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Regulation of AMPAR accumulation at synapse is the major molecular 
mechanism underlying the expression of synaptic plasticity, a process 
contributing to the execution of higher brain functions including learning 
and memory, and leading to neurological disorders and neurodegenera-
tive disease as well ( Huganir & Nicoll, 2013). The amount of functional 
AMPARs can be regulated by rapid trafficking of receptors to and from the 
synaptic surface via vesicle-mediated membrane insertion, internaliza-
tion and recycling (Malinow & Malenka, 2002; Newpher & Ehlers, 2008; 
Song & Huganir 2002; Wang, Gilbert, & Man, 2012). In addition to re-
ceptor translocation, a change in synaptic receptor level can result from a 
change in AMPAR degradation and synthesis rate, or a rebalance between 
these two processes (A. Lin et al., 2011; Schwarz, Hall, & Patrick, 2010).
Ubiquitination on certain proteins has been shown to regulate neuronal 
development and synaptic plasticity (Speese, Trotta, Rodesch, Aravamu-
dan,  & Broadie, 2003; Yi & Ehler, 2007; Zhao, Hedge, & Marin, 2003). 
Among membrane proteins including neurotransmitter receptors, ubi-
quitination serves as  a major signal to trigger endocytosis and direct 
the internalized protein to lysosome and/or proteasome for degradation 
(A. Lin et al., 2011; A. W. Lin & Man, 2013; Schwarz et al., 2010). Our 
previous study has shown that AMPARs are subject to Nedd4-media-
ted ubiquitination, leading to a reduction in cell-surface receptor ex-
pression and suppressed synaptic transmission (A. Lin et al., 2011; A. 
Lin & Man, 2014). Additionally, a recent study has demonstrated that 
all AMPAR subunits are subject to ubiquitination, which is regulated 
by neuronal activity (Widagdo et al. 2015). Ubiquitination is a rever-
sible process mediated via the addition of ubiquitin by E3 ligases and 
the removal of ubiquitin meidties via deubiquitinating enzymes (DUB) 
(Nijman et al. 2005; Komander et al. 2009; Reyes-Turcu et al. 2009). 
However, the deubiquitination of AMPARs remains largely unknown.

AMPAR trafficking plays a crucial role for the expression of synaptic   
plasticity. Our previous work has shown that AMPARs are subject to 
protein ubiquitination leading to receptor internalization and degra-
dation. However, whether ubiquitination is the final stage of AMPAR 
turnover remains unclear. We hypothesize that the ubiquitin chain on 
AMPARs could be removed by deubiquitinase (DUB) to counterba-
lance receptor endocytosis and bypass the proteasomal degradation. 
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Alpha-Amino-3-hydroxy-5-methyl-isoxazole-4-propionic acid receptors (AMPARs) are the primary mediators 
for inter-neuronal communication and play a crucial role in higher brain functions including learning and me-
mory. Our previous work demonstrated that AMPARs are subject to ubiquitination by the E3 ligase Nedd4, re-
sulting in EPS15-mediated receptor internalization and Ubiquitin (Ub)-proteasome pathway (UPP)-dependent 
degradation. Protein ubiquitination is a highly dynamic and reversible process, achieved via the balance between 
ubiquitination and deubiquitination. However, deubiquitination of mammalian AMPARs and the responsible 
deubiquitinating enzymes (DUBs) remain elusive. In this study, we identify a DUB, USP46, which specifically 
removes ubiquitination modification from AMPARs. USP46 is enriched at the synapse and co-localizes with sy-
naptic marker proteins. In heterologous cells and neurons, expression of USP46 results in a significant reduction 
in AMPAR ubiquitination, accompanied with a reduced rate in AMPAR degradation and an increase in AM-
PAR synaptic accumulation. By contrast, knockdown of USP46 by RNAi leads to elevated AMPAR ubiquitination 
and a reduction in AMPAR protein amount in neurons. Consistently, mEPSC recordings show reduced synaptic 
strength in neurons expressing USP46-selective RNAi. These results demonstrate USP46-mediated regulation of 
AMPAR ubiquitination and turnover, which may play an important role in synaptic plasticity and brain function.
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FIGURE 1. UPS46 synaptic distribution and developme.ntal expression.

