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ORIGINAL ARTICLE
Transient ischemia induces massive nuclear accumulation
of SUMO2/3-conjugated proteins in spinal cord neurons

Z Wang!?, R Wang!®, H Sheng!, SP Sheng!, W Paschen! and W Yang!

Objectives: The objective of this study is to determine whether transient spinal cord ischemia activates small ubiquitin-like modifier
(SUMO1-3) conjugation, a post-translational protein modification that protects neurons from ischemia-like conditions.

Methods: Mice were subjected to 8-12 min of spinal cord ischemia and 3-24 h of recovery using a newly developed experimental
model. To characterize the model, activation of stress response pathways induced after spinal cord ischemia, previously observed in
other experimental models, was verified by western blot analysis. Levels and subcellular localization of SUMO-conjugated proteins in
spinal cords were evaluated by western blot analysis and immunohistochemistry, respectively.

Results: Following transient spinal cord ischemia, stress responses were activated as indicated by increased phosphorylation of
eukaryotic initiation factor 2 (elF2a), extracellular signal-regulated kinases (ERK1/2) and Akt. SUMO1 conjugation was not altered,
but a selective rise in levels of SUMO2/3-conjugated proteins occurred, peaking at 6 h reperfusion. The marked activation of SUMO2/
3 conjugation was a neuronal response to ischemia, as indicated by co-localization with the neuronal marker NeuN, and was
associated with nuclear accumulation of SUMO2/3-conjugated proteins.

Conclusion: Our study suggests that spinal cord neurons respond to ischemic stress by activation of SUMO2/3 conjugation. Many of
the identified SUMO target proteins are transcription factors and other nuclear proteins involved in gene expression and genome
stability. It is therefore concluded that the post-ischemic activation of SUMO2/3 conjugation may define the fate of neurons exposed
to a transient interruption of blood supply, and that this pathway could be a therapeutic target to increase the resistance of spinal cord

neurons to transient ischemia.
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INTRODUCTION

Paraplegia resulting from spinal cord ischemia is the most debilitating
complication associated with thoracoabdominal aortic aneurysm
repair.! Various protective approaches have been proposed to
decrease the incidence and severity of spinal cord injury. These
include epidural cooling, distal aortic perfusion and cerebrospinal
fluid drainage.>™ To establish new approaches to protect the spinal
cord from ischemic damage, a better understanding of the various
processes triggered by an insufficient blood supply to the spinal cord
is required. The most promising strategy would be to activate
endogenous neuroprotective pathways before the surgical procedure
and thus, increase the resistance of spinal cord neurons to a transient
interruption of blood supply. The small ubiquitin-like modifier
(SUMO) conjugation pathway could be such a pathway that
protects cells from ischemic insults when activated.

SUMOI1-3 is a group of small proteins binding to lysine residues of
target proteins, thereby modulating their stability, activity and
subcellular localization. A large number of SUMO-conjugation target
proteins are transcription factors and other nuclear proteins involved
in gene expression and genome stability.>® Any substantial change in
levels of SUMO-conjugated proteins is therefore expected to have a
major impact on the fate of metabolically stressed cells.

We have shown that the SUMO2/3 conjugation pathway is
massively activated after both transient focal and global cerebral
ischemia.”® The pattern of changes in SUMO2/3 conjugation induced
by transient focal cerebral ischemia suggests that this is a protective
stress response shielding neurons from damage induced by a transient
interruption of blood supply. Changes are most pronounced in
neurons located at the border of the ischemia tissue where various
protective pathways are activated and a short non-lethal duration of
vascular occlusion was sufficient to markedly activate this pathway.”
However, although cortical neurons located at the border of infarcts
exhibit a dramatic post-ischemic activation of SUMO2/3 conjugation,
striatal neurons show only minor activation.” This suggests that the
SUMO conjugation pathway is not activated in all neurons exposed to
a transient interruption of blood supply.

