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Abstract

Although interleukin-1 (IL-1) induces expression of interferon regulatory factor 1 (IRF1), its roles
in immune and inflammatory responses and mechanisms of activation remain elusive. Here, we
show that IRF1 is essential for IL-1-induced expression of chemokines CXCL10 and CCL5 that
recruit mononuclear cells into sites of sterile inflammation. Newly synthesized IRF1 acquires
K63-linked polyubiquitylation mediated by cellular inhibitor of apoptosis 2 (clAP2), which is
enhanced by the bioactive lipid sphingosine-1 phosphate (S1P). In response to IL-1, clAP2 and
sphingosine kinase 1, the enzyme that generates S1P, form a complex with IRF1, which leads to
its activation. Thus, IL-1 triggers a hitherto unknown signaling cascade that controls induction of
IRF1-dependent genes important for sterile inflammation.

IL-1 is a pleiotropic cytokine that regulates a broad range of both immune and inflammatory
responses and plays a pivotal role in autoinflammatory diseases? but does not possess direct
antiviral activity2. Accordingly, IL-1 induces expression of a variety of proinflammatory
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cytokines and chemokines but does not stimulate production of significant amounts of type |
interferons necessary to orchestrate antiviral responses. The inflammatory effects of IL-1 are
mediated mainly by the activation of the transcription factor NF-xB and mitogen activated
protein kinases (MAPKs)3. IL-1 initiates signaling upon binding to the IL-1 receptor
(IL-1R) complex, containing IL-1R accessory protein that leads to the recruitment of the
cytosolic adaptor protein MyD88 via the Toll-IL-1R domain of IL-1R*. MyD88 recruits
IL-1R-associated kinase 4 (IRAK4) and IRAK1 resulting in hyperphosphorylation of
IRAK1 by IRAK4®. Tumor necrosis factor (TNF) receptor-associated factor 6 (TRAF6), an
E3 ubiquitin ligase containing a RING domain, is then recruited and activated®. TRAF6
conjugates K63-linked polyubiquitylation chains to itself and to IRAKZ1, which allows for
the recruitment of the transforming growth factor -activated kinase 1 (TAK1), TAK1-
binding protein 2 (TAB2), TAB3, and the linear ubiquitin assembly (LUBAC) complex. In
turn, LUBAC generates linear-polyubiquitin chains that recruit inhibitor of NF-xB kinase
(IKK) complex’. Subsequently, TRAF6 decorates both KKy, a regulatory subunit of the
IKK complex, and TAK1 with K63-linked polyubiquitin chains leading to the activation of
NF-xB and MAPKs811, In addition to this activation cascade that requires the RING
domain of TRAF6, NF-kB can also be activated by the oligomerization of MAPK Kkinase
kinase 3, which is orchestrated by TRAF6 and requires its zinc finger domain but not a
functional RING domain?2.

While Toll-like receptor (TLR) ligands and IL-1 both activate NF-xB and MAPKS, which
are required for antiviral and inflammatory responses, the antiviral response is restricted to
TLRs due to their ability to induce production of type I interferon by activation of interferon
regulatory factors (IRFs)13. IRF3 and IRF7 are critical regulators of type | interferon
production; nevertheless, both IRF1 and IRF5 also can induce type | interferons in TLR- and
cell-specific manners'4.15. Although Irf1~~ mice show normal serum concentrations of type
| interferons®, IRF1 regulates TLR9-induced interferon-B (IFN-B) production in
conventional dendritic cells'4, expression of low amounts of IFN-B induced by TNF17,
expression of nitric oxide synthase and p35 subunit of 1L-12 in macrophages!®, and priming
of chromatin in interferon-p (IFN-B) stimulated macrophages!®. IRF1 also controls
recruitment of macrophages by TNF-activated endothelial cells2%, immune responses to
West Nile virus infections??, and pathogenesis of autoimmune diseases??, including
collagen-induced arthritis and experimental autoimmune encephalomyelitis (EAE) in mice.

Although expression of several IRFs is induced by both interferons and cytokines, activation
of these IRFs requires acquisition of posttranscriptional modifications, including K63-linked
polyubiquitylation and phosphorylation. TRAF6 serves as an E3 ubiquitin ligase for both
IRF515 and IRF723 and K63-linked polyubiquitylation of IRF7 is a prerequisite for
subsequent phosphorylation23. Expression of IRF1 is strongly induced by IFNp and it can be
further activated by TLRs?4. The mechanism of this activation is not known, but it involves
formation of a complex of IRF1 with MyD8824. IL-1 also induces expression of IRF1 and
MyD88 is an adaptor for IL-1 signaling.

In this study, we show that IRF1 controls expression of delayed IL-1 responsive genes,
particularly those encoding chemokines CXCL10 and CCLS5, which are important for the
recruitment of mononuclear cells into sites of sterile inflammation. In response to IL-1,
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newly synthesized IRF1 is K63-linked polyubiquitylated by cellular inhibitor of apoptosis 2
(clAP2), which requires the bioactive sphingolipid mediator sphingosine-1-phosphate (S1P)
that directly binds to and enhances its E3 ubiquitin ligase activity. Thus, in addition to well-
documented NF-kxB-activation pathways, IL-1 triggers a hitherto undefined signaling
pathway that regulates a set of IRF1-responsive genes important for sterile inflammation.