FIGURE 3. USP46 deubiquitinates GluA1 in vivo and in vitro. 

FIGURE 4. Knock down of USP46 enhances AMPAR ubiquitination. 

A and B. Double staining of USP46 (Red) and 
postsynaptic protein PSD-95 (Green) or GluA1 
(Green) in cultured DIV14 hippocampal neu-
rons. The selected region was enlarged for cla-
rity (right). Arrowheads indicate co-localized 
puncta. Scale bar represents 20 μm. C. USP46 
and other proteins including Nedd4, PSD-95 
and GluA1 are enriched in the synaptosomal 
P2 fraction purified from adult rat hippocam-
pal tissue. In contrast, Akt is mainly distribut-
ed in the solubilized fraction. The same amount 
of protein (3 μg) was loaded for each lane. D. 
USP46 expression in different brain regions.  
USP46 is relatively higher in prefrontal cortex 
(PFC). The AMPAR E3 ligase Nedd4 and tubu-
lin was also probed. E. USP46 expression time 
course was measured from cultured cortical 
neurons at varied days in vitro (DIV) after pla-
ting. USP46 amounts peaked in the 2nd and 3rd 
weeks. GluA1 and tubulin were also probed.

A and B. HEK cells were co-transfected with 
HA-ubiquitin (HA-Ubi), GFP-GluA1 together 
with either USP46 or USP12. GFP-GluA1 iso-
lated by immunoprecipitation was probed for 
HA-ubiquitin. Ubiquitin signals (HA-Ubi) 
were reduced in cells expressing USP46, but 
not USP12. The same western blot was re-pro-
bed with GluA1 antibody to confirm the im-
munoprecipitation. Tubulin from cell lysates 
was probed to indicate equal amount of lysa-
tes (N = 3 independent experiments). Bar gra-
phes represent Mean ± SEM, *p<0.05, t-test. C. 
Ubiquitination assays for GluA2. USP46, but 
not USP12, caused deubiquitination of GluA2. 
D. An illustrative demonstration of wild type 
ubiquitin, K48, K63, R48 and R63. Red bo-
xes represent lysine residues within ubiquitin. 
E. GluA1 is subject to K63 type ubiquitinati-
on. HEK cells were co-transfected with GFP-
GluA1 and one among wild type HA-Ubiquitin 
(HA-Ubi), ubiquitin with only one lysine (K63 
or K48), or with single lysine mutation (R63 
or K48). Lysine 63 in ubiquitin was sufficient 
(K63) and required (R63) for GluA1 ubiquiti-
nation. F. USP46 recognizes K63 type ubiqui-
tination on GluA1. USP46 was co-transfected 
with GFP-GluA1 and either wide type HA-
Ubiquitin, or HA-ubiquitin with only one ly-
sine (K48 or K63). USP46 is absent from con-
trol group. Conpared to control group, USP46 
greatly reduces K63 type ubiquitination. G. 
USP46 extends AMPAR half-life. HEK cells 
were transfected with GFP-GluA1 alone with 
together with USP46. 24 hours after transfec-
tion, cycloheximide (CHX; 1μg/ml) was added 
to block protein synthesis. Cells were collected 
at later time points for protein amount analy-
sis. Tubulin was probed as a loading control. 
H. A plot of normalized protein amount shows 
reduced GluA1 turnover rate by USP46. N = 
3 independent experiments. *p<0.05, t-test. 

A. Cultured DIV13 cortical neurons were in-
fected with viral Myc-USP46 or Myc-USP12 
for four days. Cells were then incubated 
with proteasome inhibitor MG132 (10 μM) 
for 8 hours and the endogenous GluA1 was 
isolated for ubiquitination assays. MG132 
treatment increased the level of GluA1 ubi-
quitination. Expression of USP46, but not 
USP12, caused a significant reduction in 
GluA1 ubiquitination. B. Quantification of 
Ubi signals. The same blot was reprobed 
for GluA1. Lysates were probed for USP46 
and USP12 (Myc), as well as tubulin. N = 
3 independent experiments. *p<0.05, t-test. 
C. USP46 deubiquitinates GFP-GluA1 in 
vitro. Myc-USP46 and GFP-GluA1 with or 
without HA-Ubi were overexpressed and 
purified from HEK cells. Co-incubation 
of active Myc-USP46 and GFP-GluA1 re-
sulted in Ubi signal decrease on GluA1. 

