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The baculovirus expression system has proven to be a robust and versatile 

system for recombinant protein production in insect cells.  A wide range of promoters 

is available for the facile expression of transgenes, and yields of up to 50% of total 

protein have been reported.  However, in many cases production is decreased as a 

result of proteases and host cell apoptosis.  To combat this problem, RNA 

interference (RNAi) has been used as a metabolic engineering tool to knockdown host 

genes responsible for decreasing the yield of recombinant protein.  A novel caspase 

(Tn caspase-1) derived from Trichoplusia ni cells has been identified and 

characterized.  Through modulation of caspase levels via either RNAi or through 

interaction with baculovirus protein p35, the overall level of apoptosis present in cell 

culture has been decreased.  In addition, the use of in vitro RNAi targeted against Tn 



  

caspase-1 has increased the production of recombinant green fluorescent protein.  To 

further study the effect of suppressing Tn caspase-1, a stable cell line producing in 

vivo RNAi was developed, resulting in a nearly 90% decrease in caspase enzymatic 

activity.  This suppression was able to improve culture viability under adverse 

conditions and increase recombinant protein production levels up to two-fold that of 

standard cells.        
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Chapter 1 : Introduction and Background 

 

Project Summary 
 

Since the introduction of Humulin in 1982, the market for recombinantly 

produced proteins and therapeutics has grown steadily and is predicted to reach over 

$52 billion by the year 2010 (Pavlou and Reichert 2004). As demand increases, so too 

will the need to increase the efficiency of current production systems as well as 

develop new technologies for the production of recombinant proteins. Despite being 

an efficient and convenient method for the production of recombinant protein, one 

drawback associated with the baculovirus expression vector system (BEVS) is that 

host cells fight infection, through the production of proteases and the onset of 

apoptosis.  Baculoviruses have evolved strategies to combat this, but protein 

production is still decreased by proteases and other host cell defenses, including 

apoptosis.  One principal component of this apoptotic machinery is a group of 

proteases known as caspases, which respond to both external as well as internal 

apoptotic signals and carry out the proteolysis that leads to apoptotic cell death.      

To combat this problem, we have identified a novel caspase present in cell 

lines derived from Trichoplusia ni, the cabbage looper, one of the main hosts for 

industrial protein production using the BEVS.  Designated Tn-caspase-1, we have 

shown that it is responsible for the majority of effector caspase activity present in T. 

ni cells, and have demonstrated that its activity can be detected in the latter stages of 

baculovirus infection.  Furthermore, through the suppression of Tn-caspase-1, 

apoptosis can be alleviated. Tn-caspase-1 was suppressed using interfering RNA 
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(RNAi), a decade old technology that has quickly become a powerful and widespread 

tool for the sequence specific knockdown of a gene of interest.  Through the use of in 

vitro RNAi, Tn-caspase-1 transcript levels were decreased by 80%, resulting in 

recombinant protein levels more than 2 times that of untreated cells.  Further, in order 

to take advantage of the simplicity and robustness of an in vivo approach, we have 

developed a construct for the expression of in vivo dsRNA and subsequently 

developed the first stable T ni. derived cell line in which it is implemented.  The 

stable cell line selected (designated dsTncasp-2) displays a 90% decrease in caspase 

enzymatic activity during chemically induced apoptosis.  dsTncasp-2 also has 

increased resistance to nutrient starvation and high cell densities as is often seen 

during prolonged suspension culture and demonstrates protein production levels up to 

two-fold that of standard cells.  Overall, this study supports the application of RNAi 

in metabolic engineering for the improvement of recombinant protein production and 

the development of cell lines with desirable production phenotypes.                  

Literature Review 

Baculoviruses  

 Baculoviruses are a diverse family of rod-shaped, occluded double-

stranded DNA viruses with a large, circular genome that ranges from 88 to 200 

kilobase pairs (Ayres et al. 1994; King and Possee 1992).  They are further divided 

into two genera: the Nucleopolyhedrovirus (NPVs) and the Granulovirus (GVs).  In 

general, NPVs produce large occlusion bodies that contain multiple virions while 

GVs produce smaller granular occlusion bodies containing only one virion (Willis et 

al. 2005).  The most well characterized baculovirus is the Autographa californica 
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multiple nuclear polyhedrosis virus (AcMNPV), which is an NPV that exhibits a 

broad host range across several lepidopteron species, including the cabbage looper 

(Trichoplusia ni) and the fall armyworm (Spodoptera frugiperda) (Granados and 

Federici 1986; Willis et al. 2005).   

The baculovirus replication cycle consists of two phases, which governs the 

transcription of viral genes.  In the first phase, early and late genes are expressed, and 

infected cells produce many non-occluded or budded virus particles (BVs) into the 

medium.  These BVs spread the infection within the insect and in insect cell culture.  

In the second stage of infection, the very late genes are expressed, and the virus 

particles are occluded by the polyhedrin protein to form polyhedra, which protect the 

virus particles from the environment and spread infection between insects.  However, 

production of occluded virus particles is not required to spread infection in cell 

culture (Dalal 2001). 

The two forms of AcMNPV virus particles are shown in Figure 2-1.  The 

DNA is associated with p6.9, a highly basic, arginine-rich protein of 6.5 kilodaltons 

(kDa) and is packaged within a rod-shaped nucleocapsid composed of a 39-kDa 

capsid protein (vp39) and a71-kDa protein (p80) (Miller 1997).  The nucleocapsid is 

then packaged within the lipoprotein envelope to form the virion, which are occluded 

by the polyhedrin protein in the late stages of infection to form polyhedra ranging in 

size from 1-15 μm (King and Possee 1992). 

Baculovirus Expression Vector System (BEVS) 

In order to produce recombinant proteins using an insect cell/baculovirus 

system, the gene of interest is inserted in place of baculovirus genes not required for 

 3 
 



 

replication.  Usually, genes will be inserted under the control of either the polyhedrin 

or P10 promoter, which are transcribed during the very late time period of infection 

and are two of the strongest promoters known (King and Possee 1992).  However, 

genes can also be inserted under earlier promoters, providing a convenient means of 

detecting infection (Dalal et al. 2005).  Once the recombinant baculovirus particles 

have been constructed, they are introduced into the culture medium, subsequently 

infecting cells and producing the protein of interest.  Genes placed under the control 

of the polyhedrin promoter can generally be detected at approximately 2 days post 

infection (dpi), while detection can be as early as 18 hours post infection (hpi) for 

genes under the control of early promoters.  Cultures are usually harvested at 5-6 dpi, 

when the yield reaches a maximum (Caron et al. 1990).  The insect cell/baculovirus 

expression system has been widely used as a means for producing recombinant 

protein, due to the high yield and correct functionality of the expressed protein 

(Luckow and Summers 1988; Smith et al. 1985).  Yields approaching 50% of total 

cellular protein can be attained in infected cells (Wickham et al. 1992), and 

functionalities including secretion signal recognition (Davis et al. 1992a), assembly of 

oligomeric proteins (Kakker et al. 1999), glycosylation (James et al. 1995), 

phosphorylation (Hericourt et al. 2000), and disulfide bond formation (Hodder et al. 

1996) have also been reported.   
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Figure 1-1. Two common forms of AcMNPV 
The budded and occlusion derived virus forms of AcMNPV are represented. The genes 
that are responsible of each form and those that are common to both forms of the virus 
are indicated (adapted from (Miller 1997)). 
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 In addition to a wide array of promoters and high yield the baculovirus system can 

also accept large amounts of foreign DNA, a task which can be difficult using 

bacterial or yeast systems (Shuler and Kargi 1997).  Scale up is also relatively easy, 

though oxygen depravation can still be a problem at high culture densities (Ikonomou 

et al. 2003).  One way to circumvent this problem is to use the baculovirus in insect 

cell larvae to produce recombinant protein.  Larvae can be fed an inexpensive nutrient 

source and scale linearly, but unfamiliarity with larval systems and easy access to cell 

culture facilities have made this practice relatively rare (Kost et al. 2005).  

Baculovirus vectors can also be used to introduce DNA into mammalian cells.  

Although the exact mechanism of baculovirus entry into mammalian cells has not yet 

been determined, these systems open up a host of new possibilities for the baculovirus 

system (Kost et al. 2005). 

 The baculovirus system has disadvantages as well.  First of all, insect cell 

cultures infected with baculovirus are discontinuous, since the cells eventually die 

after infection.  Also, despite their posttranslational ability, glycosylation in insect 

cells is not the same as it is in mammalian cells, making the production of proteins 

that require complex glycosylation less effective.  However, a great deal of research 

is currently focused on engineering mammalian glycosylation pathways into the 

insect cell/baculovirus system (Betenbaugh et al. 2004; Jarvis 2003; Jarvis et al. 1998; 

Tomiya et al. 2003; Tomiya et al. 2004).  Other disadvantages of the baculovirus 

system include decreased production of secreted or membrane proteins and product 

degradation due to proteases, both of which decrease product yield (Kost et al. 2005).   
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Improving Yield in the BEVS 

In order to combat low protein yield in the baculovirus system due to 

improper folding, minimal secretion, or degradation by proteases, several strategies 

have been developed.  One technique involves coexpression of chaperone proteins by 

the baculovirus to aid in the folding of recombinant proteins (Ailor and Betenbaugh 

1999).  A number of studies have documented an increase in functional protein as the 

result of coexpressing chaperones such as calnexin (Higgins et al. 2003), calreticulin 

(Fourneau et al. 2004; Zhang et al. 2003), or heat shock proteins (hsps) (Martinez-

Torrecuadrada et al. 2005; Yokoyama et al. 2000).  Examples in both Sf9 (Lenhard 

and Reilander 1997) and T. ni  (Ailor and Betenbaugh 1998; Hsu and Betenbaugh 

1997) cell culture have been reported.  Another technique involves the addition of 

certain DNA enhancer elements to the baculovirus.  Homology regions derived from 

baculovirus inserted upstream of the promoter for the gene of interest have been 

shown to increase luciferase production (Chen et al. 2004; Venkaiah et al. 2004).  In 

addition, enhancer sequences can be constructed from heterologous elements.  

Incorporation of a 21 base pair element derived from a 5’ untranslated leader 

sequence of lobster tropomyosin cDNA and an A-rich sequence found in the 

polyhedrin leader sequence enhanced the expression of tropomyosin and luciferase 

twenty and sevenfold, respectively (Sano et al. 2002).  Protein degradation can also 

be combated by the addition of protease inhibitors to the media (Kato et al. 2003)  or 

through the optimization of harvest time and conditions to minimize protease activity 

(Pham et al. 1999) .    Modification of the baculovirus itself can also be used to 

improve the yield of properly folded protein.  Construction of a chitinase and v-
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cathepsin (both of which help liquefy the host during the late stages of infection) 

negative bacmid improved the integrity of both intracellular and secreted recombinant 

protein (Kaba et al. 2004).  Finally, a non-lytic baculovirus was constructed using a 

novel fluorescence resonance energy transfer (FRET) based assay, decreasing the 

percentage of lysed cells from 60% to 7% in Sf21 cells at 5 days post infection (Ho et 

al. 2004).  The authors demonstrated this led to an increased amount of compactly 

folded luciferase with less degradation. 

Apoptosis and Caspases 

Apoptosis, or programmed cell death, was first described by Kerr et al. (1972) 

and has since been recognized as an important component of several biological 

processes including embryonic development, tissue homeostasis, tumorigenesis, and 

viral infection (Walker et al. 1988).  Improper regulation of apoptosis has been 

associated with several diseases, including cancer, autoimmune disorders, and 

neurodegenerative diseases (Thompson 1995).  Apoptosis can occur in a variety of 

cell types and can be triggered by either external or internal signals such as viral 

infection, UV light, or chemicals such as actinomycin D.  During apoptosis, cells 

undergo a number of distinct morphological changes, including the blebbing of the 

plasma membrane, cellular shrinkage, and the formation of apoptotic bodies which 

are generally engulfed by neighboring cells (Kerr et al. 1972).  Thus, the harmful 

contents of the cells are not released into the extracellular space but are instead 

absorbed by neighboring cells, preventing harmful inflammatory responses (Chang 

and Yang 2000).   Apoptosis is morphologically distinct from necrosis, or passive cell 

death, which is generally typified by cell swelling and lysis, which results in the 
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release of cellular contents (Kim and Park 2003).  Other characteristic biological 

changes associated with apoptosis include DNA fragmentation or laddering due to 

cleavage between nucleosomes, which can be visualized using conventional gel 

electrophoresis and the flipping of the phosphatidylserine from the inner side of the 

plasma membrane to the outside (Chang and Yang 2000).    

 The distinct nature of the apoptotic phenotype is in part due to its highly 

conserved nature as well as its tightly controlled machinery.  The primary component 

in this machinery is a group of proteolytic enzymes known as caspases.  First 

discovered in Cos-7 cells as the interleukin-1 beta converting enzyme (ICE) (Cerretti 

et al. 1992) and first linked to apoptosis with the cloning of the proapoptotic ced-3 in 

Caenorhabditis elegans (Yuan et al. 1993), the term caspase means cysteine specific 

aspase or aspartic protease.  Thus, caspases use a cysteine group as the nucelophilic 

group to cleave the C-terminal peptide of an aspartic acid residue (Alnemri et al. 

1996).   Additional evidence for the involvement of caspases in the apoptotic caspase 

is provided by studies showing that certain synthetic or natural caspase inhibitors, 

such as the cowpox viral serpin CrmA (Tewari et al. 1995) and baculovirus protein 

p35  (Clem et al. 1991)can greatly reduce apoptosis induced by diverse stimuli.  

Further, animals lacking caspases show defects in apoptosis, and caspases are 

responsible for most of the proteolytic cleavage that takes place during apoptosis 

(Chang and Yang 2000).  

 Caspases are translated as latent pro-enzymes that require activation before 

they become active players in the apoptotic process.  As a result, caspases generally 

act in cascades.  Initiator caspases, such as human caspase-2, -8, and -10, have large 
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prodomains (Figure 1-2) and are generally autocatalytic or respond to an apoptotic 

stimuli.  This signal can come from a cell surface receptor, such as the well studied 

CD95/APO-1/Fas receptor (Schmitt et al. 1999), or as through the release of a 

mitrochondrial apoptotic factor such as apoptosis inducing factor (AIF) or 

cytochrome c (Susin et al. 1998).  Effector caspases, such as human caspase-3 or -7, 

have relatively small prodomains and are directly activated by initiator caspases, 

resulting in the cleavage of cellular proteins and apoptotic cell death.  Inflammatory 

caspases are a third type of caspase and are involved in cytokine activation.        
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Figure 1-2. Mammalian caspases and C. elegans caspase CED-3. 
All mammalian caspases are from human, except mcaspase-11 and mcaspase-12, for which 
human counterparts have not yet been discovered.  Phylogeny is based on similarity between 
the protease domains.  Adapted from (Chang and Yang 2000). 
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RNA Interference 

RNA based gene silencing was first observed in plants and fungi, and was 

described as post-transcriptional gene silencing (PTGS) or quelling, respectively 

(Corgoni et al. 1996; Jorgensen 2003).  In both cases, attempts to overexpress an 

endogenous gene by introducing transgenic copies backfired and blocked expression 

of the gene.  The first case reported in animals came when Guo and Kemphues (Guo 

and Kemphues 1995) blocked the mRNA expression of the par-1 gene using 

antisense RNA, but noticed that par-1 mRNA itself repressed par-1.  This seemingly 

contradictory observation, subsequently called RNAi (RNAmediated interference) by 

Rocheleau (Rocheleau et al. 1997), laid the foundation for later experiments that 

showed double-stranded RNA (dsRNA) was the trigger of gene silencing (Fire et al. 

1998; Montgomery and Fire 1998).         

Double-stranded RNA causes sequence specific degradation of mRNA to 

which it is homologous, resulting in decreased gene expression, while unrelated 

mRNA transcripts are not affected (Fire et al. 1998; Montgomery and Fire 1998; 

Sharp 1999; Tuschl et al. 1999).  The RNA silencing pathway is triggered by small, 

21-27 nucleotide long “small RNAs,” a term which can include small interfering 

RNAs (siRNAs), repeat-associated small interfering RNAs (rasiRNAs), and micro 

RNAs (miRNAs) (Tomari and Zamore 2005).  siRNAs are produced in vivo by the 

ribonulcease Dicer, which cleaves long dsRNAs into siRNAs (Figure 1-3).  Cellular 

miRNAs are processed by the endonuclease Drosha in the nucleus before being 

exported to the cytoplasm, where they are cut by Dicer to produce mature miRNA 

(Tomari and Zamore 2005).  Although their processing is different, their functions are 
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the same.  Once transcribed or introduced into the cell, these small RNAs affect gene 

expression through a common set of proteins known as RNA silencing effector 

complexes.  These complexes, which include the RNA-induced silencing complex 

(RISC) (Hammond et al. 2000) or the RNA-induced initiation of transcriptional gene 

silencing (RITS) complex (Verdel et al. 2004), bind the small RNAs and direct gene 

silencing through a cascade of reactions.  Once a complementary siRNA duplex has 

loaded onto RISC, Argonaute 2 (AGO2) cleaves the sense (passenger) strand, leaving 

the antisense (guide) strand still incorporated into the now active RISC complex.  

This complex can then recognize and cleave complementary mRNA through the 

catalytic domain of AGO2 (Matranga et al. 2005; Rand et al. 2005).   In the case of 

miRNA, perfectly complementary RNA duplexes are processed in a manner similar 

to siRNA.  Sequences that have imperfect homology use a bypass mechanism that 

unwinds and discards the sense strand, resulting in an active RISC complex that then 

directs translational repression and mRNA degradation (Bagga et al. 2005; Pillai et al. 

2005).  For a more rigorous discussion of the mechanisms of RNA gene silencing, see 

(Kim and Rossi 2007; Tomari and Zamore 2005). 
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Figure 1-3. Mechanism of RNAi in mammalian cells 
The RNA interference pathway is directed by small RNAs such as small interfering RNAs 
(siRNAs) and microRNAs (miRNAs).  In the siRNA pathway, long double stranded RNA 
(dsRNA) is cleaved into siRNAs by the enzyme Dicer.  These siRNA duplexes then associate 
with Argonaute 2 (AGO2) and the RNA-induced silencing complex (RISC).  When these 
duplexes have complementary sequences, AGO2 cleaves the sense strand, leaving the 
antisense strand still associated with the now active RISC complex.  The active RISC 
complex then binds and cleaves (through the catalytic domain of AGO2) complementary 
mRNA.  miRNAs are first processed in the nucleus by Drosha before exportation to the 
cytoplasm.  While perfectly complementary miRNAs are processed similarly to siRNAs, 
imperfectly complementary strands are processed differently.  Instead of cleavage as with the 
siRNA duplex, the miRNA duplex is unwound and the sense strand is discarded, leaving the 
antisense complex that now functions to either repress or degrade the complementary mRNA 
target.  Figure from (de Fougerolles et al. 2007).     
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Applications of RNAi 

Since its initial discovery in 1998 (Fire et al. 1998), RNA interference (RNAi) 

has quickly moved from a tool for single gene loss-of-function studies to a means of 

implementing genetic changes in a specific manner over a wide range of organisms 

and cell types.  In addition to unraveling the mechanisms, origins, and purpose of 

RNAi (Scherer and Rossi 2003; Tomari and Zamore 2005), research has focused on 

improving and creating new delivery methods for both cells and animals (Dann 2007; 

Kumar and Clarke 2007; Mittal 2004), as well as genome wide RNAi screens for 

functional analysis in both mammalian (Aza-Blanc et al. 2003; Cullen and Arndt 

2005; Silva et al. 2004; Sturzl et al. 2008) and drosophila cells (Armknecht et al. 

2005; Boutros et al. 2004).  A recent review examines many of the issues involved in 

genome wide RNAi screens, including cell line selection, screening techniques, and 

infrastructure requirements (Echeverri 2006).  While these screens are a relatively 

new technique for elucidating gene function and interaction, they are rapidly 

becoming powerful and widespread.  

Since  the discovery that RNAi was mediated by short-interfering RNA 

(siRNA) in mammalian cells (Elbashir et al. 2001) and the subsequent demonstration 

of its efficacy in an animal disease model (Song et al. 2003), RNAi has also been 

touted as the next great therapeutic tool for combating a wide range of diseases, 

including cancer (Pai et al. 2006; Pento 2007), neurodegenerative disease (Raoul et 

al. 2006), viral infection (Leonard and Schaffer 2006), and ocular disorders 

(Campochiaro 2006).  Great potential exists, but difficulties remain, including 

effectively delivering the RNAi of interest into the target cell and precisely 
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quantifying specific and non-specific side effects.  These issues have been addressed 

in greater detail in numerous recent reviews on RNAi as a therapeutic tool  (Aigner 

2006; Bumcrot et al. 2006; Corey 2007; de Fougerolles et al. 2007; Dorsett and 

Tuschl 2004; Dykxhoorn and Lieberman 2005; Dykxhoorn et al. 2006; Gewirtz 2007; 

Grimm and Kay 2007; Novobrantseva et al. 2008; Shankar et al. 2005).  Additional 

applications include antisense applications in bacteria, RNAi in plant biotechnology, 

and RNAi in metabolic engineering (Figure 1-4) (Hebert et al. 2008a).   
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Figure 1-4. RNA interference as a means of altering phenotype. 
RNA constructs are used in research (screening and loss of function), therapeutics 
(Dykxhoorn and Lieberman 2005), metabolic engineering (March and Bentley 2006), plant 
biotechnology, and, in single-stranded form, bacteria. 
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RNAi and Metabolic Engineering 

Metabolic engineering typically involves the rational alteration of a host cell’s 

genotype or regulatory network in order to achieve a desired phenotype (Bailey 1991; 

Stephanopoulos and Vallino 1991).   In addition to efficient production of the 

molecule of interest, desirable phenotypes include the ability to survive well in the 

adverse conditions normally experienced by cells overproducing protein, such as 

decreased oxygen and nutrients or increased cellular and oxidative stress (diStefano et 

al. 1995; Rao and Bredesen 2004; Scott et al. 1992).  In general, this involves altering 

the central metabolism, seeking to increase the flux through specific pathways while 

decreasing others.  Traditionally, this has been accomplished either through the 

overexpression of specific targets directly involved in the pathway (Chen et al. 2001; 

Irani et al. 1999) or alteration of the overall protein machinery, such as the expression 

of chaperone proteins (Borth et al. 2005; Davis et al. 2000; Higgins et al. 2003; 

Kitchin and Flickinger 1995; Martinez-Torrecuadrada et al. 2005; Yokoyama et al. 

