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ABSTRACT Viral inclusion bodies (IBs), or replication factories, are unique structures
generated by viral proteins together with some cellular proteins as a platform for ef-
ficient viral replication, but little is known about the mechanism underlying IB for-
mation and fusion. Our previous study demonstrated that the interaction between
the nucleoprotein (N) and phosphoprotein (P) of human parainfluenza virus type 3
(HPIV3), an enveloped virus with great medical impact, can form IBs. In this study,
we found that small IBs can fuse with each other to form large IBs that enhance vi-
ral replication. Furthermore, we found that acetylated �-tubulin interacts with the
N-P complex and colocalizes with IBs of HPIV3 but does not interact with the N-P
complex of human respiratory syncytial virus or vesicular stomatitis virus and does
not colocalize with IBs of human respiratory syncytial virus. Most importantly, en-
hancement of �-tubulin acetylation using the pharmacological inhibitor trichostatin
A (TSA), RNA interference (RNAi) knockdown of the deacetylase enzymes histone
deacetylase 6 (HDAC6) and sirtuin 2 (SIRT2), or expression of �-tubulin acetyltrans-
ferase 1 (�-TAT1) resulted in the fusion of small IBs into large IBs and effective viral
replication. In contrast, suppression of acetylation of �-tubulin by overexpressing
HDAC6 and SIRT2 profoundly inhibited the fusion of small IBs and viral replication.
Our findings offer previously unidentified mechanistic insights into the regulation of
viral IB fusion by acetylated �-tubulin, which is critical for viral replication.

IMPORTANCE Inclusion bodies (IBs) are unique structures generated by viral pro-
teins and some cellular proteins as a platform for efficient viral replication. Human
parainfluenza virus type 3 (HPIV3) is a nonsegmented single-stranded RNA virus that
mainly causes lower respiratory tract disease in infants and young children. How-
ever, no vaccines or antiviral drugs for HPIV3 are available. Therefore, understanding
virus-host interactions and developing new antiviral strategies are increasingly im-
portant. Acetylation on lysine (K) 40 of �-tubulin is an evolutionarily conserved mod-
ification and plays an important role in many cellular processes, but its role in viral
IB dynamics has not been fully explored. To our knowledge, our findings are the first
to show that acetylated �-tubulin enhances viral replication by regulating HPIV3 IB
fusion.
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Human parainfluenza virus type 3 (HPIV3) is a nonsegmented single-stranded RNA
virus (NSV) that belongs to the Paramyxoviridae family and mainly causes lower

respiratory tract disease in infants and young children (1). However, no vaccines are
available for HPIV3, and therefore, a deeper understanding of the replication of HPIV3
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and its interaction with its host cell is needed to facilitate studies of viral pathogenesis
and the development of novel therapeutic approaches.

The HPIV3 genome is encapsidated by the nucleoprotein (N) to form the N-RNA
complex, which serves as a template to interact with the RNA-dependent RNA poly-
merase complex consisting of a large protein (L) and a phosphoprotein (P) cofactor.
N-RNA association with RNA-dependent RNA polymerase forms an active ribonucleo-
protein complex that is necessary for transcription and replication to generate six
monocistronic mRNAs encoding six structural proteins and an antigenome inter-
mediate.

Like the Ns of most NSVs, N of HPIV3 consists of a highly conserved N-terminal core
(Ncore) and a hypervariable C-terminal tail (Ntail). Ncore is required for N self-assembly
and RNA binding to form the N-RNA complex (2), and Ntail is mainly responsible for the
binding of the N-RNA complex to P (3). P also contains two domains, an N-terminal
domain and a C-terminal domain. The N terminus of P chaperones N0 (free of RNA) and
forms the N0-P complex to prevent the N aggregation and nonspecific binding with
cellular RNAs (4) and direct N encapsidation of nascent genomic RNA during replication
(5, 6). The main N0 binding site has been localized to the extreme N-terminal 40 amino
acids (aa) of P of HPIV3 (7). The C terminus of P is responsible for the oligomerization
of P, and an oligomerization domain was mapped between aa 423 and 457 of P of
HPIV3 (8).

Viral inclusion bodies (IBs), or viral replication factories, which are accumulated
aggregates of viral proteins, are commonly generated in a variety of animal viruses,
such as DNA viruses (e.g., herpesviruses and poxviruses) and several RNA virus families
(e.g., togaviruses, reoviruses, flaviviruses, coronaviruses, and bunyaviruses) (9, 32).
Similarly, some NSVs, such as human respiratory syncytial virus (hRSV), rabies virus,
human metapneumovirus, and HPIV3, can also form IBs, but the mechanisms and the
details of the IB formation are poorly understood (10–13). Our recent study showed that
the association of N with P of HPIV3 is the minimal requirement for the formation of IBs,
which contain viral RNA, N, P, and polymerase in HPIV3-infected cells (13). Furthermore,
Hoenen et al. showed that Ebola virus IBs are highly dynamic structures that fuse
together to form larger IBs (14). Therefore, a better understanding of the dynamics of
IB fusion in infected cells would undoubtedly provide novel insight into the life cycle
of RNA viruses. However, the lack of a method for viral IB purification has hampered the
study of IB composition, and the mechanisms involved in the fusion of most viral IBs
have not been described yet. In this report, we present evidence that IBs are dynamic
structures in the process of viral infection; small IBs move to each other for fusion and
become large while decreasing in number. Most importantly, we further demonstrate
that the N-P complex interacts with acetylated �-tubulin, IBs colocalize with acetylated
�-tubulin, and acetylated �-tubulin promotes the fusion of small IBs into large IBs,
thereby enhancing viral RNA synthesis.

