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Abstract Baculovirus expression vector system (BEVS)

is widely used for production of recombinant eukaryotic

proteins in insect larvae or cultured cells. BEVS has

advantages over bacterial expression system in producing

post-translationally modified secreted proteins. However,

for some unknown reason, it is very difficult for insects to

secrete sufficiently for certain proteins of interest. To

understand the reasons why insect cells fail to secrete some

kinds of recombinant proteins, we here employed three

mammalian proteins as targets, EPO, HGF, and Wnt3A,

with different secretion levels in BEVS and investigated

their mRNA transcriptions from the viral genome, sub-

cellular localizations, and interactions with silkworm ER

chaperones. Moreover, we observed that no significantly

influence on the secretion amounts of all three proteins

when depleting or overexpressing most endogenous ER

chaperone genes in cultured silkworm cells. However,

among all detected ER chaperones, the depletion of BiP

severely decreased the recombinant protein secretion in

BEVS, indicating the possible central role of Bip in silk-

worm secretion pathway.
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Introduction

Baculovirus expression vector system (BEVS) has served

as powerful tool for mass production of secreted mam-

malian proteins that are required for proteolytic processing

and post-translational modifications [1]. Due to the

importance of the functional processing and modification

of proteins, especially for secreted proteins, BEVS is

supposed to be beneficial for various industrial and medical

applications. The problem with these systems, however, is

that it is difficult to produce some glycoproteins in suffi-

cient quantities. In most of the previous studies, therefore,

focused on the improvement of host glycosylation pathway

and baculovirus vector to increase protein production in

both quantity and quality [2–4].

Compared to intracellular proteins, secreted proteins are

destined to translocate to the cell exterior through the

endoplasmic reticulum (ER) and Golgi apparatus [5].

During these processes, the proteins are folded into the

correct conformation and acquire post-translational modi-

fications, such as N- or O-linked glycosylation. ER chap-

erones, like BiP, calnexin (CNX), calreticulin (CRT),

ERp57, and protein disulfide isomerase (PDI), play critical

roles in ER quality control and ER-associated degradation

(ERAD) to determine the destination of target proteins [6].

For example, correctly folded proteins can be exported into

the Golgi apparatus for further processing, whereas mis-

folded proteins are degraded by ERAD [7, 8].

Endoplasmic reticulum possesses a capacity to maintain

the homeostasis of cells by a programmed process called

unfolded protein response (UPR) [9]. In eukaryotes, UPR

induces the accumulation of various ER chaperones and

ERAD components in the ER, and when the UPR is initi-

ated, the unfolded proteins can be resynthesized to form

correctly folded proteins or degraded products to reduce
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ER stress for cells [10, 11]. Severe ER dysfunction caused

by the accumulation of misfolded proteins, however, will

trigger programmed cell death [12].

In this study, we first expressed three mammalian gly-

coproteins in secreted forms by using BEVS in silkworms,

including human erythropoietin (EPO), cat hepatocyte

growth factor (HGF), and mouse wingless-type mouse

mammary tumor virus (MMTV) integration site family of

member 3A (Wnt3A). It was demonstrated that recombi-

nant EPO was highly secreted by BEVS, whereas HGF and

Wnt3A were secreted at lower levels. In BEVS, a large

amount of foreign proteins are synthesized and secreted

within a short time of about 3 days post-infection of bac-

ulovirus. Furthermore, baculovirus infections take over the

host cell system physiologically and structurally. There-

fore, it is sometimes difficult to speculate upon the reasons

for this inadequacy of recombinant protein secretion. To

figure out the molecular processes of protein secretion

during baculovirus infection, we investigated the roles of

silkworm ER chaperones in the secretion of recombinant

proteins using BEVS.

Materials and methods

Experimental animal and cultured cells

The silkworm strain f38, which is susceptible to BmNPV

infection, used for recombinant protein expression was

stored at the Institute of Genetic Resources, Graduate

School of Agriculture, and Kyushu University, Japan. The

silkworm larvae were regularly fed on fresh mulberry

leaves. The cultured silkworm cell lines, BmN4, BmN4-

SID1 [13], Bme21, Bme21-SID1 [14], and NIAS-Bm-oy-

anagi2, were maintained in IPL-41 medium (Sigma

Chemical Co) supplemented with 10 % fetal bovine serum

(FBS, GIBCO Invitrogen Co) at 27 �C.

