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ABSTRACT Viral hijacking of microtubule (MT)-dependent transport is well understood,
but several viruses also express discrete MT-associated proteins (vMAPs), potentially to
modulate MT-dependent processes in the host cell. Specific roles for vMAP-MT interac-
tions include subversion of antiviral responses by P3, an isoform of the P protein of rabies
virus (RABV; genus Lyssavirus), which mediates MT-dependent antagonism of interferon
(IFN)-dependent signal transducers and activators of transcription 1 (STAT1) signaling. P3
also undergoes nucleocytoplasmic trafficking and inhibits STAT1-DNA binding, indicative
of intranuclear roles in a multipronged antagonistic strategy. MT association/STAT1 antag-
onist functions of P3 correlate with pathogenesis, indicating potential as therapeutic tar-
gets. However, key questions remain, including whether other P protein isoforms interact
with MTs, the relationship of these interactions with pathogenesis, and the extent of con-
servation of P3-MT interactions between diverse pathogenic lyssaviruses. Using super-reso-
lution microscopy, live-cell imaging, and immune signaling analyses, we find that multiple
P protein isoforms associate with MTs and that association correlates with pathogenesis.
Furthermore, P3 proteins from different lyssaviruses exhibit variation in intracellular local-
ization phenotypes that are associated with STAT1 antagonist function, whereby P3-MT
association is conserved among lyssaviruses of phylogroup I but not phylogroup II, while
nucleocytoplasmic localization varies between P3 proteins of the same phylogroup within
both phylogroup I and II. Nevertheless, the divergent P3 proteins retain significant IFN an-
tagonist function, indicative of adaptation to favor different inhibitory mechanisms, with
MT interaction important to phylogroup I viruses.

IMPORTANCE Lyssaviruses, including rabies virus, cause rabies, a progressive encephalomy-
elitis that is almost invariably fatal. There are no effective antivirals for symptomatic infec-
tion, and effective application of current vaccines is limited in areas of endemicity, such that
rabies causes ;59,000 deaths per year. Viral subversion of host cell functions, including anti-
viral immunity, is critical to disease, and isoforms of the lyssavirus P protein are central to
the virus-host interface underpinning immune evasion. Here, we show that specific cellular
interactions of P protein isoforms involved in immune evasion vary significantly between
different lyssaviruses, indicative of distinct strategies to evade immune responses. These
findings highlight the diversity of the virus-host interface, an important consideration in the
development of pan-lyssavirus therapeutic approaches.
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The microtubule (MT) cytoskeleton comprises an extensive cytoplasmic filamentous
network with classical functions in the transport and positioning of cellular contents and

is a major component of the mitotic spindle (1, 2). In addition, MTs have regulatory roles in
signal transduction, apoptosis, and innate immunity (3, 4). To carry out these roles, MTs act
in concert with MT-associated proteins (MAPs), many of which regulate dynamic structural
changes integral to MT function and/or act as molecular motors for cargo transport (5, 6).
Viruses commonly exploit MTs/MAPs as part of their life cycle, including using motor pro-
teins for subcellular virion/genome trafficking; several viruses also use MTs as replication
platforms (7, 8). Notably, a growing number of viruses are reported to encode viral MAPs
(vMAPS) that can form discrete interactions with MTs, either to facilitate viral transport/repli-
cation processes or to subvert MT-dependent functions (7, 8).

Rabies virus (RABV) is the prototypical member of the genus Lyssavirus (family
Rhabdoviridae), which comprises at least 17 species, 14 of which are classified within two
defined phylogroups based on antigenic properties and phylogenetic relationships (9). The
remaining species are not classified in phylogroup I or II, so the genus appears to include three
or more phylogroups (10). Lyssaviruses are maintained in nonhuman mammalian reservoirs,
including bats and terrestrial carnivores. Zoonotic infections, including by multiple members
of phylogroup I (e.g., RABV and European bat lyssavirus 2 [EBLV2]) and phylogroup II (e.g.,
Mokola virus [MOKV]), cause rabies, a lethal acute meningoencephalitis (10–12). RABV is con-
sidered the primary etiological agent of human rabies, which is estimated to cause;59,000
deaths/year (13). Underreporting, misdiagnosis, and lack of discriminatory tests suggest that
estimates of fatalities due to rabies are conservative and probably include a greater propor-
tion of infections by non-RABV lyssavirus than is currently assumed (10–12).

Following detection of infection, host cells express type I interferons (IFNs; e.g., IFN-a/b)
as part of the principal antiviral innate immune response (14). IFNs signal in autocrine and
paracrine fashions to activate intracellular signal transducers and activators of transcription 1
(STAT1) and STAT2 by tyrosine phosphorylation, resulting in their translocation to the nu-
cleus and activation of antiviral and immunomodulatory IFN-stimulated genes (ISGs) (14).
Viruses counteract this response by expressing proteins with IFN antagonist functions, using
mechanisms that can diverge significantly between different antagonist proteins and viruses
(15, 16). The principal IFN antagonist of lyssaviruses is the P protein, which is expressed as
the full-length P1 (an essential cofactor of the viral polymerase L protein) and several N-ter-
minally truncated isoforms generated via ribosomal leaky scanning of the P gene mRNA (17)
(Fig. 1A). Four isoforms (P2 to P5) have been detected for RABV, all of which lack N-terminal
sequence necessary for L protein binding (17, 18). However, all isoforms contain a STAT1-
binding site in the C-terminal domain (CTD), which enables antagonism of IFN/STAT1 signal-
ing (19, 20). Studies to date have focused on P1 and P3 and indicate that antagonism involves
several mechanisms deriving from distinct phenotypes of the isoforms (21–25). P1 is primarily
cytoplasmic due to a strong N-terminal nuclear export sequence (N-NES), and so it effects nu-
clear exclusion/cytoplasmic accumulation of associated STAT1 to prevent ISG activation (24–
26). Conservation of the STAT1-binding region and N-NES, and equivalent localization of P2
(27), suggest that P2 effects a similar mechanism but is “specialized” for antagonism due to a
lack of L binding. Although this has not been directly assessed, it is consistent with studies
using viruses with modified P1/P2 expression (28).

