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Abstract

Cerebral ischemia—reperfusion increases intraneuronal levels of ubiquitinated proteins, but the factors driving ubiquitina-
tion and whether it results from altered proteostasis remain unclear. To address these questions, we used in vivo and in vitro
models of cerebral ischemia—reperfusion, in which hippocampal slices were transiently deprived of oxygen and glucose
to simulate ischemia followed by reperfusion, or the middle cerebral artery was temporarily occluded in mice. We found
that post-ischemic ubiquitination results from two key steps: restoration of ATP at reperfusion, which allows initiation of
protein ubiquitination, and free radical production, which, in the presence of sufficient ATP, increases ubiquitination above
pre-ischemic levels. Surprisingly, free radicals did not augment ubiquitination through inhibition of the proteasome as previ-
ously believed. Although reduced proteasomal activity was detected after ischemia, this was neither caused by free radicals
nor sufficient in magnitude to induce appreciable accumulation of proteasomal target proteins or ubiquitin—proteasome
reporters. Instead, we found that ischemia-derived free radicals inhibit deubiquitinases, a class of proteases that cleaves
ubiquitin chains from proteins, which was sufficient to elevate ubiquitination after ischemia. Our data provide evidence
that free radical-dependent deubiquitinase inactivation rather than proteasomal inhibition drives ubiquitination following
ischemia—reperfusion, and as such call for a reevaluation of the mechanisms of post-ischemic ubiquitination, previously
attributed to altered proteostasis. Since deubiquitinase inhibition is considered an endogenous neuroprotective mechanism
to shield proteins from oxidative damage, modulation of deubiquitinase activity may be of therapeutic value to maintain
protein integrity after an ischemic insult.
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Introduction

Stroke is the second leading cause of death worldwide and a
major cause of disability for which therapeutic interventions
are very limited [1]. Most strokes result from embolism or
thrombosis leading to occlusion of a major cerebral artery
(ischemic stroke) [2]. While early reperfusion by intrave-
nous thrombolysis or mechanical thrombectomy ameliorates
stroke outcome [3], only a minority of patients can benefit
from these interventions due to exclusion criteria, fear of
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hemorrhagic complications, or, in the case of thrombectomy,
lack of specialized resources [4, 5]. Approaches to modulate
the cellular and molecular events underlying ischemic cell
death would be highly desirable for stroke therapy or as an
adjuvant to reperfusion, but a deeper understanding of these
events is needed to assess their therapeutic potential [1, 6, 7].

Ubiquitination is an ATP-dependent process that supports
cell homeostasis either by promoting protein degradation
by the 26S proteasome [8, 9] or by regulating intracellular
signaling through non-degradative protein modifications
[10, 11]. Cellular stressors, such as reactive oxygen spe-
cies (ROS), increase protein ubiquitination, which can be
either adaptive or maladaptive in nature. On the one hand,
reduction in proteasomal activity may result in maladap-
tive ubiquitination that alters proteostasis and jeopardizes
cell survival [12—15]. On the other hand, increased ubiqui-
tination resulting from elevated ubiquitin gene expression
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[16, 17], activation of ubiquitin conjugases and ligases
[18, 19], or reduction in deubiquitinase (DUB) activity
[20-22] may promote cell survival by engaging beneficial
stress-response pathways [22-24]. It is well established
that cerebral ischemia—reperfusion leads to elevation of
Triton-insoluble ubiquitinated proteins in neurons, which
may represent aggregates or inherently detergent-insoluble
proteins [25-28]. However, little is known about the mecha-
nisms driving ubiquitination and its adaptive or maladaptive
nature. Identifying the factors involved may provide new
insights into post-ischemic protein function and/or degrada-
tion, and may create opportunities for the development of
new stroke therapies.

Here, we used in vivo and in vitro models of
ischemia—reperfusion to investigate the contribution of key
determinants of intracellular ubiquitination that are altered
by cerebral ischemia: ATP [29], ROS [30, 31], and pro-
teasomal activity [26, 32-35]. We found that recovery of
ATP synthesis at reperfusion is essential for initiating post-
ischemic ubiquitination, and that, in presence of sufficient
ATP, ROS are necessary and sufficient for ubiquitination.
Furthermore, contrary to previous belief, the accumulation
of ubiquitinated proteins after ischemia was not triggered
by failure of proteasomal degradation, but by suppression of
DUB activity mediated by ROS. These findings demonstrate
for the first time a role of DUB inhibition in post-ischemic
ubiquitination, which may represent a protective cell stress
response with potential therapeutic implications.

Materials and methods
Mice

All procedures were approved by the Weill Cornell Medicine
Institutional Animal Care and Use Committee (IACUC), and
were executed according to IACUC, NIH, and ARRIVE
guidelines (https://www.nc3rs.org/ARRIVE).

Middle cerebral artery occlusion (MCAO) model
of focal ischemia

MCAO was induced using the intraluminal filament model,
as previously described [26, 36]. Briefly, 9-10 weeks old
C57B16/] WT male mice (Jackson Laboratories, Bar Har-
bor, ME) were anesthetized using isoflurane. A 6—0 nylon
blunted monofilament was inserted into the right external
carotid artery before it was advanced through the internal
carotid artery to obstruct the MCA. The right common
carotid artery was simultaneously ligated. The filament was
left in place for 40 min (ischemic period), after which it
was removed to induce reperfusion. Cerebral blood flow
was monitored using a transcranial laser Doppler flowmeter
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(Periflux System 5010; Perimed Inc, Ardmore, PA), and
MCAO was considered successful in animals with > 85%
flow reduction during the ischemic period and > 80%
increase within the first 10 min of reperfusion. During the
procedure, body temperature was maintained at 37 °C. After
surgery, mice were placed in clean temperature-controlled
cages with free access to food and water. For sham surgery,
vessels were visualized and cleared of connective tissue, but
no further manipulations were made.

Isolation and culturing of organotypic hippocampal
brain slices

Organotypic hippocampal slices were prepared according
to the method of Stoppini et al. [37] as previously described
[38]. Briefly, hippocampi from 4 to 5 days old C57B16/J WT
male mice were dissected with sterilized surgical blades in
dissection medium [1xHBSS with Ca?*/Mg**/Phenol Red
(Thermo Fisher Scientific, Waltham, MA), 10 mM glucose,
25 mM Hepes pH7.4 (MediaTech Inc, Manassas, VA)] and
subsequently cut into 350 puM-thick coronal sections with a
Mcllwain tissue chopper (Vibratome Company, St. Louis,
MO). Slices were transferred onto Millicell CM membrane
inserts (0.4 uM pore size, EMD Millipore, Burlington, MA)
placed in 6-well plates (Greiner Bio-One, Kremsmuenster,
Austria) containing 1 ml culture medium [2 parts MEM
(MediaTech Inc), 1 part 1xHBSS, 1 part heat-inactivated
horse serum (Atlanta Biologicals, Flowery Branch, GA),
10 mM glucose], and maintained in a humidified chamber
flushed with 5% CO, at 37 °C. Experiments were carried out
on 12-13 days in vitro (DIV).

