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ABSTRACT REC8 meiotic recombination protein (REC8) is a member of structural
maintenance of chromosome (SMC) protein partners, which play an important role in
meiosis, antitumor activity, and sperm formation. As the adaptor proteins of RIG-I-like re-
ceptor (RLR) signaling and cyclic GMP-AMP synthase (cGAS)-DNA signaling, the activity
and stability of MAVS (mitochondrial antiviral signaling protein; also known as VISA,
Cardif, and IPS-1) and STING (stimulator of interferon genes; also known as MITA) are
critical for innate immunity. Here, we report that REC8 interacts with MAVS and STING
and inhibits their ubiquitination and subsequent degradation, thereby promoting innate
antiviral signaling. REC8 is upregulated through the JAK-STAT signaling pathway during
viral infection. Knockdown of REC8 impairs the innate immune responses against vesicu-
lar stomatitis virus (VSV), Newcastle disease virus (NDV), and herpes simplex virus (HSV).
Mechanistically, during infection with viruses, the SUMOylated RECS is transferred from
the nucleus to the cytoplasm and then interacts with MAVS and STING to inhibit their
K48-linked ubiquitination triggered by RNF5. Moreover, REC8 promotes the recruitment
of TBK1 to MAVS and STING. Thus, REC8 functions as a positive modulator of innate im-
munity. Our work highlights a previously undocumented role of meiosis-associated pro-
tein REC8 in regulating innate immunity.

IMPORTANCE The innate immune response is crucial for the host to resist the inva-
sion of viruses and other pathogens. STING and MAVS play a critical role in the
innate immune response to DNA and RNA viral infection, respectively. In this study,
REC8 promoted the innate immune response by targeting STING and MAVS. Notably,
REC8 interacts with MAVS and STING in the cytoplasm and inhibits K48-linked ubig-
uitination of MAVS and STING triggered by RNF5, stabilizing MAVS and STING pro-
tein to promote innate immunity and gradually inhibiting viral infection. Our study
provides a new insight for the study of antiviral innate immunity.
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nuclear factor kappa-light-chain enhancer of activated B cells (NF-«B), while TLR7 and
TLR8 use the adaptor protein myeloid differentiation primary response protein
(MYDB88) to activate the transcription factors IRF3, IRF5, IRF7, and NF-«B and then initi-
ate the transcriptional expression of type | and Il IFNs and inflammatory factors (5).
RLRs localized in the cytoplasm: RIG-I (retinoic acid-inducible gene 1 protein) senses
short-chain dsRNA and ssRNA motifs, while MDA5 (melanoma differentiation-associ-
ated protein 5) senses long-chain dsRNA (6). When the ligand binds, RLRs oligomerize
and bind to the adaptor protein MAVS (mitochondrial antiviral signaling protein)
located on the outer mitochondrial membrane to induce MAVS protein multimeriza-
tion and then activate the transcription factors IRF3 and NF-«B (7), thereby inducing
the expression of type | and Il IFNs and inflammatory factors. After cyclic GMP-AMP
synthase (cGAS) recognizes endogenous DNA fragments or viral DNA, its synthetase
activity is activated to catalyze the synthesis of cyclic GMP-AMP (cGAMP). cGAMP indu-
ces the production of type | IFN by stimulating the STING-TBK1-IRF3 signal axis. STING
(stimulator of interferon genes) binds to cGAMP and then oligomerizes, which leads to
the recruitment and activation of TBK1 kinase (TANK-binding kinase 1), which in turn
promotes the phosphorylation of IRF3 (8).

MAVS (also called VISA) and STING (also called MITA) mediate the signal transduc-
tion mediated by the PRRs that recognize RNA and DNA in the cytoplasm, respectively.
MAVS and STING play an important role in IFN signals. Many studies have shown that
viral infection can degrade MAVS and STING. For example, when hepatitis C virus
(HCV) infects the cells, its nonstructural protein NS4A can induce MAVS to degrade. V
protein of Newcastle disease virus (NDV), NS3 of Zika virus (ZIKV), X protein of hepatitis
B virus (HBV), etc.,, can also promote the degradation of MAVS (9-11). Also, ZIKV's
NS2B3 promotes the degradation of STING (9). The activity and stability of MAVS and
STING are regulated by ubiquitination strictly. Many host factors can promote the ubig-
uitination and degradation of MAVS and STING. MARCH5 promotes K48-dependent
ubiquitination degradation at K7 and K500 of MAVS (12); RNF5 promotes K48-depend-
ent ubiquitination degradation at K362 and K461 of MAVS (13); and TRIM25, Smurf1,
Smurf2, and AIP4 can induce the K48-dependent ubiquitination degradation of MAVS
(14-17). RNF5 promotes K48-dependent ubiquitination degradation at K150 of STING
(18). However, there are few reports on host factors stabilizing MAVS and STING.

Structure maintenance chromosome (SMC) protein is a kind of ubiquitous and
highly conserved chromosomal ATP synthase (19). At present, three multiprotein com-
plexes are known to be formed with SMC proteins as the core: condensin, cohesin, and
the SMC5-SMC6 complex (19). These complexes are involved in the formation and
structural maintenance of chromosomes and other dynamic changes, as well as
directly in the processes of DNA replication, recombination, and repair (19-21). Studies
have found that some SMC proteins play an important role in the host's defense
against viral invasion. Studies have also found that the SMC5-SMC6 complex can in-
hibit the covalently closed circular DNA (cccDNA) of hepatitis B virus (HBV), and the
HBx protein can promote the degradation of the SMC5-SMC6 complex and maintain
the replication of HBV (22). SLF2 (SMC5-SMC6 complex localization factor 2) recruits
the SMC5/6 complex to compress and silence unintegrated HIV-1 DNA (23). Smc4 pro-
motes NEMO transcription and enhances the activation of NF-«B and IRF3 triggered by
TLRs and viruses, leading to the production of proinflammatory cytokines and IFN-3
(24). In addition to the SMC proteins, there are few reports on the regulation of patho-
gen invasion by other non-SMC protein chaperones in the SMC protein complex.

REC8 (REC8 meiotic recombination protein) is an important member of the adhe-
sion protein complex. It plays a key role in chromosome separation and homologous
recombination during meiosis of spermatocytes and oocytes (25). In this study, we
found that REC8 can be induced by the virus, under viral stimulation, and that the
SUMOylation of REC8 transfers it from the nucleus to the cytoplasm; REC8 then binds
to MAVS and STING and inhibits the degradation of K48 ubiquitination of MAVS and
STING, promoting the innate immune response to viral infection.
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RESULTS

RECS8 is identified as an interferon-induced gene. HLCZ01 is a new type of human
liver cancer cell line constructed in our laboratory, which presents the complete life
cycle of hepatitis B virus (HBV) and hepatitis C virus (HCV) (26). To study how HLCZO01
cells respond to interferon stimulation, we used RNA deep sequencing to analyze the
gene profiles in HLCZO1 cells with or without IFN-« treatment. Here, in the RNA
sequencing (RNA-Seq) results, we first found that meiotic recombination protein 8
(REC8), which is essential for meiotic process, was upregulated by IFN-« (Fig. 1A and B).
Many of our previous studies suggest that interferon-stimulating genes are involved in
viral replication (6, 27, 28). Thereby, in this study, we focused on REC8. To confirm the
RNA-Seq results, we treated HLCZO1 cells with IFN-« and carried out quantitative
reverse transcription-PCR (qRT-PCR), and Western blot results showed that the expres-
sion of REC8 was remarkably induced by IFN-a and in a dose- and time-dependent
manner (Fig. 1C and D). Poly(l-C) is an interferon inducer which mimics viral double-
stranded RNA and is recognized by RIG-I. Upon treatment with poly(l-C), the levels of
REC8 mRNA and protein were also significantly elevated (Fig. 1E). These results sug-
gested that REC8 is an interferon-induced gene.

