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Vesicular stomatitis virus (VSV) matrix protein inhibits nuclear-cytoplasmic mRNA transport. The goal of
this work is to determine whether VSV inhibits the nuclear-cytoplasmic transport of heterogeneous ribonucleo-
proteins (hnRNPs), which are thought to serve as mRNA export factors. Confocal microscopy experiments
showed that hnRNPA1, hnRNPK, and hnRNPC1/C2, but not hnRNPB1 or lamin A/C, are relocalized to the
cytoplasm during VSV infection. We determined whether protein import is inhibited by VSV by transfecting
cells with a plasmid encoding enhanced green fluorescent protein (EGFP) tagged with either the M9 nuclear
localization sequence (NLS) or the classical NLS. These experiments revealed that both the M9 NLS and the
classical NLS are functional during VSV infection. These data suggest that the inhibition of protein import is
not responsible for hnRNP relocalization during VSV infection but that hnRNP export is enhanced. We found
that hnRNPA1 relocalization was significantly reduced following the silencing of the mRNA export factor Rae1,
indicating that Rae1 is necessary for hnRNP export. In order to determine the role of hnRNPA1 in VSV
infection, we silenced hnRNPA1 in HeLa cells and assayed three aspects of the viral life cycle: host protein
synthesis shutoff concurrent with the onset of viral protein synthesis, replication by plaque assay, and cell
killing. We observed that host shutoff and replication are unaffected by the reduction in hnRNPA1 but that the
rate of VSV-induced apoptosis is slower in cells that have reduced hnRNPA1. These data suggest that VSV
promotes hnRNPA1 relocalization in a Rae1-dependent manner for apoptotic signaling.

Several RNA viruses inhibit the nuclear-cytoplasmic traf-
ficking of cellular RNA and proteins, despite the fact that viral
replication occurs in the cytoplasm of the host cells. The dis-
ruption of nuclear-cytoplasmic trafficking by these viruses in
the host cell may facilitate viral replication and help subvert
the host antiviral response. For example, infection with some
picornaviruses disrupts several protein import pathways and
triggers the degradation of nuclear pore complex components
(24, 25). This causes the accumulation of host nuclear proteins
in the cytoplasm, where these proteins may aid in viral repli-
cation (23). Viral proteins encoded by henipaviruses and Ebola
and severe acute respiratory syndrome viruses recruit host
import factors or STAT1 directly to block STAT1 transport
into the nucleus, resulting in the suppression of interferon
signaling (21, 52–54).

Vesicular stomatitis virus (VSV) inhibits host gene expres-
sion at multiple steps, including transcription (2, 6, 63), trans-
lation (14, 15, 17), and mRNA export (19, 26, 61). The inhi-
bition of host gene expression is due to the activity of the VSV
matrix (M) protein (36). M protein also plays a major role in
virus assembly. The function of M protein in virus assembly is
genetically separable from its function in inhibiting host gene
expression (7). M protein lacks any known enzymatic activity
and may inhibit host gene expression by binding directly to host
factors and inhibiting their function. Recently, it was shown

that M protein binds host factor Rae1, which may lead to the
inhibition of mRNA export in infected cells (19). Rae1 is
involved in the regulation of mitotic spindle formation and the
cell cycle (4, 9, 58, 66) and has been implicated in mRNA
transport from the nucleus (8, 11, 41, 51). However, Rae1 is
not essential for mRNA transport in higher eukaryotic cells (4,
58), leaving open the question of its role in VSV infection. It is
unknown whether Rae1 plays a role in protein export or
import.

Whether VSV infection induces defects in the nuclear-cyto-
plasmic trafficking of proteins is somewhat ambiguous in
the literature. Some reports have shown that M protein inhibits
the import of proteins and ribonucleoproteins (RNPs) into the
nucleus (45), while others have shown that protein import was
minimally affected by VSV infection (5, 19). These studies have
primarily addressed the classical import pathway. Thus, it is
unknown whether the M9 import pathway is altered by VSV
infection or whether VSV affects the export of proteins from
the nucleus to the cytoplasm. The goal of the experiments
reported here was to determine whether VSV alters nucleocy-
toplasmic trafficking by analyzing cellular heterogeneous nu-
clear RNPs (hnRNPs) that are transported between the nu-
cleus and the cytoplasm by several different pathways.

In human cells, hnRNPs are abundant nuclear proteins that
have RNA binding abilities. A number of functions have been
demonstrated for hnRNPs, including splicing, 3� end process-
ing and mRNA transport, and translation (31). Different
hnRNPs have distinct signals which enable them to move be-
tween the nuclear and cytoplasmic compartments. hnRNPA1
contains the M9 nuclear localization sequence (NLS) and
is imported by the M9/transportin pathway (20, 27, 49).
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hnRNPA1 rapidly shuttles between the nucleus and the cyto-
plasm (47) and is likely involved in mRNA export (27), al-
though the receptor for hnRNPA1 export is unknown. An-
other hnRNP which is predominately localized to the nucleus,
hnRNPC1/C2, utilizes a different pathway for its import and
does not shuttle (42). hnRNPC1/C2 contains a classical NLS
which binds importin � and allows the import of cargo proteins
by the importin � receptor. A third hnRNP, hnRNPK, uses a
pathway distinct from hnRNPA1 and hnRNPC1/C2 (39).

