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Abstract

Small ubiquitin-related modifiers (SUMOs) conjugated or bound to target proteins can affect
protein trafficking, processing and solubility. SUMOylation has been suggested to play a role in
the amyloid plaque and neurofibrillary tangle pathology of Alzheimer disease (AD) and related
neurodegenerative diseases. The current study examines the impact of SUMO1 on processing

of the amyloid precursor protein (APP) leading to the production and deposition of the amyloid-
B (ApB) peptide. An /n vivo model of these pathways was developed by the generation of

double transgenic mice over-expressing human SUMOL1 and a mutant APP. The SUMO1-APP
transgenics displayed normal APP processing but, at later ages, exhibited increased insoluble AR
and plaque density accompanied by increased dendritic spine loss, more pronounced synaptic
and cognitive deficits. These findings suggest a potential impairment in AP clearance as opposed
to increased amyloid production. Examination of microglia indicated a reduction in the SUMO1-
APP transgenics which is a possible mechanism for the SUMO1-mediated increase in amyloid
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load. These findings suggest an indirect activity of SUMOL possibly in the removal of A plaques
rather than a direct impact on amyloid generation.
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1. Introduction

Small ubiquitin-related modifiers (SUMOs) are a group of polypeptides which can be linked
onto lysine residues of target proteins. The outcome of SUMOylation varies according to the
target protein and cell type which can result in changes to protein stability, activity, folding,
aggregation, and subcellular location (for reviews see, (Hannoun et al., 2010; Schorova

and Martin, 2016)). SUMOylation can also influence other post-translational modifications
such as ubiquitination and phosphorylation to promote novel protein-protein interactions and
degradation (Feligioni et al., 2015). With such a wide range of potential outcomes, it stands
to reason that protein SUMOylation may represent an important factor in diseases where
protein misfolding and aggregation are predominant features.

Alzheimer's disease (AD) is a progressive neurodegenerative disease characterized by
extracellular amyloid plaques and intracellular tangles. The neurofibrillary tangles are
composed primarily of a hyperphosphorylated form of the microtubule-associated tau
protein. The proteolytic processing of the amyloid precursor protein (APP) by p-amyloid
cleaving enzyme 1 (BACEL) and -y-secretase complexes generates various Ap peptide
fragments which assemble into soluble oligomers and fibrillar amyloid plaques (reviewed
in, (Andrew et al., 2016)). There are several mechanisms for Ap removal which include
proteolysis by neprilysin and insulin-degrading enzyme as well as phagocytosis and
clearance by activated microglia. It is thought that these clearance processes become
overwhelmed in AD and methods to increase their activity are being considered for potential
therapeutic development (Devi and Ohno, 2015; Michaud et al., 2013).

APP and tau have both been found to be SUMOylated which may affect protein processing,
aggregation and/or degradation (reviewed in (Feligioni et al., 2015)). Studies show increased
levels of free and conjugated SUMO1 in AD mouse models accompanied by elevated

Ubc9 and SENPL1 levels in both the cortex and hippocampus (Nistico et al., 2014; Yun et
al., 2013; McMiillan et al., 2011). This suggests increased SUMOL1 levels may exacerbate
AD pathology while other studies have demonstrated a potential protective effect for
SUMO2/3 against amyloid synaptotoxicity (Lee et al., 2014). A direct effect of SUMO1

on APP processing has been supported by studies where the /n7 vitro over-expression or
knockdown of SUMO2 was inversely correlated with AB levels (Li et al., 2003a). A
subsequent investigation identified two SUMOylation consensus sequences immediately
adjacent to the BACEL cleavage site suggesting that SUMO1 conjugation to APP may alter
processing due to steric hindrance (Zhang and Sarge, 2008). Furthermore, over-expression
of Ubc9 and SUMOL in APP expressing cells resulted in decreased levels of aggregated
AB. In contrast, other /n vitro studies reported an increase in AP processing exclusively by
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SUMO3 which was independent of conjugation and no changes were observed for SUMO1
or SUMO2 under similar conditions (Dorval et al., 2007a). In the current study, double
transgenic mice were generated to investigate further the links between amyloid pathology
and SUMOylation.

Transgenic animals expressing a mutant form of the human APP695 isoform (TJCRNDS)
which have an aggressive amyloid pathology were crossed with mice over-expressing human
SUMOL. No differences were observed in APP processing or the generation of Af peptides
in this mouse model. However, the SUMO1-APP double transgenic mice exhibited an
increase in insoluble AB and a correspondingly higher plaque load upon aging which
resulted in a decrease in dendritic spine density, impaired synaptic function and memory.
This increased amyloid pathology was associated with a reduction in the number of activated
hippocampal microglial cells which normally contribute to amyloid removal. These findings
suggest the SUMO1 may contribute to AP clearance and degradation as opposed to having a
direct impact on APP processing and amyloid production.

