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The Ubiquitin E3 Ligase TRAF6 Exacerbates Ischemic Stroke
by Ubiquitinating and Activating Rac1
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Stroke is one of the leading causes of morbidity and mortality worldwide. Inflammation, oxidative stress, apoptosis, and excitotoxicity
contribute to neuronal death during ischemic stroke; however, the mechanisms underlying these complicated pathophysiological pro-
cesses remain to be fully elucidated. Here, we found that the expression of tumor necrosis factor receptor-associated factor 6 (TRAF6) was
markedly increased after cerebral ischemia/reperfusion (I/R) in mice. TRAF6 ablation in male mice decreased the infarct volume and
neurological deficit scores and decreased proinflammatory signaling, oxidative stress, and neuronal death after cerebral I/R, whereas
transgenic overexpression of TRAF6 in male mice exhibited the opposite effects. Mechanistically, we demonstrated that TRAF6 induced
Rac1 activation and consequently promoted I/R injury by directly binding and ubiquitinating Rac1. Either functionally mutating the
TRAF6 ubiquitination site on Rac1 or inactivating Rac1 with a specific inhibitor reversed the deleterious effects of TRAF6 overexpression
during I/R injury. In conclusion, our study demonstrated that TRAF6 is a key promoter of ischemic signaling cascades and neuronal death
after cerebral I/R injury. Therefore, the TRAF6/Rac1 pathway might be a promising target to attenuate cerebral I/R injury.
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Introduction
Cerebral stroke kills �5 million people annually worldwide and
is one of the leading causes of long-term disability in adults in

developed societies (Bonita, 1992; Lozano et al., 2012). Approxi-
mately 80% of strokes are ischemic (Feigin et al., 2003; Humphries
and Morgan, 2004). Tissue plasminogen activator (TPA) is the
only U.S. Food and Drug Administration-approved therapeutic
treatment for ischemic stroke; however, only 20% of stroke pa-
tients receive this treatment because of its narrow therapeutic
window (�4.5 h after onset of stroke symptoms) and its associ-
ation with an increased risk of symptomatic intracerebral hem-
orrhage. Furthermore, the recanalization rate of patients
receiving TPA is �50% (Tobin et al., 2014). Therefore, alterna-
tive treatments for ischemic stroke based on a more thorough
understanding of its molecular mechanisms are urgently needed.
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Significance Statement

Stroke is one of the most severe and devastating neurological diseases globally. The complicated pathophysiological processes
restrict the translation of potential therapeutic targets into medicine. Further elucidating the molecular mechanisms underlying
cerebral ischemia/reperfusion injury may open a new window for pharmacological interventions to promote recovery from
stroke. Our study revealed that ischemia-induced tumor necrosis factor receptor-associated factor 6 (TRAF6) upregulation binds
and ubiquitinates Rac1 directly, which promotes neuron death through neuroinflammation and neuro-oxidative signals. There-
fore, precisely targeting the TRAF6-Rac1 axis may provide a novel therapeutic strategy for stroke recovery.
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The basic pathophysiology of ischemic stroke is neuronal
death (Khoshnam et al., 2017), which is accompanied/induced by
inflammation, oxidative stress, and excitotoxicity after ischemia
(Broughton et al., 2009; Moskowitz et al., 2010; Iadecola and
Anrather, 2011). After ischemia, glutamate immediately accu-
mulates at synapses, followed by drastically enhanced calcium
influx into neurons and the onset of catabolic processes (Ankar-
crona et al., 1995; Lo et al., 2003). The high level of calcium in
ischemic cells triggers the production of oxygen radicals, which
directly damage lipids, proteins, nucleic acids, and carbohydrates
(Lo et al., 2003). The inflammatory response and apoptosis, both
of which are critical to determining cell fate in the penumbra,
typify the secondary or delayed response to focal ischemia
(Broughton et al., 2009; Moskowitz et al., 2010b; Iadecola and An-
rather, 2011). Complex signaling networks such as the mitogen-
activated protein kinase (MAPK), phosphatidylinositol 3-kinase/
Akt (PI3K/Akt), nuclear factor-�B (NF-�B), Janus-activated
kinase/signal transducer and activator of transcription 3 (JAK2/
STAT3), and NADPH oxidase 2 (Nox2) cascades, as well as Rac1
signaling have been implicated in this process (Moskowitz et al.,
2010; Tymianski, 2011; Tang et al., 2011; Fann et al., 2017). De-
spite these discoveries, the fundamental mechanisms underlying
ischemia/reperfusion (I/R) injury of the brain remain unclear.
Therefore, a better understanding of the pathogenesis of ischemic
stroke and the identification of novel therapeutic targets are re-
quired for improving treatment.

The tumor necrosis factor receptor (TNFR)-associated factor
(TRAF) family members (TRAF1–7 in mammals), which are
characterized by an N-terminal RING finger motif (except
TRAF1) and a C-terminal TRAF domain (except TRAF7), are
important adaptor proteins in the assembly of receptor-associated
signaling networks that link upstream receptors to downstream ef-
fector molecules. Recently, we and others have revealed the func-
tions of TRAF1/2/3/5 in ischemic stroke (Wang et al., 2013; Lu et
al., 2013; Geng et al., 2015; Su et al., 2017). In contrast to other
TRAFs, TRAF6 uses a distinct interaction motif presented in its
upstream activators (Ye et al., 2002). TRAF6 has indispensable
roles in regulating host immunity, embryonic development, tis-
sue homeostasis, and neurodegenerative disease (Zucchelli et al.,
2011; Xie, 2013). TRAF6 expression has been reported to be up-
regulated in the peripheral blood of ischemic stroke patients, as
well as in neurons from a rat model of cerebral I/R (Wu et al.,
2013; Yuan et al., 2013; Su et al., 2015). Nevertheless, the potential
role and the underlying mechanism of TRAF6 in ischemic stroke
remain unknown.

In this study, we identified neuronal TRAF6 as a key modula-
tor of the ischemic signaling cascades that promote the develop-
ment of cerebral I/R-induced inflammation, oxidative stress, and
neuronal loss. Mechanistically, TRAF6 interacts directly with
Rac1 and promotes its Lys63-linked ubiquitination, thereby
promoting and maintaining the activation of Rac1. Activated
Rac1 then stimulates NF-�B-mediated inflammation, NAPDH
oxidase-mediated oxidative stress, and neuronal cell death after
cerebral I/R injury.

Materials and Methods
Animals. All experimental protocols were approved by the Animal Care
and Use Committee of Renmin Hospital of Wuhan University and were
conducted in accordance with the National Institutes of Health’s Guide
for theCareandUseofLaboratoryAnimals.TRAF6floxedmice(C57BL/6Jback-
ground) were generated as described previously (Ji et al., 2016). Neuron-
specific TRAF6-knock-out mice were then generated by breeding the
TRAF6 floxed mice with CaMKII�-Cre mice (Casanova et al., 2001).

Transgenic mice with neuron-specific expression of either WT TRAF6 or
mutant TRAF6 (C70A) were generated by cloning the full-length mouse
TRAF6 cDNA or the TRAF6 (C70A) mutant cDNA downstream of the
neuron-specific promoter platelet-derived growth factor B-chain
(PDGF�) (Peel et al., 1997; Kuteeva et al., 2004). The linearized plasmid
was then microinjected into fertilized mouse embryos to produce mice
with neuron-specific TRAF6 expression and the mice were identified
through PCR analysis of tail genomic DNA. The PCR primers used were
as follows: forward, 5�-CTGAAAGGGTGGCAACTTCT-3� and reverse,
5�-CTGGCACTTCTGGAAAGGAC-3�.

Cerebral ischemia/reperfusion induced by surgical middle cerebral artery
occlusion (MCAO). Cerebral ischemia was induced by occlusion of the
left middle cerebral artery (MCA) using the intraluminal filament tech-
nique. Briefly, male mice aged 11–12 weeks (25–30 g) were subjected to
inhalational anesthesia with 2.5–3% isoflurane in O2 and a heating plate
was used to maintain the rectal temperature at 37 � 0.5°C. MCAO was
achieved by introducing a 6-0 silicon-coated monofilament (Doccol)
into the internal carotid artery through an incision in the left common
carotid artery. The filament was then advanced into the circle of Willis to
obstruct the origin of the MCA. Doppler analysis (PeriFlux System 5010;
Perimed) was used to evaluate the blockage and restoration of regional
cerebral blood flow (rCBF). The filament was withdrawn after 45 min of
MCAO and rCBF was restored for the durations indicated. The animals
were returned to warm cages for 2 h for recovery with ad libitum access to
food and water. For the sham group, the filament was immediately with-
drawn after the rCBF diminished. The blood gases, systolic blood pres-
sure, diastolic blood pressure, and heart rate were recorded in randomly
selected conscious mice.

