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Vesicular stomatitis virus (VSV) infects and kills a wide range of cell
types; however, the mechanisms involved in VSV-mediated cell
death are not fully understood. Here we show that VSV infection
interferes with mitotic progression, resulting in cell death. This
effect requires the interaction of VSV matrix (M) protein with the
Rae1–Nup98 complex in mitosis, which is associated with a subset
of ribonucleoproteins (RNPs). VSV displaced Rae1 from spindle
poles, caused spindle abnormalities and triggered substantial cell
death during metaphase. These effects were attenuated in cells
infected with VSV expressing a mutant M protein that does not
bind efficiently to the Rae1–Nup98–RNP complex. In cells that
progressed to late mitosis, M protein prevented proper nuclear
formation and chromatin decondensation. VSV is an oncolytic
(anti-tumour) agent as it preferentially replicates and kills tumour
cells. As tumour cells have a high mitotic index, VSV-mediated
mitotic cell death probably contributes to its oncolytic activity.
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INTRODUCTION
Vesicular stomatitis virus (VSV) is an enveloped virus with a
negative strand RNA genome, which encodes five proteins. One

of the crucial functions of VSV matrix (M) protein in the host
cell is to prevent antiviral gene expression. M protein inhibits
nuclear export of messenger RNAs (Her et al, 1997; von Kobbe
et al, 2000; Enninga et al, 2002; Faria et al, 2005) by interacting
with constituents of the mRNA export machinery, the mRNA
export factor Rae1 and the nucleoporin Nup98 (von Kobbe et al,
2000; Faria et al, 2005). These interactions result in bulk mRNA
export block from the nucleus, and consequently, inhibition of
gene expression (Her et al, 1997; von Kobbe et al, 2000; Enninga
et al, 2002; Faria et al, 2005). During mitosis, the Rae1–Nup98
complex acquires further functions essential for spindle assembly
(Blower et al, 2005; Wong et al, 2006) and maintenance of the
mitotic checkpoint ( Jeganathan et al, 2005).

VSV is one of the RNA and DNA viruses that have shown
significant anti-tumour (oncolytic) efficacy—that is, they replicate
and preferentially kill cancer cells as compared with normal cells
(Stojdl et al, 2003; Balachandran & Barber, 2004; Barber, 2005).
This oncolytic activity is due, at least in part, to impaired
interferon responses in tumour cells during interphase, but further
unknown factors and/or pathways are probably involved (Barber,
2005). Owing to its oncolytic characteristic, VSV is now being
considered for cancer therapy. We show here that during VSV
infection or in the presence of M protein alone, cells can undergo
death during mitosis after inhibiting spindle assembly and nuclear
formation, which involves disruption of Rae1 functions. Thus,
these mitotic defects mediated by VSV will probably trigger the
death of tumour cells, which have a high mitotic index.

RESULTS AND DISCUSSION
VSV induces cell death during mitosis through M protein
As VSV M protein interacts with the Rae1–Nup98 complex during
interphase (von Kobbe et al, 2000; Faria et al, 2005) and this
complex has additional functions during mitosis (Blower et al,
2005; Jeganathan et al, 2005; Wong et al, 2006), we investigated
whether VSV infection interferes with mitotic progression. We also
analysed VSV interference with G1 progression for comparison.
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Thus, normal rat kidney (NRK) cells synchronized in early G1
were infected with VSV and examined by time-lapse microscopy.
Cell death was scored after 4 and 7 h, when cells were in mid G1
or at the end of G1, respectively. Another population of cells was
infected just before entering mitosis and studied until the end of
mitosis. In NRK cells, the duration of mitosis is approximately
45 min to 1 h. Mitotic progression was analysed by time-lapse
microscopy, in the absence of any drug, and cell death was
quantified. Cells infected with VSV showed either a block or delay
in the metaphase–anaphase transition, which resulted in signifi-
cant cell death during metaphase (Fig 1A–C). Some of the cells
blocked in metaphase took an additional 3 h to die, therefore, we
analysed cells both in G1 and in mitosis for 4 h and scored cell
death (Fig 1A–C). Cell death of NRK cells in mitosis was more
prominent (B70%) than in G1 (0% at 4 h and B40% at 7 h),
despite the fact that mitosis is a much shorter phase than G1.
From the roughly 70% of NRK cells that died in mitosis, about
90% died in metaphase.

