involved in amyloid‑β‑related pathology and 
relevant with class III phosphatidylinositol 3‑kinase 
complex components in APP/PS1 mouse brain
The discrepancy of Rab7 expression between cortices and 
hippocampi of 12‑month‑old APP/PS1 mice suggests that 
Rab7 may play a special role in Aβ‑related EAL pathway 
dysregulation in AD. To confirm the possible link between 
Rab7 and Aβ aggregation in neurons, we carried out 
double‑labeled immunofluorescent staining of Rab7 and 
Aβ, and did observe the co‑localization of two proteins in 
neurons of 12‑month‑old APP/PS1 mice [Figure 2a, merged, 
labeled in yellow]. These data implied that Rab7 and Aβ may 
be functionally related to AD pathogenesis.

Previous in vitro studies have disclosed the interaction of 
Rab7 with components of the PI3KC3 complex, Beclin1, 
UVRAG, and Rubicon in mediating endosome and 
autophagosome maturation.[15,18] In 12‑month‑old APP/PS1 
mouse brain, the co‑localization of Rab7 with Beclin1, 
UVRAG [Figure 2b], and Rubicon [Figure 3a] was verified 
by means of immunofluorescent double labeling, which 
indicates that UVRAG, Beclin1, and Rubicon may also 
participate in regulating Rab7 in AD mice.

Alteration of Rab7‑related class III phosphatidylinositol 
3‑kinase complex components in 12‑month‑old 
APP/PS1 mice
As depicted above, the expression pattern of Rab7 in the 
cortex and hippocampus of 12‑month‑old APP/PS1 mice 
was opposite. Quantitative analysis of Western blotting 
demonstrated that Rab7, Beclin1, and UVRAG were 
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significantly increased in the APP/PS1 cortex (t = 5.367, 
P = 0.0330 for Rab7, t = 6.149, P = 0.0254 for Beclin1, and 
t = 8.362, P = 0.0140 for UVRAG) [Figure 4a and 4b], while 
Rab7 and Beclin1 were obviously decreased in the APP/PS1 
hippocampus (t = 4.570, P = 0.0447 for Rab7 and t = 6.708, 
P = 0.0215 for Beclin1) [Figure 4c and 4d].

It has been reported that UVRAG can bind to Beclin1 and 
stabilize the Beclin1–PI3KC3 complex, which can activate 
Rab7 and induce autophagy.[16,17] As shown in Figure 4e, 
Beclin1 and UVRAG co‑localized with each other, and 
were both increased in the cortex of APP/PS1 mice relative 
to controls [Figure 4e]. It is worth noting that the number 

Figure 1: EAL dysregulation in 12‑month‑old APP/PS1 mice. (a) Western blotting analysis of Lamp2, Rab5, Rab7, and LC3B‑I/II in hemisphere 
homogenates of Wt and APP/PS1 (Tg) mice (n = 6), using β‑actin as a loading control. (b) Quantitative analysis of Lamp2, Rab5, Rab7, 
and LC3B‑II/I levels. (c) Immunostaining of Rab5, Rab7, LC3B, and of Lamp1 in cortex and hippocampus of Wt and Tg mice (n = 4). Scale 
bar of immunofluorescence images = 50 µm. Scale bar of Lamp1 images = 40 µm. *P < 0.05, †P < 0.01, ‡P < 0.0001. Wt: Wildw type; 
EAL: Endosomal–autophagic–lysosomal; Tg: Transgenic.
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of Beclin1‑positive cells decreased markedly in the 
hippocampus of AD mice [Figure 4f]. Moreover, distribution 
of UVRAG in hippocampus of APP/PS1 mice is obviously 
concentrated in somata [Figure 4f], which may be a result 
of neurite dystrophy in AD hippocampal neurons.

In vitro study indicated that Rubicon could negatively regulate 
Rab7 activation.[18] Our staining revealed co‑localization 
of Rubicon and Rab7 in the cortex (data not shown) and 
hippocampus of APP/PS1 mice [Figure 3a]. Compared with 
that of Wt mice, quantitative analysis of average optical 
density (AOD) of Rubicon revealed no obvious change in 
cortex (t = 0.045, P = 0.9647), while a prominent increase 
was noticed in hippocampus of APP/PS1 mice (t = 3.950, 
P = 0.0055) [Figure 3b].