A. Confirmation of the effectiveness of vi-
ral shRNAs against USP46 and USP12. 
shUSP46 or shUSP12 is a mixture of two 
viruses containing two distinct shRNA se-
quences. HEK 293A cells were infected with 
viral Myc-USP46 (5%) or Myc-USP12 (5%) 
alone, or together with specific viral shR-
NAs (shUSP46 or shUSP12, 5% each). Cell 
lysates prepared two days after infection 
were subject to western analysis. The viral 
shRNAs completely blocked the expressi-
on of USP46 and USP12. B and C. Cultured 
DIV13 cortical neurons were infected with 
viral shUSP46 or shUSP12, and endogenous 
GluA1 ubiquitination was examined four 
days after infection by probing ubiquitin si-
gnals on immunoprecipitated GluA1. GluA1 
ubiquitination was significantly enhanced 
in neurons infected with shUSP46. N=3 in-
dependent experiments. *p<0.05, t-test. 

FIGURE 5. Knockdown of USP46 reduces both surface and total synaptic AMPARs in hippocampal neurons. 

Cultured DIV14 hippocampal neurons were transfected with a scrambled control siRNA (siScramble), or siRNAs specific for USP46 (siUSP46) or USP12 (siUSP12), and immunostained two 
days later. A and B. To detect surface AMPARs, live cells were incubated with GluA1 NT antibodies. Following wash and fixation, surface AMPARs were visualized with fluorescence secondary 
antibodies. A selected region in each panel was enlarged for clarity. Measurement of GluA1 puncta intensity showed significantly reduction in siUSP46 neurons (siScram, N = 10 cells; siUSP46, 
N = 10 cells; siUSP12, N = 6 cells) *p<0.05, **p<0.01, t-test. C and D. Transfected cells were immunostained following fixation and permeabilization to label total synaptic AMPARs. The intensi-
ty of total synaptic GluA1 was significantly reduced in USP46 knockdown neurons (siScram, N = 15 cells; siUSP46, N = 16 cells; siUSP12, N = 11 cells) *p<0.05, t-test. Scale bar represents 20 μm. 

FIGURE 6. Overexpression of USP46 increases surface AMPAR expression. 
A. Cultured DIV14 hippocampal neu-
rons were transfected with GFP as control 
or co-transfected with USP46. Surface 
GluA1 was visualized by live application 
of antibodies against GluA1 N-terminal. 
The selected region was enlarged for cla-
rity (bottom). B. Quantification of the 
surface synaptic GluA1 puncta intensi-
ty showed USP46 overexpression signi-
ficantly enhanced surface GluA1 level 
(EGFP, N = 9 cells; USP46, N = 10 cells) 
**p<0.01, t-test. C. Effect of USP46 on 
total synaptic GluA1. Following the same 
transfection, hippocampal neurons were 
stained under permeant conditions for 
GluA1. The selected region was enlar-
ged for clarity (bottom). D. Quantifica-
tion of the total GluA1 puncta intensity. 
No significant changes were detected in 
total GluA1 (EGFP, N = 9 cells; USP46, 
N = 9 cells). Scale bar represents 20 μm. FIGURE 2. USP46 specifically deubiquitinates AMPARs and stabilizes receptor protein stability. 

