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Several studies indicate that paramyxoviruses require a specific cellular factor(s) for transcription of their
genomic RNAs. We previously reported that the cellular cytoskeletal protein actin, in its polymeric form,
participates in the transcription of human parainfluenza virus type 3 (HPIV3) in vitro. In the present study,
we investigated the role of the polymeric form of actin, i.e., the actin microfilaments of the cytoskeletal frame-
work, in the reproduction of HPIV3 in vivo. Pulse-chase labeling analyses indicate that the viral nucleocapsid-
associated proteins, NP and P, are present predominantly in the cytoskeletal framework during infection. By
in situ hybridization, we found that viral mRNAs and genomic RNA were synthesized from the nucleocapsids
that were bound to the cytoskeletal framework. Double immunofluorescent labeling and confocal microscopy
of the cytoarchitecture revealed that the viral nucleocapsids are specifically localized on the actin microfila-
ments. Treatment of cells with the actin-depolymerizing agent, cytochalasin D, resulted in the inhibition of
viral RNA synthesis and ribonucleoprotein accumulation. These results strongly suggest that actin microfila-
ments play an important role in the replication of HPIV3.

Human parainfluenza virus type 3 (HPIV3), a paramyxovi-
rus, is an important pathogen that causes severe respiratory
tract illness in children (11). The single-stranded RNA genome
of HPIV3, 15,461 nucleotides long, is contained within a heli-
cal nucleocapsid (20). Three virus-encoded proteins, the nu-
cleocapsid protein, NP (68 kDa), the phosphoprotein, P (90
kDa), and the RNA polymerase, L (257 kDa), are associated
with the nucleocapsid to form a transcribing ribonucleoprotein
(RNP) complex (1, 2, 20). NP enwraps the genome RNA, while
L and P together constitute the RNA-dependent RNA poly-
merase complex, similar to that characterized for vesicular
stomatitis virus (14), that transcribes the NP-bound genome
RNA both in vitro and in vivo. Previous studies indicate that in
addition to the RNP-associated viral proteins, cellular actin is
necessary for the activation of HPIV3 transcription in vitro
(15, 16). Further analyses of this RNP-actin interaction dem-
onstrated that the binding of the polymeric form of actin to the
RNP results in an alteration of structure of the RNP from a
loosely coiled to a moderately condensed form which appeared
to be favorable for transcription (17). Similar involvement of
cytoskeletal proteins in transcription is also observed in several
other paramyxoviruses, namely, Sendai virus, measles virus,
and respiratory syncytial virus, where actin and tubulin have
been shown to be involved in the activation of transcription
(26, 30, 31). In the case of HPIV3, the specific requirement of
the polymeric form of actin in transcription in vitro suggests an
interaction between the viral RNP and actin microfilaments in
the infected cells. Thus, it appears that paramyxoviruses per-
haps use a common strategy for their gene expression by ex-
ploiting cellular cytoskeletal components.

Actin is present in nonmuscle cells in two forms, a globular
monomeric form that represents the soluble pool of actin and
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a filamentous form that constitutes the actin microfilaments of
the cytoskeletal framework (28). The actin microfilaments rep-
resenting the polymeric form of actin is present in a dynamic
state which is constantly forming and breaking within the cell
in response to various external or internal stimuli (28, 35, 37).
Many enveloped viruses utilize actin microfilaments during the
process of budding and maturation of virus particles from the
infected cells (5, 13, 23, 36, 39, 45, 47). Furthermore, in New-
castle disease virus, the RNP is attached to the cytoskeletal
framework during RNA synthesis, suggesting involvement of
the cytoskeletal component(s) in viral RNA synthesis (24).
Thus, it appears that, consistent with the in vitro requirement
for cytoskeletal proteins in transcription, paramyxoviruses in
general may use the same proteins for their reproduction in
vivo.

