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Cross Talk Between Interferon-y
and -a/f Signaling Components
in Caveolar Membrane Domains
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Definition of cellular responses to cytokines often involves cross-communica-
tion through their respective receptors. Here, signaling by interferon-y (IFN-vy)
is shown to depend on the IFN-a./( receptor components. Although these IFNs
transmit signals through distinct receptor complexes, the IFN-a/f3 receptor
component, IFNAR1, facilitates efficient assembly of IFN-y-activated tran-
scription factors. This cross talk is contingent on a constitutive subthreshold
IFN-a/B signaling and the association between the two nonligand-binding
receptor components, IFNAR1 and IFNGR2, in the caveolar membrane domains.
This aspect of signaling cross talk by IFNs may apply to other cytokines.

The cytokines IFN-a/f and IFN-vy play cen-
tral roles in the innate immune response
against viral infections (/-4). IFN-vy is also
widely involved in the regulation of adaptive
immune responses (5). These cytokines trans-
mit signals to the cell interior through distinct
receptor complexes, the IFN-o/B receptor
(IFNAR) and the IFN-y receptor (IFNGR),
each composed of two type II membrane
glycoproteins: IFNAR1 and IFNAR2, and
IFNGR1 and IFNGR2 (2-4, 6-8). Ligand-
induced stimulation of each IFN receptor
complex results in the activation of the recep-
tor-associated Janus protein tyrosine kinases
(Jak PTKs), specifically, Jakl and Tyk2
PTKs for IFNAR and Jak1 and Jak2 PTKSs for
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IFNGR (6-10). After activation of these Jak
PTKs, the signal transducers and activators of
transcription 1 (Statl) and Stat2 are tyrosine-
phosphorylated, leading to formation of the
two transcriptional activators, [IFN-y—activat-
ed factor (GAF)/IFN-a—activated factor
(AAF) and IFN-stimulated gene factor 3
(ISGF3)/Stat1-p48 (9, 11). Although IFN-
o/B and IFN-y elicit cellular antiviral activi-
ties, it is unknown whether IFNAR and
IFNGR share any functional aspects in the
signaling processes. Receptors for these IFNs
and other cytokines are expressed at low
levels, ranging from 102 to 10° molecules on
the cell surface (2), but can efficiently trans-
mit signals to the cell interior. This raises the
possibility that these receptors are clustered,
even before ligand stimulation, to a particular
region of the cell membrane.

Mouse embryonic fibroblasts (MEFs), iso-
lated from either IFNARI-deficient or
IFNGR1-deficient mice (12, 13), were exam-
ined for their antiviral response induced by
IFN-y or IFN-a (/4). In MEFs lacking
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IFNAR1 (IFNARI1-null MEFs) (15), the IFN-
vy-induced antiviral response was impaired; a
concentration of IFN-y that was 10 times high-
er than that for wild-type (WT) MEFs was
required to achieve 50% protection of the cells
from encephalomyocarditis virus (EMCV) in-
fection, and full IFN-y response was not
achieved at even higher ligand concentrations
(Fig. 1A). In contrast, the IFN-a—induced anti-
viral response was normal in MEFs deficient in
IFN-y receptor (IFNGR1-null MEFs). The
IFN-y-induced DNA-binding activity of Statl
was six to seven times lower in IFNAR1-null
MEFs than in WT MEFs (Fig. 1B) (12), al-
though the kinetics of the Statl activation was
the same (/6). Similar results were obtained in
splenocytes of these mutant mice (6), indicat-
ing that the observed defect in Statl activation
is not restricted to MEFs. In contrast, Statl
activation by IFN-a was normal in IFNGR1-
null MEFs (16), consistent with the antiviral
assay result. Like [FN-o/f stimulation, IFN-y
stimulation activates ISGF3 in MEFs (17),
which is critical for the IFN-y—induced antiviral
response (17, 18). In IFNAR1-null MEFs, how-
ever, IFN-y-induced formation of the ISGF3
complex was not detected (Fig. 1B).

