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I M M U N O L O G Y

PPM1G restricts innate immune signaling mediated by 
STING and MAVS and is hijacked by KSHV for  
immune evasion
Kuai Yu1,2, Huabin Tian1, Hongyu Deng1,2,3*†

The adaptor proteins, STING and MAVS, are components of critical pathogen-sensing pathways that induce 
innate immunity. Phosphorylation of either adaptor results in activation of the type I interferon pathway. How 
this phosphorylation is regulated and how it is manipulated by pathogens remain largely unknown. Here, we 
identified host protein phosphatase, Mg2+/Mn2+ dependent 1G (PPM1G) as a negative regulator of innate im-
mune pathways and showed that this host system is hijacked by Kaposi’s sarcoma-associated herpesvirus (KSHV). 
Mechanistically, KSHV tegument protein ORF33 interacts with STING/MAVS and enhances recruitment of PPM1G 
to dephosphorylate p-STING/p-MAVS for immunosuppression. Inhibition of PPM1G expression improves the 
antiviral response against both DNA and RNA viruses. Collectively, our study shows that PPM1G restricts both 
cytosolic DNA– and RNA–sensing pathways to naturally balance the intensity of the antiviral response. Manipula-
tion of PPM1G by KSHV provides an important strategy for immune evasion.

INTRODUCTION
As the first line of host defense, the innate immune response is rapidly 
activated upon detection of invading pathogens including viruses. 
Viral proteins, DNA, and RNA may be sensed as pathogen-associated 
molecular patterns (PAMPs) by host pattern recognition receptors 
to activate antiviral immunity. Extensive studies have shown that 
the cyclic guanosine monophosphate (GMP)–adenosine mono-
phosphate (cGAMP) synthase (cGAS) and retinoic acid–inducible 
gene I (RIG-I) are the principal sensors for cytosolic DNA and 
RNA, respectively (1, 2). After sensing viral DNA, cGAS is activated 
and catalyzes the production of the second messenger cGAMP, 
which then binds to and activates STING (stimulator of interferon 
genes, also known as MITA) (2–4). Alternatively, after sensing viral 
RNA, RIG-I is activated and binds to and activates MAVS (mito-
chondrial antiviral signaling protein, also known as VISA, Cardif 
and IPS-1) (5–8). These two adaptor proteins, STING and MAVS, 
then recruit the protein kinase, TANK-binding kinase 1 (TBK1), which, 
in turn, phosphorylates either adaptor. Phosphorylated (p-)STING 
and p-MAVS subsequently recruit interferon regulatory factor 3 
(IRF3), which, in turn, is phosphorylated by activated TBK1 (9). 
Last, phosphorylated IRF3 translocates to the nucleus and drives 
production of type I interferons (IFNs) to provide broad protection 
against DNA and RNA viruses (10). Although STING- and MAVS- 
mediated cytosolic nucleic acid–sensing pathways play crucial roles 
in antiviral immunity, excessive activation of the system is associated 
with sometimes fatal inflammatory diseases (11, 12). Thus, the ac-
tivity of the system, and in particular the activities of the innate im-
mune adaptors, must be precisely regulated to ensure a proper and 
balanced innate immune homeostasis in infected host cells. Since 
MAVS, STING, TBK1, and IRF3 all share the requirement for phos-

phorylation by TBK1 to be activated (9, 13), phosphorylation is essen-
tial in regulating the cytosolic nucleic acid– induced type I IFN pro-
duction pathways. How this phosphorylation is regulated and how it 
is manipulated by pathogens remain largely unknown.

Kaposi’s sarcoma-associated herpesvirus (KSHV) is a human 
DNA tumor virus, and the causative agent of Kaposi’s sarcoma, pri-
mary effusion lymphoma, and a subset of multicentric Castleman’s 
disease (14–17). Like other herpesviruses, KSHV virion structure 
consists of four distinct components: a double-stranded DNA 
genome, an icosahedral capsid, an envelope on the surface of virus 
particle, and a tegument layer located between the capsid and the 
envelope (18–20). The KSHV virion has many tegument proteins 
that contribute to different stages of viral infection and replication 
(21). On one hand, as virion components, they are directly delivered 
into newly infected cells upon de novo infection and can modulate 
the cellular microenvironment, promote viral gene transcription at 
the immediate-early phase of viral infection, and regulate host 
innate immunity (21). On the other hand, as structural proteins 
newly synthesized during the late phase of viral lytic replication, 
they play essential roles in virion assembly and egress and are required 
for virus propagation (22–24).

KSHV ORF33 is a tegument protein that is conserved among -, 
-, and -herpesvirinae subfamilies. Its homologs include UL16 
from herpes simplex virus type 1 (HSV-1, an -herpesvirinae member), 
UL94 from human cytomegalovirus (HCMV, a -herpesvirinae member), 
BGLF2 from Epstein-Barr virus (EBV), and ORF33 from KSHV 
and murine gammaherpesvirus 68 (MHV-68, all are -herpesvirinae 
members). Previous studies have shown that these homologs of 
ORF33 play pivotal roles in virion assembly process (25–28). In par-
ticular, MHV-68 ORF33 is essential for virion assembly and egress 
(29, 30). However, whether ORF33 carries out additional functions, 
such as modulating innate immunity, and how it does so, remains 
unclear. In this study, we demonstrated that KSHV ORF33 nega-
tively regulates the IFN production pathway for immune evasion. 
Mechanistically, we identified a host protein phosphatase, Mg2+/
Mn2+ dependent 1G (PPM1G), that dephosphorylates both STING 
and MAVS and suppresses both cytosolic DNA– and RNA–sensing 
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pathways. Manipulation of this system by ORF33 is an important 
strategy for immune evasion, which facilitates KSHV propagation.

RESULTS
ORF33-null KSHV stimulates an increased IFN production
The KSHV life cycle is composed of two different stages: lytic 
replication and latency. During lytic infection by KSHV, tegument 
proteins contained within virus particles are released into the cyto-
plasm of host cells upon fusion of viral envelope with the host cell 
plasma membrane. Depending on the setting and cell type, lytic 
replication may proceed during which tegument proteins are made 
as structural components of progeny virions. Alternatively, cells 
may remain latently infected with KSHV, and once appropriately 
stimulated, they reactivate virus and undergo lytic replication where 
newly synthesized tegument proteins contribute to virion structure 
and may also regulate innate immune response. To examine whether 
endogenous ORF33 protein plays a role in innate immune response, 
we took advantage of the KSHV bacterial artificial chromosome 
(BAC) system (31) and constructed an ORF33-null KSHV BAC 
(ORF33-stop) by inserting triple-frame termination codons into 
the N terminus of ORF33 on viral genome (fig. S1, A and B). ORF33-
null BAC was then transfected into iSLK cells to generate a stable 
cell line that was induced to produce ORF33-null mutant virus. We 
then infected THP-1 cells with either wild-type (WT) or ORF33-
null mutant virus at the same genome copy number and detected the 
mRNA level of IFN at 6 h post infection (hpi). Reverse transcription 
quantitative polymerase chain reaction (RT-qPCR) results indicated that 
ORF33-null virus induced more IFN production than WT virus 
did (Fig. 1A, left). In addition, we checked IFN production after 
reactivation of WT or ORF33-null virus. RT-qPCR and enzyme- 
linked immunosorbent assay (ELISA) results showed that the IFN 
production in cells latently infected with ORF33-null virus was sig-
nificantly higher than that in cells latently infected with WT virus at 
48 hours after reactivation (Fig. 1A, right, and fig. S1C). Together, 
these data reveal that KSHV stimulates higher levels of IFN in the 
absence of ORF33, suggesting that ORF33 is necessary for inhibiting 
host cell IFN production in response to KSHV infection.

KSHV ORF33 inhibits STING- and MAVS-mediated IFN 
production
Next, we examined whether ORF33 protein alone is sufficient to inhibit 
IFN production. We first used poly(deoxyadenylic-deoxythymidylic) 
[poly(dA:dT)] or polyinosinic-polycytidylic acid [poly(I:C)] to stimulate 
cytosolic DNA– or RNA–triggered IFN production pathway, respec-
tively. ORF33 significantly inhibited the activation of the IFN pro-
moter in reporter assays (Fig. 1B). Consistently, RT-qPCR results 
showed that ORF33 significantly inhibited the production of IFN 
mRNA under poly(dA:dT) or poly(I:C) stimulation (Fig. 1C). Further-
more, ORF33 homologs in other herpes viruses (HSV-1, HCMV, and 
EBV) all inhibited IFN production in response to either poly(dA:dT) 
or poly(I:C) stimulation (fig. S2, A and B), indicating that the IFN 
inhibition function of ORF33 is conserved among herpesviruses.