The N-terminal truncation generating P3 produces a profoundly different phenotype,
including acquisition of MT interaction via an MT association sequence (MTAS) located within
the CTD (Fig. 1A) (22). This is implicated in an MT-dependent mechanism of IFN antagonism
(currently unique to RABV), whereby P3 can induce MT association of STAT1 (21, 22). IFN-
induced STAT1 nuclear accumulation and ISG activation is consequently suppressed by P3, de-
pendent on MT integrity (22). Consistent with this, inhibition of IFN/STAT1 signaling in RABV-
infected cells is MT dependent (22). P3 additionally localizes to the nucleus, with molecular
analyses showing that this results from truncation/deactivation of the P1/P2 N-NES as well as
activation of an N-terminal nuclear localization signal (N-NLS) (27, 29). Since STAT1 binding by
P proteins can interfere with STAT1-DNA interaction, this localization is thought to enable an
intranuclear blockade of IFN signaling (20, 23).
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Understanding of P protein function in infection and pathogenesis has been advanced
by a reverse genetics system using a pathogenic RABV strain, Nishigahara (Ni), and an Ni-
derivative strain, Ni-CE, that is attenuated through mechanisms such as increased IFN sensi-
tivity (30, 31). Using this system, the P gene was shown to be a key determinant of patho-
genesis due to defective STAT1 antagonism by Ni-CE P, such that substitution of the Ni P
gene into Ni-CE virus is sufficient to restore resistance to IFN and enhance pathogenesis
(30). The Ni-CE P proteins differ from Ni P proteins by only five amino acid substitutions
(Fig. 1B), and these do not appear to impair STAT1 binding, indicating that they affect
mechanisms by which P isoforms efficiently antagonize associated STAT1 (32). Analysis of
Ni-CE P1 revealed that substitutions in the N-NES impair nuclear exclusion of P1 and conse-
quently of P1-STAT1 complexes, indicating the significance of this mechanism in pathoge-
nesis (32). MT association and IFN antagonism by Ni-CE P3 is also defective, with the single
substitution in the CTD, N226-H, sufficient to impair MT association, IFN/STAT1 antagonism,
and viral pathogenesis (21). Recently, nuclear localization of Ni-CE P3 was also shown to be
defective due to the combined effect of the substitutions N226-H and F81-P that impact the
activity of distinct NLS/NES sequences (33). Notably, phosphomimetic mutation of a pro-
tein kinase C site (residue S210) within the CTD of P3 impacts interactions of the side chain
of N226 and inhibits nuclear localization and MT association, suggesting that N226 has key
regulatory roles in P3 trafficking, with N226-H substitution mimicking the phosphorylated
state (33–35). Thus, P1 and P3 appear to affect a multipronged strategy to shut down IFN
signaling, analogous to P gene products of several paramyxoviruses (36, 37). However, the
vMAP activity of other P protein isoforms, and their relationship with pathogenesis, remain
unresolved. Furthermore, the conservation/divergence of MT association between RABV
and other lyssaviruses are unknown.

Here, we show that, in addition to P3, the P4 and P5 isoforms of pathogenic (Ni), but not
attenuated (Ni-CE), RABV associate strongly with MTs. Nuclear localization of P4 and P5 of
Ni-CE is also defective, consistent with roles of both MT association and nuclear localization
of multiple isoforms in immune evasion/pathogenesis. Notably, in contrast to previous data
indicating a conserved subcellular localization of the P1 isoform between lyssaviruses (38),
our data for P3 indicate significant diversity. Specifically, MT association of P3 is conserved
between several viruses of phylogroup I, but nuclear localization differs significantly, and MT
association and nuclear localization of P3 proteins of phylogroup II clearly diverged from
one another and from P3 proteins of phylogroup I. Nevertheless, STAT1 antagonist function

FIG 1 RABV P3 to P5, but not P1 and P2, associate with MTs. (A) Schematic representation of RABV P1 protein; four N-terminally
truncated isoforms (P2 to P5) are generated in infected cells by translation from internal in-frame AUG codons (17). Start sites are
indicated by arrows, with residue numbers corresponding to position in P1. The CTD (containing the MTAS, C-NLS, C-NES, and STAT1-
binding regions) and NTR (containing the S-AD, N-NLS, N-NES, and L-binding region) are indicated. (B) Residues at positions 56, 58, 66, 81,
and 226 differ between P proteins from the Ni and Ni-CE strains of RABV (substitutions in Ni-CE P3 are shown in red). (C) COS-7 cells were
transfected to express the indicated proteins and were treated with (1Tax) or without (no add.) paclitaxel (1 mg/mL, 4 h) before analysis by
live-cell CLSM; each image is representative of the MT phenotype in cells observed in 15 fields of view sampled over two independent
assays. Scale bar = 5 mm.
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was retained, indicating that lyssaviruses use phenotypically diverse P3 proteins to effect
immune evasion via differing antagonistic strategies. These data propose that the overall
IFN antagonistic strategy differs between lyssaviruses due to differing phenotypes of the
short P protein isoforms P3 to P5.

