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Heat shock cognate protein 70 gene is required for prevention
of apoptosis induced by WSSV infection
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Abstract Here, we show that heat shock cognate protein
70 (Hsc70) in shrimp cells can inhibit apoptosis induced by
white spot syndrome virus (WSSV) infection. Caspase-3
protease activity of hemocytes increased significantly,
correlating with a reduction in endogenous Hsc70 late in
WSSV infection. Hsc70 dsRNA caused a significant
increase in caspase-3 activity in the hemocytes of non-
infected shrimp and WSSV-infected shrimp. We propose
that upregulation of Hsc70 expression early in WSSV
infection may also be used to prevent premature apoptotic
cell death, and the precipitous downregulation of Hsc70
late in WSSV infection may lead to the timed induction of
apoptosis.

Molecular chaperones from the family of 70 kDa heat
shock proteins (Hsp70s) are conserved among many dif-
ferent kinds of organisms. The constitutively expressed
members of this family, heat shock cognate proteins
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(Hsc70s), have been shown to be involved in protein
folding in the cytoplasm, protein import into the endo-
plasmic reticulum, mitochondria and chloroplasts, and
trafficking of receptors and coated vesicles [2, 7, 14]. In the
case of animal viruses, interactions with Hsc70 appear to
be involved in cell entry, virion assembly and disassembly,
cell transformation, and DNA replication [6, 15, 21].

In addition, Hsp70 systems are essential for survival
under stress conditions. Therefore, the induction of Hsp70/
Hsc70 protein production may serve an additional purpose
for the virus, namely, the prevention or delay of host cell
death until the progeny is ready to leave. It is therefore, not
surprising that interference with apoptotic signal trans-
duction pathways in both directions—inhibition and acti-
vation—is a common phenomenon accompanying viral
infection [9, 11]. It was shown previously that embryonic
proinsulin increases the level of the Hsc70 and reduces the
incidence of apoptosis in the neurulating chick embryo [4].
Hsc70 is also directly involved in cell survival during
neurulation, as demonstrated by the fact that specific
downregulation of endogenous Hsc70 by antisense oligo-
deoxynucleotide interference provokes an increase in
apoptosis both in vitro and in vivo. In parallel, activation of
caspase-3 is increased after Hsc70 antisense oligodeoxy-
nucleotide treatment [13].

The shrimp Hsc70 gene has been cloned [10], but
whether it is recruited by white spot syndrome virus
(WSSV) or how this recruitment is performed is unknown.
WSSV, the type member of the genus Whispovirus in the
family Nimaviridae, is one of the most devastating patho-
gens of shrimp and other species of crustacean [18]. Since
first appearing in the 1990s in Taiwan, WSSV has quickly
spread to the whole world and caused severe damage to the
shrimp industry. Our previous studies have indicated that
interaction between VP28, one of the major structural
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proteins of WSSV [20], and Hsc70 can facilitate virus
spread. It has also been shown that VP28 is directly
involved in the systemic infection of the shrimp by WSSV
[16]. Because of the diverse functions of Hsp70 proteins
and their increased expression and association with viral
proteins during viral infection, it can be speculated that
Hsc70 plays an important role in certain aspects of viral
infection as a cellular chaperone [8].

In this study, we show that caspase-3 protease activity in
hemocytes increases with reduction of endogenous Hsc70
late in WSSV infection. Hsc70 dsRNA was found to cause
a significant increase in caspase-3 activity in hemocytes of
non-infected shrimp and WSSV-infected shrimp.

