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Abstract. Understanding the molecular and cellular processes that cause dementia is one of the most important
challenges in neuroscience. SUMOylation is a post-translational protein modification that has been strongly implicated
inneurodegenerative diseases. To investigate SUMOylation in dementia we profiled the expression of key SUMOylation
pathway proteins in post mortem brain tissue from Alzheimer’s Disease (AD) and Down'’s Syndrome (DS) patients. As
expected, both AD and DS tissue displayed massively increased levels of phosphorylated tau compared to age- and
sex-matched controls. Surprisingly, there were no changes in the levels of the E1 and E2 enzymes required for protein
SUMOylation, or in levels of the deSUMOylating enzyme SENP1. There was, however, a marked decrease in the SUMO-
2/3-specific deSUMOylating enzyme SENP3 in DS. There were also increased levels of SUMO-1 conjugated proteins
in DS, but not in AD tissue. While these results do not exclude roles for SUMOylation in AD, they demonstrate clear
differences in the profile of SUMOylation and in the expression of deSUMOylating enzymes between AD and DS brain.
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Introduction

Dementia is defined as a condition that results in memory
disorders, personality changes, and impaired reasoning.
Alzheimer’s Disease (AD) is the most common cause of
dementia and affects over 35 million people worldwide
(Reitz et al. 2011). It is already one of the leading causes
of death in the developed world and the number of new
cases is predicted to double in the next 30 years, putting
an ever-increasing strain on medical and social care
resources.

Primary histopathological characteristics of AD are
the accumulation of neurofibrillary tangles composed
of a hyperphosphorylated form of the microtubule-
associated protein tau, and extracellular plaques
comprising aggregated beta amyloid (Af) peptides,
which are cleavage products produced from the amyloid
precursor protein (APP) (Reitz et al. 2011). To generate
AP, APP is sequentially cleaved by [3-site APP cleaving
enzyme (BACE), followed by vy-secretase, which cleaves
APP within its transmembrane domain to yield AP
peptides with lengths between 38 and 43 amino acids
which can aggregate into extracellular oligomers and
accumulate to form senile plaques (Lee et al. 2013). Ap40
is the most common Af3 peptide accounting for ~90%
of secreted AP, but APB42 has the highest propensity
for aggregation (Hilbich et al. 1991). Together, these
aggregates lead to a devastating decrease in the number
of neurons in multiple brain regions, including the
hippocampus, where up to 60-70% of neurons are lost by
the late-stage of the disease (West et al. 1994) and in the
cortex, resulting in the cognitive decline and dementia
characteristic of AD.

Down’s Syndrome (DS) is a congenital disorder
caused by an extra copy (trisomy) of chromosome 21,

which results in intellectual impairment and physical
abnormalities. DS is the most common genetic cause of
intellectual disability (Wiseman et al. 2009). Improved
medical treatment and social inclusion has increased
the life expectancy of people with DS to more than 55
years (Glasson et al. 2002). However, by the age of
40 most DS sufferers develop amyloid plaques and
neurofibrillary tangles, and by the age of 60, ~60% have
dementia (Wiseman et al. 2009). This has been attributed,
at least in part, to overexpression of the chromosome
21 gene products APP (Portelius et al. 2014) and the
kinase DYRK1A (Wiseman et al. 2009), which mediates
hyperphosphorylation of tau.