Oxygen-glucose deprivation (OGD) of hippocampal
brain slices and Neuro2a cells

Hippocampal slices were pre-incubated for 30 min in BSS
buffer (125 mM NaCl, 5 mM KCIL, 1.2 mM Na,PO,, 26 mM
NaHCO;, 1.8 mM CaCl,, 0.9 mM MgCl,, and 10 mM Hepes
pH 7.4) supplemented with 10 mM glucose. Then, slices
were placed in deoxygenated BSS buffer without glucose
and transferred into an anaerobic chamber (Billups-Rothen-
berg, San Diego, CA) flushed with 95% N, and 5% CO,. The
sealed chamber was incubated at 37 °C for 45-60 min, after
which cultures were removed and placed in BSS buffer with
glucose for reperfusion for up to 2 h or in culture medium for
longer reperfusion times. Control cultures were incubated
in BSS in the presence of 10 mM glucose for the duration
of the experiment. In certain experiments, reperfusion was
either carried out in the presence of oxygen, but without
addition of glucose, or in the presence of glucose under
anaerobic conditions. To control for viability of slices and
efficacy of OGD, a set of slices was assessed by propid-
ium iodide staining (2.5 pg/ml, Sigma-Aldrich, St. Louis,
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MO) before and 24 h after OGD. Inhibition of E1 activity
was achieved through addition of PYR41 (50 uM; Sigma-
Aldrich; vehicle 0.2% DMSO) to hippocampal slices at onset
of OGD and during reperfusion.

Neuro2a cells (CCL-131) were obtained from the ATCC
(Manassas, VA) and grown in DMEM (MediaTech, Manas-
sas, VA) containing 10% FBS (Atlanta Biologicals, Flowery
Branch, GA). OGD was performed as described for tissue
slices, but for a duration of 5-6 h.

Isolation and detection of Triton-insoluble
ubiquitinated and proteasome-target proteins

Organotypic hippocampal slices (six slices pooled/sample)
were removed from Millicell inserts with a sterile metal
scraper and homogenized with ice-cold homogenization
buffer [15 mM Tris—HCI pH 7.6, 250 mM sucrose, | mM
MgCl,, 2.5 mM EDTA, 1 mM EGTA, 1 mM Na;VO,, 5 mM
NaF, 20 mM phenylphosphate, 20 mM N-ethylmaleimide,
1 mM DTT, and 1 X protease inhibitors (Roche Applied
Sciences, Indianapolis, IN)]. Triton X100-resistant proteins
were isolated by sequential centrifugation with increasing
Triton X100 and KCI concentrations as previously published
[26, 39, 40]. Lysates were mixed with SDS-sample buffer
(62 mM Tris—HCI pH6.8, 10% glycerol, 2% SDS, bromo-
phenol blue, and 50 mM DTT), loaded on 4-12% gradient
SDS-PAGE (Thermo Fisher Scientific) and screened for the
absence and presence of high-molecular-weight ubiquitin by
Western Blotting with anti-ubiquitin antibody (clone ubi-1,
Thermo Fisher Scientific), as well as anti-ubiquitin Lys*3-
(clone Apu2, EMD Millipore) and Lys®- (clone D7A11,
Cell Signaling Technology, Danvers, MA) specific antibod-
ies. GIuN1, Shank, and B-actin protein levels were assessed
with anti-GluN1 (clone N308/48, BioLegend, San Diego,
CA), anti-pan Shank (clone N23B/49, BioLegend), and anti-
p-actin (clone AC-15, Sigma-Aldrich) antibodies.

Determination of post-ischemic ATP levels

For ATP measurements, six slices pooled/sample were
scraped off the culture insert, dissolved in 2% trichloroacetic
acid (TCA), and placed on ice for 30 min. The lysates were
made pH neutral by addition of 3vol 0.5 M Tris—acetate
pH7.8 and stored at — 80 °C. ATP content in pmol/mg was
measured with the Molecular Probes ATP determination kit
(Thermo Fisher Scientific) according to the manufacturer’s
instructions.

Detection of E1 enzyme-ubiquitin thioester bonds
Hippocampal brain slices (six pooled slices/sample) was

harvested in thiol-stabilizing buffer [5 mM Tris—HCI pH7.8,
8.7 M urea, 1% Igepal CA-630, 3 mM EDTA, 1 X protease

inhibitors (Roche Applied Sciences)], and lysed on ice for
15 min. Samples were sonicated for 10 s and centrifuged at
13 krpm for 15 min at 4 °C. After determination of protein
concentrations with the Bio-Rad protein assay (Bio-Rad
Laboratories, Hercules, CA), 20 ug total protein solution
was mixed with SDS and glycerol to obtain 2.5 and 13%
end-concentrations, respectively. Samples were boiled for
5 min and separated under non-reducing conditions on 7%
SDS-PAGE followed by Western blotting with anti-Ubel
(clone EPR14204(B), Abcam, Cambridge, UK) antibody. As
a control, samples were reduced by addition of 50 mM DTT.

In vitro labeling of E1 enzymes with ubiquitin/DHA

This procedure was essentially performed as developed in
[41]. Briefly, hippocampal slices (12 pooled slices/sample)
were harvested in ice-cold 50 mM Tris—HCI pH 7.5, 5 mM
MgCl,, 250 mM sucrose, ] mM DTT, 1 X protease inhibi-
tors, by douncing in a glass homogenizer and subsequent
sonication for 10 s. Protein concentration in clarified lysates
was measured with Bio-Rad protein assay. For E1-ubiqui-
tin/DHA-binding reactions, 25 pg lysates were incubated
with 0.5 pg ubiquitin/DHA (UbiQ Bio BV, Amsterdam,
The Netherlands) in labeling buffer (50 mM Hepes pH7.5,
100 mM NaCl) in the presence of ATP/MgCl, (10 mM each
at onset of reaction and 1 mM each every 20 min after) with
or without 2units apyrase (Sigma-Aldrich) at 37 °C for 1 h.
Reactions were stopped by addition of SDS-sample buffer.
Samples were resolved on 4-20% gradient SDS-PAGE
(Thermo Fisher Scientific), and E1 enzymes and ubiquitin
were detected by Western Blotting with anti-Ubel and anti-
ubiquitin antibodies, respectively.