Results from several studies suggest that, in the brain, SUMO
conjugation represents an endogenous-protective response in neurons
stressed by transient ischemia. Whether spinal cord neurons respond
to a transient ischemia by activating the SUMO conjugation pathway
has not yet been determined. In this study, we evaluated the effects of
transient spinal cord ischemia on SUMO conjugation. We used a
recently established mouse model in which the middle segment of
the thoracic aorta is cross-clamped via left lateral thoracotomy.’
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Animals were subjected to 8, 10, or 12min of spinal cord ischemia
followed by up to 24h of recovery. Following transient spinal cord
ischemia, a marked increase in levels and nuclear accumulation
of SUMO?2/3-conjugated proteins was observed. Considering the
neuroprotective effect of SUMO2/3 conjugation,'? this pathway
could be a new target for therapeutic intervention to increase the
resistance of neurons to a transient interruption of blood supply.

MATERIALS AND METHODS

The Duke University Animal Care and Use Committee approved this study.
Male C57Bl/6] mice (8-10 weeks old, 20-25g, Jackson Laboratories, Bar
Harbor, ME, USA) were fasted over night with free access to water. Spinal
cord ischemia was performed using a newly developed simplified model.”
In short, animals were anesthetized with isoflurane, the trachea was orally
intubated and both lungs were mechanically ventilated. Inspired isoflurane was
set to 1.8% during surgical preparation and ischemia. Rectal temperature was
controlled and maintained at 37.0%0.5°C. Mice were placed in the right
lateral decubitus position and an incision was made between the eighth and
ninth ribs to expose the thoracic aorta. Spinal cord ischemia was induced by
placing a small human aneurysm clip on the aorta at the level of T8. At the end
of the defined ischemia interval, the clip was removed, the wound was closed
and isoflurane was discontinued. Mice were continuously ventilated until
spontaneous respiration resumed. The trachea was extubated upon recovery of
the righting reflex.

For western blot analysis, animals were anesthetized with isoflurane and
euthanized, and spinal cords were excised, dissected and immediately frozen
in liquid nitrogen and stored at —80°C until the tissue was processed for
analysis. Lumbar segments were analyzed for ischemic changes, whereas T1-T6
segments were used as control. Frozen samples were weighed in the cold,
and proteins were extracted using lysis buffer composed of B-glycerophosphate
(50 mmoll~Y; pH 7.4), 1mmoll~! EDTA, 1mmoll~! EGTA, 0.5mmoll~!
Na;VO, and 2% SDS to block de-SUMOylation of SUMO-conjugated
proteins.!! To further reduce the risk of de-SUMOylation during protein
extraction, frozen samples were added to 10 volumes of lysis buffer and
immediately homogenized by a short sonication for 10s followed by heating
to 95°C for 10 min. Protein concentration of extracts was analyzed using the
BCA protein assay (Thermo Scientifig). Immunoblotting was performed using
4-15% or 10% SDS-PAGE gels (Bio-Rad). Bands were transferred to PVDF
membranes (Bio-Rad) and membranes were blocked for 1h in Tris-buffered
saline solution supplemented with 0.1% Tween 20 and 5% skim milk powder,
and incubated with the primary antibody for 16h at 4°C. The following
primary antibodies were used: rabbit anti-eukaryotic initiation factor 2 (eIF2or)
(#9722 Cell Signaling), rabbit anti-phospho elF2o. (#9721 Cell Signaling), rabbit
anti-extracellular signal-regulated kinases (ERK1/2) (#4695 Cell Signaling),
rabbit anti-phospho ERK1/2 (#4370 Cell Signaling), rabbit anti-Akt (#4691
Cell Signaling), rabbit anti-phospho Akt (Ser473; #4060 Cell Signaling) and
rabbit anti-SUMOI and anti-SUMO2/3 (dilution 1:1000; by courtesy of
Dr John Hallenbeck). Monoclonal antibodies against B-actin and GAPDH
(Sigma-Aldrich) were used as loading control. To quantify levels of SUMOI1-
and SUMO2/3-conjugated proteins, image analysis was performed using the
Image] program (Wayne Rasband, NIH). The high-molecular-weight area
in each lane, as indicated in Figure 2a—c, was cropped and analyzed. For
quantification, film background optical density was measured and subtracted
from SUMO conjugation optical density. Data are presented as means *s.d.
(fold increase vs control), with n=3-5 independent samples per group.
Statistically significant differences between control and experimental groups
were evaluated by ANOVA followed by Fisher’s protected least significant
differences test. A probability of 95% was taken to indicate significant
differences between the groups.