2. Materials and methods
2.1. Mice

All mouse work was approved by the Animal Care Committee of the University of Toronto
and the University Health Network in accordance with the regulations of the Canadian
Council on Animal Care, as well as the IACUC committee of Columbia University. SUMO1
overexpressing and the APP (TgCRNDS8) transgenic mice were generated as described
previously (Matsuzaki et al., 2015; Chishti et al., 2001). The SUMOL transgenics were
originally maintained on an FVVB background and, when crossed with TJCRNDS, mice
were maintained on a mixed C57BI6/C3H/FVB background. Correspondingly, TJCRND8
(C57BI6/C3H) were crossed to non-transgenic FVB mice to generate TQCRNDS control
mice on an identical background. Non-transgenic (Non-Tg) animals are the littermates of
TgCRND8 mice (APP+/-, APP-Tg). SUMO1 +/+ APP +/- double Tg (SUMO1-APP) mice
were produced from crosses of SUMO1+/+ (SUMO1-Tg) animals with APP+/- animals.
Both male and female mice were used in equal numbers at the 14 or 22 week time points
investigated. Genotyping was performed as described (Matsuzaki et al., 2015; Chishti et al.,
2001). Mortality was calculated as the percentage of mice found deceased in cages over a
period of approximately 24 months.

2.2. Electrophysiology and behavior

Basal synaptic transmission (BST), long term potentiation (LTP), contextual/cued fear
conditioning, and sensory threshold assessment were conducted as previously described
(Matsuzaki et al., 2015).

2.3. Protein extraction

Frozen half brains or dissected brain regions (cortex, hippocampus, cerebellum) were
weighed for whole protein extraction. Tissues (100 mg) were homogenized in 500 pl of
buffer containing 20 mM Tris, pH 7.4; 250 mM sucrose; 1 mM EDTA; 1 mM EGTA

and EDTA-free protease inhibitors (Sigma-Aldrich) followed by sonication. Homogenates
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were centrifuged for 5 min at 27,000g and supernatants collected. Protein quantification
was performed by Bradford assay (BioRad) using the microplate format, as per the
manufacturer's instructions. Readings were performed on a Spectra Max i3 (Molecular
Devices). Samples were diluted in homogenization buffer to 3 or 6 mg/ml concentration and
stored in an equal volume of Laemmli buffer at —80 °C.

2.4. Immunoblotting

2.5. ELISA

Samples (5-45 pg total protein) were run on 4-12% Novex trisglycine gels (Life
Technologies) and immunoblotting was performed as previously described (Satoh et

al., 2015). The antibodies used were: 1:1000 anti-Neprilysin (Millipore), 1:100 C1/6.1
(BioLegend), 1:1000 LC3 (NovusBiologicals NB600-1384), 1:2000 22C11 which detects
full length and secreted APP fragments (Millipore), 1:10,000 anti-Actin (Sigma-Aldrich),
1:1000 SUMOL1 (Cell Signaling Technology), 1:250 anti-SUMO2 (Life Technologies),
1:500 BACEL1 (ProSci Inc.). After washing HRP-conjugated anti-mouse (1:3000), anti-rabbit
(1:5000) or anti-goat (1:5000) was applied for 1 h at room temperature and bands were
visualized by enhanced chemiluminescence (ECL).

Using the hippocampal, cortical and cerebellar lysates described above both soluble and
insoluble forms of Ap40/42 and secreted APPB/WT were measured using commercially
available ELISA Kits (IBL international) as previously described (Satoh et al., 2015). Briefly,
the soluble AB40/42 is extracted from a 10% (w/v) tissue homogenate (20 mM Tris-HCI;
0.25 M sucrose; 1 mM EDTA/EGTA) using an equal volume of 4% diethylamine in 100 mM
NaCl. The insoluble amyloid is obtained by centrifugation (100,000g for 1 h) and extracted
by sonication using cold formic acid. Quantification of the endogenous murine Ap40/42 was
performed by ELISA (Invitrogen) as previously described (Satoh et al., 2015).

2.6. Immunohistochemistry and morphology

Brain hemispheres were fixed in 10% formalin (Sigma-Aldrich) overnight at 4 °C then
immersed in 70% ethanol. Serial sections (5 um) of paraffin embedded tissue were stained
for amyloid plaques using an Ap specific antibody (4G8, BioLegend). Plaque density

and morphological assessment of spine length and density were determined as previously
described (Satoh et al., 2015). Staining for microglia was performed using an anti-1bal
antibody (Wako Chemicals) at a 1:200 dilution. Sections were incubated with primary
antibody overnight at 4 °C after antigen retrieval by boiling in Tris EDTA buffer (10 mM
Tris, 2 mM EDTA, pH 9.0) for 10 min, peroxidase block in 3% H,0O, for 15 min and
blocking in 5% serum for 1 h at room temperature. Secondary HRP-conjugated anti-rabbit
antibodies (\Vector Laboratories) were applied for 1 h at room temperature followed by DAB
staining (Vector Laboratories) and sections were counterstained with hematoxylin. Images
were taken at 20 x magnification using an Axiovision Slide scanner. Three representative
sections of the same size per sample were analyzed using Volocity find objects by intensity
function and excluding objects < 20 pm.
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2.7. Statistical analysis

Values are presented as averages + standard error of the mean. Independent sample £test
was used to determine differences in plaque density, AB40 and AB42 ELISAs and secreted
APPB (SAPPB) ELISAs between SUMO1-APP and APP-Tg mice. Two-way ANOVA

and Sidak multiple comparisons post-hoc tests were used to determine the differences in
spine numbers and densities and dendritic length. ANOVA followed by post hoc analysis
(multiple comparisons was used for electrophysiology and behavioral studies. Analysis

of the microglia densities in the non-transgenic, SUMOL1 transgenic and SUMO1-APP
double transgenes utilized an independent two-tailed #test. Statistical analyses of the
mortality displayed by the APP and SUMOL1 transgenic lines were conducted using the
Comprehensive R Archive Network (CRAN Software) chi-squared tests that have previously
been employed for Kaplan-Meier plots (please see, https://cran.r-project.org/).