Inhibition, induction, and measurement of ROS
production in hippocampal brain slices and Neuro2a
cells

The ROS scavengers MnTBAP or 4-hydroxy-Tempo (both
Sigma-Aldrich) were added to slice (1 mM) or Neuro2a
(250 pM) experiments 30 min prior to OGD, as well as
during ischemia and reperfusion. For MnTBAP, vehicle
was 100 mM Tris pHS, for 4-hydroxy-Tempo vehicle was
ddH,0. ROS production was induced by addition of hydro-
gen peroxide (H,O, 1 mM in slices and 500 uM in Neuro2a,
Sigma-Aldrich; vehicle ddH20) or xanthine/xanthine oxi-
dase (X/XO, 600 uM/60 U in slices, EMD Millipore; vehi-
cle 1 mM NaOH) for 60 min. To measure ROS production,
slices were incubated with dihydroethidium (DHE) (50 uM,
Thermo Fisher Scientific) for 60 min and then monitored in
the Texas-Red filter (Ex/Em 518/605 nm) of a Nikon Eclipse
TE2000 inverted fluorescence microscope (Nikon, Tokyo,
Japan). Images were acquired with a 2 X objective using
identical acquisition parameters. Hippocampal CA regions
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were visually identified, and DHE fluorescence was recorded
using IPLab software version 3.9.3 (Scanalytics, Milwaukee,
WI) and quantified in Fiji [42].

Measurement of proteasomal catalytic activity
with fluorogenic peptides

Tissue slices (six pooled slices/sample) were lysed in ice-
chilled buffer containing 20 mM Tris—-HCI pH7.5, 1 mM
MgCl,, 1 mM EDTA, and 1 mM DTT. Lysates were cleared
by centrifugation and protein concentration was measured
with the Bio-Rad protein assay. Chymotryptic, tryptic, and
caspase-like proteasomal activities were determined in
lysates by cleavage of amino-4-methylcoumarin (AMC)
from fluorogenic peptide substrates Suc-LLVY-7-AMC, Ac-
RLR-AMC, and Z-LLE-AMC (all Boston Biochem, Cam-
bridge, MA), respectively. 20 ug total protein was pre-incu-
bated at 37 °C for 2 min before addition of 10 uM substrate
peptides. Thereafter, AMC fluorescence was continuously
measured for 1 min at 37 °C using an Ex/Em 380/460 nm fil-
ter set on a F-2500 fluorescence spectrophotometer (Hitachi,
Tokyo, Japan). AMC fluorescence generated over time was
considered directly proportional to proteasomal catalytic
activity in samples. Verifying functionality of the assay,
addition of 10 uM proteasome inhibitor lactacystin (Boston
Biochem) to the reaction completely inhibited generation
of AMC fluorescence. Changes in proteasomal activities
in slices after ischemia, after induction of ROS production
with H,0, or X/XO, or after treatment with the proteasome
inhibitor epoxomicin (Boston Biochem) were calculated
relative to control conditions.

Assessment of proteasomal activity with UPS
reporters in hippocampal brain slices

Hippocampal slices were transduced at DIV 1 with adeno-
associated virus 2/1 (AAV2/1) expressing the GFP-based
UPS reporter Ub-R-GFP [43] as well as a control mCherry
reporter under the neuron-specific Synapsin 1 promoter
(AAV2/1-Syn1-Ub-R-GFP-polyA-Synl-mCherry-WPRE,
0.5 pl, virus titer 1.65 X 1010/pl, SignaGen Laboratories,
Rockville, MD). At DIV12, fluorescence intensities were
monitored from the same slice at baseline (control) and after
OGD and 6 h reperfusion using a Nikon Eclipse TE2000
microscope equipped with a 2 X objective. Where indicated,
10 uM proteasome inhibitor epoxomicin was added during
OGD and reperfusion. Pictures were acquired with a charge-
coupled device using identical acquisition parameters. Hip-
pocampal CA regions were visually identified, and GFP rela-
tive to mCherry fluorescence was quantified using IPLab
software version 3.9.3 (Scanalytics, Milwaukee, WI) and
Fiji [42]. Stable detection of mCherry fluorescence was used
as indicator for successful viral delivery and slice viability
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after OGD. Slices in which mCherry fluorescence decreased
with OGD/6h reperfusion were omitted from quantification.

Detection of proteasomal activity with UPS
reporters in mice

Three-weeks old male C57B16/J mice were injected with
6x200nL AAV2/1-Syn1-Ub-R-GFP-polyA-Syn1-mCherry-
WPRE (virus titer 1.65x 10'%/ul) or AAV2/1-Syn1-GFPu-
polyA-Syn1-mCherry-WPRE ([44], virus titer 1.13 x 10'%
ul, both SignaGen Laboratories) at six different positions.
Mice were anesthetized using isoflurane, fixed in a stere-
otaxic frame, and injected with a Hamilton syringe (10 pl,
33G, Hamilton, Reno, NV) mounted on a micro-injector
device (UltraMicroPump, World Precision Instruments,
Sarasota, FL). The stereotaxic arm holding the injector
was angled at 30° on the right side of the animal. Two
burr holes were drilled at 3.5 mm lateral, 0.3 mm caudal
from bregma and 4.0 mm lateral, and 0.5 mm rostral to
bregma. For each burr hole, injections were performed at 3
depths: +2.00 mm, + 1.2 mm, and + 0.8 mm from the surface
of the cortex. Viral expression was readily detected after
6 weeks, after which MCAO experiments were performed.
Where indicated, the proteasome inhibitor Bortezomib
(BZ, 50 ug/8 uL, BioVision, Milpitas, CA) or vehicle (25%
DMSO) was administered intracerebroventricularly at 2 mm
lateral, 0.5 mm caudal to bregma, and a depth of +2.25 mm.
After 16 h reperfusion, animals were transcardially perfused
with 4% paraformaldehyde/1 X PBS. Following perfusion,
brains were removed and incubated overnight at 4 °C in 4%
paraformaldehyde/1 X PBS, and then in 20% sucrose/1 X PBS
until they reached equilibration (approximately 24 h). Brains
were sectioned using M-1 Embedding Matrix (Thermo
Fisher Scientific) on a Leica CM3050S cryostat (Wetzlar,
Germany). 30 um coronal sections were obtained at 200 um
intervals and subsequently stained overnight at 4 °C with
Vectashield HardSet antifade mounting medium with
DAPI (Vector Laboratories, Burlingame, CA). Images were
acquired with a 10 X objective on an Olympus IX83 inverted
microscope (Tokyo, Japan) using filter sets for DAPI (Ex/
Em 358/461 nm), FITC (Ex/Em 495/519 nm) and Texas-Red
(Ex/Em 589/615 nm).

