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Abstract Aging is a crucial cause of cognitive decline
and a major risk factor for Alzheimer’s disease (AD);
however, AD’s underlying molecular mechanisms re-
main unclear. Recently, tetraspanins have emerged as
important modulators of synaptic function and memory.
We demonstrate that the level of tetraspanin CD82 is
upregulated in the brains of AD patients and middle-
agedmice. In young adult mice, injection of AAV-CD82

to the hippocampus induced AD-like cognitive deficits
and impairments in neuronal spine density. CD82 over-
expression increased TRPM7 α-kinase cleavage via
caspase-3 activation and induced Numb phosphoryla-
tion at Thr346 and Ser348 residues. CD82 overexpres-
sion promoted beta-amyloid peptide (Aβ) secretion
which could be reversed by Numb T346S348 mutants.
Importantly, hippocampus-related memory functions
were improved in Cd82−/− mice. Taken together, our
findings provide the evidence that links the elevated
CD82-TRPM7-Numb signaling to age-related cognitive
impairment.
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Introduction

Alzheimer’s disease (AD) is a devastating neurodegen-
erative disease with progressive impairment of memory
and is the most frequent type of human dementia world-
wide (Graham et al. 2017). The neuropathological hall-
marks of the disease are extracellular senile plaques
composed of beta-amyloid peptide (Aβ) and intracellu-
l a r n e u r o f i b r i l l a r y t a n g l e s c ompo s e d o f
hyperphosphorylated Tau protein (Forner et al. 2017),
which lead to severe neuronal loss. To better understand
the disease, findings from the well-studied molecular
biochemistry of Aβmust be integrated into the complex
cellular context of the neural system.
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Tetraspanins are a family of proteins with four trans-
membrane domains that play a role in many aspects of
physiology and pathology (Charrin et al. 2014). Tspan7
is involved in synapse development and interacts with
PICK1 in the postsynaptic density complex, which reg-
ulates trafficking of AMPA receptors (Bassani et al.
2012). Tspan6 overexpression in cells increases Aβ
level (Guix et al. 2017). However, Tspan6-knockout
mice show no defects in hippocampus-dependent mem-
ory tests (Salas et al. 2017). Tspan27 (CD82) regulates
the signaling of membrane molecules by altering their
subcellular distributions and suppresses the progression
and metastasis of solid malignant tumors (Feng et al.
2015). The role and function of CD82 in the neural
system, especially in AD, are unclear.

Transient receptor potential melastatin-like 7
(TRPM7) is a member of the transient receptor
potential (TRP) channel family that contains a C-
terminal α-kinase domain, which recognizes sub-
strates with alpha-helical conformation (Fleig and
Chubanov 2014). TRPM7 is cleaved by caspase-3
at D1510, disassociating the α-kinase domain from
the channel (Desai et al. 2012). Previous work has
shown that TRPM7 knockdown in the hippocam-
pus impairs learning and memory and reduces
synaptic density and plasticity in adult rats. Re-
storing expression of the α-kinase domain rescues
memory and synaptic density/plasticity by phos-
phorylating cofilin (Liu et al. 2018). TRPM7 α-
kinase can phosphorylate annexin-A1 and myosin
IIA (Visser et al. 2014), although its natural sub-
strates are unclear. Our previous study found that
annexin-A1 and myosin IIA phosphorylated by
TRPM7 α-kinase impairs learning and memory
ability in rats after ischemic stroke (Zhao et al.
2015).

Numb is an adaptor protein that interacts with Notch
and inhibits Notch signaling (Chan et al. 2002). Numb
regulates the transport and processing of the amyloid
precursor protein (APP) with an amino-terminal
phosphotyrosine-binding domain (Yap and Winckler
2015). RNAi knockdown of Numb decreases Aβ secre-
tion (Xie et al. 2012).

In the present study, we report that CD82 levels are
increased in brains of AD patients and of middle-aged
mouse model. CD82 overexpression in the hippocam-
pus impairs learning, memory, and synaptic plasticity in
young adult mice. We show that CD82 enhances
TRPM7 α-kinase cleavage via caspase-3 activation.

TRPM7 α-kinase increases Numb phosphorylation at
Thr 346 and Ser 348 residues. CD82 increases Aβ
secretion in a Numb phosphorylation-dependent man-
ner. Cd82−/−mice show improved long-term memory in
the radial arm water maze test and Y-maze test. Our
findings strongly indicate a pathophysiological role for
CD82 in the development of AD and its potential as a
novel AD therapy target.

Experimental procedure

Animals

Three-month-old young adult and 14.5-month-old
middle-aged male C57BL/6J mice (Fahlstrom et al.
2011; Shoji and Miyakawa 2019) were obtained from
the Experiment Animal Center of the Tongji Medical
College, Huazhong University of Science and Technol-
ogy, China.

The establishment of the Cd82−/− mouse line and the
mouse genotyping strategy was described previously
(Wei et al. 2014). All the animals used in the radial
arm water maze, Y-maze, accelerating rotarod, and grip
strength tests were born in December 2018. Ten female
and 15 male mice with ages between 5 and 6 months
were used for the study.

