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Abstract: Hypoxia promotes the accumulation of amyloid-β (Aβ), which is related to the pathogenesis of Alzheimer’s 
disease (AD). CD147 is considered as an additional subunit of γ-secretase regulated by hypoxia, and has been iden-
tified in exosomes. Aβ is also found in exosomes that participate in the intercellular communication and amyloids 
propagation. This study was to investigate the role of CD147 in hypoxia-induced accumulation of Aβ in exosomes. 
Our results showed that hypoxia increased the levels of Aβ40 and Aβ42 in exosomes and enhanced the interaction 
between CD147 and Hook1 in SH-SY5YAPP695 cells. Moreover, hypoxia increased the interaction between amyloid 
precursor protein (APP) and CD147 as well as the expression of CD147 in isolated membrane. After we interfered 
the interaction between CD147 and Hook1 by decreasing Rab22a expression, the hypoxia induced Aβ accumulation 
in exosomes was significantly suppressed. In addition, the increased interaction between CD147 and Hook1 was 
further confirmed in hypoxia exposed C57BL/6 mice. Our findings reveal that hypoxia may increase exosome Aβ 
level by enhancing the interaction between CD147 and Hook1. 
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Introduction

The amyloid plaques and neurofibrillary tang- 
les have been known as the histopathological 
signatures of Alzheimer disease (AD) since the 
early 20th century [1]. Extracellular amyloid 
plaques and intraneuronal neurofibrillary tan-
gles have highly insoluble, densely packed fila-
ments, which are formed by amyloid-β (Aβ) pe- 
ptides for plaques and tau for tangles, and th- 
eir accumulation directly leads to the impair-
ment and destruction of synapses related to 
memory and cognition [1]. The hydrophobic 
39-43 residue Aβ is proteolytically derived fr- 
om the transmembrane amyloid precursor  
protein (APP) [2] after sequential cleavage by 
β-secretase and γ-secretase [3]. 

A variety of studies have revealed that hypoxia 
is able to augment the amyloidogenic process-
ing of APP, resulting in the Aβ accumulation [4, 
5]. It has been reported that hypoxia can mo- 
dify APP processing and enhance the activity  
of β-site APP-cleaving enzyme 1 (BACE1) and 
PS1/γ-secretase complex, which accelerates 

Aβ production and plaques formation in vivo 
and in vitro [6].

Aβ peptides have been found in multivesicular 
bodies (MVBs) and can be released from exo-
somes, which are a type of microvesicles with 
the diameters of 40-100 nm and can be sec- 
reted after MVBs fusion with the cell surface 
[7]. In addition, APP, APP-CTFs and AICD can 
also be integrated and secreted via exosomes 
in neuronal cells [8, 9]. Exosomes containing 
amyloidogenic proteins and peptides as inter-
cellular shuttles may act as mediators of amy-
loids propagation [10, 11], and the presence  
of exosome markers in amyloid plagues of 
Tg2576 mice brains and post-mortem human 
AD patients indicates that exosomes may affect 
the trafficking of Aβ and their aggregation to 
plaques [12, 13], which may be partially related 
to the progression of AD. 

Nevertheless, the effects of hypoxia on the Aβ 
accumulation in exosomes and the specific 
mechanisms are still unclear. CD147, a trans-
membrane glycoprotein, has been regarded as 
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an additional subunit of the γ-secretase com-
plex and may influence the Aβ accumulation 
[14]. CD147 was also identified in neuroblas- 
toma cell-derived exosome [15]. Our results 
showed that hypoxia could up-regulate the 
CD147 expression in SH-SY5YAPP695 cells. Fur- 
thermore, the microtubule- and cargo-tethering 
protein, Hook1, has been found to recognize 
the cytoplasmic tail of CD147 and help sort it 
into Rab22a-dependent tubules associated 
with recycling [16]. This means that Hook1 
functions as an adaptor that selectively sorts 
CD147 on endosomes to prevent its traffick- 
ing from the degradation route. However, the 
roles of CD147 and Hook1 in the regulation  
of Aβ production in exosomes and the chan- 
ges in CD147 and Hook1 under hypoxic condi-
tions remain inconclusive. This study aimed to 
investigate the effects of hypoxia on the Aβ 
accumulation in exosomes and the roles of 
CD147 and Hook1 in these effects. 

Material and methods

Cell lines and hypoxia exposure

Human neuroblastoma SH-SY5Y cells with  
stable expression of human wild-type APP695  
cDNA (SH-SY5YAPP695) were kindly provided by 
Professor Sheng-Di Chen in the Department  
of Neurology and Institute of Neurology, Ruijin 
Hospital, Shanghai JiaoTong University School 
of Medicine, Shanghai. For hypoxia exposure, 
SH-SY5YAPP695 cells were exposed to 2% O2 for 
24 h, and the plates were placed in the cham-
ber (Thermo ScientificTM FormaTM Steri-CycleTM 
i60 CO2), meanwhile the control plates were 
placed in the other incubator with a mixed gas 
of 21% O2, 5% CO2, and balance N2. 

