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Abstract

Impaired function of the endoplasmic reticulum (ER stress) is a hallmark of many human diseases including stroke.
To restore ER function in stressed cells, the unfolded protein response (UPR) is induced, which activates 3 ER
stress sensor proteins including activating transcription factor 6 (ATF6). ATF6 is then cleaved by proteases to form
the short-form ATF6 (sATF6), a transcription factor. To determine the extent to which activation of the ATF6 UPR
branch defines the fate and function of neurons after stroke, we generated a conditional and tamoxifen-inducible sATF6
knock-in mouse. To express sATF6 in forebrain neurons, we crossed our sATF6 knock-in mouse line with Emx|-Cre
mice to generate ATF6-KI mice. After the ATF6 branch was activated in ATF6-KI mice with tamoxifen, mice were
subjected to transient middle cerebral artery occlusion. Forced activation of the ATF6 UPR branch reduced infarct
volume and improved functional outcome at 24 h after stroke. Increased autophagic activity at early reperfusion time
after stroke may contribute to the ATF6-mediated neuroprotection. We concluded that the ATF6 UPR branch is crucial
to ischemic stroke outcome. Therefore, boosting UPR pro-survival pathways may be a promising therapeutic strategy
for stroke.
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A variety of diseases of major clinical significance are
associated with ER stress including neurodegenerative
diseases, myocardial ischemia/heart failure, and

Introduction

Brain ischemia/stroke activates a complex pathological
process involving regulation of many signaling path-
ways.! Two strategies could be envisioned to improve
stroke outcome: interfering with pathological processes
triggered by ischemia, an approach that has yielded dis-
appointing results in clinical trials,* or boosting pro-sur-
vival pathways and thereby improving the self-healing
capacity of the affected tissue. This strategy has not yet
received much attention. Here, the unfolded protein

'Multidisciplinary Neuroprotection Laboratories, Department of
Anesthesiology, Duke University Medical Center, Durham, NC, USA
2Departmem: of Critical Care Medicine, Renmin Hospital of Wuhan
University, Wuhan, Hubei, China

3Department of Neurobiology, Duke University Medical Center, Durham,
NC, USA

“San Diego State University Heart Institute and the Department of

response (UPR) could be a promising target, a complex
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conditions that impair the functioning of the endoplas-
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brain ischemia/stroke.®® The UPR has three response
branches that are controlled by stress sensors in the
ER membrane — activating transcription factor 6
(ATFO6), inositol-requiring enzyme 1 (IRE1), and pro-
tein kinase RNA-like ER kinase (PERK). These UPR
branches activate adaptive stress responses to resolve
ER stress, including shutdown of translation to reduce
the load of newly synthesized proteins that need to be
folded (PERK branch), activation of a genetic pro-
gram to increase folding capacity (ATF6 and IREI
branches), and activation of ER-associated protein
degradation (ERAD; ATF6 and IRE1 branches) to
clear accumulated unfolded/misfolded proteins from
the ER. The UPR also modulates other pro-survival
pathways, which include autophagy and O-linked (-
N-acetylglucosamine modification of proteins (O-
GlcNAcylation; IRE1 branch).”'® However, if ER
stress persists and cellular homeostasis fails to be
restored, the UPR triggers apoptosis, which is
mediated primarily through the PERK branch,'' and
involves B-cell lymphoma-2 (Bcl-2) family members,
such as Bcl-2 and Bax.'?

Considering the UPR as a potentially promising
target for neuroprotection, we first need to know
which of the UPR pro-survival pathways is critical
for stroke outcome. It is well established that brain
ischemia/stroke impairs ER function and activates the
UPR.%*® However, a systematic analysis of the role of
each UPR branch in the fate and function of post-
ischemic neurons has not yet been performed. In con-
trast, novel mouse models that target individual UPR
branches specifically in cardiomyocytes have been gen-
erated, and there is now evidence that activation of the
ATF6 and IRE1 UPR branches significantly improves
outcome after myocardial ischemia.’'?

