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Endoplasmic Reticulum Stress—-Induced IREla Activation
Mediates Cross-Talk of GSK-33 and XBP-1 To Regulate
Inflammatory Cytokine Production

Sena Kim,* Yeonsoo Joe,* Hyo Jeong Kim,* You-Sun Kim,J”i Sun Oh Jeong,§
Hyun-Ock Pae,} Stefan W. Ryter,™' Young-Joon Surh,” and Hun Taeg Chung*

IL-1 and TNF-« are important proinflammatory cytokines that respond to mutated self-antigens of tissue damage and exogenous
pathogens. The endoplasmic reticulum (ER) stress and unfolded protein responses are related to the induction of proinflammatory
cytokines. However, the detailed molecular pathways by which ER stress mediates cytokine gene expression have not been
investigated. In this study, we found that ER stress—induced inositol-requiring enzyme (IRE)la activation differentially regulates
proinflammatory cytokine gene expression via activation of glycogen synthase kinase (GSK)-33 and X-box binding protein (XBP)-1.
Surprisingly, IL-1f3 gene expression was modulated by IREla-mediated GSK-3@ activation, but not by XBP-1. However,
IREl1a-mediated XBP-1 splicing regulated TNF-o gene expression. SB216763, a GSK-3 inhibitor, selectively inhibited IL-1f3 gene
expression, whereas the IRE1la RNase inhibitor STF083010 suppressed only TNF-a production. Additionally, inhibition of GSK-
3B greatly increased IREla-dependent XBP-1 splicing. Our results identify an unsuspected differential role of downstream
mediators GSK-33 and XBP-1 in ER stress—induced IREla activation that regulates cytokine production through signaling
cross-talk. These results have important implications in the regulation of inflammatory pathways during ER stress, and they

suggest novel therapeutic targets for diseases in which meta-inflammation plays a key role.

194: 4498-4506.

nflammation, representing a primary response of the immune
system following exposure to various stimuli (1, 2), is regulated

by cytokines that are involved in host defense responses (3).

In recent years, endoplasmic reticulum (ER) stress has been
considered as the underlying pathology of various inflammatory
diseases, including obesity-induced type 2 diabetes, cardiovascular
diseases, and cancer (4-6). The ER stress response is important for
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normal cellular homeostasis and may play a key role in the
pathogenesis of many diseases (7). As a protective mechanism
during ER stress, the unfolded protein response (UPR) is initiated
through three distinct transmembrane signaling proteins, namely
inositol-requiring enzyme (IRE)1, pancreatic ER kinase (PERK),
and activating transcription factor (ATF)6 (8-11). The most con-
served signaling pathway consists of IRE1, which activates the
X-box binding protein (XBP)-1 via an unconventional cytosolic
mRNA-splicing event. In response to ER stress, IREla auto-
phosphorylation activates an endoribonuclease activity that cleaves
a 26-base intron from the mRNA encoding XBP-1, resulting in the
expression of an active form of XBP-1 with potent transcriptional
activity. Active XBP-1 in turn induces the expression of UPR
target genes, stimulates the production of inflammatory cytokine
genes by enhancing TLR signaling, and promotes the differentia-
tion of B lymphocytes and dendritic cells (12, 13).

Glycogen synthase kinase (GSK)-3, a multifunctional Ser/Thr
kinase, is negatively regulated by the phosphorylation of serine
in either of its two isoforms (Ser’ in GSK-3f or Ser’! in GSK-3a).
Conversely, the enzymatic activity of GSK-3 is enhanced by
phosphorylation of Tyr*'® in GSK-3B and Tyr*”® in GSK-3a (14).
The recent identification of GSK-3 as a major regulator of pe-
ripheral inflammatory responses revealed that this protein pro-
motes the production of several cytokines in animal models of
inflammation (12, 14, 15). Recent studies indicate that GSK-3 is
an important positive regulator of the inflammatory process, and
that ER stress conditions can increase the activity of GSK-33
(16, 17). In this study, we identify that ER stress—induced IREla
activation can mediate the cross-talk of GSK-3f3 and XBP-1 to
differentially regulate proinflammatory cytokine production. We
report that GSK-3f3 activation through ER stress—induced IREla
activation regulated IL-1(3 production. However, we show that
IREla-dependent splicing of XBP-1 regulates only TNF-ca, sug-
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gesting that ER stress—induced IREla activation can operate in-
dependently of the production of inflammatory mediators, in-
cluding IL-1B. In contrast, GSK-3f activation inhibited XBP-1
splicing, resulting in the downregulation of TNF-a production.
Our data indicate that a heretofore unsuspected differential role of
ER stress—induced IREla activation may explain how ER stress
and TLR signaling can cross-talk to regulate the production of
innate immune mediators.

