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ABSTRACT During entry, polyomavirus (PyV) is endocytosed and sorts to the endo-
plasmic reticulum (ER), where it penetrates the ER membrane to reach the cytosol.
From the cytosol, the virus moves to the nucleus to cause infection. How PyV is
transported from the cytosol into the nucleus, a crucial infection step, is unclear. We
found that upon reaching the cytosol, the archetypal PyV simian virus 40 (SV40) re-
cruits the cytoplasmic dynein motor, which disassembles the viral particle. This reaction
enables the resulting disassembled virus to enter the nucleus to promote infection. Our
findings reveal how a cytosolic motor can be hijacked to impart conformational changes
to a viral particle, a process essential for successful infection.

IMPORTANCE How a nonenveloped virus successfully traffics from the cell surface
to the nucleus to cause infection remains enigmatic in many instances. In the case
of the nonenveloped PyV, the viral particle is sorted from the plasma membrane to
the ER and then the cytosol, from which it enters the nucleus to promote infection.
The molecular mechanism by which PyV reaches the nucleus from the cytosol is not
entirely clear. Here we demonstrate that the prototype PyV SV40 recruits dynein
upon reaching the cytosol. Importantly, this cellular motor disassembles the viral
particle during cytosol-to-nucleus transport to cause infection.

KEYWORDS disassembly, dynein, motor proteins, polyomavirus, virus-host
interaction

olyomaviruses (PyVs) are the causative agents for a myriad of debilitating human

diseases, especially in immunocompromised patients. Prominent human PyVs in-
clude BK virus, which causes hemorrhagic cystitis and nephropathy, JC virus, which
induces progressive multifocal leukoencephalopathy (PML), and the Merkel cell PyV,
which triggers Merkel cell carcinoma (1). Simian virus 40 (SV40) is the archetypal PyV,
possessing both structural and genetic similarities to human PyVs, as well as sharing the
same infection pathway with its human counterparts (1). Not surprisingly, studies on
SV40 entry have provided significant insights into the cellular basis of human PyV
infection.

Structurally, SV40 consists of 72 pentamers of the major structural protein VP1 that
encases its DNA genome, with each pentamer harboring an internal hydrophobic minor
protein, VP2 or VP3. When properly assembled, the viral particle has a diameter of
approximately 45 nm (2, 3). To infect cells, SV40 binds to the ganglioside GM1 receptor
on the plasma membrane, is endocytosed, and is targeted to the endolysosome (4, 5).
The virus then sorts to the endoplasmic reticulum (ER), where it penetrates the ER
membrane to access the cytosol (6-9). From the cytosol, SV40 mobilizes to the nucleus,
where transcription and replication of the viral genome lead to lytic infection or cellular
transformation (10). The molecular basis by which this virus reaches the nucleus from
the cytosol, a critical infection step, is not entirely clear.

Using an unbiased protein-protein interaction approach, we identified cytoplasmic
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TABLE 1 Cytosolic SV40-interacting dynein components

Protein Annotation Role

DYNC1H1 Cytoplasmic dynein 1 heavy chain 1 Promotes minus-end trafficking of cargoes

DCTN1/p150 Dynactin subunit 1 Recruits dynein to microtubules and cargo; regulates dynein motility

NDE1/nudE Nuclear distribution protein homolog 1 A dynein activator that helps Lis1 interact with p150

CCDC88A/GRDN Girdin A probable dynein activator

RANBP2/NUP358 E3 SUMO-protein ligase Interacts with the adaptor BICD2 and targets dynein/dynactin to the
nuclear pore complex

DYNC1I2 Cytoplasmic dynein 1 intermediate chain 2 A noncatalytic dynein component that binds to cargoes and adaptors

dynein (referred to below as dynein) as a binding partner of cytosol-localized SV40.
Ensuing biochemical, cell-based, and microscopy studies in the context of loss-of-
function conditions demonstrated that dynein promotes SV40 infection by disassem-
bling the viral particle in the cytosol, an event that likely enables its subsequent entry
into the nucleus. Our data reveal how a cellular motor can be exploited to induce
structural changes to a viral particle that are critical for productive infection.

RESULTS

Dynein is important for SV40 infection. To clarify how SV40 in the cytosol is
transported into the nucleus, we used an unbiased biochemical approach to identify
cellular factors that bind to cytosol-localized SV40. To this end, simian CV-1 fibroblasts
were infected with SV40, and a cytosolic extract containing cytosol-localized SV40 was
isolated using a detergent-based, semipermeabilized-membrane fractionation method
described previously (11, 12). SV40 was precipitated from this extract by using an
antibody directed against the viral VP1 protein, and the identities of SV40-interacting
partners were revealed via “shotgun” mass spectrometry analysis of the precipitated
material. As a negative control, a cytosolic extract derived from SV40-infected CV-1 cells
pretreated with brefeldin A (BFA), a drug that blocks the trafficking of SV40 from the
cell surface to the ER and hence the cytosol, was also prepared and was subjected to
the same precipitation procedure. Because this extract should not contain any SV40,
factors identified in this sample by mass spectrometry represent false-positive results.