Viral infection triggers the production of type | and type Ill IFNs. To test whether
REC8 can be induced by viruses, we infected HLCZ01 cells with vesicular stomatitis vi-
rus (VSV), NDV, and herpes simplex virus (HSV). As the results showed, VSV, NDV and
HSV enhanced the expression of REC8 (Fig. 1F to H). IFNs activate the JAK/STAT signal-
ing pathway and then induce the expression of interferon-stimulated genes (ISGs),
which are mainly involved in host antiviral responses (29). The early stages of VSV
infection are often thought to be too early to see the response downstream of IFNAR.
To rule out the possibility that VSV directly induces REC8 expression, we measured the
expression of IFITM1 as a positive control. As shown in Fig. 1F, IFITM1 was also induced
by VSV infection at 6 h, meaning that the interferon response had occurred at 6 h after
VSV infection in our system. To further investigate whether the induction of REC8 by
viruses depends on the IFN/JAK/STAT pathway, we knocked down the expression of
IFNAR1 in HLCZO1 cells. The phosphorylation of STAT1 was significantly impaired in
IFNAR1-silenced cells upon IFN-« treatment (Fig. 11). qRT-PCR results showed that
knockdown of IFNAR1 attenuated the expression of REC8 triggered by IFN-«, poly(l-C),
NDV, VSV, and HSV (Fig. 1J). These data supported the idea that RCE8 is an ISG and the
induction of REC8 depends on the JAK/STAT pathway.

REC8 positively regulates the innate immune response to viral infection and
inhibits viral replication. During viral infection, host cells secrete IFNs to promote the
expression of ISGs, thereby inhibiting virus replication. As REC8 can be induced by viral
infection, we assumed that REC8 may play an important role in the innate immune
response to viral infection. To prove our conjecture, we overexpressed or silenced
REC8 in HLCZO01 cells and detected the expression of host antiviral factors. First, we
treated HLCZO1 cell with the RNA mimics poly(l-C) and the HCV 3’ untranslated region
(UTR); overexpression of REC8 significantly promoted poly(l-C), and the HCV 3" UTR
triggered the expression of IFN- 3, interleukin 28A (IL-28A), IL-29, and ISG12a mRNA in
HLCZO01 cells (Fig. 2A). To further verify the role of REC8 in the innate immune response
to RNA mimics, we designed several small interfering RNAs (siRNAs) against REC8 and
found that the third one had a significant silencing effect on REC8, so we used the
third one for the following study (Fig. 2B). The results showed that silencing REC8 sig-
nificantly inhibited the expression of IFN-3, IL-28A, IL-29, and ISG12a triggered by poly
(I-C) and the HCV 3’ UTR (Fig. 2C). Moreover, during VSV and NDV infection, the ectopic
expression of REC8 in HLCZO01 cells significantly enhanced the expression of IFN-S, IL-
28A, IL-29, and ISG12a (Fig. 2D and F). In contrast, knockdown of REC8 suppressed
VSV- and NDV-induced cytokine expression (Fig. 2E and G). To exclude cell specificity,
we repeated the experiment in A549 cells. As shown in Fig. 3A, overexpression of REC8
promoted the expression of IFN-3, IL-28A, IL-29, and I1SG12a induced by VSV and NDV.
Knockdown of REC8 attenuated the expression of these IFNs and ISG triggered by VSV
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FIG 1 Viral infection induces the expression of REC8. (A and B) HLCZO1 cells were treated with IFN-a for 12 h before RNA extraction, and RNA-Seq was
performed. (C and D) HLCZO01 cells were treated with IFN-« for 4 h at a dose of 100, 200, 500, or 1,000 U/mL (C) or treated with IFN-« (500 U/mL) for the
indicated times (D). The mRNA and protein levels of REC8 were analyzed by qRT-PCR and normalized with GAPDH and immunoblotting, respectively. (E)
HLCZ01 cells were transfected with 200 ng or 500 ng of poly(I-C) for 12 h. The mRNA and protein levels of REC8 were analyzed by qRT-PCR and
normalized with GAPDH and immunoblotting, respectively. (F) HLCZ01 cells were infected with VSV (multiplicity of infection [MOI] = 0.1) for 6 h, 12 h, and
24 h before RNA extraction. The mRNA levels of REC8 and IFTTM1 were analyzed by qRT-PCR and normalized with GAPDH; the protein level of REC8 was
analyzed by immunoblotting. (G and H) HLCZO01 cells were infected with NDV (MOI = 0.1) (G) or HSV (MOI = 0.1) (H) for the indicated times before RNA
extraction. The mRNA and protein levels of REC8 were analyzed by qRT-PCR and normalized with GAPDH and immunoblotting, respectively. (I) Immunoblot
analysis of the indicated proteins in IFNAR1-silenced HLCZO01 or control cells treated with IFN-a (500 U/mL) for 15 or 30 min. (J) IFNAR1-silenced HLCZO01 or
control cells were treated with IFN-a (500 U/mL) for 6 h, transfected with poly(l-C) (500 ng) or HCV 3" UTR RNA (500 ng) for 16 h, or treated with VSV
(MOI = 0.1), NDV (MOI = 0.1), or HSV (MOI = 0.1) for 9 h. REC8 mRNA was detected by real-time PCR and normalized with GAPDH. Experiments were
independently repeated two or three times with similar results. The results are means and standard deviations. *, P = 0.05; **, P = 0.01 (versus control).

and NDV infection (Fig. 3B and C). These data suggested that REC8 promotes the
innate immune response to RNA virus infection.

We next examined the effect of REC8 on the innate immune response to DNA virus
and found that it was consistent with the results of RNA virus infection. Overexpression
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FIG 2 REC8 positively regulates the innate immune response to RNA viral infection. (A) HLCZO1 cells were transfected with pcDNA3.1a vector or
pcDNA3.1a-REC8 for 40 h and then transfected with 500 ng of HMW poly(I-C) or HCV 3’ UTR RNA, respectively, for the indicated times. IFN-B, IL-28A, IL-29,
and 1SG12a mRNAs were measured by qRT-PCR and normalized with GAPDH. (B) HLCZO01 cells were transfected with three different siRNAs targeting REC8
for 48 h. REC8 protein was analyzed by immunoblotting. (C) HLCZ01 cells were transfected with siRNAs targeting REC8 for 40 h and then transfected with
500 ng of HMW poly(I-C) or HCV 3’ UTR RNA for 8 h. IFN-3, IL-28A, IL-29, and ISG12a mRNAs were measured by qRT-PCR and normalized with GAPDH.

(Continued on next page)

March 2022 Volume 96

Issue 6 e02175-21

jviasm.org 5


https://jvi.asm.org

Chenetal. Journal of Virology

or knockdown of REC8 augmented or attenuated the expression of IFN-S, IL-28A, IL-
29, and I1SG12a induced by HSV infection in A549 cells (Fig. 3A and C). Moreover, upon
treatment with cGAMP, I1SD60, or HSV infection, knockdown of REC8 inhibited the pro-
duction of IFN-B and ISG15 in THP1 cells (Fig. 3D). These data suggested that REC8
promotes the innate immune response to DNA virus infection.

The interferon response is important for the host cell to inhibit viral replication.
Next, we tested the effect of REC8 on virus replication. As the results showed, the ec-
topic expression of REC8 significantly reduced the RNA levels of VSV, NDV, and HCV,
and the NS5A and core protein levels of HCV were also decreased (Fig. 3E to G).
Fluorescence staining also showed that REC8 decreased the abundance of green fluo-
rescent protein (GFP)-tagged HSV (Fig. 3H). In contrast, knockdown of REC8 promoted
the replication of VSV and NDV (Fig. 3l and J). All these data suggested that REC8 posi-
tively regulates the innate immune response to viral infection and inhibits viral
replication.

