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Viral latency, in which a virus genome does not replicate independently of the host cell genome and produces no infectious
particles, is required for long-term virus persistence. There is no
known latency mechanism for chronic small DNA virus infections.
Merkel cell polyomavirus (MCV) causes an aggressive skin cancer
after prolonged infection and requires an active large T (LT) phosphoprotein helicase to replicate. We show that evolutionarily
conserved MCV LT phosphorylation sites are constitutively recognized by cellular Fbw7, βTrCP, and Skp2 Skp-F-box-cullin (SCF)
E3 ubiquitin ligases, which degrade and suppress steady-state LT
protein levels. Knockdown of each of these E3 ligases enhances LT
stability and promotes MCV genome replication. Mutations at two
of these phosphoreceptor sites [serine (S)220 and S239] in the full
viral genome increase LT levels and promote MCV virion production
and transmission, which can be neutralized with anti-capsid antibody. Virus activation is not mediated by viral gene transactivation,
given that these mutations do not increase late gene transcription in the absence of genome replication. Mechanistic target of
rapamycin inhibition by either nutrient starvation or use of an
active site inhibitor reduces Skp2 levels and stabilizes LT, leading
to enhanced MCV replication and transmission. MCV can sense
stresses in its intracellular environment, such as nutrient loss,
through SCF E3 ligase activities, and responds by initiating active
viral transmission. Protein-mediated viral latency through cellular
SCF E3 ligase targeting of viral replication proteins is a unique
form of latency that may promote chronic viral persistence for
some small DNA and RNA viruses.
Merkel cell polyomavirus
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ersistent viral infection is required for viruses to cause cancer
(1). During viral latency, the virus genome replicates only in
tandem with the host cell, and no infectious particles are produced
that might stimulate a host defense response. During escape from
latency, both retroviruses and herpesviruses rely on viral RNA
transcription to generate infectious virions. For retroviruses, integration of the DNA provirus into the host genome allows silent
persistence of the retroviral genome until cellular transactivators
initiate RNA transcription to replicate the virus (2). For herpesviruses, viral gene transcription is largely suppressed during latency,
and the viral plasmid (episome) uses host cell DNA replication
machinery to maintain stable viral copy numbers over time (3).
When herpesviruses switch to active replication, viral transactivators
induce the expression of viral structural and polymerase mRNAs to
initiate viral genome replication and capsid formation. This results
in virus amplification, encapsidation, and eventual death of the host
cell (“lytic replication”). No comparable latency programs for small
DNA viruses or for RNA viruses have been described.
Polyomaviruses are small DNA (∼5.3 kb) viruses that have an
early gene locus, encoding proteins involved in viral DNA replication, and a late gene locus, encoding structural capsid and accessory proteins. The polyomavirus early large T (LT) protein is
highly phosphorylated and specifically recognizes its own viral DNA
replication origin to form a double-hexameric helicase complex that
initiates genome replication (4). The viral origin found in the
noncoding control region (NCCR) also overlaps with bidirectional
promoters regulating early and late viral gene expression by LT
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binding. Expression of LT is known to be autoinhibited in two ways:
LT inhibits its own promoter in a negative feedback loop (5, 6), and
a virus-encoded miRNA transcribed during early viral gene expression inhibits LT mRNA expression (7–10).
Merkel cell polyomavirus (MCV) is a human polyomavirus that
causes ∼80% of human Merkel cell carcinomas (MCCs), which
are among the most severe skin cancers (11, 12). It was the first
human pathogen discovered through nondirected transcriptome
sequencing using an approach called digital transcriptome subtraction. MCV infection is nearly ubiquitous among human adults,
and MCC tumors arise as rare biological accidents after prolonged
infection in which the MCV genome becomes integrated into the
host cell genome and mutations to the 3′ MCV LT gene clonally
occur that eliminate the carboxyl terminus T antigen helicase domain (12–14). The viral integration and T antigen mutations that
occur in tumors are incompatible with transmissible MCV replication, and tumors represent a biological dead end for the virus.
Direct examination of the typical MCV replication lifecycle is
technically difficult, because wild-type virus is present in healthy
tissues at levels detectable only by PCR or rolling circle amplification (12, 15). Although production of a small amount of virus in
persistently infected individuals has not been ruled out, the absence of a viral cytopathic effect and the limited ability to detect
infectious virus in infected individuals suggest that MCV persistence largely reflects a true latent state. In support of this idea,
MCV infection persists throughout the lifespan, and yet even
under conditions of severe immune suppression, no disease syndrome has been described for actively replicating virus (16). In
addition, transfection of plasmid viral DNA in cell culture produces scant viral particles even though the viral genome is maintained (15, 17, 18). It has not been possible to achieve serial virion
transmission using a variety of cell lines, even when the MCV
miRNA locus is mutated (10). Low but detectable transmission to
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gase and promotes stabilization of the MCV LT protein (22). SCF
E3 ligases comprise a large family of multisubunit proteins that
bind specific phosphorylated peptide motifs (phosphodegron sites)
to initiate substrate degradation after serine/threonine kinasemediated phosphorylation (23).
Here we describe a unique mechanism for MCV viral latency
based on tonic SCF E3 ligase-mediated turnover of phosphorylated
LT protein. We identified highly conserved MCV LT phosphoprotein motifs that are recognized by SCF E3 ligases, including
Fbw7, Skp2 (S-phase kinase-associated protein 2), and βTrCP
(β-transducin repeat-containing protein). Cellular SCF E3 ligase
targeting of LT results in low steady-state levels of this protein in
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dermal fibroblasts has been reported using a protocol involving in
vitro purified virions inoculated onto cells that have undergone
serum starvation and later replenishment (19).
MCV gene expression and DNA replication have been investigated using origin replicon assays and by transfection of the
molecular viral clone DNA into cells (17, 20). These assays have
revealed that LT sequesters Vps39 (21), which also inhibits MCV
replication through an unknown mechanism (15, 17, 18). In contrast, MCV replication is enhanced by expression of the MCV
small T (sT) protein (17), an alternatively spliced form of the T
antigen locus that inhibits the cellular Skp-Cullin-F box (SCF)
RING Fbw7 (F-box and WD repeat domain-containing 7) E3 li-