FIGURE 7. Effect of USP46 on AMPAR internalization. 
A. Cultured DIV12 hippocampal neu-
rons were co-transfected with dsRed and 
pcDNA3.1 as control or dsRed+USP46. 
GluA1Nt antibody was applied to label 
surface GluA1, followed by application 
of glutamate (50 μM) to trigger inter-
nalization. After blocking of remaining 
surface GluA1, the internalized GluA1 
was revealed by fluorescence secondary 
antibody. A selected region in each panel 
was enlarged for clarity. B. Measurement 
of internalized GluA1 puncta intensi-
ty showed significant reduction in neu-
rons overexpressing USP46 (Control, N 
= 12 cells; USP46, N = 12 cells) *p<0.05, 
**p<0.01, t-test. C. Measurement of inter-
nalized GluA1 puncta density showing 
significantly reduction in USP46 trans-
fected neurons (Control, N = 12 cells; 
USP46, N = 12 cells) *p<0.05, ***p<0.001, 
t-test. Scale bar represents 20 μm; scale 
bar represents 10 μm in enlarged picture. 
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FIGURE 8. USP46 regulates AMPAR-mediated synaptic currents. 
DIV12 hippocampal neurons were 
transfected with USP46 or UPS12 for 
overexpression; or with respective siR-
NA to knock down USP46 or USP12. 
Neurons were co-transfected with GFP 
as an indicator for cell selection during 
recordings. Two days after transfection, 
whole-cell recordings were performed 
to measure the mEPSCs. A and C. Re-
presentative mEPSCs were shown. B. 
Overexpression of USP46 caused a sig-
nificant increase in mEPSC amplitude 
(Control, N = 6 cells; USP46, N = 5 cells; 
USP12, N = 5 cells).  *p<0.05, t-test. D. 
Knock down of USP46, but not USP12, 
resulted in a significant reduction in 
mEPSC amplitude  (siScramble, N=6 
cells; siUSP46, N = 5 cells; siUSP12, N = 
5 cells). **p<0.01, t-test. E. A schematic 
illustration of the role of USP46 in AM-
PAR ubiquitination. Following vesicle-
mediated insertion of AMPARs onto the 
plasma membrane, AMPARs are sub-
ject to ubiquitination modification. The 
E3 ligase Nedd4 conjugates polyubiqu-
itins to the intracellular C-terminals of 
AMPAR subunits, resulting in receptor 
internalization and degradation in the 
proteasome. USP46 specifically removes 
the ubiquitin chains from AMPARs 
and counteracts with Nedd4 to prevent 
receptors from ubiquitination-medi-
ated internalization and degradation. 

Amyloid-beta peptide (Aβ) is a pathological hallmark of Alzheimer’s disease (AD)
and is generated through the sequential cleavage of amyloid precursor protein (APP)
by β- and γ-secretases. Hypoxia is a known risk factor for AD and stimulates Aβ
generation by γ-secretase; however, the underlying mechanisms remain unclear. In
this study, we showed that Dual-specificity phosphatase 26 (DUSP26) regulates Aβ
generation through changes in subcellular localization of the γ-secretase complex
and its substrate C99 under hypoxic conditions. DUSP26 was identified as a novel
γ-secretase regulator from a genome-wide functional screen using a cDNA
expression library. The phosphatase activity of DUSP26 was required for the
increase of Aβ42 generation through γ-secretase but this regulation did not affect
the amount of the γ-secretase complex. Interestingly, DUSP26 induced the
accumulation of C99 in the axons by stimulating anterograde transport of C99-
positive vesicles. Additionally, DUSP26 induced c-Jun N-terminal kinase (JNK)
activation for amyloid-precursor-protein (APP) processing and axonal transport of
C99. Under hypoxic conditions, DUSP26 expression levels were elevated together
with JNK activation, and treatment with JNK inhibitor SP600125, or the DUSP26
inhibitor NSC-87877, reduced hypoxia-induced Aβ generation by diminishing
vesicle trafficking of C99 to the axons. Finally, we observed enhanced DUSP26
expression and JNK activation in the hippocampus of AD patients. Our results
suggest that DUSP26 mediates hypoxia-induced Aβ generation through JNK
activation, revealing a new regulator of γ-secretase-mediated APP processing under
hypoxic conditions.