To determine the role of IFNARI in
IFN-vy signaling, we expressed mutant forms
of IFNAR1 (Fig. 1C) in the IFNARI1-null
MEFs. Expression of WT IFNAR1 restored
the IFN-y—induced activation of Statl and
ISGF3 (Fig. 1C, lower panel), as well as
antiviral responses (Fig. 1D). However, ex-
pression of either a mutant IFNARI1 lacking
the cytoplasmic region or a chimeric receptor
composed of the IFNARI transmembrane
and cytoplasmic region failed to restore the
response to IFN-vy (Fig. 1, C and D).

These results raised the question of
whether an intact IFNARI or an IFN-o/f
signaling event, mediated by IFNARI, is
required to produce a complete IFN-y
response. Because low levels of IFN-a/
mRNA expression were detected by reverse
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Fig. 1. Impaired antiviral response and DNA-binding activity of Stat1 A
induced by IFN-y in IFNAR1-null cells. (A) Antiviral activity of IFN-y or
IFN-oc in IFNAR1-null (AR1~/~, left), IFNGR1-null (GR1~/~, right), or
wild-type (WT, left and right) MEFs. Two cell clones derived from the same
littermates, indicated as #1 and #2, were randomly selected (37, 32). The
cytopathic effect (CPE) of EMCV (multiplicity of infectivity = 0.1) was

(=]

=1
(=1
=]

% Protection from CPE
% Protection from CPE
[4.1]

(=]

quantified as described (37, 32). Indicated values are the means of triplicate Wi Wi
experiments. The standard deviation of the measurements was within = Qg}ﬁ:; . zg’;ﬁg
+15% in each assay. (B) IFN-y—induced DNA-binding activities of Stat1 B e S s T

and ISGF3 in WT and AR1~/~ MEFs. Cells were untreated (—) or treated IFN-yconcentration (Umi) IFN-ctconcentration (Li/mi)
with IFN-y (y), and subjected to electrophoretic mobility shift assay
(EMSA) with a 32P-labeled oligonucleotide probe, comprising either the

interferon regulatory factor—1 (IRF-1)-IFN-y—activated site (GAS) or the 3 o apgy e Dolefion muan!
2',5'oligoadenylate synthetase (2',5'OAS)-IFN-stimulated responsive ele- Embryonk: Bbrobleots. - - -
ment (ISRE) (33). The positions of the IFN-y-induced DNA-binding com- oo xE Extracellular L s |
plex are indicated by arrows. The identity of these complexes was con- S&E & region |
firmed by their reactivity to anti-Stat1 or anti-Stat2 (76). The quantifica- IFN: =¥ =7 -7 —¥ Transmembrane i
tion analysis revealed that ISRE induction level by IFN-y at 250 U/ml E}Probe: IFNARI
corresponded approximately to the induction level by IFN-a at 15 U/ml - GAS Ceipbiesmic U ]
(79). (€) A schematic representation (upper panel) of the WT (AR1) and Probe: & @ & & &
two mutant forms of IFNAR1 (IL2-AR1 or AAR1), and IFN-y-induced >3'IEI\SHE & & Ty o ¥ ¥
DNA-binding activity of Stat1 in WT, parental IFNAR1-null MEFs & o L
(Parent AR17/7), or IFNAR1-null MEFs transfected with control PN — 7 — 7 -1 =1 —1 — 7
vector (AR17/~.Babe), the WT (AR17/~.AR1), or two mutant forms D ] 1
of IFNART (AR1~/~.IL2-AR1 or AR17/~.AAR1). Each construct was 1 8 e e e
cloned into a retrovirus vector, pBabe-puro, and the retrovirus-mediated 100!
gene transfers were performed as described (37). The 32P-labeled IRF-1- ‘ \
GAS or 2',5'OAS-ISRE probe was used in the EMSA. (D) IFN-y—induced \ >~ M o

|

antiviral activity in MEFs expressing the WT and mutant forms of IFNAR1,
as described in (A).

