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Abstract

Amyloid b, a key molecule in the pathogenesis of Alzheimer’s disease (AD), is

produced from amyloid precursor protein (APP) by the cleavage of secretases.

APP is SUMOylated near the cleavage site of b-secretase. SUMOylation of APP

reduces amyloid b production, but its regulatory system is still unclear.

SUMOylation, a modification at a lysine residue of a target protein, is mediated

by activating, conjugating, and ligating enzymes and is reversed by a family of

sentrin/SUMO-specific proteases (SENPs). Here, we found that both SENP1 and

SENP2 induced de-SUMOylation of APP. Using quantitative PCR, we also

found that expression of SENP1 but not SENP2 increased in an age-dependent

manner only in female mice. The results of immunoblot analyses showed that the

protein expression was consistent with the PCR results. Females, compared to

males, have a higher incidence of AD in humans and show more aggressive

amyloid pathology in AD mouse models. Our results provide a clue to

understanding the role of SUMOylation in the sex difference in AD pathogenesis.
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1. Introduction

SUMOylation is a process that post-translationally modifies lysine residues of target

proteins by conjugating a small ubiquitin-like modifier (SUMO) to them. The con-

sequences of SUMOylation vary depending on the target proteins, including changes

in subcellular localization, sensitivity to other modifications such as ubiquitination,

and interaction with other proteins. SUMOylation is a three-step process mediated

by enzymes termed E1, E2, and E3. SUMO is activated by the E1 enzyme, a heter-

odimer of SUMO-activating enzyme subunit -1 and -2, and is then transferred to the

SUMO-specific E2 enzyme Ubc9, which conjugates SUMO to target proteins. E3

ligases mediate substrate recognition and SUMO conjugation, although Ubc9 is suf-

ficient in some cases [1]. Protein inhibitor of activated STAT (PIAS) family proteins

function as SUMO E3 ligases. SUMOylation is also regulated by SUMO isopepti-

dases, which are deSUMOylation enzymes that remove SUMOs from target pro-

teins. Six sentrin/SUMO-specific protease (SENP) family proteins (SENP1-3 and

SENP5-7) have been identified as SUMO isopeptidases in humans [2]. These pro-

teins primarily localize in the nucleus, but SENP1 and 2 are also present in extranu-

clear compartments and the cytoplasm [1]. In the SUMOylation pathway, SENPs

have three roles, maturation, deconjugation, and chain-editing of SUMO proteins

[3]. SENPs remove amino acids after a di-glycine motif in the C-terminal of

SUMO proteins (maturation), which enables SUMOs to be conjugated to the lysine

residue in substrates. SENP1, 2, 3, and 5 deconjugate SUMOs from the substrates

(deconjugation), whereas SENP6 and 7 primarily deconjugate SUMOs from poly-

SUMOylated chains (chain-editing). Genetic inactivation of SENP1 or SENP2 leads

to embryonic lethality with abnormalities of the brain and heart [4, 5]. Recent studies

suggested that SENP1 and SENP2 have neuroprotective functions. The overexpres-

sion of SENP1 attenuates ischemia/reperfusion-induced apoptosis [6], and the

disruption of neuronal SENP2 induces neurodegeneration [7].

In the central nervous system, protein SUMOylation has been implicated in physi-

ological synaptic function and in the pathogenesis of several neuronal diseases

[1, 8]. In Huntington’s disease, SUMOylation of Huntingtin protein enhances cyto-

toxic effects [9]. In amyotrophic lateral sclerosis, superoxide dismutase 1 (SOD1) is

SUMOylated by SUMO1 and SUMO2/3 [10,11]. SUMO3 promotes the aggregation

of familial disease-linked mutant SOD1, thus leading to cytotoxicity [11]. In

Alzheimer’s disease (AD), amyloid precursor protein (APP) and tau, the proteins

responsible for the pathological hallmarks of AD, amyloid plaques and neurofibril-

lary tangles, respectively, are both SUMOylated [12, 13, 14, 15]. Tau is primarily

modified by SUMO1 at Lys340 located in a microtubule-binding repeat. SUMOy-

lation of tau competes with ubiquitination and is influenced by tau phosphorylation

[15]. The relevance of tau SUMOylation in AD pathogenesis is still unclear. APP is

cleaved by two enzymes, b- and g-secretase, and produces amyloid b (Ab). Ab is a
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major component of amyloid plaques and plays a central role in the pathogenesis of

AD. SUMOylation of APP at Lys587 and Lys595, which are near the cleavage site

of b-secretase, decreases Ab production [16]. Studies on the global alteration in SU-

MOylation have shown conflicting results about amyloidogenesis. The global sup-

pression of SUMOylation by RNAi-mediated SUMO down-regulation had no

effect on amyloidogenic APP processing, whereas up-regulation of Ubc9, the

SUMO E2 ligase, increased APP SUMOylation and decreased Ab production

[14]. Thus, clarifying the regulatory system of APP SUMOylation is important for

understanding the role of SUMOylation in Ab production from APP.

