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Aim: Histone deacetylases (HDACs) regulate the life-cycle of several viruses. We 
investigated the ability of different HDAC-inhibitors, to interfere with influenza virus 
A/Puerto Rico/8/34/H1N1 (PR8 virus) replication in Madin-Darby canine kidney and NCI 
cells. Results: 3-(5-(3-Fluorophenyl)-3-oxoprop-1-en-1-yl)-1-methyl-1H-pyrrol-2-yl)-N-
hydroxyacrylamide (MC1568) inhibited HDAC6/8 activity and PR8 virus replication, 
with decreased expression of viral proteins and their mRNAs. Such an effect may be 
related to a decrease in intranuclear content of viral polymerases and, in turn, to an 
early acetylation of Heat shock protein 90 (Hsp90), a major player in their nuclear 
import. Later, the virus itself induced Hsp90 acetylation, suggesting a differential 
and time-dependent role of acetylated proteins in virus replication. Conclusion: The 
inhibition of HDAC6/8 activity during early steps of PR8 virus replication could lead to 
novel anti-influenza strategy.
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Every year, influenza epidemic causes numer-
ous deaths and millions of hospitalizations, 
with the most frightening effects occurring 
when new viral strains emerge from different 
species. Influenza A virus (IAV) is an envel-
oped, negative-strand RNA virus belonging 
to the Orthomyxoviridae family. The genome 
of influenza A viruses is composed of eight 
negative-sense single-stranded RNA gene 
segments that encode 16 proteins [1]. IAV 
enters into the cell by endocytosis. Replica-
tion of the influenza virus genome occurs 
in the nucleus by a virally encoded hetero-
trimeric RNA-dependent RNA polymerase 
composed of PB1, PB2 and PA proteins. Each 
newly synthesized vRNA segment is coated 
with the viral nucleoprotein (NP) and the 
heterotrimeric polymerase complex associ-
ates with each vRNA segment. This resultant 
vRNP complex is exported from the nucleus 
and travels to the plasma membrane to be 

assembled with other viral proteins. Finally, 
budding takes place at the apical surface 
and new viral particles are released from the 
infected cells [2].

Currently, matrix protein 2 (M2) and 
neuro aminidase inhibitors are used to prevent 
and treat influenza infection. While several 
neuroaminidase inhibitors have been devel-
oped for the treatment of influenza, these 
have shown a limited window for treatment 
initiation, and resistant variants have been 
detected in the population. The older class 
of anti-influenza drugs, the M2 inhibitors 
adamantanes are no longer recommended for 
treatment due to their toxicity and widespread 
resistance [3]. The development of new anti-
influenza drugs with good bioavailability and 
efficacy against a broad spectrum of influ-
enza viruses, including the resistant strains, is 
hence strongly needed. Influenza viruses take 
advantage of cellular signaling pathways to 
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support their life-cycle. Thus, inhibition of intra cellular 
pathways, exploited by virus for its replication, could 
increase the effectiveness toward different strains and 
decrease the emergence of drug resistance [4–7].

The reversible lysine acetylation is now recognized as 
a post-translational modification that controls the activ-
ity and localization of many proteins [8]. The acetylation 
status of histone and nonhistone proteins is regulated by 
the coordinate actions of histone acetyltransferases and 
histone deacetylases (HDACs). HDACs are divided into 
four classes. Class I, comprising HDAC1–3 and HDAC8, 
is mainly localized in the nucleus of the cells [9]. Class II 
HDACs is further subdivided into class IIa (HDAC4, 
HDAC5, HDAC7 and HDAC9), typically resident in 
cytoplasm with a wide range of biological activities [9,10] 
and class IIb, including HDAC6 and HDAC10, local-
ized both in nucleus and in cytoplasm [11,12]. Class III 
includes sirtuin 1–7 and, finally, class IV, which actu-
ally contains the sole HDAC11, whose role in human 
physiology and pathology is still poorly understood. The 
enzymatic activity of HDACs plays a pivotal role not 
only in cancer, but also in infectious diseases [13] and in 
a ntimicrobial responses [14].

It has been demonstrated that HDACs modulated 
latency in certain viruses such as HIV and HSV [15,16] 
through the interaction with host cell target proteins. 
With regard to influenza, HDACs play a role in dif-
ferent stages of infection, facilitating or inhibiting viral 
replication. In particular, at early steps of IAV infection, 
HDAC1, on one side, and HDAC3 and HDAC8, on the 
other side, display opposite effects in the entry of IAV into 
host cells, leading to either suppression (HDAC1) or pro-
motion (HDAC3 and HDAC8) of viral replication [17]. 
HDAC8 depletion by siRNA reduced internalization 
by endocytosis, decreased endosome acidification and 
inhibited import of vRNP into the nucleus, thus leading 
to reduction of IAV infectivity [17]. HDAC6 plays a more 
complex role since it facilitates early steps of infections, 
while it is detrimental at late steps, by inter fering with 
the release of new viral particles. In fact, at early steps of 
infection HDAC6 plays a critical role for viral uncoating 
and vRNP import processes through its ubiquitin zinc 
finger (BUZ) domain [18]. On the contrary, in late steps 
of infection HDAC6 is cleaved by IAV-induced caspase 3 
with the removal of the BUZ domain [19] and its deacety-
lase activity is downregulated, leading to microtubules 
hyperacetylation that, in turn, increases the traffick-
ing of viral components to plasma m embrane and viral 
release [20,21].

On these bases, and pursuing our studies on antimi-
crobial activity of HDAC inhibitors (HDACis) [13,22,23], 
we decided to investigate the anti-influenza activity of 
compounds with different selectivity for the various 
deacetylase isoforms, by evaluating their ability to inhibit 

the replication of influenza virus A/Puerto Rico/8/34/
H1N1 (PR8 virus) in both Madin-Darby canine kid-
ney (MDCK) and human airway epithelial cells (NCI-
H292). In particular, we checked the activity of the fol-
lowing inhibitors: the pan-HDAC inhibitor MC2189; 
the class I-selective MS-275; the class II-selective 
MC1568. This last compound, initially identified as a 
specific class IIa HDACi [24], has then been described 
as an inhibitor of class II (a+b) HDACs [25–37]. Here 
we found that MC1568 is able to inhibit at low micro-
molar levels, HDAC6 and 8 activity and to significantly 
decrease PR8 virus replication in both cell lines. In addi-
tion, treatment with MC1568 reduced the intranuclear 
content of viral polymerases, viral protein expression and 
increased the acetylation status of Hsp90, a molecular 
chaperone protein, that is a substrate of HDAC6 and 
regulates the assembly and nuclear import of influenza 
virus RNA polymerases [38,39].

