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CARD3 Promotes Cerebral Ischemia-
Reperfusion Injury Via Activation of TAK1

Xiaolin Wu, MD*; Lijin Lin, MD*; Juan-Juan Qin, MD, PhD; Lifen Wang, MSc; Hao Wang, MD; Yichun Zou, MD;
Xueyong Zhu, PhD; Ying Hong, MD; Yan Zhang, MD; Ye Liu, MD; Can Xin, MD; Shuangxiang Xu, MD;
Shengda Ye, MD; Jianjian Zhang, MD; Zhongwei Xiong, MD; Lihua Zhu, MD, PhD; Hongliang Li, MD, PhD;
Jincao Chen, MD, PhD; Zhi-Gang She “=' ; MD, PhD

BACKGROUND: Although multiple signaling cascades and molecules contributing to the pathophysiological process have been
studied, the treatments for stroke against present targets have not acquired significant clinical progress. Although CARD3
(caspase activation and recruitment domain 3) protein is an important factor involved in regulating immunity, inflammation, lipid
metabolism, and apoptosis, its role in cerebral stroke is currently unknown.

METHODS AND RESULTS: Using a mouse model of ischemia-reperfusion (I-R) injury based on transient blockage of the middle
cerebral artery, we have found that CARD3 expression is upregulated in a time-dependent manner during I-R injury. Further
animal study revealed that, relative to control mice, CARD3-knockout mice exhibited decreased inflammatory response and
neuronal apoptosis, with reduced infarct volume and lower neuropathological scores. In contrast, neuron-specific CARD3-
overexpressing transgenic (CARD3-TG) mice exhibited increased I-R induced injury compared with controls. Mechanistically,
we also found that the activation of TAK1 (transforming growth factor-B—-activated kinase 1) was enhanced in CARD3-TG
mice. Furthermore, the increased inflammation and apoptosis seen in injured CARD3-TG brains were reversed by intravenous
administration of the TAK1 inhibitor 5Z-7-oxozeaenol.

CONCLUSIONS: These results indicate that CARDS3 promotes I-R injury via activation of TAK1, which not only reveals a novel
regulatory axis of I-R induced brain injury but also provides a new potential therapeutic approach for I-R injury.
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proaches, stroke is still one of the top leading

causes of death worldwide. According to World
Health Organization estimates, about 5.9 million people
die from stroke annually, and more than 16.9 million in-
dividuals suffer from this malady.! Approximately 87% of
these events represent ischemic stroke.? Intravascular
surgery, including angioplasty/stenting and mechani-
cal thrombectomy, along with pharmacological throm-
bolysis using t-PA (tissue plamnipen activator) has
been clinically demonstrated as effective interventions

Despite recent advancements in therapeutic ap-

for stroke.®-® However, ischemia-reperfusion (I-R) injury
following vascular recanalization is still a critical com-
plication that affects clinical prognosis.*® A plethora
of experimental and clinical investigations of |-R injury
have demonstrated that multiple pathophysiological
processes may be involved in causing I-R injury. This
list includes excitotoxicity, inflammation, immune re-
sponse, oxidative and nitrosative stress, endoplasmic
reticulum stress, apoptosis, autophagy, and others.>"=°
Nevertheless, treatments based on these mechanisms
have yielded less satisfactory clinical outcomes. Thus,
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CLINICAL PERSPECTIVE

What Is New?

e CARDS (caspase activation and recruitment do-
main 3) promotes ischemia-reperfusion injury
by boosting inflammation and apoptosis.

e CARDS mediates NF-kB (nuclear factor kappa-
light-chain-enhancer of activated B cells) and
JNK  (C-dun N-terminal kinase)/p38 MAPK
(mitogen-activated protein kinase) signaling to
promote neuron death by activating TAK1 (trans-
forming growth factor--activated kinase 1).

What Are the Clinical Implications?

e Targeting CARD3-TAK1 axis might provide a new
approach for exploring drugs and therapeutic
strategies against ischemia-reperfusion injury.

Nonstandard Abbreviations and Acronyms
CARD3

caspase activation and recruitment do-
main 3

CBF cerebral blood flow

DMSO  dimethyl sulfoxide

ICA internal carotid artery

I-R ischemia-reperfusion

JNK c-Jun N-terminal kinase

LPS lipopolysaccharide

MAPKs mitogen-activated protein kinase

MCA middle cerebral artery

MDP muramy! dipeptide

OCT optimal cutting temperature compound

OGD oxygen and glucose deprivation

PCR polymerase chain reaction

PDGF platelet-derived growth factor

qPCR quantitative PCR

TAK1 transforming growth factor-p-activated
kinase 1

tMCAO transient middle cerebral artery occlu-
sion model

TUNEL terminal dexynuclectidyl transferase(Tdt)-

mediated dutp nick end labeling

additional mechanisms associated with I-R injury still
need to be investigated in the context of treatment for
stroke.

CARD3 (caspase activation and recruitment do-
main 3) protein (also known as Rip2, RIPK, RICK or
CARDIAK) is a 62-kDa adaptor that is extensively
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expressed in liver, heart, brain, lymph nodes, and
lung.”® CARD3 was originally identified as a serine/
threonine kinase that provides a vital function in im-
munity against bacterial infection." Upon stimulation
by muramy! dipeptide or lipopolysaccharide, CARD3
participates in both “classical” and “alternative” ac-
tivation of nuclear factor kappa-light-chain-enhancer
of activated B cells (NF-kB) pathway upon NOD1/2
(an intracellular receptor of bacterial peptidoglycan)
stimulation.'”> CARDS can also regulate CD95/Fas re-
ceptor signaling through an interaction with CLARP
(caspase-like apoptosis-regulatory protein)''* that in-
duces epithelial cell death via release of LDH (lactate
dehydrogenase). Through activation of VEGFR (vas-
cular endothelial growth factor receptor) and ERK1/2
(extracellular regulated protein kinases), CARDS is
known to enhance myocardial damage.’® Similarly,
a previous study from our laboratory demonstrated
that CARD3 increases cardiomyocyte apoptosis and
ventricular remodeling via activation of NF-kB and
P38 signaling.'® Other recent reports have shown
that CARDS plays critical roles in the central nervous
system. For example, mice deficient in CARDS3 ex-
hibit markedly reduced dendritic cell recruitment in
experimental autoimmune encephalomyelitis.'” Under
neurotrophin stimuli, CARDS3 also has a prosurvival
function in regulating cerebellar granule neuron devel-
opment via competition with TRAF6 for binding p75
neurotrophin receptor.'®'® Despite these initial clues,
the exact role of CARDS in cerebral I-R damage re-
mains unknown.