RESULTS AND DISCUSSION
P3, P4, and P5 formMT interactions that correlate with pathogenesis. Previous analy-

sis of P protein isoforms from the challenge virus standard (CVS) strain of RABV indicated that
MT association of transfected P3, but not P1, is clearly detectable by conventional fluorescence
microscopy, suggesting that P1 does not interact with MTs due to a suppressive activity of the
extended N-terminal region (residues 1 to 52), which is removed from P3 (Fig. 1A) (22). To
assess MT interaction/bundling by other isoforms, and the relationship with viral IFN antago-
nism/pathogenesis, we compared the localization of green fluorescent protein (GFP)-fused P1,
P2, P3, P4, and P5 of Ni and Ni-CE RABV in living COS-7 (Fig. 1B and C) and HeLa (Fig. S1 in the
supplemental material) cells following treatment with or without the MT-stabilizing drug pacli-
taxel (Tax). GFP-fused P proteins have been previously confirmed to be functional and to have
phenotypes consistent with nonfused proteins (21, 39). Analysis by confocal laser scanning mi-
croscopy (CLSM) indicated diffuse cytoplasmic localization with no evident filamentous organi-
zation of Ni P1 (consistent with previous data for P1 of CVS RABV [22]) (Fig. 1C and Fig. S1). In
contrast, Ni P3 interacted with filaments, the appearance of which was enhanced by Tax (as
described previously [21]) (Fig. 1C and Fig. S1). The Ni P3-associated filaments were confirmed
to be MTs by immunostaining of cells for b-tubulin, which indicated colocalization of filamen-
tous P3 with MTs (Fig. S2). The P3-MT filaments were also enhanced by Tax and dispersed by
nocodazole (NCZ; which causes disassembly of MT networks).

To further assess the difference in MT association by P1 and P3, we used direct stochastic
optical reconstruction microscopy (dSTORM), which enables resolution and measurement of
single proximally localized MTs that occupy the same diffraction-limited space and so would
otherwise appear as a single MT feature by CLSM. We previously applied this technique to
show that P3 induces MT bundling, which can thus be used as an indirect metric to sensi-
tively quantify P3-MT interaction and effects thereon of substitutions between Ni and Ni-CE
P3 (21, 40). The imaging resolution afforded with dSTORM provides visualization of individ-
ual MT filaments (40 to 100 nm after immunolabelling [21]) and sensitivity to detect subtle
changes in MT structure, which can be analyzed by measuring MT feature diameters
(MTfds). Using dSTORM, we first confirmed the effects of the MT-targeting drugs Tax and
NCZ on assembly and disassembly of MTs, respectively (Fig. S3). We then analyzed the
effects of P3 on MTs, confirming that expression of Ni P3 induces the formation of distinct
MT bundles, some wider than 200 nm (Fig. 2A and B), with a clear increase in the median
MTfd (Fig. 2C). Expression of Ni P1, while showing minimal visible changes compared to the
GFP control (Fig. 2A and B), induced a small but significant level of MT bundling (Fig. 2C)
and, therefore, appears to retain a low level of MT interaction that is not detectable using

FIG 2 MT interaction/bundling by RABV P1 is inhibited compared with RABV P3. (A) dSTORM images of immunostained b-tubulin
in COS-7 cells expressing the indicated proteins; MTfds for the indicated filaments are shown below. (B and C) Frequency distribution
(B) and Tukey box plots depicting median, interquartile range, and range (C) of MTfds calculated for each protein (n = 531 [GFP-Ni-P1],
496 [GFP-Ni-P3], and 535 [GFP]; measurements are from 10 cells for each protein from two independent assays). Scale bars = 1 mm.
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CLSM. Comparable expression of Ni P1 and P3 was confirmed by Western blotting (Fig.
S6A). This is consistent with the fact that P1 contains the entire sequence of P3 and supports
the idea that P1 has intrinsic vMAP activity, but that this is inhibited by residues 1 to 52.
CLSM analysis of P2 indicated a diffuse cytoplasmic localization comparable to P1 (Fig. 1C).
Thus, it appears that P2 lacks substantial capacity for MT association, such that residues 20
to 52 are sufficient to suppress the intrinsic vMAP activity.

Phenotypes of Ni P4 and Ni P5 were similar to Ni P3, with clear cytoplasmic filaments that
colocalized with MTs and were enhanced by Tax and dispersed by NCZ (Fig. 1C and Fig. S1
and S2), indicating that these shorter isoforms contribute to MT targeting by RABV. Previous
analysis of P3 and truncated proteins indicated that the minimal MTAS is in the CTD, but MT
association is also dependent on multimerization, which is mediated by the self-association
domain (S-AD) in the N-terminal region (NTR) (22). Our finding that P5 retains association with
MTs supports roles for the S-AD and MTAS as these regions are maintained in P5 (Fig. 1A).
Notably, Ni-CE P4 and Ni-CE P5 showed little to no cytoplasmic filament association in the ab-
sence of Tax, and only minimal filamentous organization was observed following Tax treat-
ment (Fig. 1C and Fig. S1). This is consistent with strongly reduced MT interaction comparable
to that observed for Ni-CE P3, both here and previously (21). Thus, P4 and P5 are additional
RABV vMAPs, with this MT interaction correlating with IFN antagonist function and pathogene-
sis of virus, similar to P3. Notably, Ni-CE P5 differs from Ni P5 by only a single substitution,
N226-H (Fig. 1B), consistent with our previous findings using P3 that this is a key determinant
of MT association and STAT antagonist function (21).

