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Introducing Myself

General Process of Academic Research

What kind of research topic should I do?

Can I do my research alone? 

What should I do if I have no equipment for my research?

How do I get the money to do my research?

I have no idea to analyze my data in a proper way. 

I cannot write a paper and my boss keeps forcing me to do so.

find the problems, state the research question

proposal preparation

facilities, connection, assistant

summary, report, publication

To Archive the Goal, You Need Scientific Method



Know who the key people are in your field: meet and talk with 
them (scientists are collegial — make use of this!)  

Develop collaborations with key people who you develop a 
good rapport with: start small and grow  

Identify areas of weakness that need to be addressed and 
consult on the best ways to address them 

Networks and Collaborators

Ref: http://www.jbr-pub.org/UploadFile/Nature%20Writing%20Workshop.pdf
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design the focus of manuscript  

choose the readers 

main message 

is research novel/original?

Achieve the Goal

Ref: http://www.jbr-pub.org/UploadFile/Nature%20Writing%20Workshop.pdf

What Makes a Great Paper?

structure
content

flow
language

clarity
coherence
concision

good
paper

You need to tell stories.

Ref: http://www.jbr-pub.org/UploadFile/Nature%20Writing%20Workshop.pdf



Title

Abstract

Paper

Academic Publication

mini-workshop 
abstract

Impact Factor

Eugene Garfield, 1925

The impact factor (IF) of an academic journal is a 
measure reflecting the average number of citations to 
recent articles published in that journal.

2008 Impact Factor   =
total number of "citable items" published by that journal in 2006–2007

number of all items published in 2006–2007 were cited during 2008

H-index—index of your  impact

The H-index an author-level metric 
that attempts to measure both the 
productivity and citation impact of the 
publications of a scientist or scholar. 
The index is based on the set of the 
scientist's most cited papers and the 
number of citations that they have 
received in other publications.



Impact of Your Index

Nucleic acid aptamers are novel molecular recognition tools that offer many advantages 
compared to their antibody and peptide-based counterparts. However, challenges 
associated with in vitro selection, characterization, and validation have limited their wide-
spread use in the fields of diagnostics and therapeutics. Here, we extracted detailed 
information about aptamer selection experiments housed in the Aptamer Base, spanning 
over two decades, to perform the first parameter analysis of conditions used to identify and 
isolate aptamers de novo. We used information from 492 published SELEX experiments and 
studied the relationships between the nucleic acid library, target choice, selection methods, 
experimental conditions, and the affinity of the resulting aptamer candidates. Our findings 
highlight that the choice of target and selection template made the largest and most 
significant impact on the success of a de novo aptamer selection. Our results further 
emphasize the need for improved documentation and more thorough experimentation of 
SELEX criteria to determine their correlation with SELEX success.
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Abstract Nucleic acid aptamers are novel molecular
recognition tools that offer many advantages compared to

their antibody and peptide-based counterparts. However,

challenges associated with in vitro selection, characteriza-
tion, and validation have limited their wide-spread use in

the fields of diagnostics and therapeutics. Here, we

extracted detailed information about aptamer selection
experiments housed in the Aptamer Base, spanning over

two decades, to perform the first parameter analysis of

conditions used to identify and isolate aptamers de novo.
We used information from 492 published SELEX experi-

ments and studied the relationships between the nucleic

acid library, target choice, selection methods, experimental
conditions, and the affinity of the resulting aptamer can-

didates. Our findings highlight that the choice of target and

selection template made the largest and most significant
impact on the success of a de novo aptamer selection. Our

results further emphasize the need for improved docu-

mentation and more thorough experimentation of SELEX
criteria to determine their correlation with SELEX success.

Keywords Aptamer ! In vitro selection ! SELEX !
Aptamer target ! Database

Introduction

Traditionally, nucleic acids were only associated with

information storage and genetic coding whereas proteins
were classified as the functional workhorses of the cell

(Deigan and Ferre-D’Amare 2011; Gilbert 1986; Waldrop

1989). However, the last few decades have revealed that
nucleic acids possess qualities and functions that are much

more like proteins than previously thought. Indeed, nucleic

acids able to form intricate tertiary structures that perform
a variety of functions such as ligand binding, catalysis, and

gene regulation have been discovered or engineered (Ser-

ganov and Patel 2007). In particular, one class of functional
nucleic acids, known as aptamers, has emerged as novel

and flexible molecular recognition tools due to their unique
ability to recognize and bind to a specific target of interest

(McKeague and Derosa 2012). Examples of these func-

tional nucleic acids were discovered by three separate
groups (Ellington and Szostak 1990; Robertson and Joyce

1990; Tuerk and Gold 1990) over two decades ago and

have been an important ongoing research area in molecular
biology, nucleic acid chemistry, and synthetic biology. The

