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The signal peptide of BmMNPV GP64 activates
the ERAD pathway to requlate heterogeneous
secretory protein expression
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Abstract

As a powerful eukaryotic expression vector, the baculovirus expression vector system (BEVS) is widely applied to
the production of heterogeneous proteins for research and pharmaceutical purposes, while optimization of BEVS
remains a work in progress for membrane or secreted protein expression. In this study, the impact of the signal
peptide (SP) derived from Bombyx mori nucleopolyhedrovirus (BmNPV) GP64 protein on protein expression,
secretion, and the endoplasmic reticulum-associated degradation (ERAD) pathway were investigated in BmN cells
and BEVS. Transient expression studies in BmN cells revealed that SP alters the localization and expression levels

of recombinant proteins, reducing intracellular accumulation while enhancing secretion efficiency. Quantitative
analysis demonstrated that SP-mediated secretion was markedly higher compared to controls, albeit with lower
total expression levels. Further exploration into SP-mediated ERAD pathway activation showed increased expression
of BiP and other ERAD-associated genes (PDI, UFD1, S1P, and ASK1), correlating with higher SP-driven protein
expression levels. RNA interference (RNAI) experiments elucidated that knockdown of ERAD-associated genes
enhances both the secretion efficiency of SP-guided proteins and the infectivity of BmNPV. Particularly, interference
with BiP demonstrated the most pronounced effect on protein secretion enhancement. Viral infection experiments
further supported these findings, showing upregulated ERAD-associated genes during BmNPV infection, indicating
their role in viral protein processing and infectivity. In conclusion, this study elucidates the complex interplay
between SP-mediated protein secretion, ERAD pathway activation, and viral infectivity in BmNPV-infected cells.
These insights suggest strategies for optimizing recombinant protein production and viral protein processing

in baculovirus expression systems, with potential implications for biotechnological and biomedical applications.
Further research could refine our understanding and manipulation of protein secretion pathways in insect cell-
based expression systems.
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Introduction

Baculoviridae is a family of double-stranded DNA viruses
that are pathogenic to insects and mainly infect Lepi-
doptera, Hymenoptera, and Diptera [1, 2]. In addition to
their application as pesticides, the baculovirus expression
vector system (BEVS) has become a powerful eukaryotic
vector for the production of large quantities of hetero-
geneous proteins for research and biomedical purposes.
BEVS has strong polyhedrin and pl0 promoters for
mass production of recombinant proteins [3] and unique
advantages such as the strong modification ability of the
target protein, the high expression level of foreign pro-
teins, and a limited host range [4, 5]. To date, a number
of BEVS products have been approved, including human
vaccines and veterinary vaccines [6]. Baculovirus is also
employed as a transduction vector capable of entering
various mammalian cells to facilitate foreign gene expres-
sion under mammalian promoters, without replicating
the viral genome [7], hereby offering a safer alternative to
many mammalian viral vectors [8].

Membrane proteins play crucial roles in cellular func-
tions such as responding to environmental changes,
maintaining membrane stability, transporting nutrients,
and defending the cells [9]. They are also prominent
targets for drug development, making them subjects of
intensive researches. BEVS has demonstrated notable
success in expressing integral membrane proteins [10,
11]. Over the past decade, BEVS has contributed to
obtaining approximately 31% of membrane protein struc-
tures [12]. However, a significant challenge of BEVS is
achieving high expression yields of membrane proteins
or secreted proteins; the levels of secreted proteins can
be 10 to 100 times lower than those produced intracel-
lularly [13]. Understanding the mechanisms of protein
expression, translation, and secretion is crucial for over-
coming this bottleneck.

Integral membrane proteins or secretory proteins are
targeted to the appropriate membrane by their signal
peptides (SPs) in a signal recognition particle-dependent
manner [14-16]. The SPs mediate the synthesis of pro-
teins in the endoplasmic reticulum (ER) and transport
them to the extracellular space via the ER-Golgi secretory
pathway [17]. These SPs are subsequently removed co-
or posttranslationally by the cellular membrane-bound
signal peptidase (SPase) complex [18]. Therefore, a wide
variety of SPs from baculoviruses or host factors have
been utilized to enhance the secretory efficiency of mem-
brane proteins or secreted proteins [19-21], and opti-
mization of amino acid composition within the SPs can
enhance the secretion of recombinant proteins in BEVS
[22]. Moreover, co-expression of SPase of Bacillus subtilis
increased the expression in the insect cells [23].