2000) or transcriptional factors involved in the secretory pathway (Tigges and 

Fussenegger 2006).  A similar approach can be taken using RNAi and other antisense 

technologies; instead of overexpressing desirable genes, potentially deleterious genes 

are silenced.         

RNAi initially found limited use in metabolic engineering, however, perhaps 

due to its transient nature, relatively inefficient delivery methods, and the more 

typical metabolic engineering objective functions that are based on permanent 

changes in genotype.  As RNAi technology improved, several noteworthy examples 

 18 
 



 

based on antisense RNA have appeared, targeting apoptosis, the cell growth cycle, 

and glycosylation.   

Since apoptosis (programmed cell death) can account for up to 80% of cell 

death in bioreactors and lead to decreased product yield and quality (Goswami et al. 

1999; Mastrangelo and Betenbaugh 1998; Mercille and Massie 1994), anti-apoptosis 

engineering has become an important area of metabolic engineering.  This strategy 

has also been implemented using RNAi.  Examples include RNAi against proteases in 

CHO (Lai et al. 2004; Wong et al. 2006b) and Sf9 cells (Lin et al. 2007) and 

produced by recombinant baculovirus (Kim et al. 2007).  In each of these examples, 

the yield of recombinant protein was enhanced as a result of the downregulation of a 

target protease.   

A more global approach involves altering the cell growth cycle using RNAi.  

An optimal production cycle is generally biphasic.  The cells first grow quickly to a 

high density before transitioning to a production phase characterized by low growth 

and high productivity (Fussenegger 2001; Gammell et al. 2007).  Achieving this 

regime is relatively straightforward in bacterial systems, but can be more problematic 

in eukaryotic cell culture since their state is influenced by the cell cycle.  Studies have 

investigated the relationship between the cell cycle and heterologous protein 

expression and some attempts have been made to optimize product synthesis by using 

a cycle-specific promoter (Banik et al. 1997; Banik et al. 1996), or controlling the cell 

cycle itself (Ibarra et al. 2003; Kim et al. 2000; Simpson et al. 1999; Watanabe et al. 

2002).  RNAi has again proven a viable alternative, as it has been used to increase 

cell growth and protein production in Drosophila S2 cells through the downregulation 
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of cell growth controllers (March and Bentley 2006; March and Bentley 2007) and in 

HEK 293 cell through the downregulation of transcriptional regulators (Hacker et al. 

2004). 

 A final area of metabolic engineering in which RNAi has played a role is 

glycosylation.  Engineering specific glycosylation patterns can increase the potency 

and stability of therapeutic proteins while at the same time decreasing their 

immunogenic effects (Butler 2006; Jenkins 2007; Kuystermans et al. 2007), and has 

been the subject of study in several systems including mammalian (Butler 2006), 

insect (Tomiya et al. 2004), and yeast (Wildt and Gerngross 2005).  Several specific 

examples of using RNAi to fine tune glycosylation patterns include increasing the 

antibody-dependent cellular cytotoxicity of antibodies produced in CHO cells through 

the reduction of a 1,6 fucosyltransferase (FUT8) (Mori et al. 2004) , GDP mannose 

4,6 dehydrogenase (GMP) (Kanda et al. 2007), or both FUT8 and GMP (Imai-

Nishiya et al. 2007), as well as improving product quality by reducing sialidase 

activity in CHO cells (Ngantung et al. 2006).   

 As the amount of genomic and metabolomic data increases, additional RNAi-

based metabolic engineering targets will surely be identified.  Some such screens are 

already underway (Gammell et al. 2007; Lee et al. 2007; Wong et al. 2006a), and as 

more targets are identified, RNAi will continue to expand its influence in the field of 

metabolic engineering. 
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RNAi and Baculovirus 
 

Several instances of using RNAi in conjunction with baculovirus have been 

reported.  One of the first studies used antisense RNA made by the baculovirus under 

the control of the p10 promoter to decrease juvenile hormone esterase in the tobacco 

budworm Heliothis virescens and affect its development (Hajos et al. 1999).  Several 

more recent studies have used dsRNA against essential viral genes made either in 

vitro (Valdes et al. 2003) or in vivo (Isobe et al. 2004) to confer baculovirus 

resistance to both cells and larvae, or to study the mechanics of baculovirus infection 

(Flores-Jasso et al. 2004; Means et al. 2003).  RNAi against genes encoded by the 

baculovirus has proven effective (Agrawal et al. 2004; Kramer and Bentley 2003), but 

the silencing of host genes by RNAi during baculovirus has not been examined 

thoroughly.  Some preliminary work has shown that RNAi can be used to increase 

protein production in the baculovirus system (Kim et al. 2007; Kramer 2002), laying 

the groundwork for further improvements. 
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Project Objectives 
 
Previous studies in by both the Bentley lab and others have demonstrated the efficacy 

of RNAi as a means of improving recombinant protein production.  The objectives of 

this project focus around the application of RNAi to improve protein production in 

the baculovirus expression system and are given below:  

 
Objective 1: Identify and characterize novel gene targets, such as cell death genes and 
proteases, which could be responsible for decreasing yield in the baculovirus 
expression system.   
 
Objective 2: Evaluate potential targets using in vitro synthesized dsRNA.  Both the 
level of suppression and the effect on recombinant protein production will be 
measured.   
 
Objective 3: Select the most promising targets for implementation with in vivo 
dsRNA by developing a cell line that expresses a dsRNA hairpin construct.  Evaluate 
cell lines for their ability to survive well in culture and produce recombinant protein.     
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Chapter 2 : Characterization and Analysis of Trichoplusia ni 
Caspase-1 Through Overexpression and RNAi Mediated 
Silencing 

Abstract 

In both mammals and invertebrates, caspases play a critical role in apoptosis.  

Although Lepidopteron caspases have been widely studied in Spodoptera frugiperda 

cells, this is not the case for Trichoplusia ni cells, despite their widespread use for the 

production of recombinant protein and differences in baculovirus infectivity between 

the two species. We have cloned, expressed, purified and characterized Tn-caspase-1 

in several situations: in its overexpression, in silencing via RNA interference (RNAi), 

during baculovirus infection, and in interactions with baculovirus protein p35.  

Overexpression can transiently increase caspase activity in T. ni (High Five™) cells, 

while silencing results in a greater than 6-fold decrease.  The reduction in caspase 

activity resulted in a reduction in the level of apoptosis, demonstrating the ability to 

affect apoptosis by modulating Tn-caspase-1. During baculovirus infection, caspase 

activity remains low until approximately 5 days post infection, at which point it 

increases dramatically, though not in those cells treated with dsRNA.  Our results 

demonstrate that Tn-caspase-1 is the principal effector caspase present in High Five 

cells, and that it is inhibited by baculovirus protein p35.  Finally, our results indicate 

differences between RNAi and p35 as effector molecules for modulating caspase 

activity and apoptosis during cell growth and baculovirus infection. 
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Introduction 

Although apoptosis was first described over thirty years ago (Kerr et al. 1972), 

it remains an active area of research in many fields as a result of its role in 

development,  homeostasis, and host defense (Steller 1995; White 1996), and because 

a multitude of questions remain to be answered.  Deficiency in apoptosis has been 

linked to human diseases including cancer, certain autoimmune disorders, and 

neurodegenerative diseases (Peter et al. 1997; Thompson 1995).  Well conserved 

throughout higher organisms, a central component of the machinery of apoptosis is a 

family of aspartate-specific cysteine proteases known as caspases (Chang and Yang 

2000; Earnshaw et al. 1999; Salvesen and Dixit 1997).  

 First described in mammalian systems (Cerretti et al. 1992; Thornberry et al. 

1992) and shortly thereafter in Caenorhabditis elegans (Lazebnik et al. 1994; Yuan et 

al. 1993), caspases are generally divided into three groups.  Inflammatory caspases, 

which are involved in cytokine activation, comprise the first group and include 

human caspases-1, -4, -5, -11, -12, -13, and -14 (Chang and Yang 2000).  The second 

group, initiator caspases, includes caspase-2, -8 and -9, and the third group, effector 

caspases, includes caspase-3 and -7 (Chang and Yang 2000).  Although the exact 

mechanism is not fully understood, initiator caspases respond to a variety of signals 

that result in the cleavage of their long N-terminal prodomain, which in turn results in 

the cleavage and subsequent activation of effector caspases, which have relatively 

short prodomains.  These activated effector caspases cleave cellular proteins, 

resulting in apoptotic cell death (Chang and Yang 2000; Earnshaw et al. 1999).   
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 In invertebrates, caspases also play a important role in apoptosis (Bergmann et 

al. 1998; Clem 2005; Clem et al. 1996).  Drosophila melanogaster has been the most 

studied insect system of apoptosis, with seven caspases identified based on sequence 

similarity and biochemical activity (Vernooy et al. 2000).  Drosophila Dronc, Dcp-

2/Dredd, and Strica have long prodomains, similar to initiatior caspases, while Drice, 

Dcp-1, Damm and Decay have short prodomains, similar to effector caspases (Muro 

et al. 2004).  Another well studied insect system includes the Sf9 and Sf21 cell lines, 

both of which are derived from the lepidopteron species Spodoptera frugiperda.  

These lines are particularly suited for studies in apoptosis due to their susceptibility to 

a wide array of apoptotic stimuli, including UV radiation, baculovirus infection, 

chemical agents such as actinomycin D, and overexpression of Drosophila death 

genes such as reaper or hid (Clem et al. 1991; Manji and Friesen 2001; Vucic et al. 

1997b). 

 Sf-caspase-1 is the principal effector caspase in Sf cell lines (Ahmad et al. 

1997; LaCount et al. 2000).  Its activation is believed to follow a two-step process, in 

which an unidentified initiator caspase (Sf-caspase X) cleaves pro-Sf-caspase-1 D195, 

producing the small subunit p12, and an intermediate fragment, p25.  The second step 

cleaves the small prodomain from the p25 fragment at D28, resulting in the formation 

of P6 and the large subunit p19 (Manji and Friesen 2001).  A recent study has 

identified an alternative activation pathway, in which pro-Sf-caspase-1 is first cleaved 

at D28 and then D195, resulting in active Sf-caspase-1 (Liu and Chejanovsky 2006).   

As a result of evidence suggesting that apoptosis is used by the cells as an antiviral 

response (Clem 2005), antiapoptotic proteins from several baculoviruses have been 
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characterized with respect to Sf-caspase-1 activation.  Inhibitors of apoptosis (IAPs), 

including Op-IAP from the baculovirus Orgyia pseudotsugata nucleopolyhedrovirus 

(OpNPV), block apoptosis upstream of Sf-caspase-1, perhaps by preventing the 

activation of Sf-caspase-X or other pro-apoptotic proteins (Birnbaum et al. 1994; 

Vucic et al. 1997a; Zoog et al. 2002).  P35, a caspase inhibitor from the baculovirus 

Autographa californica multiple nucleopolyhedrovirus (AcMNPV), blocks the 

cleavage of the prodomain (Ahmad et al. 1997; Bertin et al. 1996; LaCount et al. 

2000; Manji et al. 1997), while P49 from Spodoptera littoralis nucleopolyhedrovirus 

(SlNPV) blocks cleavage into the large and small subunits (Zoog et al. 2002).  

Because of their ability to inhibit apoptosis, IAP and p35 containing vectors have 

been successfully employed in recombinant protein expression systems to extend 

production times and increase product yield (Jabbour and Hawkins 2004; Lin et al. 

2001; Sauerwald et al. 2003; Vives et al. 2003).    

 While Sf-derived host cells are widely used in the Baculovirus Expression 

Vector System (BEVS) for the production of recombinant protein (Cha et al. 1999c; 

Cruz et al. 1999);  Trichoplusia ni cells (Ailor et al. 2000; Davis and Wood 1995; 

Jarvis 2003) and larvae (Cha et al. 1999a; Cha et al. 1997; Kramer and Bentley 2003; 

Pham et al. 1999) have been reported to have superior productivity (Davis et al. 

1992b; Wickham et al. 1992; Wickham and Nemerow 1993)  and yet no reports have 

appeared on caspases in T. ni.  Indeed, only two reports have appeared concerning 

caspases in lepidopteron cell lines other than Sf (Liu et al. 2005; Pei et al. 2002).  

Additionally,  differences in infectivity seen between different species of lepidopteron 

larvae with respect to p35 mutant baculoviruses (Clem 2005; Clem and Miller 1993; 
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Haas-Stapleton et al. 2003; Hershberger et al. 1992) and the effects of protease 

activity on recombinant protein yield (Cruz et al. 1999; Naggie and Bentley 1998; 

Pham et al. 1999) on have stimulated our interest in T. ni caspases. 

 In this study, we have identified, cloned, expressed and purified Tn-caspase-1 

based upon the existing Genbank sequence for Tn-caspase (AAO17788).  Subsequent 

experimental objectives included 1.) Modulation of the caspase activity in T. ni cells 

through overexpression and knockdown of Tn-caspase-1 via double-stranded RNA 

(dsRNA), 2.) Determination of caspase activity during baculovirus infection, 3.) 

Evaluation of baculovirus protein p35 as an inhibitor of caspase activity, and 4.) 

Characterization of apoptosis with respect to caspase activity.  Our results 

demonstrate that overexpression of Tn-caspase-1 can transiently increase caspase 

activity, while silencing of Tn-caspase-1 results in a greater than 6-fold decrease in 

caspase activity, which also translates into a reduction in overall apoptosis.  dsRNA 

can also reduce the high levels of caspase activity seen during the latter stages of  

baculovirus infection.  Finally, heterologously expressed baculovirus protein p35 can 

also inhibit caspase activity and apoptosis, although not as effectively as RNAi under 

the conditions studied.   
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Materials and Methods 

Cell culture, transfection, and infection  

 Trichoplusia ni BTI-TN-5B1-4 (High FiveTM, Invitrogen) cells were cultivated in 

EX-CELLTM-405 media (SAFC Biosciences) at 27°C. Unless otherwise noted, cells were 

initially plated on 24 well plates at a density of 3×105 cells/mL and transfected the following 

day using Cellfectin® (Invitrogen) according to the manufacturer’s procedure.  Briefly, 

culture media was aspirated from the wells and the transfection mixture was added for a 4 

hour incubation period.   Subsequently, the transfection mixture was removed; cells were 

washed with media, and then returned to the incubator in fresh media.  In the case of infection 

with baculovirus, cells were infected 24 hours post transfection as previously described with 

a Multiplicity of Infection (MOI) of 2 (Eun Jeong Kim 2007). 

 

Baculovirus  

A recombinant Autographa californica multiple nucleopolyhedrovirus (AcMNPV) 

that expresses GFPuv under the control of the polyhedron promoter was created previosuly 

(Cha et al. 1999a; Cha et al. 1999b; Cha et al. 1999c). The baculovirus was propagated in 

High FiveTM cells (Invitrogen), and Spodoptera frugiperda (Sf-9) cells (Invitrogen) following 

the general protocols outlined in O’Reilly et al. (O'Reilly et al. 1992).  The titer of 

baculovirus was determined by the endpoint dilution method (O'Reilly et al. 1992).  

 

RNA Isolation, cDNA cloning, and In vitro dsRNA synthesis 

Total RNA was extracted using RNAqueous (Ambion) according to the 

manufacturer’s instructions.  Cells were sloughed from the well plate, spun at 500 g for 5 
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minutes, and lysed using the provided lysis/binding buffer.  Following the RNA isolation, 

samples were subjected to a DNAse digest for 30 minutes per the manufacturer’s instructions 

in order to remove any contaminating DNA.  First strand templates of each target gene were 

synthesized from 500 ng of total mRNA using oligo-dT primers and Superscript RT III 

(Invitrogen). 700-900 base-pair regions of first strand DNA templates were PCR amplified by 

AccuPrime™ Taq DNA Polymerase High Fidelity (Invitrogen) using gene-specific primers 

for T. ni-caspase (5’-CGA TCA AAA TGC TGG ACG GTG-3’;5’-AAG TCT GCA TGC 

ACA GGA AT 3’). T7 sequences (TAA TAC GAC TCA CTA TAG GGA) were added in a 

subsequent PCR step, resulting in T7 templates. To make the dsRNA, sense and anti-sense 

RNA was transcribed from T7 templates using the Megascript™ kit (Ambion) following the 

manufacturer’s instructions. The single-stranded RNA (ssRNA) synthesized was extracted 

using phenol/chloroform, resuspended in nuclease free water, and then incubated at 65° C for 

10 min before cooling to room temperature, annealing the two strands to form dsRNA. 

dsRNA was checked for size and integrity using agarose gel electrophoresis and then diluted 

to a concentration of 3 μg/μL.  dsRNA was transfected into cells at a concentration of 

15ug/mL.   

Differential display 

 For determining relative transcript levels, RNA was extracted from High Five cells 

using an RNAqueous kit (Ambion) as described above.  RNA concentration was determined 

by measuring the absorbance of a diluted sample at the 260 nanometer wavelength in a UV 

spectrophotometer (Beckman).  500 ng of total RNA was subject to reverse transcription 

using oligodT primers to obtain the first-strand cDNA template.  The cDNA template was 

subject to PCR with sequence-specific primers: T. ni-caspsae  (5’-TTC ATT CGA TCC CTG 

GAT AGC-3'; 5’ TAG TAT CCA GGC ACG GTG GAG 3’).  PCR products were run on a 

1% agarose gel stained with ethidium bromide to compare band intensities under fluorescent 
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light.  Primers against a 300 bp section of actin (5'-GAT ATG GAG AAG ATC TGG CA 3’; 

5’-GCG TAG CCC TCG TAG ATG-3’) were used to PCR amplify a loading control from 

the reverse transcript.  Photographs of agarose gels under UV light were taken with an 

AlphaImager® HP (Alpha Innotech) and analyzed for band intensity using AlphaEaseFCTM 

(Alpha Innotech).  

 

Plasmid Construction 

 pIB-TnCasp was constructed by PCR amplification of T. ni cDNA using the 

following gene specific primers for tn-caspase-1 (5’-TAA GCC ACC ATG CTG GAC GGT 

GAA TCC CAG-3; 5’ GCG CTT TTT ACC AAA TAC AAG TAG ACG 3’).  The forward 

primer included a Kozak consensus sequence (Kozak 1987; Kozak 1990; Kozak 1991), and 

the reverse primer included the native stop codon.  This PCR fragment was then TOPO® 

cloned into pIB/V5-His-TOPO® (Invitrogen).  This plasmid uses the OpIE2 promoter 

(Theilmann and Stewart 1992) for constitutive expression of the gene of interest in insect 

cells.    pIB-TnCasp-HIS was constructed using the same forward primer, but a reverse 

primer that omitted the native stop codon (5’ GCG CTT TTT ACC AAA TAC AAG TAG 

ACG), allowing for the translation of the poly-histidine tag included in the pIB/V5-His-

TOPO® backbone to aid in purification.  pIB-p35 was constructed through the PCR 

amplification of baculovirus infected T. ni cDNA using the following gene specific primers 

for Autographa californica multiple nucleopolyhedrovirus p35 (gi 9627742:116492-117391) 

(5’-TAA GCC ACC ATG TGT GTA ATT TTT CCG GTA -3’; 5’ GGG GCT GCT TAT 

TTA ATT GTG TTT AAT AT  3’).  This PCR fragment was then TOPO cloned into pIB/V5-

His-TOPO® to produce pIB-p35.  DNA sequencing was performed at the DNA core facility 

of the Center of Biosystems Research (University of Maryland Biotechnology Institute).  All 

constructs made by PCR were sequenced to verify their integrity. 
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Protein Purification 

 In order to isolate Tn-caspase-1-HIS, crude cell lysates were purified using TALON® 

Metal Affinity Resin (ClonTech) per the manufacturer’s instructions.  Briefly, 250uL of 

lysate was bound to 60uL resin and washed several times with 1mL Equilibration/Wash 

buffer (50 mM Sodium Phosphate, 300 mM NaCl, pH 7.5).  Purified protein was then eluted 

in two steps using 100 uL Elution buffer (50 mM Sodium Phosphate, 300 mM NaCl, 150 mM 

Imidazole, pH 7.0) in each step and stored for later analysis.     

Immunoblot Analysis 

 Cell lysates or purified protein fractions were subjected to SDS polyacrylamide gel 

electrophoresis at 160V for ~1 hour using the BioRad Mini Protean 3 system and then 

transferred to a nitrocellulose membrane using a BioRad Trans-Blot semi-dry transfer cell.  

Tn-caspase-1 was detected using a 1:1000 dilution of α-SfCasp-1 (LaCount et al. 2000), 

kindly provided by P.D. Friesen (University of Wisconsin-Madison), and a 1:2000 dilution of 

goat anti-rabbit HRP (GE Healthcare), which was then developed using the SuperSignal® 

West Pico chemi-luminescence kit (Pierce) and visualized using a Bio-Rad Chemidoc XRS.  

Protein size was approximated using the Magic Mark™ XP Western Protein Standard 

(Invitrogen).           

