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Phosphorylation of the degron of the IFNARI1 chain of the type I interferon (IFN) receptor triggers
ubiquitination and degradation of this receptor and, therefore, plays a crucial role in negative regulation of
IFN-a/f signaling. Besides the IFN-stimulated and Jak activity-dependent pathways, a basal ligand-indepen-
dent phosphorylation of IFNAR1 has been described and implicated in downregulating IFNARI in response to
virus-induced endoplasmic reticulum (ER) stress. Here we report purification and characterization of casein
kinase 1a (CK1a) as a bona fide major IFNAR1 kinase that confers basal turnover of IFNARI1 and cooperates
with ER stress stimuli to mediate phosphorylation-dependent degradation of IFNARI1. Activity of CKla was
required for phosphorylation and downregulation of IFNARI1 in response to ER stress and viral infection.
While many forms of CK1 were capable of phosphorylating IFNAR1 in vitro, human CKla and L-CK1
produced by the protozoan Leishmania major were also capable of increasing IFNAR1 degron phosphorylation
in cells. Expression of leishmania CK1 in mammalian cells stimulated the phosphorylation-dependent down-
regulation of IFNAR1 and attenuated its signaling. Infection of mammalian cells with L. major modestly
decreased IFNARI levels and attenuated cellular responses to IFN-« in vitro. We propose a role for mam-

malian and parasite CK1 enzymes in regulating IFNARI1 stability and type I IFN signaling.

Cytokines that belong to a superfamily of interferons (IFNs),
including type I IFN (such as IFN-B and numerous species of
IFN-a) and type II interferon (IFN-y), are important for effi-
cient antiviral defense (40, 51). Type I IFNs signal via inter-
acting with the heterodimeric receptor complex composed of
two chains (IFNAR1 and IFNAR?2); ligand binding activates
receptor-associated members of the JAK family of tyrosine
kinases, Jakl and Tyk2. These kinases phosphorylate and ac-
tivate the signal transducers and activators of transcription
(STAT) proteins, which increase transcription of the IFN-in-
duced genes whose products exert antiviral, imnmunomodula-
tory, and antiproliferative effects. While some of the IFN ac-
tions might proceed in a STAT-independent manner, all
biological functions of IFN-«/B reported to date rely on the
function of the type I IFN receptor complex (reviewed in
references 1, 54, and 55).

The IFNARI subunit of this receptor is essential for IFN-
o/ signaling. Mice lacking IFNAR1 display a deficiency in
antiviral responses (24, 36) and an altered immune activation
in response to a number of microbial agents (57). Intriguingly,
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these mice do not display an increased susceptibility to a num-
ber of protozoans, including Leishmania spp. (57), which is
lethal in animals that lack responses to IFN-y (50). However,
similar to IFN-vy, IFN-a also activates STAT1 and upregulates
the inducible nitric oxide synthase, which is essential in the
early defense against Leishmania (5), which by itself stimulates
the production of type I IFN during the early infection stage
(14).

In wild-type animals, the levels of IFNAR1 are mainly reg-
ulated by ubiquitin-dependent endocytosis and ensuing degra-
dation of this chain and the entire type I IFN receptor (28, 30).
Ubiquitination of IFNARTI is facilitated by the BTrcp/HOS E3
ubiquitin ligase that is recruited to the destruction motif (de-
gron) within the cytoplasmic tail of IFNAR1 upon phosphory-
lation of this degron on specific serines (Ser535 in humans and
Ser526 in mice [29, 30]). Treatment of cells with IFN-o/B
promotes this serine phosphorylation of IFNAR1 and its sub-
sequent ubiquitination and degradation in a manner that re-
quires catalytic activity of Tyk2 (29, 32, 34).

Intriguingly, our recent studies revealed the presence of a
major JAK-independent kinase activity which is capable of
phosphorylating the IFNARI1 degron in cells that are not ex-
posed to type I IFN. Such activity confers a ligand-independent
yet phosphorylation-dependent pathway by which IFNARTI is
ubiquitinated and degraded in naive cells; this basal degrada-
tion of IFNARI plays an important role in limiting antiprolif-
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erative effects imposed by high levels of IFNARI expression
(32). Remarkably, the efficacy of ligand-independent phosphor-
ylation and turnover of IFNARTI initially observed upon
IFNARI overexpression (32) could be further stimulated in
cells by inducers of endoplasmic reticulum (ER) stress, includ-
ing thapsigargin (TG) and infection with vesicular stomatitis
virus (VSV) or hepatitis C virus (31). The importance of this
regulation was underscored by ensuing attenuation of IFN-a/
signaling and antiviral defenses, demonstrating that the ligand-
independent pathway of IFNAR1 proteolysis plays an impor-
tant role in the interaction between viruses and mammalian
host. Whereas activity of the PKR-like ER kinase (PERK) has
been implicated in ER stress- and virus-mediated IFNAR1
turnover, attempts to directly phosphorylate the IFNARI1 de-
gron using this kinase were not successful (31), suggesting that
another kinase mediates ligand-independent phosphorylation
of IFNARI.

Here we report identification and characterization of ca-
sein kinase la (CKla) as a major bona fide kinase of
IFNARTI1 that mediates basal phosphorylation, ubiquitina-
tion, and turnover of IFNARI1. Experiments using genetic
and pharmacological approaches further demonstrate the
involvement of CKla in ligand-independent degron phos-
phorylation and degradation of IFNAR1 stimulated by ER
stress inducers, including VSV. Intriguingly, CK1 activity
secreted by Leishmania is also capable of phosphorylating
the IFNAR1 degron. Expression of leishmanial CK1 (L-
CK1) in mammalian cells downregulates IFNAR1 and at-
tenuates IFN-«/@ signaling in a phosphorylation-dependent
manner. Together with our previous observations with viral
pathogens, these results highlight the involvement of mem-
bers of the CK1 family of kinases in the ligand-independent
IFNARTI1 degradation pathway, which plays a role in shaping
the interaction between a mammalian host and infectious
agents.

