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ABSTRACT Alphaviruses are emerging and re-emerging viruses that cause severe 
disease and threaten public health worldwide. To advance the understanding of the 
underlying mechanisms of alphavirus replication and identify new host restriction 
factors, we performed RNA-seq and identified antiviral host factors on the Getah virus 
(GETV), a re-emerging alphavirus. We identified tetrachlorodibenzo-p-dioxin-inducible 
poly(ADP ribose) polymerase (TIPARP) as a host antiviral factor. TIPARP is downregu­
lated in GETV-infected Vero cells, and its overexpression significantly inhibits GETV 
replication, while TIPARP deficiency results in significantly increased viral titers. We 
demonstrated that TIPARP interacts with the viral E2 glycoprotein, inducing k48-linked 
ubiquitination and subsequent proteasomal degradation. Additionally, we found that 
TIPARP recruits the E3 ubiquitin ligase membrane-associated RING-CH 8 (MARCH8) to 
modify the ubiquitination, leading to the degradation of E2. Lys253 in E2 was identified 
as the TIPARP-facilitated ubiquitination site. A mutation in Lys253 resulted in the loss of 
TIPARP’s anti-GETV effect. Our study demonstrated for the first time that host TIPARP is a 
restricting factor against GETV replication. Investigating the underlying mechanisms and 
understanding TIPARP for GETV will be essential to fully understanding viral pathogen­
esis and developing novel broad-spectrum therapeutic strategies against alphavirus 
infection.

IMPORTANCE Alphaviruses threaten public health continuously, and Getah virus (GETV) 
is a re-emerging alphavirus that can potentially infect humans. Approved antiviral 
drugs and vaccines against alphaviruses are few available, but several host antivi­
ral factors have been reported. Here, we used GETV as a model of alphaviruses 
to screen for additional host factors. Tetrachlorodibenzo-p-dioxin-inducible poly(ADP 
ribose) polymerase was identified to inhibit GETV replication by inducing ubiquitination 
of the glycoprotein E2, causing its degradation by recruiting the E3 ubiquitin ligase 
membrane-associated RING-CH8 (MARCH8). Using GETV as a model virus, focusing on 
the relationship between viral structural proteins and host factors to screen antiviral host 
factors provides new insights for antiviral studies on alphaviruses.
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G etah virus (GETV) is a member of the Semliki group of the Alphavirus genus in the 
family Togaviridae (1). The Semliki group viruses are spread primarily by mosqui­

toes; this group consists of Bebaru virus (BEBV), Chikungunya virus (CHIKV), Mayaro virus 
(MAYV), O'nyong-nyong virus (ONNV), Semliki Forest virus (SFV), and Una virus (UNAV). 
CHIKV, MAYV, and ONNV can infect humans and cause severe disease (2–4).

GETV was first isolated from Culex mosquitoes in Malaysia in 1995 (5) and has since 
been found in Australia, China, and numerous other countries in Asia and Europe (6). 
GETV has a broad geographical distribution and host range; it infects monkeys, pigs, 
horses, and other mammals and birds (7–10). GETV-neutralizing antibodies have been 
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detected in cattle and humans (11–13), suggesting a potential public health risk. In pigs, 
GETV causes fever, anorexia, depression, diarrhea, fetal death, and reproductive disorders 
(14, 15). Infected horses exhibit transient pyrexia, skin rashes, and leg edema (16). 
Pigs and horses are important hosts for the amplification and circulation of GETV (17). 
Alphaviruses threaten public health continuously, and as a re-emerging alphavirus, GETV 
can potentially infect humans (18). Antiviral treatments and vaccines against GETV are 
still few available due to a lack of knowledge about the mechanism of GETV replication.

Like typical alphaviruses, GETV is enveloped with a positive-strand RNA genome. The 
genome is linear, approximately 11.7 kb in length containing a 5′-untranslated region 
(UTR), two large open reading frames (ORFs), a 3′-UTR, and a poly-A tail (19). ORF1 is at 
the 5′-end of the genome and encodes non-structural polyproteins (nsP1-nsP4). ORF2 
is at the 3′-end and encodes five structural polyproteins [C (capsid), E3, E2, 6K, and E1] 
(20, 21). The envelope proteins E1 and E2 form heterodimers, a triplet comprising a viral 
spike. The spike proteins are important for attachment to cell surfaces and viral entry 
(22). E1 is a type I transmembrane protein that plays a role in immunogenicity and 
host range (23), and E2 is also a type I transmembrane protein responsible for receptor 
binding (24). Additionally, the interaction of E1 and E2, C and E2 is important for virus 
budding, indicating that E2 is essential for GETV replication (25, 26).

Tetrachlorodibenzo-p-dioxin-inducible poly(ADP ribose) polymerase (TIPARP) (also 
called PARP7 or ARTD14) is a mono-ADP-ribosyltransferase with CCCH-type zinc finger 
domain-containing protein belonging to the PARP family (27). TIPARP contains a single 
CCCH-type zinc finger domain, a centrally located WWE (tryptophan-tryptophan-glu­
tamate) protein interaction domain, and a C-terminal PARP catalytic domain (28). 
Zinc finger antiviral protein (ZAP, also called ZC3HAV1 or PARP13) is a member of 
the CCCH-type zinc finger domain-containing protein family (29). ZAP is a broadly 
active antiviral protein that inhibits the replication of numerous RNA viruses, including 
alphaviruses (30–32). ZAP functions by inducing the degradation of targeted viral RNA 
through its N-terminal CCCH-type zinc finger domain (33). Kozaki et al. reported that 
TIPARP inhibits Sindbis virus (SINV) replication by binding and degradation of viral RNA 
but not vesicular stomatitis virus (VSV), Japanese encephalitis virus (JEV), and influenza A 
virus (IAV), suggesting that TIPARP reacts with specific viral RNAs (34).

In this study, using the whole transcriptome RNA-seq, we identified TIPARP as a host 
restriction factor against GETV. TIPARP interacts with E2 and subsequently induces its 
ubiquitination and proteasomal degradation via the E3 ubiquitin ligase membrane-asso­
ciated RING-CH8 (MARCH8), suppressing GETV replication. Additionally, we found that 
Lys253 is the primary ubiquitination site on GETV E2. Mutation of Lys253 abrogated the 
antiviral activity of TIPARP against GETV. We reveal the mechanism of TIPARP against 
GETV and provide an increased understanding of host defense mechanisms against 
GETV.

RESULTS

RNA-seq analysis of GETV-infected Vero cells

GETV could infect primates such as monkeys, and humans might be potential hosts. 
To reveal the connection of GETV infection mechanism in different species, we chose 
VERO cells for RNA-seq and carried out antiviral mechanism research in HEK-293T cells 
to explore the relationship between GETV infection in monkeys and humans. As can 
be seen from the heat map (Fig. 1A), 25 upregulated and 25 downregulated genes 
(including TIPARP) were randomly selected in the differentially expressed gene data. To 
validate the RNA-seq data, qRT-PCR was performed on five upregulated genes (IL13, 
TBX4, BEST2, RTP2, and SP6) and five downregulated genes (PRDM1, IL6, KLF6, TIPARP, 
and MAPK7). The results demonstrated that the data from RNA-seq were reliable and 
worthy of further study (Fig. 1B). Additionally, we detected those 10 genes in HEK-293T 
cells and found the same results (Fig. 1C). Those results indicated that the RNA-seq data 
were similar in Vero cells and HEK-293T cells and the HEK-293T cells could be used for 
subsequent research.
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TIPARP is downregulated by GETV infection

We screened some genes involved in alphavirus replication in the differentially expressed 
genes of the transcriptome data (including TIPARP) and found that TIPARP has a 

FIG 1 TIPARP is downregulated by GETV infection. (A) Heat map of the mean log2FoldChange of differentially expressed host factors in GETV infected vs. 

uninfected Vero cells 24 hpi. Genes with an adjusted P-value <0.05 and |log2FoldChange|>0 analyzed by DESeq2 were assigned as differentially expressed. (B and 

C) Validation of RNA-seq data by qRT-PCR in Vero cells and HEK-293T cells. (D and F) qRT-PCR and western blotting analysis of TIPARP mRNA and protein level 

change in Vero cells infected with GETV-FJ. (E) qRT-PCR analysis of TIPARP mRNA level change in HEK-293T cells infected with GETV-FJ. The intensity of the bands 

of TIPARP and C was determined by ImageJ and normalized to those of β-actin. Data shown are the mean ± SD from three independent experiments. *, P < 0.05, 

**, P < 0.01, ***, P < 0.001, ****, P < 0.0001.
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significant antiviral function among these genes (data not shown). Previous studies have 
shown that TIPARP is a host immune-related factor that modulates viral infection. TIPARP 
inhibits SINV replication but promotes the infection of mouse hepatitis virus (MHV) (34–
36). To identify the effect of GETV infection on TIPARP expression, we infected Vero cells 
with GETV-FJ at MOI of 0.001, 0.01, and 0.1 and infected HEK-293T cells with GETV-FJ at 
MOI of 0.1, 0.5, and 1 for 24 h. TIPARP expression, quantitated by qRT-PCR, decreased 
as a function of viral input (Fig. 1D and E). Accordingly, TIPARP protein levels, assessed 
by western blotting, also decreased as viral input increased in Vero cells (Fig. 1F). These 
results demonstrate that GETV infection results in depressed expression of TIPARP in 
vitro.

