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Although two classes of antivirals, NA inhibitors and M2 ion channel blockers, are licensed for influenza
treatment, dual resistant mutants, including highly pathogenic H5N1 viruses, have appeared. Alternative
treatment options are, therefore, needed. Influenza A viral RNA (VRNA) transcription/replication is a
promising target for antiviral development, since it is essential for virus replication. Accordingly, an
efficient and reliable method to identify VRNA transcription/replication inhibitors is desirable. Here, we
developed a cell-based screening system by establishing a cell line that stably expresses influenza viral
ribonucleoprotein complex (VRNP). Compound library screening using this cell line allowed us to identify a
compound that inhibits VRNA transcription/replication by using reporter protein expression from
virus-like RNA as a readout and virus replication in vitro. VRNP-expressing cells have potential as a simple
and convenient high-throughput screening (HTS) system, and, thus, are promising to identify vVRNA
transcription/replication inhibitors for various RNA viruses, especially for primary screens.

o control influenza virus outbreaks, we have two options: vaccines and antivirals. The effect of vaccines is,
however, limited to virus strains that are antigenically closely related to the vaccine reference virus. To
combat new influenza viruses with vaccination, such as the recently emerged swine-origin pandemic
(HIN1) 2009 virus, vaccine production took 3-6 months. Therefore, we are highly dependent on antiviral
compounds for the treatment and prevention of influenza, particularly in pandemic situations. Although two
classes of anti-influenza virus agent, M2 ion channel blockers' and neuraminidase inhibitors®, are currently
licensed, resistance to both types of antivirals has already been found among seasonal HIN1, highly-pathogenic
avian H5N1*%, and pandemic (HIN1) 2009°* viruses. There is, therefore, an urgent need to develop novel
antivirals that target steps in the virus life cycle other than the M2 ion channel or neuraminidase activity.
Influenza viruses are members of the family Orthomyxoviridae and are classified into three types: influenza A,
B, and C viruses. All three pandemic viruses in the last century, as well as the currently circulating H5N1 viruses,
are type A viruses, which possess eight-segmented negative-sense RNAs as their genome®. Each viral RNA
(VRNA) is transcribed and replicated by forming viral ribonucleoprotein complexes (VRNPs) together with
heterotrimeric viral polymerase subunit proteins (PA, PB1, and PB2), and nucleoprotein (NP): these four viral
proteins are necessary and sufficient for VRNA transcription and replication in cultured cells'. In the virus-
infected cell, vRNPs from incoming viruses are transported into the nucleus, where VRNA transcription and
replication take place [for a review, see reference'']. Negative-sense VRNA, whose noncoding regions at the 3" and
5" ends serve as a promoter for viral polymerase-mediated RNA synthesis, are transcribed into complementary
RNA (cRNA) and mRNA. The synthesized cRNA, which is positive-sense but not capped at the 5" end and
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polyadenylated at the 3’ end, subsequently acts as the template for
VRNA replication. vVRNA transcription/replication is essential for
virus replication and is thus an attractive influenza antiviral target.

Recently, high-throughput screening (HTS) of compound librar-
ies has enhanced target-based drug discovery'>. Although the ori-
ginal HTS system was developed for cell-free assays a decade ago,
rapid technical innovations have enabled its application to cell-based
assays". Cell-based compound library screening is ideal for uncover-
ing agents that target influenza vVRNA transcription/replication,
because various known and unknown cellular components are
involved in these processes, together with multiple viral proteins
and vRNA. In addition, drug efficacy must be evaluated in cells.
Furthermore, cell-based assays have the advantage over cell-free
assays of eliminating cytotoxic, membrane-impermeable, or intra-
cellularly inactivate agents from a large library of drug candidates.

Influenza vRNPs can be transiently reconstituted in cells by using
plasmid transfection; however, the efficiency and, therefore, gene
expression levels greatly fluctuate among cells. Such conditions are
not suitable for compound screening assays, since they do not permit
consistent and reproducible results. Therefore, we sought to establish
a cell line that stably expresses the five components of influenza
vRNP (i.e., a virus-like RNA, PB1, PB1, PA, and NP). To this end,
we used retroviral vectors that facilitate the efficient integration and
stable expression of multiple genes of interest and established a
VRNP-expressing cell line. Our VRNP-expressing cell line represents
a simple, convenient, and reliable HTS system for the identification
of influenza VRNA transcription/replication inhibitors.