MATERIALS AND METHODS

Purification of basal IFNARI1 kinase activity. Basal IFNAR1 Ser535 kinase
activity was measured in vitro using bacterially expressed glutathione S-trans-
ferase (GST)-IFNARI (1 pg) as a substrate, lysates from indicated cells (1 ng
intact or 4 pg immunodepleted) as a source of kinase, and immunoblotting (IB)
with anti-pS535 antibody as a method of detection, as described in detail else-
where (31, 32). Untreated HeLa cells were harvested, suspended in 10 mM
Tris-HCI (pH 8.0), 10 mM KCI, 1.5 mM MgCl,, 0.5 mM dithiothreitol, 0.2 mM
EDTA, and a cocktail of protease inhibitors (suspension buffer), and lysed by
passing through a 23-gauge needle. After centrifugation, the nuclear pellet was
discarded and the supernatant was ultracentrifuged at 100,000 X g for 60 min.
Following centrifugation, the supernatant was kept at 4°C in buffers containing a
cocktail of protease inhibitors. Approximately 90 ml of HeLa cell S100 extract
(~10 mg/ml) was precipitated with ammonium sulfate (50% to 60% saturation),
and the pellet was redissolved, dialyzed, and applied onto a SP Sepharose
(Amersham-Pharmacia) column and eluted with a linear gradient (100 to 2,000
mM NaCl) in buffer A containing 100 mM phosphate buffer, 50 mM KCl, 0.1 mM
EDTA, and 10% glycerol. Fractions that contained Ser535 IFNARI kinase
activity were pooled, concentrated, and further characterized by their ability to
facilitate the incorporation of radioactive phosphate from 3*P-labeled y-ATP
into the wild-type GST-IFNAR! (GST-IFNARIWT) but not the GST-
IFNAR155%A mutant. Active fractions were applied onto a phosphocellulose
column (P11; Whatman) and eluted with a linear gradient (500 to 2,000 mM
NaCl) in buffer B containing 20 mM Tris-HCI (pH 7.6), 100 mM KCI, 0.1 mM
EDTA, and 10% glycerol. Active fractions were concentrated on a hydroxyap-
patite column (Bio-Rad), eluted stepwise using orthophosphate buffer, concen-
trated, and separated by sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis (SDS-PAGE). Five major bands (see Fig. 1B, below) were excised and
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subjected to in-gel tryptic digestion followed by nano-electrospray ionization
(ESI) liquid chromatography-mass spectrometry (MS) by using a Waters Q-ToF
mass spectrometer with a Waters nanoAcquity UPLC apparatus. The resulting
tandem MS (MS/MS) spectra of the peptides derived from one of the bands
contained several peptides (including DIKPDNFLMGIGR, YASINAHLGIE
QSR, TSLPWQGLK, KMSTPVEVLCK, and FEEAPDYMYLR) that were
identified as derivatives of human CSNKIAI (CKla).

Constructs for mammalian expression of IFNART1 and bacterial expression of
GST-IFNAR1 were previously described (28, 30). The construct for bacterial
expression of GST-CKla (described in reference 13) was a kind gift from Jian-
dong Chen (H. Lee Moffitt Cancer Center, Tampa, FL). Constructs for expres-
sion of human Myc-tagged CK1 and shRNA vectors against CKla or green
fluorescent protein (GFP; a kind gift from J. Wade Harper, Harvard University,
Boston, MA) were previously described (52). Human CKla and L-CK1 cDNA
(described in reference 2) were subcloned into a pEF-BOS vector with a hem-
agglutinin (HA) tag. A point mutation of K40R in L-CK1 was introduced via
site-directed mutagenesis. Vaccinia virus B1 kinase and its kinase-dead mutant
form (K149Q [KD]) expression constructs (49) were kindly provided by P. A.
Lazo (Universidad de Salamaca, Salamaca, Spain). Recombinant human IFN-
«2a was purchased from Roche. Thapsigargin, cycloheximide, and D4476 were
from Sigma. Murine IFN-B and human IFN-y were purchased from PBL. Small
interfering RNA (siRNA) oligos against the luciferase gene (5'-CUUACGCU
GAGUACUUCGAJdTAT-3") or hCKla (5'-CCAGGCAUCCCCAGUUGCUd
TdT-3") were purchased from Dharmacon Inc. In some experiments, the sSiRNA
oligos that contained several substitutions (underlined) of correct bases in
siCKla were used as another control (siCon#2, 5'-CCAGGCUAGGCCAGU
UGCUdTdT-3").

Cell culture, transfections, virus, and parasites. All cells were maintained in
Dulbecco’s modified Eagle’s medium supplemented with 10% (vol/vol) fetal
bovine serum (FBS; HyClone) unless otherwise specified. 2fTGH human fibro-
sarcoma cells were a kind gift from G. Stark (Cleveland Clinic, Cleveland, OH).
IFNAR1™/~ mouse embryonic fibroblasts (MEFs) and their WT counterparts
were kindly provided by S. Hemmi (Institute for Molecular Biology, Zurich,
Switzerland). Mouse bone marrow-derived macrophages from the C57/BL6 mice
were obtained by cultivating bone marrow cell isolates in RPMI medium con-
taining 10% FBS and 30% of the 1929 cell supernatant (a source of macrophage
colony-stimulating factor) for 7 days according to a standard protocol. Human
peripheral blood monocytes were obtained from University of Pennsylvania
Human Immunology Core, and derivation of dendritic cells was done according
to a standard protocol (48). A cell proliferation assay was carried out using the
CellTiter 96 nonradioactive cell proliferation assay kit (catalog number G4001;
Promega) according to the manufacturer’s recommendations.

293T cells and HeLa cells were transfected with Lipofectamine Plus reagent
and Lipofectamine 2000 reagent, respectively. VSV (Indiana serotype; a gift
from R. Harty, University of Pennsylvania) was propagated in HeLa cells. L
major (WHO MHOM/IL-1/80 Freidlin clone) was maintained in a log phase of
growth in Schneider’s growth medium containing 20% FBS.

Viral and parasite infection of cultured cells. HeLa or 2fTGH cells were
inoculated with a multiplicity (MOI) of 0.1 of VSV for 1 h, washed, and added
with fresh medium. At 12.5 h later, uninfected or infected cells were treated with
D4476 or vehicle (dimethyl sulfoxide [DMSO]). Total cell lysates were harvested
at different ensuing time points. For Leishmania infections, the macrophages
were resuspended in 10° cells/ml and were infected with a 10-fold excess of L.
major (50%) metacyclic in suspension culture for 4 h. Cells were subsequently
washed two times to remove free parasites and further incubated as indicated.