Treatment with a Rac1 inhibitor. The Rac1-specific inhibitor NSC23766
(Sigma-Aldrich) was dissolved in dimethyl sulfoxide (DMSO) (5 mM) di-
luted in phosphate buffer solution. The NSC23766 was intracranially in-
jected into wild-type (WT) and TRAF6-TG mice (10 mg/kg) (Raz et al.,
2010; Liao et al., 2014; Meng et al., 2015) 1 h after MCAO. DMSO of the same
volume was injected intracranially as a control treatment.

Neurological deficit scores. Neurological deficits were evaluated by us-
ing a nine-point scale at 24 and 72 h after MCAO induction on the basis
of the following criteria: (1) absence of neurological deficits (0 points);
(2) either left forelimb flexion after suspension by the tail or failure to
fully extend the right forepaw (1 point); (3) left shoulder adduction after
suspension by the tail (2 points); (4) decreased resistance to a lateral push
toward the left (3 points); (5) spontaneous movement in all directions
with circling to the left only if pulled by the tail (4 points); (6) spontane-
ously circling or walking only to the left (5 points); (7) walking only when
stimulated (6 points); (8) no response to stimulation (7 points); and
(9) stroke-related death (8 points).

Infarct volume determination. At the indicated times (24 and 72 h) after
MCAO/reperfusion, the brains were removed and sliced into 7 1 mm
coronal sections, which were immersed in a 2% 2,3,5-triphenyl-2H-
tetrazolium chloride solution for 15 min at 37°C. Normal brain tissue
was stained a red color, whereas infarcted tissue stained a pale gray color.
The sections were photographed and analyzed using Image-Pro Plus 6.0
(Media Cybernetics) and the infarct volume (percentage) of the seven
slices was calculated after correcting for edema as described previously
(Lu et al., 2013).

Histopathological evaluation. For histopathological evaluation, the
mice were anesthetized and transcardially perfused with 0.1 M sodium
phosphate buffer, pH 7.4, followed by 4% paraformaldehyde in phos-

Table 1. Antibodies used for immunofluorescence

Antibody Manufacturer Catalog # Sources of species RRID

Traf6 Abcam ab40675 Rabbit AB_778573
NeuN Millipore MAB353 Mouse AB_94911
MAP2 Abcam Ab5392 Chicken AB_2138153
PCNA Abcam ab92552 Rabbit AB_2138153
4-HNE Abcam Ab48506 Mouse AB_867452
8-OHDG Santa sc66036 Mouse AB_832272
p-Rac1/cdc42(Ser71) CST 2461S Rabbit AB_2300703
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phate buffer for 15 min. The brains were harvested and fixed in 4%
paraformaldehyde solution for 6 – 8 h at room temperature. The brains
were then immersed overnight at 4°C in phosphate buffer containing
30% sucrose and embedded in optimal cutting temperature (OCT) so-
lution. The OCT-embedded brains were sliced into 5-�m-thick sections.
In addition, primary neurons cultured on coverslips were fixed in ice-
cold acetone. The cryosections and coverslips were then washed in PBS

containing 10% goat serum and incubated overnight at 4°C with primary
antibodies. Antibodies are listed in Table 1. After the sections were
washed in PBS, they were incubated with the indicated secondary anti-
bodies for 1 h. Goat anti-chicken IgY (H&L, DyLight 488, ab96947;
Abcam), Alexa Fluor 568-conjugated goat anti-mouse IgG (A11004;
Invitrogen), and Alexa Fluor 568-conjugated anti-rabbit IgG (A11011;
Invitrogen) secondary antibodies were used, whereas 406-diamino-2-
phenylindole (S36939; Invitrogen) was used to stain nuclei. In addition,
an ApopTag Plus In Situ Apoptosis Fluorescein Detection Kit (S7111;
Millipore) was used to conduct the TUNEL assay according to the man-
ufacturer’s protocol. TUNEL-positive cells were evaluated using a micro-
scope and quantified under high-power magnification (200�).

Quantitative real-time PCR and Western blotting. Tissues used for
quantitative real-time PCR and Western blot analysis were obtained as
follows. Brains were transcardially perfused with cold sodium phosphate
before removal and the olfactory bulbs and 1 mm sections of the anterior
and posterior brain tissue were excised. The remaining tissues of the
ipsilateral (including the infarcted and peri-infarcted areas) and con-
tralateral (normal) hemispheres were then collected. All tissues were
immediately snap frozen in liquid nitrogen and stored at �80°C.

For real-time PCR, total RNA was extracted from peri-infarct cortex
with TRIzol reagent (Roche) according to the manufacturer’s instruc-
tions and the concentration was measured with NanoDrop 2000 spectro-
photometer. A total of 2 �g of total RNA was used to synthesize cDNA
with a Transcriptor First Stand cDNA Synthesis Kit (Roche). Quantita-
tive real-time PCR was performed with LightCycler 480 SYBR Green I
Master Mix (Roche) using a LightCycler 480 real-time PCR system
(Roche) according to the manufacturer’s instructions. Primer pairs are
listed in Table 2. The PCR conditions were as follows: initial denaturation
at 95°C for 10 min 40 cycles of 95°C for 10 s (denaturation), 60°C for 10 s
(annealing), and 72°C for 20 s (extension). The relative mRNA expres-
sion levels were normalized to the reference gene GAPDH. All reactions
were conducted in triplicate and the data were calculated using the
2 ���CT method.

For Western blotting, the peri-infarct tissues were lysed and the pro-
teins were separated in SDS-PAGE gels and transferred onto PVDF
membranes. The membranes were incubated in blocking buffer (TBST
containing 5% skim milk powder) for 1 h at room temperature and
immersed in primary antibodies overnight at 4°C. Antibodies are listed in
Table 3. After the membranes were washed, they were incubated with