Reagents, siRNa, plasmids and transfection

The following primary antibodies were used: 
anti-Hook1 antibody (rabbit, 1:2000 for WB 
and 1:50 for co-immunoprecipitation, Sigma-
Aldrich, HPA018537), anti-CD147 antibody (mo- 
use, 1:1000 for WB and 1:50 for co-immuno-
precipitation, SantaCruz Biotechnology, sc-25- 
273), anti-CD147 antibody (rabbit, 1:1000 for 
WB, Abcam, ab108317), anti-APP antibody (ra- 
bbit, 1:1000 for WB and 1:50 for co-immuno-
precipitation, Abcam, ab32136), anti-Rab22a 
antibody (rabbit, 1:500 for WB, Abcam, ab- 
137093), anti-ALIX antibody (rabbit, 1:1000 for 
WB, Sigma-Aldrich, SAB4200477), anti-Flotillin 

1 antibody (rabbit, 1:1000 for WB, Abcam, 
ab41927), Anti-alpha 1 Sodium Potassium 
ATPase (mouse, 1:1000 for WB, Abcam, USA 
ab7671). Membrane and Cytosol Protein Ex- 
traction Kit (Beyotime® Biotechnology, China 
#P0033) was used for membrane protein 
extraction. 

In some experiments, siRNA or plasmids tran- 
sfection of SH-SY5YAPP695 cells was perform- 
ed using the Lipofectamine® 3000 kit (Invi- 
trogen, Life Technologies) according to the 
manufacturer’s instructions. The Rab22a si- 
RNA were synthesized in Genepharma (Sh- 
anghai, China). Plasmid over-expressing Hoo- 
k1 (HA-Hook1) was constructed in GeneChem 
Corporation (Shanghai, China). 

Real-time PCR

Total RNAs were extracted with a TRIzol rea- 
gent kit, and reverse transcription of RNA in- 
to cDNA was done using the PrimeScriptTM RT 
reagent Kit (Takara Clontech, Kyoto, Japan). 
Real-time PCR was performed using the Su- 
perReal PreMix Plus (SYBR Green) kit (Takara 
Clontech, Kyoto, Japan) on Roche LightCy- 
cler480 System. The reaction mixture (20 μl) 
contained 10 μl of 2 × SYBR® Premix Ex TaqTM, 
500 nM oligonucleotide primers (Shanghai 
Generay Biotech Co., Ltd China), and 0.5 μl of 
cDNA. The thermal cycling conditions includ- 
ed pre-denaturation at 95°C for 30 s and 40 
cycles of 95°C for 5 s and 60°C for 30 s. The 
mRNA expression of target genes was nor- 
malized to that of β-actin.

Western blotting

After treatment, SH-SY5YAPP695 cells were ly- 
sed in RIPA buffer (Beyotime, Shanghai, Chi- 
na) supplemented with Halt Protease Inhibitor 
Cocktail (Thermo Scientific, Rockford, USA) on 
ice for 30 min. The lysate was centrifuged at 
12,000 rpm for 5 min, and total protein con-
centration was quantified by bicinchoninic acid 
assay (BCA) (Pierce, Rockford, IL, USA). Then, 
60 μg of proteins was loaded and separated  
by 10% or 15% SDS-PAGE and then transfer- 
red onto nitrocellulose membrane (Bio-rad,  
CA, USA). The membranes were blocked in  
TBS containing 5% bovine serum albumin  
(BSA, Sigma Aldrich, MO, USA) for 1 h at room 
temperature. The membranes were then in- 
cubated with primary antibodies at 4°C over-
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night. After rinsing thrice, the membranes we- 
re incubated with Mouse IgG (H&L) Antibody 
IRDye800® Conjugated and Rabbit IgG (H&L) 
Antibody IRDye700® Conjugated (Li Cor Bio- 
sciences, NE, USA) at room temperature for 1 
h. After washing thrice, the protein bands were 
detected with the Odyssey infrared imaging 
system (Li Cor Biosciences, NE, USA). 

Immunofluorescent staining

SH-SY5YAPP695 cells were seeded and cultur- 
ed on coverslips in 24-well plates. After hypo- 
xic exposure for 24 h, cells were washed and 
fixed in cold acetone for 5 min. After washing 
with PBS thrice, cells were blocked with 2% 
BSA for 1 h at room temperature and incuba- 
ted with primary antibodies overnight at 4°C. 
Primary antibodies were anti-HOOK1 antibody 
(rabbit, 1:50, Sigma-Aldrich, St. Louis, MO, USA 
HPA018537) and anti-CD147 antibody (mou- 
se, 1:50, SantaCruz Biotechnology, CA, USA 
sc-25273). After rinsing with PBS thirce, cells 
on the coverslips were further incubated with 
FITC-conjugated secondary antibodies for 1 h 
at room temperature. Secondary antibodies 
were Dylight 488 AffiniPure goat anti-mouse 
IgG and CY3 AffiniPure goat anti-rabbit IgG (all 
1:200, Jackson Immunoresearch Laboratories, 
Inc). After counterstaining with 4,6-diamidino-
2-phenylindole (DAPI), mounting was perfor- 
med, and cells were visualized under a confo- 
cal microscope (Carl Zeiss, LSM710, Jena, 
Germany).

Co-immunoprecipitation assay

SH-SY5YAPP695 cells were harvested from 10- 
cm dishes, sonicated in the lysis/wash buffer 
and incubated with 10 μl of anti-Hook1 anti-
body, anti-CD147 antibody or anti-APP antibody 
overnight at 4°C. Co-immunoprecipitation was 
performed with Pierce Classic Magnetic IP/
Co-IP kit according to the manufacturer’s in- 
structions. Cell lysate and immunoprecipitate 
were analyzed by Western blotting. 

To detect the interaction between CD147 and 
Hook1 in C57BL/6 mice, the hippocampus  
was collected, weighed, homogenized in 100  
μl of ice-cold lysis/wash buffer containing pro-
tease inhibitors with Dounce Homogenizers 
and then sonicated. After centrifugation at  
4°C, the resultant supernatant was collected 
and quantified with a BCA kit (Pierce, Rockford, 

IL, USA). Thereafter, co-immunoprecipitation 
was performed as described above. 