In this study, we have made an effort to understand the role
of the actin microfilaments of the cytoskeletal framework in
HPIV3 gene expression in vivo. By biochemical and immuno-
logical analyses, we demonstrate that the viral RNPs, following
entry, are rapidly associated with the cytoskeletal framework in
the infected cells. These RNPs are actively involved in RNA
synthesis, as revealed by in situ hybridization. By double im-
munofluorescent labeling and confocal microscopy, we have
demonstrated that the actin microfilaments but not the micro-
tubules are the site of interaction of RNP.

(This work forms part of the dissertation to be submitted by
S.G. to the Molecular Virology Program, Case Western Re-
serve University, Cleveland, Ohio, as partial fulfillment of the
requirements for the degree of Doctor of Philosophy.)

MATERIALS AND METHODS

Cells and viruses. CV-1 (ATCC CCL 185) cells were propagated in monolay-
ers as described previously (15). HPTV3 (HA-1; NIH 47885) was grown in CV-1
cells and purified as described previously (15).

Cell fractionation. CV-1 cells (4 X 107) were harvested, and the cell pellet was
washed with phosphate-buffered saline (PBS). The cell pellet was then gently
resuspended in extraction buffer (24) containing 10 mM piperazine-N,N'-bis
(2-ethenesulfonic acid) (PIPES; pH 6.8), 100 mM KCI, 2.5 mM MgCl,, 1 mM



2656 GUPTA ET AL.

CaCl,, 0.3 M sucrose, and 1 mM phenylmethylsulfonyl fluoride. Triton X-100
was added to a final concentration of 1%. After gentle mixing, the slurry was left
on ice for 3 min and centrifuged at 800 rpm for 3 min. The supernatant was
referred to as the soluble (SOL) fraction, and the pellet was referred to as the
cytoskeletal (CSK) fraction.

For cells that were grown on coverslips, the extraction buffer (24) was directly
added and the coverslips were kept on ice for 3 min. The coverslips were washed
with extraction buffer and then with PBS. The material retained on the coverslips
were fixed with 1% formaldehyde and used as the CSK fraction.

Protein analysis. Infected cells were pulse-labeled with 50 pCi of [*>SJmethi-
onine at 10 wCi/ml for 10 min and chased for 60 min. The labeled proteins were
resolved in a sodium dodecyl sulfate (SDS)-10% polyacrylamide gel (29) and
detected by fluorography followed by exposure to X-ray film.

For Western blot analysis, the proteins were resolved in an SDS-10% poly-
acrylamide gel and transferred to a nylon (GeneScreen) membrane (44). The
blot was incubated with the primary antibody, and the complex was detected with
horseradish peroxidase-conjugated second antibody and diaminobenzidine as the
substrate.

Viral RNA detection in cells. CV-1 cells were grown on coverslips and were
infected with HPIV3 at 1 PFU/cell. The CSK structures were fixed on the
coverslips and were hybridized (Boehringer Mannheim) to digoxigenin-labeled
sense and antisense NP-mRNA, synthesized in vitro from pGEM-NP plasmid
DNA as specified by the manufacturer (Boehringer Mannheim) with T7 and SP6
RNA polymerase, respectively. The hybridization signal was detected with anti-
digoxigenin antibody coupled to alkaline phosphatase followed by a color reac-
tion with nitroblue tetrazolium and 5-bromo-4-chloro-3-indolyl-phosphate as
substrates (Boehringer Mannheim). The slides were visualized under a phase-
contrast microscope.

For Northern hybridization, the cells were infected with HPIV3 at 1 PFU/cell
and were harvested at 2, 4, 8, 12, 24, and 36 h postinfection. The cells were
pelleted by centrifugation at 800 X g and fractionated in extraction buffer con-
taining ribonucleoside vanadyl complex (Sigma Chemical Co.). The RNAs from
the CSK and SOL fractions were purified by digestion with proteinase K and
then subjected to phenol extraction and ethanol precipitation. The RNA was
analyzed in a formaldehyde-agarose gel and transferred to a nylon membrane
(GeneScreen). The membrane was hybridized with radiolabeled NP ¢cDNA to
detect the virus-specific RNAs. The gel was analyzed with a phosphorimager, and
the distribution of RNAs between the SOL and CSK fractions of cells was
determined.

