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Activation of the ATFG (Activating
Transcription Factor 6) Signaling Pathway in
Neurons Improves Outcome After Cardiac
Arrest in Mice
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BACKGROUND: Ischemia/reperfusion injury impairs proteostasis, and triggers adaptive cellular responses, such as the unfolded
protein response (UPR), which functions to restore endoplasmic reticulum homeostasis. After cardiac arrest (CA) and resus-
citation, the UPR is activated in various organs including the brain. However, the role of the UPR in CA has remained largely
unknown. Here we aimed to investigate effects of activation of the ATF6 (activating transcription factor 6) UPR branch in CA.

METHODS AND RESULTS: Conditional and inducible sATF6-KI (short-form ATF6 knock-in) mice and a selective ATF6 pathway
activator 147 were used. CA was induced in mice by KCl injection, followed by cardiopulmonary resuscitation. We first found
that neurologic function was significantly improved, and neuronal damage was mitigated after the ATF6 pathway was activated
in neurons of sATF6-KI mice subjected to CA/cardiopulmonary resuscitation. Further RNA sequencing analysis indicated
that such beneficial effects were likely attributable to increased expression of pro-proteostatic genes regulated by ATF6.
Especially, key components of the endoplasmic reticulum—-associated degradation process, which clears potentially toxic un-
folded/misfolded proteins in the endoplasmic reticulum, were upregulated in the sATF6-KI brain. Accordingly, the CA-induced
increase in K48-linked polyubiquitin in the brain was higher in sATF6-KI mice relative to control mice. Finally, CA outcome,
including the survival rate, was significantly improved in mice treated with compound 147.

CONCLUSIONS: This is the first experimental study to determine the role of the ATF6 UPR branch in CA outcome. Our data indi-
cate that the ATF6 UPR branch is a prosurvival pathway and may be considered as a therapeutic target for CA.
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under many pathologic conditions of major clin-

ical significance, and a large number of studies
have focused on impaired proteostasis in such chronic
diseases as diabetes mellitus, cancer, and neurode-
generative diseases."? Notably, mounting evidence in-
dicates that disrupted proteostasis also plays a critical
role in the pathogenesis of acute diseases, especially
ischemia/reperfusion injury in various organs.®* It has

Protein homeostasis (or proteostasis) is impaired

been proposed that a promising therapeutic strategy
to protect organs from ischemic damage is to restore
proteome integrity, which could be achieved by boost-
ing endogenous pathways central to proteostasis.34
One major component of the cellular proteome
resides in the endoplasmic reticulum (ER), the key
organelle for biogenesis of the membrane and se-
cretory proteins. Disruption of ER proteostasis leads
to ER stress, which subsequently activates multiple
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CLINICAL PERSPECTIVE

What Is New?

e Activation of ATF6 (activating transcription fac-
tor 6) signaling in neurons is prosurvival and im-
proves functional outcome after cardiac arrest
and resuscitation.

e ATF6-mediated beneficial effects are associ-
ated with enhanced cellular capacity to restore
protein homeostasis disrupted by ischemia/
reperfusion insult after cardiac arrest and
resuscitation.

e Cardiac arrest outcome is significantly improved
by a pharmacologic treatment with compound
147, a selective ATF6 pathway activator.

What Are the Clinical Implications?

e Targeting the ATF6 pathway may represent a
promising proteostasis-based therapeutic strat-
egy to ameliorate ischemia/reperfusion injury
after cardiac arrest and resuscitation.

Nonstandard Abbreviations and Acronyms

ATF6 activating transcription factor 6

CA cardiac arrest

DEG differentially expressed gene

ER endoplasmic reticulum

ERAD endoplasmic reticulum—-associated
degradation

FJC fluoro-Jade C

GRP78 glucose-related protein 78

IRE1 inositol-requiring enzyme 1

PERK protein kinase RNA-like endoplasmic
reticulum kinase

RNA-Seq RNA sequencing

sATF6 short-form activating transcription
factor 6

UPR unfolded protein response

XBP1 X-box binding protein-1

adaptive stress response pathways, collectively known
as the unfolded protein response (UPR).° The UPR
has 3 major branches, named after 3 ER stress sen-
sor proteins: ATF6a (activating transcription factor 6q;
hereafter referred to as ATFE), IRE1 (inositol-requiring
enzyme 1), and PERK (protein kinase RNA-like ER ki-
nase). Activation of these 3 UPR branches reshapes
a large network of signaling pathways via translational
and transcriptional reprogramming of many cellular
processes such as protein folding, protein degrada-
tion, and cellular redox maintenance. Specifically, upon

J Am Heart Assoc. 2021;10:e020216. DOI: 10.1161/JAHA.120.020216

ATF6 Branch Activation Improves CA Outcome

activation, PERK phosphorylates eukaryotic initiation
factor 2a, which suppresses global protein translation,
thus decreasing the ER workload. Activation of the
ATF6 and IRE1 branches generates 2 transcriptional
factors: sATF6 (short-form ATF6, produced by cleav-
age of ATF6 in the Golgi) and XBP1s (spliced X-box
binding protein-1). Both transcriptional factors can
upregulate expression of the same and also different
genes that include genes encoding for ER chaper-
ones (eg, GRP78 [glucose-related protein 78]), fold-
ing enzymes (eg, PDI [protein disulfide isomerase]),
and ERAD (ER-associated degradation) proteins (eg,
Derlin).8” Of note, ERAD is a major cellular degradation
pathway, which is responsible for clearing potentially
toxic terminally misfolded proteins that accumulate in
the ER under physiologic and pathologic states.® Thus,
the ATF6 and IRE1 branches respond to ER stress by
enhancing ER capacity to correctly fold proteins and
clear the unfolded/misfolded proteins in the ER.

