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TRIM28 regulates the coagulation cascade 
inhibited by p72 of African swine fever virus
Xuejiao Zhu1,2,4,8†, Fang Li3†, Baochao Fan1,2,4,5,8, Yongxiang Zhao1,2,4,8, Junming Zhou1,2,4,8, Dandan Wang1,2,4,8, 
Renqiang Liu3, Dongming Zhao3, Huiying Fan7 and Bin Li1,2,4,6,8*   

Abstract 

In 2018, African swine fever virus (ASFV) emerged in China, causing extremely serious economic losses to the domes-
tic pig industry. Infection with ASFV can cause disseminated coagulation, leading to the consumption of platelets 
and coagulation factors and severe bleeding. However, the mechanism of virus-induced coagulation has yet to be 
established. In our study, ASFV downregulated the coagulation process, as detected by D-dimer (D2D) and Factor 
X (F10) expression in pigs challenged with ASFV HLJ/18. In vitro, ASFV infection increased Factor IX (F9) and Factor 
XII (F12) expression while downregulating F10 expression in porcine alveolar macrophages (PAMs). African swine 
fever virus induced both intrinsic and extrinsic coagulation cascades. In addition, several encoded proteins affect 
the expression of the crucial coagulation protein F10, and among the encoded proteins, p72 inhibits the activity 
and expression of F10. Proteomic analysis also revealed that p72 is involved in the coagulation cascade. p72 can inter-
act with F10, and its inhibitory functional domains include amino acids 423–432 and amino acids 443–452. Finally, 
we found that F10 and p72 interact with tripartite motif-containing protein 28 (TRIM28). TRIM28 knockdown resulted 
in a decrease in F10 expression. Importantly, TRIM28 contributes to the reduction in F10 protein expression regulated 
by p72. Our findings revealed an inhibitory effect of the viral protein p72 on the ASFV infection-induced coagulation 
cascade and revealed a role of TRIM28 in reducing F10 expression, revealing a molecular mechanism of ASFV-associ-
ated coagulation.
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Introduction
African swine fever (ASF) is one of the most impor-
tant exotic animal diseases in China. ASF is an acute, 
febrile, and highly contagious disease of swine caused 
by African swine fever virus (ASFV), with an incidence 
rate of acute infection as high as 100% [1]. The general 
symptoms of infected pigs include high fever, respiratory 
disorders, multiple organ bleeding, and acute infection-
related mortality. In August 2018, China reported the 
first outbreak of African swine fever, after which the epi-
demic spread rapidly, causing considerable losses to the 
Chinese pig industry [2–4]. African swine fever virus is 
the only member of the family Asfarviridae and the only 
known DNA arbovirus. It consists of a nucleoid, a pro-
tein core shell, an inner lipid membrane, an icosahedral 
protein capsid, and an outer lipid membrane [5]. The 
ASFV genome is a double-stranded DNA molecule of 
170 to 190 kbp encoding more than 151–167 open read-
ing frames, depending on the virus strain. Most func-
tions of the encoded proteins are unknown [6]. The 
pathogenesis of ASFV is extremely complex, and ASFV 
has genotype diversity and antigen variability; to date, no 
effective vaccine or antiviral strategy has been approved 
for the prevention and control of ASFV infection, but 
several improved vaccine candidates are available. Recent 
research demonstrated that a recombinant experimen-
tal vaccine candidate [7–11], ASFV-G-ΔI177L, gener-
ated by deleting the I177L gene from the genome of the 
highly virulent pandemic ASFV strain first identified in 
Georgia by the United States Department of Agriculture, 
is able to protect pigs against the virulent ASFV isolate 
currently circulating and producing disease in Vietnam 
with similar efficacy as that reported for the Georgia 
strain [12, 13]. African swine fever virus usually leads to 
coagulation, but the mechanism is unknown. Systemic 
haemorrhage of multiple tissues and organs is a charac-
teristic symptom of pigs infected with ASFV. Infection 
with ASFV is characterized by extensive bleeding and 
severe changes in the coagulation system, prolonged 
bleeding time, blood clot-impaired contractility, and 
decreased platelet aggregation [14]. In pigs infected with 
ASFV, bleeding can appear in areas such as the ear, nose, 
axilla, abdomen, perineum, tail, and foot [15, 16]. Char-
acteristic bleeding may occur in the stomach, liver, kid-
ney, and lymph nodes accompanied by splenomegaly and 
pulmonary oedema, all of which are consistent with dis-
seminated intravascular coagulation (DIC) [17, 18].

In a physiological state, the coagulation system is an 
important part of innate immunity [19, 20]. When the 
body is exposed to exogenous or endogenous damage, 
the coagulation cascade reaction is activated to stop 
bleeding and prevent the infection of pathogenic micro-
organisms and the possible inflammatory response [21, 

22]. Disruption of coagulation system function can cause 
severe damage to blood vessels and corresponding tissues 
and organs. Haemostasis comprises three elements: hae-
mostasis, coagulation, and fibrinolysis [23]. The coagu-
lation cascade is widely acknowledged. Most factors in 
the coagulation system are serine proteases. Coagula-
tion results from a series of linked coagulation protease–
zymogen reactions, eventually leading to the formation 
of active thrombin (FIIa), which transforms soluble fibrin 
into insoluble fibrin [24–26].

The coagulation activation process involves intrinsic 
and extrinsic pathways, both of which are involved in 
coagulation aggregation at the activation point of Factor 
X (F10) [27]. The thrombin formed by these two path-
ways is eventually transformed into fibrin in filament and 
crisscross forms and is filled with many blood cells to 
form blood clots [28]. Disseminated intravascular coagu-
lation is one of the most pivotal factors in organ bleeding, 
as it leads to the consumption of coagulation factors and 
platelets, after which severe bleeding occurs [29]. Caused 
by the excessive activation of coagulation reactions, DIC 
leads to microvascular fibrin thrombosis, severe micro-
circulation failure due to the consumption of a large 
number of clotting factors and platelets, and secondary 
fibrin dissolution resulting in extensive systemic bleed-
ing. The clinical outcomes of DIC include multiple organ 
dysfunction syndrome and death. In DIC, the coagulation 
pathways cause a large amount of thrombin production 
in a short time, with most of the process activated by tis-
sue factor (TF). In addition to TF and other coagulants, 
inflammatory factors produced by different disease-
related products can also affect the coagulation system 
and cause DIC. A procoagulant state can be defined 
by a series of alterations in the blood accompanied by 
increased levels of clotting factors (e.g., Factor VIII (F8) 
and Factor XI (F11)), soluble tissue factor and von Wille-
brand factor and decreasing levels of the natural anti-
coagulants protein C, protein S, antithrombin, or tissue 
factor pathway inhibitor. Furthermore, the levels of mark-
ers of thrombin generation (prothrombin fragment 1 t 2 
and thrombin-antithrombin complexes), platelet activa-
tion, fibrin degradation and fibrinolysis (e.g., D-dimer 
(D2D) and plasmin-a2-antiplasmin complexes) are also 
increased. Elevated levels of multiple coagulation marker 
complexes have been detected in non-haemorrhagic [30–
32] (e.g., influenza, human immunodeficiency virus, hep-
atitis C virus) and haemorrhagic [33–36] (e.g., Ebola and 
dengue-haemorrhagic viruses) viral infections, indicating 
that the coagulation system is activated.