Materials and Methods

Reagents

Tunicamycin (TM), thapsigargin (TG), 4-phenylbutyric acid (4-PBA), LPS,
and SB216763 were from Sigma-Aldrich (St. Louis, MO). STF083010 was
purchased from Tocris Biosciences (Ellisville, MO). Abs against GSK-38
were from Santa Cruz Biotechnology (Santa Cruz, CA). Abs against
a-tubulin, phospho-GS (Ser®*'), GS, and p-PERK were from Cell Sig-
naling Technology (Danvers, MA). The phospho-specific Ab to GSK-3a
(pY279)/GSK-38B (pY216) was from Invitrogen. XBP-1 Ab was purchased
from BioLegend (San Diego, CA). GRP78 Ab was purchased from Assay
Design (Ann Arbor, MI). All other chemicals were from Sigma-Aldrich.

Mice

C57BL/6 mice (6 wk old, male) were purchased from Orient (Busan,
Korea). The mice were maintained under specific pathogen-free conditions
at 22°C and given access to food and water ad libitum. Two hours after
SB216763 treatment, mice were injected with TM (3 mg/kg, i.p.) dissolved
in 0.5% (v/v) DMSO/saline solution. The control mice received identical
amounts of vehicle (0.5% DMSO/saline solution). At 6 h postinjection
with TM, mice were sacrificed by cervical dislocation, and then serum and
liver tissues were obtained for experiments.

Cell culture

Cell cultures were maintained at 37°C in humidified incubators containing
an atmosphere of 95% air, 5% CO, mouse RAW 264.7 cells were cultured
in DMEM medium supplemented with 10% FBS and 1% penicillin/
streptomycin (100 U/100 wg) solution (Life Technologies, Grand Island,
NY). Mouse embryonic fibroblasts (MEFs) from wild-type, PERK, IREla,
XBP-1, ATF6, and GSK-3 knockout mice were grown in DMEM me-
dium supplemented with 10% FBS, 1% penicillin/streptomycin solution,
and 1% MEM nonessential amino acid solution (Life Technologies).

Primary macrophage cells

C57BL/6 mice (6 wk old, male) were purchased from Orient. Murine
peritoneal macrophage cells were isolated from the peritoneal lavage of
mice 3 d after injection with 4% sterile thioglycollate. Bone marrow—de-
rived macrophages (BMDMs) were isolated from the femurs of mice.
Femurs were flushed out with PBS using a sterile needle. The bone mar-
row—derived cells were cultivated in DMEM medium (Life Technologies)
containing 10% FBS and 10 ng/ml M-CSF. After 4-5 d, fully differentiated
BMDMs had formed on the bottom of the culture plates. The isolated
macrophage cells were then incubated at 37°C in DMEM medium sup-
plemented with 10% FBS and 1% penicillin/streptomycin solution.

Transfection

Small interfering RNA (siRNA) against mouse IREla, XBP-1, and GSK-
33 were purchased from Santa Cruz Biotechnology. RAW 264.7 cells were
transfected with siRNA (100 nM) for 48 h using the Lipofectamine method
according to the manufacturer’s protocol (Biontex Laboratories, Planegg,
Germany). The interference of IREla and XBP-1 expression was con-
firmed by RT-PCR. Corresponding scrambled siRNAs were used as
transfection controls.