IL-1 induces CXCL10 and CCL5 expression via IRF1

IL-1 orchestrates immune and inflammatory responses by regulating expression of its target
genes in multiple cell types by several molecular mechanisms. In human astrocytes, as
previously reported for other cell types, IL-1 rapidly induced expression of genes controlled
by the activation of NF-xB and MAPKSs, including those encoding IL-6, IL-8, and CCL4
(Supplementary Fig. 1a). In addition, in both human and mouse astrocytes, IL-1 induced
MRNA expression of chemokines CXCL10 and CCL5 (Fig. 1a, b, Supplementary Fig. 1b),
whose promoters contain ISRE elements that can either bind IRFs or the ISGF3 complex
(STAT1-STAT2-IRF9)17:25 |L-1 rapidly induced expression of IRF1 mRNA (Fig. 1la-c),
accumulation of IRF1 protein, and its subsequent accumulation in the nucleus (Fig. 1a).
Deletion of IRF1 in mouse embryonic fibroblasts (MEFs) almost completely eliminated the
induction of CXCL10 and CCL5 mRNA by IL-1 observed in wild-type MEFs, whereas IL-6
MRNA expression was decreased to a lesser extent (Fig. 1c). We next examined whether
IRF1 deficiency also impaired production of these chemokines in vivo. Intraperitoneal
administration of IL-1 to wild-type mice resulted in dramatic increases of CXCL10 and
CCLS5 levels in the serum, while these responses to IL-1 were almost completely ablated in
Irf1~/~ mice (Fig. 1d). In contrast to CXCL10 and CCL5, IL-1-induced IL-6 expression was
similar in wild-type and Irf1~~ mice (Fig. 1d). The specific requirement for IRF1 was
further examined in vivo using Stat1~~ and Irf3~"~1rf7~/~ double-knockout mice. Although
IRF3 and IRF7 regulate expression of CXCL10 and CCL5 upon TLR activation28:27, and
their expression also can be induced by the STAT1/STAT2/IRF9 heterotrimerl?:25,
CXCL10 and CCLS5 concentration in the serum of IL-1-treated Irf3~~1rf7~/~ and Stat1~~
knockout mice were similar to wild-type mice (Fig. 1€). Thus, IRF1, but not IRF3 and IRF7,
is essential for IL-1-induced expression of CXCL10 and CCLS5 in cells and in vivo.

IRF1 regulates the recruitment of mononuclear cells

Since a deficiency of IRF1 results in autoimmune diseases?? that are thought to be caused by
dysfunction of T cells?8, the importance of IRF1 activation was examined further using the
turpentine model of irritant-induced sterile inflammation that is 1L-1-dependent?®.
Expression of CXCL10 and CCL5 mRNA was strongly induced at the sites of turpentine
injection in wild-type mice but substantially reduced in Irf17= animals (by 92% and 97%,
respectively) (Fig. 2a). Expression of IRF1-independent cytokine mRNAs coding for CCL2,
IL-1, and IL-6, was also affected in Irf1~~ animals but to a lesser extent (by 48%, 78%, and
79%, respectively) (Fig. 2a). Although subsequent infiltration of inflammatory cells into the
irritated skin area was evident in both wild-type and Irf1~~ mice (Fig. 2b), the infiltration of
CD8* T cells was attenuated in Irf1~~ animals. There was also a trend suggesting that
infiltration of CD4* T cells, monocytes (CD11b*Gr-17), and bone marrow-derived immature
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myeloid cells (CD11b*Gr-1*) was attenuated in Irf1~~ animals (Fig. 2c, Supplementary
Fig. 2a-c). The diminished infiltration of these cells likely was a result of lower local
expression of CXCL10 and CCL5 in Irfl~ mice (Fig. 2a), and not the difference in the
initial numbers of immune cells subsets. Although numbers of CD8* cells are much lower in
Irf1~"~ mice30, the numbers of CD4™ cells, monocytes and bone marrow-derived immature
myeloid cells are comparable in Irf1~~ and WT animals (Supplementary Fig. 2d).
Collectively, these data suggest that IRF1-dependent CXCL10 and CCL5 expression is
required for the effective recruitment of mononuclear cells into sites of sterile inflammation.

IL-1 induces K63-linked polyubiquitylation of IRF1

IRF3 is phosphorylated by the IKKe-TBK-1 complex3, whereas IRF1 requires IKKa, for its
activation by TLR914. In addition to phosphorylation, IRF3, IRF5, and IRF7 undergo K63-
linked polyubiquitylation that is needed for their activation1®23:32 and this modification is a
prerequisite for IRF7 phosphorylation23. To examine whether activation of IRF1 by IL-1
also involves its K63-linked polyubiquitylation, HEK293 cells co-expressing IRF1 and
either wild-type-, K63-only-, or K48-only ubiquitin were stimulated with IL-1. Indeed, IL-1
enhanced K63-linked polyubiquitylation of IRF1, whereas K48-linked polyubiquitylation
that targets IRF1 for degradation was not affected (Fig. 3a). IL-1-induced K63-linked
polyubiquitylation of IRF1 also was detected using specific anti-K63-ubiquitin antibodies
(Fig. 3b). In searching for the E3 ubiquitin ligase that mediates IL-1-induced K63-linked
polyubiquitylation of IRF1, we focused on TRAF6, which is indispensable for IL-1-induced
NF-xB activation®. We also tested clAP1 and clAP2 because expression of these E3 ligases
is induced by NF-xB33, which is activated by IL-1. S1P was included in the in vitro
ubiquitylation reactions since S1P is a cofactor for E3 ligase activity of TRAF2 that
mediates K63-linked polyubiquitylation of receptor interacting protein 1 (RIP1) in response
to TNF signaling34. Although incubation of IRF1 with ubiquitin, the ubiquitin-activating
enzymes E1, E2 Ubcba, and either TRAF2, TRAF6, or clAP1 failed to produce
polyubiquitylated IRF1 in vitro, clAP2 effectively polyubiquitylated IRF1 in the presence of
S1P (Fig. 3c). Moreover, S1P enhanced both total and K63-linked polyubiquitylation but
had no effect on the K48-linked polyubiquitylation of IRF1 (Fig. 3d). Furthermore, the
stimulatory effect of S1P was specific, as other structurally related phospholipids, including
dihydro-S1P, sphingosine, dihydro-sphingosine and lysophosphatidic acid were ineffective
at inducing K63-linked polyubiquitylation of IRF1 (Fig. 3€). Polyubiquitylation of IRF1 was
also evident in TNF-treated cells (Fig. 3f), which correlates with the previously described
activation of IRF1 by TNF17,

