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ARTICLE INFO ABSTRACT

Keywords: Tau is a microtubule-associated protein that contributes to cytoskeletal stabilization. Aggregation of tau proteins
SUMO is associated with neurodegenerative disorders such as Alzheimer’s disease. Several types of posttranslational
SUMOylation modifications that alter the physical properties of tau proteins have been identified. SUMOylation is a reversible
E?XS modification of lysine residues by a small ubiquitin-like modifier (SUMO). In this study, we examined the en-
SENP zymes that regulate the SUMOylation and deSUMOylation of tau in an alternatively spliced form, ON4R-tau.
TRIM11 Among SUMO E3 ligases, we found protein inhibitor of activated STAT (PIAS)xa and PIASxp increase the

levels of SUMOylated tau. The deSUMOylation enzymes sentrin-specific protease (SENP)1 and SENP2 reduced
the levels of SUMO-conjugated tau. SUMO1 modification increased the level of phosphorylated tau, which was
suppressed in the presence of SENP1. Furthermore, we examined the effect of tripartite motif (TRIM)11, which
was recently identified as an E3 ligase for SUMO2 modification of tau. We found that TRIM11 increased the
modification of both 2N4R- and ON4R-tau by SUMO1, which was attenuated by mutation of the target lysine
residue to arginine. These findings suggest that the expression and activity of SUMOylation regulatory proteins
modulate the physical properties of tau proteins and may contribute to the onset and/or progression of tau-

associated neurodegenerative disorders.

1. Introduction

SUMOylation is a posttranslational modification in which a small
ubiquitin-like modifier (SUMO) is conjugated to lysine residues of target
proteins. Such modifications lead to various changes in the physical
properties of the target proteins that modulate their functions. For
instance, modification changes the subcellular localization of target
proteins, sensitivity to other modifications such as ubiquitination, and
interaction with other proteins. Three major SUMO isoforms, SUMO1,
SUMO2, and SUMO3, are known. SUMO2 and SUMO3 are 97 % iden-
tical and often referred to as SUMO2/3, while the identity between
SUMO1 and SUMO2/3 is only 47 %. SUMOL1 is usually conjugated to the
target as a monomer, while SUMO2/3 can build poly-SUMO chain.
SUMOylation is mediated by E1, E2, and E3 enzymes. E1, a heterodimer
of SAE1 and SAE2, activates SUMO. Ubc9 is a SUMO-specific E2 enzyme
that conjugates SUMO to target proteins. Although Ubc9 is sufficient for
conjugation and substrate recognition, SUMO conjugation is mediated
by various E3 ligases [1]. PIAS (protein inhibitor of activated STAT)

family proteins function as SUMO E3 ligases. Four mammalian PIAS
genes, PIAS1, PIAS2 (PIASx), PIAS3, and PIAS4 (PIASy), are ubiquitously
expressed [2]. SUMOylation is also regulated by deSUMOylation en-
zymes that remove SUMOs from target proteins. Six SENP (sen-
trin-specific protease) family proteins (SENP1-3 and SENP5-7) have
been identified [3]. They are mainly localized in the nucleus, and SENP1
and SENP2 are also found in extranuclear compartments and in the
cytoplasm [4]. The balance between SUMOylation and deSUMOylation
enzymes influences the SUMOylation rate.

Tau is a microtubule-associated protein predominantly expressed in
the axons of neurons. Tau contributes to cytoskeletal stabilization by
binding to microtubules through its microtubule-binding domain, which
contains three or four repeats of the tubulin-binding motif. Aggregation
of tau proteins is associated with neurodegenerative disorders such as
Alzheimer’s disease (AD). In AD brains, abnormally hyper-
phosphorylated tau forms intraneuronal neurofibrillary tangles (NFT), a
hallmark of AD pathology. The human tau gene MAPT comprises 16
exons. Two N-terminal insertions encoded by exons 2 and 3 are
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associated with the subcellular localization of tau in neurons. Exon 10
encodes one of the microtubule-biding repeat domains [5]. In the adult
human brain, six isoforms are generated by the alternative splicing of
exons 2, 3, and 10. Among them, isoforms with both exons 2 and 3
(2N-tau) comprise only ~9 % of total tau, whereas isoforms without
exon 3 (1N-tau) or both exons 2 and 3 (ON-tau) comprise ~54 % and 37
%, respectively [6]. Tau has 85 sites (45 serines, 35 threonines, and 5
tyrosines) that can be phosphorylated physiologically and/or patho-
logically in its longest splicing isoform (2N4R-tau) [7]. In addition to
phosphorylation, other posttranslational modifications have been
observed in tau, including ubiquitination, acetylation, methylation, and
glycosylation [8].

