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The alpha/beta interferon (IFN-�/�)-induced STAT signal transduction pathway leading to activation of the
ISGF3 transcription complex and subsequent antiviral responses is the target of viral pathogenesis strategies.
Members of the Rubulavirus genus of the Paramyxovirus family of RNA viruses have acquired the ability to
specifically target either STAT1 or STAT2 for proteolytic degradation as a countermeasure for evading IFN
responses. While type II human parainfluenza virus induces STAT2 degradation, simian virus 5 induces
STAT1 degradation. The components of the IFN signaling system that are required for STAT protein degra-
dation by these paramyxoviruses have been investigated in a series of human somatic cell lines deficient in IFN
signaling proteins. Results indicate that neither the IFN-�/� receptor, the tyrosine kinases Jak1 or Tyk2, nor
the ISGF3 DNA-binding subunit, IFN regulatory factor 9 (IRF9), is required for STAT protein degradation
induced by either virus. Nonetheless, both STAT1 and STAT2 are strictly required in the host cell to establish
a degradation-permissive environment enabling both viruses to target their respective STAT protein. Comple-
mentation studies reveal that STAT protein-activating tyrosine phosphorylation and functional src homology
2 (SH2) domains are dispensable for creating a permissive STAT degradation environment in degradation-
incompetent cells, but the N terminus of the missing STAT protein is essential. Protein-protein interaction
analysis indicates that V and STAT proteins interact physically in vitro and in vivo. These results constitute
genetic and biochemical evidence supporting a virus-induced, IFN-independent STAT protein degradation
complex that contains at least STAT1 and STAT2.

The primary antiviral cytokines produced by higher eu-
karyotes are the alpha/beta interferons (IFN-� and IFN-�;
referred to herein as IFN) that function directly on target cells
by creating an antiviral state that blocks virus replication (24).
The molecular basis for most antiviral effects induced by IFN
requires IFN-induced mRNA and protein synthesis (46). IFN
activates a transcriptional complex, ISGF3, composed of three
proteins. Two subunits are members of the signal transducer
and activator of transcription (STAT) family, STAT1 and
STAT2, that heterodimerize and complex with a third protein,
IRF9, a member of the interferon regulatory factor (IRF)
family that provides DNA recognition.

The general mechanism leading to activation of ISGF3 has
been well characterized (reviewed in references 20 and 46).
IFN binding induces aggregation of a multichain receptor,
causing the receptor-associated tyrosine kinases Jak1 and Tyk2
to phosphorylate the receptor cytoplasmic domain. The recep-
tor phosphotyrosine provides a docking site for the src homol-
ogy 2 (SH2) domain of the latent cytoplasmic STAT2 and/or
STAT2-IRF9 complexes (28). STAT2 then becomes phosphor-
ylated on tyrosine 690, providing a docking site for the latent
STAT1. Following STAT1 phosphorylation on tyrosine 701,
the two STATs heterodimerize via intermolecular SH2 do-
main-phosphotyrosine interaction (44) and, together with
IRF9, form an active ISGF3 heterotrimer that can bind to

IFN-stimulated gene (ISG) promoter IFN-stimulated response
elements (ISRE). STAT proteins are long-lived, and their in-
activation has been shown to involve dephosphorylation by a
nuclear protein tyrosine phosphatase and recycling of the in-
activated STATs (3, 17, 18, 33, 36).

It is not surprising to find that many, if not all, viruses have
evolved strategies to impede host IFN responses (15). Evolu-
tion of enhanced IFN resistance can lead to highly infectious
viruses and/or persistent infections (4, 11, 13, 14, 27, 47). Re-
cently, the IFN antagonist strategies used by some negative-
stranded RNA viruses have been determined to act directly on
the ISGF3 STAT protein subunits. The paramyxovirus simian
virus 5 (SV5) was found to evade IFN responses by specifically
targeting the STAT1 protein for proteolytic degradation. This
destruction of STAT1 was found to be mediated by expression
of a single virus-encoded protein called V (11, 12, 54). Human
parainfluenza virus 2 (HPIV2) blocks IFN signaling by prefer-
entially inducing degradation of STAT2 and not STAT1 (40,
55). In common with SV5, the expression of the HPIV2 V
protein from a cDNA clone is sufficient to abolish IFN-respon-
sive transcription as a result of STAT2 destabilization (40).
These two paramyxovirus V proteins have �50% amino acid
sequence identity in their �220-amino-acid length, yet they
specifically recognize and catalyze the destruction of only one
of the two IFN-responsive STAT proteins.