application of aptamers spans many areas including diag-

nostics, therapeutics, and environmental sensing (Famulok
et al. 2007; McKeague et al. 2011; Nimjee et al. 2005) as
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Phytohormone salicylic acid (SA) plays an important role in regulating various physiological 
and biochemical processes. Our previous study identified several protein kinases 
responsive to SA, suggesting that phosphorylation events play an important role in the plant 
response to SA. In this study, we characterized the phosphoproteome of maize in response 
to SA using isotope tags for relative and absolute quantification (iTRAQ) technology and 
TiO2 enrichment method. Based on LC-MS/MS analysis, we found a total of 858 
phosphoproteins among 1495 phosphopeptides. Among them, 291 phosphopeptides 
corresponding to 244 phosphoproteins were found to be significantly changed after SA 
treatment. The phosphoproteins identified are involved in a wide range of biological 
processes, which indicate that the response to SA encompasses a reformatting of major 
cellular processes. Furthermore, some of the phosphoproteins which were not previously 
known to be involved with SA were found to have significantly changed phosphorylation 
levels. Many of these changes are phosphorylation decreases, indicating that other currently 
unknown SA signaling pathways that result in decreased phosphorylation of downstream 
targets must be involved. Our study represents the first attempt at global phosphoproteome 
profiling in response to SA, and provides a better understanding of the molecular 
mechanisms regulated by SA.
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Quantitative analysis of changes 
in the phosphoproteome of maize 
induced by the plant hormone 
salicylic acid
Liuji Wu1,2,*, Xiuli Hu1,*, Shunxi Wang1,2, Lei Tian1,2, Yanjie Pang3, Zanping Han4, 
Liancheng Wu1,2 & Yanhui Chen1,2

Phytohormone salicylic acid (SA) plays an important role in regulating various physiological and 
biochemical processes. Our previous study identified several protein kinases responsive to SA, 
suggesting that phosphorylation events play an important role in the plant response to SA. In this 
study, we characterized the phosphoproteome of maize in response to SA using isotope tags for 
relative and absolute quantification (iTRAQ) technology and TiO2 enrichment method. Based on 
LC-MS/MS analysis, we found a total of 858 phosphoproteins among 1495 phosphopeptides. Among 
them, 291 phosphopeptides corresponding to 244 phosphoproteins were found to be significantly 
changed after SA treatment. The phosphoproteins identified are involved in a wide range of biological 
processes, which indicate that the response to SA encompasses a reformatting of major cellular 
processes. Furthermore, some of the phosphoproteins which were not previously known to be involved 
with SA were found to have significantly changed phosphorylation levels. Many of these changes are 
phosphorylation decreases, indicating that other currently unknown SA signaling pathways that result 
in decreased phosphorylation of downstream targets must be involved. Our study represents the first 
attempt at global phosphoproteome profiling in response to SA, and provides a better understanding of 
the molecular mechanisms regulated by SA.

The phytohormone salicylic acid (SA) plays an important role in regulating various physiological and biochemical 
processes, including plant defense, photosynthesis, cell expansion, respiration, thermotolerance, stomatal responses 
and nodulation1–3. Moreover, SA is an important signaling molecule for plant immune response and is necessary 
for the activation of SAR (systemic acquired resistance)4,5. However, the effect of SA on these processes may be 
indirect, because SA is heavily involved in crosstalk with other plant hormones6. These signaling networks and 
processes involve many protein to protein and protein to non-protein interactions1. Research on SA effects at the 
transcriptional and protein levels is abundant, but a more comprehensive picture of the change in phosphorylation 
induced by SA is needed.

Reversible phosphorylation is one of the most common post-translational protein modifications, and is critical 
to the control of multiple cellular functions, including the stress/defense responses7. It is estimated that one-third of 
eukaryotic proteins are phosphorylated8. A wide range of signaling networks and processes, such as protein kinase 
activation, cell cycle progress, cellular differentiation and transformation, development, and hormone responses 
are regulated by the state of protein phosphorylation9. Similarly, a variety of proteins has been reported to be phos-
phorylated in response to stimuli9. Hence, obtaining a complete systems-level analysis of molecular events requires 
direct measurements of proteins, including post-translational modifications that may affect their function10.

Our previous studies have identified several proteins that are responsive to SA2. In this work, based on isotope 
tags for relative and absolute quantification (iTRAQ) technology and TiO2 enrichment method combined with 
LC-MS/MS analysis, we monitored the response to SA in the phosphoproteome of maize leaves. Phosphoproteins 
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Hepatitis A virus (HAV) is an ancient and ubiquitous human pathogen recovered previously 
only from primates. The sole species of the genus Hepatovirus, existing in both enveloped 
and nonenveloped forms, and with a capsid structure intermediate between that of insect 
viruses and mammalian picornaviruses, HAV is enigmatic in its origins. We conducted a 
targeted search for hepatoviruses in 15,987 specimens collected from 209 small mammal 
species globally and discovered highly diversified viruses in bats, rodents, hedgehogs, and 
shrews, which by pairwise sequence distance comprise 13 novel Hepatovirus species. Near-
complete genomes from nine of these species show conservation of unique hepatovirus 
features, including predicted internal ribosome entry site structure, a truncated VP4 capsid 
protein lacking N-terminal myristoylation, a carboxyl-terminal pX extension of VP1, VP2 late 
domains involved in membrane envelopment, and a cis-acting replication element within the 
3Dpol sequence. Antibodies in some bat sera immunoprecipitated and neutralized human 
HAV, suggesting conservation of critical antigenic determinants. Limited phylogenetic 
cosegregation among hepatoviruses and their hosts and recombination patterns are 
indicative of major hepatovirus host shifts in the past. Ancestral state reconstructions
 suggest a Hepatovirus origin in small insectivorous mammals and a rodent origin of human 
HAV. Patterns of infection in small mammals mimicked those of human HAV in 
hepatotropism, fecal shedding, acute nature, and extinction of the virus in a closed host 
population. The evolutionary conservation of hepatovirus structure and pathogenesis provide 
novel insight into the origins of HAV and highlight the utility of analyzing animal reservoirs for 
risk assessment of emerging viruses.
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Hepatitis A virus (HAV) is an ancient and ubiquitous human path-
ogen recovered previously only from primates. The sole species of
the genus Hepatovirus, existing in both enveloped and nonenvel-
oped forms, and with a capsid structure intermediate between that
of insect viruses andmammalian picornaviruses, HAV is enigmatic in
its origins. We conducted a targeted search for hepatoviruses in
15,987 specimens collected from 209 small mammal species globally
and discovered highly diversified viruses in bats, rodents, hedge-
hogs, and shrews, which by pairwise sequence distance comprise
13 novel Hepatovirus species. Near-complete genomes from nine of
these species show conservation of unique hepatovirus features,
including predicted internal ribosome entry site structure, a trun-
cated VP4 capsid protein lacking N-terminal myristoylation, a car-
boxyl-terminal pX extension of VP1, VP2 late domains involved in
membrane envelopment, and a cis-acting replication element within
the 3Dpol sequence. Antibodies in some bat sera immunoprecipi-
tated and neutralized human HAV, suggesting conservation of crit-
ical antigenic determinants. Limited phylogenetic cosegregation
among hepatoviruses and their hosts and recombination patterns
are indicative of major hepatovirus host shifts in the past. Ancestral
state reconstructions suggest a Hepatovirus origin in small insectiv-
orous mammals and a rodent origin of human HAV. Patterns of
infection in small mammals mimicked those of human HAV in hep-
atotropism, fecal shedding, acute nature, and extinction of the virus
in a closed host population. The evolutionary conservation of hep-
atovirus structure and pathogenesis provide novel insight into the
origins of HAV and highlight the utility of analyzing animal reser-
voirs for risk assessment of emerging viruses.

