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SUMMARY

Mutation and prevalence of pathogenic viruses
prompt the development of broad-spectrum anti-
viral strategies. Viperin is a potent antiviral protein
that inhibits a broad range of viruses. Unexpect-
edly, we found that Viperin protein production in
epithelium is defective in response to both viruses
and interferons (IFNs). We further revealed that
viruses and IFNs stimulate expression of the ace-
tyltransferase HAT1, which induces Lys197-acety-
lation on Viperin. Viperin acetylation in turn recruits
UBE4A that stimulates K6-linked polyubiquitination
at Lys206 of Viperin, leading to Viperin protein
degradation. Importantly, UBE4A deficiency re-
stores Viperin protein production in epithelium.
We then designed interfering peptides (IPs) to
inhibit UBE4A binding with Viperin. We found that
VIP-IP3 rescues Viperin protein production in
epithelium and therefore enhances cellular antiviral
activity. VIP-IP3 renders mice more resistant to
viral infection. These findings could provide strate-
gies for both enhancing host broad-spectrum
antiviral response and improving the efficacy of
IFN-based antiviral therapy.

INTRODUCTION

Host epithelium is the first line of defense against viral infection.

Once epithelial cells are infected by viruses, cellular pattern

recognition receptors (PRRs) are rapidly activated to sense virus

invasion (Barbalat et al., 2011; Paludan and Bowie, 2013). PRRs

then trigger antiviral signaling, which stimulates IFN production

(Kawai and Akira, 2010; Sun et al., 2013). Afterwards, hundreds

of antiviral effectors are induced to fight viruses. To date, the
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exact mechanisms of the majority of antiviral effectors remain

undefined.

Viperin (virus inhibitory protein, endoplasmic reticulum asso-

ciated, interferon inducible) is a powerful antiviral effector

against a broad array of viruses (Helbig et al., 2005, 2013;

Nasr et al., 2012; Rivieccio et al., 2006; Seo et al., 2011;

Waheed and Freed, 2007; Wang et al., 2012). Viperin contains

an a-helical domain, a radical S-adenosylmethionine (SAM)

domain, and a highly conserved C-terminal domain (Shaveta

et al., 2010). Viperin can activate a variety of complex mecha-

nisms to exert its antiviral effects (Gizzi et al., 2018; Helbig

et al., 2011; Nasr et al., 2012; Wang et al., 2007). Viperin

mRNA can be induced in IFN-dependent and IFN-independent

manners. IFNs are still used in clinically relevant therapy

(Fuchs, 2013). Many inducers, including viruses, can stimulate

IFN signaling, which in turn induces Viperin mRNA expression

(Helbig and Beard, 2014). In addition, some viruses such as ve-

sicular stomatitis virus (VSV) can directly induce Viperin mRNA

expression independently of IFN signaling, which is associated

with IRF1/IRF3 activation (Seo et al., 2011).

Interestingly, while Viperin mRNA can be upregulated by vi-

ruses in almost all tested types of cells, Viperin protein upregula-

tion appears to be cell-type dependent. In our preliminary

studies, we found that during viral infection, Viperin protein can

be effectively induced in fibroblasts and immunity-related cells,

including macrophages and monocytic cells. However, to our

surprise, Viperin protein upregulation cannot be observed in

different epithelial cells in response to viruses, even IFN treat-

ment. Indeed, no significant differences in virus-induced lung

damages were observed between wild-type (WT) and Viperin

knockout (KO) mice with influenza A virus (H1N1) infection (Tan

et al., 2012). Thus, revealing the regulation of Viperin protein pro-

duction is of great significance for improving host antiviral ability.

In this study, we uncovered the mechanisms of the

acetylation-ubiquitination regulation of Viperin protein produc-

tion in host cells during viral infection or IFN treatment. Moreover,

we developed interfering peptides (IPs) to rescue Viperin protein,

aiming at establishing enhanced host antiviral immunity.
c.
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Figure 1. Inability of Epithelial Cells to Upregulate Viperin Protein in Response to Viral Infection
(A) ELISA analysis of Viperin protein in the lung, liver, spleen, kidney, and heart of mice infected by VSV (5 3 108 PFU per mouse, i.p.) for 0, 12, and 24 h.

(B and C) Western blot analysis of Viperin protein in mouse primary lung cells infected with H1N1 (B) (MOI = 1.0) or VSV/SeV/HSV (C) (MOI = 1.0) as indicated.

(D) Western blot analysis of levels of Viperin, STAT1, and H1N1-encoded HA proteins in A549 cells infected with H1N1 (MOI = 1.0) as indicated.

(E) Western blot analysis of Viperin protein in H358 and RAW264.7 cells infected with H1N1 (MOI = 1.0) as indicated.

(F) ELISA analysis of Viperin protein in THP1 and H358 cells infected with H1N1/VSV/SeV (MOI = 1.0) as indicated.

(G) qPCR analysis of viral RNA in H358 and A549 cells transfected with or without Viperin-expressing constructs and then infected with H1N1 (MOI = 1.0) for 20 h.

(H) Western blot analysis of HA (H1N1) levels in A549 and H358 cells transfected with Flag-Viperin and then infected with H1N1 (MOI = 1.0) for 20 h.

(legend continued on next page)
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RESULTS

Inability of Epithelial Cells to Upregulate Viperin Protein
in Response to Viral Infection
To observe Viperin protein expression, we selected an anti-Vi-

perin antibody that is specific for recognizing Viperin protein in

western blot (Figure S1A) and ELISA (Figure S1B) analysis and

can target both human and mouse Viperin proteins (Figure S1C).

Using this antibody, we found that VSV infection upregulated Vi-

perin protein inmouse spleens (Figure 1A). However, Viperin pro-

teins were hardly upregulated at 24 h infectionwith VSV inmouse

lung, liver, kidney, and heart (Figure 1A), although all determined

organs had VSV viral protein expression (Figure S1D). Next, we

found that Viperin proteins were not detectable by western blot

in mouse primary lung epithelial cells even at 24 h infection with

H1N1 (Figure 1B), although mRNA levels of Viperin, as well as

IFNb, were in fact upregulated by viruses (Figure S1E). Similarly,

Viperin proteins cannot be detected in primary epithelial cells in-

fected with two additional RNA viruses (VSV and SeV) and one

DNA virus (HSV) (Figure 1C). Next, we turned to several different

lung cell lines, including A549 andH358. Consistently, both A549

(Figures 1D and S1F) and H358 (Figure 1E) cells were not able to

express detectable Viperin proteins in western blot analysis dur-

ing H1N1 infection, although viruses did promote Viperin mRNA

expression (Figure S1G), STAT1 and PKR protein expression

(Figures 1D and 1E), and STAT1 phosphorylation (Figure S1F).

Furthermore, we utilized ELISA to observe the concentration of

Viperin protein. We found that Viperin proteins were upregulated

in THP1 cells (Figure 1F). However, Viperin protein concentration

inH358 cells stayed unchangedduring infectionwith all tested vi-

ruses (Figure 1F). Moreover, by immunofluorescence staining of

mouse lung tissues, we observed that some fibroblasts andmac-

rophages in lung tissues had increased staining signals of Viperin

protein, while all epithelial cells did not colocalize with those

Viperin proteins upregulated by viral infection (Figure S1H).

Collectively, we demonstrated the inability of lung epithelial cells

to upregulate Viperin protein in response to viral infection.

Indeed, Viperin overexpression exerted strong antiviral effects

on VSV (Figure S1I) and H1N1 (Figures 1G and 1H) in epithelial

cells. However, knockdown of Viperin did not noticeably affect

H1N1 infection in lung cells (Figure 1I), suggesting that Viperin

protein and its antiviral actions are absent in lung epithelial cells

during viral infection. Taken together, these findings suggested

that lung epithelial cells cannot upregulate Viperin protein to fight

against viruses.

Ubiquitin-Proteasome Degradation Restricts the
Production of Viperin Protein in Response to Both
Viruses and IFN Treatment
Considering that viruses can induce Viperin mRNA but not Vi-

perin protein, we treated lung cells with a proteasome inhibitor,

MG132. The results showed that MG132 treatment restored

virus-induced Viperin protein in epithelial cells (Figure 2A).
(I) qPCR analysis of H1N1 viral RNA and Viperin mRNA in A549 cells transfe

(shVip-1# and shVip-2#) and then infected with H1N1 (MOI = 1.0) for 20 h. NS, n

*p < 0.05, **p < 0.01, and ***p < 0.001 (two-tailed unpaired Student’s t test). Data ar

mean and SD of three (A, F, and I) or two (G) biological replicates. See also Figu
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MG132 can largely block Viperin protein degradation (Figure 2B).