Host proteins with at least three unique peptides that were at least 2-fold enriched
over levels in the BFA-treated sample were considered potential SV40-interacting
proteins (see the supplemental material). Included in this list are several cytosolic
proteins, such as Hsc70, Hsp105, and kinesin-1, that have been shown previously to
play important roles during SV40 infection (13-15). These observations demonstrated
that this approach can be used successfully to identify host components involved in
SV40 entry. Strikingly, the microtubule minus-end-directed cytosolic motor dynein and
its associated components were also identified (Table 1). Because a role of dynein
during SV40 entry has not been fully elucidated (16), we focused on this protein.

To evaluate the importance of dynein during SV40 infection, we asked if the dynein
inhibitor ciliobrevin D (cilioD) blocks virus infection. We investigated this question by
assessing the level of the virally encoded large T antigen (TAg), which is expressed only
upon arrival of the virus in the host nucleus. CilioD is a cell-permeant, reversible, and
specific blocker of the dynein AAA+ ATPase motor (17). By immunoblotting, we found
that when different concentrations of cilioD were added at infection (0 h postinfection
[hpi]) (the experimental setup is shown in Fig. 1A), 100 uM (and, to a lesser extent, 75
uM) cilioD blocked TAg expression, in contrast to expression in cells treated with the
control, dimethyl sulfoxide (DMSO) (0 uM cilioD) (Fig. 1B). This is similar to the effect of
the microtubule-disrupting agent nocodazole (Fig. 1B), as reported previously (18).
When we performed a time course experiment using an immunofluorescence approach
to score for TAg expression, we found that cilioD in fact maintained its ability to block
SV40 infection even if the inhibitor was added 10 to 12 hpi (Fig. 1C). At these time
points, a majority of SV40 has successfully trafficked from the plasma membrane to the
ER and penetrated across the ER membrane to reach the cytosol (7, 11). However, at
time points after 14 hpi, when the virus has entered the nucleus from the cytosol, cilioD
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FIG 1 Dynein is important for SV40 infection. (A) Experimental setup used for panels B to E. IF, immunofluorescence; IB,
immunoblotting. (B) CV-1 cells were infected with SV40 (MOI, ~1) at 0 hpi and were treated either with different
concentrations of cilioD or with 1 uM nocodazole (Noco). At 48 hpi, cells were lysed, and the resulting whole-cell extract
was immunoblotted with the indicated antibodies. (C) CV-1 cells infected with SV40 were treated with 100 uM cilioD at
different times postinfection. At 24 hpi, the extent of infection was analyzed by immunofluorescence microscopy by
scoring 100 cells for each experiment. Data were normalized to those for the DMSO control (shaded bar). Values are
averages of the means (n = 3) £ SD. ***, P < 0.001; ns, not significant. (D) BSC-1 cells were infected with SV40, and at 5
hpi, cells were treated with 100 uM cilioD. Values are averages of the means (n = 3) ® SD. ****, P < 0.0001. (E) CV-1 cells
were infected with BK virus, and at 5 hpi, cells were treated with 100 uM cilioD. Values are averages of the means (n =
3) = SD. ***, P < 0.001. (F) CV-1 cells expressing the indicated constructs were infected with SV40 (MOI, ~1) for 24 h, fixed,
and immunostained for TAg. Only GFP-expressing cells were scored for a TAg-positive signal by immunofluorescence
microscopy. Data are normalized to those for the GFP control (shaded bar). Values are averages of the means (n = 3) =
SD. **, P < 0.01. (G) The experiment was similar to that for panel F, except that CV-1 cells were transfected with
GFPp62Halo-3<FLAG \/alues are averages of the means (n = 3) = SD. ****, P < 0.0001.

no longer blocks infection (Fig. 1C). These results demonstrate that dynein executes an
important function during SV40 infection, likely at a post-cytosol arrival step but prior
to nuclear entry (see below). Dynein’s role during SV40 entry is not confined to CV-1
cells; cilioD markedly impaired virus infection of simian epithelial BSC-1 cells (Fig. 1D).
Additionally, this motor’s role is not selective for SV40; cilioD also impaired infection of
CV-1 cells by the related human BK virus (Fig. 1E).

To complement the chemical inhibitor approach, we used a dominant negative
overexpression strategy. In this case, overexpression of the N-terminal 237 amino acids
of dynein’s intermediate chain 2 (IC2) tagged with GFP (SFPIC2 N237) has been shown
previously to act in a dominant negative manner and disrupt the activity of dynein (19).
Indeed, relative to the expression of control GFP, SFPIC2 N237 overexpression markedly
blocked SV40 infection in CV-1 cells (Fig. 1F), further supporting the idea that dynein is
essential for SV40 infection.

In mammalian cells, processive dynein activity requires the formation of a three-
member protein complex comprising the dynein motor, the dynactin activator, and a
cargo adaptor (20-22). Because our mass spectrometry analysis suggested that dynac-
tin subunit 1 (p150) binds to cytosol-localized SV40, we asked if dynactin also played a
role in SV40 infection. Since overexpression of dynactin subunit 4 (p62) has been shown
previously to disrupt dynein activity (23, 24), we assessed if overexpression of a p62
construct (harboring N-terminally-tagged GFP and C-terminally-tagged Halo-3XFLAG
[GFPpG2Halo-3<FLAG]) affects SV40 infection. Compared to that with expression of the
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FIG 2 Dynein is not required for SV40-induced focus formation. (A) Representative images of CV-1 cells infected
with SV40 (MOI, ~20) that were treated with either the control (DMSO) or 100 um cilioD (at 5 hpi). After 16 h, cells
were fixed and were immunostained with the indicated antibodies. (B) Quantification of the results shown in panel
A. Cells harboring at least 1 BAP31-positive focus were scored as positive, and at least 100 cells were scored for each
experiment. The data are normalized to those for the DMSO control (shaded bar). Values are averages of the means
(n = 3) £ SD. (C) Quantification of focus formation in SV40-infected CV-1 cells expressing the indicated construct.
The data are normalized to those for the GFP control (shaded bar). Values are averages of the means (n = 3) = SD.