All animal experiments were approved by the
Ethics Committees for Animal Experimentation of
Huazhong University of Science and Technology
and the University of Oklahoma Health Sciences
Center in strict accordance with the Guide for the
Care and Use of Laboratory Animals published by
the U.S. National Institutes of Health. Efforts were
made to minimize animal suffering and to reduce
the number of animals used.

Human brain samples

Brain tissues from normal control subjects and AD
patients were obtained from the Chinese Brain Bank
Center (Wuhan, China). Diagnoses of AD were con-
firmed by the presence of amyloid plaques and neurofi-
brillary tangles in formalin-fixed tissue. This study was
performed in accordance with the principles of the Dec-
laration of Helsinki and approved by the Ethics Com-
mittee of Tongji Hospital, Tongji Medical College,
HUST, China (2017-K-036). The information of the
human case materials is listed in Table 1.
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Reagents and antibodies

The caspase inhibitor Z-VAD-FMK was obtained from
Selleckchem (50 μmol/L, Houston, TX). The protea-
some inhibitor MG 132 was also procured from
Selleckchem (1 μM, S2619, Houston, TX). The lyso-
some inhibitor hydroxychloroquine sulfate (HCQ) was
purchased from Selleckchem (20 μM, S4430, Houston,
TX).

All antibodies used in the study are listed in Table 2.

ELISA

Sandwich ELISA was performed to measure the levels
of Aβ42 and Aβ40 in N2a/APP cell (N2a stably
transfected with amyloid precursor protein cell lines)
(Wang et al. 2008) by using the V-PLEX Aβ Peptide
Panel 1 (4G8) Kit (Meso Scale Discovery, Rockville,
MD) according to the manufacturer’s instruction.

Plasmids and viruses

Human full-length CD82 was cloned into pCDNA3.1-
HA vector. Mouse Numb T346S348A plasmid was
generated using PCR-based site-directed mutagenesis
procedures. All plasmids were constructed and purified
by Genewiz, Inc. (Suzhou, China). Mouse CD82 was
cloned into rAAV-hsyn-mCherry-WPRE-pA vector by
BrainVTA, Inc. (Wuhan, China).

Morris water maze

The Morris water maze test was performed as previous-
ly described (Zhao et al. 2015). Briefly, mice were
trained for five consecutive days to find a platform

hidden 1 cm underwater, using a stationary array of cues
on the walls. A digital tracking device was connected to
a computer and was used to track the movement of mice
in the pool. The escape latency of mice to reach the
hidden platform was detected. On the sixth day, mice
received bilateral intrahippocampal AAV injection
(CA3 field of the hippocampus, anterior/posterior = ±
1.9 mm, medial/lateral = ± 1.9 mm, dorsal/ventral = ±
2.4 mm) and rested for 14 days. From the 20th day to the
24th day, the mice underwent five consecutive days of
training to find the platform. On the 24th day, the hidden
platform was removed, the latency to reach the place of
platform and swimming velocity were measured, and
the percent time spent in the target quadrant was
recorded.

Radial arm water maze test

Hippocampus-related spatial memory and long-term
memory were examined with radial arm water maze test
(RAWM test) as previously described (Ungvari et al.
2017). A special, eight-arm maze was filled with water
mixed with white food coloring. A hidden, underwater
escape platformwas placed at the end of one arm. Visual
clues were placed at the end of each arm to help the
animals. In each trial, the animal had 1 min to find the
escape platform. The RAWM test has three segments,
learning, probe, and reversal. In learning phase, animals
are tested eight times a day for three consecutive days.
Seven days later, during the probe phase, the animals are
tested again, four times in 1 day. During the learning and
probe phases, the location of the escape platform re-
mains the same. In the reversal phase, the location of the
platform is changed while the orientation of the maze
with the clues stays the same. During the reversal phase,

Table 1 Human brain tissues used in the study

Case number Age at death Sex Braak score Final diagnosis ApoE

Control l 73 M Braak I Liver cancer ApoE3/3

Control 2 84 M Braak I Heart failure ApoE3/3

Control 3 76 F Braak I Breast cancer ApoE3/3

Control 4 69 M Braak II Myocardial infarct ApoE3/3

AD 1 72 F Braak VI AD ApoE3/4

AD 2 79 M Braak VI AD ApoE3/4

AD 3 75 M Braak VI AD ApoE4/4

AD 4 70 M Braak VI AD ApoE3/4
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the animals are tested eight times in 1 day. During the
trials, movement of each animal is recorded and ana-
lyzed by a standalone video tracking system
(EthoVision XT by Noldus Information Technology
Inc., Leesburg, VA, USA).

Y-maze test

Hippocampus-related memory is tested by the Y-maze
test, as previously described (Valcarcel-Ares et al.
2019). The Y-maze test has two segments: learning
and probe phases. The animals are placed into the start
arm of a special, 3 armed, Y-shaped maze. Visual clues
are placed at the end of each arm. During the learning,
one arm was completely closed from the others (novel
arm) and the animals had 5 min to explore the start and
the familiar arms. Four hour later, the probe is per-
formed. The wall, closing the novel arm, is removed
and the animals are placed at the same start arm to
explore the maze for 2 min. During the trials, the move-
ment of the animals is recorded and analyzed by a
standalone video tracking system (EthoVision XT by
Noldus Information Technology Inc., Leesburg, VA,
USA).

