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Background and Purpose: Protein inhibitor of activated STAT1 (PIAS1) is

phosphorylated by IKKα at Ser90 in a PIAS1 E3 ligase activity‐dependent manner.

Whether PIAS1 is also phosphorylated at other residues and the functional

significance of these additional phosphorylation events are not known. The transcrip-

tion factor Elk‐1 remains SUMOylated under basal conditions, but the role of Elk‐1

SUMOylation in brain is unknown. Here, we examined the functional significance of

PIAS1‐mediated Elk‐1 SUMOylation in Alzheimer's disease (AD) using the APP/PS1

mouse model of AD and amyloid β (Aβ) microinjections in vivo.

Experimental Approach: Novel phosphorylation site(s) on PIAS1 were identified by

LC–MS/MS, and MAPK/ERK‐mediated phosphorylation of Elk‐1 demonstrated using

in vitro kinase assays. Elk‐1 SUMOylation by PIAS1 in brain was determined using

in vitro SUMOylation assays. Apoptosis in hippocampus was assessed by measuring

GADD45α expression by western blotting, and apoptosis of hippocampal neurons

in APP/PS1 mice was assessed by TUNEL assay.

Key Results: Using LC–MS/MS, we identified a novel MAPK/ERK‐mediated

phosphorylation site on PIAS1 at Ser503 and showed this phosphorylation determines

PIAS1 E3 ligase activity. In rat brain, Elk‐1 was SUMOylated by PIAS1, which

decreased Elk‐1 phosphorylation and down‐regulated GADD45α expression.

Moreover, lentiviral‐mediated transduction of Elk‐1‐SUMO1 reduced the number of

hippocampal apoptotic neurons in APP/PS1 mice.

Conclusions and Implications: MAPK/ERK‐mediated phosphorylation of PIAS1 at

Ser503 determines PIAS1 E3 ligase activity. Moreover, PIAS1 mediates SUMOylation

of Elk‐1, which functions as an endogenous defence mechanism against Aβ toxicity

in vivo. Targeting Elk‐1 SUMOylation could be considered a novel therapeutic

strategy against AD.
1 | INTRODUCTION

One of the two pathological hallmarks of Alzheimer's disease (AD) in

the brains of AD patients is the accumulation of senile plaques,
recursor protein; Aβ, amyloid β;
5α; PIAS1, protein inhibitor of
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composed largely of amyloid β (Aβ) peptides (Aβ1–40 and Aβ1–42).

Aβ, generated by sequential proteolytic cleavage of amyloid precursor

protein (APP) by β‐secretase and γ‐secretase (De Strooper & Annaert,

2000), initiates a detrimental cascade that increases lipid peroxidation,

free radical production, caspase activation, and DNA damage,

eventually leading to neuronal death (Butterfield, Drake, Pocernich,

& Castegna, 2001; Dickson, 2004; Hardy & Selkoe, 2002). However,
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What is already known

• Elk‐1 is SUMO‐modified in the cell under basal

conditions.

• PIAS1 is phosphorylated by IKKalpha at Ser‐90.

What this study adds

• PIAS1 Ser‐503 phosphorylation by MAPK/ERK

determines PIAS1 E3 ligase activity.

• Elk‐1 SUMOylation by PIAS1 functions as an

endogenous defense mechanism against amyloid‐beta

toxicity in APP/PS1 mice.

What is the clinical significance

• Targeting Elk‐1 SUMOylation could be a novel

therapeutic strategy against AD.
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neurons have the capability of developing endogenous defence mech-

anisms to cope with Aβ toxicity. For example, soluble APPα has been

shown to promote cell survival through activation of neuroprotectin

D1 (Lukiw & Bazan, 2006). In addition, we have previously shown that

acute Aβ exposure increases the expression of Mcl‐1, which provides

neuroprotection through activation of the MAPK/ERK‐SGK (serum

and glucocorticoid‐inducible kinase)‐STAT1/STAT2 signalling pathway

(Hsu, Chiu, Tai, Ma, & Lee, 2009). More recently, we found that acute

Aβ exposure induces the expression of protein inhibitor of activated

STAT1 (PIAS1), which enhances the SUMOylation of histone

deacetylase 1 and increases the expression of neprilysin to provide

endogenous neuroprotection against Aβ toxicity (Tao, Hsu, Ma,

Cheng, & Lee, 2017). However, there may be other protective mecha-

nisms that remain to be explored.

PIAS1, identified as an inhibitor of STAT1, has been shown to block

the DNA‐binding activity of STAT1 and inhibit its transcriptional

activity in response to cytokine stimulation (Liao, Fu, & Shuai, 2000;

Liu et al., 1998). PIAS1 also inhibits IFN‐inducible gene expression

and plays an important role in the innate immune response through

negative regulation of STAT1 (Liu et al., 2004). PIAS1 is also a small

ubiquitin‐like modifier (SUMO) E3 ligase that facilitates the transfer

of the SUMO molecule from UBC9 (E2) to substrate proteins and

increases SUMOylation specificity (Gareau & Lima, 2010; Schmidt &

Muller, 2003). PIAS1 was found to enhance the SUMOylation of Sp3

and suppress its transcriptional activity (Sapetschnig et al., 2002).

PIAS1 and PIASxβ can also SUMOylate c‐Jun and down‐regulate AP1

transcriptional activity (Bossis et al., 2005). In the brain, PIAS1 was

found to facilitate learning and memory performance in rats by enhanc-

ing the SUMOylation of several transcription factors, including STAT1,

CREB, and Smad4 (Chen, Hsu, Ma, Tai, & Lee, 2014; Hsu, Ma, Liu, &

Lee, 2017; Tai, Hsu, Liu, Ma, & Lee, 2011). In the context of the present

study, PIAS1 was shown to enhance the SUMOylation of Hes‐1 to

inhibit apoptosis (Chiou, Liu, Lin, & Lee, 2014). But whether PIAS1 also

promotes the SUMOylation of other transcription factors that play a

neuroprotective role against Aβ toxicity remains to be investigated.

Ternary complex factors represent a subfamily of ETS domain tran-

scription factors. Elk‐1, one of three ternary complex factors in mam-

mals, is found in both cytoplasmic and nuclear compartments as well

as processes of adult rat brain neurons (Sgambato et al., 1998) and

plays a role in the regulation of cell growth, differentiation, migration,

and survival (for review, see Kasza, 2013). Elk‐1 is phosphorylated

directly by MAPKs at Ser383 and Ser389 (Janknecht, Ernst, Pingoud,

& Nordheim, 1993). In the nervous system, Elk‐1 phosphorylation by

MAPK/ERK (extracellular signal‐regulated kinase) was found to be

involved in contextual fear memory formation in mice (Sananbenesi,

Fischer, Schrick, Spiess, & Radulovic, 2002). Avoidance learning was

found to activate Elk‐1 and stimulate c‐Fos production in the rat hip-

pocampus (Cammarota et al., 2000). Moreover, high‐frequency tetanic

stimulation of the perforant path induces LTP concomitant with Elk‐1

hyperphosphorylation and zif268 expression (Davis, Vanhoutte, Pages,

Caboche, & Laroche, 2000). Induction of long‐term depression also

results in Elk‐1 phosphorylation (Thiels, Kanterewicz, Norman,

Trzaskos, & Klann, 2002). In addition to being phosphorylated, Elk‐1
is also post‐translationally modified by conjugation of the SUMO mol-

ecule to the R motif of Elk‐1, which represses the transcriptional activ-

ity of Elk‐1 (S. H. Yang, Bumpass, Perkins, & Sharrocks, 2002; S. H.