In primary lung epithelial cells with MG132 treatment, H1N1-

induced Viperin proteins underwent remarkable ubiquitination

(Figure 2C). Similarly, both H1N1 (Figure S1J) and VSV (Fig-

ure S1K) induced strong ubiquitination of Viperin in epithelial

cells. With infection of both H1N1 (Figure 2D) and VSV (Fig-

ure S1L), ubiquitination of Flag-Viperin was upregulated, and

Flag-Viperin protein levels were gradually downregulated (Fig-

ures 2E and S1M). Collectively, we think that viral infection in-

duces strong ubiquitination and degradation of Viperin, which

disrupts Viperin protein production in epithelial cells.

Interestingly, mouse IFNb (mIFNb) also cannot effectively up-

regulate Viperin protein in primary epithelial cells (Figure S2A),

although Viperin mRNAs were upregulated (Figure S2B). Simi-

larly, IFNa was not able to stimulate Viperin protein expression

in lung cell lines, including H358 (Figure S2C), PC-9 (Figure S2D),

and A549 (Figure S2E); liver cell lines, including Bel-7402 (Fig-

ure S2F) and HepG2 (Figure S2G); or human cervix cancer cell

line HeLa (Figure S2H). However, upon MG132 treatment, all

these cell lines produced detectable Viperin proteins in response

to IFN treatment (Figures S2C–S2H). As expected, IFNs can

stimulate Viperin protein expression to some extent in fibroblast

cell lines, including HT1080 (Figure S2I) and MEF (Figure S2J).

Importantly, MG132 remarkably promoted Viperin protein

expression in HT1080 and MEF cells (Figures S2I and S2J). In

contrast, the lysosomal inhibitor methylamine did not signifi-

cantly affect IFN-induced Viperin expression (Figure S2K).

Together, we think that IFNs cannot upregulate Viperin protein

in epithelial cells due to ubiquitin-proteasome degradation.

UBE4A Is a Key Ubiquitin Ligase Responsible for Viperin
Ubiquitination and Degradation
When we performed mass spectrometry analysis (n = 2) to iden-

tify the Viperin-binding proteins, we noticed several ubiquitin li-

gases (Figure 2F). Among them, UBE4A (Figure S3A) significantly

promoted Viperin protein degradation (Figure 2G). UBE4A

knockdown upregulated Flag-Viperin levels (Figure S3B). We

further found that Flag-UBE4A (Figures S3C–S3E) or UBE4A

(Figure S3F) can interact with exogenously expressed Viperin.

When endogenous Viperin proteins were induced in fibroblast

cells, UBE4A showed clear interaction with endogenous Viperin

(Figure 2H). Deletion of the SAM domain (DSAM), but not the C

terminus (DC) abolished the Viperin-UBE4A interaction (Figures

2I and S3G), while abolition of the SAM activity by mutating

cysteine 82/86/89 residues of Viperin to alanine (3CA) did not

affect their interaction (Figure S3H). Consistently, deletion of

the SAM domain of Viperin abolished UBE4A-mediated regula-

tion of Viperin protein levels (Figure S3I).

UBE4A-induced downregulation of Viperin proteins was

largely blocked by MG132 (Figure 2J), and overexpressed

Myc-Viperin underwent substantial ubiquitination (Figure S3J).

UBE4A overexpression can stimulate Viperin ubiquitination

(Figures 2K and S3K), but the inactive mutant UBE4A-P1030A
cted with control shRNA (shCON) or two specific shRNAs against Viperin

ot significant (p > 0.05).

e representative of three independent experiments (B–E andH) or are shown as

re S1.



Figure 2. Viperin Protein Levels Are Regulated by Both Ubiquitin-Proteasome Degradation during Viral Infection and UBE4A

(A) Western blot analysis of Viperin protein in H358 and A549 cells treated with MG132 (10 mM) and H1N1 (MOI = 1.0) as indicated.

(B) Western blot analysis of Flag-Viperin in stable Flag-Viperin-expressing HeLa cells treated with CHX (50 mM) and MG132 as indicated.

(C) Immunoprecipitation analysis of ubiquitination and protein levels of Viperin inmouse primary lung cells challengedwith H1N1 (MOI = 1.0) for 24 h, together with

or without MG132 (10 mM).

(D and E) Immunoprecipitation analysis of ubiquitination of Flag-Viperin (D) and western blot analysis of Flag-Viperin levels (E) in stable Flag-Viperin-expressing

A549 cells infected with H1N1 (MOI = 1.0) as indicated.

(F) Mass spectrometry analysis (n = 2) of Viperin-binding proteins in HEK293T cells transfected with Flag-Viperin. The putative ubiquitin E3 ligases with high

number of matched peptides are listed.

(G) Western blot analysis of Flag-Viperin in stable Flag-Viperin-expressing HEK293T cells transfected with Flag-UBE4A, Flag-UBE3A, or Flag-UBE3C.

(legend continued on next page)
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Figure 3. UBE4A Induces Viperin Ubiquiti-

nation and Protein Degradation During

Viral Infection and Restricts Cellular Anti-

viral Activity

(A and B) Immunoprecipitation analysis of Viperin

ubiquitination in HEK293T cotransfected with

Flag-Viperin and shUBE4A and then infected with

H1N1 (MOI = 1.0) (A) or VSV (MOI = 1.0) (B) for 3 h.

(C and D) Western blot analysis of Viperin in

H358 cells transfected with shUBE4A and then

infected with H1N1 (MOI = 1.0) (C) or VSV/SeV/

HSV (MOI = 1.0) (D) for 24 h.

(E) qPCR analysis of IFNb mRNA in H358 cells

transfected with Flag-UBE4A and then infected

with H1N1 for 10 h.

(F) qPCR analysis of H1N1 (left) or SeV (right) viral

RNA in A549 cells cotransfected with shViperin

and shUBE4A and then infected with H1N1/SeV

(MOI = 1.0) for 24 h.

(G) qPCR analysis of H1N1 (left) or VSV (right) RNA

in Ube4a+/+ or Ube4a�/� cells infected with H1N1/

VSV (MOI = 0.5) for 24 h.

(H) A549 cells transfected with shCONor shUBE4A

were treated with IFNa for 20 h and then infected

with H1N1 (MOI = 1.0) for 24 h. Viral RNA

levels were analyzed by qPCR. NS, not significant

(p > 0.05) and *p < 0.05, **p < 0.01, ***p < 0.001

(two-tailed unpaired Student’s t test).

Data are shown as mean and SD of at least three

biological replicates (E–H) or are representative of

three independent experiments (A–D). See also

Figures S4, S5, and S6.
(PA) (Naudin et al., 2014) cannot (Figure 2K). Conversely,

UBE4A knockdown inhibited Viperin ubiquitination (Figures 2L

and S3L) and enhanced Viperin protein stability (Figure 2M).

UBE4A overexpression promoted Viperin protein degradation

(Figures S3M and S3N). Thus, we demonstrated that UBE4A

controls Viperin ubiquitination and subsequent proteasomal

degradation.
(H) Immunoprecipitation analysis of Viperin-UBE4A interaction in 2fTGH cells treated with IFNa (1,000 IU/m

(I) Immunoprecipitation analysis of the Viperin domains interacting with UBE4A in HEK293T cells cotransfecte

of SAM domain), and DC (deletion of C terminus).

(J) Western blot analysis of Flag-Viperin in HEK293T cells cotransfected with Flag-Viperin and Flag-UBE4A

(K) Immunoprecipitation analysis of ubiquitination of Viperin in HEK293T cells cotransfected with Viperin, HA

(L) Immunoprecipitation analysis of Viperin ubiquitination in HEK293T cells cotransfected with Flag-Viperin a

(M) Western blot analysis of Flag-Viperin in stable Flag-Viperin-expressing HEK293T cells transfected with

indicated. Data are representative of three independent experiments.