RESULTS
The appearance of large IBs is a kinetic fusion process derived from small IBs.

Our previous work demonstrated that the HPIV3 N association with P is the minimal
requirement for the formation of cytoplasmic IBs (13), but the mechanisms of IBs
formation are still not clear. To better analyze the IB formation process, we performed
time course studies in which HeLa cells were fixed at 6-h intervals for 24 h after
coexpression of N and P. Many small IBs with a mean cross-sectional area of less than
0.8 �m2 appeared at 6 h posttransfection and then gradually became larger, with a
mean cross-sectional area between 3 �m2 and 8 �m2 from12 h to 18 h posttransfec-
tion. Finally, at 24 h posttransfection, the size of the IBs came to the peak, with
individual IBs having cross-sectional areas of greater than 10 �m2 while decreasing in
number (Fig. 1A), indicating that the large IBs derived from the fusion of small IBs. To
confirm this, we visualized the expression of green fluorescent protein (GFP)-N and
mCherry-P using live-cell microscopy with a finer temporal resolution of 15 s per picture
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FIG 1 Morphogenesis of IB fusion. (A) Time course analysis of IB fusion. HeLa cells transfected with plasmids encoding N and P were fixed
at 6 h, 12 h, 18 h, and 24 h and subjected to immunofluorescence (IF) staining with antibodies against Myc and HA and appropriate
fluorescent secondary antibodies. (B) Kinetic fusion process of small IBs fusing into large IBs. Cells expressing GFP-N and mCherry-P were
visualized by live-cell imaging at 12 h posttransfection, and the fusion event is marked with a red arrow. (C and D) HPIV3HA-P forms IBs in
HeLa and A549 cells. HeLa cells and A549 cells grown on coverslips were infected with HPIV3HA-P at MOIs of 1.0 and 0.1. At 24 h postinfection,
cells were fixed and prepared for IF assay. Anti-HA antibody was used for visualizing the IBs. (E and F) Time course analysis of IB fusion in
HPIV3HA-P-infected cells. HeLa cells infected with HPIV3HA-P at an MOI of 1.0 were fixed at different time points and evaluated via IF
microscopy. The cross-sectional areas of IBs at different time points were measured. Large, medium, and small IBs were quantified at different
time points in HPIV3HA-P-infected cells, and at least 50 cells were included for each group. The graph shows the quantifications of large, medium,
and small IBs relative to IBs of all sizes at different time points. Values are means � standard deviations (SD) from three experiments.
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at 12 h posttransfection and found that the small IBs were mobile and fused with each
other to form the large IBs (Fig. 1B; Movie S1 in the supplemental material).

To determine whether IB formation and fusion also occur in HPIV3-infected cells, we
rescued a recombinant HPIV3 with a hemagglutinin (HA) tag fused to the N terminus
of P (HPIV3HA-P) and found that IBs also appeared in HPIV3HA-P-infected HeLa and A549
cells (Fig. 1C and D). In accordance with the results obtained by coexpression of N and
P, small IBs were observed at the early stage of infection and gradually became larger
at 12 h, 18 h, and 24 h postinfection (Fig. 1E). The percentages of large (with a mean
cross-sectional area larger than 8 �m2), medium (with a mean cross-sectional area
between 3 �m2 to 8 �m2), and small (with a mean cross-sectional area less than 3 �m2)
IBs at different time points were evaluated and presented as a scatter plot (Fig. 1F),
which showed that the percentages of large IBs were highest at 24 h postinfection,
indicating that the large IBs indeed derived from the fusion of small IBs in HPIV3-
infected cells. Furthermore, viral plus-strand RNAs, antigenomic RNA, and genomic RNA
were all observed to localize in IBs in HPIV3-infected HeLa and A549 cells via the use
of biotinylated oligonucleotide probes (Fig. 2), indicating that IBs are indeed viral RNA
synthesis sites.

Acetylated �-tubulin interacts with the N-P complex. Since we concluded that
large IBs were derived from the fusion of small IBs (Fig. 1), we sought to determine
which cellular factor(s) regulates the fusion of IBs and how it does so. For this purpose,
we transiently coexpressed N and P of HPIV3 in HEK293T cells and used the N-P
complex as bait proteins to perform immunoprecipitation (IP). Eluted proteins were
separately fractionated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) and stained via silver staining, followed by mass spectrometry (MS). Finally,
we found that acetylated �-tubulin, but not �-tubulin, interacted with the N-P complex
(Fig. 3A). Further co-IP analysis confirmed that acetylated �-tubulin interacted only with
the N-P complex and not with N or P alone (Fig. 3B, lanes 2 to 4). In addition, acetylated
�-tubulin interacted with neither NL478A nor P when NL478A and P were coexpressed
(Fig. 3B, lane 5), since NL478A-RNA lost the ability to interact with P (13). Moreover, we
confirmed that �-tubulin cannot interact with N or P alone or with the N-P complex
(Fig. 3C). In addition, we found that acetylated �-tubulin, but not �-tubulin, colocalized
with IBs when N and P were coexpressed, and coexpression of NL478A and P did not
change the distribution of acetylated �-tubulin (Fig. 3D). Similarly, acetylated �-tubulin
colocalized with IBs in HPIV3HA-P-infected HeLa and A549 cells (Fig. 3E and F). Mean-
while, we also found that the HPIV3 infection significantly enhanced the expression of
acetylated �-tubulin (Fig. 3G). Taken together, our results show that acetylated
�-tubulin interacts with the N-P complex and colocalizes with viral IBs.