Measurement of L. major-secreted kinase activity. A total of 50 X 10° con-
fluent L. major promastigotes were washed with buffer A (20 mM Tris-HCI, pH
7.4, 150 mM NaCl, 10 mM MgCl,, 1 mM glucose, and 10 mM NaF). Cells were
then resuspended in buffer A containing 50 wg/ml of GST-IFNARTI at 30°C for
20 min as described previously (47). The supernatant was collected, supple-
mented with 2 mM of ATP, and further incubated at 30°C for 15 min. The
substrate was captured by glutathione beads and analyzed in Western blot assay
for phosphorylation at site Ser535.

Immunotechniques. Antibodies against pPSTAT1 and p-eIF2a (Cell Signaling),
elF2a (Biosources), CKle (BD Pharmingen), STAT1, Myc tag, HA tag, GST,
CKla (Santa Cruz), Flag tag, B-actin (Sigma), and ubiquitin (clone FK2;
Biomol) were used for immunoprecipitation and immunoblotting. Monoclonal
antibody 23H12, specific for the M protein of VSV (VSV-M), was kindly pro-
vided by D. S. Lyles (Wake Forest University School of Medicine, Winston-
Salem, NC). Antibodies which recognize endogenous IFNAR1 (20) and
IFNARI phosphorylated on Ser535 (or Ser526 in mouse IFNARI1 [29]) were
described previously. Cell lysis, immunoprecipitation, and immunoblotting pro-
cedures as well as the kinase assay using cell lysates and GST-IFNARI as a
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FIG. 1. Purification of cellular Ser535 kinase activity. (A) Purification scheme and results from in vitro kinase activity assays that used
immunoblotting with phospho-specific antibody or [y-**P]ATP incorporation into the GST-IFNAR1 substrate as indicated. (B) Phosphorylation

of bacterium-produced GST-IFNART1 (wild type or Ser535,539Ala muta
(SP) or hydroxyappatite (HA) columns in the presence of radioactive

nt [SA]) by the starting fractions before loading onto either SP Sepharose
[y-**P]ATP was analyzed by SDS-PAGE and autoradiography. Mutant

IFNAR1 migrates slower due to the presence of additional amino acids in the linker between GST and the cytoplasmic domain of IFNARI (as
outlined in references 31 and 32). (C) Active fractions were pooled after the last purification step. Proteins were precipitated and separated on
an SDS-PAGE gel followed by silver staining. Five indicated major bands were cut out for mass spectrometry analysis. The identities of the bands
and the sequences of identified CKla-derived peptides are shown on the right.

substrate were previously described (31, 32). Quantification of IB analyses was
done using Li-Cor’s Odyssey infrared imaging system.

Flow cytometry. Cell surface levels of IFNAR1 in human and mouse cells were
determined by staining cells with anti-hIFNAR1 (AA3 [20]) or anti-mIFNARI
(Leinco) in combination with anti-mouse-biotin (Jackson Laboratory) and
streptavidin-phycoerythrin (e-Bioscience). Cell surface antigen levels were ex-
amined by usin a FACSCalibur flow cytometer (BD Pharmingen). The data were
analyzed with the FlowJo program (Tree Star).

RESULTS

CKla is a kinase that directly phosphorylates the IFNAR1
degron. We previously reported detection of a major ligand-
and JAK-independent Ser535 kinase activity in lysates from
human cells. Such activity could be monitored by an in vitro
kinase assay using the bacterially expressed cytoplasmic do-
main of IFNARI fused with GST (GST-IFNARI1) as a sub-

strate, the cell lysates as the source of kinase, and anti-phos-
pho-Ser535 immunoblotting as a mode of detection (32).
Purification of basal IFNART kinase activity was carried out as
outlined in Fig. 1A. Cytoplasmic lysates from untreated HeLa
cells were fractionated by ammonium sulfate precipitation fol-
lowed by purification on a cation exchange SP Sepharose col-
umn (as described in detail in Materials and Methods) to
identify fractions that were active in this kinase assay and that
could discriminate between wild type GST-IFNARI1 and the
mutant GST-IFNAR15%3* counterpart in a modified assay
that used radioactive ATP for detection (Fig. 1B). This mod-
ified assay was used for further purification of enriched
IFNARI kinase activity through additional steps (Fig. 1A).
Mass spectrometry analysis of five major bands obtained from
pooled active fractions resolved on SDS-PAGE (Fig. 1C) re-
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FIG. 2. CKla represents the major Ser535 kinase in the cell lysates. (A) HeLa lysates were immunoprecipitated (IP) with control immuno-
globulin Gs (IgGs) or antibodies against CK1a or CKle and protein G beads. The supernatants of these reaction mixtures were analyzed for their
S535 kinase activity by an in vitro kinase assay (KA) with GST-IFNARTI as a substrate, detected by immunoblotting using anti-pS535 and anti-GST
antibodies (upper panels). Efficacy of immunodepletion was verified by immunoblotting using antibodies for CKla and CKle (lower panels).
(B) Lysates from HeLa cells transfected with the indicated siRNAs were used in the kinase assay. Phosphorylation of GST-IFNART1 and levels of
CKla in whole-cell lysates (WCL) were analyzed by IB using the indicated antibodies. Ponceau S staining of the membrane to detect GST-
IFNARU1 is also depicted. (C) 293T cells were transfected with empty vector or Myc-tagged human CKla, and lysates were prepared. These lysates
were analyzed for their IFNART1 Ser535 kinase activity (as for panels A and B). In addition, phosphorylation of GST-IFNART1 in the immunokinase
assay (as well as the levels of Myc-CKla and GST-IFNART1) was assessed via IP using anti-Myc antibody; results are depicted in the lower panels.
(D) 293T cells were treated with DMSO or TG (1 uM) for 30 min. Lysates were subjected to CKla IP, followed by analysis of Ser535 activity in
vitro using GST-IFNARI as a substrate. Induction of ER stress was shown by phosphorylation of p-eIF2« as assessed by IB using phospho-specific
antibody. (E) 293T cells were untreated or treated with TG (1 wM for 30 min) and harvested. Lysates from these cells were immunodepleted of
CKla as outlined for panel A. Increasing amounts (0.12 to 0.5 pg) of bacterium-produced recombinant GST-CKla were incubated with the
substrate (GST-IFNAR1) and ATP (except in lane 1) at 30°C for 30 min without any lysates (lanes 4 to 6) or in the presence of 4 pg of
immunodepleted lysates from untreated (UN; lanes 7 to 9) or TG-treated (lanes 10 to 12) cells. Phosphorylation of GST-IFNART1 on Ser535, levels
of GST-IFNARTI (using anti-GST antibody), and levels of CKla were analyzed by IB.

