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ARTICLE INFO ABSTRACT

Keywords: Tripartite motif (TRIM) 31 has been implicated in diverse biological and pathological conditions. However,
TRIM31 whether TRIM31 plays a role in ischemic stroke progression is not clarified. Here we demonstrated that TRIM31
Ischemic stroke was significantly downregulated in the ischemic brain and the deficiency of TRIM31 alleviated brain injury
EiGt:gmn dria induced by middle cerebral artery occlusion by reducing reactive oxygen species production and maintaining

mitochondrial homeostasis. Mechanistically, we found that TRIM31 is an E3 ubiquitin ligase for TP53-induced
glycolysis and apoptosis regulator (TIGAR), which confers protection against brain ischemia by increasing the
pentose phosphate pathway flux and preserving mitochondria function. TRIM31 interacted with TIGAR and
promoted the polyubiquitination of TIGAR, consequently facilitated its degradation in a proteasome-dependent
pathway. Furthermore, TIGAR knockdown effectively abolished the protective effect of TRIM31 deficiency after
cerebral ischemia. In conclusion, we identified that TRIM31 was a novel E3 ubiquitin ligase for TIGAR, played a
critical role in regulating its protein level, and subsequently involved in the ischemic brain injury, suggesting
TRIM31 as a potential therapeutic target for ischemic stroke.

Reactive oxygen species

1. Introduction

Stroke is the leading cause of death and adult physical disability
worldwide [1,2]. Ischemic stroke, the most common type of stroke, is an
acute cerebrovascular disease characterized by a sudden interruption of
blood flow to the brain tissue, subsequent irreversible injury of neurons,
and loss of neurological function. Intravenous administration of re-
combinant tissue-type plasminogen activator (t-PA) or endovascular
treatment is the only currently available therapeutic method in acute
ischemic stroke, but the narrow therapeutic window and side effects
limit their clinical application [3]. As such, to develop novel strategies
for the treatment of ischemic stroke, further exploration of its patho-
genesis is warranted.

It is generally accepted that metabolic crisis occurs during brain
ischemia. Overactivated glycolysis in the penumbra zone is reported to
cause brain damage because of the accumulation of lactate and reactive
oxygen species (ROS) [4,5]. TP53-induced glycolysis and apoptosis
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regulator (TIGAR) activates fructose-bisphosphatase to inhibit glycol-
ysis by hydrolyzing fructose-2,6-bisphosphate, a potent positive allo-
steric regulator of 6-phosphofructo-1-kinase (PFK-1), which is the key
rate-limiting enzyme for glycolysis, thereby promoting the pentose
phosphate pathway (PPP) flow [6,7]. It was found that TIGAR was
predominantly expressed in neurons and exerted neuroprotection
against ischemic cerebral injury by enhancing PPP flux, reducing ROS,
and maintaining mitochondrial homeostasis [8,9]. Thus, regulation of
TIGAR level offers an interesting mechanism to alter the metabolic
pathway in neurons after brain ischemia. Up to now, several mecha-
nisms for the regulation of TIGAR expression have been established. For
example, SP1 and CREB could bind to the TIGAR promoter and accel-
erate its expression at transcriptional level [10,11]. HIF-1la promotes
TIGAR expression by binding to the putative hypoxia response elements
in the TIGAR promoter [12]. MUC1-C subunit inhibitor GO-203 prevents
TIGAR’s elF4A cap-dependent translation [13]. In addition, noncoding
miRNA, such as miR-144 and miR-101, bind 3’-UTR to reduce TIGAR
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expression [14,15]. However, few regulatory mechanisms of TIAGR in
the post-translational modification are known till now.

Ubiquitination is an important post-translational protein modifica-
tion, and the ubiquitin-proteasome pathway is a major protein degra-
dation system widely existing in mammalian cells [16]. However,
whether the ubiquitin-proteasome pathway is also involved in the
regulation of TIGAR protein expression remains unknown. The tripartite
motif (TRIM) family, which consists of a RING domain, 1-2 B-box do-
mains, and a coiled-coil domain, contributes to a broad range of bio-
logical events [17]. TRIM31, a member of the TRIM protein family, has
been implicated in diverse pathological conditions such as inflammatory
diseases, viral infection and cancer development by regulating ubig-
uitination of the respective substrates [18-22]. However, whether
TRIM31 plays a role in cerebral ischemic injury by regulation of TIGAR
protein level has never been clarified.