REC8 promotes the activation of IRF3 and NF-«B signaling. During viral infection,
the pattern recognition receptor recognizes viral nucleic acid and then activates the
IRF3 signaling pathway to promote the phosphorylation of IRF3 by TBK1 and activates
the NF-«B signaling pathway to induce P65 phosphorylation, thereby promoting the
production of interferons and other antiviral factors (2). To explore the effect of REC8
on the activation of the IRF3 signal and the NF-«B signal, we infected A549 cells with
NDV, VSV, and HSV. As the results showed, overexpression of REC8 augmented the
phosphorylation of IRF3 (Fig. 4A to C), and the phosphorylation of P65 was also upreg-
ulated in REC8-overexpressing A549 cells infected with NDV (Fig. 4A). Moreover, the
phosphorylation of STAT1, which is the downstream molecule of IRF3 signal, also
shows an upregulation trend in REC8-overexpressing A549 cells infected with VSV and
HSV (Fig. 4B and Q). In contrast, knockdown of REC8 suppressed the phosphorylation
of IRF3, P65, and STAT1 in A549 cells that were infected with NDV, VSV, and HSV (Fig.
4D to F). To further confirm the results, we knocked down REC8 in THP1 cells and then
treated the cells with the DNA mimics ISD60, cGAMP, and HSV. Similarly, knockdown of
REC8 suppressed the activation of IRF3 signal (Fig. 4G). Moreover, the ectopic expres-
sion of REC8 enhanced the activation of the promoter activity of IFN-3, interferon-sen-
sitive response element (ISRE), and NF-«B in VSV-infected HEK293T cells (Fig. 4H). All
these data suggested that REC8 promotes the activation of IRF3 and NF-«B.

RECS8 targets and interacts with MAVS and STING. To investigate the molecular
target of REC8 in enhancing IFN signaling, we cotransfected REC8 with IFN-B-Luc or
ISRE-Luc and MDAS5, RIG-I-N, cGAS, STING, MAVS, TBK1, and IRF3-5D (S385D, S386D,
$396D, S398D, S402D, S404D, and S405D) in HEK293T cells. Overexpression of REC8
enhanced the activation of promoter activity of IFN-B8 and ISRE by RIG-I-N, MDAS5,
MAVS, cGAS, and STING, whereas the activation of the IFN-B promoter or ISRE pro-
moter by TBK1 or IRF3-5D was unaffected (Fig. 5A and B). Taken together, these data
suggested that REC8 promotes the IFN signaling pathway upstream of TBK1.

To determine the key factors in IFN signaling pathway that could be targeted by
REC8, we cotransfected pcDNA3.1a-REC8 with Flag-tagged innate immune signaling
components into HEK293T cells. The coimmunoprecipitation (co-IP) experiments
showed that REC8 interacts with MAVS and STING but not RIG-I, MDAS5, cGAS, TBKI,
and IRF3 (Fig. 5C and D). Moreover, the association of exogenous Flag-REC8 with the
endogenous MAVS was also confirmed in HEK293T cells (Fig. 5E and F). Furthermore,
the interaction between endogenous REC8 and MAVS was enhanced upon VSV infec-
tion (Fig. 5G). Also, the interaction between REC8 and STING was enhanced in THP-1

FIG 2 Legend (Continued)

(D and F) HLCZ01 cells were transfected with pcDNA3.1a vector or pcDNA3.1a-REC8 for 40 h and then infected with VSV (MOl = 0.01) (D) or NDV
(MOI = 0.05) (F) for the indicated times. IFN-p3, IL-28A, IL-29, and I1SG12a mRNAs were measured by qRT-PCR and normalized with GAPDH. (E and G)
HLCZO01 cells were transfected with siRNA targeting REC8 for 40 h and then infected with VSV (MOI = 0.01) (E) or NDV (MOI = 0.01) (G) for the indicated
times. IFN-3, IL-28A, IL-29, and ISG12a mRNAs were measured by qRT-PCR and normalized with GAPDH. Experiments were independently repeated two or
three times, with similar results. The results are means and standard deviations. *, P = 0.05; **, P = 0.01 (versus control).
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FIG 3 REC8 promotes innate immune response to DNA viral infection and inhibits viral replication. (A) A549 cells were transfected with pcDNA3.1a
vector or pcDNA3.1a-REC8 for 40 h and then infected with VSV (MOI = 0.01), NDV (MOI = 0.05), or HSV (MOI = 0.01) for 8 h. The mRNA levels of IFN-S,
IL-28A, IL-29, and ISG12a were tested by real-time PCR and normalized with GAPDH. (B) A549 cells were infected with Sh-Vector lenti-viral or Sh-REC8
lenti-viral. and REC8 protein was tested by Western blotting. (C) A549 cells were infected with Sh-Vector lenti-viral or Sh-REC8 lenti-viral. for 48 h and
then infected with VSV (MOI = 0.01), NDV (MOI = 0.05), or HSV (MOI = 0.01) for 8 h. The mRNA levels of IFN-3, IL-28A, IL-29, and ISG12a were tested by
real-time PCR and normalized with GAPDH. (D) REC8-silenced THP-1 cells were treated with ISD60 (1 wg/mL), cGAMP (5 uM), or HSV (MOI = 0.05) for 9 h.
IFN-B and ISG15 mRNAs were measured by qRT-PCR and normalized with GAPDH. (E and F) HLCZO01 cells were transfected with pcDNA3.1a vector or
pcDNA3.1a-REC8 for 40 h and then infected with VSV (MOI = 0.01) (E) or NDV (MOI = 0.05) (F) for the indicated times. RNA levels of VSV (E) and NDV (F)
were measured by qRT-PCR and normalized with GAPDH. (G) HCV RNA and protein were detected by gqRT-PCR and Western blotting in REC8-
overexpressing HLCZO01 cells infected with HCV (MOI = 0.5) for 2 or 3 days. (H) Microscopy imaging of REC8-overexpressing HLCZO01 cells infected with
VSV carrying green fluorescent protein (VSV-GFP) (MOI = 0.01) for 12 h. (I and J) HLCZ01 cells were transfected with siRNA targeting REC8 for 40h and
then infected with VSV (MOI = 0.01) (I) or NDV (MOl = 0.05) (J) for the indicated times. RNA levels of VSV and NDV were measured by gRT-PCR and
normalized with GAPDH. Experiments were independently repeated two or three times, with similar results. The results are means and standard
deviations. *, P = 0.05; **, P < 0.01 (versus control).
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FIG 4 REC8 promotes the activation of IRF3 and NF-«B signaling. (A to C) A549 cells were transfected with the indicated plasmids for 40 h and then
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cells during infection with HSV (Fig. 5H). To visually observe whether REC8 and MAVS
are colocalized, we performed immunofluorescence staining and analyzed the colocali-
zation signal; then, we obtained the coefficients, including mask of colocalizing object
(pixel scatter plot of protein colocalization signals), Pearson’s correlation coefficient
(Rr) (Rr = 0.867071), and overlap coefficient (R) (R = 0.891098), as shown in Fig. 5,
which indicated that REC8 colocalized with MAVS in VSV-infected A549 cells (30).

To determine which segment of REC8 interacts with MAVS or STING, we divided
REC8 into three segments, including the N-terminal conserved structure, the C-terminal
conserved structure, and the middle unknown structure (Fig. 6A). Unexpectedly, the
middle unknown domain of REC8 interacted with MAVS, but not the N-terminal con-
served structure or the C-terminal conserved structure (Fig. 6B). Moreover, full-length
REC8 interacted with STING, while no segment of REC8 interacted with STING (Fig. 6C).
Based on these observations, we speculate that the interaction of REC8 with MAVS and
STING may be species specific. To better understand the molecular mechanism of
REC8-mediated MAVS or STING function, we constructed a series of truncations of
MAVS and STING and cotransfected them with full-length REC8 in HEK293T cells. We
found that REC8 interacts with DIIl of MAVS, and the 111-221 section of STING is the
key section for the STING-REC8 interaction (Fig. 6D to G). Interestingly, both DIII of
MAVS and the 111-221 segment of STING contain transmembrane-related domains,
indicating that REC8 may have similar mechanisms of binding with MAVS and STING.
Taken together, these data suggested that REC8 targets and interacts with MAVS and
STING.