Probe:

1 | ISRE
| [
|
i ||—a— ARt/ .Babe
| [|—*— ARTF.ARY

—*— ART’.IL2-AR1
| —+— AR1".AAR1
[ —o— WT
| »— Parent ART/

1 10 100 1000
IFN-yconcentration (U/ml)

% Protection from CPE
w
S

Fig. 2. Requirement of IFN-a/ A wr IFN-B- B (0.1 U/ml), which by itself did not activate
signaling for effective IFN-y sig- 5 & _wr et Stat] (Fig. 2C). A similar effect was observed
naling. (A) Expression of IFN-8 e w0 %0 60180 0 %060 180 (o) after ghegaddi)tion of antibodies to IFN-o/B
and IFN-a's mRNA was analyzed P8 | .

by RT-PCR in wild-type (WT) T IMOAMOD: 1 L4011 100 - ! dee Probe: (anFl—IFN-a/B) to the WT MEFs (/9), ﬁlﬁher
and IFN-B-null MEFs (IFN-B~/~) - indicating the importance of a constitutive
(78). Values of the dilution rates A e > E pe"  subthreshold IFN-o/B signaling, in the ab-
for PCR templates after the first- ., _ sence of virus infection, for the full IFN-y
strand synthesis are indicated

response.
11 165150 1 1 1/51/50
below each lane. The same sam- D

—— To further investigate the mechanism by
ples were analyzed by RT-PCR P TR o N which IFN-o/B signaling contributes to IFN-y
with B-actin primers as control. —o— IFN-B + B (0.1 Ufml) . . . X
RNA samples without the first- Bvaclin_ signaling, we determined IFN-y—induced tyro-
strand reaction were also sub- 1 1/5 1/50 1/500 1 1/5 1/50 1/500 100 sine phosphorylatlon levels of Jakl and Jak2,
jected to PCR amplification W and of their target molecule, Statl. Although
I[)RTST)]- '(:f_) 'tKineftigS C;f DNA- @~ t the levels remained unaffected in IFNAR1-null

inding activity of Stat1 stimu- e 8 ; s onat]
lated by IFN—y in WT and IFN- - __xﬂ: _|F_N0B101 o 5 ® MEFs' (16), glycerol gradient fractionation

iy 22 . : : m g analysis of cell extracts revealed that the
87/~ MEFs. A 32P-labeled oligo- ENp — 4 — 4 — 4 g . . .
nucleotide probe comprising the 2 amount of fast-sedl{nentmg fract{ons of Statl
IRF-1-GAS or the 2',5'OAS-ISRE . B |erove ® P (Fig. 3A), representing the dimeric form (22),
was used in the EMSAs. (C) IFN- > - Gas e LSSy PR was smaller in the extract from the IFN-y—
y-induced DNA-binding activity IFN-y concentration (U/mi) stimulated IFNAR 1-null MEFs than in extracts
of Stat1 in WT or IFN-B~/ from IFN-y-stimulated WT MEFs (Fig. 3A).

MEFs in the presence or absence of a low concentration of IFN-B (0.1 U/ml). After a 1-hour . . : S
incubation wiF:h IFN-B (0.1 U/ml), MEFs were additionally treatedBvsSith IFN-y) (250 U/ml) and One pOSS?ble reason for inefficient dimerization
subjected to EMSA (33). Essentially the same observation was made with IFN-a (0.1 U/ml) (79). (D) of Statl in IFNARI-null MEFs could be that
IFN-y-induced antiviral response of WT or IFN-B8~/~ MEFs in the presence or absence of a low  the IFNAR signaling complex, activated by
concentration of IFN-B (0.1 U/ml). constitutively produced IFN-a/B, provides a

