L] amcan  |[Journal of

SOCIETY FOR

microsioLocy | V| rology®

CELLULAR RESPONSE TO INFECTION

L)

Check for
updates

DTX3L Enhances Type | Interferon Antiviral Response by
Promoting the Ubiquitination and Phosphorylation of TBK1

Jiagi Huang,® Zhengrong Chen,? Yunfei Ye,” Yu Shao,” Peijie Zhu,? Xiaoping Li,” Yu Ma,? Fei Xu,° Ji Zhou,® Mengyun Wu,” Xiu Gao,”

Yi Yang,” @ Jinping Zhang,? Chuangli Hao®

aDepartment of Respiratory Medicine, Children's Hospital of Soochow University, Suzhou, People's Republic of China

bInstitutes of Biology and Medical Sciences, Soochow University, Suzhou, People's Republic of China

cReproductive Medicine Center, the First Affiliated Hospital of Soochow University, Suzhou, People's Republic of China

Jiagi Huang, Zhengrong Chen, and Yunfei Ye contributed equally to this work. Author order was determined by the time that they first participated in the project.

ABSTRACT Studies already revealed that some E3 ubiquitin ligases participated in
the immune response after viral infection by regulating the type | interferon (IFN)
pathway. Here, we demonstrated that type | interferon signaling enhanced the trans-
location of ETS1 to the nucleus and the promoter activity of E3 ubiquitin ligase
DTX3L (deltex E3 ubiquitin ligase 3L) after virus infection and thus increased the
expression of DTX3L. Further experiments suggested that DTX3L ubiquitinated TBK1
at K30 and K401 sites on K63-linked ubiquitination pathway. DTX3L was also neces-
sary for mediating the phosphorylation of TBK1 through binding with the tyrosine ki-
nase SRC: both together enhanced the activation of TBK1. Therefore, DTX3L, being
an important positive-feedback regulator of type | interferon, exerted a key role in
antiviral response.

IMPORTANCE Our present study evaluated DTX3L as an antiviral molecule by promot-
ing IFN production and establishing an IFN-B-ETS1-DTX3L-TBK1 positive-feedback loop
as a novel immunomodulatory step to enhance interferon signaling and inhibit respira-
tory syncytial virus (RSV) infection. Our finding enriches and complements the biological
function of DTX3L and provides a new strategy to protect against lung diseases such as
bronchiolitis and pneumonia that develop with RSV.

KEYWORDS respiratory syncytial virus, type | interferon, deltex E3 ubiquitin ligase 3L,
DTX3L, antiviral response

espiratory syncytial virus (RSV) mainly causes bronchiolitis in infants and is one of

the most common causes of hospitalization in infants (1, 2). Currently, the only rec-
ommended therapy is supportive since there is no effective vaccine or specific antiviral
drug for RSV infection yet (3). Therefore, it is urgent to study the pathogenesis of and
to explore the intervention targets for RSV infection.

Type | interferon is the main innate immune barrier for RSV infection (4). RSV RNA
could be recognized by retinoic acid-inducible gene I (RIG-I)/melanoma differentiation-
associated gene 5 (MDA5) and finally initiates the expression of type | IFN. After IFN is
produced, it binds to the coreceptors of IFN-a and IFN-8 and activates the ISGF3 com-
plex (IRF9/STAT1/STAT2) through JAK to induce IFN-stimulated gene (ISG) expression
(5, 6). But how RSV infection induces the production of IFN is largely unknown.

Type | interferon is produced by several cell types in RSV infection, including dendritic
cells (DCs), epithelial cells, fibroblasts, and alveolar macrophages (AMs) (7-10). Studies have
shown that AMs are the main source of type | interferon in mice infected with RSV. AMs
recognize RSV through RIG-l in the RIG-I-like receptor (RLR) signaling pathway. The inter-
feron produced by AMs locally induces the production of monocyte chemotactic agents
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and recruits inflammatory cells in the lung to limit viral load and reduce disease severity
(11). Furthermore, macrophages are the main cells infected by RSV (12). Our former study
also showed that macrophages are the main cells infected by RSV (data not shown). Thus,
macrophages are the key cells of anti-RSV immunity.

E3 ligase is critical for efficient type | IFN production and initiation of antiviral immu-
nity. The levels of expression of RIG-I and interferon are decreased in E3 ubiquitin
ligase FBXW7 gene-deficient macrophages (13). TRIM21 promotes CVB3-mediated IRF3
activation and enhances type | interferon signal transduction by interacting with MAVS
and catalyzing K27 polyubiquitination of MAVS (14). RNF128 specifically catalyzes the
K63 polyubiquitination of TBK1, promoting autophosphorylation of TBK1 and down-
stream IRF3 activation (15). NRDP1 could promote the activation of TBK1 by modifying
the K63 polyubiquitination of TBK1, thus positively regulating the activation of the
antiviral innate immune signaling pathway (16). However, few studies have reported
which kind of E3 is involved in RSV induced IFN signaling pathway.

In the present study, a mass spectrometry assay showed that deltex E3 ubiquitin
ligase 3L (DTX3L [also known as BBAP]) was obviously increased in RSV-infected
RAW264.7 cells compared to noninfected cells. Extensive studies showed that type |
interferon receptor signaling promoted ETS1 to become involved in the nuclear and
the promoter activity of DTX3L in RSV infection and thus increased the expression of
DTX3L. Further experiments suggested that DTX3L ubiquitinated TBK1 at K30 and
K401 sites on the K63-linked ubiquitination pathway. On the other hand, DTX3L was
also necessary for mediating the phosphorylation of TBK1 through binding with SRC:
both together enhanced the activation of TBK1. So DTX3L is an important positive-
feedback regulator of type | interferon in RSV infection.

RESULTS

RSV infection induces DTX3L expression in macrophages. RSV type L19 tagged
with mCherry (RSV-mCherry) was used to stimulate RAW264.7 cells. After RSV infection,
RAW264.7 cells showed increasing red fluorescence (Fig. 1A and B) and RSV mRNA
expression (Fig. 1C and D), which indicated that RSV had successfully infected the
RAW264.7 cells. To screen which kind of E3 ligase is involved in RSV-infected RAW264.7
cells, mass spectrometry was conducted to detect the expression of different proteins
after RSV infection. Thirty-one E3 ubiquitin ligase and deubiquitin enzymes were differ-
ently expressed among RSV-infected and nontreated RAW264.7 cells (Fig. 1E). The reli-
ability of the mass spectrometry results was confirmed by using real-time quantitative
PCR (qPCR) to detect some selected molecules (data not shown); the result was consist-
ent with the mass spectrometry experiment. E3 ubiquitin ligase DTX3L showed increas-
ing expression in RAW264.7 cells after RSV infection (Fig. 1F and G) and also in other
RNA virus-infected and poly(l-C)-stimulated RAW264.7 cells (Fig. 1H to K). In addition,
DTX3L expression was increased in bone marrow derived-macrophages (BMDM:s) (Fig.
1L) after RSV infection. These results demonstrated that DTX3L was closely related to
virus infection.

Interestingly, a previous study reported that the expression of DTX3L and PARP9
was increased in response to IFN-8 in U3A cell lines (17). Consistent with their results,
we found the expression of DTX3L was increased in IFN-B-stimulated RAW264.7 cells
(Fig. TM and N). To our surprise, the expression of DTX3L in peritoneal macrophages of
type | IFN receptor knockout (KO) (IFNART~/~) mice was not increased after RSV infec-
tion compared to that in wild-type (WT) mouse peritoneal macrophages infected with
RSV (Fig. 10). These results indicated that the increasing expression of DTX3L stimu-
lated by RSV depended on the interaction between type | interferon and type | inter-
feron receptor.