To evaluate changes in SUMO conjugation at the cellular level following
ischemia, animals were anesthetized with isoflurane and the lungs were
mechanically ventilated. Intra-aortic perfusion was performed using 10%
buffered formalin solution, and the lumbar segment of the spinal cord was
dissected, fixed overnight and immersed in 20% sucrose at 4 °C. Transverse
sections (20 um) were cut on a Leica cryostat. Immunofluorescence staining
was performed on free-floating sections. After overnight incubation at 4°C
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with a mixture of rabbit anti-SUMO2/3 (1:500) and mouse anti-NeuN
(1:500; MAB377, Chemicon), sections were incubated with Alexa Fluor
594-conjugated goat anti-rabbit IgG (1:500; Invitrogen) and Alexa Fluor
488-conjugated goat anti-mouse IgG (1:500; Invitrogeny) at room temperature.
DNA was stained with 4,6-diamidino-2-phenylindole in a mounting medium
(Santa Cruz Technology). Overview of whole sections was generated by
stitching together multiple images on an Axio Observer Z1 motorized
fluorescence microscope (Carl Zeiss Microlmaging). Confocal images were
captured on an LSM 510 confocal microscope (Carl Zeiss Microlmaging) using
a x40/1.3 oil objective.

We certify that applicable institutional and governmental regulations
concerning the ethical use of animals were followed during the course of this
research.

RESULTS
In the present study, we used a simple and reliable new animal model
to induce spinal cord ischemia in mice.® To characterize this model in
more detail and verify a pattern of stress responses similar to that
elicited in other well-established rabbit and rat models of spinal
cord ischemia, we evaluated post-ischemic changes in levels of
phosphorylation of the-alpha-subunit of the elF2¢,!> ERK1/2!* and
the serine-threonine kinase Akt.'* During reperfusion after 10 min of
ischemia, a marked increase in the levels of p-elF2a, p-ERK1/2 and
p-Akt was evident, whereas the levels of the total proteins did not
change (Figure 1). These data confirmed that three major pathways
activated in other spinal cord ischemia models are also activated in
our new mouse model.

To evaluate changes in SUMO conjugation following transient
spinal ‘cord ischemia, animals were subjected to 8, 10 or 12min of
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Figure 1 Characterization of the spinal cord ischemia model in mice.
Western blot analysis depicts the phosphorylation pattern of elF2a, ERK1/2
and Akt in the spinal cord of mice (two animals per group) subjected to
10min of thoracic aorta cross-clamping at the level of T8, and 30min or
3h of recovery (rec.). Lumbar spinal cord segments served as ischemia
samples, whereas T1-T6 segments served as controls. Tissue specimens
were processed for western blot analysis as described in detail in Materials
and methods. A monoclonal antibody against B-actin was used as loading
control.
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Figure 2 Transient spinal cord ischemia is followed by a marked increase in levels of SUMO2/3-conjugated proteins. Western blot analysis depicts the
pattern and summary of SUMO1 (a) and SUMO2/3 (b and c) conjugation in spinal cord samples. Spinal cord samples were taken and processed as
described in detail in Materials ‘and methods. Lumbar spinal cord segments served as ischemia samples, whereas T1-T6 segments served as controls.
Monoclonal antibody against GAPDH was used as loading control. The high-molecular-weight area in each lane, as indicated in a—c, was cropped and

analyzed. Quantification data are presented as meansts.d. (fold increase

vs control; n=3-5/group). ***P<0.001 (experimental group vs control);