Dual-specificity phosphatase 26 (DUSP26) stimulates Aβ42 generation by promoting 
Amyloid Precursor Protein axonal transport during hypoxia 
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(a) DUSP26 overexpression increases Aβ40 and Aβ42
generation. HEK293/APP695 cells were transfected with
pcDNA3 (Control) or pHA-DUSP26 (DUSP26), and
maintained in the conditioned media for 48 h. The media was
measured for Aβ40 and Aβ42 using ELISA kit. Bars represent
mean ± SD (n = 4). *P < 0.05, **P < 0.01. (b) DUSP26
promotes AICD generation via γ-secretase activity.
HEK293T cells were transfected with pC99-GVP, pUAS-
Luciferase, pβ-galactosidase, and either pcDNA3 or pHA-
DUSP26 for 24 h. Cell extracts were subjected to luciferase
assay. The luciferase activity was normalized by β-
galactosidase activity. Bars indicate mean ± SD (n = 3). **P
< 0.01. (c) DUSP26 increases the accumulation of oligomeric
Aβ. HEK293/APP695 cells were transfected with pcDNA
(Control) or pFLAG-DUSP26 for 24 h in the presence or
absence of 0.5 μM Compound E (Comp.E), and then
incubated in serum-free DMEM for 16 h. After concentration
using centrifugal filter, the media were analyzed by western
blot assay using 4G8 antibody (upper) and dot blot assay (Fil,
lower). (d and e) DUSP26 does not affect α-cleavage of APP
in cells or γ-cleavage in vitro. HEK293/APP695 cells were
transfected with pcDNA3 (Control) or pHA-DUSP26 for 24
h and subjected to immunoprecipitation (IP) assay with 6E10
antibody. HC, heavy chain of immunoglobulin (d).
Membrane fractions were prepared, incubated at 37 °C or
4 °C for 12 h, and then analyzed by immunoblot assay using
anti-APP CTF, HA, and Calnexin (CANX) antibodies (e). (f
and g) DUSP26 does not regulate cellular expression levels
of γ-secretase components and formation of γ-secretase
complex. HEK293T cells were transfected with pcDNA3
(Control) or pHA-DUSP26 for 24 h. The 1% CHAPS-soluble
cell extracts were subjected to immunoblot analysis (f) or 1%
digitonin-soluble membrane fractions were separated using
blue-native PAGE (BN-PAGE) and analyzed by immunoblot
analysis (g). CANX was used as a control of protein loading.

(a) Activity-dead DUSP26 C152S mutant does not affect the
accumulation of oligomeric Aβ. HEK293/APP695 cells were
transfected with pcDNA3 (Control), pHA-DUSP26 or pHA-
DUSP26 C152S for 48 h in the absence or presence of 0.5 μM
Compound E (Comp.E). The conditioned media were analyzed by
filter trap assay using 4G8 antibody (upper) and cell lysates were
subjected to immunoblotting (lower). (b) Overexpression of
DUSP26, but not DUSP26 C152 mutant, increases C99 processing.
HEK293T cells were transfected with pC99-GVP, pUAS-Luciferase,
pβ-galactosidase, and pcDNA3 (Control), pHA-DUSP26, or pHA-
DUSP26 C152S for 24 h, and then subjected to luciferase assay. The
luciferase activity was normalized by β-galactosidase activity. Bars
indicate mean ± SD (n = 3). *P < 0.05. (c) NSC-87877 treatment
blocks the accumulation of oligomeric Aβ induced by DUSP26
overexpression. HEK293/APP695 cells were transfected with
pcDNA3 (Control) or pHA-DUSP26 for 2 h and then left untreated
or treated with 1 μM NSC-87877 for additional 24 h. The
conditioned media and cell lysates were analyzed by filter trap assay
(upper) and western blotting (lower), respectively. (d) NSC-87877
treatment suppresses DUSP26-mediated stimulation of C99
processing. HEK293T cells were transfected with pC99-GVP,
pUAS-Luciferase, pβ-galactosidase, and either pcDNA3 (Control) or
pHA-DUSP26 for 2 h, and treated with 1 µM NSC-87877 for 24 h.
Cell extracts were subjected to luciferase assay as in B. Bars
represent mean ± SD (n = 3). *P < 0.05. 

Figure 1. DUSP26 increases γ-secretase-mediated C99 (APP) processing for Aβ generation. 

Figure 2. Phosphatase activity of DUSP26 is required for the regulation of APP 
processing. 

