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Background. Human polyomaviruses can reactivate in transplant patients, causing nephropathy, progressive multifocal 
leukoencephalopathy, Merkel cell carcinoma, pruritic, rash or trichodysplasia spinulosa. Sirolimus and related mechanistic target of 
rapamycin (mTOR) inhibitors are transplant immunosuppressants. It is unknown if they directly reactivate polyomavirus replication 
from latency beyond their general effects on immunosuppression.

Methods. In vitro expression and turnover of large T (LT) proteins from BK virus, JC virus (JCV), Merkel cell polyomavirus 
(MCV), human polyomavirus 7 (HPyV7), and trichodysplasia spinulosa polyomavirus (TSV) after drug treatment were determined 
by immunoblotting, proximity ligation, replicon DNA replication, and whole virus immunofluorescence assays.

Results. mTOR inhibition increased LT protein expression for all 5 pathogenic polyomaviruses tested. This correlated with LT 
stabilization, decrease in the S-phase kinase-associated protein 2 (Skp2) E3 ligase targeting these LT proteins for degradation, and 
increase in virus replication for JCV, MCV, TSV, and HPyV7. Treatment with sirolimus, but not the calcineurin inhibitor tacrolimus, 
at levels routinely achieved in patients, resulted in a dose-dependent increase in viral DNA replication for BKV, MCV, and HPyV7.

Conclusions. mTOR inhibitors, at therapeutic levels, directly activate polyomavirus replication through a Skp2-dependent 
mechanism, revealing a proteostatic latency mechanism common to polyomaviruses. Modifying existing drug regimens for trans-
plant patients with polyomavirus-associated diseases may reduce symptomatic polyomavirus replication while maintaining allograft-
sparing immunosuppression.

Keywords.  human polyomavirus; large T antigen; latency; Skp2; mTOR inhibition; sirolimus; tacrolimus; MCPyV; BKV;  
proteostasis.

There are at least 11 human polyomaviruses (HPyVs), 5 of which 
cause established diseases, especially among immunosuppressed 
transplant recipients. HPyVs are small, double-stranded circular 
DNA viruses [1]. Each of these viruses is near-ubiquitous with 
most HPyVs infecting > 50% of adults as lifelong infections [2, 3]. 
Little is known about the mechanism for how these viruses remain 
latent in their hosts and reactivate from latency.

The 5 pathogenic HPyVs (BK virus [BKV], JC virus [JCV], 
Merkel cell polyomavirus [MCV], trichodysplasia spinulosa 

polyomavirus [TSV], and human polyomavirus 7 [HPyV7]) 
cause disease through uncontrolled replication [4, 5]. BKV, 
JCV, HPyV7, and TSV infections are associated with kidney 
nephropathy, progressive multifocal encephalopathy, hyper-
keratosis, and trichodysplasia spinulosa, respectively, in trans-
plant recipients [6]. MCV, causing about approximately 80% 
of Merkel cell carcinomas, leads to cancer if the virus genome 
fragments and integrates into the host cell during virus replica-
tion [7, 8]. Immune surveillance plays a key role in controlling 
polyomavirus burden since polyomaviral replication is mark-
edly increased in immunosuppressed transplant patients prior 
to onset of clinical disease [9–11]. Immune surveillance control 
is also evident for people with multiple sclerosis treated with 
the immunomodulator natalizumab, who become uniquely at 
risk for progressive multifocal leukoencephalopathy due to JCV 
replication [12].

It is not known whether drug therapies enhance polyomavirus 
replication beyond general effects on immunosuppression. Both 
mechanistic target of rapamycin (mTOR) and calcineurin inhibi-
tors are widely used as immunosuppressants following organ 
transplantation [13, 14]. Therapeutic serum levels for long-
term graft survival for sirolimus (rapamycin) and tacrolimus 
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(FK506) range from 5 to 10 ng/mL (4.4–22 nM) and 5 to 20 ng/
mL (6–24  nM), respectively [15, 16]. Merkel cell carcinoma 
risk increases 1.9-fold among transplant patients on mTOR in-
hibitors whereas this risk is significantly reduced for those on 
tacrolimus therapies [17]. In contrast, risk for BK nephritis has 
not been associated with mTOR inhibitor therapy [18].

Little was known until recently about how polyomaviruses 
evade immune responses to become lifelong, latent infections. 
Viral latency is an immune evasion strategy allowing long-term 
persistence with reduced viral antigen expression that might 
provoke sterilizing immunity. For herpesviruses and retro-
viruses, viral latency depends on repression of transcriptional 
activators that control messenger RNA transcription needed to 
generate proteins required for viral replication.

