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The mechanism by which DNA viruses interact with different DNA sen-

sors and their connection with the activation of interferon (IFN) type I

pathway are poorly understood. We investigated the roles of protein 204

(p204) and cyclic guanosine-adenosine synthetase (cGAS) sensors during

infection with mouse polyomavirus (MPyV). The phosphorylation of IFN

regulatory factor 3 (IRF3) and the stimulator of IFN genes (STING) pro-

teins and the upregulation of IFN beta (IFN-b) and MX Dynamin Like

GTPase 1 (MX-1) genes were detected at the time of replication of MPyV

genomes in the nucleus. STING knockout abolished the IFN response.

Infection with a mutant virus that exhibits defective nuclear entry via

nucleopores and that accumulates in the cytoplasm confirmed that replica-

tion of viral genomes in the nucleus is required for IFN induction. The

importance of both DNA sensors, p204 and cGAS, in MPyV-induced IFN

response was demonstrated by downregulation of the IFN pathway

observed in p204-knockdown and cGAS-knockout cells. Confocal micro-

scopy revealed the colocalization of p204 with MPyV genomes in the

nucleus. cGAS was found in the cytoplasm, colocalizing with viral DNA

leaked from the nucleus and with DNA within micronucleus-like bodies,

but also with the MPyV genomes in the nucleus. However, 2030-Cyclic gua-

nosine monophosphate–adenosine monophosphate synthesized by cGAS

was detected exclusively in the cytoplasm. Biochemical assays revealed no

evidence of functional interaction between cGAS and p204 in the nucleus.

Our results provide evidence for the complex interactions of MPyV and

DNA sensors including the sensing of viral genomes in the nucleus by

p204 and of leaked viral DNA and micronucleus-like bodies in the cyto-

plasm by cGAS.

Introduction

The Polyomaviridae family of small nonenveloped

DNA tumor viruses consists of viruses that infect birds

and mammals. Presently, 14 human polyomaviruses

have been described [1,2]. Some, notably the BK poly-

omavirus (BKPyV), the JC polyomavirus (JCPyV), the

Merkel cell polyomavirus (MCPyV), and the tri-

chodysplasia spinulosa polyomavirus (TSPyV), were

found to have a clear association with human diseases

[3–6]. Human polyomaviruses are prevalent in the

healthy population [7] and cause disease in immuno-

suppressed hosts. The high prevalence of poly-

omaviruses in the healthy population suggests that

these viruses modulate the immune response to keep

low levels of replication in favor of persistence [8–10].

Abbreviations

2030-cGAMP, 2030-Cyclic guanosine monophosphate–adenosine monophosphate; cGAS, cyclic guanosine-adenosine synthetase; IFI16,

interferon-gamma-inducible protein 16; IFN, interferon; IFN-b, interferon beta; IRF3, interferon regulatory factor 3; MPyV, mouse

polyomavirus; MX-1, MX Dynamin Like GTPase 1; p204, protein 204; STING, the stimulator of IFN genes.

5964 The FEBS Journal 288 (2021) 5964–5985 ª 2021 The Authors. The FEBS Journal published by John Wiley & Sons Ltd on behalf of

Federation of European Biochemical Societies

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and

distribution in any medium, provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made.

https://orcid.org/0000-0001-5221-3014
https://orcid.org/0000-0001-5221-3014
https://orcid.org/0000-0001-5221-3014
mailto:
http://creativecommons.org/licenses/by-nc-nd/4.0/


Two nonhuman members of the family, the simian

virus 40 (SV40) and the mouse polyomavirus (MPyV),

have served as models for the study of the poly-

omavirus replication cycle, cellular processes, such as

DNA replication and endocytosis, targeting the cell

nucleus, and mechanisms of cell transformation. In

this study, MPyV was used as a model polyomavirus

to study the host mechanisms of viral DNA sensing.

MPyV has a capsid with icosahedral symmetry com-

posed of 72 pentamers of the major capsid protein,

VP1. One molecule of the two minor capsid proteins,

either VP2 or VP3, is noncovalently bound to the cen-

tral cavity of each VP1 pentamer [11,12]. Inside the

capsid, the circular double-strand (ds) DNA genome,

approximately 5.3 kbp long, forms a condensed nucle-

ocore with cellular 2A, 2B, 3, and 4 histones. The gen-

ome encodes four early regulatory proteins, large

tumor antigen (LT), small T antigen (ST), middle T

(MT), and tiny T antigen (reviewed in [13]), and three

late gene structural proteins, VP1, VP2, and VP3. The

genomes of polyomaviruses are transcribed and repli-

cated in the cell nucleus. Electron microscopy studies

of MPyV minichromosomes isolated from cell nuclei

have shown that there are gaps free of nucleosomes

present in approximately 20% of genomes. The gaps

were mapped to the regulatory region, between the ori-

gin of replication (ORI) and late transcription start

[14–16].
MPyV virions are internalized by host cells in

monopinocytic vesicles and sorted through the early

and late endosomes to the endoplasmic reticulum (ER)

[17–19]. In the ER, the virus undergoes conformational

changes that promote the exit of remodeled and par-

tially disassembled virions to the cytosol [20–22]. At

approximately 6 h postinfection (hpi), the partially dis-

assembled viral particles interact with importins, which

promote viral DNA translocation to the nucleus via

nucleopores [23]. Once the viral genomes appear in the

nucleus, transcription of the early region starts. Gen-

ome replication initiated by the LT antigen and coinci-

dent late transcription from the complementary strand

can be detected from 12 to 15 hpi. At 20–24 hpi, there

is a dramatic change in the relative abundance of the

late/early transcripts dependent on massive viral DNA

replication (reviewed in [13]). The new virus progeny is

assembled and released from infected cells at 40–
48 hpi [24].

Innate immune DNA sensors are proteins that rec-

ognize pathogenic DNA and induce the production of

interferon (IFN) and other host cytokines. DNA sen-

sors are localized in the endosomes, free in the cytosol

and, unexpectedly, in the cell nucleus. Toll-like recep-

tor 9 (TLR9) is the only DNA sensor found in

endosomes [25–27], whereas at least 11 DNA sensors

were found to signal from the cytosol: DNA-depen-

dent activator of IFN regulatory factors (DAI) [28];

RNA polymerase III (converting the cytosolic poly

(dA-dT) DNA into 50-pppRNA, which is then recog-

nized by the RIG-I pathway) [29]; absence in mela-

noma 2 (AIMS 2) [30]; IFN-gamma-inducible protein

16 (IFI16) or its mouse ortholog, protein 204 (p204)

[31–33]; leucine-rich repeat containing protein [34];

Ku70/Ku80 protein [35]; DEAH box polypeptide 9

and DHX36 (DEAH box polypeptide 36) [36];

DDX41 helicase [37]; cyclic guanosine-adenosine syn-

thetase (cGAS) [38,39]; and IFN-inducible protein X

(IFIX) [40]. Of these sensors, IFI16 (p204 in mice) and

IFIX [32,40–43] were found to sense DNA in the

nucleus. In addition, cGAS, described as a cytosolic

sensor, is found in both the cytoplasm and the cell

nucleus and there is one report suggesting its nuclear

activation. The authors showed that in dendritic cells,

the overproduction of cGAS fused to the nuclear

localization signal (NLS) functionally upregulates the

cellular innate immune responses [44]. The mechanisms

used by DNA nuclear sensors to distinguish self-DNA

from foreign DNA in the nucleus are an emerging

topic of study [44–52]. It was shown that nucleosomes

are barriers that prevent IFI16 from targeting self-

DNA in the nucleus [45]. Likewise, it was shown that

cGAS anchors nucleosomes. The nucleosome-binding

interface was shown to be occupied by the DNA bind-

ing surface of the sensor, thus preventing sensing of

self-DNA [53]. For IFI16 and cGAS, post-transla-

tional modifications including phosphorylation, acety-

lation, glutamylation, and ubiquitination have been

shown to affect the activity or distribution of the pro-

tein [41,46–48,51,54,55].
At present, the most well-characterized mechanisms

of DNA sensing are those mediated by IFI16 (p204

homolog) and by cGAS. The nuclear sensing of viral

DNA by IFI16 has been studied widely in herpes viral

infections. In detail, after the binding of IFI16 to her-

pesvirus genomes, IFI16 is acetylated and exported to

the cytosol where it is available for interaction with

the stimulator of IFN genes (STING) [56,57]. Further

studies showed that IFI16 or p204 oligomerizes on

DNA to induce the formation of filaments

[45,50,58,59]. Coimmunoprecipitation experiments

revealed that IFI16 forms complexes with STING and

promotes the recruitment and activation of Tank-bind-

ing kinase 1 (TBK1). A model was proposed, in which

IFI16 filaments recruit STING and TBK1, resulting in

the phosphorylation of STING (at serine 366 in

humans and 365 in mice). The phosphorylation of

STING induces the recruitment of IFN-regulating
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factor 3 (IRF3) and its phosphorylation via TBK1.

