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Introduction
Ecthyma contagiosum is an acute contagious zoonotic 
disease caused by the orf virus (ORFV). ORFV is a mem-
ber of the Parapoxvirus genus in the Poxviridae family. 
ORFV primarily infects domestic sheep and goats along 
with other wild small ruminants, and spreads to humans 
through direct contact with infected animals [1]. Accu-
mulated evidence has revealed that the range of infected 
hosts of ORFV continues to expand [2]. ORFV mainly 
causes proliferative skin lesions around the lips, nostrils, 
and oral surfaces, resulting in a significant morbidity [3]. 
Although there is accumulated evidence regarding the 
virulence factors of ORFV, the interactive mechanism 
between ORFV and the hosts is poorly investigated [4, 
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Abstract
The orf virus (ORFV) poses a serious threat to the health of domestic small ruminants (i.e., sheep and goats) 
and humans on a global scale, causing around $150 million in annual losses to livestock industry. However, the 
host factors involved in ORFV infection and replication are still elusive. In this study, we compared the RNA-seq 
profiles of ORFV-infected or non-infected sheep testicular interstitial cells (STICs) and identified a novel host gene, 
potassium voltage-gated channel subfamily E member 4 (KCNE4), as a key host factor involved in the ORFV infection. 
Both RNA-seq data and RT-qPCR assay revealed a significant increase in the expression of KCNE4 in the infected 
STICs from 9 to 48 h post infection (hpi). On the other hand, the RT-qPCR assay detected a decrease in ORFV copy 
number in both the STICs transfected by KCNE4 siRNA and the KCNE4 knockout (KO) HeLa cells after the ORFV 
infection, together with a reduced fluorescence ratio of ORFV-GFP in the KO HeLa cells at 24 hpi, indicating KCNE4 
to be critical for the ORFV infection. Furthermore, the attachment and internalization assays showed decreased 
ORFV attachment, internalization, replication, and release by the KO HeLa cells, demonstrating a potential inhibition 
of ORFV entry into the cells by KCNE4. Pretreatment with the KCNE4 inhibitors such as quinidine and fluoxetine 
significantly repressed the ORFV infection. All our findings reveal KCNE4 as a novel host regulator of the ORFV entry 
and replication, shedding new insight into the interactive mechanism of ORFV infection. The study also highlights 
the K+ channels as possible druggable targets to impede viral infection and disease.
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5]. Considering that ORFV poses a serious threat to the 
sheep and goat industry as well as human health, it is 
urgent to dissect the interaction between ORFV and the 
hosts.

Ion channels are mainly located in the cytoplasmic 
membrane and subcellular organelles, and regulate intra-
cellular and extracellular ion homeostasis [6, 7]. Vari-
ous viruses have been found to be modulated by the ion 
channels. For instance, Cav1.2 has been revealed as a 
sialylated host cell surface receptor that binds haemag-
glutinin (HA) and is critical for influenza virus (IAV) 
entry [8]. Furthermore, bunyavirus (BUNV) traffics 
through endosomes that contain high K+ to facilitate 
BUNV infection [9]. In addition, the Na+ channel opener 
SDZ-201,106 or protein kinase C (PKC) inhibitor can 
reduce IAV replication [10].

Voltage-gated potassium ion channels (Kv) can control 
repolarization, they play an important role in returning 
the depolarized cell to a resting state, and they are also 
involved in the apoptosis process and the immune sys-
tem [11, 12]. Potassium voltage-gated channel subfamily 
E member 4 (KCNE4) is the 4th member of the KCNE Kv 
channel regulatory subunit family. KCNE4 interacts with 
the Kv1.3 channel and acts as a dominant negative regu-
latory subunit to enhance inactivation and induce intra-
cellular retention of Kv1.3 [13, 14]. Although previous 
studies have shown the physiological and pathological 
roles of KCNE4 [6], the interactive mechanism between 

the KCNE4 gene and ORFV infectious cycle remains 
unclear.