Our current study delineates the involvement of
CARDS in the process of I-R injury by regulating inflam-
mation and neuro-apoptosis. We have observed that
the expression of CARD3 is markedly elevated in an I-R
injury model and in neurons subjected to oxygen and
glucose deprivation (OGD). Transgenic overexpression
of CARD3 increases the extent of infarct areas in the
transient middle cerebral artery occlusion (tMCAQ)
model, and promotes inflammation, and apoptosis
following a 6 hours reperfusion. Consistently, CARD3
ablation mitigates the aforementioned processes. We
further demonstrate that CARD3 mediates NF-kB and
JNK' (C-dun N-terminal kinase)/p38 MAPK signaling
by activating the central modulator TAK1 (transforming
growth factor-B—activated kinase 1), leading to neu-
ron death. Therefore, targeting the CARD3/TAK1 axis
represents a promising new therapeutic approach to
treatment of I-R damage.

MATERIALS AND METHODS

The data that support the findings of this study are
available from the corresponding author upon reason-
able request.
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Mice

All experimental procedures have been approved
by the Animal Care and Use Committee of Renmin
Hospital of Wuhan University and carried out in ac-
cordance with the National Institutes of Health Guide
for the Care and Use of Laboratory Animals. All animal
experiments were performed on 10- to 12-week-old
male mice. All mice were on C57BL/6J background.
CARD3 KO (knockout) mice were obtained from
Jackson Laboratory (IRRID:IMSR_JAX:007017; Bar
Harbor, ME), as previously described.'® The CARD3~~
mice were crossed with male C57BL/6 mice to ob-
tain the CARD3 heterozygote mice. Then the CARD3
heterozygote were repeatedly crossed to obtain
CARD3™~ and littermate WT (wild type) mice for fur-
ther study. CARD3 neuron-specific transgenic mice
(TG) were established by inserting cloned full-length
mouse CARD3 cDNA downstream of the neuron-
specific platelet-derived growth factor B-chain pro-
moter as previously described.?%?! This plasmid was
microinjected into fertilized embryos (C57BL/6 back-
ground). Six transgenic lines were generated, and
genomic tail DNA was used for polymerase chain
reaction (PCR) analysis. The primers used were for-
ward: 5-GCTCTTCGTTGAAGGCACAC-3" and re-
verse: 5-TCTGGCTCACAATGGCTTCC-3". Based on
these analyses, four lines were selected for further
study. Throughout the investigation, genotyped mice
were identified with earmarks. Investigators were
blinded as to mouse genotypes and other cohort
details. Totally, 240 mice were involved in this study.
Among these mice, two WT mice, one CARD3-KO
mice, one NTG mouse, and three CARD3-TG mice
died after operation and were excluded from this
study. Two hundred and thirty-three mice, includ-
ing 78 WT mice, 42 CARD3-KO mice, 56 NTG mice,
and 57 CARDS3-TG mice, were used for further
experiments.

Transient Middle Cerebral Artery
Occlusion Model

We constructed the cerebral I-R model based on
transient blockage of the proximal middle cerebral
artery, as previously described.?' Briefly, mice were
anesthetized with 3% isoflurane in O,. Following
surgical exposure of the left carotid artery, a 6-0
silicon-coated monofilament (Doccol, Sharon, MA,
602156PK5) was inserted into the internal carotid
artery via the external carotid artery, temporarily
blocking blood flow to the middle cerebral artery
(MCA). After a 45-minute blockage, the monofila-
ment was slowly retracted from the internal carotid
artery (ICA), and the mouse was kept immobilized
for at least 10 minutes. Throughout the procedure,
left cerebral blood flow (CBF) was monitored with a
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Doppler flowmeter (Periflux System 5010, Perimed,
Stockholm, Sweden) and the regional CBF change
in different stages of the four groups are shown in
Figure S1A. We found that a >70% decrease in CBF
after occlusion and a >60% restoration after reperfu-
sion showed a consistent I-R injury phenotype via
TTC staining and relatively low mortality. Therefore,
a successful tMCAO experiment was defined by a
CBF reduction of more than 70% during the ischemic
stage and subsequent restoration to at least 60% of
the control baseline CBF. Unsuccessful tMCAO mod-
els were excluded in this study. For sham controls,
the monofilament was withdrawn immediately after
the initial onset of reduced CBF. Rectal tempera-
ture remained at 37+0.5°C throughout the surgery.
Mice were allowed to recover in a 37°C incubator for
specified time periods and were allowed unrestricted
access to food and water.

Neurological Impairment Scores

After reperfusion for designated periods of time, neu-
rological impairment due to the tMCAO procedure
was evaluated according to the following nine-point
scale?"?? as shown in Table S1. The investigators were
blinded to carry out all assessments of neurological
deficits.