TIPARP overexpression inhibits GETV replication

To evaluate the role of TIPARP during GETV infection, HEK-293T cells were transfected 
with TIPARP-FLAG plasmids or empty vectors for 24 h and then infected with GETV-FJ 
at MOI of 0.1. Western blotting showed that overexpression of TIPARP resulted in 
decreased protein levels of the viral C protein throughout the infection time course 
(Fig. 2A). Accordingly, GETV titers were significantly lower by about 100-fold in TIPARP 
overexpressing cells at 24 h (Fig. 2B). We next investigated whether the suppression of 
GETV replication coincides with the amount of TIPARP expression. To this end, HEK-293T 
cells were transfected with TIPARP-FLAG at 0.5, 1, 1.5, and 2 μg for 24 h and then infected 
with GETV-FJ. Western blotting showed that C protein levels decreased with increasing 
TIPARP expression (Fig. 2C). Viral titers declined, TIPARP expression increased, and GETV 
titers were significantly lower by about 100-fold in cells with 2 μg TIPARP-FLAG plasmids 
(Fig. 2D). We further verified the antiviral function of TIPARP in IPEC-J2 cells. IPEC-J2 cells 
were transfected with TIPARP-FLAG or empty vectors for 24 h and then infected with 
GETV-FJ at MOI of 0.1. Western blotting showed that C protein levels decreased by about 
2-fold (Fig. 2E), and GETV titers were significantly lower by about 10-fold in cells with 
TIPARP (Fig. 2F). These results demonstrated that TIPARP inhibits GETV infection.

TIPARP knockout (KO) promotes GETV replication

To further investigate the role of TIPARP in GETV replication, a TIPARP knockout Vero cell 
line (Vero-TIPARP-KO) was constructed using the CRISPR/CAS9. Western blotting showed 
that TIPARP could not be detected in the Vero-TIPARP-KO cells (Fig. 2G). MTT assay results 
showed that the viability of Vero-TIPARP-KO and Vero-WT cells was indistinguishable 
(Fig. 2H). Subsequently, the replication efficiency of GETV was assessed in Vero-TIPARP-
KO and Vero-WT cells. Cells were infected with GETV-FJ at MOI of 0.001 for 24 h. In 
Vero-TIPARP-KO cells, C protein levels were about fivefold higher than in the WT cells (Fig. 
2I). The titer of viruses released into the supernatant from the Vero-TIPARP-KO cells was 
about 10-fold higher than WT cells (Fig. 2J). In summary, TIPARP inhibits GETV replication.

TIPARP interacts with GETV E2 glycoprotein

TIPARP inhibits alphavirus SINV replication by binding and degrading viral RNA (34). 
We wondered if TIPARP could also bind and degrade GETV RNA. HEK-293T cells were 
transfected with TIPARP-MYC plasmids for 24 h and then infected with GETV-FJ (MOI = 
0.1) for 24 h. RNA immunoprecipitation showed that TIPARP could not bind and degrade 
GETV RNA (Fig. S1A). To explore the biological mechanism of TIPARP inhibiting GETV 
replication, we analyzed the interaction of TIPARP with GETV’s three main structural 
proteins (C, E1, E2). We transfected HEK-293T cells with TIPARP-FLAG plasmids for 24 h 
and then infected them with GETV-FJ at MOI 1 and performed coimmunoprecipitation 
assays (Co-IP). Western blotting of the Co-IPs indicated that TIPARP interacts with viral 
E2 only (Fig. 3A). Confocal microscopy revealed endogenous TIPARP localized in the 
cytoplasm (Fig. 3B, top). To determine the interaction of TIPARP and E2 under physiolog­
ical conditions, we infected Vero cells with GETV-FJ at MOI of 0.001 for 24 h. Confocal 
microscopy again revealed that TIPARP colocalized with E2 in the cytoplasm of infected 

Full-Length Text Journal of Virology

October 2023  Volume 97  Issue 10 10.1128/jvi.00591-23 4

https://doi.org/10.1128/jvi.00591-23


FIG 2 TIPARP inhibits GETV replication. (A and B) HEK-293T cells were transfected with TIPARP-FLAG or empty vectors for 24 h 

and then infected with GETV-FJ (MOI of 0.1). (A) Western blotting analysis of TIPARP and C protein level change. (B) Viruses 

released into the supernatant were titered by TCID50. (C and D) HEK-293T cells transfected with increasing amounts (from 0

(Continued on next page)
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cells (Fig. 3B, bottom). To confirm the interaction between TIPARP and GETV-E2, we 
transfected HEK-293T cells with TIPARP-FLAG together with E2-HA plasmids or empty 
vectors for 24 h, western blotting highlights that TIPARP interacts with E2 (Fig. 3C and 
D), and confocal microscopy showed that TIPARP and E2 are colocalized in the cytoplasm 
(Fig. 3E). Meanwhile, GST pulldown and microscale thermophoresis (MST) confirmed 
the interaction between TIPARP and E2. TIPARP directly interacted with GETV-E2 with 
nanomolar affinity (Kd, 290 ± 210 nM) (Fig. 4A and B). These results demonstrated that 
TIPARP interacted with GETV-E2 glycoprotein.

All three domains of TIPARP have antiviral activity

To investigate the mechanism underlying TIPARP anti-GETV activity, we sought to 
identify the essential antiviral domain of TIPARP. Three TIPARP truncations were construc­
ted: TIPARP-ZN, TIPARP-WWE, and TIPARP-PARP (Fig. 5A). HEK-293T cells were transfected 
with TIPARP-WT or one of the truncations for 24 h and then infected with GETV-FJ at MOI 
of 0.1 for 24 h. Western blotting showed that all transfected cells had decreased C levels 
over empty vectors-transfected cells, but only in TIPARP-PARP transfected cells were C 
levels decreased to the same extent as in TIPARP-WT transfected cells (Fig. 5B). TCID50 
assays showed that the viral titers were reduced accordingly (Fig. 5C).

All the truncations had antiviral activity and contained the N-terminal amino acids 
(aa) 1–236. To exclude any effect of aa1–236, we constructed the deletion mutants 
TIPARP1–236 and TIPARP237–657 (Fig. 5D). HEK-293T cells were transfected with TIPARP-
WT, TIPARP1–236, or TIPARP237–657 for 24 h and then infected with GETV-FJ at MOI of 0.1 
for 24 h. Western blotting and TCID50 assay showed that TIPARP-WT and TIPARP237–657 
inhibited GETV replication while TIPARP1–236 did not (Fig. 5E and F).

TIPARP is a mono-ADP-ribosyltransferase of the PARP family, and the typical H-Y-E 
triad motif is highly conserved. Even though glutamate is not present in the mono-ADP-
ribosyltransferase, H-Y residues are still important (37–39). We found H-Y residues 
through a structure-based alignment of PARP1, PARP3, PARP12, and TIPARP (Fig. S2A) and 
constructed three TIPARP-PARP mutants: TIPARP-PARP (H320A), TIPARP-PARP (Y352A), 
and TIPARP-PARP (H320A/Y352A) (Fig. S2B). HEK-293T cells were transfected with TIPARP-
PARP(WT) or one of the mutants for 24 h and then infected with GETV-FJ at MOI of 0.1 for 
24 h. Western blotting and TCID50 assay showed that all the mutants could inhibit GETV 
replication (Fig. S2C and S2D), indicating that H-Y residues are unnecessary for the 
antiviral function. Those results showed that all the domains of TIPARP have antiviral 
activity, and the antiviral function of TIPARP is not dependent on its mono-ADP ribosyl­
transferase activity.