This study aims to explore the key host factors involved 
in the ORFV infection (Fig.  1). Since testicular intersti-
tial cells (TICs) are determined as the ideal cell model 
for studying the ORFV infection, we therefore estab-
lished the sheep TICs (STICs) for this investigation. 
By performing RNA-seq in infected and non-infected 
STICs, we identified considerable unreported host fac-
tors involved in the ORFV replication. Specifically, the 
KCNE4 gene was found to be significantly upregulated in 
the ORFV-infected STICs. Subsequently, knocking down 
the KCNE4 gene in the STICs and knocking out (KO) 
the KCNE4 gene in HeLa cells significantly inhibited the 
ORFV infection. In addition, we found that KCNE4 plays 
a critical role in ORFV entry into the KCNE4 KO HeLa 
cells and the K+ channel inhibitors such as quinidine or 
fluoxetine were able to effectively inhibit the ORFV infec-
tion. Taken together, these results indicate that KCNE4 
is an important host gene for the ORFV infection, which 
provides a better understanding of the ORFV-host inter-
face and highlights the K+ channels as potential drugga-
ble anti-viral targets.

Results
RNA-seq of ORFV-infected STICs
To investigate whether STICs are sensitive to ORFV, 
STICs were infected with ORFV at different multiplicity 

Fig. 1 Schematic illustration of the experimental workflow. The RNA-seq was applied to obtain comprehensive visualization of transcriptional profiles in 
the STICs throughout the ORFV infection, and the output data were used for integrative analyses and verified by multiple experiments
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of infection (MOIs) and evaluated at 24-, 48-, and 
72-hours post infection (hpi). We found that the ORFV-
infected STICs exhibited obvious cytopathic effect (CPE) 
phenotypes such as wrinkling, shedding, and rounding 
(Fig. 2A). Subsequently, the reverse transcription quanti-
tative PCR (RT-qPCR) assay detected an increased tran-
scription of ORFV in the ORFV-infected STICS, forming 
an ‘S’-shaped curve (Fig.  2B). Collectively, these results 
confirm that STICs can serve as a cell model for monitor-
ing the ORFV infection.

To explore the molecular mechanism between the 
ORFV infection and STICs, we used an RNA-seq assay 
to quantify the transcriptomic changes in the cellular 
samples collected at 9, 24, and 48 hpi following the ORFV 
infection of the STICs at an MOI of 1. It was shown 
that the total numbers of differentially expressed genes 
(DEGs) between the ORFV-infected and non-infected 
STICs at 9, 24, and 48 hpi were 4,806 (2,397 upregulated 
and 2,409 downregulated), 4,437 (2,313 upregulated and 
2,124 downregulated), and 11,487 (6,260 upregulated 
and 5,227 downregulated), respectively. The enrich-
ment analysis of gene ontology (GO) “biological process” 
annotations was performed to classify these DEGs. The 

results showed that the GO terms associated with the 
DEGs were intermembrane lipid transfer, skeletal muscle 
thin filament assembly, protein secretion, and the cellu-
lar amino acid biosynthetic process (Fig. 2D). In addition, 
the shared and unique DEGs at each time point were 
presented in the Venn diagram (Fig. 2C), which revealed 
46 linked genes being altered upon the ORFV infection. 
Across the three time points, 18 shared DEGs were sig-
nificantly upregulated and were therefore targeted for 
subsequent functional analyses. The KCNE4 gene, associ-
ated with the ion channels, was among the top 10 upreg-
ulated host genes (ACTC1, DDX4, GRHL3, HMGA2, 
ITGA7, KCNH7, KCNE4, LRP2, OLFM1, and SEMA6A) 
and was then hypothesized to play a role in the ORFV 
replication. The transcription level of KCNE4 was exam-
ined by the RT-qPCR assay and it was found to have also 
increased significantly in the ORFV-infected STICs from 
9 to 48 hpi (Fig. 2E).