MCV latency relies on a different strategy. Like all 
polyomaviruses, MCV has a single DNA replication protein called 
large T antigen (LT) [19]. Accumulation of LT in the infected cell 
results in LT helicase multimerization on the viral DNA origin to 
initiate replication. The LT protein, however, also encodes spe-
cific phospho-peptide motifs recognized by cellular Skp-Cullin- 
Fbox (SCF) E3 ligases that continuously degrade LT, reducing its 
accumulation to levels below that required for functional assembly 
on the viral DNA [20]. Since polyomavirus reactivation is regu-
lated by protein levels rather than RNA transcription, we refer to 
this as protein-mediated or proteostatic latency. Typically, MCV 
defaults to an immune evasive latency program after infecting host 
cells, which may contribute to its lifelong, low-level, persistent in-
fection. If, however, specific cellular SCF pathways are turned off, 
as occurs during nutrient deprivation or inflammation, MCV LT 
protein levels will rise so that virus replication is initiated, allowing 
escape to a new host. In addition to LT proteostasis, MCV encodes 
microRNAs that feedback to inhibit LT expression [21, 22] and LT 
protein itself is a potent autorepressor of its own promoter [20]. 
These strategies reveal that this virus has evolved multiple, tightly 
controlled mechanisms to suppress LT protein expression until 
needed for activated virus replication and transmission.

Several cellular SCF E3 ligases recognition motifs on MCV 
LT, including for Skp2 (S-phase kinase-associated protein 2), 
Fbw7 (F-box/WD repeat-containing protein 7), and β-TrCP 
(β-transducin repeat-containing protein), have been mapped to 
MCV LT phosphorylation sites [20]. Notably, phosphoinositol-
3-kinase (PI3K) Akt-mTOR inhibitors promote MCV rep-
lication by inhibiting the Skp2 E3 ligase, which targets 
phospho-serine 220 on the MCV LT molecule [20]. It is not 
known if other HPyVs are affected similarly.

Our study shows that mTOR inhibitors increase expression 
of LT proteins for all of the pathogenic human polyomaviruses 
(BKV, JCV, MCV, HPyV7, and TSV). Sirolimus (rapamycin), a 
representative mTOR inhibitor used in posttransplantation re-
gimens, was highly activated in a dose-dependent fashion at 
therapeutic levels for increasing BKV, MCV, and HPyV7 DNA 
replication, whereas tacrolimus (FK506), a calcineurin inhibitor, 

was not. This correlated to loss of Skp2, which interacts with all 
5 HPyV LT proteins. All polyomaviruses examined except BKV 
showed significant increased virus production during mTOR 
but not calcineurin inhibition, providing evidence for a new 
mechanism for polyomaviral latency based on viral replication 
protein proteostasis.

MATERIALS AND METHODS

Cell Culture

The 293 cells (ATCC CRL-1573) were maintained in Dulbecco’s 
modified Eagle’s medium (Cellgro, number 10–013) supple-
mented with 10% fetal bovine serum (Seradigm). Transfections 
were performed using Lipofectamine 2000 (Life Technologies) 
following the manufacturer’s instruction.

Plasmid Construction

The MCV LT codon-optimized expression construct used in this 
study was described elsewhere [19, 20]. Complementary DNA 
(cDNA) for HPyV7 and TSV LT were generated by reverse tran-
scriptase following RNA extraction of genomic LT-transfected 
293 cells. cDNAs were reamplified with primers T7 and BGH re-
verse and ligated into pCR2.1/TOPO. JCV LT cDNA was obtained 
by amplifying and annealing exons 1 and 2 with primers JC-F/ 
HPyV2 exon1_over and JC-R/ HPyV2 exon2_over. BKV cDNA 
was synthesized and cloned in pUC57 by GenScript. cDNAs were 
then subcloned in pcDNA6.delSV40ori using EcoRV, SalI/SacII, 
EcoRV, and EcoRV/SacII sites, for BKV, JCV, HPyV7, and TSV, 
respectively. pcDNA6.delSV40ori was obtained by deleting the 
SV40 ori sequence from pcDNA6 (Life Technologies) by site-
directed mutagenesis (Quikchange Lightning, Agilent number 
210515) with primers delSV40ori-F and delSV40ori-R. All DNA 
constructs used in this study were sequence-confirmed. MCV 
ori is described elsewhere [23]. The complete noncoding con-
trol region (NCCR) of BKV (nt 1–387; GenBank: V01108.1), 
and HPyV7 (nt 1–385; GenBank: HM011566.1) were ampli-
fied and cloned into pCR2.1 (Life Technologies) within EcoRV/
XhoI sites using BKV.NCCR.EcoRV-F, BKV.NCCR.XhoI-R, 
HPyV7.NCCR.EcoRV-F, and HPyV7.NCCR.XhoI-R. Primer 
sequences used for amplification and plasmid list are found in 
Supplementary Tables 1 and 2.

Chemical Treatment

The following drugs were used in this study: PP242 
(Selleckchem; S2218), sirolimus (Selleckchem; S1039), 
torin 1 (MilliporeSigma; 475991), cycloheximide (CHX) 
(MilliporeSigma; 239763), tacrolimus (FK506; MilliporeSigma, 
F4679). Treatment with different compounds was carried out 
for 18 hours unless stated otherwise in the figure legends.

