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The novel Nsp9‑interacting host factor 
H2BE promotes PEDV replication by inhibiting 
endoplasmic reticulum stress‑mediated 
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Abstract 

Porcine epidemic diarrhoea (PED) caused by porcine epidemic diarrhoea virus (PEDV) has led to significant economic 
losses in the swine industry worldwide. Histone Cluster 2, H2BE (HIST2H2BE), the main protein component in chro-
matin, has been proposed to play a key role in apoptosis. However, the relationship between H2BE and PEDV remains 
unclear. In this study, H2BE was shown to bind and interact with PEDV nonstructural protein 9 (Nsp9) via immuno-
precipitation-mass spectrometry (IP-MS). Next, we verified the interaction of Nsp9 with H2BE by immunoprecipita-
tion and immunofluorescence. H2BE colocalized with Nsp9 in the cytoplasm and nuclei. PEDV Nsp9 upregulated the 
expression of H2BE by inhibiting the expression of IRX1. We demonstrated that overexpression of H2BE significantly 
promoted PEDV replication, whereas knockdown of H2BE by small interfering RNA (siRNA) inhibited PEDV replication. 
Overexpression of H2BE led to significantly inhibited GRP78 expression, phosphorylated PERK (p-PERK), phosphoryl-
ated eIF2 (p-eIF2), phosphorylated IRE1 (p-IRE1), and phosphorylated JNK (p-JNK); negatively regulated CHOP and Bax 
expression and caspase-9 and caspase-3 cleavage; and promoted Bcl-2 production. Knocking down H2BE exerted the 
opposite effects. Furthermore, we found that after deletion of amino acids 1–28, H2BE did not promote PEDV replica-
tion. In conclusion, these studies revealed the mechanism by which H2BE is associated with ER stress-mediated apop-
tosis to regulate PEDV replication. Nsp9 upregulates H2BE. H2BE plays a role in inhibiting apoptosis and thus facilitat-
ing viral replication, which depends on the N-terminal region of H2BE (amino acids 1–28). These findings provide a 
reference for host–PEDV interactions and offer the possibility for developing strategies for PEDV decontamination and 
prevention.
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Introduction
Porcine epidemic diarrhoea (PED) is an acute contact-
mediated infectious intestinal disease of pigs caused by 
porcine epidemic diarrhoea virus (PEDV) [1]. The clini-
cal symptoms of the disease are mainly diarrhoea, vomit-
ing and dehydration, cause high mortality in piglets and 
has led to large economic losses to the swine industry [2]. 
PEDV is a single-stranded positive-sense RNA virus that 
belongs to the Alphacoronavirus genus in the Corona-
viridae family [3]. The whole-genome length of PEDV is 
28 kb, which includes a 5′ untranslated region (5′ UTR), 
a 3′ UTR and a poly (A) tail, and seven open reading 
frames (ORFs) encoding four major structural proteins 
(S, E, M, N proteins) and the auxiliary protein ORF3. 
ORF1a and ORF1b encode two multiprotein precursors 
that, upon cleavage by proteases, produce a series of 
nonstructural proteins (from Nsp1 to Nsp16). Research 
has suggested that ORF3 facilitates PEDV prolifera-
tion through a mechanism that inhibits the apoptosis of 
infected cells [4]. PEDV Nsp2 can hamper host innate 
antiviral response activation and promote PEDV replica-
tion by targeting FBXW7 for degradation [5]. However, 
the interaction of PEDV Nsp9 with host proteins is not 
known.

The endoplasmic reticulum (ER) is the site of protein 
posttranslational modification and cellular protein fold-
ing. Many cellular stress conditions, such as hypoxia, a 
lack of glucose and viral infection, lead to unfolded or 
misfolded protein accumulation in the ER lumen, which 
can result in ER stress [6]. In response to ER stress, cells 
activate a self-defence mechanism, the unfolded-protein 
response (UPR) [7]. Misfolded proteins are eventually 
retained in the ER lumen and eliminated by the ER-
related degradation (ERAD) pathway or with the death of 
the cell via apoptosis [8].

Apoptosis is the programmed death of cells regulated 
mainly by caspase family proteins, maintaining intracel-
lular homeostasis by removing damaged and infected 
cells [9]. Apoptosis is activated through three different 
pathways: the extrinsic pathway, the intrinsic pathway, 
and the ER stress pathway. One of the main mecha-
nisms of ER stress-mediated apoptosis is the induction 
of CHOP expression [10]. ZIKV inhibits apoptosis by 
suppressing the expression of CHOP/DDIT3 [11]. Our 
previous studies have shown that CCN1 inhibits viral 
replication by promoting PEDV-induced apoptosis via 
the mitochondrial pathway [12]. However, the mecha-
nism by which apoptosis affects PEDV replication is not 
completely clear.

Histone Cluster 2, H2BE (HIST2H2BE) is a variant of 
histone H2B (referred to herein as H2BE). Histones are 
involved in many cellular processes, such as DNA repli-
cation, repair, recombination, transcriptional regulation 

and apoptosis. H2BE can interact with the DNASE1L3 
protein in the nucleus and clear the accumulated dam-
aged DNA from the cytoplasm [13]. In addition, upreg-
ulation of H2BE in tumour cells inhibit the apoptosis of 
cancer cells and promote tumour formation [14]. A study 
showed that H2B is an important component of genome 
recognition post KSHV or HSV-1 infection to induce 
IFN-β production [15]. However, the role of H2BE in 
PEDV replication is unclear.

In this study via immunoprecipitation-mass spec-
trometry (IP-MS), co-IP and immunofluorescence, we 
confirmed that H2BE interacts with PEDV Nsp9. PEDV 
Nsp9 promotes the expression of H2BE by inhibiting 
IRX1 expression. We found that H2BE positively regu-
lates viral infection. Overexpression of H2BE promotes 
the replication of PEDV and inhibits ER stress-mediated 
apoptosis, whereas knockdown of H2BE inhibits PEDV 
replication and promotes ER stress-mediated apopto-
sis. In addition, the presence of amino acids 1–28 in the 
N-terminal region of H2BE is important for its functions 
that promote viral replication. These findings provide 
new insights into the regulation of PEDV replication by 
the host factor H2BE and may be used to develop a thera-
peutic strategy to control PEDV infection.

Materials and methods
Cell culturess
Monkey embryonic kidney epithelial cells (Marc-145 
cells) were stored in our laboratory. Marc-145 cells 
were cultured in Dulbecco’s modified Eagle’s minimum 
(DMEM; HyClone, Logan, UT, USA) supplemented with 
10% foetal bovine serum (FBS; Gibco, Grand Island, NY, 
USA). Marc-145 cells were grown in culture with 5% CO2 
at 37 °C.