Impacts of knockdown of the upregulated genes on ORFV 
replication
Considering the upregulation of these host genes in the 
ORFV-infected STICs, we aimed to investigate whether 

Fig. 2 Experimental design and data analysis for RNA-seq. A Growth of ORFV in STICs. Morphological changes of STICs at different time points (24, 48, 
and 72 hpi) and MOIs (0.1, 0.01, and 0.001) after infection with ORFV. B One-step growth curve of ORFV infection in STICs. STICs were infected with ORFV 
at an MOI of 0.1, and infected cells were collected at 3, 9, 12, 24, 48, and 72 hpi. The copy number of the virus was measured by an RT-qPCR assay. C 
Venn diagram of DEGs between WT and ORFV-infected cells. The blue, red, and yellow circles represent the DEGs at 9, 24, and 48 hpi, respectively. D GO 
functional enrichment analysis of DEGs between WT and ORFV-infected cells. E RT-qPCR validation for the expression level of the KCNE4 gene after the 
ORFV infection
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these genes are crucial during the ORFV lifecycle. The 
STICs were transfected with different siRNAs and then 
infected with ORFV at an MOI of 0.1. An RT-qPCR 
assay was performed to determine the inhibitory effect of 
gene-specific siRNAs. The transcriptions of these genes 
in the siRNA transfected and ORFV-infected STICs were 
found to be attenuated at 48 h post-transfection (Fig. 3A). 
To quantify the effect of siRNAs on viral replication, the 
copy number of ORFV genome was determined at 48 
hpi. Compared with wild-type (WT) STICs, the tran-
scription levels of the ORFV genome in the KCNE4, 
KCNH7, ITGA7, and GRHL3 siRNA knockdown STICs 
were found to be significantly reduced. However, there 
was no difference in the copy number of ORFV genome 
between the ACTC1, DDX4, HMGA2, LRP2, OLFM1, and 
SEMA6AsiRNA knockdown and WT STICs (Fig.  3B). 
Specifically, the KCNE4 siRNA knockdown showed the 
most significant effect on the ORFV suppression.

Ion channels are a class of proteins that form ion-selec-
tive channels on the cell membrane, which play impor-
tant roles in maintaining the homeostasis between the 
intracellular and extracellular compartments and regulat-
ing cell signaling and functions. The relationship between 
ion channels and viral invasion is a complex and interest-
ing area of research that has not been fully clarified yet. 
Different types of ion channels may play specific roles in 
particular viral infection processes [15, 16]. Considering 
the importance of ion homeostasis during viral infection, 
we chose the KCNE4 gene for subsequent analyses.

KCNE4 is a critical host factor for the ORFV infection
Similarly, ORFV can cause significant cytopathy in a vari-
ety of cell types such as HeLa cells, a human cancer cell 
line [17]. To demonstrate whether KCNE4 could regulate 

the ORFV infection in human cells, we generated two 
clonal KCNE4 KO HeLa cell lines through the CRISPR/
Cas9 gene-editing system. Sanger sequencing results con-
firmed that the KCNE4-KO cell lines 1 and 2 contained 
5- and 2-nucleotide deletions, respectively (Fig.  4A). 
Western blotting analysis showed that KCNE4 expression 
was reduced in the KCNE4-KO HeLa cells (Fig.  4B). In 
addition, there was no difference in cell viability between 
the KCNE4-KO and WT cells using the Cell Count-
ing Kit-8 (CCK8) assay (Fig. 4C). Subsequently, we used 
an RT-qPCR assay to quantify the viral DNA from the 
ORFV-infected KCNE4-KO and WT cells. Given that 
the Hela cells are more susceptible to ORFV than the 
STICs, we chose to use a lower dose of ORFV to infect 
the KCNE4-KO Hela cells. The copy number of ORFV 
was significantly decreased in the KCNE4-KO cells after 
the infection at an MOI of 0.01 (Fig.  4D). Fluorescence 
and CPE assays revealed that knocking KCNE4 out inhib-
ited the ORFV transcription at 24 hpi (Fig.  4E and F). 
Similarly, the CCK8 assay showed a higher cell viability 
in the ORFV-infected KCNE4-KO Hela cells than in the 
WT Hela cells (Fig. 4G), indicating that knocking KCNE4 
out has a significant inhibitory effect on the ORFV infec-
tion. We then quantified the viral DNA from the ORFV-
infected KCNE4-KO and WT HeLa cells by the RT-qPCR 
assay. Our results showed that the copy number of ORFV 
was significantly decreased in the KCNE4-KO HeLa cells 
at 12, 24, and 36 hpi (Fig. 4H). Consistent with the pre-
vious results, the fluorescence assay revealed that the 
number of ORFV-GFP in the KCNE4-KO HeLa cells was 
reduced at MOIs of 0.05, 0.1, 0.2, and 0.5 (Fig. 4I). Fur-
thermore, the KCNE4-KO HeLa cells possessed dimin-
ished levels of ORFV-GFP at 12, 24, and 36 hpi (Fig. 4J). 
In addition, the KCNE4-KO and WT HeLa cells were 

