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ABSTRACT: The extracellular accumulation of glutamate is a
pathologic hallmark of numerous neurodegenerative diseases
including ischemic stroke and Alzheimer’s disease. At high
extracellular concentrations, glutamate causes neuronal damage
by promoting oxidative stress, which can lead to cellular death.
This has led to significant interest in developing pharmacologic
approaches to mitigate the oxidative toxicity caused by high levels
of glutamate. Here, we show that the small molecule proteostasis
regulator AA147 protects against glutamate-induced cell death in a
neuronal-derived cell culture model. While originally developed as
an activator of the activating transcription factor 6 (ATF6) arm of
the unfolded protein response, this AA147-dependent protection
against glutamate toxicity is primarily mediated through activation
of the NRF2-regulated oxidative stress response. We demonstrate that AA147 activates NRF2 selectively in neuronal-derived cells
through a mechanism involving metabolic activation to a reactive electrophile and covalent modification of KEAP1a mechanism
analogous to that involved in the AA147-dependent activation of ATF6. These results define the potential for AA147 to protect
against glutamate-induced oxidative toxicity and highlight the potential for metabolically activated proteostasis regulators like AA147
to activate both protective ATF6 and NRF2 stress-responsive signaling pathways to mitigate oxidative damage associated with
diverse neurologic diseases.

■ INTRODUCTION

Glutamate is an essential excitatory neurotransmitter involved
in nervous system function. The controlled release of
glutamate into the synapse is critical for neuronal signaling.1,2

However, acute or chronic events that cause pathologic
depolarization of neuronal cell membranes lead to an
uncontrolled release of glutamate into the extracellular space,
causing aberrant excitotoxic and oxidative signaling that can
lead to cell death.1−3 High levels of extracellular glutamate
trigger a cascade of excitatory signaling through the excessive
stimulation of neuronal N-methyl-D-aspartate (NMDA)
receptors, which release additional glutamate into the
synapse.2,4 Neurons decrease extracellular glutamate levels by
reversing the function of the XC- antiporter, which then
imports glutamate and exports cystine.5,6 Cystine is a vital
precursor to the intracellular antioxidant glutathione, and
prolonged reversal of the XC- system depletes glutathione
stores.7 Therefore, high levels of extracellular glutamate result
in decreased antioxidant capacity within the cell, causing
oxidative stress that can lead to cell death independent of
NMDA receptor activation.6,8 Limiting excitotoxicity using
NMDA receptor antagonists protects against neurodegenera-
tion in multiple neurologic disorders, including human and

mouse models of Alzheimer’s disease and ischemic stroke.3,9,10

However, inhibition of these receptors can be problematic, as it
also disrupts physiologic excitatory signaling.3,11 An alternative
approach to treat these disorders is to limit the cell death
caused by glutamate-induced oxidative damage.12,13

We recently identified the compound AA147, which is
protective against reactive oxygen species (ROS)-mediated
damage caused by ischemia and reperfusion (I/R) injury in
both cells and mice.14,15 Administration of AA147 improved
outcomes in mouse models of cardiac and kidney I/R injury.
Further, AA147 administered either prior to the onset of
ischemia or at the time of reperfusion reduced both the infarct
size and neurological dysfunction in mice subjected to cerebral
I/R.14 Glutamate toxicity is a major contributor to neurologic
damage following an ischemic stroke, which suggested that
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AA147 could decrease cerebral I/R damage by ameliorating
glutamate toxicity.3,11

AA147 was originally developed as a pharmacologic
activator of the activating transcription factor 6 (ATF6)
signaling pathway within the unfolded protein response
(UPR).15,16 Activation of ATF6 upregulates a transcriptional
response during conditions of endoplasmic reticulum (ER)
stress through a process involving increased trafficking of full-
length ATF6 to the Golgi and subsequent proteolytic release of
the active N-terminal ATF6 transcription factor domain by site
1 (S1P) and site 2 (S2P) proteases.16,17 Upon nuclear
localization, ATF6 induces the expression of multiple ER
proteostasis factors including protein chaperones, such as BiP,
GRP94, and PDIA4, as well as redox factors, such as
HMOX1.15,16,18,19 AA147 induces the nuclear translocation
of ATF6 through a mechanism involving compound metabolic
activation to a reactive electrophile and subsequent covalent

modification of a subset of ER-localized protein disulfide
isomerases (PDIs) involved in regulating the trafficking of
ATF6 to the Golgi.20 This mechanism allows AA147 to
preferentially activate the ATF6 arm of the UPR in both cell
culture models and in vivo.15,16

ATF6 transcriptional activity is protective in models of
etiologically diverse diseases, making this pathway an attractive
therapeutic target for disease intervention.14,16,21−24 Consistent
with this, pharmacologic activation of ATF6 with AA147 is
protective in models of numerous diseases. For example,
AA147-dependent ATF6 activation is protective in mouse
models of myocardial infarction and cardiac arrest, as well as
iPSC-derived models of the eye disease achromatopsia.14,24−26

However, AA147 can also promote protection through ATF6-
independent mechanisms. AA147-dependent covalent mod-
ification of PDIs, an upstream step involved in AA147-
dependent ATF6 activation,20 is sufficient to reduce the

Figure 1. AA147 protects against glutamate-induced oxidative toxicity in HT22 cells. (A) Schematic of the AA147 pretreatment conditions and
glutamate challenge. (B, C) Viability, measured by MTT assay, of HT22 cells pretreated with the indicated dose of AA147 for 6 h (B) or 16 h (C)
and then challenged with glutamate (5 mM) for 24 h. Viability is shown as a percent relative to vehicle-treated cells where glutamate was not added.
Error bars show standard error of the mean (SEM) for n = 4 (B) or n = 5 (C) replicates. *p < 0.05, **p < 0.01, ***p < 0.001 for two-tailed paired
Student’s t test comparing samples treated with AA147 with an equivalent volume of vehicle. (D, E). Quantification of HT22 cells pretreated with
AA147 for 6 h (D) or 16 h (E) and then challenged with glutamate (5 mM) for 24 h and then stained with Annexin V (AV) and/or propidium
iodide (PI) shown as a percentage of total cells counted per experiment. Error bars show SEM for n = 3 replicates. ****p < 0.0001 for ordinary
one-way analysis of variance (ANOVA) with Tukey correction for multiple comparisons between conditions. (F) Geometric mean of CM-
H2DCFDA fluorescence of HT22 cells pretreated with AA147 (10 μM) for 16 h and then challenged with glutamate (5 mM) for 8 h, as indicated.
Error bars show SEM for n = 3 replicates. ***p < 0.001 for ordinary one-way ANOVA with Tukey correction for multiple comparisons between
conditions.
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secretion and toxic aggregation of amyloidogenic immunoglo-
bulin light chains associated with light chain amyloidosis
independent of ATF6 signaling.27 Further, AA147 protects the
liver against viral infection through an ATF6-independent
mechanism.28 These results highlight that apart from ATF6
activation, AA147 can also protect against diverse pathologic
insults through mechanisms independent of ATF6 activity.
Here, we sought to define the potential for AA147 to protect