The activation of IRF3 transcription factor results in

IFN type I production [60,61].

The sensor cGAS binds to DNA in the cytoplasm

and catalyzes the synthesis of cyclic guanosine-adeno-

sine di-phosphate, 2030-Cyclic guanosine monophos-

phate–adenosine monophosphate (2030-cGAMP) [62].

The dinucleotide 2030-cGAMP binds to STING, which

is then translocated to perinuclear areas where it inter-

acts with TBK1 and the signaling proceeds as

described for IFI16, resulting in the production of

IFN type I.

We hypothesized that MPyV genomes could be

sensed by DNA sensors either at early times postentry

when the virus transported in endosomes is released

into the cytosol to be imported to the nucleus or,

alternatively, later after infection when the viral DNA

replicates in the cell nucleus. In this study, we have

shown that the MPyV virus is hidden from innate

immune system recognition at early postinfection

times. Nevertheless, viral DNA genomes are sensed

during replication in the nucleus. MPyV genomes are

sensed by p204 in the nucleus, while in the cytoplasm,

viral DNA leaked from the nucleus and micronucleus-

like bodies (which increase in incidence with the pro-

gress of infection) are sensed by cGAS.

Results

Interferon response is detected at late stages of

the MPyV infection cycle

Interferon response to DNA occurs extremely rapidly.

Previously, it has been described that mouse fibroblasts

already produce an abundance of IFN beta (IFN-b) at
2 h after DNA transfection. In addition, murine skeletal

myoblasts were also shown to produce IFN-b at 4 h

after DNA transfection [63,64]. To study whether

MPyV induced an IFN response in its natural host and

to evaluate the possible time when the response was

induced, we followed the expression of IFN-b and the

IFN-regulated gene MX-1 by qPCR in mouse fibrob-

lasts (3T6 cells) within the time interval of 5–30 hpi.

Representative experiments are displayed in the graphs

in Fig. 1. Using five multiplicity of infection (MOI;

Fig. 1A) and MOI 30 (Fig. 1B), we detected the upregu-

lation of IFN-b mRNA in the cells from 24 hpi, with an

increase at 30 hpi. In addition, significant upregulation

of MX Dynamin Like GTPase 1 (MX-1) mRNA was

detected at 30 hpi in both MOI 5- (Fig. 1A) and MOI

30-infected cells (Fig. 1B). Interestingly, at 30 hpi, the

levels of IFN-b and MX-1 mRNA were higher in cells

infected with a higher MOI (sevenfold for IFN-b and

twofold for MX-1). Our data suggested that the main

IFN response was launched at late postinfection times

when viral DNA replication occurs and that the

strength of the IFN response was dependent on MOI.

We noticed that the strength of IFN response

induced by MPyV, in cells infected with MPyV MOI

30, was low when compared with responses obtained

previously in mouse fibroblasts transfected with plas-

mid DNA (pDNA) [63]. To verify this, we exposed

3T6 cells to different stimuli, such as pDNA, CpG,

dinucleotides, polyinosinic:polycytidylic acid (poly (I:

C)), or 2030-cGAMP (Fig. 1C,D), for the indicated

times (described in Materials and methods), and we

measured the expression of IFN-b and MX-1 genes by

qPCR. The results are presented in Fig. 1C,D. We

observed that 3T6 fibroblasts stimulated with pDNA

or other stimuli upregulated the IFN-b mRNA by

4000- to 80 000-fold. In contrast, for MPyV infection

at MOI 30 (Fig. 1B), IFN-b mRNA was upregulated

only by approximately 300-fold. The levels of MX-1

mRNA differed based on the stimulus applied, but

were, in some cases, comparable with those induced by

MPyV. The data suggested that the induction of IFN-

b gene expression in response to MPyV infection was

moderate in comparison with the responses induced by

pDNA or other stimuli, whereas the regulation of the

IFN-inducible MX-1 gene appears to be tightly con-

trolled in 3T6 cells.

Interferon response to MPyV infection is

dependent on the activation of STING and IRF3

proteins

Next, we focused on signaling related to the IFN

response. We followed the time of activation (by phos-

phorylation) of IRF3, an essential transcription factor

for IFN-b gene regulation. In addition, we also fol-

lowed the phosphorylation of STING, a protein

described as mediator of the IFN type I production in

response to pathogenic intracellular DNA and a vari-

ety of intracellular pathogens. By western blotting, we

detected the phosphorylation of both STING and

IRF3 at 24 hpi (Fig. 2A). At 18 hpi, we did not detect

phospho-STING or phospho-IRF3; thus, we con-

cluded that activation occurred within 18–24 hpi.

Accordingly, confocal microscopy images of the cell

sections revealed phosphorylated STING (green) as

patches in the cytoplasm of cells at 24 hpi, but not in

the control (mock-infected) cells (Fig. 2B). These

results suggested that MPyV is recognized by the

immune system late postinfection and that the viral

nucleic acids were likely to be first sensed in the

nucleus during viral DNA replication.
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To determine the influence of STING on the signal-

ing leading to IFN-b production during MPyV infec-

tion, we used a MEF-STING knockout (MEF-STING

KO) and parental MEF-STING wild-type (wt) cell

lines. We first confirmed the absence of STING pro-

tein in the KO cells by immunoblotting (Fig. 2C,

upper western blot). Next, we analyzed IRF3 activa-

tion in response to MPyV in the KO cells. The phos-

phorylated IRF3 isoform was not detected in the

infected MEF-STING KO cells, but was abundant in

the infected MEF-STING wt cells (Fig. 2C, lower

western blot). We then followed the IFN response by

qPCR (Fig. 2D) and found that there was no upregu-

lation of IFN-b or MX-1 gene expression in the

MEF-STING KO cells (Fig. 2D). In contrast, the

MEF-STING wt cells responded to MPyV infection

by increasing levels of INF-b (188-fold) and MX-1

(48-fold) mRNAs. To characterize the ability of MEF-

STING KO cells to respond to other stimuli, such as

RNA, the cells were treated with poly (I:C). We fol-

lowed the levels of phosphorylated IRF3 by western

blotting (Fig. 2E) and IFN mRNA levels by qPCR

(Fig. 2F). We found that MEF-STING KO cells could

activate IRF3 and induce IFN-b and MX-1 gene

expression when stimulated by RNA. Thus, our results

showed that STING protein is essential for the induc-

tion of the IFN-b response during MPyV infection.

Given that STING and IRF3 are phosphorylated in the

same time frame during MPyV infection (Fig. 2A) and

that STING KO cells do not activate IRF3 in response

to MPyV infection (Fig. 2C), this provides support for

the model in which activated STING promotes the

recruitment of IRF3 to TBK1 active sites [61].

The presence of MPyV genomes in the cell

nucleus is crucial for the induction of the

interferon response

To further confirm the essential role of late (nuclear)

phases of MPyV infection in the DNA sensing in con-

trast to the early phase, when the virus travels unde-

tected by sensors in endosomes (Fig. 1), we used a

mutated MPyV that was unable to translocate efficiently

to the cell nucleus (a mutant previously constructed and

Fig. 1. Kinetics of the IFN response during

MPyV infection. (A, B) Mouse 3T6

fibroblasts were infected with MPyV at

5 MOI (A) or 30 MOI (B). After 5, 10, 24,

and 30 hpi, the cells were collected, and

RNA was isolated. (C, D) 3T6 cells were

stimulated with pDNA, CpG, poly (I:C), or

2030-cGAMP and collected at the indicated

times (described in Materials and methods)

for RNA isolation. For all samples (A–D), the

levels of IFN-b and MX-1 RNAs were

detected by qPCR and normalized to the

GAPDH mRNA levels. The displayed data

correspond to one representative

experiment from at least three independent

repeats (each experiment was performed

with a different viral stock), and the

presented values correspond to the mean

of biological triplicate � SD. Selected data

were compared using Student’s t-test.

