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Encephalomyocarditis virus (EMCV), like hepatitis C virus (HCV), requires phosphatidylinositol 4-kinase III� (PI4KA) for ge-
nome replication. Here, we demonstrate that tyrphostin AG1478, a known epidermal growth factor receptor (EGFR) inhibitor,
also inhibits PI4KA activity, both in vitro and in cells. AG1478 impaired replication of EMCV and HCV but not that of an EMCV
mutant previously shown to escape PI4KA inhibition. This work uncovers novel cellular and antiviral properties of AG1478, a
compound previously regarded only as a cancer chemotherapy agent.

Tyrphostin AG1478 [N-(3-chlorophenyl)-6,7-dimethoxy-4-
quinazolinamine] is best known as a potent and specific inhib-

itor of epidermal growth factor receptor (EGFR) signaling.
AG1478 inhibits EGFR by blocking its protein tyrosine kinase ac-
tivity and by promoting the formation of inactive EGFR dimers (1,
2). A previous study demonstrated that AG1478 induces Golgi
apparatus dispersal and proposed GBF1 (Golgi-specific brefeldin
A resistance factor 1) as the target (3). GBF1 is an essential host
factor for genome replication of picornaviruses from the genus
Enterovirus, such as poliovirus (PV) and coxsackievirus B3 (CVB3)
(4–6). GBF1 inhibitors such as brefeldin A (BFA) or golgicide A
(GCA) completely block enterovirus replication (7). However, we
demonstrated that AG1478 does not have any effect on enterovi-
rus replication, thus questioning the validity of AG1478 as a bona
fide GBF1 inhibitor (7). Notably, AG1478 contains a 4-anilino-
quinazoline core, similar to AL-9 (Fig. 1A), an established inhib-
itor of phosphatidylinositol 4-kinase type III isoform � (PI4KA)
(8). PI4KA is one of the four mammalian PI4K isoforms that
generate phosphatidylinositol 4-phosphate (PI4P) from PI
(9–11). PI4KA activity was shown to be indispensable for the
replication of the hepatitis C virus (HCV) of the Flaviviridae
family (12–18), and more recently, we demonstrated that PI4KA
activity was also essential for encephalomyocarditis virus
(EMCV), a picornavirus of the genus Cardiovirus (19). These
considerations prompted us to investigate whether AG1478 might
be a PI4KA inhibitor.

We examined whether AG1478 inhibits EMCV replication in a
single-cycle assay. To this end, HeLa cells were infected with either
EMCV or CVB3 for 30 min, after which virus-containing medium
was replaced with compound-containing medium. Eight hours
later, cells were lysed by freeze-thawing to determine the total
virus titers by endpoint dilution. As we have previously shown (7),
AG1478 did not perturb CVB3 replication (Fig. 1B). However,
EMCV was inhibited by AG1478 in a dose-dependent manner,
with a complete inhibition at 25 �M. The inhibition observed
with AG1478 was comparable to that obtained with 10 �M AL-9
(Fig. 1B). In parallel, a cell viability assay was performed to verify
that the antiviral activity of AG1478 was not due to cytotoxic
effects (Fig. 1B).

Having established that AG1478 impairs EMCV replication
and shares structural similarities with the known PI4KA inhib-
itor AL-9, we next wondered whether AG1478 targets PI4KA.
To address this question, we first investigated if AG1478 can
directly inhibit the lipid kinase activity of PI4KA in an in vitro
assay. Using a previously described protocol (20), we measured
the in vitro activities of immunoprecipitated PI4KA or com-
mercially available purified PI4KA, in the absence or presence
of increasing concentrations of AG1478 or the established
PI4KA inhibitor “compound A” (21). Both compounds re-
duced PI4KA activity, although AG1478 was less potent than
compound A (Fig. 2A).

