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PERK-Dependent Activation of JAK1 and STAT3 Contributes to
Endoplasmic Reticulum Stress-Induced Inflammation
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Neuroinflammation and endoplasmic reticulum (ER) stress are associated with many neurological diseases. Here, we have exam-
ined the interaction between ER stress and JAK/STAT-dependent inflammation in glial cells. We show that ER stress is present in
the central nervous system (CNS) concomitant with inflammation and astrogliosis in the multiple sclerosis (MS) mouse model
of experimental autoimmune encephalomyelitis (EAE). Astrocytes do not easily succumb to ER stress but rather activate an in-
flammatory program involving activation of STAT3 in a JAK1-dependent fashion. ER stress-induced activation of the JAK1/
STATS3 axis leads to expression of interleukin 6 (IL-6) and several chemokines. Moreover, the activation of STAT3 signaling is
dependent on PERK, a central component of the ER stress response, which we show is phosphorylated by JAK1. Disruption of
PERK abrogates ER stress-induced activation of STAT3 and subsequent gene expression. Additionally, ER-stressed astrocytes,
via paracrine signaling, can stimulate activation of microglia, leading to production of IL-6 and oncostatin M (OSM). These IL-6
cytokines can then synergize with ER stress in astrocytes to drive inflammation. Together, this work describes a new PERK/
JAK1/STATS3 signaling pathway that elicits a feed-forward inflammatory loop involving astrocytes and microglia to drive neuro-

inflammation, which may be relevant in diseases such as MS.

he accumulation of misfolded proteins and the induction of

endoplasmic reticulum (ER) stress is prevalent in many neu-
rodegenerative diseases, including Alzheimer’s disease (AD),
Huntington’s disease (HD), Parkinson’s disease (PD), amyo-
trophic lateral sclerosis (ALS), and multiple sclerosis (MS) (1).
Excessive accumulation of misfolded proteins can be brought on
by protein mutations and polyglutamine expansion, as in the case
of neurodegenerative diseases, such as ALS, AD, HD, PD, and
others, environmental factors, disruption of ER Ca®", amino acid
deprivation, infection, and inflammation (1-4). ER stress acti-
vates the highly conserved unfolded protein response (UPR) that
transmits both adaptive and apoptotic signals from the ER to the
cytosol and nucleus. This pathway promotes restoration of ho-
meostasis or eliminates the irreparably damaged cell through
apoptosis (5). The UPR is initiated by three trans-ER membrane
proteins, protein kinase R (PKR)-like ER kinase (PERK), activat-
ing transcription factor 6 (ATF6), and inositol-requiring enzyme
1 (IRE1), which are activated in response to misfolded protein
accumulation in the ER lumen (2). Following activation of the
UPR, protein synthesis is attenuated by the PERK-dependent
phosphorylation of the a subunit of eukaryotic initiation factor 2
(elF2a) to reduce the protein folding burden on the ER (6), and
the expression of ER resident molecular chaperones is selectively
upregulated as a means to restore homeostasis (2). Recently, a
small-molecule kinase inhibitor of PERK, GSK2606414, was
shown to attenuate disease in a mouse model of prion infection,
suggesting that PERK may be an important target in the treatment
of neurodegenerative diseases (7). In the context of neurodegen-
erative diseases, considerable focus has been placed on the neuro-
toxic effects of ER stress. However, in neurodegenerative diseases
and MS, markers of ER stress are also observed in astrocytes (8—
10). Importantly, astrocytes are the most numerous cell type in the
central nervous system (CNS) and are immunologically active and
able to respond to extracellular cues with the production of nu-
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merous cytokines, chemokines, and reactive species (11). While
the significance of ER stress in astrocytes has not been fully exam-
ined, it is possible that it contributes to the chronic inflammation
observed in neurological diseases, including MS.

Not only does the UPR maintain cellular homeostasis, it is also
essential for innate and adaptive immunity (12). ER stress induces
asystemic acute-phase response involving the expression of serum
amyloid P component and C-reactive protein (13), drives the ac-
tivation of NF-kB (3), and elicits the production of cytokines and
chemokines, such as interleukin 6 (IL-6), IL-8, and chemokine
(C-C motif) ligand 2 (CCL2) (14). Additionally, ER stress greatly
enhances the production of beta interferon (IFN-3), IL-6, IL-1j3,
and IL-23 in response to the bacterial component lipopolysaccha-
ride (LPS) (15, 16). The interaction between ER stress and inflam-
mation potentially results in a nonresolving inflammatory loop in
which ER stress and inflammation drive one another (3). Thus,
there is an integral relationship between the ER stress pathway and
immunological function.

Janus kinases (JAKs) and signal transducers and activators of
transcription (STATS) are critical immunological signaling mole-
cules. Together, the 4 JAKs (JAK1, JAK2, JAK3, and TYK2) and 7
STATs (STATs 1, 2, 3, 4, 5a, 5b, and 6) mediate the biological
actions of approximately 60 cytokines and IFNs (17). Among this
group is the IL-6 family of cytokines which includes IL-6 itself and
oncostatin M (OSM), which are increased in the CNS of MS pa-
tients (18, 19). IL-6 and OSM signal via their respective ligand-
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binding receptor and the common gp130 coreceptor. These mem-
brane-spanning receptors do not have kinase activity but are
constitutively associated with JAKs on the cytoplasmic side, jux-
taposed to the plasma membrane (20). Following receptor liga-
tion, JAKs tyrosine-phosphorylate gp130, which provides a dock-
ing site for STATS, predominantly STAT3. Following recruitment
to the receptor complex, STAT3 is phosphorylated by JAKs, lead-
ing to transcriptional activation (20). Activated STAT3 then
drives the expression of acute-phase proteins as well as a number
of cytokines and chemokines, including IL-6, CCL2, and CCL20
(21, 22). Beyond cytokine receptors, JAKs also bind and phos-
phorylate PKR to promote PKR-mediated e[F2a phosphorylation
and translation repression in response to IFNs (23).