The mechanistic basis for the selective STAT protein deg-
radation mediated by paramyxovirus V proteins is not entirely
understood, but the available evidence indicates that the V
protein IFN antagonism involves the subjugation of cellular
proteasome degradation systems (12, 40). As IFNs have been
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shown to regulate the expression and distribution of cellular
proteases, proteasome subunits, and ubiquitin-like modifiers
(16, 35, 56), one attractive mechanistic hypothesis for the ob-
served virus-induced STAT degradation is that IFN signaling
itself plays a role in establishing a cellular state permissive for
degradation.

Human somatic cell lines that do not respond to IFN were
tested for their ability to support specific STAT protein deg-
radation in response to SV5 and HPIV2 infection. Evidence is
provided that indicates that both STAT1 and STAT2 proteins
are needed in the host cell to create a degradation-competent
state, with one STAT acting as the degradation substrate while
the other serves an essential accessory function. Despite this
strict requirement for both STAT1 and STAT2 components of
ISGF3, neither intact IFN signaling nor conventional STAT
activation and dimerization is needed either for establishing
degradation competence or for selective target recognition.
Instead, complementation of defective degradation is achieved
by expression of an N-terminal fragment of the missing STAT
protein. The STAT proteins and V proteins interact in solu-
tion, suggestive of a multisubunit degradation complex. These
findings indicate that while SV5 and HPIV2 have evolved to
specifically target STAT1 or STAT2 for degradation, IFN an-
tagonism is accomplished through the use of similar cellular
mechanisms.

MATERIALS AND METHODS

Cells and viruses. Human HEC-1B cells (ATCC HTB-113), 2fTGH cells, and
2fTGH-derived cell lines U1A (Tyk2 deficient), U2A (IRF9 deficient), U3A
(STAT1 deficient), U4A (Jak1 deficient), and U6A (STAT2 deficient) were
grown in Dulbecco’s modified Eagle’s medium supplemented with 10% Cosmic
Calf Serum (HyClone). U6A cells complemented with chimeric STAT2-STAT1
cDNA (originally called N2�T [30], but referred to herein as N2:C1) and an
expression vector for the STAT1-STAT2 hybrid (originally called N1 [30], but
referred to herein as N1:C2) were the generous gift of George Stark and Xiaoxia
Li (Cleveland Clinic Research Foundation, Cleveland, Ohio). Expression plas-
mids for STAT2 Y690F and STAT2 R601K were the generous gift of James
Darnell (Rockefeller University, New York). U6A cells were transfected to
produce stably transfected cell lines in medium containing 500 �g of G418 per ml
as described previously (23).

SV5 strain W3A (derived from a genetically defined recombinant virus system
[19, 26]) and HPIV2 (Greer strain) were provided by Robert Lamb (Northwest-
ern University) and Griffith Parks (Wake Forest University, N.C.) and were
propagated and counted in simian CV1 cells. Plaque assays were performed on
CV1 cells by using an overlay containing 0.5% agar with DMEM and 10 mM
HEPES (pH 7.2). Cells were fixed at 4 to 6 days postinfection with 3.7% form-
aldehyde, and plaques were visualized after being stained with 0.1% crystal violet
in 20% ethanol.

Infection, cell extraction, and immunoblotting. For degradation assays, cells
were infected with SV5 or HPIV2 at a multiplicity of infection (MOI) of 10 to
100 PFU/cell or mock infected and harvested for analysis at 16 h postinfection.
Whole-cell extracts were prepared as described before (40). Total protein was
quantitated, and equal amounts (15 to 30 �g) were separated by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) on a 7% gel and trans-
ferred to nitrocellulose filters. Immunoblotting was performed with commercial
antiserum (Santa Cruz Biochemical) specific for STAT1� (C24) or STAT2 (C20)
and processed for chemiluminescent detection. For detection of viral nucleocap-
sid proteins, antiserum raised against HPIV2-infected cells that cross-reacts with
SV5 was used (Whittaker Biochemicals). Detection of the N2:C1 construct was
accomplished by using antiserum specific for the Flag epitope tag (Zymed Bio-
chemicals).