There are sex differences in the development and progression of AD. Multiple

studies have suggested that women have a higher AD incidence in old age and gener-

ally show a severer progression of cognitive impairment than men [17]. In AD

mouse models overproducing Ab, female 3xTg-ADmice (transgenic mice harboring

APPswe, tauP310L, and PS-1M146V) show more aggressive amyloid pathology

than male [18], and female 5xFAD mice (transgenic mice harboring APPSwFlLon

and PSEN1:M146L*L286V) show a higher Ab production than males at a young

age [19]. Furthermore, behavioral stress increases amyloid burden in female

5xFAD mice but not in males [20]. These results indicate that AD mouse models

show sex differences in amyloid-associated AD pathogenesis. However, the molec-

ular mechanism underlying the sex differences is mostly unknown. In this study, we

identified SENP proteins that regulate APP SUMOylation as deSUMOylation en-

zymes and analyzed the expression levels of these SENPs in brains of wild-type

and 5xFAD mice.
2. Materials and methods

2.1. Plasmids

Human APP695 cDNA was amplified by RT-PCR from the total RNA of SH-SY5Y

cells using primers 50-GATATCGCCATGCTGCCCGGTTTGGCACTG-30 and 50-
GCGGCC GCTTTTTGATGATGAACTTCATATCC-30 and cloned into a pGEM-

T vector. The sequence was confirmed, and the cDNA was transferred to a pFLAG-

CMV-5a vector between HindIII and NotI sites. Plasmids containing SENP genes,

FLAG-SENP1, FLAG-SENP2, and RGS-SENP3, were obtained from Edward

Yeh (Addgene plasmid # 17357, 18047, 18048, respectively) [5, 21, 22]. For the

construction of the His-tagged SENP-expressing plasmids, the SENP1 and

SENP2 genes were inserted into the pEF4-His(B) vector between BamHI and

EcoRV sites and between EcoRI and XbaI sites, respectively. The SENP3 gene

was inserted into the pEF4-His(C) vector between BamHI and XbaI sites. Plasmids

expressing HA-tagged SUMO1/2 were described in Niikura et al. [11].
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2.2. Cell culture, transfection, and immunoprecipitation (IP)

HEK293 cells were cultured in Dulbecco’s modified Eagle’s medium (D-MEM)

supplemented with 10% fetal bovine serum (FBS), 50 units/ml of penicillin, and

50 mg/ml of streptomycin (Thermo Scientific, Waltham, MA, USA). Cells (1 �
106 cells/dish) were seeded into 60-mm dishes and transfected with plasmids

expressing FLAG-tagged APP, HA-tagged SUMO1/2, and His-tagged SENP by lip-

ofection (Lipofectamine 3000, Thermo Scientific). The plasmid DNAs were mixed

in a ratio of 3:1:1 for APP:SUMO:SENP. Immunoprecipitation was performed as

described in Niikura et al. [11]. Briefly, after 48 h of transfection, cells were lysed

in 500 ml RIPA buffer [10 mM sodium phosphate pH 7.2, 150 mM NaCl, 1% Triton

X-100, 0.1% SDS, 1% sodium deoxycholate, 10 mM N-ethylmaleimide (NEM), and

protease inhibitors (Sigma, St. Louis, MO, USA)]. After the cell lysate was clarified

by centrifugation, the protein concentration was measured by BCA protein assay

(Thermo Scientific). Then, 20 ml of anti-FLAG M2 antibody-conjugated beads

(Sigma) were added to the lysate (approximately 400 mg protein), and the lysate-

beads mixtures were incubated at 4 �C for 5 h. The beads were washed with 400

ml RIPA buffer 4 times, and after the buffer was removed, the beads were mixed

with 20 ml of 2xsample buffer (125 mM Tris-HCl, 6 w/v% SDS, 15% glycerol,

0.01 w/v% bromophenol blue, 100 mM dithiothreitol) and boiled. Finally, 10 mg

of input samples and 20 ml of IP samples were analyzed by immunoblot.
2.3. Animals