GFP control in CV-1 cells, GFPp62Halo-3<FLAG expression decreased the level of SV40
infection (Fig. 1G). This result indicates that in addition to the dynein motor, the action
of dynactin supports SV40 entry into the nucleus.

Dynein is not required for SV40-induced focus formation. We next probed the
requirement for dynein at specific SV40 entry steps. The time course analysis using
cilioD (Fig. 1C) suggested that dynein likely operates at a step after the virus has
reached the cytosol but before the entry of the viral particle into the nucleus. We
therefore directly tested whether events that prime SV40 for cytosol entry from the ER,
as well as arrival in the cytosol from the ER, are regulated by dynein. Upon arrival in the
ER from the cell surface, SV40 reorganizes selective ER membrane proteins, such as
BAP31, to specific sites, called foci, that act as cytosol entry sites for the virus (12, 25);
the foci also harbor membrane penetration-competent SV40 (i.e., VP1 with exposed
VP2 or VP3). The formation of SV40-induced foci thus reflects the ability of the virus to
generate ER-to-cytosol membrane penetration sites that prepare the virus for cytosol
entry. However, we found that cilioD treatment at 5 hpi did not affect SV40-induced
focus formation (Fig. 2A; quantified in Fig. 2B), nor did expression of the dominant
negative SFPIC2 N237 construct (quantified in Fig. 2C). These data suggest that dynein
does not affect the formation of ER-to-cytosol membrane penetration sites that enable
the successful arrival of the virus in the cytosol.

Dynein does not promote the arrival of SV40 from the ER in the cytosol. After
focus formation, SV40 is physically delivered to the cytosol from the ER. To determine
if the arrival of SV40 in the cytosol is controlled by dynein, we used a well-established
cell-based, semipermeabilized-membrane assay of ER-to-cytosol transport (11, 12). In
this assay, SV40-infected CV-1 cells that were either left untreated or treated with cilioD
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FIG 3 Dynein does not promote the arrival of SV40 from the ER in the cytosol. (A) CV-1 cells were infected with SV40 (MOI,
~5). Cells were either treated with the control (DMSO) or with 100 uM cilioD at the time of infection (0 hpi) or at 5 or 8
hpi. After 12 hpi, cells were harvested and were processed using the semipermeabilized-membrane cytosol arrival assay
(see Materials and Methods). Hsp90 and PDI serve as markers for the cytosol and membrane fractions, respectively. (B) The
membrane fraction (shown in panel A) was solubilized in a buffer containing 1% Triton X-100. After centrifugation, the
extracted supernatant material containing ER-localized SV40 was analyzed by immunoblotting with VP1 antibodies. (C)
Relative VP1 band intensities in the cytosol fraction (from panel A) and the ER-localized fraction (from panel B) were
quantified. Data are normalized to those for DMSO (control). Values are averages of the means (n = 3) = SD. (D) COS-7
cells expressing either GFPIC2 N237 or a GFP control were infected with SV40 (MOI, ~5), and samples were processed as
described for panel A. (E) The membrane fraction (from panel D) was processed as described for panel B.

(at different postinfection time points) were first harvested and then incubated with a
low concentration of digitonin to permeabilize the plasma membrane without dam-
aging internal membranes. The cells were then centrifuged to generate two fractions:
a supernatant fraction, which contains cytosolic proteins and virus that reaches the
cytosol (“cytosol” fraction), and a pellet fraction, which harbors membranes including
the ER, as well as virus associated with membranes (“membrane” fraction). The integrity
of the fractionation procedure can be monitored by the release of the cytosolic marker
Hsp90 to the cytosolic fraction and by the pelleting of the ER-resident protein disulfide
isomerase (PDI) with the membrane fraction (Fig. 3A).

Using this assay, we found that cilioD had no effect on the arrival of SV40 VP1 in the
cytosol, regardless of when this inhibitor was added relative to the time of infection
(Fig. 3A, top; VP1 band intensity is quantified in Fig. 3C). Thus, dynein does not regulate
the arrival of SV40 from the ER in the cytosol. We also took advantage of this assay and
used a biochemical protocol to extract ER-localized SV40 from the membrane fraction
(see Materials and Methods). Using this method, we found that cilioD did not affect the
level of ER-localized SV40 (Fig. 3B, bottom; quantified in Fig. 3C), confirming that dynein
does not affect the arrival of SV40 from the cell surface in the ER (Fig. 1C).

Expression of the GFPIC2 N237 construct, a condition that impaired SV40 infection
(Fig. 1F), did not affect the arrival of SV40 in the cytosol or the ER (Fig. 3D and E), in
agreement with the effects of cilioD. These findings further support the premise that
dynein does not regulate the transport of SV40 from the plasma membrane to the ER
or the cytosol but instead acts at a post-cytosol arrival step leading to successful
nuclear entry.

