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ABSTRACT We utilized a high-throughput cell-based assay to screen several chemical
libraries for inhibitors of herpes simplex virus 1 (HSV-1) gene expression. From this screen,
four aurora kinase inhibitors were identified that potently reduced gene expression dur-
ing HSV-1 Iytic infection. HSV-1 is known to interact with cellular kinases to regulate gene
expression by modulating the phosphorylation and/or activities of viral and cellular pro-
teins. To date, the role of aurora kinases in HSV-1 lytic infection has not been reported.
We demonstrated that three aurora kinase inhibitors strongly reduced the transcript levels
of immediate-early (IE) genes ICPO, ICP4, and ICP27 and impaired HSV-1 protein expres-
sion from all classes of HSV-1, including ICPO, ICP4, ICP8, and gC. These restrictions
caused by the aurora kinase inhibitors led to potent reductions in HSV-1 viral replication.
The compounds TAK 901, JNJ 7706621, and PF 03814735 decreased HSV-1 titers by
4,500-, 13,200-, and 8,400-fold, respectively, when present in a low micromolar range. The
antiviral activity of these compounds correlated with an apparent decrease in histone H3
phosphorylation at serine 10 (H3S10ph) during viral infection, suggesting that the phos-
phorylation status of H3 influences HSV-1 gene expression. Furthermore, we demon-
strated that the aurora kinase inhibitors also impaired the replication of other RNA and
DNA viruses. These inhibitors significantly reduced vyields of vaccinia virus (a poxvirus,
double-stranded DNA, cytoplasmic replication) and mouse hepatitis virus (a coronavirus,
positive-sense single-strand RNA [ssRNA]), whereas vesicular stomatitis virus (rhabdovirus,
negative-sense ssRNA) yields were unaffected. These results indicated that the activities of
aurora kinases play pivotal roles in the life cycles of diverse viruses.

IMPORTANCE We have demonstrated that aurora kinases play a role during HSV-1

lytic infection. Three aurora kinase inhibitors significantly impaired HSV-1 immediate-

early gene expression. This led to a potent reduction in HSV-1 protein expression

and viral replication. Together, our results illustrate a novel role for aurora kinases in

the HSV-1 lytic cycle and demonstrate that aurora kinase inhibitors can restrict HSV-

1 replication. Furthermore, these aurora kinase inhibitors also reduced the replication

of murine coronavirus and vaccinia virus, suggesting that multiple viral families uti- 4T e, B Calles, Gl
lize the aurora kinases for their own replication. University
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cycles, such as disruption of cell cycle, immune evasion, and regulation of transcription
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Aurora Kinase Inhibitors Impair HSV-1 Replication

and replication (5-8). Influenza A virus (IAV) hijacks multiple cellular kinases to evade
immune responses and aid in its replication (9-11). IAV upregulates c-Jun N-terminal kinase
(JNK) to mediate the production of chemokines and cytokines (12). Human immunodefi-
ciency virus (HIV) Tat protein binds directly to cdk9/cyclin T1 to recruit the transcription
elongation complex to its genome during replication (13, 14).

The regulation of cellular kinases by herpes simplex virus 1 (HSV-1) is essential during
its life cycle (15-20). Host cyclin-dependent kinases (CDKs) are required for transcription of
HSV-1 genes and viral replication (21, 22). Previous studies have shown activation of CDK-1
is critical for the expression of HSV-1 late proteins during the HSV-1 lytic cycle (23). During
HSV-1 reactivation, JNK facilitates a methyl-phospho switch on HSV lytic promoters, allow-
ing viral gene expression to be stimulated (24). HSV-1 also encodes two viral kinases, US3
and UL13, and their kinase activities are critical in phosphorylating a variety of viral and cel-
lular proteins during viral replication (25, 26). Taken together, these studies indicate that vi-
ral and host kinase activities are critical in modulating HSV-1 infection. While many reports
have focused on specific cellular kinases, no study has examined an extensive or full reper-
toire of the 518 cellular kinases in the HSV-1 life cycle (27).

HSV-1 is a large double-stranded DNA virus with features of a glycoprotein-decorated
envelope, an amorphous tegument protein layer, and a proteinaceous nucleocapsid. It
infects about 80% of the global population as a lifelong obligate intracellular pathogen.
HSV-1 can cause recurrent orofacial sores, herpes stromal keratitis, encephalitis, and life-
threatening neonatal infections (28). Currently, there is no approved vaccine for HSV-1,
and therapeutics remain limited to nucleoside analogs, such as acyclovir. Acyclovir-resist-
ant strains of HSV-1 have been identified in the population, demonstrating the need to
identify novel inhibitors of HSV-1 (29, 30).

Using a high-throughput screen, we have identified four potent aurora kinase inhib-
itors that restrict HSV-1 gene expression (31). The aurora kinase family collectively works
together during mitosis to regulate the cell cycle and ensure proper chromosome segre-
gation. Aurora A kinase is located at the spindle poles, regulating mitotic entry through
centrosome maturation and stabilizing spindle assembly (32, 33). Aurora B kinase local-
izes at the kinetochores, ensuring proper chromosome segregation. Previous studies
have shown aurora B kinase is the activating component to the chromosomal passenger
complex (CPC) with inner centromere protein, Survivin, and Borelian proteins (33, 34).
Together the aurora B/CPC complex is responsible for faithful execution of cytokinesis
and phosphorylation of histone H3. While aurora A and B are found in cells throughout
the body, aurora C kinase is limited to cells that undergo meiosis, and it remains under-
studied (33).