Type | IFN enhances the translocation of ETS1 to the nucleus and DTX3L pro-
moter activation. Since DTX3L increased in virus-stimulated macrophages, we
explored how DTX3L expression increased by RSV. We hypothesize that there may be
some transcription factors induced by RSV that therefore activate the DTX3L pro-
moter and its expression. The analysis according to scores in programs in JASPAR
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FIG 1 DTX3L is induced by RSV infection or IFN-B stimulation. (A and B) mCherry fluorescence (x200 magnifications) and (C and D) RSV F and N mRNA
expression were detected in RSV-infected RAW264.7 cells (MOI of 10) at 24 h postinfection (hpi). CON, control. Scale bars, 100 um. (E) Heat map of protein
profiles in RAW264.7 cells infected with RSV (MOI of 10) at 24 hpi; (F) Dtx3/ mRNA expression in RAW264.7 cells infected with RSV (MOI of 10) for O, 6, 12,
18, and 24 h; (G) immunoblot analysis of DTX3L expression in RAW264.7 cells upon infection with RSV (MOI of 10) for 0, 12, and 24 h; (H to J) qPCR
analysis of Dtx3] mRNA expression in RAW264.7 cells upon infection with SeV (MOI of 1) (H) and VSV (MOI of 1) (1) for 0, 6, 9, and 12 h or stimulation with
poly(I-C) (10 wg/mL) (J) for O, 2, 4, 6, 8, and 10 h; (K) immunoblot analysis of DTX3L expression in RAW264.7 cells upon stimulation with poly(l-C) (10 ng/
mL) for 0, 6, and 8 h; (L) immunoblot analysis of DTX3L expression in BMDMs upon infection with RSV (MOI of 10) for 0, 6, 12, and 24 h; (M and N) Dtx3/
mMRNA (M) and DTX3L protein (N) expression in RAW264.7 cells stimulated with IFN-8 (3,000 U/mL) for 0, 0.5, 1, 2, 4, and 6 h; (O) immunoblot analysis of
DTX3L in peritoneal macrophages of WT and IFNAR1~/~ mice infected with RSV (MOI of 10). All gPCR results are represented as relative fold changes after
normalization to Gapdh controls. Results are expressed as mean = SEM and are representative of at least three independent experiments. ns, not

significant (P > 0.05); *, P < 0.05; **, P < 0.01; ***, P < 0.001.

(http://jaspar.genereg.net/analysis) indicated that transcription factor ETS1 might be
bound to the promoter of Dtx3l. The endogenous ETS1 was associated with the
DTX3L promoter at NC_000082.6 (35939027 to 35941027), and the predicted
sequence is CTTCCG. ETS1 transcription factor regulates numerous genes and is
involved in stem cell development, cell aging and death, and tumorigenesis (18). To
investigate whether ETS1 regulates Dtx3/ promoter and its expression, HEK293T cells
were cotransfected with pcDNA3.1-ETS1 (full-length encoded plasmid of transcrip-
tion factor ETS1) and pGL3-DTX3L (DTX3L promoter luciferase reporter plasmid),
Dtx3l promoter activity was measured using a dual-luciferase reporter system. We
found that the promoter activity of DTX3L could be significantly enhanced by ETS1
(Fig. 2A).

Previous data showed that RSV could upregulate DTX3L expression by promoting
type | IFN production; therefore, we speculated whether there was some kind of rela-
tionship between RSV and transcription factor ETS1. The difference in expression levels
of ETS1 between RSV-infected and control RAW264.7 cells was measured by qPCR.
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FIG 2 RSV enhances translocation of ETS1 to the nucleus and its activation of DTX3L promoter. (A) HEK293T cells were cotransfected with a Dtx3/ promoter
luciferase reporter plasmid (pGL3-DTX3L-Promoter) and full-length encoded plasmid for transcription factor ETS1 (pcDNA3.1-ETS1). The relative activity of Ditx3/
promoter was measured using a luciferase reporter system. (B) Ets7T mRNA expression in RAW264.7 cells infected with RSV (MOI of 10) at 6 hpi. CON, control. (C
and D) Peritoneal macrophages of WT mice were infected with RSV (MOI of 10) for 0, 6, and 12 h (C) or stimulated with IFN-3 (3,000 U/mL) for 0, 2, and 4 h (D).
Endogenous ETS1 protein and nucleus were stained with anti-ETS1 antibody (green) and DAPI dye (blue) and observed under a confocal microscope.
Photomicrographs were captured under high-power fields (x600 magnifications). Scale bars, 10 um. (E) Peritoneal macrophages of WT and IFNART~/~ mice were
infected with RSV (MOI of 10) for 6 h. Endogenous ETS1 protein and nucleus were stained with anti-ETS1 antibody (green) and DAPI dye (blue) and observed
under a confocal microscope. Photomicrographs were captured under high-power fields (x600 magnifications). Scale bars, 10 wm. (F) gPCR analysis of Ets7 mRNA
in WT and IFNAR1~/~ peritoneal macrophages infected with RSV (MOI,10) for 0, 6, and 12 h; (G) immunoblot analysis of ETS1 among nuclear and cytoplasm
proteins from peritoneal macrophages of WT and IFNAR1~/~ mice stimulated with RSV (MOI of 10). Lamin B serves as a nuclear control, and GAPDH serves as a
cytoplasm control. (H) Control- or Ets7 siRNA-transfected NIH 3T3 cells were infected with SeV (MOI of 1) for 6 h, and the cell lysates were collected for
immunoblotting. (I and J) Control- or EtsT siRNA-transfected NIH 3T3 cells were infected with SeV (MOI of 1) for 6 h, and the levels of mRNA expression of Ets1 (1)
and DTX3L (J) were measurement by qPCR. All qPCR results are represented as relative fold changes after normalization to Gapdh controls (normalized controls
[NC]). Results are expressed as mean = SEM and are representative of at least three independent experiments. ns, not significant (P > 0.05); ***, P < 0.001.

Expression of ETS1 was significantly higher in RSV-infected RAW264.7 cells (Fig. 2B).
Moreover, translocation of ETS1 to the nucleus increased in peritoneal macrophages of
WT mice after RSV infection and IFN-3 stimulation (Fig. 2C and D). However, there was
no translocation of ETS1 in IFNAR1~/~ peritoneal macrophages infected with RSV (Fig.
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2E). In addition, Ets7 mRNA expression was decreased in IFNAR1~/~ peritoneal macro-
phages compared with WT peritoneal macrophages after RSV infection (Fig. 2F).
Western blotting results showed that the expression of ETS1 was increased in the nu-
cleus of peritoneal macrophages of WT mice infected with RSV compared to nonin-
fected RSV peritoneal macrophages; this phenomenon was attenuated in the nucleus
of peritoneal macrophages of IFNAR1~/~ mice (Fig. 2G). To investigate whether ETST1 is
needed for DTX3L induction, we transfected NIH 3T3 cells with Ets7 small interfering
RNA (siRNA) and examined its effects on DTX3L induction. The expression of DTX3L
were attenuated in NIH 3T3 cells treated with EtsT siRNA following virus infection (Fig.
2H to J). These results suggested that transcription factor ETS1 could be upregulated
by type | IFN with RSV infection, which consequently contributed to the expression of
DTX3L.

DTX3L suppresses RSV replication and promotes type | interferon production.
To test the possible role of DTX3L in RSV infection, three specific short hairpin RNAs
(shRNAs) targeting the coding sequences of DTX3L were designed and transfected to
RAW264.7 cells. shRNA1, which led to large reductions in the overall levels of the DTX3L
protein, was used for further study (Fig. 3A). RAW264.7 cells were stably transduced with
lentivirus encoding pLL3.7 vector or shRNA specific for DTX3L and then infected with
RSV-mCherry (Fig. 3B). DTX3L-downregulated RAW264.7 cells showed increased RSV F
mRNA expression (Fig. 3C) and mCherry-positive cells (Fig. 3D) when infected with RSV-
mCherry. Furthermore, when BMDMs of WT and Dtx3/ knockout (Dtx3/=/~) mice and TC1
cells were infected with RSV, the RSV titer and RSV F mRNA expression were also
increased in Dtx3/~/~ BMDMs (Fig. 3E and F) and DTX3L-downregulated TC1 cells (data
not shown). These results strongly suggested that DTX3L significantly restricted RSV
replication.

Type | interferons (IFNs) play an important role in the resistance to viral infection.
Levels of production of Ifna and Ifnb mRNA in DTX3L-deficient RAW264.7 cells upon
RSV infection were examined by gPCR. In comparison to vector-transfected cells, an
obvious decrease in Ifn mRNA levels was observed in the DTX3L-deficient cells (Fig. 3G
and H). Ifn mRNA levels was decreased in BMDMs of Dtx3/=/~ mice compared with
those of WT mice (Fig. 31 and J).

To further verify the function of DTX3L on IFN production, a dual-luciferase reporter
assay of IFN-B activity was conducted in B16 cells cotransfected with IFN-B-luciferase
reporter plasmid and DTX3L full-length encoded plasmid or control vector. We found
that, after stimulation with RIG-IN or RSV, the IFN-3 activity was increased when DTX3L
was overexpressed: this indicated that DTX3L could promote the generation of IFN-8
(Fig. 3K).