hepatitis A virus | viral evolution | pathogenesis | zoonosis | small mammals

Small mammals such as bats and rodents have been implicated
frequently in the evolution and spread of emerging viruses

(1). It is uncertain whether this reflects unique aspects of their
physiology, immune response to infectious agents, or ecological
traits facilitating virus maintenance such as rapid population turn-
over or tendencies to form large and gregarious social groups (2, 3).
The emergence of Ebola virus from bats (4) and hantaviruses from
rodents (5) exemplifies the prominent contributions of these taxa to
emerging zoonotic threats to human health, but the extent to which
such species have contributed to the evolution of well-established
human pathogens such as hepatitis A virus (HAV) is less clear.
HAV is unique among the Picornaviridae, a large and diverse

family of positive-strand RNA viruses (6), not only in its tropism
for the liver but also in its structure and life cycle. It infects via the
fecal–oral route and is shed in feces as a naked, nonenveloped
particle, but circulates in the blood cloaked in an envelope derived
from host cell membranes (7). Recent X-ray studies have revealed
that HAV possesses a primitive capsid structure related to that of
picorna-like viruses infecting insects, hinting at both an ancient

evolutionary relationship and a novel mechanism of cell entry (8).
The origins of HAV, however, remain shrouded in mystery. De-
spite evidence of limited replication in guinea pigs (9), only higher
primates have been shown to be fully permissive for infection.
HAV strains show little variation in nucleotide sequence over time
or geography, forming six closely related genotypes comprising
only a single serotype (10). Unlike other human hepatitis viruses,
HAV infections never persist and uniformly engender lifelong,
likely antibody-mediated immunity against reinfection (11).
HAV has thus disappeared previously from small, isolated human
populations (12, 13), raising questions as to how it could have
evolved in early human hunter–gatherer societies.

Results
Identification of Nonprimate Hepatoviruses. To elucidate the evolu-
tionary origins of HAV, we sought the presence of HAV-related
viruses in 15,987 specimens (tissue, blood, and feces) collected
globally from 209 species of small mammals in five different mam-
malian orders: Rodentia (rodents), Scandentia (treeshrews), Chi-
roptera (bats), Eulipotyphla (hedgehogs, shrews), and Afrosoricida

Significance

The origins of human hepatitis A virus (HAV) are unknown. We
conducted a targeted search for HAV-related viruses in small
mammals sampled globally and discovered highly diversified
viruses in bats, rodents, hedgehogs, and shrews. We demon-
strate that these viruses share unique biological features with
HAV, including structural, genomic, antigenic, and pathogenic
properties. We found evidence of major shifts of HAV-related
viruses between mammalian hosts in the past, suggesting both
an origin of this viral genus in small mammals and a zoonotic
origin of human HAV. Our data show that risk assessments for
emerging viruses can benefit greatly from the analysis of viral
infection patterns that evolved within animal reservoirs.
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The production of high level β-xylosidase with β-xylanase by mixed culture was investigated 
by using low cost rice straw as a substrate. Among 180 Gram’s positive spore forming 
bacteria, Bacillus amyloliquefaciens DMKUB24 was selected for its highest production of β-
xylosidase, 7.9 U/mL, with 2.3 U/mL of β-xylanase activity, whereas B. pumilus DMKUB39 
was selected for its highest production of β-xylanase, 10.7 U/mL, with 0.6 U/mL of β-
xylosidase activity. However, β-xylosidase and β-xylanase produced by the mixed cultures of 
strains DMKUB24 and DMKUB39 were 9.8 U/mL and 11.3 U/mL, respectively, which were 
higher than that of produced by monoculture of each strain. To enhance the production of 
high level of β-xylosidase with β-xylanase, the mixed culture strains were therefore 
employed, using the Plackett-Burman (PB) experimental design to screen important 
parameters influencing the co production of β-xylosidase and β-xylanase. NaOH-treated rice 
straw, peptone, MgSO4×7H2O and initial pH medium were the main factors influencing the 
production of mixed enzymes. Central composite design (CCD) and response surface 
methodology (RSM) were applied to determine the optimal concentration of each significant 
variable. The maximal β-xylosidase activity of 46.1 U/mL with 24.0 U/mL of β-xylanase 
activity in a 1L stirrer fermentor at 48 h cultivation was obtained from the optimized medium 
of β-xylosidase production, while the maximal β-xylanase activity of 49.3 U/mL with  36.0 U/
mL of β-xylosidase activities was also achieved from the optimized medium of  β-xylanase 
production.
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Nucleic acid aptamers are novel molecular recognition tools that offer many advantages 
compared to their antibody and peptide-based counterparts. However, challenges 
associated with in vitro selection, characterization, and validation have limited their wide-
spread use in the fields of diagnostics and therapeutics. Here, we extracted detailed 
information about aptamer selection experiments housed in the Aptamer Base, spanning 
over two decades, to perform the first parameter analysis of conditions used to identify and 
isolate aptamers de novo. We used information from 492 published SELEX experiments and 
studied the relationships between the nucleic acid library, target choice, selection methods, 
experimental conditions, and the affinity of the resulting aptamer candidates. Our findings 
highlight that the choice of target and selection template made the largest and most 
significant impact on the success of a de novo aptamer selection. Our results further 
emphasize the need for improved documentation and more thorough experimentation of 
SELEX criteria to determine their correlation with SELEX success.