Material & methods
Chemical
Design & synthesis of HDACi compound
Melting points were determined on a Buchi 530 melt-
ing point apparatus and are uncorrected. 1H NMR 
and 13C NMR spectra were recorded at 400 MHz and 
100 MHz, respectively, on a Bruker AC 400 spectrom-
eter; chemical shifts are reported in δ (ppm) units rela-
tive to the internal reference tetramethylsilane (Me

4
Si). 

EIMS spectra were recorded with a Fisons Trio 1000 
spectrometer; only molecular ions (M+) and base peaks 
are given. All compounds were routinely checked by 
TLC, 1H NMR and 13C NMR spectra. TLC was per-
formed on aluminium -backed silica gel plates (Merck 
DC, Alufolien Kieselgel 60 F254) with spots visualized 
by UV light. All solvents were reagent grade and, when 
necessary, were purified and dried by standard methods. 
Concentration of solutions after reactions and extrac-
tions involved the use of a rotary evaporator operating at 
reduced pressure of ca. 20 Torr. Organic solutions were 
dried over anhydrous sodium sulfate. Elemental analy-
sis has been used to determine purity of the described 
compounds, that is >95%. Analytical results are within 
± 0.40% of the theoretical values. All chemicals were 
purchased from Aldrich Chimica, Milan (Italy), or from 
Alfa Aesar, Milan (Italy), and were of the highest purity.

Procedure for the synthesis of the 
4-(2-norbornylamino)-3-fluoroacetophenone (1)
A suspension of 3,4-difluoroacetophenone (9.6 mmol, 1.2 
ml), dry potassium carbonate (38.42 mmol, 5.31 g) and 
2-aminonorbornane hydrochloride (48 mmol, 7.0 g) in 
dry N,N-dimethylformamide (DMF) (20 ml) was stirred 
at 90°C overnight. The reaction was quenched with water 
(50 ml) and extracted with diethyl ether (3 × 30 ml), the 
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organic phases were washed with brine (3 × 30 ml), dried 
with sodium sulfate and concentrated to provide an oily 
residue that was chromatographed on silica gel 60 eluting 
with ethyl acetate/n-hexane 1/5 to afford the pure prod-
uct 1 [22]. as a yellow oil; Yield: 59%. 1H NMR (CDCl

3
) 

δ 1.17–1.29 (m, 4H, norbornyl protons), 1.42–1.54 (m, 
3H, norbornyl protons), 1.87–1.92 (m, 1H, norbornyl 
proton), 2.28–2.32 (m, 2H, norbornyl protons), 2.47 
(s, 3H, CH

3
), 3.27–3.32 (m, 1H, norbornyl protons), 

4.27 (bs, 1H, NH), 6.56–6.60 (t, 1H, benzene proton), 
7.54–7.58 (d, 1H, benzene proton), 7.62–7.64 (d, 1H, 
benzene proton) ppm; 13C-NMR (100 MHz, CDCl

3
) 

δ 26.6, 28.0, 29.2, 35.7, 36.8, 40.2, 41.5, 58.2, 114.4, 
115.1, 125.3, 126.7, 134.8, 154.6, 197.1 ppm; MS (EI): 
m/z: 247.14 (M)+.

Procedure for the synthesis of Ethyl 3-(5-formyl-1-
methyl-1H-pyrrol-2-yl)-2-propenoate (2)
A 20 ml dichloromethane solution of oxalyl chloride 
(0.06 mol, 5.2 ml) was added to a cooled (0°C) solu-
tion of N,N-dimethylformamide (0.06 mol, 4.6 ml) in 
dichloromethane (20 ml) over a period of 10 min. After 
being stirred at room temperature (RT) for 15 min, the 
suspension was again cooled (0°C) and treated with a 
solution of ethyl 3-(1-methyl-1H-pyrrol-2-yl)-2-prope-
noate (0.06 mol, 10.7 g) in dichloromethane (20 ml) [23]. 
The mixture was stirred at RT room temperature for 
1 h and then was poured onto crushed ice (100 g) con-
taining 2N NaOH (50 ml) and stirred for 10 min. The 
organic layer was separated, and the aqueous one was 
extracted with dichloromethane (3 × 30 ml). The com-
bined organic solutions were washed with brine, dried 
and evaporated to dryness. The residual solid was puri-
fied by recrystal lization (cyclohexane) to afford the pure 
compound 2. Melting point: 102–104°C; Yield: 78%; 
1H NMR (CDCl

3
) δ1.33–1.37 (t, 3H, COOCH

2
CH

3
), 

4.06 (s, 3 H, NCH
3
), 4.26–4.30 (q, 2H, COOCH

2
CH

3
), 

6.41–6.45 (d, 1H, CH = CHCOOEt), 6.67–6.68 (d, 
1H, pyrrole H-3 proton), 6.94–6.95 (d, 1H, pyrrole H-4 
proton), 7.62–7.66 (d, 1H, CH = CHCOOEt), 9.61 (s, 
1H, CHO) ppm; 13C NMR (CDCl

3
) δ 14.3, 37.6, 60.6, 

115.8, 118.6, 122.9, 129.9, 130.2, 136.8, 167.8, 181.9 
ppm; MS (EI): m/z: 207.09 (M)+.

Procedure for the synthesis of (E)-ethyl 3-(5-((E)-
3-(4-(2-norbornylamino)-3-fluorophenyl)-3-
oxoprop-1-enyl)-1-methyl-1H-pyrrol-2-yl)acrylate 
(3) and (E)-ethyl 3-(5-((E)-3-(3-fluorophenyl)-3-
oxoprop-1-enyl)-1-methyl-1H-pyrrol-2-yl)acrylate 
(4). Example: synthesis of (E)-ethyl 3-(5-((E)-3-
(3-fluorophenyl)-3-oxoprop-1-enyl)-1-methyl-1H-
pyrrol-2-yl)acrylate (4)
To a solution of sodium ethoxyde (2.3 mmol, 0.053 
g Na) in ethanol (20 ml), 3-fluoroacetophenone (1.92 

mmol, 0.24 ml) and (E)-ethyl 3-(5-formyl-1-methyl-
1H-pyrrol-2-yl)acrylate 2 (1.92 mmol, 0.40 g) were 
added at 0°C, and the resulting mixture was stirred 
at room temperature (RT) for 5 h. The precipitate was 
filtered, washed first with a few drops of ethanol, then 
with petroleum ether (3 × 10 ml) to obtain compound 
4 as a yellow solid that was recrystallized by acetoni-
trile; melting point: 173–175°C; yield: 78%; 1H-NMR 
(CDCl