In this study, we determined whether VSV alters protein
trafficking in the host cell by examining the localization of
several cellular hnRNPs following VSV infection. We found
that VSV infection results in the relocalization of hnRNPA1,
hnRNPC1/C2, and hnRNPK, but not hnRNPB1 or lamin A/C,
from the nucleus to the cytoplasm. The ability of hnRNPA1 to
relocalize to the cytoplasm correlated with the ability of M
protein to shut off host gene expression. However, the classical
and M9 protein import pathways do not appear to be disrupted
as a result of VSV infection. This argues either that these
factors are actively retained in the cytoplasm or that nuclear
export is increased in contrast to the reported effect on mRNA
transport. The silencing of host factor Rae1 expression showed

that Rae1 was required for the relocalization of hnRNPA1
during VSV infection. We hypothesized that the relocalization
of hnRNPs is important in the virus life cycle and thus exam-
ined a possible role for hnRNPA1 by silencing its expression.
While there was little if any difference in the viral gene expres-
sion or yield of progeny virus in cells containing decreased
hnRNPA1 levels, these cells entered apoptosis more slowly
following VSV infection than cells containing normal levels of
hnRNPA1, indicating that the relocalization of hnRNPA1
likely plays a role in apoptotic signaling in VSV-infected cells.

MATERIALS AND METHODS

Cells and viruses. HeLa cells were cultured in Dulbecco’s modified Eagle’s
medium (DMEM) containing 7% fetal bovine serum (FBS) and 2 mM glu-
tamine. The cells were grown to 70 to 80% confluence before virus infection.
Wild-type VSV derived from the Indiana serotype Orsay (wto) strain (64) was
used to infect cells, as shown in Fig. 1. The recombinant viruses rwt and
rM51R-M have been described previously (30).

Indirect immunofluorescence. Cells were plated onto six-well plates containing
sterile, poly(L)-lysine treated coverslips. Following infection or transfection, the
cells were washed briefly with phosphate-buffered saline (PBS) at room temper-
ature and fixed with 4% paraformaldehyde in PBS for 20 min at room temper-
ature. The cells were then permeabilized with 0.2% Triton X-100 for 5 min and

FIG. 1. Confocal microscopy analysis of cellular hnRNPs during VSV infection. HeLa cells were infected with the wto strain; then fixed,
permeabilized, and processed for confocal microscopy using primary antibodies to VSV G protein and various nuclear factors; and then stained
with TOPRO-iodide or DAPI as indicated to label the DNA in the nuclei. (A) hnRNPA1; (B) hnRNPC1/C2; (C) hnRNPK; (D) hnRNPB1;
(E) lamin A/C. The cells shown in all panels except panel C were fixed 6 h postinfection; the cells shown in panel C were fixed 7 h postinfection.
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rinsed twice with Tris-buffered saline containing 0.5 mg/ml bovine serum albumin
and 0.1 mg/ml glycine (1� TBS-BG). Antibodies for hnRNPA1 (sc32301; 1:500),
hnRNPC1/C2 (sc32308; 1:750), hnRNP A2/B1 (sc 32316; 1:500), hnRNPK (sc
28380; 1:750) (all from Santa Cruz Biotechnology), and VSV G-tag (1:250 to
1:500) (11) were mixed in 1� TBS-BG and added to the cells for 2 h at room
temperature. For lamin A/C, cells were permeabilized in methanol at �20°C for
5 min. Primary antibodies for lamin A/C (sc-7292; 1:100) were incubated in 1%
fish skin gelatin with 0.05% Triton X-100 in PBS as described previously (25).
Following three to five washes with 1� TBS-BG, the cells were incubated with
secondary anti-mouse and anti-rabbit AlexaFluor 488-nm and 568-nm antibodies
(Invitrogen Molecular Probes) for 2 h at room temperature. The cells were
washed with 1� TBS-BG as above, and to detect DNA, the cells were incubated
in 1� TBS-BG containing TOPRO-iodide at a dilution of 1:2,000 (Invitrogen)
for 5 min at room temperature and then washed three times with 1� TBS-BG.
Coverslips were then inverted onto glass slides containing mounting medium for
analysis by microscopy. If DAPI (4�,6-diamidino-2-phenylindole) was used to
detect the DNA, the mounting medium contained 10 �g/ml DAPI.

Microscopy. For confocal microscopy, a Zeiss LSM 510 confocal laser scan-
ning device fitted to an Axioplan 2 microscope was used. Images were taken with
a 40� (hnRNPK) or 63� lens, using a 3� digital magnification. The Zeiss
LSM510 software was used to determine the mean pixel intensity of hnRNPA1
in the cytoplasm and nucleus using the histogram function. The localization of
hnRNPC1/C2 and hnRNPB1 (Fig. 1), as well as the enhanced green fluorescent
protein (EGFP) (see Fig. 2 and 5) images were generated with the fluorescent
microscope. Images were acquired as 8-bit TIFF files with a monochrome Retiga
EX 1350 digital camera (QImaging Corp.) attached to a Nikon Eclipse TE300
inverted microscope. The resulting images were imported into Adobe Photo-
shop, and the individual images were pseudocolored in their respective RGB
channels.

siRNA transfections. For Rae1, cells were transfected with small interfering
RNA (siRNA) (Dharmacon catalog number D-011482-02) at a final concentra-
tion of 5 nmol using the HiPerfect reagent according to the manufacturer’s
instructions (Qiagen Corporation). For hnRNPA1, HeLa cells were transfected
with Dharmacon catalog number J-008221-11 siRNA at a final concentration of
33 nmol per reaction using TransIT siQuest reagent according to the manufac-
turer’s instructions (Mirus Bio Corporation). The medium on the cells was
changed to DMEM (Gibco) containing 7% FBS at 24 h after transfection, and
the cells were split at 48 h after transfection to obtain cells that were 60 to 80%
confluent at 72 h after transfection. The lysates were harvested at 72 h after
transfection to verify silencing by immunoblotting. The nontargeting siRNA used
was Dharmacon catalog number D-001210-01-05.