against glutamate-induced oxidative toxicity in HT22 cells, an
immortalized cell line derived from hippocampal neurons
lacking the NMDA receptors required for glutamate-induced
excitotoxicity.8 As the treatment of HT22 cells with glutamate
thus induces oxidative stress independently of excitatory
signaling, this cell line has been a widely used model to
develop pharmacologic approaches to mitigate the oxidative
toxicity caused by glutamate.5,8,29 Here, we show that AA147
protects HT22 cells against glutamate-induced oxidative
toxicity. Intriguingly, this protection is only partially dependent
on ATF6 activation. Instead, AA147-dependent protection
against glutamate-induced oxidative toxicity is primarily
mediated through compound-dependent activation of the
NRF2 oxidative stress response (OSR). Interestingly, struc-
ture−activity relationships indicate that AA147 activates NRF2
selectively in neuronal-derived cell lines through a mechanism
involving compound metabolic activation and covalent

targeting of the NRF2 regulatory protein KEAP1, a mechanism
analogous to that involved in AA147-dependent ATF6
activation.20 These results demonstrate that AA147 offers a
unique opportunity to activate both adaptive ATF6 and NRF2
transcriptional signaling in neuronal cell models, revealing
further insights into the molecular basis for protection afforded
by this compound in different cell types. Further, our results
demonstrate the broad potential for AA147 and related
compounds to mitigate oxidative damage induced by
pathologic insults through the coordinated regulation of two
protective stress-responsive signaling pathways.

■ RESULTS AND DISCUSSION

AA147 Protects against Glutamate-Induced Oxida-
tive Toxicity. We sought to define the potential of AA147 to
reduce glutamate-induced oxidative toxicity in HT22 cells. We
initially confirmed that AA147 activated the ATF6-selective
ERSE-luciferase reporter (ERSE-LUC)15 in HT22 cells with an
EC50 of 3.6 μM (Figure S1A). Further, we showed that AA147
did not significantly influence HT22 cell viability (Figure S1B).
These results are consistent with the AA147 activity observed
in other cell models15 and demonstrate that AA147 is active in
HT22 cells. Next, we assessed whether AA147 reduces
glutamate-induced oxidative toxicity in HT22 cells. Initially,
we used the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazo-

Figure 2. 2-Amino-p-cresol substructure of AA147 is required to protect HT22 cells against glutamate-induced oxidative toxicity. (A) Structure of
AA147 with its three componentsthe A-ring, linker, and B-ring, highlighted. The A-ring (orange) contains the 2-amino-p-cresol moiety. (B)
Schematic showing the mechanism of AA147 metabolic activation to a quinone-imine (AA147-QI) or quinone methide (AA147-QM) and
subsequent covalent protein modification. Adapted with permission from (20) ©2018 Paxman et al., licensed under CC BY 4.0. (C) Rhodamine
gel image of HT22 cells treated with AA147alk (10 μM) for 16 h, in competition with AA147 (50 μM) and in the presence or absence of the P450
inhibitor resveratrol (10 μM) or β-mercaptoethanol (βME; 55 μM). (D) Viability, measured by MTT, of HT22 cells pretreated with the indicated
AA147 analogue (10 μM) for 16 h and challenged with glutamate (5 mM) for 24 h. Viability is shown as a percent of HT22 cells pretreated with
the respective analogue in the absence of glutamate. Error bars show standard deviation (SD) for n = 3 replicates. ****p < 0.0001 for ordinary one-
way ANOVA comparing analogue-treated cells to vehicle-treated cells with Dunnett correction for multiple comparisons. (E) Viability, measured
by MTT, of HT22 cells pretreated with AA147 (10 μM) or AA147N‑methyl (10 μM) for 16 h and challenged with glutamate (5 mM) for 24 h.
Viability is shown as a percent of HT22 cells pretreated with respective treatments in the absence of glutamate. Error bars show SD for n = 5
replicates. ****p < 0.0001 for ordinary one-way ANOVA comparing analogue with Tukey correction for multiple comparisons between conditions.
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lium bromide (MTT) assay to monitor the viability of HT22
cells pretreated with AA147 for different times and then
challenged with glutamate for 24 h (Figure 1A). We found that
24 h treatment with glutamate reduced the viability of HT22
cells between 65 and 90%, as measured by MTT (Figure S1C).
Addition of AA147 concurrently with the glutamate challenge
did not improve the viability of glutamate-treated cells (Figure
S1C). However, pretreatment with AA147 for 6 or 16 h prior
to the glutamate challenge showed dose-dependent increases
in the viability of glutamate-treated HT22 cells (Figure 1B,C).
AA147 similarly demonstrated protection when monitoring
glutamate-induced cell death in HT22 cells by Annexin V
(AV) and propidium iodide (PI) staining, where pretreatment
with AA147 for 6 or 16 h reduced the population of Annexin
V/PI positive cells (Figures 1D,E and S1D,E). In this assay, 16
h pretreatment proved to be most effective at mitigating cell
death.
AA147 reduces toxicity induced by oxidative stress in several

cell types by decreasing the reactive oxygen species (ROS)-
associated damage.14 Thus, we sought to determine if AA147
reduced ROS levels in glutamate-treated HT22 cells. HT22
cells show a significant increase in ROS 8 h after the addition
of glutamate, as measured by DCFDA fluorescence (Figure
1F), consistent with published results.29 Pretreatment with
AA147 for 16 h significantly reduced DCFDA fluorescence in
glutamate-challenged cells, indicating that AA147 reduces ROS
accumulation in these cells. Collectively, these results

demonstrate that AA147 attenuates glutamate-induced oxida-
tive toxicity in HT22 cells.