Table 2. Primers used for real-time PCR

Gene Sequence 5� to 3�

Fas
Forward ACCATACCAATGAATGCCTCAA
Reverse TCTGCTCAGCTGTGTCTTGG

Fas1
Forward AAGCAGCAGCCTGAGAGTATC
Reverse CTGTTCTCCAGCTCCCGTTC

Bax
Forward CTGGATCCAAGACCAGGGTG
Reverse TCTTCCAGATGGTGAGCGAG

Bad
Forward TTAGCCCTTTTCGAGGACGC
Reverse CGCTTTGTCGCATCTGTGTT

Bcl2
Forward GAACTGGGGGAGGATTGTGG
Reverse GCATGCTGGGGCCATATAGT

TNF-�
Forward TGACAAGCCTGTAGCCCAC
Reverse TAGCAAATCGGCTGACGGTG

MCP-1
Forward CACTCACCTGCTGCTACTCA
Reverse CTTCTTGGGGTCAGCACAGA

IL-1�
Forward TAATGAAAGACGGCACACCCA
Reverse GTTTCCCAGGAAGACAGGCT

IL-2
Forward ATGAACTTGGACCTCTGCGG
Reverse GTCCACCACAGTTGCTGACT

VACM-1
Forward GCACTTGTGGAAATGTGCCC
Reverse AGATGCGCAGTAGAGTGCAA

ICAM-1
Forward AAGAGGGGTCTCAGCAGACT
Reverse CATCACGAGGCCCACAATGA

Nrf2
Forward TCAGGCCCAGTCCCTCAATA
Reverse TCCAGCGAGGAGATCGATGA

GPx
Forward GTGGGGGCTTTGTGCCTAAT
Reverse CCAGCGGATGTCATGGATCT

Txn-1
Forward TGTTGCTGCAGACTGTGAAGT
Reverse AAGCTTTTCCTTGTTAGCACCG

SOD2
Forward AGGAGCAAGGTCGCTTACAG
Reverse TGCTCCCACACGTCAATCC

SOD3
Forward TTCTACGGCTTGCTACTGGC
Reverse TGCGTGTCGCCTATCTTCTC

p47-phox
Forward AGAGCATCCACCAGCGTTC
Reverse GCTTCCGTTTGGTGCTCTCT

p67-phox
Forward GGGAAAACTCAGACGCCAGT
Reverse TTACACTCCCCTTCCAGCCA

gp91-phox
Forward ATAGCTACTGCCCACCCCAA
Reverse TCCAGACTCGAGTATCGCTGA

Table 3. Antibodies used for immunoblot analyses

Antibody Manufacturer Catalog # Sources of species RRID

TRAF6 Abcam Ab40675 Rabbit AB_778573
Bax CST 2772 Rabbit AB_329921
Bcl-2(50E3) CST 2870 Rabbit AB_2290370
Cleaved Caspase3(Asp175) CST 9661 Rabbit AB_2341188
Caspase-3 CST 9662 Rabbit AB_331439
p-IkBa(ser32/36) CST 9246L Mouse AB_2267145
IkBa(L35A5) CST 4814 Mouse AB_390781
P-Ikk�(Y199) Abcam Ab59195 Rabbit AB_943810
IKK� CST 8943S Rabbit AB_11024092
P-NF-kB p65(Ser536) CST 3033 Rabbit AB_331284
p65 CST 4764 Rabbit AB_823578
P47-phox(P366) Bioworld BS3261 Rabbit AB_1662897
NOXA2/P67 phox Abcam Ab109366 Rabbit AB_10860640
SD1(SOD1) Abcam Ab13498 Rabbit AB_300402
Heme Oxygenase 1(HO-1) Abcam Ab13243 Rabbit AB_299790
p-Rac1/cdc42(Ser71) CST 2461S Rabbit AB_2300703
Rac1/2/3 CST 2467 Rabbit AB_2176150
HA Sigma-Aldrich H6908 Rabbit AB_260070
Flag Sigma-Aldrich F3165 Mouse AB_259529
Myc MBL M192-3 Mouse AB_11160947
Ub CST 3933S Rabbit AB_2180538
His CST 12698 Rabbit
Gst CST 2624S Mouse AB_10692101
GAPDH(14C10) CST 2118 Rabbit AB_561053
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Figure 1. Expression of TRAF6 is elevated in cerebral experiencing I/R. Western blotting showed the expression of TRAF6 in vivo (A) before and after I/R and in vitro (B) after OGD/reperfusion at
the indicated time points, n 	 6 per time point. A, B, GAPDH served as a loading control for each time point. C, Mouse brains were stained for TRAF6 (red), NeuN (green), and DAPI (blue) in the
hippocampus, cortex, and striatum from the ipsilateral (24 h I/R) and contralateral sides (as labeled). White arrows indicate the TRAF6-positive neurons; Error bars indicate mean � SE. Scale bars,
50 �m. Right, Bar graph showing TRAF6 positive in the peri-infarct cortex and striatum (cortex, n 	 6 per group. *p 	 0.0036, two-tailed t test; Striatum, n 	 6 per group. *p 	 0.0002, two-tailed
t test). D, Immunofluorescence staining of TRAF6 (red), MAP2 (green), and DAPI (blue) for primary cortical neurons subjected to OGD/reperfusion for the indicated time points, n 	 4 per time point.
Scale bar, 50 �m.
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Figure 2. TRAF6 functions as a critical mediator of I/R injury. A, Expression of the TRAF6 from indicated tissues in the TRAF6 flox/flox and TRAF6-KO mice, n 	 4 per group. GAPDH served as the
loading control. B, TTC-stained sections from WT, TRAF6 flox/flox, and TRAF6-KO mice at 24 and 72 h after I/R. C, D, Quantification of the infarct volumes (n 	 12 per group, ANOVA, F(2,32) 	 21.900
at 24 h, *p � 0.0001 vs TRAF6 flox/flox; F(2,32) 	 30.703 at 72 h, *p � 0.0001 vs TRAF6 flox/flox) (C) and neurological deficit scores (n 	 12 per group, ANOVA, (Figure legend continues.)
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secondary antibodies. The protein bands were detected using a Bio-Rad
imaging system and specific protein expression levels were normalized to
GAPDH protein.

Cell culture and in vitro manipulation. Primary cortical neurons were
isolated from the brains of 1-d-old Sprague Dawley rats. Briefly, the
cortices were dissociated by incubating the brain tissue in 2 ml of 0.125%
trypsin (Invitrogen) for 15 min at 37°C and the trypsin was then inacti-
vated by addition of 4 ml of DMEM/F-12 (Invitrogen) containing 20%
fetal bovine serum (Invitrogen). After the cells were centrifuged for 5 min
at 1000 rpm, the resulting pellet was resuspended in DMEM containing
20% fetal bovine serum. Sterile filters (200 �m pore size) were used to
filter neurons, which were then seeded on plates coated with poly-L-
lysine (10 mg/ml; Sigma-Aldrich). The neurons were cultured in Neuro-
basal medium (Invitrogen) supplemented with B27 (Invitrogen) and
AraC (10 mM; Sigma-Aldrich) for 24 h at 37°C in an atmosphere con-
taining 5% CO2. Five days later, the neurons were subjected to transient
oxygen and glucose deprivation (OGD) (serum-free glucose-free Locke’s
buffer, pH 7.2; 95% N2 and 5% CO2) for 60 min and then returned to
normal culture conditions for various times as indicated. The neurons
cultured in normal levels of glucose in a humidified atmosphere contain-
ing 95% air and 5% CO2 served as controls.

Recombinant adenoviral vectors. Adenoviruses containing sequences
encoding rat TRAF6 (AdTRAF6), TRAF6 (C70A) (AdTRAF6-M), or
short hairpin RNAs targeting TRAF6 (AdshTRAF6) were constructed for
the in vitro studies. The cultured cortical neurons were infected for 24 h
with adenovirus at a multiplicity of infection of 100.

Cell viability. A nonradioactive cell counting kit-8 assay (CK04; Do-
jindo) was used to examine cell viability and was conducted according to
the manufacturer’s protocol. A commercially available colorimetric lac-
tate dehydrogenase (LDH) cytotoxicity assay kit (G1782; Promega) was
used to evaluate LDH release. Three independent experiments were
performed.

GTP “charging” assay of endogenous and recombinant Rac1. HEK293T
cells were transfected with the appropriate constructs. At 48 h after trans-
fection, the cells were lysed in binding buffer (50 mM Tris-HCl, pH 7.5,
150 mM NaCl, 1% Triton X-100, 10 mg/ml leupeptin, 10 mM NaF, 2 mM

Na3VO4, and 1 mM PMSF). GST-PAK1-CRIB (produced in the Escherichia coli
system, 20 �g) preloaded onto GSH Sepharose was incubated for 2 h at
4°C with the precleared cell lysates or peri-infarct tissue lysates. After
three washes with binding buffer, the amount of Rac-GTP bound to the
beads was determined by SDS-PAGE, followed by immunoblot analysis
of Flag or Rac1.

Immunoprecipitation and GST pull-down assays. Cultured HEK293T
cells were cotransfected with HA-Rac1, HA-Rac1 T17N (i.e., Rac-GDP),
or HA-Rac1 G12V (i.e., Rac-GTP) and Flag-TRAF6 for 48 h and then the
cell lysates were precleared and incubated with 1 �g of antibody and 10 �l
of protein A/G-agarose beads on a shaker at 4°C overnight. The immu-
nocomplex was collected, washed, and blotted using the indicated pri-
mary antibodies.

For the GST pull-down assay, HEK293T cells transfected with His-
Rac1 or His-TRAF6 were lysed with his lysis buffer (20 mM Tris-HCl, pH
7.4, 150 mM NaCl, 1% Triton X-100 containing protease inhibiter cock-
tail tablets (04693132001; zcomRoche). The cell lysis was then incubated
with 20 �l of Ni-NTA agarose (30210; Qiagen). Rosetta (DE3) E. coli was
transformed with the vector pGEX-4T-1-GST-TRAF6 or pGEX-4T-1-

GST-Rac1 and induced with 0.1 mM isopropyl-�-D-thiogalactopy-
ranoside when the E. coli reached an optical density at 600 nm of 0.8.
Afterward, the E. coli cells were lysed, and the extracts were incubated
with glutathione Sepharose 4B beads (17075601; GE Healthcare Biosci-
ences) for 4 h at 4°C. The protein-loaded beads were washed 5 times with
1 ml of PBS and incubated with immunopurified his-Rac1 or his-TRAF6
for an additional 4 h at 4°C. The purified proteins were then washed 3
times with 1 ml of His lysis buffer, boiled with 2� SDS loading buffer,
resolved with SDS-PAGE, and analyzed with Western blotting using
anti-his antibodies. A GST tag was used as the negative control under the
same conditions.

