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BK Polyomavirus Requires the Mismatch Repair Pathway for
DNA Damage Response Activation
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ABSTRACT BK polyomavirus (PyV) infects the genitourinary tract of >90% of the adult
population. Immunosuppression increases the risk of viral reactivation, making BKPyV a
leading cause of graft failure in kidney transplant recipients. Polyomaviruses have a small
double-stranded DNA (dsDNA) genome that requires host replication machinery to
amplify the viral genome. Specifically, polyomaviruses promote S phase entry and delay S
phase exit by activating the DNA damage response (DDR) pathway via an uncharacter-
ized mechanism requiring viral replication. BKPyV infection elevates expression of MutSe,
a mismatch repair (MMR) pathway protein complex that senses and repairs DNA mis-
matches and can activate the DDR. Thus, we investigated the role of the MMR pathway
by silencing the MutSa component, Msh6, in BKPyV-infected primary cells. This resulted
in severe DNA damage that correlated with weak DNA damage response activation and
a failure to arrest the cell cycle to prevent mitotic entry during infection. Furthermore,
silencing Msh6 expression resulted in significantly fewer infectious viral particles due to
significantly lower levels of VP2, a minor capsid protein important for trafficking during
subsequent infections. Since viral assembly occurs in the nucleus, our findings are consist-
ent with a model in which entry into mitosis disrupts viral assembly due to nuclear enve-
lope breakdown, which disperses VP2 throughout the cell, reducing its availability for
encapsidation into viral particles. Thus, the MMR pathway may be required to activate
the ATR (ATM-Rad3-related) pathway during infection to maintain a favorable environ-
ment for both viral replication and assembly.

IMPORTANCE Since there are no therapeutics that target BKPyV reactivation in organ trans-

plant patients, it is currently treated by decreasing immunosuppression to allow the natural

immune system to fight the viral infection. Antivirals would significantly improve patient

outcomes since reducing immunosuppression carries the risk of graft failure. PyVs activate

the DDR, for which there are several promising inhibitors. However, a better understanding

of how PyVs activate the DDR and what role the DDR plays during infection is needed.

Here, we show that a component of the mismatch repair pathway is required for DDR acti-

vation during PyV infection. These findings show that the mismatch repair pathway is im-

portant for DDR activation during PyV infection and that inhibiting the DDR reduces viral

titers by generating less infectious virions that lack the minor capsid protein VP2, which is . _ )
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genes encode agnoprotein and three structural proteins (VP1, VP2, and VP3). The
BKPyV virion has an outer shell that consists of 72 pentamers of the major capsid pro-
tein, VP1, and an inner shell that is not solvent exposed, consisting of VP2 and VP3
monomers (2). The minor capsid proteins, VP2 and VP3, are translated from the same
transcript, but VP2 has an N-terminal extension (3). VP1 is required for viral entry
through endocytosis and microtubule transport to the endoplasmic reticulum (ER), at
which point the capsid is uncoated, and VP2 and VP3 are required for ER exit and nu-
clear import by the importin pathway where the genome remains episomal (4, 5). TAg
expression drives the cells into the S phase by sequestering retinoblastoma protein
(pRb), resulting in derepression of E2F-dependent transcription, which leads to the
expression of genes important for G,/S transition as well as DNA repair, among others
(6). BKPyV does not encode a polymerase for replication; thus, the virus depends on
cellular proteins for replication, such as replication protein A (RPA), DNA polymerase §
(Pol &), and topoisomerase I.

In primary kidney cells, BKPyV induces a prolonged S phase by inducing cell cycle
arrest wherein host and viral genomes are rereplicated. This cell cycle arrest is achieved
by activation of the DNA damage response (DDR) (7) via an unknown mechanism (8,
9). Replication of the viral genome is linked to activation of ATM (ataxia telangiectasia
mutated) and ATR (ATM-Rad3 related), which are DDR kinases that respond to dsDNA
breaks and single-stranded DNA lesions, respectively (7, 9-13). Studies of simian virus
40 (SV40), a related PyV, suggest that activation of the DDR is important for resolving
replication intermediates produced during amplification of the circular viral genome
(12). Another meaningful role for DDR activation in PyV infection is to promote cell
cycle arrest to prolong the S phase during BKPyV infection in primary kidney cells,
which allows more time for viral replication (7, 9).

A proteomics analysis found that the most significantly upregulated repair pathway
during BKPyV infection is the mismatch repair (MMR) pathway (14), which is a known
activator of the DDR. MMR is an excision repair DDR pathway that targets DNA mis-
matches, insertion-deletion loops, and certain nucleotide base modifications (15). Two
protein complexes, MutSa and MutS g, serve as the DNA damage sensors that initiate
this pathway. MutSa is an Msh2 and Msh6 heterodimeric complex that is primarily re-
sponsible for recognizing mismatched nucleotides, single base insertion or deletion
loops, and DNA adducts (16). MutSp is a heterodimer of Msh2 and Msh3 that recog-
nizes larger insertion-deletion loops (15-17). Importantly, MutSa can bind both base-
base mispairs and insertion-deletion mispairs, while MutSB can only bind insertion-de-
letion mispairs and double-strand breaks (18). Once a mismatch is identified by MutSa
or MutS B, they are converted into closed clamp-like conformation that can translocate
along the DNA. Then, they recruit the nicking endonuclease, MutLa complex, to initiate
removal of the error-containing DNA strand. The single-stranded terminus that is gen-
erated allows entry of exonuclease | (Exol) for strand excision (19). The resulting single-
stranded DNA lesion is repaired by DNA polymerase 6 and DNA ligase. Msh6 and
Msh2 expression is promoted by E2F transcription factors (20-22), which are dere-
pressed by TAg sequestration of pRB during PyV infection (23). However, the role that
the MMR pathway plays during BKPyV infection has not been studied.