To determine which domain interacts with E2, HEK-293T cells were co-transfected 
with E2-HA and TIPARP-WT or one of the truncations for 24 h and then subjected to 
coimmunoprecipitation. Western blotting showed that only the WWE and PARP domains 
interact with E2 (Fig. 5G). The experiment was repeated using cells co-transfected with 
E2-HA and TIPARP-WT, TIPARP1–236, or TIPARP237–657 for 24 h and then subjected to 
coimmunoprecipitation. Western blotting showed that TIPARP237–657 interacts with E2 
(Fig. 5H). These data indicate that all three domains of TIPARP have antiviral activity.

FIG 2 (Continued)

to 2 µg) of TIPARP-FLAG or empty vectors for 24 h and then infected with GETV-FJ (MOI of 0.1). (C) Western blotting analysis 

of TIPARP and C protein level change. (D) Viruses released into the supernatant titered by TCID50. (E and F) IPEC-J2 cells were 

transfected with TIPARP-FLAG or empty vectors for 24 h and then infected with GETV-FJ (MOI of 0.1). (E) Western blotting 

analysis of TIPARP and C protein level change. (F) Viruses released into the supernatant were titered by TCID50. (G) Western 

blotting analysis of TIPARP protein level change in the Vero-WT and Vero-TIPARP-KO cells. (H) Cell viability of Vero-WT and 

Vero-TIPARP-KO cells. (I and J) Vero-WT and Vero-TIPARP-KO cells were infected with GETV-FJ (MOI of 0.001) for 24 h. (I) Western 

blotting analysis of TIPARP and C protein level change. (J) Titers of viruses released into the supernatant are determined by 

TCID50. The intensity of the bands of C was determined by ImageJ and normalized to those of β-actin. Data are shown as mean 

± SD from three independent experiments. *, P < 0.05, **, P < 0.01, ***, P < 0.001.
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FIG 3 TIPARP interacts with GETV E2 glycoprotein. (A) HEK-293T cells were transfected with TIPARP-FLAG or empty vectors for 24 h, then infected with GETV-FJ 

(MOI of 1) for 24 h. Cell lysates were subjected to anti-FLAG mAb coimmunoprecipitation and tested using the indicated antibodies by western blotting. 

(B) Confocal microscopy of GETV uninfected (top) and infected (bottom) Vero cells (MOI of 0.001, 24 h). (C, D, and E) HEK-293T cells were transfected with 

TIPARP-FLAG and E2-HA or empty vectors for 24 h. Cell lysates were subjected to coimmunoprecipitation using anti-FLAG (C) or anti-HA (D) mAb and tested 

with the indicated antibodies by western blotting. (E) Confocal microscopy HEK-293T cells transfected with TIPARP-FLAG and empty vectors (top) or TIPARP-FLAG 

and E2-HA (bottom). The data are representative of three independent experiments. Confocal images were recorded from three triplicate experiments and three 

separate experiments.
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FIG 4 TIPARP directly interacts with GETV-E2. (A) 1 µg GST or rTIPARP-GST was co-incubated with 1 µg recombinant E2. Then protein A/G agarose beads with 

rabbit polyclonal antibody against GST were used to pull down the GST complex. Components pulled down by the beads were detected by western blotting. 

(B) Microscale thermophoresis (MST). Dose-response curve for the binding interaction between rE2 and TIPARP-eGFP protein. The data are representative of 

three independent experiments.
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FIG 5 All three domains of TIPARP have antiviral activity. (A) Schematic of TIPARP-WT and TIPARP truncations: TIPARP-ZN, TIPARP-WWE, and TIPARP-PARP. (B 

and C) HEK-293T cells were transfected with TIPARP-WT, TIPARP truncations, or empty vectors for 24 h and then infected with GETV-FJ (MOI of 0.1) for 24 h. 

(B) Western blotting analysis of TIPARP truncations and C protein level change. (C) The titer of viruses released into the supernatant was determined by TCID50. 

(D) Schematic of TIPARP truncations: TIPARP1-236 and TIPARP237-657. (E and F) HEK-293T cells were transfected with TIPARP truncations or empty vectors for 24 h 

and then infected with GETV-FJ (MOI of 0.1) for 24 h. (E) Western blotting analysis of TIPARP truncations and C protein level change. (F) The titer of viruses 

released into the supernatant was determined by TCID50. (G and H) HEK-293T cells were transfected with E2-HA, TIPARP-WT, or TIPARP truncations for 24 h. Cell 

lysates were subjected to coimmunoprecipitation using anti-HA mAb and tested with the indicated antibodies by western blotting. The arrow denotes the target 

band. Data are shown as mean ± SD from three independent experiments. *, P < 0.05, **, P < 0.01, ***, P < 0.001, ****, P < 0.0001.
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TIPARP induces degradation of E2 via the proteasomal way

From the Co-IP results, we found that the expression of E2 appeared attenuated by 
TIPARP (Fig. 3C and D). TIPARP-FLAG and E2-HA were co-transfected into HEK-293T 
cells to confirm this observation. Western blotting showed that the protein level of 
E2 was reduced by about 2.5-fold in TIPARP-FLAG transfected cells (Fig. 6A). HEK-293T 
cells were then co-transfected with E2-HA and increasing amounts (from 0 to 2 µg) 
of TIPARP-FLAG. Western blotting showed that the protein level of E2 declined with 
increasing TIPARP (Fig. 6B). Though TIPARP could not bind and degrade GETV RNA as 
was described for SINV (Fig. S1A), we hypothesized whether TIPARP would degrade the 
E2 glycoprotein of the other alphaviruses as well as GETV and examined the effect of 
TIPARP on the E2 glycoprotein of SINV, Ross River virus (RRV) and SFV. Western blot­
ting showed that TIPARP-FLAG significantly decreased the expression level of SINV-E2 
(9.4-fold), RRV-E2 (8.1-fold), and SFV-E2 (6.9-fold) (Fig. S1B). Additionally, Co-IP showed 
that TIPARP interacts with all the E2 glycoproteins (Fig. S1C). Those results indicated that 

FIG 6 TIPARP degrades E2 via the proteasomal pathway. (A) HEK-293T cells were transfected with E2-HA and TIPARP-FLAG or empty vectors for 24 h. Western 

blotting analysis of E2 protein level change. (B) HEK-293T cells were transfected with E2-HA and increasing amounts (from 0 to 2 µg) of TIPARP-FLAG or empty 

vectors for 24 h. Western blotting analysis of E2 protein level change. (C) HEK-293T cells were transfected with E2-HA and TIPARP-FLAG or empty vectors for 16 h, 

then treated with DMSO (5 µM), 3-MA (0.5 mM), NH4Cl (20 mM), or MG132 (5 µM) for 8 h. Western blotting analysis of E2 protein level change. (D) HEK-293T cells 

were transfected with E2-HA and TIPARP-FLAG or empty vectors for 16 h, then treated with increasing concentrations of MG132 (1, 5, and 10 µM) for 8 h. Western 

blotting analysis of E2 protein level change. The intensity of the bands of E2 and TIPARP was determined by ImageJ and normalized to those of β-actin. The data 

are representative of three independent experiments.
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TIPARP may be a broad-spectrum anti-alphavirus factor, specifically targeting alphavirus 
E2 glycoprotein degradation to exert antiviral function.

Eukaryotic cells’ major intracellular protein degradation pathways are autophagy, 
lysosomal, and proteasomal. To determine which pathway is induced by TIPARP, 
HEK-293T cells were co-transfected with TIPARP-FLAG and E2-HA and treated with 
0.5 mM autophagy inhibitor 3MA (3-methyl adenine), 20 mM lysosome inhibitor NH4Cl, 
or 5 μM proteasome inhibitor MG132, 24 h post-transfection. Western blotting results 
showed that in cells treated with proteasome inhibitor MG132, E2 levels were higher 
than in the solvent controls or the 3MA (6.5-fold) or NH4Cl (5.5-fold)-treated cells 
(Fig. 6C). E2 levels increased as the dose of MG132 increased (Fig. 6D). These data 
demonstrate that TIPARP induces degradation of E2 via the proteasome pathway in a 
dose-dependent manner.