Dynein associates with cytosol-localized SV40. The observation that inhibition of
dynein blocked SV40 infection without impacting the arrival of the virus from the cell
surface in the ER or the cytosol suggests that dynein controls the transport of SV40
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FIG 4 Dynein associates with cytosol-localized SV40. (A) A whole-cell extract derived from COS-7 cells expressing IC25NAP-3>FLAG yyas
subjected to a pulldown assay using either control magnetic beads (mb) or benzylguanine-conjugated magnetic beads (mb-BG). The
precipitated material and the input were subjected to SDS-PAGE, followed by immunoblotting using the indicated antibodies. AP,
affinity purification. (B) The experimental setup was similar to that for panel A, except that DNA was extracted from the material pulled
down using either mb or mb-BG. The extracted material was subjected to PCR amplification of the SV40 genome (corresponding to
the TAg), and the product was analyzed by agarose gel electrophoresis. (C) CV-1 cells expressing ¢FPIC2 N237 were infected with SV40
(MOI, ~25) (lane marked “+"). After 16 hpi, cells were treated with the DSP cross-linker, and the cytosol-localized SV40 fraction was
isolated. From this fraction, SV40 was immunoprecipitated (IP) using an antibody against VP1. Bound proteins and the input were
analyzed by immunoblotting using the indicated antibodies. (D) COS-7 cells expressing IC25NAP-3>FLAG were treated with either DMSO
or 100 uM cilioD. At 16 hpi, the cells were harvested, and IC2 was affinity purified and was analyzed as described for panel A.

from the cytosol to the nucleus. In this scenario, we envision that dynein should bind
to SV40, a possibility raised by the mass spectrometry data (Table 1). To confirm this
interaction, a whole-cell extract derived from SV40-infected CV-1-derived COS-7 cells
expressing a full-length IC2 construct that contains SNAP and 3XFLAG tags at its C
terminus (IC25NAP-3x<FLAG) (26) was subjected to precipitation using either magnetic
beads that capture the SNAP tag (mb-BG) (27) or, as a negative control, magnetic beads
that do not (mb). COS-7 cells were used in this experiment because they support higher
transfection efficiency than CV-1 cells. We found that precipitation of IC25NAP-3><FLAG
pulled down VP1 and VP2, as well as dynein’s heavy chain (HC) and the cytosolic
chaperones Hsc70 and Hsp105, which have been shown previously to promote SV40
infection (Fig. 4A) (13, 15). Importantly, the SV40 genome was also found in the
precipitated material (Fig. 4B), indicating that the infectious form of the virus interacts
with dynein. Precipitation of cytosol-localized SV40 coprecipitated the dominant neg-
ative construct SFPIC2 N237 expressed in COS-7 cells (Fig. 4C, top). Moreover, cilioD did
not disrupt the SV40-dynein interaction (Fig. 4D), indicating that impairing the ATPase
activity of the dynein motor did not affect cargo binding. Together, these findings
demonstrate that upon reaching the cytosol from the ER, SV40 recruits the dynein
motor.

Dynein disassembles cytosol-localized SV40. We next investigated the functional
consequence of the SV40-dynein interaction. By discontinuous sucrose density sedi-
mentation, we demonstrated previously that SV40 is disassembled in the cytosol (11,
13), a reaction that likely enables the resulting disassembled virus to gain entry into the
nucleus (28-30). To test if dynein promotes the disassembly of SV40, we used three
approaches. First, cytosol-localized SV40 was layered over a discontinuous sucrose
gradient, and the sample was centrifuged. Large and intact viral particles sediment to
the bottom fractions, whereas smaller viral particles, representing disassembled virus,
remain on the top fractions. Using this method in the context of the experimental setup
depicted in Fig. 5A, we found that cytosol-localized SV40 derived from control cells
appeared throughout the gradient (Fig. 5B, top), with the virus in fractions 1 to 5
corresponding to disassembled virus and the virus in fractions 6 to 8 representing large
and intact SV40, in agreement with our previous analysis (11, 13). However, when
cytosol-localized SV40 derived from cilioD-treated cells was analyzed, the level of virus
in fractions 1 to 5 decreased (Fig. 5B). These results indicate that disrupting dynein
activity prevents SV40 disassembly.

As a second approach, cytosol-localized SV40 (from control DMSO-treated cells or
cilioD-treated cells) were layered on a 20% sucrose cushion, and after centrifugation,
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FIG 5 Dynein disassembles cytosol-localized SV40. (A) Depiction of the experimental setup used in panels B to F. (B) CV-1 cells were
infected with SV40, and at 5 hpi, cells were treated with DMSO or 100 uM cilioD. At 16 hpi, cells were harvested, and SV40 in the cytosolic
fraction was isolated. The cytosolic fraction was layered over a discontinuous 20%-to-40% sucrose gradient. After centrifugation, fractions
were collected and were analyzed for the presence of VP1 by immunoblotting. (C) The cytosolic fractions analyzed in panel B were layered
over a 20% sucrose cushion and were centrifuged, and the top and bottom fractions were collected. (D) The relative intensities of the VP1
bands shown in panel C were quantified. Values are averages of the means (n = 3) = SD. *, P < 0.05. (E) The cytosolic fractions analyzed
in panel B were treated with trypsin at the indicated concentrations. Samples were subjected to SDS-PAGE, followed by immunoblotting
with an antibody against VP1. (F) The relative intensities of the VP1 bands shown in panel E were quantified. Data were normalized to
those for DMSO (control). Values are averages of the means (n = 3) = SD; *, P < 0.05; **, P < 0.01. (G) Intact and SDS-treated SV40, and
the cytosol-localized SV40 shown in panel B, were incubated with increasing concentrations of DNase I. DNA was subjected to PCR
amplification and was analyzed by agarose gel electrophoresis. (H) CV-1 cells transfected with the SV40 genome were treated with DMSO
or 100 uM cilioD. At 24 hpi, cells were fixed and were immunostained for TAg. Values are averages of the means (n = 3) = SD; ns, not
significant.