Measurement of Infarct Size

Following various times of reperfusion, mice were eu-
thanized by an overdose of 3% sodium pentobarbital.
Intact brains were carefully collected and then sliced
into seven consecutive 1 mm coronal sections from
2 mm posterior to the olfactory bulb. Sections were
incubated with 2% TTC (2,3,5-triphenyltetrazolium
chloride, Sigma-Aldrich, St. Louis, MO, 057K0694) so-
lution for 15 minutes and then fixed with 10% forma-
lin solution for 24 hours. Sections were photographed
for analysis with Image-Pro Plus 6.0 software (Media
Cybernetics, Rockville, MD). Normal brain tissue is
stained red by this procedure, whereas infarct tissue
and penumbra appear pale or gray. Total infarct vol-
umes were computed using a previously described
formula?32?*: volume of the contralateral hemisphere—
the volume of the nonlesioned ipsilateral hemisphere)/
(contralateral volumex2)x100%. All investigators were
blinded to the mice genotype.

Immunofluorescence Staining,
Fluoro-Jade B Staining, and TUNEL Assay

For histopathological staining, the mice were eutha-
nized and transcardially perfused with 20 mL 0.1 mol/L
PBS pH 7.4, followed by 4% paraformaldehyde solution
for 8 minutes. Brains were then carefully collected and
immersed in 4% paraformaldehyde solution at room
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temperature for 2 additional hours. Subsequently,
the brains were dehydrated with 20% sucrose solu-
tion in PBS, overnight, followed by 30% sucrose for
6 hours. Brains were then embedded in OCT (Optimal
Cutting Temperature Compound), and 8-pm-thick se-
rial coronal sections were prepared using a cryostat
microtome. For antigen retrieval, sections were incu-
bated in pH 9.0 EDTA solution at 86°C for 5 minutes.
Prior to labeling procedures, sections were incubated
with 10% goat serum at 37°C for 1 hour. For cultured
primary neurons, coverslips were fixed in 4% paraform-
aldehyde for 15 minutes and then incubated in 10%
goat serum. For labeling, sections or coverslips were
incubated overnight at 4°C with the following primary
antibodies: (anti-CARDS3, Cell Signaling Technology
Cat# 4142, RRID:AB_2716277; anti-MAP2, Abcam,
Cambridge, UK, Cat# ab5392, RRID:AB_21381535;
anti-NeuN, Millipore, Bedford, MA, Cat# ABN91,
RRID:AB_11205760). After washing three times with
PBS, sections were incubated with appropriate sec-
ondary antibodies for 1 hour at 37°C. Fluorescent-dye-
labeled second antibodies were as follows: (anti-rabbit
IgG, Thermo Fisher Scientific, Waltham, MA, Cat# A-
21206, RRID:AB_2535792; anti-mouse IgG, Thermo
Fisher Scientific Cat# A10037, RRID:AB_2534013; anti-
chicken, Abcam Cat# ab96947, RRID:AB_10681017).
Finally, nuclei were stained with DAPI (DAPI, Invitrogen,
Carlsbad, CA, Cat# S36939). Fluoro-Jade B (AG310,
Millipore) according to the manufacturer’s instruc-
tions. An ApopTag Plus In Situ Apoptosis Fluorescein
Detection Kit (S7111; Chemicon) was used to perform
TUNEL (Terminal Dexynucleotidyl Transferase(Tdt)-
Mediated Dutp Nick End Labeling) assays according
to the manufacturer’s protocol. Fluorescence images
were acquired using an OLYMPUS DX51 microscope
and analyzed with Image-Pro Plus software.

Sample Preparation for Real-Time
Quantitative PCR and Western Blotting
Mice used for quantitative PCR (QPCR) and Western
blotting were anesthetized with sodium pentobarbital
and transcardially perfused with 20 mL cold sodium
phosphate buffer. Brains were then quickly removed.
Both the rostral and caudal 1 mm of the left cerebral
hemisphere were excised off. The remaining brain tis-
sue (including the infarct and peri-infarct areas) was
immediately frozen in liquid nitrogen and subsequently
stored in —80°C freezer.

Western Blotting Analysis

Proteins extracted from peri-infarct areas were sepa-
rated on 8% SDS-PAGE gels and electrophoretically
transferred to polyvinylidene difluoride membranes
(Millipore). After immersion in a 5% solution of skim
milk at room temperature for 1 hour, membranes were
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incubated overnight at 4°C with appropriate primary
antibodies. After washing to remove primary anti-
body, membranes were subsequently incubated with
corresponding secondary antibodies at room tem-
perature for 1 hour. Finally, the expression of specific
proteins was assessed using Bio-Rad imaging system
(ChemiDoc™ XRS+). All antibodies used for Western
blotting are listed in Table S2.

Quantitative Real-Time PCR Analysis

Total RNA was extracted from the snap-frozen tissue
samples using Tripure Isolation Reagent (Roche, Basel,
Switzerland, 7950567275) according to the manu-
facturer’'s protocol. Reverse transcription of RNA to
yield cDNA was performed using a Transcriptor First
Strand cDNA Synthesis Kit (Roche, 04896866001).
The LightCycler 480 SYBR Green 1 Master Mix (Roche,
04887352001) was used to perform real-time PCR anal-
ysis with the LightCycler 480 gPCR System (Roche).
Relative quantities of target mRNAs were normalized
to the quantity of control GAPDH mRNA. Primer pairs
used for PCR analysis are presented in Table S3.

Culture of Primary Neurons for Mimicking
I-R Injury In Vitro

Primary cortical neurons were prepared from embryos
of pregnant Sprague-Dawley rats (E15-E18) as previ-
ously described.?* In brief, minced cerebral cortex were
dissociated with 0.125% trypsin (GIBCO, 25200) at 37°C
for 15 minutes, and trypsin was then inactivated by ad-
dition of 4 mL of DMEM/F-12 medium (GIBCO, C11330)
containing 20% fetal bovine serum (FBS, GIBCO,
C20270). The resulting cell suspension was centrifuged
at 150g for 5 minutes and resuspended in DMEM/F-12
containing 20% FBS. After passage through 100-mm
sterile filters, the cells were seeded on a sterile cul-
ture dish coated with poly-L-lysine (0.1 mg/mL, Sigma,
P7886) and cultured at 37°C in 5% CO,. Three hours
later, the medium was replaced by Neurobasal me-
dium (GIBCO, 10888) supplemented with B27 (GIBCO,
17504-044). AraC (10 mol/L, Sigma, C6645) was added
to the medium to inhibit glial cell growth. After 5 days in
culture, the cells were subjected to OGD to mimic the I-R
injury. Primary neurons were incubated for 60 minutes in
serum-free, glucose-free DMEM (GIBCO, 11966025) in
an experimental hypoxia chamber containing 95% N,
and 5% CO.,,. Cells were then returned to normal culture
conditions for several specific periods of time. Control
neurons were maintained in a humidified atmosphere
containing 95% air and 5% CO,.

