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1 | INTRODUCTION

Abstract

Tumour Necrosis Factor (TNF) potently induces a transient inflammatory response
that must be downregulated once any invasive stimulus has resolved. Yet, how TNF-
induced inflammation is shut down in normal cells is incompletely understood. The
present study shows that STAT3 was activated in mouse embryo fibroblasts (MEFs) by
treatment with TNF or an agonist antibody to TNFR1. STAT3 activation was inhibited
by pharmacological inhibition of the Jak2 tyrosine kinase that associates with TNFR1.
To identify STAT3 target genes, global transcriptome analysis by RNA sequencing
was performed in wild-type MEFs and MEFs from STAT3 knockout (STAT3"?) mice
that were stimulated with TNF, and the results were validated at the protein level by
using multiplex cytokine assays and immunoblotting. After TNF stimulation, STAT3KC
MEFs showed greater gene and protein induction of the inflammatory chemokines
Ccl2, Cxcll and Cxcl10 than WT MEFs. These observations show that, by activating
STAT3, TNF selectively modulates expression of a cohort of chemokines that pro-
mote inflammation. The greater induction by TNF of chemokines in STAT3XC than
WT MEFs suggested that TNF induced an inhibitory protein in WT MEFs. Consistent
with this possibility, STAT3 activation by TNFR1 increased the expression of Tnfaip3/
A20, a ubiquitin modifying enzyme that inhibits inflammation, in WT MEFs but not
in STAT3® MEFs. Moreover, enforced expression of Tnfaip3/A20 in STAT3XC MEFs
suppressed proinflammatory chemokine expression induced by TNF. Our observa-
tions identify Tnfaip3/A20 as a new downstream target for STAT3 which limits the
induction of Ccl2, Cxcl1 and Cxcl10 and inflammation induced by TNF.
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as bacterial and viral infections.'® While originally described as an
oncolytic agent that caused tumour necrosis and regression, TNF

Tumour necrosis factor (TNF) is predominantly produced by mac- has since been recognized as a multifunctional cytokine that mod-

rophages and T lymphocytes in response to invasive stimuli such ulates the growth, differentiation, and viability of transformed and
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non-transformed cells and plays a key role in promoting inflamma-
tion.1® The pro-inflammatory activity of TNF has been most con-
vincingly shown by the positive results from agents that block TNF
action in the treatment of a range of inflammatory conditions, in-
cluding rheumatoid arthritis, ankylosing spondylitis, inflammatory
bowel disease, and psoriasis.®

Cellular responses to TNF are initiated by its interaction with the
type 1 TNF receptor (TNFR1) and the type 2 TNFR.X3 Most TNF
actions are elicited by TNFR1, which contains a death domain that
fosters protein-protein interactions with other death-domain con-
taining proteins.’™ For example, the TNFR-associated death-domain
protein (TRADD), bifurcates the TNF signal by recruiting the Fas-
associated death-domain protein and procaspase 8 into a complex
that initiates an apoptotic caspase cascade. TRADD also binds and
uses the receptor-interacting protein (RIP) and TNFR-associated fac-
tor 2 (TRAF-2) to activate NF-xB, which induces genes that promote
immunity and cell viability."

TNFR1 does not contain endogenous tyrosine kinase activity,
although various TNF-induced tyrosine phosphorylation events
are necessary for its biological effects.**® Such phosphorylation
events correlate with alterations of cellular sensitivity to TNF-

8-10

mediated cytotoxicity and inhibitors of protein tyrosine kinases

suppress TNF-stimulated DNA fragmentation,7 activation of NF-
kB, and expression of endothelial cell adhesion molecules.!**?
The priming of neutrophils by TNF is also accompanied by tyro-
sine phosphorylation events that participate in the transduction
of signals that direct the cells to undergo a respiratory burst.*~¢
TNFR1/TRADD signalling does not provide an obvious mechanism
through which such an array of tyrosine phosphorylations can be
induced. However, cytokine receptors without tyrosine kinase ac-
tivity associate with nonreceptor tyrosine kinases to initiate signal-
ling.*® We previously showed that Jak2 and c-Src tyrosine kinases
associate with TNFR1 and can activate STAT proteins, including
STAT3.M41>