site for Statl to efficiently dimerize upon ty-
transcriptase—polymerase chain reaction (RT-  pression was not detected by RT-PCR in the  rosine phosphorylation by IFN-y. Phosphoryl-
PCR) in MEFs, splenocytes, and other tissues ~ [FN-B—deficient MEFs (IFN-B-null MEFs)  ated tyrosine residue 466 (Y466) of human
of the mouse [Fig. 2A and (/6)], mice were  (Fig. 2A). IFN-B-null MEFs also showed a  IFNARI mediates the association of Statl with
generated that carry a nullizygosity in the  deficiency in IFN-y—induced Stat] activation =~ IFNARI, a recruitment that is probably depen-
IFN-B gene (19), based on the dependence of  (Fig. 2B) and antiviral response (Fig. 2D).  dent on Stat2 (23, 24). Likewise, the tyrosine
IFN-a production on IFN-B production in  This deficiency was rescued by an exog-  residue 440 (Y440) of human IFNGRI also
MEFs (20, 21). Indeed, IFN-ao mRNA ex-  enously added IFN-B at low concentration  binds to Statl (25).
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Fig. 3. Involvement A
of IFNART1 in efficient
dimerization of the IFN-
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SW41 rotor (Beckman)
as described (22). Frac-
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phoresis, followed by
immunoblotting (with
antibody to Stat1 (anti- -
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respectively. (B) Effect of the mutations in the
d DNA-binding activity of Statl. A schematic

representation (upper panel) of the WT (AR1) and mutant forms of murine IFNAR1 [AR1Y455F,

substitution of tyrosine at position 455 by phenyl
tyrosines (455, 518, 529, and 576) by phenylalanine].

lalanine; AR1TYF, substitution of all intracellular
EMSA (lower panel) was done with untreated (—)

or IFN-y-treated (y) cell extracts from the following MEFs: wild-type MEFs (WT); IFNAR1-null MEFs
transfected with control vector (AR17/~.Babe); or IFNAR1-null MEFs expressing AR1 (AR1~/7.AR1),
AR1TY455F mutant (AR17/7.AR1Y455F), or AR1YF mutant (AR1~/~.AR1YF). 32P-labeled /RF-71-GAS
probe was used. The values below represent the relative intensities of the corresponding bands as

quantified with the image analyzer (BAS5000, Fujix).

(C) Tyrosine-phosphorylated Stat1 is associated

with IFNAR?1 after IFN-y treatment (250 U/ml). Immunoblots of anti-IFNART immunoprecipitates with
cell lysates prepared from WT and IFN-B~/~ MEFs untreated (—) or treated with IFN-y (y) (34),

anti-phosphotyrosine, anti-Stat1, anti~Tyr”°"-phosph

Ectopic expression of a mutant murine
IFNAR1 (AR1Y455F) resulted in only about
20% restoration of IFN-y—induced activation
of Statl, as compared with full restoration by
WT IFNARI, despite similar receptor ex-
pression levels in [IFNARI1-null MEFs (Fig.
3B) (16). This result suggests a major role for
this tyrosine residue in Stat1 recruitment. The
IFNAR! mutant with mutations in all four
intracellular tyrosine residues (AR1YF) was
completely inactive (Fig. 3B). These results
suggest that the subthreshold IFN-a/f signal-
ing may be essential for maintaining IFNAR1
in a phosphorylated form, thereby providing
a site for the IFN-y—activated Stat] to under-
go efficient dimerization. Consistent with this
notion is the observation that IFNARI is
tyrosine-phosphorylated in the WT, but not in
IFN-B—null MEFs (Fig. 3C). Because the
phosphorylation of IFNAR1 was further in-
creased by IFN-vy stimulation in WT MEFs,
but not in IFN-B—null MEFs, IFNAR1 phos-
phorylation, with or without IFN-y stimula-
tion, may depend on IFN-a/p signaling.