WSSV production

The WSSV isolate originated from penaeid shrimp
(Penaeus monodon) and proliferated in an alternate
host, the crayfish (Procambarus clarkii). WSSV-infec-
ted tissue (10 g) from penaeid shrimp (except hepato-
pancreas) was homogenized in 200 ml TN buffer
(20 mM Tris—HCI, 400 mM NaCl, pH 7.4). After cen-
trifugation at 3,000xg for 5 min, the supernatant was
filtered using a nylon net (400 mesh) and injected (at a
dilution of 1:100 in 0.9% NaCl) intramuscularly into
healthy crayfish in the lateral area of the fourth
abdominal segment. Each crayfish was about 7-10 cm
in length and 20-30 g in weight. After 5-6 days, the
dead and moribund crayfish were collected, and virus
was purified as described [19].

Hemolymph preparation and primary shrimp cell
culture

Hemolymph was taken from the heart using a sterile 1 ml
syringe, preloaded with 100 pl anticoagulant (500 U/ml
heparin sodium salt). The amount of hemolymph collected
ranged from 200 to 500 pl, depending on the size of the
shrimp. The hemolymph was centrifuged immediately at
600x g for 5 min (4°C) to separate the hemocytes from the
plasma. Lymphoid organs were obtained from fresh adult
P. monodon (100 g) and then washed. The lymphoid
organs were minced into fragments as small as possible,
which were the filtered and transferred to the wells of a
24-well plate, and 1 ml of the culture medium containing
2 x L-15 (Invitrogen) supplemented with 15% FCS, 1%
glucose, 5 g/l NaCl, 100 IU/ml penicillin, 100 pg/ml
streptomycin, and 5 pg/ml gentamicin was added to each
well. The plate was then sealed and incubated at 28°C until
70-80% confluent monolayers were formed. These cells
were then ready for use.
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dsRNA synthesis

Double-stranded RNA was synthesized in vitro using a
Megascript kit (Ambion), following the manufacturer’s
instructions. For the synthesis of dsSRNA from Hsc70 and
EGFP, PCR primers containing the T7 RNA-polymerase-
binding site (sense and antisense) were used separately in a
single PCR to generate a transcription template for both
strands of the dsRNA. The sequence used for Hsc70 was
the last 759 nucleotides of the Hsc70 open reading frame
(GenBank, AF474375), while the entire gene sequence was
used for the synthesis of dsRNA from EGFP. The
sequences corresponding to the hsc70 and egfp gene were
verified by sequence analysis. Hsc70: 5-GAATTAATAC
GACTCACTATAGGGAGACTGGGTATCGAGACTGC
CGGCG-3' and 5-GAATTAATACGACTCACTATAGG
GAGATTAATCGACTTCCTCGATGGTG-3'; EGFP: 5'-G
AATTAATACGACTCACTATAGGGAGAATGGTGAGC
AAG GGCGAGGAGC-3' and 5-GAATTAATACGAC
TCACTATAGGGAGATTA CTTGTACAGCTCGTCCA
TG-3'. The products from a 100 pl PCR reaction were
purified using a High Pure PCR Product Purification Kit
(Roche Molecular Biochemicals) and then dissolved in TE
buffer. One microgram of PCR purified DNA template was
used to perform the RNA synthesis reaction in a 50 pl
volume with T7 RNA polymerase and then removed by
treatment with RNase-free DNase. Other than the gene-
specific sequences, the dsRNA contained no unrelated
sequences. The concentration of the purified dsRNAs dis-
solved in TE buffer was determined using a spectropho-
tometer. Fifteen microgram of each dsRNA was injected
into shrimp 4 h prior to injection with WSSV. Fifteen
microgram dsRNA was added to the primary shrimp
lymphoid cells just before electroporation. Cells were
electroporated in 0.4 cm-gap cuvettes using a Bio-Rad
Gene Pulser set at 1.5 kV and 25 pF, with two pulses
delivered 10 s apart, and the cells were immediately
transferred to fresh medium.

Hoechst 33342 staining and DNA fragment extraction

Shrimp primary cells were collected and washed with PBS
and then fixed in fresh Carnoy’s fixative solution (metha-
nol/acetic acid, 3:1 by volume). After staining with Hoe-
chst 33342 (0.5 pg/ml in PBS) for 30 min, representative
photomicrographs were taken with a Leica DM/LM
microscope under UV illumination (380 nm).