Example 1
Published: 11-December-2015

ORIGINAL ARTICLE

Analysis of In Vitro Aptamer Selection Parameters

Maureen McKeague1 • Erin M. McConnell1 • Jose Cruz-Toledo2 • Elyse D. Bernard3 •

Amanda Pach1 • Emily Mastronardi1 • Xueru Zhang1 • Michael Beking1 •

Tariq Francis1 • Amanda Giamberardino1 • Ashley Cabecinha1 • Annamaria Ruscito1 •

Rocio Aranda-Rodriguez3 • Michel Dumontier2,4 • Maria C. DeRosa1

Received: 9 September 2015 / Accepted: 22 October 2015 / Published online: 3 November 2015
! Springer Science+Business Media New York 2015

Abstract Nucleic acid aptamers are novel molecular
recognition tools that offer many advantages compared to

their antibody and peptide-based counterparts. However,

challenges associated with in vitro selection, characteriza-
tion, and validation have limited their wide-spread use in

the fields of diagnostics and therapeutics. Here, we

extracted detailed information about aptamer selection
experiments housed in the Aptamer Base, spanning over

two decades, to perform the first parameter analysis of

conditions used to identify and isolate aptamers de novo.
We used information from 492 published SELEX experi-

ments and studied the relationships between the nucleic

acid library, target choice, selection methods, experimental
conditions, and the affinity of the resulting aptamer can-

didates. Our findings highlight that the choice of target and

selection template made the largest and most significant
impact on the success of a de novo aptamer selection. Our

results further emphasize the need for improved docu-

mentation and more thorough experimentation of SELEX
criteria to determine their correlation with SELEX success.
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Introduction

Traditionally, nucleic acids were only associated with

information storage and genetic coding whereas proteins
were classified as the functional workhorses of the cell

(Deigan and Ferre-D’Amare 2011; Gilbert 1986; Waldrop

1989). However, the last few decades have revealed that
nucleic acids possess qualities and functions that are much

more like proteins than previously thought. Indeed, nucleic

acids able to form intricate tertiary structures that perform
a variety of functions such as ligand binding, catalysis, and

gene regulation have been discovered or engineered (Ser-

ganov and Patel 2007). In particular, one class of functional
nucleic acids, known as aptamers, has emerged as novel

and flexible molecular recognition tools due to their unique
ability to recognize and bind to a specific target of interest

(McKeague and Derosa 2012). Examples of these func-

tional nucleic acids were discovered by three separate
groups (Ellington and Szostak 1990; Robertson and Joyce

1990; Tuerk and Gold 1990) over two decades ago and

have been an important ongoing research area in molecular
biology, nucleic acid chemistry, and synthetic biology. The

