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Summary
Dengue virus encodes several interferon antagonists. Among these the NS5 protein binds STAT2,
a necessary component of the type-I interferon signaling pathway, and targets it for degradation.
We now demonstrate that the ability of dengue NS5 to associate with and degrade STAT2 is
species specific. Thus, NS5 is able to bind and degrade human STAT2 but not mouse STAT2.
This difference was exploited to demonstrate, absent manipulation of the viral genome, that NS5
mediated IFN antagonism is essential for efficient virus replication. Moreover, we demonstrate
that differences in NS5 mediated binding and degradation between human and mouse STAT2
maps to a region within the STAT2 coiled-coil domain. By using STAT2−/− mice, we also
demonstrate that mouse STAT2 restricts early dengue virus replication in vivo. These results
suggest that overcoming this restriction through transgenic mouse technology may help in the
development of a long-sought immune-competent mouse model of dengue virus infection.

Introduction
Dengue virus (DENV) exists in four serotypes (DENV1-DENV4) and is grouped in the
flavivirus genus along with a number of additional human pathogens including Yellow
Fever Virus (YFV), West Nile Virus (WNV), Japanese Encephalitis Virus (JEV) and Tick-
Borne Encephalitis Virus (TBEV) (Kuno et al., 1998). These viruses have a positive strand,
non-segmented genome of ~11Kb, the organization of which is highly conserved; encoding
from 5′ to 3′, three structural proteins (C, M, and E) followed by seven non-structural
proteins (NS1, NS2a, NS2b, NS3, NS4a, NS4b and NS5) (Cleaves and Dubin, 1979;
Wengler et al., 1978). The genome is translated as a single endoplasmic reticulum (ER)
bound polyprotein, which is co and post-translationally processed by both the viral (NS2b-3
protease) and cellular proteases (Coia et al., 1988; Rice et al., 1985). The virus and its
arthropod vector, Aedes aegypti is endemic in over 100 countries around the world
including the southern United States (Graham, 1903; Gubler, 1998).
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DENV infection, when symptomatic, can result in one of three diseases; dengue fever, (DF),
dengue hemorrhagic fever (DHF) and dengue shock syndrome (DSS) according to the
severity of the symptoms presented (Ashburn and Craig, 2004). In the case of DF, patients
suffer a mild febrile illness that includes headache and joint pain. DHF symptoms include
those of DF plus signs of hemorrhaging, thrombocytopenia and plasma leakage. Without
proper care, DHF can progress into potentially fatal DSS, characterized by hypovolemic
shock (Kabra et al., 1999). An estimated fifty to one hundred million DENV infections
occur annually, resulting in over 24,000 deaths-predominantly children under 14 years of
age (Halstead, 1998).

In spite of its global health impact, there is currently no vaccine or effective anti-viral
therapeutic available for DENV (Sampath and Padmanabhan, 2009; Whitehead et al., 2007).
One of the primary obstacles to developing such a tool is the lack of robust animal models in
which efficacy of a given vaccine or drug can be tested prior to its administration in humans
(Chaturvedi et al., 2005). Mouse models have proven useful in this respect for many human
viral pathogens including influenza, SARS and Ebola virus (Halfmann et al., 2009; Hu et al.,
2009; van der Laan et al., 2008). In addition, mice provide a convenient system for study
due to their relative small size, inexpensive maintenance costs and the extensive array of
mouse specific genetic tools and reagents available.

Difficulties in developing mouse models for DENV infection result mostly from the
animal’s high resistance to viral infection, manifested by a transient low viremia even after
high dose challenges (reviewed in (Yauch and Shresta, 2008)). Several studies have
elucidated the critical role of Type-I Interferon (IFN) in mediating this resistance.
Specifically, these studies have shown that mice deficient in Type-I IFNα/β receptor
(IFNAR) or in Signal Transducer and Activator of Transcription 1 (STAT1) expression are
compromised in their ability to clear DENV at early time points, exhibiting detectable viral
load in the serum at 24 hours post-infection (hpi) for STAT1−/− mice and up to 72hpi in the
IFNAR−/− mice. Thus, the type-I IFN pathway is necessary for viral clearance at these early
steps. By way of comparison, IFNGR1−/−, mice which are IFNα/β signaling competent but
lack the Type-II IFNγ receptor (IFNGR) remain non-viremic upon DENV challenge.
However, enhanced morbidity and mortality can be achieved by infecting mice that are
deficient for both IFNAR and IFNGR (AG129 mice), indicating a greater role for the type-II
IFN pathway at later stages post-infection (Shresta et al., 2004b; Shresta et al., 2005).
Though valuable insight has been obtained from these mouse strains, their immune-
deficiencies limit the scope of questions that can be addressed, including questions on the
efficacy of vaccines and therapeutics.

In vertebrates, the Type-I IFN pathway is a critical component of the antiviral response.
Cellular proteins that contain Pattern Recognition Receptors (PRRs) bind to virus specific
components termed Pathogen Associated Molecular Patterns (PAMPs). This results in
activation of IFNα/β production and eventual IFNα/β secretion from the PAMP containing
cell (Kawai and Akira, 2007). The secreted IFN then binds to the IFNAR in a paracrine and
autocrine fashion, thus activating the IFN signaling pathway (Cleary et al., 1994; Novick et
al., 1994). Receptor binding stimulates activation of the Janus Kinases Jak1 and Tyk2 which
associate with the cytoplasmic tail of the IFNAR receptor (Colamonici et al., 1995;
Domanski et al., 1997). These kinases in turn phosphorylate the STAT1 and STAT2 proteins
(Greenlund et al., 1995; Gupta et al., 1996; Qureshi et al., 1995; Shuai et al., 1994; Shuai et
al., 1993). Phosphorylated STAT1 and STAT2 form a heterodimer and when subsequently
bound to Interferon Regulatory Factor 9 (IRF9) form the transcription factor complex
Interferon Stimulated Gene Factor 3 (ISGF3) (Fu et al., 1990; Kessler et al., 1988). ISGF3
then translocates into the nucleus where it binds to promoter regions termed Interferon
Stimulated Response Elements (ISREs) and induces transcription of IFN Stimulated Genes
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or ISGs. There are over a hundred ISGs identified thus far, which function to create an
antiviral state within a cell (Aebi et al., 1989; Clemens and Williams, 1978; Pavlovic et al.,
1990; Samuel, 1981).

DENV encodes several proteins which block the IFN production or IFN signaling
capabilities of the infected cell. These include the NS2b-3 protease which limits IFN
production (Rodriguez-Madoz JR et al., 2010) and the NS2a, NS4a and NS4b proteins
which can independently inhibit the IFN signaling pathway to some extent, with NS4b being
sufficient to block STAT1 phosphorylation when over-expressed (Munoz-Jordan et al.,
2003). In addition, the NS5 protein was demonstrated to bind to STAT2 and target it for
degradation through as yet unidentified mechanisms (Ashour et al., 2009; Mazzon et al.,
2009). This loss of STAT2 protein recapitulates what is observed during dengue infection
(Ashour et al., 2009; Jones et al., 2005). Curiously, the degradation activity but not the
binding function of NS5 requires that NS5 be expressed within the context of a polyprotein
which undergoes proteolytic processing for its maturation. This manner of expression
mirrors closely how NS5 is translated and matured during infection, though it remains
unclear why it results in a gain of function for this viral protein.

The STAT protein family consists of seven members. Of the seven, only STAT1 and
STAT2 are critical for the IFN pathway. STAT domain organization is conserved and
includes an N-terminal domain, a coiled-coil domain, an DNA binding domain, an SH2
domain, and a trans-activation domain. With the exception of STAT2, the protein sequence
of the STATs is highly conserved between mouse and human, ranging from 85% identity for
STAT6 to 98% for STAT3. In comparison, STAT2 sequence identity between these two
species is only 68% (Park et al., 1999; Paulson et al., 1999). STAT2 is frequently targeted
for degradation by viral proteins including the V protein of hPIV2 and the NS1 protein of
RSV (Andrejeva et al., 2002; Lo et al., 2005; Parisien et al., 2001).