STING and MAVS are the critical adaptor proteins that mediate 
cytosolic DNA– and RNA–triggered IFN production pathway, re-
spectively. We thus examined the effect of ORF33 on STING- and 
MAVS-mediated IFN production. Results from the reporter assays, 
RT-qPCR, and ELISA showed that ORF33 significantly inhibited IFN 
production induced by either STING or MAVS (Fig. 1, D to F). 

In addition, ORF33 also inhibited the transcription of ISG56, an 
IFN-stimulated gene (ISG) downstream of IFN, when induced by 
STING or MAVS (fig. S3). Together, these results demonstrate that 
KSHV ORF33 protein by itself is sufficient to inhibit both STING- 
and MAVS-mediated IFN production.

The status of transcription factor IRF3, including its phosphory-
lation, dimerization, and translocation into the nucleus, is vital to 
cytosolic DNA– or RNA–triggered IFN production. Compared 
with empty vector, transient expression of ORF33 markedly decreased 
the level of IRF3 phosphorylation and dimerization when induced by 
poly(dA:dT) or poly(I:C) stimulation (Fig. 1G) or Sendai virus (SeV) 
infection (Fig. 1H). Moreover, the result of nuclear and cytoplasmic 
fractionation experiment showed that transient expression of 
ORF33 impaired the translocation of IRF3 to the nucleus under the 
stimulation of SeV infection (Fig. 1I). Consistently, indirect immuno-
fluorescence assay (IFA) showed that the percentage of cells with 
nuclear IRF3 in the ORF33-expressing population was significantly lower 
than that in the ORF33-nonexpressing population, under the stim-
ulation of SeV infection, poly(dA:dT) transfection, or poly(I:C) trans-
fection (Fig. 1, J and K). These results demonstrate that ORF33 
inhibits the phosphorylation of IRF3 and impairs IRF3 dimerization, 
resulting in sequestering IRF3 in the cytoplasm and down-regulation 
of IFN production. These results also suggest that ORF33 most likely 
works upstream of IRF3 to suppress IFN production and possibly 
through targeting the critical adaptor molecules STING and MAVS.

KSHV ORF33 interacts with STING and MAVS
We therefore investigated the possible interactions between ORF33 
and STING/MAVS. Coimmunoprecipitation experiments indicat-
ed that ORF33 indeed interacts with STING and MAVS (Fig. 2A). 
Moreover, we expressed and purified glutathione S-transferase 
(GST)–ORF33-His protein from bacteria and performed in  vitro 
GST pull-down assays. (A C-terminal His tag was added to improve 
the stability and yield of ORF33 protein.) GST-ORF33-His pulled 
down hemagglutinin (HA)–STING or HA-MAVS efficiently, demon-
strating their direct interactions (Fig. 2B). Moreover, ORF33 ex-
pressed from viral genome interacted with endogenous STING and 
MAVS (Fig. 2C). IFA results showed that KSHV ORF33 and its 
homologs are localized in not only the nucleus but also the cyto-
plasm (fig. S4A), consistent with ORF33’s interaction with STING/
MAVS. We further performed proximity ligation assay (PLA). In 
this assay, positive signals (red immunofluorescent dots) appear 
only when ORF33 (or its homologs) interacts with and therefore 
is in close proximity to STING/MAVS. The results clearly demon-
strated colocalization of ORF33/homologs with STING/MAVS in 
situ (fig. S4B).

To map the domains of STING and MAVS that interact with 
ORF33, we made deletion constructs of STING and MAVS based 
on their structural information (6, 32). STING protein has three 
structural domains, namely, TM (transmembrane region, which 
enables STING to locate on endoplasmic reticulum), CBD (which 
binds to c-di-GMP, the second messenger of bacteria, and regulates 
the dimerization of STING), and CTT (the C-terminal tail, which is 
responsible for the activation of TBK1 and IRF3). MAVS protein 
has three domains, namely, CARD (which is responsible for MAVS 
polymerization), PR (proline enriched area), and TM (transmem-
brane domain, which enables MAVS to locate on mitochondrial 
membrane). We found that the CBD domain of STING (fig. S4, 
C and D) and the TM domain of MAVS (fig. S4, E to F) are required 
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Fig. 1. KSHV ORF33 inhibits STING- and MAVS-mediated IFN production. (A) IFN mRNA levels during de novo infection and reactivation of ORF33-null KSHV. THP-1 
cells were infected with WT or ORF33-null KSHV at 50 genome copies per cell for 6 hours (left). iSLK cells carrying WT KSHV BAC or ORF33-null KSHV BAC were induced 
for 24 or 48 hours (right). (B to F) Influence of ORF33 on IFN production. Human embryonic kidney (HEK) 293 cells were transfected with the indicated expression plasmids 
(B to F), along with IFN-luc and TK-Renilla reporter plasmids (B and D), for 24 hours. Cells were challenged with transfection of poly(dA:dT) (1 g/ml) (left) or poly(I:C) 
(1 g/ml) (right) for 18 hours (B) or for 12 hours (C). Luciferase assays (B and D), RT-qPCR (C and E), and ELISA (F) were conducted. (G to K) Impact of ORF33 on dimerization, 
phosphorylation, and translocation of IRF3. HEK293 cells were transfected with the indicated expression plasmids for 24 hours. Cells were challenged with poly(dA:dT) or 
poly(I:C) (1 g/ml each) or SeV infection (50 HA U/ml) for 12 hours (G to I) or 4 hours (J and K). (G and H) p-IRF3 levels were measured by SDS–polyacrylamide gel electro-
phoresis (PAGE), and IRF3 dimerization levels were measured by native-PAGE and quantified using ImageJ and normalized to IRF3 and glyceraldehyde-3-phosphate 
dehydrogenase (GAPDH). (I) Nuclear (Nuc) and cytoplasmic (Cyto) fractions were separated, and IRF3 levels were quantified using ImageJ and normalized to lamin B1 or 
GAPDH. (J) Cells were fixed and immunostained with anti-HA and anti-IRF3 antibodies. Scale bars, 40 m. DAPI, 4′,6-diamidino-2-phenylindole. (K) The percentage of cells 
with nuclear IRF3 in ORF33-expressing or -nonexpressing population under the three different stimulations was calculated. (A to F and K) Data presented are means ± SEM 
of three independent measurements, representative of three independent experiments. *P < 0.05, **P < 0.01, and ***P < 0.001; Student’s t test, n = 3. See also figs. S1 to S3.
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for ORF33 binding, respectively. Collectively, these results demon-
strate that KSHV ORF33 interacts with both STING and MAVS, 
suggesting that ORF33 targets STING and MAVS to negatively reg-
ulate IFN production pathway.

KSHV ORF33 impairs the recruitment of IRF3 by STING 
and MAVS
In the process of cytosolic DNA–induced IFN production signal 
transduction, upon stimulation by cGAMP, STING forms a homod-
imer and then recruits TBK1 and IRF3, leading to phosphorylation 

and activation of IRF3. Similarly, in response to upstream RIG-I 
induction upon cytosolic RNA stimulation, MAVS also recruits 
TBK1 and IRF3, leading to phosphorylation and activation of IRF3. 
Given the interaction between ORF33 and STING/MAVS, we as-
sessed the effect of such interactions on these key molecular events.

