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ERK Is a Critical Regulator of JC Polyomavirus Infection
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ABSTRACT The human JC polyomavirus (JCPyV) infects the majority of the popula-
tion worldwide and presents as an asymptomatic, persistent infection in the kidneys.
In individuals who are immunocompromised, JCPyV can become reactivated and
cause a lytic infection in the central nervous system resulting in the fatal, demyeli-
nating disease progressive multifocal leukoencephalopathy (PML). Infection is initi-
ated by interactions between the capsid protein viral protein 1 (VP1) and the «2,6-
linked sialic acid on lactoseries tetrasaccharide c (LSTc), while JCPyV internalization is
facilitated by 5-hydroxytryptamine 2 receptors (5-HT,Rs). The mechanisms by which
the serotonin receptors mediate virus entry and the signaling cascades required to
drive viral infection remain poorly understood. JCPyV was previously shown to in-
duce phosphorylation of extracellular signal-regulated kinase (ERK), a downstream
target of the mitogen-activated protein kinase (MAPK) pathway, upon virus entry.
However, it remained unclear whether ERK activation was required for JCPyV infec-
tion. Both ERK-specific small interfering RNA (siRNA) and ERK inhibitor treatments re-
sulted in significantly diminished JCPyV infection in both kidney and glial cells yet
had no effect on the infectivity of the polyomavirus simian virus 40 (SV40). Experi-
ments characterizing the role of ERK during steps in the viral life cycle indicate that
ERK activation is required for viral transcription, as demonstrated by a significant re-
duction in production of large T antigen (TAg), a key viral protein associated with
the initiation of viral transcription and viral replication. These findings delineate the
role of the MAPK-ERK signaling pathway in JCPyV infection, elucidating how the vi-
rus reprograms the host cell to promote viral pathogenesis.

IMPORTANCE Viral infection is dependent upon host cell factors, including the acti-
vation of cellular signaling pathways. These interactions between viruses and host
cells are necessary for infection and play an important role in viral disease out-
comes. The focus of this study was to determine how the human JC polyomavirus
(JCPyV), a virus that resides in the kidney of the majority of the population and can
cause the fatal, demyelinating disease progressive multifocal leukoencephalopathy
(PML) in the brains of immunosuppressed individuals, usurps a cellular signaling
pathway to promote its own infectious life cycle. We demonstrated that the activa-
tion of extracellular signal-regulated kinase (ERK), a component of the mitogen-
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can become reactivated in the central nervous system (CNS) (3, 4) and cause an
uncontrolled lytic infection in glial cells, astrocytes and oligodendroctyes (5-7).
JCPyV infection and subsequent cytolytic destruction of oligodendrocytes, the
myelin-producing cells of the CNS, cause the demyelinating disease progressive
multifocal leukoencephalopathy (PML) (8, 9). PML occurs in approximately 5% of
individuals with HIV-1, yet highly active antiretroviral therapies (HAART) have
reduced the incidence rate in the HIV-1 population significantly (10, 11). PML is also
associated with the use of immunomodulatory therapies such as natalizumab or
dimethyl fumarate and other fumaric acid ester-containing drugs prescribed for
immune-mediated diseases such as multiple sclerosis (MS) (11-15). PML has a high
mortality rate, proving fatal within months if left completely untreated. However,
treatment of the underlying immunosuppression increases life expectancy to 2
years for ~50% of HIV-1-positive individuals and ~77% for individuals receiving
natalizumab (11). There are few effective treatment options available for PML, with
the exception of immune reconstitution therapy, which can cause immune recon-
struction inflammatory syndrome (IRIS), an intense inflammatory response that can
be fatal or lead to severe neurological deterioration (10). Therefore, there is a critical
need for an improved understanding of the mechanisms driving JCPyV infection
and viral pathogenesis.

JCPyV infection is initiated via attachment to «2,6-linked sialic acid on lactoseries
tetrasaccharide c (LSTc) through viral protein 1 (VP1), the major viral capsid protein
(16-18). While the «2,6-linked sialic acid receptor could be expressed on either a
glycolipid or glycoprotein, the sialic acid receptor has been demonstrated to specifically
mediate viral attachment (16-18). JCPyV requires the 5-hydroxytryptamine 2 family of
serotonin receptors (5-HT,Rs) for viral entry, which is thought to occur through
clathrin-dependent endocytosis (19). Following endocytosis, JCPyV traffics through the
endocytic compartment (20-22) to the endoplasmic reticulum (ER), where it undergoes
partial disassembly (22) before deposition in the nucleus, where the double-stranded
DNA (dsDNA) genome is transcribed and replicated.

Like for many other small DNA viruses, the JCPyV transcriptional program is bidi-
rectional. With this replication strategy, JCPyV first initiates transcription of viral early
genes, including large tumor antigen (T antigen [TAg]). The accumulation of TAg drives
replication of viral DNA and then leads to the transcription of the late viral genes that
encode the structural capsid proteins VP1, VP2, and VP3 (9). With the accumulation of
viral gene copies within the host, viral gene transcripts overwhelm normal host-cell
protein production capabilities, forcing the cell to preferentially synthesize viral pro-
teins associated with capsid formation for eventual viral assembly and egress (23).

The cellular signaling events activated in host cells in response to JCPyV infection
and how they regulate viral infection and pathogenesis are poorly understood. Querbes
et al. demonstrated that JCPyV requires tyrosine kinase activity for infection, as genis-
tein, a broad-spectrum tyrosine kinase inhibitor, blocks JCPyV infection. Furthermore,
the mitogen-activated protein kinase (MAPK) extracellular signal-regulated kinase (ERK)
is phosphorylated 15 min following infection (20), a time that is consistent with viral
attachment and entry events (22). ERK phosphorylation was shown to be sustained for
6 h following infection (20). This indicates that ERK might impact multiple steps in the
virus life cycle, including entry and trafficking, as JCPyV is localized at 6 h postinfection
in the ER, where it is thought to undergo partial uncoating (20, 22). These findings
suggest that JCPyV may usurp MAPK-ERK pathway functions to drive the infectious life
cycle, yet the direct impact of the MAPK pathway on the infectious life cycle of JCPyV
has not been fully characterized.

The MAPK signaling pathway (Raf/MEK/ERK) induces cellular reprogramming in
response to extracellular stimuli, such as growth factors or neurotransmitters (24, 25),
through a series of phosphorylation events driven by the MAPK kinases (MAPKKs or
MEKs). The small GTPase Ras binds to the serine/threonine kinase Raf (MAPKKK), which
phosphorylates the MAPKKs MEK1 and MEK2 (26-29). The dual-specificity kinases MEK1
and MEK2 then phosphorylate ERK1/2 (30-32). Phosphorylated ERK activates down-
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stream signaling targets, becomes dephosphorylated by protein phosphatases, or
translocates to the nucleus to regulate transcription factors that function in cell
proliferation, differentiation, and cell death (32).

Both DNA and RNA viruses have been reported to activate the Raf/MEK/ERK signal
transduction pathway and in some cases utilize it for infectivity (33), including members
of the Polyomaviridae family (34-36). Activation of the MAPK pathway by BK polyoma-
virus (BKPyV) enhances viral replication (35), but BKPyV does not activate the MAPK
pathway directly (37). Conversely, mouse polyomavirus (MPyV) activates the Raf/MEK/
ERK pathway (34, 36) but does not require activation of the MAPK pathway for infection
(36). Furthermore, SV40 polyomavirus activates a MAPK-ERK-independent signaling
pathway that induces Ca2* mobilization and tyrosine kinase activity of protein kinase
C (PKC) (34, 38). The MAPK-ERK pathway has been proposed to play a role in JCPyV
infection (20, 39), yet the impact of MAPK activation on the infectious viral life cycle
remained unclear, as polyomavirus activation of the MAPK pathway is multifactorial and
may play critical roles in viral infectivity or could be dispensable.

