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The mammalian interferon (IFN) signaling pathway is a primary component of the innate antiviral re-
sponse. As such, viral pathogens have devised multiple mechanisms to antagonize this pathway and thus
facilitate infection. Dengue virus (DENV) encodes several proteins (NS2a, NS4a, and NS4b) that have been
shown individually to inhibit the IFN response. In addition, DENV infection results in reduced levels of
expression of STAT2, which is required for IFN signaling (M. Jones, A. Davidson, L. Hibbert, P. Gruenwald,
J. Schlaak, S. Ball, G. R. Foster, and M. Jacobs, J. Virol. 79:5414-5420, 2005). Translation of the DENV genome
results in a single polypeptide, which is processed by viral and host proteases into at least 10 separate proteins.
To date, no single DENV protein has been implicated in the targeting of STAT2 for decreased levels of
expression. We demonstrate here that the polymerase of the virus, NS5, binds to STAT2 and is necessary and
sufficient for its reduced level of expression. The decrease in protein level observed requires ubiquitination and
proteasome activity, strongly suggesting an active degradation process. Furthermore, we show that the deg-
radation of but not binding to STAT2 is dependent on the expression of the polymerase in the context of a
polyprotein that undergoes proteolytic processing for NS5 maturation. Thus, the mature form of NS5, when not
expressed as a precursor, was able to bind to STAT2 but was unable to target it for degradation, establishing
a unique role for viral polyprotein processing in providing an additional function to a viral polypeptide.
Therefore, we have identified both a novel mechanism by which DENV evades the innate immune response and

a potential target for antiviral therapeutics.

Dengue virus (DENV) is the causative agent of dengue
fever, dengue hemorrhagic fever, and dengue shock syndrome
(2). The virus and its arthropod vector, Aedes aegypti (21), are
endemic to over 100 countries around the world including the
United States. It is responsible for an estimated 50 million to
100 million infections annually, with over 24,000 deaths result-
ing, predominantly in children under 14 years of age (25). The
virus exists in four serotypes (DEN1 to DEN4) and is grouped
into the flavivirus genus along with a number of additional
human pathogens including West Nile virus (WNYV), Japanese
encephalitis virus (JEV), and tick-borne encephalitis virus
(TBEV). These viruses have a positive-strand, nonsegmented
genome of ~11 kb (5, 55), the organization of which is highly
conserved, encoding, in order, three structural proteins (C, M,
and E), followed by seven nonstructural proteins (NS1, NS2a,
NS2b, NS3, NS4a, NS4b, and NS5). The genome is translated
as a single endoplasmic reticulum (ER)-bound polyprotein,
which is co- and posttranslationally processed by both viral
(NS2b and NS3) and cellular proteases (8, 44).

A critical component of the human antiviral response is the
type 1 interferon (IFN) pathway, which acts to delay virus
replication and to stimulate the activation of antiviral effector
cells. The production of IFN is initiated upon the initial de-
tection of virus by pattern recognition receptors such as RIG-
I-like receptors and Toll-like receptors, which bind viral patho-
gen-associated molecular patterns including double-stranded
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RNA and 5’-phosphate-containing single-stranded RNA.
These pattern recognition receptors, when activated, convey
their signal through the transcription factors IFN regulatory
factor 3, NF-kB, and AP1, which act in concert to induce the
expression of IFN. Secreted IFN binds to IFN receptors found
on the same cell or nearby cells and stimulates the IFN signal-
ing pathway. The type I IFN receptor (IFNAR) is a het-
erodimer composed of two chains (IFNAR1 and IFNAR?2) (4,
37). IFN binding stimulates receptor heterodimerization, and
this triggers the activation of the Janus kinases Tyk2 and Jakl,
which are associated with the IFNAR cytoplasmic tails (9, 10,
13). Phosphorylated tyrosine residues on IFNAR act as a dock-
ing site, binding STAT2 (36, 56), which in turn becomes phos-
phorylated on its Y-690 (22) residue. Active STAT?2 recruits
STAT1 (24, 43, 49), which is subsequently phosphorylated on
the Y-701 residue (50). Tyrosine-phosphorylated STAT1 and
STAT?2 heterodimerize and complex with IFN regulatory fac-
tor 9 to form the transcription factor complex ISGF3 (17, 27).
ISGF3 translocates to the nucleus and is recruited to specific
genetic elements, termed IFN-sensitive response elements
(ISREs), located within upstream promoter regions of IFN-
stimulated genes (27). ISGF3 activation results in increased
levels of expression of over 100 different proteins that function
to create an antiviral state within the cell (1, 6, 41, 46), thus
inhibiting viral replication.

The overall importance of the IFN signaling pathway and
the ISGF3 complex in particular has been demonstrated using
mice deficient in any of the three ISGF3 components. These
animals manifest an increased susceptibility to viral infection.
Interestingly, STAT1/STAT?2 double knockouts have a more
severe phenotype than either single knockout alone, suggesting



VoL. 83, 2009

that STAT2 may have additional roles in the antiviral response
independent of its ISGF3-related activity (39). In the case of
DENYV, mice lacking a functional STAT1 protein show higher
viral titers at early points in infection, although the virus is
eventually cleared through STAT1-independent mechanisms,
indicating an importance for IFN signaling in controlling initial
virus replication and early clearance (48).