We first tested the effect of ORF33 on recruitment of IRF3 by 
STING or MAVS. A mutant form of IRF3 [Ser385 → Ala385, Ser386 → Ala386, 
named IRF3(2A)] was used; this mutant was unable to form homod-
imers, thereby facilitating detection of its association with STING 
or MAVS (9, 33). Coimmunoprecipitation experiments indicated 
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Fig. 2. KSHV ORF33 impairs the recruitment of IRF3 by STING and MAVS. (A to C) Interaction between ORF33 and STING/MAVS. (A) HEK293T cells were transfected 
with indicated expression plasmids for 36 hours before coimmunoprecipitation. (B) GST-ORF33-His proteins were used to pull down lysates of HEK293T cells expressing 
HA-STING/HA-MAVS. (C) iSLK.219 cells were induced for 48 hours, and antibodies to STING and MAVS were used to enrich endogenous STING and MAVS, respectively. 
KSHV ORF33 protein was detected by an anti-ORF33 antibody. IgG, immunoglobulin G. (D to H) Impact of ORF33 on the key molecular events of the IFN production 
pathway. HEK293 cells were transfected with the indicated expression plasmids for 20 hours before coimmunoprecipitation. The gray values are quantified using ImageJ. 
(I to L) Analysis of the impact of ORF33 on the interaction between STING/MAVS and IRF3 in situ by PLA. HEK293T cells were transfected with the indicated expression 
plasmids: (I) MYC-ORF33, HA-IRF3, and green fluorescent protein (GFP)–STING or EV control(s); (K) MYC-ORF33, HA-IRF3(2A), and GFP-MAVS or EV control(s). Scale bars, 
2.5 m (I) and 10 m (K). (J and L) The number of red fluorescent dots in each cell in (I) and (K) was enumerated, respectively. (J and L) Data presented are means ± SEM of 
three independent measurements, representative of three independent experiments. ***P < 0.001, Student’s t test. See also fig. S4.
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that ORF33 inhibited the association between IRF3 and transiently 
expressed STING (Fig. 2D) or IRF3(2A) and endogenous STING 
molecules (Fig. 2E). Similarly, ORF33 impaired the association be-
tween IRF3(2A) and transiently expressed MAVS (Fig. 2F). However, 
ORF33 had no obvious effect on the dimerization of STING mole-
cules (Fig. 2G) or the association between STING and TBK1 
(Fig. 2H). To further observe these molecular interactions in situ, 
we used PLA, in which positive signals (red immunofluorescent 
dots) appear only when STING (or MAVS) interacts with and 
therefore is in close proximity to IRF3 (9). Enumerating the number 
of red dots in each cell population demonstrated that ectopic ex-
pression of ORF33 severely impaired the association between 
STING and IRF3 (Fig. 2, I and J) as well as the association between 
MAVS and IRF3 (Fig. 2, K and L). Collectively, these data reveal 
that ORF33 impairs the recruitment of downstream IRF3 by STING 
or MAVS, consistent with the negative effect of ORF33 on the IFN 
production pathway shown above.

KSHV ORF33 decreases the phosphorylation levels of STING 
and MAVS but not TBK1
One possible mechanism through which ORF33 impairs the re-
cruitment of downstream IRF3 by STING/MAVS is interacting 
with STING/MAVS molecules and thereby hindering their func-
tions. In both signaling cascades, TBK1 has to be recruited and 
activated through phosphorylation before it can serve as a kinase to 
phosphorylate STING and MAVS. Recruitment of IRF3 by STING 
and MAVS also strictly depends on STING and MAVS phosphory-
lation. Therefore, the phosphorylation levels of TBK1, STING, and 
MAVS are critical parameters in determining the outcomes of the 
IFN signaling pathways (9).

We therefore first examined the effect of ORF33 on the phos-
phorylation levels of TBK1, STING, and MAVS. Under the stimulation 
of poly(dA:dT) or ISD (IFN stimulatory DNA), ectopic expression 
of ORF33 markedly decreased the phosphorylation levels of STING 
and IRF3; however, ORF33 had no effect on the phosphorylation 
level of TBK1 (Fig.  3,  A  and  B). The human embryonic kidney 
(HEK) 293 cells used in this study were examined, and expression 
of endogenous STING and cGAS was confirmed (Fig. 3A and fig. 
S5A). Moreover, the expression of IFN and ISG56 upon stimula-
tion by poly(dA:dT) was decreased after knocking down cGAS by 
small interfering RNA (siRNA) (fig. S5, B and C). Similarly, under 
the stimulation of poly(I:C), ectopic expression of ORF33 markedly 
decreased the phosphorylation level of IRF3; again, ORF33 had no 
effect on the phosphorylation level of TBK1 (Fig. 3C). Because of 
the lack of an anti–p-MAVS antibody, we were unable to detect the 
change in phosphorylation level of endogenous MAVS. We instead 
examined the effect of ORF33 on the phosphorylation of MAVS in 
a cotransfection experiment. Expression plasmids for FLAG-
MAVS, HA-TBK1 (or vector control), and HA-ORF33 (or vector 
control) were cotransfected into HEK293 cells. In the presence of HA-
TBK1, the anti-FLAG antibody detected not only a band migrating at 
the same mobility to that seen in the absence of HA-TBK1 but also 
slower-migrating bands and smear. These slower-migrating bands and 
smear disappeared after treatment by lambda protein phosphatase 
(pp), indicating their phosphorylated status. Coexpressing ORF33 
with FLAG-MAVS and HA-TBK1 decreased the phosphorylation 
level of MAVS by TBK1 in a dose-dependent manner (Fig. 3D, first 
five lanes). Cotransfection experiment using expression plasmids for 
FLAG-STING and HA-TBK1 (or vector control) and HA-ORF33 

(or vector control) confirmed that ORF33 also decreased the phos-
phorylation level of STING by TBK1 in a dose-dependent manner 
(Fig. 3D, last five lanes). These results indicate that ORF33 does not 
affect the activation of TBK1 but suppresses the phosphorylation of 
STING and MAVS, which, in turn, impairs the recruitment of IRF3 
and its phosphorylation.

Given that ORF33 decreased the levels of both p-STING and 
p-MAVS but not p-TBK1, we reasoned that ORF33 may affect the 
levels of p-STING and p-MAVS by dephosphorylating them. One 
possibility is that ORF33 may serve as a phosphatase to directly 
dephosphorylate STING and MAVS; however, sequence analysis of 
ORF33 protein suggested against this hypothesis. To verify this, we 
first generated p-His-STING (amino acids 153 to 379) using in vitro 
kinase assay and then performed in vitro phosphatase assay using 
GST-ORF33-His purified from bacteria. Whereas pp efficiently 
dephosphorylated p-His-STING (amino acids 153 to 379), GST-
ORF33-His had no effect on the phosphorylation status of p-His-
STING (amino acids 153 to 379) (Fig. 3E and fig. S5, D to F). An 
experiment performed using p-His-MAVS (amino acids 1 to 460) 
from in vitro kinase assay yielded similar results (Fig. 3F and fig. S5, 
D to F), demonstrating that ORF33 has no detectable phosphatase 
activity against p-STING or p-MAVS.

Alternatively, ORF33 may recruit and use a host protein phos-
phatase to dephosphorylate STING and MAVS. To test this hypothesis, 
we performed in vitro phosphatase assays using FLAG-ORF33 
extracted from HEK293 cells together with p-His-STING (amino 
acids 153 to 379) or p-His-MAVS (amino acids 1 to 460) (both 
generated from in vitro kinase assay). Again, pp efficiently de-
phosphorylated p-His-STING (amino acids 153 to 379) and p-His-
MAVS (amino acids 1 to 460). FLAG-ORF33 extract notably 
decreased the phosphorylation levels of both STING and MAVS 
(Fig. 3, E and F). Collectively, these data indicate that ORF33 inhib-
its the phosphorylation of STING and MAVS not by affecting the 
activity of the kinase TBK1, but by dephosphorylation of STING 
and MAVS. ORF33 most likely does so by recruiting and using a 
host protein phosphatase.

KSHV ORF33 enhances the recruitment of host protein 
phosphatase PPM1G that dephosphorylates STING 
and MAVS
To investigate which host protein phosphatase(s) may be recruited 
by ORF33, we performed coimmunoprecipitation and mass spec-
trometry analysis to identify host protein phosphatases that interact 
with ORF33. Several phosphatases were detected from the ORF33 
sample but not from the vector control sample, including PPP6C, 
PPP2CA, PPP1CA, PPP1CB, PPM1G, and PPP3CA (fig. S6A). We 
examined the effect of these phosphatases on the phosphorylation 
status of STING and MAVS in a cotransfection experiment. Among 
these phosphatases, only PPM1G decreased the phosphorylation 
level of STING and MAVS (fig. S6, B and C). PPM1G, also known 
as PP2C and PP2CG, is a member of the metal-dependent protein 
phosphatase family. We expressed and purified PPM1G and a mutant 
PPM1G deficient in phosphatase activity (D496A) (34) from bacteria 
(Fig. 4A). In the in vitro phosphatase assays, PPM1G directly de-
phosphorylated p-STING and p-MAVS, whereas PPM1G D496A 
failed to do so (Fig. 4, B and C). Coimmunoprecipitation assay 
confirmed that ORF33 expressed from transiently transfected 
plasmid and viral genome both interacted with endogenous PPM1G 
(Fig. 4, D and E), consistent with our hypothesis that ORF33 may 
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recruit and use a host protein phosphatase to dephosphorylate p-STING 
and p-MAVS.