(@) P<0.001 (24 h vs 3 h of reperfusion); (b) P<0.001 (24 h vs 6 h of reperfusion; ANOVA, followed by Fisher's PLSD test).

spinal cord ischemia followed by 3h of reperfusion, and levels of
SUMOI1- and SUMO?2/3-conjugated proteins were analyzed by
western blot. We did not find any major changes in levels of
SUMO1-conjugated proteins in spinal cords of animals subjected to
8-12min of ischemia and 3 h of reperfusion (Figure 2a) or in spinal
cords of animals subjected to 10 min of ischemia followed by 3, 6 or
24h of reperfusion (data not shown).

Levels of SUMO2/3-conjugated proteins were markedly increased
at 3h of reperfusion: 5.6 £ 0.09, 5.5+ 0.14 and 4.5 + 0.91-fold after 8,
10, or 12min of ischemia, respectively (Figure 2b; P<0.001 vs
control). The rise in levels of SUMO2/3-conjugated proteins was
associated with a decrease in levels of free SUMO2/3, from 100 *+ 7%
in control spinal cord segments to 54+ 5% (P<0.01 vs control),
58 5% (P<0.01 vs control) and 85+ 23% of control after 8, 10, or

12min of ischemia and 3h of recovery, respectively. The effects of
10min of ischemia and 3, 6, or 24h of reperfusion on levels of
SUMO2/3-conjugated proteins are shown in Figure 2c. Levels of
SUMO2/3-conjugated proteins rose 6.1 +0.44 (P<0.001 vs control),
6.6 +£0.81 (P<0.001 vs control) and 2.1 £+ 1.06-fold at 3, 6, and 24h
of recovery, respectively.

To evaluate post-ischemic changes in levels of SUMO2/3-conju-
gated proteins at the cellular and subcellular level, SUMO2/3
immunofluorescence staining was performed together with staining
for the neuronal marker NeuN (Figure 3). Experimental animals were
subjected to 10min of spinal cord ischemia and 6h of reperfusion.
SUMO2/3 immunoreactivity was confined to neurons as identified by
NeuN. In control spinal cord segments not affected by ischemia
(Figure 3g), SUMO2/3 immunoreactivity was confined to the

- |6
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Figure 3 SUMO2/3 immunoreactivity is found in spinal cord neurons, and a massive nuclear accumulation of SUMO2/3-conjugated proteins occurred after
transient spinal cord ischemia. Representative immunofluorescence staining depicts the pattern of SUMO2/3 conjugation in control spinal cord lumbar
segments (A) and ischemic (B) lumbar segments of a mouse subjected to 10min of ischemia and 6h of reperfusion. At the end of the experiment,
the spinal cord was perfusion fixed, and tissue sections were processed for immunofluorescence staining as described in detail in Materials and methods.
NeuN staining and 4,6-diamidino-2-phenylindole (DAPI) (blue) were used to identify neurons and nuclei, respectively. Spinal cord overview ((a) SUM02/3;
(b) NeuN; scale bar: 200 um) with magnification (insets; ventral horn). High magnification (c) derived from confocal microscopy (scale bar: 20 um).

cytoplasm of neurons. In spinal cord lumbar segments exposed to
transient ischemia, strong SUMO2/3 immunoreactivity was present in
the nuclei and, to a much less extent, in the cytoplasm of post-
ischemic neurons (Figure 3p). This suggests massive post-ischemic
nuclear accumulation of SUMO2/3-conjugated proteins.