Additional evidence for the vital role of ISGF3 factors in
preventing infection lies in the fact that many successful hu-
man-pathogenic RNA viruses encode proteins which target
ISGF3 activity and thus block IFN-mediated signaling. Signal-
ing antagonists come in many forms, but the majority identified
thus far act directly on the ISGF3 complex. The paramyxovirus
family, for example, encodes several proteins, each of which
inhibits the pathway using different methods. These include
nuclear or cytoplasmic sequestration of STATI, as is the case
for Nipah virus W (NiV-W) and NiV-V proteins, with the
concomitant cytoplasmic sequestration of STAT2 by NiV-V
(40, 45). Alternatively, the V proteins of other paramyxovi-
ruses may target STAT1 or STAT?2 for degradation, as is the
case for the human parainfluenza virus 5-V protein and human
parainfluenza virus 2-V, respectively (12, 38). The C proteins
of several paramyxoviruses have also been shown to inhibit
IFN signaling through specific interactions with STATs (18,
20, 47).

In an analogous fashion, flaviviruses are known to encode
multiple IFN signaling antagonists. In the case of Kunjin virus
(a strain of WNV), five of the seven nonstructural proteins
(NS2a, NS2b, NS3, NS4a, and NS4b) were shown to inhibit
STAT translocation to the nucleus and subsequent IFN-depen-
dent reporter activity when individually expressed in plasmid-
transfected cells (32). In contrast, the NS5 proteins of JEV and
TBEV were shown to block STAT1 phosphorylation (3, 30).
For DENV, the NS2a, NS4a, and NS4b proteins were shown to
antagonize IFN signaling when individually expressed, with
NS4b being more potent and preventing STAT1 phosphoryla-
tion (35). In addition, it was also found that DENV infection
results in a loss of STAT2 expression (26), but the viral factors
responsible for this effect were not identified. In this report, we
demonstrate that DENV NS5 binds STAT2 and inhibits IFN-
dependent signaling. In addition, we also show that in the
absence of any additional viral sequence, DENV NS5 targets
STAT?2 for proteasome-mediated degradation but only when
NS5 is expressed as a proteolytically processed precursor, in-
dicating that NS5 expression as part of a viral polyprotein is
required for potent IFN signaling antagonism by DENV. The
ability of multiple flavivirus proteins to block IFN signaling
illustrates the major role that this pathway plays in controlling
infections with these viruses.

MATERIALS AND METHODS

Cells and viruses. 293T cells, wild-type Vero (wtVero) cells, and U6A cells
were cultured in Dulbecco’s modified Eagle’s medium (DMEM) supplemented
with 10% fetal calf serum. Clonal U6A cells stably expressing STAT2-green
fluorescent protein (GFP) were generated by cotransfection of pCAGGS-
STAT2-GFP and pCDNA-zeo and subsequently selecting for zeocin resistance
and GFP expression. Vero cells expressing the DENT1 replicon (Western Pacific
strain) (42) were grown in DMEM-10% fetal calf serum with 0.5 mg G418. A
recombinant Newcastle disease virus (NDV) culture expressing GFP was grown
in 10-day-old embryonated chicken eggs. High-titer stocks of DENV (DEN2
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16681) were obtained by passage in C6/36 cells. All transfections were performed
using Lipofectamine 2000 (Invitrogen).

Plasmids and antibodies. All DENV protein-encoding plasmids and the to-
bacco etch virus (TEV) protease Nla were generated in the pCAGGS (chicken
B-actin promoter) background. Primer sequences used for the generation of
these constructs are available upon request. hemagglutinin (HA)-NiV-V plasmid
and plasmids encoding human STAT1 and STAT2 were a kind gift from Megan
Shaw. The ISRE-54-chloramphenicol acetyltransferase (CAT) reporter and
plasmids pCAGGS-Firefly luciferase and pCAGGS-GFP were kind gifts from
Luis Martinez-Sobrido. pPCDNA-zeo was a kind gift from Ben tenOever. Plasmid
pCAGGS, encoding the OTU domain of the Crimean Congo hemorrhagic fever
L protein; an OTU mutant; and UBP43 were kind gifts from Natalia Frias-
Staheli. An HA-ubiquitin-expressing plasmid was obtained from Domenico Tor-
torella. Antibodies utilized for this study include those raised against HA
(Sigma), FLAG (Sigma), STAT1 (BD), STAT2 (SC476; Santa Cruz), GFP
(Sigma), GAPDH (glyceraldehyde-3-phosphate dehydrogenase) (Research Di-
agnostics Incorporated), tubulin (Sigma), B-actin (Sigma), and ubiquitin (Cell
Signaling Technologies). Rabbit antibody raised against DEN2 NS5 was gener-
ated by the serial injection of the bacterially expressed and purified DEN2 NS5
protein.

IFN reporter assay. 293T cells were cotransfected with an HA-tagged plasmid
encoding various viral proteins, the IFN-inducible CAT reporter (ISG54-CAT),
and a plasmid constitutively expressing the firefly luciferase protein (pCAGGS-
Firefly luciferase). Twenty-four hours posttransfection, cells were treated with
1,000 U/ml of universal IFN (PBL). Twenty-four hours posttreatment, cells were
lysed and measured for CAT activity. Induction of the sample is calculated as the
CAT activity of the treated sample normalized to the firefly luciferase value of
that sample, which is then divided by the normalized value of untreated empty-
HA-transfected cells. P values were calculated using a two-tailed Student’s ¢ test.

NDV-GFP bioassay. wtVero cells or Vero cells stably expressing the DEN1
replicon were treated with the stated amounts of either universal IFN (PBL) or
IFN-y (Calbiochem). Twenty-four hours posttreatment, cells were challenged
with NDV-GFP, and subsequent fluorescence images were obtained 14 h postin-
fection (p.i.).

IP assays. 293T cells were transfected with an HA-tagged plasmid encoding
the viral protein and both STAT1-FLAG and STAT2-FLAG. Lysis, immuno-
precipitation (IP), and washes were performed using buffer containing 50 mM
Tris (pH 7.5), 280 mM NaCl, 0.2 mM EDTA, 2 mM EGTA, 0.5% NP-40, 10%
glycerol, 1 mM dithiothreitol, and 1 mM sodium orthovanadate.