Previous research has shown that ASFV infection also 
causes characteristic DIC events, such as coagulation fac-
tor and platelet consumption, leading to multiple types of 
tissue bleeding and organ dysfunction [17, 37, 38]. Early 
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studies have shown that ASFV infection can decrease 
thrombin and platelet levels. The blood coagulation time 
was prolonged, leading to extensive bleeding, which 
became more severe with increased virulence [17, 37, 39]. 
In a recent study, ASFV OURT 88/3- and Benin-infected 
animals containing various coagulation cascade-related 
genes were differentially expressed in extracellular vesi-
cles compared with those in the control group. There is 
a close relationship between ASFV infection and coagu-
lation reactions [40]. Systemic multiple-organ haemor-
rhage is a characteristic symptom of ASFV infection in 
pigs [15]. Disseminated intravascular coagulation may be 
an important response to ASFV infection, but its specific 
molecular mechanism is still unclear. The liver is consid-
ered to be the main producer of most complement and 
coagulation components. Myeloid cells, such as mono-
cytes and macrophages, are central innate immune cells 
that are not only responsible for eradicating invading 
pathogens but also crucial for initiating both inflamma-
tory and coagulant responses [41–44]. The excessive acti-
vation of host innate immune and coagulation responses 
can lead to multiorgan failure and death [45, 46].

Tripartite motif-containing protein 28 (TRIM28) is 
a large multidomain protein that shares many struc-
tural features with three other TRIM proteins, TRIM24 
(TIF1α), TRIM33 (TIF1γ), and TRIM66 (TIF1δ), which 
together constitute a Transcriptional Intermediary Factor 
1 (TIF1) family [47, 48]. The TRIM28 protein contains 
four conserved structural domains, including a RING fin-
ger, two B-boxes, and a leucine zipper coiled-coil region 
(CC) at the amino (N) terminus [49]. TRIM28 has a plant 
homeodomain (PHD) finger and a bromodomain at its 
carboxyl (C) terminus. The PHD finger, as well as the 
RING domain, is a cysteine/histidine-rich structure that 
endows TRIM28 with intrinsic E3 ubiquitin ligase (RING 
domain) and SUMO E3 ligase (through the PHD) activity 
[50, 51].

Our study revealed that ASFV could reduce F10 and 
D2D expression in  vivo and induce both intrinsic and 
extrinsic coagulation cascades in vitro. In addition, sev-
eral encoded proteins affect the expression of the cru-
cial coagulation protein F10, and among the encoded 
proteins, p72 is involved in the coagulation cascade by 
downregulating F10 expression and interacting with F10. 
We also revealed a special role for TRIM28 in mediat-
ing F10 degradation and revealed a novel mechanism of 
coagulation regulated by ASFV.

Materials and methods
Viruses and cell culture
The ASFV strain GZ201801 used in the in  vitro study 
(GenBank: MT496893.1), which belongs to Genotype II, 
was obtained from South China Agricultural University 

[52]. The ASFV HLJ/18 used in the animal study is a 
genotype II strain (GenBank: MK333192), which was iso-
lated and preserved by the State Key Laboratory for Ani-
mal Disease Control and Prevention, Harbin Veterinary 
Research Institute [18].

ASFV was propagated in porcine alveolar macrophage 
(PAM) cells. Porcine alveolar macrophages were collected 
from 20–30-day-old specific pathogen-free (SPF) pigs as 
previously described [53], and the cells were maintained 
in 10% foetal bovine serum (GIBCO, Invitrogen Corpora-
tion, CA, USA) RPMI 1640 medium (Thermo Scientific, 
USA) supplemented with 1% glutamine. Human embry-
onic kidney cells (293-T), Huh7 cells, porcine kidney 
cells (PK-15), 3D4 cells, and porcine iliac artery endothe-
lial  cells (American Culture Collection, Manassas, VA, 
USA) were grown in Dulbecco’s modified Eagle’s medium 
supplemented with 10% fetal bovine serum, 250 U/mL 
penicillin, and 250 μg/mL streptomycin (Thermo Fisher). 
The cells were maintained at 37 °C in a humidified atmos-
phere supplemented with 5%  CO2.

Plasmids
The different open reading frames of the ASFV strains 
GZ201801 and F10 (Sus scrofa) were synthesized by the 
Shanghai Genescript Company. The F10 promoter was 
constructed in the pGL-Basic 6 plasmid and sequenced 
correctly.

Antibodies and reagents
FLAG rabbit polyclonal antibody (Cat No AF0036) was 
purchased from Abmart (Shanghai, China); anti-F10 pri-
mary antibody was purchased from Beyotime (Cat No 
AF6831) (Wuhan, China); and anti-HA (Cat No51064-
2-AP), anti-TRIM28 (Cat No 15202-1AP), anti-F12 (Cat 
NO 12551-1-AP), anti-F9 (Cat No 21481-1-AP), anti-F7 
(Cat No 23058-1-AP), anti-F2 (Cat No 66509-1-lg), and 
anti-F8 (Cat NO 66722-1-lg) primary antibodies were 
purchased from Proteintech (Wuhan, China). An anti-
F11 antibody was purchased from Sino Biological (Cat 
No 10302-RP01). The pig coagulation F10 ELISA kit, pig 
coagulation factor II ELISA kit, and D-dimer ELISA kit 
were purchased from Cusabio Company (Wuhan, China). 
The inhibitor MG132 (Cat No. S2619) was purchased 
from Selleck (Shanghai, China).

Quantitative PCR
The same amounts of cell and supernatant lysates for viral 
load detection were collected, and DNA was extracted. 
The data were analysed using the absolute quantita-
tive polymerase chain reaction (qPCR) method. SYBR 
Green qPCR mix (Vazyme, China) was used according 
to the manufacturer’s recommendations. The reaction 
procedure was as follows: 95 °C for 10 s, followed by 40 
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cycles at 95 °C for 10 s, 55 °C for 30 s, and 72 °C for 30 s. 
Quantitative PCR was performed on an ABI Q6 (Applied 
Biosystems, Foster City, CA, USA). Porcine alveolar mac-
rophages were collected for RNA extraction, and 200 ng 
of each RNA sample was reverse transcribed. The RNA 
reverse transcription products of PAMs were subjected 
to qPCR. Data analysis was conducted using the  2−ΔΔCt 
comparative threshold method, and gene expression was 
normalized to the level of β-actin (Actb) mRNA. The 
results are presented as the fold change in relative expres-
sion compared with that in the mock group.

Western blot
PAM cells or other proteins were collected in lysis buffer 
containing 1% protein inhibitor. A total of 20–30  μg of 
cell lysate protein from each sample was subjected to 
10–12% sodium dodecyl sulphate‒polyacrylamide gel 
electrophoresis (SDS‒PAGE) and transferred onto 0.22-
μm nitrocellulose membranes (Pall, Port Washington, 
NY, USA). The membranes were then incubated with 5% 
non-fat milk at room temperature for 2 h, washed three 
times with phosphate-buffered saline (PBS) containing 
0.05% Tween 20, incubated with primary corresponding 
antibodies overnight at 4  °C, washed three times with 
PBS-T and incubated with a horseradish peroxidase-
conjugated goat anti-mouse (or rabbit) IgG secondary 
antibody at room temperature for 1 h. Detection was per-
formed using an enhanced chemiluminescence system 
(Thermo Fisher Scientific).

siRNA
RNA interference was performed by transfecting siRNA 
fragments of coagulation factors F1–F12 and control 
siRNA. The siRNA sequences used are listed in Table 1. 
siRNA fragments (1  μg) were transfected into PAM 
cells using Rfect siRNA Transfection Reagent (BAIDAI, 
China). The efficacy of RNA interference was evaluated 
by Western blot analysis.

Animal experiments
The virulence of ASFV HLJ/18 was assessed in 8-week-
old SPF pigs. Six pigs (numbered 1–6) were intramuscu-
larly (IM) inoculated with  102.5  HAD50 of ASFV HLJ/18. 
The development of ASF clinical symptoms (anorexia, 
depression, fever, purple skin discolouration, staggering 
gait, diarrhoea, and cough) and body temperature were 
recorded daily throughout the experiment. Blood sam-
ples were collected at 0, 3, 5, and 7 dpi to measure ASFV 
genomic DNA copy numbers; F10 and F10 activity; and 
Factor II (F2) and D2D expression by enzyme-linked 
immunosorbent assay (ELISA).