Immunoblotting. The lysates were prepared by removing medium from the
cells, washing once with PBS, and adding cold radioimmunoprecipitation assay
(Ripa) buffer containing 1 mM each benzamidine and phenylmethylsulfonyl
fluoride. The six-well plates were rocked for 5 min at 4°C, and the cells were
scraped and transferred to a 1.5-ml microcentrifuge tube. The cells were spun in
Ripa buffer at 14,000 � g for 10 min at 4°C. Following centrifugation, the
supernatants were removed and placed into a new tube. These lysates were
assayed for their protein concentrations using the DC protein assay (Bio-Rad),
and equal amounts of lysate (10 to 30 �g) were loaded on a 10% Bis-Tris NuPage
gel (Invitrogen). The proteins were transferred to polyvinylidene difluoride using
the Invitrogen transfer buffer. The membranes were blocked with 3% milk in 1�
TBS-0.1% Tween 20 overnight and probed using antibodies to Rae1 (provided
by Jan van Deursen, Mayo Clinic), hnRNPA1 (sc32301; Santa Cruz Biotechnol-
ogy), or actin (Sigma A5441) diluted in a 1% milk solution in 1� TBS-0.1%
Tween. The blots were next washed five times in 1� TBS-0.1% Tween and
incubated with ECL anti-rabbit immunoglobulin G secondary antibody linked to
horseradish peroxidase (Amersham) at 1:20,000 in a 1% milk solution in 1�
TBS-0.1% Tween. The blots were washed five times as described above, and
protein was detected using the SuperSignal West Pico substrate (Pierce).

EGFP transfections. pEGFP-M9, pEGFPM9-MT, pEGFPTAG, and pEGFP
antiTAG (24) DNAs (1 �g each) were transfected into HeLa cells in six-well
dishes using Effectene (Qiagen) according to the manufacturer’s instructions.
The cells were approximately 40 to 60% confluent at the time of transfection, and
the transfection mixtures were added to cells in 1.6 ml DMEM containing 7%
FBS and 2 mM glutamine. At 24 h posttransfection, the medium was removed,
the cells were washed gently with DMEM, and fresh medium was added. At 48 h
posttransfection, the cells were infected with rwt VSV at a multiplicity of infec-
tion (MOI) of 10 PFU/cell. At 6 h postinfection, the cells were washed with PBS
and fixed in 4% paraformaldehyde for 20 min. The cells were next washed three
times with PBS containing 1% BSA, 1 drop of ProLong Gold antifade reagent
with DAPI (Invitrogen Molecular Probes) was added to each well, and coverslips
were added.

Cotransfection of M and EGFP mRNAs. The templates for mRNAs for EGFP
or M protein were generated by linearizing plasmid pSD4EGFP or pSDM (65)
with SalI, followed by phenol chloroform extraction and ethanol precipitation.
mRNA was transcribed in vitro using the mMessage Machine SP6 kit (Ambion)
according to the manufacturer’s instructions, and the RNA was precipitated with
lithium chloride. The Mirus TransIT mRNA reagent was used to transfect 4 �g
GFP RNA and 10, 30, 100, or 300 ng M mRNA as well as various amounts of
yeast tRNA to bring the RNA level to a total of 750 ng into HeLa cells in six-well
dishes containing 2.5 ml DMEM with 7% FBS. The cells were 40% to 60%
confluent at the time of transfection.

Metabolic labeling. Metabolic labeling was performed as described previously
(15) by infecting with VSV at an MOI of 10 PFU/cell and pulsing for 15 min with
35S-methionine at either 4 or 8 h postinfection.

Growth curve analysis. The cells were plated to a density of 70 to 80% and
infected with rwt virus at an MOI of 0.01 PFU/cell. At 1 h postinfection, virus was
removed from the cells, the cells were washed with DMEM, and fresh medium
was added. At the indicated postinfection time points in Fig. 7B, 100-�l aliquots
of medium were removed from the cells and frozen at �80°C. The yield of virus
was determined by plaque assay on BHK cells.

Time lapse microscopy. At 48 h postsilencing, the cells were split into 24-well
dishes for time lapse microscopy. One day later, the cells were infected at an
MOI of 10 PFU/cell, placed in an environmental chamber attached to a Zeiss
Axiovert S200 microscope, and imaged every 15 min for 24 h as described
previously (22). Still-frame grabs of QuickTime movie files were imported into
Adobe Photoshop, resized to 5 in. by 2 in. and set at 300 dpi. The images were
flattened and changed to grayscale mode and saved as uncompressed TIFF files.

Caspase assays. HeLa cells were silenced as above, and at 48 h postsilencing,
the cells were split into 96-well dishes to obtain approximately 20,000 cells per
well. At 72 h postsilencing, the cells were mock infected, infected with rwt virus
at an MOI of 10 PFU/ml, or treated with 0.5 �M staurosporine. The cells were
harvested by centrifugation at 500 � g for 5 min, and the medium was removed.
The cells were resuspended in 50 �l lysis buffer containing 50 mM HEPES (pH
7.4), 150 mM NaCl, 0.1% (wt/vol) each CHAPS (3-[(3-cholamidopropyl)-di-
methylammonio]-1-propanesulfonate) and NP-40, 292 mM sucrose, 2 mM
EDTA, 10 mM dithiothreitol, and 1 mM each phenylmethylsulfonyl fluoride and
benzamidine, transferred to a 96-well dish, and rocked gently at 4°C for 5 min.
Two aliquots of 5 �l from each well were removed to assay protein concentration
in duplicate using the Bio-Rad protein assay. Immediately prior to assaying the
caspase activity, 50 �l of activation buffer (100 mM PIPES [piperazine-N,N�-
bis(2-ethanesulfonic acid)], 0.2 mM EDTA, and 20% glycerol) containing Ac-
DEVD-AFC fluorogenic substrate (BioMol) and 1 mM dithiothreitol were
added to the remaining 40 �l of lysed cells. Fluorescence was measured every 3
min using a POLARstar Omega fluorescence microplate reader for 1 h (BMG
Labtech), and the rate per minute of DEVDase activity was calculated using
Omega data analysis software version 1.00, Build 1.0.1.2 (BMG Labtech).