Dorval and Fraser [9] showed that tau is modified by SUMOL1 and, to
a much lesser extent, by SUMO2 and 3. The SUMO1 modification site is
lysine (K) 340 in 2N4R-tau, located in the SUMOylation consensus
sequence YKX(E/D). SUMOylation of tau was increased in the presence
of a phosphatase inhibitor, indicating that tau phosphorylation upre-
gulates its SUMOylation. Luo et al. [10] further demonstrated that
SUMOylation of tau promotes its hyperphosphorylation at
AD-associated sites and reduces its solubility. They also showed that
SUMO1 co-localizes with phosphorylated tau in the cortex and hippo-
campus of AD brains, indicating a positive association between tau
phosphorylation and SUMOylation under pathological conditions.
However, the regulation of this linkage remains unclear. Recently,
Zhang et al. [11] reported that modification of tau with SUMO2 is
directly mediated and promoted by TRIM11, a tripartite motif (TRIM)
protein. They demonstrated that TRIM11 promoted the degradation and
disaggregation of tau fibrils. These findings imply that SUMOylation
plays diverse roles in controlling the physical properties of tau protein.
To further understand the regulation of tau SUMOylation, in the present
study, we identified enzymes that regulate SUMOylation and deSU-
MOylation of tau.

2. Materials and methods
2.1. Plasmids

pRK5-EGFP-Tau (ON4R) was a gift from Karen Ashe (Addgene
plasmid # 46904) [12]. To construct pcDNA-FLAG-tau, tau cDNA was
amplified by PCR with primers (5-ACGATGACAAGCTTGGCATGGACG
AGCTGTACAAG-3' and 5- GATATCTGCAGAATTCTCGACTCACAA
ACCCTGCTT-3) and inserted between the Kpnl and EcoRI sites of
pcDNA3.1(+) with FLAG sequence (ACCATGGATTACAA
GGACGACGATGAC between Nhel and HindlII sites) by In-Fusion Clon-
ing (Takara Bio, Shiga, Japan). K282R mutation was introduced in tau
by site-directed mutagenesis using the primers (5-GGTGGCC
AGGTGGAAGTAAGATCTGAGAAGCTTGAC-3' and 5- GTCEAGCTT
CTCAGATCTTACTECCACCTCGCCACC-3"). K44R-ON4R-tau and K44
R/K282R-0N4R-tau were generated by introducing K44R mutation
using primers (5-CGGACGCTGGCCTGAGAGCTGAAGAAGCAGG -3’ and
5'-CCTGCTTCTTCAGCTCTCAGGCCAGCGTCCG -3). 2N4R-tau was
generated by replacing the 2N-containing region with the corresponding
region in ON4R-tau. 2N region was obtained by RT-PCR with total RNA
isolated from SH-SY5Y cells using primers (5- AAGGATCCATGGCT-
GAGCCCCGCCAGGA -3’ and 5'- GCTGTGGTTCCTTCTGGGATC -3). Nrul
site was introduced in K44R-ON4R-tau using primers (5- TCGCGAA-
GAAGCAGGCATTGGAGAC -3’ and 5'- CTCAGGCCAGCGTCCGTGTCACC
-3") and N-terminal region was replaced with 2N region between BamHI
and Nrul sites. K340R mutation was introduced in 2N4R-tau by
site-directed mutagenesis using the primers for K282R mutation.
K44R-2N4R-tau and K44R/K282R-2N4R-tau were generated by intro-
ducing K44R mutation using primers (5- 5- CGGACGCTGGCCTGAGA-
GAATCTCCCCTGC -3 and 5- GCAGGGGAGATTCTCTCAGGCCA
GCGTCCG -3). The plasmid expressing HA-tagged SUMO1 was
described in Niikura et al. [13]. FLAG-mPIAS1, FLAG-mPIAS3,
FLAG-hPIASy, FLAG-hPIASxa, and FLAG-hPIASxp were gifts from Ke
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Shuai (Addgene plasmids # 15206, 15207, 15208, 15209, 15210,
respectively) [14-17]. FLAG-SENP1, FLAG-SENP2, RGS-SENP3, and
FLAG-SENP6 were gifts from Edward Yeh (Addgene plasmids # 17357,
18047, 18048, 18065, respectively) [17-20]. The His-tagged SENP
plasmids, SENP1 and SENP2, were described in Maruyama et al. [21].
pEGFP-TRIM11 was generated by inserting the mouse TRIM11 fragment
[22] into the pEGFP-C3 vector (Clontech) between the Smal and Xhol
sites.