application of aptamers spans many areas including diag-

nostics, therapeutics, and environmental sensing (Famulok
et al. 2007; McKeague et al. 2011; Nimjee et al. 2005) as
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Phytohormone salicylic acid (SA) plays an important role in regulating various physiological 
and biochemical processes. Our previous study identified several protein kinases 
responsive to SA, suggesting that phosphorylation events play an important role in the plant 
response to SA. In this study, we characterized the phosphoproteome of maize in response 
to SA using isotope tags for relative and absolute quantification (iTRAQ) technology and 
TiO2 enrichment method. Based on LC-MS/MS analysis, we found a total of 858 
phosphoproteins among 1495 phosphopeptides. Among them, 291 phosphopeptides 
corresponding to 244 phosphoproteins were found to be significantly changed after SA 
treatment. The phosphoproteins identified are involved in a wide range of biological 
processes, which indicate that the response to SA encompasses a reformatting of major 
cellular processes. Furthermore, some of the phosphoproteins which were not previously 
known to be involved with SA were found to have significantly changed phosphorylation 
levels. Many of these changes are phosphorylation decreases, indicating that other currently 
unknown SA signaling pathways that result in decreased phosphorylation of downstream 
targets must be involved. Our study represents the first attempt at global phosphoproteome 
profiling in response to SA, and provides a better understanding of the molecular 
mechanisms regulated by SA.
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Hepatitis A virus (HAV) is an ancient and ubiquitous human pathogen recovered previously 
only from primates. The sole species of the genus Hepatovirus, existing in both enveloped 
and nonenveloped forms, and with a capsid structure intermediate between that of insect 
viruses and mammalian picornaviruses, HAV is enigmatic in its origins. We conducted a 
targeted search for hepatoviruses in 15,987 specimens collected from 209 small mammal 
species globally and discovered highly diversified viruses in bats, rodents, hedgehogs, and 
shrews, which by pairwise sequence distance comprise 13 novel Hepatovirus species. Near-
complete genomes from nine of these species show conservation of unique hepatovirus 
features, including predicted internal ribosome entry site structure, a truncated VP4 capsid 
protein lacking N-terminal myristoylation, a carboxyl-terminal pX extension of VP1, VP2 late 
domains involved in membrane envelopment, and a cis-acting replication element within the 
3Dpol sequence. Antibodies in some bat sera immunoprecipitated and neutralized human 
HAV, suggesting conservation of critical antigenic determinants. Limited phylogenetic 
cosegregation among hepatoviruses and their hosts and recombination patterns are 
indicative of major hepatovirus host shifts in the past. Ancestral state reconstructions
 suggest a Hepatovirus origin in small insectivorous mammals and a rodent origin of human 
HAV. Patterns of infection in small mammals mimicked those of human HAV in 
hepatotropism, fecal shedding, acute nature, and extinction of the virus in a closed host 
population. The evolutionary conservation of hepatovirus structure and pathogenesis provide 
novel insight into the origins of HAV and highlight the utility of analyzing animal reservoirs for 
risk assessment of emerging viruses.
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SUMMARY

Skeletal muscles adapt to increasing workload by
augmenting their fiber size, through mechanisms
that are poorly understood. This study identifies the
cytokine interleukin-6 (IL-6) as an essential regulator
of satellite cell (muscle stem cell)-mediated hypertro-
phic muscle growth. IL-6 is locally and transiently
produced by growing myofibers and associated sat-
ellite cells, and genetic loss of IL-6 blunted muscle
hypertrophy in vivo. IL-6 deficiency abrogated satel-
lite cell proliferation and myonuclear accretion in the
preexisting myofiber by impairing STAT3 activation
and expression of its target gene cyclin D1. The
growth defect was indeed muscle cell intrinsic, since
IL-6 loss also affected satellite cell behavior in vitro,
in a STAT3-dependent manner. Myotube-produced
IL-6 further stimulated cell proliferation in a paracrine
fashion. These findings unveil a role for IL-6 in hyper-
trophic muscle growth and provide mechanistic
evidence for the contribution of satellite cells to this
process.

INTRODUCTION

Loss of muscle mass occurs in multiple settings, including can-
cer, AIDS, cachexia, and neuromuscular disorders, as well as
during aging, remaining an important factor contributing to mor-
bidity. Understanding the molecular pathways that regulate gain
or loss of muscle mass is therefore crucial for treating muscle
wasting-associated disorders. Positive modulation of skeletal
muscle mass in response to increased workload results in hyper-
trophy of individual myofibers, but the key molecular mediators
of this process are only beginning to be clarified (Glass, 2005).

Mounting evidence indicates that the endogenous adaptive
growth capacity of mature myofibers is limited to a certain thresh-
old due to the necessity of maintaining equilibrium between the
increased cytoplasmic volume and the genetic machinery. Be-
cause multinucleated myofibers are permanently differentiated
and are incapable of mitotic activity, the acquisition of new ge-
netic material during postnatal muscle growth relies on accretion
of new nuclei provided by a population of self-renewing muscle

stem cells named satellite cells (Adams, 2006; Dhawan and
Rando, 2005). Satellite cells, located in the muscle basal laminae,
are quiescent but become activated to meet myofiber adaptive
requirements. Indeed, if satellite cells’ dividing capacity is ab-
lated by local irradiation, increases in myonuclear number and
full fiber hypertrophy do not occur in response to increased mus-
cle loading (Adams et al., 2002; Rosenblatt and Parry, 1992;
Rosenblatt et al., 1994). Once activated, satellite cells follow an
ordered set of events, including proliferation, migration, and in-
corporation into the adult overloaded myofiber, leading to myo-
fiber growth, in a process that can be partially recapitulated in
vitro. In this context, although a number of secreted molecules
have been implicated in the modulation of satellite cell behavior
in vitro and ex vivo, the molecules controlling myonuclear accre-
tion in the myofiber during the growth process in vivo remain
basically unknown. Notably, autocrine/paracrine loops involving
IGF-1 (insulin-like growth factor 1) are able to induce myofiber
hypertrophy by activating PI3K (phosphatidylinositol 3-kinase)/
AKT-dependent pathways (Bodine et al., 2001; Glass, 2005).
The muscle-secreted cytokine interleukin-4 (IL-4) has been
shown to promote muscle regeneration, a process which in-
volves de novo myofiber formation, by specifically stimulating
the fusion of myoblasts with myotubes (Horsley et al., 2003).

