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SUMMARY

Ligand-specific negative regulation of cytokine-induced signaling relies on down regulation of the
cytokine receptors. Down regulation of the IFNAR1 sub-unit of the Type I interferon (IFN) receptor
proceeds via lysosomal receptor proteolysis, which is triggered by ubiquitination that depends on
IFNARL serine phosphorylation. While IFN-inducible phosphorylation, ubiquitination and
degradation requires the catalytic activity of the Tyk2 Janus kinase, here we found the ligand- and
Tyk2-independent pathway that promotes IFNAR1 phosphorylation, ubiquitination, and degradation
when IFNARL1 is expressed at high levels. A major cellular kinase activity that is responsible for
IFNARZ1 phosphorylation in vitro does not depend on either ligand or Tyk2 activity. Inhibition of
ligand-independent IFNAR1 degradation suppresses cell proliferation. We discuss the signaling
events that might lead to ubiquitination and degradation of IFNAR1 via ligand-dependent and
independent pathways and their potential physiologic significance.
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INTRODUCTION

Ligand-stimulated ubiquitination and degradation of signaling receptors plays an important
role in limiting the amplitude and duration of respective intracellular pathways. Cytokines of
Type I interferon family (IFN, including IFNa and IFNp) exert their anti-proliferative and anti-
viral effects by engaging a cognate receptor on the cell surface followed by activation of Jak-
Stat signaling proteins and expression of IFN-stimulated genes. The receptor consists of two
subunits IFNAR1 and IFNAR2 (reviewed in [1]). IFNAR1 plays a key role in all aspects of
IFNa-mediated effects in vitro and in vivo [2-4], and anti-proliferative activity of Type | IFN
variants directly correlates with affinity of their binding to IFNAR1 [5].
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Down regulation and degradation of IFNAR1 in response IFNa treatment is a pivotal
mechanism limiting the extent of cellular responses to IFNa [6,7]. Turnover of IFNAR1
requires its ubiquitination by the SCFF-TrePHOS E3 ybiquitin ligase [8], which recognizes the
conserved phosphorylated 534DSGNYS destruction motif [9]. Previously we reported that
phosphorylation of IFNAR1 on Ser535 within this motif (essential for recruitment of B-Trcp)
is increased upon stimulation of cells with IFNa [10], and catalytic activation of Tyk2 is
required for such an increase [11]. Here we describe ligand- and Tyk2-independent pathway
that regulates phosphorylation of IFNAR1 on Ser535 as well as IFNAR1 ubiquitination and
degradation.

MATERIALS AND METHODS

Materials

Recombinant Human IFNa (Roferon) was from Hoffmann La-Roche). Recombinant pan-
species specific IFNa, ATP, puromycin, methylamine HCI, N-ethylmaleimide were from
Sigma; Jak Inhibitor I, (JI,) and AG490 were from Calbiochem and Toronto Research

Chemicals, Inc., respectively. Cell media and sera, as well as G418 were from Invitrogen.

DNA constructs

Mammalian vectors for expression of human and mouse pPCDNA3-IFNAR1-Flag (wild type
and S535A mutants) as well as vectors for bacterial expression of GST-IFNAR1553%A were
reported previously [9]. A bacterial expression vector for GST-IFNARIWT protein [12,13] was
a generous gift of Dr. John J. Krolewski (University of California, Irvine, CA). The pRC-Tyk2
expression vector was described elsewhere [14].

Tissue culture and transfections

293T human embryo kidney cells (kindly provided by Z. Ronai, The Burnham Institute, San
Diego, CA) and mouse embryo fibroblasts (MEFs) generated from Tyk2 knockout mice [15],
were grown in DMEM in the presence of 10% fetal bovine serum (FBS) and antibiotics at 37°
Cand 5% CO». Tyk2-null human fibrosarcoma 11,1-derived clones expressing either wild type
(WT) or kinase deficient (KR) Tyk2 [11,16] were grown in the same medium with addition of
G418 (400ug/ml). Transfections were performed using Lipofectamine Plus (Invitrogen) for
293T cells and MEFs, or FuGene (Roche) for 11,1 derivatives at 24—48h before treatment and
harvesting. Stable mass cultures of cells expressing IFNAR1 proteins were obtained by co-
transfecting IFNAR1 constructs with pBABE-puro vector followed by selection in medium
containing puromycin (1pg/ml).