Small ubiquitin-like modifier (SUMO) proteins are
~10kD proteins that can be covalently conjugated to
lysine residues in target proteins to modify their function.
In humans, there are three SUMO paralogues (SUMO-1-
3); SUMO-2 and SUMO-3 are identical except for three
residues, but they share only ~50% sequence identity
with SUMO-1 (Wilkinson and Henley 2010, Henley et
al. 2014). Protein SUMOylation by both SUMO-1 and
SUMO-2/3 has been strongly implicated in a wide range
of neuropathologies including AD, Parkinson’s Disease
and Huntington’s Disease (McMillan et al. 2011, Sarge
and Park-Sarge 2011, Nistico et al. 2014) although many
of the target proteins have not yet been determined.
Nonetheless, recent studies have suggested thatincreased
levels of SUMOylation, and of specific substrates in
particular, may play important neuroprotective roles in
cell stress responses (Guo et al. 2013, Guo and Henley
2014). SUMO proteins are conjugated to target proteins
by an enzymatic cascade consisting of three steps: SUMO
is first activated for conjugation in an ATP-dependent
manner by an E1 enzyme, a heterodimer consisting of
SUMO conjugating enzyme subunit 1 and 2 (SAE1 and
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SAE2) in humans, before it is passed to the catalytic
cysteine of the sole SUMO conjugating E2 enzyme
Ubc9 (Ubiquitin-conjugating 9). Ubc9, either alone
or in combination with an E3 enzyme, then catalyses
SUMO transfer to a lysine residue in a target protein
(Geiss-Friedlander and Melchior 2007, Wilkinson and
Henley 2010). Importantly, SUMOylation is reversible
and can be removed from substrates by the actions
of a number of SUMO-specific proteases, the best-
characterised of which are the SENP family of cysteine
proteases. In humans, there are 6 SENPs (SENP], 2, 3,
5, 6 and 7), which differ in their preference for cleaving
SUMO-1 versus SUMO-2/3 and in their subcellular
localisation (Hickey et al. 2012). For example, SENP1
exhibits broad specificity for SUMO-1 and SUMO-2/3,
whereas SENP3 preferentially deconjugates SUMO-2/3
from target proteins (Guo and Henley 2014). Thus, the
SUMOylation status of individual target proteins is the
result of a delicate balance between E1/E2-dependent
conjugation, and SUMO-protease-dependent removal.
The levels and activity of these enzymes is therefore
crucial in determining the cellular SUMO proteome.

Both tau and APP arereported tobe SUMO substrates.
Tau is SUMOylated at Lys340 (Dorval and Fraser 2007,
Lee et al. 2013) and SUMO-1 immunoreactivity co-
localizes with phospho-tau aggregates in transgenic AD
model mice (Takahashi et al. 2008). APP was identified
as a putative SUMO substrate in a systematic search for
SUMO target proteins (Gocke et al. 2005). Subsequently,
it has been shown that Lys587 and Lys595, which are
immediately N-terminally adjacent to the BACE cleavage
site, are covalently modified by SUMO-1 and SUMO-
2. Preventing SUMOylation of these lysine residues
was reported to increase AP aggregation, whereas
promoting APP SUMOylation by expressing the SUMO
E2 conjugating enzyme Ubc9 decreased Af3 aggregation
in HeLa cells (Zhang and Sarge 2008). Consistent with
this, decreased A3 aggregation has also been observed
upon overexpression of SUMO-3 in human embryonic
kidney and neuroblastoma cells (Li et al. 2003).
However, in apparent contrast, SUMO-3 overexpression
has been shown to cause a significant increase in toxic
AP40 and AP42 secretion and, surprisingly, this effect
was independent of the ability of SUMO-3 to conjugate
to target proteins (Dorval and Fraser 2007). Although
inconclusive, these studies are of particular interest
because the genes for both APP and SUMO-3 are located
on chromosome 21.

Intriguingly, it has recently been reported that
SUMOylation is required for normal synaptic plasticity
since inhibition of SUMOylation with a dominant
negative Ubc9 peptide blocks LTP (Jaafari et al. 2013,
Lee et al. 2014). Furthermore, enhancing protein
SUMOylation can overcome deficits in LTP induced by
application of Ap342, and global protein SUMOylation
by SUMO-2/3 was suggested to be dysregulated in
the brains of AD patients and in the Tg2576 transgenic
mouse model of AD (Lee et al. 2014).

A core aim of this project was to explore if levels of the
SUMO machinery enzymes are altered in brain samples
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from patients suffering from clinically diagnosed and
categorised late stage dementia. In particular, we were
interested if there was any detectable imbalance between
levels of selected SUMO conjugating enzymes versus
levels of SUMO deconjugating enzymes in samples
from people with dementia compared to age- and sex-
matched controls.