Secreted proteins are intended to move from ER
through the ER-Golgi apparatus to the cell exterior.
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However, some proteins fail to properly fold or assemble,
leading to their identification and degradation via the
ER-associated protein degradation (ERAD) pathway to
maintain ER homeostasis [24]. Binding immunoglobulin
protein (BiP), a major member of the heat shock protein
70 (hsp70) family, not only promotes protein folding to
reduce the aggregation of protein in the ER [25] but also
enhances protein transport and ER-related protein degra-
dation [26, 27]. The ER oxidoreductases, such as protein
disulfide isomerase (PDI) can oxidize cysteine residues of
substrates to form disulfide bonds, thereby aiding in pro-
tein synthesis and folding [28]. Depletion of BiP or PDI
has been shown to reduce the secretion and expression
of recombinant proteins [29]. Conversely, overexpression
of BiP significantly increases protein expression [13, 29].
Moreover, the ubiquitin-recognition protein (Ufd1) facil-
itates clearance of misfolded proteins through the ERAD
pathway [30], and apoptosis signal-regulating kinases 1
(ASK1) and sphingosine-1 phosphate (S1P) are involved
in unfolded protein response (UPR) [31-34]. How-
ever, their roles in the expression of membrane proteins
remain largely unclear.

Bombyx mori nucleopolyhedrovirus (BmNPV) has
been extensively used for heterogeneous protein expres-
sion in insect cells, larvae, and pupae due to the cost-
effectiveness of this virus-insect expression system
compared to cultured cells [13, 29, 35]. Various SPs
derived from host factors, non-host factors, and viral
factors have been employed for secreted protein expres-
sion, such as bombyxin, 30k, SP1, honeybee melittin, and
GP64 [13, 22, 36, 37]. GP64, a type I integrated mem-
brane protein, plays a crucial role in mediating fusion
of budded virus (BV) with the host cell. The SP of GP64
is commonly used for expressing membrane proteins,
secretory proteins, and protein surface display [13, 38].
Recently, we reported that GP64 in BmNPV retains its SP
within the BV, and this uncleaved SP is essential for pro-
tein trans-plasma membrane secretion [39, 40]. Interest-
ingly, GP64 and its SP guide foreign proteins to distribute
within cells in a scattered dot pattern, as observed by
immunofluorescence assays [41, 42]. Thus, further elu-
cidation of the mechanisms governing SP-mediated pro-
tein secretion is warranted.

In this study, we investigated the expression of mem-
brane proteins or secreted proteins guided by the SP of
BmNPV GP64. Both eGFP and Luciferase fused with SP
[43, 44] were expressed in BmN cells through transient
expression and BEVS. We examined membrane protein
expression and its influence on ERAD-associated pro-
teins using quantitative assays and qPCR. Additionally,
the impact of membrane protein expression on virus
production was explored through RNA interference tar-
geting ERAD-associated proteins. Our findings indicate
that SP application enhances the secretory efficiency of
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proteins; however, the overall expression levels were sig-
nificantly reduced compared to non-secreted proteins.
Furthermore, SP application effectively triggered the
expression of ERAD-related proteins. Conversely, sup-
pressing the expression of ERAD pathway proteins led to
a notable increase in membrane protein expression. This
study contributes to a deeper understanding of the BEVS
and proposes a novel approach to enhance protein secre-
tion levels by targeting ERAD proteins.

Materials and methods

Cells and plasmids

The BmN cells were cultured at 27 °C in TC-100 insect
medium (Applichem, Germany) supplemented with 10%
fetal bovine serum (FBS, Gibco, USA) using standard
techniques. Transient expression plasmids including
plZ/V5-SP-eGFP-TMD (SP-eGFP), plZ/V5-eGFP-TMD
(eGFP), pIZ/V5-SP-Luc (SP-Luc) and pIZ/V5-Luc (Luc)
were constructed previously [42, 45]. In brief, egfp or
luciferase gene was fused with the SP and the transmem-
brane domain (TMD) of BmNPV GP64 to generate tran-
sient expression plasmid SP-eGFP-TMD or SP-Luc. The
vectors eGFP-TMD or Luc, lacking the SP, were used as
controls.

Stable cell line screening

BmN cells were initially seeded in a 6-well plate (Nest
Biotechnology, Wuxi, China) and cultured over-night.
Subsequently, the cells were transfected with either 4 pg
SP-eGFP-TMD or eGFP-TMD plasmid using H-4000
(Engreen Biosystem, Beijing, China). To select stable cell
lines, the cells were cultured in TC100 medium supple-
mented with 200 pg/mL Zeocin for screening purposes.
After three months of screening, stable BmN cell lines
were established, with over 90% of the cells exhibit-
ing fluorescence. The expression of eGFP was evaluated
using western blot analysis with an eGFP antibody (San-
gon, Shanghai, China).