TIPARP catalyzed K48-linked ubiquitination of E2

Previous studies have shown that post-translational modifications (PTMs) and the 
degradation of proteins by ubiquitin via the Ub proteasome system are the main 
processes that medicate cellular proteins’ activity and function in cells (40, 41). Because 
TIPARP promotes the degradation of E2 via the proteasomal pathway (Fig. 6C), we 
sought to determine the ubiquitination level of E2. HEK-293T cells were transfected 
with TIPARP-MYC only as a negative control or E2-FLAG and Ub-HA, Ub-K48R-HA, and 
Ub-K63R-HA along with TIPARP-MYC or empty vectors for 24 h. Western blotting showed 
that TIPARP overexpression resulted in markedly increased ubiquitination of E2 (Fig. 7A). 
Additionally, with Ub-K63R-HA but not Ub-K48R-HA, E2 pulled down more ubiquitin in 
the presence of TIPARP (Fig. 7B, top panel), and E2 also pulled down more ubiquitin 
with Ub-K48O-HA (Fig. 7B, bottom panel). These results indicate that TIPARP modifies E2 
protein by K48-linked ubiquitination.

Lys 253 of E2 is a ubiquitination site in TIPARP

Ubiquitination is the addition of a ubiquitin molecule to a lysine residue of the target 
protein. We sought to identify the essential lysine residues of ubiquitin modification 
in E2. Three potential ubiquitination sites (Lys140), (Lys251), and (Lys253) in E2 were 
predicted (https://nctuiclab.github.io/ESA-UbiSite/) (Fig. 7C) (42). Accordingly, three E2 
mutants were constructed, each with a single lysine residue replaced with arginine 
(E2-K140R-HA, E2-K251R-HA, and E2-K253R-HA). HEK-293T cells were transfected with 
TIPARP-FLAG and E2-HA, E2-K140R-HA, E2-K251R-HA, or E2-K253R-HA for 24 h. Coimmu­
noprecipitation and western blotting revealed that residue K253 is the predominant 
site of E2 ubiquitination by TIPARP (Fig. 7D). Meanwhile, the alignment of E2 protein 
sequences of GETV, SINV, RRV, and SFV showed that the K253 site is conserved among 
these viruses (Fig. S1D), indicating that K253 plays an important role in the degradation 
of E2 by TIPARP.

Mutation of the Lys253 abolishes the inhibition of GETV by TIPARP

E2 residue 253 plays a major role in determining the virulence of GETV (18). To determine 
the effect of TIPARP on rGETV-K253R, HEK-293T cells were transfected with TIPARP-FLAG 
or empty vectors for 24 h, then infected with rGETV-WT or rGETV-K253R at MOI of 0.1 
for 18 h and 24 h. Western blotting showed that protein levels of rGETV-WT-C were 
significantly reduced by about 2.5-fold in TIPARP overexpressing cells, while rGETV-
K253R-C protein levels were not (Fig. 8A). Viral titers at both time points were reduced in 
rGETV-WT infected cells but not in rGETV-K253R infected cells (Fig. 8B). Additionally, we 
transfected HEK-293T cells with TIPARP-FLAG or empty vectors for 24 h and then infected 
them with rGETV-WT or rGETV-K253R at MOI of 0.2 and 0.5 for 24 h. Western blotting 
and TCID50 assay showed the same results described above (Fig. 8C and D). These results 
indicated that mutation in the ubiquitination site of E2 abrogates the antiviral function 
of TIPARP against GETV and that TIPARP targets E2 lys253 for ubiquitination, thereby 
exerting antiviral function.
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FIG 7 TIPARP catalyzed K48-linked ubiquitination of E2 at Lys253. (A) HEK-293T cells were transfected with E2-FLAG and Ub-HA with or without TIPARP-MYC for 

24 h. Cells transfected with TIPARP-MYC served as the negative control. Cell lysates were subjected to coimmunoprecipitation using anti-FLAG mAb and tested 

with the indicated antibodies by western blotting. (B) HEK-293T cells were co-transfected with E2-FLAG and TIPARP-MYC or Ub-K48R/K63R-HA or TIPARP-MYC

(Continued on next page)
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MARCH8 is an E3 ubiquitin ligase involved in the TIPARP-mediated degrada­
tion of E2

Since TIPARP is not an E3 ubiquitin ligase, we hypothesized it might recruit a potential E3 
ubiquitin ligase that mediates E2 ubiquitination and degradation. There are many E3 
ubiquitin ligases, such as the membrane-associated RING-CH (MARCH) family, Tripartite 
motif (TRIM) family, IPAH family, U Box proteins family, and E6-AP-related proteins family 
(43–47). The proteins in the MARCH family are mainly localized at plasma and/or 
organelle membranes and abundantly expressed in immune cells, which helps them 
regulate immune receptors and makes them unique (48, 49). MARCH8, as the first 
identified MARCH protein, shows wide-spectrum inhibition of enveloped viruses by 
inhibiting envelope glycoproteins, such as VSV, human immunodeficiency virus (HIV), 
and Ebola virus (EBOV) (50–52).

To determine whether MARCH8 is involved in TIPARP-induced ubiquitination and 
degradation of glycoprotein E2, we first examined the interaction of TIPARP and E2 with 
MARCH8. Co-IP showed that TIPARP and E2 interacted with MARCH8 (Fig. 9A). Further­
more, overexpression of MARCH8 significantly promoted the degradation (about 9-fold) 
of E2 by TIPARP in a dose-dependent manner (Fig. 9B). We noticed that three domains of 
TIPARP degraded E2 to different degrees (Fig. 5G). We speculated that MARCH8 may 
cause the difference. We detected the degradation of E2 by three domains, TIPARP and 
TIPARP-PARP had the most significant effect on the E2 degradation (Fig. 9C). Then we 
detected the interaction of three domains with MARCH8, like TIPARP, TIPARP-PARP pulled 
down more MARCH8 compared with TIPARP-ZN and TIPARP-WWE (Fig. 9D), indicating 
that MARCH8 played an important role in the antiviral response of TIPARP by degrading 
E2. We next examined the function of endogenous MARCH8 in E2 degradation. We 
constructed MARCH8 knockout HEK-293T cell lines, and the MTT assay showed that the 
cell viability of 293T-MARCH8-KO cells was similar to that of WT cells (Fig. 9E). Western 
blotting indicated that in 293T-MARCH8-KO cells, TIPARP reduced the degradation of E2 
compared to the WT cells (Fig. 9F). Additionally, western blotting and TCID50 showed that 
knockout of MARCH8 promotes GETV replication (Fig. 9G and H), while overexpression of 
MARCH8 inhibits viral replication (Fig. 9I and J). These results suggested that the E3 
ubiquitin ligase MARCH8 is an antiviral factor involved in the degradation of E2.

DISCUSSION

Alphaviruses are distributed worldwide, many causing severe diseases in humans and 
animals. The re-emerging alphavirus, GETV, has a wide host range and may infect 
humans, and it is an important and highly prevalent alphavirus. So far, there is no report 
on the antiviral mechanism and antiviral host factors. We tried to provide a strategy for 
alphavirus prevention from the perspective of GETV antiviral host factors screening for 
the first time. Research on the replication mechanisms of GETV is needed to develop 
effective anti-GETV therapies specifically and for developing antiviral therapies generally.

Previous studies on the antiviral factors of alphaviruses generally believed that the 
ZAP and PARP family proteins could inhibit the replication of multiple alphaviruses (30, 
53). In addition, Viperin is a critical antiviral host protein that restricts CHIKV replication 
(54). However, there are no reports on antiviral factors active against GETV. For the first 
time, we identified TIPARP as a host factor restricting GETV replication by facilitating 
ubiquitinating viral E2 protein, targeting it for degradation. TIPARP is downregulated by 
GETV infection, and we found that GETV infection also downregulated AhR (Table S1). 

FIG 7 (Continued)

and Ub-K48R/K63R-HA for 24 h (top panel), HEK-293T cells were co-transfected with E2-FLAG and TIPARP-MYC or Ub-K48O/K63O-HA or TIPARP-MYC and 

Ub-K48O/K63O-HA for 24 h (bottom panel). Cell lysates were subjected to coimmunoprecipitation using anti-FLAG mAb and tested with the indicated antibodies 

by western blotting. (C) The amino acid sequence of GETV-E2. (D) HEK-293T cells were transfected with TIPARP-FLAG and E2-HA, E2-K140R-HA, E2-K251R-HA, or 

E2-K253R-HA for 24 h. Cell lysates were subjected to coimmunoprecipitation using anti-HA mAb and tested with the indicated antibodies by western blotting. 

