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Influenza A virus (IAV) effectively manipulates host machinery
to replicate. There is a growing evidence that an optimal acetyla-
tion environment in the host cell is favorable to IAV proliferation
and vice versa. The histone deacetylases (HDACs), a family of 18
host enzymes classified into four classes, are central to negatively
regulating the acetylation level, hence the HDACs would not be
favorable to IAV. Indeed, by using the RNAi and overexpression
strategies, we found that human HDAC4, a class II member, pos-
sesses anti-IAV properties and is a component of host innate
antiviral response. We discovered that IAV multiplication was aug-
mented in HDAC4-depleted cells and abated in HDAC4-supple-
mented cells. Likewise, the expression of IFITM3, ISG15, and
viperin, some of the critical markers of host anti-IAV response was
abated in HDAC4-depleted cells and augmented in HDAC4-sup-
plemented cells. In turn, IAV strongly antagonizes the HDAC4, by
down-regulating its expression both at the mRNA level via viral
RNA endonuclease PA-X and at the polypeptide level by inducing
its cleavage via host caspase 3 in infected cells. Such HDAC4 poly-
peptide cleavage resulted in a �30 kDa fragment that is also
observed in some heterologous systems and may have a significant
role in IAV replication.

Influenza virus is an ever-evolving human pathogen, and con-
tinues to be a concern for global public as well as animal health.
Influenza virus impacts the global human population in several
ways, namely by causing 1) regular seasonal epidemics, which
alternate in Northern and Southern hemispheres; 2) intermittent
unpredictable pandemics; and 3) zoonotic outbreaks, which have
become more frequent lately. All of these events result in signifi-
cant morbidity and mortality as well as productivity and economic
losses worldwide (1–5). The zoonotic outbreaks of newly-emerged
avian influenza A virus (IAV)2 subtypes in humans result in an

unusually high mortality rate (�35–50%). Furthermore, they pose
the threat of the emergence of a highly virulent pandemic IAV.
These events are aided by the segmented nature of influenza virus
RNA genome and constant circulation of influenza viruses in var-
ious clinical and reservoir hosts globally (6). Consequently, the
individual infections and co-infections of each host with influenza
virus give rise to genetically diverse influenza progeny populations
due to de novo mutations and genetic reassortments. Such rapid
evolution of influenza viruses has precluded the development of a
universal influenza virus vaccine and makes the annually formu-
lated influenza vaccines only variably effective (7). This phenome-
non also aided the rapid emergence of drug resistance. Conse-
quently, half of the available anti-influenza virus drugs, i.e.
adamantanes, have become practically obsolete and the other half,
i.e. neuraminidase, inhibitors prone to be ineffective over time (8).
All these influenza virus characteristics combined also mean that it
will be practically impossible to eradicate, particularly the type A
influenza viruses from nature. Therefore, there is an undeniable
need to identify the missing links, both host and viral, that are
critical for influenza virus multiplication and pathogenesis to aid
the development of alternative, effective and long-lasting anti-in-
fluenza virus strategies. One such strategy is to identify and target
the naturally occurring antiviral defenses already present in the
host cell. These defenses play a pivotal role as part of the host
antiviral response by targeting nearly every stage of virus life cycle.
Influenza virus is potentially less likely to evolve rapidly against the
host-directed therapies.

We have identified and characterized a role of multiple
human histone deacetylases (HDACs) in IAV infection (9 –12).
The HDACs are a family of enzymes that were originally
described to catalyze the deacetylation of acetylated histones
(13). Now, a variety of nonhistone proteins, both cytoplasmic
and nuclear are known to be the HDAC substrates (13). HDACs
work in equilibrium with histone acetyltransferases to control
the level of protein acetylation, a post-translational modifica-
tion, and influence diverse biological processes like gene
expression (14), protein trafficking (15), and the innate immune
response (16). Consequently, the imbalance in protein acetyla-
tion due to aberrant function of HDACs or histone acetyltrans-
ferases contributes to multiple human diseases, such as cancer
(17), neurodegeneration (18), and infection (19, 20). Since our
first observation in 2009 (21), an important role of host acety-
lation machinery in IAV infection is also emerging (22–25).
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So far, 18 HDACs have been identified in the human HDAC
family and classified into four main classes based on sequence sim-
ilarities to yeast proteins (13). The class I comprises four members,
HDAC1, -2, -3, and -8. The class II has been subclassified into class
IIa and class IIb with four members (HDAC4, -5, -7, -9) and two
members (HDAC6 and -10), respectively. The class III possesses
seven members, which are commonly known as sirtuins (SIRT
1–7). Finally, class IV is comprised of only one member, HDAC11.
We and others have demonstrated that at least one member of
each class/subclass (i.e. HDAC1, -2, -6, -11, and SIRT 1–7) pos-
sesses anti-IAV properties (9–12, 26). We have also demonstrated
that, in turn, IAV antagonizes the antiviral function of identified
HDACs by employing various strategies, such as down-regulation
of their expression at mRNA level (e.g. HDAC11 (12)) and facili-
tating their degradation by host proteasome machinery (e.g.
HDAC1 and HDAC2, Ref. 10, 11). However, a role of class IIa
members in IAV infection has not been investigated. Here we
demonstrate that HDAC4 (a class IIa member) possesses anti-IAV
properties and, in turn, IAV antagonizes the antiviral function of
HDAC4, rather strongly, by down-regulating its mRNA level via
viral protein PA-X as well as facilitating the proteolytic degrada-
tion of its polypeptide by host caspases.

Results

Human HDAC4 possesses the anti-IAV properties

To investigate a role for HDAC4 in IAV infection, we
employed the HDAC4 depletion and overexpression strategies.
For depletion of HDAC4 expression, we employed RNAi and
obtained a predesigned small interfering RNA (siRNA) oligo-
nucleotide targeting human HDAC4. The A549 cells were
transfected with different nanomolar (nM) quantities of
HDAC4-targeting siRNA and a nontargeting control siRNA.
After 72 h, the depletion of HDAC4 polypeptide was analyzed
and quantified by Western blotting. To quantify the depletion
efficiency, the intensity of HDAC4 and protein-disulfide
isomerase (PDI, as loading control) polypeptide bands on blots
was quantified using Image Studio Lite software (version 5.0,
LI-COR). Then, the amount of HDAC4 was normalized with
the corresponding PDI amount. Finally, the normalized
amount of HDAC4 polypeptide in control siRNA-transfected
cells was considered 100% to compare its level in HDAC4
siRNA-transfected cells. We found that 1 nM quantity of
HDAC4 siRNA was sufficient to deplete HDAC4 polypeptide
expression by �98% (Fig. 1, A, UNI/HD4 lane, and B), without
significantly influencing the cell viability (Fig. 1C). For further
experiments, 1 nM concentration of HDAC4, as well as control
siRNA was used to deplete HDAC4 expression. Next, A549
cells, transfected with HDAC4 siRNA or control siRNA were
either infected with influenza virus A/PR/8/34(H1N1) strain
(henceforth referred to as PR8) or influenza A/California/07/
2009(H1N1) strain (henceforth referred to as CA09) at a mul-
tiplicity of infection (m.o.i.) of 1.0. After 24 h, the culture
medium and the infected cells were harvested separately. The
culture medium was either titrated by microplaque assay on
MDCK cells or analyzed by Western blotting detection of viral
hemagglutinin (HA) and nucleoprotein (NP). The former was
employed to quantify the amounts of released infectious viral