SUMOylation of REC8 triggers cytoplasmic translocation upon viral infection.
Previous studies have shown that REC8 mainly plays a role in chromatin remodeling
during meiosis, which occurs in the nucleus. Our data showed that REC8 could interact
with MAVS and STING in the cytoplasm to regulate the innate immune response to vi-
ral infection. We speculate that the subcellular localization of REC8 may change during
viral infection. Nuclear and cytoplasmic separation experiments demonstrated that
REC8 is mainly located in the nucleus in the resting state (Fig. 7A). During viral infec-
tion, the content of REC8 protein in the cytoplasm increases markedly and the REC8
protein content in the nucleus decreases (Fig. 7A). Previous studies have shown that
PCBP2 can be SUMOylated, causing its cytoplasmic translocation during viral infection
(31). We wanted to know whether the change of REC8 subcellular location relies on a
similar mechanism. UBC9 is the only E2 ligase for protein SUMOylation. Therefore, we
first explored whether REC8 can interact with UBC9. As shown in Fig. 7B, REC8 inter-
acted with UBC9, and the association of REC8 with UBC9 was enhanced under viral
infection. Moreover, SUMO2/3-mediated REC8 SUMOylation was markedly augmented
upon VSV or HSV infection (Fig. 7C and D).

To verify the importance of SUMOylation modification in the regulation of innate
immunity by REC8, we knocked down UBC9 in 293T cells. Silencing of UBC9 dramati-
cally inhibited the SUMOylation of REC8 upon viral infection (Fig. 7E). Moreover, the
cytoplasmic translocation of REC8 was also inhibited during viral infection (Fig. 7F).
Importantly, knockdown of REC8 impaired the activation of IRF3 and STAT1 triggered
by VSV or HSV and subsequently inhibited the expression of IFN-3 and I1SG15 induced
by VSV and HSV (Fig. 7G and H). However, knockdown of UBC9 abolished the inhibition
of the phosphorylation of IRF3 and STAT1 or the expression of IFN-B and ISG15 in
REC8-silenced cells under VSV and HSV infection (Fig. 7G and H). These results indi-
cated that SUMOylation of REC8 is essential for the innate immune response to viral
infection. Interestingly, knockdown of UBC9 inhibited the phosphorylation of IRF3 and

FIG 4 Legend (Continued)

or HSV (MOI = 0.5) for the indicated times. Immunoblot assays were performed with the indicated antibodies. (G) THP-1 cells and REC8-silenced THP-
1 cells were treated with ISD60 (1 wg/mL), cGAMP (10 M), or HSV (MOI = 0.1) for 9 h. Immunoblot assays were performed with the indicated
antibodies. (H) Luciferase activity of lysates in HEK293T cells cotransfected with IFN-B-Luc, ISRE-Luc, or NF-kB-Luc and p3X-Flag-CMV-vector or p3X-
Flag-REC8 for 15 h and then infected with VSV for 9 h. The results are presented relative to the luciferase activity in control cells. Experiments were
independently repeated 2 or 3 times with similar results. The results are means and standard deviations. *, P = 0.05; **, P < 0.01 (versus control).
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STAT1 triggered by VSV or HSV, while the induction of IFN-3, ISG15 by VSV and HSV
was increased (Fig. 7G and H). We speculate that UBC9 may regulate the innate
immune response in multiple ways.

Viruses promote the SUMOylation of REC8 at Lys30 and Lys530. To examine
which lysines of REC8 can undergo SUMOylation during viral infection, we used GPS-
SUMO 2.0 to predict the SUMOylation sites of REC8 (32). As determined by the soft-
ware, the K30 and K530 sites of REC8 may undergo SUMOylation. To confirm this
assumption, we constructed REC8 mutants (K30R, K530R, and K30R K530R). Upon VSV
infection, the SUMOylation of wild-type (WT) REC8 was increased but not the mutant
REC8 (K30R, K530R, and K30R K530R) (Fig. 8A), suggesting that the K30 and K530 sites
might be the main SUMOylation sites of REC8. Moreover, the specific mutants (K30R,
K530R, and K30R K530R) of REC8 had weaker promotion of the activation of IRF3 and
STAT1 than WT REC8 in VSV- and HSV-infected A549 cells (Fig. 8B and C). Consistently,
the induction of IFN-B by viral infection was also inhibited (Fig. 8D), and its antiviral
function was abolished (Fig. 8E). All these data supported the idea that the
SUMOylation of REC8 at K30 and K530 has a regulatory function in the regulation of
the innate immune response to viral infection.

REC8 stabilizes MAVS and STING by weakening the K48-linked ubiquitination
of MAVS and STING. The stability of MAVS and STING controls the immune signaling
transduction. We found that ectopic expression of REC8 stabilized MAVS and STING
proteins. Consistently, the proteasome inhibitor MG132 further augmented RECS8-
mediated upregulation of endogenous MAVS and STING protein (Fig. 9A). Moreover,
after we used cycloheximide (CHX) to inhibit protein translation, REC8 also significantly
stabilized MAVS and STING and inhibited their degradation (Fig. 9B). Although knock-
down of REC8 did not change the levels of MAVS and STING proteins in A549 cells in
the resting state, during infection with VSV or HSV, knockdown of REC8 reduced the
protein levels of MAVS and STING (Fig. 9C and D). This is because the endogenous
REC8 is located in the nucleus in the resting state and cannot affect MAVS and STING
in the cytoplasm. Furthermore, silencing of UBC9 reversed downregulation of MAVS
and STING mediated by knocking down of REC8 in VSV- and HSV-infected cells (Fig. 9C
and D). These results supported the idea that REC8 stabilizes MAVS and STING proteins
in VSV or HSV-infected cells. Interestingly, we found that knockdown of UBC9 also
decreased the MAVS and STING protein levels in infected cells (Fig. 9C and D). We think
that MAVS and STING might be SUMOylated and stabilized during viral infection.

K48-linked ubiquitination is related to protein degradation. Therefore, we investi-
gated whether REC8 may regulate the ubiquitination of MAVS and STING. As shown in
Fig. 9E and F, REC8 inhibited K48-linked ubiquitination of MAVS and STING but not the
K6-, K11-, K27-, K29-, K33- and K63-linked ubiquitination of MAVS and STING.
Moreover, the ectopic expression of REC8 significantly inhibited the ubiquitination of
endogenous MAVS during infection with VSV (Fig. 9G). Similarly, overexpression of
REC8 weakened the ubiquitination of STING in HSV-infected THP1 cells at 9 h (Fig. 9H).

The above data showed that the SUMO modification of REC8 at K30 and K530 pro-
motes the regulation of REC8 in the innate immune response to viral infection. To test
whether the SUMO modification of these two SUMO sites of REC8 affects the ubiquiti-
nation of MAVS and STING, we cotransfected pcDNA3.1a-REC8 (WT), pcDNA3.1a-REC8
(K30R), pcDNA3.1a-REC8 (K530R), or pcDNA3.1a-REC8 (K30R K530R) with ubiquitin

FIG 5 Legend (Continued)

(D) for 48 h. Co-IP and immunoblotting were performed with anti-Flag, anti-V5, and anti-B-actin. (E) HEK293T cells were transfected with p3xFlag-REC8 for
48 h. Cellular lysates were immunoprecipitated with anti-Flag or IgG. Immunoprecipitates were analyzed by Western blotting with anti-Flag or anti-MAVS.
(F) HEK293T cells were transfected with p3xFlag-REC8 for 48 h. Cellular lysates were immunoprecipitated with anti-MAVS or IgG. Immunoprecipitates were
analyzed by Western blotting with anti-Flag or anti-MAVS. (G) HLCZ01 cells were infected with VSV for the indicated times. Immunoprecipitation and
Western blot analysis were performed with antibodies against MAVS, REC8, I1SG15, and B-actin. (H) THP1 cells were infected with HSV for the indicated
times. Immunoprecipitation and Western blotting were performed with antibodies against the indicated proteins. (I) A549 cells were infected with VSV
(MOI = 0.05) for 6 h. Fluorescent images were obtained with a fluorescence microscope with a 60x lens objective. Quantitative colocalization were
analyzed by Image-Pro Plus 6.0. Experiments were independently repeated two or three times, with similar results. The results are means and standard
deviations. *, P = 0.05; **, P = 0.01 (versus control).
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FIG 6 REC8 interacts with the transmembrane domain of MAVS and STING. (A) Schematic illustration of REC8
truncations. (B) HEK293T cells were cotransfected with Flag-MAVS and the indicated domains of REC8 for 48 h. Co-IP
and immunoblotting were performed with the indicated antibodies. (C) HEK293T cells were cotransfected with Flag-
STING and the indicated domains of REC8 for 48 h. Co-IP and immunoblotting were performed with the indicated
antibodies. (D) Schematic illustration of MAVS truncations. (E) HEK293T cells were cotransfected with V5-REC8 and the
indicated domains of MAVS for 48 h. Co-IP and immunoblotting were performed with the indicated antibodies. (F)
Schematic illustration of STING truncations. (G) HEK293T cells were cotransfected with Flag-REC8 and the indicated
domains of STING for 48 h. Co-IP and immunoblotting were performed with the indicated antibodies. Experiments
were independently repeated two or three times.

plasmid carrying the HA tag (HA-ub)- and Flag-tagged MAVS or STING. As the results
showed, the K30 K530 REC8 mutant lost the inhibitory effect of WT REC8 on the K48-
linked ubiquitination of MAVS and STING (Fig. 9l to J). These results indicated that the
SUMOylation of REC8 regulates the ubiquitination of MAVS and STING.