  

Assay of Caspase activity  

           After various experimental treatments, including actinomycin D (see Results 

and Discussion), cells were collected and washed with PBS (pH 7.5). The cells were 

then suspended in a lysis buffer (from caspase 3 assay kit, BD Bioscience) and 

 31 
 



 

incubated on ice for 30 min.  Cell debris was removed by centrifugation and 

supernatants were stored for further use or assayed directly. The tetrapeptide N-

acetyl-Asp.Glu.Val.Asp-7-amino-4-methylcoumarin (Ac-DEVD-AMC) was used as 

the substrate. Cell lysates were added to the reaction buffer (from caspase 3 assay kit, 

BD Bioscience) with Ac-DEVD-AMC and incubated for several hours at 37°C. The 

release of AMC was measured using a Spectramax M5 Plate Reader (Molecular 

Devices) (excitation λ380nm, emission λ440nm).  Caspase activity is defined as the slope 

of the plot of Fluorescence vs. Incubation time.   

 

TUNEL Staining 

 Apoptosis was visualized using the In Situ Cell Death Detection Kit, 

Fluorescein (Roche Applied Sciences) according to the manufacturer’s instructions.  

After various treatments, including actinomycin D, cells were washed with PBS prior 

to fixation with a 4% paraformaldehyde solution for 1 hour at room temperature.  The 

cells were then washed once with PBS and permeabilized using a solution of 0.1% 

Triton-X in 0.1% Sodium Citrate for 5 minutes on ice.  Subsequently, cells were 

washed twice with PBS before incubation with the TUNEL reaction mixture for 1 

hour at 37 °C.  Cells were again washed twice with PBS before visualization under a 

fluorescent microscope or analysis via flow cytometry.  Fluorescent images were 

taken using a Zeiss Axiovert 40 CFL.  Flow cytometry was conducted on a 

FACSCalibur (BD Bioscience, NJ, USA).  Fluorescence intensity was determined for 

10,000 events per sample at an excitation of 488nm and emission at 530nm.   
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DNA Laddering Assay 

Cells were seeded in 24 well plates at a density of 300,000 cells/mL (150,000 

cells/well).  The following day, actinomycin D was added at various concentrations 

(see supplemental Figure 2a) for a period of 24 hours.  Cells were then sloughed from 

well plates and spun at 500 x g for 5 minutes.  Cell pellets were then resuspended in 

400 uL lysis buffer (Ambion, RNAquoes kit) and extracted using an equal volume of 

phenol/chloroform.  An equal volume of isopropanol was added to the extracted 

aqueous fraction which was then stored overnight at -80 ˚C.  The following day, 

samples were spun for 10 minutes at 14,000 x g (4 °C) to pellet the DNA/RNA.  The 

pellets were then washed twice with 100% ethanol before resuspenion in 100 uL 

nuclease free water.  The samples were then incubated with 1 uL RNAse H 

(Invitrogen) for 45 minutes at 37 °C to digest any remaining RNA.  Samples were 

quantified using UV spectrometry and 2 ug of each sample was run on a 1.5% 

agarose gel.  Bands were visualized using ethidium bromide and UV light.   

Viable cell count 

Cells were seeded in 60 mm2 plates at a concentration of 250,000 cells/mL 

and exposed to 2 ug/mL actinomycin D 24 hours post seeding.  Counts were made 

using Trypan Blue exclusion at various timepoints (see supplemental Figure 2b).      

Labeling using Vybrant® Apoptosis Assay Kit #4 

Cells were seeded in 24 well plates at a density of 300,000 cells/mL (150,000 

cells/well).  The following day, actinomycin D was added at a concentration of 2 

ug/mL for a period of 24 hours.  Cells were then labeled using the Vybrant Apoptosis 
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Assay Kit #4 (Invitrogen, CAT #V13243) according to the manufacturer’s 

instructions.  The labeling solution was then prepared using 1 uL of each labeling 

component (YO-PRO®-1 and Propidium Iodide) per 1 mL of PBS buffer (pH 7.4).  

Following incubation with actinomycin D, media was aspirated from each well and 

cells were washed once with 500 uL PBS buffer before addition of 500 uL labeling 

solution to each well.  Cells were incubated with the labeling solution on ice for 30 

minutes before visualization with fluorescence microscopy.   
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Results 

cDNA cloning and sequence analysis 
 

In order to isolate tn-caspase-1, total RNA was extracted from High Five cells 

and a cDNA library was constructed using RT-PCR.  Using the existing Genbank 

sequence for T. ni caspase (AAO17788) as a guide, gene specific primers that omitted 

the native stop codon were used to amplify tn-caspase-1, which was subsequently 

cloned into pIB/V5-His-TOPO® (Invitrogen) to produce pIB-TnCasp-HIS.  Upon the 

sequencing of positive transformants, it was apparent that discrepancies existed 

between the Genbank (gb) sequence and all the clones sequenced for this study.  A 

reduced ClustalW sequence alignment of the protein sequence from this study, 

subsequently denoted Tn-caspase-1, (done so because it is the first caspase described 

in T. ni and not because it is necessarily the T. ni analog to Sf caspase-1), 

gb|AAO17788, and closely related caspases is shown in Figure 2-1.  Black boxes 

indicate identical amino acids, gray boxes indicate related amino acids, white boxes 

indicate a difference in amino acids, and dashes indicate a blank position.  Tn-

caspase-1 is most closely related to the three Lepidopteron caspases, Sl-caspase 1 (gb 

AAO16241, 88% sequence identity), Sf-caspase 1 (gb AAC47442, 85%) and Bm-

Caspase (gb NP_001037050, 79%).  Tn-caspase-1 also shares similarity with 

Caspase-7 from both mouse (gb  NP_031637, 41%) and human (gb AAH15799, 

41%).    

The cleavage domains of Sf-caspase 1 (LaCount et al. 2000) are indicated by 

boxes above the sequence alignment, with the line in the middle of the box  
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Figure 2-1. ClustalW multiple sequence alignment of Tn-caspase-1 and related caspases 
Default alignment values were used (ClustalW 1.82) and shading was performed using 
BOXSHADE. Black boxes indicate identical amino acids, gray boxes indicate related amino 
acids, white boxes indicate a difference in amino acids, and dashes indicate a blank position. 
The GenbankTM accession numbers of the protein sequences used for the alignment are: 
AAO16241 (Sl-Caspase-1), AAC47442 (Sf-Caspase-1), NP_001037050 (Bm-Caspase-1), 
NP_031637 (Mm-Caspase-7), and AAH15799 (Hs-Caspase-7).  Arrows indicate differences 
in the protein sequence of Tn-caspase-1 between AAO17788 and the results of this study, 
while the boxes above the sequence represent the binding domains of Sf-caspase-1 (LaCount 
et al. 2000). 
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representing the cleavage site.  Tn-caspase-1 has identical amino acids at each of 

these cleavage sites, indicating that they might also serve as cleavage sites in Tn-

caspase-1.  The sequence from this study differs from gb|AAO17788 at two amino 

acid positions (indicated by arrows), 94 and 181.  In gb|AAO17788, both amino acids 

94 and 181 are serine; however, in Tn-caspase-1, as well as all the other caspases 

analyzed, these amino acids are leucine.  The conserved nature of these amino acids 

throughout all caspases suggests that the published Genbank sequence is incorrect.  

Since these caspases are effector caspases with relatively short prodomains (Chang 

and Yang 2000), it seems likely that Tn-caspase-1 is as well.       

Protein expression, purification and detection 

  In order to isolate Tn-caspase-1, cells were transfected with pIB-TnCasp-HIS, 

which produces a modified Tn-caspase-1 with a polyhistidine tag for purification 

using a metal affinity resin.  Two sets of cells were transfected: one was exposed to 

actinomycin-D, a chemical apoptosis inducer, at 2 days post-transfection (24 hours at 

2μg/mL), while the other remained untreated.  Both crude lysates and purified protein 

fractions from untreated and actinomycin D exposed cells were subjected to SDS-

PAGE and Western Blot analysis.  Tn-caspase-1 was visualized using α-SfCasp-1 as 

the primary antibody and Anti-Rabbit HRP as the secondary antibody.  Results are 

presented in Figure 2-2.  Crude lysates from untreated cells show a strong band at ~35 

kDa which presumably represents uncleaved Tn-caspase-1, and a faint band at ~23 

kDa which represents a cleavage product.  Crude lysates from cells exposed to 

actinomycin D have a much stronger band at ~23, and a band at ~ 19 kDa, which 

represents either a subsequent cleavage step or a different cleavage product.  This 
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shows that chemically induced apoptosis results in the cleavage of Tn-caspase-1.  The 

purified fractions, while fainter, show similar bands in both untreated and 

actinomycin-D exposed cells.   
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Figure 2-2. Tn-Caspase-1 Western Blot.  
Western blot of native and HIS-purified Tn-caspase-1, in the presence and absence of 
actinomycin-D.  Lanes are as follows: M. Protein Standard, 1. Crude lysate from untreated 
High FiveTM Cells, 2., Crude lysate from cells treated with Actinomycin-D (24 hours at 2 
μg/mL), 3. HIS-purified protein fraction from untreated cells, 4. HIS-purified protein fraction 
from cells treated with Actinomycin-D (24 hours at 2 μg/mL). The dashed line represents the 
combination of two different western blots. 
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Tn-caspase-1 overexpression and RNAi silencing – In vivo protein activity 

In order to determine the nature of Tn-caspase-1 in vivo, overexpression and 

RNAi silencing experiments were conducted by transfecting High Five cells with 

pIB-TnCasp (2 ug/mL) and dsRNA synthesized against tn-caspase-1 (15 ug/mL), 

respectively.  Control cells were transfected with pIB-CAT (2ug/mL, Invitrogen).   

Cells were seeded in 24 well plates and harvested 3 days post transfection.  Initial 

experiments showed no increase in caspase activity as a result of overexpression (data 

not shown), suggesting that an apoptotic stimuli was required to fully activate Tn-

caspase-1.  This behavior is consistent with previous studies involving overexpression 

of Sf-Caspase-1 (Ahmad et al. 1997; LaCount et al. 2000).  In subsequent 

experiments, a subset of cells was treated with actinomycin D, a chemical inducer of 

apoptosis.  Although it was previously reported (Clem and Miller 1994) that a 

different T. ni derived cell line (TN-368) was resistant to actinomycin D induced 

apoptosis, this was not the case with High Five™ cells, as we observed both DNA 

laddering and cell death upon exposure to actinomycin D (see appendix, Figures 5-1 

and 5-2).  Additional evidence for the induction of apoptosis upon exposure to 

actinomycin D is given in appendix Figure 5-3, which shows labeling results using 

the Invitrogen's Vybrant® Apoptosis Assay Kit #4 (CAT V13243), which labels 

necrotic cells red using Propidium Iodide and apoptotic cells green using YO-PRO®-

1.  While dead cells are seen in both groups (with a greater number of dead cells in 

the actonimycin D treated cells), a much greater number of green (apoptotic) cells are 

present in cells treated with actinomycin D.    Cells were exposed to actinomycin D 
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for 9 or 24 hours at a concentration of 2 μg/mL.  Actinomycin D was added in a 

manner that allowed the cells to be harvested at 72 hours post transfection.  Thus, in 

the case of 24 hours exposure, actinomycin D was added at 48 hours post 

transfection, while in the case of 9 hours exposure, actinomycin D was added 63 

hours post transfection.  Results are presented in Figure 2-3.  As determined by RT-

PCR and visualized using differential display, knockdown of tn-caspase-1 was quite 

effective in both the presence and absence of actinomycin D (Figure 2-3).  However, 

no significant difference in transcript levels was seen between cells transfected with 

pIB-CAT and pIB-TnCasp.   
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Figure 2-3. RT-PCR results for overexpression and RNAi silencing of Tn-caspase-1. 
Cells were transfected with either pIB-CAT (control), pIB-TnCasp (caspase overexpression), 
or dsRNA against tn-caspase-1 (silencing).  Transcript levels of both Tn-caspase-1 and actin 
measured at 3 days post transfection, in the presence or absence of actinomycin D (9 hours at 
2μg/mL).  Bands were visualized on a 1% agarose gel using ethidium bromide and UV light.   
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To investigate the effects of knockdown and overexpression at the protein level, 

Western Blot analsysis was performed on crude lysates from cells transfected with 

pIB-CAT, pIB-TnCasp, and dsRNA targeting Tn-caspase-1 (in the absence of 

actinomycin D).  Results are shown in Figure 2-4a.  While the Tn-caspase-1 level is 

similar in cells transfected with pIB-CAT and pIB-TnCasp, there is a marked 

decrease in those cells transfected with dsRNA.   The caspase activity of cell lysates 

was measured using Ac-DEVD-AMC, which acts as a substrate for Human Caspase 

3/7 and emits fluorescence upon cleavage.  In the absence of actinomycin D, there 

was no significant difference between the caspase activity of cells transfected with 

pIB-CAT versus pIB-TnCasp (Figure 2-4b).  However, cells transfected with dsRNA 

against Tn-caspase-1 showed a significant (p<0.05) reduction in caspase activity.  

Upon exposure to actinomycin D for 9h, cells transfected with pIB-CAT had a nearly 

7-fold increase in caspase activity, while cells transfected with pIB-TnCasp had an 

even larger increase at greater than 12-fold compared to pIB-CAT in the absence of 

actinomycin D.  The caspase activity of cells transfected with dsRNA remained low 

even in the presence of actinomycin D, indicating that the silencing of Tn-caspase-1 

was effective at the protein level.  Cells exposed to actinomycin D for 24 hours 

showed no significant difference between those transfected with pIB-CAT and pIB-

TnCasp, which had caspase activities of roughly 14 and 13 times that of the 

unexposed control, respectively.  The caspase activity of cells treated with dsRNA 

and exposed to actinomycin D for 22h did increase as compared to the 9h exposure, 

but remained far lower than either pIB-CAT or pIB-TnCasp transfected cells, at just 

over 2 times the activity of unexposed control cells.  The reduction in caspase activity  
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Figure 2-4. Western Blot, and Caspase activity results for overexpression and RNAi 
silencing of Tn-caspase-1.  
A, Western blot of Tn-caspase-1, all lysates in the absence of Actinomycin D.  Lanes are as 
follows: M. Protein Standard, 1. Crude lysate from cells transfected with pIB-CAT, 2., Crude 
lysate from cells transfected with pIB-TnCasp, 3. Crude lysate from cells transfected with 
dsRNA against tn-caspase-1.  B, caspase activity of cell lysates measured at 3 days post 
transfection, in the presence or absence of actinomycin D (9 or 24 hours at 2mg/mL).  * - 
indicates a statistically significant (p<0.05) difference between the treated and control values 
at that condition (+ or –actinomycin D).  
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as a result of dsRNA treatment at all conditions, including cells not exposed to 

actinomycin D, indicates that tn-caspase-1 is responsible for the majority of the 

caspase 3/7 activity in High Five cells, and is likely the primary effector caspase in 

this cell line.                                 

Tn-caspase-1 overexpression and RNAi silencing – Effects on apoptosis  

 Photomicrographs were taken of both control and treated cells in the presence 

and absence of actinomycin D in order to examine cellular morphology.  In the 

absence of actinomycin D (Figure 2-5), all treatment groups (CAT, TnCasp, dsRNA) 

display normal morphology.  However, upon exposure to actinomycin D (24 hours), 

both pIB-CAT and pIB-TnCasp transfected cells present apoptotic symptoms, 

including degradation of the cell membrane and the formation of apoptotic bodies, 

while cells treated with dsRNA against Tn-caspase-1 present a far more normal 

morphology with only minor apoptotic characteristics.  Fluorescein based TUNEL 

staining was also used to determine the effect of overexpressoin and knockdown of 

tn-caspase-1 on the overall level of apoptosis in transfected cells.  Terminal 

transferase catalyzes the addition of fluorescein-dUTP to single and double-stranded 

DNA breaks that occur as cells undergo apoptosis.  As a result, apoptotic cells appear 

green when visualized with fluorescent microscopy or analyzed via flow cytometry.  

Labeling results are presented in Figure 2-6.  Under all three conditions, untreated 

cells showed minimal fluorescence.  However, upon exposure to  
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Figure 2-5. Photomicrographs for overexpression and RNAi silencing of Tn-caspase-1. 
Cells were transfected with either pIB-CAT (control), pIB-TnCasp (caspase overexpression), 
or dsRNA against Tn-caspase-1 (knockdown).  A, photomicrographs (100x magnification) of 
either untreated cells or cells exposed to actinomycin D (24 hours at 2ug/mL) taken 72 hours 
post transfection for each condition. 
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Figure 2-6. Flourescent TUNEL staining for overexpression and RNAi silencing of Tn-
caspase-1. 
Fluorescent micrographs (100x magnification) of either untreated cells or cells exposed to 
actinomycin D at each condition visualized using Fluorsecin based TUNEL staining.  Green 
fluorescence indicates cells are positive for apoptosis.   
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actinomycin D for 24h, both pIB-CAT and pIB-TnCasp transfected cells showed 

strong fluorescence, while dsRNA transfected cells exhibited noticeably less 

fluorescence, though still greater than untreated cells.  This fluorescence was 

quantified using flow cytometry, the results of which are presented in Figure 2-7.  

Populations were first gated based on forward and side scatter to ensure only cells 

were counted.  Then the cells were gated on fluorescence such that 5% of untreated 

control cells were considered positive for apoptosis.  Representative histograms, 

labeled with the percentage of cells considered to be positive for apoptosis, are shown 

in Figure 3c.  Consistent with the caspase activity data, both pIB-CAT and pIB-

TnCasp treated with actinomycin D showed high levels of apoptosis, with 57 and 48 

percent apoptosis positive cells, respectively.  Although pIB-CAT had a higher 

percentage of apoptotic cells, pIB-TnCasp had a higher mean fluorescence, at 92, 

versus only 77 for pIB-CAT.  Cells transfected with dsRNA had both a lower 

percentage of apoptotic cells and mean fluorescence than controls in both the 

presence and absence of actinomycin D (19% and 50, respectively), indicating that 

knockdown of Tn-caspase-1 was effective in reducing the amount of chemically 

induced apoptosis present in the cells.       
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Figure 2-7. Fluorscein based TUNEL Staining for overexpression and RNAi silencing of 
Tn-caspase-1. 
Flow cytometry histograms comparing untreated and actinomycin D-exposed cells for each 
condition.  Numbers on the graph represent the percentage of cells considered to be positive 
for apoptosis at that condition and the dashed line represents the fluorescence intensity above 
which cells are considered apoptosis positive.   
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Tn-caspase-1 activity during baculovirus infection 

 Several previous studies have focused on the activity of Sf-caspase-1 during 

baculovirus infection (Ahmad et al. 1997; Clem 2005; LaCount et al. 2000). 

However, no study has examined in vivo caspase activity at time greater than 3 days 

post infection which is often of interest in protein expression systems.  As such, 

experiments were conducted to determine the activity of Tn-caspase-1 throughout the 

entire course of baculovirus infection.  In addition to cells infected with baculovirus 

(AcMNPV-GFPuv), a group of cells were also transfected 24 hours prior to infection 

with dsRNA against Tn-caspase-1.  Tn-caspase-1 transcript levels and caspase 

activity were analyzed from 1-5 days post infection.  Transcript levels of tn-caspase-1 

remained relatively constant in infected and control (uninfected) cells, but remained 

negligible throughout the entire course of infection for those cells transfected with 

dsRNA (Figure 2-8a and b).  Caspase activity levels, shown in Figure 2-9, of both 

infected and dsRNA cells remained below that of the control for the first 4 days post 

infection.  However, at 5 days post infection, the caspase activity of infected cells 

jumps greatly up to nearly 19 times that of control cells at day 1.  The caspase activity 

of cells transfected with dsRNA also increased, but only to 2.5 times that of the 

control cells at day 1, which was in fact less than the control cells at day 5.  Thus, 

knockdown of Tn-caspase-1 was effective at the protein level during baculovirus 

infection, even after the large increase in caspase activity at day 5 post infection. 
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Figure 2-8. RT-PCR activity results for cells infected with recombinant baculovirus 
AcMNPV-GFPuv. 
Cells were either uninfected (control), infected, or transfected with dsRNA against Tn-
caspase-1 24h prior to infection.  A, transcript levels of both Tn-caspase-1 and actin for 
infected and infected+dsRNA cells from 1-5 days post infection. B, normalized Tn-caspase-1 
transcript levels for control, infected, and dsRNA treated cells from 1-5 days post infection.  
Normalized transcript level is defined as the Tn-caspase-1 transcript level divided by the tn-
actin transcript level at each time point.   
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Figure 2-9. Caspase activity results for cells infected with recombinant baculovirus 
AcMNPV-GFPuv 
Caspase activity of cell lysates measured from 1-5 days post infection.  Activity values are 
normalized to the level of caspase activity in control (uninfected) cells on day 1 post 
infection.   
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Interaction between Tn-caspase-1 and baculovirus protein p35 

 During analysis of the caspase activity during baculovirus infection, it was 

determined that the caspase activity curve (Fluorescence Intensity vs. Incubation 

Time, see Mat. and Meth.) of infected cells became non-linear after about 2 hours of 

incubation (data not shown).  It was unlikely this was due to exhaustion of substrate, 

however, because a similar trend was seen in the caspase activity curves of cells 

transfected with dsRNA, which had a much lower caspase activity.  Since the caspase 

activity curves of cells treated with actinomycin D remained linear, it was likely that 

a baculovirus protein (or proteins) was responsible for this behavior.  A likely choice 

was baculovirus protein p35, which has been shown to be a potent inhibitor of Sf-

Caspase 1 (Ahmad et al. 1997; LaCount et al. 2000).  Futhermore, stable Sf9 cell 

lines producing p35 demonstrated increased resistance to actinomycin D induced 

apoptosis (Lin et al. 2001).  