As a first attempt to explore the potential of boosting
UPR pro-survival pathways as strategy for neuroprotec-
tion, we investigated the role of the ATF6 UPR branch
in stroke. When activated under ER stress conditions,
ATFG6 translocates to the Golgi where it is cleaved by
S1P and S2P proteases to form the short-form of ATF6
(sATF6), an active transcription factor.'*'> SATF6 then
translocates to the nucleus and binds to the ER stress
element sequence in the promoter of target genes and
thereby activates their expression.'® To avoid the poten-
tial problem that ATF6 does not translocate to the Golgi
after brain ischemia,'” we decided to express the active
form of ATF6, sATF6. Here, we generated a conditional
and inducible SATF6 knock-in mouse (Rosa26-sATF6-
MER; Emx1-Cre, hereafter referred to as ATF6-KI)
in which sATF6 is expressed predominantly in the neu-
rons of the hippocampus and cortex, and its activation is
controlled by tamoxifen. Using this new ATF6-KI
mouse model, we demonstrated that forced activation

of the ATF6 UPR branch improved functional outcome
and reduced infarct volume after stroke.

Materials and methods

All animal experiments conformed to protocols
approved by the Duke University Animal Care and
Use Committee and complied with National Institutes
of Health guidelines and ARRIVE guidelines.

Generation and breeding of ATF6 knock-in mice

The scheme of the targeting strategy is depicted in
Figure 1(a). The FLAG-sATF6-MER fragment was
assembled previously.!* The targeting vector was con-
structed and verified by restriction analysis and partial
sequencing, and then linearized and electroporated into
mouse embryonic stem (ES) cells derived from the 129 Sv
strain at the Duke Neurotransgenic Laboratory. Positive
ES clones were identified by PCR screening, and con-
firmed by Southern blot analysis. ES clones were micro-
injected into blastocysts derived from C57BL/6 mice to
produce chimeric mice. After the germline transmission
was confirmed, heterozygous mice (Rosa26-sATF6-
MER) were backcrossed with C57BL/6. C57BL/6 mice
were purchased from The Jackson Laboratory (Maine).
The 5th or 6th generation of Rosa26-sATF6-MER mice
was used for the present study. To express transgene
FLAG-sATF6-MER in forebrain neurons, Emx]¢/¢™
mice (JAX stock #005628; C57BL/6 background) were
crossbred with Rosa26-sATF6-MER mice to generate
Rosa26-sATF6-MER; Emx1-Cre mice (ATF6-KI).
Primers for genotyping are listed in Table S1.

Tamoxifen treatment

Tamoxifen (Cayman; 20mg/mL) was suspended
in corn oil (Sigma). Animals were treated with
100mg/kg tamoxifen or corn oil (vehicle) by oral
gavage once daily for five days.

Animal surgery

The surgeon was blind to the genotype of the animals.
Transient middle cerebral artery occlusion (MCAOQO) was
performed as described previously with minor modifica-
tions.'® Briefly, male mice (2-3 months old) were anesthe-
tized with 5% isoflurane in 30% O, balanced with N,O.
Mice were then endotracheally intubated and mechanic-
ally ventilated. Isoflurane was decreased to 1.5%—1.8%.
During the surgical procedure, the rectal temperature was
maintained at 37°C +0.2°C using a heating pad and a
heating lamp. Transient focal ischemia was induced by
inserting a nylon monofilament (Doccol) into the right
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Figure |. Generation of conditional and inducible ATF6é knock-in mice. (a) Scheme of the targeting strategy for generating Rosa26é-
sATF6-MER mice. FLAG-tagged ATF6 (39-373 aa; FLAG-sATF6) was fused to mutated estrogen receptor (MER) in-frame. A floxed STOP
cassette was placed upstream of FLAG-sATF6-MER. After Cre-mediated deletion of the STOP cassette, the fusion protein FLAG-sTAF6-
MER was expressed under control of the cytomegalovirus early enhancer/chicken—actin (CAG) promoter. The transgene was knocked
in at the Rosa2é6 locus. (b) and (c) Rosa26-sATF6-MER mice were crossed with Emx|-Cre to generate Rosa26-sATF6-MER;Emx|-Cre
mice (ATF6-KI). ATF6-KI mice were given corn oil (vehicle) or tamoxifen for five days, and their brains were then analyzed by
immunohistochemistry. (b) Immunostaining with anti-FLAG and anti-ATFé6 antibodies confirmed expression of FLAG-sATF6-MER and its
nuclear translocation in the hippocampus and cortex after tamoxifen treatment. (c) FLAG-sATF6-MER was expressed predominately in
neurons, as demonstrated by co-localization of FLAG staining with MAP2 (neuronal marker) staining. Scale bars: 50 um.