Aurora kinases have been explored in diverse viruses and found to have a broad
range of functions. In hepatitis B virus, aurora A enhances viral transcription independ-
ent of its kinase activity during mitosis. The depletion of aurora A inhibited viral repli-
cation and gene expression (35). During dengue virus replication, aurora B kinase is
involved in the viral morphogenesis or release of viral particles. Silencing of aurora B ki-
nase leads to a significant decrease in viral yields (36). Epstein-Barr virus infection upre-
gulates aurora B kinase expression by enhancing its promoter activity early during
infection (37). The role of aurora kinases in HSV-1 productive infection has not been
explored.

In this study, we investigated the contribution of aurora kinases during HSV-1 replica-
tion using three well-characterized aurora kinase inhibitors identified from a high-through-
put screen. We observed a significant reduction in HSV-1 replication in a dose-dependent
manner. Treatment with TAK 901, JNJ 7706621, or PF 03814735 decreased HSV-1 immedi-
ate-early (IE) transcript levels, which resulted in diminished IE protein expression. These
results demonstrate that aurora kinases play a critical role in HSV-1 lytic infection related
to viral transcription. The antiviral activities of these compounds correlate with a noticea-
ble decrease in histone H3 phosphorylation at serine 10 (H3S10ph) during infection, sug-
gesting a link between H3S10 phosphorylation and HSV-1 IE transcription. Interestingly,
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TABLE 1 Aurora kinase inhibitor hits against HSV-1

Compound Structure Target

TAK 901 * Potent inhibitor of aurora B kinase

! » Potent inhibitor of aurora A/B

N
INJ 7706621 /©/ \ . Kinases
LN Ni( ° + Pan-CDK inhibitor

» Potent inhibitor of aurora A/B
" kinases

LGN P * Predominant effect is inhibition of
PF 03814735 & \\lN( /<;NH aurora A/B kinase

N %cm « Minimal effect on other cellular

° kinases
4 f\
AT 9283 I e, + Inhibits aurora A/B kinases, JAK2/3,
V'J>—<\N N and BCR-AbI1
»:’N"*N/ \Nl = /N\J

the aurora kinase inhibitors also reduced viral yields of a poxvirus (vaccinia virus) and a
coronavirus (mouse hepatitis virus), demonstrating a broader antiviral effect.

RESULTS

Identification of four aurora kinase inhibitors against HSV-1. Our high-through-
put assay identified a subgroup of aurora kinase inhibitors that potently reduced the
signal of our HSV-1 reporter virus, KOS6 8 (31). Here, we characterize the effects of aurora
kinase inhibitors on HSV-1-infected fibroblast and epithelial cells, as well as observed
effects of inhibitors on other DNA and RNA viruses. As described in Table 1, TAK 901, JNJ
7706621, PF 03814735, and AT 9283 aurora kinase inhibitors were identified as potential
hits against HSV-1. TAK 901, an azacarboline, has been demonstrated to have tight-binding
inhibition on aurora B kinase, with a 50% inhibitory concentration (ICso) of 15 nM (38). JNJ
7706621 is a dual inhibitor of aurora kinases and CDKs (39). PF 03814735 is an ATP com-
petitive and reversible aurora kinase inhibitor. Although PF 03814735 has minimal effects
on other kinases, its predominant effect in cellular assays is inhibition of aurora kinases,
with an ICs, in the nanomolar range (40, 41). AT 9283 inhibits several kinases, including au-
rora kinase A and B, janus kinase, and abl kinases (42). We focused our studies on TAK 901
(TAK), JNJ 7706621 (JNJ), and PF 03814735 (PF) due to their preferential inhibition of au-
rora kinases.

Treatment of HepaRG and HFF cells with aurora kinase inhibitors TAK, JNJ, and
PF resulted in significant reductions in HSV-1 titers. First, we determined the 50%
effective concentration (ECs,) of the aurora kinase inhibitors against HSV-1 reporter vi-
rus KOS6 8. The EC,, values were 2.30 uM, 1.32 uM, and 4.36 uM for TAK, JNJ, and PF,
respectively (Fig. TA). Then, we assessed impacts of the aurora kinase inhibitors on vi-
rus production by performing viral yield assays. HepaRG cells are a human hepatocyte
cell line that is permissive for HSV-1 replication, and they are a useful cell model for
drug studies, due to their metabolic profile (43). HepaRG cells were pretreated with
each aurora kinase inhibitor at 10 uM, 5 uM, 1 uM, and 0.5 uM, or the vehicle
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FIG 1 Aurora kinase inhibitors significantly reduced HSV-1 replication. (A) The effective concentration (EC,,) for
each inhibitor was determined on HepaRG cells. Viral inhibition represents the B-galactosidase signal change in
HSV-1 reporter virus, KOS63, compared to that in DMSO-treated cells. (B to D) Efficacies of TAK 901 (B), JNJ
7706621 (C), and PF 03814735 (D) on viral replication were determined by HSV-1 viral yield assays. HepaRG
cells were pretreated in the presence of an aurora kinase inhibitor concentration or the DMSO vehicle. After 30
min, cells were infected with WT HSV-1 strain KOS at an MOI of 1. Viral samples were harvested at 24 hpi, and
titers were determined by plaque assays. (E) alamarBlue assays were carried out to determine HepaRG cell
viability during inhibitor treatment. Cells were incubated in the presence of an inhibitor at concentrations
between 100 and 0.001 uM for 24 h. Error bars represent standard deviations of the means from three
independent experiments. *, P < 0.05 compared to DMSO control (Student's t test).
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FIG 2 Aurora kinase inhibitors diminished HSV-1 titers in primary cultures of HFFs. (A) HFF cells were
pretreated with an aurora kinase inhibitor at 10 uM for 30 min. Cells were then infected with HSV-1
strain KOS at an MOI of 1. Virus-infected samples were harvested at 24 hpi, and titers were determined
by standard plaque assays. (B) alamarBlue assays measured cell viability of HFF cells after 24 h of
treatment at 10 uM concentration for each kinase inhibitor. Data represent the means and standard
deviations of three independent experiments. *, P < 0.05; ***, P = 0.0001 relative to DMSO control
(Student's t test).