Enzyme‑linked immunosorbent assay
Blood samples from pigs challenged with ASFV HLJ/18 
were collected at 0, 3, 5, and 7 dpi to measure F10 and 
F10 activity and F2 and D2D expression by ELISA, and 
ELISA was also performed within the enhanced biosafety 
level 3 (P3) group. All coagulation factor or related fac-
tor analyses were performed via commercial ELISA kits, 
and the procedures were conducted in strict accordance 
with the manufacturer’s instructions. The supernatants of 
Huh7 cells transfected with different plasmids were col-
lected for F10 detection.

In vitro study
PAM cells were isolated following a previously described 
method [54], and the cells were incubated in 24-well cell 
culture plates at 5 ×  105 cells per well and then infected 
with 0.1 MOI ASFV for 6, 12, 24, or 36 h. The infected 
cells and mock cells were collected at the indicated time 
points for western blot analysis and qPCR.

Confocal microscopy
293-T cells were co-transfected with 1 μg of pcDNA3.1-
F10-FLAG, pcDNA3.1-p72-HA, or mock plasmid in 
24-well culture plates for 24 h. Alternatively, 293-T cells 
were transfected with p72-HA or F10-FLAG. At 24  h 
post-transfection, the cells were processed for confo-
cal microscopy by fixation in 4% paraformaldehyde for 
30 min. The cell membranes were permeabilized in PBS 

Table 1 siRNAs used in the study 

siRNA sequence

si-ssc-F3_001 TCA GAT AAG CCC TAG ACT A

si-ssc-F3_002 CTT CGA GTA CAG GAA AGA A

si-ssc-F3_003 GCA CTA CAG ATG TAA TTG T

si-ssc-F7_001 TCT GGG TTT CCT ACA ACG A

si-ssc-F7_002 AAC TGC GAA ACC AAC AAG A

si-ssc-F7_003 GAG CCC ACA GTT GAA TAT C

si-ssc-F8_001 TAC CCT GAA GAA CAT GGC T

si-ssc-F8_002 GAG AAG GAA GAC GAT AAA G

si-ssc-F8_003 ACC TGG TGA AAG ACC TGA A

si-ssc-F9_001 CCC AAT CCA TGC TTA AAC G

si-ssc-F9_002 TCA TCT GAC GAC TTT ATT C

si-ssc-F9_003 GCG GTT CCA TCA TTA ATG A

si-ssc-F11_001 GCA ATG CTC ACA CCA AAT A

si-ssc-F11_002 CTA CCA TGA CAC TGA ATT C

si-ssc-F11_003 GGA TAC AGA AGC CAC AAG A

si-ssc-F12_001 TGA AAG ACC ACT GCA ACA A

si-ssc-F12_002 CAA TCC TTA CTC CGA CCC A

si-ssc-F12_003 GTA TTA CAA GTG CAT CCA A

siTRIM28 TGG CTC TGT TCT CTG TCC T
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containing 0.2% Triton X-100 for 5  min. The fixed cells 
were incubated with anti-HA and anti-FLAG antibod-
ies (1:500 diluted with PBS) or anti-TRIM28 at 37 °C for 
1  h. After washing three times with PBS, Alexa Fluor 
555-conjugated goat anti-rabbit IgG and Alexa Fluor 
488-conjugated goat anti-mouse IgG mixed (at 1:400 
dilution) were added to the target well and incubated for 
an additional 1  h. After washing three times with PBS, 
the cell nuclei were stained with DAPI for 5 min before 
viewing via laser-scanning confocal microscopy.

Immunoprecipitation
P72 (151–450 aa) inhibits F10 expression. To determine 
whether the inhibitory effect depends on the interaction 
of p72 with F10, 293-T cells were transfected with 1 μg 
of pcDNA3.1-p72-HA (151–450 aa) or mock vector in 
24-well culture plates per well. Alternatively, 293-T cells 
were transfected with 1 μg of p72 or F10-FLAG. At 24 h 
post-transfection, the cells were lysed in 100 μL of lysis 
buffer. The cell lysates were centrifuged (5000 × g, 5 min), 
100 μL of the supernatant was collected as the input pro-
tein and preserved at -80  °C, and the remaining super-
natants were incubated overnight at 4  °C with 1  μg of 
anti-HA antibodies (or anti-FLAG or anti-TRIM28) and 
then precoupled with 40 μL of A/G Plus agarose beads 
for 4 h at 4 °C. The immune complexes were precipitated, 
washed, and subjected to western blot analysis.

Pull‑down assay
The pig F10 protein is a commercial product (Elabsci-
ence, Shanghai, China), and the p72 protein (aa 321–451) 
and mock control protein (Rep protein derived from por-
cine circovirus type 2 with a His tag preserved by our 
laboratory) were secreted in a prokaryotic expression 
system and purified with His-tag purification resin. The 
same concentrations of p72 truncation or mock control 
were mixed with the F10 protein. The immune complexes 
were incubated overnight at 4 °C, precoupled with 40 μL 
of His-tag resin at 4 °C for another 4 h and subjected to 
western blot analysis.

LC‒MS/MS analysis and data processing
pB646L (p72) of ASFV tagged with hemagglutinin (HA) 
at the C-terminus was synthesized into the plasmid 
pCDNA-3.1( +) by GenScript Corporation (Shanghai, 
China) and sequenced correctly. The 293-T cells were 
then separately transfected with pcDNA3.1( +)-p72-HA 
and pcDNA3.1( +) (1  μg per well, 12  μg in total) by 
Lipofectamine 3000 (Thermo Scientific, USA), and 
p72-expressing or empty vector-transfected cells were 
washed once in cold PBS and suspended in 1  mL of 
cold immunoprecipitation buffer (Beyotime, China) 
(50 mM Tris–HCl, pH 7.4; 150 mM NaCl; 1 mM EDTA) 

supplemented with 0.5% Nonidet P 40 Substitute (NP-
40; Fluka Analytical) on ice with 1% protease inhibitor 
cocktail (Roche). The cells were then lysed for 30 min at 
4 °C with constant rotation, and the lysates were cleared 
by centrifugation at 5000 × g for 5  min. The lysate was 
removed for western blot analysis (whole-cell lysate frac-
tion). The remaining lysate was incubated with 1  μg of 
anti-HA antibody (Proteintech) overnight at 4  °C and 
then precoupled with 40 μL of A/G Plus agarose beads 
for 4  h at 4  °C according to the manufacturer’s instruc-
tions. The immune complexes were precipitated, washed, 
and subjected to SDS‒PAGE and western blot analysis. 
Peptides for mass spectrometry of triplicate samples 
from each group and for liquid chromatography‒mass 
spectrometry (LC‒MS/MS) were prepared by Shang-
hai Applied Protein Technology Company, and LC‒MS/
MS was performed on a Q Exactive HF mass spectrom-
eter (Thermo Scientific). The database of mock-interact-
ing proteins was deleted for p72-interacting proteins to 
exclude possible contaminants or to specify the proteins 
that interact with p72. The raw data were processed via 
the tool Proteome Discoverer 1.4. GO enrichment analy-
sis results were mapped to Gene Ontology (GO) terms in 
the Gene Ontology database, gene numbers were calcu-
lated for every term, and significantly enriched GO terms 
compared with those in the mock-transfected group were 
defined. The functional enrichment of the gene module 
and Kyoto Encyclopedia of Genes and Genomes (KEGG) 
pathway analyses of the interacting proteins were per-
formed via the web-based tool DAVID.

Effect of the MG132 inhibitor on p72‑mediated F10 
expression
MG132 is an inhibitor of proteasomes, and its working 
concentration is 100  nM. Huh7 cells were treated with 
MG132 (10, 50, or 100 nM) for 4 h prior to p72 trunca-
tion plasmid transfection. After transfection with p72 
truncations for 24  h, the cell lysates were collected and 
subjected to western blot analysis.

Effect of siTRIM28 on F10 expression
TRIM28 siRNA and NC were transfected into Huh7 
cells at different doses (10, 50, and 75 nM). At 12 h post-
transfection, the supernatant was removed, the medium 
was replaced with fresh medium, and the cells were then 
transfected with p72 (151–450 aa) or mock (1 μg). At 24 h 
post-transfection with p72 (151–450 aa), the cell lysates 
were collected and subjected to western blot analysis.