The CLSM images also indicated that, as previously reported (41), Ni-CE P1 is more nuclear
than Ni P1. A similar effect was observed for P2, consistent with substitutions in the N-NES,
suggesting that defective nuclear export of P2 also contributes to reduced IFN resistance of
Ni-CE virus (41). In addition to defective vMAP function, the nuclear localization of Ni-CE P3 is
defective compared with that of Ni P3 through a concerted effect of substitutions F81-P (pres-
ent in P4 but absent from P5) and N226-H (present in the CTD of all isoforms) (Fig. 1A and B)
(33). Consistent with the presence of N226-H, nuclear localization of Ni-CE P4 and P5 was also
inhibited compared with the respective Ni proteins. Previous studies using P3 protein suggest
that N226-H inhibits MT association and nuclear localization by mimicking the effects of phos-
phorylation of P3 at residue S210. Our findings extend these observations to shorter isoforms
P4 and P3. Together, these data indicate that defects in both MT association of the truncated
P3 to P5 isoforms and in the specific nucleocytoplasmic trafficking phenotype of all of the P
protein isoforms are associated with altered pathogenesis of Ni and Ni-CE viruses. This is con-
sistent with previous data implicating nuclear localization and MT association of P1 and P3 in
STAT1 antagonism (21–25).

P3-MT targeting is conserved between phylogroup I, but not phylogroup II, lyssavi-
ruses. The steady-state localization and IFN antagonist function of P1 are largely con-
served across the Lyssavirus genus due to the conserved N-NES (38), but phenotypes of other
isoforms are poorly defined. CLSM analysis of COS-7 and HeLa cells expressing P3 proteins of
field strains of phylogroup I viruses, silver-haired bat RABV (SHBRV) and European bat lyssavi-
rus 2 (EBLV2), and of fixed strains of RABV, Ni, and CVS, treated without or with Tax, indicated
conservation of MT association (Fig. 3A and Fig. S4). CVS and Ni P3-associated filaments were
shown previously (21, 22) to correspond to MTs, and we confirmed that filaments formed by
SHBRV and EBLV2 P3 proteins colocalize with MTs that are enhanced in Tax-treated cells and
lost in NCZ-treated cells (Fig. S5). Although MT filament interaction was clearly detectable for
CVS P3 (which was used originally to identify P3-MT association and MT-dependent IFN antag-
onist function [22]), it typically appeared less pronounced than that of P3 proteins of other
phylogroup I viruses (Fig. 3A), perhaps relating to specific conditions in laboratory adaptation
of CVS. Nevertheless, MT association was more evident for CVS P3 than for Ni-CE P3 (Fig. 1C).
Intriguingly, no cytoplasmic filament association was detectable for P3 of phylogroup II viruses
Lagos bat virus (LBV-P3) or Mokola virus (MOKV-P3), including in cells treated with Tax (Fig. 3A
and Fig. S4). Comparable expression of the P3 proteins was observed in Western blotting anal-
ysis of cell lysates (Fig. S6).

Quantitative dSTORM analysis confirmed the results from CLSM, revealing substantial MT
bundling in COS-7 cells expressing phylogroup I P3 proteins, the extent of which correlated
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with interactions indicated by CLSM (Fig. 3B to D). In contrast, no substantial bundling was
observed in LBV P3- or MOKV P3-expressing cells, where the majority of MT features were
equivalent to single MTs (30 to 90 nm) (Fig. 3C), and the median MTfds were significantly
reduced compared with those for phylogroup I proteins (Fig. 3D). These data suggest that
P3-MT association has conserved roles in immune evasion within phylogroup I, while the
more distantly related phylogroup II viruses appear to differ in strategies associated with IFN
antagonism.

vMAPs from diverse viral families are implicated in the facilitation of virion/genome
trafficking or the exploitation of MTs as platforms for virus replication (7, 8). As MTs are
important to the transport of RABV and maturation of RABV replication factories (42,
43), P isoform-MT interaction could conceivably have roles in facilitating or regulating
these processes and so have evolved additional MT-dependent accessory functions in
immune evasion. However, as replication of Ni-CE virus is not impaired compared with
replication of Ni in the absence of IFN (30, 31), roles for P isoform-MT interaction in ba-
sic replication appear unlikely, with current data indicating that immune evasion is a
principal function for MT interaction of P3 (21, 22) and presumably other truncated
forms (this study). Our new data showing that P3-MT interaction is not conserved in
phylogroup II viruses are consistent with an accessory function rather than an integral
role in virus replication processes.