Yang, Jaffray, Hay, & Sharrocks, 2003). SUMOylation of Elk‐1 also reg-

ulates Elk‐1 nuclear retention and reduces its nucleo‐cytoplasmic

shuttling (Salinas et al., 2004). Upon activation of MAPK signalling

pathways, Elk‐1 is phosphorylated and de‐SUMOylated, which allows

Elk‐1 to exert its transcriptional activity (S. H. Yang et al., 2003). Thus,

the regulation of Elk‐1 transcriptional activity reflects the interplay

between Elk‐1 phosphorylation and Elk‐1 SUMOylation. However,

although the role of Elk‐1 phosphorylation in neuronal plasticity has

been examined, little is known about the role and function of Elk‐1

SUMOylation in the brain, apart from the fact that Elk‐1 remains

SUMOylated under resting conditions. The aim of the present study

was to examine the role and mechanism of Elk‐1 SUMOylation. We

found that PIAS1 phosphorylation mediates Elk‐1 SUMOylation and

that this modification functions as an endogenous defence mechanism

in the protection against Aβ toxicity in vivo.
2 | METHODS

2.1 | Animals

Adult male Sprague–Dawley rats (2–3 months old, 250–350 g, [RRID:

MGI:5651135]), adult male and female wild‐type mice (strain name:

C57BL/6J, stock number: 000664; 9–10 months old, 38–43 g,

[RRID:IMSR_JAX:000664]), and adult male and female APP/PS1 trans-

genic mice (strain name: B6.Cg‐Tg (APPswe,PSEN1dE9)85Dbo/

Mmjax, stock number: 005864; 9–10 months old, 38–43 g, [RRID:

MGI:5701399]) were used in this study. The APP/PS1 mice and WT

mice were purchased from Jackson Laboratory (Bar Harbor, ME,

USA). The reason for using rats is because repeated drug injections
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are applied in one experiment that requires cannulation for precise

localization of the injection area, but it is not feasible to do this cannu-

lation in mice. Moreover, the amount of tissue lysate obtained from

the mouse CA1 area is not enough for the SUMOylation assay. But

we have tested our hypothesis in APP/PS1 mice for the last part of

this study. Animals were bred at the Animal Facility of the Institute

of Biomedical Sciences (IBMS), Academia Sinica, Taiwan. They were

housed and maintained on a 12/12 hr light/dark cycle (lights on at

8:00 am) with food and water continuously available. Animal studies

are reported in compliance with the ARRIVE guidelines (Kilkenny,

Browne, Cuthill, Emerson, & Altman, 2010) and with the recommenda-

tions made by the British Journal of Pharmacology. Experimental proce-

dures follow the Guidelines of Animal Use and Care of the National

Institute of Health (NIH) and were approved by the Animal Committee

of IBMS, Academia Sinica.
2.2 | Randomization and blinding

Blinding and random assignment of animals to different groups in this

study were similar to that of another study (Anton et al., 2018) and in

accordance of the guidelines of BJP. The wild‐type animals were ran-

domly divided to control and experimental groups. For the APP/PS1

mice, they were randomly divided to different subgroups and received

different lentiviral injections. Blinding was adopted as much as

possible. Drugs, plasmid DNA, and lentiviral vector injections were

made by one experimenter. Tissue collection was performed by two

different experimenters. Biochemical assays and TUNEL staining were

conducted by different experimenters, excluding the experimenter

doing the drug and DNA injections. Quantification of blots and

statistical analysis were performed by two different investigators.
2.3 | Intra‐hippocampal drug infusion, plasmid DNA
transfection, and siRNA injection

Rats were anaesthetized with pentobarbital (40 mg·kg−1, i.p.) and sub-

jected to stereotaxic surgery. Two 23‐gauge, stainless steel, thin‐wall

cannulae were implanted bilaterally to the CA1 area of rat brain at

the following coordinates: 3.5 mm posterior to the bregma, ±2.5 mm

lateral to the midline, and 3.4 mm ventral to the skull surface. After

recovery from the surgery, Aβ (20 μg·μl−1) and U0126 (2.8 or

1.4 μg·μl−1) were directly injected to the CA1 area at a rate of

0.1 μl·min−1. A total of 0.7 μl was injected to each side. For experi-

ments that only require transient plasmid DNA expression in the

CA1 area, the non‐viral vector transfection reagent polyethyleneimine

(PEI) was used, because we have previously demonstrated that PEI is

efficient at plasmid transfection, and it is not toxic to hippocampal

neurons (Chao, Ma, & Lee, 2011). Before injection, plasmid DNA was

diluted in 5% glucose to a stock concentration of 2.77 μg·μl−1.

Branched PEI of 25 kDa (Sigma‐Aldrich) was diluted to 0.1 M concen-

tration in 5% glucose. Immediately before injection, 0.1 M PEI was

added to the DNA solution (0.45 μl PEI and 0.55 μl plasmid DNA) to

reach a ratio of PEI nitrogen per DNA phosphate equal to 10. The final
concentration of the plasmid DNA was 1.5 μg·μl−1. For PIAS1 siRNA

preparation, it was diluted in distilled water and stored at a stock con-

centration of 20 pmol·μl−1. Before injection, 0.1 M PEI was added to

PIAS1 siRNA (1:1, v/v), and the final concentration of PIAS1 siRNA

was 10 pmol·μl−1. The sequences for PIAS1 siRNA were 5′‐UCCG

GAUCAUUCUAGAGCUtt‐3′ (sense) and 5′‐AGCUCUAGAAUGAUCC

GGAtt‐3′ (antisense). The Silencer Negative Control number 1 siRNA

(control siRNA) was used as a control. These were the siRNAs with

sequences that do not target any gene product (Ambion, Austin, TX,

USA). PIAS1 siRNA and control siRNA were synthesized by Ambion.

The mixture was subjected to vortex for 30 s and allowed to equili-

brate for 15 min before injection. The injection volume was 0.7 μl

each side. The injection rate was 0.1 μl·min−1. Animals were killed

48 hr after plasmid DNA transfection or siRNA injection, and their

CA1 tissue was extracted for biochemical assays. For drug infusion,

Aβ (20 μg·μl−1) and U0126 (2.8 or 1.4 μg μl−1) were directly injected

to the CA1 area at a rate of 0.1 μl·min−1. A total of 0.7 μl was injected

to each side. Animals were killed at different time intervals, and their

CA1 tissue was extracted for biochemical assays.
2.4 | Intra‐hippocampal lentiviral vector transduction

The WT and APP/PS1 mice were anaesthetized with pentobarbital

(40 mg·kg−1, i.p.) and subjected to stereotaxic surgery with

direct injection of lentivirus particle (pLenti‐Flag‐tagged Elk‐1, pLenti‐

Flag‐tagged Elk‐1‐sumo1, or pLenti‐Tri‐cistronic vector) to their CA1

area (without cannulation) at the following coordinates: −1.8 mm

posterior to the bregma, ±1.3 mm lateral to the midline, and −2.1 mm

ventral to the skull surface. Before injection, the lentivirus particles

were diluted in PBS (pH 7.4) to a titre of 3.5 × 107 μl−1 at least but

with comparable concentrations. The volume for each lentiviral vector

injection was 0.25 μl each side. The injection rate was 0.1 μl min−1.
2.5 | Elk‐1 SUMOylation assay in hippocampal tissue

Hippocampal CA1 tissue lysates were prepared in the same way as

that prepared for Western blots. For IP Elk‐1, the clarified lysate

(0.5 mg) was immunoprecipitated with 3 μl of anti‐Elk‐1 antibody at

4°C overnight. The protein A agarose beads (30 μl, 50% slurry, GE

Healthcare) were added to the IP reaction product to catch the

immune complex at 4°C for 3 hr. The immune complex on beads

was washed three times with washing buffer containing 50 mM

Tris–HCl (pH 7.4), 150 mM NaCl, 2 mM EDTA, and 0.5% IGEPAL

CA‐630 and subjected to the SUMOylation reaction with the addition

of recombinant PIAS1 protein (3 μl, Catalogue No. BML‐UW9960,

Enzo Life Sciences, Farmingdale, NY, USA), E1 (1 μl), E2 (1 μl), and

the SUMO1 (0.5 μl) proteins provided in the kit. The SUMO protease

inhibitor N‐ethylmaleimide was also added to the reaction.