Asterisks indicate P-values representing

statistically significant differences. For (A)

IFN-b, **P = 0.0024; for (B) IFN-b,

***P = 0.0007; for (C) IFN-b,

****P = 0.0001 and (D) MX-1,

**P = 0.0074. For the experiments, mock-

infected cells (MI) were used as the control.
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characterized in our laboratory) [23]. The virus mutant

that lacks the NLS of the structural proteins enters cells

efficiently and can be released, similar to the wt virus,

into the cytosol after its trafficking to ER. However,

because of the lack of NLS, the virus exhibits defective

nuclear entry via nucleopores and its infectivity is

decreased by 80%. Here, stocks of the mutated virus

were produced after transfection of the mutated

Fig. 2. STING and IRF3 are involved in the IFN response induced by MPyV. (A) Mouse 3T6 fibroblasts were infected with MPyV

(MOI = 10). At the indicated times, cell lysates were prepared and phospho-IRF3 (p-IRF3), phospho-STING (p-STING), or GAPDH and LT

antigen as controls, were detected by western blotting. (B) Mouse 3T6 fibroblasts were either mock-infected (MI) or infected with MPyV

(MOI = 3), fixed at 24 hpi, and stained by DAPI (blue) and by antibodies directed to MPyV early LT antigen (red) and phospho-STING (p-

STING; green). Confocal microscopy images of representative cell sections are presented. Bars = 10 µm. (C) MEF-STING KO or STING wt

cells were infected with MPyV (MOI = 20) and the cell lysates were prepared at 30 hpi. The samples were analyzed by western blotting for

the presence of STING, phospho-IRF3 (p-IRF3), and GAPDH as a loading control. (D) MEF-STING KO and STING wt cells were mock-

infected or infected with MPyV (MOI = 20). At 30 hpi, RNA was isolated and subjected to qPCR for quantification of IFN-b, MX-1and

GAPDH mRNAs, with values normalized to the transcripts in the mock-infected cells (MI). (E, F) MEF-STING KO or STING wt cells were

treated with poly (I:C) (+) or not treated (MT) and cells were collected after 16 h. Cell lysates were prepared and the presence of phospho-

IRF3 (p-IFR3) and GAPDH (as a loading control) was followed by western blotting (E). RNA was isolated and the IFN-b, MX-1, and GAPDH

mRNA levels were quantified by qPCR (F). For (A), (C), and (E), each of the presented western blots is representative of at least two

independent experiments. For (D) and (F), the presented data correspond to the mean values of three independent experiments; the

corresponding SD values are presented. Selected data were compared using Student’s t-test. Asterisks indicate P-values representing

statistically significant differences. For (D) IFN-b, ****P = 0.0001 for (F) IFN-b, ****P = 0.0001.
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genomes. In the same way, wt MPyV was prepared as a

control. We followed the IFN response (as described

previously) and the levels of infection by measuring LT

viral antigen production. The western blot (Fig. 3A)

revealed that IRF3 and STING phosphorylated pro-

teins were markedly lower in the cells infected with NLS

mutant virus compared with that in wt MPyV-infected

cells. In agreement, we found the expression of the IFN-

related genes significantly decreased in the cells infected

with the NLS mutant virus. Specifically, the levels of

IFN-b mRNA decreased by 60% and the levels of MX-

1 mRNA decreased by 70% (Fig. 3B). Accordingly,

lower expression of LT antigen (by 70%) was observed

in the cells infected with the NLS mutant virus com-

pared with that of cells infected with the wt virus

(Fig. 3C). These results strongly support the above

observation that IFN induction is associated with the

late phase of infection, in which viral genomes replicate

in the cell nucleus.

The DNA sensor p204 is involved in IFN-b
induction during MPyV infection

Previously, human herpesvirus was shown to be sensed

in the nucleus by the innate immune DNA sensor,

IFI16. We hypothesized that the mouse protein related

to IFI16 protein, p204, could sense MPyV DNA in the

nucleus during viral genome replication. To test the

involvement of p204 in the induction of IFN by

MPyV, we followed the IFN response in cells with

downregulated p204. For this, we used small interfer-

ing RNAs (siRNAs) against p204 (si-p204) or random

siRNA as the control. Knockdown efficiency was con-

firmed by western blotting (Fig. 4A). The levels of

p204 decreased approximately by 60% in the cells trea-

ted with si-p204 in comparison with those in untreated

cells or cells treated with random siRNA. The effect of

p204 knockdown on IFN-b and MX-1 transcription

was assessed by RT-qPCR. The results (Fig. 4B)

showed that both IFN-b and MX-1 mRNA levels were

significantly reduced (by 65% and 55%, respectively)

in the p204-knockdown cells compared with the nonsi-

lenced control cells. Finally, a substantial decrease (by

47%) of activated IRF3 in p204-knockdown cells was

estimated from phospho-IRF3 and GAPDH band den-

sities on the western blot (Fig. 4C). To better under-

stand the mechanism of p204 activation, we assessed

the localization of p204 and replicating MPyV gen-

omes in infected cells by confocal microscopy. For

that, we labeled MPyV genomes by fluorescence in situ

hybridization (FISH), p204 by a specific antibody, and

whole DNA by 40,60-diamidino-2-phenylindole (DAPI).

Using a standard fixation protocol, p204 was spread

throughout the nucleus and clear colocalization with

MPyV genomes was observed only sporadically (data

not shown). To uncover interaction between viral

Fig. 3. IFN response in MPyV-infected cells is strongly dependent on the presence of viral genomes in the cell nucleus. 3T6 fibroblasts

were infected with MPyV-wt (wt) or MPyV-mutated in NLS (D NLS) with MOI corresponding to 200 genomes per cell, as quantified by

qPCR. The cells were collected at 5 or 30 hpi for the preparation of cell lysates and 30 hpi for isolation of RNA. (A) Cell lysates were

subjected to western blotting and assayed for phospho-IRF3 (p-IRF3), phospho-STING (p-STING), and GAPDH. The western blot shown is

representative of two experiments. (B) RNAs were isolated and the mRNA for IFN-b, MX-1 (B), or for LT (C) were measured by qPCR. For

(B) and (C), the presented data correspond to mean values of three independent experiments (performed with three different viral stocks);

the corresponding SD values are presented. For each experiment, the values were normalized to those of wt virus. The data were

compared using Student’s t-test. Asterisks indicate P-values representing statistically significant differences (IFN-b, ***P = 0.0006; MX-1,

***P = 0.0007; LT, **P = 0.0021).
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Fig. 4. p204 plays a role in IFN induction by

MPyV infection. (A–C) Mouse 3T6 fibroblast

cells were transfected with p204 siRNA.

Random siRNA transfection or

untransfected cells were used as the

control. After 48 h, the cells were infected

with MOI = 20 or mock-infected and

incubated for 30 h. (A) A representative

western blot (of the three prepared) is

presented. (B) IFN-b or MX-1 mRNA levels

were measured by qPCR. The values were

normalized to GAPDH mRNA levels. The

data presented correspond to mean values

of three independent experiments; the

corresponding SD values are presented.

Samples were compared by Student’s t-

test. Asterisks indicate P-values

representing statistically significant

differences (IFN-b, **P = 0.0053; MX1,

**P = 0.0064). (C) Cell lysates were

prepared and subjected to immunoblotting

for evaluation of the levels of phospho-IRF3

(p-IRF3) and GAPDH. A representative

western blot (of the three prepared) is

presented.

Fig. 5. p204 accumulates in areas of MPyV

DNA replication. MEF cells were infected

with MPyV (MOI = 5) (A) or mock-infected

(B) and incubated for 24 h. EdU was added

for the last 30 min of incubation. Then, cells

were treated for 5 min with pre-extraction

buffer and fixed. For immunofluorescence,

cells were stained with anti-p204 (green)

and anti-MPyV LT (far red, displayed as

magenta or green) antibodies. EdU was

visualized by the Click-iT EdU reaction (red,

displayed as magenta) and DNA was

stained by DAPI (displayed as white).

Representative confocal cell sections were

analyzed. Scale bar = 5 µm.
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DNA and p204, the cells were stained using a protocol

including prefixation permeabilization (using a pre-ex-

traction buffer) [65]. Replicating genomes were labeled

by EdU and the p204 protein and viral LT antigen

were detected by using specific antibodies. We found

that p204 accumulated in the areas of replication/tran-

scription of viral genomes where it markedly colocal-

ized with EdU-labeled replicating viral genomes and

Fig. 6. cGAS is activated during MPyV infection. (A) Mouse 3T6 fibroblasts were mock-infected (MI) or infected (I) with MPyV (MOI = 3) for

24 h or treated with etoposide (Et) for 6 h. Then, the cells were collected and subjected to subcellular fractionation. The fractions [cytosolic

and nuclear-soluble (s), and nuclear-insoluble (ins)] were immunoblotted and stained with antibodies against cGAS or, as controls, against

GAPDH, Histone 3 (H3), or LT. (B) Mouse 3T6 fibroblasts were infected with MPyV (MOI = 5), and at the indicated times, dinucleotides

were extracted from the cells, and samples were analyzed by LC-MS for detection of 2030-cGAMP. Mock-infected cells or cells transfected

were included as controls. In addition, an internal control of commercial 2030-cGAMP was spiked into the lysate of mock-infected cells.