To identify sites of polyubiquitylation, we generated IRF1 lysine to arginine mutants (Fig.
39), and tested for their ability to induce an IFN-p reporter gene. We found that wild-type
IRF1 and IRF1 mutants (m1, m2, and m3), containing Lys 75, 78, 95, and 101, efficiently
activated the reporter, which was enhanced by IL-1 (Fig. 3h). The wild-type IRF1 and the
m3 mutant (containing Lys 75, 78, 95, and 101 only) were also K63 polyubiquitylated (Fig.
3i) and their polyubiquitylation was enhanced by IL-1. In contrast, an m4 IRF1 mutant
lacking these lysines was not K63 polyubiquitylated and did not activate the reporter,
suggesting that at least one of lysines (75, 78, 95, or 101) is a site of polyubiquitylation and
is important for IRF1 function. IL-1 also efficiently promoted ubiquitylation of clAP2 (Fig.

Nat Immunol. Author manuscript; available in PMC 2014 September 01.



1duosnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Harikumar et al. Page 5

3j, k), suggesting clAP2 activation. Together, these results suggest that activation of IRF1
requires K63-linked polyubiquitylation, and this is mediated by clAP2 in the presence of
S1P.

IL-1 induces formation of TRAF6-clIAP2-SphK1-IRF1 complex

clAP2 and S1P have not been implicated previously in IL-1-induced signaling or activation
of IRFs by IL-1R or TLRs. For that reason, it was important to demonstrate that clAP2 and
SphK1, one of the two isoenzymes capable of producing S1P, can be recruited to the known
IL-1-induced signaling complexes. Stimulation with IL-1 induced sustained phosphorylation
of SphK1 on Ser225 (Fig. 4a), which is known to enhance its enzymatic activity3°.
Accordingly, the amount of S1P doubled 2 hours after IL-1 stimulation of astrocytes (Fig.
4b), suggesting that S1P is produced at the time of activation of newly synthesized IRF1
(Fig. 1a). We also could coimmunoprecipitate SphK1 and clAP2 and this interaction was
enhanced by IL-1 (Fig. 4c, d), indicating that S1P produced by SphK1 is available to bind to
clAP2. Moreover, IL-1 enhanced the interaction of endogenous clAP2 with SphK1 (Fig.
4e). To understand mechanistic basis of clAP2 activation by IL-1 signaling, we first
examined whether IL-1-activated TRAF®6 recruits clAP2. IL-1 promoted interaction of
TRAF6 and clAP2 (Fig. 4f, g, h), which contrasts previously reported constitutive
interaction of clAP2 with TRAF2 (Fig. 4g and36), and suggests that clAP2 is specifically
recruited by IL-1-activated TRAF6. Thus, IL-1-induced activation of TRAF6 leads to the
recruitment of both clAP2 and SphK1, and phosphorylation of SphK1, which can locally
produce S1P. Moreover, IL-1 also stimulated the interaction of clAP2 with IRF1 (Fig. 4i),
suggesting that IRF1 also is recruited to this complex. These data suggest that IL-1 signaling
recruits both SphK1 and clAP2, which may be important for IRF1 activation.

SphK1is needed for IL-1-induced chemokine expression

Since S1P was required for clAP2-mediated K63-linked polyubiquitylation of IRF1 in vitro
(Fig. 3c) and SphK1 associated with clAP2 (Fig. 4c-€), it was important to test whether
SphK1 is indispensable for IL-1-induced CXCL10 and CCL5 expression in vitro and in

vivo. SKI-1, a highly specific small molecule SphK1 inhibitor3’, abolished IL-1-induced
CCL5 mRNA expression and reduced IL-1-induced CXCL10 mRNA expression by 50% in
primary human astrocytes (Fig. 5a). However, SKI-1 had no effect on the basal or IL-1-
induced expression of IRF1 or SphK1 mRNAs, suggesting that SphK1 activity is needed
specifically for IL-1-induced expression of IRF1-dependent genes. SKI-1 also strongly
decreased concentrations of CXCL10 and CCL5 in the serum of mice administered
exogenous IL-1 (Fig. 5b) but had no effect on the concentration of 1L-6, whose expression is
not regulated by IRF1. Thus, pharmacological inhibition of SphK1 specifically inhibits IL-1-
induced expression of IRF1-dependent genes in vitro and in vivo. We also tested whether
IL-1-induced expression of CXCL10 and CCL5 was altered in Sphk1~~ mice. Although
SphK1 deficiency results in elevated basal mMRNA expression of both IRF1-dependent and
IRF1-independent cytokines, it also reduced IL-1-induced mMRNA expression of CXCL10
and CCL5 but not IL-6 (Fig. 5¢). Thus, SphK1 and its enzymatic activity are critical for the
IL-1-induced expression of CCL5 and CXCL10.
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clAP2 is needed for IL-1-induced chemokine expression

In vitro ubiquitylation data suggested that clAP2 but not clAP1 mediates K63-linked
polyubiquitylation of IRF1 in the presence of S1P (Fig. 3c). Accordingly, IL-1-induced
expression of CCL5 mRNA was completely abolished in MEFs lacking clAP2 (Birc3~
MEFs) and expression of CXCL10 mRNA was profoundly diminished (Fig. 6a). In contrast,
IL-1-induced expression of NF-xB-dependent genes, including IRF1, CCL2, and CXCL9
was normal in Birc37~ MEFs (Fig. 6a), supporting previous reports that cIAP1 and cIAP2
are redundant for many biological functions, including their role in NF-kB activation38 . To
test if clAP2 is needed for IL-1-induced polyubiquitylation of IRF1, cells were pretreated
with Smac mimetic (SMAC), which causes degradation of both clAP1 and clAP23°. SMAC
effectively blocked both basal and IL-1-induced polyubiquitylation of IRF1 (Fig. 6b). To
confirm that clAP2 mediates IRF1 polyubiquitylation, IRF1 ubiquitylation was analyzed in
wild-type and Birc3~'~ MEFs. Although IL-1 induced effective polyubiquitylation of IRF1
in wild-type MEFs, it failed to induce significant IRF1 polyubiquitylation in Birc3~~ MEFs
(Fig. 6¢). These data suggest that clAP2 but not clAP1 mediates polyubiquitylation of IRF1,
which activates IRF1 and its downstream gene expression.