Our in vitro data suggested that AG1478 is a direct PI4KA
inhibitor with lower potency than other PI4KA inhibitors. We
next examined whether AG1478 inhibits PI4KA activity in liv-
ing cells also and how this compares to inhibition by known
PI4KA inhibitors. PI4KA is responsible for the production of
the plasma membrane (PM) pool of PI4P; thus, monitoring the
PM PI4P levels provides a direct and reliable measure of the
PI4KA activity in cells. Using a previously established quanti-
tative immunofluorescence staining protocol (19, 22), we mea-
sured the intensity of PM PI4P signals in Huh7 cells. Unlike
HeLa cells, Huh7 cells are relatively flat and exhibit a continu-
ous sheet-like PI4P pattern covering the entire cell surface,
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which enables imaging of the entire PM-associated signal for
accurate quantification. We compared the effects of AG1478 on
PM PI4P with those of AL-9 and “A1” (Fig. 2B, upper panels),
the last a recently described very potent PI4KA inhibitor (11)
(of note, A1 should not be confused with compound A, as they
represent distinct PI4KA inhibitors). Quantification of the
PI4P intensity signals (Fig. 2C) revealed that AG1478 treat-
ment led to a significant reduction of PI4P levels (up to 83%)
compared to the dimethyl sulfoxide (DMSO) control level,
very similar to AL-9 treatment (79% inhibition), while the im-
pact of A1 treatment was even greater (97%). In contrast, treat-
ment with BF738735, an inhibitor of the PI4K type III� iso-
form (23), responsible for generating PI4P at Golgi membranes
(24, 25), did not have a significant effect on PM PI4P levels.
Alexa Fluor 488-coupled phalloidin (Invitrogen) was used as a
counterstain to facilitate delineation of the cell margins where
the PI4P signal was almost completely lost upon treatment (Fig.
2B, lower panels). These results demonstrated that AG1478 in-
deed impairs PI4KA activity in intact cells.

Recently, we discovered that single point mutations in the
viral protein 3A render EMCV replication resistant to PI4KA
inhibitors (26). To validate that AG1478 inhibits EMCV by
targeting PI4KA, we tested whether the previously identified
mutation in EMCV 3A with an A-to-V change at position 32
(3A-A32V) conferring resistance to PI4KA inhibitors AL-9 and
A1 would also provide cross-resistance to AG1478. Further-
more, we evaluated if AG1478 blocks EMCV at the step of viral

genome replication by wild-type (WT) or 3A-A32V mutant
EMCV expressing Renilla luciferase upstream of the capsid cod-
ing region (RLuc-EMCV) (26). Determining the Renilla luciferase
activity in this assay provides a direct measurement of viral RNA
replication. Cells were infected with WT or mutant RLuc-EMCV
for 30 min, followed by treatment with AG1478 or the established
EMCV replication inhibitor dipyridamole (Dip) (27). Seven
hours later, cells were lysed to allow quantification of the intracel-
lular amount of luciferase. Dip treatment completely inhibited the
genome replication of both WT and mutant virus. In contrast,
AG1478 blocked only the WT virus, not the mutant, which repli-
cated to almost the full extent in the presence of AG1478 (Fig. 3).
These data strongly indicated that AG1478 inhibits EMCV ge-
nome replication by targeting PI4KA.

Finally, we tested whether AG1478 also exerts antiviral ac-
tivity against HCV. To this end, we compared the effects of
AG1478 with those of compound A in Huh7 cells stably ex-
pressing genotype 1b (gt1b; Con1-ET) or 2a (gt2a; JFH-1) sub-
genomic HCV replicons (28–30) by measuring viral RNA rep-
lication after 3 days of treatment. Similar to compound A
treatment, AG1478 treatment had greater effects on gt1b than
on gt2a (Fig. 4A). The observed antiviral effects of AG1478 on
HCV were not due to cytotoxicity, as demonstrated by a cell
viability assay (Fig. 4B). Unfortunately, we were unable to test
concentrations of AG1478 higher than 10 �M in this assay,
because these were cytotoxic (data not shown), impairing fur-
ther assessment of the antiviral effects on gt2a. Notably,