All studies involving animals are reported in accordance with the ARRIVE guide-

lines for reporting experiments involving animals. C57BL6/JJcl (CLEA Japan,

Inc. Tokyo, Japan) and AD model mice overexpressing Ab42, B6-Cg-Tg

(APPSwFlLon, PSEN1:M146L*L286V) 6799Vas (5xFAD, Mutant Mouse

Resource and Research Center) were used [15]. The mice were housed in polycar-

bonate cages (3e4 animals per cage) at 22e24 �C under a 12-h light/12-h dark cycle

with food and water ad libitum. All animal care and experimental procedures com-

plied with the Guidelines for the Care and Use of Laboratory Animals of Keio Uni-

versity and were approved by the Keio University Animal Ethics Committee

(09084-8). C57BL6/JJcl (CLEA Japan) mice, whose brains were used for immuno-

blot analyses, were also housed in the animal facility at Sophia University and the

experimental procedures were approved by the Institutional Animal Experiment

Committee at Sophia University.
2.4. Brain sample preparation for immunoblot analysis

For the comparison of ages, whole brains were obtained from wild-type mice at 8

and 24 weeks of age (6 animals/group), and the cortex and hippocampus were
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dissected. Brain homogenates were prepared in NET-N buffer [20 mM Tris-HCl pH

8.0, 150 mM NaCl, 1 mM EDTA, 0.5% NP-40, 10% glycerol, 10 mM NEM, and

protease inhibitors (Complete, Sigma); 1 or 3 ml/100 mg tissue for cortex or hippo-

campus, respectively]. A part of homogenates was mixed with 2x sample buffer at a

1:1 ratio, and 15 ml of the homogenate-sample buffer mixture of each sample were

subjected to the immunoblot analysis using anti-SUMO antibodies. Another portion

of the homogenates was cleared by centrifugation at 17,000 xg for 10 min, superna-

tants were collected, and the protein concentration was measured by BCA protein

assay (Thermo Scientific). Brain lysates (10 mg protein each) were subjected to

immunoblot analysis for the detection of endogenous SENP1 and SENP2. For the

comparison between wild-type and 5xFAD mice, cerebral hemispheres from female

wild-type and 5xFAD mice at 24 weeks of age (4 animals/group) were obtained.

Brain homogenates were prepared in Tris buffer [20 mM Tris-HCl pH 7.4, 250

mM sucrose, 1 mM EDTA, 1 mM EGTA, protease inhibitors (Complete, Sigma);

1 mM Na3VO4, 8 mM NaF] and mixed with 2x sample buffer at a 1:1 ratio.

Then, 15 ml of the homogenate-sample buffer mixture of each sample was subjected

to immunoblot analysis using anti-SENP antibodies.
2.5. Immunoblot analysis

Protein samples were separated by 8% SDS-PAGE and transferred to polyvinylidene

difluoride (PVDF) membranes (Millipore, Billerica, MA, USA). The membranes

were blocked with 5% skim milk in TBS-T (20 mM Tris-HCl [pH 7.6], 136 mM

NaCl, and 0.1% Tween 20) and incubated with horseradish peroxidase (HRP)-

conjugated antibodies in 0.5% skim milk and TBST for 2 h at room temperature

(RT). The antibodies used were HRP-conjugated anti-HA (3F10) (1:2000, Roche

Diagnostics, Indianapolis, IN, USA), HRP-conjugated anti-FLAG (M2) (1:5000,

Sigma), and HRP-conjugated anti-actin (1:20000, A3854, Sigma). To detect GFP-

tagged proteins, the membranes were incubated with an anti-GFP antibody (JL8)

(1:2000, Clontech, Mountain View, CA, USA) overnight at 4 �C and an HRP-

conjugated anti-mouse IgG antibody (1:2000, Cell Signaling Technology, Danvers,

MA, USA) for 2 h at RT. For the detection of SENP and SUMO proteins, the mem-

branes were incubated with an anti-SENP1 antibody (1 mg/ml, NB100-56405,

Novusbio, Littleton, CO, USA), anti-SENP2 antibody (1:2000, AP1232, Abgent,

San Diego, CA, USA), anti-SUMO1 antibody (1:2000, 4972, Cell Signaling Tech-

nology), or anti-SUMO2/3 antibody (1:2000, 4974, Cell Signaling Technology)

overnight at 4 �C and HRP-conjugated anti-rabbit IgG antibody (1:2000, Cell

Signaling Technology) for 2 h at RT. Bands were detected with an enhanced chem-

iluminescence reagent (Clarity Western ECL Substrate, Bio-Rad, Hercules, CA,

USA) using an image analyzer (Pxi, Syngene, Cambridge, UK), and quantified using

Gene Tools (Syngene).
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2.6. Peptide competition of the anti-SENP1 antibody