Methods

Brain samples: Post mortem tissue from the Human
Tissue Authority licensed South West Dementia Brain
Bank was used with approval from the Research Ethics
Committee. Anterior prefrontal cortex (Brodmann Area
10, BA10) was used from 20 AD patients (ages 64-95,
mean=78.7 + 8.6 SD; Post mortem delay (PMD)=7.5-73
hours, mean=38.6 + 20.8 SD) and 20 age- and sex-
matched control cases (ages 68-97, mean=85.1 + 8.6
SD; PMD=5.5-76 hours, mean=42.4 + 3.2 SD). BA10
samples from 9 DS patients were analysed (ages 48-
67, mean=59.9 + 6.5 SD; PMD=16-76 hours, mean=39.2
+ 20.8 SD) and 9 age-matched controls (ages 43-72,
mean=62 + 8.9; PMD=4-66 hours, mean=25.2 + 20 SD).
Sample preparation: 100mg of tissue was homogenized
in 445ul of ice-cold Lysis Buffer (25 mM Hepes pH
74, 150 mM NaCl, 1 x protease inhibitor, 20 mM
N-ethylmaleimide (NEM, Sigma-Aldrich)), transferred
to a 1.5 ml Eppendorf tube and solubilised by adding
50ul 10% Triton X-100 and 5ul 10% SDS (for a final
concentration of 1% or 0.1%, respectively), sonicated
briefly and gently agitated for 1 hour at 4°C. Insoluble
material was pelleted by centrifugation at 16,000g for
15 minutes at 4°C. The supernatant was removed and
centrifuged again at 16,000g for 30 minutes at 4°C, after
which the supernatant was transferred to a fresh 1.5ml
Eppendorf tube. The pellets of both centrifugation
steps were retained and stored at -80°C. The protein
concentration in the supernatant was determined by
Bradford assay, divided into 50 ul aliquots and stored
at -80°C. Prior to SDS-PAGE analysis samples were
thawed and treated with 1l of Benzonase Nuclease for
30 min at 4°C to digest all nucleic acids prior to addition
of 2x SDS-PAGE Sample Buffer and boiling the samples
for 5 minutes at 95°C or incubation overnight at room
temperature (RT).

SDS-PAGE _and Western blotting: Proteins were
resolved using commercially prepared 26 well 4-20%
gradient SDS-PAGE gels (BioRad) according to the
manufacturer’s instructions. Molecular weight was
determined using PageRuler Prestained Protein Ladder
(Thermo Scientific). 15ul (27.75pg protein) was loaded
in each lane and following electrophoresis the proteins
were transferred onto PVDF membrane and blocked
in 5% non-fat milk powder in TBS-T. Proteins were
labelled by incubation with primary antibodies for 1
hour at RT and secondary antibodies for 45 minutes
at RT. Following extensive washes immunolabelled
protein was detected using Pierce ECL Western Blotting
Substrate and image capture on a LI-COR Odyssey Fc.
Primary antibodies used were: Rabbit anti-APP




(C-terminal, Sigma, 1:1000); Mouse anti-Tau (Millipore,
1:1000); Mouse anti-Phospho-Tau (Cell Signalling
Technology, 1:1000); Mouse anti-SUMO-1 (Santa Cruz
Biotechnology, 1:500); Sheep anti-SUMO-2/3 (a gift from
Prof. Ron Hay (University of Dundee), 1:1000); Mouse
anti-SENP1 (Santa Cruz Biotechnology, 1:500); Rabbit
anti-SENP3 (Cell Signalling Technology, 1:1000); Goat
anti-AOS1 (SAE1) (Santa Cruz Biotechnology, 1:250);
Rabbit anti-Ubc9, (Santa Cruz Biotechnology, 1:500);
Mouse anti-B-tubulin type III (Sigma, 1:10,000).
Analysis and quantification: The density of
immunoreactive bands of interest determined by a LI-
COR scanner were normalised to type III 3-tubulin levels.
For SUMO-1 and SUMO-2/3 all bands in the lane were
measured whereas for individual proteins of interest the
specific immunoreactive bands were quantified. Data
were analysed using a student’s t-test and presented as
mean + SEM with the mean of the control group set to
100%. Significance level was set at p<0.05.

Results and Discussion

We obtained brain samples from the BA10 region of
the anterior prefrontal cortex from 20 AD patients, 9
DS patients, and corresponding age- and sex-matched
controls. Tissue homogenates were prepared from these
samples, prior to analysis by Western blotting. We first
validated the disease phenotype in post mortem samples
by measuring levels of phosphorylated tau, whichis a well-
established marker for AD and DS pathology (Wiseman
et al. 2009, Di Domenico et al. 2013). In agreement with
previous reports, we observed a >10-fold increase in
phospho-tau in both AD and DS patients compared to age-
matched controls (p=0.0022 and p=0.0021, respectively).

There was also a significant increase in total levels of tau
in DS (p=0.02), but not in AD samples. Consistent with the
fact that APP is encoded on trisomic chromosome 21, APP
was increased in DS samples (p=0.002) but unchanged in
AD samples (Fig. 1, 2).

Contrary to our initial expectations, total levels of the
E1 SUMO activating enzyme subunit SAE1 and the E2
conjugating enzyme Ubc9 were unchanged in diseased
versus control BA10 samples (Fig. 1, 2). Notably, while
there were no changes in the deSUMOylating enzymes
SENP1 and SENP3 in AD, there was a significant decrease
in SENP3 (p=0.01) in DS tissue.