vealed the presence of several peptides derived from human HeLa cells decreased the ability of lysates from these cells to

CKla (see Materials and Methods). mediate Ser535 phosphorylation in vitro (Fig. 2B), a reverse
CKla and six other members of the human CKI1 family of effect was obtained upon overexpression of CKla in 293T
ubiquitous pleiotropic kinases phosphorylate numerous sub- human embryo kidney cells (Fig. 2C). In addition, both immu-

strates (26), some of which share the presence of a potentially nopurified (Fig. 2C) and bacterially produced CKla (Fig. 2E,
phosphorylated serine or threonine residue at position n-3 to lane 6) also phosphorylated GST-IFNARI1 on Ser535 in vitro.
enable hierarchical mechanism of primed subsequent phos- Collectively, these data validate our biochemical purification
phorylation (7, 8, 16, 18, 35, 46, 56). Intriguingly, mouse and strategy and indicate that CKla is a bona fide direct kinase of
human IFNARI1 harbor similar residues (underlined), Ser529 Ser535 of IFNARI.

and Ser532, in the sequence that directly precedes the degron A substantial body of literature indicates that members of
(529§QT§QD§GNYS). Consistent with a possibility that CKla the CK1 family are constitutively active kinases (26). However,
might function as a direct basal Ser535 IFNARI kinase in given that ligand-independent phosphorylation of IFNARI1
human cells, immunodepletion of HeLa cell lysate using the can be further stimulated in cells treated with the inducers of
antibody against CKla (but using neither control irrelevant ER stress, such as TG or viruses (31), we sought to investigate
monoclonal or polyclonal antibodies nor antibody against whether TG treatment activates CK1a. As expected, treatment
CKle) indeed decreased the efficacy of GST-IFNARI1 phos- of cells with TG caused activation of PERK as assessed via
phorylation in vitro by this lysate (Fig. 2A). Furthermore, while phosphorylation of its substrate, eIF2a (Fig. 2D). Remarkably,
RNA interference (RNAi)-mediated knockdown of CKla in CKla purified from the lysates from these cells (or cells
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treated with IFN-a [data not shown]) did not display a higher
activity in an in vitro kinase reaction with GST-IFNARI as a
substrate (Fig. 2D).

To examine whether a CKla-independent factor may facil-
itate this kinase’s actions in cells undergoing ER stress, we
immunodepleted CKla from the lysates of cells treated or not
with TG. In line with the results shown in Fig. 2A, the super-
natants of these reaction mixtures were not efficient in medi-
ating phosphorylation of GST-IFNAR1 on Ser535 (Fig. 2E,
lanes 2 and 3). However, when combined with bacterially ex-
pressed CKla, the depleted lysates from TG-treated cells no-
ticeably increased the efficacy of IFNAR1 phosphorylation
(Fig. 2E, lanes 11 and 12). These results indicate that ER stress
induces yet-to-be-identified cellular factors that cooperate with
CKla to increase the phosphorylation of the IFNAR1 degron.

We next examined whether CK1la mediates ligand-indepen-
dent IFNARI1 phosphorylation at Ser535 in the cells. Consis-
tent with our previously published observations (32), this phos-
phorylation was easily detectable on Flag-tagged IFNARI1
expressed and immunopurified from human cells. Under these
conditions, coexpression of human CKla further promoted
phosphorylation of the IFNAR1 degron (Fig. 3A). In addition,
this phosphorylation was decreased in 293T cells treated with
a CK1 inhibitor, CKI-7 (Fig. 3B). Importantly, knockdown of
CKla decreased basal Ser535 phosphorylation of coexpressed
Flag-IFNART1 (Fig. 3C).

In line with our previous report that basal phosphorylation
of IFNARI1 mediates its ubiquitination in cells not exposed to
IFN (32), we also observed that knockdown of endogenous
CKla decreased the extent of IFNAR1 ubiquitination in un-
treated HeLa cells (Fig. 3C). Consistent with the role of
IFNARI ubiquitination in endocytosis of this receptor (28, 30),
the cell surface levels of IFNAR1 measured by fluorescence-
activated cell sorting (FACS) analyses were noticeably higher
in the cells transfected with siRNA against CKla (Fig. 3D).
Given that IFNART1 levels are important for IFN-o/B signaling
(24), we tested whether modulation of CKla expression affects
the extent of cellular responses to IFN-a. A brief treatment of
HeLa cells that received control siRNA by a low dose of IFN-a
caused a negligible level of Statl phosphorylation. Under these
conditions, we observed a noticeably more pronounced activa-
tion of Stat1 in cells where CK1a was knocked down (Fig. 3E).
Furthermore, stable downregulation of CKla expression by
shRNA constructs against CKla augmented the antiprolifera-
tive effect of IFN-« in 2fTGH human cells (Fig. 3F). Given that
CKla is an abundant protein and its knockdown was incom-
plete in all these experiments, the extent of CKla-mediated
effects on IFNARI1 phosphorylation, ubiquitination, cell sur-
face levels, and signaling are likely to be underestimated. Col-
lectively, these data suggest that CKla contributes to the con-
trol of IFNAR1 ubiquitination and cell surface levels of
IFNART1 as well as the sensitivity of cells to IFN-c.

CKla is required for efficient phosphorylation and down-
regulation of IFNARI1 via the ligand-independent pathway.
Ligand-independent phosphorylation and degradation of
IFNARTI could be further stimulated by inducers of ER stress,
such as TG and infection with VSV (31). Knockdown of en-
dogenous CKla by RNAI noticeably decreased the extent of
Ser535 phosphorylation in the cells treated with TG. Impor-
tantly, phosphorylation of IFNARI in response to IFN-a was
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not affected by siRNA against CKla (Fig. 4A). These results
indicate that CKla is dispensable for the ligand-inducible
phosphorylation of IFNAR1 but might be required for the
ligand-independent pathway.