The NP cDNA insert was obtained by restriction digestion of an NP cDNA
clone in pPGEM4Z and eluted from a 1% agarose gel with GeneClean (Bio-Rad).
The ¢cDNA was labeled by the random primed labeling reaction (Boehringer
Mannheim) with [*?P]JdCTP and used as a probe in the hybridization reaction.

Plaque assay. The virus titer was determined by the standard plaque assay
technique with CV-1 cell monolayers as previously described (18).

CD treatment. Cytochalasin D (CD) (Sigma Chemical Co.) was initially re-
suspended in dimethyl sulfoxide at 5 mg/ml. Subsequent dilutions were made in
the culture media.

Isolation of viral RNP complex. The HPIV3 RNP complex was isolated from
infected CV-1 cells by a method described previously (43). CV-1 cells were
infected at 5 PFU/cell and harvested 24 h postinfection. The cells were washed
with PBS and then with 10 mM phosphate buffer (pH 7.2) containing 0.15 M
NaCl and finally disrupted in 10 mM Tris-HCI by sonication. The cell debris were
removed by centrifugation at 10,000 X g for 10 min, and the supernatant was
further centrifuged at 100,000 X g for 1 h to pellet the RNP. The RNP was
suspended in 0.1 ml of buffer containing 10 mM Tris, 1 mM EDTA, and 1 mM
dithiothreitol and further purified by centrifugation through a 50% glycerol
cushion (0.5 ml) at 150,000 X g in an SW 50.1 centrifuge.

Isolation of total RNA from infected cells. Total RNA was isolated from
HPIV3-infected CV-1 cells by a method described previously (9). The cells were
washed with PBS and lysed in solution D (4 M guanidinium thiocyanate, 25 mM
sodium citrate [pH 7.0], 0.5% Sarkosyl, 0.1 M 2-mercaptoethanol). RNA was
recovered from the lysed cells by phenol-chloroform extraction and ethanol
precipitation.

Immunofluorescent staining. Cells were grown on coverslips and were infected
with HPIV3 at 1 PFU/cell. At 12 to 14 h postinfection, the cells were fractionated
and stained with rhodamine-conjugated phalloidin in extraction buffer (1:100,
vol/vol) in the dark followed by fixation with 3.7% formaldehyde in PBS at room
temperature. Microtubules were labeled either directly or after extraction with
CSK buffer on coverslips and were treated with monoclonal anti-tubulin antibody
(Boehringer Mannheim) followed by fluorescein isothiocyanate (FITC)-conju-
gated anti-mouse immunoglobulin G (IgG). The coverslips were mounted on
slides with Vectashield (Vector) and visualized in a Leica CISM confocal laser-
scanning microscope. For double immunofluorescent staining, the infected cells
were fractionated and stained with rhodamine-conjugated phalloidin in extrac-
tion buffer (1:100, vol/vol) in the dark followed by fixation with 3.7% formalde-
hyde in PBS at room temperature. The fixed cells were stained with goat anti-
HPIV3 antibody (Biodesign) and anti-goat IgG conjugated with biotin followed
by FITC-conjugated avidin. The coverslips were mounted on slides with Vectash-
ield and visualized in a Leica CISM confocal laser-scanning microscope. For
simultaneous staining of microtubules and viral antigens, the cells were fraction-
ated with extraction buffer without phalloidin and fixed with 3.7% formaldehyde.
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FIG. 1. Protein distribution between the SOL fraction and CSK framework.
(A) CV-1 cells were infected with HPIV3 and, at different times postinfection
(p-i.) (as indicated), pulse-labeled with [**S]methionine for 10 min and chased
for 60 min. The labeled cells were fractionated into CSK and SOL fractions with
an extraction buffer as described by Hamaguchi et al. (24). The fractions were
analyzed by SDS-polyacrylamide gel electrophoresis followed by fluorography
and autoradiography. The migration positions of molecular size markers in
kilodaltons are shown on the right. (B) Western blot analysis of the proteins in
soluble and cytoskeletal fractions. The distribution of HPIV3 NP and the cyto-
skeletal component actin between the SOL and CSK fractions was determined by
the same procedure as described above, except the cells were not labeled and the
NP and actin were analyzed by Western blotting with anti-RNP that detects
primarily NP and anti-actin antibodies, respectively.