Specific transitions for 2030-cGAMP (675.1 > 136.1, 675.1 > 524.1, 675.1 > 312.1, 675.1 > 506.0, 675.1 > 152.1, 675.1 > 476.0,

675.1 > 330.0) were used to detect 2030-cGAMP. In the graph, transition 506.0 is shown. 2030-cGAMP (retention time: 8.75–8.82 min) is

shown in the spike and indicated by arrows in the samples when present. (C) MEF-cGAS KO or wt MEF were cultivated for 24 h, and the

cell lysates were prepared and subjected to western blotting for detection of cGAS. GADPH was detected as the control. (D) MEF-cGAS

KO cells were either mock-transfected (MT) or transfected with 26-mer DNA (G3-YSD) or with poly (I:C). After 16 h, the cells were

collected, and RNA was isolated. IFN-b, MX-1, and GAPDH mRNA levels were quantified by qPCR. (E, F) MEF-cGAS KO and cGAS wt cells

were infected with MPyV (MOI = 5) and incubated for 30 h before collection for RNA preparation. RNAs were isolated and used to

measure IFN-b, MX-1 (E), and LT (F) mRNA levels by qPCR. (D–F) The data presented correspond to mean values of three independent

experiments; the corresponding SD values are presented. Selected data were compared using Student’s t-test. Asterisks indicate P-values

representing statistically significant differences. For (D) IFN-b, ***P = 0.0004; for (E) IFN-b, ***P = 0.0002; for (F) the P-value obtained did

not show statistically significant differences, denoted as ns, P = 0.0807.
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LT antigen (Fig. 5A). In mock-infected cells (Fig. 5B),

p204 was distributed throughout the nucleus in distinct

dots that, in part, overlapped with EdU-labeled repli-

cating cellular DNA (Fig. 5B). Collectively, our results

showed that p204 was involved in the induction of

IFN response by MPyV and indicated that p204

became activated in the cell nucleus. However, to

uncover the detailed role of p204, further research is

required.

The DNA sensor cGAS is essential for IFN-b
production in MPyV-infected cells

Although described as a cytosolic sensor, cGAS is

located not only in the cytoplasm but also in the cell

nucleus. During DNA transfection, both IFI16 and

cGAS sense DNA independently. In contrast, during

herpesvirus infection, cGAS was found to bind to

IFI16, promoting its stability by preventing its degra-

dation [57]. Therefore, we assessed whether cGAS par-

ticipated in the IFN response induced by MPyV.

First, we followed the subcellular localization of

cGAS in infected cells by cell fractionation. As

controls, we also fractionated noninfected cells and

noninfected cells treated with etoposide. Etoposide,

upon forming a ternary complex with DNA and topoi-

somerase II, causes breaks in dsDNA. It has been

shown that upon DNA damage, cytosolic cGAS

translocates to the nucleus [46]. The cells were frac-

tionated into three fractions: cytosolic, nuclear-soluble,

and nuclear-insoluble, and we detected cGAS by west-

ern blotting (Fig. 6A). We found that during infection,

as well as in uninfected cells, cGAS was found in both

the nuclear-insoluble fraction and the cytosolic frac-

tion. In contrast with cells treated with etoposide, we

did not observe significant mobilization of the cyto-

plasmic cGAS pool to the nucleus.

As the activation of cGAS in response to DNA

binding results in the production of 2030-cGAMP, we

followed the production of the dinucleotide during

infection by liquid chromatography-mass spectrometry

(LC-MS). Infected or mock-infected 3T6 cells were

harvested from 6 to 30 hpi and processed for the

detection of 2030-cGAMP. We first detected 2030-
cGAMP at 24 hpi and its synthesis has increased sub-

stantially by 30 hpi (Fig. 6B).

To determine whether cGAS activation had any

effect on the induction of IFN expression by MPyV,

we analyzed IFN responses in MEF-cGAS KO or

MEF-cGAS wt cells. First, we verified the knockout of

cGAS by western blotting (Fig. 6C). Next, we per-

formed an additional control, to confirm that the

cGAS KO cells responded to RNA but did not

respond to DNA stimulus via cGAS. To achieve this,

we transfected the cells with either poly (I:C) or with

the cGAS agonist G3-YSD. G3-YSD is a 26-mer

DNA sequence derived from the HIV-1 RNA genome,

which has a Y-shape owing to a palindromic sequence

flanked by unpaired guanosine trimers. This DNA

sequence has been identified as a minimal recognition

motif required for cGAS activation. After measure-

ment of the mRNA levels by qPCR, we found that in

the MEF-cGAS KO cells, poly (I:C) induced the

upregulation of IFN-b and MX-1 whereas G3-YSD

did not induce an IFN response (Fig. 6D). Next, we

used qPCR to measure the levels of IFN-b and MX-1

mRNA in MPyV-infected MEF-cGAS KO or MEF-

cGAS wt cells (Fig. 6E,F). In cGAS KO cells, the

IFN-b mRNA levels were dramatically lower (by

ninefold) than in MEF-cGAS wt cells. Accordingly,

while high production of MX-1 mRNA was induced

in MEF-cGAS wt cells, almost no detectable mRNA

production was observed at the same time postinfec-

tion in cGAS KO cells. As an infection control sam-

ple, we measured the levels of mRNA of LT antigen

in the MEF-cGAS KO and MEF-cGAS wt cells and

found no significant difference. Our results showed

that there was a particularly important contribution

from cGAS activation in the IFN response induced

by MPyV. Nevertheless, it is important to highlight

that the IFN response is not completely abolished by

the absence of cGAS. Thus, we can conclude that at

least two mechanisms are activated in parallel during

MPyV infection: viral genome sensing by p204 and

activation of cGAS.

cGAS senses DNA leaked from the nucleus to

cytoplasm and micronucleus-like bodies

Further, we addressed the question of whether cGAS

participated in IFN induction by MPyV through sens-

ing of viral DNA in the nucleus, as recently described

[44], or if there are other mechanisms that lead to

cGAS activation. Using confocal microscopy, we fol-

lowed whether cGAS present in the nucleus had an

affinity for replicating MPyV genomes. To achieve

this, mouse fibroblasts expressing cGAS-EGFP were

prepared and infected with MPyV. Then, cells were

subjected to FISH using sequences of the MPyV gen-

ome as a probe (Fig. 7). Surprisingly, we found colo-

calization of viral DNA with cGAS in different

subcellular compartments. We observed strong colocal-

ization of cGAS with viral DNA probably leaked from

the nucleus to the cytosol in a subpopulation of cells

(Fig. 7A–C). Further, in a subpopulation of cells, the

cGAS signal overlapped with MPyV genomes in the
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Fig. 7. cGAS colocalizes with MPyV genomes

and micronucleus-like bodies. (A–D) 3T6 cells

expressing GFP-cGAS were infected with

MPyV (MOI = 3) and fixed at 24 hpi. (A–C)

Cells were stained with antiGFP (green) to

enhance the signal, and then subjected to

FISH with MPyV DNA probe labeled with

biotin, followed by staining with anti-biotin

antibody (magenta). Confocal sections of the

cells displaying colocalization of GFP-cGAS

with MPyV genomes are presented.

Bars = 10 µm. (D) Cells were stained with

anti-LT antibody (red), cGAS-EGFP was

visualized by anti-GFP (green), and DNA was

labeled by DAPI staining. Confocal sections of

the cells displaying micronucleus-like

structures colocalizing with GFP-cGAS are

presented. Bars = 10 µm. (E) Mouse

fibroblasts infected at MOI 3 or mock-infected

were fixed at 24 hpi and DNA was labeled by

DAPI staining. The cells were scored for the

presence of micronucleus-like bodies; the

results are summarized in the graph. The data

presented correspond to mean values of three

independent experiments (At least 250 cells in

each experiment were examined); the

corresponding SD values are presented.

Student’s t-test was performed. Asterisks

indicate P-values representing statistically

significant differences (*P = 0.0152).

Fig. 8. Leakage of DNA to cytosol during

MPyV infection. MEF cells were infected

with MPyV (MOI = 3) in presence of EdU.

After 24 h, the cells were fixed, the Click-iT

EdU reaction was performed, and the cells

were used for FISH with MPyV DNA probe

labeled with biotin and detected with anti-

biotin antibody. Representative confocal

section of cells displaying EdU DNA

(magenta) and viral DNA (green). A white

asterisk is used to highlight the infected cell

among the uninfected ones. Bar = 5 µm.
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nucleus (Fig. 7C) and, unexpectedly, we also found

micronucleus-like bodies loaded with cGAS (Fig. 7D).