The 2-Amino-p-cresol Substructure of AA147 Is
Required for Protection against Glutamate Toxicity.
AA147 consists of a 2-amino-p-cresol moiety (designated as
the A-ring) linked to an aromatic B-ring via a hydrocarbon
linker (Figure 2A).15,20 Previous studies demonstrated that the
2-amino-p-cresol moiety is metabolically activated by ER-
localized oxidases to form reactive electrophiles such as a
quinone methide (AA147-QM) or quinone-imine (AA147-QI)
(Figure 2B).20 These electrophilic forms of AA147 covalently
modify reactive cysteines on proteins predominantly localized
to the endoplasmic reticulum (ER).20 Initially, we asked
whether AA147 covalently modified proteins in HT22 cells
using an analogue of AA147 with an alkyne handle on the B-
ring (AA147alk) (Figure S2A) that allows monitoring of
covalently modified proteins by “click chemistry”.20 AA147alk

protected against glutamate-induced toxicity in HT22 cells
(Figure S2B). We showed that AA147alk covalently modified
proteins in HT22 cells by conjugating a rhodamine-azide to
AA147alk-modified proteins using a copper-catalyzed alkyne−
azide cycloaddition reaction (Figure S2C). Cotreatment with a
5-fold excess of AA147 reduced AA147alk labeling, indicating
that AA147 competes with AA147alk for binding to proteins in
HT22 cells. Coadministration with resveratrol, a P450
inhibitor, or β-mercaptoethanol (βME), a free thiol-containing
compoundtwo compounds previously shown to disrupt

Figure 3. AA147-dependent activation of ATF6 modestly contributes to the AA147-dependent protection of HT22 cells against glutamate-induced
oxidative toxicity. (A, B) Viability, measured by MTT, of HT22 cells pretreated with AA147 (10 μM) for 6 h (A) or 16 h (B) in the presence or
absence of S1Pi (10 μM) and then challenged with glutamate (5 mM) for 24 h. Viability is shown as a percent relative to cells treated with the
respective treatment in the absence of glutamate. Error bars show SD for n = 3. ***p < 0.001, ****p < 0.0001 for two-way ANOVA with Tukey
correction for multiple testing between conditions. (C) Viability, measured by MTT assay, of HT22 cells expressing scrambled or Atf6 shRNA
pretreated for 16 h with AA147 (10 μM) and then challenged with glutamate (5 mM) for 24 h. Viability is shown as a percent relative to cells with
the respective treatment in the absence of glutamate. Error bars show SD for n = 3. ****p < 0.0001 for two-way ANOVA with Tukey correction for
multiple testing between conditions.
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AA147-dependent oxidation and covalent modification of
proteins20reduces AA147alk protein labeling in HT22 cells
(Figures 2C and S2D). Similarly, cotreatment with resveratrol
or β-mercaptoethanol reduced AA147-dependent activation of
the ERSE-LUC reporter in HT22 cells (Figure S2E). These
results are identical to those observed in other cell types20,27

and demonstrate that AA147 covalently modifies proteins in
HT22 cells through a mechanism involving metabolic
activation and covalent cysteine modification (Figure 2B).
Next, we further probed the dependence of AA147-

dependent protection against glutamate-induced oxidative
toxicity on the mechanism shown in Figure 2B using a series
of AA147 analogues. As observed for ATF6 activation,20 the
treatment of HT22 cells for 16 h with compounds containing
disruptions in the 2-amino-p-cresol A-ring structure required
for metabolic activation did not protect against glutamate-
induced toxicity (Figure 2D). However, modification of the B-
ring at the ortho position with either a bromine or methyl
group did not significantly impact AA147-dependent protec-
tion. Similar results were observed for cells treated for 6 h with
AA147 analogues (Figure S2F). This structure−activity
relationship is the same as that previously shown to regulate
ATF6 activation in HEK293 cells.20

To further probe the potential contributions of the reactive,
electrophilic forms of AA147 in the observed protection
against glutamate toxicity (Figure 2B), we synthesized an
AA147 analogue containing a tertiary amine on the linker
amide (AA147N‑methyl; Figure S2G−K). This analogue disfavors
oxidation to the reactive AA147-QI, although it could
potentially be converted directly to AA147-QM through an
alternative oxidation reaction. We found that AA147N‑methyl

showed significantly less protection against glutamate-induced
toxicity, as compared to AA147, although a minimal amount of
protection was still observed (Figure 2E). Combined, these
results are consistent with a model whereby metabolic
conversion of the A-ring domain of AA147 to a reactive
AA147-QI is a critical step for the AA147-dependent
protection against glutamate-induced toxicity in HT22 cells
(Figure 2B).

AA147-Dependent ATF6 Activation Only Modestly
Contributes to Protection against Glutamate-Induced
Toxicity Observed in HT22 Cells. AA147 protects
cardiomyocytes from oxidative insults through the activation
of ATF6.14 Thus, we sought to define the dependence of
AA147-dependent protection against glutamate-induced oxi-
dative toxicity on ATF6 activation. Initially, we used an