The fixed cells were then treated with both anti-tubulin antibody and anti-virus
antibody and subsequently with anti-mouse IgG conjugated to FITC for tubulin
and anti-goat IgG conjugated to biotin followed by Texas red-conjugated avidin
for viral antigens.

RESULTS

Association of HPIV3 RNP with the cytoskeletal framework.
In a previous study, we demonstrated that the cytoskeletal
protein actin specifically binds to HPIV3 RNP to activate viral
transcription in vitro (17). Ultrastructural analysis of the RNP
revealed that the binding of the polymeric form of actin me-
diates a conformational change of the RNP from a loosely
coiled to a moderately condensed form (17) that appeared to
be involved in the transcription activation process. This led us
to postulate that the CSK framework containing the polymeric
form of actin as a major component might play a direct role in
HPIV3 gene expression. We therefore investigated whether
viral RNP associates with the CSK framework and, more spe-
cifically, with actin microfilaments during infection. CV-1 cells,
which are highly permissive for HPIV3 growth in culture me-
dium, were selected for this study. The cells were infected with
HPIV3 and were pulse-labeled at various times postinfection.
The cells were lysed in extraction buffer containing 1% Triton
X-100 and separated into CSK and SOL fractions. Polypep-
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FIG. 2. Detection of HPIV3 RNAs in the CSK framework. CV-1 cells, grown on coverslips, were infected with HPIV3 at 1 PFU/cell. The cells were treated with
CSK buffer and hybridized with genome sense or antisense NP RNA labeled with digoxigenin. The coverslips were treated with anti-digoxigenin antibody coupled to
alkaline phosphatase (Boehringer Mannheim), and the signal was detected with nitroblue tetrazolium and X-phosphate as the substrate. The coverslips were then
mounted on slides and visualized under a phase-contrast microscope. Similarly treated mock-infected CV-1 cells served as the control. Mock-infected CV-1 cells (A)
and HPTV3-infected cells (B) hybridized with antisense NP RNA (T7 transcript of NP cDNA clone in pPGEM4Z) and mock infected CV-1 cells (C) and HPIV3-infected
cells (D) hybridized with NP mRNA (SP6 transcript of NP clone in pGEM4Z) are shown.

tides from each fraction were analyzed in SDS-polyacrylamide
gels and visualized by autoradiography. As shown in Fig. 1A,
the major RNP-associated protein, NP, was clearly associated
with the CSK fraction as early as 6 h postinfection and re-
mained bound to the CSK at least up to 16 h postinfection.
Western blot analysis with anti-RNP and anti-actin antibodies
confirmed the presence of NP and actin in the CSK fraction
(Fig. 1B). Similar analysis with anti-HPIV3 antibody demon-
strated the presence of P in the same CSK fraction (data not
shown). These results indicate that the viral RNP associates
with the CSK framework during the early period, i.e., the
RNA-synthetic phase of the virus life cycle.

Localization of viral RNAs on the CSK framework. Associ-
ation of viral RNP with the CSK framework during the early
period of infection raised the question whether viral RNA
synthesis also occurs on the CSK structure. To investigate this
possibility, we performed in situ hybridization of CV-1 cells
that were grown on coverslips and were infected with HPIV3.
At 12 h postinfection, the cells were extracted with CSK buffer,
with which the CSK structure was isolated on the coverslip and
was then fixed. The CSK structure on the coverslip was hybrid-
ized with digoxigenin-labeled NP-mRNA sense and antisense
riboprobes, and the signal was detected by the color reaction as
described in Materials and Methods. As shown in Fig. 2, the
viral mRNAs (Fig. 2B) and genomic RNA (Fig. 2D) were
clearly detected on the CSK framework of the infected cells

whereas no such signals were seen in mock-infected cells (Fig.
2A and C). The presence of viral RNAs on the CSK structure
suggests that the RNA synthesis occurs on the CSK framework
and that actin microfilaments may be directly involved in the
RNA synthetic process. To confirm this observation biochem-
ically, we examined the distribution of viral RNA between the
CSK and SOL fractions in cells harvested at different times
postinfection. The total RNA was isolated from each fraction
and analyzed by Northern blotting with **P-labeled NP cDNA