Virus, virus titration and virus infections
The PEDV Shaanxi strain CH/SXYL/2016 was isolated 
and stored in our laboratory. In Marc-145 cells, the PEDV 
strain was amplified and titrated. In brief, 96-well plates 
were coated with a monolayer of Marc-145 cells before 
being infected with serially diluted PEDV (10–1 to 10–10). 
The Reed-Muench technique was used to determine the 
viral titre, which was then converted into a 50% tissue 
culture infective dose (TCID50). The PEDV strain was 
used to infect Marc-145 cells at a multiplicity of infection 
(MOI) of 1.

Viral adsorption and entry
Marc-145 cells were infected with PEDV at an MOI of 1 
and were placed at 4  °C for 1  h. The cells were washed 
three times with PBS to remove unabsorbed virus and 
maintained in DMEM with 2% FBS at 37 ℃ for 1 h.
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Plasmid construction and transfection
The recombinant plasmid Nsp9-EGFP was constructed 
by inserting the full-length sequence of PEDV Nsp9 
(324 bp) into a pEGFP-C1 vector.

For HIST2H2BE overexpression, the full-length 
sequence of the HIST2H2BE gene (GenBank No. 
XM_008019209.2) was amplified from the cDNA of 
Marc-145 cells obtained from reverse transcription-
PCR using the primer pair H2BE-F and H2BE-R and 
then subcloned into a pcDNA3.1-Flag vector to gen-
erate H2BE-Flag. The H2BE∆N-Flag, H2BE∆C-Flag 
and H2BE-Δ1-28-Flag recombinant plasmids were 
constructed by inserting the H2BE-∆N (1 to 192  bp), 
H2BE-∆C (193 to 378 bp) and H2BEΔ1-28 (1 to 84 bp) 
deletion mutant sequences into a pcDNA3.1-Flag vector. 
The full-length sequence of the IRXI gene (GenBank No. 
XM_007961160.2) was cloned into a pcDNA3.1-Flag vec-
tor. The plasmids were sequenced by Augct Company.

Eukaryotic expression plasmids were transfected into 
Marc-145 cells using Lipo8000™ transfection reagent 
(Beyotime Biotechnology, Shanghai, China) according to 
the manufacturer’s instructions. The efficiency of protein 
overexpression was determined by Western blotting. All 
PCR primers are listed in Table 1.

Small interfering RNA knockdown and transfections
We designed and synthesized three small interfering 
RNAs (siRNAs) and one negative control (siNC) tar-
geting the H2BE protein at the General Biol Company 
(Anhui, China). Following the manufacturer’s guide-
lines, Marc-145 cells were cultivated to 60–70% conflu-
ence in 6-well cell culture plates, and siRNA or siNC was 
transfected using Lipo8000™ (Beyotime Biotechnology, 
Shanghai, China). At 36  h post-transfection, the cells 
were infected with PEDV and then collected at different 

time points. Western blotting was performed to evalu-
ate the efficiency of gene knockdown. The sequences of 
siH2BE and siNC are listed in Table 2.

Inhibitors and antibodies
The ER stress inhibitor 4-phenylbutyrate (4-PBA) and a 
pancaspase inhibitor were obtained from MCE (Shang-
hai, China). All inhibitors were solubilized in dimethyl 
sulfoxide (DMSO; Solarbio, Beijing, China). Inhibitors 
were diluted, added to culture medium, and cultivated 
for an hour before infection. Antibodies against Bax, Bcl-
2, caspase-3, caspase-9 and CHOP were purchased from 
Cell Signaling Technology (Danvers, MA, USA). Primary 
antibodies against GRP78, PERK, p-PERK, eIF2, p-eIF2, 
IRE1, p-IRE1, JNK, p-JNK and β-actin were purchased 
from ABclonal (Wuhan, China). An antibody against 
IRX1 was purchased from ABmart (Shanghai, China), 
and antibodies against Flag-tagged, GFP-tagged and PE-
conjugated anti-mouse IgG were purchased from TRAN 
(Beijing, China). A polyclonal antibody directed against 
the PEDV (CH/SXYL/2016) N protein and PEDV Nsp9 
protein was prepared in our laboratory.

RNA isolation and quantitative real‑time PCR (qRT‒PCR) 
analysis
TRIzol Universal (TIANGEN, China) was used to extract 
total RNA from Marc-145 cells, which was subsequently 
reverse-transcribed into cDNA using a FastKing RT Kit 
(TIANGEN, China) following the manufacturer’s guide-
lines. SYBR Green Select Master Mix (ABclonal, China) 
was used for qPCR analysis on a Real-Time PCR Detec-
tion System (TIAN LONG, China). Relative expression 
levels of target genes were adjusted using β-actin as the 
internal standard and the 2−ΔΔCT method. All qPCR 
primers are listed in Table 3.

Table 1  List of primers for PCR 

Primer name Sequence (5′-3′)

H2BE-F CGG​GAT​CCG​CCA​CCA​TGC​CTG​AAC​CGG​CAA​AATC​

H2BE-R GCC​TCT​AGA​CTT​GGA​GCT​GGT​GTA​CTT​GGT​

H2BE-∆N F CGG​GAT​CCG​CCA​CCA​TGC​CTG​AAC​CGG​CAA​AATC​

H2BE-∆N R CGT​CTA​GAG​TTC​ATG​ATG​CCC​ATG​GCCTT​

H2BE-∆C F GGA​ATT​CGC​CAC​CAT​GTC​CTT​CGT​CAA​CGA​CATT​

H2BE-∆C R CGG​ATC​CTG​CTT​GGA​GCT​GGT​GTA​CTT​GGT​

H2BE-∆1–28 F CGG​GAT​CCG​CCA​CCA​TGG​AGA​GCT​ACT​CCA​TCT​ACG​

H2BE-∆1–28 R GCT​CTA​GAC​TTG​GAG​CTG​GTG​TAC​TTG​GTG​

Nsp9-F GCA​AGC​TTG​CCA​CCA​TGA​ATA​ATG​AAA​TTA​TTC​CTG​G

Nsp9-R CGG​ATC​CCT​GCA​AGC​GTA​CAG​TGG​C

IRX1-F GCG​AAT​TCG​CCA​CCA​TGT​CCT​TCC​CGC​AGC​TGG​GCT​AC

IRX1-R GCT​CTA​GAA​AGG​CGG​ACG​GGA​GGG​CTG​CTA​GGAT​

Table 2  Sequences of siRNAs used in this study 

Primer name Sequence (5′-3′)