Next, we compared the number of micronucleus-like

bodies in mock-infected and infected cells at the time

postinfection when IFN induction became detectable.

For this experiment, we used cells not overexpressing

cGAS to exclude any effect of the overexpression on

the formation of micronucleus-like bodies. MPyV-in-

fected or mock-infected cells were fixed and subjected

to DAPI staining; then, using confocal microscopy,

micronucleus-like bodies were counted. Although we

observed micronucleus-like bodies in both infected and

mock-infected cells, the total number of micronucleus-

like bodies in infected cells was significantly higher

than in mock-infected cells (Fig. 7E).

To provide a more convincing demonstration that

the viral cytosolic DNA detected in infected cells was

leaked from the nucleus, we labeled the host and viral

replicating DNA with EdU and then performed FISH

for detection of MPyV genomes to search for overlap-

ping signals in the cytosol. In detail, EdU was added

to the growth medium at the beginning of infection

and at 24 hpi click chemistry was used to detect EdU

and FISH. As expected, we detected EdU and the

MPyV genome signal colocalizing in the cytosol. In

addition, only the EdU signal (not colocalized with

MPyV genomes) apparently corresponding to leaked

host DNA was detected in the cytosol (Fig. 8). Next,

to determine whether the interactions of cGAS with

MPyV minichromosomes in the cell nucleus resulted in

cGAS activation, we analyzed the levels of 2030-
cGAMP in separated cytosolic and nuclear fractions

of infected cells. The separation of nuclear and cytoso-

lic fractions was verified by western blotting (Fig. 9A)

and the fractions were examined for 2030-cGAMP by

competitive ELISA (Fig. 9B). We found an abundance

Fig. 9. 2030-cGAMP is detected only in the cytosolic fraction of infected cells. Mouse fibroblasts were infected with MPyV at MOI 5 or

mock-infected (MI). After 30 h, the cells were fractionated. Two independent experiments were performed (A) The fractions were verified

by western blotting using antibodies against lamin A/C for the nuclear fractions, GAPDH for the cytosolic fraction, and LT (to verify

infectivity). One of two representative experiments is displayed. (B) The cell fractions were used for detection of 2030-cGAMP by

competitive ELISA. Standards were prepared in the cell lysis buffers. Two independent experiments are displayed (exp1 and exp2). (C)

Nuclear fractions were analyzed by LC-MS. Specific transitions for 2030-cGAMP (675.1 > 136.1, 675.1 > 524.1, 675.1 > 312.1,

675.1 > 506.0, 675.1 > 152.1, 675.1 > 476.0, 675.1 > 330.0) were used to detect 2030-Cgamp. One of two representative experiments is

displayed. As the spike, commercial 2030-cGAMP was used.
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of 2030-cGAMP in the cytosolic fraction of infected

cells. However, we did not detect any 2030-cGAMP in

the nuclear fractions of infected cells, similar to all

fractions of control (uninfected) cells. To confirm the

absence of 2030-cGAMP in the nuclear fractions of

infected cells by a second method, we analyzed the

samples by LC-MS. A representative chromatogram of

the nuclear fraction of infected cells is shown in

Fig. 9C: 2030-cGAMP was not detected in the nuclear

fractions; only traces of a dinucleotide with different

spectra were found.

Our results strongly suggest that cGAS senses viral

DNA present in the cytosol but is not activated in the

nucleus of MPyV-infected cells. Colocalization of cGAS

with viral genomes in the nucleus may represent an

additional role of the nuclear cGAS independent of its

activation. However, the activation of cGAS in the cyto-

sol reflects its interactions not only with viral or cellular

DNA leaked from the nucleus, but also with

micronucleus-like bodies formed by genotoxic stress

induced by the infection.

Absence of cGAS does not affect the interaction

of p204 with MPyV genomes in the cell nucleus

or the levels of p204

As the ability of cGAS to degrade IFI16 on the gen-

omes of herpesviruses in the nucleus has been reported

[57], we investigated whether cGAS had similar effects

on p204 in MPyV infection. First, we assessed whether

cGAS absence affects the colocalization of p204 with

viral genome replication sites. To achieve this, we used

confocal microscopy to examine the colocalization of

p204 with LT viral antigen in cGAS KO cells

(Fig. 10A). We found that p204 protein could be pref-

erentially seen in LT spots, similar to infected wt cells

(Fig. 5A). Thus, our results indicated that the absence

of cGAS did not impair p204 localization on viral

Fig. 10. Absence of cGAS did not affect either the interaction of p204 with the MPyV genomes or its level in cells. (A) MEF-cGAS KO cells

were infected with MPyV (MOI = 3) and incubated for 24 h. The cells were treated for 5 min with pre-extraction buffer and then fixed.

Next, the cells were stained with anti-MPyV LT antigen (magenta) and anti-p204 (green) antibodies. The image shows a confocal section of

the nucleus of the infected cell. Scale bar = 5 µm. (B, C) MEF wt and cGAS KO cells were infected with MPyV (MOI = 5). At 30 hpi, cell

lysates were prepared and analyzed by western blotting to follow the p204 levels. As a control, antibodies against cGAS, GAPDH, and LT

antigen were used. Three independent experiments were performed (B). The graph represents comparison of levels of p204 (related to

levels of GAPDH loading controls) in MEF-cGAS wt and MEF-cGAS KO cell lysates. The data presented correspond to mean values of three

independent experiments; the corresponding SD values are presented. Student’s t-test was performed. The P-value obtained did not show

statistically significant differences, denoted as ns, P = 0.85 (C).
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DNA replication areas. In addition, we examined the

possible contribution of cGAS to the prevention of fast

turnover of p204. Therefore, we examined the levels of

p204 protein in MPyV-infected cGAS KO and wt cells

by western blotting. We found that at 30 hpi, the levels

of p204 in lysates of both cell lines were comparable,

regardless of the presence or absence of cGAS

(Fig. 10B,C). The above results showed that cGAS did

not stabilize p204 on viral genomes and suggested that

the sensing of MPyV genomes by both DNA sensors

occurs simultaneously, but independently.

Discussion

Nucleic acids of pathogens can be recognized through

pattern recognition receptors by host cells. This leads

to production of IFN and other hundreds of proteins

with antiviral effects. In the past decade, many sensors

of invading nucleic acids have been described and an

understanding of the molecular bases of DNA and

RNA immune recognition has emerged. Genomes of

herpes simplex virus-1, kaposi’s sarcoma-associated her-

pesvirus, vaccinia virus, murine gamma herpesvirus 68,

adenovirus, hepatitis B virus, and HIV (reviewed in

[66]) have been shown to be recognized by specific

nucleic acid sensors. We therefore aimed to determine

whether small DNA viruses, such as polyomaviruses,

which travel to the nucleus in endosomal compartments

and have genomes organized into minichromosomes,

are recognized by host DNA sensors. We focused on

the possible interactions between MPyV genomes and

host DNA sensors, p204 (closely related to human

IFI16) and cGAS. We found that regardless of the

MOI, a moderate IFN response was launched not

sooner than the late phase of infection (approximately

24 h), at the time when genome replication occurs.

The absence of IFN induction at early times

postinfection suggests that the virus is hidden or invisi-

ble for the immune system when sorted through the

endosomal system to ER. Although virions, partially

disassembled in the ER, appear in the cytosol prior to

their importin-mediated transfer to the nucleus [23],

their genomes remain inaccessible to interaction with

cytosolic DNA sensors for several reasons. At first,

genomic DNA in polyomavirus virions is tightly packed

in the form of a nucleocore condensed with cellular his-

tones (except H1) and the capsid protein VP1, making it

inaccessible to other protein interactions. Indeed, stud-

ies of polyomavirus have suggested that the release of

the nucleocore into relaxed minichromosomes with

nucleosomes occurs in the cell nucleus [67]. Subse-

quently, depending on cell type, only small fractions of

internalized virions travel by productive endocytic

pathway to the ER and then are released into the cyto-

sol [19,23]. Substantial portions of virions remain in late

recycling endosomes from where they exit cells and in

endolysosomal compartments where they are subject to

degradation. Moreover, in the cytosol, viruses can be

degraded by proteosomes and any DNA released from

proteasomes is probably degraded rapidly by exonucle-

ase TREX-1 (which can degrade dsDNA). The activa-

tion of proteasomal systems during BK polyomavirus

infection has been documented [68] and genomes of her-

pesvirus present in the cytosol or HIV reverse tran-

scripts were degraded by TREX-1 [69,70]. All these

previous observations account for the absence of IFN

induction during transport of the virus into the nucleus

and are in agreement with observed poor IFN response

induced by the mutant virus with impaired ability to

enter the nucleus (Fig. 3).