DNA oligonucleosomes were extracted for 2 h at 37°C
from shrimp primary cells in a 10 mM Tris (pH 8.0), | mM
EDTA-1% sodium dodecylsulfate (SDS) buffer containing
70 ng proteinase K/ml, and NaCl (final concentration,
1 M) was added. The extracts were treated with phenol—
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chloroform and precipitated with ethanol, and the resus-
pended DNA was analyzed by agarose gel electrophoresis.

Caspase activity assay

Caspase-3/7 activity was measured using an Apo-ONE®
Homogeneous Caspase-3/7 Assay kit (Promega). The
Apo-ONE® Caspase-3/7 Reagent contains a profluoresent
caspase-3/7 consensus substrate, bis-(N-CBZ-L-aspartyl-
L-valyl-aspartic acid amide) rhodamine 110 (Z-DEVD-
R110) and an optimized bifunctional cell lysis/activity
buffer, which efficiently lyses cultured cells and supports
optimal caspase-3/7 enzymatic activity. The substrate and
buffer were combined at a ratio of 1:100 and added
directly to equal volume of hemocytes from infected
shrimp or non-infected shrimp at 0, 12, 24, 48, 72, and
120 h.p.i. in a 96-well plate and then mixed and incu-
bated for 1 h. Caspase-3/7 enzymatic activity was deter-
mined by monitoring the rate of liberation of rhodamine
110 using an excitation wavelength of 485 nm and an
emission wavelength of 520 nm, using an enzyme-linked
immunosorbent assay reader (BIO-TEK). The amount of
fluorescent product generated was representatives of the
amount of active caspase-3/7 present in hemocytes at the
indicated time.

Immunoblotting

Healthy crayfish were purchased from a market, and were
maintained for 2 days before they were randomly divided
into two groups. One group was infected by injection,
while the other group was not infected. Hemocytes were
prepared from the non-infected and infected crayfish at
different times (0, 2, 4, 6, 12, 24, 48, and 72 h.p.i.) and
lysed under nondenaturing condition with phosphate-buf-
fered saline buffer for 15 min on ice. Hemocyte lysates
were homogenized by passing twice through a 26-gauge
needle and centrifuged at 12,000x g and 4°C for 10 min.
The pellet proteins were separated on a SDS-PAGE gel and
then transferred to a PVDF membrane. The transferred
proteins were detected using an anti-Hsc70 monoclonal
antibody (StressGen Biotechnologies, Victoria, Canada).

Immunofluorescense analysis

WSSV-infected primary lymphoid cells were collected at
24 and 48 h.p.i. and cultured on cover slips. The cover slips
were washed two times with PBS, and the cells were fixed
with 3.7% formaldehyde for 10 min, followed by a brief
permeabilization with 0.5% Triton X-100 in PBS. The cells

were blocked for 30 min in PBS containing 3% normal
serum and then incubated for 2 h with primary anti-Hsc70
antibody (diluted 1:200 in 1% normal serum in PBS). The
cover slips were washed three times with PBS and then
incubated for 1 h with goat anti-rat IgG secondary anti-
bodies conjugated with FITC (Santa Cruz; diluted 1:400 in
1% normal donkey serum in PBS). Samples were washed
four times, and the results were analyzed using a laser
scanning confocal microscope MRC 1000 (BioRad).