progeny, whereas the latter was employed to measure the
released total viral progeny. On the other hand, the infected
cells were processed either for Western blot to detect the intra-
cellular level of HDAC4, viral NP, or PDI polypeptides or for
quantitative real-time PCR (qPCR) to measure the intracellular
level of viral NP and M mRNAs. By employing these methods,
we found that the growth of IAV was higher in HDAC4-de-
pleted cells compared with control cells (Fig. 1, D–H), indicat-
ing an antiviral function of host HDAC4. Specifically, there was
a significant 2.6- (p � 0.0123) and 2.7-fold (p � 0.0088) increase
in the release of PR8 and CA09 infectious progeny, respectively,
from HDAC4-depleted cells than the control cells (Fig. 1D).
Similar results were obtained when PR8 progeny release was
measured from the infected cells treated with HDAC inhibi-
tors, trichostatin A and SAHA (Fig. S1). Furthermore, the ratio
of viral NP and HA levels detected by Western blotting (Fig. 1E)
in culture medium harvested from the control cells and
HDAC4-depleted cells was 1:2.5 (n � 3, p � 0.006) and 1:1.7
(n � 3, p � 0.001), respectively. Furthermore, there was a sig-
nificant 1.9- (p � 0.0087) and 3.8-fold (p � 0.0158) increase in
the intracellular level of PR8 NP and M mRNAs, respectively, in
HDAC4-depleted cells compared with control cells (Fig. 1F).
Likewise, the intracellular level of CA09 NP and M mRNAs was
also increased by significant 1.8- (p � 0.0004) and 3.0-fold (p �
0.048), respectively, in HDAC4-depleted cells compared with
control cells (Fig. 1F). Finally, there was a significant 1.9-fold
(p � 0.027) increase in the intracellular NP polypeptide level in
HDAC4-depleted cells compared with control cells (Fig. 1G).
The immunofluorescent staining of viral NP and host cell
nuclei after 12 h of infection followed by cell counting was used
to ascertain that a similar percentage of HDAC4 siRNA-
transfected cells (71%, n � 4, p � �0.0001) and control
siRNA-transfected cells (69%, n � 4, p � �0.0001) were
infected with PR8. The depletion of HDAC4 at the polypeptide
level in infected cells was confirmed by Western blotting (Fig.
1A, INF/HD4 lane). However, we noticed that, after 24 h of
infection, the level of HDAC4 polypeptide in infected cells (Fig.
1A, INF/CT lane) was much lower than its level in uninfected
cells (Fig. 1A, UNI/CT lane) (see Fig. S1). This indicated that,
like HDAC1 (10) and HDAC2 (11), IAV is also inducing the
down-regulation of HDAC4 polypeptide in infected cells to
antagonize its antiviral function. Such HDAC4 polypeptide
down-regulation is potentially the reason we observed a modest
increase in IAV growth characteristics in HDAC4-depleted
infected cells when compared with control infected cells above.
IAV on its own was able to deplete the HDAC4 level in control
cells hence skewing the real comparison with HDAC4-depleted
cells. Before further investigating the HDAC4 down-regulation
and its mechanism in response to IAV infection, we analyzed
the IAV growth kinetics in HDAC4-depleted cells infected with
a lower m.o.i. to minimize the extent of HDAC4 antagonism in
control cells and aid the comparison. For this, A549 cells, trans-
fected with HDAC4 or control siRNA as above, were infected
with PR8 at a m.o.i. of 0.1. Subsequently, the release of viral
progeny in culture medium was quantified by microplaque
assay after 6, 12, and 24 h of infection. Consistent with above
data, IAV exhibited faster growth kinetics in HDAC4-depleted
cells compared with control cells (Fig. 1H). But, here the mag-
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nitude of the amount of released viral progeny from HDAC4-
depleted cells was significantly increased to over 4.4-fold (p �
�0.0001) than control cells after 24 h infection (Fig. 1H).

To further validate that host HDAC4 possesses anti-IAV prop-
erties, we analyzed IAV growth characteristics in A549 cells
overexpressing human HDAC4 from a plasmid. However, like
endogenously-expressed HDAC4 polypeptide, the level of plas-
mid-expressed HDAC4 polypeptide was also significantly
decreased in A549 (and MDCK) cells after IAV infection. There-
fore, we switched to HEK-293T cells, and transfected them with
HDAC4 plasmid or an empty plasmid and subsequently infected
them with PR8 at a m.o.i. of 1.0. After 24 and 48 h of infection, the

culture medium was titrated by microplaque assay to quantify
released infectious PR8 progeny and the cell lysates were analyzed
by Western blotting to confirm HDAC4 overexpression. In HEK-
293T cells, the level of ectopically-expressed HDAC4 polypeptide
under the uninfected and infected conditions were comparable
although there was sign of its degradation under the latter (Fig.
2A). Consistent with the results obtained with HDAC4 depletion,
overexpression of HDAC4 inhibited the IAV infection. Specifically,
compared with control cells, there was a significant 41.6 (p � 0.004)
and 46.5% (p � 0.002) decrease in the release of PR8 progeny from
HDAC4-overexpressing cells after 24 and 48 h of infection, respec-
tively (Fig. 2B). Furthermore, compared with control cells, there

Figure 1. The knockdown of HDAC4 expression promotes IAV infection. A–F, A549 cells were transfected with 1 nM control siRNA or HDAC4 siRNA for 72 h.
The cells were then infected with IAV PR8 or CA09 strains at a m.o.i. of 1.0. After 24 h, the cells and the medium was harvested separately. A, total lysates of
uninfected (UNI) and PR8-infected (INF) cells transfected with control siRNA (CT) or HDAC4 siRNA (HD4) were prepared, and the HDAC4 (140 kDa), PDI (57 kDa),
and viral NP (56 kDa) polypeptides were detected by Western blotting. Note: the HDAC4 blot was reused to probe for PDI and NP, and the MW, UNI/CT, and
UNI/HD4 lanes were combined with INF/CT and INF/HD4 lanes after cropping out the less relevant middle lanes of same blot. B, the HDAC4 and PDI bands in
panel A were quantified using the Image Studio Lite software (LI-COR). The level of HDAC4 polypeptide in each sample was then normalized with correspond-
ing PDI levels. Finally, the normalized level of HDAC4 polypeptide in control siRNA-transfected cells was considered 100% to compare its level in HDAC4
siRNA-transfected cells. C, A549 cells were transfected with either Lipofectamine (LF) alone or in complex with control siRNA or HDAC4 siRNA. After 72 h, the
viability of cells was determined by MTT assay. Then, the viability of Lipofectamine only transfected cells was considered 100% to compare the viability of the
cells transfected with control siRNA and HDAC4 siRNA. D, the culture medium from the cells transfected with control siRNA or HDAC4 siRNA and infected with
IAV PR8 or CA09 strains was titrated on MDCK cells by microplaque assay. Then, the amount of viral progeny released from control siRNA-transfected cells was
considered 1-fold to compare the amount of viral progeny released from HDAC4 siRNA-transfected cells. E, the total culture medium from the cells transfected
with control siRNA or HDAC4 siRNA and infected with PR8 was concentrated by TCA precipitation, and the levels of viral HA (68 kDa) and viral NP were detected
by Western blotting. Note: the HA blot was reused to probe for NP, and the MW lane was combined with CT and HD4 lanes after cropping out the less relevant
middle lanes of same blot. F, total RNA from the cells transfected with control siRNA or HDAC4 siRNA and infected with PR8 or CA09 was isolated, and the levels
of viral NP, viral M, and actin mRNAs were detected by qPCR. Then, the levels of NP and M mRNAs were normalized with the level of corresponding actin mRNA.
Finally, the normalized levels of each viral mRNA in control siRNA-transfected cells were considered 1-fold to compare their levels in HDAC4 siRNA-transfected
cells. G, the NP polypeptide level in infected cells in panel A was quantified and normalized as in panel B. Then, the normalized level of NP in control
siRNA-transfected cells was considered 1-fold to compare its level in HDAC4 siRNA-transfected cells. H, A549 cells, transfected with control siRNA or HDAC4
siRNA for 72 h, were infected with PR8 at a m.o.i. of 0.1. After 6, 12, and 24 h of infection, the culture medium was titrated by microplaque assay to determine
the titers of released viral progeny. Error bars represent the mean � S.E. of three independent experiments (B, D, F, and G), biological replicates (H), or technical
replicates (C). The asterisks represent p values mentioned in the text calculated by unpaired t test (B, F, and G) or ANOVA (C, D, and H), and indicate the significant
differences in means. MW, molecular weight; CT, control siRNA; HD4, HDAC4 siRNA.
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was a significant 41 (p � 0.0006) and 50.4% (p � 0.0002) decrease in
the intracellular level of viral NP and M mRNAs, respectively, in
HDAC4-overexpressing cells after 24 h of infection (Fig. 2C).