In general, among the 3 UPR branches, the ATF6
branch has been the least studied, possibly because of
lack of an obvious phenotype manifested in Atf6éa null
mice. It has been shown that global deletion of Xbp7 is
embryonic lethal in mice, and Perk null mice exhibit se-
vere postnatal growth retardation, indicating their critical
roles in organismal development.®'® By contrast, Atf6a
null mice do not show any prominent phenotype,” sug-
gesting its nonessential role in healthy mice. However,
accumulating evidence suggests that the ATF6 UPR
branch is required for the full upregulation of UPR target
genes, thus optimizing ER stress-related UPR activa-
tion, and is believed to play a primary role in pathologic
states by facilitating restoration of cellular homeosta-
sis.” ATF6 deficiency renders organs more vulnerable to
ischemic stress, because it has been shown that Atféa
null mice have a worse outcome after myocardial isch-
emia or brain ischemia.'"'> The ATF6 UPR branch is an
emerging prosurvival pathway that shows great thera-
peutic potential for ischemia-related diseases.*

Cardiac arrest (CA) followed by resuscitation rep-
resents probably the most extreme scenario of isch-
emia/reperfusion injury for humans. Brain damage is
a major pathologic consequence of CA that can lead
to long-term neurologic disability or even death. It
has been well established that CA causes ER stress,
and activates the UPR in various organs including the
brain.>'31% However, unlike the PERK and IRE1 UPR
branches, the ATF6 branch appears to not be acti-
vated in the postischemic brain,'3'® which may confer
brain cells less resistant to proteotoxic stress caused
by ischemic insult. Notably, the ATF6 branch has been
extensively studied in the heart. Several studies have
demonstrated that this pathway plays a critical role
in protein quality control in the heart, and boosting it
exerts marked protection against heart ischemia and
hypertrophy.*#'6-'® However, its role in CA remains
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undefined. Thus, motivated by previous promising
findings, we designed the current study to investigate
effects of activation of the ATF6 UPR branch in CA.

To determine the effects on CA outcome of acti-
vating the ATF6 branch in the brain, we took advan-
tage of our conditional and inducible sATF6-KI (SATF6
knock-in) mouse line.’® We first demonstrated that
compared with control mice, sATF6-KI mice with
neuron-specific activation of the ATF6 UPR branch
exhibited significantly better CA outcome. We then
performed RNA sequencing (RNA-Seq) analysis on
SATF6-KI hippocampal tissues, and obtained the first
data set of the transcriptome regulated by the ATF6
branch in the brain. The RNA-Seq data revealed that
many ERAD-related genes were upregulated by sATF6
in neurons. Consistent with this finding, CA-induced
K48-linkage polyubiquitination was significantly higher
in sATFB-KI mouse brains compared with controls.
Finally, we treated mice with a newly identified ATF6
activator, the small molecule 147, and found that com-
pound 147-treated mice showed significantly improved
CA outcome. Together, our data indicate that the ATF6
UPR branch is a prosurvival pathway and may be con-
sidered as a therapeutic target for CA.

METHODS

The data that support the findings of this study are
available from the corresponding author upon reason-
able request. The protocols for all experiments con-
ducted in this study were approved by the Institutional
Animal Care and Use Committee at Duke University.
Because this study focused on a conserved response
pathway, only male sex was used. However, we cannot
exclude the potential sex-specific effect in our study.
For future preclinical studies on this pathway, female
mice should be included. The online tool Quickcalcs
(GraphPad Software, San Diego, CA) was used to ran-
domize animals for group assignments. All outcome
assessments were conducted by experimenters who
were blinded to genotypes and group assignments.
Information for the animals used in all outcome experi-
ments is summarized in Table S1.

Animals

C57BI/6 mice were obtained from The Jackson
Laboratory (Bar Harbor, ME). The Cre-dependent
and tamoxifen-inducible sATF6 knock-in mouse line,
Rosa26-sATF6-MER, was generated previously in our
laboratory.’® Of note, the gene segment of sATF6 is
tagged with the FLAG at the N-terminus, and is also
fused to the mutated estrogen receptor (MER) at the
C-terminus. Because of MER presence, the fusion pro-
tein sATF6-MER s retained in the cytosol. Tamoxifen
treatment can trigger the translocation of sATF6-MER
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to the nucleus, where ATF6-dependent gene expres-
sion is then induced, thereby activating the ATF6 UPR
branch. To express sATF6 in neurons, Rosa26-sATF6-
MER was cross-bred with Emx1-Cre mice (Jackson
Laboratory 005628) to generate Rosa26-sATF6-MER,;
Emx1-Cre (SATF6-KI) mice. Littermate Emx1-Cre mice
were used as controls. The mouse line sATF6-KI has
been extensively characterized previously.'”® In total,
this study used 84 mice, including 21 C57BI/6, 30
SATF6-KI, and 33 littermate control mice.

CA and Cardiopulmonary Resuscitation
Surgery

CA/cardiopulmonary resuscitation (CPR) surgery was
performed as described previously.'>'® Briefly, anes-
thesia was induced with 5% isoflurane. After endotra-
cheal intubation, mice were maintained on 1.5% to
1.7% isoflurane before CA induction. Body tempera-
ture was measured with a rectal temperature probe
and maintained at 36.8+0.2°C before CA. An ECG
was continuously recorded. KCI (30 pL of 0.5 mol/L)
was infused to induce asystole, which was verified
by ECG and an absence of spontaneous respiration.
Immediately after CA onset, mechanical ventilation was
terminated, and pericranial temperature was main-
tained at 38.5+0.2°C while allowing body temperature
to drop during CA. At 8.5 minutes after CA, mechani-
cal ventilation with 100% oxygen was resumed, and a
bolus of epinephrine (100 pL of 32 pg/mL) was given,
followed by continuous infusion (25 pL/min) accompa-
nied by rapid chest compression using a single finger.
Return of spontaneous circulation was established
by appearance of stable ECG sinus rhythms. If return
of spontaneous circulation was not achieved within
3 minutes, resuscitation was abandoned, and the ani-
mal was excluded from the study. When spontaneous
respiration was adequate, mice were returned to their
home cages. Sham-operated mice were subjected to
the same surgical procedures until the jugular vein was
exposed. Mice were then kept under isoflurane with
mechanical ventilation for 15 minutes, allowing com-
parable exposures of sham and CA/CPR mice to iso-
flurane anesthesia.

Drug Administrations

Tamoxifen (Cayman; No. 13258; 20 mg/mL) was sus-
pended in corn oil (Sigma; No. C8267). Animals were
treated with 100 mg/kg tamoxifen or corn oil (vehicle)
by oral gavage once daily for 5 days. Compound 147
(Tocris Bioscience; No. 6759) was suspended in 10%
dimethyl sulfoxide (Sigma; No. D2650). Mice were ad-
ministered compound 147 (2 mg/kg) or vehicle (10%
dimethyl sulfoxide) via the tail vein 24 hours before
surgery and 30 minutes after return of spontaneous
circulation.
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Behavioral Tests

All tests were conducted in the light phase, and the
procedures were essentially the same as described
preivouly.'®192" Briefly, a 9-point scoring system
was used to evaluate general functional deficits (9
points=normal, and O points=severe injury).?° The
duration that each mouse was able to remain on the
vertical screen, horizontal rod, and horizontal rope
was recorded and then a score was assigned (0-3
points for each test). The rotarod test evaluated bal-
ance, grip strength, and motor coordination using a
device with an accelerating rotating rod (4-40 rpm;
Med Associates). Animals were trained for 3 days be-
fore the surgery to ensure a similar baseline. Latency
to fall (average of 3 trials) was recorded. The open field
test assessed general health status. The animal was
placed in an open field box (50x50x50 cm; CleverSys,
Reston, VA), and allowed to move freely while being
video recorded. The video data were then analyzed by
the automated tracking system TopScan (CleverSys).
The total distance traveled during the 10-minute period
of the test was calculated.