3
) δ 1.29–1.33 (m, 3H, COOCH

2
CH

3
), 3.75 

(s, 3H, NCH
3
), 4.21–4.25 (m, 2H, COOCH

2
CH

3
), 

6.22–6.26 (d, 1H, CH = CHCOOEt), 6.61–6.65 
(t, 1H, benzene proton), 6.71–6.72 (d, 1H, pyrrole 
H-3 proton), 6.81–6.82 (d, 1H, pyrrole H-4 proton), 
7.33–7.36 (d, 1H, PhCOCH = CH), 7.58–7.62 (m, 
1H, CH = CHCOOEt), 7.66–7.78 (m, 4H, PhCOCH 
= CH and benzene protons) ppm; 13C NMR (CDCl

3
) 

δ 14.3, 37.8, 60.6, 115.8,116.1, 117.7, 117.9 (2C), 119.0, 
125.3, 125.4, 129.9, 130.3, 131.1 (2C), 137.4, 163.2, 
167.8, 190.9 ppm; MS (EI): m/z: 327.13 (M)+.

(E)-ethyl-3-(5-((E)-3-(4-(2-norbornylamino)-3-
fluorophenyl)-3-oxoprop-1-enyl)-1-methyl-1H-
pyrrol-2-yl)acrylate (3)
Recrystallized by benzene/acetonitrile; melting 
point: 168–170°C; yield: 67.9%; 1H-NMR (CDCl

3
) 

δ 1.17–1.33 (m, 7H, COOCH
2
CH

3
 and norbor-

nyl protons), 1.42–1.54 (m, 3H, norbornyl protons), 
1.87–1.92 (m, 1H, norbornyl proton), 2.28–2.32 
(m, 2H, norbornyl protons), 3.27–3.32 (m, 1H, nor-
bornyl protons), 3.75 (s, 3H, NCH

3
), 4.22–4.24 

(m, 2H, COOCH
2
CH

3
), 6.22–6.26 (d, 1H, CH = 

CHCOOEt), 6.61–6.65 (t, 1H, benzene proton), 
6.71–6.72 (d, 1H, pyrrole H-3 proton), 6.81–6.82 (d, 
1H, pyrrole H-4 proton), 7.33–7.36 (d, 1H, PhCOCH 
= CH), 7.58–7.62 (m, 1H, CH = CHCOOEt), 
7.66–7.78 (m, 3H, PhCOCH = CH and benzene pro-
tons) ppm; 13C NMR (CDCl

3
) δ 14.3, 26.8, 28.5, 35.7, 

35.9, 37.8, 39.5, 42.7, 53.0, 60.6, 114.4, 115.8, 117.7, 
117.8, 117.9 (2C), 123.8, 125.3, 129.5, 129.9, 131.1 
(2C), 139.0, 151.4, 167.8, 190.9 ppm; MS (EI): m/z: 
436.22 (M)+.

Procedure for the synthesis of the (E)-3-(5-
(E)-(3-(4-(2-norbornylamino)-3-fluorophenyl)-
3-oxoprop-1-enyl)-1-methyl-1H-pyrrol-2-
yl)-N-hydroxyacrylamide (MC2189) and 
3-(5-(3-(3-fluorophenyl)-3-oxoprop-1-enyl)-1-
methyl-1H-pyrrol-2-yl)-N-hydroxyacrylamide 
(MC1568). Example: synthesis of (E)-3-(5-(E)-
(3-(4-(2-norbornylamino)-3-fluorophenyl)-3-
oxoprop-1-enyl)-1-methyl-1H-pyrrol-2-yl)-N-
hydroxyacrylamide (MC2189)
Potassium hydroxide (19.5 mmol, 1.1 g) solution in dry 
ethanol (5 ml) was added to a hydroxylamine hydro-
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chloride (19.5 mmol, 1.35 g) solution in dry ethanol 
(5 ml) at RT. The mixture was cooled at 0°C, then fil-
tered and to the clear solution 3 (2.1 mmol, 0.9 g) and 
well-crushed potassium hydroxide (3.65 mmol, 0.2 g) 
were added. After 1 h, the mixture was diluted with 
water (50 ml), 2N HCl was slowly added till pH 7 and 
filtered under vacuum. The solid MC2189 was col-
lected, dried and recrystallized by acetonitrile/meth-
anol; melting point: 219–221°C; yield: 67.3%; 1H 
NMR (DMSO-d

6
) δ 1.09 (m, 8H, norbornyl protons), 

2.20–2.45 (m, 2H, norbornyl protons), 3.25 (m, 1H, 
norbornyl proton), 3.70 (s, 3H, NCH

3
), 6.10 (bs, 1H, 

NH), 6.25–6.29 (d, 1H, CH = CHCONHOH), 
6.66–6.68 (m, 2H, pyrrole H-3 proton and benzene 
proton), 7.11 (pyrrole H-4 proton), 7.45–7.49 (d, 1H, 
CH = CHCONHOH), 7.62–7.85 (m, 4H, PhCOCH 
= CH, PhCOCH = CH and benzene protons), 9.00 
(bs, 1H, NHOH), 10.65 (bs, 1H, NHOH) ppm; 13C 
NMR (DMSO-d

6
) δ 26.0, 30.8, 34.0, 36.8, 37.4, 41.4, 

44.1, 56.4, 104.8, 108.0, 115.6 (2C), 123.2, 124.9, 
126.3, 127.4, 127.9, 130.6, 134.8, 136.3, 145.2, 155.4, 
161.6, 189.7 ppm; MS (EI): m/z: 423.20 (M)+.