Reverse-transcription PCR

Total RNA was isolated with TRIzol reagent (Invitrogen, Carlsbad, CA).
First-strand cDNA was synthesized using 2 g total RNA using Moloney
murine leukemia virus reverse transcriptase and oligo(dT) 15 primer
(Promega, Madison, WI). cDNA was amplified using primers specific for
the human or the mouse genes corresponding to TNF-a, pro-IL-13, C/EPB
homologous protein (CHOP), and XBP-1(s) using RT-PCR. Specific primer
sequences are as follows: mouse TNF-a, sense, 5'-AGC CCA CGT CGT
AGC AAA CCA CCA A-3', antisense, 5'-ACA CCC ATT CCC TTC ACA
GAG CAA T-3’; mouse CHOP, sense, 5'-CCC AGG AAA CGA AGA GGA
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AG-3', antisense, 5'-AGT GCA GTG CAG GGT CAC AT-3'; mouse XBP-
1(s), sense, 5'-GAA CCA GGA GTT AAG AAC ACG-3', antisense, 5'-
AGG CAA CAG TGT CAG AGT CC-3’; mouse 18S, sense, 5'-CAG TGA
AAC TGC GAATGG CT-3', antisense, 5'-TGC CTT CCT TGG ATG TGG
TA-3’; mouse GAPDH, sense, 5'-AGG CCG GTG CTG AGT ATG TC-3',
antisense, 5'-TGC CTG CTT CAC CTT CT-3'. Primers for mouse IL-1p
was supplied by Bioneer (N_4009). The PCR products were detected on 2%
agarose gels. Gene expression data from RT-PCR was quantified relative to
GAPDH or 18S.

Real-time quantitative RT-PCR

Real-time quantitative RT-PCR was performed using SYBR Green qPCR
Master Mix (2X; USB, Affymetrix) on an ABI 7500 fast real-time PCR
system (Applied Biosystems). PCR primer pairs were as follows: IL-1p3,
5'-TCGCTCAGGGTCACAAGAAA-3', 5'-ATCAGAGGCAAGGAGGA-
AACAC-3"; TNF-a, 5'-GACCCTCACACTCAGATCATCTTC-3', 5'-TT-
GCTACGACGTGGGCTAC A-3'; GAPDH, 5'-GGGAAGCCCATCACC-
ATCT-3', 5'-CGGCCTCACCCCATTTG-3"; IL-6, 5'-CCAGAGATACA-
AAGA AATGATGG-3', 5'-ACTCCAGAAGACCAGAGGAAAT-3'; splic-
ing XBP-1, 5'-GAGTCCGCAGCAGGTG-3', 5'-AGG CTTGGTGTATAC-
ATGG-3'.

Immunoblot analysis

Following experimental treatments, cells were harvested and washed
twice with ice-cold PBS. Cells were lysed with 1X RIPA buffer contain-
ing protease and phosphatase inhibitors. Equal amounts of cell lysates
were measured using a BCA protein assay reagent (Pierce Biotechnology,
Rockford, IL). The samples were diluted with 2X sample buffer containing
5% 2-ME, and then an equal amount of protein was resolved on SDS-
PAGE gels followed by transfer to polyvinylidene difluoride membranes.
The membranes were blocked with 5% nonfat milk in PBS containing
0.1% Tween 20 (PBS-T) for 20 min and then incubated overnight with
Abs in PBS-T containing 1% nonfat milk. The blots were developed with
a peroxidase-conjugated secondary Ab and reacted proteins were visual-
ized using the ECL Plus Western blotting setection aystem (GE Healthcare
Life Sciences, Buckinghamshire, U.K.). The relative signal intensity of
the bands was determined and standardized using Scion Image Software
(Scion, Frederick, MD).

ELISA

Mouse sera were assayed for cytokine production by ELISA using a
commercial cytokine ELISA DuoSet kit for mouse IL-13 (DY401, R&D
Systems), mouse TNF-a (DY410, R&D Systems), and mouse IL-6 (DY406,
R&D Systems).

Statistical analyses

Data were expressed as means *= SD. Statistical analysis was performed by
nonparametric ¢ tests for paired data using GraphPad Prism (GraphPad
Software, La Jolla, CA). A p value <0.05 was considered statistically
significant.

Results
ER stress—induced GSK-38 activation differently regulates
IL-1B and TNF-a mRNA expression in cultured macrophages

ER stress—mediated UPRs have been suggested to be involved in
the activation of NF-kB, which regulates genes encoding proin-
flammatory cytokines such as IL-13, TNF-a, and IL-6 (18-22).
Moreover, activation of NF-kB and expression of the proin-
flammatory cytokines have been observed in the liver of mice
challenged with the pharmacologic ER stress inducer TM (23).