(dimethyl sulfoxide [DMSQ]). After 30 min of pretreatment, cells were infected with
HSV-1 strain KOS at a multiplicity of infection (MOI) of 1 PFU/cell. Twenty-four hours
postinfection (hpi), viral titers were analyzed. All three compounds exhibited dose-de-
pendent reductions in viral yields compared to the control. Treatment with TAK
reduced viral yields 4,573- and 503-fold at 10 and 5 M, respectively (Fig. 1B). JNJ treat-
ment reduced viral yields 13,200-, 6,800-, and 16-fold at 10, 5, and 1 uM, respectively
(Fig. 1C). Finally, PF treatment reduced viral yields 8,284- and 20-fold at 10 and 5 uM,
respectively (Fig. 1D). These reductions in viral yields for the 3 inhibitors at 10 uM were
similar to reductions observed for a known inhibitor of HSV-1 and CDKs, roscovitine (C.
Y. Ly and D. J. Davido, unpublished data) (21). Cytotoxicity of the compounds in
HepaRG cells was evaluated using an alamarBlue assay, and cell viability was deter-
mined using concentrations between 100 and 0.001 uM (Fig. 1E). TAK treatments at
100 uM, 10 uM, and 1 uM resulted in cell viabilities of 51%, 64%, and 96%, respec-
tively. JNJ displayed the least cytotoxic effects of all compounds, with 82% viability at
100 uM, 91% viability at 10 uM, and 96% viability 1 wM. PF had lower cell viability
(56%) at 100 wM, but cell viability increased at 10 uM (83%) and 1 uM (100%). Overall,
cell viabilities were notably reduced for all 3 inhibitors at 10 «M and 100 uM but only
for TAK at 1 uM. Because of these limited-to-moderate effects on cell viability, we con-
tinued to use 10 uM concentrations in subsequent experiments.

Although continuous cell lines are robust and easier to work with, they are modi-
fied to be propagated indefinitely. As aurora kinases are important for cell cycle pro-
gression, we sought to test the efficacy of these inhibitors in a primary cell line,
human foreskin fibroblasts (HFFs). HFF cells are permissive to HSV-1 and retain their
physiological in vivo state due to their finite life span. Treating HFFs with each com-
pound at 10 wM resulted in substantially lower viral yields compared to the DMSO
control during HSV-1 infection (Fig. 2A). TAK and JNJ reduced viral yields ~4,000-
fold, whereas treatment with PF reduced viral yields ~640-fold. We noticed that
these inhibitors did show statistical differences in HFF cell viabilities, but they were
unlikely to account for the ~2- to 3-log reduction in viral yields (Fig. 2B). Overall,
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A. Virucidal Effect
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FIG 3 Aurora kinase inhibitors did not affect HSV-1 virions and inhibited an HSV-1 promoter during
pretreatment of HSV-1 viral infection. (A) HSV-1 strain KOS viral preparations were directly treated
with each kinase inhibitor (10 uM) in medium for 3 h at 37°C. Samples were diluted 10-fold in
medium, and viral titers were determined by plaque assay. (B) Aurora kinase inhibitors (10 wM)
were added at pretreatment, 30 min prior to infection, and at 3 hpi and 6 hpi with KOS63, which
contained an ICP6 promoter:lacZ expression cassette. At 24 hpi, B-galactosidase activities were
measured. Error bars represent standard deviations of the means from three independent
experiments performed in duplicate.

these results indicated that the aurora kinase inhibitors can reduce HSV-1 replication
in two different human cell types.

Aurora kinase inhibitors are not virucidal against HSV-1 and are effective early
in viral infection. To determine if the aurora kinase inhibitors had a direct effect on
HSV-1 infectious virions, we incubated HSV-1 KOS with 10 uM concentrations of the
corresponding aurora kinase inhibitor. After 3 h of incubation, viral titers were deter-
mined by standard plaque assays. Compared to the vehicle, there was no change in vi-
ral titers upon aurora kinase inhibitor treatment (Fig. 3A). This experiment demon-
strated that the aurora kinase inhibitors did not directly impact HSV-1 virions,
indicating that the reduction in viral titers we observed with these inhibitors was from
restricting productive infection.

Our high-throughput screen with the HSV-1 B-galactosidase reporter virus, KOS6 3,
showed that TAK, JNJ, and PF blocked ICP6 promoter activity, which is dependent on
ICPO. To identify the time frame of this impairment, cells were treated with aurora kinase
inhibitors at different times during KOS63 infection, and [-galactosidase assays were
performed. Our data indicated that viral gene expression was diminished within the first
3 h of infection after pretreatment or inhibitor treatment prior to infection (Fig. 3B). The
addition of TAK, JNJ, or PF at 3 and 6 hpi, however, largely negated their inhibitory

January/February 2023 Volume 11 Issue 1

Microbiology Spectrum

10.1128/spectrum.01943-22

6

Downloaded from https://journal s.asm.org/journal/spectrum on 12 May 2023 by 2001:49d0:8511:4:e1d5:1fd:9ace:f132.


https://journals.asm.org/journal/spectrum
https://doi.org/10.1128/spectrum.01943-22

Aurora Kinase Inhibitors Impair HSV-1 Replication

effects (Fig. 3B). These results suggested that the aurora kinase inhibitors impair an early
step of the HSV-1 lytic cycle.