Results

Retroviral vector-mediated influenza vRNP formation. To evalu-
ate whether a retroviral vector could be used to produce functional
vRNPs, we transduced human embryonic kidney-derived 293 cells
with a retroviral vector expressing a GFP-encoding influenza virus-
like RNA under the control of the human RNA polymerase I (PolI)
promoter and the mouse Poll terminator (Figure 1A). Simultaneous

transfection with four plasmids for the expression of the influenza
viral polymerase subunits and NP resulted in GFP expression 48 h
post-transduction, whereas no GFP expression was detected in cells
transduced with the vector alone (Figure 1B). To confirm that the
virus-like RNA was indeed expressed from the integrated retroviral
vector, an envelope protein-uncoated retroviral vector with the
virus-like RNA transcription cassette was prepared and transduced
into 293 cells. Simultaneous transfection with the four expression
plasmids for the viral polymerase subunits and NP resulted in limited
GFP expression 48 h post-transduction (Supplementary Figure S1).
These results indicate that retroviral vector transduction leads to the
formation of functional influenza VRNP in cells.

Establishment and characterization of influenza vVRNP-expressing
cells. Next, to establish a cell clone constitutively expressing vVRNP,
we generated a retroviral vector for the expression of a VRNA
encoding a puromycin resistance gene. We then co-transduced 293
cells with this vector and the four additional retroviral vectors
expressing PB2, PB1, PA, and NP and cultured in the presence of
puromycin. Although a total of 300 cell clones exhibited puromycin-
resistance, most grew slowly. One clone, however, proliferated
reasonably well and we designated it 293vRNP-Puro.

To validate the expression of the four viral proteins (i.e., PB2, PBI,
PA, and NP) and the virus-like RNA encoding puromycin resistance
gene, total RNAs were extracted from 293vRNP-Puro and the par-
ental 293 cells and subjected to RT-PCR with specific primers.
Whereas no RT-PCR product for the vRNP components was
detected in 293 cells, mRNAs for each viral protein (Supplemen-
tary Figure S2A) and negative sense (i.e. VRNA sense) RNA corres-
ponding to the puromycin resistance VRNA (Supplementary Figure
S2B) were detected in 293vRNP-Puro cells. Further, to demonstrate
the functionality of the four viral proteins in cells, 293vRNP-Puro
cells were transduced with adenovirus vector AdV/Poll-GFP',
which expresses a virus-like RNA encoding GFP gene, at a multipli-
city of infection of 10. GFP expression was observed in most of the
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Figure 1 | Establishment of 293 cells stably expressing influenza VRNP by retroviral vectors. (A) A schematic diagram of a retroviral vector for virus-like
RNA. The virus-like RNA encoding GFP comprises the 3’ noncoding region of NP vRNA (3’ NCR), the GFP open reading frame in the negative sense, and
the 5" noncoding region of NP vRNA (5’ NCR), expressed under the control of the human Poll promoter (Pp,);) and the mouse Poll terminator (Tpoy). 5’
LTR, murine leukemia virus (MLV) 5’ long terminal repeat; ¥, MLV packaging signal; A3’ LTR, MLV U3 region-deleted 3’ long terminal repeat.

(B) Virus-like vRNA expression by retroviral vector transduction. 293 cells were transduced with the retroviral vector for the expression of the GFP-
encoding virus-like RNA. Simultaneously, the cells were transfected with plasmids for the expression of the polymerase subunits (PB2, PB1, and PA) and
NP (right panels) or with nothing further (left panels). Forty-eight hours later, GFP expression (lower panels) was examined by fluorescence microscopy.