3-(5-(3-(3-fluorophenyl)-3-oxoprop-1-enyl)-1-
methyl-1H-pyrrol-2-yl)-N-hydroxyacrylamide 
(MC1568)
Recrystallized by acetonitrile/methanol; melting 
point: 212–214°C; yield: 68.5%; 1H NMR (DMSO-
d

6
) δ 3.77 (s, 3H, NCH

3
), 6.32–6.36 (d, 1H, CH 

= CHCONHOH), 6.72–6.73 (d, 1H, pyrrole H-3 
proton), 7.24–7.25 (pyrrole H-4 proton), 7.42–7.52 
(d, 1H, CH = CHCONHOH and benzene proton), 
7.59–7.69 (m, 2H, PhCOCH = CH and benzene pro-
ton), 7.77–7.81 (d, 1H, PhCOCH = CH), 7.89–7.91 
(d, 1H, benzene proton), 7.96–7.98 (d, 1H, benzene 
proton), 9.00 (bs, 1H, NHOH), 10.71 (bs, 1H, 
NHOH) ppm; 13C NMR (DMSO-d

6
) δ 37.8, 116.1, 

117.7, 117.9 (2C), 119.0, 124.1, 125.3, 125.4, 130.3, 
131.1 (2C), 132.7, 137.4, 163.2, 165.9, 190.9 ppm; 
MS (EI): m/z: 314.11 (M)+.

Procedure for the synthesis of MS-275 
(entinostat)
Triethylamine (1.93 mmol, 0.27 ml) and 
O-(Benzotriazol-1-yl)-N,N,N′,N′-t etra methyl uron ium 
tetrafluoroborate (0.58 mmol, 0.186 g) were added 
u nder nitrogen atmosphere to a solution of4-(((pyr-
idin-3- ylmet hoxy)carbonylamino)methyl)benzoic acid 
(5)  [24] (0.48 mmol, 0.137 g) in dry N,N-dimethylfor-
mamide (5 ml), and the resulting mixture was stirred 
for 15 min. After this time 1,2-phenylendiamine (0.48 
mmol, 0.052 g) was added and stirring was continued 
for a further 30 min. The reaction was quenched by 
water (20 ml) and the precipitate was filtered, washed 

with water (3 × 20 ml), and dried. The solid residue 
was purified by chromatography on silica gel 60 elut-
ing with ethyl acetate to provide MS-275 as a color-
less solid, which was recrystallized from acetonitrile; 
melting point: 159–161°C; yield: 76.6%; 1H NMR 
(DMSO-d

6
) δ 4.24–4.25 (d, 2H, PhCH

2
), 4.85 (bs, 

2H, NH
2
), 5.06 (s, 3-pyridyl-CH

2
), 6.54–6.56 (t, 1H, 

aniline proton), 6.73–6.75 (d, 1H, aniline proton), 
6.91–6.95 (t, 1H, aniline proton), 7.12–7.14 (d, 1H, 
aniline proton), 7.32–7.7.39 (m, 3H, benzene protons 
and NHCOO), 7.74–7.76 (d, 1H, pyridine proton), 
7.88–7.95 (m, 3H, benzene protons and pyridine pro-
ton), 8.50–8.51 (d, 1H, pyridine proton), 8.56 (s, 1H, 
pyridine proton), 9.58 (bs, 1H, PhCONH) ppm; 13C 
NMR (DMSO-d

6
) δ 44.3, 66.3, 118.4, 123.5, 124.1, 

124.5, 124.8, 126.6, 127.4 (2C), 127.8 (2C), 133.2, 
134.1, 135.6, 142.4, 143.9, 147.5, 148.2, 156.6, 167.0 
ppm; MS (EI): m/z: 376.15 (M)+.

Bioassay
Cell culture & virus
MDCK and NCI-H292 obtained from American Type 
Culture Collection (ATCC), were grown in Roswell 
Park Memorial Institute 1640 medium (RPMI 1640) 
medium supplemented with 10% (v/v) fetal bovine 
serum (FBS), 0.3 mg/ml glutamine, 100 U/ml penicillin 
and 100 μg/ml streptomycin. All cells were cultured at 
37°C in a 5% CO

2
 incubator. Influenza virus A/Puerto 

Rico/8/34 H1N1 was propagated in the allantoic 
c avities of 10-day-old embryonated chicken eggs.

Cell infection & viral titration assay
Confluent monolayer of MDCK and NCI-H292 cells 
were grown in 24-well plates. Cells were infected with 
PR8 virus at a multiplicity of infection (MOI) of 0.01 for 
1 h at 37°C in RPMI without FBS. Cells were treated with 
different concentration of the inhibitors (0.8 μM [MS-
275], 11.7 μM [MC2189] and 15.9 μM [MC1568]), 1 h 
before, during and after adsorption of PR8 virus to host 
cells. MC2189, MS-275 and MC1568 compounds were 
dissolved in dimethyl sulfoxide (DMSO, Sigma Aldrich, 
MO USA) and diluted to final concentrations in RP 
medium. The DMSO concentration present in the 
culture medium was 0.03%. Control cells were treated 
with DMSO alone at the same concentration present 
in the test substance being evaluated. Mock infection 
was performed with the same dilution of allantoic fluid 
from uninfected eggs. After the viral challenge, mock- 
and virus-infected cells were washed with phosphate-
buffered saline (PBS) and then incubated with medium 
supplemented with 2% (v/v) FBS for 24, 48 and 72 h at 
37°C [40] with or without inhibitors. For infection per-
formed at MOI 1, monolayers of NCI-H292 cells were 
grown to confluence in 24-well plates and inoculated 
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with PR8 virus concomitant with different concentra-
tion of the inhibitors. The plates were pre incubated for 
2 h at 4°C to ensure synchronous attachment and entry 
of the viruses. After the viral challenge, mock- and virus-
infected cells were washed with PBS and then incubated 
with medium supplemented with 2% (v/v) FBS for 6 
and 8 h at 37°C with or without MC1568, Tubastatin A, 
as specific HDAC6 inhibitor, and PCI-34051, as specific 
HDAC8 inhibitor. For each condition, virus produc-
tion in supernatants of cell c ultures was assayed by using 
hemagglutination assay [41].

HDAC1–6 & HDAC8 isoforms inhibition assay
MC1568 was tested in ten-dose IC

50
 mode with 

threefold serial dilution starting from 300 μM solu-
tion. Individual IC

50
 values for each HDAC isozyme 

were measured with the homogeneous fluorescence-
release HDAC assay. Purified recombinant enzymes 
were incubated with serial diluted inhibitors at the 
indicated concentration. The deacetylase activities of 
HDACs 1–6, and HDAC8 were determined by assay-
ing enzyme activity using AMC-K(Ac)GL (classes I, 
IIb HDACs) or AMC-K(TFA)GL (class IIa HDACs) 
substrate as previously described [42,43]. Deacetylated 
AMC-KGL was sensitive toward lysine peptidase, and 
free fluorogenic 4-methylcoumarin-7-amide was gen-
erated, which can be excited at 355 nm and observed at 
460 nm (Reaction Biology Corporation, MD, USA). 
Data were analyzed on a plate-to-plate basis in rela-
tionship to the control and imported into analytical 
software (GraphPad Prism, CA, USA).