Antibodies and immunotechniques

Antibodies specific for Flag (M2, Sigma), GST (Santa Cruz), phospho-Statl and Stat1 (Cell
Signaling Technologies) were purchased. Antibodies against Tyk2 [14], as well as antibodies
recognizing total IFNAR1 (EA12 and GB8) or IFNAR1 phosphorylated on Ser535 (in human
receptor) or Ser526 (in murine receptor) [10,17] were described previously. Antibody against
ubiquitin (FK2 mAb) was from Biomol. Secondary antibodies conjugated to horseradish
peroxidase were from Chemicon purchased. Immunoprecipitation and immunoblotting
procedures are described elsewhere [18]. Densitometry data were obtained and analyzed using
Scion Image Software (version Beta 4.0.2) and the digital images were prepared using Adobe
Photoshop 7.0 Software.

In vitro IFNAR1 kinase assay

Recombinant GST-IFNAR1 was produced in bacteria and purified using glutathione Sepharose
(GE Healthcare). An in vitro kinase activity assay (phosphorylation of Ser535) was carried out
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at 30°C for 30 min in a 20pl volume reaction mixture containing 10ug of cell lysate, 1ug of
GST-IFNAR1, 2.5mM ATP, 25mM Tris-HCI pH 7.4, 10mM MgCl,, and 2mM NaF. The
samples were analyzed by SDS-PAGE and immunoblotted with anti-phospho-IFNAR1
(pS535) and IFNAR1 antibodies.

Ubiquitination and degradation assays

For in vivo ubiquitination assays, cells were harvested and lysed in a buffer containing 150mM
NaCl, 50mM Tris-HCI pH 7.6, 50mM NaF, 1% NP40, 0.5mM EDTA, 1 mM orthovanadate,
10 mM N-ethylmaleimide, and protease inhibitors cocktail (Sigma). Endogenous or transiently
expressed IFNAR1 was immunopurified using either EA12 or M2 antibody and analyzed for
conjugated ubiquitin using FK2 antibody. For the degradation assays, the cells were treated
with cycloheximide (50pg/ml, Sigma) with or without IFNa for the indicated periods of time
and the levels of IFNAR1 analyzed by immunoprecipitation followed by immunoblotting with
the indicated antibodies.

Cell proliferation

293T and KR stable cultures were seeded into 96-well plates (4x103 trypan blue-negative cells
per well) in complete medium that contained puromycin, and were washed with fresh medium
every 24h thereafter to remove potentially secreted and autocrine acting cytokines. Cell
proliferation was assessed after two days of incubation using a colorimetric WST-1 Cell
Proliferation kit (Roche) as described previously [19].

RESULTS AND DISCUSSION

Phosphorylation of IFNAR1 on Ser535 is essential for the recruitment of the BTrcp-containing
E3 ubiquitin ligase and for subsequent IFNARZ1 ubiquitination and degradation that limits the
magnitude and duration of IFNa signaling [9]. This phosphorylation has been previously
demonstrated to be induced by treatment of cells with the ligand [10]. Intriguingly, in cells
treated with an inhibitor of the lysosomal pathway, methylamine hydrochloride (MA), we
detected a modest but reproducible ligand-independent basal phosphorylation of endogenous
IFNAR1 on Ser535 in addition to IFNa-stimulated phosphorylation. While pre-treatment of
cells with the Jak inhibitor I (JI, Calbiochem) dramatically decreased the level of ligand-
induced Ser535 phosphorylation of endogenous IFNARL, a major fraction of basal
phosphorylation of IFNAR1 (~80-85%) was insensitive to Jak inhibitor (Figure 1A). These
results indicate that, besides ligand-induced phosphorylation, IFNAR1 also undergoes basal
phosphorylation that does not require Jak activity and can occur on the endogenous IFNARL,
when it accumulates to high levels.