Two sets of hippocampal lysates (10 mg protein) from female mice at 8 and 24 weeks

of age were subjected to 8% SDS-PAGE. The proteins were transferred to a PVDF

membrane and the membrane was cut in two, with both portions carrying the same

set of samples. The anti-SENP1 antibody (NB100-56405, Novusbio) was diluted

in buffer (TBST:PBS ¼ 1:1) containing 0.5% bovine serum albumin (BSA) at

0.5 mg/ml. The immunizing peptide corresponding to amino acid 578e590 of human

SENP1 (amino acid sequence: EFDTNGWQLFSKK) was synthesized by GenScript

(Piscataway, NJ, USA). The peptide was dissolved in distilled water, and 10 ml of the

peptide solution (2 mg/ml) or water was added to 2 ml of the antibody solution and

incubated for 24 h at 4 �C with gentle agitation. After the membranes were blocked

with 5% skim milk in TBS-T, they were incubated with the antibody solution with or

without peptide overnight at 4 �C followed by incubation with the secondary anti-

body and signal detection as described above.
2.7. Immunocytostaining

HEK293 cells (1 � 105 cells/well) were seeded into 4-well chamber slides (Thermo

Fisher Scientific) and cotransfected with plasmids expressing FLAG-tagged APP,

HA-tagged SUMO1/2, and His-tagged SENP by lipofection. The plasmid DNAs

were mixed in a ratio of 3:1:1 for APP:SUMO:SENP. After 24 h of transfection,

the cells were fixed with 4% paraformaldehyde in PBS for 30 min at RT, permeabi-

lized with 0.2% Triton X-100 for 10 min at RT, and blocked with 5% BSA in PBS for

1 h at RT. Then, the fixed cells were stained by specific primary antibodies in 1%

BSA-PBS for 1.5 h at RT and secondary antibodies in 1% BSA-PBS for 1 h at

RT. The antibodies used were an anti-DYKDDDDK-tag rat monoclonal antibody

(6F7) (1 mg/ml, Wako Pure Chemical Industries), anti-His mouse monoclonal anti-

body (2 mg/ml, D291, MBL, Nagoya, Japan), Alexa Fluor 555-conjugated goat anti-

rat IgG antibody (1:500, Thermo Scientific), Alexa Fluor 594-conjugated goat

anti-rat IgG antibody (1:500, Thermo Scientific), and DyLight 488-conjugated

goat anti-mouse IgG antibody (1:500, Jackson Immuno Research). Cells were also

counterstained with 40, 6-diamidino-2-phenylindole (DAPI, AAT Bioquest). Cell

images were obtained using a fluorescence microscope (IX83, Olympus, Tokyo,

Japan) with a 40� objective lens and CellSens software (Olympus).
2.8. Reverse transcription quantitative polymerase chain reaction
(RT-qPCR)

Mouse brains were obtained from 6 animals in each group. Total RNA was extracted

from cerebral hemispheres with Isogen (Nippon Gene Co., Ltd, Toyama, Japan).

First-strand cDNAs were synthesized using SuperScript VILO Master Mix (Thermo

Fisher). The qPCR analysis was performed using KOD SYBR qPCR mix (Toyobo)
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and the Applied Biosystems StepOne Real Time PCR system (Thermo Fisher).

Primers used were SENP1, 50-TGGGTGGAATAAACAACGAGGCCTGCAG
GATCCTC-30 and 50-GCTGTCGATGGCAAAGGTTGGTCCCCCACACGCTC-
3’; and SENP2, 50-GAAATACAGATCTCAACCTCTTAGAGTGGACCCAC-30

and 50- ACACCTCTAGTCAGGGCCATTGTGGAGAGGCCTTC-3’. cDNA frag-

ments amplified with the primers described above were subcloned into a pGEM-T

vector and were used as standards.
2.9. Statistical analysis

The data are expressed as the mean� SD. Comparisons among multiple groups were

performed by one-way ANOVA followed by post hoc tests (Tukey’s multiple com-

parison test). Comparisons between two groups were analyzed by t-test. Statistical