Immunoblotting

For immunoblotting, cells were lysed in buffer (1% so-
dium dodecyl sulfate [SDS], 10  mM Tris pH 8.0, and 1  mM 
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ethylenediaminetetraacetic acid) containing protease inhibi-
tors (MilliporeSigma; number 5892953001). Primary anti-
bodies were incubated overnight at 4°C. Antibodies to LT 
(CM2B4 [19], PAb416 [kind gift of Ed Harlow], Xt7 [kind 
gift of Dr Chris Buck]), α-tubulin (12G10, DSHB), Akt (pan; 
C67E7, Cell Signaling), Phospho-Akt (Ser473) (number 9271, 
Cell Signaling), Skp2 (D3G5, Cell Signaling). and p27 Kip1 
(D69C12, Cell Signaling) were used for specific protein de-
tection. Quantitative western blots were carried out using in-
frared IRDye 800CW goat antimouse, IRDye 800CW goat 
antirabbit antibody, IRDye 680RD antimouse (H + L), or 
IRDye 680 antirabbit (H + L). Protein levels were quantitated 
and normalized to α-tubulin, using an Odyssey (LI-COR) or a 
ChemiDoc MP (Bio-Rad) imaging systems.

Lentiviral Infection for Short Hairpin RNA Knockdown

Small hairpin RNAs (shRNAs) targeting Skp2 (TRCN0000007534) 
was cloned into lentiviral vector pLKO.1 neo (Addgene number 
10878) and random sequence scrambled shRNA [20] was used 
as control. Lentivirus production was carried out as described in 
[20]. Lentivirus infection was performed in the presence of 8 μg/
mL polybrene. Cells were lysed in 1% SDS lysis buffer 48 hours 
after transduction.

Origin Replication Assay

The MCV replication origin assay was performed as described 
elsewhere [20]. In brief, a plasmid containing the minimal MCV 
ori (ori97, 12.5 ng) described in [23] was transfected in 293 cells 
with MCV LT-expressing plasmid (6.25  ng). Inhibitor treat-
ments were carried out 24 hours posttransfection, for 18 hours 
prior to harvesting cells. Episomal DNA was extracted using the 
Hirt method. Extracted DNA was digested with DpnI prior to 
quantitative polymerase chain reaction (qPCR) analysis. A sim-
ilar method was performed to assess origin replication for BKV 
and HPyV7 using 25 ng and 12.5 ng of LT-expressing plasmid 
for BKV and HPyV7, respectively.

HPyV Molecular Clone Replication Assay

The 293 cells were transfected with BKV (GenBank; V01108.1), 
JCV (GenBank: J02226.1), MCV (GenBank: JF813003.1), 
HPyV7 (GenBank: HM011566.1), and TSV (GenBank: 
GU989205.1) genomic clones for 24 hours and were treated 
either with dimethyl sulfoxide (DMSO; .1%), PP242 (1  μM), 
or tacrolimus (1 μM). Cells at 85%–90% confluence were har-
vested 18 hours posttreatment for genomic DNA extraction and 
qPCR and immunofluorescence analysis [20].

Quantitative PCR

For origin replication assay, DpnI-resistant ori plasmid was 
subjected to qPCR using primers pCR.Repli.S and pCR.Repli.
AS which amplifies a 101-bp sequence in pCR2.1. For mo-
lecular clone replication assay, DNA was subjected to qPCR 

using primers amplifying BKV (qPCR.BKV.F1, qPCR.BKV.
R1), JCV (qPCR.JCV.F1, qPCR.JCV.R1), MCV (MCV350.1605-
1585, MCV350.1505–1528), HPyV7 (HPyV7.qPCR-F, 
HPyV7.qPCR-R), and TSV (qPCR.TSV.F1, qPCR.TSV.R1). 
Quantification of glyceraldehyde 3-phosphate dehydrogenase 
(GAPDH) (gapdh-F, gapdh-R) was performed for normaliza-
tion. qPCR reactions were performed using a QuantStudio 3 
real-time PCR system with PowerUp SYBR Green master mix 
(ThermoFisher Scientific). Amplification reactions of all target 
genes were performed following the manufacturer’s recom-
mendation. Results were expressed as viral copy numbers per 
cell equivalent from values plotted against standards for viral 
genes and GAPDH. Primer sequences used for amplification 
are shown in Supplementary Table 1.