FIG 1 Tyrphostin AG1478 inhibits EMCV replication. (A) Chemical structures of AG1478 and the PI4KA inhibitor AL-9. Outlined is the common 4-anilino-
quinazoline core. (B) Sensitivities of EMCV and CVB3 to AG1478 treatment. HeLa cells were infected with for 30 min with EMCV or CVB3 at a multiplicity of
infection (MOI) of 1, after which virus-containing medium was replaced with fresh (compound-containing) medium. Cells were freeze-thawed to release
intracellular virus particles, and the total virus titers at 0.5 (input) and 8 h postinfection (hpi) were determined by endpoint dilution. The cytotoxicity of the
treatment was measured separately in a cell viability assay. Shown are mean values � standard errors of the means (SEM). Means were statistically compared
using the unpaired t test. TCID50, 50% tissue culture infective dose; **, P � 0.01; ***, P � 0.001.
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AG1478 was less potent than compound A in inhibiting HCV,
which correlates with the potencies of the two compounds in
inhibiting PI4KA activity observed in the in vitro kinase assay
(Fig. 2A). These results suggested that AG1478 likely inhibits
HCV by targeting PI4KA.

Summarizing, we here identify PI4KA as a novel cellular
target of tyrphostin AG1478, a compound previously recog-
nized only as an EGFR inhibitor and a Golgi apparatus-dispers-
ing agent. We reveal that AG1478 exerts antiviral properties
against EMCV and HCV and demonstrate that its mode of
action involves inhibition of PI4KA activity. Our in vitro data
suggested that AG1478 is a direct inhibitor of PI4KA; however,
we cannot exclude the possibility that AG1478 targets PI4KA
activity indirectly or a combination of both. The antiviral
properties of AG1478 are most likely not linked to its effects on
EGFR signaling, since AG1478 was shown to inhibit EGFR in
the low nanomolar range (31), whereas inhibition of virus rep-
lication (and PI4KA activity) requires micromolar concentra-
tions. Although it is unlikely that EGFR inhibition accounts for
the antiviral activity of AG1478, it would be interesting to in-
vestigate in the future whether AL-9 (and other structurally
related inhibitors) may also exhibit anti-EGFR properties.
In conclusion, our study uncovers important cellular effects
and antiviral properties of tyrphostin AG1478, a compound

FIG 3 The 3A-A32V EMCV PI4KA escape mutant is cross-resistant to
AG1478. HeLa cells were infected with virus at an MOI of 1 for 30 min. After
removal of the inoculum, fresh (compound-containing) medium was added
to the cells. After 8 h, cells were lysed to determine the intracellular Renilla
luciferase activity as a measure of viral RNA replication. Shown are mean
values � SEM. Means were statistically compared using the unpaired t test.
RLU, relative light units; ***, P � 0.001.

FIG 2 AG1478 targets PI4KA activity. (A) PI4KA lipid kinase in vitro assay. Hemagglutinin (HA)-tagged PI4KA purified by immunoprecipitation as described
previously (20) or purified commercially available PI4KA (Merck Millipore, Darmstadt, Germany) was preincubated for 1 h with the indicated concentrations
of AG1478 or compound A before the lipid kinase reaction was started as previously described (20). PI4KA activity was measured as incorporation of 32P and is
expressed as a percentage of the DMSO control level (100%). Shown are mean values � SEM. (B) AG1478 inhibits PI4KA-dependent PI4P production in intact
cells. Huh7-Lunet/T7 cells were treated for 3 h with the indicated concentrations of AG1478 or PI4KA inhibitors AL-9 and A1 or the PI4KB inhibitor BF738735,
included here as a negative control. Following compound treatment, cells were fixed with paraformaldehyde and further subjected to immunofluorescence
analysis to visualize plasma membrane PI4P (22). Alexa Fluor 488-phalloidin was used as a counterstain. (C) The intensities of PI4P signals given in panel B were
quantified using ImageJ, as previously described (19). Shown are mean values � SEM for at least 40 cells per condition, expressed as percentages of the DMSO
control level (100%). Means were statistically compared using the unpaired t test. ***, P � 0.001.
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proposed earlier as a promising treatment in cancer chemo-
therapy.
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