Construction of baculoviruses

The cDNAs for human EPO [15], cat HGF [16], and mouse

Wnt3A [17] were amplified by PCR using specific primers

which are listed in Table 1, and further cloned into the

EcoRV–XhoI site of pENTR11L21TEVH8 vector containing

a His 9 8 tag [18]. Plasmids for human EPO, cat HGF, and

mouse Wnt3A were named as pENTR11L21-HsEPO-

TEVH8, pENTR11L21-FcHGF-TEVH8, and pENTR11L21-

MmWnt3A-TEVH8, respectively. Baculovirus transfer plas-

mids of pDEST8-HsEPO-TEVH8, pDEST8-FcHGF-

TEVH8, and pDEST8-MmWnt3A-TEVH8 were further

generated by a gateway LR reaction between pDEST8 vector

and the entry plasmids described previously [19, 20]. These

destination plasmids were subsequently transformed into

BmT3-DH10Bac E. coli cells to generate recombinant bac-

ulovirus genomes (bacmids). The resulting bacmid DNAs

were further transfected into NIAS-Bm-oyanagi2 cells by

lipofectin methods to obtain recombinant baculoviruses.

Three days after transfection, the medium was recovered and

cells were re-infected to prepare high-titer viral stocks.

Expression of recombinant proteins

To assess the expression level of recombinant EPO, HGF,

and Wnt3A, Bme21 cells were plated on 6-well plates at a

density of 1 9 105 cells per well, and infected with

recombinant baculovirus for each protein at a multiplicity

of infection (MOI) of 1. The cells and culture media were

harvested at 2, 3, 4, and 5 days after infection. The cells

were washed with phosphate buffered saline (PBS) and

suspended in ice-cold cell lysis buffer (20 mM Tris–HCl

pH 7.5, 0.5 M NaCl, 10 mM 2-mercaptoethanol, 1 %

Triton X-100 (SIGMA), 1 mM PMSF, and 10 % Complete

EDTA-free protease inhibitor) to carry out lysis. After

centrifugation at 1000g for 30 min at 4 �C, the supernatant
was defined as soluble form and the precipitates were ter-

med as insoluble form. Subsequently, those samples

quantified by protein assay kit (Bio-Rad, USA) were sub-

jected to Western blotting analysis.

SDS-PAGE and immunoblot analysis

All the samples were separated on a 10 % SDS-PAGE gel

and further transferred onto a PVDF membrane (Milli-

pore). Then the membrane was blocked by TBST (20 mM

Tris–HCl pH 7.5, 150 mM NaCl, 0.1 % Tween20) con-

taining 5 % skim milk for 1 h. After blocking, the mem-

brane was incubated with HisProbe-HRP (Thermo

Scientific) for 1 h and then visualized using the Super

Signal West Pico Chemiluminescent Substrate (Thermo

Scientific).

RT-PCR analysis

Total RNA or genomic DNA from BmN4-SID1 and

Bme21-SID1 cells was extracted using ISOGEN (Nippon

Gene). cDNAs were reverse-transcribed from total RNA

using RevaTra Ace (Toyobo) according to manufacturer’s

instruction. The transcription of the target and viral genes

was analyzed by semi-quantitative polymerase chain

reaction (semi-quantitative PCR) using gene-specific pri-

mers (Table 1).

Immunofluorescence staining

To determine subcellular localization of the recombinant

proteins, immunostaining was performed. The cells
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infected with recombinant baculoviruses were cultured on

a cover glass and fixed with 4 % paraformaldehyde in PBS.

After fixation for 20 min, the cells were permeabilized with

0.1 % Triton X-100 in PBS for 10 min, blocked in 3 %

skim milk for 1 h, and then incubated with mouse antibody

against HA-tag (sc7392, Santa Cruz) for 1 h. After washing

for five times with PBS, the cells were incubated with

FITC-labeled anti-mouse IgG antibody (F0257, Sigma) for

1 h. Simultaneously, ER was stained by antibodies against

PDI and visualized by incubating with Cy3-Linked anti-

rabbit IgG (ab6939, GE Healthcare). The Golgi apparatus

was stained by BODIPY TR ceramide complexed to BSA

(Invitogen).

RNA interference for ER chaperone genes

Partial cDNA fragments for the silkworm genes were

amplified using specific primers (Table 1) and cloned into

a dual T7 promoter-driven vector of pLits [21]. The pLits

vector containing the silkworm cDNAs was used to syn-

thesize double-stranded RNA (dsRNA) by T7 RNA

polymerase in vitro and the RNA interference (RNAi)

treatments were performed in above described cell lines

according to our previous studies [21, 22].