3. Results

3.1. Over-expression of SUMO1 does not alter APP processing

To determine if SUMO1 overexpression affects cleavage of the APP protein, the cortex,
hippocampus and cerebellum of 12-14 (onset of plaque pathology) and 22 (abundant plaque
pathology) week old APP-Tg and SUMO1-APP mice were examined. Immunoblotting for
SUMOL revealed that the SUMO1-APP mice not only overexpress SUMOZ1 monomers but
have abundant high molecular weight SUMO1 conjugates (Fig. 1A and Supplemental Fig.
S1). This was consistent with observations in over-expressing SUMO1 transgenic animals
and suggests that the same high levels of SUMOylated target proteins are maintained in

the SUMO1-APP double transgenics (Matsuzaki et al., 2015). No changes in the levels

of SUMO2/3 monomers or conjugates were observed in the APP-Tg or SUMO1-APP
transgenic animals (Fig. 1B).

Whole brain lysates from young (12 weeks) and old (22 weeks) mice were also assessed for
any changes associated with SUMOL over-expression. Probing with a monoclonal antibody
directed towards the APP C-terminal tail indicated comparable levels of full-length APP
(APP-FL) and the C-terminal fragment (APP-CTF; a/p cleavages) in both age groups

(Fig. 1C). Examination of the APP species in different brain regions revealed similar

levels of APP-FL protein in the cortex, hippocampus and cerebellum of the APP-Tg and
SUMO1-Tg mice (Fig. 1D). As with whole brain extracts, all of these regions also displayed
no significant changes in the APP-CTF levels as determined by quantitative immunoblot
analysis (Supplemental Fig. S2). Immunoblotting for the total secreted forms of cleaved
APP (sAPP) was also performed using an antibody directed towards an epitope in the APP
ectodomain. This indicated some variation in overall levels in the cortex, hippocampus and
cerebellum but no significant differences were observed between the APP-Tg and SUMO1-
APP transgenics (Fig. 1D, lower panel). Previous /n vitro investigations have indicated that
APP is modified by SUMOL1 in the presence of high levels of the Ubc9 ligase (Zhang

and Sarge, 2008). Immunoprecipitation was used to examine if similar SUMOylation of
APP occurs in the double transgenic mice. However, there was no indication of an APP-
SUMOL conjugated species in the mice over-expressing both proteins (Supplemental Fig.
S3). APP was also not identified as a SUMO1 target as determined by proteomic analysis

Neurobiol Dis. Author manuscript; available in PMC 2022 April 22.


https://cran.r-project.org/

1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Knock et al.

Page 6

of whole brain lysates from the SUMO1 over-expression animals (Matsuzaki et al., 2015).
Cumulatively, these findings suggest no major changes in the APP transgene expression or
its processing as a result of high expression levels of the human SUMOL1.

Intriguingly, SUMO1 over-expression had a significant positive impact on mortality rates

in APP-Tg mice. The majority of APP transgenic lines exhibit a high mortality rate that is
thought to be caused by spontaneous seizures (Palop et al., 2007; Del Vecchio et al., 2004).
This affects males in particular which display a highly aggressive behavior and have nearly
twice the mortality rate of females. The addition of a SUMO1 over-expressing allele reduces
the mortality in both genders of APP-Tg mice (Fig. 2). The effect is particularly notable and
reached statistical significance in males where there appears to be a dose-response related

to SUMOL over-expression. The mortality in the female APP-Tg mice was also reduced
when on the SUMOL background but the differences did not reach statistical significance. A
complete breakdown of the statistical analyses and p-values are presented in Supplemental
Table S1 and Fig. S4. The SUMOL1 over-expressing heterozygotes have the same low
mortality rates as our background strain (Non-Tg), suggesting that the modulating effect of
the SUMOL allele on mortality is only in the context of increased APP expression. The
mechanism(s) for this SUMO1-dependent decrease in the mortality of the APP transgenics
is potentially due to the modulation of the off-pathway non-amyloid pathology effects
related to APP over-expression (e.g., spontaneous nonconvulsive seizures (Palop et al.,
2007)).

To examine APP processing in more detail, extracts from dissected brain regions (cortex
and hippocampus) were assessed for their respective amounts of secreted APPB (SAPPB).
Quantitative ELISA analysis indicated there were no statistically significant differences
in secreted APPP (SAPPP) were found in the cortex or hippocampus from SUMO1-APP
transgenics as compared to animals expressing only the APP transgene (Fig. 3A, B).
Previous studies have indicated that SUMO1 can impact the expression levels of BACE1
(Yun et al., 2013). It was observed that BACEL in primary neuronal cultures was elevated
following Ap treatments which occurred in a SUMO1-dependent manner. This effect was
not dependent on SUMOylation of target proteins since conjugation-deficient mutants
(SUMO1-AA) induced comparable increases in BACEL.

To determine if similar events occurred in the transgenic mouse models, BACEL levels were
assessed by immunoblotting of whole brain extracts. However, no significant differences in
BACE1 were observed in the SUMOZ1-APP transgenics or the APP-Tg mice as compared

to non-transgenic animals (Fig. 3C). This observation is also consistent with a lack of
change in the secreted APPB ectodomain in the SUMO1-APP transgenics. The reasons for
these different observations are unclear but may be due to variations in cultured neurons as
opposed to /n vivo models.

