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Abstract
Endoplasmic reticulum (ER) stress, often resulting from cellular accumulation of misfolded
proteins, occurs in many neurodegenerative disorders, in part because of the relatively long
lifetime of neurons. Excessive accumulation of misfolded proteins activates the unfolded protein
response (UPR) that dampens protein synthesis and promotes removal of misfolded proteins to
support survival of ER-stressed cells. However, the UPR also initiates apoptotic signaling to kill
cells if recovery is not achieved. Thus, there is much interest in identifying determinants of the
life-death switch and interventions that promote recovery and survival. One intervention that has
consistently been shown to protect cells from ER stress-induced apoptosis is application of
inhibitors of glycogen synthase kinase-3 (GSK3). Therefore, we examined where in the UPR
pathway GSK3 inhibitors intercede to impede signaling towards apoptosis. Apoptosis following
UPR activation can be mediated by activation of two transcription factors, ATF4 and ATF6, that
activate expression of the death-inducing transcription factor C/EBP homologous protein (CHOP/
GADD153) following ER stress. We found that ER stress induced activated ATF6 and ATF4, but
these responses were not altered by pretreatment with GSK3 inhibitors. However, inhibition of
GSK3 effectively reduced the expression of CHOP, and this was apparent in several types of
neural-related cells and was evident after application of several structurally diverse GSK3
inhibitors. Therefore, reduction of CHOP activation provides one mechanism by which inhibitors
of GSK3 are capable of shifting cell fate towards survival instead of apoptosis following ER
stress.
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Introduction
The accumulation of misfolded proteins is one of the most prevalent disease-induced causes
of cellular dysfunction, and is particularly destructive in diseases afflicting neurons because
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of their long lifetimes [1]. The unfolded protein response (UPR) is a crucial stress response
that evolved in eukaryotes to manage deleterious effects of excessive misfolded proteins
caused by disease, environmental, or genetic factors. The UPR is activated in response to
endoplasmic reticulum (ER) stress, which can be caused by misfolded protein accumulation
in the ER, calcium depletion, inflammation, glucose deprivation, and other conditions [2,3].
The UPR generally represses translation, upregulates production of ER chaperones, and
promotes other mechanisms directed towards reducing the accumulation of misfolded
proteins to re-establish ER homeostasis. With severe or persistent ER stress, the UPR also
initiates apoptotic signaling leading to cell death [4,5]. Thus, the UPR is a signaling program
that supports adaptation to stress and recovery, but also terminates highly stressed cells,
which has led to much interest in identifying determinants of the life-death switch and
interventions that promote recovery and survival.

Three major signaling pathways activated by the UPR have been identified. One of these
involves activation of PKR-like ER kinase (PERK), which is released from glucose-
regulated protein 78 (GRP78) by ER stress [6]. Activated PERK phosphorylates eukaryotic
initiation factor 2α (eIF2α) on serine 51, which represses translation by inhibiting the
guanine nucleotide exchange factor eIF2B to block the recycling of eIF2-GDP to eIF2-GTP
[7–9]. Although most protein synthesis is repressed by phosphorylated eIF2α, synthesis of
activating transcription factor 4 (ATF4) is up-regulated to induce stress responsive genes
[8,10]. Among these is the proapoptotic protein C/EBP homologous protein (CHOP/
GADD153), which is a key determinate in cellular fate and facilitates ER stress-induced
apoptosis [11]. CHOP is a short lived protein, so with mild or transient ER stress, CHOP
expression is not prolonged and the cell can adapt and recover. However, if the ER stress is
intense or prolonged, CHOP expression is persistent and cell death ensues [12].

Similar to PERK, IRE1 is a trans-ER membrane kinase held inactive by GRP78. ER stress
releases IRE1 from GRP78, and IRE1 oligomerizes, autophosphorylates, and becomes
active [6]. Active IRE1 splices the mRNA of the transcription factor X box-binding protein
1 (XBP1), removing 26 nucleotides, leading to accumulation of active XBP1, which
promotes expression of ER-resident molecular chaperones, including GRP78 [13]. The third
arm of the UPR activates ATF6 [14], which is released from GRP78 in the ER and
translocates to the golgi where it is cleaved by site 1 and site 2 proteases [14,15]. The ATF6
cleavage product, p50ATF6, translocates to the nucleus and promotes expression of ER
stress responsive genes, including CHOP, which can lead to apoptosis [13].