Interaction of acetylated �-tubulin with N-P complex is specific to HPIV3. Next,
we sought to determine whether the interaction of the N-P complex with acetylated
�-tubulin is a unique mechanism of HPIV3 or a general feature of NSVs. Therefore, we
repeated the immunofluorescence and co-IP assay under the condition of coexpression
of N and P of human respiratory syncytial virus (hRSV) or vesicular stomatitis virus (VSV).
Although N and P of both hRSV and VSV formed an N-P complex (Fig. 4A and E),
acetylated �-tubulin interacted with the N-P complex of neither hRSV nor VSV (Fig. 4D
and F). Furthermore, we confirmed that coexpression of N and P of hRSV can form IBs,
as reported previously (15) (Fig. 4B). In addition, IB fusion in hRSV occurred as it did in
HPIV3 (see Movie S2 in the supplemental material), but acetylated �-tubulin did not
colocalize with IBs of hRSV (Fig. 4C). These results show that the association of
acetylated �-tubulin with the N-P complex and colocalization with IBs were specific to
HPIV3.

Acetylated �-tubulin is required for the IB fusion of HPIV3 and enhances viral
RNA synthesis. Having established that acetylated �-tubulin associates with the N-P
complex and colocalizes with IBs, we sought to determine whether acetylated �-tubulin
regulates the fusion of small IB into large, mature IBs through its interaction with the
N-P complex and thus facilitates viral RNA synthesis. For this purpose, first we expressed
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FIG 2 Viral RNAs accumulate in viral IBs in HPIV3HA-P-infected HeLa cells and A549 cells. HeLa cells (A) and
A549 cells (B) infected with HPIV3HA-P (MOI � 1) for 24 h postinfection were fixed and subjected to FISH
analyses as described in Materials and Methods. Biotinylated oligonucleotides were used to detect N
mRNA, antigenomic RNA, and genomic RNA, and anti-HA antibody was used to visualize IBs in
HPIV3HA-P-infected cells.
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FIG 3 Acetylated �-tubulin interacts with the N-P complex and colocalizes with IBs. (A) Acetylated �-tubulin interaction with the N-P
complex identified by IP/MS. HEK293T cells were transfected with plasmids encoding P and N. At 48 h posttransfection, the cells were
harvested and subjected to co-IP, followed by silver staining, and the bands of interest were isolated and analyzed by MS. (B) Confirmation
of the interaction of acetylated �-tubulin and the N-P complex by co-IP. HEK293T cells were transfected with plasmids encoding P and N
individually or jointly. At 48 h posttransfection, the cells were harvested and subjected to co-IP with anti-acetylated �-tubulin antibody. (C)
There is no interaction between �-tubulin and the N-P complex. HEK293T cells were transfected with plasmids encoding P and N individually
or jointly. At 48 h posttransfection, the cells were harvested and subjected to co-IP assay. IP was performed with anti-�-tubulin antibody.
(D) Acetylated �-tubulin colocalizes with IBs. HeLa cells were transfected with plasmids encoding P and N or NL478A. At 24 h posttransfection,
cells were fixed and stained with antibody against Myc to visualize the IBs and with antibody against tubulin/acetylated �-tubulin to visualize
�-tubulin/acetylated �-tubulin. Images were analyzed via IF microscopy. (E and F) Acetylated �-tubulin colocalizes with IBs in HPIV3HA-P-
infected cells. HeLa cells and A549 cells were infected with HPIV3HA-P at an MOI of 1.0 or mock infected. At 24 h postinfection, cells were
fixed with HA-P to visualize acetylated �-tubulin. Images were analyzed via IF microscopy. (G) HPIV3 infection increases acetylated �-tubulin
expression. HeLa cells were infected with HPIV3 at an MOI of 1. At 12 h postinfection, cells were harvested and the lysates were analyzed
via Western blotting. The increased amount of acetylated tubulin was measured and is shown in the graph. Values are means � SD from
three experiments. Student’s t test: ***, P � 0.001.

Zhang et al. Journal of Virology

February 2017 Volume 91 Issue 3 e01802-16 jvi.asm.org 6

http://jvi.asm.org


FIG 4 Interaction between acetylated �-tubulin and the N-P complex is unique for HPIV3. (A) Interaction between N and P of RSV.
HEK293T cells were transfected with plasmids encoding NRSV and PRSV individually or jointly. At 48 h posttransfection, cells were
harvested and subjected to co-IP assay. The IP was performed using anti-Flag polyclonal antibody. (B) Visualization of the N-P
complex of RSV. HeLa cells were transfected with plasmids encoding HA-PhRSV and GFP-NhRSV individually or jointly. At 24 h
posttransfection, cells were fixed and stained with antibody against HA to visualize P. Images were analyzed by fluorescence
microscopy. (C) Acetylated �-tubulin does not colocalize with the N-P complex of RSV. HeLa cells were treated as described for panel
B, and immunofluorescence staining with acetylated �-tubulin antibody and Flag antibody was performed. (D) Acetylated �-tubulin
interacts with the N-P complex of HPIV3 but not with that of RSV. HEK293T cells were transfected with plasmids encoding Flag-NRSV