Statl coimmunoprecipitated with IFNAR1,
even in the absence of IFN-y stimulation, in
WT MEFs but not in [FN-B—null MEFs (Fig.
3C), indicating that IFNARI tyrosine phospho-
rylation is required for this association. How-
ever, IFNAR 1 -recruited Statl was not phospho-
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orylated Stat1, anti-Stat2, or anti-IFNAR1.

rylated (Fig. 3C), suggesting that IFN-a/B sig-
naling may have little, if any, effect on Stat]
phosphorylation. After IFN-y stimulation, the
association of phosphorylated Statl (9, /0) with
IFNARI was detected in the WT MEFs, but not
in IFN-B—null MEFs (Fig. 3C). Stat2 recruit-
ment to IFNARI, found in the WT MEFs, also
increased after IFN-y stimulation (Fig. 3C).

In view of the cross talk between IFN-a/3
and -vy signaling, in which the IFNARI phos-
phorylation and Statl/Stat2 recruitment to
IFNARI are enhanced by IFN-y, IFNARI1
was examined for its association with the
IFNGR. IFNAR1 coimmunoprecipitated with
IFNGR2, the nonligand-binding component
of the IFNGR complex, even before IFN-y
stimulation in WT MEFs and in splenocytes
(Fig. 4A). This association was reduced in
IFN-B—null MEFs (Fig. 4A), suggesting that
IFN-a/f signaling may contribute to IFN-y
signaling through IFNAR1 association with
IFNGR2.

Signaling cross talk between the two types
of IFNs provides a molecular basis for their
overlapping functions (/9). The cross talk
appears unidirectional in that [FN-y signaling
was dependent on IFN-a/f signaling, but not
vice versa. Because IFNARI1 can provide
efficient docking sites for Statl and Stat2, the
IFNAR -associated IFNGR2, for which no

WT  IFN-B7
MEFs MEFs MEFs splenocytes
=7 =¥y =% =%

‘” “.q anti-IFNAR1
[ | (M ot FNGR2

c

o=

- !j] anti-IFNGR1
- [!E anti-IFNGR2 > Probe:

; GAS
anti-FNART Noaiv®] 30 02 1.0
intensity

non-Cav

Cav

Filipin: - + +Rev

-
- anti-Jak1

> anti-Jak2

c anti-Stat1

anti-caveolin

 Fhe

Fig. 4. Association of IFNART with IFNGR2 in
caveolar membrane domains. (A) Coimmuno-
precipitation of IFNART with IFNGR2. WT
MEFs, WT splenocytes, and IFN-B~/~ MEFs
were untreated (—) or treated with IFN-y (y),
and cell lysates were subjected to immunopre-
cipitation (34). Anti-IFNAR1 (upper panel) and
anti-IFNGR2 (lower panel) immunoblots of
anti-IFNGR2 immunoprecipitates. Preimmune
rabbit serum was used as a negative control.
Immunoprecipitation analysis revealed that
IFNAR1 protein that associated with IFNGR2
was ~80% of the total IFNAR1 protein (76). (B)
Selective localization of IFNAR and IFNGR sub-
units, and Jak PTKs, in caveolar membrane do-
mains. The caveolar membrane fraction from
WT MEFs was prepared by the detergent-free
method (30). Extracts containing 5 g of total
protein from the four cellular compartments
(cytosol, C; plasma membrane, M; noncaveolar
fractions, non-Cav; and caveolar fractions, Cav)
were loaded onto each lane and analyzed by
immunoblotting with the indicated antibodies
(34). (C) Reversible inhibition of IFN-y—induced
DNA-binding activity of Stat1 in filipin-treated
WT MEFs, Filipin-untreated (—) or -treated (+)
WT MEFs were stimulated with IFN-y (100
U/ml) and subjected to EMSA. +Rev (lane 3)
represents the result obtained after reversing
the filipin effects (30). The relative band inten-
sities quantified with the imaging analyzer
(BAS5000, Fujix) are shown below.

such docking sites have been reported, may
not be required for IFN-o/B signaling. In this
context, the IFN-y system, which by itself
can elicit a weak antiviral activity, may ac-
quire more potent antiviral activity through
utilization of the IFN-a/f system. This may
also explain the previously reported syner-
gism between IFN-a/ and IFN-y (2, 26, 27).
The results also suggest that the constitutive
subthreshold IFN-o/B signaling has two ma-
jor roles: to strengthen an otherwise weak
association of IFNAR1 with IFNGR2 (Fig.
4A), and to maintain the docking sites in
IFNARI for Statl (Fig. 3C).