Endosomal–autophagic–lysosomal dysregulation and 
alteration of Rab7‑related class III phosphatidylinositol 
3‑kinase complex components in 7‑month‑old 
APP/PS1 mice
To reveal whether changes of the EAL pathway are 
dynamic in Aβ pathogenesis, we detected markers of 
EAL pathway and Rab7‑related PI3KC3 components 
in 3‑month‑old APP/PS1 mice without neuronal Aβ 
accumulation and 7‑month‑old transgenic mice with early 
intracellular Aβ deposits [Supplementary Figure 1]. No 
obvious EAL pathway marker alterations were observed 
in 3‑month‑old transgenic brain (data not shown). 
Different from 12‑month‑old mice, all markers of EAL 
pathway, including Rab7, were significantly upregulated 

in the cortex (t = 3.863, P = 0.0083 for Rab7, t = 4.062, 
P = 0.0066 for Rab5, and t = 7.324, P = 0.0030 for 
LC3BII/I in quantitative analysis of Western blotting) and 
hippocampus (t = 5.119, P = 0.0022 for Rab7, t = 8.131, 
P = 0.0002 for Rab5, and t = 8.273, P = 0.0002 for 
LC3B II/I in quantitative analysis of Western blotting) of 
7‑month‑old transgenic brain [Figure 5a, 5c and 5d]. LC3B 
was mainly distributed in neuronal somata, similar to that 
of 12‑month‑old APP/PS1 group [Figure 5a]. Both UVRAG 
and Beclin1 were elevated in APP/PS1 cortex (t = 5.097, 
P = 0.0022 for UVRAG and t = 3.310, P = 0.0162 for 
Beclin1 in the quantitation of Western blotting) and 
hippocampus (t = 5.619, P = 0.0014 for UVRAG and 
t = 8.038, P = 0.0002 for Beclin1 in the quantitation 
of Western blotting), accompanied by an increase of 
UVRAG‑Beclin1 co‑localization [Figure 5b and 5d]. 
Meanwhile, the expression of Rubicon remained stable in 
7‑month‑old mice [Figure 3c].

dIscussIon

In the present study, we found different EAL dysregulation 
patterns in presymptomatic and symptomatic stages of AD 
in APP/PS1 mice. Recent studies have revealed that APP, 
the precursor of Aβ, is processed via EAL pathway.[2] At 7 
months old, when Aβ began to accumulate, all EAL pathway 
markers (Rab5, Rab7, and LC3B, Lamp1) are increased 
in the cortex and hippocampus of APP/PS1 mice, which 
indicates the activation of EAL pathway for clearance of 
upcoming Aβ aggregates. Similar results were found in 

Figure 2: Co‑localization of Rab7 with Aβ and PI3KC3 complex components in 12‑month‑old APP/PS1 mice. (a) Co‑localization of Rab7 (green) 
and 6E10 (red) in 12‑month‑old APP/PS1 (Tg) cortex (n = 4) scale bar = 80 µm. (b) Co‑localization of Rab7 (green) and Beclin1 or UVRAG (red) 
in 12‑month‑old Tg cortex (n = 4) scale bar = 40 µm. Aβ: Amyloid‑β; Tg: Transgenic; PI3KC3: Class III phosphatidylinositol 3‑kinase.
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the cortex of 12‑month‑old mice, except that Rab7, a key 
regulator of late endosome maturation and fusion in the 
EAL pathway, was downregulated in the hippocampus, 
accompanied by a reduction of its activating PI3KC complex 
components (UVRAG, Beclin1) and enhancement of its 
inhibiting component (Rubicon). Based on our in vitro study, 
we speculated that Rab7 and PI3KC complex components 
may play pivotal roles in EAL dysregulation and Aβ 
pathogenesis in AD mice.

Rab7, a small Rab‑family GTPase, is mainly located in late 
endosomes, autophagosomes, and lysosomes. Catalysis of 

guanine‑nucleotide exchange factor is to transform Rab7 
from a GDP‑bound to a GTP‑bound form for activation.[10] 
GTP‑bound Rab7 regulates the early‑to‑late endosome 
transition and the maturation of late endosomes and late 
AVs.[22] GTP‑Rab7 also regulates trafficking of vesicles 
by interacting with dynein/dynactin/p150glued and 
FYCO1.[23] Thus, any abnormality in expression levels, 
activation, or transportation of Rab7 would disturb the 
equilibrium of autophagic flux, leading to dysregulation 
of the EAL pathway. Reversely, Rab7 expression and 
function could be regulated by Aβ pathogenesis. APP and 
its β‑C‑terminal‑fragment (β‑CTF) can activate Rab5, 
a Rab‑family GTPase located in early endosomes.[11] 
Overexpression of Rab5 or its active mutant results in late 
endocytic dysregulation, but its null mutant reverses the 
early and late endosome abnormality.[24] Therefore, increased 
upstream endocytic uptake could alter Rab7 expression 
and function. In addition, intercellular accumulation of 
metabolites such as Aβ and β‑CTF, ceramide, and cholesterol 
has been proven to induce late endosome dysfunction.[25] 
In fibroblasts from patients with Niemann–Pick disease 
type C, cholesterol accumulates in the late endosomes and 
lysosomes, sequesters Rab7 in cholesterol‑rich structures, 
and impairs the normal function of Rab7 to mediate 
vesicle fusion with lysosomes.[26] Meanwhile, the abnormal 
autophagosomes and lysosomes in downstream of the 
autophagic flux could also induce the dysfunction of Rab7.