S1P binds to clAP2 and promotes IRF1 polyubiquitylation

Previous studies have shown that S1P binds to TRAF2 and promotes K63-linked
polyubiquitylation of RIP1 in response to TNF34, To assess whether S1P promotes
polyubiquitylation of IRF1 by binding to clAP2, both IRF1 and clAP2 were
immunoprecipitated and binding of S1P was analyzed by liquid chromatography
electrospray ionization mass spectrometry (LC-ESI-MS/MS). S1P clearly bound to clAP2
but not to IRF1 (Fig. 7a), suggesting that S1P binds to clAP2. In agreement, 32P-labeled-
S1P effectively bound to recombinant clAP2, and this binding competed with unlabeled S1P
but not by other related lipids, including sphingosine and lysophosphatidic acid (Fig. 7b).
Molecular modeling of S1P binding into clAP2 suggested that S1P binds to the groove
present in the RING domain of clAP2 (Fig. 7c), and its binding could be stabilized further
by a positively charged region (containing Thr594 and Lys596) interacting with the
phosphate group of S1P (Supplementary Fig. 3a). To test these predictions, a clAP2
mutant [clAP2(AAA)] containing Thr594Ala, 1le595Ala, and Lys596Ala, was generated
and tested for S1P binding and in vitro E3 ligase activity using IRF1 as a substrate. As a
negative control, a clAP2 RING domain point mutant (His574Ala) that does not contain E3
ligase activity*0 was used. Binding of S1P to the clAP2(H574A) mutant was markedly
diminished (Fig. 7d) and this mutant no longer polyubiquitylated IRF1 (Fig. 7€). In
agreement with the molecular modeling data (Fig. 7c, Supplementary Fig. 3) and in
contrast to wild-type clAP2, the clAP2(AAA) mutant failed to bind S1P efficiently (Fig. 7d)
and lost its in vitro E3 ligase activity towards IRF1 (Fig. 7€).

Collectively, our studies uncovered a hitherto undescribed signaling cascade activated by
IL-1 (Supplementary Fig. 4) that leads to the activation of newly synthesized IRF1 and
subsequent induction of IRF1-dependent genes. Activation of IRF1 requires its K63-linked
polyubiquitylation mediated by clAP2 and depends on the production of S1P by SphK1.
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DISCUSSION

In comparison to IRF3 and IRF7, considerably less is known about IRF1 function and
regulation. In addition to previously known functions, TNF-activated IRF1 induces
expression of several chemokines and low levels of IFNp that subsequently activate the
ISGF3 complex and sustain expression of TNF-induced chemokines!’. It has also been
demonstrated that recruitment of monocytes by endothelial cells requires activation of IRF1
by TNF receptor 220, Here, we demonstrate that IRF1 also is required for IL-1-induced
expression of CXCL10 and CCLS5 in astrocytes and MEFs in vitro and in mice in vivo.
Furthermore, IRF1 is required for turpentine-induced, IL-1-dependent expression of
CXCL10 and CCL5 and subsequent recruitment of mononuclear cells into sites of sterile
inflammation. The importance of local chemokine production is further supported by
findings that Irf1~~ mice with wild-type bone marrow present milder EAE clinical signs and
shorter disease duration compared to wild-type mice*!. Therefore, our findings may in part
explain the diminished susceptibility of Irf1~~ mice to autoimmune diseases, such as
collagen-induced arthritis and EAE that are in part IL-1-dependent.

Transcriptional induction of IRF1 and stabilization of IRF1 protein are likely not sufficient
for activation of IRF1-dependent genes. IFN-y-induced expression of CXCL10 requires
further activation of IRF1, possibly by phosphorylation?®. Indeed, IKKR is needed for IRF1-
dependent expression of CXCL10 in response to IFN-y25 whereas activation of IRF1
following TLR7 and TLR9 signaling requires IKKa, which coimmunoprecipitates with
IRF1 and phosphorylates IRF1 in vitrol4. Analogously, other IRFs are activated via
phosphorylation, with IRF7 phosphorylation requiring prior K63-linked polyubiquitylation
by TRAF623. Although IRF1 stability is controlled by its K48-linked polyubiquitylation that
targets it for proteasomal degradation?2, we now present evidence that IRF1 also undergoes
K63-linked polyubiquitylation in response to IL-1. K63-linked polyubiquitylation of IRF1
occurs in its DNA binding domain and thus may counteract constitutive K48-linked
polyubiquitylation, which also targets residues in the DNA binding domain of IRF142. IFN-
v-induced IRF1 is known to form a complex with, and is activated by, MyD88 upon TLR
stimulation by a process referred to as ‘MyD88-dependent licensing’24. Thus, our finding
that activation of the IL-1R complex, which utilizes MyD88 as a signaling adaptor, leads to
IRF1 K63-linked polyubiquitylation, suggests that MyD88-dependent licensing likely
involves K63-linked polyubiquitylation. However, we found that TRAF6, an E3 ubiquitin
ligase that orchestrates NF-xB and MAPK activation in response to IL-143, does not mediate
polyubiquitylation of IRF1. In response to IL-1, clAP2 is recruited to TRAF6 and becomes
polyubiquitylated, which suggests clAP2 activation. The closely related clAP1 and clAP2
are redundant for many of their known functions; nevertheless, they also have unique
functions, such as clAP1-coordinated activation of NF-kB in response to DNA damage?L.
K63-linked polyubiquitylation of IRF1 is unambiguously mediated by clAP2 but not by
clAPL. Since IL-1-induced IRF1 polyubiquitylation and activation of IRF1-dependent genes
is almost completely abrogated in Birc3~ MEFs, clAP2 likely plays critical and non-
redundant role in the activation of IRF1-dependent responses. This is further supported by
the findings that clAP2 mutants that lack E3 ubiquitin ligase activity or S1P binding failed
to polyubiquitylate IRF1 in vitro.
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S1P also is required for K63-linked polyubiquitylation of IRF1 by clAP2, highlighting
another novel direct intracellular target for this signaling lipid. Recently, intracellular S1P
has been shown to bind directly to several intracellular targets and specifically regulate their
activity (reviewed in#%). We detected efficient and specific binding of S1P to clAP2.
Furthermore, molecular modeling of S1P binding to clAP2 identified potentially important
amino acids and allowed for the generation of a clAP2 mutant that neither binds S1P nor
polyubiquitylates IRF1 in vitro, suggesting that S1P serves as a bona fide obligatory
cofactor for E3 ligase activity of clAP2. Since SphK1 is activated in response to IL-1 and
also coimmunoprecipitates with clAP2, S1P is likely generated at the time of clAP2
activation. This mechanism is similar to the one observed after TNF stimulation where
SphK1 is also activated and forms a complex with TRAF234, The importance of SphK1 for
IL-1-induced IRF1-dependent gene expression is supported further by our finding that
pharmacological inhibition of SphK1 activity or genetic deletion of SphK1 diminishes
expression of IRF1-dependent genes in vitro and in vivo.