SUMOylation assay was performed using the SUMO linkTM kit

according to the manufacturer's instructions (Active Motif) and boiled

in sample buffer at 95°C for 10 min. The SUMOylation product was

then subjected to 8% SDS‐PAGE and then transferred onto the

http://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=5335
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PVDF membrane. The membrane was immunoblotted with anti‐Elk‐1

antibody or anti‐SUMO1 antibody. For determination of endogenous

Elk‐1 SUMOylation by PIAS1, no recombinant PIAS1 protein was

added to the reaction (Figure 5c). The immuno‐related procedures

used comply with the recommendations made by the British Journal

of Pharmacology.
2.6 | TUNEL staining

Wild‐type or APP/PS1 mice received pLenti‐Flag‐tagged Elk‐1, pLenti‐

Flag‐tagged Elk‐1‐sumo1, or pLenti‐Tri‐cistronic vector transduction as

described above, and their CA1 tissue was subjected to TUNEL stain-

ing for detection of apoptotic cells according to the manufacturer's

protocols (Millipore). This was achieved by using the Apoptag plus per-

oxidase in situ apoptosis detection kit. Briefly, brain sections (30‐μm

thickness) were fixed in 4% paraformaldehyde for 10 min and were

permeabilized with pre‐chilled EtOH/CH3COOH (2:1) for 10 min at

−20°C followed by reacting with 3% H2O2 for 5 min to remove the

endogenous peroxidase activity. The sections were then incubated

with the TdT enzyme for 1 hr at 37°C followed by incubation with

anti‐digoxigenin peroxidase conjugate for 30 min. After the specimen

had been washed with PBS, 3,3‐diaminobenzidine peroxidase sub-

strate was applied to the specimen for 3 to 6 min for colour develop-

ment. Apoptotic nuclei developed a brown colour with 3,3‐

diaminobenzidine staining. The slides were then counterstained with

methyl blue dye for visualization of total cells. Cells were examined

under a Leica DM IL LED light microscope.
2.7 | Western blot

Cell lysates were resolved by 8~12% SDS‐PAGE and transferred

onto the PVDF membrane (Millipore). Blots were blocked for 1hr

in 2%BSA and then washed. Western blot was conducted using

the following antibodies: anti‐PIAS1 (1:10000, Cat#2474‐1, rabbit

monoclonal IgG, Epitomics, Burlingame, CA), anti‐Elk‐1 (1:2000,

Cat#sc‐355, rabbit polyclonal IgG, Santa Cruz Biotechnology, Santa

Cruz, CA, RRID:AB_631429), anti‐p383‐Elk‐1 (1:2000,

Cat#PAB25225, rabbit polyclonal IgG, Abnova, Taipei, Taiwan),

anti‐GADD45α (1:2000, Cat#GTX54090, rabbit polyclonal IgG,

GeneTex, San Antonio, TX), anti‐SUMO1 (1:10000, part#101897

from SUMOlink kit, Cat#40120, Active Motif, Carlsbad, CA), anti‐

p53 (1:10000, part#100853 from SUMOlink kit, Cat#40120, Active

Motif), anti‐Flag M2 (1:5000, Cat#F1804, mouse monoclonal IgG,

Sigma‐Aldrich, RRID:AB_2637089), anti‐Myc (1:5000, Cat#05‐419,

mouse monoclonal IgG1, Millipore, RRID:AB_309725), anti‐GFP

(1:5000, Cat#2955, mouse monoclonal IgG2a, Cell Signaling, Dan-

vers, MA, RRID:AB_1196614), anti‐ERK1/2 (1:5000, Cat#4695, rab-

bit monoclonal IgG, Cell Signaling, RRID:AB_390779), anti‐phospho‐

ERK1/2 (1:5000, Cat#4376, rabbit monoclonal IgG, Cell Signaling,

RRID:AB_331772), anti‐Akt (1:5000, Cat#9272, rabbit polyclonal

IgG, Cell Signaling, RRID:AB_329827), anti‐His (1:5000, Cat#05‐

531, mouse monoclonal IgG2a, Millipore, RRID:AB_309786), anti‐
GST (1:5000, Cat#05‐311, mouse monoclonal IgG, Millipore, RRID:

AB_309675) and anti‐actin (1:100000, Cat#MAB1501, mouse mono-

clonal IgG2b, Millipore, RRID:AB_2223041). The secondary antibody

used was HRP‐conjugated goat‐anti rabbit IgG antibody (1:8000,

Cat#111‐035‐003, Jackson ImmunoResearch, West Grove, PA) or

goat‐anti mouse IgG antibody (1:8000, Cat#115‐035‐003,

Jackson ImmunoResearch). Membrane was developed by reacting

with chemiluminescence HRP substrate (Millipore) and exposed to

the LAS‐3000 image system (Fujifilm, Tokyo, Japan) for

visualization of protein bands. The protein bands were quantified

by using Image J Software (verison 1.50i, National Institutes of

Health, Bethesda, MD). The band densities values of protein were

normalized to the internal control β‐actin or Elk‐1. The data obtained

from control groups and expressed as fold change relative to the

control group. Western blots follow the guidelines of Alexander

et al. (2018).

For generation of the phospho(p)‐Ser503 PIAS1 antibody, the

peptide containing the HQASPVSRTPSLPA sequence was synthesized

by the LTK BioLaboratories Company (Taoyuan, Taiwan) and injected

into the rabbit to obtain the custom‐made polyclonal antibody. Our

tests showec this antibody is suitable for Western blot experiments.
2.8 | Data and statistical analysis

For each animal experiment carried out in vivo (except the TUNEL

staining), at least five different animals were included in each group.

This is adopted based on our previous results that an n number of 5

clearly demonstrates the effect of Aβ and other treatment‐mediated

signalling changes and endogenous protein SUMOylation alterations

when comparisons were made between groups (Tai et al., 2016;

Tao et al., 2017). This is also for the purpose of carrying out statis-

tical analysis according to the guidelines of BJP (Curtis et al., 2018).

For the TUNEL assay carried out in vivo, only three different animals

were included in each group. This is adopted based on our previous

experience that an n number of 3 clearly distinguishes cell apoptosis

between groups (Chiou et al., 2014). Further, we have quantified the

apoptotic cells in three different tissue sections for each animal.

That means we have obtained data from nine tissue sections for

each group. For the experiments carried out in vitro, the repeat

numbers are two, three, or four for each group. This is because

some of these experiments are technical repeats, such as Figure 1

a, or the control group has no signals, such as Figure 3a,b. This is

also based on our previous experience that these n numbers reliably

identify the candidate SUMOylation residues by using LC–MS/MS

chromatography and effectively distinguish the different levels of

phosphorylation, SUMOylation, and gene expression between groups

(Lin, Liu, & Lee, 2016; Tai et al., 2016). For the Western blot and

SUMOylation experiments, the results are expressed as “fold differ-

ence” compared to the corresponding control value, and the control

value was normalized to 1.0. The reason for this normalization is

because these results (protein bands) were resolved from the gel,

whereas the intensity of protein bands for the same treatment is

http://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=2448
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FIGURE 1 PIAS1 is phosphorylated at Thr487 and Ser503 by MAPK/ERK and acute Aβ induces MAPK/ERK activation and PIAS1 Ser503
phosphorylation. (a) LC–MS/MS chromatography prediction of potential phosphorylation sites on PIAS1 at Thr487 (left) and Ser503 (right).
(b) His‐tagged PIAS1WT, PIAS1T487A mutant, and PIAS1S503A mutant recombinant proteins (1 μg each) were incubated with activated GST‐
ERK2 protein (30 ng) and 6 μCi of [γ‐32P] ATP (100 μM) for 30 min for kinase reaction and Western blot using anti‐His and anti‐GST
antibody. (c) His‐tagged PIAS1 fusion protein (1 μg) was incubated with or without activated GST‐ERK2 (30 ng) and ATP (100 μM) for 30 min
for kinase reaction and Western blot. Antibodies for p503PIAS1, PIAS1, and GST were used for Western blot. The p503PIAS1 antibody
recognizes phosphorylated PIAS1 only. Results are from two independent experiments for (a), (b), and (c). (d) NH4OH (1%) or Aβ (14 μg) was
injected to rat hippocampal CA1 area, and the expression level of pERK1/2, ERK1/2, pSer503 PIAS1, and PIAS1 was determined by Western
blot 30 min later. (e) The quantified results of the above measures (n = 6 different animals for each group). **P < 0.05 for Aβ versus NH4OH
group. Data are expressed as mean ± SEM
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different on different gels. Direct comparison cannot be made from

different gels.

The data and statistical analysis comply with the recommenda-

tions on experimental design and analysis in pharmacology (Curtis

et al., 2018). Data from experiments of n values ≧5 were analysed
by Student's t test (two groups) or one‐way ANOVA (three or more

groups) when there was no significant variance inhomogeneity. Post

hoc Newman–Keuls comparisons were further conducted only if the

ANOVA value reached a statistically significant level. For those

experiments of n values ≧ 5 but with very small or no SEM
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values in the control group with mean value normalized to 1.0, non‐

parametric Mann–Whitney U test (two groups) or Kruskal–Wallis

one‐way ANOVA (three or more groups) were used. Further com-

parisons after the Kruskal–Wallis test were made by the post hoc

Dunn's method. For experiments of n value <5, no statistical analysis

was performed. Values of P < 0.05 were considered statistically

significant.
2.9 | Materials

Recombinant human Aβ (1‐42) protein was purchased from GenScript

(Piscataway, NJ). It was dissolved in 1% NH4OH before injection. The

MEK inhibitor U0126 was purchased from Millipore (Bedford, MA). It

was dissolved in 15% DMSO and diluted with PBS before injection.