 In order to determine the effect of baculovirus protein p35 on the activity of 

Tn-caspase-1, High five cells were co-transfected with either pIB-CAT and pIB-p35 

or pIB-TnCasp and pIB-p35 (all plasmid concentrations 2ug/mL).  Caspase activity of 

cell lysates was determined as described previously and is presented in Figure 2-10a.  

In both the presence and absence of actinomycin D, cotransfecting with pIB-p35 

greatly reduced the caspase activity of cells transfected with both pIB-CAT and pIB-

TnCasp.  In fact, at 9 hours of exposure, caspase activity of co-transfected cells is 

well below that of untreated control cells.  At 24 hours of exposure, the caspase 

activity of pIB-TnCasp/pIB-p35 cells is slightly higher than that of pIB-CAT/pIB-p35  
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Figure 2-10. Caspase activity and Western Blot results for cells transfected with pIB-CAT, pIB-
CAT+pIB-p35, or pIB-TnCasp+pIB-p35 
Cells were transfected with pIB-CAT or contransfected with pIB-CAT+pIB-p35, or pIB-
TnCasp+pIB-p35.  Caspase activity was measured from cell lysates harvested 3 days post 
transfection, in the presence or absence of actinomycin D (9 or 24 hours at 2μg/mL). * - 
indicates a statistically significant (p<0.05) difference between the treated and control values 
at that condition (+ or –actinomycin D). B, Western blot of Tn-caspase-1, all lysates in the 
absence of Actinomycin D.  Lanes are as follows: M. Protein Standard, 1. Crude lysate from 
cells transfected with pIB-CAT and pIB-p35, 2., Crude lysate from cells transfected with 
pIB-TnCasp and pIB-p35.          
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co-transfected cells, but remains lower than that of cells transfected with only pIB-

CAT or pIB-TnCasp.  It is also important to note that the caspase activity of co-

transfected cells was higher than that of cells transfected with dsRNA. 

 Western Blot analysis was also performed on lysates from co-transfected cells 

(Figure 2-10b), with both groups having similar caspase levels to cells transfected 

with only pIB-CAT.   

     

Tn-caspase-1 and p35 – TUNEL Staining  

Photomicrographs were also taken of co-transfected cells, both in the presence 

and absence of actinomycin D. As with the other treatments, in the absence of 

actinomycin D (Figure 2-11), both groups display normal morphology.  However, 

upon exposure to actinomycin D (24 hours), co-transfected cells both display a 

reduction in apoptotic morphology as compared with cells transfected with only pIB-

CAT or pIB-TncCasp, similar to the effect of dsRNA.  Co-transfected cells were 

analyzed using TUNEL staining to determine if the overall apoptotic level of the cells 

was affected by p35 as it was with dsRNA.  Fluorescent images are shown in Figure 

2-12.  Untreated cells, as before, show little fluorescence, while those cells exposed to 

actinomycin D for 24 hours show strong fluorescence.  Flow cytometry was used to 

quantify the fluorescence, which is shown in Figure 2-13.  Cells co-transfected with 

pIB-CAT and pIB-p35 had 30% apoptosis positive cells with a mean fluorescence of 

50, while cells co-transfected with pIB-TnCasp and pIB-p35 had 34% apoptosis 

positive cells with a mean fluorescence of 42.  Consistent with the caspase activity 
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data, co-transfection had a lower percentage of apoptosis than cells transfected with 

only pIB-CAT and pIB-Tncasp, but higher than that of cells transfected with dsRNA.        
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Figure 2-11. Photomicrographs for cells transfected with pIB-CAT+pIB-p35 and pIB-
TnCasp+pIB-p35 
Cells were transfected with pIB-CAT or contransfected with pIB-CAT+pIB-p35, or pIB-
TnCasp+pIB-p35.  A, photomicrographs (100x magnification) of either untreated cells or 
cells exposed to actinomycin D (24 hours at 2ug/mL) taken 72 hours post transfection for 
each condition. 
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Figure 2-12. Fluorscein based TUNEL Staining for cells transfected with pIB-CAT+pIB-p35 and 
pIB-TnCasp+pIB-p35 
Fluorescent micrographs (100x magnification) of either untreated cells or cells exposed to 
actinomycin D for 24 hours (2μg/mL) at each condition. Green fluorescence indicates cells 
are positive for apoptosis. 
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Figure 2-13. Fluorscein based TUNEL Staining for cells transfected with pIB-CAT+pIB-p35 and 
pIB-TnCasp+pIB-p35 
Flow cytometry histograms comparing untreated and actinomycin D-exposed cells for each 
condition.  Numbers on the graph represent the percentage of cells considered to be positive 
for apoptosis at that condition and the dashed line represents the fluorescence intensity above 
which cells are considered apoptosis positive.   
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Discussion 

Tn-caspase-1 is the main effector caspase in T. ni cells 

 Based on the high sequence similarity of Tn-caspase-1 to other lepidopteron 

and mammalian caspases, including the well studied Sf-Caspase-1, it is likely that Tn-

capase-1 behaves in a similar fashion.  Tn-caspase-1, as well as other lepidopteron 

caspases, has the same amino acid sequences (Figure 2-1) as Sf-Caspase-1 at the 

cleavage sites between the prodomain and large subunit (DEGD28↓A), and between 

the large and small subunits (TETD195↓G), and similar sequences at the linker 

cleavage site (DXXD↓G) (LaCount et al. 2000).  Tn-caspase-1 also has a short 

prodomain that is indicative of group II effector caspases.  Furthermore, Tn-caspase-1 

can be detected on a Western blot using an antibody developed for Sf-Caspase-1 

(Figure 2-2), and is cleaved into two subunits upon exposure to actinomycin D.  

Purified Tn-caspase-1-HIS can also be detected on a western both in lysates with and 

without actinomycin D.   

Assuming Tn-caspase-1 is cleaved into two subunits in a manner similar to Sf-

caspase-1, the expected size of the large subunit is 21 kDa with the small prodomain 

and 19 kDa without, while the size of the small subunit would be 12 kDa.  Thus, it 

seems likely that the 21 kDa protein seen on the western blot in Figure 1b is the large 

subunit plus the prodomain, while the 19 kDa protein is the large subunit without the 

prodomain.  Also, since the small subunit of Sf-caspase is not detected by the α-

SfCasp1 antibody (LaCount et al. 2000), it is likely that it does not recognize the 

small subunit of Tn-caspase-1 either.     
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Further evidence supporting a role similar to Sf-caspase 1 is provided by 

experimental data showing that Tn-caspase-1 must be activated by an apoptotic 

stimuli, in this case actinomycin D, before any upregulation in caspase activity is seen 

(Figure 2-4).  Although overexpression of Tn-caspase-1 can provide a transient 

increase in caspase activity, at 24h exposure to actinomycin D, the caspase activity of 

cells transfected with pIB-TnCasp is no different than that of cells transfected with 

pIB-CAT, suggesting that either the upregulation of native tn-caspase-1 transcription 

as a result of exposure to actinomycin D is greater than the plasmid driven expression 

of tn-caspase-1, or that post-transcriptional regulation of tn-caspase-1 is responsible 

for the increase in caspase activity, or both.  Recent studies have suggested that much 

of the upregulation of Sf-Caspase-1 also occurs post-transcriptionally (Liu and 

Chejanovsky 2006). 

 Since knockdown of tn-caspase-1 via dsRNA eliminates nearly all caspase 3/7 

activity as measured by cleavage of Ac-DEVD-AMC, it is likely that Tn-caspase-1 is 

not only an effector caspase, but is also responsible for the majority of the effector 

caspase activity in High Five cells, as Sf-Caspase-1 is in Sf cells (Ahmad et al. 1997; 

LaCount et al. 2000).  Silencing via dsRNA even reduces the caspase activity of cells 

not exposed to actinomycin D, indicating there is some basal level of caspase activity 

that is reduced in the absence of tn-caspase-1 transcript.   

Tn-caspase-1 activity during baculovirus infection 

During baculovirus infection, the caspase activity of both infected and 

infected+dsRNA cells remained below that of the control for the first 4 days post 

infection (Figure 2-9).  This is likely due to a  baculovirus protein such as p35,  which 
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have been shown to inhibit apoptosis in Sf cells (Ahmad et al. 1997; LaCount et al. 

2000; Manji and Friesen 2001).  Further support is given by the fact that 

cotransfecting cells with pIB-p35 greatly reduces caspase activity, both in the 

presence and absence of actinomycin D (Figure 2-10).  However, at 5 days post 

infection and beyond (data not shown), caspase activity greatly increases in infected 

cells, though not in cells transfected with dsRNA against Tn-caspase (Figure 2-9).  To 

our knowledge, no other published study shows caspase activity levels throughout the 

entire course of baculovirus infection.  This data suggests that at a certain point, the 

baculovirus proteins can no longer fully inhibit caspase activity, though the reason for 

this is for the moment unclear.  Perhaps at a certain level, p35 and other baculovirus 

proteins can no longer compete with the upregulation of Tn-caspase-1, resulting in a 

subsequent increase in caspase activity level.  Although differences have been seen in 

the replication of p35 negative baculoviruses with respect to S. frugiperda and T.ni 

derived cell lines (Clem and Miller 1993; Clem et al. 1994; Hershberger et al. 1992) , 

it seems clear that p35 inhibits the principal effector caspase activity in both. 

 

Modulating Caspase Activity – dsRNA vs p35 

 Although both dsRNA and p35 reduce the caspase activity in cells exposed to 

actinomycin D, it is important to contrast their method of action and how this affects 

the reduction in caspase activity.  A model for this modulation is presented in Figure 

2-14.    Transfecting with dsRNA lowers caspase activity through degradation of tn-

caspase-1 mRNA, while p35 presumably acts post-transcriptionaly by preventing Tn-

caspase-1 cleavage and activation, similar to its action on Sf-Caspase-1 (Ahmad et al. 
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1997; LaCount et al. 2000).  Further evidence for the post-translational action of p35 

is provided by the fact that Tn-caspase-1 protein levels (as visualized by Western 

Blot, Figure 2-10) are similar in cells with and without p35.  In untreated cells, as 

well as those exposed to actinomycin D for only 9 hours, p35 is more effective at 

reducing caspase activity than dsRNA.  This is likely due to the fact that levels of 

active Tn-caspase-1 are relatively low, allowing p35 to effectively inhibit nearly all 

the Tn-caspase-1 present in the cell.  Alternatively, while dsRNA can substantially 

lower transcript levels, it cannot fully eliminate translation, resulting in a small but 

detectable amount of active caspase.  As apoptosis progresses, the situation is 

reversed.  This is demonstrated in the cells exposed to actinomycin D for 24 hours, in 

which dsRNA is more effective at lowering caspase activity than p35.  This trend is 

also reflected in the flow cytometry data, as the percentage of apoptotic cells in 

dsRNA treated cells is lower than that of cells expressing p35 (Table 2-1).  At this 

point, levels of Tn-caspase-1 may have increased to a level where p35 can no longer 

completely inhibit its cleavage and activation.  However, by lowering transcript 

levels, dsRNA has decreased the amount of caspase available for activation, thereby 

limiting the pool of tn-caspase-1 available for translation.  The difference between 

these situations suggests that the principal form of regulation for Tn-caspase-1 is 

post-transcriptional, which recent studies have suggested is the case for Sf-Caspase-1 

(Liu and Chejanovsky 2006).  It is important to note however, that the performance of 

p35 and dsRNA might change when presented with alternative apoptotic stimuli.  

Since actinomycin D is a transcriptional inhibitor, it may affect p35 in a manner 

different than it does dsRNA.  Thus, further investigation is warranted to determine  
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Figure 2-14. Theoretical Model of Caspase Activation and Modulation. 
Tn-caspase-1 can be activated by an apoptotic signal, such as actinomycin-D or baculovirus 
infection.  Once in its active form, Tn-caspase-1 triggers apoptosis.  Both dsRNA and 
baculovirus protein p35 can inhibit caspase activity, but at different steps.  dsRNA directed 
against Tn-caspase-1 works post-transcriptionally, blocking the translation of  Tn-caspase-1 
mRNA into protein, while p35 acts post-translationally, presumably by targeting active Tn-
caspase-1. 
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Table 2-1. Modulating caspase activity with overexpression or RNAi silencing of Tn-
caspase, or through cotransfection with baculovirus protein p35. 
Cells were transfected with either pIB-CAT (control), pIB-TnCasp (overexpression), dsRNA 
synthesized against TnCasp (silencing), pIB-p35, or combinations of the above.  
Actinomycin-D was added three days post transfection, and cells were harvested after the 
listed exposure time.  Caspase activity was normalized to the untreated pIB-Cat lysates. 
 
 
 
 Normalized Caspase Activity (RFU/sec) 
 Untreated 9h Act-D 24h Act-D
pIB-CAT 1.000 ±  0.117 6.863 ±  1.150 14.702 ± 0.265 
pIB-TnCasp 1.054 ±  0.099 12.540 ±  0.516 13.240 ±  0.511 
dsRNA-TnCasp 0.295 ±  0.021 0.985 ±  0.1466 2.276 ±  0.169 
pIB-CAT+pIB-p35 0.086 ±  0.008 0.155 ±  0.059 3.122 ±  0.351 
pIB-TnCasp+pIB-p35 0.047 ±  0.022 0.089 ±  0.0483 4.367 ±  0.118 
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the exact nature and relative effectiveness of p35 and dsRNA under a wide range of 

apoptotic conditions.        

 

Modulating Caspase Activity and Apoptosis – Implications for Metabolic 

Engineering 

 In addition to modulating caspase activity, both dsRNA and p35 also affect 

the overall level of apoptosis present in cells treated with actinomycin D, as reflected 

in the TUNEL staining and flow cytometry data.  This presents several interesting 

applications for metabolic engineering.  Several studies (Ailor and Betenbaugh 1998; 

Ailor et al. 1997; Arden and Betenbaugh 2004; Figueroa et al. 2005; Figueroa et al. 

2002; Yung et al. 2006a) have used the overproduction of anti-apoptotic proteins in 

order to prolong production time and increase recombinant protein production.  

Relatively few studies have used RNAi to similar effect (Desai and Papoutsakis 1999; 

March and Bentley 2006; March and Bentley 2007; Srivastava et al. 2000; Sung et al. 

2005).  This study has not only demonstrated the potential of using RNAi to decrease 

caspase activity and apoptosis, but has also contrasted some of the differences 

between post-transcriptional (RNAi) versus post-translational (p35) regulation.  In the 

case of Tn-caspase-1, RNAi has proven to be more effective at both decreasing 

caspase activity levels and apoptosis, bolstering the potential of RNAi as a metabolic 

engineering tool. 
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Chapter 3 : In vitro and in vivo suppression of Tn caspase-1 
for improved recombinant protein production in High Five 
cell culture with the baculovirus expression vector system 

Abstract 

While traditional metabolic engineering generally relies on the augmentation of 

specific genes and pathways in order to increase the yield of target proteins, the 

advent of RNA interference (RNAi) as a biological tool has given metabolic 

engineers another tool capable of rationally altering the host cell’s biological 

landscape in order to achieve a specific goal.  Given its broad applicability and potent 

specificity, RNAi has the ability to suppress genes whose function is contrary to 

desired phenotype.  In this study, RNAi has been used to increase recombinant 

protein production in a Trichoplusia ni derived cell line (High FiveTM) using the 

Baculovirus Expression Vector System.  The specific target investigated is Tn-

caspase-1, a protease involved in apoptosis that is likely the principle effector caspase 

present in T ni. cells.  Experiments were first conducted using in vitro synthesized 

dsRNA to verify silencing of Tn-capase-1 and increased protein production as a 

result.  Subsequent experiments were conducted using a cell line stably expressing in 

vivo RNAi in the form of an inverted repeat that results in a hairpin upon 

transcription.  Using this construct, Tn-caspase-1 transcript levels were decreased by 

50% and caspase enzymatic activity was decreased by 90%.  This cell line, 

designated dsTncasp-2, demonstrates superior viability under low nutrient culture 

conditions and resulted in as much as 2 times the protein yield when compared to 

standard High Five cells.   
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Introduction 

In general, metabolic engineering involves altering a gene or regulatory 

network to bring about a desired phenotype (Bailey 1991; Stephanopoulos and 

Vallino 1991).  Traditionally, this has been accomplished either through the 

overexpression of specific targets directly involved in the pathway (Chen et al. 2001; 

Irani et al. 1999)  or alteration of the overall protein machinery, such as the 

expression of chaperone proteins (Borth et al. 2005; Davis et al. 2000; Higgins et al. 

2003; Kitchin and Flickinger 1995; Yokoyama et al. 2000) or transcriptional factors 

(Tigges and Fussenegger 2006) involved in the secretory pathway.  However, as 

illustrated in Figure 3-1a, a similar strategy can be implemented using RNA 

Interference (RNAi) (Hebert et al. 2008a).  First described in 1998 (Fire et al.), RNAi 

involves a broad class of RNA molecules that can be used to suppress or “silence” 

homologous RNA through a pathway that is thought to be conserved throughout 

eukaryotes (Dykxhoorn and Lieberman 2005; Fagard et al. 2000).  The fundamental 

goal of metabolic engineering with RNAi remains the same, though the method of 

execution is different.  Instead of introducing new genes or pathways, potentially 

deleterious genes and pathways are suppressed in an effort to optimize the host’s 

native production machinery.   

With respect to the production of recombinant protein, specific desirable 

phenotypes include the ability to produce a specific product at a high yield and 

quality, as well as the ability to maintain viability in the harsh environments generally 

seen during the production process, including decreased oxygen and nutrients or 

increased cellular and oxidative stress (diStefano et al. 1995; Rao and Bredesen 2004; 
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Scott et al. 1992).  Efforts have been made using RNAi to increase protein production 

in Drosophila S2 cells through manipulation of the cell growth cycle (March and 

Bentley 2006; March and Bentley 2007) and in HEK cells through the 

downregulation of transcriptional regulators (Hacker et al. 2004).  Protein quality has 

also been improved using RNAi, both through increased antibody-dependent cellular 

cytotoxicity for anticancer therapeutics (Imai-Nishiya et al. 2007; Kanda et al. 2007; 

Mori et al. 2004), as well as higher sialic acid content in recombinant glycoproteins 

(Ngantung et al. 2006).  Specific past examples of anti-apoptosis engineering 

involving RNAi include enhancing viability and protein production in CHO cells 

through the downregulation of caspase-3 (Lai et al. 2004; Sung et al. 2005) or both 

caspase-3 and caspase-7 (Sung et al. 2007) as well as the suppression of the anti-

apoptotic genes Alg-2 and Requiem (Wong et al. 2006b).  The latter study was the 

second paper in a series that used transcriptional profiling to determine potential 

RNAi targets (Wong et al. 2006a).  A similar screen is underway in HEK cells (Lee et 

al. 2007).     

 RNAi for increasing protein production in the Baculovirus Expression Vector 

System (BEVS) has been less common, despite its high productivity (Caron et al. 

1990; Luckow and Summers 1988; Smith et al. 1985).  Initial reports in Trichoplusi 

ni larvae and Spodoptera frugiperda derived cell lines demonstrated that genes 

produced on a baculovirus could be silenced with RNAi, and subsequent applications 

of this technique aimed to reduce baculovirus infectivity through the downregulation 

of several key genes (Hajos et al. 1999; Isobe et al. 2004; Valdes et al. 2003).  

Relatively few studies have examined the potential of RNAi to increase protein 
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production in the baculovirus expression vector system, though several examples 

have appeared in both cells and larvae demonstrating the effectiveness of the 

approach (Kramer and Bentley 2003; Lin et al. 2007).     

In a previous work (Kim et al. 2007), we demonstrated that protein production 

in the baculovirus expression vector system could be enhanced using in vitro dsRNA 

against baculovirus genes in Sf9 cells .  Here, we demonstrate that the same principle 

holds true for High Five cells, which have been shown to have superior productivity 

(Davis et al. 1993; Wickham et al. 1992; Wickham and Nemerow 1993).  The 

metabolic engineering target was Tn-caspase-1, which has been shown to be the 

primary effector caspase in High Five cells and an accurate indication of the overall 

level of apoptosis present in the cells (Hebert et al. 2008b).  In this study, we first 

show that protein production can be enhanced by silencing Tn-caspase-1 with 

chemically synthesized in vitro dsRNA (Figure 3-1b).  Further, in order to take 

advantage of the simplicity and robustness of an in vivo approach, we have developed 

a construct for the expression of in vivo dsRNA and subsequently developed the first 

stable T ni. derived cell line in which it is implemented (Figure 3-1c).  The stable cell 

line selected (designated dsTncasp-2) displays a 50% decrease in caspase transcript 

level and a 90% decrease in caspase enzymatic activity during chemically induced 

apoptosis.  dsTncasp-2 also has increased resistance to nutrient starvation and high 

cell densities as is often seen during prolonged suspension culture and demonstrates 

protein production levels up to two-fold that of standard cells.  In order to illustrate 

the generality of this approach, recombinant baculoviruses producing either of the 

two model proteins Green Fluorescent Protein (GFP) and Chloramphenicol 
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acetyltransferase (CAT), were used to compare the production levels of dsTncasp-2 

and control cells at several multiplicities of infection (MOI).    
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Figure 3-1. RNAi in Metabolic Engineering and Experimental Design 
A. The goal of RNAi as a metabolic engineering tool is to suppress genes that would divert 
flux away from the product of interest.  Potential target genes include enzymes involved in 
alternative pathways or that degrade the product of interest.  B.  Experimental design – in 
vitro dsRNA and baculovirus infection. dsRNA is first synthesized in vitro from a dsDNA 
template and subsequently transfected into High Five™ cells at a concentration of 1ug/mL.  
The following day, cells are infected with a recombinant baculovirus.  Throughout infection, 
RNA and proteins levels are monitored using RT-PCR and fluorescence measurements. C. 
Experimental design – in vivo dsRNA and baculovirus infection.  Since the dsRNA construct 
is stably integrated, cells can be seeded and infected without a separate transfection step. 
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Materials and Methods

Cell culture, transfection, and infection 

Trichoplusia ni BTI-TN-5B1-4 (High FiveTM, Invitrogen) cells were 

cultivated in EX-CELLTM-405 media (SAFC Biosciences) at 27°C. Unless otherwise 

noted, cells were initially plated on 24 well plates at 2×105 cells/mL and transfected 

the following day using FuGene HD® (Roche) according to the manufacturer’s 

procedure.  Briefly, DNA:FuGene complexes at a ratio of 2:7 (ug:uL) were formed in 

distilled and deionized water and then added to the appropriate wells.  For studies 

involving in vitro synthesized dsRNA, 0.5ug was added to each well (concentration 

of 1ug/mL).  In the case of infection with baculovirus, cells were infected 24 hours 

post transfection as previously described with a Multiplicity of Infection (MOI) of 5, 

unless otherwise noted (Kim et al. 2007).    