Furthermore, no significant differences in the total
levels of free SUMO-1 or SUMO-2/3, or in the overall
patterns of proteins conjugated to SUMO were detected
in AD samples. Intriguingly, however, there was a
significant increase in SUMO-1 (p=0.02), but not SUMO-
2/3, conjugates in DS samples. At first sight this is
unexpected since SUMO-3 is encoded on chromosome
21 (Hattori et al. 2000), and SUMOylation by SUMO-2/3
has been reported to be increased in DS (Gardiner 2006).
However, this study only examined one control and one
DS case, in contrast to the 9 control versus 9 DS analysed
here. Our data suggest that SUMO-3 trisomy does not
influence the steady-state level of SUMO-2/3 modification,
however, this may potentially be explained by recent data
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Figure 1 Representative Western blots for each of the proteins
analysed in BA10 homogenates from AD (A), DS (B) and control
samples. (A) Brain homogenates of BA10 from 20 age- and sex-
matched control patients were subjected to Western blot analysis
using anti-phospho-Tau, -tau, -APP, -SUMO-1, -SUMO-2/3,
-SAE1, -Ubc9, -SENP1, -SENP3 and —p-tubulin 111 antibodies.

(B) Post mortem brain tissue from 9 DS and 9 control patients
were analysed by Western blotting using anti-phospho-Tau,
-tau, -APP, -SUMO-1, -SUMO-2/3, -SAE1, -Ubc9, -SENP1,
-SENP3 and —B-tubulin IIl antibodies.

15-

suggesting that SUMO-2 is the predominant SUMO-2/3
isoform, at least in mice (Wang et al. 2014). As a result,
the increased SUMO-3 may not be observed in DS since
it still remains a relatively minor proportion of the total
SUMO-2/3 protein present. We were unable to examine
levels of SUMO-4 or the recently reported SUMO-5
paralogues (Liang et al. 2016) due to the lack of antibodies
specific to these proteins. However, since the importance
of SUMOH as a genuine ubiquitin-like modifier protein
has been questioned (Owerbach et al. 2005) and SUMO-5
expression is not detectable in brain (Liang et al. 2016), it
seems unlikely that these proteins play a major role in the
pathology of AD or DS.

Our initial hypothesis was that, because SUMOylation
has emerged as an important regulator of synaptic and
neuronal function and dysfunction, the SUMOylation
machinery would be altered in AD and DS brain (Guo
and Henley 2014, Henley et al. 2014). To our knowledge
this is the first investigation of protein SUMOylation in
DS and we observed a significant increase in SUMO-1
conjugation and a loss of the SUMO-2/3 deconjugating
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Figure 2. Histogram demonstrating normalised levels of the
indicated proteins in BA10 samples taken post mortem from
AD (A), DS (B) and control samples. (A) Quantification
of the expression levels of the proteins of interest after
normalising to the mneuron-specific loading control
B-tubulin I11. Phosphorylated tau is significantly increased
(p=0.0022) in BA10 of AD compared to control patients.
No significant changes in tau, APP or SUMO machinery
proteins (SAE1, Ubc9, SENP1, SENP3, SUMO-1,
SUMO-2/3) were observed (p>0.05, n=20, unpaired two-
tailed student’s t-test). Data presented as mean + SEM
with the mean of the control group set to 100%.(B) Proteins
of interest were normalised to corresponding B-tubulin III
levels and quantification showed a significant increase of
phospho-Tau (p=0.0021), tau (p=0.02), APP (p=0.002) and
SUMO-1 (p=0.02) in DS compared to control samples,
whereas SENP3 was found to be significantly decreased
(p=0.01).

enzyme SENP3. At first sight this is surprising since the
loss of SENP3 would be expected to correlate with an
increase in SUMO-2/3 conjugation rather than SUMO-1.
However DS is a complex disease and we attribute the
change in the steady-state level of SUMO-1 conjugation
to other mechanisms. In addition, while we did not
observe global changes in SUMO-2/3 conjugation, we did
observe changes in the level of some SUMO-2/3 modified
substrates at ~170kD (p=0.03, Fig. 1). Moreover, the loss of
SENP3 will alter the SUMOylation status of individual
substrates that may not be apparent by Western blotting
for global SUMOylation levels. Relevant to this, we have
previously shown that, during ischemia, SENP3 is rapidly
degraded, and that this promotes cell survival upon
reperfusion by promoting SUMOylation of the SENP3
substrate Drp1 (Guo et al. 2013). Taken together our data
suggest that, similar to ischemia, the cell stress associated
with dementia in DS may lead to a loss of SENP3,
potentially as part of a neuroprotective stress response.