2.2. Cell culture, transfection, and immunoprecipitation

HEK293 cells were cultured in Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 10 % fetal bovine serum (FBS), 50 units/mL
of penicillin, and 50 pg/mL of streptomycin (Thermo Fisher Scientific,
Waltham, MA, USA). Cells (7 x 10° cells/dish) were seeded into 60-mm
dishes and transfected with plasmids expressing FLAG-tagged or
enhanced green fluorescent protein (EGFP)-fused tau (wild-type [wt] or
mutant), HA-tagged SUMO1, or His-tagged or FLAG-tagged SENP/PIAS
by lipofection (Lipofectamine 3000, Thermo Fisher Scientific). The
plasmid DNAs were mixed at a ratio of 3:1:1 for tau: SUMO: SENP/PIAS.
Immunoprecipitation with anti-FLAG antibody was performed as
described in Niikura et al. [13]. For immunoprecipitation of EGFP-fused
tau proteins, anti-GFP antibody (012-20461, Wako Pure Chemical In-
dustries, Osaka, Japan) and protein G-Sepharose (GE Healthcare, Chi-
cago, IL, USA) were used. For immunoblot analysis of phosphorylated
tau, transfected cells were lysed with lysis buffer (20 mM Tris-HCI [pH
7.4], 150 mM NaCl, 1 % Triton X-100, 0.1 % SDS, 1 % sodium deoxy-
cholate, 1 mM EDTA, 1 mM N-ethylmaleimide [NEM]) containing
phosphatase inhibitors (PhosSTOP; Roche Diagnostics, Indianapolis, IN,
USA) and protease inhibitors (cOmplete; Roche Diagnostics, Indian-
apolis, IN, USA). Cell debris was removed by centrifugation, and the
clarified cell lysates (15 mg of protein) were subjected to immunoblot
analysis.

2.3. Immunoblot analysis

Protein samples were separated by SDS-PAGE and transferred to
polyvinylidene difluoride membranes (Millipore, Billerica, MA, USA).
The membranes were blocked with 5 % skim milk in TBS-T (20 mM Tris-
HCI [pH 7.6], 136 mM NacCl, and 0.1 % Tween 20) and incubated with
horseradish peroxidase (HRP)-conjugated primary antibodies or non-
conjugated primary antibodies and HRP-conjugated secondary (anti-
mouse or anti-rabbit) antibodies (7076S, 7074S, Cell Signaling Tech-
nologies, x5000), followed by detection with an enhanced chem-
iluminescence reagent (Clarity Western ECL Substrate, Bio-Rad,
Hercules, CA, USA). The primary antibodies used were HRP-conjugated
anti-HA (12013819001, Roche, x2000), HRP-conjugated anti-FLAG
(A8592, Sigma, St. Louis, MO, USA, x2000), HRP-conjugated anti-actin
(A3854, Sigma, x20,000), anti-phosphorylated tau (S396) (ab109390,
abcam, x5000), anti-GFP (012-20461: Wako, x2000, ab15272: Clon-
tech, x5000), anti-His (D291: MBL, x5000, 010-23181: Wako, x2000),
anti-GSK3p (9315, Cell Signaling, x1000), anti-pGSK3p (S9) (9323, Cell
Signaling, x2000), and anti-acetylated lysine (ab80178, abcam, x1000).
Signal intensity was measured using Gene Tools (Syngene, Cambridge,
UK).

2.4. Statistical analysis

The data are expressed as the mean + SD. Multiple-group compari-
sons were performed using the One-way ANOVA followed by Tukey’s
multiple comparisons test. Statistical analyses were performed using
Prism9 (GraphPad, La Jolla, CA, USA).
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3. Results
3.1. ON4R-tau is modified by SUMO1