Immunofluorescence

Immunofluorescence protocol was previously described in 
[20] with modifications as follows. Cells on glass slides were 
fixed with 4% paraformaldehyde for 20 minutes and permeabil-
ized with 0.1% Triton-X in phosphate-buffered saline (PBS) for 
10 minutes prior to blocking with 5% bovine serum albumin in 
PBS–0.5% Tween 20. Cells were then incubated with CM2B4 
(MCV LT antibody, 1:1000), PAb416 (BKV, JCV, and HPyV7 
LT antibody, 1:1000) or XT7 (TSV antibody, 1:200) overnight 
at 4°C. Incubation with secondary antibody Alexa Fluor 568–
conjugated antimouse (1:2000, Life Technologies) was done for 
1 hour at room temperature. Stained cells were mounted with 
Vectashield containing 4′,6-diamidino-2-phenylindole (DAPI; 
D3571, 0.5 μg/mL, Invitrogen). Images were acquired with a 
charge-coupled  device camera (U-CMAD3, Olympus) on an 
epifluorescent  microscope (AX70 Provis, Olympus).

Proximity Ligation Assay

Proximity ligation assays (PLAs) were performed using 
Duolink In Situ Red Starter kit (MilliporeSigma). In brief, 
cells were grown on poly-l-lysine (MilliporeSigma, P4832) 
pretreated coverslips prior to transfection. Fixation and perme-
abilization were carried out as above. Cells were then treated 
with blocking solution for 60 minutes at 37°C inside a humidity 
chamber. Samples were incubated with the same primary anti-
bodies and dilutions used for immunoblotting for 3 hours at 
4°C. Washing and detection steps including ligation, amplifi-
cation, and DAPI staining were carried out according to the 
manufacturer’s instructions. LT expression was assessed fol-
lowing incubation with secondary antibody Alexa Fluor 488–
conjugated anti-mouse (1:500, Life Technologies) for 1 hour at 
37°C. Images were captured using fluorescence and confocal 
microscopy (Olympus). Image processing was performed using 
Image J. Positive PLA signal (average number of red dots per 
cell) for a total number of 50 cells was also determined using 
Image J. Statistical significance was tested in a 1-way analysis of 
variance (Prism 7).
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RESULTS

mTOR Inhibition Increases LT Protein Expression for 5 Pathogenic 

Polyomaviruses

MCV LT protein expression is increased by inhibition of the 
PI3K-Akt-mTOR pathway [20] but it is unknown if other HPyV 
LTs are affected similarly. cDNA for BKV, JCV, MCV, HPyV7, 
and TSV LT proteins was expressed in 293 cells and treated for 
18 hours with the mTOR active-site inhibitor PP242, a preclin-
ical TORKinib [24]. mTOR inhibition significantly increased 
expression of BKV, JCV, MCV, HPyV7, and TSV LT proteins 
2- to 5-fold compared to the DMSO control (Figure 1A and 1B). 
Loss of Akt S473 phosphorylation, a target of mTORC2 [25], was 
used as a measure for mTOR inhibition. Similarly, Skp2 protein 
levels also declined with mTOR inhibition.

To determine if mTOR inhibition increased LT translation or 
inhibited LT protein turnover, CHX immunoblotting was per-
formed. CHX blocks new protein synthesis allowing determi-
nation of protein turnover rates. As seen in Figure 2A and 2B, 
mTOR inhibition led to significantly decreased BKV, MCV, and 
HPyV7 LT turnover (increased stabilization). Differential JCV 
and TSV LT stability after PP242 treatment did not reach signif-
icance when averaged over 3 replicates, but viral proteins were 
consistently elevated by PP242 treatment (Figure 2A).

Skp2 E3 Ligase Regulates HPyV LT Stability

MCV LT is a substrate of Skp2 [20], but it is unknown if the 
other HPyV LTs are also targeted for degradation by the 
SCFSkp2 complex. To determine if Skp2 binds to each LT pro-
tein, in situ PLAs for interaction of Skp2 with each LT was per-
formed (Figure  3A). Positive signals for Skp2-LT interaction 
were present for all 5 different LT proteins, including MCV 
LT, but not empty vector (no LT) or irrelevant immunoglob-
ulin G antibody negative controls. It was previously shown by 
co-immunoprecipitation experiments that Ser220 in MCV LT 
is important for its interaction with Skp2 [20]. This was con-
firmed by Skp2 PLA with a mutant MCV LT in which S220 was 
mutated to a nonphosphorylatable alanine (LTS220A). To quan-
titate this interaction, the average of PLA red dots for 50 cells 
was calculated. Decreased PLA signal for Skp2-LT interaction 
was observed for MCV LTS220A compared to MCV LT wild-type 
with an average of 4 and 9 PLA dots per cell, respectively.

We next compared PP242 and tacrolimus each at 1 μM for 18 
hours, a calcineurin inhibitor, for MCV and HPyV7, performed 
twice (Figure 3C). PLA dot numbers were determined from 50 
cells each time and condition. For MCV, PP242 reduced Skp2-
MCV LT interaction (average 5 dots per cell) compared to DMSO 
(9 dots per cell) or tacrolimus (7 dots per cell, Figure 3C). For 
HPyV7, a smaller PLA signal reduction occurred after PP242 
treatment (4 dots per cell) compared to DMSO (8 dots per cell) 
and tacrolimus (7 dots per cell, Figure 3C). Reduced PLA signal 
was not observed for BKV when cells were treated with either 
PP242 or tacrolimus (7 dots each) compared to DMSO (8 dots 

per cell). These results are consistent with mTOR inhibition, 
and less so calcineurin inhibition, reducing LT targeting by 
Skp2 for MCV and HPyV7.