FIG 3 MT association and nuclear localization varies between P3 proteins of different lyssaviruses. (A) COS-7 cells were transfected to
express the indicated proteins and treated with (1Tax) or without (no add.) paclitaxel (1 mg/mL, 4 h) before analysis by live-cell CLSM.
Images are representative of cells observed in 13 fields of view sampled over two independent assays. Scale bars = 5 mm. (B) dSTORM
images of immunostained b-tubulin in COS-7 cells expressing the indicated proteins. MTfds for filaments indicated by arrows are shown
below. Scale bars = 1 mm. (C and D) Frequency distribution (C) and Tukey box plots depicting median, interquartile range, and range (D)
of MTfds calculated for each protein (n = 512 [Ni], 562 [CVS], 855 [SHBRV], 617 [EBLV2], 556 [LBV], and 667 [MOKV]; measurements are
from $7 cells for each protein from two independent assays). (E) Images such as those shown in A were analyzed to derive the ratio of
nuclear-to-cytoplasmic fluorescence (Fn/c) for GFP-P3 (mean 6 standard error of the mean [SEM]; n $ 54 cells from two independent
assays).
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Nuclear localization of P3 varies significantly between lyssaviruses. Despite the
conservation of MT association between P3 of phylogroup I lyssaviruses, CLSM analysis
of nuclear localization (Fig. 3A and Fig. S4), including quantitative analysis of images to calcu-
late the ratio of nuclear-to-cytoplasmic fluorescence (Fn/c; Fig. 3E) (44, 45), indicated significant
divergence between viruses. Specifically, SHBRV P3 was strongly cytoplasmic, while the P3 pro-
teins of CVS, Ni, and EBLV2 were able to localize in the nucleus. This suggests that MT interac-
tion is particularly important to immune evasion strategies of SHBRV P3. Phylogroup II virus P3
proteins interrogated in this work were more divergent, with LBV P3 localizing largely in the
cytoplasm, while MOKV P3 (previously reported to be able to localize to the nucleus [29]) dif-
fered from the other P3 proteins in being almost exclusively nuclear (Fig. 3A and E and Fig.
S4). Notably, although lyssavirus P1 proteins show comparable nuclear exclusion at steady
state, inhibition of exportin 1, which mediates nuclear export via the N-NES, results in much
greater nuclear localization by MOKV P1 (38), indicating that the nucleocytoplasmic shuttling
of P proteins of MOKV involves greater intrinsic nuclear import activity than that of proteins of
other lyssaviruses tested.

The distinct subcellular localization phenotype of MOKV P3 derives from a coordi-
nated effect of different regulatory regions. Subcellular localization of RABV P protein
has been characterized in detail, largely by using CVS P protein/isoforms, and involves mul-
tiple sequences/domains that regulate trafficking and so contribute to different STAT-
antagonistic processes (22–25, 27, 29, 34, 44). The principal sequences regulating nuclear
localization include the N-NES and N-NLS; additional regulation involves a CTD-localized
NLS and NES (C-NLS and C-NES, which are present in all isoforms), while the MTAS mediates
MT interaction/tethering that suppresses nuclear accumulation (Fig. 1A) (22, 27, 29, 34, 44).
Furthermore, phosphorylation at S210 is indicated to regulate nuclear localization and MT
association (33, 35). Consistent with the presence of multiple trafficking sequences, defective
nuclear localization of Ni-CE P3 involves two mutations that impact the functions of distinct
NLS/NES sequences to inhibit nuclear accumulation (33). Due to the intricacy of P3 intracel-
lular trafficking, the differing phenotypes of lyssavirus P3 proteins could result from altered
activity of several sequences (Fig. S7).

To examine this, we generated chimeras of the phenotypically divergent Ni P3 and
MOKV P3, in which the NTR and CTD regions were substituted (Fig. 4A). CLSM analysis indi-
cated that the NTR of MOKV P3 is sufficient to produce a highly nuclear phenotype, as the
nuclear localization of MOKVNTR-NiCTD P3 was similar to that of wild-type MOKV P3 (Fig. 3A
and 4B); this chimera also did not associate with MTs. Since the N-terminal region of MOKV
is enriched in basic residues, which are commonly found in NLSs (46), the nuclear pheno-
type of MOKV P3 is likely to involve enhanced activity of the N-NLS. In contrast, combination
of the Ni NTR, which is clearly sufficient to support MT association by the C-terminal MTAS
of Ni P3, with the MOKV CTD (NiNTR-MOKVCTD P3) resulted in almost exclusively cytoplasmic
localization with no evident MT association, except for limited filamentous organization in

FIG 4 The unique subcellular localization phenotype of MOKV P3 involves the NTR and CTD. (A)
Schematic representation of Ni-MOKV P3 chimeras generated. (B) Live-cell CLSM images of COS-7 cells
transfected to express the indicated proteins and treated with (1Tax) or without (no add.) paclitaxel
before analysis by live-cell CLSM. Images are representative of cells observed in 13 fields of view sampled
over two independent assays. Scale bars = 5 mm.
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some cells following Tax treatment. Thus, it appears that MOKV P3 lacks significant MTAS ac-
tivity and has a stronger N-NLS than Ni P3, suggesting that it may be specifically adapted to
produce strong nuclear localization through a coordinated effect on several sequences/
domains. These data have potential implications for understanding of lyssavirus evolution
and, together with results for Ni and Ni-CE P isoforms, highlight key regions of P3 related to
pathogenic processes.