RESULTS

We sought to determine whether VSV alters protein traf-
ficking in the host cell by examining the net subcellular distri-
bution of several cellular hnRNPs. HeLa cells were infected
with the wto strain of VSV and processed for fluorescence
or confocal microscopy using antibodies against hnRNPA1,
hnRNPC1/C2, hnRNPK, and hnRNPB1. Lamin A/C was an-
alyzed as a control for a nonshuttling nuclear protein. The cells
were also labeled with antibody to VSV G protein, which
identifies the intracellular membranes in the cytoplasm of in-
fected cells, and with TOPRO-iodide or DAPI, which labels
DNA to define the nuclear compartment. Representative im-
ages from these experiments are shown in Fig. 1. The mock-
infected control samples are shown in the top row for each
protein, and the VSV-infected cells are shown in the bottom
row. In the control cells, the signal for all of the hnRNPs was
coincident with the DNA staining, showing that these proteins
were largely in the nucleus. In the infected cells, hnRNPA1,
-C1/C2, and -K were redistributed to the cytoplasm (Fig. 1A to
C). However, hnRNPB1 remained nuclear in VSV-infected
cells (Fig. 1D). There were no alterations to the nuclear lamin
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in infected cells (Fig. 1E). This result indicates that the struc-
ture of the nuclear envelope was not altered at this relatively
early time (6 to 7 h postinfection), which is prior to the onset
of virus-induced apoptosis.

The relocalization of nuclear proteins to the cytoplasm could
be due to either increased export from or decreased import
into the nucleus. To determine the effect of VSV infection on
nuclear import, we used EGFP linked to the M9 NLS, which is
used by hnRNPA1 for nuclear import, or EGFP tagged with
the classical NLS, which is used by hnRNPC1/C2. These EGFP
proteins are small enough in size (�30 kDa) to allow diffusion
across the nuclear membrane independent of the time of pro-
tein synthesis. Thus, their localization reflects the steady state
between import and export. HeLa cells were transfected with
plasmids encoding the tagged EGFPs, and at 48 h posttrans-
fection, the cells were infected with rwt virus. At 6 h postin-
fection, the cells were fixed, labeled with DAPI, and imaged
using fluorescence microscopy. As shown in Fig. 2A, the
EGFP-M9 protein was predominately nuclear, in both mock-
infected and virus-infected cells. As a control, the cells were
also transfected with a plasmid containing a mutation in the
M9 sequence which renders the NLS nonfunctional (24). The
fluorescent signal for both mock- and virus-infected cells ex-
pressing this mutant, EGFP-M9 MT (Fig. 2B), occurred
throughout the cell, similarly to the distribution of EGFP with-
out an NLS (Fig. 2D) and in contrast to the nuclear signal of
cells expressing EGFP-M9 (Fig. 2A). As shown in Fig. 2C, the

cells were transfected with a plasmid encoding a classical NLS-
containing reporter, EGFP-TAG, containing an NLS from the
large T antigen of simian virus 40 (24). As expected, EGFP-
TAG NLS fluorescence was coincidental with DAPI staining of
the nucleus in mock-infected cells (Fig. 2C). VSV infection did
not alter the localization of EGFP-TAG (Fig. 2C). We con-
clude from these results that VSV infection does not alter the
M9/transportin import pathway or the classical import path-
way, used by hnRNPA1 and hnRNPC1/C2, respectively.

VSV infection results in the inhibition of host transcription
due to the activity of the viral matrix (M) protein (6). The
inhibition of cellular transcription with actinomycin D has
been shown to result in the relocalization of hnRNPA1 to the
cytoplasm (48). To determine whether the relocalization of
hnRNPA1 is correlated with the ability of VSV to shut off host
gene expression, cells were infected with the rwt and M protein
mutant (rM51R-M) viruses. These viruses are isogenic except
for a point mutation in the M protein of the rM51R-M virus
which renders this virus defective in the inhibition of host
transcription (7). At 6 h postinfection, the cells were analyzed
by confocal microscopy in order to visualize the subcellular
localization of hnRNPA1. hnRNPA1 was in the nucleus of
mock-treated cells, while the majority of hnRNPA1 in cells
infected with rwt virus was in the cytoplasm (Fig. 3). However,
infection with rM51R-M virus did not induce the relocalization
of hnRNPA1 to the cytoplasm, suggesting that the inhibition of
host gene expression by VSV is correlated with alterations in

FIG. 2. Fluorescence microscopy analysis of the import of EGFP containing M9 or classical NLS during VSV infection. HeLa cells were
transiently transfected with EGFP plasmids containing various NLSs, and at 48 h posttransfection, the cells were infected with rwt virus for 6 h.
Following infection, cells were fixed and labeled with DAPI to indicate the DNA (nucleus). (A) EGFP-M9 contains the wild type M9 NLS;
(B) EGFP-M9 MT contains a mutation in the M9 NLS which abrogates the retention of the protein to the nucleus; (C) EGFP-TAG NLS contains
the NLS from the simian virus 40 large T antigen; (D) EGFP lacking any NLS, which localizes to both the cytoplasm and the nucleus.