TABLE 1. Distribution of HPIV3-specific RNAs between the
CSK and SOL fractions from infected CV-1 cells

% of viral RNA in:
Time (h p.i.)*

CSK SOL
8 62 38
12 83.6 16.4
16 94.2 5.8
24 30 70

“ p.i., postinfection.

® The amounts of HPIV3-specific RNAs in the CSK and SOL fractions were
determined by Northern hybridization with 3°P-labeled NP ¢DNA as the probe
and quantitated by phosphorimager analysis as described in Materials and Meth-
ods. The data represent the mean of three sets of experiment with a variability
of <10%.
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FIG. 3. Inhibition of HPIV3 replication by CD. CV-1 cells were infected with
HPIV3 at 5 PFU/cell in the presence of different concentrations of CD, as
indicated. At 24 h post infection, the progeny virus released into the medium was
collected and measured by plaque assay. CV-1 cells were infected with vesicular
stomatitis virus (VSV) at 5 PFU/cell in the presence of CD. At 12 h postinfection,
the progeny virus released into the medium was measured.

as the probe. As shown in Table 1, the viral NP mRNA was
present on the CSK framework during the early period of
infection and after 16 h postinfection the RNAs were released
into the cytosol. These results strongly suggest that initial syn-
thesis of viral RNA occurs in the CSK framework by CSK-
associated RNP and that subsequently the RNP is released
into the cytosolic fraction.

Effect of CD on the production of HPIV3 virions. To deter-
mine the role of the CSK framework in HPIV3 reproduction,
we disrupted the CSK framework with CD, a potent actin-
depolymerizing agent which has been shown to disrupt the
microfilaments in a dose-dependent manner (7, 33, 38, 40, 42).
We preferred CD over CB in these studies because the latter
is also known to inhibit hexose transport, causing disturbances
in sugar metabolism (27). Confluent monolayers of CV-1 cells
were infected with HPIV3 in the presence or absence of dif-
ferent concentrations of CD. At 24 h postinfection, the prog-
eny virions were collected from the medium and quantitated by
a standard plaque assay. As shown in Fig. 3, the virus yield was
reduced in the presence of CD in a dose-dependent manner
with increasing concentrations up to 8 pg/ml. At 4 pg/ml, a
reduction by about 4 log units was observed as compared to the
control HPIV3 production in the absence of CD. These data
indicate that CD has a drastic effect on HPIV3 production and
thus confirms the direct involvement of actin microfilaments in
this process. When vesicular stomatitis virus was grown under
similar conditions, the virus titer was not affected to any sig-
nificant extent even at a CD concentration of 8 wg/ml (Fig. 3).
These results are not unexpected because neither the actin
microfilaments nor the CSK has been implicated in VSV re-
production (22).