In vivo ubiquitination assay. The in vivo ubiquitination assay was per-
formed according to a previously described protocol (Ji et al., 2016).
Briefly, cells were lysed in SDS lysis buffer (20 mM Tris-HCl, pH 7.4, 150
mM NaCl, 1 mM EDTA, 1% SDS) containing protease inhibitor cocktail
tablets (04693132001; Roche) for 30 min at 4°C and denatured by heating
for 5 min. The lysates were diluted 10-fold with lysis buffer (20 mM

Tris-HCl, pH 7.4, 150 mM NaCl, 1 mM EDTA, 1% Triton X-100) con-
taining protease inhibitor cocktail tablets (04693132001; Roche). After
the lysates were centrifuged at 12,000 rpm for 10 min at 4°C, the resulting
supernatants were subjected to immunoprecipitation with the indicated
antibodies.

In vitro ubiquitination assay. The tested proteins were expressed with a
TNT Quick Coupled Transcription/Translation System Kit (L2080; Pro-
mega) according to the manufacturer’s instructions. The synthesized
proteins were then analyzed by SDS-PAGE. For the in vitro ubiquitina-
tion assay, 5 nM TRAF6 and 1 mM Rac1 protein were mixed with 100 nM

His-E1, 1 mM His-E2 (Ubc13/Mms2) and 2.5 mM Bt-Ub in 50 mM ubiq-
uitination reaction buffer from a ubiquitination kit (BML-UW9920-
0001; Enzo Life Sciences) according to the manufacturer’s instructions.
The samples were subsequently separated via SDS-PAGE and detected
with HRP-conjugated streptavidin (ab7403; Abcam).

Statistical analysis. The data are expressed as the means � SE. Data
distribution was analyzed with the Kolmogorov–Smirnov or Shapiro–
Wilk normality test. Comparisons among multiple groups were analyzed
by using one-way ANOVA, followed by Bonferroni’s post hoc test (equal
variances assumed) or Tamhane’s T2 post hoc test (equal variances not
assumed). Comparisons between two groups were performed using an
unpaired Student’s t test. For the nonparametric data, the Mann–Whitney
test was applied. Statistical significance was set as p � 0.05. The sample
size was predetermined by analyzing pre-experimental data with PASS
(power analysis and sample size) software. For animal studies, the sample
size was predetermined by our prior experiment. All in vivo and imaging
studies were performed in a blinded manner.

Results
TRAF6 expression is increased in ischemic cerebral tissue
The expression of TRAF6 after ischemic stroke was examined to
investigate its response during ischemic stroke. We found that
TRAF6 expression was increased in brain homogenates in a time-
dependent manner. Its expression was induced as early as 2 h
after MCAO and increased to 4.39-fold of its baseline level at 72 h
after MCAO (Fig. 1A). A similar expression pattern was observed
in OGD-challenged primary cortical neurons isolated from rats
(Fig. 1B). MCAO/reperfusion-induced cerebral lesions were ob-
served in cortical and striatal neurons but not in hippocampal
neurons (Fig. 1C), where blood flow was preserved (Engel et al.,
2011). Further immunofluorescence staining of TRAF6 and the
neuronal marker NeuN in different regions of the brain indicated
that TRAF6 was expressed in hippocampal, cortical, and striatal
neurons at baseline and was upregulated only in the cortex and
striatum (sites of interrupted blood flow), not in the hippocam-
pal neurons after MCAO/reperfusion (Fig. 1C). Consistent with
these results, immunofluorescence staining of TRAF6 and MAP2
in the primary cortical neurons also revealed the time-dependent
manner of OGD-induced TRAF6 expression (Fig. 1D). These
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(Figure legend continued.) F(2,32) 	 8.532 at 24 h, *p 	 0.005 vs TRAF6 flox/flox; F(2,32) 	 21.770
at 72 h, *p 	 0.011 vs TRAF6 flox/flox (D) at 24 and 72 h after I/R. E, Schematic diagram showing
the construction of the neuron-specific TRAF6-overexpressing mice. F, Representative bands of
TRAF6 from the founder WT and TG mouse lines, n 	 4 per group. GAPDH served as the loading
control. G, TTC-stained sections from WT, TRAF6-TG1, and TRAF6-TG2 mice at 24 and 72 h after
I/R. H, I, Quantification of the infarct volumes (n 	 12 per group, ANOVA, F(2,32) 	 4.893 at
24 h, for TRAF6-TG1, *p 	 0.0397, for TRAF6-TG2, *p 	 0.0259 vs WT; F(2,32) 	 6.049 at 72 h,
for TRAF6-TG1, *p 	 0.0144, for TRAF6-TG2, *p 	 0.0153 vs WT) (H) and neurological deficit
scores (n 	 12 per group, ANOVA, F(2,32) 	 7.176 at 24 h, for TRAF6-TG1, *p 	 0.0073, for
TRAF6-TG2, *p 	 0.0073 vs WT; F(2,32) 	 5.299 at 72 h, for TRAF6-TG1, *p 	 0.0312, for
TRAF6-TG2, *p 	 0.0192 vs WT) (I) at 24 and 72 h after I/R.

12128 • J. Neurosci., December 13, 2017 • 37(50):12123–12140 Li et al. • TRAF6 Exacerbates Ischemic Stroke



Figure 3. TRAF6 exacerbates I/R-induced neuronal death. A, Fluoro Jade B and TUNEL staining in brain sections were performed at 24 h after I/R. DAPI was used to stain the nuclei. Scale bars,
50 �m. Right, Quantification of Fluoro Jade B-positive cell (top right, n 	 4 –5 per group, for TRAF6-KO, F(1,6) 	 8.391, *p 	 0.0209 vs TRAF6-flox; for TRAF6-TG, F(1,7) 	 3.371, # p 	 0.0143 vs
WT, Mann–Whitney test) and TUNEL-positive cell (bottom right, n 	 4 – 6 per group, for TRAF6-KO, F(1,8) 	 2.413, *p 	 0.0008 vs TRAF6-flox; for TRAF6-TG, F(1,7) 	 4.997, #p 	 0.0050 vs WT
two-tailed t test). B, C, Cell viability (left) and LDH release (right) were assessed and quantified 24 h after OGD/reperfusion stimulation. Primary neurons were infected AdshTRAF6 (n 	 9 per group,
for cell viability, F(3,32) 	 0.063, *p � 0.0001 vs AdshRNA; for LDH release, F(3,32) 	 1.054, # p � 0.0001 vs AdshRNA two-tailed t test) (B), AdTRAF6 (n 	 9 per group, for cell viability, F(3,32) 	
0.429, *p 	 0.0021 vs AdGFP; for LDH release, F(3,32) 	 0.022, *p � 0.0001 vs AdGFP two-tailed t test) (C), or control adenoviruses. D, E, Real-time PCR showing the mRNA expression of the
indicated genes from TRAF6-KO (n 	 4 per group, for Fas, *p � 0.0001 vs TRAF6-flox, Mann–Whitney test; for Fasl, Bax, Bad, Bcl2,*p � 0.0001, for Bax2, *p 	 0.0002 vs TRAF6-flox two-tailed
t test) (D) and TRAF6-TG (n 	 4 per group, for Fas, Fasl, *p � 0.0001 vs TRAF6-flox, two-tailed t test; for Bax, Bad, Bcl2,*p � 0.0001 vs WT, Mann–Whitney test) (E) mice brains in response to
cerebral I/R injury. F, Western blot analysis (top) and relative quantification (bottom) of the apoptotic related proteins in the brain from sham- and MCAO-operated TRAF6-KO (left) and TRAF6-TG
(right) mice. GAPDH is served as loading control [n 	 6 per group, ANOVA, **p � 0.01, ***p � 0.001 vs sham; ##p � 0.01, ###p � 0.001 vs TRAF6 flox/flox mice (left) or n 	 6 per group, ANOVA,
**p � 0.01, ***p � 0.001 vs sham; ##p � 0.01, ###p � 0.001 vs WT mice (right)]. G, Western blot analysis (top) and relative quantification (bottom) of the apoptotic related proteins in cell lysates
from AdshTRAF6- or AdTRAF6-infected primary neurons. GAPDH served as loading control [n 	 4 per group, ANOVA, **p � 0.01, ***p � 0.001 vs control; #p � 0.05, ##p � 0.01, ###p � 0.001
vs AdshRNA (left) or n 	 4 per group, ANOVA, *p � 0.05, **p � 0.01, ***p � 0.001 vs control; #p � 0.05, ##p � 0.01, ###p � 0.001 vs AdGFP (right)]. Error bars indicate mean � SE.
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Figure 4. The cerebral I/R-induced inflammatory response is significantly aggravated by TRAF6. A, Relative mRNA levels of the proinflammatory genes in I/R-injured brain in TRAF6-KO and
TRAF6-TG mice, TRAF6 flox/flox, and WT mice served as control, respectively. The results were normalized to GAPDH [n 	 4 per group, for TNF-�, *p � 0.0001, for MCP-1 p 	 0.0351, for IL-1� p 	
0.0043, for IL-2 p 	 0.0174, for VCAM1 p 	 0.0073, for ICAM-1 p 	 0.0036 vs TRAF6-flox, two-tailed t test (left); for TNF-�, *p 	 0.0171, for MCP-1 (Figure legend continues.)
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data suggested that TRAF6 may have a critical role in neurons
during the progression of ischemic stroke.