Administration of 5Z-7-Oxozeaenol

The specific TAK1 inhibitor (5Z-7-oxozeaenol; Sigma-
Aldrich, 09890) was dissolved in dimethyl sulfoxide
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(DMSO, Sigma-Aldrich, D2650) (0.8 pg/uL), as previ-
ously described.?® 2 pL of 5Z-7-oxozeaenol solution
was administered into the intracerebroventricular of
non-transgenic and CARD3-TG mice 30 minutes be-
fore tMCAO through stereotaxic apparatus (Stoelting,
Wood Dale, IL, 51900). An equal volume of DMSO was
administered as control treatment.

Statistical Analysis

Data distributions were analyzed using the Shapiro-
Wilk normality test. Normal distributed data were ex-
pressed as meanxSD. Difference between the two
groups was compared using the two-tailed Student ¢
test. One-way analysis of variance (ANOVA) was used
to analyze differences among multiple groups, followed
by Bonferroni post hoc analysis or Tamhane’sT2 analy-
sis. Non-normal distributed data were expressed as
median (interquartile range), followed by Mann-Whitney
Tests. P<0.05 was considered to be statistically signifi-
cant. Sample sizes were predetermined on the basis of
preliminary data, using power analysis and sample size
(PASS) software. Al statistical analysis was performed
by IBM SPSS Statistics version 19 software.

RESULTS

CARD3 Expression is Upregulated During
Brain I-R Injury

To begin exploring the potential role of CARDS in
stroke, we used a mouse model of tMCAQO as previ-
ously described®' to examine CARDS3 expression at
specific time points during ischemic brain injury. We
observed that levels of CARD3 detected by Western
blotting were significantly upregulated in a time-
dependent manner following I-R injury (Figure 1A). In
addition, immunofluorescence staining revealed that
I-R increased the number of CARD3-positive neurons
in both the ischemic cortex and striatum compared
with the contralateral hemisphere (Figure 1B and 1C).
In vitro, primary neurons subjected to OGD and recov-
ery also exhibited upregulation of CARD3 expression
(Figure 1D). Once again, immunofluorescence staining
of primary cultures indicated an increased number of
CARDS-positive neurons following OGD (Figure 1E).
These results support a possible association of CARD3
with |-R injury both in vivo and in vitro.

CARDS3 Promotes Increased Infarct Area
and Neurological Deficits Following I-R
Injury

To further determine whether CARD3 plays a specific
role in regulating I-R injury, CARD3-KO mice were
enrolled in tMCAO study and identified by Western
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blotting (Figure 2A). Following 24- and 72-hour pe-
riods of reperfusion after tMCAO, CARD3-KO mice
exhibited marked reductions in both infarct volumes
and neurological scores, when compared with lit-
termate controls (Figure 2B). Thus, the CARDS3 de-
ficiency appears to protect mice against brain injury
during postischemic reperfusion. In order to further
validate the apparent effect of CARD3 in aggravating
stroke-related damage, we created four transgenic
lines of neuron-specific CARD3 overexpressing mice
(CARDS3-TG) by inserting CARD3 cDNA downstream
of the platelet-derived growth factor B-chain pro-
moter (Figure 2C). Western blotting revealed greatly
increased expression of CARD3 in CARD3-TG mice,
especially in line 3 and line 4. Line 4 mice were cho-
sen for further experiments (hereafter referred to
simply as CARDS-TG) (Figure 2D) and the expression
of CARDS in different tissues from CARD3-TG mice
hardly changed (Figure S1B). As anticipated, the
neuron-specific CARD3-TG mice exhibited increased
infarct volumes and more severe neurological dam-
age than non-transgenic controls (Figure 2D). Taken
together, these findings strongly support a crucial
role for CARDS in exacerbating stroke damage.

CARDS3 Enhances I-R Induced Neuronal
Apoptosis

Due to high metabolic demands and limited capac-
ity for energy storage, neurons are more sensitive to
ischemic insult than many other cell types. Previous
studies have found neuronal death to be the main
pathophysiological cause of brain damage after
stroke.?’ We therefore investigated the potential role
of CARD3 in neuronal death. Brain sections taken
from both CARD3-KO and neuron-specific CARD3-TG
mice at 24-hour time points after I-R injury were
evaluated for neuronal death using Fluoro-dade B
and TUNEL labeling. Compared with the WT control
group, CARD3-KO mice exhibited a sharp reduction
in Fluoro-Jade B-positive neurons, whreas the num-
ber of Fluoro-dade B-positive neurons was increased
in neuron-specific CARD3-TG mice in comparison
with non-transgenic mice (Figure 3A). The result of
TUNEL assays further indicated that neuronal apopto-
sis was increased in CARD3-TG mice but reduced in
CARDS3-KO mice (Figure 3B). Considering these find-
ings, we further investigated the involvement of proap-
optotic and antiapoptotic factors in these phenomena.
In CARD3-KO mice after reperfusion for 6 hours, in-
creases in the levels of the proapoptotic proteins, such
as Bax, Bid, and cleaved-caspase3, were lower than in
WT mice. In contrast, levels of the antiapoptotic factors
Bcl2 were higher than in the control group (Figure 3C).
Conversely, the opposite results were observed in
CARDS-overexpression mice (Figure 3D). Additionally,
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Figure 1. Expression of CARD3 (caspase activation and recruitment domain 3) is
upregulated in neurons after experiencing ischemia-reperfusion (I-R) in vivo and in vitro.