STAT3 promotes diverse physiological activities, including em-
bryonic development, the acute phase response, wound healing,
cell growth, mitochondrial function, and inflammation.’¢"'8 STAT3
dimerization and nuclear translocation are induced by cytokine and
growth factor receptors that utilize Jak and Src tyrosine kinases to
induce STAT3 phosphorylation of tyrosine residue 705 (Y7°°).16-19
We previously showed that TNFR1 forms a complex with Jak2,
which mediates STAT3 Y’% phosphorylation.'®> While the func-
tions of other signalling molecules downstream of TNFR1, such as
NF-kB2%2! and Jun,?? are well characterized, the role of STAT3 in
TNFR1 signalling is less understood. To shed light on the role of
STAT3 in TNFR1 action, we characterized gene and protein expres-
sion changes that occurred in response to TNFR1 stimulation in the
wild type (WT) mouse embryo fibroblasts (MEFs) and embryo fibro-
blasts from mice in which the STAT3 gene had been knocked out.
The results described herein show that by acting through STAT3,
TNFR1 induces signalling events that culminate in changes in gene
and inflammatory chemokine expression that play an important role
in the cellular response to TNF.

2 | MATERIALS AND METHODS

2.1 | Cellculture

WT and STAT3 knockout (STAT3%C) MEFs, a kind gift from Dr. Albert
Baldwin (Lineberger Comprehensive Cancer Center, North Carolina),
were maintained in RPMI 1640 medium supplemented with 10% fetal
bovine serum (Gibco) and 1x Penicillin-Streptomycin-Glutamine.
Another WT MEF line was used in the validation experiments, which
were a kind gift from the National Institutes of Health (NIH, Zhenggan
Liu at the Cell and Cancer Biology Branch, National Cancer Institute).
HEK293T cells, a kind gift from Dr. Hassan Alaoui (Department of
Surgery, UCSF), were maintained in DMEM supplemented with 10%

fetal bovine serum and 1x Penicillin-Streptomycin-Glutamine.

2.2 | RNA sequencing

Total RNA was isolated using a NucleoSpin mini-RNA kit (Macherey-
Nagel, Diiren, Germany) according to the manufacturer's protocols.
RNA quality control, library preparation and Illumina sequencing
were performed by Novogene Corporation Inc. (Sacramento, CA,
USA). Raw sequencing data preprocessing, mapping to the refer-
ence genome (mm10), and gene expression quantification were
performed by Novogene. Differential gene expression analysis was
performed by using the iDep tool.2®> ENRICHR tool was used for
pathway analysis.24’25 For transcription factor enrichment analysis,
the ChEA3 tool was used.?

2.3 | Plasmid constructs and viral transduction

Stable A20 overexpression in STAT3%C MEFs was achieved by len-
tiviral transduction. Transfer plasmid containing the A20 insert
was obtained from Origene (MR210582L4, Tnfaip3 NM_009397,
OriGene Technologies, Inc., MD, USA). Packaging (psPAX2) and
envelope plasmids (pMD2.G) were a gift from Dr. Hassan Alaoui.
Transfer and packaging vectors were transfected into HEK 293T
cells to produce lentiviruses using Lipofectamine 3000 reagent
(ThermoFisher Scientific, MA, USA). Lentiviruses were harvested
48 h post transfection, concentrated using Lenti-X concentrator
(Takara Bio Inc, Japan), and used to infect STAT3%C MEFs in the
presence of Transdux Max (System Biosciences, Palo Alto, CA, USA)
reagent. Fresh medium containing puromycin (Invitrogen, MA, USA)
was added 24 h later and the cells were maintained and selected
3Ko

for 2weeks. A20/Tnfaip3 overexpression in STAT MEFs was con-

firmed by immunoblotting (data not shown).

2.4 | Multiplex cytokine assays

MEFs were grown on 10 cm dishes until 80% confluent, serum-
starved for 24 h and then stimulated with TNFR1laab (R&D
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Systems, MN, USA) for 4 h. Samples of the media were collected
and analyzed in duplicate for cytokine secretion by using a multi-
plex fluorescent bead assay (Eve Technologies, Calgary, Alberta,
Canada).