The latter possibility was further tested by a pharmacologic
approach using a cell-permeable and selective CK1 inhibitor,
D4476 (3, 45). Although TG caused a comparable induction of
phosphorylation of eIF2a (a canonical substrate of TG-induc-
ible PERK [21, 59]) regardless of pretreatment with D4476,
this inhibitor noticeably attenuated the Ser535 phosphoryla-
tion of IFNARI1 in response to TG but not to IFN-« in 2fTGH
cells (Fig. 4B). These data together suggest that CK1 activity is
required for ligand-independent phosphorylation of the de-
gron of IFNARI.

ER stress induces S535 phosphorylation of IFNAR1 and
accelerates its phosphorylation-dependent endocytosis and
subsequent degradation (31). Consistently, in cells transfected
with siRNA against CKla, thapsigargin-induced downregula-
tion of IFNARI1 was noticeably attenuated (Fig. 4C). Collec-
tively, these results demonstrate that CKla phosphorylates
S535 to accelerate subsequent downregulation of IFNARI,
therefore controlling the levels of IFNART1 in cells that un-
dergo ER stress.

To further test this possibility we investigated the role of
CKl1 in phosphorylation and downregulation of IFNARI1 in
2fTGH cells infected with VSV, which was previously shown to
induce IFNARI1 phosphorylation and degradation in a ligand-
and JAK-independent manner (31). We were limited in our
approach and chose not to use RNAI because of the potential
pleiotropic effects of loss of CKla on viral replication and
expression of viral proteins reported in literature (4, 6, 12, 17,
23, 33, 42, 43). Instead, we used a pharmacological approach to
acutely inhibit CK1 activity by treatment with D4476. Previous
reports demonstrated that VSV infection promoted ER stress
(21) and phosphorylation-dependent ubiquitination and deg-
radation of IFNAR1 (31). When D4476 was added to the
VSV-infected cells shortly before a point where significant
accumulation of a viral protein (VSV-M) can be seen, this
inhibitor markedly attenuated virus-induced S535 phosphory-
lation of IFNAR1 and downregulation of IFNAR1 without
affecting eIF2a phosphorylation (Fig. 4D). Under these con-
ditions, it is unlikely that IFNAR1 downregulation is driven by
signaling initiated by endogenous IFN-«/B because of the lack
of basal Statl phosphorylation in these lysates (Fig. 4E), al-
though a possibility that type I IFN might be produced and act
at other time points of infection cannot be ruled out. In all,
these results indicate the involvement of CKla in VSV-
induced S535 phosphorylation and ensuing degradation of
IFNARI.

Leishmanial casein kinase regulates IFNAR1 levels and
IFN-o/f signaling. Casein kinase 1 comprises a large family of
evolutionarily conserved kinases that include numerous iso-
forms in mammalian cells as well as CK1 orthologs and CK1-
like proteins expressed in some lower organisms. We next
examined whether different members in the CK1 superfamily
are capable of phosphorylating S535 of IFNART1 in vitro and in
the cells. Vaccinia virus is known to express a CK1-like kinase
B1 (vvBl1) that plays an important role in its replication (44).
When expressed and immunopurified from 293T cells, this
kinase was not capable of direct phosphorylation of IFNAR1
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FIG. 3. CKla mediates basal IFNAR1 phosphorylation, ubiquitination, and downregulation in cells. (A) 293T cells were cotransfected with
Flag-IFNAR1 and Myc-hCKla or an empty vector. Ser535 phosphorylation of Flag-IFNAR1 was analyzed by Flag immunoprecipitation (IP)
followed by IB of pS535. The total levels of IFNAR1 were determined by reprobing the blot with an anti-Flag antibody. Myc-CKla levels in the
whole-cell lysates (WCL) are shown in the lower panel. (B) 293T cells expressing Flag-IFNAR1 were treated with CKI-7 (400 uM) for the indicated
times. Immunopurified IFNAR1 was analyzed by IB using the indicated antibodies. (C) HeLa cells were cotransfected with Flag-IFNAR1 and
siRNA against CKla or a control siRNA. At 48 h after transfection, lysates were harvested and were subjected to IP using anti-Flag antibody
followed by IB analysis using the indicated antibodies. Levels of CKla and Erk1/2 (as a loading control) in WCL were assessed by IB using the
indicated antibodies. (D) HeLa cells were transfected with RNAi against CKla or luciferase and analyzed for the surface levels of endogenous
IFNARI1 by FACS using the AA3 monoclonal antibody. Control using irrelevant immunoglobulin (Ig) is also shown. (E) HeLa cells were
transfected with siRNA as for panel C and then treated with the low dose of IFN-« (5 IU/ml) for 15 min as indicated. Activation and levels of Stat1l
were analyzed by immunoblotting using the indicated antibodies. The ratio between pStatl and Stat1 signals was calculated using Li-Cor’s Odyssey
infrared fluorescence-based quantification system. (F) Human 2fTGH cells were cotransfected with shRNA against GFP (shCON) or against CK1a
(shCKla) and with pBABE-puro vector. After 4 days of selection in medium containing puromycin (4 pg/ml), the cells were plated into 96-well
plates (5 X 10%well) and treated (+) or not treated (—) with IFN-« (250 IU/ml for 48 h) as indicated. Numbers of cells as a function of absorbance
were measured using the CellTiter 96 cell proliferation assay kit (Promega) and are presented in optical density (OD) units as depicted on the
graph. Averages of a total of six experiments are shown.

on Ser535 (Fig. 5A, right panel) despite being active in auto- activity (Fig. 5C). Interestingly, although all tested human CK1

phosphorylation (Fig. 5B) and against other substrates, includ-
ing casein (49). On the contrary, immunopurified human
CK13, CKle, and protozoan parasite L-CK1 were active
against IFNAR1 S535 in the immunokinase assay in vitro (Fig.
5A). Accordingly, lysates from cells overexpressing hCKla and
L-CK1, but not vwwB1, exhibited elevated levels of S535 kinase

isoforms were capable of phosphorylating GST-IFNARI in
vitro, only expression of hCKla increased the phosphorylation
of Flag-IFNARI in the cells (Fig. 5D, left panel). Such an
effect of hCK1la was unlikely to represent an artifact of specific
induction of ER stress, since levels of phosphorylated elF2a
were similar in cells overexpressing all tested human CKI1



VoL. 29, 2009 CK1 REGULATES IFNAR1 STABILITY AND SIGNALING 6407

A B

c ki DMSO  D4476
stkon sietla Treatment - TGIFN- TG IFN
Treatment - TG IFN - TG IFN r
i - 535
- w4 | pS535 ) - -
IP: R1
1P+ T |---.|
e oam e wg (RT
| — | p-elF2a
——— CK1a WCL ——
WCL | g |eIF2a
et —
D DMSO  D4476