The UPR is a concerted effort by the cell to restore ER homeostasis and survive, but it also
leads to cell death by apoptosis if these recovery mechanisms fail. ER stress-induced
apoptosis utilizes the intrinsic (mitochondrial) pathway involving activation of caspase-9
and caspase-3 [16]. Regulation of the ER stress-induced execution phase of apoptosis is not
completely understood, but clearly involves glycogen synthase kinase-3 (GSK3). GSK3
represents two ser/thr kinase paralogs that are commonly referred to as isoforms, GSK3α
and GSK3β, that are the products of distinct genes [17]. GSK3 is constitutively active but is
regulated through inhibitory phosphorylation at serine 21 of GSK3α and serine 9 of GSK3β
[17]. GSK3 is a critical component in the Wnt signaling pathway where it associates with
Axin to phosphorylate β-catenin, marking it for proteasomal mediated degradation [18].
Inhibition of GSK3 suppresses caspase-3 activation and subsequent cell death induced by
the ER stress-inducing agents thapsigargin (an ER Ca2+-ATPase inhibitor) and tunicamycin
(which inhibits N-linked glycosylation and protein folding in the ER) [19]. Several groups
have verified the obligatory role of GSK3 in ER stress-induced apoptosis using a variety of
cell types, ER stress models, and GSK3 inhibitors [20–27]. Despite considerable evidence
that GSK3 has a crucial role promoting ER stress-induced apoptosis, the mechanism by
which GSK3β facilitates apoptosis remains undefined. Here we provide evidence that in
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cells of neuronal lineage GSK3 regulates the outcome of UPR signaling by promoting
CHOP expression.

Materials and methods
Cells and reagents

SH-SY5Y human neuroblastoma cells were grown in RPMI1640 with 10% horse serum and
5% fetal clone. Mouse embryonic fibroblasts (MEFs) were grown in Dulbecco’s modified
eagle medium supplemented with 10% fetal bovine serum and 15 mM HEPES (Invitrogen,
Carlsbad, CA). RN46a cells were grown in DMEM/F12 (1:1) supplemented with 10% fetal
bovine serum. Primary astrocytes were prepared from cerebral cortex of 1-day-old C57Bl/6
mice as described previously [28] and cultured in DMEM/F-12 (1:1) medium supplemented
with 10% fetal bovine serum and 0.3% glucose. All media were supplemented with 2 mM
L-glutamine, 100 units/ml penicillin, and 100 µg/ml streptomycin (Cellgro, Herndon, VA),
and cells were grown in humidified, 37°C chambers with 5% CO2, except the immortalized
hippocampal cells which were grown at 33°C. Primary neural precursor cells (NPCs) were
prepared at gestational day 12–13 from the telencephalons of C57BL/6 mice, expanded as
neurospheres, and experimental procedures were carried out with monolayers of NPCs
cultured as described previously [29]. Primary mouse neurons were prepared and cultured as
described previously [30]. The 5X-ATF6-luciferase has been described previously [31].
Sources of chemicals were: tunicamycin, thapsigargin (Alexis, San Diego, CA),
kenpaullone, lithium chloride (Sigma, St. Louis, MO), salubrinal (Dako Corp., Carpintera,
CA), 6-bromoindirubin-3'-oxime (BIO; CalBiochem), CHIR99021 (Dr. Hilary Mclauchlan,
University of Dundee), and insulin-like growth factor-1 (IGF-1; Intergen, Purchase, NY).