See also Figures S1, S2, and S3.
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UBE4A Stimulates Viperin
Ubiquitination and Protein
Degradation during Viral Infection
and Restricts Cellular Antiviral
Activity
Next, we found that H1N1 (Figure 3A) and

VSV (Figure 3B) infection-induced Viperin

ubiquitination was abolished by UBE4A

knockdown. UBE4A overexpression in-

hibited H1N1-induced Viperin protein
production in fibroblast cells (Figure S4A). Importantly, when

UBE4A was knocked down in lung epithelial cells, Viperin pro-

teins were successfully produced during viral infection (Figures

3C and 3D). Furthermore, UBE4Awas knocked out by Tamoxifen

treatment of MEF cells from UBE4A flox/flox T-Cre mice (Fig-

ure S4B). We observed that H1N1 infection induced much stron-

ger Viperin protein expression in Ube4a�/� MEF cells than in
L) for 15 h.

d with Myc-Viperin-WT (wild type), DSAM (deletion

and then treated with MG132 (10 mM) for 12 h.

-Ub, and Flag-UBE4A (WT or inactive PA mutant).

nd shUBE4A.

shUBE4A and then treated with CHX (50 mM) as



Figure 4. UBE4A Induces K6-Linked Ubiquitination at Lys206 of Viperin Protein during Viral Infection

(A) Potential ubiquitination sites of Viperin obtained from the PhosphoSitePlus database.

(B) Western blot analysis of Myc-Viperin in HEK293T cells cotransfected with Flag-UBE4A and Myc-Viperin (WT or its lysine mutants).

(C) Immunoprecipitation analysis of ubiquitination of Viperin in HEK293T cells cotransfected with HA-Ub and Myc-Viperin (WT or its lysine mutants).

(D) Immunoprecipitation analysis of ubiquitination of Viperin in HEK293T cells cotransfected with HA-Ub, Flag-UBE4A, and Myc-Viperin (WT or K206R).

(E) Immunoprecipitation analysis of ubiquitination of Viperin (WT or K206R) in H358 cells challenged with VSV (MOI = 1.0) as indicated.

(F) Immunoprecipitation analysis of ubiquitination types of Viperin in HEK293T cells cotransfected with Flag-Viperin, shUBE4A, and different types of HA-Ub.

(G) Immunoprecipitation analysis of K63-linked ubiquitination of Viperin (WT or K206R) in HEK293T cells.

(H and I) Immunoprecipitation analysis of K6-linked ubiquitination of Viperin in HEK293T cells transfected with HA-K6-Ub, together with either shUBE4A (H) or

Flag-UBE4A (WT or inactive PA mutant) (I).

(legend continued on next page)
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Ube4a+/+ MEF cells (Figure S4C), suggesting that UBE4A is also

crucial for fibroblast cells to induce Viperin protein expression.

UBE4A did not affect virus-induced production of IFNs (Fig-

ure 3E). However, UBE4A overexpression significantly promoted

H1N1 infection in 2fTGH cells dependently on UBE4A ubiquitin

ligase activity (Figure S4D). UBE4A knockdown in 2fTGH cells

enhanced cellular antiviral activity and therefore inhibited H1N1

infection (Figure S4E). The effect of UBE4A on cellular antiviral

activity was mediated by Viperin, since knockdown of Viperin

largely inhibited UBE4A-mediated regulation of viral infection

(Figure S4E). Our previous findings have shown that Viperin

knockdown did not affect H1N1 infection in lung epithelial cells

(Figure 1I). However, in UBE4A-deficient lung epithelial cells,

Viperin knockdown promoted infection of H1N1 (Figure 3F,

left) and SeV (Figure 3F, right), suggesting that UBE4A blocks

Viperin protein production and its antiviral action in epithelial

cells. Furthermore, cellular antiviral activity was enhanced in

Ube4a�/� MEF cells, in comparison with Ube4a+/+ MEF cells

(Figure 3G). These findings revealed that UBE4A is a key inhibitor

of Viperin protein upregulation during viral infection, and restricts

Viperin-mediated antiviral activity.

UBE4A knockdown also enhanced IFN-induced expression of

Viperin protein (Figure S4F). UBE4A overexpression attenuated

IFN-induced Viperin protein expression in a time-dependent

(Figure S4G) and dose-dependent (Figure S4H) manner. Further-

more, UBE4A overexpression promoted the degradation of IFN-

induced Viperin proteins (Figure S4I) dependently on its ubiquitin

ligase activity (Figure S4J). UBE4A knockout abolished ubiquiti-

nation of IFN-induced Viperin proteins (Figure S4K). Finally, IFN-

induced expression of Viperin proteins was strongly enhanced in

Ube4a�/� MEF cells as compared to Ube4a+/+ MEF cells (Fig-

ure S4L). In fact, UBE4A did not affect IFN-stimulated Viperin

mRNA expression in 2fTGH cells (Figure S5A) or HeLa epithelial

cells (Figure S5B). In addition, UBE4A did not noticeably affect

IFN-activated STAT1 signaling (Figure S5C), suggesting that

UBE4A does not inhibit Viperin protein expression by affecting

IFN-activated transcriptional expression of Viperin. We found

that UBE4A knockdown promoted IFNa-induced antiviral activ-

ity in A549 (Figures 3H and S5D) and 2fTGH (Figure S5E) cells.

Furthermore, in Ube4a�/� MEF cells, low dosage of IFNb can

achieve strong antiviral efficacy that is usually induced by high

dosage of IFNb in WT MEF cells (Figure S5F). Taken together,

our data demonstrated that UBE4A controls both virus-induced

and IFN-induced Viperin protein expression and therefore regu-

lates Viperin-mediated antiviral activity in different types of cells.

Next, we went further to provide some clues to understand

why Viperin protein production is defective in epithelial cells,

but not in macrophages and fibroblast cells. Intriguingly, we
(J) In vitro ubiquitination assay for analysis of Flag-Viperin K6-linked ubiquitinati

immunoprecipitated and subjected to western blot.

(K) Immunoprecipitation analysis of K6-linked ubiquitination of Viperin in HEK29

MG132 (10 mM) as indicated.

(L) Immunoprecipitation analysis of K6-linked ubiquitination of Viperin in HEK293

UBE4A as indicated.

(M) Immunoprecipitation analysis of K6-linked ubiquitination of Viperin in H358 c

infected with H1N1 (MOI = 1.0) for 6 h.

Data are representative of three independent experiments (B–M). See also Figur
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found that mouse spleen has extremely low levels of UBE4A pro-

teins, as compared with mouse lung, liver, kidney, and heart tis-

sues (Figure S6A). It is consistent with a report that showed

extremely low levels of UBE4A mRNA in the spleen compared

to other tissues (Contino et al., 2004). Furthermore, we found

that UBE4A protein levels in epithelial cells are much higher

than those in macrophages or fibroblast cells (Figure S6B).

Consistent with the aforementioned results showing that H1N1

infection can induce detectable Viperin proteins in RAW264.7

but not H358 (Figure 1E), H358 cells have much higher levels

of UBE4A than RAW264.7 (Figure S6C). We further found that

macrophages eventually lost the ability to upregulate Viperin

protein when cellular UBE4A proteins were gradually elevated

to a high level (Figure S6D, left). Conversely, epithelial A549 cells

could also produce detectable Viperin proteins during viral infec-

tion when cellular UBE4A was reduced to a very low level (Fig-

ure S6D, right). Thus, we conclude that intracellular UBE4A

protein levels are critical for Viperin protein production in both

epithelial cells and macrophages in response to both viral infec-

tion and IFN treatment.

UBE4A Induces K6-Linked Polyubiquitination at Lys206
of Viperin during Viral Infection
From the PhosphoSitePlus database, we noticed four potential

ubiquitinated lysine (Lys) residues on Viperin, including Lys198,

206, 284, and 298 (Figure 4A). Then, we mutated each lysine

(K) residue to arginine (R). We found that UBE4A overexpression

effectively downregulated the levels of Myc-Viperin WT, K198R,

K284R, and K298R, but not K206R (Figure 4B). Mutation of

Lys206 resulted in significant reduced ubiquitination of Viperin

(Figure 4C). Importantly, mutation of Lys206 abolished UBE4A-

mediated ubiquitination of Viperin (Figure 4D). Furthermore, viral

infection-induced Viperin ubiquitination was largely inhibited by

mutating Lys206 (Figure 4E). These data suggest that during viral

infection, UBE4A induces ubiquitination at Lys206 of Viperin

protein.

Furthermore, we employed different types of HA-Ub,

including K6, K11, K27, K29, K33, K48, and K63, each of

which harbors only one corresponding lysine on ubiquitin.