internal carotid artery via the external carotid artery and
temporary ligation of the right common carotid artery.
Laser-Doppler flowmetry (Moor) was used to monitor
regional cerebral blood flow (rCBF) in the MCA cortex.
After 45min MCAO, mice were administrated 0.5mL
saline subcutancously and were then transferred
to a temperature-controlled incubator for 4h before
being returned to their home cages. Animals with
brain hemorrhage, and those that did not show a reduc-
tion in rCBF >80% during MCAO and recovery of
rCBF > 80% after Smin reperfusion, were excluded.

Acute neurologic assessment

Neurologic assessment was performed at 24h post
MCAO using a 48-point scoring system as recently
detailed.” Before evaluation, an observer who was
blind to the genotype of the animals completed the
video-assisted training and certification program in
order to standardize the scoring process. This compre-
hensive scoring system evaluates general status (spon-
tancous activity, body symmetry, gait; 0-12), simple
motor deficit (forelimb asymmetry, circling, hind limb
placement; 0—14), complex motor deficit (vertical screen
climbing, beam walking; 0-8), and sensory deficit (hind
limb, trunk, vibrissae, and face touch; 0-14). After
completion of testing, the score given to each animal

was the sum of the four individual scores, with 0 =no
deficit and 48 = maximal deficit.

Infarct volume

After evaluating neurologic deficits, mice were eutha-
nized, and the brains were rapidly removed to measure
infarct volume. Briefly, brains were coronally cut into
I-mm sections in a mouse brain matrix (ASI instru-
ments) on ice. Brain sections were then incubated in
2% 2,3,5-triphenyltetrazolium chloride (TTC; Sigma-
Aldrich) in 0.9% saline for 10min. After fixing in
10% formaldehyde, the sections were digitally scanned,
and the digital pictures were analyzed using the ImageJ
software (NIH) by an observer blinded to the genotype
of the animals. The infarct volume was measured indir-
ectly to minimize any artifacts caused by post-ischemic
edema. The infarct volume was calculated by subtract-
ing the non-infarcted area in the ipsilateral hemisphere
from the total area of the contralateral hemisphere.

Immunohistochemistry and microscopy

Immunohistochemistry was performed as described
previously.?” In short, paraffin-embedded brain sections
(5um) were deparaffinized, and then incubated with
primary antibodies at 4°C overnight. After extensive
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washing, the sections were incubated with fluorescent
secondary antibodies for 1h at room temperature. The
primary antibodies used are listed in Table S2.
Confocal images were captured on a Leica SP5 con-
focal microscope (Leica Microsystems).

Reverse-transcription PCR and quantitative PCR

Reverse-transcription PCR (RT-PCR) and quantitative
PCR (qPCR) were performed as previously described.?!
In short, total RNA was extracted from brain cortex
samples using the TRIzol reagent (Invitrogen).
One microgram of total RNA was reverse transcribed
into cDNA (Invitrogen). To evaluate Xbp! splicing,
RT-PCR was performed. PCR products of spliced
Xbpl (Xbpls) and unspliced Xbpl (Xbplu) were ana-
lyzed by agarose gel electrophoresis. qPCR was per-
formed in a Lightcycler 2.0 (Roche). All primers used
in this study are listed in Table S1.

Western blotting

Western blot analysis was performed essentially as
described previously.?' Briefly, brain cortex samples
were homogenized with sonication using 2% SDS lysis
buffer. Protein samples were separated on pre-cast SDS-
PAGE gels (Bio-Rad), and transferred to PVDF mem-
branes. Membranes were blocked with TBST containing
5% milk or 5% BSA, and incubated with a primary
antibody overnight at 4°C. After extensive washing,
membranes were incubated with a secondary antibody
for 1h at room temperature. Proteins were then visua-
lized using the enhanced chemiluminescence analysis
system (GE Healthcare). After exposure, membranes
were stripped and re-probed for B-actin as a loading
control. Image analysis was performed using the
ImageJ program (NIH). All primary antibodies used in
this study are listed in Table S2.