Fig. 3 Detection of the effect of the ten candidate genes by siRNA assay. A The mRNA level of the ten genes (ACTC1, DDX4, GRHL3, HMGA2, ITGA7, KCNH7, 
KCNE4, LRP2, OLFM1, and SEMA6A) in siRNA knockdown or negative control siRNA transfected STICs was quantified by RT-qPCR at 48 h post-transfection. 
B Relative expression of the ORFV copy number in the siRNA knockdown groups. STICs transfected with different siRNAs were infected with ORFV 
(MOI = 0.1). At the indicated time points, ORFV-infected cellular samples were collected and determined. ns: not significant, * P < 0.05, **** P < 0.0001
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infected with ORFV-GFP at MOIs of 0.02, 0.05, 0.1, and 
0.2 for 24 h or 48 h. The level of fluorescence ratio was 
detected by fluorescence-activated cell sorting (FACS). 
We found that knocking KCNE4 out from the HeLa cells 
inhibited the infection of ORFV-GFP (Fig. 5A-D). Taken 

together, different assays showed that the amount of 
ORFV in the KCNE4-KO HeLa cells was lower than the 
WT HeLa cells, indicating KCNE4 to be a critical host 
factor for the ORFV infection.

Fig. 4 KCNE4 is a host factor required for ORFV infection in HeLa cells. A Alignment of the nucleic acid sequences of clonal knockout cells of KCNE4 with 
the WT cells. sgRNA-targeting sites are highlighted in red. The red characters “-” indicate the deleted bases in the knockout cells. PAM sites are indicated in 
blue letters. B The knockout of KCNE4 in HeLa cells was confirmed by Western blot. C The viability of KCNE4-KO and control cells was assessed using the 
CCK8 assay. D and EKCNE4-KO and WT cells were infected with ORFV (MOI = 0.01) at 24 h, and cells were harvested for RT-qPCR and fluorescence assays, 
respectively. F ORFV-induced CPE in WT and KCNE4-KO cells infected with ORFV at an MOI of 0.01. Dotted frames indicate CPE induced by ORFV infection. 
G Assessment of cell viability in WT and KCNE4-KO cells after ORFV infection. HKCNE4-KO and control cells were infected with ORFV (MOI = 0.01) at 12, 24, 
and 36 h, and ORFV DNA levels were determined by RT-qPCR. I and JKCNE4-KO and WT cells were infected with ORFV-GFP at different MOIs (0.05, 0.1, 0.2, 
and 0.5), and a fluorescence assay was used to detect the ORFV-GFP expression at 12, 24, and 36 hpi. Scale bar, 200 μm. ns: not significant, **** P < 0.0001
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Knocking KCNE4 out inhibits the entry of ORFV into the 
HeLa cells
Ion channels can affect the steps of viral entry, replica-
tion, and release, thereby affecting the infection effi-
ciency and pathogenicity of the virus [18]. Given the 
above-mentioned results suggested KCNE4 to be impor-
tant in the ORFV infection, we sought to determine the 
stage of life cycle at which the ORFV infection is affected 
by KCNE4. The KCNE4-KO and WT HeLa cells were 
infected with ORFV and tested under different condi-
tions. The attachment and internalization assays showed 
that KCNE4 knockout suppressed ORFV entry into the 
Hela cells (Fig. 6). Subsequently, we assessed the impact 
of the KCNE4 knockout on viral replication and release. 
We found that the amount of ORFV DNA was lower in 
the KCNE4-KO than the WT HeLa cells, indicating that 

KCNE4 does play a role in the ORFV infection (Fig.  6). 
Overall, knocking KCNE4 out from the HeLa cells 
reduced the ORFV attachment, internalization, replica-
tion, and release. Thus, these results indicate that KCNE4 
may intricately regulate gene expression to support the 
ORFV entry into the affected cells.