In this study, we investigated the expression and biological function
of TRIM31 in ischemic stroke including cellular and animal models. We
also elucidated the molecular mechanism by which TRIM31 negatively
regulated the TIGAR level. TRIM31 could directly bind to TIGAR and
then promote its polyubiquitination and proteasomal degradation of
TIGAR in neurons. Consistently, TRIM31 deficiency exerted neuro-
protection by upregulating TIGAR which reduced glycolysis and
enhanced PPP flux by reducing ROS and preserving mitochondria. Thus,
TRIM31 could be a potential therapeutic target for the treatment of
ischemic stroke.

2. Materials and methods
2.1. Chemicals and reagents

Wild type (WT) male C57BL/6J mice were purchased from the
Experimental Animal Center of Shandong University (Jinan, China).
TRIM31 deficient (TRIM31 /") mice on a C57BL/6J background were
generated by Cyagen Biosciences Inc. (Guangzhou, China) using TALEN
technology [20]. Mice were housed in a controlled environment with
free access to food and water. All studies were approved by the Insti-
tutional Animal Care and Use Committee of Shandong University.

2.2. Animal model of focal cerebral ischemia

Middle cerebral artery occlusion (MCAO) was induced in both
TRIM31~/~ and WT male mice (25-28 g) as described previously [23].
Successful occlusion was confirmed by a marked reduction in the
regional cerebral blood flow to <20% of the baseline using a laser
Doppler blood flow monitor (Moor, England) with a probe attached to
the skull in the area of the cerebral cortex supplied by the MCA. During
the operation, the temperature was maintained at approximately 37 °C
with a homeothermic blanket. Mice were euthanized after ischemia at
the indicated time. Brains were harvested and stored at —80 °C for the
following studies.

2.3. Neurological function and infarct volume assessment

After 24 h of MCAO, neurological assessment was performed using a
5-tiered scoring system by a blinded observer. The following grade scale
was used: 0, normal function; 1, flexion of the torso and contralateral
forelimb on lifting the animal by the tail; 2, circling to the contralateral
side but normal posture at rest; 3, reclination to the contralateral side at
rest; 4, absence of spontaneous motor activity. Brain infarct size was
determined by 2,3,5-triphenyltetrazolium chloride (TTC, T8877-10G,
sigma, USA) staining. The brains were sliced into 2 mm thick coronal
sections for staining with 0.1% TTC at 37 °C for 20 min. Infarction
volume was measured by digital camera (Digital Camera, Olympus
MDF-382E) and image analysis software (Image J). The infarct area was
calculated across each section and was presented as a percentage rela-
tive to the area of the contralateral hemisphere.
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2.4. Morphological examinations

The brains were fixed with 4% paraformaldehyde and subsequently
embedded in paraffin and cut into 5-pm-thickness sections. The sections
were stained with hematoxylin and eosin (H&E) to observe the neuronal
morphology in the cerebral cortex and hippocampus.

2.5. TUNEL staining

TUNEL staining was performed by an in situ cell death detection kit
(Roche, 42134700) according to the manufacturer’s instructions.
TUNEL-positive cells displayed brown staining within the nucleus, and
the number of TUNEL-positive cells was counted in three non-
overlapping microscopic eyeshots by a blinded person under high-
power magnification ( x 200) and displayed as a percentage.

2.6. Cell culture and treatment

The neuronal cell line PC12 was bought from the Cell Center of
Chinese Academy of Sciences (Shanghai, China) and cultured with
DMEM (Hyclone) with 10% FBS (Gibico) at 37 °C with 5% CO». Primary
neuron cells were isolated from the cerebral cortex of day 17 embryos
and cultured as described previously [8]. Cells were subjected to the
model of oxygen-glucose deprivation (OGD) for 90 min followed by
reoxygenation (OGD/R) for the indicated time.

2.7. Cell transfection

siRNAs were synthesized as following: rattus siTRIM31: 5'-GCUCA-
CUAAAUCCUUGAAATT-3, human siTRIM31: 5'-GGACCA-
CAAAUCCCAUAAU-3’. Myc/Flag-TIGAR plasmids was purchased from
OriGene Technologies (Rockville, USA). The TRIM31-related plasmids
and HA-ubiquitin-related plasmids were provided by Dr. Chengjiang
Gao. Myc-TIGAR plasmids were from GeneChem Company (Shanghai,
China). Transfection was performed by using Lipofectamine 2000
(Invitrogen, Carlsbad, CA, USA).