Immunoblotting
Cells were washed twice with PBS and were lysed with lysis buffer (20 mM Tris, pH 7.5,
150 mM NaCl, 2 mM EDTA, 2 mM EGTA, 0.5% NP-40, 1 mM sodium orthovanadate, 100
µM phenylmethanesulfonyl fluoride, 0.1 µM okadaic acid, 50 mM sodium fluoride, and 10
µg/ml each of leupeptin, aprotinin, and pepstatin). The lysates were sonicated and
centrifuged at 20,800×g for 15 min. Protein concentrations were determined by the
bicinchoninic acid method (Pierce, Rockford, IL). Samples were mixed with Laemmli
sample buffer (2% SDS), placed in a boiling water bath for 5 min, proteins were resolved in
SDS-polyacrylamide gels, transferred to nitrocellulose, and incubated with antibodies to
CHOP (Santa Cruz Biotechnology, Santa Cruz, CA), phospho-ser51-eIF2α (#3597), cleaved
caspase-3, proteolyzed 85 kDa fragment of poly(ADP-ribose) polymerase (PARP), phospho-
Ser9-GSK3β (Cell Signaling, Danvers, MA), total GSK3β, (BD-PharMingen/Transduction
Laboratories, San Diego, CA), phospho-ser9/21-GSK3 α/β, total GSK3 α/β (Upstate
Biotechnology Inc., Lake Placid, NY), or β-actin (Sigma, St. Louis, MO). Immunoblots
were developed using horseradish peroxidase-conjugated goat anti-mouse, or goat anti-
rabbit IgG, followed by detection with enhanced chemiluminescence, and the protein bands
were quantitated with a densitometer.

RT-PCR
For RT-PCR analysis RNA was isolated using Trizol (Invitrogen) according to the
manufacturer’s protocol. The RNA was quantified using a Nano-drop spectrophotometer.
The RT-PCR reaction was performed using the SuperScript one-step RT-PCR system
(Invitrogen) according to the manufacturer’s protocol. To analyze CHOP RNA, 500 ng of
RNA was used in the reaction with the following primers: forward
(CTGCAAGAGGTCCTGTCTTC) and reverse (CAATCAGAGCTCGGCGAGTC) for 40
cycles. The resulting cDNA was then visualized on a 1.5% agarose gel containing ethidium
bromide and imaged on a multi-imager (Bio-Rad).
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Real time PCR
RNA was isolated using the RNeasy kit (Qiagen). cDNA synthesis was performed using
oligo(dT) and reverse transcriptase Superscript Preamplification System according to
manufacturer’s instructions (Invitrogen). Real-time PCR was performed using the Light
Cycler 280 (Roche Applied Biosciences) to detect sybr green incorporation, according to the
manufacturer’s instructions. The fold-increase of CHOP or ATF4 mRNA accumulation was
normalized to the housekeeping gene GAPDH. Primer sequences: CHOP forward
(CAGAGGTCACAAGCACCT), CHOP reverse (TCCCTGGTCAGGCGCTC) ATF4
forward (AGTGGCATCTGTATGAGCC) ATF4 reverse (TCTTCTGGCGGTACCTAGT)
GAPDH forward (GCTGGGGCTCACCTGAAGGG) GAPDH reverse
(GGATGACCTTGCCCACAGCC).

Luciferase assay
Cells were plated and simultaneously transfected using Fugene6 (Roche) with the indicated
vector and/or luciferase vector and Renella control vector at a ratio of 10:1
(Luciferase:Renella). 24 h after transfection, cells were treated for the indicated times.
Assays were conducted using the dual luciferase assay system (Promega). All luciferase
values were normalized to the internal Renella control.

Statistical Analysis
Statistical analysis used was one-way ANOVA with post-hoc Dunnett’s multiple
comparison tests.

Results
GSK3 promotes ER stress-induced apoptosis in SH-SY5Y cells

To examine the effects of GSK3 inhibitors on activation of the UPR, we first tested the
effects of the selective GSK3 inhibitor lithium [32] on apoptotic signaling activated by
tunicamycin-induced ER stress in human SH-SY5Y neuroblastoma cells. Inhibition of
GSK3 with lithium reduced tunicamycin (4 µg/ml)-induced caspase-3 activation and
reduced cleavage of the caspase-3 substrate PARP (Fig. 1). These results confirm previous
reports that apoptosis induced by ER stress is promoted by GSK3 and attenuated by
inhibitors of GSK3 [19–27].