Effects of small-molecule antagonists on the ORFV 
infection
KCNE4 is one of the subunits of voltage-gated potassium 
ion channels, which can interact with KCNQ1 channels 
to form KCNQ1/KCNE4 ion channel complexes and par-
ticipate in intracellular signal transduction. To examine 
whether K+ channel inhibitors could affect the ORFV 
infection, we evaluated the effect of two inhibitors such 
as quinidine and fluoxetine on the ORFV infection in the 

Fig. 5 KCNE4 is a host gene essential for the ORFV infection. A and BKCNE4-KO and WT cells were infected with ORFV-GFP at different MOIs (0.02, 0.05, 
0.1, and 0.2) for 24–48 h. An FACS assay was used to detect ORFV-GFP expression. C and D The level of fluorescence ratio was analyzed by the GraphPad 
software
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STICs and HeLa cells. Cell proliferation was not affected 
after the treatment with certain concentrations of inhibi-
tors, as determined by the CCK8 assay (Fig. 7A and D). 
Next, we analyzed the viability of STICs and HeLa cells 
treated with quinidine and fluoxetine. The results showed 
that the cell viability was higher in the inhibitor-treated 
groups than in the control groups after the ORFV infec-
tion (Fig.  7E and H). Subsequently, we assessed the 
impact of inhibitors on STICs and HeLa cells by fluores-
cence microscopy assay. The infection capacity of ORFV 
was significantly inhibited at different concentrations of 
quinidine and fluoxetine in STICs and HeLa cells (Fig. 7I 
and L). Taken together, these results revealed that tar-
geted inhibition of KCNE4 by quinidine and fluoxetine 
significantly suppressed the ORFV infection, implying 
that KCNE4 was essential for the ORFV infection.

Discussion
Orf is a zoonotic disease induced by ORFV. ORFV 
could cause pustular lesions, and the morbidity rate may 
approach 90%, which poses a serious threat to human 
health and the economic loss of the livestock indus-
try worldwide [19, 20]. However, there are few studies 
regarding the interaction between the ORFV infection 
and host cells. Thus, we performed an RNA-seq assay to 
explore ORFV-host interactions, providing a significant 
reference for the control and prevention of ORFV.

In this study, the proliferation of STICs infected with 
ORFV was investigated for the first time. We found 

that STICs were susceptible to the ORFV infection by 
microscopic observation and the RT-qPCR assay. For 
the purpose of identifying genes involved in the ORFV 
infection, we used RNA-seq to identify DEGs from the 
ORFV-infected STICs. GO enrichment analysis demon-
strated that DEGs were mainly present in ion transport, 
intermembrane lipid transfer, and protein secretion. We 
then chose the ten shared DEGs at each time point (9, 24, 
and 48 hpi) for subsequent analysis. Our results showed 
that the ORFV infection was significantly inhibited in the 
KCNE4, KCNH7, ITGA7, and GRHL3 siRNA knockdown 
cells, suggesting that the four candidate genes have anti-
viral effects on STICs. It is noteworthy that knockdown 
of KCNE4 expression exhibited the most significant viral 
inhibition. Therefore, we mainly aimed to investigate the 
role of KCNE4 in the ORFV infection.