Cell viability assay
The cytotoxicity of MC1568 was evaluated on NCI-
H292 and MDCK cells by using a 3-(4,5-dimethyl-
thiazol-2-yl)-2,5-diphenyltetrazolium bromide reduc-
tion assay [44]. The cytotoxicity of the compound 
was calculated as percentage reduction in viable cells 
with respect to the control culture (cells treated with 
DMSO alone).

Western blotting analysis
For western blotting analysis, NCI-H292 cells were 
treated with MC1568 (15.9 μM) 1 h before, during 
and after adsorption of PR8 virus. Cells were detached, 
washed with PBS and centrifuged at 700 × g for 10 min. 
The pellet was lysed in cold lysis buffer (10 mM Tris, 
150 mM NaCl, 0.25% NP-40, 1 mM phenylmethyl-
sulfonyl fluoride, [pH 7.4]) containing protease and 
phosphatase inhibitor mixtures (Sigma Aldrich). After 
30 min on ice, lysates were centrifuged at 13,000 × 
g for 30 min at 4°C, the supernatants were collected 
and total protein concentration was determined by 
B radford protein assay (Bio-Rad, CA USA).

For the detection of PB1 and PB2 viral polymerases 
localization, nuclear and cytoplasmic extracts were pre-
pared with NE-PER Nuclear and Cyto plasmic extrac-
tion kit (Pierce, Thermo Fisher Italy), and protein con-
centrations were determined using BCA Protein Assay 
Kit (Pierce, Thermo Fisher, MA USA). Same amount 
of protein of nuclear and cytoplasmic extracts were 
resuspended in Laemmli loading buffer, separated with 
SDS-PAGE (the percentage of acrylamide used ranging 
from 7.6 to 12%, according to the molecular weight of 
protein of interest). The membranes were blocked with 
10% nonfat dry milk in Tris-buffered saline contain-
ing 0.1% Tween-100 for 1 h at RT. Primary antibod-
ies, used at final concentration of 1 μg/ml, overnight at 
4°C, included goat polyclonal anti-influenza A virus IgG 
(Chemicon), goat polyclonal anti-PB1 and goat poly-
clonal anti-PB2 (Santa Cruz, sc-17601 and sc-17603), 
mouse monoclonal antiactin (Sigma Aldrich) and mouse 
monoclonal anti-lamin A/C (BD Biosciences, NJ USA). 
Then the membranes were incubated with secondary 
antibodies (horseradish-peroxidase conjugated, Jackson 
Immuno Research Europe, UK) for 1 h at RT and devel-
oped with the Pierce ECL Plus Western Blotting Sub-
strate (Thermo Scientific). Densitometry was done using 
Quantity One 1-D Analysis software (Bio-Rad); β-actin 
and lamin were used as loading control.

Immunoprecipitation assay
For acetylated-lysine Hsp90 immunoprecipitation, 
NCI-H292 cells were plated for 24 h at a density of 4 × 
106 cells/well and treated with MC1568 (15.9 μM) 1 h 
before, during and after adsorption of PR8 virus (MOI 
1). One hour and 3 h after infection, cells were harvested 
and lysed in acetylated-lysine buffer (20 mM Tris, pH 
7.5, 150 nM NaCl, 1 mM EDTA, 1 mM EGTA, 1% 
Triton X-100, 2.5 mM sodium pyrophosphate, 1 mM 
β-glycerophosphate, 1 mM sodium orthovanadate, 5 
mM sodium butyrate, 1 mM phenylmethylsulfonyl flu-
oride and protease inhibitor cocktail; all reagents were 
purchased from Sigma). A total of 500 μg of protein from 
each sample was precleared with 15 μl of protein A/G 
Plus-Agarose (Santa Cruz Biotechnology) for 60 min 
at 4°C. Antiacetyl-lysine antibody (1 mg/ml; Cell Sig-
naling Technology) was then added to the samples and 
incubated at 4°C overnight. Protein A/G Plus-Agarose 
(30 μl/sample) was added to the lysates and incubated 
for 3 h at 4°C. After several washes, immuno complexes 
were resuspended in Laemmli loading buffer and heated 
at 100°C for 10 min before immunoblot analysis with 
anti-Hsp90 antibody (Abcam). Then, membranes were 
stripped and reprobed with antiacetylated-lysine anti-
body as control. Parallely, total cell lysates were analyzed 
by western blot with Hsp90, acetyltubulin (Sigma) and 
β-actin (Sigma) antibodies.
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The relative levels of acetylated Hsp90 were calcu-
lated as ratio between densitometric values of Hsp90 
from acetylated-lysine IP and Hsp90 from the total 
lysate for each sample.

Immunofluorescence assay
Immunofluorescence assay was performed as previously 
described [45]. NCI-H292 cells were plated for 24 h at 
density of 1 × 104 cells/well. Cells were treated with 
MC1568 (15.9 μM) 1 h before, during and after adsorp-
tion of PR8 virus (MOI 1). One and 3 h after viral 
challenge, cells were fixed with 4% paraformaldehyde 
in PBS for 15 min at RT. After being permeabilized 
(10-min incubation with 0.3% Triton X-100 [Sigma, 
MO USA] in PBS), the cells were incubated for 20 min 
with 0.3% bovine serum albumin (Sigma) in PBS to 
block nonspecific binding sites and then overnight at 
4°C with rabbit anti-Hsp90 (Abcam, 1:100) and mouse 
anti-Hsp90 acetyl K294 (Rockland, 1:500) antibodies. 
The next day, cells were incubated for 90 min at RT 
with Alexa Fluor 633 goat anti-rabbit (1:1000; Invit-
rogen); Alexa Fluor 488 goat antimouse (1:1000; Invi-
trogen). Finally, nuclei were counterstained with prop-
idium Iodide/RNase for 30 min at RT and the cells 
were coverslipped with ProLong Gold antifade reagent 
(Invitrogen, Thermo Fisher Scentific, MA USA).

Images (512 × 512 pixels) were acquired at 63× mag-
nification with a confocal laser scanning system (TCS-
SP2, Leica Microsystem, Wetzlar, Germany) and an 
oil-immersion objective (N.A. 1.4; physical pixel size: 
233 nm), additional 3× magnification was applied. 
Fluorescent dyes were excited with Ar/ArKr laser (for 
488 nm) or HeNe lasers (for 543 and 633 nm). All 
experiments were repeated at least three-times, and 
at least ten randomly chosen microscopic fields were 
a nalyzed for each condition.