Live-cell imaging

The stable cell lines were seeded onto confocal dishes
(NEST Biotechnology, Wuxi, China), followed by stain-
ing with rhodamine B chloride (R18, Sigma—Aldrich, MS,
USA) and Hoechst, as described previously [41]. Confo-
cal microscopy (Leica SP8) was employed to image the
fluorescence, and the intensity of eGFP fluorescence was
compared using identical excitation and exposure times.

Cells transfection

BmN cells were seeded into 6- or 24-well plates. After
24 h, the cells were transfected with the specified amount
of plasmid DNA using H-4000 following the manufac-
turer’s instructions. At 72 h post-transfection (p.t.) or
at specified times, the cells were either harvested for
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measuring the relative activity of Luciferase or lysed with
TRIzol (Thermo Fisher Scientific, MA, USA) for qPCR
analysis.

Luciferase activity assay

BmN cells in 24-well plates were transfected with 0.8 pg
transient expression vector. Subsequently, both cells and
media were collected directly at the indicated time points
for the luciferase activity assay (Promega, MI, USA).
For cell samples, 120 pl of 1x Cell Lysis Buffer per well
was added, followed by shaking at moderate speed for
approximately 15 min until complete lysis. The lysate was
then transferred into a centrifuge tube after brief cen-
trifugation. From the supernatant, 10 pl was used for the
luciferase assay. The secretory efficiency, used to assess
the impact of SP application on protein secretion, was
calculated as the ratio of the total relative Luciferase Unit
(RLU) in the media divided by the sum of RLU in both
media and cells. Three independent biological replicates
were performed and significance was determined using
one-way ANOVA.

Separation of secretory protein from supernatant

BmN cells were transfected with transient expression
vectors, and cells were harvested for SDS-PAGE sepa-
ration at 72 h p.t. In parallel, the supernatant from 24-
well plates was collected and mixed with four times the
volume of acetone, followed by overnight precipitation
at -20 °C to recover secretory proteins. The precipitated
proteins were pelleted by centrifugation, dissolved in
100 pl of phosphate-buffered saline (PBS) at pH 7.0, and
subjected to SDS-PAGE analysis. Luciferase expression
was assessed by western blot using a Luciferase antibody
(Santa Cruz, CA, USA).

qPCR analysis

The concentration of RNA samples was determined using
a NanoDrop spectrophotometer. Subsequently, 500 ng of
total RNA was subjected to reverse transcription using
a PrimeScript RT Reagent Kit (Takara, Dalian, China).
For qPCR analysis, specific primers (Table 1) targeting
genes were utilized with NovoStart SYBR Q-PCR Super-
Mix Plus (Novoprotein, Shanghai, China). Glyceralde-
hyde-3-phosphate dehydrogenase (GAPDH) served as
the internal control [46]. Relative gene expression was
evaluated using 224t method, and all experiments were
performed using three biological replicates and three
technical replicates.

Small interfering RNA (siRNA) transfection

The primers for target genes in RNAi experiments
were designed as detailed in Table 1. Scrambled siRNA
sequences served as controls (NC), and siRNAs were syn-
thesized using the in vitro transcription T7 Kit (TaKaRa,
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Table 1 Target gene sequence of RNAi and the primers used in

this study

Gene name Target gene sequence

BiP CCTCATGTTCAAGTACAAA
BiP NC CAATACATGCATAACGCTT
PDI GCTGAAGAAGAATCTCCTA
PDINC TTTAGTACCACGGAAACGA
UFD1 GCATTAGAACAACTCACAA
UFD1 NC AGTACCGAAAAATTAACCC
S1P GCACTCAGCCGCTGTATTA
STPNC GTCAGACGTTAGGTCGACA
ASK1 GCCCTTGAAGAAGTTCGTT
ASKT NC AACTGGCTAGCTGCATTTG
BiPQF TGGAGTTTGTTCGCGCTAGT
BiPQR AGGCCACGTATGAAGGTGTG
PDIQF TCAAGAACAGGATCTCGCCG
PDIQR TCATCAGCTTGACGACCACC
UFD1QF TGATGCCCGAATCTAGTGGC
UFD1QR GTTCCCGGTTCGGAATCACT
S1PQF GCCGTTGACGCTGGACTATC
STPQR CGCCACCTGATACATGCTGAG
ASK1QF TGGCGGCTGAACTGGTTAATG
ASK1QR AGGTGATACAGCAGCGAACTCT

Dalian, China). BmN cells were pre-seeded at total of
3.5x10° per well in 24-well plates and cultured overnight.
They were then transfected with 50 pmol of siRNA using
R4000 according to the manufacturer’s instructions. Par-
allel experiments included scrambled siRNA as a control.
At 24 h p.t., cells were collected for detection of the inter-
ference effect using qPCR analysis.