This study used primary kidney cells to determine whether the MMR pathway was
required for productive BKPyV infection. In agreement with the proteomics data (14),
Western blot analysis showed that BKPyV infection elevated Msh6 expression dispro-
portionately to Msh2 and Msh3, suggesting that MutSa was the dominant MMR com-
plex upregulated by BKPyV. BKPyV virions produced in Mshé6-deficient cells were less
infectious and contained smaller amounts of the minor capsid protein VP2 despite hav-
ing no defect in packaging viral DNA, suggesting a role for viral assembly. Given that
the MMR pathway is a known activator of the DDR (15, 24, 25), we determined if Msh6
was required for robust ATR activation and cell cycle arrest during a BKPyV infection.
Mshé depletion resulted in increased mitotic entry, nuclear fragmentation, and meta-
phase shattering, which recapitulates the phenotype when the DDR is inhibited during
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FIG 1 BKPyV infection increases Msh6 levels. (A) Western blot analysis of Msh2, Msh6, Msh3 (MutSa and MutSB), and TAg
expression levels following BKPyV infection at an MOI of 0.5 focus-forming units (FFU)/cell of RPTE or RPTE TAg-transduced cells
at 3 days post-BKPyV infection (dpi). TAg and VP1 levels represent viral protein expression, and B-actin level was used as a
loading control. (B) Representative quantitative Western blot analysis of Msh6 and Msh2 at 1 dpi and 3 dpi of MOI of 0.5 FFU/cell.
TAg levels represent viral protein expression, and B-actin levels are used as a loading control. (C) Msh6 and Msh2 protein levels
normalized to B-actin levels from panel B and graphed relative to the mock-infected cells at day 1, which were set to 1. (D and
E) RPTE cells were infected (MOI = 0.2) with wild-type (WT) BKPyV or a pRb binding mutant (pRb™). (D) Portion of cells expressing
TAg and in S phase were determined by fluorescence microscopy at 3 dpi. (E) The impact of the pRb binding mutant on Msh6
and Msh2 expression was compared to mock- and WT BKPyV-infected RPTE cells by Western blot analysis (using B-actin as a
loading control) at 3 dpi for n = 3 biological replicates. (F) Western blot analysis of nuclear and cytoplasmic fractions from mock-
or BKPyV-infected RPTE cells 3 dpi. Western blots were probed for Msh6, Msh2, TAg, and p84 (nuclear markers), GAPDH
(cytoplasmic marker), and B-actin (loading control). Shown are representative of n = 3 biological repeats.

a BKPyV infection (7, 9). These findings suggest that Msh6 is necessary for DDR activa-
tion during a BKPyV infection and for production of infectious virions.

RESULTS

BKPyV infection upregulates MutSa expression. To study the role of the mis-
match repair pathway during BKPyV infection, we used primary human renal proximal
tubule epithelial (RPTE) cells, which are the predicted site of productive infection in
patients with reactivated BKPyV (26). Furthermore, primary RPTE cells have an intact
DNA damage response (DDR) and normal cell cycle regulation in contrast to trans-
formed or immortalized cells that often have mutations in these pathways (27). First,
the proteomic analysis (14) was confirmed by Western blot analysis, which showed
that MutSa (Msh6 and Msh2) protein expression was increased in BKPyV-infected cells
and in cells expressing TAg alone (Fig. 1A and B). Since Msh3 levels were not impacted
by either infection or TAg expression, nor were they significantly enriched in either a
proteomic analysis or a transcriptomic analysis of BKPyV infection (14, 23), this sug-
gests that MutSa is preferentially dysregulated during infection in contrast to MutS3
(Msh3 and Msh2). Msh6 protein levels were not affected at early time points (1 day
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FIG 2 MutSa is required for proper assembly of BKPyV particles, but not for viral replication. For all
analyses, Msh6 was knocked down with siRNA in RPTE cells 3 days prior to mock or BKPyV infection
(MOI = 0.5 FFU/cell). (A) Cell viability was monitored by cell titer glow at 0, 2, and 3 dpi. Box-and-
whisker plots for n = 3 biological repeats. Two-tailed Student's t test indicated no significant change
(P > 0.05). (B to E) Samples were collected from whole-cell lysates 2 dpi. (B) Msh6 was knocked
down using two independent siRNAs. Viral titers were determined by focus-forming assay. A box-
and-whisker plot is shown for n = 5 biological repeats. P values were determined using the Kruskal-
Wallis test. (C) Viral DNA levels were quantified by RT-qPCR of extrachromosomal DNA from cells
using BKPyV-specific primers. Viral DNA levels from infected siNTC and siMsh6 knocked-down cells
are shown relative to the no-siRNA viral DNA level set to 1 (not shown). SD is shown for n = 3
biological repeats. Unpaired Student's t test indicated no significant change (P = 0.62). (D) Southern
blot analysis was performed on equivalent amounts of total DNA isolated from cells to detect
BKPyV DNA. Southern blots were quantified by phosphorimager, and the fractions of total DNA in
the nicked, linear, and supercoiled form are shown. There was no evidence of concatenated viral
DNA species, which would have a higher molecular weight than the nicked DNA. Error bars indicate
SD for n = 3 biological repeats. Unpaired Student's t test indicated no significant change between
the siNTC and siMsh6 for any DNA species. (E) Western blot analyses for the indicated proteins were
performed on whole-cell lysates. Representative of n = 3 biological replicates is shown. (F) Box-and-
whisker plots are shown for the major and minor capsid proteins analyzed by Western blotting in
panel E. Significant differences were determined by Student's t test. (G to 1) Viral particles were
purified from siNTC and siMsh6 cells 2 dpi, and box-and-whisker plots are shown for n = 4
biological repeats; P values were determined using the Mann-Whitney test. (G) Viral particles were
purified from cellular lysates, and any unencapsidated DNA was degraded by DNase treatment.
Encapsidated viral genomes were extracted, and BKPyV DNA levels were measured by RT-qPCR. (H)
Viral titers from purified BKPyV particles were measured by focus-forming assay and normalized to
the amount of encapsidated genome content determined in panel G. (I) VP1, VP2, and VP3 protein
levels from purified viral particles were determined by Western blot analysis (representative of
n = 4). Box-and-whisker plots showing protein levels normalized to the no siRNA control and are
shown relative to the average siNTC set to 1.
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postinfection [dpil) and subsequently increased (14-fold) late in infection (3 dpi) (Fig.
1B). In contrast, Msh2 levels only increased 4-fold at 3 dpi (Fig. 1A to C). Our findings
demonstrated that TAg expression was sufficient to upregulate Msh6é protein levels.
Mshé is thought to be expressed dependent upon E2F activation (20-22). To test if E2F
activation was required for Msh6 upregulation in BKPyV-infected cells, we infected
RPTE cells with BKPyV that had mutations in the LxCxE domain of TAg (E109K and
D110K; pRb™) to ablate pRb binding (28). Infection with the pRb~ mutant failed to pro-
mote the S phase, consistent with the TAg pRb~ mutant being unable to inhibit pRb
and promote activation of the E2F S phase transcription factors. Importantly, the pRb~
mutant BKPyV did not induce Mshé upregulation (Fig. 1D and E) despite expressing a
similar amount of TAg.