We then engineered a VSV that expressed a mutant of M protein
that binds to very low amounts of the Rae1–Nup98 complex as
compared to the strong interaction observed with the wild-
type M protein (Fig 2); this mutant did not inhibit bulk mRNA
export (von Kobbe et al, 2000; Faria et al, 2005). Residues 52–54
were changed to alanine in the mutant M protein. The mutant
virus, VSV M(D), had little or no effect on the metaphase–
anaphase transition (Fig 1A–C). In HeLa cells infected with VSV,

approximately 40% of cells died in metaphase, and an additional
roughly 50% of the cells were delayed during the metaphase–
anaphase transition and late mitosis. The latter eventually died
in late mitosis or as they entered G1 phase (supplementary Fig S1
online). These effects were attenuated when cells were infected
with VSV M(D) (supplementary Fig S1 online). Our findings showed
that VSV-mediated mitotic cell death contributes significantly to
the cytotoxicity of VSV in proliferating cells.

M protein blocks mRNA export in interphase (Her et al, 1997;
von Kobbe et al, 2000; Enninga et al, 2002; Faria et al, 2005).
To further confirm that the mitotic effect observed in VSV-infected
cells was not due to potential carry-over effects of M protein from
interphase, we microinjected purified recombinant glutathione-
S-transferase–M (GST–M) protein directly into mitotic cells after
nuclear envelope breakdown and examined mitotic progres-
sion by time-lapse microscopy (Fig 1D). As controls, we used
GST–M(D) mutant protein or GST (Fig 1D). Approximately 80%
of the cells injected with VSV M protein died during mitosis,
and the majority of these cells (B70%) were blocked and
died during metaphase (Fig 1D–F). Conversely, no marked
defects were observed in metaphase transition or cell viability
in cells injected with GST control; however, a small effect
was observed with the M(D) mutant protein (Fig 1E,F). Altogether,
these results point to a specific effect of VSV M protein in
blocking or inhibiting metaphase progression, thus causing
cell death.
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Fig 1 | Vesicular stomatitis virus hinders metaphase progression and causes mitotic cell death through M protein. (A) Synchronized NRK cells were

mock infected or infected for 4 h with VSV or VSV M(D) at MOI 10. Infection was carried out in late G2 phase, before mitotic entry. Cells were then

followed by high-resolution time-lapse microscopy until the end of mitosis. (t¼min). (B) Synchronized NRK cells were mock infected or infected

with VSV or VSV M(D) in early G1 for 4 or 7 h at MOI 10, and cell death in G1 or mitosis (as in A) was quantified (n¼ 60). (C) Mitotic cell death

that occurred during metaphase (in B) was quantified. (D) NRK cells were microinjected after nuclear envelope breakdown with GST, GST–M or

GST–M(D) proteins along with FITC-dextran, as an injection marker. Injected cells were followed by time-lapse microscopy. (E) Data obtained in

(D) were analysed and the percentage of viable cells was plotted. (F) Data obtained in (D) were analysed and the percentage of cell death in metaphase

was plotted. *Po0.001. FITC, fluorescein isothiocyanate; GST, glutathione-S-transferase; M, matrix; MOI, multiplicity of infection; NRK, normal rat

kidney; VSV, vesicular stomatitis virus.
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VSV M interacts with Rae1–Nup98–RNP during mitosis
VSV M protein binds to the Rae1–Nup98 complex during
interphase (Faria et al, 2005) and VSV M(D), which expresses an
M protein unable to interact strongly with Rae1, does not
efficiently inhibit the metaphase–anaphase transition (Fig 1).
These results suggest that abrogation of Rae1 function by
M protein during mitosis significantly hampers metaphase
progression. To test whether M protein binds to the Rae1–
Nup98 complex during mitosis, we carried out in vitro binding

assays using purified GST–M protein, GST–M(D) protein or GST
alone, and cell lysates obtained from HeLa cells synchronized at
G1/S phase or in mitosis. As shown in Fig 2A, wild-type M protein
interacted with both Rae1 and Nup98 during interphase as well as
during mitosis, whereas GST–M(D) protein or GST showed little or
no interaction, respectively. The synchrony of the mitotic samples
was determined by the presence of phospho-histone (Fig 2A).
Identical results were obtained with extracts from NRK cells (data
not shown).