It is possible that over-expression of APP may lead to issues with detecting small changes
in the levels of AP that may be induced in the SUMOL transgenics. To examine this further,
the endogenous murine AP (mMAR) was quantified in Non-Tg and SUMOL1 transgenics
(SUMO1-Tg) animals. Quantification of the mouse AP peptides by ELISA indicated there
were no significant differences between the Non-Tg and SUMO1-Tg mice for mAB40 or
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mAR42 (Fig. 3D, E). These findings are consistent with the lack of any discernable effect
of SUMOL1 over-expression on APP processing to generate Ap even under physiological
conditions.

In addition to changes in BACEL, it has also been reported that AR processing can

be increased via SUMO1-induced autophagy (Cho et al., 2015). It was shown that
overexpression of SUMOL in H4 cells resulted in increased cleavage to LC3-1l and

the formation of autophagosomes. The SUMO-mediated increase in autophagy was
accompanied by an elevation in AB40 levels by ~4-fold. The link between macroautophagy
and APP processing to generate AB has been supported by previous investigations (Haung
et al., 2005). However, examination of the LC3-I11 levels in the SUMO1-APP transgenics
indicated there was no significant increase in these animals as compared to APP transgenics
mice (Fig. 4A-B). Moreover, no difference was observed between SUMO1-Tg and non-

Tg animals (Fig. 4C). Quantitative analyses of these and additional samples revealed no
statistically significant differences in the levels of LC3-11 in the APP-Tg mice and the
SUMO1-APP transgenics (Fig. S5). This is consistent with the absence of any substantive
changes of AB levels in the SUMO1-APP mice. The reasons for these different observations
in terms of lack of BACEL and autophagic changes in the transgenic mice is unclear but may
be due to variations in cultured neurons as opposed to the /7 vivo models used in the current
study.

3.2. Overexpression of SUMOL increases amyloid deposition in APP transgenic mice

The level of amyloid pathology in the transgenics was determined by a combination of
immunohistochemistry with image analysis and ELISA-based quantification of the soluble
and insoluble Ap40/42. The amyloid plaque pathology in the SUMO1-APP and APP-Tg
transgenics was assessed at 14 and 22 weeks of age. The APP-Tg (TJCRNDS8) animals
typically begin to display amyloid deposition at ~12 weeks and, at the younger ages (14
weeks), there were no differences in the levels of soluble AB40 and AB42 extracted from
total brain lysates of the APP-Tg and SUMO1-APP animals (Fig. 5A). However, a decrease
in the insoluble AB40 and 42 was observed in the SUMO1-APP transgenics during this
early stage in the development of amyloid plaques (Fig. 5B). This variation may be due

to the small amounts of deposited A in this early stage of the pathology as shown by
immunohistochemistry (Supplemental Fig. S6). Examination of whole brain extracts at the
later time-point (22 weeks) revealed comparable levels of soluble and insoluble A with

a slight trend towards an increase in the insoluble AB42 in the SUMO1-APP transgenics
(Fig. 5C, D). Analysis of specific brain regions affected by amyloid pathology indicated no
significant differences in the AR levels from the cortex of the SUMO1-APP and APP-Tg
mice (Fig. 5E). One possible explanation for the lack of a change in cortical insoluble

AP as determined by ELISA is that the extent of the amyloid pathology has plateaued

at the 22 week period. However, differences in overall amyloid loads in the cortex of

the SUMO1-APP transgenes was detectable by immunocytochemical and image analysis
approaches (see below). However, a substantial increase in the insoluble Ap42 was observed
in the hippocampus of the SUMO1-APP animals (Fig. 5F). These findings suggest that the
SUMO1-APP double transgenics may have more extensive amyloid pathology as a result
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of elevated SUMOylation of targets in pathways related to APP processing and/or amyloid
clearance.

To examine the pathology in more detail, AR immunohistochemistry was used to assess
amyloid plaque density in both young and old animals. Staining of brain tissue from the

14 week old animals indicated only modest numbers of amyloid plaques for both groups of
animals (Supplemental Fig. S6). At the later ages (22 weeks), extensive numbers of plaques
were observed in the cortex and hippocampus of APP-Tg and SUMO1-APP mice (Fig.

6A, B). Quantification of the dense and diffuse plaques by image analysis indicated similar
levels in both the APP-Tg and SUMOZ1-APP transgenics at 14 weeks of age (Fig. 6C, D).
The diffuse amyloid refers to the halo of AB-positive material surrounding the dense core of
the plaque. Consistent with the immunohistochemistry, quantitative analysis of the stained
tissue from 22 week old animals indicated significantly increased amyloid loads (dense and
diffuse) in the cortex and hippocampus of the SUMO1-APP transgenics as compared to
APP-Tg only mice (Fig. 6E, F). The elevated levels of the amyloid deposits, particularly in
the hippocampus, of the SUMO1-APP transgenics at 22 weeks is also consistent with the
higher amount of insoluble Ap40/42 as determined by ELISA.