Statistical analysis

All data analyses were performed with Prism 6
(GraphPad Software). Data are presented as mean 4= SD
or mean=+ SEM. Statistical analysis was assessed by
unpaired Student’s r-test (MRNA and protein levels,
and infarct volumes) or Mann—Whitney U test (neuro-
logic scores). The level of significance was set at p < 0.05.

Results
Generation and characterization of ATF6-KI mice

The targeting strategy to generate conditional and indu-
cible SATF6 knock-in mice is illustrated in Figure 1(a).
FLAG-tagged sATF6 (39-373 aa) was fused to the

mutated estrogen receptor (MER). MER retains
FLAG-sATF6-MER in the cytosol. When tamoxifen is
introduced, it binds to MER, triggering translocation of
FLAG-sATF6-MER into the nucleus, which activates
expression of ATF6-dependent genes.'® In this targeting
vector, FLAG-sATF6-MER was placed downstream of
a loxP-flanked STOP cassette, and then cloned into a
Rosa26 targeting vector. The cytomegalovirus early
enhancer/chicken B-actin (CAG) promoter was used to
achieve robust transgene expression. Using this targeting
vector, we generated a new SATF6 knock-in mouse line,
which we call Rosa26-sATF6-MER. To express trans-
gene FLAG-sATF6-MER in forebrain neurons,”
we crossed Rosa26-sATF6-MER mice with Emx1-Cre
mice to generate Rosa26-sATF6-MER;Emx1-Cre
(ATF6-KI) mice. ATF6-KI mice are healthy and show
no overt phenotype.

To induce nuclear translocation of FLAG-sATF6-
MER and confirm its expression in neurons, ATF6-KI
mice were treated with tamoxifen or corn oil (vehicle) for
five days by oral gavage. As expected, in the brain of
vehicle-treated ATF6-KI mice, FLAG-tagged sATF6-
MER was retained in the cytoplasm, and tamoxifen
exposure triggered its nuclear translocation, both in the
cortex and hippocampus (Figure 1(b)). In ATF6-KI
mouse brains, we found that FLAG-sATF6-MER
was expressed predominately in neurons, as shown by
its co-localization with the neuronal marker MAP2
(Figure 1(c); Figure SI), but not with the astrocyte
marker GFAP (Figure S2(a)), or the endothelial cell
marker CD31 (Figure S2(b)).

Next, we investigated whether tamoxifen-induced
nuclear translocation of FLAG-sATF6-MER resulted
in activation of ATF6-dependent genes. The mRNA
levels of 4 ATF6-dependent genes that code for glu-
cose-regulated proteins 78 and 94 (GRP78 and
GRPY4), protein disulfide isomerase (PDI), and ER
stress protein 72 (ERp72), were analyzed by qPCR.
On day 1 after the last dose of tamoxifen, the mRINA
levels of all four genes were significantly increased in
the brains of tamoxifen-treated ATF6-KI but not wild-
type mice (Figure 2(a)). To detect the protein levels of
ATF6-dependent genes, we collected brain samples on
day 1 or 7 after the last dose of tamoxifen. On post-
treatment day 1, GRP78 and PDI protein levels were
markedly increased in the brains of tamoxifen-treated
ATF6-KI but not wild-type mice (Figure 2(b), left panel).
To clarify the subcellular localization of ER proteins
activated in an ATF6-dependent manner in tamoxifen-
treated ATF6-KI mice, we performed double immuno-
fluorescence staining using antibodies against ATF6, and
KDEL that cross-reacts with many ER-resident proteins,
including GRP78, GRP94, and PDI. The KDEL signal
intensity increased markedly after tamoxifen treatment
and showed the extranuclear reticular pattern expected
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Figure 2. Up-regulation of ATF6-dependent genes in ATF6-KI mouse brains. Wild-type (WT) and ATF6-KI mice were treated with
corn oil (vehicle) or tamoxifen for five days. On day | or day 7 after the last dose of tamoxifen, mouse brain cortex samples were
collected and analyzed by quantitative PCR (a) and Western blotting (b). (a) On day | after the last dose of tamoxifen, RNA samples
were prepared from mouse brain cortex, and analyzed for mRNA levels of ATF6-dependent genes. All individual data were normalized
to B-actin. To calculate fold change, the mean values of vehicle-treated WT mouse samples were set to 1.0. Data are presented as
means + SD (n = 3 per group), *p < 0.05. (b) On day | or day 7 after the last dose of tamoxifen, protein samples were prepared from
mouse brain cortices, and analyzed for expression levels of FLAG-sATF6-MER and ATF6-dependent genes. (c) On day 7 after the last
dose of tamoxifen, the brains of ATF6-KI were analyzed by immunohistochemistry with anti-FLAG. DAPI was used to stain nuclei
(blue). FLAG-sATF6-MER was present in the cytoplasm, but not in the nucleus, in the forebrain neurons of ATF6-KI mice.

