












IFN-g signaling through JAKs. As shown in Fig. 5A, over-
expression of parafibromin activated the IRF1 promoter, which
was potentiated by JAK1 or JAK2 and inhibited by the dominant-
negative mutants of JAK1 or JAK2. Additionally, parafibromin
potently activated the IRF1 promoter in U5A cells, which lack
receptor of type I IFNs, but barely activated the IRF1 promoter in
U4A cells, which are deficient in JAK1 in the presence or absence
of IFN-g (Fig. 5B). These data together indicate that parafibromin

mediates IFN-g–triggered signaling through JAK1 and/or JAK2.
Interestingly, however, JAK1- or JAK2-mediated activation of
the IRF1 promoter was substantially inhibited by knockdown of
parafibromin (Fig. 5C). These data suggest that the JAK kinases
and parafibromin are mutually required for mediating IFN-g–
triggered signaling.
We thus next examined the association between parafibromin

and JAK kinases. As shown in Fig. 5D, parafibromin interacted

FIGURE 5. Parafibromin interacts with JAK1 and JAK2 after IFN-g stimulation. (A) Effects of parafibromin on JAK1/2-mediated activation of the IRF1

promoter. The 293 cells were transfected with the IRF1 reporter plasmid (0.1 mg) and the indicated plasmids (0.1 mg). Luciferase assays were performed

20 h after transfection. (B) Effects of parafibromin on IFN-g–induced activation of the IRF1 promoter in U5A and U4A cells. U5A and U4A cells were

transfected with the IRF1 reporter plasmid (0.1 mg) and the indicated plasmids (0.1 mg), respectively. Twenty hours after transfection, cells were left

untreated or treated with IFN-g for 12 h before luciferase assays were performed. (C) Effects of parafibromin-shRNA on JAK1/2-mediated activation of the

IRF1 promoter. The 293 cells were transfected with parafibromin shRNA plasmids (0.5 mg) for 24 h, followed by further transfection of an IRF1 reporter

plasmid (0.1 mg) and the indicated plasmids (0.2 mg) for 20 h before luciferase assays were performed. (D) Parafibromin interacts with JAK1 and JAK2.

The 293 cells (13 107) were transfected with the indicated plasmids (5 mg each). Cell lysates were immunoprecipitated with anti-Flag (aF) or control IgG.

The immunoprecipitates were analyzed by immunoblotting with the indicated Abs. Expression of the transfected proteins was analyzed by immunoblotting

with the indicated Abs. (E) Domain mapping of parafirbomin–JAK1/2 associations. The upper panels show schematic representations of parafibromin and

JAK1/JAK2 proteins. In the lower panels, the experiments were performed similarly as in (D). (F) Parafibromin interacts with JAK1 and JAK2 in

untransfected cells. The 293 cells (13 108) were left untreated or treated with IFN-g for the indicated times. Cells were lysed and immunoprecipitation and

immunoblot analysis were performed with the indicated Abs. Graphs show mean 6 SD (n = 3). *p , 0.05, **p , 0.01.
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with JAK1 and JAK2 but not with STAT1 or IRF1 in transient
transfection and coimmunoprecipitation assays. Results from do-
main mapping analysis suggest that the C-terminal domain of
parafibromin was required for its association with JAK1 and JAK2
(Fig. 5E). Furthermore, the B41 domain of JAK1 and JAK2 is
essential for association with parafibromin (Fig. 5E). We further
examined their interaction in untransfected cells. As shown in
Fig. 5F, parafibromin constitutively interacted weakly with JAK2,
and this association was enhanced after IFN-g stimulation, whereas
the parafibromin–JAK1 association was dependent on IFN-g stim-
ulation. These results collectively indicate that parafibromin is as-
sociated with JAK1 and JAK2 after IFN-g stimulation.