The goal of this study was to define whether activation of the MAPK-ERK pathway
is required for JCPyV infection and to define the steps in the virus life cycle that are
impacted by ERK activation. JCPyV infection was significantly reduced in cells express-
ing ERK1/2-specific small interfering RNA (siRNA) and in cells treated with inhibitors of
MEK, which prevent ERK phosphorylation, yet had no impact on SV40 infection. JCPyV
induced ERK activation immediately upon infection, and a MEK inhibitor reduced JCPyV
infection within 0 to 4 h postinfection. However, inhibition of ERK had no impact on the
early steps in the viral life cycle, including attachment or entry, yet resulted in reduced
activity of the viral early and late promoters and reduced T-antigen gene expression.
These findings demonstrate that activation of the Raf/MEK/ERK signaling pathway is
required for driving JCPyV infection and that this pathway is used to reprogram host
cells for viral transcription.

RESULTS

Inhibition of ERK blocks JCPyV infection in glial cells. To determine whether ERK
is necessary for JCPyV infection, SVG-A cells were transfected with siRNA targeted toward
ERK1 and ERK2 to reduce ERK1/2 protein levels in cells (Fig. 1A) and then infected with
JCPyV or the control SV40 polyomavirus (Fig. 1B). Cells expressing the ERK1/2 siRNA
demonstrated a 97% decrease in JCPyV infection compared to cells expressing a control
siRNA, while no significant reduction in SV40 infection was observed (Fig. 1B). These data
suggest that ERK is required for JCPyV infection, yet ERK activity is not required for infection
of the closely related polyomavirus SV40. To confirm that JCPyV infection of glial cells is
dependent on the activation of MAPK-ERK, cells were treated with ERK inhibitors
PD98059 (2'-amino-3’-methoxyflavone) and U0126 (1,4-diamino-2,3-dicyano-1,4-bis[2-
aminophenylthio] butadiene), which both bind to MEK1 and MEK2, preventing ERK
phosphorylation (40, 41). SVG-A cells treated with PD98059 demonstrated an ~75%
reduction in JCPyV infection in comparison to control dimethyl sulfoxide (DMSO)-
treated cells (Fig. 2A). However, PD98059 had no effect on SV40 infection in SVG-A cells
(Fig. 2B), indicating that the inhibition of this pathway is specific for JCPyV. Treatment
with ERK inhibitor U0126 also reduced JCPyV infection by ~75% (Fig. 2C) yet had no
effect on SV40 infection (Fig. 2D). The efficacy of the MEK inhibitors PD98059 and
U0126 in SVG-A cells was analyzed through Western blot analysis of cellular levels of
phosphorylated ERK (pERK) in comparison to those in DMSO-treated cells (data not
shown). Treatment of cells with PD98059 decreased levels of pERK, yet U0126 resulted
in a more significant decrease, suggesting that U0126 is a more effective inhibitor of
ERK phosphorylation in SVG-A cells. Due to these results, in addition to U0126 being
reported as a more potent inhibitor with a greater 50% inhibitory concentration (IC5)
(41), subsequent experiments were performed using U0126 at a concentration of 10
uM to effectively inhibit ERK phosphorylation. The indicated concentrations of inhibi-
tors did not affect cell viability as measured by 3-(4,5-dimethylthiazol-2-yl)-5-(3-
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FIG 1 Gene silencing of ERK reduces JCPyV infection in SVG-A cells. SVG-A cells were transfected with
siRNAs targeted to ERK1/2, scrambled, or EGFR (control [CTL]) siRNA. At 48 h posttransfection, cells were
either harvested for analysis of ERK protein expression (A) or infected (B). (A) Cell lysates of siRNA-treated
cells were resolved by SDS-PAGE and analyzed via Western blotting to confirm ERK-specific knockdown
using antibodies specific for tubulin (red) and ERK1/2 (green). The blot is representative of results from
three independent experiments. (B) SVG-A cells transfected with ERK or control siRNAs were infected
with JCPyV (MOI = 0.1 FFU/cell) or SV40 (MOI = 0.001 FFU/cell). Infected cells were scored by indirect
immunofluorescence using a VP1-specific antibody that recognizes both JCPyV and SV40 VP1. Data
represent the percentage of JCPyV or SV40-infected VP1" cells per visual field normalized to the number
of DAPI+ cells per field for five 10X fields of view for triplicate samples (all samples normalized to EGFR
control siRNA-treated cells [100%]). Data are representative of results from 3 independent experiments.
Error bars indicate SDs. Student’s t test was used to determine statistical significance. *, P < 0.001.

carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium (MTS) assay and flow cyto-
metric analysis of propidium iodide-stained cells (data not shown).

JCPyV induces multiphasic ERK activation upon infection. JCPyV infection has
been previously shown to induce ERK phosphorylation as early as 15 min postinfection,
with decreasing activation through 9 h postinfection (20), suggesting that phosphor-
ylation of ERK is required for viral entry and trafficking (20, 22). However, ERK activation
has not been characterized throughout the JCPyV life cycle. To determine the timing of
ERK activation following JCPyV challenge, SVG-A cells were infected with JCPyV or mock
infected, harvested at selected time points, and analyzed for ERK phosphorylation by
quantitative Western blot analysis (Fig. 3A). A rapid ERK phosphorylation was induced
within 10 min following JCPyV challenge and activation was sustained in a multiphasic
pattern for the first ~6 to 12 h in comparison to mock-infected cells. However, the
phosphorylated ERK signal waned after 12 h, with only a minor increase in the pERK
signal at 72 h postinfection in comparison to that in mock-infected cells (Fig. 3A). These
data suggest that ERK is activated early during infection, which corroborates previously
published findings (20) and suggests that the rapid ERK activation is not sustained for
later steps in the viral life cycle.

To initially characterize how ERK activation (Fig. 3A) or inhibition (Fig. 1 and 2)
impacts the JCPyV life cycle, SVG-A cells were treated with the ERK inhibitor U0126
under various treatment regimens (Fig. 3B). As demonstrated in Fig. 2, ERK inhibition
led to an ~75% decrease when cells were pretreated with the U0126 for 1 h prior to
infection and the inhibitor was added back to the media for the duration of the
infection (Fig. 2 and 3). In order to determine how ERK inhibition impacts the JCPyV life
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FIG 2 Inhibition of ERK phosphorylation decreases JCPyV infection in glial cells. SVG-A cells were pretreated with
the MEK inhibitor PD98059 (A and B) or U0126 (C and D) at the indicated concentrations or DMSO at an equivalent
volume (of maximum inhibitor concentration) and then infected with JCPyV (MOl = 0.1 FFU/cell) (A and C) or SV40
(MOI = 0.001 FFU/cell) (B and D) at 37°C for 1 h. Cells were incubated in media containing inhibitors at the
indicated concentrations for 72 h and then fixed and stained by indirect immunofluorescence using a VP1-specific
antibody that recognizes both JCPyV and SV40 VP1. Infectivity was scored by quantitating nuclear VP1 expression.
Data represent the average number of infected cells per visual field for five 10X fields of view for triplicate
samples. Data are representative of results from 3 independent experiments. Error bars indicate SDs. Student’s t
test was used to determine statistical significance. *, P < 0.05.

cycle, SVG-A cells were pretreated with U0126 and subsequently incubated with treated
media for the first 1 to 4 h following infection, which resulted in an ~40% decrease in
infection (Fig. 3B). This treatment is consistent with the time frame in which the most
robust ERK phosphorylation is noted (0 to 2 h postinfection [h.p.i.]), leading to the
hypothesis that ERK activation affects the initial events in the viral life cycle, including
attachment and entry (22).