for ER-resident proteins (Figure S3). Finally, we evalu-
ated the stability of proteins activated by sATF6. Levels
of GRP78 and PDI were still increased seven days
after the last tamoxifen dose (Figure 2(b), right panel)
when FLAG-sATF6-MER immunoreactivity was pre-
sent in the cytoplasm but no longer in the nucleus

(Figure 2(c)), which suggested that tamoxifen was cleared
from the brain. Notably, levels of FLAG-sATF6-MER
were clearly decreased in the samples from day 1 but
not day 7 post tamoxifen treatment (Figure 2(b)),
an observation that confirmed decreased ATF6
stability after nuclear translocation reported earlier.'>*
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branch is protective against ischemic brain damage. To
determine whether activation of the ATF6 UPR branch
in forebrain neurons is sufficient to improve stroke out-
come, we subjected wild-type and ATF6-KI mice to
45min MCAO seven days after dosing mice with tam-
oxifen. After 24 h reperfusion, animals were evaluated
for neurologic deficits and infarct volumes. One animal
in the ATF6-KI group was excluded because of brain
hemorrhage. Representative TTC-stained brain slices
and mean infarct volumes in brains of wild-type and
ATF6-KI mice are depicted in Figure 3. Mean infarct
volumes were 89.04 19.6mm”® versus 56.6 4 32.1 mm®
in wild-type compared to ATF6-KI mice, respectively
(Figure 3(b); p=0.025). To extensively evaluate func-
tional outcome at this early recovery interval after
stroke, we used a 48-point scoring system that consists
of 14 categories, and includes several behavioral tests.'”
After testing, ATF6-KI mice showed better neurologic
function (Figure 3(c); p =0.0002). Together, our find-
ings demonstrated that the ATF6 UPR branch plays an
important role in protection of the brain from ischemic
damage and in restoration of neurologic function
impaired by ischemia.

Increased level of GRP78 does not modulate activa-
tion of IRE and PERK UPR branches after stroke

ER stress is characterized by protein folding demand/
capacity mismatch. Results from cell culture studies
suggest that dissociation of GRP78 from ER stress sen-
sors to increase folding capacity triggers activation of
the UPR.?’ If this model holds true in stroke, we would

Figure 3. The effects of activation of the ATF6 UPR branch in
neurons on infarct volume and neurologic function after stroke.
Wild-type (WT) and ATF6-KI mice were treated with tamoxifen for
five days. Seven days later, the mice (n=9 or 7/group) were sub-
jected to 45 min MCAQ. After 24 h reperfusion, the animals were
evaluated for neurologic deficits, and then sacrificed for measure-
ment of infarct volumes by 2,3,5-triphenyltetrazolium chloride
(TTC) staining. (a) Representative TTC-stained brain slices. (b) Total
infarct volumes were presented as means 4= SD. (c) Summary of
neurologic scores. 0 = no deficit; horizontal bar = median values.

expect less activation of the IREl and PERK UPR
branches in post-ischemic brains of ATF6-KI than
wild-type mice because pre-ischemic GRP78 protein
levels are considerably higher in ATF6-KI mice
(Figure 2(b)). Surprisingly, ischemia-induced changes
in Xbpl mRNA splicing (IRE1 branch) and elF2a
phosphorylation (PERK branch) were similar in wild-
type and ATF6-KI mice (Figure 4), an observation that
seems not to support the GRP78 dissociation model in
stroke. One possible explanation for this finding is that
the potential mechanisms underlying UPR activation
under a pathologic state in vivo are more complex than
was originally thought based on earlier cell culture stu-
dies using potent pharmacologic ER stress inducers.?’

