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Abstract
The ataxia-telangiectasia mutated (ATM) and ATM-Rad3-related (ATR) are apical kinases that orchestrate the multifaceted 
DNA damage response (DDR) to a variety of genotoxic insults and regulate genomic stability. Whether RNA virus also 
manipulates the host’s DDR machine to facilitate replication is largely unknown. In this study, we revealed that single-
stranded RNA virus replication specifically elicits host ATM- and ATR-mediated pathway activation and boosts their 
expression. The activated ATM and ATR are hijacked to the virus replication factory in the cytoplasm and facilitate viral 
gene expression and replication. Specific inhibitors targeting ATM and ATR strikingly block the viral proliferation and rep-
lication and inhibit expression of virus proteins. Our results reveal a novel, or otherwise noncanonical, conserved function 
of ATM/ATR outside DDR in promoting the replication of single-stranded RNA virus and provide an important mechanism 
of host–pathogen interactions.
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Dear Editor,
A variety of exogenous and endogenous factors have 

constantly caused extensive DNA damage and genomic 
instability. DNA damage response (DDR) is a complex 
protein modification regulatory network, which detects 
DNA damage, signals its presence and mediates its 
repair (Jackson & Bartek, 2009). DDR has an impact 

on a wide range of cellular events, are biologically sig-
nificant because they prevent diverse human diseases. 
The ataxia–telangiectasia mutated (ATM) and ATM-
Rad3-related (ATR) are apical kinases that orchestrate 
the multifaceted DDR to a variety of insults and regu-
late genomic stability (Lee & Paull, 2021). Notably, In 
yeast and human, ATM is not essential, whereas ATR is 
(Waterman et al., 2020).

During infection, most viruses have evolved their means 
to evade DDR surveillance and harbor complex interac-
tions with cellular DDR pathways. It is well established 
that DNA viruses manipulate the host DDR machinery 
to optimize their replication processes (Mertens & Knipe 
2021). Whether RNA virus also manipulates the host’s DDR 
machine to facilitate replication is unknown. At present, only 
a few RNA viruses have been reported to interplay with 
some DDR factors (Ariumi et al., 2008; Ren et al., 2020; 
Xu et al., 2011). Recently, an antiviral drug screen identifies 
ATR kinase inhibitor as potent blocker of SARS-CoV-2 rep-
lication, which also inhibit replication of SARS-CoV-1 and 
the Middle East respiratory syndrome coronavirus (MERS-
CoV) as well (Garcia et al., 2021). Our long-term research 
focus on the ATM and ATR kinases (Qiu et al., 2019; Wang 
et al., 2016; Wang et al., 2017; Xin et al., 2019) prompted 
us to check whether ATM and/or ATR play a critical role 
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in RNA virus replication. To unravel the putative molecular 
interplays between single-stranded RNA viruses’ replication 
and the host ATM and ATR kinases, we selected the in vitro 
replication model system of the Porcine Reproductive and 
Respiratory Syndrome Virus (PRRSV) and Zaire Ebolavirus 
(EBOV), which are the positive- and negative-sense single-
stranded RNA viruses, respectively.

First, we examined whether specific inhibitors of ATM 
and ATR kinases affected the replication of PRRSV virus 
in Marc-145 cells. We treated Marc-145 cells infected with 
PRRSV virus with several different ATM and ATR inhibi-
tors with variant doses at distinct stages of virus infection 
(Supplementary information, Fig. S1). It was found that 
ATM inhibitor (KU55933) and ATR inhibitor (VE821) can 
significantly inhibit the formation of progeny and reduce 
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the viral titer, which is more evident at the late replication 
state (Fig. 1a). Moreover, ATM inhibitor (KU55933) and 
ATR inhibitor (AZD6738) have a synergistical effect on 
inhibiting PRRSV replication (Fig. 1a and Supplementary 
information, Fig. S2). We examined the inhibitors effects 
on the abundance of ATM and ATR and the expression of 
virus nucleocapsid (N) protein at 0 h, 2 h, 16 h and 24 h 
post-infection (h.p.i.) and found that both ATM and ATR 
inhibitors could significantly inhibit the expression of viral 
N protein and significantly reduce the abundance of ATM, 
but had little effect on the abundance of ATR (Fig. 1b and 
Supplementary information, Fig. S2). These findings sug-
gest that the replication of PRRSV virus in Marc-145 cells 
critically depends on the kinase activities of ATM and ATR.