3.3. Defects in A clearance may result in increased plague density in SUMO1-APP
transgenic mice

In the absence of an observed increase in APP levels or APP processing, the increased
insoluble A and increased plague densities point to a potential failure of Ap clearance. One
possibility is a change in levels of the membrane-bound metallo-endopeptidase neprilysin
which is one of the main proteases involved in the degradation of AP aggregates (lwata

et al., 2000; Miners et al., 2008). However, no differences in neprilysin expression was
observed in whole brain lysates from the APP-Tg and SUMO1-Tg mice at 22 weeks of

age (Fig. 7A). Since higher amounts of aggregate Ap were seen in the hippocampus of the
SUMO1-APP animals, different brain regions were examined. The cortex and hippocampus
neprilysin levels were identical in the two groups as well as in the cerebellum where amyloid
pathology is not observed (Fig. 7B). The insulin degrading enzyme (IDE) has also been
identified a one of the primary protease capable of clearing AP aggregates and oligomers
(Qiu et al., 1998; Farris et al., 2003). Examination of IDE levels by immunoblotting
indicated there were similar levels in the APP-Tg and SUMO1-APP animals (Supplemental
Fig. S7). While neprilysin and IDE were unaffected, it is possible that other AB-degrading
proteases or clearance pathways could be impacted by the over-expression of SUMOL1 in the
APP transgenics.

Microglia-related pathways were also examined to determine if SUMO1 over-expression
impacted their role in amyloid clearance. Reactive gliosis was assessed and quantified
using the microglial marker Ibal. This indicated a significant decrease in the number of
Ibal + cells in the hippocampus of SUMO1-APP mice at 22 weeks of age as compared

to APP-Tg mice (Fig. 7C). A decrease in microglia cells was also seen in the cortex

of the SUMO1-APP animals but this did not reach statistical significance. Representative
immunohistochemistry of the Ibal + microglia indicates the reduced level of staining in
the hippocampus of the SUMO1-APP transgenics as opposed to the APP-Tg animals (Fig.
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7D, E). This reduced inflammatory response may also be a contributing factor to the higher
degree of amyloid pathology in mice over-expressing SUMOL.

Quantification of microglia was also investigated in the SUMO1 only transgenic which
indicated similar levels in both the hippocampus and cortex of these animals (Supplemental
Fig. S8). This suggests that the differences seen in the SUMO1-APP mice may be the result
of activation caused by the associated amyloid pathology. The prion cos-tet vector used

to over-express SUMOL is also active in microglia raising the possibility of higher levels

of expression in these cells in addition to neurons. The upregulation of SUMO1-related
pathways in the transgenic microglia may alter function under conditions of stress caused by
the amyloid pathology.

3.4. Overexpression of SUMOL1 decreases spine density in APP transgenic mice

Fibrillar AB in plagues can serve as a source of Ap oligomers through shedding (Knowles
et al., 2014). Oligomeric Ap is toxic to neurons, disrupts synaptic function, and leads

to widespread synaptic loss. Ap-mediated synaptotoxicity and synaptic loss leading

to cognitive impairments are significant features in APP transgenic mouse models of
Alzheimer amyloid pathology (Steele et al., 2014; Sclip et al., 2011). Dendritic spine
density and lengths were quantified in the APP-Tg and SUMO1-APP double transgenics
using Golgi staining similar to the approaches used in the SUMO1-Tg animals (Matsuzaki
et al., 2015). As we have reported previously, pyramidal neurons in the frontal cortex of
non-transgenic animals (apical and basal) on the same background strain have a total of
~2000 dendritic spines (Supplemental Fig. S9A, B (Matsuzaki et al., 2015)). As expected,
the APP-Tg and SUMO1-APP mice exhibited significantly reduced spine density (~70%
reduction) as compared to Non-Tg mice (Fig. 8A). The over-expression of SUMOL1 in

the brain, even in the absence of APP, results in changes in synaptic development that
leads to a failure in spine development and a decrease in density (Matsuzaki et al., 2015).
However, the synapses which are formed still display a sensitivity to amyloid toxicity and
the SUMO1-APP transgenics have a greater loss (~15-20) of spines than mice expressing
only the mutant human APP (Fig. 8B). The significant decreases in spine densities between
the APP-Tg and SUMO1-APP mice were observed for both apical and basal spines (Fig.
8C). This decrease was also consistently seen across most branch orders (Fig. 8D, E). The
surviving spines exhibited no differences in length or morphology (Supplemental Fig. S9C,
D). Cumulatively, these findings are consistent with the increase in Ap aggregates in the
SUMO1-APP mice which leads to more extensive synaptic loss.

3.5. SUMO1 overexpression worsens the impairment of synaptic function and memory in
APP transgenic mice

SUMOL1 over-expressing transgenic mice display a defect in synaptic function which results
in cognitive impairments based on contextual and cued fear conditioning (Matsuzaki et

al., 2015). Using the same approaches, comparisons between APP-Tg, SUMO1-APP and
Non-Tg mice were made to examine the effects of increased SUMOL1 levels when combined
with amyloid pathology. As reported previously, the APP-Tg mice have impairments in
basal synaptic transmission (BST) and LTP as compared to Non-Tg animals (Fig. 9A-C)
(Kimura et al., 2012; Jolas et al., 2002). The SUMO1-APP transgenics showed a more
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profound reduction in BST than APP-Tg mice. However, this defect was not associated with
a similar reduction in LTP as the APP-Tg mice has already a profound deficit in potentiation
compared to mice expressing only SUMO1 (Fig. 9B-C).