To test whether ER stress—mediated UPR activation can induce
inflammatory responses, we treated RAW 264.7 macrophages with
the chemical ER stress—inducing compound TM and measured
proinflammatory cytokine gene expression by RT-PCR. As shown
in Supplemental Fig. 1A, ER stress induced the upregulation of
IL-1B and TNF-a gene expression in a manner similar to LPS,
indicating that an ER stress—induced downstream event can reg-
ulate the expression of proinflammatory cytokines. Consistent
with previous reports (19), the expression of CHOP, a classic ER
stress response, was induced by TM treatment, but not by LPS
treatment (Supplemental Fig. 1A).
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Several studies have identified that ER stress can activate GSK-
3B, which in turn can accelerate inflammation and lipid accu-
mulation (16, 20). Moreover, GSK-3[3 activation can play a role in
NF-kB activation in vitro and in vivo (24, 25), implying that
during ER stress, GSK-3f activation may be involved in activa-
tion of the NF-kB-mediated inflammatory pathway. Therefore, we
sought to determine whether ER stress can modulate GSK-33
activation in RAW 264.7 macrophages. We confirmed that TM
and TG stimulated GSK-3f3 expression, as determined by immu-
noblot analysis (Fig. 1A). As expected, ER stress—inducing com-
pounds significantly increased GSK-3( activation, leading to
the time-dependent phosphorylation of GS and Tyr?!'® GSK-3B
(Fig. 1A). We hypothesized that ER stress—induced upregulation
of proinflammatory cytokine gene expression may occur down-
stream of GSK-3[3 activation. To establish the function of GSK-33
in ER stress—induced proinflammatory cytokine gene expression,
we used siRNA specific for GSK-3. Surprisingly, knockdown of
GSK-3$ in RAW 264.7 macrophages resulted in reduced gene
expression of IL-1B in response to TM, whereas the gene ex-

IRElae MEDIATES CROSS-TALK OF GSK-33 AND XBP-1 FOR CYTOKINES

pression of TNF-a was increased (Fig. 1B). To further confirm
these distinct cytokine gene expression patterns, RAW 264.7
macrophages were treated with SB216763, a cell-permeable—
specific inhibitor of GSK-3. Pretreatment with SB216763
completely inhibited TM-induced GSK-3p kinase activity
(Supplemental Fig. 1B). Similar to the effects of GSK-33 siRNA
on TM-induced cytokine production, SB216763 significantly
inhibited gene expression and production of IL-1B (Fig. 1C,
Supplemental Fig. 1C). Interestingly, pretreatment with SB216763
enhanced the gene and protein expression of TNF-a (Fig. 1C,
right panel). Additionally, GSK-3 knockout MEFs inhibit TM-
induced IL-13 mRNA via absence of GSK-33, whereas TNF-a
mRNA was increased (Supplemental Fig. 1D).

ER stress—induced GSK-38 activation differently regulates
transcription of IL-1B and TNF-« in vivo

We sought to determine whether ER stress can induce GSK-33
activation and increase inflammatory responses in vivo, and
whether pharmacological inhibition of GSK-3 could inhibit this
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FIGURE 1. ER stress—induced GSK-3 activation regulates proinflammatory cytokine IL-1B gene expression in vitro and vivo. (A) RAW 264.7 cells were