Much of the inflammatory gene expression brought on by ER
stress has been attributed to NF-kB activation (3). However, re-
cent evidence suggests there may be important interactions be-
tween the ER, UPR, and STAT signaling. Deletion of ERp57, an ER
resident thiol disulfide oxidoreductase, leads to enhanced STAT3
signaling (24). Additionally, growth hormone-induced STATS5 ac-
tivation is prolonged by ER stress (25). The STAT3-activating cy-
tokine OSM increases the expression of glucose-regulated protein
78 (GRP78), a key regulator of UPR activation, but does not in-
duce ER stress (26). The STAT1-activating cytokine IFN-vy stim-
ulates ER stress and apoptosis in myelin-producing oligodendro-
cytes, and activation of PERK in this context provides protection
in the MS mouse model of experimental autoimmune encephalo-
myelitis (EAE) (27, 28), indicating that manipulation of the ER
stress response may have therapeutic potential for treatment of
MS (29). In glial cells, ER stress enhances IL-6 expression induced
by IEN-+y and prostaglandin E2 (PGE2) (30). Moreover, ER stress
activates STAT3, which is important in the induction of secretory
machinery (31). How STAT3 is activated in response to ER stress
and the functional significance in relation to inflammation have
not been addressed. In this study, we demonstrate that STAT3 is
activated through a novel PERK-JAK1 pathway and has an essen-
tial role in ER stress-induced inflammation.

MATERIALS AND METHODS

Reagents. PERK-deficient mouse embryonic fibroblasts (MEFs) were
from Ronald Wek (University of Indiana), and INS832/13 cells were ob-
tained from Chris Newgard (Duke University). PERK-myc vector was
from David Ron via Addgene (Addgene plasmid 21814). TagMan primers
and Silencer predesigned select small interfering RNA (siRNA) were pur-
chased from Life Technologies. WST-1 {4-[3-(4-iodophenyl)-2-(4-nitro-
phenyl)-2H-5-tetrazolio]-1,3-benzene disulfonate} and Fugene 6 were
purchased from Roche. Enzyme-linked immunosorbent assays (ELISAs)
were from BioLegend. Mouse cytokine/chemokine multiplex assay was
from EMD Millipore. Antibodies (Abs) for phosphorylated JAK1, phos-
phorylated and total STAT3, elF2a, total caspase 3, and PERK were from
Cell Signaling Technologies. JAK1 antibody was from Santa Cruz Biotech-
nology. GAPDH antibody was from Abcam. Total phosphotyrosine anti-
body was from EMD Millipore. Thapsigargin (Thaps), tunicamycin, and
pyridone 6 (P6; JAK inhibitor I) were from Calbiochem. Culture media,
fetal bovine serum (FBS), HEPES, nonessential amino acids, L-glutamine,
and penicillin-streptomycin were from Cellgro. Nonessential amino acids
and gentamicin were from Lonza. Mouse IL-6 and OSM were from R&D
Systems. Epidermal growth factor (EGF) and fibroblast growth factor
(FGF) were from Miltenyi Biotech. Heparin was from Stemcell Tech-
nologies. GSK2606414 was from EMD Millipore. AZD1480, a JAK1/2
inhibitor (32, 33), and AZ-JAK1, a JAK1 inhibitor, were provided by
AstraZeneca.
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Mice and primary cell preparations. C57BL/6 mice were bred and
housed in the animal facility at the University of Alabama in Birmingham
under the care of the animal resources program. Primary murine astro-
cyte or microglial cultures were prepared as previously described (34).
Astrocytes or microglia were cultured in Dulbecco’s modified Eagle’s me-
dium (DMEM) with 10% FBS, 16 mM HEPES, 1X nonessential amino
acids, 2 mM L-glutamine, 100 units/ml penicillin, 100 pg/ml streptomy-
cin, and 50 pg/ml gentamicin. Astrocytes were separated from microglia
by shaking at 400 rpm for 2 h, and astrocyte cultures contained >90% glial
fibrillary acidic protein (GFAP)-positive cells, as determined by immuno-
fluorescence microscopy. Following shaking, microglia-containing su-
pernatants were centrifuged at 1,000 rpm for 5 min, and microglia were
resuspended in fresh medium and plated.

Neural precursor cell (NPC) isolation and propagation were adapted
from reference 35. Briefly, E15 embryos were collected and the telenceph-
alon was isolated. The tissue was then triturated in cold medium and
allowed to settle by gravity for 2 min. The cell-containing supernatant was
then passed through a 100-pum-pore-size cell strainer and centrifuged at
110 X g for 5 min. The cells were resuspended at a density of 2 X 10°
cells/ml and grown on nontreated culture plates. Cells were grown as
free-floating neurospheres and passaged as needed by gentle trituration.
For experiments, NPCs were cultured as adherent cells on poly-p-lysine-
and laminin-coated tissue culture plates. NPC medium contained
DMEM-F-12 (1:1), 2% B27 without vitamin A (Neurobrew; Miltenyi
Biotech), 2 mM L-glutamine, 100 units/ml penicillin, 100 pg/ml strepto-
mycin, 20 ng/ml EGF, 10 ng/ml FGF, and 0.0002% heparin.

EAE induction and assessment. Active EAE was induced as previously
described (36). Eight- to 12-week-old C57BL/6 mice were immunized
subcutaneously with 200 pg of myelin oligodendrocyte glycoprotein pep-
tide (MOG35-55) emulsified in Complete Freund’s adjuvant (supple-
mented with 2 mg/ml of Mycobacterium tuberculosis) and injected intra-
peritoneally (i.p.) on days 0 and 2 with 500 ng pertussis toxin. Assessment
of classical EAE was as follows: 0, no disease; 1, decreased tail tone; 2, hind
limb weakness or partial paralysis; 3, complete hind limb paralysis; 4,
front and hind limb paralysis; and 5, moribund state (37).