MAVS has 14 lysine sites. To determine at which lysine site ubiquitination of MAVS
is inhibited by REC8, we transfected HA-Ub- and Myc-tagged WT MAVS or Myc-tagged
MAVS mutants [Myc-MAVS (K7R), (K10R), (K136R), (K270R),(K279R), (K311R), (K325R),
(K331R), (K348R), (K362R), (K371R), (K420R), (K461R) or (K500R)] into 293T cells. REC8
did not inhibit the ubiquitination of Myc-MAVS (K362R) (Fig. 10A). Moreover, REC8
impaired the K48-dependent ubiquitination of WT MAVS, while it did not affect that of
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FIG 7 The SUMOylation of REC8 triggers cytoplasmic translocation upon viral infection. (A) A549 cells were incubated with VSV for the indicated times,
followed by cytoplasmic and nuclear separation. Lysates were immunoblotted with anti-REC8, anti-LamiB1, and anti-GAPDH. (B) HEK293T cells were
cotransfected with p3x Flag-UBC9 and pV5-REC8 for 42 h and then infected with VSV (MOI = 0.1) for 6 h. Co-IP and immunoblotting were performed
with the indicated antibodies. (C and D) HEK293T cells were cotransfected with pFlag-UBC9, pV5-REC8, and pHA-SUMO2/3 for 42 h and then infected
with VSV (MOl = 0.1) (C) or HSV (MOI = 0.1) (D) for the indicated times. IP and immunoblotting were performed with the indicated antibodies. (E)
HEK293T cells and UBC9-silenced HEK293T cells were transfected with Flag-REC8 for 42 h and then infected with VSV (MOl = 0.1) or HSV (MOI = 0.1) for
6 h. IP and immunoblotting were performed with the indicated antibodies. (F) A549 cells and UBC9-silenced A549 cells were incubated with VSV
(MOl = 0.01) for 6 h and 9 h, followed by cytoplasmic and nuclear separation. Lysates were immunoblotted with the indicated antibodies. (G) A549 cells
and UBC9-silenced A549 cells were infected with sh-REC8 lentivirus for 48 h and then infected with VSV (MOl = 0.01) or HSV (MOl = 0.01) for 6 h.
Immunoblotting was performed with the indicated antibodies. (H) A549 cells and UBC9-silenced A549 cells were infected with sh-REC8 lentivirus for 48 h
and then infected with VSV (MOI = 0.01) or HSV (MOI = 0.01) for 6 h. UBCY, IFN-3, and ISG15 mRNAs were measured by qRT-PCR and normalized with
GAPDH. Experiments were independently repeated 2 or 3 times. The results are means and standard deviations. *, P < 0.05; **, P < 0.01 (versus control).
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FIG 8 Viral infection promotes the SUMOylation of REC8 at Lys30 and Lys530. (

) HEK293T cells were cotransfected with Flag-REC8 or REC8

mutants (K30R, K530R, and K30R K530R) and HA-SUMO2/3 for 42 h and mfected W|th VSV (MOI = 0.1) for 6 h. IP and immunoblotting assays
were performed with the indicated antibodies. (B and C) A549 cells were transfected with Flag-REC8 or REC8 mutants (K30R, K530R, and
K30R K530R) for 42 h and infected with VSV (MOI = 0.01) (B) or HSV (C) (MOI = 0.01) for 6 h. Immunoblotting assays were performed with
the indicated antibodies. (D) A549 cells were transfected with Flag-REC8 or REC8 mutants (K30R, K530R, and K30R K530R) for 42 h and
infected with VSV (MOI = 0.01) or HSV (MOI = 0.01) for 6 h. IFN-B mRNA was measured by qRT-PCR and normalized with GAPDH. (E) A549
cells were transfected with Flag-REC8 or REC8 mutants for 42 h and infected with GFP-VSV (MOI = 0.01) and GFP-HSV (MOI = 0.01) for 12 h.
Images were taken under a fluorescence microscope. Experiments were independently repeated two or three times. The results are means

and standard deviations. *, P = 0.05; **, P = 0.01 (versus control).
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FIG 9 REC8 stabilizes MAVS and STING by weakening the K48-linked ubiquitination of MAVS and STING. (A) A549 cells were transfected with pcDNA3.1a
vector or pcDNA3.1a-REC8 plasmid for 42 h and then treated with or without MG132 (25 uM) for 6 h. Immunoblot assays were performed with the indicated
antibodies. (B) A549 cells were transfected with pcDNA3.1a vector or pcDNA3.1a-REC8 plasmid for 36 h and then treated with CHX (25 uM) for the indicated
times. Immunoblot assays were performed with the indicated antibodies. (C and D) A549 cells and UBC9-silenced A549 cells were infected with VSV
(MOI = 0.1) (C) or HSV (MOI = 0.1) (D) for 6 h. Immunoblotting was performed with the indicated antibodies. (E and F) HEK293T cells transfected with WT or
K60-, K110-, K270-, K330-, K480-, or K630-linked HA-Ub plasmid with Flag-MAVS (E) or Flag-STING (F) and V5-REC8 for 42 h and then treated with MG132
(25 uM) for 6 h. Ubiquitination and immunoblotting assays were performed with the indicated antibodies. (G) HEK293T cells were cotransfected with HA-Ub
plasmids and V5-REC8 for 42 h and then infected with VSV (MOI = 0.1) for 6 h. Ubiquitination and immunoblotting assays were performed with the indicated
antibodies. (H) THP1 cells were transfected with V5-REC8 for 42 h and then infected with HSV (MOI = 0.1) for 6 h and 9 h. Ubiquitination and immunoblotting
assays were performed with anti-STING, anti-V5, anti-Ub, and anti-GAPDH. (I) HEK293T cells were transfected with Flag-REC8 or REC8 mutant (K30R, K530R, and
K30R K530R) for 42 h and treated with MG132 (25 M) for an additional 6 h. Ubiquitination and immunoblotting assays were performed with the indicated
antibodies. (J) 293T cells were cotransfected with Flag-REC8 or REC8 mutants (K30R, K530R, and K30R K530R) and Flag-STING for 42 h and treated with MG132
(25 wM) for an additional 6 h. Ubiquitination and immunoblotting assays were performed with the indicated antibodies. Experiments were independently
repeated two or three times.
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FIG 10 REC8 weakens the K48-linked ubiquitination of MAVS at K362 and STING at K150/K370 and promotes the
recruitment of TBK1 to MAVS and STING. (A) HEK293T cells were cotransfected with Myc-MAVS or MAVS mutants (K7R,
K10R, K136R, K270R, K297R, K311R, K325R, K331R, K348R, K362R, K371R, K420R, K461R, and K500R) with pcDNA3.1a-vector
or pcDNA3.1a-REC8 for 42 h and treated with MG132 (25 uM) for an additional 6 h. Ubiquitination and immunoblotting
assays were performed with the indicated antibodies. (B) HEK293T cells were cotransfected with Myc-MAVS (WT) or Myc-
MAVS (K362R) with the indicated plasmid for 42 h and treated with MG132 (25 uM) for an additional 6 h. Ubiquitination
and immunoblotting assays were performed with the indicated antibodies. (C) HEK293T cells were cotransfected with
Flag-STING or STING mutants (K20R, K137R, K150R, K224R, K236R, K289R, K338R, K347R, and K370R) with pcDNA3.1a-
vector or pcDNA3.1a-REC8 for 42 h and treated with MG132 (25 wM) for an additional 6 h. Ubiquitination and
immunoblotting assays were performed with the indicated antibodies. (D) HEK293T cells were cotransfected with Flag-
STING or Flag-STING (K150R) or Flag-STING (K370R) and the indicated plasmids for 42 h and treated with MG132 (25 uM)
for an additional 6 h. Ubiquitination and immunoblotting assays were performed with the indicated antibodies. (E)
HEK293T cells were cotransfected with Flag-MAVS and V5-REC8 for 48 h. Immunoprecipitation and Western blotting were
performed with antibodies against the indicated proteins. (F) HEK293T cells were cotransfected with Flag-STING and V5-
REC8 for 48 h. Immunoprecipitation and Western blotting were performed with antibodies against the indicated proteins.
(G) A549 cells and REC8-silenced A549 cells were infected with VSV for the indicated times. Immunoprecipitation and
Western blotting were performed with antibodies against the indicated proteins. (H) 293T cells were cotransfected with
V5-REC8 or REC8 mutants and Flag-MAVS for 48 h. Immunoprecipitation and Western blotting were performed with
antibodies against the indicated proteins. (I) 293T cells were cotransfected with V5-REC8 or REC8 mutants and Flag-STING
for 48 h. Immunoprecipitation and Western blotting were performed with antibodies against the indicated proteins.
Experiments were independently repeated two or three times.
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MAVS (K362R) (Fig. 10B). These data suggested that REC8 weakened the K48-linked
polyubiquitination of MAVS on Lys362.