Histology

Mice were anesthetized and transcardially perfused
with saling, followed by 4% paraformaldehyde. Frozen
brain sections (20-pum thick) were used for Fluoro-
Jade C (FJC) staining to identify neuronal cell death.'®
Briefly, the slices were incubated in 0.06% potassium
permanganate for 10 minutes, and then immersed in
FJC staining solution (Millipore; No. AG325) for 30 min-
utes. Sections were imaged using a fluorescence
microscope. An evaluator, who was blinded to experi-
mental groups, counted FJC-positive cells in both en-
tire hippocampi of each brain section (around bregma
-2.06 mm). Data are presented as a mean of total
FJC-positive cells (2 hippocampi) for each mouse.

Quantitative Reverse Transcription—
Polymerase Chain Reaction

The mRNA levels of selected genes were analyzed
by quantitative reverse transcription—polymerase
chain reaction. In short, total RNA was extracted from
brain hippocampus samples using TRIzol reagent
(ThermoFisher; No. 15596026), followed by cDNA
synthesis (ThermoFisher; No. 18091050). Quantitative
reverse transcription—polymerase chain reaction was
performed using a Lightcycler 2.0 (Roche, Mannheim,
Germany). All primers used in this study are listed in
Table S2.

RNA-Seq Analysis
For the RNA-Seq analysis, total RNA was first pre-
pared using TRIzol, and then treated with DNase |,
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followed by purification using the RNeasy MinElute
Cleanup kit (Qiagen; No. 74204). The integrity and
concentration of the RNA samples were evaluated in
an Agilent Bioanalyzer (Agilent Technologies, Santa
Clara, CA)and Qubit 2.0 (ThermoFisher), respectively.
RNA-Seq analysis was performed in the Genomic
Analysis and Bioinformatics Shared Resource at
Duke University Medical Center, similarly to our pre-
vious study.?? Briefly, total RNA (500 ng/sample) was
used for library construction with the KAPA Stranded
MRNA-Seq Kit (Kapa BioSystems, Wilmington, MA).
Sequencing was performed on the lllumina HiSeq
4000 sequencing platform and de-multiplexed
using bcl2fastg2 v2.20. The raw sequencing data
are available in the Gene Expression Omnibus data-
base (National Institutes of Health, National Library
of Medicine, Bethesda, MD; accession number
GSE160259). For data analysis, we first cleaned up
low-quality bases and sequencing adapters with the
TrimGalore toolkit, and then mapped reads to the
GRCm38v68 version of the mouse genome and tran-
scriptome using the STAR RNA-Seq alignment tool.
Gene counts were quantified using the HTSeq tool,
and normalization and differential expression were
analyzed using the DESeqg2 Bioconductor package
with the R (R Foundation for Statistical Computing,
Vienna, Austria) statistical programming environ-
ment. The false discovery rate (shown as Padj) was
calculated to control for multiple hypothesis testing.
For the heatmap, gene expression has been z-score
normalized, and the samples and genes are clus-
tered by correlation distance with complete linkage.
A gene ontology category database was applied for
biological process, molecular function, and cellar
component annotation of differentially expressed
genes (DEGs). Enrichment analysis of gene ontology
categories was performed using DAVID online tools
(https://david.ncifcrf.gov). The Ingenuity Pathway
Analysis (Ingenuity Systems, Redwood City, CA) on-
line program was used to identify function and ca-
nonical pathways.

Western Blotting

Tissue samples were processed using our standard
method.”® Briefly, the brain hippocampus was dis-
sected on ice and shap frozen in liquid nitrogen as
quickly as possible to prevent deconjugation of ubig-
uitinated proteins. Tissue samples were homogenized
by sonication using lysis buffer supplemented with 2%
SDS. Protein samples were run on 4% to 12% Bis-
Tris Plus gels (ThermoFisher), and were transferred
to polyvinylidene difluoride (PVDF) membranes. After
blocking, membranes were incubated with a primary
antibody at 4°C overnight. After extensive washing,
membranes were incubated with a secondary anti-
body for 1 hour at room temperature. Proteins were
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then detected with the enhanced chemiluminescence
(ECL) analysis system (GE Healthcare). Quantification
of signal intensities was performed using Imaged
(National Institutes of Health). The primary antibodies
are listed in Table S3.

Statistical Analysis

Sample sizes were determined based on our previ-
ous studies using the same CA/CPR model. Data
were analyzed using Prism 8 software (GraphPad,
Ladolla, CA). Statistical analysis was assessed by
Mann-Whitney U test for neurologic scores, Mantel-
Cox log-rank test for survival rates, unpaired Student
t test for 2 groups, and 1-way ANOVA with post hoc
Fisher least significant difference test for >2 groups.
Data are presented as mean+SEM, median, or per-
centage. For RNA-Seq analysis, selection of DEGs
was based on adjusted P<0.05 with fold change >1.5
or <—1.5. For other analyses, the level of significance
was set at P<0.05.

ATF6 Branch Activation Improves CA Outcome

RESULTS

CA Outcome Was Improved After
Neuron-Specific Activation of the ATF6
UPR Branch

We previously generated a conditional and tamoxifen-
inducible sATFE knock-in mouse line, which is a valua-
ble tool particularly for studying the ATF6 UPR branch
in various cell types.'”® Here, to clarify the effect of
activating the ATF6 branch in neurons after CA/CPR,
we used sATFB-KI mice, in which transgene sATFE is
expressed predominantly in forebrain neurons. First,
both control and sATF6-KI mice received tamoxifen
dosing for 5 days to induce the nuclear translocation
of sATF6 and thus activate downstream ATF6 signaling
in sSATF6-KI mice. After 3 days of recovery to clear ta-
moxifen, mice were subjected to 8.5 minutes CA using
our CA/CPR model. Compared with control mice,
sATFB-KI mice appeared to require less CPR time
(Figure 1A). Also, sATF6-KI mice trended toward less
body weight loss on day 3 after CA/CPR (Figure 1B).
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Figure 1. Cardiac arrest (CA) outcome was improved after neuron-specific activation of the ATF6

(activating transcription factor 6) unfolded protein response branch.