TRAF6 exacerbates poststroke cerebral injury
To explore the function of TRAF6 in ischemic stroke, conditional
TRAF6-knock-out mice were generated using the Cre/loxP sys-
tem (hereafter referred to as TRAF6-KO mice) and the genotype
was validated by immunoblotting (Fig. 2A). We found that the
infarct size in the TRAF6-KO mice was significantly smaller at 24
and 72 h after I/R injury compared with both the WT and
TRAF6 flox/flox mice (Fig. 2B,C). Neurological deficits were also
decreased in the TRAF6-KO mice at both time points (Fig. 2D).
Therefore, we speculated that TRAF6 ablation might be benefi-
cial for ischemic stroke outcomes. To verify this possibility, we
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(Figure legend continued.) p 	 0.0058, for IL-1� p 	 0.0056, for IL-2 p 	 0.0041, for VCAM1
p 	 0.0179, for ICAM-1 p 	 0.0020 vs WT, two-tailed t test (right)]. B, Immunoblot analysis
(top) and relative quantification (bottom) of the NF-�B cascade in brain from sham- and MCAO-
operated TRAF6-KO (left) and TRAF6-TG (right) mice. GAPDH served as loading control [n 	 6
per group, ANOVA, **p � 0.01, ***p � 0.001 vs sham; ##p � 0.01, ###p � 0.001 vs
TRAF6 flox/flox mice (left) or n 	 6 per group, ANOVA, ***p � 0.001 vs sham; ##p � 0.01,
###p � 0.001 vs WT mice (right)]. C, Immunoblot analysis (top) and relative quantification
(bottom) of the NF-�B cascade in neurons subject OGD/reperfusion infected with AdshTRAF6-
(left) or AdTRAF6 (right). GAPDH served as loading control [n 	 4 per group, ANOVA, **p �
0.01, ***p�0.001 vs control; ##p�0.01, ###p�0.001 vs AdshRNA (left) or n	6 per group,
ANOVA, **p � 0.01, ***p � 0.001 vs control; #p � 0.05, ##p � 0.01 vs AdGFP (right)]. Error
bars indicate mean � SE.

Figure 5. TRAF6 enhances I/R-induced oxidative stress. A–C, Representative images of the cortices from the indicated mouse lines stained with DHE (A), 4-HNE (B), and 8-OHDG (C)
after I/R; DAPI indicates the nuclei. Merged images are shown. Relative quantification of neurons positive for the target proteins is shown [n 	 3–5 per group for TRAF6-KO, F(1,7) 	
0.893, *p 	 0.0128 vs TRAF6-flox; for TRAF6-TG, F(1,6) 	 0.532, #p 	 0.0491 vs WT, two-tailed t test (A); n 	 3–5 per group, for TRAF6-KO, F(1,7) 	 0.122, *p 	 0.0397 vs TRAF6-flox;
for TRAF6-TG, F(1,7) 	 3.511, #p 	 0.0157 vs WT, two-tailed t test (B); n 	 3–5 per group, for TRAF6-KO, F(1,7) 	 6.966, *p 	 0.1067 vs TRAF6-flox; for TRAF6-TG, F(1,6) 	 10.424, #p 	
0.0032 vs WT, two-tailed t test (C)]. D, Relative mRNA levels of the oxidative stress related genes in I/R-injured brain in TRAF6-KO and TRAF6-TG mice, TRAF6 flox/flox, and WT mice served
as control, respectively. The results were normalized to GAPDH [n 	 4 per group, for Nrf2, GPX, Tnx-1, phox67, gp91, *p � 0.0001, for SOD2, *p 	 0.0020 vs TRAF6-flox, two-tailed t
test; for SOD3,*p � 0.0001, for phox47, *p 	 0.0002 vs TRAF6-flox, Mann–Whitney test (left); for Tnx-1, *p � 0.0001 vs TRAF6-flox, two-tailed t test; for Nrf2, GPX, SOD3, phox47,
phox67, gp91, *p � 0.0001, for SOD2, *p 	 0.0003 vs WT, Mann–Whitney test (right)]. E, F, Western blotting and quantification of the indicated proteins from mice and cells lacking
or overexpressing TRAF6 were evaluated in vivo (E) and in vitro (F), respectively. GAPDH served as the loading control [n 	 6 per group, ANOVA, **p � 0.01, ***p � 0.001 vs sham; #p �
0.05, ##p � 0.01, ###p � 0.001 vs TRAF6 flox/flox mice (left) or WT mice (right) (E); n 	 4 per group, ANOVA, **p � 0.01, ***p � 0.001 vs sham; #p � 0.05, ##p � 0.01, ###p � 0.001
vs control (left) or AdGFP (right) (F)].
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Figure 6. Cerebral I/R induced Rac-1 activation was enhanced by TRAF6. A, B, Western blots of the expression of total and phosphorylated Rac-1 in I/R-injured mice (A) and OGD-treated primary
neurons (B). GAPDH served as loading control [n 	 6 per group, ANOVA, for TRAF6-KO, F(3,20) 	 132.273, *p 	 0.0002 vs sham, #p 	 0.0002 vs TRAF6 flox/flox (left); for TRAF6-TG, F(3,20) 	 121.992,
*p 	 0.0006 vs sham, #p 	 0.0006 vs WT (right) (A); n 	 4 per group, ANOVA, for AdshTRAF6, F(3,12) 	 77.706, *p 	 0.0005 vs control, #p 	 0.0005 vs AdshRNA (left); for AdTRAF6, F(3,12) 	
96.261, *p 	 0.0008 vs control, #p 	 0.0010 vs AdGFP (right)]. B, C, Precipitation (Ppt) by GST-PAK70-106 (GST-PAK) of active (GTP-bound) Rac1 in cortex from sham- and MCAO-operated
TRAF6-KO (left), TRAF6-TG (TG; right) mice, and relative control. Bottom, Immunoblot analysis of PAK and total Rac1 in the cortex; GAPDH served as loading control (n 	 3– 4 per group).
D, Immunofluorescence staining for p-Rac1 (red), NeuN (green), and DAPI (blue) was performed in brain sections of the indicated mice. Right, Quantification of the p-Rac1-positive neuron numbers
[n 	 3–5 per group, for TRAF6-KO, F(1,7) 	 2.211, *p 	 0.0252 vs TRAF6-flox (top); for TRAF6-TG, F(1,6) 	 2.710, #p 	 0.0022 vs WT, two-tailed t test]. Error bars indicate mean � SE.
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Figure 7. Inhibition of Rac1 abolishes the procerebral injury effect of TRAF6 overexpression in ischemic stroke. A, Western blot analysis (left) and relative quantification (right) of the levels of total
and phosphorylated Rac1 in brain from the TG mice treated with NSC23766 and DMSO (control). GAPDH served as loading control (n 	 4 per group, ANOVA, F(3,12) 	 99.103, for WT *p 	 0.0001
vs DMSO, for TRAF6-TG, *p 	 0.0003 vs DMSO, #p 	 0.0108 vs WT). B–E, TRAF6-induced neuronal damage was dependent on Rac1. B, TTC-stained sections from WT and TRAF6-TG mice treated
with NSC23766 and DMSO, respectively. Quantification of infarct volumes [n 	 12 per group, ANOVA, F(3,44) 	 34.878, for WT *p 	 0.0006 vs DMSO, (Figure legend continues.)

Li et al. • TRAF6 Exacerbates Ischemic Stroke J. Neurosci., December 13, 2017 • 37(50):12123–12140 • 12133



generated four conditional TRAF6-overexpressing transgenic
mouse lines using the PDGF-� promoter upstream of TRAF6,
which results in neuron-specific overexpression (Fig. 2E). Immu-
noblots demonstrated that cerebral TRAF6 expression in the
transgenic mice was higher than that in the WT mice (Fig. 2F).
Two transgenic mouse lines (TRAF6-TG1 and TRAF6-TG2)
were used for further experiments. Compared with the WT mice,
the TRAF6-TG1 mice exhibited an increase in infarct volume by
46% and 34% at 24 and 72 h after MCAO/reperfusion, respec-
tively. A similar effect on the infarct size was observed in TRAF6-
TG2 mice (Fig. 2G,H). Neurological deficits were also more
severe in the transgenic lines at both time points (Fig. 2I). To-
gether, these data demonstrated that TRAF6 exacerbates brain
damage by directly affecting neurons in I/R conditions.