Fig. 1. LT is degraded by SCF E3 ligase recruitment. (A) Schematic diagram of MCV LT antigen (817 aa) with predicted Fbw7, Skp2, and βTrCP recognition
phosphorylation sites. NetPhos 2.0 predicts 82 potential LT phosphorylation sites (59 Ser, 12 Thr, and 11 Tyr residues) exceeding a 0.5 threshold, including
15 minimal potential Fbw7/Skp2 (black circles) and βTrCP (white circles) recognition motifs. Nine of these are known phosphorylation sites (*) (27–29). (B) LT alanine
(A) substitution mutants at each of 15 potential Fbw7/Skp2 and βTrCP binding residues were generated and tested for stability by cycloheximide immunoblotting
and replication efficiency using an MCV replicon assay. Testing was done in triplicate, and average values are shown. (C) Dose-dependent degradation of LT with
increasing expression of Fbw7, βTrCP, and Skp2 SCF E3 ligases. LT was expressed in 293 cells with increasing plasmid amounts for each wild-type E3 ligase or its
corresponding ubiquitylation-defective mutant (SI Appendix, Fig. S2). LT and tubulin were determined on the same blots; SCF proteins were determined on
separate blots. (D) MCV LT interacts with each E3 ligase at specific phosphodegron sites. LT binding to each E3 ligase was assessed by immunoprecipitation. LT
binding to βTrCP was lost with the S147A mutant, binding to Fbw7 was lost with the S239A mutant, and binding to Skp2 was lost with the S220A mutant. (E) SCF
E3 ligase knockdown increases LT protein steady-state levels and replication of LT-dependent MCV origin replicon (mean ± SEM, n = 3).
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MCV-infected cells that are insufficient to initiate active viral replication. Mutation of these LT phosphodegron sites or knockdown
of the corresponding E3 ligases enhances LT stability and promotes
MCV origin replication. When mutations to two phosphodegron
sites are engineered into an infectious MCV molecular clone, virus
replication is activated, and the virus can be transmitted to uninfected cells. We show that inhibition of mechanistic target of
rapamycin (mTOR) kinase by nutrient starvation or ATP-site inhibitor treatment leads to Skp2 down-regulation (24, 25), increased
accumulation of LT protein, aand increased virus replication. Unlike large DNA viruses, MCV latency is based largely on protein
turnover of its major replication protein. These findings may have
clinical relevance, because mTOR inhibitors are used in organ
transplantation and could be expected to enhance LT oncoprotein
expression in transplant recipients with MCC.
Results
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SCF E3 Ligases Regulate MCV LT Steady-State Levels. MCV LT is an
817-aa protein with ∼82 potential phosphorylation sites (NetPhos 2.0), including multiple consensus F-box binding motifs that