In this study we show that DENV NS5 is able to bind and degrade human STAT2 (hSTAT2)
in both human and mouse cells, but is unable to bind or degrade mouse STAT2 (mSTAT2)
in either cell type. Furthermore, we show that DENV is sensitive to the action of IFNα/β in
mouse cells, but not in human cells when treatment occurs after infection, and that this
phenotype correlates with the species origin of STAT2. Thus, without any genetic
manipulation of the viral genome, we have shown the biological relevance of NS5 mediated
IFN antagonism. Finally, we map the ability of NS5 to bind and degrade STAT2 to a region
within the hSTAT2 coiled-coil domain. Taken together, we conclude that mSTAT2 is a
restriction factor for DENV and that mutating this protein through transgenic technology
may result in an improved mouse model for DENV infection.

Results
NS5 of DENV mediates human STAT2 but not mouse STAT2 degradation

Previous data has indicated that DENV is able to degrade hSTAT2 and STAT2 from non-
human primates (using Vero cells) (Ashour et al., 2009; Jones et al., 2005). As mice are
resistant to DENV infection, and this resistance is dependent on a functioning IFN system,
we were interested in determining whether DENV could degrade mouse STAT2 (mSTAT2).
To address this question we generated clonal U6A cells (human cells deficient in STAT2
expression derived from the non deficient 2FTGH cell line) stably expressing FLAG tagged
versions of either hSTAT2 or mSTAT2. These two cell lines expressed similar levels of
FLAG-tagged STAT2 protein and recovered their ability to respond to IFN treatment
(relative to the parental U6A cells) as measured by a bio-assay (Park et al., 2003b) utilizing
the IFN sensitive Newcastle Disease Virus expressing GFP (NDV-GFP), (Fig. 1A left
panels, Figure S1A and S1B). We next infected both these cell lines with DENV and
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compared the levels of FLAG-tagged STAT2 protein 24hpi (Fig.1B). Virus infection of
hSTAT2-FLAG containing cells showed significant reduction in hSTAT2-FLAG levels as
compared to hSTAT2-FLAG uninfected cells (Fig. 1B lanes 3 and 4). However, infected
mSTAT2-FLAG expressing cells showed no decrease in FLAG-tagged STAT protein
indicating DENV is unable to degrade the mouse form of STAT2 (Fig. 1B lanes 5 and 6). In
order to rule out this was not a result of cell type differences generated during clonal
selection we utilized an NS5 transfection based assay to demonstrate STAT2 degradation.
We have shown previously that transfection of NS5 in a form that undergoes proteolytic
processing is capable of decreasing levels of over-expressed hSTAT2 in a manner sensitive
to proteasome inhibition suggesting this is an active degradation process (Ashour et al.,
2009). In this case we utilized an HA-tagged NS5 gene expressed downstream of the viral
protease cleavage site which itself is fused to the DENV E protein (E-NS5-HA). This
construct is co-transfected with the DENV protease (NS2b-3) to mediate proper proteolytic
processing of NS5. U6A cells were co-transfected with E-NS5-HA (or empty plasmid
control), NS2b-3-HA, STAT1-GFP, and either hSTAT2-FLAG or mSTAT-FLAG. 24 hours
post-transfection we measured the amount of FLAG tagged STAT2 that was present by
western blot in cells expressing E-NS5 as compared to the empty plasmid control. As
expected, hSTAT2-FLAG transfected cells showed a loss of hSTAT2-FLAG as compared to
the empty plasmid control lane (Fig. 1C lane 2 versus lane 1). This decrease was specific for
the hSTAT2-FLAG as a similar decrease was not observed in the STAT1-GFP protein
which serves as an internal negative control. Cells transfected with mSTAT2-FLAG
however showed no similar decrease in mSTAT2-FLAG levels in the presence of E-NS5-
HA, as compared to the negative control lane (Fig. 1C lane 4 versus lane 3) consistent with
the virus infection data. We therefore conclude that DENV NS5 protein is unable to target
mSTAT2-FLAG for degradation.

In order to determine whether STAT2 is the only species specific factor responsible for
DENV mediated degradation, we repeated the DENV infections in a murine cell system
containing hSTAT2-FLAG or mSTAT2-FLAG. Mouse embryonic fibroblasts (MEFs)
derived from STAT2 KO mice were generated to stably express hSTAT2-FLAG or
mSTAT2-FLAG in a clonal fashion. Both clonal populations expressed similar levels of
STAT2-FLAG, and expression of STAT2-FLAG rescued the ability of these cells to respond
to IFN as measured by the NDV-GFP bioassay (Fig. 1A, right panels and Fig. S1A). We
next infected these two populations of cells, in addition to wt and STAT2 KO MEFs, with
DENV and measured the level of STAT2 and NS5 24hpi. As can be seen in Fig. 1D, levels
of endogenous mSTAT2 in the wtMEFs are increased in the presence of DENV (lane 2
versus lane 1). STAT2 is an ISG, and therefore the most likely explanation for this increase
is that IFN produced by DENV infection is activating the IFN pathway resulting in
increased levels of ISG’s including endogenous mSTAT2. By contrast, levels of hSTAT2-
FLAG in MEFs infected with DENV were reduced compared to uninfected cells (Fig. 1D
lane 6 versus lane 5), indicating that NS5 mediated degradation of hSTAT2-FLAG does not
require additional human factors. Cells expressing mSTAT2-FLAG, upon infection showed
levels of mSTAT2-FLAG similar to the uninfected control samples (Fig. 1D lanes 7 and 8).
Thus the species specificity responsible for STAT2 degradation observed occurs at the level
of STAT2 and is not due to additional host factors. We repeated the transfection based
STAT2 degradation assay, this time in the hamster cell line BHK21, in order to determine
whether NS5 alone was able to degrade STAT2 without additional human host factors. To
mimic expression of NS5 as a precursor (absent the need of NS4b), HA-tagged NS5 was
expressed in these experiments as a full length protein fused downstream of ubiquitin (Ub-
NS5-HA). This fusion protein was then placed downstream of the signal-peptide containing
DENV E protein (E-Ub-NS5-HA) which results in initial ER localization of the polypeptide.
De-ubiquitinating proteins (DUBs) cleave at the C-terminus of the ubiquitin sequence,
releasing NS5 into the cytosol (Ashour et al., 2009). As a negative control for this
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experiment we replaced full length NS5 with NS5 containing an N-terminal truncation of
277 residues that results in a loss of hSTAT2-FLAG binding (E-Ub-NS5-HA 278-900)
(Ashour et al., 2009). Akin to the previous results, NS5 was able to mediate the loss of over-
expressed hSTAT2-FLAG but not of mSTAT2-FLAG (Fig 1E). Similar results were
obtained when we co-transfected E-NS5-HA and NS2b-3-HA with either hSTAT2-FLAG pr
mSTAT2-FLAG in STAT2−/− MEFs (Fig. S1C).

Finally, we infected human U2A cells (IRF9 deficient) and U3A cells (STAT1 deficient) to
determine whether additional factors of the ISGF3 complex were required for DENV
mediated hSTAT2 degradation, as is the case with some paramyxoviruses that degrade
STAT proteins (Horvath, 2004). Fig. 1F demonstrates that hSTAT2 degradation occurs in
the absence of either of these proteins indicating they are not essential for this process.