Inhibition of ERK does not affect JCPyV attachment. JCPyV-induced ERK activa-
tion is coincident with the timing of viral attachment and entry (Fig. 3) (20, 22). Further,
ligand binding to the 5-HT,Rs, which are required for JCPyV entry, can activate the
Raf/MEK/ERK pathway, which regulates receptor cell surface expression, endocytosis,
and activation of other signaling pathways (42). Therefore, the effect of ERK inhibition
on viral attachment to host cells was analyzed. SVG-A cells were pretreated with U0126
or DMSO and then incubated with Alexa Fluor 488-labeled JCPyV (JCPyV-488) virions on
ice to allow for viral attachment (Fig. 4), and JCPyV-488 binding to SVG-A cells was
subsequently measured by flow cytometry. Treatment of cells with U0126 had no effect
on viral attachment in comparison to that with DMSO-treated SVG-A cells, suggesting
that ERK inhibition does not affect virus binding to the cell surface.

JCPyV internalization is not affected by ERK inhibition. JCPyV induces ERK activa-
tion within 10 to 15 min of viral infection (Fig. 3) (20), a time consistent with viral entry
(22). To determine if ERK activation impacts virus entry, a trypan blue (TB) quenching
assay was utilized to measure viral internalization by flow cytometry (22) (Fig. 5). In
brief, trypan blue quenches Alexa Fluor 488 fluorescence of plasma membrane-
associated labeled virus, but internalized fluorescently labeled virus is protected from
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FIG 3 JCPyV induces multiphasic ERK activation upon infection. (A) SVG-A cells were infected with JCPyV (MOl = 1 FFU/cell) for the specified duration and were
analyzed via Western blotting using antibodies specific for phosphorylated ERK (pERK) and total ERK (protein control). The percentage of pERK was determined
using phosphorylated ERK and total ERK band intensities, determined by using the equation [pERK/(pERK + total ERK)] X 100. The percentage of pERK for
JCPyV-infected samples was normalized to the value for mock-infected samples at each time point (100%; dashed line). Percentages of phosphorylated ERK for
each time point were plotted via box-and-whisker plot and are representative of results from three independent experiments. (B) SVG-A cells were either
pretreated (PT) for 1 h prior to JCPyV infection with U0126 (10 wM) or DMSO (1:1,000) or incubated in complete medium. Cells were then infected with JCPyV
(MOI = 0.1 FFU/cell) at 4°C for 1 h. Following infection, cells were washed with medium and then incubated in media with inhibitors for the indicated times.
At the specified time point, medium was removed, cells were washed, complete medium was added, and cells were incubated at 37°C for 72 h. Cells were fixed
and stained by indirect immunofluorescence using a VP1-specific antibody, and infectivity was scored by quantitating nuclear VP1 expression. Data are
representative of the average number of infected cells per visual field for five 20X fields of view for triplicate samples. Data are representative of results from
three independent experiments. Error bars indicate SDs. Student’s t test was used to determine statistical significance. *, P < 0.05.

TB treatment. SVG-A cells were pretreated with DMSO or U0126, incubated with
JCPyV-488 on ice at 4°C to allow for viral attachment for 90 min, and then either fixed
or incubated at 37°C for an additional 90 min to allow for entry. Fixed samples were
then treated or not with TB (Fig. 5A). Trypan blue treatment resulted in an ~1-log
decrease in JCPyV-488 fluorescence of attached virus as measured by flow cytometry.
Additionally, an increase in protected fluorescence in samples incubated at 37°C was
observed, indicating that the virus was internalized at 90 min postinfection and was
protected from TB treatment (Fig. 5A). The extent of protected fluorescence is consis-
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FIG 4 JCPyV attachment to SVG-A cells is not altered by ERK inhibition. SVG-A cells in 6-well plates were
treated with U0126 (10 wM) or DMSO (1:1,000) at 37°C for 1 h, then washed with PBS, and removed from
plates using Cellstripper. Cells were washed and incubated with JCPyV-488 on ice for 2 h and washed with
PBS, and binding was analyzed by flow cytometry. Histograms represent the fluorescence intensity of JCPyV-488
for DMSO- and UO126-treated cells for 10,000 events. The shaded histogram represents cells that were not
incubated with JCPyV (PBS alone). Data are representative of results from >3 independent experiments.
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FIG 5 Entry of JCPyV does not require ERK activation. (A) SVG-A cells treated with either U0126 (10 wM)
or DMSO (1:1,000) were incubated with JCPyV-488 on ice at 4°C to promote viral attachment. Cells were
fixed (attachment) or transferred to 37°C for 90 min to promote viral internalization (entry). Quenched
samples (trypan blue [TB] treated [blue]) and unquenched samples (gray) were then assayed by flow
cytometry. Samples were gated to remove cellular debris. Histograms are representative of the mean
fluorescence intensity from one replicate for each treatment (n = 10,000 events). (B) The percent
protected fluorescence was calculated with the equation (FITC with TB/FITC without TB) X 100 for three
individual experiments (each with 10,000 events). Data are the averages from three independent
experiments (n = 30,000 events). Error bars indicate SDs.

tent with published results of JCPyV entry analyzed via a confocal TB assay (22).
Quantitative analysis of flow cytometry results demonstrated that treatment of cells
with U0126 had no effect on virus attachment or entry as assessed from equivalent
levels of virus binding and entry in U0126- and DMSO-treated cells (Fig. 5B). Taken
together, these data indicate that ERK inhibition does not affect JCPyV attachment or
entry.

ERK inhibition affects the JCPyV infectious cycle at a posttrafficking step. To
define whether entry and trafficking of JCPyV are impacted by ERK inhibition, SVG-A
cells were pretreated with U0126 or DMSO and then transiently transfected with an
infectious clone of JCPyV or SV40 to bypass attachment to viral receptors, endocytosis,
and trafficking through the endocytic compartment (Fig. 6). Cells were fixed and
stained for VP1 expression at days 4 and 7 following transfection. JCPyV VP1 expression
was decreased in U0126-treated cells in comparison to that in DMSO-treated cells (Fig.
6A), yet SV40 VP1 expression was not altered in response to U0126 treatment (Fig. 6B).
These data indicate that inhibition of ERK blocks a step in the JCPyV life cycle that
occurs after trafficking.

ERK inhibition decreases JCPyV early and late promoter activity. Activation of
the Raf/MEK/ERK pathway can lead to phosphorylation of ERK and its subsequent
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FIG 6 ERK inhibition impacts a postentry step in infection. SVG-A cells were treated with either U0126
(10 uM) or DMSO (1:1,000) for 1 h and then transfected with an infectious clone of JCPyV (A) or SV40 (B).
At either 4 or 7 days posttransfection, cells were fixed and stained using a VP1-specific antibody and
analyzed by indirect immunofluorescence for infectivity. Data are representative of the number of
infected cells per visual field for five 10X fields of view for triplicate samples. Data are representative of
results from three independent experiments. Error bars indicate SDs. *, P < 0.05.

translocation to the nucleus, where it can activate transcription factors, including
transcription factors known to be involved in JCPyV infection, such as NFAT4 (43) and
SMADs 2 and 4 (39). Polyomaviruses have a bidirectional transcription program, in
which the viral early genes are transcribed first, including that for large T antigen,
followed by genome replication and then transcription of the late viral genes that
encode the structural capsid proteins, including VP1 (9). To analyze potential effects of
ERK inhibition on viral transcription, viral promoter activity was measured in SVG-A cells
treated with the ERK inhibitor U0126. Cells were treated with DMSO or U0126 and then
transfected with an early or late viral promoter construct containing a luciferase
reporter (43), and luciferase production was measured at 48 h posttransfection (Fig. 7).
ERK inhibition resulted in a significant decrease in both early and late promoter
activities as measured by luciferase production, indicating that inhibition of ERK
reduces viral promoter activity and may therefore directly impact the transcription of
early and late viral genes in SVG-A cells.