might serve as phosphodegron recognition sequences (Fig. 1A).
To understand the role of ubiquitin ligase activity in MCV replication, we identified six consensus βTrCP (pSGXXpS) and nine
consensus Skp2 and Fbw7 (pS/pTPXX) recognition motifs (26).
Nine of these 15 residues have been identified as phosphorylation sites by mass spectrometry analysis (27–29).
Each of the 15 potentially phosphorylated residues was individually mutated to alanine (A), and LT protein half-life and LTdependent replicon replication was determined (20). LT turnover
was markedly reduced by alanine mutations at three residues
(S147, S220, and S239), and LT-dependent replication was increased over wild-type by mutations at S220 and S239 (Fig. 1B and
SI Appendix, Fig. S1). Alanine substitution at S147 abolished LTdependent replication despite increasing LT stability, suggesting
that phosphorylation at this site is essential to replication enzyme
activity. These three residues are conserved in all GenBankdeposited full-length MCV LT sequences.
Overexpression of each SCF E3 ligase (Fbw7, βTrCP, or Skp2,
but not their active site-deficient forms, Fbw7.ΔF, βTrCP.WD,
or Skp2.ΔDF) (SI Appendix, Fig. S2A) decreased LT steady-state

Fig. 2. SCF E3 ligase activity regulates MCV replication in 293 cells. (A) MCV genomes with SCF E3 ligase recognition site alanine substitution mutations at
Fbw7 (S239)- or Skp2 (S220)- binding sites, or a double mutation (S220A and S239A), have increased replication (qPCR; mean ± SEM, n = 3) compared with
wild-type (WT) or replication-defective (Rep−) genomes when transfected into 293 cells. Alanine substitution at the βTrCP-binding site (S147A) ablated virus
replication. (B and C) MCV protein expression (B) and LT origin binding (by ChIP qPCR) (C) after genome transfection into 293 cells. VP1 and sT protein
expression was detected only for viruses with Fbw7- or Skp2-binding site mutations. sT expression was prominent for the dual mutation virus MCV-HFLTS220A/S239A.
(D) MCV early and late gene transcription is replication-dependent. The MCV promoter region (nt 4928–195; GenBank accession no. EU375804) (20) was
cloned into a bidirectional dual firefly (early) and Renilla (late) luciferase reporter, and promoter activity was measured by luciferase activity during
cotransfection (0.2 μg) with wild-type or E3 ligase-binding mutant LT DNA plasmids (0.3 μg) into 293 cells. Relative luciferase activity was normalized to empty
vector control (mean ± SEM, n = 3). Early gene reporter transcription was weakly activated by LTS220A (by fivefold) or LTS239A (by 1.4-fold) compared with wildtype LT (LT.wt) when the replication-competent reporter (Rep+) was used. LTS147A repressed early transcription. When the replication-incompetent reporter
(Rep−) was used, all cotransfected LT proteins suppressed early gene transcription to 10–20% of empty vector control. Rep+ late gene expression was not
significantly increased by wild-type LT protein coexpression but was increased by twofold to threefold by LTS220A and LTS239A. This increase was abolished for
the replication-incompetent reporter, consistent with DNA template amplification being responsible for increased late gene expression.
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Effect of SCF E3-Binding Site Mutations on MCV Replication and
Transcription. To determine the role of these SCF E3 recognition
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sites in MCV replication, we examined a whole virus genome
clone (MCV-HF) (17). Individual alanine substitution mutations
at S147, S220, S239, and a double mutation (S220A/S239A) were
engineered into the MCV-HF genome and transfected into