We found that UBE4A knockdown inhibited both K6- and

K63-linked ubiquitination of Viperin (Figure 4F). Furthermore,

mutation of Lys206 did not significantly affect K63-linked

ubiquitination of Viperin (Figure 4G), but it inhibited K6-linked

ubiquitination of Viperin (Figure S7A). Consistently, UBE4A

knockdown or overexpression regulated K6-linked ubiquitina-

tion of Viperin (Figures 4H and 4I), which was dependent on

the ubiquitin ligase activity of UBE4A (Figure 4I). Moreover,

UBE4A was able to induce K6-linked ubiquitination of Viperin
on induced by purified UBE4A proteins. E1, UBE1; E2, UbcH5a. Viperin was

3T cells cotransfected with Myc-Viperin and HA-K6-Ub and then treated with

T cells cotransfected with Myc-Viperin (WT or K206R), HA-K6-Ub, and Flag-

ells cotransfected with Myc-Viperin (WT or K206R) and HA-K6-Ub, and then

e S7.



Figure 5. Viperin Acetylation at Lys197 by HAT1 Induces UBE4A Binding and Subsequent Viperin Ubiquitination during Viral Infection

(A) Immunoprecipitation analysis of Viperin acetylation in H358 cells transfected with Myc-Viperin and then infected with H1N1 (MOI = 1.0) as indicated.

(B) Immunoprecipitation analysis of the interaction between Viperin and HAT1 in HEK293T cells cotransfected with Myc-Viperin and Flag-HAT1.

(C) Immunoprecipitation analysis of Viperin acetylation in HEK293T cells cotransfected with Myc-Viperin and Flag-HAT1.

(D) In vitro acetylation assay for analysis of Flag-Viperin acetylation induced by the recombinant HAT1 proteins. Flag-Viperin was immunoprecipitated by Flag

beads and then subjected to western blot.

(E) Immunoprecipitation analysis of Viperin acetylation in HEK293T cells cotransfected with Myc-Viperin and shRNAs against HAT1 (shHAT1) and then infected

with H1N1 (MOI = 1.0) for 3 h.

(F) Immunoprecipitation analysis of Viperin acetylation in HEK293T cells cotransfected with Myc-Viperin (WT or K197R) and Flag-HAT1.

(G) Immunoprecipitation analysis of Viperin acetylation in H358 cells transfected with Myc-Viperin (WT or K197R) and infected with H1N1 as in (E).

(H and I) Immunoprecipitation analysis of the interaction between Viperin and UBE4A in HEK293T cells transfected with Flag-Viperin and shHAT1 (H) or with Myc-

Viperin and Flag-HAT1 (I).

(J) Immunoprecipitation analysis of the interaction between Myc-Viperin (WT or K197R) and UBE4A in HEK293T cells.

(K) Immunoprecipitation analysis of Viperin ubiquitination in HEK293T cells cotransfected with HA-Ub, Myc-Viperin, and Flag-HAT1.

(L) Immunoprecipitation analysis of Viperin ubiquitination in HEK293T cells cotransfected with HA-Ub, Myc-Viperin, and shHAT1, together with Flag-UBE4A.

(legend continued on next page)
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in vitro (Figure 4J). In addition, we found that MG132 treatment

significantly upregulated K6-linked ubiquitination levels of Vi-

perin (Figure 4K), suggesting that K6-linked Viperin ubiquitina-

tion undergoes proteasome-dependent degradation. Also,

mutation of Lys206 largely enhanced Viperin protein stability

(Figure S7B). Next, mutating Lys206 largely inhibited UBE4A-

induced K6-linked ubiquitination of Viperin (Figure 4L).

Importantly, H1N1 viruses induced K6-linked ubiquitination of

Viperin (Figure 4M), and mutation of Lys206 blocked virus-

induced Viperin K6-linked ubiquitination (Figure 4M). Thus,

we demonstrated that during viral infection, UBE4A induces

K6-linked ubiquitination at Lys206 of Viperin, which results in

Viperin protein degradation.

Viperin Acetylation at Lys197 by HAT1 Induces UBE4A
Binding and Subsequent Viperin Ubiquitination during
Viral Infection
We went further to study how IFNs and viruses activate UBE4A

signaling to degrade Viperin protein. We noticed that IFNs actu-

ally cannot promote UBE4A expression in either epithelial A549

or fibroblast HT1080 cells (Figure S7C). Thus, we next analyzed

whether IFNs and viruses could act on Viperin. From our mass

spectrometry dataset, we noticed that in addition to ubiquitina-

tion-related proteins, there are multiple types of post-transla-

tional modification-related proteins that could interact with

Viperin, including an acetyltransferase, HAT1; a NEDD8-dissoci-

ated protein, CAND1; two SUMO-related enzymes, RANBP2

and SAE1; and a protein glycosyltransferase, RPN2 (Figure S7D).

As to CAND1 and SAE1, their binding with Viperin may be unre-

liable, since their peptides also existed in the empty vector

group. Among the other proteins, the acetyltransferase HAT1

had the highest number of peptides identified by mass spec-

trometry (Figure S7D). Importantly, H1N1 infection significantly

induced acetylation of Viperin proteins (Figure 5A), and a deace-

tylation inhibitor sodium butyrate, NaBu, increased Viperin acet-

ylation (Figure S7E) and downregulated Viperin protein levels

(Figure S7F), suggesting that the enhanced acetylation could

promote Viperin protein downregulation.

Further studies confirmed the interaction between Flag-HAT1

andMyc-Viperin (Figure 5B). HAT1 can robustly stimulate Viperin

acetylation both in vivo (Figure 5C) and in vitro (Figure 5D). How-

ever, another acetyltransferase, cAMP response element-bind-

ing protein (CREB)-binding protein (CBP), cannot effectively

increase Viperin acetylation (Figure S7G). HAT1 knockdown

blocked virus-induced Viperin acetylation (Figure 5E). Further-

more, we noticed a conserved motif (GQGK197KN) in Viperin

that largelymatches the consensus residues (GXGKXG) targeted

by HAT1. Thus, we mutated Lys197 and found that HAT1-

induced acetylation of Viperin was abolished (Figure 5F). Impor-

tantly, mutating Lys197 blocked Viperin acetylation induced by

H1N1 (Figure 5G). Interestingly, knockdown of HAT1 largely in-

hibited the binding of UBE4Awith Viperin (Figure 5H). HAT1 over-
(M) Immunoprecipitation analysis of ubiquitination of Viperin in HEK293T cells co

(N) Western blot analysis of Viperin in H358 cells transfected with shHAT1 and th

(O and P) Western blot analysis of HAT1 protein in A549 cells treated with H1N1

(Q and R) qPCR analysis of HAT1 mRNA in A549 cells treated with H1N1 (Q) or I

Data are shown as mean and SD of four biological replicates (Q and R) or are re
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expression markedly promoted the interaction between UBE4A

and Viperin (Figure 5I). When Lys197 of Viperin was mutated,

UBE4A lost the ability to bind to it (Figure 5J). Thus, we

concluded that during viral infection, HAT1 induces acetylation

at Lys197 of Viperin that in turn induces UBE4A binding with

Viperin.

In the same vein, HAT1 promoted Viperin ubiquitination (Fig-

ure 5K). HAT1 knockdown largely inhibited UBE4A-induced

Viperin ubiquitination (Figure 5L). Furthermore, abolishment of

Viperin acetylation at Lys197 attenuated Viperin ubiquitination

and blocked UBE4A-mediated ubiquitination of Viperin (Fig-

ure 5M). Finally, when HAT1 was knocked down, H1N1 infection

effectively induced Viperin protein expression (Figure 5N).

Consistently, HAT1 overexpression downregulated Viperin pro-

tein levels in a time-dependent (Figure S7H) and a dose-depen-

dent (Figure S7I) manner.

In addition, we determined whether these modifications at

Lys197 and Lys206 could affect the SAM catalytic activity of Vi-

perin. A recent study has revealed that Viperin can upregulate

RIG-I levels dependently on its SAM catalytic activity (Bai

et al., 2019). We found that either deletion of the SAM domain

or mutating C82/86/89 residues (3CA) of Viperin blocked its abil-

ity to upregulate RIG-I levels (Figure S7J). However, mutating

either Lys197 or Lys206 of Viperin did not block Viperin-medi-

ated upregulation of RIG-I (Figure S7K), suggesting that both

Lys197 and Lys206 could play dispensable roles in regulating

the SAM catalytic activity of Viperin.