Manipulation and measurement of DUB activity

DUB activity was determined with the fluorogenic peptide
ubiquitin-AMC (Boston Biochem). Samples (three pooled
slices/sample) were lysed by douncing in 20 mM Tris—HCI
pH7.5, 1 mM MgCl,, and 1 mM EDTA, and cleared by
centrifugation. 1-5 pg total protein was incubated with
0.5 uM substrate peptide in 200 pl lysis buffer for 1 min at
37 °C and release of AMC from the substrate was meas-
ured with a 345/445 nm filter set on a F-2500 fluorescence
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spectrophotometer (Hitachi, Tokyo, Japan). Addition of
20 mM DUB inhibitor N-ethylmaleimide (NEM; Santa
Cruz Biotechnology, Dallas, TX) completely inhibited the
increase in AMC fluorescence, attesting to the specificity
of the assay. Alternatively, DUB activity was measured
using the probe Cy5-Ub-PA (UbiQ Bio BV), which cova-
lently links to active DUBs. 25 ug total protein was mixed
with 1 uM Cy5-Ub-PA in 25 pl lysis buffer and incubated
for 30 min at 37 °C. The reaction was stopped by addition
of SDS-sample buffer+ 50 mM DTT. Samples were run
on 4-12% SDS-PAGE and proteins were transferred onto
PVDF membranes (EMD Millipore). Cy5 labeled-protein
bands were visualized using the near infra-red 685 nm laser
on an Odyssey CLx imager (LI-COR Biosciences, Lincoln,
NE). To reduce intracellular DUB activity, Neuro2a cells (20
and 30 uM; 60 min; vehicle 0.1% DMSO) and hippocam-
pal slices (3 mM; 120 min; vehicle 0.6% DMSO) were
exposed to the broad-spectrum DUB inhibitor PR-619 [45]
(Sigma-Aldrich).

Statistical analysis

Statistical significance between multiple groups was
assessed by one-way ANOVA followed by Bonferroni post
hoc test. Two group comparisons were analyzed by the two-
tailed, unpaired Student’s 7 test. P values of <0.05 were con-
sidered statistically significant. All analyses were performed
using Prism 8 (GraphPad Software, San Diego, CA) and data
are presented as mean + SEM.

Results

Recovery of ATP levels at reperfusion enables
ubiquitination after ischemia

Increased post-ischemic ubiquitination is only detected dur-
ing reperfusion, but not during ischemia [25-27]. First, we
sought to determine whether during ischemia ubiquitina-
tion comes to a halt because of a lack of ATP, an essential
driver of ubiquitination [46]. To this end, we first examined
ATP and ubiquitination levels in organotypic hippocampal
slices subjected to oxygen—glucose deprivation (OGD), an
in vitro model of cerebral ischemia [37, 38]. During OGD,
ATP levels significantly dropped correlating with absent
ubiquitination (Fig. 1a). After re-establishing oxygen and
glucose, to simulate the return of blood flow (reperfusion),
ATP levels were partially restored, which was associated
with increased ubiquitination (Fig. 1a). If either glucose or
oxygen was absent during reperfusion, ATP levels remained
low and ubiquitination did not occur (Figs. 1b, c). These data
indicate that there is a correlation between ATP levels and
ubiquitination during OGD with reperfusion.

To provide further insight into the ATP requirement for
ubiquitination after ischemia, we examined binding of ubiq-
uitin to the E1 ubiquitin-activating enzyme, which form an
ATP-dependent thioester to initiate protein ubiquitination
[46]. Control and OGD-treated slices after O and 60 min of
reperfusion were harvested under non-reducing conditions
to enable detection of the E1 thioester adduct with ubiqui-
tin. The E1—ubiquitin thioester band (E1 + Ub) was readily
detected in control slices and after OGD followed by 60 min
of reperfusion, but was less abundant without reperfusion
(Fig. 1d), when ATP is low and there is no ubiquitination
observed (Fig. 1a). The inability of E1 to bind to ubiqui-
tin during OGD was due to lack of ATP, since incubation
with recombinant ubiquitin dehydroalanine (Ub-Dha) [41]
with excess ATP readily led to the formation of E1 4 Ub
adducts, which was suppressed by the ATP scavenger apy-
rase (Fig. le). Finally, to confirm that lack of E1 activity
can indeed block post-ischemic ubiquitination, we exposed
OGD-treated slices to the E1 inhibitor PYR41, which pre-
vents E1 + Ub thioester formation [47]. As expected, PYR41
markedly attenuated ubiquitin accumulation (Fig. 1f). In
summary, our data suggest that reperfusion provides the nec-
essary ATP for El activation and initiation of post-ischemic
ubiquitination.

ROS drive the elevation in post-ischemic
ubiquitination

Post-ischemic ubiquitination exceeds pre-ischemic levels
[25-27]. Reperfusion initiates the production of ROS [30,
31, 48], which have the potential to raise ubiquitination
through several mechanisms [17, 22, 49, 50]. To determine
whether ROS augment post-ischemic ubiquitination, we
treated slices with ROS scavenger 4-Hydroxy-Tempo and
MnTBAP during OGD with reperfusion and monitored
ubiquitination levels. Both scavengers suppressed OGD-
mediated ROS production, as assessed by DHE fluorescence
(Fig. 2a), and blocked ubiquitination (Fig. 2b). Next, we
determined whether ROS are sufficient to induce ubiquit-
ination in hippocampal slices, by exposing them to hydro-
gen peroxide (H,0,) or xanthine/xanthine oxidase (X/XO).
Both treatments significantly elevated ROS (Fig. 2c, d) and
increased ubiquitination as compared to vehicle-treated con-
trols (Fig. 2e, f).

The fate of ubiquitinated proteins is critically depend-
ent on the configuration of the associated ubiquitin. Lys*®
chains serve mainly as a proteasomal degradation signal
[9], while Lys®-linked chains do not [11]. We examined
the chain type induced by ROS by treating hippocam-
pal slices with H,0, and X/XO, and probing in Western
Blots with ubiquitin linkage-specific antibodies. Expo-
sure to ROS inducers led to enrichment of both Lys*® and
Lys®*-ubiquitin chains (Figs. 3a, b), as previously described
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Fig. 1 Post-ischemic ubiquitination is enabled by reperfusion-
dependent recovery of ATP production. a Hippocampal brain slices
were exposed to control condition or OGD for 1 h followed by reper-
fusion of 0, 5, 20, 60, and 120 min. Tissue slices were harvested, and
ubiquitinated proteins were isolated and detected by Western blot-
ting with anti-ubiquitin antibody. B-Actin served as loading control.
*P<0.01 from co (60 min P=0.0002; 120 min P=0.0044); n=5-7
slice pools/group. ATP concentrations were measured at the same
timepoints. *P <0.01 from co (0 min P<0.0001; 5 min P=0.0001;
20 min P=0.007); n=>5-6 slice pools/group. b Hippocampal slices
underwent OGD, followed by 60 min reperfusion in the presence of
oxygen with and without glucose (left panel), or in the presence of
glucose with and without oxygen (right panel). Ubiquitin levels were
determined as in (a). Left panel: *P=0.0014 from co; P=0.052 from
OGD (+glu); n=5 slice pools/group; right panel: *P=0.0008 from
co; #P < 0.0001 from OGD (+0,); n=3 slice pools/group. ¢ ATP
levels were determined in slices exposed to OGD/60 min reperfu-
sion. *P<0.001 from OGD/60 min reperfusion (-glu P <0.0001;
-0, P<0.0001); n=12 slice pools/group. d El ubiquitin-activating