Nerve growth factor (NGF) was purchased from Sigma‐Aldrich (St.

Louis, MO). It was dissolved in PBS before injection.
2.10 | Nomenclature of targets and ligands

Key protein targets and ligands in this article are hyperlinked to

corresponding entries in http://www.guidetopharmacology.org, the

common portal for data from the IUPHAR/BPS Guide to PHARMA-

COLOGY (Harding et al., 2018), and are permanently archived in the

Concise Guide to PHARMACOLOGY 2017/18 (Alexander, Fabbro,

et al., 2017; Alexander, Kelly, et al., 2017).
3 | RESULTS

3.1 | PIAS1 is phosphorylated at Thr487 and Ser503

by MAPK/ERK, and acute Aβ exposure in vivo induces
MAPK/ERK activation and PIAS1 Ser503

phosphorylation

A previous study showed that PIAS1 is phosphorylated by IKKα at

Ser90 and that this reduces inflammation induced by pro‐

inflammatory stimuli (Liu et al., 2007). But whether PIAS1 is phos-

phorylated at other residues and what physiological functions these

other phosphorylation events might mediate are not known. Here,

we used LC–MS/MS analysis to identify candidate phosphorylation

residues on PIAS1. This analysis revealed two phosphorylation sites

on PIAS1: Thr487 and Ser503 (Figure 1a). Because MAPK/ERK signal-

ling is known to mediate neuroprotection against glutamate toxicity

and Aβ toxicity (Almeida et al., 2005; Hsu et al., 2009), we next per-

formed in vitro kinase assays to determine whether PIAS1 could be

phosphorylated by MAPK/ERK at these two residues. To this end,

we incubated active GST‐tagged ERK2 protein with His‐tagged WT

(PIAS1WT) or mutant (PIAS1T487A and PIAS1S503A) recombinant

PIAS1 protein. This analysis revealed that PIAS1WT was phosphory-

lated by active ERK2, but phosphorylation of the T487A and

S503A mutant proteins, especially the latter, was clearly reduced

(Figure 1b). Because the phosphorylation signal was diminished to

a greater degree in the S503A mutant protein, we targeted Ser503,
generating a polyclonal antibody that specifically recognizes this

phosphorylated residue. In vitro kinase assays followed by western

blotting using the phospho‐Ser503 PIAS1 antibody revealed that

ERK2 directly phosphorylated PIAS1 at Ser503 (Figure 1c). It has

been previously shown that acute administration of Aβ activates

MPAK/ERK and induces an increase in PIAS1 expression in the hip-

pocampus that mediates neuroprotection (Tao et al., 2017). Because

ERK2 phosphorylates PIAS1 at Ser503, we examined whether Aβ

induces PIAS1 phosphorylation at Ser503. Rats were acutely exposed

to NH4OH or Aβ (14 μg) in vivo by directly injecting these agents

into the hippocampal CA1 area. Western blotting performed

30 min later revealed that acute Aβ exposure induced activation of

ERK1 and ERK2. It also increased the level of Ser503‐phosphorylated

PIAS1 and the level of PIAS1 expression (Figure 1d,e).
3.2 | PIAS1 phosphorylation at Ser503 induced by Aβ
injection is mediated by MAPK/ERK activation

The above results show that acute Aβ exposure induces MAPK/ERK

activation and PIAS1 Ser503 phosphorylation but do not establish

whether this phosphorylation of PIAS1 is mediated by MAPK/ERK.

To address this, we first investigated whether inhibition of

MAPK/ERK activity with U0126 decreased the level of Ser503‐phos-

phorylated PIAS1. Rats were divided into two groups and adminis-

tered an intra‐hippocampal injection of DMSO or U0126 (2 μg).

After 1 hr, hippocampal CA1 tissue was analysed by Western blotting.

These analyses revealed that U0126 (2 μg) decreased the levels of

phosphorylated ERK1 and ERK2. It also decreased levels of Ser503‐

phosphorylated PIAS1 and the expression level of PIAS1 (Figure 2a,b).

Using a sub‐threshold dose of U0126 (1 μg; Y. C. Yang, Ma, Liu, &

Lee, 2011), we then examined block of PIAS1 Ser503 phosphorylation

following acute administration of Aβ. Rats received DMSO

(15%) + NH4OH (1%), DMSO + Aβ (14 μg), U0126 (1 μg) + NH4OH,

or U0126 + Aβ injections into their CA1 area. Subsequent Western blot

analyses revealed that acute Aβ exposure consistently increased the

phosphorylation level of ERK1, ERK2, and Ser503 PIAS1, as well as the

expression level of PIAS1. Notably, these effects of Aβ were blocked

by 1 μg U0126, a dose that did not affect these measures by itself

(Figure 2c,d).
3.3 | Blockade of PIAS1 Ser503 phosphorylation
decreases the SUMO E3 ligase activity of PIAS1 in
HEK293T cells

Because PIAS1 is a SUMO E3 ligase, we next examined whether

phosphorylation of PIAS1 at Ser503 affects its SUMO E3 ligase activ-

ity. The known PIAS1 substrates Hes‐1 (Chiou et al., 2014) and Akt

(Lin et al., 2016) were used as positive controls. HEK293T cells were

co‐transfected with a Flag‐Hes‐1 plasmid and EGFP‐PIAS1 (or

EGFP‐PIAS1S503A) and Myc‐SUMO1 (or Myc‐SUMO1ΔGG) plas-

mids, after which Hes‐1 SUMOylation was examined by western

blotting using an anti‐Flag antibody. This analysis revealed that
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FIGURE 2 Aβ induction of PIAS1 phosphorylation at Ser503 is mediated through MAPK/ERK activation. (a) DMSO (15%) or U0126 (2 μg) was
injected to rat hippocampal CA1 area, and the expression of pERK1/2, ERK1/2, pSer503 PIAS1, and PIAS1 was determined by Western blot 1 hr
later. (b) The quantified results of these measures (n = 6 different animals for each group). **P < 0.05 and #P < 0.05 for U0126 versus DMSO group.
(c) DMSO (15%) or U0126 (1 μg) together with NH4OH (1%) or Aβ (14 μg) was injected to rat hippocampal CA1 area 30 min apart, and the
expression of pERK1/2, ERK1/2, pSer503 PIAS1, and PIAS1 was determined by Western blot 30 min after NH4OH or Aβ injection. (d) The
quantified results of these measures (n = 6 different animals for each group). *P < 0.05, **P < 0.05, and #P < 0.05 comparing Aβ + DMSO versus
NH4OH + DMSO group and *P < 0.05, **P < 0.05, and #P < 0.05 comparing Aβ + U0126 versus Aβ + DMSO group. Data are expressed as
mean ± SEM
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Hes‐1 was SUMOylated upon co‐transfection of Flag‐Hes‐1, Myc‐

SUMO1, and EGFP‐PIAS1WT but was decreased by co‐transfection

of EGFP‐PIAS1S503A and completely blocked by co‐transfection of
Myc‐SUMO1ΔGG (Figure 3a). Using an anti‐HA antibody in Western

blot analyses, we further found that Akt was SUMOylated in

HEK293T cells co‐transfected with HA‐Akt, Flag‐UBC9, EGFP‐



FIGURE 3 Blockade of PIAS1 Ser503 phosphorylation decreases the SUMO E3 ligase activity of PIAS1 in HEK293T cells. (a) Flag‐Hes‐1
plasmid, EGFP‐PIAS1 (or EGFP‐PIAS1S503A) plasmid, and Myc‐SUMO1 (or Myc‐SUMO1ΔGG) plasmid were co‐transfected to HEK293T
cells, and Hes‐1 SUMOylation was determined by Western blot 48 hr later using anti‐Flag antibody. Experiments are in two repeats. (b) HA‐
Akt plasmid, Flag‐UBC9 plasmid, together with EGFP‐PIAS1 (or EGFP‐PIAS1S503A) plasmid and Myc‐SUMO1 (or Myc‐SUMO1ΔGG)
plasmid were co‐transfected to HEK293T cells, and Akt SUMOylation was determined by Western blot 48 hr later using anti‐HA antibody.
Results are from two independent repeats. (c) EGFP‐PIAS1 (or EGFP‐PIAS1S503A) plasmid was co‐transfected with Myc‐SUMO1 plasmid
to HEK293T cells. Elk‐1 SUMOylation was determined 48 hr later by immunoprecipitation with anti‐Elk‐1 antibody and immunoblotting with
anti‐Elk‐1 antibody (upper‐left panel). Four independent experiments were carried out, and the quantified result is shown in the left‐lower
panel. Data are mean ± SEM. The membrane was stripped and re‐blotting with anti‐SUMO1 antibody (right panel)
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PIAS1, and Myc‐SUMO1 plasmids. However, Akt SUMOylation was

diminished in cells co‐transfected with EGFP‐PIAS1S503A instead

of EGFP‐PIAS1WT and completely blocked in cells co‐transfected

with Myc‐SUMO1ΔGG instead of Myc‐SUMO1 (Figure 3b). Next,

we determined whether PIAS1 Ser503 phosphorylation affects Elk‐1
SUMOylation. Accordingly, we co‐transfected HEK293T cells with