DENYV infection. Vero cells were infected with 10 multiplicities of infection
(MOI) of DEN2 strain 16681 virus for 1 h. Cells were then washed and subse-
quently maintained in DMEM-10% fetal calf serum at 37°C. Twenty-four hours
p.i., cells were lysed and analyzed via Western blotting. U6A cells stably express-
ing STAT2-GFP (UGA-STAT2-GFP) were infected at an MOI of 40 to com-
pensate for abnormally high levels of STAT2-GFP. After 1 h of infection, cells
were washed and maintained in DMEM at 37°C. For time course experiments,
the time point of 0 h p.i. represents the point at which infectious medium is
removed and DMEM is added.

STAT?2 degradation experiments. Analysis of the degradation of endogenous
STAT?2 was accomplished by the transfection of virus-encoded GFP-tagged plas-
mids into 293T cells. Twenty-four hours posttransfection, cells were sorted by
fluorescence-activated cell sorter (FACS) analysis to obtain GFP-positive cells,
which were then subsequently lysed for analysis. Where densitometry analyses of
the levels of STAT2 and NS5 are included, values calculated are relative to the
levels in lane 1 for each Western blot, with a value of 1 in the case of NS5 levels
being indicative of no detection (background levels). When NS5 was expressed as
a precursor, values for NS5 represent levels of the cleaved form. Analysis of the
degradation of overexpressed STAT2 was performed in U6A cells (STAT2
deficient) using virus-encoded HA-tagged plasmids cotransfected with STAT2-
FLAG and HA-ubiquitin. STAT1-GFP was also transfected in these experiments
and was used as a negative control.

RESULTS

The nonstructural region of the DENV polyprotein reduces
STAT2 expression levels. It was previously shown that DEN2
infection of K562 cells results in a decrease in levels of
STAT?2 expression (26). We have confirmed this finding using
DEN?2 virus-infected Vero cells (Fig. 1A) and infected U6A-
STAT2-GFP cells (Fig. 1B). We next infected U6A-STAT2-
GFP cells and monitored the loss of GFP signal over the
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FIG. 1. Reduced levels of STAT2 in cells expressing the nonstructural region of the DENV polyprotein. (A) Vero cells were infected for 24 h
with DENV at an MOI of 10 and subsequently lysed and examined by Western blotting. (B) U6A cells stably expressing STAT2-GFP were infected
with DEN2 at an MOI of 40 for 24 h prior to fixation. Cells were then probed with antibody against NS5 and stained for DNA (DAPI
[4',6'-diamidino-2-phenylindole]). (C) U6A-STAT2-GFP cells were infected with DEN2 at an MOI of 40 and measured for a loss of GFP by live
microscopy at the given time points. White arrows indicate cells in the infected samples at 9 h p.i. that have lost the GFP signal. (D) Vero cells
were infected with DENV at an MOI of 10, subsequently lysed at the given time points, and examined by Western blotting. (E) Vero cells stably
expressing a DEN1 replicon (NS1-5) were lysed and examined by Western blotting. (F) wtVero cells or Vero cells stably expressing a DEN1
replicon were treated with the indicated amounts of type I IFN (IFN-a/B) for 24 h. Cells were subsequently challenged with NDV-GFP and assayed
via fluorescence microscopy for GFP expression at 14 h p.i. (G) Vero cells or Vero cells stably expressing a DEN1 replicon were treated with 1,000
units of type I (IFN-a/B) or type II (IFN-y) IFN for 24 h. Cells were subsequently challenged with NDV-GFP and assayed via fluorescence
microscopy for GFP expression at 14 h p.i. (H) 293T cells were cotransfected with plasmids expressing NS1-5-HA and GFP or NS1-4b-HA and
GFP. Twenty-four hours posttransfection, cells were sorted by FACS for GFP-positive cells and subsequently lysed and examined via Western
blotting. Densitometry analysis of the levels of STAT2 and NS5 are included at the bottom, and levels were calculated relative to the levels in lane
1, with the value of 1 in the case of NS5 levels being indicative of no detection (background levels).
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course of the 24 h p.i. (Fig. 1C). Detectable differences in GFP
intensity were observed in cells infected with DENV as early as
9 h p.i. (indicated by white arrows), and by 12 h p.i., a number
of cells showed a complete loss of GFP signal. The rate of loss
occurred more rapidly when we repeated the time course using
Vero cells, where endogenous STAT?2 levels were undetectable
within 3 h p.i. (Fig. 1D). This decrease is due to the nonstruc-
tural region of the virus polyprotein, as it can be recapitulated
using a DENI virus replicon that we have in our laboratory,
which lacks the region encoding the structural proteins (Fig.
1E). We were unable to observe differences in STAT2 mRNA
levels in DENI replicon-containing Vero cells compared to
control Vero cells as measured by quantitative reverse tran-
scription-PCR (ratio of Vero cells:DEN1 replicon without IFN
treatment of 1 versus ratio of Vero cells:DENI1 replicon with
IFN treatment of 7.5), suggesting that the loss of STAT2 ex-
pression is due to active degradation. In contrast, STAT1 levels
were unaffected by DENV infection or in DENV replicon-
containing cells (Fig. 1A, D, and E). These findings suggest
both that the loss of STAT?2 expression is conserved across the
DENV serotypes and that it occurs independent of the struc-
tural proteins. Specificity for inhibition of STAT2 function in
replicon-containing cells was evidenced after treatment with
type I or type II IFN. The level of antiviral activity of type I
IFN, which requires a functional STAT2, was greatly reduced
in DENV replicon-containing cells, as evidenced by challeng-
ing IFN-treated cells with the IFN-sensitive virus NDV-GFP
(Fig. 1F and G). However, type II IFN antiviral activity, which
is mediated by STAT1 homodimers and does not require
STAT?2, was not dramatically affected by the presence of the
DENYV replicon (Fig. 1G), consistent with previous observa-
tions utilizing live virus (11).