STING contains 9 lysine residues. We transfected HA-Ub with Flag-tagged wild-type
STING [Flag-STING (WT)] or 9 Flag-tagged STING mutants [Flag-STING (K20R), (K137R),
(K150R), (K224R), (K236R), (K289R), (K338R), (K347R), or (K370R)] into HEK293T cells.
REC8 did not attenuate the ubiquitination of STING with the K150R mutation and
K370R mutation (Fig. 10C). REC8 inhibited the K48-linked polyubiquitination of STING
(WT) but did not affect the K48-linked polyubiquitination of STING (K150R) and STING
(K370R) (Fig. 10D). These data suggested that REC8 weakened the K48-linked polyubi-
quitination of STING on Lys150 and Lys370. Taken together, these data suggested that
RECS8 stabilizes MAVS and STING and weakens the K48-linked ubiquitination of MAVS
and STING.

REC8 promotes the recruitment of TBK1 to MAVS and STING. We speculated
that the inhibition of REC8 on K48-linked polyubiquitination of MAVS on K362 and
STING on K150 and K370 may promote their interaction with TBK1. As expected, over-
expression of REC8 enhanced the recruitment of TBK1 by MAVS or STING (Fig. 10E and
F). Knockdown of REC8 impaired the recruitment of TBK1 by MAVS upon VSV stimula-
tion (Fig. 10G). Moreover, the K30 K530 double mutation of REC8 weakened the ability
of REC8 to promote the recruitment of TBK1 by MAVS or STING (Fig. 10H and I). These
data suggested that REC8 promotes the recruitment of TBK1 to MAVS and STING.

RECS8 inhibits RNF5-triggered ubiquitination of MAVS and STING. REC8 is not a
deubiquitinating enzyme. We speculated that REC8 may inhibit the effect of E3 ligases
on the ubiquitination of MAVS and STING. Here, we chose RNF5 (the E3 that affects the
ubiquitination of K48 in MAVS and STING) and other MAVS-related E3 ligases, such as
TRIM21, AIP4 and TRAF3, to test whether REC8 affects the ubiquitination of MAVS or
STING by these E3 ligases. Co-IP experiments showed that REC8 interacted with RNF5
and that the conserved domain at the N terminus of REC8 interacted with RNF5 (Fig.
11A and B). To investigate whether the effect of REC8 on the expression of MAVS and
STING depends on RNF5, we silenced RNF5 in A549 cells. As the result showed, overex-
pression of REC8 increased the protein levels of MAVS and STING in A549 cells but not
in RNF5-knockdown A549 cells (Fig. 11C). Consistently, overexpression of REC8
increased the mRNA levels of IFN-3 in VSV-infected A549 cells but not in RNF5 knock-
down A549 cells infected with VSV (Fig. 11D). Moreover, overexpression of REC8 inhib-
ited the ubiquitination of MAVS and STING triggered by RNF5 (Fig. 11E and G), while in
RNF5 knockdown HEK293T cells, REC8 does not show any influence on the ubiquitina-
tion of MAVS and STING (Fig. 11F and H). We wondered whether REC8 inhibits the
ubiquitination and degradation of MAVS and STING by RNF5 through competitive
binding to MAVS or STING. As shown in Fig. 111 and J, REC8 did not inhibit the interac-
tion of MAVS or STING with RNF5. We speculate that REC8 may regulate the effects of
RNF5 on MAVS and STING through other mechanisms. Taken together, these data sup-
port the idea that REC8 inhibits RNF5-triggered ubiquitination of MAVS and STING.

DISCUSSION

During viral infection, host cells produce a large number of IFNs, and the presence of
IFNs induces ISGs, inhibiting virus replication (33). MX1, CH25H, and IFITMs can inhibit
viruses from entering host cells (34-37). Some ISGs inhibit virus replication by blocking the
synthesis of viral proteins, such as ZAP, IFITs, and PKR (38-40). Viperin and tetherin inhibit
the release of the virus (41, 42). In addition to affecting the life cycle of viruses, many 1SGs
affect the activation of host innate immunity. For example, RLRs (RIG-l and MDAD5) that rec-
ognize pathogenic RNA are encoded by interferon-stimulating genes (4). Some interferon
regulatory factors (IRF1, IRF9, etc.) can also be induced by interferon (43). TRIM21, OTDU4,
and TRIM56 can affect the protein activity or stability of MAVS or STING, regulating the
activation of the innate immune response (27, 44, 45).

Our RNA sequencing data showed that REC8, an important member of the adhesion
protein complex, which plays a key role in chromosome separation and homologous
recombination during meiosis of spermatocytes and oocytes (46, 47), can be induced
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FIG 11 REC8 inhibits RNF5-triggered ubiquitination of MAVS and STING. (A) HEK 293T cells were cotransfected with
Flag-TRIM21, Flag-RNF5, Flag-AlP4, or Flag-TRAF3 and V5-REC8 for 48 h. Co-IP and immunoblotting were performed
with the indicated antibodies. (B) HEK293T cells were cotransfected with the plasmids encoding RNF5 and the
indicated domains of REC8 for 48 h. Co-IP and immunoblotting were performed with the indicated antibodies. (C)
A549 cells and RNF5-silenced A549 cells were transfected with V5-REC8 for 48 h. Immunoblotting was performed with
the indicated antibodies. (D) A549 cells and RNF5-silenced A549 cells were transfected with V5-REC8 for 42 h and
infected with VSV for an additional 6 h. IFN-3 mRNA was measured by gRT-PCR and normalized with GAPDH. (E)
HEK293T cells were cotransfected with V5-REC8, HA-Ub, and RNF5 plasmids for 42 h and treated with MG132 (25 uM)
for an additional 6 h. Ubiquitination and immunoblotting assays were performed with the indicated antibodies. (F)
HEK293T cells and RNF5 knockdown HEK293T cells were cotransfected with V5-REC8 and HA-Ub for 42 h and treated
with MG132 (25 uM) for an additional 6 h. Ubiquitination and immunoblotting assays were performed with the
indicated antibodies. (G) HEK293T cells were cotransfected with V5-REC8, Flag-STING, HA-Ub, and RNF5 plasmids for 42
h and treated with MG132 (25 wM) for an additional 6 h. Ubiquitination and immunoblotting assays were performed
with the indicated antibodies. (H) HEK293T cells and RNF5-knockdown HEK293T cells were cotransfected with V5-REC8,
Flag-STING, and HA-Ub for 42 h and treated with MG132 (25 uM) for an additional 6 h. Ubiquitination and
immunoblotting assays were performed with the indicated antibodies. (I) 293T cells were cotransfected with V5-REC8
and Flag-MAVS for 48 h. Immunoprecipitation and Western blot analysis were performed with antibodies against the
indicated proteins. (J) 293T cells were cotransfected with V5-REC8 and Flag-STING for 48 h. Immunoprecipitation and
Western blot analysis were performed with antibodies against the indicated proteins. Experiments were independently
repeated two or three times. The results are means and standard deviations. *, P < 0.05; **, P < 0.01 (versus control).
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by IFN-a. Our results showed that REC8 can be induced by VSV, NDV, HSV and other
viruses, which depends on the JAK-STAT signaling pathway. So far, no studies demon-
strate that other genes related to meiosis can be induced by viral infection and IFNs.
Therefore, we speculate that REC8 plays an important role in regulating the host's
innate immune response to viral infection.