Silencing of endogenous Hsc70 induces primary cell
apoptosis in shrimp

To demonstrate a direct role for Hsc70 in prevention of
developmental cell death, shrimp primary lymphoid cells
were transfected with dsRNA. As expected, Hsc70
expression in shrimp primary cultures was effectively
silenced, and shrimp Hsc70 dsRNA increased the incidence
of apoptosis seen in primary lymphoid cells. This effect
was confirmed and quantified in primary cells. Compared
with cells that were treated with EGFP dsRNA or without
dsRNA, the cells that were transfected with Hsc70 dsRNA
or actinomycin D showed obvious characteristics of
apoptosis at 24 h (Fig. 1I). Hoechst 33342 staining of
shrimp primary cells showed that Hsc70 dsRNA could
induce primary cell apoptosis, and condensed chromatin of
treated cells appeared as intense blue spots in the nucleus,
as was also seen with actinomycin D treatment (Fig. 11I).
DNA extracted from control cells treated without dsSRNA
(Fig. 1111, lane 1) or primary cells treated with EGFP
dsRNA (Fig. 1111, lane 2) was intact, but all of the DNA of
cells treated with Hsc70 dsRNA and treated with actino-
mycin D had been degraded into a 180-220 bp ladder
(Fig. I, lanes 3, 4, 5). These results support a direct
involvement of endogenous Hsc70 in prevention of pri-
mary cell death.

Caspase-3 activity and Hsc70 expression levels increase
at different stages when cells are infected by WSSV

It has been shown that WSSV infection can trigger apop-
tosis in the lymphoid organ cells of P. monodon [1]. To
address the issue of possible association with caspase-3
activation in the induction of cell apoptosis, the hemocyte
lysates from non-infected and infected shrimp were tested
for caspase-3/7-like proteases activity. As can be easily
deduced from Fig. 2, the caspase-3/7-like protease activity
was clearly induced by 24 h postinfection and reached the
highest level at 48 h postinfection in the hemocyte lysates
from WSSV-infected shrimp. A rapid recovery to a low
level at 120 h post infection was noted. By contrast, no
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Fig. 1 Reduction of endogenous Hsc70 in shrimp primary cells
induces apoptosis. I Effect of Hsc70 dsRNA on morphology of shrimp
primary cells. A In the control group with no dsRNA, no significant
characteristics of apoptosis appeared in the primary cells. B After
treating with Hsc70 dsRNA for 24 h, the number of primary cells
decreased, and the cells exhibited obvious characteristic of apoptosis.
C Cells were transfected with EGFP dsRNA for 24 h, and no obvious
apoptosis characteristic could be observed. D After treating with
actinomycin D for 24 h, the number of primary cells decreased, and
the cells exhibited obvious characteristic of apoptosis. II Hoechst
33342 staining of shrimp primary cells after Hsc70 dsRNA treatment.
A Cells that were not treated with dsSRNA were used as control. The
center of the nucleus of control shrimp primary cells was diffusely

significant caspase-3-like protease activity could be
detected in the non-infected shrimp (Fig. 2a).

This result also revealed that the highest level of cas-
pase-3-like protease activity could be measured at 48 h
postinfection, whereas at the same time, the lowest level of
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stained pale blue. B Cells were treated with EGFP dsRNA for 24 h.
No obvious chromatin condensation could be observed. C Cells were
transfected with Hsc70 dsRNA for 24 h. The intense blue spots within
the nucleus indicate chromatin condensation. D Cells were treated
with actinomycin D for 24 h. The intense blue spots within the
nucleus indicate chromatin condensation. The preparations were
viewed with a Leica DM/LM microscope under UV illumination
(380 nm). III DNA fragmentation analysis of shrimp primary cells
after Hsc70 dsRNA treatment. Lane 1 cells with no dsSRNA harvested
at 24 h; lane 2 cells transfected with EGFP dsRNA at 24 h; lane 3
cells transfected with Hsc70 dsRNA at 24 h; lane 4 cells harvested
after addition of actinomycin D for 24 h; lane 5 cells harvested after
treatment with actinomycin D for 48 h