In response to DNA damage, ATM and ATR are activated 
and phosphorylate multiple substrates, including the H2AX 
histone variant (γH2AX), themselves (pATM and pATR), 
to regulate cell cycle progression, replication fork stability, 
and DNA repair (Waterman et al., 2020). We are curious 
about whether PRRSV replication will also result in γH2AX, 
pATM and pATR during time-course infection. We detected 
the expression and phosphorylation of related proteins at 
different stages of virus infection by Western blotting. It was 
found that with the increase of the expression of PRRSV N 
protein, the phosphorylation level of H2AX increased, and 
the expression of ATM and ATR also increased basically 
synchronously (Fig. 1c and d). Among them, the expression 
of ATM increased significantly, whereas ATR expression 
was only marginally increased. The ATR phosphorylation 
level increased in the early stage of virus infection, main-
tained a high phosphorylation level during the whole infec-
tion stage, and further increased at 16–36 h.p.i., which 
was coincident with the high-level expression of N protein 
(Fig. 1d). The ATM phosphorylation level did not change 
significantly (data not shown). Through the co-IP experi-
ments, we also found that PRRSV N protein and host ATR 
kinase could be reproducibly and reciprocally co-precipi-
tated from cell lysate, indicating there was perhaps a direct 
interaction between the ATR kinase and the PRRSV N pro-
tein (Fig. 1e).

We next asked whether ATM and ATR were directly 
involved in the replication process of PRRSV. Under normal 
physiological state and cellular DNA damage conditions, 
ATM and ATR mainly function in the nucleus. Through 
indirect immunofluorescence experiment (Supplementary 
information, Fig. S3 and Table S1), we observed the expres-
sion and localization of ATM and ATR kinase underwent 
significant changes during virus replication (Fig. 1f). In con-
trast with the mock experiment without PRRSV infection, 
the abundance of ATM and ATR kinases were most notably 
increased, and the majority of ATR proteins were seques-
trated outside the nucleus, especially in the nucleus periph-
ery region. Especially, ATR and its phosphorylated form 
were specifically associated with the viral replication center. 
ATM expression increased most significantly, almost evenly 
distributed among the nucleus and nucleus periphery, but not 
colocalized with the PRRSV replication center. Corrobo-
rated with Western blotting observation, the phosphorylation 
level of H2AX and ATR were significantly increased. In 
addition, the ATR and its activated form-pATR were mark-
edly hijacked to the viral replication center. These observa-
tions illuminate that ATM and ATR are directly involved in 
the PRRSV replication. In particular, ATR kinase is specifi-
cally sequestrated by PRRSV to its replication center, phos-
phorylates a series of downstream substrates, and creates an 
environment conducive to viral replication.

Fig. 1  ATM and ATR promote PRRSV replication in MARC-145 
cells. a Effects of ATM, and ATR inhibitors on PRRSV replication 
in MARC-145 cells. MARC-145 cells were pretreated with different 
working concentrations of KU55933, AZD6738 and VE-821 for 2 h 
prior to PRRSV infection (MOI 0.5). As a control, cells were infected 
with the same dose of PRRSV without the inhibitor treatment. To 
determine if there were a synergistic effect between ATMi and ATRi 
during PRRSV infection, KU55933 and AZD6738 or VE-821 were 
added simultaneously in MARC-145 cells. PRRSV titers were deter-
mined on MARC-145 cells as TCID50 based on the Reed-Muench 
method at a different indicated timepoint. Statistical significance 
was evaluated by determining p-values. ns, p > 0.05; *p < 0.05; 
**p < 0.01, ***p < 0.001. b Protein expression levels of specific DNA 
damage key sensor detected using phospho-specific antibodies ant- 
H2AX (Ser139) by western blot analysis, along a 60  h time-course 
of PRRSV-infected MARC-145 cells (MOI of 0.5). Increased levels 
of H2AX phosphorylated forms were detected, starting at 8  h post-
infection (hpi). PRRSV N protein expression was used as control 
for the viral infection time-course. β-actin expression was used as a 
loading control. c PRRSV infection elicits ATR and ATM pathway. 
Western blot analyses of ATM, ATR, phosphorylated ATM, phospho-
rylated ATR and γH2AX in PRRSV-infected MARC-145 cells are 
shown. MARC-145 cells were infected with PRRSV (MOI 0.5) at the 
indicated timepoints. Cells were lysed and analyzed by Western blot 
with specific antibodies. β-actin served as a loading control. Viral 
replication was confirmed by Western analysis of N protein with anti-
PRRSV N monoclonal antibodies. d ATM or ATR inhibition by spe-
cific inhibitors disrupt PRRSV protein synthesis in MARC-145 cells. 
Inhibition of ATR kinase activity induced by VE-821 at 20 µmM or 
ATM kinase activity induced by KU55933 at 10 µmM modulated 
PRRSV protein synthesis. Expression levels of a N protein were 
severely reduced. Mock-infected cells were used as a control group 
in immunoblot analysis. e The interaction between ATR and PRRSV 
was analyzed by Co-immunoprecipitation. The lysate was subjected 
to immunoprecipitation with ATR or PRRSV N protein antibody, 
respectively. f PRRSV alters nuclear localization of ATR and ATM 
kinases hijacks the phosphorylated ATR to promote virus replication. 
pATR distribution pattern displayed nuclear enlarged accumulations 
(red) in ASFV infected cells (green). DAPI stained nuclear DNA 
(blue). Mock-infected was used as negative control for ATR activa-
tion in immunofluorescence studies. Representative confocal images 
showing that PRRSV infection in MARC-145 cells. MARC-145 cells 
were mock-infected or infected with PRRSV (MOI 0.5). Cells were 
fixed and immunostained with specific antibodies at 48 hpi. Red rep-
resents ATR, pATR, ATM, ST/Q (phospho-ATM/ATR substrate) and 
γH2AX, green represents PRRSV(N), and blue (DAPI) represents 
cell nucleus. Scale bars = 5 μm