Immunoblotting. Cells were washed twice with phosphate-buffered
saline (PBS) and lysed with immunoprecipitation (IP) lysis buffer (20 mM
Tris [pH 7.5], 150 mM NaCl, 2 mM EDTA, 2 mM EGTA, 0.5% NP-40, 1
mM phenylmethanesulfonyl fluoride, 25 wg/ml leupeptin, 25 pg/ml
aprotinin, and 1X phosphatase inhibitor cocktail [Pierce, Rockford, IL]),
as previously described (38). Protein concentrations were determined us-
ing the BCA assay (Pierce, Rockford, IL). Equal amounts of protein from
each sample were solubilized in Laemmli sample buffer (2% SDS) and
heated for 5 min at 95°C. Proteins were separated by SDS-polyacrylamide
gel electrophoresis and transferred to nitrocellulose, and the membranes
were blocked in 5% milk followed by an overnight incubation at 4°C with
primary Ab diluted in 5% bovine serum albumin (BSA) or milk, accord-
ing to the manufacturer’s recommendation. Horseradish peroxidase-
conjugated donkey anti-rabbit or donkey anti-mouse (1:4,000 dilution)
secondary Ab was incubated for 1 h at room temperature, followed by
detection with enhanced chemiluminescence. Films were digitized with
an Epson Perfection V300 photo scanner and quantified using Image].

qRT-PCR. RNA was isolated using TRIzol (Sigma-Aldrich) as previ-
ously described (39). RNA was quantified using a NanoDrop system
(NanoDrop Technologies). One microgram of RNA was used for cDNA
synthesis using Moloney murine leukemia virus (MMLV) reverse trans-
criptase (Promega). The cDNA was analyzed by quantitative PCR per-
formed using TagMan gene expression assays according to the manufac-
turer’s instructions in an ABI Prism 7500 system (Applied Biosystems).
Reactions were carried out in 20 pl and analyzed using the threshold cycle
(AAC;) method.

JAK1 kinase assay. Active recombinant JAK1 (Life Technologies) was
incubated in kinase buffer (25 mM Tris [pH 7.5], 10 mM MgCl,, 0.5 mM
EGTA, 0.5 mM Na;VO,, 5 mM B-glycerophosphate, 2.5 mM dithiothre-
itol [DTT], 0.01% Triton X-100, 100 wM ATP, and 3 wCi [y->*P]ATP/
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FIG 1 STATS3 activation, ER stress, and inflammation are present in the CNS during EAE. (A) Mice were immunized with MOG peptide to induce EAE, and
disease was scored over time. Brain tissue was collected from EAE mice at the indicated time points and analyzed by immunoblotting (B) or by reverse
transcription-quantitative PCR (qQRT-PCR) (C). (D) Spinal cord tissue was collected from EAE mice at the indicated time points and analyzed by qRT-PCR.

reaction), with 2 pg of recombinant PERK (residues 536 to 1116) (Enzo
Life Sciences) as a substrate, for 20 min at 30°C. Reactions were carried out
in a final volume of 30 pl. Reactions were terminated by the addition of
Laemmli sample buffer and heating at 95°C for 5 min. Reactions were
resolved by SDS-PAGE, and gels were Coomassie stained. Gels were dried
and exposed to a phosphor screen for 1 h. The screens were then imaged
on a Typhoon scanner.

Nano-HPLC electrospray ionization multistage tandem mass spec-
trometry. Enriched proteins were resolved by 4 to 12% SDS Bis-Tris
PAGE and stained with colloidal blue (Invitrogen). For in-gel digestion,
the band of interest was excised, equilibrated in 100 mM ammonium
bicarbonate, reduced with 10 mM DTT, carbidomethylated with 55 mM
iodoacetamide, dehydrated, and digested with trypsin gold (Promega).
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The digested peptides were concentrated under vacuum, resolubilized in
0.1% formic acid, and injected onto a Surveyor Plus high-performance
liquid chromatography (HPLC) system (Thermo Scientific) using a split
flow configuration on the back end of a 100-pm-internal-diameter by
13-cm pulled-tip C, 4 column (Jupiter C,g, 300 A, 5 pum; Phenomenex).
Peptide fractions were then directly sprayed into a Thermo Orbitrap Velos
Pro hybrid mass spectrometer equipped with a nanoelectrospray source
over a 1-h gradient set to increase over 60 min from 0% to 50% acetoni-
trile in distilled H,O containing 0.1% formic acid with a flow rate of 0.3
pl/min. Following each parent ion scan, fragmentation data were col-
lected on the top most intense 10 ions, in CID mode, with the following
instrument settings: spray voltage of 1.9 kV; capillary temperature of
170°C; 1 microscan, with the scan window set at 300 to 2,000 m/z; and
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FIG 2 Astrocytes are resistant to ER stress-induced cell death. (A) Primary astrocytes, NPCs, and microglia were treated with Thaps (0.03 to 3 wM) or Tunic (0.1
to 10 wM) for 24 h followed by assessment of cell viability by WST-1 assay. (B) Astrocytes were treated with Thaps or Tunic for 24 h followed by immunoblotting
for cleaved caspase 3. Osmotic stress (OS; 500 mM sucrose for 4 h) was included as a positive control. Astrocytes were treated with Thaps (1 wM, 2 h) followed
by immunoblotting (C), and CHOP mRNA was measured by qRT-PCR at the indicated times (D).

maximum inject times of 500 ms and 150 ms for the parent ion and
fragmentation scans, respectively. The parent ion scans were obtained at
60-K resolution in the Orbitrap with a minimum signal threshold of 2,000
counts. The activation settings were as follows: charge state, +2; isolation
width, 2.0 m/z; normalized collision energy, 35.0; activation Q, 0.250; and
activation time, 25 ms. For data-dependent settings, monoisotopic pre-
cursor selection was enabled, in addition to charge state screening with
rejection of 1+ ions and a dynamic exclusion with a repeat count of 2, a
repeat duration of 30 s, an exclusion list size of 500, and an exclusion
duration of 90 s.