Reporter gene assays. For luciferase assays, cells were transfected using Su-
perfect reagent (Qiagen) by the manufacturer’s method with a cytomegalovirus
(CMV)-lacZ plasmid as a control for transfection efficiency, a reporter gene, and
either empty vector or the cDNA expression plasmids indicated. For IFN-�
responses, the reporter gene contains four copies of the m67-SIE linked to a

TATA box and the firefly luciferase open reading frame (ORF) (5). The IFN-
�/�-responsive reporter gene contained five copies of the ISG54 ISRE element
upstream of the TATA box and the firefly luciferase ORF. After 24 h, transfec-
tion medium was replaced with fresh medium or medium supplemented with
IFN. Cells were harvested 6 h later in luciferase assay lysis buffer, and luciferase
activity was measured according to the manufacturer’s protocol (Promega). Val-
ues for luciferase activity were normalized to �-galactosidase activity. In all cases,
average values of triplicate experiments are shown, normalized to IFN-treated
controls. To express V proteins, STAT2, and STAT2 fragments, PCR products
encompassing the indicated regions were generated and subcloned into the
expression vector pEF-HA (gift of Netai Singha, Mt. Sinai Medical School), in
frame with an N-terminal epitope tag. All constructs were verified by DNA
sequencing.

Protein interaction analysis. For glutathione S-transferase (GST) fusion pro-
teins, SV5 and HPIV2 ORFs were excised from mammalian expression vectors
and ligated to pGEX-5X (Pharmacia). Fusion proteins were induced with 0.5
mM IPTG (isopropylthiogalactopyranoside) and purified with glutathione-aga-
rose by standard methods described elsewhere (1, 22). For identification of
protein complexes, cellular protein whole-cell extracts (2 to 5 mg) were incu-
bated with purified fusion protein-agarose beads in whole-cell extract buffer for
12 h and then washed five times with whole-cell extract buffer. Bound proteins
were eluted by boiling in protein gel loading buffer and separated by SDS-PAGE
for immunoblotting.

For protein immunoprecipitation, 60-mm dishes were transfected with cDNA
encoding Flag epitope-tagged SV5 V, and whole-cell extracts were immunopre-
cipitated overnight with 5 �l of M2 affinity gel (Sigma). Pellets were washed five
times with whole-cell extract buffer. Bound proteins were eluted by boiling in
protein gel loading buffer and separated by SDS-PAGE for immunoblotting.

RESULTS

STAT1 and STAT2 but not IRF9 are necessary for STAT
degradation. The ability of the paramyxoviruses SV5 and
HPIV2 to induce a specific loss of cellular STAT1 (for SV5)
and STAT2 (for HPIV2) is observed upon infection of human
cell lines (Fig. 1A) (41). The 2fTGH cell line is the parent of
IFN-unresponsive daughter cell lines (41) that contain single-
gene defects in components of the IFN signaling pathway (Ta-
ble 1) (reviewed in references 10 and 45). U3A cells are de-
fective for STAT1 expression (34, 38), U6A cells are defective
for STAT2 expression (29), and U2A cells are defective for
IRF9 expression (25).

These STAT-deficient cell lines were subjected to virus in-
fection and immunoblotting to detect STAT1 or STAT2.
2fTGH cell extracts stain positively for both STAT1 and
STAT2, while U3A cells lack STAT1 expression and U6A cells
lack STAT2 expression (Fig. 1A). Infection of 2fTGH cells
with SV5 causes a disappearance of cellular STAT1 but not
STAT2, and infection of 2fTGH cells with HPIV2 results in a
disappearance of STAT2 but not STAT1 (Fig. 1A). In contrast,
infection of U3A cells with HPIV2 resulted in no degradation
of the endogenous STAT2 protein. Similarly, infection of U6A
cells with SV5 resulted in no degradation of the endogenous
STAT1 protein (Fig. 1A). Viral protein synthesis was observed
in both U3A and U6A cells (Fig. 1B), indicating that they are
susceptible to paramyxovirus infection. Therefore, the differ-
ential protein degradation profiles indicate that the cell lines
deficient in STAT1 or STAT2 are inherently nonpermissive for
paramyxovirus-induced STAT protein degradation. This result
suggested that intact ISGF3 might be a prerequisite for deg-
radation to occur.

To test this concept, STAT protein levels were assessed in
virus-infected IRF9-deficient U2A cells. Infection of U2A cells
with either SV5 or HPIV2 resulted in specific STAT protein
degradation similar to that observed in parental 2fTGH cells.
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Together, these data indicate that while both STAT1 and
STAT2 are required for paramyxovirus infection to induce
specific STAT degradation, the trimeric ISGF3 factor itself is
not the degradation target.

V protein-dependent antagonism of IFN-� signaling is im-
paired in STAT2-deficient cells. IFN-� signaling activates a
STAT1 homodimer, GAF (gamma-activated factor), that rec-
ognizes a distinct DNA response element, GAS (gamma-acti-
vated sequence) (9). U6A cells still express endogenous
STAT1 that can be activated by IFN-� to form the GAF tran-
scription factor (29). To determine if the degradation incom-
petence of U6A cells can have a functional consequence for
SV5-induced STAT1 antagonism, an IFN-�-dependent GAS-
luciferase reporter gene assay was carried out as a biologically
meaningful endpoint.