2.8. Immunofluorescence staining

Frozen brain sections (10 pm) or cultured neurons were double-
labeled with anti-TRIM31 Ab (Sigma, 1:100 dilution) and one of the
following Abs: anti-NeuN clone A60 (Millipore, 1:200 dilution), or anti-
TIGAR (Santa Cruz, 1:100 dilution). After overnight incubation at 4 °C,
secondary Abs including Alexa Fluor 488 donkey anti-rabbit IgG Ab
(1:200 dilution; Invitrogen, Gaithersburg, MD, USA) or 595 rabbit anti-
Mouse IgG Ab (1:200 dilution; Invitrogen, Gaithersburg, MD, USA) was
added for 2 h at room temperature. After rinsing three times, the sections
were incubated with a solution containing 200 mg/ml of DAPI (Beyo-
time, Haimen, China) for nuclear staining.

2.9. Western blot and immunoprecipitation

Western blot analysis of the target proteins in cells and brain tissues
was performed as previously described [24]. Primary antibodies against
TIGAR (sc-166 290), Tubulin (sc-80005) were from Santa Cruz (Dallas,
TX, USA). Primary antibodies against TRIM31 (AV34717) and FLAG
(F3040) were from Sigma-Aldrich (Saint Louis, MO, USA). Primary an-
tibodies against TRIM31 (12543-1-AP), G6PD (66 373-1-1 g), DRP1
(12957-1-AP), MFN1 (13798-1-AP), MFN2 (12186-1-AP) and PGC-1a
(66 369-1-1 g) were from Proteintech (Wuhan, China). Primary anti-
bodies against GFP (TA150052) and HA (TA180128) were from OriGene
Technologies. TOM20 (612 278) was from BD Biosciences. f-Actin
protein or GAPDH was detected as an internal control. For immuno-
precipitation (IP), whole-cell extracts were lysed in NP-40 lysis buffer
(Beyotime, Haimen, China) and a protease inhibitor “cocktail” (Merck).
After centrifugation at 12 000 rpm at 4 °C for 10 min, supernatants were
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collected and incubated with 1 pL specific antibody at 4 °C for 6 h,
protein A + G agarose (sc-2003, Santa Cruz, USA) was then added into
the mixture and incubated overnight at 4 °C under rotation. After in-
cubation, bead-linked immune complexes were washed five times with
IP buffer. Immunoprecipitates were eluted by boiling with 1% SDS
sample buffer and analyzed by Western blot. All the antibodies for IP
assay were the same as those used in Western blot assay.

2.10. Cell viability measurement

5 x 103 cells per well were seeded into 96-well plates, TRIM31
specific siRNA (siTRIM31) and a non-silencing siRNA (NC) were trans-
fected into PC12 cells using Lipofectamine 2000 (Invitrogen, CA, USA)
for 24 h. Cell viability was assessed 24 h after reoxygenation by using the
cell counting kit-8 (CCK-8, Beyotime, Haimen, China) according to the
manufacturer’s protocols.

2.11. Measurement of ATP and NADPH levels

The levels of ATP and NADPH in cells were measured 24 h after
reoxygenation by using the ATP determination Kit and NADP/NADPH
assay kit (Beyotime, Haimen, China) according to the manufacturer’s
recommendations.

2.12. Measurement of ROS and mitochondrial membrane potential

Intracellular ROS and mitochondrial membrane potential were
measured 24 h after reoxygenation with incubation with dichlorodihy-
drofluorescein diacetate (Beyotime, Haimen, China) or JC-1 (C2006,
Beyotime, Haimen, China) for 25 min at 37 °C. The cells were then
washed 3 times with ice-cooled PBS followed by suspension in the same
buffer. Fluorescence intensity was measured with fluorescence micro-
scopy (Olympus, Japan) and flow cytometry (Beckman coulter, USA)
using excitation and emission wavelengths of 488 and 525 nm,
respectively.

2.13. DNA extraction and RT-PCR

Mitochondrial DNA extraction was performed according to the
manufacturer’s protocols (D0063, Beyotime, Haimen, China). The
quantitative real-time PCR analysis was performed with SYBR green
using a Bio-Rad iCycler system (Bio-Rad, USA). Housekeeping gene
expression of p-actin was used for normalization. Relative expression
was determined by the 2722¢T method. The specific primers of mtND1
(Shanghai Generay Biotech Co.; sequence: F:5-CCCTAAAACCCGCCA-
CATCT-3/, R:5'-GAGCGATGGTGAGAGCTAAGGT-3') were used.