Next, interferon-stimulated gene (ISG) mRNA expression was detected, and ISGs
such as Oasl, Isg15, and Ifit1 also showed an obvious decrease in DTX3L-deficient cells
stimulated with RSV (Fig. 3L to N). OasT and Isg15 were also decreased in BMDMs of
Dtx3/=/~ mice (Fig. 30 and P), while there was no significant change of /fitT mRNA
expression (data not shown). These results presented above indicated that DTX3L pro-
motes the interferon antiviral response.

To explore whether viral nucleic acids or viral proteins was involved in the antiviral
effect of DTX3L, poly(I-C), a “mimic” of double-stranded viral RNA, was used to stimu-
late the RAW264.7 cells. We observed the same results as with viral stimulation. We
found impaired Ifnb and Oas1, Isg15, and Ifit7T mRNA levels in DTX3L-deficient cells (Fig.
4A to D). However, inhibition of DTX3L expression did not impact mRNA levels of other
proinflammatory cytokines such as //6, Cxcl2, and Tnfa in RAW264.7 cells (Fig. 4E to G)
and /16, Cxcl1, and Tnfa in BMDMs (Fig. 4H to J). These results indicated that DTX3L pro-
motes the interferon response after viral nucleic acid stimulation.

To verify that DTX3L suppressed RSV replication through IFN generation, we treated
WT and Dtx3/~/~ BMDMs with blocking antibody against IFNAR1 to rule out any other
DTX3L-regulated pathways in the observed viral phenotype, with purified mouse IgG1
antibody functioning as irrelevant, isotype-matched control antibody. The results
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FIG 3 DTX3L suppresses RSV replication and positively regulates type | interferon production. (A) RAW264.7 cells were transfected with pLL3.7 vector or
DTX3L shRNAs. Forty-eight hours later, cells were collected and subjected to immunoblot analysis of DTX3L expression. shRNA1 was used for the
subsequent experiments. (B) qPCR analysis of Dtx3/ mRNA expression in RAW264.7 cells stably transduced with lentivirus encoding pLL3.7 vector or shRNA
specific for DTX3L, followed by RSV infection (MOI of 10) for 0, 6, 12, 18, and 24 h; (C) expression of RNA encoding RSV fusion protein (RSV F) in RAW264.7
cells stably transduced with lentivirus encoding pLL3.7 vector or shRNA specific for DTX3L, followed by RSV infection (MOI of 10) for 0, 6, 12, 18, and 24 h;
(D) mCherry fluorescence (x200 magnifications) detection of RAW264.7 cells stably transduced with lentivirus encoding pLL3.7 vector or shRNA specific for
DTX3L, followed by RSV infection (MOI of 10) for 24 h. Scale bars, 100 um. (E) Plaque assay of RSV titer of the culture supernatants in WT and Dtx3/~/~
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FIG 4 DTX3L positively regulates IFN-3 signaling. (A) gPCR analysis of /fnb mRNA in RAW264.7 cells
stably transduced with lentivirus encoding pLL3.7 vector or shRNA specific for DTX3L, followed by
poly(l-C) stimulation for 0, 2, 4, 6, 8, and 10 h; (B to D) qPCR analysis of Oas? (B), Isg15 (C), and Ifit1
(D) mRNA in RAW264.7 cells stably transduced with lentivirus encoding pLL3.7 vector or shRNA
specific for DTX3L, followed by poly(l-C) stimulation for 0, 2, 4, 6, 8, and 10 h; (E to G) gPCR analysis
of 1l6 (E), Cxcl2 (F), and Tnfa (G) mRNA in RAW264.7 cells stably transduced with lentivirus encoding
pLL3.7 vector or shRNA specific for DTX3L infected with RSV (MOI of 10); (H to J) qPCR analysis of /6
(H), Cxcl1 (I), and Tnfa (J) mRNA in WT and Dtx3/~/~ bone marrow-derived macrophage (BMDMs)
infected with RSV (MOI of 10) for 12 h. All gPCR results are represented as relative fold changes after
normalization to Gapdh controls. Results are expressed as mean * SEM and are representative of at
least three independent experiments. ns, not significant (P > 0.05); **, P < 0.01; ***, P < 0.001.

showed that knockout of DTX3L promoted RSV infection (Fig. 5A and B), while inhibi-
ting Ifna, Ifnb, Oas1, Isg15, and IfitT mRNA expression in BMDMs in the presence of
IFNAR1 (Fig. 5C to G). However, knockout of DTX3L did not noticeably affect viral infec-
tion (Fig. 5A and B) and OasT, Isg15, and Ifit7 mRNA expression (Fig. 5E to G) in IFNAR1-

FIG 3 Legend (Continued)

bone marrow-derived macrophage (BMDM:s) infected with RSV (MOI of 10) for 12 h; (F) expression of RNA encoding RSV fusion protein (RSV F) in WT and
Dtx3I~~ BMDMs treated as in panel E; (G and H) qPCR analysis of Ifna (G) and Ifnb (H) mRNA in RAW264.7 cells stably transduced with lentivirus encoding
pLL3.7 vector or shRNA specific for DTX3L, followed by RSV infection (MOI of 10) for 0, 6, 12, 18, and 24 h; (I and J) qPCR analysis of Ifna (I) and Ifnb (J)
mRNA in WT and Dtx3/~/~ BMDM:s infected with RSV (MOI of 10) for 12 h. (K) B16 cells were cotransfected with the Ifnb promoter reporter plasmids and
DTX3L full-length encoded plasmid or control vector and RIG-IN expression plasmid. Forty-eight hours later, cells were infected with RSV (MOI of 1) for 12
h, and the luciferase activity was determined. (L to N) qPCR analysis of OasT (L), Isg15 (M), and Ifit7 (N) mRNA in RAW264.7 cells stably transduced with
lentivirus encoding pLL3.7 vector or shRNA specific for DTX3L, followed by RSV infection (MOI of 10) for 0, 6, 12, 18, and 24 h. (O and P) gPCR analysis of
Oas1 (0) and Isg15 (P) mRNA in WT and Dtx3/~/~ BMDMs infected with RSV (MOI of 10) for 12 h. All qPCR results are represented as relative fold changes
after normalization to Gapdh controls. Results are expressed as mean = SEM and are representative of at least three independent experiments. ns, not
significant (P > 0.05); *, P < 0.05; **, P < 0.01; ***, P < 0.001.
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FIG 5 DTX3L promotes virus-induced production of type | IFNs. (A) Plaque assay of RSV titer of the culture supernatants in WT
and Dtx3/~/~ bone marrow-derived macrophage (BMDMs) treated with anti-IFNAR1 blocking antibody (500 ng/mL) and purified
mouse IgG1 antibody (500 ng/mL) functioning as an irrelevant, isotype-matched control antibody and then infected with RSV
(MOI of 10) for 12 h; (B) gPCR analysis of RNA encoding RSV fusion protein (RSV F) in WT and Dtx3/~/~ BMDM:s treated as in panel
A; (C and D) gPCR analysis of Ifna (C) and Ifnb (D) mRNA in WT and Dtx3/~/~ BMDMs treated as in panel A; (E to G) gPCR analysis
of Oas1 (E), Isg15 (F), and Ifit1 (G) mRNA in WT and Dtx3/~/~ BMDMs treated as in panel A; (H) qPCR analysis of Dtx3/ mRNA
expression in WT and Dtx3/"/~ BMDMs treated as in panel A; (I) immunoblot analysis of DTX3L, TBK1, p-TBK1, STAT1, p-STATT,
and RSV fusion protein (RSV F) in WT and Dtx3/~/~ BMDMs treated with anti-IFNAR1 blocking antibody (500 ng/mL) and purified
mouse IgG1 antibody (500 ng/mL) functioning as an irrelevant, isotype-matched control antibody and then infected with RSV

(MOI of 10) for 24 h.