The upper panels show bright-field images. Scale: 50 pm.
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transduced cells, whereas no GFP expression was detected in mock-
transduced cells (Supplementary Figure S2C). These results indicate
that the VRNA encoding puromycin-resistance gene and viral pro-
teins required for vVRNA transcription are stably expressed in
293vRNP-Puro cells and suggest that the puromycin resistance of
293vRNP-Puro cells was conferred by the puromycin resistant gene
product from the vVRNP.

Influenza VRNP-expressing cell-based screening assay for influ-
enza VRNA transcription/replication inhibitors. To test 293vRNP-
Puro cells for their applicable to a cell-based screening assay for
influenza VRNA transcription/replication inhibitors, we used favi-
piravir (also called T-705; 6-fluoro-3-hydroxy-2-pyrazinecarboxamide),
which inhibits influenza virus RNA polymerase activity®"”. The
inhibitory effect of favipiravir on influenza vRNA transcrip-
tion/replication was confirmed by a plasmid-based minigenome
assay'®; favipiravir inhibited VRNA transcription/replication in
dose-dependent manner (Supplementary Figure S3A) and the 50%
inhibitory concentration (ICsy) of favipiravir under these conditions
was 110.1 pM. We then assessed the effect of favipiravir on the
viability of 293vRNP-Puro cells in the presence or absence of puro-
mycin. Given the time required for cytotoxicity induction with
puromycin, the cells were plated at relatively low concentration
(2,000 cells per well on 384-well plates) and cultured for a
relatively long time (120 h). We added various concentrations of
favipiravir to the cells 24 h after seeding and incubated them for a
further 96 h. Cell viability was measured by use of the CellTiter-Glo®
Luminescent Cell Viability Assay (Promega, Madison, WI), which
can be readily applied to an HTS format. Under these HTS-optimized
conditions, favipiravir reduced the viability of 293vRNP-Puro cells
grown in puromycin-containing medium in a dose-dependent
manner, whereas the cell viability in the absence of puromycin was
unaffected by favipiravir (Supplementary Figure S3B). These results
suggest that the puromycin-resistance of 293vRNP-Puro cells is
dependent on VRNA transcription/replication. The ICs, calculated
from the 293vRNP-Puro cell-based assay was 1285 pM and thus
the detection sensitivity of the cell-based assay was about 12-fold
lower than that of the plasmid-based assay using luciferase activity
originating from virus-like RNA as a readout.

Despite this lower detection sensitivity, 293vRNP-Puro cells
clearly have potential to provide a simple and convenient HTS sys-
tem to identify factors that affect influenza vVRNA replication/tran-
scription. To test the system’s ability to select compounds that inhibit
influenza vRNA transcription/replication, 4,160 compounds from
three commercially available compound libraries, LOPAC'** Navi-
gator (Sigma-Aldrich, St. Louis, MO), the Spectrum Collection
(Microsource Discovery Systems, Inc., Gaylordsville, CT), and the
Prestwick Chemical Library (Prestwick Chemical, Inc., Illkirch,
France), were screened on the basis of 293vRNP-Puro cell viability
in the presence and absence of puromycin (Supplementary Figure
S4A). After two rounds of screening, 11 compounds that exhibited
more than 90% and less than 5% cell viability in the normal and
puromycin-containing media, respectively, were identified as can-
didate influenza vVRNA transcription/replication inhibitors (Supple-
mentary Figure S4B). The Z' values, a statistical parameter used to
evaluate and validate the performance and robustness of HTS
assays'’, for the first and second screenings were 0.51-0.82 and
0.71-0.88, respectively, indicating the robustness of the 293vRNP-
Puro cell-based screening assay [Z’ values of > 0.5 are considered
acceptable for HTS systems"].

Identification of an influenza vVRNA transcription/replication
inhibitor. To assess the inhibitory effect of the selected
compounds on influenza VRNA transcription/replication, the
plasmid-based minigenome assay was performed in the presence
of the compounds; since two of the 11 compounds (compound
IDs, B21 and D10) were then not available, we tested the

remaining nine. While none of the compounds tested exhibited
cytotoxicity in 293 cells (Figure 2A), five exhibited a significant
inhibitory effect on minigenome expression (Figure 2B), suggesting
anti-influenza virus activity. We, therefore, assessed the inhibitory
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Figure 2 | In vitro characterization of influenza VRNA transcription/
replication inhibitor candidates. (A) Cytotoxicity of the identified
compounds. 293 cells were cultured with the indicated compound (10 pM
each: FP, favipiravir) or DMSO (Ctrl) for 48 h. Cell viability was measured
by using the CellTiter-Glo® Luminescent Cell Viability Assay (Promega).
Error bars indicate standard deviations of triplicate experiments.