in ischemia-reperfusion [39, 51]. These data demonstrate
that ROS are necessary and sufficient to promote ubiqui-
tination, and that ROS-induced ubiquitination consists of
similar ubiquitin chain types than those observed after cer-
ebral ischemia.
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control and OGD samples with and without reperfusion. E1-ubiquitin
(E1+Ub) (upper band) and native E1 (lower band) were visualized
by Western blotting with anti-E1 antibody. Blots are representative
of three independent experiments. e Lysates from control and OGD-
treated slices with and without reperfusion were incubated with ubiq-
uitin/DHA in the absence and presence of ATP and the ATP-diphos-
phohydrolase apyrase. Labeling of E1 enzyme with ubiquitin/DHA
was determined by Western Blotting with anti-E1 antibody. Ubiquitin
levels were monitored with anti-ubiquitin antibody. The blot is repre-
sentative of three independent experiments. f Ubiquitin accumulation
after OGD/60 min reperfusion was examined in the absence and pres-
ence of the El activating enzyme inhibitor PYR41 by Western Blot
and quantified. *P=0.0016 from co, #*P=0.0145 from OGD-PYR41,
n=3 slice pools/group. ATP adenosine triphosphate, co control, glu
glucose, min minutes, O, oxygen, OGD oxygen—glucose deprivation,
rep reperfusion, Ub ubiquitin

Proteasomal impairment does not contribute
to elevated post-ischemic ubiquitination

ROS may increase post-ischemic ubiquitination through
proteasomal inhibition, which has been reported after focal
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Fig.2 ROS are necessary and sufficient to promote post-ischemic
ubiquitination. a Slices were exposed to control conditions or
OGD/60 min reperfusion in the absence and presence of the free
radical scavengers 4-hydroxy-Tempo or MnTBAP. Free radical pro-
duction was assessed in CA regions of slices by DHE fluorescence.
Representative images are shown. Scale bar=400 um. b Slices were
treated as in a and harvested for determination of ubiquitin accumu-
lation. Tem: *P<0.0001 from co; *P=0.0013 from OGD (-Tem);
n=~6/group; MnT: *P=0.0032 from co; #*P=0.0027 from OGD (-
MnT); n=3 slice pools/group. ¢ ROS production was induced in hip-
pocampal slices by incubation with H,0, for 1 h. ROS levels were
assessed by DHE fluorescence. *P <0.0001, n=12 slices/group.
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Fig.3 ROS induce Lys*® and Lys® ubiquitination. a Hippocampal
slices exposed to H,0, were harvested and lysates were probed for
the presence of Lys®- and Lys*-linked ubiquitin chains. p-Actin
served as loading control. Representative blots and quantifications
are shown. Lys®: *P <0.0001; Lys*®: *P=0.0035, n=8 slice pools/
group. b Same as in a, but treated with X/XO. Lys®: *P <0.0001;
Lys*: #P <0.0001, n=7 slice pools/group. H,0, hydrogen peroxide,
Lys*® lysine 48, Lys% lysine 63, Ub ubiquitin, X/XO xanthine/xanthine
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Scale bar=400 um. d Free radical production was initiated by treat-
ment with X/XO for 1 hr and ROS levels were measured by DHE
fluorescence. *P <0.0001, n=6 slices/group. Scale bar=400 pm. e
ROS production was induced as in c. Slices were harvested and ubig-
uitin accumulation in the absence and presence of H,0O, was tested
by Western Blotting with anti-ubiquitin antibody. p-Actin served as
loading control. *P=0.0043, n=13-14 slice pools/group. f ROS
production was induced as in d and the level of ubiquitin accumula-
tion was determined. *P=0.003, n=6-7 slice pools/group. co con-
trol, DHE dihydroethidium, H,0, hydrogen peroxide, MnT MnTBAP,
0, oxygen, OGD oxygen—glucose deprivation, rep reperfusion, Tem
4-hydroxy-Tempo, Ub ubiquitin, X/XO xanthine/xanthine oxidase

cerebral ischemia in mice [26, 32-35]. Therefore, we next
sought to determine if reduced catalytic activity of the pro-
teasome plays a role in the post-ischemic accumulation of
ubiquitinated proteins. Using a fluorogenic peptide-based
assay, we found that OGD in hippocampal slices reduced
tryptic, chymotryptic, and caspase-like proteasomal activi-
ties by 40-50% (Fig. 4a), a similar magnitude as previously
described in mouse stroke models [26, 32—-35]. However,
lowering proteasomal activity to levels comparable to those
observed with OGD using the inhibitor epoxomicin (0.2 pM)
[52] did not induce ubiquitin accumulation in hippocampal
slices without OGD, whereas further suppression of pro-
teasomal activity with 10 uM epoxomicin did (Fig. 4b, c).
Since measurement of proteasome proteolytic capacity using
fluorogenic substrates may not accurately reflect the capac-
ity of the proteasome to degrade endogenous proteins, we
next determined the levels of two neuronal proteins nor-
mally degraded by the proteasome, GluN1, and Shank [53]
in OGD with reperfusion. OGD decreased both GluN1 and
Shank levels (Fig. 4d), attesting to the fact that proteasomal
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Fig.4 Proteasome inhibition does not contribute to post-ischemic
ubiquitination. a Hippocampal slice cultures were exposed to control
conditions or 1 h OGD followed by 0, 5, 20, 60, and 120 min rep-
erfusion. Chymotryptic, tryptic, and caspase-like proteasomal activi-
ties were determined in lysates by incubation with AMC-labeled
fluorogenic peptides carrying respective cleavage sites. The graph
shows relative proteasomal activity levels in percent at each time
point. Maximal decrease was detected after 20 min reperfusion
to 47.2+1.7% (chymotryptic activity), 47.7+1.6% (tryptic activ-
ity), and 50.2+2.8% (caspase-like activity) of control. *P<0.01
from co (chymotryptic: 0 min P=0.0025, 5 min P=0.0006,
20 min P<0.0001, 60 min P=0.0002, 120 min P=0.0002; tryp-
tic: 0 min P=0.0002, 5 min P<0.0001, 20 min P<0.0001, 60 min
P<0.0001, 120 min P=0.0005; caspase-like: 0 min P=0.0006,
5 min P=0.0004, 20 min P=0.0001, 60 min P=0.0001, 120 min
P=0.0004); n=3 slice pools/group. b Slices were treated with the
proteasomal inhibitor epoxomicin at 0.2 and 10 uM for 2 h, and
proteasomal activities were measured as in (A). Chymotryptic:
#P<0.0001; tryptic: ¥P<0.0001; caspase-like: *P=0.0006 from
untreated; chymotryptic: *P=0.0021; tryptic: *P <0.0001; caspase-
like *P<0.0001 from 0.2 uM; n=4 slice pools/group. ¢ Ubiquitin
accumulation was assessed in slices treated with epoxomicin for 2h
and compared to OGD/60 min reperfusion by Western Blotting. Opti-
cal densities of ubiquitin-stained bands were measured and changes
in ubiquitin levels were expressed relative to untreated controls.