Littermate control and short-form ATF6 knock-in (sATF6-KI [KI]) mice were treated with tamoxifen for
5 days. Three days later, mice (n=11-12/group) were subjected to 8.5 minutes CA. A, Cardiopulmonary
resuscitation (CPR) time. B, Body weight loss on day 3 after CA/CPR. C, Rotarod test. D, Neurologic
scores. Of note, dead mice (2 in control group and 1 in Kl group) were also shown in the figure (score=0),
but were excluded from statistical analysis. E, Neuronal death in the hippocampus after CA/CPR. On
day 3 after CA/CPR, brain sections were stained with Fluoro-Jade C (FJC). The number of FJC-positive
neurons in the hippocampus was counted (n=5-6/group). Representative images are shown on the right.
Data are presented as median or mean+SEM. *P<0.05. **P<0.01.
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Figure 2. Activation of the PERK (protein kinase RNA-like ER kinase) unfolded protein response branch after cardiac arrest/
cardiopulmonary resuscitation (CA/CPR) was similar between control and sATF6-KI (short-form activating transcription
factor 6 knock-in) mice.

Both control and sATF6-KI (KI) mice were subjected to sham (S) or CA/CPR surgery. Brain hippocampus samples were collected at
3 hours after CA/CPR. Levels of sATF6 (FLAG), GRP78 (glucose-related protein 78), p-elF2a (phosphorylated eukaryotic initiation
factor 2a), and PERK were evaluated by Western blotting (A). Quantification data are shown for GRP78 (B), PERK (C), and p-elF2a (D).
B-actin was used as a loading control. The mean values in control sham samples were set to 1.0. Data are presented as mean+SEM.
**P<0.01. ***P<0.001. ****P<0.0001.

To evaluate functional recovery, rotarod test and neu-
rologic scoring were performed on day 1 and day 3
after CA/CPR. On day 1 after CA/CPR, sATF6-KI mice
tended to perform better in both tests compared with
control mice, and this improvement reached statistical
significance on day 3 (Figure 1C and 1D). Finally, we
examined neuronal death in the hippocampus on day

reduce neuronal injury and improve functional recov-
ery after CA/CPR.

Pro-Proteostatic Genes, Many Related
to the ERAD Pathway, Were Upregulated
After Neuron-Specific Activation of the

3 after CA/CPR using FJC staining. Consistent with
behavioral results, sATF6-KI mice had significantly
fewer FJC-positive cells, indicating more surviving neu-
rons after CA/CPR (Figure 1E). Based on these data,
we then attempted to determine the extent to which
SATF6B-KI mice exhibited improved long-term outcome
(ie, 14 days after CA/CPR) (Figure S1). However, this
experiment suffered a high mortality rate in the control
group versus sATF6-KI group (55.6% versus 14.3%
on day 14 after CA, respectively), which confounded
long-term functional assessments. However, even
considering the potential survival bias and the small
mouse number in the control group, sATF6-KI mice
appeared to have a better outcome than control mice
(Figure S1). Collectively, our data indicate that activa-
tion of the ATF6 branch in neurons was sufficient to

ATF6 UPR Branch

As the first step toward understanding the mechanisms
responsible for improved CA outcome in sATF6-KI mice,
we examined another UPR pathway (ie, the PERK branch)
using eukaryotic initiation factor 2a phosphorylation as an
indicator. As expected, GRP78 protein levels were con-
siderably higher in sATF6-KI mice, compared with control
mice (Figure 2). Interestingly, PERK protein levels were
also significantly increased in the sATF6-KI mouse brains.
However, levels of CA-induced eukaryotic initiation factor
2a phosphorylation were not different between control
and sATF6-KI mice (Figure 2), suggesting a similar activa-
tion of the PERK branch. This result is consistent with our
previous finding in an ischemic stroke model.”®

Next, considering that sSATFG is a transcriptional factor,
we speculated that the protective effects of the ATF6

Figure 3. RNA sequencing (RNA-Seq) analysis.

Hippocampus samples from control and sATF6-KI (short-form activating transcription factor 6 knock-in [KI]) mice were analyzed by
RNA-Seq. A, Volcano plot. This plot depicts distribution of significance (-log,, [adjusted {adj} P value]) vs fold change (FC) (log, [fold
change]) for all genes. The blue dots indicate downregulated genes (FC <-1.5, adj P<0.05), the red dots indicate upregulated genes
(FC >1.5, adj P<0.05), and the gray dots indicate genes with no significant change. Horizontal dashed lines indicate adj P value of 0.05.
Vertical dashed lines indicate expression fold change equal to 1.5 and 1.5, respectively. B, Heatmap plot of differentially expressed
genes (DEGs) between control and sATF6-KI mice. C, Top 20 overrepresented gene ontology (GO) biological processes of DEGs.
The size and color of the circle indicate the number and —log,, (P value) of DEGs annotated in the specific GO biological processes,
respectively. D, Enrichment functional analysis with Ingenuity Pathway Analysis. Top enriched functions were clustered into 5 groups.
The bars indicate z score, with >2 for activation and <-2 for inhibition. The black diamonds indicate statistical significance (-log,,
[P-value]) for each term. E, Quantitative polymerase chain reactions validation of selected DEGs from RNA-Seq analysis. Data are
presented as mean+SEM (n=3/group). *P<0.05. ER indicates endoplasmic reticulum.
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UPR branch may be because of prosurvival genes and
related processes upregulated by sATF6. However,
no study has yet systematically analyzed ATF6-
regulated genes in the brain. Thus, we performed an

RNA-Seq analysis to characterize the gene expres-
sion profile in the sATF6-KI mouse brain (Figure 3).
Hippocampus tissue samples were collected from
control and sATF6-KI mice on day 3 after 5 days of
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Table 1. Top Differentially Expressed Genes (sATF6-KI Versus Control Mice)

ATF6 Branch Activation Improves CA Outcome

Gene Symbol Gene Name Fold Change P,y Value

Upregulated
Derl3 Derlin 3 89.88 <0.001
Esr1 Estrogen receptor 1 67.99 <0.001
Sdfalt Stromal cell-derived factor 2 like 1 12.93 <0.001
Tes Testin LIM domain protein 9.79 <0.001
Gekr Glucokinase regulator 8.64 0.005
Acsm4 Acyl-CoA synthetase medium chain family member 4 8.94 0.020
Manf Mesencephalic astrocyte-derived neurotrophic factor 8.66 <0.001
Trh Thyrotropin-releasing hormone 8.562 <0.001
Scarf2 Scavenger receptor class F member 2 818 <0.001
Fkbp11 FKBP prolyl isomerase 11 7.61 <0.001
Ciqtnf1 C1q and tumor necrosis factor-related protein 1 7.64 <0.001
Rbm15b RNA binding motif protein 15B 7.37 <0.001
Pdia4 Protein disulfide isomerase family A member 4 7.36 <0.001
Hspas Heat shock protein family A member 5 5.41 <0.001
Gnb3 G protein subunit beta 3 5.08 0.018