Interleukin-6 (IL-6) is a pleiotropic cytokine associated with
the control and coordination of immune responses (Kishimoto,
2005). In addition to the classical cell types known to produce
IL-6 (Kamimura et al., 2003), increasing evidence indicates that
skeletal muscle cells are a further important source of IL-6 (His-
cock et al., 2004; Keller et al., 2001; Penkowa et al., 2003). In vitro
studies have confirmed that IL-6 is produced by human primary
myoblasts and murine C2C12 myogenic cells (Bartoccioni et al.,
1994; De Rossi et al., 2000). Significantly, we have previously
demonstrated that IL-6 mRNA knockdown reduces muscle-spe-
cific gene expression in cultured C2C12 myoblasts (Baeza-Raja
and Munoz-Canoves, 2004), suggesting a potential myogenic
role for this cytokine. Since IL-6 is detected locally at elevated
concentrations in actively contracting muscle fibers and after
increased workload (Carson et al., 2002; Hiscock et al., 2004;
Jonsdottir et al., 2000; Keller et al., 2001; Penkowa et al.,
2003), both of which are known to induce satellite cell activities
and stimulate an increase in muscle mass, we hypothesized
a role for this cytokine in adult muscle growth. In this study, we
first analyzed potential differences in growth capacity between
muscles of IL-6+/+ (wild-type, WT) and IL-6!/! (IL-6-deficient)
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mice after increasing mechanical load. Second, by using satellite
cells derived from both WT and IL-6!/! muscles, we compara-
tively investigated their functional properties in response to
IL-6. Based on our results, IL-6 emerges as an important mole-
cule for muscle hypertrophy by controlling satellite cell prolifera-
tion and myonuclear accretion. Moreover, we uncover a role for
the STAT3 activation pathway in mediating these effects.

RESULTS

IL-6 Deficiency Blunts Hypertrophic Muscle Growth
To investigate the putative role of IL-6 in skeletal muscle growth,
we induced functional overloading of the mouse plantaris muscle
by incapacitation of the gastrocnemius muscle and examined
IL-6 expression during the process of compensatory hypertro-
phy (CH) of the plantaris at different time points. In nonoverloaded
control muscles, IL-6 expression was almost undetectable at
the mRNA and protein levels in the basal state (Figure 1A). In
contrast, IL-6 expression was induced after 1 day of CH and con-

Figure 1. IL-6 Expression Is Induced during
Hypertrophic Muscle Growth
Plantaris muscles from wild-type (WT) and IL-6!/!

mice were obtained before surgery from nonover-

loaded controls (C) and after the indicated number

of days of compensatory hypertrophy (CH).

(A) Top: IL-6 expression was analyzed by RT-PCR.

Gapdh expression was used as a control. Bottom:

IL-6 protein expression was analyzed by ELISA.

Concentration (mean ± SD) is expressed as

ng/mg of total muscle protein extract.

(B) Representative images of plantaris muscle

sections stained with hematoxylin and eosin from

WT and IL-6!/! mice before (C) and after 3 and

14 days of CH. Scale bar = 50 mm.

(C) Top: immunostaining for IL-6 expression be-

fore (C) and after 3 days of CH in muscles from

WT and IL-6!/!mice. Scale bar = 50 mm. Bottom:

double immunolabeling for Pax7 (green) and IL-6

(red) in plantaris muscle sections after 3 days of

CH. Arrows indicate Pax7-expressing cells. Scale

bar = 20 mm.

(D) Mean cross-sectional area (CSA) of muscle

fibers before (C) and after 14 and 42 days of CH

in WT and IL-6!/! mice. Data are mean ± SEM.

*p < 0.05 versus C.

tinued to be elevated after 3 and 14 days,
decreasing thereafter (Figure 1A). Con-
firming the expected induction of muscle
growth in this model, a significant in-
crease in myofiber cross-sectional area
(CSA) of the plantaris muscle was readily
observed in comparison to control nono-
verloaded muscles 14 days after over-
loading (Figure 1B, see WT panel). Next,
we investigated the specific cellular
source of IL-6 in skeletal muscle by immu-
nohistochemistry. After overloading, IL-6

expression was clearly associated with both hypertrophying my-
ofibers and mononucleated interstitial cells, including basal
membrane-associated satellite cells, as shown by double label-
ing with specific antibodies for IL-6 and Pax7 (a satellite cell-spe-
cific marker) (Figure 1C). As a control, no IL-6 expression was
detected in overloaded plantaris muscles from IL-6!/!mice (Fig-
ure 1C). Altogether, these results demonstrate a muscle-specific
induction of IL-6 during hypertrophic growth.

To investigate the relevance of IL-6 in this process, we as-
sessed potential differences in muscle growth between IL-6!/!

and WT mice after overloading by morphometric analyses. Com-
pared to WT mice, no significant increase in myofiber CSA was
observed in IL-6!/! mice at 14 and 42 days after overloading
(Figure 1D), indicating that IL-6 is necessary for myofiber hyper-
trophic growth. However, loss of IL-6 did not affect the baseline
CSA of nonoverloaded plantaris myofibers (Figure 1D) or myo-
fiber number (WT, 795 ± 132; IL-6!/!, 751 ± 43; mean ± SD,
p > 0.05), indicating that IL-6 is not required for muscle formation
or basal maintenance of myofiber size.
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Example 2

Tunicamycin mediated ER stress-inhibited viral replication
and assembly. To further investigate if misfolded CRT has any
impact on viral replication and assembly, we treated WSSV-in-
fected cells with tunicamycin (TUN), a glycosylation inhibitor.
TUN inhibits the formation of N-linked glycoproteins and
thereby induces an unfolded protein response (UPR). As shown in
Fig. 6A and B, TUN treatment resulted in increased mRNA ex-
pression of CRT, and at the same time, the CRT formed had a
lower apparent molecular mass by SDS-PAGE. Because CRT is a
glycoprotein, its structure is affected by the drug, as previously
shown (35). The WSSV structural proteins VP26 and VP28 are not
glycosylated (5), and thus their molecular sizes were not affected
by TUN treatment. However, TUN treatment significantly de-
creased WSSV replication (Fig. 6C and D), and oligomer forma-
tion of the viral structure proteins was clearly compromised (Fig.
6E and F, VP26 and VP28, respectively). Thus, the presence of
functional CRT appears to be necessary for WSSV replication and
assembly.