Cell viability assay

BmN cells were transfected with siRNA, and cell via-
bility was assessed at 24 h p.t. using a Cell Counting
Kit-8 (CCK-8) (Byotime, Shanghai, China). The culture
medium was aspirated, and each sample in a 96-well plate
received 100 pL of PBS and 10 pL of CCK-8 solution.
Following a 2-hour incubation in darkness, absorbance
was measured at a wavelength of 450 nm using a Perkin-
Elmer multimode plate reader (Perkin-Elmer, MA, USA).

Recombinant viruses construction

To generate BmNPV bacmids containing the /lucifer-
ase gene with or without SP, the luciferase gene SP-Luc
and Luc was amplified by PCR. For SP-Luc, the forward
primer sequence was 5-CGGGATCCATGCTACTAGTA
AATCAGTCATACC-3 and the reverse primer sequence
was 5-TTGCGGCCGCTTACACGGCGATCTTTCC
G-3’ For Luc without SP, the forward primer sequence
was 5-CGGGATCCATGGAAGACGCCAAAAACAT
AAAG-3 and the same reverse primer was used. These
PCR products were then inserted downstream of the
polyhedrin promoter in pFBD-egfp [47] using BamH I
and Not I restriction sites to generate pFBD-egfp-SP-Luc
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and pFBD-egfp-Luc constructs. Subsequently, these con-
structs were transposed into BmNPV bacmid [48] using
the Bac-to-Bac system according to the manufacturer’s
instructions. This resulted in the creation of BmBac-egfp-
SP-Luc and BmBac-egfp-Luc. These bacmids were trans-
fected into BmN cells. Subsequently, recombinant viruses
were harvested from the transfected cells, and the titers
were measured by end-point dilution assay (EPDA) [49].

ERAD-associated genes expression in BmNPV infection
The BmN cells were seeded into a 6-well plate and cul-
tured overnight. Subsequently, the cells were infected
with BmBac-eGFP [47] at a multiplicity of infection
(MOI) of 5. At 24 h post-infection (h p.i.), the cells were
harvested for analysis of ERAD-related gene expression
using q-PCR. Primers specific for these genes are detailed
in Table 1.

Western blot

BmN cells in a 6-well plate were transfected with 200
pmol of siRNA targeting BiP and subsequently infected
with BmBac-eGFP at an MOI of 5, 24 h p.t.. At 48 h
p.i., cells were harvested for western blot analysis using
anti-BiP (Thermo Fisher Scientificc MA, USA), anti-
GP64 (Santa Cruz, CA, USA), and anti-Tubulin (Sangon,
Shanghai, China) antibodies. The relative expression of
BiP was determined by scanning the bands in the western
blot images with Image] and quantifying BiP expression
relative to Tubulin.

Immunofluorescence assay

BmN cells transfected with siRNA were fixed at 72 h p.t.
using 4% paraformaldehyde (PFA, Sangon, Shanghali,
China) for 15 min. After washing with PBS, cells were
blocked with 2% BSA for 30 min, followed by incuba-
tion with a rabbit antibody specific for Bombyx mori
Tetraspanin A (BmTPA) at a dilution of 1:500. Follow-
ing a 2 h incubation at room temperature and subse-
quent PBS washes, bound antibodies were detected using
Alexa 488-conjugated goat anti-rabbit antibody (Sangon,
Shanghai, China) at a dilution of 1:3000. PBS washes were
performed between each step. Imaging was performed
using a fluorescence microscope (OLYMPUS IX83,
Tokyo, Japan), and fluorescence intensity was quantified
using a Perkin-Elmer multimode plate reader (Waltham,
MA, USA).

Comparison of virus infectivity

After transfecting BmN cells with siRNA, cells were sub-
sequently infected with BmBac-eGFP at 24 h p.t. at an
MOI of 5. The BVs were collected for titration at 48 h
p.i., and BV DNA was isolated for qPCR. To quantify the
BmBacmid DNA, it was isolated according to the Bac-
to-Bac manual and quantified by spectrophotometry at
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OD260. A standard curve was generated using ten-fold
dilutions of BmBamid DNA. The viral infectivity was
assessed by calculating the titer normalized to the copy
number of genomic DNA (TCIDj;,/copy).

Comparison of virus production at different MOI

To investigate the impact of ERAD-associated genes on
BV production, BmN cells were transfected with siRNA
and subsequently infected with BmBac-eGFP at 24 h p.t.
using MOIs of 0.1 and 1. After 48 h p.i., BVs present in
the cell culture supernatants were collected, and their
titers were determined using an EPDA. The significance
of BV titers was statistically analyzed using one-way
ANOVA in GraphPad Prism 9.