Effect of siTRIM28 on F10 activity
TRIM28 and negative control siRNAs were transfected 
into Huh7 cells (50  nM). At 12  h post-transfection, the 
supernatant was removed, the medium was replaced with 
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fresh medium, and the cells were co-transfected with the 
pGL-F10 promoter plasmid (1  μg) or pRL-TK (0.1  μg) 
with or without p72 (151–450 aa) (1  μg). At 24  h post-
transfection, the cell lysates were collected and subjected 
to western blot and luciferase activity analyses. Luciferase 
activity analysis was performed following the instruc-
tions of the Promega Dual-luciferase® Reporter Assay 
System (Promega, USA).

Statistical analysis
Statistical analysis was performed using GraphPad Prism 
version 5.0.2 (GraphPad Software, San Diego, CA, USA). 
Comparisons between groups were performed using the 
paired t tests and one-way analysis of variance. p < 0.05 
was chosen to indicate statistical significance. All the data 
are expressed as the means ± standard deviations (SDs).

Results
Assessment of ASFV HLJ/18 virulence in pigs
To evaluate the impact of ASFV on coagulation path-
ways, six 30–40  kg SPF pigs were inoculated IM with 
 102.5  HAD50 of lethal ASFV HLJ/18. Two inoculated 
pigs (Nos. 1 and 6) presented a sudden fever (> 40  °C) 

at 3 dpi, and more pigs developed fever after 3 dpi, 
which was quickly followed by the development of full 
clinical disease at 5 dpi. The clinical score of each pig 
was evaluated (Figure  1A), and the clinical symptoms 
included depression (losing appetite and displaying 
lethargy), anorexia, diarrhoea, staggering gait, and pur-
ple skin discolouration (Figure  1B). Virus replication 
in animals experimentally infected with ASFV HLJ/18 
was evaluated by quantifying viremia loads at different 
times post-infection. The viremia values were hetero-
geneous and followed the presentation of the clinical 
symptoms. As expected, viral loads in ASFV HLJ/18-
infected animals started to increase at 1 dpi, peaked at 
5 dpi and remained high at 7 dpi (approximately 2 ×  108 
copies/mL), with only 3 pigs (Nos. 3, 4 and 5) living 
at that time (Figure  1C). Disease severity rapidly pro-
gressed to terminal disease; the No. 1 pig died at 5 dpi, 
the No. 6 pig died at 6 dpi, and only one (No. 4) of the 
six pigs that survived at 8 dpi with high body tempera-
ture developed clinical symptoms. All the animals were 
euthanized in extremis at 8 dpi (Figure 1D). Pathologi-
cal changes were observed in euthanized animals, and 
the gross scores are shown in Table 2. As a result, the 

Figure 1 ASFV infection regulated coagulation and related factors in vivo. A Evolution of rectal temperature, B clinical score in animals (6 
animals) IM infected with  102.5  HAD50 of ASFV HLJ/18. C viremia, viremia values are expressed as copies/mL, sensitivity of virus detection: > 1000 
copies/mL, and D mortality. Dpi: days post-infection. E Sketch of the coagulation activation process. F ASFV-positive serum samples from each pig 
at the indicated time points were collected for detection of F10 and G F10 activity. H ASFV-positive serum samples from each pig at the indicated 
time points were collected for detection of F2 and I D2D by ELISA. Statistical data were analysed by t test analysis of variance (*p < 0.05, **p < 0.01, 
and ***p < 0.001). All the data are expressed as the mean ± SD.
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pathological scores were consistent with the clinical 
symptoms and viral loads.

ASFV infection downregulates coagulation and related 
factors in vivo
The coagulation activation process consists of three main 
processes (Figure 1E), and multiple indices in each pro-
cess are indicated. As previously described, D2D is a 
soluble fibrin degradation product of thrombi generated 
by the fibrinolytic system. The production or increase in 
D2D in the serum reflects the activation of the coagula-
tion and fibrinolytic system. Compared with that at 0 dpi, 
F10 expression increased at 1 dpi but decreased at 3 dpi 
and reached its lowest level at 7 dpi when F10 expres-
sion was significantly lower than that at 0 and 1 dpi. For 
most of the pigs challenged with ASFV, F10 expression 
in  vivo decreased in response to ASFV infection with 
increasing severity and disease development, except for 
one pig (No. 2), in which the initial F10 expression was 
quite low (Figure  1F). Surprisingly, a significant differ-
ence in F10 activity was not observed at the different 
time points; although F10 activity increased at 1 and 3 
dpi, it decreased at 5 and 7 dpi. For each pig, F10 activity 
was very low before they were on the brink of their indi-
vidual sacrifice except for No. 6, which died at 6 dpi, sug-
gesting that F10 activity is preferentially downregulated 
by the severity of the disease in vivo (Figure 1G). We also 
found that the expression of coagulation factor F2 in the 
serum did not significantly change during the course of 
ASFV infection, although this trend was similar to that 
of F10 activity; that is, F2 expression increased slightly at 
1 dpi and decreased at later time points (Figure 1H). For 
the detection of the degradation products of thrombi, the 
serum D2D expression level was significantly elevated 
after challenge with ASFV HLJ/18, gradually decreased at 
later days post-infection, and decreased to its lowest level 
at 7 dpi (Figure  1I). Collectively, these results suggest 
that ASFV HLJ/18 infection can induce coagulation and 
related factor expression in a short period of time while 

downregulating coagulation expression in pigs as the dis-
ease progresses and becomes more severe.

ASFV infection regulates coagulation and related factors 
in vitro
Porcine alveolar macrophages (PAMs) were collected and 
infected with ASFV for 6, 12, 24, or 36  h. The intrinsic 
coagulation factors were Factor XII (F12) and Factor IX 
(F9). The extrinsic coagulation factors are Factor III (F3), 
also known as tissue factor (TF), and Factor VII (F7). 
Factor X is a crucial coagulation factor and is the down-
stream component of both intrinsic and extrinsic coagu-
lation factors. The protein level of F10 was significantly 
lower in ASFV-infected cells than in uninfected cells at 
36 hpi (Figure 2A). In contrast, F9 and F12 protein lev-
els were significantly greater in ASFV-infected cells than 
in uninfected cells at 24 and 36 hpi (Figure  2B). Thus, 
ASFV infection regulated coagulation and related factors 
in vitro.

ASFV infection regulates intrinsic and extrinsic coagulation 
pathways
RNA interference was performed by transfecting 
siRNA fragments of coagulation factors F1–F12 and 
control siRNA. The best RNA interference efficiency 
of each coagulation factor was detected, as shown in 
Additional file  1. The optimal fragment was chosen to 
identify which coagulation pathway (intrinsic or extrin-
sic) affected ASFV infection. Previously, ASFV infec-
tion was shown to reduce F10 expression (Figure  2A), 
which is the key factor in the coagulation cascade. 
Surprisingly, F10 expression was slightly upregulated, 
which was expected to be reduced in F8-, F9-, and 
F11-siRNA-transfected cells, suggesting that there is a 
balance of coagulation between the procoagulant and 
(natural) anticoagulant. The optimal siRNA fragments 
of coagulation factors F1–F12 and the control siRNA 
were transfected into PAMs at 1  μg and infected with 
ASFV, and the results indicated that coagulation factor 

Table 2 Pathological scores of pigs infected with ASFV HLJ/18 

Gross scores of the tissues including lymph nodes (inguinal lymph node, submaxillary lymph node, mesenteric lymph node), the heart, spleen, liver, bladder, kidney, 
tonsil, and lung of pigs challenged with  102.5  HAD50 of ASFV HLJ/18 (n = 6), were recorded and analysed.