The XCalibur RAW files collected in profile mode were centroided
and converted to MzXML using ReADW v. 3.5.1. The .mgf files were
created using MzXML2Search for all scans with a precursor mass be-
tween 300 Da and 1,200 Da. The data were searched using SEQUEST
set for three maximum missed cleavages, a precursor mass window of
20 ppm, trypsin digestion, a fixed modification at C (57.0293), and
variable modifications at M (15.9949), S, T, and Y (79.96633). For the
fragment-ion mass tolerance, 0.0 Da was used. Searches were per-
formed with a human subset of the UniRef100 database with protein
sequences specific to these experiments. Peptide identifiers were fil-
tered using Scaffold (Proteome Software), with cutoff values set at a
peptide length of >5 amino acids, peptide probability of >90% con-
fidence interval (CI), the number of peptides/protein greater than or
equal to 2, and protein probability of >99% CI, resulting in protein
identifiers with >99.9% confidence. Posttranslational modifications
were further analyzed using an “Ascore” algorithm (40), where local-
ization probability and the Ascore were assessed. Each spectra repre-
senting the posttranslational modification (PTM) of interest that
passed each screen mentioned was then manually assessed for accu-
racy, and the best representative spectra for each PTM was then man-
ually annotated.

ELISA. Culture supernatants (100 pl, undiluted) were collected and
assayed by ELISA for murine IL-6 and CCL2 or by multiplex ELISA ac-
cording to the manufacturer’s protocol.

Transfections. Primary astrocytes were transfected with the indicated
siRNA (100 to 150 pmol per 35-mm well) using Lipofectamine RNA in-
terference (RNAi) Max (Life Technologies) according to the manufactur-
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er’s protocol. Cells were used for experiments 48 to 72 h posttransfection.
Primary astrocytes were transfected with 2 g plasmid DNA per 35-mm
well using Fugene 6 according to the manufacturer’s protocol. Cells were
used for experiments 24 h posttransfection.

WST-1 assay. WST-1 assay (Roche) was carried out according to the
manufacturer’s instructions and as previously described (41). Briefly, cells
were plated in triplicate in a 96-well plate and treated as indicated. Fol-
lowing treatments, 10 pl of the WST-1 reagent was added, and the cells
were incubated for 2 h. Viable, metabolically active cells cleave WST-1, a
tetrazolium salt, resulting in a soluble formazan dye (42). The amount of
formazan dye was measured by absorbance at 450 nm with a subtraction
wavelength of 655 nm.

Statistics. When comparing more than two data sets, significance was
determined by one-way analysis of variance (ANOVA) with post hoc anal-
ysis. For two data sets, Student’s ¢ test was used. P values of <0.05 were
considered statistically significant.

RESULTS

ER stress and inflammatory signaling are increased in the CNS
during EAE. ER stress has been observed in the CNS of MS pa-
tients and in mice during EAE (43-45). To confirm these previous
reports, mice were immunized with MOG peptide to induce EAE
(Fig. 1A), and markers of ER stress were examined over time (Fig.
1B to D). We observed PERK activation, as demonstrated by in-
creased mobility shift and elF2a phosphorylation (Fig. 1B), and
increased expression of ER stress-responsive genes, including the
astrocyte-selective transcription factor old astrocyte specifically
induced substance (OASIS) (46) (Fig. 1C and D). These data con-
firm the presence of ER stress in the CNS during EAE. In addition
to ER stress, inflammatory signaling was also apparent during the
same time course. This included increased activation-associated
phosphorylation of STAT3 (Fig. 1B), increased expression of IL-6
and CCL2, and increased expression of the astrogliosis marker
GFAP in the brain and spinal cord (Fig. 1C and D). The upregu-
lation of GFAP and OASIS suggested that astrocytes were experi-
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FIG 3 ER stress stimulates an inflammatory response. (A) Astrocytes were
treated with Thaps (1 uM) for the indicated times followed by analysis of IL-6,
CCL2, and CCL20 mRNA by qRT-PCR. (B) Astrocytes were exposed tran-
siently to Thaps (1 WM, 2 h); the cells were then washed and incubated in fresh
medium for 24 h. IL-6 and CCL2 in the cell culture supernatants were mea-
sured by ELISA. (C) Astrocytes were exposed transiently to Tunic (5 M, 2 h);
the cells were then washed and incubated in fresh medium for 24 h. IL-6 in the
cell culture supernatants was measured by ELISA. (D) Astrocytes were exposed
transiently to Thaps (1 pM, 2 h); the cells were then washed and incubated in
fresh medium for the indicated times (washout). Alternatively, astrocytes were
cultured in the continued presence of Thaps (last lane). Medium and cells were
then collected, and IL-6 in the medium was measured by ELISA, and cell lysate
was examined by immunoblotting. Data are means * standard deviations
(SD) from 3 independent experiments or representative of independent ex-
periments analyzed in duplicate or triplicate. n = 3; *, P < 0.05.

encing ER stress, consistent with observations of MS brain lesions
in which ER stress is observed in multiple cell types, including
astrocytes (44). As astrocytes have a key role in regulating inflam-
mation in the CNS, we next examined the vulnerability and in-
flammatory reaction of astrocytes in response to ER stress.
Astrocytes are highly resistant to ER stress-induced cell
death. Multiple investigations have shown that neurons and re-
lated cell lines are vulnerable to ER stress-induced apoptosis (47—
50). We now find that primary murine glial cells (astrocytes and
microglia) are remarkably resistant to ER stress-induced cell
death. Astrocytes, microglia, and NPCs were treated with the ER
stress-inducing agents thapsigargin (Thaps) or tunicamycin (Tu-
nic), and cell viability was assessed by WST-1 assay (Fig. 2A).
Astrocytes were unaffected by Thaps at all concentrations tested
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and only modestly sensitive to high concentrations of Tunic, while
microglia were slightly more sensitive. Consistent with this, there
was no detectable caspase-3 cleavage in astrocytes following a 24-h
exposure to relatively high concentrations of Thaps or Tunic (Fig.
2B). Osmotic stress (OS) was included as a positive control. NPCs
were highly susceptible to ER stress-induced cell death (Fig. 2A)
and displayed increased caspase-3 cleavage (see Fig. 4B). Despite
the absence of cell death, astrocytes activate a robust UPR, as evi-
dent by PERK activation (increased mobility shift), increased
phosphorylation of eIF2« (Fig. 2C), and the rapid induction of the
ER stress-induced transcription factor CHOP (Fig. 2D). Concom-
itant with UPR activation, we observed an inflammatory reaction
in astrocytes in response to ER stress, consistent with that of other
cell types (51-53). Treatment of astrocytes with Thaps increased
mRNA expression of IL-6 and the chemokines CCL2 and CCL20
(Fig. 3A). We also confirmed that ER stress increased IL-6 and
CCL2 protein levels. For the experiments shown in Fig. 3B and C,
cells were treated transiently (2 h) with Thaps or Tunic, respec-
tively, followed by washing and incubation in fresh medium for 24
h to allow proper protein folding and secretion. ER stress signifi-
cantly increased IL-6 and CCL2 protein levels (Fig. 3B and C). The
transient ER stress paradigm is not strictly necessary, as we also
observed similar levels of IL-6 protein even in the continued pres-
ence of Thaps for 16 h (Fig. 3D). Neither prolonged nor transient
Thaps exposure resulted in caspase-3 cleavage (Fig. 3D). To-
gether, these data indicate that ER stress does not easily impair
astrocytes but elicits an inflammatory reaction that may contrib-
ute to a neuroinflammatory environment.