DENV NSS is required for reduced STAT2 expression. To
determine what viral polypeptide(s) within the DENV
polyprotein was responsible for the reduced levels of STAT2
expression, we constructed a plasmid expressing the nonstruc-
tural region of the DEN2 polyprotein containing an HA tag at
its carboxy terminus for easier detection (NS1-5-HA). This
plasmid expresses the same nonstructural viral polypeptides as
a DENV replicon; i.e., the presence of the DEN2 protease in
the nonstructural polyprotein (NS2b-3) results in the proper
processing of NS1-5-HA into NS1, NS2a, NS2b, NS3, NS4a,
NS4b, and NS5-HA polypeptides. However, in contrast to the
replicon, the mRNA expressed by the NS1-5-HA plasmid is
not replicated, since it lacks RNA signals required for tran-
scription by the viral polymerase. This allows us to separate
replicative functions of the nonstructural viral proteins from
effects on STAT2 expression, since the levels of DENV pro-
teins expressed by the plasmid do not depend on RNA repli-
cation. As expected, the transient expression of NS1-5-HA in
293T cells resulted in a loss of STAT2 (Fig. 1H, lane 2). This
loss required NS5, since the expression of the region encoding
NS1-4b-HA (all the nonstructural region of the DENV
polyprotein except for NS5) did not affect STAT?2 levels (Fig.
1H, lane 3).

DENV NS5 binds to STAT2. Several paramyxoviruses are
known to express viral proteins that bind to STAT factors and
target them for degradation (12, 19, 38, 52). We therefore
tested whether DENV NS5 was able to interact with STAT2.
To do this, we performed IP experiments with 293T cells using
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FIG. 2. DENV NS5 interacts with STAT2. (A) 293T cells were
cotransfected with plasmids expressing FLAG-tagged STAT1
(STATI1-FLAG) and STAT2 (STAT2-FLAG) and empty plasmid
(empty) or plasmid expressing HA-tagged DENV NS5 (NS5-HA),
DENYV core (CORE-HA), or NiV-V (HA-NiV-V) proteins. Lysates
were then immunoprecipitated with anti-HA antibody (IP HA), and
Western blotting was performed using anti-HA and anti-FLAG anti-
bodies. Asterisks mark the heavy and light chains from the HA anti-
body. (B) 293T cells were cotransfected with plasmids expressing
NS5-HA and either STAT1-FLAG or STAT2-FLAG. Lysates were
then immunoprecipitated with anti-FLAG antibody (IP FLAG), and
Western blotting was performed using anti-HA and anti-FLAG anti-
bodies. TCE, total cell extracts were subjected to Western blotting
using anti-HA, anti-FLAG, and anti-GAPDH antibodies.

plasmids expressing FLAG-tagged STAT1 and STAT2 pro-
teins cotransfected with DENV NS5-HA or controls (HA-
tagged DENV core protein as a negative control and HA-
tagged NiV-V as a positive control). IP against the HA tag on
NS5 pulled down FLAG-tagged STAT2 but not STAT1 (Fig.
2A, lane 2). In contrast, both STAT1-FLAG and STAT2-
FLAG are coprecipitated by the HA-NiV-V protein (Fig. 2A,
lane 4), consistent with the known ability of this paramyxovirus
protein to interact with both STAT1 and STAT2 (45). No
interaction was detected with the negative control core-HA
(Fig. 2A, lane 3). In addition, reversing the IP confirmed that
NS5-HA interacted with STAT2-FLAG but not STAT1-FLAG
(Fig. 2B). These results indicate that DENV NS5 specifically
interacts with STAT2. Notably, analysis of levels of STAT2-
FLAG in the total cell extracts suggests that NS5-HA alone
fails to exert any noticeable effect on STAT?2 expression levels
(Fig. 2A).

Expression of NS5 as a proteolytically processed precursor
results in reduced levels of STAT2. We next conducted exper-
iments to confirm that the expression of DENV NS5 by itself
does not result in reduced levels of endogenous STAT?2 and to
identify possible additional DENV-encoded factors participat-
ing in this reduction. For the easy detection of NS5-transfected
cells, we fused GFP to the carboxy-terminal end of NS5. GFP-
positive cells were then sorted by FACS analysis 24 h post-
transfection and analyzed by Western blotting. Expression of
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FIG. 3. Expression of a precursor form of DENV NS5 cleaved by the DENV protease results in reduced STAT2 levels. (A) 293T cells were
transfected with the indicated constructs. Twenty-four hours posttransfection, cells were sorted for GFP-positive cells by FACS, subsequently lysed,
and examined via Western blotting using GFP-, HA-, STAT1-, STAT2-, and GAPDH-specific antibodies. Schematics of the transfected constructs
are shown at the bottom. ORFs that contain an “sp” at the N terminus have a signal peptide which directs the entire polyprotein to the surface
of the ER for translation. Black arrows and red arrows indicate cleavage sites for cellular and the DEN2 viral proteases, respectively. The DEN2
active protease is highlighted in red. Densitometry analysis of the levels of STAT2 and NS5 are included on the far right, and levels are calculated
relative to the levels in lane 1, with a value of 1 in the case of NS5 levels being indicative of no detection (background levels). (B) Same as above
(A). Mutation of the DENV protease recognition site at the N terminus of NS5 is indicated by the blue dashes. The DENV protease labeled in
blue indicates a serine-to-alanine mutation within the catalytic site of the DENV protease.