Comparison of luciferase expression by BEVS

BmN cells were seeded in 24-well plates at a density of
1.5%10° cells per well and cultured overnight. They were
then transfected with siRNA targeting ERAD-associated
genes. After 24 h, the cells were infected with the recom-
binant virus BmBac-egfp-SP-Luc or BmBac-egfp-Luc at
an MOI of 5 for 2 h. Non-adherent viruses were removed
by washing the cells three times with PBS. Subsequently,
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the cells were incubated in TC100 insect medium with
10% FBS at 27 °C for Luciferase assay analysis or qPCR
assay at 72 h p.i.

Results

The existence of SP decreased the total expression of
secretory protein

To assess the impact of SP application on protein secre-
tion, initial experiments involved transient expression in
BmN cells. Specifically, BmN cells were transfected with
SP-eGFP-TMD or eGFP-TMD construct, and the stable
cell lines were selected with Zeocin. Subsequently, cell
localization was examined using a laser confocal micro-
scope under uniform excitation and exposure conditions.
Image analysis using Image]-v1.8.0 revealed distinct pat-
terns: eGFP-TMD localized in the cytoplasm, often accu-
mulating into large bubble structures (Fig. 1a), whereas
SP-eGFP-TMD was found both on the plasma membrane
and in the cytoplasm, forming dispersed small dots in
the cytoplasm. Particularly, the fluorescence of SP-eGFP-
TMD transfected cells (8.23), was markedly lower than
that of eGFP-TMD cells (73.99) (Fig. 1b), a statistically
significant difference (P=0.0004). Furthermore, western
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Fig. 1 Impact of GP64 SP on protein expression and secretion. (a) Localization assay using confocal laser microscope of stable BmN cells transfected with
plZ/V5-SP-eGFP-TMD and plZ/V5-eGFP-TMD. Nucleus was stained with Hoechst33258, and the plasma membrane was stained by R18. (b) Comparison
of fluorescence intensity measured by ImageJ-v1.8.0 in transfected cell lines. (c) Western blot analysis comparing protein expression levels using an GFP
antibody; GAPDH was used as an internal control. (d) Quantitative analysis of SP effect on Luciferase expression. BmN cells were transfected with SP-Luc or
control Luc, and Luciferase activity was measured in both supernatant and cell lysates collected at 72 h p.t. **, P<0.01, ***, P<0.001. (e) Western blot anal-
ysis of SP influence on protein expression using a Luciferase antibody, with proteins precipitated from the supernatant and cell lysates of transfected cells
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blot analysis (Fig. 1c) indicated similar GAPDH expres-
sion levels between samples; however, while eGFP-TMD
was readily detectable, SP-eGFP-TMD was challenging to
detect, suggesting a decrease in total protein expression
with SP application.

Furthermore, to quantitatively analyze the effect of SP
on protein expression, SP-Luc and Luc was transiently
expressed in BmN cells by transfection. At 72 h p.t,,
supernatant and cell samples were collected to detect
Luciferase activity. The results showed that the total
expression level of SP-Luc was significantly lower than
that of the Luc control (Fig. 1d), representing only about
7% of the total expression quantity of Luc. However, with
the assistance of SP, both the quantity and secretory effi-
ciency of SP-Luc were both higher compared to the con-
trol (Fig. 1d). Moreover, supernatant from transfected
cells were collected, proteins were precipitated, and cells
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were lysed for western bolt. The result indicated that
Luc exhibited higher expression than SP-Luc within the
cells; however, Luc was not detected in the supernatant
(Fig. 1e). Taken together, these findings suggested that
the presence of SP increases the yield of secreted proteins
while reducing the overall intracellular protein expres-
sion level.

SP activated expression of BiP and genes related to -ERAD
pathway

In transient expression, protein levels correlated with the
dosage of the expression vector. We subsequently investi-
gated the relationship between secretory protein expres-
sion and plasmid dosage. As depicted in Fig. 2a, within
a certain range (16—80 ng), secretion protein quantity
increased in a dose-dependent manner. However, a sta-
ble plateau was reached with a dosage of exceeding 80 ng
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Fig.2 Secretory protein expression activates BiP and ERAD-associated gene expressions. (a) Correlation analysis between Luciferase expression and plas-
mid dosage in transfected cells. (b-f) ERAD-related gene expressions in transfected cells. BmN cells were transfected with increasing doses of the SP-Luc
plasmid, with Luc serving as the control. Cells were collected at 72 h p.t, and total cellular RNA was extracted. The relative gene expression of BiP (b), PDI
(0), UFD1 (d), STP (), and ASK1 (f) was measured by qPCR, with GAPDH used as the internal control. Significance levels are denoted by letters above the

columns. All experiments were conducted in triplicate
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DNA (Fig. 2a, green line), showing no significant increase
in protein secretion. Consequently, the secretory effi-
ciency declined with increasing plasmid dosage (Fig. 2a,
histogram), indicating that higher plasmid dosage could
produce more protein up to a limit. However, total secre-
tion quantity was constrained in the transfected cells,
suggesting a restriction in secreted protein capacity
within cells.