analyses were performed in Prism5 (Graph Pad, La Jolla, CA, USA).
3. Results

3.1. Identification of SENP proteins that affect APP
SUMOylation

To identify SENP proteins that affect APP SUMOylation, we analyzed SUMOylated

APP in the presence or absence of SENP proteins. Cell lysates were obtained from

cells co-expressing FLAG-tagged APP and His-tagged SENP proteins with HA-

tagged SUMO1 or SUMO2, and APP was immunoprecipitated by the anti-FLAG

antibody. Through the detection of SUMO1 using the anti-HA antibody, multiple

SUMO1-conjugated APP bands larger than 100 kDa in size were observed in the

absence of SENP (Fig. 1A). The intensity of SUMO1-conjugated APP bands at

the size of approximately 130 kDa and larger was decreased in the presence of

SENP1 and SENP2 but not SENP3 (Fig. 1A). A band at an approximate size of

110 kDa remained in the presence of SENP1 and SENP2, thus suggesting that

one or more SUMOylation sites are resistant to these enzymes. With SUMO2 co-

expression, multiple SUMO2-conjugated APP bands were observed in the vector

control condition, and the intensity of these bands was decreased by SENP1 and

SENP2 but not SENP3 (Fig. 1B). Though the expression levels of APP in input sam-

ples seemed slightly different among the samples, the amounts of APP in the IP sam-

ples appeared to be more similar, which means that the immunoprecipitation

efficiency was similar among the samples. These results suggest that the decrease

in the SUMO-modified APP bands in the presence of SENP1 and SENP2 in the

IP samples was attributed to the reduced amount of SUMOylated APP.

In the input samples, the anti-HA antibody detected a reduced amount of SUMOy-

lated proteins in the presence of SENP proteins with SUMO2 but not SUMO1 co-

expression (Fig. 1A, B). In addition, we could not clearly detect SENP proteins using
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expressing FLAG-tagged APP, HA-tagged SUMO1 (A) or SUMO2 (B), and His-tagged SENP1, 2, 3 or

empty vector (vec). The cell lysates were immunoprecipitated with an anti-FLAG M2 antibody. Immu-

noprecipitate (IP) and input lysate (input) samples were applied for immunoblotting with anti-HA, anti-

FLAG, and anti-b-actin antibodies. The full, uncropped images are available as Supplementary Fig. 1.
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the anti-His-tag antibody in either condition. Therefore, we performed the same

experiment using EGFP-fused SENP proteins (Fig. 2). Cell lysates were obtained

from cells co-expressing FLAG-tagged APP and EGFP-fused SENP proteins with

HA-tagged SUMO1 or SUMO2. APP was immunoprecipitated by the anti-FLAG

antibody and SUMO-conjugated APP was detected by anti-HA antibody. The result

was essentially the same as that in Fig. 1. In conditions of both SUMO1 and SUMO2

co-expression, poly-SUMOylated APPs at a size of approximately 130 kDa and

larger were observed in the vector control condition, and the amount was reduced

in the presence of SENP1 and SENP2 but not SENP3 (Fig. 2). Inconsistent with

the result using His-tagged SENPs (Fig. 1), a large amount of mono-SUMOylated

APP was immunoprecipitated in this condition using EGFP-fused SENPs. Though

the expression levels of FLAG-tagged APP in the input were different among the

samples, the amounts of immunoprecipitated APP detected by the anti-FLAG anti-

body were similar. Quantitative analysis showed that the levels of mono-

SUMOylated APP were not affected by SENPs (Fig. 2C), but poly-SUMOylated

APP levels were significantly reduced by SENP1 and SENP2 but not SENP3

(Fig. 2D). In the examination of SENP protein expression, we were able to clearly

detect all SENPs with the anti-GFP antibody. Consistently, the global SUMOylation
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Fig. 2. Effects of EGFP-fused SENP proteins in APP SUMOylation. HEK293 cells were cotransfected

with plasmids expressing FLAG-tagged APP, HA-tagged SUMO1 (A) or SUMO2 (B), and EGFP-fused

SENP1, 2, 3 or empty vector (vec). The cell lysates were immunoprecipitated with an anti-FLAG M2

antibody. Immunoprecipitate (IP) and input lysate (input) samples were applied for immunoblotting

with anti-HA, anti-FLAG, anti-GFP, and anti-b-actin antibodies. The experiment was repeated three

times and representative results are shown. The full, uncropped images are available as Supplementary

Fig. 2. The band intensities of polySUMOylated APP (indicated by bars), mono-SUMOylated APP (indi-

cated by arrows) in anti-HA blots, and APP in anti-FLAG blots were quantified, and the values of poly-

and mono-SUMOylated APP were normalized by the value of APP detected by the anti-FLAG antibody.