To formally demonstrate Skp2 targeting HPyV LTs, Skp2 was 
knocked down by short-hairpin RNA interference-mediated 
gene silencing (shRNA), achieving > 80% reduction of Skp2 
protein expression in cells by 48 hours (Figure 3D). Levels of 
p27Kip1, a known substrate for Skp2-mediated degradation 
[26], served as a positive control. Skp2 knockdown was asso-
ciated with a 1.7- to 4-fold increased LT protein expression for 
all of the polyomavirus replication proteins tested, including 
BKV, which showed the lowest level of LT induction after Skp2 
knockdown (Figure 3D).

mTOR Inhibition Increases BKV, MCV, and HPyV7 DNA Replication

To determine effects of mTOR inhibition on polyomavirus rep-
lication in a dose-dependent fashion, we generated replicon 
replication assays [23] for 3 pathogenic HPyVs (BKV, MCV, and 
HPyV7). Each viral replication origin (NCCR) was cloned into 
a neutral plasmid (pCR2.1), and cotransfected with the corre-
sponding viral LT protein plasmid into 293 cells. Viral DNA 
replication was measured by qPCR after BamHI and DpnI 
digestion to eliminate bacterially replicated plasmid DNA. 
HPyV LT and Skp2 levels were assessed by immunoblotting 
(Supplementary Figure 1). Half maximal effective concentra-
tion (EC50) values were determined from the maximum level of 
DNA replication for each virus plasmid.

Tacrolimus was not effective in increasing DNA replication 
for any of the 3 viruses (Figure 4A), although minimal activa-
tion of MCV DNA replication was seen at the highest levels 
tested (10 μM). These levels are 3–4 logs higher than standard 
therapeutic tacrolimus ranges (6–24 nM or 5–20 μg/L) [16]. In 
contrast, sirolimus markedly increased origin replication in a 
dose-dependent manner for all 3 viruses, with EC50 values of 
6 nM, 4 nM, and 3 nM for BKV, MCV, and HPyV7, respectively. 
These EC50 values are within therapeutic ranges for sirolimus 
maintenance immunosuppression in patients (4.4–13  nM or 
4–12 μg /L) [27]. Both PP242 and torin 1, another preclinical 
TORKinib [24], also induced DNA replication of all 3 HPyVs in 
a dose-dependent fashion (EC50 values of 72 nM,  305 nM and 
301 nM for PP242 [for BKV, MCV and HPyV7, respectively] 
and of 8 nM, 27 nM and 159 nM for torin 1 [for BKV, MCV and 
HPyV7, respectively]).

mTOR Inhibition but Not Calcineurin Inhibition Activates Whole Virus 

Replication of JCV, MCV, HPyV7, and TSV

To extend these findings to whole virus replication, 293 cells 
were transfected with BKV, JCV, MCV, HPyV7, and TSV mo-
lecular clones and treated with PP242 (1 μM) or tacrolimus 
(1 μM). PP242 treatment, but not tacrolimus treatment, in-
creased viral DNA replication for JCV, MCV, HPyV7, and 
TSV up to 3-fold (Figure 4B). This correlated with increased 
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numbers of cells staining for LT proteins by immunofluores-
cence (Figure  4C). In contrast, we did not find significant 
PP242- or tacrolimus-dependent changes in viral BKV DNA 
replication or LT expression, although we could not exclude 
technical issues with recircularization of the BKV genome 
during cloning that may have interfered with measuring BKV 
replication.

DISCUSSION

We find that, in addition to their effects on immunosuppres-
sion, sirolimus and other mTOR inhibitors directly activate 
pathogenic polyomavirus replication by inhibiting the SCF E3 
ligase Skp2. This results in accumulation of LT proteins, which 

activate polyomavirus replication, a finding we described for 
MCV [20] but now extend to the other HPyVs as well.

Of note, mTOR inhibitors have not been found to be signifi-
cantly associated with BKV replication or BKV-related disease 
among transplant patients [28–30], which may be consistent 
with a lack of whole BKV replication after mTOR inhibition 
(Figure 4)—despite clear evidence for increased BKV LT stabili-
zation and activation in replicon assays. For other polyomavirus 
diseases in transplant patients, particularly JCV-, TSV-, and 
HPyV7-related diseases, reevaluation of the immunosuppres-
sion therapy may be helpful in disease control.