2.14. Cortex adeno-associated virus delivery

Adeno-associated virus 9 (AAV9) vectors encoding shTIGAR and
AAV9 vectors encoding scramble (control) were constructed by the
GeneChem Co. Ltd. (Shanghai China). The following sequences targeting
TIGAR were used: 5-GCGATCTCACGAGGACTAA-3’; The control
shRNA sequence was 5'-CGCTGAGTACTTCGAAATGTC-3’. 8-week-old
male WT and TRIM31~/~ mice were anesthetized and placed on a ste-
reotaxic apparatus for left cortical injection of 4 pL of AAV9-shTIGAR or
AAV9-scramble suspension (1.2 x 10'2 pg/ml) at a rate of 0.2 pL/min.
The coordinates were adjusted according to the previous report [24] as
follows: point 1, 0.3 mm anterior to the bregma, 3 mm lateral to the
midline, 2 mm ventral to the dura; point 2, 1.9 mm posterior to the
bregma, 3 mm lateral to the midline, 2 mm ventral to the dura.

2.15. Statistical analysis

All data were reported as means + SEM and analyzed with GraphPad
8.0 software. One-way analysis of variance (ANOVA) followed by
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Tukey’s multiple comparisons test for comparisons of more than two
means. Statistical differences between two means were evaluated by the
two-tailed unpaired Student’s t-test. P < 0.05 was considered statisti-
cally significance.

3. Results

3.1. TRIM31 was downregulated in the brain after focal ischemic cerebral
injury

A previous report showed TRIM31 expression in human tissues is
mainly in digestive tissues such as the colon and small intestine among
normal tissues [25]. The expression and distribution of TRIM31 in the
brain has not been characterized in detail. TRIM31 was widely expressed
in brain regions including the hippocampus, cortex, substantia nigra,
and striatum with high levels (Supplementary Fig. 1). To investigate the
cellular localization of TRIM31 in the brain, we examined the expression
of TRIM31 in mouse brains and cultured neural cells. Double immuno-
staining of brain tissue showed that most TRIM31 positive cells were
NeuN-positive neurons, while much fewer TRIM31-positive cells were
GFAP-positive astrocytes (Fig. 1A). Consistently, TRIM31 was mainly
expressed in cultured primary neurons as revealed by immunofluores-
cence (Fig. 1C) and Western blot analysis (Fig. 1D), while astrocytes
exhibited little TRIM31 expression both under control and OGD/R
condition (Supplementary Fig. 2). To investigate if TRIM31 was regu-
lated by ischemic insult, we examined TRIM31 expression in mouse
brains and cultured primary neurons after MCAO and OGD/R respec-
tively. TRIM31 protein expression was significantly downregulated at
24 h and 48 h in ischemic penumbra after MCAO in WT mice (Fig. 1B).
TRIM31 was also reduced in cultured primary neurons subjected to
OGD/R (Fig. 1D). The downregulation of TRIM31 was further confirmed
by immunofluorescence (Fig. 1A, C). Taken together, these results sug-
gest that the expression of TRIM31 may associate with ischemic stroke.

3.2. TRIM31 deficiency ameliorated brain injury induced by MCAO

To explore the functional role of TRIM31 in cerebral ischemic injury,
TRIM31~/~ mice were subjected to MCAO. We observed that knockout
of TRIM31 markedly reduced the neurological scores and infarct size
induced by cerebral ischemic injury (Fig. 2A-C). Furthermore, TRIM31
deficiency alleviated neuronal morphological damage in the hippo-
campus and cortex and reduced cell apoptosis at 24 h after MCAO as
shown by H&E staining (Fig. 2D) and TUNEL (Fig. 2E and F) respec-
tively. These results indicated TRIM31 played a critical role in regu-
lating brain ischemic injury.

3.3. TRIM31 silence protected against brain ischemia by maintaining the
homeostasis of mitochondria in neurons

After cerebral ischemia, the supply of oxygen and glucose is
decreased, ATP is rapidly depleted, anaerobic glycolysis strengthened
thus produced a large amount of lactic acid, resulting in the accumu-
lation of ROS [3,26]. Our results showed that TRIM31 knockdown
significantly increased cell viability (Fig. 3A) and ATP production
(Fig. 3B), reduced ROS release (Fig. 3D and E) induced by OGD/R.
Glucose, which is widely considered to be the vital oxidative substrate
providing energy to the brain, can be further metabolized by glycolysis
or the PPP. Neurons are more likely to utilize G6P through the PPP to
enhance the antioxidant defense system by allowing the efficient
regeneration of NADPH under oxidative stress [8,27]. TRIM31 knock-
down elevated NADPH and the expression of G6PD, a rate-limiting
enzyme of the PPP, in neurons subjected to OGD/R condition (Fig. 3C,
H), implicating the activation of the PPP in the protection of neurons by
TRIM31 silence.