Inhibition of GSK3 does not impair ER stress-induced activation of ATF6 or ATF4
Induction of ER stress and the UPR activate ATF6 and ATF4 to up-regulate expression of
CHOP, which has been suggested to be critical for regulating the switch from survival to
apoptosis [11,12]. Therefore, we tested if inhibition of GSK3 with lithium blocked the
activation of either ATF4 or ATF6 after induction of ER stress. The activation of ATF6 was
measured using a luciferase construct containing 5 tandem repeats of the ATF6 consensus
DNA binding site [31] expressed in SH-SY5Y cells. Treatment with tunicamycin (4 µg/ml)
caused a large increase in ATF6 activation and this was not significantly inhibited by
lithium treatment (Fig. 2). This result indicated that GSK3 is not required for ATF6
activation to promote CHOP expression to initiate apoptotic signaling. Treatment of SH-
SY5Y cells with tunicamycin (4 µg/ml) also increased expression of ATF4 mRNA, and this
was not blocked, but instead additively enhanced, by inhibiting GSK3 with lithium (Fig.
3A). This finding indicated that GSK3 is not required for ER stress-induced ATF4
expression. The ATF4 pathway leading to CHOP up-regulation also can be activated by
salubrinal, which blocks the eIF2α-linked protein phosphatase 1 (PP1))/GADD34
phosphatase complex [38], leading to increased phosphorylation of eIF2α, followed by
activation of ATF4 to increase CHOP expression [8,9]. Therefore, to further test the
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influence of GSK3 inhibition on ATF4-induced CHOP expression without the influences of
other UPR signaling pathways induced by ER stress, we tested the effects of inhibiting
GSK3 with lithium on the response to salubrinal. As expected, treatment of SH-SY5Y cells
with salubrinal increased phospho-ser51-eIF2α and after 14 h this was associated with a
modest increase in CHOP expression (Fig. 3B). Treatment with lithium did not inhibit
salubrinal-induced CHOP expression, but instead enhanced it, consistent with lithium-
induced enhancement of ATF4 expression (Fig. 3A), confirming that the ATF4 pathway
leading to CHOP was not blocked by inhibition of GSK3. However, upon measuring CHOP
expression following induction of ER stress with tunicamycin, reduced CHOP was evident
in cells co-treated with lithium and tunicamycin. These results indicated that lithium does
not block ATF4-induced CHOP expression after salubrinal treatment, but may reduce
CHOP expression following ER stress.

GSK3 promotes ER stress-induced CHOP
CHOP has been reported to be a key determinant of cell fate, such that CHOP expression
induced during ER stress promotes apoptosis [11,12]. In agreement with this conclusion,
attenuation by lithium treatment of caspase-3 activation 3 and 4 h after tunicamycin
treatment (Fig. 1) was associated with reduced CHOP levels (Fig. 4A). To verify that active
GSK3 is required for increases in CHOP following ER stress, SH-SY5Y cells were
pretreated with three other structurally distinct small molecule selective GSK3 inhibitors.
These included the paullone derivative kenpaullone that has been reported to selectively
inhibit GSK3 [33], the indirubin derivative selective GSK3 inhibitor 6-bromoindirubin-3'-
oxime (BIO) [34], or CHIR99021, a substituted aminopyrimidine derivative reported to be
the most selective inhibitor of GSK3 that has been described [35]. Pretreatment with each of
the three structurally diverse GSK3 inhibitors reduced tunicamycin-induced increases in
CHOP levels by greater than 75% (Fig. 4B). Along with the results with lithium treatment,
these findings indicate that GSK3 promotes increases in CHOP following ER stress and this
is attenuated by inhibitors of GSK3.

CHOP mRNA levels were measured to test if reduced CHOP protein levels resulted from
reduced CHOP expression by GSK3 inhibition. Pretreatment with lithium effectively
reduced the tunicamycin-induced increase in the level of CHOP mRNA (Fig. 5A). qRT-PCR
measurements confirmed that lithium treatment attenuated by more than 50% the
tunicamycin-induced accumulation of CHOP mRNA (Fig. 5B). These results indicate that
the regulation of CHOP protein levels by GSK3 results from its action on CHOP expression

Comparison of ER stressors and cell types in GSK3 regulation of CHOP
We tested if CHOP expression was dependent on GSK3 in other neuronal-derived cells and
after induction of ER stress with another agent, thapsigargin, which inhibits the ER Ca++-
ATPase. In immortalized hippocampal neurons, tunicamycin treatment increased CHOP
levels and this was diminished by pretreatment with the GSK3 inhibitors lithium and
kenpaullone (Fig. 6A), demonstrating that this regulatory effect is not restricted to SH-
SY5Y cells. Additionally, the reduction of ER stress-induced CHOP by GSK3 inhibitors
was not unique to ER stress induced by tunicamycin, as lithium and BIO also attenuated
CHOP expression induced by treatment with thapsigargin in immortalized hippocampal
neurons (Fig. 6B). Furthermore, in RN46A cells, developed from the rat raphe nucleus [36],
pretreatment with lithium also attenuated tunicamycin-induced CHOP expression (Fig. 7A).