NS5 associates with hSTAT2 but not mSTAT2
As NS5 associates with hSTAT2 and this association is most likely required for hSTAT2
degradation during infection, we performed immune-precipitation experiments to determine
whether NS5-HA was able to associate with mSTAT2-FLAG. We transfected HA-tagged
NS5 1-900 and 278-900 constructs into BHK21 cells along with STAT1-FLAG (used as an
internal negative control) and either mSTAT2-FLAG or hSTAT2-FLAG. Immune-
precipitation against the HA tag of full length NS5 pulled down hSTAT2-FLAG but not
mSTAT2-FLAG (Fig. 2A lanes 3 and 4). Of note, levels of hSTAT2-FLAG in the whole
cell extract (WCE) of samples co-transfected with E-Ub-NS5-HA 1-900 are lower as
compared to samples co-transfected with E-Ub-NS5-HA 278-900, most likely the result of
active degradation (Fig. 2A, panel 3, lane 3 versus 1). We confirmed the immune-
precipitation result, this time performing the reciprocal immune-precipitation within the
context of viral infection. 293T cells were transfected with FLAG tagged STAT1, hSTAT2,
mSTAT2 or IRF9. 24hpt, these samples were infected with DENV, and 24hpi we lysed the
cells and performed immune-precipitation for the FLAG epitope. As seen in Fig. 2B, NS5
co-precipitated only in the hSTAT2-FLAG transfected samples (lane 2). Of note, levels of
NS5 in the WCE of the hSTAT2-FLAG sample are significantly lower than NS5 levels in
the remaining three WCE lanes (panel three, lane 2). We speculate that this could be due to
the fact that high levels of hSTAT2-FLAG in the cell most likely titrates NS5 away from the
replication complex resulting in lower levels of DENV infection. In any case, these results
demonstrate that NS5 associates with hSTAT2-FLAG and not mSTAT2-FLAG.

Additional evidence of the species specific difference in association between NS5 and
STAT2 was observed through analysis of NS5 localization in the presence of over-expressed
hSTAT2 or mSTAT2 in BHK cells. In the presence of endogenous levels of hSTAT2,
DENV NS5 is predominantly nuclear when over-expressed and during infection (Brooks et
al., 2002; Forwood et al., 1999; Kapoor et al., 1995). Given the nuclear localization of NS5
and the predominantly cytoplasmic localization of unstimulated STAT2, we hypothesized
that high levels of STAT2 (capable of associating with NS5) may interfere with NS5 nuclear
localization. We therefore tested whether differential localization was observed when we co-
expressed either hSTAT2 or mSTAT2 with NS5. Fig. 2C demonstrates that whereas NS5-
GFP and NS5-HA localize to the nucleus when co-expressed with mSTAT2-FLAG, NS5-
GFP and NS5-HA co-expressed with hSTAT2-FLAG localize to the cytoplasm, suggesting
that hSTAT2 association with NS5 retains NS5 in the cytoplasm in an over-expression
system. STAT1-FLAG was used as a negative control for these experiments as it has been
demonstrated to not associate with NS5. Thus, through the use of two independent assays,
we conclude that NS5 association with STAT2 is a species specific event.

It is possible that species specificity of NS5 antagonism is unique to DENV2 or to the 16681
virus strain used in the above studies. We therefore examined the ability of NS5 derived
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from DENV1 (Western Pacific strain) to associate with hSTAT2-FLAG and mSTAT2-
FLAG. DENV1 NS5-HA was co-transfected with either hSTAT2-FLAG or mSTAT2-
FLAG into BHK21 cells and immune-precipitation was subsequently performed against the
HA epitope. Similar to results obtained with DENV2 NS5 (16681) (Fig. 2D lanes 3 and 4),
DENV1 NS5 co-precipitated hSTAT2-FLAG but not mSTAT2-FLAG (Fig. 2D lanes 5 and
6). Thus, NS5 species specificity can be extended to at least one other serotype and is not a
feature unique to DENV2 16681.

NS5 is unable to block IFN signaling in the presence of mSTAT2-FLAG
Since NS5 is unable to associate with or degrade mSTAT2, we wanted to determine if
mSTAT2 expression would restore IFN signaling in NS5 expressing cells. To test this, we
performed IFN signaling reporter assays in 293T cells. Increasing amounts of FLAG tagged
STAT1, IRF9 and either hSTAT2 (hISGF3) or mSTAT2 (mISGF3) were co-transfected
with E-Ub-NS5-HA and the IFN-driven chloramphenicol-acetyltransferase (CAT) reporter
plasmid ISRE-54-CAT-GFP. As a negative control, we replaced full length NS5 with E-Ub-
NS5-HA 278-900. In addition, we included a truncated form of NS5 (E-Ub-NS5-HA
10-900) that is deficient in degrading hSTAT2 but retains hSTAT2 binding and IFN
antagonism activity (Ashour et al., 2009).

ISGF3 dose dependent increases in GFP (Fig. 3A) and CAT (Fig. 3B) activity were
observed in both hISGF3 and mISGF3 transfected 293T cells in the negative control E-Ub-
NS5-HA 278-900 containing samples. The values on the Y-axis in Fig. 3B represent the
reporter activity in ISGF3-FLAG transfected cells treated with IFN divided by the same
activity in non ISGF3-FLAG transfected cells (which express endogenous IRF9, STAT1 and
STAT2). Fold induction at both the 0.2ng, and 2.0ng amounts were comparable between
hISGF3-FLAG and mISGF3-FLAG containing samples indicating that these two complexes
were equally efficient in activating ISG transcription. E-Ub-NS5-HA containing samples
showed significant inhibition of hISGF3-FLAG activity when levels of hISGF3-FLAG
plasmids were co-transfected relative to the E-Ub-NS5-HA 278-900 negative control. E-Ub-
NS5-HA 10-900 also significantly inhibited hISGF3-FLAG activity at the 0.2ng 2.0ng and
20ng amounts, although to a lesser extent than full length NS5, indicating that binding to
STAT2 inhibits ISGF3 but that degradation further enhances this inhibition. In contrast to
the hISGF3-FLAG results, 293T cells transfected with mISGF3-FLAG showed intact
signaling activity at all three doses in E-Ub-NS5-HA 10-900 containing samples. Of note, E-
Ub-NS5-HA 1-900 co-transfected with the lowest amount of mISGF3 showed some
inhibition of reporter activity. This may be due to a present but low affinity of NS5 for
mSTAT2 or it may represent the loss of transcriptional activity contributed by the
endogenous hSTAT2 (which would be targeted for degradation in the presence of full length
NS5). Nevertheless, we conclude that NS5 mediated signaling antagonism is compromised
in cells expressing mSTAT2. FLAG tagged STAT1, STAT2 and IRF9 protein levels were
undetectable at the 0.2 and 2.0ng level across all samples (Fig. 3C top panels). Notably, we
observed transfected-ISGF3-FLAG dose dependent increases in the protein levels of both E-
Ub-NS5-HA 10-900 and E-Ub-NS5-HA 1-900 in the hISGF3-FLAG samples (Fig. 3C,
second panel, lanes 6–11). In contrast, E-Ub-NS5-HA 1-900 and E-Ub-NS5-HA 10-900
protein levels were decreased in a dose dependent manner in the mISGF3-FLAG transfected
samples (Fig. 3C, second panel, lanes 17–22). These opposing effects on expression level
were observed only in samples containing an NS5 protein capable of hSTAT2 association
since E-Ub-NS5-HA 278-900 protein levels in the hISGF3-FLAG transfections were similar
to the mISGF3-FLAG transfections (Fig. 3C, second panel lanes 3–5 vs. 14–17). This may
reflect differences in the stability of STAT2 associated vs. non-associated NS5 and/or NS5
stability during IFN signaling activation and will be followed up on in future studies.
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mSTAT2 expression inhibits virus production in an IFN dependent manner
As NS5 antagonist function is abrogated in cells expressing mSTAT2, we next determined
whether mSTAT2 expression would have a deleterious effect on DENV production. For this
purpose, we measured virus titers in the supernatant of IFN treated hSTAT2 or mSTAT2
stable expressing cells. These experiments were performed in both a human background
(using 2FTGH cells and the STAT2 deficient U6A derivatives) and a mouse background
(using WT MEFs and the STAT2 KO derivatives). Infected cells (MOI of 0.1) were treated
12hpi with universal IFN and supernatant was collected 36hpi. We chose these conditions to
reflect mainly the antiviral effects of IFN in cells already infected with DENV. The use of
universal IFN allowed us to treat both mouse and human cells with the same IFN. IFN
treatment of 2FTGH cells resulted in less than 10% inhibition in virus titer as compared to
the untreated 2FTGH cells (Fig. 4A, see also Fig. S2 for the virus titers obtained in these
experiments). A similar low level of IFN mediated inhibition was observed in the hSTAT2-
FLAG stable expressing U6A cells. This is in contrast to cells expressing mSTAT2-FLAG
which show an 85% decrease in virus titer after IFN treatment (Fig. 4A). We repeated these
experiments using wt MEFs, STAT2 KO MEFs, or MEFs stably expressing hSTAT2-FLAG
or mSTAT2-FLAG. Whereas wtMEF cells and mSTAT2-FLAG expressing cells
demonstrated 95% and 67% inhibition of virus titer after IFN treatment respectively,
inhibition was not observed in the STAT KO cells and hSTAT2-FLAG expressing cells
(Fig. 4B). Taken together, these results demonstrate that mSTAT2 but not hSTAT2 inhibits
virus replication in an IFN dependent manner. Furthermore, these results suggest that
STAT2 degradation is an important step in the virus life cycle and is necessary for optimal
virus infection in the presence of the IFN response.