Since Msh6 and Msh3 are only active when bound to Msh2, and Msh2 preferentially
forms a heterodimer with Msh6 (29, 30), this suggests that the increase in Msh6 and Msh2
protein levels represents active MutSa complexes. A recent small interfering RNA (siRNA)
screen for host factors that are important for BKPyV, using polyploidy as a measurement for
productive BKPyV infection, revealed that Mshé silencing, but not Msh2 or Msh3, signifi-
cantly decreased polyploidy (indicating decreased BKPyV infection) in RPTE cells (31).
However, this study did not confirm knockdown. Despite using multiple siRNAs, we have
been unable to achieve knockdown of Msh2. Since our findings and others suggest that
Msh6é was preferentially upregulated over Msh3 during BKPyV infection, we focused on
Mshé to specifically understand the role of the MutSa complex during infection.

Since MutSa translocates to the nucleus in response to genotoxic stress (32), we
determined if BKPyV infection induced nuclear translocation of MutS«a by performing a
nuclear fractionation followed by Western blot analysis for Msh2, Msh6, and TAg. Msh6
levels accumulated in the nucleus following BKPyV infection accompanied by a partial
shift in Msh2 into the nucleus (Fig. 1F). It is possible that Msh2 is retained in the cyto-
plasm due to binding with its alternative partner, Msh3. These data suggest that upon
BKPyV infection, MutS« is upregulated and becomes localized in the nucleus, which is
the site of viral replication.

MutSe is required for proper assembly of BKPyV particles but not for viral
replication. Msh6 binds to Msh2 to form MutSe, which is the predominant MMR complex.
Alternatively, Msh2 can bind with Msh3 to form MutSg (33). Msh6 and Msh3 are only active
when bound to Msh2, and, in their monomeric form, Msh2, Msh6, and Msh3 are rapidly
degraded (29, 30, 34-36). To assess the requirement of the MutSa complex for BKPyV, Msh6
was silenced in RPTE cells, cell viability was measured, and the titers of viral progeny titers
were determined (Fig. 2A and B). Silencing Mshé with either of two different siRNAs signifi-
cantly reduced the infectious titers relative to the nontargeting siRNA control without
impacting cell viability (Fig. 2A and B).

MutSe is an important cofactor for high-fidelity homologous recombination—a DNA
repair pathway whose proteins are important for repairing dsDNA breaks and protecting
stalled replication forks (37-39). Furthermore, homologous recombination is thought to be im-
portant for efficient PyV replication (12, 40). Since Msh6 was needed to produce high viral
titers, we determined the impact of Mshé6 silencing on viral genomes isolated from intact cells.
Msh6 knockdown had no effect on levels of intracellular viral genomes (Fig. 2C). Furthermore,
Southern blot analysis of encapsidated viral DNA revealed that Msh6 knockdown did not alter
the relative abundance of nicked, linear, or supercoiled viral DNA, nor was there evidence of
alternative viral chromatin species that might indicate aberrant viral DNA replication (Fig. 2D).
Because neither gross DNA levels nor viral DNA species were affected by Msh6 silencing, the
decrease in viral titers was not due to defective DNA replication.

To determine if progeny fitness could be attributed to the relative abundance of
the viral proteins, Msh6 was silenced, followed by Western blot analysis (Fig. 2E). As
mentioned above, Msh2, Msh3, and Msh6 must form either MutSa or MutS 8 or be rap-
idly degraded. Msh2 levels were decreased by Mshé6 silencing, which is consistent with
Msh6 being bound to Msh2 during infection to mediate their mutual stability by form-
ing MutS« (Fig. 2E). Residual Msh2 is likely protected from proteolysis due to binding
to either Msh3 or undetectable Mshé. The major capsid VP1 protein abundance was
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FIG 3 MutSe is required for host genomic stability and ATR activation during BKPyV infection. Msh6
was knocked down in RPTE cells 3 days prior to mock or BKPyV infection (MOl = 0.5 FFU/cell). (A)
Cells were fixed at 3 dpi, and an immunofluorescent micoscopy analysis (IFA) was performed to
detect TAg (red) and DNA (DAPI). Nuclear morphology was scored for 100 TAg-positive nuclei per
biological repeat. Scale bar, 20 um. Representative images are shown. (B) Quantification of nuclei
with fragmented morphology from panel A. (C) Metaphase spread analysis was performed, and 50
metaphase nuclei were scored per biological replicate. Error bars indicate SD for n = 3 biological
repeats. Two-tailed Student's t test was used to determine significance (¥, P < 0.05; ***, P < 0.001).
(D) Western blot analyses of lysates collected 2 dpi to measure ATR activation (pChk1-S317) TAg,
Msh6, and B-actin levels. Shown is representative of n = 4. (E) Cells were fixed at 3 dpi and stained
for mitotic index (pH 3, Ser10) and DNA content (FxCycle Violet) and analyzed by flow cytometry
(top). Mitotic cells are indicated in red (above the line). (F) Quantification of the percentage of cells in
mitosis for n = 3 biological repeats for the indicated conditions is shown. Fluorescence-activated cell
sorter (FACS) analyses are representative of n = 3 biological repeats. Error bars indicate SD for n = 3,
and P values were determined using a two-tailed Student's t test. (G to I) BKPyV-infected cells (0.5
FFU/cell) were treated with ATRi (5 uM VE-821) or DMSO (vehicle control) at 1 dpi and then samples
were harvested at 2 dpi for particle purification. (G) Equal volumes of purified particles were
subjected for quantitative Western blot analysis for the viral structural proteins VP1, VP2, and VP3.
The ratio of VP2 (H) or VP3 (I) to VP1 = SD was calculated and then normalized to the DMSO control
for n = 3 biological replicates.
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only subtly affected by Msh6 knockdown (Fig. 2E). While there was a decrease in TAg
levels with Mshé knockdown, this did not affect viral DNA levels, suggesting TAg is not
limiting. However, Msh6 silencing resulted in a more pronounced decrease in the levels
of the minor capsid proteins VP2 and VP3 (Fig. 2E and F), which are required for the as-
sembly of infectious progeny virions (4, 5).