(B) Effects of identified compounds on influenza virus transcription/
replication in a minigenome assay. 293 cells were transfected with plasmids
for the expression of a virus-like RNA encoding the firefly luciferase gene
together with expression plasmids for PB2, PB1, PA, NP, and Renilla
luciferase, which served as an internal control. Simultaneously, the
indicated compound (10 pM each: FP, favipiravir) or DMSO (Ctrl) was
added to the cells. Twenty-four hours later, luciferase activity was
measured by use of the Dual-Luciferase® Reporter Assay System
(Promega). Error bars indicate standard deviations of triplicate
experiments. Statistical significance was assessed by use of the Student’s
t-test: *, P < 0.05. (C) Effects of identified compounds on influenza virus
replication. 293 cells were infected with A/WSN/33 (HIN1) or A/
California/04/09 (HIN1) at a multiplicity of infection of 0.001. One hour
later, the indicated compound (10 uM each: FP, favipiravir) or DMSO
(Ctrl) was added to the cells. Virus titers in the culture supernatants at 48 h
post-infection were determined by plaque assays in MDCK cells. Error bars
indicate standard deviations of triplicate experiments. Statistical
significance was assessed by use of the Student’s t-test: *, P < 0.05.
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effect of the five compounds on in vitro replication of two influenza
virus strains, a laboratory strain A/WSN/33 (H1N1) and a pandemic
(HINT1) 2009 strain A/California/04/09 (H1N1) (Figure 2C). One of
the compounds tested, D12, 3beta-acetoxydeoxodihydrogedunin
(Figure 3A), significantly impaired virus replication. This com-
pound did not exhibit any inhibitory effect on the replication of
either influenza B or Sendai virus (Figure 3B). These results
indicate that this compound inhibits influenza virus replication by
affecting VRNA transcription/replication.

To further assess the in vitro efficacy of 3beta-acetoxydeoxodihy-
drogedunin against influenza virus, the growth kinetics of A/WSN/
33 (HINI1) in the presence or absence of the compound were deter-
mined in the following cell lines: human embryonic kidney-derived

293, human lung adenocarcinoma A549, canine kidney-derived
MDCK, and chicken embryonic fibroblast DF1 cells (Figure 3C-F).
Virus growth in all of the cells tested was significantly impaired and/
or delayed, especially at early time points, indicating the broad inhib-
itory effect of 3beta-acetoxydeoxodihydrogedunin on influenza virus
replication. In 293 cells, the ICs, of this compound against A/WSN/
33 (HIN1) replication was 44.6 nM, and the 50% cytotoxicity con-
centration was over 50 M. These results suggest that 3beta-acetox-
ydeoxodihydrogedunin is a promising inhibitor of influenza A vVRNA
transcription/replication.

Mechanism of action of 3beta-acetoxydeoxodihydrogedunin.
3beta-acetoxydeoxodihydrogedunin is a derivative of gedunin,
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Figure 3 | Characterization of 3beta-acetoxydeoxodihydrogedunin. (A) Structure of 3beta-acetoxydeoxodihydrogedunin. (B) Effects of identified
compounds on Sendai and influenza B viruses replication. 293 cells were infected with influenza B (left) or Sendai (right) virus at a multiplicity of
infection of 0.001. One hour later, 10 uM 3beta-acetoxydeoxodihydrogedunin (3beta) or DMSO was added to the cells. Virus titers in the culture
supernatants at 48 h post-infection were determined by plaque assays in MDCK cells. (C-F) Effects of 3beta-acetoxydeoxodihydrogedunin on the in vitro
growth kinetics of influenza virus. Human embryonic kidney-derived 293 (C), human lung adenocarcinoma A549 (D), canine kidney-derived MDCK
(E), or chicken embryonic fibroblast DF1 cells (F) were infected with A/WSN/33 (H1N1) at a multiplicity of infection of 0.001. One hour later, 10 pM
3beta-acetoxydeoxodihydrogedunin (3beta) or DMSO was added to the cells. Virus titers in the culture supernatants were determined at the indicated
time points by means of plaque assays in MDCK cells. Error bars indicate standard deviations of entirely separate triplicate experiments. Statistical