REC8 mainly plays an important role in meiosis, and its function in different species
is very conservative (46, 48, 49). REC8 affects meiosis in plants, yeast extract, mammals,
and other eukaryotes (46, 50-53). Also, a few reports show that REC8 plays a role in
regulating the occurrence and development of tumors. REC8 is a member of the tu-
mor/testis antigens (54). In gastric cancer, melanoma, and other malignant tumors,
due to promoter methylation modification, REC8 expression is low, which affects cell
cycle, angiogenesis, invasion and metastasis, and clinical prognosis (55-57). Here, we
found that REC8 promotes the activation of IRF3 and NF-«B signals induced by RNA
and DNA viruses, leading to the production of proinflammatory cytokines and IFNs,
eventually inhibiting the replication of RNA and DNA viruses.

As adaptor proteins, the activity and protein stability of MAVS and STING directly
affect immune signal transduction. Protein ubiquitination and deubiquitination are im-
portant ways to affect the biological functions of MAVS and STING. RNF5, PCBP2, AIP4,
Smurf1, and TRIM25 promote the K48-linked ubiquitination of MAVS, thereby promot-
ing MAVS degradation (13, 15-17, 58). TRIM31 enhances the K63-linked ubiquitination
of MAVS and the activation of downstream signals (59). TRIM21 triggers the K27-linked
ubiquitination of MAVS and promotes the recruitment of TBK1 to MAVS (27). RNF5 can
promote the K48-linked ubiquitination of MAVS (13). Unlike MAVS, there are few
reports on the K48-linked ubiquitination of STING. E3 ligase, including MUL1, AMFR,
TRIM32, TRIM56, and deubiquitinating enzymes such as USP13 and USP49 affect the
K27- or K63-linked ubiquitination of STING, which in turn affects the recruitment of
TBK1 (45, 60-64). In the existing studies, there are few reports of stabilizing MAVS and
STING proteins. We find that REC8 interacts with MAVS or STING upon viral stimulation,
inhibiting the K48-linked polyubiquitination of MAVS on K461 and STING on K150 and
K370. Our results show that REC8 interacts with RNF5, a common E3 of MAVS and
STING, and inhibits the ubiquitination and degradation of MAVS and STING by RNF5.
REC8 does not compete with RNF5 to bind to MAVS and STING. REC8 may inhibit the
degradation of MAVS and STING by RNF5 in other ways. In addition to their role in
innate immunity, MAVS and STING are also critical in antitumor immunity (65-68).
Although previous studies have shown that REC8 acts as a tumor suppressor gene in
different tumors (55-57), the inhibition mechanism is unclear. Here, we assume that
REC8 may target MAVS and STING to promote antitumor immunity and then inhibit tu-
mor growth. This is what we will research next.

In eukaryotic cells, there are at least three SUMO proteins, including SUMOT1,
SUMO2, and SUMO3 (69). SUMO proteins function in a manner similar to that of ubig-
uitin (70). However, unlike ubiquitin, which targets proteins for degradation, these pro-
teins are involved in various cellular processes, such as nuclear transport, transcrip-
tional regulation, apoptosis, and protein stability (69-73). One study showed that upon
stimulation with RNA viruses, IRTKS can recruit UBC9 to SUMOylate PCBP2, which in
turn promotes the transport of PCBP2 from the nucleus to the cytoplasm (31). We
found that viral infection enhances the interaction between REC8 and UBC9 and
increases the level of SUMOylation of REC8, promoting the translocation of REC8 from
the nucleus to the cytoplasm. Knockdown of UBC9 decreases the level of SUMOylation
of REC8 and inhibits its nuclear transport. Our study supports the idea that REC8 is a
new substrate for SUMOylation. Additionally, we found a seemingly contradictory
result. Silencing UBC9 inhibited the phosphorylation of IRF3 by viral infection, but the
mRNA level of type | interferon was upregulated (Fig. 7G and H). Previous studies have
shown that the SUMOylation of RIG-I and MDA5 promoted the phosphorylation activa-
tion of IRF3 induced by viral infection (74, 75). Here, we assume that silencing UBC9
inhibits the SUMOylation of interferon signal activators such as RIG-I and MDAS5, so it
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FIG 12 Working model of REC8 in the regulation of the innate immune response to viral infection.
REC8 is induced by viral infection. Upon virus infection, REC8 is SUMOylated at K30 and K530 and
then translocated from the nucleus to the cytoplasm. REC8 interacts with MAVS and STING in the
cytoplasm and inhibits K48-linked ubiquitination of MAVS and STING triggered by RNF5, stabilizing
MAVS and STING proteins to induce the expression of IFNs, thereby inhibiting viral infection.

inhibits the phosphorylation of IRF3. However, another study showed that knockdown
of UBC9 or SUMO2/3 can directly induce the expression of type | interferon and ISG
and does not depend on IRF3 and IFNART in THP1 cells (76). Therefore, we speculate
that the upregulation of interferon after we silenced UBC9 in A549 cells may be based
on a similar mechanism, and that is why the p-IRF3 level was decreased while the
mRNA level of IFN was increased. However, how the specific host cell balances this
relationship remains to be studied in depth.

Based on our data, we propose a working model of REC8-mediated regulation of
MAVS and STING during innate antiviral signaling (Fig. 12). REC8 is induced by viral
infection. Upon virus infection, REC8 is SUMOylated at K30 and K530 and then is trans-
located from the nucleus to the cytoplasm. REC8 interacts with MAVS and STING in the
cytoplasm and inhibits K48-linked ubiquitination of MAVS and STING triggered by
RNFS5, stabilizing MAVS and STING protein to promote innate immunity and gradually
inhibit viral infection. Our work reveals a new mechanism for the host to stabilize
MAVS and STING proteins during viral infection. Moreover, as a key protein of meiosis,
REC8 participates in the innate immune response, revealing a certain connection
between meiosis and antiviral innate immunity. Is there such a possibility? Viral infec-
tion and the abuse of IFNs will have a huge impact on meiosis, which in turn affects
the formation of sperm and eggs, leading to infertility.

MATERIALS AND METHODS

Cells. HLCZO1 cells were established in our lab at Hunan University (26). HEK293T cells were pur-
chased from Boster. A549 and THP-1 cells were obtained from the American Type Culture Collection.
HLCZO01 cells were cultured in collagen-coated tissue culture plates containing Dulbecco’s modified
Eagle medium (DMEM)-F-12 medium supplemented with 10% (vol/vol) fetal bovine serum (FBS) (Gibco),
40 ng/mL of dexamethasone (Sigma), insulin-transferrin-selenium (ITS) (Lonza), penicillin, and strepto-
mycin. HEK293T and A549 cells were propagated in DMEM supplemented with 10% FBS, L-glutamine,
nonessential amino acids, penicillin, and streptomycin. THP-1 cells were propagated in RPMI 1640 me-
dium supplemented with 10% FBS and 0.05 mM B-mercaptoethanol.