Downregulated
Inhba Inhibin beta A chain -1.562 0.028
Syce2 Synaptonemal complex central element protein 2 -1.52 0.017
Homer3 Homer scaffolding protein 3 -1.62 <0.001
Mc4r Melanocortin 4 receptor -1.55 0.024
Gm129 Circadian-associated repressor of transcription -1.57 0.005
Prss35 Serine protease 35 -1.67 <0.001
Lefty1 Left-right determination factor 1 -1.71 <0.001
Alox12b Arachidonate 12-lipoxygenase, 12R type -1.88 <0.001
Col6a4 Collagen, type VI, alpha 4 -2.20 <0.001
Scgn Secretagogin, EF-hand calcium binding protein -2.25 0.020
Asb11 Ankyrin repeat and SOCS box containing 11 -2.53 <0.001

sATF6-KI indicates short-form activating transcription factor 6 knock-in.

tamoxifen administration. The volcano plot showed
that most of the DEGs were upregulated in sATF6-KI
brains (Figure 3A). After filtering the data with our se-
lection criteria (fold change >1.5 or <-1.5; Padj<0.05),
we found that 195 genes were upregulated, and only
11 genes were downregulated (Figure 3A and 3B).
We have listed the top DEGs (top 15 from upregu-
lated genes and all 11 downregulated genes) in Table.
Then, we subjected DEGs to gene ontology analysis
and Ingenuity Pathway Analysis (Figure 3C and 3D
and Figure S2). As expected, enriched biological pro-
cesses, as well as the cell component and molecu-
lar function, were primarily associated with adaptive
ER stress response, protein folding and degrada-
tion, and redox homeostasis (Figure 3C, Figure S2A).
Consistently, the Ingenuity Pathway Analysis iden-
tified 4 activated pathways including the unfolded
protein response, ER stress pathway, GP6 (glycopro-
tein 6) signaling pathway, and NRF2 (nuclear factor
erythroid 2-related factor 2)-mediated oxidative stress

J Am Heart Assoc. 2021;10:e020216. DOI: 10.1161/JAHA.120.020216

response (z score >2) (Figure S2B). Further analysis
indicated that significantly upregulated function cat-
egories are associated with molecular transport, cell
movement, cell function and maintenance, cell death/
survival, and carbohydrate metabolism (Figure 3D).
Interestingly, increased functions (indicated by pos-
itive z scores) include transport of molecule, cellular
homeostasis, and cell survival, whereas decreased
functions (indicated by negative z scores) are associ-
ated with cytolysis and apoptosis (Figure 3D). Notably,
at least 9 ERAD core components (Padj<0.001) were
upregulated (Table $S4).2° Among the DEGs, the most
upregulated gene was Derlin 3 (Derl3), a key compo-
nent of the ERAD machinery.?*?5 Using quantitative
reverse transcription—polymerase chain reaction, we
confirmed significant upregulation of 4 ERAD core
genes (Derl3, Hspab, Herpud1, and Hrd1) as well as 7
other genes from the list of DEGs (Figure 3E).

To further verify an increase in ERAD components in
SATF6-KI versus control mouse brains, we performed
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Western blotting analysis in CA samples. Control and
sATFB-KI mice were subjected to sham or CA/CPR
surgery, and at 3 hours reperfusion, hippocampus
samples were collected and analyzed. Compared with
control mice, sATF6-KI mice showed significantly higher
levels of Selll (sel-1 suppressor of lin-12-like), OS9 (os-
teosarcoma amplified 9), VCP (valosin-containing pro-
tein), and HERP (or Herpud1; Homocysteine-inducible
endoplasmic reticulum stress-inducible ubiquitin-like
domain member 1). However, at this time point of
reperfusion, CA/CPR itself appeared to have no signif-
icant effect on the protein levels of any of these ERAD
components (control groups; Figure 4). Notably, previ-
ous studies have suggested that improving ERAD ca-
pacity by upregulating related genes markedly protects
the heart from ischemic insult.?426

In addition, from the RNA-Seq data, we also
noted that mesencephalic astrocyte-derived neuro-
trophic factor (MANF) was significantly upregulated
in sATFB-KI mouse brains, which was validated by
qRT-PCR (Figure 3E). Because MANF is a potent neu-
roprotective molecule, we assessed MANF protein
levels, and confirmed its increase in sATF6-KI mice

ATF6 Branch Activation Improves CA Outcome

(Figure 4G). Taken together, data indicate that the
ERAD machinery as a whole is boosted by activation of
the ATF6 UPR branch. It is reasonable to suggest that
augmented ERAD capacity to clear misfolded proteins
and thus resolve perturbed ER proteostasis in neurons
contributes to the improved CA outcome observed in
SATFB-KI mice.

Protein Ubiquitination Was Differentially
Increased in Control and sATF6-KI Mouse
Brains After CA/CPR

Based on the data above, the next step would be
to confirm an increase in ERAD activity in sATF6-KI
mouse brains after CA/CPR. However, because no
universal or brain-specific ERAD substrate has been
identified, an established way to directly measure
ERAD activity in vivo in the brain is not yet avail-
able. Alternatively, we analyzed ubiquitination levels
in the post-CA brain because ubiquitination is a key
step in the ERAD pathway. We speculated that if
SATF6-expressing neurons can more efficiently label
unwanted proteins for degradation via the ERAD
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Figure 4. Endoplasmic reticulum-associated degradation (ERAD) pathway in sATF6-KI (short-
form activating transcription factor 6 knock-in) mice.

Control and sATF6-KI (KI) mice were subjected to sham (S) or cardiac arrest/cardiopulmonary resuscitation
(CA/CPR) surgery. Brain hippocampus samples were collected at 3 hours after CA/CPR. A, Levels of core
ERAD components were evaluated by Western blotting. Quantification of protein expression is shown
for Selll (sel-1 suppressor of lin-12-like; B), OS9 (osteosarcoma amplified 9; C), VCP (valosin-containing
protein; D), HERP (homocysteine-inducible ER stress protein; E), and Derl1 (derlin-1; F). Additionally,
another endoplasmic reticulum stress-related protein MANF (mesencephalic astrocyte-derived
neurotrophic factor) was examined (G). Protein levels were normalized to 3-actin. The mean values from
control sham samples were set to 1.0. Data are presented as mean+SEM (n=3/group). *P<0.05. **P<0.01.