293 cells. As shown in Fig. 2A, wild-type MCV-HF had a low level
of viral replication after 4 days, which was further reduced for both
the MCV-HFrep−, a virus with a point mutation in the viral replication origin that ablates replication (20), and the βTrCP-binding
site mutant virus MCV-HFLTS147A. The amount of viral DNA for
the two replication-deficient mutants likely represents residual
unreplicated DNA remaining from transfection. In contrast, introduction of mutations at either the Fbw7 (S239)- or the Skp2
(S220)-binding site activated MCV replication by 9- to 12-fold over
the wild-type virus. Immunoblotting findings were consistent with
these results, showing only low-level expression of LT for the wildtype MCV-HF, MCV-HFRep- and MCV-HFLTS147A viruses (Fig.
2B). In contrast, LT, VP1, and (for the MCV-HFLTS220A/S239A virus) sT proteins were readily detected for the viruses mutated at
Fbw7 and/or Skp2 recognition sites. Similarly, LT chromatin immunoprecipitation (ChIP) of the MCV origin was increased by
fivefold to sevenfold (Fig. 2C) by alanine substitutions at the Fbw7/
Skp2 recognition sites in LT, consistent with these mutations stabilizing LT and increasing its assembly on the origin.
To measure the SCF E3 ligase effects on viral transcription, we
generated a reporter containing the MCV NCCR in which the
Renilla luciferase gene was substituted for VP2 at the late gene
start site and the firefly luciferase gene was cloned in the opposite,
reverse-sense direction at the MCV T antigen early gene start site
(Fig. 2D). Because the MCV NCCR promoters (similar to those
of other polyomaviruses) overlap with the replication origin, a
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levels in a dose-dependent fashion (Fig. 1C) and increased LT
ubiquitylation (SI Appendix, Fig. S2B) when coexpressed with
exogenously-derived LT. Coimmunoprecipitation identified the
individual LT phosphorylation-recognition residues as S147 for
βTrCP, S239 for Fbw7, and S220 for Skp2 (Fig. 1D), and pretreatment with λ phosphatase prevented the binding of these SCF
E3 ligases to LT (SI Appendix, Fig. S2C). Bona fide phosphorylation of LT at these residues was also confirmed by generating a
synthetic gene, npLT330, encoding the first 330 amino acids of LT
but with all serine, threonine, and tyrosines substituted with alanine. Sole-site phosphorylation with revertant mutants of npLT330
at S147, S220, and S239 was confirmed by immunoprecipitation of
and immunoblotting with anti-phosphoserine antibody (SI Appendix, Fig. S2D). In contrast, knockdown of each SCF E3 ligase
(SI Appendix, Fig. S3) significantly increased steady-state LT
protein expression levels by twofold to ninefold in 293 cells and
increased MCV origin replication by threefold to sixfold (Fig. 1E).
Notably, βTrCP knockdown increased LT expression and origin
replication even though its phosphoserine-binding site (S147) is
required for replication (Fig. 1B).

Fig. 3. mTOR inhibition increases MCV virus replication through Skp2 down-regulation. (A) 293 cells treated with the mTOR active site inhibitor PP242 (10 μM
for 24 h) have down-regulated Skp2 mRNA levels compared with DMSO-treated control cells. Skp2 mRNA levels were standardized to GAPDH mRNA (RT qPCR,
mean ± SEM, n = 3). (B) Levels of Skp2 protein expression decreased, whereas MCV LT protein expression increased, during PP242 treatment as in A. mTOR
inhibition by serum starvation (24 h, 0.1% FCS) also increased LT and decreased Skp2 protein levels. This was reversed by serum replenishment (24 h, 10% FCS).
(C) Serum starvation (24 h, 0.1% FCS) activates replication of MCV molecular clone (Methods). Viral DNA was determined by qPCR for MCV-HF and MCV-HFRep−
and normalized to MCV-HF in 293 cells cultured with serum (mean ± SEM, n = 4). (D) mTOR inhibition by 10 μM PP242 stabilizes LT protein. LT stability was
determined by quantitative cycloheximide immunoblotting. The graph plots LT expression relative to noncycloheximide-treated samples at time 0. n = 3, with a
representative blot shown.
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Fig. 4. Inhibition of SCF E3 ligase targeting of LT causes a switch from latency to lytic MCV replication and permits virus transmission. (A) For transwell
transmission assays, the integrity of transwell 0.4-μ membranes was monitored by placing eGFP-expressing 293 cells in the upper donor wells and untransfected 293 cells in the bottom receiver wells. (Upper) No fluorescence was detected among bottom recipient cells. (Lower) Phase-contrast microscopy. (B and
C) Mutations to LT SCF E3 ligase recognition sites permit MCV encapsidation and transmission. Wild-type (MCV-HF), replication-deficient (MCV-HFRep−), or
MCV-HFLTS220A/S239A viruses were transfected into donor cells, and transmission to receiver cells was detected by LT (green) and capsid VP1 (red) immunofluorescence (n = 3, with representative result shown) (B) and by qPCR analysis (mean ± SEM, n = 3) (C). Virus DNA was determined per well. (D)
MCV-HFLTS220A/S239A replication in recipient cells induces apoptotic cell death. VP1+ virions (red) and LT (green) protein were detected in recipient cells. MCVHFLTS220A/S239A induced apoptotic nuclear fragmentation shown by DAPI (blue) staining at 24 h postinfection. (E) Transmissibility of MCV to cells in bottom of
transwells was significantly increased by mTOR inhibition (serum starvation and PP242 treatment) compared with DMSO vehicle control. (F) MCV neutralization assay. Donor cells (Upper) and receiver cells (Lower) were seeded into the upper transwell insert and lower six-well plate, respectively. Receiver target
cells were incubated for 24 h with VP1 antibody (CM9B2; 5 μg/mL), followed by collection for qPCR analysis. The relative infection rate was determined as the
fold change qPCR inverse ΔΔCt values for MCV-HF and MCV-HFLTS220A/239A in recipient cells (mean ± SEM, n = 4).