Since Msh6 knockdown had no significant effect on viral DNA replication in RPTE cells,
yet the level of infectious virions and minor capsid proteins were decreased by Mshé6 silenc-
ing, we examined viral assembly by quantifying packaged viral DNA and viral proteins from
purified virions. Msh6 knockdown did not significantly impact the number of encapsidated
viral genomes isolated from equal volumes of purified viral particles (Fig. 2G). Further analy-
sis of the ratio of infectious virions per encapsidated genome revealed that Msh6 knock-
down decreased viral infectivity of these purified particles 6.8-fold compared to the nontar-
geting siRNA control (Fig. 2H). We cannot rule out that there were inactivating mutations
occurring during the amplification of viral DNA in the absence of MutS«; however, this is
unlikely since the error rate of DNA polymerase & is 1/10° nucleotides in the absence of
MMR activity, meaning that MutSa knockdown would result in less than 1T mutation per 100
viral genomes (41, 42). Therefore, it is more likely that the reduction in viral infectivity is due
to a defect in particle assembly rather than an increase in mutations in viral genomes.

Mature BKPyV virions have 72 pentamers of the VP1 that are solvent exposed, while VP2
and VP3 are monomers in the core. VP1 can form pseudovirions containing viral DNA in the
absence of VP2 and VP3; however, the nuclear localization sequences of VP2 and VP3 are
important for BKPyV trafficking from the endoplasmic reticulum to the nucleus (3, 4, 43, 44).
Therefore, we examined whether there were alterations in the relative protein composition
of the viral particle that could indicate viral assembly defects that would explain decreased
viral infectivity. Consistent with our finding that Mshé did not alter the number of encapsi-
dated viral genomes, the relative VP1 levels between Mshé knockdown and nontargeting
control siRNA (siNTC) conditions were not significantly altered (Fig. 2I). Since encapsidated
viral DNA and VP1 levels were not affected by Mshé silencing, this suggests that the total
number of virions produced during infection was not altered relative to the nontargeting
siRNA control. However, virion-associated VP2 levels were significantly reduced when Msh6
was silenced, although VP3 levels were unaffected (Fig. 2I). These findings indicate that
Msh6 knockdown may impair viral assembly by skewing the composition of the minor cap-
sid VP2 protein in the cell and thus within viral progeny. Because VP2 is required for efficient
particle transition from the ER to the nucleus to establish infection for PyVs (45), particles
formed in the absence of Msh6 may be defective in trafficking, which would explain the
apparent decrease in infectious particles.

MutSe is required for host genomic stability and ATR activation during BKPyV
infection. While investigating the impact of Msh6 on BKPyV infection, we observed a
significant population of BKPyV-infected cells with fragmented nuclei, which is a sign
of severe DNA damage (Fig. 3A and B). Previously, BKPyV infection was found to induce
nuclear fragmentation only when the DNA damage response governed by the ATR ki-
nases was inhibited (7, 9, 46). ATR inhibition during infection was also linked to meta-
phase shattering (an uncountable number of DNA breaks), which is indicative of cata-
strophic DNA damage occurring during mitosis (7, 9). We found that silencing Msh6
resulted in a significant increase in shattered metaphases when cells were infected
with BKPyV (Fig. 3C). Our previous work identified that the ATR pathway was required
during BKPyV infection in order to prevent DNA damage that occurs when S phase
cells enter mitosis prematurely (7). MutS« is known to interact with various DDR pro-
teins and pathways, including ATR, in response to DNA damage (37, 47, 48). Therefore,
we examined Msh6-silenced cells for evidence of defective ATR pathway activation
since the nuclear fragmentation and metaphase shattering were similar to ATR knock-
down or inhibition during a BKPyV infection.

BKPyV infection activates the ATR pathway (7-9), which can be evaluated by meas-
uring Chk1 phosphorylation at serine-317 (pChk1-S317), a downstream marker of ATR
activation (Fig. 3D, compare mock versus BKPyV). Notably, Chk1 phosphorylation (ATR
activation) was severely impaired when Msh6 was knocked down (Fig. 3D), suggesting
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that Mshé is required for BKPyV-driven ATR activation. Since the trigger for ATR activa-
tion by BKPyV is viral DNA replication (8), which was not affected by Msh6 knockdown,
this suggests that Msh6 may be downstream of DNA replication for DDR activation.

Since Msh6 was required to prevent host DNA damage and for robust ATR activa-
tion during BKPyV infection, which is important for preventing host DNA damage by
blocking mitosis, we determined whether MutS« is required for cell cycle arrest during
a BKPyV infection. BKPyV infection leads to an accumulation of cells with a =4N DNA
content compared to the uninfected control (Fig. 3E). This is due to viral induction of
the S phase coupled to G,/M arrest in a phenomenon called endoreduplication that
results in polyploidy (7). Msh6é silencing significantly increased mitotic entry (pH 3,
Ser10) (Fig. 3E and F) in BKPyV-infected cells, but not mock-infected cells, as expected
since the ATR pathway (pChk1) was not activated in the mock samples (Fig. 3D). Thus,
our findings suggest that Mshé is required for activation of the ATR pathway during
BKPyV infection, which, in turn, arrests the cell cycle at the G,/M checkpoint and pre-
vents DNA damage (7, 49).