Activation of STAT3 signaling is JAK1 dependent and a pri-
mary response to ER stress. We have previously demonstrated
that IL-6, CCL2, and CCL20 expression can be driven by JAK/
STATS3 signaling (34, 41). Therefore, we tested if ER stress could
also stimulate STAT?3 activation. As shown in Fig. 4A, Thaps treat-
ment of primary murine astrocytes leads to a rapid and prolonged
increase in the activation-associated phosphorylation of tyrosine
705 of STAT3. Interestingly, this prolonged STAT3 phosphoryla-
tion is different from the transient phosphorylation induced by
cytokines. Similarly, ER stress stimulated STAT3 activation in
NPCs, along with caspase-3 cleavage (Fig. 4B), consistent with the
sensitivity of these cells to ER stress. ER stress-induced STAT3
activation was also observed in the pancreatic 3-cell line INS832/
13, indicating that ER stress leads to STAT3 activation in a variety
of cell types (Fig. 4C). In response to cytokine stimulation, STAT3
phosphorylation is dependent on upstream kinases, namely,
JAKs. Therefore, we tested if ER stress-induced STAT3 activation
was also JAK dependent. Astrocytes were treated with Thaps,
which increased phosphorylation of STAT3 and JAK1 (Fig. 4D).
The addition of the pan-JAK inhibitor pyridone 6 (P6) or the
JAK1/2 inhibitor AZD1480 blocked ER stress-induced STAT3
phosphorylation (Fig. 4D). To determine if JAK1 was essential for
this response, we used the JAK1 selective inhibitor AZ-JAK1. We
first confirmed that AZ-JAK1, in a concentration-dependent fash-
ion, could block canonical JAK/STAT signaling stimulated by
OSM (Fig. 4E). We then treated astrocytes with Thaps in the ab-
sence or presence of AZ-JAK1. As shown in Fig. 4F, AZ-JAK1
blocked STAT3 phosphorylation in response to ER stress. These
results indicate that ER stress activates STAT3 in a JAK1-depen-
dent fashion. However, it is possible that this activation is indirect
via NF-kB-dependent cytokine production, leading to autocrine
activation of JAK/STAT signaling. To test this, p65, the transacti-
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indicated times followed by immunoblotting. (B) NPCs were treated with the indicated concentrations of Thaps for 2 h. (D) Astrocytes were treated with Thaps
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vation domain-containing subunit of NF-kB, was knocked down
and ER stress-induced activation of STAT3 was examined. p65
knockdown did not prevent Thaps-induced phosphorylation of
STATS3 (Fig. 4G). To test if STAT3 activation is caused by auto-
crine signaling, de novo protein synthesis was inhibited with cy-
cloheximide in order to block autocrine signaling. Alone, both
Thaps and cycloheximide increased STAT3 phosphorylation, and
together this effect was additive (Fig. 4H), indicating that inhibi-
tion of protein synthesis did not inhibit Thaps-induced STAT3
activation. Moreover, the activation of STAT3 is temporally dis-
connected from autocrine signaling, as shown in Fig. 4H. STAT3
activation preceded IL-6 production at these early time points, as
measured by ELISA. An alternative possibility is that rather than
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stimulating STAT3 phosphorylation, ER stress blocks dephos-
phorylation. To test this, astrocytes were stimulated with OSM to
induce STAT3 phosphorylation in the absence or presence of
Thaps. As shown in Fig. 41, OSM induced strong STAT3 phos-
phorylation at 15 min that is reduced by dephosphorylation at 90
min. The addition of Thaps did not prevent dephosphorylation
following OSM stimulation (Fig. 4I). These data indicate that
STATS3 activation is a JAKI-dependent primary response to ER
stress and is not due to autocrine production of STAT-activating
cytokines, such as IL-6, or blockade of STAT3 dephosphorylation.

ER stress-induced inflammatory gene expression is JAK/
STAT and NF-kB dependent. We next sought to determine if ER
stress-induced inflammatory gene expression was dependent on
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FIG 5 ER stress drives JAK-dependent gene expression. (A) Astrocytes were treated with Thaps (1 wM, 4 h) in the absence or presence of P6 (0.5 pM) or
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supernatants were then measured by multiplex ELISA. (C) To validate multiplex data, the same supernatants as those described for panel B were analyzed by
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JAK/STAT signaling. Astrocytes were treated with Thaps in the
absence or presence of JAK inhibitor P6 or AZD1480. As shown in
Fig. 5A, JAK inhibition significantly attenuated Thaps-induced
IL-6 and CCL2 but had no effect on CHOP expression. To further
examine which ER stress-induced inflammatory molecules were
dependent on JAK/STAT signaling, we analyzed astrocyte super-
natants by multiplex ELISA. Cells were treated transiently with
Thaps, as described for Fig. 3B, in the absence or presence of JAK
inhibitors. The JAK inhibitors were present for the duration of the
experiment. Interestingly, we observed that ER stress induced IL-6
and macrophage colony-stimulating factor (M-CSF), but other
cytokines were not detected, while several chemokines and vascu-
lar endothelial growth factor (VEGF) were markedly increased.
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Inhibition of JAK signaling significantly attenuated Thaps-in-
duced CCL11, IL-6, and CCL2. CXCL10, CCL3, and CCL4 levels
were also reduced but did not reach statistical significance in this
assay. VEGF was greatly enhanced by ER stress and was unaffected
by JAK inhibition (Fig. 5B). A traditional ELISA was used to mea-
sure IL-6 in the same samples analyzed by multiplex ELISA to
validate the results (Fig. 5C). These data demonstrate that JAK/
STAT signaling is essential for a robust ER stress-induced inflam-
matory response.