treated with TM (10 pg/ml) and TG (5 nM) for the indicated times and then protein expression for p-GS, GS, GSK-3a (pY279)/8 (pY216), and GSK-33
were determined by Western immunoblot analysis. (B) RAW 264.7 cells were transfected with specific siRNA against GSK-3[3 or control siRNA (scramble)
for 24 h and the level of endogenous GSK-3 was measured by Western immunoblot analysis (upper panel). Under these conditions, the mRNA expression of
TNF-a and IL- 13 was measured by quantitative real-time PCR from cells treated with TM (1 pg/ml) for 3 h (lower panels). (C) RAW 264.7 cells were treated
with TM (10 pg/ml) in the absence or presence of SB216763 treatment for 3 h and the level of IL-13 and TNF-a mRNA was determined by quantitative real-
time PCR. (D) C57BL/6 mice (n = 20) were injected with TM (3 mg/kg, i.p.). Mice were sacrificed at the indicated times, and then liver tissue was collected
for the analysis of GSK-3f activity by Western immunoblotting (upper panel) and bar graphs representing the relative density of p-GS (lower panel).
o-Tubulin was served as the standard. (E) C57BL/6 mice were preinjected with SB216763 (25 mg/kg) and then injected 2 h later with TM (3 mg/kg, i.p.).
Mice were sacrificed at 6 or 12 h postinjection and then blood was collected for the analysis of serum IL-13 (12 h) and TNF-a (6 h) by ELISA. Data represent
means * SD of three independent determinations. Blots shown are representative of three independent experiments. *p < 0.05, **p < 0.01, ***p < 0.001.
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effect. C57BL/6 mice were randomized into three groups: 1)
saline-treated control, 2) treatment with TM (3 mg/kg), or 3)
cotreatment with TM (3 mg/kg) and SB216763 (25 mg/kg).
Mouse liver sections were examined to determine GSK-3f3 acti-
vation and levels of IL-13 mRNA and TNF-a mRNA. The results
indicate that TM treatment resulted in significantly increased ac-
tivity of GSK-3p (Fig. 1D, upper panel) and bar graphs repre-
senting the relative density of p-GS that was normalized with total
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GS (Fig. 1D, lower panel). The GSK-3 inhibitor SB216763
abolished the ability of TM to induce activation of GSK-33
(Supplemental Fig. 1E). Additionally, preinjection of SB216763
resulted in the inhibition of IL-1@ and activation of caspase-1,
whereas TNF-a production was enhanced in the serum (Fig. 1E,
Supplemental Fig. 1F) and liver (Supplemental Fig. 1G) of mice
injected with TM. To examine the stability of cytokine mRNA, we
inhibited transcription in RAW264.8 cells with actinomycinD and
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FIGURE 2. ER stress—induced IREla activation regulates differential proinflammatory cytokine gene expression via activation of GSK-3 and XBP-1.
(A) RAW 264.7 cells were transfected with specific siRNA against IREla, XBP-1, or control siRNA (scramble). Under these conditions, the activation of
GSK-3B in TM-treated cells was determined by Western immunoblot analysis. (B) Wild-type (WT) or IREla-, (C) XBP-1-, and (D) GSK-3p—deficient
MEFs were treated with TM for 9 h or indicated times and then activation of GSK-3f was determined by Western immunoblot analysis. a-Tubulin served
as the standard. (E) GSK-3B—deficient MEFs were treated with TM for 3 h and then the level of XBP-1(s) mRNA was determined by quantitative real-time
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independent experiments. *p < 0.05, **p < 0.01, ***p < 0.001.
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measured mRNA levels using real-time PCR (Supplemental Fig. Fig. 2A, 2B). These experiments suggested that activation of the
1H). At both the 20 min time point and the 40 min time point IREla signaling pathway by ER stress was required for GSK-33
after treatment of actinomycin D, the remaining IL-13 mRNA activation, which differently regulated IL-13 mRNA and TNF-o
in SB216763-treated cells was significantly reduced compared with mRNA expression.

that in the control cells, but the gene expression of TNF-a was We next examined whether knockdown of IREla and XBP-1
increased. However, we did not observe a significant difference in in macrophages could prevent IL-13 mRNA and TNF-a mRNA
half-life of cytokine mRNA between the TM-treated cells and TM expression in response to TM and LPS via inactivation of GSK-
with SB216763-treated cells. Based on our in vitro and in vivo 3B. As shown in Fig. 2F-I, IREla siRNA, but not XBP-1 siRNA,

results, ER stress can induce proinflammatory cytokine gene ex- inhibited TM- and LPS-induced IL-13 mRNA and protein levels,
pression, and GSK-3f activation could be associated with the suggesting that IREla-mediated GSK-33 activation may be re-
upregulation of IL-13 and downregulation TNF-a gene expres- sponsible for TM- and LPS-induced IL-1f expression. Interest-
sion. ingly, both IREla siRNA and XBP-1 siRNA inhibited TM- and

ER stress—induced IREla activation regulates two different LPS-induced TNF-a mRNA and protein levels (Flg‘, 2F-1). Fur-
downstream molecules, GSK-38 and XBP-1 thermore, kpockout of the IREl«, but nqt XBP-1, in MEFs r.e-
duced TM-induced IL-13 mRNA expression (Supplemental Fig.
Upon examining the interactions between GSK-3[3 and ER stress— 2C, 2D, left panel) and both knockout of the IREla and XBP-1
induced signaling pathways, we then sought to determine whether in MEFs reduced TM-induced TNF-a mRNA expression
the expression of IREla was required for GSK-33 activation. (Supplemental Fig. 2C, 2D, right panel). These results suggest
In RAW 264.7 macrophages, knockdown of IREla significantly that endonuclease activity of IREla is associated with regulation
inhibited TM-induced GSK-3{ activation, whereas knockdown of of TNF-a transcription.
XBP-1 did not affect GSK-3f activation (Fig. 2A). Furthermore,
knockout of the IRE and GSK-3 gene in wild-type MEFs com-
pletely blocked TM-induced GSK-3 activation (Fig. 2B, 2D). In
contrast, TM-induced GSK-3(3 activation was not impaired in We also speculated that GSK-3( activation in macrophages might
XBP-1-, PERK-, and ATF6-deficient MEFs (Fig. 2C, Supplemental be involved in differential regulation of LPS-induced transcription