Isolation of exosomes

Cells were incubated in culture medium with 
exosome-depleted FBS (Gibco, Thermo Fisher 
Scientific) for 48 h, and then exosomes were 
isolated from the medium. Conditioned medi-
um was collected, and then exosomes were 
precipitated with ExoQuick exosome precipita-
tion solution (EXOQ-TC; System Biosciences, 
Inc., Mountain View, CA, USA). Briefly, 4 ml of 
ExoQuick reagent was added into 20 ml of con-
ditioned medium with inhibitor cocktails, fol-
lowed by refrigeration overnight. On the sec-
ondary day, the ExoQuick-TC/biofluid mixture 
was centrifuged at 1,500 × g for 30 min and 
the supernatant was aspirated. Then residual 
ExoQuick solution was centrifuged at 1,500  
× g for 5 min and all traces of fluid were remov- 
ed by aspiration carefully to precipitate exo-
somes according to the manufacturer’s in- 
structions. 

ELISA of Aβ

Conditioned medium was collected from SH- 
SY5YAPP695 cells. Halt Protease Inhibitor Co- 
cktail (Thermo Scientific, Rockford, USA) was 
added to the medium to prevent against Aβ 
degradation. The concentrations of Aβ40 and 
Aβ42 were determined with human Aβ40 and 
Aβ42 ELISA kits (Elabscience Biotechnology, 
Wuhan, China), respectively according to the 
manufacturer’s instructions. Amyloid beta 42 
Human ELISA Kit Ultrasensitive (Thermo Fisher 
Scientific) was used to detect exosomal Aβ42. 
Briefly, exosomes pellets were re-suspended  
in diluent buffer of ELISA kits, and sonicated, 
followed by quantification. The resultant solu-
tion was then added to the plate and ELISA  
was performed according to the manufactur-
er’s instructions. 

animals and treatments

Male C57BL/6 mice aged 8-10 weeks (speci- 
fic pathogen-free, SPF) were purchased from 
Shanghai SLAC Laboratory Animal Co. Ltd 
(Shanghai, China), housed in SPF environment 
and give ad libitum access to food and water.  
A 12-h/12-h light/dark cycle was maintained. 
All animal experiments were conducted in  
compliance with Institutional Animal Care and 
Use Committee guidelines. 



Hypoxia increases amyloid-β level in exosomes

153 Am J Transl Res 2018;10(1):150-163

Mice were exposed to 8% O2 for 5 h in a spe-
cially designed hermetic chamber for animal 
experiments. In control group, mice were ex- 
posed to the air in the same chamber (21%  
O2). Mice were sacrificed by decapitation after 
hypoxia exposure and the brains were prom- 
ptly collected. Two hemispheres were obtained 
for Western blotting and co-immunoprecipita-
tion assay, respectively. Hippocampus was 
quickly separated, weighed and homogenized 
in 5 volumes of ice-cold lysis buffer, or stored  
at -80°C before further processing. The ho- 
mogenates were kept on ice for 30 min and 
then centrifuged at 12,000 rpm for 10 min at 
4°C. Total protein concentration was quantified 
using a BCA kit (Pierce, Rockford, IL, USA). 

Statistical analysis

Experiments were done at least three times. 
Data are expressed as means ± standard er- 
ror (SEM). Comparisons were done with one-
way analysis of variance (ANOVA) or two tailed 
Student’s t test. A value of P<0.05 was consid-
ered statistically significant. 

Results

Hypoxia increased Aβ level and up-regulated 
expression of CD147 and aPP in SH-SY5Y-
aPP695 cells

The contents of Aβ40 and Aβ42 were detected 
in the culture medium from SH-SY5YAPP695 

Figure 1. Hypoxia increases the expression of CD147 and APP and the level of Aβ in SH-SY5YAPP695 cells. A. SH-
SY5YAPP695 cells were exposed to 2% O2 for 24 h. The medium was collected and sonicated, and then Aβ40 and 
Aβ42 were measured by ELISA kit. *P<0.05. B, C. Hypoxia increased the expression of CD147 and APP, while Hook1 
expression remained unchanged. SH-SY5YAPP695 cells were exposed to 2% O2 for 24 h and then cell lysates were 
processed for Western blotting. β-actin served as an internal control. C. Densitometric analysis of APP, CD147 and 
Hook1 expression. Data are expressed as mean ± SEM (n = 3) *P<0.05. 
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cells. Results showed hypoxia increased the 
Aβ40 and Aβ42 contents from 461.3±31.98 
pg/ml and 124.4±13.30 pg/ml to 622.4± 
39.31 pg/ml and 203.9±19.95 pg/ml, respec-
tively (P<0.05) (Figure 1A). Then, the expres-
sion of APP, CD147, and Hook1 in human 
SH-SY5YAPP695 cells was detected by Western 
blotting. As shown in Figure 1B and 1C, hypo- 
xia increased the expression of APP and CD- 
147 to 126.4% (P = 0.0433) and 150.6%  
(P = 0.0192), respectively, although significant 
change was not observed in Hook1 expres- 
sion (113.3%; P = 0.1925). Our findings indi-
cate that hypoxia increases Aβ production, 
which might be partially attributed to the in-
creased expression of APP and CD147.

Hypoxia increased Aβ from exosomes

The extracted exosomes from SH-SY5YAPP695 
cells were re-suspended in PBS and identified 
by electron microscope. Under an electron mi- 
croscope, the exosomes had typical lipid bi-
layer structure with the diameter of 40-100 nm 
(Figure 2A). After hypoxia exposure, cells were 
lysed and the expression of well-characterized 
exosomal protein markers ALIX and Flotillin 1 
was detected by Western blotting. The expres-
sion of Flotillin 1 and ALIX increased after 
hypoxia exposure (Figure 2B), which means 
hypoxia exposure increases the release of exo-
somes from cells. 