KCNE4 is the 4th member of the KCNE Kv chan-
nel regulatory subunit family, which encodes a single-
spanning membrane protein [21]. Previous studies have 
shown that KCNE4 is a key regulator in leukocytes and 
physically interacts with the Kv1.3 channel, altering its 
trafficking and electrophysiological properties [22]. Cur-
rently, there has been increasing evidence that KCNE4 
is associated with the disease of atrial fibrillation [23]. In 
the present study, our findings revealed that KCNE4 is an 
essential host factor that could reduce ORFV viral DNA 
production. We further found that down-regulation of 
the KCNE4 expression significantly reduced the ORFV 

Fig. 6 Knockout of KCNE4 inhibits the ORFV entry. KCNE4-KO and WT cells were infected with ORFV at 4 °C for 1 h and then harvested. An RT-qPCR assay 
was used to assess virion attachment at the cell surface. KCNE4-KO and WT cells were infected with ORFV for 1 h and then incubated at 37 °C for 2 h to 
allow the virus to get internalized. Cells were harvested, and viral internalization activity was assessed by an RT-qPCR assay. KCNE4-KO and WT cells were 
infected with ORFV, and then the cells were incubated at 37 °C for 5 h to allow the virus to replicate. The amount of viral DNA was detected by an RT-qPCR 
assay. KCNE4-KO and WT cells were infected with ORFV (MOI = 0.05) and incubated at 4 °C for 1 h. The cells were washed three times with PBS at 12 hpi 
and were cultured at 37 °C for another 2 h. The amount of viral DNA was detected by an RT-qPCR assay
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entry, suggesting that KCNE4 is a critical host factor for 
promoting the ORFV infection.

Quinidine is known as a classic IA antiarrhythmic drug 
that can nonspecifically inhibit Na+ influx and K+ out-
flow [24]. A previous study has shown that it reduces sei-
zure frequency [25]. Fluoxetine might affect the gut viral 
community [26]. Both quinidine and fluoxetine are inhib-
itors of the K+ potassium channel. Here, we found that 

quinidine and fluoxetine could significantly inhibit the 
ORFV infection, suggesting that the inhibitors may have 
an antiviral effect against ORFV. Based on these analy-
ses, we hypothesize that KCNE4 may regulate the func-
tion of the K+ potassium channel to influence the ORFV 
infection. However, the exact regulation remains unclear, 
and further studies are needed to explore the detailed 
mechanisms.

Fig. 7 Small molecules inhibit the ORFV infection. A-D STICs and HeLa cells were incubated with different concentrations (0.1, 0.2, 0.5, 1, 5, and 10 µM) of 
quinidine and fluoxetine, respectively. Cell viability was tested by the CCK8 assay. E-H The effects of quinidine and fluoxetine in ORFV-infected cells. Cell 
viability was determined by the CCK8 assay. I-L STICs and HeLa cells were incubated in advance with different concentrations of quinidine and fluoxetine, 
and the cells were treated with ORFV. A fluorescence microscopy assay was performed to test the effects of inhibitors on the ORFV infection. Scale bar, 
200 μm. ns: not significant, **** P < 0.0001
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Several limitations would be dissected in future 
research, including (i) the need to evaluate the ORFV 
susceptibility in human and other cell lines and (ii) the 
need to further investigate the mechanisms between 
ORFV receptor genes and host cells. Taken together, our 
study provides an in-depth insight into the ORFV infec-
tion, which may help in the development of antiviral 
drugs and disease prevention.

Conclusions
Our study demonstrated for the first time that KCNE4 
plays an important role in the ORFV infection. KCNE4 
knockout downregulated the expression of ORFV, result-
ing in impaired virus entry. In addition, small-molecule 
inhibitors targeting the K+ potassium channel were able 
to inhibit ORFV infection. Taken together, these findings 
enrich our understanding of the interaction mechanism 
between KCNE4 and the ORFV infection.

Materials and methods
Cell culture
STICs and HeLa cells were purchased from the Cell Bank 
of the Chinese Academy of Sciences (Shanghai, China). 
The cells were cultured in Dulbecco’s modified eagle 
medium (DMEM, Gibco, USA) supplemented with 10% 
fetal bovine serum (FBS, BI, Israel) and 1% penicillin/
streptomycin (Beyotime, China). Cells were maintained 
at 37 °C with 5% CO2.