Inhibition of ERK blocks JCPyV infection in kidney cells. To determine whether
ERK is required for JCPyV infection of kidney cells, primary renal proximal tubule
epithelial cells (RPTECs) and HEK293A cells stably expressing 5-HT,,R-yellow fluores-
cent protein (YFP) (HEK293A-5-HT,,R) were analyzed. HEK293A cells are poorly permis-
sive for JCPyV infection unless transfected with 5-HT,Rs (19). RPTECs and HEK293A-5-
HT,AR cells were pretreated with either DMSO or U0126 for 1 h, infected with JCPyV
(Fig. 8A and B) or SV40 (Fig. 8C), and then incubated with either DMSO or U0126 for 48
h. HEK293A-5-HT,,R cells treated with U0126 demonstrated an ~50% decrease in
JCPyV infection compared to that of cells treated with DMSO, suggesting that ERK is
required for JCPyV infection in kidney cells (Fig. 8B) but not required for SV40 infection
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FIG 7 ERK inhibition blocks JCPyV promoter activity. SVG-A cells were pretreated with U0126 (10 uM) or
DMSO (1:1,000) for 4 h and subsequently transfected with luciferase-expressing plasmids containing the
JCPyV Mad-1 prototype strain early (A) or late (B) promoters and a thymidine kinase (TK) Renilla luciferase
plasmid as a control. At 4 h posttransfection, medium containing U0126 (10 uM) or DMSO (1:1,000) was
added back to cells. At 48 h posttransfection, cells were assayed for luciferase production, indicative of
viral promoter activity, by luminometry. Data represent the average relative luciferase units produced
from triplicate samples normalized to TK Renilla luciferase expression. These data are representative of
results from three independent experiments. Error bars indicate SDs. *, P < 0.05.

(Fig. 8C). To ensure that the transformation of the HEK293A-5-HT,,R cells with the
adenovirus E1 gene (44) did not influence the impact of ERK inhibition on JCPyV
infectivity, primary RPTECs were infected with JCPyV in the presence of U0126 (as
described above) (Fig. 8A). Inhibition of ERK in RPTECs resulted in an ~40% decrease
in JCPyV infectivity, suggesting that ERK activity is also required for JCPyV infection in
primary kidney cell lines. SV40 does not productively infect RPTECs (45) and thus could
not be utilized as a control. Together, these data suggest that the MAPK-ERK cascade
is required for JCPyV infection of both kidney and glial cell types.

T-antigen expression is reduced in kidney and glial cell types when ERK is
inhibited. To determine whether the activation of the MAPK-ERK pathway is necessary
for expression of the viral early gene encoding T antigen, SVG-A cells were transfected
with an siRNA to reduce ERK1/2 protein levels and then infected with JCPyV, and
T-antigen production was measured by indirect immunofluorescence (Fig. 9A). Cells
expressing an ERK1/2 siRNA demonstrated an 85% decrease in T-antigen expression
compared to that in cells expressing a control siRNA. SVG-A cells are transformed with
an origin-defective SV40 T antigen (46), and thus SV40 T-antigen expression cannot be
measured in SVG-A cells as a control. To ensure that the effect of ERK inhibition was not
affected by T-antigen transformation of the SVG-A cells, HEK293A-5-HT,,R cells were
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FIG 8 Inhibition of ERK phosphorylation decreases JCPyV infection in kidney cells. RPTEC (A) and
HEK293A-5-HT, R (B and C) cells were pretreated with U0126 (10 uM) or DMSO (1:1,000) at 37°C for 1 h
and then infected with JCPyV (MOl = 0.5 FFU/cell) (A and B) or SV40 (MOI = 0.001 FFU/cell) (C) at 37°C
for 1 h. Cells were incubated in media containing inhibitors at 37°C for 48 h and then fixed and stained
by indirect immunofluorescence using JCPyV or SV40 T-antigen-specific antibodies. Infectivity was scored
by quantitating nuclear T-antigen expression. Data represent the percentage of JCPyV- or SV40-infected
cells per visual field normalized to the number of DAPI* cells per field for five 20X fields of view for
triplicate samples from three independent experiments. Samples were normalized to the DMSO-treated
control cells (100%). Error bars indicate SDs. Student’s t test was used to determine statistical significance.
*, P < 0.05.

also treated with the ERK1/2 siRNA and infected with JCPyV or SV40 as a control (Fig. 9B
and C). JCPyV T-antigen expression was reduced by 79% in HEK293A-5-HT,,R cells
treated with the ERK1/2 siRNA (Fig. 9B), while SV40 T-antigen expression was unaf-
fected by ERK inhibition (Fig. 9C). Additionally, RPTECs treated with the ERK inhibitor
U0126 demonstrated a significant decrease in T-antigen production as measured by
indirect immunofluorescence (Fig. 8A). These data suggest that inhibition of ERK
activation impacts the production of T antigen and possibly the initiation of viral JCPyV
transcription.

ERK inhibition decreases JCPyV viral gene expression. ERK inhibition decreased
both the activity of viral early and late promoters (Fig. 7) and the production of the viral
early gene product T antigen (Fig. 8 and 9), indicating that activation of the MAPK-ERK
pathway may impact JCPyV transcription. Further, phosphorylated ERK can initiate
transcription and subsequent gene expression (47). As successful JCPyV infection is
necessitated by ERK activity, it is possible that JCPyV utilization of the MAPK-ERK
pathway provides a means to reprogram host cell transcription patterns for viral
transcription. To determine if ERK activity plays a direct role in promoting viral gene
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FIG 9 ERK activation is required for viral early gene expression. SVG-A (A) and HEK293A-5-HT,.R (B and
Q) cells transfected with ERK1/2 or control siRNAs were infected with JCPyV (MOI = 1 FFU/cell) (A and
B) or SV40 (MOI = 0.001 FFU/cell) (C). Infected cells were scored by indirect immunofluorescence using
JCPyV or SV40 T-antigen-specific antibodies. Data represent the percentage of JCPyV- or SV40-infected
cells per visual field normalized to the number of DAPI* cells per field for five 10X fields of view for
triplicate samples (all samples normalized to EGFR control siRNA-treated cells [100%)]). Data are repre-
sentative of results from three independent experiments. Error bars indicate SDs. Student’s t test was
used to determine statistical significance. *, P < 0.001.

expression, SVG-A and HEK293A-5-HT,,R cells were treated with ERK1/2 siRNA or
control siRNA and then infected with JCPyV for 48 h. RNA was extracted from cells,
converted to cDNA, and analyzed by quantitative PCR (qPCR) to determine relative
gene expression of TAg (Fig. 10). ERK silencing in SVG-A and HEK293A-5-HT,,R cells
resulted in 74- and 51-fold decreases in viral gene expression, respectively, compared
to that in control siRNA-treated cells. These data demonstrate that ERK activation is a
positive regulator of JCPyV gene expression in both kidney and glial cell types.