the DENV NS1-5-GFP polyprotein in 293T cells resulted in
reduced levels of expression of STAT2, as expected (Fig. 3A,
lane 2), while the deletion of NS5 from this construct (NS1-
4B-HA) eliminated the impact of this polyprotein on STAT2
expression, as described above (Fig. 1F, lane 3, and 3A, lane 3).
The level of expression of NS5-GFP was also not sufficient to
reduce levels of STAT2 expression, as STAT2 levels in the
presence of NS5-GFP are comparable to those in the presence
of GFP (Fig. 3A, lanes 1 and 4). We next attempted to com-
plement the NS1-4b polypeptide in trans with NS5-GFP. Sur-
prisingly, this did not result in a robust decrease in STAT2
levels (Fig. 3A, lane 5).

One difference that may account for the loss of STAT2 seen
when the DENV polypeptides are expressed by the polyprotein
NS1-5-GFP but not seen when expressed by NS1-4b-HA plus
NS5-GFP was that in the NS1-5-GFP construct, NS5 was ex-
pressed within the context of a polyprotein and underwent viral
protease-mediated (NS2b-3) cleavage for its maturation (Fig.
3A, lane 2, third panel). We then attempted to complement
NS1-4b-HA by expressing in trans NS5-GFP synthesized from
a precursor cleaved by the NS2b-3 viral protease. For this
purpose, we placed the DENV protease cleavage sequence
present between the NS4b and NS5 open reading frames
(ORFs) upstream of the NS5-GFP gene (., NS5-GFP). We
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then fused  NS5-GFP downstream of the DENV E protein
(E-\NS5-GFP). The expression of E-, NS5-GFP together
with NS1-4b-HA resulted in a matured cleaved NS5-GFP (Fig.
3A, lane 6, third panel). This coexpression also resulted in a
robust decrease in levels of STAT?2 expression (Fig. 3A, lane 6)
similarly to the NS1-5-GFP cassette. No free matured NS5-
GFP and no effects on STAT2 expression were detected when
E- . NS5-GFP was expressed in the absence of NS1-4b, sug-
gesting that the processing of NS5-GFP by the viral protease
was required for the loss of STAT2 expression (Fig. 3A, lane
7). Consistent with this, mutations in the E- NS5-GFP cleav-
age sequence that abrogated processing (E- ., NS5-GFP mt7A)
prevented the reduction in STAT2 levels when the mutant
protein was coexpressed with NS1-4b—HA (Fig. 3B, lane 3),
indicating that cleavage of NS5 was required for the effects on
STAT?2. It therefore appears that the DENV viral protease is
necessary for STAT2 degradation. This was confirmed by trun-
cating the NS1-4b—-HA cassette to express only NS2b-3-HA
and even further truncating it to express the protease domain
alone (NS2b,y-3,,,,~HA) (7). Both forms of the protease, when
coexpressed with E- ,NS5-GFP, could substitute for the
NS1-4b ORF (Fig. 3B, lanes 4 and 5, respectively), indicating
that the remainder of the nonstructural sequence (NS1, NS2a,
NS4a, and NS4b) was not required for STAT2 degradation.
However, as also expected from our previously reported data,
the expression of NS5 from a cleaved precursor was required,
as the coexpression of NS5-GFP with NS2b,,-3,,,-HA did not
impact STAT?2 levels (Fig. 3B, lane 7). To rule out a possible
effect of E on the E-, ,NS5-GFP construct, we fused ., NS5-
GFP downstream of red fluorescent protein (RFP) (RFP-
NS5-GFP). The coexpression of RFP-, NS5-GFP with the
protease domain NS2b,4-3,,,—HA resulted in efficient proteo-
Iytic cleavage of NS5-GFP and decreased STAT?2 levels (Fig.
3B, lane 6). Active proteolytic activity was required, as the
coexpression of a catalytically inactive protease [NS2byy-3,,,,~
HA(S135A)] with RFP-,, ,NS5-GFP resulted in intact STAT2
protein levels (Fig. 3B, lane 8). In all cases, the impact on
STAT?2 levels was specific, as levels of STAT1 and GAPDH
were consistently similar among all samples (Fig. 3).