and HA-PRSV individually or jointly with the HA-P and N-Flag of HPIV3 as a positive control. At 48 h posttransfection, the cells were
harvested and subjected to co-IP assay. IP was performed with anti-acetylated �-tubulin antibody. (E) Interaction between N and P
of VSV. HEK293T cells were transfected with plasmids encoding N and P of VSV individually or jointly. At 48 h posttransfection, cells
were harvested and subjected to co-IP assay. The IP was performed using anti-Flag polyclonal antibody. (F) Acetylated �-tubulin does
not interact with the N or P of VSV. HEK293T cells were transfected with plasmids encoding NVSV and PVSV individually or jointly. N
and P of HPIV3 were used as a positive control. At 48 h posttransfection, the cells were harvested and subjected to co-IP assay. IP
was performed with anti-acetylated �-tubulin antibody.
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two deacetylases of �-tubulin, sirtuin 2 (SIRT2) and histone deacetylase 6 (HDAC6), and
found that their expression indeed reduced the level of acetylated �-tubulin, but a
catalytically inactive mutant of SIRT2, SIRT2-N168A, had no effect on the level of
acetylated �-tubulin (Fig. 5A and B). Consistent with levels of acetylated �-tubulin,
compared to the expression of SIRT2-N168A, the expression of SIRT2 dramatically
decreased the number of large IBs (Fig. 5C). Similarly, the expression of HDAC6
dramatically decreased the number of large IBs (Fig. 5D), indicating that acetylated
�-tubulin may be required for the fusion of small IBs into large IBs. Furthermore, the
expression of SIRT2 dramatically reduced the fusion of small IBs into large IBs, but the
expression of SIRT2-N168A did not (see Movies S3 and S4 in the supplemental material).
To rule out the possibility that apart from reducing �-tubulin acetylation, SIRT2 and
HDAC6 might also inhibit the fusion of IBs via interacting with the N-P complex directly,
we also performed co-IP to examine the interaction of SIRT2 or HDAC6 with the N-P
complex. Neither SIRT2 nor HDAC6 could be coimmunoprecipitated by the N-P com-
plex (Fig. 5E and F).

Next, we sought to determine whether acetylated �-tubulin is required for viral RNA
synthesis. We first performed an HPIV3 minigenome assay in the presence of Myc-SIRT2
or -HDAC6, and the results showed that the rate of RNA synthesis was lower in SIRT2-
or HDAC6-expressing cells than in cells expressing empty vectors, with a significant
dose-dependent effect (Fig. 6A and B). In addition, the expression of HDAC6 also
reduced viral hemagglutinin-neuraminidase (HN) protein expression (Fig. 6C, left panel)
and viral titer (Fig. 6C, right panel) in HPIV3-infected cells.

Having confirmed that exogenous expression of SIRT2 and HDAC6 reduced viral
RNA synthesis, we sought to determine whether depletion of endogenous SIRT2 or
HDAC6 would have the opposite effect. Thus, we knocked down SIRT2 or HDAC6 by
RNA interference (RNAi) in HPIV3-infected cells, which resulted in elevated levels of
�-tubulin acetylation and increased viral HN protein synthesis (Fig. 6D, left panel) and
viral titer (Fig. 6D, left panel). To exclude possibilities by which SIRT2 or HDAC6 could
mediate viral RNA synthesis other than by regulating the deacetylation of �-tubulin and
to confirm that acetylated �-tubulin indeed contributes to viral RNA synthesis, we also
established an �-tubulin acetyltransferase 1 (�-TAT1) stably expressed HeLa cell line, as
�-TAT1 is considered to be a major �-tubulin acetyltransferase in mammalian cells.
Consistent with depletion of HDAC6 and SIRT2, acetylated �-tubulin and viral HN
protein levels were higher in stably �-TAT1-expressing cells than in normal HeLa cells
(Fig. 7A).

Similarly, when cells were treated with trichostatin A (TSA), an inhibitor of the HDAC
family, the acetylated �-tubulin and viral HN protein levels (Fig. 7B, left panel), viral titer
(Fig. 7B, right panel), and RNA synthesis level were higher in TSA-treated cells than in
mock-treated cells (Fig. 7C). Accordingly, IBs were much larger in TSA-treated cells than
in mock-treated cells, in a dose-dependent manner (Fig. 7D).

Acetylated �-tubulin is dispensable for the fusion of IBs and viral RNA synthe-
sis of RSV. Next, we repeated the same examination for RSV IB formation and RNA
synthesis. Although the IBs of RSV also underwent fusion, the reduction of acetylated
�-tubulin caused by SIRT2 and HDAC6 had no effect on the fusion of the RSV IBs (Fig.
8A and B), suggesting that reliance on acetylated �-tubulin for the fusion of IBs was
specific to HPIV3. Meanwhile, the increased level of acetylated �-tubulin induced by
TSA treatment had no effect on the size of IBs and RNA synthesis of RSV (Fig. 8C and
D). Taken together, our results demonstrate that it is a specific feature of HPIV3 that
acetylated �-tubulin is required for the fusion of IBs and RNA synthesis.

DISCUSSION

Our previous study showed that N-P interaction is the minimal requirement for the
formation of IBs and that IBs contain viral RNA, N, P, and polymerase in HPIV3-infected
cells (13). Here, we further demonstrated that large IBs derive from small IBs via a kinetic
fusion process, which is critical for viral RNA synthesis. Therefore, we conclude that
some cellular proteins may regulate IB fusion and viral RNA synthesis via interaction
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FIG 5 Acetylated �-tubulin is required for the fusion of IBs of HPIV3. (A) Effect of SIRT2 expression on the level of acetylated �-tubulin. HeLa cells
transfected with plasmids encoding GFP-SIRT2-N168A or GFP-SIRT2 were fixed and stained with antibody against acetylated �-tubulin at 24 h
posttransfection. Images were analyzed by fluorescence microscopy. (B) Effect of HDAC6 expression on the level of acetylated �-tubulin. HeLa cells
transfected with plasmids encoding empty vector or HDAC6 were harvested at 24 h posttransfection, and the acetylated �-tubulin was measured
by Western blotting. (C) Effects of SIRT2 expression on the fusion of IBs. HeLa cells transfected with plasmids encoding N, P, GFP-SIRT2-N168A,
or GFP-SIRT2 were fixed and stained with antibody against Myc to visualize the IBs at 24 h posttransfection. Images were analyzed via IF

(Continued on next page)
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with the N-P complex of HPIV3. Indeed, we found that acetylated �-tubulin interacted
with the N-P complex, IBs colocalized with acetylated �-tubulin, and viral RNAs were
colocalized in IBs. Our findings provide evidence that acetylated �-tubulin regulates the
fusion of IBs via interaction with the N-P complex and enhances viral RNA synthesis.