Our data collectively suggest that in contrast to TLRs that efficiently recruit mononuclear
immune cells to sites of infection by IRF3- and IRF7-dependent activation of chemokine
expression, the recruitment of these immune cells to sites of sterile inflammation is
coordinated by IL-1R-mediated activation of IRF1. Since IRF1 affects pathogenesis of
autoimmune diseases??, targeting of this hitherto unrecognized IL-1-induced cascade may
be clinically important in the future.

METHODS

Mice
Irf1~'~ mice were obtained from Jackson Laboratory (Bar Harbor, ME), Sphk1~~ mice were
provided by Dr. Richard Proia, National Institutes of Health (Bethesda, MD), and Stat1~~
mice were provided by Dr. Andrew Larner, VCU (Richmond, VA). Irf3-Irf7-~ double-
knockout mice?6 were generated and housed at WUSM, while all other mice were housed at
VCU according to guidelines of VCU Institutional Animal Care and Use Committee and
mouse protocols were approved by the institutional IACUC. 8-16 week old male and female
mice were used.

Turpentine-induced inflammation

A turpentine abscess was initiated under anesthesia by injection (50 ul, s.c.) of pure gum
spirits of turpentine into age-matched males and females wild-type or Irf1=~ mice
(littermates, 6-8 week old). Animals were sacrificed after 8h or 24h and skin and underlying
muscles at the site of injection, containing was collected for mMRNA analysis, flow
cytometry, and staining.

Cell culture and transfections

HEK?293 cells (ATCC, Manassas, VA) were cultured as described3*. Mouse embryo
fibroblasts were prepared from E13 embryos using standard protocols. Mouse astrocytes
were kindly provided by Dr. Pamela Knapp (VCU, Richmond, VA). Human cortical
astrocytes were prepared from fetal tissue provided by Advanced Bioscience Resources, Inc.
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(Alameda, CA) and cultured as previously described*’. Cells were stimulated with 10 ng/ml
IL-1 for 2h, unless indicated otherwise. Cells were transfected with expression plasmids
using either Lipofectamine Plus (Invitrogen) or TransIT2020 reagent (Mirus, Madison, WI).

Reagents, plasmids and antibodies

S1P, sphingosine, dihydroS1P, lysophosphatydic acid, and SK1-1 ((2R,3S,4E)-N-methyl-5-
(4’-pentylphenyl)-2-aminopent-4-ene-1,3-diol) were obtained from Enzo Life Sciences
International (Farmingdale, NY). Ubiquitin conjugating enzymes, wild-type, K63-only, and
K48-only ubiquitin were from Boston Biochem (Cambridge, MA). IL-15, recombinant
E.coli-derived clAP1 and clAP2, and anti-pan-clAP1/2 were from R&D Systems
(Minneapolis, MN). The following antibodies were used: anti-IRF1, anti-clAP2, anti-
ubiquitin, anti-TRAF6 (Santa Cruz Biotechnology, Santa Cruz, CA); anti-His-tag (27E8),
anti-tubulin (Cell Signaling Technology, Danvers, MA); anti-SphK1 antibodies were
described previously®; anti-phospho-SphK1(Ser225) (ECM Biosciences, Versailles, KY);
anti-HA (Roche, Indianapolis, IN); anti-ubiquitin-K63 (HWAA4C4) (eBiosciences, San
Diego, CA); and anti-ubiquitin-K48 (Apu2) (Millipore, Billerica, MA), APC-anti-CD4
(100412), PE/Cy7-anti CD8a (100721), FITC-anti-CD45 (103107), PerCP/Cy5.5-anti-
CD11b (101227), PE-anti-Ly-6G/Ly-6C (Grl) (108408), and isotope matched control
antibodies (BioLegend, San Diego, CA). HA-agarose beads, FLAG M2 affinity beads, anti-
FLAG (M2) antibodies, FLAG and HA peptides were from Sigma-Aldrich (St. Louis, MO).
Ni-NTA affinity beads were from Qiagen (Valencia, CA). SMAC mimetic was a gift of Dr.
Xiaodong Wang (University of Texas-Southwestern, Dallas, TX). Expression plasmids
coding for wild-type TRAF2, His-TRAF6, and HA-tagged ubiquitins were kindly provided
by Dr. Bryant Darnay (MD Anderson, Houston, TX), Dr. Xiang-Yang Wang (VCU,
Richmond, VA), and Dr. Zhijian Chen (University of Texas-Southwestern, Dallas, TX),
respectively. The IFN-B reporter was provided by Dr. K.A. Fitzgerald (University of
Massachusetts, Worcester, MA). Expression plasmid coding for HA-tagged clAP2 and
Birc3~'~ MEFs were provided by Dr. Colin Duckett (University of Michigan, Ann Arbor,
MI). Plasmid encoding mouse IRF1 was purchased from Open Biosystems (Lafayette, CO).
Coding region of IRF1 was amplified by PCR and cloned into pPCMV-FLAG5A (Sigma-
Aldrich, St. Louis, MO). Lys to Arg mutants of IRF1 were generated by QuikChange
Lightning Multi Site-Directed Mutagenesis Kit while clAP2(AAA)-HA mutant was
generated by QuikChange 11 site-directed mutagenesis kit (both from Agilent Technologies,
Santa Clara, CA).