2.5 | Western blotting

Cells were lysed with RIPA buffer (ThermoFisher Scientific), and
lysate protein concentrations were measured using a Qubit protein
assay kit (ThermoFisher Scientific). For Western blots, 30-50 g of
protein was fractionated in 4%-20% TGX gels (Bio-Rad Laboratories,
Inc., Hercules, CA, USA) under reducing conditions and transferred
onto a nitrocellulose membrane (Bio-Rad Laboratories). The follow-
ing primary antibodies were added after blocking for an hour with 5%
non-fat milk: STAT3 and Tyr705 pSTAT3 (Cell Signaling Technology,
MA, USA), GAPDH (ThermoFisher Scientific), and A20/TNFAIP3
(Cell Signaling Technology). Horseradish peroxidase-conjugated sec-
ondary antibody (Bio-Rad Laboratories) was followed by visualiza-
tion with FluoroChem digital imaging system (ProteinSimple Inc., CT,
USA). Relative quantification of protein bands was performed using

ImageJ software (NIH).

3 | RESULTS

3.1 | TNFR1 activates STAT3 in MEFs through Jak2
Our previous studies showed that TNF activates STAT3 in trans-
formed cell lines through TNFR1-associated Jak2.'> The present
study expands on these observations by determining whether TNF
activates STAT3 in non-transformed cells, MEFs, and then testing the
significance of this signaling event. Time-course experiments showed
that a low concentration of TNF (0.1 nM) induced biphasic induction
of STAT3 Y% phosphorylation (Figure 1A). STAT3 Y”°° phosphoryla-
tion was induced by TNF first within 5-10 min and then again after
45 min. Biphasic signaling has also been observed for TNF-induced
NF-kB signaling.?” We confirmed that STAT3 induction was mediated
through TNFR1 as a TNFR1 agonist antibody also induced biphasic
STAT3 Y7% phosphorylation (Figure 1B). Since previous studies have
shown that both c-Src and Jak2 can activate STAT3 in a cell type de-
pendent manner,?®?? we tested the effects of Jak2 and Src inhibitors
on activation of STAT3 in MEFs. As shown in Figure 1C, we found
that STAT3 activation in MEFs was nearly entirely dependent on
Jak2, as an inhibitor of this kinase, AG490, completely reduced the
level of TNF-induced STAT3 Y7%° phosphorylation and an inhibitor of
c-Src had little effect on STAT3 phosphorylation.

In the present study, we used AG490 to inhibit Jak2 recognizing
that it has can inhibit other kinases. However, we previously showed
that Jak2 is constitutively associated with and activated by TNFR1
signalling‘15 Furthermore, inhibiting Jak2 with AG490 or with kinase
dead Jak2 similarly diminished TNF-stimulated activation of p38
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FIGURE 1 STAT3is activated by TNFR1 in a Jak2 dependent
manner. (A and B) MEFs were stimulated with TNF (A) or a TNFR1
agonist antibody (TNFR1aab) (B) for the indicated times before
being lysed and analysed by immunoblotting with a phospho-Y”%°
or total STAT3 antibody. (C) MEFs were pre-treated for 1 h with
AG490 (50 uM), PP2 (10 uM), or vehicle control (DMSO), then
stimulated with TNF for 60 min, before immunoblotting with a
phospho-Y7% or total STAT3 antibody.

MAPK, JNK, and Akt, which supports the conclusion that AG490
blocks TNF signalling through inhibiting Jak2.

3.2 | Transcriptomic changes in WT and STAT3%®
MEFs 4 h after TNF treatment

To characterize the role of STAT3 in gene regulation by TNF, we
performed RNA sequencing on WT and STAT3X® MEFs that were
stimulated with TNF for 4 h. After mapping and quality control steps,
the fold-change in gene expression was assessed for the response to
TNF relative to unstimulated control (Figure 2A). Volcano plots of
gene expression changes showed that TNF induced greater changes
in gene expression in STAT3XC MEFs as compared to WT MEFs, in-
dicating that STAT3 negatively regulated the expression of several
TNF-induced genes.