These changes in BST and LTP were also reflected in alterations in learning and memory
to different degrees in transgenic models. Contextual fear conditioning reflects hippocampal
and amygdala function. The three Tg groups including SUMO1, APP and SUMO1-APP
mice had clear defects in contextual and cued memory compared to the non-Tg group (Fig.
9D). Most importantly, cued fear conditioning, an associative behavioral test of amygdala
function, indicated substantial impairments in the SUMO1-APP double transgenic mice
(Fig. 9D), compared to APP-Tg mice and SUMO1-Tg animals. Sensory threshold analysis
(Supplemental Fig. S10) revealed no difference in response to stimuli between the groups
demonstrating no differences in animal capability to perceive the electric shock among
different groups of mice.

Taken together these results suggest that overexpression of the SUMOL1 transgene in APP-Tg
mice results in worsening of the basal neurotransmission without further deterioration of
LTP. This probably reflects a plateauing of the detrimental effects on synaptic plasticity by
concurrent overexpression of SUMO1 and APP transgenes. Most importantly, although the
SUMOL transgenics already exhibit learning and memory impairments, the introduction of
amyloid pathology in these animals resulted in a worsening of the phenotype with respect to
cued memory.

4. Discussion

SUMOylation and SUMO-related pathways have been linked to a number of
neurodegenerative disorders including Alzheimer and Parkinson disease, amyotrophic lateral
sclerosis (ALS), and Huntington disease (reviews see, (Dorval and Fraser, 2007; Lee et

al., 2013; Krumova and Weishaupt, 2013; Feligioni et al., 2013)). Several studies have
specifically demonstrated the involvement of SUMOylation in the neurofibrillary tangle
and amyloid and neurofibrillary tangle pathology which characterizes AD. Conjugation of
SUMOL to the tangle-related tau protein induces hyperphosphorylation and inhibits tau
degradation by the ubiquitin proteasome pathway (Luo et al., 2014). This connection is
supported by the observed co-localization of SUMO-immunoreactivity with phosphorylated
tau aggregates in transgenic mouse models (Takahashi et al., 2008). Several investigations
have also demonstrated a link between SUMO1 and SUMO?2 in the amyloid pathology

and APP processing pathways in AD. An initial /n vitro study revealed that reduced
SUMOylation or mono-SUMO2 conjugation resulted in increased Ap production (Li et

al., 2003a; Li et al., 2003b). In contrast, the SUMO2 K11R mutant which prevents
poly-SUMOylation caused a reduction in A levels. SUMOL1 has also been reported to

be conjugated to APP in cells over-expressing the E2 ligase, Ubc9 (Zhang and Sarge,
2008). This direct SUMOylation of APP negatively impacts processing leading to lower Af
levels. Similar investigations have reported conflicting findings with no effect of SUMOL1 or
SUMO2 on APP processing while SUMO3 appeared to specifically increase A, possibly
by altering APP substrate levels (Dorval et al., 2007b). However, SUMO3 did not affect
APP viadirect SUMOylation as similar increases in Ap could be achieved by the GG-AA
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conjugation-deficit mutants. The debate on the connections between SUMO and amyloid
pathology have expanded to investigate potential mechanisms to determine if direct or
indirect pathways are involved.

The current study examines the specific effects of SUMOL1 on APP processing, A
production and amyloid plaque pathology using /n vivo transgenic models. This was
achieved by cross-breeding a SUMO1 over-expressing transgenic with an aggressive model
of AD-related amyloid pathology (TgCRNDS8) (Matsuzaki et al., 2015; Chishti et al., 2001).
A modest increase in the insoluble Ap and plague densities were observed in the SUMO1-
APP double transgenic as compared to mice expressing only the human APP. This was
particularly evident in the hippocampus and cortex of older SUMO1-APP animals (22 weeks
of age and older). However, processing of the APP transgene was not dramatically altered as
evidenced by comparable levels of soluble AB40 and 42 and the secreted APP ectodomain
generated by B-cleavage, SAPPP. Previous /n vitro studies have indicated that SUMOL is
capable of increasing BACEL expression leading to elevated Ap levels (Yun et al., 2013).
However, changes in BACE1 protein levels were not observed in either the SUMOL1 or
SUMOL1-APP transgenic mice. This would be consistent with unaltered p-secretase cleavage
products, Ap and SAPP, in these animals. These findings suggest that the observed increase
in amyloid plague density was not primarily due to alterations in APP processing or A
production.

One possible explanation is a decrease in the clearance of AP aggregates which can occur
through transcytosis across the blood-brain barrier, proteolytic degradation or phagocytosis
by microglia [reviewed in (Bohm et al., 2015)]. Neprilysin is one of the main proteases
involved in AP degradation which is negatively regulated by the amyloid intracellular
domain (AICD/AID) generated by the -y-secretase complex (Pardossi-Piquard et al., 2005;
Pardossi-Piquard et al., 2006). A decrease in neprilysin could account for the increase plaque
density in the SUMO1-APP mice. However, this was not the case in our studies in which
we found that the levels were comparable with the APP-Tg animals. Similarly, the levels
of the other primary A proteases, insulin degrading enzyme (IDE), remained unchanged
in the SUMO1-APP double transgenics. Microglia also have the ability to clear fibrillar
AP by phagocytosis and large numbers activated cells are seen surrounding plaques (El
Khoury et al., 2007). This may be a factor in the transgenic animals as a decrease in the
number of microglia was observed, specifically in the hippocampus, of the SUMO1-APP
mice. Changes in microglia numbers were not observed in the SUMO1 only transgenic
(SUMO1-Tg) mouse model suggesting that the amyloid-related stress may be involved in
this process.