nonreplicating mutant origin was used to prevent amplified expression owing to reporter plasmid DNA replication. We used a
tumor-derived nonreplicating origin (MCV350) with a single point
mutation in one pentanucleotide sequence (20). The bidirectional
reporter was then cotransfected together with LT-expressing
plasmids, and simultaneous expression of early and late gene
was determined.
Increased early gene transcription for LTS220A compared with
wild-type LT expression occurred only with the replicationcompetent reporter (Fig. 2D). In contrast, LTS147A, which cannot
activate replication, was a strong repressor in this assay. ExamiE4044 | www.pnas.org/cgi/doi/10.1073/pnas.1703879114

nation of the replication-incompetent reporter identified the wildtype and SCF E3 ligase-binding mutant LTs as strong and equal
repressors of MCV early gene transcription to ∼20% of the empty
vector control. SCF E3 ligase-binding mutations increased late
gene expression for the replication-competent reporter, but there
was no significant increased late gene expression for any of the
mutant LT proteins using the replication-deficient reporter. These
data indicate that wild-type LT and SCF E3 ligase-binding mutants are early gene transcriptional repressors and do not promote
late gene transcription except through genome amplification from
DNA replication. These results were confirmed by qRT-PCR for
Kwun et al.

Viral Intracellular Sensing Based on Cellular SCF E3 Ligase Activity.

Skp2 is regulated by mTOR kinase (24, 25). mTOR inhibition, by
treatment with the mTOR active site inhibitor PP242 (30) or by
serum starvation (31, 32), reduces Skp2 expression and increases
LT protein expression (Fig. 3 A and B). With serum replenishment,
Skp2 levels rebound and LT levels decline (Fig. 3B). Whole-virus
MCV replication was similarly activated not only by SCF E3 ligase
phosphorylation site mutations in LT (Fig. 2B), but also by serum
starvation (Fig. 3C). This is consistent with the virus initiating
replication under conditions (e.g., serum starvation) that will activate an antiviral, proautophagic state in the cell (33). This effect
was related to protein stability, as seen in Fig. 3D, in which 293
cells expressing LT were treated with cycloheximide in the presence or absence of the specific mTOR inhibitor PP242. Furthermore, knockdown of both mTORC1 (raptor) and mTORC2
(rictor) increased steady-state LT protein levels (SI Appendix, Fig.
S5A), consistent with mTOR inhibition leading to loss of Skp2 and
increased stability of MCV LT.
We surveyed MCV LT steady-state level responses to eight
different kinase inhibitors. Treatment with the five PI-3K/Akt/
mTOR pathway small-molecule inhibitors that down-regulate
mTOR activity (LY294002, MK2206, Torin1, PP242, and rapamycin) significantly increased steady-state LT protein levels,
whereas treatment with other kinase inhibitors (MEK1/2, CDK1/2,
and GSK) did not (SI Appendix, Fig. S5B).
Effect of SCF E3 Ligase Activity on MCV Cell-to-Cell Transmission.