Accelerating rotarod test

Balance and motor skills were assessed by the acceler-
ating rotarod test as it was previously described
(Tarantini et al. 2018). During a 4-day-long experimen-
tal period, the animals are placed on a special rotating
wheel (Rotamex, Columbus Instruments Inc., Colum-
bus, OH, USA) three times a day. During each session,
the speed of the rotation increased gradually until the

animals could not keep up with the rotation and fell off
the wheel. Time of termination is recorded.

Grip strength test

To evaluate in vivo muscle strength and endurance, we
determined forelimb grip strength using an electronic
pull strain gauge (Chatillon Digital Force Gauge DFIS
2, AMETEK Inc., Berwyn, PA, USA) as previously
described (Tarantini et al. 2018). The test was performed
by the same observer three consecutive times.

Co-immunoprecipitation analysis

Cell lysates (600 μg of protein) were diluted fourfold
with IP buffer (Beyotime Institute of Biotechnology)
containing protease inhibitor cocktail. The samples were
precleared for 1 h with 10 μl of protein A/G PLUS-
Agarose beads (Santa Cruz Biotechnology) and were
then centrifuged to remove proteins that adhered non-
specifically to the protein A/G beads. The supernatant
was incubated with 2 μg of anti-phosS/TP antibody or
control IgG with gentle rotation overnight at 4 °C.
Thereafter, 20 μl of protein A/G PLUS-Agarose beads
was added, and the samples were incubated at 4 °C for
an additional 4 h. The precipitates were washed three
times with IP buffer, denatured in 30 μl loading buffer,
boiled at 95 °C in a block heater (ThermoFisher Scien-
tific), and subjected to SDS-PAGE.

Western blotting and Immunostaining

In brief, equivalent amounts of total protein were sub-
jected to 10 or 12% sodium dodecyl sulfate-

Table 2 The antibodies used in the study

Antigen Source Cat number Type WB IF IHC

NeuN Millipore MAB377 mAb 1:250

Iba1 Abcam ab5076 pAb 1:200

TRPM7 Abcam ab109438 mAb 1:1000

Human CD82 Abcam ab59509 mAb 1:100 1:50

Murine CD82 Karafast M35 pAb 1:200

Cleaved caspase-3 Cell Signaling No. 9664 mAb 1:1000

Phospho-Ser/-Thr Cell Signaling No. 9631 pAb 1:100 (IP)

Numb Abcam ab4147 pAb 1:1000

β-Actin Santa Cruz sc-47778 mAb 1:1000
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polyacrylamide gel electrophoresis (SDS-PAGE) and
were transferred to polyvinylidene difluoride (PVDF)
membranes (Millipore).

For immunofluorescence staining, coronal sections
were gently rinsed twice with PBS solution, perme-
abilized with 0.5% Triton X-100 for 60 min, and
blocked with 10% donkey serum for an additional
60 min. The sections were then incubated with
antigen-specific primary antibodies overnight at 4 °C.
The samples were then rinsed thoroughly three times in
0.25% Tween-20 in PBS and incubated with secondary
antibodies at room temperature for 60 min. The cells
were examined and counted immediately under fluores-
cence microscopy (IX73, Olympus, Tokyo, Japan).

For immunohistochemistry analysis, tissue sections
were deparaffinized in xylene and rehydrated through
descending concentrations of ethanol. The endogenous
peroxidase activity was eliminated by incubation in 3%
hydrogen peroxide in methanol for 5 min. After antigen-
retrieval in boiling sodium citrate buffer (10 mM), the
sections were incubated with primary antibody at 4 °C
for overnight and peroxidase-conjugated secondary an-
tibody at room temperature for 2 h. The signal was
developed using Histostain-SP kit (Invitrogen).

Isobaric tags for relative and absolute quantitation
labeling and LC-MS/MS analysis

HEK293 cells and HEK293 cells transfected with
human TRPM7 α-kinase domain plasmids and
CD82 plasmids in lysis buffer (8 M urea, 1%
protease inhibitor cocktail) were sonicated three
times on ice using a high-intensity ultrasonic pro-
cessor (Scientz). The remaining debris was re-
moved by centrifugation at 12,000g at 4 °C for
10 min. Finally, the supernatant was collected and
the protein concentration was determined with a
BCA kit according to the manufacturer’s instruc-
tions. For digestion, the protein solution was re-
duced with 5 mM dithiothreitol for 30 min at
56 °C and alkylated with 11 mM iodoacetamide
for 15 min at room temperature in the dark. The
protein sample was diluted by adding 100 mM
TEAB to achieve a urea concentration of less than
2 M. Finally, trypsin was added at 1:50 trypsin-to-
protein mass ratio for the first digestion overnight
and 1:100 trypsin-to-protein mass ratio for a sec-
ond 4-h digestion. After trypsin digestion, peptide
was desalted by Strata X C18 SPE column