mSTAT2 is required for early control of DENV replication in vivo and in mouse
macrophages

The importance of both the Type-1 IFN receptor and STAT1 in controlling DENV infection
in mice has been shown previously (Shresta et al., 2004b; Shresta et al., 2005). In order to
determine whether mSTAT2 was also required, we monitored replication of a mouse
adapted DENV, D2S10 (Shresta et al., 2006), in infected WT and STAT2−/− mice.
Infections were performed by intravenous (Fig. 5A and 5B) or intracranial (Fig. 5C)
injection. In the case of intravenous injection, viral RNA was detectable in the lymph node
(Fig. 5A) and spleen (Fig. 5B) of WT mice at 8 hours post-infection, but was undetectable
by 18 hours post-infection. This in contrast to results obtained in the STAT2−/− mice where
we could detect viral RNA in both organs up to 32 hours post-infection. Notably, at 60 hours
post-infection, no virus was detected in the spleen or lymph node of the WT or STAT2−/−
mice. This suggests that while STAT2 is important for control of virus replication early in
infection, it is not required at later time points for clearance of dengue virus from these
tissues. Similar results were seen when we infected mice intracranially. Levels of virus in
WT mice were low at 24 hours post-infection and were undetectable by 48 hours post-
infection. However, we were still able to detect DENV in the STAT2−/− mouse at up to 72
hours post-infection (Fig. 5C). In addition, no death was observed when we monitored
survival past seven days of one STAT2-deficient mouse infected through the intravenous
route and one STAT2-deficient mouse infected intracranially (data not shown). Finally, we
wanted to know whether macrophages, a primary in vivo target cell for DENV (Jessie et al.,
2004), also required mSTAT2 for controlling DENV replication. To test this, we infected
primary mouse monocyte-derived macrophages from the bone marrow of WT (WT
mBMDMs) or STAT2−/− (KO mBMDMs) mice. No virus could be detected in the WT
mBMDM samples (Fig. 5D squares). This is in contrast to DENV in the STAT2−/−
mBMDMs which reached detectable levels of replication at 24 and 48 hours post-infection
(Fig. 5D triangles). These results indicate that mSTAT2 is necessary for early control of
DENV replication in vivo and also in macrophages.
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NS5 interacts with the coiled coil domain of hSTAT2
To determine which specific region(s) of hSTAT2 is/are targeted by NS5, we first used a
functional assay based on an ISRE-CAT-GFP reporter system that is activated by a construct
encoding hSTAT2-FLAG fused downstream of IRF9 (IRF9-hSTAT2-FLAG 1-851). This
fusion is based on work utilizing a similar fusion protein encoding the hSTAT2 trans-
activation domain fused downstream of IRF9, (IRF9-hSTAT2 747-851) (Kraus et al., 2003).
The IRF9-hSTAT2-747-851 is constitutively active and does not require IFN treatment for
its transcriptional activity (Kraus et al., 2003). We observed that, similar to IRF9-
hSTAT2-747-851, transfection of IRF9-hSTAT2-FLAG 1-851 into 293T cells resulted in
robust activation of the ISRE reporter (Fig. 6A) in the absence of IFN treatment.
Transfection of full length NS5-HA prevents reporter activation based on its ability to bind
to the STAT2 portion of the IRF9-hSTAT2 transcription factor. In contrast, the negative
control protein Core-HA, failed to inhibit IRF9-hSTAT2 dependent transcriptional activity.
We proceeded to make N-terminal truncations of hSTAT2 within the IRF9-hSTAT2 fusion
protein to ascertain at which point NS5 would lose the ability to block transcriptional
activity. As can be seen in Fig. 6A, NS5-HA is capable of preventing transcriptional activity
of hSTAT2-FLAG 100-851. However, this antagonist function is lost when we transfected
IRF9 fused to hSTAT2 residues 572–851 or 747–851. This indicates that NS5 requires
residues somewhere between hSTAT2 region 100–572 for its antagonism. It is unlikely that
the loss of antagonism is due to defective folding of hSTAT2 resulting from large
truncations as the fusion protein is still capable of activating transcription and western blot
controls show comparable levels of IRF9-hSTAT2 expression in all transfections (Fig. 6B).

Next, to more finely map the area of NS5 interaction on hSTAT2, we generated chimeric
STAT2 proteins using hSTAT2 and mSTAT2 sequence. Portions of the N-terminus of
mSTAT2-FLAG were replaced with the homologous region of hSTAT2 (h/mSTAT2).
These chimeras were then placed into an IP assay with NS5-HA. As expected, immune-
precipitation against the FLAG epitope of mSTAT2 failed to pull down NS5-HA (Fig. 7A
lane 3). IP of h/mSTAT2 containing the first 181 residues of hSTAT2-FLAG (h/mSTAT2-
FLAG 1-181) did not pull down NS5, indicating that the first 181 residues of hSTAT2 were
not sufficient for interaction (Fig. 7A lane 4). However, h/mSTAT2-FLAG expressing the
first 301 residues of hSTAT2 co-precipitated NS5 (Fig. 7A lane 5). Thus, species specific
sequence between residues 181–301 is required for interaction with NS5.

We wanted to determine whether the h/mSTAT2-FLAG constructs that could bind to NS5
resulted in them becoming susceptible to NS5 mediated degradation. We therefore placed
these chimeras into a STAT2 degradation assay. Cells were co-transfected with the h/
mSTAT2 construct and either E-Ub-NS5-1-900 or as a negative control, E-Ub-
NS5-278-900. As we expected, mSTAT2-FLAG in this assay showed no detectable changes
in protein level upon co-transfection with E-Ub-NS5-1-900-HA as compared to the negative
control (Fig 7B lane 4 versus lane 3). Similar results were obtained with h/mSTAT2-FLAG
1-181 (Fig. 7B lane 6 versus lane 5). However, co-transfection of h/mSTAT2-FLAG 1-301
with E-Ub-NS5-HA 1-900 resulted in a significant decrease in h/mSTAT2 (Fig. 7B lanes 8
versus 7). Therefore, the ability of STAT2 to bind NS5 correlates with the susceptibility to
NS5 mediated degradation. To more precisely map the hSTAT2 region required for
degradation, we constructed additional h/mSTAT2 chimeras and placed them into the
degradation assay. We first generated m/h/mSTAT2-FLAG in which the internal mouse
STAT2 residues 181–301 were replaced with the analogous human sequence. As can be
seen in figure 7C, lanes 2 versus 1, this construct was susceptible to NS5 mediated
degradation. Finally, HA-tagged chimeras in which only the first 200, 210 and 250 residues
of mSTAT2 were replaced with the analogous human STAT2 sequence were all susceptible
to degradation (Fig. 7C lanes 3–8). This data indicates that mSTAT2 and hSTAT2 amino
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acid differences between region 181 and 200 play a role in NS5 mediated association and
degradation of STAT2.