The intensity of the bands of E2 was determined by ImageJ and normalized to those of β-actin. The data are representative of three independent experiments.
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AhR is a positive regulator of TIPARP, and AhR activation directly induces TIPARP expres­
sion (36). GETV may reduce TIPARP expression by downregulating AhR. TIPARP is a PARP 
family member with a CCCH-type zinc finger domain, first reported as a component of 
the Aryl hydrocarbon receptor (AhR) pathway (28, 55). Recent studies demonstrate that 

FIG 8 TIPARP could not inhibit rGETV-K253R replication. (A and B) HEK-293T cells were transfected with TIPARP-FLAG or empty vectors for 24 h and then 

infected with rGETV-WT or rGETV-K253R (MOI of 0.1). (A) Western blotting analysis of TIPARP and C protein level change. (B) The titer of viruses released into the 

supernatant was determined by TCID50. (C and D) HEK-293T cells were transfected with TIPARP-FLAG or empty vectors for 24 h and then infected with rGETV-WT 

or rGETV-K253R (MOI of 0.2 or 0.5). (C) Western blotting analysis of TIPARP and C protein level change. (D) The titer of viruses released into the supernatant was 

determined by TCID50. The intensity of the bands of C was determined by ImageJ and normalized to those of β-actin. Data are shown as mean ± SD from three 

independent experiments. *, P < 0.05, **, P < 0.01, ***, P <0.001, ****, P < 0.0001.
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FIG 9 TIPARP-mediated degradation of GETV E2 was associated with MARCH8. (A) HEK-293T cells were transfected with MARCH8-FLAG and TIPARP-MYC (left) or 

E2-HA (right) for 24 h. Cell lysates were subjected to coimmunoprecipitation and western blotting using the indicated antibodies. (B) HEK-293T cells transfected 

with increasing amounts (from 0 to 2 µg) of MARCH8-FLAG, 2 µg E2-HA, and 2 µg TIPARP-MYC for 24 h. Western blotting analysis of E2 protein level

(Continued on next page)
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TIPARP can inhibit or promote viral infection (34, 36). For example, TIPARP inhibits 
alphavirus SINV replication by binding and degradation of viral RNA through the CCCH-
type zinc finger domain and has also been reported to negatively regulate type I 
interferon-mediated antiviral innate defense by interacting with the kinase TBK1 and 
suppressing its activity by ADP-ribosylation (35). TIPARP cannot bind and degrade GETV 
RNA to exert antiviral function, but TIPARP interacts with and degrades E2 of GETV and 
SINV, RRV, and SFV, revealing that TIPARP may specifically target the E2 glycoprotein of 
alphaviruses (Fig. S1).

TIPARP contains a CCCH-type zinc finger domain, a centrally located WWE protein 
interaction domain, and a C-terminal PARP catalytic domain (55). A CCCH-type zinc finger 
domain is found in many protein families, is conserved from yeast to mammals, and 
has been reported to inhibit various RNA viruses through interaction with the ZAP-
responsive elements (ZRE) in viral RNA (56–58). ZAP, which contains a CCCH-type zinc 
finger domain, is reported to inhibit the replication of numerous alphaviruses, including 
SINV, SFV, RRV, and VEEV, although not VSV, YFV, HSV1, and poliovirus (30, 56). WWE 
domains occur in two classes of proteins, those associated with ubiquitination and those 
associated with poly-ADP ribosylation. WWE domains interact with E3 ubiquitin ligases, 
and when they bind a target protein, the modification results in altered functionality (59). 
The C-terminal PARP domain results from positive selection in primate ZAP protein and is 
reported to inhibit SFV.

Additionally, compared with the ZAP (S) isoform protein, the ZAP (L) isoform with the 
PARP domain exhibits stronger antiviral activity against alphaviruses (60, 61). Similarly, 
we found that the PARP domain in TIPARP could inhibit GETV replication, but the H-Y 
residues are not important for the PARP domain’s antiviral function, indicating that 
the mono-ADP ribosyltransferase function is not important for the antiviral activity. We 
found that all three domains interact with MARCH8, which may be why they can exert 
antiviral functions. TIPARP recruits MARCH8 to degrade the E2 of alphaviruses. Addition­
ally, MARCH8 was reported to show broad-spectrum inhibition against viral envelope 
glycoproteins by recognizing their cytoplasmic lysine residues for degradation (62). So, 
there may be two potential antiviral mechanisms.

Like a typical alphavirus, GETV is covered by membrane-anchored spikes. The spikes 
are trimers of E2-E1 heterodimers (63). E1 is a type I fusion protein that, at the low pH 
of the endosome, drives the fusion of cellular and viral membranes (64). E2 is also a 
type I transmembrane glycoprotein responsible for receptor binding, host range, and 
tissue/cell tropism (25). E2 is synthesized as a precursor called P62, which dimerizes 
with E1 in the endoplasmic reticulum and aids in folding and transport (65). During 
the transport of the P62-E1 dimer, the P62 precursor is processed by furin to form E3 
and produce mature E2 before reaching the plasma membrane. The cleavage of P62 
is important for entry and fusion activation after entry into new cells (66). In addition, 
the juxtamembrane D-loop containing highly conserved H348 and Y352 of E2 interacts 
with E1 to promote virus budding, and the interaction between the nucleocapsid and 
the C-terminus of E2 is essential for viral budding (67, 68). TIPARP in the cytoplasm 
may specifically target E2 for degradation, thus blocking the dimerization of E2 and 

FIG 9 (Continued)

change. (C) HEK-293T cells were transfected with E2-HA, TIPARP-WT, TIPARP truncations, or empty vectors for 24 h. Western blotting analysis of E2 protein level 

change. (D) HEK-293T cells were transfected with MARCH8-HA and TIPARP-WT, TIPARP truncations, or empty vectors for 24 h. Cell lysates were subjected to 

coimmunoprecipitation using anti-FLAG mAb and tested with the indicated antibodies by western blotting. (E) Cell viability of 293T-MARCH8-KO and 293 T-WT 

cell lines. (F) MARCH8-KO 293T cells and the WT cells were transfected with E2-HA and TIPARP-FLAG or empty vectors for 24 h. Western blotting analysis of 

MARCH8, TIPARP, and E2 protein level change. (G and H) 293T-MARCH8-KO and 293 T-WT cells were infected with GETV-FJ (MOI of 0.1) for 24 h. (I and J) HEK-293T 

cells were transfected with MARCH8-FLAG or empty vectors for 24 h and then infected with GETV-FJ (MOI of 0.1) for 24 h. (G and I) Western blotting analysis of 

MARCH8 and C protein level change. (H and J) The titer of viruses released into the supernatant was determined by TCID50. The intensity of the bands of E2 and 

viral C was determined by ImageJ and normalized to those of β-actin. The data are representative of three independent experiments. *, P < 0.05, **, P < 0.01, ***, 

P < 0.001, ****, P < 0.0001.
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E1 and the interaction with the C protein, reducing viral budding and inhibiting GETV 
replication.

We used GETV as a model for alphaviruses to determine their relationship and 
host restriction factors. We identified TIPARP as a host factor that inhibits GETV 
replication by inducing ubiquitination of E2 and its proteasomal degradation via the 
E3 ubiquitin ligase MARCH8. Lys253 is the primary ubiquitination site in E2, and 
mutation of the Lys253 site abolished the inhibition of GETV by TIPARP (Fig. 10). 
Mutation of K253R enhances binding to heparan sulfate (HS), which improves virus 
attachment for better replication in vitro  but accelerates virus clearance from the 
blood resulting in lower virulence in vivo  (18).  Mutation of K253R does not enhance 
the virulence of the virus and is not helpful for the spread of the virus, which is 
why K253 is conserved among alphaviruses. This study sheds light on the molecular 
mechanism of TIPARP’s anti-GETV activity and augments our understanding of the 
relationship between alphaviruses and host factors. TIPARP may specifically target 
and degrade the E2 glycoprotein of alphavirus and has the potential as a broad-
spectrum anti-alphaviruses factor. These findings provide insight into developing 
antiviral drugs and attenuated vaccines against alphaviruses.

FIG 10 The model of the antiviral mechanism of TIPARP. (A) Upon GETV-WT infection, TIPARP recruits the E3 ubiquitin ligase MARCH8 to modify the 

ubiquitination and degradation of E2, thereby inhibiting viral replication. (B) Upon infection with a GETV variant (E2-K253R), TIPARP can no longer modify the 

ubiquitination and degradation of E2 to inhibit viral replication.
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MATERIALS AND METHODS

Cells and viruses

293T human embryonic kidney cells (HEK-293T), Porcine Small Intestinal Epithelial Cells 
(IPEC-J2) and African green monkey kidney cells (Vero) were maintained in DMEM 
(Gibco) supplemented with 10% (vol/vol) FBS (Biological Industries) at 37°C in a 5% CO2 
humidified incubator.