Myc‐SUMO1 plasmid together with EGFP‐PIAS1WT or EGFP‐

PIAS1S503A plasmid and assessed Elk‐1 SUMOylation by

immunoprecipitating Elk‐1 followed by immunoblotting for Elk‐1.

This analysis showed that Elk‐1 was SUMOylated in cells co‐



LIU ET AL. 1801BJP
transfected with EGFP‐PIAS1WT and Myc‐SUMO1 plasmids but

was significantly diminished in cells co‐transfected with EGFP‐

PIAS1S503A instead of EGFP‐PIAS1WT (Figure 3c, left panel). To

confirm that the up‐shifted band in Figure 3c is indeed SUMOylated

Elk‐1, we stripped the membrane and re‐blotted with an anti‐

SUMO1 antibody. This analysis revealed a SUMOylated Elk‐1 band

at the same position on the gel and showed that this band was sim-

ilarly diminished in cells transfected with EGFP‐PIAS1S503A instead

of EGFP‐PIAS1WT (Figure 3c, right panel).
3.4 | Elk‐1 is SUMOylated by PIAS1 at three lysine
residues in HEK293T cells

The above results indicate that Elk‐1 could be SUMOylated by PIAS1

in HEK293T cells. Next, we screened for additional candidate SUMO

sites on rat Elk‐1 using SUMO2.0 software. This analysis predicted

four candidate lysine residues: Lys‐229, Lys‐248, Lys‐253, and Lys‐

270 (corresponding to Lys‐230, Lys‐249, Lys‐254, and Lys‐271,

respectively, in humans), three of which conformed to the consensus

SUMO‐substrate motif (Figure 4a). We next generated individual

mutants for each of these residues and co‐transfected HEK293T cells

with each mutant or WT Elk‐1 (Flag‐tagged), together with EGFP‐

PIAS1 and Myc‐SUMO1 plasmids. A subsequent western blot analysis

revealed a SUMOylated Elk‐1 band in cells transfected with Flag‐Elk‐

1WT plasmid and further showed that the intensity of this band was

decreased in cells transfected with Flag‐Elk‐1K229R, Flag‐Elk‐

1K248R, or Flag‐Elk‐1K253R mutant. Elk‐1 SUMOylation was not

affected by transfection of Flag‐Elk‐1K270R (Figure 4b). Quantifica-

tion of these results is shown in Figure 4c. We then generated a

triple‐mutant Elk‐1 construct containing K229R, K248R, and K253R

(Elk‐1 3KR) and transfected HEK293T cells with this plasmid or Elk‐

1WT plasmid. We found that transfection of cells with Elk‐1 3KR

completely blocked Elk‐1 SUMOylation (Figure 4d); quantification of

these results is shown in Figure 4e. Because ubiquitination also takes

place at lysine residues, we examined whether Elk‐1 ubiquitination

also occurs at these three residues. Accordingly, HEK293T cells were

co‐transfected with Flag‐tagged Elk‐1WT or Elk‐1 3KR plasmid

together with a His‐ubiquitin plasmid, after which Elk‐1 was

immunoprecipitated, and immunoprecipitates were probed by immu-

noblotting with an anti‐His antibody. This analysis revealed that the

intensities of bands corresponding to ubiquitinated Elk‐1 were similar

between cells transfected with Flag‐Elk‐1WT plasmid and those

transfected with Flag‐Elk‐1 3KR plasmid (Figure S1).
3.5 | Elk‐1 is SUMOylated by endogenous PIAS1 in
the hippocampus

The above results showed that Elk‐1 could be SUMOylated by PIAS1 at

Lys‐229, Lys‐248, and Lys‐253 in a cellular expression system, but

whether Elk‐1 is SUMOylated by PIAS1 at these residues in the brain

is not known. To address this issue, we transfected the rat CA1 area

with Flag‐vector control, Flag‐Elk‐1WT, individual Flag‐tagged Elk‐1
point mutants, or Flag‐Elk‐1 3KR mutant and then performed

SUMOylation assays. All groups contained recombinant SUMO1 protein

except for the last group, in which recombinant SUMO1 mutant protein

was included to block the SUMOylation reaction. This experimental par-

adigm is similar to that in experiments presented in Figure 3a, in which

cells were transfected with Myc‐SUMO1ΔGG plasmid to block SUMO

conjugation. This analysis revealed that Elk‐1 was consistently

SUMOylated in the CA1 area following transfection of the Elk‐1WT

plasmid. However, it was diminished following transfection with individ-

ual Elk‐1 mutant plasmids and was completely blocked by transfection

of the Elk‐1 3KR plasmid. SUMOylation was similarly blocked by co‐

transfection of the Elk‐1WT plasmid together with the SUMO1 mutant

protein (Figure 5a, left panel). Quantification of these result is shown in

Figure 5b. Similar results were observed when the membrane was

stripped and re‐blotted with an anti‐SUMO1 antibody (Figure 5a, middle

panel). Western blotting using an anti‐Flag antibody confirmed the trans-

fection and expression of Flag‐tagged plasmids (Figure 5a, middle‐lower

panel). To further confirm that Elk‐1 SUMOylation is blocked by trans-

fection of Elk‐1 3KR, we performed an additional experiment in which

animals were transfected with Flag‐vector, Flag‐Elk‐1WT, or Flag‐Elk‐1

3KR. CA1 tissue lysates from rats in each group were

immunoprecipitated with an anti‐Flag antibody and immunoblotted with

an anti‐SUMO1 antibody. Another group of animals was also

transfected with Flag‐Elk‐1WT but was immunoprecipitated with IgG

as a negative control. This experiment revealed that Elk‐1 was

SUMOylated following transfection of Flag‐Elk‐1WT plasmid, but Elk‐1

SUMOylation was completely blocked in animals transfected with the

Flag‐Elk‐1 3KR plasmid. As expected, Elk‐1 SUMOylation was not

observed in tissue lysates from the Flag‐Elk‐1WT‐transfected group

immunoprecipitated with IgG (Figure 5a, right panel). Western blotting

using an anti‐Flag antibody confirmed the transfection and expression

of Flag‐tagged plasmids (Figure 5a, right‐lower panel).

We next sought to determine whether Elk‐1 is SUMOylated by

endogenous PIAS1. To this end, we transfected the CA1 area of rats

with control siRNA or PIAS1 siRNA (8 pmol) and determined

SUMOylation of endogenous Elk‐1 by immunoprecipitating the tissue

lysates with an anti‐Elk‐1 antibody and immunoblotting with an anti‐

Elk‐1 antibody or anti‐SUMO1 antibody. The results indicated that

siRNA‐mediated PIAS1 knockdown significantly decreased the level

of endogenous Elk‐1 SUMOylation (Figure 5c). Quantified of Elk‐1

SUMOylation results are shown in Figure 5d. The effectiveness of

PIAS1 siRNA transfection was confirmed by the marked decrease in

PIAS1 expression (Figure 5e).