the top and bottom fractions were collected and analyzed. In this assay, the virus in the
top fraction corresponds to disassembled virus, whereas that in the bottom fraction
represents large and intact virus. Again, we found that cilioD decreased the level of
SV40 in the top fraction (Fig. 5C; quantified in Fig. 5D), further supporting the hypoth-
esis that dynein disassembles SV40.

Using a third independent strategy, we assessed the structural state of the virus by
limited proteolysis. In this assay, a conformationally altered viral particle displays more
sensitivity to proteolytic digestion than an intact particle. When cytosol-localized SV40
was isolated from control DMSO-treated CV-1 cells according to the experimental
protocol depicted in Fig. 5A, and the virus was treated with increasing concentrations
of trypsin, VP1 was efficiently degraded (Fig. 5E; the VP1 intensity is quantified in Fig.
5F). In contrast, in cilioD-treated cells, the cytosol-localized virus displayed more
resistance to trypsin digestion than the virus in the control sample (Fig. 5E; the VP1
intensity is quantified in Fig. 5F). Thus, impairing dynein activity renders the virus
more structurally stable and therefore less accessible to the action of protease.
These findings are consistent with those of the sucrose density sedimentation
analyses, suggesting that dynein imparts conformational changes to SV40, leading
to virus disassembly.

One possible consequence of dynein-mediated SV40 disassembly is exposure of the
virus genome hidden in the native viral particle. To test this possibility, we asked if the
viral genome is sensitive to DNase digestion, and we used PCR-based gene amplifica-
tion to detect the presence or absence of the genome. As a control, we found that
purified SV40 was resistant to increasing concentrations of DNase treatment, whereas
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SV40 treated with SDS (to artificially induce virus disassembly) was highly sensitive to
digestion (Fig. 5G), as expected. When cytosol-localized SV40 was incubated with
DNase, it was highly sensitive to digestion (Fig. 5G, DMSO), indicating that the virus
genome is exposed in the cytosol. Importantly, when cytosol-localized SV40 was
isolated from cilioD-treated cells, the virus genome became less sensitive to DNase
digestion (Fig. 5G). These results suggest that dynein-mediated disassembly of SV40
plays a role in exposing the virus genome in the cytosol.

Our results suggest that using cilioD to inhibit the activity of dynein impairs SV40
disassembly. We posit that this step is essential in the delivery of a subviral particle
harboring the genome into the nucleus to enable large T antigen expression. To ensure
that cilioD is not affecting additional steps between SV40 disassembly in the cytosol
and T antigen expression in the nucleus, we transfected the SV40 DNA genome and
found that T antigen expression was unaffected by cilioD (Fig. 5H), indicating that
dynein-induced disassembly of SV40 is likely the step targeted by cilioD that limits the
delivery of the genome into the nucleus.

DISCUSSION

Like other nonenveloped viruses, PyVs undergo stepwise disassembly in order to
enter host cells and cause infection. This study demonstrates how a PyV exploits the
activity of a molecular motor to disassemble the viral particle, a step that is essential for
productive infection. Placing our findings in context, the archetype SV40 infects cells by
trafficking from the plasma membrane to the ER. In this compartment, protein disulfide
isomerase (PDI) family members trigger the first step of structural changes to SV40,
generating a hydrophobic viral particle that is integrated into the ER membrane (Fig. 6,
step 1) (6-9). Selective ER membrane proteins, including transmembrane J-proteins,
such as B14 (which recruits cytosolic chaperones, including Hsc70 and Hsp105), are
reorganized within the ER lipid bilayer at distinct sites called foci in a process that
depends on the molecular motor kinesin-1 (14, 25). At the foci, the cytosolic chaperones
extract the membrane-embedded SV40 from the ER and move it into the cytosol, a step
that is likely coupled to uncoating of the virus (Fig. 6, step 2) (13, 25). Importantly, our
analyses here revealed that upon reaching the cytosol, SV40 recruits dynein, whose
motor activity is hijacked to drive viral disassembly (Fig. 6, step 3). The final product of
this series of events is a disassembled virus that is now poised and competent to cross
the nuclear pore complex (NPC) and enter the nucleus.

How might the dynein-mediated viral disassembly reaction be important for nuclear
entry? One possibility is that this reaction generates a disassembled viral particle
containing a partially exposed genome that can more easily fit through the NPC (31).
In fact, previous studies have suggested that SV40 gains nuclear entry via the NPC (28,
30). Alternatively, dynein-mediated disassembly may expose the nuclear localization
signals (NLS) present in VP2 and VP3 (32, 33), which have been shown to target the
virus to the NPC (34, 35). Obviously, these two possibilities do not have to be mutually
exclusive.