Immunofluorescence

Frozen sections (10 um) were prepared from tissue embedded in optimal cutting medium
(OCT 4583, Sakura Finetek, Torrance, CA). Sections were fixed in 4% paraformaldehyde,
blocked with horse serum containing 2.5% fraction V BSA for 1h, and then stained with
anti-F4/80 (AbD Serotec, Oxford, UK) or anti-CD90.2 (eBiosciences, San Diego, CA)
antibodies at 4°C overnight. After three washes with PBS, sections were stained with Alexa
fluor 594-conjugated antibodies (Invitrogen, Grand Island, NY) for 20 min. Nuclei were
stained with Hoechst for 5 min. Sections were examined with TCS-SP2 AOBS Confocal
Laser Scanning Microscope (Leica).
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Immunoblotting and immunoprecipitation

Cell lysates were prepared in 20 mM HEPES pH 7.4 containing 150 mM NaCl, 10 mM -
glycerophosphate, 1.5 mM MgCly, 10 mM NaF, 2 mM dithiothreitol, 1 mM NaV30,4, 2 mM
EGTA, 1 mM PMSF, 0.5% Triton X-100, 1:500 protease inhibitor cocktail (Sigma-Aldrich),
and 1 mg/ml of N-ethylmaleimide. For immunoprecipitation, cell lysates (500 ug) were
incubated with antibodies overnight at 4°C. Immunoprecipitated complexes were captured
using protein A/G-plus agarose beads (Santa Cruz Biotechnology, Santa Cruz, CA). After
extensive washing, samples were boiled in SDS-PAGE sample buffer, and analyzed by
immunoblotting. In some cases, FLAG-tagged proteins were immunoprecipitated with
FLAG-M2 affinity beads overnight at 4°C and bound proteins eluted with FLAG peptide
and analyzed by immunoblotting.

In vitro ubiquitylation and protein purification

Ubiquitylation assays were performed as described earlier with slight modifications34.
FLAG-tagged IRF1 was purified from transfected HEK293 cells either using anti-FLAG M2
affinity beads and eluted with FLAG peptide or in some cases with anti-FLAG antibody.
Recombinant E. coli derived His-tagged clAP1, His-tagged clAP2, or HA-tagged clAP2
purified from transfected HEK293 cells were used as the E3 ligases. Ubiquitylation assays
were carried out at 35°C for 2h in 50 mM HEPES, pH 7.8, containing 5 mM MgCl,, 4 mM
ATP, 50 nM E1, 10 pg ubiquitin (wild type, K48-only or K63-only), 450 nM UbcH5/Uev1a,
purified E3 ligases, and IRF1-FLAG bound to the M2 agarose beads in the absence or
presence of various lipids. In some experiments, 2 ug recombinant clAP2 were used.
Reactions were stopped by boiling in SDS-PAGE sample buffer, proteins were resolved by
SDS-PAGE, and analyzed by immunoblotting.

Quantification of lipids by mass spectrometry

Cell lysates (500 ug) were immunoprecipitated with anti-HA, anti-FLAG or control
antibodies. Lipids were extracted, and sphingolipids quantified by LC-ESI-MS/MS (4000
QTRAP, Applied Biosystems, Carlsbad, CA) as described 4°.

[32P]S1P binding assays
Lysates (500 pg) of cells overexpressing HA-clAPs or vector were incubated with 20 pl of
pre-cleared anti-HA agarose beads (Sigma-Aldrich, St. Louis, MO) overnight at 4°C. The
beads were then washed extensively and incubated with [32P]S1P (0.1 nM, 6.8 uCi/pmol) in
the presence or absence of unlabeled lipids in 150 ul 50 mM Tris (pH 7.5), 137 mM NaCl, 1
mM MgCl,, 2.7 mM KCI, 15 mM NaF, 0.5 mM NaV30,4 for 60 min at 4°C as described
previously34. Bound clAPs were eluted with 50 pl HA peptide (200 ng/ml). Bound [32P]S1P
was quantified with a LS6500 scintillation counter (Beckman Coulter, Brea, CA).

Quantitative PCR

Total RNA was prepared with Trizol (Invitrogen, Grand Island, NY) and 1 ug RNA was
reverse-transcribed using the High Capacity cDNA Archive kit (Applied Biosystems,
Carlsbad, CA). mRNA levels were examined using pre-mixed primer-probe sets and
TagMan Universal PCR Master Mix (Applied Biosystems). The cDNAs were diluted 10-
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fold (for the target genes) or 100-fold (for GAPDH), and amplified using the ABI 7900HT
cycler. Gene expression levels were normalized to GAPDH, and presented as a fold
induction with mean values + s.d. or s.e.m as indicated.