Transfection of 2fTGH cells with an IFN-�-responsive re-
porter gene produced a robust IFN-�-dependent activation
(Fig. 1C). Coexpression of the HPIV2 V protein had no effect
on IFN-� reporter gene activity, consistent with the fact that

STAT2, the target of HPIV2 V, is not a participant in IFN-�
reporter gene transcription. In contrast, expression of the SV5
V protein dramatically reduced the IFN-� response, reflecting
the degradation of STAT1. Robust IFN-�-dependent reporter
gene activation was also observed in the U6A cells (Fig. 1C).
As with the wild-type 2fTGH cells, reporter gene activity was
normal upon expression of the HPIV2 V protein, but in the
absence of STAT2, IFN-� antagonism was lost upon expres-
sion of the SV5 V protein. This inability of the SV5 V protein
to block IFN-� signaling is consistent with the inability of SV5
infection to induce STAT1 degradation in U6A cells (Fig. 1A),
reinforcing that both STAT1 and STAT2 are required for V
protein-dependent STAT degradation. The absence of an ac-
cessory STAT protein creates a degradation-incompetent
state.

IFN signaling is not required for STAT protein degradation.
The observed lack of STAT protein degradation in STAT-
deficient cell lines could be readily explained if an IFN-regu-
lated gene product or signaling event were required to facili-

FIG. 1. STAT1- and STAT2-deficient cells are not permissive for
STAT protein degradation. (A) 2fTGH, U3A, U6A, and IRF9/p48-
deficient U2A cells were mock infected (lanes C) or infected with
HPIV2 (H) or SV5 (S). Cell lysates were separated and transferred to
membranes for immunoblotting with antiserum to STAT1 (top panels)
or STAT2 (bottom panels). (B) Immunoblotting with antiserum for
paramyxovirus nucleocapsid proteins. Sizes are shown in kilodaltons.
(C) 2fTGH and U6A cells were transfected with an IFN-�-dependent
luciferase reporter gene in the presence or absence of coexpressed
HPIV2 V protein or SV5 V protein as indicated. Data represent
normalized luciferase values from triplicate samples, expressed as a
percentage of that in IFN-�-stimulated controls. WT, wild type.

TABLE 1. Paramyxovirus degradation of STAT1 and STAT2a

Cell line STAT

Degradation
competence

HPIV2 SV5

2fTGH (parent) 1 � �
2 � �

U3A (STAT1 null) 1 Null Null
2 � �

U3A � STAT1 (complemented) 1 � �
2 � �

U3A � STAT1 Y701F 1 � �
2 � �

U3A � STAT1 R602K 1 � �
2 � �

U6A (STAT2 null) 1 � �
2 Null Null

U6A � STAT2 (complemented) 1 � �
2 � �

U6A � STAT2 Y690F 1 � �
2 � �

U6A � STAT2 R601K 1 � �
2 � �

U2A (IRF9 null) 1 � �
2 � �

HEC-1B (IFNAR defect) 1 � �
2 � �

U1A (Tyk2 null) 1 � �
2 � �

U4A (Jak1 null) 1 � �
2 � �

U6A � N1:C2 1 � �
N1:C2 � �

U6A � N2:C1 1 � �
N2:C1 � �

U3A � N1:C3 N1:C3 � �
2 � �

U3A � N3:C1 N3:C1 � �
2 � �

a 2fTGH cells are intact for all IFN signaling components, U1A, U2A, U3A,
U4A, and U6A are IFN-unresponsive daughter lines. HEC-1B lacks high-affinity
IFN-�/� receptors. STAT1 and STAT2 were detected by immunoblotting with
specific antisera, and the chimeras were detected with anti-Flag antiserum. The
ability of HPIV2 or SV5 infection to induce loss of STAT protein is indicated by
� (degrades) or � (does not degrade). Cells infected at an MOI of �10 were
assayed at 16 h postinfection.
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tate degradation. To examine the involvement of tyrosine
kinases that are required for IFN signaling, two additional
2fTGH-derived cell lines were used. U1A cells lack expression
of the Tyk2 tyrosine kinase, and U4A cells lack expression of
the Jak1 tyrosine kinase (34, 37, 41). Upon infection with SV5
or HPIV2, both U1A and U4A were found to support appro-
priate STAT protein degradation (Fig. 2A). Therefore, JAK
kinase-mediated phosphorylation events are not required for
STAT degradation.