Variations in Hsp90 acetylation were quantified as 
the ratio between the sums of fluorescence intensities in 
every pixel of recorded field for Hsp90 acetyl K294 and 
Hsp90. Values were then normalized to controls (that 
was set equal to 1). In every studied condition negative 
controls were obtained by omitting the primary a ntibody. 
The operator was blinded to the study conditions.

RNA extraction & real-time PCR
Total RNA was isolated using the RNeasy Mini kit 
(Qiagen) following the manufacturer’s protocol. An 
equal amount of the total RNA was used as template 
to generate cDNA using iScriptcDNA Synthesis Kit 
(Bio-Rad). An aliquot of the cDNA was then subjected 
to 40 cycles of Real-time PCR amplification (95°C, 
10 s; 60°C, 30 s) using the iQ SYBR Green Supermix 
and LightCycleriQ 5 (Bio-Rad). qPCR was performed 
in duplicate by using the following primers set: HA 

forwar d (5′-TGTA TAGGCTACCATGCGA AC-3′) 
and reverse (5′-TT CCGTTGTGGCTGTC TTC-3′); 
NP forward (5′CGTCCCAAGGCACCAAAC-3′) 
and reverse (5′-AATCGTCCAATTCCAC-
CAATC-3′); M1 forward (5′-GCAAGCGATGAGA-
ACCATTGG-3′) and reverse (5′GCGGCAATAGC-
GAGAGGATC-3′); and housekeeping 18|S forward 
(5′-TCACCAGGTCCAGACACAATA-3′) and reverse 
(5′AAGCAGACAAATCACTCCACC-3′), β-actin for-
ward (5′ACCAACTGGGACGACATGGAGAAA-3′) 
and reverse (5′TAGCACAGCCTGGATAGCAAC-
GTA-3′); GAPDH forward (5′GTCGGAGTCAACG-
GATTT-3′) and reverse (5′CAACAATATCCACTT-
TACCAGAG-3′) genes. The results are presented as fold 
difference relative to control.

Statistical analysis
All tests were carried out in triplicate and the results 
were averaged. Data were expressed as the mean ± SD. 
The statistical significance between different experi-
mental conditions was determined by the paired Stu-
dent’s t-test. One-way analysis of variance test followed 
by Bonferroni’s post-hoc test was used for multiple com-
parisons (p-values of <0.05 were considered significant).

Results & discussion
Chemistry
4-(2-norbornylamino)-3-fluoroacetophenone 1 [46] 
was synthesized by treating 3,4-difluoroaceto phenone 
with 2-norbornylamine and potassium carbonate 
at 90°C overnight. Aldehyde 2, prepared through a 
Vilsmeyer-Haack reaction performed on (E)-ethyl 
3-(1-methyl-1H-pyrrol-2-yl)acrylate [47] by using oxa-
lyl chloride and N,N-dimethylformamide at 0°C in 
dichloromethane, was treated with 1 or with 3-fluo-
roacetophenone using sodium ethoxide in ethanol to 
afford corresponding esters 3 and 4. Such esters were 
directly converted into the hydroxamates MC2189 and 
MC1568 by reaction with hydroxylamine and potas-
sium hydroxide in ethanol (Figure 1). MS-275 was 
prepared by treating acid 5 [48] with O-(Benzotriazol-
1-yl)-N,N,N ′,N′-tetramethyluronium tetrafluorobo-
rate, triethylamine and 1,2-phenylendiamine in N,N-
dimethylformamide and under nitrogen atmosphere 
(Supplementary Figure 1). Tubastatin A and PCI-
34051 were prepared according to the p rocedures 
p reviously described [49,50].

Evaluation of HDACis effects on PR8 virus 
replication in MDCK & NCI-H292 cells
To investigate the potential anti-influenza activity 
of HDACis, with different selectivity for the various 
deacetylase isoform, we tested the following compounds: 
MC2189, able to inhibit HDAC1, 4 and 6 (representative 



Figure 1. Synthesis of MC2189, MC1568. Reagents and conditions: a: K2CO3, dry DMF, 90°C, overnight; b: (1) (COCl)2, dry DMF, 
CH2Cl2, 0°C, 1 hour, (2) 2N NaOH, 10 min; c: Na (metal), dry EtOH, 5 hours; d: NH2OH, KOH, ethanol, 1 hour.
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of class I, class IIa and class IIb HDACs, respectively) [49] 
(3f in the reference paper); MS-275, able to inhibit only 
HDAC1–3 and not HDAC8 [51], and MC1568, a class 
II-selective HDAC inhibitor, studied in a number of dif-
ferent cellular contexts [24–37,52]. As a pan-HDACi, we 
decided to use MC2189 that is a quite weak inhibitor [46] 
with respect to the more potent Tricostatin A (TSA) and 
SuberoylAnilide Hydroxamic Acid (SAHA) because 
these latter caused a significant cytoxicity in our models 
(data not shown). Highly permissive MDCK cells were 
infected with PR8 virus at low MOI to allow multiple 
cycles of viral replication and viral titer was evaluated 24, 
48 and 72 h postinfection (p.i.).

As shown in Figure 2A (left and right panels) 
MS-275 did not significantly affect PR8 virus repli-
cation, or slightly increased it, as expected by an effi-
cient HDAC1 inhibitor [17]. MC2189 caused a reduc-
tion ranging between 50 and 33.3% after 72 h p.i. 
(Figure 2A & Figure 2B). Interestingly, the treatment with 
MC1568 strongly reduced viral titer 24 h p.i (95.25% 
decrease p < 0.0001), with respect to infected controls. 
The antiviral effect was partly lost 48 and 72 h p.i., when 
the viral yield was inhibited by 38 (p < 0.05) and 33.3%, 
respectively (Figure 2A & B). The dose-response curve, 
performed 24 h p.i., showed a significant inhibition of 
viral replication at concentration ≥6.4 μM (p < 0.0001) 
(Figure 2C). To exclude the possibility that the observed 

antiviral activity of MC1568 was due to its toxic effect 
on host cells, the 3-(4,5-dimethylthiazol-2-yl)-2,5-di-
phenyltetrazolium bromide assay in MDCK cells was 
performed. As shown in Figure 2D, no significant toxic 
effect was detectable at the concentration able to inhibit 
viral replication, according with previous studies per-
formed in other contexts [31,36].