blocking BMDMs, while still decreasing Ifna and Ifnb expression (Fig. 5C and D) and
TBK1 phosphorylation (Fig. 5I). These findings suggested that DTX3L-mediated antiviral
activity was mediated via type | IFN and provided further evidence that DTX3L could

promote the expression of type | IFN upstream of IFNART.
TBK1 interacts with DTX3L. Since DTX3L promotes IFN-B production after RSV

infection, we suggest that DTX3L might positively modulate the molecules of the type
| interferon signaling pathway. To investigate the effect of DTX3L on interferon-related
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proteins, RAW264.7 cells stably transduced with lentivirus encoding pLL3.7 vector or
shRNA specific for DTX3L and BMDMs prepared from WT and Dtx3/~/~ mice were
infected with RSV. Results showed that the phosphorylation of TBK1 was significantly
inhibited in BMDMs of Dtx3/~/~ mice infected with RSV (Fig. 6A) or Sendai virus (SeV)
(Fig. 6B), and DTX3L downregulated RAW264.7 cells infected with RSV (Fig. 6C). In con-
trast, RIG-l, MAVS, p65, p38, and phosphorylation of p65 and p38 mitogen-activated
protein kinase (MAPK) were not impaired in DTX3L-downregulated RAW264.7 cells af-
ter infection (Fig. 6D). In addition, we found TBK1 phosphorylation was decreased in
DTX3L-downregulated RAW264.7 cells with RSV (Fig. 6E) and SeV (Fig. 6F) infection at
different infection times. In addition, a native PAGE assay was performed and demon-
strated that downregulation of DTX3L decreased the dimerization of IRF3 (Fig. 6F).
These data suggested that DTX3L might enhance type | interferon signaling by target-
ing TBK1 and was not RSV specific.

An in vitro experiment indicated that DTX3L interacted with TBK1 in 293T cells cotrans-
fected with DTX3L and TBK1 full-length encoded plasmids (Fig. 6G). Immunofluorescence
assay was conducted to further verify the relationship between DTX3L and TBK1, we found
that DTX3L had a more colocalization with TBK1 during the response to RSV infection (Fig.
6H). Furthermore, coimmunoprecipitation and immunoblotting were used to confirm the
interaction between DTX3L and TBK1. Endogenous DTX3L and TBK1 coimmunoprecipi-
tated in RAW264.7 cells and BMDMs with RSV (Fig. 61 and K) and poly(l-C) stimulation (Fig.
6J and L), suggesting a constitutive interaction between the two proteins. Notably, the
interaction between endogenous DTX3L and TBK1 was enhanced upon RSV infection and
poly(l-C) stimulation (Fig. 6l to L). Overall, these results demonstrated that DTX3L targeted
and interacted with TBK1.

DTX3L positively regulates K63-linked ubiquitination of TBK1. Since TBK1 was
not decreased in DTX3L-deficient RAW264.7 cells, this may implicate DTX3L in playing a
role in signal transduction instead of degrading TBK1 by ubiquitination. To investigate
whether the E3 ligase activity of DTX3L was involved in the regulation of TBK1 activation,
endogenous immunoprecipitation was conducted in BMDMs (Fig. 7A) and RAW264.7 cells
(Fig. 7B). The level of ubiquitination of TBK1 was decreased in DTX3L-deficient macro-
phages, which indicated that DTX3L could increase the ubiquitination of TBK1 (Fig. 7A and
B). Moreover, HEK293T cells were cotransfected with full-length encoded plasmids of Myc-
TBK1, Flag-DTX3L, and hemagglutinin (HA)-ubiquitin mutants in which all lysine residues
except K27, K48, or K63 were replaced with arginine. DTX3L-mediated polyubiquitination
of TBK1 was significantly increased in the presence of HA-ubiquitin-tagged K63 but not
HA-ubiquitin-K48 and -K27 (Fig. 7C). Taken together, these data demonstrated that DTX3L
interacted with TBK1 and promoted K63-linked ubiquitination of TBK1.

It has been reported that K63-linked polyubiquitination of TBK1 at K30 and K401 is
required for its activation (15, 19). To investigate whether DTX3L promotes TBK1 ubig-
uitination through K30 or K401, Myc-TBK1 variant plasmids with point mutations K30R
and K401R and two other prediction sites, K137R and K154R, were constructed and
transfected into HEK293 cells together with DTX3L full-length encoded plasmid. Myc-
TBK1-K30R and Myc-TBK1-K401R, but not Myc-TBK1-K137R and Myc-TBK1-K154R,
showed low TBK1 ubiquitination induced by DTX3L (Fig. 7D). These data demonstrated
that DTX3L promoted K63-linked ubiquitination of TBK1 at K30 and K401.

DTX3L promotes phosphorylation of TBK1 through SRC. Activation of TBK1 also
needs its autophosphorylation (20); how DTX3L promotes the phosphorylation of TBK1
remains unclear. To our knowledge, there were several kinases upstream of TBK1 that
might regulate its phosphorylation and kinase activity. Glycogen synthase kinase 33
(GSK-3B) is implicated in promoting the autophosphorylation of TBK1 (21). The tyrosine
kinase SRC promotes phosphorylation of the kinase TBK1 to facilitate type | interferon pro-
duction after viral infection (22). Furthermore, TBK1 could interact with the adaptor pro-
teins TANK (TRAF family member associated NF-«B activator) and NEMO (NF-«B essential
modulator), which are required for its activation (23). On the basis of these results, we
hypothesize that DTX3L may regulate the binding strength between these adapters and
p-TBK1. To verify this hypothesis, the interaction between p-TBK1 and these kinases was
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FIG 6 DTX3L promotes phosphorylation of TBK1 and interacts with TBK1. (A and B) Immunoblot analysis of DTX3L, TBK1, and p-TBK1 in WT and
Dtx3/~/~ BMDMs infected with RSV (MOI of 10) for 24 h (A) and SeV (MOI of 1) for 6 h (B). Actin served as the control. Ctrl, control (no infection).
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detected in both BMDMs and RAW264.7 cells. The results showed that TBK1 phosphoryla-
tion was lower in BMDMs of Dtx3/~/~ mice (Fig. 8A) and DTX3L downregulated RAW264.7
cells after RSV infection (Fig. 8B). In addition, we found DTX3L could interact with SRC, and
this binding decreased when inhibited DTX3L expression (Fig. 8A and B), but we did not
observe the similar results in NEMO, GSK-3 8 and TANK immunoprecipitation experiments
with BMDM s (Fig. 8A) and RAW264.7 cells (Fig. 8B). A similar phenomenon was observed in
poly(l-C)-stimulated RAW264.7 cells (Fig. 8C). We then treated HEK293T cells with Src siRNA
and examined its effects on DTX3L-TBK1 interaction. The interactions of endogenous
DTX3L and TBK1 were attenuated in 293T cells treated with Src siRNA (Fig. 8D). All of the
above results together suggested that DTX3L regulated the phosphorylation of TBK1
through binding with SRC.

Ablation of DTX3L renders mice susceptible to RNA virus infection. To further
confirm the antiviral effect of DTX3L in vivo, Dtx3/~/~ mice was constructed by a CRISPR/
Cas9 strategy as described in Materials and Methods (Fig. 9A). Genotyping and Western
blot results demonstrated that the Dtx3/~/~ mouse model was successfully established
(Fig. 9B and C). WT and Dtx3/~/~ mice were infected intranasally with RSV. Dtx3/~/~ mice
exhibited significantly increased lymphocyte infiltration and alveolar inflammatory exuda-
tion compared with WT mice (Fig. 10A and B). The plaque assay and real-time PCR results
indicated that RSV infection was increased in Dtx3/~/~ mice (Fig. 10C and D). These data
confirmed that DTX3L effectively suppressed RSV replication in vivo. Then we performed
flow cytometry analyses to determine the cellular infiltrate differences in the absence of
DTX3L. The percentages of F4/80" CD11b* macrophages were higher in the peripheral
blood mononuclear cells (PBMCs) of Dtx3/~/~ mice (Fig. 10E and F) than in those of the WT
mice, indicating an accumulation of macrophages and more inflammation in the Dtx3/~/~
mice. CD11b* Ly6G* neutrophils were slightly higher in the PBMCs of Dtx3/~/~ mice, with
no significant difference (data not shown). There were no significant differences in B/T lym-
phocytes (data not shown). Furthermore, WT and Dtx3/~/~ mice were infected intranasally
with vesicular stomatitis virus (VSV) for 24 h. Deletion of DTX3L resulted in increased VSV
loads and decreased type | IFN response in vivo, as evidenced by increased VSV titer (Fig.
10G) and VSV RNA level (Fig. 10H) and decreased TBK1, IRF3, and STAT1 phosphorylation
(Fig. 10l) and IfnB and Isgs mRNA levels in mouse lung (Fig. 10J to M). Taken together,
these findings suggest that DTX3L regulates type | IFN-mediated signaling and antiviral ac-
tivity in vivo.