siH2BE-1F CCA​AGG​CGG​UCA​CCA​AGU​ACATT​

siH2BE-1R UGU​ACU​UGG​UGA​CCG​CCU​UGGTT​

siH2BE-2F AGG​AGA​GCU​ACU​CCA​UCU​ACGTT​

siH2BE-2R CGU​AGA​UGG​AGU​AGC​UCU​CCUTT​

siH2BE-3F CCA​AGA​AAG​CCG​UCA​CCA​AAGTT​

siH2BE-3R CUU​UGG​UGA​CGG​CUU​UCU​UGGTT​

NC-si–F UUC​UCC​GAA​CGU​GUC​ACG​UdTdT

NC-si-R ACG​UGA​CAC​GUU​CGG​AGA​AdTdT

siIRX1-F GCA​UCG​ACA​UUG​ACA​AGA​UTT​

siIRX1-R AUC​UUG​UCA​AUG​UCG​AUG​CTT​
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Western blot analysis
The cells were lysed in radioimmunoprecipitation assay 
(RIPA) buffer with 1% PMSF, and then the protein con-
centration was quantified using a BCA protein assay 
reagent kit (Pierce, Rockford, USA). The lysed prod-
ucts were heated at 95 ℃ and maintained at this tem-
perature for 10 min. Then, the same amount of protein 
samples was resolved by 10–15% SDS‒PAGE. The pro-
teins were then transferred to a polyvinylidene fluoride 
(PVDF) membrane (Roche, Basel, Switzerland). Next, 
the membrane was blocked with TBST buffer supple-
mented with 5% skim milk (China) or 5% BSA (Yuanyai 
Biotechnology, China) for 2 h at room temperature and 
incubated with the corresponding primary antibody 
by gentle shaking overnight at 4 ℃. The protein bands 
were visualized using an ECL kit (GE Healthcare), and 
images were obtained by ImageJ software after probing 
with specific secondary antibodies, namely, goat anti-
mouse IgG or goat anti-rabbit IgG.

Apoptotic rate measurement
The effects of siH2BE on cell apoptosis were detected 
using an Annexin V-FITC apoptosis kit (BioVision, Inc., 
CA, USA) according to the manufacturer’s protocol. 
Briefly, the cells were treated with trypsin, collected, 
and washed twice with prechilled PBS, and then, the 
cells were counted. Next, the cells were resuspended 
in 500 μL of Annexin V-FITC binding buffer, 5 μL of 
Annexin V-FITC and 10 μL of propidium iodide (PI) 
was added to the suspension, and the cells were incu-
bated for 15 min at room temperature in the dark. The 

percentage of positive cells was determined after flow 
cytometry assay.

Co‑IP assay
To study the interaction of the PEDV Nsp9 protein with 
the H2BE protein and H2BE structural mutants, pEGFP-
Nsp9 was cotransfected with H2BE-Flag or H2BE-Δ1-
28-Flag into MARC-145 cells. At 48 h post-transfection, 
the cells were lysed for use in Co-IP. Total protein lysates 
were incubated at 4  ℃ with 2  mg of mouse anti-Flag 
antibody or the same amount of mouse IgG, which was 
the control. After overnight incubation, 40 µL of protein 
A + G agarose (TransGen, China) was added to the pro-
tein–antibody mixture, which was incubated at 4  °C for 
12 h. After washing, the protein interaction was analysed 
with the eluted samples by Western blotting.

Immunofluorescence assay
Cells were rinsed three times with PBS, fixed with 4% 
paraformaldehyde fixative solution for 15  min at room 
temperature and permeabilized with 0.1% Triton X-100 
for 10  min. The samples were blocked with 5% bovine 
serum albumin for 2  h and incubated overnight with 
anti-Flag mouse monoclonal antibody (1:500) at 4 ℃. The 
cells were rinsed three times for 5  min each time with 
PBS and incubated with PE-AffiniPure goat anti-mouse 
IgG (1:500) for 1  h in the dark at room temperature. 
Cell nuclei were counterstained with DAPI (Biosharp, 
China) for 5 min and then rinsed three times with PBS. 
Finally, the treated cells were visually examined using a 
laser scanning confocal microscope (Leica TCS SP8, 
Germany).

MTT assay
According to the manufacturer’s instructions, Cell Pro-
liferation Kit I (MTT) was used for the MTT test to 
measure the effect of the inhibitor on cell activity and 
proliferation. In 96-well plates, monolayers of Marc-145 
cells were grown to 90% confluency. The inhibitor was 
applied to each well and incubated with the cells for 24 h 
at the appropriate concentration. Then, 20  μL of MTT-
labelled reagents was added to each well, and the cells 
were incubated for 4  h at 37  °C. In an enzyme-linked 
immunosorbent assay reader, absorbance was measured 
at 550 nm following the addition of 150 μL of a solubiliz-
ing solution.

Statistical analysis
Each of the tests was repeated three times. The infor-
mation was statistically analysed using the GraphPad 
Prism 8 program, and results are reported as the mean 
and standard deviation (SD). Unpaired t tests were 
performed for comparisons between two sets of data. 

Table 3  List of primers for qPCR 

Primer name Sequence (5′-3′)

H2BE-qF TCC​AAG​AAA​GCC​GTC​ACC​AA

H2BE-qR GAC​CTG​CTT​CAG​CAC​CTT​GT

PEDV-qF AGA​TCG​CCA​GTT​TAG​CAC​CA

PEDV-qR GGC​AAA​CCC​ACA​TCA​TCG​T

IFN-β-qF ACG​GCT​CTT​TCC​ATG​AGC​TAC​

IFN-β-qR GTC​AAT​GCA​GCG​TCC​TCC​TT

ISG15-qF CAC​CGT​GTT​CAT​GAA​TCT​GC

ISG15-qR CTT​TAT​TTC​CGG​CCC​TTG​AT

TET1-qF GAT​GAC​AGA​GGT​TCT​TGC​ACAT​

TET1-qR AGG​TTG​CAC​GGT​CTC​AGT​GT

IRX1-qF GGA​ATG​TGG​GAG​GAA​TTA​AGAC​

IRX1-qR GCA​TTT​ACC​GAA​CCC​GAT​A

LC3-qF CAT​CCA​ACC​AAA​ATC​CCG​

LC3-qR GTG​GCC​GTT​CAC​CAA​CAG​

β-Actin-qF CTT​AGT​TGC​GTT​ACA​CCC​TTTC​

β-Actin-qR TGT​CAC​CTT​CAC​CGT​TCC​A
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One-way analysis of variance (ANOVA) was performed 
to determine significant differences between experimen-
tal groups and control groups. Statistically significant dif-
ferences are denoted at the level of *P ≤ 0.05; **P ≤ 0.01; 
and *** P ≤ 0.001.