C
anon leK1a
TG, h o 12 o 1
IP: R1 IP: R1
IB: R1
. |IB:CK1la
WCL
E D4476 DMSO
—— ——
VSV(h) = le . wl IFN TG - IFN TG -
pStati : : - e
Stat1 |-_.._.___.._..___ ._.......__—---|

FIG. 4. CKla is required for efficient IFNAR1 downregulation in response to ER stress. (A) HeLa cells were transfected with control siRNA
or siRNA against CKla. After 48 h, cells were treated with vehicle control, TG (1 uM), or IFN-a (1,000 IU/ml) for 30 min, and lysates were
harvested. The lysates were subjected to IFNAR1 immunoprecipitation (IP) followed by IB of pSer535 and total IFNARI1. The efficiency of CKla
knockdown is shown in the lower panel. (B) 2fTGH cells were pretreated with 15 wM of D4476 or DMSO for 1 h and then treated with vehicle
control, TG (1 uM), or IFN-« (1,000 IU/ml) for 30 min. IFNART1 Ser535 phosphorylation and total levels were determined by IP-IB. Total levels
of elF2a and its phosphorylation (as a marker of the PERK-dependent effect of TG) in whole-cell lysates (WCL) were also analyzed. (C) HeLa
cells were transfected with control siRNA (siCon) or siRNA against CKla (siCKla). At 48 h after transfection, cells were treated with DMSO
or TG (1 pM) for the indicated times. Levels of total IFNAR1 were determined by IP-IB. Levels of CKla and actin in total cell lysate were
examined by IB. (D) 2fTGH cells were infected with VSV (MOI, 0.1) for 13 h. The infected cells were then treated with DMSO or 20 uM of D4476,
and cells were further incubated for 0.5, 1.0, or 2.0 h. At these time points, cells were harvested. Endogenous IFNARI1 from these cells was analyzed
by IP-IB using the indicated antibodies. Levels of viral protein VSV-M and phosphorylation of eIF2« (indicative of ER stress) were also assessed
by IB in WCL. The nonspecific band (NS) is indicative of the loading of the gel. (E) Lysates from experiments shown panels B and D were analyzed
for Statl phosphorylation and Statl levels by IB using the indicated antibodies.

forms. Similar to hCKla, expression of L-CK1 also sufficed to
promote phosphorylation of the IFNAR1 degron in the cells
(Fig. 5D, right panel). These results together suggest that there
is a specificity in the ability of diverse CK1 species to phos-
phorylate Ser535 of IFNARI and that there are certain struc-
tural determinants present in hCKla and L-CK1 that enable
this function in cells.

It is plausible that mammalian IFNAR1 encounters L-CK1
when the cells are infected with Leishmania parasites that
shuffle between sandflies and mammalian hosts during the
infectious life cycle. Within this cycle, Leishmania promastig-
otes are released from the insect gut to invade macrophages

and dendritic cells in the mammalian hosts via phagocytosis to
become mammal-parasitizing amastigotes (reviewed in refer-
ence 41). Intriguingly, there are reports that various species of
Leishmania are capable of secreting the CK1-like kinase that is
active against several host mammalian substrates, including
membrane proteins (47, 58). We have used the reported ex-
perimental conditions to test whether such activity is capable of
phosphorylating IFNARI. Incubation of concentrated medium
obtained from L. major promastigotes with ATP and GST-
IFNARTI led to a noticeable phosphorylation of this substrate
on Ser535 (Fig. 5E). In addition, kinase activity secreted by
amastigotes from another Leishmania species (L. mexicana)
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FIG. 5. Characterization of the S535 kinase activity of several human CK1 isoforms and CK1-like proteins from other organisms. (A) 293T cells
were transfected with an empty vector (Vec) or Myc-tagged CKla (a), CK18 (3), or CKle (g) or, as shown in the right panel, with HA-tagged
vaccinia virus B1 kinase (vvB1), the kinase-dead vwB1 (KD-B1), L. major CK1 (L-CK1), or human CKla. These transfected kinases were IPed with
Myc or HA and were subjected to in vitro immunokinase assay (KA) to determine Ser535 phosphorylation of GST-IFNARI. Levels of the
substrate as well as kinases expression were also analyzed. (B) Autophosphorylation of HA-tagged vB1 (expressed in and immunopurified from
293T cells) was carried out in the presence of labeled [y->*P]ATP and detected by SDS-PAGE and autoradiography. Immunoprecipitation (IP)
reactions from the lysates of the vector-transfected cells or cells expressing catalytically inactive KD-vwvB1 mutant were used as a negative control.
(C) In vitro phosphorylation of GST-IFNARI using lysates from cells transfected with indicated kinases as a source of the kinase activity was
measured by immunoblotting using phospho-specific anti-pS535 antibody (upper panel). Expression of CK1 species was analyzed by IB using
anti-HA antibody (lower panel). pEF and pSG indicate cells transfected with the indicated empty vectors. (D) 293T cells were cotransfected with
Flag-IFNART1 together with an empty vector (Vec) or Myc-tagged CKla (o), CK15 (8), or CKle (¢) or, as shown in the right panel, with HA-tagged
L-CK1. Phospho-S535 and total IFNARI1 signals were analyzed by IP-IB. Ectopic expression levels of the kinases were determined by Myc or HA
IB. In the left panel, phosphorylation and total eIF2«a levels are indicative of comparable levels of ER stress in cells transfected with different CK1
isoforms. (E) In vitro phosphorylation of GST-IFNARI1 with supernatant from L. major promastigote culture. Buffer lacking Leishmania was used
as a control (Con). These fractions were incubated with ATP and GST-IFNART1 (5 pg) at 30°C for 30 min. The products of this kinase reaction
were analyzed by IB for pS535 and GST. (F) In vitro phosphorylation of GST-IFNAR1 by concentrated supernatant of cultured amastigotes of
L. mexicana (obtained upon treatment with buffers with indicated pHs that mimicked the phagosomal or cytosolic environments) was measured
by incorporation of radioactive phosphate as described in Materials and Methods.

under two different acidity conditions resulted in phosphory-
lation of IFNAR1 detected via incorporation of radiolabeled
ATP into this substrate (Fig. 5SF). These results suggest that
different forms of Leishmania secrete a kinase activity that is
capable of directly phosphorylating IFNAR1 within its degron.