The IFN receptor components tested were
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shown to be exclusively localized in caveolar
membrane fractions (Fig. 4B), which is charac-
teristic of dynamic clustering of sphingolipids
and cholesterol (28, 29). Treatment of the cells
by filipin, which disperses caveolar domains
(30), resulted in a dose-dependent inhibition of
Statl activation (/6), and this inhibition was
reversible (Fig. 4C), suggesting that the local-
ization of IFNGR and IFNAR is critical for
efficient signaling. The intracellular levels of
Jakl and Jak2 were also found to be concen-
trated in the caveolar membrane domains (Fig.
4B), suggesting that the caveolar domain—de-
pendent signaling may be a feature shared by
other cytokines that use these kinases for sig-
naling. Local concentration of cytokine recep-
tors at caveolar membrane may be important
for efficient ligand-induced receptor oligomer-
ization and cross talk among cytokine receptor
components.
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Perception of Brassinosteroids
by the Extracellular Domain of
the Receptor Kinase BRI1

Zuhua He,'** Zhi-Yong Wang," Jianming Li,"* Qun Zhu,'t
Chris Lamb,’{ Pamela Ronald,? Joanne Chory'2§

An assay was developed to study plant receptor kinase activation and signaling
mechanisms. The extracellular leucine-rich repeat (LRR) and transmembrane
domains of the Arabidopsis receptor kinase BRI1, which is implicated in brassi-
nosteroid signaling, were fused to the serine/threonine kinase domain of XA21,
the rice disease resistance receptor. The chimeric receptor initiates plant de-
fense responses in rice cells upon treatment with brassinosteroids. These re-
sults, which indicate that the extracellular domain of BRI1 perceives brassi-
nosteroids, suggest a general signaling mechanism for the LRR receptor kinases
of plants. This system should allow the discovery of ligands for the LRR kinases,
the largest group of plant receptor kinases.

Receptor kinases mediate extracellular signals
for diverse processes in plants and animals.
Detailed mechanistic studies of both receptor
tyrosine kinases and receptor serine/threonine

"Plant Biology Laboratory, 2The Howard Hughes Med-
ical Institute, The Salk Institute for Biological Studies,
La Jolla, CA 92037, USA. 3Department of Plant Pa-
thology, University of California, Davis, CA 95616,
USA. “Biotechnology Institute, Zhejiang University,
Hangzhou 310029, China.

*Present address: Department of Biology, University
of Michigan, Ml 48190-1048, USA.

 Present address: Dupont Company, Wilmington, DE
19880-0402, USA.

1 Present address: John Innes Centre, Norwich, NR4
7UH, UK.

§To whom correspondence should be addressed. E-
mail: chory@salk.edu

kinases have been well documented in animal
cells, where it has been shown that ligand bind-
ing to the extracellular domains of receptors
induces receptor dimerization and stimulates re-
ceptor phosphorylation, resulting in the activa-
tion of intracellular signaling cascades (/-3). In
contrast, the study of plant receptor-like kinases
(RLKSs), all of which are serine/threonine ki-
nases, is still in its infancy (4, 5). Despite the
large numbers of putative RLKs encoded in the
genomes of plants, how these receptors carry
out signal transduction has yet to be determined.

Of the various RLKs, the largest group is the
leucine-rich repeat receptor kinases (LRR-
RLKs). This class consists of at least 120 genes
in Arabidopsis. A few LRR-RLKSs are involved
in diverse biological processes based on their
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