IAV down-regulates the HDAC4 polypeptide level in
mammalian cells

As mentioned above, the levels of both endogenously- and
ectopically-expressed HDAC4 polypeptides were down-regu-
lated in A549 cells in response to IAV infection. We next
endeavored to understand the kinetics as well as the mecha-

nism of this phenomenon. To understand the former, A549 or
MDCK cells were infected with PR8 at a m.o.i. of 0.5 or 5.0.
After 24 h, the HDAC4 polypeptide levels in total cell lysates
were analyzed by Western blotting. We found that, indeed, IAV
down-regulated the HDAC4 polypeptide level in both MDCK
(Fig. 3A) and A549 (Fig. 3B) cells in a dose-dependent manner.
To quantify the extent of HDAC4 polypeptide down-regula-
tion, the intensity of HDAC4 and actin (loading control) bands
was quantified as above. Then, the amount of HDAC4 was nor-
malized with a corresponding actin amount. Finally, the nor-
malized amount of HDAC4 in uninfected cells was considered
100% to compare its amount in infected cells. We found that, in
MDCK cells, there was a significant dose-dependent 53.8 (p �
0.03) and 70.5% (p � 0.02) decrease in HDAC4 polypeptide
level in response to infection with PR8 at m.o.i. of 0.5 and 5.0,
respectively (Fig. 3F). Likewise, in A549 cells, there was a signif-
icant dose-dependent 40 (p � 0.04) and 63.7% (p � 0.03)
decrease in HDAC4 polypeptide level in response to infection
with PR8 at m.o.i. of 0.5 and 5.0, respectively (Fig. 3F). Next, to
determine whether the down-regulation of HDAC4 polypep-
tide in response to IAV infection was strain-independent,
MDCK cells were infected with IAV CA09 or WSN strains at a
m.o.i. of 0.5 or 5.0. Subsequently, the level of HDAC4 polypep-
tide was detected and quantified as above. Consistent with
above results, both CA09 (Fig. 3C) and WSN (Fig. 3D) strains
down-regulated the HDAC4 polypeptide level in a dose-depen-
dent manner. Specifically, there was 55.3 (n � 1) and 86.3% (n �
1) reduction in the HDAC4 polypeptide level in response to
infection with CA09 at m.o.i. of 0.5 and 5.0, respectively. Simi-
larly, the level of HDAC4 polypeptide was reduced by 56.7 (n �
1) and 78.8% (n � 1) in the cells infected with WSN at m.o.i. of
0.5 and 5.0, respectively. Finally, by using an UV-irradiated PR8
inoculum, we confirmed that a replication-competent IAV was
required to down-regulate the HDAC4 polypeptide level in
infected cells (Fig. 3E). Next, to determine the kinetics of
HDAC4 polypeptide down-regulation, MDCK cells were
infected with PR8 at a m.o.i. of 0.5, and subsequently harvested
after 2, 6, 12, and 24 h after infection. The level of HDAC4
polypeptide at each time point was then analyzed and quanti-
fied as above. Here, the level of HDAC4 polypeptide decreased
with the progress of infection (Fig. 3G), and it was at its mini-
mum, a significantly low 16.8% (p � 0.006) compared with con-
trol (Fig. 3H), after 24 h infection. In addition, concurrent to the
disappearance of full-length HDAC4 polypeptide, we also
observed the appearance of at least two smaller polypeptide
fragments, one resolving around the 98-kDa mark and the other
resolving around the 36-kDa mark on the HDAC4 blot,
between 12 and 24 h infection (Fig. 3G, arrows). Incidentally,
the appearance of these two HDAC4 polypeptide fragments
coincided with already known (9) caspase-mediated cleavage of
viral NP (Fig. 3G) as well as the proteolytic activation of caspase
3 in IAV-infected cells (Fig. 3I). This suggested that the HDAC4
polypeptide is undergoing a caspase-mediated proteolytic deg-
radation in IAV-infected cells.

The caspase 3 cleaves HDAC4 polypeptide in infected cells

Next, we endeavored to further understand the mode of pro-
teolytic degradation of HDAC4 polypeptide in IAV-infected

Figure 2. The overexpression of HDAC4 inhibits IAV infection. A–C, HEK-
293T cells were transfected with either empty plasmid pcDNA3 (pc) or HDAC4
(HD4) plasmid for 24 h. The cells were then either harvested as uninfected
(UNI) sample or infected (INF) with PR8 at a m.o.i. of 1.0. After 24 or 48 h of
infection, the culture medium and the cells were harvested separately. A, total
cell lysates were prepared, and the HDAC4, PDI, and viral NP polypeptides
were detected by Western blotting. Note: the HDAC4 blot was reused to
probe for PDI and NP. B, the culture medium was titrated on MDCK cells by
microplaque assay. Then, the amount of viral progeny released from
pcDNA3-transfected cells (pc) was considered 100% to compare the amount
of viral progeny released from HDAC4-transfected cells (HD4) after 24 and
48 h of infection. C, total RNA from the cells infected for 24 h as above was
isolated, and the viral NP, viral M, and actin mRNA levels were detected by
qPCR. Then, the level of NP and M mRNAs were normalized with the level of
corresponding actin mRNA. Finally, the normalized levels of each viral mRNA
in pcDNA3-transfected cells (pc) were considered 100% to compare their lev-
els in the HDAC4-transfected cells (HD4). Error bars represent the mean � S.E.
of three independent experiments (B) or biological replicates (C). The asterisks
represent p values mentioned in the text calculated by ANOVA, and indicate
significant differences in means. MW, molecular weight.
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Figure 3. IAV down-regulates the level of HDAC4 polypeptide in epithelial cells. MDCK (A and C) or A549 (B and D) cells were infected with IAV PR8 (A and
B), CA09 (C), or WSN (D) strains at a m.o.i. of 0.5 or 5.0. After 24 h, the uninfected (UNI) and infected (0.5, 5.0) cells were harvested, total cell lysates were prepared,
and the HDAC4, actin (42 kDa), and viral NP polypeptides were detected by Western blotting. E, MDCK cells were infected with live (INF) or UV-irradiated (INFUV)
PR8 at an m.o.i. of 0.5. After 24 h, total cell lysates were prepared, and the HDAC4, actin, and NP polypeptides were detected by Western blotting. Note: the
HDAC4 blots were reused to probe for actin. F, the level of HDAC4 polypeptide in panels A and B blots were quantified and normalized as described in the
legend to Fig. 1B. Then, the normalized level of HDAC4 polypeptide in uninfected cells (UNI) was considered 100% to compare its level in cells infected (INF) with
0.5 and 5.0 m.o.i. G, MDCK cells were infected with PR8 at a m.o.i. of 0.5, and harvested after 2, 6, 12, and 24 h of infection. The total cell lysates were resolved
on 7–12% gradient SDS-PAGE, and the HDAC4, PDI, and NP polypeptides were detected by Western blotting. Arrows indicate the HDAC4 polypeptide cleavage
products. Note: the HDAC4 blot was reused to probe for PDI, and the MW lane was combined with the rest of the lanes after cropping out the inconsistent
second lane of same blot. H, the level of full-length HDAC4 polypeptide in panel G was quantified and normalized as described in the legend to Fig. 1B. Then,
the normalized level of HDAC4 polypeptide at 2 h infection was considered 100% to compare its levels at 6, 12, and 24 h infection. I, MDCK cells were infected
with PR8 and harvested at the times indicated in panel G. Then, the full-length caspase 3 (Cas3-FL) and cleaved caspase 3 (Cas3-CL) polypeptides were detected
in total cell lysates by Western blotting. Note: the MW lane was combined with rest of the lanes after cropping out the less relevant middle lanes of same blot.
Error bars represent the mean � S.E. of three independent experiments. The asterisks represent p values mentioned in the text calculated by unpaired t test (F)
or ANOVA (H), and indicate the significant differences in means. MW, molecular weight.
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cells. Primarily, lysosome-mediated and proteasome-mediated
pathways facilitate the degradation of polypeptides in mamma-
lian cells. To identify the pathway leading to the degradation of
HDAC4 polypeptide in IAV-infected cells, we perturbed these
two pathways. For this, MDCK cells were infected with PR8 as
above and subsequently treated with lysosome inhibitor,
NH4Cl, or proteasome inhibitor, MG132. In addition, one set of
infected cells was also treated with a caspase 3 inhibitor (Cas3-
I). After 24 h, the HDAC4 polypeptide levels were analyzed and
quantified as described above. We found that the treatments
with NH4Cl and Cas3-I rescued the HDAC4 polypeptide level
in infected cells. Specifically, compared with 81% (p �
�0.0001) reduction in the HDAC4 polypeptide level in mock-
treated infected cells, there was only 54 and 46% reduction in
HDAC4 polypeptide levels in NH4Cl–treated and Cas3-I–
treated infected cells, respectively (Fig. 4B). In other words, the
level of HDAC4 polypeptide in infected cells recovered from 19
to 46% (statistically nonsignificant) and a significant 54% (p �
0.02) after the treatment with NH4Cl and Cas3-I, respectively
(Fig. 4B). Such recovery in the HDAC4 polypeptide level in
Cas3-I–treated infected cells also coincided with the inhibition
of proteolytic activation of caspase 3 in infected cells (Fig. 4A,
last panel, Cas3-I/INF lane). Furthermore, the proteolytic acti-
vation of caspase 3 was also slightly reduced in NH4Cl–treated
infected cells (Fig. 4A, last panel, compare Mock/INF and
NH4Cl/INF lanes). This indicated that the proteolytic activa-
tion of caspase 3 was associated with lysosomal activity. On the
contrary, treatment with MG132 worsened the degradation of
HDAC4 polypeptide in infected cells (Fig. 4A, MG132/INF
lane). Specifically, compared with 81% (p � �0.0001) reduc-
tion in the HDAC4 polypeptide level in mock-treated infected
cells, there was a significant 94.4% (p � 0.0039) reduction in the
HDAC4 polypeptide level in MG132–treated infected cells
(Fig. 4B). The MG132 treatment even induced the HDAC4
polypeptide degradation in uninfected cells (Fig. 4A, MG132/
UNI lane). This effect of MG132 treatment on the HDAC4
polypeptide level, both in uninfected and infected cells, further
indicated that the HDAC4 polypeptide is degraded by caspases.
It is known that MG132 treatment induces the apoptosis, hence
the activation of caspases in mammalian cells (27). Consistent
with this, we observed a rather profound proteolytic activation
of caspase 3 both in uninfected and infected cells treated with
MG132 (Fig. 4A, last panel, MG132/UNI and MG132/INF
lanes). Interestingly, MG132 treatment of infected cells also
increased the Western blot detection limit and revealed that the
HDAC4 polypeptide was actually being cleaved into two frag-
ments, resolving around the 36-kDa marker (indicated by
arrows a and b in Fig. 4A) instead of one observed in mock–
treated infected cells. To further confirm the role of caspase 3 in
HDAC4 polypeptide degradation in response to IAV infection,
we knocked down the expression of caspase 3 in A549 cells by
RNAi. Then, A549 cells were infected with PR8 and the level of
HDAC4 polypeptide was analyzed and quantified by Western
blotting as described above. Consistent with the above obser-
vations, the knockdown of caspase 3 expression (�90%, con-
firmed by qPCR, Fig. 4E) rescued the level of HDAC4 polypep-
tide in infected cells (Fig. 4C). Specifically, compared with 77%
(p � �0.0001) reduction in the HDAC4 polypeptide level in