After dynein-dependent disassembly, the resulting disassembled SV40 particle must
be transported to the NPC in order to reach the nucleus. It is conceivable that dynein
also carries out this transport function. Whether viral disassembly occurs first in the
cytosol, followed by subsequent transport of the disassembled virus to the NPC, or
whether SV40 is first targeted to the NPC, where viral disassembly ensues, remains
unknown. In this regard, it is noteworthy that during the entry of nonenveloped
adenovirus into the nucleus, the virus is transported by dynein to the NPC, where it is
disassembled via the action of the kinesin-1 motor (36).

An important question raised by our study is how dynein disassembles SV40. We
envision three scenarios. First, multiple dynein motors may simultaneously bind to one
single viral particle, with some motors moving with a greater velocity than others (37).
Hence, although different dynein motors move toward the same negative end of the
microtubule, the difference in velocity between them generates a “drag and tug” on the
viral particle, which causes it to disassemble. Second, a kinesin motor might interact
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SV40 ER lumen

Nucleus

FIG 6 Dynein binds to and disassembles cytosol-localized SV40. To infect cells, SV40 traffics in a
retrograde manner from the cell surface to reach the ER. Here, PDI family members induce conforma-
tional changes to SV40, creating a hydrophobic viral particle that inserts itself into the ER membrane
(step 1). Specific ER membrane proteins, including transmembrane J-proteins such as B14 (which recruits
cytosolic chaperones, including Hsc70 and Hsp105), are reorganized within the lipid bilayer of the ER at
distinct sites called foci in a kinesin-1-dependent manner. At the foci, the cytosolic chaperones Hsc70 and
Hsp105 extract the membrane-integrated SV40 from the ER and move it into the cytosol in a reaction
that is likely linked to the uncoating of the virus (step 2). In this study, we found that when SV40 reaches
the cytosol, it recruits the dynein motor to drive the disassembly of the virus (step 3). These concerted
reactions generate a disassembled virus that can be transported across the NPC, entering the nucleus to
cause infection.

with the same viral particle as the dynein motor. Because kinesin is a plus-end-directed
microtubule motor that typically carries cargoes in the direction opposite that of
dynein, the opposing force generated in this situation would cause viral disassembly.
Third, it is possible that cytosol-localized SV40 is physically anchored to an unidentified
cellular component, and the unidirectional pulling of the virus by dynein would create
a mechanical stress that would disassemble the viral particle. Further experiments are
clearly required to clarify these possibilities.

Our mass spectrometry data (Table 1) pinpointed subunits of the dynein motor
(heavy and intermediate chains) and a dynactin subunit as SV40-interacting proteins.
This list also identified two dynein activators (nudE and girdin) and a binding partner
of the dynein adaptor BICD2, called RanBP2, as potential interacting partners of
cytosol-localized SV40. Because these components regulate dynein’s activity in cells
(38), they might also mediate the interaction and disassembly of SV40 during entry. On
the other hand, they may play a different role during SV40 entry, possibly in transport-
ing the virus to the NPC. A systematic approach is required to delineate the precise role
of these factors, if any, during SV40 infection.

Finally, our results demonstrated that the use of dynein during SV40 infection
extends to other PyV family members, because impairing dynein function similarly
disrupted human BK virus infection. This is in contrast to the suggestion in a previous
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TABLE 2 Antibodies used in this study

Antibody“ Dilution® Source (product no.)

SV40 large TAg, mouse monoclonal 1:500; 1:100 (IF) Santa Cruz (sc147)

Hsp90, rabbit polyclonal 1:3,000 Santa Cruz (sc7947)

BAP31, rat monoclonal 1:500 (IF) Pierce (MA3-002)

VP1, mouse monoclonal 1:2,000; 1:500 (IF) Walter Scott, University of
Miami

VP2/3, rabbit polyclonal 1:2,000; 1:5,00 (IF)  Abcam (ab53983)

PDI, mouse monoclonal 1:10,000 Abcam (ab2792)

GFP, mouse monoclonal 1:10,000 Proteintech (66002-1-1G)

Hsp105, rabbit polyclonal 1:2,500 Santa Cruz (sc6241)

Hsc70, rabbit polyclonal 1:2,500 Pierce (PA5-27337)

BK virus large TAg, mouse monoclonal 1:100 Millipore (PAb416)

Dynein 1C1/2, mouse monoclonal 1:5,000 Santa Cruz (sc13524)

Dynein HC, mouse monoclonal 1:500 Santa Cruz (sc514579)

Rabbit 1gG, goat (HRP) 1:3,000 Sigma (A4914)

Mouse IgG, goat (HRP) 1:3,000 Sigma (A4416)

Rat IgG, goat (HRP) 1:3,000 Sigma (A5795)

Rat 1gG, donkey polyclonal (Alexa Fluor 594) 1:1,000 Invitrogen (A21209)

Mouse IgG, goat polyclonal (Alexa Fluor 350)  1:250 Invitrogen (A11045)

Rabbit 1gG, goat polyclonal (Alexa Fluor 488) 1:1,000 Invitrogen (A11008)

aGiven as targeted protein, antibody type (label).
°IF, immunofluorescence.

report that dynein does not play a significant role in BK virus entry (39). The reason for
this discrepancy is not clear, but it could be due to the different dynein inhibitor or cell
type used. In agreement with our study, dynein was shown to be important during cell
entry of the murine PyV (40), although it is not known whether this motor acts to
disassemble the virus. Beyond the PyV family, other viruses, including human immu-
nodeficiency virus type 1 (41, 42), influenza A virus (43), rhinoviruses (44), herpes
simplex virus (45), and murine leukemia virus (46), exploit dynein’s function to support
some aspect of their entry processes. Thus, our study further underscores the concept
that exploiting cellular motors is a common strategy used by viruses during infection.