L-CK1 has been cloned and, based on studies that used
inhibitors of this kinase, is implicated in controlling the
growth of Leishmania (2, 15, 27). We further sought to
investigate whether this kinase might regulate phosphoryla-
tion-dependent ubiquitination and degradation of IFNARI.
Expression of wild-type L-CK1 but not of its catalytically
inactive mutant promoted phosphorylation of coexpressed
Flag-tagged IFNARI1 on Ser535 (Fig. 6A). Furthermore,
expression of L-CK1 increased ubiquitination of wild-type
Flag-IFNAR1 but not of its SS35A mutant, which was in-

sensitive to the phosphorylating effects of L-CK1 (Fig. 6B).
In some of these experiments, we observed a slight decrease
in the levels of wild-type Flag-IFNARI in the cells where
L-CK1 was coexpressed; however, these changes were diffi-
cult to interpret because of the presence of endogenous
IFNARI. To test whether the presence of leishmanial ki-
nase might affect the levels of IFNARI1, we used mouse
embryo fibroblasts obtained from IFNARI1 knockout ani-
mals. These fibroblasts were reconstituted with either wild-
type mouse Flag-IFNARI1 or its mutant that harbors the
S526A mutation (analogous to the human S535A substitu-
tion). Given that coexpression of L-CK1 decreased the lev-
els of wild-type Flag-IFNAR1 much more dramatically than
that of the phosphorylation-insensitive receptor mutant
(Fig. 6C and 7B, lower panel), it is likely that L-CK1 down-
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FIG. 6. Expression of L-CK1 promotes phosphorylation-depen-
dent IFNARI1 ubiquitination, and degradation. (A) 293T cells were
cotransfected with Flag-IFNAR1 and HA-tagged L-CK1 (WT or ki-
nase-dead K40R mutant) or an empty vector. The levels of pS535 and
total IFNAR1 were determined by IP-IB. The levels of L-CK1 in
whole-cell lysates (WCL) were determined by IB using anti-HA anti-
body. (B) 293T cells were cotransfected with IFNAR1 (WT or S535A
mutant) and L-CK1 or an empty vector. The levels of ubiquitinated,
S535-phosphorylated, and total IFNAR1 were analyzed by IP-IB. The
levels of L-CK1 were assessed by HA IB. (C) MEFs derived from
IFNAR1 /" mice reconstituted with WT or S526A mouse IFNAR1
were transfected with L-CK1 or an empty vector. The levels of
IFNARI and L-CK1 were determined by Flag and HA IB, respec-
tively. N.S., nonspecific band. (D) Human blood monocyte-derived
dendritic cells were infected with L. major promastigote culture (con-
taining ~50% metacyclics at an MOI of 10) or left uninfected as a
control (Con). After overnight incubation, cells were subjected to
FACS analysis of cell surface IFNAR1 using AA3 monoclonal anti-
body.

regulates IFNAR1 at least in part through a phosphoryla-
tion-dependent mechanism.

Furthermore, infection of human dendritic cells with L.
major led to a modest but reproducible decrease in the cell
surface levels of endogenous IFNARI1 assessed by FACS
(Fig. 6D). Similar results were obtained when mouse bone
marrow macrophages were used for infection (data not
shown). Collectively these data suggest that the presence of
L-CK1 in mammalian cells leads to phosphorylation of the
IFNAR1 degron and ensuing phosphorylation-dependent
downregulation of IFNARI.

Maintenance of IFNARI levels plays an important role in
regulation of the duration and magnitude of type I IFN sig-
naling (22, 24, 30). The results that L. major secretes an S535
kinase activity and that L-CK1 is sufficient to cause S535-
dependent IFNARTI loss suggested that Leishmania may atten-
uate the extent of IFN signaling. Infection of mouse bone
marrow macrophages with L. major indeed led to a dose-
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dependent inhibition of Statl phosphorylation in response to
IFN-a (Fig. 7A). Remarkably, this suppression was specific, as
Leishmania infection did not affect Statl phosphorylation in-
duced by type II IFN (IFN-v). Since type I and II IFNs utilize
different receptors, yet similar intracellular kinases, to activate
Statl, the latter data suggest that L. major inhibits cellular
responses to type I IFN via targeting its receptor.

To directly test the role of L-CK1 in the inhibition of type I
IFN signaling we transfected plasmid for expression of L-CK1
or empty vector in human 293T cells and followed up activa-
tion of Statl after pulse treatment with human IFN-a. Cellular
responses to this cytokine were noticeably attenuated in cells
that received L-CK1 (Fig. 7B). A similar experiment was per-
formed on IFNAR1-null mouse embryo fibroblasts that were
reconstituted with either wild-type IFNART1 or its L-CK1-in-
sensitive IFNAR15°2** mutant. A pulse treatment of cells with
mouse IFN-a led to a temporal induction of Statl phosphory-
lation, the extent of which was reduced over time (Fig. 7C).
Expression of L-CK1 in cells that harbor wild-type IFNARI1
led to a noticeable signaling inhibition that manifested itself in
both a lesser magnitude and a shorter course of Statl phos-
phorylation. Importantly, these changes were much less prom-
inent when L-CK1 was expressed in cells that harbor the
IFNAR1%°%*4 mutant (Fig. 7C), despite similar levels of L-
CK1 achieved in these cells (Fig. 7D). These results collectively
indicate that the presence of the leishmanial CK1 in the host
cells suppresses the cellular responses to IFN-a in a manner
that at least in part depends on phosphorylation of the
IFNART1 degron.

DISCUSSION

We have previously reported that a ligand- and Jak-inde-
pendent signaling pathway leads to Ser535 phosphorylation-
dependent ubiquitination and degradation of IFNARI. This
pathway plays an important role in regulating the levels of
IFNARI in naive cells and in determining the sensitivity of
cells to future exposures to type I IFN. A major basal kinase
activity in cell lysates that phosphorylates IFNAR1 within its
degron has been described (32). In the present study, we pu-
rified CK1la as a kinase capable of phosphorylating IFNARI1 in
vitro. We further characterized CKla as the direct kinase
responsible for basal IFNARI1 kinase activity and basal phos-
phorylation of IFNARI in unstimulated cells. These conclu-
sions are based on the facts that kinase activity in cell lysates
and basal IFNARI1 phosphorylation are decreased when CKla
is removed from cells (by knockdown) or lysates (by immu-
nodepletion). Furthermore, recombinant CKla was capable of
directly phosphorylating IFNAR1 within its degron (Fig. 1
and 2).