◂
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To elucidate whether the mechanism of ATM and ATR 
regulating viral replication is conserved, and we explored 
whether ATM and ATR also play a critical role in RNA 
negative strand virus-EBOV replication. We found that the 
expression of VP35 protein of EBOV harbored the same 
trend as H2AX phosphorylation, ATM expression and ATR 
phosphorylation (Fig. 2a and b). During EBOV replication, 
the expression of ATR basically did not change, and the 

ATM phosphorylation increased significantly only in the 
late stage of replication. Indirect immunofluorescence also 
observed that EBOV replication induced extensive phospho-
rylation of H2AX and ATR, and the effect of ATM phos-
phorylation was insignificant (Supplementary information, 
Fig. S4 and Table S1). Most ATM, ATR and phosphorylated 
ATR in cells are specifically sequestrated by EBOV to its 
replication center, where extensive phosphorylation of ATM 

Fig. 2  ATM and ATR promote EBOV replication in HEK293 cells. 
a, b Western blot analyses of ATM, ATR, phosphorylated ATM, 
phosphorylated ATR and γH2AX in EBOV-infected HEK293 cells 
are shown. HEK293 cells were transfected with plasmids encoding 
the EBOV minigenome assay components (NP, VP35, VP30, L, the 
EBOV-specific minigenome, and T7 polymerase) at the indicated 
timepoints. Cells were lysed and analyzed by Western blot with spe-
cific antibodies. β-tubulin and GAPDH served as the loading control. 
Viral replication was confirmed by Western analysis of VP35 pro-
tein with anti-EBOV VP35 monoclonal antibodies. c EBOV infec-
tion induced phosphorylation of ATR, ATM and H2AX and hijacked 
ATM, ATR, pATM, pATR and their phosphorylated substrates to 
facilitate virus replication. Representative confocal images showing 
that EBOV infection in HEK293 cells. HEK293 cells were mock-
infected or infected with EBOV (transfected with plasmids encoding 
the EBOV minigenome assay components). At 48 h post-transfection, 

cells were fixed and immunostained with specific antibodies. Green 
represents ATR, pATR, ATM, EBOV(VP35), ST/Q (phospho-ATM/
ATR substrate) and γH2AX, red represents pATM and EBOV(NP), 
and blue (DAPI) represents cell nucleus. Scale bars = 2 μm. d Sche-
matic of the RNA virus activate and hijack host ATM and ATR 
kinases to facilitate viral replication. Under normal physiological 
state, ATM and ATR mainly function in the nucleus. In response to 
DNA damage, ATM and ATR are recruited to the DNA damage sites, 
activated and phosphorylate multiple substrates to initiate the DNA 
damage checkpoints. RNA virus replication induces a significant 
change of the expression and localization of ATM and ATR, both 
kinases are activated and hijacked to the virus replication center in 
the cytoplasm, and responsible for many ATM/ATR downstream sub-
strates’ phosphorylation, which is required for efficient viral replica-
tion. Specific inhibitors targeting ATM and ATR significantly inhibit 
the replication of RNA viruses
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and ATR downstream substrates occurred (Fig. 2c). Such 
phosphorylation should be mainly catalyzed by the activated 
and phosphorylated ATR. In general, PRRSV and EBOV 
virus replication have the same effects on ATM/ATR abun-
dance, self-phosphorylation and phosphorylation of down-
stream ATM/ATR substrates, obviously increasing ATM 
expression and ATR phosphorylation. ATM and ATR are 
hijacked to the virus replication center and rely on the kinase 
activity to facilitate viral replication.

In summary, our study has revealed novel roles for api-
cal ATM and ATR kinases in the cellular DNA damage 
response to RNA virus infection and elucidate the redun-
dant mechanism for ATM and ATR activation to promote 
efficient virus replication (Fig. 2d). Both ATM and ATR 
kinase are activated by RNA virus infection and hijacked to 
the virus replication center in the cytoplasm, and responsi-
ble for many ATM/ATR downstream substrates’ phospho-
rylation. Both ATM and ATR activation promote replica-
tion, and inhibition of these kinases activity substantially 
reduce replication. Collectively, our results reveal a novel, 
or otherwise noncanonical, conserved function of ATM/
ATR outside DDR in promoting the replication of single-
stranded RNA virus and provide an important mechanism of 
host–pathogen interactions. Our improving understanding of 
DNA-damage responses in RNA virus replication hold the 
promise to provide new avenues for treatment of RNA viral 
infectious diseases.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s42764- 022- 00064-3.
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