Polyomaviruses maintain viral latency by multiple, evolution-
arily driven pathways to suppress viral replication after infection 
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Figure 1. Mechanistic target of rapamycin (mTOR) inhibition increases BK virus (BKV), JC virus (JCV), Merkel cell polyomavirus (MCV), human polyomavirus 7 (HPyV7), and 
trichodysplasia spinulosa polyomavirus (TSV) large T (LT) protein levels. A, HPyV LT steady-state levels for BKV, JCV, MCV, HPyV7, and TSV were increased with an mTOR 
inhibitor (PP242, 5 µM) treatment in 293 cells. LT proteins were detected using a cocktail of PAb416 (BKV, JCV, HPyV7), CM2B4 (MCV), and Xt7 (TSV). B, Quantitative analysis 
of LT and Skp2 expression levels (mean ± standard error of the mean, n = 4). Relative fold change in LT and Skp2 expression levels (PP242, 5 µM) is calculated and normalized 
to control (0.1% dimethyl sulfoxide). **P ≤ .01; ***P ≤ .001; ****P ≤ .0001.
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to prevent activating a sterilizing host immune response. This has 
the paradoxical effect of limiting laboratory growth of native wild-
type polyomavirus strains so that highly active mutant strains are 
often recovered in vitro [31]. Intrapatient evolution also occurs 

in immunosuppressed persons, most notably by duplication and 
rearrangement of the BKV NCCR, which is not found in a natu-
rally transmissible BKV strains in healthy humans having an intact 
immune system [32]. The biological “bug” of poor polyomavirus 
growth in vitro turns out to be an evolutionary feature in vivo. We 
show that chemical treatment generally results in a 2- to 4-fold 
change both in replicon systems and with intact virus replication. 
Although modest, this change is statistically significant and ap-
pears to shift these viruses from a nonreplicating state (latency) to 
a replicating state (lytic replication; see model in Figure 5).

Proteostatic latency relies on continuous degradation of LT 
protein by cellular E3 ligases such as SCFSkp2 but it is not limited 
to SCFSkp2 only. It is likely, as seen for MCV, that other E3 lig-
ases, such as β-TrCP and Fbw7, also contribute to polyomavirus 
replication control [20] and may be affected by mTOR signaling. 
Also, MCV LT serine 220 is probably only one of several SCFSkp2 
recognition sites on MCV LT since the LTS220A mutation reduced 
but did not eliminate Skp2 MCV LT interaction (Figure  3B). 
Proteostatic latency might help explain autoinhibitory features in 
other persistent viruses, including RNA viruses [33]. E3 ligases 
degrade their substrates so bulk immunoprecipitation requires 
overexpression, often with artificial tags, and can generate mis-
leading results when interaction is not found. We and others find 
that PLA is more sensitive and has higher specificity for detecting 
in situ E3 ligase-substrate interactions [34–36].

Several important limitations should be considered in 
evaluating our data. We tested relatively few drugs and experi-
ments were performed in 293 cells, a well-established approach 
for quantitative polyomavirus replication but that may not re-
flect tissue specific mTOR-polyomavirus relationships. Our re-
sults were not uniform for all viruses across all experimental 
conditions. For example, we did not find significant differences 
in LT protein turnover after mTOR inhibition (Figure 2B) for 
JCV and TSV after mTOR inhibition. This was due to experi-
mental variation for these 2 viruses that showed similar but not 
significant trends as BKV, MCV, and HPyV7. We also did not 
find evidence for mTOR-dependent whole BK virus replication 
despite subgenomic assays, suggesting that this virus does not 
behave similarly to other polyomaviruses. We do not know if 
this is because BKV is less responsive to mTOR inhibition, pos-
sibly due to competing inhibitory promoter effects [37], or if 
this is due to a technical issue in recircularizing BKV whole ge-
nome clones.

Newer cancer therapies based on small molecule PI3K-Akt-
mTOR pathway inhibitors are likely to activate polyomavirus 
replication but the clinical significance of this effect cannot 
be predicted. If new drug-related polyomavirus syndromes 
emerge, as occurred with natalizumab and JCV [12], these find-
ings may help guide prevention or treatment.

Supplementary Data

Supplementary materials are available at The Journal of Infectious 
Diseases online. Consisting of data provided by the authors to 
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benefit the reader, the posted materials are not copyedited and 
are the sole responsibility of the authors, so questions or com-
ments should be addressed to the corresponding author.

Notes

We also find a report (Mechali F, Hsu CY, Castro A, Lorca T, 
Bonne-Andrea C. Bovine papillomavirus replicative helicase E1 
is a target of the ubiquitin ligase APC. J Virol 2004; 78:2615-9) 
that describes a similar proteostatic latency mechanism for bo-
vine papillomavirus.

Acknowledgments. We thank Chang-Moore laboratory 
members for helpful discussions and John Coolidge Adams 
and John Luther Adams for help with the manuscript. We 
thank Chris Buck (National Cancer Institute) and Ed Harlow 
(Harvard Medical School) for kinds gifts of the Xt7 and Pab416 
hybridomas, respectively.