We then tested whether STAT3 binding sites were enriched in
the differentially expressed genes in response to TNF. To accomplish
this, we used the ChEA3 tool? in conjunction with ChlP-seq library
data from the literature for transcription factor enrichment analysis.
We found that STAT3 binding was enriched in the promoters of the
upregulated genes (Figure S1). However, STAT3 binding was not en-
riched in the downregulated genes suggesting that these genes are
not direct transcriptional targets for STAT3.

To further characterize TNF-induced genes, we next sought

to identify a group of validated target genes to minimize potential
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false positives. To accomplish this, we used RNA sequencing data 3.3 | STAT3represses the secretion of CCL2,

from WT MEFs derived from a different genetic background that
were stimulated with either TNF or a TNFR1 agonist antibody
(TNFR1aab). The overlapping group of genes induced by TNF or the
TNFR1aab in each MEF genotype were included in the TNF target
gene list. Of the 35 TNFR1 induced genes, 23 genes were more
greatly induced in the STAT3"C MEFs (STAT3-suppressed genes),
while 2 genes had lower induction in the STAT3X® MEFs (STAT3-
promoted genes) and 10 genes were similarly induced in response
to TNF (STAT3-independent genes) (Figure 2B). Since most of the
genes were STAT3-suppressed, we focused on these genes. Enrichr
pathway analysis of the STAT3 suppressed genes showed that these
were characteristic of the “TNF Signaling via NF-xB” signature, and
the “Binding of chemokines to chemokine receptors” signature
(Figure 2C),2*%> which included Ccl2/Mcp1, Cxcl1/KC, and Cxcl10/
IP10. Enrichr analysis indicated that STAT3 was acting at least in part
on a cohort of genes induced by NF-«B.

CXCL1, and CXCL10 and promotes secretion of GM-
CSF downstream of TNFR1

We next determined if alterations in gene expression was reflected
in protein levels. We also confirmed that our observations were
specific to TNFR1 by comparing TNF stimulation with TNFR1aab
stimulation. Since many of the genes repressed by STAT3 in re-
sponse to TNF encoded secreted chemokines, we performed mul-
tiplex cytokine assays that evaluated the expression of 44 murine
cytokines. WT and STAT3X® MEFs were treated with TNF or with
the TNFR1aab for 4h, and culture media were collected and ana-
lysed for cytokines and chemokines using a multiplex assay. Using
a cut-off of at least a two-fold change, levels of Ccl2/Mcp1, Cxcl1/
KC, and Cxcl10/IP10 were greater in STAT3XC versus WT MEFs
in response to treatment with TNF or the TNFR1aab (Figure 3A).

Thus, RNA sequencing and assays of cytokine protein expression
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FIGURE 3 Multiplex cytokine assays of STAT3XC and WT MEFS in response to TNF treatment. Cell culture media was collected from
WT or STATK® MEFs treated with vehicle, TNF or TNFR1aab for 4 h, and cytokine levels were assayed using a multiplex cytokine array. (A)
Cytokines whose levels were greater in media from STAT3XC MEFS (i.e., suppressed by STAT3). (B) Cytokines whose levels were reduced in

media from STAT3"C MEFs (i.e., induced by STAT3).

concordantly show that STAT3%C MEFs had greater cytokine gene
expression and chemokine protein levels downstream of TNFR1
as compared to their WT counterparts. These observations show
that STAT3 limits the production of a specific group of chemokines
downstream TNFR1.

In contrast to these findings on chemokine protein secretion,
GM-CSF secretion was more greatly induced by TNF in WT than in
STAT3KC MEFs, indicating that its induction was STAT3-dependent
(Figure 3B). GM-CSF was not detected by RNA sequencing in un-
stimulated cells, and hence its fold-change could not be calculated.
Nonetheless, protein-based assays show that GM-CSF secretion in-
duced by TNF is STAT3 dependent.