 

Plasmid Construction and Selection of Stable Cell Line 

 The hairpin construct in pIB-dsTnCasp was created in two steps.  First, the 

sense strand plus a 100bp loop were PCR amplified from pIB-TnCasp (Hebert et al. 

2008b) using the following primers (5' - CGA TCA AAA TGC TGG ACG GTG - 3', 

5' - GAA CCA CGA GTT GTG TTC CTC CAA - 3').  This PCR fragment was then 

TOPO® cloned into pIB/V5-His-TOPO® (Invitrogen), which allows for the insertion 

of gene products under the control of the constitutive Opie-2 promoter and allows for 

the selection of stable cells using blasticidin, creating pIB-TnCasp-Sense.  In a 

separate cloning step, the antisense fragment was first cloned into pCR®-Blunt II-

Topo® (Invitrogen) using the following primers (5' - GCA CCG GTC GAT CAA 

AAT GCT GGA CGG TG - 3', 5' - GCC TCG AGA AGT CTG CAT GCA CAG 
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GAA T - 3'), creating pCR-TnCasp-Antisense.  Next, pIB-dsTncasp-Sense and pCR-

dsTnCasp-Antisense were digested using the restriction enzymes AgeI and XhoI, and 

then ligated using T4 DNA Ligase (NEB) to create pIB-dsTnCasp which retains the 

blasticidin resistance gene and contains an insert that will form a RNA hairpin loop 

upon transcription.  To create a stable cell line containing this construct, High Five 

cells were seeded in a 6 well plate at a density of 5x105 cells/mL and transfected with 

2 μg of pIB-dsTnCasp. 2 days post transfection, cells were split at a ratio of 1:5 and 

subject to blasticidin selection at a concentration of 100 μg/mL based on the 

manufacturer’s recommendation.  Several populations that showed resistance to 

blasticidin were selected and analyzed for Tn caspase-1 transcript and protein levels.   

 
 

Baculovirus  

A recombinant Autographa californica multiple nucleopolyhedrovirus 

(AcMNPV) that expresses GFPuv or Chloramphenicol acetyltransferase (CAT) under 

the control of the polyhedron promoter was created previosuly (Cha et al. 1999a; Cha 

et al. 1999b; Cha et al. 1999c). The baculovirus was propagated in High FiveTM cells 

(Invitrogen), and Spodoptera frugiperda (Sf-9) cells (Invitrogen) following the 

general protocols outlined in O’Reilly et al.  The titer of baculovirus was determined 

by the endpoint dilution method (O'Reilly et al. 1992).  

 

In vitro dsRNA synthesis 

Total RNA was extracted using RNAqueous (Ambion) according to the 

manufacturer’s instructions.  Cells were sloughed from the well plate, spun at 500 g 
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for 5 minutes, and lysed using the provided lysis/binding buffer.  Following RNA 

isolation, samples were subjected to a DNAse digest as per the manufacturer’s 

instructions in order to remove any contaminating DNA.  First strand templates of 

each target gene were synthesized from 500 ng of total mRNA using oligo-dT 

primers and Superscript RT III (Invitrogen). 700-900 base-pair regions of first strand 

DNA templates were PCR amplified by AccuPrime™ Taq DNA Polymerase High 

Fidelity (Invitrogen) using gene-specific primers for Tn-caspase-1 (5’-CGA TCA 

AAA TGC TGG ACG GTG-3’;5’-AAG TCT GCA TGC ACA GGA AT 3’) or CAT 

(5’-ACT GGA TAT ACC ACC GTT GAT-3’; 5’-GTG CTG GAT ATC TGC AGA 

ATT-3’). T7 sequences (TAA TAC GAC TCA CTA TAG GGA) were added in a 

subsequent PCR step, resulting in T7 templates. To make the dsRNA, sense and anti-

sense RNA was transcribed from T7 templates using the Megascript™ kit (Ambion) 

following the manufacturer’s instructions. The single-stranded RNA (ssRNA) 

synthesized was extracted using phenol/chloroform, resuspended in nuclease free 

water, and then incubated at 65° C for 10 min before cooling to room temperature, 

annealing the two strands to form dsRNA. dsRNA was checked for size and integrity 

using agarose gel electrophoresis and then diluted to a concentration of 3 μg/μL. 

 

Differential display 

 For determining relative transcript levels, RNA was extracted from High Five 

cells using an RNAqueous kit (Ambion) as described above.  RNA concentration was 

determined by measuring the absorbance of a diluted sample at the 260 nanometer 

wavelength in a UV spectrophotometer (Beckman).  500 ng of total RNA was subject 
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to reverse transcription using oligodT primers to obtain the first-strand cDNA 

template.  The cDNA template was subject to PCR with sequence-specific primers: 

Tn-caspase-1 (5’-TTC ATT CGA TCC CTG GAT AGC-3'; 5’ TAG TAT CCA GGC 

ACG GTG GAG 3’).  PCR products were run on a 1% agarose gel stained with 

ethidium bromide to compare band intensities under fluorescent light.  Primers 

against a 300 bp section of actin (5'-GAT ATG GAG AAG ATC TGG CA 3’; 5’-

GCG TAG CCC TCG TAG ATG-3’) were used to PCR amplify a loading control 

from the reverse transcript.  Photographs of agarose gels under UV light were taken 

with an AlphaImager® HP and quantitatively analyzed for band intensity using the 

“Spot Denso” function of the AlphaEaseFCTM software package (Alpha Innotech).  

Exposure times were metered to ensure brightness values were not saturated.    

 

Assay of caspase activity  

           After various experimental treatments, cells were collected and washed with 

PBS (pH 7.5). The cells were then suspended in a lysis buffer (from caspase 3 assay 

kit, BD Bioscience) and incubated on ice for 30 min.  Cell debris was removed by 

centrifugation and supernatants were stored for further use or assayed directly. The 

tetrapeptide N-acetyl-Asp.Glu.Val.Asp-7-amino-4-methylcoumarin (Ac-DEVD-

AMC) was used as the substrate. Cell lysates were added to the reaction buffer (from 

caspase 3 assay kit, BD Bioscience) with Ac-DEVD-AMC and incubated for several 

hours at 37°C. The release of AMC was measured using a Spectramax M5 Plate 

Reader (Molecular Devices) (excitation λ380nm, emission λ440nm).  Caspase activity is 

defined as the slope of the plot of Fluorescence vs. Incubation time.   
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Analysis of GFP Expression 

 GFP fluorescence was measured using a SpectraMax M5 plate reader using an 

excitation wavelength of 395 nm and an emission wavelength of 509 nm.  

Fluorescence was measured in vivo using the well scan method of the SoftMax Pro 

software, which determines well fluorescence by averaging the fluorescence of 21 

distinct points throughout the well.  Thus, each well could be measured non-

invasively and could be used for subsequent time points. 

 

Analysis of CAT Activity 

 For each time point, cells were harvested by sloughing and spun for 5 minutes 

at 500g.  The media was then removed and saved for later analysis, and the cell pellet 

was resuspended in 100uL Cytobuster (Novagen) for 5 minutes.  Cell lysates were 

then spun at 10,000 g for 5 minutes to pellet the insoluble lysates.  Samples were 

either analyzed directly or frozen at -20 °C for later analysis.  CAT was measured in 

both the extracellular media and soluble cell lysates using a colorimetric assay.  A 

reaction mix was prepared consisting of 100uM Acetyl CoA (Sigma) and 1mM 5,5’-

dithiobis-(2-nitrobenzoic acid) in 0.1 M Tris-HCl buffer (pH 7.8).  For each sample, 

200 uL of the reaction mix was added to a well in a 96-well plate and allowed to 

reach 37 °C.  Then, an appropriate amount of sample (extracellular media or lysates) 

was added to the well.  Depending upon the concentration of CAT, samples were 

diluted 5-20 fold in order to fall within the linear range of the assay.  Once the sample 

had been added and allowed to reach 37 °C, 25uL of 5mM chloramphenicol was 
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added to each well and the absorbance (412nm) was measured over a period of 

several minutes.  CAT activity was determined from the initial slope of the plot of 

OD vs. time, and normalized by the amount of crude, undiluted sample. The reported 

CAT activity is a sum of the CAT present in the media and in the cell lysate, scaled 

appropriately by the relative volume of each.   
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Results and Discussion 

Silencing Tn caspase-1 via in vitro RNAi – Effects on Recombinant Protein Production 

 
In a previous study (Hebert et al. 2008b), we investigated the behavior of Tn-

caspase-1 both under chemically induced apoptosis and during baculovirus infection.  

In addition to showing that Tn-caspase-1 is presumably the main effector caspase 

present in High Five cells, we demonstrated that the enzymatic activity of Tn-

caspase-1 could be linked to the overall level of apoptosis present in High Five cells, 

and that caspase activity was present during baculovirus infection, especially at 5 

days post infection and longer.  Thus, an initial goal of this study was to see if in vitro 

suppression of Tn caspase-1 increased recombinant protein production in the 

baculovirus expression vector system.  An overall experimental scheme is shown in 

Figure 3-1b.  dsRNA is first synthesized in vitro from dsDNA before it is transfected 

at a concentration of 1 μg/mL into High Five cells that have been seeded in 24 well 

plates the previous day at a density of 1x105 cells/well (2x105 cells/mL).  In addition 

to dsRNA against the target gene, two additional conditions were used; no dsRNA 

and non-specific dsRNA (dsRNA synthesized against CAT).   The day following 

transfection, cells were infected with a recombinant baculovirus.  RNA and protein 

levels were measured during infection using RT-PCR (RNA) and fluorescence (GFP) 

measurements, respectively. 

 In order to determine the effectiveness of the dsRNA against Tn caspase-1, 

total RNA was harvested from each group at 72 hours post infection and analyzed 

using RT-PCR and differential display.  Results are presented in Figure 3-2.  Infected 
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and uninfected cells have nearly identical caspase transcript levels, while there is a 

slight decrease (~30%) in cells transfected with non-specific dsRNA against CAT. 

Cells transfected with dsRNA against Tn caspase-1 show a much larger decrease in 

transcript level, at just under 80% when compared to non-transfected cells, 

demonstrating that tn caspase-1 is successfully silenced at the transcriptional level.   

Once suppression at the transcript level was confirmed, a recombinant 

baculovirus producing GFP was used to determine if protein production levels were 

affected by the silencing.  Controls of non-specific dsRNA (dsCAT) and no dsRNA 

(Infected) were included, along with an additional control of only transfection reagent 

(Fugene Only).  As shown in Figure 3-3, all transfection conditions demonstrated 

higher protein levels than non-transfected cells from days 3 to 6.  However, the 

highest protein level at those time points was in cells transfected with dsRNA against 

Tn caspase-1, which was just over 2.5 times higher than infected cells at days 5 and 6.  
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Figure 3-2. RT-PCR results from suppression of Tn-caspase-1 via in vitro RNAi during 
baculovirus infection 
Treatment groups included uninfected, infected (no dsRNA), infected + dsRNA against CAT, 
and infected + dsRNA against Tn-caspaase.  A. RT-PCR showing transcript levels of both Tn 
caspase-1 and Actin.  Bands were visualized using ethidium bromide under exposure to UV 
light.  B.  Graphical representation of the relative transcript levels of Tn caspase-1 under all 
conditions, normalized to the level of Actin transcript at each condition.   

  

 81 
 



 

 

Days Post Infection

2 3 4 5 6

G
FP

 F
lu

or
es

ce
nc

e 
(R

FU
)

0

2000

4000

6000

8000

10000

12000

14000

16000

18000

Infected
Fugene Only
dsCAT
dsTnCasp

 

Figure 3-3. GFP production during baculovirus infection  of cells treated with in vitro 
RNAi 
GFP production levels from days 2-6 post infection during suppression of Tn caspase-1 with 
in vitro dsRNA. Treatment groups include uninfected, infected (no dsRNA), infected + 
Fugene (transfection reagent), infected + dsRNA against CAT, and infected + dsRNA against 
Tn-caspase-1.  
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 Protein levels in Tn caspase-1 suppressed cells were also significantly higher 

than those receiving only transfection reagent or non-specific dsRNA, indicating that 

the increase was indeed due to a sequence specific effect.  This demonstrates that in 

vitro RNAi against Tn caspase-1 is an effective means of increasing recombinant 

protein production in the baculovirus system. 

Development of Tn caspase-1 suppressed cell line 

 Once the beneficial effects of Tn caspase-1 suppression were verified using in 

vitro dsRNA, steps were taken in order to create a cell line capable of expressing in 

vivo dsRNA against Tn caspase-1 in order to reduce any non-specific effects caused 

during the transfection process.  Using the pIB/V5-His-TOPO® plasmid as a 

backbone, a ~600bp region of Tn caspase-1 plus a 100 bp spacer was PCR amplified 

from pIB-TnCasp (Hebert et al. 2008b) and cloned into the vector in sense orientation 

to create pIB-Tncasp-Sense.  The same region was PCR amplified using a different 

set of primers to create pCR-dsTncasp-Antisense, containing the 600bp region of Tn 

caspase-1 in the opposite orientation.  The antisense fragment was then digested using 

the restriction enzymes AgeI and Xho1 and subsequently ligated into pIB-dsTncasp-

Sense, forming pIB-dsTncasp (Figure 3-4). Cells were then transfected with pIB-

dsTnCasp and transformants were selected using the antibiotic Blasticidin.   
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Figure 3-4. Plasmid Design 
Plasmid map and detail of the in vivo dsRNA plasmid for the suppression of Tn caspase-1.  
A. Plasmid map of pIB-dsTncasp, which contains a 600bp portion of Tn caspase-1 in the 
sense and antisense orientation separated by a 100bp spacer, all under the control of the 
constitutive Opie-2 promoter.  pIB-dsTncasp also contains a Blasticidin resistance gene under 
the control of the Opie-1 promoter. B.  Detail of the dsRNA construct.  Upon transcription, 
the mRNA transcript folds upon itself, forming a dsRNA hairpin, which is recognized by 
dicer and subsequently processed into siRNA. 
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Several populations of Blasticidin resistant cells (designated dsTncasp-1 and 

dsTncasp-2) were then tested for their level of Tn caspase-1 transcription and 

enzymatic activity.  Results are shown in Figure 3-5.  Both dsTncasp-1 and dsTncasp-

2 show a reduction in Tn caspase-1 transcription levels as shown via RT-PCR (Figure  

3-5A). However, dsTncasp-2 has a greater decrease, at 50% versus 40% in dsTncasp-

1 (Figure 3-5B).  This difference is more apparent when examining the level of 

caspase enzymatic activity present in dsTncasp-1 and dsTncasp-2 versus control cells 

(Figure 3-6).  As demonstrated previously, Tn caspase-1 and other caspases have 

minimal activity unless cells are exposed to an apoptotic stimulus, such as the 

chemical apoptosis inducer actinomycin D (Ahmad et al. 1997; Hebert et al. 2008b; 

LaCount et al. 2000).   Thus, the caspase activity of both dsTncasp-1 and dsTncasp-2 

was compared to control cells under normal conditions and after exposure to 

actinomycin D (24 hours at 2 μg/mL). As shown in Figure 3-6, the caspase activity 

levels of untreated cells are similar for each cell line.  However, when treated with 

actinomycin D, the caspase activity of control cells jumps to nearly 70 times control 

levels, while both dsTncasp-1 and dsTncasp-2 show a much smaller increase; 25 and 

7 times control levels, respectively.  In other words, dsTncasp-1 has a 60% decrease 

in caspase activity levels when treated with actinomycin D, while dsTncasp-2 shows 

a nearly 90% decrease when compared to control cells.  So while the level of 

suppression at the transcript level is relatively modest when compared to in vitro 

dsRNA, suppression at the protein level, which is arguably more important, remains 

quite effective.  This large increase in level of suppression when moving from 

transcript to protein could be explained by the self-activating nature of caspases.  
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Figure 3-5. In vivo suppression of Tn caspase-1 - RNA Levels 
 
A. RT-PCR of Tn caspase-1 and Actin transcript levels in control High Five cells versus two 
stable cell populations, dsTnCasp-1 and dsTncasp-2.  Bands were visualized using ethidium 
bromide under exposure to UV light.  B.  Graphical representation of the relative transcript 
levels of Tn caspase-1 in standard High Five cells versus stable cell populations, normalized 
to the level of Actin transcript at each condition.   
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Figure 3-6. In vivo suppression of Tn caspase-1 - Caspase activity levels 
Caspase enzymatic activity of standard High Five cells versus the two stable cell populations.  
Caspase activity was measured from cell lysates in the presence or absence of actinomycin D 
(24 hours at 2μg/mL) and is normalized for each condition to untreated control cells. 
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 Because Tn-caspase-1 presumably plays the role of both effecting apoptosis as well 

as activating itself, a given reduction in the available amount of inactive Tn-caspase-1 

would lead to a proportionally greater decrease in the amount of active caspase.  

Since dsTncasp-2 showed a greater level of suppression than dsTncasp-1, it was 

selected for subsequent experiments examining growth, viability, and protein 

production.   

Growth and Viability of Stable cell line 

 Once the suppression of Tn caspase-1 had been verified, experiments were 

conducted in order to test the growth characteristics of dsTncasp-2 against control 

cells.  Both lines were seeded at a concentration of 5x105 cells/mL in 60mm2 culture 

dishes.  A total of four culture conditions were used.  For both control and dsTncasp-

2 cells, one group received 500uL of media each day before counting, while the other 

group received 500uL of PBS (ph 7.4), in order to maintain a consistent culture 

volume.  Cell count and viability was determined each day for 7 days post seeding.  

Results are shown in Figure 3-7.  From days 0-3, all four groups of cells show similar 

growth and viability, but difference between the conditions appear on day 4 and 

beyond.  The viable cell count for control cells, both with and without supplemental 

media, drops sharply from days 4-7.  Cells that did not receive media fare the worst, 

dropping from a count of ~2.6x106 cells at day 3 to ~1.4x106 cells at day 4 and then 

finally to ~6x105 cells at day 7, only just above the number of cells at seeding.  Those 

cells that did receive media fare better than those without, but still drop steadily from 

~2.9x106 cells/mL at day 3 to ~1.3x106 cells/mL at day 7.  dsTncasp-2 cells with and  
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Figure 3-7. Cell growth and viability in suspension culture 
Treatment groups included control, control+media, dsTncasp, and dsTncasp+media.  In 
‘+media’ groups, 500uL of fresh media was added each day before counting.  In other 
groups, 500uL of PBS buffer was added each day before counting to maintain a consistent 
volume. A. Viable cell count of each treatment group, determined using a hemocytometer.  B. 
Viability of each treatment group, determined by trypan blue exclusion. 
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without additional media show greater resilience to the adverse culture conditions.  

dsTncasp-2 cells that only received PBS did decrease in cell count from days 3-7, but 

still maintained a higher cell count than both groups of control cells.  dsTncasp-2 

cells that did receive additional media have similar cell counts from days 4-6, only 

pulling ahead of the PBS cells at day 7.  Viability results show a similar trend.  From 

days 1-3 post seeding, all four groups of cells maintain viability at approximately 

95%.  However, from days 4-7, both groups of control cells show a rapid decline in 

viability, dropping to 24% (PBS) and 58 % (media) on day 7.  In contrast, dsTncasp-2 

cells, especially those that received additional media, maintain higher viability, 

remaining at 65% (PBS) and 82% (media) on day 7.  Since low nutrient 

concentrations can result in apoptosis (Goswami et al. 1999; Mastrangelo and 

Betenbaugh 1998), it is likely that the decreased caspase activity present in the 

dsTncasp-2 cells helps prevent this effect, allowing the cells to maintain higher cell 

count and viability.  The suppression of Tn-caspase-1 seems to me a more effective 

means of preventing cell death than the addition of media.  It is interesting to note 

that while the addition of media clearly benefits both the cell count and viability of 

the control group of cells, the effect was less dramatic in the dsTncasp-2 cells, which 

only showed a significant enhancement of cell count and viability at day 7.  It is 

possible that since dsTncasp-2 cells have a higher tolerance for poor culture 

conditions, it takes a longer time for the lack of media to have a significant impact, 

thus delaying the onset of beneficial effects due to additional media.  Overall, these 

results demonstrate that the silencing of Tn caspase-1 is an effective means of 

maintaining cell count and viability in adverse culture conditions.          
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Recombinant Protein production with dsTncasp-2 cell line 

 In order to test whether the suppression of Tn-caspase 1 via in vivo dsRNA 

would lead to increased recombinant protein production, both control and dsTncasp-2 

cells were infected with a recombinant baculovirus producing GFP, this time at three 

different MOIs: 0.1, 1, and 10.  Expression levels were measured from days 2-6 and 

are presented in Figure 3-8a.  From days 3-6, GFP levels at all MOIs are significantly 

(p<.05) higher for dsTncasp-2 cells versus control cells, averaging about 1.5 times 

greater at MOI 0.1 and 1 and 2 times greater at MOI 10.    In order to further 

investigate the performance of dsTncasp-2 cells, additional experiments were 

conducted using a recombinant baculovirus that produces Chloramphenicol 

acetyltransferase (CAT).  Both control and dsTncasp-2 cells were again infected at 

MOIs 0.1, 1, and 10.  Results are shown in Figure 3-8b.  Although the difference is 

not as dramatic as with GFP, dsTncasp-2 cells again show higher levels of 

recombinant protein, especially at 6 days post infection, when both MOI 1 and 10 

show a significant increase in CAT production (2.4x and 1.6x respectively). 