MATERIALS AND METHODS

Cell lines and reagents. CV-1, COS-7, and BSC-1 cells were purchased from the ATCC. Cells were
grown in complete Dulbecco’s modified Eagle medium (cDMEM, comprising 10% fetal bovine serum, 10
U/ml penicillin, and 10 ng/ml streptomycin [Gibco, Grand Island, NY]). Opti-MEM and 0.25% trypsin-EDTA
were purchased from Gibco. The generation of the GFPIC2 N237 plasmid is described in reference 19, and
the source of [C25NAP-3XFLAG gnd GFPpE2HALO-3XFLAG s Michael Cianfrocco (University of Michigan).

Chemicals and antibodies. Nocodazole, Triton X-100, dithiothreitol (DTT), and phenylmethanesul-
fonyl fluoride (PMSF) were purchased from Sigma; SNAP capture magnetic beads, from New England
BioLabs (Ipswich, MA); protein G-conjugated magnetic beads and dithiobis(succinimidyl propionate)
(DSP), from Thermo Fisher (Rockford, IL); ciliobrevin D and digitonin, from EMD Millipore (San Diego, CA).
The antibodies used in this study are listed in Table 2.

Preparation of SV40. SV40 was purified as described previously (11). Briefly, CV-1 cells were
transfected with pUCSV40 encoding the SV40 genome (GenBank accession no. J02400.1), a gift from
Hiroshi Handa, Tokyo Medical University. Cells were harvested and were lysed in a buffer containing 50
mM HEPES (pH 7.5), 150 mM NaCl, and 0.5% Brij 58 for 30 min on ice, and the supernatant was collected
after centrifugation at 20,000 X g for 10 min. A discontinuous 20% and 40% OptiPrep gradient (60%
stock solution of iodixanol in water; Sigma) was prepared, and the supernatant was placed on top of the
gradient. Tubes were centrifuged at 49,500 rpm for 2 h at 4°C in an SW55 Ti rotor (Beckman Coulter,
Indianapolis, IN). A white interface that formed between 20% and 40% OptiPrep was collected, and
aliquots were stored at —80°C for future use. Purified BK virus and an antibody against BK virus large TAg
(pAB416) were generous gifts from Michael Imperiale (University of Michigan).

Immunopurification and identification of cytosolic SV40 binding partners. Near-confluent CV-1
cells were infected with SV40 (multiplicity of infection [MOI], ~25) for 16 h. Cells treated at 0 hpi with
5 pg/ul BFA were used as a negative control. Postinfection, cells were harvested with cold phosphate-
buffered saline (PBS; Gibco) and were centrifuged at 500 X g for 5 min. Washed cells were incubated
with freshly prepared DSP at 2 mM for 30 min at room temperature with intermittent shaking. This
membrane-permeant, amine-reactive, and thiol-cleavable cross-linker was used to stabilize transient or
weak protein-protein interactions. Excess cross-linker was quenched with 200 mM Tris (pH 7.5). Cells were
then permeabilized with 0.05% digitonin in HNP buffer (50 mM HEPES [pH 7.5], 150 mM NaCl, and T mM
PMSF) at 4°C for 15 min. The cell lysate was clarified by centrifugation at 16,100 X g for 10 min at 4°C.
The resulting supernatant was incubated with anti-VP1 for 3 h at 4°C in an end-to-end rotor. Samples
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were incubated with protein G-conjugated magnetic beads for 2 h at 4°C. Beads were washed three
times with HNP buffer, and samples were boiled for 10 min at 95°C before being subjected to SDS-PAGE
and silver staining (Invitrogen). For mass spectrometry analysis, the entire lane representing all proteins
was excised from the silver-stained gel and was analyzed by “shotgun” mass spectrometry at the Taplin
Biological Mass Spectrometry Facility (Harvard Medical School). Host proteins with at least 3 unique
peptides and 2-fold enriched compared to the BFA-treated sample were considered potential SV40-
interacting proteins (see the supplemental material).

DNA transfection. For transfection in CV-1 cells, 50% confluent cells in 6-well-plate dishes (diameter,
6 cm or 15 cm) were transfected with plasmid using the FUGENE HD (Promega, Madison, WI) transfection
reagent at a ratio of 1:4, wt/vol (plasmid to transfection reagent). Cells were allowed to express the
protein for at least 24 h before experimentation. For COS-7 cells, polyethylenimine (PEl; Polysciences,
Warrington, PA) was used as the transfection reagent.