FIG 5 Legend (Continued)
microscopy. IB formation was categorized as described for Fig. 1F. The percentage of large IBs in the cells expressing GFP-SIRT2-N168A or
GFP-SIRT2 is shown in the graph. Values are means � SD from three experiments. Student’s t test: **, P � 0.01. (D) Effects of HDAC6 expression
on the fusion of IBs. HeLa cells transfected with plasmids encoding N, P, empty vector, or HDAC6 were stained with antibody against Myc to
visualize the IBs and with antibody against Flag to visualize HDAC6 at 24 h posttransfection. Images were analyzed by IF microscopy. The
percentage of large IBs in the cells expressing empty vector or Flag-HDAC6 is shown in the graph. Values are means � SD from three experiments.
Student’s t test: **, P � 0.01. (E and F) Neither GFP-SIRT2 nor HDAC6 interacts with the N-P complex in a co-IP assay. HEK293T cells were
transfected with plasmids encoding P, N, GFP-SIRT2, or HDAC6. At 48 h posttransfection, the cells were harvested and subjected to co-IP assay
as described in Materials and Methods. The IP was performed using anti-Myc antibody and anti-HA antibody, and anti-Myc, anti-GFP antibody,
and anti-Flag antibody were used for Western bolts.

FIG 6 Acetylated �-tubulin is required for viral RNA synthesis by HPIV3. (A) Effect of SIRT2 expression on RNA synthesis of the HPIV3
minigenome. Plasmids encoding N, P, L, minigenome, and SIRT2 (100, 200, 400, and 800 ng) were transfected into vTF7-3-infected
HeLa cells. Relative luciferase activity and protein expression were analyzed according to the manufacturer’s instructions. Values are
means � SD from three experiments. (B) Effects of HDAC6 expression on RNA synthesis of the HPIV3 minigenome. vTF7-3-infected
HeLa cells were transfected with plasmids encoding N, P, L, minigenome, and HDAC6 (100, 200, 400, and 800 ng). Relative luciferase
activity and protein expression were detected as described for panel A. (C) Effects of HDAC6 expression on RNA synthesis in
HPIV3-infected cells. HeLa cells were transfected with empty vector or plasmid encoding HDAC6 for 24 h. Cells were then infected with
HPIV3 at an MOI of 1.0. At 24 h postinfection, cells were harvested and analyzed for viral HN expression via Western blotting (left) and
virions production (right). (D) Effects of HDAC6 and SIRT2 depletion on RNA synthesis in HPIV3-infected cells. Negative-control siRNA-,
siHDAC6-, and siSIRT2-transfected HeLa cells were infected with HPIV3 (MOI � 1). At 24 h postinfection, cell lysates were analyzed for
expression of HN, HDAC6, and SIRT2 via Western blotting (left) and the medium were analyzed for production of virions (right).
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Suppression of acetylation of �-tubulin by overexpressing deacetylases HDAC6 and
SIRT2 profoundly inhibited the fusion of small IBs and viral RNA synthesis. Conversely,
increasing acetylation of �-tubulin using the pharmacological inhibitor TSA or RNAi
knockdown of HDAC6 and SIRT2 or by expressing �-TAT1 resulted in the fusion of small
IBs into large IBs and effectively promoted viral RNA synthesis. In conclusion, our results
reveal that fusion of HPIV3 IBs regulated by acetylated �-tubulin is required for viral
RNA synthesis and suggest that acetylated �-tubulin may be involved in viral RNA
synthesis by acting as a scaffolding protein, forming a platform that may be critical in
N-P complex interaction with other cellular proteins.

We found that the acetylated tubulin modulation of N-P-induced IB formation may

FIG 7 An increased level of acetylated �-tubulin promotes the fusion of IBs and viral RNA synthesis by HPIV3. (A) Effects of stable expression of �-TAT1 on RNA
synthesis in HPIV3-infected cells. Normal HeLa cells or HeLa cells stably expressing �-TAT1 were infected with HPIV3 at an MOI of 1.0. At 24 h postinfection,
viral HN was measured via Western blotting. The data shown represent three independent experiments. (B) Effects of TSA treatment on RNA synthesis in
HPIV3-infected cells. HeLa cells treated with 2 �M TSA or mock treated for 12 h were infected with HPIV3 at an MOI of 1. At 12 h postinfection, cells were
harvested, and viral HN was measured via Western blotting. In addition, the medium was analyzed for production of virions (right). (C) Effect of TSA treatment
on RNA synthesis in the HPIV3 minigenome. Plasmids encoding N, P, L, and the minigenome were transfected into vTF7-3-infected HeLa cells. At 5 h
posttransfection, the transfection medium was replaced with 30, 60, 120, or 240 nM TSA or mock treated. At 24 h postinfection, relative luciferase activity and
protein expression were detected as described for Fig. 6A. Values are means � SD from three experiments. (D) Effects of TSA treatment on the fusion of IBs.
HeLa cells were transfected with plasmids encoding N and P. At 5 h posttransfection, the transfection medium was replaced with 60 nM TSA or mock treated.
At 5 h posttransfection, cells were fixed and stained with antibody against Myc to visualize the IBs and with antibody against acetylated �-tubulin to visualize
acetylated �-tubulin. Images were analyzed via IF microscopy. IB formation was categorized as described for Fig. 1F. Values are means � SD from three
experiments. Student’s t test: *, P � 0.05.
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FIG 8 Acetylated �-tubulin is dispensable for the fusion of IBs and viral RNA synthesis of RSV. (A and B) Effect of
SIRT2 (A) or HDAC6 (B) expression on the IB fusion of RSV. HeLa cells transfected with plasmids encoding HA-PhRSV,
N-MychRSV GFP-SIRT2-N168A, GFP-SIRT2, Flag-HDAC6 or vector were fixed and stained with antibody against HA