We then investigated whether heterogeneous nuclear ribonu-
cleoproteins (hnRNPs) would interact with the Rae1–Nup98–M
complex, as RNA was shown to be important for the Rae1 function
in spindle assembly (Blower et al, 2005). In addition, it has been
demonstrated that specific classes of mRNA are associated with
mitotic spindles (Blower et al, 2007). Therefore, we tested various
hnRNPs for their ability to interact with the Rae1–Nup98–M
complex. We found that the hnRNP U-like protein E1B-AP5
strongly bound to the Rae1–Nup98–M complex during interphase
and mitosis, whereas hnRNP U only interacted with this complex
during interphase (Fig 2B). Other hnRNPs, such as hnRNP K/J and
hnRNP A1, did not show significant interaction with the complex
(data not shown). These results indicate that M protein binds to the
Rae1–Nup98 complex, which is not identical throughout the cell
cycle, and differentially interacts with hnRNPs during interphase
and mitosis.

We next investigated whether EIB-AP5 interacted with the
Rae1–Nup98 complex independently of M protein and whether
this association was RNA dependent. Immunoprecipitation assays
were carried out using Rae1 or Nup98 antibodies and with cell
lysates treated with RNase or RNase inhibitor. E1B-AP5 specifi-
cally bound to the Rae1–Nup98 complex independently of
M protein, and this interaction was found to be RNA dependent,
as it was greatly diminished in the presence of RNase (Fig 2C,D).
We then investigated the localization of E1B-AP5 during mitosis
and found that a significant pool of E1B-AP5 is associated with
the spindles and another fraction is present in the mitotic cytosol
during metaphase. The localization of E1B-AP5 at the spindles is
compatible with a role for RNP particles in spindle assembly
(Blower et al, 2005, 2007). EIB-AP5 is then localized at the
spindle mid-zone during anaphase and inside the nucleus during
cytokinesis (Fig 2E).
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Fig 2 | VSV M protein interacts with the Rae1–Nup98 complex during

both interphase and mitosis. (A,B) HeLa cell lysates synchronized at the

G1/S boundary and at mitosis were incubated with immobilized

recombinant GST–M or GST–M(D) proteins. Bound fractions were

analysed by SDS–PAGE, and immunoblot (IB) analysis was carried out

with Rae1, Nup98, EIB-AP5 or hnRNP U antibodies. Total lysates were

subjected to IB analysis with phospho-histone H3 (Ser 28) antibody.

(C,D) Mitotic and G1/S lysates were subjected to immunoprecipitation

(IP) with Rae1 or Nup98 antibodies in the presence of RNasin or RNase A.

Samples were subjected to SDS–PAGE and immunoblot analysis was

carried out by using E1B-AP5 antibodies. (E) Cells in mitosis were

subjected to immunofluorescence with E1B-AP5 and a-tubulin antibodies

followed by Apotome microscopy. GST, glutathione-S-transferase;

hnRNP, heterogeneous nuclear ribonucleoprotein; M, matrix; SDS–PAGE,

sodium dodecyl sulphate polyacrylamide gel electrophoresis; VSV,

vesicular stomatitis virus.

b

VSV induces mitotic defects

P. Chakraborty et al

EMBO reports VOL 10 | NO 10 | 2009 &2009 EUROPEAN MOLECULAR BIOLOGY ORGANIZATION

scientificreport

1156



120Rae1A

E

H

I

F
G

B

C

D

DAPIβ-Tubulin

β-Tubulin

R
ae

1 
in

te
ns

ity
 a

t 
th

e
sp

in
d

le
 p

ol
e 

(A
.U

.)

P
er

ce
nt

ag
e

 m
ul

tip
ol

ar
ity

 (%
)

P
er

ce
nt

ag
e 

of
 c

el
ls

 w
ith

sp
in

d
le

 a
b

no
rm

al
iti

es
 (%

)

S
p

in
d

le
 in

te
ns

ity
 (A

.U
.)