Mitochondria are the important energy production centers in neu-
rons under physiological conditions [28]. Oxidative stress leads to
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Fig. 1. TRIM31 was decreased both in wide type (WT) mice after middle cerebral artery occlusion (MCAO) and in primary neurons after oxygen-glucose deprivation/
reperfusion (OGD/R). (A) Immunofluorescence of TRIM31 in mouse brain after 24 h MCAO. Double immunofluorescence of TRIM31 (red) and NeuN (neuron marker,
green) or GFAP (astrocyte marker, green) was performed. Scale bars: 50 pm. (B) Western blot analysis of TRIM31 expression in brain tissue from WT mice after 6 h,
12 h, 24 h, 48 h and 72 h MCAO, n = 5. (C) Representative immunofluorescence image of TRIM31 in primary cultured neurons. Double immunofluorescence of
TRIM31 (red) and p3-Tubulin (neuron marker, green) was performed. Scale bars: 10 pm. (D) Western blot analysis of TRIM31 in cultured primary neurons subjected
to 90 min OGD and 24 h reoxygenation (OGD/R), n = 3. Data are expressed as the mean + SEM. *p < 0.05 for statistical analysis of the indicated groups. (For
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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occlusion (MCAO) for 24 h. (A) Neurological deficit score. (B) Representative 2, 3, 5-triphenyltetrazolium chloride (TTC) staining of coronal brain sections after
MCAO. Red tissue is healthy, white tissue is infarcted. (C) Quantification of infarct size. The infarct volume was expressed as the percentage of the contralateral
hemispheric volume. n = 5 (D). Representative photomicrographs of H&E staining in the cortex and hippocampus. For magnification x 40, scale bars: 200 pm; for
magnification x 400, scale bars: 20 pm. Representative images (E) and quantification (F) of apoptosis based on TUNEL assay in the ischemic brain 24 h after MCAO.
Data are presented as the mean + SEM. *p < 0.05 for statistical analysis of the indicated group. (For interpretation of the references to colour in this figure legend, the
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Fig. 3. TRIM31 silence enhanced the antioxidant defense and preserved mitochondria function. PC12 cells were transfected with siRNAs specifically targeting
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cells by fluorescence microscopy. (H) TRIM31 silence upregulated the G6PD protein expression in PC12 cells subjected to OGD/R.

mitochondrial dysfunction in brain ischemia [29,30], so we further
explored the effect of TRIM31 on neuronal mitochondrial dysfunction
induced by cerebral ischemic injury. Mitochondrial damage will slow
down the progress of mitochondrial DNA (mtDNA) synthesis. mtND1 is
rarely deleted and reflects total mtDNA copy number [31]. Our results
verified TRIM31 silence mitigated the decrease of mtND1 induced by
OGD/R (Fig. 3F). Oxidative stress causes the collapse of the mitochon-
drial membrane potential which is an important indicator of mito-
chondrial dysfunction [32]. TRIM31 knockdown also prevented
OGD/R-induced decrement in mitochondrial membrane potential
(Fig. 3G). Transmission electron microscopy images confirmed TRIM31
deficiency alleviated mitochondrial damage in neurons, while many
swollen mitochondria with vague crista and blurred membrane were
observed in WT mice subjected to MCAO (Fig. 4A). Mitochondrial
function is also related to mitochondrial dynamics. PGC-1« is a kind of
mitochondrial biosynthesis-related protein related to mitochondrial
energy metabolism [33]. Mitochondrial fusion proteins mitofusin-1
(MFN1) and MFN2 play an important role in maintaining mitochon-
drial shape and function [34]. Dynamin-related protein 1 (DRP1) acti-
vates mitochondrial fission and its over-expression will damage
mitochondrial homeostasis [35,36]. TRIM31 deficiency prevented the
reduction of PGC-1a, MFN1, and MFN2, and the increase of DRP1 in
mice brain subjected to MCAO (Fig. 4B-D), then preserves

mitochondrial homeostasis. The above results indicated that TRIM31
deficiency alleviated the mitochondrial damage induced by brain
ischemia.