Previous reports have demonstrated the SUMOylation of 2N4R-tau at
K340 [9,10]. In this study, we used an alternative splice variant,
ON4R-tau, because it is more abundant than the 2N4R variant in the
adult CNS [23]. First, we tested whether SUMOylation occurred in this
tau variant (Fig. S1). HEK293 cells were transfected with plasmids
expressing FLAG-tagged tau and HA-tagged SUMO1, and FLAG-tau
proteins were immunoprecipitated with an anti-FLAG antibody. In the
precipitates, an anti-HA antibody detected a band at approximately 85
kDa, which was also detected by an anti-FLAG antibody in the input
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samples (Fig. S1 A, B). ON4R-tau was detected at approximately 60 kDa
and the calculated molecular weight of SUMOL1 is 12 kDa. Thus, the 85
kDa SUMOylated tau may have been modified by SUMO1 at 2 sites or
had other modifications, such as phosphorylation. We also tested a tau
K282R mutant (tau-KR, tau with a substitution of lysine 282 with argi-
nine), which corresponds to K340R in the 2N4R variant. The intensity of
HA-positive bands was significantly reduced, but not completely
diminished, in tau-KR (Fig. S1A). The immunoprecipitates were boiled
before performing SDS-PAGE. As a previous report explained that
samples should not be boiled to detect tau SUMOylation [10], we
examined the difference in sample preparation. The immunoprecipitates
were divided into two groups, and one group was boiled for 10 min. We
did not detect a significant difference between boiled and non-boiled
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HEK293 cells were co-transfected with plasmids expressing EGFP-fused tau, HA-tagged SUMO1, and FLAG-tagged PIAS1, PIASxa, PIASxp, PIAS3, or empty vector
(vec). Cell lysates were immunoprecipitated with an anti-GFP antibody. Immunoprecipitate (IP) (A) and input lysate (input) (B) samples were subjected to

immunoblotting with anti-HA, anti-FLAG, anti-GFP, and anti-actin antibodies.

In B, arrowheads indicate the position of each PIAS protein band. (C) Different

amounts (0.1, 0.3, 1.0 pg/sample) of FLAG-tagged PIAS plasmids were used. Immunoprecipitate (IP) (upper two panels) and input lysate (input) (lower two panels)
samples were subjected to immunoblotting with anti-HA, anti-FLAG, and anti-GFP antibodies. The band intensity of the samples was measured, the value of HA was

normalized to that of GFP, and then the values relative to the vector control (=

100) were calculated and shown.
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samples and observed both SUMOylated and total tau (Fig. S1C). These
results indicate that ON4R-tau can be SUMOylated at the same lysine
residue as 2N4R-tau.

3.2. Effects of PIAS proteins on tau SUMOylation

SUMOylation E3 enzymes facilitate SUMO conjugation to target
proteins and exhibit substrate selectivity. We examined which PIAS
proteins and SUMO E3 ligases are involved in tau SUMOylation. We co-
expressed FLAG-tagged PIAS proteins, EGFP-fused tau, and HA-tagged
SUMO1, and immunoprecipitated tau with an anti-GFP antibody. We
detected increased levels of SUMOylated tau in the presence of PIASxa
and PIASxp (Fig. 1A). On the other hand, global SUMOylation was
increased in the presence of all types of PIAS proteins (Fig. 1B). PIAS
proteins were detected with an anti-FLAG antibody; however, their
expression levels varied. To further confirm the effect of PIASxa and
PIASxp, we performed a dose-response experiment (Fig. 1C). PIASxa and
PIASxp induced a dose-dependent increase in the levels of SUMOylated
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Fig. 2. Effect of SENP proteins on ON4R-tau SUMOylation
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tau.

3.3. Effects of SENP proteins on tau SUMOylation

Next, we examined which SENP proteins function as deSUMOylation
enzymes for tau. EGFP-fused tau was co-expressed with HA-tagged
SUMO1 and FLAG-tagged SENP proteins and immunoprecipitated with
an anti-GFP antibody. SENP1, 2, and 6 but not SENP3 reduced the levels
of SUMO1-conjugated tau (Fig. 2A and B). We also performed a similar
experiment using FLAG-tagged tau and His-tagged SENPs (Fig. S2) and
found that the effect of SENP6 was insignificant. Since the effects of
SENP1 and SENP2 were significant, we examined their dose-response
effects using 6xHis-tagged SENPs (Fig. 2C). Both SENP1 and SENP2
reduced the levels of SUMO-conjugated tau in a dose-dependent manner
(Fig. 2D).