A, Western blotting showed the expression of CARDS in mice experiencing I-R injury at indicated time
points. Error bar shown as mean+SEM. Statistical analysis was performed by Student ¢ test, *P<0.05
vs sham group. GAPDH served as loading control, n=6 mice per group. B and C, Brain sections were
stained for NeuN (neuronal nuclear protein; green), CARDS (red), and DAPI (blue) in the ischemic cortex
(upper) and striatum (lower) after reperfusion for 24 hours, and the white arrows showed CARD3-positive
neurons. Right bar reflected the relative level of CARD3-positive neurons in the ischemic cortex and
striatum. Data were represented as mean+SD. Statistical analysis was performed by Student t test,
*P<0.05 vs contralateral, n=5 mice. Scale bars, 50 um. D, In vitro, the level of CARDS in primary neurons
subjected to OGD (oxygen and glucose deprivation) for 1 hour and reoxygenation for indicated time point
was analyzed by Western blotting. Error bar shown as mean+SD. Statistical analysis was performed
by Bonferroni post hoc or Tamhane’s T2 analysis, *P<0.05 vs the control group., *P<0.05 vs control.
GAPDH served as loading control. E, Neurons were also stained with MAP2 (microtubule associated
protein 2; green), CARDS (red) and DAPI (blue) after suffering to OGD reperfusion at indicated time points.
All data were presented as mean+SD. Statistical analysis was performed by one-way analysis of variance
(ANOVA), followed by Bonferroni post hoc or Tamhane’s T2 analysis, *P<0.05 vs the control group. Three
independent experiments were repeated. I0D indicates integrated option density. Scale bars, 50 um.
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Figure 2. CARD3 (caspase activation and recruitment domain 3) promotes I-R (ischemia-
reperfusion)-inducing neuron damage.
A, CARD3-KO (knocked-out) mice were identified by Western blotting. GAPDH served as loading
control. B, Representative images of TTC (2,3,5-triphenyltetrazolium chloride) stained section from
both WT (wild type) and CARD3-KO (CARD3-knocked-out) groups after reperfusion for 24 or 72 hours,
respectively, and quantitative analysis of infarct volume (upper) and neurological scores (lower) of
the two groups were performed at 24 and 72 hours after I-R injury. Error bar shown as mean+SD.
Statistical analysis was compared by Student t test, *P<0.05 vs WT, n=12 mice per group at 24 hours
and n=9 mice per group at 72 hours. C, Schematic diagram shows construction of neuron-specific
CARD3-overexpression mice and Western blotting (right) showed the level of CARD3 from NTG
(non-transgenic) mice and different neuron-specific CARD3-TG (CARD3 transgenic) lines. Platelet-
derived growth factor B indicated platelet-derived growth factor B-chain. GAPDH served as loading
control (right) (D), left panel showed representative images of TTC-stained section from NTG mice and
CARDS3-TG mouse after reperfusion for 24 and 72 hours, respectively, and infarct volume (upper) and
neurological scores (lower) of both NTG and neuron-specific CARD3-TG groups were performed after

reperfusion at indicated time point in the right panel. Error bar shown as mean+SD. Statistical analysis
was performed by Student t test or Mann-Whitney Test, *P<0.05 vs NTG group, n=12 mice per group.

Neurological Score
N

N
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Figure 3. CARDS3 (caspase activation and recruitment domain 3) exacerbates neuron

apoptosis after I-R (ischemia-reperfusion) injury.

Fluoro-Jade B staining (A) and TUNEL (terminal dexynucleotidyl transferase (tdt)-mediated dutp
nick end labeling) assays (B) were performed in ischemic brain sections from both CARD3-KO
(CARDS knocked-out) and neuron-specific CARD3-TG (CARD3-transgenic) mice at 24 hours

after I-R injury. Nuclei were stained with DAPI. WT, (wild type);
right panels showed the relative quantification of the positive neur

NTG, (non-transgenic). The
ons. All data were shown as

mean+SD. Statistical analysis was performed by Student t test, *P<0.05 vs control, n=3 to 5
mice per group. Scale bars, 100 pm. C and D, Brain homogenates from sham- or I-R injury-

WT, CARD3-KO, NTG, and neuron-specific CARD3-TG mice wer

e collected. Samples of the

same group were mixed and then analyzed by Western blotting. The expressions of apoptotic-
related proteins were presented. All data were shown as mean+SD. Statistical analysis was

performed by one-way analysis of variance (ANOVA), followed
Tamhane’s T2 analysis, ***P<0.001 vs the control group, ¥P<0.05
CARD3-KO or-TG operated group. GAPDH is served as loading

by Bonferroni post hoc or

, #P<0.01, #¥P<0.001 vs the

control, n=4 to 5 mice per

group. Bcl2 indicates B-cell ymphoma-2; and Bax, Bcl2-Associated X.
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the transcription level of proapoptotic genes were in-
hibited in CARD3-KO mice but enhanced in CARD3-TG
mice after I-R injury (Figure S1C). Thus, we conclude
that CARD3 promotes neuronal death during I-R injury.