We next generated a separate panel of chimeras where the N-terminal portion of STAT1 was
replaced using increasing N-terminal sequence of hSTAT2 (chSTAT2/1). These chSTAT2/1
chimeras were then individually co-transfected with NS5-HA. 24hpt, we performed
immune-precipitation against the HA epitope. As expected, NS5-HA co-precipitated with
hSTAT2-FLAG (Fig. 7D lane 1). However, chSTAT2/1-FLAG 1-124, which expresses the
first 124 residues of hSTAT2 and the remaining 125–751 residues derived from STAT1,
failed to be pulled down by NS5-HA (Fig. 7D lane 2). Increasing the amount of N-terminal
hSTAT2 sequence so that we express the first 239 or 316 residues (chSTAT2/1-FLAG
1-239, chSTAT2/1-FLAG 1-316), resulted in the ability to co-precipitate the NS5-HA
protein (Fig. 7D lanes 3 and 4 respectively). Thus, the mapped region in the h/mSTAT2
chimeras required for binding/degradation (181–200) is consistent with the binding region
mapped using the STAT2/1 chimeras (124–239). This falls within the coiled-coil region of
hSTAT2 which encompasses residues 138–230 (Martinez-Moczygemba et al., 1997).

We next placed these chSTAT2/1 chimeras into the STAT2 degradation assay to determine
whether additional STAT2 sequence outside of this N-terminal region was required for NS5
mediated degradation. Co-transfection of E-NS5-HA, NS2b-3-HA, hSTAT2-FLAG and
STAT1-GFP resulted in significant decreases in hSTAT2-FLAG protein level, as compared
to the negative control lane where no E-NS5-HA was included (Fig. 7E lane 2 versus lane
1). No similar change was observed in the levels of STAT1-FLAG (Fig. 7E lane 4 versus 3).
We next tested the chimeras for their susceptibility to NS5 mediated degradation.
ChSTAT2/1-FLAG 1-124 levels were not decreased in the presence of NS5. STAT2/1-
FLAG chimeras 1–239 and 1–316 which bind NS5 also failed to be degraded. This suggests
that additional hSTAT2 sequence downstream of the first 316 residues is important for
STAT2 degradation. These sequences are shared with mSTAT2, as similar h/mSTAT2
chimeras are degraded (Fig. 7B). Overall, our results indicate that the N-terminal region of
hSTAT2 is needed for interaction with NS5, but that additional STAT2 specific sequences
are required for degradation.

Discussion
In this manuscript, we have demonstrated that DENV NS5 mediated antagonism of the IFN
pathway is species specific and is non-functional in the presence of mSTAT2. Whereas NS5
is able to associate with hSTAT2 and target it for degradation in both human and mouse
cells, NS5 is incapable of performing either function with respect to mSTAT2 in both cell
types. In addition, we have demonstrated that the loss of hSTAT2 expression during DENV
infection does not require IRF9 or STAT1. Taken together, these results strongly suggest
that species specificity occurs at the level of hSTAT2 and is independent of additional
species specific host factors. While additional host factors are most certainly required, their
identities remain unknown, though we believe they will most likely include components of
the ubiquitin/proteasome degradation pathway. DENV strain variation has been observed
with respect to manipulation of the IFN pathway (Umareddy et al., 2008). Importantly, we
have shown that the species specific nature of NS5 association with STAT2 is not unique to
DENV2 (strain 16681) and can be extended to DENV1. Given the relatively high percentage
NS5 sequence identity when comparing DENV2 to the other three serotypes (77% for
DENV1, 77% for DENV3 and 72% for DENV4) (Khan et al., 2006), we surmise that our
results could extend to DENV3 and DENV4. We note that DENV encodes multiple IFN
antagonists including NS2a, NS4a, NS4b and proteolitically active NS2b-3 (Leitmeyer et al.,
1999; Munoz-Jordan et al., 2005; Munoz-Jordan et al., 2003; Rodriguez-Madoz JR et al.,
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2010) and while they were not a focus for this study, their antagonist function may influence
species tropism as well.

DENV is not the only virus whose replication is restricted by species dependent differences
of STAT2 or the IFN pathway. PIV5, a member of the Paramyxoviridae family, utilizes its
V protein to bind STAT2 and the E3 ligase DDB1 (Precious et al., 2005; Ulane and Horvath,
2002). This induces the recruitment of STAT1 which is subsequently targeted for
degradation. This pathway functions in cells of human and non-human primate origin but
not in murine cells, a result of the inability of the V protein to associate with mSTAT2
(Kraus et al., 2008). Consistent with this, hSTAT2 transgenic knock-in mice showed higher
levels of PIV5 replication in vivo (Kraus et al., 2008). In related fashion, the V protein of the
paramyxovirus Newcastle Disease Virus (NDV) is able to block IFN in chicken cells but not
human cells, correlating with the ability of NDV to grow in these cells. However, replication
in human cells is facilitated through swapping the NDV V protein with the influenza NS1
protein, an IFN antagonist that functions in human cells (Park et al., 2003a). Thus, the
ability to antagonize the IFN pathway can be a limiting factor in determining species host
range.

We were able to successfully exploit the observed species specificity of NS5 antagonism
and measure the biological significance of this event on virus replication. While it may be
possible to generate mutant virus strains expressing an NS5 protein incapable of associating
with or degrading hSTAT2, we were concerned that this would also affect NS5 polymerase
activity independent of the IFN antagonist function. Therefore, we generated a series of
human and murine cell lines which lack endogenous STAT2 but stably over-express a
tagged form of hSTAT2 or mSTAT2. This system allowed us to directly compare the impact
of IFN signaling in the presence of an intact mSTAT2 versus a STAT2 capable of being
degraded by NS5 (hSTAT2). The results of these experiments, performed in both human and
murine cell backgrounds, demonstrated that virus replication was strongly inhibited after
IFN treatment only in cells with intact mSTAT2. Thus, NS5 mediated degradation of
STAT2 is a crucial event during DENV infection. The ability of DENV to replicate in
BMDMs from STAT2 KO mice, but not BMDMs from wild type mice is consistent with
mouse STAT2 being a factor which limits DENV replication in murine species.

While the degradation function of NS5 is crucial for efficient virus replication, NS5
association with STAT2 is sufficient for prevention of ISGF3 signal transduction. This
activity is most likely due to an NS5 mediated inhibition of STAT2 phosphorylation, as has
been reported by Mazzon et al. (Mazzon et al., 2009). We directly compared the IFN
antagonist capability of full length NS5 protein which could associate with and degrade
hSTAT2 versus a truncated form that could associate with but not degrade hSTAT2. We
found that while both forms were capable of inhibiting IFN dependent signaling, the
degradation function enhanced the potency of the antagonist function allowing full length
NS5 to block signal transduction in the presence of higher levels of hSTAT2. In addition,
the fact that mSTAT2 expression was sufficient to block NS5 mediated inhibition in these
experiments suggests that STAT2 is the primary target of the IFN antagonist activity of
NS5.

The results we have obtained using WT and STAT2−/− mice demonstrate, for the first time,
that mSTAT2 is important for efficient control of virus replication in vivo and in primary
macrophages. While this conclusion is not surprising, as STAT2 is required for IFN
signaling, it is clear from the in vivo experiments that given a cellular environment marked
by the absence of mSTAT2, DENV is capable of establishing an infection with detectable
viral load up to 72 hours post-infection. Human STAT2 is degraded rapidly upon DENV
infection regardless of the species origin of the host cell as demonstrated in this manuscript
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(Fig. 1B, 1D and 1F) and in previously published data (Ashour et al., 2009). It is likely that a
similar STAT2 deficient cellular environment in vivo can be achieved, permitting detectable
early levels of DENV replication, after DENV infection in an mSTAT2−/− mouse
expressing endogenous levels of hSTAT2. Thus, although the substitution of mSTAT2 by
hSTAT2 certainly will not overcome all murine restrictions of DENV replication, especially
at late times of infection, it may be a first step towards the development of a mouse model,
which would be advantageous as it would facilitate study of in vivo DENV replication in the
context of a functioning immune system. It should be noted that the remaining DENV
restriction at late times in STAT2−/− mice might be mediated by type-II IFN, as this
antiviral factor does not require STAT2 for signaling, and it is known to contribute to
decreased disease in DENV-infected mice (Shresta et al., 2004a; Shresta et al., 2004b;
Shresta et al., 2005).