Virus infection
The wild virus LY/2012/China strain of ORFV was pro-
vided by the Lanzhou Veterinary Research Institute, 
the Chinese Academy of Agricultural Sciences (Lan-
zhou, China), and the titer of the virus stock used was 
10− 2.5/100 µL. The recombinant ORFV-GFP was derived 
from the ORFV strain with the CBP gene replaced by the 
GFP expression cassette from the U6-GFP plasmid (a gift 
from ShanghaiTech University). After cells were infected 
with ORFV at different MOIs (the ratio of virus to target 
cells), the cells were incubated at 37  °C for 1 h, and the 
unbound virus was removed by washing the cells three 
times with phosphate-buffered saline (PBS). The cells 
were cultured at 37 °C for 72 h.

RNA-seq
STICs were infected with ORFV at an MOI of 1, and cel-
lular samples were collected at 9, 24, and 48 hpi. Total 
RNA was extracted from the infected STICs using TRIzol 
Reagent (Invitrogen, USA). The transcriptome sequenc-
ing and analysis were conducted by BGI-DNBSEQ (BGI, 
China). A corrected P value of < 0.05 and an absolute fold 
change (|log2FC|) of > 2 were set as the thresholds for sig-
nificantly differential expression.

Small interfering RNA (RNAi) assay
RNAi negative control and targeting siRNAs for ten can-
didate genes (ACTC1, DDX4, GRHL3, HMGA2, ITGA7, 
KCNH7, KCNE4, LRP2, OLFM1, and SEMA6A) were 
commercially synthesized from Gene Pharma (Shanghai, 
China). A total of 0.1 × 106 cells per well were seeded in 
a 12-well plate. When STICs were grown to 80% con-
fluence, 40 pmol siRNAs per well were transfected into 
STICs using Lipo8000 Transfection Reagent (Beyotime, 
China) according to the manufacturer’s instructions. The 
knockdown efficiency of the candidate genes was deter-
mined by RT-qPCR at 48 hpi. Each assay was performed 
in triplicate. Primer sequences are shown in Additional 
file 1: Table S1.

Construction of KO HeLa cell lines for candidate genes
We designed single guide RNAs (sgRNAs) to knock-
out candidate genes in HeLa cells and cloned them into 
the pGL3-U6-sgRNA-GFP vector (a gift from Huang 
Xingxu’s lab, ShanghaiTech University, China) using BsaI 
(NEB, China). For transfection, 0.5  µg of sgRNA plas-
mid and 2  µg of Cas9 plasmid were transfected using 
Lipo8000 Transfection Reagent (Beyotime, China). 
After 48  h of transfection, cells with green fluores-
cent protein expression were identified by FACS. The 
GFP-positive cells were then seeded into 96-well plates. 
Wells containing single-cell clones were expanded and 
used for genomic DNA extraction (CWBIO, China) 
and PCR amplification. Genomic DNA from the cells 
was extracted using the Universal Genomic DNA Kit 
(CWBIO, China). The knockout efficiency was confirmed 
by Sanger sequencing of the PCR products and Western 
blotting assessments of the protein expression of target 
genes. Primer sequences are shown in Additional file 1: 
Table S2.

Cell viability assay
WT and KO HeLa cells were planted into 96-well plates 
with 2 × 103 cells/well. Cell viability was determined 
every 24 h with the CCK8 Kit (Beyotime, China). For the 
inhibitor assay, STICs and HeLa cells were planted into 
96-well plates with 2 × 103 cells/well. On the next day, 
the medium was replaced with DMEM/10% FBS supple-
mented with various concentrations of certain quinidine 
or fluoxetine. The absorbance at 450  nm was detected 
with a microplate reader.