To address a potential role for the protease beyond the
cleavage and maturation of NS5, we replaced the NS4b-5
cleavage signal with the TEV protease signal (., rgvNS5-GFP)
and fused this downstream of the E protein (E- ., 1gyINSS-
GFP). The cleavage and maturation of NS5-GFP by the TEV
protease (NIa-proy) were sufficient to decrease the levels of
endogenous STAT2, suggesting that the DENV protease does
not have a role in STAT2 degradation beyond maturing NS5
(Fig. 4A, lane 5). This conclusion was confirmed by substituting
the cleavage site between E or RFP and NS5-GFP by ubiquitin
(E-Ub-G-NS5-GFP and RFP-Ub-G-NS5-GFP). Endogenous
ubiquitin hydrolases cleave after the final two glycine residues
of ubiquitin regardless of the amino acid in the P1’ position of
the downstream fused protein. This results in the maturation
of NS5-GFP containing an N-terminal glycine, as in the pre-
vious constructs cleaved by NS2b,,-3,,, or Nla-proygy. The
expression of these ubiquitin-containing fusion proteins re-
sulted in the efficient proteolytic cleavage of NS5-GFP and in
reduced STAT2 levels (Fig. 4A, lanes 6 and 7). As described
above, this effect was STAT2 specific, as no impact on STAT1
and GAPDH expression levels was found (Fig. 4A).
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A clear difference between our previously described con-
structs expressing DENV NS5 as a precursor and the construct
expressing mature NS5 is the amino-terminal residue of NS5,
which, in the case of the NS5 precursors, is a glycine and not a
methionine. In order to address the role of the N-terminal
glycine in mediating reduced levels of STAT2, we constructed
an E-Ub-M-NS5-GFP fusion protein containing a methionine
at the P1’ position. The expression of this construct resulted in
reduced STAT2 levels (Fig. 4B, lane 4), indicating that the
proteolytic cleavage of NS5, rather than the terminal amino
acid residue, is required for this effect. It should be noted that
despite the fact that both proteolytically cleaved NS5-GFP
from E-Ub-M-NS5-GFP and NS5-GFP are expected to have
the same amino acid compositions and molecular weights, a
slight difference in migration in the sodium dodecyl sulfate
(SDS)~7.5% polyacrylamide gel can be seen between these two
proteins (Fig. 4B). In our previous Western blots, we ran the
lysates on an SDS-4-to-20%-gradient polyacrylamide gel. In
order to understand whether the change in mobility seen in the
SDS-7.5% polyacrylamide gel was also seen in the case of
other NS5 constructs that are proteolytically cleaved and me-
diate reduced levels of STAT2 expression, we compared the
migration patterns of NS5 in the context of the polyproteins
NS1-NS5-HA, E-Ub-G-NS5-HA, RFP-Ub-G-NS5-HA, NS1-
5-GFP, E-Ub-G-NS5-GFP, and RFP-Ub-G-NS5-GFP with
those when expressed alone as NS5-HA and NS5-GFP. Slow
migration was seen only in the case of NS5-GFP constructs
associated within a polyprotein associated with the endoplas-
mic reticulum (ER) (data not shown). Therefore, although the
reason behind the different migration patterns of the NS5-GFP
constructs is unclear, these differences are unrelated to the
ability of NS5 to affect STAT?2 protein levels.

Impaired expression of STAT2 by DENV NS5 requires an
intact proteasome and ubiquitinating activities. To investigate
whether the DENV NSS5-dependent decrease in STAT2 ex-
pression levels was mediated through the ubiquitin-protea-
some pathway, we treated DEN1 replicon-containing cells with
the proteasome inhibitor MG132 and monitored the level of
endogenous STAT2. STAT?2 levels recovered, indicating that
intact proteasome activity was required (Fig. SA). Similar re-
sults were observed in subsequent experiments using a more
specific inhibitor, lactacystin. STAT2 levels were monitored in
UGA cells cotransfected with HA-ubiquitin, STAT2-FLAG,
NS2b-3-HA, and E-_ ,NS5-HA (Fig. 5B) and in 293T cells
cotransfected with NS2b-3-HA and E-_ NS5-GFP (Fig. 5C).
The rescue of STAT2 expression was lactacystin dose depen-
dent (Fig. 5C). The activity of the proteasome inhibitors was
monitored by the accumulation of ubiquitinated products (Fig.
5A to C). In order to determine whether STAT2 underwent a
cleavage event mediated by the viral proteins, we transfected
UGA cells with NS2b-3-HA, E-,,NS5-HA, and saturating
amounts of a STAT2 construct containing a dual FLAG
epitope at the N terminus and C terminus (Fig. 5D). When 0.1
pg of flagged STAT2 plasmid was used, coexpression with
NS2b-3-HA and E-, NS5-HA resulted in reduced levels of
STAT?2 expression. In contrast, when 1 pg of flagged STAT2
plasmid was used, no reduced levels were observed, which is
indicative of its saturation. Since we overexposed the film to
maximize the possible detection of STAT2-cleaved products,
multiple low-intensity unspecific bands were detected even in
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FIG. 4. Cleaved NS5 is sufficient for reduced STAT?2 levels and does not require an N-terminal glycine. (A) 293T cells were transfected with
the indicated constructs. Twenty-four hours posttransfection, cells were sorted for GFP-positive cells by FACS, subsequently lysed, subjected to
4-t0-20% SDS-polyacrylamide gel electrophoresis, and examined via Western blotting using GFP-, HA-, STAT1-, STAT2-, and GAPDH-specific
antibodies. The TEV protease and its cleavage site are indicated by the green text and arrow, respectively. Cleavage sequences targeted by
endogenous deubiquitinases are noted by a yellow arrow. Densitometry analyses of the levels of STAT2 and NS5 are included at the bottom, and
levels were calculated relative to the levels in lane 1, with a value of 1 in the case of NS5 levels being indicative of no detection (background levels).
(B) Same as above (A) except that lysates were run on a 7.5% SDS-polyacrylamide gel and subsequently analyzed by Western blotting using GFP-,

STAT2-, and tubulin-specific antibodies.

the mock-transfected lane. However, no additional FLAG-
specific bands were observed in the lanes transfected with
NS2b-3-HA and E-, NS5-HA compared with those trans-
fected with NS2b-3-HA. These data, and the fact that protea-
some inhibition results in the recovery of full-length STAT2
(Fig. 5A to C), indicate that STAT2 does not undergo detect-
able cleavage prior to its proteasome-mediated degradation.
Finally, the overexpression of the OTU domain of Crimean
Congo hemorrhagic fever virus L(1-169), which contains po-
tent deubiquitinating and de-ISGylating activity (15), pre-
vented DENV NS5-mediated STAT2 degradation. This is in
contrast to the overexpression of a catalytically inactive OTU
domain, L(1-169)2A, or of the de-ISGylating protein UBP43
(33) (Fig. 5E), implicating ubiquitination in STAT2 degrada-
tion. Taken together, these results indicate that a functional
ubiquitin-proteasome pathway is required for STAT2 degra-
dation.