Potential mechanisms underlying ATFé-mediated
neuroprotection in stroke
ER stress-induced UPR is associated with pathways that

could potentially impact cellular life/death decisions
after stroke, including apoptosis and autophagy.'**
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Figure 4. The UPR branches in ATF6-KI mouse brains after stroke. Wild-type (WT) and ATF6-KI mice were treated with tamoxifen
for five days. Seven days later, mice (n = 3/group) were subjected to 45 min MCAOQO. After | h reperfusion, cortex samples from the
contralateral (con) and ipsilateral (ips) hemispheres were collected and evaluated by Western blotting and reverse-transcription-PCR
(RT-PCR) analysis. (a) Comparison of activation of the UPR branches in the post-ischemic brains of WT versus ATF6-KI mice. Xbp |
mRNA splicing was examined by RT-PCR to detect unspliced (XbpIu) and spliced (Xbpls) Xbp!/ mRNAs. (b) Quantitative analysis of
the Western blots shown in A. Intensities of each band were measured and normalized to B-actin. The mean values in contralateral
cortex samples from WT mice were set to |.0. Data were presented as means = SEM.

*p < 0.05.

To determine whether these processes may contribute to
improved stroke outcome in ATF6-KI mice, we first
analyzed levels of mediators involved in ER stress-
induced apoptosis (Figure 5(a)) and autophagy signaling
(Figure 5(b)) at 1h reperfusion. Members of the Bcl-2
protein family, such as anti-apoptotic Bcl-2 and pro-
apoptotic Bax, play a key role in ER stress-induced
apoptosis.'> Compared to wild-type mice, ATF6-KI
mice showed significantly higher Bcl-2 levels after
stroke, while Bax appears increased in wild-type mice
after stroke, although this increase did not reach statis-
tical significance (Figure 5(a)). To investigate whether
autophagy could be involved, we measured levels of
microtubule-associated protein I light chain 3 (LC3)-II
and p62. Increase in LC3-II or decrease in p62 is an
indicator of autophagic activity. In support of a role
for autophagy activation in ATF6-induced neuroprotec-
tion, we found a significant decrease in levels of p62 in
ATF6-KI mice at 1h reperfusion after stroke, while
LC3-II levels were increased in both wild-type and
ATF6-KI mice (Figure 5(b)). We then evaluated levels
of the mammalian target of rapamycin (mTOR), which
negatively regulates autophagy. Notably, activated
mTOR (p-mTOR) levels were significantly decreased in
ATF6-KI mice after stroke. To further clarify whether
activation of the ATF6 UPR branch resulted in a more
pronounced post-ischemic activation of autophagy or an
earlier onset of activation, we compared levels of p62
and p-mTOR in wild-type and ATF6-KI mice at 6h
after stroke (Figure 5(c)). In agreement with a previous
report, we found a significant decrease of p62 in
the ipsilateral cortex of both wild-type and ATF6-KI
mice (Figure 5(c)).>* Levels of p-mTOR continued to
be significantly lower in ATF6-KI mice after stroke

(Figure 5(c)). Although a similar trend of decreased
p-mTOR levels after stroke appeared in wild-type
mice, differences did not reach statistical significance at
both reperfusion times. Together, these data implied that
autophagy is activated at an earlier reperfusion time in
ATF6-KI mice than wild-type mice after stroke. This
earlier activation in ATF6-KI mice is possibly mediated
through suppression of the mTOR pathway.