infected cells transfected with control siRNA, there was only
28% (p � 0.004) reduction in the HDAC4 polypeptide level in
infected cells transfected with caspase 3 siRNA (Fig. 4D). In
other words, the level of HDAC4 polypeptide in infected cells
recovered from 22.7% to a significant 71.7% (p � 0.0002) after
the depletion of caspase 3 expression (Fig. 4D).

The IAV protein PA-X is involved in down-regulation of HDAC4
in infected cells

To further understand the mechanism of HDAC4 antago-
nism, we next endeavored to identify the viral gene(s) IAV is
employing to down-regulate the HDAC4 expression in infected
cells. To accomplish this, we employed RNAi to knockdown the
expression of 6 internal IAV genes: M, NP, NS, PA, PB1, and
PB2, by using the previously described siRNAs (28). However,
the M and NS siRNAs did not work in our hands and potency of
PB2 siRNA could not be confirmed. Nevertheless, we delivered
control, NP, NS (as negative control), PA, and PB1 siRNAs to
A549 cells and subsequently infected them with PR8 at a m.o.i.
of 1.0. Then, the levels of HDAC4 polypeptide in each sample
were analyzed and quantified by Western blotting as described
above. Of the viral genes that were targeted, only the knock-
down of PA gene expression rescued the level of HDAC4 poly-
peptide in infected cells (Fig. 5A). Specifically, compared with
73.6% (p � �0.0001) reduction in the HDAC4 polypeptide level
in infected cells transfected with control siRNA, there was only
36% (p � 0.0001) reduction in the HDAC4 polypeptide level in
infected cells transfected with PA siRNA (Fig. 5B). In other
words, the level of HDAC4 polypeptide in infected cells recov-
ered from 26.4% to a significant 63.8% (p � �0.0001) after the
knockdown of PA expression (Fig. 5B). The knockdown in NP,
PA, and PB1 mRNA expression by a significant 83.7, 96.7, and
87% (p � �0.0001), respectively, was confirmed by qPCR (Fig.
5C). The depletion of NP polypeptide was also confirmed by
Western blotting (Fig. 5A). Although knockdown of PA and
PB1 expression at the mRNA level above reduced the viral gene
expression (as indicated by reduced NP polypeptide level
detected in Fig. 5A) and the yield of released viral progeny (not
shown), it did not fatally affect the viral growth. Therefore, this
and nonworking NS siRNA helped to conclude that the rescue
of HDAC4 polypeptide in PA mRNA knockdown cells was spe-
cific. Next, we wondered whether IAV PA-X was involved in
the down-regulation of HDAC4 expression. The PA-X is a sec-
ond product of PA mRNA resulting from the ribosomal frame-
shifting during translation (29), and is implicated in shutoff of
host gene expression (30) and consequently dampening of host
innate anti-IAV response. We expressed PA-X in A549 cells
from a plasmid (31) and subsequently analyzed and quantified
the HDAC4 polypeptide level by Western blotting as described
above. Indeed, like IAV infection, the expression of PA-X alone
down-regulated the HDAC4 polypeptide level in A549 cells
(Fig. 5D). Specifically, when compared with the cells trans-
fected with empty plasmid, there was a significant 66% (p �
0.0002) reduction in the HDAC4 polypeptide level in cells
transfected with PA-X plasmid (Fig. 5E). The expression of
PA-X in A549 cells was confirmed by absolute qPCR (Fig. 5F).

Interestingly, like in infected cells, we could not detect a
cleavage product of HDAC4 polypeptide in the cells expressing
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PA-X alone (compare HDAC4 blots in Fig. 5, A and D). Further-
more, PA-X–mediated down-regulation of full-length HDAC4
polypeptide could not be rescued by Cas3-I treatment (Fig. S2).
This indicated that, in addition to down-regulating the HDAC4
expression at the polypeptide level via caspase 3, IAV is also
down-regulating HDAC4 expression at the mRNA level; and
IAV is accomplishing this by employing PA-X, a RNA endonu-
clease (29). To investigate this further, A549 cells were trans-

fected with control siRNA or PA-targeting siRNA, and subse-
quently infected with PR8 at a m.o.i. of 1.0. After 24 h infection,
cells were processed to measure the levels of HDAC4 mRNA
and actin mRNA and 18S rRNA (18S RNA) as reference by
qPCR. Indeed, we discovered that the level of HDAC4 mRNA in
A549 cells was reduced in response to IAV infection (Fig. 6A).
When normalized to the actin mRNA level and compared with
uninfected cells, there was a significant 91% (p � 0.0001) reduc-

Figure 4. The caspase 3 cleaves HDAC4 polypeptide in infected cells. A, MDCK cells were infected with PR8 at a m.o.i. of 0.5 and, after removing the virus
inoculum treated with NH4Cl (10 mM), MG132 (20 �M), or caspase 3 inhibitor (Cas3-I; 40 �M). After 24 h, the uninfected (UNI) and infected (INF) cells were
harvested, total cell lysates were prepared, and the HDAC4, PDI, viral NP, and full-length caspase 3 (Cas3-FL) and cleaved caspase 3 (Cas3-CL) polypeptides were
detected by Western blotting. Note: the HDAC4 blot was reused to probe for PDI and NP. Arrows indicate the HDAC4 polypeptide cleavage products. B, the
full-length HDAC4 polypeptide level in panel A was quantified and normalized as described in the legend to Fig. 1B. Then, the normalized level of HDAC4
polypeptide in mock-treated uninfected (UNI) cells was considered 100% to compare its levels in mock-, NH4Cl-, MG132-, and Cas3-I-treated infected (INF) cells.
C, A549 cells were transfected in duplicate with 10 nM control siRNA (CT) or caspase 3 siRNA (Cas3) for 72 h. One set of cells was infected with PR8 at a m.o.i. of
1.0. After 24 h, cells were harvested and the HDAC4, NP, and actin polypeptides were detected in total cell lysates by Western blotting. Note: the HDAC4 blot
was reused to probe for actin and NP. Arrows indicate the HDAC4 polypeptide cleavage products in the higher exposure of the dotted rectangle. D, the
full-length HDAC4 polypeptide level in panel C was quantified and normalized as described in the legend to Fig. 1B. Then, the normalized level of HDAC4
polypeptide in uninfected/control siRNA-transfected cells (UNI/CT) was considered 100% to compare its levels in infected/control siRNA-transfected cells
(INF/CT) and infected/caspase 3 siRNA-transfected cells (INF/Cas3). E, the second set of cells from panel C was processed to detect the levels of caspase 3 and
actin mRNAs by qPCR. Then, the levels of caspase 3 mRNA in control siRNA-transfected cells and caspase 3 siRNA-transfected cells were normalized with
corresponding actin mRNA levels. Finally, the normalized level of caspase 3 mRNA in control siRNA-transfected cells (CT) was considered 100% to compare its
level in caspase 3 siRNA-transfected cells (Cas3). Error bars represent the mean � S.E. of three independent experiments. The asterisks represent p values
mentioned in the text calculated by ANOVA (B and D) or unpaired t test (E), and indicate the significant differences in means. MW, molecular weight.
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tion in the HDAC4 mRNA level in infected cells (Fig. 6A). Sim-
ilarly, when normalized to the 18S RNA level and compared
with uninfected cells, there was a significant 92% (p � 0.0001)
decrease in the HDAC4 mRNA level in infected cells (Fig. 6A).
However, in the infected cells that were transfected with PA
siRNA, such reduction in the HDAC4 mRNA level was only