Finally, through the generation of STAT chimeras, we identified two separate regions within
STAT2 that contain sequences required for NS5 association and NS5 mediated degradation.
When sequences derived from the N-terminal portion of hSTAT2 were placed into
mSTAT2, it resulted in a chimera that was susceptible to both NS5 association and NS5
mediated degradation. However, when this same region was placed into STAT1, it resulted
in NS5 association but the chimera remained resistant to NS5 mediated degradation,
therefore indicating additional STAT2 specific sequences towards the C-terminus were
required for the degradation step. Thus, two regions within STAT2 are involved in the NS5
dependent degradation pathway. Additional experiments utilizing this chimera approach will
refine the sequence required for both activities. It is interesting to note that the coiled-coil
domain of STAT2, involved in cellular protein-protein interactions, lies within the area we
have mapped for NS5 association. This region, though highly similar between mouse and
human, contains several patches of sequence which diverge and remains an attractive target
for future mutational analysis. Regardless, based on our results, and on the fact that the first
10 amino acids of NS5 are required for degradation but not association of STAT2 (Ashour et
al., 2009), we hypothesize that NS5 binds to the N-terminal region of hSTAT2 and that an as
yet unidentified third protein containing E3 ligase activity is recruited to the complex
through a motif located at the N-terminus of NS5. This protein would then interact with the
C-terminal half of STAT2 resulting in STAT2 ubiquitin conjugation and degradation.
Further investigation of the cellular proteins required for STAT2 degradation in the presence
of DENV is necessary to test this hypothesis.

Our understanding of DENV pathogenesis has benefited greatly through the use of animal
models. Specifically, through utilization of several genetically engineered mouse strains, the
critical roles of the type-I and type-II IFN pathways in murine resistance to DENV infection
have been elucidated (Shresta et al., 2004b); we note that while both STAT1 and STAT2
activity have been implicated in type-III IFN signaling, it remains to be seen whether the
activation of this pathway influences DENV replication (Dumoutier et al., 2003; Kotenko et
al., 2003). Nevertheless, while the type-I and type-II IFN deficient mice have proven
invaluable with respect to our understanding of some aspects of dengue pathogenesis, their
immune-deficiencies limit the scope of questions that can be addressed, particularly those
relevant to the development of vaccines and therapeutics. The use of humanized SCID or
NOD/SCID mouse strains has overcome this barrier to some degree though this approach
requires a degree of skill and time (An et al., 1999; Bente et al., 2005; Blaney et al., 2002;
Kuruvilla et al., 2007; Lin et al., 1998; Wu et al., 1995). Therefore, the development of an
immune-competent mouse strain that is susceptible to DENV infection is desirable. Given
the results obtained in our study, we speculate that initial resistance to DENV in mice results
from an inability of NS5 to associate with and target STAT2 for degradation. Therefore,
development of a transgenic mouse expressing a functional chimeric STAT2 capable of
being degraded by an NS5 dependent mechanism could result in an immune-competent
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mouse susceptible to early DENV infection. While one would most certainly need to address
additional mouse restrictions, especially at late times, such a mouse may represent the first
step towards the generation of an immune-competent DENV-susceptible mouse strain that in
the future will prove a valuable resource to the DENV field.

Materials and Methods
Cells and viruses

All cell lines used in this work; 293T cells, BHK21 cells, mouse embryonic fibroblasts
(MEFs) including wtMEFs, STAT2−/− and stable cell line derivatives, 2FTGH cells and
2FTGH derivatives: U2A (IRF9 deficient), U3A (STAT1 deficient) U6A cells (STAT2
deficent) and U6A stable cell line derivatives were cultured in Dulbecco’s modified Eagle’s
medium supplemented with 10% fetal calf serum. All clonal cell lines derived from the U6A
and MEF STAT2−/− cell lines (U6A-STAT2-GFP, U6A-hSTAT2-FLAG, U6A-mSTAT2-
FLAG, MEF-STAT2−/− hSTAT2-FLAG, MEF-STAT2−/− mSTAT2-FLAG) were
generated by co-transfection of the STAT2 encoding pCAGGS plasmid and pCDNA-zeo
and subsequently selecting for zeocin resistance. Recombinant Newcastle Disease Virus
(NDV) expressing GFP was grown in 10 day old embryonated chicken eggs. High titer
stocks of dengue virus (DENV2 16681) were obtained by passage in C6/36 cells. DENV1
D2S10 was kindly provided by Eva Harris. All transfections were performed using
Lipofectamine 2000 (Invitrogen).

Primary monocyte isolation and differentiation—For derivation of BMDMs from
wild type and STAT2 knockout mice, cells were isolated from the bone marrow and cultured
for 5 days in RPMI 1640, 10%FCS, Pencillin/Streptomyocin and 20% L929 conditioned
media.

In vivo DENV infection and quantification from organs—Intravenous delivery of
DENV: 24 hours prior to infection, 12 WT C57BL/6 and 12 STAT2−/− C57BL/6 mice were
injected intraperitoneally with 200ul anti-DENV1 serum that has previously been shown to
enhance DENV2 infection (Balsitis et al., 2010). The mice were then infected with 106 pfu
of a mouse-adapted DENV2 strain, D2S10, via tail-vein injection. Organs were harvested
and weighed at 8, 18, 32 and 60 hours. The organs were homogenized in RLT buffer
(Qiagen, Valencia, CA) and RNA was extracted using the RNeasy® kit (Qiagen) according
to the manufacturer’s protocol. DENV2 copy number was measured by the PCR Core
Facility of Mount Sinai School of Medicine using a SYBR green qPCR assay and primers
against DENV NS5 and three house-keeping genes (rps11, β-actin and α-tubulin).
Intracranial delivery of DENV: Sixteen WT C57BL/6 and 16 STAT2−/− C57BL/6 mice
were injected intracranially with 105 pfu of D2S10. Their brains were harvested at 24, 48
and 72 hours post infection and then weighed. Tissues were homogenized in DMEM with
10% FBS and 1% penicillin-streptomycin to release virus, and the homogenates were
cleared by centrifugation. The viral loads in the cleared homogenates were measured by
plaque assay on BHK21 cells. Statistical analysis was performed to analyze the effect of
genotype using 2-way ANOVA (Bonferroni post-test). Values were log10 transformed to
approximate Gaussian distribution. Values below the limit of detection were substituted for
the limit of detection value (for example, a value of 0.025 in Figure 5A would be replaced
with a value of 0.03), thus giving a more conservative calculation of p-value.

Dengue virus infection of cell cultures—Unless otherwise stated, all DENV
infections were performed with DENV at an MOI of 10 using the DENV2 strain 16681 virus
for 1 hour. Cells were then washed and subsequently maintained in DMEM 10% FCS at 37
degrees. 24hpi cells were lysed and analyzed via western blot.
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Virus quantification from cell supernatant—DENV titer present in infected cell
supernatant was calculated by overlaying 250 μl of 1ml total volume serial dilutions of the
supernatant onto Vero cells and incubating for 2 hours at room temperature. Supernatant
was then removed and replaced with fresh media containing 1% agar. The infection was
then continued for 72 hours at 37° C. Infected cells were then fixed and stained for DNA
(using DAPI) and for NS5 protein using anti-NS5 antibody and a secondary anti-rabbit FITC
fluorophore. The number of positive foci was counted by eye under a fluorescent
microscope. Infectious particles are expressed as fluorescing foci forming units/mL (FFU/
mL). The limit of detection value reflects the sensitivity obtained when titrating virus stocks
of known quanitity alongside the infected cell supernatants (i.e. 1 FFU is observed with
250μl of virus stock diluted to 4 FFU/mL). To calculate percentage of inhibition of dengue
virus replication in IFN treated cells, the FFU/ml obtained in IFN treated samples was
divided by the FFU/ml obtained in IFN untreated samples, and this number was subtracted
from 1 and expressed as %.