Aurora kinase inhibitors reduce HSV-1 IE transcript levels and diminish viral
protein expression. We next assessed the effects of the aurora kinase inhibitors on
HSV-1 IE mRNA levels. We performed reverse transcription-quantitative PCR (RT-qPCR)
to measure the transcript levels of ICPO, ICP4, and ICP27 in the absence or presence of
TAK, JNJ, or PF, and we utilized actinomycin D, an RNA polymerase inhibitor, as a posi-
tive control. HepaRG cells were pretreated for 30 min with either DMSO, one of the ki-
nase inhibitors at 10 wM, or actinomycin D (2 nwg/mL). At 4 hpi, total RNA was isolated,
and [E transcripts were reverse transcribed to cDNA. The relative [IE mMRNA expression
was calculated using the comparative threshold cycle method (AAC;) and then com-
pared to DMSO (0.1%) levels. ICPO is an important transactivator of downstream genes
in HSV-1 and is involved in helping HSV-1 evade the host immune response (44). ICPO
transcript levels showed significant decreases upon aurora kinase inhibitor treatment,
from 4- to 27-fold compared to the control (Fig. 4A). ICP4 mRNA levels were promi-
nently reduced 5- to 81-fold for all three kinase inhibitor treatments relative to DMSO
(Fig. 4B). ICP4 is an essential IE viral protein involved in recruiting the host transcription
machinery to viral promoters to activate early and late viral genes (45). The ICP27
mMRNA levels showed the greatest reductions, of 22- to 336-fold (Fig. 4C). ICP27 has sev-
eral important activities in HSV-1 lytic infection, including the activation of late genes
and modulation of host mRNA biogenesis (46, 47). Thus, inhibition of aurora kinases
appears to significantly impair IE transcription. As infected cultures were treated for a
total of 4.5 h, it is highly unlikely that the prominent reductions in IE transcript levels
were due to any cytotoxic effects caused by the kinase inhibitors.

The significant decrease in IE transcription indicated that HSV-1 protein expression
is likely impaired. To investigate this possibility, we examined HSV-1 protein expression
from all three viral gene classes by Western blotting (Fig. 5). Specifically, we probed for
ICPO and ICP4 from the IE class, ICP8 from the early (E) class, and glycoprotein C (gC)
from the late (L) class. HepaRG cells were pretreated with 10 uM TAK, JNJ, PF, or actino-
mycin D, and cells were infected with HSV-1 strain KOS and collected at 6 hpi. All HSV-
1 protein levels were diminished in the presence of the aurora kinase inhibitors and ac-
tinomycin D, in contrast to the DMSO control. Taken together, these results confirmed
the decreases in HSV-1 transcription (Fig. 4) resulted in the loss of viral protein expres-
sion for all classes of HSV-1 genes.

Aurora kinase inhibitors potently diminished the phosphorylation of histone
H3 at serine 10 residue. Aurora B kinase is critical for the phosphorylation of histone
H3 at the serine 10 residue (H3S10ph) (33). It has been reported that TAK, JNJ, and PF
prevent H3S10ph (38-41). To test whether the aurora kinase inhibitors suppressed
H3S10ph during HSV-1 infection, HepaRG cells were pretreated with each aurora ki-
nase inhibitor, and cells were then infected with strain KOS. Samples were harvested at
0, 6, 12, and 24 hpi. Interestingly, the levels of H3S10ph during HSV-1 infection were
drastically reduced in the presence of the aurora kinase inhibitors compared to no
treatment (Fig. 6), while levels of histone H3 levels during infection remained stable.
This experiment validated that the aurora kinase inhibitors restrict the phosphorylation
of a known target. Kulej et al. demonstrated in a global proteome study that H3S10ph
was increased after HSV-1 infection and peaked at 9 hpi. They also determined the
most abundant posttranslational modifications during HSV-1 lytic infection were his-
tone H3 trimethylated lysine 9 and phosphorylated serine 10 (H3K9me3S10ph) (48).
These data suggest that H3S10ph may be an important modification for regulating
HSV-1 lytic infection, potentially counteracting the repressive effects of H3K9me3.
Given that the aurora kinase inhibitors block H3S10ph, this outcome provides potential
insight into the role of aurora kinase activities during HSV-1 lytic infection.

Aurora kinase inhibitors significantly reduced viral titers of murine coronavirus
and vaccinia virus but not vesicular stomatitis virus. To investigate whether aurora ki-
nase inhibitors altered the replication of other classes of viruses, we examined the effects
of these inhibitors on murine hepatitis virus (MHV; also known as murine coronavirus),
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FIG 4 HSV-1 IE transcripts were reduced in the presence of aurora kinase inhibitors. HSV-1 IE transcript levels
were analyzed by RT-qPCR for ICPO (A), ICP4 (B), and ICP27 (C). HepaRG cells were pretreated for 30 min with TAK,
JNJ, PF, or DMSO (vehicle). Positive control for the inhibition of transcription was actinomycin D (2 wg/mL). Cells
were infected with HSV-1 strain KOS, and RNA was isolated from samples at 4 hpi. cDNAs from infected cells were
analyzed by gPCR for ICPO, ICP4, and ICP27 and normalized to the housekeeping gene, 185 rRNA. The table
below each graph is the relative mean fold decrease of each inhibitor treatment relative to the DMSO control.
Error bars represent the standard deviations of two independent experiment performed in triplicate. *, P < 0.05;
*** P = 0.001 versus DMSO control (Student's t test).

which is a positive-strand RNA virus, vaccinia virus, a DNA virus that replicates in the cyto-
plasm, and vesicular stomatitis virus (VSV), a negative-strand RNA virus.