Figure 4. AA147 induces NRF2-dependent upregulation of oxidative stress response genes in HT22 cells. (A) Plot showing −log adj p-value vs log2
fold change (AA147/Veh) for genes identified in RNA-seq analysis of HT22 cells treated with vehicle or AA147 (10 μM) for 16 h. Select
glutathione transferase and prolactin genes are indicated. Complete RNA-seq data is shown in Table S1. (B) Graph showing the expression of sets
of genes regulated downstream of the ATF6, XBP1s, or PERK arms of the UPR, the HSF1-regulated heat shock response, the oxidative stress
response (OSR), the hypoxia stress response, NFκB inflammatory signaling, and the mitochondrial unfolded protein response (UPRmt), as well as a
set of control genes. Gene sets are defined as previously described (34) and are shown in Table S2. **p < 0.01 for one-way ANOVA comparing the
expression of individual stress-induced transcription factor gene sets to the control gene set. (C) Luminescence in HT22 cells transiently expressing
the antioxidant response element (ARE)-LUC reporter and treated with AA147 (10 μM) for 16 h. Luminescence is shown as a fold change relative
to vehicle. Error bars show SEM for n = 20 replicates across two independent experiments; 95% CI = 3.239−4.182 μM, (D) Expression of the
NRF2 target gene Nqo1, measured by qPCR, in HT22 cells treated with vehicle or AA147 (10 μM) in the presence or absence of ML385 (5 μM)
for 16 h. Error bars show SEM for n = 3. ***p < 0.001, ****p < 0.0001 for two-way ANOVA with Tukey correction for multiple testing between
conditions.
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inhibitor of ATF6 activation, the S1P inhibitor PF429242
(S1Pi),30 to define the importance of AA147-dependent ATF6
activation on the protection observed in glutamate-treated
HT22 cells. We confirmed that S1Pi inhibited AA147-
dependent induction of the ATF6 target BiP/Hspa5 in
HT22 cells by quantitative polymerase chain reaction
(qPCR) and immunoblotting (Figure S3A,B). Next, we
monitored the viability of HT22 cells pretreated with AA147
and S1Pi for 6 h or 16 h and then challenged with glutamate.
Cotreatment with S1Pi modestly attenuated the AA147-
dependent protection observed following a 6 h pretreatment
(Figure 3A). Similarly, shRNA depletion of Atf6 (Figure S3C)
also modestly reduced protection observed following a 6 h
treatment with AA147 (Figure S3D). These results suggested
that AA147-dependent ATF6 activation contributes to
protection from glutamate-induced oxidative toxicity observed
at this time point. Despite this reduction in protection, ATF6
activation cannot explain the entirety of the observed effect
following a 6 h pretreatment. In contrast, neither cotreatment
with S1Pi (Figure 3B) nor Atf6 depletion (Figures 3C and
S3E) impacted AA147-dependent improvements in HT22
viability observed following a 16 h pretreatment. Combined,
these results suggest that AA147-dependent ATF6 activation
offers a limited contribution to the observed protection from
glutamate-induced oxidative stress in HT22 cells.
AA147 Activates the Oxidative Stress Response in

HT22 Cells. To better define the mechanistic basis of AA147-
dependent protection against glutamate-induced oxidative
toxicity, we performed RNA sequencing (RNA-seq) on
HT22 cells treated with vehicle or AA147 for 16 h (Table

S1). Despite observing a robust induction of the ATF6 target
gene BiP following 6 h treatment (Figure S3A), RNA-seq
showed that BiP expression was not increased following 16 h
treatment with AA147 in these cells (Table S1). We confirmed
this result by qPCR (Figure S4A). This is consistent with the
transient AA147-dependent activation of ATF6 signaling
observed in other cells.15 However, we observed significant
increases in the expression of genes associated with antioxidant
activity in neuronal models, including prolactins (e.g., Prl2c2,
Prl2c3) and glutathione transferases (e.g., Gsta1, Gsta4) in
AA147-treated HT22 cells (Figure 4A).31−33 Gene ontology
(GO) analysis showed increases in antioxidant pathways,
including glutathione transferase activity and prolactin receptor
binding (Figure S4B). Further, when monitoring the
expression of established gene sets associated with different
stress-responsive signaling pathways,34 only target genes
involved in the oxidative stress response showed a coordinated
upregulation of expression, as compared to control genes, in
AA147-treated HT22 cells (Figure 4B and Table S2). Notably,
transcriptional targets of ATF6 or other arms of the UPR (i.e.,
IRE1/XBP1s and PERK) were not induced in HT22 cells
treated for 16 h with AA147 (Figure 4B and Table S2), again
reflecting the transient nature of AA147-dependent activation
of ATF6 in these cells.15 These results suggest that AA147
induces an oxidative stress response in HT22 cells.
The oxidative stress response is primarily regulated by the

transcription factor NRF2, which binds to antioxidant response
element (ARE) sequences within the promoter region of target
genes to induce their expression.35,36 NRF2 activity protects
against multiple different types of oxidative insults, including

Figure 5. AA147 covalently modifies KEAP1, a regulator of NRF2 transcriptional activity. (A) Proposed model whereby the metabolically activated
AA147 covalently modifies Cys151 on KEAP1 to reduce ubiquitination and allow nuclear localization of NRF2 to promote transcriptional activity.
(B) Luminescence in HT22 cells transiently expressing the ARE-LUC NRF2 reporter treated with the indicated AA147 analogue (10 μM) for 16 h.
Error bars show SEM for n = 20 replicates across two independent experiments. **p < 0.01 and ****p < 0.0001 for ordinary one-way ANOVA
against vehicle control with Dunnett correction for multiple comparisons. (C) Fluorescence image (top) and immunoblot (bottom) of FLAG
immunopurifications prepared from HEK293T cells transiently overexpressing wild-type (WT) KEAPFT or C151S KEAPFT and treated for 16 h
with AA147alk (10μM). AA147alk-modified proteins were conjugated to rhodamine-azide (Rh-N3) by click chemistry (top), total protein was
measured using silver stain (middle), and KEAP1:FLAG levels were confirmed using immunoblotting with FLAG antibody (bottom).
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glutamate-induced toxicity.37,38 Many of the antioxidant genes
induced by AA147 are known transcriptional targets of NRF2
(e.g., Nqo1, Gsta4).31−33 Thus, we sought to determine
whether AA147 was activating NRF2 in HT22 cells. Initially,
we showed that AA147 increased the expression of an NRF2-
selective ARE-LUC reporter in HT22 cells (Figure 4C).35

AA147 activated this ARE-LUC reporter with an EC50 of 3.9
μM, which is nearly identical to that observed for compound-
dependent activation of the ATF6-selective ERSE-LUC
reporter (Figure S1A). Next, we used qPCR to confirm that
AA147 induced the expression of NRF2 target genes including
Nqo1 and Gsta4 in HT22 cells (Figures 4 and S4C).
Cotreatment with the NRF2 inhibitor ML385, which inhibits
NRF2 binding to DNA,39 reduced AA147-dependent Nqo1

and Gsta4 induction (Figures 4D and S4C). Similar results
were observed by immunoblotting (Figure S4D). Further,
shRNA depletion of Nrf 2 blocked the AA147-dependent
induction of Gsta4, but not BiP, in HT22 cells treated with
AA147 for 6 h (Figure S4E,F). This indicates that AA147
induces the expression of NRF2 target genes in HT22 cells
through an NRF2-dependent mechanism.
Previous transcriptional profiling of AA147-treated