Secretory protein folding and processing occur in
the ER, necessitating precise cellular regulation. Pro-
tein accumulation in the ER triggers the ERAD process,
which eliminates misfolded proteins [50]. Thus, we exam-
ined ERAD-related gene expression using qPCR. As
shown in Fig. 2b, relative to Luc treatment (set as 1), SP-
Luc transfection a significant increased BiP expression
compared to Luc, with no difference observed between
dosage of 16-80 ng. However, BiP expression signifi-
cantly rose with dosages exceeding 80 ng plasmid, sug-
gesting that excessive SP-Luc expression activated BiP.
Furthermore, expression levels of ERAD-related genes
(PDI, UED1, S1P, and ASK1) increased with higher dos-
age (Fig. 2c-f), positively correlating with ERAD-related
proteins expression levels according to Pearson correla-
tion analysis. These finding indicate that excessive SP-Luc
expression activats the expression of ERAD-associated
genes.

ERAD pathway-related proteins influence protein secretion
ERAD is a crucial pathway for protein quality control in
eukaryotic cells, responsible for identifying, classifying,
and degrading misfolded proteins to prevent their accu-
mulation in the cytoplasm [51, 52]. Our previous study
demonstrated that BiP knockdown significantly increased
the secretory efficiency of SP-Luc [42], suggesting BiP’s
role in the SP-activated ERAD pathway. We further
investigated the involvement of ERAD-associated pro-
teins in protein secretion. Initially, we used siRNA target-
ing BiP (SiBiP) to suppress BiP expression and measured
protein secretion. As depicted in Fig. 3a, siBiP applica-
tion markedly enhanced SP-Luc secretion. Concurrently,
knockdown of BiP led to a significantly reduction (91.9%,
71.2%, 37.4%, and 82.1%, respectively) in the relative
expression level of PDI, UFD1, S1P, and ASK1 compared
with the NC group (Fig. 3b), indicating BiP’s regulation of
these proteins. Subsequently, BmN cells were transfected
with siRNA targeting PDI, UFD1, S1P, and ASK1, or
scrambled siRNA (NC), and knockdown efficiency was
assessed by qPCR at 24 h p.t. Result showed significant
reduction in intracellular mRNA levels of PDI, Ufd1, S1P,
and ASK1 following siRNA transfection (Fig. 3c).

To evaluate the impact of these proteins knockdown
on cells viability, BmN cells were transfected with either
NC or siRNA targeting PDI, Ufd1, S1P, and ASKI. Cell
viability was assessed using a Cell Counting Kit-8 at 24 h
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p.t. The results indicated that knockdown of these pro-
teins minimally affected cell viability, with no significant
difference observed (Fig. 3d). Additionally, membrane
protein BmTPA expression was compared following
knockdown of these proteins using a cell-based ELISA
with an antibody against BmTPA. Knockdown of BiP and
Ask increased BmTPA secretion, whereas interference
with PDI, Ufdl and S1P decreased BmTPA secretion
(Fig. 3e). However, neither interference condition showed
a significant inhibitory effect on host membrane protein
secretion. In contrast, BmN cells were transfected with
the plasmid SP-Luc or Luc 24 h after siRNA transfec-
tion, and supernatant and cell samples were collected at
72 h p.t. for Luciferase activity assay. Notably, Luc syn-
thesis remained unchanged in NC or siRNA-transfected
cells (Fig. 3f). In contrast, interference with PDI, UFDI,
S1P, and ASK1 led to increasing of 3.39%, 1.39%, 2.97%,
and 1.99%, respectively, in SP-Luc secretory efficiency
(Fig. 3f), with significant difference observed for PDI,
S1P, and ASK1, indicating their involvement in the pro-
tein secretion.