significance was assessed by use of the Student’s t-test: *, P < 0.05.
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which is a limonoid from the Bangladeshi mangrove tree X.
granatum. Some gedunin-derivatives inhibit the cellular chaperone
heat shock protein 90 (Hsp90)*’, although this inhibitory activity has
not been reported for 3beta-acetoxydeoxodihydrogedunin. There-
fore, to test whether 3beta-acetoxydeoxodihydrogedunin inhibits
Hsp90 activity, we assessed its effect on the expression of two
Hsp90 client proteins, the serine/threonine kinase AKT and the
receptor tyrosine kinase HER2. In the presence of 3beta-acetoxy-
deoxodihydrogedunin, AKT and HER2 were degraded in a com-
pound dose-dependent manner, whereas the expression levels of
Hsp90 and beta-actin (as internal controls) were not affected
(Figure 4). Geldanamycin, a well-known Hsp90 inhibitor that
inhibits influenza virus replication®, also prevented the maturation
of the Hsp90 client proteins (Figure 4). These results suggest that
3beta-acetoxydeoxodihydrogedunin inhibits Hsp90 activity.

Discussion

Here, we developed a cell-based compound screening system for
influenza A VRNA transcription/replication inhibitors by establish-
ing a human cell line stably expressing influenza vRNP components:
four viral proteins (PB2, PB1, PA, and NP) together with a virus-like
RNA (Figure 1 and Supplementary Figures S1-4). The reconstituted
vRNP may not perfectly reflect the nature of the infection process.
Further, the detection sensitivity of our 293vRNP-puro cell-based
system was about 12-fold lower than that of the plasmid-based assay
(Supplementary Figure S3). However, since the screening read-out is
cell viability, and further modifications (e.g., plasmid transfection
and virus infection) are not necessary, our vVRNP-expressing cell line
represents a simple, convenient, and reliable HTS system. Given its
low detection sensitivity and the possibility that the hits based on this
screening system may interfere with the Poll transcription
machinery, our cell line-based HTS system may be more suitable
for primary screens of antiviral agents.

By using a cell-based compound screening system, we identified
3beta-acetoxydeoxodihydrogedunin as a candidate inhibitor of
influenza A vRNA transcription/replication. This compound inhib-
ited minigenome expression (Figure 2B) and virus replication
(Figure 2C). Gedunin and Gedunin-like limonoids have inhibitory
activity against HIV (http://home.ncifcrf.gov/mtdp/Catalog/com-
pounds/309912.html), parasites®>*, and insects*> . Our results
show that 3beta-acetoxydeoxodihydrogedunin, as well as some other
gedunin-derivatives, inhibits the activity of the Hsp90 chaperone.
Hsp90 plays a role in nuclear import and assembly of the influenza
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Figure 4 | Effect of 3beta-acetoxydeoxodihydrogedunin on Hsp90 client
proteins. 293 cells were treated with 3beta-acetoxydeoxodihydrogedunin
(3beta; 2, 10, or 50 pM), geldanamycin (GA; 1 pM), or DMSO for 48 h.
The expression levels of the serine/threonine kinase AKT and the receptor
tyrosine kinase HER2, both of which are Hsp90 client proteins, and of
Hsp90 and beta-actin were analyzed by means of western blotting.

viral polymerase complex by interacting with PB1 and PB2*® and
stimulates in vitro influenza vVRNA synthesis®. Other Hsp90 inhibi-
tors, such as geldanamycin and its derivative 17-AAG, also impair
influenza virus replication®, attesting to the potential of 3beta-acet-
oxydeoxodihydrogedunin as an anti-influenza agent.