TRAF6 is a prodeath effector regulated by cerebral ischemia
Given that neuronal TRAF6 is specifically induced by I/R, that
neuron-specific TRAF6 expression potentiates cerebral injury,
and that neurons are particularly vulnerable to ischemic stroke
(Tymianski, 2011), we investigated whether TRAF6 affects neu-
ronal survival directly. Fluoro-Jade B staining was used to
investigate the acute degeneration of neurons and TUNEL
staining was conducted simultaneously to identify apoptotic cells
after cerebral I/R (Fig. 3A). Compared with TRAF6-floxed mice,
TRAF6-KO mice showed a dramatic decrease in the number of
Fluoro-Jade B-positive neurons and TUNEL-positive neurons at
24 h after I/R (Fig. 3A). In contrast, TRAF6 overexpression ren-
dered neurons more vulnerable to cell death (Fig. 3A). Therefore,
TRAF6 is critical for I/R-induced neuronal degeneration and ap-
optosis. To further investigate this phenomenon, we evaluated
the prodeath effect of TRAF6 in cultured rat primary neurons in
vitro by infecting these cells with either AdshTRAF6, which
decreased TRAF6 expression by 60% (data not shown), or its
scramble control AdshRNA. Indeed, TRAF6-knock-down neu-
rons were more resistant to OGD-induced cell death as evidenced
by the significantly enhanced cell viability and decreased LDH
release (Fig. 3B). In contrast, TRAF6 overexpression via adeno-
viral infection (Ad-TRAF6) rendered the neurons more vul-
nerable to OGD-induced cell death (Fig. 3C). In the brains from
TRAF6-KO mice, the mRNA levels of proapoptotic genes (Fas,
Fasl, Bax, and Bad) were significantly downregulated, whereas
the levels of the anti-apoptotic protein Bcl-2 were upregulated
(Fig. 3D). This effect was reversed after TRAF6 overexpression
(Fig. 3E). Furthermore, Western blot analysis showed that
Bcl-2 expression was decreased and the expression levels of the
proapoptotic protein Bax and cleaved-caspase3 were increased
in TRAF6 flox/flox and WT mice at 6 h after I/R compared with the
levels in sham controls (Fig. 3F ). However, these changes were
attenuated significantly in TRAF6-KO mice (Fig. 3F ) and en-

hanced in TRAF6-TG mice compared with TRAF6 flox/flox and
WT mice, respectively (Fig. 3F ). Moreover, the temporal ex-
pression patterns of these proteins were similar in OGD-
treated primary neurons infected with either AdshTRAF6 or
Ad-TRAF6 (Fig. 3G). Together, these data indicated that
TRAF6 accelerates acute neuronal degeneration in response to
cerebral I/R injury.

TRAF6 activates the NF-�B proinflammatory signaling
pathway
Inflammation contributes to the pathophysiology of cerebrovas-
cular diseases, particularly stroke caused by arterial occlusion and
ischemic stroke (Moskowitz et al., 2010; Iadecola and Anrather,
2011). Therefore, we evaluated the mRNA expression of proin-
flammatory mediators such as TNF-�, monocyte chemoattrac-
tant protein-1 (MCP-1), and IL-1� in the brains of TRAF6-KO
and TRAF6-TG mice at 24 h after I/R. The expression of these
cytokines was significantly lower in TRAF6-KO mice and signif-
icantly higher in TRAF6-TG mice than their respective littermate
controls (Fig. 4A). NF-�B is a transcription factor that plays a key
role in mediating the expression of a variety of genes involved in
inflammatory responses during ischemic stroke (Nurmi et al.,
2004). Western blotting showed that NF-�B was activated in
the cerebrum after I/R injury, as demonstrated by the poten-
tiated phosphorylation of I�B�, IKK�, and p65 (Fig. 4B). In
addition, TRAF6 expression in neurons positively regulated
this effect in mice during I/R (Fig. 4B). Moreover, activation of
the NF-�B signaling pathway was positively regulated by
TRAF6 expression in vitro (Fig. 4C), suggesting that NF-�B-
mediated inflammation is a downstream target of TRAF6 in
ischemic stroke.

TRAF6 enhances oxidative stress after ischemic stroke
Oxidative stress occurs because of an imbalance between pro-
oxidant and anti-oxidant activities, resulting in excessive produc-
tion of reactive oxygen species, important mediators of tissue
injury during acute ischemic stroke (Allen and Bayraktutan, 2009).
To analyze the changes in oxidative stress during ischemia,
dihydroethidium (DHE) fluorescent staining was performed to
analyze superoxide generation (Fig. 5A); 4-hydroxynonenal (4-
HNE) fluorescent staining was performed to analyze lipid peroxi-
dation (Fig. 5B); and 8-hydroxy-2 deoxyguanosine (8-OHdG)
fluorescent staining was performed to analyze oxidative DNA
(Fig. 5C) (Imai et al., 2001; Kawai et al., 2011). The number of
DHE-, 4-HNE-, and 8-OHdG-positive cells was significantly de-
creased in TRAF6-KO mice compared with TRAF6-floxed mice,
whereas tissue from TRAF6-TG mice exhibited a pro-oxidative
effect (Fig. 5A–C). Next, we evaluated the mRNA levels of the
anti-oxidant transcriptional factor Nrf2 and its effectors, gluta-
thione peroxidase and manganese superoxide dismutase, as well
as the pro-oxidant NADPH oxidase subunits p47-phox, p67-
phox, and gp91-phox in mouse brains 24 h after I/R (Fig. 5D) (Li
et al., 2006). TRAF6 knock-out significantly decreased the mRNA
levels of NADPH oxidase subunits and increased the mRNA lev-
els of Nrf2 and its downstream targets, whereas TRAF6 overex-
pression exerted the opposite effects (Fig. 5D). In agreement with
these observations, the results of the immunoblotting assays de-
tecting p47-phox, p67-phox, and HO-1 showed similar trends in
the protein expression patterns both in vivo (Fig. 5E) and in vitro
(Fig. 5F). Therefore, TRAF6 leads to significantly increased oxi-
dative stress after cerebral I/R.
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(Figure legend continued.) for TRAF6-TG, *p � 0.0001 vs DMSO, #p 	 0.0250 vs WT (C) and
neurological deficit scores, n 	 12 per group, ANOVA, F(3,44) 	 17.550, for WT *p 	 0.0122 vs
DMSO, for TRAF6-TG, *p � 0.0001 vs DMSO, #p 	 0.0170 vs WT (D) at 24 h after I/R, n 	 6 – 8
per group]. E, Left, Fluoro Jade B and TUNEL were assessed in brain sections of the WT and
TRAF6-TG mice treated with NSC23766 and DMSO. Right, Quantification of Fluoro Jade
B-positive cell [n 	 3–5 per group, ANOVA, F(3,13) 	 47.344, for WT *p 	 0.0014 vs DMSO, for
TRAF6-TG, *p � 0.0001 vs DMSO, #p 	 0.0001 vs WT. (top right) and TUNEL-positive cell, n 	
3–5 per group, ANOVA, F(3,13) 	 43.685, for WT *p 	 0.0014 vs DMSO, for TRAF6-TG, *p 	
0.0080 vs DMSO, #p � 0.0001 vs WT (bottom right)]. Scale bars, 50 �m. F, G, Western blot
analysis (left) and quantification (right) of the indicated proteins in the WT and TRAF6-TG mice
treated with NSC23766 or DMSO (n 	 3– 4 per group, ANOVA, **p � 0.01, ***p � 0.001 vs
DMSO; #p � 0.05, ##p � 0.01, ###p � 0.001 vs WT mice).
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Figure 8. TRAF6 regulates Rac1 activation through direct physical interaction and ubiquitination. A, Coimmunoprecipitation of TRAF6 and Rac1. Primary neurons were coinfected with either
Flag-tagged TRAF6 and HA-tagged Rac1 or Flag-tagged Rac1 and HA-tagged TRAF6. Lysates were immunoprecipitated with anti-Flag and analyzed by using immunoblotting with anti-HA or
anti-Flag antibodies. B, Immunoblotting analysis of the GST pull-down of either His-tagged TRAF6 with GST-Rac1 or His-tagged Rac1 with GST-TRAF6. C, Immunoblot analysis of total lysates
(bottom) and anti-Flag immunoprecipitates (top) of 293T cells expressing various combinations of HA-tagged WT Rac1, HA-Rac1G12V, or HA-Rac1T17N and Flag-tagged TRAF6. D, Primary neurons
infected with AdshRNA, AdshTRAF6, or AdGFP and AdTRAF6 were stimulated with OGD for 6 h, immunoprecipitated with anti-Rac1 antibody, and blotted with anti-Ub antibody. E, HEK293T cells
cotransfected with HA-Rac1, Myc-Ub, and Flag-TRAF6 plasmids were immunoprecipitated with an anti-HA antibody and subjected to Western blotting with an anti-Myc antibody. F, HEK293T cells
cotransfected with HA-Rac1, Myc-Ub, and either TRAF6 (WT) or TRAF6 (C70A) plasmids were subjected to immunoprecipitation with anti-HA antibody followed by Western blotting with
anti-Myc-Ub antibody. G, Rac1 proteins were incubated with E1, E2, and biotinylated-Ub (Bt-Ub) in the presence or absence of TRAF6 proteins to measure the in vitro ubiquitination of Rac1.
H, HEK293T cells cotransfected with Myc-Ub, HA-Rac1 (WT) or HA-Rac1 (K16R) and Flag-TRAF6 (WT) or TRAF6 (C70A) plasmids were subjected to immunoprecipitation with an anti-HA antibody
followed by Western blotting with an anti-myc antibody. I, Cell lysates from 293T cells expressing Flag-TRAF6 and either HA-Rac1 (WT) or HA-Rac1 (K16R) as indicated were incubated with
GST-PAK70-106 (GST-PAK). The association of active (GTP-bound) Rac1 with GST-PAK70-106 was determined via immunoblotting for Rac1.
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TRAF6 promotes Rac1 phosphorylation and
activation directly
On the basis of the observation that TRAF6 promotes neuronal
death, NF-�B-mediated inflammation and NADPH oxidase-
mediated oxidative stress after cerebral I/R injury, we hypothe-
sized that TRAF6 might serve as a key upstream regulator of these
molecular pathways through interacting with an unidentified tar-
get. Rac1, a member of the Rho GTPase family, has been reported
to regulate pathways that mediate the inflammatory response and
ROS-mediated cell death by interacting with NF-�B and NADPH
oxidase (Heasman and Ridley, 2008; Bid et al., 2013). We found
that Rac1 activation was significantly increased after I/R injury
and this activation was decreased by TRAF6 ablation but en-
hanced by TRAF6 overexpression in both mouse brains (Fig. 6A)
and cultured neurons (Fig. 6B). Furthermore, the abundance of
GTP-bound Rac1 was much lower in cortical neurons from
TRAF6-KO mice but higher in the neurons from TRAF6-TG
mice after I/R injury compared with controls (Fig. 6C). Immu-
nofluorescence staining for p-Rac1 and NeuN in the penumbral
tissues from TRAF6-KO and TRAF6-TG mice further demonstrated
TRAF6-mediated activation of Rac1 (Fig. 6D). Collectively, these
data indicated that Rac1 activation may be responsible for adverse
oxidative stress and inflammatory response induced by TRAF6 dur-
ing ischemic stroke.