GETV strains, GETV-FJ (MZ736799), were isolated from pigs and stored at −80°C in 
our laboratory. rGETV-WT and rGETV-K253R were previously established in our lab and 
stored at −80°C. Viruses were propagated and titrated using Vero cells.

Reagents and antibodies

DMSO, 3-methyl adenine (3-MA), NH4Cl, and MG132 were purchased from Sigma-Aldrich. 
BALB/c mice were immunized with purified E1, E2, and C as an immunogen for four 
times to obtain monoclonal antibodies against GETV proteins E1, E2, and C. Mouse mAbs 
against FLAG and HA were purchased from Sigma-Aldrich. Those mouse mAbs against 
β-actin were purchased from Proteintech, and those rabbit polyclonal antibodies against 
MYC were purchased from Sangon Biotech. Rabbit polyclonal antibodies against TIPARP 
and rabbit polyclonal antibodies against GST were purchased from Abclonal Technology, 
and Mouses IgG was purchased from Abmart. HRP anti-mouse IgG, HRP anti-rabbit 
IgG, FITC-conjugated goat anti-mouse IgG, and FITC-conjugated goat anti-rabbit IgG 
were purchased from KPL, and A546-conjugated goat anti-rabbit IgG was purchased 
from Invitrogen. The SINV-E2-FLAG (GenBank accession number: MT121982) plasmid was 
purchased from GENEWIZ. The RRV-E (GenBank accession number: MN038231) and SFV-E 
(GenBank accession number: KP699763) plasmids were purchased from Sangon Biotech.

Plasmid construction

TIPARP (GenBank accession number: XM_008008616.2) was amplified from the cDNA of 
GETV-FJ infected Vero cells by RT-PCR and cloned into a pCAGGS vector. The expressed 
protein contained a FLAG or MYC tag at the C-terminus. The GETV E1, E2, and C proteins 
were amplified from the cDNA, reverse transcribed from GETV mRNA, and inserted into 
a pCAGGS vector. The expressed protein contained a FLAG or HA tag at the C-terminus. 
RRV-E2 and SFV-E2 were amplified from RRV-E and SFV-E plasmids and inserted into a 
pCAGGS vector. The expressed protein contained a FLAG tag at the C-terminus.

To identify the antiviral functional domain of TIPARP, TIPARP deletion mutants were 
cloned into pCAGGS. The expressed proteins contained a FLAG at the C-terminus. The 
schematic diagram of TIPARP and the truncated mutants is shown in Fig. 5A and D; Fig. 
S2B.

To determine the ubiquitination site in E2, three E2 point mutants (E2-K140R, 
E2-K251R, and E2-K253R) were constructed; the targeted lysines were replaced with 
arginine by site-directed mutagenesis (Fig. 7C). Primers are listed in Table 1.

RNA sequencing

RNA-seq transcriptome libraries were prepared following the NEBNext Ultra Directional 
RNA Library Prep Kit for Illumina (New England Biolabs, USA), using 1 µg of total 
RNA. Briefly, messenger RNA was isolated with polyA selection by oligo(dT) beads and 
fragmented using a fragmentation buffer. cDNA synthesis, end repair, A-base addition, 
and ligation of the Illumina-indexed adaptors were performed according to Illumina’s 
protocol. Libraries were then the size selected for cDNA target fragments of 250–300 
bp on 2% Low Range Ultra Agarose followed by PCR amplified using Phusion DNA 
polymerase (NEB) for 15 PCR cycles. After quantified by Agilent 2100 bioanalyzer, 
RNA-Seq transcriptome libraries were sequenced by Illumina novo6000 on a 150-bp 
paired-end run by Novogene (Beijing, China). A total of 430,124,622 clean reads were 
obtained by removing the low-quality reads (reads with adapters, reads in which 
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TABLE 1 Primers in this studya

Primer Sequence (5′→3′)
TIPARP-F (EcoR I) TTTGGCAAAGAATTCATGGAAATGGAAACCACCGA
TIPARP-Flag-R (Kpn I) CTTGTAGTCGGTACCAATGGAAACAGTGTTACTGAC
TIPARP-ZN-F (EcoR I) TTTGGCAAAGAATTCATGGAAATGGAAACCACCGA
TIPARP-ZN-Flag-R (Kpn I) CTTGTAGTCGGTACCCAAGACGGTGTGGTGCTTC
TIPARP-WWE-F CTACGAAGGCTGTCCACACCACCC
TIPARP-WWE-R CAGCCTTCGTAGTTGGTGAGTGTGGTACTGCAATTG
TIPARP-PARP-F TCAGCAAACTTTTACCCTGAAACT
TIPARP-PARP-R AAAGTTTGCTGATTGGTGAGTGTGGTACTGCAATTG
TIPARP1-236-F (EcoR I) TTTGGCAAAGAATTCATGGAAATGGAAACCACCGA
TIPARP1-236-Flag-R (Kpn I) CTTGTAGTCGGTACCTTGGTGAGTGTGGTACTGCA
TIPARP237-657-F (EcoR I) TTTGGCAAAGAATTCATGGAGAACGGAATTGAAATTTGC
TIPARP237-657-Flag-R (Kpn I) CTTGTAGTCGGTACCCAAGACGGTGTGGTGCTTC
TIPARP-PARP (H320A)-F CATTTATTTGCCGGAACATCCCAGGATGT
TIPARP-PARP (H320A)-R AAATAAATGTCTCTCATTTAT
TIPARP-PARP (Y352A)-F CAAGGCAGTGCCTTTGCAAAGAAGGCAAG
TIPARP-PARP (Y352A)-R ACTGCCTTGTCCAAACATTG
rTIPARP-F (EcoR I) GGATCCCCGGAATTCATGGAGAACGGAATTGAAATTTGC
rTIPARP-R (Xho I) ATGCGGCCGCTCGAGTCAAATGGAAACAGTGTTACTGAC
TIPARP-sgRNA1-F CACCGACGGTGGCAGATTCTACAGC
TIPARP-sgRNA1-R AAACGCTGTAGAATCTGCCACCGTC
TIPARP-sgRNA2-F CACCGTGTCTGTTCTGATACCTGAT
TIPARP-sgRNA2-R AAACATCAGGTATCAGAACAGACAC
MARCH8-sgRNA1-F CACCGTTCTATCACGCCATCCAGCC
MARCH8-sgRNA1-R AAACGGCTGGATGGCGTGATAGAAC
MARCH8-sgRNA2-F CACCGCAAGCAACATTTCTAAGGCT
MARCH8-sgRNA2-R AAACAGCCTTAGAAATGTTGCTTGC
TIPARP-MYC-R1 GAGTTTCTGCTCGCCGCCAATGGAAACAGTGTTACTGAC
TIPARP-MYC-R2 (Xho I) AGATCTGCTAGCTCGAGTCACAGATCCTCTTCAGAGATGAGTTTCTGCTC
E2-F (EcoR I) TTTGGCAAAGAATTCGCCACCATGAGTGTGACGGAACACTT
E2-HA-R (Kpn I) GTAATCTGGAACATCGTATGGGTAGGTACCGGCATGCGCTCGTGGT
E2-FLAG-R (Kpn I) CTTGTAGTCGGTACCGGCATGCGCTCGTGGT
RRV-E2-F (EcoR I) TTTGGCAAAGAATTCGCCACCATGTCCGTGACAGAGCACTTT
RRV-E2-FLAG-R (Kpn I) CTTGTAGTCGGTACCGGCGTTGGCGCGAGGA
SFV-E2-F (EcoR I) TTTGGCAAAGAATTCGCCACCATGTCTGTGAGCCAGCACTTT
SFV-E2-FLAG-R (Kpn I) CTTGTAGTCGGTACCAGCATGGGCGCGGGGG
E2-K140R-F GGCAGAGAACGGTTCACCGTCAGGCCCCA
E2-K140R-R TTCTCTGCCTACTGGGGCCG
E2-K251R-F TTGTCTCGCCGGGGTAAAGTGCACGTACC
E2-K251R-R GCGAGACAACTGGTCGGCTC
E2-K253R-F CGCAAAGGTCGGGTGCACGTACCTTTCCC
E2-K253R-R ACCTTTGCGAGACAACTGGT
qPCR-GETV-RNA-F TCCACGCTGTCTAAGAGTTTG
qPCR-GETV-RNA-R TCATGGTGTCTGTAATACGTGG
qPCR-GAPDH-F GCACCGTCAAGGCTGAGAAC
qPCR-GAPDH-R TGGTGAAGACGCCAGTGGA
qPCR-monkey-TIPARP-F TCACTTGACCTCGTGTTTGAG
qPCR-monkey-TIPARP-R TGATATGGCAAGACGGTGTG
qPCR-monkey-β-actin-F TGAAGTGTGACGTGGACATC
qPCR-monkey-β-actin-R CTTGATTTTCATCGTGCTGGG
qPCR-monkey-IL13-F TGTGGAGCATCAACCTGAC
qPCR-monkey-IL13-R AATCCGTTCAGCATCCTCTG
qPCR-monkey-TBX4-F ATGAACCCCAAGACCAAGTAC