(a) DUSP26 expression alters subcellular localization of C99 from
soma to axon and synapse. SH-SY5Y cells were transfected with
pSC100-GFP and pcDNA3 (Control), pHA-DUSP26 WT, or pHA-
DUSP26 C152S for 24 h, and then treated with 10 μM retinoic acid
in the presence of 0.5 μM Compound E for 3 days. The
fluorescence signals were observed under confocal fluorescence
microscope (upper). Scale bar: 20 μm. Fluorescence intensities of
SC100-GFP in soma and neurites were measured using image J
software (lower). (b) Kymographs of SC100-GFP motility in SH-
SY5Y by DUSP26 activation. SH-SY5Y cells were transfected
with pSC100-GFP and either pcDNA3 (Control) or pHA-DUSP26
for 24 h and then differentiated by treatment with 10 μM retinoic
acid (RA) for 3 days. Kymographs represent cumulative organelle
movement over time (120 s). (c) Relative flux rates for SC100-
GFP-positive vesicle movement in control and DUSP26-
overexpressed SH-SY5Y cells. (d) The C99 and γ-secretase
components were accumulated in the light membrane fraction
including early endosome and synaptosome by DUSP26
expression. SH-SY5Y cells were transfected with pcDNA3 (-) or
pHA-DUSP26 for 48 h. Whole cell lysates (WCL), Light (LM) and
heavy membrane (HM) fractions were prepared and subjected to
western blot analysis. (e) Phosphatase activity of DUSP26 is
required for regulating subcellular localization of C99. SH-SY5Y
cells were transfected with SC100-GFP and either pcDNA3
(Control) or pHA-DUSP26 for 24 h, and treated with 20 μM
retinoic acid in the presence of 0.5 μM Compound E. After 2 days,
differentiated SH-SY5Y cells were treated with 1 μM NSC-87877
for 24 h. Fluorescence signals were observed under confocal
fluorescence microscope. Scale bar: 20 μm. The fluorescence
intensities of SC100-GFP in axons were measured using image J
software (insert).

Figure 3. DUSP26 activity regulates subcellular distribution of C99 by stimulating 
anterograde axonal transport. 

Figure 4. DUSP26 promotes γ-secretase-mediated APP cleavage through JNK 
activation.

(a) DUSP26 stimulates JNK phosphorylation
(Thr183/Tyr185) in SH-SY5Y cells. SH-SY5Y cells
were transfected with pcDNA3 (Control), pHA-
DUSP26, or pHA-DUSP26 C152S for 48 h, and then
analyzed by immunoblotting (b) SP600125 treatment
abolishes DUSP26-stimulated cleavage of C99 by γ-
secretase. HEK293T cells were transfected with pC99-
GVP, pUAS-Luciferase, pβ-galactosidase, and either
pcDNA3 (Control) or pHA-DUSP26 for 4 h, and then
left untreated (Veh) or treated with 10 μM SP600125
for 16 h. Cell extracts were subjected to luciferase
assay. **P < 0.01. (c) SP600125 treatment inhibits
DUSP26-mediated subcellular localization change of
SC100-GFP. SH-SY5Y cells were co-transfected with
pSC100-GFP, pHA-DUSP26, or both pSC100-GFP
and pHA-DUSP26 for 24 h, and then treated with 20
μM retinoic acid and 0.5 μM Compound E in the
presence or absence of 10 μM SP600125 for 2 days.
Cells were stained with Hoechst dye and analyzed by
confocal microscopy. Scale bar; 20 μm. The
fluorescence intensities of SC100 in axons were
quantified using image J program and their relative
levels were depicted on a graph (insert). Bars represent
mean ± SD (randomized images). **P < 0.01.

Figure 5. Hypoxic stress increases γ-secretase-mediated APP processing 
via DUSP26.

(a) Increased DUSP26 expression promotes JNK
activation during hypoxic stress. SH-SY5Y cells
were transfected with pSuper-neo (-) or shDUSP26
(+) for 24 h and incubated under normoxic (20 %
O2) or hypoxic (1 % O2) condition for additional 20
h. Cell extracts were examined with western
blotting. (b) Hypoxic stress increases the
accumulation of oligomeric Aβ via a DUSP26-JNK
pathway. HEK293/APP695 cells were pre-treated
with 10 μM SP600125 or 1 μM NSC-87877 for 3 h
and incubated under (20 % O2) or hypoxic (1 % O2)
condition for 20 h. Filter trap assay (upper) and
western blot analysis (lower) were performed. (c)
The subcellular distribution of SC100-GFP is
altered through a DUSP26-JNK pathway under
hypoxic stress. SH-SY5Y cells were transfected
with SC100-GFP for 24 h and then differentiated by
treatment with 20 μM retinoic acid for 2 days. After
being pre-treated with 10 μM SP600125 or 1 μM
NSC-87877 for 3 h, cells were incubated in hypoxic
chamber for 16 h and analyzed by confocal
microscopy. Scale bar; 20 μm. (d) The fluorescence
intensities of SC100 in axons were quantified using
image J program. Bars represent mean ± SD
(randomized images). ***P < 0.001.