A recent antiviral drug screen of kinases identified aurora kinase inhibitors as potent
inhibitors of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) replication
(49). In the screen, the aurora kinase inhibitors ZM 447439 and hesperadin reduced vi-
ral cytopathic effects of SARS-CoV-2-infected cells. Based on these results, we sought
to test whether TAK, JNJ, and PF impaired another coronavirus, MHV. A murine fibroblast
cell line, 17CI-1, and primary murine bone marrow-derived macrophages (BMDMs) were
pretreated with aurora kinase inhibitor at 10 M or 1 uM and then infected with MHV
for 18 h. Infected cells and supernatants were collected to determine viral yields. We
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FIG 5 Aurora kinase inhibitors decreased HSV-1 protein expression. HepaRG cells were pretreated for
30 min with DMSO, actinomycin D (2 wg/mL), TAK, JNJ, or PF at 10 uM. Cells were infected with
HSV-1 strain KOS at an MOI of 2, and cell lysates were collected at 6 hpi. Western blots were probed
for viral proteins of ICPO, ICP4, ICP8, and gC, and B-actin was used as a loading control.

observed significant reductions of viral titers in aurora kinase inhibitor-treated cells for
both 17CI-1 and BMDM cells at 10 wM, with reductions ranging from 3- to 3,480-fold.
JNJ and PF also significantly inhibited MHV at 1 M in 17CI-1 cells, though they did not
reduce MHV replication in BMDMs at this concentration (Fig. 7A and B). These com-
pounds were associated with minimal to statistically discernible decreases in cell viabil-
ities for both cell types (Fig. 7C). These results indicated that the aurora kinase inhibitors
TAK, JNJ, and PF reduce murine coronavirus replication.

We tested the aurora kinase inhibitors on vaccinia virus (VACV), a dsDNA virus that
replicates within the cytoplasm (50). HFF cells were pretreated with each aurora kinase
inhibitor. Cells were infected with VACV for 24 hpi, and viral yields were determined by
plaque assays. We observed reductions in VACV yields with 10 uM treatments of aurora
kinase inhibitors. TAK, JNJ, and PF exhibited reductions from 81- to 126-fold in VACV
titers (Fig. 8A). There was no significant decrease in VACV titers at 1 wM treatment (A. Pant
and Z. Yang, unpublished data). These experiments demonstrated that aurora kinase inhibi-
tors significantly diminished VACV lytic replication.

Finally, we examined how the aurora kinase inhibitors affected vesicular stomatitis
virus (VSV), a minus-sense single-stranded RNA (ssRNA) virus from the Rhabdoviridae
family. HepaRG cells were pretreated with TAK, JNJ, or PF, and cells were then infected
with VSV. Viral samples were collected 24 hpi to determine their yields. As shown in
Fig. 8B, VSV-infected cells treated with aurora kinase inhibitors were able to replicate
to the same levels as the DMSO control. This set of data indicates that aurora kinase
inhibitors do not negatively impact VSV replication and suggest that the activities of
these kinases are not required for the productive infection of all viruses.

Taken together, our results strongly suggest that the activities of aurora kinase are im-
portant in the productive infection of several viruses (i.e., HSV-1, MHV, VACV) and highlight
the broad antiviral effects of aurora kinase inhibitors on viruses with diverse life cycles.

TAK 901 JNJ 7706621

Hpi none 0 6 12 24 Hpi none 0 6 12 24 Hpi none
FIG 6 Aurora kinase inhibitors inhibited phosphorylation of H3 at serine 10 during HSV-1 lytic infection. HepaRG cells were pretreated
with each kinase inhibitor or mock treated with 0.1% DMSO (none) and harvested from 0 to 24 hpi. Protein levels were detected by

PhosphoH3 (S10) W ‘Ja

PF 03814735

0 6 12

Western blotting with an anti-histone H3 serine 10 phosphorylation [PhosphoH3 (S10)] or anti-histone H3 antibody.
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FIG 7 Aurora kinase inhibitors negatively impacted murine coronavirus replication. (A and B) 17CI-1 (A) or BMDM (B) cells was

pretreated with 10 uM or 1T uM of each aurora kinase inhibitor for 30 min. Cells were then infected with MHV at an MOI of
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FIG 8 Aurora kinase inhibitors significantly reduced VACV titers but not VSV titers. (A) HFF cells were
pretreated with aurora kinase inhibitor at 10 M for 30 min. HFFs were then infected with WT VACV
at an MOI of 2. VACV titers were measured 24 hpi, and titers were determined by standard plaque
assays. (B) HepaRG cells were pretreated with aurora kinase inhibitor for 30 min and then infected
with VSV at an MOI of 1 for 24 h. Viral samples were collected 24 hpi, and titers were determined by
standard plaque assays. Error bars represent the standard deviations of the means from three
independent experiments. ***, P < 0.0001 compared with DMSO control (Student's t test).