Our present study first demonstrates that DTX3L is a positive-feedback regulator of
type | IFN and is involved in anti-RSV response in vivo and in vitro. Mechanically, we
identified RSV and IFN-B could enhance the translocation of ETS1 to the nucleus to
promote the expression of DTX3L. DTX3L as an E3 ligase ubiquitinates TBK1 at K30 and
K401 in the K63-linked polyubiquitination pathway and promotes the phosphorylation
of TBK1 through binding with SRC, enhancing the type | interferon antiviral response
(Fig. 11).

FIG 6 Legend (Continued)

(C) Immunoblot analysis of DTX3L, TBK1, and p-TBK1 in RAW264.7 cells stably transduced with lentivirus encoding pLL3.7 vector or shRNA specific
for DTX3L, followed by RSV infection (MOl of 10) for 24 h. Actin served as the control. (D) Immunoblot analysis of RIGI, MAVS, p65,
phosphorylated p65 (p-p65), p-38 MAPK, and p-p38 in RAW264.7 cells stably transduced with lentivirus encoding pLL3.7 vector or shRNA specific
for DTX3L, followed by RSV infection (MOl of 10) for 24 h. Actin served as the control. (E) Immunoblot analysis of DTX3L, TBK1, and p-TBK1 in
RAW264.7 cells stably transduced with lentivirus encoding pLL3.7 vector or shRNA specific for DTX3L, followed by RSV infection (MOI of 10) for 0,
6, 12, 18, and 24 h. Actin served as the control. (F) Immunoblot analysis of DTX3L, TBK1, and p-TBK1 and native PAGE for the detection of IRF3
dimerization in RAW264.7 cells stably transduced with lentivirus encoding pLL3.7 vector or shRNA specific for DTX3L, followed by Sev infection
(MOI of 1) for 0, 2, 4, and 6 h. Actin served as the control. (G) HEK293T cells were cotransfected with Myc-TBK1 and Flag-DTX3L full-length
encoded plasmids and pcDNA3.1(—) plasmids. Forty-eight hours later, cells were infected with RSV (MOI of 1) for 6 h. Cellular lysates were
immunoprecipitated with anti-Flag. Immunoprecipitates were analyzed by immunoblotting with anti-Flag and anti-Myc. (H) RAW264.7 cells were
infected by RSV (MOI of 10) for 0, 12, and 24 h. Endogenous DTX3L, TBK1 protein, and nucleus stained with anti-DTX3L antibody (green) and anti-
TBK1 antibody (red) and observed under a confocal microscope. Photomicrographs were captured under high-power fields (x600 magnifications).
Scale bars, 10 um. () Immunoprecipitation and immunoblot analysis of DTX3L and TBK1 in RAW264.7 cells infected with RSV (MOI of 10) for 12 h;
(J) immunoprecipitation and immunoblot analysis of DTX3L and TBK1 in RAW264.7 cells stimulated with poly(I-C) for 0, 6, and 8 h; (K)
immunoprecipitation and immunoblot analysis of DTX3L and TBK1 in BMDMs infected with RSV (MOI of 10) for 12 h; (L) immunoprecipitation and
immunoblot analysis of DTX3L and TBK1 in BMDMs cells stimulated with poly(l-C) for 0, 6, and 8 h. Results are representative of at least three
independent experiments.
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FIG 7 DTX3L positively regulates K63-linked ubiquitination of TBK1. (A and B) Immunoprecipitation and
immunoblot analysis of endogenous TBK1 and ubiquitin in WT and Dtx3/~/~ BMDMs infected with SeV (MOI
of 1) for 6 h (A) and RAW264.7 cells transfected with DTX3L shRNA or pLL3.7 vector, followed by RSV
infection (MOI of 10) for 12 h (B). Ctrl, control (no infection). (C) HEK293T cells were cotransfected with Myc-
TBK1, Flag-DTX3L fullHlength encoded plasmids, and HA-ubiquitin-K27, HA-ubiquitin-K48, or HA-ubiquitin-K63
plasmids for 48 h. Cellular lysates were immunoprecipitated with anti-Myc. Immunoprecipitates were analyzed
by immunoblotting with anti-Myc and anti-HA. (D) HEK293T cells were cotransfected with expression
plasmids for Myc-TBK1-WT or Myc-TBK1-K30R, Myc-TBK1-K401R, Myc-TBK1-K137R, or Myc-TBK1-K154R along
with Flag-DTX3L and HA-ubiquitin-K63 plasmids. Cellular lysates were immunoprecipitated with anti-Myc.
Immunoprecipitates were analyzed by immunoblotting with anti-Myc and anti-HA. Results are representative
of at least three independent experiments.

DISCUSSION

At present, most reports on DTX3L are about its role in regulating cell cycle and tu-
mor growth (24, 25). For example, DTX3L as an oncogenic survival factor mediating
proliferation, chemo-resistance and survival of metastatic prostate cancer cells (26). In
addition, DTX3L could promote the proliferation and cell adhesion-mediated drug re-
sistance of myeloma cells (24). In our research, we found that DTX3L was a positive-
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FIG 8 DTX3L promotes phosphorylation of TBK1 through SRC. (A) Immunoprecipitation and immunoblot analysis of SRC, NEMO, GSK-33, or TANK and
DTX3L and p-TBK1 in WT and Dtx3/~~ bone marrow-derived macrophage (BMDMs), followed by RSV infection (MOl of 10) for 12 h. Results are
representative of at least three independent experiments. (B) Immunoprecipitation and immunoblot analysis of SRC, NEMO, GSK-33, or TANK and DTX3L
and p-TBK1 in RAW264.7 cells stably transduced with lentivirus encoding pLL3.7 vector or shRNA specific for DTX3L, followed by RSV infection (MOI of 10)
for 12 h. Results are representative of at least three independent experiments. (C) Immunoprecipitation and immunoblot analysis of SRC, NEMO, GSK-33, or

(Continued on next page)
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FIG 9 Generation and confirmation of Dtx3/~/~ mice. (A) Generation and gene sequence insertion of Dtx3/~/~ mice by CRISPR/Cas9 strategy; (B and C)
confirmation of DTX3L knockout at the DNA (B) and protein (C) levels. Samples 32 and 35 in the left and right lanes correspond to Dtx3/ KO and WT
primer PCR results, respectively. In the lanes, WT is the C57BL/6J wild type, N is the negative blank control, and M represents the DNA ladder. Results are
representative of at least three independent experiments.

feedback regulator of innate antiviral immunity, which enriches the known biological
functions of DTX3L on regulating cell cycle and tumor growth.

Recently, some groups’ studies reveal that DTX3L binds to ADP-ribosyltransferase
PARP9 to form a heterodimer, which plays a role in DNA damage repair (27-29). It has
been reported that DTX3L monoubiquitinates multiple histones, including histones
H2A, H2B, H3, and H4 (30). DTX3L mediated the monoubiquitination of Lys-91 of his-
tone H4 (H4K91UB1) during DNA damage (28). Our present study displays that after
RSV infection in macrophages, DTX3L expression was increased to enhance the type |
interferon signal and thereby control viral infection. Dtx3/~/~ mice showed more severe
lung inflammation and impaired interferon production in bone marrow-derived macro-
phages. Mechanically, after RSV infection, the transcription factor ETS1 translocated
into the nucleus in the presence of IFNAR1, the Dtx3/ promoter activity and the expres-
sion of DTX3L was upregulated in macrophages. DTX3L as an E3 ligase ubiquitinated
K30 and K401 sites of TBK1 in K63-linked polyubiquitination way, confirming the new
type of DTX3L-mediated ubiquitination. Therefore, as an E3 ubiquitin ligase, DTX3L
may mediate ubiquitination at both the DNA and protein levels, regulating target pro-
tein homeostasis and promoting DNA repair and signal transduction.