(a) The levels of DUSP26 expression and
JNK activation are elevated in the brains of
AD patients. Hippocampal extracts of
normal and AD patient brains were analyzed
by western blotting. (b) Densitometric
analysis of DUSP26 and p-JNK levels. The
levels of DUSP26 protein and p-JNK on the
blots shown in (A) were measured by
densitomertic analysis and normalized by
TUBA and total JNK, respectively. Bars
represent mean ± S.E. (c) The role of
DUSP26 in the stimulation of γ-secretase-
mediated APP processing. Induction of
DUSP26 activity is required for JNK
activation and anterograde transport of APP
under hypoxic stress, leading to Aβ42-
dominant generation. 

Figure 6. DUSP26 expression is elevated in the hippocampus of AD patients. 
Deposition of amyloid-beta peptide (Aβ) in the brain is a hallmark of Alzheimer’s disease

(AD) (Selkoe 2001). Aβ is generated from amyloid-β precursor protein (APP) through
sequential cleavage by β- and γ-secretases (Holtzman et al. 2011). Aβ42 is associated with AD
due to large deposits of this Aβ form in the brains of AD patients (Iwatsubo et al. 1994).
Although Aβ42 is highly implicated in AD pathogenesis, the mechanism that determines the Aβ
species generated by γ-secretase remains unclear. Recently, studies showed that γ-secretase
endocytosis and subcellular localization affect the Aβ42 production ratio (Kanatsu et al. 2014).
Therefore, subcellular localization of γ-secretase and its substrate might be important in Aβ
generation, while specific details associated with the mechanism remain elusive.

Several studies showed that oxidative stress, including hypoxia and formation of highly
reactive oxygen species (ROS), is an AD risk factor (Smith et al. 2000, Misonou et al. 2000).
AD incidence is elevated by hypoxic injury resulting from cerebral ischemia or stroke (Bazan et
al. 2002, Skoog & Gustafson 2006). Moreover, γ-secretase activity, which is a rate-limiting step
in Aβ production, increases under oxidative stress through c-Jun N-terminal kinase (JNK)
activation (Shen et al. 2008). Despite the correlation between oxidative stress and Aβ generation,
the regulatory mechanism that determines how oxidative stress regulates γ-secretase activity and
APP processing remains unknown.

Dual-specificity phosphatase 26 (DUSP26) is an atypical phosphatase that dephosphorylates
both phosphotyrosine and phosphoserine/phosphothreonine residues within one substrate
(Patterson et al. 2009). DUSP26 may regulate cell proliferation in neuronal cells (Wang et al.
2006, Wang et al. 2008) and function as both a tumor suppressor (Vasudevan et al. 2005, Wang
et al. 2006, Tanuma et al. 2009) and an oncogene, depending upon the cellular context (Yu et al.
2007). However, the role of DUSP26 in non-dividing cells, such as neurons, is not understood.

From a genome-wide functional screen using a cell-based assay (Han et al. 2014), we identified

DUSP26 as a γ-secretase activator. γ-secretase activity, which is a rate-limiting step in Aβ

production, increases under oxidative stress through c-Jun N-terminal kinase (JNK) activation

(Shen et al. 2008). However, the regulatory mechanism that determines how oxidative stress

regulates γ-secretase activity and APP processing remains unknown. We hypothesize that

DUSP26 causes a JNK-activated shift in the subcellular localization of γ-secretase and C99

from the cell body to axons in neuronal cells for  Aβ42 generation during hypoxic stress.