The calculated values were normalized by the value of the vector control sample and the means and SDs

of 3 independent experiments are presented (C, D). The results of the t-tests are indicated as *p < 0.05

and **p < 0.01.
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Fig. 3. Intracellular localization of APP and SENP proteins. A, B. HEK293 cells were cotransfected with

plasmids expressing FLAG-tagged APP, HA-tagged SUMO1 (A) or SUMO2 (B), and His-tagged

SENP1, 2, or empty vector (vec). Fixed cells were immunostained with anti-DYKDDDDK, anti-His,

Alexa Fluor 555-conjugated anti-rat IgG and DyLight 488-conjugated anti-mouse IgG antibodies, and

then counterstained with DAPI. The bar in the upper left panel indicates 20 mm. C. HEK293 cells

were cotransfected with plasmids expressing FLAG-tagged APP, HA-tagged SUMO1 or SUMO2, and

His-tagged SENP1. Fixed cells were immunostained with anti-DYKDDDDK, anti-His, Alexa Fluor

594-conjugated anti-rat IgG antibody and DyLight 488-conjugated anti-mouse IgG antibodies, and
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detected by the anti-HA antibody was reduced by SENP1 and SENP2 in the input

samples. The global SUMOylation by SUMO2 was also reduced by SENP1,

SENP2 and SENP3. These results indicate that overexpressed SENP proteins func-

tioned as deSUMOylating enzymes. Taken together, these results suggest that

SENP1 and SENP2 reduced the modification of APP by SUMO1 and SUMO2.
3.2. Intracellular localization of APP and SENP proteins

We next examined the intracellular localization of SENPs and APP (Fig. 3). Cells

were co-transfected with plasmids expressing FLAG-tagged APP and His-tagged

SENP with HA-tagged SUMO1 or SUMO2. APP labeled by Alexa Fluor 555

was observed outside of the nucleus in both the vector control and SENP co-

expression conditions. No significant differences were observed between SUMO1-

coexpressing (Fig. 3A) and SUMO2-coexpressing (Fig. 3B) cells. SENP1 was

expressed throughout the cell at a low level and occasionally condensed into a round

vesicle-like structure outside of the nucleus (Fig. 3A, B). These results were repro-

duced with the use of secondary antibodies whose labeled fluorocromes had less

spectral overlap, i.e., Alexa Fluor 594 and DyLight 488 (Fig. 3C). A similar pattern

of SENP1 localization outside of the nucleus has been reported in other cells

[23, 24], although the expression of SENP1 has previously been demonstrated to

be primarily in the nucleus [25]. APP was found to overlap with SENP1 located

outside of the nucleus, but Z-stack analysis revealed that APP was not concentrated

in the SENP1-positive vesicle-like structure (Fig. 3D). In contrast, SENP2 was

mainly expressed in the nucleus where APP was not observed (Fig. 3A, D). No sig-

nificant differences were observed between SUMO1- and SUMO2-coexpressing

cells (Fig. 3A, B, D). We analyzed 29 to 43 cells of each condition in detail and

found that all cells were stained in the similar manner as presented in the figure.
3.3. Expression of SENP1 and SENP2 transcripts in mouse
brains

Limited information is available in mice regarding SUMOylation-regulating pro-

teins. Therefore, we analyzed the mRNA levels of deSUMOylation enzymes

SENP1 and SENP2 by qPCR in the brains of wild-type mice at 8, 16, and 24 weeks

of age. The SENP1 mRNA levels in female mice increased in an age-dependent

manner, and a significant difference was detected in the levels between 8 and 24

weeks, whereas no changes were observed in male mice (Fig. 4A). The levels of

SENP2 mRNA did not change in either male or female mice (Fig. 4B). These results

are indicative of a sex difference in the expression of SENP1 but not SENP2.
then counterstained with DAPI. The bar in the left panels indicates 20 mm. D. The merged Z-stack images

were obtained from cells in the experiments of Fig. 3C (SENP1) and Fig. 3A, B (SENP2). The images are

composed of 10 Z-stack images in 0.35-mm intervals. The bar in each panel indicates 20 mm.
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Fig. 4. Quantitative analysis of SENP transcripts in the mouse brain. Quantitative PCR analysis was per-

formed with total RNA from the mouse brain. RNA samples from wild-type mice at 8, 16, and 24 weeks

of age (A, B) and wild-type and 5xFAD mice at 24 weeks of age (C, D) were analyzed. The relative

values of SENP1 (A, C) and SENP2 (B, D) transcripts normalized to those at 8 weeks (A, B) or those

in wild-type mice (C, D) are shown as the mean � SD. The number of samples in each group is 6. The P-

value of a one-way ANOVA is shown.
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We next compared SENP transcription levels between wild-type and 5xFAD mice,

an Ab overexpression AD mouse model [19], at 24 weeks of age. No differences in

SENP1 expression (Fig. 4C) or SENP2 expression (Fig. 4D) were detected between

the two groups in either sex. In female, one sample out of six showed an extreme

value in both wild-type and 5xFAD groups. We did not exclude them because we

found no specific reason. When these values are excluded the results would show

the smaller SD values, which are comparable to the male’s results and statistically

reliable [SENP1 (n ¼ 5): wild-type 1.00 � 0.09, 5xFAD 1.09 � 0.14; SENP2

(n ¼ 5): wild-type 1.00 � 0.14, 5xFAD 1.10 � 0.15].
3.4. Protein levels of SENP1 and SENP2 in mouse brains