VOL. 83, 2009 VSV-INDUCED NUCLEAR EXPORT OF hnRNPs 773



hnRNPA1 distribution. This idea was tested by treating cells
infected with rM51R-M virus with pharmacologic inhibitors of
host transcription and analyzing hnRNPA1 relocalization.
Cells infected with rM51R-M virus were treated with the in-
hibitors 5,6-dichloro-1-�-D-ribobenzimidazole or actinomycin
D at 2 h postinfection, and the cells were processed for mi-
croscopy at 6 h postinfection. The presence of either inhibitor
resulted in the increased relocalization of hnRNPA1 to the
cytoplasm relative to the rM51R-M virus-infected cells in the
absence of inhibitor. As a control, the cells were treated with
inhibitor alone in the absence of virus infection (bottom
panel), and most of the hnRNPA1 appeared in the cytoplasm,
in agreement with previous results (47).

We next sought to determine the importance of nuclear
export in controlling hnRNP relocalization following virus in-
fection. VSV infection has been reported to inhibit mRNA
export by binding the cellular factor Rae1 (19), which has been
implicated in RNA transport (8, 11, 41, 51) and as a cell cycle
checkpoint regulator (4, 51, 61). Thus, we determined whether
Rae1 contributes to hnRNPA1 relocalization during VSV in-
fection. The approach was to transfect cells with siRNAs di-
rected against Rae1, infect the silenced cells, and analyze them

by confocal microscopy (Fig. 4A). As a control, cells were
transfected with a nontargeting siRNA, whose sequence is
scrambled and does not match any sequence in the human
genome. Figure 4B shows that Rae1 protein levels were si-
lenced to approximately 10% of the normal levels. As reported
previously (9), the silencing of Rae1 expression was not lethal
to the cells, which continued to grow and divide during the
72-h time course of the experiment. Interestingly, the VSV
infection of cells with reduced Rae1 did not result in the
substantial relocalization of hnRNPA1 to the cytoplasm (Fig.
4A, top panel). Although a small fraction of hnRNPA1 was
cytoplasmic in Rae1-silenced cells, the majority of hnRNPA1
appeared to be nuclear. Similarly to the mock-infected controls
above, in the mock-infected cells in which Rae1 was silenced,
hnRNPA1 appeared coincident with the nuclear staining (Fig.
4A, second panel). For the cells which were transfected with

FIG. 3. Confocal microscopy analysis of hnRNPA1 relocalization
during infection with rwt and M protein mutant VSV. HeLa cells were
mock infected or infected with either rwt or rM51R-M virus for 6 h, as
indicated on the left. In the bottom three panels, cells were treated
with the transcription inhibitors 5,6-dichloro-1-�-D-ribobenzimidazole
(DRB) or actinomycin D (ActD) beginning at 2 h postinfection.

FIG. 4. hnRNPA1 relocalization during VSV infection following
silencing of the host factor Rae1. HeLa cells were transfected with
siRNAs directed against Rae1, a nontargeting siRNA (NT), or mock
transfected. At 72 h posttransfection, cells were mock infected or
infected with the wto strain at an MOI of 10 and processed as de-
scribed in the legend to Fig. 1. (A) Confocal microscopy images of cells
labeled with TOPRO-iodide and antibodies against hnRNPA1 or VSV
G protein. (B) Western blot analysis of silenced cells. (C) Quantifica-
tion of the cytoplasmic-to-nuclear ratio of the hnRNPA1 signal in cells
from multiple confocal analysis experiments. The positive control, set
at 100%, is the ratio obtained from nontransfected HeLa cells infected
with VSV. Error bars correspond to the average standard deviation
from the results of three experiments.
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the nontargeting siRNA, hnRNPA1 was relocalized to the
cytoplasm following VSV infection, as seen in the VSV-in-
fected cells which were mock transfected (Fig. 4A, bottom
panels). The signal for hnRNPA1 in the nucleus and in the
cytoplasm was quantified for cells in three or more fields in
multiple experiments to determine the ratio of cytoplasmic to
nuclear hnRNPA1 for each sample. The ratios of cytoplasmic
to nuclear signals were then expressed relative to the ratio
observed in VSV-infected but nontransfected control cells
(Fig. 4A, bottom panel) and are shown in Fig. 4C. Mock-
infected cells transfected with Rae1 siRNA had approximately
14% of the relative movement of the control. Similarly, the
reduction of Rae1 prevented hnRNPA1 relocalization to the
cytoplasm in VSV-infected cells, as indicated by a decrease in
movement to 16% of the control. The controls for siRNA
transfections had high relative movement (118% of the mock-
transfected cells) of hnRNPA1 following infection with VSV.
These results indicate that hnRNPA1 relocalization during
VSV infection is dependent on the host factor Rae1.

The relocalization of hnRNPA1 following VSV infection
correlated with the inhibition of gene expression by VSV and
was dependent on the host factor Rae1. These results led us to
ask whether Rae1 is required for hnRNPA1 relocalization due

to transcription inhibition by actinomycin D. To test this pos-
sibility, HeLa cells were transfected with nontargeting siRNA
or Rae1 siRNA, treated with the transcriptional inhibitor ac-
tinomycin D for 4 h, and analyzed by confocal microscopy. As
expected, the cells that received nontargeting siRNAs showed
the nuclear localization of hnRNPA1 (Fig. 5A, top panel),
and actinomycin D treatment caused the relocalization of
hnRNPA1 to the cytoplasm (Fig. 5A, bottom panel). Similarly,
Rae1-silenced cells (Fig. 5B) showed the cytoplasmic localiza-
tion of hnRNPA1 following treatment with actinomycin D.
These results show that despite reduced levels of Rae1, the
inhibition of transcription by pharmacologic inhibitors results
in the relocalization of hnRNPA1 to the cytoplasm.