Inhibiting Rac1 rescues TRAF6-mediated cerebral injury
in stroke
To further confirm that Rac1 activation is required in TRAF6-
mediated neuronal death, TRAF6-TG and WT mice were treated
with either NSC23766, a Rac1-specific inhibitor (Gao et al.,
2004), or DMSO. As shown in Figure 7A, NSC23766 successfully
inhibited Rac1 phosphorylation after cerebral I/R injury in both
WT and TRAF6-TG mice. Blocking Rac1 activation attenuated
MCAO/reperfusion-induced cerebral injury markedly (Fig. 7B–D)
in WT mice. Furthermore, NSC23766 treatment abolished the
aggravation of the infarct sizes and neurological deficits in
TRAF6-TG mice (Fig. 7B–D). More importantly, blocking Rac1
activation also counteracted TRAF6-mediated neuronal death
and apoptosis (Fig. 7E). In addition, treating TRAF6-TG and WT
mice with NSC23766 resulted in significantly lower expression
levels of NADPH oxidase subunits, pro-apoptotic signaling path-
way components, and NF-�B-mediated inflammation, whereas
higher HO-1, Caspase3, and Bcl-2 expression compared with the
corresponding control littermates (Fig. 7F,G). Together, these
data demonstrated that Rac1 inhibition effectively ameliorates
TRAF6-mediated cerebral injury in ischemic stroke.

TRAF6 interacts with Rac1 and mediates its ubiquitination
Next, to explore how TRAF6 activates Rac1, we transfected Flag-
tagged Rac1 and HA-tagged TRAF6 into HEK293T cells and
found that TRAF6 coimmunoprecipitated with Rac1 and vice
versa (Fig. 8A). This TRAF6-Rac1 interaction was further sup-
ported by the results of the glutathione S-transferase pull-down
assay (Fig. 8B). To identify which type of Rac1 interacts with
TRAF6, we incubated purified WT Rac1, constitutively active
form of Rac1 (Rac1 G12V) or inactive form of Rac1 (Rac1 T17N)
with TRAF6. The results showed that TRAF6 interacts selec-
tively with inactive Rac1 T17N, but not active Rac1 G12V or WT
Rac1 (Fig. 8C).

The direct interaction between TRAF6 and Rac1, as well as the
increased levels of phosphorylated Rac1 during TRAF6-mediated
cerebral injury, promoted us to investigate the events that medi-
ate TRAF6-Rac1 interaction and Rac1 activation. It has been re-

ported that TRAF6 functions with a ubiquitin-conjugating (E2)
complex and catalyzes the synthesis of Lys63 (K63)-conjugated
polyubiquitin chains on its target proteins and that Rac1 ubiq-
uitination is crucial for its phosphorylation and subsequent
activation (Jiang and Chen, 2011; Geng et al., 2015). We first
measured Rac1 ubiquitination in primary neurons subjected to
OGD/reperfusion. Figure 8D shows that Rac1 ubiquitination was
abolished when TRAF6 was absent but was increased when
TRAF6 was overexpressed. Studies on 293T cells transfected with
HA-Rac1 with or without Flag-TRAF6 plasmids further con-
firmed the potentiating effect of TRAF6 on Rac1 ubiquitination
(Fig. 8E). Notably, blocking the E3 ubiquitin ligase activity
(C70A) of TRAF6 blocked its ability to enhance Rac1 ubiquitina-
tion (Fig. 8F). When Rac1 was coincubated with E1, E2, and
biotinylated-Ub in the presence or absence of TRAF6, Rac1 ubiq-
uitination was induced directly in the presence of TRAF6 (Fig.
8G). Cotransfection of 293T cells with vectors expressing Flag-
TRAF6 and either HA-Rac1 or HA-Rac1K16R demonstrated that
Lys16 was the ubiquitin acceptor site (Fig. 8H) and was crucial
for TRAF6-induced activation of Rac1 (Fig. 8I). These results
demonstrated that TRAF6 binds directly to Rac1 and catalyzes
K63-linked polyubiquitination of Rac1.

E3 ligase activity of TRAF6 is required for cerebral
I/R-induced neuron damage
To determine whether TRAF6-induced Rac1 ubiquitination is
essential for TRAF6-mediated cerebral injury, adenovirus carry-
ing a catalytically inactive TRAF6 mutant (C68A, H70A; referred
to as “TRAF6-M”) was generated and transfected into primary
neurons. Cells infected with Ad-TRAF6-M did not exhibit in-
creased susceptibility to OGD-induced cell death compared with
the AdTRAF6-infected group (Fig. 9A). More importantly, we
observed that TRAF6-M could not promote the phosphorylation
of Rac1 in cultured neurons challenged with OGD/reperfusion
(Fig. 9B). Accordingly, the capacity of TRAF6-mediated activa-
tion to promote apoptosis, NADPH oxidase signaling, and NF-
�B-mediated inflammation were abolished in cells expressing
catalytically inactive TRAF6 (Fig. 9B,C). We next examined the
biological function of the E3 ligase activity of TRAF6 in vivo.
Intracranial injection of AdTRAF6 in mice resulted in an adverse
stroke outcome, but this effect was blunted by the loss of the E3
ligase activity of TRAF6 (Fig. 9D–F), indicating that the E3 ligase
activity of TRAF6 is required for its ability to mediate the cerebral
I/R-induced neuron damage.