Given that Msh6 was required for ATR activation and for proper assembly of infectious vi-
rions, we next sought to determine if ATR is required for BKPyV assembly. The ratio of the
minor capsid proteins, VP2 and VP3, compared to the major capsid protein, VP1, in purified
particles produced in cells treated with a potent ATR inhibitor revealed a significant
decrease in the level of VP2 but not VP3 relative to VP1 (Fig. 3G to I), which is similar to
what we observed when Mshé was silenced during infection (Fig. 3H). Given that our data
showed that Msh6 was required to activate the ATR pathway and both ATRi and Msh6
silencing decreased the abundance of VP2 in viral particles, our data suggest that Msh6 acti-
vation of the ATR pathway during BKPyV infection is required for viral assembly. Since PyVs
assemble in the nucleus (50) and both Msh6 and ATR were required to prevent mitosis,
which leads to disruption of the nuclear envelope, this suggests that mitotic entry disrupts
BKPyV particle assembly by disrupting the viral assembly compartment.

DISCUSSION

DDR activation is important during a BKPyV infection to prolong the S phase and prevent
massive host DNA damage via cell cycle arrest (7). In particular, activation of the ATR kinase by
the virus prevents unscheduled mitotic entry, while viral and host DNA is undergoing replica-
tion, termed premature mitosis, which can result in cellular DNA damage. Although DDR acti-
vation is critical for viral titers, the mechanisms that underlie DDR activation during BKPyV
infection are not understood. Since the MMR pathway recruits ATR to damaged DNA, which
leads to DDR activation in other contexts, we investigated whether the upregulation of Msh6
during a BKPyV infection was important for viral production and DDR activation. Here, we
showed that Msh6, a component of the MMR pathway, is important for robust ATR activation
during a BKPyV infection in primary kidney cells. BKPyV infection or TAg expression resulted in
an increase in Mshé protein levels, suggesting an increase in the MutSa complex. Msh6 was
also localized to the nucleus where MutS« is known to recruit ATR to sites of DNA damage.
Knockdown of Msh6 protein levels decreased ATR activation (Fig. 3D), which is required for
cell cycle arrest to prevent premature mitosis during a BKPyV infection (7). In fact, inhibiting
ATR or knockdown of Mshé resulted in increased mitosis and massive DNA damage (Fig. 3)
(7). Importantly, knocking down Mshé blunted ATR activation, suggesting that it lies upstream
of ATR activation. Silencing Msh6 revealed that MutSa was dispensable for viral genome
amplification but was required for high viral titers. Viral particles that were formed in the ab-
sence of Msh6 contained less VP2, the minor capsid protein, relative to VP1, the major capsid
protein. Although equal levels of viral DNA were encapsidated by particles assembled in Msh6
knockdown cells, their infectivity was decreased, demonstrating a defect in particle assembly
important for generating infectious virions. Similarly, the decrease in VP2 levels in viral particles
was also observed when the ATR kinase was inhibited during infection. Our findings are con-
sistent with a model in which MutSe is required for efficient ATR activation, leading to G,/M
arrest in BKPyV-infected primary RPTE cells (Fig. 4). Taken together with our previous finding
that ATR is necessary to prevent mitotic entry during BKPyV infection to prolong the S phase,
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FIG 4 Model for how Msh6 promotes G,/M arrest and maintains host genome stability during BKPyV
infection. Expression of TAg following BKPyV infection relieves repression of pRb, which induces a
burst of E2F transcription to initiate S phase entry whereupon host and viral replication occur. TAg
also upregulates MutSa (Msh6 and Msh2) through derepression of pRb. MutSa and viral replication
activate ATR to arrest the cell cycle at the G,/M checkpoint (solid arrows). Viral assembly occurs in
the nucleus. Here, we showed that MUTS« is upregulated by TAg and is required for cell cycle arrest
in order to prevent host DNA damage stemming from premature mitosis (dotted lines/arrows).
Without MUTSq, ATR activation, and cell cycle arrest, viral assembly is defective, resulting in virions
deficient in VP2 (dotted lines). Thus, G,/M arrest is necessary for production of infectious virions. Solid
lines and arrows represent the normal viral infection pathway, whereas the dotted lines emphasize
what happens when MUTS« is not upregulated during a BKPyV infection.

our data suggest that blocking mitosis is also important for maintaining the integrity of the
nucleus for virion assembly.

We observed that Mshé levels increased with either BKPyV infection or TAg expression
in RPTE cells, suggesting that Msh6 expression may be regulated by TAg. TAg is a viral pro-
tein that is expressed early in infection. While TAg has many functions, one of its main func-
tions is to inactivate pRb, the transcriptional repressor of S phase promoting transcription
factors (E2Fs). Indeed, the Msh6 promoter has predicted E2F binding sites, and it is known
to be activated by Sp1, which is upregulated by E2F at the G,/S transition (51-53). Msh6 pro-
tein levels are regulated by expression levels of the Sp1 activator relative to the Sp3
repressor; thus, an increase in abundance of the Sp1 transcription factor (52), which occurs
at the G,/S phase boundary, could explain the increased levels of Mshé that we and others
observed (14, 51). Indeed, infection with a pRb binding mutant BKPyV failed to upregulate
Msh6 (Fig. 1), indicating that its upregulation is dependent on E2F activation. It is notable
that while some MMR factors are upregulated upon growth stimulation, such as Msh2 and
Msh6, other transcripts are constitutively transcribed, such as Msh3 (54). In addition, SV40-
transformed cells had increased mRNA and protein levels of Msh6é and Msh2 compared to
untransformed cells (33). This agrees with our findings showing that BKPyV infection or TAg
expression increased Msh2 and Mshé6 levels but not Msh3 levels (Fig. 1). These findings sug-
gest that the major MMR complex during BKPyV infection is MutSc.