V
S

V
 M

(D
)

M
ul

tip
ol

ar

D
ef

or
m

ed
V

S
V

 M
(D

)
V

S
V

C
on

tr
ol

B
ip

ol
ar

V
S

V
 M

(D
)

V
S

V
C

on
tr

ol

V
S

V
C

on
tr

ol

100
80
60
40

Mock

Control

Mock

*

*
* *

Control VSV VSV M(D)

VSV VSV M(D)

100

Anti-pericentrin

Bipolar

Control

DAPI P-histone Merge

VSV
VSV M(D)

Multipolar
Deformed

80

60

40

20

60
50
40
30
20
10
0

0 5 10 20 30
Cell number

40 5035 452515

0

16

12

8

4

0

VSV

VSV

VSV M(D)

A
nti-p

ericentrin

VSV M(D)

20
0

Fig 3 | VSV displaces Rae1 from the spindle pole, resulting in many spindle abnormalities. (A,B) HeLa cells were mock infected or infected with

VSV or VSV M(D) as in Fig 1A or supplementary Fig S1 online, before entering mitosis. Cells were subjected to immunofluorescence with

FITC-conjugated b-tubulin and Rae1 antibodies, and examined by confocal microscopy and by using a Metasystems Zeiss microscope. (B) Average

fluorescence intensity of Rae1 staining at the spindle pole (shown in A) was measured by using Adobe Photoshop CS3 (n¼ 30), *Po0.001. (C,D) HeLa

cells were mock infected or infected with VSV M(D) as in (A) and subjected to immunofluorescence using pericentrin antibody. The number of cells

that showed multipolar spindles is quantified in (D; n¼ 100), Po0.001. (E,F) NRK cells were infected with VSV as in (A) and subjected to

immunofluorescence with FITC-conjugated b-tubulin or pericentrin antibodies. DAPI staining was used for the DNA. (G) Different types of spindle

abnormality were classified, and the percentage of each phenotype is shown for mock infected, VSV-infected or VSV M(D)-infected cells (n¼ 100 for

each condition), *Po0.01. (H) HeLa cells mock infected or infected with VSV or VSV M(D), as in (A), were placed on ice for 10 min. Cells were

immunostained with FITC-b-tubulin antibody and analysed by using a Metasystems Zeiss microscope. The panels show representative spindle staining

for each condition. (I) Fluorescence intensity at the spindles of cells in metaphase (as in H) was measured by using Adobe Photoshop (San Jose,

CA, USA) CS3 (n¼ 45). The line represents the median intensity of the mock-infected cells. The difference in intensity of control, VSV and VSV (MD)

cells was significant. *Po0.0001 between control and VSV-infected, or control and VSV M(D)-infected cells. DAPI, 40,6-diamidino-2-phenylindole;

FITC, fluorescein isothiocyanate; GST, glutathione-S-transferase; M, matrix; NRK, normal rat kidney; VSV, vesicular stomatitis virus.
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VSV causes spindle abnormalities
As VSV M protein binds to the Rae1–Nup98–RNP complex during
mitosis, we asked whether VSV infection would alter Rae1
localization during mitosis. HeLa cells were immunostained with
Rae1 antibodies, fluorescein isothiocyanate-conjugated b-tubulin
antibody or with pericentrin antibody (Fig 3A–D). As shown in
Fig 3A,B, Rae1 was significantly displaced from the spindle poles.
As in cells depleted of Rae1 by small interfering RNA (Blower
et al, 2005; Wong et al, 2006), the M protein affected the mitotic
localization of Rae1, resulting in multiple spindle abnormalities
such as deformation of spindle shape, weak spindles (low
microtubule density) or multipolar spindles (Fig 3). This has been
shown in both NRK and HeLa cells. The formation of weak
spindles was further demonstrated and quantified by examining
the cold stability of kinetochore microtubules in VSV-infected
cells, which showed that kinetochore microtubule stability was
greatly diminished (Fig 3H,I). These results further explained the
metaphase block or delay observed in VSV-infected cells due to a
prolonged activation of the spindle checkpoint, which ultimately
resulted in cell death. E1B-AP5 staining at the spindles was also
decreased on VSV infection (supplementary Fig S2 online). VSV
M(D) induced some spindle abnormality but to a much lesser
extent than the wild-type virus, further corroborating a role for
M protein and Rae1 in the induction of spindle damage. The
slight effect of VSV M(D) on spindles could be due to the small

but detectable interaction of M(D) with the Rae1–Nup98 complex
(Fig 2) or due to the effects of M protein, independent of
Rae1–Nup98, or other viral proteins.