CARDS3 Exacerbates the Inflammatory
Response Induced by I-R

Inflammation plays a major role in the progression
of I-R injury.?® Therefore, we investigated differences
in the inflammatory response between CARD-KO
and WT mice after 6 hours of reperfusion following
tMCAO. The mRNA levels for proinflammatory medi-
ators, including interleukin-(IL)-13, IL-6, tumor necro-
sis factor - alpha (TNF-a), and COX2 were reduced in
the CARD3-KO group (Figure 4A). The same results
were observed in primary neurons subjected to OGD
stimulation (Figure S1D). In addition, Western blotting
revealed that the phosphorylation indicates inhibi-
tor of nuclear factor kappa-B kinase beta (IKK) and
p65 was significantly decreased in CARD3-KO mice.
CARDS ablation also suppressed the degradation of
inhibitor of nuclear factor kappa-Ba (IKBa), which
regulates translocation of NF-kB into the nucleus
(Figure 4B). Contrasting results of the aforementioned
factors were observed in neuron-specific CARD3-TG
mice, as demonstrated by gPCR and Western blot-
ting (Figure 4C, 4D and Figure S1D). Altogether, these
data demonstrate that, following tMCAO, CARD3
contributes to pathological inflammation.

CARD3 Activates the JNK/p38 MAPKs
Death Signaling Pathway

Because CARDS involvement in the pathophysiology
of stroke is based on upregulation of neuronal death,
we thus hypothesized that CARD3 may influence pro-
death signaling pathways. MAPKs (mitogen-activated
protein kinase) family members, such as JNK, ERK,
and p38, are well-known contributors to increased
cell death after stroke. Interestingly, we discovered
that CARDS ablation reduced the phosphorylation of
JNK and p38 after 6 hours of reperfusion. In contrast,
no change was seen in levels of p-ERK (Figure 5A),
the kinase that is primarily involved in cell prolifera-
tion and survival.?"?® These effects were reversed in
CARD3-TG mice (Figure 5A). Thus, CARD3 may facili-
tate I-R damage by increasing the phosphorylation of
JNK and p38. Transforming growth factor-3-activated
kinase 1 (TAK1) is widely accepted as a common reg-
ulator for the three conventional MAPKs pathways.?®
In response to different stimuli, TAK1 activates differ-
ent downstream effectors, such as IKKy, ERK, JNK,
and p38.89-33 Therefore, we reasoned that TAKT might
be involved in the process of CARD3-mediated cer-
ebral I-R injury. As expected, activation of TAK1 was
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significantly enhanced after stroke in neuron-specific
CARD3-overexpressing mice and reduced in the
CARD3-KO group (Figure 5B).

CARD3 Promotes Neuronal Damage
Through Phosphorylation of TAK1

To further establish the relationship between CARD3
and TAK1, the specific TAK1 inhibitor, 5Z-7-oxozeaenol
was administered to CARD3-TG mice 30 minutes prior
to the tMCAQ procedure. TAKT inhibition largely blocked
the increase in infarct area size seen in untreated
CARDS-TG mice (Figure 6A). Moreover, phosphoryla-
tion levels of p38 and JNK were suppressed by 57-7-
oxozeaenol treatment of neuron-specific CARD3-TG
mice. Additionally, TAK1 inhibition also prevented the
ischemia-related apoptosis and inflammation, caused
by CARDS overexpression (Figure 6B through 6D). In
summary, TAK1 plays a central role in CARD3 mediated
neuronal death. And CARDS3 might activate NF-«kB sign-
aling and JNK/p38 MAPKs pro-death signaling path-
ways via phosphorylation of TAK1 during I-R injury.

DISCUSSION

I-R injury is considered to be a critical factor in deter-
mining the outcome of stroke. Even though targeting
a variety of pathological processes can effectively re-
duce neuronal death in mice, successful translation of
these methodologies into clinical practice will require
additional insight into the mechanisms underlying I-R
induced damage. In our present study, we have dem-
onstrated that CARDS serves as an upstream regulator
to mediate inflammation, and neuronal cell apoptosis
following transient cerebral stroke. Furthermore, we
showed the CARDG/TAK1 axis has a potential role in
determining cerebral I-R injury.

The most important finding of our study is that
the interaction between CARD3 and TAK1 regulates
classical signaling pathways, namely NF-kB, and
JNK/p38, to induce I-R injury after stroke. TAK1, a
member of the MAP3Ks family, has been reported
to exert diverse effects on various downstream path-
ways in different tissues or cells.®* In response to
DNA damage, TAK1 was recruited to SUMO-1 and
ubiquitin-modified RIP1 modified to promote multi-
ple tumor cells survival.®® Inhibiting the kinase activ-
ity of TAK1 sensitized cells to TNF-induced necrosis
through enhancing RIP1/RIP3 complex formation.3®
Windheim et al®” have also demonstrated that TAK1
is essential for the NOD/CARDS signaling, exert-
ing a cardioprotective role in myocardial infarction
model.?° It has been reported that short-term inhi-
bition of TAK1 has a protective effect on acute isch-
emic stroke, mainly via inactivation of classical JNK
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Figure 4. CARDS3 (caspase activation and recruitment domain 3) activates inflammation response to mediate I-R (ischemia-
reperfusion) injury.

A, The mRNA levels of inflammatory-related factors in WT (wild type) or CARD3-KO (CARD3-knocked-out) mice after reperfusion
for 24 hours were analyzed with quantitative polymerase chain reaction (QPCR). All data were normalized to GAPDH and shown as
mean+SD. Comparison between groups were performed with Student t test, *P<0.05 vs the control group, n=4 mice per group. TNF-a
indicates tumor necrosis factor alpha; COX-2, cyclooxygenase-2; IL-1[3, interleukin-1(3; IL-6, interleukin-6. B, Western blotting showed
the expression of indicated proteins from the WT and CARD3-KO mice after I-R 6 hours. All data were shown as mean+SD. Statistical
analysis was performed by one-way analysis of variance (ANOVA), followed by Bonferroni post hoc or Tamhane’s T2 analysis, “P<0.05
***P<0.001 vs the control group, *#P<0.01, ##P<0.001 vs the CARD3-KO operated group. GAPDH served as a loading control, n=4
to 5 mice per group. IKK indicates inhibitor of nuclear factor kappa-B kinase beta; IKBa, inhibitor of nuclear factor kappa-B a; p65,
nuclear factor kappa-B RelA(p65). C, The mRNA levels of inflammatory-related factors in NTG (non-transgenic) or neuron-specific
CARDS3-TG (CARDS3-transgenic) mice after reperfusion for 24 hours were analyzed with gPCR. All data were normalized to GAPDH
and shown as mean+SD. Comparison between groups were performed with Student t test, *P<0.05 vs the control group, n=4 mice
per group. D, Western blotting reflected the relative level of indicated proteins from NTG mice and neuron-specific CARD3-TG mice
after |I-R 6 hours. All data were shown as mean+SD. Statistical analysis was performed by one-way ANOVA, followed by Bonferroni
post hoc or Tamhane’s T2 analysis, ***P<0.001 vs their control group, ##P<0.001 vs the CARD3-TG operated group. GAPDH served
as a loading control, n=4 to 5 mice per group.
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Figure 5. CARDS3 enhances ischemia-reperfusion (I-R) injury via activation of MAPKs (mitogen-
activated protein kinase) cascades.