Our studies found that Msh6 levels increased to a greater extent than Msh2 (14-fold ver-
sus 4-fold, respectively). Msh6 and Msh2 are degraded through the ubiquitin-proteasome
pathway, but phosphorylation of MutS« by PKC{ interferes with ubiquitination and degra-
dation (34-36). In relation to our studies showing that Msh6 levels increased more than
Msh2, another study provides a possible explanation for this, as they found that the direct
phosphorylation of MutSa by PKC{ revealed that Msh6 is phosphorylated to a greater
extent than Msh2 (36). Given that small TAg expression activates PKCZ (55), it is possible
that Mshé is stabilized in BKPyV- or Tag-expressing cells. While understanding differences in
these protein levels is beyond the scope of our studies here, the increased expression and
stabilization of Msh6 and, to a lesser extent, Msh2, are consistent with what is known about
how the protein levels are regulated. Specifically, they are transcriptionally upregulated dur-
ing the cell cycle (14, 51), and their protein levels are stabilized by PKC{ (34-36), which is
known to be activated by small TAg (55). Nonetheless, important for our conclusions, knock-
down of Msh6 demonstrated an important role for Msh6é in DDR activation through ATR.
MutSa recognizes DNA damage and recruits ATR and ATR-interacting protein (ATRIP) to
regions of single-stranded DNA (ssDNA) bound to RPA, which leads to activation of the
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DNA damage response and cell cycle arrest (25). Thus, the DNA damage we observed with
Msh6 knockdown is likely due to a failure to robustly activate ATR to arrest the cell cycle
rather than a failure to repair DNA mismatches.

Virions formed in the absence of Msh6 or ATR activity were less infectious and had
decreased levels of the minor capsid protein VP2 relative to VP1. The nuclear localization sig-
nals of VP2 and VP3 are important for trafficking of the BKPyV genome from the ER to the
nucleus (4, 43), but little is known about the function of VP2 independent of VP3 for infec-
tion. VP2 is expressed at a lower level than VP3 during infection and contains a putative
myristylation site that is absent in VP3 and is required for infection of a related polyomavi-
rus, MCPyV, in many cell types (3, 5). Mutation of VP2 separate from VP3 results in decreased
infectivity of particles produced during infection (44). Thus, it is reasonable to assume that
the decrease of VP2 levels in particles produced in Mshé-deficient cells affects viral infectivity
at the trafficking step for subsequent infections.

It is still unclear how MutSa contributes to virion assembly. One possibility is that MutSa
prevents nuclear envelope disassembly by arresting the cell cycle through ATR activation,
which prevents mitosis (7). As we have previously shown, blocking mitosis by inhibiting
Cdk1 rescues BKPyV titers when ATR is inactivated (7). We noted that both VP2 and VP3
expression in cells was decreased, but only VP2 was dramatically deficient in viral particles.
As the nucleus is the major site of virion assembly (50), it is possible that nuclear breakdown
during mitosis may affect the assembly of viral particles by mislocalizing VP2. As VP2 is
expressed at lower levels than VP3, viral assembly may be more sensitive to a decrease in
VP2 levels locally when the nucleus breaks down, which redistributes nuclear proteins
throughout the cell. In addition, myristoylation of VP2, which is important for VP2 interac-
tions with membranes, may be more affected by breakdown of the membrane structures
during mitosis. Another possibility is that VP2 is targeted by an E3-ubiquitin ligase that is
activated during mitotic entry, such as APC/C®2°, which may explain why silencing Msh6
decreased cellular viral protein levels generally (Fig. 2F). More detailed studies of viral assem-
bly during PyV infection are required.

MATERIALS AND METHODS

Cell culture, viruses, infections, and transfections. Renal proximal tubule epithelial (RPTE) cells (Lonza)
were expanded for 2 passages, and freezer stocks were prepared in renal epithelial cell growth medium (REGM;
Lonza) with 10% dimethyl sulfoxide (DMSO) at 2 x 10° cells/mL (56). TAg-expressing RPTE cells were generated
as previously described (8). For experiments, RPTEs were maintained at 37°C in 5% CO,. Stocks of infectious
BKPyV were prepared from the pBR322-Dunlop genomic clone (ATCC 45025) or, for the Rb binding mutant,
from pBR322-Dunlop plasmid bearing the E109K and D110K mutations to disrupt the LxCxE domain. Four micro-
grams of the plasmids were digested with BamHI (Promega) and ligated with T4 ligase (Promega) followed by
phenol-chloroform extraction and ethanol precipitation. The purified viral genomes were transfected using
Lipofectamine 2000 (Thermo Fisher) into 5 x 10° RPTE cells that were 60% confluent for BKP“'°P or into TAg-
expressing RPTE cells for the Rb binding mutant to rescue viral replication. Cells were collected in media 21 days
later and subjected to 3 freeze-thaw cycles. The titer of virus was determined by focus-forming assay using
PAb416 (57). Subsequent viral stocks were prepared by inoculating 70% confluent Vero cells (ATCC) maintained
in Dulbecco’s modified eagle’s medium (DMEM) supplemented with 10% fetal bovine serum (FBS) (Altanta
Biologicals) at a muiltiplicity of infection (MOI) of 0.1 and harvested and their titer determined as described above.
For BKPyV infections, RPTE cells were chilled at 4°C for 15 min; then, BKPyV in REGM was added to cells at 4°C for
1 hour before replacing the media with REGM at 37°C, and cells were placed in 5% CO,. TAg-expressing lentivirus
was prepared, and transductions were performed as previously described (8).

siRNA knockdown. Msh6 siRNAs (Ambion; Silencer Select; catalog nos. s6286 and s6288) and nontarget-
ing siRNA (Silencer Select; negative control no. 1) were reverse transfected into RPTE cells adapted from refer-
ence 9. Briefly, 10 nM siRNAs were combined with 2.7 uL/mL Lipofectamine RNAiMax (Thermo Fisher) in
REGM, and then, 1.25 x 10° cells/mL RPTE cells were added to a plate to achieve 50% confluence. The optimal
Msh6 siRNA concentration was determined to be 10 nM, which yielded >90% knockdown efficiency (deter-
mined by Western blot analysis) with no effect on cell viability (Fig. S1 in the supplemental material).