Since HDAC activity is species-specific, we decided 
to continue our experiments on a human cell line: pul-
monary epithelial cells (NCI-H292). Also in this model, 
MC1568-treatment, at the concentration of 15.9 μM 
induced a significant reduction (75.2%; p < 0.0001) of 
viral replication, 24 h p.i. (Figure 3A & B). The inhibi-
tion of viral replication was less evident, 48 and 72 h 
p.i., when we found 33.3 and 37.5% reduction, respec-
tively. No inhibition of viral replication was observed at 
concentration less to 3.2 μM (Figure 3C). No significant 
cytotoxic effect was d etectable at c oncentration of 15.9 
μM (Figure 3D).

We then investigated, the effect of MC1568 on viral 
protein expression. The results showed that, MC1568 
treatment reduced the expression of viral protein 
compared with that of untreated controls (Figure 3E), 
24 h p.i. In particular, densitometric analysis revealed 
a significant reduction (p < 0.05) in the expression 
of hemagglutinin (HA), NP and matrix protein M1 
(Figure 4E, right panel). Overall these results showed 



Figure 2. Effects of different HDACi (MS-275, MC2189, MC1568) on PR8 virus replication in MDCK cells.  
IAV: Influenza A virus.
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that MC1568 was able to inhibit PR8 virus replication 
24 h p.i., while such an effect decreased later in infec-
tion. The addition of fresh compound after the first 
24 h, did not increase the antiviral effect measured 48 
and 72 h p.i. (data not shown). These data let us to 
speculate that the increased viral production, observed 
48 and 72 h p.i., might be also related to a ‘secondary’ 
effect of MC1568 in inducing microtubules hyper-
acetylation that, after the first block, increases the traf-
ficking of the produced viral components to plasma 
m embrane, and the consequent viral release [20,21].

Determination of human HDAC isoform 
selectivity of MC1568
On the basis of these results, to investigate the mech-
anisms underlying the MC1568 antiviral effect, we 
tested MC1568 in ten-dose IC

50
 mode with threefold 

serial dilution starting from 300 μM solution against 
the most biologically relevant HDAC isoenzymes 
(HDAC1–6 and HDAC8). MC1568 has been typically 
used in many different cellular contexts as a class II-
selective HDACi [24–37,52].

It has been previously reported that MC1568 pro-
duced a modest hyperacetylation of histone 4 and was 
ineffective on the other histones in HT29 cells [30]. 
Although these data have been obtained in a different 
cell line and considering a cellular selectivity for his-
tone acetylation, they might be extended to NCI-H292 
and MDCK cells, used in our experimental models. 
In Table 1, we reported data on enzymatic inhibition 
of MC1568, MC2189, Tubastatin A, PCI-34051, 
MS275, Tricostatin and SAHA, against different 
HDAC isoforms. The results showed that IC

50
 values 

fully confirmed the behavior of MC1568 as class II-
selective HDACi, but in addition clearly revealed that 
MC1568 was also able to inhibit HDAC8 at single-
digit micromolar level. This is not surprising, because 
its 3-chloro analogue, MC1575, was previously found 
active against HDAC8 and FB188 HDAH, a bacte-
rial HDAC-like amidohydrolase with 35% similarity 
to human HDAC6, at low μM levels [53]. Therefore, 
antiviral activity could be explained, at least in part, 
by efficient dual HDAC6/HDAC8 inhibition by 
MC1568. The same treatment made with MC2189, a 



Figure 3. Effects of different HDACi (MS-275, MC2189, MC1568) on PR8 virus replication in NCI-H292 cells. 
HA: Hemagglutinin; IAV: Influenza A virus; NP: Nucleoprotein.
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pan-HDAC inhibitor, displayed reduction of virus titer 
only in MDCK cells, and the use of MS-275, a class 
I-selective HDACi able to inhibit HDAC1–3 and not 
HDAC8, showed no effect on MDCK and NCI-H292 
cells or significantly increased PR8 virus replication 
(p < 0.05; Figures 2A & B and Figure 3A & B) in agree-
ment with the opposite roles exerted by HDAC1 and 
HDAC8 in IAV infection [17].

Characterization of MC1568 antiviral effect in a 
single replication cycle in NCI-H292 cells
To clarify the mechanism/s potentially involved 
in MC1568 antiviral effect, NCI-H292 cells were 
infected with PR8 virus at MOI 1, to allow a single 
virus replication cycle, and treated with MC1568. In 
order to synchronize the entry of viral particles, the 
attachment to the cells was carried out at 4°C to allow 



Figure 4. Effect of MC1568 treatment on viral polymerase expression and viral mRNA levels. 
HA: Hemagglutinin; IAV: Influenza A virus; NP: Nucleoprotein.
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virus binding and prevent viral entry, that was induced 
by shift at 37°C. According with previously standard-
ized methods [7], the viral release was measured in 

supernatant 6 and 8 h after infection. The addition of 
MC1568 caused a 75 and 77.1% reduction of viral titer 
6 h p.i. (p < 0.005) and 8 h p.i. (p < 0.005), respectively 
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(Figure 4A). To investigate the mechanisms underlying 
such an effect, we then analyzed, 6 h after infection, the 
mRNA levels for, HA, NP and M proteins. This time 
has been chosen to obtain high levels of mRNAs before 
the peak of viral replication. In this condition, the rate 
of all mRNAs was significantly (p < 0.05) diminished 
in cells treated with MC1568 (Figure 4B).

Nuclear localization of PB1 and PB2 polymerase sub-
units represents an essential condition for the transcrip-
tion of viral RNAs, including mRNAs [2]. It is known 
that assembly and nuclear import of IAV polymerase 
subunits is regulated by Hsp90 [39], which, together 
with tubulin, are the main targets of HDAC6 [55,56], an 
HDAC isoform inhibited by MC1568. We then decided 
to analyze the cytosolic and nuclear content of PB1 
and PB2 following MC1568 treatment. As shown in 
Figure 4C, the expression of PB1 and PB2, at both cyto-
solic and nuclear level, are substantially reduced after 
treatment. In addition, the densitometric analysis indi-
cate that the nuclear content of proteins was decreased 
by 84.2 and 75.9% for PB1 and PB2, respectively, when 
compared with untreated cells. These data suggest 
that the reduced expression of viral proteins and their 
mRNA, observed following MC1568 treatment may 
be, at least in part, related to the low nuclear content 
of PB1 and PB2. Since we showed that MC1568 was 
able to inhibit HDAC8, other than HDAC6 activity, 
we cannot exclude the possibility that the low nuclear 
polymerase levels that we found, could be related to an 
inhibition of HDAC8 related effects, such as endosome 
acidification and/or vRNP nuclear import, as previously 
reported by Yamauchi et al. [17]. To test the potential 
antiviral activity of compounds with a similar enzyme 
inhibition profile, we checked, in the same experimen-
tal model (NCI infected cells), the effect of HDAC6 