Next, we examined whether PIAS1 and Elk‐1 are present in the

same neurons in the hippocampus. PIAS1 and Elk‐1 expressions in tis-

sue sections containing the CA1 region from the rat brain were

assessed by immunohistochemistry; nuclei were counterstained with

DAPI. These experiments revealed PIAS1 (green), Elk‐1 (red), and DAPI

(blue) immunofluorescence in the same neurons in the CA1 area

(Figure 5f, upper panel). When CA1 neurons were visualized at a higher

magnification, Elk‐1 was found to be present in both cytoplasmic and

nuclear compartments, but PIAS1 was co‐localized with Elk‐1 only in

the nuclear compartment of the same neurons (Figure 5f, lower panel).
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FIGURE 4 Elk‐1 is SUMO‐modified by PIAS1 at three lysine residues in HEK293T cells. (a) SUMO2.0 software prediction of candidate SUMO
acceptors on Elk‐1. The “K” letters indicated by the arrow represent the candidate SUMO sites. (b) Flag‐Elk‐1WT plasmid and individual Elk‐1
mutant plasmid at K229, K248, K253, and K270 together with EGFP‐PIAS1 plasmid and Myc‐SUMO1 plasmid were transfected to HEK293T cells,
and Elk‐1 SUMOylation was determined by Western blot 48 hr later using anti‐Elk‐1 antibody. (c) The quantified result of Elk‐1 SUMOylation was
from three independent experiments. (d) Flag‐Elk‐1WT or Flag‐Elk‐1 3KR plasmid was co‐transfected with (or without) EGFP‐PIAS1 plasmid, and
Myc‐SUMO1 plasmid to HEK293T cells and Elk‐1 SUMOylation was determined by Western blot 48 hr later using anti‐Elk‐1 antibody. (e) The
quantified result of Elk‐1 SUMOylation from three independent experiments. Data are mean ± SEM
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3.6 | Acute Aβ increases Elk‐1 SUMOylation in the
hippocampus in a manner that depends on PIAS1
Ser503 phosphorylation

We demonstrated above that acute Aβ exposure increases the level of

Ser503‐phosphorylated PIAS1 in the hippocampus. Because Ser503‐
phosphorylated PIAS1 mediates Elk‐1 SUMOylation, it is conceivable

that acute Aβ exposure would also induce Elk‐1 SUMOylation. To test

this hypothesis, we acutely injected the CA1 region of rats withNH4OH

or Aβ and determined Elk‐1 SUMOylation 1 hr later by

immunoprecipitating the membrane fraction of tissue lysates with

anti‐Elk‐1 antibody and immunoblotting with anti‐Elk‐1 antibody or



FIGURE 5 Elk‐1 is SUMO‐modified by PIAS1 endogenously in the hippocampus. (a) Flag‐vector, Flag‐Elk‐1WT (with or without SUMO1 mutant
protein added to the reaction), individual Flag‐Elk‐1 mutant plasmid, or Flag‐Elk‐1 3KR mutant plasmid was transfected to rat hippocampal CA1
area, and Elk‐1 SUMOylation was determined by SUMOylation assay 48 hr later. Anti‐Elk‐1 antibody (left) and anti‐SUMO1 antibody (middle)
were used for immunoblotting after immunoprecipitation with anti‐Elk‐1 antibody. Immunoprecipitation and western blot using anti‐Flag antibody
confirm the transfection and expression of Flag‐tagged plasmids (middle‐lower panel). Flag‐vector, Flag‐Elk‐1WT, or Flag‐Elk‐1 3KR plasmid was
transfected to rat CA1 area, and tissue lysate was immunoprecipitated with anti‐Flag antibody and immunoblotted with anti‐SUMO1 antibody. An
additional group of rats received Flag‐Elk‐1WT transfection but was immunoprecipitated with IgG to serve as the control. Tissue lysate was
similarly immunoprecipitated and immunoblotted with anti‐Flag antibody to confirm the transfection and expression and Flag‐tagged plasmids

(right‐lower panel). (b) The quantified result of Elk‐1 SUMOylation (n = 5 different animals for each group). *P < 0.05 for Elk‐1K229R versus Elk‐
1WT group and **P < 0.05 for Elk‐1 3KR versus Elk‐1WT group and for Elk‐1WT + SUMO1 mutant protein versus Elk‐1WT group. (c) Control
siRNA or PIAS1 siRNA was transfected to the rat CA1 area, and endogenous Elk‐1 SUMOylation was determined 48 hr later as described above
but without the addition of the recombinant PIAS1 protein. (d) The quantified result of Elk‐1 SUMOylation (n = 5 different animals for each group).
#P < 0.05. (e) Western blot of PIAS1 expression and the quantified result (n = 5 different animals for each group). #P < 0.05. (f)
Immunohistochemistry showing PIAS1 (green) and Elk‐1 (red) are both present in the nucleus of the same neurons in the CA1 area of the rat brain
(n = 3 different animals for each group). The lower panel is the magnification of the selected area from the upper panel. Scale bar is 25 μm for the
upper panel and 10 μm for the lower panel. Data are mean ± SEM
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FIGURE 6 Acute Aβ increases Elk‐1 SUMOylation and Elk‐1 SUMOylation is PIAS1 Ser503 phosphorylation‐dependent in the hippocampus. (a)
NH4OH (1%) or Aβ (14 μg) was injected to rat hippocampal CA1 area, and Elk‐1 SUMOylation was determined 1 hr later as described above. Anti‐
Elk‐1 antibody (left) and anti‐SUMO1 antibody (right) were used for immunoblotting after immunoprecipitation with anti‐Elk‐1 antibody. (b) The
quantified result of Elk‐1 SUMOylation (n = 6 different animals for each group). **P < 0.05. (c) Flag‐vector, Flag‐PIAS1WT, or Flag‐PIAS1S503A
plasmid was transfected to rat CA1 area, and Elk‐1 SUMOylation was determined 48 hr later. (d) The quantified result of Elk‐1 SUMOylation (n = 6
different animals for each group). #P < 0.05 for Flag‐PIAS1WT versus Flag‐vector group and #P < 0.05 for Flag‐PIAS1S503A versus Flag‐PIAS1WT
group. (e) A separate group of animals also received the same plasmid transfections as described in (c) and Elk‐1 Ser382 (Ser383 in human)
phosphorylation was determined 48 hr later (n = 5 different animals for each group). **P < 0.05 for Flag‐PIAS1S503A versus Flag‐vector group and

**P < 0.05 for Flag‐PIAS1S503A versus Flag‐PIAS1WT group. (f) Flag‐vector, Flag‐Elk‐1WT, or Flag‐Elk‐1 3KR plasmid was transfected to rat CA1
area, and Elk‐1 Ser382 (Ser383 in human) phosphorylation was determined 48 hr later (n = 5 different animals for each group). **P < 0.05 for Flag‐
Elk‐1 3KR versus Flag‐vector group and **P < 0.05 for Flag‐Elk‐1 3KR versus Flag‐Elk‐1WT group. Data are mean ± SEM
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anti‐SUMO1 antibody. The results showed that acute Aβ injection

markedly increased Elk‐1 SUMOylation (Figure 6a); quantification of

these results is shown in Figure 6b. Next, we examined whether block-

ade of PIAS1 Ser503 phosphorylation prevented Elk‐1 SUMOylation.

Accordingly, the rat CA1 area was transfected with Flag‐vector
(control), Flag‐PIAS1WT, or Flag‐PIAS1S503A plasmid, and Elk‐1

SUMOylation was determined by immunoblotting with an anti‐Elk‐1

antibody (Figure 6c, left panel) or anti‐SUMO1antibody (Figure 6c, right

panel). These experiments revealed that transfection of PIAS1WT plas-

mid significantly increased the level of Elk‐1 SUMOylation, whereas
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transfection of the PIAS1S503A plasmid completely blocked Elk‐1

SUMOylation (Figure 6c). Quantification of results is shown in

Figure 6d. Immunoprecipitation and immunoblotting using an anti‐Flag

antibody confirmed plasmid transfection and equal expression of the

Flag‐tagged PIAS1 plasmids (Figure 6c, left‐lower panel).

To further examine the interplay between Elk‐1 SUMOylation and

Elk‐1 phosphorylation, we examined whether blockade of PIAS1 phos-

phorylation at Ser503 alters the phosphorylation level of Elk‐1. Accord-

ingly, the rat CA1 area was transfected with Flag‐vector, Flag‐

PIAS1WT, or Flag‐PIAS1S503A plasmid, and Elk‐1 phosphorylation

at Ser‐382 (Ser‐383 in human) was examined by western blotting.