In the late phase of MPyV infection, replicating and

transcribing viral DNA accumulate in the cell nucleus.

The induction of IFN response at this time suggested

the involvement of a nuclear DNA sensors. Therefore,

we focused on the p204 protein—the mouse homolog

of the human IFI16 protein found to sense herpesvirus

DNA genomes in the cell nucleus. The ability to sense

pathogenic DNA in the nucleus raised questions about

the mechanisms preventing self-DNA recognition.

IFI16 was found to be excluded from self-DNA recogni-

tion by the presence of nucleosomes that impede the

one-dimensional movement (scanning) of the protein

along DNA. The scanning of DNA allows the clustering

of IFI16 required for its activation [45,50,58,59]. Her-

pesvirus genomes are chromatinized after they enter the

nucleus. In addition, the density of nucleosomes is lower,

their distribution more irregular, and histone association

looser than that of the host DNA [71,72]. Therefore,

their genomes are easily sensed by IFI16 in the nucleus

[42]. Much smaller polyomavirus genomes are in com-

plex with cellular histones already in virions, and in the

nucleus, they function covered by nucleosomes in the

form of minichromosomes. We did not expect too signif-

icant colocalization of p204 with viral genomes. How-

ever, MPyV genomes may overcome the restriction

owing to the absence of nucleosomes in the regulatory

region that includes sequences for transcription regula-

tion and the ORI [14–16]. Indeed, we revealed that p204

interacts with replicating MPyV genomes (EdU-labeled

viral DNA) and with the early viral LT antigen shown

to bind the ORI region to promote viral replication. We

cannot exclude that during replication, transcription, or

repair processes, partial removal of histones from gen-

omes can contribute to p204 sensing.

The activation of p204 during MPyV DNA sensing

could involve post-translational modifications and/or
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complexation with other molecules. During the recog-

nition of herpesvirus genomes, the formation of a pro-

tein complex between IFI16, BRCA1 [DNA damage

responses (DDRs) protein], and the histone H2B plays

a significant role in IFI16 activation [73,74]. In addi-

tion, the acetylation of p204, similar to that described

for IFI16 in herpesvirus genome sensing, could also

control shuttling of p204 between the cytoplasm and

the nucleus during p204 activation [41,56]. Our prelim-

inary results from a proximity ligation assay using

antibodies against p204 and acetylated lysine revealed

the acetylation of p204 and/or the formation of a com-

plex of p204 and an acetylated protein in the nucleus

of infected cells (Data not shown). Further experi-

ments will be needed to determine the molecular mech-

anism through which the p204 protein activates

STING. Efforts to investigate the role of p204 in IFN-

b gene induction further have been hampered by the

unavailability of anti-p204 antibodies applicable for

immunoprecipitation experiments. Interestingly,

although it has been described that IFI16 can sense

pathogenic DNA in both the cytoplasm and the

nucleus [32,33,42,45,75], p204 does not seem to con-

tribute to the cytosolic sensing of MPyV genomes. We

did not observe high subpopulation of p204 in the

cytosol. Some sporadic spots of p204 seen in the cyto-

sol (data not shown) could correspond to the acety-

lated protein(s) (data not shown) shuttling from the

nucleus to the cytosol to activate STING.

Recently, a new noncanonical pathway for IFN

induction has been described [76]. In this pathway,

ubiquitinylated, but not phosphorylated, STING

extensively activates NF-kB and only minimally acti-

vates IRF3. The noncanonical pathway is postulated

to be induced by dsDNA breaks that recruit p53,

IFI16, and TRAF6. In this study, we followed the

classical pathway of p204 activation as we found: (a)

that massive concomitant STING and IRF3 phospho-

rylation is induced by MPyV infection and (b) that in

p204-knockdown cells, infection by MPyV results in a

significant reduction in IFN-b production associated

with a marked decrease in IRF3 phosphorylation.

Nevertheless, the contribution of noncanonical path-

way to the IFN response induced by MPyV needs to

be explored. Indeed, DNA damage response is acti-

vated during replication of the MPyV genome.

We further investigated involvement of the DNA

sensor cGAS in the sensing of MPyV genomes. Using

cGAS KO experiments, we demonstrated that cGAS

was essential for the induction of IFN response by

MPyV. The multiple locations of viral and cellular

DNA colocalizing with cGAS was intriguing and sur-

prising. However, we detected production of 2030-

cGAMP only in the cytosolic fraction and not in the

nuclear fractions of infected cells, consistent with most

studies confirming cGAS sensing of DNA, its activa-

tion, and 2030-cGAMP production in the cytosol [77–
80]. The production of 2030-cGAMP as a result of

DNA sensing in the nucleus has been described in only

one study. The authors of this study showed that den-

dritic cells produce low levels of2030-cGAMP in

response to the overexpression of cGAS fused with the

NLS sequence [44]. Our results, despite detection of

abundant presence of cGAS in the nucleus and its occa-

sional colocalization with MPyV genomes (Fig. 7C),

strongly support the cytosolic sensing of cGAS and

underline the existence of a tight regulatory mechanism

that prevents sensing of MPyV DNA by cGAS in the

nucleus. The binding of cGAS to nucleosomes and

post-translational modifications, such as phosphoryla-

tion and acetylation, are involved in the prevention of

self-DNA sensing [48,53]. The presence of cGAS on the

viral genomes can be explained by its engagement in

DDRs activated during polyomavirus replication. It

was recently shown that cGAS colocalizes with H2AX

and PARP1 in sites of DNA ds breaks (DSBs). cGAS

binding to the site of DSBs was shown to inhibit

homologous recombination repair by disruption of the

formation of the PARP1–TIMELESS complex and by

preventing the loading of RAD51 [46,81].

An increasing number of studies shows that cGAS

and IFI16, besides their direct function in DNA recogni-

tion, can interact and affect the activation of STING in

the cytosol [43,60]. In the nucleus, cGAS was shown to

interact with IFI16 bound to herpesvirus DNA and pro-

tect IFI16 from proteasomal degradation [57]. We did

not observe any detectable difference in the levels of

p204 protein in infected wt MEFs and cGAS KO MEFs

(Fig. 10). We also were not able to detect complexes of

cGAS and IFI16 proteins in infected or noninfected cells

by coimmunoprecipitation assays (data not shown). We

assumed that structural differences between human

IFI16 and its mouse ortholog, p204, distinct properties

of host cells, and differences in the arrangement of

nucleosomes on DNA accounted for the different find-

ings obtained in this study.

It is well established that cGAS senses in the cyto-

plasm self-originated DNA present in micronuclei and

activates IFN response [82]. The formation of

micronuclei is the result of chromosome mis-segrega-

tion caused by replication stress or chromosomal insta-

bility. It requires the completion of mitotic cell

division. Nevertheless, the cells in interphase (as during

MPyV infection) can also display signs of stress, such

as chromatin herniation, lamina alterations, and DNA

DSBs allocated in the nuclear envelop opening sites,
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which result in the formation of nuclear blebs (mi-

cronucleus-like bodies). Once a micronucleus is

formed, the nuclear envelope reseals rapidly, assisted

by the ESCRT III membrane-remodeling machinery

[83,84]. Micronucleus membranes are fragile and

defects in their biochemical composition have been

characterized [85]. Thus, micronucleus-like bodies, sim-

ilar to micronuclei, may also have defects in mem-

branes that make DNA accessible to cGAS sensing.

Cells infected with polyomaviruses have several

characteristics supporting the formation of micronu-

cleus-like bodies and leakage of DNA into the cytosol.

Polyomaviruses induce host genome instability by the

actions of their early regulatory proteins. They activate

the host DDR to prolong the S-phase, but also have

the ability to inhibit DDR downstream effectors, for

example, by suppressing p53 to avoid untimely p53-in-

duced apoptosis or senescence [86,87]. S-phase arrest

induced by DDR enables exploitation of cellular DNA

replication machinery for viral genome replication.

Massive replication of viral genomes is accompanied

by a large rearrangement and enlargement of the cell

nucleus and nuclear envelope remodeling; membrane

disruption may be caused by the viroporin properties

of minor structural proteins of MPyV, VP2, and VP3.

Specifically, viroporins may be responsible for the dis-

ruption of nuclear and ER membranes [20,88].

The induction of IFN type I by human JCPyV in

human astrocytes or by BKPyV in microvascular

endothelial (cells that are a potential BKPyV reservoir)

has been described [89,90]. Our study represents the

first effort to understand the molecular mechanisms

that govern IFN induction in polyomavirus infections.