Brain homogenates from sham- or I-R injury-CARD3-KO mice (left) and neuron-specific CARD3-TG mice
(right) were collected, WT mice and NTG mice served as controls, respectively. Western blotting analysis
was performed to detect the phosphorylation level of ERK (extracellular regulated protein kinases), JNK (c-
Jun N-terminal kinase), and p38 (p38 mitogen-activated protein kinase) (A) and the levels of phosphorylated
TAK1 (transforming growth factor-3-activated kinase 1) (B). All data were shown as mean+SD. Statistics
analysis was performed by one-way analysis of variance (ANOVA), followed by Bonferroni post hoc or
Tamhane’s T2 analysis, *P<0.05, ***P<0.001 vs the control group, #P<0.05, ##P<0.001 vs the CARD3-KO or
-TG operated group. GAPDH served as a loading control, n=4 to 5 mice per group.

and p38 signaling,®" whereas prolonged inhibition or ~ ASK1.%8 These facts indicate the importance of the
deletion of the TAK1 gene lose such protective effect precise regulation of MAPK pathways, particularly
against stroke due to the compensatory activation of in stroke. In our current study, we demonstrate that
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Figure 6. CARDB3 induced ischemia-reperfusion (I-R) injury via activating TAK1.
A, TAK1 (transforming growth factor-(3-activated kinase 1) specific inhibitors, 5Z-7-
oxozeaenol (5Z-7-O) were intravenously administrated into non-transgenic (NTG) or
neuron-specific CARD3-TG mice 30 minutes before suffering cerebral ischemia, and
dimethyl sulfoxide (DMSO) was injected as control. After reperfusion for 24 hours, brain
sections of the indicated group were stained with TTC (2,3,5-triphenyltetrazolium chloride)
(left) and quantitative analysis of infarct volume (right) was performed. Data were exhibited
as mean+SD. Statistical analysis was performed by Student t test, *P<0.05 vs their control
group, n=6 mice per group. B through D, brain homogenates of the indicated group were
obtained after reperfusion for 6 hours. And the level of the indicated proteins were analyzed
with Western blotting, n=4 mice per group. Data were exhibited as mean+SD. Statistical
analysis was performed by one-way analysis of variance (ANOVA), followed by Bonferroni
post hoc or Tamhane’s T2 analysis, *P<0.01, **P<0.01, ***P<0.001 vs the NTG group
treated with DMSO or 5Z-70, and #*#P<0.01, ##P<0.001 vs the CARD3-TG group treated
with DMSO. GAPDH served as a loading control, n=4 mice per group. JNK indicates c-
Jun N-terminal kinase; p38, p38 mitogen-activated protein kinase; Bcl2 indicates B-cell
lymphoma-2; IKKR, inhibitor of nuclear factor kappaB kinase beta; IKBa, inhibitor of nuclear
factor kappa-B a; and p65, nuclear factor kappa-B RelA(p65).
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CARDS deficiency-medicated TAK1 inhibition pro-
tected mouse brain against I-R injury without alter-
natively activating ASK1. Furthermore, the success of
treatment against I-R induced brain injury with a spe-
cific TAK1 inhibitor demonstrates that it is possible
to attenuate the pro-death function of CARDS that
is seen in CARD3-TG mice. Therefore, future focus
on the interaction of CARD3 with TAK1 will provide a
new avenue toward mitigating I-R injury of brain.
Among various aspects of the postischemic re-
sponse, the inflammation cascade is initiated within
minutes to hours after the occlusion of CBF. In
this signaling cascade, activated NF-kB translocates
into nuclei to promote transcription of inflammatory
genes such as IL-13, TNF-a, ICAM, VCAM, and COX-
2. Although many aspects of inflammation are ben-
eficial in restoring tissue homeostasis, inactivation of
NF-kB by inhibitor or gene loss has the potential to
minimize infarct areas in stroke.*®4" Although several
studies have reported that CARD3 promotes NF-kB
activation in the immune system,*?3 the detail of how
CARD3 activates NF-kB pathway in stroke remains to
be investigated. We here not only demonstrated that
CARD3 modulates NF-kB activation and inflamma-
tory cytokine release during the ischemic phase of I-R
injury but also identified that the promoting effect of
CARD3 on the activation NF-kB signaling depends on
the activation of TAK1. These results pose a therapeu-
tic niche into the CARDS3-TAK1-NF-kB regulatory axis
during the development of |-R induced brain injury.
Previous reports have shown that CARD3 can me-
diate different MAPK signaling pathways in a variety
of tissues in response to different stimuli. For exam-
ple, CARD3 activates the p38 MAPK signaling axis
to increase cardiac infarct area** and knocking-out
CARDS significantly shrinks infarct area and improves
left ventricular function.'® Activation of the JNK signal-
ing protects the heart against reperfusion injury, but
this protective effect disappeared in CARD3~~ mice,*°
implying that CARD3 regulates the JNK activation.
Additionally, transfection of 293 cells with flag-tagged
CARDS3 plasmid dramatically enhanced the TNF-
inducing Raf/ERK axis but had no effect on JNK.*®
ERK1/2, JNK, and p38 MAPK has also been reported
to participate in stroke-related injury.?”?84647 Thus, it
is not clear whether CARDS contributes to the patho-
physiology of stroke via MAPKs activation. We have
nevertheless demonstrated that CARD3 can upregu-
late activation of both p38 and JNK, but not upregu-
late ERK activation, following I-R insult. Moreover, this
upregulation is mediated by TAK1, so that inhibition of
TAK1 blocks the positive effect of CARD3 on MAPKSs.
Multiple pathophysiological events, such as excito-
toxicity, inflammation, apoptosis, autophagy immune
response, oxidative and nitrosative stress, and endo-
plasmic reticulum stress, were involved in I-R injury.>8
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Various unsuccessful clinical trials simply focus on the
downstream signal pathway, such as inflammation and
oxidative stress. In our study, we demonstrated that
CARDS not only regulates the inflammation but also
promotes the neuron apoptosis to induce I-R injury.
Therefore, CARD3 may serve as the key upstream regu-
lator to mediate the two aspects. Targeting CARD3 may
have great potential to alleviate the I-R injury, although
developing a successful blood—-brain barrier penetrating
CARDS antagonist could be a potential limitation.