Quantification of cytokine and chemokine levels in vivo

Age-matched wild-type, Irfl="=, Irf3~~Irf7-"-, Statl~, or Sphk1~~ mice (6-8 week old) were
administered (i.p) either 1L-1 (40 pg/kg) or PBS. Animals were sacrificed after 2h and serum
was collected for cytokine and chemokine analysis. Protein levels were determined by
ELISA using kits for CXCL10, CCL5 (R&D Systems, Minneapolis, MN) and IL-6 (BD
Biosciences, San Diego, CA) according to manufacturer's protocols.

Molecular modeling of clAP2 with S1P

The molecular docking program AutoDock 4.2 was used for the automated molecular
docking simulations*®. Briefly, the PDBQT files were created for both ligands and cIAP2
with Gasteiger charge assigned, and AutoGrid algorithm was employed to precalculate the
atomic affinity grid used in the docking simulation. Complexes were selected based on
criteria of interacting energy combined with geometrical matching quality. The program
LIGPLOT version 4.4.259 was used to dissect the detailed interactions between ligands and
clAP2. An interaction was counted as hydrophobic interaction if the distance of two
hydrophobic atoms between ligand and the protein residue is less than 3.9 A, and counted as
a hydrogen bond if (i) it is between a listed donor and acceptor and (ii) the angles and
distances formed by the atoms surrounding the hydrogen bond lie within the default criteria.

Statistical analysis

All experiments were repeated at least three times, except as indicated in figure legends,
with consistent results. Samples were not excluded. Data are presented as means + s.d. or
s.e.m., as indicated. For mouse studies, 4-7 randomly chosen animals were used per
experimental group. Most of the animal experiments were blinded, whereas the majority of
in vitro experiments were not. Statistical analysis was performed using SPSS Statistics 21
software. One-way ANOVA comparisons were performed using a Bonferroni post-hoc test,
with P<0.05 considered statistically significant. Additionally, independent sample student T-
test also was used to analyze data.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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expression of Cxcl10, Ccl5, and Irf1 mRNA was analyzed by TagMan gPCR. Data are
normalized to the expression of GAPDH mRNA and presented relative to the expression in
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and wild-type mice (n=4) were injected i.p. with IL-1 (40 pg/kg). Blood was collected after
2h and serum concentrations of CXCL10, CCL5, and IL-6 were determined by ELISA.
Error bars represent s.e.m. *** P<(0.001, ** P<0.01.
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Figure 3. IL-1-induced K63-linked polyubiquitylation of IRF1ismediated by clAP2in the

presence of S1P

(a) HEK293 cells were transfected with expression plasmids encoding IRF1-FLAG, and
HA-tagged wild-type- (WT-Ub), K63-only- (K63-Ub), or K48-only-ubiquitin (K48-Ub). 48
hours later, cells were stimulated with I1L-1 for 2h, IRF1 was immunoprecipitated with anti-
FLAG beads, and ubiquitylation was analyzed by immunaoblotting using anti-HA antibodies.
(b) HEK?293 cells transfected with IRF1-FLAG were stimulated with IL-1 for 2 h, IRF1 was
immunoprecipitated with anti-FLAG beads, and ubiquitylation was analyzed by
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immunoblotting using anti-ubiquitin, anti-K63-ubiquitin or anti-K48-ubiquitin antibodies.
(c) In vitro ubiquitylation assays were carried out with purified IRF1-FLAG, TRAF2,
TRAF6, recombinant clAP1 or clAP2, ATP, E1, UbcH5a, and ubiquitin in the absence or
presence of 100 nM S1P. Ubiquitylation was detected by immunoblotting using anti-IRF1
antibodies. (d) In vitro ubiquitylation was carried out with purified IRF1-FLAG, E. coli
expressed clAP2, ATP, E1, Ubcba, and either wild type- (WT-Ub), K63-only- (K63-Ub),
and K48-only-ubiquitin (K48-Ub) with/without 100 nM S1P. (€) In vitro ubiquitylation was
analyzed in the absence or presence of 100 nM dihydro-S1P (DHS1P), S1P, sphingosine
(Sph), dihydro-sphingosine (DHSph) or lysophosphatic acid (LPA). (f) HEK293 cells
expressing IRFIFLAG and HA-tagged K63-Ub were stimulated with TNF for 2h, IRF1 was
immunoprecipitated with anti-FLAG beads, and ubiquitylation was analyzed by
immunoblotting using anti-HA antibodies. (g) Mouse IRF1 mutants: lysines (K), arginines
(R), DNA binding domain (DBD), nuclear localization sequence (NLS), transactivation
(TA) and enhancer (EN) domains are indicated. Numbers in parentheses indicate the number
of lysine residues present. (h) HEK293 cells transfected with interferon-p (IFN) luciferase
reporter, Renilla luciferase and IRF1 expression plasmids were stimulated with IL-1 for 6h.
IFN reporter activities are shown relative to unstimulated cells expressing wild-type IRF1.
Error bars represent s.d. *** P<0.001, ** P<0.01. (i) HEK293 cells expressing the indicated
IRF1-FLAG proteins and HA-tagged K63-Ub were stimulated with IL-1 for 2h, IRF1 was
immunoprecipitated with anti-FLAG beads, and IRF1 ubiquitylation was analyzed by
immunoblotting using anti-HA antibodies. (j) HEK293 cells expressing clAP2-HA were
stimulated with IL-1 for 2h as indicated, clAP2 was immunoprecipitated using anti-HA
antibodies, and its ubiquitylation was analyzed by immunoblotting using anti-ubiquitin
antibodies. (k) HEK293 cells expressing clAP2-HA were stimulated with IL-1 as indicated,
clAP2 was immunoprecipitated using anti-HA antibodies, and analyzed by immunoblotting
using anti-HA antibodies.
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Figure4. IL-1inducesformation of a TRAF6-cl AP2-SphK 1 complex that also contains |RF1
(a) HEK293 cells were stimulated with IL-1 for the indicated times and phosphorylation of