41.6 (p � 0.0005) and 30.6% (p � 0.004) when normalized to
actin mRNA and 18S RNA levels, respectively (Fig. 6A). In other
words, the level of HDAC4 mRNA in infected cells recovered
from 8.7 and 7.2% to a significant 58.3 (p � �0.0001) and 69.4%
(p � �0.0001) when normalized to actin mRNA and 18S RNA
levels, respectively, after the knockdown of PA mRNA expres-
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sion (Fig. 6A). Finally, to confirm that PA-X was involved in the
down-regulation of HDAC4 mRNA, we expressed PA-X in
A549 cells from the plasmid and subsequently analyzed and

quantified the HDAC4 mRNA level by qPCR as above. Indeed,
like IAV infection, the expression of PA-X alone down-regu-
lated the HDAC4 mRNA level in A549 cells (Fig. 6B). Com-
pared with the cells transfected with empty plasmid, there was
a significant 43.8 (p � 0.0001) and 57.6% (p � 0.0001) decrease
in the HDAC4 mRNA level in the cells transfected with PA-X
plasmid when normalized to actin mRNA and 18S RNA levels,
respectively (Fig. 6B).

HDAC4 is involved in IAV-induced host innate antiviral response

The data presented above demonstrate anti-IAV properties
of HDAC4 and, in turn, a strong antagonism of HDAC4, both at
mRNA and polypeptide levels, by IAV. Next, we investigated
the anti-IAV mechanism of HDAC4. Previously, we have dem-
onstrated that HDAC1, HDAC2, and HDAC11 exert their anti-
IAV function through their involvement in IAV-induced host
innate antiviral response (10 –12). Hence, to get insight into the
anti-IAV mechanism of HDAC4, we examined the role of
HDAC4 in IAV-induced signaling of signal transducer and acti-
vator of transcription 1 (STAT1), one of the main inducers of
innate antiviral cascade and subsequent expression of interfer-
on-stimulated genes (ISGs) in IAV-infected cells (32–34). We
compared the kinetics of STAT1 phosphorylation and subse-
quently ISG expression in IAV-infected cells with the normal or
depleted expression of HDAC4. For this, A549 cells, transfected
with the control siRNA or HDAC4 siRNA, were infected with
PR8 at a m.o.i. of 1.0. After 0, 6, 12, and 24 h of infection, cells
were processed, and the level of phosphorylated STAT1
(pSTAT1) were analyzed and quantified by Western blotting as
described above. We found that there was a noticeable decrease
in the pSTAT1 level in HDAC4-depleted cells, particularly after
12 and 24 h of infection (Fig. 7A). Specifically, compared with
normal cells, the level of pSTAT1 in HDAC4-depleted cells was
reduced by a significant 62.6 (p � 0.018) and 66% (p � 0.013)
after 12 and 24 h of infection, respectively (Fig. 7B). This indi-
cated a reduced induction of host innate antiviral response
against IAV in the absence of HDAC4. To investigate this fur-
ther, we compared the expression kinetics of ISGs: interferon-
induced transmembrane protein 3 (IFITM3), ISG15, and
viperin (also known as RSAD2) polypeptides in control and
HDAC4-depleted cells in response to IAV infection. These
three ISGs have been directly implicated in the inhibition of
IAV infection (35–37). To do this, A549 cells were subjected to

Figure 5. The IAV protein PA-X is involved in down-regulation of HDAC4 polypeptide. A–C, A549 cells were transfected in duplicate with 50 nM control
siRNA (CT) or viral NP, NS, PA, or PB1 siRNA for 24 h. Cells were then infected with PR8 at a m.o.i. of 1.0 for further 24 h. A, one set of cells was harvested and the
HDAC4, PDI, and NP polypeptides were detected in total uninfected (UNI) and infected (INF) cell lysates by Western blotting. Note: the HDAC4 blot was reused
to probe for PDI and NP. B, the full-length HDAC4 polypeptide levels in UNI/CT, INF/CT, and INF/PA lanes of panel A were quantified and normalized as described
in the legend to Fig. 1B. Then, the normalized level of the HDAC4 polypeptide in uninfected/control siRNA-transfected (UNI/CT) cells was considered 100% to
compare its levels in infected/control siRNA-transfected (INF/CT) cells and the PA siRNA-transfected/infected (INF/PA) cells. C, the second set of cells was
processed to detect the levels of NP, NS, PA, PB1, and actin mRNAs by qPCR. Then, the levels of viral gene mRNAs in control siRNA-transfected and viral gene
siRNA-transfected cells were normalized with corresponding actin mRNA levels. Finally, the normalized levels of viral mRNAs in control siRNA-transfected cells
were considered 100% to compare their levels in viral gene siRNA-transfected cells. D–F, A549 cells were transfected in duplicate with no DNA (ND), empty
plasmid pcDNA3 (PD), or PA-X plasmid (PX) for 48 h. D, one set of cells were harvested and the HDAC4 and PDI polypeptides were detected in total cell lysates
by Western blotting. Note: the HDAC4 blot was reused to probe for PDI. E, the full-length HDAC4 polypeptide level in panel D was quantified and normalized
as described in the legend to Fig. 1B. Then, the normalized level of HDAC4 polypeptide in pcDNA3-transfected cells (PD) was considered 100% to compare its
level in the PA-X plasmid-transfected cells (PX). F, the second set of cells was processed to determine the PA-X mRNA copy number by absolute qPCR using the
PA-X plasmid as a calibrator. For this, PA-X cDNA from PA-X plasmid-transfected cells and 10-fold serial dilutions of PA-X plasmid was amplified by qPCR. In
parallel, the number of PA-X cDNA copies in 10-fold serial dilutions were calculated using the known plasmid DNA concentration and plasmid molecular
weight. Then, a standard curve of cycle threshold (CT) value from qPCR versus cDNA copy numbers was generated and was used as a reference to calculate the
PA-X mRNA copy numbers in PA-X plasmid-transfected cells. Error bars represent the mean � S.E. of three independent experiments. The asterisks represent
p values mentioned in the text calculated by ANOVA (B and C) or unpaired t test (E), and indicate the significant differences in means. MW, molecular weight.