***P<0.001.
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Figure 5. Ubiquitination in sATF6-KI (short-form activating transcription factor 6 knock-in) mice.
Both control and sATF6-KI (KI) mice were subjected to sham (S) or cardiac arrest/cardiopulmonary
resuscitation (CA/CPR) surgery. Brain hippocampus samples were collected at 3 hours after CA/CPR.
Levels of global ubiquitin, K48-linked polyubiquitin, and K63-linked polyubiquitin were evaluated by
Western blotting. The high molecular-weight regions, marked by brackets, were used for quantification of
ubiquitination. 3-actin was used as a loading control. The mean values in control sham samples were set
to 1.0. Data are presented as mean+SEM (n=3/group). **P<0.01. ***P<0.001. ****P<0.0001.

pathway, the level of proteins that are ubiquitinated for
degradation would be higher in sATF6-KI mice than in
control mice. To test this, we measured ubiquitination
levels in the post-CA brain (Figure 5). Consistent with
our previous reports,'®2%28 evels of global ubiquitina-
tion were robustly increased after CA/CPR, although
to a similar extent in control and sATF6-KI mice. Of
note, ubiquitination regulates different biological pro-
cesses according to the linkage types of which K48-
and K63-linkages have been commonly examined.?®
Especially, K48-linked polyubiquitin chains serve as
the principal linkage signal for protein degradation.
Thus, we further examined the changes of these 2
polyubiquitin linkages. Interestingly, the increase

in K48-linked polyubiquitin chains was significantly
higher in sSATF6-KI versus control mice, whereas the
K63-linkage signal was significantly lower in sATF6-
KI mice (Figure 5).

CA Outcome Was Improved in Mice
Treated With Compound 147

Finally, we set out to determine whether pharmacologic
activation of the ATF6 branch improves CA outcome.
To this end, we tested the compound 147. Compound
147 was among the first small molecules identified as
specific ATF6 activators through phenotypic screen-
ing.®® A previous time-course experiment indicates
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that induction of ATF6-regulated genes reaches a
maximum at 24 hours after compound 147 administra-
tion.'® Thus, as the first attempt of testing compound
147 in CA, we chose a dosing regimen similar to one
used in the recent study'® (ie, pretreatment at 24 hours
before CA/CPR surgery plus post-treatment at 30 min-
utes after return of spontaneous circulation). We had 2
experimental groups: CA+vehicle and CA+compound
147. There was no significant difference in CPR time
between the 2 groups (Figure 6A). On day 3 after CA/
CPR, however, we found that mice treated with com-
pound 147 performed significantly better in both neu-
rologic scoring and the open field test (Figure 6B and
6C). Moreover, the survival rate over 3 days following
CA was significantly improved after compound 147
treatment (Figure 6D).

DISCUSSION

Here, we present our results of the first experimen-
tal study designed to determine the role of the ATF6
UPR branch in CA outcome. Using genetic and phar-
macologic approaches, we provide evidence that the
ATF6 UPR branch is a pro-survival pathway, and that
its activation leads to significantly better CA outcome.
Specifically, we found that forced activation of the ATF6
pathway in neurons was sufficient to improve func-
tional recovery after CA/CPR. Such a protective effect
is likely attributable to increased expression of many
pro-proteostatic genes regulated by the ATF6E, as re-
vealed by our RNA-Seq analysis. The RNA-Seq data
set generated in this study is also a valuable resource
for understanding the role of the ATF6 UPR branch in
neurons. Finally, we demonstrated that pharmacologi-
cally activating the ATF6 pathway with compound 147
is beneficial to CA outcome.

It is well established that ischemia/reperfusion leads
to ER stress, and activates the UPR in various organs.®

ATF6 Branch Activation Improves CA Outcome

However, the 3 UPR branches in the brain appear to
respond differently to CA/CPR. Unlike cell culture stud-
ies in which all 3 UPR branches are normally activated
in response to ER stress, activation of the PERK and
IRE1 UPR branches in the post-CA brain is clearly ev-
ident, but such convincing evidence is lacking for the
ATF6 UPR branch.'®'* For example, Kumar et al exam-
ined proteolysis of ATF6 in the post-CA brain, and did
not find sATF6 (50 kDa) at 4 hours reperfusion after
CA/CPR."* However, there is a possibility that this fail-
ure to detect sATFB in the post-CA brain is because
when activated, sATFE is rapidly degraded via the
ubiquitin—proteasome system.3' Because upregulation
of GRP78 is primarily controlled by the ATF6 branch,’
GRP78 protein levels could be also used as an indi-
cator of ATF6 activation.”” Thus, we evaluated GRP78
expression after CA/CPR, and observed a ~2-fold in-
crease in GRP78 in the brain at 3 hours and at 24 hours
reperfusion.’® This modest increase may suggest that
the ATF6 branch is either not activated or only slightly
activated in the brain early after CA/CPR. Given the
accumulating evidence that an activated ATF6 branch
is protective under various ischemia-related condi-
tions,*1®1® the lack of strong activation of this branch
may partially be responsible for brain injury after CA/
CPR. On the other hand, from a therapeutic point of
view, the ATF6 branch may represent a promising tar-
get that can be further boosted for beneficial effects. In
the current study, we showed that genetically boosting
this branch in the brain improved CA outcome, a find-
ing that is congruent with the therapeutic implication
of targeting the ATF6 branch in ischemia-related dis-
eases, which has been increasingly appreciated.*
Previous studies have revealed that activation the
ATF6 pathway in the heart is protective because it can
enhance the ERAD capacity and increase expression
of ER chaperones to facilitate restoration of ER homeo-
stasis.*'®7'8 Our current data provide the first evidence
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Figure 6. Cardiac arrest (CA) outcome was improved with compound 147 treatment.