3.4 | STAT3 induces expression of A20/Tnfaip3
that suppresses Ccl2, Cxcl1, and Cxcl10 expression

We next examined the mechanism whereby STAT3 suppresses TNF-
induced Ccl2, Cxcll, and Cxcl10 expression. Since the binding of
STAT3 to various gene promoters has been found to change with
time,%® we hypothesized that STAT3 played an obligate role in the
acute induction of a negative regulator of TNFR1 in WT MEFs, which
could explain excess cytokine productionin STAT3XC MEFs. To iden-
tify genes rapidly induced by STAT3, we performed RNA sequencing

on WT and STAT3"C MEFs that were stimulated with TNF for only
30 min. In contrast to the marked gene expression changes that were
observed at 4 h after TNF treatment, the pattern of TNF-regulated
gene expression in WT and STAT3%C MEFs was relatively similar
at 30 min as illustrated in the Volcano plot shown in Figure 4A.
However, A20/Tnfaip3 was found to be a TNF-induced gene whose
expression was promoted by STAT3, since it was induced by TNF to
a greater extent in WT MEFs versus STAT3"C MEFs. A20/Tnfaip3
is a well-characterized deubiquitinating enzyme that inhibits NF-xB
activity.31 This observation is consistent with our hypothesis that
STAT3 acutely increases the expression of a negative regulator of
TNFR1 signaling in which NF-kB plays a prominent role.®234 To vali-
date the role of STAT3 on A20/Tnfaip3 gene expression observed
in the RNA-seq data, we performed western blots on WT MEFs
stimulated with the TNFR1aab, in the presence or absence of the
STAT3 inhibitor Stattic.3> A20/Tnfaip3 levels were induced by treat-
ment with TNFR1aab, and this induction was markedly reduced by
the STAT3 inhibitor (Figure 4B,C). Taken together our results suggest
that STAT3-dependent induction of A20/Tnfaip3 may be responsi-
ble for the role that STAT3 played in suppressing Ccl2, Cxcl1, and
Cxcl10 expression.

We next tested the hypothesis that induction of A20/Tnfaip3
inhibited chemokine expression. To accomplish this, STAT3XC MEFs
transduced to overexpress A20/Tnfaip3 were stimulated with
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TNFR1aab, and the levels of secreted cytokines were determined by
a multiplex assay. Enforced expression of A20/Tnfaip3 in STAT3"C
MEFs diminished the TNFR1-induced levels of Ccl2, Cxcl1, and
Cxcl10 (Figure 5A). These results show that chemokine expression
in STAT3"C MEFs was elevated due to the absence of A20/Tnfaip3
induction, which is dependent on STAT3, and that expression of
A20/Tnfaip3 in the STAT3X® MEFs repressed chemokine expression.

In contrast to the findings on Ccl2, Cxcl1, and Cxcl10, TNFR1aab
augmented expression of GM-CSF in WT but not in STAT3XC MEFs
(Figure 5B). The different effects of STAT3 on TNF-induced ex-
pression of Ccl2, Cxcl1, and Cxcl10 versus GM-CSF in MEFs show
that these inflammatory factors are regulated through distinct

mechanisms.

4 | DISCUSSION

Inflammation is a self-limiting process that provides protection
against infections, injury, and trauma.®® The severity and duration
of the inflammatory response is important in many disease states
and may determine whether the disease resolves or becomes
chronic.®® TNF has a pivotal role in the initiation and amplification
of the inflammatory cascade; it regulates the release of chemokines
and cytokines, oxidative stress, recruitment of immune cells and
adhesion molecules, apoptosis, wound healing, and tissue-specific
repair mechanisms.? Aberrant TNF production and TNF receptor
signalling have been associated with several diseases in which in-
flammation is an underlying element, including rheumatoid arthritis,

Crohn's disease, atherosclerosis, psoriasis, sepsis, diabetes, and
obesity.2'37'40 TNF orchestrates a cytokine cascade in many inflam-
matory diseases and because of its role as a “master-regulator” of
inflammatory cytokine production it is a therapeutic target in inflam-
matory diseases.®® Indeed, anti-TNF drugs are licensed for treating
inflammatory diseases, including rheumatoid arthritis and inflamma-
tory bowel disease.3”"40

Given that overactive TNFR1 activity contributes to many dis-
eases, important homeostatic mechanisms are present to ensure
that TNFR1 signaling is transient and to resolve the inflammatory
response to prevent pathological inflammation. Thus, genes induced
by TNFR1 signaling encode negative feedback regulators of the in-
flammatory process, including NF-xB dependent expression of 1xkBa
and A20/Tm’aip3,41'42 Knockout of these regulators of TNF induced
inflammation leads to hyperinflammatory phenotypes in mice.