Phenotypically diverse P3 proteins retain STAT1 antagonist function. Nuclear
localization and MT association of RABV P3 has been implicated in IFN/STAT1 antagonism.
To examine whether P3 proteins with significant divergence in localization (cytoplasmic/fila-
mentous/nuclear [Ni P3], cytoplasmic/filamentous/non-nuclear [SHBRV], and non-filamen-
tous/strongly nuclear [MOKV]) retain antagonist function, we initially assessed the capacity
of the proteins to target STAT1. IFN induces phosphorylation of STAT1 at residue Y701 (pY-
STAT1), promoting nuclear import and ISG activation before dephosphorylation, which
becomes evident from;0.5 h after IFN treatment and ultimately deactivates STAT1 (47–49).
P1 proteins use an unusual mechanism of IFN antagonism that is conserved among proteins
of different lyssaviruses, whereby P1 binds efficiently to pY-STAT1 and inhibits its dephos-
phorylation, thus retaining inactive pY-STAT1-P1 complexes in the cytoplasm (24–26, 38). As
a result, P1 expression or RABV infection results in accumulation of pY-STAT1 in IFN-treated
cells (24–26, 38). Dephosphorylation of pY-STAT1 follows nuclear entry and DNA binding (to
activate transcription) followed by release from the DNA (16). Thus, accumulation of pY-
STAT1 is consistent with inhibition of pY-STAT1 signaling, resulting in defective recycling.
Immunoblotting of lysates of cells expressing GFP-RABV N protein (GFP-N; a negative control
that does not affect STAT1 [38]) following treatment with IFN-a for 0.5 or 4 h confirmed
rapid induction of phosphorylation (0.5 h) followed by dephosphorylation consistent with
functional signaling and recycling (Fig. 5). pY-STAT1 was also rapidly induced in cells
expressing lyssavirus P3 proteins, consistent with previous reports that P1 protein expression
or RABV infection does not inhibit STAT1 activation (24, 25, 38). All lyssavirus P3 proteins
tested also inhibited STAT1 dephosphorylation, as indicated by similar levels of pY-STAT1 at
0.5 and 4 h posttreatment, demonstrating that isoforms other than P1 suppress STAT1 de-
phosphorylation/recycling. This is consistent with the localization of the STAT1 binding site
in the CTD, which is common to all isoforms, and indicates an equivalent mode of binding
by different isoforms. Thus, despite divergent localization of the P3 proteins tested (Fig. 3A),
the data indicate that pY-STAT1 targeting is conserved.

Previous analysis of RABV P1 and P3 indicate that interactions with STAT1 in the cytoplasm,
the nucleus, and at MTs enable efficient inhibition of signaling via different mechanisms
involving MT association, inhibition of DNA interaction, and active nuclear export/cytoplasmic
retention (41). Since the different lyssavirus P3 proteins similarly affected STAT1 dephosphoryl-
ation, this is indicative of conserved STAT1 targeting and antagonism. CLSM analysis of cells
expressing the P3 proteins and immmunostained for STAT1 indicated no substantial difference
in nuclear localization of STAT1 between non-IFN-a-treated cells expressing Ni P3, SHBRV P3,
or the control protein GFP-N (Fig. 6A and B; note that the fixation conditions required for
STAT1 immunostaining do not maintain MT filamentous structures). This is consistent with

FIG 5 Lyssavirus P3 proteins inhibit pY-STAT1 dephosphorylation. COS-7 cells expressing the indicated
proteins were treated with or without IFN-a (1,000 U/mL) for the indicated times before lysis and
immunoblotting (IB) using the indicated antibodies. Results are representative of two independent assays.
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data for P1 isoforms showing that efficient interaction of P1 with STAT1 is dependent on
STAT1 activation/phosphorylation (25, 38, 41). Intriguingly, in cells expressing MOKV P3, a
degree of nuclear accumulation of STAT1 was observed in the absence of IFN-a; this observa-
tion is unique among available data for lyssavirus P proteins and probably relates to the strong
nuclear localization of MOKV P3. Following IFN-a treatment, STAT1 accumulated into nuclei of
cells expressing GFP-N or cells lacking expression of transfected proteins, but this was clearly
inhibited in cells expressing each of the P3 proteins examined (Fig. 6C and D). Furthermore,
analysis using an IFN/STAT1-dependent reporter gene assay indicated that all P3 proteins
tested inhibit IFN-activated transcriptional activity (Fig. 7); thus, despite differing localization
phenotypes, lyssavirus P3 proteins retain the capacity to target and modulate STAT1
responses.

Taken together, these data indicate that MT association and nucleocytoplasmic localiza-
tion of P3 can vary significantly between lyssaviruses and that such differences result from
coordinated effects on different trafficking sequences. Despite this divergence, the retention
of STAT1 antagonist function by all P3 proteins is consistent with important roles for trun-
cated isoforms in immune evasion, although the relative contribution of MT-dependent and
other STAT1-antagonistic mechanisms likely differs between lyssaviruses such that they use
distinct strategies for P protein-dependent immune evasion. This may relate to adaptation to

FIG 6 Lyssavirus P3 proteins inhibit IFN-a-dependent nuclear accumulation of STAT1. (A and C) COS-
7 cells expressing the indicated proteins were treated with (1 IFN-a) or without (no add.) IFN-a (1,000 U/mL,
0.5h) before fixation and immunostaining for STAT1 and analysis by CLSM. (B and D) Images such as those
shown in A and C were analyzed to determine the Fn/c for STAT1 (mean 6 SEM; n $ 88 cells from four
independent assays). Scale bars = 5 mm.