Plasmids and antibodies—All DENV protein encoding plasmids were generated in the
pCAGGS (chicken β-actin promoter) background. Primer sequences used in the generation
of these constructs are available upon request. Plasmids encoding human STAT1 and
STAT2 were a kind gift from Dr. Megan Shaw. Plasmid encoding for human IRF9 was
kindly provided by Estanislao Nistal-Villan. ISRE-54-CAT-GFP reporter, pCAGGS-Firefly
and luciferase plasmids were kind gifts from Dr. Luis Martinez-Sobrido. pCDNA-zeo was a
kind gift from Dr. Ben tenOever. Mouse STAT2 cDNA was kindly provided by Dr. David
Levy. Antibodies utilized for this manuscript include those raised against HA (Sigma),
FLAG (Sigma), STAT1 (BD), STAT2 (Santa Cruz SC476), mSTAT2 (Santa Cruz SC839),
GFP (Sigma), GAPDH (Research Diagnostics Incorporated), and tubulin (Sigma). Rabbit
antibody raised against DENV2 NS5 was generated by serial injection of bacterially
expressed and purified DEN2 NS5 protein.

IFN reporter assay—293T cells were co-transfected with an HA-tagged plasmid
encoding for various viral proteins, the IFN inducible CAT reporter (ISG54-CAT-GFP), and
a plasmid constitutively expressing the firefly luciferase protein (pCAGGS-Firefly
luciferase). 24 hours post-transfection cells were treated with 100u/mL of u-IFN (universal
interferon) (PBL). 24 hours post-treatment cells were visualized for GFP expression or were
lysed and measured for CAT activity. Fold 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. Students
T-test (unpaired, one-tail) was utilized for the statistical analysis.

NDV based bioassay—2FTGH, U6A, U6A(hSTAT2-FLAG), U6A(mSTAT2-FLAG),
wtMEF’s, STAT2−/−MEF, STAT2−/−(hSTAT2-FLAG) and STAT2−/−(mSTAT2-FLAG)
cells were treated with the stated amounts of u-IFN (universal interferon) (PBL). 24 hours
post-treatment, cells were challenged with NDV-GFP and subsequent fluorescence images
obtained 12 hours post-infection.