(Continued on next page)
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be specific to HPIV3: (i) acetylated �-tubulin, not �-tubulin, interacts with the N-P
complex and colocalizes with IBs of HPIV3, (ii) acetylated �-tubulin was unable to
interact with the N-P complexes of hRSV and VSV and did not colocalize with IBs of
hRSV, and (iii) variations in the degree of �-tubulin acetylation had no effect on the RNA
synthesis of hRSV. All these data suggest that paramyxoviruses may use different
cellular elements inside or outside the cytoskeleton for replication, which supports the
following findings from previous studies: (i) genome transcription of hRSV requires
actin and can be further enhanced by an actin-modulatory protein, profilin (16), and (ii)
no colocalization of actin or tubulin and individual measles virus (MeV) proteins was
observed, although actin is packaged within the infectious particles of both MeV and
Sendai virus (17).

Acetylated microtubules are generally thought to be more stable than unmodified
microtubules, but no direct evidence has shown that acetylation modification of
microtubules directly influences tubulin polymerization or depolymerization kinetics in
vitro (18). In addition, no clear differences in microtubule structure or tubulin confor-
mation have been found between electron cryomicroscopy reconstructions of maxi-
mally deacetylated or acetylated microtubules (19), and the levels at which kinesin-1
binds to acetylated microtubules and deacetylated microtubules are similar (20, 21).
These findings require further investigation into the mechanism by which acetylation
of �-tubulin enhances the fusion of IBs of HPIV3 via interaction with the N-P complex.
It is possible that the N-P complex recognizes modified �K40 and gains access to the
luminal surface of microtubules and then mediates N-P complex interaction with
cellular proteins that bind directly to the lumen of the microtubules, where these
cellular proteins assist IB fusion for effective viral RNA synthesis. Although the identity
of these cellular proteins is unknown, the presence of luminal particles has been shown
(22). In addition, as acetylated �-tubulin associates predominantly with the membrane
by directly interacting with the transport protein Na�,K�-ATPase (23), it is also possible
that acetylated �-tubulin pulls the N-P complex into the intracellular membranes,
which provides a platform for efficient IB fusion and subsequent RNA synthesis. This
scenario resembles findings of a recent study that surprisingly showed that reovirus, a
nonenveloped, double-stranded RNA virus, forms IBs that recruit cell membranes for
viral replication (24). Additional experiments will be needed to test these possibilities
further.

Without doubt, acetylation modification indeed endows microtubules with new
features, and several reports have shown the roles of acetylated microtubules in virus
infection: herpesvirus and adenovirus induce microtubule acetylation to facilitate viral
entry (25, 26); influenza A virus infection enhances the levels of acetylated �-tubulin to
facilitate the transport of viral components (27); and HIV-1 induces the acetylation of
microtubules to promote infection, and the overexpression or depletion of HDAC6
inhibits or enhances HIV-1 infection, respectively (28, 29). However, the direct role of
acetylation modification in virus infection remains unclear.

Here we identify an entirely new and unique role for the acetylation of �-tubulin as
a regulator of RNA synthesis through its ability to enhance the fusion of IBs of HPIV3.
Our future research will focus on identifying cellular proteins which are involved in
acetylated �-tubulin mediated fusion of viral IBs.

FIG 8 Legend (Continued)
and Flag at 24 h posttransfection. Images were analyzed by fluorescence microscopy. Values are means � SD from
three experiments. Student’s t test: ns, nonsignificant. (C) Effects of TSA on the IB fusion of RSV. HeLa cells were
transfected with plasmids encoding GFP-N or P of RSV. At 5 h posttransfection, the transfection medium was
replaced with 60 nM TSA or mock treated. At 24 h posttransfection, cells were fixed and stained with antibody
against Myc to visualize the IBs. Images were analyzed by fluorescence microscopy. IB fusion was categorized as
described for Fig. 1F. Values are means � SD from three experiments. Student’s t test: ns, nonsignificant. (D) Effects
of TSA on RNA synthesis by RSV. BSR-T7 cells infected with vTF7-3 were transfected with plasmids encoding N, P,
L, M2-1, and the minigenome of RSV. At 24 h posttransfection, the medium was replaced with 0.25, 0.5, 1.0, or 2.0
�M TSA or mock treated. At 48 h posttransfection, cells were harvested, and the relative CAT activity was detected
according to the manufacturer’s instructions. Values are mean � SD from three experiments.
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MATERIALS AND METHODS
Cell cultures and virus. HeLa, A549, HEK293T, and LLC-MK2 cells (China Center for Type Culture

Collection [CCTCC]) were cultured in Dulbecco’s modified Eagle’s medium (DMEM) (Gibco) containing 8%
fetal bovine serum (FBS) (Gibco) at 37°C. 293T-T7 cells (derived from 293T cells expressing T7 polymerase
in this study) and HeLa-�TAT1 cells (derived from HeLa cells expressing �-TAT1 in this study) were
maintained in DMEM containing 8% FBS and 1 �g/ml puromycin. BSR-T7 cells (Harbin Veterinary
Research Institute, CAAS) were maintained in DMEM containing 8% FBS and 1 �g/ml G418. HPIV3 (NIH
47885) and HPIV3HA-P were amplified in LLC-MK2 cells as described previously (13). Recombinant vaccinia
virus (vTF7-3) expressing T7 RNA polymerase was amplified in HeLa cells by inoculation at a multiplicity
of infection (MOI) of 0.1.