To test the influence of GSK3 on CHOP expression in primary cells, mouse primary cortical
neurons and mouse neural precursor cells were used. In primary cortical neurons the GSK3
inhibitors lithium, CHIR, and BIO strongly attenuated CHOP expression induced by
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tunicamycin treatment (Fig. 7B). However, treatment of neural precursor cells with lithium
only modestly delayed tunicamycin-induced CHOP expression (Fig. 2E).

Considering that NPCs are multipotent and have not developed a neuronal phenotype [37],
we tested if the influence of GSK3 on ER-stress induced CHOP expression may be
restricted to cells of neuronal lineage. Consistent with this hypothesis, lithium did not
attenuate tunicamycin-induced CHOP expression in either MEFs (Fig. 8A) or in mouse
primary astrocytes (Fig. 8B). These results demonstrate for the first time that GSK3, in a
neuronal selective manner, promotes upregulation of CHOP after ER stress, a mechanism
that likely contributes to the facilitation by GSK3 of ER stress-induced apoptosis in
neuronal-derived cells.

Discussion
ER stress is a prominent mechanism contributing to neuronal dysfunction, and sometimes
death, in a number of prevalent neurodegenerative diseases [1–5]. Activation of the UPR
follows the accumulation of misfolded proteins, one cause of ER stress that is associated
with many neurodegenerative diseases. The UPR promotes recovery mechanisms, such as a
general down-regulation of protein synthesis accompanied by increased production of
chaperones. However, along with these recovery mechanisms, an apoptotic signaling
pathway is initiated so cells can be eliminated if recovery is not achieved. The balance
between recovery and apoptosis appears to be controlled by several regulators, one of which
is activation of the death-inducing transcription factor CHOP, which is considered a crucial
determinant in promoting apoptosis following UPR activation [12]. Thus, there is much
interest in identifying determinants of the life-death switch, particularly focused on CHOP
because of its key role, and interventions that promote recovery and survival. One
mechanism to enhance cellular recovery and survival from ER stress is the application of
inhibitors of GSK3 [19–27]. Upon examining the interactions between GSK3 and ER stress-
induced signaling pathways, we found that the expression of CHOP was reduced in neurons
in the presence of GSK3 inhibitors, indicating that this action contributes to the
neuroprotective actions of GSK3 inhibitors in neurons exposed to ER stress.