We further investigated the influence of hypox-
ia exposure on the level of Aβ in exosomes.  
Cell medium was divided into two parts with 
equal volume and exosomes were extracted. 
One was used for protein quantitative analysis 
with BCA kit and the other was used for detect-
ing Aβ concentration by ELISA. Next, to inves- 
tigate the Aβ level of exosomes from the two 
groups, the samples were first normalized by 
the results of quantitative analysis and verified 
by western blot (Figure 2C). The mean levels of 
Aβ40 and Aβ42 in the hypoxia group (Aβ40: 
20.57±2.281 pg/ml and Aβ42: 11.34±2.005 
pg/ml) were significantly higher than in the  
control group (Aβ40: 13.82±0.804 pg/ml and 
Aβ42: 4.438±0.929 pg/ml) by ELISA (Figure 
2D). Meanwhile, the Aβ level was measured in 
exosome-depleted conditioned medium. After 
isolation of exosomes, the conditioned medi- 
um was processed for the detection of Aβ40 
and Aβ42 contents. Results showed the levels 
of Aβ40 and Aβ42 increased after hypoxia 

exposure (Figure 2E). These indicate that  
exosome-generated Aβ increases in SH-SY5- 
YAPP695 cells under hypoxic condition, althou- 
gh they are only a small part of the total extra-
cellular Aβ. 

Hypoxia increased the level of CD147 in the 
membrane of SH-SY5YaPP695 cells

APP and CD147 are transmembrane proteins 
and their expression increased after hypoxia 
exposure. To investigate the expression of 
CD147 in the membrane under hypoxic condi-
tion, the membrane was isolated from SH- 
SY5YAPP695 cells and the level of CD147 was 
detected by Western blotting. Results show- 
ed that CD147 expression significantly incre- 
ased under hypoxic condition (Figure 3A, 3B). 

aPP directly interacted with CD147 in SH-
SY5YaPP695 cells

We speculated that there was potential inte- 
raction between APP and CD147. Thus, co-
immunoprecipitation assay was conducted to 
further investigate the interaction between  
APP and CD147. First, APP was immunopreci- 
pitated from cell lysate using the Lysis buf- 
fer from the co-IP kit. Results (Figure 3C, 3D) 
showed that the combination of APP and CD- 
147 was clearly enhanced when cells were 
exposed to hypoxia. Then, CD147 was also im- 
munoprecipitated, which confirmed the co-IP 
results that hypoxia increased the interaction 
between CD147 and APP. These results sug-
gest the existence of a physiological complex 
between APP and CD147.

Hypoxia augmented the interaction between 
CD147 and Hook1

To investigate the interaction between CD147 
and Hook1 under hypoxic condition, co-immu-
noprecipitation assay was performed. SH-SY5- 
YAPP695 cells were transfected with HA-Hook1, 
and then exposed to hypoxia for 24 h. The over-
expression of full-length Hook1 (HA-Hook1) 
was confirmed by Western blotting and real-
time PCR. Transfection with HA-Hook1 plasmid 
showed significant increase in Hook1 expres-
sion (Figure 4A). After hypoxia exposure, cells 
were lysed and prepared for co-immunoprecipi-
tation assay. Results showed that the overex-
pressed full-length Hook1 and endogenous 
CD147 could be co-immunoprecipitated, which 
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Figure 2. Hypoxia increases the level of Aβ in exosomes. A. Electron microscopic images of SH-SY5YAPP695 cells -de-
rived exosomes. Exosomes were spherical vesicles surrounded by a bilayer lipid membrane and had the diameter 
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of between 40 and 100 nm. B. Hypoxia enhanced the release of exosomes in SH-SY5YAPP695 cells. Exosomes puri-
fied from conditioned medium were quantified by Western blotting using antigens ALIX and Flotillin 1. The protein 
expression of ALIX and Flotillin 1 was measured by densitometric analysis. C. Normalized exosomes from different 
groups. After quantitative analyses with BCA kit, exosomes from each group were adjusted to the same concentra-
tion and then Western blotting was performed. D. Hypoxia increased Aβ accumulation in exosomes. Aβ40 and Aβ42 
were measured in exosomes at equal concentration by ELISA. E. Eliminating exosomes did not significantly influence 
the level of Aβ in conditioned medium. After isolation of exosomes, the remaining conditioned medium was also 
processed for the measurement of Aβ40 and Aβ42 by ELISA. Data are expressed as mean ± SEM (n = 3) *P<0.05. 

Figure 3. Hypoxia increases the interaction between APP and CD147 as well as the expression of CD147 in isolated 
membrane. A. CD147 expression in the membrane isolated from SH-SY5YAPP695 cells increases under hypoxic con-
dition. The cell lysate was subjected to membrane isolation. Equal amounts of membranes lysates were immunob-
lotted with CD147 and Na+/K+-ATPase α1 antibodies. Na+/K+ ATPase was used as an internal control. B. Densitomet-
ric analysis of CD147 expression in the membrane. C. Direct interaction between CD147 and APP. SH-SY5YAPP695 
cells were exposed to hypoxia for 24 h and then cell lysate was immunoprecipitated (IP) with indicated antibodies. 
Precipitated immunocomplexes were analyzed by Western blotting with anti-APP or anti-CD147 antibodies. Results 
showed the interaction between APP and CD147 was enhanced in hypoxia. D. Quantitative densitometric analysis 
was performed to assess co-IP between CD147 and APP following hypoxia exposure. Data are expressed as mean 
± SEM (n = 3) *P<0.05. 

was enhanced under hypoxic condition (Figure 
4B, 4C).