Figure 6. IAV protein PA-X down-regulates HDAC4 at mRNA level. A, A549
cells were transfected with the control siRNA or viral PA siRNA and subse-
quently infected with PR8 at a m.o.i. of 1.0 for 24 h. Then, the levels of HDAC4
mRNA, actin mRNA, and 18S RNA were detected by qPCR. The levels of HDAC4
mRNA in all samples were normalized with corresponding actin mRNA or 18S
RNA levels. Finally, the normalized level of HDAC4 mRNA in control
siRNA-transfected/uninfected (CT/UNI) cells were considered 100% to com-
pare its levels in the control siRNA-transfected/infected (CT/INF) cells and PA
siRNA-transfected/infected (PA/INF) cells. B, A549 cells were transfected with
empty plasmid pcDNA3 (PD) or PA-X plasmid (PX) as above, and the levels of
HDAC4 mRNA, actin mRNA, and 18S RNA were detected by qPCR. Then, the
levels of HDAC4 mRNA in all samples were normalized with corresponding
actin mRNA or 18S RNA levels. Finally, the normalized level of HDAC4 mRNA in
pcDNA3-transfected cells (PD) were considered 100% to compare its level in
the PA-X plasmid-transfected cells (PX). Error bars represent the mean � S.E.
of three independent experiments. The asterisks represent p values men-
tioned in the text calculated by ANOVA, and indicate the significant differ-
ences in means. MW, molecular weight.
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the same conditions as used to detect the pSTAT1 level above.
Under such conditions, the IAV-induced expression of
IFITM3, ISG15, and viperin polypeptides in control cells was
first detected after 6 h of infection that reached to a significant
level after 24 h of infection (Fig. 7A). However, in HDAC4-

depleted cells, the IAV-induced expression of all three polypep-
tides was reduced at the corresponding time points (Fig. 7A).
Particularly, their level in HDAC4-depleted cells were barely
detectable after 12 h of infection. We quantified these levels and
found that, after 12 h of infection, there was a significant 52 (p �

Figure 7. The IAV-induced phosphorylation of STAT1 and the expression of ISGs: IFITM3, ISG15, and viperin are reduced in HDAC4-depleted cells. A–E,
A549 cells were transfected with 1 nM of either control siRNA (CT) or HDAC4 (HD4) siRNA for 72 h. Cells were then infected with PR8 at a m.o.i. of 1.0. A, after 0,
6, 12, and 24 h of infection, cells were harvested and the total cell lysates were prepared. Then, the pSTAT1 (91/84 kDa), tSTAT1 (91/84 kDa), IFITM3 (15 kDa),
ISG15 (15 kDa), viperin (42 kDa), PDI, and viral NP polypeptides were detected by Western blotting. Note: the HDAC4, IFITM3, viperin, and ISG15 blots were
reused to probe for corresponding PDI, the pSTAT1 blot was reused to probe for tSTAT1 and viperin blot was reused to probe for NP. B–E, the levels of pSTAT1
and IFITM3, ISG15, and viperin in panel A were quantified and normalized with tSTAT1 and PDI, respectively, as described in the legend to Fig. 1B. Then, the
normalized levels of pSTAT1 (B), IFITM3 (C), ISG15 (D), and viperin (E) at each time point in control siRNA-transfected cells were considered 100% to compare
their levels in HDAC4 siRNA-transfected cells at the respective time points. Error bars represent the mean � S.E. of three independent experiments. The asterisks
represent p values mentioned in the text calculated by ANOVA, and indicate the significant differences in means. MW, molecular weight.

Anti-influenza mechanism and antagonism of host HDAC4

20216 J. Biol. Chem. (2019) 294(52) 20207–20221



0.002), 73 (p � 0.0001), and 59.6% (p � 0.006) reduction in IAV-
induced expression of IFITM3 (Fig. 7C), viperin (Fig. 7D), and
ISG15 (Fig. 7E) polypeptides, respectively, in HDAC4-depleted
cells. Similarly, after 24 h of infection, there was a significant 70
(p � 0.0005) and 79.6% (p � 0.0001) reduction in IAV-induced
expression of IFITM3 (Fig. 7C) and viperin (Fig. 7D) polypeptides,
respectively, in HDAC4-depleted cells. Intriguingly, after 24 of
infection, the level of ISG15 polypeptide in HDAC4-depleted cells
recovered to its level as in control cells (Fig. 7E).

Next, we compared the IAV-induced expression of ISGs in
normal and HDAC4-overexpressing cells to conversely exam-
ine the involvement of HDAC4 in host innate anti-IAV
response. In this experiment, besides IFITM3, ISG15, and
viperin, we also examined additional ISGs: cholesterol-25-hy-
droxylase (CH25H), IFITM1 and -2, myxovirus-resistance pro-
tein-1 (MX-1), and tripartite motif protein 22 (TRIM22). These
ISGs also have been implicated in IAV infection (32, 33). For
this, HEK-293T cells were transfected with either empty plas-
mid or HDAC4-expressing plasmid. After 24 h, one set of cells
was processed to confirm the HDAC4 overexpression by West-
ern blotting (Fig. 8A), whereas the other set of cells was infected
with PR8 at a m.o.i. of 1.0. After 6 h of infection, cells were
processed, and the levels of mRNA of above ISGs and actin and
18S RNA were detected by qPCR. Consistent with the above
findings, when normalized to the actin mRNA level and com-
pared with control cells, there was a significant 8.2- (p �
�0.0001) and 5.0-fold (p � 0.007) increase in the mRNA levels
of ISG15 and viperin, respectively, in HDAC4-overexpressing
cells (Fig. 8B). Similar results were obtained when ISG15 and
viperin mRNA levels were normalized to the 18S RNA level
(data not shown). Intriguingly, the mRNA level of IFITM3
increased only by 1.5-fold (statistically nonsignificant) in
HDAC4-overexpressing cells (Fig. 8B). No noticeable change
was observed in the mRNA levels of other ISGs (except
TRIM22, by 1.5-fold) in HDAC4-overexpressing cells (Fig. 8B).

Discussion

Acetylation is one of the most ubiquitous post-translation
modifications of proteins as it is now known to exist in all three
domains of life and control diverse cellular processes (38, 39).
Unsurprisingly, a clear role of acetylation in the infection of
viruses that cause both acute and persistent infections is also
emerging (40). Hence, HDACs, the enzymes central to regulat-
ing the acetylation are bound to play a crucial role, either pro-
viral or antiviral, in the virus infections. So far, we and others
have demonstrated that at least one member of each class/sub-
class of HDAC family possesses an anti-IAV property (9 –12,
26). On a quest to investigate the interplay of individual HDAC
with IAV, we have demonstrated herein the anti-IAV proper-
ties of class IIa HDAC, HDAC4, and a rather remarkably strong
antagonism of HDAC4 by the IAV. We were able to determine
that, compared with control cells, IAV replicated more effi-
ciently in HDAC4-depleted cells and less efficiently in HDAC4-
supplemented cells. We analyzed several parameters of IAV
multiplication, viz. extracellular (total and infectious) virion
release, intracellular viral mRNA and protein levels, and uti-
lized two different IAV H1N1 strains to show that the IAV
growth was 2–3–fold higher in HDAC4-depleted cells when
infected at m.o.i. of 1.0. One could argue that although statisti-
cally significant, this is a modest increase in virus growth. How-
ever, one obvious and simple explanation for this could be the
profound down-regulation of HDAC4 expression in infected
cells. Before the HDAC4 was able to effectively assert its anti-
viral effect, its expression in infected control cells came down to
a level that was only subtly higher to its level in infected cells
depleted with HDAC4 (Fig. 1A, compare INF/CT and INF/HD4
lanes). Hence, the resulting difference observed on virus growth
could not be as profound. This argument is well-supported by
4.4-fold more virus released from HDAC4-depleted cells when
they were infected with a low m.o.i. of 0.1 (Fig. 1H). Further-

Figure 8. The IAV-induced expression of ISG15 and viperin is augmented in HDAC4-supplemented cells. HEK-293T cells were transfected in duplicate
with either empty plasmid pcDNA3 (pc) or HDAC4 (HD4) plasmid for 24 h. A, one set of cells was harvested, total cell lysates were prepared, and the HDAC4 and
PDI polypeptides were detected by Western blotting. Note: the HDAC4 blot was reused to probe for PDI. B, the other set of cells was infected with PR8 at a m.o.i.
of 1.0 for 6 h. Then, the mRNA levels of the indicated ISGs and actin were detected by qPCR. The levels of each ISGs in both samples were normalized with
corresponding actin mRNA levels. Finally, the normalized mRNA levels of each ISG in pcDNA3-transfected cells were considered 1-fold to compare their levels
in HDAC4-transfected cells. Error bars represent the mean � S.E. of three biological replicates. The asterisks represent p values mentioned in the text calculated
by ANOVA, and indicate significant differences in means. MW, molecular weight.
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more, this argument also finds support from a recent finding
where the ectopic expression of HDAC4 protected human cells
from vesicular stomatitis virus-induced death, but only when
infection was at a lower m.o.i. of 0.1 (41).