Increased expression of Rab5 in the APP/PS1 mouse 
cortex could represent accelerated endocytic uptake, or 
it could merely be a consequence of Rab7 dysfunction. 
In soluble Aβ‑treated PC12 cells, increased and enlarged 
Rab5‑positive endosomes appeared after blocking the late 
endosomes,[27] indicating that late endocytic dysregulation 
could, in turn, lead to abnormalities in early endosomes. 
Thus, we hypothesized that increased delivery of APP‑rich 
vesicles to the autophagy–lysosomal pathway leads to the 
upregulation of Rab5 and Rab7, which then accelerates 
amyloidogenesis in the cortex. Continuous deposition 
of Aβ eventually causes a functional deficit of Rab7 and 
impaired fusion of the late endosome/AVs with lysosomes 
in the hippocampus.

In an attempt to clarify the molecular mechanism of 
Rab7 dysfunction in APP/PS1 mice, we investigated the 
expression of two Rab7‑related proteins, UVRAG and 
Beclin1, in the cortex and hippocampus. Beclin1 is a core 
component of the PI3KC3 complex, coordinating with 
VPS34 and other autophagy‑related proteins to induce 
autophagosome nucleation. In fact, decreased expression of 
Beclin1 was identified in affected brain regions of patients 
with AD.[28] Also notably, recent studies have revealed 
new functions of Beclin1 in regulating membrane traffic 
pathways, including those involved in endocytosis and 
autophagy.[29,30] Beclin1, possibly through its association 
with endosomes,[30] promotes surface internalization 
and sorting of APP to Rab7‑positive late endosomes and 
endolysosomes.[31] A deficiency of Beclin1 was found 

c
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Figure 3: Rubicon in 7‑ and 12‑month‑old APP/PS1 mice. 
(a) Double‑labeled immunofluorescence detection of Rubicon (red) 
and Rab7 (green) in 12‑month‑old Wt and Tg hippocampus (n = 4). 
Scale bar = 50 µm. (b) Quantitative analysis of AOD of Rubicon 
in 12‑month‑old APP/PS1 cortex and hippocampus. *P < 0.01. 
(c) Immunofluorescence of Rubicon (red) in 7‑month‑old cortex 
and hippocampus of Wt and Tg mice (n = 4). Scale bar = 40 µm. 
AOD: Average optical density; Wt: Wild type; Tg: Transgenic.
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to impair endosome maturation and eventually led to 
neurodegeneration.[30]

UVRAG is another protein that can bind to the Beclin1–PI3KC3 
complex and induce autophagy.[16,29‑31] Independent of 
Beclin1, UVRAG can interact with C‑VPS/HOPS and 
activate Rab7 by promoting the GDP‑to‑GTP transition 
and accelerating autophagosome/endosome maturation and 
endosome fusion.[17] In our study, increased Beclin1–UVRAG 
co‑localization was observed in the cortex of AD mouse 
model, implying aberrant activation of Rab7, with 
subsequently increased endocytosis and greater induction 
of autophagy.

Rubicon has been proved to serve as a negative regulator 
of endosomal maturation and autophagy. Rubicon binding 
sequesters UVRAG from C‑VPS/HOPS and inhibits 
the activation of Rab7. In contrast, activated Rab7 

could compete with UVRAG for binding to Rubicon, 
thus releasing UVRAG from Rubicon and promoting 
autophagy.[15,18] In endosomal maturation, these components 
of the PI3KC3 complex function as a feed‑forward loop. 
In hippocampus of 12‑month‑old AD mice, decreased 
Rab7 and increased Rubicon facilitated UVRAG and 
Rubicon binding, then disrupted the normal function of 
Rab7 in endocytosis and autophagy, and finally impairs 
maturation of the late endosome and fusion of endosomes 
with lysosomes.