To examine whether ORF33 could enhance the interaction 
between STING with PPM1G, we first performed a cotransfection 
experiment. Results showed that exogenously expressed PPM1G 
interacted with STING, and this interaction was clearly enhanced in 
the presence of ORF33 (Fig. 4F). ORF33 also clearly enhanced the 
interaction between STING and endogenous PPM1G (Fig. 4G). 
Similarly, ORF33 also markedly enhanced the interaction between 
MAVS and exogenously expressed PPM1G or endogenous PPM1G 
(Fig.  4,  H  and  I). Together, these results strongly indicate that 
ORF33 recruits the host protein phosphatase PPM1G and enhances 
the interaction between PPM1G and STING/MAVS, resulting in 
dephosphorylation of p-STING and p-MAVS.

PPM1G negatively regulates antiviral innate immunity
Phosphorylation of STING and MAVS by TBK1 is essential for 
activation of the antiviral innate immune response induced by cytosolic 
nucleic acid. Because host protein phosphatase PPM1G can directly 
dephosphorylate STING and MAVS in vitro (Fig. 4, B and C), we 
studied the general functional role of PPM1G in DNA- and RNA- 
induced antiviral innate immune responses. In reporter assays and 

RT-qPCR assays, using either poly(dA:dT) or poly(I:C) to activate 
the IFN signaling pathway, ectopic expression of PPM1G signifi-
cantly inhibited activation of the IFN promoter as well as the 
expression of IFN mRNA (Fig. 5, A and B). Moreover, PPM1G 
markedly decreased the level of IRF3 phosphorylation and di-
merization under the stimulation of poly(dA:dT) or poly(I:C) 
(Fig. 5C). Consistently, PPM1G significantly inhibited the expres-
sion of downstream ISGs such as ISG56 (fig. S7A).

We next addressed whether knockdown or knockout of PPM1G 
would enhance antiviral innate immunity. We first used siRNA to 
knock down PPM1G expression (fig. S7B) and examined the innate 
immune response of host cell. The results indicated that knock-
down of PPM1G significantly increased the IFN production under 
the stimulation of poly(dA:dT) or poly(I:C) or after infection by a 
DNA virus HSV-1 or an RNA virus SeV (Fig. 5D). In addition, after 
PPM1G knockdown, the production of both IFN and ISG56 was 
increased after de novo infection by KSHV or reactivation of latent-
ly infected KSHV (Fig. 5E and fig. S7C). We further constructed 
PPM1G knockout cells and found that the IFN and ISG56 mRNA 
levels were significantly higher in PPM1G−/− cells in response to 
poly(dA:dT) or poly(I:C) transfection, or SeV infection, when compared 
to WT cells (Fig. 5F and fig. S7D). Consistently, the phosphorylation 

IB:Tubulin

IB:STING
IB:p-IRF3 S386

IB:HA

IB:p-STING S366

IB:IRF3

IB:TBK1

IB:p-TBK1 S172

EV
HA-ORF33

Poly(dA:dT) 12 hours
−−

− + − +−
+ − +

34

34

72

72

55

55
34
55

IB:GAPDH

IB:p-IRF3 S386

IB:HA

IB:IRF3

IB:TBK1

IB:p-TBK1 S172

EV
HA-ORF33

Poly(I:C) 9 hours12 hours
−

− + − +
+ − +

− +
+ −

72

72
55

55

34
34

A

D E F

B C

72

72

34

34
34IB:GAPDH

FLAG-MAVS

IB:HA

IB:HA

FLAG-STING

IB:FLAG

HA-TBK1
λpp

HA-ORF33

TBK1

ORF33

MAVS

STING

−−

− −− −

+ + ++− + ++
+−

+
+− −− −

− −
−− −

−+

−

++ ++ −− −−

− + + ++ +−−

0 hours
0 hours

p-MAVS

p-STING

0.1 0.2 0.2 1.0 1.1

1.0 0.3

1.0 0.4

0.5 0.5 1.0 1.0 1.2 1.3

1.0 0.2 1.8 0.7

kDa
kDa

kDa

IB:GAPDH

IB:STING

IB:p-IRF3 S386

IB:HA

IB:p-STING S366

IB:IRF3

IB:TBK1

IB:p-TBK1 S172

EV
HA-ORF33

ISD 12 hours
−−

− + − +−
+ − +

0 hours

HeLa

34

34

72

72

55

55

34
34

kDa

1.0 0.9

1.0 0.6

1.0 0.3

FLAG-ORF33 extract
FLAG-GFP extract

His-pSTING(amino acids 153 to 379)

λpp

In vitro phosphatase assay 

p-STING
STINGIB:STING

IB:FLAG

IB:GST

IB:p-STING S366

His-STING(amino acids 153 to 379)

GST-ORF33-His

+− ++ +++− − − −−
+− − − −−

+− − − −−
+− − − −−

+ − − − − −

FLAG-ORF33 extract
FLAG-GFP extract

λpp

In vitro phosphatase assay 

GST-ORF33-His

+− ++ +++− − − −−
+− − − −−

+− − − −−
+− − − −−

+ − − − − −

His-pMAVS(amino acids 1 to 460)
His-MAVS(amino acids 1 to 460)

IB:MAVS p-MAVS
MAVS

IB:FLAG

IB:GST

34

34

34 55

55

kDa

34

72
kDa

1.0 1.1 0.3 0.9

Fig. 3. KSHV ORF33 decreases the phosphorylation levels of STING and MAVS but not TBK1. (A to C) Influence of ORF33 on the phosphorylation levels of endogenous 
TBK1, STING, and IRF3. (A and C) As in Fig. 1G. (B) HeLa cells were transfected with the indicated expression plasmids for 24 hours and then challenged with ISD (2 g/ml) 
for 12 hours. The gray values are quantified using ImageJ, and the level of each phosphorylated protein indicated was normalized to the level of corresponding total 
protein and tubulin/GAPDH. (D to F) Influence of ORF33 on the phosphorylation levels of STING and MAVS. (D) HEK293 cells were cotransfected with TBK1, STING/MAVS 
expression plasmids, and increasing doses of ORF33 expression plasmid for 24 hours. Cell lysates were either treated with pp or left untreated as indicated. (E and F) 
Purified His-STING (amino acids 153 to 379) (1 g) (E) or His-MAVS (amino acids 1 to 460) (1 g) (F) was first incubated with FLAG-TBK1 (1 g) to generate p-STING or 
p-MAVS (in vitro kinase assay). The influence of FLAG-GFP extract (as a control), FLAG-ORF33 extract, or GST-ORF33-His on p-STING (E) or p-MAVS (F) was examined by 
in vitro phosphatase assay. See also fig. S5.



Yu et al., Sci. Adv. 2020; 6 : eabd0276     20 November 2020

S C I E N C E  A D V A N C E S  |  R E S E A R C H  A R T I C L E

7 of 16

level of IRF3 was markedly increased in PPM1G−/− cells, compared 
to that in WT cells (Fig. 5G). Moreover, whereas introducing WT 
PPM1G into PPM1G−/− cells significantly reduced the expression of 
IFN and its downstream gene ISG56 under the stimulation of 
poly(dA:dT) or poly(I:C), introduction of the mutant PPM1G 
D496A had no effect (Fig. 5H and fig. S7E). Together, these results 
indicate that PPM1G is a negative regulator of cytosolic DNA– and 
RNA–induced IFN signaling, for which the phosphatase activity of 
PPM1G is essential.

Since IFN signaling is critical for host defense against DNA and 
RNA viruses, we further evaluated the functional consequence 
of PPM1G knockout on viral infection and replication. WT or 
PPM1G−/− cells were infected with the DNA virus HSV-1 or the 
RNA virus SeV and then viral gene expression and genome copy 
number or viral titer were measured. Compared to WT cells, the 
viral gene expression levels and genome copy number or viral titer 
of SeV and HSV-1 were significantly lower in PPM1G−/− cells 
(Fig. 6, A  to D), indicating that PPM1G knockout inhibited viral 
replication as a result of enhanced host defense against both DNA 
and RNA viruses. Moreover, knocking down PPM1G in iSLK.219 
cells that are latently infected with KSHV severely inhibited KSHV 
reactivation (Fig.  6,  E  and  F) and expression of viral lytic genes 

(Fig. 6G), resulting in decreased virus production, as measured by 
viral genome copy number (Fig. 6H) and viral titer in the superna-
tant (Fig. 6I, determined in a new round of infection). Collectively, 
these results indicate that PPM1G negatively regulates antiviral in-
nate immunity by suppressing both STING- and MAVS-mediated 
IRF3 activation and IFN pathway.