Results
PEDV Nsp9 interacts with the host protein H2BE
The interaction mechanisms of PEDV structural proteins 
and various nonstructural proteins with host cell proteins 
to regulate PEDV replication have been extensively stud-
ied, but the interaction mechanisms of PEDV Nsp9 with 
host cells remain unclear. To investigate whether host 
factors interact with Nsp9 to regulate the replication of 
PEDV, Marc-145 cells were transfected with the Nsp9-
EGFP plasmid for 48  h, and then, a coimmunoprecipi-
tation assay was performed with an anti-GFP antibody. 
Specific migrating bands of Nsp9-coimmunoprecipi-
tated proteins in Western blots were excised for IP-MS 
analysis (data not shown). The results showed that his-
tone H2BE may bind to Nsp9. In this study, to validate 
the physical interactions between Nsp9 and H2BE, we 

performed mutual coimmunoprecipitation assays using 
anti-Flag and anti-GFP antibodies with Marc-145 cells 
transfected with Nsp9-EGFP and H2BE-Flag vectors. The 
results revealed that Nsp9-EGFP coimmunoprecipitated 
with H2BE-Flag (Figure 1A). In addition, coimmunopre-
cipitation using Marc-145 cell lysates verified the specific 
interaction of Nsp9 with endogenous H2BE (Figure 1B). 
Furthermore, we transfected the Nsp9-EGFP vector into 
Marc-145 cells and collected the cells after 36 h in culture 
for Western blotting analysis to explore whether Nsp9 
regulates the intracellular level of H2BE. We found that 
the protein levels of H2BE were increased (Figure  1C). 
IRX1 has been reported to be involved in the regulation 
of H2BE expression [14]. To investigate whether Nsp9 
upregulates H2BE expression by inhibiting IRX1 expres-
sion, we examined the expression of IRX1 in Marc-145 
cells transfected with the Nsp9-EGFP vector. The results 
showed that the mRNA and protein levels of IRX1 were 
significantly lower in Nsp9-EGFP-transfected samples 
than in vector samples (Figures  1D and E), and overex-
pression of IRX1 downregulated H2BE levels in Nsp9-
EGFP-transfected cells (Figures 1F and G). To verify that 

Figure 1  Nsp9 interacts with H2BE. A Lysates of Marc-145 cells overexpressing Nsp9-EGFP and H2BE-Flag were subjected to reciprocal 
coimmunoprecipitation (co-IP) performed to detect protein interactions. B Lysates of Marc-145 cells overexpressing Nsp9-EGFP were subjected 
to co-IP and immunoblotting to detect any interaction between NSP9 and endogenous H2BE. C Effect of PEDV NSP9 overexpression on H2BE 
expression as detected by Western blotting. D IRX1 and H2BE mRNA expression levels were measured by qPCR. β-Actin was used as the internal 
control. E Western blot analysis was performed to assess the inhibition of IRX1 expression after Nsp9 overexpression in Marc-145 cells. F IRX1 and 
H2BE mRNA expression levels were measured by qPCR. β-Actin was used as the internal control. G Western blotting was performed to measure the 
expression of IRX1 and H2BE in Marc-145 cells under the indicated conditions. Marc-145 cells were transfected with si-IRX1 or NC-si, and the cells 
were collected 36 h later. H The protein levels of IRX1 and H2BE in si-IRX1-transfected MARC-145 cells were analysed by Western blotting. The results 
are representative of three independent experiments. The data are presented as the mean ± SD, n = 3 (*P < 0.05; **P < 0.01).
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Nsp9 upregulated the expression of H2BE by inhibiting 
IRX1 expression, small interfering RNA of IRX1 was 
synthesized to knockdown IRX1 in Marc-145 cells. As 
shown in Figure 1H, inhibition of IRX1 upregulated the 
expression of H2BE. In summary, these data suggest that 
Nsp9-EGFP upregulates H2BE expression in Marc-145 
cells by inhibiting IRX1 expression.

Upregulation of H2BE expression in PEDV‑infected cells
To explore the regulation of H2BE expression by PEDV 
infection, Marc-145 cells were infected with PEDV at an 
MOI of 1 or mock-infected with PEDV for 8 h, 12 h and 
24 h, and we measure the mRNA level of H2BE by qPCR 
and the protein level by Western blotting. We found that 
the mRNA level of H2BE significantly increased after 
8  h, 12  h and 24  h (Figure  2A). Similarly, the protein 
level was significantly increased (Figures  2B and C). To 
determine whether H2BE expression was increased in a 

PEDV dose-dependent manner, we infected Marc-145 
cells with PEDV at an MOI of 0.5, 1, and 1.5 and col-
lected samples 24  h after infection. The data indicated 
that the H2BE mRNA level (Figure 2D) and protein level 
were increased (Figures  2E and F) in a dose-dependent 
manner. Furthermore, Marc-145 cells were infected with 
PEDV at an MOI of 1 or mock-infected with PEDV for 
24 h. We observed the expression of H2BE in the PEDV-
infected Marc-145 cells by indirect immunofluorescence. 
The PEDV infection group exhibited higher levels of 
H2BE protein than the mock group (Figures 2G and H). 
Taken together, these results suggest that PEDV infec-
tion upregulates H2BE mRNA and protein expression in 
Marc-145 cells.

Overexpression of H2BE promotes PEDV reproduction
Previous studies have shown that H2B is involved in the 
replication of several viruses [15]. To examine the effects 

Figure 2  Expression of H2BE after PEDV infection in Marc-145 cells. Marc-145 cells were infected or mock-infected with PEDV at an MOI of 
1 and harvested 8 h, 12 h and 24 h later. A H2BE mRNA expression levels were detected and analysed by qPCR. β-Actin was used as the internal 
control. B H2BE protein expression levels were measured by Western blotting. C The intensity represents the H2BE protein level normalized to that 
of β-actin. Marc-145 cells were infected with PEDV at the indicated MOI (0, 0.5, 1 or 1.5) and harvested 24 h later. D H2BE mRNA expression levels 
were measured by qPCR. E H2BE protein expression levels were measured by Western blotting. F The intensity represents the H2BE protein level 
normalized to that of β-actin. β-Actin was used as the internal control. Marc-145 cells were infected or mock-infected with PEDV at an MOI of 1 
and harvested 24 h later. Cells were fixed and incubated with rabbit anti-H2BE antibody (1:500). G Immunofluorescence assays were performed 
to further analyse the intracellular expression of H2BE. H Analysis of H2BE protein fluorescence intensity. The results are representative of three 
independent experiments. The data are presented as the mean ± SD, n = 3, (*P < 0.05; **P < 0.01).
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of H2BE on PEDV replication, we successfully overex-
pressed H2BE-Flag-tagged proteins in Marc-145 cells, 
and the overexpression efficiency was verified by West-
ern blotting (Figure 3A). Marc-145 cells were transfected 
with H2BE-Flag or empty vector, infected with PEDV at 
1 MOI and harvested at the specified time. As shown in 
Figures 3B–D, the expression levels of the PEDV N pro-
tein and mRNA in H2BE-Flag-overexpressing Marc-145 
cells were significantly higher than those in cells trans-
fected with the empty vectors. In addition, we examined 
the supernatant of cultured cells transfected with the 
H2BE overexpression plasmid, and the results showed an 
increase in viral titre compared to the level after trans-
fection with the empty vector (Figure  3F). To confirm 
the propagation of PEDV in H2BE-Flag-overexpressing 
Marc-145 cells, we performed indirect immunofluores-
cence experiments. The H2BE-Flag overexpression group 
carried more PEDV virions than the empty vector group 
(Figures  3G and H). Then, we examined the effects of 