Overall, these results demonstrate that suppression of Tn caspase via in vitro dsRNA 

is an effective means of increasing protein production in the baculovirus expression 

vector system.  As such, we successfully created several cell lines expressing a 

dsRNA hairpin that resulted in the constitutive suppression of Tn-caspase 1 at both 

the transcript and protein levels.  Based on its high level of suppression, dsTncasp-2 

was chosen for studies examining growth, viability and protein  
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Figure 3-8. Protein production of dsTnCasp-2 versus control cells with varying MOI 
and a recombinant baculovirus producing either GFP or CAT 
A. GFP production at MOI 0.1, 1.0, and 10 from 2-6 days post infection.  B. CAT production 
at MOI 0.1, 1.0, and 10 from 3-6 days post infection.  GFP was measured in vivo using a 
fluorescence plate reader, while CAT activity was determined using the enzymatic assay 
described in materials and methods. 
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production.  dsTncasp-2 cells demonstrated an ability to maintain high cell densities 

and viability under low nutrient conditions, as well as superior protein productivity 

upon infection with recombinant baculoviruses producing both GFP and CAT.  

Finally, this work continues to support the application of RNAi in metabolic 

engineering for the improvement of recombinant protein production and the 

development of cell lines with desirable production phenotypes.               
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Chapter 4 Conclusions and Future Directions 

Conclusions 

Investigation of Tn-caspase-1 in High Five Cells 

 In chapter 2, the novel lepidopteron effector caspase Tn-caspase-1 was 

identified based upon an existing genbank sequence.  While Sf-caspase-1, the primary 

effector caspase in Sf cells, had been well characterized, the same was not true for T. 

ni derived cell lines.  This, coupled with the differences in the infectivity of p35 

negative baculoviruses that have been reported between Sf derived cells and T. ni 

derived cells, warranted an investigation into the nature of caspases in T. ni cells.  

Therefore, in order to further characterize this protein and its function, a vector was 

constructed to overexpress Tn-caspase-1 and chemically synthesized dsRNA was 

used to suppress Tn-caspase-1.  While overexpressed Tn-caspase-1 only temporarily 

increased caspase enzymatic levels during actinomycin D chemically induced 

apoptosis, dsRNA mediated suppression of Tn-caspase-1 resulted in decreased 

caspase enzymatic levels both in the presence and absence of actinomycin D (30 and 

15 percent of control, respectively).  This reduction in caspase activity was 

accompanied by a decrease in the overall level of apoptosis present in the cells, as 

measured by several indicators, including cellular morphology, DNA fragmentation, 

and fluorescent TUNEL staining.  As a result, it became evident that by manipulating 

the level of Tn-caspase-1, one could affect the overall level of apoptosis present in 

High Five cells. 
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 Since Sf-caspase-1 is known to be inhibited by the baculovirus protein p35 

(Ahmad et al. 1997; LaCount et al. 2000; Manji and Friesen 2001), another important 

area of consideration was the behavior of Tn-caspase-1 during baculovirus infection.  

It was discovered that during baculovirus infection, levels of Tn-caspase-1 remained 

below uninfected cells for the first 4 days post infection.  Beyond 4 days, the level of 

Tn-caspase-1 enzymatic activity in baculovirus infected cells increased to nearly 20 

fold the initial level in uninfected cells, though this increase was far less (only 2.5 

fold) in infected cells that had also been treated with dsRNA targeting Tn-caspase-1.  

This data suggests that at a certain point, the baculovirus proteins can no longer fully 

inhibit caspase activity, though the reason for this is at the moment unclear.  Perhaps 

at a certain level, p35 and other baculovirus proteins can no longer compete with the 

upregulation of Tn-caspase-1, resulting in a subsequent increase in caspase activity 

level.   

 In order to more fully investigate the behavior between Tn-caspase-1 and p35, 

a vector was constructed to express p35 in the absence of baculovirus infection.  In 

both the presence and absence of actinomycin D induced apoptosis, expressing p35 

reduced both the caspase activity of cells as well as the overall level of apoptosis.  In 

untreated cells and during the early stages of apoptosis, p35 was more effective than 

dsRNA at decreasing caspase activity levels.  This is likely due to the fact that levels 

of active Tn-caspase-1 are relatively low, allowing p35 to effectively inhibit nearly all 

the active Tn-caspase-1 present in the cell.  Alternatively, while dsRNA can 

substantially lower transcript levels, it cannot fully eliminate translation, resulting in a 

small but detectable amount of active caspase.  As apoptosis progresses, the situation 
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is reversed.  At this point, levels of Tn-caspase-1 may have increased to a level where 

p35 can no longer completely inhibit its cleavage and activation.  However, by 

lowering transcript levels, dsRNA has decreased the amount of caspase available for 

activation, thereby limiting the pool of tn-caspase-1 available for translation.     

It is important to note however, that the performance of p35 and dsRNA might 

change when presented with alternative apoptotic stimuli.  Since actinomycin D is a 

transcriptional inhibitor, it may affect p35 in a manner different than it does dsRNA.  

Thus, further investigation is warranted to determine the exact nature and relative 

effectiveness of p35 and dsRNA under a wide range of apoptotic conditions.        

 

RNAi based suppression of Tn-caspase 1 for increased recombinant protein 
production 
 
 In chapter 3, RNAi based suppression of Tn-caspase-1 is used to enhance 

recombinant protein production in the baculovirus expression system.  Despite its 

high productivity, the baculovirus expression system can be limited by its induction 

of host cell apoptosis and high protease activity.  As demonstrated in chapter 2, RNAi 

based suppression of Tn-caspase-1 leads to not only a decrease in the caspase activity 

level, but also a reduction in apoptosis,  Thus, Tn-caspase-1 became an ideal target 

for increasing recombinant protein production as well.  Initial studies using 

chemically synthesized in vitro dsRNA demonstrated that Tn-caspase-1 transcript 

levels could be reduced by 80 percent, resulting in GFP levels greater than 2 times 

that of untreated cells.  However, some non-specific effects relating to the 

transfection process were observed.  In order to help address this problem as well as 

take advantage of the robustness and relative simplicity of an in vivo approach, a 
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plasmid was developed containing a construct designed to integrate a dsRNA hairpin 

that could be used to produce in vivo RNAi.  Several populations of cells were created 

using this plasmid and tested for their level of Tn-caspase-1 suppression.  One 

particular cell line, dsTncasp-2, achieved a 50 percent decrease in Tn-caspase-1 

transcript levels, which resulted in a nearly 90 percent decrease in caspase enzyme 

activity during actinomycin D induced apoptosis.  dsTncasp-2 was also tested for its 

ability to remain viable under low nutrient growth conditions and demonstrated 

superior viability when compared to standard High Five cells.  Finally, dsTncasp-2 

demonstrated increased recombinant protein production using two different model 

proteins, GFP and CAT, resulting in as much as twice the production of control cells.        

RNAi as a metabolic engineering tool 

One of the main goals of this project was to further the Bentley lab’s 

application of RNAi as a tool for metabolic engineering, specifically through the 

application of in vivo RNAi.  While traditional metabolic engineering generally adds 

new proteins or pathways, RNAi can present a more nuanced approach capable of 

optimizing the host natural protein production system by taking advantage of pre-

existing regulatory mechanisms or pathways.  Although research in RNAi has 

certainly exploded in the medical arena as a next generation therapeutic, it has seen 

relatively little use in metabolic engineering, resulting in opportunities for further 

research, some of which are discussed below.  As RNAi technology continues to 

develop, its application in the field of metabolic engineering will continue to expand.    
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Future Directions 

Bacterial expression of Tn-caspase-1 

 In order to conduct in vitro studies with Tn-caspase-1, it must be effectively 

produced and purified.  Although Tn-caspase-1-HIS was produced in High Five cells, 

it proved difficult to produce large amounts of pure activated Tn-caspase-1-HIS due 

to the background of native Tn-caspase-1.  Thus, expression in bacterial systems was 

conducted using the pTrcHis vector system in the TOP10 strain of E. coli.  While an 

approximate yield of 0.5 mg/mL was achieved as measured by UV absorbance and 

the Bradford assay, no measurable caspase activity was detected.  However, literature 

results and personal communications indicate that the expression of active caspases, 

including Sf-caspase-1, in E. coli is possible using the BL21 production strain and the 

pET200 vector system.  Thus, if future studies require active in vitro Tn-caspase-1, 

production should be attempted using those conditions.      

Tn-caspase-1 and baculovirus proteins p35 and FP-25   

 The major difference between Sf versus T. ni derived cell lines is their 

behavior when infected with p35 negative baculoviruses.  In Sf derived cell lines, 

infection with a p35 negative baculovirus prevents both protein production and virus 

replication, while viruses replicate normally in T. ni derived cells (Clem and Miller 

1993).  Recent studies have shown that baculoviruses lacking both p35 and another 

protein, FP-25, have resulted in apoptotic characteristics in TN-368 cells, suggesting 

it also interacts with apoptotic proteins in lepidopteron cells.  It would be interesting 

to examine the interactions of Tn-caspase-1 with FP-25 in vivo, as well as its 
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interactions with both p35 and FP-25 in vitro, and the kinetics and stoichoimetry of 

Tn-capase-1 – baculovirus protein interactions.    

   

Additional RNAi targets and host systems   

While Tn-caspase-1 proved to be an effective metabolic engineering target, an 

additional goal would be to develop a cell line in which several genes were 

suppressed simultaneously.  This could potentially further increase a cell line’s ability 

to cope with the stresses associated with recombinant protein production in general 

and baculovirus infection in particular.  However, one of the difficulties in working 

with lepidopteron cell lines is the relative lack of genomics data to widely screen and 

identify novel targets.  Thus, such a technique could be attempted in either 

Drosophila S2 cells, or HEK293 (Human Embryonic Kidney) cells.  HEK293 cells 

have emerged as a promising cell line for recombinant protein production (Han et al. 

2007; Sun et al. 2006), including adeno-associated virus particles (Hildinger et al. 

2007). This, coupled with the vast amount of human sequence data and readily 

available microarrays would make HEK293 cells an excellent choice for such a study. 

Drosophila S2 cells have been used in the past by the Bentley lab and others for the 

production of recombinant protein (March and Bentley 2006; March and Bentley 

2007; McCarrol and King 1997), are genetically well characterized, and also have 

readily available microarrays.  By taking advantage of these additional genetic tools, 

additional targets could be indentified and implemented  
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Target identification and implementation strategies 

One method for identifying new targets would be to expose cells to a number 

of focused stresses designed to simulate the conditions faced during recombinant 

protein production, coupled with corresponding microarray analysis to determine 

which genes are up- and down-regulated during this process.  Through the exposure 

of cells to focused stresses including hypoxia, ER stress, and apoptosis and then 

subjecting them to a time dependent microarray analysis, genes associated with the 

presence of abnormal proteins and their processing could be identified.  In order to tie 

transcriptional data to the desired phenotype (increased recombinant protein 

production); several “stressing” strategies will be linked to protein expression using 

reporter cell lines created in the Bentley lab that express red fluorescent markers 

(DsRed or HcRed) and a secreted product, human interleukin-2 (IL-2) (Yung et al. 

2006b).  Cells could be sorted based on their fluorescence and used to determine the 

transcriptional landscape present during the high production of recombinant protein.  

Genes that are differentially expressed could then be selected as metabolic 

engineering targets for either RNAi or overexpression. 

Since the Bentley lab has previously demonstrated the importance of tuning 

the level of RNAi based suppression (March and Bentley 2007) and increasing cell 

growth rate through RNAi (March and Bentley 2006), one could envision a 

production scheme for first improving growth rate of cells through the suppression of 

a specific set of genes, such as cell growth and metabolic regulators, and then 

transitioning cells into a production mode in which a different set of genes is targeted, 

such as proteases or cell death regulators (Figure 4-1).  Through the use of directed 
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stresses and subsequent microarray analysis, these key regulators could be identified 

and implemented in a dynamic and focused manner to increase recombinant protein 

production.        

 

 
Figure 4-1. Regulating multiple RNAi targets throughout the production cycle. 
 In order to maximize the potential of RNAi as metabolic engineering tool, targets will be 
identified for regulation during both the growth and production phases.  
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Chapter 5 Appendix 
 
 
 
 

C 1 32 4 5

 

Figure 5-1.  DNA laddering following exposure to actinomycin D. 
2 ug of DNA was run on a 1.5% agarose gel and visualized using UV light. The lanes are as 
follows: C - control/no actinomycin D, 1 - actinomycin D at a concentration of 1 ug/mL, 2 - 
0.5 ug/mL, 3 - 0.25 ug/mL, 4 - 0.1 ug/ mL, 5 - 0.05 ug/mL.  Actinomycin D was added for a 
period of 24 hours in all samples (except control).   
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Figure 5-2. Viable cell count following exposure to actinomycin D. 
Cells were seeded at a density of 250,000 cells/mL and grown for 24 hours before the 
addition of 2 ug/mL actinomycin D (indicated by the arrow). Viable cell count was 
determined using a hemocytometer and trypan blue exclusion. 
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Figure 5-3. Cell labeling 
Cells were exposed to actinomycin D for 24 hours and then labeled using the Vybrant® 
Apoptosis Assay Kit #4 (Invitrogen), which labels necrotic cells red using Propidium Iodide 
and apoptotic cells green using YO-PRO®-1. Pictures were taken at 100x magnification and 
identical exposure lengths.  Cells were either untreated or exposed to actinomycin D (24 
hours at 2 ug/mL). 

 104 
 



 

Chapter 6 Bibliography 

 

Agrawal N, Malhotra P, Bhatnagar RK. 2004. SiRNA-directed silencing of transgene 

expressed in cultured insect cells. Biochemical and Biophysical Research 

Communications 320(2):428-434. 

Ahmad M, Srinivasula SM, Wang LJ, Litwack G, FernandesAlnemri T, Alnemri ES. 

1997. Spodoptera frugiperda caspase-1, a novel insect death protease that 

cleaves the nuclear immunophilin FKBP46, is the target of the baculovirus 

antiapoptotic protein p35. Journal of Biological Chemistry 272(3):1421-1424. 

Aigner A. 2006. Gene silencing through RNA interference (RNAi) in vivo: strategies 

based on the direct application of siRNAs. Journal of Biotechnology 124:12-

25. 

Ailor E, Betenbaugh MJ. 1998. Overexpression of a cytosolic chaperone to improve 

solubility and secretion of a recombinant IgG protein in insect cells. 

Biotechnology and Bioengineering 58(2-3):196-203. 

Ailor E, Betenbaugh MJ. 1999. Modifying secretion and post-translational processing 

in insect cells. Current Opinion in Biotechnology 10(2):142-145. 

Ailor E, Takahashi N, Tsukamoto Y, Masuda K, Rahman BA, Jarvis DL, Lee YC, 

Betenbaugh MJ. 2000. N-glycan patterns of human transferrin produced in 

Trichoplusia ni insect cells: effects of mammalian galactosyltransferase. 

Glycobiology 10(8):837-847. 

 105 
 



 

Ailor E, Whiteley E, Betenbaugh MJ. 1997. Enhancing post-translational processing 

in insect cells: Coexpression of secretory pathway enzymes. Abstracts of 

Papers of the American Chemical Society 213:140-Biot. 

Alnemri ES, Livingston DJ, Nicholoson DW, Salvesen G, Thornberry NA, Wong 

WW, Yuan J. 1996. Human ICE/CED-3 protease nomenclature. Cell 87:171. 

Arden N, Betenbaugh MJ. 2004. Life and death in mammalian cell culture: strategies 

for apoptosis inhibition. Trends in Biotechnology 22(4):174-180. 

Armknecht S, Boutros M, Kiger AA, Nybakken K, Mathey-Prevot B, Perrimon N. 

2005. High-throughput RNA interference screens in Drosophila tissue culture 

cells. In: Rossi JJ, editor. RNA Interference. p 55-73. 

Ayres MD, Howard SC, Kuzio J, Lopezferber M, Possee RD. 1994. The complete 

Dna-sequence of Autographa-California Nuclear Polyhedrosis Virus. 

Virology 202:586-605. 

Aza-Blanc P, Cooper CL, Wagner K, Batalov S, Deveraux QL, Cooke MP. 2003. 

Identification of Modulators of TRAIL-Induced Apoptosis via RNAi-Based 

Phenotypic Screening. Molecular Cell 12:627-637. 

Bagga S, Bracht J, Hunter S, Massirer K, Holtz J, Eachus R, Pasquinelli AE. 2005. 

Regulation by let-7 and lin-4 miRNAs results in target mRNA degradation. 

Cell 122(4):553-63. 

Bailey JE. 1991. Toward a science of metabolic engineering. Science 252:1668-1675. 

Banik GG, Todd P, Kompala DS. 1997. Cell cycle dependent expression of foreign 

gene (lac Z) controlled by MMTV and AMLP promoters in Chinese hamster 

 106 
 



 

ovary cells. Abstracts of Papers of the American Chemical Society 213:177-

BIOT. 

Banik GG, Todd PW, Kompala DS. 1996. Foreign protein expression from S phase 

specific promoters in continuous cultures of recombinant CHO cells. 

Cytotechnology 22(1-3):179-184. 

Bergmann A, Agapite J, Steller H. 1998. Mechanisms and control of programmed cell 

death in invertebrates. Oncogene 17(25):3215-3223. 

Bertin J, Mendrysa SM, LaCount DJ, Gaur S, Krebs JF, Armstrong RC, Tomaselli 

KJ, Friesen PD. 1996. Apoptotic suppression by baculovirus P35 involves 

cleavage by and inhibition of a virus-induced CED-3/ICE-like protease. 

Journal of Virology 70(9):6251-6259. 

Betenbaugh MJ, Tomiya N, Narang S, Hsu JTA, Lee YC. 2004. Biosynthesis of 

human-type N-glycans in heterollogous systems. Current Opinion in 

Structural Biology 14(5):601-606. 

Birnbaum MJ, Clem RJ, Miller LK. 1994. An Apoptosis-Inhibiting Gene from a 

Nuclear Polyhedrosis-Virus Encoding a Polypeptide with Cys/His Sequence 

Motif. Journal of Virology 68(4):2521-2528. 

Borth N, Mattanovich D, Kunert R, Katinger H. 2005. Effect of increased expression 

of protein disulfide isomerase and heavy chain binding protein on antibody 

secretion in a recombinant CHO cell line. Biotechnology Progress 21(1):106-

111. 

 107 
 



 

Boutros M, Kiger A, Armknecht S, Kerr K, Hild M, Koch B, Haas SA, Consortium 

HFA, Paro R, Perrimon N. 2004. Genome-Wide RNAi Analysis of Growth 

and Viability in Drosophila Cells. Science 303:832-835. 

Bumcrot D, Manoharan M, Koteliansky Y, Sah DWY. 2006. RNAi therapeutics: a 

potential new class of pharmaceutical drugs. Nature Chemical Biology 

2(12):711-719. 

Butler M. 2006. Optimisation of the cellular metabolism of glycosylation for 

recombinant proteins produced by mammalian cell systems. Cytotechnology 

50(1-3):57-76. 

Campochiaro PA. 2006. Potential applications for RNAi to probe pathogenesis and 

develop new treatments for ocular disorders. Gene Therapy 13(6):559-562. 

Caron AW, Archambault J, Massie B. 1990. High-level recombinant protein 

production in bioreactors using the baculovirus-insect cell expression system. 

Biotechnology and Bioengineering 36:1133-1141. 

Cerretti DP, Kozlosky CJ, Mosley B, Nelson N, Vanness K, Greenstreet TA, March 

CJ, Kronheim SR, Druck T, Cannizzaro LA and others. 1992. Molecular-

Cloning of the Interleukin-1-Beta Converting Enzyme. Science 256(5053):97-

100. 

Cha HJ, Dalal NG, Pham MQ, Bentley WE. 1999a. Purification of human 

interleukin-2 fusion protein produced in insect larvae is facilitated by fusion 

with green fluorescent protein and metal affinity ligand. Biotechnology 

Progress 15(2):283-286. 

 108 
 



 

Cha HJ, Dalal NG, Pham MQ, Vakharia VN, Rao G, Bentley WE. 1999b. Insect 

larval expression process is optimized by generating fusions with green 

fluorescent protein. Biotechnology and Bioengineering 65(3):316-324. 

Cha HJ, Dalal NG, Vakharia VN, Bentley WE. 1999c. Expression and purification of 

human interleukin-2 simplified as a fusion with green fluorescent protein in 

suspended Sf-9 insect cells. Journal of Biotechnology 69(1):9-17. 

Cha HJ, Pham MQ, Rao G, Bentley WE. 1997. Expression of green fluorescent 

protein in insect larvae and its application for heterologous protein production. 

Biotechnology and Bioengineering 56(3):239-247. 

Chang HY, Yang X. 2000. Proteases for Cell Suicide: Functions and Regulation of 

Caspases. Microbiology and Molecular Biology Reviews 64(4):821-846. 