Besides, confocal microscopy supported the 
colocalization of CD147 and Hook1 in SH-SY5- 
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Figure 4. Hypoxia promotes the interaction between CD147 and Hook1. A. SH-SY5YAPP695 cells were transfected 
with HA-tagged full-length Hook1 (HA-Hook1) or empty vector. Western blotting and real-time PCR for Hook1 showed 
the expression of Hook1 was enhanced in cells transfected with HA-Hook1. B. Interaction between Hook1 and 
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CD147 (Co-IP). SH-SY5YAPP695 cells transfected with HA-Hook1 were exposed to hypoxia for 24 h and then cell 
lysate was subjected to Co-IP. Precipitated immunocomplexes were analyzed by Western blotting with anti-Hook1 
or anti-CD147 antibodies. IP: Hook1 denotes Hook1-IP from cell lysates; IP: CD147 denotes CD147-IP from cell 
lysates. C. Quantitative densitometric analysis was performed to assess co-IP between CD147 and Hook1 following 
hypoxia exposure. Data are expressed as mean ± SEM (n = 3) *P<0.05. D. Co-localization of CD147 and Hook1 
in SH-SY5YAPP695 cells exposed to hypoxia. Cells were fixed and subjected to double immunofluorescence staining 
with anti-Hook1 (red) and anti-CD147 (green) antibodies. Cells were counterstained with DAPI (blue). Upper row: 
SH-SY5YAPP695 cells in normoxia; middle and lower rows: cells in hypoxia. Arrow: CD147 and Hook1 colocalization. 
Bars: 10 µm. 

Figure 5. si-Rab22a transfection interferes the interaction between CD147 and Hook1 and decreases Aβ in exo-
somes under hypoxic condition. A. SH-SY5YAPP695 cells were transfected with Rab22a siRNA (si-Rab22a) or negative 
control (NC). Western blotting and real-time PCR for Rab22a showed the Rab22a expression in cells transfected 
with Rab22a siRNA reduced significantly. B. Interaction between CD147 and Hook1 was interfered by si-Rab22a. 
SH-SY5YAPP695 cells were transfected with si-Rab22a or negative control, and then exposed to hypoxia for 24 h. 
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YAPP695 cells. Hook1 and CD147 had red fluo-
rescence (CY3), and green fluorescence (488), 
respectively. Similarily, hypoxia increased the 
co-localization of CD147 and Hook1 (Figure 
4D). 

Interfering with the interaction between CD147 
and Hook1 reduced hypoxia-induced Aβ ac-
cumulation in exosomes

To further investigate whether the interaction 
between CD147 and Hook1 affects the level of 
Aβ in exosomes, Rab22a siRNA was used to 
interfere with the interaction between CD147 
and Hook1 because Hook1 works in coord- 
ination with microtubules and Rab22a to re- 
gulate the recycling of CIE cargo proteins like 
CD147 back to the PM [17]. Rab22a siRNA (siR-
ab22a) was transfected into SH-SY5YAPP695 
cells, and the transfection efficiency was veri-
fied by Western blotting and real-time PCR 
(Figure 5A). Thereafter, cells were exposed to 
hypoxia, and the interaction between CD147 
and Hook1 and the Aβ production were furth- 
er investigated. Co-immunoprecipitation assay 
and Western blotting confirmed the interac- 
tion between CD147 and Hook1 decreased 
after hypoxia exposure in the presence of Ra- 
b22a silencing (Figure 5B, 5C). Moreover, 
Rab22a silencing also inhibited the accumula-
tion of Aβ in exosomes (Figure 5D). These find-
ings indicated that interfering with the interac-
tion between CD147 and Hook1 decreases  
the level of Aβ in exosomes under hypoxic 
condition. 

Hypoxia up-regulated the interaction between 
CD147 and Hook1 in vivo

The expression of CD147 and Hook1 was de- 
tected in the hippocampus of C57BL/6 mice  
by Western blotting. Results showed that ex- 
posure to hypoxia for 5 h significantly increas- 
ed the CD147 expression although marked 
increase was not observed in Hook1 expres-
sion (Figure 6A, 6B). Co-immunoprecipitation 
assay was also employed to investigate the 
interaction between CD147 and Hook1 in the 
hippocampus of C57BL/6 mice. Endogenous 

Hook1 and CD147 were immunoprecipitated 
independently, followed by Western blotting. 
Results (Figure 6C, 6D) showed the interaction 
between CD147 and Hook1 increased in the 
hippocampus of C57BL/6 mice after hypoxia 
exposure. 

Discussion

Exosomes biogenesis involves the inward bu- 
dding of MVB forming intraluminal vesicles  
(ILV and exosomes can specifically regulate 
cell-cell communication as cellular messen-
gers. Exosomes have been found to be related 
to some neurodegenerative diseases such as  
A [7, 18, 19]. Aβ production through sequen- 
tial proteolysis of Amyloid-β (Aβ) precursor pro-
tein (APP) by BACE1 and γ-secretase complex 
has been universally accepted as a factor re- 
lated to the pathogenesis of AD [20]. There is 
evidence showing that exposure to hypoxia  
can augment the amyloidogenic processing of 
APP, resulting in the accumulation of Aβ pep-
tides [4, 21-23], which might be attributed to 
the increased activities of β- and γ-secretases 
in hypoxia. Besides, hypoxia inducible factor-1 
α (HIF-1α) protein can directly interact with the 
γ-secretase complex and increase its activity  
in a non-transcriptional manner [6]. It has be- 
en reported that CD147 expression can be 
upregulated by hypoxia at both mRNA and pro-
tein levels [24]. Our results showed hypoxia 
increased the levels of Aβ40 and Aβ42 in 
SH-SY5YAPP695 cells derived exosomes, and  
it significantly increased the CD147 expression 
in vitro and in vivo. 