H2BE dose on PEDV protein expression. Marc-145 cells 
were transfected with H2BE at 2.5  μg, 3  μg and 3.5  μg; 
infected with PEDV at an MOI of 1; and cultured for 
24  h. A Flag protein intensity analysis showed that dif-
ferent doses of the H2BE overexpression vector had been 
successfully transfected (Additional file  1). The results 
showed that the promoting effect of H2BE on PEDV rep-
lication was not related to the infection dose (Figure 3E). 
These results suggest that overexpression of H2BE pro-
motes PEDV replication in Marc-145 cells.

Knockdown of H2BE inhibits PEDV replication
To validate the functions of H2BE in PEDV infection, 
synthetic H2BE-specific siRNAs were transfected into 
Marc-145 cells, and the interference efficiency was 
analysed by Western blotting. As shown in Figure  4A, 
siH2BE-3 showed the greatest inhibitory effect on H2BE 
protein expression and was therefore selected for sub-
sequent interference experiments. Knockdown of H2BE 

Figure 3  Overexpression of H2BE facilitates PEDV replication. Marc-145 cells were transfected with H2BE-Flag or am empty vector. A 
High-level expression of H2BE was confirmed by Western blotting. Marc-145 cells were transfected with H2BE-Flag (2.5 μg) or the empty vector 
(2.5 μg) and then infected with PEDV at an MOI of 1 and harvested 12 h and 24 h later. B The PEDV N protein level was measured by Western 
blotting. C PEDV N mRNA was detected and analysed by qPCR. β-Actin was used as the internal control. D The intensity represents the PEDV N 
protein level normalized to that of β-actin. Marc-145 cells were transfected with H2BE-Flag (0, 2.5, 3 and 3.5 μg) and then infected with PEDV at an 
MOI of 1 and harvested 24 h later. E The PEDV N protein level was measured by Western blotting. F PEDV titres in the culture supernatants were 
determined using the TCID50 method. The results are representative of three independent experiments. The data are presented as the mean ± SD, 
n = 3, (*P < 0.05; **P < 0.01). G Marc-145 cells were transfected with H2BE-Flag or the empty vector and then infected with PEDV at an MOI of 1.0. 
Cells were fixed and incubated with mouse anti-PEDV Nsp9 polyclonal sera (1:500) 24 h post-infection. Immunofluorescence assays were used to 
further observe intracellular propagation of PEDV. H Analysis of H2BE protein fluorescence intensity.
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significantly inhibited viral replication (Figures  4B–D). 
Similarly, the viral titres in the supernatant of cells 
transfected with siH2BE were decreased (Figure  4E). 
Compared with the control group, confocal microscopy 
revealed fewer PEDV virions in siH2BE-transfected cells 
(Figures  4F and G). Taken together, these data suggest 
that H2BE positively regulates PEDV replication.

H2BE promotes PEDV replication but not by inhibiting 
the expression of interferons
The aforementioned experiments revealed that the over-
expression of H2BE promotes the replication of PEDV. 
It had previously been reported that extrachromosomal 
cytoplasmic histone H2B was involved in aberrant self 
or non-self dsDNA recognition and induction of IFN-β 
[16]. To investigate whether H2BE promotes viral replica-
tion in Marc-145 cells by affecting type I interferon lev-
els, we transfected H2BE overexpression plasmids into 
Marc-145 cells. The data showed that overexpression 
of H2BE did not affect the mRNA expression of ISG15 

ubiquitin-like modifier (ISG15) (Figure 5A) or interferon 
β (IFN-β) (Figure  5B). In addition, we found that H2BE 
did not affect the adsorption or endocytosis of PEDV 
by Marc-145 cells (Figures 5C and D). We examined the 
mRNA and protein levels of LC3II in H2BE-Flag-trans-
fected cells by qPCR and Western blotting and found that 
H2BE cells did not affect the expression of LC3II that had 
been induced to expression by PEDV (Figures 5E and F). 
These results suggest that the promotion of PEDV repli-
cation by histone H2BE functions independent of inter-
feron expression, adsorption, endocytosis or autophagy.

Overexpression of H2BE inhibits PEDV‑induced ER stress
During viral infection, the synthesis and amount of viral 
proteins in the cell increase, increasing the viral bur-
den in the ER and further increasing the accumulation 
of unfolded and misfolded proteins in the ER. The sud-
den increase in protein load in the ER induces ER stress. 
In response to ER stress, the unfolded protein response 
(UPR) is triggered to re-establish ER homeostasis [8]. 

Figure 4  Knockdown of H2BE inhibits PEDV replication. A Three H2BE-targeting siRNAs and nontargeting control siRNA (NC-si) were 
transfected into Marc-145 cells, and then, the knockdown efficiencies of the three siRNAs were compared by Western blotting. Marc-145 cells were 
transfected with si-H2BE or NC-si and then infected with PEDV at an MOI of 1.0 and harvested 12 h and 24 h later. B The PEDV N protein level was 
measured by Western blotting. C PEDV N mRNA level was measured by qPCR. β-Actin was used as the internal control. D The intensity represents 
the PEDV N protein level normalized to that of β-actin. E PEDV titres in the culture supernatants were determined using the TCID50 method. The 
results are representative of three independent experiments. The data are presented as the mean ± SD, n = 3, (*P < 0.05; ** < 0.01). Marc-145 cells 
were transfected with si-H2BE or NC-si and then infected with PEDV at an MOI of 1.0. F Cells were fixed and incubated with mouse anti-PEDV Nsp9 
polyclonal sera (1:500) 24 h post-infection. Immunofluorescence assays were used to further observe intracellular propagation of PEDV. G Analysis 
of H2BE protein fluorescence intensity.
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Therefore, we wanted to determine whether H2BE affects 
PEDV replication in a manner related to ER stress. To 
test this possibility, we transfected Marc-145 cells with 
H2BE-Flag for 36  h, infected the cells with PEDV, and 
collected cells 12 h and 24 h later. Subsequently, Western 
blotting was performed to measure the expression of ER 
stress-related proteins. We found that H2BE-Flag-over-
expressing cells showed decreased levels of the GRP78 
protein (Figures 6A and B), phosphorylated PERK, phos-
phorylated eIF2 (Figures 6C and D), phosphorylated IRE1 

and phosphorylated JNK (Figures  6E and F) 12  h and 
24 h after infection, compared to levels in the empty vec-
tor group. Compared with the control group, no change 
in the abundance of the ATF6 protein was found in the 
H2BE overexpression group (Figure  6G). These results 
suggest that overexpression of H2BE suppressed PEDV-
induced ER stress.