SphK1 was analyzed using anti-phospho-SphK1(Ser225) antibodies. (b) Astrocytes were
stimulated with IL-1 for 2 h and Sph and S1P in medium were measured by LC-ESI-
MS/MS. Error bars represent s.e.m. *, P = 0.075. (c,d) HEK293 cells were transfected with
expression plasmids encoding SphK1-His and clAP2-HA and stimulated with IL-1 as
indicated. (c) SphK1-containing complexes were captured on Ni-NTA beads and clAP2 was
detected by immunoblotting using anti-HA antibodies. (d) Samples were
immunoprecipitated with anti-HA antibodies or control IgG, and coimmunoprecipitated
SphK1 was detected by immunoblotting using anti-V5 antibodies. (€) HEK293 cells were
transfected with an expression plasmid encoding SphK1-His and stimulated with IL-1 as
indicated. SphK1-containing complexes were captured on Ni-NTA beads, and endogenous
clAP2 was detected by immunablotting using anti-clAP2 antibodies. (f) HEK293 cells were
transfected with expression plasmids encoding TRAF6-His and clAP2-HA and stimulated
with IL-1 as indicated. TRAF6-containing complexes were captured on Ni-NTA beads, and
clAP2 was detected by immunoblotting using anti-HA antibodies. (g) HEK293 cells
expressing clAP2-HA were stimulated with IL-1 as indicated. Samples were
immunoprecipitated with anti-HA antibodies or control IgG, and coimmunoprecipitated
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TRAF6 and TRAF2 were detected by immunoblotting. (h) HEK293 cells were stimulated
with IL-1 as indicated. Samples were immunoprecipitated with anti-TRAF6 antibodies or
control 1gG, and coimmunoprecipitated clAP2 was detected by immunoblotting. (i)
HEK?293 cells expressing IRF1-FLAG and clAP2-HA were stimulated with IL-1 for 2h.
IRF1 was immunoprecipitated with anti-FLAG beads, and clAP2 was detected by
immunoblotting using anti-HA antibodies.
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Figure 5. SphK1 activity iscritical for activation of CXCL 10 and CCL5 expression by IL-1
(a) Primary human astrocytes were pretreated with 5 uM SKI-1 for 30 min and then

stimulated with IL-1 (10 ng/ml) for 8h. Expression of Cxcl10, Ccl5, Irfl and Sphk1 mRNA
was analyzed by TagMan gPCR. Error bars represent s.d. *** P<0.001. (b) Wild-type mice
(n=3) were injected i.p. with SK1-1 (10 mg/kg). One-hour later mice were injected i.p. with
IL-1 (40 pg/kg). Blood was collected after 2h and serum concentrations of CXCL10, CCLS5,
and I1L-6 were determined by ELISA. (c) Sphk1~~ mice and wild-type littermates (n=3) were
injected i.p. with IL-1 (40 pg/kg). Blood was collected after 2h and serum concentrations of
CXCL10, CCLS5, and 1L-6 were determined by ELISA. (b-c) Error bars represent s.e.m. ***
P<0.001, ** P<0.01.
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Figure6. clAP2isrequired for IL-1-mediated upregulation of CXCL 10 and CCL5 expression
(a) MEFs from Birc3~~ mice and wild-type littermates were stimulated with IL-1 for 8h,

and expression of Cxcl10, Ccl5, Ccl2, Cxcl9, and Irf1 mRNA was analyzed by TagMan
gPCR. Error bars represent s.d. *** P<0.001. (b) HEK293 cells expressing IRF1-FLAG
were treated with 100 nM SMAC for 4h and then stimulated with IL-1 for 2h. IRF1 was

immunoprecipitated with anti-FLAG beads, and ubiquitylation was analyzed by

immunoblotting using anti-ubiquitin antibodies. () MEFs from Birc3~~ mice and wild-type

littermates expressing IRF1-FLAG were stimulated with IL-1 for 2h. IRF1 was
immunoprecipitated with anti-FLAG beads, and ubiquitylation was analyzed by

immunoblotting using anti-ubiquitin antibodies.
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Figure. 7. S1P directly bindsto cl AP2 and promotes | RF1 ubiquitylation
(a) Lysates of HEK?293 cells expressing IRF1-FLAG or clAP2-HA were

immunoprecipitated with anti-FLAG, anti-HA antibodies or control 1gG, and the amount of
bound S1P was determined by LC-ESI-MS/MS. The data are averages of triplicate
determinations and are expressed as femtomoles of S1P + s.d. (b) Lysates from HEK293
cells expressing either clAP2-HA or control vector were preincubated with 0.1 nM 32p-
labeled S1P and 1 uM unlabeled competitor (either S1P, DHS1P, Sph, or LPA) for 10
minutes. Lysates were immunoprecipitated with anti-HA agarose beads and binding of 32P-
labelled S1P was determined by scintillation counting. The data are averages + s.d. (C)
Docking of S1P into the pocket of the RING domain of clAP2. Surface contour of the
binding site with S1P was colored by electrostatic potential and figures were generated by
Pymol. Estimated Ki values generated by AutoDock?® for S1P and DHS1P are 3.72x1076
and 19.72x1078, respectively. (d) Lysates from HEK293 expressing clAP2-HA,
ClAP2(H574A)-HA, clAP2(AAA)-HA, or control vector were immunoprecipitated with
anti-HA antibodies, and the amount of bound S1P was determined by LC-ESI-MS/MS. HC
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indicates 1gG heavy chain. (a-b, €) Error bars represent s.d. *** P<0.001, ** P<0.01. (€) In
vitro ubiquitylation assays were carried out with purified IRF1-FLAG, clAP2-HA,
clAP2(H574A)-HA, or clAP2(AAA)-HA, and ATP, E1, UbcH5a, and ubiquitin in the
absence or presence of 100 nM S1P. Ubiquitylation was detected by immunoblotting using
anti-IRF1 antibodies.
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