As nonphosphotyrosine signals emanating from the IFN re-
ceptor might equally contribute to a permissive STAT degra-
dation environment, HEC-1B, a human cell line that does not
express high-affinity IFN receptors and is refractory to all mea-
sured aspects of IFN signaling (6, 48, 51, 53), was used to
determine if any aspect of IFN receptor signaling is required
for the destruction of STATs. HEC-1B cells contain ample
endogenous STAT1 and STAT2 and are permissive for virus-
induced STAT degradation (Fig. 2B). These results demon-
strate that components of IFN signaling upstream of STAT1
and STAT2 are not required for paramyxoviruses to degrade
latent STAT proteins.

STAT1, STAT2, and V proteins can form a complex. The
somatic cell mutants provide genetic evidence suggestive of a
degradation factor that is composed minimally of STAT1,
STAT2, and the V protein. To test this possibility biochemi-
cally, affinity precipitation by bacterially expressed GST fusion
proteins was performed. Both GST-SV5 V and GST-HPIV2 V
gave rise to full-length proteins of �53 kDa that were bound to
the beads, but GST-HPIV2 V was found to be proteolyzed
intracellularly, resulting in an abundant cleavage product (Fig.
3A). GST control, GST-SV5 V, and GST-HPIV2 V beads were
analyzed for the ability to bind to cellular STAT proteins from
a 2fTGH cell extract. In support of the genetic data, the GST-
SV5 V and the GST-HPIV2 V were able to retain both STAT1
and STAT2 (Fig. 3B). Importantly, the GST carrier alone did
not bind to either STAT protein under these conditions. This
finding indicates that the paramyxovirus V proteins are capable
of associating with both STAT1 and STAT2.

A verification of this protein complex was obtained by co-
immunoprecipitation assays (Fig. 3C). Flag epitope-tagged

FIG. 2. IFN signaling is not required for degradation competence.
(A) JAK kinases are not required for STAT degradation. U1A and
U4A cells were subjected to infection with paramyxoviruses and ana-
lyzed as in Fig. 1. (B) IFN receptor signaling is not required for STAT
degradation. Infection and analysis of IFN-unresponsive (IFNAR�)
HEC-1B cells were carried out as in Fig. 1.

FIG. 3. V proteins bind both STAT1 and STAT2. (A) GST carrier and GST-V fusion proteins were purified from Escherichia coli with
glutathione-agarose and separated by SDS-PAGE, and the gel was stained with Coomassie blue. SV, SV5 V protein; HV, HPIV2 V protein; CP,
cleavage product of GST-HV. Sizes are shown in kilodaltons. (B) Binding of STATs from a cell extract. GST proteins were incubated with 2fTGH
whole-cell extracts, washed extensively, and then evaluated for STAT1 or STAT2 binding by immunoblot. Lane T, 1% of total extract. Sizes are
shown in kilodaltons. (C) Coimmunoprecipitation of STAT2 with SV5 V. Lysates from cells transfected with Flag-SV5 V were immunoprecipitated
(IP) with Flag M2 affinity gel and probed for copurified STAT1 and STAT2. V protein was detected by Flag Western blot. Sizes are shown in
kilodaltons.
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SV5 V protein was immunoprecipitated from transfected cells
and processed for Western blotting. In the V-expressing cells,
STAT1 is degraded and therefore not detected in the postdeg-
radation complex. STAT2 remains tightly associated with the
precipitated V protein. Together, these biochemical assays
support the genetic evidence in favor of a functional
V-STAT1-STAT2 protein complex.

Restoration of STAT degradation competence. To define the
STAT protein features required to reconstitute a permissive
degradation environment and to test the susceptibility of the
defective STATs as degradation substrates, STAT-deficient
cell lines complemented with wild-type and mutated STATs
were subjected to virus infection and degradation assays. Two
defining features of STAT proteins are C-terminal tyrosine
phosphorylation and conserved SH2 domains. Complementa-
tion of U3A cells with wild-type full-length STAT1� cDNA
completely restores ISGF3 signaling as well as antiviral IFN

responses, but expression of U3A cells with a STAT1� mutant
that lacks either the activating tyrosine residue (Y701F) or a
functional SH2 domain (R602K) fails to restore IFN signaling
(21, 38).

Infection of wild-type STAT1�-complemented U3A cells
with SV5 and HPIV2 fully restores STAT1 or STAT2 degra-
dation similar to parental 2fTGH cells (Fig. 4A). Expression of
either Y701F or R602K STAT1 protein also resulted in recon-
stitution of degradation competence, as indicated by specific
protein degradation by both viruses. These observations indi-
cate that restoration of a permissive paramyxovirus degrada-
tion environment in U3A cells requires only the latent STAT1
protein and not activated or dimeric STAT1.