STAT3 can promote or limit inflammation depending on the
stimulus.*® For example, STAT3 is pro-inflammatory downstream
of IL-6, but an effector of anti-inflammatory IL-10.174%44 |n ad-
dition, we previously showed that STAT3 negatively regulated
the expression of interferon-responsive chemokines and cyto-
kines.**¢ The present study shows that STAT3 plays an acute
anti-inflammatory role downstream of TNFR1 in MEFs. We found
that several TNFR1 regulated genes were more greatly induced
in STAT3® MEFs than in WT MEFs at 4 h post TNF stimulation,
leading us to hypothesize that STAT3 is necessary for the rapid
induction of a negative regulator of the TNFR1 pathway. In agree-
ment with this hypothesis, RNA sequencing from cells 30 min after
TNFR1 stimulation showed that induction of the NF-kB target
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FIGURE 5 Effect of A20 expression on cytokine expression STAT3XC MEFs. Cell culture media were collected from WT, STAT3K®, or
STATX® MEFs transduced with a A20 expression plasmid and then stimulated with the TNFR1aab antibody for 4 h. Cytokine levels in the
media were assayed using a multiplex cytokine array. (A) Cytokines whose levels were greater in media from STAT3"C MEFS (i.e., suppressed
by STAT3). (B) GM-CSF whose level was reduced in media from STAT3® MEFs (i.e., induced by STAT3).

gene A20/Tnfaip3**? is also STAT3-dependent. A20/Tnfaip3
acts as a feedback regulator to limit the inflammatory response
by repressing chemokine expression (see model Figure 6). A20/
Tnfaip3 is both an NF-kB target gene and an endogenous inhibitor
of NF-kB.%! Under basal conditions, A20/Tnfaip3 is expressed at
low levels in cells. Inflammatory cytokines, such as TNF, activate
NF-xB and IKK, which leads to the transcription of NF-kB target
genes, including A20/Tnfaip3.5%* If IKKp activation continues,
newly translated A20/Tnfaip3 is phosphorylated by IKKp, which
subsequently inhibits NF-xB signalling. Regulation of A20 activity
by gene transcription and protein phosphorylation allows NF-xB
to be regulated by the strength and duration of the inflammatory
signal.31

Chemokines induce chemotaxis, tissue extravasation, and the
differentiation of immune cells and thus play a central role in co-
ordinating and promoting inflammation. The present study identi-
fies specific chemokines whose expression is acutely repressed by
STAT3, thereby limiting the development of inflammation. CXCL1,
CXCL10, and CCL2 are all induced by TNF through activation of
NF-kB in various cell types.“s’50 Here, we show that in MEFs TNF
represses the expression of these chemokines through TNF-induced

expression of A20/Tnfaip3, and that this pathway is also highly
STAT3 dependent. We suggest that NF-xkB and STAT3 cooperate to
regulate A20/Tnfaip3 expression, which is supported by the finding
that CXCL1, CXCL10, and CCL2 production is increased by TNF in
STAT3XC MEFs relative to WT MEFs and that enforced expression
of A20/Tnfaip3 in STAT3® MEFs suppresses the levels of these
chemokines. NF-kB and STAT3 regulate expression of pro-survival,
cell growth, and immune genes. In addition to acting independently,
NF-xB and STAT3 can physically interact with each other and coop-
erate at gene promoters containing both NF-kB and STAT3 binding
sites.>! For example, in immortalized human epithelial cells TNF in-
duced 1225 genes, of which 123 were dependent on both NF-xB
and STAT3.%? The present study provides evidence that STAT3 and
NF-kB likely cooperate in the induction of A20/Tnfaip3.