FIG 7 IFN-a-dependent STAT1 signaling is antagonized by lyssavirus P3 proteins. IFN-a-dependent
signaling in NA cells expressing the indicated proteins was analyzed using a dual luciferase reporter gene
assay. Luciferase activity is expressed as a fold change relative to that obtained for IFN-a-treated cells
expressing GFP-N protein (mean relative luciferase activity 6 standard deviation [SD]; n = 2 from 2 separate
assays for 1IFN-a samples).
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different reservoir hosts and/or divergence in other nuclear interactions/functions, such as
interactions of P3 with nucleoli or nuclear bodies (50, 51). It is also likely that alternative mech-
anisms involving different viral proteins might contribute to immune evasion by different
lyssaviruses, resulting in altered phenotypes; notably, M and N proteins participate in IFN-
antagonistic mechanisms distinct from those of P protein, and the L protein can also associate
with MTs (41, 52). Thus, that the overall immune evasion “armory” of different lyssaviruses
might vary significantly, with the balance of different components resulting in an altered phe-
notype of P protein isoforms. Nevertheless, the finding that MT association and nuclear local-
ization of all P protein isoforms differ between Ni and Ni-CE viruses, correlating with altered
IFN antagonist function and pathogenesis, supports prior studies indicating the importance of
both processes to RABV immune evasion (20–23, 32, 33).

The divergence of the P3 phenotype contrasts with the conserved steady-state cytoplasmic
phenotype of P1 across the genus, although some quantitative differences in P1 nuclear shut-
tling are observed following inhibition of nuclear export, including between different species
of lyssaviruses and lineages/strains associated with different hosts, suggestive of some limited
adaptation (38, 39). Greater adaptability of P3 probably relates to essential roles for P1 in ge-
nome transcription/replication through interactions with cytoplasmic N and L proteins (53),
while P3 and shorter isoforms lack cofactor function and are thought to be liberated for acces-
sory functions, including immune evasion (18, 28, 54). Similarly, the apparent capacity of the P
gene of lyssaviruses and some other viruses of the order Mononegavirales to encode several
phenotypically distinct isoforms, and permissiveness to variability in phenotype between
strains/species (37), is likely to relate to less restricted requirements for structure/sequence of
the non-catalytic P protein compared with enzymatic and structural proteins. Nevertheless,
the conservation of MT association between P3 proteins of RABV strains/phylogroup I lyssavi-
ruses and correlation with pathogenesis indicate potential for the P protein-MT interface in
the development of vaccines or antivirals against the viruses that account for the majority of
human cases (55). The apparent divergence of this phenotype in other lyssaviruses, however,
highlights the diversity of the virus-host interface, an important consideration in the potential
development of pan-lyssavirus approaches (56).

MATERIALS ANDMETHODS
Constructs. Constructs were generated by PCR amplification of inserts from lyssavirus P or N gene

cDNA for cloning into the mammalian expression vector pEGFP-C1 (to express GFP-fused protein) as pre-
viously described (21, 22, 38). Chimeric P3 proteins were generated via overlap PCR mutagenesis.

Cell culture, transfection, and drug treatments. COS-7 and HeLa cells were cultured in Dulbecco’s
modified Eagle’s medium (DMEM), and mouse neuroblastoma NA cells were cultured in RPMI supplemented
with 10% fetal calf serum (FCS; 37°C and 5% CO2). Cells were grown to;80% confluence in 6-well culture dishes
(for luciferase assays), on coverslips in 6-well culture dishes (for CLSM of living cells) or 12-well culture dishes (for
CLSM of fixed, immunostained cells), or in 8-well Lab-Tek chambered cover glass (Nunc, Roskilde, Denmark; for
dSTORM). Cells were transfected using Lipofectamine 2000 (Thermo Fisher Scientific) or FugeneHD (Promega),
according to the manufacturer’s instructions. To stabilize MTs, cells were treated with paclitaxel (Sigma-Aldrich; 4
h, 1mg/mL) (24).

Confocal laser scanning microscopy (CLSM). For live-cell analysis, cells were imaged in phenol-free
DMEM in a 37°C heated chamber. Cells immunostained for STAT1 were generated as previously described
(22) by treatment with or without recombinant human IFN-a (PBL Interferon Source; 1,000 U/mL, 30 min)
before fixation with 3.75% (wt/vol) formaldehyde (10 min, 37°C) in phosphate-buffered saline (PBS) and per-
meabilization with 90% (vol/vol) methanol (5 min, room temperature). Following incubation in 1% (wt/vol)
bovine serum albumin (BSA) in PBS blocking solution, cells were immunostained with anti-STAT1 (Cell
Signaling Technologies) followed by Alexa 568-labeled secondary antibodies (Molecular Probes) and were
mounted in 13% (wt/vol) Mowiol solution. Immunostaining for b-tubulin was performed as previously
described (21), whereby cells were fixed with 3% (wt/vol) paraformaldehyde (PFA)/0.1% (vol/vol) glutaralde-
hyde (GA; 10 min, 37°C), followed by blocking in 1% (wt/vol) BSA, immunostaining with anti-b-tubulin
(Sigma-Aldrich) and Alexa 568-labeled antibodies, and mounting in 13% (wt/vol) Mowiol solution.