d0i:10.20388/omp2017.001.0042

To further examine the link between phospho-Tau, total
Tauand APPmarkers of disease pathology and the changes
observed in DS brain, we examined correlation between
these sets of proteins in the data from the control and DS
patients (Fig. 3). Interestingly, we observed a significant
positive correlation between levels of Tau expression and
SUMO-1 conjugation. However, it is important to note
that this does not necessarily indicate a direct causal link
between increased Tau levels and SUMO-1-ylation in DS,
and further work will be required to investigate this link.
Nonetheless, in AD, where Tau levels were unchanged,
we did not observe any changes in total SUMO-1-ylation,
consistent with this possible relationship.

In contrast to DS, neither SUMO substrate conjugation
nor SUMO conjugating and deconjugating enzymes were
changed in AD. Indeed, these results are broadly in line
with previous data on SUMOylation and selected SUMO
enzyme levels in transgenic mice overexpressing APP
(McMillan et al. 2011).

Unlike DS, which has a readily identifiable genetic
cause, AD is a heterogeneous group of diseases with a
diverse range of potential underlying factors. Consistent
with this diversity, we observed large variation between
the individual AD samples reflecting the heterogeneity
of the disease. Thus, it is likely that only very large and
robust changes associated with common pathways in
all forms of AD will be detected in post mortem tissue.

These results are supported by a recent report
showing that there is no change in Ubc9 or SUMO-1
levels in AD (Lee et al. 2014). However, that study
observed a significant decrease in protein SUMOylation
by SUMO-2/3 in AD hippocampus. There are several
possible reasons for these apparent differences.
The sample size in that study was relatively small,
comprising hippocampal samples from only 6 controls
and 6 AD samples and they used [-actin as a loading
control (Lee et al. 2014). However, it is important
to note that our study examined cortex rather than
hippocampus and used a much larger sample size (20
AD and 20 control brains), which may partially explain
the differences in our observations.

It is important to emphasize that although we
observed no significant differences in total levels
of the subset of SUMO pathway conjugating and
deconjugating enzymes examined in AD samples,
the lack of change in expression does not necessarily
indicate that the SUMOylation pathway is unaffected
in this disease. We are assessing enzymes, and it is
the conjugating and catalytic activity that is critical
in determining the levels of SUMOylation and
deSUMOylation of substrate proteins. Thus, it remains
possible that the activity or localisation of the proteins
and enzymes involved might be drastically changed
even if their expression is unaltered. Furthermore, in
terms of levels of substrate SUMOylation, we can only
assess the overall patterns and total levels of substrate
modification by SUMO paralogues. In this study we
do not address modification of individual substrates,
and it needs to be kept in mind that the SUMOylation
status of key individual substrates may be dramatically
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Figure 3. Correlation between SUMO pathway proteins with
significantly altered expression in DS and markers of disease
pathology. (A) Scatterplot showing no correlation between PhTau
and SENP3 expression (r=-0.377, p=0.12, n=18). (B) Scatterplot
showing no correlation between PhTau and SUMO-1 expression
(r=0.413, p=0.09, n=18). (C) Scatterplot showing no correlation
between Tau and SENP3 expression (r=-0.363, p=0.13, n=18).
(D) Scatterplot showing a significant positive correlation between
Tau and SUMO-1 expression (r=0.868, p<0.0001, n=18). (E)
Scatterplot showing no correlation between APP and SENP3
expression (r=0.451, p=0.06, n=18). (F) Scatterplot showing no
correlation between APP and SUMO-1 expression (r=0.230,
p=0.36, n=18).

altered, even in the absence of gross changes in global
SUMOylation levels.

In summary, we compared post mortem brain
samples from patients who died with AD or DS to
age- and sex-matched control samples from patients
who died of unrelated causes. Our hypothesis was that,
because of the emerging key role of post-translational
protein modification by SUMO in regulating synaptic
function and health, the SUMO pathway might be
profoundly affected in AD and/or DS pathology. Our
results suggest that although there are some differences
in protein SUMOylation and enzyme levels in DS, in
AD in particular there is little evidence for major
alterations in the levels of the enzymes that regulate
protein SUMOylation. We note, however, that our
data do not exclude key changes in the SUMOylation
status of specific substrate proteins in the onset and
progression of the synaptic deficiencies associated with
DS and AD.
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