Financial support. This study was supported by the National 
Institutes of Health (grant numbers R35 CA197463 to P.  S. 
M. and CA170354 to Y. C.). P. S. M. and Y. C. are also supported 
as American Cancer Society research professors and receive 
support from the Pittsburgh Foundation (to P. S. M.) and the 
UPMC Foundation (to Y. C.). This project used the University 
of Pittsburgh Cancer Center’s shared resource cores supported, 
in part, by award number P30CA047904. H. J. K. is supported 
in part by an institutional research grant (number IRG-17-175-
04) from the American Cancer Society and by the Pennsylvania 
Department of Health Tobacco CURE Funds.

Potential conflicts of interest. All authors: No reported con-
flicts of interest. 

All authors have submitted the ICMJE Form for Disclosure of 
Potential Conflicts of Interest. Conflicts that the editors consider 
relevant to the content of the manuscript have been disclosed.

References

1. DeCaprio  JA, Garcea  RL. A cornucopia of human 
polyomaviruses. Nat Rev Microbiol 2013; 11:264–76.

2. DeCaprio  JA. Merkel cell polyomavirus and Merkel cell 
carcinoma. Philos Trans R Soc Lond B Biol Sci 2017; 372. 
doi:10.1098/rstb.2016.0276.

3. Kamminga S, van der Meijden E, Feltkamp MCW, Zaaijer HL. 
Seroprevalence of fourteen human polyomaviruses deter-
mined in blood donors. PLoS One 2018; 13:e0206273.

4. Wiedinger  K, Bitsaktsis  C, Chang  S. Reactivation of 
human polyomaviruses in immunocompromised states. J 
Neurovirol 2014; 20:1–8.

5. Tello  TL, Coggshall  K, Yom  SS, Yu  SS. Merkel cell carci-
noma: an update and review: current and future therapy. J 
Am Acad Dermatol 2018; 78:445–54.

6. Dalianis T, Hirsch HH. Human polyomaviruses in disease 
and cancer. Virology 2013; 437:63–72.

7. Chang Y, Moore PS. Merkel cell carcinoma: a virus-induced 
human cancer. Annu Rev Pathol 2012; 7:123–44.

8. Shuda  M, Feng  H, Kwun  HJ, et  al. T antigen mutations 
are a human tumor-specific signature for Merkel cell 
polyomavirus. Proc Natl Acad Sci U S A 2008; 105:16272–7.

9. Delbue S, Ferraresso M, Ghio L, et al. A review on JC virus 
infection in kidney transplant recipients. Clin Dev Immunol 
2013; 2013:926391.

Polyomavirus Latency Polyomavirus Reactivation
Sirolimus

mTOR complexmTOR complex

SCFSkp2

(and other SCF E3 Ligases)

LT Degradation

Asymptomatic infection Polyomavirus Disease

LT Protein
LT Protein

LT Protein

Polyomavirus
Episome LT Protein

Viral
Replication

Figure 5. Model for human polyomavirus (HPyV) reactivation in transplant recipients on mechanistic target of rapamycin (mTOR) inhibitor therapy. HPyV large T (LT) pro-
teins are continuously degraded by different E3 ligases, including Skp2. mTOR inhibition negatively regulates Skp2 levels, which results in increased HPyV LT stability and 
viral replication.



mTOR Inhibition and Polyomavirus Replication • jid 2021:224 (1 October) • 1169

10. Trofe-Clark J, Sawinski D. BK and other polyomaviruses in 
kidney transplantation. Semin Nephrol 2016; 36:372–85.

11. Randhawa  P, Shapiro  R, Vats  A. Quantitation of DNA of 
polyomaviruses BK and JC in human kidneys. J Infect Dis 
2005; 192:504–9.

12. Major  EO, Yousry  TA, Clifford  DB. Pathogenesis of pro-
gressive multifocal leukoencephalopathy and risks asso-
ciated with treatments for multiple sclerosis: a decade of 
lessons learned. Lancet Neurol 2018; 17:467–80.

13. Neuhaus  P, Klupp  J, Langrehr  JM. mTOR inhibitors: an 
overview. Liver Transpl 2001; 7:473–84.

14. Azzi  JR, Sayegh  MH, Mallat  SG. Calcineurin inhibitors: 
40 years later, can’t live without. J Immunol 2013; 191:5785–91.

15. Trepanier DJ, Gallant H, Legatt DF, Yatscoff RW. Rapamycin: 
distribution, pharmacokinetics and therapeutic range in-
vestigations: an update. Clin Biochem 1998; 31:345–51.

16. Oellerich M, Armstrong VW, Schütz E, Shaw LM. Therapeutic 
drug monitoring of cyclosporine and tacrolimus. Update 
on Lake Louise Consensus Conference on cyclosporin and 
tacrolimus. Clin Biochem 1998; 31:309–16.

17. Clarke CA, Robbins HA, Tatalovich Z, et al. Risk of Merkel 
cell carcinoma after solid organ transplantation. J Natl 
Cancer Inst 2015; 107. doi:10.1093/jnci/dju382.