IAV antagonized the HDAC4 by down-regulating its expres-
sion at both mRNA and polypeptide levels. Although the deg-
radation of HDAC4 in IAV-infected cells is consistent with the
degradation of HDAC1 and HDAC2, the recently identified
anti-IAV HDACs, in IAV-infected cells (10, 11) their mecha-
nisms of degradation are distinct. Although the HDAC4 is
degraded by caspases as demonstrated herein, HDAC1 and
HDAC2 are degraded by proteasome as both polypeptides are
known to undergo ubiquitination (10, 11). This indicates that
IAV is antagonizing various HDACs based upon the inherent
characteristics of their polypeptides. Evidently, an earlier report
revealed that HDAC4 is highly unstable in several mammalian
cell lines, with its mRNA half-life less than 4 h and polypeptide
half-life less than 8 h (42). Furthermore, the same report
showed that the HDAC4 polypeptide degradation could be fur-
ther induced by nonviral induction of apoptosis in those cell
lines. Hence, IAV, which is known to induce apoptosis in mam-
malian cells, was able to create a favorable environment for the
degradation of the HDAC4 polypeptide in infected cells. This is
evident from the degradation kinetics of HDAC4 polypeptide
coinciding with the proteolytic activation of caspase 3, one of
the executor proteases of apoptotic pathway, in infected cells.
Such HDAC4 degradation and caspase 3 activation, and the
infection-mediated cell death (Fig. S3), were significantly
reversed by a caspase 3 inhibitor. Furthermore, the HDAC4
degradation was also significantly reversed by RNAi-mediated
depletion of caspase 3 in infected cells. However, unlike
HDAC4 polypeptide cleavage product “a,” neither the inhibi-
tion nor the depletion of caspase 3 made the HDAC4 polypep-
tide cleavage product “b” completely disappear (Fig. 4, A and C).
Instead, after these manipulations, an additional HDAC4 poly-
peptide fragment (indicated by arrow “c”) lagging fragment b
appeared in infected cells (Fig. 4, A and C). This indicated that
either different caspases or other host proteases, independently
or in conjunction with caspases, are also causing the HDAC4
polypeptide degradation in IAV-infected cells. Among other
host proteases, the obvious candidates are lysosomal proteases,
cathepsins, because here a lysosomal inhibitor did rescue, albeit
partially, the IAV-induced HDAC4 polypeptide degradation
(Fig. 4, A and B). Consistent with this observation, the HDAC4
polypeptide has recently been shown to undergo cleavage by
cathepsin H in a heterologous system (43). Interestingly, the
nature of the degradation of HDAC4 polypeptide in IAV-in-
fected cells discovered here is very similar to the lysosome-
associated caspase-mediated degradation of host cortactin
polypeptide in IAV-infected cells reported by us recently (44).
Therefore, we believe that the lysosomes are closely associated
with the apoptotic pathway in IAV-infected cells. Evidently,
lysosomes have been described to be involved in the induction
of both intrinsic and extrinsic apoptotic pathways in heterolo-
gous systems (45–48). A further detailed investigation is
needed to determine the precise role of lysosomal proteases and
their linkages with intrinsic or extrinsic apoptotic pathways in
the degradation of HDAC4 polypeptide in IAV-infected cells.

In addition to polypeptide, the HDAC4 mRNA level was also
significantly down-regulated in IAV-infected cells. Using RNAi
and overexpression strategies, we identified that IAV is
employing its protein PA-X to accomplish this. PA-X is a newly
identified IAV protein, and is highly conserved in IAV genome,
including PR8 and CA09 strains used here (29, 49). PA-X is a
RNA endonuclease and selectively degrade the host mRNAs
(30), which results in shutoff of host gene expression and allows
IAV to escape host innate antiviral response (29, 30, 49). Poten-
tially, the combined HDAC4 characteristics, anti-IAV activity
through involvement in host antiviral response and reduced
mRNA half-life, made the HDAC4 mRNA an ideal target for
PA-X endonuclease-mediated degradation. The selectivity of
PA-targeting siRNA rescuing the HDAC4 expression in
infected cells and complementarity of PA-X expression alone
reducing the HDAC4 expression in cells confirmed the antag-
onism of HDAC4 by IAV via PA-X.

Like HDAC1, HDAC2, and HDAC11 that exhibit anti-IAV
function, HDAC4 is part of the host innate anti-IAV response.
In the absence of HDAC4 expression, the extent of IAV-in-
duced phosphorylation of STAT1 and subsequent signaling
cascade was reduced in A549 cells. Consequently, the IAV-in-
duced expression of ISGs, IFITM3, ISG15, and viperin, which
have been previously implicated to control IAV infection, was
down-regulated in HDAC4-depleted cells. Conversely, the
IAV-induced expression of these ISGs was up-regulated in
HDAC4-supplemented cells. Nevertheless, such involvement
of HDAC4 in the IAV-induced host innate antiviral response as
well as in IAV-induced apoptosis in host cells needs to be inves-
tigated in more detail. Furthermore, it remains to be deter-
mined where and how many times on HDAC4 polypeptide the
proteolytic cleavage occurs. One likely cleavage position is the
aspartic acid residue at position 289, which has been described
previously to be targeted by caspase 3 in heterologous systems
(42, 50, 51). The cleavage at this position generates an N-termi-
nal fragment that is quite similar to the size of fragments resolv-
ing around the 36-kDa mark detected here by HDAC4 antibody
recognizing an N-terminal epitope (42, 50, 51) (Fig. 3G). It is
also critical to understand whether proteolytic cleavage of the
HDAC4 polypeptide during IAV infection occurs just to antag-
onize its anti-IAV function or the HDAC4 cleavage products,
particularly the above-mentioned N-terminal fragment, also
play some significant roles in IAV replication. It has been
reported that this N-terminal fragment of the HDAC4 polypep-
tide is quite stable and translocate to the nucleus, where it binds
to the MEF2 (myocyte enhancer factor) transcription factor
and represses its activity (52). Furthermore, this HDAC4 N-ter-
minal fragment also induces the intrinsic apoptotic pathway in
mammalian cells under heterologous conditions (50, 51). Evi-
dently, both the repressed host transcription and the apoptosis
are favorable environments for IAV to proliferate (53). Further
investigations will delineate that IAV manipulates host HDAC4
not just to antagonize its antiviral function but also as a means
to promote its own replication. In addition, it will also be useful
to investigate the role of HDAC4 in IAV-induced respiratory
tract tissue damage during flu.

In summary, we have provided here evidence that a class IIa
HDAC (HDAC4) joins the list of HDACs to exhibit anti-IAV
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properties. This report also reinforces the notion that the
HDACs are a family of anti-IAV factors. Next, the understand-
ing of the intermolecular interactions between various HDACs,
their host partners, and viral proteins during IAV infection will
help understand the mechanisms of their antiviral function as
well as their antagonism. Consequently, the resulting knowl-
edge will help to assess the potential of HDACs as the targets for
host-directed anti-influenza virus therapies.

Experimental procedures

Cells, viruses, and plasmids

A549, MDCK, and HEK293 cells were grown and maintained
in complete minimum essential medium (MEM) supplemented
with 10% fetal bovine serum, 1% penicillin-streptomycin, and
1% L-glutamine (Life Technologies) at 37 °C and under 5%
CO2 atmosphere. Influenza virus strains A/Puerto Rico/8/
1934(H1N1), A/California/07/2009/(H1N1), and A/WSN/
1933(H1N1) (WSN) were propagated in 10-day-old embryo-
nated chicken eggs, and titrated on MDCK cell monolayers.
Influenza A virus PA-X (WSN) plasmid (gifted by Yoshihiro
Kawaoka, The University of Tokyo, Japan) and human HDAC4
plasmid (gifted by Eric Verdin, Addgene plasmid number
13821) were amplified in Escherichia coli DH5� strain and
extracted using a plasmid purification kit (Qiagen).

Infection

The virus inoculum was prepared in serum-free MEM and
added to the cell monolayers, which had been washed twice
with serum-free MEM. For infection of MDCK cells, 1 �g/ml of
TPCK (tosylphenylalanyl chloromethyl ketone)-trypsin; Sig-
ma-Aldrich) was added to the virus inoculum. After 1 h of incu-
bation at 35 °C, the inoculum was removed and cells were
washed once with serum-free MEM. Fresh serum-free MEM
was added and the cells were incubated back at 35 °C. In some
experiments, serum-free MEM was supplemented with trichosta-
tin A (Sigma-Aldrich), SAHA (Sigma-Aldrich), NH4Cl (Sigma-Al-
drich), MG132 (Calbiochem), or caspase 3 inhibitor: Z-DEVD-
fmk (Calbiochem). In some experiments, the virus inoculum was
irradiated with a 30 W ultraviolet (UV) bulb for 30 min before
adding to the cells and proceeding with the infection.