No. Pathological scores

Lymph nodes Heart Spleen Liver Bladder Kidney Tonsil Lung Total

1 8 3 1 3 1 3 0 6 25

2 13 7 5 4 0 6 2 6 43

3 7 4 4 4 2 4 2 4 31

4 8 2 5 3 2 4 2 3 29

5 10 5 4 3 3 3 3 5 36

6 9 4 2 2 0 2 3 5 27
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expression was knocked down by the siRNA fragments 
(Figure  2C). However, the expression of components 
of the intrinsic and extrinsic coagulation pathways was 
disrupted as ASFV infection occurred, with a decrease 
in F10 expression in coagulation factor siRNA-trans-
fected cells but not in TF siRNA-transfected cells, 
suggesting that extrinsic coagulation factors play an 
important role in regulating F10 expression. In addi-
tion, compared with those in the siNC group upon 
ASFV infection, F10 expression recovered significantly 
in F7 (extrinsic pathway), F8, and F11 (intrinsic path-
way) siRNA-transfected cells (Figure  2C), demonstrat-
ing that the downregulation of F10 expression induced 
by ASFV infection did not occur and that ASFV infec-
tion regulated both the intrinsic and extrinsic coagula-
tion pathways.

Several ASFV‑encoded proteins regulate the coagulation 
process
As coagulation factors are produced by the liver and 
secreted into the blood circulation system, a proper cell 
line is needed to study the coagulation cascade. Thus, 
the Huh7 cell line derived from human liver tissue was 
selected for this study. ASFV encodes 151–167 open 
reading frames, and various viral proteins present chal-
lenges in the selection of target proteins that affect the 
coagulation process. In this study, we selected some viral 
proteins on the basis mainly of their function, struc-
ture and morphogenesis. For example, p72 + B602L 
(major capsid protein), p54 (inner envelope), and B438L 
(capsid) are related to the structure and morphogen-
esis of the virus [55], and the membrane proteins O61R 
(p12) and pE199L on the inner envelope are associated 
with virus entry [55, 56]. The structural protein p30 

Figure 2 ASFV infection regulated coagulation and related factors in vitro. PAM cells were infected with 0.1 MOI ASFV for 6, 12, 24, or 
36 h. A Intrinsic coagulation factors (F12 and F9), crucial coagulation factor F10, and B extrinsic coagulation factors (TF and F7) were detected 
by western blotting. The coagulation factor band intensities normalized to those of β-actin were scanned and analysed by ImageJ software and are 
shown in a line chart. C RNA interference was performed via the transfection of 1 μg of siRNA fragments encoding coagulation factors F1-F12 
and control siRNA. siRNA-1 from each fragment was transfected into PAMs, which were then infected with 0.1 MOI ASFV or not, and at 36 hpi, 
the cells were lysed for western blot analysis of F10 expression and coagulation factor expression.
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was membrane-localized and released into the culture 
medium shortly after infection. Phosphorylation, glyco-
sylation, and membrane attachment sites are predicted 
by sequence analysis of p30 [57]. The unknown protein 
pI177L was recently reported to be related to the viru-
lence of the virus [58]. K205R, located in viral facto-
ries, is expressed in the early stages of infection and can 
induce ER stress and activate autophagy [59]. EP153R 
is involved in the hemadsorption of infected cells [60]. 
Little is known about the coagulation process regulated 
by the ASFV viral protein, and we selected the proteins 
described above with various distributions and func-
tions to identify potential regulatory alterations in F10 
expression. Huh7 cells were grown in 24-well plates, and 
when the cells  had grown  to  80 ~ 90%  fusion, baculovi-
rus-expressing proteins (including p54, O61R, K205R, 
p30, EP153R, I177L, E199L, B438L, and p72 + B602L) 
at the same concentration (3 μg) were added to the cul-
tured Huh7 cells for 24  h prior to supernatant and cell 
lysate collection. The mixtures containing the superna-
tant and cell freeze‒thaw products were centrifuged, 
and the F10 activity of the supernatants was detected at 
24  h post-stimulation with an F10 activity detection kit 
according to the manufacturer’s instructions. The results 
showed that by directly stimulating Huh7 cells, the bac-
ulovirus expressed pO61R and p72 + B602L and could 
downregulate F10 activity despite the low expression of 
K205R, I177L, and B438L (Figure 3A). Interestingly, p72 
and pO61R could affect F10 activity only by stimulating 

the cells. However, the possibility that other proteins 
are involved in F10 activity cannot be excluded because 
whether the proteins can enter cells or regulate F10 activ-
ity in the cell is still being determined. The reason that 
pO61R interferes with the activity of F10 is unknown. To 
determine whether p72 entered the cell, we added bac-
ulovirus-expressing p72 + B602L to PK-cell cultures for 
0 min, 15, 30, 45 min, and 1 h. Then, at the indicated time 
points, the cells were fixed and probed with an anti-p72 
antibody and stained green, and the cell borders were 
stained red with phalloidin. The results indicated that 
p72 could be detected in the PK-15 cytoplasm as early as 
15 min after stimulation. After 1 h of stimulation, green 
fluorescence was observed, which was distributed mainly 
in the cytoplasm through the p72 protein but could not 
be detected widely in PK-15 cells at 1 h post-stimulation 
(Additional file  2). These results suggest that p72 might 
interact with receptors on cells and enter cells. This work 
still needs to be further proven. In this study, p72 affected 
F10 activity in vitro.

To test the effects of ASFV-encoded proteins on F10 
expression in Huh7 cells, Huh7 cells were transfected 
with plasmids expressing ASFV-encoded proteins, 
including K205R, EP153R, E199L, p30, p54, and p72 (Fig-
ure 3B). Huh7 cells were collected at 24 h post-transfec-
tion for western blot analysis, and the supernatants were 
collected for ELISA detection of secreted F10. Factor X 
expression was detected to reveal the functional pro-
teins that regulate the coagulation process. As a result, 

Figure 3 ASFV‑encoded proteins regulated F10 expression and activity. A Several encoded proteins expressed in the baculovirus expression 
system were added to Huh7 cells at the same concentration for 24 h prior to supernatant and cell lysate collection. The mixtures were detected 
for F10 activity. B Huh7 cells were transfected with plasmids expressing ASFV-encoded proteins, including pK205R, pE199L, pEP153R, p30, p54, 
and p72, and then, the cells and supernatants were collected for detection of F10 expression by western blotting, C and secretory F10 expression 
by ELISA. For all figures, the experiments were repeated at least three times with similar results. The data are presented as the mean ± SD from one 
single experiment. Statistical significance was determined by Student’s t test (*p < 0.05).
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only one encoded protein, K205R, might upregulate F10 
expression, whereas some proteins, such as EP153R, 
E199L, p30, p72, and p54, might downregulate F10 
expression in Huh7 cells (Figure 3B). Consistent with F10 
expression in cells, secretory F10 was also upregulated 
by K205R and downregulated by EP153R, E199L, p30, 
p72, and p54 (Figure 3C). Overall, several ASFV-encoded 
proteins can regulate the coagulation process by upregu-
lating or downregulating the expression of F10, and dif-
ferent encoded proteins might have multiple functions at 
the F10 level.