Effect of CD on the intracellular accumulation of viral RNP
and mRNAs. We next examined whether the observed inhibi-
tion of progeny virion release in the presence of CD was due to
the inhibition of intracellular RNP and mRNA syntheses. Viral
RNPs were isolated from cells grown in the absence or pres-
ence of CD (8 wg/ml) and were resolved in SDS-polyacryl-
amide gels. The NP protein in the RNP was detected by West-
ern blotting with anti-RNP antibody. As shown in Fig. 4A),
upon treatment with CD, the intracellular RNP production
decreased by 60% compared to the control. Similarly, when
RNP-associated proteins were analyzed in the total-cell ex-
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tract, comparable inhibition was observed, indicating that the
inhibition of RNP production was at the level of protein syn-
thesis rather than at the level of assembly (data not shown). To
examine whether the level of viral mRNAs in CD-treated cells
also decreased, total RNA was isolated from HPIV3-infected
cells, grown in the presence or absence of CD, and analyzed
by Northern blotting with a *?P-labeled NP cDNA probe. As
shown in Fig. 4B, the presence of CD in the culture medium
resulted in an inhibition of viral mRNA synthesis by about 70%
compared to the control. These results suggest that HPIV3
RNA synthesis is significantly affected by CD and, consistent
with previous findings (17), that the polymeric form of actin
plays a critical role in the RNA synthesis. However, it remains
unknown whether the CSK framework also participates in viral
mRNA translation, although such involvement has not been
reported previously.

Colocalization of viral RNP with actin microfilaments. To
directly investigate the involvement of actin microfilaments in
the interaction with viral RNP, we used double immunofluo-
rescent labeling and confocal microscopy. Cells were treated
with CSK buffer to isolate the CSK framework. In the isolated
CSK framework, the actin microfilaments were labeled with
rhodamine-conjugated phalloidin (Fig. SA and C) and viral
antigens were similarly labeled with anti-HPIV3 antibody fol-
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FIG. 4. Inhibition of intracellular RNP synthesis by CD. (A) CV-1 cells were
infected with HPIV3 in the presence or absence of 8 mg of CD per ml. Intra-
cellular RNP was isolated by the method described by Toneguzzo and Ghosh
(43). The level of NP was determined by Western blot analysis with anti-RNP
antibody. RNP; purified viral RNP was used as control. (B) Inhibition of mRNA
synthesis by CD. CV-1 cells were infected with HPIV3 in the presence or absence
of 8 mg of CD per ml. Total RNA was isolated from the cells, and the levels of
NP mRNA were determined by Northern blot analysis with 3?P-labeled NP
cDNA. The same blot was hybridized with 3*P-labeled glyceraldehyde-3-phos-
phate dehydrogenase (GAPDH) cDNA and used as an internal control.
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FIG. 5. Association of HPIV3 RNP with the CSK framework in vivo. CV-1 cells grown on coverslips were infected with HPIV3 at 1 PFU/cell, and at 12 h
postinfection the cells were treated with CSK buffer containing rhodamine-conjugated phalloidin. The cells were washed with the same buffer followed by PBS and fixed.
The fixed CSK structures were treated with anti-HPIV3 antibody that detects the RNP-associated proteins NP and P. The coverslips were then treated with
biotin-conjugated anti-goat antibody followed by fluorescein-conjugated avidin. Similar staining of mock-infected cells served as control. Mock-infected (A) or
HPIV3-infected (C) CV-1 cells treated with CSK buffer containing rhodamine-phalloidin and mock-infected (B) or HPIV3-infected (D) CV-1 cells treated with
anti-HPIV3 antibody followed by biotin-conjugated anti-goat immunoglobulin plus fluorescein-conjugated avidin are shown.

lowed by anti-goat IgG conjugated to FITC (Fig. 5B and D).
As is evident from Fig. 5, the distribution of viral RNP closely
resembled that of the actin microfilaments (compare Fig. 5C
and D), suggesting an association between actin microfila-
ments and the viral RNP. When we performed the immuno-
staining with anti-RNP, a similar distribution of viral antigens
was observed, which confirmed the presence of RNP (data not
shown).

To determine the specificity of this interaction, we examined
the association of viral RNP with microtubules containing tu-
bulin, which are also a part of the cytoskeletal framework.
When similar double immunofluorescent labeling and confocal
microscopy with anti-tubulin antibody were used, no similarity
in the distribution of microtubules (Fig. 6A) and viral RNP
(Fig. 6B) was observed. Moreover, when the cells were ex-
tracted with CSK buffer, the microtubules disintegrated and
were removed (Fig. 6C), as described in earlier studies (4),
whereas the viral antigens remained on the cytoskeletal frame-
work (Fig. 6D). These findings clearly indicate that the viral
proteins are not associated with tubulin-containing microtu-
bules in the infected cells but, rather, associate with the actin
microfilaments. The slightly diffused staining of viral proteins

(Fig. 6) was possibly due to their colocalization with actin
microfilaments that are partially depolymerized in the absence
of phalloidin in the staining buffer.