HEK293T cells did not show the increased expression of
NRF2 target genes, suggesting that the observed increase in
their expression could be cell-type-specific. To further probe
this, we monitored the expression of the ATF6 target gene BiP
and the NRF2 target gene Nqo1 in two neuronal-derived cell
lines (HT22 and IMR32), as well as three non-neuronal-

Figure 6. AA147-induced protection from glutamate toxicity is attenuated by NRF2 inhibition. (A) Quantification of the percent of HT22 cells
pretreated with AA147 for 6 h and then challenged with glutamate (5 mM) for 24 h stained with Annexin V (AV) and/or propidium iodide (PI).
Error bars show SEM for n = 3 replicates. *p < 0.05 and **p < 0.01 for ordinary one-way ANOVA with Tukey correction for multiple comparisons.
(B, C) Viability, measured by MTT, of HT22 cells pretreated with AA147 (10 μM) for 6 h (B) or 16 h (C) in the presence or absence of the NRF2
inhibitor ML385 (5 μM) and then challenged with glutamate (5 mM) for 24 h. Viability is reported as percent relative to vehicle. ***p < 0.001 and
****p < 0.0001 for two-way ANOVA relative to vehicle with Tukey correction for multiple comparisons between conditions. (D) Mean CM-
H2DCFDA fluorescence of HT22 cells pretreated with AA147 (10 μM) and/or ML385 (5 μM) for 16 h and then challenged with glutamate (5
mM) for 8 h, as indicated. Error bars show SEM for n = 3 replicates. ***p < 0.001 for two-way ANOVA with Tukey correction for multiple
comparisons between conditions. (E, F) Viability, measured by MTT, of HT22 cells pretreated with AA147 (10 μM) for 6 h (E) or 16 h (F) in
HT22 cells expressing scrambled or Nrf 2 shRNA challenged with glutamate (5 mM) for 24 h. Viability is shown as a percent cell with respective
treatments in the absence of glutamate. ***p < 0.001 and ****p < 0.0001 for two-way ANOVA relative to vehicle with Tukey correction for
multiple comparisons.
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derived cell lines (HEK293T, U2OS, and HeLa) treated with
AA147 for increasing times (Figure S4G−K). AA147 induced
the expression of the ATF6 target gene BiP in all cells
following 4 h treatment. However, the increased expression of
the NRF2 target gene Nqo1 was only observed in the neuronal-
derived HT22 and IMR32 cells beginning at 4 h. We further
showed the ability of AA147 to induce the expression of the
NRF2 target gene Nqo1 in mouse primary cortical neurons
treated with AA147 for 6 h (Figure S4L). This indicated that
AA147-dependent NRF2 activation is cell-type specific, with
some selectivity for neuronal-derived cell lines. Interestingly,
the amount of AA147alk protein labeling across different cell
lines generally correlates with the expression of ATF6 and
NRF2 target genes observed in AA147-treated cells (Figure
S4M). This indicates that the variability in response between
cells could be dependent on the extent of metabolic activation
and/or protein labeling. In combination with the existing
literature,14,15,24,27,28 these results suggest that AA147 induces
ATF6 activity broadly across cell types, whereas AA147-
dependent NRF2 activation is only observed in select cell types
including neuronal-derived HT22 and IMR32 cells.
AA147 Covalently Modifies KEAP1 to Promote NRF2

Activation in HT22 Cells. NRF2 activity is primarily
regulated through its interaction with the redox sensor E3
ligase protein KEAP1 (Figure 5A).39,40 In the absence of
oxidative stress, KEAP1 promotes the ubiquitination of NRF2
leading to its inactivation by degradation.40 In response to
oxidative stress, sensor cysteine residues on KEAP1, such as
Cys151, are covalently modified by electrophiles or oxidants,
reducing KEAP1-dependent ubiquitination of NRF2 and
stabilizing it to promote its transcriptional activity.40,41 Since
AA147 can be metabolically activated to a reactive electrophile
that can covalently modify proteins, we predicted that AA147
activates NRF2 in HT22 cells through a mechanism involving
metabolic activation and covalent modification of KEAP1.
Consistent with this, cotreatment with AA147 and either

resveratrol or β-mercaptoethanol, conditions that reduce
AA147alk covalent protein modification (Figure 2C), inhibits
AA147-dependent activation of the NRF2-selective ARE-LUC
reporter and the ATF6-selective ERSE-LUC reporter in HT22
cells (Figure S5A). Further, AA147 analogues lacking the 2-
amino-p-cresol moiety in the AA147 A-ring showed no
activation of ARE-LUC reporter, while B-ring analogues
retained this activity (Figure 5B). This structure−activity
relationship is similar to that observed for the compound-
dependent activation of the ATF6-selective ERSE-LUC
reporter (Figure S5B). Finally, AA147N‑methyl, an analogue
that disfavors the formation of the AA147-QI (Figure S2G),
does not significantly induce the expression of either the ARE-
LUC or ERSE-LUC reporters in HT22 cells (Figure S5C).
Collectively, these results support a model whereby AA147
activates NRF2 through a mechanism involving metabolic
activation and covalent protein modification (Figure 2B).
Next, we monitored the potential for AA147 to covalently

modify KEAP1. We expressed FLAG-tagged KEAP1
(KEAP1FT) in HEK293 cells treated with or without
AA147alk. We then labeled AA147alk with rhodamine-azide
using click chemistry and monitored the population of
rhodamine-labeled and total immunoprecipitated KEAP1FT

by sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) using rhodamine fluorescence and immunoblot-
ting, respectively. We observed dose-dependent increases in
KEAP1FT labeling with AA147, confirming that our compound

covalently targets KEAP1 (Figure S5D). Mutating the KEAP1
sensor cysteine 151 to serine (C151S) showed reduced
labeling with AA147alk, indicating that AA147 modifies this
redox-sensing cysteine involved in regulating NRF2 activity
(Figures 5C and S5D). These results demonstrate that AA147
is metabolically activated to a reactive electrophile that can
modify KEAP1 at the sensor cysteine C151.