It has been reported that the expression of DTX3L and PARP9 was significantly
increased in STAT1 constitutively activated mouse and human fibrosarcoma U3A cells:
the expression of DTX3L and PARP9 was regulated by interferon. It was found that after
viral infection, DTX3L could ubiquitinate histone H2BJ and promote the expression of
ISGs, thus enhancing the antiviral effect of cells (17). Here, we demonstrated that the
expression of type | interferon decreased in DTX3L-deficient RAW264.7 cells, suggest-
ing that DTX3L regulates the production of interferon, thereby promoting the expres-
sion of downstream ISGs. Particularly, we found RSV infection and IFN-8 stimulation
promoted nuclear translocation of the transcription factor ETS1, thereby enhancing
Dtx3l promoter activity and DTX3L expression. Moreover, ETS1 increased expression of
DTX3L stimulated by RSV depended on the presence of type | IFN. Thus, RSV-stimu-
lated interferon promotes the translocation of ETS1 into the nucleus, thereby increas-
ing DTX3L expression, after which positive feedback acts on the upstream of the inter-
feron signaling pathway to promote interferon production. This finding enriches and
complements the antiviral role of DTX3L in the interferon signaling pathway.

FIG 8 Legend (Continued)

TANK and DTX3L and p-TBK1 in RAW264.7 cells stably transduced with lentivirus encoding pLL3.7 vector or shRNA specific for DTX3L, followed by poly(l-C)
stimulation for 8 h. (D) Control or Src-siRNA-transfected HEK293T cells were cotransfected with Myc-DTX3L and Flag-TBK1 full-length encoded plasmids and
pcDNA3.1(—) plasmids, and cellular lysates were immunoprecipitated with anti-Flag 48 h later. Imnmunoprecipitation was analyzed by immunoblotting with
anti-Flag and anti-Myc.
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FIG 10 DTX3L knockout mice exhibited aggravated lung inflammation. (A) Hematoxylin and eosin staining (x200 magnifications) of lung tissues from WT
and Dtx3I~/~ mice infected with RSV (1 x 10° PFU per g [body wt] of mouse) intranasally. Scale bar, 100 wm. (B) Statistical analysis and histopathology
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FIG 11 DTX3L enhances the type | interferon antiviral response. Shown is a proposed model depicting the role of DTX3L
in positive regulation of IFN-I production during virus infection. RSV and IFN-3 enhance the translocation of ETS1 to the
nucleus to promote the expression of DTX3L. DTX3L as an E3 ligase ubiquintinates TBK1 at K30 and K401 in the K63-
linked polyubiquitination pathway and promotes the phosphorylation of TBK1 through binding with kinase SRC, leading to
the increased activation of TBK1 and production of IFNs and IFN-stimulated genes (ISGs), which limits virus infection.

The activation of TBK1 requires a variety of ways, including homodimerization,
ubiquitination, and phosphorylation, which stimulates translocation of IRF3 (19, 23).
Our study defined DTX3L as a positive regulator of K63-linked ubiquitination of TBK1.
In addition, we found DTX3L could also promote the phosphorylation of TBK1. Four
phosphokinases (SRC, NEMO, TANK, and GSK-33) that regulate TBK1 phosphorylation
were screened, and we learned that DTX3L could promote TBK1 phosphorylation by
binding phosphokinase SRC. These findings revealed an important regulation of the
interaction between DTX3L and TBK1. Thus, we provide evidence that DTX3L regulates
type | IFN signaling through IFN-B-ETS1-DTX3L-TBK1 positive-feedback loop during
RSV infection in addition to its well-studied function in the STAT1-actived cells (17).

In this study, we identify DTX3L as an antiviral molecule by promoting IFN produc-
tion and establishing a IFN-B-ETS1-DTX3L-TBK1 positive-feedback loop as a novel
immunomodulatory step to enhance interferon signaling and inhibit RSV infection.
Whether other types of virus also promote the expression of DTX3L and depend on
DTX3L regulating TBK1 activation and IFN expression for antiviral activity still needs to
be determined. Nonetheless, small-molecule-targeted drugs that mimic the antiviral
mechanism of DTX3L should help to fill the unmet need for protection against the
lung diseases such as bronchiolitis and pneumonia that develop with RSV and perhaps
the need for the treatment of other interferon-sensitive conditions.

FIG 10 Legend (Continued)

scores of hematoxylin and eosin staining of lung tissue. (C) The lung RSV titer at day 3 after intranasal infection was determined by plaque assay. Data
represent mean values of RSV PFU per gram of lung tissue. (D) Expression of RNA encoding RSV fusion protein (RSV F) in lung tissues of WT and Dtx3/~/~
mice infected with RSV (1 x 10° PFU per g [body wt] of mouse) by intranasal injection. (E) Peripheral blood mononuclear cells (PBMCs) were isolated from
WT and Dtx3/~/~ mice infected with VSV (1 x 10® PFU per g [body wt] of mouse) by intranasal injection for 24 h. Macrophage subsets were analyzed by
flow cytometry after staining for F4/80 and CD11b. n = 3 per group. (F) The percentages of F4/80" CD11b* macrophages were higher in the PBMCs of
Dtx3/~/~ mice than in WT mice. n = 3 per group. (G) The lung VSV titer at 24 h after intranasal infection was determined by plaque assay. Data represent
mean values of RSV PFU per gram of lung tissue. (H) gPCR analysis of VSV viral RNA in the lung tissues from WT and Dtx3/~/~ mice infected with VSV (1 x
108 PFU per g [body wt] of mouse) by intranasal injection for 24 h; (I) immunoblot analysis of p-TBK1, p-IRF3, and p-STAT1 in the lung tissues from WT and
Dtx3I/~ mice infected with VSV (1 x 108 PFU per g [body wt] of mouse) by intranasal injection for 24 h. (J to M) qPCR analysis of Ifnb (J), Oas1 (K), Isg15 (L),
and /it (M) mRNA in the lung tissues from WT and Dtx3/~/~ mice infected with VSV (1 x 10® PFU per g [body wt] of mouse) by intranasal injection for 24
h. All gPCR results are represented as relative fold changes after normalization to Gapdh controls. Results are expressed as mean = SEM and are
representative of at least three independent experiments. ns, not significant (P > 0.05); **, P < 0.01; ***, P < 0.001.

June 2023 Volume 97 Issue 6 10.1128/jvi.00687-23

16


https://journals.asm.org/journal/jvi
https://doi.org/10.1128/jvi.00687-23

DTX3L Restricts Virus Replication

TABLE 1 CRISPR/Cas9 gRNA sequences

gRNA name gRNA sequence (5'—3’) PAM?
gRNA1 AACGCTAGGCGACTCCATCT TGG
gRNA2 GCTTGACCCTTGAGGACTAA GGG
gRNA3 CTTCTACCCTGCCATTCATA AGG
gRNA4 AACTTGGGTAGTATTCATCT TGG

9PAM, protospacer-adjacent motif.

MATERIALS AND METHODS

Mice. The generation of DTX3L knockout mice (C57BL/6) was conducted at GemPharmatech Co.,
Ltd., Nanjing, China, using CRISPR/Cas9 technology. Guide RNA (gRNA) was designed and transcribed in
vitro; the gRNA sequences are listed in Table 1. Cas9 and gRNA were simultaneously injected into fertil-
ized mice eggs. Under the guidance of gRNA, the Cas9 protein binds to the target site and causes DNA
double-strand breaks, thereby achieving deletion of the base sequence of the target site. Exons 3 to 4 of
the Dtx3/ gene were selected as the knockout region, and a total of 1,742 bp was knocked out. Knocking
out this region would cause frameshift mutations in the open reading frame and premature termination
of translation, thus leading to protein mutation. Final realization and gene knockout are shown in Fig.
7A to C. Wild-type (WT) C57BL/6 mice were purchased from Shanghai SLAC Laboratory Animal Co., Ltd.
Genotyping of WT and knockout (KO) mice was performed with the following primers: KO forward (For),
5'-TGATGGAGGTGTGGGAAAGACTG-3’, and KO reverse (Rev), 5'-GGAATCAAAGCCATGCTGGAGAG-3';
and WT For, 5'-ATGGAGATCAGCAGGAGAATGCAG-3’, and WT Rev, 5'-ATGGTGCCACAGCCTTCATAACC-
3’ IFNART™/~ (type | IFN receptor KO) mice were gifts from Chunsheng Dong of Institutes of Biology
and Medical Sciences (Soochow University, Suzhou, China). All mice were maintained under specific-
pathogen-free (SPF) conditions in the animal facility of Soochow University.