There are several lines of evidence connecting SUMOylation with microglia and
macrophage pathways. For example, SUMO conjugation to the IFN regulatory factor 8
(IRF8) is one of the steps in macrophage activation to trigger innate immune responses
(Chang et al., 2012). This is part of much wider effect of SUMO post-translational
modifications of nuclear receptors and the peroxisome proliferator-activated receptor-y
(PPAR-vy) which can repress the transcriptional regulation of several inflammatory response
genes (Pascual et al., 2005). SUMOQylation can also alter miRNA levels in lung macrophages
which can be rescued by blocking Ubc9 activity (Gross et al., 2014). In addition, SUMO1
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conjugation of the myeloid transcription factor, MafB, leads to an increase in macrophage
differentiation (Tillmanns et al., 2007). However, since this is a transgenic model it raises
questions as to whether or not the SUMOZ1 transgene will impact microglia by increasing
cellular expression.

SUMOL expression is driven by the prion (PrP) cos-tet promoter which is typically
considered to be a neuronal housekeeping gene and expressed at lower levels in astrocytes
(DeArmond et al., 1997). However, PrP expression in microglia has been shown to be
important for their activation as demonstrated by changes associated with superoxide
exposure (Brown et al., 1998). This was confirmed using transgenic models that express PrP
in multiple tissue types using the same cos-tet promoter as that in the SUMOL transgenic
mice (Race et al., 2000). Transgenics with wide expression driven by the cos-tet promoter
(Tg7-HaPrP) displayed high levels of microglia activation and retinal degeneration following
treatment with infections prions (Kercher et al., 2007). No effect was observed in transgenics
expressing PrP (Tg-NSE) under a neuron-specific promoter. These findings indicate that

the SUMO1 and SUMO1-APP transgenics generated with the prion cos-tet promoter are
expected to increase expression in microglia. This represents a potentially novel aspect of
SUMOL1 with respect to its involvement in amyloid pathogenesis.

AP aggregates and oligomers are associated with synaptic dysfunction and loss of

dendritic spines which results in the AD-related cognitive impairments. Our previous study
demonstrated that SUMOZ1 by itself has detrimental effects on spine development that
results in transgenics mice with inherent learning and memory problems, even without the
addition of Ap pathology (Matsuzaki et al., 2015). The current study has indicated that the
SUMO1-APP double transgenics display a worsening of the overall synaptic and behavioral
phenotypes with increased amyloid loads. Interestingly, the decrease in fEPSP slope was
slightly less than the decrease in total spine number. One possibility is that the presence of
a spine does not necessary mean that a synapse is at that level which would be in keeping
with the fact that functioning synapses are more than just the isolated spine. Alternatively, it
is possible that there is some compensation in the strength of the synapse when there are less
spines. Nevertheless, the findings that synaptic and behavioral phenotypes are worsened in
SUMO1-APP mice is relevant and consistent with the overall negative role of SUMOL1 onto
amyloid load.

While SUMOL appears to have a negative impact, SUMO2 can be beneficial with respect

to Ap toxicity and synaptic function. This was originally proposed following the observed
increase in SUMOZ2/3 conjugates after induction of LTP (Lee et al., 2014). Subsequent
studies revealed that by enhancing SUMOylation through an increase in Ubc9 levels or a
decrease in SENP were able to prevent Ap-mediated impairments in LTP and behavior.
Other studies have also indicated that SUMO?2 is neuroprotective and is elevated in response
to stress such as ischemic stroke and possibly mitigate some of the detrimental aspects of
these cellular insults (Lee and Hallenbeck, 2013; Wang et al., 2013; Datwyler et al., 2011).

Cumulatively, our findings indicate that SUMO1 does not have a major on APP processing
in the /n vivo transgenic model but may impact A clearance, possibly by altering
microglial activity. These findings also support the notion that maintenance of a constitutive
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degree of SUMOL1 conjugations is important for neuronal development and function. As a
consequence, increased expression or failure to de-conjugate SUMOL negatively impacts
a number of neuronal pathways, resulting in no effect or further worsening of pathology
in amyloid depositing animals. Intriguingly, SUMO2 may be more critical in a beneficial
response to AR insults and it would be of interest to determine if SUMO2 over-expressing
transgenes when crossed to APP mice result in the rescue of the AD-like phenotype.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Representative Western blots of (A) SUMO1 showing increased high molecular weight
conjugates in dissected brain regions of 22 week old SUMOZ1-APP and no significant
changes in APP-Tg mice. (B) SUMO?2 with long exposure to demonstrate no changes in

conjugates or monomers in dissected brain reg

ions from 22 week old mice. Similar levels

were observed for (C) APP full-length (APP-FL) and C-terminal fragments (APP-CTF)
from whole brains of 12 and 22 week old mice and (D) full-length APP and total secreted
APP (sAPP, lower panel) from 22 week old mice.
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Fig. 2.

M?:)rtality rates in SUMOZ1-APP mice. High mortality rates observed in the APP-Tg mice
were significantly decreased on the SUMOL +/+ and +/- backgrounds in male group.
Mortality of Non-Tg, SUMO1 +/- and SUMOL1 +/+ mice were also significantly decreased
compared to APP-Tg in both male and female groups. All data were analyzed by R (CRAN
Software) using chi-squared test. The p-values displayed on the figure are **, p < 0.01; ns,
not significant by chi-squared test.
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Fig. 3.