Many investigators have established that GSK3 inhibitors provide protection from ER
stress-induced apoptosis following exposure of a variety of cell types to several conditions
that induce ER stress [19–27], but the underlying mechanisms by which GSK3 promotes
apoptotic signaling induced by ER stress remain unclear. We first found that GSK3
inhibitors protected human neuroblastoma SH-SY5Y cells and immortalized mouse
hippocampal neurons from ER stress induced by thapsigargin, tunicamycin, or brefeldin A
[19]. GSK3 inhibitors also protected cerebellar granule neurons from brefeldin A-induced
ER stress and apoptosis [20], SH-SY5Y cells, PC12 cells and cerebellar granule neurons
from 6-hydroxydopamine-induced ER stress and apoptosis [21], PC12 cells from
thapsigargin-induced ER stress and apoptosis [22], HepG2 cells from ER stress-induced
apoptosis after exposure to tunicamycin, A23187, or glucosamine [23], mouse insulinoma
cells from ER stress-induced apoptosis after exposure to tunicamycin or thapsigargin [24].
primary rat cortical neurons from ER stress and apoptosis after treatment with thapsigargin
[25] or amyloid β-peptide [26], and leukemia cells from tunicamycin-induced ER stress and
apoptosis [27]. Although it is clear that GSK3 promotes apoptotic signaling following ER
stress, little is known about the influence of GSK3 on the UPR signaling pathway activated
by ER stress and or about how inhibitors of GSK3 reduce apoptosis after ER stress.
Mechanisms proposed to contribute to protection from ER stress-induced apoptosis by
inhibitors of GSK3 include inhibition of Bax activation [20], up-regulation of the expression
of GRP78 and bcl-2 and reduced intracellular calcium levels [22], and increased expression
of chaperone proteins [23]. Here we found that ER stress-induced upregulation of the
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proapoptotic transcription factor CHOP is promoted by GSK3. Interestingly, this may be a
neuron-selective interaction, as CHOP expression was independent of GSK3 in MEFs and
astrocytes, but further studies are necessary to more fully identify the cell-type selectivity of
this regulatory mechanism and to determine if the regulation of CHOP is differentially
mediated by either GSK3α or GSK3β. Regulating CHOP may be a crucial action during ER
stress because activation of CHOP has been established as a key mediator of the switch from
recovery mechanisms towards apoptosis following activation of UPR signaling [11,12].
CHOP has been reported to promote apoptosis by inducing the expression of GADD34, an
eIF2α phosphatase, to restore protein synthesis [11], increasing the oxidation of proteins
[11], and suppressing expression of the anti-apoptotic protein Bcl-2 [38], and CHOP
deficiency protects cells from ER stress-induced apoptosis [39]. CHOP is a short-lived
protein, so when cells are able to dissipate misfolded proteins the levels of CHOP decrease
rapidly to terminate the apoptotic pathway. Since GSK3 inhibitors reduced CHOP
activation, this likely raises the threshold for apoptosis after ER stress, perhaps by
prolonging the time necessary for CHOP to increase to levels that activate the apoptotic
program, thereby contributing to the well-established reduction in apoptosis that occurs in
the presence of GSK3 inhibitors in cells experiencing ER stress [19–27]. Surprisingly, the
mechanism by which GSK3 regulates CHOP expression did not involve regulation of the
two most prominent transcription factors that can induce CHOP, ATF4 and ATF6.
Promotion of CHOP expression by GSK3 cannot be the only mechanism by which GSK3
promotes apoptosis during ER stress because GSK3 inhibitors protect many cell types from
ER stress-induced apoptosis, but they only reduced CHOP expression in cells of neuronal-
lineage. Previous studies have shown that GSK3 targets other proteins involved in apoptotic
signaling downstream of CHOP expression (reviewed in [40]). This includes evidence that
GSK3 regulates the anti-apoptotic protein Mcl-1 and pro-apoptotic proteins Bim and Bax
[41–43], and also phosphorylates the voltage-dependent anion channel, an abundant outer
mitochondrial membrane protein implicated in maintaining the mitochondrial membrane
potential [44]. Thus, the finding that CHOP is regulated by GSK3 appears to be one of
several mechanisms by which GSK3 can promote apoptosis following ER stress and may be
a mechanism selective to cells of neuronal-lineage.

In summary, inhibition of GSK3 reduces ER stress-induced CHOP expression and apoptotic
signaling. By regulating ER stress-induced CHOP expression, GSK3 provides a fulcrum to
balance UPR-associated survival pathways with apoptotic signaling, which is enhanced
when GSK3 is activated. These actions of GSK3 regulating CHOP strengthen previous
conclusions that GSK3 is an important determinant of the life-death switch mediated by ER
stress and the UPR.

Abbreviations

ATF4 activating transcription factor 4

BIO 6-bromoindirubin-3'-oxime

CHOP C/EBP homologous protein

ER endoplasmic reticulum

eIF2α eukaryotic initiation factor 2α

GRP78 glucose-regulated protein 78

GSK3 glycogen synthase kinase-3

MEFs mouse embryonic fibroblasts

NPCs neural precursor cells
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PARP poly(ADP-ribose) polymerase