GSK-3B activation differently regulates transcription of IL-13
and TNF-« in response to ER stress and TLR4 signaling
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FIGURE 3. Effects of GSK-3( on the cross-talk between ER stress and TLR signaling. (A) Primary BMDMs were treated with LPS in the absence or
presence of SB216763 treatment for 9 h and the levels of IL-1 and TNF-a. mRNA were determined by RT-PCR. (B) RAW 264.7 cells were treated with
LPS in the absence or presence of SB216763 treatment for 3 h and the levels of IL-1f and TNF-ao mRNA were determined by quantitative real-time PCR.
(C) RAW 264.7 cells were treated with TM (10 pg/ml) in the presence or absence of LPS (100 ng/ml). Expression of IL-13, TNF-a, and IL-6 mRNA was
determined by quantitative real-time PCR. (D) RAW 264.7 cells were treated with TM (10 pg/ml) and/or LPS for 9 h and then protein expression for p-GS
and GS was determined by Western immunoblot analysis. a-Tubulin served as the standard. (E) Mouse primary peritoneal macrophages and (F) RAW 264.7
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Blots shown are representative of three independent experiments. *p < 0.05, **p < 0.01, ***p < 0.001.
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of IL-1p and TNF-a. As expected, SB216763 treatment signifi-
cantly reduced LPS-induced IL-13 mRNA expression and en-
hanced LPS-induced TNF-oo mRNA expression in primary
BMDMs and RAW 264.7 cells (Fig. 3A, 3B). These results are
similar to the observed effects of SB216763 on TM-induced ex-
pression of IL-1@ and TNF-a mRNA (Fig. 1C).

ER stress—mediated XBP-1 activation can enhance TLR signaling
to promote the secretion of selected proinflammatory cytokines, and
it has also been implicated in GSK-3f3 activation (18).

Indeed, treatment of RAW 264.7 cells with TM significantly
augmented LPS-induced production and transcription of TNF-a,
IL-1B, and IL-6 (Fig. 3C), which resulted, in part, from increased
GSK-33 activation observed during concurrent LPS and TM
simulation (Fig. 3D).

We further asked whether GSK-3f activation can regulate the
transcription of IL-1B and TNF-a by cotreatment with TM
and LPS in macrophages. Inhibition of GSK-3 activation by
SB216763 in primary BMDMs and RAW 264.7 macrophages
stimulated with LPS and TM markedly downregulated IL-1f
transcription and upregulated TNF-a transcription (Fig. 3E, 3F).

GSK-38 inhibits XBP-1 splicing triggered by ER stress and/or
TLR4 signaling that mediates TNF-« gene expression

During ER stress, XBP-1 is a key effector of the UPR (26). IREla-
mediated splicing of XBP-1 mRNA generates XBP-1s, a potent
transcriptional activator, whereas the unspliced XBP-1u contains
the DNA binding N-terminal domain, but not the trans-activating
C-terminal domain. A previous report has shown that macro-
phages isolated from XBP-1 mutant mice stimulated with ER stress
inducers and TLR4 agonists displayed impaired proinflammatory
cytokine gene expression (e.g., TNF-a, IL-6, and COX2). However,
other cytokines such as IL-13 and RANTES were unaffected by
XBP-1 deficiency (27). We sought to elucidate the role of GSK-33
in XBP-1 splicing. As shown in Fig. 4, pharmacologic inhibition
of GSK-3p activation by SB216763 in RAW 264.7 macrophages
stimulated with TM (Fig. 4A), TG (Fig. 4B), or LPS alone
(Fig. 4C), or TM in combination with LPS (Fig. 4D), resulted in
increased XBP-1s production. Furthermore, knockout of GSK-3f3 in
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MEFs significantly increased XBP-1s production compared with
WT cells by TM treatment in a dose-dependent (Fig. 2E) or time-
dependent manner (Supplemental Fig. 2E), suggesting that IREla-
dependent GSK-3[3 activation participated in a pathway leading to
inhibition of the endonuclease activity of IREla. This finding may
provide an explanation for why pharmacologic and genetic inhibi-
tion of GSK-38 resulted in enhanced TNF-a transcription that was
dependent on the endonuclease activity of IREla.