Amino acids at the N terminus of DENV NS5 are required
for STAT2 degradation but not for STAT2 binding. In order to
preliminarily map domains in DENV NS5 required for STAT2
binding and degradation, we fused truncations of the NS5
protein downstream of the E-Ub cassette. Figure 6A demon-

strates that a deletion of just the first 10 residues of NS5 results
in a loss of its STAT2 degradation ability. We do not think that
this abrogation is due to a gross misfolding of the truncated
NSS protein, as the deletion of up to the first 202 residues does
not impact either STAT2 binding activity or IFN signaling
inhibition, although a further deletion of the N-terminal 278
residues results in a significant reduction in levels of both
activities (Fig. 6B and C). However, we cannot exclude the
possibility that misfolded NS5 is still able to bind to STAT2
and inhibit IFN signaling. Nevertheless, our results suggest
that the extreme N terminus of NS5 contains a domain re-
quired for STAT2 degradation but that the first 200 amino
acids are dispensable for binding to STAT2. In addition, the
binding of NS5 to STAT?2 is sufficient to inhibit IFN signaling.

DISCUSSION

In this paper, we have identified the polymerase of DENV,
NS5, as being an IFN antagonist that associates (directly or
indirectly) with STAT2, a necessary component of the ISGF3
transcription complex, leading to its proteolytic processing.
While the expression of DENV NS5 alone resulted in STAT2
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FIG. 5. Inhibitors of the ubiquitin-proteasome pathway prevent STAT2 degradation by DENV NS5. (A) wtVero or Vero cells stably expressing
the DENI replicon were treated with the indicated amounts of MG132. Sixteen hours posttreatment, cells were lysed and examined for ubiquitin,
STAT2, STAT1, NS5, and GAPDH levels via Western blotting. (B) STAT2-deficient U6A cells were transfected with HA-ubiquitin, STAT2-
FLAG, STAT1-GFP, NS2b-3, and either E-_, NS5-HA or an empty vector plasmid. Cells were then treated with lactacystin for 8 h and subsequently
lysed and examined by Western blotting using ubiquitin, STAT2, STAT1, HA, and tubulin antibodies. (C) 293T cells were cotransfected with
NS2b-3-HA and the plasmids indicated at the top. Ten hours posttransfection, cells were treated with the indicated amounts of lactacystin.
Twenty-four hours posttransfection, cells were sorted for GFP-positive cells by FACS, lysed, and examined by Western blotting using ubiquitin-,
GFP-, HA-, and GAPDH-specific antibodies. (D) STAT2-deficient U6A cells were transfected with 0.1 or 1 ug of FLAG-STAT2-FLAG, 0.1 pg
NS2b-3, and either 1 pug E-,NS5-HA or an empty vector plasmid. Cells were then lysed and examined by Western blotting using FLAG antibody
and long-term film exposure to detect any additional low-intensity bands. The arrow indicates the expected size of FLAG-STAT2-FLAG. The
asterisk marks a nonspecific band running at the same mobility of FLAG-STAT2-FLAG. (E) 293T cells were cotransfected with NS2b-3 and the
plasmids indicated at the top. Twenty-four hours posttransfection, cells were sorted for GFP-positive cells by FACS, lysed, and examined via
Western blotting using STAT2-, GFP-, HA-, FLAG-, and GAPDH-specific antibodies.

binding, the ability of DENV NS5 to target STAT2 for degra- used a viral serine protease (NS2b-3), a viral cysteine protease

dation required the presence of a protease cleavage signal
upstream of the N terminus of NS5, with the subsequent co-
expression of this precursor form of NS5 with the relevant
protease to target the cleavage site, mirroring the NS5 pro-
cessing occurring in the context of the DENV polyprotein. The
identity of the protease appears to be irrelevant, as we have

(NIa-proqgy), or a cellular cysteine protease (ubiquitin hydro-
lases), all of which are capable of maturing NS5 in a manner
which confers the ability to degrade STAT2. We therefore
conclude that a precursor form of NS5 matured via proteolytic
cleavage is required for STAT2 degradation. The requirement
for a cleaved form of NS5 in degrading STAT2 remains a
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FIG. 6. Truncations in the DENV NS5 protein affect its ability to
associate with STAT2, decrease STAT2 levels, and inhibit IFN signal-
ing. (A) 293T cells were transfected with the indicated constructs.
Numbering refers to the glycine start position within the NS5 protein.
All numbered forms of NS5 are expressed within the context of the
E-Ub-NS5-GFP construct (i.e., 10-900, NS5 residues 10 to 900 fused
to the C terminus of the E-Ub cassette). Twenty-four hours posttrans-
fection, cells were sorted for GFP-positive cells using FACS, lysed, and
examined by Western blotting using STAT2, GFP, and tubulin anti-
bodies. (B) 293T cells were cotransfected with the indicated plasmids
(the numbering system is identical to that described in A), STATI-
FLAG, and STAT2-FLAG. In order to detect STAT?2 binding by NS5,
STAT2-FLAG plasmid was transfected in excess with respect to E-Ub-
NS5-GFP plasmids, resulting in a not-detectable degradation of
STAT2-FLAG. Lysates were immunoprecipitated with a polyclonal
GFP antibody (pGFP), and Western blots were performed using
FLAG, GFP, and GAPDH antibodies. TCE, total cell extracts.
(C) 293T cells were transfected with the ISRE-54-CAT reporter, a
constitutively expressing firefly luciferase plasmid, and the indicated
HA-tagged viral protein. Twenty-four hours posttransfection, cells
were treated with 1,000 U/ml of type I IFN. Twenty-four hours post-
treatment, cells were lysed and measured for CAT and luciferase
activity. Data are represented with the standard deviations from three
independent experiments. Samples showing P values of less than 0.05
compared with the empty control sample are indicated.