Similarly, complementation of U6A cells with wild-type
STAT2 can restore IFN signaling and ISGF3-dependent tran-
scription, but expression of a STAT2 activating tyrosine mu-

FIG. 4. STAT protein activation and dimerization are unnecessary for complementation of degradation competence. (A) U3A cells expressing
wild-type STAT1 or either the Y701F or R602K mutant were infected and analyzed for STAT1 and STAT2. C, mock infection; H, HPIV2 infection;
S, SV5 infection. (B) U6A cells expressing wild-type STAT2 or either the Y690F or R601K mutant were infected and assayed for degradation of
STATs. All reconstituted cell lines restored degradation competence. (C) HPIV2 antagonizes IFN-� signaling in reconstituted U6A cells. U6A
cells and U6A cells expressing STAT2 or the Y690F or R601K mutant were subjected to an IFN-�-dependent luciferase reporter gene assay in
the presence or absence of coexpressed HPIV2 V protein or SV5 V protein.
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tant (Y690F) or SH2 domain mutant (R601K) fails to restore
IFN responses (29, 42). Infection of wild-type STAT2-comple-
mented U6A cells with SV5 and HPIV2 restores degradation
competence to the nonpermissive U6A cells. However, the
HPIV2-induced degradation response exhibited a loss of fidel-
ity in the complemented cells, as HPIV2 infection induced a
partial loss of endogenous STAT1 protein as well as STAT2 in
the U6A cells (Fig. 4B). The ability of SV5 to induce specific
STAT1 degradation was maintained in the U6A cells, as ob-
served for parental 2fTGH cells and STAT1-complemented
U3A cells. Expression in U6A cells of either Y690F or R601K
mutated STAT2 proteins also resulted in complementation of
degradation competence. As with STAT2-complemented U6A
cells, HPIV2 exhibited a loss of accuracy, but SV5 remained
specific for STAT1. These complementation results indicate
that degradation incompetence is a single-gene defect.

The functional significance of HPIV2-induced STAT1 deg-
radation in all three STAT2-reconstituted U6A cell lines was
tested with an IFN-�-dependent reporter gene assay. U6A
cells are insensitive to expression of either HPIV2 or SV5 V
protein, but the IFN-� response in STAT2-complemented
U6A cells is blunted by HPIV2 and inhibited by SV5 V re-
gardless of STAT2 mutations (Fig. 4C). This transient assay
confirms that the loss of fidelity is due to a difference in the
cellular condition and not to more mundane reasons relating
to virus contamination or V protein mutations that may have
occurred during virus propagation. While STAT2 is absolutely
required for IFN antagonism, specificity of targeting might be
influenced by other loci. In all complemented U3A and U6A
cells, degradation of the mutated STAT proteins was observed,
indicating that STAT protein tyrosine phosphorylation and
SH2 domain functions are nonessential for substrate target
recognition and degradation.

STAT N terminus is required for degradation. STAT pro-
tein N-terminal regions can mediate several protein-protein
interactions via a lengthy coiled coil, while the C-terminal
domains participate in signal transduction, dimerization, DNA
binding, and transcriptional activation (7, 50; reviewed in ref-
erence 20). To localize the regions of STAT2 that confer a
permissive degradation environment, U6A cells expressing chi-
meric STAT2-STAT1 proteins (Fig. 5A) were subjected to
infection with SV5 and HPIV2. Expression of N2:C1, a fusion
consisting of the N terminus of STAT2 (amino acids 1 to 315)
fused to the C-terminal domain of STAT1� (amino acids 306
to 712 fused to a Flag epitope tag) (30), complemented the
degradation defect of U6A cells (Fig. 5B) comparably to wild-
type STAT2. HPIV2 degradation exhibited characteristic lost
accuracy, but SV5 targeted STAT1 and not STAT2. In con-
trast, the opposite hybrid STAT protein, N1:C2 (amino acids 1
to 305 of STAT1 fused to amino acids 316 to 851 of STAT2
[30]) did not reconstitute a permissive degradation environ-
ment for either virus. These results indicate that the amino-
terminal 315 amino acids of STAT2 are needed to complement
the U6A degradation impairment.