CD147 is a type-I immunoglobulin (Ig) trans-
membrane protein with 269 amino acid (aa) 
[25, 26] and considered as an integral part of 
γ-secretase complex, and may influence Aβ 
accumulation [27]. In this study, cell membra- 
ne was isolated from SH-SY5YAPP695 cells and 
the CD147 expression was detected. Results 
showed that the CD147 expression in cell  
membrane was significantly increased under 
hypoxic condition. 

APP is a transmembrane protein with a large 
N-terminal extracellular tail. β-secretase can 

Immunoprecipitation of Hook1 and CD147 was performed to evaluate their interaction. Precipitated immunocom-
plexes were detected by Western blotting with anti-Hook1 or anti-CD147 antibodies. C. Quantitative densitometric 
analysis was performed to assess co-IP between CD147 and Hook1 after hypoxia exposure and Rab22a silencing. 
*P<0.05. D. Aβ40 and Aβ42 were measured in exosomes from hypoxia exposed cells transfected with si-Rab22a by 
ELISA. Data are expressed as mean ± SEM. *P<0.05. 
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cleave APP just before the Aβ domain, releas- 
ing soluble sAPPβ, and the remaining β-CTF 
(C-terminal fragments), or C99 is cleaved by  
the γ-secretase complex, releasing the free 40 
or 42 amino acid Aβ peptide, but the remain- 
ing APP intracellular domain (AICD) is metabo-
lized in the cytoplasm (Blennow et al., 2006). 
CD147 can regulate the accumulation of Aβ 
partially though γ-secretase, and γ-secretase  
is a membrane protein complex that can cle- 
ave a variety of type I transmembrane prote- 
ins (such as APP) within their transmembra-
nous regions [27]. Therefore, we speculate that 
APP may directly interact with CD147. In this 
study, co-immunoprecipitation assay was em- 
ployed to investigate the direct interaction 

between APP and CD147 in SH-SY5YAPP695 
cells. Our findings indicated that CD147 was 
able to regulate the accumulation of Aβ, which 
might be partially attributed to the interaction 
between CD147 and APP. 

To investigate the impact of the interaction 
between CD147 and Hook1 on the Aβ accu- 
mulation in exosomes, Rab22a siRNA was 
transfected into SH-SY5YAPP695 cells to inter-
fere with the interaction between CD147 and 
Hook1. The small GTPase Rab22a has been 
found to act on the endocytic pathway at mul- 
tiple levels. It may significantly affect the func-
tion of endosomes and regulate the recycling  
of cargoes trafficking [28, 29]. It has been 

Figure 6. Hypoxia increases the expression of CD147 and the interaction between CD147 and Hook1 in vivo. (A) 
Hypoxia increased the expression of CD147 in mouse hippocampus. C57bl/6 mice were expose to hypoxia (8% O2) 
for 5 h, and then the hippocampus homogenate was prepared for Western blotting (n = 4). (B) Hook1 and CD147 
expression (A) was measured by densitometric analysis. (C) Hippocampal homogenates from C57bl/6 mice in both 
group were subjected to co-IP assay. Then, the immunoprecipitated Hook1 and CD147 were detected by Western 
blotting to evaluate the interaction between CD147 and Hook1 (n = 3). (D) Quantitative densitometric analysis was 
performed to assess co-IP between CD147 and Hook1 following hypoxia exposure. Data are expressed as mean ± 
SEM *P<0.05.
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reported that Hook1, microtubules, and Rab- 
22a work in coordination to directly recycle  
the cargo [17]. Maldonado-Baez et al. found 
overexpression of Hook1 rescued the Rab22a 
S19N dominant negative phenotype, overex-
pression of Rab22a rescued the Hook1 domi-
nant negative effect by restoring the endo- 
somal sorting of CIE cargo, and the constitu-
tively active Rab22a also rescued the Hoo- 
k1 dominant-negative phenotype, but Rab22a 
S19N (a negative mutant, with reduced affinity 
to GTP) had not this effect. The reciprocal res-
cue of their respective dominant negative phe-
notypes and their co-localization on membr- 
anes suggest that they work at the same st- 
ep to control the direct recycling of CIE cargo 
proteins from early endosome [17]. In present 
study, our results showed that Rab22a siRNA 
decreased the interaction between CD147 and 
Hook1 (Figure 5B, 5C), and the level of Aβ in 
exosomes under hypoxic condition reduced to 
the level in control group (Figure 5D). These 
results indicated that si-Rab22a eliminated the 
Aβ accumulation in exosomes after hypoxia 
exposure. 