C57BI/6 mice were subjected to 8.5 minutes CA. Mice (n=10-11/group) received intravenous injection of
compound 147 or vehicle 24 hours before CA/cardiopulmonary resuscitation (CPR) and 30 minutes after
return of spontaneous circulation. Functional outcome and survival rates were evaluated on day 3 after CA/
CPR. A, CPR time. B, Neurologic score. Of note, dead mice (7 in the vehicle group and 2 in the compound
147 group) were also shown in the figure (score=0) but were excluded from statistical analysis. C, Open
field test. D, Survival rates. Of note, after the final behavioral tests, 1 mouse from the compound 147 group
and 2 mice from the vehicle group died. Data are presented as median or mean+SEM. *P<0.05. **P<0.01.
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supporting that these mechanisms also underpin the
beneficial effects of activated ATF6 pathway in the
post-CA brain. Using RNA-Seq analysis, we found
that most of the ATFB-regualted genes in the brain are
related to ER stress, in particular, the ERAD pathway.
The ERAD pathway essentially involves 4 processes:
substrate recognition, substrate retro-translocation
from the ER, ubiquitination, and proteasome-mediated
degradation in the cytosol. In mammalian cells, many
key components of the ERAD machinery have been
identified. For example, substrate recognition involves
GRP78, OS9, and EDEM (ER degradation-enhancing
a-mannosidase-like), whereas HRD1, Selll, and HERP
are essential components of a complex that plays a
role in retro-translocation. HRD1 is also the major E3
ligase for ubiquitination of substrates and the degra-
dation that follows with the help of VCP in the ERAD
pathway. Moreover, a recent study attributes a crucial
role to Derl3 in forming the ERAD complex under ER
stress.?® Notably, many ERAD core components are
significantly increased in neurons of sATF6-KI mice,
according to our RNA-Seq analysis (Table S4). Thus,
although ERAD function was initially proposed to be
controlled by the IRE1/XBP1 pathway,® our data and
others support the notion that the ATFE branch is a
key regulator of ERAD.” Only a few studies have exam-
ined the role of these ERAD components in ischemia/
reperfusion injury. For example, Derl3 overexpres-
sion enhances clearance of misfolded protein in cul-
tured cells, and protects cardiomyocytes from in vitro
ischemia-induced cell death.?* HERP knockout mice
have significantly larger infarct volumes after cerebral
ischemia.®® Our data are consistent with these pre-
vious reports on the prosurvival effects of increased
expression of ERAD components in ischemia/reperfu-
sion injury.

In search of further support of a role for ERAD in
the post-CA brain, we examined changes in ubiquiti-
nation after CA/CPR. If ERAD activity is enhanced in
SATF6-KI mice, we would expect an increase in ubig-
uitinated proteins to be degraded in the post-CA brain.
The functional consequence of ubiquitination is de-
termined by how ubiquitin units are linked on target
proteins. The most well-known polyubiquitin linkage
occurs at K48. The K48-linkage is the principal signal
for targeting proteins for degradation by the protea-
some. Our previous proteomics study has revealed
that the K48-linkage is the most upregulated polyubig-
uitin linkage after brain ischemia,?® suggesting that the
role of CA-induced ubiquitination is to eliminate dys-
functional proteins caused by perturbed proteosta-
sis after ischemia. Because almost one third of total
proteins are processed and matured in the ER, it is
reasonable to speculate that a large portion of ubig-
uitinated proteins after brain ischemia are ER in origin,
and that they are ubiquitinated via the ERAD pathway.
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We examined both global and K48 ubiquitination in
control and sATF6-KI mice after CA/CPR. Interestingly,
although there was no difference in global ubiquitina-
tion between genotypes, sATF6-KI mice had signifi-
cantly more K48-linkage polyubiquitination, which may
indicate that the ERAD capacity was increased after
activation of the ATF6 UPR branch. We also found that
the CA-induced increase in the K63-linkage was signifi-
cantly less in sATFB-KI mice. Because the K63-linkage
has numerous functions,** the effect of this change on
CA outcome remains to be determined.

In addition to ERAD components, we provided evi-
dence that activation of ATF6 signaling induces expres-
sion of MANF in neurons. It has been shown that MANF
is modestly increased after ischemia/reperfusion in var-
ious organs including the brain and heart.%%3¢ Notably,
in a comprehensive preclinical study, the investigators
injected viral vectors expressing transgene MANF into
the peri-infarct region on day 2 after ischemic stroke,
and found that overexpression of MANF significantly
improves functional recovery. They also observed ben-
eficial effects when recombinant MANF protein was
delivered chronically into the ipsilesional hemisphere
over 2 weeks after stroke. These data strongly support
the therapeutic potential of MANF in brain ischemia.®”
The protective effects exerted by MANF may be at-
tributed to its function as an ER-resident chaperone
in maintaining protein-folding homeostasis.®¥3° In our
SATF6-KI mouse brains, MANF expression is markedly
increased upon ATF6 activation, which likely contrib-
utes to the improved outcome. However, the extent
of this contribution needs to be further clarified. To
this end, the viral approach for in vivo gene silencing
of MANF may be considered. Moreover, it is also ap-
pealing to conduct a preclinical study to examine the
therapeutic potential of recombinant MANF protein
treatment for CA.

Finally, we tested compound 147 in CA. Compound
147 is a small molecule that was identified via cell-
based-reporter high-throughput screening,® and that
selectively activates the ATF6 branch without consid-
erable effects on the other 2 UPR branches. Recently,
Blackwood et al extensively evaluated this compound
in various disease models of ischemia/reperfusion
injury.'® Their data indicate that compound 147 treat-
ment robustly induces ATFE target genes in the heart,
and protects the heart from ischemia/reperfusion in-
jury. Importantly, these protective effects of compound
147 were lost if Atf6 was deleted in cardiomyocytes,
confirming the specific function of compound 147
treatment. This study also showed that compound
147 treatment is beneficial in mouse models of renal
ischemia/reperfusion injury and ischemic stroke. Such
findings are particularly relevant to the current study
because CA/CPR causes ischemia/reperfusion injury
in all organs. We found that treatment with compound
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147 significantly improves CA outcome. This improve-
ment is likely a consequence of collective protective
effects of compound 147 on various organs.

There are limitations in this study. It must be noted
that in the experiments using sATF6-KI mice or com-
pound 147 treatment, the ATF6 branch was already ac-
tivated before CA, which represents a preconditioning
scenario. The pretreatment to activate the ATF6 branch
could be applicable in certain medical conditions, such
as for patients undergoing cardiovascular surgeries that
require a period of circulatory arrest. For out-of-hospital
patients with cardiac arrest, however, only post-CA
treatments are feasible. Thus, it remains to be deter-
mined whether post-CA activation of the ATF6 pathway
also improves CA outcome. This is likely the case, based
on the current evidence in heart ischemia and ischemic
stroke.'®'® Moreover, to further examine the therapeutic
potential of compound 147 in CA, future studies need
to use both male and female, young and aged animals
with long-term outcome evaluation including cognitive
tests.

In summary, our data, together with a recent re-
port,?" provide the first line of evidence that targeting
the UPR may represent a promising proteostasis-
based therapeutic strategy for ameliorating ischemia/
reperfusion damage after CA.
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Table S1. Animal summary of the CA outcome experiments.