3.4. TRIM31 negatively regulated the protein level of TIGAR

TIGAR has been proved to protect neurons against ischemic damage
by enhancing PPP flux and preserving mitochondrial function. It was
highly expressed in brain neurons and rapidly upregulated and trans-
located to mitochondria in response to ischemia/reperfusion [8]. We
observed that TRIM31 regulated the redox balance through PPP during
neuronal ischemic injury and it was also mainly localized in the mito-
chondria [22]. Therefore, we hypothesized that TRIM31 played a crit-
ical role in brain ischemia by regulating TIGAR. Firstly,
immunofluorescence and Western blot analysis showed that TIGAR
protein level in cortical neurons of WT mice were significantly increased
after MCAO, and TRIM31 knockout further increased the expression of
TIGAR (Fig. 5A and B). Next, we clarified the regulatory effect of
TRIM31 on TIGAR in PC12 cells in vitro. Our data showed that TRIM31
knockdown greatly increased TIGAR level in unstimulated PC12 cells
(Fig. 5C). Similarly, TRIM31 knockdown further enhanced the upregu-
lation of TIGAR protein induced by OGD/R in PC12 cells (Fig. 5D).
Consistently, TRIM31 overexpression greatly decreased the TIGAR
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protein expression in both resting and OGD/R-stimulated PC12 cells
(Fig. 5E and F). Additionally, TRIM31 deficiency significantly enhanced
TIGAR levels and its mitochondrial localization in primary cultured
neurons underwent OGD/R as defined by confocal microscopy (Fig. 5G).
Collectively, these data indicated that TRIM31 deficiency alleviated the
mitochondrial damage induced by brain ischemia by upregulating
TIGAR protein level.

3.5. TRIM31 targeted TIGAR for its ubiquitination and degradation

Given the functions of TRIM family members in promoting the
degradation of their target proteins, we inferred that TRIM31 might
downregulate TIGAR protein expression via promoting its degradation.
We inhibited de novo protein synthesis by cyclohexamide (CHX) and
measured TIGAR protein levels in the TRIM31-overexpressed cells.
TRIM31 significantly induced TIGAR protein degradation in CHX-
treated PC12 cells (Fig. 6A and B), which indicated that TRIM31
inhibited TIGAR expression via promoting its protein degradation. We
then explored the degradation pathway of TIGAR mediated by TRIM31.
TRIM31-induced TIGAR degradation was reversed by proteasome in-
hibitor MG132, but not by lysosome inhibitor chloroquine or autophagy
inhibitor 3-MA, indicating that TRIM31 mediated TIGAR degradation in
the proteasome pathway (Fig. 6C).

To further investigate the mechanism involved in this process, we
first examined the interaction between TRIM31 and TIGAR. In vitro
binding assays in HEK 293T cells demonstrated that TRIM31 could
directly interact with TIGAR (Fig. 6D). To confirm the interaction be-
tween TRIM31 and TIGAR in vivo, we assessed unstimulated and OGD/
R-treated PC12 cells by Co-IP. An association between TRIM31 and
TIGAR could be detected in PC12 cells without stimulation, the

interaction was significantly reduced after the treatment of OGD/R with
the decrease of TRIM31 protein expression (Fig. 6E). Consistently, the
colocalization between TRIM31 and TIGAR was also proved in primary
cultured neurons by confocal microscopy (Fig. 6F). TRIM31 is composed
of an N-terminal RING-finger domain, a B-box and a coiled-coil (C-C)
motif. To search for the domains of TRIM31 was necessary for interac-
tion with TIGAR, a series of Flag-tagged TRIM31 truncated mutants
were used in Co-IP experiments (Fig. 6G). TIGAR was coprecipitated
with TRIM31 WT, RING domain deletion mutant (AR), /AAC and AC-C,
but not with AN (in which the B-box domain was deleted besides RING
domain) (Fig. 6H, lane 4). Taken together, these data demonstrated that
TRIM31 physically interacted with TIGAR through its B-box domain.

Next, we assessed whether E3 ubiquitin ligase TRIM31 could mediate
the ubiquitination of TIGAR. Myc-tagged TIGAR was co-transfected with
hemagglutinin (HA)-tagged ubiquitin and Flag-tagged TRIM31 into
HEK293T cells. TIGAR ubiquitination was markedly increased in the
presence of WT TRIM31 expression plasmid (Fig. 61, lane 3). The
TRIM31 point mutation (C53A, C56A), in which the conserved cysteine
residues at positions 53 and 56 within the RING domain were replaced
by alanine, lost the ability to promote the polyubiquitination of TIGAR
(Fig. 6, lane 4), indicating that the E3 ligase activity of TRIM31 was
required for the polyubiquitination of TIGAR.