DISCUSSION

Aurora kinases activities are important for the replication of a variety of diverse
viruses (35-37). These studies demonstrate, for the first time, a potential role for aurora
kinases in the HSV-1 lytic life cycle. Our experiments show the robust effect of aurora
kinase inhibitors TAK, JNJ, and PF in reducing HSV-1 viral replication. Upon 10 M au-
rora kinase inhibitor treatment, we observed significant reductions in HSV-1 replication
in two different cell lines (Fig. 1 and 2), and these reductions were linked to major
reductions in ICPO, ICP4, and ICP27 transcript levels (Fig. 4). These transcripts are im-
portant for the activation of the HSV-1 gene cascade, recruiting host machinery, and
modulating cellular environment during HSV-1 infection. These decreases further abro-
gated viral protein expression for all HSV-1 gene classes (Fig. 5). Given the specificity of
TAK as a kinase inhibitor, we propose that aurora kinase B plays a principal role in stim-
ulating IE gene expression. Furthermore, as inhibition of viral gene expression with
these compounds occurs during the early phase of viral infection (=3 hpi, Fig. 3B), it
appears that this phenotype is not directly associated with diminished cell viability and
proliferation. The cumulative effects of the aurora kinases inhibitors highlighted that aurora
kinase functions are utilized during an early phase of HSV-1 to promote viral replication.

While the specific mechanism of aurora kinases during lytic infection remains
unknown, we hypothesize that the aurora kinase role of phosphorylating H3 on serine
10 position may be critical during HSV-1 lytic infection. Aurora B kinase is known to
mediate methyl-phospho switches on H3 to alleviate transcriptional repression of het-
erochromatin protein 1 (HP1) (51). A methyl-phospho switch on histone H3 is when the

FIG 7 Legend (Continued)

0.1 PFU/cell. Infected cells and supernatants were harvested at 18 hpi, and titers were determined by standard plaque assays.
(C) The cell viability of 17CI-1 or BMDM cells following 24 h treatment at 10 M of each inhibitor was determined using an
MTT assay. Each figure is a representative graph from three independent experiments. Error bars represent the standard
deviations of the means. *, P < 0.05; **, P =< 0.01 relative to DMSO control (Student's t test).
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phosphorylation of serine 10 occurs neighboring a trimethylated lysine 9 (H3K9me3/
S10ph). It has been reported that H3K9me3/S10ph is the most abundant posttransla-
tional modification during HSV-1 lytic infection, but the specific kinases mediating the
methyl-phospho switches during lytic infection remain unknown (48). A previous study
reported JNK mediates a methyl-phospho switch on H3 (H3K9me3/S10ph) during HSV-1
reactivation. The methyl-phospho switch stimulates viral gene expression from repressed
viral heterochromatin during the early phase of HSV-1 reactivation (24). Here, we report
a significant and robust inhibition of phosphorylation of H3 at serine 10 with only
30 min of pretreatment during an HSV-1 infection (Fig. 6). Future studies will examine if
one or more of the aurora kinases can mediate a methyl-phospho switch on H3 to
reverse HSV-1 gene silencing during lytic infection. It is also possible that the impairment
of aurora kinase activities may more broadly affect mRNA synthesis or factors that play a
role in HSV-1 IE gene expression, such as the transcriptional regulators Oct-1 and HCF,
but this has yet to be determined.

Our studies also demonstrated the broad antiviral effects of aurora kinase inhibitors
on MHV and VACV. With coronavirus infections, the data demonstrated significant reduc-
tions in viral replication after treatment with TAK, JNJ, and PF (Fig. 7). Coronavirus has a
positive-sense RNA genome, with which it can be directly translated and processed in
the cytoplasm after cellular entry (52, 53), and thus the mechanisms used by aurora ki-
nases to stimulate MHV replication are likely to be significantly different from those for
HSV-1. For VACV infections, there was a significant reduction in viral titers upon treat-
ment with 10 uM TAK, JNJ, or PF (Fig. 8A). Interestingly, other aurora kinase inhibitors
were also been found to suppress VACV replication in a published screen identifying
inhibitors of VACV (54). VACV is unusual among DNA viruses, as its replication occurs in
the cytoplasm (50). Although having significant reductions in VACV titers, these reduc-
tions peaked at ~120-fold, whereas they were at least 1,000-fold for HSV-1. These obser-
vations suggest that the mechanisms of inhibition are conceivably associated with the
location of viral replication.

Aurora kinases are overexpressed in a wide range of human cancers, such as various
leukemias. Second-generation aurora kinase inhibitors are continuously being enhanced
for selectivity (55). TAK, JNJ, and PF have been well-characterized in studies against can-
cer but understudied for viral diseases. Overall, our data suggest that aurora kinases
have diverse roles and mechanisms for enhancing the replication of several different
classes of viruses. These findings indicate that aurora kinases may be applicable as
broad-spectrum antiviral targets and thus warrant further investigation.

MATERIALS AND METHODS

Cell, viruses, and compounds. HepaRG cells are a human epithelial hepatocyte line derived from a
liver tumor patient, a gift from Roger Everett. HepaRG cells were grown in William's E medium contain-
ing 10% fetal bovine serum (FBS), 2 mM L-glutamine, 10 U/mL penicillin, 10 U/mL streptomycin, 50 ug/mL
insulin, and 50 uM hydrocortisone. Primary human foreskin fibroblasts (HFFs; a gift from Nicholas Wallace)
were grown in Dulbecco’s minimal essential medium (DMEM) containing 10% FBS, 2 mM L-glutamine,
10 U/mL penicillin, and 10 U/mL streptomycin. Vero cells were cultured in DMEM as described for HFF
cells. HSV-1 strain KOS (provided by Priscilla Schafer) was used in this study as wild-type HSV-1.