DISCUSSION

Spinal cord ischemia is the most debilitating complication associated
with thoracoabdominal aortic aneurysm repair.! Here, we used a
recently developed experimental model of spinal cord ischemia to
investigate ischemia-induced changes in levels of SUMOI- and
SUMO2/3-conjugated proteins. Most of the experimental spinal
cord ischemia studies published so far have been performed on
rabbits or rats. Using a mouse model provides the significant
advantage that identified mechanisms of injury or protection from
injury can be verified in the respective genetically modified mice. The
stress responses triggered by a transient interruption of spinal cord
blood supply in rabbits and rats'>~'* are very similar to those we
observed in our new mouse model (Figure 1). This suggests that our
new model is reliable and that stress responses are not species
dependent.

To the best of our knowledge, this is the first study that investigates
global SUMO conjugation in the spinal cord. We found strong
SUMOI1 and SUMO?2/3 immunoreactivity in neurons (Figure 3, and
data not shown). In spinal cord astrocytes of the SOD1-G93A mouse
model of amyotrophic lateral sclerosis, the EAAT2 astroglial glutamate
transporter is cleaved by caspase-3, generating a proteolytic fragment
that is SUMO conjugated.!” This suggests that the SUMO conjugation
machinery is present in spinal cord astrocytes but most probably at a
much lower activity level than in neurons.

We found distinct differences in the pattern of SUMOI1 and
SUMO2/3 immunoreactivity in control and post-ischemic spinal
cord neurons. Whereas SUMO1 immunoreactivity did not change
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after ischemia as demonstrated by western blot analysis (Figure 2) and
immunofluorescence staining (data not shown), transient ischemia
triggered massive activation of SUMO2/3 conjugation (Figure 2) and
markedly changed the pattern of SUMO2/3 immunoreactivity from a
predominantly cytoplasmic staining in control neurons to strong
nuclear staining in post-ischemic neurons (Figure 3).

Many of the SUMO target proteins identified so far are nuclear
proteins involved in gene expression and genome stability.>¢
SUMOylation is involved in many of the processes activated in the
post-ischemic spinal cord. These include DNA damage repair,'®!
ubiquitin conjugation and proteasomal degradation of proteins,'®1?
NF-kB activation,2-2! hypoxia-inducible factor activation®>?3 and
oxidative stress.>»?> Therefore, the post-ischemic activation of
SUMO2/3 conjugation is highly likely to have a major impact on
the fate of post-ischemic neurons. Furthermore, several SUMO target
proteins have important acute effects on neuronal functions.?® Such
proteins include the mRNA-binding protein La,?’ the kainate receptor
subunit GluR6?® and the potassium channel Kv1.5,2 suggesting a role
for SUMO conjugation in ion fluxes and neuronal excitability.

Various cellular stress conditions activate SUMO2/3 conjugation,
including metabolic, genotoxic, oxidative and thermal stress,
implying that this post-translational protein modification is a global
stress response. Neurons are extremely sensitive to ischemia-like
conditions when SUMO?2/3 conjugation is blocked by silencing
their expression.!” This finding provides further evidence that the
post-ischemic activation of SUMO2/3 conjugation is a protective
stress response that helps cells to better withstand a severe form
of stress. Genetically manipulated animals are now required to
verify the role of SUMO2/3 conjugation in post-ischemic neurons
and to identify the SUMOylated proteins. Transgenic mice over-
expressing the SUMO-conjugating enzyme Ubc9 are partially
protected from ischemia-induced damage.31 However, Ubc9 also
has SUMO conjugation-independent functions.??> Transient ischemia
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experiments on SUMO knockout animals will provide important
information on the role of SUMO paralogues in the recovery of
neurons from ischemic stress. SUMO transgenic animals may help us
to identify the proteins that are SUMO conjugated after, but not
before, ischemia. Such investigations will be integral to unraveling the
mechanisms by which SUMO conjugation imparts neuroprotection.

In conclusion, results from this study provide evidence that the
SUMO2/3 conjugation pathway is massively activated in post-
ischemic spinal cord neurons in our new mouse model. The SUMO
conjugation pathway could then be a promising target for the
development of preventive and therapeutic strategies to improve
outcomes following an ischemic event in the spinal cord.
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