DISCUSSION

JCPyV infection was previously shown to require the activity of tyrosine kinases (20)
and to induce the activation of MAPK-ERK at times consistent with virus entry and
trafficking (20, 22). Our results corroborated previously published findings and further
revealed that while JCPyV infection results in a robust ERK activation immediately upon
infection, there is a multiphasic pattern of ERK phosphorylation throughout the viral
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FIG 10 JCPyV T-antigen transcript levels are reduced by ERK inhibition. SVG-A and HEK293A-5-HT, R
cells were treated with either an ERK1/2 or EGFR (CTL) siRNA for 48 h and then infected with JCPyV
(MOI = 1 FFU/cell), fed with appropriate media, and incubated at 37°C for 48 h. Cells were harvested and
cDNA was prepared from individual triplicate samples, and each sample was analyzed by gPCR to
determine viral gene expression. The average fold change in TAg expression in ERK1/2 siRNA-treated
cells was calculated per 2247, Data are representative of the average fold change calculated from
triplicate samples from three independent experiments. Error bars represent SDs for three independent
experiments.

life cycle (Fig. 3). However, whether the MAPK-ERK signaling pathway was necessary
for JCPyV infection and how the activation of these signaling events affected JCPyV
infection remained uncharacterized. Here we demonstrate that JCPyV infection is
dependent upon ERK activation, as siRNA directed toward ERK1/2 significantly reduces
JCPyV infection (Fig. 1). Further, inhibition of MEK, which blocks phosphorylation of
ERK, significantly reduces JCPyV infection (Fig. 2), indicating that the Raf/MEK/ERK
pathway is required for JCPyV infection. While ERK activation is induced immediately
upon viral infection and inhibition of ERK within the first 4 h of viral infection resulted
in a significant decrease in infection (Fig. 3), inhibition of ERK activation had no effect
on viral attachment, entry, or trafficking (Fig. 4, 5, and 6). Interestingly, ERK inhibition
resulted in significantly reduced viral promoter activity (Fig. 7) and expression of the
viral early gene for T antigen in both kidney and glial cells (Fig. 8, 9, and 10), indicating
that ERK is required for JCPyV transcription. These findings indicate that JCPyV induces
ERK activation upon viral infection to influence downstream steps in the viral life cycle.

Currently, the mechanisms by which JCPyV alters host cell signaling pathways in
order to promote viral pathogenesis are poorly understood. We have determined that
the activation of ERK plays a critical role in regulating JCPyV gene transcription (Fig. 10),
potentially through the activation of crucial viral transcription targets necessary for
infection. Viral TAg expression was significantly decreased in both SVG-A and HEK293A-
5-HT, R cells treated with an ERK siRNA (Fig. 9) and in SVG-A (data not shown),
HEK293A-5-HT, 4R, and RPTEC cells treated with an ERK inhibitor (Fig. 8). These changes
in early gene expression suggest that ERK is a positive regulator of JCPyV transcription
in both kidney and glial cell types. MAPK-ERK signaling controls the activation of
transcription factors necessary for cellular growth, proliferation, and cell death (48); it is
seemingly this functionality that is usurped by JCPyV during infection to promote viral
propagation. JCPyV infection was previously shown to be enhanced in progenitor-
derived astrocytes (PDAs) stimulated with transforming growth factor g1 (TGF-B1)
through a mechanism involving the upregulation of MAPK-ERK activity (39). The
TGF-B1-stimulated PDAs also had increased expression of the DNA-binding proteins
SMADs 2 and 4 (39). Our data build upon these findings by showing that the ERK
activation in SVG-A cells, the model cell line for JCPyV studies, is necessary for JCPyV
infection and expression of key viral genes independent of TGF-B1 stimulation. Fur-
thermore, while SVG-A cells are transformed with large T antigen, HEK293A-5-HT,,R
cells are stably transformed with the adenovirus E1 gene (49) and RPTECs are a
nontransformed primary cell type (ATCC), suggesting that the expression of the SV40
T antigen does not impact the effect of ERK inhibition on JCPyV infection. Future
studies will focus on defining downstream targets of JCPyV-induced MAPK activation,
such as the transcription factor NFAT4, which is crucial for JCPyV infection (43) and can
be activated through ERK activity (50).
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ERK activation is initiated early during JCPyV infection (Fig. 3) (20), consistent
with viral attachment, entry, and trafficking (22). The 5-HT,Rs are required for JCPyV
entry (19), and ligand activation of 5-HT,Rs and subsequent endocytosis can
activate the MAPK-ERK pathway (51), suggesting that ERK activation may be linked
to viral association with the 5-HT,Rs. The 5-HT,Rs induce MAPK-ERK signaling
through the action of tyrosine kinases (31, 52, 53) which activate protein kinase C
(PKC) (54), stimulating GTPase Ras binding to the serine/threonine kinase Raf and
subsequent MEK activation and ERK phosphorylation (30, 55, 56). Our data dem-
onstrate that JCPyV infection activates the MAPK-ERK signaling pathway through a
mechanism involving MEK and ERK. Additionally, an inhibitor of Raf, the kinase
directly upstream of MEK, significantly reduces JCPyV infection (data not shown),
suggesting that JCPyV activates ERK through Raf and MEK. The endocytosis of
5-HT,Rs can lead to the activation of the MAPK-ERK pathway (57, 58), and inter-
estingly, ERK is activated almost immediately following JCPyV challenge (Fig. 3) (20),
suggesting that signaling through MAPK-ERK may be activated upon engagement
of viral receptors or during cellular entry (22). However, future studies are required
to determine the mechanisms by which JCPyV activates ERK. Additionally, the role
of attachment receptor motif LSTc in JCPyV-mediated ERK activation cannot be
discounted, as sialic acid-containing receptors such as gangliosides can also lead to
the activation of the MAPK pathway and activation of downstream transcription
factors, like NF-«B (36, 59, 60). Interestingly, JCPyV has been demonstrated to bind
to multiple sialylated gangliosides, including GM1 and GM2, albeit with reduced
affinity in comparison to that of LSTc, yet gangliosides cannot support JCPyV
infection (18). Thus, binding to sialic acid receptors could also activate the MAPK
pathway, especially given that MPyV-ganglioside interactions activate MAPK (36).
However, inhibition of ERK does not alter virus binding or entry (Fig. 4 and 5),
suggesting that while the signal is activated during the initial steps of the virus life
cycle (Fig. 3), signaling through this pathway is not required for attachment or
entry.

Several members of the Polyomaviridae have been shown to directly or indirectly
activate MAPK-ERK, yet the downstream consequences of this activation differ among
the polyomaviruses. MPyV activates the MAPK-ERK pathway (34, 36), but MAPK path-
way activation is not required for infection (36). BKPyV does not directly activate ERK
(35, 37), yet conditions that activate the MAPK-ERK pathway enhance BKPyV replication
(35). However, BK polyomavirus infection does activate the AKT-mammalian target of
rapamycin (mTOR)-S6 kinase upon infection, likely through receptor interactions, and
this signaling pathway enhances BKPyV replication (37). Given that the phosphatidyl-
inositol 3-kinase (PI3K)-mTORC1 pathway can cross-activate or cross-inhibit the ERK
pathway (61), it is possible that while BKPyV does not directly activate MAPK-ERK, ERK
activation does enhance the mTORC1 signaling pathway, thereby contributing to
increased BKPyV replication (37). Activation of mTORC1 and MAPK pathways also
regulates translation (61), and therefore, it is possible that inhibition of these pathways
could limit translation of transcription factors necessary for viral transcription. Further-
more, SV40 polyomavirus has not been reported to directly activate the Raf/MEK/ERK
pathway (34) but rather activates a MAPK-ERK-independent signaling pathway that
induces Ca2* mobilization and tyrosine kinase activity of PKC, without downstream
activation of Raf or MAPK-ERK (38). Interestingly, polyomavirus T-antigen proteins,
including those of JCPyV, MPyV, and SV40, interact with the MAPK pathway through
binding to protein phosphatase 2 (PP2A). The small T-antigen protein of JCPyV binds to
PP2A and influences cell cycle progression and viral replication (62). However, the fact
that ERK is activated immediately upon JCPyV infection (Fig. 3) (20) suggests that
activation of this signaling cascade precedes T-antigen expression. Therefore, it remains
possible that JCPyV T-antigen binding to PP2A plays a regulatory role to halt transcrip-
tion at a critical point in T-antigen production. Thus, while other polyomaviruses can
differentially activate the MAPK signaling cascade, it is dispensable for the infectious life
cycle of SV40 and MPyV, yet BKPyV is enhanced by ERK activation and JCPyV-induced

April 2018 Volume 92 Issue 7 €01529-17

Journal of Virology

jviasm.org 13


http://jvi.asm.org

DuShane et al.