In a corresponding experiment, U3A cells stably expressing
STAT1-STAT3 chimeras were subjected to paramyxovirus in-
fection and degradation assays (Fig. 5A) (23). When the N1:C3
chimera (amino acids 1 to 508 of STAT1 fused to amino acids
515 to 770 of STAT3) was expressed in U3A cells, the endog-
enous STAT2 protein was degraded following infection with

HPIV2, and the chimeric STAT1-STAT3 fusion protein was
degraded in SV5-infected cells (Fig. 5C). The complementary
N3:C1 chimera (amino acids 1 to 514 of STAT3 joined to
amino acids 509 to 750 of STAT1) did not reconstitute STAT
degradation. Together, these findings support the conclusion
that the STAT N-terminal domains are required for comple-
menting defective degradation due to STAT protein deficiency.
The observation that the hybrid proteins were successfully de-
graded in infected cells also suggests that the N-terminal region of
STAT2 might harbor a substrate recognition region for the deg-
radation system.

STAT2 fragments complement defective degradation. To
further map the complementing region of STAT2, full-length
STAT2 or individual STAT2 fragments encoding amino acids
1 to 315, 1 to 578, 316 to 578, and 579 to 851 were expressed
in U6A cells and analyzed for their ability to permit V protein
antagonism of IFN-�-responsive transcription. Coexpression
of the viral V proteins with the full-length STAT2 suppressed
the IFN-�-responsive transcription, as in the stably comple-
mented U6A cell lines (Fig. 5D). The N-terminal fragment of
STAT2 (amino acids 1 to 315) did not permit coexpressed V
proteins to antagonize the reporter gene. Expression of a
longer STAT2 fragment that contains the STAT N-terminal
domains as well as the STAT DNA-binding and linker domain
regions (amino acids 1 to 578) was sufficient to complement
IFN-� antagonism. An overlapping C-terminal STAT2 frag-
ment (amino acids 316 to 851) failed to complement IFN
antagonism in U6A cells, as did the isolated DNA-binding and
linker domain (amino acids 316 to 578). Together with the
results from the STAT chimeras, the data indicate that the
STAT2 protein N-terminal regions are necessary and sufficient
to establish degradation competence in U6A cells.

DISCUSSION

The speed and inaccuracy of virus replication enable patho-
gens to evolve rapidly to thwart host defense mechanisms. The
STAT proteins typically possess long half-lives, but the paramyxo-
viruses HPIV2 and SV5 have evolved to induce destruction of the
IFN-�/�-responsive STATs to eliminate the selection pressure of
innate antiviral immunity. SV5 efficiently targets cellular STAT1
protein, while HPIV2 targets STAT2. The data presented here
demonstrate that both STAT1 and STAT2 are required to be
present in the cell to render it degradation competent for either
virus to target an individual STAT protein. In the absence of
STAT1, HPIV2 could not induce degradation of the endogenous
STAT2, and in the absence of STAT2, SV5 did not induce deg-
radation of the endogenous STAT1. Unexpected was the finding
that while both STAT1 and STAT2 are required for selective
paramyxovirus-induced degradation to occur, IFN signal trans-
duction and ISGF3 themselves are entirely dispensable.

As a consequence of this degradation impairment, STAT-
deficient cells are insensitive to V protein-induced IFN antag-
onism, as illustrated by the inability of the SV5 V protein to
suppress STAT1-dependent IFN-�-responsive transcription in
the absence of STAT2. This result indicates that the STAT
protein-targeting property of the V protein is its sole IFN
antagonistic action and also reinforces that in the absence of
the accessory STAT protein, the cells can no longer support
V-mediated STAT interference.
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Despite the importance of the two STAT proteins to com-
plement STAT degradation, in the absence of upstream cellu-
lar IFN signaling proteins, the cellular environment is permis-
sive for either virus to induce specific STAT protein
degradation (summarized in Table 1). Thus, neither JAK ty-
rosine kinase nor IFN receptor deficiencies disrupt the capac-
ity for STAT protein degradation, and furthermore, the ISGF3
trimer is not the endpoint complex targeted by the viruses.
Nonetheless, the results provide evidence suggesting that a
protein complex containing at least STAT1 and STAT2 is

recognized by the virus-induced V protein-dependent degra-
dation system.

Somatic cell lines deficient in individual IFN signaling com-
ponents were essential to these studies, as they enabled
complementation analysis to be performed. Complementation
of the STAT protein deficiencies with cDNA expression vec-
tors revealed the lost capacity for virus-induced degradation to
be a single-gene defect and demonstrated that both activating
tyrosine phosphorylation- and SH2 domain-mediated receptor
recognition and dimerization are dispensable for degradation