BKPyV particle purification. Viral particles were purified using a modified procedure adapted from
reference 12. Briefly, 2 days postinfection (dpi), 1.6 x 107 RPTE cells in REGM were harvested by centrifu-
gation at 8,000 x g for 30 min at 4°C. The supernatant (S1) containing free virus was stored at 4°C, and
the pellet (P1) containing cell-associated virus was resuspended in 5 mL buffer A (10 mM HEPES, pH 7.9,
1 mM CaCl,, and 5 mM KCl) and incubated in a sonicating water bath for 5 min at 4°C. Then, it was
adjusted to pH 5.4 with 0.5 M HEPES (pH 5.0) and treated with 1 U/mL type V neuraminidase (Sigma) at
25°C for 2 h. Then, the lysate was adjusted to pH 7.4 with 0.5 M HEPES, pH 8.0, incubated at 42°C for
5 min, and centrifuged at 16,000 x g for 5 min at 4°C in a swinging bucket rotor. The resulting superna-
tant (S2) was combined with S1, and the remaining pellet (P2) was suspended in 1T mL buffer A with
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0.1% (wt/vol) sodium deoxycholate for 15 min at 25°C with occasional agitation. P2 was pelleted at
16,000 x g for 15 min at 4°C, and the final supernatant (S3) was combined with S1 and S2. The com-
bined supernatants were layered carefully over a 4-mL 20% sucrose cushion (in buffer A), and the viral
particles were pelleted at 50,000 x g for 3 h at 4°C in a SW 28 Ti rotor. The pellet containing the purified
virions was resuspended in 1T mL buffer A and stored at —80°C.

Total and particle DNA extraction. Intracellular viral DNA was isolated from 8 x 10° RPTE cells
infected with BKPyV by pelleting at 300 x g for 5 min and incubating overnight at 37°C in 500 uL of
0.4% sodium dodecyl sulfate, 0.2 mg/mL RNase A, 50 wg/mL proteinase K, and 100 mM Tris-HCl, pH 7.5
(12). Total DNA was phenol/chloroform/isoamyl alcohol (25:24:1) extracted 3x and precipitated with 2.5
volumes 100% ethanol and 0.3 M sodium acetate, pH 5.2. The DNA was resuspended in 50 uL TE buffer
(10 mM Tris, pH 8.0, T mM EDTA) and then digested using 40 units of EcoRV and Xmal (NEB) to selec-
tively digest cellular DNA and not the viral DNA. Encapsidated viral DNA was prepared from 50 uL of
purified BKPyV particles by adding 100 L 10x DNase buffer and 4 U RQ1 DNase | (Promega) for 1 h at
37°C. The reaction was stopped with 10 uL RQ1 Stop and incubated for 1 h at 37°C. Proteinase K buffer
(10 mM Tris-HCl pH 8.0, 10 mM EDTA, and 0.25% SDS), 0.2 wg/mL RNase A, and 50 nwg/mL proteinase K
(Roche) were added and incubated for 1 h at 37°C. The DNA was extracted and precipitated as above
and resuspended in 50 uL TE buffer. DNA was analyzed by Southern blot analysis using a radiolabeled
BKPyV fragment generated by digestion of pBR322-Dunlop with Pvull (3.2-kbp fragment) as described in
reference 58 and quantified using Storm 820 phosphorimager from Amersham Biosciences.

Western blot analysis and quantification. Cellular lysates were harvested in E1A lysis buffer (50 mM
HEPES, pH 7.0, 250 mM NaCl, and 0.1% NP-40) with protease inhibitors (5 ng/mL phenylmethylsulfonyl fluo-
ride [PMSF], 5 wg/mL aprotinin, 5 wg/mL leupeptin, 50 mM NaF, and 0.2 mM sodium orthovanadate) and fro-
zen at —20°C (22). Whole-cell lysates were pelleted at 13,000 x g for 10 min at 4°C. Protein concentrations
were determined by Bradford assay, and equal amounts of lysate (20 to 40 w.g) were loaded. For Western blot-
ting of purified viral particles, 50 uL was analyzed per lane. Proteins were separated by 8% or 10% SDS-PAGE
and transferred to Immobilon-FL polyvinylidene difluoride membrane (EMD Millipore) and blocked in 2% fat-
free dry milk in PBST (1 mM KH,PO,, 155 mM NacCl, 3 mM Na,HPO,-7H,0, and 0.1% Tween 20). The following
primary antibodies were diluted 1:1,000 unless otherwise specified: Msh6 (BD; catalog no. 610918; RRID
AB_398233), Msh2 (Cell Signaling; catalog no. 2017; RRID AB_2235387), Msh3 (Novus Biologicals; catalog no.
NBP2-19417), pChk1-S317 (Cell Signaling; catalog no. 2344; RRID AB_331488), Chk1 (Santa Cruz catalog no.
8408; RRID AB_627257), pATM-51981 (Abcam; catalog no. ab81282; RRID AB_1640207), ATM (Cell Signaling;
catalog no. 2873; RRID AB_2062659), 3-actin (1:2,000; Cell Signaling; catalog no. 4967; RRID AB_330288), T anti-
gen (1:3,000; pAb416), VP1 (1:5,000; pAb597), and VP2 and VP3 (1:5,000; recombinant rabbit antibody).
Quantitative Western blot analysis of B-actin, TAg, VP1, VP2, and VP3 was performed using IRDye 800-conju-
gated goat anti-mouse IgG (Li-Cor; catalog no. 926-32210; RRID AB_621842) or IRDye 680-conjugated goat
anti-rabbit 1gG (LiCor; catalog no. 926-68071; RRID AB_10956166) at 1:20,000 and quantified with Li-Cor
Odyssey. pATM-S1981, ATM, pChk1-5317, Chk1, Msh2, Msh6, and B-actin Western blotting was visualized by
horseradish peroxidase-conjugated donkey anti-rabbit IgG (GE; catalog no. NA934; RRID AB_772206) and
sheep anti-mouse IgG (GE; catalog no. NA931; RRID AB_772210) that were diluted 1:3,000 to 1:5,000 and visual-
ized by autoradiography.