We established an in vitro kinase assay to detect phosphorylation of GST-IFNARL1 protein on
Ser535 using the lysates from IFNa-treated 293T cells (Figure 1B). Remarkably, lysates from
untreated cells were equally effective in this assay, and pretreatment of cells with JI did not
affect this activity (Figure 1C). This result suggests that cells contain a basal kinase activity
that is not regulated by IFNo and does not rely on Jak activity; this activity might be responsible
for basal phosphorylation of IFNAR1 in cells.

Previously we demonstrated that exogenously expressed IFNAR1 is synthesized, processed
and subcellularly distributed, as well as internalized, sorted and degraded via a lysosomal
pathway identically to endogenous IFNAR1 [9-11,16,20]. Thus, we further investigated the
role of Jak in phosphorylation of IFNAR1 when the latter is expressed at high levels using
transfection of Flag-tagged IFNAR1 in 293T cells. As expected, pre-treatment of cells with
Jak inhibitors (JI or AG490) inhibited activation of Statl in cells transfected either with an
empty vector or with Flag-IFNAR1 (Figure 1D). Furthermore, Jak inhibitors efficiently
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decreased IFNa-induced phosphorylation of endogenous IFNAR1 on Ser535. However, basal
phosphorylation of transfected Flag-IFNAR1 was not affected by the Jak inhibitor (Figure 1D,
right panel). This data indicates that the activity of a constitutively active kinase(s) that is

responsible for phosphorylating highly expressed IFNARL is not regulated by Janus kinases.

This conclusion was further corroborated using human Tyk2-null 11,1 cell-derived clones
reconstituted with either wild type (WT) of kinase-deficient (KR) Tyk2 [16]. While ligand-
induced phosphorylation of endogenous IFNAR1 on Ser535 was not observed in KR cells,
exogenous Flag-tagged human IFNAR1 exhibited basal phosphorylation that was not inhibited
in these cells (Figure 2A). Similar results were obtained in mouse embryo fibroblasts from
Tyk2 knockout mice (unpublished data). Conversely, an efficient basal Ser535 kinase activity
was detected in the lysates from KR cells (Figure 2B). Furthermore, analysis of IFNAR1
degradation using cycloheximide (CHX) chase in cells incubated without ligand (to prevent
activation of a ligand-dependent pathway) demonstrated that the rate of exogenous IFNAR1
proteolysis is comparable in KR and WT cells (Figure 2C). Importantly, mutant
IFNAR1593%A js degraded less rapidly than the wild type protein in KR cells that express
catalytically inactive Tyk2. These results indicate that ligand- and Tyk2 activity-independent
Ser535 phosphorylation of IFNAR1 plays an important role in regulating IFNARL1 stability in
the absence of the ligand. Ligand-stumulated ubiquitination of endogenous IFNARL1 in 293T
cells was decreased upon treatment with JI (Figure 3A). Overexpressed wild type Flag-
IFNAR1 (but not ubiquitination-deficient Flag-IFNAR15°3%A mutant) exhibited a basal level
of ubiquitination that was not affected by treatment of cells with the Jak inhibitor (Figure 3A,
right panel). While adding IFNa to 293T cells treated with CHX robustly stimulated the
turnover of endogenous IFNARL, pre-treatment of cells with JI prevented this stimulation
(Figure 3B). On the other hand, the rate of degradation of transfected Flag-IFNAR1 only
modestly increased in the presence of IFNa (Figure 3C). Furthermore, in untreated cells,
treatment with JI did not inhibit exogenous wild type IFNAR1 degradation rate, which was
noticeably higher than that of the IFNAR1553%A mutant (Figure 3D). Taken together, these
results point to the existence of a ligand- and Jak-independent pathway; this pathway mediates
ubiquitination and degradation of IFNAR1 but yet functions in a manner that is dependent on
IFNARL1 phosphorylation within its destruction motif.