BS-C-1 cells, an African green monkey kidney cell line, were cultured in Eagle’s minimal essential medium
(EMEM) with supplements as described above for HFF cells. All the cell lines were maintained in a humidified
incubator at 37°C in 5% CO,. VACV Western Reserve strain was used in this study (ATCC VR-1345).

17CI-1 cells, a murine fibroblast cell line, were cultured in enriched DMEM with 10% FBS, 100 U/mL
penicillin, 100 mg/mL streptomycin, HEPES, sodium pyruvate, nonessential amino acids, and L-glutamine.
Bone marrow-derived macrophages (BMDM:s) isolated from wild-type (WT) mice (Jackson Laboratories)
were differentiated by incubating cells in Roswell Park Memorial Institute (RPMI) medium containing 10%
L929 cell supernatants, 10% FBS, sodium pyruvate, 100 U/mL penicillin, 100 mg/mL streptomycin, and
L-glutamine for 7 days. Hela cells were grown in DMEM supplemented with 10% FBS, 100 U/mL penicillin,
100 U/mL streptomycin, HEPES, sodium pyruvate, nonessential amino acids, and L-glutamine. Murine hep-
atitis virus strain JHM, which contains green fluorescent protein (GFP) in place of ORF4, was used in this
study (53). Vesicular stomatitis virus (VSV-eGFP), which contains enhanced green fluorescent protein
between the G and L genes, was a gift from Asit Pattnaik. TAK 901, JNJ 7706621, and PF 03814735 were
purchased from Selleck Chemistry or MilliporeSigma.

Viral yields. For HSV-1 viral yields, HepaRG cells (1 x 10°) were seeded in a 12-well plate in William’s
E medium. Each well was pretreated for 30 min with a kinase inhibitor (10 uM, 5 uM, 1 uM, or 0.5 ©M)
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or DMSO at 0.1%. HFF cells were (1 x 10°) were seeded in a 12-well plate in DMEM complete medium,
and each well was pretreated with 10 uM kinase inhibitor. Each well was infected with HSV-1 strain KOS
at an MOI of 1 and incubated for 1 h. At 1 hpi, wells were washed twice with PBS (plus each inhibitor) to
synchronize infections. After 24 hpi, cells were harvested into supernatants and collectively used to
determine viral titers by standard plaque assays on Vero cells (56). Viral yields for VSV were performed in
HepaRG cells at a 10 uM concentration of each kinase inhibitor as described above, and viral titers were
determined by standard plaque assays on Vero cells.

To calculate the viral yields of VACV, HFFs were cultured in DMEM in 12-well plates. Cells were pre-
treated in the presence of DMSO or 10 uM of an aurora kinase inhibitor for 30 min and then infected
with VACV at an MOI of 2. After 24 hpi, the viral titers were measured by plaque assays on B-SC-1 mono-
layers as described previously (57).

For MHV viral yield assays, 17CI-1 (3 x 10%) or BMDM (8 x 10%) cells were seeded per well in a
24-well plate. Each well was pretreated for 30 min with DMSO at 0.1% or TAK 901, JNJ 7706621, or PF
03814735 at 10 uM or 1 uM. Cells were then infected with MHV strain JHM at an MOI of 0.1 for 1 h, and
viral inoculum was removed and replaced with medium containing the inhibitor. Samples (cells and
media) were harvested at 18 hpi, and viral titers were determined by standard plaque assays on Hela
cells.

Mice. Pathogen-free C57BL/6 (B6) mice were purchased from Jackson Laboratories and cared for
according to the Guide for the Care and Use of Laboratory Animals (58).

Ethics statement. The protocol for using the B6 mice was approved by the University of Kansas
Institutional Animal Care and Use Committee (IACUC).

Cell viability assays. HepaRG and HFF cell viabilities were measured using an alamarBlue assay (Bio-
Rad) following the manufacturer’s protocol. 17CI-1 cell and BMDM viabilities were measured using the
CyQUANT MTT cell proliferation assay (Thermo Fisher Scientific) following the manufacturer’s protocol.
Means and standard deviations were calculated from at least three independent experiments.

Virucidal effect. Using a 12-well plate, HSV-1 strain KOS viral stocks containing 3 x 107 PFU were
directly treated with each kinase inhibitor (10 M) in William’s E medium for 3 h at 37°C. Samples were
diluted 10-fold in DMEM complete, and viral titers were determined by standard plaque assays. The
averages and standard deviations were determined for three independent experiments.

Time course addition. HepaRG cells (1 x 10%) were seeded in a 96-well plate in William’s E medium
and incubated overnight. Cells were infected with HSV-1 recombinant KOS6 8 at an MOI of 5, and the au-
rora kinase inhibitors (10 ©M) were added at respective time points during infection: pretreatment (30 min
prior to infection), 3 hpi, and 6 hpi. At 24 hpi, samples were harvested in 1% IGEPAL lysis buffer (IGEPAL CA-
630; Thermo Fisher Scientific), and cell lysates were processed in a 1x CPRG solution (10X CPRG solution:
80 mM chlorophenol red-p3-d-galactopyranoside, 0.6 M NaHPO,, 0.4 M NaH,PO,, 0.1 M KCl, 0.01 M MgSO,,
0.5 M 2-mercaptoethanol). Absorbance was measured at 595 nm 1 h post-addition of CPRG solution using a
spectrophotometer (BioTEK Synergy, BioTek Instruments). The means and standard deviations for samples
were determined from three independent experiments.