We further examined the role of actin microfilaments by
using CD. As shown in Fig. 7, treatment of cells with CD
severely disrupted the distribution pattern of actin microfila-
ments (compare Fig. 5A and 7A), forming distinct patches.
Interestingly, the viral antigens also colocalized with the rem-
nants of actin filaments, indicating that the viral RNP remains
associated with actin in the disrupted microfilaments (Fig. 7C
and D). Taken together, the above findings indicate that the
association of viral RNP with the actin microfilaments is strong
and specific.

DISCUSSION

In the present study, we have demonstrated that the cyto-
skeletal framework plays an important role in the replication of
HPIV3 in vivo. The major finding of our study is that the viral
RNP associates with the cytoskeletal framework at an early
step during infection, i.e., the primary transcription phase (Fig.
1) and that actin microfilaments but not microtubules of the



2660 GUPTA ET AL.

anti-tubulin

CSK buffer untreated

..

CSK buffer treated

J. VIROL.

anti-HPIV-3

FIG. 6. Specificity of the interaction between the RNP and actin microfilaments. To determine the specificity of the RNP-actin interaction, the association of RNP
with another cytoskeletal protein, tubulin, was examined. CV-1 cells, grown on coverslips, were infected with HPIV3 at 1 PFU/cell and at 12 h postinfection either
incubated in PBS (A and B) or treated with CSK buffer (C and D) for 3 min on ice. The cells were washed with PBS and fixed. The coverslips were treated with
anti-tubulin or anti-HPIV3 antibody. They were then treated with fluorescein-conjugated anti-mouse IgG for anti-tubulin (A and C) or biotin-conjugated anti-goat

antibody followed by Texas red-conjugated avidin for HPIV3 antigens (B and D).

cytoskeletal framework are the sites of interaction (Fig. 5
through 7). The actin microfilaments were found to be the site
of viral RNA synthesis, as revealed by in situ hybridization
(Fig. 2) and further confirmed by the findings that CD, which
specifically disrupts actin microfilaments (40), inhibited viral
RNA synthesis and RNP accumulation in cells (Fig. 4). Fur-
thermore, double immunofluorescent labeling and confocal
microscopy revealed colocalization of RNP with the actin mi-
crofilaments. Disruption of microfilaments with CD resulted in
the distribution of viral antigens together with the remnants of
microfilaments (Fig. 7). These results clearly indicate that the
polymeric form of actin is required for HPIV3 multiplica-
tion in cells, which concurs with our previous observation
that actin is necessary for in vitro transcription by purified
viral RNP (16).

The requirement for specific proteins of the CSK framework
in the transcription of paramyxoviruses in vitro have been well
documented (16, 21, 25, 26, 30-32). For example, HPIV3 and
respiratory syncytial virus both require cellular actin for tran-
scription of genomic RNA in vitro (16, 26). In contrast, Sendai
virus and measles virus transcription was activated by tubulin
(30, 31), while canine distemper virus required hsp70, which
also associates with the CSK framework (32). These findings
strongly suggest that the CSK framework plays a role in viral
gene expression in vivo. The involvement of the CSK frame-