Discussion

Here, we have presented a novel UPR-related genetically
modified mouse model (Rosa26-sATF6-MER), and per-
formed the first experimental study to clarify the role of
the UPR in stroke outcome using mice in which the
ATF6 UPR branch was modulated predominantly in
the neurons of the cortex and hippocampus. Since
Ro0sa26-sATF6-MER is a Cre-loxP-based conditional
mouse model, this mouse line can be used to activate
the ATF6 UPR branch in a cell/tissue/organ-specific
manner and therefore will be also of value to researchers
who investigate mechanisms of other ER stress-asso-
ciated diseases. In the present study, Rosa26-sATF6-
MER mice were crossed with Emx1-Cre mice to modu-
late the ATF6 UPR branch in forebrain neurons. To
avoid any potential negative side effects caused by a per-
manently active ATF6 UPR branch, we used a tamox-
ifen-inducible approach to activate expression of ATF6-
dependent genes before performing ischemia experi-
ments. Our results confirmed that this approach works
in our ATF6-KI mice, as expected; SATF6 was consti-
tutively expressed but retained in the cytoplasm, and
after tamoxifen treatment, SATF6 translocated to the
nucleus and activated expression of ATF6-dependent
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Figure 5. Potential mechanisms underlying ATF6-mediated neuroprotection in stroke. Wild-type (WT) and ATF6-KI mice were
treated with tamoxifen for five days. Seven days later, mice (n = 3/group) were subjected to 45 min MCAO. After | h or 6h
reperfusion, cortex samples from the contralateral (con) and ipsilateral (ips) hemispheres were collected and evaluated by Western
blot analysis. (a) Levels of ER stress-related anti-apoptotic protein Bcl-2 and pro-apoptotic protein Bax at | h reperfusion. (b) and (c)
Autophagy signaling at | h (b) or 6 h (c) reperfusion. Quantitative analysis of the Western blots is shown as bar graphs. Intensities of
selected proteins were measured and normalized to [-actin or mTOR. The mean values in contralateral cortex samples from WT

mice were set to 1.0. Data were presented as means & SEM.
*p < 0.05.

genes (Figure 1). Importantly, the levels of GRP78 and
PDI were still markedly increased seven days after tam-
oxifen treatment when FLAG-sATF6-MER was present
in the cytoplasm but no longer in the nucleus. This sug-
gests that tamoxifen was cleared from the brain, and did
not contribute to neuroprotection, in contrast to
acute tamoxifen treatment.’’ Together, the findings
demonstrate that our novel mouse model with tamoxi-
fen-induced activation of the ATF6 UPR branch in fore-
brain neurons is functional.

About 20 years ago, it was first hypothesized that
brain ischemia impairs ER function causing ER
stress, and that this impairment contributes to ischemic
brain damage.®> This hypothesis triggered a large
number of experimental studies on various aspects of
ER stress-induced activation of the UPR in brain ische-
mia, summarized in many reviews.®!%3273% Despite this
wealth of information, we still know little about the
role of individual UPR branches in the fate and func-
tion of neurons after ischemic stroke because most of
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those experimental studies either were descriptive, used
global brain ischemia or cell/tissue culture models, or
modulated the UPR branches in the whole body.
Manipulating UPR pathways in neurons for brain
ischemia studies provides, however, an advantage
over global approaches because neurons are the pri-
mary target in experimental stroke research. Indeed,
neurons are particularly sensitive to even short periods
of ischemia, and recovery of neurologic function ultim-
ately defines quality of life for stroke patients.
Moreover, global approaches affect the UPR branches
in all organs, which could have unpredictable effects on
pathologic processes in post-ischemic brains.

In search for UPR pro-survival pathways that have
the potentials to be considered in future studies as
targets for therapeutic intervention in stroke, we first
focused on the ATF6 UPR branch, because some evi-
dence is at hand that the ATF6 pathway is not or only
slightly activated after both transient global and focal
cerebral ischemia (Figure S4).'7->* It has therefore been
concluded that the dysfunctional UPR activation after
transient brain ischemia may play a significant role
in neuronal cell death during reperfusion.!” We there-
fore expected improved stroke outcome by boosting
the ATF6 pathway. Our findings presented here have
indeed provided evidence that neurologic function was
significantly improved in ATF6-KI mice (Figure 3),
suggesting that restoration of ER protein homeostasis
by activation of the ATF6 pathway could result in
better stroke outcome.