In conclusion, our research has revealed a novel
function of CARDS3 in mediating I-R damage via ac-
tivating TAK1 signaling cascade. Therefore, targeting
CARD3 might be insightful for exploring new drugs
and therapeutic strategies for ameliorating the effects
of stroke in human beings.
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SUPPLEMENTAL MATERIAL



Table S1. Neurological impairment evaluation scale.

Neurological deficits Scores
No observable neurological damage 0
Failure to fully extend the right forepaw or flex the left forelimb when 1

suspended by the tail

Left shoulder adduction when suspended by the tail 2
Reduced resistance to a lateral push toward the left 3
Moving spontaneously but turning to the left when dragged by the tail 4
Rotating spontaneously or only to the left 5
Moving only in response to stimulus 6
No movement in response to stimulus 7

Death resulting from stroke 8




Table S2. Antibody information for Western blotting.

Catalog
Anti-body Name  Source RRID
Number
CARD3 Cell Signaling Technology = #4142 AB_2716277
Bcl-2 Cell Signaling Technology = #3498 AB_1903907
Bax Cell Signaling Technology #2772 AB_10695870
Bid Cell Signaling Technology #2003 AB_10694562
cleaved-caspase3 Cell Signaling Technology = #9661 AB 2341188
p-ERK Cell Signaling Technology #4370 AB_2315112
ERK Cell Signaling Technology #4695 AB_390779
p-JINK Cell Signaling Technology #4668 AB_823588
JNK Cell Signaling Technology ~ #9258 AB_2141027
p-p38 Cell Signaling Technology ~ #4511 AB_2139682
p38 Cell Signaling Technology ~ #9212 AB_330713
IKBa Cell Signaling Technology = #4814 AB_390781
p-IKKp Cell Signaling Technology = #2694 AB_2122296
IKKpB Cell Signaling Technology #8943 AB_11024092
p-p65 Cell Signaling Technology ~ #3033 AB 331284
p65 Cell Signaling Technology = #4764 AB_823578
TAK1 Cell Signaling Technology = #5206 AB_10694079
p-TAK1 Cell Signaling Technology ~ #9339 AB_2140096
GAPDH Cell Signaling Technology = #2118 AB_561053



Anti-Mouse IgG
H+L
Anti-Rabbit IgG

H+L

Jackson ImmunoResearch #115-035-00

AB 10015289
Labs 3

Jackson ImmunoResearch #111-035-00

AB 2313567
Labs 3




Table S3. Primer sequences for PCR.

Gene Forward

Reverse

TNF-o  TGACAAGCCTGTAGCCCAC

COX-2 TCTCCCTGAAGCCGTACACA
IL-18 TAATGAAAGACGGCACACCCA
IL-6 ATGAACTTGGACCTCTGCGG

GAPDH GGTTGTCTCCTGCGACTTCA

TAGCAAATCGGCTGACGGTG

AATGGTGCTCCAAGCTCTACC

GTTTCCCAGGAAGACAGGCT

GTCCACCACAGTTGCTGACT

CCCTGTTGCTGTAGCCGTAT




Figure S1. The rCBF (relavtive cerebral blood flow) of the different tMCAO (transient middle
cerebral artery occlusion model) mice model was measured by a Doppler flowmeter (A). The
expression of CARD?3 in different tissues from CARD3-TG mice was measured by western blotting (B),
GAPDH (glyceraldehyde-3-phosphate dehydrogenase) served as loading control. (C), in vivo, the mRNA
levels of apoptotic factors in WT and CARD3-KO mice or NTG and neuron-specific CARD3-TG mice
after reperfusion for 24 h were analyzed with qPCR. All data were normalized to GAPDH and shown as
mean + SD. Comparison between groups were performed with Student’s t-test, *p<0.05 vs the control
group, n=4 mice per group. (D), in vitro, primary neurons separated from CARD3-KO or -TG mice
were subjected to OGD (oxygen and glucose deprivation) for 1 hour and repefusion for 24h. The mRNA
levels of the inflammatory-related factors were analyzed with qPCR. All data were normalized to
GAPDH and shown as mean + SD. Comparison between groups were performed with Student’s t-test,
*p<0.05 vs the control group. Three independent experiments were repeated. Bcl2 indicates B-cell
lymphoma-2; Bax, Bcl2-Associated X; TNF-a, tumour necrosis factor alpha; COX-2, cyclooxygenase-2;
IL-1B, interleukin-1p; IL-6, interleukin-6.
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