RT-qPCR
Viral DNA was extracted using the TIANamp Virus 
DNA Kit (TIANGEN, China). Total RNA from the cell 
genome was extracted using the RNA Easy Fast Cell Kit 
(TIANGEN, China). The complementary DNA (cDNA) 
was obtained by RT-qPCR using ReverTra Ace qPCR 
RT Master Mix (TOYOBO, Japan). The RT-qPCR assay 
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was performed in triplicate using SYBR qPCR Master 
Mix (Vazyme, China) in a Light Cycle Roche 480 II RT-
qPCR system (Roche, Switzerland). The relative expres-
sion level was calculated using the 2−ΔΔCt method. Primer 
sequences are shown in Additional file 1: Table S3.

Flow cytometry
WT and KCNE4-KO HeLa cells were seeded onto 24-well 
plates 24  h prior to infection. Cells were infected with 
ORFV-GFP (MOIs = 0.02, 0.05, 0.1, and 0.2) for 24–48 h 
and digested with trypsin-EDTA (Gibco, USA). Then, the 
cells were collected by centrifugation at 1,000 rpm for 
5 min and resuspended in PBS. The percentage of GFP-
positive cells was measured by flow cytometry. All data 
were acquired and analyzed using FlowJo.

Treatment of inhibitors
Quinidine (MCE, HY-B1751) and fluoxetine (MCE, 
HY-B0102) were dissolved in dimethyl sulfoxide (DMSO) 
at a stock concentration of 1 mM and stored at -80  °C. 
STICs and HeLa cells were incubated with the specified 
concentration of inhibitors for 2 h and then infected with 
ORFV at an MOI of 0.01. Then, the cells were prepared 
for cell viability and fluorescence assays at 24 hpi.

Western blotting
Cells were collected and lysed with the RIPA lysis buf-
fer (Beyotime, China). Lysates were mixed with 5× SDS-
PAGE sample loading buffer (Beyotime, China) and 
heated at 95 °C for 10 min. Then, proteins were subjected 
to 12.5% SDS-PAGE and transferred onto a polyvinyli-
dene fluoride (PVDF) membrane. The PVDF membrane 
was blocked by nonfat dry milk for 1 h. Next, the PVDF 
membrane was incubated overnight at 4 °C with specific 
primary antibodies, including KCNE4 (Abcam, USA) 
and β-actin (Abcam, USA). Subsequently, goat anti-rab-
bit IgG (H + L) secondary antibody (Thermo, USA) was 
applied at 1:5,000 dilutions and incubated at 37  °C for 
1 h. Finally, the proteins were detected with ECL Prime 
Western Blotting Detection Reagents (Beyotime, China).

Virus attachment, internalization, replication, and release 
assays
To test the effect of KCNE4 on ORFV attachment to the 
cell surface, we cultured WT and KCNE4-KO cells in 
24-well plates and treated them with ORFV (MOI = 10) at 
4  °C for 1 h. After being washed with ice-cold PBS, the 
viral DNA was extracted from infected cells and evalu-
ated by an RT-qPCR assay. To determine the effect of 
KCNE4 on ORFV internalization, the cells were seeded 
onto 24-well plates and incubated with 10 MOI ORFV 
at 4  °C for 1 h. Next, the cells were washed three times 
with PBS and incubated at 37 °C for 2 h. Afterward, the 
cells were harvested, and virus infection was detected by 

RT-qPCR. The ORFV replication assay was conducted 
by infecting WT and KCNE4-KO cells with ORFV 
(MOI = 1) at 37  °C for 1 h and washed three times with 
PBS. Then, the cells were incubated at 37 °C for 5 h. The 
DNA expression level of ORFV was determined by RT-
qPCR. To examine the effect of KCNE4 on ORFV release, 
the cells were infected with ORFV (MOI = 0.05) and incu-
bated at 4 °C for 1 h. The cells were washed three times 
with cold PBS at 12 hpi and were cultured at 37  °C for 
another 2  h. Finally, viral DNA in the supernatant was 
detected by RT-qPCR.

Statistical analysis
Statistical analysis was performed using the Student’s 
two-tailed unpaired t-test or an analysis of variance 
(ANOVA) with GraphPad Prism 9.0 software. Data are 
expressed as the means ± SD. ns: not significant, * P < 0.05, 
** P < 0.01, *** P < 0.001, and **** P < 0.0001.
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