(Continued on next page)
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unknown bases are more than 10%, and low-quality reads indicating that the percentage 
of low-quality bases is over 50% in a read. Low-quality read bases were defined as a base 
whose sequencing is no more than 20). All clean reads were mapped to the reference 
genome using hierarchical indexing for spliced alignment of transcript 2 (HISAT 2). 
Differentially expressed genes were selected as those having |log2FoldChange|>0 
difference between their geometrical mean expression in the compared groups and a 
statistically significant P-value (<0.05) by analysis of DEseq2 (Table S1). Each gene’s FPKM 
(expected number of Fragment Per Kilobase of transcript sequence per Million base pairs 
sequenced) was calculated and used to represent the gene expression value (Table S2). 
Three biological replicates were performed.

Generation of a TIPARP knockout and MARCH8 knockout cell line

KO cells were generated using CRISPR/CAS9. Two sgRNA sequences of TIPARP 
and MARCH8 (TIPARP-sgRNA1-F: CACCGACGGTGGCAGATTCTACAGC, TIPARP-sgRNA1-
R: AAACGCTGTAGAATCTGCCACCGTC, TIPARP-sgRNA2-F: CACCGTGTCTGTTCTGATACC­
TGAT, TIPARP-sgRNA2-R: AAACATCAGGTATCAGAACAGACAC, MARCH8-sgRNA1-F: 

TABLE 1 Primers in this studya (Continued)

Primer Sequence (5′→3′)
qPCR-monkey-TBX4-R GGAGAATCTGGGTGGACATAC
qPCR-monkey-BEST2-F ATGCTCTTTCACTACGACTGG
qPCR-monkey-BEST2-R CAGGTCTAGGTCATGGTCTTTG
qPCR-monkey-RTP2-F TGTACCAGCTTGACCACTTG
qPCR-monkey-RTP2-R CTGCTCCACATACTGCTTCC
qPCR-monkey-SP6-F TGGACTTCTCACAGGGCTAT
qPCR-monkey-SP6-R GCCTGAACCACGATTCATAATG
qPCR-monkey-PRDM1-F TGTGGTATTGTCGGGACTTTG
qPCR-monkey-PRDM1-R CTTTGGGACATTCTTTGGGC
qPCR-monkey-IL6-F AAAAGTCCTGATCCAGTTCCTG
qPCR-monkey-IL6-R TTGCATCCCTGAGTTGTCC
qPCR-monkey-KLF6-F ACAACTTAGAGACCAACAGCC
qPCR-monkey-KLF6-R CTGACCAAAACTTCGCCAATG
qPCR-monkey-MAPK7-F CGCTACTTCCTGTACCAACTG
qPCR-monkey-MAPK7-R ACGAGCCATACCAAAGTCAC
qPCR-human-IL13-F AACATCACCCAGAACCAGAAG
qPCR-human-IL13-R ACACGTTGATCAGGGATTCC
qPCR-human-TBX4-F ACCCTCGCCACATCTAAATG
qPCR-human-TBX4-R GTTCTCCACAGTCCCCATTC
qPCR-human-BEST2-F TGCTTCCTTGGGTTCTACATG
qPCR-human-BEST2-R CATAAAAGCCAAGCACGAAGG
qPCR-human-RTP2-F CATAGACCCCAACCTCAAGC
qPCR-human-RTP2-R AGGAACATGTGGAAGAGGATG
qPCR-human-SP6-F GACTTCTCGCAGGGCTATG
qPCR-human-SP6-R GCCTGAACCACGATTCATAATG
qPCR-human-PRDM1-F CTACACCATTAAGCCCATCCC
qPCR-human-PRDM1-R TCGGTTGCTTTAGACTGCTC
qPCR-human-IL6-F AAAAGTCCTGATCCAGTTCCTG
qPCR-human-IL6-R TGAGTTGTCATGTCCTGCAG
qPCR-human-KLF6-F ACAACTTAGAGACCAACAGCC
qPCR-human-KLF6-R CTGACCAAAACTTCGCCAATG
qPCR-human-TIPARP-F TTCCCTTGACCTCGTGTTTG
qPCR-human-TIPARP-R GTGCTTCAAACAATCCCTGC
qPCR-human-MAPK7-F CGCTACTTCCTGTACCAACTG
qPCR-human-MAPK7-R ACGAGCCATACCAAAGTCAC
aThe restriction enzyme sites used for cloning and the locations of mutations are indicated in italics.
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CACCGTTCTATCACGCCATCCAGCC, MARCH8-sgRNA1-R: AAACGGCTGGATGGCGTGATA­
GAAC, MARCH8-sgRNA2-F: CACCGCAAGCAACATTTCTAAGGCT, MARCH8-sgRNA2-R: 
AAACAGCCTTAGAAATGTTGCTTGC) were designed using the online CRISPR tool 
(https://www.benchling.com). Double-stranded nucleotide fragments were obtained by 
annealing the synthesized sgRNA oligonucleotides and cloning them into a lentiCRISPR 
v2 plasmid. The plasmid was extracted using an Endo-free Plasmid Mini Kit I (OMEGA), 
and its integrity was determined by sequencing.

Vero cells were co-transfected with 2 µg plasmids containing gRNA, 1.2 µg psPAX2, 
and 0.8 µg pMD2.G per well (6-well plate) using Lipofectamine 2000 according to the 
manufacturer’s instructions. Cell supernatants were collected at 60 h post-transfection 
to infect Vero cells at 30–40% confluence. To isolate a single-cell clone, 5 mg/mL of 
puromycin was aliquoted into wells when cells reached 90% confluence. The cells were 
diluted and seeded into the 96-well plates at 100 and 10 cells/mL. Western blotting and 
sequence analysis were used to identify the TIPARP-KO cells.

Cell viability assay

Vero-WT cells, TIPARP-KO or 293T-MARCH8-KO, and 293T-WT cells were seeded into 
96-well plates and cultured until confluent. According to the manufacturer’s instruc­
tions, 10 µL of MTT (5 mg/mL, Beyotime) was aliquoted per well. The absorbance was 
measured at 490 nm using a microplate reader. Results are normalized to WT cells which 
are defined as 100% viable. Data were recorded from three triplicate experiments on the 
same plate and three separate experiments.

Coimmunoprecipitation assay

HEK-293T cells were seeded into 6-well plates and co-transfected with the indicated 
plasmids (2 µg per plasmid) for 24 h. Cells were washed three times with ice-cold PBS 
and then lysed in NP-40 buffer (Beyotime). The lysates were centrifuged at 12,000 rpm for 
1 min, and supernatants were collected and incubated with 1 µg appropriate antibody 
and 20 µL protein A/G agarose beads (Beyotime) for 6–8 h at 4°C. The agarose beads 
were washed thrice with ice-cold PBS by centrifugation at 2,500 rpm for 5 min at 4°C. 
Bound proteins were analyzed by western blotting. Results were recorded from three 
separate experiments.

Confocal microscopy

HEK-293T cells and Vero cells were cultured with indicated conditions. Subsequently, 
cells were washed three times with ice-cold PBS and fixed in 4% (vol/vol) paraformalde­
hyde for 30 min and permeabilized with a solution of PBS containing 0.2% Triton X-100 
for 10 min (Sigma) at room temperature. Cells were washed again, blocked with 5% 
(wt/vol) nonfat milk for 1 h, then incubated with rabbit mAb anti-FLAG (1:2,000), mouse 
mAb anti-E2 (1:1,000), mouse mAb anti-HA (1:2,000), and rabbit polyclonal antibody 
against GST (1:2,000) for 2 h at room temperature. Cells were washed thrice and then 
incubated with A546-conjugated goat anti-rabbit IgG (1:500) and FITC-conjugated goat 
anti-mouse or anti-rabbit IgG (1:500) for 1 h. Cells were washed and stained with DAPI 
for 10 min at room temperature. Cells were observed using confocal microscopy (Nikon, 
Japan) equipped with micro-objective (Plan Apo 60×/1.40, oil immersion, Nikon, Japan) 
and Microscope eyepiece (CFI, 10×/22, Nikon). Finally, images were processed by Nikon’s 
Confocal NIS-Elements Package software. Images were recorded from three triplicate 
experiments and three separate experiments.