Chen KQ, Liu Q, Xie LZ, Sharp PA, Wang DIC. 2001. Engineering of a mammalian 

cell line for reduction of lactate formation and high monoclonal antibody 

production. Biotechnology and Bioengineering 72(1):55-61. 

Chen Y, Yao B, Zhu ZZ, Yi YZ, Lin X, Zhang ZF, Shen GF. 2004. A constitutive 

super-enhancer: homologous region 3 of Bombyx mori nucleopolyhedrovirus. 

Biochemical and Biophysical Research Communications 318(4):1039-1044. 

Clem RJ. 2005. The role of apoptosis in defense against baculovirus infection in 

insects. Role of Apoptosis in Infection 289:113-129. 

Clem RJ, Fechheimer M, Miller LK. 1991. Prevention of Apoptosis by a Baculovirus 

Gene During Infection of Insect Cells. Science 254(5036):1388-1390. 

Clem RJ, Hardwick JM, Miller LK. 1996. Anti-apoptotic genes of baculoviruses. Cell 

Death and Differentiation 3(1):9-16. 

 109 
 



 

Clem RJ, Miller LK. 1993. Apoptosis Reduces Both the Invitro Replication and the 

Invivo Infectivity of a Baculovirus. Journal of Virology 67(7):3730-3738. 

Clem RJ, Miller LK. 1994. Control of Programmed Cell-Death by the Baculovirus 

Genes P35 and Iap. Molecular and Cellular Biology 14(8):5212-5222. 

Clem RJ, Robson M, Miller LK. 1994. Influence of Infection Route on the Infectivity 

of Baculovirus Mutants Lacking the Apoptosis-Inhibiting Gene P35 and the 

Adjacent Gene P94. Journal of Virology 68(10):6759-6762. 

Corey DR. 2007. Chemical modification: the key to clinical application of RNA 

interference. Journal of Clinical Investigation 117(12):3615-3622. 

Corgoni C, Irelan JT, Schumacher M, Schmidhauser TJ, Selker EU, Macino G. 1996. 

Transgene silencing of the a1-1 gene in vegatative cells of Neurospora is 

mediated by a cytoplasmic effector and does not depend on DNA-DNA 

interactions or DNA methylation. Embo Journal 15:3153-3163. 

Cruz PE, Martins PC, Alves PM, Peixoto CC, Santos H, Moreira JL, Carrondo MJT. 

1999. Proteolytic Activity in Infected and Noninfected Insect Cells: 

Degradation of HIV-1 Pr55gag Particles. Biotechnology and Bioengineering 

65:133-143. 

Cullen LM, Arndt GM. 2005. Genome-wide screening for gene function using RNAi 

in mammalian cells. Immunology and Cell Biology 83:217-223. 

Dalal NG. 2001. Baculovirus expression vector system: Tools for aiding protein 

expression [Doctor of Philosophy]. College Park: University of Maryland. 109 

p. 

 110 
 



 

Dalal NG, Bentley WE, Cha HJ. 2005. Facile monitoring of baculovirus infection for 

foreign protein expression under very late polyhedrin promoter using green 

fluorescent protein reporter under early-to-late promoter. Biochemical 

Engineering Journal 24(1):27-30. 

Dann CT. 2007. New technology for an old favorite: lentiviral transgenesis and RNAi 

in rats. Transgenic Research 16(5):571-580. 

Davis R, Schooley K, Rasmussen B, Thomas J, Reddy P. 2000. Effect of PDI 

overexpression on recombinant protein secretion in CHO cells. Biotechnology 

Progress 16(5):736-743. 

Davis TR, Trotter KM, Granados RR, Wood HA. 1992a. Baculovirus expression of 

alkaline phosphatase as a reporter gene for the evaluation of production, 

glycosylation and secretion. Bio/Technology 13:592-596. 

Davis TR, Wickham TJ, McKenna KA, Granados RR, Shuler ML, Wood HA. 1992b. 

Comparative recombinant protein production of eight insect cell lines. In 

Vitro Cellular & Developmental Biology 29A:388-390. 

Davis TR, Wickham TJ, McKenna KA, Granados RR, Shuler ML, Wood HA. 1993. 

Comparative recombinant protein production of eight insect cell lines. In 

Vitro Cell. Dev. Biol. 29A:388-390. 

Davis TR, Wood HA. 1995. Intrinsic Glycosylation Potentials of Insect-Cell Cultures 

and Insect Larvae. In Vitro Cellular & Developmental Biology-Animal 

31(9):659-663. 

 111 
 



 

de Fougerolles A, Vornlocher HP, Maraganore J, Lieberman J. 2007. Interfering with 

disease: a progress report on siRNA-based therapeutics. Nature Reviews Drug 

Discovery 6:443-453. 

Desai RP, Papoutsakis ET. 1999. Antisense RNA strategies for metabolic engineering 

of Clostridium acetobutylicum. Applied and Environmental Microbiology 

65(3):936-945. 

diStefano DJ, Mark GE, Robinson DK. 1995. Feedings of nutrients delays apoptotic 

death in fed batch cultures of NS0 myeloma cells. Biotechnol Lett 18:1067-

1072. 

Dorsett Y, Tuschl T. 2004. siRNAs: Applications in functional genomics and 

potential as theraputics. Nature Reviews Drug Discovery 3(4):318-329. 

Dykxhoorn DM, Lieberman J. 2005. The silent revolution: RNA interference as a 

basic biology, research tool, and therapeutic. Annual Review of Medicine 

56:401-23. 

Dykxhoorn DM, Palliser D, Lieberman J. 2006. The silent treatment: siRNAs as 

small molecule drugs. Gene Therapy 13:541-552. 

Earnshaw WC, Martins LM, Kaufmann SH. 1999. Mammalian caspases: structure, 

activation, subtrates, and fuctions during apoptosis. Annu. Rev. Biochem. 

68:383-424. 

Echeverri CJ. 2006. High-throughput RNAi screening in cultured cells: a user's guide. 

Nature Reviews Genetics 7:373-383. 

 112 
 



 

Elbashir SM, Harborth J, Lendeckel W, Yalcin A, Weber K, Tuschl T. 2001. 

Duplexes of 21-nucleotide RNAs mediate RNA interference in cultured 

mammalian cells. Nature 411:494-498. 

Eun Jeong Kim SFK, Colin G. Hebert, James J. Valdes, William E. Bentley,. 2007. 

Metabolic engineering of the baculovirus-expression system via inverse 

"shotgun" genomic analysis & RNA interference (dsRNA) increases product 

yield and cell longevity. Biotechnology and Bioengineering 98(3):645-654. 

Fagard M, Boutet S, Morel JB, Bellini C, Vaucheret H. 2000. AGO1, QDE-2, and 

RDE-1 are related proteins required for post-transcriptional gene silencing in 

plants, quelling in fungi, and RNA interference in animals. Proc. Natl. Acad. 

Sci. 97:11650-54. 

Figueroa B, Ailor E, Reff M, Hardwick JM, Betenbaugh MJ. 2005. Enhanced cell 

culture performance using anti-apoptotic genes during the production of 

monoclonal antibodies. Abstracts of Papers of the American Chemical Society 

229:U242-U242. 

Figueroa B, Sauerwald TM, Betenbaugh MJ, Oyler GA, Hardwick JM. 2002. 

Improving apoptosis inhibition in mammalian cell culture using modified 

proteins and multiple inhibitors. Abstracts of Papers of the American 

Chemical Society 224:U210-U210. 

Fire A, Xu S, Montgomery MK, Kostas SA, Driver SE, Mello CC. 1998. Potent and 

specific genetic interference by double-stranded RNA in Caenorhabditis 

elegans. Nature 391:806-811. 

 113 
 



 

Flores-Jasso CF, Valdes VJ, Sampieri A, Valadez-Graham V, Recillas-Targa F, Vaca 

L. 2004. Silencing structural and nonstructural genes in baculovirus by RNA 

interference. Virus Research 102(1):75-84. 

Fourneau JM, Cohen H, van Endert PM. 2004. A chaperone assisted high yield 

system for the production of HLA-DR4 tetramers in insect cells. Journal of 

Immunological Methods 285:253-264. 

Fussenegger M. 2001. The impact of mammalian gene regulation concepts on 

functional genomic research, metabolic engineering, and advanced gene 

therapies. Biotechnology Progress 17(1):1-51. 

Gammell P, Barron N, Kumar N, Clynes M. 2007. Initial identification of low 

temperature and culture stage induction of miRNA expression in suspension 

CHO-K1 cells. Journal of Biotechnology 130(3):213-218. 

Gewirtz AM. 2007. On future's doorstep: RNA interference and the pharmacopeia of 

tomorrow. Journal of Clinical Investigation 117(12):3612-3614. 

Goswami J, Sinskey AJ, Steller H, Stephanopoulos GN, Wang DI. 1999. Apoptosis in 

batch cultures of Chinese hamster ovary cells. Biotechnology and 

Bioengineering 62(6):632-640. 

Granados RR, Federici BA. 1986. The biology of baculoviruses. Boca Raton: CRC 

Press. 

Grimm D, Kay MA. 2007. Therapeutic application of RNAi: is mRNA targeting 

finally ready for prime time? Journal of Clinical Investigation 117(12):3633-

3641. 

 114 
 



 

Guo S, Kemphues KJ. 1995. par-1, a gene required for establishing polarity in C. 

elegans embryos, encodes a putative Ser/Thr kinsae that is asymmetrically 

distributed. Cell 81:611-620. 

Haas-Stapleton EJ, Washburn JO, Volkman LE. 2003. Pathogenesis of Autographa 

californica M nucleopolyhedrovirus in fifth instar Spodoptera frugiperda. 

Journal of General Virology 84:2033-2040. 

Hacker DL, Bertschinger M, Baldi L, Wurm FM. 2004. Reduction of adenovirus E1A 

mRNA by RNAi results in enhanced recombinant protein expression in 

transiently transfected HEK293 cells. Gene 341:227-234. 

Hajos JP, Vermunt AMW, Zuidema D, Kulcsar P, Varjas L, de Kort CAD, 

Zavodszky P, Vlak JM. 1999. Dissecting insect development: baculovirus-

mediated gene silencing in insects. Insect Molecular Biology 8(4):539-544. 

Hammond SM, Bernstein E, Beach D, Hannon GJ. 2000. An RNA-directed nuclease 

mediates post-transcriptional gene silencing in Drosophila cells. Nature 

404(293-296). 

Han XZ, Sun L, Fang QY, Li DX, Gong XH, Wu YY, Yang SL, Shen BQ. 2007. 

Transient expression of osteopontin in HEK 293 cells in serum-free culture. 

Enzyme and Microbial Technology 41(1-2):133-140. 

Hebert CG, Valdes JJ, Bentley WE. 2008a. Beyond silencing — engineering 

applications of RNA interference and antisense technology for altering 

cellular phenotype. Current Opinion in Biotechnology 19(5):500-505. 

Hebert CG, Valdes JJ, Bentley WE. 2008b. Investigating Apoptosis: Characterization 

and Analysis of Trichoplusia ni Caspase-1 Through Overexpression and 

 115 
 



 

RNAi Mediated Silencing. Insect Biochemistry and Molecular Biology In 

revision. 

Hericourt F, Blanc S, Redeker V, Jupin I. 2000. Evidence for phosphorylation and 

ubiquitinylation of the turnip yellow mosaic virus RNA-dependent RNA 

polymerase domain expressed in a baculovirus-insect cell system. Biochem. 

Journal 349:417-425. 

Hershberger PA, Dickson JA, Friesen PD. 1992. Site-Specific Mutagenesis of the 35-

Kilodalton Protein Gene Encoded by Autographa-Californica Nuclear 

Polyhedrosis-Virus - Cell Line-Specific Effects on Virus-Replication. Journal 

of Virology 66(9):5525-5533. 

Higgins MK, Demir M, Tate CG. 2003. Calnexin co-expression and the use of 

weaker promoters increase expression of correctly assembled shaker 

potassium channel in insect cells. Biochimica Et Biophysica Acta 1610:124-

132. 

Hildinger M, Baldi L, Stettler M, Wurm FM. 2007. High-titer, serum-free production 

of adeno-associated virus vectors by polyethyleneimine-mediated plasmid 

transfection in mammalian suspension cells. Biotechnology Letters 

29(11):1713-1721. 

Ho Y, Lo HR, Lee TC, Wu CPY, Chao YC. 2004. Enhancement of correct protein 

folding in vivo by a non-lytic baculovirus. Biochemical Journal 382:695-702. 

Hodder AN, Crewther PE, Matthew ML, Reid GE, Moritz RL, Simpson RJ, Anders 

RF. 1996. The disulfide bond structure of Plasmodium apical membrane 

antigen-1. Journal of Biological Chemistry 271:29446-29452. 

 116 
 



 

Hsu TA, Betenbaugh MJ. 1997. Coexpression of molecular chaperone BiP improves 

immunoglobulin solubility and IgG secretion from Trichoplusia ni insect cells. 

Biotechnology Progress 13(1):96-104. 

Ibarra N, Watanabe S, Bi JX, Shuttleworth J, Al-Rubeai M. 2003. Modulation of cell 

cycle for enhancement of antibody productivity in perfusion culture of NS0 

cells. Biotechnology Progress 19(1):224-228. 

Ikonomou L, Schneider YJ, Agathos SN. 2003. Insect cell culture for industrial 

production of recombinant proteins. Applied Microbiology and Biotechnology 

62(1):1-20. 

Imai-Nishiya H, Mori K, Inoue M, Wakitani M, Iida S, Shitara K, Satoh M. 2007. 

Double knockdown of alpha 1,6-fucosyltransferase (FUT8) and GDP-

mannose 4,6-dehydratase (GMD) in antibody-producing cells: a new strategy 

for generating fully non-fucosylated therapeutic antibodies with enhanced 

ADCC. Bmc Biotechnology 7. 

Irani N, Wirth M, van den Heuvel J, Wagner R. 1999. Improvement of the primary 

metabolism of cell cultures by introducing a new cytoplasmic pyruvate 

carboxylase reaction. Biotechnology and Bioengineering 66(4):238-246. 

Isobe R, Kojima K, Matsuyama T, Quan GX, Kanda T, Tamura T, Sahara K, Asano 

SI, Bando H. 2004. Use of RNAi technology to confer enhanced resistance to 

BmNPV on transgenic silkworms. Archives of Virology 149(10):1931-1940. 

Jabbour AM, Hawkins CJ. 2004. The p35 family of apoptosis inhibitors. Current 

Genomics 5(3):215-229. 

 117 
 



 

James DC, Freedman RB, Hoare M, Ogonah OW, Rooney BC, Larionov OA, 

Dobrovolsky VN, Lagutin OV, Jenkins N. 1995. N-Glucosylation of 

recombinant human interferon-produced in different animal expression 

systems. Bio/Technology 13:592-596. 

Jarvis DL. 2003. Developing baculovirus-insect cell expression systems for 

humanized recombinant glycoprotein production. Virology 310(1):1-7. 

Jarvis DL, Kawar ZS, Hollister JR. 1998. Engineering N-glycosylation pathways in 

the baculovirus-insect cell system. Current Opinion in Biotechnology 

9(5):528-533. 

Jenkins N. 2007. Modifications of therapeutic proteins: challenges and prospects. 

Cytotechnology 53(1-3):121-125. 

Jorgensen RA. 2003. Sense cosuppresion in plants: Past, present, and future. In: 

Hannon GJ, editor. RNAi: A guide to gene silencing. Cold Spring Harbor, 

NY: Cold Spring Harbor Press. p 5-22. 

Kaba SA, Salcedo AM, Wafula PO, Vlak JM, van Oers MM. 2004. Development of a 

chitinase and v-cathepsin negative bacmid for improved integrity of secreted 

recombinant proteins. Journal of Virological Methods 122(1):113-118. 

Kakker NK, Mikhailov MV, Nermut MV, Burny A, Roy P. 1999. Bovine leukimia 

virus Gag particle assembly in insect cells:formation of chimeric particles by 

domain-switched leukemia/lentivirus Gag polyprotein. Virology 265:308-318. 

Kanda Y, Imai-Nishiya H, Kuni-Kamochi R, Mori K, Inoue M, Kitajima-Miyama K, 

Okazaki A, Iida S, Shitara K, Satoh M. 2007. Establishment of a GDP-

mannose 4,6-dehydratase (GMD) knockout host cell line: A new strategy for 

 118 
 



 

generating completely non-fucosylated recombinant therapeutics. Journal of 

Biotechnology 130(3):300-310. 

Kato T, Murata T, Usui T, Park EY. 2003. Improvement of GFPuv-beta 3GnT2 

fusion protein production by suppressing protease in baculovirus expression 

system. Bioscience Biotechnology and Biochemistry 67(11):2388-2395. 

Kerr JFR, Wyllie AH, Currie AR. 1972. Apoptosis: a basic biological phenomenon 

with wide-ranging implications in tissue kinetics. Brit. J. Cancer 26:239-257. 

Kim DH, Rossi JJ. 2007. Strategies for silencing human disease using RNA 

interference. Nature Reviews Genetics 8:173-184. 

Kim EJ, Kramer SF, Hebert CG, Valdes JJ, Bentley WE. 2007. Metabolic 

Engineering of the Baculovirusexpression System via Inverse ‘‘Shotgun’’ 

Genomic Analysis and RNA Interference (dsRNA) Increases Product Yield 

and Cell Longevity. Biotechnology and Bioengineering 98(3):645-654. 

Kim EJ, Park TH. 2003. Anti-apoptosis engineering. Biotechnology and Bioprocess 

Engineering 8(2):76-82. 

Kim YH, Kitayama A, Takahashi M, Niki E, Suzuki E. 2000. Establishment of an 

apoptosis-suppressible, cell-cycle arrestable cell line and its application for 

enhancing protein production of serum-free or -supplemented culture. 

Cytotechnology 32(2):125-134. 

King LA, Possee RD. 1992. The baculovirus expression system: A laboratory guide: 

Chapman and Hall. 

 119 
 



 

Kitchin K, Flickinger MC. 1995. Alteration of Hybridoma Viability and Antibody 

Secretion in Transfectomas with Inducible Overexpression of Protein 

Disulfide-Isomerase. Biotechnology Progress 11(5):565-574. 

Kost TA, Condreay JP, Jarvis DL. 2005. Baculovirus as versatile vectors for protein 

expression in insect and mammalian cells. Nature Biotechnology 23(5):567-

575. 

Kozak M. 1987. An Analysis of 5'-Noncoding Sequences from 699 Vertebrate 

Messenger RNAs. Nucleic Acids Research 15:8125-8148. 

Kozak M. 1990. Downstream Secondary Structure Facilitates Recognition of Initiator 

Codons by Eukaryotic Ribosomes. Proceedings of the National Academy of 

Sciences of the United States of America 87:8301-8305. 

Kozak M. 1991. An Analysis of Vertebrate mRNA Sequences: Intimations of 

Translational Control. Journal of Cell Biology 115:887-903. 

Kramer SF. 2002. IN VIVO MANIPULATION OF TRICHOPLUSIA NI LARVAE 

USING RNA INTERFERENCE [Doctor of Philosophy]. College Park: 

University of Maryland. 445 p. 

Kramer SF, Bentley WE. 2003. RNA interference as a metabolic engineering tool: 

potential for in vivo control of protein expression in an insect larval model. 

Metabolic Engineering 5(3):183-190. 

Kumar LD, Clarke AR. 2007. Gene manipulation through the use of small interfering 

RNA (siRNA): From in vitro to in vivo applications. Advanced Drug Delivery 

Reviews 59(2-3):87-100. 

 120 
 



 

Kuystermans D, Krampe B, Swiderek H, Al-Rubeai M. 2007. Using cell engineering 

and omic tools for the improvement of cell culture processes. Cytotechnology 

53(1-3):3-22. 

LaCount DJ, Hanson SF, Schneider CL, Friesen PD. 2000. Caspase inhibitor P35 and 

inhibitor of apoptosis Op-IAP block in vivo proteolytic activation of an 

effector caspase at different steps. Journal of Biological Chemistry 

275(21):15657-15664. 

Lai DZ, Fu L, Weng SJ, Qi LQ, Yu CM, Yu T, Wang HT, Chen W. 2004. Blocking 

caspase-3 activity with a U6SnRNA promoter-driven ribozyme enhances 

survivability of CHO cells cultured in low serum medium and production of 

interferon-beta. Biotechnology and Bioengineering 85(1):20-28. 

Lazebnik YA, Kaufmann SH, Desnoyers S, Poirier GG, Earnshaw WC. 1994. 

Cleavage of Poly(Adp-Ribose) Polymerase by a Proteinase with Properties 

Like Ice. Nature 371(6495):346-347. 

Lee YY, Wong KTK, Nissom PM, Wong DCF, Yap MGS. 2007. Transcriptional 

profiling of batch and fed-batch protein-free 293-HEK cultures. Metabolic 

Engineering 9(1):52-67. 

Lenhard T, Reilander H. 1997. Engineering the folding pathway of insect cells: 

generation of a stably transformed insect cell line showing improved folding 

of a recombinant membrane protein. Biochemical and Biophysical Research 

Communications 238:823-830. 

Leonard JN, Schaffer DV. 2006. Antiviral RNAi therapy: emerging approaches for 

hitting a moving target. Gene Therapy 13(6):532-540. 

 121 
 



 

Lin CC, Hsu JTA, Huang KL, Tang HK, Shu CW, Lai YK. 2007. Sf-Caspase-I-

repressed stable cells: resistance to apoptosis and augmentation of 

recombinant protein production. Biotechnology and Applied Biochemistry 

48:11-19. 