IRE]a-dependent XBP-1 splicing is involved in ER
stress—induced TNF-a gene activation

To further elucidate the potential signaling mechanisms involved
in ER stress—induced TNF-a transcription in macrophages, we
used STF-083010, a novel small-molecule inhibitor of IREla that
inhibits IREla endonuclease activity (28, 29). Treatment of RAW
264.7 macrophages with STF-083010 resulted in specific inhibi-
tion of TM-induced XBP-1 splicing (Fig. SA, 5C), with no sig-
nificant change in CHOP expression (Fig. 5A, 5D) and GSK-33
and IREla activation (Supplemental Fig. 3). Moreover, STF-
083010 prevented TM-induced TNF-a transcription, whereas
TM-induced IL-1{ transcription was not affected by this inhibitor
(Fig. 5B). These results suggest that ER stress might induce
TNF-a expression through IRE1a-dependent XBP-1 splicing.

A chemical chaperone reduces IL-13 and TNF-« transcription
induced by ER stress

Finally, we hypothesized that 4-PBA, a chemical chaperone, would
prevent TM-induced transcription of IL-13 and TNF-a through
inhibition of ER stress—induced IREla activation. Therefore, we
examined whether 4-PBA could inhibit TM-induced splicing of
XBP-1 and transcription of IL-13 and TNF-a in RAW 264.7
macrophages. 4-PBA, through its action as an ER stress inhibitor,
repressed TM-induced CHOP expression and also reduced TM-
induced production of XBP-1 (Fig. 6A, Supplemental Fig. 4A).
This was accompanied by a dose-dependent decrease in TM-
induced transcription of IL-13 and TNF-a (Fig. 6B). We also
examined whether 4-PBA could prevent XBP-1 splicing and IL-
18 and TNF-a transcription induced by cotreatment with TM and
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LPS. XBP-1s production induced by cotreatment with TM and
LPS was reduced by 4-PBA treatment (Fig. 6C). Transcription of
IL-1pB and TNF-a by cotreatment of RAW 264.7 macrophages and
primary BMDM with TM and LPS was also reduced by 4-PBA
treatment (Fig. 6D, Supplemental Fig. 4B).

Discussion

The results of the present study provide mechanistic insights re-
garding the relative roles of GSK-33 and XBP-1 in the regulation
of proinflammatory cytokines during ER stress. The principal
findings of this study indicate that: 1) IL-f3 and TNF-a transcription
and GSK-3f activation increase during ER stress in vitro and in vivo;
2) pharmacological or genetic inhibition of GSK-3 attenuates IL-
1B transcription (but not TNF-a transcription); 3) IREla induces
GSK-3p activation; 4) IREla-mediated GSK-3[3 activation results
in the suppression of XBP-1 splicing; and 5) TNF-a transcription
is regulated by IREla-dependent XBP-1 splicing. A scheme is
provided to illustrate each of these results (Fig. 7).

Our findings support the hypothesis that ER stress can trigger
inflammation. In fact, all three arms of the UPR have been sug-
gested to be involved in the activation of NF-kB, which regulates
genes encoding proinflammatory cytokines such as IL-13, TNF-a,
and IL-6 (16, 18, 19). For instance, IREla together with TNFR-
associated factor 2 binds to and activates I-kB kinase, which
induces I-kB degradation, thereby leading to NF-kB activation
(20-22). The PERK—elF2a pathway promotes NF-kB activation
by suppressing I-«kB translation (26, 30, 31). ATF6 can induce NF-
kB activation through Akt phosphorylation (30). Moreover, acti-
vation of NF-«kB and expression of the genes encoding TNF-o and
IL-6 have been observed in the liver of mice challenged with the

pharmacologic ER stress inducer TM, suggesting the activation of
the NF-kB—mediated inflammatory pathway (23). In our study, we
found that treatment of mice with TM significantly increased the
transcription of IL-13 and TNF-« in the liver and increased the
plasma levels of these inflammatory cytokines. We also found that
TM challenge induced GSK-3f activation in the liver. Based on
our in vitro and in vivo results, GSK-3@ activation was associated
with the transcription of IL-1 and TNF-a and secretion of these
cytokines.