To knock down ER chaperone genes, BmN4-SID1 cells

or Bme21-SID1 cells were soaked with 300 ng of dsRNA

for 3 days as described previously [20]. Three days after

soaking, their knockdown efficiencies were analyzed by

RT-PCR (Table 1).

Establishment of stable Bme21 cell lines

overexpressing silkworm ER chaperones

The cDNAs for silkworm BiP, CNX, and ERp57 were ampli-

fied byPCRusing specific primers listed inTable 1, and cloned

between NcoI and XbaI sites of pENTR11 vector. These

plasmids were named as pENTR11-BmBiP, pENTR11-

BmCNX, and pENTR11-BmERp57, respectively. The pig-

gyBac-based transposition plasmids, pPBO-IE2-Flag-BmBip,

pPBO-IE2-Flag-BmCNX, and pPBO-IE2-Flag-BmERp57

were generated for the overexpression of BmBiP, BmCNX,

and BmERp57, using a gateway LR reaction between pPBO-

Table 1 List of primers used in this research

Gene Sense (50 to 30) Antisense (50 to 30)

For RT-PCR

EPO TGCCCCACCACGCCTCATCTGTGAC TTCTGTCCCCTGTCCTGCAGGCCTC

HGF GAAGGACAGAAGAAAAGAAGAAACA ACCTCTGGATTGCTTGTGAAACACC

Wnt3A ATTCTCTGTGCCAGCATCCCAGGCC TGGCATTTGCACTTGAGGTGCATGT

p10 ATGTCAAAGCCTACCGTTTTGACCCCAATT TTACTTGGAACTGAGTTTACCCAGACGAGC

ie1 GGGTTTAACGCGTCGTACACCAGTGCTC ATCTCAAACAGGATGCTCAAAAGATTCCG

BmBiP GTTGAAAAAGCAAAGAGAGCCCTGT TGGTTGTCACTGGCAGTAGAGAAGA

BmCNX TTCGAGCTGTGGTCCATGTCCCCGATGCTG GGCTTCCGATTGATGAGGGTCGTCTTCCAC

BmCRT CTCAAGGTCTTTGACTGCAAACTGG GCCCAAACGCCCTTGTAGTCTGGGT

BmERp57 AGGAGCTCCTTACAGTAGCTGATTT GAGCTCGTGCGTGAAGTCGTCCTTG

BmPDI CGTCAAGCTGATGACATCATCAGTT CTGTCGCGGTAGGTCTTCGCGACCG

BmActin AGATCTTTTTATTTAACTTTGAATGCAACACAG CATTCCACGAAGTGAGCTTGGGTCGTTGCG

BmGAPDH GGCCGCATTGGCCGTTTGGTGCTCCG GTGGGGCAAGACAGTTTGTGGTGCAAGAAG

For dsRNA synthesis

dsBiP GTCAAGATGCGGTGGAGTTTGTTCG CACTCCATTCACGACCAATCAGACG

dsCNX AGGAGGATTCGTTTTTGGACCGCGG GCTCGCCTCCGTAGTCAAAGTTACG

dsCRT AAACTGGAGCAGAAGGACATGCACG GTTCAGGCTTGTCCCAATCCTCAGG

dsERp57 TACAGCCCTGGTCATGTTTTACGCG TTCCTTTTCGAAGAATCCGACAACC

dsPDI AAAGTTGACGCAACTCAAGAACAGG ATCTTCAGCCTCCAACTCCTTGATC

T7 AGCTACGTAATACGACTCACTATAGG

For ORF cloning

EPO ATGAAGTTATGCATATTACTGGCCGTCGTG GGCCTGCAGGACAGGGGACAGAACCTCGAG

HGF ATGTGGGTGACCAAACTTCTTCCAGTCCTG ATTAACATATAAGATACCACAGTCGTCGAC

Wnt3A ATGGCTCCTCTCGGATACCTCTTAGTGCTC CTATGACGTGCACACCTGCAAGTCCTCGAG

BmBiP GTCAAGATGCGGTGGAGTTTGTTCGCGCTA CCCCTCGAGTTACAACTCGTCCTTGAAGTCGTCAT

BmCNX GCTGAAATAAGCCGCAAGTTATTTCTATTTAG CCCTCTAGATTACTCCTTACGAGGCTTCCG

BmERp57 TTCGGATCACTAAAGTTTGTTCTTTTATTG CCCCTCGAGCTACAACTCTTCCTTTCCTTGTTTGG
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IE2-Flag and the entry plasmids described above. Each vector

was co-transfected into Bme21 cells with helper plasmid as

described previously [20]. After co-transfection, stably trans-

formed cells were selected in culture medium containing

5 lg/ml Puromycin (CalBiochem) for 2 weeks. The over-

expression level of each chaperone was validated by Wes-

tern blot using anti-Flag antibody (F3165, Sigma).