GST pulldown assay

One microgram GST or rTIPARP-GST was co-incubated with 1 µg recombinant E2. Then 
the mixture was incubated with 1 µg rabbit polyclonal antibody against GST and 20 
µL protein A/G agarose beads (Beyotime) for 6–8 h at 4°C. The agarose beads were 
washed thrice with ice-cold PBS by centrifugation at 2,500 rpm for 5 min at 4°C. Bound 
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proteins were analyzed by western blotting. Results were recorded from three separate 
experiments.

Microscale thermophoresis (MST)

HEK-293T cells were transfected with TIPARP-eGFP plasmids for 48 h. Cells overexpress­
ing TIPARP-eGFP were suspended in NP-40 buffer to obtain TIPARP-eGFP proteins. 
Twenty nanomolars of TIPARP-eGFP in PBS-T buffer (PBS 1×, 0.05% Tween 20) were 
mixed with recombinant E2 concentration varying from 6.25 µM to 1.53 nM at room 
temperature for 30 min to achieve binding equilibrium. Mixtures were absorbed into 
MST capillaries and measured using a Monolith NT.115 (NanoTemper Technologies). Data 
were fitted using the Hill equation, and Kd values were determined using MO. Affinity 
analysis software (NanoTemper Technologies, Munich, Germany). Results were recorded 
from three independent experiments.

RNA immunoprecipitation assay

HEK-293T cells were transfected with TIPARP-MYC or empty vectors for 24 h and then 
infected with GETV-FJ (MOI = 0.1) or not infected with GETV for 24 h in a 75 cm2 cell 
culture dish. Cells were cross-linked with 1% formaldehyde for 15 min and washed twice 
with cold PBS. Cells were harvested by scraping and lysed in 1 mL RIP buffer (25 mM 
Tris-HCl, pH = 7.4, 150 mM NaCl, 1% NP-40, 1 mM EDTA, 5% Glycerol, PMSF, RNase 
inhibitor). The lysates were centrifuged at 12,000 rpm for 5 min at 4°C, and supernatants 
were quickly frozen at −80°C. Fifty microliters protein A/G beads were washed with RIP 
buffer and then incubated with 5 µg MYC antibodies or 5 µg IgG with gentle rotation for 
2 h at 4°C. One percent (vol/vol) of cell lysates was used as input and added gently to the 
beads prepared above for 6 h at 4°C. The beads were washed three times with ice-cold 
RIP buffer by centrifugation at 2,500 rpm for 5 min at 4°C, followed by TRIzol extraction. 
The same volume of RNA was reverse-transcribed. The cDNA was subjected to qRT-PCR 
analysis. Results were recorded from three separate experiments.

Western blotting

Cells were lysed in NP-40 buffer, and 4× SDS loading buffer (Solarbio) was added to 
samples which were then incubated in a boiling water bath for 10 min. Proteins were 
separated on 10% SDS-PAGE gels and transferred onto nitrocellulose membranes (GE 
Amersham Bioscience). Membranes were blocked with 5% (wt/vol) nonfat milk for 1 h at 
room temperature, then incubated for 1 h with anti-FLAG, -HA, -GETV-E2, -TIPARP, -MYC, 
or -β-actin. Membranes were washed three times with PBST (10 min each) and then 
incubated for 1 h with HRP anti-rabbit IgG (1:2,000) or HRP anti-mouse IgG (1:2,000). 
Protein bands were detected by chemical luminescence substrate with Amersham 
Imager 600 (GE, USA). Results were recorded from three separate experiments.

Quantitative real-time PCR (qRT-PCR)

Total RNA was extracted from cells using TRIzol (Vazyme) according to the manufactur­
er’s instructions and reverse transcribed into cDNA using a HiScript II 1st Strand cDNA 
Synthesis Kit (Vazyme). Fold-change in relative RNA quantities was assessed in triplicate 
by SYBR (Vazyme) using a Light Cycler 96 real-time PCR system (Roche). Primers are listed 
in Table 1. The data were analyzed using the 2−△△Ct method. Data were recorded from 
three triplicate experiments on the same plate and three separate experiments.

TCID50 titration

Vero cells were seeded in 96-well plates infected with a 10-fold serially diluted virus 
inoculum and incubated for 3 d at 37°C. Each sample was titrated in triplicate; at each 
dilution, there were six replicates. The titers of supernatants were determined using the 
Reed-Munch method. Data were recorded from three triplicate experiments on the same 
plate and three separate experiments.
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Establishing a reverse genetic system for GETV

The information on rGETV-K253R and rGETV-WT was described in the previous study 
(18).

Recombinant expression and purification of rTIPARP and rE2

TIPARP237–657 was amplified from the cDNA of GETV-FJ infected Vero cells by RT-PCR 
and cloned into a pGEX-4T-1 vector. In LB media, recombinant pGEX-4T-1-TIPARP was 
expressed in BL21 (DE3) E. coli (Genesand). rTIPARP was induced by isopropyl-β-d-thioga­
lactoside (IPTG) to a final concentration of 1 mM at 16°C for 18 h. According to the 
manufacturer’s instructions, the recombinant protein was purified using a GST resin 
(Beyotime). pET-32a-E2 was purified using a His-tag resin (Beyotime) with the same 
method. The concentration of recombinant protein was detected by BCA Protein Assay 
Kit (Vazyme).

Statistical analysis

All experiments were repeated at least three times. Data are presented as the mean ± 
standard deviation (SD) from three independent experiments. Data were analyzed using 
GraphPad Prism 8. The significance of variability between groups was determined by 
Student’s t-test or one-way ANOVA. P-values <0.05 were considered significant.
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Figure S1 (JVI00591-23-s0001.tif). Fig. S1. TIPARP interacts with SINV E2 glycoprotein. 
(A) HEK-293T cells were transfected with TIPARP-MYC for 24 h and then infected with 
GETV-FJ (MOI of 0.1) for 24 h. The levels of GETV RNA binding to the indicated MYC-tag­
ged proteins were measured by RNA immunoprecipitation and qRT-PCR. (B) HEK-293T 
cells were transfected with TIPARP-MYC and SINV-E2-FLAG (left), RRV-E2-FLAG (mid), 
or SFV-E2-FLAG (right) for 24 h. Western blotting analysis of TIPARP and E2 protein 
level change. (C) HEK-293T cells were transfected with TIPARP-MYC and SINV-E2-FLAG 
(left), RRV-E2-FLAG (mid), or SFV-E2-FLAG (right) for 24 h. Cell lysates were subjected to 
coimmunoprecipitation using anti-FLAG mAb and anti-MYC pAb and tested using the 
indicated antibodies by western blotting. (D) A structure-based sequence alignment of 
GETV-E2, SINV-E2, RRV-E2, and SFV-E2 is shown. The red border and asterisk indicate the 
conserved K253 residues. The intensity of the bands of E2 was determined by ImageJ 
and normalized to those of β-actin. The data are representative of three independent 
experiments. *, P <0.05, **, P <0.01, ***, P <0.001, ****, P <0.0001.
Figure S2 (JVI00591-23-s0002.tif). Fig. S2. Mono-ADP ribosyltransferase function is not 
necessary for the antiviral activity. (A) A structure-based sequence alignment of the 
catalytic domains of PARP1, PARP3, PARP10, and PARP12 is shown. Blue borders indicate 
structurally conserved regions. Asterisks indicate the residues of the conserved H-Y 
residues. (B) Schematic of TIPARP-PARP mutants: PARP(H320A), PARP(Y352A), and PARP 
(H320A/Y352A). (C and D) HEK-293T cells were transfected with TIPARP-PARP mutants or 
empty vectors for 24 h and then infected with GETV-FJ (MOI of 0.1) for 24 h. (C) Western 
blotting analysis of C and PARP mutant protein level change. (D) The titer of viruses 
released into the supernatant was determined by TCID50. Data are shown as mean ± SD 
from three independent experiments. *, P <0.05, **, P <0.01, ***, P <0.001, ****, P <0.0001.
Table S1 (JVI00591-23-s0003.xls). Table S1. Differentially expressed genes upon GETV 
infection.
Table S2 (JVI00591-23-s0004.xls). Table S2. FPKM of expressed genes upon GETV 
infection.
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