Proteomic analysis reveals that p72 is related 
to the coagulation cascade
The p72-expressing plasmid of ASFV and the empty vec-
tor were transfected into 293-T cells (1 μg in each well, 
12 μg in total), and the samples were prepared in tripli-
cate. The samples of p72- and empty vector-expressing 
cells were collected in 1 mL of cold immunoprecipitation 
buffer supplemented with protease inhibitor cocktail, the 
lysates were cleared by centrifugation, and the superna-
tants were immunoprecipitated with an anti-HA anti-
body and then precoupled with A/G Plus agarose beads. 
Triplicate samples from each group were subjected to 
LC‒MS/MS analysis. The database obtained for empty 
vector-interacting proteins was deleted for p72-inter-
acting proteins to exclude possible contaminants or to 
specify the proteins that interact with p72. A previous 
experiment identified several proteins that affect the 
F10 expression level. Among the encoded proteins, p72 
attracted our attention. To further prove that the coag-
ulation cascade is related to p72, proteomics analysis of 
p72-interacting proteins was performed. From enriched 

GO terms and KEGG pathway analysis, we found that 
complement and coagulation cascades were enriched 
according to the GO and KEGG analyses (Additional 
files 3, 4, 5, Figures 4A, B), which was consistent with our 
clinical coagulation tests, and the enriched genes related 
to the coagulation process potentially regulated by p72 
are shown in Table  3. Interestingly, anticoagulation fac-
tors (anti-thrombin III) and coagulation factors (collagen 
alpha, factor V) were both detected, implying that the 
coagulation system is activated and potentially regulated 
to maintain balance. These findings imply that dysfunc-
tion of coagulation cascades is closely related to p72 in 
ASFV. 

p72 interacted with coagulation factor F10
Previous findings indicated that the 151–450 aa frag-
ment of p72 could inhibit F10 expression. The inhibitory 
effect of p72 (151–450 aa) depends on its interaction with 
F10. Because of their high transfection efficacy, 293-T 
cells were separately transfected with 1 μg of pcDNA3.1-
p72-HA or mock plasmid for 24  h. The immune com-
plexes were precipitated using anti-HA antibodies. The 
results of the immunoprecipitation assay indicated that 
p72 (151–450 aa) interacted with coagulation factor F10 
(Figure 5A).

For the same reason, we prepared a p72 fragment 
(151–450 aa), which was not expressed in the superna-
tant but rather in the precipitate. However, we found 
that 321–450 aa were expressed in the supernatant and 
precipitate in the Escherichia coli system, which is easy 
to purify and potentially does not lose its biological func-
tion (Additional file  6). To test whether the shortened 
fragment also interacts with F10, pig F10-expressed 

Figure 4 Proteomic analysis of p72‑interacting proteins. A GO term analysis. Distribution of GO terms into three groups: biological process, 
molecular function, and cellular component. The upper coordinate represents the number of proteins; the right vertical coordinate represents 
the percentage of proteins. B Distribution of the top 20 enriched KEGG pathways. KEGG pathways of the p72-related proteins involved 
in coagulation and the complement cascade.
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protein, p72 protein (aa 321–aa 451) and mock (Rep pro-
tein) were prepared as previously described. The same 
concentrations of p72 or mock control were mixed with 
the F10 protein. The immune complexes were incubated 
overnight at 4  °C and then precoupled with 40 μL His-
tag resin to immunoprecipitate the complex, and anti-
F10 and anti-His antibodies were used to detect the 
target proteins. A pull-down assay also revealed that 
p72 (aa 321–450) could interact with F10 (Figure 5B) in 
three elutions (E1–E3), and only p72 (aa 321–450) with 
the F10 complex could detect both target bands. Confo-
cal microscopy further demonstrated the colocalization 
of p72 and F10, which were both mainly localized in the 
cytoplasm and nucleus (Figure 5C). In brief, these results 
revealed that p72 interacted with coagulation factor F10 
and that the binding domain at the N-terminus of p72 
was 321–450 aa long, indicating that the binding of p72 
to F10 might affect the coagulation signalling cascade.

The N‑terminal 423‑450aa of p72 is the functional domain 
that regulates F10
To further confirm the functional domain of p72 with 
F10, we analysed the hydrophilicity and hydrophobic-
ity of the p72 protein using the ExPASy tool (Additional 

file 7A). The results indicated that amino acids 1–150 at 
the N-terminus of p72 are potentially hydrophobic and 
that amino acids 151–450 have a wide range of hydrophi-
licities and can be highly expressed in cells. Additionally, 
according to the prediction of the online tool InterPro, 
a protein consisting of 423–646 amino acids was pre-
dicted to be a large eukaryotic DNA virus major capsid 
protein (Additional file 7B), also known as capsid nucleo-
cytoplasmic large DNA virus (NCLDV), on the basis of 
a similar sequence. The four families of large eukaryotic 
DNA viruses, Poxviridae, Asfarviridae, Iridoviridae, and 
Phycodnaviridae, are collectively referred to as NCLDVs. 
Significant sequence similarity was observed between 
these proteins and the major capsid protein (p72) of 
ASFV, which also has an icosahedral capsid. Thus, four 
truncations were constructed and expressed, which were 
the 1–150, 151–422, 151–450, and 423–646 amino acid 
(aa) domains of p72 with an HA tag at the C-terminus. 
The structural schematic is shown in Figure 6A, and the 
truncated proteins were all expressed with subtle differ-
ences in Huh7 cells. p72 is restricted to perinuclear virus 
factories during infection. Without the chaperone B602L, 
the truncated proteins were preferentially expressed in 
the cytoplasm, with some scattered spots, such as those 

Table 3 Host proteins related to the coagulation process regulated by p72 

UniProt Accession No. Description

P01008 Antithrombin-III

P01009 Alpha-1-antitrypsin

P02452 Collagen alpha-1(I) chain

P08123 Collagen alpha-2(I) chain

P12259 Coagulation factor V

A0A2S0BDD1 Antithrombin III isoform

A0A024R944 Serpin peptidase inhibitor, clade C (Antithrombin), member 1,

Q9Y490 Talin-1

Q03113 Guanine nucleotide-binding protein subunit alpha-12

P01023 Alpha-2-macroglobulin

P19105 Myosin regulatory light chain 12A

P04004 Vitronectin

P35579 Myosin-9

P63092 Guanine nucleotide-binding protein G(s) subunit alpha isoforms

A0A0K0Q2Z1 Serpin peptidase inhibitor clade C member 1

Q07021 Complement component 1 Q subcomponent-binding protein,

P32119 Peroxiredoxin-2

V9HW12 Epididymis secretory sperm binding protein

P19075 Tetraspanin-8

P04792 Heat shock protein beta-1

P63104 14–3-3 protein zeta/delta

P60709 Actin, cytoplasmic

P52907 F-actin-capping protein subunit alpha-1

P68431 Histone H3.1
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Figure 5 p72 interacted with F10. A 293-T cells were separately transfected with 1 μg of pcDNA3.1-p72-HA (151–450 aa) or mock plasmid 
for 24 h. The immune complexes were precipitated with anti-HA antibodies and subjected to western blot analysis. B Pull-down assay. p72 
(321–450 aa) was secreted into E. coli and purified with  Ni+ purification resin. The target and irrelevant proteins used as mock controls were mixed 
separately with the F10 protein. The mixtures were slowly shaken overnight at 4 °C, pulled down with  Ni+ resin, wand anti-F10 primary antibodies 
were used to probe the target proteins. C Confocal microscopy. 293-T cells were transfected with 1 μg of pcDNA3.1-p72-HA, pcDNA3.1-F10-FLAG, 
or mock plasmid in 24-well culture plates for 24 h. At 24 h post-transfection, the cells were processed for confocal microscopy. The primary 
antibodies used were anti-HA and anti-FLAG, followed by incubation with Alexa Fluor 555-conjugated goat anti-rabbit IgG and Alexa Fluor 
488-conjugated goat anti-mouse IgG (at a 1:400 dilution). The cell nuclei were stained with DAPI (blue). The co-expression of p72 (red) and F10 
(green) or their independent expression levels were determined via confocal microscopy.
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in the 1–150 aa- and 151–450 aa expressing cells (Fig-
ure 6B). Truncated p72-expressing plasmids (0.5, 1, and 
2  μg) were used to overexpress p72 in Huh7 cells. The 
cells were lysed for western blot analysis, and the cell 
supernatants were collected for secretory F10 expression 
analysis by ELISA. As a result, 151–450 aa and 423–646 
aa of p72 inhibited F10 expression, and the inhibitory 
effect depended on the transfection dose, while other 
truncated proteins failed (Figures  6C–E). The ELISA 
results also confirmed that the secretory F10 expression 
levels at 151–450 aa and 423–646 aa in p72-transfected 
cells were markedly lower than those in the other trunca-
tion-transfected cells (Figure 6F). Overall, the functional 
domain of p72 to F10 ranged from 423–450 aa.