Cell culture and reagents. RAW264.7, HEK293T, B16, NIH 3T3, and Hep2 cells were purchased from the
American Type Culture Collection (ATCC) and were cultured in Dulbecco's modified Eagle's medium (DMEM)
(HyClone) supplemented with 10% fetal bovine serum (FBS) (Biological Industries), 100 U/mL penicillin (NCM
Biotech), and 100 wg/mL streptomycin (NCM Biotech) at 37°C under 5% CO,. Recombinant mouse IFN-3
(mIFN-B) was purchased from R&D Systems. Poly(l-C) was purchased from Merck. Purified anti-mouse IFNAR1
antibody (MAR1-5A3) and purified mouse IgG1 antibody (MOPC-21) were purchased from BioLegend.

Primary cells from mice. Mouse tissues were prepared from 6- to 8-week-old mice (WT or Dtx3/~/~) and
were cut into pieces and ground into the cell suspension briefly on the ice. Mouse primary heart, liver, spleen,
and lung cells were collected and prepared for further experiments. Bone marrow-derived macrophages
(BMDMs) were generated from the bone marrow of 6- to 8-week-old mice. Bone marrow cells were collected
from the femurs and tibias of mice, and BMDMs were differentiated in RPMI 1640 medium with 10% FBS,
including 20 ng/mL mouse macrophage colony-stimulating factor (M-CSF) (Pepro Tech, Rocky Hill, NJ) and
20 ng/mL mouse granulocyte-macrophage colony-stimulating factor (GM-CSF) (Pepro Tech, Rocky Hill, NJ).
Mouse primary peritoneal macrophages were prepared from 6- to 8-week-old C57BL/6J mice through intraper-
itoneal injection with 4% thioglycolate (Invitrogen) for 4 days.

RNA knockdown and plasmid transfection. siRNA knockdown of Src in HEK293T cells and Ets1 in
NIH 3T3 cells by GP-transfect-Mate siRNA transfection reagent (siRNA concentration, 10 nM) were
handled following the manufacturer’s protocols. As a negative control, a nontargeting scrambled siRNA
pool (control siRNA) was used at the same concentration. HA-tagged ubiquitin (HA-Ub), HA-K27 (with all
lysines on the ubiquitin gene mutated to arginines except K27), HA-K48 (with all lysines on the ubiquitin
gene mutated to arginines except K48), and HA-K63 (with all lysines on the ubiquitin gene mutated to
arginines except K63) plasmids were gifts from Hui Zheng of Institutes of Biology and Medical Sciences
(Soochow University, Suzhou, China). His-SRC- and ETS-1-encoding plasmids were purchased from
Fenghuishengwu. Mouse Flag-DTX3L ¢cDNA was amplified from RNA of RAW264.7 cells using the follow-
ing primers: For, 5'-CGCGGATCCGCCACCATGGCTTCCAGTCCCGACCC-3'; and Rev, 5'-CGGGGTACCTTAC
TTGTCATCGTCGTCCTTGTAATCCTCAATGCCTTTTGCTTTCAGCT -3'. Mouse Myc-TBK1 cDNA was amplified
from RNA of RAW264.7 cells using the following primers: For, 5'-CCGGAATTCGCCACCATGCAGAGCACC
TCCAACCAT-3’; and Rev, 5'-CGGGGTACCCTACAGATCCTCTTCTGAGATGAGTTTTTGTTCAAGACAGTCCAC
ATTGCGAAGG -3'. For the DTX3L knockdown plasmid, three pairs of siRNAs were designed by Thermal
Fisher website siRNA design software (Table 2), and then the oligonucleotide sequence was synthesized
by adding a specific ring structure sequence and restriction site. Then, PCR annealing was performed
with the following procedure: 95°C for 30 s, followed by 72°C for 2 min, 37°C for 2 min, 25°C for 2 min,
and then hold at 4°C. Myc-TBK1 K30, K401, K137, and K154 mutants were generated by GENEWIZ. All
transient transfections were carried out using d-Portal transfection reagent according to the manufac-
turer’s instructions.

Virus preparation, titration, and infection. The RSV viral stock (L19 strain) was obtained from
Chunsheng Dong of Institutes of Biology and Medical Sciences (Soochow University, Suzhou, China) and
was grown in Hep2 cells. Vesicular stomatitis virus (VSV) and Sendai virus (SeV) were gifts from Hui
Zheng, Institutes of Biology and Medical Sciences (Soochow University, Suzhou, China). Titers of viable
virus were determined by plaque assay (31). The plaque assay was performed with a standard culture in-
fectious dose assay on Vero cell monolayers in 96-well plates with virus dilutions. After virus infection,
the plates were incubated for the indicated times. The medium was then removed, and the cells were
fixed with 4% paraformaldehyde for 15 min and stained with 1% crystal violet for 30 min before plaque
counting. After being washed twice with 1x phosphate-buffered saline (PBS), RAW264.7 cells or BMDMs
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TABLE 2 DTX3L shRNA sequences

Journal of Virology

siRNA primer Sequence (5'—>3')

DTX3L shRNA1 F TGGATGAAGCACTTTGTGATGATTCAAGAGATCATCACAAAGTGCTTCATCCTTTTTTC

DTX3L shRNA1R TCGAGAAAAAAGGATGAAGCACTTTGTGATGATCTCTTGAATCATCACAAAGTGCTTCATCCA
DTX3L shRNA2 F TGCTGCTTCCCAAAGCTCTTGATTCAAGAGATCAAGAGCTTTGGGAAGCAGCTTTTTTC
DTX3L shRNA2 R TCGAGAAAAAAGCTGCTTCCCAAAGCTCTTGATCTCTTGAATCAAGAGCTTTGGGAAGCAGCA
DTX3L shRNA3 F TGCCTGAACTGCTCCAGGAAATTTCAAGAGAATTTCCTGGAGCAGTTCAGGCTTTTTTC
DTX3L shRNA3 R TCGAGAAAAAAGCCTGAACTGCTCCAGGAAATTCTCTTGAAATTTCCTGGAGCAGTTCAGGCA

were challenged with RSV (multiplicity of infection [MOI] of 10), VSV (MOI of 1), or SeV (MOI of 1) in 2%
medium for 2 h for virus entry. Then, the infection medium was removed by being washed twice with
1x PBS. Cells were fed in the fresh 10% FBS medium for the indicated times. Then, the cells were ana-
lyzed by quantitative real-time PCR (qPCR) or Western blotting. For in vivo viral infection studies, 6- to
8-week-old mice (WT or Dtx3/~') were lightly anesthetized with 4% chloral hydrate before intranasal
inoculation with 1 x 10° PFU of RSV in 2% DMEM or PBS. Five days after infection, lung tissue and bone
marrow were harvested for gPCR, Western blotting, and lung histology.

RNA isolation and quantitative real-time PCR. Total RNAs were isolated from cell lines or mouse tis-
sues using RNA-easy isolation reagent (Vazyme). The cDNA was synthesized from 1 wg of total RNA using a
HiScript Il 1st strand cDNA synthesis kit (Vazyme) and subjected to gPCR with different primers in the pres-
ence of SYBR green supermix (Yeasen) using the Eppendorf gPCR system. The relative expression of the tar-
get genes was normalized to GAPDH (glyceraldehyde-3-phosphate dehydrogenase) mRNA. The sequences
for primers are listed in Table 3.

Mass spectrometry analysis. RAW264.7 cells were infected or uninfected with RSV for 24 h and
then sonicated three times on ice using a high-intensity ultrasonic processor (Scientz) in lysis buffer con-
taining 150 mM NaCl, 10 mM HEPES, 8 M urea, and protease inhibitor mixtures (Sigma). The remaining
debris was removed by centrifugation at 12,000 x g at 4°C for 10 min. Finally, the supernatant was col-
lected and the protein concentration was determined with a bicinchoninic acid (BCA) kit according to
the manufacturer’s instructions (Thermo Fisher). For digestion, the protein solution was treated with
5 mM dithiothreitol for 30 min at 56°C and alkylated with 11 mM iodoacetamide for 15 min at room tem-
perature in darkness. Finally, trypsin (Thermo Fisher) was added at 1:50 trypsin-to-protein mass ratio
overnight. The tryptic peptides were purified using C,, Zip Tip. Then, the peptides were analyzed by an
Orbitrap Elite hybrid mass spectrometer (Thermo Fisher) coupled with a Dionex liquid chromatography
(LC) device. The resulting MS/MS data were processed using Proteome Discoverer 1.2. Tandem mass
spectra were searched against UniProt database concatenated with a reverse decoy database. The mass
tolerance for fragment ions was set as 0.02 Da. Systematic bioinformatics analysis of proteins, including
protein annotation, function classification, function enrichment was conducted.