To verify the findings in transcript levels of SENP1 and SENP2, we analyzed the

protein levels of these enzymes in mouse brains. Brain lysates from the cortex

and hippocampus of 8- and 24-week-old mice were subjected to immunoblot anal-

ysis using anti-SENP1 and SENP2 antibodies (Fig. 5). The anti-SENP1 antibody de-

tected multiple bands in lysates from both the cortex and hippocampus (Fig. 5A). To

confirm the specificity of the antibody, we performed a blocking assay using the
on.2018.e00601
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immunizing peptide of the polyclonal antibody. The antibody was pre-incubated

with or without the blocking peptide and used for the immunoblot analysis

(Fig. 5B). All major bands detected by the antibody without the peptide were dimin-

ished in the blot using a neutralized antibody, suggesting that these bands repre-

sented the SENP1 protein. Two bands approximately 75 kDa in size (designated

bands [a] in Fig. 5A, B) were full-length SENP1 according to a previous report

[26], and the bands smaller than 75 kDa are likely the cleaved products of

SENP1. In female, the levels of full-length SENP (bands [a]) were similar between

the two age groups in both the cortex and hippocampus (Fig. 5C). Interestingly, the

intensity of the smallest band at approximately 30 kDa in size (band [b] in Fig. 5A,

B) was significantly greater in 24-week-old mice than in 8-week-old mice in both the

cortex and hippocampus (Fig. 5D). These results suggest that the total SENP1 pro-

tein level was likely greater in 24-week-old female mice than in 8-week-old female

mice. On the other hand, in male mice, although the intensity of the smallest band

(band [b]) increased the cortex, it is not in the hippocampus (Fig. 5D), and the in-

tensity of the full-length SENP1 bands (bands [a]) slightly but significantly

decreased with age in the cortex (Fig. 5C). Thus, the total SENP1 level may not

be largely different between the two ages. These findings suggest that the SENP1

increased with age in female but not in male mice also in protein level.

We also analyzed SENP2 protein expression in the cortex and hippocampus of male

and female mouse brains at 8 and 24 weeks of age (Fig. 5E, F). The SENP2 band was

detected at approximately 63 kDa (Fig. 5E). Quantitative analysis showed no signif-

icant difference between age groups in SENP2 expression in the cortex and hippo-

campus of both male and female mice (Fig. 5F), which is consistent with the results

of SENP2 transcript expression (Fig. 4B).

To examine the effect of amyloid burden on SENP1 and SENP2 expression, we

compared SENP protein levels and protein SUMOylation between wild-type and

5xFAD mice at 24 weeks of age. No significant difference was observed in the levels

of endogenous SENP1 or SENP2 between the cerebral homogenates from wild-type

and 5xFAD mice (Fig. 5G, H). These results were consistent with the levels of

SENP1 and SENP2 transcripts (Fig. 4C, D).
3.5. Global protein SUMOylation in wild-type mouse brains

To examine whether change in the expression levels of SENP proteins influences

global SUMOylation in mouse brains, we performed immunoblot analyses using

anti-SUMO1 and SUMO2/3 antibodies. The anti-SUMO1 antibody showed no

noticeable difference in the band patterns between 8 and 24 weeks of age in either

the cortex or hippocampus in either sex (Fig. 6A). Quantitative analysis confirmed

that no significant difference was detected between the age groups (Fig. 6B). Simi-

larly, no significant difference was observed in the SUMOylated bands detected by
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Fig. 5. Expression of SENP proteins in the mouse brain. Lysates from the cortex and hippocampus of

wild-type mice at 8 and 24 weeks of age were subjected to immunoblot analysis using anti-SENP1
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Fig. 6. Global protein SUMOylation in the wild-type mouse brain. Homogenates from the cortex and

hippocampus of wild-type mice at 8 and 24 weeks of age were subjected to the immunoblot analysis

using anti-SUMO1 (A upper panels), anti-SUMO2/3 (C upper panels), and anti-b-actin (lower panels)

antibodies. Representative results of the SUMO1 (A) and SUMO2/3 (C) immunoblots are shown. Arrow-

head indicates the position of the dye front of each gel. The intensities of bands between 180 kDa and 35

kDa in size in A and C were measured and normalized by the values of b-actin (B, D). The number of

animals in each group was 4. The full, uncropped images of A and C are available as Supplementary

Figs. 6 and 7, respectively.