(Phenomenex) and vacuum-dried. Peptides were
reconstituted in 0.5 M TEAB and processed ac-
cording to the manufacturer’s protocol for isobaric
tags for relative and absolute quantitation (iTRAQ)
kit. Briefly, one unit of iTRAQ reagent was
thawed and reconstituted in acetonitrile. The pep-
tide mixtures were then incubated for 2 h at room
temperature and were pooled, desalted, and dried
by vacuum centrifugation. Tryptic peptides were
fractionated into fractions by high pH reverse-
phase HPLC using Thermo Betasil C18 column
(5-μm particles, 10 mm i.d., 250 mm length).
Briefly, peptides were first separated into 60 frac-
tions with a gradient of 8 to 32% acetonitrile
(pH 9.0) over 60 min. Then, the peptides were
combined into fractions and dried by vacuum
centrifuging. To enrich modified peptides, tryptic
peptides dissolved in NETN buffer (100 mM
NaCl, 1 mM EDTA, 50 mM Tris-HCl, 0.5% NP-
40, pH 8.0) were incubated with pre-washed anti-
body beads (Lot number PTM-703, PTM Bio) at
4 °C overnight with gentle shaking. The beads
were washed four times with NETN buffer and
twice with H2O. The bound peptides were eluted
from the beads with 0.1% trifluoroacetic acid. Fi-
nally, the eluted fractions were combined and vac-
uum-dried.

For LC-MS/MS analysis, the resulting peptides
were desalted with C18 ZipTips (Millipore) ac-
cording to the manufacturer’s instructions. Peptide
mixtures were first incubated with IMAC micro-
sphere suspension with vibration in loading buffer
(50% acetonitrile/6% trifluoroacetic acid). The
I M A C m i c r o s p h e r e s w i t h e n r i c h e d
phosphopeptides were collected by centrifugation,
and the supernatant was removed. To remove non-
specifically adsorbed peptides, the IMAC micro-
spheres were washed with 50% acetonitrile/6%
trifluoroacetic acid and 30% acetonitrile/0.1%
trifluoroacetic acid, sequentially. To elute the
enriched phosphopeptides from the IMAC micro-
spheres, elution buffer containing 10% NH4OH
was added, and the enriched phosphopeptides were
eluted with vibration. The supernatant containing
phosphopeptides was collected and lyophilized for
LC-MS/MS analysis. The tryptic peptides were
dissolved in 0.1% formic acid (solvent A), directly
loaded onto a home-made reversed-phase analytical
column (15 cm length, 75 μm i.d.). The gradient
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was comprised of an increase from 6 to 23%
solvent B (0.1% formic acid in 98% acetonitrile)
over 26 min, 23 to 35% over 8 min, climbing to
80% in 3 min then holding at 80% for the last
3 min, all at a constant flow rate of 400 nL/min
on an EASY-nLC 1000 UPLC system.

The peptides were subjected to NSI source followed
by tandem mass spectrometry (MS/MS) in Q
Exactive™ Plus (Thermo) coupled online to the UPLC.
The electrospray voltage applied was 2.0 kV. The m/z
scan range was 350 to 1800 for the full scan. Intact
peptides were detected in the Orbitrap at a resolution
of 70,000. Peptides were then selected for MS/MS using
28 as the NCE setting, and the fragments were detected
in the Orbitrap at a resolution of 17,500. A data-
dependent procedure that alternated between one MS
scan followed by 20MS/MS scans with 15.0-s dynamic
exclusion was performed. Automatic gain control
(AGC) was set at 5E4. Fixed first mass was set as 100
m/z.

Statistical analysis

All values are expressed as the mean ± S.E.M. of at least
three independent experiments. The data were analyzed
using GraphPad Prism (version 6.03, GraphPad Soft-
ware, Inc.). Differences between two groups were
assessed using Student’s unpaired t test (two-tailed).
The variance among multiple groups was determined

by one-way or two-way ANOVAwith/without repeated
measures, followed by the Newman-Keuls test. A value
of p < 0.05 was considered to indicate statistical
significance.

Results

CD82 expression levels are increased in the brains
of AD patients and middle-aged mice

To evaluate a potential pathophysiological role of CD82
in human AD, we detected the protein levels of CD82 in
AD patient brains. Notably, we found that CD82 ex-
pression levels were increased in the frontal cortex in
AD human brains compared with age-matched controls
(Fig. 1a, b). We found that compared with 3-month-old
young adult mice, the expression of CD82 was in-
creased in the hippocampus CA3 region in 14.5-
month-old middle-aged mice (Fig. 1c). We also exam-
ined the expression of CD82 in hippocampus extracts.
Western blotting results revealed that the expression of
CD82 in middle-aged mouse hippocampus extract was
increased (Fig. 1d, e). As shown in Fig. 1f, CD82 was
mainly present in hippocampus CA3 neuron cells in
mice (Fig. 1f). By contract, we found no colocalization
with microglia marker Iba1 (Fig. 1g). These findings
suggest that the expression of CD82 was increased in
the brains of AD patients, compared with non-AD
humans, and of middle-aged mice, compared with
young mice.

CD82 overexpression impairs learning and memory
in young adult mice

To investigate the impact of increased CD82 on
hippocampus-dependent cognitive behavior, we per-
formed bilateral intrahippocampal injection of AAV-
vector (AV) or AAV-CD82 (AC) virus to 3-month-old
young adult C57/BL6mice (Fig. 2a). Overexpression of
CD82-mcherry in the hippocampus CA3 region was
confirmed by fluorescence microscopy 14 days after
injection (Fig. 2b). Overexpression of CD82 in hippo-
campus extract was confirmed by western blot (Fig.
2c, d).