We found that transfection of PIAS1WT had no apparent effect on

Elk‐1 phosphorylation, whereas transfection of PIAS1S503A markedly

increased the phosphorylation level of Elk‐1 (Figure 6e). Elk‐1 is

SUMOylated under resting conditions and remains inactive (S. H. Yang

et al., 2003). Thus, we also examined whether blockade of Elk‐1

SUMOylation altered the phosphorylation level of Elk‐1. To this end,

the rat CA1 area was transfected with Flag‐vector, Flag‐Elk‐1WT, or

Flag‐Elk‐1 3KR plasmid, and Elk‐1 phosphorylation at Ser‐382 was

examined by Western blotting. These experiments showed no appar-

ent effect of Elk‐1WT transfection on Elk‐1 phosphorylation but dem-

onstrated that transfection of Elk‐1 3KR significantly increased the

phosphorylation level of Elk‐1 (Figure 6f).
3.7 | Both PIAS1 Ser503 phosphorylation and Elk‐1
SUMOylation down‐regulate GADD45α expression

Results from the above experiments illustrate the relationship between

acute Aβ exposure and PIAS1 Ser503 phosphorylation and Elk‐1

SUMOylation in the hippocampus. Next, we examined the functional

significance of this signalling pathway. Growth arrest and DNA

damage‐inducible 45α (GADD45α) is involved in various cellular func-

tions and is an important stress sensor in the cell (Moskalev et al.,

2012; Salvador, Brown‐Clay, & Fornace, 2013). Of greater relevance

to the present study, GADD45α has been suggested to play a role in

apoptosis; consistent with this, down‐regulation of GADD45α expres-

sion increases cell survival (Chiou et al., 2014; Sheikh, Hollander, &

Fornance, 2000).Moreover, GADD45α expressionwas found to be reg-

ulated by Elk‐1 signalling induced by arsenic stimulation (Shi, Sutariya,

Bishayee, & Bhatia, 2014). On the basis of these observations, we first

examined whether GADD45α expression is regulated by acute Aβ

exposure. Animals were injected in the CA1 area with NH4OH (1%) or

Aβ (14 μg), and GADD45α expression was examined by western blot-

ting 1 hr later. The results revealed that acute administration of Aβ

decreased GADD45α expression levels by approximately 50%; it also

consistently increased PIAS1 expression levels (Figure 7a). Because

GADD45α has been suggested to mediate apoptosis, we also examined

the effect of Aβ on GADD45α expression at a later stage when the tox-

icity of Aβ has been established. To this end, we similarly injected the

CA1 area of a separate group of animals with NH4OH (1%) or Aβ

(14 μg), but this time, we examined GADD45α expression 14 days later.

We found that Aβ significantly increased the expression level of

GADD45α at this time point (Figure S2). Next, we examined whether
GADD45α expression is regulated by PIAS1 Ser503 phosphorylation

andElk‐1 SUMOylation. In these experiments, animalswere transfected

in their CA1 areawith Flag‐vector, Flag‐PIAS1WT, or Flag‐PIAS1S503A

plasmid, and GADD45α expression was examined byWestern blotting.

The results showed that transfection of Flag‐PIAS1WT decreased

GADD45α expression, whereas transfection of Flag‐PIAS1S503A

increased it (Figure 7b). In the next experiment, the CA1 area of animals

was transfectedwith Flag‐vector, Flag‐Elk‐1WT, or Flag‐Elk‐1 3KR, and

GADD45α expression was examined by western blotting. These exper-

iments showed that transfection of Flag‐Elk‐1WTdecreasedGADD45α

expression, but transfection of Flag‐Elk‐1 3KR increased it (Figure 7c).
3.8 | Elk‐1 SUMOylation rescues hippocampal
neurons from apoptosis in APP/PS1 mice

The above result showed that blockade of Elk‐1 SUMOylation

increases GADD45α expression. Here, we further examined the role

of Elk‐1 SUMOylation in the apoptosis of hippocampal neurons in

the APP/PS1 mouse model of AD using TUNEL staining. For these

experiments, mice (10 months old) were divided into the following five

groups: (a) WT mice transduced with control lenti‐vector, (b) APP/PS1

mice transduced with control lenti‐vector, (c) APP/PS1 mice trans-

duced with lenti‐Elk‐1WT, (d) APP/PS1 mice transduced with lenti‐

Elk‐1 3KR, and (e) APP/PS1 mice transduced with lenti‐Elk‐1‐SUMO1.

TUNEL assays were performed 14 days after transduction. Almost no

apoptotic cells were detectable in WT animals transduced with lenti‐

vector; however, the number of apoptotic cells was dramatically

increased in control APP/PS1 mice transduced with lenti‐vector and

was further increased in APP/PS1 mice transduced with lenti‐Elk‐1

3KR. The extent of cell apoptosis in APP/PS1 mice transduced with

lenti‐Elk‐1WT was similar to that in APP/PS1 mice transduced with

lenti‐vector; however, transduction of APP/PS1 mice with lenti‐Elk‐

1‐SUMO1 markedly decreased the number of apoptotic cells com-

pared with APP/PS1 mice transduced with lenti‐vector (Figure 7d).

Quantification of these results is shown in Figure 7e.

4 | DISCUSSION

In this study, we examined the role of Elk‐1 SUMOylation in the hippo-

campus in the context of AD and found that Elk‐1 SUMOylation func-

tions as an endogenous defence mechanism against acute Aβ‐induced

toxicity and apoptosis in APP/PS1 mice. Our results showed that Elk‐1

could be SUMOylated by PIAS1 at Lys229, Lys248, and Lys253 in the rat

brain, consistent with previous reports that Elk‐1 is SUMOylated at

Lys230, Lys249, and Lys254 in human cells (Salinas et al., 2004; S. H. Yang

et al., 2003). In addition, we identified a novel phosphorylation site on

PIAS1 (Ser503) that is phosphorylated by MAPK/ERK and found that

PIAS1 E3 ligase activity in the brain is dependent on Ser503 phosphory-

lation. An earlier study found that PIAS1 is phosphorylated by IKKα at

Ser90 and showed that PIAS1 phosphorylation at this residue is PIAS1

E3 ligase‐activity dependent (Liu et al., 2007). Taken together, these

observations suggest an important role for PIAS1 phosphorylation at

Ser503, reflecting its subsequent regulation of PIAS1 E3 ligase activity
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FIGURE 7 PIAS1 Ser503 phosphorylation and Elk‐1 SUMOylation both down‐regulate GADD45α expression. (a) NH4OH (1%) or Aβ (14 μg) was
injected to rat hippocampal CA1 area, and GADD45α and PIAS1 expressions were determined by Western blot 1 hr later (n = 6 different animals
for each group). **P < 0.05 for Aβ versus NH4OH group. (b) Flag‐vector, Flag‐PIAS1WT, or Flag‐PIAS1S503A plasmid was transfected to CA1 area,
and GADD45α expression was determined by Western blot 48 hr later (n = 6 different animals for each group). #P < 0.05 for Flag‐PIAS1WT group
versus Flag‐vector group, #P < 0.05 for Flag‐PIAS1S503A group versus Flag‐PIAS1WT group, and #P < 0.05 for Flag‐PIAS1S503A group versus
Flag‐vector group. (c) Flag‐vector, Flag‐Elk‐1WT, or Flag‐Elk‐1 3KR plasmid was transfected to CA1 area, and GADD45α expression was
determined by Western blot 48 hr later (n = 6 different animals for each group). **P < 0.05 for Flag‐Elk‐1WT group versus Flag‐vector group,
#P < 0.05 for Flag‐Elk‐1 3KR group versus Flag‐Elk‐1WT group, and #P < 0.05 for Flag‐Elk‐1 3KR group versus Flag‐vector group. (d) WT and APP/
PS1 mice received lenti‐vector, lenti‐Elk‐1WT, lenti‐Elk‐1 3KR, or lenti‐Elk‐1‐SUMO1 fusion vector transduction to their CA1 area, and TUNEL
assay was performed 14 days later. Scale bar equals 50 μm for the upper panel and 12.5 μm for the lower panel. (e) The quantified result of TUNEL
staining (n = 3 different animals for each group). Data are mean ± SEM
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and PIAS1 phosphorylation by other kinases, such as IKKα. Unlike the

case in the brain, we found that transfection of HEK293T cells with a

PIAS1S503A mutant did not completely block Elk‐1 SUMOylation.