Discussion
This study reveals that MCV relies on SCF E3 ligases to maintain
latent persistence in cells as a nonreplicating viral plasmid. This is
a different mechanism from herpesvirus and retrovirus latency,
which rely on viral transactivator proteins to initiate lytic replication. The major MCV replication protein, LT, is continually
transcribed and translated, but is also rapidly degraded by constitutive SCF E3 ligase activities in most cell lines so that LT levels
do not surpass the threshold concentration required to assemble
the multimeric LT helicase complex on the viral origin (Fig. 5).
Furthermore, LT protein autoinhibits its own transcription,
establishing a negative feedback loop that further buffers against
LT accumulation to levels sufficient to activate viral genome
replication. Nonetheless, point mutations that prevent Fbw7 or
Skp2 recognition of LT allow the accumulation of LT protein,

Downloaded at UNIVERSITY OF PITTSBURGH HSLS on November 8, 2019

MICROBIOLOGY

Because serial transmission of MCV has not been achieved to
date, we assessed the role of SCF E3 ligase targeting of LT in virus
transmission using a transwell assay. MCV-HF–transfected 293
cells (donors; top wells) were cocultured with 293 cells (receivers;
bottom wells) separated by 0.4-μm membranes. No eGFP fluorescence was detected in the bottom wells after coincubation with
eGFP-expressing 293 cells in the top wells, confirming the integrity
of the membranes separating donor and recipient cells (Fig. 4A).
Neither wild-type MCV-HF nor MCV-HFrep− transfections into
donor cells resulted in significant levels of viral protein detection

by immunofluorescence in the bottom receiver cells, whereas both
LT and VP1 proteins were readily detected in bottom well cells
exposed to MCV-HFLTS220A/S239A virus (Fig. 4B, Right). Of note,
only the SCF-recognition mutant virus generated abundant MCV
VP1 protein, the self-assembling capsid protein required for virion
transmission. In addition, MCV-HFLTS220A/S239A-transfected donor cells generated a sevenfold increase in MCV DNA (7 fg) in
receiver well cells (Fig. 4C) compared with that detected with both
MCV-HF and MCV-HFrep− viruses (1 fg). Enhanced transmission
also was seen for the MCV-HFLTS220A/S239A virus compared with
wild-type MCV-HF when human foreskin dermal fibroblasts were
used as the recipient cell line (SI Appendix, Fig. S6), showing that
these results are not 293 cell-dependent.
The receiver cells infected by MCV-HFLTS220A/S239A that became
abundantly positive for capsid protein had DNA fragmentation and
annexin A1 positivity typical for an apoptotic cytopathic effect occurring during lytic viral replication (Fig. 4D and SI Appendix, Fig.
S7). The transmissibility of wild-type MCV was significantly increased when MCV-HF–transfected 293 cells were treated with
PP242 or were serum-starved (Fig. 4E), consistent with Skp2 suppression resulting in replication permissivity. MCV transmission
was neutralized by an anti-VP1 monoclonal antibody (Fig. 4F),
demonstrating that MCV transmission requires encapsidation, as
would be expected for a productive polyomavirus infection.

PNAS PLUS

wild-type LT mRNA in the context of whole viral transcription (SI
Appendix, Fig. S4).