3.6. The effect of TRIM31 in regulation of ischemic injury is dependent on
TIGAR

To further confirm TIGAR is the target of TRIM31 mediating
ischemic brain injury in vivo, we knocked down the expression of TIGAR
by injecting AAV9-shTIGAR into the brain of TRIM31 ™/~ mice. The ef-
ficiency of TIGAR knockdown was evaluated by GFP fluorescence in
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Fig. 5. TRIM31 negatively regulated TIGAR protein expression after cerebral ischemic injury. WT and TRIM31 /"~ mice were subjected to middle cerebral artery
occlusion (MCAO) for 24 h. (A) Representative images of double immunostaining for TIGAR (green) and NeuN (neuron marker, red) in penumbral cortex at 24 h after
MCAO. Scale bars: 50 pm. (B) Western blot analysis indicated TRIM31 knockdown enhanced the upregulation of TIGAR protein expression in the penumbral cortex of
mice after 24 h MCAO. (C) PC12 cells were transfected with TRIM31-specific siRNAs (siTRIM31) and further cultured for 24 h; and the expression of TIGAR was
detected by Western blot. (D) TRIM31 silence enhanced the upregulation of TIGAR protein expression in PC12 cells after the treatment of OGD/R. (E) PC12 cells were
transfected with TRIM31 expression plasmid and further cultured for 24 h before Western blot assay of TIGAR expression. (F) TRIM31 overexpression inhibited the
upregulation of TIGAR protein expression in PC12 cells after the treatment of OGD/R. (G) Double immunostaining for laser scanning confocal microscopy of TIGAR
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vivo data are presented as mean + SEM of 5 samples. In vitro data are presented as mean + SEM of 3 independent experiments. *p < 0.05 vs. indicated group. (For
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

brain sections and Western blot analysis in cortical tissues. Results
showed that the virus effectively diffused in the left brain and the
expression of TIGAR was dramatically inhibited 4 weeks after injection
(Fig. 7A and B). Knockdown of TIGAR in TRIM31~/~ mice aggravated
the cerebral ischemic injury (Fig. 7C-F). Moreover, TIGAR knockdown
significantly inhibited the increase of G6PD, a rate-limiting enzyme in
PPP, induced by TRIM31 deficiency (Fig. 7G). Collectively, our results
indicated that TRIM31 played crucial roles in limiting TIGAR expression

and thus exacerbated the cerebral ischemic injury.

4. Discussion

In this study, we provided evidences for the first time that TRIM31
was significantly downregulated in brain ischemia and its deficiency
alleviated brain injury induced by MCAO. We further proved that
TRIM31 could directly interact with TIGAR, induce its ubiquitous
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Fig. 6. TRIM31 targeted TIGAR for its polyubiquitination and proteasomal degradation. (A) PC12 cells were transfected with GFP-TRIM31 expression plasmid or its
mock control. The transfected cells were cultured for 24 h before being further incubated with cyclohexamide (CHX) for the indicated time. The levels of TIGAR at
different time points were detected by Western blot. (B) TIGAR protein levels were quantitated by measuring band intensities and normalized to GAPDH. (C) Western
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mM) or 3-MA (10 mM) for 4 h. (D) Co-IP analysis of the exogenous interaction of TRIM31 with TIGAR, transfected with plasmids expressing GFP-TRIM31 and Flag-
TIGAR in HEK 293T cells. (E) CO-IP analysis of the endogenous interaction of TRIM31 with TIGAR in PC12 cells after the treatment of OGD/R. (F) Representative
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experiments *P < 0.05, for the statistical analysis of the indicated groups. (For interpretation of the references to colour in this figure legend, the reader is referred to
the Web version of this article.)

degradation and promote ROS production and mitochondrial dysfunc-
tion, which finally led to neuronal injury.

TRIM31 is a member of the TRIM protein family, which has been
recognized to play crucial roles in cancer and immuno-inflammatory
disease. Guo et al proved TRIM31 promoted hepatocellular carcinoma
progression by directly targeting the tuberous sclerosis complex (TSC)1-
TSC2 complex for ubiquitous degradation and consequently inducing
overactivation of the mTORC1 pathway [19]. In pancreatic cancer,
TRIM31 upregulated the level of nuclear p65 by catalyzing the
K63-linked polyubiquitination of TRAF2 and promoted the activation of
NF-kB [37]. TRIM31 limited NLRP3 inflammasome activity by pro-
moting proteasomal degradation of NLRP3 [20]. Additionally, TRIM31
induced an Atg5/7-independent alternative autophagy pathway by
directly interacting with phosphatidylethanolamine in the intestinal

cells, which can promote the elimination of invading bacteria [22].