degradation was not compromised by OGD. In contrast,
degradation of both proteins was blocked if proteasomal
activity was inhibited by > 80% with epoxomicin (Fig. 4d).
To provide further evidence that proteasomal degradation is
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B-Actin served as normalization and loading control. #*P=0.018 and
*P<0.0001 from untreated; n=4 slice pools/group. d Protein lev-
els of neuronal proteasomal targets GluN1 and Shank were deter-
mined before and after OGD with and without addition of 10 uM
epoxomicin, and quantified relative to p-actin. GluN1: *P=0.0016;
Shank: *P=0.018 from OGD/rep —epox; n=7 slice pools/group.
e Hippocampal slices were transduced with AAV2/1 expressing
the UPS reporter Ub-R-GFP and a control reporter mCherry, both
under the neuronal SYNI promoter. Green and red fluorescence was
monitored in control and OGD-treated slices after 6 h reperfusion.
As positive control, after OGD the proteasome was inhibited with
epoxomicin (10 uM). Ub-R-GFP levels relative to mCherry were
quantified in the CA region. *P <0.0001; n=24 slices/group. Scale
bar=400 pm. f Mice were intracortically injected with neuronal
AAV2/1 expressing Ub-R-GFP or GFPu together with mCherry.
The targeted expression area is shown in a representative DAPI-
stained coronal brain section, with a scale bar of 1 mm. Mice under-
went sham or MCAO surgery followed by 16 h reperfusion. Intrac-
erebroventricular injection with 50 pug Bortezomib was performed
to show maximal possible accumulation of UPS reporters. Fluores-
cence levels of reporters were monitored and representative images
are shown. Scale bar=100 pm. Ub-R-GFP n=3 mice/group. GFPu
n=2-3 mice/group. co control, epox epoxomicin, /# hours, min min-
utes, ns not significant, OGD oxygen—glucose deprivation, rep reper-
fusion, Ub ubiquitin

preserved after ischemia we used the neuronally expressed
ubiquitin—proteasome (UPS) reporters Ub-R-GFP [43] and
GFPu [44]. Consistent with the above data, Ub-R-GFP levels
remained unaffected by OGD alone and were only increased
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by > 80% proteasome inhibition (Fig. 4e). To assess UPS
reporter levels after ischemia in mice, we performed tran-
sient middle cerebral artery occlusion (MCAO) after intra-
cortical injection of AAV-driven reporters. In agreement
with OGD, Ub-R-GFP fluorescence did not increase in cor-
tical neurons after transient focal ischemia, but it readily
accumulated after inhibition of the proteasome with Bort-
ezomib in naive mice (Fig. 4f, left panels). Similar results
were obtained with another UPS reporter, GFPu (Fig. 4f,
right panels). Therefore, post-ischemic proteasomal inhibi-
tion is not sufficient to induce accumulation of ubiquitinated
proteins.

ROS can deactivate proteasomal subunits [15, 50,
54-56]. Therefore, we sought to investigate if ROS play
a role in post-ischemic proteasomal inhibition (Fig. 4a).
OGD induced inhibition of proteasomal activity even in the
absence of reperfusion (Fig. 5a) or in absence of oxygen at
reperfusion (Fig. 5b) conditions in which ROS are not gener-
ated (Fig. 5c, d). In addition, proteasomal activity was not
affected by treating the slices with the ROS generators H,0,
and X/XO (Fig. 5e, f). Therefore, ROS production does not
contribute to post-ischemic proteasomal inhibition.

ROS increase post-ischemic protein ubiquitination
by suppressing deubiquitinase activity

The data presented above demonstrate that ROS do not trig-
ger post-ischemic ubiquitination through the proteasome,
implicating other mechanisms. In yeast, elevated ROS pro-
duction promotes Lys*® and Lys® ubiquitination by inhib-
iting DUBs [22]. Therefore, we tested the hypothesis that
decreased DUB activity contributes to ROS-dependent post-
ischemic protein ubiquitination. First, we assessed DUB
activity levels in H,O,-treated NeuroZ2a cells, which, like
hippocampal slices (Fig. 2d), showed increased ubiquitina-
tion in the presence of free radicals (Fig. 6a). We assayed
DUB activity using the DUB activation probes ubiquitin-
AMC and ubiquitin-PA [57]. H,0, treatment of Neuro2a
cells led to a 31 +5% decreased cleavage of ubiquitin-AMC
(Fig. 6b) as well as a 27 +2% reduction in binding of ubig-
uitin-PA to DUBs (Fig. 6¢), indicating that ROS produc-
tion lowered DUB activity in these cells. Next, we asked
whether OGD, like H,O,, inhibits DUB activity. Neuro2a
cells exposed to OGD exhibited increased ubiquitination
(Fig. 6d), which was associated with a 26 + 6% decreased
DUB activity, measured by ubiquitin-AMC cleavage
(Fig. 6¢e), and a 31 +3% decrease, assessed by the binding
of ubiquitin-PA to DUBs (Fig. 6f). The reduction in DUB
activity was caused by free radicals, since scavenging ROS
by MnTBAP restored DUB activity after OGD (Fig. 6g). A
reduction in DUB activity similar to Neuro2a cells was also
observed in hippocampal slices exposed to H,0, (20+2%;
Fig. 6h) or OGD (17 +2%; Fig. 6i), indicating that this
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Fig.5 ROS promote ubiquitination without causing proteasomal
inhibition. a Proteasomal chymotryptic, tryptic, and caspase-like
activities were measured using fluorogenic substrate peptides in slices
exposed to control or OGD with or without reperfusion. *P <0.001
from co (chymotryptic: OGD +rep P <0.0001; OGD —rep P=0.001;
tryptic: OGD+rep P<0.0001; OGD-rep P=0.0001; caspase-like:
OGD+rep P<0.0001; OGD-rep P=0.0003); n=3 slice pools/
group. b Proteasomal activities were measured and quantified as in
a in slices maintained under control conditions or OGD followed by
reperfusion in presence and absence of oxygen. *P<0.05 from co
(chymotryptic: OGD/re P+0O, P=0.0021; OGD/rep—0, P <0.0001;
tryptic: OGD/re P+0O, P=0.0006; OGD/rep—0, P<0.0001; cas-
pase-like: OGD/re P+ 0O, P=0.042; OGD/rep— 0, P=0.0009); n=6
slice pools/group. ¢ ROS production was assessed by DHE fluores-
cence in CA regions of hippocampal slices treated as in a. Represent-
ative images as well as quantification of n=24-30 slices/group are
shown. *P <0.0001 from OGD-rep. Scale bar=400 um. d Free radi-
cal production was determined by DHE fluorescence in slices treated
as in b. *P<0.0001 from OGD/re P+ 0,; n=24 slices/group. Rep-
resentative images and quantification are shown. Scale bar=400 um.
e ROS production was induced in hippocampal slices by incubation
with H,O, for 1 h, after which proteasomal activities were measured.
n=9-10 slice pools/group. f Free radical production was initiated
by treatment with X/XO and proteasomal activities were measured.
n=6-7 slice pools/group. co control, DHE dihydroethidium, H,0,
hydrogen peroxide, O, oxygen, OGD oxygen—glucose deprivation,
rep reperfusion, X/XO xanthine/xanthine oxidase

phenomenon is not only present in the cell line. Therefore,
ROS produced by H,0, or OGD reduce DUB activity by
approx. 20-30%.