Immune-precipitation assays
293T or BHK21 cells were transfected with HA-tagged plasmid encoding for the viral
protein and FLAG tagged construct(s). Lysis, immune-precipitation and washes were
performed using buffer containing 50mM Tris (pH 7.5), 280mM NaCl, 0.2mM EDTA, 2mM
EGTA, 0.5% NP-40, 10% glycerol, 1mM DTT, and 1mM sodium orthovanadate.
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STAT2 degradation assays
Analysis of degradation of over-expressed STAT2 was performed in MEF STAT2−/−,
BHK21 or U6A cells using viral protein encoding HA-tagged plasmids co-transfected with
STAT2-FLAG. STAT1-GFP is also transfected in these experiments and used as a negative
control.
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Fig. 1.
NS5 mediated STAT2 degradation is species specific and does not require additional species
specific host factors. A. 2FTGH, U6A, U6A (hSTAT2-FLAG), U6A (mSTAT2-FLAG),
wtMEF’s, STAT2−/− MEF, STAT2−/− (hSTAT2-FLAG) and STAT2−/− (mSTAT2-
FLAG) were treated with 100u/mL Type-I IFN. 24hpt, cells were challenged with NDV-
GFP. Virus replication levels were recorded 12hpi by live microscopy. B. U6A cells or
U6A-hSTAT2-FLAG or U6A-mSTAT2-FLAG cells were infected with DENV at an MOI
of 10. 24hpi, cells were lysed and levels of protein analyzed by SDS-PAGE and immune-
blotting using antibodies against FLAG, NS5 and Tubulin. C. U6A cells were co-transfected
with the given constructs. 24hpt, cells were lysed and levels of protein analyzed by SDS-
PAGE and immune-blotting using antibodies against FLAG, GFP, HA and Tubulin. D.
wtMEF’s, STAT2−/−, STAT2−/− (-hSTAT2-FLAG) or STAT2−/− (-mSTAT2-FLAG) cells
were infected with DENV at an MOI of 10. 24hpi, cells were lysed and levels of protein
analyzed by SDS-PAGE and immune-blotting using antibodies against FLAG, NS5,
mSTAT2 and Tubulin. E. BHK21 cells were co-transfected with the given constructs. 24hpt,
cells were lysed and levels of protein analyzed by SDS-PAGE and immune-blotting using
antibodies against FLAG, GFP, HA and Tubulin. F. 2FTGH cells or 2FTGH derivatives
(U6A, U3A and U2A) were infected with DENV at an MOI of 10. 24hpi cells were lysed
and analyzed by SDS-PAGE and immune-blotting using antibodies against STAT2, NS5
and Tubulin. Asterisk denotes residual signal from immune-blot against STAT2. All western
blots and microscopy data are representative of experiments performed several times. Upper
arrows indicate FLAG-tagged mSTAT2 expected migration. Lower arrows indicate FLAG-
tagged hSTAT2 expected migration. See also Fig. S1.
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Fig. 2.
NS5 associates with hSTAT2 but not mSTAT2. A. BHK21 cells were transfected with
plasmids encoding for FLAG tagged STAT1 and STAT2, and HA tagged NS5 proteins.
Cells were lysed 24hpt and immune-precipitation was performed against the HA epitope.
Immune-precipitated samples and the total cell extracts were analyzed by SDS-PAGE and
immune-blotting using antibody against FLAG, HA and Tubulin. B. 293T cells were
transfected with plasmids encoding for FLAG tagged STAT1, STAT2 and IRF9 proteins.
24hpt, cells were infected with DENV at an MOI of 10. 24hpi, cells were lysed and
immune-precipitation was performed against the FLAG epitope. Immune-precipitated
samples and the total cell extract were analyzed b SDS-PAGE and immune-blotting using
antibodies against FLAG, NS5 and Tubulin. C. Plasmids encoding for STAT1, hSTAT2,
mSTAT2 and NS5 proteins were transfected into BHK21 cells. 24hpt, cells were live
imaged for GFP fluorescence (top panels) and subsequently fixed for immune-staining using
antibody against HA (secondary FITC fluorophore) and FLAG (secondary Texas Red
fluorophore) epitopes as well as DAPI stain to visualize DNA. Panels 2 and 3 are 10X
images of the cells after fixing and staining for NS5 and the STAT protein. The lower three
panels are from the same experiment (though not necessarily from the same field as panels 2
and 3) and have been enlarged for easy visualization of the cytoplasmic and nuclear
compartments. D. Same as A. All western blots and microscopy data are representative of
experiments performed several times.
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Fig. 3.
NS5 inhibits hSTAT2 mediated signaling but not mSTAT2 mediated signaling. A. 293T
cells were co-transfected with increasing amounts of hISGF3-FLAG (hSTAT2-FLAG,
STAT1-FLAG and IRF9-FLAG) or mISGF3-FLAG (mSTAT2-FLAG, STAT1-FLAG and
IRF9-FLAG) plus ISRE-CAT-GFP, pCAGGS-Firefly luciferase and either E-Ub-NS5-HA
278-900, E-Ub-NS5-HA 10-900 or E-Ub-NS5-HA 1-900. 24hpt cells were treated with
100u/mL Type-I IFN. Reporter activity (measured by GFP signal) was visualized 48hpt by
live microscopy. Results are representative of two independent experiments. B. Cells were
transfected and IFN treated same as A. 48hpt, cells were lysed and CAT activity was
measured. Fold induction of the ISGF3-FLAG transfected cells is calculated relative to the
fold induction observed with ISRE-54-GFP-CAT transfected IFN treated cells versus
untreated cells, both in the absence of over-expressed ISGF3 components. This value is set
as 1 and symbolized by the dashed horizontal line. Data was obtained from one experiment
performed in triplicate using independent sources for plasmids and cells. Bars indicate
standard deviation of the samples. P values of the statistical differences calculated between
each sample (using unpaired, one-tailed, Student’s T-test), are provided in the bottom panel.
Those differences that were found to be significant (p-value ≤ 0.05) between two samples
are signified by an asterisk. C) Western blot analysis of one representative experiment.
Lanes 1 and 12 represent the control samples that do not over-express ISGF3 components or
receive IFN treatment. Lanes 2 and 13 represent the control samples that do not over-express
ISGF3 components and receive IFN treatment. Bands corresponding to the predicted
molecular weights of NS5 1-900 and 10-900 are indicated by the upper arrow in the second
panel. Bands corresponding to the predicted molecular weight of NS5 278-900 are indicated
by the lower arrow of the second panel. Antibodies against FLAG, HA, GFP and GAPDH
were used.
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Fig. 4.
DENV is sensitive to mSTAT2 expression in an IFN dependent manner. A. 2FTGH, U6A,
U6A (hSTAT2-FLAG) and U6A (mSTAT2-FLAG) were infected with DENV at an MOI of
0.1. 12hpi, cells were treated with 100u/mL of Type-I IFN. 36hpi, supernatant was collected
and levels of virus were measured by titration in Vero cells. Percent inhibition is measured
relative to the levels achieved in the same cell line not treated with IFN (see Material and
Methods). No virus was detected at the zero hour time point. Data was obtained from three
independent experiments and bars indicate standard deviation of the samples. ANOVA
results (Bonferroni multiple comparison test) are presented on the lower panel. ns= no
significance. ***= extremely significant (p-value <0.001). **= very significant (p-value
0.001–0.01). B. wtMEF’s, STAT2−/− MEF, STAT2−/− (hSTAT2-FLAG) and STAT2−/−
(mSTAT2-FLAG) were infected with DENV at an MOI of 0.1 and processed same as in B.
No virus was detected at the zero hour time point. Data was obtained from three independent
experiments and bars indicate standard deviation of the samples. Statistical analysis same as
A. See also Fig. S2.
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Fig. 5.
mSTAT2 is required for control of DENV production in vivo and in mouse monocyte-
derived macrophages. (A) WT and STAT2−/− mice were infected intravenously with 1 x
106 pfu of mouse-adapted DENV2 DS210, 24 hours after an intra-peritoneal injection of
enhancing anti-DENV1 antibodies. Lymph nodes were collected at 8, 18, 32 and 60 hours
post-infection and viral load determined by qPCR for NS5. Results are from a single
experiment (n=3 for each time point) and error bars indicate standard deviation. The P value
for the effect of genotype was 0.0001. Limit of detection in this assay was 0.03 copies/mg
represented by the dashed line. B) Same as A. Lymph nodes were collected at 8, 18, 32 and
60 hours post-infection and viral load determined by qPCR for NS5. Results are from a
single experiment (n=3 for each time point) and error bars indicate standard deviation. The P
value for the effect of genotype was 0.0001. Limit of detection in this assay was 0.03 copies/
mg represented by the dashed line. (C) WT and STAT2−/− mice were infected intracranially
with 2x105 pfu of DS210. Brain tissue was collected at 24, 48 and 72 hours post-infection
and viral load determined by plaque assay in BHK21 cells. The limit of detection was 0.05
PFU/mg. Results are from a single experiment (n=5 for 24hpi and 72hpi, n=6 for 48hpi) and
error bars indicate standard deviation. The P value for the effect of genotype was 0.0001. D)
Mouse bone marrow monocyte-derived macrophages (mBMDMs) from WT and STAT2−/−
mice were infected with DENV2 16681 at an MOI of 1. Supernatant was removed at 0, 24
and 48hpi and virus titer was determined. Limit of detection in this assay is 4 Fluorescing
Foci Units/mL (FFU/mL) represented by the dashed line. No virus was detected at the zero
hour time point. Data was obtained from one infection performed in triplicate and bars
indicate standard deviation of the samples. Statistically significant difference (p≤0.05) was
determined using Student’s T-test (unpaired, one-tailed). ND= not detected.
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Fig. 6.
Residues found within region 100 to 572 of hSTAT2 are required for NS5 mediated
inhibition of STAT2 dependent transcription. A) 293T cells were co-transfected with
plasmids encoding an ISRE-54-CAT-GFP reporter, pCAGGS-Firefly luciferase, the IRF9-
hSTAT2-FLAG construct stated and either Empty, NS5-HA or Core-HA protein. 24hpt,
cells were lysed and analyzed for CAT activity. Percent activation is calculated relative to
samples transfected with ISRE-54-CAT-GFP, pCAGGS-Firefly luciferase and empty
plasmid with no IRF9-hSTAT2-FLAG construct. Data was obtained from three independent
experiments and error bars indicate standard deviation. B) Western blot of one
representative experiment from the reporter assay. Lysates were analyzed by SDS-PAGE
and immune-blot analysis using antibodies against FLAG, HA, GFP and Tubulin.
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Fig. 7.
NS5 binding domain maps to the N-terminus of hSTAT2. A. U6A cells were co-transfected
with NS5-HA and the FLAG tagged STAT2 constructs stated. The chimeras include N-
terminal regions of hSTAT2 (1–181 and 1–301) in place of the mSTAT2 homologous region
with the remainder of the downstream sequence derived from mSTAT2. 24hpt, cells were
lysed and immune-precipitation performed against the FLAG epitope. Immune-precipitated
samples were analyzed by SDS-PAGE and immune-blotting using antibodies against FLAG
and HA in the top two panels and Tubulin in the bottom panel. Asterisks denote full length
hSTAT2-FLAG which has a faster mobility in SDS-PAGE compared to the h/mSTAT2-
FLAG chimeras. B. BHK21 cells were transfected with the stated FLAG-tagged STAT2,
STAT1-GFP and NS5-HA-tagged constructs. 24hpt, cells were lysed and protein levels
analyzed by SDS-PAGE and immune-blotting using antibodies against FLAG, GFP, HA and
Tubulin. Upper arrow indicates expected mobility of mSTAT2-FLAG and chimeras and the
lower arrow indicates expected mobility of hSTAT2-FLAG. C. BHK21 cells were
transfected with the stated FLAG-tagged STAT2 or HA-tagged STAT2, STAT1-GFP and
NS5-HA-tagged constructs. These chimeras include N-terminal regions of hSTAT2 (1–200,
1–210 and 1–250) in place of the mSTAT2 homologous region with the remainder of the
downstream sequence derived from mSTAT2. In the case of m/h/mSTAT2-FLAG 181-301,
the internal sequence of mSTAT2 has been replaced with the analogous sequence from
hSTAT2. 24hpt, cells were lysed and protein levels analyzed by SDS-PAGE and immune-
blotting using antibodies against FLAG, GFP, HA and Tubulin. E. BHK21 cells were co-
transfected with NS5-HA and FLAG containing STAT constructs. The chimeras include N-
terminal regions of hSTAT2 (1–124, 1–239 and 1–316) in place of the STAT1 homologous
region with the remainder of the downstream sequence derived from STAT1. 24hpt, cells
were lysed and immune-precipitation performed against the HA epitope. Immune-
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precipitated samples were analyzed by SDS-PAGE and immune-blotting using antibodies
against FLAG, HA and Tubulin. F. U6A cells were transfected with the FLAG-tagged
STAT2, STAT1-GFP and HA-tagged constructs. The chimeras include N-terminal regions
of hSTAT2 (1–124, 1–239 and 1–316) in place of the STAT1 homologous region with the
remainder of the downstream sequence derived from STAT1. 24hpt, cells were lysed and
protein levels analyzed by SDS-PAGE and immune-blotting using antibodies against FLAG,
GFP, HA and Tubulin. Upper arrow indicates expected mobility of hSTAT2-FLAG and
lower arrows indicates expected mobility STAT1-FLAG and chimeras. All western blots are
representative of experiments performed several times.
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