Plasmid constructs. The plasmids pOCUS-HPIV3, pGEM4-N, pGEM4-P, and pGEM4-L, plasmids
encoding the HPIV3 minigenome, HA-tagged P of HPIV3, Flag-tagged N, Myc-tagged N, and its mutant
NL478A of HPIV3, and HA-tagged P and Flag-tagged N of VSV have been described previously (13, 30). The
construct encoding P of HPIV3 with an mCherry epitope tag at its N terminus was generated by
PCR-based cloning techniques and cloned into pCAGGS. The constructs encoding N of HPIV3 with a GFP
epitope were generated by PCR-based cloning techniques and cloned into pCAGGS. cDNAs encoding P
with an HA tag, N with a Flag and GFP tag, L protein, and M2-1 were amplified from the RSV-infected cells
via reverse transcription-PCR and cloned into pCAGGS, pBS, pGADT7, and pGBKT7, respectively. Plasmid
encoding HDAC6 was amplified from HeLa cells via reverse transcription-PCR and cloned into pCAGGS
and pGBKT7, respectively. GFP-SIRT2 and GFP-SIRT2-N168A were kindly provided by E. M. Verdin
(Gladstone Institute of Cardiovascular Disease, University of California). The cDNA of HDAC6 or SIRT2 was
amplified by PCR using plasmids encoding Flag-HDAC6 and GFP-SIRT2 as templates, and PCR products
were cloned into pGBKT7. The cDNA of �-TAT1 was amplified by PCR with plasmids pEF5B-FRT-GFP-
�TAT1 (purchased from Addgene, plasmid 27099) as a template, and PCR products were cloned into
pCAGGS and pHAGE-CMV-MCS-IRES, respectively. Plasmids carrying the HPIV3 genome with an HA tag
fused to the N terminus of the P gene were constructed as described previously (13). All constructs were
verified by DNA sequencing.

In vivo minigenome assay of HPIV3. The in vivo minigenome assay was performed as described by
Hoffman and Banerjee (31) with minor modifications. Briefly, HeLa cell monolayers grown on 12-well
plates were infected with vTF7-3 at 37°C for 1 h. The plasmids pcDNA3.0-N (250 ng), pGADT7-P (62.5 ng),
and pGEM4-L (100 ng), and the plasmid carrying the minigenome (50 ng) of HPIV3 were transfected with
increasing amounts of glutathione S-transferase (GST), or GST-PN40, HA-M, pGBDT7-HDAC6, or pGBDT7-
SIRT2 (100 ng, 200 ng, 400 ng, and 800 ng) by using Lipofectamine 2000 (Invitrogen). Total amounts of
plasmid were always kept constant. At 5 h posttransfection, the transfection medium was replaced by
DMEM contains 4% FBS. At 24 h posttransfection, cells were lysed in 150 �l of lysis buffer, from which
20-�l aliquots were used to determine luciferase activity according to the manufacturer’s instructions
(luciferase assay kit; Roche). All assays were repeated at least three times for accuracy.

In vivo minigenome assay of RSV. BSR-T7 cell monolayers grown on 6-well plates were infected
with vTF7-3 at 37°C for 1 h. The plasmids pGBDT7-N (1.0 �g), pGADT7-P (1.0 �g), pBS-L (0.25 �g),
pBS-minigenome-CAT (1.0 �g), and pGBDT7-M2-1 (1.5 �g), encoding N, P, L, M2-1, and RSV minigenome,
respectively, were transfected with Lipofectamine 2000 (Invitrogen). At 5 h posttransfection, the trans-
fection medium was replaced by DMEM containing 4% FBS. At 24 h posttransfection, the medium was
replaced by DMEM containing 4% FBS with 0.25, 0.5, 1.0, or 2.0 �M TSA or mock treated. At 48 h
posttransfection, cells were harvested, and the cell lysates were subjected to a chloramphenicol
acetyltransferase (CAT) enzyme-linked immunosorbent assay (ELISA) for detection of the relative CAT
activity as described by Chen et al. (30). All assays were repeated at least three times for accuracy.

In vivo co-IP. Appropriate plasmids were transfected into 293T cells via calcium phosphate trans-
fection. At 48 h posttransfection, the cells were harvested and prepared as described by Zhang et al. (13).
The cell lysate was precleaned with protein G-Sepharose 4 Fast Flow medium. Antibody-protein
complexes were purified with protein G beads and washed with washing buffer (5% [wt/vol] sucrose, 5
mM Tris-HCl [pH 7.4], 5 mM EDTA [pH 8.0], 500 mM NaCl, and 1% [vol/vol] Triton X-100) three times. After
boiling in SDS sample buffer, the proteins were separated via SDS-PAGE and processed for immuno-
blotting.

Silver staining. HA-P and/or N-Myc was transfected into 293T cells in 10-cm dishes. At 48 h
posttransfection, cells were harvested and prepared for coimmunoprecipitation as described above. The
proteins were subjected to SDS-PAGE, and then the gel was fixed in 50% methanol (MeOH)–10% acetic
acid for 10 min, followed by washing in double-distilled water (ddH2O) for 30 min. The gel was then
incubated with dithiothreitol (DTT) (32.5 �l of 0.1 M DTT in 100 ml ddH2O) for 10 min, rinsed with ddH2O
2 times, and submerged in 0.1% silver nitrate for 10 min. The gel was then rinsed briefly with ddH2O, the
developer was added quickly. and the gel was rocked in the developer until bands appeared. The
reaction was stopped with 2.3 M citric acid, and the gel was rocked in ddH2O.