Since ER chaperons and folding enzymes including
GRP78, GRP94 and PDI are notably up-regulated in
pre-ischemic ATF6-KI mice, it is likely that the increased
folding capacity contributes to improved stroke outcome.
It has been shown that up-regulation of GRP78 and PDI
protects neurons from ischemic damage.’**’ Notably,
Bcl-2, an anti-apoptotic protein that modulates ER
stress-induced apoptosis, was increased in ATF6-KI com-
pared to wild-type mice after stroke, suggesting less ER
stress-induced apoptosis in the ATF6-KI mice (Figure
5(a)). Our results also imply modulation of autophagy
to be a contributing factor. Recently, mounting evidence
indicates autophagy activation is associated with neuro-
protection in brain ischemia and crosstalk between the
UPR and autophagy plays a critical role in stroke out-
come.> ¥4 For example, in a rat model of ischemic pre-
conditioning, blocking autophagy with 3-methyladenine
(3-MA) inhibits GRP78 upregulation, exacerbates ER
stress, increases apoptosis, and worsens stroke outcome.
Using a rat stroke mode, a significant decrease of p62,
indication of autophagy activation, was not observed
until 6h reperfusion.®® In contrast, in our ATF6-KI
mice, we showed that activation of the ATF6 UPR
branch significantly reduces the protein levels of p62 in
the post-ischemic brain at 1h reperfusion, suggesting

carlier onset of increased autophagic activity (Figure
5(c)). This activation of autophagy was likely mediated
through decreased levels of phosphorylated mTOR, a key
inhibitory regulator of autophagy. Collectively, we
reported here a correlation between ATF6 activation
and changes in molecular markers of apoptosis and
autophagy. Whether these changes contributed to the
better stroke outcome observed in ATF6-KI mice needs
to be evaluated in future studies.

The PERK, IRE1, and ATF6 UPR branches fulfill
different functions in cells under ER stress. These include
activation of genetic programs that increase protein fold-
ing and processing capacity (ATF6 and IRE1 branches),
shutdown of translation to reduce the ER load (PERK
branch), and, if ER stress persists and protein homeostasis
fails to be restored, induction of apoptosis to eliminate
irreversibly damaged cells (PERK branch). Thus, the
ATF6 and IRE1 UPR branches can be considered pro-
survival pathways that are essential to restore key cellular
functions impaired by stress and thereby, promote cell
survival. Indeed, in the heart, both the ATF6 and IREI
UPR branches have been reported to be pro-survival path-
ways that protect hearts from ischemic damage when acti-
vated in cardiomyocytes.”'? IREl-mediated splicing of
Xbpl mRNA triggers a frame-shift of the coding region,
and formation of a new 54-kDa protein, the transcription
factor XBP1s. In myocardial ischemia, the pro-survival
effect of the IRE1 UPR branch is provided by XBP1s-
induced activation of O-GlcNAcylation.” A variety of stu-
dies reported a protective effect of increased O-
GlcNAcylation in myocardial ischemia,*’ and this post-
translational modification is also activated after brain
ischemia, implying similar protective function.?' Notably,
ours is the first study to report that boosting the ATF6
UPR branch in neurons provided beneficial effects for
neurologic function after stroke (Figure 3). Thus, results
presented here and reported from myocardial ischemia
studies suggest that UPR pathways could be considered
for therapeutic intervention in stroke.

The findings reported here confirm our earlier
hypothesis that recovery of ER function affects out-
come after brain ischemia.’>* In addition to brain
ischemia/stroke, impaired ER function is associated
with a variety of stress-related diseases. This suggests
that ER-resident protein folding and processing reac-
tions are particularly sensitive to stress conditions. Our
results also support our hypothesis that boosting UPR
pro-survival pathways could be a promising strategy to
improve stroke outcome. In this study, we focused only
on boosting the ATF6 UPR branch to improve stroke
outcome. Results from myocardial ischemia experi-
ments on wild-type and XBP1 loss-of-function and
gain-of-function mice suggest that the IRE1/XBP1
branch of UPR is also a pro-survival pathway, and
that the IRE1/XBP1/O-GIcNAc axis plays a major
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role in this process.” We have recently reported that O-
GlcNAcylation is activated after brain ischemia in
young but not aged mice,?' but it still needs to be ver-
ified whether this activation is XBPIl-dependent,
and whether the IRE1/XBP1/O-GIcNAC axis is a
pro-survival pathway after brain ischemia as it is after
myocardial ischemia.
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