In the Morris water maze test, all mice received
five consecutive days of training to find a plat-
form. The escape latency of mice to reach the
hidden platform was detected. The analysis

�Fig. 1 CD82 is increased in the brains of patients with
Alzheimer’s disease (AD) and middle-aged model mice. a
Representative immunohistochemistry images of CD82
expression in cortex samples of AD patients (scale bars, 10 μm;
n = 3). b Statistical analysis of a. The data are presented as mean ±
S.E.M. Unpaired Student’s t test was used, *p < 0.05 versus
control. c Representative immunohistochemical images of CD82
expression in aged mouse hippocampal section (left scale bars,
200 μm; right scale bars, 50 μm; n = 6). d Western blot analysis,
showing the expression of CD82 in mouse hippocampal extract
(n = 3). e Statistical analysis of d. The data are presented asmean ±
S.E.M. Unpaired Student’s t test was used, *p < 0.05 versus
control. f Immunofluorescence analysis, showing the expression
of CD82 in CA3 hippocampus domain in mice (scale bars, 50 μm;
n = 6). Representative results from three independent experiments
are shown (red: NeuN; green: CD82). g Immunofluorescence
analysis, showing the expression of CD82 in the CA3
hippocampus domain in mice (scale bars, 50 μm; n = 6).
Representative results from three independent experiments are
shown (red: CD82; green: Iba1)
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showed no significant difference in escape latency
on day 5 between the control group, AAV-vector
injection group, and AAV-CD82 injection group
mice (Fig. 2e). The impact of CD82 overexpres-
sion on cognitive behavior was analyzed on the
twenty-fourth day. CD82 overexpression increased

escape latency and decreased crossing times in
young adult mice (Fig. 2f, g). Golgi staining
showed that CD82 overexpression promoted de-
crease of dendritic spine (Fig. 3h, j). Together,
these results indicate that CD82 induces learning
and memory deficits.
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CD82 overexpression promotes TRPM7 α-kinase
cleavage

To examine whether CD82 participates in memory reg-
ulation via TRPM7, we transfected HEK293 cells with

CD82 full-length plasmids. We found that CD82 over-
expression resulted in an increase in cleaved caspase-3
and cleaved TRPM7 (42 kDa) (Fig. 3a). Caspase inhib-
itor Z-VAD-FMK reduced TRPM7 cleavage (Fig. 3b).
However, proteasome inhibitor (MG 132) or lysosome
inhibitor (HCQ) could induce TRPM7 cleavage under
CD82 overexpression conditions (Fig. 3c). These results
suggest that CD82 overexpression induced caspase-3
activation, which is responsible for increased cleavage
of TRPM7 α-kinase, and that TRPM7 α-kinase cleav-
age was independent of proteasomal and/or lysosomal
pathways.

TRPM7 α-kinase induces Numb phosphorylation

Because TRPM7 α-kinase function is unclear in AD,
HEK293 cells were transfected with TRPM7 α-kinase
domain plasmids, and the samples were subjected to a
high-throughput quantitative proteome analysis using
iTRAQ (Fig. 4a). As shown in Fig. 4b, we identified
3347 proteins (3079 protein localization probability >
0.75) and 10,060 phosphorylation sites (7751 site local-
ization probability > 0.75). We quantified 2621 proteins
(2468 protein localization probability > 0.75) and 6422
phosphorylation sites (5510 site localization probability
> 0.75). Abundance of 131 phosphorylation sites and
112 proteins increased (fold change > 1.5), while abun-
dance of 108 phosphorylation sites and 92 proteins
decreased (fold change > 1.5) in response to TRPM7
α-kinase overexpression. According to fold change in
response to TRPM7 α-kinase overexpression, we sepa-
rated the altered proteins into four groups (Q1 to 4).
Group Q1 included proteins with fold change from 0 to

�Fig. 2 Increased CD82 impaired behavioral and morphological
changes in a young adult mouse model. a Three-month-old mice
were trained to search for the platform from day 1 to day 5 and
received CD82 AAV injection on day 6. From day 20 to day 24,
mice performed the platform searching test in the Morris water
maze. b Immunofluorescence analysis, showing the expression of
mCherry in the hippocampus. Representative results from three
independent experiments are shown (scale bars, 100 μm; red:
mCherry). c Western blot analysis, showing the expression of
CD82 in mouse hippocampus extract (n = 3). d Statistical
analysis of c. The data are presented as mean ± S.E.M. Unpaired
Student’s t test was used, *p < 0.05 versus control. e Three-month-
old mice were injected with AAV-CD82 (AC) or control AAV
(AV) into CA3 of the hippocampus, and 3-month-old uninjected
mice as age-matched control mice (ctl). The latency to reach a
hidden platform on days 1 and 5 was recorded. Two-way analysis
of variance (ANOVA) with repeated measures was used for
interaction effect. n = 8 for each group. f The latency to reach a
hidden platform area on day 24. One-way ANOVA with
Bonferroni post hoc test was used. ns p > 0.05 compared with
control; *p < 0.05 compared with AV. n = 8 for each group. g The
crossing time for hidden platform area on day 24. One-way
ANOVA with Bonferroni post hoc test was used. ns p > 0.05
compared with control; *p < 0.05 compared with AV. n = 8 for
each group. h Golgi staining of 3-month-old mice injected with
AAV-CD82 or control AAV (scale bars, 10 μm). The images were
taken using a microscope (Nikon, Tokyo, Japan). i–j Statistical
analysis ofh. Fifteen images were randomly chosen for each group
(n = 6). One-way ANOVAwith Bonferroni post hoc test was used.
ns p > 0.05 compared with control; *p < 0.05 compared with AV