A recent study analyzed autophagic flux in CA1 neurons of 
the hippocampus of patients with early‑ and late‑stage AD. 
The results suggested that during the early disease response, 
autophagosome formation and lysosome biogenesis are 
increased and their fusion is not altered; however, autophagic 
flux is progressively impaired due to a deficiency of cargo 

Figure 4: Alternations of Rab7‑related PI3KC3 complex components in 12‑month‑old APP/PS1 mice. (a and b) Western blotting and quantitative 
analysis of Rab7, UVRAG, and Beclin1 in Wt and APP/PS1 (Tg) cortex. (c and d) Western blotting and quantitative analysis of Rab7, UVRAG, 
and Beclin1 in Wt and Tg hippocampus. β‑actin is used as a loading control (n = 4) *P < 0.05. (e and f) Double immunofluorescence‑labeled 
Beclin1 (green) and UVRAG (red) in the cortex (e) and hippocampus (f) of Wt and Tg mice (n = 4). Merged images show co‑localized Beclin1 
and UVRAG in yellow. Scale bar = 30 µm. PI3KC3: Class III phosphatidylinositol 3‑kinase; Wt: Wild type; Tg: Transgenic.
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clearance as the disease progresses.[32] That study implied 
that autophagic flux is a dynamic condition and can change 
during the course of disease. Lesions of neurons in the 
hippocampus and cortex may not happen simultaneously 
in APP/PS1 mice, or EAL pathway involved in different 
regions does not share the same mechanism. Early in 
the neurodegenerative process of neurons of APP/PS1 
hippocampus, accelerated endocytosis leads to upregulation 
of Rab7 and the EAL pathway, and increased recruitment of 
endosomes and autophagosomes in neurons. As the disease 
progresses to the later stage, there is a marked accumulation 
of AVs due to a deficiency in lysosomal clearance, or other 
factors, and to exhaustion of Rab7 and its related proteins, 
resulting in late endocytic dysfunction and impaired 
endosomal–lysosomal fusion [Figure 6]. All of the above 
could potentially help us understand the difference between 

cortex and hippocampus in expression and Rab7 and other 
markers in 12‑month‑old AD mice.

The mechanisms of EAL pathway involved in AD 
pathogenesis seem way more complicated than we thought. 
In further clinical applications, autophagy‑regulating therapy 
should not simply induce or block autophagy globally, as 
this might not restore the proper autophagic flux.

In summary, our data showed that dysregulation of EAL 
pathway could change along with the disease’s progression 
and varies in different brain regions. Rab7 and its related 
PI3KC3 complex components may be involved in EAL 
dysregulation in AD. Understanding the underlying 
mechanism of this dysregulation has important implications 
for developing potential therapeutic methods by targeting 
autophagy in neurodegenerative diseases.
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Figure 5: Alternations of EAL pathway and Rab7‑related proteins in 7‑month‑old APP/PS1 mice. (a) Immunostaining of Rab5, Rab7, LC3B, and 
Lamp1 in cortex and hippocampus of Wt and Tg mice (n = 4). Scale bar = 50 µm. (b) Double immunofluorescence‑labeled Beclin1 (green) 
and UVRAG (red) in cortex and hippocampus of Wt and Tg mice (n = 4). Scale bar = 40 µm. (c) Representative Western blotting images of 
EAL markers, UVRAG and Beclin1, in 7‑month‑old Tg cortex and hippocampus. β‑actin as a loading control (n = 4). (d) Quantitative analysis 
of proteins in Wt and Tg cortex and hippocampus. *P < 0.05, †P < 0.01, ‡P < 0.001. EAL: Endosomal–autophagic–lysosomal; Wt: Wild type; 
Tg: Transgenic.
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Supplementary information is linked to the online version of 
the paper on the Chinese Medical Journal website.
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Supplementary Figure 1: Amyloid plaque deposition in 12‑ and 
7‑month‑old APP/PS1 mice. (a) 12‑month‑old APP/PS1 mice exhibited 
a considerable amount of Aβ deposition, mainly in extracellular plaques 
in the hippocampus and cortex. Scale bar = 500 µm. (b) A significant 
elevation of Aβ 40/42 was confirmed by sandwich ELISA of the 
hemisphere homogenate from the APP/PS1 mice. (c) 7‑month‑old 
APP/PS1 mice began to develop intracellular Aβ accumulation, while 
12‑month‑old APP/PS1 mice showed not only extracellular plaques 
but also intracellular Aβ deposits. Scale bar = 40 µm. Aβ: Amyloid‑β.
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