To confirm the importance of JAK1 in ER stress-induced
STAT3 activation and inflammatory gene expression, we used
JAK1 siRNA. Astrocytes were transfected with control or JAK1
siRNA followed by treatment with Thaps. JAK1 siRNA effectively
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duplicate.

reduced JAK1 protein levels and blocked ER stress-induced
STAT3 phosphorylation (Fig. 6A). Consistent with reduced
STAT3 activation, JAK1 siRNA attenuated ER stress-induced
IL-6, CCL2, and CCL20 mRNA expression but had no effect on
CHOP (Fig. 6B). This further verifies the involvement of JAK1/
STATS3 signaling in the inflammatory response to ER stress.

In light of the importance of both NF-«kB and JAK/STAT sig-
naling in mediating the inflammatory response to ER stress, we
examined the relative contribution of each. Astrocytes were trans-
fected with p65 siRNA followed by treatment with Thaps in the
absence or presence of AZ-JAK1. Knockdown of p65 modestly
attenuated Thaps-induced IL-6 mRNA expression, while AZ-
JAK1 ablated IL-6 expression (Fig. 6C), indicating that JAK1 is
predominantly responsible for IL-6 expression, in agreement with
the ELISA data in Fig. 5. CCL2 expression was attenuated by p65
knockdown and further reduced by JAK1 inhibition, suggesting
that both NF-kB and JAK1 are involved in ER stress-induced
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CCL2 expression. CHOP was unaffected by either p65 knock-
down or JAK inhibition (Fig. 6C). These data indicate that both
NF-kB and JAK/STAT are involved in the inflammatory response
to ER stress.

ER stress-induced STAT3 activation is PERK dependent.
Next, we examined which arm(s) of the UPR was responsible for
STATS3 activation. As shown in Fig. 5 and 6, ER stress-induced
CCL2 and IL-6 are dependent on JAK/STAT activation; therefore,
we used these genes as readouts in screening for relevant UPR
components. Astrocytes were transfected with control, PERK,
IREL, or ATF6 siRNA (mRNA of target genes is shown in Fig. 7A,
right) followed by treatment with Thaps and analysis of IL-6 and
CCL2 mRNA. Knockdown of IRE1 or ATF6 had no effect on ER
stress-induced CCL2 or IL-6. However, knockdown of PERK at-
tenuated both CCL2 and IL-6, suggesting that PERK is the rele-
vant signal transducer (Fig. 7A). To verify this, astrocytes were
transfected with control or PERK siRNA followed by treatment
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analyzed in duplicate.

with Thaps. PERK knockdown effectively reduced the level of
PERK protein and the PERK-dependent phosphorylation of
elF2a in response to Thaps. Importantly, PERK knockdown re-
duced Thaps-stimulated phosphorylation of JAKI and STAT3
(Fig. 7B). We also observed that knockdown of PERK increased
the basal levels of total JAK1, phosphorylated JAK1 (P-JAK1), and
P-STATS3 (Fig. 7B, lane 4), possibly a compensatory mechanism.
PERK knockdown did not reduce IL-6 or OSM-induced STAT3
phosphorylation (Fig. 7C), indicating that cytokine-induced JAK/
STAT signaling remains intact in the absence of PERK. To confirm
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the role of PERK, we examined STAT3 activation in PERK ™/~
MEFs. As shown in Fig. 7D, wild-type MEFs respond to ER stress
with increased P-STAT3, while there is no increase in phosphor-
ylation of STAT3 in PERK™’~ MEFs. Consistent with these data,
PERK ™'~ MEFs have greatly attenuated CCL2 and CCL20 expres-
sion in response to Thaps compared to that of wild-type MEFs
(Fig. 7E). CHOP expression is also reduced (Fig. 7E), consistent
with loss of PERK signaling (54). These data demonstrate that ER
stress-induced JAK/STAT signaling is PERK dependent.

JAK1 interacts with and phosphorylates PERK. Previous
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work from Su and colleagues has demonstrated that JAK1 and
TYK?2 interact with and phosphorylate PKR (23). Considering the
homology and functional similarities between PKR and PERK
(55, 56), we examined if PERK and JAK1 could also interact. To
test this, primary astrocytes were transfected with myc-tagged
PERK followed by immunoprecipitation of endogenous JAK1 and
immunoblotting of PERK. As shown in Fig. 8A, PERK coimmu-
noprecipitated with JAK1. PERK is heavily autophosphorylated
on serine and threonine in response to ER stress (6) in addition to
functionally important tyrosine phosphorylation (57). Therefore,
we tested if JAK1 could phosphorylate PERK in an in vitro kinase
assay. JAK1 phosphorylated PERK in a concentration-dependent
fashion, and this could be blocked by the addition of a JAK1 in-
hibitor (Fig. 8B). To extend these findings, PERK tyrosine phos-
phorylation was examined in astrocytes. ER stress increased PERK
tyrosine phosphorylation, and this was attenuated by the addition
of AZD1480 (Fig. 8C), indicating that JAK(s) (likely JAK1) could
phosphorylate PERK. We next used liquid chromatography-elec-
trospray ionization-tandem mass spectrometry (LC-ESI-MS/MS)
to identify the sites on PERK phosphorylated by JAK1 in vitro. We
identified the phosphorylation sites on PERK as Y585 and Y619,
with Ascores of 47.7 and 1,000, respectively, indicating high con-
fidence in these sites (40) (Fig. 8D). Both tyrosines are highly
conserved. We hypothesize that this phosphorylation may be sim-
ilar to the JAK-dependent phosphorylation of cytokine receptors
that produces a phosphotyrosine motif to recruit STAT3 via the
SH2 domain. To test if SH2-mediated phosphotyrosine binding of
STATS3 is required for ER stress-induced activation, astrocytes
were treated with Thaps without or with STATTIC. STATTICis a
small molecule that selectively blocks SH2 domain interaction of
STAT3 (58) and was effective at blocking ER stress-induced
STATS3 activation (Fig. 8E). These data alone do not directly show
that STAT3 binds phosphotyrosine residues on PERK. Moreover,
if STAT3 and PERK interact, it is likely transient, as we could not
detect the interaction (not shown), consistent with previous work,
which also failed to detect an interaction (59). Next, we examined
if the kinase activity of PERK was essential for STAT3 activation.
Astrocytes were treated with the ATP-competitive PERK kinase
inhibitor GSK2606414, followed by treatment with Thaps. PERK
inhibition reduced elF2a phosphorylation, confirming PERK in-
hibition, and attenuated STAT3 phosphorylation in a concentra-
tion-dependent fashion, indicating PERK kinase activity is essen-
tial for ER stress-induced STAT3 activation (Fig. 8F). Taken
together, these data suggest a model in which ER stress stimulates
the activation and dimerization of PERK, bringing the interacting
JAK(s) into proximity to allow transphosphorylation and activa-
tion as well as phosphorylation of the cytoplasmic domain of
PERK at Y585 and Y619. STAT3 may then be recruited through
SH2 domain-dependent interactions to the PERK/JAK complex,
where it is phosphorylated by JAK1, becoming activated and driv-
ing inflammatory gene expression. One possible model supported
by these data is shown in Fig. 8G.