To further refine the functional domain of p72 with 
F10, we constructed a p72 mutant. The mutant domains 
ranged from 423–450 aa in length in p72, and every 10 
amino acids were randomly mutated to alanine. A sche-
matic of the structure is shown in Figure 6G. The mutant 
proteins were all expressed with similar distributions 
in the cytoplasm of Huh7 cells (Figure 6H). The mutant 
plasmids were transfected into Huh7 cells at increasing 
doses (0.5, 1, and 2 μg), the cells were lysed for western 
blot analysis, and the cell supernatants were collected 

for secretory F10 expression detection by ELISA at 24 h 
post-transfection. Only the 20–1 and 30–2 mutants abol-
ished the inhibitory effect on F10 expression according 
to western blot analysis (Figure  6I). The ELISA results 
revealed that the secretory F10 expression in the mutant 
p72 plasmid-transfected cells, with the exception of the 
20–1- and 30–2–transfected cells, was obviously lower 
than that in the mock-transfected cells (Figure 6J), indi-
cating that the key binding domains were between 423–
432 aa and 443–452 aa.

TRIM28 interacts with F10 and p72
TRIM28 is an interacting partner of p72, as shown in 
Additional file 5. To determine the role of TRIM28 in the 
reduction in F10 by p72, confocal microscopy was per-
formed, and the results indicated that p72 and F10 colo-
calized with TRIM28 in the nucleus. Moreover, TRIM28 
and F10 were preferentially expressed in the cytoplasm, 
indicating that TRIM28 may interact with p72 and F10 
in the nucleus (Figure 7A). Co-immunoprecipitation (IP) 
assays confirmed that TRIM28 could interact with p72 
and F10 (Figure 7B). TRIM28 is expressed and functions 
in the nucleus, demonstrating that TIM28 might play a 
role in F10 degradation regulated by p72.

Figure 6 Functional domain of p72. A Schematic of truncated p72 expression. B Confocal microscopy of truncated proteins in Huh7 cells; 
the target proteins are stained red. DAPI was used to stain the sections blue. Bar, 20 μm. C Truncated plasmids containing amino acids 1–150, 
151–422, and 423–646, D 151–450, E and 423–646 of p72 with an HA tag at the C-terminus were transfected (0.5, 1, or 2 μg) into Huh7 cells. At 
24 h post-transfection, the cell lysate was collected and subjected to western blot analysis, and the F cell supernatant was collected for detection 
of secretory F10 expression via ELISA. G Mutant plasmid construction schematic. The sequences of the six p72 mutants ranged from 423–450 
aa, and every 10 amino acids were randomly mutated to alanine, which were named 101, 102 (423–432 aa), 201, 202 (433–442 aa), 301, and 302 
(443–452 aa). H Confocal microscopy of mutant proteins in Huh7 cells. The target proteins are stained green. DAPI was used to stain the sections 
blue. Bar, 20 μm. I The mutant plasmids were transfected into Huh7 cells at increasing doses (0.5, 1, and 2 μg). At 24 h post-transfection, the cells 
were lysed with lysis buffer, and 15 μg of each sample was subjected to western blotting. The band intensities were normalized to those of GAPDH 
via ImageJ software. The data are expressed as the mean intensity ratio ± SD of F10 to GAPDH. The experiment was performed in triplicate, 
and images from three independent experiments were plotted. J The cell supernatant was also collected for detection of secretory F10 expression 
via ELISA. Statistical data were analysed by t test variance (*p < 0.05, ns represents nonsignificant p > 0.05).
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TRIM28 is involved in p72‑regulated F10 degradation
MG132 is an inhibitor of the ubiquitin‒proteasome 
system. After pretreatment with MG132 at 10, 50, or 
100 nM prior to p72 truncation, the inhibitory effect of 
p72 on F10 expression was weakened, indicating that p72 
truncation inhibited F10 via the ubiquitin‒proteasome 
pathway (Figure  8A). To determine the role of TRIM28 
in p72-mediated regulation of F10 protein expression, 
we knocked down TRIM28 following p72 truncation in 
Huh7 cells and found that TRIM28 had no inhibitory 
effect on the F10 protein level, indicating that TRIM28 
mediates the process by which p72 inhibits F10 expres-
sion (Figure  8B). Factor X activity was also determined 
after RNA interference of TRIM28 and overexpression 
of p72 in Huh7 cells. Compared with siNC, siTRIM28 
increased F10 promoter activity, whereas p72 overex-
pression downregulated F10 activity in siTRIM28-treated 
cells, suggesting that TRIM28 and p72 are involved in 
inhibiting F10 activity. Surprisingly, p72 also reduced 
activity in TRIM28-knockdown cells, suggesting that 
other procoagulants and anticoagulants may also partici-
pate in regulating the activity of F10. TRIM28 can assist 
p72 in downregulating F10 expression but is not essen-
tial for p72-mediated decreases in F10 activity. Further-
more, the tendencies of F10 normal expression and its 
active form are not the same in clinical trials (Figure 1) 

or clinical samples (data not shown), indicating that there 
might be different mechanisms involved in regulating the 
activity or expression of F10 (Figure  8C). Collectively, 
these results suggest that TRIM28 may be an intermedi-
ate protein that functions as a ubiquitin E3 ligase and is 
associated with a decrease in F10 expression regulated by 
p72.

Discussion
The ASFV pandemic has become a public crisis for the 
pig industry. To date, no effective vaccine against ASFV 
has been developed because of the complexity of the virus 
and the limited understanding of ASFV virulence genes. 
Previous studies have shown that ASFV infection can 
decrease thrombin and platelet counts and, ultimately, 
DIC in the clinic [38]. The primary symptom of ASFV 
infection is multiple-organ bleeding, which is the major 
cause of high mortality in pigs [61], but the mechanism of 
ASFV infection-induced coagulation is not understood. 
Typically, coagulation involves a balance between proco-
agulant and anticoagulant mechanisms. Tissue factor is 
a major activator of coagulation [62]. Direct or indirect 
activation of the endothelium by viruses or other patho-
gens may lead to alterations in coagulation and fibrino-
lytic systems [63]. The regulated activation of coagulation 
is part of the host’s defence against infectious agents.

Figure 7 TRIM28 interacts with p72 and F10. A Co-localization of TRIM28 with p72 and F10. 293-T cells were co-transfected with p72 
and F10-expressing plasmids or their respective plasmids, after which the transfected cells were immunostained. The cells were fixed and visualized 
by confocal microscopy. p72-HA and F10-FLAG were stained green, and TRIM28 was stained red. Scale bars, 20 μm. B Co-IP of TRIM28 with p72 
and F10. Anti-p72-HA antibody affinity purification and anti-TRIM28 antibody affinity purification with lysates from replicon cells are indicated. 
The bands were quantified and normalized to the input; anti-F10-FLAG antibody affinity purification and anti-TRIM28 antibody affinity purification 
with lysates from the replicon cells are indicated. The bands were quantified and normalized to the input.
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D-dimer is a soluble fibrin degradation product of 
thrombi generated by the fibrinolytic system and serves 
as a valuable marker of coagulation and fibrinolysis acti-
vation for diagnosing and monitoring DIC [64, 65]. Fac-
tor II is also known as prothrombin, the precursor state 
of thrombin. Factor X is also a crucial coagulation factor 
at which extrinsic and intrinsic coagulation factors con-
verge [21]. Elevated levels of Factor XIa-C1-inhibitor 
complexes were found in patients with dengue haem-
orrhagic fever, indicating the activation of coagulation 
[36]. In addition, decreasing levels of Factor VIIa were 
detected in macaques infected with Ebola virus [66]. 
Thus, the coagulation related factors were the mark-
ers of the state of coagulation and fibrinolysis system. 

In our study, it was unexpected that F10 activity and F2 
expression did not significantly change in ASFV-infected 
serum. Nevertheless, D2D and F10 expression in ASFV-
infected serum was significantly lower than that in 
noninfected serum at 0 dpi, implying that ASFV could 
regulate the coagulation signalling cascade by altering 
the expression of key factors and might cause coagulation 
disorders, which is consistent with clinical symptoms. 
Infection with ASFV increased the expression of all coag-
ulation factors or their related factors at the initial infec-
tion. After a short period of time, the expression of these 
factors soon gradually decreases with increasing severity 
and worsening of the disease. Among these detected fac-
tors, F10 and D2D expression alterations were significant. 