Results

Secretion of recombinant proteins in silkworms

and cultured cells

To understand the reason why it is difficult for some

recombinant proteins to be secreted at considerable quan-

tities from baculovirus-infected cells, we employed three

mammalian proteins, human EPO, cat HGF, and mouse

Wnt3A, as target proteins. Recombinant baculoviruses

expressing these proteins were generated as described in

the ‘‘materials and methods’’ section, and used to infect

cultured silkworm cells Bme21 or silkworm fifth instar

larvae.

As shown in Fig. 1, the secretion level of human EPO

was very high in both cultured cells and silkworm larvae,

while the secretions of cat HGF and mouse Wnt3A were

much lower. Mouse Wnt3A was secreted slightly into

silkworm hemolymph but remained mainly insoluble in the

cells. Compared to cat HGF and mouse Wnt3A, very little

human EPO accumulated inside the cultured cells or fat

body in the insoluble form. Interestingly, proteins remain-

ing inside the cells were detected as several bands by

Western blot, suggesting that these proteins may have

different post-translational modifications in cells.

In order to confirm whether the recombinant bac-

uloviruses expressing different proteins replicate at a sim-

ilar efficiency and transcribe equal amounts of the target

mRNAs, the viral DNAs and their transcripts in the bac-

ulovirus-infected cells were analyzed by semi-quantitative

PCR. As for viral genomic DNA, the replication levels

judged from ie1, p10, and each target protein region were

similar (Fig. 2). The mRNA levels of EPO, HGF, and

Wnt3A, however, were different when compared to each of

their genomic DNAs, and the expression of EPO was much

higher than that of HGF and Wnt3A, which may suggest

distinct regulations for different proteins in BEVS.

Subcellular localization of the recombinant proteins

The mRNA expressions of HGF and Wnt3A mRNAs were

lower than that of human EPO, but this fact alone does not

suffice to explain the difference in the secretion amounts

observed. Therefore, we next determined the subcellular

localization of the target proteins in cultured silkworm cells

by immunostaining as described in ‘‘materials and meth-

ods’’ section. All the three target proteins (FITC-labeled)

were co-localized with Cy3-Linked PDI in ER, but not with

the Golgi apparatus labeled with BODIPY TR ceramide

(Fig. 3). Although secretion volumes were different, three

target proteins remained in cells were localized at ER. This

suggested that no secreted proteins were trapped and

remained in ER.

Recombinant protein expression in ER chaperone-

depleted cells

To investigate the roles of ER chaperones on secreted

proteins made with the BEVS, dsRNAs for five ER chap-

erone genes were synthesized and their knockdown

EPO

Wnt3A

HGF

medium soluble insoluble
cell lysate

EPO

Wnt3A

HGF

medium soluble insoluble
fat body

A

B

1 2 3 4 5 6 7 8 9

1 2 3 4 5 6 7 8 9 10 11 12
W.B.: His-Probe 

Fig. 1 Expression analysis of recombinant proteins in cultured

silkworm cells and silkworm individuals. The comparison of medium,

cell lysate, and cell precipitates from Bme21 cells (a) and hemolymph

of silkworm individuals (b) were isolated on SDS-PAGE and

visualized by Western blotting using antibody against HisProbe. Cell

lysate and cell precipitates were separated into soluble form and

insoluble form. All fractions were collected after 2 (lanes 1, 4, and 7),

3 (lanes 2, 5, and 8), and 4 (lanes 3, 6, and 9) days infection to

cultured cells (a) and collected after 2 (lanes 1, 5, and 9), 3 (lanes 2,

6, and 10), 4 (lanes 3, 7, and 11), and 5 (lanes 4, 8, and 12) days

infection to silkworm individuals (b). The recombinant EPO was

secreted into culture medium and hemolymph. However, neither the

recombinant HGF nor Wnt3A were secreted
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efficiencies were analyzed by RT-PCR. As shown in

Fig. 4, soaking RNAi against ER chaperone genes could

induce sequence-specific mRNA reduction in cultured

silkworm cells, Bme21-SID1. It is interesting to observe

that the mRNA expression levels of other chaperones,

especially BiP and CRT, were also decreased (Fig. 4) in

CNX-depleted cells, indicating the possible role of CNX in

mediating the whole expression levels of other ER

chaperones.