Quantification of secreted APPB (SAPPp) for 22 week old APP-Tg and SUMO1-APP
mice in the (A) cortex shows a slight but not significant elevation of B-secretase cleavage
and comparable levels were observed in (B) the hippocampus (N = 3-4/group). (C)
Immunoblotting for BACE 1 from total brain lysates (45 pg) from 22 week old indicted

that SUMO1-APP mice expressed comparable levels of the

protease as that observed in

APP-Tg and Non-Tg animal. HEK293 cells transiently transfected with BACE1 was used
as a positive control. (D, E) Quantification of the endogenous murine Ap40 and Ap42
(mAP40/42) indicated no significant differences between non-transgenic (Non-Tg) and the
SUMOL1 (SUMOL1-Tg) over-expressing animals (n = 5 mice/group).
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Fig. 4.
Autophagy in SUMOL1 over-expressing transgenics. (A) Immunoblotting indicated signals

for LC3-1 and not detectable LC3-11 in the APP transgenic (APP-Tg) or the SUMO1-APP
double transgenic animals (at 22 weeks of age). (B) Longer exposures of the immunoblots
did reveal the presence of small levels of LC3-11 but no major differences were observed

in the SUMO1-APP double transgenic animals. (C) Examination of the SUMO1 only
transgenics (SUMO1-Tg) also indicated no increases in autophagy as determined by LC3-I1
immunoreactivity as compared to non-transgenic (Non-Tg) controls (22 weeks of age).
Protein loading for APP-Tg and SUMO1-APP lysates was 45 pg/lane; Non-Tg and SUMO1-
Tg lysates were 60 ug/lane.
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Fig. 5.

Assessing soluble and insoluble Ap in SUMO1-APP mice. (A, B) Quantification of total
brain AB levels in APP-Tg and SUMO1-APP mice at 14 weeks of age for soluble and
insoluble AB40 and AB42. (C, D) Similar ELISA quantification at 22 weeks of age for
soluble and insoluble AB40 and AB42 showing modest increases in the SUMO1-APP mice
at later stages. (E, F) Quantification of A in different brain regions indicates a trend
towards increased levels in the cortex and significant increases in insoluble Ap42 in the
hippocampus of the SUMO1-APP mice. *p < 0.05, N = 3-4.
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Page 22

Amyloid pathology and plaque density in SUMO1-APP mice. (A, B) Representative anti-Ap
staining in 22 week old animals showing amyloid pathology in APP-Tg and SUMO1-APP
mice with hematoxylin counterstaining. (C, D) Quantification by image analysis of amyloid

plaque densities in younger mice (14 weeks of age) indicated comparable levels in the

APP-Tg and SUMO1-APP mice. (E, F) At later stages of pathology development (22 week),
significant increases in the dense and diffuse plaques in the cortex and hippocampus of the
SUMO1-APP double were observed. Scale bar = 500 um, *p < 0.05, **p < 0.01 N = 4-6.
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Fig. 7.

Ar%yloid degradation and clearance in SUMOZ1-APP mice. (A) Representative immunoblot
from whole brain lysates for neprilysin indicated comparable levels for APP-Tg, SUMO1-
Tg and Non-Tg mice. (B) Immunoblotting for neprilysin in different brain regions (cortex,
hippocampus, cerebellum) at 22 weeks of age yielded similar results. (C) Microglial
response was assessed by number of Ibal-positive (Ibal +) cells which were similar in

the cortex and significantly decreased in the hippocampus of the SUMO1-APP transgenics
(N =5-7,*p <0.05). (D,E) Representative immunostaining Ibal + cells in the hippocampus
of 22 week old APP-Tg and SUMO1-Tg mice. Scale bar is 200 pm.
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Morphological analysis of spines and dendrites in SUMOZ1-APP mice. (A) Total dendritic
spine counts of pyramidal neurons revealed significant decreases in APP-Tg and SUMO1-
APP transgenic animals as compared to Non-Tg mice. (B) Total dendritic spine counts in
the SUMO1-APP indicated a significant decrease to levels observed in APP-Tg mice. (C)
Apical and basal spine counts also displayed significant decreases in the 22 week SUMO1-
APP as compared to APP-Tg mice. (D, E) Apical and basal spine densities determined for
branch orders indicates a consistent decrease in the SUMO-APP mice. N = 3, *p < 0.05.
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Fig. 9.

S)?naptic and memory effects in SUMO1-APP mice. (A) Basal synaptic transmission

(BST) was reduced in APP-Tg mice compared with WT mice and SUMOL Tg mice. The
impairment was more profound in the SUMO1-APP double Tgs. N = 7-14, p < 0.001
comparing SUMO1-APP vs. non-Tgs. (B) Long-term potentiation (LTP) was reduced both
in SUMO1 and APP-Tg mice. SUMO1-APP double Tgs exhibited impairments similar to
those seen in single APP-Tg mice. N = 7-14, p < 0.001. (C) Quantification of the last 5

min of LTP recordings shown in B. (D) Contextual and cued fear conditioning demonstrated
impairments in SUMOQO1, APP and SUMO1-APP Tg mice. The impairments in SUMO1-APP
double Tg mice were more severe than in SUMO1-Tg and APP-Tg mice in the cued
conditioning task. (N = 7-14, p < 0.0005 for contextual conditioning and p < 0.0001 for
cued conditioning).
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