Knockdown of H2BE exacerbates PEDV‑induced ER stress
To elucidate the role of H2BE in PEDV-induced ER 
stress, we examined changes in PEDV-induced ER stress 
in siH2BE-transfected MARC-145 cells. siH2BE was 
transfected into Marc-145 cells, which were cultured 
for 36 h and then infected with PEDV before a final cul-
ture for 12  h and 24  h. Protein levels of GRP78, PERK, 
eIF2, IRE1 and JNK were analysed by Western blotting. 
In contrast to the results of the overexpression experi-
ment, the levels of the GRP78 protein (Figures 7A and B), 
phosphorylated PERK, phosphorylated eIF2 (Figures 7C 
and D), phosphorylated IRE1 and phosphorylated JNK 
(Figures 7E and F) in the siH2BE cells were significantly 
higher than those in the control group 12 h and 24 h after 
PEDV infection. These data suggest that knockdown of 
H2BE promotes PEDV-induced ER stress.

H2BE inhibits PEDV‑induced apoptosis
If long-term ERS/UPR signalling cannot effectively 
relieve ER stress, then the UPR is activated to maintain 
the protein balance of the whole cell, and the expres-
sion of C/EBP homologous protein (CHOP) is acti-
vated to induce cells to undergo apoptosis [17]. From 
the aforementioned results, overexpression of H2BE 
inhibits PEDV-induced ER stress and downregulates 
CHOP expression (Figure 6A). We next investigated the 
effect of H2BE on cell apoptosis. We detected and ana-
lysed the expression levels of some apoptosis-related 
proteins by Western blotting. As we had suspected, the 
data showed that the ratios of Bax/Bcl-2, cleaved cas-
pase-9 and cleaved caspase-3 were significantly reduced 
in cells transfected with H2BE-Flag (Figures  8A, C–E). 
We observed the opposite outcomes in cells transfected 
with siH2BE (Figures 8G, I–K). These results suggest that 
overexpression of H2BE inhibited PEDV-induced apop-
tosis, whereas knockdown of H2BE increased the rate of 
PEDV-induced apoptosis. In addition, we investigated 
whether H2BE induces apoptosis. Analysis of cleaved 
caspase-3 protein levels by Western blotting showed that 
overexpression or knockdown of H2BE did not affect the 
apoptosis rate of the Marc-145 cells (Figures 8B and H). 
H2BE cells inhibited apoptosis only when stimulated by 
virus. To confirm this relationship, the caspase inhibitor 
Z-VAD-FMK was used to inhibit apoptosis in siH2BE-
transfected cells. si-H2BE showed a weakened inhibitory 

Figure 5  H2BE has no effect on the expression of interferon. 
Marc-145 cells were transfected with H2BE-Flag or an empty vector 
and incubated for 36 h, infected with PEDV at an MOI of 1.0 and 
harvested 12 h and 24 h later. A ISG15 mRNA was detected and 
analysed by qPCR. B IFN-β mRNA was detected and analysed by 
qPCR. Marc-145 cells were transfected with H2BE-Flag (si-H2BE) or 
an empty vector (NC-si), incubated for 36 h and then infected with 
PEDV at an MOI of 1.0. Then, the cells were placed in 4 ℃ adsorption 
for 1 h. Marc-145 cells were transfected with H2BE-Flag (si-H2BE) or an 
empty vector (NC-si), incubated for 36 h and then infected with PEDV 
at an MOI of 1.0. Then, the cells were placed at 4 ℃ for an hour and 
endocytosed at 37 ℃ for an hour. C, D PEDV N mRNA was measured 
by qPCR. (E) LC3II mRNA was detected and analysed by qPCR. F 
The expression levels of LC3II protein were measured by Western 
blotting. β-Actin was assessed as an internal control. The results 
are representative of three independent experiments. The data are 
presented as the mean ± SD, n = 3, (*P < 0.05; **P < 0.01).
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effect on PEDV (Figure  8F). Therefore, the results indi-
cated that H2BE affected PEDV replication by regulating 
apoptosis. From these results, we conclude that H2BE 
promoted PEDV replication in Marc-145 cells by inhibit-
ing apoptosis.

H2BE effectively inhibits ER stress‑mediated apoptosis
Knockdown of H2BE can upregulate CHOP expres-
sion, promote apoptosis and inhibit viral replication. To 
validate the mechanism by which H2BE promotes viral 

replication through the inhibition of ER stress-medi-
ated apoptosis, siH2BE was transfected into Marc-145 
cells for 36 h, and then, the ER stress inhibitor 4-PBA 
was used to pretreat Marc-145 cells for 1  h before 
infection with PEDV. The treated and infected cells 
were harvested 24 h post-infection. The expression lev-
els of related proteins were analysed by Western blot-
ting. As shown in Figures 9A and B, the protein levels 
of GRP78, CHOP and cleaved caspase-3 were increased 
in H2BE-knockdown cells, while PEDV N protein 

Figure 6  Overexpression of H2BE alleviates PEDV-induced ER stress. Marc-145 cells were transfected with H2BE-Flag or empty vector and 
then infected with PEDV at an MOI of 1.0 for 12 h and 24 h. A The protein expression levels of GRP78 and CHOP were measured by Western blotting. 
B The relative intensity represents GRP78 and CHOP protein levels normalized to β-actin. C The protein expression levels of PERK and eIF2 were 
measured by Western blotting. D The relative intensity represents phosphorylated PERK protein levels normalized to β-actin. The relative intensity 
represents phosphorylated eIF2 protein levels normalized to β-actin. E The protein expression levels of IRE1 and JNK were measured by Western 
blotting. F The relative intensity represents phosphorylated IRE1 protein levels normalized to that of β-actin. The relative intensity represents 
phosphorylated JNK protein levels normalized to that of β-actin. G The expression levels of ATF6 and cleaved ATF6 protein were measured by 
Western blotting. The results are representative of three independent experiments. The data are presented as the mean ± SD, n = 3, (*P < 0.05; 
**P < 0.01).
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levels were decreased, and the addition of the ER stress 
inhibitor 4-PBA restored the levels of these proteins. 
A flow cytometry assays showed that the addition of 
the ER stress inhibitor 4-PBA inhibited the promo-
tion of PEDV-induced apoptosis that had been induced 

by siH2BE (Figure  9C). These results suggested that 
knockdown of H2BE effectively promotes ER stress-
mediated apoptosis, thereby inhibiting PEDV replica-
tion, and that H2BE exerts positive regulation of PEDV 
through the inhibition of ER stress-mediated apoptosis.