Furthermore, we found that both H1N1 (Figure 5O) and IFNs

(Figure 5P) significantly stimulated HAT1 protein expression in

epithelial cells, including A549 (Figures 5O and 5P) and

HEK293T (Figure S7L). H1N1 can induce HAT1 expression at

the transcription level in epithelial cells (Figure 5Q). We further

found that IFNs can strongly stimulate HAT1 mRNA expression

(Figure 5R). Together, these findings suggest that viruses induce

IFN production that can stimulate HAT1 transcriptional expres-

sion and result in Viperin protein acetylation, which in turn re-

cruits abundant UBE4A in epithelial cells to ubiquitinate and

degrade Viperin proteins.

VIP-IP3 Blocks the UBE4A-Viperin Interaction to Enable
Viperin Protein Upregulation in Epithelial Cells for
Establishing Enhanced Antiviral Immunity
To restore Viperin antiviral action, we constructed four IPs to

inhibit the binding of UBE4A, each of which covers different parts

of the SAM domain of Viperin (Figure 6A). Then, we modified

these IPs to the D-retro-inverso (DRI) conformation that has

been demonstrated to be both well tolerated and therapeutically

effective in clinical trials (Baar et al., 2017).We found that VIP-IP4

had lethal effects on cells. The other three IPs did not show

obvious effects on cell growth. Among those three IPs, VIP-IP3

showed the highest efficiency to enhance Viperin protein expres-

sion under conditions of IFNb treatment (Figure 6B). Thus, we
transfected with HA-Ub, Myc-Viperin (WT or K197R), and Flag-UBE4A.

en infected with H1N1 (MOI = 1.0) for 20 h.

(MOI = 1.0) (O) or IFNa (500 IU/mL) (P) as indicated.

FNa (R) as indicated. ***p < 0.001 (two-tailed unpaired Student’s t test).

presentative of three independent experiments (A–P). See also Figure S7.



Figure 6. VIP-IP3 Blocks the UBE4A-Viperin Interaction to Enable Viperin Protein Upregulation in Epithelial Cells for Establishing Enhanced

Antiviral Immunity

(A) Design of the IPs of Viperin (IP1–4) to block the binding of UBE4A to Viperin.

(B) Western blot analysis of Viperin in MEF cells treated with mIFNb (500 IU/mL) and IPs (200 mM) for 12 h.

(C) Immunoprecipitation analysis of Viperin and UBE4A interaction in RAW264.7 treated with mIFNb and VIP-IP3 as in (B).

(D) In vitro binding assay to detect the interaction between Flag-Viperin and Flag-UBE4A with or without VIP-IP3 (200 mM) in the reaction buffer.

(E) Western blot analysis of Myc-Viperin in HEK293T cells cotransfected with Flag-UBE4A and Myc-Viperin (WT or 6IP3).

(F) Immunoprecipitation analysis of Viperin ubiquitination in HEK293T cotransfected with HA-Ub and Flag-Viperin and then treated with VIP-IP3 (200 mM) for 12 h.

(G andH)Western blot analysis of Viperin in A549 cells treated with VIP-IP3 (200 mM) for 2 h and then infected with H1N1 (MOI = 1.0) (G) or VSV/SeV (MOI = 1.0) (H)

for 20 h.

(I) qPCR analysis of viral RNA in A549 cells treated with VIP-IP3 as in (F) and then infected with H1N1/VSV/SeV (MOI = 1.0) for 24 h.

(legend continued on next page)
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Figure 7. VIP-IP3 Restores Viperin Protein

Production and Enhances Host Antiviral Re-

sponses In Vivo

(A) Western blot analysis of Viperin and VSV-G in

the lung, liver, and kidney of 8-week-old C57BL/6

mice injected with PBS (i.p, n = 5) or VIP-IP3

(5 mg/kg, i.p, n = 6) for 12 h and then infected with

VSV (13 108 PFU per gram mouse, i.p) for 3 days.

(B) Hematoxylin and eosin staining of mouse lung,

liver, and kidney from (A). Scale bars, 100 mm.

(C) qPCR analysis of VSV RNA in the lung, liver,

spleen, kidney, and pancreas of mice treated

with PBS (n = 5) or VIP-IP3 (n = 5) and VSV

described in (A).

(D and E) Survival curves of 8-week-old C57BL/6

mice administrated with PBS or VIP-IP3 (5 mg/kg,

i.p) for 12 h and then infected with VSV (1 3 108

PFU per gram body mouse, intranasal, n = 10) (D)

or H1N1 (5 3 106 PFU per gram body mouse,

intranasal, n = 10) (E). *p < 0.05, **p < 0.01, and

***p < 0.001 (two-tailed unpaired Student’s t test).

Data are representative of three independent ex-

periments (A) or are shown as mean and SD of five

individual mice (C).
focused on VIP-IP3 to study the enhancement of Viperin protein

production.

In RAW264.7 cells, VIP-IP3 largely inhibited the binding of

UBE4A to endogenous Viperin induced by IFNb (Figure 6C),

thus leading to increased Viperin proteins (Figure 6C). An

in vitro binding assay also proved that VIP-IP3 blocked the inter-

action between UBE4A and Viperin in vitro (Figure 6D). When the

residues of Viperin corresponding to IP3 were deleted (Viperin-

DIP3), UBE4A lost the ability to efficiently downregulate Viperin

(Figure 6E). Furthermore, VIP-IP3 attenuated ubiquitination of

overexpressed Viperin in cells (Figure 6F). More importantly,

VIP-IP3, but not the mutated IP3 (VIP-IP3mut), successfully

restored Viperin protein upregulation in lung epithelial cells in

response to H1N1 infection, which is comparable to MG132

treatment (Figures 6G and S7M). In addition, lung epithelial cells
(J) Western blot analysis of HA (H1N1) in A549 cells pretreated with VIP-IP3 as in (F) and then treated with I

(K) qPCR analysis of viral RNA in Viperin WT or Viperin knockout (KO) H358 cells treated with VIP-IP3 (200

for 20 h.

(L) TCID50 assay of VSV titers of culture supernatants from cells in (J). NS, not significant (p > 0.05), **p < 0.

t test).

Data are shown as mean and SD of three biological replicates (I, K, and L) or are representative of three

Figure S7.
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with VIP-IP3 treatment successfully upre-

gulated Viperin proteins during infection

with VSV or SeV (Figure 6H). Thus, we

clarified that VIP-IP3 rescues Viperin pro-

tein production in lung epithelial cells in

response to viruses by blocking the bind-

ing of UBE4A to Viperin.

VIP-IP3 treatment inhibited infection of

various viruses (Figure 6I) and enhanced

IFN-induced antiviral efficacy (Figure 6J).

Furthermore, when Viperin was knocked
out by theCRISPR-Cas9-mediated genome editing (Figure S7N),

VIP-IP3 lost the ability to inhibit VSV infection in Viperin-deficient

H358 cells (Figure 6K). Viral titer analysis also proved that VIP-

IP3 inhibited viral infection dependently on Viperin (Figure 6L).

Thus, we think that VIP-IP3 enhances cellular antiviral activity

through Viperin.

VIP-IP3 Restores Viperin Protein Production and
Enhances Host Antiviral Responses In Vivo

Next, C57BL/6 mice were intraperitoneally injected with either

the vehicle PBS or VIP-IP3 for 12 h and then infected with

VSV for 3 days. The data showed that VIP-IP3, but not PBS,

effectively restored Viperin protein production in almost all

lung, liver, and kidney of mice during VSV infection (Figure 7A).

However, another virus-induced or IFN-stimulated protein,
FNa for 12 h followed by H1N1 infection for 24 h.

mM) for 2 h and then infected with VSV (MOI = 1.0)

01 and ***p < 0.001 (two-tailed unpaired Student’s

independent experiments (B–H and J). See also



IFIT1, was not obviously upregulated in mouse lungs by VIP-IP3

treatment (Figure 7A). Consistently, VIP-IP3 injection signifi-

cantly inhibited VSV infection, as shown by decreased VSV-G

proteins in mouse tissues with VIP-IP3 treatment (Figure 7A).