inhibitor Tubastatin A and HDAC8 inhibitor PCI-
34051. On the basis of data on their enzymatic inhibi-
tion on HDAC6 and 8 (Table 1), we decided to assess 
the antiviral activity of three concentrations: 0.01, 0.1 
and 1 μM. We found that both compounds were able 
to partially inhibit influenza virus replication, only at 
the concentration of 1 μM. The analysis of viral titer 
in the supernatant of infected cells, performed 6 h p.i., 
showed a slight reduction of viral replication (27.67 and 
33.92% in Tubastatin A and PCI-34051 treated cells, 
respectively) (Supplementary Figure 2), suggesting that 
the higher MC1568’s effects might be related to a dual 
HDAC6/8 inhibitory effect. In addition, it is possible 
to hypothesize that the inhibition of HDAC6 activity 
may be responsible for Hsp90 hyperacetylation, decreas-
ing its chaperone activity for nuclear entry of viral 
poly merases. For this reason, in the next set of experi-
ments, we analyzed the acetylation status of Hsp90 after 
MC1568 treatment.

Evaluation of Hsp90 acetylation state in NCI-H292 
cells during PR8 virus infection and MC1568 
treatment
In order to analyze the effect of MC1568 on Hsp90 
acetylation we performed immunoprecipitation assay 
from NCI-H292 cells. As a control, we checked the 
acetylation of tubulin, a known target of HDAC6 
activity. The results shown in Figure 5A revealed that 
the treatment with MC1568 caused an increase in 
Hsp90 acetylation, 1 and 3 h p.i. Interestingly, we 
noted that PR8 virus itself was able to induce Hsp90 
hyperacetylation 3 h after viral infection (Figure 5A).

Hsp90 can be acetylated at different sites [57]. One of 
these was mapped to Lys 294 [55,56], and it was deacety-
lated by HDAC6 [57]. Acetylation of K294 plays an 

Table 1. IC50 values of MC1568, MC2189 and the known TSA and SAHA (pan-HDAC inhibitors), 
MS275 (Class I HDAC inhibitor), Tubastatin A (HDAC6 inhibitor) and PCI-34051 (HDAC8 inhibitor) 
against human HDAC1, HDAC2, HDAC3, HDAC4, HDAC5, HDAC6 and HDAC8.

Compound IC50, μM

Class I Class IIa Class IIb Class I 

HDAC1 HDAC2 HDAC3 HDAC4 HDAC5 HDAC6 HDAC8 

MC1568 >300 >300 >300 48.2 25.3 5.94 1.81

MC2189 8.2 12.5 13.9 17.3 22.9 8.3 9.2

Tubastatin A† 16.4 >30 >30 >30 >30 0.015 0.85

PCI-34051‡ 4 >50 >50 ND ND 2.9 0.01

MS275§ 0.181 1.155 2.311 >10 ND >10 >10

TSA 0.007 0.010 0.011 7.3 2.8 0.001 0.11

SAHA 0.31 0.24 0.13 76 27.2 0.02 0.31
†Data taken with permission from [49].
‡Data taken with permission from [54].
§Data taken with permission from [51].



Figure 5. Analysis of Hsp90 acetylation state in PR8 virus infected and MC1568 treated NCI-H292 cells. 
IAV: Influenza A virus.
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important role in regulating the Hsp90 functions [55]. In 
order to clarify the effect of MC1568 and PR8 virus on 
K294 acetylation, we performed an immuno fluorescence 
analysis with a specific antibody against Hsp90 α ace-
tyl-K294. As shown in Figure 5B, MC1568 treatment 
induced an increase in Hsp90 acetylation which starts 
from 1 h p.i. As already shown by immuno precipitation, 
the virus itself, induced Hsp90 K294-hyper acetylation 
which was evident only 3 h p.i. These data were con-
firmed by quantification of fluorescence intensity 
(Figure 5B, bottom). Acetylated Hsp90 was detected in 
infected cells also later (6 h p.i., data not shown), sug-
gesting that virus-induced Hsp90 acetylation it is not 
just a transient event. Further studies are needed to bet-
ter define the extent, the functional role and the mecha-
nisms involved in this phenomenon. Nevertheless, over-
all data let us to speculate that the early hyperacetylating 
effect, observed after MC1568 treatment, might play 
a pivotal role in determining the decrease of Hsp90 
chaperone activity, necessary for nuclear entry of viral 
polymerases. The consequent decrease of PB1 and PB2 
intranuclear levels might be responsible for the decrease 
in mRNA transcription and viral protein expression and 
might explain, at least in part, its anti-influenza activity. 

Conclusion
In summary, we show that HDAC6/8 inhibitor 
MC1568 exerts a significant anti-influenza effect. These 
findings provide further insights on the role of the acety-
lation in modifying function of host-cell proteins that 
are involved in regulating influenza virus life-cycle.

Future perspective
Currently used anti-influenza drugs have limited effec-
tiveness due to their toxicity and the almost inevitable 

selection of drug-resistant viral mutants [3]. For this 
reason, many efforts have been recently devoted to the 
search of new targets for novel effective compounds. 
The life-cycle of viruses strictly depends on structures 
and signaling pathways of the host cells in which they 
are replicating. In this context, post-translational mod-
ifications of proteins, such as acetylation, may play a 
pivotal role in regulating viral replication and the out-
come of infection [16,17,21]. A better understanding of 
the mechanisms underlying the anti-influenza effects 
of MC1568 could lead to the discovery of novel targets 
for anti-influenza drugs.
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Executive summary

HDACis effects on PR8 virus replication in epithelial cells
•	 Treatment with MC1568 (HDAC inhibitor) induces a significant reduction of H1N1 influenza A virus replication.
Determination of human HDAC isoform selectivity of MC1568
•	 MC1568 is able to inhibit HDAC8 at single-digit micromolar level in addition to class II HDACs.
Characterization of MC1568 activity in NCI-H292 infected cells
•	 MC1568 treatment reduces intranuclear content of viral polymerases PB1 and PB2, a limiting condition for viral 

RNA transcription.
•	 At concentration able to inhibit HDAC6 and HDAC8 activity, MC1568 treatment induces Heat shock protein 90 

(Hsp90) lysine acetylation.
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