Lin GY, Li GX, Granados RR, Blissard GW. 2001. Stable cell lines expressing 

baculovirus P35: Resistance to apoptosis and nutrient stress, and increased 

glycoprotein secretion. In Vitro Cellular & Developmental Biology-Animal 

37(5):293-302. 

Liu Q, Chejanovsky N. 2006. Activation pathways and signal-mediated upregulation 

of the insect Spodoptera frugiperda caspase-1. Apoptosis 11(4):487-496. 

Liu Q, Qi Y, Chejanovsky N. 2005. Spodoptera littoralis caspase-1, a Lepidopteran 

effector caspase inducible by apoptotic signaling. Apoptosis 10(4):787-795. 

Luckow VA, Summers MD. 1988. Trends in the development of baculovirus 

expression vectors. Bio/Technology 6:47-55. 

Manji GA, Friesen PD. 2001. Apoptosis in motion - An apical, P35-insensitive 

caspase mediates programmed cell death in insect cells. Journal of Biological 

Chemistry 276(20):16704-16710. 

Manji GA, Hozak RR, LaCount DJ, Friesen PD. 1997. Baculovirus inhibitor of 

apoptosis functions at or upstream of the apoptotic suppressor P35 to prevent 

programmed cell death. Journal of Virology 71(6):4509-4516. 

March JC, Bentley WE. 2006. Engineering eukaryotic signal transduction with RNAi: 

Enhancing Drosophila S2 cell growth and recombinant protein synthesis via 

silencing of TSC1. Biotechnology and Bioengineering 95(4):645-652. 

 122 
 



 

March JC, Bentley WE. 2007. RNAi-based tuning of cell cycling in Drosophila S2 

cells - effects on recombinant protein yield. Applied Microbiology and 

Biotechnology 73(5):1128-1135. 

Martinez-Torrecuadrada JL, Romero S, Nunez A, Alfonso P, Sanchez-Cespedes M, 

Casal JI. 2005. An efficient expression system for the production of 

functionally active human LKB1. Journal of Biotechnology 115(1):23-34. 

Mastrangelo AJ, Betenbaugh MJ. 1998. Overcoming apoptosis: new methods for 

improving protein-expression systems. Trends in Biotechnology 16(2):88-95. 

Matranga C, Tomari Y, Shin C, Bartel DP, Zamore PD. 2005. Passenger-strand 

cleavage facilatates assembly of siRNA into AGO2-containing RNAi enzyme 

complexes. Cell 123:607-620. 

McCarrol L, King LA. 1997. Stable insect cell cultures for recombinant protein 

production. Curr. Opin. Biotechnol. 8(5):590-594. 

Means JC, Muro I, Clem RJ. 2003. Silencing of the baculovirus Op-iap3 gene by 

RNA interference reveals that it is required for preventionof a apoptosis 

during Orgia pseudotsugata M nucleopolyhedrovirus infection of Ld652Y 

cells. Journal of Virology 77(8):4481-4488. 

Mercille S, Massie B. 1994. Induction of apoptosis in nutrient-deprived cultures of 

hybridoma and myelnoma cells. Biotechnology and Bioengineering 44:1140-

1154. 

Miller LK. 1997. The baculoviruses. New York: Plenum Press. 

Mittal V. 2004. Improving the efficeincy of RNA interference in mammals. Nature 

Reviews Genetics 5:355-361. 

 123 
 



 

Montgomery MK, Fire A. 1998. Double-stranded RNA as a mediator in sequence-

specific genetic silencing and co-suppression. Trends in Genetics 14:255-258. 

Mori K, Kuni-Karnochi R, Yarnane-Ohnuki N, Wakitani M, Yamano K, Imai H, 

Kanda Y, Niwa R, Iida S, Uchida K and others. 2004. Engineering Chinese 

hamster ovary cells to maximize effector function of produced antibodies 

using FUT8 siRNA. Biotechnology and Bioengineering 88(7):901-908. 

Muro I, Monser K, Clem RJ. 2004. Mechanism of Dronc activation in Drosophila 

cells. Journal of Cell Science 117(21):5035-5041. 

Naggie S, Bentley WE. 1998. Appearance of protease activities coincides with p10 

and polyhedrin-driven protein production in the baculovirus expression 

system: Effects on yield. Biotechnology Progress 14(2):227-232. 

Ngantung FA, Miller PG, Brushett FR, Tang GL, Wang DIC. 2006. RNA interference 

of sialidase improves glycoprotein sialic acid content consistency. 

Biotechnology and Bioengineering 95(1):106-119. 

Novobrantseva TI, Akinc A, Borodovsky A, de Fougerolles A. 2008. Delivering 

silence: Advancements in developing siRNA therapeutics. Current Opinion in 

Drug Discovery & Development 11(2):217-224. 

O'Reilly D, Miller LK, Luckow VA. 1992. Baculovirus expression vectors: a 

laboratory manual. New York: Freeman. 

Pai SI, Lin YY, Macaes B, Meneshian A, Hung CF, Wu TC. 2006. Prospects of RNA 

interference therapy for cancer. Gene Therapy 13(6):464-477. 

Pavlou AK, Reichert JM. 2004. Recombinant protein therapeutics - market trends and 

values to 2010. Nature Biotechnology 22(12):1513-1519. 

 124 
 



 

Pei ZF, Reske G, Huang QH, Hammock BD, Qi YP, Chejanovsky N. 2002. 

Characterization of the apoptosis suppressor protein P49 from the Spodoptera 

littoralis nucleopolyhedrovirus. Journal of Biological Chemistry 

277(50):48677-48684. 

Pento JT. 2007. siRNA and microRNA for the treatment of cancer. Drugs of the 

Future 32(12):1061-1066. 

Peter ME, Heufelder AE, Hengartner MO. 1997. Advances in apoptosis research. 

Proceedings of the National Academy of Sciences of the United States of 

America 94(24):12736-12737. 

Pham MQ, Naggie S, Wier M, Cha HJ, Bentley WE. 1999. Human interleukin-2 

production in insect (Trichoplusia ni) larvae: Effects and partial control of 

proteolysis. Biotechnology and Bioengineering 62(2):175-182. 

Pillai R, Bhattacharyya SN, Artus CG, Zoller T, Cougot N, Basyuk E, Bertrand E, 

Filipowicz W. 2005. Inhibition of translational initiation by Let-7 MicroRNA 

in human cells. Science 309:1573-76. 

Rand TA, Peterson S, Du F, Wang X. 2005. Argonaute2 cleaves the anti-guide strand 

of siRNA during RISC activation. Cell 123(621-629). 

Rao RV, Bredesen DE. 2004. Misfolded proteins, endoplasmic reticulum stress and 

neurodegeneration. Curr. Opin. Cell Biology 16:653-663. 

Raoul C, Barker SD, Aebischer P. 2006. Viral-based modelling and correction of 

neurodegenerative diseases by RNA interference. Gene Therapy 13(6):487-

495. 

 125 
 



 

Rocheleau CE, Downs WD, Lin RL, Wittmann C, Bei YX, Cha YH, Ali M, Priess 

JR, Mello CC. 1997. Wnt signaling and an APC-related gene specify 

endoderm in early C-elegans embryos. Cell 90:707-716. 

Salvesen GS, Dixit VM. 1997. Caspases: intracellular signaling by proteolysis. Cell 

91:443-446. 

Sano K, Maeda K, Oki M, Maeda Y. 2002. Enhancement of protein expression in 

insect cells by a lobster tropomysin cDNA leader sequence. FEBS Letters 

532:143-146. 

Sauerwald TM, Oyler GA, Betenbaugh MJ. 2003. Study of caspase inhibitors for 

limiting death in mammalian cell culture. Biotechnology and Bioengineering 

81(3):329-340. 

Scherer LJ, Rossi JJ. 2003. Approaches for the sequence-specific knockdown of 

mRNA. Nature Biotechnology 21(12):1457-1465. 

Schmitt E, Sane AT, Bertrand R. 1999. Activation and role of caspases in 

chemocherapy-induced apoptosis. Drug Resist. Updat. 2:21-29. 

Scott RL, Blanchard JH, Ferguson CHR. 1992. Effects of oxygen on recombinant 

protein production by suspension cultures of Spodoptera frugiperda (Sf-9) 

insect cells. Enzyme and Microbial Technology 14(10):798-804. 

Shankar P, Manjunath N, Lieberman J. 2005. The prospect of silencing disease using 

RNA interference. Journal of the American Medical Association 

293(11):1367-1373. 

Sharp PA. 1999. RNAi and double-strand RNA. Genes & Development 13:139-141. 

 126 
 



 

Shuler ML, Kargi F. 1997. Bioprocess Engineering: Basic Concepts. Amundson NR, 

editor. Upper Saddle River, New Jersey: Prentice Hall. 

Silva JM, Mizuno H, Brady A, Lucito R, Hannon GJ. 2004. RNA interference 

microarrays: High-throughput loss-of-function genetics in mammalian cells. 

Proceedings of the National Academy of Sciences of the United States of 

America 101(17):6548-6552. 

Simpson NH, Singh RP, Emery AN, Al-Rubeai M. 1999. Bcl-2 over-expression 

reduces growth rate and prolongs G(1) phase in continuous chemostat cultures 

of hybridoma cells. Biotechnology and Bioengineering 64(2):174-186. 

Smith GE, Ju G, Ericson BL, Moschera J, Lahm HW, Chizzonite R, Summers MD. 

1985. Modification and secretion of human interlukin 2 produced in insect 

cells by a baculovirus expression vector. Proc. Natl. Acad. Sci. 82:8404-8408. 

Song E, Lee SK, Wang J, Ince N, Ouyang N, Min J, Chen J, Shankar P, Lieberman J. 

2003. RNA interference targeting Fas protects mice from fulminant hepatitis. 

Nature Medicine 9:347-351. 

Srivastava R, Cha HJ, Peterson MS, Bentley WE. 2000. Antisense downregulation of 

sigma(32) as a transient metabolic controller in Escherichia coli: Effects on 

yield of active organophosphorus hydrolase. Applied and Environmental 

Microbiology 66(10):4366-4371. 

Steller H. 1995. Mechanisms and Genes of Cellular Suicide. Science 

267(5203):1445-1449. 

Stephanopoulos G, Vallino JJ. 1991. Network rigidity and metabolic engineering in 

metabolite overproduction. Science 252:1675-1681. 

 127 
 



 

Sturzl M, Konrad A, Sander G, Wies E, Neipel F, Naschberger E, Reipschlager S, 

Gonin-Laurent N, Horch RE, Kneser U and others. 2008. High throughput 

screening of gene functions in mammalian cells using reversely transfected 

cell arrays: Review and protocol. Combinatorial Chemistry & High 

Throughput Screening 11(2):159-172. 

Sun XM, Goh PE, Wong KTK, Mori T, Yap MGS. 2006. Enhancement of transient 

gene expression by fed-batch culture of HEK 293 EBNA1 cells in suspension. 

Biotechnology Letters 28(11):843-848. 

Sung YH, Hwang SJ, Lee GM. 2005. Influence of down-regulation of caspase-3 by 

siRNAs on sodium-butyrate-induced apoptotic cell death of Chinese hamster 

ovary cells producing thrombopoietin. Metabolic Engineering 7(5-6):457-466. 

Sung YH, Lee JS, Park SH, Koo J, Lee GM. 2007. Influence of co-down-regulation 

of caspase-3 and caspase-7 by siRNAs on sodium butyrate-induced apoptotic 

cell death of Chinese hamster ovary cells producing thrombopoietin. 

Metabolic Engineering 9(5-6):452-464. 

Susin SA, Zamzami N, Kroemer G. 1998. Mitochondria as a regulator of apoptosis - 

doubt no more. Biochim. Biophysis. Acta. 1366:151-165. 

Tewari M, Quan L, O'Rourke K, Desonoyers S, Zeng Z, Beidler DR, Poirier GG, 

Salvesen GS, Dixit VM. 1995. Yama/CPP32β, a mammalian homolog of ced-

3, is a CrmA-inhibitable protease that cleaves the death substrate poly (ADP-

ribose) polymerase. Cell 81:801-809. 

 128 
 



 

Theilmann DA, Stewart S. 1992. Molecular Analysis of the Transactivating Ie-2 Gene 

of Orgyia-Pseudotsugata Multicapsid Nuclear Polyhedrosis-Virus. Virology 

187(1):84-96. 

Thompson CB. 1995. Apoptosis in the pathogenesis and treatment of disease. Science 

267:1456-1462. 

Thornberry NA, Bull HG, Calaycay JR, Chapman KT, Howard AD, Kostura MJ, 

Miller DK, Molineaux SM, Weidner JR, Aunins J and others. 1992. A Novel 

Heterodimeric Cysteine Protease Is Required for Interleukin-1-Beta 

Processing in Monocytes. Nature 356(6372):768-774. 

Tigges M, Fussenegger M. 2006. Xbp1-based engineering of secretory capacity 

enhances the productivity of Chinese hamster ovary cells. Metabolic 

Engineering 8(3):264-272. 

Tomari Y, Zamore PD. 2005. Perspective: machines for RNAi. Genes & 

Development 19:517-529. 

Tomiya N, Betenbaugh MJ, Lee YC. 2003. Humanization of lepidopteran insect-cell-

produced glycoproteins. Accounts of Chemical Research 36(8):613-620. 

Tomiya N, Narang S, Lee YC, Betenbaugh MJ. 2004. Comparing N-glycan 

processing in mammalian cell lines to native and engineered lepidopteran 

insect cell lines. Glycoconjugate Journal 21(6):343-360. 

Tuschl T, Zamore PD, Lehmann R, Bartel DP, Sharp PA. 1999. Targeted mRNA 

degradation by double-stranded RNA in vitro. Genes & Development 

13:3191-3197. 

 129 
 



 

Valdes VJ, Sampieri A, Sepulveda J, Vaca L. 2003. Using double-stranded RNA to 

prevent in vitro and in vivo viral infections by recombinant baculovirus. 

Journal of Biological Chemistry 278(21):19317-19324. 

Venkaiah B, Viswanathan K, Habib S, Hasnain SE. 2004. An additional copy of the 

homologous region (hr1) sequence in the Autographa californica 

multinucleocapsid polyhedrosis virus genome promotes hyperexpression of 

foreign genes. Biochemistry 43:8143-8151. 

Verdel A, Jia S, Gerber S, Sugiyama T, Gygi S, Grewal SI, Moazed D. 2004. RNAi-

mediated targeting of hetero-chromatin by the RITS complex. Science 

303:672-676. 

Vernooy SY, Copeland J, Ghaboosi N, Griffin EE, Yoo SJ, Hay BA. 2000. Cell 

Death Regulation in Drosophila: Conservation of Mechanism and Unique 

Insights. Journal of Cell Biology 150(2):F69-F75. 

Vives J, Juanola S, Cairo JJ, Godia F. 2003. Metabolic engineering of apoptosis in 

cultured animal cells: implications for the biotechnology industry. Metabolic 

Engineering 5(2):124-132. 

Vucic D, Kaiser WJ, Harvey AJ, Miller LK. 1997a. Inhibition of Reaper-induced 

apoptosis by interaction with inhibitor of apoptosis proteins (IAPs). 

Proceedings of the National Academy of Sciences of the United States of 

America 94(19):10183-10188. 

Vucic D, Seshagiri S, Miller LK. 1997b. Characterization of reaper- and FADD-

induced apoptosis in a lepidopteran cell line. Molecular and Cellular Biology 

17(2):667-676. 

 130 
 



 

Walker NI, Harmon BV, Gobe GC, Kerr JFR. 1988. Patterns of cell death. Methods 

Achiev. Exp. Pathol 13:18-54. 

Watanabe S, Shuttleworth J, Al-Rubeai M. 2002. Regulation of cell cycle and 

productivity in NS0 cells by the over-expression of p21(CIP1). Biotechnology 

and Bioengineering 77(1):1-7. 

White E. 1996. Life, death, and the pursuit of apoptosis. Genes & Development 

10(1):1-15. 

Wickham TJ, Davis T, Granados RR, Shuler ML, Wood HA. 1992. Screening of 

insect cell lines for the production of recombinant proteins and infectious 

virus in the baculovirus expression system. Biotechnology Progress 8:391-

396. 

Wickham TJ, Nemerow GR. 1993. Optimization of growth methods and recombinant 

protein production in BTI-Tn-5B1-4 insect cells using the baculovirus 

expression system. Biotechnology Progress 9:25-30. 

Wildt S, Gerngross TU. 2005. The humanization of N-Glycosylation pathways in 

yeast. Nature Reviews Microbiology 2005:119-128. 

Willis LG, Siepp R, Stewart TM, Erlandson MA, Theilmann DA. 2005. Sequence 

analysis of the complete genome of Trichoplusia ni single 

nucleopolyhedrovirus and the identification of a baculoviral photolyase gene. 

Virology 338(2):209-226. 

Wong DCF, Wong KTK, Lee YY, Morin PN, Heng CK, Yap MGS. 2006a. 

Transcriptional profiling of apoptotic pathways in batch and fed-batch CHO 

cell cultures. Biotechnology and Bioengineering 94(2):373-382. 

 131 
 



 

Wong DCF, Wong KTK, Nissom PM, Heng CK, Yap MGS. 2006b. Targeting early 

apoptotic genes in batch and fed-batch CHO cell cultures. Biotechnology and 

Bioengineering 95(3):350-361. 

Yokoyama N, Hirata M, Ohtsuka K, Nishiyama Y, Fujii K, Fujita M, Kuzushima K, 

Kiyono T, Tsurumi T. 2000. Co-expression of human chaperone Hsp70 and 

Hsdj or Hsp40 co-factor increases solubility of overexpressed target proteins 

in insect cells. Biochimica Et Biophysica Acta-Gene Structure and Expression 

1493(1-2):119-124. 

Yuan JY, Shaham S, Ledoux S, Ellis HM, Horvitz HR. 1993. The C-Elegans Cell-

Death Gene Ced-3 Encodes a Protein Similar to Mammalian Interleukin-1-

Beta-Converting Enzyme. Cell 75(4):641-652. 

Yung CW, Barbari TA, Bentley WE. 2006a. Counteracting apoptosis and necrosis 

with hypoxia responsive expression of Bcl-2 Delta. Metabolic Engineering 

8(5):483-490. 

Yung CW, Barbari TA, Bentley WE. 2006b. Integrated non-invasive system for 

quantifying secreted human therapeutic hIL2. Biotechnology and 

Bioengineering 95(5):938-945. 

Zhang L, Wu G, Tate CG, Lookene A, Olivecrona G. 2003. Calreticulin promotes 

folding/dimerization of human lipoprotein lipase expressed in insect cells. 

(Sf21). Journal of Biological Chemistry 278:29344-29351. 

Zoog SJ, Schiller JJ, Wetter JA, Chejanovsky N, Friesen PD. 2002. Baculovirus 

apoptotic suppressor P49 is a substrate inhibitor of initiator caspases resistant 

to P35 in vivo. Embo Journal 21(19):5130-5140. 

 132 
 


	Colin G. Hebert, Doctor of Philosophy in Bioengineering
	Dedication
	 Acknowledgements
	 Table of Contents
	List of Tables
	 List of Figures
	Chapter 1 : Introduction and Background
	Project Summary
	Baculoviruses 
	Baculovirus Expression Vector System (BEVS)
	Improving Yield in the BEVS
	Apoptosis and Caspases
	 RNA Interference
	 RNAi and Metabolic Engineering
	RNAi and Baculovirus

	Project Objectives

	Chapter 2 : Characterization and Analysis of Trichoplusia ni Caspase-1 Through Overexpression and RNAi Mediated Silencing
	 Materials and Methods
	Cell culture, transfection, and infection 
	Baculovirus 
	RNA Isolation, cDNA cloning, and In vitro dsRNA synthesis
	Differential display
	Plasmid Construction
	Protein Purification
	Immunoblot Analysis
	Assay of Caspase activity 
	TUNEL Staining
	DNA Laddering Assay
	Viable cell count
	Labeling using Vybrant® Apoptosis Assay Kit #4
	cDNA cloning and sequence analysis
	Protein expression, purification and detection
	Tn-caspase-1 overexpression and RNAi silencing – In vivo protein activity
	Tn-caspase-1 overexpression and RNAi silencing – Effects on apoptosis 
	 Tn-caspase-1 activity during baculovirus infection
	Interaction between Tn-caspase-1 and baculovirus protein p35
	Tn-caspase-1 and p35 – TUNEL Staining 
	Tn-caspase-1 is the main effector caspase in T. ni cells
	Tn-caspase-1 activity during baculovirus infection
	Modulating Caspase Activity – dsRNA vs p35
	Modulating Caspase Activity and Apoptosis – Implications for Metabolic Engineering


	Chapter 3 : In vitro and in vivo suppression of Tn caspase-1 for improved recombinant protein production in High Five cell culture with the baculovirus expression vector system
	Cell culture, transfection, and infection
	Plasmid Construction and Selection of Stable Cell Line
	Baculovirus 
	In vitro dsRNA synthesis
	Differential display
	Assay of caspase activity 
	Analysis of GFP Expression
	Analysis of CAT Activity
	Silencing Tn caspase-1 via in vitro RNAi – Effects on Recombinant Protein Production
	Development of Tn caspase-1 suppressed cell line
	Growth and Viability of Stable cell line
	Recombinant Protein production with dsTncasp-2 cell line


	Chapter 4  Conclusions and Future Directions
	Investigation of Tn-caspase-1 in High Five Cells
	RNAi based suppression of Tn-caspase 1 for increased recombinant protein production
	RNAi as a metabolic engineering tool
	Bacterial expression of Tn-caspase-1
	Tn-caspase-1 and baculovirus proteins p35 and FP-25  
	Additional RNAi targets and host systems  
	Target identification and implementation strategies


	Chapter 5 Appendix
	Chapter 6  Bibliography


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