Selkoe, D. J. (2001) Alzheimer's disease: genes, proteins, and therapy. Physiol Rev, 81, 741-766.
Holtzman, D. M., Morris, J. C. and Goate, A. M. (2011) Alzheimer's disease: the challenge of the second century. Sci Transl Med, 3, 77sr71.
Iwatsubo, T., Odaka, A., Suzuki, N., Mizusawa, H., Nukina, N. and Ihara, Y. (1994) Visualization of A beta 42(43) and A beta 40 in senile plaques with end-
specific A beta monoclonals: evidence that an initially deposited species is A beta 42(43). Neuron, 13, 45-53.
Kanatsu, K., Morohashi, Y., Suzuki, M., Kuroda, H., Watanabe, T., Tomita, T. and Iwatsubo, T. (2014) Decreased CALM expression reduces Abeta42 to 
total Abeta ratio through clathrin-mediated endocytosis of gamma-secretase. Nature communications, 5, 3386.
Smith, M. A., Rottkamp, C. A., Nunomura, A., Raina, A. K. and Perry, G. (2000) Oxidative stress in Alzheimer's disease. Biochimica et biophysica acta, 
1502, 139-144.
Misonou, H., Morishima-Kawashima, M. and Ihara, Y. (2000) Oxidative stress induces intracellular accumulation of amyloid beta-protein (Abeta) in 
human neuroblastoma cells. Biochemistry, 39, 6951-6959.
Bazan, N. G., Palacios-Pelaez, R. and Lukiw, W. J. (2002) Hypoxia signaling to genes: significance in Alzheimer's disease. Mol Neurobiol, 26, 283-298.
Skoog, I. and Gustafson, D. (2006) Update on hypertension and Alzheimer's disease. Neurol Res, 28, 605-611.
Shen, C., Chen, Y., Liu, H., Zhang, K., Zhang, T., Lin, A. and Jing, N. (2008) Hydrogen peroxide promotes Abeta production through JNK-dependent
activation of gamma-secretase. The Journal of biological chemistry, 283, 17721-17730.
Patterson, K. I., Brummer, T., Daly, R. J. and O'Brien, P. M. (2010) DUSP26 negatively affects the proliferation of epithelial cells, an effect not mediated by 
dephosphorylation of MAPKs. Biochimica et biophysica acta, 1803, 1003-1012.
Wang, J. Y., Yang, C. H., Yeh, C. L., Lin, C. H. and Chen, Y. R. (2008) NEAP causes down-regulation of EGFR, subsequently induces the suppression of 
NGF-induced differentiation in PC12 cells. J Neurochem, 107, 1544-1555.
Wang, J. Y., Lin, C. H., Yang, C. H., Tan, T. H. and Chen, Y. R. (2006) Biochemical and biological characterization of a neuroendocrine-associated
phosphatase. J Neurochem, 98, 89-101.
Vasudevan, S. A., Skoko, J., Wang, K., Burlingame, S. M., Patel, P. N., Lazo, J. S., Nuchtern, J. G. and Yang, J. (2005) MKP-8, a novel MAPK phosphatase 
that inhibits p38 kinase. Biochem Biophys Res Commun, 330, 511-518.
Yu, W., Imoto, I., Inoue, J., Onda, M., Emi, M. and Inazawa, J. (2007) A novel amplification target, DUSP26, promotes anaplastic thyroid cancer cell 
growth by inhibiting p38 MAPK activity. Oncogene, 26, 1178-1187.
Han, J., Jung, S., Jang, J. et al. (2014) OCIAD2 activates gamma-secretase to enhance amyloid beta production by interacting with nicastrin. Cell Mol Life 
Sci, 71, 2561-2576.

References 

Background 

 

 The Mark A. Smith Prize 2016 Awardees 

Sunmin Jung, Jihoon Nah, Jonghee Han, Seon-Guk Choi, Hyunjoo Kim, Jaesang Park, Ha-Kyung Pyo and Yong-Keun Jung¶ 

Global Research Laboratory, School of Biological Science, Seoul National University, 1 Gwanak-ro, Gwanak-gu, Seoul 151-747, Korea; E-mail: ykjung@snu.ac.kr 

Congratulations to the winners 
of the Mark A Smith Prize
Join us at the Opening Ceremony to see the prize awarded to the 
2017 and 2018 winners and to hear them present their work.