Recent studies from our laboratory also revealed that phos-
phorylation, ubiquitination, and degradation of IFNARI via
the ligand-independent pathway can be accelerated by ER
stress stimuli such as treatment with TG or infection with VSV.
These stimuli initiated a PERK-dependent pathway and, given
that PERK itself did not directly phosphorylate IFNAR1, were
proposed to act upon IFNART1 via another protein kinase that
was to be identified (31). Here the data of experiments using
pharmacological (CK1 inhibitors) and genetic (RNAi) ap-
proaches demonstrated that CKla is required for phosphory-
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FIG. 7. L. major infection or L-CK1 expression suppresses type I IFN signaling. (A) Mouse bone marrow-derived macrophages were infected
or not with L. major parasites (as outlined for Fig. 6D) at the indicated ratios. After overnight incubation, cells were treated with mouse IFN-a
(200 IU/ml) or IFN-y (10 ng/ml) for 30 min. Levels of phosphorylated and total Statl were determined by IB. (B) 293T cells transfected with the
indicated plasmids were subjected to pulse treatment with human IFN-a (500 IU for 15 min). Cells were harvested at the indicated time points
after beginning of treatment and analyzed for Stat1 activation using the indicated antibodies. Levels of L-CK1 were analyzed by IB. (C) MEFs from
IFNAR1~'~ mice reconstituted as described for Fig. 6C were transfected with empty vector or L-CK1 as indicated. After 24 h, cells were
trypsinized and equal numbers of cells were plated into 12-well plates. After overnight incubation, cells were pulsed with murine IFN-a (50 IU/ml)
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of pStatl, total Statl, and Flag-IFNAR1 were determined by IB. (D) Lysates from untreated cells from the experiment shown in panel C were
analyzed for expression of HA-tagged L-CKI1 using IP-IB with anti-HA antibody.

lation and augmented downregulation of IFNARTI in cells that
were treated with TG or infected with VSV. Given that mod-
ulations of CKI1 activity did not affect IFNAR1 phosphoryla-
tion in response to IFN (Fig. 4), we conclude that CKla is a
bona fide IFNARI1 degron kinase that functions within the
ligand-independent pathway.

While human cells express several members of the CKI1
family that share highly conserved kinase domains (26) and are
capable of phosphorylating IFNARI1 in vitro, specific knock-
down of CKla sufficed to effectively reduce the ligand-inde-
pendent Ser535 phosphorylation of IFNARI1 in human cells.
Furthermore, expression of CKla and L-CK1 but not other
tested members of the CK1 family induced IFNAR1 phosphor-
ylation in the cells. These data suggest that CKla and L-CK1
might be unique in their ability to efficiently target S535 of
IFNARLI in cells. The structural basis and the mechanisms
underlying this specificity are to be delineated in future studies.

Further studies are also needed to understand how CKla,
which is known as a constitutively active kinase (26), can co-
operate with ER stress stimuli to increase IFNAR1 phosphor-
ylation and promote the degradation of this receptor. In cells
that undergo ER stress, levels of CKla and its Ser535 kinase
activity are not affected (Fig. 2D). This suggests that additional

regulatory events occur to prompt increased Ser535 phospho-
rylation in response to ER stress stimuli. Indeed, the lysates
from TG-treated cells stimulated the activity of CKla toward
Ser535 phosphorylation of IFNARI1 in vitro (Fig. 2E). One
likely mode of regulation may involve a posttranslational mod-
ification of IFNARI. It has been widely reported that ability of
CK1 to phosphorylate many of its substrates is often aug-
mented by a “priming” phosphorylation event at an S/T residue
at the n-3 position (7, 8, 16, 18, 26, 35, 46, 56). Interestingly,
residues 529/532 in IFNARLI is serine, suggesting a possible
involvement of priming phosphorylation in triggering CKla
targeting Ser535. Given that ER stress requires PERK for
promoting IFNAR1 degron phosphorylation but PERK cannot
directly phosphorylate IFNART1 (31), it is possible that another
kinase downstream of PERK provides such priming and in-
creases the efficacy of CKla actions. In addition, subcellular
localization of CK1 may also determine the efficiency of
IFNARI targeting. Studies aimed to test these hypotheses
are currently under way.

In addition to human CKla, an ortholog kinase from Leish-
mania, L-CK1, was also capable of mediating IFNAR1 phos-
phorylation. Either expression of L-CK1 or infection of cells
with Leishmania led to downregulation of IFNAR1 and inhi-
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bition of cellular responses to type I IFN (Fig. 6 and 7). It
remains to be seen exactly how L-CK1 gets to the vicinity of the
type I IFN receptor. The parasite molecules involved in host
cell regulation are poorly defined; however, activation of
SHP-1 appears to depend on the presence of a parasite mol-
ecule, Leishmania EF-1, which binds to and activates SHP-1
(37, 38). Studies with Leishmania EF-1 indicate that it gains
access to the cytosol in order to mediate its function, although
the mechanism involved remains undefined. Similarly, cysteine
proteases from L. mexicana are implicated in altering the
NF-kB signaling in the cytosol (11). It is plausible that L-CK1
is also capable of being transported to the cytoplasm in order
to mediate its effect on IFNAR1. The mechanisms of this
transport remain to be investigated. Studies of these mecha-
nisms might lead to identification of novel targets for interfer-
ing with Leishmania-mediated IFNAR1 degradation and sup-
pression of IFN-«a signaling.

Numerous parasites, including Toxoplasma spp. (15), Leish-
mania spp. (47, 58), Trypanosoma spp. (9, 10, 15, 19, 53),
Plasmodium spp. (25), and others, express CK1 orthologs.
These kinases and their substrates (among both parasite and
host proteins) as well as a potential role in regulating IFNAR1
are yet to be sufficiently characterized. These studies are of
interest given that targeting parasite protein kinases might be
useful for developing novel antiparasitic agents (39). Our re-
sults provide a rationale for future testing of the efficacy of a
combination of the L-CK1 inhibitors, such as purvalanol B (27)
and imidazopyridine (2), with type I IFNs as a means of anti-
leishmanial treatment.
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