work in the virus life cycle has also been suggested, although
indirectly, by several other studies (10). For example, RNA
and DNA viruses including Newcastle disease virus (24), mea-
sles virus (5, 39), vesicular stomatitis virus (8), rubella virus (6),
vaccinia virus (12), and Autographa californica nuclear poly-
hedrosis virus (46) have been shown to interact with the CSK
during their life cycle (46). Although this interaction is be-
lieved to be involved in various activities such as viral genome
replication, assembly and release of progeny virions, and pro-
tein synthesis, its critical role in the virus life cycle has not yet
been established. The HPIV3 system appears to be unique in
that the actin microfilaments seem to be directly involved in
the viral RNA synthesis in vivo (Fig. 2 and 4). Actin microfila-
ments are one of the major components of the CSK framework
and are involved in such normal cellular processes as adhesion,
motility, division, and intracellular transport of organelles
(28, 35, 37, 38, 40). Our findings that CD completely inhib-
ited HPIV3 progeny virus release whereas intracellular RNP
accumulation was inhibited by about 40% suggest that actin
microfilaments are perhaps also involved in the maturation
and budding of HPIV3. Thus, it would be interesting to eluci-
date the various steps of morphogenesis of the HPIV3 virion
with reference to its interaction with the CSK framework.
Conversely, it is of interest to determine whether other para-
myxoviruses, such as Newcastle disease virus, utilize the
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FIG. 7. Effect of CD on the distribution of RNP in vivo. CV-1 cells, grown on coverslips, were infected with HPIV3 at 1 PFU/cell in the presence of 8 pg of CD
per ml. At 12 h postinfection, the cells were extracted with CSK buffer containing rhodamine-conjugated phalloidin. The CSK structures remaining on the coverslips
were washed with the CSK buffer followed by PBS. The CSK structures were fixed and treated with anti-HPIV3 antibody followed by biotin-conjugated anti-goat Ig
and fluorescein-conjugated avidin. Similarly treated HPIV3-infected CV-1 cells served as controls. Mock-infected (A) or HPIV3-infected (C) CV-1 cells treated with
8 pg of CD per ml were treated with CSK buffer containing rhodamine-conjugated phalloidin. Mock-infected (B) or HPIV3-infected (D) CV-1 cells were treated with
anti-HPIV3 antibody followed by biotin-conjugated anti-goat Ig plus fluorescein conjugated avidin.

CSK components, namely, actin, tubulin, or vimentin for
RNA synthesis.

Actin microfilaments have recently been shown to be in-
volved in the spread of vaccinia virus between cells (12). Im-
munofluorescence and video microscopy revealed that virus
particles move through the tip of actin-rich projections that
extends from an infected cell into an uninfected cell. A similar
role of the CSK in the cell-to-cell transmission of human im-
munodeficiency virus has been demonstrated (34). It is there-
fore possible that HPIV3 not only utilizes actin for RNA syn-
thesis but also recruits and exploits actin to facilitate the
spread of virus from cell to cell. Our data indicate that HPIV3
RNP-associated proteins maintain their association with the
CSK framework, beginning with their syntheses and at least up
to 16 h postinfection (Fig. 1). Thus, it seems that the viral
proteins, once attached to the CSK framework following in-
fection, do not leave this cytoarchitecture until budding. This
intimate relationship between the viral proteins and actin mi-
crofilaments suggests that the microfilaments may also play a
role in the translation of HPIV3 mRNAs. Furthermore, it is

apparent that the virus contains a protein(s) that interacts
directly or indirectly with actin. It would therefore be interest-
ing to determine whether actin binds to NP, the RNA poly-
merase complex proteins L and P, or the RNP complex. Al-
ternatively, other cellular proteins such as glyceraldehyde-3-
phosphate dehydrogenase and La protein, which have recently
been shown to interact with HPIV3 cis-acting RNA elements
and to be packaged within the matured virions, may be in-
volved in recruiting actin (19). Regarding the mode of ac-
tion of actin microfilaments, it is tempting to speculate that
these microfilaments form the sites of interaction between
the viral RNA polymerase and the putative host factor(s).
Many cellular proteins, including some transcription factors,
interact with actin (3, 41), which may be exploited by the
virus for its transcription/replication without having the pro-
teins packaged within the virions. Given that actin alters the
HPIV3 RNP structure from a loosely coiled to a moderately
condensed form (17), it may facilitate the interaction be-
tween RNA polymerase and the putative host factors even
when they bind to cis-acting elements at some distance apart
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on the genome template. Further studies on these interac-
tions will shed light on this important area of host-virus in-
teraction.
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