One possible explanation for this apparent discrepancy is that Elk‐1

SUMOylation in HEK293T cells may also be regulated, at least in part,

by PIAS1 phosphorylation at Thr487, consistent with our demonstration

that Thr487 is another phosphorylation site in PIAS1. Alternatively, Elk‐

1 may be SUMOylated by other PIAS family proteins in addition to

PIAS1 in HEK293T cells, whereas PIAS1 may play a predominant role

in the brain.

Our immunohistochemical results revealed that, under resting

conditions, Elk‐1 is mostly localized to the nucleus of hippocampal

neurons, where it is co‐localized with PIAS1, although some cytoplas-

mic distribution is also observed. This result is congruent with

previous findings that Elk‐1 is SUMOylated under basal conditions

(S. H. Yang et al., 2003) and that SUMOylation is responsible for

the nuclear retention of Elk‐1 (Salinas et al., 2004). We also found

that blockade of Elk‐1 SUMOylation increased the basal phosphoryla-

tion level of Elk‐1 and GADD45α expressions in hippocampal neu-

rons. These results are consistent with a previous report that Elk‐1

SUMOylation inactivates Elk‐1 and suppresses its transcriptional

activity (S. H. Yang et al., 2003). They are also congruent with the

observation that Elk‐1 signalling regulates GADD45α expression (Shi

et al., 2014). On the other hand, although Elk‐1 is SUMOylated under

basal conditions, the endogenous levels of SUMOylated Elk‐1 are

very low, raising possible questions about its relevance to the physio-

logical functions examined here. However, protein SUMOylation at

low levels has been found to produce significant biological effects.

For example, low‐level SUMOylation of the DNA‐modifying enzyme,

thymine‐DNA glycosylase, plays a critical role in its enzymatic

function (Hardeland, Steinacher, Jiricny, & Schar, 2002). Moreover,

SUMOylation often occurs in a small percentage of a protein popula-

tion, but such low‐level SUMOylation of a few proteins was shown to

be very important in the regulation of DNA damage responses,

including DNA repair (Johnson, 2004; Sarangi & Zhao, 2015). In

addition, the basal level of Elk‐1 SUMOylation could be different in

different cell types. In this context, we found here that endogenous

Elk‐1 SUMOylation was detectable in the brain but not in HEK293T

cells. In another study, endogenous Elk‐1 SUMOylation was observed

in nuclear extracts of HeLa cells but not COS‐7 cells (S. H. Yang

et al., 2003).

In this study, we found that Elk‐1 SUMOylation was enhanced (and

Elk‐1 phosphorylation was suppressed) 1 hr after acute Aβ injection,

whereas GADD45α expression was decreased, effects that were pre-

sumably mediated by Aβ‐induced activation of MAPK/ERK and subse-

quent phosphorylation of PIAS1 at Ser503. These results appear to be

at odds with earlier reports showing that Elk‐1 is a direct target of

MAPK/ERK and that MAPK/ERK phosphorylation of Elk‐1 increases

the transcriptional activity of Elk‐1 (Janknecht et al., 1993; Besnard,

Galan‐Rodriguez, Vanhoutte, & Caboche, 2011 for review). One possible

explanation is that MAPK/ERK phosphorylation of Elk‐1 may be tran-

sient, but MAPK/ERK‐mediated Elk‐1 SUMOylation is sustained for a

longer period, resulting in a net decrease in Elk‐1 transcriptional activity.
Another possibility is that acute Aβ treatment may also increase the

activity of other kinases besides MAPK/ERK that may also phosphory-

late PIAS1 at Ser503 and produce a synergistic Elk‐1 SUMOylation‐

enhancing effect. The decrease in Elk‐1 transcription activity produced

by these events together may exceed the increase in Elk‐1 transcription

activity that results from activation of MAPK/ERK. For example, we pre-

viously reported that acute Aβ also increases the phosphorylation level

of Akt (Tao et al., 2017), and it has been previously suggested that

PI3K/Akt signalling mediates neuroprotection against glutamate‐

induced apoptosis (Almeida et al., 2005). Whether PI3K also phosphory-

lates PIAS1 at Ser503 remains to be examined.

In this study, we found that acute Aβ decreased GADD45α expres-

sion 1 hr later. This decrease, which is presumably caused by a

decrease in Elk‐1 transcription, serves as an endogenous neuroprotec-

tive mechanism against acute Aβ toxicity. This result is generally com-

patible with a previous report that Gadd45 is an Aβ‐responsive gene

(Santiard‐Baron et al., 1999). Although this latter study found that

Gadd45 mRNA levels were dramatically increased 6 hr after Aβ expo-

sure, Gadd45 mRNA expression tended to be decreased 1 hr after Aβ

exposure. The reason we chose the 1 hr time point is because we pre-

viously found that Aβ induction of PIAS1 expression peaks at 1 hr (Tao

et al., 2017). In addition, endogenous defence mechanisms are evoked

within 1 hr after Aβ insult (Hsu et al., 2009; Tao et al., 2017). On the

other hand, we also found that Aβ increased GADD45α expression

after 14 days, a time point at which Aβ toxicity has been established

by different mechanisms (Figure S2).

In this study, we found that PIAS1 suppressed GADD45α expres-

sion through SUMOylation of Elk‐1. But this result does not exclude

the possibility that PIAS1 might down‐regulate the expression of

GADD45α through other transcription factors or mechanisms. For

example, we have previously demonstrated that PIAS1 increases cell

survival through enhanced SUMOylation of Hes‐1 and enhanced sup-

pressive effects of Hes‐1 on GADD45α expression (Chiou et al.,

2014). Further, it has been found that NF‐κB signalling, which increases

GADD45α expression and thereby mediates cell death, is negatively

regulated by PIAS1 in response to UV B irradiation (Liu et al., 2005;

Thyss et al., 2005). But the regulatory mechanism could be more com-

plicated. JNK has been suggested to mediate oxidative stress responses,

including the transcription of GADD45α and that of other ROS‐

sensitive genes. PIAS1 was found to bi‐directionally regulate JNK‐

dependent oxidative stress responses, at least in part through inhibition

of JNK‐mediated gene expression, as evidenced by the fact that knock-

down of PIAS1 enhances H2O2‐induced GADD45α expression (Leitao,

Jones, & Brosens, 2011). On the other hand, we also found that trans-

duction of lenti‐Elk‐1 3KR into APP/PS1 mice increased the number

of apoptotic cells compared with control lenti‐vector‐transduced

APP/PS1 mice, whereas transduction of lenti‐Elk‐1‐SUMO1 into these

same mice reduced the number of apoptotic cells. Although transfection

of Elk‐1 3KR increased GADD45α expression, it is not possible to deter-

mine from these results whether the protective effect of Elk‐1‐SUMO1

transfection against cell death is definitely mediated by a decrease in

GADD45α expression. The involvement of other genes is also possible.

For example, p21 has been implicated in cell apoptosis in response to

http://www.guidetopharmacology.org/GRAC/FamilyDisplayForward?familyId=781
http://www.guidetopharmacology.org/GRAC/FamilyDisplayForward?familyId=518
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sodium arsenite (NaASO2) exposure, and Elk‐1 directly and transcrip-

tionally activates p21 expression (Shin, Kim, Lim, & Lee, 2011). Because

Elk‐1 SUMOylation decreases Elk‐1 transcriptional activity, it would

presumably also decrease p21 expression and apoptosis. The protective

effect of Elk‐1 SUMOylation could also be indirect. Elk‐1 has been

found to induce expression of Bax, another apoptotic gene, following

exposure to NaASO2, an effect that is mediated by Egr‐1 (Shin et al.,

2011). Similarly, Elk‐1 SUMOylation is expected to decrease Bax

expression and cell apoptosis through decreased Elk‐1 activity.

Elk‐1 is SUMOylated under basal conditions, but the role and func-

tion of Elk‐1 SUMOylation in the brain had been previously unknown.

Our results provide the first demonstration that acute Aβ exposure

enhances Elk‐1 SUMOylation through MAPK/ERK‐mediated phosphor-

ylation of PIAS1 Ser503 within a short time after Aβ injection. This leads

to decreased Elk‐1 transcription and GADD45α expression. This signal-

ling pathway serves as an endogenous defence mechanism against

acute Aβ toxicity (Figure S3). We further found that elevated Elk‐1

SUMOylation rescues hippocampal neurons from apoptosis in

APP/PS1 mice. Taken together, these results not only demonstrate

the functional significance of Elk‐1 SUMOylation under resting condi-

tions but also suggest that targeting Elk‐1 SUMOylation could be a

novel strategy for providing neuroprotection against AD.
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