Because Rae1 interacts with the VSV M protein, we tested
whether M protein alone would be capable of inducing
hnRNPA1 relocalization in the absence of viral infection.
HeLa cells were transfected with mRNAs encoding wild-type
M protein, and the localization of hnRNPA1 at 18 h posttrans-
fection was examined. Because M protein inhibits host tran-
scription, cells were transfected with M mRNA to avoid the
pitfall that M protein inhibits its own expression from plasmid
DNA (6, 7). For these experiments, a cotransfected marker is
required in order to label equivalently cells transfected with
mRNA for wto or mutant M protein or the negative control
mRNA. Thus, cells were cotransfected with EGFP mRNA in
order to label the transfected cells (Fig. 6). As controls, the
cells were mock transfected or transfected with GFP mRNA
only (top panels). For all concentrations of M mRNA tested,
hnRNPA1 was detected primarily in the nucleus of transfected
cells, comparable to the control cells. This result indicates that
the inhibition of gene expression by M protein in the absence
of other viral components is not sufficient to induce the relo-

FIG. 5. Immunofluorescence analysis of hnRNPA1 localization in
Rae1-silenced cells treated with the transcriptional inhibitor actinomy-
cin D. HeLa cells were transfected with siRNAs directed against a
nontargeting siRNA (A) or Rae1 siRNA (B). At 72 h posttransfection,
cells were mock treated or treated for 4 h with actinomycin D and
processed for confocal microscopy using antibody against hnRNPA1
and TOPRO-iodide. (A) Confocal microscopy images of cells trans-
fected with nontargeting siRNAs. (B) Images of Rae1-silenced cells.

FIG. 6. Effects of M protein expressed in the absence of other viral
components on hnRNPA1 localization. HeLa cells were transfected
with mRNA encoding M protein or actin, along with EGFP mRNA as
a control for transfection. At 18 h posttransfection, cells were fixed,
incubated with antibodies against hnRNPA1, and stained with DAPI.
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calization of hnRNPA1. One possible explanation for this re-
sult is that an additional signal produced during VSV infection
is required, although it is also likely that higher concentrations
of M protein are necessary to induce relocalization than are
achieved in the transfection experiment.

The finding that hnRNPA1 relocalized to the cytoplasm
during VSV infection led us to determine whether there is a
role for hnRNPA1 in the viral life cycle. hnRNPA1 expression
was silenced in HeLa cells, and replication as well as the rates
of viral and host protein synthesis were measured in infected
cells. siRNA directed against hnRNPA1 dramatically reduced
hnRNPA1 expression relative to the control cells which were
transfected with a scrambled, nontargeting siRNA mixture, or
cells that received no siRNA, as determined by Western blot
analysis (Fig. 7A). The quantification of blots from multiple
experiments indicated that hnRNPA1 was reduced to an aver-
age of 15% of normal levels. To assay whether hnRNPA1 is
required for a productive virus infection, hnRNPA1-silenced
cells were infected with rwt virus at an MOI of 0.01, and the
virus titer was determined at various times postinfection by
plaque assay in BHK cells (Fig. 7B). No difference was ob-
served between viral titers in the cells transfected with siRNA
directed against hnRNPA1 compared with the control cells
(Fig. 7B). To assay the rates of viral and host protein synthesis,
silenced cells were infected under single-cycle conditions
(MOI of 10) and pulse-labeled with 35S-methionine at 4 and
8 h postinfection. The cell lysates were analyzed by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis and phos-
phorimaging (Fig. 7C). The hnRNPA1-silenced cells showed
similar levels of viral protein synthesis (distinct dark bands)
relative to the controls. Compared to that of the uninfected
cells, host protein synthesis was reduced significantly in VSV-
infected cells, regardless of siRNA transfection. Thus, the si-

lencing of hnRNPA1 did not affect the ability of VSV to shut
off host protein synthesis.

In performing these experiments, we noted that the
hnRNPA1-silenced cells appeared to show less cytopathic ef-
fect following VSV infection. Representative images from 16 h
postinfection are shown in Fig. 8A. The cytopathic effects of
VSV infection are due to the rapid induction of apoptosis. To
determine the time course of the induction of apoptosis, time
lapse microscopy analysis was performed on hnRNPA1-si-
lenced cells. Cells transfected with hnRNPA1 siRNA appeared
to retain their flattened morphology at later times postinfec-
tion. In HeLa cells infected with VSV, entry into apoptosis is
unambiguous as seen by the dramatic onset of membrane bleb-
bing and cell rounding (30). The rate of entry into apoptosis
was quantified by scoring cells for membrane blebbing and cell
rounding at 2-h intervals following infection (Fig. 8B).
hnRNPA1-silenced cells entered apoptosis more slowly follow-
ing VSV infection than cells treated with control siRNA: the
average time for 50% of the cells to enter apoptosis was 18 h
for hnRNPA1-silenced cells compared with 13 h for nontar-
geting cells. The majority of the cells entered apoptosis by 24 h
postinfection, and all cells died by 36 to 48 h postinfection (not
shown). To confirm this result, we performed caspase 3 activity
assays in hnRNPA1-silenced HeLa cells at 8, 12, and 16 h
postinfection. We observed that hnRNPA1-silenced cells had
lower caspase 3 activity at 8 h postinfection (Fig. 8C). The
calculated P values relative to the hnRNPA1-silenced cells in
these experiments using a pairwise t test with two-tailed distri-
bution were 1.03 � 10�4 for cells that received nontargeting
siRNA and 2.56 � 10�2 for the nontransfected control cells. At
the later times postinfection (Fig. 8D and E), the difference in
caspase 3 activity between hnRNPA1-silenced cells and the
control cells was not statistically significant. In summary, even