Figure 7  Knockdown of H2BE exacerbates PEDV-induced ER stress. Marc-145 cells were transfected with si-H2BE or NC-si and then infected 
with PEDV at an MOI of 1.0 and incubated for 12 h and 24 h. A The protein expression levels of GRP78 and CHOP were measured by Western 
blotting. B The relative intensity represents GRP78 and CHOP protein levels normalized to that of β-actin. C The protein expression levels of PERK 
and eIF2 were measured by Western blotting. D The relative intensity represents phosphorylated PERK protein levels normalized to the level of 
β-actin. The relative intensity represents phosphorylated eIF2 protein levels normalized to the level of β-actin. E The protein expression levels of 
IRE1 and JNK were measured by Western blotting. F The relative intensity represents phosphorylated IRE1 protein levels normalized to the level of 
β-actin. The relative intensity represents phosphorylated JNK protein levels normalized to the level of β-actin. The results are representative of three 
independent experiments. The data are presented as the mean ± SD, n = 3, (*P < 0.05; **P < 0.01).
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Figure 8  H2BE inhibits PEDV-induced apoptosis. Marc-145 cells were transfected with H2BE-Flag or an empty vector, infected with PEDV 
at an MOI of 1.0 and incubated for 12 h and 24 h. A The expression levels of Bcl-2, Bax, caspase-9, and caspase-3 were measured by Western 
blotting. Marc-145 cells were transfected with H2BE-Flag or empty vector for 36 h and infected with PEDV. Cells were harvested 24 h after PEDV 
infection. B The expression levels of caspase-3 and cleaved caspase-3 protein were measured by Western blotting. C The intensity represents Bax 
normalized to Bcl-2. D The intensity represents the level of cleaved caspase-9 normalized to that of caspase-9. E The intensity represents the level 
cleaved caspase-3 normalized to that of caspase-3. Marc-145 cells were transfected with H2BE-Flag or an empty vector, incubated for 36 h and 
pretreated with Z-VAD-FMK 1 h before PEDV infection. F The expression levels of PEDV N protein were measured by Western blotting. Marc-145 
cells were transfected with si-H2BE or NC-si, infected with PEDV at an MOI of 1.0 and then incubated for 12 h and 24 h. G The expression levels 
of Bcl-2, Bax, caspase-9 and caspase-3 were measured by Western blotting. Marc-145 cells were transfected with si-H2BE or NC-si, incubated 
for 36 h, and infected with PEDV. Cells were harvested 24 h after PEDV infection. H The expression levels of caspase-3 and cleaved caspase-3 
protein were measured by Western blotting. I The intensity represents Bax normalized to Bcl-2. J The intensity represents the level of cleaved 
caspase-9 normalized to that of caspase-9. K The intensity represents the level of cleaved caspase-3 normalized to that of caspase-3. The results are 
representative of three independent experiments. The data are presented as the mean ± SD, n = 3, (*P < 0.05; **P < 0.01).
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Amino acids 1–28 of H2BE are essential for promoting 
PEDV replication
To define the specific structural region where histone 
H2BE promotes PEDV replication, we constructed the 
N-terminal H2BE deletion mutant H2BE-ΔC-Flag and 
the C-terminal H2BE deletion mutant H2BE-ΔN-Flag 
(Figure  10A) and found that H2BE-ΔC-Flag played no 
role in promoting PEDV replication after transfection 
into Marc-145 cells (Figures  10B–D). This result indi-
cates that the functional domain of H2BE that promotes 
PEDV replication is located mainly in the N-terminus. 
Studies have shown that the N-terminal 1–28 amino 
acid sequence in H2BE constitutes a region on the pro-
tein surface that is unaffected by changes to the DNA 
sequence [13]. We constructed the amino acid 1–28 
deletion mutant plasmid H2BE-Δ1-28-Flag (Figure 10E). 
Next, H2BE-Flag and H2BE-Δ1-28-Flag were transfected 
into Marc-145 cells, and we found that when amino acids 
1–28 were deleted, the promoting effect of H2BE on 
PEDV replication disappeared, in contrast to the effect 
of wild-type H2BE (Figure 10F). The subcellular colocali-
zation of H2BE-Δ1-28-Flag, H2BE-Flag and Nsp9-EGFP 

was examined by indirect immunofluorescence assay. We 
found that H2BE-Δ-1-28-Flag colocalized with Nsp9-
EGFP (Figure  10G). The results showed that the N-ter-
minal 1–28 amino acid sequence in H2BE is required 
for the promotion of virus replication but does not affect 
the interaction of H2BE with Nsp9. These results indi-
cate that the H2BE protein relies on the N-terminal 1–28 
amino acid sequence to promote PEDV replication.

Discussion
Understanding the host response to PEDV is crucial for 
generating new preventive or therapeutic approaches for 
this destructive disease [18]. Some PEDV proteins have 
been shown to contribute to their cell proliferation by 
interacting with host signalling molecules [19, 20]. In this 
study, we constructed a PEDV Nsp9 expression plasmid 
that was transferred into Marc-145 cells. H2BE was pre-
dicted to interact with PEDV Nsp9, and this hypothesis 
was tested using co-IP and mass spectrometry. Immu-
noprecipitation and confocal microscopy were then per-
formed to demonstrate that Nsp9 interacts with H2BE 
cells (Figure 11).