Next, we examined the intracellular localization of tau and PIAS/
SENP proteins. EGFP-fused tau was co-expressed with FLAG-tagged PIAS
or SENP proteins in HEK293 cells, and the cells were stained with an
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(A) HEK293 cells were co-transfected with plasmids expressing EGFP-fused tau, HA-tagged SUMO1, and His-tagged SENP1, SENP2, SENP3, SENP6, or empty vector
(vec). Cell lysates were immunoprecipitated using an anti-GFP antibody. (B) FLAG-tagged SENP proteins were used for the same experiment shown in A. Samples
were subjected to immunoblotting with anti-HA, anti-FLAG, anti-GFP, and anti-actin antibodies. (C) HEK293 cells were co-transfected with plasmids expressing
FLAG-tagged tau, HA-tagged SUMOL1, and different amounts (0.1, 0.3, 1.0 pg/sample) of His-tagged SENP1 or SENP2. Immunoprecipitate (IP) (upper two panels) and
input lysate (input) (lower four panels) samples were subjected to immunoblotting with anti-HA, anti-FLAG, and anti-His antibodies. Arrowheads indicate the
position of each SENP protein band. (D) The band intensity of the samples was measured, the value of HA was normalized with that of FLAG, and then the values

relative to vector control (=100) were calculated and shown. N = 4.
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anti-FLAG-tagged primary antibody and Alexa Fluor568-conjugated
secondary antibody (Fig. S3). Tau was detected in the cytoplasm.
SENP1 was detected in the cytoplasm and overlapped with tau, whereas
SENP2, SENP3, and SENP6 were found in the nucleus (Fig. S3A). All
PIAS proteins, except PIASy, were observed in the nucleus (Fig. S3B).
PIASy was detected in both the nucleus and cytoplasm and overlapped
with tau distribution.

3.4. Effects of TRIM11 on tau SUMOylation

Recently, it was reported that TRIM11 directly promotes tau modi-
fication by SUMO2 [11]. Since tau is also modified by SUMO1, we
examined whether TRIM11 affected SUMO1 modification of ON4R-tau
(Fig. 3). FLAG-tagged tau was co-expressed with HA-tagged SUMO1
and EGFP-fused TRIM11 proteins and immunoprecipitated with an
anti-FLAG antibody. In the precipitates, the anti-HA antibody detected a
band at approximately 85 kDa, which was also detected with an
anti-FLAG antibody. The band was diminished in the presence of K282R
with or without K44R mutations, confirming that SUMO1 was conju-
gated mainly to the lysine residue at position 282. The band intensity
increased in the presence of TRIM11, indicating that TRIM11 enhanced
the modification of ON4R-tau by SUMO1. We also examined the effect of
TRIM11 on the SUMOylation of 2N4R-tau (Fig. S4). Similar to ON4R-tau,
SUMOylation of 2N4R-tau was increased in the presence of TRIM11,
which was largely attenuated by the K340R mutation. These results
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Fig. 3. Effect ofTRIM11 on ON4R-tau SUMOylation

HEK293 cells were co-transfected with plasmids expressing FLAG-tagged tau,
HA-tagged SUMO1, EGFP-fused TRIM11, or empty vector (vec). Cell lysates
were immunoprecipitated with an anti-FLAG M2 antibody. Immunoprecipitate
(IP) (upper two panels) and input lysate (input) (lower three panels) samples
were subjected to immunoblotting with anti-HA, anti-FLAG, and anti-GFP an-
tibodies. The arrows and arrowhead indicate the positions of SUMOylated and
non-SUMOylated tau, respectively.
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suggest that TRIM11 functions as an E3 ligase for SUMO1 modification
of tau.

3.5. Effect of SUMOylation on tau phosphorylation and acetylation

We then investigated how tau SUMOylation affects other post-
translational modifications. Luo et al. (2014) reported elevated phos-
phorylation levels in 2N4R-tau when SUMOylation was enhanced [10].
Thus, we examined the phosphorylation of ON4R-tau at S338 (S396 in
2N4R-tau), a phosphorylation site associated with AD pathology and
one of the targets of GSK3p phosphorylation of tau. In this experiment,
we additionally expressed Ubc9, E2 enzyme, to enhance SUMOylation
reaction. Increased band intensity of SUMOylated tau was detected
using an anti-phosphorylated S396 antibody when SUMO1 and Ubc9
were co-expressed (Fig. 4A). In the presence of SENP1, the band in-
tensity was attenuated. Quantitative analysis showed that the amount of
phosphorylated tau was increased in correlation with SUMOylated tau
protein levels (Fig. 4B). However, the expression and phosphorylation
levels of GSK3p protein were not changed (Fig. 4B), suggesting that the
overexpression of SUMO1 and Ubc9 did not affect GSK3p expression and
activity.