MAPK activation is necessary for infection specifically by promoting viral transcription.
Moreover, as other polyomaviruses have demonstrated the ability to induce biphasic
signaling of particular pathways (35, 36, 63), JCPyV may act to alter normal ERK
phosphorylation patterns to promote infection. Analysis of ERK phosphorylation pat-
terns following viral challenge indicated that there is a rapid and robust activation of
ERK immediately following infection at times consistent with viral attachment, entry,
and trafficking (Fig. 3) (16, 22). Our results expand upon previously published findings
(20), demonstrating that ERK phosphorylation continues through 12 h.p.i. in a multi-
phasic pattern that diminishes and eventually stabilizes over the course of infection,
with a slight increase in ERK phosphorylation at 72 h.p.i. (Fig. 3). These data may
suggest that JCPyV-induced ERK activation is multiphasic in nature and that ERK is
required early in the infectious process to accumulate the transcription factors neces-
sary for viral transcription and replication.

A number of other viruses activate the Raf/MEK/ERK signal transduction pathway,
including hepatitis C virus, HIV-1, influenza virus (IAV), severe acute respiratory syn-
drome coronavirus (SARS-CoV), Kaposi's sarcoma-associated herpesvirus (KSHV), and
Epstein-Barr virus (EBV), which co-opt various cellular functions of MAPK pathway for
infectivity and replication (33, 64). For example, HIV-1 activates the MAPK pathway
through GP120 binding to the CD4 and CXCR4 receptors, leading to the activation of
ERK and cytoskeletal rearrangements necessary for viral replication and infection (65).
Coxsackievirus B3 (CVB3) activates the MAPK pathway, resulting in decreased coxsacki-
evirus and adenovirus receptor (CAR) binding, but reactivation later in the viral repli-
cation cycle leads to caspase 3 induction and cell lysis. Moreover, CVB3-induced cell
lysis is blocked by the MEK inhibitor U0126, resulting in a reduction in virus release (66).
SARS-CoV and mouse hepatitis virus (MHV) also activate the Raf/MEK/ERK pathway, and
inhibition of ERK leads to a reduction of viral progeny, thereby limiting viral spread
(67-69). Therefore, viruses usurp the Raf/MEK/ERK signaling pathway to drive various
aspects of the virus life cycle through unique mechanisms that ultimately impact
infection and pathogenesis. While the impact of cellular reprogramming by the MAPK
pathway during JCPyV infection affects transcriptional regulation, additional effects
on the infectious life cycle should be further elucidated given the range of effects
discovered with other viruses.

Taken together, the data presented here demonstrate that JCPyV activates the
MAPK-ERK pathway in order to promote viral transcription. ERK is phosphorylated
almost immediately following JCPyV infection, yet inhibition of ERK activation through
inhibitors and gene silencing abolishes JCPyV infection. Inhibition of ERK does not alter
virus attachment, entry, or potential trafficking of the virus. However, viral transcription
is significantly decreased when ERK is inhibited, as demonstrated through reduced
promoter activity and a significant reduction in the early gene T-antigen production.
Infection with the related polyomavirus SV40 was unaffected by the inhibition of ERK,
demonstrating that the activation of the MAPK-ERK pathway in glial and kidney cells
was specific for JCPyV. Future studies will focus on defining the mechanism by which
JCPyV activates the MAPK-ERK pathway and the downstream consequences of ERK
activation on cellular transcriptional control.

MATERIALS AND METHODS

Cells, viruses, antibodies, and reagents. SVG-A cells (46) were cultured in minimum essential
medium (MEM; Corning) supplemented with 10% fetal bovine serum (FBS), 1% penicillin-streptomycin
(P/S) (Mediatech, Inc.), and 0.2% Plasmocin prophylactic (InvivoGen) (complete medium). HEK293A-5-
HT, R cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM) with 4.5 g/liter of glucose,
L-glutamine, and sodium pyruvate (Corning) supplemented with 10% FBS, 1% P/S (Mediatech, Inc.), and
G418 sulfate (500 pg/ml) (Corning) (complete medium). Normal human renal proximal tubule epithelial
cells (RPTECs) were cultured in renal epithelial cell basal medium (REBM) supplemented with 1% P/S and
a renal epithelial cell growth kit as suggested by the manufacturer (ATCC). All cells were grown in a
humidified incubator at 37°C with 5% CO,. SVG-A cells, RPTECs (70), and HEK293A-5-HT, R cells (19) were
generously provided by the Atwood laboratory (Brown University) and authenticated by the ATCC.

Generation and propagation of the virus strain Mad-1/SVEA and SV40 strain 777 (provided from the
Atwood laboratory [Brown University]) were previously described (71, 72). Mad-1/SVEA was previously
generated through insertion of the SV40 regulatory region (RR) into the Mad-1 RR (Mad-1/SVE) and
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propagation in SVG-A cells, which yielded strain Mad-1/SVEA with a rearranged RR with the JC origin of
replication, TATA box, and 78 bp of the 98-bp repeat and an SV40 72-bp repeat with the deletion of most
other SV40 72-bp repeats (71). JCPyV was labeled with Alexa Fluor 488 (Thermo Fisher Scientific)
according to the manufacturer’s instructions, as previously described (73). The infectious viral clones used
for transfection were genomic JCPyV DNA of strain JC12, a subclone of Mad-1/SVEA (71) subcloned into
pUCT9 at BamHl sites as previously described (74), and genomic SV40 of strain 776 subcloned into pUC19
at EcoRl sites (provided by the Atwood laboratory, Brown University).

MEK inhibitor U0126 (Cell Signaling Technology) and MEK inhibitor PD98059 (Cell Signaling Tech-
nology) were reconstituted in DMSO and used at the desired concentrations prior to or following
infection. Antibodies used for indirect immunofluorescence assays include PAB597, a hybridoma super-
natant that produces a monoclonal antibody against JCPyV VP1 (generously provided by Ed Harlow) (17)
that also cross-reacts with SV40 VP1, PAB962, a JCPyV-specific T-antigen antibody that does not
cross-react with SV40 T antigen (generously provided by the Tevethia laboratory [Penn State University])
(75), or AB2 (Calbiochem) to detect SV40 large T antigen (75) and secondary anti-mouse Alexa Fluor 488
and 594 polyclonal antibodies (Thermo Fisher Scientific). Antibodies used for Western blot analysis were
a rabbit-specific antibody specific for total ERK (Cell Signaling Technology; no. 4695) and polyclonal
antibody for tubulin (loading control; Abcam) and corresponding secondary anti-mouse 680 antibody
(LICOR or Invitrogen) or goat anti-rabbit 800 antibody (LICOR). Antibodies used for pERK Western blot
analysis were a rabbit-specific phosphorylated ERK antibody (Cell Signaling Technology; no. 9101) and
mouse-specific total ERK antibody (Cell Signaling Technology; no. 4696) and corresponding secondary
anti-mouse 680 antibody (LICOR) and goat anti-rabbit 800 antibody (LICOR).

siRNA treatment. SVG-A and HEK293A-5-HT,,R cells were plated to ~50% confluence in 12-well
plates (Grenier Bio-One) and transfected with siRNAs specific for ERK1/2, scrambled control, or epidermal
growth factor receptor (EGFR) control (Cell Signaling Technology) (7.5-pmol final concentration of siRNA
per well) using RNAiMax transfection reagent (Invitrogen) by mixing transfection complexes in serum-
and antibiotic-free MEM or DMEM (Corning) and incubating them at room temperature (RT) for 10 min.
Complexes were added to cells and incubated at 37°C for 48 h. Transfection efficiency was monitored
using Block-iT Alexa Fluor Red control oligonucleotide (Life Technologies), and optimum ERK protein
reduction was confirmed by protein quantitation through Western blot analysis. At 48 h posttransfection,
cells were infected with JCPyV or SV40.