Down-regulated ERAD-related genes increased BmNPV
infectivity

GP64, the viral membrane fusion protein facilitating
BmNPV infection, is transported to the cytoplasmic
membrane and integrated into virion during budding.
Therefore, activation of ERAD-associated genes may
influence BmNPV infectivity. Here, we investigate the
relationship between virus infectivity and ERAD-related
genes expression. BmN cells were infected with BVs at an
MOI of 5, and at 24 h p.i., cells were collected for ERAD-
related genes expression analysis. As shown in Fig. 4a,
intracellular mRNA levels of BiP, PDI, UFD1, S1P, and
ASK1 were significantly upregulated in virus-infected
cells compared to healthy cells (CTRL group), with nota-
ble increases in BiP, PDI, and SIP by 13.3, 14.5, and 19.3
folds, respectively, indicating activation of ERAD-associ-
ated gene expression by BmNPV infection. Subsequently,
we knocked down ERAD-related genes expression and
accessed its impact on virus infectivity. To assess the
impact of RNAI on these target genes, we evaluated BiP
expression, a key protein in the ERAD pathway, using a
western blot with an anti-BiP antibody during viral infec-
tion. siRNA targeting BiP significantly decreased BiP
expression compared to the NC control, as shown by
the relative expression analysis of BiP/Tubulin (Fig. 4b
and c). Although viral infection in siRNA-transfected
cells increased BiP expression, a significant difference
remained, indicating that siRNA effectively reduced the
target gene expression. The BV titers were determined by
EPDA at 48 h p.t,, revealing increased virus titers in BmN
cells treated with siRNAs targeting BiP, PDI, UFD1, S1P,
or ASK1 compare to NC cells (Fig. 4d).
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To explore the mechanism behind this increase, viral viral particle production. However, analysis of BV DNA
genomes were extracted and quantified using qPCR  relative infectivity indicated that knockdown of BiP, PDI,
with gp64 specific primers. No significant difference S1P, ASK1, and UFD1 significantly decreased genomic
was observed in genome numbers between the RNAi DNA copy numbers per TCID50, implying enhanced
samples and untreated CTRL (Fig. 4e), suggesting that infectivity of BVs (Fig. 4f). Further evaluation of gene
interference with ERAD-associated genes did not affect  knockdown effects on virus production at lower MOIs
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showed increased BV titers compared to control, par-
ticularly notable with S1P interference at MOIs of 1 and
0.1 (Fig. 4g). These findings collectively demonstrate
that down-regulation of ERAD-related genes enhances
BV infectivity, highlighting their potential as targets for
improving viral production.

Interference with ERAD-related genes enhances protein
secretion in BEVS

To explore the impact of ERAD-related genes on the
recombinant proteins secretion in BEVS, we constructed
recombinant viruses BmBac-egfp-SP-Luc and BmBac-
egfp-Luc. The BmN cells were infected with these viruses
at an MOI of 5, and both cells and supernatants were
collected at 72 h p.i. for Luciferase activity analysis. As
shown in Fig. 5a, the total Luciferase production from
BmBac-egfp-SP-Luc was significantly lower compared to
BmBac-egfp-Luc (Fig. 5a, upper panel), while the secre-
tory efficiency was markedly increased by 3-fold (Fig. 5a,
lower panel).

Next, we investigated the effect of knocking down
ERAD-related genes on the expression and secretion of
foreign proteins in BEVS. BmN cells were transfected
with siRNA targeting BiP, PDI, UFD1, S1P, and ASK1, fol-
lowed by infection with BmBac-egfp-SP-Luc at an MOI
of 5 at 24 h p.t. Protein expression and infection progress
were monitored at 72 h p.i. using fluorescence micro-
scope and Luciferase assay. The results revealed increased
eGFP expression when the expression of ERAD-related
genes was effectively interfered with, particularly with
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BiP knockdown (Fig. 5b). Disturbance of BiP signifi-
cantly enhanced the total expression quantity, secretion
quantity, and secretory efficiency of Luciferase compared
to the NC control (Fig. 5c). Similar enhancements were
observed with knockdown of the other four ERAD-asso-
ciated genes compared to the NC control, although the
effectiveness was less pronounced than with BiP knock-
down (Fig. 5¢).

Discussion
BEVS exhibits high expression level of cytoplasmic pro-
teins but a relatively lower level of secreted and trans-
membrane proteins. This study systematically analyzed
the impact of the SP from BmNPV GP64 on protein
secretion, using both transient expression plasmid and
BEVS. The presence of SP significantly increased the
quantity of secreted protein while decreased total expres-
sion level. SP directs proteins into ER-Golgi secretory
pathway, but also triggers ERAD pathway activation due
to protein accumulation in the ER, leading to protein
degradation. RNA interference targeting ERAD-associ-
ated genes—BiP, PDI, UFD1, S1P, and ASK1—markedly
enhanced the quantity of secreted protein. Addition-
ally, knockdown of ERAD-associated genes increased
both BV infectivity and secreted protein levels, suggest-
ing potential optimizations for membrane protein and
secreted protein expression in BEVS.