FIG. 7. Role of hnRNPA1 in VSV replication. (A) Western blot analysis showing hnRNPA1-silenced cells (A1), cells transfected with a
nontargeting siRNA (NT), or mock transfected with no siRNA (�). (B) Plaque assay of VSV growth in untreated cells (diamonds), cells
transfected with nontargeting siRNA (siNT [squares]), or cells transfected with hnRNPA1 siRNA (triangles). Plaque assays were performed in
duplicate at least three times. (C) Analysis of viral and host protein synthesis. HeLa cells were treated with siRNA directed against hnRNPA1 or
control siRNA. At 72 h posttransfection, cells were infected with VSV at an MOI of 10 and then labeled with 35S-methionine at 4 or 8 h
posttransfection, harvested, and analyzed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis and phosphorimaging. A representative
image from three independent experiments is shown.
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though virus replication and host shutoff were unaffected by
the reduction in hnRNPA1, the rate of VSV-induced apoptosis
was slower in cells with reduced hnRNPA1.

DISCUSSION

The data presented here show that the nuclear-cytoplasmic
trafficking of several cellular hnRNPs, including hnRNPA1,
hnRNPC1/C2, and hnRNPK, is disrupted following VSV in-
fection. In contrast to the reported disruption of host mRNA
export during VSV infection, these nuclear proteins are relo-
calized to the cytoplasm (Fig. 1). This relocalization is not due
to virus-induced defects in protein import by two major path-
ways (Fig. 2). Instead, this relocalization correlates with the
ability of VSV to shut off host gene expression (Fig. 3) and
appears to be similar to the relocalization induced by pharma-
cologic inhibitors of cellular transcription (18, 48). However,
the relocalization of hnRNPA1 in infected cells requires Rae1,
while relocalization induced by the pharmacologic inhibition of
host transcription does not depend on Rae1 expression.

Several viruses which undergo a primarily cytoplasmic life
cycle in host cells induce defects in nuclear-cytoplasmic traf-
ficking, such as the relocalization of hnRNPs to the cytoplasm.
However, the mechanisms are distinct from those described
here for VSV. Following poliovirus infection, several host nu-
clear proteins, including hnRNPs, La, and nucleolin, relocalize
to the cytoplasm where they associate with viral mRNA or
proteins (24, 25, 37, 38, 62). The mechanism for this relocal-
ization involves the inactivation of several protein import path-
ways and the degradation of nuclear pore complex proteins
Nup98, Nup153, and p62 (24, 25, 44). The degradation of
nuclear pore components during poliovirus infection is likely
due to the viral protease 2A (44). Cardioviruses, which are in
a different picornaviral genus, encode an L protein that alters
the nuclear-cytoplasmic transport of host proteins both into
and out of the nucleus (16, 35) by binding directly to Ran-
GTPase (50). In contrast, VSV does not encode a protease,
and whether any nuclear pore components are targeted for
degradation following VSV infection is unknown. Unlike the

FIG. 8. VSV-induced apoptosis in hnRNPA1-silenced cells. (A) Phase-contrast images of cells transfected with siRNAs and infected with VSV
or mock infected at an MOI of 10 for 16 h. A1, hnRNPA1-silenced cells; NT, nontargeting; �, presence; �, absence. (B) Cells transfected with
siRNA directed against hnRNPA1 (diamonds) or nontargeting siRNA (squares) were infected as described for panel A and were analyzed by time
lapse microscopy. The numbers of cells entering apoptosis as a percentage of total cells were determined every 2 h and plotted against time
postinfection. Three fields of cells were analyzed from each of at least two independent experiments, and the error bars represent the average
standard deviations. (C) Caspase 3 activity assays in cells transfected with siRNA directed against hnRNPA1 (siA1), nontargeting siRNA (siNT),
or untreated cells (No Rx). Cells were mock infected (white bars), infected with rwt virus at an MOI of 10 (black bars), or treated with
staurosporine (gray bars) for 8 h. For each experiment, the relative caspase activity was calculated as a percentage of the fluorescence units min�1

�g�1 protein relative to the values obtained in cells which received nontargeting siRNA and were infected with rwt virus. The values represent an
average of two to four experiments, with three replicates per experiment. The error bars indicate average standard deviations. Caspase activity
assay results are shown for 12 h (D) and 16 h (E) postinfection or posttreatment as described for panel C.
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picornaviruses, VSV infection does not appear to induce de-
fects in protein import in HeLa cells (Fig. 2). Our result differs
slightly from previous results obtained in Xenopus oocytes in
which the import of classical NLS-containing proteins is slowed
but not entirely abrogated by M protein (45). However, these
experiments also revealed that the transport receptors are not
inactivated, and the results of subsequent experiments with
mammalian cells are similar to our results that protein import
is not substantially affected by VSV (5, 19). Thus, the relocal-
ization of hnRNPs following VSV infection may be explained
by the enhanced export of certain mRNPs or enhanced reten-
tion in the cytoplasm.