Hematoxylin-and-eosin (H&E) staining of mouse lung, liver,

and kidney demonstrated that VIP-IP3 treatment attenuated in-

flammatory cell infiltration and viral infection-induced tissue

damage to a great extent (Figure 7B). Furthermore, we found

that VIP-IP3 injection substantially decreased VSV viral RNA

levels in various mouse organs (Figure 7C). Importantly, VIP-

IP3 treatment improved mouse survival in response to VSV

(Figure 7D) or H1N1 (Figure 7E) infection compared to the

PBS group. These observations suggest that VIP-IP3 promotes

Viperin protein production in mouse organs during viral infec-

tion and therefore enhances host antiviral ability.

DISCUSSION

In this study, we uncovered that during viral infection, the acetyl-

transferase HAT1 induces Viperin acetylation at Lys197 residue,

which mediates the interaction of ubiquitin ligase UBE4A with

Viperin. UBE4A in turn stimulates K6-linked polyubiquitination

at Lys206 and degradation of Viperin protein. This is, to our

knowledge, the first identified substrate that undergoes K6-

linked ubiquitination-mediated degradation. It is consistent

with a previous report showing that all non-K63-linked (including

K6-linked) ubiquitination could result in proteasomal degrada-

tion of proteins (Xu et al., 2009).

Thus far, both Viperin-mediated signaling pathways and Vi-

perin-carried protein modifications remain largely unexplored.

Only a few Viperin interactors were reported, including FPPS,

mitochondrial trifunctional protein (TFP), IRAK1, and TRAF6

(Saitoh et al., 2011). In addition, Viperin is involved in T cell re-

ceptor-induced activation of NF-kB and AP-1 (Qiu et al., 2009).

However, at this point, what kinds of post-translational modifi-

cation Viperin protein undergoes are still unknown. In this

study, we identified two unreported interactors of Viperin

protein, UBE4A and HAT1. Moreover, we revealed that

Viperin protein undergoes both acetylation and ubiquitination

modifications.

We found that IFN treatment also cannot effectively induce Vi-

perin protein expression in epithelial cells. Furthermore, we

demonstrated that UBE4A mediated the inability of epithelial

cells to upregulate Viperin protein under IFN stimulation, and it

also attenuates Viperin protein expression in those Viperin-

inducible cells such as MEFs. These findings could provide

some clues to understand the low efficacy of IFN antiviral ther-

apy in clinic. Thus, recovery of Viperin protein production in

lung epithelial cells could make IFNs useful for therapy of lung

infection with viruses, including influenza viruses.

The biological regulation of UBE4A remains largely unex-

plored. UBE4A blocks the epithelial to mesenchymal transition

(EMT) and inhibits cell metastasis, thus maintaining epithelial

homeostasis (Sun et al., 2017). In addition, UBE4A facilitates

optimal double-strand break repair (Baranes-Bachar et al.,

2018). However, the role of UBE4A in host immune regulation

is unknown. Here, we revealed that UBE4A controls both virus-

and IFN-induced Viperin protein production, thus regulating
host antiviral immune response. Thus, one can understand that

abundant UBE4A proteins in epithelium restrict Viperin protein

production and therefore are harmful to epithelial antiviral

defense.

IPs have been recognized as credible sources of novel drugs,

which possess good tolerability and safety (Bruzzoni-Giovanelli

et al., 2018; Pei et al., 2010). IPs can interfere with specific pro-

tein-protein interactions (Baar et al., 2017). Thus, we designed

several IPs and found that the peptide VIP-IP3 blocks the inter-

action between UBE4A and Viperin, promoting Viperin protein

production during viral infection. Therefore, we believe that these

findings could provide strategies for both clinically broad-spec-

trum antiviral therapy and for improving the efficacy of IFN-

based antiviral therapy.
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TRIzol reagent TAKARA Cat #9109

Tamoxifen Sigma Cat #68047-06-3

Flag peptide Sigma Cat #F3290

E1 (UBE1) Boston Biochem E306

E2 (UbcH5a) Boston Biochem E2-615

(Continued on next page)

e1 Molecular Cell 77, 734–747.e1–e7, February 20, 2020



Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Critical Commercial Assays

Viperin ELISA kit CUSABIO CSB-EL020536HU
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containing ATP
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RAW264.7 American Type Culture Collection N/A

A549 American Type Culture Collection N/A

H358 American Type Culture Collection N/A
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2fTGH Dr. Serge Y. Fuchs from University

of Pennsylvania, America

N/A
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N/A
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Primer sequences:

b-actin (50-ACCAACTGG GACGACATGGAGAAA-30

and 50-ATAGCACAGCCT GGATAGCAACG-30).

This paper N/A

Software and Algorithms

ImageJ software Wayne Rasband (NIH) https://imagej.nih.gov/ij/

Other

Interfering peptides

VIP-IP1: H-RRLKQLNEVH NKKGQGRGIL

pprrrqrrkkrg-OH.

This paper N/A

Interfering peptides

VIP-IP2: H-LEEKCFRVLK GLYEGRDQLF

pprrrqrrkkrg-OH.

This paper N/A

Interfering peptides

VIP-IP3: H-KLLLLGRKAEE LPLVFSTKA

pprrrqrrkkrg-OH.

This paper N/A

Interfering peptides

VIP-IP4: H-THFCFGCKY NCQRTFHY
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This paper N/A

Interfering peptides

VIP-IP3mut: H-KLLALGRAA EELALVFSAKA
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This paper N/A
LEAD CONTACT AND MATERIALS AVAILABILITY

Further information and requests for resources and reagents should be directed to andwill be fulfilled by the LeadContact, Hui Zheng

(huizheng@suda.edu.cn). All unique reagents generated in this study are available from the Lead Contact with a completed Materials

Transfer Agreement.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice
C57BL/6 mice were purchased from Laboratory Animal Center of Soochow University. Mice were maintained and bred in special-

pathogen-free (SPF) conditions in the Experimental Animal Center of Soochow University. 6-8 weeks old mice were used in most

of experiments. Animal care and use protocol adhered to the National Regulations for the Administration of Affairs Concerning Exper-

imental Animals. All protocols and procedures for mice studies were performed in accordance with the Laboratory Animal Manage-

ment Regulations with approval of the Scientific Investigation Board of Soochow University.

Primary cells from mice and Ube4a–/– MEFs.
Mouse tissueswere prepared from the 6-8weeks adult mice, andwere cut into pieces and grinded to cell suspension.Mouse primary

lung cells were collected and prepared for further experiments. Mouse embryonic fibroblasts (MEFs) fromUBE4A flox/flox T-cremice

were kindly provided byDr.Wei Li (Institute of Zoology, Chinese Academy of Sciences). And the cells were cultured in DMEMmedium

supplemented with Tamoxifen (1 mM) for 72 h tomake UBE4A-knockout (Ube4a�/�) cells, and then were cultured in 10%FBSDMEM

medium for further experiments.

METHOD DETAILS

Expression constructs and reagents
HA-tagged mouse Viperin and HA-tagged mouse Viperin (O1-42) were nice gifts from Dr. Peter Cresswell (Yale University). Myc-

tagged mouse Viperin was nice gift from Dr. Zhenghong Yuan (Fudan University, China). Flag-tagged human Viperin plasmid was

gifts from Dr. Chunfu Zheng (Soochow University). Myc-tagged human Viperin (WT,OSAM,OC andOIP3) and Flag-HA(FH)-Vi-

perin were generated using PCR amplification from Flag-tagged human Viperin. HA-ubiquitin (HA-Ub), HA-K6, HA-K11, HA-K27, HA-

K29, HA-K33, HA-K48 and HA-K63 were gifts from Dr. Lingqiang Zhang (State Key Laboratory of Proteomics, Beijing). Flag-UBE4A
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was kindly provided by Dr. Wei Li (Institute of Zoology, Chinese Academy of Sciences). Flag-RIG-I was a gift from Dr. Fangfang Zhou

(Soochow University). Flag-UBE3A was a gift from Dr. Ronggui Hu (Institute of Biochemistry and Cell Biology, Chinese Academy of

Sciences). Flag-His-HAT1, Flag-UBE3C was purchased from Vigene Biosciences. All shRNAs against Viperin (shViperin), UBE4A

(shUBE4A) or HAT1 (shHAT1) were purchased from GENECHEM (Shanghai, China). All mutations were generated by QuickChange

Lightning site-Directed Mutagenesis Kit (Stratagene, 210518). All plasmids were confirmed by DNA sequencing. Recombinant hu-

man IFNa and IFNbwere purchased from PEPROTECH. Recombinant mouse IFNbwas purchased from R&D Systems. Flag peptide

(F3290) was purchased from Sigma. NaBu (Sodium butyrate) (S1999) were purchased from Selleck. Cycloheximide (CHX), Methyl-

amine HCl (MA), MG132, puromycin, Polybrene and other chemicals were purchased from Sigma.