Immunofluorescence microscopy. CV-1 cells grown on sterile coverslips were infected with SV40 at
an MOI of ~1 (for TAg expression studies) or ~20 (for focus formation studies) for 24 h or 16 h,
respectively. Infected cells were fixed with 1% formaldehyde for 15 min at room temperature, followed
by permeabilization with 0.2% Triton X-100 in PBS for 5 min. Cells were then blocked with blocking buffer
containing 5% milk in TBST (Tris-buffered saline with 0.02% Tween 20) for 15 min. Immunostaining was
performed with a primary antibody diluted in a blocking buffer for 1 h at room temperature, followed
by five washes with the blocking buffer. Cells were incubated with a fluorescent-dye-conjugated
secondary antibody for 30 min at room temperature. Cells were subsequently washed three times with
blocking buffer, PBS, and water before air drying and mounting on glass slides (Fisher) using ProLong
gold (Invitrogen) with or without 4’,6-diamidino-2-phenylindole (DAPI; Molecular Probes, Eugene, OR).
Slides were allowed to dry in the dark at room temperature for at least 12 h before imaging. Images were
taken using an inverted epifluorescence microscope (Nikon Eclipse TE2000-E; Nikon, Melville, NY)
equipped with 10X, 40X, 60X, and 100X objectives (numerical aperture [NA], 1.40) and standard DAPI
(blue), fluorescein isothiocyanate (FITC) (green), and tetramethyl rhodamine isocyanate (TRITC) (red) filter
cubes. Images were processed using Image)J software, version 1.48i (NIH). At least 100 cells were scored
for each experiment.

Semipermeabilized-membrane cytosol arrival assay. The semipermeabilized-membrane cytosol
arrival assay was performed as described previously (11, 12) with minor modifications. Briefly, CV-1 cells
were prechilled at 4°C for 20 min before infecting with SV40 (MOI, ~5) for 2 h at 4°C. Cells were washed
and incubated at 37°C. After 5 hpi, cells were treated with cilioD or the DMSO control. Postinfection, cells
were permeabilized in HNP buffer (50 mM HEPES [pH 7.5], 150 mM NacCl, and 1 mM PMSF) containing
0.05% digitonin at 4°C for 10 min. The sample was centrifuged at 16,100 X g for 10 min at 4°C, and the
supernatant (cytosol) and pellet (membrane) fractions were collected. ER-localized SV40 was isolated by
further treatment of the pellet fraction with HNP buffer containing 1% Triton X-100 for 10 min at 4°C,
followed by centrifugation at 16,100 X g for 10 min at 4°C. The resulting supernatant fraction was
analyzed by reducing SDS-PAGE.

Binding assays. Cells expressing the transfected proteins were harvested, and the cell pellets were
washed three times with cold PBS. Cells were then lysed with 0.05% digitonin in an HNP buffer at 4°C
for 15 min. The cell lysate was clarified by centrifugation at 16,100 X g for 10 min at 4°C. The resulting
supernatant was incubated with an antibody against SV40 VP1 overnight at 4°C in an end-to-end rotor.
Samples were incubated with protein G-conjugated magnetic beads for 2 h at 4°C. Beads were washed
three times with an HNP buffer, and samples were eluted with 1X SDS sample buffer containing 1.25%
B-mercaptoethanol (Sigma) and were boiled for 10 min at 95°C before being subjected to SDS-PAGE and
immunoblotting. For the purification of SNAP-tagged protein, washed cells were incubated with freshly
prepared DSP at 2 mM for 30 min at room temperature with intermittent shaking. Excess cross-linker was
quenched with 200 mM Tris (pH 7.5). Cells were lysed with 1% Triton X-100 in an HNP buffer containing
1 mM DTT. The lysis supernatant was incubated with prewashed benzylguanine (BG)-conjugated
magnetic beads (mb) for an hour at 37°C. Beads were washed three times with 0.1% Triton X-100 in a
buffer containing the reducing agent TSEP [Tris(2-carboxyethyl)phosphine]. Samples were eluted and
processed as described above before being subjected to SDS-PAGE and immunoblotting.

Disassembly assay. Cytosolic fractions were isolated as described above, layered on top of a
discontinuous 40%, 30%, and 20% sucrose gradient, and subjected to centrifugation at 50,000 rpm for
30 min at 4°C. From the top, 25-ul fractions were sequentially collected and subjected to SDS-PAGE and
immunoblotting. For the sucrose cushion assay, samples were layered over a 20% sucrose solution and
were centrifuged, and two fractions corresponding to the top and bottom layers were subjected to
SDS-PAGE and immunoblotting.

Protease and DNase sensitivity assays. Protease sensitivity assays were performed by treating
cytosolic fractions with different concentrations of trypsin (Sigma) at 4°C for 30 min before subjecting the
fractions to SDS-PAGE and immunoblotting. For DNase sensitivity assays, the virus was incubated with
various concentrations of DNase | (Roche, Switzerland) for 30 min at room temperature. DNA was then
isolated and was amplified using PCR with primers to the SV40 genome (Fwd, 5'-GCAGTAGCAATCAAC
CCACA-3’; Rev, 5'-CTGACTTTGGAGGCTTCTGG-3').

Statistical analysis. Data presented in figures are averages of the mean values from at least three
independent experiments (n = 3), and error bars represent standard deviations (SD). Data were plotted
using GraphPad Prism software, version 5.0b. A two-tailed Student t test was performed where indicated
to compare experimental data sets to the control. Values marked with asterisks (*, P < 0.05; **, P < 0.01;
***, P < 0.001; ****, P < 0.0001) were considered to be significant.
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