Figure 9  H2BE effectively inhibits apoptosis in the ER stress pathway. Marc-145 cells were transfected with si-H2BE or NC-si, incubated for 
36 h, pretreated with the ER stress inhibitor 4-PBA for 1 h, infected with PEDV at an MOI of 1.0, and incubated for 24 h. A The expression levels of 
GRP78, CHOP, cleaved caspase-3 and PEDV N protein were measured by Western blotting. B The intensity represents GPR78, CHOP and PEDV N 
protein levels normalized to the level of β-actin, and the intensity represents the level of cleaved caspase-3 normalized to that of caspase-3. C 
Marc-145 cells were transfected with si-H2BE or NC-si, infected with PEDV at an MOI of 1.0 and incubated for 24 h, and stained with Annexin V and 
PI. The results are representative of three independent experiments. The data are presented as the mean ± SD, n = 3, (*P < 0.05; **P < 0.01).
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Changes in H2BE expression were observed in some 
virus-infected cells, such as latent human herpes sim-
plex virus type-1 (HSV-1) infection, which upregulates 
H2BE expression mediated through the downregulation 
of ICP0 protein levels [21]. In the current study, we found 
that H2BE expression was upregulated in PEDV Nsp9-
overexpressing Marc-145 cells. Our hypothesis suggested 
that PEDV interacts with some host factors to upregulate 
the expression of H2BE, promoting viral infection. The 

Iroquois homeobox protein 1 (IRX1) tumour suppressor 
gene is a cancer susceptibility locus. H2BE is identified as 
a direct IRX1 target gene [13]. H2BE expression can be 
regulated by inhibiting IRX1. In addition, downregula-
tion of IRX1 has been shown to upregulate the expression 
of H2BE [14]. In this study, Western blotting and qPCR 
revealed that PEDV Nsp9 upregulates H2BE expression 
by suppressing the expression of IRX1. Overexpression of 
IRX1 restores H2BE levels.

Previous studies have shown that H2BE plays an 
important role in many diseases, including innate immu-
nity regulation and apoptosis regulation. For example, 
downregulation of H2BE expression promotes neuronal 
cell death [22]. Upregulation of H2BE in IDC tissues 
inhibits apoptosis and facilitates tumour growth [14]. 
Knockdown of H2B inhibits IFN-β production in KSHV-, 
HSV-1- and EBV-infected cells [15]. However, the rela-
tionship between H2BE and PEDV replication has not 
been reported. In this study, we observed that overex-
pression of H2BE enhanced PEDV replication and that 
knockdown of H2BE inhibited PEDV replication. In vitro, 
IFN-β and ISG15 directly confers resistance to viral infec-
tions. Our results showed that the mRNA levels of IFN-β 

Figure 10  Nuclear shuttle function of H2BE is essential for 
PEDV replication. A Full-length H2BE, C-terminal deletion mutant 
H2BE-ΔN and N-terminal deletion mutant H2BE-ΔC. Marc-145 
cells were separately transfected with an empty vector, H2BE-Flag, 
H2BE-ΔN-Flag, and H2BE-ΔC-Flag and then infected with PEDV at an 
MOI of 1.0 and incubated for 12 h. B The expression levels of PEDV 
N protein were measured by Western blotting. C PEDV N mRNA 
was measured by q-PCR. β-Actin was used as the internal control. 
D The intensity represents PEDV N protein levels normalized to the 
level of β-actin. The results are representative of three independent 
experiments. The data are presented as the mean ± SD, n = 3, (* 
P < 0.05; ** P < 0.01). E H2BE deletion mutants with amino acids 1–28 
deleted. F The expression levels of PEDV N protein were analysed by 
Western blotting. H2BE-Flag and H2BE-Δ1-28-Flag were cotransfected 
with Nsp9-EGFP into Marc-145 cells, which were stained with DAPI 
(blue) and antibodies against Flag (red). G The subcellular localization 
of H2BE-WT and H2BE-Δ1-28 with Nsp9-EGFP.

Figure 11  PEDV upregulates H2BE expression to inhibit 
ER stress-mediated apoptosis. PEDV Nsp9 upregulates H2BE 
expression by regulating IRX1 expression. Overexpression of H2BE 
inhibits PEDV-induced activation of the ER stress-driven PERK and 
IRE1 pathways and suppresses CHOP expression and apoptosis. 
Inhibition of apoptosis promotes PEDV replication.
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and ISG15 were not affected by the overexpression of 
H2BE. In experiments with the overexpression or knock-
down of H2BE, H2BE was not involved in viral adsorp-
tion or viral endocytosis by cells. These results suggest 
that H2BE promotes PEDV replication through pathways 
not dependent on absorption or endocytosis.

Viruses need to produce a large number of structural 
and nonstructural proteins in the ER to complete their 
life cycle. Previous studies have shown that the structural 
proteins E and N of PEDV and the nonstructural protein 
ORF3 can trigger ER stress [23–26]. When ER stress is 
severe, prolonged or not properly resolved, the UPR 
eventually induces the expression of CHOP, inducing 
apoptosis [27, 28]. HCV activates the UPR and induces 
apoptosis by upregulating the expression of GADD153/
CHOP [29]. JEV induces the UPR and initiates apopto-
sis by inducing CHOP [30]. Several studies have shown 
that the PERK and IRE1 pathways remain the main path-
ways for the induction of CHOP expression, which is also 
governed by the transition between the unphosphoryl-
ated and phosphorylated forms of eIF2 during the UPR 
[31]. In response to ER stress, high expression of CHOP 
promotes caspase activation through the upregulation 
of the proapoptotic protein Bax and downregulation 
of the antiapoptotic protein Bcl-2, leading to apoptosis. 
Our previous studies have shown that PEDV infection 
induces the initiation of intrinsic apoptosis pathways [12, 
32]. Our present study indicates that overexpression of 
H2BE promotes PEDV replication, downregulates CHOP 
expression in the PERK, eIF2, IRE1, and JNK pathways, 
decreases the expression of Bax, cleaved caspase-9 and 
cleaved caspase-3 and increases the expression of Bcl-2. 
Moreover, knockdown of H2BE increases the expression 
of p-PERK, p-eIF2, p-IRE1, p-JNK, CHOP, Bax, cleaved 
caspase-9 and cleaved caspase-3 and decreases the 
expression of Bcl-2. Furthermore, we found that knock-
down of H2BE promotes the expression of GRP78 and 
CHOP and increases activation and that the addition of 
the ER stress inhibitor 4-PBA inhibits these activities. 
These findings suggest that H2BE promotes PEDV rep-
lication through the inhibition of ER stress-mediated 
apoptosis.

Studies have shown that DNASE1L3 damages angio-
genesis by interacting with H2BE, and the loss of H2BE 
amino acids 1–28 results in the of H2B2 interaction with 
DNASE1L3 [13]. In our study, we constructed H2BE-
Δ1-28-Flag, a vector carrying a mutation of H2BE with 
amino acids 1–28 deleted. H2BE-Δ1-28-Flag was trans-
fected into Marc-145 cells, and deletion of H2BE amino 
acids 1–28 failed to promote the expression of PEDV. 
These results indicate that amino acids 1–28 may be 
the key residues that induce H2BE-dependant PEDV 
replication.

In summary, our study demonstrates for the first time 
that PEDV Nsp9 interacts with host protein H2BE. We 
provide evidence that Nsp9 upregulates the expression 
of H2BE. H2BE promotes PEDV replication by inhibiting 
ER stress-mediated apoptosis. These results provide new 
insights into the molecular mechanisms of PEDV–host 
interactions, which might indicate new therapeutic tar-
gets for the control of PEDV infection.
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