Considering that forced expression of IFNARL1 inhibited proliferation of K562 cells even in
the absence of the ligand [21,22], itis plausible that an increase in IFNAR1 levels might activate
a ligand-independent pathway leading to proteolysis of IFNAR1 and to alleviating its effect
on cell growth. To test this hypothesis, we compared the growth inhibitory effect of expression
of wild type and mutant IFNAR1S535A jn the absence of ligand and in the Tyk2 KR background.
If, under these conditions, the ligand/Tyk2-independent pathway is activated and helps the
cells to cope with high levels of IFNAR1, the mutant receptor should elicit a stronger growth
inhibition than the wild type receptor. Indeed, the growth inhibitory effect of the
IFNAR1S535A mutant expression was significantly higher than that of wild type in both 293T
and Tyk2 KR cells cultured without Type | IFNs (Figure 3E). These data indicate that
phosphorylation of IFNAR1 on Ser535 via the alternative pathway (that does not involve ligand
and Tyk?2 activity) alleviates the anti-proliferative effect of IFNAR1, most likely via
phosphorylation-dependent ubiquitination and degradation of IFNARL.

We have previously demonstrated the role of the catalytic activity of Tyk2 in ligand-induced
phosphorylation, ubiquitination, and degradation of IFNAR1 [11]. Here we describe the
identification of an alternative pathway for ubiquitination and degradation of this receptor
chain. Data from genetic, biochemical, and pharmacologic analyses demonstrate the presence
of a constitutive, Jak-independent IFNAR1 kinase activity in cells and show that
phosphorylation, ubiquitination, and degradation of IFNARL could be triggered by high levels
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of IFNAR1 in an IFN/Jak-independent manner. Additional stimuli that trigger the IFN/Jak-
independent pathway may exist and are yet to be identified.

Future studies are also required to identify kinases that phosphorylate IFNARL1 in ligand/Tyk2-
dependent and independent manners. The end result of both of these activities would be
phosphorylation of critical serines to enable the recruitment of B-Trcp. A similar complex
regulation is proposed for another B-Trcp substrate, the inhibitor of NF-xB (IxB).
Phosphorylation of serines within the destruction motif of IxB required for 3-Trcp binding and
ubiquitination is mediated not only by the cytokine-inducible IxB kinases (reviewed in [23]),
but also by mitogen-stimulated S6/p90Rsk! kinase [24], and by constitutively active casein
kinase 2 [25].

While the physiologic function of the alternative ligand-independent pathway largely remains
to be determined, hypothetically, this second pathway may provide the means to limit the level
of IFNARL1 - and, therefore, protect cells from anti-proliferative effects of high level of IFNAR1
expression [22]. Given that cells expressing IFNAR1 mutants that lack the negative regulatory
domain exhibit increased signaling [7,26], and a recent report showing that the anti-
proliferative potency of Type I IFN variants is largely determined by their affinity to IFNAR1
[5], itis plausible that more than one control mechanism may exist to down regulate IFNAR1
and, hence, allow cells to cope with otherwise potentially deleterious effects of ligand-
independent signaling and of future exposure to the ligands. Such or similar Jak-independent
mechanisms might be potentially exploited by tumor cells or by infectious agents to evade
Type | IFN control, and accordingly, could be targeted to increase the efficiency of IFN used
as a therapeutic.
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Figure 1. Basal phosphorylation of IFNAR1 in cells and in vitro

A. Phosphorylation of endogenous IFNAR1 in 293T cells pre-treated (or not — in the left lane)
with inhibitor of the lysosomal pathway methylamine (MA, 10mM, 3h) followed by treatment
with Jak inhibitor (JI, Calbiochem, 0.5uM, 1hr) and by IFNa (60001U/ml, 30 min) as indicated
was analyzed by IFNAR1 immunoprecipitation (using EA12 antibody) followed by
immunoblotting with a phospho-Ser535-specific antibody and with GB8 antibody against total
IFNARL. Tyrosine phosphorylation of Stat1 in whole cell extract (WCE) was analyzed by
immunoblotting. Ratio of signals of Ser535 phosphorylated IFNAR1/total IFNARL in cells
treated (grey bars) or not (black bars) with IFNa was calculated and depicted in the graph.