Antibodies and reagents. Antibodies used include anti-REC8 (Abcam, ab246985), anti-MAVS (Santa
Cruz, sc-166583), anti-UBC9 (Santa Cruz, sc-271057), anti-RNF5 (Santa Cruz, sc-81716), anti-STING (CST,
136475), anti-TBK1 (CST, 38066S), anti-p-TBK1 (CST, 5483S), anti-IRF3 (CST, 4302S), anti-p-IRF3 (CST, 49475),
anti-P65 (CST, 8242S), anti-p-P65 (CST, 3033S), anti-STAT1 (CST, 14995S), anti-p-STAT1 (CST, 9167S), anti-
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TABLE 1 Primers for real-time PCR

Primer Sequence

IFNB-(F) 5'-CAGCATTTTCAGTGTCAGAAGC-3’
IFNB-(R) 5'-TCATCCTGTCCTTGAGGCAGT-3'
IL-28A (F) 5'-GCCTCAGAGTTTCTTCTGC-3'
IL-28A (R) 5'-AAGGCATCTTTGGCCCTCTT-3’
IL-29 (F) 5'-CGCCTTGGAAGAGTCACTCA-3’
IL-29 (R) 5'-GAAGCCTCAGGTCCCAATTC-3'
IL6-(F) 5'-CTCAATATTAGAGTCTCAACCCCCA-3’
IL6-(R) 5'-GAGAAGGCAACTGGACCGAA-3’
TNFa-(F) 5'-AGAACTCACTGGGGCCTACA-3'
TNFa-(R) 5'-GCTCCGTGTCTCAAGGAAGT-3’
GAPDH (F) 5'-AATGGGCAGCCGTTAGGAAA-3’
GAPDH (R) 5'-GCGCCCAATACGACCAAATC-3’
1SG12a (F) 5'-TGCCATGGGCTTCACTGCGG-3'
I1SG12a (R) 5'-CTGCCCGAGGCAACTCCACC-3’
NDV (F) 5'-TCACAGACTCAACTCTTGGG-3’
NDV (R) 5'-CAGTATGAGGTGTCAAGTTCTTC-3’
ISG15 (F) 5'-CACCGTGTTCATGAATCTGC-3'
ISG15 (R) 5'-CTTTATTTCCGGCCCTTGAT-3’

VSV (F) 5'-CAAGTCAAAATGCCCAAGAGTCACA-3’
VSV (R) 5'-TTTCCTTGCATTGTTCTACAGATGG-3’
RECS8 (F) 5'-CATCCCACCAGAAGAACGG-3'
REC8 (R) 5'-GCACCAAAGGCATCTCCAT-3’
CXCL9 (F) 5'-GGTGTTCTTTTCCTCTTGGGC-3’
CXCL9 (R) 5'-TTCTCACTACTGGGGTTCCTTG-3'
RNF5-RT-F 5'-TTAAAAACTCCACCCCGCCC-3'
RNF5-RT-R 5'-CAAATGGCTGGAATCCCCCTC-3’
UBC9-RT-F 5'-GAGGGAAGTCCCGAGACAAA-3’
UBC9-RT-R 5'-ATGTTCAAAGTCCCTCGGGC-3’
IFITM1-RT-F 5'-CGGCTCTGTGACAGTCTACC-3’
IFITM1-RT-R 5'-CTGCTGTATCTAGGGGCAGG-3'

STAT2 (CST, 72604S), anti-p-STAT2 (CST, 88410S), anti-LMNB1 (CST, 17416S), anti-SUMO2/3 (CST, 4971T),
anti-Myc (CST, 2276S), anti-HA (Abcam, ab236632), anti-GAPDH (Millipore, MAB374), anti-V5 (Invitrogen,
R960-25). Anti-Flag and anti-B-actin were obtained from Sigma. MG132 (APExBIO Technology, C3348),
CHX (CST, 2112S), puromycin (Thermo, A1113803), and 2'-3'-cGAMP (APExBIO Technology, B8362) were
also used.

Nuclear and cytoplasmic extraction. Nuclear and cytoplasmic separation of cells was done using a
standard protocol as previously described (28).

Real-time PCR assay. Total RNA was isolated with the TRIzol reagent (Invitrogen, Carlsbad, CA), and
qPCR analysis was used to measure mRNA levels of the indicated genes as previously described (6). The
qPCR primers are listed in Table 1.

siRNA. The siRNAs targeting REC8 were transfected into cells by using Lipofectamine 2000
(Lipo2000; Life Technologies), followed by immunoblot analysis or gPCR. The siRNA sequences used in
this study are as follows: siREC8(1#), 5'-CCGGCUGCUUUGCCACCAUTT-3’; siREC8(2#), 5'-CCGCGUCUAU
UCUCAACAATT-3’; siREC8(3#), 5'-GCUCUCAGCGCAACAGAUUTT-3".

shRNA. Double-stranded oligonucleotides corresponding to the target sequences were cloned into
the pGreenPuro short hairpin RNA (shRNA) expression lentivector plasmids. The sequence 5'-GCG
AGGAAATCCTCAATTACG-3' was targeted for human REC8. The sequence 5'-GCAGAGGCCTACA
CGATTTAC-3' was targeted for human UBC9. The sequence 5'-GAGTGTCCAGTATGTAAAGCT-3" was tar-
geted for human RNF5.

shRNA-transduced stable A549 cells, HEK293T cells, and THP-1 cells. The 293T cells were trans-
fected with two packaging plasmids (PAPX2 and PMD-2G) together with REC8-shRNA, UBC9-shRNA, or
RNF5-shRNA lentiviral plasmid—Dby using Lipo2000. Twenty-four hours after transfection, the cells were
incubated with new medium. The recombinant-virus-containing medium was collected every 8 h. The
recombinant-virus-containing medium was filtered with a 0.45-um filter (Millex) and then added to cul-
tured A549 cells, HEK293T cells, and THP-1 cells. The infected cells were selected with puromycin (1 mg/
mL for A549 cells and HEK293T cells or 0.5 mg/mL for THP-1 cells) for at least 7 days before additional
experiments were performed.

Viruses. VSV, Sendai virus (SeV), and HSV were incubated with 293T cells, followed by supernatant
collection 24 h later. HCV was collected as previously described (6).

Luciferase assay. Luciferase reporter vectors were cotransfected with pRL-CMV and other plasmids
into 293T cells by using Lipo2000. Luciferase assays were performed with guidelines provided by the
manufacturer (Promega).
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Plasmids. REC8 and its mutants, RNF5, UBC9, AIP4, and TRAF3 were subsequently cloned into the
pcDNA3.1a vector or the p3 xFLAG-CMV vector by standard molecular biology techniques. IFN-8, ISRE,
and NF-«B luciferase reporter plasmids, mammalian expression plasmids for Myc- and Flag-tagged
MAVS and its mutants, ubiquitin and its mutants, MDA5, RIG-l, RIG-I-N, TBK1, IRF3, IRF3-5D, and TRIM21
were described in our previous study (27). HA-SUMO1, HA-SUMO2, and HA-SUMO3 plasmids and HA-
and Flag-tagged STING (MITA) and its mutants were kindly provided by Shu Hongbing (Wuhan
University, Wuhan, China).

Coimmunoprecipitation and immunoblotting. Cells were washed with ice-cold PBS and lysed in IP
lysis buffer containing protease inhibitor cocktail. The cell lysates (400 ng) were incubated with the indi-
cated antibodies at 4°C for 8 h and protein G agarose for 4 h. The immunoprecipitates were washed 3
times with PBS and subjected to immunoblot analysis.

Immunofluorescence staining. A549 cells were seeded on glass coverslips and fixed with 4% meth-
anol for 15 min at 20°C. Cells were blocked with goat serum (diluted in PBS to 1:50) for 60 min and then
incubated with mouse monoclonal anti-MAVS antibody and rabbit monoclonal anti-REC8 antibody for
8 h at 4°C. Cells were then washed three times with PBS and stained with fluorescence-labeled second-
ary antibodies (diluted in PBS to 1:300; Invitrogen) for 60 min. Finally, the coverslips were washed with
PBS three times and counterstained with DAPI (4',6-diamidino-2-phenylindole). Fluorescent images
were obtained with a fluorescence microscope (Olympus). Quantitative colocalization were analyzed by
Image-Pro Plus 6.0.

Statistical analysis. Experiments were independently repeated two or three times, with similar
results. Statistical analysis was performed by Student’s two-sided t test, and the data are presented as
means and standard deviations (SD) for three biological replicates.
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