Because hnRNPs have been implicated as mRNA export
factors (27, 43), the relocalization of hnRNPs in VSV-infected
cells likely involves the export of a subset of host mRNAs. For
example, hnRNPA1 is bound to RNAs during their processing
in the nucleus and is also bound to some mRNAs in the
cytoplasm (47). hnRNPA1-containing mRNPs are thought to
chaperone mRNAs through the nuclear pore complex, under-
going dynamic changes in structure and composition during
transport (31, 40, 60). Like hnRNPA1, hnRNPK is a shuttling
protein, which may also be linked to mRNA export (39). Non-
shuttling proteins, such as hnRNPC1/C2 may also play a role in
mRNA export, because their removal from mRNPs might be
necessary before mRNA is exported (42, 43). The export of
hnRNPs together with mRNAs would not be expected if the
primary effect of VSV M protein was to block mRNA export,
as has been proposed (19). However, if M protein inhibits host
transcription prior to inhibiting mRNA export, then the deple-
tion of newly synthesized mRNAs in the nucleus would lead to
hnRNP relocalization, as occurs following treatment with
pharmacological inhibitors of transcription (48) (Fig. 3). Al-
ternatively, hnRNPs may be relocalized to the cytoplasm of
VSV-infected cells independently of mRNAs.

The relocalization of hnRNPA1 to the cytoplasm in VSV-
infected cells was dependent on the expression of host factor
Rae1. This result was unexpected, as the interaction between
VSV M protein and Rae1 has been proposed to result in
mRNA export inhibition (19). However, the depletion of Rae1
from higher eukaryotic cells does not inhibit mRNA export (4,
58), which suggests that the M protein-mediated inhibition of
Rae1 function alone is not sufficient to prevent mRNA export.
In fact, our data suggest that Rae1 is still functional in protein
export in VSV-infected cells. The M51R M protein mutant
virus is defective at inhibiting host transcription (2, 3, 6) and
does not cause the relocalization of hnRNPA1 to the cyto-
plasm (Fig. 3). Unlike the wild-type M protein (19), the M51R
mutant does not form a complex with Rae1 (K. Rajani, E.
Kneller, D. Lyles, unpublished results). Thus, the binding of M
protein to Rae1 appears to be required for hnRNP relocaliza-
tion. In infected cells, the M protein-Rae1 complex may se-
quester other factors to alter hnRNPA1 localization, inhibit
host gene expression, or both. Along these lines, the M pro-
tein-Rae1 complex may play a larger role in disrupting host
nuclear function by acting as a signal that couples the inhibi-
tion of mRNA export, the inhibition of transcription, and the
relocalization of hnRNPs. Coupling between transcription and
mRNA export in mammalian cells has recently been shown, as
transcriptional inactivation by different inhibitors resulted in
the inhibition of mRNA export (59). Future studies will deter-

mine the role that the M protein-Rae1 complex might play in
the VSV-induced inhibition of host nuclear function.

Cellular hnRNPs have been implicated in the life cycles
of several viruses. For poliovirus, the relocalization of
hnRNPC1/C2 (24) enables hnRNPC1 to associate with viral
proteins to promote replication (12). Following infection with
the coronavirus mouse hepatitis virus (MHV), hnRNPA1 and
hnRNPA2/B1 relocalize to the cytoplasm and bind to the
leader region of MHV RNA (34, 57), which has been proposed
to regulate viral replication (56). The knockdown of hnRNPA1
has been shown to inhibit hepatitis C virus replication (28). In
contrast to MHV and hepatitis C virus, the replication of
human T-lymphotropic virus (HTLV-1) is increased in cells
lacking hnRNPA1 (32). Thus, hnRNPs can have either positive
or negative effects on virus replication. It has been suggested in
the literature that hnRNPA1 might play a role in the cytoplasm
of VSV-infected cells. A protein of 38 kDa likely to be
hnRNPA1 is cross-linked to viral and cellular mRNA in the
cytoplasm following VSV infection (1, 18). Recently, it was
observed that hnRNPA1 can associate in vitro with VSV G and
M mRNAs in complexes containing other cellular factors
which might modulate translation in VSV-infected cells (46).
However, we found that silencing hnRNPA1 expression did
not affect virus growth or protein synthesis, or the shutoff of
host translation (Fig. 7). This result does not rule out a role for
cellular hnRNPs in the control of VSV translation, since some
other hnRNPs may functionally substitute for hnRNPA1 in its
absence. Likewise, MHV can replicate in cells lacking
hnRNPA1, and hnRNPA2/B1 can serve in its place (55, 57).
However, if there is another hnRNP involved for VSV, it is
likely not hnRNPA2/B1, as its localization was unchanged fol-
lowing VSV infection (Fig. 1).

We found that VSV-infected cells with reduced hnRNPA1
levels became apoptotic more slowly than control cells (Fig. 8).
This would suggest that hnRNPA1 plays a role in promoting
apoptosis in response to viral infection. This effect could be
due to changes in hnRNPA1-dependent gene expression that
would normally promote the induction of apoptosis. For ex-
ample, changes in the mRNP protein composition of cellular
mRNAs in infected cells might enable the preferential trans-
lation of specific cellular mRNAs in the induction of apoptosis.
hnRNPA1 is recruited to and acts upon the internal ribosome
entry sites in mRNAs for factors that regulate apoptosis, in-
cluding those that encode for XIAP, apaf-1, and FGF-2 (10,
13, 33). Our results suggest a model in which hnRNPA1
relocalization promotes apoptotic signaling as a host re-
sponse following VSV infection, rather than as a means to
promote viral replication. The observation that the relocal-
ization of hnRNPA1 is dependent on Rae1 suggests that Rae1
might have two possible functions in the VSV life cycle. Rae1
in a complex with M protein inhibits mRNA transport; in
addition, Rae1 in the context of a viral infection promotes the
export of hnRNPA1 to the cytoplasm. Future studies will ad-
dress the role of Rae1 in inhibiting host gene expression, which
is correlated with the induction of apoptosis by M protein (29).
These studies will help us distinguish whether the cytoplasmic
localization or the protein level of hnRNPA1 in a virus-in-
fected cell is crucial to apoptotic signaling.
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