Viral transcript assay and RT-qPCR. HepaRG cells (2.5 x 10°) was seeded in a 12-well plate in
William's E medium. Cells were pretreated for 30 min with each kinase inhibitor (10 xM), DMSO at 0.1%,
or actinomycin D (2 wg/mL) at 37°C. Each well was infected with HSV-1 strain KOS at an MOI of 2 and
incubated at 37°C for 4 h. At 4 hpi, cells were harvested in TRIzol (Invitrogen) and frozen at —80°C over-
night. Samples were then mixed twice with chloroform and centrifuged, and the aqueous layers were
isolated. Glycogen (RNA grade; Thermo Fisher Scientific) was added to each sample with isopropanol.
Samples were placed at —20°C for 30 min and then centrifuged at high speeds to collect RNA pellets.
Pellets were washed 3 times in 75% ethanol solution and air-dried. RNAs were dissolved in molecular-
grade water and treated with RQ1 DNase (Promega). RNAs were converted to ¢cDNA with the High-
Capacity cDNA reverse transcription kit (Applied Biosystems); random primers were utilized for 18S
rRNA, and oligo-dT(18) primers were utilized for ICPO, ICP4, and ICP27 mRNAs. For qPCR analyses,
FastStart Universal SYBR green master (Rox; MilliporeSigma) was used. Transcripts were amplified using
primers for ICPO, ICP4, ICP27, and 18S rRNA sequences (Table 2). Signal was measured using an Applied
Biosystems QuantStudio 3.

Western blot assays. (i) Viral proteins. HepaRG cells (2.5 x 10°) were cultured per well in a 12-well
plate containing William'’s E medium. Each well was pretreated for 30 min with each kinase inhibitor (10 M)
or DMSO at 0.1% at 37°C in 5% CO,. Each well was infected with HSV-1 strain KOS at an MOI of 2 and incu-
bated at 37°C for 6 h. A 50-u.L volume of 1x Laemmli buffer was added, and samples were heated at 95°C for
10 min. To probe ICPO, ICP4, ICP8, gC, and actin, samples were loaded into a 3 to 8% Tris-acetate gel in 1x
Tris-acetate running buffer (NUPAGE, ThermoFisher Scientific). Proteins were transferred to nitrocellulose mem-
branes (Cytiva) using a semidry transfer unit at 54 mA per membrane for 1.5 h (TE 77; Amersham Biosciences).
Each membrane was blocked in 5% bovine serum albumin in Tris-buffered saline with 0.1% Tween 20 (TBS-T)
overnight at 4°C. Primary antibodies ICPO (catalog number sc-53070; diluted 1:250), ICP4 (catalog number sc-
69809; diluted 1:500), ICP8 (catalog number sc-53330; diluted 1:500), gC (catalog number sc-56982; diluted
1:500), and actin (catalog number sc-47778; diluted 1:1,000) from Santa Cruz Biotechnology were incubated
with membranes overnight at 4°C. Membranes were washed 3 times in TBS-T, and goat anti-mouse IgG horse-
radish peroxidase-conjugated secondary antibody 1gG (catalog number 115-035-146; diluted 1:1,000) from
Jackson ImmunoResearch was added at room temperature for 1 h. Membranes were washed 3 times in
TBS-T and developed using SuperSignal West Pico chemiluminescent substrate (Thermo Fisher Scientific).
Pictures were captured with a LI-COR XF imaging system and analyzed with LI-COR Image Studio.

(ii) PhosphoH3 (Ser 10) and histone H3 analyses. HepaRG cells (1 x 10°) were cultured in a 12-well
plate in Williams E complete medium. Each well was pretreated for 30 min with a kinase inhibitor (10 xM) or
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TABLE 2 Primers used for RT-qPCR

Microbiology Spectrum

Gene Forward primer Reverse primer

18S 5'-CCAGTAAGTGCGGGTCATAAGC-3’ 5'-GCCTCACTAAACCATCCAATCGG-3’
ICPO 5'-AGCGAGTACCCGCCGGCCTG-3' 5'-CAGGTCTCGGTCGCAGGGAAAC-3’
ICP4 5'-TGATCACGCGGCTGCTGTA-3' 5'-TGATGAAGGAGCTGCTGTTGCG-3’
ICP27 5'-GTCCAAGATGTGCATCCACCACAA-3’ 5'-TGCAATGTCCTTAATGTCCGCCAG-3’

DMSO at 0.1% at 37°C in 5% CO,. Each well was infected with HSV-1 strain KOS at an MOI of 2 and incubated
at 37°C for 6 h. Medium was removed from each well, 50 uL of 1x Laemmli buffer was added per well, and
samples were heated at 95°C for 10 min. Samples were loaded on a 10 to 12% SDS-PAGE gel in 1x SDS run-
ning buffer. Proteins were transferred to nitrocellulose, and blots were probed for PhosphoH3 (Ser 10) (cata-
log number 9701; diluted 1:1,000) and histone H3 (catalog number 9715; diluted 1:1,000) from Cell Signaling
Technology. Membranes were washed 3 times in TBS-T, and secondary antibody goat anti-rabbit IgG (cata-
log number 111-035-144; diluted 1:1,000) from Jackson ImmunoResearch was added at room temperature
for 1 h. Membranes were analyzed as described above for the detection of viral proteins.
Statistical analyses. All statistical analysis was performed using independent biological experiments.
Prism 9 software (GraphPad) and Microsoft Excel were utilized for data, graphs, and statistical analyses.
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