NRF2 Inhibition Attenuates AA147-Dependent Pro-
tection against Glutamate-Induced Toxicity. Upregula-
tion of the NRF2 transcriptional activity protects against
glutamate toxicity in HT22 cells.13,38,42 Therefore, we asked
whether the protection afforded by AA147 in this model was
mediated by NRF2 activity. To test this, we co-pre-treated
HT22 cells with AA147 and the NRF2 inhibitor ML385 for 6
h prior to the addition of glutamate. After a 24 h glutamate
challenge, we then monitored cell death by Annexin V and PI
staining. Cotreatment with ML385 significantly inhibited
AA147-dependent reductions in glutamate-induced cell death
(Figures 6A and S6A). Similar results were observed using a
viability assay in cells treated with AA147 and ML385 at both
6 h (Figure 6B) and 16 h (Figure 6C). HT22 cells treated with
ML385 for 16 h did show reductions in viability, which was
modestly improved with AA147 treatment. This could reflect a
modest role for AA147-dependent ATF6 activation protection
observed under these conditions. Consistent with this, HT22
cells cotreated with either the ATF6 inhibitor S1Pi (Figure
S6B) or the NRF2 inhibitor ML385 (Figure 6D) both
attenuated AA147-dependent reductions of ROS in gluta-
mate-treated HT22 cells treated for 16 h. This suggests that
both ATF6 and NRF2 activation can contribute to reductions
in ROS observed under these conditions.
We next shRNA-depleted Nrf 2 in HT22 cells to further

define the dependence of the observed AA147-dependent
protection against glutamate toxicity on NRF2 activity (Figure
S4E). AA147 did not improve viability in glutamate-treated
HT22 cells shRNA-depleted of Nrf 2, either at 6 h (Figure 6E)
or 16 h (Figure 6F). This indicates that NRF2 is required for
the AA147-dependent protection observed at both of these
time points. We further defined the dependence of AA147-
mediated protection against glutamate toxicity in HT22 using
the alternative NRF2 activator CBR-470-1a compound that
activates NRF2 through a mechanism involving the inhibition
of the glycolytic enzyme PGK1.43 We confirmed that CBR-
470-1 protects HT22 against glutamate-induced toxicity,
showing similar levels of protection to that observed for
AA147 (Figure S6C−E). However, pretreatment with both
AA147 and CBR-470-1 for 16 h did not show further increases
in protection, suggesting that these two NRF2 activators
protect HT22 cells against glutamate toxicity through a similar
mechanism (Figure S6E). Combined, these results indicate
that AA147-dependent NRF2 activation is the primary
mechanism of protection against glutamate toxicity in these
cells.

Concluding Remarks. Previous results showed that the
proteostasis regulator compound AA147 protects against
oxidative damage through the activation of the ATF6 signaling
arm of the UPR.14,15 Here, we demonstrate that AA147
protects against glutamate-induced oxidative toxicity in
neuronal-derived HT22 cells primarily through a mechanism
involving the activation of the NRF2-regulated oxidative stress
response. Our results indicate that AA147-dependent
activation of ATF6 and NRF2 shares a similar mechanism of
activation involving compound oxidation to a reactive
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electrophile and covalent modification of protein substrates.20

However, unlike ATF6 activation, which involves the AA147-
dependent modification of PDIs,16,20 the AA147-dependent
activation of NRF2 involves compound-dependent modifica-
tion of KEAP1. This demonstrates that protective NRF2
signaling can be activated in neurons using metabolically
activated compounds such as AA147. Further, our results
indicate that AA147 can promote protection against oxidative
insults in neuronal cells through the activation of two distinct
stress-responsive signaling pathways, the ATF6 arm of the
UPR16 and the NRF2 oxidative stress response (described
herein). These results highlight the broad potential for this
compound to mitigate oxidative damage in etiologically diverse
diseases, including many neurodegenerative disorders.

■ MATERIALS AND METHODS
Compounds, Antibodies, and Plasmids. AA147 and associated

analogues were reported previously and obtained from the Kelly Lab
at Scripps Research.20 AA147 and related analogues were suspended
in dimethyl sulfoxide (DMSO).20 Cells were treated with 10 μM of
these compounds for all experiments except where otherwise stated.
PF429242 (Sigma-Aldrich; cat SML0667) was resuspended in water
and administered at 10 μM. CP7 was obtained from the Walter Lab at
UCSF, resuspended in DMSO, and administered at 5 μM. ML385
(Cayman Chemicals; cat. 21114) was resuspended in DMSO and
administered at 5 μM. Glutamate stocks were prepared using glutamic
acid (Acros Organics; cat. AC156211000) resuspended in water and
the pH was adjusted to 7.5. Equivalent water volume was used as
control for all 0 mM glutamate treatments. The following antibodies
were purchased and utilized in this study as indicated: NQO1
(1:1000; Abcam cat. ab80588), KDEL (1:1000; Enzo cat. ADI-SPA-
827-F), and tubulin (1:2000; Sigma-Aldrich T6074). The ERSE-LUC
and ARE-LUC plasmids were previously described.15,43 For viral
transfection, the following plasmids were used: REV (pRSV-rev;
Addgene cat. 12253), RRE (pMDL-RRE; Addgene cat. 12251), and
VSV-G (pMD2.G; Addgene cat. 12259). ATF6 and NRF2 shRNAs in
pLKO.1 vectors were obtained from La Jolla Institute for Allergy and
Immunology (LJI). The specific target sequences for viral plasmid of
these shRNAs are below:
ATF6-1-TRCN0000008447 CCGGCGAAGGGATCATCTGC-