Subsequently, recombinant baculoviruses for the target

proteins were used to infect the ER chaperone-depleted

cells. Four days after infection, the secretion level of each

protein was analyzed by Western blot. Depletion of BiP

reduced the secretion level of HGF and the insoluble

fraction of EPO (Fig. 5). RNAi of CRT decreased the level

of soluble EPO and increased the insoluble EPO amount,

respectively. In contrast, CRT depletion decreased both

soluble and insoluble HGF. Interestingly, silencing of PDI

reduced the insoluble amounts of both EPO and HGF.

Recombinant protein expression in ER chaperone

overexpressed cell lines

To further investigate whether an excess of each ER

chaperone has effects on the production of recombinant

proteins, we analyzed three cell lines overexpressing the

ER chaperone genes, BiP, CNX, and ERp57, respectively

(Fig. 6a).

The recombinant baculovirus was infected with the BiP-,

CNX-, and ERp57-overexpressing cells, and 3 days after

infection the secretion volume of recombinant EPO, HGF,

and Wnt3A were analyzed by Western blot. It was shown

that the secreted and soluble forms of recombinant EPO

ie1

p10

cDNATemplate : Genomic DNA 

 EPO

 HGF

 Wnt3a

Target

 GAPDH

ACTIN
Host 

Virus 

1 2 3 4 5 6

Fig. 2 RT-PCR analysis of the efficiency for recombinant bac-

ulovirus from genomic DNA and cDNA. The comparison of the

recombinant virus efficiency, ie1, p10, EPO, HGF, Wnt3A, actin, and

GAPDH were analyzed by RT-PCR using specific primers. Genomic

DNA (lanes 1–3) and mRNAs (lanes 4–6) were isolated from

silkworm fat body infected with virus. The expression level of each

genomic DNA has no difference. However, the expression level of

cDNA had slightly difference between each recombinant protein

ERHA-Target

HA-Target

Merge

EPO

HGF

Wnt3a

EPO

HGF

Wnt3a

MergeGolgi

A

B

Fig. 3 Subcellular localization of recombinant proteins at viral

infection phases. The localization of recombinant proteins expressed

in cells at infection phase was analyzed by immunostaining. The HA-

tagged recombinant proteins were stained with anti-HA antibody

(green signals), and ER was stained by anti-PDI antibody (a) and

Golgi apparatus was stained by BODIPY TR ceramide (b) (red

signals). The merged figures showed the interaction of recombinant

proteins with ER or Golgi marker. Three recombinant proteins were

localized at ER but not at Golgi apparatus. (Color figure online)
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were increased in all three ER-chaperone-overexpressed cell

lines, and both soluble and insoluble forms of recombinant

HGF were also increased. In addition, the soluble form of

Wnt3A was increased in the overexpression of BiP but not

of CNX and ERp57 (Fig. 6b). In ER chaperone gene over-

expressed cell lines, FITC-labeled target proteins were also

localized at ER, not at Golgi apparatus like normal cells

(Fig. 3). However, we also observed that overexpression of

BiP, CNX, and ERp57 did not induce the secretion of

recombinant Wnt3A.

Discussion

The secretion levels of recombinant proteins produced by

BEVS often show significant difference depending on

whether silkworms or cultured cells are used as hosts [23].

The viral replication and expression of viral mRNAs were

not affected by insertion of distinct target genes but had

different secretion efficiencies. Our current results pre-

sented that although the transcription of HGF or Wnt3A

mRNAs from recombinant viruses was reduced by

unknown mechanisms, this was not enough to explain the

complete lack of secretion for Wnt3A. Moreover, recom-

binant HGF and Wnt3A were significantly accumulated

inside of the cells in the insoluble form. As demonstrated

by the immunostaining of recombinant baculovirus-in-

fected cells, recombinant proteins showing difficulty in

efficient secretion were trapped by the chaperones in the

ER. In the ER, many ER chaperones assist proper protein

folding and degradation of unfolded/misfolded proteins

[24].