To test whether the decrease in DUB activity observed
after OGD is sufficient to increase ubiquitination, we
treated Neuro2a cells and hippocampal slices with the DUB
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Fig.6 ROS production induced by H,0, or OGD reduces intracellular
DUB activity. a Neuro2a cells were treated for 60 min with 500 uM H,0,
and harvested for measuring ubiquitination levels. A representative blot
and quantification are shown. *P=0.0043, n=4-6/group. b Cells were
treated as in a and DUB activity was measured by incubating lysates
with a fluorogenic ubiquitin molecule coupled to AMC. Addition of the
DUB inhibitor NEM showed maximal achievable inhibition. *P <0.0001,
#P<0.0001 from control; n==8/group. ¢ Experiment was performed as
in b. Lysates were incubated with the DUB activity probe ubiquitin-PA
coupled to Cy5. Binding of DUBSs to the probe was examined after SDS-
PAGE by direct detection of Cy5 fluorescence on PVDF membranes.
Band intensities, which are directly proportional to the activities of nine
unidentified DUBs (#1-9), were quantified. DUB1 *P<0.0001, DUB2
*P=0.0002, DUB3 *P <0.0001, DUB4 *P=0.0014, DUB5 *P=0.0007,
DUB6 *P=0.0005, DUB7 *P<0.0001, DUB8 *P=0.0002; n=8/group.
d Neuro2a cells were exposed to OGD/30 min reperfusion and harvested
to determine ubiquitination levels. A representative blot and quantification
are shown. *P <0.0001, n=11-12/group. e Cells were treated as in d to
measure DUB activity using ubiquitin-AMC as substrate. *P <0.0001,
#P<0.0001 from control; n=>5-10/group. f DUB activity was analyzed
as in ¢ using ubiquitin-PA coupled to Cy5. DUB1 *P=0.012, DUB4
*P=0.011, DUB5 *P<0.0001, DUB6 *P=0.0014, DUB7 *P=0.012,
DUBS8 *P=0.002, DUB9 *P=0.042; n=4/group. g Neuro2a cells were
exposed to OGD/reperfusion in the absence and presence of the free
radical scavenger MnTBAP, and DUB activity was measured with ubig-
uitin-AMC. *P=0.0002 from control, P=0.0004 from OGD (-MnT);
n=12/group. h Hippocampal slices exposed to H,O, were harvested and
lysates were probed for DUB activity with ubiquitin-AMC. *P <0.0001,
n=10-11 slice pools/group. i Hippocampal slices exposed to OGD/rep-
erfusion were harvested and lysates were probed for DUB activity with
ubiquitin-AMC. *P<0.0001, n=10-12 slice pools/group. co control,
DUB deubiquitinase, H,0, hydrogen peroxide, MnT MnTBAP, NEM
N-ethylmaleimide, OGD oxygen glucose deprivation, Ub ubiquitin
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Fig.7 The OGD-mediated decrease in DUB activity is sufficient to
induce ubiquitination. a Neuro2a cells were treated for 60 min with
0, 20, and 30 uM broad-spectrum DUB inhibitor PR619, and DUB
activity was measured by incubating lysates with a fluorogenic ubiq-
uitin molecule coupled to AMC. *P=0.0022, #P<0.0001 from 0 uM
PR619; n=38/group. b Cells were treated as in a and harvested for
measuring ubiquitination levels. A representative blot and quantifica-
tion are shown. *P <0.0001, n=6/group. ¢ Hippocampal brain slices
were exposed to 3 mM PR619 for 2 h. DUB activity was determined
as in a. *P=0.0062 from 0 uM PR619; n=35 slice pools/group. d
PR619-treated brain slices were harvested and analyzed for induction
of ubiquitination by Western Blotting. *P <0.0001, n=5 slice pools/
group. DUB deubiquitinase, Ub ubiquitin

inhibitor PR-619 at concentrations that lowered DUB activ-
ity by 20-30%. PR-619 reduced DUB activity in Neuro2a
cells by 18 +4% at 20 uM and 37 +5% at 30 uM, (Fig. 7a),
both of which induced ubiquitination (Fig. 7b). Similarly,
PR-619 decreased DUB activity in brain slices by 25+ 7%
(Fig. 7c¢), which significantly elevated ubiquitination
(Fig. 7d). These data indicate that the degree of DUB inhibi-
tion induced by OGD is sufficient to increase post-ischemic
protein ubiquitination.

Discussion

In this study, we investigated mechanisms underlying ele-
vated post-ischemic ubiquitination. Our first new finding
is that the absence of ubiquitination during the ischemic
period and its initiation at reperfusion is dictated by ATP
availability. ATP is required for activation of E1 enzymes
to initiate the enzymatic cascade leading to ubiquitination
of target proteins [46]. We provided evidence that during
ischemia, ATP levels drop below the threshold that is nec-
essary for activating E1, which answers the long-standing
question of why ubiquitination is not observed in ischemia
without reperfusion or in brain regions in which reperfusion
is limited [26], conditions in which ATP is severely depleted
[58, 59]. In addition, this finding suggests that ubiquitination
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specifically occurs in cells with survival potential, in which
ATP synthesis is restored. Second, we found that, in the
presence of enough ATP, ROS are necessary and sufficient
to boost ubiquitination after ischemia above physiological
levels. Third, and most importantly, we provided evidence
that ROS trigger ubiquitination by dampening intracellular
DUB activity and not by inhibiting the proteasome as previ-
ously believed. On these bases, our work introduces a novel
pathway involved in post-ischemic ubiquitination and may
initiate a paradigm shift in our understanding of the role of
ubiquitination in ischemia.