Hsc70 expression was observed in shrimp hemocytes dur-
ing WSSV infection (Fig. 2b). The Hsc70 protein level in
the non-infected or infected shrimp hemocytes was detec-
ted with the appropriate primary monoclonal antibody to
Hsc70 by flow cytometry. The fluorescence of Hsc70
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Fig. 2 a Caspase-3/7-like protease activity in hemocytes obtained
from non-infected and WSSV-infected shrimp. Hemocyte lysate
supernatants were prepared at 2, 4, 6, 12, 24, 48, 72 and 120 h
postinfection and assayed for DEVD cleavage activity using
Z-DEVD-R110 as substrate. DEVD-R110 hydrolysis produced from
hemocytes extracts was monitored over a 30 min period at 37°C and
quantified in relative fluorescent units. Vertical bars represent
standard deviations of averages from three independent

increased at an early stage and reached its highest level at
15 h postinfection, and it decreased suddenly at 36 and
48 h post infection. This indicates that the highest level of
apoptosis and the lowest level of Hsc70 expression
occurred at the same time in the hemocyte lysates from the
WSSV-infected shrimp. More interestingly, at the highest
level of Hsc70 expression in the hemocyte lysates from the
WSSV-infected shrimp, the lowest level of caspase-3 was
detected.

Caspase-3-like protease activity increases following
Hsc70 dsRNA treatment in infected shrimp hemocytes

In order to evaluate the possible association of downstream
effector caspase-3 with Hsc70 during WSSV infection in
shrimp hemocytes, an attempt to silence Hsc70 with RNA
interference in shrimp was carried out. Four hours after
shrimp were injected with 15 pg Hsc70 dsRNA, or EGFP
dsRNA as a negative control, they were injected intra-
muscularly with WSSV. There was no obvious difference
in Hsc70 expression in hemocytes of infected shrimp, non-
infected shrimp injected with EGFP dsRNA, and mock-
injected shrimp (Fig. 3a). In vivid contrast, Hsc70 dsRNA
molecules induced a statistically significant decrease in
Hsc70 expression in WSSV-infected hemocytes and non-
infected hemocytes (Fig. 3a).

To examine possible interference in shrimp hemocytes,
we demonstrated the presence of activated caspase-3 in
shrimp hemocytes after treatment with Hsc70 dsRNA
(Fig. 3b, ¢). Compared with control treatments of EGFP
dsRNA or no dsRNA, the hemocytes from both infected
and non-infected shrimp were found to contain activated
caspase-3 after treatment with dsSRNA Hsc70 (Fig. 3b, c).
Moreover, together with the gradual decrease in Hsc70
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measurements. b Relative expression of hemocytic Hsc70 in non-
infected and infected shrimp at different times (0, 2, 4, 6, 12, 24, 48,
and 72 h postinfection). The hemocytes were incubated with the
appropriate primary anti-Hsc70 monoclonal antibody, and Hsc70
expression in shrimp hemocytes was observed by flow cytometry
using fluorescence of fluorescein isothiocyanate (FITC)-conjugated
goat anti-rat IgG secondary antibodies. Values are expressed as
means = SEM (n = 5)

expression of the hemocytes of both infected and non-
infected shrimp treated with Hsc70 dsRNA, caspase-3
activity increased continuously over time (Fig. 3b, c).

In eukaryotic cells, Hsp70-family chaperones not only
continuously survey the folding status of proteins as part of
their quality control function, which is especially important
under stress conditions, they are also involved in the reg-
ulation of fundamental cellular processes such as the cell
cycle and apoptosis. The functional interaction of viruses
with these chaperones therefore contributes to reprogram-
ming the host cell, specifically to allow re-entry into the
cell cycle and to avoid premature apoptosis [3].

It has been shown that Hsp70 plays an important role in
cell apoptosis. Hsp70 interferes with the signal transduc-
tion pathways leading to programmed cell death at several
levels [5, 12]. Rubio et al. [13] previously showed that the
levels of Hsc70 expression are low in apoptotic cells, and
they showed that blocking Hsc70 protein expression in
chicken embryos using antisense oligonucleotides
increased the levels of apoptosis. These observations pose
interesting questions regarding the mechanism of Hsc70 in
WSSV infection: are only substrate binding by Hsc70 and
its chaperone activity involved? If not, what other role does
Hsc70 have in WSSV infection?