siRNA Western blot analysis. To analyze siRNA knockdown, cells were washed in phosphate-
buffered saline (PBS), scraped from wells, washed in PBS, and pelleted by centrifugation at 376 X g at
4°C for 5 min. Cell pellets were resuspended in 30 ul of Tris-HCl lysis buffer containing protease and
phosphatase inhibitors and incubated on ice for 20 min, and then insoluble material was removed by
centrifugation at 18,600 X g at 4°C for 10 min. Samples were mixed with Laemmli sample buffer (Bio-Rad)
and resolved by SDS-PAGE using a 4 to 15% gel (Bio-Rad). Proteins were transferred to a polyvinylidene
difluoride (PVDF) membrane using a Transblot Turbo transfer system (Bio-Rad) at 10 V for 30 min. The
membrane was blocked with 5% nonfat dry milk in PBS-T (1X PBS-0.05% Tween 20) overnight (O/N),
then washed in PBS-T at RT extensively, and incubated with an antibody specific for total ERK (1:500; Cell
Signaling Technology) and polyclonal antibody for tubulin (loading control; 1:450; Abcam) in 5% bovine
serum albumin (BSA)-PBS-T O/N at 4°C, with rocking. Membranes were washed in PBS-T at RT and then
incubated with a secondary anti-rabbit 800 antibody (1:5,000; LICOR) or anti-mouse 680 antibody
(1:1,000; Invitrogen) or at RT for 1 h in 5% milk in PBS-T. Membranes were washed in PBS-T and PBS and
then imaged using a LICOR Odyssey CLx.

JCPyV and SV40 infection. Following treatments with inhibitors, vehicle controls, or transfection
with siRNAs, medium was removed and cells were infected with JCPyV or SV40 (multiplicities of infection
[MOIs] indicated in figure legends). SVG-A cells were infected in MEM containing either 2% or 10% FBS
at ~70% confluence. HEK293A-5-HT, 4R cells were infected in complete DMEM containing 10% FBS at
~50% confluence. Infection of RPTECs was completed in REBM at ~75% confluence. Prior to RPTEC
experiments, 96-well plates were pretreated with laminin from human fibroblasts (Sigma-Aldrich) at 1
ng/cm? at 37°C for 1 h. Viral infections were completed in volumes of either 200 ul (24 well plate) or 40
wul (96 well plate) and incubated at 37°C for 1 h, and then treated or untreated medium was added and
cells were incubated at 37°C for 48 h (T antigen) or 72 h (VP1). Cells were then fixed and stained by
indirect immunofluorescence.

Variable timing of ERK inhibition during JCPyV infection. SVG-A cells were pretreated for 1 h prior
to JCPyV infection with U0126 (10 wM) or DMSO (1:1,000) or incubated in complete medium. Cells were
then infected with JCPyV at 4°C for 1 h. Following infection, cells were washed in medium and then
incubated in medium containing either U0126 or DMSO for the desired duration. For 1-h and 4-h
samples, treatment medium was removed at the desired time point, cells were washed in medium,
complete medium was added, and cells were incubated at 37°C for the duration of the infection (72 h).
Cells were fixed and stained by indirect immunofluorescence using a specific antibody that recognizes
JCPyV VP1. Infectivity was scored by quantitating nuclear VP1 expression.

Western blot quantitation of ERK phosphorylation during JCPyV infection. SVG-A cells at 95%
confluence (6 well plates) were either infected with JCPyV (MOl = 1 FFU/cell) or mock infected (complete
medium) and incubated at 37°C for the desired times or immediately harvested (0 min). For time points
exceeding 1 h, both mock-treated and infected cells were fed with 1 ml of complete medium after a 1-h
infection and incubated at 37°C. At the specified time point, cells were washed in 1X PBS, scraped from
wells on ice, and pelleted by centrifugation at 376 X g at 4°C for 5 min. Cell pellets were resuspended
in 50 ul of Tris-HCI lysis buffer containing protease and phosphatase inhibitors and incubated on ice for
15 min, and insoluble material was removed by centrifugation at 18,600 X g at 4°C for 10 min. Samples
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were mixed with Laemmli sample buffer (Bio-Rad), incubated at 95°C for 5 min, and then resolved by
SDS-PAGE using a 4 to 15% Mini TGX gel (Bio-Rad). Proteins were transferred to nitrocellulose mem-
branes using a Transblot Turbo system (Bio-Rad) at 25 V for 3 min. The membrane was blocked with 5%
nonfat dry milk in TBS-T (1X Tris-buffered saline [TBS], 0.05% Tween 20) with rocking at RT for 1 h, then
washed in TBS-T at RT, and incubated with a rabbit-specific antibody specific for phosphorylated ERK
(1:1,000; Cell Signaling Technology; no. 9101) and mouse-specific antibody targeting total ERK (1:1,000;
total ERK protein control; Cell Signaling Technology; no. 4696) in 5% BSA-TBS-T with rocking at 4°C O/N.
Membranes were then washed in TBS-T at RT and incubated with both secondary anti-mouse 680
antibody (1:15,000; LICOR) and goat anti-rabbit 800 antibody (1:15,000; LICOR) with rocking at RT for 1
h in 5% nonfat dry milk-TBS-T. Membranes were washed in TBS and then imaged using a LICOR Odyssey
CLx. Quantitation of phosphorylated ERK and total ERK expression was performed via analysis of LICOR
680 and 800 intensities corresponding to the total and pERK antibodies using LICOR Odyssey CLx Image
Studio software version 5.2. The percentage of phosphorylated ERK was then quantitated using the
following equation: [phosphorylated ERK/(phosphorylated ERK + total ERK)] X 100. JCPyV-infected
samples for each time point were normalized to mock-infected control samples (100%). Average
normalized percentages of phosphorylated ERK for each treatment were plotted via box-and-whisker
plot, representing the composite of three independent experiments. Data are representative of the
maximum (upper whisker), median, and minimum (lower whisker) of percent phosphorylated ERK from
JCPyV-infected samples.

Transfection of JCPyV and SV40 infectious clones. SVG-A cells were plated to ~50% confluence
in 24-well plates (Grenier Bio-One). Cells were pretreated for 1 h with medium containing either DMSO
(1:1,000) or U0126 (10 uM). Cells in medium without antibiotics were transfected with 1 ug of
JCPyV-pUC19 or SV40-pUC19 plasmid DNA that had been linearized through digestion with BamHI
(JCPyV-pUC19) (Promega) or EcoRI (SV40-pUC19) (Promega) at 37°C for 2 h using Fugene (Roche) at a
1.5:1 ratio (Fugene to DNA) (17) and incubated at 37°C. At 24 h posttransfection, cells were fed with 500
wul of complete medium containing 1% amphotericin B and either DMSO (1:1,000) or U0126 (10 uM) and
incubated at 37°C. Cells were fixed and stained by indirect immunofluorescence using a VP1-specific
antibody at days 4 and 7 posttransfection.

Indirect immunofluorescence quantitation of viral infectivity. Following infection, SVG-A cells
were washed in PBS, fixed in ice-cold methanol, and incubated at —20°C for >10 min. RPTEC and
HEK293A-5-HT, R cells were washed in PBS and fixed with 4% paraformaldehyde (PFA) at RT for 10 min.
Fixed cells were washed with PBS three times for 10 min and then incubated with PBS-0.5% Triton X-100
for permeabilization. RPTEC and HEK293A-5-HT, R cells were blocked in 10% goat serum (Sigma-Aldrich)
at RT for 1 h prior to staining. Cells were then stained using PAB597 (1:10) (17), PAB962 (1:2), or AB2
(Calbiochem; 1:50) (75) and a secondary anti-mouse Alexa Fluor 488 or 594 polyclonal antibody (Thermo
Fisher Scientific). Cell nuclei were counterstained using 4’,6-diamidino-2-phenylindole (DAPI). The num-
ber of infected cells per visual field was assessed by analysis of nuclear VP1 or TAg staining under a 10X
objective using a Nikon Eclipse Ti epifluorescence microscope (Micro Video Instruments, Inc.). At least 5
visual fields per well were quantitated for triplicate wells for experiments performed at least 3 times.
Percent infection was determined by determining the number of TAg-positive nuclei divided by the
number of DAPI-positive nuclei under a 20X objective. The number of DAPI-positive nuclei was
determined utilizing Nikon NIS-Elements Basic Research software (version 4.5). A binary was generated
to calculate the number of cells per field, determined by the number of DAPI-positive nuclei based on
threshold fluorescence. The binary controlled for nuclei of equal diameter and circularity to distinguish
between cells in the same field. The average percent infection was then normalized to the DMSO or
SiRNA control.