(A, B upper panels), anti-SENP2 (E upper panels), and anti-b-actin (lower panels) antibodies. A. Repre-

sentative results of the SENP1 immunoblots are shown. B. Blots of hippocampal lysates from female

mice at 8 and 24 weeks of age were incubated with the anti-SENP1 antibody with (þ) or without (-)

blocking peptide. Arrowhead indicates the position of the dye front of each gel. C, D. The intensities

of SENP1 bands indicated as [a] and [b] in A were measured and normalized by the values of b-actin.

The number of animals used in each group was 6. E. Representing results of SENP2 immunoblots are

shown. F. The intensities of SENP2 bands in D were measured and normalized by the values of b-actin.

The number of animals used in each group was 6. G, H. Homogenates from the cortex and hippocampus

of wild-type and 5xFAD mouse brains at 24 weeks of age were subjected to immunoblot analysis using

anti-SENP1 and anti-SENP2 antibodies (G upper panels), and anti-b-actin (G lower panels) antibodies.

The intensities of bands in G were measured and normalized by the values of b-actin (B, D). The number

of animals in each group was 4. The full, uncropped images of A, B, E and G are available as Supple-

mentary Figs. 3A, B, 4, and 5 respectively.
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the anti-SUMO2/3 antibody in either the cortex or hippocampus in either sex

(Fig. 6C, D). These results suggest that the change in the SENP1 expression levels

did not influenced global SUMOylation in the mouse brain. Global SUMOylation is

the final outcome of the regulation by multiple de-SUMOylating enzymes and

SUMO E3 ligases. Thus, the lack of an effect on the SUMOylation of all proteins

caused by a change in just one of these enzymes is not surprising. Ficulle et al.

also showed that the age-dependent change in SENP1 expression levels did not

correlate with global SUMOylation [27].
4. Discussion

In this study, we found that SENP1 and SENP2 decreased both the SUMO1 and

SUMO2 modification of APP (Figs. 1 and 2). APP was observed to overlap with

the extranuclear localization of SENP1 (Fig. 3). Thus, SENP1 may have a chance

to interact with APP to remove SUMO1 and SUMO2 from APP. Interestingly,

although SENP2 was observed only in the nucleus (Fig. 3), SENP2 was able to

reduce the SUMOylation of APP to a level comparable to that in SENP1-

expressing cells (Figs. 1 and 2). As SENP2 can shuttle between the cytoplasm

and the nucleus [28], one possible interpretation is that an undetectable level of

SENP2 in the cytoplasm may be sufficient for the deSUMOylation of APP.

Quantitative PCR and immunoblot analyses showed no difference in SENP1 levels

between wild-type and 5xFAD mice (Fig. 4C). These results were consistent with

previous studies reporting that similar SENP1 mRNA expression was observed be-

tween wild-type and Tg2576 AD model mice at both 1.5 and 6 months of age [29]

and that similar SENP1 protein levels were detected in the hippocampus, cortex and

cerebellum of wild-type and Tg2576 ADmodel mice at 9 months of age [26]. On the

other hand, SENP1 mRNA expression increased in an age-dependent manner only in

female mice (Fig. 4A). Thus, SENP1 expression was presumed to increase in an age-

dependent manner in female AD model mice, as observed in wild-type mice (Figs.

4A and 5A). Furthermore, amyloid pathology is likely to affect SENP1 expression,

although Ab production and plaque formation have been shown to age-dependently

increase in these model mice. Amyloid pathology occurs at an earlier age and pro-

gresses more aggressively in female mice than in male mice in AD mouse models

[18, 30, 31]. In 5xFAD mice, the amount of b-secretase-cleaved fragments in fe-

males was significantly higher than that in males at 6 months of age [30]. The SU-

MOylation sites in APP are close to a b-secretase cleavage site, and APP

SUMOylation decreases the production of Ab in vitro [16], thus suggesting that

SUMO modification interferes with the b-cleavage. Increased SENP1 expression

may contribute to the increase in Ab by decreasing the SUMOylation of APP.

Together, our results suggest that the age-dependent increase in SENP1 expression

may contribute to the rapid progression of amyloid pathology in female mice.
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5. Conclusion

We found that SENP1 and SENP2 promote deSUMOylation of APP and that SENP1

expression increases in an age-dependent manner only in female mice. Our findings

provide a clue to understanding the sex difference in amyloid pathology in AD.
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