Cell culture and maintenance, transfection
HEK293T, A549, H358, RAW264.7, HeLa, HT1080, HepG2, and Vero cells were obtained from ATCC. 2fTGH cells were described as

previously. Bel-7402 cells were obtained from the Cell Bank of the Chinese Academy of Sciences (Shanghai, China). PC-9 cells were

kindly provided by Dr. Wenxiang Wei (Soochow University). All cells above were cultured in Dulbecco’s modified Eagle’s medium

(DMEM; HyClone) supplemented with 10% FBS (GIBCO, Life Technologies), 100 units/mL penicillin, and 100 mg/mL streptomycin.

U937 and THP1 cells were obtained from ATCC, and were cultured in RPMI 1640 medium (HyClone). All cells were cultured at 37�C
under 5% CO2. All transient transfections were carried out using Lipofectamine 3000 (Thermo Fisher), or LongTrans (Ucallm), or PEI

(Polyetherimide) according to manufacturer’s instruction.

Lentivirus preparation
HEK293T cells were cotransfected with shRNAs (shViperin, or shUBE4A, or shHAT1, or control shRNA) and three helper vectors

(pMDL, pVSVG and pREV). After 48 h, the culture supernatant containing lentiviruses were collected, and the lentiviral particles

were purified by PEG 8000. The aliquot lentiviruses were stored at �80�Cfor further experiments.

Mass spectrometry analysis (MS)
HEK293T cells were transfected with empty vectors or Flag-Viperin. 48 h after transfection, cells were harvested by Nonidet P-40

lysis buffer containing 150 mM NaCl, 20 mM Tris-HCl (PH7.4), 1% NP-40, 0.5 mM EDTA, PMSF (50 mg/mL) and protease inhibitors

mixtures (Sigma). M2 affinity gel (A2220; Sigma-Aldrich) was used to pull down Flag-Viperin from the whole cell lysates. SDS-PAGE

gels were stained with the Silver Staining kits (Beyotime, P0017S). The gel bands from control and experimental samples were care-

fully excised, and then were digested with trypsin. The resulting tryptic peptides were purified using C18 Zip-Tip and analyzed by an

Orbitrap Elite hybrid mass spectrometer (Thermo Fisher) coupled with a Dionex LC according to the methods described previously

(Zhang et al., 2018b). The peptide spectrum matches (PSMs) for Viperin were obtained after database search using Proteome

Discoverer 1.4 against a UniProt protein database containing 89,796 entries with the addition of 247 common contaminants. False

discovery rate for peptide identification was set as 1%.

CRISPR-Cas9-mediated genome editing
The lentiCRISPRv2 vector was a nice gift fromDr. Fangfang Zhou (SoochowUniversity, China). Briefly, small guide RNAswith Viperin

gene targets were cloned into the lentiCRISPRv2 vector and were transfected into HEK293T cells. 48 h after transfection, the super-

natant containing viruses was collected. H358 cells were infected by the supernatant. After 48 h, these H358 cells were split into

96-well plates and were cultured under puromycin selection until further experiments were performed.

Viral infection in vitro

Vesicular stomatitis virus (VSV), Sendai virus (SeV), influenza A virus (H1N1, PR/8/34), and herpes simplex virus (HSV) were described

previously (Ren et al., 2016; Zhang et al., 2018a). Cells were first treatedwith interferons for 18-20 h. After washing twice by PBS, cells

were cultured in serum-free medium and then infected with different viruses diluted with DMEM serially for 1.5 h. Then the superna-

tant was removed and cells were further cultured in DMEM medium with10% FBS until harvest.

Viral infection in vivo

Eight weeks old mice were injected intraperitoneally (i.p.) with either VSV (13 108 PFU per gram body mouse) or H1N1 (53 106 PFU

per gram body mouse). After 3 days, mouse lung, liver, spleen, kidney, and heart were gained and grinded into small pieces for anal-

ysis by western blot, Q-PCR, ELISA, or hematoxylin-and-eosin staining assay. Mouse survival observation continued until 15 days.

TCID50 assay
VSV viral titers were determined by a standard 50% tissue culture-infective dose (TCID50) assay. Briefly, cells were infected with vi-

ruses. The supernatants containing viruses were collected and diluted with DMEM serially. And then the diluted supernatants were

put on the monolayer of Vero cells in 96-well plates. The TCID50 was calculated by the Spearman-Karber algorithm.
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Cycloheximide (CHX) pulse-chase assay
The half-life of Viperin protein was determined by cycloheximide (CHX) pulse-chase assay. Cells were transfected with indicated

plasmids. Forty-eight or seventy-two h after transfection, cells were treated with DMSO or CHX (50 mg/mL) for the indicated

time. Cells were then harvested and the equal amounts of boiled lysates were analyzed by western blot.

In vivo ubiquitination assay
Cells were transfected with indicated plasmids, together with or without HA-Ub. Forty-eight or seventy-two h after transfection, cells

were harvested in RIPA lysis buffer with Nethylmaleimide (10 mM). To analyze the effect of UBE4A on the ubiquitination of Viperin,

Viperin proteins were immunoprecipitated by a specific anti-Viperin Ab on a rotor at 4�C. After washing three times with the high-salt

(500 mM NaCl) washing buffer and subsequent twice with the normal washing buffer (150 mM NaCl), the immunoprecipitates were

analyzed by western blot using the anti-HA or anti-Ub Ab.

RNA and protein extraction
Cells or mouse primary cells were harvested with TRIzol reagent (Invitrogen). The cDNA was produced by reverse transcription using

oligo (dT) or random primer according to the manufacturer’s instructions (Invitrogen) using total of 1 mg of RNA. And the RNA levels

were analyzed by quantitative real-time PCR (Q-PCR) assay. For protein extraction, cells were harvested using lysis buffer as

described previously (Ren et al., 2016). Proteins were collected and quantified by western blot.

Real-time quantitative PCR (Q-PCR)
Real-time PCR was conducted with SYBR Green (Selleck), the relative gene expression levels were calculated using change-in-

cycling-threshold (2-DDCt) method. Quantification of all target genes was normalized to the control gene b-actin, and all data are

shown as fold change normalized to that in either unstimulated or uninfected cells accordingly. The results were analyzed from three

independent experiments and are shown as the average mean ± standard deviation (SD). The primer sequences are as follows:

SeV (50-GATGACGATGCCGCAGCAGTAG-30 and 50-CCTCCGATGTCAGTT GGTTCAC TC-30);
VSV (50-ACGGCGTACTTCCAGATGG-30 and 50-CTCGGTTCAAGATCCAGG T-30);
H1N1 (50-TTCTAACCGAGGTCGAAACG-30 and 50-ACAAAGCGTCTACGCTG CAG-30);
Mouse-IFNb (50-CTTCGTGTTTGGTAGTGATGGT-30 and 50-GGGGATGATTT CCAGCC GA-30);
UBE4A (50-GCATCCCTAGCCGTTGTGTGT-30 and 50-TGTGCCTCTCTCCT GCATCT CG-30);
Viperin (50-TGCTTAAGGAAGCTGGTATGGAG-30 and 50-TCACCAACTTG CCCAGGT AT-30)
HAT1 (50-GGTAGCCTGTCAACAATGTTCCG-30 and 50-CGTGTTTGTGCA AAATCCAGGTG-30)
b-actin (50-ACCAACTGGGACGACATGGAGAAA-30 and 50-ATAGCACAGCCT GGATAGCAACG-30)

Western Blot
Equivalent amount of proteins were subjected to SDS-PAGE and then were transferred to PVDFmembranes (Millipore). Membranes

were blocked with 5% nonfat milk or 5% BSA for 0.5 h at room temperature, and then incubated with the primary antibodies (Abs)

overnight. After washing three times with PBST (1 3 PBS and Tween 20),the membranes were subjected to secondary Abs (HRP-

conjugated goat anti-rabbit or goat anti-mouse [Bioworld]) in 5% nonfat milk for 1 h. After washing three times with PBST, the mem-

branes were visualized with ECL Prime (Thermo Scientific). The antibodies with dilutions were as follows: p-STAT1(Y701) (Cell

Signaling Technology, 9167,1:1,000), UBE4A (sc-365904, 1:1,000), Viperin (Abcam, 107359, 1:1,000), Flag (Sigma, F7425,

1:5,000), HA (Sigma, ab9110, 1:5,000), Ubiquitin (Ub) (sc-8017, 1:500), STAT1 (Cell Signaling Technology, 8826, 1:5,000), HA

(H1N1) (Sino Biological Inc., 11684-T56, 1:5,000), VSV-G (sc-66180, 1:1,000), HAT1 (sc-376268, 1:1,000), Myc (Abmart, M20002,

1:5,000), Lysine-acetylation (sc-81623, 1:1,000), PKR (sc-6282,1:1000), CK19 (Servicebio, GB11197, 1:300), CD68 (Boster,

BA3638, 1:200), Vimentin (Servicebio, GB11192, 1:500), b-Actin (Proteintech, 66009, 1:5,000), Tubulin (Proteintech, 66031-1-Ig,

1:5,000), SOCS1 (Millipore, 04-002, 1:1,000), and IFIT1 (sc-134948, 1:1,000).