Flow cytometry to measure viral attachment. SVG-A cells at 100% confluence in 6-well plates (1e°)
(Grenier Bio-One) were treated with DMSO (1:1,000) or U0126 (10 wm) at 37°C for 1 h. Cells were removed
from 6-well plates by washing with PBS and incubated in Cellstripper (Corning). Cells were pelleted at
376 X g at 4°C for 5 min and washed with PBS. Cells were incubated with Alexa Fluor 488-labeled JCPyV
(JCPyV-488) in PBS (100 wl total volume) on ice for 2 h, with agitation every 15 min. Cells were washed,
pelleted by centrifugation, and resuspended in 500 ul of PBS. Cells were then analyzed for virus binding
using a BD FACSCanto (BD Biosciences) equipped with a 488-nm laser excitation line (Becton, Dickinson,
and Company). Data were analyzed using BD FacsDIVA (Becton, Dickinson, and Company) and FlowJo
software (Tree Star, Inc.).

Trypan blue quenching assay of viral internalization. SVG-A cells were plated to ~95% conflu-
ence in 6-well plates (Grenier Bio-One) and pretreated with complete medium containing either DMSO
(1:1,000) or U0126 (10 wm) at 37°C for 1 h. Cells were removed from plates using Cellstripper (Corning),
pelleted at 376 X g at 4°C for 5 min, and washed with PBS. Cells were then resuspended with cold
phenol-free MEM containing 10% FBS and 1% P/S and chilled at 4°C for 30 min. Cells were pelleted and
then incubated with JCPyV-488 at 4°C on ice for 1.5 h, with agitation every 15 min to allow for viral
attachment. Suspensions were pelleted at 376 X g at 4°C for 5 min and washed with PBS. Cell pellets
were then resuspended with cold phenol-free medium containing 10% FBS and 1% P/S containing either
DMSO (1:1,000) or U0126 (10 wm). Samples were either fixed (attachment) or placed directly into a 37°C
water bath for 90 min (entry). At 0 or 90 min after incubation at 37°C, cells were pelleted at 376 X g at
4°C for 5 min and resuspended in 4% PFA on ice for 10 min. Cells were pelleted, washed, and
resuspended in a final volume of 1X PBS or 1X PBS containing trypan blue (0.016%). Samples were
analyzed using a BD LSRII equipped with a 488-nm laser line. Data were analyzed using BD FACSDIVA
(Becton, Dickinson, and Company) and FlowJo software (Tree Star, Inc.). Quenched (trypan blue addition)
and nonquenched samples (without trypan blue) from U0126- and DMSO-treated samples were assessed
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by flow cytometry (adapted from reference 22) to determine impact of ERK inhibition on viral attachment
(viral binding only) and viral internalization (binding and entry through 37°C incubation). Using the
vehicle control as a reference, sample events were gated to remove cellular debris using FlowJo software.
Percent protected fluorescence of averaged fluorescein isothiocyanate (FITC) readings from quenched
(trypan blue addition) and nonquenched samples, determined using the equation (quenched sample/
nonquenched sample) X 100, was calculated from three independent experiments.

Viral early/late promoter transfections. SVG-A cells were plated to ~60% confluence in 24-well
plates (Grenier Bio-One). Cells were pretreated for 4 h with medium containing either DMSO (1:1,000) or
U0126 (10 uM). Cells in medium without antibiotics were transfected with 1.8 ug of either JCPyV-Mad-1
early or JCPyV-Mad-1 late plasmid DNA containing a firefly luciferase reporter (generously provided by
the Atwood lab [Brown University]) in addition to 0.2 ng of a Renilla luciferase control plasmid pRL-TK
(Promega) using a 3:1 ratio (Fugene to DNA) and incubated at 37°C as previously described (43). At 4 h
posttransfection, transfection medium was removed and cells were fed with complete medium contain-
ing vehicle control DMSO (1:1,000) or U0126 (10 wM) and incubated at 37°C. At 48 h posttransfection,
cells were analyzed for viral promoter activity with a dual-luciferase reporter assay system (Promega) per
the manufacturer’s protocol. Firefly luciferase readings were normalized to the Renilla control (firefly —
Renilla = promoter activity), performed with triplicate samples from three independent experiments.

qPCR determination of TAg and VP1 transcript levels. SVG-A and HEK293A-5-HT,,R cells were
plated to ~70% confluence in 12-well plates (Greiner Bio-One). Cells were transfected with siRNAs
specific for ERK1/2 or EGF receptor control (Cell Signaling Technology) (7.5-pmol final concentration of
siRNA per well) using RNAiMax transfection reagent (Invitrogen) by mixing transfection complexes in
serum- and antibiotic-free MEM or DMEM (Corning) and incubating them at RT for 10 min. Complexes
were added to cells and incubated at 37°C for 48 h. Transfection efficiency was monitored using Block-iT
Alexa Fluor Red control oligonucleotide (Life Technologies). At 48 h posttransfection, growth medium
was removed and cells were washed with PBS, infected with JCPyV at an MOI of 1 FFU/cell in a volume
of 350 ul, and incubated at 37°C for 1 h. Cells were fed with complete MEM or DMEM and incubated at
37°C for 48 h. At 48 h postinfection, RNA was extracted from each sample with a SingleShot cell lysis kit
(Bio-Rad) per the manufacturer’s protocol. For each sample, collected RNA was converted to cDNA with
iScript Reverse-Transcription Supermix (Bio-Rad) using 1 ug of RNA per reaction. Analysis of viral gene
expression was performed via qPCR using TAg and glyceraldehyde-3-phosphate dehydrogenase
(GAPDH; housekeeping gene) primers as previously described (76) (IDT). Using Hard-Shell 96-well PCR
plates (Bio-Rad), each well was prepared with 150 nM concentrations of both forward and reverse
primers (GAPDH and TAg run individually for each sample), 100 ng of sample cDNA, 10 ul of iQ SYBR
green Supermix (Bio-Rad), and nuclease-free water to a total volume of 20 ul per well. The plate was
sealed with Microseal ‘B’ seal Seals (Bio-Rad) and centrifuged at 168 X g for 1 min. gPCR analysis was
performed on a Bio-Rad CFX96 real-time system, using Bio-Rad CFX Manager software 3.1. Analysis of
gene expression was performed with SYBR green within each sample per running conditions previously
described (76). Changes in viral gene expression of TAg were determined by qPCR using triplicate
samples from three independent experiments. Calculation of change in threshold cycle (AC;) for TAg was
determined using the following equation: (TAg C; — GAPDH C,). The difference in AC; for TAg between
ERK siRNA-treated samples and EGFR siRNA-treated samples (AAC,;) was calculated using the equation
ERK siRNA AC; — EGFR siRNA AC;. The average fold change of TAg expression between EGFR siRNA-
and ERK siRNA-treated cells was calculated using 2-24¢T of average TAg AAC; values.

Statistical analysis. Student’s t test (Microsoft Excel) was used to compare means for at least
triplicate samples. P values of <0.05 were considered statistically significant in our statistical analyses.
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