Experiment Groups Total (n) Exclusion criteria Functional test
CPR Death Others (n)
Figure 1 Control vs KI ~ Control (n=12) 1 Control (n=2) - Control (n=9)
KI (n=11) KI (n=1) KI (n=10)
Figure S1 Control vs KI ~ Control (n=9) - Control (n=5) - Control (n=4)
KI (n=7) KI (n=1) KI (n=6)
Figure 6 Vehicle vs 147  Control (n=11) - Control (n=7) - Control (n=4)
#147 (n=10) #147 (n=2) #147 (n=8)

KI: sATF6-KI mice.



Table S2. List of PCR primer sequences.

Purpose Gene Primer sequences (5—3’)
i Forward: CACTTGCTCTCCCAAAGTCG
Genotyping Reverse: GTTATGTAACGCGGAACTCC
cro Forward: GGTCGATGCAACGAGTGATGAGG
Reverse: GCCAGATTACGTATATCCTGGCAG
Hspas (GRP78) OTWard: CGTATGTGGCCTTCACTCCT
Reverse: TTTCTTCTGGGGCAAATGTC
Pahb (PD) Forward: GAGGACAACGTCCTGGTGTT
Reverse: GCCTTCTGCCTTCAGTTTTG
. Forward: GTGGTCATCATTGGGCTCTT
Pdia4 (ERP72)  geverse: CTTCTCAGGGTGTGTCAGCA
Forward: TCAACTTCTTCGGCTTACTCAAC
Dert3 Reverse: GGGAAGGGGCAGGTAATCG
Forward: TGCACTCACACGACATCAAA
Safzl1 Reverse: GACTGTCCACAGGTCCAGGT
Vot Forward: GCAAGAGGCAAAGAGAATCG
Reverse: GTCCACTGTGCTCAGGTCAA
GRT-PCR  Dnajes (psgrx)  FOWard: AAGCGGTGTTTTGCACACTA
Reverse: TGCTCCTGAGCAGCTTCATA
Hyout Forward: CCACATCAACTACGGTGACCT
Reverse: CCAAACAGGCTGGATATGGT
Forward: GCAGTTGGAGTGTGAGTCG
HerpudT (HERF) - g everse: TCTGTGGATTCAGCACCCTTT
a3 Forward: TATGAAGCTGCAGCAACCAG
Reverse: TGCTGGCTGCTTTTAGGAAT
g Forward: AACATCTCCTGGCTCTTCCA
Reverse: GGCAAAGAGTGGGAATGTGT
o Forward: GCATGTTCGTCTTCGGCTAT
Reverse: AGCTTCGAAGACCTGGACTG
B-acin Forward: TAGGCACCAGGGTGTGATG
Reverse: GGGGTGTTGAAGGTCTCAAA




Table S3. List of primary antibodies.

Antibody .

Species Manufacturer
(Cat. #)
p-elF2a (9721) Rabbit  Cell Signaling Technology
PERK (3192) Rabbit  Cell Signaling Technology
elF2a (9722) Rabbit  Cell Signaling Technology
GRP78 (610978) Mouse BD Biosciences
Ubiquitin (3936) Mouse Cell Signaling Technology

K48-Ubiquitin (8081)
K63-Ubiquitin (5621)
VCP (2648)

Sel1l (sc-377350)
HERP (sc-100721)
0S89 (12497)

Derl1 (NB100-448)
MANF (AF3748)
FLAG (F3165)
B-actin (A3854)

Rabbit
Rabbit
Rabbit
Mouse
Mouse
Rabbit
Rabbit
Goat

Mouse

Mouse

Cell Signaling Technology
Cell Signaling Technology
Cell Signaling Technology
Santa Cruz Biotechnology
Santa Cruz Biotechnology
Cell Signaling Technology
Novus Biologicals

Novus Biologicals

Sigma

Sigma




Table S4. Expression changes of major ERAD-related genes in sATF6-KI mouse

brains revealed by our RNA-Seq analysis.

GenelD Gene Name Fold change padj
ENSMUSG00000009092 Derl3 89.88 < 0.001
ENSMUSGO00000026864 Hspa5 (GRP78) 5.41 < 0.001
ENSMUSGO00000031770 Herpud1 (HERP) 4.02 < 0.001
ENSMUSG00000020964 Selll 2.70 < 0.001
ENSMUSG00000040462 Os9 1.94 < 0.001
ENSMUSG00000028452 Vep 1.61 < 0.001
ENSMUSG00000024807 Syvn1 (Hrd1) 1.47 < 0.001
ENSMUSGO00000018442 Derl2 1.47 < 0.001
ENSMUSGO00000030104 Edem1 1.32 < 0.001
ENSMUSG00000022365 Derl1 1.16 0.110
ENSMUSG00000043019 Edem3 1.04 0.805
ENSMUSG00000025873 Faf2 1.03 0.871
ENSMUSG00000028277 Ube2j1 1.02 0.922
ENSMUSG00000020311 Erlec1 1.01 0.968
ENSMUSG00000023286 Ube2j2 -1.02 0.935
ENSMUSG00000038312 Edem2 -1.02 0.932
ENSMUSG00000039703 Nploc4 -1.04 0.805
ENSMUSG00000039100 March6 -1.04 0.730
ENSMUSG00000005262 Ufd1l -1.06 0.645
ENSMUSG00000020794 Ube2g1 -1.06 0.649
ENSMUSGO00000031751 Amfr -1.09 0.363

ENSMUSG00000009293 Ube2g2 -1.14 0.230
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Figure S1. The effect of neuron-specific activation of the ATF6 UPR branch on long-
term outcome after CA. Littermate control and sATF6-KI (KI) mice were treated with
tamoxifen for 5 days. Three days later, the mice (n = 7-9/group) were subjected to 8.5 min
CA. Rotarod (A) and neurologic score (B) was evaluated on day 7 after CA/CPR. For
neurologic scores, dead mice (5 in vehicle group and 1 in sATF6-KI group) were also
shown in the figure (score = 0), and were excluded for statistical analysis. (C) Survival
rates during the 14-day observation after CA/CPR (log-rank test). Data are presented as

mean + SEM, median, or percentage.
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Figure S2. Gene ontology (GO) and IPA analyses of differentially expressed genes
(DEGs) between control and sATF6-KI mice. (A) Top over-represented GO terms (p
threshold < 0.01) (B) Top 10 enriched canonical pathways revealed by IPA analysis. The
bar charts represent the —log1o (p-value) calculated based on Fisher’s exact test.BP:

biological process; CC: celluar component; MF: molecular function.