Immunofluorescence analysis. HeLa cells were fixed with 4% paraformaldehyde for 20 min at room
temperature and then permeabilized with 0.2% Triton X-100 for 20 min at room temperature. After
blocking with 3% bovine serum albumin in phosphate-buffered saline, cells were immunostained with
appropriate primary antibodies and incubated for 1 h. The cells were then washed with 1% bovine serum
albumin and incubated with goat anti-mouse immunoglobulin G-fluorescein or goat anti-rabbit immu-
noglobulin G-rhodamine secondary antibody for 1 h. Nuclei were stained with DAPI (4=,6=-diamidino-2-
phenylindole). Images were acquired with an Olympus confocal FV1000 microscope. For live-cell
imaging, HeLa cells were seeded into 20-mm dishes 24 h prior to transfection and then transfected with
GFP-N and mCherry-P of HPIV3 or GFP-N and HA-P of RSV with or without GFP-SIRT2N168A or GFP-SIRT2.
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At 12 h posttransfection, cells incubated in a 37°C and 5% CO2 environment were visualized on a Leica
fluorescence microscope using a 63� oil immersion objective with a temporal resolution of 15 s per
picture.

FISH. Fluorescence in situ hybridization (FISH) was performed by using 3=-biotinylated oligonucleo-
tides complementary to specific sequences of viral RNA. The probe used to detect plus-strand RNA
hybridizes the antigenome and N mRNA. The probe used to detect the antigenome was designed in
order to avoid the detection of the mRNA, whereas the probe used to detect the genome was a mixture
of two probes designed to hybridize to the leader RNA and N gene of genome. The sequences
TCTCAAGGGAAAAGAACTGGAAGATCAGTTACAGAAATTAGG and ATGTTGAGCCTATTTGATACATTTAATGC
ACGTAGGCAAGAA hybridized to the genome and the N gene of genome, respectively, and were used
to detect the genome of HPIV3. The sequences TTACATGTTTTTCTTACTTTTTGTCTATCTTTAGGCTTAATG
and TTCTTGCCTACGTGCATTAAATGTATCAAATAGGCTCAACAT hybridized to the antigenome and N
mRNA, respectively, and were used to detect the antigenome and plus-strand RNA.

The FISH experiments were performed as described by Lahaye et al. (11). Briefly, HPIV3HA-P-infected
cells in 24-well plates grown on coverslips were fixed with 2% formaldehyde for 10 min and permeab-
ilized with 0.1% Triton X-100 for 10 min at room temperature. After treatment with 200 U of DNase I/ml
for 30 min at 37°C, cells were prehybridized in hybridization buffer (50% formamide, 10% dextran sulfate,
4� SSC [1� SSC is 0.15 M NaCl plus 0.015 M sodium citrate]) for 30 min at 37°C before being incubated
with 200 �l of hybridization mix containing 200 ng of biotinylated probe, 200 �g of herring testis DNA,
and 140 �l of hybridization buffer. Coverslips were then put in a humidified hybridization chamber at
37°C overnight and washed three times for 5 min with 2� SSC and then three times with 0.5� SSC. Cells
were then processed for immunofluorescence staining. The P protein was stained with a mouse anti-HA
monoclonal antibody (MAb) (Sigma; 1:2,000), followed by incubation with goat anti-mouse IgG-
fluorescein (Thermo; 1:200) secondary antibody for 2 h at room temperature. Viral biotinylated RNA was
detected by incubation with streptavidin conjugated to cyanin 3 (Cy3).

RNAi. Negative-control small interfering RNAs (siRNAs) and siRNAs targeted SIRT2 and HDAC6 were
transfected into HeLa cells grown on 6-well plates using Lipofectamine 2000 (Invitrogen). At 5 h
posttransfection, the transfection medium was replaced by DMEM containing 8% FBS. At 24 h post-
transfection, the medium was replaced and cells were infected by HPIV3 at an MOI of 1. At 48 h
posttransfection, cells were harvested and lysed. Cell lysates were subjected to Western blotting for
detection of the viral protein. The duplex nucleotides of siRNA specific for the mRNAs of HDAC6 and
SIRT2 and a control siRNA were purchased from Genepharma, Shanghai, China. The target sequences for
SIRT2 and HDAC6 were CTAAGCTGGATGAAAGAGAA and GGTAATGGAACTCAGCACA, respectively.

�-TAT1 stable expression cell line. 293T cells in 10-cm dishes were transfected with pHAGE-CMV-
MCS-IRES-�-TAT1, psPAX2, and pMD2G. At 48 h posttransfection, the medium was harvested and filtered
with a 0.22-�m filter. The clarified supernatant was used to infect HeLa cells monolayers in 6-well plates,
and then cells that stably express �-TAT1 were selected by addition of puromycin at a final concentration
of 1 �g/ml.

Transfection and recovery of recombinant HPIV3. 293-T7 cells in 6-well plates, grown to 40%
confluence, were transfected with pGEM4-N (400 ng), pGEM4-P (400 ng), pGEM4-L (200 ng), and
pOCUS-HPIV3HA-P (4 g) via calcium phosphate transfection at 37°C. Four days later, the cells were frozen,
thawed, scraped, and centrifuged at 5,000 rpm at 4°C for 5 min. The clarified supernatant was collected
and layered onto LLC-MK2 cell monolayers for amplification for 4 days. The LLC-MK2 cells then were
harvested, and viral titers were determined. A single recovered recombinant HPIV3 isolated by being
picked up as an agar plug during the titer determination was used to infect fresh LLC-MK2 cells for
amplification.
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