Previous studies have shown that Aβ could be 
packaged in MVBs and exosomes and shed  
to the extracellular microenvironment [8]. Aβ  
in exosomes has been reported to be associ-
ated with the pathogenesis of AD, particularly 
the extracellular amyloid fibril formation [30].  
It was also shown that the spreading of AD 
lesions might be related to the endosomes/
MVBs and exosomes in a mode of prion-like 
propagation [11]. Exosomes provide an ex- 
planation for the shipping of Aβ from extracra-
nial tissues to the brain, and contribute to amy-
loid deposition [10]. β-CTF has been found to 
be trafficked to various endosomal compart-
ments, including MVBs [31], and the full-length 
APP, APPCTFs, and enzymes such as BACE1, 
presenilin 1 (PS1), PS2, nicastrin (components 
of γ-secretase complex) were also identified in 
the exosomes [32, 33]. Moreover, the inhibi- 
tion of γ-secretase increased APP-CTFs in exo-
somes. Thus, there might be an unidentified 
site of APP cleavage [33]. Unfortunately, it still 
remains undefined whether the cleavage oc- 
curs in these exosomes or prior to their being 
packaged in exosomes. The release of Aβ  
peptides from the intracellular space leads to 
the accumulation of extracellular Aβ, but how 
the released extracellular Aβ peptides is ge- 

nerated in the intracellular space is still un- 
clear. It seems that a majority of Aβ40 and 
Aβ42 are produced during the internalization 
and endosomal processing of APP in endo-
somes [34, 35]. There are conflicting findings 
about whether Aβ is generated early in the 
secretory trafficking of APP such as in endo-
plasmic reticulum, intermediate compartment, 
and early Golgi, or mainly after APP reaches the 
cell surface [36]. 

Taken together, our findings suggest that hy- 
poxia is able to increase Aβ in exosomes by 
enhancing the interaction between CD147 and 
Hook1, although the exosomal Aβ which is  
up-regulated after hypoxia is only a small part 
of the entire Aβ peptides. Since Aβ peptides  
in exosomes can promote their spread in the 
extracellular space and may further contribu- 
te to the progress of neurodegeneration, our 
results might provide a novel insight for the 
pathogenesis of AD.

Acknowledgements

This work was supported by the National 
Natural Science Foundation of China [grant 
numbers 81571033 and 81371212].

Disclosure of conflict of interest

None.

Address correspondence to: Yanxin Zhao and 
Xueyuan Liu, Department of Neurology, Shanghai 
Tenth People’s Hospital, Tongji University School of 
Medicine, 301 Middle Yanchang Road, Shanghai 
200072, China. E-mail: zhao_yanxin@126.com 
(YXZ); lxyshtj@163.com (XYL)

References

[1] Bloom GS. Amyloid-beta and tau: the trigger 
and bullet in Alzheimer disease pathogenesis. 
JAMA Neurol 2014; 71: 505-508.

[2] Haass C and Selkoe DJ. Cellular processing of 
beta-amyloid precursor protein and the gene-
sis of amyloid beta-peptide. Cell 1993; 75: 
1039-1042.

[3] Benilova I, Karran E and De Strooper B. The 
toxic Abeta oligomer and Alzheimer’s disease: 
an emperor in need of clothes. Nat Neurosci 
2012; 15: 349-357.

[4] Li L, Zhang X, Yang D, Luo G, Chen S and Le W. 
Hypoxia increases Abeta generation by altering 
beta- and gamma-cleavage of APP. Neurobiol 
Aging 2009; 30: 1091-1098.

mailto:zhao_yanxin@126.com
mailto:lxyshtj@163.com


Hypoxia increases amyloid-β level in exosomes

162 Am J Transl Res 2018;10(1):150-163

[5] Peers C, Dallas ML, Boycott HE, Scragg JL, 
Pearson HA and Boyle JP. Hypoxia and neuro-
degeneration. Ann N Y Acad Sci 2009; 1177: 
169-177.

[6] Salminen A, Kauppinen A and Kaarniranta K. 
Hypoxia/ischemia activate processing of amy-
loid precursor protein: impact of vascular dys-
function in the pathogenesis of Alzheimer’s 
disease. J Neurochem 2017; 140: 536-549.

[7] Simons M and Raposo G. Exosomes - vesicular 
carriers for intercellular communication. Curr 
Opin Cell Biol 2009; 21: 575-581.

[8] Rajendran L, Honsho M, Zahn TR, Keller P, Gei-
ger KD, Verkade P and Simons K. Alzheimer’s 
disease beta-amyloid peptides are released in 
association with exosomes. Proc Natl Acad Sci 
U S A 2006; 103: 11172-11177.

[9] Vingtdeux V, Hamdane M, Loyens A, Gele P, 
Drobeck H, Begard S, Galas MC, Delacourte A, 
Beauvillain JC, Buee L and Sergeant N. Alkaliz-
ing drugs induce accumulation of amyloid pre-
cursor protein by-products in luminal vesicles 
of multivesicular bodies. J Biol Chem 2007; 
282: 18197-18205.

[10] Bellingham SA, Guo BB, Coleman BM and Hill 
AF. Exosomes: vehicles for the transfer of toxic 
proteins associated with neurodegenerative 
diseases? Front Physiol 2012; 3: 124.

[11] Vingtdeux V, Sergeant N and Buee L. Potential 
contribution of exosomes to the prion-like 
propagation of lesions in Alzheimer’s disease. 
Front Physiol 2012; 3: 229.

[12] Kokubo H, Saido TC, Iwata N, Helms JB, Shino-
hara R and Yamaguchi H. Part of membrane-
bound A beta exists in rafts within senile 
plagues in Tg2576 mouse brain. Neurobiol Ag-
ing 2005; 26: 409-418.

[13] Quek C and Hill AF. The role of extracellular 
vesicles in neurodegenerative diseases. Bio-
chem Biophys Res Commun 2017; 483: 1178-
1186.

[14] Zhou S, Zhou H, Walian PJ and Jap BK. The dis-
covery and role of CD147 as a subunit of gam-
ma-secretase complex. Drug News Perspect 
2006; 19: 133-138.

[15] Marimpietri D, Petretto A, Raffaghello L, Pez-
zolo A, Gagliani C, Tacchetti C, Mauri P, Melioli 
G and Pistoia V. Proteome profiling of neuro-
blastoma-derived exosomes reveal the expres-
sion of proteins potentially involved in tumor 
progression. PLoS One 2013; 8: e75054.