In addition to phosphorylation, tau undergoes several modifications.
Lysine residues are the targets of both acetylation and SUMOylation.
Thus, we examined whether SUMOylation affected acetylation levels
(Fig. S5). Anti-acetylated lysine antibody detected tau protein mainly in
the non-SUMOylated form, suggesting that acetylation does not prefer-
entially occur in the SUMOylated tau. The band intensity of the non-
SUMOylated form did not change in the presence of SUMO1 or Ubc9.
The band intensity was also unaffected in tau with the K282R mutation
in the presence or absence of SUMO1 and Ubc9, suggesting that
SUMOylation does not affect the overall acetylation status of tau.

4. Discussion

In this study, we showed that SUMO1 modification of ON4R-tau was
promoted by PIASx and decreased by SENP1 and SENP2 (Figs. 1 and 2)
and that SUMOylated tau was phosphorylated at AD pathology-
associated site (Fig. 4). This is consistent with previous findings using
2N4R-tau, which demonstrated that tau modification by SUMO1
increased the phosphorylation and reduced the solubility of tau [10] and
that SUMOL1 colocalized with phosphorylated tau aggregates [24]. We
also showed that TRIM11 promotes SUMO1 modification of tau (Fig. 3).
It has been reported that TRIM11 functions as an E3 ligase for tau
modification by SUMO2 and promotes the solubilization and disaggre-
gation of tau [11]. These findings suggest that modifications in SUMO1
and SUMO2 have opposite effects on tau by promoting or suppressing
aggregation. Similar findings were reported for huntingtin, which is
associated with Huntington’s disease. Modification with SUMO1 and
SUMO2 increases the solubility and aggregation of huntingtin, respec-
tively [25,26]. Thus, it is assumed that the selection of SUMO type for
modification determines tau aggregation. In the cortex of wild-type
mice, global protein SUMOylation, both with SUMO1 and SUMO2/3,
does not change from 2 to 6 months of age [21,27] but significantly
decreases from 6 to 18 months of age [28]. Interestingly, global
SUMOylation in synaptosomes increased with SUMO1 but decreased
with SUMO2/3 up to 18 months of age [28]. These findings imply that
the SUMOylation status may differ by cell type (neurons or glial cells)
and/or intracellular location within neurons. Thus, it is speculated that
the local regulation of SUMOylation in neurons may affect tau aggre-
gation during aging.

We identified PIASx as an enhancer of tau SUMOylation (Fig. 1). Tau-
SUMOL1 fusion protein showed a propensity for tau aggregation [29].
PIASx (PIAS2) promotes SUMO1 modification of a-synuclein associated
with Parkinson’s disease, which results in aggregation of a-synuclein by
blocking ubiquitination [30]. PIAS2 expression (mRNA and protein) is
upregulated in the neurons of patients with Parkinson’s disease
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HEK293 cells were co-transfected with plasmids expressing FLAG-tagged ON4R-tau, HA-tagged SUMO1, myc-tagged Ubc9, His-tagged SENP1, or empty vector (vec).
Cell lysates were subjected to immunoblotting with anti-phosphoS396-tau, anti-FLAG, anti-HA, anti-phosphoS9-GSK3p, anti-GSK-3p, and anti-actin antibodies.
Representative blots are shown in A. Arrowhead and arrow indicate the 85 kDa (SUMOylated and phosphorylated tau) and 85 kDa (SUMOylated tau) bands,
respectively. Quantitative results are shown in B. (n = 4). Band intensities of SUMOylated tau (SUMOylated) and phosphorylated tau (pS396) were normalized to that
of actin. The band intensity of phosphorylated GSK3p (pS9) was normalized to that of total GSK3p.

compared to healthy controls [30,31], suggesting an association be-
tween PIASx and the progression of Parkinson’s disease. Similarly,
PIASy increases SUMOylation and enhances aggregation of superoxide
dismutase 1 (SOD1) mutants associated with amyotrophic lateral scle-
rosis [32]. Therefore, increased PIASx levels may be a common cause of
protein aggregation-associated neuronal diseases, including tau-linked
disorders. SUMOylation and aggregation of SOD1 mutants are reduced
by SENP1. In this study, we also found that SENP1 reduced SUMOyla-
tion of tau (Fig. 2). Oxidative stress increases SENP1 protein levels in
primary cortical neurons [33]. Thus, it is assumed that aging and/or
disease-associated oxidative stress may cause changes in the SUMOy-
lation status of disease-linked proteins, leading to the progression of
neurodegeneration. Notably, SENP family proteins function in both the

deconjugation of SUMOs from target proteins and the maturation of
SUMOs. A disturbance in the delicate balance of SENP expression may
cause neurodegenerative disorders.
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