Connecting the UPR to JAK/STAT Signaling

ER stress modulates astrocyte-microglia interactions. Hav-
ing demonstrated that ER stress drives a novel PERK/JAK1/
STATS3 pathway leading to the production of a host of inflamma-
tory mediators in astrocytes, we examined if this would influence
microglia, the major CNS-resident immune cell. Astrocytes with-
out or with PERK knockdown were left untreated or treated with
Thaps transiently (2 h), followed by washing and incubation in
fresh medium for 24 h. The astrocyte-conditioned medium
(ACM) was then transferred directly to primary microglia for 4 h
followed by mRNA analysis. Conditioned medium from Thaps-
treated astrocytes greatly increased IL-1[ and IL-6 mRNA expres-
sion by microglia, and this effect was attenuated when condi-
tioned medium from PERK knockdown astrocytes was applied
(Fig. 9A). These results indicate that ER-stressed astrocytes, in a
PERK-dependent fashion, can activate microglia. The IL-6 family
of cytokines, which includes IL-6 and OSM, are important regu-
lators of inflammation in the CNS, are elevated in various diseases,
and have been shown to induce IL-6 expression in astrocytes (60,
61). As such, we examined if IL-6 could feed-forward to influence
ER-stressed astrocytes. Astrocytes were pretreated (1 h) with
Thaps, followed by treatment with IL-6. As shown in Fig. 9B, the
combination of ER stress plus IL-6 leads to enhanced IL-6 mRNA
expression. We also examined if OSM would produce a similar
effect. Astrocytes were exposed to ER stress using either Thaps or
Tunic and then treated with OSM, resulting in a robust enhance-
ment of IL-6 mRNA and protein expression (Fig. 9C and D).
Additionally, the enhanced response was PERK dependent, as
knockdown of PERK attenuated IL-6 induced by the combination
of OSM and Thaps (Fig. 9E). These data demonstrate that ER
stress drives an inflammatory reaction in astrocytes that can sub-
sequently stimulate microglia, potentially leading to a feed-for-
ward, PERK-dependent autocrine/paracrine loop. This signaling
pathway may contribute to the excessive and nonresolving neuro-
inflammation associated with neurological diseases such as MS.

DISCUSSION

The well-accepted inflammatory reaction activated by ER stress
likely represents a conserved innate immune response (12). Here,
we show that cells of the CNS experience ER stress during the
neuroinflammatory disease of EAE. We describe a new pathway
involved in mediating inflammation in response to ER stress. We
have shown that ER stress leads to PERK-dependent activation of
JAK/STAT signaling and subsequent inflammatory gene expres-
sion. JAK/STAT activation is a primary response to ER stress, as it
is independent of NF-«B, temporally precedes increases in the
acute-phase cytokine IL-6, and occurs faster (<30 min versus >1.5h)
than the NF-kB-dependent autocrine activation by tumor necro-
sis factor alpha (TNF-a) we recently reported (62). We speculate
and provide evidence that, in activating JAK/STAT signaling,
PERK may act analogous to type I and type II cytokine receptors.
These cytokine receptors are associated with and phosphorylated
by JAKs following receptor ligation and oligomerization, resulting

AZ-JAK1 (10 nM) was included in the kinase reaction where indicated. (C) Astrocytes were treated with Thaps (1 uM, 1 h) in the absence or presence of AZD1480
(1 wM). Total phosphotyrosine was immunoprecipitated and immunoblotted for PERK. (D) An in vitro kinase assay was performed as described for panel B with
nonradioactive ATP, and PERK was analyzed by LC-ESI-MS/MS. The identified phosphorylation sites, the respective MS/MS spectra, and the homology of each
site are shown. (E) Astrocytes were treated with Thaps (1 M, 1 h) in the absence or presence of the indicated concentrations of STATTIC. (F) Astrocytes were
treated with Thaps (1 M, 2 h) in the absence or presence of increasing concentrations of the PERK kinase inhibitor GSK2606414, followed by immunoblotting.
(G) Potential signaling model in which JAK1 phosphorylates PERK and mediates the ER stress-induced activation of STAT3.
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refer to astrocytes, whereas the data shown are from microglia. (B) Astrocytes were treated with Thaps (1 wM, 1 h pre-IL-6) in the absence or presence of IL-6 (10
ng/ml, 4 h), followed by analysis of IL-6 mRNA by qRT-PCR. (C) Astrocytes were treated with Thaps (1 wM, 1 h pre-OSM) or Tunic (5 uM, 1 h pre-OSM) in
the absence or presence of OSM (1 ng/ml, 4 h), followed by analysis of IL-6 mRNA expression by qRT-PCR. (D) Astrocytes were treated with Thaps (1 wM, 1 h
pre-OSM) in the absence or presence of OSM (1 ng/ml, 24 h), followed by analysis of IL-6 protein levels by ELISA. (E) Astrocytes were transfected with control
or PERK siRNA (50 pmol/ml) for 48 h. Cells were then treated with Thaps (1 M, 1 h pre-OSM) in the absence or presence of OSM (1 ng/ml, 4 h), followed by
analysis of IL-6 mRNA expression by qRT-PCR. Data are means * SD and representative of results from 3 independent experiments analyzed in duplicate.