Fig. 5. Model for MCV protein-mediated viral latency. MCV LT retains highly conserved phosphorylation sites recognized by cellular Fbw7, βTrCP, and Skp2
E3 ubiquitin ligases that cause degradation of LT, establishing viral latency. Cellular stresses, such as nutrient starvation, can reduce SCF E3 ligase activity,
allowing LT accumulation to levels that permit assembly of the replication complex on the viral origin, which initiates virus DNA synthesis, capsid protein
expression, and lytic replication. MCV sT protein, a replication accessory factor, enhances LT-dependent replication (17) by targeting SCF E3 ligases such as
Fbw7 (22).
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The kinetics of polyomavirus replication and transmission
(particularly for SV40) have been thoroughly examined, but the
mechanisms used by these viruses to persist in their host cells are
less well understood (4, 38–40). It is possible that replication
protein-mediated viral latency allows a quicker shift to lytic virus
replication in response to a changing cellular environment compared with a mechanism relying on replication protein transcription and translation. One unexpected finding of our study is that
MCV uses SCF E3 ligase signaling as a sensor of the intracellular
environment. mTOR inhibition generates an antiviral autophagic
response (41), and thus the initiation of replication when Skp2
levels decline may serve as a signal for the viral episome to initiate
virion replication to escape an unfavorable cellular environment.
Other persistent small genome viruses could be regulated by different sets of E3 ligases than those regulating MCV, given that
each virus needs to be highly attuned to its own cellular niche and
to maintain the capability for reactivated lytic replication.
This study also clarifies a role for MCV sT as an MCV replication protein (22). MCV sT is generated from alternative splicing
of the T antigen encoding gene to form an iron-sulfur protein with
an unclear function for the virus (20, 42). Similar to other polyomavirus sT proteins, MCV sT binds and inactivates some PP2A
isoforms (43); however, it is transforming in rodent cells (44) and
induces cell proliferation and tumorigenicity in transgenic mice
(45–47). Its transforming activity has been mapped to a domain
called the LT stabilization domain (LSD) that is separate from its
PP2A-binding motif, and the LSD promiscuously binds SCF and
anaphase-promoting complex E3 ligases (22, 48). MCV sT protein
inhibits MCV LT turnover, at least in part, by sequestering Fbw7
(22), which led us to search for Fbw7 phosphodegron motifs
encoded by LT protein. In tumors, in which MCV replication is
abrogated by integration and mutation, MCV sT serves as an
oncoprotein required for cell proliferation (49); however, in the
natural setting of the virus, it is likely to be a replication accessory
protein that promotes LT stabilization (22) and genome replication (17). The factors controlling alternative splicing to generate
LT or sT mRNAs remain unknown, but this reifies the importance
of LT stability in controlling MCV replication.

which can assemble on the origin to allow full genome MCV replication. We found no evidence indicating that LT protein specifically transactivates the transcription of late virion protein genes
(VP1, VP2), but instead observed increased expression of these
genes as the viral DNA genome was amplified by DNA replication.
The three phosphodegron residues that we identified are conserved in all MCV sequences examined to date. It may seem
counterintuitive for MCV to reduce its own replication efficiency
unless one considers latency to be a powerful mechanism in the
life cycle of viruses to maintain a more fit state for long-term
persistence and eventual transmission. Unlike the Skp2 (S220)and Fbw7 (S239)-binding sites, mutation to the βTrCP-binding
motif at S147 eliminates virus replication. Evidence that βTrCP
serves a similar function as Fbw7 and Skp2 comes from βTrCP
knockdown experiments using the wild-type replicon in which
replication is amplified. Thus, activated phosphorylation at S147 is
required for LT-initiated replication, and also serves as a marker
for βTrCP to initiate LT degradation. More extensive mapping of
these sites may refine the phosphodegron motifs; we surveyed only
SCF E3 ligases targeting 3 of the ∼82 phosphorylation sites on LT.
Furthermore, which kinases target these sites is unknown; it is
likely that other phosphorylation-SCF E3 ligase pairs that we have
not examined similarly regulate MCV replication.
This mechanism for viral latency might not be restricted to
MCV. Hepatitis C virus (HCV), a positively stranded RNA virus
that is also notoriously difficult to grow in the laboratory, has a
conserved Fbw7 recognition motif in its NS5B RNA polymerase,
and knockdown of Fbw7 amplifies replication of the JFH1 HCV
strain in tissue culture (34). Further study is needed to determine
whether replication protein-mediated viral latency is a common
feature of chronic RNA and DNA virus infections, or whether
HCV and MCV are unique in hijacking cellular kinase-E3 ligase
networks to regulate their own replication. Continuous viral protein
degradation could be expected to enhance immune peptide
presentation. It is unknown if MCV LT has features that inhibit
this process, as occurs with latent proteins from herpesviruses (35).
Our results have direct clinical importance, given that rapamycin
and related rapalogs are commonly used as immunosuppressants
and are widely assumed to have both antiviral and anticancer activities (36). For transplant recipients with MCV-positive MCC,
however, the use of mTOR inhibitors will increase LT oncoprotein
levels in tumors through Skp2 inhibition even though the virus is
defective and cannot replicate. In support of this idea, Clarke et al.
(37) reported a twofold greater risk of MCC in transplant recipients receiving mTOR inhibitor therapy compared with those on
other immunosuppressant therapies, suggesting that mTOR inhibition may promote MCC carcinogenesis beyond its immunosuppressant effects alone. If other viruses are regulated through
Skp2-mediated latency, then mTOR inhibition can be expected to
increase the activated replication for these infections.
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