[16] Maldonado-Baez L, Cole NB, Kramer H and 
Donaldson JG. Microtubule-dependent endo-
somal sorting of clathrin-independent cargo by 
Hook1. J Cell Biol 2013; 201: 233-247.

[17] Maldonado-Baez L and Donaldson JG. Hook1, 
microtubules, and Rab22: mediators of selec-
tive sorting of clathrin-independent endocytic 

cargo proteins on endosomes. Bioarchitecture 
2013; 3: 141-146.

[18] Thery C, Zitvogel L and Amigorena S. Exo-
somes: composition, biogenesis and function. 
Nat Rev Immunol 2002; 2: 569-579.

[19] Vella LJ, Sharples RA, Nisbet RM, Cappai R and 
Hill AF. The role of exosomes in the processing 
of proteins associated with neurodegenerative 
diseases. Eur Biophys J 2008; 37: 323-332.

[20] Blennow K, de Leon MJ and Zetterberg H. Al-
zheimer’s disease. Lancet 2006; 368: 387-
403.

[21] Shiota S, Takekawa H, Matsumoto SE, Takeda 
K, Nurwidya F, Yoshioka Y, Takahashi F, Hattori 
N, Tabira T, Mochizuki H and Takahashi K. 
Chronic intermittent hypoxia/reoxygenation fa-
cilitate amyloid-beta generation in mice. J Al-
zheimers Dis 2013; 37: 325-333.

[22] Smith IF, Boyle JP, Green KN, Pearson HA and 
Peers C. Hypoxic remodelling of Ca2+ mobili-
zation in type I cortical astrocytes: involvement 
of ROS and pro-amyloidogenic APP processing. 
J Neurochem 2004; 88: 869-877.

[23] Zhang X and Le W. Pathological role of hypoxia 
in Alzheimer’s disease. Exp Neurol 2010; 223: 
299-303.

[24] Ke X, Fei F, Chen Y, Xu L, Zhang Z, Huang Q, 
Zhang H, Yang H, Chen Z and Xing J. Hypoxia 
upregulates CD147 through a combined effect 
of HIF-1 and Sp1 to promote glycolysis and tu-
mor progression in epithelial solid tumors. Car-
cinogenesis 2012; 33: 1598-1607.

[25] Miyauchi T, Masuzawa Y and Muramatsu T. 
The basigin group of the immunoglobulin su-
perfamily: complete conservation of a seg-
ment in and around transmembrane domains 
of human and mouse basigin and chicken HT7 
antigen. J Biochem 1991; 110: 770-774.

[26] Kaushik DK, Hahn JN and Yong VW. EMMPRIN, 
an upstream regulator of MMPs, in CNS biolo-
gy. Matrix Biol 2015; 44-46: 138-146.

[27] Zhou S, Zhou H, Walian PJ and Jap BK. CD147 
is a regulatory subunit of the gamma-secre-
tase complex in Alzheimer’s disease amyloid 
beta-peptide production. Proc Natl Acad Sci U 
S A 2005; 102: 7499-7504.

[28] Mesa R, Salomon C, Roggero M, Stahl PD and 
Mayorga LS. Rab22a affects the morphology 
and function of the endocytic pathway. J Cell 
Sci 2001; 114: 4041-4049.

[29] Weigert R, Yeung AC, Li J and Donaldson JG. 
Rab22a regulates the recycling of membrane 
proteins internalized independently of clathrin. 
Mol Biol Cell 2004; 15: 3758-3770.

[30] Yuyama K, Yamamoto N and Yanagisawa K. Ac-
celerated release of exosome-associated GM1 
ganglioside (GM1) by endocytic pathway ab-
normality: another putative pathway for GM1-



Hypoxia increases amyloid-β level in exosomes

163 Am J Transl Res 2018;10(1):150-163

induced amyloid fibril formation. J Neurochem 
2008; 105: 217-224.

[31] Yamazaki T, Koo EH and Selkoe DJ. Trafficking 
of cell-surface amyloid beta-protein precursor. 
II. Endocytosis, recycling and lysosomal target-
ing detected by immunolocalization. J Cell Sci 
1996; 109: 999-1008.

[32] Perez-Gonzalez R, Gauthier SA, Kumar A and 
Levy E. The exosome secretory pathway trans-
ports amyloid precursor protein carboxyl-termi-
nal fragments from the cell into the brain extra-
cellular space. J Biol Chem 2012; 287: 
43108-43115.

[33] Sharples RA, Vella LJ, Nisbet RM, Naylor R, 
Perez K, Barnham KJ, Masters CL and Hill AF. 
Inhibition of gamma-secretase causes in-
creased secretion of amyloid precursor protein 
C-terminal fragments in association with exo-
somes. FASEB J 2008; 22: 1469-1478.

[34] Koo EH and Squazzo SL. Evidence that produc-
tion and release of amyloid beta-protein in-
volves the endocytic pathway. J Biol Chem 
1994; 269: 17386-17389.

[35] Perez RG, Soriano S, Hayes JD, Ostaszewski B, 
Xia W, Selkoe DJ, Chen X, Stokin GB and Koo 
EH. Mutagenesis identifies new signals for be-
ta-amyloid precursor protein endocytosis, turn-
over, and the generation of secreted frag-
ments, including Abeta42. J Biol Chem 1999; 
274: 18851-18856.

[36] Selkoe DJ. Alzheimer’s disease: genes, pro-
teins, and therapy. Physiol Rev 2001; 81: 741-
766. 