CLSM analysis used a Nikon Eclipse C1 or Leica SP5 inverted confocal laser scanning microscope with a 60�
or 63� oil immersion objective, respectively. Image acquisition used Nikon NIS-Elements (Eclipse C1) or Leica LAS
AF (SP5) software. Digitized confocal files (single slices) were analyzed using ImageJ 1.62 software (NIH) to deter-
mine the ratio of nuclear-to-cytoplasmic fluorescence (Fn/c) for each cell as previously described (44, 45). The Fn/
c ratio was calculated (Fn-Fb/Fc-Fb, where F, Fb, and Fc are nuclear, background, and cytoplasmic fluorescence,
respectively) to determine the relative nuclear accumulation of fluorescently labeled proteins.

Dual luciferase reporter assays. NA cells were transfected with pRL-TK (encoding Renilla luciferase
under the control of a constitutively active promoter) and pISRE-luc (encoding IFN-a-inducible Firefly lucifer-
ase) plasmids and with plasmid encoding GFP-fused proteins, as described previously (38, 57). Cells were
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then treated 21 h post-transfection with or without recombinant human IFN-a (PBL Interferon Source; 500
U/mL, 6 h) before analysis of luciferase activity, as previously described (38). Normalized luciferase activity
was calculated by dividing values for Firefly luciferase by those for Renilla luciferase before determination of
the fold change relative to values obtained for IFN-a-treated cells expressing control protein (GFP-N).

dSTORM. Cells were fixed 18 h post-transfection using 2% (vol/vol) GA in cytoskeleton buffer (CB;
10 mM 2-ethanesulfonic acid, 150 mM NaCl, 5 mM ethylene glycol tetraacetic acid, 5 mM glucose, and
5 mM MgCl2) for 10 min and then permeabilized in 0.3% (vol/vol) GA/0.25% (vol/vol) Triton X-100 in CB (37°C)
for 2 min. Residual glutaraldehyde was then quenched with 0.1% (wt/vol) NaBH4 in PBS for 7 min to reduce
autofluorescence. Cells were blocked in 5% (wt/vol) bovine serum albumin (BSA) in PBS for 30 min and immu-
nostained using an anti-b-tubulin primary antibody (1:100, 1 h; Sigma-Aldrich) and an Alexa Fluor-647 (1:200,
45 min; Molecular Probes) secondary antibody (Fig. 2) or F(ab9)2 antibody fragment (Fig. 3). This was followed
by a secondary fixation with 4% (wt/vol) formaldehyde in PBS for 5 min. Note that the use of antibody frag-
ment secondaries, compared to full antibodies, reduces the expected MTfd of single filaments by;10 nm.

Cells were imaged in a switching buffer containing 10% glucose, 100 mM mercaptoethylamine,
400mg/mL glucose oxidase, and 35mg/mL catalase in PBS, adjusted to pH 8.5. Imaging was performed on a
home-built single-molecule super-resolution microscope (Olympus IX81, 100�, 1.49-NA TIRF objective)
based on a previously described setup (58). For transfected cells, epifluorescence (488-nm excitation, Toptica
laser diode,;10 to 50 W/cm2) was used to select GFP-positive cells. For dSTORM, high-power red laser exci-
tation (638-nm excitation, Oxxius Laser Boxx laser diode, ;3 to 5 kW/cm2) was used to induce photoswitch-
ing of Alexa Fluor 647, where resulting single-molecule emissions were captured at 50 Hz for several minutes
(10,000 to 20,000 frames) on an Andor iXon EM-CCD. Acquired frames were analyzed in rapidSTORM (59)
using an input pixel size of 100 nm and point spread function full-width half-maximum (PSF FWHM) of
360 nm. Fitting each PSF with a two-dimensional (2D) Gaussian function produces a list of single-molecule
coordinates, which is reconstructed into the super-resolved dSTORM image. MT bundling was then quanti-
fied as described in Brice et al. (21).

Western blotting. COS-7 cells transfected to express GFP-fused proteins were treated with or with-
out recombinant human IFN-a (PBL Assay Science, Piscataway, New Jersey; 1,000 U/mL) for 0.5 or 4 h
before lysis in 50 mM Tris, pH 7.4, 150 mM NaCl, 2 mM EDTA, 10 mM NaF, and 0.5% IGEPAL (Sigma-
Aldrich) supplemented with protease and phosphatase inhibitor cocktails (Roche). Isolated proteins
were separated by SDS-PAGE and transferred to 0.2-mm nitrocellulose membranes before immunoblot-
ting using anti-STAT1 (Cell Signaling Technology), anti-pY-STAT1 (Cell Signaling Technology), anti-actin
(Abcam), and anti-GFP (Abcam) antibodies, followed by horseradish peroxidase (HRP)-conjugated sec-
ondary antibodies (Merck Millipore). Blots were incubated in Western Lightning ECL chemiluminescent
substrate (PerkinElmer) and visualized using a ChemiDoc MP imaging system (Bio-Rad).

Statistical analysis. Prism version 7 software (GraphPad) was used for statistical analysis to calculate
P values using Student’s t test (unpaired, two tailed). If variances were determined to be significantly dif-
ferent (F test), a Welch’s correction was applied. If data sets failed the normality test, the alternative
Mann-Whitney test was used. Significance is represented in figures using the following designations:
****, P# 0.0001; ***, P# 0.001; **, P# 0.01; *, P # 0.5; ns, not significant.
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