Fig. 3 Increased CD82 induced cleavage of TRPM7 to release the
kinase domain. a HEK293 cells were transfected with full-length
human CD82 plasmid. Western blot analysis, showing the expres-
sion of CD82, TRPM7, and cleaved caspase-3 after CD82 over-
expression (n = 3). b Fifty micromole per liter caspase inhibitor Z-
VAD-FMK was incubated into HEK293 cells 6 h before plasmid
transfection. Western blot analysis, showing the expression of

TRPM7 (n = 3). c HEK293 cells were incubated with 1 μM pro-
teasome inhibitor MG132 and 20 μM lysosome inhibitor
hydroxychloroquine sulfate (HCQ) 6 h before plasmid transfec-
tion. Western blot analysis, showing the expression of TRPM7
(n = 3). d Co-IP results demonstrated the binding between CD82
and TRPM7 (n = 3)

GeroScience (2020) 42:595–611 603



GeroScience (2020) 42:595–611604



0.67. Group Q2 included proteins with fold change from
0.67 to 0.77. Group Q3 included proteins with fold
change from 1.3 to 1.5. Group Q4 included proteins
with fold change more than 1.5.

In Gene Ontology (GO) classification, we analyzed
the biological process changes in response to TRPM7
α-kinase overexpression (Fig. 4c). A Kyoto Encyclope-
dia of Genes Genomes (KEGG) pathway–based analy-
sis was performed to identify pathways that were poten-
tially affected by the differential protein expression be-
tween TRPM7 α-kinase overexpression and control.
The top pathways in response to TRPM7 α-kinase
overexpression were the longevity regulating, pyrimi-
dine metabolism, and AMPK signaling pathway (Fig.
4d). We then analyzed the relationship between Q4
proteins (fold change more than 1.5) and AD relative
proteins. Eleven Aβ and tau pathway relative proteins
(AD relative proteins) including APP, BACE1, BACE2,
PSEN1, PSEN2, MAPT, APH1A, and APH1B (speci-
fied proteins) were selected. We found that 12 upregu-
lated phosphorylated proteins (including Numb), 6
downregulated phosphorylated proteins, and 1 multi-
regulated phosphorylated protein were associated with
AD relative proteins (Fig. 4e).

To examine whether TRPM7 induces Numb phos-
phorylation, we transfected HEK293 cell with TRPM7
α-kinase plasmids and performed iTRAQ analysis.
Comparisons between the protein sequences indicated
that the 346TPS348 motif is conserved among human
and mouse species (Fig. 4f). As shown in Fig. 4g,
TRPM7 α-kinase overexpression increased Numb
phosphorylation at Thr346 and Ser348 sites. These re-
sults suggest that TRPM7 α-kinase overexpression

induced Numb phosphorylation, and show that the
phosphorylated sites are Thr346 and Ser348.

CD82 overexpression promotes Aβ secretion via Numb
phosphorylation

To examine whether CD82 induces Numb phosphory-
lation, we transfected HEK293 cell with CD82 plasmids
and performed iTRAQ analysis. As shown in Fig. 5a,
we identified 3203 proteins (2874 protein localization
probability > 0.75) and 10,151 phosphorylation sites
(8302 site localization probability > 0.75). We also
quantified 2946 proteins (2792 protein localization
probability > 0.75) and 7194 phosphorylation sites
(5971 site localization probability > 0.75). Abundance
of 113 phosphorylation sites and 99 proteins increased
(fold change > 1.5), while abundance of 96 phosphory-
lation sites and 74 proteins decreased (fold change >
1.5) in response to CD82 overexpression.

In GO classification, we analyzed the biological pro-
cess changes (Fig. 5b) and KEGG pathway changes
(Fig. 5c) in response to CD82 overexpression. Then,
we performed overlay analysis. We found that 11 pro-
teins were upregulated in both TRPM7 α-kinase and
CD82 overexpression (Fig. 5d). Furthermore, we
showed that the levels of phosphorylated Numb were
upregulated in the CD82 overexpression group (Fig.
5e). To explore the effect of CD82 on Aβ release,
N2a/APP cells were transfected with CD82, or co-
transfected with CD82 and Numb T346S348 mutation
plasmids. As shown in Fig. 5f, g, CD82 overexpression
increased Aβ40 and Aβ42 levels, which could be re-
versed by Numb T346S348 mutation.