Up to now, direct genetic evidence for the function and
mechanism of Hsc70 in WSSV infection has not been
available. To explore the role of Hsc70 in WSSV infection
further and to determine the direct relationship between
Hsc70 activity and cell survival in shrimp hemocytes, we
silenced Hsc70 protein expression in non-infected shrimp,
infected shrimp and lymphoid primary cells using RNA
interference and subsequently analyzed the level of apop-
tosis in the time course of the experiment. As expected,
Hsc70 dsRNA increased the level of cell apoptosis. This
experiment provided the first evidence for a direct causal
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Fig. 3 Caspase-3-like protease activity increases following Hsc70
dsRNA treatment in infected shrimp hemocytes. a Time course of
Hsc70 expression in hemocytes during dsRNA treatment of non-
infected or infected shrimp. Individual shrimp were injected with
5 pg of dsRNA (Hsc70 dsRNA, EGFP dsRNA and no dsRNA) as
indicated, and Hsc70 expression in the hemocytes of the non-infected
or infected shrimp at 2, 12, 24, 48 and 72 h after injection of dsRNA
was analyzed by immunoblotting. Expression of shrimp actin is
shown as a reference. The ratios indicated at the bottom of the lanes
were determined by densitometry scanning of the membranes after

link between Hsc70 activity and cell survival in shrimp
hemocytes. These results also suggest that endogenous
Hsc70 is directly involved in prevention of primary cell
death.

It has been demonstrated that cell apoptosis is the major
symptom induced in shrimp infected by WSSV [17]. Thus,
we proposed that there is interplay between expression of
Hsc70 and cell apoptosis levels in infected shrimp hemo-
cytes. At the early stage of infection, Hsc70 appeared to be
stimulated by WSSV infection to inhibit cell apoptosis
induced by WSSV infection. Conversely, at the late stage
of WSSV infection, it was down-regulated and reduced to
below its constitutive expression level by unidentified
factors or co-chaperones, resulting in the absence of
apoptosis inhibition activity.

The role of Hsc70 in WSSV infection was further ana-
lyzed at the level of apoptosis (taking the activated cas-
pase-3 activity as the criterion). To our surprise, we found
that the lowest level of expression of Hsc70 expression
occurred concurrently with the highest activity of cell
apoptosis (48 h postinfection). The highest expression
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immunoblotting. b, ¢, Caspase-3/7-like protease activity in hemocytes
obtained from non-infected and WSSV-infected shrimp after Hsc70
dsRNA treatment. Hemocyte lysate supernatants were prepared at 2,
4, 6, 12, 24, 48, 72 and 120 h after injection of dsRNA (Hsc70
dsRNA, EGFP dsRNA and no dsRNA) and assayed for DEVD
cleavage activity using Z-DEVD-R110 as substrate. DEVD-R110
hydrolysis in hemocyte extracts was monitored over a 30 min period
at 37°C and quantified in relative fluorescent units. Vertical bars
represent standard deviations of averages from three independent
determinations

level of Hsc70, however, accompanied almost undetectable
changes in the level of cell apoptosis. This increased or
decreased expression of Hsc70 at different stages of
infection may represent a strategy to induce chaperone
proteins for use at different times of the virus life cycle.

This study provides the first evidence for a direct causal
link between Hsc70 activity and cell survival in the shrimp
system. Although, it is still unclear precisely how Hsc70
protects cells from apoptosis at the early stage and pro-
motes cells to undergo apoptosis at the late stage of virus
infection, our study provides an important clue that
knockdown of Hsc70 causes an increase in the level of
activated caspase-3, indicating that one of its functions
might be to control the activity of this key protein of the
apoptotic pathway. Although much more work needs to be
done, these early results clearly confirm that there is more
to Hsc70 than its role as a chaperone.
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