Quantitative real-time PCR

Total RNA from the cells was isolated using a Nucleospin
RNA isolation kit (Macherey-Nagel) and the cDNA was synthe-
sized using PrimeScript RT reagent kit (Takara) by following
the manufacture’s protocol. Quantitative real-time PCR was
performed on ViiA 6 Real-time PCR system (Applied Biosys-
tems) using SYBR Green Select Master Mix (Life Technologies)
and predesigned or custom-designed primers. For HDAC4,
caspase 3, and interferon-stimulated genes, the predesigned
KiCqStart primers were obtained from Sigma-Aldrich. The
custom designed primers were: 18S rRNA, forward, 5�-ATCG-
GGGATTGCAATTATTC-3�, reverse, 5�-TCACTAAACCA-
TCCAATCG-3�; �-actin, forward, 5�-GACGACATGGAGAA-
AATCTG-3�, reverse, 5�-ATGATCTGGGTCATCTTCTC-3�;
IAV M gene, forward, 5�-TTGCTGATTCACAGCATCGG-3�,
reverse, 5�-CAGATGGCTGGATCGAGTGA-3�; IAV NP

gene, forward, 5�-AGAAATAAGGAGAGTTTGGCGCCT-
AGC-3�, reverse, 5�-CATTCCGGTGCGAACAAGCGC-3�;
IAV PA, forward, 5�-GCTTCTTATCGTTCAGGCTCTT
AGG-3�, reverse, 5�-CCGAGAAGCATTAAGCAAAACCCAG-
3�; IAV PA-X gene, forward, 5�-GCGACAATGCTTCAATC
CGA-3�, reverse, 5�-TTGACTCGCCTTGCTCATTG-3�. The
level of �-actin mRNA and/or 18S rRNA were used as reference
for normalizing the levels of target gene mRNAs. The fold or
percentage change in the mRNA levels of target gene were cal-
culated using the 2�		CT method.

Western blotting

Cells were lysed in lysis buffer (50 mM Tris-HCl, pH 7.4, 150
mM NaCl, 0.5% SDS, 0.5% sodium deoxycholate, 1% Triton
X-100, and 1
 protease inhibitor mixture (Roche)) to prepare
the total cell lysates. The amount of protein was quantified by a
BCA kit (Thermo). Then, equal amounts of protein were
resolved on an appropriate percentage of Tris glycine SDS-
PAGE along with SeeBluePlus 2 pre-stained protein standards
(Life Technologies), and transferred on to Protran� Premium
nitrocellulose membrane (GE Healthcare). Subsequently,
membranes were probed with the rabbit anti-HDAC4 (1:1,000;
D15C3, Cell Signaling), rabbit anti-�-actin (1:10,000; ab8227,
Abcam), goat anti-NP (1:10,000; G150, kindly provided by
Richard Webby, St. Jude Children’s Research Hospital), mouse
anti-NP (1:10,000; NR-19868, obtained through BEI Resources,
NIAID, NIH), goat anti-HA (1:1,000; G57, kindly provided by
Richard Webby), rabbit anti-PDI (1:10,000; P7496, Sigma-Al-
drich), rabbit anti-caspase 3 (1:1,000; 8G10, Cell Signaling),
mouse anti-pSTAT1 (1:1,000; pY701, BD Bioscience), mouse
anti-STAT1 (1:1,000; 610185, BD Bioscience), rabbit anti-vi-
perin (1:1,000; D5T2X, Cell Signaling), rabbit anti-IFITM3
(1:1000; ab15592, Abcam), or rabbit anti-ISG15 (1:1,000; F-9,
Cell Signaling) followed by horseradish peroxidase-conjugated
anti-rabbit, anti-mouse, or anti-goat IgG antibody (1:2,000 or
1:5,000, Life Technologies). Finally, the protein bands were
visualized using ECL or ECL-Prime Western blotting Systems
(GE Healthcare) and images were acquired on Odyssey Fc
imaging system utilizing Image Studio software version 5.0 (Li-
COR). Images were then exported as TIFF files, minimally
adjusted for brightness and contrast, and composed in figures
in Adobe Photoshop CC 2015.

RNAi

The predesigned siRNA targeting the human HDAC4 gene
(ID: SASI_Hs02_00340778; 5�-CAGCCAAGCUUCUGCA-
GCA-3�) and caspase 3 gene (ID: SASI_Hs01_00139105;
5�-CAGCUUUCAUGAUUAGCAA-3�), the siRNAs targeting
the individual influenza gene segments (sequence mentioned in
Ref. 28), and a nontargeting siRNA (MISSION universal nega-
tive control #1) were obtained from Sigma-Aldrich. First, dif-
ferent nanomolar quantities of siRNAs and 2 �l of Lipo-
fectamine RNAiMAX reagent (Life Technologies) were diluted
separately in OptiMEM I reduced serum medium (Life Tech-
nologies). Then both solutions were mixed together, and incu-
bated for 30 min at room temperature for siRNA-RNAiMAX
complex to form. This complex was then mixed with the cell
suspensions, and cells were seeded in a cell culture plate. The
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cells were then incubated at 37 °C under 5% CO2 atmosphere
for 24 –72 h before infection or further processing.

Overexpression

Cells were grown to 80 –90% confluence in a cell culture
plate, and transfected with the plasmids using Lipofectamine
2000 reagent (Life Technologies). First, 1 �g of plasmid DNA
and 3 �l of Lipofectamine 2000 were diluted separately in
OptiMEM. Then both solutions were mixed together, and incu-
bated for 30 min at room temperature for a DNA-Lipo-
fectamine complex to form. The DNA-Lipofectamine complex
was then added to the cells, and cells were incubated at 37 °C for
24 – 48 h before infection or further processing.

Cell viability assay

The viability of cells was evaluated by MTT assay. The MTT
(3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-
mide) reagent (Sigma-Aldrich) was added to the cells, which were
then incubated at 37 °C under 5% CO2 atmosphere for 1 h. Subse-
quently, 1 milliliter of dimethyl sulfoxide (DMSO; Calbiochem)
was added to the cells and cells were rocked at room temperature
for 15 min. Finally, the absorbance was measured at 570 nanome-
ter wavelength using a 680 microplate reader (Bio-Rad).

Virus release assay

The culture medium from infected cells was collected and
cleared off of cell debris by centrifugation at 17,000 
 g for 1
min. Such cleared medium was then divided into two parts.
One part was subjected to the protein precipitation by trichlo-
roacetic acid (TCA) (Calbiochem) and the other part was mixed
with 0.3% BSA (Sigma-Aldrich) and titrated by microplaque
assay. For protein precipitation, the medium was mixed the
ice-cold TCA to a final concentration of 20% and incubated on
ice for 30 min. The mixture was then centrifuged at 20,000 
 g
and 4 °C for 30 min. The supernatant was removed carefully
and the pellet was washed twice with ice-cold acetone by cen-
trifugation as above. The pellet was then air dried and directly
suspended in SDS-PAGE sample buffer (50 mM Tris-HCl, pH
6.8, 2% SDS, 30% glycerol, 5% 2-mercaptoethanol, and 0.04%
bromphenol blue) and proteins were resolved on SDS-PAGE.
The viral HA and NP was then detected by Western blotting.
For microplaque assay, the confluent monolayers of MDCK
cells were infected with 10-fold serial dilutions of the culture
medium as described above. The inoculum was then removed,
and the cells were overlaid with serum-free MEM containing
0.8% Avicel (RC-185; FMC Biopolymer) and 1 �g/ml of TPCK-
treated trypsin (Sigma-Aldrich). After 20 –24 h incubation at
37 °C under 5% CO2 atmosphere, the MEM overlay was
removed and the cells were fixed with 4% formalin (Sigma-
Aldrich) and permeabilized with 0.5% Triton X-100 prepared in
20 mM glycine. Cells were then stained with mouse anti-NP
(1:1,000) followed by horseradish peroxidase-conjugated anti-
mouse IgG antibody (1:1,000). The plaques were visualized by
using TrueBlue substrate (KPL Biosciences).

Statistical analysis

The statistical analyses were performed using Prism 6 or 8
(GraphPad). The p values were calculated using unpaired t tests

for pairwise data comparisons and one-way analysis of variance
(ANOVA) or two-way ANOVA for multiple data set compari-
sons. A p value of �0.05 was considered significant.
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