VSV M protein inhibits nuclear formation
Although a substantial portion of the VSV-infected cells died
during metaphase (Fig 1), a significant number of cells eventually
progressed into late mitosis after a prolonged period in mitosis.
We analysed these cells to determine whether VSV also has dele-
terious effects in telophase, cytokinesis or entry into G1 phase.
Thus, cells infected with VSV or VSV M(D) in late G2 phase
were followed through G1 (Fig 4A,B). Cells in G1 phase, which
passed through mitosis infected with VSV, showed a reduced
nuclear size compared with mock-infected cells (Fig 4A,B).
Cells infected with VSV M(D) had an intermediate nuclear size
between mock-infected and VSV-infected cells, indicating a role
for M protein and a partial role for the Rae1–Nup98 complex
in disrupting nuclear formation and chromatin decondensation
(Fig 4A,B). This impaired nuclear growth is consistent with the
depletion of Nup98 in reconstituted nuclei, as previously reported
(Powers et al, 1995). At the same time, VSV infection resulted in a
delay in cytokinesis in both VSV- and VSV M(D)-infected cells.
These findings indicate that the cytokinesis defect might either not
involve Rae1–Nup98 functions or the small amount of the Rae1–
Nup98 complex that can bind to M(D) is enough to induce the
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effect. Another possibility is that the cytokinesis defect involves
M protein, independently of the Rae1–Nup98 complex, and/or
other viral proteins (supplementary Fig S3 online). This is an
interesting topic for future investigation.

To analyse the capacity of VSV M protein to disrupt nuclear
assembly under conditions that were uncoupled from mitotic exit
and cytokinesis, we carried out assays using the Xenopus nuclear
reconstitution system and purified GST–M protein, GST–M(D) or
GST as a control (Fig 4C–E). The results showed that M protein
markedly inhibited nuclear reassembly and also hindered
chromatin decondensation, resulting in considerably smaller
nuclei (Fig 4C–E). These small nuclei have intact nuclear
envelopes, as shown by dextran exclusion assays (supplementary
Fig S4 online). Although these nuclei support nuclear import
through the Kapa/b1 pathway, import competence is possibly
diminished (supplementary Fig S4 online). Accurate quantification
of nuclear import is not reliable in this case because of the size
difference between the control and M-protein-treated nuclei,
which might be at different stages of maturation. Nuclei incubated
with mutant M(D) protein showed a decrease in size as compared
with control, but to a much lesser extent than M-protein-treated
nuclei, implying that the M protein effect was partly mediated by
the Rae1–Nup98 complex (Fig 4C–E). Thus, VSV infection has
profound effects on mitotic spindle assembly and post-mitotic
nuclear assembly. Both of these pathways contribute to the death
of infected cells, in a manner that is attenuated in VSV M(D)
mutant virus for the reasons discussed above (Fig 4F).

The results shown here revealed mechanisms used by VSV to
kill cells, a process that is important for its oncolytic activity.
As an oncolytic agent, VSV preferentially kills tumour cells, which
undergo mitosis, as compared with wild-type cells that, in animals,
are normally in G0 phase (Stojdl et al, 2003; Barber, 2004, 2005).
Thus, mitotic death might represent an acute and efficient way to
kill cells at a phase in the cell cycle that the innate immune
response cannot be triggered. Interestingly, it has been shown that
VSV oncolysis in T lymphocytes requires cell-cycle entry (Oliere
et al, 2008). It is possible that increasing mitotic events, by
inducing T-cell proliferation, could make proliferating T cells
more susceptible to VSV-mediated cell death during mitosis. Thus,
VSV might be used in cancer therapy, alone or in combination
with other antimitotic/anticancer drugs such as paclitaxel (taxol),
to efficiently target mitotic tumour cell death. In addition, VSV
might be an interesting tool for the discovery of new mitotic
factors and regulators.