Figure 8 TRIM28 is involved in F10 degradation regulated by p72. A MG132 is an inhibitor of the ubiquitin‒proteasome system 
and was pretreated with MG132 at concentrations of 10, 50, and 100 nM for 4 h prior to p72 truncation (151–450 aa) transfection. At 24 h 
post-transfection, the cells were collected for western blot analysis for F10 expression. B siRNAs targeting TRIM28 and the NC were transfected 
into Huh7 cells at different concentrations (10, 50, and 75 nM). At 12 h post-transfection, the supernatant was removed, the medium 
was replaced with fresh medium, and the cells were then transfected with p72 truncations or mock controls (1 μg). At 24 h post-transfection 
with p72 truncations, the cell lysates were collected and subjected to western blot analysis. C siRNAs targeting TRIM28 and the NC were 
transfected into Huh7 cells (50 nM). At 12 h post-transfection, the supernatant was removed, replaced with fresh media, and then co-transfected 
with the pGL-F10 promoter plasmid (1 μg) or pRL-TK (0.1 μg) with or without p72 (151–450 aa) (1 μg). At 24 h post-transfection with the promoters, 
the cell lysates were collected and subjected to western blot and luciferase activity analyses. For all figures, the experiments were repeated at least 
three times with similar results. The data are presented as the mean ± SD from one single experiment. Statistical significance was determined 
by Student’s t test (*p < 0.05; **p < 0.01).
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These findings suggest that the coagulation pathway is 
similar to the interferon signalling pathway. The virus 
builds its infection upon the host and elevates multiple 
interferons at the beginning of the infection, while the 
virus develops several mechanisms to evade interferon 
signalling [67, 68]. The African swine fever virus might 
invent a similar mechanism for the coagulation process, 
or the deterioration of disease or tremendous depletion 
of coagulation factors can cause the body to become dys-
functional; thus, the host cannot produce enough coagu-
lation factors to initiate the coagulation process.

Next, we determined that ASFV infection affects both 
extrinsic and intrinsic coagulation pathways by detecting 
F10 after RNA interference of each coagulation factor in 
these two pathways following ASFV infection. Neverthe-
less, interestingly, the expression of the intrinsic coagula-
tion proteins F9 and F12 significantly increased at 24 and 
36 hpi, whereas the expression of the extrinsic coagula-
tion proteins F3 (TF) and F7 was not obviously different 
between infected and noninfected cells. Additionally, 
infection with different ASFV strains resulted in differ-
ent results: recombinant ASFV (with the MGF360–9 L 
deletion gene) upregulated F3 (TF) and F7 expression but 
not F9 or F12 expression, which suggests that there is a 
complementary mechanism for the activation of coagula-
tion cascades (Additional file  8). Similar to F9 and F12, 
F10 expression did not increase. In contrast, the expres-
sion of this protein decreased later after infection with 
a wild-type strain or recombinant virus, suggesting that 
the coagulation process requires considerable depletion 
of F10 or that ASFV infection inhibits F10 expression to 
inhibit the coagulation process. Our study revealed that 
ASFV infection could significantly reduce F10 expres-
sion in the serum of infected pigs. Consistent with the 
findings of the in vivo study, F10 was downregulated by 
ASFV infection at 36 hpi in vitro.

Surprisingly, we identified several viral proteins that 
affect F10 expression. The structural proteins p30, p54, 
and p72 are important components of viral particles 
that play roles in attachment, entrance, and reproduc-
tion [69]. E199L is involved in viral entry [56], and p153R 
is a membrane protein with a C-type animal lectin-like 
domain and a cell attachment sequence that partici-
pates in viral hemadsorption [60]. This finding poten-
tially suggests that the viral proteins associated with viral 
attachment or invasion might decrease the expression of 
coagulation crucial factor 10; however, the mechanism 
is unknown and needs to be further studied. Proteomic 
analysis of p72-precipitated proteins further confirmed 
that p72 is involved in the coagulation cascade. Addi-
tionally, the baculovirus system was used to co-express 
p72 and pB602L because the p72 protein in the correct 
folding conformation needed the help of B602L. The 

co-expressed proteins p72 and pB602L inhibited F10 
activity in vitro because of their ability to enter the cells 
[70]. The correct conformation or entry of p72 into cells 
might be necessary for p72 to regulate the coagulation 
cascade, but the precise mechanism is not understood. 
p72 affects the coagulation process by altering the expres-
sion and activity of F10. We also identified several pro-
teins that did not influence F10 expression, such as p22 
and pE248R (data not shown). Given that several target 
proteins have been found to affect F10 expression, these 
findings might shed light on the pathogenesis mechanism 
of ASFV.

In addition, we investigated the relationship between 
F10 and p72. In some studies, F10 could bind the struc-
tural proteins of the virus to facilitate attachment and 
entry into cells. For example, F10 has been proposed to 
act as a bridge between host heparan sulphate proteogly-
cans and human adenovirus major capsid protein hexon 
trimers by binding to hypervariable regions of hexon [71, 
72]. Glycoprotein C of the herpes simplex virus binds and 
promotes the activation of F10 on infected endothelial 
cells, thereby contributing to thrombin generation [73]. 
Thus, we tested whether F10 could regulate ASFV repli-
cation. However, F10 activity was not involved in ASFV 
replication when an F10-specific inhibitor was used 
(Additional file 9). The precise relationship between F10 
and ASFV needs to be further studied.

Mechanistically, in an attempt to confirm the bind-
ing domain of p72 with F10, we defined 423–450 aa as 
the most important functional domain by constructing 
and expressing truncated and mutant p72 expression 
plasmids. Given that p72 can downregulate F10 protein 
expression, we investigated whether this inhibitory effect 
depends on the ubiquitin‒proteasome pathway. When 
cells were treated with MG132, a small molecule inhibitor 
of the ubiquitin‒proteasome pathway, the degradation 
effect on F10 expression induced by p72 was alleviated, 
suggesting that p72 modulates F10 via the proteasomal 
degradation pathway. Next, p72-interacting partners 
involved in proteasome pathways were identified, and 
TRIM28 attracted our attention; the protein functions as 
an E3 ubiquitin ligase via its RING domain. To the best 
of our knowledge, F10 and p72 colocalize with TRIM28 
in the nucleus, where TRIM28 is expressed and func-
tional. These co-IP results are consistent with the confo-
cal microscopy results showing that F10 and p72 interact 
with TRIM28, suggesting that TRIM28 might play a role 
in the p72-mediated reduction in F10 protein expres-
sion. The possible reason is that p72 recruits TRIM28 to 
degrade F10, and knocking down TRIM28 counteracts 
the reduction in F10 expression. In addition, F10 activity 
was upregulated at the protein level by RNA interference 
of TRIM28 and downregulated by p72 overexpression. 



Page 17 of 19Zhu et al. Veterinary Research          (2024) 55:149  

However, whether the activity of F10 is associated with 
its expression level has not been tested; it is known that 
p72 cooperates with TRIM28 to affect F10 expression 
and activity. TRIM28, a p72-binding protein, contributes 
to p72 functional regulation, thereby leading to subse-
quent F10 proteasomal degradation.

Overall, for the first time, it was reported that infec-
tion with ASFV and its encoded proteins can regulate 
the coagulation process by reducing F10 expression both 
in vitro and in vivo. In addition, the major capsid protein 
p72 can interact with F10 and inhibit the coagulation cas-
cade induced by ASFV infection. Notably, TRIM28 plays 
an important role in mediating the degradation of F10 
regulated by p72. Our findings highlight the multifaceted 
complexity of virus‒host protein interactions and reveal 
a novel mechanism by which ASFV regulates the coagu-
lation process.
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