Flow cytometry. Cells were stained with fluorescence-coupled antibodies diluted in PBS for 20 min
on ice and subsequently washed with PBS. Analysis was carried out on BD Cyan (BD Biosciences, USA).
Fluorescein isothiocyanate (FITC)-conjugated anti-F4/80 (QA17A29; no. 157302) and phycoerythrin (PE)-
conjugated anti-CD11b (M1/70; no. 101208) were purchased from BioLegend (San Diego, CA, USA).

Immunoblotting and immunoprecipitation. Cells were harvested using NP-40 lysis buffer (Beyotime)
and phenylmethylsulfonyl fluoride (PMSF) (Beyotime). After centrifugation at 12,000 rpm for 20 min, protein
concentrations were measured, and equal amounts of lysates were used for immunoblotting and immuno-
precipitation. Immunoprecipitation was performed using specific antibodies at 4°C. Protein G/A agarose
beads (Roche Diagnostics GmbH) were added to samples, and the mixtures were incubated on a rotor at 4°C
for 4 h. After being washed twice with NP-40 washing buffer and once with high-salt washing buffer, the

TABLE 3 Quantitative real-time PCR and primers

Sequence (5'—3’)

Gene Forward primer Reverse primer

RSV F GAATTGCAGTTGCTCATGCAA TGGCGATTGCAGATCCAACA

RSV N CATCTAGCAAATACACCATCCA TTCTGCACATCATAATTAGGAGTATCAA
Dtx3l GGTCTCTGGATGAAGCACTT AGAGAGCAGGTCACAGTTCA

Ifit2 GACACAGCAGACAGTTACAC GTATGTTGCACATGGTGGCT

ligp1 AAGAGCCTGTAGCAGTGAAG AGGTGAAGAGAACAGCTGAC
Rnf213 TCGTTGTCTGCGAGTTGTCT TGCAGGTTGATGTCACTCCA

Pclaf GTCACCAATTCTTCAAGTTCG TTCCTAAGCCACTGGTTCCT

Ifna GCCTTAACCCTCCTGGTAAAA TCCTGTGGGAATCCAAAGTC

Ifnb ATGAGTGGTGGTTGCAGGC TGACCTTTCAAATGCAGTAGATTCA
Ifit1 AGAAACCTGCCAAGTATGATGACA GGAAGAGTGGGAGTTGCTGTTG
Oas1 CCCTATCTGACACATTAGCGGT ATATCTATGGTCCCCCAGCCT

Isg15 CGATTTCCTGGTGTCCGTGA AGCCAGAACTGGTCTTCGTG

Ets1 CTGTTAACTCCGAGCAGCAA CAGGCTGAACTCATTCACAG
Gapdh AGAAACCTGCCAAGTATGATGACA GGAAGAGTGGGAGTTGCTGTTG
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immunoprecipitates were eluted by boiling with the loading buffer containing B-mercaptoethanol for
10 min and analyzed by SDS-PAGE, followed by transfer to polyvinylidene difluoride (PVDF) membranes.
Membranes were then blocked with 5% nonfat milk for 1 h at room temperature and then probed with
the primary antibodies, followed by incubation with the anti-mouse or anti-rabbit (Proteintech) secondary
antibodies. Immunoreactive bands were visualized in the dark room with Clarity Western ECL enhanced
chemiluminescence substrate (Bio-Rad). The antibodies with the indicated dilutions according to the man-
ufacturer’s protocol were as follows: DTX3L (LS-C287683; LSBio; 1:5000), TBK1 (no. 38066; Cell Signaling
Technology;1:1000), p-TBK1 (no. 5483; Cell Signaling Technology; 1:1000), Rig-l (no. 3743; Cell Signaling
Technology;1:1000), MAVS (no. 24930; Cell Signaling Technology;1:1000), Flag (no. T0003; Affinity; 1:5000),
HA (no. 3724; Cell Signaling Technology; 1:1000), Myc (no. 2276; Cell Signaling Technology; 1:1000), TANK
(no. 2141; Cell Signaling Technology; 1:1000), Src (no. 2109; Cell Signaling Technology; 1:1000), GSK-38
(no. 12456; Cell Signaling Technology; 1:1000), B-actin (no. T0022; Affinity; 1:50000), ubiquitin (Ub) (no.
3936; Cell Signaling Technology; 1:1000), STAT1 (sc-464; Santa Cruz; 1:500), and ETS-1 (no. 14069; Cell
Signaling Technology; 1:2000).

Native PAGE. Native PAGE for the detection of IRF3 dimerization was performed on acrylamide gel
without SDS. Cells were lysed with NP-40 lysis buffer (Beyotime) containing PMSF (Beyotime) and protease
inhibitor cocktail (Roche). After centrifugation at 12,000 x g for 20 min, proteins in the supernatant were
quantified. The gel was prerun for 30 min at 40 mA on ice with 25 mM Tris-HCI (pH 8.4) and 192 mM gly-
cine with 1% deoxycholate in the cathode chamber. The unboiled total protein was added to the gel for
80 min at 25 mA on ice, and the proteins were transferred to PVDF membranes for immunoblot analysis.

Immunofluorescence. Primary peritoneal macrophages (WT or IFNAR1 /") plated on glass coverslips in
eight-well plates were infected with RSV for 0, 6, or 12 h or stimulated with IFN-8 for 0, 2, or 4 h. Cells were
fixed with 4% paraformaldehyde for 1 h at room temperature, permeabilized using 0.2% Triton X-100,
blocked with 3% bovine serum albumin (BSA) in PBS for 1 h, and stained with rabbit anti-ETS1 (no. 14069;
Cell Signaling Technology), rabbit anti-DTX3L (LS-C287683; LSBio), or mouse anti-TBK1 (A-6; Santa Cruz
Biotechnology), followed by staining with Alexa Fluor 488-labeled anti-rabbit secondary antibody (Southern
Biotech) or Texas Red-labeled anti-mouse secondary antibody (Invitrogen) to detect colocalization of DTX3L
and TBK1 or location of ETS1.The nuclei were stained with DAPI (4',6-diamidino-2-phenylindole) (Roche).
Images were captured and analyzed with a Nikon A1 confocal microscope.

Luciferase reporter assay. B16 cells were cotransfected with Ifnb promoter reporter plasmid and
DTX3L and RIG-IN expression or control vector plasmid. Forty-eight hours later, cells were infected with
RSV (MOI of 1) for 12 h, and the luciferase activity was detected by a dual-luciferase reporter assay sys-
tem (GN201-01; Yuanpinghao Biology) according to the manufacturer’s protocol. HEK293 cells were
cotransfected with Dtx3/ promoter reporter plasmid, together with the ETS1 expression or control vector
plasmid. Forty-eight hours later, the luciferase activity was determined.

Lung histology. Lungs from control or virus-infected mice (WT or Dtx3/~/~) were collected, fixed in
10% phosphate-buffered formalin, embedded in paraffin wax, and sectioned at a thickness of 5 um. The
sections were stained with hematoxylin and eosin solution (H&E) and examined and images captured by
light microscopy (Nikon Eclipse TE2000-S microscope) for histological changes. The histopathology
scores were completed by two researchers independently. According to the method of Roderick et al.
(32), the thickening of alveolar wall, the infiltration of inflammatory cells, and the degree of damage of
lung tissue structure were scored. The results of three experiments were taken for statistical analysis.

Statistical analysis. All data were analyzed from three independent experiments and are presented
as the mean * standard error of the mean (SEM). The significance of difference between groups was
determined by two-tailed Student's t test and one-way analysis of variance. Figures and statistical analy-
sis were generated using GraphPad Prism 5. P values of <0.05 were considered statistically significant: *,
P < 0.05; **, P < 0.01; ***, P < 0.001.

Study approval. All animal experiments were undertaken in accordance with the National Institutes
of Health Guide for the Care and Use of Laboratory Animals (33) with approval by Soochow University,
Suzhou. All animal experiment procedures have been reviewed and approved by the Animal Ethical
Committee of Soochow University (SYXK2015-0018).

Data availability. The mass spectrometry proteomics data have been deposited in the ProteomeXchange
Consortium via the PRIDE (34) partner repository under the data set identifier PXD042041.
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