DISCUSSION
Our results show that host CRT is of high importance for WSSV to
complete its replication cycle because it is hijacked by the virus for
use in nucleocapsid and envelope formation. A significant corre-
lation was demonstrated between WSSV replication and the ex-
pression level of CRT in virus-infected cells after pretreatment
with some ER-associated inhibitors. This finding is supported by
several previous observations that CRT is associated with the pro-

duction of infective virions (24, 36). The requirement for CRT has
been detected in the replication cycle of several viruses (24, 27),
but the main function studied has been related to the role of CRT
as a chaperone and its involvement in proper folding and assem-
bly. Recently, the cell entry of simian virus 40 was shown to de-
pend upon ER proteins for correct folding, but the main proteins
responsible for this nonenveloped DNA virus were the two oxi-
doreductases, Erp57 and PDI (37). In our study, WSSV infectivity
was highly sensitive to DTT treatment at an early stage, before 6
h.p.i., which could be due partly to an effect of DTT on CRT
expression. However, there may be a dual effect by DTT, as Schel-
haas et al. (37) found an early inhibitory effect of DTT on simian
virus infection that was not related to the Erp57-linked ER process
and not linked to CRT.

VP28 is one of the major WSSV proteins, and it naturally forms
homotrimers in the virus envelope (8). Previous experiments have
demonstrated an essential role for VP28 during WSSV infection
(34), and this suggests a possible role of its envelope trimers in
virus-host interactions. Our results clearly show the ability of CRT
to bind to VP28. Many ER chaperone molecules can act as core-
ceptors for viral infection (38, 39). Although the presence of CRT
on the cell surface of HPT was detected in our previous study (15),
we show here that CRT on the cell surface does not act as a recep-
tor for WSSV because no effect on virus replication was detected
between the control and preincubated virus with either the re-
combinant protein or a specific antibody to CRT. The interaction
between CRT and VP28 was detected at its highest point 6 h after

FIG 5 Assembly of WSSV structural proteins is mediated through host CRT. (A to D) Western blot showing that the assembly of virions requires multimeric
VP26 and VP28. Oligomerization of VP26 (A) and VP28 (B) was detected in WSSV-infected HPT cells after knockdown of CRT (lane 2), with GFP as a control
(lane 1), or after DTT treatment (lane 4) and compared to results for purified virions (lane 3). All samples (24 h.p.i.) were analyzed by nonreducing SDS-PAGE,
followed by Western blotting. (C and D) Western blot showing the effect of CRT knockdown by dsRNAi in HPT cells, or DTT treatment prior to infection with
WSSV to delay the assembly of the viral structural proteins VP26 (C) and VP28 (D). All samples were analyzed by nonreducing SDS-PAGE, followed by Western
blotting. (E) Western blot showing the translation level of CRT after different treatments and times.

FIG 6 Glycosylation of CRT is needed for viral assembly. (A) The effect of Tunicamycin (TUN) treatment (0.5 !g/ml) of HPT cells on CRT mRNA expression
was analyzed by qPCR. (B) The effect of TUN treatment (0.5 !g/ml) of HPT cells on CRT protein level and CRT size was analyzed by Western blotting using a
CRT antibody. (C) The effect of TUN treatment (0.5 !g/ml) of HPT cells on VP28 mRNA expression was analyzed by qPCR. (D) The effect of TUN treatment
(0.5 !g/ml) of HPT cells on VP 28 and CRT protein level as detected by Western blotting at 24 h.p.i. The level of actin was analyzed as a control. E and F) The
effect of TUN treatment as detailed for panel A on viral structural protein oligomerization in HPT cells analyzed by Western blotting using VP26 antibody (E)
or VP28 antibody (F). Significant differences are indicated by asterisks: *, P " 0.05; **, P " 0.01.
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Hijacking of Host Calreticulin Is Required for the White Spot
Syndrome Virus Replication Cycle

Apiruck Watthanasurorot,a Enen Guo,a Sirinit Tharntada,b Chu-Fang Lo,c Kenneth Söderhäll,a,d Irene Söderhälla
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University, Bangkok, Thailandb; College of Bioscience and Biotechnology, National Cheng Kung University, Tainan, Taiwan, Republic of Chinac; Science for Life Laboratory,
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ABSTRACT
We have previously shown that multifunctional calreticulin (CRT), which resides in the endoplasmic reticulum (ER) and is
involved in ER-associated protein processing, responds to infection with white spot syndrome virus (WSSV) by increasing
mRNA and protein expression and by forming a complex with gC1qR and thereby delaying apoptosis. Here, we show that
CRT can directly interact with WSSV structural proteins, including VP15 and VP28, during an early stage of virus infec-
tion. The binding of VP28 with CRT does not promote WSSV entry, and CRT-VP15 interaction was detected in the viral
genome in virally infected host cells and thus may have an effect on WSSV replication. Moreover, CRT was detected in the
viral envelope of purified WSSV virions. CRT was also found to be of high importance for proper oligomerization of the
viral structural proteins VP26 and VP28, and when CRT glycosylation was blocked with tunicamycin, a significant decrease
in both viral replication and assembly was detected. Together, these findings suggest that CRT confers several advantages
to WSSV, from the initial steps of WSSV infection to the assembly of virions. Therefore, CRT is required as a “vital factor”
and is hijacked by WSSV for its replication cycle.