ER stress conditions have been shown to increase the activity of
GSK-38 in cultured cells (16). Moreover, GSK-3[ activation can
play a role in NF-kB activation in vivo and in vitro (24, 25),
implying that during ER stress, GSK-33 activation may be in-
volved in activation of the NF-kB—-mediated inflammatory path-
way. A number of recent findings have linked GSK-38 to
apoptosis (32, 33). Our finding that GSK-3f activation is involved
in the regulation of IL-1$3 and TNF-« transcription in response to
ER stress is novel and important. In our study, GSK-3[3 activation
by TM treatment, along with the coincident expression of IL-1§3
and TNF-a genes, was evident in cultured macrophages as well as
the liver of mice. In vitro and in vivo inhibition of GSK-3 activity
with the GSK-3 inhibitor SB216763 reduced IL-1f transcription
and enhanced TNF-« transcription, suggesting that GSK-33 ac-
tivation is a regulatory step in inflammation caused by ER stress.
This conclusion was further substantiated by the finding that
knockdown of GSK-3@ resulted in reduced IL-1§ transcription
and enhanced TNF-a transcription in cultured macrophages
stimulated with TM.

In examining the hypothesis that ER stress—induced signaling
pathways may influence the activation of GSK-33, we made the
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FIGURE 6. 4PBA, a chemical chaperon, reduces ER stress inducer-mediated proinflammatory cytokine gene expression. (A and B) RAW 264.7 cells
were treated with TM (10 pg/ml) for 3 h in the absence or presence of 4-PBA. (A) XBP-1 splicing and CHOP mRNA expression were determined by RT-
PCR. (B) IL-1B and TNF-a mRNA expression were determined by quantitative real-time PCR. (C and D) RAW 264.7 cells were treated with TM (10 pg/ml)
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the standard. (D) IL-1p and TNF-a mRNA expression were determined by quantitative real-time PCR. GAPDH served as the standard. Data represent
means = SD of three independent determinations. *p < 0.05, **p < 0.01, ***p < 0.001.

unexpected observation that the UPR transducer IREla regulated
GSK-3B activation in response to ER stress. Interestingly, the
ability of ER stress to activate GSK-3[3 was completely abolished in
IRE1a-deficient MEFs, whereas GSK-3[ activation was normal in
MEFs deficient in PERK, XBP-1, or ATF6. Moreover, inhibition of
IREla expression using siRNA markedly suppressed TM-induced
activation of GSK-3[3 in macrophages, whereas siRNA targeting of
XBP-1 had no effect. These results suggest a novel signaling role
for IREla in GSK-3f3 activation in response to ER stress.
Interestingly, we found that the endonuclease activity of IREla
was associated with regulation of TNF-a transcription. Knock-

down of either IRElac or XBP-1 expression, using two indepen-
dent siRNAs for each target, markedly suppressed TM-induced
TNF-a transcription in macrophages. Moreover, inhibition of the
endonuclease activity of IREla by a pharmacologic inhibitor
(STF083010) significantly reduced TM-induced TNF-« tran-
scription. Although these findings suggest a regulatory role of
IRE1a, through its endonuclease activity, in TNF-a transcription,
the endonuclease activity of IREla was not associated with reg-
ulation of IL-1@ transcription. Both siRNA targeting of XBP-1
and STF083010 were inactive against IL-1[3 transcription in re-
sponse to ER stress. Thus, it is most likely that IREla may play

FIGURE 7. Schematic representation of the
proposed pathways for the transcriptional regula-
tion of IL-1 and TNF-a during IREla activation
in response to ER stress. IREla-mediated GSK-33
activation results in the selective transcription of
IL-1P and inhibition of XBP-1 splicing. In contrast,
IREla-mediated XBP-1 activation results in the
transcription of TNF-a.
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differential roles in expression of IL-1(3 and TNF-a genes in re-
sponse to ER stress. Whereas TNF-a transcription was regulated
through both IREla-dependent GSK-3( activation and endonu-
clease activation of IREle, IL-1{ transcription was preferentially
regulated through IREla-dependent GSK-3[3 activation. Interest-
ingly, IREla-dependent GSK-3[3 activation participated in a
pathway leading to inhibition of the endonuclease activity of
IREla. Pharmacologic inhibition of GSK-3B significantly in-
creased XBP-1 splicing induced by TM, LPS, or TM and LPS,
indicating that the endonuclease activity of IREla was down-
regulated by GSK-3B activation. This finding may provide an
explanation for why pharmacologic and genetic inhibition of
GSK-3p resulted in enhanced TNF-a transcription that was de-
pendent on the endonuclease activity of IREla.
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