Here, we presented two mechanisms of sensing of

MPyV DNA, one through the interaction of p204 with

viral genomes in the nucleus and the second in the

cytosol by cGAS binding of DNA fragments leaked

directly from the nucleus or sensing DNA accessible

after membrane disruption of micronucleus-like bod-

ies. The sensors p204 and cGAS appear to be activated

independently by the virus during infection. Surpris-

ingly, the production of IFN is moderate in MPyV-in-

fected cells, suggesting a tight regulation of the IFN

response by cells and by the intervention of viral anti-

gens. The moderate IFN induction may contribute to

polyomavirus persistency in the host.

Materials and methods

Cell lines and viruses

Mouse 3T6 fibroblasts (ATCC, Manassas, VA, USA; CCL-

96), mouse embryo fibroblasts (MEFs) M-Fb-481 (Lonza,

Basel, Switzerland), immortalized MEF-STING wt, MEF-

STING KO, MEF-cGAS wt, and MEF-cGAS KO (kindly

provided by J. Cambier, University of Colorado, USA, and

J. Rehwinkel, University of Oxford, UK) were grown at

37 °C in a humidified incubator with an atmosphere of 5%

CO2, using Dulbecco’s modified Eagle’s medium (DMEM)

from Sigma-Aldrich (St. Louis, MO, USA) supplemented

with 10% fetal bovine serum (Invitrogen, Waltham, MA,

USA) and 4 mM L-glutamine (Invitrogen). The MPyV strain

BG (GenBank: AF442959.1) was isolated and purified from

infected 3T6 cells using the standard protocol for purifica-

tion by CsCl [91]. Mutant viruses lacking the NLS in capsid

proteins (MPyVDNLS: VP1K6Q-S7R-G8R-VP2/VP3

K314A-K315A-R317A) were prepared as described in [23].

In detail, a pMJG plasmid containing the entire genome of

MPyV BG strain was used for mutagenesis. Next, the

mutated or wt genomes were used for the transfection of

3T6 cells. After transfection, viruses were purified as

described above [91] and purity of preparations was fol-

lowed by electron microscopy using negative staining as

described before [23].

Generation of 3T6 cell line expressing GFP-cGAS

For the production of N-terminally eGFP-tagged mouse

cGAS, the plasmid pMSCVpuro-eGFP-mcGAS, coding for

GFP-cGAS (gift from Andrew Jackson & Martin Reijns—

plasmid # 108675 from Addgene, Watertown, MA, USA)

[82], was transfected using Lipofectamine into Phoenix Eco-

tropic cells for the production of the retrovirus. Then, the

retrovirus was used for transduction of 3T6 cells in the

presence of polybrene. Mouse cells were further selected for

stable integration using 1–10 lg�mL�1 puromycin.

Viral genome quantification

The quantification of MPyV genomes was performed by

real-time PCR assay using iQTM SYBR� Green Supermix

(Bio-Rad Laboratories, Hercules, CA, USA), as described in

[23]. The primer sets used were: VP1, 50-GCAAGAA-

GGCGACGAC-30 and 50-TGGCCTCCCTCATAAGT-30;
and LT 50-GCTGACAAAGAAAGGCTGCT-30 and 50-
AGCCGGTTCCTCCTAGATTC-30.

Reverse transcription quantitative PCR

Total cellular RNA was extracted using High Pure RNA

Isolation Kit (Roche, Penzberg, Upper Bavaria, Germany)

in accordance with the manufacturer’s protocol. The RNA

concentration and purity were measured by a nanodrop

spectrophotometer (Thermo Fisher Scientific, Waltham,

MA, USA). Reverse transcription was performed using the

iScriptcDNA synthesis kit (Bio-Rad Laboratories) in accor-

dance with the manufacturer’s instructions. cDNAs were

amplified by PCR using the following primer sets:
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MX-1, 50-GGTCGGCTTCTGGTTTTGTA-30 and 50-
GAACAGGTCCACTTCCTCCA-30;

GAPDH, 50-ATGACATCAAGAAGGTGGTG-30 and

50-ATACCAGGAAATGAGCTTG-30;
IFN-b, 50-CCCTATGGAGATGACGGAGA-30 and 50-

CTGTCTGCTGGTGGAGTTCA-30;
spliced LT, 50-GAACCGGCTTCCAGGGCTC-30 and

50-CTTAGGCGGCGACTGGTAG-30.
The quantification of PCR products in real-time was per-

formed in a LightCycler 480 II (Roche) using the LightCy-

cler� 480 SYBR Green I Master kit (Roche) in accordance

with the manufacturer’s protocol. The quantification of tar-

get gene expression was performed using LightCycler 480

II software based on the relative quantification method,

which determined the concentration of target amplicons

normalized to the reference gene GAPDH.

SDS/PAGE and western blotting analysis

The cells were harvested and then resuspended in modified

RIPA buffer (10 mM Tris/HCl, pH 7.4, 1 mM EDTA,

150 mM NaCl, 1% Nonidet P-40, 1% sodium deoxy-

cholate, 0.1% SDS) supplemented with protease inhibitor

cocktail (Complete Mini EDTA free from Roche). Then,

the cells were lysed in RIPA for 20 min on ice and cell deb-

ris was removed by centrifugation. The proteins were resus-

pended in Laemmli buffer and separated by 10% SDS/

PAGE. The gels were blotted to nitrocellulose membranes

and immunoassayed using the indicated antibodies. The

proteins were visualized by chemiluminescence using the

application of AI-600 (GE Healthcare, Chicago, IL, USA).

Nuclear-cytoplasmic fractionation

We used either the nuclear and cytosol extraction kit to

prepare cell fractions in accordance with the manufac-

turer’s instructions (G-Biosciences, Saint Louis, MO, USA)

or performed extraction using NP40 in accordance with the

protocol described by Nabbi et al. [92]. In addition, when

required, nuclear fractions were further separated into sol-

uble and insoluble fractions. Nuclear fraction was resus-

pended in Solution B (3 mM EDTA, 0.2 mM EGTA, and

1 mM DTT) and incubated on ice for 30 min. The soluble

fraction was separated by centrifugation at 1700 g for

4 min at 4 °C. The pellet containing chromatin was washed

with Buffer B, and the chromatin pellet was lysed in RIPA

buffer.

Antibodies

Rat monoclonal anti-large T antigen (LT; provided by B. E.

Griffin, Imperial College of Science, Technology and Medi-

cine at St. Mary’s, London, UK), rabbit polyclonal antibody

against GAPDH (Sigma-Aldrich), rabbit polyclonal anti-

phospho-IRF3 (Ser369(4D4G); Cell Signaling Technology,

Danvers, MA, USA), rabbit polyclonal anti-phospho-IRF3

(Ser369 (D601M); Cell Signaling Technology), rabbit poly-

clonal anti-phospho-STING-Ser365-D8F4W (Cell Signaling

Technology), rabbit polyclonal anti-phospho-STING

(Ser365(D1C4T); Cell Signaling Technology), rabbit poly-

clonal against IFI16/p204 (Elabscience, Houston, TX, USA),

rabbit polyclonal anti STING/anti MPYS (Sigma), rabbit

monoclonal anti cGAS (Cell Signaling Technology), poly-

clonal rabbit anti-biotin antibody (A150; Bethyl Laborato-

ries, Montgomery, TX USA), rabbit IgG-HRP (Bio-Rad),

goat anti-rat IgG-HRP (Bio-Rad), Cy3� goat anti-rabbit

IgG (Thermo Fisher Scientific), Alexa Fluor� 488 goat anti-

rabbit IgG (Thermo Fisher Scientific), Alexa Fluor� 488

goat anti-rat IgG (Thermo Fisher Scientific), Alexa Fluor�
488 goat anti-rabbit (Cell Signaling Technology), and Alexa

Fluor� 647 goat anti-rat IgG (Thermo Fisher Scientific).

Immunofluorescence staining

The cells were grown on coverslips. At the indicated time

points, the cells were fixed in 4% paraformaldehyde (PFA)

for 15 min or ice-cold methanol for 10 min at �20 °C and

permeabilized with 0.5% Triton X-100 in PBS for 5 min

(after fixation with PFA). After washing in PBS, the cells

were incubated with blocking solution (0.25% BSA and

0.25% porcine skin gelatin in PBS) for 30 min. Immunos-

taining was conducted with primary and secondary anti-

bodies for 1 h and 30 min, respectively, with extensive

washing in 19 PBS after each incubation.