Genetic deletion of Cd82 may improve long-term
memory in mice

Finally, we examined whether deletion of Cd82 could
rescue the hippocampal-related memory function. The
grip strength test was used to evaluate motor function
and deficits in control and Cd82−/− mice, which were
characterized in our earlier study (Wei et al. 2014). Here
we found that compared with normal control, Cd82−/−

mice showed no difference in motor function (Fig. 6a).
Motor skills and balance of our animals were assessed
with the accelerating rotarod test.We found thatCd82−/−

mice had the same motor skill and balance as the wild-
type control animals (Fig. 6b). The radial arm water
maze (RAWM) test and Y-maze test were used to assess

�Fig. 4 TRPM7 kinase overexpression regulated proteomic
change and induces Numb phosphorylation. a Depiction of the
iTRAQ experimental design workflow. b Statistics for proteins
and modification sites in summary. c Heatmap for GO-based
biological process analysis of upregulated (red) and
downregulated (blue) proteins. d Heatmap for GO-based KEGG
pathway analysis of upregulated (red) and downregulated (blue)
proteins. e Target protein-protein interaction analysis of
upregulated (red) and downregulated (green) proteins. f
Comparison of the Numb sequences around the putative TRPM7
kinase phosphorylation site. The consensus sites are located at
Thr346 and Ser348. g iTRAQ analysis of Numb Thr346 Ser348
phosphorylation intensity after TRPM7 kinase overexpression
(n = 3). The data are presented as mean ± S.E.M. Unpaired
Student’s t test was used, *p < 0.05 versus control
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hippocampus-related long-term memory deficits in
Cd82−/− mice. We found that Cd82−/− mice took signif-
icantly less time to find the target than did the control
mice during the probe phase (Fig. 6c, d). In addition,
Cd82−/− mice made significantly fewer errors when
finding the platform than did controls (Fig. 6e, f). Dur-
ing the Y-maze test, both wild-type and the Cd82−/−

animals entered to the novel arms more often than to
the familiar arm; however, the Cd82−/− mice entered the
novel arm less often than the control mice (Fig. 6g).
These findings suggested that genetic deletion of CD82
improved long-term memory in mice.

Discussion

Our study uncovered a potential novel signaling path-
way of aging-induced pathological alterations in cogni-
tive impairment. CD82 expression was increased in
human AD brains and in middle-aged mouse models.
CD82 overexpression impaired learning and memory in
young adult mice. CD82 overexpression increased
TRPM7 α-kinase cleavage via caspase-3 activation,
then induced Numb phosphorylation at T346S348 sites.
CD82-induced Aβ secretion depended on Numb phos-
phorylation. Cd82-knockout mice showed improved
long-term memory. These findings suggest that elevated
CD82-TRPM7 α-kinase-Numb signaling participates in
age-related cognitive impairment and/or neurodegener-
ative diseases.

Tetraspanins are linked to various diseases; however,
until now, the function of these proteins in neurodegen-
eration remains elusive. Tspan7 regulates glutamatergic
and dopaminergic signaling through the trafficking of

AMPA and dopaminergic receptor trafficking, respec-
tively (Bassani et al. 2012; Lee et al. 2017). The AMPA
and dopaminergic receptors regulate synapse assembly
(Jacobi and von Engelhardt 2018) and neuronal circuits,
and therefore the alterations of these receptors can cause
neuronal disorders (Bassani et al. 2013; Rangel-Barajas
et al. 2015).

In the present study, we found that CD82 overexpres-
sion impairs learning and memory in young adult mice
and reduces spine density. The behavior changes caused
by CD82 overexpression are similar to the early-stage
neurodegenerative changes in AD and Parkinson’s dis-
ease (Belghali et al. 2017; Callisaya et al. 2017). We
extrapolate that CD82 overexpression impairs cognitive
behavior by reducing spine density. Tspan6 is increased
in AD brains, and Tspan6 overexpression increases
APP-C-terminal fragments and Aβ40 and Aβ42 secre-
tion (Guix et al. 2017). Notably, Tspan6-knockout mice
show no changes in spine morphology or postsynaptic
markers and therefore no defect in cognitive behavior
(Salas et al. 2017). We found that Cd82-knockout im-
proves long-term memory in mice, and we speculate
that deletion of CD82 rescues the memory deficit which
might be due to deactivation of the TRPM7-Numb
pathway. However, there are some limitations in this
study. First, we could examine the expression of CD82
in primary cultured neuron and in genetic model of AD
(3xTg-AD mice), to confirm the changes in CD82 ex-
pression in vivo and in vitro. Second, by deleting Cd82
in aged 3xTg-AD mice, we could confirm the role of
CD82 in AD-like memory deficit. Third, we could
upregulate and downregulate CD82 expression then
examine the change of CD82-TRPM7-Numb pathway
in primary cultured neuron. Finally, we could apply
additional approaches, like laser speckle contrast imag-
ing (Tarantini et al. 2017), to evaluate the effect of CD82
on memory deficit.

Our data showed that CD82 overexpression increases
Numb phosphorylation and Aβ40 and Aβ42 secretion.
Numb is an endocytic adapter protein that is crucial for
amyloid precursor protein transport and processing
(Chan et al. 2002; Kyriazis et al. 2008; Sun et al.
2016; Xie et al. 2012). We speculate that CD82 overex-
pression and increases in Aβ secretion are due to in-
creased Numb activation which facilitates amyloid pre-
cursor protein processing and therefore impairs cogni-
tive behavior.