Our 293vRNP-puro cells represent the first cell line to simulta-
neously express all five components of the influenza vRNP (ie., a
virus-like RNA, PB1, PB1, PA, and NP), although cell lines expres-
sing only the reporter gene-encoding virus-like RNA*~* or the four
viral proteins® have been reported previously. One of the key steps in
this process was the generation of a retroviral vector that possesses
the Poll transcription cassette for influenza virus-like RNA express-
ion (Figure 1A). Poll-driven VRNA expression has been applied to
several negative-strand RNA viruses including biosafety level 4
agents such as Ebolavirus* and Crimean-Congo hemorrhagic fever
virus*. vRNP (or nucleocapsid)-expressing cell lines does not require
highly-contained facilities to handle infectious viruses. Our retroviral
vector-based strategy thus has the potential to accelerate develop-
ment of antivirals against various RNA viruses by providing prom-
ising HTS systems for vRNA transcription/replication inhibitors.

The drug resistance gene on the virus-like RNA allowed us to
easily establish a cell line expressing multiple foreign genes and to
screen many compounds based on cell viability. Replacing the drug
resistance gene with a reporter gene (e.g., GFP and luciferase genes)
would increase the detection sensitivity, representing an alternative
strategy to obtain the desired cell clones and maintain the expression
of all of the foreign genes.

In conclusion, we developed a simple, convenient, and reliable
compound screening system for vRNA transcription/replication
inhibitors that is based on a VRNP-expressing cell line. By using this
system, we identified a promising candidate inhibitor of influenza A
VRNA transcription/replication.

Methods

Cells and viruses. Plat-GP cells, which highly and stably express retroviral structure
genes derived from murine leukemia virus (MLV) except for the env gene®® were
kindly provided by T. Kitamura (University of Tokyo). These cells, as well as human
embryonic kidney-derived 293 cells, 293T, and 293vRNP-Puro cells (established in this
study), were maintained in Dulbecco’s modified Eagle’s medium supplemented with
10% fetal calf serum. Madin-Darby canine kidney (MDCK) cells were maintained in
Eagle’s minimal essential medium (MEM) supplemented with 5% newborn calf serum.
All cells were cultured at 37°C in 5% CO,. For maintenance of Plat-GP cells and
293vRNP-Puro cells, 10 pg/ml blasticidin and 2 pg/ml puromycin were added to the
culture media, respectively. A laboratory strain A/WSN/33 (HIN1) and a pandemic
(HINI) 2009 strain A/California/04/09 (HIN1) were generated by plasmid-based
reverse getetics'® in 293T cells and propagated in MDCK cells. B/Lee/40 and Sendai
(Enders strain; kindly provided by Allan Portner, St. Jude Children’s Research
Hospital, Memphis, TN) viruses were propagated in chicken embryonated eggs.

Plasmid construction and transfection. To produce a retroviral vector for the
expression of a virus-like RNA encoding GFP gene, we cloned the cDNA
corresponding to the transcriptional region in pPoll-GFP* [i.e., the cDNA
corresponding to the 3’ noncoding ends of NP vVRNA, the GFP open reading frame,
and the 5" noncoding region of NP vRNA flanked by the human RNA polymerase I
(Poll) promoter and the mouse Poll terminator] into a retroviral packaging plasmid
PMXAU3, which was based on the retroviral packaging plasmid pMX** and whose U3
region of the 3" long terminal repeat (LTR) was deleted to create so-called self-
inactivation retroviral vectors®, resulting in pMXAU3/PolI-GFP. Similarly, we
cloned the transcriptional region in pPollHA(0)Puro(0), which expresses HA vRNA
encoding the puromycin-resistance gene, into pMXAU3, resulting in pMXAU3/Poll-
HA(0)Puro(0). To produce retroviral vectors for the expression of the viral
polymerase subunits (PB2, PB1, and PA) and nucleoprotein (NP), the cDNAs
corresponding to the open reading frames of each protein of the influenza virus strain
A/WSN/33 (HIN1) were cloned into pMX. All plasmid constructs were sequenced to
ensure that no undesirable mutations were introduced. Plasmid transfections into 293
or Plat-GP cells were performed with TransIT-293 reagent (Mirus, Madison, WI)
according to the manufacturer’s instructions.