18. Hahn D, Hodson EM, Hamiwka LA, et al. Target of rapa-
mycin inhibitors (TOR-I; sirolimus and everolimus) for pri-
mary immunosuppression in kidney transplant recipients. 
Cochrane Database Syst Rev 2019; 12:CD004290.

19. Shuda  M, Arora  R, Kwun  HJ, et  al. Human Merkel cell 
polyomavirus infection I.  MCV T antigen expression in 
Merkel cell carcinoma, lymphoid tissues and lymphoid tu-
mors. Int J Cancer 2009; 125:1243–9.

20. Kwun  HJ, Chang  Y, Moore  PS. Protein-mediated viral la-
tency is a novel mechanism for Merkel cell polyomavirus 
persistence. Proc Natl Acad Sci U S A 2017; 114:E4040–7.

21. Theiss JM, Günther T, Alawi M, et al. A comprehensive analysis 
of replicating Merkel cell polyomavirus genomes delineates the 
viral transcription program and suggests a role for mcv-miR-M1 
in episomal persistence. PLoS Pathog 2015; 11:e1004974.

22. Seo  GJ, Chen  CJ, Sullivan  CS. Merkel cell polyomavirus 
encodes a microRNA with the ability to autoregulate viral 
gene expression. Virology 2009; 383:183–7.

23. Kwun HJ, Guastafierro A, Shuda M, et al. The minimum rep-
lication origin of Merkel cell polyomavirus has a unique large 
T-antigen loading architecture and requires small T-antigen 
expression for optimal replication. J Virol 2009; 83:12118–28.

24. Feldman ME, Apsel B, Uotila A, et al. Active-site inhibitors 
of mTOR target rapamycin-resistant outputs of mTORC1 
and mTORC2. PLoS Biol 2009; 7:e38.

25. Manning BD, Toker A. AKT/PKB signaling: navigating the 
network. Cell 2017; 169:381–405.

26. Carrano AC, Eytan E, Hershko A, Pagano M. SKP2 is re-
quired for ubiquitin-mediated degradation of the CDK in-
hibitor p27. Nat Cell Biol 1999; 1:193–9.

27. Stenton  SB, Partovi  N, Ensom  MH. Sirolimus: the ev-
idence for clinical pharmacokinetic monitoring. Clin 
Pharmacokinet 2005; 44:769–86.

28. Knight RJ, Graviss EA, Nguyen DT, et al. Conversion from 
tacrolimus-mycophenolate mofetil to tacrolimus-mTOR 
immunosuppression after kidney-pancreas transplantation 
reduces the incidence of both BK and CMV viremia. Clin 
Transplant 2018; 32:e13265.

29. Bowman LJ, Brueckner AJ, Doligalski CT. The role of mTOR 
inhibitors in the management of viral infections: a review of 
current literature. Transplantation 2018; 102:50–9.

30. Hirsch  HH, Yakhontova  K, Lu  M, Manzetti  J. BK 
polyomavirus replication in renal tubular epithelial cells is 
inhibited by sirolimus, but activated by tacrolimus through 
a pathway involving FKBP-12. Am J Transplant 2016; 
16:821–32.

31. McIlroy  D, Halary  F, Bressollette-Bodin  C. Intra-patient 
viral evolution in polyomavirus-related diseases. Philos 
Trans R Soc Lond B Biol Sci 2019; 374:20180301.

32. Broekema  NM, Abend  JR, Bennett  SM, Butel  JS, 
Vanchiere  JA, Imperiale  MJ. A system for the analysis 
of BKV non-coding control regions: application to clin-
ical isolates from an HIV/AIDS patient. Virology 2010; 
407:368–73.

33. Chen J, Wu X, Chen S, et al. Ubiquitin ligase Fbw7 restricts 
the replication of hepatitis C virus by targeting NS5B for 
ubiquitination and degradation. Biochem Biophys Res 
Commun 2016; 470:697–703.

34. Johansson P, Jeffery J, Al-Ejeh F, et al. SCF-FBXO31 E3 li-
gase targets DNA replication factor Cdt1 for proteolysis in 
the G2 phase of cell cycle to prevent re-replication. J Biol 
Chem 2014; 289:18514–25.

35. Lassot  I, Mora S, Lesage S, et al. The E3 ubiquitin lig-
ases TRIM17 and TRIM41 modulate alpha-synuclein 
expression by regulating ZSCAN21. Cell Rep 2018; 
25:2484–96.e9.

36. Borroni AP, Emanuelli A, Shah PA, et al. Smurf2 regulates 
stability and the autophagic-lysosomal turnover of lamin 
A  and its disease-associated form progerin. Aging Cell 
2018; 17. doi:10.1111/acel.12732.

37. Korth J, Anastasiou OE, Verheyen J, et al. Impact of im-
mune suppressive agents on the BK-polyomavirus non 
coding control region. Antiviral Res 2018; 159:68–76.