mystery. We have tested the most obvious hypotheses and
ruled them out as playing a role; NS5 does not require cleavage
close to the ER for STAT2 degradation, as the processing of
both E-, ,NS5-GFP and RFP-_ NS5-GFP resulted in STAT2
degradation. E-_ NS5-GFP should be ER associated due to

J. VIROL.

the presence of a signal sequence in front of E. The transmem-
brane residue of E will result in NS5 cytoplasmic localization
but in close proximity to the ER. In contrast, the absence of a
signal sequence in front of RFP argues that the reason why
NS5, when not expressed as a precursor, does not degrade
STAT?2 is not due to a lack of an association with the ER. NS5
does not require a glycine residue at the N terminus, as E-UB-
M-NS5-GFP was as efficient as E-Ub-G-NS5-GFP in degrad-
ing STAT?2. Furthermore, the expression of NS5 without an
upstream cleavage signal does not appear to grossly affect the
proper folding of the polymerase, as its ability to bind STAT2
remains intact, although we do not rule out the possibility that
a motif resides in the extreme N-terminal region, the folding of
which may be sensitive to the mechanism by which the N
terminus is generated. Indeed, the N-terminal-truncation stud-
ies appear to support this notion. It is then possible that the
cleavage requirement for NS5 to degrade STAT?2 is due to
the presence of a motif located at the extreme N terminus of
the polymerase, the tertiary structure of which may be hyper-
sensitive to changes induced by expression with or without an
upstream sequence that will subsequently be removed via
cleavage. On the other hand, it is also conceivable that DENV
NS5 binds to STAT?2 in its precursor form and that the pro-
cessing of the precursor bound to STAT2 somehow triggers the
degradation of STAT2. Further experiments will continue to
map the sequences within NS5 required for STAT2 binding
and degradation.

The mechanism by which STAT2 degradation occurs in-
volves ubiquitination, as STAT?2 levels are restored in the pres-
ence of proteasome inhibitors and of a deubiquitinating en-
zyme. Although cleavage of STAT2 may occur prior to its
degradation, we have been unable to detect cleaved products
with the STAT2 antibody used in our studies, which recognizes
the C-terminal region of STAT2, or with a FLAG antibody
upon the overexpression of a STAT2 construct containing
FLAG epitopes at both the N and C termini. Analysis of the
primary sequence of NS5 does not immediately reveal putative
motifs (i.e., RING domains and HECT domains) that would
suggest that the NS5 protein is an E3 ligase. It is nevertheless
possible that, analogous to the NS proteins of respiratory syn-
cytial virus (14) or to the V protein of human parainfluenza
virus type 2 (51), DENV NS5 interacts with STAT2, as shown
in this paper, and with components of the ubiquitination ma-
chinery, resulting in STAT2 ubiquitination and degradation.
This possibility remains to be investigated in the future. Al-
though the binding of DENV NS5 to STAT2 was sufficient to
prevent IFN signaling, the degradation of STAT2 might result
in an additional advantage, since once STAT2 bound to NS5 is
degraded, the NS5 molecule that was previously bound to
STAT2 might now become free to perform other functions,
such as RNA transcription or additional degradation of other
STAT2 molecules.

The polymerase of DENV can now be added to the list of
flavivirus NS5 proteins that block IFN signaling. Although the
expression of JEV NS5 alone or TBEV NS5 alone appeared to
be sufficient to recapitulate the phenotype observed in JEV or
TBEV infection, and the inhibition of IFN signaling by these
proteins did not involve binding to the STATSs but upstream
events in the IFN pathways (3, 30, 31), it remains to be deter-
mined whether the expression of these proteins in the context
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of a cleaved precursor would confer additional functions not
otherwise observed outside the context of viral infection. In-
deed, it has been shown that NS5 of Kunjin virus (a substrain
of WNV) requires expression within the context of the NS1-5
region for efficient trans-complementation of a self replicating
Kunjin minigenome that contains a catalytically dead NS5 and
that the expression of NS5 alone resulted in an 100-fold de-
crease in replication activity despite its higher level of expres-
sion than that of the NS1-5 construct (28). We also raise the
possibility that cleavage requirements may extend beyond
DENV NS5 to other proteins expressed as precursors, and
therefore, the expression of a viral or host protein that is
proteolytically cleaved might result in additional functions be-
yond those exerted by intermediate products that are depen-
dent on cleavage for proper functionality.

In order for an infecting virus to induce disease, it must
mask itself from the IFN response either through preventing
the initial induction of the pathway, as is the case for the
influenza virus NS1 protein (53), or by blocking the IFN sig-
naling pathway, as is the case for several flavivirus proteins
including DENV NS5. While DENV NS5 targets STAT2 for
degradation (this paper), DENV NS4b and, to a lesser extent,
NS4a and NS2a, appear to prevent STAT1 phosphorylation
(35). Multiple mechanisms to inhibit IFN signaling also apply
to WNV (23, 32, 34) and may apply to other flaviviruses. This
probably illustrates the need for a potent inhibition of IFN
signaling for the life cycle of this group of viruses. Similar
multiple mechanisms have also been described for other vi-
ruses such as paramyxoviruses and coronaviruses (16, 29, 40,
54). The knowledge gained by characterizing the various mech-
anisms through which viruses evade IFN paves the way for the
targeted attenuation of pathogenic viruses, which may be used
as potential live vaccines. In addition, small molecules that
inhibit this antagonism at various points within the process
(i.e., blocking the NS5-STAT2 interaction or NS5-mediated
degradation) can be employed as potential therapeutics to
ameliorate disease. Future experiments will focus on exploiting
the antagonist function of DENV to these ends.
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