TATTACTCGAGTAATAGCAGATGATCCCTTCGTTTTT
ATF6-TRCN0000008448 CCGGGCCATCATCATTCAGACAC-

TACTCGAGTAGTGTCTGAATGATGATGGCTTTTT
NRF2- TRCN0000007555 CCGGGCTCCTACTGTGATGT-

GAAATCTCGAGATTTCACATCACAGTAGGAGCTTTTT
Cell Culture Maintenance and shRNA Depletion. HT22 cells

were a kind gift from Pamela Maher at the Salk Institute. HT22 cells
were split when 70% confluent and discarded after 10 passages.
During experimental testing, HT22 cells were plated at a density of 5
× 103 per well for a 96-well plate or equivalent density for larger
plates. All cells were routinely tested for mycoplasma and incubated in
high glucose Dulbecco’s modified Eagle medium (DMEM)
supplemented with 10% fetal bovine serum (FBS), glutamate, and
penicillin/streptomycin at 37 °C and 5% CO2. For shRNA depletion,
viruses expressing specific shRNAs were prepared as previously
described.20 Briefly, one 10 cm dish of HEK293T cells per shRNA
was transiently transfected with 8 μg shRNA construct, 4 μg REV
(pRSV-rev), 4 μg RRE (pMDL-RRE), and 4 μg VSV-G (pMD2.G).
Transfection reagents were removed after a 24 h incubation, followed
by a 24 h incubation for viral production in fresh media. A 1:1 ratio of
virus-containing media and fresh media was added to HT22 cells for
24 h. Transfected cells were puromycin-selected (5 μg/L) (Sigma-
Aldrich; cat P8833) for 7 days. Knockdown was confirmed by real-
time quantitative polymerase chain reaction (RT-qPCR).
Primary Neuronal Culture. Primary cortical neurons were

isolated from C57BL/6J P1 mouse pups. Isolated cortices were
suspended in cold dissection media (1× HBSS w/o Ca and Mg, 2%
HEPES, 1× sodium pyruvate, 1% glucose solution, and. 02%

gentamicin). Isolated cortices were incubated with papain (0.2 μg/
mL final) for 20 min at 37 °C. Following incubation, cortices were
mechanically disrupted and filtered using a 40 μm cell strainer.
Viability of isolated neurons was measured using trypan blue nitrogen
countess II cell counter before plating. Cells in 96-well plates were
plated on PDK-coated plastic plates in neurobasal A media with 2%
B27 supplement at a density of 50K cells per well. Glial inhibitors (10
μM of 5-fluoro-2′-deoxyuridine and 10 μM uridine) were added at
DIV4 with a 50% media change. These were included with
subsequent 50% media changes, which were performed every 3−4
days following plating. Morphology was evaluated prior to each media
change and immediately prior to experiments, which were performed
at DIV27.

Viability Assay. Pretreatments were administered as described,
and glutamate was added for 24 h prior to assessing viability using
Cell-Titer Glo reagent (Promega; cat. PRG7572) or 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) (Life
Sciences; cat. M6494). Cell-Titer Glo was performed following the
manufacturer’s protocol. MTT viability assays were performed as
described elsewhere.44 Briefly, MTT was resuspended in Dulbecco’s
phosphate-buffered saline (DPBS; Life Tech; cat. 14190235) at a
concentration of 5 mg/mL and sterile-filtered prior to use. Cells were
treated in 100 μL of media. Ten microliters of MTT solution was
added to media and incubated at 37 °C for 4 h. The reaction was
halted by adding 100 μL of a stop solution consisting of 10% SDS
with 10 mM HCl. Cells were allowed to completely lyse by an
overnight incubation at 37 °C. Absorbance was measured using a
SPECTRAmax PLUS 384 (Molecular Devices) plate reader at
OD570 with an OD630 reference.

Propidium Iodide (PI) and Annexin V Staining. PI/Annexin V
staining was performed on HT22 cells treated as indicated. Cells were
challenged with glutamate for 24 h. We then harvested the cells from
the plate, washed with DPBS, and resuspended in 50 μL of 1×
Annexin V binding buffer (BD Biosciences; cat. 556454). Cells were
incubated in the dark at RT with 3 μL propidium iodide (Miltenyi
Biotech; cat. 130-093-233) and 3 μL FITC-Annexin V (BD
Biosciences; cat. 556419) for 20 min and then diluted with 100 μL
binding buffer. Unstained and single-channel controls were used for
compensation calculations for each experiment. Flow cytometry was
performed on a NovoCyte 3000 (Acea); PI was detected at ex. 488
nm, em. 615/20 nm and FITC-Annexin V using ex. 488 nm, em. 530/
30 nm channel. Analysis and gating were performed using FlowJo
software (BD Biosciences, San Diego).

Quantification of ROS by DCFDA Fluorescence. Cells were
plated in 24-well clear tissue culture-treated plates (Genesee
Scientific, San Diego), and compounds were pretreated as stated for
16 h. Glutamate was added for 8 h. Following glutamate incubation,
cells were harvested and then washed and resuspended in DPBS. CM-
H2DCFDA (Invitrogen; cat. C6827) was freshly dissolved in DMSO.
Cells were incubated in 5 μM CM-H2DCFDA for 30 min and
immediately run on a NovoCyte 3000 (Acea) using ex. 488 nm, em.
530/30 nm channel. Cytometric analysis was performed using FlowJo
software (BD Biosciences, San Diego).

Luciferase Assays. Cells were seeded at a density of 3,500 cells
per well into flat white 384-well plates (Corning). The following day,
cells were transfected with p-TI-ARE-LUC43 or pcDNA3.1-ERSE-
LUC15 plasmids (100 ng/well) using polyethyleneimine (PEI) at a
ratio of 2:1 (PEI/DNA). Media was changed 16 h later to remove
PEI. Cells were treated as indicated for 16 h and then lysed by the
addition of Bright-Glo (Promega). Samples were dark-adapted for 20
min to stabilize signals. Luminescence was then measured in an
Infinite F200 PRO plate reader (Tecan) and corrected for
background signal.