IMPORTANCE
White spot syndrome virus (WSSV) is a double-stranded DNA virus and the cause of a serious disease in a wide range of crusta-
ceans that often leads to high mortality rates. We have previously shown that the protein calreticulin (CRT), which resides in the
endoplasmic reticulum (ER) of the cell, is important in the host response to the virus. In this report, we show that the virus uses
this host protein to enter the cell and to make the host produce new viral structural proteins. Through its interaction with two
viral proteins, the virus “hijacks” host calreticulin and uses it for its own needs. These findings provide new insight into the in-
teraction between a large DNA virus and the host protein CRT and may help in understanding the viral infection process in gen-
eral.

White spot syndrome virus (WSSV) is a double-stranded DNA
virus of a new virus family, the Nimaviridae (1). WSSV is the

cause of a serious disease in a wide range of crustaceans that often
leads to high mortality rates (2). Substantial progress in under-
standing the molecular biology of WSSV has been made during
the last decade (2, 3). The emergence of genomic, transcriptomic,
and proteomic tools has resulted in important insight into WSSV
biology and into some of the host responses to the virus infection.
Using proteomic approaches, it has been discovered that the vi-
rion contains more than 40 structural proteins, and at least 5 ma-
jor structural proteins without glycosylation have been identified:
VP15, VP19, VP24, VP26, and VP28 (1, 4, 5). Of these, VP26 and
VP28 are the most abundant proteins; VP28 is an envelope pro-
tein, and VP26 acts as a linker between the envelope and the nu-
cleocapsid (1, 6, 7). Homo-oligomers, mainly trimers of VP28,
have been detected in WSSV virions by X-ray crystallography, and
this protein functions in envelope assembly, cell attachment, and
host penetration (8). Formation of homo-oligomers has also been
observed to occur with the WSSV tegument proteins VP24 and
VP26, which play essential roles in envelope assembly (8–10).
However, no oligomerization of nucleocapsid VP15 has been re-
ported. The nucleocapsid protein VP15 is a DNA-binding protein
that resembles histone proteins and may function in viral replica-
tion (11, 12).

In previous studies, both transcriptomic and proteomic evi-

dence has indicated an enhancement of calreticulin (CRT) expres-
sion in response to WSSV infection (13–15). Important roles of
host CRT have been detected in responses to several other patho-
genic viral infections, such as dengue virus (16), rubella virus (17),
hepatitis C virus (18), and influenza virus (19) infections. The
viral induction of host CRT is likely to confer several advantages to
these viruses. Although a CRT/gC1qR complex, which prevents
apoptosis, has recently been detected during WSSV infection (15),
little is known concerning possible direct functions of CRT in
WSSV infection. Because of the multiple functions of CRT, this
conserved endoplasmic reticulum (ER) chaperone has emerged as
a frequent target of viral exploitation (20).

CRT functions as a chaperone and is involved in the folding
of several viral and nonviral glycoproteins (21). CRT facilitates
the correct formation of disulfide bonds, for example, in the
viral glycoproteins influenza virus hemagglutinin (HA) and
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ceptors for viral infection (38, 39). Although the presence of CRT
on the cell surface of HPT was detected in our previous study (15),
we show here that CRT on the cell surface does not act as a recep-
tor for WSSV because no effect on virus replication was detected
between the control and preincubated virus with either the re-
combinant protein or a specific antibody to CRT. The interaction
between CRT and VP28 was detected at its highest point 6 h after

FIG 5 Assembly of WSSV structural proteins is mediated through host CRT. (A to D) Western blot showing that the assembly of virions requires multimeric
VP26 and VP28. Oligomerization of VP26 (A) and VP28 (B) was detected in WSSV-infected HPT cells after knockdown of CRT (lane 2), with GFP as a control
(lane 1), or after DTT treatment (lane 4) and compared to results for purified virions (lane 3). All samples (24 h.p.i.) were analyzed by nonreducing SDS-PAGE,
followed by Western blotting. (C and D) Western blot showing the effect of CRT knockdown by dsRNAi in HPT cells, or DTT treatment prior to infection with
WSSV to delay the assembly of the viral structural proteins VP26 (C) and VP28 (D). All samples were analyzed by nonreducing SDS-PAGE, followed by Western
blotting. (E) Western blot showing the translation level of CRT after different treatments and times.

FIG 6 Glycosylation of CRT is needed for viral assembly. (A) The effect of Tunicamycin (TUN) treatment (0.5 !g/ml) of HPT cells on CRT mRNA expression
was analyzed by qPCR. (B) The effect of TUN treatment (0.5 !g/ml) of HPT cells on CRT protein level and CRT size was analyzed by Western blotting using a
CRT antibody. (C) The effect of TUN treatment (0.5 !g/ml) of HPT cells on VP28 mRNA expression was analyzed by qPCR. (D) The effect of TUN treatment
(0.5 !g/ml) of HPT cells on VP 28 and CRT protein level as detected by Western blotting at 24 h.p.i. The level of actin was analyzed as a control. E and F) The
effect of TUN treatment as detailed for panel A on viral structural protein oligomerization in HPT cells analyzed by Western blotting using VP26 antibody (E)
or VP28 antibody (F). Significant differences are indicated by asterisks: *, P " 0.05; **, P " 0.01.
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