This is the first report to demonstrate the role of TRIM31 in ischemic
stroke progression both in cellular and animal models. In our study,
TRIM31 was verified to be downregulated in neurons after ischemic
injury, TRIM31 deficiency attenuated the severity of MCAO-induced
injury by reducing intracellular ROS production and maintaining
mitochondrial homeostasis. Previous studies demonstrated that TIGAR
translocated to mitochondria and protected neurons against ischemic
brain damage by increasing PPP flux and preserving mitochondrial
function [8]. In addition, we found that TIGAR was negatively regulated
by TRIM31, a mitochondria-localized protein, in cellular model. Then
we further confirmed it in the MCAO mice model by using TRIM31 ™/~
mice. Thus, we speculated that TRIM31 played a pathogenic role in
ischemic stroke by regulating TIGAR.
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Fig. 7. TIGAR knockdown abolished the protective effect in TRIM31 /'~ mice subjected to MCAO. Adeno-associated virus (AAV) containing shRNA targeting TIGAR
was injected into the left brain of TRIM31~/~ mice, the mice were subjected to MCAO injury 4 weeks after viral infection. (A) The AAV-shTIGAR efficiently infected
mouse brain. (B) The protein expression of TIGAR was reduced in the AAV-shTIGAR-injected mice. (C) TTC staining was used to detect the infarct volume after 24 h
of MCAO. (D) Neurological deficit scores. (E) Representative images and quantification of apoptosis by TUNEL assay in the ischemic brain 24 h after MCAO. (F)
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< 0.05 vs. indicated group.

Some transcription factors (SP1 and CREB), noncoding miRNAs
(miR-144, miR-885-5p, and miR-101) and HIF-la were reported to
regulate the transcription of TIGAR [10-15]. However, how TIGAR is
regulated in post-translation modification remains largely unknown.
Ubiquitination is a key mechanism in regulating protein degradation.
Ubiquitin contains seven lysine residues, and the functions of Lys48
(K48) and Lys63 (K63)-linked polyubiquitin chains are most clearly
characterized. K63-linked polyubiquitin chains are known to be
involved in protein modification and assembly of signaling complexes;
whereas K48-linked polyubiquitin chains are tagged to substrates, which
are further recognized by the 26S proteasome for degradation [38]. The
specificity of the ubiquitin conjugation system is provided by E3 ligase
through its direct interaction with substrates. It was recently reported
that TRIM31, containing the conserved RING domain, played a crucial
role as an E3 ubiquitous ligase for post-translational modification of
target proteins [20,21]. TIGAR contains a histidine phosphatase folding
region, an a/f/o sandwich core with a central six-stranded mixed
B-sheet [39]. The overall TIGAR protein sequence contains 14 lysine
sites, which are potential sites for ubiquitination. However, whether the
TIGAR could be degraded via a ubiquitin-proteasome pathway is still

unknown. In the present study, we demonstrated that TIGAR could
interact with B-box domain of TRIM31 and be ubiquitously degraded by
TRIM31. However, the specific ubiquitination site of TIGAR warrants for
further investigation.

Our study identified TRIM31 as a novel regulator of TIGAR expres-
sion and that further explained the role of TRIM31 in ischemic stroke.
Recent evidence has indicated that TIGAR confers protection against
brain ischemia. Accordingly, we found TIGAR expression was further
increased in the brain subjected to ischemic injury in TRIM31 ™/~ mice.
Furthermore, TIGAR knockdown effectively abolished the protective
effect of TRIM31 deficiency after cerebral ischemia. Therefore, these
results suggested that TRIM31 deficiency ameliorated ischemic brain
injury by up-regulating TIGAR.

5. Conclusion

In summary, our study demonstrated, for the first time, that TRIM31
exacerbated cerebral ischemic injury possibly by ubiquitous degradation
of TIGAR, resulting in slowing the progress of eliminating excess ROS,
enhancing mitochondrial dysfunction after brain ischemia. Our research
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suggested a novel mechanism of TIGAR regulation under cerebral
ischemic condition. It further defines TRIM31 as a novel therapeutic
target for the intervention of ischemic stroke.
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