in STAT recruitment and activation (17). Similarly, PERK is asso-
ciated with and phosphorylated by JAK1 at Y585 and Y619 (and
possibly other JAKs) during ER stress, resulting in PERK- and
JAK1-dependent activation of STAT3. Y585 is a novel phosphor-
ylation site, while phosphorylation at Y619 has been previously
reported and attributed to autophosphorylation (57). The model
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shown in Fig. 8G is one potential mechanism that the data sup-
port. However, additional questions still need to be addressed to
fully elucidate this pathway. Does PERK phosphorylate JAK1
and/or STAT3? Does JAK1 phosphorylation of PERK modulate its
function? Can STAT3 bind a phosphotyrosine motif on PERK?
Additional studies will address these questions. In the current
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study, we identified a novel PERK/JAK1/STAT3 pathway that is
important for ER stress-induced expression of IL-6 and multiple
chemokines, suggesting that this pathway is critical to the innate
immune reaction produced in response to ER stress.

ER stress and inflammation have been implicated in numerous
widespread diseases. ER stress and inflammation are particularly
relevant to neurodegenerative diseases, which frequently involve
misfolded and aggregated proteins (3). Moreover, ER stress is im-
portant in demyelinating and neuroinflammatory diseases such as
MS (45). Our finding that astrocytes are highly resistant to ER
stress-induced cell death suggests that chronic ER stress, associ-
ated with neurodegeneration and neuroinflammation, may pro-
mote nonresolving inflammation.

The JAK-dependent inflammatory program activated by ER
stress that we have identified includes at least IL-6, CCL2, CCL20,
and CCL11. The expression of CCL2 would support the recruit-
ment of phagocytic monocytes (microglia/macrophages), possi-
bly in an effort to promote clearance of protein aggregates (63),
while CCL20 would signal for the recruitment of CCR6-express-
ing lymphocytes, such as Th17 cells, which may be pathogenic in
MS (64). Interestingly, CCL11 was recently shown by Villeda and
colleagues to be elevated in older individuals and to impair neu-
rogenesis and cognitive function (65). This could indicate that
ER-stressed astrocytes may directly impair neurological function
through the secretion of soluble mediators such as CCL11. This
may be an exacerbating factor associated with the cognitive im-
pairment observed in some MS patients (29). While the chemo-
kines would promote the influx of a variety of cell types, the pres-
ence of IL-6 would influence the activation and functional
phenotype of the infiltrating cells, particularly T cells. Thus, in the
face of ER stress, astrocytes are positioned to control the inflam-
matory microenvironment. Under acute conditions, this likely
facilitates restoration of CNS homeostasis (66); however, chroni-
cally, this may facilitate neurodegeneration.

Consistent with a role for astrocytes in influencing inflamma-
tory cell function, we found that ER-stressed astrocytes, via PERK-
dependent paracrine signaling, could modulate the inflammatory
profile of microglia leading to the expression of IL-6 cytokines.
Additionally, we found that OSM and IL-6 could synergistically
enhance ER stress-induced IL-6 production in astrocytes, indicat-
ing that ER stress in astrocytes may drive a feed-forward inflam-
matory loop among glial cells. This synergy is also observed in glial
cells exposed to ER stress plus IFN-y/PGE2 (30), suggesting a
more widespread interaction between ER stress and STAT-acti-
vating cytokines. Our data show that the enhanced IL-6 expres-
sion was, at least in part, PERK dependent. We have not yet fully
examined which downstream signals may be involved in the cross
talk between OSM and ER stress signaling. Both of these stimuli
activate similar signaling pathways, including STAT3, NF-kB, and
mitogen-activated protein kinases (MAPKs). The combination of
OSM and ER stress could result in robust activation of both
STAT3 and NF-kB that could functionally interact, which is well
known to occur (67), to drive enhanced gene expression. This fits
well with recent studies that showed NF-kB and STAT3 work
together in starved cancer cells to drive IL-6 expression. Impor-
tantly, starved cancer cells undergo ER stress (68). However, our
data indicate that in primary astrocytes, ER stress-induced IL-6
expression is mostly dependent on JAK/STAT signaling.

IL-6 appears to be the key cytokine associated with ER stress, as
multiple arms of the UPR have been reported to drive IL-6 expres-
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sion. During plasma cell differentiation, IL-6 is induced through
the IRE1/XBP-1 arm of the UPR (69), whereas during glucose
deprivation in cancer cells, IL-6 expression is driven by a PERK/
ATF4-dependent pathway (70). Our data point toward a PERK/
JAK1/STAT3-dependent pathway driving IL-6 expression in pri-
mary astrocytes as well as other cell types in response to classic ER
stress inducers. While we have shown that JAK1-dependent
STATS3 activation is needed for full engagement of the ER stress-
induced inflammatory program, it is likely that STAT3 is part of a
larger coordinated transcriptional reprograming in response to
ER stress. STAT3 may be working in concert with other transcrip-
tional regulators, such as XBP-1, ATF4, and NF-kB, to drive the
ER stress-induced inflammatory program. Additional studies will
determine how STATS3 interacts with other ER stress-induced
transcriptional regulators. Collectively, this suggests that cytokine
and chemokine production, particularly IL-6, is an integral part of
the ER stress response, and the previously unrecognized PERK/
JAK1/STAT3 pathway could be a new therapeutic target to com-
bat neuroinflammation associated with diseases such as MS.
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