Synthesis of N-(2-Hydroxy-5-methylphenyl)-N-methyl-3-
phenylpropanamide (AA147N‑methyl). To a stirring solution of
sodium hydride (60% mineral oil dispersion, 12 mg, 0.3 mmol, 1.5
equiv) in 5 mL anhydrous tetrahydrofuran (THF) at 0 °C was added
methoxymethyl ether derivative of AA147 (1) (60 mg, 0.2 mmol, 1
equiv).1 The reaction was stirred for 10 min. Methyl iodide (56 mg,
0.4 mmol, 2 equiv) was added slowly, and the reaction was allowed to
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stir overnight at room temperature. The reaction was then partitioned
between 1 N HCl and EtOAc, and the separated organic layer was
washed with water, dried over MgSO4, and concentrated under
reduced pressure. To the resulting residue dissolved in 1 mL THF was
added 100 μL of 12.1 N HCl and let stir overnight. The reaction was
diluted in EtOAc and washed with saturated sodium bicarbonate. The
organic layer was washed with brine, dried over MgSO4, and
concentrated. Purification of the crude residue by column
chromatography afforded the title compound as a light brown solid
(13.2 mg, 25% yield). 1H NMR (400 MHz, DMSO) δ 7.26−7.19 (m,
2H), 7.17−7.08 (m, 1H), 7.11−7.01 (m, 2H), 6.96 (ddd, J = 8.2, 2.2,
0.8 Hz, 1H), 6.86−6.78 (m, 2H), 3.03 (s, 3H), 2.75 (t, 2H), 2.33−
2.18 (m, 2H), 2.17 (s, 3H). 13C NMR (126 MHz, DMSO) δ 171.3,
150.5, 141.4, 130.2, 129.4, 129.1, 128.4, 128.2, 128.1, 125.8, 116.4,
35.4, 34.9, 30.8, 19.8. LRMS (m/z) [M + H]+ calculated for
C17H19NO2 269.14; found 269.1.
KEAP1 Modification. Cells were transiently transfected with

FLAG-KEAP1 C151S or WT construct. The following day, media was
changed to remove the transfection agent. The following day, cells
were incubated with 10 μM AA147alk or otherwise as described for 1
h. Cells were washed with DPBS and lysed in RIPA followed by
sonication. The lysate was incubated with M2-FLAG beads overnight.
Beads were washed three times, and FLAG-tagged proteins were
eluted using 3× FLAG peptide (Sigma-Aldrich; cat. F4799).
Rhodamine-azide labeling reactions were performed using 1.7 mM
TBTA, 50 mM CuSO4, 5 mM azide, and 50 mM tris(2-
carboxyethyl)phosphine (TCEP). The protein was purified using
MeOH precipitation and run on a 4−12% Bis−Tris polyacrylamide
gel. The eluate was resuspended in Laemmli sample buffer, and
proteins were resolved on a 4−12% Bis−Tris polyacrylamide gel and
immunoblotted using 1:1000 M2-FLAG antibody (Sigma-Aldrich;
cat. F1804).
Quantitative PCR (qPCR). HT22 cells were treated with 10 μM

AA147 or DMSO vehicle for either 6 or 16 h. Cells were rinsed with
PBS, lysed, and total RNA was collected using the QuickRNA mini kit
(Zymo) according to the manufacturer’s instructions. The relative
quantification of mRNA was calculated using qPCR with reverse
transcription (RT-qPCR). RNA yield was quantified using Nanodrop.
cDNA was generated from 300 ng of RNA using High-Capacity
cDNA Reverse Transcription Kit (Advanced Biosystems; cat.
4368814). qPCR reactions were prepared using Power SYBR Green
PCR Master Mix (Applied Biosystems; cat. 4367659), and primers
(Table 1) were obtained from Integrated DNA Technologies.
Amplification reactions were run in an ABI 7900HT Fast Real
Time PCR machine with an initial melting period of 95 °C for 5 min
and then 45 cycles of 10 s at 95 °C, 30 s at 60 °C.
Immunoblotting. Cell lysates were prepared as previously

described.45 Briefly, cells were lysed in RIPA buffer (50 mM Tris,
pH 7.5, 150 mM NaCl, 0.1% SDS, 1% Triton X-100, 0.5%
deoxycholate, and protease inhibitor cocktail (Roche)). The total
protein concentration in cellular lysates was normalized using the Bio-
Rad protein assay. Lysates were then denatured with 1 × Laemmli
buffer + 100 mM dithiothreitol (DTT) and boiled before being
separated by SDS-PAGE. Samples were transferred onto nitro-
cellulose membranes (Bio-Rad). Membranes were then incubated
overnight at 4 °C with primary antibodies diluted at 1:1000.
Membranes were washed in TBST, incubated with the species-
appropriate IR-Dye conjugated secondary antibodies, and analyzed

using the Odyssey Infrared Imaging System (LI-COR Biosciences).
Quantification was carried out with LI-COR Image Studio software.

RNA Sequencing. HT22 cells were treated for 16 h with 10 μM
AA147 or vehicle. Cells were rinsed with DPBS, lysed, and total RNA
was collected using the QuickRNA mini kit (Zymo) according to the
manufacturer′s instructions. Transcriptional profiling using whole
transcriptome RNA sequencing was conducted via BGI Americas on
the BGI Proprietary platform with three biological replicates for each
condition. All samples were sequenced to a minimum depth of 27 M
PE 100 bp reads. Alignment of reads was performed using DNAstar
Lasergene SeqManPro to the mouse genome GRCm39 assembly.
Aligned reads were imported into ArrayStar 12.2 with QSeq
(DNAStar Inc.) to quantify the gene expression levels. Differential
expression analysis and statistical significance calculations between
different conditions were assessed using DESeq. 2 in R compared to
vehicle-treated cells. The complete RNA-seq data is deposited in gene
expression omnibus (GEO) as GSE178964.

Code Availability. Code for the standard open-source DESeq. 2
differential gene expression RNA-seq analysis used in R statistical
software is available from the corresponding author upon reasonable
request.

Statistical Methods. All statistical analyses were performed using
Prism 9 (GraphPad, San Diego, CA) as described. The number of
replicates and independent experiments for each figure panel are
clearly stated in the figure legends. One-way ANOVA statistical tests
were used to detect statistically significant differences between the
means of three or more treatments with post hoc testing to define
specific statistical relationships. Two-way ANOVA statistical tests
were used to detect statistically significant basal changes in viability or
in viability following a glutamate challenge in HT22 cells treated with
vehicle AA147 in the presence or absence of a pathway signaling
inhibitor (e.g., S1Pi, shRNA). The appropriate multiple testing
correction for post hoc analyses was performed as noted for each
experiment. EC50 calculations were performed using log(agonist) vs
response variable slope four-parameter nonlinear function with least-
squares fit.
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