GP64, the principal membrane fusion protein of alpha-
baculovirus, is crucial for BV entry into host cell [53];
GP64’s SP is commonly used for membrane protein
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expression and glycoprotein surface display [54, 55].
Unlike AcMNPYV, where GP64 decreased significantly
late in infection [56], BmNPV GP64 remains abundant
throughout infection [57]. Recent finding indicate that
BmNPV GP64 SP remains uncleaved from mature BV,
essential for BV egress and infectivity [41, 58, 59], includ-
ing its role in facilitating Ebola virus glycoprotein secre-
tion in BmN cells [39]. Moreover, BmNPV GP64 SP led
arrowhead proteinase inhibitor B and human epidermal
growth factor secretion in cells and larvae, which gener-
ated fusion products (papers in Chinese). Thus, BmNPV
GP64 SP mediated protein secretion was further explored
in this study. However, the diverse SPs of baculovirus
membrane proteins, beyond GP64 tested here, and more
SPs of host membrane proteins were not explored, leav-
ing room for further optimization of specific secreted
protein expressions.

In BmNPV infection, we observed over a 10-fold in BiP,
PDI, UFD]1, S1P, and ASK1 expression compared to con-
trol (Fig. 4a), indicating their correlation with BmNPV
infection. During viral infection, multiple viral mem-
brane proteins are synthesized, with some accumulating
in the ER and activating in the late infection stage [1].
As molecular chaperone, ERAD-related proteins likely
play key role in these processes. BiP aids viral protein
folding and ensure quality control of newly synthesized
glycoproteins [42, 60, 61]. In contrast to other studies
where depletion of BiP or PDI reduced the secretion and
expression of recombinant proteins [29], overexpression
of BiP has shown to increase protein secretion [13, 29,
62]. Our study demonstrated interference targeting BiP
had a more pronounced enhancement on SP-mediated
protein secretion. Furthermore, in combination with BiP
expression was activated by GP64 SP [42]. We hypoth-
esized that this activation mediated the translocation of
proteins from the ER for degradation [63].

Virus infection involves complex interactions between
the virus and host, potentially activating the ERAD path-
way through various mechanism. To isolate these effects,
transient expression assays were employed. We found
that SP-Luc expression positively correlated with BiP
and ERAD-associated gene expression, suggesting that
overexpression of secreted proteins efficiently triggers
the ERAD pathway (Fig. 2). Similarly, hyperexpression of
the polyhedrin promoter in BEVS leads to large quanti-
ties of heterogeneous secreted protein. When guided into
the ER by the SP, molecular chaperones such as BiP and
PDI facilitate correct protein fold and transport to Golgi.
However, ER capacity is finite; excessive protein entry
triggers the ERAD degradation pathway, resulting in sig-
nificant protein degradation. Importantly, RNAi target-
ing ERAD-associated genes did not increase BV particles
(Fig. 4) but did enhance virus infectivity, suggesting that
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RNAI treatment could boost viral infectivity by enhanc-
ing the membrane protein GP64 on BVs.

Conclusions

This study provides new insight into enhancing mem-
brane proteins expression using molecular targets like
BiP and other ERAD-associated genes by BmNPV-insect
cells/larvae, and offer a basis for further research into
GP64 SP mechanism in protein secretion. Additionally,
the study uncovers the link between BmNPV infection
and ERAD pathway activation, providing insights for
understanding BmNPV pathogenesis with uncleaved SP.
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ABC ATP binding cassette

ASK1 apoptosis signal-regulating kinase 1
BEVS baculovirus expression vector system
BiP Binding immunoglobulin protein

BmNPV  Bombyx mori nucleopolyhedrovirus

BmTPA Bombyx mori Tetraspanin A

BV budded virus

EPDA end-point dilution assay

ER endoplasmic reticulum

ERAD endoplasmic reticulum-associated protein degradation
FBS fetal bovine serum

GAPDH  Glyceraldehyde-3-phosphate dehydrogenase

GPCRs G protein-coupled receptors

hp.i. hours post infection

hpt. hours post transfection
hsp70 heat shock protein 70

MOI multiplicity of infection

PBS phosphate buffer saline

PDI protein disulfide isomerase
RLU relative Luciferase unit

S1P sphingosine-1 phosphate
SIRNA Small interfering RNA

SP signal peptide

SPase signal peptidase

TCIDs, 50% tissue culture infective dose
ufd1 ubiquitin-recognition protein
UPR unfolded protein response
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