Discussion
Despite extensive investigations of the mechanisms of ischemic
cerebral injury, little progress has been made in translating these
findings into clinical practice. Multiple pathophysiological events
and the complex molecular mechanisms activated during
cerebral I/R injury have impeded the translation of potential
therapeutic targets into medicine (Moskowitz et al., 2010b).
Therefore, a single therapeutic target that could exert multiple
effects on stroke outcomes might provide a more promising
strategy (Savitz and Fisher, 2007). The present study revealed that
TRAF6 is a key modulator of ischemic signaling cascades in-
volved in inflammation, as well as oxidative stress and neuronal
death, during cerebral I/R injury.

We showed that TRAF6 expression is induced in neurons after
I/R injury. TRAF6 overexpression in neurons led to exacerbated
cerebral damage, whereas loss of TRAF6 expression was neuro-
protective. Mechanistically, neuronal TRAF6 interacts with inac-
tive (GDP-bound) Rac1, mediates K63-linked ubiquitination
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Figure 9. TRAF6-induced Rac1 ubiquitination is essential for ischemic stroke. Primary neurons were transduced with AdGFP, AdTRAF6, or TRAF6-M. A, After cells were subjected to 24 h
OGD/reperfusion, cell viability (left) and LDH release (right) were examined (n 	 9 per group, ANOVA, for cell viability, F(3,32) 	 9.492, *p 	 0.0006 vs AdGFP, #p 	 0.0017 vs AdTRAF6; for LDH
release, F(3,32) 	 11.346, *p 	 0.0003 vs AdGFP, #p 	 0.0005 vs AdTRAF6). B, C, After cells were subjected to 6 h of OGD/reperfusion, Western blot analysis (Figure legend continues.)
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of Rac1 after GTP “charging,” and then dissociates from GTP-
bound Rac1. The ubiquitination of Rac1 thus augments the bind-
ing of GTP to Rac1 and potentiates the phosphorylation and
activation of Rac1. Activated Rac1 subsequently activates NF-�B
and Nox2, leading to increased inflammation, oxidative stress,
and neuronal death (Fig. 10). These combined adverse effects
results in enlarged cerebral infarctions and increased neurologi-
cal deficits after stroke.

Cerebral I/R injury induces various cell death mechanisms,
including excitotoxicity, oxidative stress, inflammation, and
apoptosis-like cell death, all of which lead to catastrophic histo-
logical loss and functional damage. Our previous serial studies
have demonstrated that innate immune signaling networks can
affect the progression of cerebral I/R injury by functioning in
nonimmune cells (Zhang et al., 2015). TRAFs play indispensable
roles in regulating innate and adaptive immunity, function as
important adaptor molecules in various signaling pathways, and
possess a broad spectrum of substrates (Sebban-Benin et al., 2007;
Alvarez et al., 2010; Mu et al., 2011). Recently, several TRAFs have
been demonstrated to be important regulators during cerebral
I/R injury. After cerebral I/R, TRAF1 promotes neuroapoptosis
by activating the JNK prodeath pathway and inhibiting Akt cell
survival signaling (Lu et al., 2013). TRAF2 can activate the
JNK1/2, p38 MAPK (Xu et al., 2006), or NF-�B pathways (Su et
al., 2017) to induce apoptosis and inflammation in I/R injured
brain. TRAF3 binds to TAK1 and potentiates TAK1-dependent
activation of the NF-�B, Rac-1, and JNK signaling pathways to
regulate inflammation, oxidative stress, and neuronal survival
(Gong et al., 2015). And TRAF5 markedly aggravates neuronal
apoptosis, blood– brain Bbrrier degradation, and postischemic
inflammation by enhancing Akt/FoxO1 and NF-�B signaling
(Wang et al., 2013; Tao et al., 2015). These previous studies re-
vealed the important but distinct role of different TRAF mole-
cules in regulating the pathology of ischemic stroke. In contrast
to other TRAFs, TRAF6 uses a distinct interaction motif and acts
as a convergence point for the TNFR and TLR families (Song et
al., 1997; Muzio et al., 1998; Ye et al., 2002). Here, we demon-
strated that TRAF6 promotes cerebral I/R injury by potentiating
NF-�B-mediated inflammation, Nox2-mediated oxidative stress,
and incidental neuronal damage by interacting directly with Rac1.
These results further indicate the nonidentical role of different
TRAFs in ischemia stroke.

Rac1 functions as a binary switch and participates in a wide
variety of signaling pathways involved in ischemic stroke, includ-
ing the regulation of inflammatory response by interacting with
NF-�B and oxidative stress by interacting with NADPH oxidase
(Heasman and Ridley, 2008; Bid et al., 2013). Knocking out or
pharmacological inhibition of Rac1 could attenuate brain injury
and edema after cerebral ischemia (Sawada et al., 2009; Raz et al.,
2010; Liao et al., 2014; Meng et al., 2015). In the current study,
using neuron-specific genetic manipulation, we provided robust
evidence that TRAF6 promotes Rac1 activation during cerebral
I/R injury. Furthermore, in our study, inhibiting Rac1 activation
with a Rac1-specific inhibitor (NSC23766) significantly atten-

uated I/R-induced neuronal damage in WT mice. More im-
portantly, NSC23766 treatment largely abolished the neuronal
damage caused by TRAF6 overexpression. Therefore, Rac1 ac-
tivation is crucial in the pathology of ischemic stroke and is the
primary mediator of the devastating effects of TRAF6 on brain
I/R injury.

One of the most significant findings of this study is that Rac1
is activated by TRAF6 via direct interaction and ubiquitination in
ischemic stroke. Previous studies revealed that the “GTP-charged”
active form of the Rho-family GTPases is required for activation
of NADPH oxidase (Bokoch and Diebold, 2002). In general, Rac1
activity is spatially and temporally controlled by the opposing
activities of guanine nucleotide exchange factors including
VAV1, VAV2, DBL, and TIAM1 (Rossman et al., 2005; Bid et al.,
2013), which exchange GDP for GTP and activate Rac1 and the
classical GTPase-activating proteins. However, it is unclear how
Rac1 is activated in response to ischemic stroke. We demonstrate
here that neuronal TRAF6 can potentiate the activation of Rac1
by interacting with and ubiquitinating Rac1 directly. Once the E3
ubiquitin ligase activity of TRAF6 was blocked, it lost its ability to
enhance Rac1 ubiquitination and activation. These findings in-
dicate that TRAF6-mediated Lys63-linked ubiquitination of
Rac1 is crucial for Rac1 activation.

In summary, we demonstrate that endogenous TRAF6 is an
essential molecular switch for the resulting pathology of ischemic
stroke in a manner dependent on the TRAF6-Rac1 interaction

4

(Figure legend continued.) (left) and relative quantification (right) of the indicated proteins were
conducted (n 	 3–5, ANOVA, *p � 0.05, **p � 0.01, ***p � 0.001 vs AdGFP; #p � 0.05,
##p�0.01, ###p�0.001 vs AdTRAF6). D–F, TTC-stained brain sections (D) and quantification
of the infarct volumes (n 	 12 per group, ANOVA, F(2,31) 	 5.611, *p 	 0.0114 vs AdGFP, #p 	
0.0053 vs AdTRAF6) (E) and neurological scores, n 	 5–7 per group, ANOVA, F(2,32) 	 7.140,
*p 	 0.0192 vs AdGFP, #p 	 0.0205 vs AdTRAF6) (F) from AdGFP, AdTRAF6, and AdTRAF6-M
mice are shown.

Figure 10. Schematic summary. After cerebral I/R injury, induced TRAF6 interacts directly
with GDP-bound Rac1. Rac1 then undergoes K63-linked ubiquitinated by TRAF6 once “charged”
with GTP, which augments GTP “charging” of Rac1 and potentiates the activation of Rac1.
TRAF6 disassociates from activated Rac1, the latter subsequently activates NF-�B and Nox2,
which in turn induce inflammation, oxidative stress, and neuronal cell death and ultimately
contribute to cerebral injury.

12138 • J. Neurosci., December 13, 2017 • 37(50):12123–12140 Li et al. • TRAF6 Exacerbates Ischemic Stroke



and TRAF6-induced ubiquitination of GTP-bound Rac1. Given
that all clinical trials focused on inhibiting a single pathological
event have failed (Savitz and Fisher, 2007), a treatment that can
target the complex molecular networks responsible for the pathol-
ogy of ischemic stroke would be preferred in developing compe-
tent therapeutic strategies. The broad-spectrum effects of the
TRAF6-Rac1 axis identified in the present study may strengthen
its potential as a promising target for treating ischemic stroke.
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