GM-CSF has a broad range of activities in innate and adaptive
immune responses.’® In contrast to the chemokines which are sup-
pressed by a STAT3-dependent pathway, GM-CSF expression was
increased by TNF in WT MEFs but not in STAT3X® MEFs, showing
that GM-CSF expression is differently regulated from that of CXCL1,
CXCL10, and CCL2. In some cell types, GM-CSF expression is in-
duced by NF-kB>* however, in nasopharyngeal carcinoma cells,>
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FIGURE 6 Model of the mechanism whereby STAT3 limits chemokine expression downstream of TNFR1. (A) TNFR1 signalling in STAT3'©
MEFs. Signalling through TNFR1 activates Jak2. In the absence of STAT3, A20/Tnfaip3 is not induced; consequently, chemokine induction
by NF-kB is elevated relative to that in WT MEFs. (B) TNFR1 signalling in WT MEFs. In WT MEFs Jak2 activates STAT3, which translocates
into the nucleus and binds the promoters of target genes. In conjunction with NF-xB, STAT3 induces A20 expression. A20 acts as a negative
feedback regulator of NF-kB, inhibiting its activity. Consequently, the expression of chemokine targets of NF-kB is diminished in WT MEFs

relative to STAT3® MEFs. The figure was created with Biorender.com.

GM-CSF expression was transcriptionally induced by ERK. Likewise,
our results suggest that a STAT3 pathway not involving NF-xB in-
duces GM-CSF by TNF in MEFs.

We previously showed that Jak2 is constitutively associated
with TNFR1.1® Oligomerization of TNFR1 in the absence of TNF
binding may bring receptor associated Jak2 into proximity and
permit activation by transphosphorylation.>® Aggregation of other
cytokine receptors facilitates activation of receptor-associated
Jak kinases, including the receptor for growth hormone.”” These
observations provide a foundation for understanding the initial
steps through which TNFR1 may initiate the JAK2-STAT3 signal-
ling pathway.

Although cytokine receptors that activate STAT3 usually con-
tain a YXXQ motif in their cytoplasmic domain that undergoes
JAK-mediated tyrosine phosphorylation and interacts with the SH2
domain of STAT3,°%°? the cytoplasmic domain of murine TNFR1
does not contain this consensus STAT3 docking site. However, ac-
tivation of STAT3 by growth hormone is independent of tyrosine
motifs in the receptor but is accomplished through direct interaction
with phosphorylated Jak2 which contains a STAT3 binding motif.¢°
In addition, while the cytoplasmic tyrosine residues of the IL-22 re-
ceptor are also not required for STAT3 activation, the N-terminal
coiled-coil domain of STAT3 is constitutively associated with the
C-terminus of the receptor.61 We suggest that TNFR1 may recruit
and activate STAT3 through constitutive tyrosine independent bind-
ing or through direct binding of phosphorylated Jak2 with STAT3.
A potential advantage of constitutive association of a receptor with
STAT3 is that it might allow rapid or more efficient STAT3 activation

in cells with low STAT3 expression. Another advantage of SH2-
independent recruitment of STAT3 could be to obviate negative
feedback by proteins, such as SOCS3, which compete with STAT3
for phosphotyrosine binding sites.®? Whether these putative mech-
anisms might account for biphasic activation of STAT3 by TNFR1 will
require further study.

Our observations identify a TNFR1-(STAT3/NF-kB)-A20/Tnfaip3
signalling pathway in MEFs. Most cells express low levels of A20/
Tnfaip3, which is induced by TNF within 30 min by NF-xB*”¢% in con-
cert with STAT3. A20 inhibits NF-kB signalling by interfering with
the ubiquitination of multiple proteins that promote NF-xB activa-
tion, including RIPK1, NEMO, and even TNFR1.%* In addition, A20
is an NF-xB target gene and its induction forms a negative feedback
loop that inhibits NF-kB activity. A20 suppresses cytokine expres-
sion thus imposing an early brake on inflammatory processes medi-
ated by TNF.38%? Thus, acute exposure of cells to TNF induces an
autoregulatory program that suppresses inflammation through the
coordinated activities of STAT3 and NF-kB. Chronic TNF signalling
from unresolved insults or infections can override the acute tempo-
ral restraints described herein and ultimately results in pathological

conditions.
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