PERK PKR-like ER kinase

PP1 protein phosphatase 1

UPR unfolded protein response

XBP1 X box-binding protein 1
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Fig. 1. GSK3 inhibition reduces ER stress-induced caspase-3 activation in SH-SY5Y cells
SH-SY5Y cells were pretreated with or without 20 mM lithium chloride for 1 h followed by
treatment with 4 µg/ml tunicamycin for 3 or 4 h. Cell lysates were immunoblotted for active
cleaved caspase-3, cleaved PARP, and β-actin.
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Fig. 2. GSK3 inhibition does not influence ATF6 expression induced by ER stress
SH-SY5Y cells were transfected with a 5x-ATF6-luciferase construct, and 24 h after
transfection cells were treated with 1 µg/ml tunicamycin for 6 or 24 h with or without a 1 h
20 mM lithium chloride pretreatment, and luciferase activity was measured and normalized
to Renella expression. Values are means ± SEM, n=3.
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Fig. 3. GSK3 inhibition does not impair ATF4 activation
(A) SH-SY5Y cells were pretreated with or without 20 mM lithium chloride for 1 h
followed by treatment with 4 µg/ml tunicamycin for 2.5 h. ATF4 mRNA was analyzed by
qRT-PCR. Values are means ± SEM, n=3, *p< 0.05 compared with control. (B) SH-SY5Y
cells were pretreated with or without 20 mM lithium chloride for 1 h followed by treatment
with 50 µM salubrinal for 6 or 14 h, or with 4 µg/ml tunicamycin for 4 h. Cell lysates were
immunoblotted for phospho-ser51-eIF2α and CHOP.
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Fig. 4. GSK3 inhibition reduced tunicamycin-induced increased CHOP level
(A) SH-SY5Y cells were pretreated with or without 20 mM lithium chloride for 1 h
followed by treatment with 4 µg/ml tunicamycin for 3 or 4 h. Cell lysates were
immunoblotted for CHOP and β-actin. (B) SH-SY5Y cells were pretreated for 1 h with the
GSK3 inhibitors 5 µM kenpaullone (Kp), 5 µM 6-bromoindirubin-3'-oxime (BIO), or 5 µM
CHIR99021 (CHIR), followed by treatment with 4 µg/ml tunicamycin for 4 h and
immunoblotting for CHOP and β-actin. Quantitative values are means ± SEM, n=3, *p<
0.05 compared with no GSK3 inhibitor.
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Fig. 5. GSK3 inhibition reduced CHOP expression after tunicamycin treatment
SH-SY5Y cells were pretreated with or without 20 mM lithium chloride for 1 h followed by
treatment with 4 µg/ml tunicamycin for 2.5 h, and CHOP mRNA was analyzed by (A) RT-
PCR or (B) qRT-PCR. Quantitative values are means ± SEM, n=3, *p< 0.05 compared with
no lithium.
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Fig. 6. GSK3 inhibition reduced CHOP levels in hippocampal neurons treated with tunicamycin
or thapsigargin
(A) Immortalized hippocampal neurons were pretreated with or without 20 mM lithium
chloride (Li) or 5 µM kenpaullone (Kp) for 1 h followed by treatment with 4 µg/ml
tunicamycin for 4 or 8 h. (B) Immortalized hippocampal neurons were pretreated with or
without 20 mM lithium chloride or 5 µM 6-bromoindirubin-3'-oxime (BIO) for 1 h followed
by treatment with 2 µM thapsigargin for 4 h. Cell lysates were immunoblotted for CHOP
and β-actin.
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Fig. 7. GSK3 inhibition reduced CHOP levels in neuronal lineage cells
(A) RN46A cells were pretreated with or without 20 mM lithium chloride for 1 h followed
by treatment with 4 µg/ml tunicamycin for 3 or 6 h. (B) Primary cortical neurons were
treated with or without 20 mM lithium chloride (Li), 5 µM CHIR99021 (CHIR) or 5 µM
BIO for 1 h followed by treatment with 4 µg/ml tunicamycin for 3 h. (C) Primary neural
precursor cells (NPCs) were treated with or without 20 mM lithium chloride for 1 h
followed by treatment with 4 µg/ml tunicamycin for 4 or 6 h. Cell lysates were
immunoblotted for CHOP and β-actin.
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Fig. 8. GSK3 does not regulate CHOP expression in MEFs and primary astrocytes
(A) MEFs were pretreated with or without 20 mM lithium chloride for 1 h followed by
treatment with 4 µg/ml tunicamycin for 2 or 4 h. (B) Primary mouse astrocytes were
pretreated with or without 20 mM lithium chloride for 1 h followed by treatment with 4 µg/
ml tunicamycin for 3 or 6 h. Cell lysates were immunoblotted for CHOP and β-actin.
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