Inhibition of innate immune response by KSHV ORF33 is 
dependent on PPM1G
We further investigated whether the inhibitory effect of KSHV 
ORF33 on STING- and MAVS-mediated IRF3 activation and IFN 
signaling pathway is mediated through PPM1G. In reporter assays, 
ORF33 and PPM1G synergistically reduced IFN-luc activity (fig. 
S8A). Compared with Flag-ORF33 immunoprecipitated from 
WT cells, FLAG-ORF33 immunoprecipitated from PPM1G−/− cells 
failed to dephosphorylate STING and MAVS (fig. S8, B to D), indi-
cating that PPM1G is the primary phosphatase recruited by ORF33 
to inactivate STING and MAVS. In WT cells, ORF33 inhibited the 
production of IFN mRNA by more than 50% under either 
poly(dA:dT) or poly(I:C) stimulation or by SeV and HSV-1 infec-
tion, reductions that were both statistically significant. In contrast, 
in PPM1G−/− cells, IFN production decreased only slightly in the 
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presence of ORF33, and such decrease was statistically not signifi-
cant (Fig. 7A). Consistently, although ORF33 inhibited the phos-
phorylation of IRF3 in WT cells in response to poly(dA:dT) or 
poly(I:C) stimulation, ORF33 had no obvious effect on the phos-
phorylation level of IRF3 in PPM1G−/− cells (Fig. 7B). These results 
strongly indicate that the immunosuppressive function of ORF33 is 
mediated by the host protein phosphatase PPM1G.

Last, we verified the function of PPM1G in immune evasion 
of KSHV mediated by ORF33. iSLK cells were transfected with siRNA 

against PPM1G or control siRNA, followed by infection with WT 
or ORF33-null virus, respectively. In cells transfected with control 
siRNA, the production of IFN stimulated by ORF33-null virus was 
significantly higher than that by WT virus. However, in PPM1G 
knockdown cells, no difference was observed in IFN production 
and IRF3 phosphorylation after WT or ORF33-null virus infection 
(Fig. 7C, top, and Fig. 7D, top). Similar results were obtained after 
reactivation of WT or ORF33-null virus in PPM1G knockdown 
or control siRNA knockdown cells (Fig. 7C, bottom, and Fig. 7D, 

IFNβ-luc

MOCK EV

PPM1G

**

Poly(dA:dT)

Fi
re

fly
/re

ni
lla

no
rm

al
iz

ed
 to

 c
on

tro
l

IFNβ-luc

MOCK EV

PPM1G

**

Poly(I:C)
MOCK EV

PPM1G

**

Poly(dA:dT)

IF
N

m
R

N
A 

ex
pr

es
sio

n
no

rm
al

iz
ed

 to
 c

on
tro

l

MOCK EV

PPM1G

**

Poly(I:C)

  PPM1G KO

MOCK EV

PPM1G
 W

T

PPM1G
 D

49
6A

Poly(dA:dT)

IF
N

m
R

N
A 

ex
pr

es
sio

n
no

rm
al

iz
ed

 to
 c

on
tr

ol

PPM1G KO

MOCK EV

PPM1G
 W

T

PPM1G
 D

49
6A

Poly(I:C)

**
ns

***
ns

Dimer

Mono

55

55

34
34

HA-PPM1G

Native
IB:IRF3

IB:p-IRF3

IB:IRF3
IB:HA

IB:GAPDH

Po
ly(

dA
:d

T)
Po

ly(
I:C

)

− + − + − +

MOCK

si-
CONTROL

si-
PPM1G

Poly(dA:dT)

IF
N

m
R

N
A 

ex
pr

es
sio

n
no

rm
al

iz
ed

 to
 c

on
tr

ol ***

MOCK

si-
CONTROL

si-
PPM1G

Poly(I:C)

***

HSV-1

MOCK

si-
CONTROL

si-
PPM1G

**

SeV

MOCK

si-
CONTROL

si-
PPM1G

** De novo infection

MOCK

si-
cO

NTROL

si-
PPM1G

KSHV

**
Reactivation

MOCK

si-
CONTROL

si-
PPM1G

KSHV

**

IF
N

m
R

N
A 

ex
pr

es
sio

n
no

rm
al

iz
ed

 to
 c

on
tr

ol

MOCK

Poly
(dA

:dT
)IF

N
m

R
N

A 
ex

pr
es

sio
n

no
rm

al
iz

ed
 to

 c
on

tr
ol **

MOCK

Poly
(I:C

)

**

MOCK
SeV

***

A B C

D E

F G H

1.0 0.1 1.5 0.1

1.0 0.5 1.3 0.7

kDa

IB:p-IRF3 S386

IB:IRF3
IB:PPM1G
IB:GAPDH

W
T

P
P
M
1G

−/
−

W
T

P
P
M
1G

−/
−

W
T

P
P
M
1G

−/
−

Po
ly(

dA
:d

T)
Po

ly(
I:C

)

55

55

72

34

1.0 4.6 1.3 4.5

kDa
IB:p-TBK1 S172

IB:p-STING S366
IB:TBK1

IB:STING

72

72

34

34

1.0 1.1 0.9 1.0

1.0 2.3

0

20

40

60

80

0

10

20

30

0

50

100

150

200

0

500

1000

1500

0

100

200

300

400

0

200

400

600

800

1000

0

100

200

300

400

500

0

1000

2000

3000

0

5

10

15

0

50

100

150

200

0

200

400

600

0

500

1000

1500

0

500

1000

1500

2000

0
50
100
150
200
250

0
200
400
600
800WT

PPM1G KO

Fig. 5. PPM1G negatively regulates the antiviral innate immune response. (A and B) Impact of PPM1G on IFN production, as described in the legend to Fig. 1 (B and 
C). (C) Impact of PPM1G on dimerization and phosphorylation levels of IRF3, as described in the legend to Fig. 1G. (D and E) Influence of PPM1G knockdown on IFN mRNA 
levels. (D) HEK293 cells were transfected with indicated siRNA. After 48 hours, cells were challenged as in Fig. 1J, or with infection of HSV-1 [multiplicity of infection 
(MOI) = 3] for 12 hours. (E) Cells were transfected with the siRNA for 48 hours. iSLK cells were infected with KSHV for 24 hours (left), or iSLK.219 cells were induced for 
48 hours (right), and IFN mRNA levels were measured. (F) Effect of PPM1G knockout on IFN mRNA levels. WT or PPM1G KO HEK293 cells were challenged for 12 hours 
as described in the legend to Fig. 1J. (G) Effect of PPM1G knockout on phosphorylation levels of IRF3. WT or PPM1G KO HEK293 cells were challenged for 12 hours as de-
scribed in the legend to Fig. 3 (A and C). (H) The phenotype exhibited by PPM1G knockout cells was reversed by introducing WT but not the catalytically inactive (D496A) 
PPM1G mutant. PPM1G KO HEK293 cells were transfected with the indicated expression plasmids for 24 hours. Cells were challenged as described in the legend to Fig. 1C. 
(A, B, D to F, and H) Data presented are means ± SEM of three independent measurements, representative of three independent experiments. **P < 0.01 and ***P < 0.001; 
ns, not significant; Student’s t test, n = 3. See also fig. S7.
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bottom). These results demonstrate that the immune evasion func-
tion mediated by ORF33 during KSHV infection and reactivation is 
dependent on PPM1G.

DISCUSSION
IFN is the host cells’ first line of defense against viral infections. 
STING and MAVS are key adaptors in cytosolic nucleic acid–sensing 
pathways. Their phosphorylation by TBK1 is an essential and con-
served mechanism that leads to recruitment of IRF3 and subsequent 
activation of the type I IFN pathway. However, cells must regulate 
their IFN production carefully to prevent inflammation and auto-
immunity. Therefore, the activities of STING and MAVS must be 

tightly regulated to ensure a proper innate immune homeostasis in 
infected host cells. Host protein phosphatase PPM1G, as identified 
in this study, dephosphorylates p-STING and p-MAVS and tones 
down the response of the cytosolic DNA– and RNA–sensing path-
ways, thereby contributing to maintenance of a balanced antiviral 
innate immune response (Fig. 8, left). However, PPM1G is hijacked 
by KSHV for immune evasion. During KSHV de novo infection, 
tegument protein ORF33 is released from KSHV virion into the cy-
toplasm. ORF33 directly interacts with STING/MAVS and recruits 
PPM1G, resulting in enhanced dephosphorylation of p-STING/ 
p-MAVS, impaired recruitment of IRF3, and suppression of the 
type I IFN pathway. When KSHV is reactivated from latency, newly 
synthesized ORF33 is likely to facilitate viral lytic replication by 
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recruiting PPM1G to dephosphorylate p-STING/MAVS, thereby 
suppressing host antiviral activities (Fig. 8, right).