B. In vitro kinase assay with components (added as indicated) including ATP, lysates (“Lys”)
from 293T cells treated with IFNa (6000 1U/ml, 30 min) as a source of kinase, and GSTIFNAR1
proteins (wild type or S535A mutant) as substrates. Note that S535A migrates slower as it
contains additional amino acids after the GST sequence. This reaction was analyzed by
immunoblotting with a phospho-Ser535-specific antibody (upper panel) and with anti-GST
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.
;
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antibody (lower panel). C. In vitro kinase assay with lysates from 293T cells treated with JI
and IFNa as indicated was analyzed as in panel B. D. 293T cells were transfected with an
empty vector (left panels) or Flag-IFNAR1 (right panels), pre-treated for 30min with either
Jak Inhibitor I (“JI”, 0.5uM) or AG490 (50uM) and treated with or without IFNa for a further
30min (as indicated). Endogenous (left panels) and Flag-tagged (right panels) IFNAR1 proteins
were immunoprecipitated with either EA12 or M2 antibodies and analyzed by immunoblotting
with the indicated antibodies. Tyrosine phosphorylation of Statl and total Statl levels were
analyzed by direct immunoblotting on whole cell extracts (WCE) using indicated antibodies.
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Figure 2. Ligand- and Jak-independent IFNAR1 kinase activity and phosphorylation of

exogenously expressed IFNAR1

A. Phosphorylation of endogenous IFNARL (left panel, transfected with an empty pPCDNA3
vector) or exogenous Flag-IFNAR1 in Tyk2 WT or KR cells and treated with IFNa as indicated
was analyzed by IFNAR1 immunoprecipitation (using EA12 or M2 antibody) followed by
immunoblotting with a phospho-Ser535-specific antibody and with GB8 antibody (or M2
antibody) against total IFNARL. B. In vitro kinase assay with lysates from Tyk2-null 11,1 cells
reconstituted with either wild type (“WT”) or kinase-dead (“KR”) Tyk2, analyzed as in Figure
1C. C. Degradation of Flag-IFNARIWT expressed in Tyk2 WT (closed squares) or KR (open
circles) cells as indicated was measured by cycloheximide chase (CHX, 50ug/ml) in the
absence of IFNa followed by immunoprecipitation with Flag antibody and immunoblotting
analysis with IFNAR1 (GB8) antibody. Levels of heavy immunoglobulin chain (“Ig”) serve
as a loading control. Degradation of IFNAR1S%35A mutant in KR cells (closed circles) is also
shown. This graph depicts the level of IFNARL remaining at each time point after
cycloheximide treatment (in % relative to time point 0) quantitated from this experiment.
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Figure 3. Ligand-independent ubiquitination and degradation of IFNAR1

A. 293T cells were transfected either with an empty vector (left panel) or Flag-IFNAR1
constructs (right panels, wild type RIWT or mutant R15535A pre-treated for 30min with JI
(0.5uM) and treated with or without IFNa for a further 30min (as indicated). Endogenous (left
panels) and Flag-tagged (right panels) IFNAR1 proteins were immunoprecipitated with either
EA12 or M2 antibodies, respectively. Ubiquitination (upper panel) and total levels of IFNAR1
were analyzed by immunoblotting with indicated antibodies. Tyrosine phosphorylation of Stat1
was analyzed by direct immunoblotting on whole cell extracts (WCE, lower panel) antibodies.
B. 293T cells were transfected with an empty vector, pre-treated with JI and treated with
cycloheximide (CHX, 50ug/ml) and IFNa as indicated. Endogenous IFNAR1 was
immunoprecipitated using EA12 antibody and analyzed by immunoblotting using GB8
antibody. C. 293T cells were transfected with Flag-IFNAR1 and treated with CHX and

IFNa as indicated. Exogenous IFNAR1 was immunoprecipitated using M2 (anti-Flag)
antibody and analyzed by immunoblotting using GB8 antibody (against IFNAR1). D. 293T
cells were transfected with either wild type (R1WT) Flag-IFNAR1 or IFNAR15535A mutant
(R15535A) pre-treated with Jak inhibitor (as indicated) and treated with cycloheximide. Levels
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of IFNAR1 were analyzed as in panel C. E. Growth of 293T or Tyk2-KR cells stably transfected
with an empty vector (white bar), or with wild type IFNARL1 (gray bar) or with
IFNAR1S535A (black bar). Cells were plated at 4000 per well in 96-well plates without IFN
and washed with fresh medium after plating and every 24hr thereafter. Growth of cells at 48hr
after plating was measured using WST-1 assay (Roche) and displayed as absorbance units
(minus the background). Average results of three independent experiments (each in 5-10
parallel replicates) are plotted.
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