FIG. 5. Restoration of degradation competence maps to the STAT protein N terminus. (A) Diagrammatic representation of STAT1-STAT2
hybrids used to restore U6A cell lines (adapted from reference 30) and STAT1-STAT3 hybrids used to restore U3A cell lines (adapted from
reference 23). Numbers indicate the amino acids of each STAT at the fusion junction. F refers to Flag epitope tag. (B) Hybrid STAT
protein-complemented U6A cells were subjected to infection with HPIV2 and SV5 and analyzed as in Fig. 1 except that the N2:C1 hybrid was
detected with antiserum specific for its C-terminal Flag epitope tag. C, mock infection; H, HPIV2 infection; S, SV5 infection. (C) Hybrid
STAT1-STAT3 protein-complemented U3A cells were subjected to virus infection and analyzed for STAT degradation. The N1:C3 hybrid was
detected with antiserum specific for its C-terminal Flag epitope tag. (D) Complementation of IFN antagonism with STAT2 fragments. Inset depicts
STAT2 domain structure. ND, N domain; DBD, DNA-binding domain; LD, linker domain; TAD, transcription activation domain. U6A cells were
subjected to IFN-�-dependent luciferase reporter gene assays in the presence or absence of coexpressed HPIV2 V protein or SV5 V protein in
the presence or absence of coexpressed STAT2 fragments as indicated.
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to occur. These functions of the STAT protein are not needed
either for complementation of degradation competence or for
targeting and destruction of STAT proteins. Unexpectedly,
loss of targeting specificity was consistently observed upon
HPIV2 infection of STAT2-complemented U6A cells. As this
lost fidelity was characteristic of both stable cell lines and
transient-transfection assays, it appears to be a specific prop-
erty of the U6A cell line. It remains possible that very precise
levels of STAT2 expression or STAT2-STAT1 ratios are re-
quired in the cell to maintain HPIV2 targeting specificity.
Notably, specificity of SV5 targeting was not altered in U6A-
derived cells, and HPIV2 exhibited high fidelity in STAT1-
complemented U3A cell lines.

Complementation of STAT2-deficient cell lines with hybrid
STAT1-STAT2 fusion proteins revealed that only cells con-
taining the amino-terminal 315 amino acids of STAT2 fused to
STAT1 amino acids 316 to 712 reverted to permissive STAT
protein degradation. However, these 315 amino acids ex-
pressed alone, outside the context of a full-length STAT mol-
ecule, were insufficient to complement the defective degrada-
tion. A longer fragment (amino acids 1 to 578) was able to
complement the degradation defect. The STAT2 DNA-bind-
ing and linker domains encompassed by amino acids 315 to 578
are insufficient to complement defective degradation by them-
selves, but these regions are highly homologous between
STAT1, STAT2, and STAT3. It is possible that the conserved
residues contribute to the complementation by N2:C1.

Similar STAT1-STAT3 hybrids revealed that the STAT1 N
terminus could complement defective degradation in STAT1-
deficient U3A cells. However, in some of these complemented
cell lines, the chimeric STAT did not precisely recapitulate the
accuracy and efficiency of degradation observed with comple-
mentation by native STAT1. This discrepancy might be the
result of different protein abundances between cell lines or
reflect unique structures in the hybrid proteins that do not
faithfully imitate the missing STAT.

The STAT N terminus contains two functional domains that
have been implicated in protein-protein interactions. The N-
domain (STAT1 amino acids 1 to 123) has been implicated in
several protein-protein interactions affecting transcription, en-
abling dimerized STATs to bind tandem DNA elements coop-
eratively (49, 52). The second domain is a coiled coil that
projects outward from the DNA-binding and dimerization do-
mains of the C-terminal STAT core (2, 7). The coiled-coil
domain presents a large surface that interacts with several
cellular proteins (7, 22, 28, 57). Both of these STAT domains
have the potential for interacting specifically with the viral V
protein to form a cross-link between the two STATs, possibly
forming a nucleation site that presents a novel surface to at-
tract cellular proteolytic recognition factors.

At present, the molecular partners mediating V protein ef-
fects and their interactions with STAT targets remain to be
elucidated, but the genetic and biochemical evidence pre-
sented here suggests a molecular complex that includes at least
the viral V proteins, the cellular STAT1 and STAT2 proteins,
and undefined components of the cellular degradation machin-
ery. SV5 and HPIV2 V proteins were found to be capable of
interacting with the DDB1 subunit of a damaged-DNA-bind-
ing factor, DDB, that is defective in some group E xeroderma
pigmentosum patients (32). Expression of DDB1 can partially

restore changes in the cell cycle induced by chronic SV5 V
protein expression (31). It may prove to be relevant to STAT
degradation that a second subunit of DDB (p48/DDB2) has a
high affinity for and is targeted by cullin 4A, a member of a
family of cellular proteins that possess ubiquitin ligase activity
and participate in regulated proteolysis as members of macro-
molecular targeting complexes (8, 39, 43).
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