During both de novo infection and reactivation of a herpesvirus, 
viral nucleic acid acts as PAMPs to activate both cGAS-STING 
(35, 36) and RIG-I-MAVS (37, 38) pathways and up-regulates the 
expression of IFNs. Subsequent activation of ISG leads to a robust 
host defense against the invading virus (39). To successfully infect 
host cell and establish long-term latency, KSHV has evolved to 
use multiple strategies to antagonize host innate immunity. For 
instance, cytoplasmic isoforms of viral latency-associated nuclear 
antigen and a tegument protein, ORF52, have been reported to both 
target cGAS and inhibit cGAS-mediated restriction of viral lytic 
replication (40, 41). Viral IRF1 targets STING and prevents it from 
interacting with TBK1, thereby inhibiting STING’s phosphorylation 
and the DNA-sensing pathway (42). Another tegument protein, 
ORF64, exbibits deubiquitinase activity and reduces the ubiquitina-
tion of RIG-I to inhibit RIG-I–mediated antiviral immune responses 

(38). Consistent with these reports, we found that there was even a 
slight (although not statistically significant) decrease in IFN pro-
duction at the early time point of de novo infection or reactivation 
of WT virus, when compared to mock-infected cells (Fig. 1A). However, 
in the absence of ORF33, the IFN production induced by KSHV 
infection or reactivation increased significantly, when compared 
to WT virus–infected cells (Fig. 1A). These data indicated that ORF33 
is necessary for inhibiting host cell IFN production in response to 
KSHV infection and plays a key role in immune suppression in the context 
of viral infection. Moreover, we showed that ORF33 interacts with both 
STING and MAVS and antagonizes both DNA- and RNA- sensing path-
ways (Figs. 1 to 3). Thus, we uncovered a previously unknown strategy for 
KSHV immune suppression via yet another tegument protein, ORF33.

ORF33 is a tegument protein that is conserved among all herpes-
viruses. In addition to KSHV ORF33, its homologs from HSV-1, 
HCMV, and EBV all exhibited potent inhibitory effect on the in-
duction of IFN in response to poly(dA:dT) or poly(I:C) stimulation 
(fig. S2). Furthermore, all ORF33 homologs colocalized with 
STING/MAVS in situ (fig. S4, A and B). These results strongly sug-
gested that antagonism against both DNA- and RNA-sensing path-
ways is a conserved function of ORF33 among all herpesviruses.

As a tegument protein, ORF33 also plays roles in virion assem-
bly (25–30). A previous study has shown that lack of ORF33 expres-
sion in KSHV reduced the yield of progeny virion by about 10-fold 
(28). This observation is undoubtedly consistent with ORF33’s im-
portant role in virion assembly. Moreover, the progeny viruses also 
appeared to be less infectious, and ~16-fold more ORF33-null viral 
particles than WT viral particles were needed to achieve the same 
rate of infection (28). We believe that the ability of ORF33 to antag-
onize STING- and MAVS-mediated DNA- and RNA-sensing path-
ways for viral immune evasion, as identified in our study, provides 
additional explanation for the observed deficiency of ORF33-null 
virus and further demonstrates the functional significance of tegu-
ment proteins in viral life cycle.

The adaptors that contribute to cytosolic nucleic acid–induced 
type I IFN production are regulated by a variety of posttranslational 
modifications, including ubiquitination, phosphorylation, acetyla-
tion, deamidation, and glutamylation (43–49). Among them, phos-
phorylation plays a fundamental role. Accomplished by opposing 
activities of kinases and phosphatases, phosphorylation is reversible 
and therefore constitutes a major form of signaling regulation and 
must be precisely balanced. In this regard, a number of host factors 
that regulate the phosphorylation of these critical proteins have 
been reported (43, 50). For example, the kinase UNC-51–like kinase-1 
(ULK1/ATG1) is activated by cGAMPs to phosphorylate STING 
after autophagy-dependent STING delivery of TBK1 to endosomal/
lysosomal compartments, thus serving as a negative-feedback 
control of STING activity to prevent sustained innate immune 
signaling (51). The host phosphatase PP1 dephosphorylates the 
RNA sensors RIG-I and melanoma differentiation–associated gene 
5 (MDA5) to activate the signaling pathway, thus working as a pos-
itive regulator of the antiviral innate immune responses to several 
RNA viruses (52). Nonetheless, these balancing or regulatory mech-
anisms can be sabotaged or hijacked by viruses, and the V protein of 
either measles virus or Nipah virus has been reported to act as a 
decoy substrate of PP1 to inhibit the dephosphorylation of MDA5 
and RIG-1 for viral immune evasion (53, 54). In addition, two 
recent studies have separately reported that host protein phospha-
tase PPM1A targets STING (55) and MAVS and TBK1 (56) for 
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their dephosphorylation. One earlier study identified PPM1B as a 
TBK1 phosphatase (57). However, in that study, PPM1A was also 
included in the phosphatase library that the authors screened and 
showed no effect on TBK1 phosphorylation. It is unclear what accounts 
for the discrepancy. Li et al. (55) observed that PPM1A failed to remove 
all the phosphorylation of STING in in vitro or in vivo assays and 
proposed the existence of other phosphatases that are involved in regu-
lating STING/MAVS dephosphorylation. Consistently, we identified 
PPM1G in this study, which serves as a phosphatase to directly de-
phosphorylate not only STING but also MAVS (Fig. 4 and fig. S6).

PPM1G belongs to the PP2C family of serine/threonine (Ser/
Thr) protein phosphatases. The reported functions of PPM1G 
include spliceosome assembly (58, 59), Cajal body localization by 
dephosphorylating survival motor neurons (34), specific gene 
expression (60, 61), protein translation and cell growth by dephos-
phorylating 4E-binding protein 1 (62, 63), cell cycle progression 
(64, 65), cellular survival and neural development (66), exchange 
and dephosphorylation of H2A-H2B (67), and DNA damage re-
sponse (68, 69). Although most of these reported functions of 
PPM1G are executed in the nucleus, PPM1G is also reportedly 
localized in the cytoplasm in different cell lines (63), consistent with 
its ability to directly dephosphorylate STING and MAVS. Conse-
quently, knockdown or knockout of PPM1G remarkably enhanced 
host innate immune response and inhibited the replication of not 
only KSHV but also other DNA and RNA viruses (Fig. 6). Moreover, 
the interaction between PPM1G and STING/MAVS is markedly 
enhanced by KSHV ORF33 (Fig. 4), and in the context of KSHV 
infection, the immune evasion function mediated by ORF33 is 
strictly dependent on PPM1G (Fig. 7). Collectively, these results in-
dicated that under normal physiological conditions, PPM1G, 
PPM1A, and possibly other unidentified protein phosphatases 
work to counteract the action of TBK1 and other kinases so as to 
maintain the phosphorylation of STING and MAVS within an 
appropriately balanced range. As a result, a normal immune re-
sponse can be mounted against the invading pathogens, and sus-
tained overactivation of host immunity can be prevented. However, 
viruses such as KSHV have developed strategies to tip the balance 
for immune evasion. In particular, KSHV tegument protein ORF33 
hijacks PPM1G to enhance its interactions with STING and MAVS 
molecules, resulting in decreased phosphorylation levels of STING 
and MAVS, thus inhibiting the normal progression of antiviral im-
mune response and facilitating viral replication. Whether addition-
al viral proteins, in particular KSHV tegument proteins, also target 
the cytosolic nucleic acid–sensing pathway warrants further inves-
tigation. It also remains to be determined how dephosphorylation of 
STING and MAVS by different phosphatases is regulated and achieved.

In summary, our study identified PPM1G as a previously uniden-
tified negative regulator of both cytosolic DNA– and RNA–sensing 
pathways and demonstrated that PPM1G balances STING- and 
MAVS-mediated innate immunity. We also uncovered a previously 
unknown immune evasion strategy used by KSHV via its tegument 
protein ORF33 that manipulates PPM1G to promote virus propaga-
tion, providing unique insights into virus-host interactions.

MATERIALS AND METHODS
Cell culture and transfection
HEK293, HEK293T, HeLa, iSLK, and iSLK.219 cells (provided by 
D. Ganem) were cultured in Dulbecco’s modified Eagle’s medium 

(DMEM) with 10% fetal bovine serum (FBS) and penicillin-strepto-
mycin. THP-1 cells (provided by L. Zhang) were cultured in RPMI 
with 10% FBS and penicillin-streptomycin. iSLK cells carrying WT 
RGB BAC16 (provided by J. Jung) and ORF33-null RGB BAC16 
were cultured in DMEM with 10% FBS, puromycin (1 g/ml), G418 
(50 g/ml), hygromycin (500 g/ml), and penicillin-streptomycin. 
Transient transfections of plasmids were performed with jetPEI 
(POLYPLUS TRANSFECTION) or polyethylenimine following 
standard protocols. Transient transfections of poly(I:C) and 
poly(dA:dT) were performed with Lipofectamine 2000 (Life Tech-
nologies) according to the manufacturer’s protocol.