METHODS
Cell synchronization and infections. To assess the effects of VSV
in mitosis, NRK cells were synchronized in S phase by using 2 mM
thymidine for 16 h, released from the block into fresh medium for
8 h, and incubated again with 2 mM thymidine for 16 h. Cells were
released into fresh medium and infected in late G2 phase before
entering mitosis. For G1 synchronization, NRK cells were
subjected to double thymidine block as above and released into
fresh medium for 9.5 h, when cells were infected in early G1.
HeLa cell synchronization, at the G1/S border, was carried out
with 2 mM thymidine for 15 h, followed by a 9-h release in fresh
medium, and a second incubation with 2 mM thymidine for
15 h. Cells were then released into fresh medium for 6 h to
obtain synchronized samples in G2, and infections, using VSV,

were carried out in late G2, 2 h before mitosis. Cells were infected
at the indicated multiplicity of infections. Recombinant VSV M(D)
was generated by mutating residues 52–54 of wild-type M to
alanines. The virus was assembled as previously reported by
Obuchi et al (2003).
Cell death assays. Assays were carried out by using the Cell
Titre-Glo Luminescent cell viability assay kit (Promega, Madison,
WI, USA).
Xenopus nuclear reassembly assay. M-phase-arrested (cytostatic
factor) Xenopus egg extract was prepared as described by Orjalo et al
(2006), and driven into interphase by the addition of 0.6 mM CaCl2.
Sperm nuclei (1,500/ml) were added to the interphase extracts,
along with GST, GST–M and GST–M(D) proteins. Nuclei were
allowed to form during incubations at 231C. After 60 min, aliquots
were pelleted onto cover slips and processed, for immuno-
fluorescence, with Nup160 antibodies for nuclear envelope
staining and Hoechst 33342 to visualize DNA. At the same
time, equal volumes of each reaction were subjected to sodium
dodecyl sulphate polyacrylamide gel electrophoresis (SDS–PAGE)
and analysed by immunoblot with GST antibodies.
In vitro binding assays. In vitro binding assays were carried out as
described by Faria et al (2005). GST–M or GST–M(D) protein was
incubated with whole-cell lysates of cells synchronized during
G1/S, as described above, or during mitosis. Mitotic cells were
obtained by enrichment at the G1/S border with thymidine, for
18 h, and then release of the cells into fresh medium. Nocodazole,
only used for the results shown in Fig 3, was added at 7 h post-
release, and cells in metaphase were shaken off and collected 5 h
later, as described (Chakraborty et al, 2008).
Antibodies. The following antibodies were used: Rae1 for
immunostaining (M.D. Blower; Blower et al, 2005); Rae1 and
Nup98 for immunoblot (Faria et al, 2005); phospho-histone H3
and Ser 10 (Upstate, USA); b-tubulin–fluorescein isothiocyanate
(Sigma, USA); hnRNPA1 (M. Matunis); E1B-AP5 (Proteintech Group,
USA); pericentrin (Abcam, USA); monoclonal GST (Santa Cruz
Biotechnology, USA); polyclonal g-tubulin (Sigma); and polyclonal
VSV (Balachandran & Barber, 2004).
Immunofluorescence, microinjection and time-lapse micro-
scopy. Immunofluorescence was carried out as reported by
Chakraborty et al (2008). Samples were analysed both by using
the Metasystems (Boston, MA, USA) Zeiss Axioplan 2e with a
Zeiss Axiocam HRm digital camera and a Leica (Bannockburn,
IL, USA) TCS SP5 confocal microscope. Immunofluorescence
using Rae1 antibody was carried out as described by Blower
et al (2005). Microinjection was carried out as described by
Wang et al (2008).
Immunoprecipitation assays. Assays were carried out as described
by Chakraborty et al (2008). For RNase A or RNAsin pre-treatments,
cell lysates were pre-incubated with RNAsin (1,000 units/ml) or
RNase A (50mg/ml; Ambion, Austin, TX, USA) for 15 min at 37 1C,
followed by incubation on ice for 20 min.
Supplementary information is available at EMBO reports online
(http://www.emboreports.org).
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