Cell fractionation. Cellular fractionation was performed as previously described (14). Briefly, 8 x 10°
RPTE cells were scraped and lysed in hypotonic solution (20 mM HEPES, pH 7.0, 10 mM KCl, 2 mM MgCl,,
and 0.5% Nonidet P-40) by dounce homogenization for 30 strokes. Nuclei were pelleted at 1,500 x g for
5 min. The supernatant (cytoplasmic fraction) was placed at 4°C. The nuclei pellet was resuspended in
the hypotonic solution with 0.5 M NaCl for 30 min on ice. Antibodies against GAPDH (glyceraldehyde-3-
phosphate dehydrogenase; Abcam; catalog no. 9484; RRID AB_307274) and p84 (Genetex; catalog no.
GTX70220; RRID AB_372637) were used as markers for cytoplasmic and nuclear proteins, respectively.

Cell cycle analysis. Cells were harvested by trypsinization, pelleted, and resuspended in phosphate-
buffered saline (PBS; 1 mM KH,PO,, 155 mM NacCl, and 3 mM Na,HPO,-7H,0). RPTE cells were fixed in
4% paraformaldehyde (PFA) (Electron Microscopy Sciences) for 20 min, washed in 2% FBS in PBS, and
then permeabilized with 0.25% Triton X-100 in 2% FBS in PBS. Mitotic indexing was performed by stain-
ing for phosphohistone H3 (Ser10) (Cell Signaling; catalog no. 3458; RRID AB_10694086) and DNA stain-
ing with FxCycle Violet (Thermo Fisher) according to the manufacturer’s protocol. Samples were ana-
lyzed on an LSR-Il flow cytometer, and cell cycle status was measured using FlowJo software. To monitor
cells in the S phase, newly synthesized DNA was labeled with ethynyl-2’-deoxyuridine (EdU) for 3 h and
then conjugated by click chemistry to azide-Alexa Fluor 488 as previous described (14).

Immunofluorescence microscopy. Immunofluorescence staining was performed as described in
reference 9. Anti-Msh6 rabbit monoclonal antibody (Cell Signaling; catalog no. 3996; RRID AB_1904050)
or Msh2 rabbit polyclonal antibody (Cell Signaling; catalog no. 2017; RRID AB_2235387) and TAg anti-
body (pAb416; Abcam; catalog no. ab16879; RRID AB_302561) were used at 1:200 in PBS. Secondary
antibodies were Alexa Fluor 594-conjugated goat anti-mouse IgG (Invitrogen; catalog no. A11005; RRID
AB_2534073) or Alexa Fluor 488-conjugated goat anti-rabbit IgG (Invitrogen; catalog no. A11008; RRID
AB_143165) used at 1:250 in 5% goat serum in PBS. Coverslips were mounted in ProLong Gold antifade
reagent with DAPI (4',6-diamidino-2-phenylindole) (Thermo Fisher). To quantify nuclear fragmentation,
at least 100 nuclei were scored under each condition using an Olympus IX81 microscope with a Zeiss
Plan 40x/0.75 objective. For S phase quantification, the Keyence BZ-X810 all-in-one fluorescence micro-
scope using a Nikon Pan Fluor 10x/0.30 objective and the following Chroma filters: enhanced green flu-
orescent protein (EGFP) for EdU conjugated to Alexa Fluor 488 with an exposure time of 1/3.5 s, ET-DAPI
for FxCycle Violet with an exposure time of 1/6 s with black balance, and ET-Cy3/tetramethyl rhodamine
isocyanate (TRITC) for the goat anti-mouse secondary conjugated to DyLight 594 (Novus; catalog no.
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NBP1-75957) with an exposure time of 1/3 s. Ten random images per sample (three replicates using
RPTE cells from two donors, average of >8,000 cells per sample/replicate) were taken using the BZ-X800
Viewer software. Region of interest (ROI) data were extracted using ImageJ 1.53f51 (Fiji) and analyzed
using R version 4.1.2 on RStudio 2021.09.2+382.
Cell viability. Cell viability was measured using CellTiter-Glo (Promega) according to the manufac-
turer’s protocol and measured on a Cytation3 (BioTek) plate reader and analyzed with Gen5 software.
Technical triplicates were performed for 3 biological repeats.
Real-time quantitative PCR. DNA was quantified by real-time quantitative PCR (RT-qPCR) using
TAg-Forward (5'-AAGGAAAGGCTGGATTCTGA-3’) and TAg-Reverse (5'-TGTGATTGGGATTCAGTGCT-3’) or
mitochondrial 16S rRNA-Forward (5'-GAGGAACAGCTCTTTGGACA-3’) and mitochondrial 16S rRNA-
Reverse (5'-CAATTGGGTGTGAGGAGTTC-3') primers (59), which all had efficiencies of >80%. Absolute vi-
ral copy number was determined using a standard curve of pBR322-Dunlop plasmid and analyzed by
the threshold cycle (AACT) method against relative mitochondrial DNA levels to normalize for any
potential unequal cell input. RT-gPCR was performed in 25 ulL total volume with 12.5 uL SYBR green
PCR master mix (Applied Biosystems), 2.5 uL of DNA template diluted 1:500, and 300 nM each primer.
Amplification was performed and analyzed as described in reference 59 on a Bio-Rad C1000 thermocy-
cler with the following reaction conditions: 2 min at 50°C, 10 min at 95°C, and then 40 cycles of 15 s at
95°C and 30 s at 58°C.
Metaphase chromosome preparations. At 2 dpi, BKPyV-infected (MOI = 0.5 1U/cell) RPTE cells (9)
were treated with 50 ng/mL Colcemid (Thermo Fisher) for 1 h to arrest cells in metaphase. Cells were
trypsinized and incubated with 0.8% sodium citrate for 1 h and then fixed with Carnoy’s fixative (3:1
methanol/acetic acid). Cells were dropped onto slides and incubated at 55°C overnight prior to staining
with Giemsa (Sigma) to visualize chromatin. Metaphase chromosomes were visualized using Olympus
I1X81 microscope with a plan 40x/0.75 objective under x100 magnification. Greater than seventy-five
metaphases per condition per biological replicate were counted and classified as either normal or shat-
tered chromatin.
Inhibitor treatment. Fresh REGM was supplemented with 5 «M VE-821 (ATRi) (46). DMSO was added to
control and single knockdown (KD) wells at equal concentrations to offset any off-target effects of the vehicle.
All inhibitors were added to RPTE cells at 24 hpi, which is after TAg is expressed in the nucleus.
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