Reagents and antibodies
Rabbit antibodies against human p-TBK1 Ser172 (catalog no. 5483), 
TBK1 (catalog no. 3504), IRF3 (catalog no. 11904), p-STING Ser366 
(catalog no. 85735), and STING (catalog no. 13647) were obtained 
from Cell Signaling Technology. Rabbit antibodies against human 
p-IRF3 Ser386 (ab76493), MAVS (ab31334), and green fluorescent 
protein (GFP) (ab290) were purchased from Abcam. Rabbit anti-
body against HA was purchased from HUAXINGBIO (HX1820). 
Mouse antibodies against laminB1 (sc-365962) were purchased 
from Santa Cruz Biotechnology. Mouse anti-FLAG antibody (M2) 
(F1804), M2-conjugated agarose (A2220), mouse anti-HA antibody 
(H3663), and anti-HA–conjugated agarose (A2095) were purchased 
from Sigma-Aldrich. Rabbit anti-PPM1G antibody (A300-881A) 
was purchased from Bethyl Laboratories. Poly(I:C) and poly(dA:dT) 
were purchased from InvivoGen (tlrl-pic, tlrl-patn-1). Mouse anti- 
ORF33 antibody was provided by F. Zhu (Florida State University, 
USA). Mouse anti-K8/KbZIP and anti-ORF45 antibodies were pro-
vided by Y. Yuan (University of Pennsylvania, USA). Human IFN 
ELISA Kit was purchased from R&D Systems (DIFNB0). Duolink 
In Situ–Fluorescence kit for PLA was purchased from Sigma-Aldrich 
(DUO92008, DUO92002, and DUO92004).

Expression plasmid construction
Human cDNAs encoding MAVS, STING, TBK1, IRF3, IRF3(2A), 
PPP6C, PPP2CA, PPP1CA, PPP1CB, PPM1G, and PPP3CA and 
human herpesvirus ORF33 homolog cDNAs (HSV-1 UL16, HCMV 
UL94, EBV BGLF2, and KSHV ORF33) were cloned into three 
different vectors (pCMV-HA, pCMV-MYC, and pFLAG-CMV2) 
according to the required tags. GFP-STING was cloned into 
pEGFP-C1. pGFP-MAVS was provided by Z. Yuan (Beijing Institute 
of Basic Medical Sciences). DNA sequences for His-STING (amino 
acids 153 to 379), His-MAVS (amino acids 1 to 460), and His-
tagged PPM1G were cloned into pET28a.

Luciferase reporter assays
Firefly luciferase IFN reporter plasmid (100 ng) and pRL-TK (Re-
nilla luciferase) plasmid (internal control) (10 ng) were transfected 
together with the indicated expression plasmids (total 800 ng) 
into HEK293 cells at a density of 3 × 105 cells per well of 12-well 
plates. If cotransfected with MAVS or STING expression plasmid, 
at 24 hours after transfection, then cells were lysed by passive lysis 
buffer (Promega E1941) for the following luciferase assays. In other 
cases, transfected cells were cultured for 24 hours, then challenged 
by transfection of poly(I:C) (1 g/ml) and poly(dA:dT) (1 g/ml), and 
lysed by passive lysis buffer at 18 hours after treatment. The dual 
luciferase assay kit (Promega E1960) was used to perform luciferase 
assays, and GloMax-Multi Jr. detection system (Promega) was used 
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to quantify luciferase activity. The relative luciferase activity was 
calculated by normalizing firefly to Renilla luciferase activity.

Quantitative PCR
HEK293 cells transfected with the indicated expression plasmids 
were stimulated by transfection of poly(I:C) (1 g/ml) and poly(dA:dT) 
(1 g/ml) or infection of SeV (50 HA U/ml) and HSV-1 (multi-
plicity of infection = 3) for 12 hours. THP-1 cells were infected 
with WT KSHV or ORF33-null KSHV for 6 hours. iSLK cells car-
rying WT RGB BAC16 and ORF33-null RGB BAC16 were induced 
by doxycycline (2 g/ml) and sodium butyrate (1 mM) for 24 or 
48 hours. RNA was extracted using TRIzol Reagent (Invitrogen 
15596-026) according to the manufacturer’s protocol. mRNA was 
reverse-transcribed to cDNA using PrimeScript RT reagent Kit 
with genomic DNA Eraser (Takara Biomedical Technology catalog 
no. RR047A). The relative mRNA levels of human IFN and ISG56 
were detected by QuantStudio 7 (Life Technologies) using PowerUp 
SYBR Green Master Mix (Life Technologies A25742) and nor-
malized to GAPDH (glyceraldehyde-3-phosphate dehydrogenase) 
expression.

qPCR was used to quantify the genome copy number of 
KSHV. Deoxyribonuclease (DNase) I was added into the medium 
containing virus (described in the “Virus infection and induction” 
section) and incubated at 37°C for 1 hour to digest the free viral 
DNA. Then, the DNase I was inactivated by the addition of 50 mM 
EDTA and incubation at 70°C for 10 min. Viral DNA was extracted 
using TIANamp Virus DNA/RNA Kit (TIANGEN, DP315) accord-
ing to the manufacturer’s protocol. Serially diluted RGB BAC16 
DNA (1 to 107 genome copies) was used as standard samples to 
calculate viral genome copy numbers.

SeV M and NP mRNA levels as well as HSV-1 gD and gJ mRNA 
levels were measured by RT-qPCR. All the primer sequences are 
listed in table S1.

Immunofluorescence
To observe the nuclear translocation of endogenous IRF3, HEK293 
cells cultured on coverslips in 24-well plates were stimulated by 
transfection of poly(I:C) (2 g/ml) and poly(dA:dT) (2 g/ml) or 
SeV infection (50 HA U/ml) for 4 hours. The cells were then fixed 
with 4% paraformaldehyde for 15 min at room temperature, perme-
abilized with 0.2% Triton X-100 in phosphate-buffered saline (PBS) 
for 7 min at room temperature, blocked with goat serum (Cwbio 
CW0130S) for 30  min at room temperature, and incubated with 
primary antibodies (Rabbit anti-HA, 1:500; Mouse anti-FLAG, 
1:500; Rabbit anti-IRF3, 1:50) in phosphate-buffered saline, 0.1% Tween 
20 (PBST) for 2 hours at room temperature or overnight at 4°C. Last, 
cells were incubated with respective Alexa Fluor secondary antibodies in 
PBST for 1 hour and 4′,6-diamidino-2-phenylindole in PBST for 10 min 
at room temperature. Immunofluorescence images were imaged and 
analyzed by the Zeiss LSM 700 confocal microscope.

Proximity ligation assay
PLAs were used to detect the interaction of STING-IRF3 and 
MAVS-IRF3 with Duolink In Situ–Fluorescence kit (Sigma- 
Aldrich, DUO92008, DUO92002, and DUO92004) according to the 
manufacturer’s protocol. In Fig. 2, HEK293T cells cultured on 
coverslips in 24-well plates were cotransfected with expression 
plasmids for GFP-STING, HA-IRF3 and MYC-EV/MYC-ORF33 
(100  ng each), or GFP-MAVS, HA-IRF3, and MYC-EV/MYC-

ORF33 (100 ng each) for 20 hours. In fig. S4, HEK293T cells 
cultured on coverslips in 24-well plates were cotransfected with 
expression plasmids for GFP-STING and HA-tagged ORF33 
homologs or EV (150 ng each) or GFP-MAVS and HA-tagged 
ORF33 homologs or EV (150 ng each) for 24 hours. Cells were fixed 
and permeabilized as described in the “Immunofluorescence” sec-
tion. The cells were then blocked with Duolink blocking buffer in a 
preheated humidity chamber for 30 min at 37°C and incubated with 
respective primary antibodies in antibody diluent overnight at 4°C 
(Rabbit anti-GFP, 1:600; Mouse anti-HA, 1:500). After incubation 
with probe anti-rabbit PLUS and probe anti-mouse MINUS in a 
preheated humidity chamber for 60 min at 37°C, the cells were 
incubated with ligation-ligase solution in a preheated humidity 
chamber for 30 min at 37°C. At this time, the PLA probes binding 
to primary antibodies in close proximity would form a closed circle. 
Then, after samples were incubated with amplification solution in a 
preheated humidity chamber for 100 min at 37°C, the interaction 
signal was detected as a distinct red fluorescent spot (excitation, 
594 nm; emission, 624 nm) and analyzed by a Zeiss LSM 700 confocal 
microscope.