Immunoprecipitation
Cells were harvested in lysis buffer containing 150 mM NaCl, 20 mM Tris-HCl (PH7.4), 1% Nonidet P-40, 0.5 mM EDTA, PMSF

(50 mg/mL) and protease inhibitors mixtures (Sigma). When protein ubiquitination was examined, RIPA buffer (Beyotime) was

used and N-ethylmaleimide (10 mM) was added into the lysis buffer. The cell lysates were incubated with specific Abs overnight

on a rotor at 4�C. Protein G-agarose beads (16-266; Millipore) were washed twice and then were added into the supernatant. The

mixture was incubated for 3 h on a rotor at 4�C. For immunoprecipitation of Flag/Myc/HA-tagged proteins, M2 affinity gel (A2220;

Sigma-Aldrich), Myc or HA magnetic beads (Selleck) were added to cell lysates. Then the lysates were rotated for 3 h on a rotor

at 4�C. After washing three times with the washing buffer (150 mM NaCl), the immunoprecipitates were analyzed by western blot.

Enzyme-linked immunosorbent assay (ELISA)
Cells were infected with VSV, SeV or H1N1 for indicated times. After washing twice, cells were collected in 1XPBS and whole cell

lysates were obtained through two frozen-thaw cycles. Viperin ELISA Kits (Cusabio, CSB-EL020536HU) were used to test the con-

centrations of Viperin protein. For Viperin proteins in different organs, tissues were rinsed and homogenized in 1XPBS. After two
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freeze-thaw cycles, the homogenates were centrifuged for 5 min at 5000 x g. The supernatant was removed and assayed by ELISA

immediately.

In vitro binding assay
Cells were transfected with either Flag-Viperin or Flag-UBE4A for 48 h. Flag M2 beads were used to pull down Flag-Viperin or Flag-

UBE4A. After washing three times, Flag-UBE4A immunoprecipitates were eluted by Flag peptides (Sigma, Cat #F3290) and then

were added to Flag-Viperin immunoprecipitates for binding reaction with or without VIP-IP3 interfering peptides (VIP-IP3) for 2 h

at room temperature. Immunoprecipitation was performed in the reaction buffer by a specific UBE4A antibody, and Flag-Viperin

was analyzed by immunoblotting using a Flag antibody.

In vitro ubiquitination assay
Flag-Viperin proteins were immunoprecipitated from Flag-Viperin-overexpressing HEK293T cells using FlagM2 beads and thenwere

washed extensively. Flag-Viperin immunoprecipitates were eluted by Flag peptides (Sigma, F3290). HA-K6-Ub proteins were immu-

noprecipitated from HEK293T cells with HA-K6-Ub transfection using anti-HA antibodies, and then were eluted by HA peptides

(MedChemExpress, 92000-76-5). The retrieved proteins were added into each reaction buffer containing 100 nM E1 ligase

(UBE1, Boston Biochem, E306), 0.5 mME2 ligase (UbcH5a, Boston Biochem, E2-615), and 1 x Ubiquitin Conjugation Reaction Buffer

containing ATP (Boston Biochem, SK-10) in the presence or absence of 100 ng of bacterially expressed human UBE4A proteins that

were gifts fromDr.Wei Li (Institute of Zoology, Chinese Academy of Sciences). Reactionswere allowed to proceed at 37�C for 1 h and

were stopped by boiling for 5 min. Flag-Viperin proteins were immunoprecipitated at 4�C for further western blot analysis.

In vitro acetylation assay
Flag-Viperin proteins were immunoprecipitated using Flag M2 beads from HEK293T cells transfected with Flag-Viperin and then

were washed extensively. Flag-Viperin immunoprecipitates were eluted with the Flag peptides (Sigma, F3290). Then Flag-Viperin

and the recombinant HAT1 (Abnova, H00008520-P01) were added to the acetylation reaction buffer (1 mM DTT, 20 mM Ace-CoA,

50 mM Tris-HCl, PH 8.0, 0.1 mM EDTA, 10% glycerol) for reaction at 30�C for 60 min. Flag-Viperin was immunoprecipitated and

the acetylation levels were analyzed using SDS-PAGE and western blot.

Interfering peptides (IPs)
Viperin interfering peptides are as follows:

VIP-IP1: H-RRLKQLNEVHNKKGQGRGILpprrrqrrkkrg-OH. MW:3918;

VIP-IP2: H-LEEKCFRVLKGLYEGRDQLFpprrrqrrkkrg-OH. MW: 4017;

VIP-IP3: H-KLLLLGRKAEELPLVFSTKApprrrqrrkkrg-OH. MW: 3800;

VIP-IP4: H-THFCFGCKYNCQRTFHYpprrrqrrkkrg-OH. MW: 3728;

VIP-IP3mut: H-KLLALGRAAEELALVFSAKApprrrqrrkkrg-OH. MW:3644.

IPs were manufactured by GL Biochem (Shanghai, China) at > 95% purity and stored at �20 degree in 1 mg powder aliquots until

used to avoid freeze-thawing artifacts. For in vitro experiments, IPs were dissolved in PBS to generate a 25 mM stock. For in vivo

experiments, IPs were dissolved in PBS to generate a 5mg/mL stock solution, which were kept on ice until injection. Before injection,

the solution was brought to room temperature.

Lung, liver or kidney histology
Lung, liver or kidney from control or 3 day-infected mice were fixed in 4% formaldehyde solution, and then embedded into paraffin.

Paraffin sections were stained with hematoxylin-eosin solution, and then observed by light microscopy for histological changes.

Magnification was 3 200. For immunofluorescence staining, mice were infected with H1N1 (5 3 108 PFU per mouse, intranasal)

for 24 h. Mouse lung tissues were stained using antibodies against Viperin, together with antibodies against either the epithelial

cell marker CK19, the fibroblast marker Vimentin, or themicrophagemarker CD68. DAPI was used for nuclei staining. Representative

images are shown at 400 X fold magnification.

Stable cell lines with Viperin expression
293T cells were transfected with pOZ-FH-C-puro or Flag-HA-Viperin, together with PCL Ampho plasmids. 36 h after transfection, the

supernatant was collected and used to infect either HeLa, or HEK293T, or A549 cells. The infected cells were cultured for 24 h with

polybrene (8 mg/mL). After removing the culture medium, the cells were cultured in 10% FBS without polybrene for 24 h. Then cells

were cultured in 10% FBSwith puromycin (1.5 mg/mL) for two weeks’ selection. The stable Viperin-expressing cells were maintained

in 10% FBS medium with puromycin (1.5 mg/mL) until 2 days before the experiment.
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QUANTIFICATION AND STATISTICAL ANALYSIS

Comparison between different groups was analyzed using two-tailed unpaired Student’s t test. Values of p < 0.05 were considered

statistically significant. *p < 0.05, **p < 0.01, ***p < 0.001; NS, not significant. Kaplan-Meier survival curves were generated and

analyzed for mouse survival study performed in Graph Pad Prism 5.0.

DATA AND CODE AVAILABILITY

All data generated or analyzed during this study are included in Figures 1, 2, 3, 4, 5, 6, and 7 and Figures S1–S7. Additional datasets

that support the findings of this study are available from the corresponding author upon reasonable request.
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