ROS can augment ubiquitination by different molecular
mechanisms, including inhibition of the proteasome, the
main cellular machinery for degradation of ubiquitinated
proteins [15, 50, 54-56]. In fact, elevated post-ischemic
ubiquitination has been traditionally attributed to protea-
some inhibition [26, 32-35]. We did find that proteasomal
activity is reduced post-ischemia, but this was not associated
with deficient protein degradation. A possible reason for this
finding might be that a greater than 80% inhibition is needed
for accumulation of ubiquitinated proteins [43], whereas
ischemia-reperfusion lowers proteasomal activity by only
40-50% (Fig. 4a, [26, 32-35]). Another explanation could
be that measuring proteasome activity by cleavage capac-
ity against fluorogenic peptides in vitro, as done in Fig. 4a
and previous studies [26, 32-35], does not adequately reflect
endogenous proteasomal function [60]. Proteasomes are
multi-subunit complexes that tend to disintegrate when iso-
lated, which may influence in vitro measures [60]. Also,
proteasomes exist as different composites, 26S and 208,
which have different specificities for degradation of ubiqui-
tinated vs. non-ubiquitinated, often oxidized, proteins [61],
which cannot be distinguished by fluorogenic peptides [60].
To avoid these caveats, in the present study, we measured
the ability of proteasomes to degrade endogenous ubiqui-
tinated substrates, such as ubiquitin—proteasome reporters
and the endogenous neuronal proteasome targets GluN1
and Shank, which we found not to be impaired. In addi-
tion, ROS were not causally associated with the decrease in
proteasome activity measured after ischemia. First, we have
shown that proteasomal inhibition occurs during ischemia
before onset of ROS production and, as such, ROS cannot
be responsible for triggering the inhibition. Second, we
found that reduction in proteasome activity during reperfu-
sion takes place even when ROS are absent. Third, oxida-
tive stress in the ischemic mouse brain persists even after
recovery of proteasomal activity [26, 33, 35]. This suggests
that mechanisms independent of the proteasome must lead
to the increase in ubiquitination induced by ROS. Protea-
somal inhibition during ischemia—reperfusion could be the
result of separation of 19S and 20S proteasomal subunits,
which has been described in global ischemia models [32,
35, 62], but, as shown here, such inhibition is not sufficient

to prevent protein degradation. In addition to the protea-
some, degradation of ubiquitinated proteins may be con-
trolled by autophagy, and hence, accumulation could result
from autophagy deficiency. However, this possibility seems
unlikely, because (a) autophagy is not affected until later
in reperfusion [63—66], when the increase in ubiquitination
has already occurred, and (b) autophagy has been shown to
be up-regulated after ischemia [63, 65, 66], which would
enhance rather than suppress protein clearance.

Apart from the proteasome, ROS were shown to induce
ubiquitination through increased expression of ubiquitin
or proteins involved in ubiquitin conjugation [16, 18, 19,
67, 68]. However, given that the induction of ubiquitina-
tion after ischemia is very rapid (Fig. la and [26]) and that
ischemia suppresses protein synthesis [69—71], regulation
of post-ischemic ubiquitination through translational events
seems rather unlikely. Instead, it is more plausible that ROS
trigger post-ischemic changes in UPS enzyme activities.
ROS can exacerbate ubiquitination by over-activation of
the E1 enzyme [17], which, as discussed above, we found
not to be the case after ischemia. ROS can also inactivate
DUBs [20, 21, 72], and we found that this mechanism was
the main driver of increased post-ischemic ubiquitination.
Post-ischemic DUB inhibition is reversed by the superox-
ide dismutase mimetic MnTBAP, suggesting ROS, but also
reactive nitrogen species (RNS) as potential responsible
modifier resulting in DUB suppression. Since most DUBs
are inhibited in the presence of ROS [20, 21], whereas only
one DUB, UCH-LI, has been identified as RNS target [73,
74], DUB inhibition through ROS rather than RNS appears
more likely after ischemia. Mammalian cells contain about
90-100 DUB enzymes, 90% of which are cysteine- and
10% metalloproteases [75]. Cysteine DUBs are generally
susceptible to inactivation by ROS, while metalloproteases
appear resistant [20, 21, 72]. A previous study found that
among cysteine DUBs, about 40% were not responsive to
redox-regulation [21], which could partly explain the overall
moderate inhibition level that we obtained after ischemia.
In addition to DUB inhibition, increased ubiquitination
could also be associated with augmented E2 conjugase or
E3 ligase activities. It is currently not known whether E2 or
E3 enzymatic activities are altered with ischemia. Protein
levels of E3 ligases Nedd4-2 and Itch are up-regulated after
ischemia [76], but if this is connected with increased activ-
ity is elusive. With regards to ROS, catalytic cysteines of E2
enzymes do not appear to be susceptible to oxidation [77]
and regulation of E3 catalytic sites by ROS has not been
described so far.

There is evidence that ubiquitination and DUB inhibi-
tion contribute to oxidative stress resistance. For exam-
ple, deletion of the Ubc gene increases susceptibility to
H,0, exposure in yeast [78] and arsenite-induced ROS in
mammalian cells [79]. In addition, H,O, exposure in yeast
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inhibits the DUB Ubp2 leading to enrichment of ubiq-
uitinated ribosomal proteins that promote cell survival
[22]. DUB inhibition in H,0,-treated mammalian cells
facilitates PCNA ubiquitination to induce a DNA damage
tolerance program [21]. Therefore, the ROS-dependent
elevation in post-ischemic ubiquitination could be part of
an endogenous adaptive response. To further investigate
this, specific DUBs whose ROS-dependent modification
affects post-ischemic ubiquitination need to be identi-
fied. Altered activity of two DUBs, UCH-L1 and USP14,
has been reported to impact ischemic injury. While inhi-
bition of USP14 is neuroprotective in mice undergoing
focal ischemia [80], inactivation of UCH-L1 aggravates
neuronal injury after hypoxia—ischemia [81, 82]. USP14
activity is not regulated by its redox state [21], whereas
UCH-L1 is inactivated by ROS, at least in vitro [20, 21].

Another line of evidence suggesting that post-ischemic
ubiquitination could be an adaptive response to cell stress
relates to the nature of the ubiquitination process. Ubiqui-
tin is attached to target proteins as monomer or as chains
linked via different positions in ubiquitin, achieving dif-
ferent outcomes [11]. Lys*®-linked chains mainly target
proteins for degradation by the proteasome, whereas
Lys®-linked chains non-proteolytically regulate cell
signaling events [11, 28]. The ability of ubiquitination to
protect cells against stress is particularly dependent on
conjugation of Lys®-linked ubiquitin chains [22, 23].
Lys®-linked ubiquitin chains are also prominently found
after ischemia [39, 51], and, as shown here, could be
generated through ROS. ROS and ischemia also produce
Lys*-linked chains [39, 51], without affecting the protea-
some, likely by inhibiting Lys*3-specific DUBs. Although
limited, there is some evidence that Lys*3-linked ubiquitin
can perform non-proteolytic functions [83, 84]. Identifica-
tion of Lys*- and Lys®-ubiquitin targets will aid in elu-
cidating respective consequences and will, therefore, be
subject of future investigations.

In summary, our study demonstrates that post-ischemic
ubiquitination occurs independently of the proteasome and
is mediated by ROS-dependent DUB inhibition. Although
the implications for cerebral ischemic injury remain to be
defined, the abundance of non-degradative Lys®3-ubiquitin
chains associated with DUB inhibition supports an adap-
tive role of post-ischemic ubiquitination in cell stress
defense. Therefore, as shown in some other disease mod-
els, DUB inhibition may provide an endogenous cytopro-
tective mechanism against oxidative stress and ischemic
brain injury which, if better understood, may provide clues
to novel treatments for ischemic stroke.
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