TRPM7 is a dual-function membrane protein
consisting of a TRP ion channel fused to an α-kinase

�Fig. 5 CD82 increased Aβ secretion reduced by Numb
phosphorylation mutation. a Summary statistics for proteins and
modification sites after CD82 overexpression. b Heatmap for GO-
based biological process analysis of upregulated (red) and
downregulated (blue) proteins. c Heatmap for GO-based KEGG
pathway analysis of upregulated (red) and downregulated (blue)
proteins. d Overlay statistics for up-regulated proteins between
TRPM7 kinase overexpression and CD82 overexpression group. e
Western blotting analysis of phosphorylated Numb in CD82-
overexpressing HEK293 cells (n = 3). f–g ELISA analysis of
Aβ40 and Aβ42 secretion in CD82 and Numb phosphorylation
mutation plasmids overexpressing N2a/APP cells (n = 6). One-
way ANOVA with Bonferroni post hoc test was used. *p < 0.05
compared with control; #p < 0.05 compared with CD82
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domain (Sun et al. 2015). Knockdown of TRPM7 ex-
pression with siRNA can inhibit Ca2+ uptake and accu-
mulation in neurons and therefore protects anoxic neu-
rons from ischemic stroke (Aarts et al. 2003). Additional
studies found that a pharmacological inhibition of
TRPM7 promotes pro-survival signaling and inhibits
pro-apoptotic signaling in ischemic brain injury (Chen
et al. 2015), and TRPM7 overexpression increases en-
doplasmic reticulum stress and neuronal cell apoptosis
independent of its kinase activity (Huang et al. 2018). In
the present study, we found that CD82 overexpression
increases TRPM7 α-kinase cleavage, which then
upregulates Numb phosphorylation and Aβ secretion.
However, Liu and colleagues reported that TRPM7
knockdown in hippocampal neurons reduces structural
synapse density, and restoring expression of the α-
kinase domain in brains can rescue synapse plasticity
and memory in TRPM7-knockout mice (Liu et al.

2018). This discrepancy might be induced by the dual
function of TRPM7 α-kinase. Our previous study found
that annexin A1 phosphorylated by TRPM7 α-kinase
results in neuron apoptosis in ischemic stroke (Zhao
et al. 2015). Others found that TRPM7 α-kinase could
translocate to the nucleus and induce phosphorylation of
histone H3 at serine 10, serine 28, and threonine 3
(Krapivinsky et al. 2014). During mitosis, phosphoryla-
tion of serine10 of histone H3 was accompanied with
chromosome condensation (Prigent and Dimitrov
2003). In addition, histone H3 serine 28 mutation
(H3S28A) present increases longevity and improve
stress resistance in Drosophila models (Joos et al.
2018). These evidences indicate that TRPM7 α-kinase
performs diverse functions independent of their channel
function.

Overall, the present study provides evidence associ-
ating the CD82-TRPM7-Numb signaling with synaptic/
memory dysfunction related to aging. Aging induces
upregulated expression of CD82 and increases TRPM7
α-kinase cleavage and Numb phosphorylation, which
promotes Aβ secretion (Fig. 6h).
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�Fig. 6 Cd82−/− mice have improved hippocampal-related
memory function. a To evaluate in vivo muscle strength and
endurance, we determined forelimb grip strength using an
electronic pull strain gauge. We found no significant difference
between the wild-type (n = 14) and Cd82−/− animals (n = 11),
Student’s t test, p = 0.536. b The motor skill learning assessed by
accelerating rotarod test. Both the wild-type (n = 14) and Cd82−/−

animals (n = 11) remained on the wheel longer each day, but there
was no significant difference between the two groups. Student’s t
test, day 1: p = 0.4983; day 2: p = 0.9890; day 3: p = 0.6680; day 4:
p = 0.2257. Radial arm water maze test (RAWM) to assess
hippocampal-related memory function showed that Cd82−/−

animals had improved hippocampal-related long-term memory
function compared with the wild-type animals. c Cd82−/− mice
(n = 10) took significantly less time to find the target (escape time)
compared with the control mice (n = 14) during the probe (probe
only). d Cd82−/−mice took significantly less time to find the target
(escape time) compared with the control mice during the probe (all
time points plotted, Student’s t test, *p = 0.0007). e During the
probe trials, Cd82−/− mice made significantly less errors finding
the platform compared with controls (probe only). f During the
probe trials, Cd82−/− mice made significantly less errors when
finding the platform compared with controls (all time points
plotted, Student’s t test, *p = 0.0249). g During the Y-maze test,
both wild-type and the Cd82−/− animals entered to the novel arms
more often than to the familiar arm. Cd82−/− animals entered into
the novel arm less frequently than wild-type control animals.
Student’s t test, ctl novel vs. Cd82−/− novel: *p = 0.0315; paired t
test, ctl novel vs. ctl familiar: *p = 0.0002 (not labeled on the plot),
Cd82−/− novel vs. Cd82−/− familiar: *p = 0.0039 (not labeled on
the plot). h A schematic diagram for the role of CD82 in AD.
CD82 is upregulated in aged mice. CD82 overexpression impairs
memory ability and promotes TRPM7 kinase cleavage, leading to
increased Numb phosphorylation and Aβ secretion
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