Parafibromin promotes the interaction of STAT1 with JAK1 and
JAK2

Because parafibromin interacted with JAK1 and JAK2 after IFN-g
stimulation and functioned at the level of JAK1 and JAK2, we
hypothesized that parafibromin might promote IFN-g–induced

phosphorylation of STAT1 at Tyr701 by facilitating the association
between STAT1 and JAK kinases. In this context, we found that
overexpression of parafibromin promoted JAK1–JAK2 as well as
STAT1–JAK1/2 associations (Fig. 6A). In contrast, overexpression
of parafibromin promoted neither IFNGR1–IFNGR2 nor IFNGR–
JAK interactions (Fig. 6B). Conversely, knockdown of parafi-
bromin impaired the associations between STAT1 and JAK1 or
JAK2 in 293 cells or THP1 cells after IFN-g stimulation (Fig. 6C,
6D). IFN-g stimulation results in the association and phosphory-
lation of JAK1 and JAK2, which were impaired by knockdown of
parafibromin (Fig. 6C, 6D), indicating that parafibromin acts as
a scaffolding protein facilitating JAK1–JAK2 association and ac-
tivation as well as subsequent recruitment of STAT1.

Parafibromin plays an important role in IFN-g–triggered
cellular antiviral response

IFN-g is an immunomodulatory cytokine that exerts antivi-
ral effects by inducing STAT1-dependent expression of antiviral

FIGURE 6. Parafibromin promotes interac-

tions of JAK1–JAK2 and JAK1/2–STAT1. (A)

Parafibromin promotes JAK1–JAK2 as well

as JAK1/2–STAT1 associations. The 293 cells

(1 3 107) were transfected with the indicated

plasmids (5 mg each). Immunoprecipitation and

immunoblot analyses were performed with the

indicated Abs. (B) Parafibromin promotes nei-

ther IFNGR1–IFNGR2 nor IFNGR–JAK1/2 in-

teraction. The experiments were performed

similarly as in (A). (C and D) Knockdown of

parafibromin impaires the associations between

STAT1 and JAK1/2 in 293 or THP1 cells after

IFN-g stimulation. The 293 or THP1 cells sta-

bly transduced with control or parafibromin-

shRNA were either untreated or treated with

IFN-g for 10 min before immunoprecipitation

and immunoblot analyses were performed. aF,

anti-Flag.
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genes. We thus examined whether parafibromin plays a role in
cellular antiviral response. In plaque assays, we found that over-
expression of parafibromin inhibited the replication of VSV in 293
cells, and dramatically increased the antiviral effects of IFN-g
(Fig. 7A). Additionally, the replication of SeV, as monitored by
the expression level of viral N protein, was substantially inhibited
by overexpression of parafibromin (Fig. 7B). Conversely, knock-
down of parafibromin potentiated the replication of VSV and SeV
and significantly suppressed the antiviral effects of IFN-g (Fig. 7C,
7D). These data suggest that parafibromin plays an important role in
IFN-g–mediated cellular antiviral response.

Discussion
IFN-g is an immunomodulatory cytokine that was identified about
half a century ago. Since then, tremendous work has been focused
on IFN-g–triggered signaling. It has been well documented that
IFN-g signals through IFN-g receptors (IFNGR1 and IFNGR2),
which are associated with tyrosine kinases JAK1 and JAK2 (27).
JAK kinases directly phosphorylate STAT1 at Tyr701 and indi-
rectly lead to the phosphorylation of STAT1 at Ser727 in a PI3K-
PKC–dependent manner. In this study, we have demonstrated that
parafibromin, a tumor suppressor associated with hyperparathyroidism-
jaw tumor syndrome and parathyroid carcinoma, critically mediates
IFN-g–triggered signaling by selectively promoting phosphorylation of
STAT1 at Tyr701. Overexpression of parafibromin promoted IFN-g–
induced activation of the IRF1 promoter, phosphorylation of STAT1 at
Tyr701, and subsequent expression of downstream genes. Knockdown
of parafibromin had opposite effects. In contrast, neither overexpres-
sion nor knockdown of parafibromin had a marked effect on IFN-b–
triggered activation of STAT1/STAT2. Collectively, our data have
identified parafibromin as a new component in IFN-g–triggered
signaling pathways.
To investigate the mechanisms of parafibromin in IFN-g–trig-