Coimmunoprecipitation
HEK293T and HEK293 cells transfected with the indicated expres-
sion plasmids in 6-cm plates were lysed in 500 l of lysis buffer 
[50 mM tris-HCl (pH 7.4), 150 mM NaCl, 1% Triton X-100, 1 mM 
phenylmethanesulfonyl fluoride, EDTA-free protease inhibitor 
cocktail (Roche 04693), and phosphatase inhibitor (Beyotime P1082)] 
for 30 min at 4°C. The supernatant of cell lysates was obtained 
by centrifugation at 13,000 rpm for 15 min (4°C). Fifty microliters 
of cell lysate supernatant was taken as INPUT. The rest (450 l) 
was incubated with anti-FLAG-M2–conjugated agarose (12 l) or 
anti-HA–conjugated agarose (12 l) for 4 to 8 hours at 4°C. The 
protein-bound beads were then washed five times with lysis buffer 
at 4°C.

Purification of recombinant proteins
For GST-tagged KSHV ORF33 protein, pGEX-6P-2-GST-ORF33 
was transformed into Escherichia coli Rosetta and then cells were 
induced [OD600 (optical density at 600 nm) ≈ 0.6] with 1 mM 
isopropyl--d-thiogalactopyranoside (IPTG) at 16°C for 22 hours 
to express ORF33 protein. Cells were collected by centrifugation at 
4000g for 20 min (4°C), resuspended with PBS [containing 1 mM 
phenylmethanesulfonyl fluoride, EDTA-free protease inhibitor 
cocktail (Roche 04693), and lysozyme (1 mg/ml)], and sonicated. 
The supernatant obtained by centrifugation at 20,000g for 20 min 
(4°C) was incubated with glutathione-Sepharose resin (CWBIO 
CW0190) for 2 hours at room temperature. Protein was eluted with 
50 mM reduced glutathione in PBS.

For His-tagged STING (amino acids 153 to 379), MAVS (amino 
acids 1 to 460), and PPM1G proteins, pET28a vector carrying in-
dicated cDNAs was transformed into E. coli Rosetta and then cells 
were induced (OD600 ≈ 0.6) with 0.5 mM IPTG at 16°C for 22 hours 
to express proteins. Cells were collected by centrifugation at 4000g 
for 20 min (4°C), resuspended with lysis buffer [25 mM tris-HCl 
(pH 7.5), 300 mM NaCl, 1 mM phenylmethanesulfonyl fluoride, 
EDTA-free protease inhibitor cocktail (Roche 04693), and lysozyme 
(1 mg/ml)], and sonicated for protein extraction. The supernatant 
obtained by centrifugation at 20,000g for 20 min (4°C) was incubated 
with HisPur Ni–nitrilotriacetic acid resin (Thermo Fisher Scientific, 
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88222) for 2 hours at room temperature. After washing twice with 
washing buffer [25 mM tris-HCl (pH 7.5), 300 mM NaCl, and 
20 mM imidazole], proteins were eluted with elution buffer [25 mM 
tris-HCl (pH 7.5), 300 mM NaCl, and 250 mM imidazole]. Protein 
concentrations were measured with Enhanced BCA Protein Assay 
Kit (Beyotime, P0010).

GST pull-down assay
The MagneGST glutathione particles (Promega, V861A) were washed 
three times with PBS for particle equilibration by DynaMag-2 
Magnet (Life Technologies, 12321D). GST-ORF33/GST proteins 
and MagneGST glutathione particles (total 300 l in PBS) were 
incubated in a 1.5-ml tube at room temperature on a rotating plat-
form for 1 hour. Then, the GST-ORF33/GST-bound MagneGST 
glutathione particles were incubated with lysates from HEK293T 
cells with HA-STING or HA-MAVS overexpression for 4 hours at 
4°C. The lysis condition was described in the “Coimmunoprecipita-
tion” section. After five washes with lysis buffer (1 ml) at 4°C by 
DynaMag-2 Magnet, the protein-bound MagneGST glutathione 
particles were resolved by 2× SDS loading buffer and boiled for 
10  min. The samples were analyzed by SDS–polyacrylamide gel 
electrophoresis (PAGE) and the indicated antibodies.

In vitro kinase and phosphatase assays
The FLAG-TBK1, FLAG-GFP, and FLAG-ORF33 proteins were 
immunoprecipitated from HEK293 cell extracts with anti-FLAG- 
M2–conjugated agarose. After washing three times with lysis buffer 
(described in the “Coimmunoprecipitation” section), the bound 
proteins were eluted with 3× FLAG peptide (Sigma-Aldrich, F4799) 
for 30 min at room temperature on a rotating platform for three 
times. The collected proteins were concentrated with centrifugal 
filter units (Millipore, 10 kDa, UFC501008), and the protein con-
centrations were measured with Enhanced BCA Protein Assay Kit 
(Beyotime, P0010). For in vitro kinase assay, FLAG-TBK1 (1 g) 
was incubated with His-STING (amino acids 153 to 379) (1 g) or 
His-MAVS (amino acids 1 to 460) (1 g) in kinase buffer [25 mM 
tris-HCl (pH 7.5), 100 mM NaCl, 5 mM adenosine triphosphate, 10 mM 
dithiothreitol (DTT), and 5 mM MgCl2] for 40 min at 30°C. For 
in vitro phosphatase assay, p-STING or p-MAVS (obtained above) 
was concentrated with centrifugal filter units (10 kDa) and the reac-
tion buffer was exchanged with phosphatase buffer (1 mM EGTA, 
25 mM MgCl2, 2 mM DTT, 0.1% bovine serum albumin, and 250 mM 
imidazole). FLAG-ORF33, FLAG-GFP, purified GST-ORF33, or 
purified individual host protein phosphatase (1 g each) was added 
into the phosphatase buffer and incubated for 40 min at 30°C. After 
the reaction, samples were resolved by 2× SDS loading buffer and 
boiled for SDS-PAGE analysis.

Genetic manipulation of KSHV BAC genome
KSHV ORF33-null BAC was constructed by inserting triple stop 
codons at 96 nucleotides of ORF33 coding sequence on RGB-
BAC16 (31) using a Red recombination system as described previ-
ously (70, 71). The sequence containing Kan/I-Sce I, triple stop 
codons, and BsiWI site was amplified with the primers listed in 
table S1.

Virus infection and induction
To make KSHV WT or ORF33-null virus, iSLK-RGB-BAC16 or 
iSLK-ORF33-null-RGB-BAC16 stable cell lines were constructed as 

described previously (72). Cells were then induced with doxycycline 
(2 g/ml) and 1 mM sodium butyrate for 72 hours, and the super-
natants were collected by centrifugation and filtered with a 0.45 M 
filter unit (Merck, SLHV033RB). The viruses were concentrated using 
a centrifugal filter unit (Merck, UFC910096), and viral genome 
copy numbers were analyzed by qPCR. To infect THP-1 cells, THP-
1 cells seeded on a 12-well plate were incubated with WT KSHV 
or ORF33-null KSHV (50 viral genome copies per cell) and centri-
fuged at 2000 rpm for 1 hour at 30°C. SeV infection was conducted 
at 50 HA U/ml.

RNA interference
siRNA against PPM1G [5′-3′: AGGCUACCAUGACUAUUGA (34)] 
and cGAS [5′-3′: GAUUGAGCUACAAGAAUAU (73)] was syn-
thesized by GenePharma Corporation. Cells were transfected 
with siRNAs using Lipofectamine RNAiMAX Reagent (Invitrogen, 
13778-030) following the manufacturer’s instructions.

CRISPR-Cas9–mediated genome editing
The guide RNAs targeting PPM1G (NM_177983.2) were designed 
using an online design site (crispr.mit.edu) (74). According to the 
analysis results, we chose two high score targets, one targeting exon 
1 and the other targeting exon 9. After annealing, double-stranded 
oligos were inserted into puro-Cas9CrisprV2 vector (provided by 
M. Zhu, Institute of Biophysics, China) after cleavage by Bsm 
BI. The two puro-Cas9CrisprV2 plasmids containing two different 
target sites were cotransfected into HEK293 cells and selected using 
puromycin (1 g/ml) at 48 hours after transfection. After about 
2 weeks, monoclonal PPM1G knockout cells were selected and pos-
itive clones were identified by Western blot with antibody against 
PPM1G. The oligo sequences are listed in table S1.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/6/47/eabd0276/DC1 

View/request a protocol for this paper from Bio-protocol.
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