Retroviral vector production and transduction. MLV -based retroviral vectors were
produced by co-transfection of pMX (or pMXAU3) encoding the gene of interest and
the expression plasmid for the G glycoprotein of vesicular stomatitis virus (VSVG)*
into Plat-GP cells. At 48 h post-transfection, culture supernatants were collected,
clarified through a 0.45 pm filter, and stored at —80°C. For retroviral vector
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transduction, 5-fold-diluted retroviral vectors with fresh medium were replaced with
the culture media of 293 cells.

RNA extraction and reverse transcription-PCR (RT-PCR). Total RNAs were
extracted from 293 and 293vRNP-Puro cells by using the Illustra RNAspin mini RNA
Isolation Kit (GE Healthcare, Buckinghamshire, UK) according to the manufacturer’s
instructions. The extracted RNA was reverse transcribed using SuperScript™ III
reverse transcriptase (Invitrogen, Carlsbad, CA) and either oligo(dT)16 primer
(Supplementary Figure S2A) or random hexamer primer (Supplementary Figure S2B).
The former and latter cDNAs were amplified by PCR with primers specific for the 3’
and 5’ ends of the open reading frames of each protein (Supplementary Figure S2A)
and with primers specific for the 3" and 5" noncoding ends of HA VRNA
(Supplementary Figure S2B), respectively. In both cases, a partial fragment of the
human glyceraldehyde-3-phosphate dehydrogenase (\GAPDH) gene, corresponding
to 598 bps, was amplified with the specific primers as an internal control.

Plasmid-mediated reporter assay for VRNA transcription/replication activity. A
plasmid-based minigenome assay was performed as described previously'®. Briefly,
293 cells were co-transfected with plasmids for the expression of viral polymerase
complex proteins (i.e., PB2, PB1, PA, and NP) and a firefly luciferase gene-encoding
influenza viral minigenome along with pGL4.74[hRluc/TK] (Promega), which
expresses Renilla luciferase and served as an internal control. At 24 h post-
transfection, luciferase activity was measured by use of the Dual-Luciferase® Reporter
Assay System (Promega).

Cell viability. Cell viability was assessed by using the CellTiter-Glo® Luminescent
Cell Viability Assay (Promega) according to the manufacturer’s instructions. Briefly,
a volume of CellTiter-Glo® reagent equal to that of the culture media was added to
293vRNP-Puro cells cultured on color-walled 384-well plates. Plates were shaken ona
plate shaker for two min to induce cell lysis, incubated at room temperature for ten
min, and subjected to luminescence measurement.

Statistical analysis. Statistical significance in cell viability, relative luciferase activity, and
virus titer was assessed by use of the Student’s t-test. The Z' value, a statistical parameter
used to evaluate and validate the performance and robustness of HTS assays", was
calculated for each assay plate as follows: Z' = 1 - (3 X SD of positive control + 3 X SD
of negative control)/|mean of positive control — mean of negative control|, where SD
represents the standard deviation. DMSO and staurosporine (Sigma-Aldrich), which is
an apoptosis inducer, served as the positive and negative control, respectively. A Z' value
between 0.5 and 1.0 is considered robust enough for an HTS assay.

Western blotting. 293 cells treated with 3beta-acetoxydeoxodihydrogedunin,
geldanamycin, or DMSO for 48 h were lysed with Passive Lysis Buffer (Promega).
Proteins in the lysates were separated by sodium dodecyl sulfate polyacrylamide gel
electrophoresis (SDS-PAGE) and transferred to nitrocellulose membranes by using a
iBlot dry blotting system (Invitrogen). The serine/threonine kinase AKT, receptor
tyrosine kinase HER2, Hsp90, and beta-actin were detected by monoclonal antibodies
against AKT (clone 9Q7, Pierce), HER2 (clone €2-4001 + 3B5, Thermo Scientific),
Hsp90 (clone AC88, abcam), and beta-actin (clone AC-15, Sigma-Aldrich),
respectively.
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