gered signaling, we first determined the molecular order by which
parafibromin mediates IFN-g signaling. We found that parafibromin-

mediated activation of the IRF1 promoter was inhibited by the
dominant-negative mutants of JAK1 and JAK2 and parafibromin
failed to activate the IRF1 promoter in JAK1-deficient U4A cells.
Conversely, JAK1- or JAK2-induced activation of the IRF1 promoter
was partially impaired by knockdown of parafibromin, indicating
that parafibromin functions at the level of JAK kinases. It has been
demonstrated that IFNGR1 and IFNGR2 constitutively interact with
JAK1 and JAK2, respectively and that IFN-g stimulation results in
JAK1–JAK2 association by inducting dimerization of IFNGR1 and
IFNGR2. In contrast, IFN-b induces JAK1–TYK2 but not JAK1–
JAK2 interactions (28). In our experiments, we observed that the
parafibromin–JAK2 interaction was constitutively detected and this
association was enhanced by IFN-g stimulation, whereas the asso-
ciation between parafibromin and JAK1 was IFN-g treatment–de-
pendent, indicating that parafibromin might be recruited to JAK1
through JAK2. Additionally, knockdown of parafibromin inhibited
IFN-g–induced JAK1–JAK2 and JAKs–STAT1 interactions. Based
on these observations, we proposed a model on parafibromin-
mediated IFN-g–triggered signaling. IFN-g stimulation induces the
formation of JAK1/JAK2/parafibromin complex and parafibromin
stabilizes JAK1–JAK2 interaction. The stabilized JAK1–JAK2 in-
teraction on the one hand results in phosphorylation of IFNGRs,
which provides docking sites for the recruitment of STAT1, and on
the other hand promotes phosphorylation of STAT1 at Tyr701. JAK1
and JAK2 are also required for the phosphorylation of STAT1 at
Ser727, which is not regulated by parafibromin. It is possible that
additional molecules exist to specify the involvement of parafi-
bromin in JAKs-mediated tyrosine phosphorylation of STAT1.
Although IFN-g was originally identified and nominated based

on its antiviral activity, it is clear that IFN-g functions primarily as
an immunomodulator that exerts some antiviral activities. IFN-g
is produced by many types of cells such as NK, CD8+, and
a subset of CD4+ T cells, which are critically involved in immune
homeostasis, autoimmunity, and tumorigenesis (1). Whether and
how parafibromin regulates these physiological processes is of

FIGURE 7. Parafibromin plays an important role in IFN-g–triggered cellular antiviral response. (A) Overexpression of parafibromin inhibits VSV

replication. The 293 cells were transfected with a parafibromin plasmid for 18 h and then treated with IFN-g or left untreated for an additional 12 h. The

transfected cells were infected with VSV (multiplicity of infection [MOI] of 0.1) for 24 h before the culture medium was harvested for measurement of

VSV production by plaque assays. (B) Overexpression of parafibromin inhibits SeV replication. The 293 cells were transfected with a parafibromin plasmid

for 18 h and then treated with IFN-g or left untreated for an additional 12 h. The cells were then infected with SeV for the indicated times. The replication

of SeV was analyzed by immunoblot with Ab against the viral N protein of SeV. (C) Knockdown of parafibromin increases VSV replication. Plaque assays

were performed as in (A), except that parafibromin-shRNA (1.5 mg) was used. (D) Knockdown of parafibromin increases SeV replication. The experiments

were performed similarly as in (B). Graphs show mean 6 SD (n = 3). *p , 0.05, **p , 0.01.
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great interest. Additionally, parafibromin is a tumor suppressor,
and whether the antitumor activity is related to its regulation of
IFN-g–triggered signaling requires further investigations. In sum-
mary, our data have revealed that parafibromin is an important
scaffold protein involved in IFN-g—triggered and JAK1/2-mediated
phosphorylation of STAT1 at Tyr701 and thereby is critical for IFN-
g–triggered cellular antiviral response. Our study provides new in-
sight into the mechanisms of the classical signaling pathways as well
as antiviral effect triggered by IFN-g.
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