The three target proteins used in this study have dif-

ferent patterns of post-translational modifications, includ-

ing N-linked glycosylation, lipidation, and disulfide bond

formation [25–27]. It has been demonstrated that EPO has

three predicted N-linked glycan modification sites and two

disulfide bonds [25], HGF has four predicted N-linked

glycan modification sites and a disulfide bond that connects

alpha and beta chains [26], and Wnt3A has two N-linked

glycan modification sites and a palmitoleic acid modifica-

tion site. In addition, mammalian Wnt family protein is

rich in cysteine residues, and its disulfide bonds were

reported to play important roles in activation of gene

GAPDH

BiP

CNX

CRT

ERp57

PDI

1 2 43 5 6

dsRNA :

Fig. 4 RT-PCR analysis of the knockdown efficiency of ER chap-

erone genes. RT-PCR was performed to analyze the knockdown

efficiency from cells 7 days after incubating with dsRNAs specific for

BiP, CNX, CRT, ERp57, and PDI. The GAPDH was used as loading

control for normalization. Lanes 1–6 represented the samples of

untreated cells, BiP dsRNA-treated cells, CNX dsRNA-treated cells,

CRT dsRNA-treated cells, ERp57 dsRNA-treated cells, and PDI

dsRNA-treated cells. The expression level of BiP and CRT mRNA

was also decreased in CNX-depleted cells

medium soluble insoluble
cell lysate

EPO

HGF

Wnt3A

EPO

HGF

Wnt3A

medium soluble insoluble

cell lysate

1 2 3 4 5 6 7 8 9 10 11 12

13 14 15 16 17 18 19 20 21

dsRNA:

dsRNA:

W.B.: His-Probe 

CTR
L

CNX
CRT

BiP

CTR
L

PD
I

ER
p5

7

CTR
L

PD
I

ER
p5

7

CTR
L

PD
I

ER
p5

7

CTR
L

CNX
CRT

BiP

CTR
L

CNX
CRT

BiP

Fig. 5 The recombinant protein expression in ER chaperone-de-

pleted cells. His-tagged recombinant EPO, HGF, and Wnt3A were

collected 4 days post-infection to ER chaperone gene-depleted cells.

The resulting products were isolated by 10 % SDS-PAGE and

visualized by Western blot using HisProbe. Lanes 1–4, and 13–15

showed secretory protein, lanes 5–8, and 16–18 showed soluble form

of the protein, and lanes 9–12, and 19–21 showed insoluble form of

the protein. The secretion volume of recombinant HGF was signif-

icantly reduced in BiP depletion cells
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expression functioning as a ligand [27]. This suggested that

the secretion of recombinant Wnt3A might be related to

correct formation of disulfide bond. Further experiments

are needed to validate our hypothesis. Compared to EPO,

HGF has two more N-linked glycan sites but fewer disul-

fide bonds, while Wnt3A has more disulfide bonds and

palmitoleic acid modification than EPO. Although our

findings suggest the possibility that the recombinant HGF

and Wnt3A are trapped in the ER due to their incorrect

disulfide bond formation or N-linked glycosylation, we

could not elucidate the associations between the types and

numbers of modifications with the secretion efficiency.

The secretion and expression of recombinant proteins

were lower in cells depleted of BiP, CRT, or PDI. In

contrast, overexpression of ER chaperones, BiP, CNX, and

ERp57, increased the expression or secretion of the

recombinant protein to some extent. To date, ER chaper-

ones have been found playing relevant roles in many

aspects of cellular responses. Among those, BiP has been

reported as a member of the HSP70 family, which is

involved in protein folding and degradation [28, 29], while

PDI is known to catalyze the formation of correct disulfide

bonds and modify the proteins under the condition of BiP

being bound to the unfolded proteins [30]. On the other

hand, CNX, CRT, and ERp57 were identified as separators

to recognize glycoproteins [31]. Therefore, we presumed

that the lack of ER chaperones would cause unusual fold-

ing of produced recombinant proteins and reduced their

expressions. In contrast with depletion of ER chaperone

genes, overexpression of ER chaperones, BiP, CNX, and

ERp57, could increase the expression of recombinant

proteins. These results suggested that overexpression of ER

chaperones assists the formation of recombinant proteins,

and then protein-folding capacity in ER was extended [32,

33].

However, in this study, we found that neither depletion

nor overexpression of ER chaperones could significantly

improve the secretion volume of recombinant proteins,

especially Wnt3A. These results suggested that each of the

ER chaperones may play a specialized role in the proper

folding of recombinant proteins, and that the engineering of

a single chaperone could not confer a significant increase in

the secretion amounts of all products. It is our hypothesis

that co-expression or co-depletion of several ER chaperons

may give a better explanation to the protein secretion and

degradation pathway. Thus, it is necessary to understand

the entire molecular mechanisms of protein folding and

modification during secretion in the insect ER and Golgi

apparatus for the further improvement of BEVS.
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