The coverslips were stained with DAPI, mounted on dro-

plets of Anti-Fade Fluorescence Mounted Medium

(Abcam, Cambridge, UK), and images were obtained using

a LSM 880NLO confocal microscope (Carl Zeiss, Oberko-

chen, Germany).

Immunofluorescence staining with pre-extraction

buffer

Cells were grown on coverslips. At the indicated time

points, the medium was removed, and the cells were incu-

bated for 5 min on ice with pre-extraction buffer contain-

ing 25 mM HEPES, 50 mM NaCl, 3 mM MgCl2, 300 mM

sucrose, and 0.5% Triton X-100 (pH 7.4). The cells were

then washed once with 19 PBS and fixed with ice-cold

methanol for 10 min at �20 °C. After washing in PBS,

cells were incubated for 30 min in blocking buffer, as

above, and the staining was performed as for regular

immunofluorescence staining (as described above).

Fluorescence in situ hybridization combined with

immunofluorescence or Edu labeling

We performed FISH in combination with immunofluores-

cence in accordance with the protocol described by Solovei

and Cremer [93]. In brief, cells were grown on coverslips,
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fixed with 2% PFA for 10 min, permeabilized with 0.5%

Triton X-100 for 10 min, incubated in blocking solution

(1% BSA/PBS) for 1 h, and stained by the selected anti-

bodies or subjected to Edu Click chemistry. The cells were

postfixed with 4% PFA for 5 min, treated with RNAse,

and incubated with 20% glycerol/PBS for 1 h. Then, five

freeze-thaw cycles were performed in liquid nitrogen. The

cells were then equilibrated in 50% formamide/29 SSC for

8 h and hybridized with the MPyV DNA probe generated

by nick translation using BioNick DNA Labeling System

(Invitrogen). Denaturation and hybridization were per-

formed as follows: 90 °C-2 min, 80 °C-2 min, 70 °C-2 min,

60 °C-2 min, 50 °C-2 min, 42 °C-1 h, and 37 °C overnight.

After hybridization, the cells were washed three times in

29 SSC at 37 °C and twice in 0.19 SSC at 60 °C. Each

wash step was performed for 10 min. After washing, the

cells were incubated with blocking solution (1% BSA/PBS)

for 1 h and processed for the detection of biotin by using

antibodies. Coverslips were stained with DAPI and

mounted on droplets of Anti-Fade Fluorescence Mounted

Medium (Abcam). Images were obtained using a LSM

880NLO confocal microscope (Carl Zeiss).

Viral infection

Cells were seeded on 13-mm glass coverslips or plates and

grown to a confluency of approximately 50%. On the day

of infection, the cells were washed with serum-free DMEM

and incubated with MPyV diluted in serum-free medium

for 1 h at 37 °C. The start of infection was measured from

the time the virus was added to cells. After virus adsorp-

tion, the cells were washed to remove the unbound virus

and incubated in DMEM supplemented with 10% FBS for

the indicated times.

Cell stimulation with inducers of IFN

Polyinosinic:polycytidylic acid (GE Healthcare) was used

to stimulate 3T6 cells; specifically, 2 9 106 cells were

transfected by TurboFect (Thermo Fisher Scientific) with

20 lg of poly (I:C). The cells were incubated for 16 h and

then collected for isolation of RNA or for the preparation

of cell lysates. c-di-GAMP (InvivoGen, San Diego, CA,

USA), pDNA, CpG oligonucleotide (InvivoGen) or 26-

mer DNA (G3-YSD, InvivoGen) were used to stimulate

3T6 cells as follows: cells (4 9 106) were transfected with

4 lg of c-di-GAMP, 6 lg of pDNA, or 4 lg CpG by

Amaxa nucleofector (Lonza), incubated for a further 6 h,

and collected for the isolation of RNA.

EdU click chemistry

The Click-iT EdU reaction was performed in accordance

with the instructions for the Click-iT imaging kit (Invitro-

gen). In brief, a solution of 20 lM EdU was prepared in

complete medium and added to growing cells on coverslips

to a final concentration of 10 lM. After incubation for

30 min, the cells were fixed, permeabilized, blocked in 3%

BSA/PBS, and subjected to Click-iT reaction.

siRNA transfection

Sense and antisense siRNA for p204 were prepared in

Lipofectamine in accordance with manufacturer’s instruc-

tions (Thermo Fisher Scientific). The siRNA sequences

were: 50-GUUUCAUCAAGAUAUCAAAtt-30 and 50-
UUUGAUAUCUUGAUGAAAtg-30. As a control, the

Silencer� Select Negative Control #1 siRNA (Thermo

Fisher Scientific) was used.

2030-cGAMP detection by LC-MS

For detection of 2030-cGAMP, the cells were detached using

trypsin and 4 9 106 cells were collected and used for the

experiment. The cells were washed five times with 1 mL of

19 PBS and lysed in lysis buffer (20% acetonitrile and

40% methanol in deionized water). Then, the lysates were

heated for 10 min at 60 °C and cooled for 10 min on ice.

After cooling, the samples were centrifuged at 17 000 g for

10 min at 4 °C, and the supernatant was collected in a

clean Eppendorf tube (Supernatant A). The pellet produced

in the previous centrifuge step was washed in 500 µL of

H2O and centrifuged at 17 000 g for 10 min at 4 °C, and
the supernatant was collected in a clean Eppendorf tube

(Supernatant B). Supernatants A and B were combined and

centrifuged at 17 000 g for 5 min at 4 °C and transferred

to a new Eppendorf tube. To prepare the samples for anal-

ysis by LC-MS, the samples were frozen at �80 °C for

1 day, dried by vacuum centrifugation, and resuspended in

40 µL of H2O.

As control, an internal standard of 100 pmol of 2030-
cGAMP was spiked into the lysate of mock-infected cells

or cells transfected with a pDNA and collected after 2 h.

2030-cGAMP expression was measured using a Dionex

Ultimate 3000RS LC system coupled to a TSQ Quantiva

mass spectrometer (Thermo Fisher Scientific) using an ESI

source in positive mode with the following ion source

parameters: ion transfer tube temperature, 300 °C; vapor-

izer temperature, 125 °C; spray voltage, 3500 V; sheath

gas, 35 arbitrary units (au); auxiliary gas, 5 au. A ZIC�-

HILIC column (150 mm 9 2.1 mm, 5 µm) from Merck

(Darmstadt, Germany) was used to separate the analytes.

The column was maintained at room temperature and an

injection volume of 2 µL was used per sample. A gradient

elution was set from 15% B to 60% B (A: 95% acetoni-

trile and 5% 10 mM ammonium acetate pH 9.3, B: 10 mM

ammonium carbonate in water, pH 9.3) in 7.3 min at a

flow rate of 200 µL�min�1, followed by a washing phase

(2.7 min of 60% B) and an equilibration phase (9 min of

15% B). For the targeted determination of 2030-cGAMP,
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a selective reaction monitoring assay was used, which was

developed previously, comprising infusion of the pure

compound and monitoring the following seven transitions:

675.1 > 136.1, 675.1 > 524.1, 675.1 > 312.1, 675.1 > 506.0,

675.1 > 152.1, 675.1 > 476.0, and 675.1 > 330.0. The inte-

gration of 2030-cGAMP peak areas was related to the

transition 675.1 > 506, which provided appropriate signal

intensity and was less affected by the matrix effect.

2030-cGAMP ELISA detection

2030-cGAMP ELISA was performed in accordance with the

manufacturer’s protocol using 2030-cGAMP ELISA Kit

(Arbor Assays, Ann Arbor, MI, USA). In brief, mock-in-

fected or infected cells, (1.5 9 106) were used for fractiona-

tion with the kit described above. The fractions were

handled on ice and immediately used for ELISA. The 2030-
cGAMP standards were prepared in the cytosolic and

nuclear cell lysis buffers to achieve precise calculation of

the 2030-cGAMP concentration in the samples. The cell

fractions or standards were added to the ELISA plates, fol-

lowed by antibodies against 2030-cGAMP and HRP-la-

beled–2030-cGAMP for a competition assay. After

incubation for 2 h, the plates were washed; subsequently,

the reaction was developed using TMB and stopped by

HCl. The optical density (OD) was measured at 450 nm

using a microplate ELISA reader (Tecan, M€annedorf,

Switzerland). The data were processed using the Four

Parameter logistic (4PL) curve calculator available online

(myassays.com) as recommended by the manufacturer.

Statistical analysis

Student’s t-test was performed using the GRAPHPAD PRISM

software, version 6.0 (GraphPad Software, La Jolla, CA,

USA). Asterisks indicate P-values representing statistically

significant differences (*P ≤ 0.05, **P ≤ 0.01,

***P ≤ 0.001, ****P ≤ 0.0001).
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